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ABSTRACT 

An electrolytic cell having four electrodes, each separated by a/~-alum/na 
plate or a porous ceramic separator and impregnated with molten sodium 
polysu~de was constructed. The electrolysis was carried out between two 
of these two sets of electrodes, and the composition change of the melt in the 
test electrode was observed from the OCV change during the electrolysis. The 
results of this study strongly suggested that S22- ions migrated preferentially 
as a carrier on the electrolysis and that they would exist in the equilibrium 
with $42- or $52- ions even in a melt with the composition of Na~$4.66. The 
$42- or $52- ions also seem to contribute to the charge transport as the de- 
pletion of $22- ions in the melt, whereas Na + is considered not to take part 
in the charge transport. These phenomena characterize the determination of 
the distribution of sodium polysulfide in the porous current collector of the 
sodium sulfur battery. 

Since sodium sulfur  batteries are expected to have a 
high energy density of more than  150 W-hr /kg ,  a con- 
siderable n u m b e r  of research and development  pro- 
grams are exploring their applications for load level ing 
and t ranspor ta t ion power source. The behavior  of 
mol ten sodium polysulfide, Na2Sx, in a charge-dis-  
charge reaction affects the performance of this type of 
battery,  and much effort has been devoted to clarify 
the properties of the compound, the phase diagram of 
Na2S~ (1,2),  and properties such as electrical con- 
duct ivi ty  (3), density (4), and sulfur  activities (5). 
However, there seem to be few exper imenta l  studies 
on the behavior  of mol ten sodium polysulfides as 
bat tery  electrode. 

The composition of mol ten sodium polysulfide is 
known  to change (Na2S5 --> Na2S4 ~ Na2S3) progres- 
sively dur ing the discharge process. The te rmina t ion  of 
the reaction is ascribed to the formation of solid 
sodium polysulfide in  the electrode. 

The reaction dis tr ibut ion in a porous cur ren t  collector 
of a sodium sulfur  ba t te ry  has been estimated (6-9) by  
applying a ne twork  model. However, the reaction dis- 
t r ibu t ion  would not  necessarily correspond with the 
resu l tan t  dis t r ibut ion of the composition, when Sx 2- 
ions formed dur ing the reaction migrate  through the 
current  collector. Since the sulfur  ut i l izat ion would be 
determined by the resu l tan t  dis t r ibut ion of the com- 
position, the effect of migrat ion of Sx 2- species seems 
essential. 

Cleaver and Davies (5) derived the Washburn  n u m -  
ber  instead of the t ransference n u m b e r  to observe the 
activity of sulfur  in  mol ten sodium polysulfide. This 
number  only defines the n u m b e r  of moles of sulfur  per  
uni t  charge passing through a reference frame i n  the 
melt, where the frame is chosen so that  sodium ion 
does not  pass through it. However, the mutua l  migra-  
tions of Na + and  Sx 2- species should be considered for 
a bet ter  unders tand ing  of the resul tant  dis t r ibut ion of 
the composition in the porous current  collector. 

Key words: sodium-sulfur battery,  molten salt, sodium polysul- 
fide, transference  number.  

From these considerations, the migrat ion of S~ ~- 
species for an electrode which is t aken  as the f rame of 
reference was observed with the composition change 
in the electrode, when an ionic current  was passed 
through the melt. 

Experimental 
Figure l ( a )  shows a schematic representa t ion of a 

cell constructed for the present  experiment.  This cell  
consists of two flat E-alumina plates (1.0 mm thickness, 
20 mm width, and 35 m m  height) ,  auxi l iary  electrodes 
denoted A and B, testing electrodes A' and B', and 
ceramic separators. /k and B are made up of blocks of 
porous graphite and are mounted  on the outsides of 
both E-alumina plates. The operat ing cross-sectional 
area of A and B is 25.0 X 20.0 mm~ and the thickness 
is 10 mm. The area of A' and B '  is equal  to tha t  of A 
and B, respectively. The thickness of A' and B' is taken 
to be 2.0 mm. The porosity of the graphite block mea-  
sured by paraffin impregnat ion  method is 46.0%. 

Sodium reference electrodes, RA, and RB,, w e r e  in -  
serted at 5 m m  depth for A' and B', respectively. The 
sodium reference electrode was a hatf-celI  of Na /  
p -a lumina  which was m a d e  of s - a lumina  tube (100 
mm length, 2 mm outer diameter,  and 1 m m  inne r  
diameter)  with a fine rod of E-alumina on the tip and 
filled with metallic sodium (10). 

Ceramic separators wi th  fine pores (average pore 
diameter:  2 ~m, porosity: ca. 30%, thickness: 2 ram) 
were ar ranged on the insides of both A' and  B', re -  
spectively. SUS 304 wires (0.3 mm~) were inserted for 
the potent ial  and cur ren t  lead of A' and B' be tween 
/k' and B' and the ceramic separators. SUS 304 back-  
ing plates were used for A and B current  lead. 

The electrode assemblies were t ightly sur rounded 
with glass plates for the side walls and the bottom so 
as not  to leave any  clearance be tween the edge sur-  
faces of the E-alumina plates, ceramic separators, and 
glass plates. The cell was instal led in  a Pyrex  glass 
container  equipped with a side tube  as shown in  
Fig. 1 (b).  
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Fig. lb. Construction of electrolytic cell. 1 : Outer electrode, A or 
B, impregnated with molten Na2Sz; 2: ~-alumina prate; 3: inner 
electrode, A' or B' impregnated with molten NO2Sx; 4: porous 
ceramic separator; 5: sodium reference electrode, RA, or RB,; 6: 
lead for A' or B' (0.35 SUS 304); 7: molten Na2Sz; 8: glass plate. 

Sodium polysulfide used in this exper iment  was pre-  
pared by the following method, which is substant ia l ly  
the one as reported by  Sells (12). Two hundred  gr. of 
CP grade crystal l ine Na2S.9H20 was vacuum heated in 
a Pyrex glass container,  being careful to increase the 
tempera ture  gradual ly  so as not to mel t  the crystal 
f rom room tempera ture  to 200~ over 8 hr. In  this 
procedure almost all of the combined water  evapo- 
rated and white, porous grains of anhydride  were 
obtained wbAch kept  the original  shape of hydrate.  
Then the anhydr ide  was main ta ined  at 350~ and fur -  
ther vacuum dried overnight.  The obtained anhydride  
was main ta ined  at 200~ 110 gr. of purified sulfur  was 
added, and it  was vacuum dried again for 24 hr. After  
this t reatment ,  the tempera ture  of the mix ture  was 
raised to 450~ for a few hours, then the mel t  of s o -  
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Fig. lb. Cell container and auxiliary equipment 

dium poIysulfide was pipetted out into glass capsules, 
which were stocked in  an air t ight  container.  

The prepared capsule was put  into the side tube of 
the cell, heated, and mol ten  sodium-polysulfide was 
poured down into the cell f rom the capsule in  an argon 
atmosphere at 300~ In  order to completely impreg-  
nate  the pores of the electrodes wi th  the mol ten sodium 
polysulfide, evacuations and  pressurizat ion be tween 
1 Torr  and 1 atm in  the argon atmosphere were r e -  
p e a t e d  several  times. The surface level of molten so- 
d ium polysulfide after the impregnat ion  was controlled 
so as to correspond with the upper  surface of t h e  
electrodes, A, B, A', and B'. 

The cell was main ta ined  at 300 ~ _+ I~ in  a small  
electric furnace, and constant  current  electrolysis was 
carried out be tween A-A',  A'-B',  A-B, and A-B'  by a 
galvanostat.  During the electrolysis, the circuit was 
opened for 1 sec every 5 min  and the differences from 
the ini t ia l  open-circui t  voltage were measured by a 
buffer amplifier with a voltage cancellation circuit and 
recorded with a 5 mV full  scale pen recorder. Since 
the relationship between the OCV and  the composi- 
t ion NazS= is given by  Gupta  and Tischer (1), the 
following approximation equation obtained from this 
result  was used in  this exper iment  

x in Na2Sx ---- 10.93V -- 17.521 [1] 

where V represents the OCV value (volts) vs. Na ref-  
erence electrode. The range of applicabil i ty of Eq. [1] 
is 2.020 ~ V ~ 2.030. 

Theory--The Composition Change in Electrode A' 
Consider the composition change of electrode A'  

which is placed on the inside of the E-alumina. Al-  
though an anodic or cathodic electrolysis of electrode 
A' against the other electrodes, A, B, or B', necessarily 
causes a composition change of sodium polysulfide 
contained in A', the composition of sodium polysulfide 
in A' also changes even in the electrolysis between A 
and B or A and B'. This composition change in A'  has 
no charge transfer  reaction in itself and is supposed to 
be caused by mutua l  migrat ion of ionic species, N a  + 
and S~ 2-, which consist of mol ten sodium polysulfide. 
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Thus the composition change in A' varies with the 
electrodes chosen in the electrolysis. In  this experi-  
ment,  the following t rea tments  were derived for each 
electrolysis. 

The constant current electrolysis between A and A ' ~  
When a constant  current  electrolysis is conducted 
through f l-alumina be tween A and A', i t /F  moles of 
Na + ion will  be t ransported from A to A'  as shown in  
Fig. 2(a) if A is the anode a n d / k '  the cathode. Assum- 
ing that  there are no mass transfers by diffusion 
through the ceramic separator, the composition change 
of sodium polysulfide contained in  A' is represented as 

mNa2Sz 1 + ( i t /F)Na  + + ( i t / F ) e - =  m'Na2Sx2 [2] 

Here, m and Na2Sx~ are the mole number  of sodium 
polysulfide contained in A' and its composition before 
electrolysis, respectively; m'  and Na2Sx2 are the mole 
number  of sodium polysulfide and the composition also 
contained in  A' after the electrolysis; moreover, i, t, 
and F are the current ,  electrolysis time, and Faraday 
constant, respectively. Hereafter,  the same symbols are 
used in  all equations for A'. From the mater ia l  balance 
in Eq. [2], m'  is e l iminated and m is calculated as 
follows 

m = i tx2/2F(Xl -- X2) [3] 

Similarly,  if A' is the anode and A the cathode 

m : itx2/2F(x2 -- Xl) [3'] 

The constant current electrolysis between A' and B' .--  
When B' is chosen as the anode and A' the cathode in  
a constant  current  electrolysis, t ransfer  of ionic 
species in the melt  is considered to be as shown in  
Fig. 2(b) .  Just  as before, if the mass transfers by 
diffusion through the ceramic separator are neglected, 
the composition change of sodium polysulfide in  A' 
wil l  be represented as 
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Fig. 2. Migration of ionic species in molten sodium polysulfide. 
(a) Electrolysis between A and A'; (b) electrolysis between A' and 
B'; (c) electrolysis between A and B; (d) electrolysis between A and 
B'. 

SODIUM P O L Y S U L F I D E  

m Na2Sxl + {(1 -- a ) i t /F}Na + -F ( i t / F ) e -  

= m'Na2Sz2 + (ait /2F)Sx 2- [4] 

From the mater ia l  balance of Na + and Sx 2- in  Eq. 
[4], the t ransference number  a of Sx 2- for the elec- 
trode A' as the reference frame is calculated as 

= {x2 -- 2Fro(x1 -- x2) / i t } / ( x2  -- x)  [5] 

Similarly,  when A' is the anode and B' the cathode 

a = {x2 - -  2Fro (x2 - -  x l ) / i t } / (x2  -- x) [5'] 

The constant current electrolysis between A and B . - -  
The constant  current  electrolysis be tween A as the 
anode and B as the cathode leads to Na + ion transfers 
of i t /F  moles from A to A' and B' to B. These transfers 
of ionic species in the cell in this case are as shown 
in Fig. 2(c). If we assume again that  there are no 
mass transfers by diffusion through the ceramic sepa- 
rator, the composition change of Na2Sxl in  A'  will  con- 
form to the following equation 

m Na2S~ 1 + (# i t /F)Na + + (~it/2F)S~ 2- = m' Na2S~ 

[6] 

The transference n u m b e r  # of Sx 2-  for A', when  A' is 
taken as the frame of reference, is given by Eq. [7] 

= 2Fm (xl  -- x~) / i t  (x2 -- x) [7] 

also represents the ratio of Na + ion staying at  A'  
when an amount  of Na + ion is t ransferred into A'  from 
A. In  the case of B as the anode and A as the cathode, 

is also expressed by Eq. [7]. 

Constant current electrolysis between A and B' . --  
The transfers of ionic species in  the melt  are con- 
sidered to be as shown in  Fig. 2 (d), and the composi- 
tion change in A' is represented by Eq. [6], which is 
the same as in the case of electrolysis between A and 
B. The transference n u m b e r  ~ for A' is also given by 
Eq. [7]. 

Results 
Determination o~ the mole number  m oS sodium 

polysul~de contained in A ' . ~ T h e  electrode A' con- 
ta ining Na2S4.66 was electrolyzed against  A in  the 
constant  c u r r e n t  of 0.005A (1 mA/cm2).  The measured 
OCV value of A'  vs. the sodium reference electrode 
RA, changed l inear ly  as shown in  solid lines in  Fig. 3. 
The value x in Na2Sz was obtained from the OCV 
value using Eq. [1], then m (mole of Na2S4,66 contained 
in A') was calculated from Eq. [3] or [3']. The aver-  
age value, m = 3.9 • 10 -3 moles, was obtained from 
the results. The calculated m value considering the 
volume occupied by A' (2.0 • 20.0 • 25.0 ramS), the 
porosity of A' (46.8%), and the volume excluded by 
the sodium reference electrode was 4.3 • 10 -8 moles 1 
and corresponded with the measured value of m wi th in  
a tolerance of about 10%. In  this experiment,  the value 
of 3.9 • 10 -8 moles was used for m. 

The transference number  a Sot A' in the direct elec- 
trolysis of A' . - -The  OCV change of A' vs. RA, measured 
every 5 min  was shown by the dotted l ine in Fig. 3 
when the electrolysis was carried out be tween A'  and  
B' in 0.005A (1 mA/cm2).  

The transference number  a of Sx 2- species for A' 
taken as the frame of reference was calculated from 
Eq. [1] and [5] or [5'] based on the measured OCV 
values. The calculated results are given in  Fig. 4, 
where a is plotted in  the hyperbolic funct ion of z. 
These curves in Fig. 4 only signify the mathemat ical  
relationship between a and x based on the results 
and contain regions which are not  defined physically, 
such as ~ > 1. These hyperbolic curves showed a 
characteristic incl inat ion that  passes through an 

Th e  va lue  of 1.892 g / c m  8 a t  300~ (4) wa s  used  for  the  dens i ty  
of Na2S4.e~. 
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Fig. 3. Open-circuit potential change of A' in the direct elec- 
trolysis of A'. Solid line: electrolysis between A and A'; curve 1: 
A' anode, curve 2: A' cathode. Dotted line: electrolysis between 
A' and B'; curve 3: A' anode, curve 4: A' cathode. 

value of about I in x = 2, irrespective of the polarity 
of A' or electrolysis time. 

The transference number ~ :for A ' . - - T h e  measu red  
OCV values of A' vs. RA, and B' vs. RB, every 5 min 
when the constant current electrolysis of 0.005A was 
carried out between A the anode and B the cathode, 
are shown in Fig. 5. Figure 5 also shows the OCV 
change (dotted line) of A' where B is the anode and A 
the cathode. In this case, the changes of OCV values 
were larger at an early stage of the electrolysis and 
became smaller gradually with time. In particular, 
with the OCV of the electrode placed in the inner side 
of a cathode and separated by ;~-alumina (B' when B 
is the cathode, or A' when A is the cathode), little 
changed with the passage of time. The transference 
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Fig. 4. Relation between transference number ~ of Sx 2 -  for A' 
and x in Sx ~- in electroJysis between A' and B'. 
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between A and B. Curve 1 : A' potential in A anode and B cathode; 
curve 2: B' potential in A anode and B cathode; curve 3: A' poten- 
tial in B anode and A cathode. 

number ~ of Sx s- species for A' taken as the frame 
of reference was calculated using Eq. [I] and [7]. 
These results are shown in Fig. 6 and Fig. 7 as the 
relation between /~ and x in NasSx. The figures also 
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Fig. 6. Relation between transference number /~ of S~ 2 -  for A' 
and x in Sx ~ - .  Electrolysis between anode A and cathode B. 
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and x in Sx 2- .  Electrolysis between anode B and cathode A. 
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indicate the mathemat ica l  relat ionship between p and  x 
based on the results as shown in  the case of Fig. 4. 
Figure 6 represents the case when  A is the anode and  
B the cathode, where hyperbolic curves pass through 
a ~ value of I in x = 2 at  an ear ly  stage of the elec- 
trolysis and shift to the r ight  side with time. Figure 7 
represents  the case when  B is the anode and A the 
cathode and the tendency to shift of hyperbolic curve 
with t ime is more remarkable.  

When electrolysis was conducted be tween A the 
anode and B' the cathode, relations between the t rans-  
ference n u m b e r  ~ of S~ 2- species for A'  and  x in  Sx ~- 
are represented as in  Fig. 8. Although the hyperbolic 
curves tend to shift towards the r ight  side with time, 
the degree of shift is much  smaller  than  when A is 
the anode and  B the cathode as shown in  Fig. 6. 

Discussion 
Sx 2- in  mol ten  sodium polysulfide consists ma in ly  

of S~. ~-, $4 2-, S~ 2-, and some $6 2-  species (11). Con- 
sequently,  the e l iminat ion of regions, x < 2 and a > 1, 
f rom the curves in Fig. 4 leads to only one valid point, 
x = 2 and ~ = 1. This result  shows that  Na + ions do 
not  move to or from the electrode A' under  the direct 
electrolysis of A' and B', and the composition change 
of sodium polysulfide contained in  the electrode A'  is 
determined only  by  the transfers  of $2 2-  species in  
the melt. For example,  when  A' is the cathode, the 
following reactions would occur in  the electrode (11) 

$42-  -l- 2e- = 2S2 s- 

2Ss s -  + 4e-  = 3Ss s -  -t- $42-  [8] 

and the $22- ion produced in  the reaction processes 
seems to move from A' to B' direction. When A' is the 
anode, $22- ions brought  f rom the B' side are oxidized 
at first at A' by the reverse reaction of Eq. [8]. 

On the other  hand, when an electrolysis is conducted 
be tween A and B, the change in A' is not  as simple as 
seen before. When A is the anode and B the cathode, 
OCV in B" is v i r tua l ly  unchanged after  an electrolysis 
of 20 rain, despite the fact that  OCV in A' continues to 
decrease still more as shown in  Fig. 5. Since the change 
of OCV for A' or B' placed on the inside of the cath- 
ode (the upper  two curves in  Fig. 5) is near ly  the 
same in both cases, the behavior  of Sx 2-  species in  B' 
in this case can be represented by  the one shown for 
A' in  Fig. 7. Thus, when  A is the anode and  B is the 
cathode, the behavior  of A' and B' are explained by 
Fig. 6 and Fig. 7, respectively. In  Fig. 6, if regions x 
2 and p > 1 are e l iminated from the curves of 0 ,~ 30 
rain, as in the direct electrolysis ment ioned above, 
fl = 1 in  x = 2 becomes the only valid point. This 
means that  $2 ~- species migrate  to A' dur ing  this t ime 
to satisfy the condit ion of e lec t roneutra l i ty  for Na + 
ions which are injected into A' f rom A cont inuously 
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X In Sx 2- 

0-10, o-20.-30,- o.-sa-s0, 
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Fig. 8. Relation between transference number p of Sz 2 -  for A' 
and x in Sx 2- .  Electrolysis between anode A and cathode B'. 

through E-alumina. On the other  side, the condition, 
---- 1 in x = 2 is fulfilled for no more than  0 ,~ 10 

min  in B'. Still, the result  in  A' by which the charge 
carrier  through A' to B' is Sz ~- for 10 N 30 min  im-  
plies that  curves in  Fig. 7 and Fig. 6 are valid not  only 
for/3 = 1 in x = 2 but  also for p = 1 irrespective of x 
value, if x ----- 2. This means that  the charge carrier  in  
mol ten sodium polysulfide is only  the sulfide ion, Sx 2-, 
and x values change with electrolytic conditions. The 
crossing point values of x with the s t raight  l ine of 
/~ = 1 in Fig. 6 and Fig. 7 are depicted in  Fig. 9 
against electrolysis time. 

As there is no charge t ransfer  react ion between A'  
and B', $22- ions that  migrate  from B' to A' are not 
a product  of the cathodic reactions as shown in  Eq. 
[8], bu t  may have existed in  an equi l ib r ium with 
other species such as $4 ~-, S~ 2- in  the melt. It  is sup- 
posed that  $22- moves out from B' in  the early elec- 
t roly~c stage, and the gradual  deplet ion of $2 s -  with 
time in B' causes the migra t ion of larger sulfide ions 
in B'. The increase of x value with t ime in  Fig. 9 
would show the comigration of larger sulfide ions 
with $9. 2-, al though the effect of diffusion by  concen- 
t rat ion gradients would not  be negligible in  the late 
stage of electrolysis. As for A', the period in which 
only S2 2- ions flow into A'  is much  longer. This is at- 
tributed to the re la t ively large volume of the melt  
in the midst  of the cell. But  the gradual  depletion of 
$2 2- results with time, and comigration of larger 
sulfide ions also occurs. 

On the contrary,  the electrolysis be tween A as the 
anode and B' as the cathode gives a p-x re la t ion 
for A' which distr ibutes near ly  around the hyperbolic 
curves of fl = 1 in  x ---- 2, and the change of x value 
with time in p = 1 in this ease reveals that  main ly  
$2 2- ions migrate, as shown in Fig. 9. This is ascribed 
to the migrat ion of $2 2- ion produced by  the cathodic 
reaction in  B' to A'. 

Conclusion 
The migrat ion behavior  of ionic species in  mol ten  

sodium polysulfide was investigated using a t ranspor t  
cell of four electrodes. $22- ions migrate  preferent ia l ly  
into the vicini ty of E-alumina to fulfill the electro- 
neu t r ah ty  for Na+ ions injected through the E-alumina.  
S~ ~-- or S~ 2- ions also seemed to contr ibute  to the 
migrat ion as the depletion of $22- ions in  the melt, 
whereas Na+ ions are considered not  to take par t  in  
the charge transport.  When S~ 2- ions are cont inuously 
produced by a cathodic reaction in another  port ion of 
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Fig. 9. x value of charge carrier, Sx 2 - ,  to or from A'. curve I:  
A anode and B cathode (from Fig. 6); curve 2: B anode and A 
cathode (from Fig. 7); curve 3: A anode and B' cathode (from 
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the melt ,  the migra t ion  of $2 ~- ions towards  Na + ions 
in jec ted  through ~ -a lumina  becomes more  remarkable .  
This phenomenon would be responsible  for  the de te r -  
mina t ion  of the d is t r ibut ion  of sodium polysulf ide in 
the  porous cur ren t  col lector  of the  sodium sul fur  ba t -  
tery.  

Manuscr ip t  submi t ted  Apr i l  16, 1980; rev ised  m a n u -  
scr ip t  rece ived  Aug. 6, 1980. 

A n y  discussion of this p a p e r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in  the December  1981 
JOURNAL. Al l  discussions for the December  1981 Discus- 
sion Section should be submi t t ed  by  Aug. 1, 1981. 

Publication costs Of this article were assisted by 
Toyota Central Research and Development Labora- 
tories, Incorporated. 
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Ionic Conductivity and Thermoelectric Power 
of Pure and Al O -Dispersed Agl 

K. Shahi* and J. B. Wagner, Jr.* 
Center ~or Solid State Science, Arizona State University, Tempe, Arizona 8528! 

ABSTRACT 

Ionic  and electronic  conductiv/ t ies ,  and  thermoelec t r ic  p o w e r  have  been 
measured  for AgI  and AgI  containing a dispers ion of submicron  size AleOs 
part icles.  Whi le  the  dispersion of A1~O3 enhances the ionic conduct iv i ty  signifi- 
cantly,  i t  does not  affect the electronic proper t ies  of the matr ix .  The enhance-  
ment  is a s t rong funct ion of the size and concentra t ion of the dispersoid. Var i -  
ous models  have been tes ted to account  for the enhanced conduction. How- 
ever, the complex behavior  of the present  resul ts  points  out  the  need for 
more  sophis t ica ted  theore t ica l  models. Ionic conduction and thermoelec t r ic  
power  da ta  suggest  tha t  the d ispersed Al20s genera tes  an excess of cat ion 
vacancies and the reby  enhances the conduct iv i ty  and suppresses the t he rmo-  
electr ic  power  of the matr ix .  The ind iv idua l  heats  of t r anspor t  of cat ion in t e r -  
s t i t ials  and  vacancies have been es t imated  and compared  to the i r  respect ive  
migra t ion  energies.  

As a resul t  of in tensive efforts in the pas t  decade, 
m a n y  solid ionic conductors  tha t  exhib i t  conduc-  
t ivi t ies  in excess of 10 -2 ~ - 1  cm-1  at  ambien t  t em-  
pe ra tu res  a re  now known. Most are  s table  i n t e rme-  
diate  compounds be tween  two o r  more  phases wi th  
one phase being s i lver  (1) or  copper  (2) hal ides  or 
chalcogenides.  Whi le  the classical  doping technique 
has long been used to increase  ionic conduct ivi ty,  
pa r t i cu l a r l y  at  low temperatures ,  such an enhance-  
ment  has been l imi ted  to a factor  of 2-20, though it  
has been most  useful  in the  e lucidat ion of i on - t r ans -  
por t  mechanisms in general .  

Recent ly  Liang (3), Liang et  al. (4), Pack  et al. (5), 
and Jow and Wagner  (6) s tudied  the effect of A1203 
dispers ion in LiI  (3-5) and CuC1 (6), respect ively.  
These authors  r epor t ed  ionic conduct iv i ty  enhance-  
ments  b y  as much as 2 orders  of magni tude.  Based 
on x - r a y  powder  diffraction resul ts  the conclusion 
was tha t  the  A1203 par t ic les  a re  insoluble  (3) and 
hence the  classical  doping concept cannot  be used 
to expla in  the enhancement  in conductivi ty.  The pu r -  
pose of the  presen t  inves t igat ion is (i) to examine  
whe the r  this effect is genera l  and (ii) to test  the 
var ious  proposed mechanisms a n d / o r  to develop an 
adequate  model. 

Experimental 
High pu r i t y  AgI  (99.999%) obta ined  f rom Apache  

Chemicals  was used wi thout  fu r the r  t rea tment .  AleO8 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  cations,  conduct ion,  thermoelectr ic  power. 

(99.98%) of  different  r epor ted  par t ic le  sizes (0.06, 
0.3, 1, 3, 8, and  15 ~m) was obta ined f rom AdoIf  
Mel ler  and was also used as received,  and in cer tain 
exper iments  i t  was vacuum dr ied  at  ,~700~176 for 
at  least  12 h r  pr ior  to use. Appropr i a t e  amounts  of 
AgI  (mp 557~ and A1203 were  in t ima te ly  mixed  
in an agate  mor t a r  and pestle, vacuum sealed in quar tz  
tube, heated at  800~ for  6-8 hr, and then quenched to 
room tempera ture .  When  undr ied  A120~ was d i rec t ly  
used, the mix tu re  was hea ted  in a sealed quar tz  tube 
to a lower  t empera tu re  (<600~ to avoid any rup -  
ture  of the quar tz  tube due to excessive wa te r  vapor  
pressure.  The resu l tan t  ma te r i a l  p repa red  by  e i ther  
method was pulver ized  and pel le t ized at  pressures  
in the  range  70,000-80,000 psi in a n icke l -p la ted  steel  
die. Each sample  was annea led  for  10-12 h r  to re lax  
any  stresses and also to homogenize the charge carriers .  

The t empera tu re  of the furnace  was control led to 
wi th in  _+0.5~ by  a Thermac  Control ler  (Series  6000) 
and measured  by  Chrome l -Alume l  thermocouple .  

The total  conduct iv i ty  was measured  using a cell, 
AgIAgI  (AI~O~) or  AgIIAg,  and a GR 1608A impe-  
dance br idge  in conjunct ion with  GR 1310B osci l la tor  
and  GR 1232-P2 preampl i f ie r  as the null  detector.  
No apprec iab le  f requency  dependence  was observed 
except  a t  lower  (near  room) t empera tu res  where  the  
conduct iv i ty  at  10 kHz was 5-7% higher  than  tha t  at  
1 kHz. The da ta  repor ted  in this paper  a re  at  1 kHz. 
The inaccuracy  be low 1 ~ - 1  cm-1  was less than ___5%. 

The d-c  polar izat ion technique was used to measure  
the  electronic conduct iv i ty  using a celt, AgIAgI  (A12Os) 
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or  AgI[graphi te .  In  this  expe r imen t  Ke i th l ey  2600 nV 
source was used as s t andard  vol tage  source and the 
cur ren t  in response to appl ied  polar iza t ion  potent ia l  
was measured  by  measur ing  the vol tage  drop by  
means  of Ke i th ley  616 digi ta l  e lec t rometer  across a 
known s t anda rd  resistor.  

The thermoelec t r ic  power  was measured  using a 
sample  ho lder  s imi lar  to tha t  used for conduct iv i ty  
measurements  except  the former  has P t -P t -10% Rh 
thermocouples  we lded  on the back  of each Pt  e lec-  
t rode  (in contact  wi th  the  Ag electrode)  which  are  
used to record  the  t e m p e r a t u r e  of each side of the  
sample.  The thermoelec t r ic  vol tage  (~V) induced by  
the smal l  t empe ra tu r e  difference (aT of the  o rde r  of 
10~ was also measured  by  Ke i th ley  616 d ig i ta l  e lec-  
t r ome te r  wi th  an  input  impedance  of >1014~ at  
ba lance  tha t  ensures a lmost  zero cur ren t  th rough  the 
spec imen under  examinat ion.  The thermoelec t r ic  
power  was ca lcula ted  f rom the  rat io  n V / n T  and  as-  
s igned the usual  sign convention, i.e., i t  is posi t ive 
if  the  hot  end is posit ive.  

In  the  following,  the resul ts  on ionic conduct iv i ty  
a re  presented  first fo l lowed by  those on electronic 
conduct iv i ty  and thermoelec t r ic  power.  

Results and Discussion 
Ionic Conductivity 

Ionic conduct iv i ty  vs. composi t ion.--Figure 1 shows 
the to ta l  (a-c)  conduct iv i ty  of the  AgT(AleO~) sys-  
tem containing both dr ied  and undr i ed  a lumina  pa r -  
t icles of 0.06 ~m size as a funct ion of the A1203 con- 
tent  a t  room tempera ture .  This figure also shows the 
same resul ts  ob ta ined  for  d r i ed  a lumina  par t ic les  of 
0.3 and 8 #m sizes. The conduct iv i ty  of AgI(AleO3) 
sys tem in i t ia l ly  increases wi th  increas ing A1208 con- 
ten t  for both  dr ied  and undried,  and  for al l  sizes of 
A1203 part icles .  I t  reaches a m a x i m u m  around  30 
mole  percen t  (m/o )  AleO~ content  and  then de-  
creases. The dispers ion of undr ied  A1203 (0.06 ~m) 
leads  to a r e la t ive ly  sharp  m a x i m u m  as wel l  as to 
more  enhancement  than  p red r i ed  A120~. This l a t t e r  
resu l t  indicates  the  poss ibi l i ty  tha t  the  presence of 
adsorbed  wa te r  on the A120~ might  be p lay ing  an 
impor t an t  role  in the  enhancement  of conduct ivi ty.  
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Fig. 1. Logarithm of total (a-c) conductivity of Agl(AI2Os) sys- 
tem as a function of the concentration of AI2Os particles at room 
temperature. Measurements employ silver electrodes and a fre- 
quency of I kHz. 

A m a x i m u m  conduct iv i ty  of 6 X 10 .4  ~ - I  cm-1  
was obta ined  for Ag l  containing 30 m / o  undr ied  
A1203 (0.06 #m) at  room tempera ture .  

Ano the r  po in t  to be emphasized is tha t  the  con- 
duc t iv i ty  enhancement  is a s t rong funct ion of the  
size of A120~ part icles .  F igure  1, for example ,  also 
shows the resul ts  of AgI(AI203)  sys tem containing 
the dr ied  A1203 par t ic les  of 0.3 and 8 #m sizes. 
F igure  2 fu r the r  i l lus t ra tes  the dependence  of con- 
duc t iv i ty  of the AgI(A1203) sys tem as funct ion of 
the  size of A1203 part icles .  Obviously  the conduc-  
t iv i ty  enhancement  is l a rge r  for  smal le r  part ic les .  
When  A1~O8 par t ic les  as large  as 8 or 15 ~m are  used 
there  is ve ry  l i t t le  or p rac t i ca l ly  no enhancement  in 
conduct ivi ty.  

Ionic conduct iv i ty  vs. t emperature . - -Figure  3 shows 
the plot  of log ~ vs. lOS/T for AgI  and AgI  conta in-  
ing a dispers ion of dr ied  and undr i ed  A12Os (0.06/~m). 
A conduct iv i ty  of 3 • 10 -7  ~ - 1  cm-1  at  25~ was 
obta ined  for pure  AgI, and an overa l l  ac t iva t ion  
energy  of 0.56 eV in the t empe ra tu r e  range  300-400 
K; these values  a re  in good agreement  wi th  some of 
the previous  findings on po lycrys ta l l ine  AgI  and 
also close to single c rys ta l  values  (1). The r a the r  
high conduct iv i ty  and low act iva t ion  energy  r e -  
por ted  by  some researchers  m a y  have  been due to 
the  presence of impur i t ies  or  -y-AgI in thei r  samples  
a n d / o r  a lack  of pro longed anneal ing  of samples  
used in the i r  exper iments .  We found the conduct iv i ty  
of f reshly  p repa red  samples  of AgI  decreased and 
act ivat ion energy  increased cons iderab ly  when  the 
samples  were  annea led  overn ight  at  70~176 

The addi t ion  of undr ied  30 m/o  Al2Os of 0.06 ~m 
size increased the conduct iv i ty  by  about  3 orders  of 
magni tude,  the  room t empera tu r e  va lue  being ,~ 6 X 
10 -4 ~ - i  cm - I  as compared  to 3 • 10 -7 G - I  cm-1  
for pure  Agl.  The enhancement  in conduct iv i ty  by  
the dispers ion of AI2Os is accompanied  by  a decrease  
in act ivat ion energy  as is usual  for  most  h igh con- 
duc t iv i ty  solid electrolytes .  Summar ized  in  Table  I 
are  the  conduct ivi t ies  and the re la ted  pa rame te r s  
for AgI  and AgI(A1203).  

The dispers ion of p red r i ed  A12Os (30 m/o,  0.06 
~m) increased the conduct iv i ty  by  about  a factor  of 
50. The l a r g e r  enhancement  caused by  undr ied  A1203 
is not  quite unders tood but  seems to be re la ted  to the  
adsorbed  mois ture  on the A1203 part ic les .  F u r t h e r  
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Fig. 2. Logarithm of conductivity of Agl containing 30 m/o 
dried AI203 at room temperature as a function of the bgarithm of 
the size (in #m) of AI2Os particles. 
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Fig. 3. Logarithm of conductivity of pure Agl and Agl -b 30 
m/o AI20~ (0.06 ~m), using both dried and undried AI~O~, as a 
function of inverse absolute temperature. 

experiments to quantify the effect of adsorbed water 
content on the conductivity enhancement are planned. 

The activation energy of 0.31 eV for AgI + 30 m/o 
A1203 (0.06 ~rn) can be compared to the migration en- 
ergies of Ag + interstitials (ahi +) and Ag+ vacancies 
(,~hv +) in ~-AgI. According to one study on poly- 
crystalline AgI (7) ,~hi + is ,,~0.14 eV which is much 
less than what is observed (0.31 eV) for AgI(AI~Os) 
system suggesting that Ag+ interstitials are less 
likely to be a mechanism responsible for conduc- 
tion in AgI(Al~Oa). However, the other studies (8-10) 
on ~-AgI reveal that hh~+ and hhv + are quite com- 
parable; ~hi + is in the range 0.3 eV (8) to 0.4 eV (9) 
and ~hv + amounts to 0.4 eV (8) to 0.5 eV (8, I0). 
Therefore, it is very difficult to deduce the type of 
charge carrier responsible for conduction in 
AgI(A12Oa) from these data. 

Another interesting feature of A1203 dispersion is 
that it leads to a hysteresis in log e vs. IO~/T plot (see 
Fig. 3). When the temperature is cycled through the 

--> ~ phase transition temperature (Tr of AgI 
(,--147~ the ~ decreased by a factor varying be- 
tween 2 to 10 depending on the temperature, thermal 

Table L Electrical conductivity and activation energy in 
Agl and AgI(AI2Os) 

Aeti-  T e m p e r -  
r a t i o n  a t u r e  

(~-z ern-~) e n e r g y  range  
Material  at  25 ~ C ( eV ) ( ~ C ) 

A g I  3 x 1O-~ 0,56 25-120 
AgI  + 30 m / o  u n d r i e d  

Al~O3 (0.06 ~rn) 6 x 1O-~ 0.26 15o110 
A g l  + 30 m / o  dried 
At~Oa (0.06 l~m) 1,2 x I0-~ 0.31 25.100 

history of the sample, and the A1208 content. A com- 
mon feature of these results is that the smaller the 
width of the hysteresis loop in the log ~ vs. 1/T plot 
the larger is the difference in ~'s before and after 
cycling the temperature across T~. It should 
be noted however that the r of AgI with or without 
Al~O8 remained almost the same when temperature 
was cycled between room temperature and T=. 

Figure 4 compares the conductivity results for 
usual (cold pressed) pellets to that for hot-pressed 
(at 300~ pellets, at different temperatures. A some- 
what higher e for the hot-pressed samples might be 
due to a better packing than that of the former but 
there is no significant difference between the two 
samples. 

Neither in conductivity nor in thermoelectric power 
(to be discussed later) is the effect of Al~Os dis- 
persion pronounced in ~-AgI. In general there is a 
drop in the ~ whose magnitude, by and large, solely 
depends on the content of A120~. Since at the present 
time these results do not seem promising technically, 
nor do they contribute significantly towards the 
understanding of the mechanism of transport in these 
dispersed solid electrolyte systems, they will not be 
discussed further. 

Summary  of the results.--Table II  summarizes some 
of the characteristics of the AgI(A1203) and other 
systems reported thus far, viz. LiI(AI~Oa) (3), 
CuCl(A120~) (11), and HgI2(A12Os) (12). The results 
of AgI(A12Oa) indicate a more complex behavior, e.g., 
"wet" A1203 appears more effective than dry ones and 
log a vs. composition plot exhibits a rather flat maxi- 
mum (Fig. 1) similar to that in HgI2 (AI~O3) but unlike 
those in CuCI (AI2Oz) and LiI(A1203). In brief, the 
important features of all these Aloes-dispersed sys- 
tems can be summarized as follows: (i) there is an 
enhancement in conductivity by a dispersion of sec- 
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Table II. Some characteristics of solid electrolytes containing 
a dispersion of dried AI203 

M a x i m u m  
Size m / o  Al~Oa enhancement  

of  f o r  maxi -  in  conduc -  
Mate-  AlsO3 m u m  en- T e m p .  t i v i t y  b y  a 

r i a l  (/~m) h a n c e m e n t  (~ f a c t o r  of  

AgI 0.06 30 25 ~50 (this work) 
Lil 40 25 ~'50 ~3) 
CuCI 0.~ i0 60 ~ 5 o  (11) 
HgI.~" 0.06 30 203 ~100 (12) 

* HgI~ is  not k n o w n  t o  b e  solid e lectrolyte  and the q u o t e d  
value of the enhanced conductivity corresponds to the  inclusion 
of  u n d r i e d  AI~08. 

and phase (such as AI~O~); (ii) the larger  enhance- 
merit is due to finer dispersoids; (iii) "wet" dispersoids 
cause a larger  enhancement than dry ones; ( iv)  there 
is larger  enhancement at lower temperatures where 
the intrinsic defect concentration is low compared to 
that  generated by the dispersoids. This also implies a 
decrease in activation energy in the low temperature 
regime. However, the data on LiI(A12Os) (3) do not 
agree with others, i.e., the activation energies are 
the same with and without A1203. (v) The occur- 
rence of a rather  flat maximum for some systems in 
the log ~ vs. composition plot, seems to extend from 
15 to 35 m/o  A1203 in AgI(A120~) and up to 80 m/o 
in HgIs(Al~O3), and (vi) the position of maximum 
for a part icular  system, e.g., AgI(A12Os), to be in- 
dependent of the size of the dispersoids but a sensi- 
tive function of the matrix, for example, in 
CuCl(A12Os) the maximum occurs at 10 m/o, in 
AgI(A120~) at 30 m/o, and in LiI(A120~) at 40 
m/o Ah03. 

Discussion of  models.--The electrical transport  in 
multiphase systems has been fundamental ly treated 
by Maxwell  (13a) and Lord Rayleigh (13b). How- 
ever, these models did not consider the possible 
existence of electrical double layer at the interfaces 
and thus, in turn, did not predict a higher conduc- 
t ivi ty for the mixed phases than for the pure single 
phase materials. 

In 1972, Wagner (14) reconsidered the problem 
and, based on the fact that there can be a space charge 
layer  at  the interfaces, he derived an expression that  
predicted an enhanced electronic conduction in two- 
phase semiconductors, the enhancement being pro-  
portional to the volume fraction of the dispersoid 
and the square of the Debye length and inversely 
proportional to the square of the radius of the dis- 
persoid. 

Recently Jaw and Wagner (6) derived a model 
for ionic conduction based on the fact that ultrafine 
dispersoids have some kind of charge at or near their 
surfaces. Due to formation of the double layer at the 
dispersoid/matr ix interface, the defect concentration 
and hence conductivity, in the vicinity of the dis- 
persoids differs from that in the bulk. They obtained 
the following expression 

(�88 ] - 3 e ~i<Ani>~ [I] 
l - - V v  

where A~ is the change in conductivity of the matr ix  
with the dispersoid relative to that of the bulk matrix, 
e the electronic charge, ~i the mobility of the ith 
defect species, ~hn l>  the average excess density of 
defects within the space charge region, k the space 
charge layer thickness (~Debye  length),  rl the 
radius (half the size) of the dispersoid, r2 the distance 
between two dispersoids, and Vv the volume fraction 
of the dispersoid. This model predicts that  the en- 
hancement in ~ is proportional to ( l /r1) (Vv/1 -- V~v) 
for the cases where rz << rs is satisfied. 

Stoneham et aL (15) have extended Landauer 's  
(16) effective medium model which assumes a high 
conductivity layer around each insulating particle, 
and shown that the enhanced conduction is possible 
if one assumes the layer  to be of a few hundred 
angstroms thickness. 

According to another (12) so-called interface- 
capacitor model which also involves the space charge 
layer between the dispersoid and matrix,  the con- 
ductivity is given by 

= ~z(l--Vv) ~- G'S(I--Vv) 2 -I- r [2] 

where ~, al and ~2 are, respectively, the conductivities 
of the mixed phase, the first phase (or matr ix) ,  and the 
second phase (or dispersoid), S the surface area 
generated by the dispersoid per cm 3, and G a factor 
which accounts for the number of excess charge per 
c m  3. 

All these models recognize in some way the exist-  
ence of a "double layer" or "conducting layer" at the 
matrix-dispersoid interface and agree quali tat ively 
in their predictions to some extent. While the model of 
Jaw and Wagner (6) works well with respect to both 
accounting for enhanced conduction and predicting 
the correct temperature dependence, its applicabili ty 
is limited to smaller concentrations of the dispersoid 
(rl < <  r2). The lat ter  two models (12, 15) also 
explain the "blocking effect" of the dispersoid at 
larger concentrations but these both lack in predicting 
the correct temperature dependence. For instance, the 
Fs of CuC1 and CuCI(A12Os) all fall around the 
same value at T ~ 300~ 

In brief, the results on dispersed-systems point out 
the need for more sophisticated models capable of 
explaining the additional features such as (i) the 
larger effectiveness of "wet" dispersoid, (ii) the 
occurrence of flat maximum in some systems, e.g., 
AgI(Al~O3), and (iii) the position of maximum which 
is a sensitive function of the matrix. 

Electronic Conductivity 
Since in many electrochemical applications it is 

desired that electronic conductivity be small (or 
preferably negligible) compared to the ionic part, a 
d-c polarization cell of the type 

( -- ) Ag[AgI (A1203) or AgII C ( -b ) 

was constructed for this measurement. When a po- 
tential (V) less than the decomposition potential of 
the electrolyte is applied with positive polari ty on 
the right side, the Ag+ ions move init ially from 
right to left side (toward Ag electrode). Since 
graphite is an inert  (so-called blocking) electrode, 
there is no supply of Ag + ions and hence a depletion 
of Ag + ions results at the C/AgI(A1203) interface. 
At steady state the potential gradient due to electric 
field is just  balanced by that  due to the chemical 
potential gradient and then the ionic current is zero. 
Under these conditions the current is solely due to 
diffusional flow of electrons or holes. Wagner (17) 
has shown that the steady-state current (I) is given by 

k T A  _ 
I = Ie -~ Ih --  ~ Ce 1 -- exp 

q - , h ~ e x p ( e V  ~ 

where ~ is the conductivity and the subscripts e and h 
refer, respectively, to electrons and holes, L the length 
and .4. the area of the sample, k the Boltzmann con- 
stant, and V the polarization potent ia l  When eV > >  
kT,  which is often satisfied except at very low polar-  
ization potentials and very high temperatures, the 
above expression simplifies to 
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""[ 
I " -  Ie Jr  Ih - -  - -  Ce J r  O'h e x p  [4] 

eL 

Genera l ly  the conduct iv i ty  due e i ther  to electrons 
or  to holes is predominant ,  and hence we have  Temp. 

kTA  (~ 
I__  Ie = ,, ,ae (when  C e > >  ~h) [5] 

eL 50 
and 80 

140 
I '~  Ih "- eL ah exp (when vh > >  ~e) [6] 

According to Eq. [5] the cur ren t  is independent  of V 
when  e lec t ron conduction is dominant  whi le  in case 
of p redominan t  hole conduct ion (Eq. [6] ) the  cur ren t  
var ies  exponent ia l ly  wi th  V. Thus in the fo rmer  case, 
the  l imi t ing  cur ren t  can be used to obta in  ~e whi le  
in the  l a t t e r  case the slope of l inear  log I vs. V plot  
yields  the ~h. 

The log I vs. V plot  for the  cell  oAg lAgI (A120~)  ]C G 
at  different  t empera tu re s  is shown in Fig. 5, which 
suggests  tha t  the  hole conduct ion is p redominan t  in 
AgI(A12Os). We do not know of any  polar izat ion 
measurements  on fl-AgI, but  there  a re  resul ts  ava i l -  
able  for  ~-AgI (T > 146~ (18). a -AgI  is known to 
be a p - t y p e  conductor.  The electronic conduct iv i ty  
measurements  on ~-AgI  are  n o w  in progress.  P r e l im-  
i n a r y  resul ts  show tha t  f l-AgI wi thout  A120~ is essen-  
t i a l ly  a p - t y p e  conductor.  Thus i t  can be concluded 
tha t  dispers ion of A1208 does not affect the  na ture  
of e lect ron (hole)  conduct ivi ty,  nor  does i t  s ignif-  
i can t ly  change its magni tude .  The values  of ah at  
different  t empera tu res  a re  given in Table III. When 
hole conduct ion is p redominant ,  Eq. [6] predic ts  t ha t  
l og  I vs. V plot  wi l l  d i sp lay  slopes which are  inde-  
penden t  of any  t r anspor t  pa rame te r s  re la ted  to the  
ma te r i a l  s tudied.  These slopes, e/2.3026 kT, which 

Table III. Data obtained from polabzation measurements on the 
cell O Ag ] Agl(dried-AI203) [C(~ 

Slope of log I vs .  V plot 
Hole 

conductivity Theoretical 
(~-1 cm-~) (V-S) Expt'l. (V 4) 

3.5 X 10 -17 15.58 15.62 
2,6 x 10 -15 14.25 14.46 
1.2 x 10 -14 13.14 14.21 
2.2 x I0 -~ 12.18 13.05 

depend on ly  on 1/T are  compared  wi th  exper imen ta l  
slopes in Table  III. The good agreement  indicates  tha t  
the polar izat ion technique is quite successful in  
AgI(A12Os) system. The log ~h vs. 10~/T plot  for 
AgI(A12Oa) is shown in Fig. 6 and can be expressed by  

~h = 13.3 exp(- -1 .13  e V / k T )  (300-420 K) [7] 

Al though the concentra t ion of e lect ron holes depends 
s t rongly  on the concentra t ion of s i lver  (or of iodine) ,  
the  concentrat ions of la t t ice  defects do not  and hence 
the act ivat ion energy  of 1.13 eV m a y  be identif ied as 
the ac t iva t ion  energy  for  the migra t ion  of e lect ron 
holes, Ahh'*, plus the  pa r t i a l  en tha lpy  of mix ing  of 
/.2 pe r  molecule  of AgI. In  conclusion, whi le  a dis-  
pers ion of second phase such as A12Oa enhances the  
ionic conduct iv i ty  significantly,  i t  does not  affect the  
electronic t ranspor t  propert ies ,  for instance the na ture  
and magni tude  of e lect ron hole conduct ivi ty.  

Thermoelectric Power 
When a t empera tu re  g rad ien t  is appl ied  across a 

solid, MX, containing la t t ice  defects, owing to the 
increased concentra t ion and increased j ump  f requency 
of the defects near  hot  end, a flow of defects f rom 
hot  to cold region is set up. At  s teady  s tate  a vol tage 
across the sample  appears  which d i rec t ly  reflects the 
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sign of charge  car r ie rs  in the  system. Thus the  the r -  
moelect r ic  power  measu remen t  is the  most  power fu l  
tool for examin ing  the na tu re  of charge car r ie rs  in 
any  system. In  fact  this measu remen t  combined wi th  
the  conauc t iv i ty  da ta  has revea led  a number  of  k e y  
fea tu res  of sol id e lec t ro ly tes  (1, 19) r a r e l y  disclosed 
b y  any  o ther  technique.  

The  homogeneous thermoelec t r ic  power  (0ham) 
which  arises due to a t empe ra tu r e  g rad ien t  across the 
solid is g iven by  (1, 20) 

1 (qv + + h)  - -  r k T  grad  ni 
0~e~ = -- [8] 

eT 1 + r eni g rad  T 

for  thermocel ls  of the  type  ( T ) M I M X l M ( T  + aT) ,  
whe re  qi + and qv + are  the  heats  of t r anspor t  of Ag  + 
ion in ters t i t ia ls  and  vacancies,  respect ively ,  h the 
hea t  of fo rmat ion  of a pa i r  of Schot tky  or F r e nke l  
defects,  ~ the ra t io  of in te rs t i t i a l  to vacancy mobil i ty,  
k the  Bol tzmann constant,  and ni the  concentra t ion 
( number  pe r  cra~) of each k ind  of defects  and  the  
o ther  symbols  have  the i r  usual  meaning.  The  above  
equat ion s ta tes  tha t  the  0ham is a d i rec t  funct ion of 
1 / T  prov ided  o ther  quant i t ies  are  not  s t rong functions 
of t empera tu re .  

However  the  s i tuat ion gets compl ica ted  because of 
the  heterogeneous  ~hermoelectric p o w e r  (ehet) which  
ar ises  as a resul t  of t e m p e r a t u r e  dependence  of the  
contact  po ten t ia l  be tween  the e lect rode and electrolyte .  
Fo r  revers ib le  thermocel l s  using Ag  electrodes i t  is 
g iven by  (1, 20, 21) 

k / ni \ k T  grad  ni 1 1 
8het - - -  ~ In [ x--~- | ] + + -- SAs+ A' -- ~ Sns+ 

e eni  grad  T e e 
[91 

where  N is the  number  of no rma l  cat ion sites pe r  
cm~, SAg+ is the  en t ropy  of a s i lver  ion in AgI  or 
AgI(A120~) and  SAg+ Ag is the en t ropy  of a s i lver  ion 
in s i lver  metal .  The  l a t t e r  can be app rox ima te d  by  
the en t ropy  of s i lver  meta l  since the  free electrons 
supposed ly  con t r ibu te  ve ry  l i t t l e  to the to ta l  ent ropy.  
Thus  app rox ima te  value  of SAg+ Ag could be obtained,  
for  example ,  f rom the  f ree  e lec t ron theory  or  f rom 
the thermionic  emission exper iments .  However  the  
mola r  en t ropy  of the defects in solid electrolytes ,  
SAg+, is the most  tedious quan t i ty  to de te rmine  e i ther  
f rom theory  or  f rom exper iments .  The most  s t r a igh t -  
f o rwa rd  w a y  to de te rmine  these entropies  of defect  
fo rmat ion  is f rom the de ta i led  analysis  of conduc-  
t iv i ty  (or  diffusion) measurements  (22). However  
such an  analysis  y ie lds  on ly  the sum of the entropies  
of the  two complemen ta ry  defects  r a the r  than  in-  
d iv idua l  mola r  ent ropies  as these are  not  independen t  
t he rmodynamic  quanti t ies.  Seve ra l  app rox ima te  me th -  
ods have been used to separa te  these quant i t ies  a n d  
are  r ev iewed  (23, 24) elsewhere.  

The  to ta l  thermoelec t r ic  power  (e) is ob ta ined  on 
adding Eq. [8]. and [9] which  is not  a lways  too s imple 
to y ie ld  defect  pa rame te r s  of interest .  However  there  
are  some special  cases of in teres t  as indica ted  below. 

In ters t i t ia~  d o m i n a n t  c o n d u c t i o n . - - W h e n  cat ion in-  
te rs t i t ia ls  a re  much more  mobi le  than  vacancies viz .  

> >  I, and  the i r  concentra t ion  is an exponent ia l  
funct ion of t empera ture ,  Eq. [8] reduces  to a s imple r  
form which, on adding  to Eq. [9], gives 

qi + + ~ h  1 1 

e T  e e 

Consider ing the sum 1 / e ( S ~ + A g  _ SA~+) to be smal l  
a n d  independen t  of T as discussed e lsewhere  (1),  
Eq. [10] can be used to obta in  qi + f rom the slope of 
l inear  0 vs.  1 / T  plot  p rov ided  the h is known f rom 
independen t  exper imen t s  such as conduct iv i ty  or di f -  
fusion measurements .  

V a c a n c y  d o m i n a n t  c o n d u c t i o n . - - W h e n  cat ion va -  
cancies a r e  the  only  charge car r ie rs  viz .  ~ < <  1 

and their  concentra t ion is a lmost  independen t  of T, 
e.g., ~ in the extr ins ic  region,  Eq. [8] and  [9] reduce 
to s impler  forms and the i r  sum is g iven by 

= ' "+eln --S,~+Ag-- 
# eT \ ' - N - /  e e 

Since nv is independen t  of T, the  las t  th ree  te rms 
could be considered as independen t  of T and then  
the slope of 0 vs.  1 / T  plot  can be used to ob ta in  the  
qv + . 

F igu re  7 shows the p lo t  of ~ vs.  IO~/T for  AgI  and  
AgI containing a dispers ion of d r i ed  30 m/o  Al~O3 
of 0.06 ~m size wi th  s i lver  electrodes.  Fo r  Ag[, 0 is 
large  and negat ive  which  could be a t t r i bu ted  to Ag + 
interst i t ia ls .  The 0 increases ini t ia l ly ,  a t ta ins  a m a x i -  
mum around  80~C and then i t  decreases wi th  increas-  
ing t empera tu re  which is in qual i ta t ive  agreement  
wi th  a recen t  measu remen t  (25) of  0 on ~-AgI.  The 
behavior  at  T - -  80~ viz .  decreas ing 0 wi th  increas ing  
tempera ture ,  is typical  of sol id e lec t ro ly tes  and  is 
also in accord wi th  theory.  The behav ior  a t  T ~ 80~ 
viz .  increas ing the rma l  power  wi th  increas ing T, is 
not  wel l  understood.  However ,  the  increas ing 0 f rom 
a less negat ive  to a more  negat ive  value  is a t t r ibu tab le  
to increas ing dominance  of cat ion in ters t i t ia ls  and  
consequent ly  t h e  m a x i m u m  in 8 vs.  I / T  plot  could 
be cor re la ted  to a swi tchover  in the t r anspor t  mecha-  
nism of ~-AgI.  I t  seems reasonable  to consider  tha t  
at  near  room t empera tu r e  the  conduct ion is dominated  
b y  Ag + vacancies whi le  a t  T ~ 80~ i t  is the  Ag  + 
in ters t i t ia ls  which are  responsible  for  conduction. Such 
a swi tchover  in the  t r anspor t  mechanism should be 
observable ,  in pr inciple ,  in  a log r vs.  1 / T  plot.  How-  
ever  our  resul ts  (Fig. 3) do not  r evea l  any  change 
in slope perhaps  because of the  ve ry  smal l  difference 
in the  two migra t ion  e n e r g i e s  (9), viz .  Ahi + (0.4 eV) 
and ~hv + (0.5 eV).  There  are  a number  of o ther  
studies (1, 7-10) on pure  and doped #-AgI.  Most 
studies,  pa r t i cu l a r ly  those on po lycrys ta l l ine  samples,  
do not  y ie ld  more  than  one slope indica t ing  no obvious 
change in the t r anspor t  mechanism.  Al though  a mere  
change in the  slope of log o vs.  1 / T  plot  is not  a lways  
an indica t ion  tha t  more  than  one mechanisms are  in 
operat ion.  A more  s t r a igh t fo rward  answer  is p rov ided  
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Fig. 7. Thermoelectric power (e) of pure Agl and Agl containing 
30 m/o dried AI203 of 0.06 #m size with reversible silver elec- 
trodes as a function of inverse absolute temperature. 
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by the conductivity data on pure and doped samples. 
While for AgC1 and AgBr there exists a wealth of 
data, few conclusive studies exist on ~-AgI. The main 
reason appears to lie in the fact that Agl is too reac- 
tive a solid to accommodate impurity atoms sub- 
stitutionally. Intermediate compounds are formed in- 
stead, for instance, AgI -~ CdI2 -~ Ag2CdI4 (26, 27), 
AgI -~ Ag2S ~ AgsSI (28). A part of the reason also 
seems to be the presence of the violent (~ ~ a) phase 
transition at 147~ that prevents the growth of good 
crystals containing divalent impurities from the melt. 
Nevertheless, defect properties have been studied 
(8-10, 24) and it is generally agreed (1) that cationic 
Frenkel disorder prevails in ~-AgI and that the Ag + 
vacancies are the dominant (8) charge carriers. At 
high temperature, the conduction is however solely 
attributed (8) to Ag+ interstitials. While Govin- 
dacharyulu et al. (9) conclude that Ag+ interstitials 
are the dominant charge carriers over the entire 
temperature range, our prediction based on thermo- 
electric power data precisely agrees with (8) and 
also with the latter (9) at higher temperatures (in- 
trinsic region). 

The o of F-AgI in the vacancy dominant region 
(<80~ see Fig. 7, is rather limited in range and 
involves large uncertainty and therefore it may not 
be used to obtain qv +. However, the data at T ~ 80~ 
can be expressed by  

-- 0 = 0.43 ( ~--~--~ )-I- 0.16 mV/K [12] 

and can be used to calculate qi +. Comparing Eq. [10] 
and [12], we get qi + ~- �89 = 0.43 eV. Since h is 
reported to be 0.60, 0.64, and 0.68 eV, we obtain qi + 
= 0.11 • 0.02 eV, using the intermediate value of 
h = 0.64 eV, which can be compared with the value 
of 0.06 eV obtained in a previous investigation (29). 

The 0 vs. lOZ/T plots for AgI containing 30 m/o 
AltOs are also shown in Fig. 7. The 0 of the sample 
annealed below Tc is smaller than that annealed above 
Tc which is consistent with the conductivity data and 
may again be attributed to the changes in dispersoid 
distribution resulting from the phase transition of 
the matrix at 147~ The net effect of dispersion is 
to decrease the magnitude of 8 from a more negative 
(for pure ~-AgI) to a less negative value. Recalling 
that negative charge carriers (Ag + vacancies) give 
rise to a positive 0, the above behavior is compatible 
with the increased dominance of Ag+ ion vacancies 
in AgI(A1203), i.e., with the hypothesis that dispersed 
AltOs generates excess silver ion vacancies and thereby 
enhances the o and suppresses the 0. Moreover, the 
fact that 0 vs. 1/T plot for AgI (A1203) exhibits a 
negative slope, i.e., o is increasing with increasing 
temperature, might be considered as well (compare 
Eq. [10] and [11]) an indication of the presence of 
excess cation vacancies. Also the concentration of 
these vacancies could be considered as almost inde- 
pendent of T as the thermally generated defects would 
form only a negligible fraction of the total defect 
concentration in low temperature regime. Under these 
circumstances the slope of the linear 0 vs. 103/T plot 
that can be expressed by 

--0 =- 0.28 (-~)n u 1.43 mV/K [13] 

can be used to extract qv +. Comparing Eq. [II] and 
[13], we get qv + = 0.28 eV. The heats of transport 
(qi + and qv +) thus obtained are compared with their 
respective migration enthalpies in Table IV. These 
parameters for AgC1 and AgBr are also quoted in 
the above table. The fair agreement between the two 
transport parameters, viz. the heat of transport and 
activation energy for isothermal migration, and their 
consistency with those in AgC1 and AgBr provide 
further support to the model  used in this paper. 

Table IV. Heat of transport and activation energy for migration 
in Agl and their comparison with AgCI and AgBr (all energies are 

in eV) 

Solid hhl+ ql + Ahv + qv+ Ref. 

AgI 0.14-0.4 0.11 0.31 0.28 This work 
AgCI 0.15 0.18 0.30 0.31 (30) 
AgBr 0.15 0.08 0.30 0.50 (31) 

In summary, the studies so far indicate that the 
effect of Al~O3-dispersion is quite general, and that 
it can be used to increase the ionic conductivity by 
orders of magnitude in a solid electrolyte without 
altering the electronic conductivity significantly. The 
existing models explain some of the features satis- 
factorily but the very complex behavior of the ob- 
served results points out to the need for more .so- 
phisticated theoretical models. The thermal power 
data suggests that dispersed A1203 introduces an ex- 
cess of Ag + ion vacancies and thereby enhances the 
conductivity of the matrix. 
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LiB(CH ) -Dioxolane Electrolyte in 
Rechargeable Li/TiS  Cells 
Lawrence P. Klemann* and Gerald H. Newman* 

Exxon Research and Engineering Company, Corporate Research Laboratories, Linden, New Jersey 07036 

ABSTRACT 

LiB(CHs)4  is an example  of a la rge  class of boron complex  anion salts 
which are  v e r y  soluble  and h ighly  conduct ive in dioxolane.  Solut ions of 
LiB(CI-I~)4 have been inves t iga ted  as e lec t ro ly tes  in Li-TiS2 cells. A t  room 
t e m p e r a t u r e  such cells have  been opera ted  as rechargeab le  energy  storage 
devices which  are  capable  of continuous discharge (5 m A / c m  2) and charge 
(1.25 m A / c m  2) cycling. While  solutions of LiB (CH3) 4-dioxolane appea r  s table  
over  long periods, contact  wi th  TiS2 resul ts  in anion oxida t ion  wi th  con- 
comitant  format ion  of LixTiS2 (x ~ 1). The oxida t ion  products  are  gases whose 
appa ren t  ra te  of genera t ion  is p ropor t iona l  to the concentrat ions  of solute and 
TiS2. The product  d i s t r ibu t ion  depends  on whe the r  LiB (CI-I3)4-dioxolane solu-  
t ion contacts TiS2 alone, or  in a Li-TiS2 cell. The e lec t ro ly te -ca thode  react ion 
is thought  to involve  t rans ien t  me thy l  radicals  which  are  formed dur ing  a 
concer ted process involving anion oxidat ion  and TiS~ l i thiat ion.  

The discovery in our  labora tor ies  of the  revers ib le  
in te rca la t ion  of l i th ium into t i t an ium disulfide (1) 
spur red  invest igat ions  into o ther  components  of ad-  
vanced ba t t e ry  systems. Extens ive  research  into l i th -  
ium al loy (2) and pure  l i th ium anodes and organic  
e lec t ro ly tes  led  to the deve lopment  of a rechargeable ,  
ambien t  t e m p e r a t u r e  Li-TiS2 cell  w i th  a l i th ium pe r -  
chlora te  e lec t ro ly te  (3, 4). However  this  e lectrolyte ,  
due to its explosion hazard  (4), posed unacceptab le  
r isks for fu r the r  sys tem deve lopment  and a safe re -  
p lacement  for the pe rch lora te  salt  was sought. 

In  our  search for  an a l t e rna te  organic  e lectrolyte ,  
dioxolane,  b y  v i r tue  of its high kinet ic  s tab i l i ty  toward  
a lka l i  meta ls  (a fea ture  considered essent ia l  for  effi- 
cient opera t ion  of a rechargeab le  l i th ium elec t rode)  
was reta ined.  As the  l ikel ihood of encounter ing  a sui t -  
able  r ep lacemen t  solute f rom the stocks of commer -  
c ia l ly  avai lab le  l i t h ium salts seemed increas ingly  re -  
mote, a different  approach  was chosen. We reasoned  
tha t  a des i rable  set of e lec t ro ly te  proper t ies  was in t i -  
ma te ly  r e l a t ed  to fundamen ta l  p roper t ies  of the anion 
(i.e., spat ia l  shape, i on -pa i r ing  tendencies,  charge to 
size rat io,  charge delocal izat ion,  oxida t ion  potent ia l ,  
etc.) .  If  one had  adequate  synthet ic  f reedom to modi fy  
anion s t ruc ture  and the reby  affect these fundamen ta l  
propert ies ,  a p roper  ba lance  of b u l k  e lec t ro ly te  p rop -  
er t ies  would  be achievable  by  design. 

The poten t ia l  scope for  anion s t ruc ture  modification 
is unsurpassed  in a complex  (mul t icomponent )  anion, 
and a pa r t i cu l a r ly  r ich synthe t ic  chemis t ry  for l i th ium 
te t r ao rganobora te  salts  has been wel l  documented  (5- 
7). A s t r a igh t fo rward  synthet ic  access to these salts  
and  evidence for the i r  favorable  i on -pa i r  dissociation 
(8) re la t ive  to LiC104 in d i lu te  e ther  solutions (9) 

* Electrochemical Society Active Member. 
Key words: anion, battery, discharge, organic, oxidation. 

prompted  our choice of  borate salts as a launching 
point  for this invest igat ion.  L i th ium t e t r ame thy lbo ra t e  
whose t e t r ahed ra l  s y m m e t r y  and ionic dimensions (10) 
closely resemble  those of LiC104 (11) was one of first 
model  solutes whose ionic p roper t ies  were  examined  
in detail .  

Experimental 
Dioxolane (Burd ick  and Jackson)  was dis t i l led  f rom 

sodium benzophenone ke ty l  under  N2. Low hal ide  
me thy l l i t h ium was suppl ied  by  LITHCOA. BF~.e thera te  
(Ventron)  was dis t i l led before  use. CHsMgBr (Al -  
dr ich) ,  bu ty l l i th ium,  and t r i bu ty lbo rane  (Vent ron)  
were  used to p repa re  LiB(CH3)~ and LiB(C4H9)4 in 
accordance wi th  publ i shed  procedures  (12, 13). Both 
bora te  salts were  isola ted free of solvent  by  means  of 
vacuum drying.  The d ime thoxye thane  (DME) solvate  
of LiB(CHs)4 was p repa red  by  dissolving the sal t  in 
DME fol lowed by  vacuum evaporat ion.  TiS2 was used 
e i ther  as the d ry  powder  or  admixed  wt ih  app rox i -  
ma te ly  10 weight  p e r c e n t  Teflon b inder  for cathode 
construction.  Cathodes were  p r e p a r e d  by  press ing 
the TiS2-Teflon mix tu re  into 6.5 cm 2 t an t a lum Distex@ 
screens which had ~8  cm long tabs for e lec t r ica l  con- 
nection. Anodes were  p repa red  by  press ing 6.5 cm 2 sec- 
tions of 20 mil  l i th ium foil (Foote)  onto carbon fiber 
supports  or t an ta lum Distex@ screens. Cells consisted 
of a cathode sandwiched  be tween  two l i th ium elec-  
trodes;  po lypropy lene  mat  and microporous  po ly -  
p ropy lene  separa tors  were  p laced  be tween  the elec-  
trodes. The cells were  inser ted  into po lypropy lene  bags 
and electrode a l ignment  was ma in ta ined  by  means  of 
smal l  clamps. About  5 ml  of e lec t ro ly te  was added  to 
the  bag  and the cell  assembly  was moun ted  upr igh t  in 
a glass test  vessel  which had  a ground  glass jo int  (for 
seal ing) and glass sealed meta l  th rough-pu t s  (for 
e lect r ica l  connection to the  cell  e lec t rodes) .  Cell  test-  
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ing was accomplished using Prope l  au tomat ic  b a t t e r y  
cycl ing equipment ,  Unless o therwise  specified, cycl ing 
was done at  constant  cur ren t  to prese t  vol tage  cutoff 
l imits.  

NMR spec t ra  were  recorded  on a Var ian  A-60 spec-  
t romete r  and chemical  shifts a re  r epor ted  in parts per 
mil l ion (ppm) vs. t e t r ame thy l s i l ane  (TMS) reference  
( in te rna l  or  ex t e rna l  as ind ica ted) .  Specific res is t ivi t ies  
were  measured  in a Vacuum Atmospheres  N2 d r y b o x  
at  room t empera tu re  wi th  a Barns tead  Model  PM-70CB 
Bridge (1000 Hz a.c.) and  a Yel low Spr ings  Ins t rumen t  
Company dip cell  (cell  constant  1 /cm) .  

The gas conta inment  j a r  (14) used to s tudy  
LiB(CH~)4 decomposi t ion consisted of a l a rge  tube  
( , ,1.5 in. d iam X ~ 6  in. long)  wi th  a 45/50 standard 
t aper  male  jo in t  a t  the upper  end (c]. Fig. 7). A t  the 
bottom, a U- tube  ( , ,8  m m  OD) was a t tached  which  
had sufficient l ength  so as to a l low about  one-ha l f  of 
the  volume of the  la rge  tube to be filled wi th  m e r c u r y  
before  equal  heads of  me rcu ry  inside and outside of 
the la rge  tube were  achieved. Above the level  of the 
mercury  inside the  large  tube, indenta t ions  which  p ro -  
t ruded  into the  tube p rov ided  suppor t  for  a smal l  
(,~20 ml)  cup used to conta in  the sample.  Samples  in 
specific exper iments  were  DME.LiB(CI-~)4-d ioxolane  
solutions alone or  in contact  wi th  one of four  sub-  
s t rafes:  TiS~, LiTiS2, Li, and  a Li-TiS2 cell. Af t e r  load-  
ing the sample,  the uppe r  por t ion of the  j a r  was closed 
by  means  of a cap made  wi th  a 45/50 s t andard  t ape r  
female  joint.  Dur ing  closing, in a he l ium d ry  box, 
m e rcu ry  was displaced so as to main ta in  the  sample  at  
1 atm. The j a r  and its contents genera l ly  equ i l ib ra ted  
r ap id ly  to the 28~ test  t empe ra tu r e  wi th  addi t ional  
m e r c u r y  displacement .  Once t he rma l ly  equi l ibra ted ,  
product ion  of vola t i le  products  could be fol lowed b y  
weighing  the mercu ry  which had  been displaced out  
the top of the U-tube.  Mercury  displaced was usua l ly  
moni tored  as a funct ion of time. 

To sample  the gas genera ted  and t r apped  in the 
upper  por t ion of the jar ,  a shor t  length  of po lye thy lene  
tubing (~1.5 m m  OD) was inser ted  down the U - t u b e  
and f inal ly up into the gas space above m e r c u r y  level.  
The flow of gas th rough  the tube  was control led b y  
connect ing the accessible end of the po lye thy lene  tube 
to a Hami l ton  min ia tu re  me te r ing  va lve  which was in  
tu rn  a t tached to a syr inge  needle  which  pene t ra t ed  
the  rubbe r  sep tum of an evacuated,  50 ml side a rm 
flask. As the gas sample  was w i thd rawn  the m e r c u r y  
level  in the U- tube  d ropped  and addi t ional  me rc u ry  
was added  to the  U- tube  b y  means  of a hypodermic  
syringe.  Once t ransfer red ,  gases contained in the  50 
ml  s torage flask were  sampled  th rough  a F i scher -  
Por t e r  valve  into a CEC-103 mass spec t rometer  for  
qua l i ta t ive  and quant i ta t ive  analysis.  

Results 

In agreement  wi th  the l i t e ra tu re  (12), solid sam-  
ples of  l i th ium t e t r ame thy lbo ra t e  did  not  show visual  
evidence for  reac t iv i ty  wi th  d ry  air. On the o ther  hand,  
solvent  free samples  of  LiB(C4Hg)4 p repa red  for com- 
par i son  wi th  l i th ium t e t r ame thy lbo ra t e  were  found to 
be pyrophor ic  unde r  s imi la r  condit ions of exposure  
(13). 

Dioxolane  solutions of l i th ium t e t r ame thy lbo ra t e  
were  charac ter ized  by  proton NMR which showed the 
methy l  proton resonance  as a qua r t e t  (JBH -" 3.7 Hz) 
centered  0.7 ppm upfield of ex te rna l  t e t r amethy l s i l ane  
reference  (Fig. 1, curve A) .  No changes in the position, 
appearance,  or  re la t ive  intensi t ies  of the anion or the 
solvent  pro ton  resonances were  ev ident  in samples  
tha t  had been sealed and s tored  for up to 14 months.  
Nei ther  were  any  new proton resonances observed  in 
these samples  (Fig. 1, curve B) .  Dissolution of ap- 
proximately equal  molar  amounts  of LiB(CI-I~)4 and 
m e t h y l - l i t h i u m  in excess d ioxolane  produced an exo-  
thermic  react ion wi th  vigorous CH4 evolut ion:  Subse-  
quent  NMR analysis  of  the resu l t ing  c loudy  solut ion 

J 
2.0 1.0 0 

PPM ( a ) 

Fig. 1.1H NMR spectra in dioxalane: curve a, methyl quartet for 
LiB(CH3)4; curve b, high gain scan of 14 month old LiB(CH3)4 
sample; curve c, high gain scan of CH3Li-LiB(CH3)4 mixture; curve 
d, external TMS reference. 

revea led  a complex  pa t t e rn  of new proton resonances 
be tween  1.1 and 1.6 ppm (Fig. 1, curve C).  The chemi-  
cal shif t  posit ions of the  dioxolane protons were  sensi-  
t ive to the  concentra t ion of dissolved t e t r a m e t h y l -  
borate.  F igure  2 demonst ra tes  tha t  the  dioxolane p ro -  
ton resonances are  shif ted downfield as the  concent ra -  
t ion of LiB (CH3) 4 increases.  

The solubi l i t ies  of LiB(CHs)4  and  LiB(C4Hg)4 in 
dioxolane are  a pp rox ima te ly  3m. Resis t iv i ty  measu re -  
ments  made on dioxolane solutions of these salts  r e -  
vea l  tha t  the  specific resis tance is a funct ion bo th  of 
the  pa r t i cu la r  anion as wel l  as the  concentra t ion of 
solute (cf. Fig. 3). A t  comparab le  concentrat ions,  so-  
lut ions of LiB (CI-I3)4 exhib i t  a lower  specific res is tance 
than  LiB(C4I.I~)4. The increase  in specific res is tance 
which is ev ident  at  h igher  solute concentrat ions  is 
more  pronounced  in the  case of l i th ium t e t r a b u t y l -  
borate.  

A dioxolane solut ion app rox ima te ly  2.5m in 
LiB(CH~)4 concentra t ion was employed  a s  the elec-  
t ro ly te  in an Li-TiS2 cell  which  was d ischarged at  2.5 

3"7I' o ~ ~  ' LiB(CH3) 4 '  ' SOLUTIONS' 1 
[ \ / I 3.8 !- ClinCH, H 

~ r 

e 4"~ I ~ 

~0 

4 . 8  o / C H = " ~ O  
: . . . . .  \ / 

4.9  ~ 

5 .0  1 ~ r I f 
0 1.0 2.0 

SOLUTE CONCENTRATION (m) 
Fig. 2. Effect of LIB(CH3)4 concentration on dioxolane proton 

chemical shifts. 
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m A / c m  2. At  105 sec in te rva ls  a 15 sec l0 m A / c m  2 pulse 
was drawn.  The curves in Fig. 4 r ecord  the  dynamic  
cell  emf (in volts)  observed  dur ing  this mode of dis-  
charge. Near ly  90% of the  tl~eoretical TiS~ capaci ty  
was ac tua l ly  rea l ized before  the cell cutoff vol tage was 
reached.  The long t e rm cycling resul ts  ob ta ined  wi th  
another  Li-TiS2 cell  containing ,-,1.5m LiB(CHs)4-  
dioxolane e lec t ro ly te  a re  given in Fig. 5. The figure 
shows the percentage  of the  theore t ica l  cathode ca-  
pac i ty  (which was ava i lab le  for  discharge on each 
cycle at  5.0 mA/cm2)  p lo t ted  as a funct ion  of cycle 
number .  Fol lowing  each discharge  this  ceil  was 
charged at  1.25 m A / c m  2. A f t e r  the  in i t ia l  r ap id  loss 
in TiS2 ut i l iza t ion  which  occurred in the  first n ine  dis-  
cha rge / cha rge  cycles, the  d ischarge  capac i ty  decreased 
in an essent ia l ly  l inear  manne r  a t  less than  0.3% per  

3 . 0 -  
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Fig. 4. Pulsed discharge of Li-TiS2 cell in LiB(CHe,)4-dioxolane 
electrolyte. 
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Fig. 5. Charge-discharge cycling of Li-TiS2 cell in LiB(CH~)4- 
dioxolane electrolyte. 

cycle. Cycling was t e rmina ted  af te r  85 cycles at  which  
point  4 A - h r  of discharge capaci ty  had  been accumu-  
la ted  wi th  the 105 m A - h r  TiS~ cathode and  the  ~600 
m A - h r  l i th ium anode. Ano the r  cell  was assembled  and  
its open-c i rcu i t  vol tage  (OCV) was moni to red  as a 
funct ion of time. As shown in Fig. 6, the  OCV of this 
cell, a f ter  an in i t ia l  f a i r ly  r a p i d  decrease,  a sympto t i -  
cal ly  approached  an equi l ib r ium value  of about  1.98V. 

Dioxolane  solutions of LiB.(OH~)4 or  DME. 
LiB(CH3)4 undergo slow decomposi t ion in  the  p res -  
ence of var ious  substrates .  Appl ica t ion  of the  appara tus  
(14) shown in Fig. 7 a l lowed inves t igat ion of the 
LiB (CHs)4 decomposi t ion reac t ion  which  was respons i -  
ble  for the  decrease in cell  OCV. The m a j o r  h y d r o -  
carbon products  f rom LiB(CHs)4  decomposi t ion were  
gases, specifically, t r imethy lboron ,  methane,  ethane,  
and e thylene in the app rox ima te  propor t ions  shown in 
Table I. Extens ive  LiB(CHs)4 decomposi t ion occurred 
only in the presence of t i t an ium disulfide and concom- 
i t an t ly  produced  pa r t i a l l y  l i th ia ted  TiS2. As is shown 
in the table  a ve ry  smal l  amount  of CH4 was genera ted  
when  a solut ion of LiB(CH~)4 was contacted wi th  
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Fig. 6. Open-circuit voltage of Li-TiS2 cell 
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LiTiS2. In contact  wi th  TiS~ which  was  fo rmula ted  a s  

the cathode of an Li-TiS2 cell, the LiB(CHs)4 solut ion 
gave rise to e thylene  along wi th  a different  d i s t r ibu-  
t ion of B(CI-Is)s, CI-I4, and C2H6 compared  wi th  the  
case of powdered  TiS2. In  the  presence of a meta l l ic  
l i th ium subs t ra te  alone, CI-~ and e thy lene  were  ob-  
served. As shown in Fig. 8 the appa ren t  ra te  of p ro -  
duct ion of vola t i le  hydroca rbon  products  f rom the re -  
act ion be tween  LiB (CH~)4 and TiS2 is a funct ion of the 
weight  of TiS2 subs t ra te  (a t  constant  concentra t ion of 
t e t r ame thy lbo ra t e ) ,  and  LiB (CI-I~)4 concentra t ion (a t  
a fixed weight  of TiS~). 

Discussion 
From the resul ts  of single c rys ta l  x - r a y  c rys ta l lo-  

graphic  invest igat ions  of LiB(CI-I~)4 (10) and LiC104 
(11), the s imilar i t ies  in anion s y m m e t r y  and ster ic  size 
for  these two l i th ium salts a re  c lear ly  recognizable.  Our  
in teres t  in inves t iga t ing  the possible exis tence of less 
obvious para l le l s  in the solut ion proper t ies  of these 
salts  p rompted  a de ta i led  examina t ion  of LiB(CH~)4, in 
dioxolane.  

Since dioxolane,  a cyclic f ive -membered  r ing  con- 
ta in ing an acetal  funct ional  group, polymer izes  in the  
presence of Lewis acids (16), the  quest ion whe the r  
dissociation of the B(CH3)4-  anion occurs and can 
the reby  genera te  solvent  incompat ib le  reagents  was 
raised. Pro ton  NMR was used to per iod ica l ly  moni tor  
dioxolane solutions of LiB(CH3)4 ( e x t e r r a l  TMS) 
which had  been  s tored  at  room t e m p e r a t u r e  for  up to 
14 months.  No change was appa ren t  in the chemical  
shif t  (--0.7 ppm)  or  the in tens i ty  of the  anion --CH3 
resonance (Fig. 1, curve A) ,  or  in the  dioxolane 
resonances (not shown) .  A significant observat ion  was 
the fact  tha t  no new proton  resonances appeared  b e -  
tween 0-2 p p m  dur ing  the ex tended  per iod  of t ime 
over  which  the sample  was moni tored  even when this 
region was scanned at  an app rox ima te ly  20-fold gain 
in s ignal  in tens i ty  (Fig. 2, curve B; the appa ren t  t r ip le t  

Table I. Decomposition studies on dioxolane solutions of 
DME �9 LiB(CH3)4 

N o r m a l i z e d  v o l u m e  p e r c e n t *  

S u b s t r a t e  B ( C H 3 )  s CH~  C~H6 C2H4 

T i S 2  38  13 20  - -  71 

L i T i S 2  - -  5 - -  - -  5 

L i - T i S 2  c e l l  1 4 27  9 41 

L i  - -  1 - -  1 2 

* N o r m a l i z e d  v / o  = [ v / o  p r o d u c t  g a s ] / [ v / o  h e l i u m ]  ( •  

GRAMS TiS 2 [LiB(CH3)4] , m 

Fig. 8. Effect of TiS~ weight and LiB(CHs)4 concentration on 
apparent rate of gas generation. 

at ~2.6 ppm is a 1~C satel l i te  of the h igher  field d i -  
oxolane resonance) .  The impor tance  of this negat ive  
finding became ev ident  when  the NMR spec t rum of a 
mix tu re  of  LiB (CH~)4 and me thy l l i t h ium in dioxolane 
was obtained.  This mix tu re  had  given rise to an exo-  
thermic  react ion and CI-I4 evolution.  The high gain 
NMR spec t rum of the resul t ing  solut ion contained new 
peaks  be tween 1.1-1.6 p p m  (Fig. 1, curve C).  While  
we have  not  charac te r ized  the ma te r i a l  responsible  for 
this complex  resonance pa t te rn ,  we beheve  i t  to be 
the  soluble product  (s) f rom a reac t ion  be tween  CHsLi 
and dioxolane.  This pro ton  resonance be tween  1.1-1.6 
p p m  serves then as a f ingerpr in t  for dioxolane solu-  
tions which have been in contact  wi th  methyl l i th ium.  
F rom the absence of this f ingerpr in t  in the  aged d i -  
oxolane solut ion of LiB(CH3)4 we infer  that  the 
B(CHz)4 -  anion does not  spontaneous ly  dissociate to 
B(CH~)3 and CI-IsLi in dioxolane.  Repor ted  chemical  
evidence for the in t eg r i ty  of the t e t r ame thy lbo ra t e  
anion in e ther  (16) is consistent  wi th  this conclusion. 

Rela t ive  to in te rna l  TMS reference,  the pro ton  
chemical  shif t  of the B (CHs)4-  anion r ema ined  invar i -  
an t  in dioxolane over  an LiB(CH3)4 concentra t ion range 
of ,~0.47-2.75m. This was not  the case for  the  s inglet  
resonances of the  dioxolane protons.  The da ta  p re -  
sented in Fig. 2 shows that  d ioxolane proton resonances 
are  shif ted progress ive ly  downfield as the concentra t ion 
of LiB(CHz)4 increases.  S imi l a r  downfield shifts for  
the a lpha-CH2 protons in t e t r a h y d r o f u r a n  (THF)  so- 
lut ions of LiC104 have been repor ted  (17, 18) and  
have been  a t t r i bu ted  to a polar iz ing  effect of the Li  + 
cat ion on the C - - H  bonds ad jacen t  to oxygen  in the 
donor solvent.  

The high so lubi l i ty  of LiB(CHs)4  in d ioxolane  en-  
ab led  a-c  res is t iv i ty  measurements  to be made  on so- 
lutions over  a wide range  of solute concentrat ions.  The 
results,  p resen ted  in Fig. 3, r evea l  a res is t iv i ty  min i -  
m u m  around  1.7m for LiB(CHs)4 in dioxolane.  The 
res is t iv i ty  va lue  (~75 a cm) at  the m i n i m u m  is 
ac tua l ly  less than was found for  an equiva len t  con- 
cent ra t ion  of LiC104 in dioxolane.  As the  concent ra -  
t ion of LiB(CH~)4 in dioxolane increases  above 1.Tin, 
the  solut ion res i s t iv i ty  rises. As shown in Fig. 3, this  
increase  in res is t iv i ty  is much more  pronounced  in 
dioxolane solutions of LiB(C4Hg)4 at  h igh concent ra-  
tions. I t  is obvious tha t  the  solut ion res is t iv i ty  is a 
function of the  re la t ive  size of the t e t r a a l k y l b o r a t e  
anion; however ,  a more  de ta i led  in te rp re ta t ion  of these 
appa ren t  differences mus t  be defe r red  unt i l  more  is 
known about  fundamen ta l  solut ion proper t ies  such as 
i on -pa i r  associat ion and quadrupo le  formation,  etc. 
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The parallels in electrolyte properties for dioxolane 
solutions of LiC104 and LiB(CH3)4 again became ap- 
parent  when the lat ter  solute was investigated in 
Li-TiS2 cells. Using a dioxolane solution containing ap- 
proximately 2.5m LiB(CHs)4 in a l imited electrolyte 
configuration Li-TiS~ cell, a pulsed discharge was per -  
formed to evaluate the high rate current carrying 
capability of the electrolyte. The pulsed discharge 
consisted of a base 2.5 mA/cm 2 current that  was in-  
terrupted at 105 sec intervals by the imposition of a 
15 sec, 10 mA/cm 2 current pulse. The base load-pulse 
sequence was repeated until  the predetermined cell 
cutoff voltage was reached. The results (Fig. 4) show 
that  near ly  90% of the theoretical TiS2 capacity was 
available using this pulsed discharge technique. The 
solid curve tracks the total cell voltage during the 2.5 
mA/cm 2 base load, while the broken curve records 
the cell voltage during the 10 mA/cm 2 pulse. Cell re-  
sistance losses during the pulse account for the ~200 
mY drop in total cell voltage (difference between the 
solid and broken curves in Fig. 4). This magnitude of 
increased cell polarization during periods of high cur-  
rent drain, and the overall  cell performance closely 
parallel  the results reported for Li-TiS2 cells contain- 
ing LiC104-dioxolane (8, 4). 

Also analogous to results reported (4) for Li-TiS2 
cells containing LiC104 electrolyte is our finding that  
repetitive charge-discharge cycling of Li-TiS2 cells can 
be achieved in LiB(CHs)4-dioxolane. The results of 
one such experiment are presented in Fig. 5. As can 
be seen in Fig. 5, after the ninth discharge, the per-  
centage of the theoretical amount of TiS2 available for 
discharge at 5 mA/cm 2 (following each recharge at 
1.25 mA/cm 2) showed a nominal incremental  decrease 
of about 0.3% per cycle. Over 85 complete cycles, 4 
A-hr  of discharge capacity had been realized from a 
cell constructed with a 105 mA-hr  TiS2 cathode and 
an anode which contained ,~600 mA-hr  of lithium. 
After termination of cycling, a visual examination of 
the anode revealed the presence of metallic l i thium 
beneath a layer of porous material. This observation 
strongly suggests that considerably less than 600 mA- 
hr of Li was actually involved in the successive plat-  
ing-stripping cycles. 

Monitoring of the open-circuit  voltage (OCV) of a 
freshly prepared Li-TiS2 cell containing LiB(CH~)4- 
dioxolane revealed that this parameter  changed with 
time. Specifically, as is shown in Fig. 6, the OCV 
dropped over 200 hr reaching an equilibrium value of 
~1.98V. That this drop in OCV was the result of spon- 
taneous discharge was confirmed by the identification 
of part ial ly l i thiated TiS2 in the final cathode material. 
Using published voltage-composition data (19) and 
our equilibrium OCV value, the final stoichiometry of 
Lio.sTiS2 is indicated for the spontaneous redox re-  
action. 

The agent responsible for the part ia l  reduction of 
the ti tanium disulfide is the B(CI%)4- anion whose 
corresponding oxidation products were gases. The 
TiS2 -~ LiB(CH3)4 reaction was investigated in detail  
using the apparatus pictured in Fig. 7. The rate of 
production of hydrocarbon products was monitored by  
follovr the weight of mercury displaced from this 
apparatus as a function of time, and these results are 
given in Fig. 8. These experiments demonstrated that 
the apparent  rate of the decomposition reaction is a 
function of the LiB(CHs)4 concentration as well as 
weight of TiS2 substrate used. The presence or absence 
of a stoichiometric amount of DME relat ive to 
LiB(CH~)4 did not affect either the apparent  rate  of 
decomposition or the distribution of volatile products. 

The gaseous decomposition products collected from 
the gas generation apparatus were characterized and 
analyzed quanti tat ively by mass spectrometry. The 
data, obtained for a powdered TiS2 substrate as well 
as for samples of LiTiSe, Li metal, and an Li-TiS2 cell, 
are summarized in Table I. 

In Table I the normalized volume percent (v/o) for 
each component was derived by dividing the observed 
v/o by the v/o He background. Extensive decomposi- 
tion occurs when LiB(CI-I~)4-dioxolane contacts TiS2, 
whereas with fully l i thiated TiS2, decomposition is 
vir tual ly negligible. When LiB(CH~)4 reacts with 
TiS2 alone three volatile products, (CH~)sB, methane, 
and ethane, are formed; the relative amounts of these 
three products change when the layered dichalogenide 
is configured as the cathode of an Li-TiS2 cell and in 
this case ethylene is also observed. The decrease in 
(CHs)sB seen in the Li-TiS2 cell experiment is par-  
t icularly dramatic compared with the experiment  
with TiS2 alone. While it  is tempting to invoke a re -  
distribution reaction between (CH3)~B and Li to give 
LiB(CI%)4 and a boron residue as an explanation for 
this finding we have no independent evidence to sup- 
port such a reaction pathway. In the control experi-  
ment with a metallic l i thium substrate alone, the 
LiB (CHs) ~-dioxolane solution produced traces of 
methane and ethylene. 

Observation of C2 hydrocarbon products, part icu-  
lar ly  ethane ((CHsCHs), from a reaction between TiS2 
and LiB (CH3) suggests a mechanistic pathway 
whereby methyl fragments, probably .CHs radicals, 
dimerize. That such dimerization is a fate of short-  
lived hydrocarbon radicals generated under such con- 
ditions was postulated by Dines (20) who studied 
n-CsHis formation from the reaction between TiS2 and 
CH3CH2CH2CH2-Li +. Since we find no evidence for 
B(CI-I3)4- dissociation in dioxolane (loc. cir.) to give 
tr imethylboron and CHs- Li +, we prefer to picture 
�9 CI-I~ radicals arising from B(CHz)4- oxidation at a 
TiS2 surface with simultaneous intercalation of Li + 
ion into the layered compound. Once generated, the 
methyl radicals either dimerize or abstract rH from 
solvent to give CHsCH8 or CH4, respectively. 

Conclusions 
Dioxolane solutions of LiB(CH~)4 appear to be 

stable indefinitely at room temperature. These solu- 
tions are highly conductive and show uti l i ty as elec- 
trolytes in ambient temperature,  rechargeable, l i th-  
ium bat tery systems wherein a high rate of current 
drain is a desirable feature. However the oxidation 
potential of the B(CH3)4- anion renders it reactive 
toward TiS2 and long duration contact with this 
layered compound produces (CI-I~) 3B, CH4,  and 
CHzCHs. Due to this reactivity, LiB(CI%)4 is not 
ideally suited for long term use as an electrolyte in 
Li-TiS2 cells. Nevertheless, the feasibility of its suc- 
cessful application in cells with potentials below about 
2.0V is certainly not precluded. 
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Investigation of Factors Affecting Performance 
of the Iron-Redox Battery 
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ABSTRACT 

The i ron*redox ba t t e ry  is a low power  dens i ty  energy  s torage device tha t  
m a y  be a t t rac t ive  for appl icat ions  such as load level ing and solar  energy  
storage.  Dur ing  the charge cycle of this ba t te ry ,  the fer rous  ion f rom an 
aqueous chlor ide  e l ec t ro ly t e  plates  onto the negat ive  e lect rode and is oxi-  
dized to fe r r ic  ion at the posi t ive electrode. A solid graphi te  or  t i t an ium pla te  
can be used for the i ron e lec t rode  whi le  a high specific a rea  ma te r i a l  is neces-  
s a ry  for  the redox electrode.  A 10O cm 2 single cell  wi th  a microporous  plast ic  
s epa ra to r  has been cycled at  a cur ren t  dens i ty  of 60 m A / c m  2 at  60~ The  
cell  was capable  of s tor ing and discharging energy  at  a round  t r ip  cur ren t  
efficiency of 90% and an energy  efficiency of 50%, wi th  a m a x i m u m  discharge 
power  densi ty  of 50 mVV/cm 2. The larges t  vol tage losses occurred  at  the i ron 
e lect rode and to a lesser  ex ten t  at  the redox  electrode.  Fac tors  affecting 
vol taic  and coulombic losses including e lec t ro ly te  composit ion and t empera -  
ture, cell  separators ,  e lect rode mater ia ls ,  and e lec t ro ly te  addi t ives  have  been 
s tudied and the results repor ted.  

Severa l  e lec t rochemical  energy  s torage ba t te r ies  are  
under  deve lopment  for  bulk  energy  s torage (1, 2). 
These ba t te r ies  a re  often character ized by  thei r  low 
power  density,  bu t  are  a t t rac t ive  as s ta t ionary  s torage 
devices for  load  ]evel ing and  solar  appl icat ions  be -  
cause of the i r  po ten t i a l ly  low cost. One such ba t t e ry  
which has undergone  rap id  deve lopment  over  the 
pas t  severa l  years  is the  redox ba t t e ry  (3-6).  In the 
redox  ba t te ry ,  both the products  and reac tants  of 
e l e c t r o l y s i s a r e  soluble salts. In  o rde r  to p reven t  
chemical  shor t ing and i r revers ib le  loss of reactants ,  
a h igh ly  efficient anion pe rmeab le  m e m b r a n e  sep-  
a ra to r  must  be employed.  An a l te rna t ive  method of 
p revent ing  the i r revers ib le  loss of reactants  is th rough  
ut i l izat ion of a reac tan t  couple which involves three  
different  valence states of a single meta l l ic  element.  
One such device is the i ron - redox  ba t t e ry  (FeO/Fe+2/ 
Fe+ ~), which is the subject  of this paper.  

The ha l f -ce l l  react ions for the i ron - redox  ba t t e ry  
can be expresse  d as follows: 

Charge  

Fe+2 -5 2 e -  --> Fe  0 Negat ive  e lect rode 

2Fe +2 -> 2Fe +s -5 2e Posi t ive e lec t rode  

* Electrochemical Society Active Member. 
Key words: membrane, separators, energy storage. 

Discharge  

F e~ --> Fe +2 -5 2e Negat ive  e lect rode 

2Fe +s -5 2 e -  --> 2Fe +2 Posi t ive e lectrode 

Electrochemical ly ,  this ba t t e ry  can be v iewed as a 
hybr id  of more  common ba t t e ry  types. The negat ive  
or  i ron e lect rode uti l izes p la t ing and dissolution of 
i ron as a solid plate,  s imi lar  to Zn/C12 or Fe /Ni  ba t -  
teries. The posi t ive electrode,  however ,  uses a carbon 
s t ruc ture  to oxidize  and reduce i ron cations which 
r ema in  it~ solution. Ideal ly ,  upon complete  discharge,  
the ba t t e ry  would be brought  to its in i t ia l  s tate wi th  
ferrous  ion as the on ly  act ive cat ion in the system. 
Other  advantages  of the i ron - redox  ba t t e ry  include:  
low t empera tu re  aqueous e lec t ro ly tes  wi th  inexpen-  
sive reac tants  that  are  read i ly  avai lab le  in large  quan-  
tit ies; the use of inexpens ive  mate r ia l s  of construc-  
tion; the use of electrodes which are  not  subject  to 
shape change or  dendr i tes ;  the  dist inct ion of being 
the least  hazardous of any  advanced  ba t t e ry  system. 

A d isadvantage  wi th  the i ron - redox  ba t t e ry  is its 
i nhe ren t ly  low cell vol tage (1.21V as compared  to 
2.12V for Zn/C12 and 1.98V for Pb / ac id )  which tends 
to l imi t  the  power  densi ty  and efficiency of the 
bat tery .  The actual  opera t ional  character is t ics  of the 
ba t t e ry  mus t  be measured  exper imenta l ly .  Develop-  
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men ta l  w o r k  on an  i ron - r edox  b a t t e r y  has been  re.  
por ted  prev ious ly  (7, 8), bu t  da ta  on factors  cont ro l -  
l ing energy  efficiency and on cell  opera t ion  a re  l imited.  

The resul ts  ob ta ined  in this  expe r imen ta l  s tudy 
indicate  the  energy  levels  tha t  can be ob ta ined  f rom 
the  i r on - r edox  ba t t e ry  and iden t i fy  factors  which  
l imi t  i ts  per formance .  5 1~ - -  i 

Experimental 
The studies r epor t ed  he re in  were  p r i m a r i l y  exper i -  

mental .  Separa tors  and  e lec t rode  mate r ia l s  were  com- 
mercial ,  r ead i ly  ava i lab le  i tems. The sal ts  were  a l l  
of r eagen t  g rade  and deionized wa te r  was used for  
e lec t ro ly te  makeup .  = lo -- c~ 

The e lec t ro ly te  res is t iv i ty  measurements  were  t aken  
wi th  a s t andard  H - t y p e  conduct iv i ty  cell  wi th  p la t in -  
ized p l a t inum electrodes (cell  constant  of 0.1). The 
cell  was immersed  in a t empe ra tu r e  ba th  and the 
res is tance was measured  wi th  a Beckman Ins t ruments  
a -c  b r idge  opera t ing  at  a f requency  of 1000 Hz. 

Da i ly  cycle  tests  were  pe r fo rmed  in a 100 cm ~ 5 
r ec t angu la r  acryl ic  l abo ra to ry  cell. Each ha l f -ce l l  was 
equipped  wi th  e lec t ro ly te  in le t  and  out le t  manifolds  
and v i ton  O-r ings  were  used for sealing. Chlor ided  
s i lver  wires  were  employed  as re ference  electrodes.  
The  e lec t ro ly te  c i rcui t  is depic ted  schemat ica l ly  in 
Fig. 1. Al l  components  of the test  sys tem were  made  
of po lypropylene ,  PVC, or  glass. 

Results and Discussion 
Electrolyte properties.~The p r i m a r y  ionic reac tan ts  

of the i r on - r edox  ba t t e ry  are  the fer r ic  and  fer rous  
ions. Since these reac tan ts  a re  soluble  in aqueous 
solut ion the i r  salts  serve as the  ba t t e ry  electrolyte .  
In  o rder  to opera te  a cell  at  h igh  vol ta ic  efficiency 
the e lec t ro ly te  res is t iv i ty  mus t  be ma in ta ined  as low 
as possible. Fo r  this reason we chose the  chlor ide  salts 
of i ron  as our  solute ( the chlor ide  salts  wi l l  also 
have grea te r  charge ca r ry ing  capaci ty  pe r  g ram of 
sa l t  as compared  to other  salts  such as sulfates or 
n i t ra tes ) .  An  examina t ion  of solut ion conduct iv i ty  
da ta  is useful  for ident i fy ing a promis ing  concent ra-  
t ion range  for cell  operat ion.  Measured  res is t iv i ty  
da ta  for  both  fer r ic  and  fer rous  chlor ide  solutions 
at  18~ are  given as a funct ion of concentra t ion in 
Fig. 2. The da ta  agree  wi th  publ i shed  da ta  (9). The 
useful  concentra t ion  range  can be es tabl ished f rom 
these da ta  as ca. 100-500 gpl  of i ron  chloride. At  lower  
concentra t ions  the charge ca r ry ing  dens i ty  becomes 
too low and concentra t ion polar iza t ions  become too 
high. At  high concentrat ions  the forces re la ted  to 
in ter ionic  a t t rac t ion  p redomina te  and ionic mobi l i ty  
decreases.  By knowing the workab le  concentra t ion 3 - -  
range,  the  min imum volume of e lec t ro ly te  for a given 
coulombic capaci ty  of the  b a t t e r y  can be est imated.  
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Fig. I. Schematic of iron-redox laboratory cell and electrolyte 
circuit. 
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Fig. 2. Measured and published resistivity data of iron chloride 
aqueous solutions at 18~ 

For  example ,  consider ing an in i t ia l  concentra t ion of 
both ca tholyte  and anoly te  to be 500 gpl  fer rous  
chlor ide and af te r  ful l  charge there  is 50 gpl  fer rous  
chlor ide  remain ing  in the anolyte,  the charge dens i ty  
of the  ba t t e ry  is 63.5 A - h r / l i t e r .  

As wil l  be shown later ,  pH control  is essent ia l  in 
o rder  to ma in ta in  a h igh  fa rada ic  efficiency and good 
pla t ing morphology.  Since paras i t ic  react ions in this 
ba t t e ry  do resul t  in an  a l te ra t ion  of the e lec t ro ly te  
pH, i t  is qui te  impor t an t  to use an e lec t ro ly te  having  
a pH response tha t  is modera te  and not  ab rup t  when 
the concentra t ion is per turbed .  We have  found the 
ferrous  chlor ide  e lec t ro ly te  to be wel l  behaved  as 
demons t ra ted  by  the da ta  repor ted  in Fig. 3. 

In  o rde r  to reduce  vol ta ic  losses, an indifferent  bu t  
conduct ive solute can be added  to the electrolyte .  The 
resis t ivi t ies  of a 250 gpl  fe r rous  chlor ide  e lec t ro ly te  
wi th  addi t ions  of severa l  indifferent  solutes a re  shown 
in Fig. 4. The top curve is for  the  addi t ion  of calc ium 
chloride. Al though  this addi t ive  is c o m m o n  in i ron  
p la t ing  baths,  i t  has no advan tage  as a conduct iv i ty  
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Fig. 3. Measured pH of ferrous chloride solutions at 20~ 
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Fig. 4. Measured effect of supporting electrolyte on the resistivity 
of a 250 gpl ferrous chloride aqueous solution at 20~ 

support. The addition of sodium or potassium chloride, 
however, lowers the resistivity, significantly. One dif- 
ficulty found with using a sodium or potassium chloride 
additive was the poor quality and nonadherence of 
the iron plate deposited from electrolytes having these 
salt  additives. 

The most effective conductivity support tested was 
ammonium chloride. The addition of 3.5 moles of 
ammonium chloride to a li ter containing 2.0 moles 
ferrous chloride (nearly saturated solution) will re-  
duce the electrolyte's resistivity from 7.8 to 4.0 ~2-cm 
at 20~ Further  testing has shown that good quality 
iron plates can be obtained in the presence of am- 
monium chloride additives. In fact, the iron deposit 
had very litt le tendency to dendrite, powder, crater, 
peel-off, or exhibit the other problems that are gen- 
eral ly associated with many of the metallic plates 
used for bat tery applications. A further reduction in 
resistivity of the ferrous-ammonium chloride solution 
can be achieved at elevated temperatures. This effect 
is shown in Fig. 5. The resistivity of 4 s  at 20~ 
can be reduced to 2 12-cm at 77~ For a cell with a 
2 mm gap operating at a current density of 60 mA/cm~, 
this represents an overall voltaic loss of 4% (as com- 
pared to 16% at 20~ with no addition of indifferent 
electrolyte).  The ferrous chloride/ammonium chloride 
electrolyte was chosen for further bat tery studies. 

Cell separators.--At the fully discharged state iron 
is not in metallic form and the ferrous concentration 
is at its maximum (perhaps 500 gpl FeC12 and 50 gpl 
FeCl~). During charge, ferrous ion is oxidized at the 
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anode to produce the ferric ion. Simultaneously, a t  

the cathode the ferrous ion is reduced to metallic 
iron. The ferric ion produced at the anode is then 
capable of reacting directly with the iron plate ac- 
cording to the chemical reaction 

Fe 0 + 2Fe+S-~ 3Fe+~ 

This reaction is limited by mass transport of the 
ferric ion to the electrode surface and can be a 
pr imary source of coulombic efficiency loss (other 
losses are discussed in later  sections). The current 
efficiency (based on iron plate) when discharging an 
unseparated cell was found to be about 60%. This 
corresponds to the level of efficiency loss that would 
be expected from mass transfer control of the above 
reaction (see Table I) .  

In order to reduce the coulombic efficiency loss 
caused by the oxidation of the iron plate, microporous 
materials were evaluated as cell separators. Ferric 
ion diffusion data and membrane resistivity data are 
presented in Fig. 6 and 7 for two commercial materials. 
Using these data, calculations were made on the ex- 
pected performance of these separators in cell opera- 
tion. The Celgard| separator (Celanese Corporation) 
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Fig. 6. Measurements of ferric ion transport rate across two 
commercial microporous separators using a well-stirred membrane 
cell. 

2M FECL 2 
0 5C -- 2,8M NH4LL I 

25 ~ C / DARA~IC 
/ W0733 

0 / 
0 

i0 - - / ~ /  / 5511 

50 i00 150 

CURRENT DENSITY, MA/CM 2 

3O N-- 

Fig. 5. Measured temperature dependence of the resistivity of a Fig. 7. Measured IR drop across two commercial microporous 
2M FeCI~/3.SM NH4C/aqueous solution, separators. 
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Table I. Porous separator performance at 60 mA/cm 2 utilizing diffusion and resistivity data 
of Fig. 6 and 7 

S e p a r a t o r  
i c o , , *  C E c  = C E v  = I D /  CEt = t h i c k n e s s  P o r e  size R e s i s t i v i t y  I R l o s s  

( m A / c m  2) Ic - icorr Iv  + icorr C E c  X C E D  ( m m )  (/~m) (~-cm~) ( m V )  

No s e p a r a t o r  29.0 0.52 0.67 0.35 - -  - -  0 0 
Celgard*  * 5511 14.6 0.76 0.80 0.61 0.20 0.04 0.155 9.3 
Daramic~  W0733 1.94 0.97 0,97 0.94 0.58 0.05 0,41 24.6 

* Th i s  va lue  w a s  calculate.d u s i n g  F i e k ' s  law of  s imp le  d i f fus ion  (N  = - - D C ~ / 6 )  and  a s s u m i n g  an  e l ec t ro ly t e  l i n e a r  ve loc i ty  of  2 
c m / s e c ,  e l ec t rode  l e n g t h  of  7 cm,  a d i f fus ion  coefficient  of  10-~ cme/sec ,  a m e m b r a n e  g a p  of  0.1 cm,  and  a c h a n g e  of  f e r r i c  ion concen- 
t r a t i o n  d u r i n g  c h a r g e  f r o m  0 to 127 gpl.  

** P o r o u s  po lyp ropy lene  m a t e r i a l  m a n u f a c t u r e d  by  Celanese  Corpora t ion .  
7 P o r o u s  po lye thy lene  b a s e d  m a t e r i a l  m a n u f a c t u r e d  by  W. It. Grace  Corpora t ion .  

C E r  = c h a r g e  cou lombic  efficiency; C E D  = d i s c h a r g e  cou lombic  efficiency. 
I~ = c h a r g e  c u r r e n t ;  /D = d i s c h a r g e  current. 
ieorr : ca lcu la ted  d i f fus ion  con t ro l l ed  c o r r o s i o n  cu r r en t .  

offers some improvement  in coulombic efficiency. On 
the other hand, the Daramic| separator (W. R. Grace 
Corporation) should l imit  the ferric ion diffusional 
loss to about 3% for both charge and discharge modes 
of operation. Daily operation of laboratory size (109 
cm 2) redox cells with the Daramic separators gave 
coulombic efficiencies of 93%-96% during charge and 
90% during discharge. The chemical resistances of 
both Celgard and Daramic separators in  i ron elec- 
trolytes were excellent  at pH ---- O. 

Studies on electrode polarizations (which are re- 
ported later  in  this paper) indicate the opt imum 
catholyte (on charge) to have a pH of 3-4 while the 
anolyte must  be kept at or below a pH of approximately 
1.0 to ma in ta in  stabil i ty of the ferric ion. In  order 
to ma in ta in  a pH difference of this magni tude  across 
the cell, a highly efficient anion permeable membrane  
must  be used as the separator. Two commercial  mem-  
branes were evaluated in  this study: Neosepta ACH- 
45T (Tokuyama Soda Company, Limited) and Sele- 
mion| DMV (Asahi Glass Company Limited) .  Both 
of these membranes  had an ini t ial  resist ivity of ap- 
proximately  7 ~ - c m  2 in  a ferr ic-ferrous chloride 
solution (420 mV loss at 60 mA/cm2).  Upon evalua-  
t ion in  laboratory cells, the membranes  discolored 
giving evidence of deteriorat ion and the resistivity 
of the membrane  increased significantly. The increased 
resistivity is a t t r ibuted to FeC14- fouling and is not 
an uncommon phenomena among anion membranes  
(2, 3, 10). In  spite of the poor voltaic performance 
of the membrane,  the overall  coulombic efficiency 
was found to be exceptionally good (CE ~ 96%). 

Characteristics o] the iron electrode.--Electrode 
polarization.--During cell charging the ferrous ion is 
reduced at the i ron electrode 

Fe + 2 + e -  --> Fe ~ 

The plat ing reaction is carried out on a nonreact ive 
substrate. In  this way complete discharges el iminate 
shape change of i ron plate, l imited cycle life, etc. 
Both t i tan ium and graphite are suitable substrates 
and have been utilized in laboratory cell studies. 
Although both of these materials  are resistant  to 
corrosion and good i ron plate morphology has been 
obtained on both of them, they do suffer from degrada- 
t ion if polarized anodically to a great extent  (as dur -  
ing overdischarge).  Graphite  will  anodically corrode 
excessively at higher pH's (pH 3-4) (11) while bare 
t i t an ium will  dissolve anodically at sufficiently posi- 
tive potentials. A t i tan ium substrate used in our lab-  
oratory cell had experienced massive pi t t ing dur ing 
an overdischarge. One of the positive aspects of ut i l -  
izing graphite as a substrate is the low cost. On the 
other hand, t i t an ium is more conductive and is weld-  
able (for bus bar  connections),  thus capable of higher 
loads for a given level of subs t ra te /bus  bar  voltage 
loss. 

The polarization curves (steady state) of the iron 
electrode in  250 gpl FEC12/150 gpl NH4C1 are given 

in  Fig. 8. Although the data reported are for a t i tan ium 
substrate, similar data were obtained for the Fe+2/Fe 0 
reaction on a graphite substrate. With a nominal  cur-  
rent  density of 60 m A / c m  2, at 90~ and pH : 1, the 
cathodic and anodic polarizations are 95 and 135 mV, 
respectively. This represents a voltaic efficiency for 
the iron electrode of 70%. The iron electrode polariza- 
tion can be decreased by adjust ing the electrolyte pH 
to higher values. For example, at  the same conditions 
as above but  with a pH _-- 3, the voltaic efficiency 
would be 83%. The pH dependence of the electrode 
polarization is in agreement  with the following reac- 
t ion mechanism as put forth in the l i terature  (12) 

Fe +2 + H20 ~ FeOH + -F H+ 

FeOH + + e -  --> FeOH (rds) 

F e O H + H  + + e - ~ F e  ~  

Finally,  as would be expected, the electrode polariza- 
t ion was found to be temperature  sensitive (see Fig. 
8). For example, reducing the electrolyte tempera ture  
from 70 ~ to 60~ will  decrease the voltaic efficiency 
to 75% (at 60 m A / c m  2, pH ---- 3.7). 

Plating current e~ciency.--The coulombic efficiency 
of the i ron-redox bat tery  is controlled by reactions 
at the iron plate (the ferr ic/ferrous redox reaction 
is near ly  100% efficient). One source of efficiency loss 
is the reaction of ferric ion with the iron plate 
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Fig. 8. Measured polarization of an iron electrode on a titanium 
substrate. 
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FeO + 2Fe+S--> 8Fe+S 

This reaction has been discussed earlier and can  b e  
minimized by the use of a suitable microporous sep- 
arator. 
A second source of coulombic efficiency loss can 

be represented by the following reaction 

Fe o + 2HC1--> FeCIs + H2 

Chemical corrosion of this type results in h y d r o g e n  
gassing which has been confirmed by analysis of gases 
above electrolyte storage bottles. A lowered coulombic 
efficiency has been measured even when the cell was 
at open circuit. It is therefore desirable to minimize 
the rate of this reaction. Studies in our laboratory 
have shown the above reaction to have a corrosion 
rate strongly dependent on electrolyte pH and on 
plate composition (i.e., additives in the plate) .  

The pH effect on chemical corrosion is demonstrated 
by the results presented in Fig. 9. According to these 
results the desired electrolyte pH should be greater  
than pH 1-1.5. (Note: the higher pH electrolyte also 
contributes to more favorable polarizations of the iron 
electrode.) On the other hand, in order to prevent 
the formation of insoluble ferric oxides and hydroxides, 
the electrolyte must be kept below pH = 1.5. Since 
protons are highly mobile, the electrolyte pH must 
be similar on both sides of the cell. Consequently, 
chemical corrosion can be minimized by altering the 
composition and morphology of the iron plate (open- 
circuit corrosion can be avoided by draining the ceil 
of electrolyte, a feature of the iron-redox bat tery 
system). 

I t  is well known that small quantities of metal  ions 
in the electrolyte will affect the properties of the 
iron plate. Tests have shown that some additives result 
in iron with a lower corrosion rate in acidified ferrous 
chloride solution. The measured corrosion rates of 
samples plated from solutions containing 0.01-10.0 gpl 
of several metal  ion additives along with a standard 
base rate for pure electrolytic iron are presented in 
Fig. 10. Three of the metal ion additives reported 
(Zn, Mn, Cr) have electroplating potentials more 
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Fig. 9. Measured dependence of electrolytic iron corrosion rate 
on solution pH. 
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Fig. 10. Measured corrosion rate for iron samples plated from 
solutions containing metal ion additives. 

cathodic than iron. When added to the plating bath, 
all were generally effective in reducing the corrosion 
rate as measured by weight loss. Four other metal 
ion additives tested, cobalt, nickel, cadmium, and lead, 
have plating potentials less cathodic than iron and 
were generally ineffective in reducing the chemical 
corrosion mechanism. One exception was a 1 gpl 
nickel ion addition which resulted in an iron dissolu- 
tion rate 91% lower than the standard. However, this 
beneficial effect was not present at the lower concen- 
trations, and chemical analysis of the plating solutions 
showed the nickel ion to be present at a much higher 
concentration in the plate than in the initial solution. 
This concentrating effect would remove the nickel ion 
from the electrolyte at the start  of plating, leaving 
an ineffectively low concentration of nickel ion in the 
electrolyte. Consequently, nickel cannot be considered 
a good additive. 

Characteristics of the redox electrode.--In a single 
cell, counter to the iron electrode is the ferrous/ferric 
redox electrode. The reaction at this electrode can 
be writ ten as follows (during charge) 

Fe+9-~ Fe+8 + e- 

This reaction has been selected previously for applica- 
tion in Fe/Ti and Fe/Cr redox batteries and its polar- 
ization has been shown to be small (13-15). One of 
these studies (15) used a rotating disk electrode of 
edge-on pyrolytic graphite and has shown the reaction 
mechanism in FeCls/3M HCI to be by simple electron 
transfer. Of course, in order to minimize unfavorable 
diffusional effects, a high surface area porous elec- 
trode must be used. 
In Fig. ii, a comparison between smooth graphite 

and porous carbon electrodes is shown for the oxida- 
tion of ferrous ion in the FeCI2/NH4CI electrolyte. 
Although the single electrode potentials are not re- 
ported, the beneficial effect that the porous electrode 
has on the ferrous ion oxidation is demonstrated. This 
is especially true at lower temperatures and higher 
current densities. 
A polarization curve of the ferrous-ferric reaction 

on porous carbon, during charge, is given in Fig. 12. 
Although not reported, the Fe +8 reduction curve is 
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ATJ) and one having a porous carbon redox electrode (Union Car- 
bide PC-25). 

symmetrical when a clean electrode is used. Some 
other observations made during our studies may be 
worth mentioning at  this time. For instance, the 
voltaic efficiency of the ferrous/ferric electrode was 
greatest on a fresh carbon surface. Oxides accumulat- 
ing on the electrode surface quickly deteriorated the 
voltage performance of this electrode. These oxides 
precipitated when solution pH became greater than 
1.5 and they have been identified as mixed oxides and 
hydroxides, noncrystalline, and pr imari ly  of ferric 
ion. The solution pH would increase because of proton 
discharge at the iron cathode during charge and be- 
cause of air  oxidation. The second factor was elimi- 
nated by sealing the electrolyte tanks and nitrogen 
blanketing. The activity of the electrode could be 
restored to its original state by applying an acid wash. 

Unlike the graphite electrode for the zinc/chloride 
ba t te ry  (16), the surface activity of the electrode in 
this system was not important and no activation pro- 
cedures were required. Poor electrode performance 
was noted for the ferrous ion oxidation when Fe +2 
concentration dropped below 50 gpl. A reticulated 
vitreous carbon showed acceptable activity although 
it had poor electronic conductivity. A ruthenized po- 
rous t i tanium electrode also showed good activity and 
has a very conductive substrate. 

l l I 
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Fig. 12. Measured polarization of ferrous ion oxidation at a 

porous carbon electrode. 

IRON-REDOX BATTERY 2 3  

The coulombic efficiency of the ferrous/ferr ic  couple 
was always measured to be near 100%; that is, no 
side reactions (Os or C12 evolution during charge) 
were observed. The only coulombic loss was due to 
ferric ion migration through the separator. The high 
eoulombic efficiency of the ferrous/ferric reaction 
coupled with the competing proton reaction at t h e  
iron electrode lead to an accumulation of ferric ion. 
This charge/discharge imbalance causes operational 
problems of a bat tery  and is discussed in the n e x t  
section. 

Daily cycle performance.--In order to measure t h e  
actual current and energy efficiencies of an iron-redox 
cell, daily cycling operation is necessary. Cycle tests 
were performed in our laboratory with a 100 cm~ 
cell and using a catholyte and anolyte volume of 2 
liters each. Generally the cell was charged for 3 hr 
then discharged until a lower l imit  of zero volts 
was reached. Both the charging and the discharging 
were at constant current density of 60 mA/cm 2. Dur- 
ing cell cycling, solution pH (pH -- 1) and tempera-  
ture (60~ were held constant. 

A graph showing the current and energy efficiencies 
for 57 cycles is shown in Fig. 13. I t  is obvious that  
cell performance is highly variable from one cycle 
to the next, not at tr ibutable to any intentional change 
in operating parameters. The major changes that were 
made during this period are given in Table II. The 
effects from many of these changes have already been 
discussed. Current efficiencies of 80%-90% could be 
routinely obtained but the best energy efficiency was 
around 50%. The low energy efficiency then, of course, 
was due to the poor voltaic efficiency (55% at best). 

Measurements with si lver/si lver  chloride refer-  
ence electrodes identified the source of electrode polar-  
izations that occurred during cell cycling. A typical 
voltage breakdown at the start  of cell cycling is given 
in Fig. 14. As can be seen, during charge 50% of the 
voltage loss is due to the iron electrode, 27% due to 
the redox electrode, and 14% due to the separator 
resistance. During the first cycle the voltage loss across 
the Daramic separator was about 50~ mV. This 
polarization increased rapidly to about 120 mV shortly 
thereafter. The increase in diaphragm resistivity has 
been at tr ibuted to Fe(OH)2 blockage of the separator 
pores. The conductivity of the separator could be 
returned to its original state by applying an acid 
wash. Eventually, a thicker (2.4 mm) Daramic sep- 

Table II. Notes on iron-redox cell cycle tests 

Electrolyte:  FeCI~/NH4C1 (2M/2.8M). Redox electrode: PC-25. 
Temperature:  60~ Iron electrode substrate:  t i tan ium sheet. 
Current  density: 60 mA/cmS. Electrolyte  flow rate:  I0 cm/sec .  
Acid additions: required almost daily to maintain pH of 1. 

Coulombic Energy 
Cycle efficiency efficiency 

number (%) (%) Action taken prior to cycle 

1 58 36 Separator,  Celgard 5511 
5 70 35 New separator ,  Daramte W0733 
6 72 35 FeCla addition 

11 84 29 FeCI~ addition 
12 83 44 Cell drained of electrolyte  and 

acid washed 
17 77 37 FeC12 addition 
21 75 29 Cell drained of electrolyte and 

acid washed, flow rate increased 
to 40 cm/sec 

22 85 38 Flow rate  decreased to original  
value 

27 53 24 Water  addition 
29 63 21 Cell drained of electrolyte,  solu- 

tions replaced 
35 59 11 Electrolytes filtered to remove ox- 

ides 
39 76 15 New separator, electrodes, and so- 

lutions 
42 59 23 New redox electrode, .reticulated 

vitreous carbon 
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Fig. 13. Measured efficiency 
during cycling-of a 100 cm 2 
iron-redox cell. Details of op- 
eratlng conditions are given in 
Table il. 

i00 

80 

60 
,,~ 

• 
u.J 

~- 40 

20 

0 

A I 

t 
' ' 

ara to r  wi th  a r ibbed  s t ruc ture  was eva lua ted  . and  
found to have a longer  life (grea te r  than  20 cycles) .  

The larges t  vol tage  loss is caused by  the polar iza t ion  
a t  the  i ron electrode.  This polar iza t ion  m a y  be r e -  
duced by  ad jus t ing  the e lec t ro ly te  pH to h igher  values.  
We a t t empted  to ma in ta in  a pH d i f fe ren t i a l  in l ab-  
o ra to ry  cells by  using an anion select ive membrane  
separator .  But, as discussed previously,  the separa tors  
qu ick ly  fouled. The foul ing p rob lem m a y  be avoided 
in the fu ture  by  incorpora t ing  recent  advances  in 
m e m b r a n e  technology f rom the N A S A  redox  p ro -  
g ram (2). 

The  second most  significant vol tage loss was at  
the  redox  electrode.  Al though not  large  ini t ia l ly ,  the  
polar iza t ion  increased dur ing  cell  operation.  The loss 
of e lectrode per fo rmance  was associated wi th  a pas-  
s ivat ing film accumula t ing  on the e lect rode surface. 
As s ta ted  earl ier ,  e lec t rode  per fo rmance  was res tored  
by  app ly ing  an acid wash. 

The opera t ing  cycle of 100%-83% depth  of dis-  
charge in these tests do not  represen t  a prac t ica l  oper -  
a t ing  cycle such as 9.0%-10% depth  of discharge.  
However ,  i t  was sufficient to note the occurrence of 
e lec t ro ly te  imbalance  and fu r the r  charging only  would  
compound the p rob lem at  this t ime. The e lec t ro ly te  
imbalance  is b rought  about  b y  proton reduct ion  ( d u r -  
ing charge)  which in tu rn  affects e lec t ro ly te  pH and 
causes an accumula t ion  of fer r ic  ion. As a result ,  
hydrochlor ic  acid and ferrous  chlor ide had  to be 
rou t ine ly  added  to the electrolyte .  La te r  in the  p ro -  
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gram (at  about  100 cycles) two meta l  ion addi t ives  
were  eva lua ted  in the  cell  a f te r  obta in ing the resul ts  
f rom the i ron  corrosion tests. The zinc ion caused a 
reduct ion  in  observed cur ren t  efficiency to 70% as 
compared  to the usual  90%. Al though not  confirmed 
at  this t ime, we speculate  the zinc addi t ion caused 
a shift  to more  negat ive  potent ia ls  of the  i ron p la t ing  
react ion and, consequently,  increased the significance 
of the pro ton  reduct ion reaction. The addi t ion of 
manganese  ion improved  ba t t e ry  opera t ion  subs tan-  
t ial ly.  Al though  no increase  in  cur ren t  efficiency was 
obvious, the e lec t ro ly te  pI-I remained  stable thus e l im-  
inat ing the need for acid addit ion.  

Conclus ions 
An i ron - r edox  single cell, at  60~ and using a 

microporous  plast ic  separator ,  has been shown to be 
capable  of s toring and discharging energy at  a round 
t r ip  cur ren t  efficiency of 90% and energy  efficiency 
of 50%. A discharge power  dens i ty  of 50 mW/cm2 
has been obtained.  

Severa l  factors affecting the cell per formance  have 
been invest igated.  A f e r rous -ammonium chloride elec-  
t ro ly te  was found to be a h ighly  conduct ive medium 
capable  of y ie ld ing  good qual i ty  e lec t ro ly t ic  i ron 
plate.  Both t i t an ium and graphi te  were  found to be 
sui table  subs t ra tes  for i ron plat ing.  The larges t  vol tage 
loss observed occurred at  the i ron electrode for both  
charge and discharge.  At t empts  at lower ing  this po la r -  
izat ion by  main ta in ing  a pH different ial  across the 
cell wi th  commercia l  anion membranes  were  unsuc-  
cessful because of m e m b r a n e  fouling. To a lesser  
extent ,  but" not  inconsequent ial ,  was the  polar iza t ion  
at  the high specific a rea  porous redox  electrode. The 
addi t ion of smal l  amounts  of manganese  ion was 
beneficial to cell pe r formance  in tha t  ferrous  chlor ide 
and acid addi t ions dur ing  cycle tests become unnec-  
essary. 
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The Effect of Zirconium on the Cyclic 
Oxidation of NiCrAI Alloys 

C. A. Barrett, A. S. Khan, 1 and C. E. Lowell* 
N A S A - L e w L s  Research  Center, Cleveland,  Ohio 44186 

ABSTRACT 

Cyclic oxidation tests of Ni-(9-2O)Cr-(15-30)Al-xZr alloys were carried 
out at 1100 ~ and 1200~ in static air. In these alloys the concentration of zir- 
conium varied from 0 to 0.63 atomic percent (a/o). The phases found in the 
cast alloys were % -~', ~, and ~. The oxidized surfaces were characterized by 
metallography, XRD, and electron microscopy. Although the alloys were basi- 
cally alumina/nickel aluminate formers, the zirconium-containing alloys 
also formed small amounts of ZrO2. The metallographic and electron micro- 
scopic examination of oxidized surfaces revealed significant aluminum 
oxide (s) penetration. The depth of attack and the degree of oxide penetration, 
however, strongly depended on the zirconium content of the alloy. The zir- 
conium-free alloy had massive penetration of aluminum oxide(s). Small 
amounts of zirconium led to minimal penetration. However, as the zirconium 
content increased, the oxide penetration again became more pronounced. All 
of the weight change ( A W / A ) - t i m e  data were fitted to the paralinear oxida- 
tion model: A W / A  --  kl~/2t ~/~ -- k2t where kl~/~ represents the rate of scale 
formation and k2 the rate of oxide spalling. The Zr-containing alloys had 
relatively good cyclic oxidation resistance as a result of intraoxide spalling 
at low rates. The Zr-free alloys had relatively poor cyclic oxidation resistance 
due to massive alumina spalling to bare metal, which resulted'in a shift to 
NiO-controlled oxidation and even greater rates of attack. The derived 
parameters Ka (which equals kill2 § 10 k2) and Wm (metal consumption) 
which indicate the degree of total oxidation attack were also estimated as a 
function of zirconium content. All four parameters showed minimums in the 
range of 0.03 to about 0.20 a/o zirconium. Further addition of zirconium be- 
yond 0.20 resulted in increased values of k l  ~/2, Ka, k2, and Win. Alloys with 
zirconium contents between 0.03 and 0.20 a/o seemed to have the best cyclic 
oxidation resistance over the range of compositions tested, while oxidatiQn 
resistance was essentially independent of Cr and A1 content over the com- 
positional range evaluated for these alloys. 

The improvement of the oxidation resistance of al- 
loys by the addition of reactive elements such as Y, 
Si, etc. has been known for several years (1-8). 
However, the mechanism by which these elements 
improve oxidation resistance has not yet been satis- 
factorily explained. In this respect several mechanisms 
have been proposed assuming that the added elements 
produce beneficial effects due to some interaction 
either at the alloy-oxide interface, in the oxide layer, 
or in the matrix. Pettit and co-workers (7, 8, 11) pro- 

* E lec t rochemica l  Society Act ive  Member .  
P r e s e n t  address :  P r a t t  & W h i t n e y  Ai rc ra f t ,  Wes t  P a l m  Beach,  

F lor ida  33402. 
Key words :  scale  adhes ion ,  oxide spal l ing,  A12Os fo rma t ion ,  oxi- 

da t ion  attack parameters, 

posed that the internal rare earth oxide which is 
formed during oxidation mechaniCally keys the ex- 
ternal oxide to the alloy and also prevents void forma- 
tion at the alloy-oxide interface. Allam et al. make a 
similar case for oxide adhesion by pegging in the 
CoCrA1 system(s). Their work indicated not only an 
improved adhesion of the scale by the addition of Y 
or Hf, but also made a case for an optimum concen- 
tration of these elements below 1 weight percent 
(w/o). On the other hand, in a recent paper Golightly 
et al. (9) prorosed that the addition of rare earth 
elements prevents oxide formation within the existing 
oxide layer, probably by altering the outward diffu- 
sion of aluminum. Subsequent oxide growth occurs 
at the alloy-oxide interface forming an adherent scale. 
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The subject  of oxide adhesion by small  additions o f  
rare  earth or other reactive elements has also been 
treated extensively by Wright  (1O). However, no 
theory yet developed accounts for all  of the observa-  
tions. 

Earl ier  work at  this laboratory showed the beneficial 
e f f e c t s  o f  small  amounts  of Zr for Ni-Cr-A1 alloys in  
the general  range [9-20 atomic percent  (a/o) Cr, 15-30 
a/o All  (12, 13), and a paper  on the effect of zirconium 
on the isothermal oxidation of Ni-Cr-A1 alloys has 
recent ly been published (14). This work showed that  
Zr additions resulted in  a m i n i m u m  in  the parabolic 
scaling constant  of Ni-14Cr-24A1 alloys. Jus t  as im-  
portant  as the effect of Zr  was the drastic reduct ion 
in spalling at the end of the tests. While some o x i d e  
penetra t ion was noted, it  was concluded that  "pegging" 
was not  the mechanism of improved adhesion, bu t  
ra ther  a reduct ion in  void formation at the oxide/  
metal  interface and an improved oxide/meta l  bond. 
The present  paper  describes the effect of Zr  on t h e  
cyclic oxidation behavior  of this class of Ni-Cr-A1 al-  
loys. This paper  at tempts to relate cyclic oxidation 
resistance with zirconium content. I t  is hoped that  
the s tudy will  provide addit ional  informat ion on the 
mechanism of oxide adhesion by  t ramp elements. The 
rela t ively large solubil i ty of zirconium in  the alloy 
permit ted evaluat ion of oxidation properties without  
intermetal l ic  compound formation which would have 
led to segregation of the zirconium. 

Mater ia ls  
The alloys investigated are main ly  in  the ;3 + ~/~' r e -  

g i o n s  of the Ni-Cr-A1 phase diagram (15), and Fig. 1 
shows a general  map of the alloys tested. In  the as-cast 
condition some nonequi l ib r ium ~-Cr was detected. This 
phase was not present  in the oxidized samples. The 
thermal  history and chemical composition of m a n y  of 
the alloys have been described in  previous publica-  
tions (12, 13) and are presented in  Table I for ref- 
erence. In  the present  paper the general  compositions 
of the alloys studied are expressed as Ni-14Cr-24A1- 
xZr (a/o) for convenience during description, while 
Table I lists the actual  composition of each alloy. 
The zirconium content  varied from 0 to 0.63 a/o (1.10 
w/o Zr).  In  several alloys, z i rconium was added as an 
element  dur ing  induct ion melting, while the rest of 
the alloys picked up zirconium from the zirconia cruci- 
ble used in  melting. Besides chemical analysis, the 
phases present  in the alloys were characterized by 
SEM, optical microscopy, and energy dispersive ana l -  
ysis. In  Ref. (14) an elemental  x - r ay  micrograph was 
obtained for z i rconium and showed a un i form distr i-  

Zr CONTENT, / ~ a / o  AI 
~176 / \ 

n .63 / \ 
o .33 / \ 

.~  / \ 

~- .18 /\ o /\ v .173 / \ ~ / \ 
c~ no / \ / \ 

.066 0.03  / \ /  / \  

.032 / / / \ 

o o21  , ' ,  
0 0.0 

50 40 30 20 10 0 
alo Cr 

Fig. 1. Map of test alloys. Ni-Cr-AI, 1100~176 

but ion of zirconium in  the matrix.  Therefore, the zir- 
conium content  of the alloys studied was thought to be 
below its solubil i ty limit. 

Procedure 
E ~ e r i m e n t a l . - - T h e  N i - 1 4 C r - 2 4 A l - x Z r  a l l oys  w e r e  

cyclically oxidized at 1100 ~ and 120O~ The experi-  
menta l  apparatus which has been described elsewhere 
(16) is shown in Fig. 2 and is briefly out l ined here. 
Six samples were suspended individual ly  in a lumina  
furnace tubes. The suspended specimens were auto- 
matical ly raised and lowered by pneumatic  cylinders 
controlled by reset timers. As the samples were raised, 
indiv idual ly  shielded cups automatical ly slid under  the 
samples to catch the oxide spall. Each coupon used 
for oxidation was 22 • 10 • 2 m m  with a small  hole 
drilled in  one end for wire suspension in  the furnace. 
Samples were cleaned ul t rasonical ly in alcohol be-  
fore testing. Each cycle consisted of 1 hr heating and 
a m i n i m u m  of 20 rain cooling. Samples were periodi- 
cally weighed throughout  the test and data obtained 
were used to generate specific weight  change vs. time 
curves. The samples were also examined by x - r ay  
diffraction periodically to ident ify the oxides formed. 
The oxide scales were characterized by  metal lography 
and were analyzed by electron microprobe. 

Table I. Chemical composition of Ni-Cr-AI alloys with melt history and Zr levels for alloys tested in 
cyclic oxidation at 1100 ~ and 1200~ for basic AI2OJNiAI204 scale formers 

Zr (a/o) Cr (a/o) A1 (a/o) Melt history Method of Zr pickup Ht. No. 

0.68 14.01 22.84 Scratch Held extra long crucible 5 (A) 
induction melt, ZrO2 crucible 

0.39 12.30 23.17 Induction remelt, AltOs crucible Alloy addition to master heat M-3 
0.275 14.68 24.00 Arc melted Cu mold Alloy addition JS 
0.205 12.44 22.72 Scratch Std. melt. random pickup 2B orig. 

induction melt, ZrO2 crucible 
0.18 16.81 29.19 Scratch Std. melt, random pickup 5B orig. 

induction melt, ZrO= crucible 
0.173 9.78 17.18 Scratch Std. melt, random pickup 9 orig. 

induction melt, ZrO= crucible 
0.110 15.98 17.54 Scratch Std. melt, random pickup 1 orig. 

induction melt, ZrO= crucible 
0.066 14.36 23.65 Scratch Std. melt, random pickup 5A orig. 

induction melt, ZrO~ crucible 
0.0329 19.15 24.16 Scratch Std. melt, random pickup 6A orig. 

induction melt, ZrO~ crucible 
0.032 11.50 25.58 Scratch Std. melt, random pickup 2A orig. 

induction melt, ZrO= crucible 
0.0228 20.84 16.52 Scratch Std. melt, random pickup 8B orig. 

induction melt, ZrO~ crucible 
0.0213 18.87 26.99 Scratch Std. melt, random pickup 8A orig. 

induction melt, ZrO~ crucible 
0.0 13.89 23.14 Master ingot, Certified Alloys, Inc. No Zr in ingot 5C orig. 
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Fig. 2. Multitube automatic high temperature cyclic oxidation 
test rig. (a, left) Samples at test temperature. (b, right) Samples 
cooled to ambient temperature. 

T r e a t m e n t  o~ exper imen ta I  da ta . - - In  previous re- 
ports from this laboratory cyclic oxidation attack has 
been estimated by two parameters, Ka and Win, both of 
which can be derived from sample weight change/time 
data. First the specific weight change data are regres- 
sion fitted to the approximate paralinear equation 

~ W I A  -- kl~2t '/, --  k~t ~- �9 [1] 

where •  is the specific weight change at any time 
t, A is the area of the specimen, k l  '/~ and k~ are the 
growth and spalling constants respectively, and r is 
the standard error of estimate. 

The attack parameter is then defined as 

Ka -- (k~Y2 § 10 k2) [2] 

where the coefficient 10 was derived empirically [Ref. 
(12)]. As Ka increases, oxidation resistance decreases. 
Win, on the other hand, is the total specific amount of 
metal converted to oxide up to any time regardless of 
whether all or part of the oxide is retained or has 
spalled and/or vaporized. Wm can be estimated directly 
from weight change data only when no spalling and/or 
vaporization has occurred in the oxidation process (i.e., 
parabolic oxidation). Otherwise Wm must be inferred 
from the mass balance equation for any time t 

W m =  Wr -- ~ W / A  [3] 

where Wm is the specific amount of metal consumed 
and Wr the specific amount of oxide retained and 
AW/A the specific weight change at any time. If  para- 
linear kinetics are assumed, Eq. [3] has been solved 
in terms of specific weight change/time values and set 
up as a computer program termed COREST to handle 
conventional oxidation data as input [Ref. (17)]. The 
relationship between Ka and Wm is linear for values 
derived from the same weight change data with W~, 
shifted because it increases with time [Ref. (12)]. 

It should be reemphasized that Wm should be a uni- 
versal measure of corrosion attack always a positive 
value and always monotonically increasing as time in- 
creases and environmental factors become more severe. 
No matter how complicated the actual kinetics, Wm 
estimates are required to fully satisfy any particular 
oxidation model. This has the additional advantage 
that the Wm can also be measured directly based on 
thickness change and alloy depletion. 

Results and Discussion 
Character i za t ion  oi ox/des.~Retained oxide and 

spalled oxides obtained at 1100 ~ and 1200~ during 

cyclic oxidation of Ni-14Cr-24Al-xZr were identified 
by XRD and the results are shown in Table II. All 
alloys formed predominantly alumina and nickel alu- 
minate (ao = 8.05-8.10A) scales. Zirconium-containing 
alloys also produced small amounts of ZrO~ (both 
cubic and monoclinic form). The Zr-free alloy spalled 
to bare metal during cooling, resulting in accelerated 
metal loss. This profuse spalling depleted A1 from the 
Zr-free alloys and led to the formation of less pro- 
tective NiO with a further acceleration of metal loss. On 
the other hand, the zirconium-containing alloys, which 
spalled only at the outer parts of the oxide, retained 
the basic alumina/aluminate scale after prolonged 
cycling. An exception was the case of the higher zir- 
conium content alloys which formed some NiO at high 
temperature. For example, at 1200~ the alloys con- 
taining 0.33 and 0.63 a/o Zr spalled extensively, al- 
though not to bare metal, and produced considerable 
amounts of NiO on the surface. 

This behavior is consistent with that expected from 
isothermal oxidation (14). The extensive bare metal 
spalling of Zr-free alloys at the conclusion of the iso- 
thermal testing also occurs with repeated cycles [see 
also (18)]. Similarly, the lesser oxide spalling tendency 
of the Zr-containing alloys also persisted and resulted, 
for the most part, in substantially reduced metal loss. 

Meta l lography . - -F igures  3 and 4 contain photomicro- 
graphs of several of the alloys, which span the range of 
zirconium contents, after 200 cycles at both 1200 o and 
1100~ respectively. One of the most striking features 
of these microstructures is oxide penetration into the 
metal. All of the alloys containing zirconium displayed 
this oxide penetration as a feathery oxide, largely 
-A.120s. This is consistent with the isothermal work pre- 
viously cited (14). The extent of this attack is propor- 
tional to the extent of metal loss which is, in turn, pro- 
portional to the zirconium level. However, oxide pene- 
tration was also found in the cyclic testing of the Zr-free 
alloy, which is not consistent with isothermal testing 
(14). This penetration was by massive oxide globules, 
largely A1203. This penetration undoubtedly contrib- 
utes to the extensive loss of metal caused by the mas- 
sive spalling to bare metal associated with this type 
of "pure" Ni-Cr-A1 or Ni-A1 alloy (18). 

Kine t i c  da ta . - -The  specific weight change data are 
plotted in Fig. 5 and 6 at 1200 ~ and ll00~ for selected 
alloys over the range of Zr levels. In general, the alloys 
gained weight initially as the weight of oxygen con- 
sumed in forming the oxide layer was greater than 
the oxide weight lost by spalling. At longer times, es- 
pecially at 1200~ the spalling rate overtook the oxy- 
gen pick up rate, and the net specific weight vs. time 
slope decreased and ultimately became negative. Even- 
tually, the net weight of the sample became negative. 
This behavior is typical of such tests, e.g., Ref. (12) 
and (16). In contrast, the alloys containing no Zr 
started with a nearly constant, negative slope since the 
massive spalling greatly exceeded the oxygen weight 
gain. 

Regression analysis was performed on all test data 
fitted to Eq. [1] and the results are presented in Table 
III. In general, the R 2 values are quite high, showing 
that a paralinear model is a reasonabIe approach to 
analyzing the data. The 02 a/o Zr samples were also 
fitted to the paralinear model equation even though the 
weight loss was massive. The apparent k~/~ and k2 
values were extremely large and represent a different 
class of alloys, i.e., bare metal oxide spallers with 
strong NiO formation. 

The values (exclusive of the 0.0 a/o Zr data) for 
kl  1/2, k~, Ka, and Wm were then individually fitted to 
second-degree polynomial equations at 1200 ~ and 
ll00~ by multiple linear regression as a function of 
Zr content and plotted in Fig. 7-11 and listed in Tables 
IIIa and IIIb. An evaluation of the R 2 values of these 
equations shows that most of the total variability can 
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Table II. Observed phases at various Zr levels of Ni-Cr-Al-~,/~,'-fl alloys after 200 l-hr cycles at 1100 ~ and 1200~ 

Zr content 
(a/o) 

1100~ 1200~ 

,Surface a Spall b Surface a Spall b 

0.63 

0.33 

0.066 

0.0 

Al2Os NiO (s) 
8.05 spinel d AI~O~ (s) 
Ni S.S. 8.30 spinel (w) e 
ZrO2 (mono.) 8.05 spinel (w) 
ZrO~ (cubic) Cr~Os (w) 

Unknown d--1.06 
2.17 

AltOs No significant spall 
8.05 spinel after 200 hr 
ZrO= (mono.) 
ZrOs (cubic) 
Ni S.S. 

AhOs No significant spall 
8.05 spinel after 200 hr  
Ni S.S. 
NiaA1 (?) 
ZrO~ 
Unknown d--1.96 

2.17 
Cr~Os AltOs (s) 
8.10 spinel NiO (m) 
AlsOs 8.30 spinel (w) 
Ni S.S. 8.10 spinel (w) 

Cr~Os (w) 

NiO c NiO (s) e 
8.10 spinel A12Os (s) 
8.25 spinel 8.10 spinel (m) 
AltOs 8.30 spinel (w) 
CrsO8 Cr~Os (vw) 
ZrO~ ZrO2-mono. (vw) 
Ni S.S. 

8.10 spinel 8.05 spinel (s) 
Ah08 AhOs (s) 
Cr~Os NiO (w) 
NiO ZrO~-cubic (w) 
ZrOs ZrO2-mone. (w) 
Ni S.S. Unknown spinel (vw) 
A12Os No Significant spall 
8.05 spinel after 200 hr  
Ni S.S. 
Ni~A1 possible 

NiO NiO (s) 
8.10 spinel AltOs (w) 
AlsOs 8.10 spinel (w) 
8.20 spinel 8.30 spinel (w) 
Cr~Os Cr208 (w) 
Ni S.S. 

a Listed in decreasing order of intensity of surface phases. 
b (s) strong, (m) medium, (w) weak, and (vw) very weak powder intensities. 
e Sample cracked and removed frofii test after 190 hr/cycles. 
d NiAI~O~ spinel - -  ao, 8.05 to 8.20A [Ref. (16)]. 
e Chromite spinels - -  ao, >8.25A [Ref. (16) ]. 

b e  e x p l a i n e d  b y  d i f f e r e n c e s  i n  t h e  Z r  c o n t e n t .  A s i m i l a r  o f  c o m p o s i t i o n s  t h e  v a r i a t i o n  in  C r / A 1  l e v e l s  a r e  a t  
fit w i t h  C r  a n d  A1 l e v e l s  s h o w e d  a m u c h  l o w e r  l e v e l  of  m o s t  s e c o n d -  o r  t h i r d - o r d e r  effects .  T h e  o p e n  c i r c l e s  
e x p l a i n e d  v a r i a t i o n .  T h i s  i m p l i e s  t h a t  o v e r  t h i s  r a n g e  r e p r e s e n t  t h e  d a t a  u s e d  to d e r i v e  t h e  v e c t o r  l i ne  e s t i -  

Fig. 3. Selected Ni-Cr-AI alleys at 1200~ in state air after 200 l-hr cycles with 0.0, 0.066, 0.33, and 0.63 a/o zirconium content; 
magnification 250•  
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Table Ilia. Cyclic oxidation constants, a 1200~ 

S q u a r e  r o o t  os 
ox ide  g r o w t h  Ox ide  s p a l l i n g  S t a n d a r d  A t t a c k  

Z i r c o n i u m  F i t  cons tan t , / r  c o n s t a n t ,  /r Coeff ic ient  e r r o r  of p a r a m -  
c o n t e n t  t i m e  ( r a g  �9 c m  -~, ( r ag  �9 c m  -~, of d e t e r m i -  e s t i m a t e ,  r e t e r /  

( a / o )  ( h r )  " h r - 1 / 2 )  �9 hr-~) n a t i o n ,  ~ R 2 ( m g  �9 e m  -2) Ka 

Specif ic  a m o u n t  of m e t a l  
c o n s u m e d  in  t o t a l  o x i d a t i o n  

p r o c e s s  u p  t o  a g i v e n  
t ime ,  d W ~  ( r ag  �9 em --~) 

200 h r  500 h r  

1 0.63 175 5.806 0.5983 0.860 5.69 11.788 187.7 344.3 
2 0.33 200 1.105 0,1247 0.992 0.43 2.352 86.81 68.67 
3 0.205 200 0.483 0.0340 0.968 0.21 0.823 14.16 24.64 
4 0.18 200 0.657 0.335 0,991 0.29 0.992 18.53 31.31 
5 0.173 200 0.269 0.0250 0.770 0.37 0.519 8.47 15.29 
6 0.173 200 0.214 0.0195 0.859 0.21 0.409 6.72 12.08 
7 0.110 200 0.280 0.0361 0.996 0.11 0.641 9.79 18.75 
8 0.110 200 0.191 0.0329 0.998 0.10 0.520 7.57 15.51 
9 0.110 200 0.296 0.0345 0.992 0.13 0.641 9.98 18.72 

10 0.066 200 0.297 0.0223 0.993 0.08 0.520 8.81 15.4-4 
11 0.066 200 0.286 0,0263 0.992 0.06 0.549 8.99 16.21 
12 0.066 200 0.293 0.0241 0.991 0.06 0.534 9.03 16.02 
13 0.066 200 0.228 0.0218 0.985 0.07 0.446 7.23 13.11 
14 0,0329 200 0.187 0.0271 0.997 0.06 0.457 6.84 13.44 
lfi 0.032 200 0.283 0.0273 0.926 0.06 0.550 9,02 18.63 
18 0.032 200 0.333 0.0469 0.998 0.10 0.803 12.08 23.55 
17 0.032 200 0.160 0.0418 0.999 0.12 0.578 8.33 18.69 
18 0.032 200 0.354 0.0510 0.999 0.11 0.864 12,91 25.33 
19 0.032 200 0.104 0.0402 0,999 0.14 0.506 7.60 18.03 
20 0.0213 200 0.240 0.0227 0.974 0.10 0.468 7.62 13.79 
21 0.0213 200 0.147 0.0280 0.994 0.04 0.427 6.17 12.93 
22 0.0218 200 0.189 0.0235 0.999 0.04 0.424 8.52 12.40 
23 0.0213 200 0.179 0.0273 0.990 0.04 0.452 6.69 13.31 
24 0.0 200 9,649 1.6887 0.974 18.23 26.536 629.4 1143.0 
25 0.275 ~ 200 1.071 0.0432 0.986 0.74 1.503 19.70 33.53 

Mode l  e q u a t i o n :  A W I A  = kll/2t~/~ - l c a t  • ~ f r o m  mul t i p l e  l i n e a r  r e g r e s s i o n .  
b Ra t io  of  e x p l a i n e d  v a r i a b i l i t y  t o  tota l  variability.  
eKa is de f ined  as  (k~I/2  + 10 k2) [Ref.  (12]) .  
d E s t i m a t e d  f r o m  COREST [Ref .  (17)]  u s i n g  g r a v i m e t r i c  d a t a  i n p u t ,  b a s e d  o n  NiAlsO4 sca le  c o n t r o l  e x c e p t  f o r  0.0 Z r  s a m p l e  which  con- 

trols  w i t h  NiO sca le .  
�9 Check run (see  Fig .  7 to  10).  

Table lllb. Cyclic oxidation constants, a 1100"C 

S q u a r e  r o o t  o f  
ox ide  g r o w t h  Oxide  s p a l l i n g  S t a n d a r d  A t t a c k  

Zirconium F i t  c o n s t a n t ,  k~I/~ c o n s t a n t ,  k2 Coeff ic ient  e r r o r  of  p a r a m -  
c o n t e n t  t i m e  ( rag  �9 c m  -~, ( r ag  �9 c m  -~, of  d e t e r m i -  e s t i m a t e ,  ~ e t e r ,  c 

( a / o )  ( h r )  �9 hr-1/2) " h r - D  n a t i o n ,  b R 9 ( m g  �9 c m  -~) Ka 

Specif ic  a m o u n t  of  m e t a l  
c o n s u m e d  in  t o t a l  o x i d a t i o n  

p r o c e s s  u p  t o  a g i v e n  
t ime ,  d W ~  ( m g  �9 e m  -~) 

200 h r  5 0 0 h r  

I 0.63 I000 0.5495 0.02128 0.893 1.00 0.7823 15.28 25.39 
2 0.33 500 0.1988 0.00218 0.998 0.24 0.2204 5.09 8.15 
3 0.205 500 0.1315 0.00643 0.980 0.08 0.1958 3.79 6.38 
4 0.173 500 0.0960 0.00432 0.987 0.05 0.1392 2.64 4.42 
5 0.173 500 0.1136 0.00524 0.977 0.08 0.1659 3.30 5.53 
8 0.110 500 0.0893 0.00510 0.978 0.05 0.1403 2.62 4.48 
7 0.110 500 0.0960 0.00559 0.991 0.04 0.1519 2.80 4.78 
8 0.110 500 0.0788 0.00413 0.977 0.05 0.1201 2.23 3.78 
9 0.066 500 0.0996 0.00219 0.998 0.04 0.1215 2.62 4.26 

10 0.066 500 0.1101 0.00203 0.998 0.05 0.1304 2.88 4.65 
11 0.086 500 0.1079 0.00222 0.997 0.05 0.1301 2.82 4.57 
12 0.0329 500 0.0850 0.00523 0.982 0.05 0.1373 2.51 4.31 
13 0.0329 600 0.0891 0.00596 0.972 0.09 0.1487 2.67 4.61 
14 0.0329 500 0.0734 0.00412 0.986 0.06 0.1146 2.14 3.64 
15 0.032 500 0.1038 0.00823 0.972 0.12 0.1859 3.21 5.66 
16 0.032 500 0.0882 0.00816 0.995 0.06 0.1698 2.84 5.12 
17 0.032 500 0.1063 0.00734 0.981 0.08 0.1797 3.19 5.53 
18 0.0213 500 0.0631 0.00591 0.983 0.08 0.1222 2.04 3.69 
19 0.0213 500 0.0695 0.00689 0.982 0.07 0.1384 2.28 4.16 
20 0.0 700 4.5831 0.51361 0.954) 20.21 9.719 277.1 476.0 
21 0.275 ~ 200 0.1807 --0,0 0.999 0.08 0.181 4.57 7.27 

i Mode l  e q u a t i o n :  A W / A  ffi k l l /2t~/~ - -  l~2t ~ ~ f r o m  m u l t i p l e  l i n e a r  r e g r e s s i o n .  
b Ra t io  of e x p l a i n e d  v a r i a b i l i t y  to total  va r i ab i l i t y .  
cKa is de f ined  as  (/c11/2 + 10 k~) [Res (12) ] .  
d E s t i m a t e d  f r o m  COREST [Ref .  (17)]  u s i n g  g r a v i m e t r i c  d a t a  i n p u t ,  b a s e d  on  NiAI~O~ sca l  e c o n t r o l  e x c e p t  f o r  0.0 Z r  s a m p l e  (s)  whexe  

NiO scale  controls .  
* Check run (see  Fig .  7 t o  10).  

mate  shown in  the plot. The dark circle point  repre-  
sents an alloy that  was run  later  to test how well  the 
estimated life predicts results for other Zr levels. The 
closeness of the shaded point  to the predicted value for 
the various parameters  lends confidence to this ap-  
proach. It  should be reemphasized the 0.0 a/o Zr data 
points were not  included in  the curve fits since they 
represent  a different class of oxide formers and 
spallers. 

Figure 7 is a plot of kl'/, vs. Zr. The growth constant  
increases monotonical ly with Zr after a large discon- 
t inuous drop from the 0.0 a/o Zr level at 1200~ and 
the same type of behavior  was observed at 1100~ 
This increase in growth constant  with Zr content  is 
consistent with an effect observed dur ing  isothermal 
oxidation in  Ref. (14). However,  the increased scaling 

rate pr imar i ly  results in  increased oxide penet ra t ion  
rather  than increased scale thickness. Dur ing  cyclic 
oxidation the si tuat ion is complicated by the acceler- 
at ing effects of spalling which can in t u r n  lead to the 
formation of different oxides, e.g., NiO, which may be 
less protective and lead to an  even greater  metal  loss 
rate and correspondingly higher growth constants. 

Likewise, a plot of k2, the spall ing constant  (Fig. 8) 
shows similar  results. There is a drastic reduct ion in  
the spalling constant  as the Zr level goes from 0 to 
about 0.06 a/o where it reaches a minimum,  rises slowly 
at first, and then increases rapidly. The ini t ia l  rapid 
decrease in  spalling as the Zr content increases from 
0 to about 0.06 a/o appears to be the result  of a 
s t rengthening of the oxide-metal  bond which prevents  
spall ing to bare  metal.  The cause of the gradual  in -  
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Fig. 4. Selected Ni-Cr-AI alloys at 1100~ in static air after 200 1-hr cycles with 0.0, 0.066, 0.33~ and 0.63 a/o zirconium content; 
magnification 250X.  
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Fig. 5. Effect of Zr on cyclic oxidation of some NiCrAI alloys at 
1200~ 

crease wi th  increas ing Zr  is unclear .  Pe rhaps  Zr  in  s o -  
l u t i o n  in the a lumina  scale has increas ing ly  damaging  
effects on the  mechanical  p roper t ies  of the scale. Or 
the combinat ion of spaUing and high g rowth  ra tes  re -  
sults in the format ion  of more  spa l l -p rone  oxides, e.g., 
NiO. 

To assess a combined effect of oxide  growth  and 
spall ing,  Fig. 9 and 10 should be evaluated.  These 
curves show Ka at  1200 ~ and 1100~ and Wm at  1200~ 
for 500 hr  and l l00~ for 200 hr. Wm is the p a r a m e t e r  
d i rec t ly  measur ing  total  oxida t ion  at tack.  The shapes 
of the Wm curves are  s imi lar  to the Ka vs. Zr da ta  in 
tha t  they  have min imums  in the  range  of 0.03-0.20 a /o  
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Fig. 6. Effect of Zr on cyclic oxidation of some NiCrAI alloys at 
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Fig. 7. Derived kl 1/9 scale growth constants as a function of a/o 
Zr in 7/'Y' + ~-NiCrAI alloys tested in cyclic oxidation at 1200 ~ 
and 1100~ in static air for 1 hr exposure cycles, k 1/2 values from: 
~ . / A  - -  k t1 /~ t  1/~ - -  k2t fits. 

Zr. As shown in Ref. (12), the re la t ionship  of Ka to 
k'/2 and k2 is useful  only  if Wm is l inear  in Ka. This 
re la t ionship  was tes ted and the resul ts  p lo t ted  in Fig. 
11. Since the  slopes of log (Wm)T vs. log Ka are  essen-  
t i a l ly  uni ty,  Ka may  be used to scale the degree  of 
cyclic oxidat ion  a t t ack  of these alloys. This emphasizes 
the  spal l ing mechanism's  over r id ing  effect in cyclic 
ox ida t ion  degradat ion.  

Summary  of Results 
The resul ts  ob ta ined  dur ing  the  cyclic oxida t ion  o f  

N i - ( 9 - 2 0 ) C r ( 1 5 - 3 0 ) A l - x Z r  al loys at  1200 ~ and l l00~ 
are  summar ized  below: 

1. The addi t ion  of Zr  at  concentrat ions  be tween  0.03 
and 0.20 a /o  gives op t imum cyclic ox ida t ion  resis tance 
to NiCrA1 alloys.  

2. The Z r - f r ee  al loys spal led  to ba re  me ta l  dur ing  
cycling. The addi t ion  of z i rconium signif icant ly de -  
creased spal l ing to some cr i t ical  Zr  content  of the a l -  
loys near  0.066 a/o.  The spal l ing increased g radua l ly  
wi th  fu r the r  addi t ion  of z i rconium above this level.  
Addi t ions  of Zr  also changed the na tu re  of spall ing,  
i.e., f rom spal l ing at  the o x i d e / m e t a l  in terface  to i n t r a -  
oxide spall ing.  

3. h W / A  vs. t ime da ta  for a l l  the  al loys were  f i t ted 
wi th  good corre la t ion  to a pa r a l i nea r  model. The de-  
r ived  g rowth  and spal l ing constants  showed s t rong 
dependence  on the z i rconium content  of the alloys. 

4. A number  of kinet ic  parameters ,  kl y=, k2, Ka, and 
Win, were  es t imated  as a second-degree  funct ion of Zr  
content  of the al loys at  both  1200 o and l l00~ They 
al l  showed min imums  ranging  f rom 0.03 to about  0.20 
a /o  Zr  above which they  increased  wi th  Zr  content.  
Most of the var ia t ion  of the various pa rame te r s  could 
be exp la ined  b y  changes in Zr  leve l  alone. Comparab le  
fits based on Cr and A1 levels  indica ted  the Cr and A1 
level  effects were  minimal .  

5. Me ta l log raphy  of the  oxidized samples  showed 
some oxide penetra t ion.  The amount  and type  of oxide 
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Fig. 8. Derived ks scale spalling constant as a function of a/o 
Zr in 7 /7 '  + #-NiCrAI alloys tested in cyclic oxidation at 1200 ~ 
and 1100~ in static air for 1 hr exposure cycles, k2 values from: 
~ / A  = k l l / 2 t  1/2 - -  k2t regression fits. 

pene t ra t ion  s t rongly  depended  on the z i rconium c o n -  
t e n t  of the alloys. The addi t ion  of z i rconium signifi- 
cant ly  decreased the pene t ra t ion  up to about  0.066 a/o.  
Above this, pene t ra t ion  increased  wi th  the Zr content.  

6. The al loys s tudied are bas ica l ly  alumina/NiA1204 
spinel  formers.  The z i rconium-conta in ing  alloys also 
produced  smal l  amounts  of ZrO~ (both  cubic and mono-  
clinic form) .  Af te r  pro longed cyclic a t t ack  NiO tends 
to form on the less res is tant  alloys. 

C o n c l u d i n g  Remarks  
This s tudy confirmed tha t  smal l  addi t ions  of Zr  to 

NiCrA1 alloys can have a beneficial  effect on thei r  cyclic 
ox ida t ion  resistance.  Whi le  the  exact  mechanism of 
such an effect remains  unclear ,  the Zr  ( s imi lar  to Y, 
etc.) improves  the ox ide -me ta l  bond so tha t  spal l ing 
no longer  takes  place at  the  ox ide -me ta l  interface,  bu t  
ins tead occurs wi th in  the  oxide. At  low Zr levels this 
resul ts  in a m a r k e d  reduct ion  in meta l  consumption.  
However,  at h igher  Zr  levels spall ing,  whi le  st i l l  an 
in t r a -ox ide  fai lure,  increases  gradual ly .  But  even a t  
the highest  Zr  leve l  s tudied the me ta l  consumption 
rates  are  st i l l  wel l  be low those of the  pure  alloy. How 
this increase  occurs needs fu r the r  invest igat ion,  bu t  
may  be re la ted  to changes in the  mechanica l  p roper t ies  
of the oxide. The op t imum Zr  content  for m a x i m u m  
cyclic oxidat ion  resis tance was found to be be tween  
0.03 and 0.20 a /o  Zr. 

Manuscr ip t  submi t t ed  Apr i l  8, 1980; revised manu-  
scr ipt  received Aug. 1, 1980. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Discus-  
sion Section should be submi t t ed  by  Aug. 1, 1981. 
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the attack parameter Ka, for NiAI204 forming alloys at 1100 ~ and 
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ABSTRACT 

A technique involving r ap id  scratching of ro ta t ing  disk electrodes u n d e r  
potent ia l  control  is p resen ted  and used to examine  rap id  react ion steps in the  
anodic behav ior  of i ron in aqueous solutions of pH 0-14. Both anodic and 
cathodic reac t ion  rates  a re  g rea t ly  acce lera ted  dur ing  scratching;  cur ren t  
densi t ies  of up to ,~10 A cm-Z of bare  meta l  surface were  observed.  The r e -  
suits obey Ta~el's law and demons t ra te  the fo rmat ion  of an adsorbed  l aye r  of 
FeOH by:  (i) Fe  + H20 ~ Fe �9 H2Oads, fol lowed by  (ii) Fe �9 H2Oads ~ FeOHad~ 
+ I-I + + e -  for pH < 7, o r  (iii) Fe �9 H2Oads ~ F e  �9 OH-ads ~ H +, and  (iv) 
Fe �9 OH-ads -> FeOHads + e -  for  pH > 7. The l aye r  of adsorbed  FeOH is 
formed at  potent ia ls  negat ive  wi th  respect  to the revers ib le  potent ia ls  for 
oxide fo rmat ion  and exists on the surface dur ing  s t eady-s t a t e  anodic oxida t ion  
of ~'e and  dur ing  cathodic reduct ion of H+ f rom solutmn. The resul ts  a re  dis-  
cussed in te rms of the mechanism of s t eady-s t a t e  dissolut ion of Fe. 

T h e  technique of inves t iga t ing  the e lec t rochemical  
mechanisms o~ a bare  meta l  surs react ions in solu-  
t ion by  scra tching a specimen while  i t  is he ld  under  
potent ia l  control  has received l i t t le  a t tent ion  since 
its inception.  Measurements  of ba re  surface corrosion 
potent ia ls  on A1 made  by  cut t ing a lacquered  e lect rode 
wi th  a ruby  s ty lus  (1, 2) showed that  the meta l  
adopts  a ve ry  low potent ia l  on cutt ing;  the potent ia l  
then r ises owing to the evolut ion of hydrogen  fol lowed 
by  repassivat ion.  La te r  work  on evapora ted  A1 films 
(3) confirmed tha t  this behavior  is a fea ture  of a bare  
A1 surface and does not arise f rom stress or heat ing 
effects  dur ing  cut t ing and subsequent  r e l axa t ion  or  
cooling. S imi la r  measurements  have been made on a 
large  n u m b e r  of meta ls  by  high speed dr i l l ing  wi th  
a dent is t ' s  d r i l l - b i t  (4). I t  was concluded tha t  severa l  
meta ls  such as Fe, Co, and Ni have bare  surface 
exchange  cur ren t  densit ies orders  of magni tude  grea te r  
than  those obta ined  by  s t eady-s t a t e  techniques.  
Schwabe  et al. (5-7) and Tomashov et al. (8) used a 
ca rbo rundum disk to scour potent ios ta t ica l ly  con- 
t ro l led  specimens of Fe, Ni, and stainless steel  in 
aqueous solutions. They showed tha t  the  cur ren t  densi -  
t ies were  cons iderab ly  l a rge r  than those observed 
dur ing  s t eady-s t a t e  vo l tammetry .  Polar iza t ion  of 
scraped A1 was pe r fo rmed  by  Hagya rd  et aL (2). 
The resul ts  agree  wi th  more  recent  work  using a 
scra tched ro ta t ing  disk e lect rode of Al-7 weight  pe r -  
cent  Mg (9), showing the first s tep in the oxidat ion  
process to be loss of a single e lect ron to p r o d u c e A l ( I )  
as an in te rmedia te  in both dissolution and passivation.  
Hydrogen  evolut ion was also found to be grea t ly  
acce le ra ted  on the bare  meta l  surface. Beck et aL 
(10-12) used a ro ta t ing r ing  scraped disk e lec t rode  
to show tha t  some T i ( I I I )  is p roduced  dur ing  anodic 
oxida t ion  of Ti. 

A la rge  amount  of work  deal ing wi th  the kinetics 
of the  anodic dissolution of Fe  in aqueous :solutions 
has been published.  Tafel  behavior  has been  observed 
in a va r i e ty  of e lect rolytes  wi th  s t eady-s ta te  slopes 
ranging  f rom 30 to 100 mV depending on the content  
of the  solut ion and the exper imen ta l  condit ions (13). 
Mechanisms involving two single e lect ron ~ransfer 
steps have  been  proposed by  Kabanov  et al. (14), 
Bockris  et aL (15), and Ke l ly  (13). Al l  three  mecha-  
n isms involve format ion  of adsorbed  FeOH in a rap id  
e lec t ron t ransfe r  s tep wi th  subsequent  oxidat ion  of 
%his in te rmedia te  as the r a t e -de t e rmin ing  step. Heusler  

* Electrochemical Society Active Member. 
Key words: rotating disk electrodes, steady-state dissolution of 

iron. 

(16) also proposes r ap id  format ion  of adsorbed  FeOII  
as a step in the dissolut ion reaction,  bu t  in his 
mechanism ~ eOH acts as a ca ta lys t  for a r a t e - d e t e r -  
mining two-e lec t ron  t ransfer  react ion be tween  Fe  
and OI-I-. 
No direct evidence has, however, been provided 

for the formation or existence of FeOH and attempts 
to describe its formation have been speculative. In 
this paper we describe the electrochemical behavior 
of scratched Fe electrodes, showing how the technique 
elucidates reactions of a bare Fe surface with isolation 
of the rap id  first oxida t ive  step in the anodic dissolu-  
t ion and pass ivat ion process. 

Experimental 
All  chemicals  were  of ana ly t ica l  grade  except  

K2B4OT-4H20 which was l abo ra to ry  grade.  Elect rolytes  
were  made  wi th  doubly  dis t i l led  wa te r  and were  
deoxygena ted  wi th  purif ied n i t rogen pr ior  to and 
dur ing  exper iments .  Rotat ing disk electrodes were  
made  f rom deoxidized,  high pur i ty  i ron (suppl ied  by  
Bri t ish I ron  and Steel  Research Associat ion) (C 
0.006%, Si 0.001%, S 0.0066%, A1 0.004%, O 0.0017%, 
N 0.0016%, Mn <0.005%).  The meta l  was s p a r k - c u t  
into disks (d iamete r  8 mm) ,  cleaned, and mounted  
into Pe r spex  holders  wi th  Araldi te .  The electrodes 
were  ground to a 1200 gr i t  finish, u l t rasonica l ly  cleaned, 
and washed thoroughly  in doubly  dis t i l led  water .  

The scratched ro ta t ing  disk assembly  was de-  
scr ibed by  Lees and Hoar  (17) and Ford  et al. (9). I t  
consists of a be l t - d r i ven  e lect rode ro ta ted  by  a d-c  
motor;  ro ta t ion  ra tes  ,~, of up to 200 Hz could be 
achieved, a l though the resul ts  repor ted  in this paper  
were  taken  at  100 Hz. A c i rcular  p l a t inum counter -  
e lectrode of d iamete r  50 m m  was mounted  symmet r i c -  
a l ly  about  60 m m  be low the work ing  electrode. A 
smal l  hole cut through the center  of the countere lec-  
t rode a l lowed a Luggin  cap i l l a ry  to emerge  th rough  
it  f rom the bot tom of the cell. The cap i l l a ry  t ip of 
in te rna l  d iamete r  ~1  m m  was posi t ioned ,~40 m m  
from the work ing  e lect rode surface, this distance 
being employed to al low easy access of the scratching 
stylus. In  te rms of ohmic resis tance measurements  of 
the e lec t ro ly te  this probe dis tance is effect ively in-  
finity ~nd is consequent ly  easi ly  reproducible .  The 
scrat~l~ing stylus consisted of a g lass-cut ter ' s  d iamond 
to~:Zwhose steel  shank was l ibe ra l ly  and comple te ly  
coated with  Araldi te .  The d iamond tool was mounted  
onto a Perspex  a rm which was free to ro ta te  about  a 
hor izonta l  axis through the cell. An e lec t romagnet  
mounted  outside the cell a t t rac ted  a steel  bol t  which 
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was screwed into the top of the arm: this held the 
stylus away from the working electrode surface at 
a distance of 1-2 mm. On breaking the electromagnet 
circuit  the inert ia  of the arm allowed the stylus to 
swing upward, s tr iking the working electrode surface 
with a tracking weight of ~2g, then bouncing away 
when it  was again picked up by the reactivated elec- 
tromagnet.  The diamond thus caused a scratch on the 
rotat ing metal  surface with a contact t ime of up to 
,~1.8 msec (although general ly  1.0 msec), generat ing 
a bare metal  surface at a rate of 1.6 msec -1, the radius 
of curvature  of the scratch being typically 2 mm. The 
scratch appeared as an arc of ,~1.5 #m depth, 30 ~m 
width, and ,~1.6 m m  length;  its area was therefore 
~0.1% of the total working electrode area. Because 
of the small  depth to width ratio of the scratch the 
cross-sectional curvature  was ignored for calculation 
of the scratch area. 

Specimens were held at constant  potential  with 
a fast response potentiostat  (Wenking Type OPA 69, 
response time <1 #sec) unt i l  a s teady-state  current  
density on the electrode as a whole was achieved. 
The stylus was then released and the current  t ransient  
arising from the resul t ing scratch captured in a 
t ransient  recorder (Datalab Type DL 905), which 
was triggered either from the electromagnet circuit 
or from the current  t ransient  itself. All t ransients  
showed a rise in  current  (either anodic or cathodic 
depending on potential)  for the period of stylus 
contact, followed by a decay when the stylus fell 
away. The direction of flow of current  on the scratch 
was not necessarily the same as that  flowing on 
the remaining  electrode surface. The current  rise 
was l inear  for most of its length (see below),  but  
tailed at the beginning  and end. This tail ing is due 
to the changing scratch width when the stylus makes 
or breaks contact with the electrode and constitutes 
an insignificant fraction of the total scratch length. 
Tai l ing at the top of the t rans ient  can also occur 
because of significant repassivation of the scratch 
dur ing stylus contact. Exper iments  were carried o u t  
a t  298  _ 2 K .  

The cur ren t  density on the bare  surface, is, was 
determined from the gradient  of the l inear  rising 
part  of the current  t ransient  by the formula 

1 dI 
is "- 

2~r~y dt 

where dI is the change in the total cur ren t  in  t ime 
dr, r is the radius of the scratch (i.e., its distance 
from the center  of rotat ion) ,  ~ is the rotat ion rate 
(Hz), and y is the width of the scratch. Where tail ing 
occurred on the rising part  of the t ransient  the maxi -  
mum slope dI/dt  was used to determine is since this 
gives the fastest rate of reaction of the scratch and 
therefore the most bare surface. 

Potentials were measured with respect to a satu-  
rated calomel or saturated Hg/Hg2SO4/K2SO4 refer-  
ence electrode and are presented on the normal  hy-  
drogen scale. Where necessary, corrections have been 
made for the l iquid junct ion  potential  between the 
working and reference electrolytes by the formula of 
Henderson (18) and for the ohmic potential  drop due 
to the s teady-state  base current  density (i.e., that cur-  
rent  flowing from the disk as a whole) by the formula 
of Newman (19). 

The ohmic potential  drop in the electrolyte due 
to the current  from the scratch could not readily 
be measured because of the na ture  of the t ransient  
electrochemical response of the scratch itself. Instead, 
the scratch si tuation was simulated using the edge o f  
a foil electrode made of copper in the following way 
(20). A sheet of copper foil was mounted edge-on 
into Araldi te  to form a rotat ing disk with the edge 
of the foil forming the actual electrode and the 
Araldite forming the rest of the disk. The ohmic po- 

tent ial  drop to this electrode was then measured by 
applying a double galvanostatic pulse and measur ing 
the t ransient  potential  response using a similar cell 
geometry to that described above for scratching ex- 
periments.  To ensure that the measured potential  
change was indeed ohmic the height of the first cur-  
rent  pulse was varied while that of the second pulse 
(used to determine the ohmic resistance) was held 
constant. Thus pulsing first from 0 to 1 mA and then 
directly to 2 mA gave a similar resistance as pulsing 
first from 0 to 9 mA and then directly to 10 mA. 
Similar ly  the measured resistance was independent  
of the height of the second pulse itself. In  this way 
values of the ohmic resistance were determined as a 
funct ion of foil length, foil width, and solution con- 
ductivity, allowing values represent ing the d imen-  
sions of the scratches to be interpolated. The results 
agree well  with a theoretical solution to the problem 
full details of which will be presented elsewhere (20). 

Results 
A typical graph of the bare surface current  density 

is is shown in Fig. 1 as a funct ion of potential. This 
type of graph is referred to as a "bare surface polar-  
ization curve" (even though 'the surface may n o t  
be ful ly bare at all potentials) .  The bare surface 
polarization curve lies at current  densities which 
are orders of magni tude  greater than those of the 
steady-state polarization curve (also shown in Fig. 1 
for the same electrolyte).  Both the anodic and cathodic 
regions of is are shown, with the mixed potential  Eros 
of the bare surface at --860 mV (NHE). This value 
is more negative than that for the steady-state curve 
[Era = -- 615 mV (NHE)].  The large acceleration of 
both the anodic and cathodic reactions on scratching 
was found for all electrolytes. Figures 2 and 3 show 
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Fig. 1. Steady-state (lower) and bare surface (upper) polarization 

curves for Fe in 1.0M K2C08, pH 11.6. Steady-state curve swept at 
15 mV sec -1.  G ,  anodic; O, cathodic. Broken line shows ohmic 
potential correction for the scratch surface. 
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Fig. 2. Bare surface polarization curve for Fe in 1.0M KOH, pH 
14. O ,  anodic; O, cathodic. Broken line shows ohmic potential 
correction for the scratch surface. 
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Fig. 4. Bare surface polarization curves for Fe in: 0.SM H~BO~, 
0.05M K2B4OT, pH 7.6 ( � 9  O); 0.75M HOAc, 0.75M NaOAc, pH 
4.9 ([] ,  III); 0.SM KHCO~, 0.SM K2CO3, pH 9.8 (V ,  ~I'). White 
points anodic, black points cathodic. Broken lines show ohmic po- 
tential corrections for the scratch surfaces. 

bare surface polarization curves in 1.0M KOH, pH 14 
and  in  1.0M H~SO4, pH 0, respectively. Similar  t rends 
are shown; the current  density increases in  both the 
anodic and cathodic directions from Eros. For H2SO4 
the potential  range is restricted because of the high 
base currents  at higher anodic and cathodic potentials, 
which obscure the current  t rans ient  due to scratching. 
There is an effect of pH, with Eros lying at more nega-  
t ive values for higher pH. This is shown for an in ter -  
mediate  pH range in  Fig. 4 for acetate (pH 4.9), 
borate (pH 7.6), and bicarbonate (pH 9.8) solutions. 

All  bare  surface polarization curves show a l inear  
Tafel region over approximately  1-2 orders of mag- 
ni tude in is from Eros in the anodic direction. The 
Tafel parameters  are presented in Table I for each 
electrolyte. Anodic Tafel slopes are all in  the range 
121 __ t5 mV, the error  bar  represent ing the max i mum 
deviat ion from this value. Owing to the scatter in the 
exper imenta l  points on the bare  surface polarization 
curves the Tafel slope for each curve was measured by 
l inear  regression successively over a progressively 
increasing potential  range: those presen ted  in Table I 
were those which showed the highest correlation 
coefficient with the data points. 
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Fig. 3. Bare surface polarization curve for Fe in 1.0M H2SO4, 

pH 0. O ,  anodic; e ,  cathodic. 

Corrections for the ohmic resistance of the electro- 
lyre arising from the current  density on the scratch 
were made to all  anodic bare surface polarization 
curves using the values obtained by the method de- 
scribed above. These Corrections are shown as the 
broken lines in Fig. 1-5. In  every case the anodic 
Tafel region is unaffected by such corrections, al-  
though at cur rent  densities higher than the Tafel 
regions significant corrections are observed. Thus, 
for example in  Fig. 2 at  an anodic scratch current  
density of 300 mA cm -2 (represent ing the highest 
point of Tafel l inear i ty) ,  the ohmic potential  drop 
due to the scratch is 8 mV, whereas at 10 A cm-2  the 
value is 267 mV. In  no case does this ohmic potential  
correction enable the l inear  Tafel region to be ex- 
tended to higher anodic current  densities. 

The effects of bicarbonate anions were investigated 
by comparing bare surface polarization curves in b i -  
carbonate and borate electrolytes of the same pH (8.8), 
and this is shown in Fig. 5. The l inear  Tafel region 
is extended to higher potentials in  the bicarbonate,  
bu t  does not accelerate the Tafel region itself. Thus 
the Tafel regions in the two electrolytes are common. 
Par t  of this difference arises, of course, from the 
different ohmic resistances of the two electrolytes. 
However, that determined for the bicarbonate electro- 
lyte (1451%) is only 0.27 of that  determined for the 
borate electrolyte (547~), and this difference is in-  
sufficient to account for the order of magni tude  dif- 
ference in the max imum current  density in the Tafel 
region (300 and 25 m A c m  -2, respectively).  

Table I. Parameters for the anodic behavior of scratched iron 
electrodes in various electrolytes 

Eras aE/a log is 
[ mV (anodic) qp 

Electrolyte pH (NHE) ] (mV) (C em -2) 

1.0M H~SO4 0 -365 114 98 
0.75M HOAc, 0.75M NaOAc 4.9 -445 128 61 
0.SM H3BO3, 0.05M I~B40~ 7.6 -545 109 15 
0.32M I"IaBOa, 0.19M I~B*O7 8.8 -705 112 11 
0.75M KHCOa, 0.05M K~COg 8.8 -705 112 69 
0.5M KHCOa, 0.SM K~CO3 9.8 -765 132 117 
1.0M I~COs 11.6 - 865 124 108 
1.OM KOH 14.0 -920 136 149 
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Fig. 5. Bare surface polarization carves for Fe at pH 8.8. 0.32M 
H.~BO~, 0.19M K2B40? ( � 9  e ) ;  0.75M KHCO3, O.05M K2COs 
(I-], I ) .  White points anodic, black points cathodic. Broken lines 
show ohmic potential corrections far scratch surfaces. 

A t  potent ia ls  more  anodic  than  the l inear  Tafel  
regions a l l  bare  surface polar iza t ion  curves tend to-  
w a r d  h igher  values  of  aE/O log is, becoming a lmost  
independent  of E at  high potentials .  

Values of E vs. pH at  constant  is were  measured  
a t  is ----- 100 m A  cm -2. This cur ren t  densi ty  lies in the  
l inear  Tafel  region for al l  e l ec t ro ly te s  except  those 
containing bora te  for  which the Tafel  regions were  
ex t r apo la t ed  to 100 m A  cm -2. The values  a re  shown 
in Fig. 6. They  give OE/~ pH - -  0 for pH < 7, OE/O pH 
= -- 114 mV for 7 < p H  < 11.7, and OE/O pH = 0 
for pH > 11.7. 

Cathodic scra tch  transients ,  represen t ing  reduct ion  
of hydrogen  ions or  wa te r  on the scratch surface, 
showed v e r y  la rge  scatter.  Values  of is as a funct ion 
of E in the  cathodic region were  therefore  in genera l  
difficult to quantify.  F igure  2 shows a l inear  Tafel  
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Fig. 6. Dependence of potential at constant anodic current 

density (is ---- 100 mA cm -2)  on pH. V ,  H2SO4; X ,  HOAc, NaOAc; 
[], HaBOs, K~6407; O, KHCO~, K2CO3; ~, KOH. 

region in the hydrogen  evolut ion react ion wi th  a 
Tafel  slope of --116 inV. The potent ia l  range  over  
which the cathodic process could be detected was 
small  since the currents  on the e lect rode as a whole 
quickly  become qui te  la rge  wi th  increasing overpoten-  
t iah large  base currents  tend to obscure the smal l  
t ransients  ar is ing f rom the scratch. 

Three  types  of anodic cur ren t  t rans ient  are  depicted 
in Fig. 7. Type  A scratches were  observed wi thin  the 
Tafel  regions, type  B scratches at  the  upper  po ten t ia l  
l imits  of the  Tafel  regions, and  type  C scratches only 
a t  potent ia ls  h igher  than the Tafel  regions. Some idea 
of the  origins of these th ree  basic types  of scratches 
m a y  be obta ined  by  consider ing the value  of qp which 
represents  the charge d~nsity tha t  has flowed from 
the  scratch at  the  t ime  tha t  the s tylus leaves the 
surface. Transients  of type  A were  obta ined where  
qp << 100 ~C cm-2;  those of type  B gave qp ~ 100 
#C cm-2 ;  those of type  C gave qp >> 100 /~C cm-~.  
Values of qp for  the  top of each Tafel  region are  shown 
in Table  I. 

In  some instances the  r is ing cur ren t  on the  t rans ient  
showed two or  three  smal l  peaks  or  points  of inflection 
separa ted  b y  t imes of <1 msec. This is p r o b a b l y  due 
to a s t ick-s l ip  type  of scra tching process, where  the  
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Fig. 7. Typical current transients due to scratching, m, scratching 
commences; n, scratching complete. Broken lines indicate change in 
time scale. 
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debr i s  m a y  pi le  up in f ront  of the  s tylus  to a suf-  
ficient ex ten t  for  the  s tylus to have  to j u m p  over  
the  pi le  before  cont inuing the scratch. However ,  
microscopic examina t ion  of the scra tch  scars showed 
l i t t le  evidence of this. S i m i l a r l y  there  was ve ry  l i t t le  
debr is  pi led up at  the sides of the scars and none 
at  the  ends. Whi le  the  exact  mode of machin ing  of 
this  type  is st i l l  under  invest igat ion,  i t  appears  tha t  
the  meta l  is r emoved  in ve ry  smal l  pieces ra the r  
than  in long s t r ips  since no str ips  o f  debr is  were  
found in the  cell  a f te r  exper iments .  As such, the 
added  a rea  of ba re  me ta l  caused by  the s t i l l - e lec t r i ca l ly  
coupled debr is  in f ront  of the s tylus  dur ing  scra tching 
is small .  I t  is wor th  noting, however ,  tha t  much of 
the scat ter  in the resul ts  p robab ly  arises f rom var ia t ion  
in scra tch  wid th  and depth  dur ing  a run  (giving scat ter  
in the  scra tch  a rea)  as wel l  as f rom p i l e -up  of  debris.  

The bare  surface cur ren t  densit ies were  unaffected 
by  e lec t rode  ro ta t ion  ra te  w (and therefore  scra tching 
ra te )  for 200 Hz > ~ > 16.7 Hz. Rotat ion rates  less 
than  16.7 Hz gene ra l ly  gave cur ren t  t rans ients  too 
smal l  to quan t i fy  whi le  for ~ > 150 Hz visible tu r -  
bulence  occurred. The work  presented  here  was pe r -  
formed at  100 Hz. 

Discussion 
Comparison of the values  of Eros shown in Table  I 

wi th  the equ i l ib r ium potent ia ls  for oxide  format ion  
given by  Pourba ix  (21) shows that  in the  in te rmedia te  
pH range  Fe  oxidizes anodica l ly  be low the min imum 
theore t ica l  potent ia l  for  oxide formation.  Bear ing  in 
mind  tha t  the  to ta l  charge  passed f rom the  scra tch  
qt ~ 2qp (qv represents  only  that  f ract ion passing 
dur ing  s ty lus  contact)  then, wi th  the except ion  of 
the two bora te  e lectrolytes ,  the charge  densi t ies  shown 
in Table  I are  too la rge  for is to be control led  solely 
by  nonfaradaic  double l aye r  charging  processes. For  
the  two bora te  e lec t ro ly tes  the top of the Tafel  r e -  
gions a re  p r o b a b l y  control led  by  the ohmic resis tance 
of the electrolytes ,  as was ind ica ted  b y  the fact  that  
no type  B t ransients  were  observed.  In  other  words 
for  the  bora te  e lect rolytes  qt ~ 2q,: The charge  
densit ies  c lear ly  must  contain a nonfaradaic  double  
l aye r  component ;  never theless  the  bare  surface cur -  
ren t  densi t ies  are  control led  by charge t ransfer  elec-  
t rochemicaI  reactions.  In  the anodic Tafel  region which  
exists  in a l l  e lec t ro ly tes  (see Table  I)  the  charge  
t ransfer  react ion is the first oxida t ive  step in the  
to ta l  dissolution (or  pass ivat ion)  of Fe. 

The ini t ia l  step must  be the adsorpt ion  of wa te r  
onto the  f resh meta l  surface which proceeds r ap id ly  
to complet ion immed ia t e ly  behind  the s tylus  

Fe  + H20 ~ Fe.H2Oads [1] 

React ion [1] is fol lowed by  one of two mechanisms as 
fol lows 

Fe'H2Oads ~ FeOHa~s + H + + e -  [2] 
o r  

Fe'H2Oads .~ Fe  'OH-ads  + H + [3] 

F e ' O H - a d s - ~  FeOHads ~ e -  [4] 

By consider ing the coverage of adsorbed wa te r  to be 
complete,  and the coverage of FeOH to be small ,  
reac t ion  [2] gives 

is = Fk2 exp L- - -R-~  [51 

and OE/O log is ---- 118 mV, OE/O pH ---- 0 for ~ ----- 0.5. 
React ion [3] forms a rap id  equi l ib r ium pr ior  to reac-  
t ion [4], wi th  

Ks = 0 [ H + ] / ( 1  - -  0) [6] 

where  0 is the coverage of adsorbed  O H - ,  and 

i s = F k 4 O e x p [  ~FE ] [7] 
L RT 

prov ided  the coverage of the  oxidized product  FeOH 

is not  large.  In  practice,  because  of the scat ter  in  
the  results ,  this  means  a coverage of FeOH of < ,~0.5. 
F o r  0 ~ 0, ~[H + ] -~ K3 ( f rom Eq. [6] ),  whence 

[ is = Fk4K3[H+] -1 exp L ~  ] [8] 

and  OE/D log is = 118 mV, 0E/0 pH = -- 118 mV 
for ~ = 0.5. For  0 -> 1, Eq. [7] gives 

~FE 
is = Fk~ exp L ~ ] [9] 

and 0E/0 log is ---- 118 mV, OE/O pH : 0 for p --  0.5. 
In  the  aoove  equat ions Kj and kj are  the equ i l ib r ium 
and ra te  constants,  respect ively,  for react ion j. I t  
should be noted tha t  0 = 1 does not  necessar i ly  define 
a complete  monolayer  of adsorbed O H -  (which would  
imp ly  enormous l a te ra l  repuls ion  be tween  ad jacent  
adsorbed ions) ,  but  r a the r  the coverage beyond which  
the anodic reac t ion  can no longer  be accelerated.  

Three  regions of anodic behavior  a re  observed f rom 
Fig. 6 (and Table 1), a l l  in exce l len t  agreement  wi th  
the  equations above. Be tween  pH 0 and 7, Eq. [5] 
controls  the bare  surface react ion rate,  and react ion 
[2] (pH independent )  is ra te  controll ing.  For  7 < pH 
< 11.7 the scheme represen ted  by  react ions [3] and [4] 
controls  the  reac t ion  rate,  wi th  0 --> 0; the  ra te  is 
given by  Eq. [8], which is first o rder  in pH. For  pH 

11.7, 0 -> 1 and Eq. [9] (pH independen t )  is r a te  
determining.  In  pract ice,  of course, there  mus t  be  a 
continuous change th rough  the pH = 11.7 region con- 
t ro l led  by  the Langmui r  i so therm given in Eq. [6], 
which  would  cover  1 to 2 units  of pH, for  which 

i s = F k 4 K s ( [ H  +] + K s ) - l e x p  ~ j  [10] 

The fol lowing points should be rea l ized in the above 
mechanisms.  (i) React ion [1] must  proceed rap id ly  
and to completion. In  this sense the  t e rm "bare  sur -  
face" ac tua l ly  applies to tha t  surface on which reac-  
t ion [1] has a l r e a d y  occurred. If this were  not  the 
case a void would  form on the meta l  surface i m m e -  
d ia te ly  beh ind  the s tylus  and  render  tha t  pa r t  of the  
scratch surface e lec t rochemica l ly  inactive.  (ii) Reac-  
tions [3] and [4] mus t  proceed th rough  O H -  ad -  
sorbed by  rap id  equi l ibra t ion  on the surface ( react ion  
[3]).  A react ion of the type  Fe  -~ OH-aq .-~ F e ' O H - a d s  
would have a di f fus ion-control led ra te  given by  i --- 
FDhc/5, where  D is the  diffusion coefficient of O H -  
and 5 the  diffusion layer  thickness.  Fo r  pH ---- 7 and 
8 _-- 10 -'a cm, i ~ 10 -5 A cm -2, which  is far  less 
than  the observed bare  surface cur ren t  densities. (iii) 
In  the  Tafet  regions the  coverage of adsorbed  FeOH 
which is formed dur ing  scra tching mus t  be sufficiently 
low to be ignored for the purposes  of the kinet ic  
t r ea tmen t  of the mechanisms above. In  this connection 
i t  is to be noted that  the m a x i m u m  charge densit ies 
which flow from the surface, qp, a re  a l l  less than  tha t  
requi red  to oxidize a monolayer  of Fe. One would  
expect  the charge  requ i red  to oxidize a monolayer  of 
Fe to FeOH to be a round  200 ~C cm -2, depending  
on which  crys ta l  or ientat ions are  exposed by  scra tch-  
ing. Bear ing  in mind tha t  (i) the surface dens i ty  of 
Fe  in FeOH is unknown,  bu t  p robab ly  less than  tha t  
in the  subs t ra te  and  (ii) the  roughness  factor  of the  
surface is unknown,  bu t  p robab ly  be tween  1.5 and 2 
(22), the m a x i m u m  values  of qp shown in Table  I 
are  all  s ignif icant ly less than  one monolayer  of FeOH. 
These values  a re  observed at  the  upper  potent ia l  
l imi t  of the  Tafel  regions; at  lower  potent ia ls  q ,  (given 
a pp rox ima te ly  by  0.5 istc, where  tc is the  contact  t ime 
of the s tylus)  is also lower.  At  potent ia ls  be low the 
s t eady-s ta te  revers ib le  potent ia ls  react ions  [2] and  
[4] mus t  of course cease when  the coverage of FeOH 
reaches  one monolayer .  



38 J. Electrochem, Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  January 1981 

The upper  l imi t  of Tafel  l i nea r i ty  can be control led  
by  a number  of factors. (i) A significant ohmic po ten-  
t ia l  drop in the e lec t ro ly te  occurs at  h igher  bare  
surface cur ren t  densit ies:  thus the  bora te  e lect rolytes  
show low values of qp (see Table I) and do not  show 
type  B t ransients  (see Fig. 7b).  I t  is, however ,  sig- 
nificant in this respect  tha t  correct ion of the polar iza-  
t ion curves for  the  ohmic potent ia l  drop does not  
ex tend the Tafel  l ines to h igher  potent ia ls  (see Fig. 
1-5). (ii) A significant coverage of FeOH dur ing  
scra tching would  cause the  ra te  of react ions [2] and 
[4] to decrease.  At  h igher  potent ia ls  where  the values 
of qp are  large  (see Fig. 7c) the values  of is are  not  
t rue  bare  surface cur ren t  densit ies.  (iii) Above the 
s t eady-s ta te  revers ib le  potent ia l  for F e ( I I )  format ion  
pa r t i a l  coverage of a th icker  film containing F e ( I I )  
can also occur dur ing  scratching.  In  e i ther  case (ii) 
or (iii) the t rue bare  surface cur ren t  dens i ty  above 
the Tafel  region is ac tua l ly  g rea te r  than  tha t  shown 
in Fig. 1-5, but  the ra te  of scratching cannot  ou t run  
the ra te  of reaction. However ,  some bare  surface mus t  
a lways  exis t  dur ing  scratching.  The ra te  of scra tching 
would  have to be increased enormous ly  in o rder  to 
ex tend  the range  of l inear  Tafel  behavior  to s ig-  
nif icantly h igher  potentials .  This has been noted p re -  
v iously  (4) dur ing  studies of open-c i rcu i t  scrape po ten-  
tials. 

Of the severa l  mechanisms proposed for the  s t eady-  
s ta te  anodic dissolution of Fe (13-16), most  have in-  
volved  e i ther  react ions [2] or  [4] as ini t ia l  e lect ron 
t ransfe r  s teps in the  process. This arises f rom s t eady-  
s ta te  Tafel  pa ramete r s  that  have prev ious ly  been 
observed,  which range  upward  f rom 30 inV. Despite 
the d ivers i ty  of previous  resul ts  there  seems to be 
genera l  ag reement  that  s t eady-s t a t e  measurements  
involve subsequent  react ions as ra te  de te rmin ing  and 
that  these react ions are  preceded  by  a single e lect ron 
t ransfer  step which is fast. The above resul ts  suppor t  
these theories  and establ ish the  kinet ics  of the first 
step; subsequent  steps are  slow compared  wi th  the 
ra te  of bare  surface react ion from the scratched elec-  
trode, as demons t ra ted  by  the high cur ren t  densi t ies  
in Fig. 1-5. The fact  that  the scratched i ron e lect rode 
reacts  anodica l ly  below its equ i l ib r ium potent ia ls  
also indicates  tha t  some ear ly  oxidat ion  step is occur-  
ring, a react ion which has a revers ib le  potent ia l  more  
negat ive  than  those quoted by  Pourba ix  (21) for  
the  i ron oxides. A s imi lar  effect has been observed 
for  the anodic behavior  of scra tched s i lver  electrodes 
(22); in this case the revers ib le  potent ia l  for the reac-  
t ion of Ag to form a monolayer  of adsorbed AgOH 
was isolated. In  the  present  work  the revers ib le  po-  
tent ia l  for FeOH format ion  cannot be found since 
i t  lies in the  region obscured by  the accelera ted  hydro -  
gen discharge reaction. These first e lectrochemical  
steps shown by react ions [1]-[4]  are  fol lowed by  
the s lower  steps measured  in the s teady  state, in 
which FeOH on the surface is oxidized to F e ( I I )  in 
solut ion or  as a surface film. I t  should be noted tha t  
react ions [1]-[4]  a re  precursor  react ions to both 
dissolution and pass ivat ion and that  a high coverage 
of FeOH occurs. Whereas  dissolution occurs exclus ively  
through these react ions (in the absence of e lect roac-  
t i r e  anions) ,  pass ivat ion occurs by  oxidat ion  of the  
FeOH layer  to produce a th icker  film of some higher  
oxide of Fe. Once this passive film is formed, the  
FeOH layer  is no longer  in contact  wi th  the  e lect rolyte  
solution. In  this case it may  remain  as an in ter fac ing 
l aye r  be tween  the meta l  and the film, or it  m a y  be 
en t i re ly  oxidized and disappear .  The th ickening of 
the pas s ive  film m a y  therefore  not necessar i ly  requi re  
the  format ion  of the  precursor  FeOH. 

In te r fe rence  b y  the accelera ted  hydrogen  discharge 
react ion on the scratched surface prevents  measure -  
ment  of Eo and hence io ( revers ib le  potent ia l  and 
exchange cur ren t  density,  respect ive ly)  for  react ions 
[2] and [4]. Nevertheless ,  the  fact  tha t  these react ions 

occur at  ve ry  low potent ia ls  means  that  the adsorbed 
FeOH species mus t  exis t  on the meta l  at  potent ia ls  
where  F e ( l I )  can be reduced  f rom solution. The ad-  
sorbed layer  must  thus be an in te rmedia te  in low 
overpoten t ia l  e lec t roreduct ion  of F e ( l I )  and H + f rom 
solution. Scra tching of Fe at  potent ia ls  in the cathodic 
regions shown in Fig. 1-5 shows grea t ly  acce lera ted  H+ 
reduct ion cur ren t  densit ies,  wi th  a Tafel  slope (at  pH 
14) of 116 mV. The react ion involved is p robab ly  the 
reduct ion  of a proton,  viz., HH~O + ~ e -  ~ H ~ H20, 
but  now it  occurs on the bare  me ta l  surface ins tead of 
a surface covered by  a l aye r  of FeOH, which exists  
dur ing  s t eady- s t a t e  hydrogen  evolution.  I t  would  be 
expected that  below the revers ib le  potent ia l  for FeOH 
format ion  cathodic reduct ion processes would  not be 
signif icantly accelera ted  by  using scratched meta l  elec-  
trodes. For  Fe these potent ia ls  are  inaccessible because 
of the large  proton reduct ion  cur ren t  densi t ies  which 
occur on the remain ing  unscra tched  area  of the elec-  
trode. 

I t  is of some consequence tha t  the anodic t ransfer  
coefficients, ~, for react ions [2] and [4] do not differ 
s ignif icantly f rom 0.5, despi te  the high cur ren t  densit ies 
of up to 1 A c m  -2 which emana te  f rom the scratched 
surface (see Fig. 1-5). I t  is possible  tha t  the exchange 
cur ren t  densi t ies  for these react ions are  high and the 
anodic Tafel  regions shown in Fig. 1-5 for the scra tched 
surfaces do not  represent  ve ry  high overpotent ia ls  
[in agreement  wi th  the conclusions of Andersen  et al. 
(4)] .  

While  some difference in ohmic potent ia l  drop oc- 
curs be tween  bora te  and b icarbonate  e lect rolytes  of 
s imi lar  pH, this difference is insufficient to account  
quan t i t a t ive ly  for  the extension of the l inear  Tafel  
range  by  bicarbonate ,  as shown in Fig. 5. Bicarbonate  
does not affect the ra te  of bare  surface reaction,  but  
does appea r  to hold the surface bare  for a longer  
per iod of time. In another  paper  we have shown (23) 
that  HCOs-  forms soluble complexes wi th  F e ( I I )  and 
thus s t rongly  affects the s t eady-s t a t e  anodic dissolu-  
tion and passivat ion of Fe. The effects in the scratching 
exper iments  are  p robab ly  to accelera te  the oxidat ion  
of FeOH to dissolved F e ( I I ) ,  t he reby  a l lowing more  
charge  to flow before the surface becomes covered by  
FeOH. Other  anions may  affect the  ac tual  bare  surface 
react ion i tself  (e.g., chlor ide)  and these are  presented  
in another  paper  (24). 

I t  has been shown that  rap id  scra tching of electrodes 
under  potent iosta t ic  control  enables  fast  steps in 
electrode react ions to be elucidated.  Whereas  poten-  
t iostat ic  pulse exper iments  also measure  fast react ion 
steps, the case of the anodic behavior  of Fe  could not  
be revea led  by  pulse measurements  since cathodizat ion 
of the meta l  p r io r  to the anodic pulse e i ther  produces  
hydrogen  which can then be oxidized, or does not  
reduce the FeOH layer .  Fur ther ,  potent iosta t ic  pulse 
exper iments  are  pa r t i cu l a r ly  suscept ible  to impur i t ies  
adsorbed  on the e lect rode surface. In  scra tching 
exper iments  trace impur i t ies  f rom the e lec t ro ly te  a re  
not important ,  and those ar is ing f rom prepara t ion  of 
the meta l  surface are  scratched away. It  has been 
suggested ear l ie r  (4) f rom open-c i rcu i t  scraping ex-  
per iments  on some metals  tha t  inhibi t ing films or  layers  
of molecules occur on act ive meta ls  l ike Fe, such that  
the slow step in the meta l  oxidat ion  react ion in aqueous 
solut ion is not the t ransfer  of an ion into solut ion 
f rom the bare  meta l  surface. The present  results  con- 
firm the existence of such a film (FeOH) on Fe and 
demonst ra te  the sui tabi l i ty  of the scratching technique 
to e lucidate  the kinetics of its formation.  

Conclusions 
1. The scratching of meta ls  under  potent iostat ic  con- 

t rol  can reveal  the presence of in te rmedia tes  in elec-  
t rode reactions, and e lucidate  the kinetics of fast  
e lect ron t ransfer  processes. 
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2. Anodic and cathodic reactions on Fe are greatly 
accelerated when the metal is scratched to remove 
surface films. 

3. The kinetics of the first oxidative step in the 
anodic dissolution and passivation of Fe over the pH 
range 0-14 follows Tafel's law with a single electron 
transfer. For pH ~7 reaction [2] occurs, and the pro- 
cess is independent of pH. For pH > 7 the reaction 
occurs by Eq. [3] and [4], with first=order kinetics 
in OH-  in the pH range 7-11.7 and zero order for pH 

11.7. 
4. The formation of FeOH by reactions [2], [3], and 

[4] occurs at potentials below the thermodynamic 
reversible potentials for equilibrium film formation. 
The FeOH layer is an intermediate in the anodic dis- 
solution and passivation of Fe and is also an inter- 
mediate in the cathodic reduction of H + and Fe 2+ from 
solution, since it exists at potentials where each of 
these processes can occur. 

5. Deviation from linear Tafel behavior in the anodic 
bare surface polarization curve results from rapid 
partial repassivation or from the ohmic potential drop 
in the electrolyte. 
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Use of Activity Coefficients to Calculate the 
Equilibrium Conditions within a Localized Corrosion 

Cell on Iron 

E. McCafferty* 
Naval Research Laboratory, Washington, D.C. 20375 

ABSTRACT 

The equilibrium electrochemical conditions within a localized corrosion 
celt on iron have been calculated using activity coefficients to take into ac- 
count the high ionic concentrations which occur within the occluded corro- 
sion cell. The calculations utilize Pourbaix's model that the stable solid phases 
within a corrosion pit, crevice, or stress-corrosion crack are Fe, Fe304, and 
FeC12.4H~O. The calculated equilibrium conditions are: E ---- --0.385V vs. 
NILE, pH -- 5.2, [Fe ++ ] -- 4.5 moles/liter, and [CI-] ---- 9.0 moles/liter. If 
the occluded corrosion cell is limited to atmospheric pressure conditions, the 
internal conditions are calculated to be: E = --0.281V vs. NHE, pH -- 4.8, 
[Fe + +] -- 4.5 moles/liter, and [CI-] -- 9.0 moles/liter. With both sets of re- 
sults, the internal pH is only slightly higher and the electrode potential 
slightly more negative than in the original Pourbaix calculations. Thus, the 
calculated results support the basic ideas first proposed by Pourbaix. 

Pitting, crevice corrosion, stress-corrosion cracking, 
and other forms of localized corrosion a11 develop a 
local electrolyte of different chemical composition than 
the bulk solution. These compositional differences, in- 

* E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
Key words; iron, localized corrosion, thermodynamics,  activity 

coefficients. 

cluding changes in local pH, arise due to a limited mass  
transport from the "occluded corrosion cell" (1). 

A guide as to the equilibrium conditions within such 
"occluded corrosion cells" for iron has been given by 
the thermodynamic calculations of Pourbaix (2). Pour- 
baix has suggested that the internal electrolyte within 
an occluded corrosion cell on iron is highly coneen-  
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t rated in both Fe + + and C1- ions. The proposed solid 
phases are FeC12.4H20 and FeaO4, existing as deposits 
on the iron substrate. Based on thermodynamic  data, 
and as a first approximation,  Pourbaix  has calculated 
the equi l ibr ium conditions wi thin  localized corrosion 
cells involving i ron to be 

E : --0~368V vs. NHE 

pH = 4.80 

[C1-] -- 556 moles/ l i ter  

[Fe + +] = 278 moles / l i te r  

[i] 

These calculations predict concentrat ions of Fe ++ 
and C1- which are enormously high and far in  excess 
of the solubil i ty (4.5 moles/ l i ter)  of ferrous chloride. 
This par t icular  result  seems to be general ly  overlooked. 
This is probably because of the agreement  between 
calculated and exper imental  values of E and pH, as 
has been reported for a number  of different types and 
instances of localized corrosion of i ron (3-9), see 
Table I. Nevertheless, the calculated equi l ibr ium values 
of in te rna l  E and local pH are directly related to the 
concentrat ions of Fe + + and C1-. In  the strictest sense 
then, an overest imation of the concentrat ions of Fe + + 
and C1- must  impar t  some error to the calculation of  
the local pH and in te rna l  electrode potential. 

Pourbaix  has suggested that  the high calculated 
values of Fe + + and C1- arise from the failure of dilute 
solution approximations to hold in more concentrated 
solutions. The purpose of this communicat ion is to re-  
calculate the equi l ibr ium conditions for occluded cor- 
rosion cells on iron making  two modifications. The 
first is the use of activity coefficients in the t rea tment  
of the concentrated electrolyte. Secondly, account is 
taken that  one of the solid phases is FeCI2.4H20 rather  
than the anhydrous salt. Pourbaix 's  calculations have 
utilized thermodynamic  data for the anhydrous salt 
FeC12 rather  than for the hydrate  FeC12.4H20. 

When these modifications are made, the resul t ing 
calculated values of [Fe ++] and [C1-] are those of an 
aqueous solution saturated in  ferrous chloride. The 
revised calculated pH value is slightly higher, and the 
revised calculated electrode potential  slightly more 
negative than the Pourbaix  results. However, the pres-  
ent  calculations support the basic features of the model 
as proposed by Pourbaix.  

In  addition, calculations are also made assuming that  
the surface oxide formed wi th in  the localized cell, 
ra ther  than being magnetite,  is each of the following: 
Fe(OH)2, a-FeOOH, 7-FeOOH, ~-Fe203, or 7-Fe203. 

Analysis and Calculations 
Pourbaix's model . - -When there is a lack of oxygen, 

as wi th in  occluded corrosion cells (10, 11), the overall  
i ron dissolution reaction is 

Fe ~ Fe + + + 2e-  [2] 

The preponderance of ferrous ions (rather  than ferric 
ions) wi th in  occluded corrosion cells on iron has been 
demonstrated for crevice corrosion by several invest i -  

Table I. Some experimental observations of the internal pH and 
electrode potential in the localized corrosion of iron 

T y p e  of local-  
ized c o r r o s i o n  I n v e s t i g a t o r  (s) p t I  E vs. NHE 

Pitting B u t l e r  et  al. (3) 2.0 - 0 . 3 5  to - 0 . 4 8  
Suzuk i  e t  at. (4) 4.7 (70~ - -  

C rev i ce  corrosion B o g a r  a n d  F u j i i  4.7 
(5) 

McCaf f e r t y  (6, 7) 4.5-5.0 - 0 . 4 0  to  - 0 . 4 5  
Stress corrosion B r o w n  et  al.* (8) 3.8 

c r a c k i n g  S m i t h  et al.$ (9) 3.5-3.9 - 0 . 3 2  ~o - 0 . 3 6  

* 0.45 C steel .  
, 4340  s teel ;  va lue s  for freely corroding conditions. 

gators (5, 12, 13) and for stress-corrosion cracking by 
Brown and co-workers (8). At equil ibrium, Eq. [2] is 
described by 

2.303 RT 
E ---- E ~ -t- log aFe+ + 

2F 
o r  

E -- --0.440 + 0.0295 log aFe+ + [3] 

Ferrous ions then  hydrolyze wi th  acidification, a c -  
c o r d i n g  to several possible reactions (12, 14) 

Fe++ + H 20 ,~  FeOH + + H+ [4] 

Fe ++ + 2H~O,~---~ Fe(OH)2 + 2H + [5] 

3Fe + + + 4H20 ~ Fe304 + 8H + + 2e-  [6] 

In the absence of oxygen, the thermodynamical ly  
favored corrosion product  is FesO4 (14, 15). The pres-  
ence of magnet i te  has been observed exper imenta l ly  
in several studies which simulated occluded cell cor- 
rosion through the use of scaled-up macro-facsimile 
cells (14, 16, 17). In  addition, the corrosion products 
wi thin  crevices on 304 stainless steel in seawater were 
found to be black with no indicat ion of red rust  (12). 
For Eq. [6] 

E : 0.980 + 0.2364 log all+ --0.0886 log aFe+ + 

--0.11821ogaH~o [7] 

It should be noted that the term in aH20 is necessary 
for concentrated solutions, although this term vanishes 
for dilute solutions, where the activity of water is 
unity. 

With the buildup of Fe + + and H+ ions within the 
confined local electrolyte, CI- ions migrate into the 
occluded cell to preserve charge neutrality. That is, 
Y, cizi ---- 0, or in terms of molalities 

2 m f e +  + + ~ H +  = m c l -  [8] 

The resul t ing increased local concentrat ion of f e rrous  
chloride is l imited by the reaction 

Fe + +(aq) + 2Cl-(aq) + 4I-I20(1).~-FeCt~-4H20(s) [9] 

The solid phase in equi l ibr ium with a bulk  saturated 
solution of ferrous chloride at 25~ is the hydrate  
FeC12.4H20 (18). The existence of this solid phase 
within the confined local electrolyte, as proposed by 
Pourbaix,  has been verified by the macro-facsimile 
cell studies of Fuj i i  (17) and Sathler  and Van Muylder  
(14). 

Equilibrium calculations.--The need for using i on  
activities ra ther  than concentrat ions is seen in Fig. 1, 
which shows activity coefficients for aqueous solutions 
of the t ransi t ion metal  chlorides (19-21). As seen in 
Fig. 1, the mean  molal activity coefficient for ferrous 
chloride is greater  than  uni ty  for concentrat ions above 
2.5m. 

For the ferrous chloride 2:1 electrolyte 

a = a F e +  + a C 1 - 2  ---- a+_. 3 [10] 

The relationship between the ionic activities and ac- 
t ivity coefficients is a F e +  + ~--~ 7 + m F e +  + ---- 7 + m ,  a n d  
acl -  = 7 - m c i -  -- 27-m,  where m is the molal  con- 
centrat ion of ferrous chloride. Thus 

a~ 3 = 47~,87+7- 2 

or 
a• 8 = 4(m~•  3 [11] 

where "v-+ is the mean  molal activity coefficient for the 
2:1 electrolyte and is given by 7+_ 3 = 7 + 7 -  2. 

The equi l ibr ium constant for Eq. [9] is 

1 
K e q  ---: [12] 

a F e  + + a c l - 2 a H 2 o 4  
with 

aG ~ : --2.303 RT log K ~  [13] 
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Fig. 1. Activity coefficients for aqueous solutions of the transi- 
tion metal chlorides. Data for FeCI2 are from: �9 Stokes (19), 
Kangro and Groeneveld (20), �9 Susarev et al. (21). All other data 
are from Stokes (19). 

where  

AG O = AG~ �9 4H2Ocs)) - -  AG~ + +(aq)) 
-- 2AG~ --  4AG~ [14] 

where  aG~ (i) is the  s t anda rd  free energy  of fo rma-  
t ion (per  mole)  of the i th  ion or compound.  Using the 
appropr ia t e  values l i s ted  in Table  II, Eq. [12]-[14] 
combine to give 

1 
= 10 -3 .o52z [15] 

aFe + + ac1- 2att2o 4 

Equat ions  [3], [7], and [15] combine to give 

all+ --  (2.370 X 10 -6)  (afe++)~ -~176 [16] 

Using Eq. [16] and the definit ion of s ingle- ion ac t iv i ty  
coefficients in Eq. [8] g i v e s  

2aFe + + {- -- 
"7Fe+ + */H+ 

[ (1.185 X 10-o) (aFe+ + ) -0.625 (acl-) -o.~o]~ 
.J 

acl - 
= [ 1 7 ]  

7el- 
As is well known, individual ionic activity coefficients 
cannot be measured but can be calculated at low con- 
centrations. Recently Bates and co-workers (23, 24) 
have derived a method for calculating individual ionic 
coefficients in concentrated solutions. Their results for 
a variety of chlorides suggest that as a first approxi- 
mation, the order of activity coefficient for Fe + + and 
H + can be taken to be the same. That is, 0(TFe++) = 
O ("]H + ) �9 AlSO 

Table II. Standard free energies of formation at 25~ 

AG~ 
Spec ies  ( k c a l / m o l e  ) Source  

Fe  ++ (aq.) - 20 .30  P o u r b a i x  (22) 
C1- (aq.) - 3 1 . 3 5  P o u r b a i x  (22) 
H20 (l) --56.690 P o u r b a i x  (22) 
FeCl~ �9 4H20 (,) - 305 .6  Susarev  e t  aL (21) 
Fe (OH)2  (B) -116 .3  W a g m a n  et aL (28) 
cx-Fe208 (,) -- 177.4 P o u r b a i x  (30) 
7-Fe~Os c,) - 169.466 P o u r b a i x  (30) 

1 > >  (1.185 X lO-e )  ( a F e + + ) - o . ~ ( a c l - ) - o - ~ o  

so tha t  Eq. [17] r e d u c e s  t o  

2 a F , + + .  ~ a c l -  , [18] 
~'Fe + + 7CI-- 

or, 2mFe+ + ~ mcl-. Thus, the electrolyte in the oc- 
cluded corrosion cell  is essent ia l ly  fe r rous  chlor ide  
(wi th  lesser amounts  of hydrogen  ion) .  

The factor  aFe+ +ac1-2 in Eq. [15] can thus be re-  
p laced by  a•  3, the  mean  mola l  ac t iv i ty  of ferrous  chlo-  
ride. The act iv i ty  of wa te r  in aqueous fer rous  chlor ide  
solutions has been de te rmined  f rom vapor  pressure  
measurements  (20, 21). The wa te r  ac t iv i ty  varies  f rom 
uni ty  for  the di lute  e lec t ro ly te  to 0.59 for sa tu ra ted  
ferrous  chloride. The wa te r  ac t iv i ty  is shown in Fig. 2 
as a funct ion of the  mean  ac t iv i ty  a•  of the e lectrolyte .  
For  concentrat ions of ferrous  chlor ide g rea te r  than  2m, 
the fol lowing empir ica l  leas t  squares  re la t ionship  
holds 

aH20 ---- --0.2977 l o g  a+_ + 0 . 9 8 6 3  [ 1 9 ]  

Equat ions [15], [10], and [19] combine to g i v e  

f ( a •  - -a •  ( a •  -5 0.9863] 4 - -  1127 [20] 

Equat ion [20] can be solved g raph ica l ly  for  a•  
F rom Fig. 3, the solution is a•  = 20.8. Use of this 
value  in Eq. [11] gives m~• = 13.11. F igure  4 shows 
Fig. i rep lo t ted  as m~• vs. m for ferrous  chloride.  The 
product  m~• = 13.11 corresponds to a fer rous  chlo-  
r ide  concentra t ion of 5.15m (and to 7• = 2.55). F r o m  
the densi ty  da ta  of Ionen and Kozhakova  (25), a 5.15m 
solut ion of ferrous  chlor ide  corresponds to a mola l  
concentra t ion of 4.5 moles / l i te r .  

To calculate  the e lect rode poten t ia l  and  pH using 
Eq. [3] and [16], i t  is first necessary  to calculate  single 
ion activi t ies for the  Fe ++ and C1- ions. As noted 
earl ier ,  Bates and co-workers  (23, 24) have developed 
a method for calculat ing ind iv idua l  ionic act ivi t ies  in 
concentra ted  solutions. Thei r  method is based on the 
Stokes and Robinson (26) hydra t ion  theory  for cal-  
cula t ing mean  ac t iv i ty  coefficients in concent ra ted  
solutions. According to Stokes and Robinson 
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Fig. 2. Activity of water in ferrous chloride solutions 
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i l l l l l l  

2 0  25 

0.50921zlz~lx/~" h 
log  ~+_ : - -  _ B l o g  aHzO 

1 + 0.3286 ~ " V ~  7, 

- -  l o g  [1 - -  0 . 0 1 8 ( h - -  ~ ) m ]  [21] 

where zl and z2 are the valencies, ~ the ionic s t rength 
in  molal i ty units, v the n u m b e r  of ions per molecule 
(3 for Fee12), and ~ and h are two adjustable  pa-  
rameters  related to the ion size and hydration,  respec- 
tively. Using a ---- 4.8 and h = 12 for FeCl2, Stokes 
and Robinson obtained good agreement  between cal- 
culated and measured values of 7--- for concentrations 
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Fig. 4. Data in Fig. 1 for FeCI2 replotted as n~_+ vs. m 
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6 

up to about  2m. As noted by these authors, at higher 
concentrations the "hydrat ion number"  h must  de- 
crease due to increased competit ion between neigh-  
boring ions for available water  molecules. Figure 5 
shows the concentrat ion dependence of h which en-  
ables Eq. [21] to hold over the entire concentrat ion 
range for FeC12 solutions. 

Assuming that h = 0 for the chloride ion, Bates and 
co-workers developed the following equations for a 
b i -un iva len t  electrolyte, such as ferrous chloride 

h 
log 7M2+ = 2 log  7~- - -  ~ l og  a a m 

+ log [1 + 0.018(3 -- h)m] [22] 

h 
2 l o g  7 c l -  - -  log 7 *  4- -~- log aH~o 

- -  log  [1 + 0.018(3 - -  h)m] [23] 

The solution to Eq. [20], as cited earlier, is: a__. = 
20.8, m ---- 5.15, and 7-+ -- 2.55. From Fig. 5, the Stokes 
and Robinson hydrat ion number  corresponding to m -- 
5.15 is h _-- 8.5. From Eq. [15] or Eq. [19], aH20 = 0.594. 
Using these data in Eq. [22] and [23] gives: 7re++  = 
13.941 and 7cl-  : 1.091. Also, aFe+ + -- m "YFe + + and 
ac l -  : 2m7cl-  yields: aFe++ -" 71.80 and ac l -  -- 
11.24. Use of these activities in Eq. [16] a n d  [3] gives 
the pH of the occluded corrosion cell as 5.2 and the 
electrode potential  as --0.385V vs. NHE. 

The calculated results for the occluded corrosion cell 
on iron are summarized in  Table III. Comparison of 
these calculated results with Eq. [1] shows that  the 
calculated value of the in te rna l  pH is slightly higher 
than the Pourbaix result  (5.2 compared to 4.8). Also, 
the calculated electrode potential  is slightly more 
negative (--0.385 compared to --0.368). However, the 
present calculations predict  more realistic concentra-  
tions of dissolved Fe + + and C1- ions. 

These calculated results apply to equi l ibr ium and 
not to those stages of localized corrosion when there 
are concentrat ion gradients wi th in  or ionic migrat ion 
across the crevice, crack, or pit. Thus, these calcula- 
tions describe the localized cell at times beyond the 
ini t iat ion stage and well into the propagation stage. 
For the crevice corrosion of i ron and steels for ex- 
ample, the observation of constant  in te rna l  electrode 
potentials with t ime (6, 10, 27) is an indication of the 
approach to the steady state. 

Atmospheric pressure modeL--Figure 6 il lustrates 
the equil ibria considered in  the previous section. The 
diagram is essentially the same as that given earlier 
by Pourbaix  (2). The only difference is that  Fig. 6 
is based on the present  results: aFe++ = 71.80 and 
aH20 = 0.594. The equi l ibr ium conditions (as calcu- 
lated above) lie below the "a" l ine for hydrogen 
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Fig. 5. Calculated values for the Stokes and Robinson hydration 
number h for aqueous solutions of FeCI2. (Sources of experimental 
data used in Eq. [21] are indicated on the figure.) 
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Table III. Summary of calculated and experimental results for the 
occluded corrosion cell on iron 

43 

Equ i l i b r ium 
model  

Atmospheric pressure model 

Calculations Experimental 

P r e s e n t  Sa th l e r  and 
calculations Present  results Pourba ix  (2) Fuj i i  (17) Van  Muylder  ( 14 ) 

E vs. NI-IE - 0.385 - 0.281 - 0.254 -0 .332 - 0.330 
p H  5.2 4.8 4.3 3.8 3.8 
[Fe§ 4.5 m o l e s / l i t e r  4.5 mo le s / l i t e r  276 mo le s / l i t e r  4.2 mo le s / l i t e r  4.6 moles / l i ter  
[CI-] 9.0 morns / l i t e r  9.0 m o l e s / l i t e r  552 mo le s / l i t e r  8.4 mo le s / l i t e r  9.2 moles / l i ter  

evolut ion 
2H + + 2e -  r  

Thus, hydrogen evolut ion can occur wi th in  the 'oc- 
cluded corrosion cell, and at equil ibrium, the pressure 
of hydrogen given by  

E = 0.000 -- 0.0591 pH -- 0.02955 log PH2 [24] 

is PH9 = 400 a tm for the conditions E = --0.385V and  
pH = 5.2. 

If the pressure of hydrogen gas wi th in  the occluded 
corrosion cell is restricted to 1 arm, then the equi-  
l ib r ium conditions are given by the intersection of l ine 
26 wi th  l ine "a" ra ther  than  with l ine 23. That  is, si- 
mul taneous  solution of Eq. [7], [8], [15], and [24] 
(PH2 - -  1 atm) gives the results: E - -  --0.281V vs. 
NHE, pH ---- 4.8, and the concentrat ion of ferrous chlo- 
ride equals 4.5 moles/l i ter .  These results are summa-  
rized in  Table HI, which also lists the exper imenta l  
results from the macro-facsimile cell studies of Fuj i i  
(17) and Sathler  and Van Muylder  (14). 

Calculations based on Fe(OH)z . - -The  above calcu- 
lations assume that  the thermodynamical ly  favored 
oxide (FeaO4) is formed on the i ron surface wi th in  
the localized corrosion cell. If instead, the formation 
of Fe(OH)2 is considered, as in Eq. [5], then  

aH +2 
= Ks  [25] 

aFe + + aH202 

From the free energy of formation data listed in  Table 
II, K5 is calculated to be 1.774 • 10 - la .  Equations [25], 
[3], [8], and [15], in  conjunct ion wi th  the s ingle- ion 
activity coefficient calculations in Eq. [22] and [23] 
give the results: pH = 5.7, E -- --0.385V vs. NHE, 
[Fe + +] -- 4.5 moles/l i ter ,  and [C1-] = 9.0 moles/l i ter .  

Calculations based on ]erric oxyhydroxides or o x -  

ides.--It  is well  known that  corrosion products formed 
in na tu ra l  envi ronments  contain oxyhydroxides, usu-  
ally a-FeOOH or ~-FeOOH (29). Al though occluded 
corrosion cells are low in  oxygen content, the for- 
mat ion of hydrated ferric oxides might  occur through 
the hydrolysis reactions 

Fe + + + 2H20 ~ a-FeOOH + 3H + + e -  [26] 
o r  

Fe + + + 2H20 ~ ~-FeOOH + 3H+ + e -  [27] 

In each case 

E = E ~ + 0.1778 log  al l+ - -  0.0591 l o g  aFe+ + 

- -  0 .11821ogaH20 [28] 

where E ~ = 0.655 for a-FeOOH and 0.919 for ,v-FeOOH 
(29). Solut ion of Eq. [28], [3], [8], and [15] again 
using the Bates s ingle- ion activity coefficients 
gives: p i t  = 5.4 for a-FeOOIt  and 6.9 for 7-FeOOH. 
For both cases, E = --0.385V vs. NILE, [Fe ++] = 4.5 
moles/l i ter ,  and [C1-] = 9.0 moles/l i ter .  

If the ferric oxides are not hydrated  

2Fe + + + 3H~O ~-- a-Fe~O8 + 6H+ + 2e -  [29] 
o r  

2Fe + + + 3H20 ~ 7-Fe203 + 6It + + 2e -  [30] 
then 

E = E ~ + 0.1773 log  al l+ - -  0.0591 l o g  aFe+ + 

--0.0886510gaH20 [31] 

Based on the free energies of format ion listed in  Table 
II, E ~ = 0.721 for a-Fe203 and 0.893 for 7-Fe208. With 
Eq. [31] in  place of Eq. [28], the pH wi th in  the oc -  
c lude d  corrosion cell is calculated to be 5.7 based on 
an a-Fe203 layer and 6.7 based on a 7-Fe203 layer. 
For both cases, the calculated electrode potent ial  is  
--0.385V vs. NHE with [Fe ++ ] -- 4.5 moles / l i ter  a n d  
[C1-] - -  9.0 moles/l i ter .  

Discussion 
The available exper imenta l  evidence indicates that  

magneti te  is the stable oxide phase formed wi th in  
localized corrosion cells on iron. The occurrence of 
magneti te  was shown by Sathler  and Van Muylder  in  
their macrofacsimile cell studies (14). Moreover, if i t  is 
assumed that the stable oxide phase is ferrous hy-  
d~roxide or one of the ferric oxides or oxyhydroxides 
(instead of magnet i te) ,  then the calculated pH's are 
substant ia l ly  higher than those observed in  various 
exper imental  studies (3-9) or in  the scaled up macro- 
facsimile cells (14,17). 

Table III summarizes the present  calculations based 
on the Pourba ix  model of a magnet i te-covered i ron 
surface in contact with a concentrated solution of 
acidified ferrous chloride. Results are given for both 
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After Pourbaix (2). The encircled,numbers correspond to reactions 
given in Ref. (22). 
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the equ i l ib r ium model  and for  the case where  the 
localized cell is ma in ta ined  under  1 arm pressure  of 
hydrogen  gas. In  both  instances, the calcula ted local 
p H  is s l ight ly  h igher  and the ca lcula ted  in te rna l  
potent ia l  s l ight ly  more  negat ive  than  in the or ig inal  
Pourba ix  calculations.  But these are  minor  differences; 
the main  difference is in the resul ts  for the concent ra-  
tions of Fe + + and C1-. 

Table  I I l  also gives the expe r imen ta l  resul ts  f rom 
the macro- facs imi le  cell studies of Fu j i i  (17) and 
Sa th l e r  and Van Muylde r  (14). Fu j i i  immersed  an i ron 
electrode in a s imula ted  pi t  consist ing of a deae ra ted  
sa tu ra ted  solut ion of FeC12 mixed  wi th  excess FeC12 
�9 4H20, magnet i te ,  and  powdered  iron. Sa th le r  and 
Van Muylde r  used a deae ra ted  sa tu ra ted  solut ion of 
FeC12 �9 4H20, which also contained i ron powder .  Table  
I I I  shows tha t  the e lect rode potent ia l  of i ron in these 
synthet ic  occluded corrosion cells is closer to the pres-  
ent  resul ts  than to Pourba ix ' s  ca lcula ted  value.  The 
reverse  is t rue  wi th  the pH comparisons.  

The presen t  calculat ions also predic t  tha t  the in te r -  
na l  e lec t ro ly te  is sa tu ra ted  in fer rous  chloride. A di-  
rect  comparison wi th  the concentra t ions  of Fe + + and 
C1- in the expe r imen ta l  macro-ce l l s  cannot be made,  
of course, because the macro-ce l l  e lectrolytes  were  in-  
t en t iona l ly  made  up to sa tura t ion  in these two icns. 
However ,  recent  s tudies on the solution chemis t ry  
wi th in  corrosion pits  on stainless steels have es tab-  
l ished tha t  the local e lectrolytes  a re  concent ra ted  in 
both Fe  + + and C1- ions. Chloride concentrat ions  of 
3-6N (4) and 3-12N (31) have been reported.  Fer rous  
ion  concentrat ions of 2-4N have been  observed,  accom- 
panied  by  Cr + + + concentrat ions of about  1N (4). A l -  
though these studies were  made on stainless steels, 
r a the r  than  on pure  iron, the evidence is tha t  the  local 
e lec t ro ly te  is concentra ted  in the meta l l ic  cation and 
in chloride ion, as pred ic ted  by  Pourba ix  and suppor ted  
by the presen t  calculations.  

I t  should be emphasized that  the presen t  calculat ions 
app ly  to localized corrosion processes on pure  un-  
a l loyed iron. Various expe r imen ta l  studies have shown 
tha t  the in te rna l  pH is much lower  for the localized 
corrosion of stainless steels, due to the hydrolys is  of 
cer ta in  a l loying  elements,  especia l ly  Cr + + + (4, 5, 12). 

Summary 
1. The equi l ib r ium elect rochemical  condit ions wi th in  

a localized corrosion cell on pure  i ron have been cal-  
cula ted  using the the rmodynamics  of concent ra ted  
aqueous solutions. 

2. The in te rna l  pH is ca lcula ted  to be be tween  4.8 
and 5.2, and the e lect rode potent ia l  of in te rna l  i ron to 
be be tween --0.280 and --0.385V vs. NHE. (Both pH 
and E depend on the pressure  of hydrogen  wi thin  the 
occluded cell.) 

3. The composit ion of the in te rna l  e lec t ro ly te  is 
ca lcula ted to be sa tu ra ted  in FeC12; i.e., 4.5 moles / l i t e r  
Fe  + + and 9.0 moles / l i t e r  CI - .  

4. The ca lcula ted  in te rna l  pH is s l ight ly  h igher  and  
the e lect rode potent ia l  s l ight ly  more  negat ive  than in 
the or ig inal  Pou rba ix  calculations.  In  general ,  the pres-  
ent  calculat ions suppor t  the Pourba ix  model  of the i ron 
occluded corrosion cell. 

Manuscr ip t  submi t ted  Aug. 13, 1979; revised m a n u -  
scr ipt  received Aug. 5, 1980, 

A n y  discussion of this pape r  wil l  appea r  in a Discus- 
sion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Discus- 
sion Sect ion should be submi t t ed  by  Aug. 1, 1981. 

Publication costs o~ this article were assisted by the 
Naval Research Laboratory. 
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Effect of Plating Parameters on Electrodeposited NiFe 
Jean Horkans* 

IBM, Thomas J. Watson Research Center, Yorktown Heights, New York  10562 

ABSTRACT 

Films of NiFe alloys were deposited under galvanostatie conditions from 
solutions containing no stress-relieving additives and no surfactants. The 
composition of the films and the deposition efficiency were determined as a 
function of current density, pH, the identity of the anion (SO4 a- or CI-), and 
the boric acid content of tne solution. The ]~'e content is lower in deposits from 
chloride solution than from sulfate solution and is increased by the addition 
of HaBO3. The efficiency increases with increasing current density and in- 
creasing pH, is higher in deposits from chloride solution, and is little 
affected by H~BO~. The observations are interpreted in terms of suppression of 
Ni deposition by a surface iron hydroxide precipitated when the local surface 
pH rises during deposition. The way in which the solution components and 
conditions of deposition influence the formation of this hydroxide determines 
their effect on deposit properties. Increasing current density causes greater 
hydroxide precipitation and thus increases the Fe content of the film up to the 
point where ionic diffusion in the hydroxide limits the rate of Fe deposition. 
Chloride ion forms a weak complex with Fe 2+ and thereby limits hydroxide 
formation, lowering the percentage Fe in the deposits. Boric acid has its 
greatest effect under conditions where hydroxide formation is most extensive. 
It does not act as a buffer, but apparently adsorbs on the hydroxide-covered 
surface. 

The composition and properties of electrodeposited 
NiFe alloys are known  (1) to be highly dependent  on 
the composition of the solution from which they are 
plated and the conditions of deposition. Variables 
which are significant in  the deposition process include 
mass t ransport  conditions, cur rent  density, tempera-  
ture, and var iat ion in  concentrat ion of all  of the solu- 
t ion components ( including pH).  A large n u m b e r  of 
deposit properties, including composition, magnetic  
properties, and metal lurgical  properties, depend on 
these plat ing variables, bu t  the in terdependence is not  
yet  well understood. 

Strong evidence exists tha t  the s imultaneous evolu- 
t ion of I-I2 dur ing  deposition is a dominan t  factor in  
de termining  the composition and properties of NiFe 
alloys. This is a system which displays the phenomenon 
of anomalous codeposition (2), i.e., the less noble metal, 
Fe, appears at unexpectedly  high concentrat ion in the 
deposit. Although several explanat ions of this phe- 
nomenon  exist [see, e.g., (3)],  the one which is most 
consistent with the observations is the model of Dahms 
and Croll (4, 5). These authors note that  H2 evolution 
dur ing deposition will  cause a local pH rise near  the 
electrode surface. This surface elevation in pH has 
been measured for Ni deposition (6) and deposition of 
NiFe (7). Dahms and Croll hypothesize that  the high 
local pH can cause precipitat ion of Fe(OH)2 on the 
electrode surface. Such hydroxide precipitat ion has 
been shown (4) to impede the discharge of other metal  
ions, and thus suppresses the rate of Ni deposition in 
the alloy. 

A recent paper (8) from this laboratory reported on 
an invest igat ion of the role in NiFe deposition of two 
impor tan t  factors, the na ture  of the anion and the pres- 
ence of boric acid, H3BO3, in solution. Boric acid was 
investigated because of its common use in Ni and NiFe 
plating. There is a persistent  lore [e.g., (9)] that  H3BO~ 
serves as a buffer to oppose the pH rise caused by It2 
evolution. Because H2 evolution plays such an impor-  
tant  role in NiFe deposition, the influence of these two 
solution components on H + reduct ion from solutions 
containing no Ni a+ or Fe a+ was also studied. The na-  
ture  of the anion influences both metal  discharge and 
Ha evolution. It  was found that  l imit ing currents  for 
H + reduction were lower in  NaC1 solutions than in 

* Electrochemical Society Active Member. 
Key words: alloy, current efficiency, electrodeposition. 

Na2SO4 solutions at the same pH; this was a t t r ibuted 
to different diffusion coefficients for H+ in  the two 
solutions. Overpotentials for reduct ion of Ni a+ and  
Fe a+ are lower in CI -  than SO4 a-  solution, probably 
due to catalysis through a CI-  bridge be tween the 
electrode and the metal  ion. Boric acid was shown not  
to have a significant buffering effect either dur ing Ha 
evolution from NaC1 and NaaSO4 solutions or dur ing 
metal  deposition. While having li t t le effect on the cur-  
rent -potent ia l  behavior  in Ni 2+ and Fe a+ solution, it  
greatly influences the appearance of the deposit. It 
was proposed that  HsBO3 influences deposition through 
adsorption on the electrode surface. 

The present  work expands on the earl ier  invest iga-  
tion. The composition of NiFe films and the efficiency 
of deposition have been measured as a function of 
current  density, pH, anion (SO4 2- or C I - ) ,  and the 
presence of H3BO8 in solution. The results are in te r -  
preted in terms of the theory of Dahms and Croll 
(4,5). 

Experimental 
The NiFe films were deposited at constant current  

density under  conditions of controlled mass t ranspor t  
(using a rotat ing disk electrode). The cathode was 
a 3.18 cm (1.25 in.) diam disk of Corning 0211 glass. On 
this was evaporated 200A of Nb (as an adhesion layer)  
followed by 2000A of Au. This wafer was 'contacted and 
mounted  on the shaft of a Pine Ins t ruments  rotat ing 
disk in the manne r  shown in Fig. 1. A strip of Au foil 
was wrapped around the wafer to contact the edge of 
the evaporated film. The foil on the back side was 
pressed against  the stainless steel disk by a Teflon 
holder, which also served to mask the contact from the 
solution. The exposed area of the cathode was 2.91 
cm a. 

The hydrodynamic characteristics of this rotat ing 
disk assembly were compared with those of a 0.7 cm 
diam Ni disk in a straight Teflon cyl inder  (i.e., a disk 
not modified by the wafer holder) .  Limit ing currents  
on an Ni electrode were measured in alkaline ferrocy- 
anide-ferr icyanide solution. Ferrocyanide oxidation in  
both cases showed a dependence of l imit ing current  
on the square root of rotat ion rate which is l inear  and 
extrapolates through (0, 0). The results were the same 
within exper imental  error for the two electrodes. 

Rotation rate was controlled with a Pine Ins t ruments  
ASR speed control. The effect of mass t ransport  w a s  
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(Fig. 3), the  m a x i m u m  occurs at  h igher  cur ren t  den- 
sity and is b roader  than  at  pH 3.0. As at  pH 3.0, the 
precise locat ion of the peak  at  pH 2.0 is not  known, but  
it  is ~10 mA/cm~. 

Deposi t ion f rom SO4 e -  solut ion resul ts  in a l a rge r  
p ropor t ion  of Fe  in the  film than  deposi t ion f rom C1-.  
This is t rue  at  both  pH values  and  in the presence and 
absence of HsBO~. 

The effect of HsBO8 on composi t ion depends on pH. 
At  p H  3.0, addi t ion of H~BO8 leads to a large  increase  
in Fe  content  of deposi ts  f rom both  SO42- and  C1- 

------Au CONTACT 
, I t -SAMPLE WAFER 

L~ ~.~i--- TEFLON 
Fig. l. Method of mounting a 1.25 in. dlam wafer in the rotating 

disk assembly. Left side shows the components; right side shows the 
assembled system. All films in this study were deposited at 200 
rpm. 

not invest igated.  A single ro ta t ion  speed of 200 r p m  
was used. This was found (10) to give app rox ima te ly  
the same ra te  of mass t r anspor t  to the surface as the  
paddle  cell (11) used in this l abo ra to ry  for NiFe depo-  
sition. 

Solut ions of e ight  different  composit ions were  
studied,  as shown in Table L The concentrat ions of 
Ni ~+ and Fe 2+ were  kep t  constant  at  0.50M and 0.01M, 
respect ive ly ;  the me ta l  salts  were  e i ther  sulfates or  
chlorides. F i lms  were  deposi ted f rom solutions con- 
ta in ing e i ther  no H~BOs or 0.40M H3BOs. Two pH 
values,  2.0 and 3.0, were  invest igated.  In each of these 
solutions, films were  depos i t ed  at  1, 2, 5, _10, and  20 
mA/cm~. 

The cur ren t  was contro l led  wi th  an Elect ronic  Mea-  
surements  Model C621 constant  cur ren t  supply.  A 
Koslow Model  541 coulometer  was used to moni tor  the  
amount  of charge passed dur ing  deposition. Knowledge  
of total  charge  a l lowed calculat ion of the cur ren t  
efficiency a f te r  analysis  of the total  deposi ted Ni and 
Fe. The NiFe films were  dissolved f rom the subs t ra te  
in a smal l  amount  of concent ra ted  HNO3, d i lu ted  to 
volume, and ana lyzed  by  atomic absorp t ion  spect ros-  
copy. 

Results 
The film composit ion and deposi t ion efficiency are  

shown in Table  I I  and rep resen ted  g raph ica l ly  in  Fig. 
2-5, 

Composit ion.--The Fe content  of the film goes 
th rough  a m a x i m u m  as a funct ion of cur ren t  dens i ty  
(Fig. 2 and 3). A t  p H  3.0 (Fig. 2), this m a x i m u m  
occurs be tween  2 and 5 m A / c m  2. There  are  not  suffi- 
cient data  in this cur ren t  range  to de te rmine  prec ise ly  
the locat ion of the  peak;  the  appa ren t  shifts in peak  
posi t ion in  Fig. 2 m a y  not  be significant. A t  p H  2.0 

Table I. Compositions of the solutions studied 

Solu- NiSO4 NiCh FeSO4  FeCh I-~BOs 
tion (M) (M) (M) (M) (M) pH 

1 0 . 5 0  ~ 0 . 0 1  - -  - -  3 . 0  

2 0 . 5 0  - -  0 . 0 1  - -  0 . 4 0  3 .0  

3 - -  0 . 5 0  - -  0 .01  ~ 3 . 0  

4 - -  0 .50  ~ 0 .01 0 .40  3 .0  

5 0.50 -- 0.01 - -  -- 2.0 
6 0 , 5 0  - -  0 .01  - -  0 .40  2 .0  

7 -- 0.50  -- 0.01 -- 2.0 

8 -- 10"50 - -  0 ' 01  0 ' 4 0  2"0 

4 0  

30 . . ~  

l /  ",., \ 
/ --. 

, /  , 

IC 
4 8 12 16 20 

i ( m A / c m  2 ) 

Fig. 2. Dependence of film composition on current density in 
various pH 3.0 solutions: 1, e ;  2, O ;  3, A ;  4, A.  Solution key is 
given in Table I. 
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8, L~. Solution key is given 
Fig. 3. Same as Fig. 2 for pH 2.0 solutions: 5, e ;  6, 0 ;  7, & ;  

in Table I. 



Vol. 128, No. 1 47 P L A T I N G  PARAMETERS 

Table II. Composition and efficiency of deposition of NiFe under various conditions 

i Efficiency iHz iN t iFe 
Solution (mA/em~) Fe (%) (%) (mA/cm 2) (mA/em 2) (mA/em~) Appearance 

1 
1 15.3 18.6 0.81 0.16 0.03 Bright 
2 15.2 40.0 0.80 1.02 0.18 Bright, pinholes 
5 22.4 69.0 1.55 2.66 0.77 Bright, spirals 

I0 14.6 83.4 1.66 7.12 1.22 Spirals 
20 10.9 83.2 3.36 14.82 1.82 Spirals, dark 

1 18.1 16.7 0.83 0.14 0.03 Bright 
2 36.1 39.5 1.21 0.51 0.29 Bright 
5 34.8 68.9 1.56 2.24 1.20 Bright 

10 25.5 80.6 1.94 6.00 2.06 Slightly hazy 
20 14.8 85.2 2.95 14.52 2.52 Slightly hazy 

1 11.6 56.4 0.44 0.50 0,07 Bright 
2 19.2 72.6 0.55 1.17 0.28 Bright 
5 14.8 83.3 0.84 3,55 0.62 Dark, spirals 

10 12.9 87.2 1.28 7.60 1.12 Dark, spirals 
20 10.7 Powdery, nonadherent deposit Dark, spirals 

1 11.3 57.0 0.43 0.51 o.ofi Slightly dark 
2 20.2 71.3 0.57 1.14 0.29 Bright 
5 26.3 82.9 0.85 3.06 1.09 Bright 

10 22.7 89.3 1.07 6.91 2.02 Bright 
2() 14.6 94.1 1.18 16.08 2.74 Bright 

1 ~ 0.7 0.99 0.00 0.00 No deposit 
2 ~ 0.8 1.98 O.Ol 0.01 No deposit 
5 25.7 7.7 4.61 0.29 0.10 Bright 

10 31.6 10.1 8.99 0.69 0.32 Bright, pinholes 
20 30,0 22.2 15.55 3.11 1.84 Bright, pinholes 

1 1.7 0.98 0.01 0.00 No deposit 
2 24-,0 5.0 1.90 0.08 0.02 Bright, pinholes 
5 30,3 6.8 4.66 0.24 0.10 Bright, pinholes 

10 84.2 10.2 8.98 0.67 0.35 Bright, pinholes 
20 30.6 24.8 15.05 3.44 1.51 Bright, pinholes 

1 5.6 0.94 0.06 0.00 Almost no deposit 
2 1T.4 41.3 1.17 0.73 0.09 Bright 
5 20.6 52.2 2.39 2.07 0.54 Bright 

10 24.9 60.1 8.99 4.51 1.50 Bright, black spots 
20 19.1 73.2 5.35 11.84 2.80 Bright, black spots 

1 ~ 4.3 0.96 0.04 0.00 Almost no deposit 
2 11.8 36.5 1.27 0.64 0.09 Bright 
6 21.7 47.7 2.62 1.87 0.52 Bright 

10 25.4 56.4 4.36 4.21 1.43 Bright 
20 18.3 71.2 5.76 11.64 2.60 Bright 

so lu t ion .  T h i s  e f fec t  a lso  o c c u r s  in  SO42-  s o l u t i o n s  a t  
p H  2.0, b u t  i t  is less  p r o n o u n c e d .  In  p H  2.0 C1-  s o l u -  
t ions ,  HaBO3 h a s  l i t t l e  ef fec t  o n  com pos i t i on .  

T h e  ef fec t  of  p H  o n  c o m p o s i t i o n  is c o m p l i c a t e d .  A t  
c u r r e n t  d e n s i t i e s  a b o v e  10 m A / c m  2, (Le., a b o v e  t h e  
c u r r e n t  d e n s i t y  of  t h e  p e a k  F e  c o n t e n t  a t  e i t h e r  p H ) ,  
t h e  F e  c o n t e n t  is a l w a y s  a p p r e c i a b l y  h i g h e r  i n  
depos i t s  f r o m  t h e  p H  2.0 t h a n  f r o m  t h e  p H  3.0 so lu t ion .  
G e n e r a l l y ,  h o w e v e r ,  t h e  p H  3.0 s o l u t i o n  g ives  t h e  
h i g h e r  Fe  c o n t e n t  a t  l o w e r  c u r r e n t  dens i t i e s .  (Th i s  is 
i n d e t e r m i n a t e  fo r  t h e  SO42-  s o l u t i o n  c o n t a i n i n g  n o  
HsBO~, s ince  a t  p H  2.0, no  depos i t  is o b t a i n e d  b e l o w  
5 m A / c m 2 . )  

Efficiency.--The eff ic iency of  d e p o s i t i o n  s h o w s  t h e  
e x p e c t e d  i n c r e a s e  w i t h  i n c r e a s i n g  c u r r e n t  d e n s i t y  a n d  
i n c r e a s i n g  p H  (Fig.  4 a n d  5) .  

D e p o s i t i o n  f r o m  C1-  s o l u t i o n  occu r s  w i t h  h i g h e r  
ef f ic iency t h a n  d e p o s i t i o n  f r o m  SO~ 2-  so lu t ion ,  t h e  
d i f f e r e n c e  b e t w e e n  t h e  two  b e i n g  l a r g e r  a t  p H  2.0. 
DepoMts  c a n  b e  o b t a i n e d  f r o m  C1-  s o l u t i o n s  u n d e r  
c o n d i t i o n s  ( l o w  i, l o w  p H )  w h e r e  n o  d e p o s i t i o n  o c c u r s  
f r o m  SO4 e -  so lu t ions .  

T h e  ef fec t  of H 3 8 0 3  o n  c u r r e n t  ef f ic iency is smal l .  I n  
p H  3.0 SO~ 2-  o r  C1-  so lu t ions ,  t h e  ef f ic iency is n e a r l y  
i n d e p e n d e n t  o f  H s B Q .  I n  p H  2.0 so lu t ions ,  t h e  ef fec t  of  
H3BO~ v a r i e s  w i t h  an ion .  B o r i c  ac id  i n c r e a s e s  ef f ic iency 
a t  1 a n d  2 m A / c m  2 in  SO42-  so lu t ions ,  b u t  h a s  l i t t l e  
e f fec t  a t  h i g h e r  c u r r e n t  dens i t i e s .  I n  C1-  so lu t ions ,  
H3BOa r e s u l t s  in  a s m a l l  d e c r e a s e  i n  e f f ic iency  o v e r  
t h e  e n t i r e  c u r r e n t  r a n g e  s t ud i ed .  

Appearance.--The a p p e a r a n c e  of  t h e  f i lms also v a r i e s  
c o n s i d e r a b l y  w i t h  t h e  c o n d i t i o n s  of  d e p o s i t i o n  ( T a b l e  
I I ) .  T h e  a p p e a r a n c e  t e n d s  to d e t e r i o r a t e  w i t h  i n c r e a s -  

ing  c u r r e n t  dens i ty ,  a l t h o u g h  in  s o m e  s o l u t i o n s  f i lms o f  
good a p p e a r a n c e  can  b e  o b t a i n e d  o v e r  t h e  e n t i r e  r a n g e  
e x a m i n e d .  A p p e a r a n c e  is s l i g h t l y  b e t t e r  i n  depos i t s  
f r o m  C1-  t h a n  in  t hose  f r o m  SO~ 2 -  so lu t ions .  

8O 

6O 

4O LL 
LL 
bJ 

I 0 0  - 

4 . . . . .  A 

/ 
20 $ 

0 I I I I 
4 8 12 16 20 

i (mA /cm 2 ) 

Fig. 4. Dependence of deposition efficiency on current density in 
various pH 3.0 solutions: 1, e ;  2, � 9  3, A ;  4, ~ .  Solution key is 
given in Table I. 
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Fig. S. Same as Fig. 4 for pH 2.0 solutions: S, I I ;  6, G ;  7, A;  
8, Z~. Solution key is given in Table I. 

F o r  a p H  3.0 s o l u t i o n  c o n t a i n i n g  no  HsBO3, depos i t s  
a t  c u r r e n t  d e n s i t i e s  of  5 m A / c m  2 o r  g r e a t e r  a r e  d a r k  
to b l a c k  a n d  s h o w  sp i r a l s  m a r k i n g  t h e  p a t t e r n  of so lu -  
t i on  f low o v e r  t he  s u r f a c e  of  t he  e l ec t rode .  T h e  s p i r a l s  
a r e  n o t  s e e n  a t  p H  2.0, b u t  f i lms o b t a i n e d  f r o m  t h e  l o w  
p H  s o l u t i o n  t e n d  to h a v e  p i n h o l e s  o r  d a r k  spots .  

A d d i t i o n  of  H3BO3 m a r k e d l y  i m p r o v e s  t h e  a p p e a r -  
a n c e  of  depos i t s  f r o m  b o t h  SO42-  a n d  C1-  so lu t ion ,  a t  
b o t h  p H  v a l u e s  ( t h e  e f fec t  b e i n g  s t r o n g e r  a t  p H  3.0),  
a n d  a t  a l l  c u r r r e n t  dens i t i e s .  A t y p i c a l  i l l u s t r a t i o n  is 
g i v e n  in  Fig. 6. T h e  d a r k  sp i r a l s  o c c u r r i n g  i n  t h e  a b -  
s ence  of  I-I3BO~ a r e  c o m p l e t e l y  e l i m i n a t e d  i n  i t s  p r e s -  
ence.  

Discussion 
Al l  of t h e  depos i t s ,  a t  a l l  c u r r e n t  d e n s i t i e s  e x a m i n e d  

a n d  a t  b o t h  p H  va lues ,  s h o w  t h e  p h e n o m e n o n  of  
a n o m a l o u s  codepos i t i on ;  t h e  Fe  c o n t e n t  is u n e x -  
p e c t e d l y  h igh .  1 If  t h e  d a t a  a r e  i n t e r p r e t e d  in  t e r m s  of 
t h e  t h e o r y  of  D a h m s  a n d  Cr011 (4, 5) ,  t h i s  r e s u l t  is  
c o n s i s t e n t  w i t h  o b s e r v a t i o n s  (7)  of m e a s u r a b l e  s u r -  
face  p H  r i ses  e v e n  a t  t h e  l o w e s t  c u r r e n t  d e n s i t i e s  used.  

T h e  m a x i m u m  i n  p e r c e n t a g e  Fe  vs. c u r r e n t  d e n s i t y  
is r e l a t e d  to t h e  r e l a t i v e  i m p o r t a n c e  of  m a s s  t r a n s p o r t  
c o n t r o l  a n d  a c t i v a t i o n  c o n t r o l  of t h e  v a r i o u s  spec ies  
u n d e r g o i n g  e l e c t r o r e d u c t i o n  r eac t i ons .  2 A t  l ow  i, w h e r e  
t he  s u r f a c e  p H  r i se  is smal l ,  l i t t l e  i r o n  h y d r o x i d e  f o r m s  
a n d  t h e  Ni c o n t e n t  of  t he  f i lm is r e l a t i v e l y  h igh .  I n -  
c r e a s i n g  i r e s u l t s  i n  a l a r g e r  p H  rise,  a n d  t h u s  t h e  
Fe  c o n t e n t  of  t h e  f i lm inc reases .  S ince  a t  a n y  g i v e n  
t o t a l  c u r r e n t  t h e  s u r f a c e  p H  is a l w a y s  l o w e r  in  t h e  
p H  2.0 t h a n  in  t h e  p H  3.0 so lu t ion ,  the. F e  c o n t e n t  r i se s  

1 If the Fe:Ni ratio in the deposit were the same as the Fe2§ 
ratio in solution, the film would contain <2% Fe. 

2The limiting currents for Fe ~§ reduction and H~ evolution in 
this solution are not known but can be estimated from other 
work. Horkans (8) found that limiting currents for H+ reduction 
were lower in NaC1 solutions than in NaeSO~ solutions at the same 
pH; this was attributed to different diffusion coefficients for H+ 
in the two solutions. Under the conditions of the present study~ 
the H+ limiting currents were 8 mA/cm e for NaC1 and 27 mA/cm'-' 
for NaeSO~ at pH 2.0. At pH 3.0, the limiting currents were a fac- 
tor of 10 lower. Diffusivities in the nickel-iron solutions may differ 
from those in solutions containing only Na + cations, but these 
numbers can be used as a guide. The diffusivity of Fe ~+ is less 
than that of H + by a factor of ~10 (12), and the Fe diffusion limit- 
ing current should thus be about half that of He. As the solutions 
of the present study do not contain supporting electrolyte, it 
might be argued that migration is an important mode of mass 
transport and thus limiting currents will be higher than the diffu- 
sion limitation. However, the total current density is a very small 
fraction of the sum of the limiting currents for Ni, Fe, and He. 
The excess of Ni :+ present serves to increase the conductivity of 
the solution and to cause migration to be a less important mode of 
mass transport than diffusion. Hence, migration effects are not 
expected to lead to major error in the interpretation. 

Fig. 6. Effect of HsBO3 on the appearance of NiFe deposited 
from 0.SOM NiCI2, 0.01M FeCI2, pH 3.0, (solutions 3 and 4). Only 
the center portion of the wafer was exposed to the solution. 

m o r e  s l o w l y  as a f u n c t i o n  of  ~ a t  the lower pH.  A t  
h i g h e r  c u r r e n t  dens i t i e s ,  t h e  p r o p o r t i o n  of  F e  i n  the 
f i lm dec reases .  E x a m i n a t i o n  of  T a b l e  I I  s h o w s  t h a t  t h e  
p a r t i a l  F e  c u r r e n t  a t  t h e  p e a k  is w e l l  b e l o w  i t s  d i f fu -  
s i o n - l i m i t i n g  c u r r e n t ,  a n d  t h u s  t h e  d e c r e a s e  in  p e r -  
c e n t a g e  Fe  w i t h  i is n o t  d u e  so l e ly  to m a s s  t r a n s p o r t  
l i m i t a t i o n  of Fe  2+ in  so lu t ion .  T h e  h y p o t h e s i s  t h a t  
F e ( I I )  d i s c h a r g e  t a k e s  p l ace  t h r o u g h  t h e  h y d r o x i d e  
l eads  to the  c o n c l u s i o n  t h a t  t h e  d e c r e a s e  i n  p e r c e n t a g e  
Fe  a t  h i g h e r  c u r r e n t  d e n s i t i e s  is c a u s e d  b y  r a t e  l i m i t a -  
t i on  d u e  to s low ionic  d i f fus ion  in  t h e  F e  (OH)2.  

T w o  f ac t o r s  w o r k  t o g e t h e r  to cause  a h i g h e r  d e p o s i -  
t i on  eff ic iency i n  C l -  t h a n  in  SO~ 2-  so lu t ion .  T h e  C l -  
ion  ca t a lyzes  t h e  d i s c h a r g e  of  t h e  m e t a l  ion  (8) .  H o w -  
ever ,  t h e  o b s e r v e d  effects  ( e s p e c i a l l y  a t  p H  2.0) a r e  
too l a r g e  to b e  e x p l a i n e d  b y  t h i s  a lone .  T h e  e x p l a n a -  
t i on  m u s t  i n v o l v e  a d i f f e r e n c e  in  d i f fus iv i t i e s  of  H + 
in  t h e  t w o  s o l u t i o n s  s i m i l a r  to t h a t  o b s e r v e d  (8)  in  
N a C l  a n d  Na2SO4 so lu t ions .  A l o w e r  H2 l i m i t i n g  c u r -  
r e n t  in  C l -  t h a n  in  SO~ 2-  s o l u t i o n  w o u l d  r e s u l t  i n  the 
o b s e r v e d  h i g h e r  ef f ic iency in  t h e  C l -  so lu t ion .  

T h e  a n i o n  also m a r k e d l y  af fec ts  t h e  Fe  c o n t e n t  of  
t h e  depos i t s ;  t h e  p e r c e n t a g e  Fe  is s m a l l e r  w h e n  d e -  
p o s i t i n g  f r o m  C l -  t h a n  f r o m  SO4 2 -  so lu t ions .  T h i s  
sugges t s  t h a t  C l -  ion  h i n d e r s  t h e  f o r m a t i o n  of  s u r f a c e  
i r o n  h y d r o x i d e s  t h r o u g h  w e a k  c o m p l e x a t i o n  of  F e  2+ 
(13) .  

Bor i c  acid,  w h i c h  h a s  o n l y  s m a l l  effects  o n  t h e  c u r -  
r e n t - p o t e n t i a l  d e p e n d e n c e  of a n  Ni e l e c t r o d e  in  t h e s e  
so lu t i ons  (8) ,  n o n e t h e l e s s  h a s  a l a r g e  ef fec t  o n  f i lm 
compos i t ion .  I t s  ef fects  a r e  n o t  t h o s e  p r e d i c t e d  fo r  a 
buffer .  A buf fe r ,  b y  m a i n t a i n i n g  a l o w  s u r f a c e  p H  a n d  
p r o v i d i n g  a r e s e r v o i r  of  r e a d i l y  a v a i l a b l e  H + ions,  
w o u l d  be  e x p e c t e d  to l e ad  to a less  a n o m a l o u s  depos i t  
a n d  to d e c r e a s e  t h e  eff ic iency of  t h e  d e p o s i t i o n  p r o -  
cess. I n s t e a d ,  t h e  d e p o s i t  is g e n e r a l l y  m o r e  a n o m a l o u s  
(i.e., t h e  Fe  c o n t e n t  is h i g h e r )  i n  f i lms d e p o s i t e d  f r o m  

s o l u t i o n s  c o n t a i n i n g  H~BOs. B o r i c  ac id  h a s  a s t r o n g e r  
effect  on  c o m p o s i t i o n  u n d e r  c o n d i t i o n s  w h e r e  t h e  f o r -  
m a t i o n  of s u r f a c e  i r o n  h y d r o x i d e s  is m o r e  e x t e n s i v e ,  
t h a t  is a t  h i g h e r  p H  a n d  i n  SO42-  so lu t ions .  T h e  HsBO~ 
m o l e c u l e  m a y  a d s o r b  m o r e  r e a d i l y  o n  t h e  h y d r o x i d e  
c o v e r e d  s u r f a c e  t h a n  on  t h e  b a r e  m e t a l .  T h e  effects  
of H3BO~ on  t h e  eff ic iency of  N i F e  d e p o s i t i o n  a r e  s o m e -  
w h a t  d i f f e r e n t  t h a n  t hose  o n  d e p o s i t i o n  of  u n a l l o y e d  
Ni (8) .  In  t h e  case  of Ni, a d d i t i o n  of  H3BO3 to p H  2.0 
so lu t i ons  causes  a s m a l l  i n c r e a s e  in  ef f ic iency i n  SO42-  
s o l u t i o n s  a n d  a l a r g e r  ef f ic iency i n c r e a s e  fo r  C1 -  
so lu t ions .  T h e  d i f f e r e n t  e f fec t  of H3BO3 in  Ni  a n d  N i F e  
s y s t e m s  is a p p a r e n t l y  d u e  to a n  i n t e r a c t i o n  of  HsBOs 
w i t h  s u r f a c e  i r o n  h y d r o x i d e .  

Bor i c  ac id  is e x t r e m e l y  i m p o r t a n t  to t h e  a p p e a r a n c e  
of e l e c t r o d e p o s i t e d  NiFe .  I t  e x t e n d s  t h e  current den- 
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sity range over which good quali ty deposits can be 
obtained, eliminating the "burned" appearance and 
the dark spirals at higher currents. The influence of 
H3BO~ on appearance is presumably also related to its 
adsorption on the hydroxide. 

The formation of spiral  patterns during deposition 
on a rotating disk has been discussed by Hill et aL 
(14) and Pleskov and Filinovskii (15). They claim 
that  even submicroscopic protrusions and depressions 
on the surface can cause wakes which result in the 
observed spirals. In the present investigation, the arms 
of the spiral appear to originate in small macroscopic 
protrusions on the surface. The formation of these 
protrusions occurs in conjunction with a "burned" 
deposit and is probably associated with the inclusion of 
oxides or hydroxides. Such inclusions are less favor- 
able at low pH, and thus the spiral patterns are not 
observed at pH 2.0. The pinholes which occur at pH 
2.0 are due to blocking of the surface by H~ bubbles. 

The evidence concerning the role of I-I3BO3 remains 
incomplete. Its influence on composition and efficiency 
appears to rule out a buffering role. I t  strongly affects 
both appearance and composition of NiFe deposits, but  
the effect on efficiency is small. Neither the present 
analysis of composition nor the earl ier  l inear potential 
sweep measurements, however, is adequate for deter-  
mining the mechanism through which HsBOa influ- 
ences the deposition process. The hypothesis that it  
adsorbs on hydroxide-covered surfaces is consistent 
with the data, but  remains to be confirmed experi-  
mentally. 

Conclusions 
The results of the present investigation are generally 

consistent with the theory of Dahms and Croll (4, 5) 
concerning the mechanism of anomalous codeposition 
of Ni and Fe. The high Fe content of the alloys is ap- 
parent ly caused by inhibition of Ni 2+ discharge by 
surface Fe (OH)2 precipitated when I-I2 evolution causes 
the local surface pH to rise. Factors which affect H2 
evolution and hydroxide precipitation thus influence 
the composition and properties of the deposit. 

The deposit properties are strongly dependent on 
current density. Appearance degrades and efficiency 
increases with increasing current density. The Fe con- 
tent of the NiFe films shows a maximum as a function 
of current density. This peak results from the simul- 
taneous interaction of several factors. Increased H2 
evolution causes increased surface alkalization, lead- 
ing to greater formation of iron hydroxides and the 
inhibition of Ni deposition. At sufficiently high cur- 
rents, however, ionic diffusion in the hydroxide be- 
comes rate limiting for Fe deposition and the Fe con- 
tent of the films drops. 

A decrease in pH generally causes a decrease in effi- 
ciency and an improvement in appearance. The de- 
crease in efficiency is due to the larger [H+] at low 
pit.  Appearance improves because less hydroxide is 
incorporated in the deposit at low pH. The maximum 
in the percentage Fe vs. i dependence occurs at higher 
i for lower pH since, at a given current density, the 
surface pH is lower in this case. 

The anion affects the deposition efficiency and the 
composition of the deposit. The data suggest that C1- 
hinders the formation of a surface iron hydroxide, 

resulting in a lower Fe content in deposits from C1- 
solution than from SO~ 2- solution. The better  ap- 
pearance of deposits from chloride solution is prob- 
ably also related to chloride's hindering surface hy- 
droxide formation. Efficiency is higher in C1- solu- 
tions, apparently due to a lower H2 limiting current 
in these solutions. 

Addition of H3BO8 causes an increase in the Fe 
content of the deposits and does not great ly affect 
efficiency; neither result would be expected of a buffer. 
It greatly alters the appearance of deposits and ex- 
tends the range of current densities over which good 
quality deposits may be obtained. Boric acid has the 
strongest effects under conditions where surface iron 
hydroxides are expected to form; evidence suggests 
that I.I3BO3 adsorbs on the hydroxide-covered surface. 
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EMF Measurements in Nickel Chloride-Sodium Chloride Melts 
with Beta-Alumina Electrolytes 
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ABSTRACT 

Emf's were measured for the cell 

Nil (I)NaC1-NiC12reference be ta -a lumina  I NaC1-NiCI~(II) I Ni 

in  the temperature  range 800~176 where the chloride solutions are l iquid 
and in  the range of mole fractions 0 < XNicl2 < 0.6. The use of be ta -a lumina  
tubes, sealed in the hot zone, permit ted separate gas-t ight  electrode compart-  
ments  to be realized. Only very slight at tack of the be ta -a lumina  by the melts 
was observed after several days at open circuit. When a cur ren t  was passed, 
however, nickel rapidly entered into the beta-a lumina.  A coulometric t i t ra-  
tion was nevertheless possible via the stratagem of t i t ra t ing from a bath  of 
pure NaC1. Through in tegrat ion of the Gibbs-Duhem equation, part ial  prop- 
erties of NaC1 could be obtained from the results with no knowledge of the 
emf of the reference electrode being required. The precision of the results 
was such as to permit  part ial  enthalpms and entropies to be obtained from the 
tempera ture  dependence of the em-f. The results are discussed in  terms of 
ordering in the melts  near  XNiCm -- I/3. 

Despite the recent  interest  in  be ta -a lumina  because 
of its potential  usefulness in  batteries and other de- 
vices, very  few studies have been made of the applica- 
tions of this solid electrolyte to the measurement  of 
thermodynamic  properties. Be ta -a lumina  is stable up 
to approximately 1200~ and is so highly conducting 
that  equi l ibr ium emf measurements  can be made below 
0~ It is a relat ively unreact ive ceramic which can 
be fabricated in the form of vacuum-t igh t  tubes. These 
properties, coupled with its negligibly small  electronic 
conductivity, low polarizability, and high selectivity 
for the t ranspor t  of Na + ions, make be ta -a lumina  an 
excellent candidate for use in electrochemical cells for 
the precise measurement  of the thermodynamic  proper- 
ties of a large number  of systems. 

In  the present  article, the use of be ta -a lumina  for 
measurements  in molten salt systems is examined. The 
following cell was studied 

appreciable at temperatures  of 800~176 both the  
working and reference electrode compartments  were 
sealed in  be ta -a lumina  tubes. The two electrode as- 
semblies were then immersed in a NaC1-NiC12 bath 
which served s imply to provide electrical contact be-  
tween them. 

The be ta -a lumina  tubes were fabricated in this lab-  
oratory by a sl ip-casting technique (1). They are 98% 
of theoretical density and are vacuum tight. 1 The di-  
mensions are approximately 6-8 cm long by 1.5 cm 
diam with wall  thicknesses of 0.2 cm. The electrical 
resistance across these tubes in  the cell at 800~176 
is much less than 1~2. The tubes were dried at 120~ 
under  vacuum for 3 days before use. 

Small  a lpha-a lumina  tubes, about 2 cm long, with 
inside diameters just  large enough to accept the Ni 
electrodes and with outside diameters so as to just  fit 

NicsoD I NaCl-NiCl2 (liq~ I be ta -a lumina  ] NaC1-NiCI~ (liq~ I NicsoD 
(I) reference (II) 

The NaC1-NiC12 solutions in the reference electrode 
compartment  (I) and in  the working compartment  (II) 
are of different compositions. If the t ransport  number  
of Na + ions in the be ta -a lumina  is unity,  then the 
overall  cell reaction on the passage of 2 Faradays is 

2NaCI~I~ -l- NiC12r -) 2NaCl~m + NiCI~r [1] 

and the open-circui t  emf, E, is given by 

RT 
E = - -  In (aNicl2/aNacl 2) I (aNac12/aNic12) H [2] 

2F 

where aNaC1 and aNiCl2 are the activities of NaCI and 
NiC12, F is the Faraday,  and T is the temperature  in 
Kelvins. As is shown in a later  section, if E is mea-  
sured for several different compositions in the working 
electrode compartment,  integrat ion of the Gibbs- 
Duhem equation then permits the activities of NaC1 
and NiC12 to be calculated separately. 

Experimental 
The apparatus is shown schematically in  Fig. 1. In  

order to prevent  losses by volatilization, that can be 

Key words: beta-alumina, nickel chloride, sodium chloride, 
molten salts, emf measurements, thermodynamic properties. 
coulome,trie titration. 

inside the be ta -a lumina  tubes, were then cemented 
into place as shown in Fig. 1. This was done to reduce 
the amount  of cement required. "Autostic" cement 
(Car l ton-Brown Par tners  Limited, Elford Mill, Elford, 
North Tamworth,  Staffordshire, England)  was used. 
This cement must  be applied in two or three layers, 
each of which is allowed to dry  overnight.  The cement 
is then treated by heating slowly to 150~ Thereafter  
it is very crack resistant  and can be heated and cooled 
rapidly. NiCI2 (Analar  Reagent, 99.9%) and NaC1 
(Baker Reagent 99.9%) were vacuum dried at 400~ 
and were then fur ther  dehydrated with HC1 gas at 
500~ The salts were weighed, mixed, and introduced 
into the be ta -a lumina  tubes in a glove box under  
purified argon. The 0.2 cm diam 99.7% nickel wires 
were then introduced and a lumina  wool was packed 
in the annula r  space around the wires to prevent  
the ent ry  of cement. The electrodes were then ce- 
mented into place and the cement was allowd to dry  in 
the glove box. Finally, long a lpha-a lumina  tubes, their  
lower ends embedded in the cement, were attached 
in order to protect the Ni wires from the salt vapor in  
the outer compartment.  If this was not done, the Ni 

1 These tubes are commercially available from Polyceram In- 
corporated, Ecole Polyteehnique, Montreal. 
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C t -ALUM/NA  Tube  

~ ~ -ALUMINA  C ruc i b l e  

~__  - -  - -  ~ N IC I  2 -NaC I  

N I  CI 2 NoCI  Ba th  

. . . . . .  ' . . . . . .  . . . .  ' ' " ~  ~ N I C I  2 -NaC /  
L i qu i d  so /u r i ah  

(Re fe rence )  

Fig. I. Experimental apparatus 

wires  r ap id ly  became embr i t t l ed  due to g ra in  bound-  
a r y  a t t ack  b y  the salt  vapor.  

The ou te r  crucible  containing the sa l t  ba th  was 5 
cm in d i ame te r  and  8 cm high. The ent i re  assembly  
was ma in ta ined  under  purif ied argon in a ver t ica l  
res i s tance-hea ted  tube  furnace  fi t ted wi th  a g rounded  
meta l  shea th  to e l iminate  induced emf's. Tempera -  
tures  were  measured  wi th  a Chrome l -A lume l  the rmo-  
couple immersed  in a tube in the  outer  bath,  and were  
contro l led  to +_.1~ 

No a t t ack  on the Autost ic  cement  by  the sal t  vapor  
was ev ident  af ter  severa l  days  of opera t ion  at  up to 
1000~ 

Results 
Emf's were measured with various compositions of 

the melt in the working electrode compartment and 
with the mole fraction of NiC12 in the reference elec- 
trode compartment held constant at XNic12 = 0.1589 _ 
0.0005. Emf's were stable to ___ 0.2 mV over several 
days and after several heating and cooling cycles. If 
the cells were polarized for several seconds in either 
direction the emf returned to within 0.1 mV of its for- 
mer value within a few seconds after the polarization 
was terminated. 

Results are shown in Table I for emf's at 1073, 1173, 
and 1273 K. Each value shown is the average of at least 
two measurements made at the same temperature 
(+_.i ~ before and after a thermal cycle. These values 
always agreed within _ 0.2 mV except at high values 
of XNic12 where the reproducibility was only ___ 1 inV. 
Hence, the last two entries in Table I for XNiC12 ~ 0.5 
are reported only to the nearest millivolt. Because of 
this observed lower reproducibility at high concentra- 
tions of NiC12 and because the phase diagram limits 
measurements to higher temperatures at high NiC12 
concentrations (the melting point of NiCI2 being 
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1303K),  no values  a re  r epor t ed  for  XNie]2 g rea te r  
than  0.6. 

Calculation of thermodynamic properties.--The 
Gibbs -Duhem equat ion at  constant  t empe ra tu r e  m a y  
be wr i t t en  as follows 

XNacldgENaC1 2ff XNfCI2dgENic12 --- 0 [ 3 ]  

where  gENaC1 a n d  gENiE12 a re  the pa r t i a l  molar  excess 
free energies  of NaC1 and NiC12. This equat ion may  
be r ea r r anged  to give 

XNtC12 
dgENaCl = (2dgE~,c, - -  dgENlc l2 )  [4] 

1 + XNtCl2 

Now, Eq. [2] m a y  be  w r i t t e n  as 

2FE = RT ln(XNaCl2/XNic~)n + (2gENacl _ gZNtcl2)n 

"t" R T  in  (aNiCl2/aNacl 2) 1 [5] 

The t e rm RT ln(aNie12/aNac12) I contains the  unknown 
act ivi t ies  in the reference e lec t rode  compar tment .  
However ,  this t e rm is, of course, independen t  of the  
composit ion in the  work ing  e lect rode compar tmen t  
and hence drops out  when the der iva t ive  is taken.  
Different ia t ing Eq. [5] and subs t i tu t ing  into Eq. [4] 
we obta in  

XNiC12 
dgENaC1 = d ( 2 F E  

1 + XNiC~2 
-- R T  ln (Xsac i2 /XNic12  ) ) [6] 

where  the composit ions refer  to the  work ing  e lect rode 
compar tment .  Equat ion  [6] m a y  be in tegra ted  wi th  
the  lower  l imi t  t aken  at  XNiC12 -- 0 where  gENaC1 = 0 
to give 

f xN~cI2 d (2FE XNiCl2 
gENac1 "-- d XNiC]2=0 1 -~- XNiC12 

- -  RT ln(XNaCi2/XNicI2) ) [7] 

In this way, gENaC1 can be calculated.  I t  is not  neces-  
sa ry  to know the vol tage  of the reference  electrode.  
I t  is only necessary that  i t  be constant.  

In  Fig. 2 is a plot  of XNiC12/(1 -~XNic12) VS. (2FE --  
RT ln(XNac12/XNic12) ) at 1073 K. A smooth curve is ob-  
ta ined  which is easi ly  in tegra ted .  Plots  a t  1173 and 
1273K gave s imi lar  curves. These were  in tegra ted  
graphica l ly  to give the values  of gENaC1 l i s ted in Table 
I. A plot  of gENaC1 VS. XNiC12 at 1073 K is shown in Fig. 
3. A smooth curve can be d rawn  th rough  al l  the points  
except  the last  two points  a t  high XNiC12. The plots of 
gENac1 at 1173 and 1273 K are  s imi la r ly  smooth. 

Subs t i tu t ion  of the calcula ted values  of gENac1 back 
into Eq. [5] wil l  then pe rmi t  gENiCl2 to be ca lcula ted  
provided  tha t  the va lue  of aNiCl21 in the reference elec-  
t rode compar tmen t  is known. H a m b y  and Scot t  (2) 
have measured  aNic12 in NaC1-NiC12 melts  using a for-  
mat ion  cell wi th  Ni and C12 electrodes.  Wi th  the va lue  
of H a m b y  and Scott  for aNiCl21 at  XNiCI2 -.~ 0.1589 in 

Table I. Experimental results 

E (mV)  g~Nam ( j / m o l e )  gENera s ( j / m o l e )  

X~ic1~ n 1073 K 1173 K 1273 K 1073 K 1173 K 1273 K 1073K 1173K 1273K 
SENaCI 

( j /mole -K)  
AhNaC1 

( j / m o l e )  

0.0210 157.0 170.1 180 0 0 0 
0.0492 107.4 114.2 119.2 - 3 5  - 4 0  - 4 0  
0.0774 76.7 80.5 84.6 --115 - 125 - 1 2 5  
0.0944 57.0 59.8 83.2 --250 - 2 7 5  - 2 7 0  
0.1589" 0.0 0.0 0.0 --820 - 8 3 5  - 8 2 5  
0.2031 -35 .5  --40.6 --45.0 --1465 --1465 - 1550 
0.2516 --74.8 --79.1 --83.4 --2220 --2260 -2300 
0.3066 --124.4 --131.9 --137.9 --3640 -3725 --3765 
0.3406 --167.5 --166.5 - 173.3 --4750 --4600 - 4435 
0.3497 --166.1 - 168.5 --170.5 - 5020 --4855 --4645 
0.3965 --217.9 --222.0 --225.9 -7100 -6945 --6695 
0.5093 --317 --324 --324 -11215 --11005 --10920 
0.5970 --421 - 4 3 2  --442 --16445 --16360 --16235 

--34060 -34520 --35150 O 
-32890 --32970 -32430 0.03 
-31670 -31630 --31510 0.05 
-30250 --30040 --29960 0.10 
--26320** -26070** --25940** 0.03 
--23810 -22970 -22510 0.43 
-20880 -20420 -2Q150 0.40 
-- 17030 --16610 - 16320 0.63 
- 14900 - 14850 - 14850 --1.58 
- 14360 - 12450 -14480 --1.68 
--10880 - 10900 --10500 -2 .03  

--5820 --5820 -5770 --1.48 
--1170 --1000 --960 -1 .05  

o 
- l O  
- 6 0  

- 15o 
- 8 0 0  
- 9 9 0  

- 179o 
-2980 
-6440  
-7040  
-9290 

-12780 
-17580 

* XNicl~ = 0.1589 in r e f e r e n c e  e l e c t r o d e  c o m p a r t m e n t .  
""  Values  of gE~LC~ f o r  t h e  r e f e r e n c e  e l e c t r o d e  f r o m  R e f .  (2) .  
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Fig. 2. Plot of experimental results at 1073 K such as to permit 
gr'Nac1 to be calculated by integration of Eq. [7]. 
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Fig. 4. Partial molar excess free energy of NICI2 in NaCI-NICh 
melts at 1073 K. 

Results are listed in Table I and are plotted in Fig. 
6 and 7. 

Papatheodorou and Kleppa (3) have measured the 
enthalpy of mixing of NaC1-NiC12 solutions by solid- 
liquid mixing experiments at  810~ They fitted their 
measured integral enthalpy of mixing to a series ex-  
pansion in the mole fractions, From their equation the 
part ial  molar enthalpy of NaC1 was calculated and is 
also plotted in Fig. 6. Very good agreement with the 
present results is obtained. 

Stability oS beta-alumina in the chloride m e l ~ . ~  
After  several days in the NaC1-NiC12 melt, the beta-  
alumina tubes were removed and examined. A very 
thin blue-green layer was observed on the inner and 
outer surfaces of the tubes which were in contact with 
the melt. When the tubes were broken it was observed 
that the interior of the beta-alumina was white. After  

the reference electrode compartment ,  gENic12 was cal- 
culated from Eq. [5]. Results are shown in  Table I. In  
Fig. 4, gENicI2 at 1073 K from Table I is compared with 
the measurements  of Hamby and Scott. Similar ly good 
agreement  is also obtained at 1173 and 1273 K. 

If measurements  had been made over to XNiC12 ~ 1, 
then an equat ion similar to Eq. [5] could have been 
wr i t ten  to permi t  gENic12 to be calculated without  the 
necessity of knowing the activities in  the reference 
electrode compartment.  Since this was not  the case, 
however, the present  results permi t  only the part ial  
properties of NaC1 to be calculated completely inde-  
pendent ly  of any  other measurements .  

Activities of NaC1 and NiC12 at 1073 K are plotted 
in  Fig. 5. The values of g~Nacl in Table I were ex-  
pressed as l inear  functions of tempera ture  by a least 
squares regression analysis. Only very slight devia-  
tions from l inear i ty  were observed, and these were not 
systematic but  random. Hence, the part ial  molar en-  
tropy and excess entropy of NaC1 are quite constant  
over the tempera ture  range 1073-1273 K. These were 
calculated from the equat ion 

gENaCI = AhNaC 1 ~ TsENacI  [8] 
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Fig. 5. Activities of NaCI and NiCl~ in NaCI-NiCI2 melts at 
1073 K. 
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Fig. 6. Partial molar enthalpy of mixing of NaCl in NaCI-NiCl~ 
melts, 

the  b lue -g reen  surface l aye r  was removed,  chemical  
analysis  of the  tubes showed no de tec tab le  n ickel  
content.  

A source of expe r imen ta l  e r ro r  which  mus t  be  con- 
s idered  is the  exchange  reac t ion  

NiC12(liq) -5 Na20(in beta- --> 2NaCl(~iq) -t- NiO(in beta~ 
alumina) alumina) 

[9] 

A t  1200K, hG ~ for  reac t ion  [9] is --375 kj (4). The 
ac t iv i ty  of Na20 in b e t a - a l u m i n a  is a p p r o x i m a t e l y  
10 -12 at  1200 K (5).  This is not  low enough to coun-  
te rac t  the  ve ry  negat ive  hG ~ and so b e t a - a l u m i n a  
should be t h e r m o d y n a m i c a l l y  uns tab le  in the  NaC1- 
NiCI~ melts .  (Al though,  for  mel ts  d i lu te  in NaC1 i t  is 
jus t  possible wi th in  the  var ious  expe r imen ta l  e r ro r  
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Fig. 7. Partial molar entropy of mixing of NaCI in NaCI-NiCI~ 
melts. 

l imits  that  ~G of the  exchange  reac t ion  could be posi -  
t ive.)  However ,  the mob i l i t y  of Ni 2+ ions in be ta -  
a lumina  would  be expected  to be many  orders  of 
magni tude  lower  than  tha t  of the  Na + ions. Yao and 
K u m m e r  (6) found tha t  m a n y  d iva len t  ions could 
enter  the  s t ruc ture  of be t a - a lumina ,  b u t  t ha t  these  
ions diffuse only  ve ry  slowly.  Hence, if the  exchange  
reac t ion  proceeds wi th  Ni 2§ diffusion, i t  m a y  occur 
so s lowly  tha t  the cell  emf is s t i l l  effect ively given 
by  Eq. [2]. 

If, on the  o ther  hand,  the  Ni~+ does not  en te r  the  
b e t a - a l u m i n a  but, instead,  if a l aye r  of pure  NiO forms 
o n  the surface, then  the  b e t a - a l u m i n a  wi l l  become 
impover i shed  in  Na~O nea r  i ts  surface such tha t  a 
surface l aye r  of a l p h a - a l u m i n a  wil l  form, g rea t ly  re -  
t a rd ing  fu r the r  reac t ion  b y  h inder ing  sodium t ranspor t .  
Wha tever  the  exact  reason, the  s tab i l i ty  and reproduc i -  
b i l i ty  of the  expe r imen ta l  resul ts  together  wi th  the ex-  
cel lent  ag reemen t  wi th  previous  s tudies  show tha t  the  
exchange react ion is not  a p rob lem in this  sys tem and 
tha t  the  open-c i rcu i t  emf  is g iven by  Eq. [2]. The b l u e -  
green  surface l aye r  indicates  tha t  the  exchange  reac-  
t ion has occurred,  bu t  only  to a ve ry  l imi ted  extent .  
The absence of any  nickel  wi th in  the  solid e lec t ro ly te  
indicates  tha t  no nickel  t r anspor t  has occurred.  The 
a forement ioned  d iminished r ep roduc ib i l i t y  when  XNicl~ 
> 0.5 m a y  be due to in te r fe rence  f rom the exchange 
reac t ion  which  would  become more  pronounced  at  
h igher  NiCI~ concentrat ions.  

CouLometric titration.--It was decided to a t t empt  to 
va ry  the composi t ion in the  w o r k i n g  e lec t rode  com- 
p a r t m e n t  b y  coulometr ic  t i t ra t ion.  This technique was 
found ea r l i e r  (7) to work  ve ry  wel l  in concentra t ion  
cells containing N a - S n  alloys, the  b e t a - a l u m i n a  pe r -  
mi t t ing  the  t r anspor t  only  of Na + ions. 

Accordingly,  a l~i wire  was  p laced  in the  outer  NaC1- 
NiCI~ ba th  (see Fig. 1) and a fixed cur ren t  of 96.4 m A  
was passed be tween  this wire  and the work ing  elec-  
t rode for measured  per iods  of t ime wi th  the a id  of a 
Sa rgen t -Welch  Model  IV Coulometr ic  Curren t  Source. 
Under  the assumpt ion tha t  only  Na + ions can cross 
the be ta -a lumina ,  the  composit ion of the  work ing  elec-  
t rode  compar tmen t  could be ca lcula ted  a f te r  each  pass-  
age of current .  

However ,  when  cell emf 's  were  measured  af ter  the  
passage of cur ren t  they  did not  cor respond to those 
in Table I. When  the b e t a - a l u m i n a  tubes were  removed  
and cracked open, they  were  found to be b lue -g reen  
r ight  through.  Analys is  of a tube th rough  which  28 
meq  of charge  had  been  passed showed i t  to contain  
1.8 weight  percent  nickel.  Rough calculat ions show 
tha t  this means  that  be tween  1% and 10% of the cu r -  
ren t  was car r ied  by  nickel  ions. 

Thus, the coulometr ic  t i t r a t ion  was unsuccessful  since 
nickel  en tered  the be ta -a lumina .  This is surpr is ing  in 
view of the a forement ioned  observat ion  tha t  upon  open 
ci rcui t  the  Ni 2+ does not  pene t ra te  the  solid e lec t ro ly te  
and in v iew of Yao and K u m m e r ' s  (6) observat ion  of 
ve ry  low diffusivit ies in be ta -a lumina .  If the  mobi l i ty  
of Ni ~+ in b e t a - a l u m i n a  is so low, why  is so much 
Ni 2+ t ranspor ted  upon passage of current?  A possible 
exp lana t ion  is tha t  the the rmodynamic  equi l ib r ium 
favors  the format ion  of nickel  b e t a - a l u m i n a  at  the 
surface, so tha t  a la rge  f rac t ion of the mobile  cation 
sites a t  the  surface are  a lways  occupied b y  n ickel  ions. 
The nickel  ions are  not sufficiently mobile  to diffuse 
into the be ta  a lumina  upon open circuit,  bu t  when a 
potent ia l  is appl ied  they  are  forced to enter.  F l inn  and 
S te rn  (8) observed a s imi lar  effect in the case of 
b e t a - a l u m i n a  in NaCI-ZnCI~ melts.  No zinc en te red  the 
be t a - a lumina  upon open circuit,  bu t  when cur ren t  was 
passed the i r  cell  res is tance rose ve ry  sharply.  This be -  
havior  of b e t a - a l u m i n a  in d iva len t  ha l ide  mel ts  mer i t s  
fu r the r  study.  

The  coulometr ic  t i t r a t ion  was repeated,  bu t  this t ime 
the outer  ba th  contained only  pure  NaC1 and cur ren t  
was passed only in the di rect ion such as to cause Na + 
ions to pass th rough  the b e t a - a l u m i n a  f rom the pure  
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NaC1 bath into the working electrode compartment.  
After  each passage of 2000 meq the current  was in te r -  
rupted and the open-circui t  emf was measured. It  re-  
quired only about  5 sec for equi l ibr ium to be estab- 
lished after the polarization was terminated.  In  this 
way the composition of the working electrode com- 
par tment  was varied by 27 mole percent. (The total 
mass of salt in  the working electrode compar tment  
was approximately 5g.) Results at 1173 K are shown 
in Table II where comparison is made with the previous 
results from Table I. Very good agreement  is obtained 
unt i l  XNiCl2 has been reduced from 0.38 to about 0.25. 
Thereafter,  upon fur ther  t i tration, the emf's measured 
in  the t i t rat ion exper iment  deviated more and more 
from the previous results. The direction of the devia-  
t ion was the same as t h a t  of the polarization and was 
the same as that which was observed when the outer 
bath contained NiC12 as well as NaC1. The explanat ion 
is most l ikely as follows. As the t i t ra t ion proceeds, 
Ni 2+ ions enter  the outer bath from the Ni electrode 
to replace the Na + ions which have gone through the 
beta-a lumina.  Hence, the concentrat ion of NiCI~ in  the 
outer bath builds up and eventual ly  these Ni 2+ ions 
start  to enter  the be ta-a lumina .  

D i s c u s s i o n  

The rapid decrease in  AhNaCl near  XNici2 : 1/3 in 
Fig. 6 and the anomaly in  hS~aCl in Fig. 7 near  the same 
composition are indicative of a stabilization and struc-  
tural  ordering of the melt  a round X s i c 1 2  --" 1/3 which 
is the composition represented by  Na2NiCL~. (The shape 
of the part ial  entropy curve in Fig. 7 corresponds to 
an integral  curve with a m i n i m u m  near  XNiC~2 : 1/3.) 
This type of behavior  has been observed in a large 
number  of other AX-MX2 systems (where A : alkali, 
X : halogen, and M : divalent  metal) .  See, for ex- 
ample, Ref. (9). 

A simple "discrete complex anion model" has been 
suggested (9) for these systems. The existence of 
NiC142- complex anions is proposed. These anions are 
in equi l ibr ium with Ni 2+ and C1- ions in  the melt  

Ni 2+ -5 4C1- ~ NiC142- [10] 

A parameter  ~ is defined which gives the fraction of 
total nickel exist ing in  the NiC142- complexes. The 
entropy of the melt  is then wri t ten  as a function of 
by assuming an ideal Temkin  solution of Ni 2+ and Na + 
cations on the cation sublatt ice and of C1- and NiC142- 
anions on the anion sublattice. The enthalpy of mixing 
is assumed to arise from the formation of complexes 
according to Eq. [10]. Hence, the enthalpy can also be 
wri t ten  as a funct ion of the degree of complexing ~ as 
well as of two adjustable parameters  bl and b2 which 
give the energy change of reaction [10] as a function 
of composition. The parameter  a is then determined 
by minimizing the free energy: d~G/da ~ O. Details 

Table II. Results of coulometric t i tration at  1173 K 

E (mV) from 
X~c~ 2 E ( m V )  previous results 

S t a r t  of titration 0.3600 - 199.7 - 199.4 
0.3563 - 176.3 ( - 174.3) * 
0.3340 - 153.7 ( - 152.5) * 
0.3120 - 132.4 - 132.0 
0.2907 - 112.25 - 112.3 
0.2703 - 93.25 - 93.7 
0.2504 - 7 4 , 6 5  - 7 6 . 6  
0 . 2 3 1 1  - 5 7 . 3 5  - 5 9 . 7  
0 . 2 1 2 4  - 4 0 . 7 5  - 4 4 . 3  
0.1943 - 24.6 - 30.1 
0.1767 - 9.2 - 15.7 
0.1596 + 6.3 - 0.3 
0.1431 + 21.1 + 12.9 
0.1269 + 36.7 + 28.4 

End of titration 0.1113 + 52.4 + 41.9 

* T h e s e  va lues  a r e  p l a c e d  in p a r e n t h e s e s  b e c a u s e  i t  is  diff icul t  
to  i n t e r p o l a t e  t he  e x p e r i m e n t a l  e m f ' s  a c c u r a t e l y  in t h e  compos i -  
t i on  reg ion  near  X ~ , o ~  ----- 1/3 w h e r e  s E a n d  ~ h  v a r y  r ap id ly .  

are given in  Ref. (9). Plots of AhNacl and of ~SNacl 
calculated via this model with bl : --62.5 kj and b2 
---- 0 are shown in Fig. 6 and 7. These values of bl and 
b2 were chosen to give the best "by eye" fit to the ex- 
per imental  curves, but with consideration given to the 
values of bl and b2 required for many  other MC12-AC1 
systems as discussed in  Ref. (9). [The values origi- 
na l ly  suggested in  Ref. (9) for this system were bl : 
--58.5 kj and b2 ---- -52.0 kj which give v i r tual ly  ident i -  
cal results to those obtained wi th  the present  values.] 
It  is seen that the model predicts the shapes of the 
curves, bu t  that  the anomaly in  asNacl as well as the 
rapid drop in  AhNaC1 a r e  predicted to occur at lower 
values of XNic12 than are observed. Were the calcula- 
tions to be repeated with assumption of NiC13- com- 
plexes ra ther  than  NiC142-, the anomalies would occur 
n e a r  X N i c l 2  --- 0.5. This would give very  poor agreement  
with the measured values. Possibly some NiC13- com- 
plexes are formed along with the NiC142- complexes. 
This is equivalent  to saying that  there is a preferred 
coordination of chlorine around nickel which is slightly 
less than 4. 

C o n c l u s i o n s  

Beta-a lumina  solid electrolytes can be used to mea-  
sure the thermodynamic  properties of NaC1-NiCI~ 
melts in the tempera ture  range 800~176 The use 
of be ta -a lumina  tubes, sealed in the hot zone, per-  
mitted separate gas-t ight  electrode compartments  to 
be realized and el iminated all problems of volatiliza- 
tion. Very stable reversible  emf's were obtained. The 
cells are of very  low polarizability. Entropies and en-  
thalpies could be calculated with good accuracy from 
the temperature  dependence of these emf's. 

Although the emf of the cell at any  given mel t  
composition gives only a ratio of activities in the melt, 
integrat ion of the Gibbs-Duhem equation permits the 
individual  activities to be determined as long as mea-  
surements  have been made for compositions over to 
the pure component  in question. 

The be ta -a lumina  was attacked to only a negligible 
extent  by the NiC12 melts and no Nie+ entered the 
solid electrolyte at open circuit. However, when cur-  
rent  was passed the Ni 2+ rapidly  entered the beta-  
alumina.  It is proposed that  the presence of Ni 2+ in 
the be ta -a lumina  blocks the t ranspor t  of Na + ions. 
This observation may have practical consequences for 
the use of be ta -a lumina  in  electrochemical devices. If 
divalent  ions are present  as impurities,  even in small 
quantities, they may accumulate with t ime and poison 
the beta-a lumina.  

It is possible, nevertheless, to vary  the composition 
of the fused salt under  s tudy by coulometric t i t rat ion 
provided the t i t rat ion is made from a bath containing 
only NaC1. The fact that the composition can be pre-  
cisely varied in situ by several mole percent will de- 
crease the time required to study a system. 

The results for the enthalpy and entropy of the 
NaC1-NiC12 solutions indicate a stabilization and struc-  
tural  ordering of the melts near  an NiC12 mole fraction 
of 1/3. 
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Diffusion-Controlled Polarization of Pt, Ag, and Au Electrodes 
with Doped Ceria Electrolyte 

Da Yu Wang* and A. S. Nowick* 
Henry Krumb Schoo~ o:f M~nes, Columbia University, New York, New York  10027 

ABSTRACT 

The na tu re  of e lect rode polar izat ion,  p rev ious ly  inves t iga ted  for  P t  pas te  
electrodes,  is now s tudied  for P t  foil, Ag  and Au  paste, and  Ag foil  electrodes.  
The cur ren t  in te r rup t ion  method  wi th  a reference  e lect rode is employed  in t h e  
t empe ra tu r e  range  500~176 under  O2-Ar gas mixtures .  Electrode s t ruc-  
tures  a re  also examined  by  opt ical  and  e lec t ron microscopy.  The p r inc ipa l  
expe r imen t a l  fea ture  is that the But le r -Volmer  equat ion is obeyed  wi th  ca th-  
odic and  anodic t r ans fe r  coefficients of 1/2 and 3/2, respect ively ,  and  an effec- 
t ive exchange cu r ren t  which  var ies  as the  3/8 power  of Poe. Also, t r ans ien t  
decay curves are  much s lower  than for the  pure  charge  t rans fe r  mechanism.  
These fea tures  can be in t e rp re t ed  in terms of a model  in which charge t ransfe r  
takes  place in the two-phase  region be tween  e lec t rode  and electrolyte ,  bu t  
whe re  the  ra te  is contro l led  b y  in ter fac ia l  diffusion of oxygen atoms a long the 
electrode,  except  when the e lec t rode  par t ic les  are  e x t r e m e l y  small .  For  ex-  
t r eme  cases of diffusion l imita t ion,  the  ada tom concentra t ion  over  m o s t  of the  
two-phase  region becomes so low tha t  e lec t ro ly te  reduct ion  takes  place. The 
resul t ing  apprec iab le  electronic contr ibut ion  can be t r ea ted  in te rms of the 
Wagner  po la r iza t ion-ce l l  theory.  

This is the  four th  of a series of papers  dea l ing  with 
elec t rode  polar iza t ion  in high t empe ra tu r e  cells tha t  
involve  oxygen  t ranspor t .  In  the  previous  papers  (1-3) 
use was made  of a cur ren t  in te r rup t ion  method  in 
combinat ion  wi th  a re ference  e lect rode to s tudy the 
na tu re  of e lec t rode  processes occurr ing  at  P t  pas te  
e lectrodes (composed of fine Pt  par t ic les)  on a doped 
ceria e lectrolyte .  Wi th  this method,  i t  is possible to 
de te rmine  sepa ra t e ly  the anodic and cathodic over -  
potent ia ls  as wel l  as the  ohmic polar iza t ion  of the 
e lectrolyte .  S t eady - s t a t e  measurements  were  r epor ted  
in (1) and bo th  t rans ien t  and  a-c  measurements  in 
(2). These s tudies  showed tha t  e lec t rode  polar iza t ion  
is contro l led  by a charge t ransfe r  (or "ac t iva t ion")  
mechanism.  S tudy  of the  exchange cur ren t  as a func-  
t ion of Po2 (oxygen  pa r t i a l  pressure)  and t empera -  
ture  showed tha t  oxygen  for  the  charge t ransfe r  p ro -  
cess is suppl ied  f rom adsorbed  a toms on the P t  e lec-  
t rode  surface which  obey the L a n g m u i r  isotherm. The 
f ract ion of adsorbed  sites, 0, is found to be la rge  at  
low t empera tu res  and smal l  a t  high tempera tures ,  
giving rise to a charge t rans fe r  ra te  tha t  switches over  
f rom a po2 -1/4 to a po~ + 1/, dependence  in these two 
ranges,  respect ively.  Observat ions  of the e lectrodes 
were  also made  by  scanning e lec t ron microscopy to 
show the changes in micros t ruc ture  tha t  occur dur ing  
aging. 

At  high overpoten t ia l  or low Po2, l imi t ing -cu r ren t  
behav ior  was observed at the cathode. Fo r  even h igher  
overpotentiaIs ,  i t  was shown (3) tha t  reduct ion  takes  
pIace at  the cathode and electrons are  d i rec t ly  in jec ted  
into the  e lectrolyte .  The s t eady - s t a t e  behav io r  asso-  
ciated wi th  this  reduc t ion  phenomenon  has been  ex -  

�9 E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  Member. 
Key words: ceramics,  f u e l  cell ,  c h e m i s o r p t i o n ,  T a f e l  s lope.  

pla ined  in terms of the Wagner  po la r iza t ion-ce l l  model,  
while  the  t rans ien t  behav ior  was in t e rp re t ed  in te rms 
of diffusion of e lect rons  f rom the cathode to o ther  
regions of the  e lectrolyte .  

In  the previous  papers ,  l i t t le  was said about  the 
region be tween  the e lect rode and e lec t ro ly te  where  
the  charge  t ransfer  process takes  place. These e lec t ro-  
chemical ly  active sites might  be located in the th ree -  
phase region (e l ec t rode-gas -e lec t ro ly te )  or  in the 
more  extensive two-phase  region (e lec t rode-e lec t ro -  
ly te ) .  In  the l i t e ra tu re  the  two-phase  region  is gen-  
e ra l ly  p re fe r r ed  (4, 5) because, otherwise,  e x t r e m e l y  
high local  ionic cur ren t  densi t ies  would  be required.  
However ,  this has never  been  es tabl i shed  conclusively.  

If the reac t ion  takes place in the  two-phase  region,  
oxygen atoms must  diffuse l a t e r a l l y  i nward  along the 
in terface  f rom the th ree -phase  region.  This is pa r -  
t i cu la r ly  t rue  fo r  Pt electrodes since oxygen  so lubi l i ty  
and diffusivi ty in the bu lk  are  ex t r eme ly  smal l  (6). 
The concentrat ion of oxygen  in the two-phase  region 
wil l  then depend on the in te r fac ia l  diffusion ra te  as 
wel l  as on the local cha rge - t r ans fe r  exchange rate.  
The re la t ive  ra t io  of these two ra tes  can be modified 
by  vary ing  the par t ic le  sizes of the  electrode.  Thus, 
different  e lect rode morphologies  should give rise to 
different  overa l l  polar iza t ion  behavior .  

In  the present  study,  we first examine  the  cathodic  
and anodic polar iza t ion  of P t  foil  e lectrodes using the 
current  in te r rup t ion  method.  The resul ts  a re  qui te  
different  f rom those of the previous  P t  pas te  e lectrodes 
and are  in t e rp re t ed  in te rms of a model  in which  the 
react ion occurs over  the  two-phase  region,  wi th  oxy -  
gen diffusing along the e lec t rode  f rom the t h r ee -  
phase region. The theory  is s imi lar  to tha t  of Wil ls  
(7, 8) who dea l t  wi th  a surface diffusion p rob l em in 
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a sys tem consist ing of a l iquid aqueous electrolyte ,  a 
me ta l  electrode,  and  a gas. 

Morphological ly ,  s i lver  and  gold electrodes are  s imi-  
l a r  to p la t inum,  and one w o u l d  therefore  expect  to be 
able to i n t e rp re t  polar iza t ion  phenomena  in cells em-  
p loying  Ag and Au elect rodes  in a s imi la r  way. The 
presen t  work  explores  such systems and shows the 
s imilar i t ies  and  differences as compared  to Pt. 

Theory  
When cur ren t  passes th rough  an oxygen- ion  c o n -  

d u c t i n g  electrolyte ,  oxygen  atoms and  electrons must  
be exchanged be tween  the e lec t ro ly te  and the ambien t  
gas by  w a y  of the me ta l  electrode.  Genera l ly  the ra te  
of diffusion th rough  the bu lk  of the  me ta l  e lec t rode  
is so smal l  tha t  only  diffusion which  proceeds a l o n g  
the  in terface  be tween  the e lec t rode  and the e lec t ro ly te  
is impor t an t  for ma in ta in ing  the supply  of oxygen.  
Therefore,  a concentra t ion grad ien t  m a y  be bu i l t  up 
on this interface.  Such a g rad ien t  depends  on the 
local ra te  of the charge t r ans fe r  reac t ion  which, in 
turn,  is dependent  on the local  concentra t ion of the 
reac tants  C(u,  v)  (or the  ada tom concentra t ion)  
where  u, v are  coordinates  in the interface.  The to ta l  
cur ren t  pe r  uni t  area, I, wil l  be the in tegra l  over  the  
plane of the local cur ren t  densi ty,  Iw(u, v )  

I = - -  Iw(U, v ) d u d v  [1] 
A 
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where  the subscr ip t  w denotes the di rect ion pe rpen-  
d icular  local ly  to the  (uv)  plane  and A is the area. 
The function Iw(u, v)  is p ropor t iona l  to the local  ra te  
of the charge t ransfe r  react ion and is given for  h igh  
t empera tu res  or  0 < <  1 (0 being the f ract ion of ava i l -  
able  surface act ive sites on the e lect rode tha t  a re  oc-  
cupied by  chemisorbed oxygen  ada toms) ,  as (1) 

Iw (u, v) = Io{exp [aae~ (u, v )  IkT]  

- -  [C(u,  v ) / C 0 ] e x p [ - -  ace~(u, v ) l k T ] }  [2] 

where  Io is the exchange  current ,  e is the electronic 
charge, ~(u,  v) is the  overpotent ia l ,  aa and ac are  the 
anodic and cathodic charge t rans fe r  coefficients (here  
~a - -  ~c = 1 ) ,  C 0 i s  the equ i l ib r ium concentra t ion of 
oxygen adatoms, and k T  has the usual  meaning.  Gen-  
eral ly ,  the  me ta l  surface is an equipotent ia l  so tha t  
the overpoten t ia l  ~ ( u , v )  can be taken  as constant.  
Accordingly,  only  the  function C(u,v )  must  be known 
in o rder  to c a r r y  out the  in tegra t ion  of Eq. [1]. F o r  
mass conservation,  C'(u,v) must  sat isfy the cont inui ty  
equat ion 

DV2C(u ,v )  + Iw(u , v ) /2e  = O [3] 

where  D is the in te r rac ia l  diffusion coefficient of oxy-  
gen and the total  number  of t r ans fe r red  charges pe r  
reac tan t  is assumed to be equal  to 2. We wil l  consider  
two possible bounda ry  conditions for  Eq. [3], e i ther  

C(u ,v)  [B = Co [4] 
o r  

D V C  (u,v)  IB -- 7(  Co -- CB) [~] 

where  B stands for the  bounda ry  (i.e., the th ree -phase  
pe r iphe ry )  of the me ta l - e l ec t ro ly t e  in terface  region 
and 7 is a constant.  The first condit ion assumes tha t  
the rmal  equ i l ib r ium be tween  gas and chemisorbed 
adatoms is ma in ta ined  on the boundary .  Al te rna t ive ly ,  
the second condit ion assumes that,  on the boundary ,  
the in te r fac ia l  diffusion ra te  of chemisorbed adatoms is 
p ropor t iona l  to the difference be tween  the ac tual  con- 
cent ra t ion  and the t he rma l - equ i l i b r ium concentrat ion;  
i t  is jus t  this condit ion tha t  gives rise to l imi t ing -cu r -  
ren t  type  behavior  (1). 

For  s impl ic i ty  we consider  an e lec t rode  wi th  the 
geomet ry  shown in Fig. 1 (wi th  concentra t ion inde-  
penden t  coordinate  v and boundar ies  a t  u = •  Fo r  

ELECTROLYTE 

u 

Fig. I .  Schematic diagram of an electrode particle of simple 
geometry on an electrolyte. 

this case, the  solut ion of Eq. [3] for the first bounda ry  
condition,  Eq. [4], is 

C(u) /Co  = [1 --  exp (2e~/kT)]  [cosh ( G u / L ) / c o s h  G] 

+ exp (2e~/kT)  [6] 
where  

G = Q exp ( - e ~ / 2 k T )  [7] 
and 

Q - [IoL2/2eDCo] ~a [8] 

The total  cur ren t  per  uni t  a rea  of e lect rode is then 

1 : ( Io /Q)[exp  ( 3 e ~ / 2 k T -  exp ( - - e ~ / 2 k T ) ]  tanh  G 

[9] 

The quan t i ty  Q defined by  Eq. [8] is a measure  of 
the re la t ive  rat io of the charge exchange  ra te  and the 
in ter rac ia l  diffusion rate.  If  the l a t t e r  is much grea te r  
than the former,  we have Q < <  1. In  this  case, t anh  
G ~_ G in Eq. [9] and that  equat ion becomes 

I : I0[exp ( e~ /kT)  -- exp ( - - e ~ / k T ) ]  [10] 

which is the  same as Eq. [2] wi th  C(u ,v )  -- Co. There -  
fore, under  these conditions,  the in ter rac ia l  diffusion 
has no effect on the total  current .  Al te rna t ive ly ,  if the 
diffusion ra te  is much smal le r  than  the exchange rate,  
or Q > >  1, the tanh  funct ion wil l  then equal  un i ty  
and Eq. [9] becomes 

I = (Io/Q) [exp (3e~/2kT)  -- exp  ( - - e ~ / 2 k T ) ]  [11] 

Compar ing  Eq. [11] and [10], we find tha t  both  are  
of the Bu t l e r -Vo lmer  form except  tha t  in Eq. [11] I0, 
aa, and ac take on new (pr imed)  values  

Io' "- Io/Q [12] 

aa' = 3/2 [13] 

ac' = 1 / 2  [14]  

At low l~[ ( < < k T / e ) ,  Eq. [11] can be  l inear ized to 
obtain 

I = Io' (2e~/kT)  [15] 

Thus, at  low 101 the e lec t rode  polar iza t ion  is ohmic, 
whi le  at  large  II1] a plot  of In [I] vs. [~] gives a Tafel  
slope of (3e /2kT)  at the anode and ( e /2kT)  at  the  
cathode. 

In Fig. 2, Eq. [9] is p lo t ted  as log ( / / Io)  vs. ~ for  
various values of Q. We see that  for Q ~ 0.4 Eq. [10] 
is a good approximat ion ,  whi le  for Q > 4 Eq. [11] 
s u f f i c e s .  

At high t empera tu re  a n d / o r  low Po~, where  0 < ~  1, 
according to the previous  s tudy  (1), Io cc po~/, and  
Co ~ pou 1/2. Subst i tu t ing  these resul ts  into Eq. [8] and 
[12], we find tha t  Io' should have the fol lowing Po2 
dependence  

I0' ~" Po9 ~ [16] 
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Fig. 2. Plat of log Ulo vs. ~1 (both cathodic and anodic) as cal- 
culated from Eq. [9] for different values of Q at a temperature of 
800 ~ C. 

Alte rna t ive ly ,  we may  choose Eq. [5] as the  
b o u n d a r y  condit ion ins tead  of Eq. [4]. Fol lowing  a 
p rocedure  s imi lar  to the  one above, we obta in  for the  
to ta l  cu r ren t  dens i ty  

I .-  (Io/Q) {[exp (Seq/2kT) 

--  exp  ( - - en /2kT)] / [ (DG/ .~L)  + co thG]}  [17] 

For  Q < <  1, this  equat ion  becomes 

I - -  [exp (en /kT)  -- exp ( - - e t l / k T ) ] /  

[I0 - z  + exp ( - -ml /kT) / I , ]  [18] 
whe re  I, is defined as 

I1 - 2e-~C0/L [19] 

pressed under  an  a lumina  d isk  weighing  23g. This 
combinat ion  was fired at  950~ for  7 days  (denoted  
e lect rode A)  or a t  1500~ for 4 h r  in  an argon a tmo-  
sphere  (denoted e lec t rode  B) .  

S i l v e r  e lectrodes genera l ly  were  p r e p a r e d  b y  pa in t -  
ing flexible s i lver  coat ing (Enge lhard  No. 16) on the 
electrolyte ,  then  firing at  600~ in open a i r  for  2 hr. 
S i lver  foil  (127 #m thick, 99.99% pur i ty )  was ro l led  
down to 50.8 #m, af te r  which  i t  was l igh t ly  e tched in 
cold 30% HNOs to e l iminate  any  possible  surface con- 
taminat ion.  I t  was then  r insed  in dis t i l led  w a t e r  and 
f inal ly in acetone. S i lver  foil  e lect rodes  were  p r e p a r e d  
by  first b rush ing  the surface  of the  e lec t ro ly te  wi th  
s i lver  pas te  (Enge lhard  No. 16), then  press ing the foil  
on i t  wi th  a 23g a lumina  disk, and  finally, firing at  
700~ for  8 hr. 

Gold electrodes were  p repa red  b y  brush ing  gold 
paste  (Enge lhard  A-2123) onto the  surface of the e lec-  
t ro ly te  and firing at  800~ in open a i r  for  4 hr. The 
average  thickness of pas te  e lectrodes (s i lver  and  gold)  
is es t imated  b y  weighing the samples  w i th  and wi thout  
the  electrodes.  The difference in weight  was then  
d iv ided  by  the dens i ty  of the me ta l  and  nomina l  e lec-  
t rode  area. Gene ra l ly  the  average  thickness  ranges  
f rom 1.0 to 1.8 #m. 

Af te r  the  e lect r ica l  exper iments  were  completed,  
some samples  were  cut  into smal l  pieces (<0.6 X 0.8 
cm 2) and placed into a JEM-100C elect ron microscope 
for e lect rode surface scanning at  a magnif icat ion of 
1000• P l a t i num foil and s i lver  foil  e lectrodes were  
also examined  b y  an opt ical  microscope a t  a magnif ica-  
t ion of 778X; in this  w a y  the ent i re  sample  could be 
examined  wi thout  being des t royed.  

Results 
I t  was prev ious ly  demons t ra ted  (1) tha t  for chemi-  

sorpt ion of oxygen on Pt, 8 becomes r a the r  high at  the  
lower  t empera tu res  (wi th  8 = Vz a t  po~ --  0.94 • 10-s  
a tm and T ---- 550~ In  the  presen t  s tudy of P t - fo i l  
electrodes,  the t empera tu re  was l imi ted  to values  nea r  
80O~ so as to keep a << 1. 

Two p la t inum foil  e lectrodes (A and B) which  were  
p repa red  different ly  (see Expe r imen ta l  Methods)  were  

which  is the genera l  form for  the  cu r ren t  when  there  
is a l imi t ing  cu r ren t  dens i ty  I1 (1).  Fo r  Q > >  1, Eq. 
[17] becomes 

I = [exp (3e~/2kT) --exp (--e~/2kT)]/ 

[Q/Zo + exp ( - e ~ 1 2 k r ) l I l ]  [203 

Compar ing  Eq. [19] and [20], we find tha t  both  t ake  
the  same form, if for the  in ter rac ia l -d i f fus ion  con- 
t ro l led  case (Eq. [20] ) we let  I0, =,, and  ac be rep laced  
by  new (pr imed)  values,  exac t ly  as given in Eq. [12]- 
[14] .  
Equation [20] can be linearized for el~l << kT and 

becomes 
I = Io" (2e~/kT)  [21] 

where  
Io" = Io'Ix/(Io" + Ii) [22] 

The above der ivat ion,  Eq. [6]-[22] ,  can be gene ra l -  
ized for  o ther  geometr ica l  shapes of the  electrodes.  The 
solut ions for d i f fus ion- l imi ted  behav ior  should be s imi -  
l a r  to Eq. [11] and [20], except  tha t  Q wi l l  then  in -  
volve different  geometr ica l  parameters .  

Exper imenta l  M e t h o d s  
Doped cer ia  e lec t ro ly tes  and p l a t i n u m  pas te  elec- 

trodes were  p r e p a r e d  as descr ibed  prev ious ly  (1). The 
a r r a n g e m e n t  for  the  cu r ren t  in te r rup t ion  method  fs 
also descr ibed  in Ref. ( 1 ) - ( 3 ) ,  as a re  the  sample  
chamber  and gases used (O2-Ar mix tu re s ) .  

The p l a t i n u m  foil  e lectrodes u t i l ized p l a t i num foil  
12.7 #m th ick  and of 99.99% pur i ty .  An  unf luxed P t  
pas te  (Enge lha rd  6926) was first b rushed  on the sur -  
face of the  e lectrolyte ,  onto which  the P t  foi l  was 

tested, and  typ ica l  resul ts  a re  shown in Fig. 3. The  

100 ~ I I , , , 

ANODE 

10 - o / / ' / o ~  o 

rrl ~ 
(mA) 
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1.0 P02 = 0.9 xlO-2atm 
i �9 > , /  8 0 0 ~  

-/ 
I j ~ I J 

100 200 300 400 500 

1",71 (mY) 
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Fig. 3. Anodic and cathodic polarization curves for the two Pt 
foil electrodes at 800~ Open circles are for electrode A and 
filled circles for electrode B. Solid lines and dashed lines are, 
respectively, the fits to Eq. [11] and [20]. 
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anodic results could always be fitted to Eq. [11], in 
which the one adjustable parameter  (Io') was obtained 
from the linear range (where [~11 < <  kT)  by utilizing 
Eq. [15]. (For clarity, the anodic results for electrode 
B are omitted in Fig. 3.) The cathodic data were fitted 
either in the same wa y  (solid curves) or to Eq. [20] 
(dashed curve),  which involves Is as a second pa ram-  

eter. For electrode A this second fitting is more satis- 
factory, indicating the need to include a limiting cur-  
rent. Using previously published values of I0 [ (1), Fig. 
13] and Eq. [12], values of Q of 9.5 and 26 are obtained 
for electrodes A and B, respectively. 

Results for the Po2-dependence of Io' for both foil 
electrodes are given in Fig. 4. The two solid l i n e s  are  
drawn with the slope of 3/8, in agreement  with Eq. 
[16]. The reproducibili ty of the data is good, in con- 
trast  to those for the Pt  paste electrodes where changes 
could be produced by high applied currents (1). No 
t ime-dependent  effects were detected in the present 
range of temperature  and Po2. 

The observed polarization of silver paste electrodes 
can also be described by Eq. [11] or [20]. Typical 
results are given in Fig. 5, where both anodic and 
cathodic data are presented and fitted to Eq. [11]. The 
circled numbers  mark  the values of overpotentials at 
which transient  behavior  is studied, as given in Fig. 6. 
Comparison with Re~. (2) shows that  the overpoten-  
tials decay very  slowly in this case, clearly suggesting 
that  activation polarization is not the rate-control l ing 
process. 

Results for the po2-dependence of Io' for the Ag elec- 
trodes are given in Fig. 7 in the temperature range 
between 7000 and 500~ The solid lines in this log-log 
plot are drawn with a slope of 3/8. It is clear f rom 
Fig. 7 that  the same power- law dependence of Io' on 
Po2 is obeyed over the entire temperature  range, in 
contrast to the results for P t  paste electrodes (1). The 
temperature  dependence of Io' at constant Po2 is given 
in Fig. 8 along with data for other  paste electrodes. The 
straight line drawn through the Ag data in this plot 
gives an activation energy of 1.1 eV. 

10 

1.0 

Pt FOIL 
( ~  CeOz: 10%Ca0 

800~ 

�9 0 

0.1 

I I I ) 
10 -2 10-4 

P02 (arm) 
Fig. 4. Dependence of Io' on PO2 for the two Pt foil electrodes. 

Open and filled circles are for electrodes A and B, respectively. 
The straight lines are both drawn with slope of 3/8. 
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Fig. 5. Anodic and cathodic polarization curves for Ag paste 
electrode at 600~ Solid lines are the fits to Eq. [11]. Circles 
mark the overpotentials at which the transient data of Fig. 6 are 
obtained. 
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Fig. 6. Decay of cathodic and anodic overpotentials with time 
corresponding to the five points, marked on Fig. 5. 

Silver foil electrodes give results similar to the silver 
paste except that, at the cathode, limiting current  
effects are more prevalent  in the case of the foil. Fig-  
ure 9 shows a typical result, with the anodic data 
fitted to Eq. [11] and the cathodic data to Eq. [20]. 
The quant i ty  I0' is similar in magni tude to that  for 
silver paste electrodes. At low overpotentials ( < k T / e )  
the polarization again shows linear behavior in ac- 
cordance with Eq. [15] and [21]. 

In Fig. 10, I0' and 11 are plotted as functions of tem- 
perature;  Io' is found to have an activation energy of 
1.1 eV, the same as that  of the Ag paste electrodes. 
In the case of I1, as well as Io" (not shown),  a straight  
line is not  obtained over this range. These same data, 
when plotted vs. Po2 at constant temperature  show 
that  Io" oc po~S/B in agreement  with the results for  Ag 
paste electrode (Fig. 7), while Io" and I~ show roughly 
po2 n behavior  with n = ~ and 1, respectively. 

The polarization of gold paste electrode can also be 
described by  Eq. [11]. The po2-dependence of  Io" at 
785~ is shown in Fig. 11, where the solid line is 
again drawn with a slope of 3/8; however,  there is a 
deviation from this power law at low Po~. The tern- 
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Fig. 7. Variation of le' with pog. for Ag paste electrodes at various 
tom,rotates. The straight lines are all drawn with slope of 3/8. 

perature dependence of Io' is given in Fig. 8 (open 
circles) for two different Po2; in both cases the slope 
corresponds to an activation energy of 1.69 eV. 

At sufficiently low Po2, we find that the entire range 
of the cathodic polarization cannot be fitted very well 
by either Eq. [11] or [20]. A typical example for an 
Ag foil electrode at 735~ is given in Fig. 12. The 
open circles are the data and the solid line A is the 
fit of Eq. [20]. The solid circles give the difference of 
current A[I I between the measured values and line A. 
The plot of this difference as log 4{I[ vs. ]ol shows 
a linear region of slope 2.3e/kT. For Pt foil electrodes, 
similar behavior has also been observed, an example 
of which is given in Fig. 13 for a temperature of 600~ 
The open circles represent the data and line A is the 
best fit of Eq. [11]. Again, the difference of current 
between the data and line A gives a slope of 2.3e/kT. 

Finally, we present results of scanning electron mi- 
croscope and optical microscope examination of the 
various electrodes in order to relate the structures to 
the polarization behavior. 

Figure 14(a) shows a freshly prepared platinum 
paste electrode without flux. The sizes of particles are 
the same as for the electrode with flux (1). Since this 
electrode is freshly prepared, the coarsening effect 
which we have reported previously has not taken 
place, and the width of Pt particles is around 1 ~m. 
Figure 14(e) shows platinum foil electrode B. There 
are many pores, both along the grain boundary and in- 
side the grains, which expose the electrolyte to the 
ambient gas; therefore, this electrode will not function 
as an oxygen-blocking electrode, as one might other- 
wise have expected. 

Figure 14(b) shows the fresh silver paste elec-  
trode heated only to 500~ while Fig. 14(c) repre- 
sents the same electrode after heating to 700~ show- 
ing that sintering has taken place. Both of these Ag 
paste electrodes show considerably larger particles 
than the Pt electrode of Fig. 14(a). In Fig. 14(f), the 
silver foil electrode is shown. Again, we see that along 
the grain boundary and inside the grain there are 
many pores which expose the electrolyte to the am- 
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Fig. 8. Variation of I0' (or lo, for Pt paste) with reciprocal ab- 
solute temperature for the various paste electrodes. All data are 
taken at P02 = 0.9 X 10 - 2  atm except for the lowest curve 
(squares} which was taken at 1.2 X 10 - 5  atm. 

blent gas. Finally, Fig. 14(d) shows the gold paste 
electrode. The particles are larger than those of plati- 
num paste and comparable to those of the silver paste 
electrodes. 

Examining the dendrite-like structure of the  meta l  
paste electrodes [Fig. 14(a)-(d)] ,  we conclude that 
morphologically Fig. 1 provides a reasonable approxi- 
mation to the actual structure. On the other hand, for 
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Fig. 9. Polarization cur~es for Ag foil electrodes at 500~ The 
anodic data is fitted to Eq. [11] and the cathodic to Eq. [20].  
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Fig. 10. Variation of I o '  and Ii with 1000IT for Ag foil electrodes 
at two values of Po2. 

the foil electrodes [Fig. 14(e) and (f)], Fig. 1 is a poor 
representation; rather, a grid-like geometry would 
provide a better representation. 

Discussion 
Pt electrodes.--An important result of the present 

wcrk is the clear demonstration that, for platinum 
foil electrodes, polarization at both the anode and the 
cathode is controlled by interracial diffusion. The veri- 
fication of this statement follows from the observation 
that the Butler-Volmer equation is obeyed with as' -- 
3/2, at' = 1/2, and Io' cr po=~, in agreement with the 
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Fig. I ! .  Variation of Io' with Po2 for Au paste electrode at 785~ 
The solid line is drawn with slope of 3/8. 

1 I I _ 

I 

1.0 

Izl 
(mA) 

p / Ce02: 8~ CaO 
e /  735 ~ C 

Po2:1.0 XlO 4atm 
0.1 e CATHODIC 

I I 
100 200 300 

I~l (mV) 

Fig. 12. Catkodir polarization curve for Ag foil electrode at 
735~ and po~ - -  10 - 4  arm (open circles). Line A is the fit to 
Eq. [20].  Filled circles are obtained by subtracting line A from 
the data. Line B is obtained from Eq. [24] with E replaced by 
I 1. 

theory  (see Eq. [13],  [14],  and [16 ] ) ,  in  contrast to 
the previous result (1) that under charge-transfer 
process control, platinum paste electrodes show aa ----- 
ac - -  1 and I0 cr po2~/,. 

Next we discuss the quantity Q. Based on Eq. [8], 
it involves the exchange current Io, oxygen adatom 
concentration Co, interracial diffusivity D, and the 
geometrical parameter L. Values of I0 and Co are 
available from the previous study (1), while micro- 
scopic observations of the electrodes (as in Fig. 14) 
give the magnitudes of L. Lewis and Garner (9) have 
measured the surface diffusion rate of oxygen on 
(100)- and ( l l l ) -or iented Pt field emitters and ex- 
pressed the results as 
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Fig. 13. Cathodic polarization curve for PI foil electrode 8 at 

600~ and PO2 -" 10 - 4  arm (open circles). Line A is the fit to 
Eq. [11]. Filled circles and line B are as in Fig. 12. 
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Table I. Values of Q for Pt electrodes calculated from Eq. [8] for 
T = 800~ and L - -  1 #m. [D is obtained from Ref. (9) and 

Io and Co from Ref. (1)]. 

loo, (arm) Q 

0.92 x I0 -~ 9.5 
0.94 x iO -z 13 
1.0 x I0-~ 17 
1.2 • I0 -~ 22 

Fig. 14. Surface scanning electron micrographs (magnification 
1000X) of various paste electrodes: (a) Pt (without flux), (b) Ag, 
freshly prepared and heated to 500~ (c) Ag, after several cycles 
of measurement up to 700~ (d) Aa. Optical micrographs (magni- 
fication 735•  of foil electrodes: (e) Pt, electrode B and (f) Ag. 

D = a2v exp ( s S / k )  exp (--EdlkT) [23] 

with a = 3A, ~S = 17 eu, v = 10 TM sec -1, and Ed = 
1.48 eV, for temperatures  above 500 K and with low 
oxygen adsorption (0 < <  1). In  the absence of bet ter  
information,  we tenta t ively  use Eq. [23] for the in ter -  
facial diffusion coefficient. With all of this data, we are 
able to estimate values of Q for Pt  electrodes. Table I 
lists the calculated values of Q for the various Po2 em- 
ployed here, for T = 800~ and L = 1 #m. (Since Q is 
l inear ly  proport ional  to L, the Q va lue  for a given Po2 
and another  value of L can easily be obtained.) 

F rom Fig. 2, we see that, in order to have a pure  
charge t ransfer  process, the value of Q must  be less 
than unity. Referr ing to Table I, this means the Pt  
particles should not  be larger than 0.2 ~m (or L ~ 0.1 
~m). The width of p la t inum particles of a freshly pre-  
pared electrode, as determined by SEM, is ~1  ~m 
[Fig. 14(a)].  However, considering the curvature  of 
the Pt  particles and the surface roughness of the 
electrolyte, it  is reasonable to expect that  the actual  

contact between the particles and the electrolyte in-  
volves  a smaller  value of L. It is thus unders tandable  
why freshly prepared Pt-paste  electrodes give polar-  
ization behavior characteristic of the simple charge 
t ransfer  process (1). For Pt  foil electrode A (which 
had a relat ively low hea t - t r ea tment  tempera ture) ,  it  
is probably  the Pt  paste be tween foil and the electro- 
lyte, and not the foil itself, which controls the polar-  
ization. Previous results (1) have demonstrated that  
a hea t - t r ea tment  like the one used in the preparat ion 
of electrode A can cause the Pt  particles to coarsen by 
a factor of 3 (1 ~ 3 ~m). In  addition, the placing of 
a weight on top of the Pt  foil dur ing  firing can only 
have served to enlarge the actual  contact area. Taking 
2L = 3 #m (for Po2 = 0.92 X 10 -2 atm) gives Q = 14, 
in reasonable agreement  with the actual  value of 9.5. 
Figure 2 shows that  such a Q value is well  into the 
range where interracial  diffusion controls the polar-  
ization. For Pt  foil electrode B we believe, based on 
Fig. 14 (e), that  actual contact between electrolyte and 
Pt foil has been established; therefore the Pt  foil plays 
the major  role. Figure 14(e) shows that  pores in  the 
foil have an average separation MS #m; using Table I 
this corresponds to Q ~ 24, in good agreement  ~ with 
the actual value of 26. 

There is reason to question whether  oxygen adatoms 
can diffuse into the interface region between electrode 
and electrolyte and, if so, whether  the diffusivity is the 
same as that measured for oxygen over the free and 
clean surface of a Pt  crystal. It  appears reasonable to 
expect that, as long as there is no strong chemical 
bonding between the p la t inum and the electrolyte, 
oxygen adatoms should have no difficulty in diffusing 
along the interface, and with a diffusivity that  is simi- 
lar  (at least in order of magni tude)  to that  for the free 
surface. That  bonding is indeed very weak between 
Pt and doped CeO2 is supported by  the fact that  the 
unfluxed Pt paste electrode can easily be rubbed  off 
with the finger tips. 

Mult i layer  oxide films can be grown on the surface 
of high pur i ty  polycrystal l ine Pt  under  appropriate 
temperatures  and oxygen pressures. If this had oc- 
curred in  the present  experiments,  it would be the 
p la t inum oxides that  act as the electrode, not  the 
plat inum. A recent study (10) which establishes the 
dissociation pressure- tempera ture  relationship between 
Pt oxide and Pt  shows, however, that  wi th in  the pres- 
ent exper imental  range of Po2 and T no Pt oxide layer  
will form. This is also consistent with our observation 
that  the electrode polarization is reproducible and not 
time dependent.  

Ag electrodes.--The solubil i ty and diffusivity of oxy- 
gen in solid silver is relat ively high (11). Assuming 
that the outer surface layer  of the silver is always 
saturated with an equi l ibr ium concentrat ion of chemi- 
sorbed oxygen and that the diffusion of the oxygen 
from this saturated layer through the body of the 
silver is the ra te , l imi t ing  step, one can calculate l imi t -  
ing currents,  II, for cases such as those given by Fig. 
5 and 9. The values obtained are consistently at least 
one order of magni tude  too small. It is therefore rea-  
sonable to conclude that  bu lk  diffusion c a n n o t  be the 
ra te-control l ing step. In  fact, si lver paste electrodes 
behave like p la t inum foil electrodes in that  the anodic 
and cathodic polarizations can be described by  the 
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But l e r -Vo lmer  equations wi th  ~a' ---- 3/2 and ac' ---- 1/2, 
Io' has a 3/8 power  dependence  on Po2, and  the over -  
potent ia ls  decay s lowly  (see Fig. 6). [If the polar iza-  
t ion were  of the  ac t iva ted  type,  ~ should decay to zero 
wi th in  10 .4  sec (2).] Therefore,  we conclude tha t  for  
Ag electrodes,  polar iza t ion  is also contro l led  by  in te r -  
facial  diffusion. 

Oxygen  chemisorpt ion on the surface  of s i lver  single 
crystals  has been wide ly  s tudied  (12-14). I t  has been 
shown tha t  oxygen adsorbs on the surface and dis-  
sociates into oxygen  atoms, s imi la r ly  to the  case of 
p la t inum,  a l though the equ i l ib r ium ada tom concen t r a -  
t ion is lower.  Thus, for  example ,  on the s i lver  (110) 
face, 0 --  ~/2 is obta ined  at  500 K and Po~ ---- 1O • 10 -4 
Torr  (11); assuming that  adsorp t ion  obeys the  L a n g -  
mu i r  equation,  we ca lcula te  tha t  0 _-- ~ at  T ---- 500~ 
for Po2 --  1.6 atm. Such es t imates  show that,  wi th in  
the present  expe r imen ta l  ranges of t empe ra tu r e  and 
Po2, o is a lways  less than  ~ .  This expla ins  why  there  
is no change of slope in the i so thermal  p lo t  of Io' vs. 
Po2 for s i lver  electrodes,  whi le  there  is a sharp  change 
for  p l a t inum pas te  e lectrodes (see Fig. 8). 

Both Ag past  e and Ag  foil  give not  only  the same 
Po~- and t empe ra tu r e -dependence  of Io', but  also the 
same magni tude  of Io'. This is p robab ly  because of the  
many  pores tha t  exis t  in the s i lver  foil  [see Fig. 14 ( f ) ] ,  
which expose the e lec t ro ly te  to the ambien t  gas. 

Tannenberger  et al. (15) have s tudied s i lver  pas te  
e lectrodes wi th  a doped z i rconia  e lec t ro ly te  using a 
cu r r en t - i n t e r rup t i on  method.  This method  differs f rom 
the p resen t  one only in that  i t  did not  use a re ference  
electrode,  and  therefore  they  measured  the total  over -  
potent ia l ,  ~h --  (~]a --  ~lc), ins tead of ~a and ~]c sepa-  
ra te ly .  In the i r  work,  ohmic behavior  was observed in 
the  range  below 300 inV. At  811~ and ai r  a tmosphere  
the i r  da ta  y ie ld  Io' -= 76 m A / c m  2. By adding  the pres -  
ent  cathodic and anodic polar izat ions  for  Ag  paste  
e lectrodes and ex t rapo la t ing  the da ta  to the i r  exper i -  
men ta l  conditions, a l inear  range  for ~]t up  to 300 mV 
was found, as wel l  as a va lue  of Io' of 85 m A / c m  2. 
This ag reemen t  be tween  these two diverse  studies 
is most sat isfactory.  

The resul ts  for  the  l imi t ing cur ren t  density,  /1, r e -  
por ted  in Fig. I0 show tha t  the behav io r  of this  quan-  
t i ty  is more  complex  than  tha t  of Io" and indicates  tha t  
different  mechanisms m a y  be involved  at  high and at  
low tempera tures .  In  previous  w o r k  on P t  pas te  elec-  
t rodes  (1), we also found tha t  the  quan t i ty /1  was more  
difficult to control  or reproduce  than  the exchaage  
cu r ren t  I0. Since the  quan t i ty  Io" obta ined  f rom the 
ohmic range  involves  both  Io' a n d  I1, (see Eq. [21] and 
[22]),  we mus t  conclude that,  unt i l  there  is be t t e r  con- 
t rol  and unders tand ing  of the l imi t ing -cu r ren t  be -  
havior,  measurements  of Io" (or  of the  res is tance in 
the  ohmic range)  a re  not  as meaningfu l  as one might  
have  hoped. In  suppor t  of this  s ta tement ,  i t  is note-  
wor thy  that  measurements  of ohmic resis tance wi th  Ag 
elect rodes  by  a -c  or d -c  methods  have  y ie lded  no dis-  
t inct  Po~ dependence  or  ac t ivat ion ene rgy  (16-18). 

A u  electrodes .~Gold is one of the least  act ive meta ls  
in chemisorpt ion;  none of the common adsorbates,  in-  
c luding oxygen, have been found to chemisorb at  room 
t e m p e r a t u r e  (19). A t  high tempera tures ,  subs tant ia l  
evidence is ava i lab le  for  the  exis tence of chemisorpt ion  
at  modera te  Po2 ( >  10-5 a tm)  bu t  not  a t  low Po~ 
(,~10 - s  a tm)  (20-23). For  the  presen t  expe r imen ta l  
range  of t empe ra tu r e  and Po~, there  is no doubt  tha t  
some chemisorpt ion  of oxygen occurs on the  gold 
pas te  electrodes,  a l though to a lesser  ex ten t  than  for  
s i lver  and  p l a t i num (0Au ~ 0A~ ~ ~ t ) .  

The polar iza t ion  behav ior  of Au  paste  electrodes is 
sufficiently s imi lar  to that  of s i lver  pas te  and  p l a t i num 
foil  e lect rodes  as to lead  to the  conclusion that, also 
in this case, i t  is cont ro l led  by  surface diffusion. How-  
ever,  the depar ture ,  a t  low Po~, f rom a slope of % (Fig. 
II) is not understood. 

In  Fig. 8, we have  collected da ta  for  Io' of  A u  a n d  
Ag and I0 of P t  pas te  e lect rodes  for  comparison.  The 
fact  tha t  the act ivat ion energies  a re  different  for  va r i -  
ous meta ls  suppor ts  the p resen t  model  tha t  the con- 
t rol l ing diffusion process occurs on the meta l  surface, 
r a the r  than, say, on the  electrolyte .  I t  is also no te -  
wor thy  that  the  r e l a t ive ly  high ac t iva t ion  energy  (1.69 
eV) of gold electrodes serves  to b r ing  the magn i tude  
of I0' close to that  for  P t  and Ag electrodes a t  high 
t empera tu res  (800~176 

Reduct ion phenomenon . - -The  depa r tu re  f rom the  
fitted curves at  high I~11 in Fig. 12 and 13, is ve ry  in t e r -  
est ing and can be exp la ined  wi th  the  help  of the pres -  
ent  model.  Using Eq. [6], we plot  in Fig. 15, the  r e l a -  
t ive surface  concent ra t ion  of  oxygen  C(~ ) /Co  as a 
funct ion of the  re la t ive  d is tance  u / L  on a log- log  scale 
for var ious  cathodic overpoten t ia l s  a t  T --  700~ As 
c lear ly  shown in this  figure, the  concentra t ion grad ien t  
is significant only  at  the p e r i p h e r y  (u /L  ~ 1); fur ther ,  
the la rger  Q (or hi[) the more  ex t reme  is this effect. 
Over most  of the e lec t rode  area  C(u) /Co  is nea r ly  c o n -  
s tant .  Equat ion [3] shows tha t  in such regions there  
wil l  be a lmost  no ionic current .  Physical ly ,  wha t  hap -  
pens i s  tha t  a lmost  al l  of the oxygen  adatoms leaving 
the edge are  immed ia t e ly  d rawn into the e lec t ro ly te  
because of the  r e l a t ive ly  high local  charge  t rans fe r  
rate.  The res t  of the area  is then  lef t  wi thout  a supply  
of reactants ,  forming a so-cal led  ionica l ly  b locking  
electrode.  

According  to Wagner ' s  po lar iza t ion  theory  (24), an 
e lec t ronic-cur rent  wi l l  flow as a resu l t  of reduct ion of 
the e lec t ro ly te  ad jacen t  to an ionica l ly  blocking ca th-  
ode to give an electronic cur ren t  Ie of 

I e = I0 e [1 --  exp ( e E / k T ) 1  [24] 

where  I% is a constant  and E is the  to ta l  emf across the  
sample. This equat ion follows under  the  assumptions  
tha t  there  is no ohmic polar iza t ion  f rom elect rode l e a d s  

1 This fact can have practical  significance in tha t  i t  suggests  
that  Au (or Au alloy) paste may be useful  for high tempera- 
ture  electrodes in a range (>~ 800~ where Ag is  not  suitable 
because of its high vapor pressure  and Pt  because  of the diffi- 
culty in producing adhesion.  
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Fig. 15. Dependence of (C/Co) on the fractional distance from 
center of the electrode at 700~ for various cathodic overpotentials, 
as calculated from Eq. [6] for Q = 4 and 10 (dashed and solid 
curves, respectively). 
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or electrolyte and that the anode is reversible to the 
conducting ion. In a previous study (3), we have 
shown that for the case of incomplete blocking at the 
cathode and ,]a ~ 0, Eq. [24] remains valid bu t  with E 
replaced by I~]ic, which is measurable using the current 
interruption method with the help of a reference elec- 
trode. 

Under the conditions shown in Fig. 15, the current 
is, therefore, ionic in the peripheral region while over 
the rest of the electrode it is predominantly electronic, 
and the total current should be the sum of both. The 
electronic current is given by Eq. [24] with E replaced 
by I~]cl. Thus, at high I~]cl (l~ct > kT),  a slope of 
2.3e/kT is predicted for the plot of log I e vs. I~]cl, in 
agreement with the observations in Fig. 12 and 13. 

Another consequence of Fig. 15 is that, since the 
ionic current is only concentrated in the peripheral re- 
gion, the electrolyte polarization is of the constriction 
type. Indeed, constriction polarization has been ob- 
served in the work of Tannenberger et a~. (15) with 
silver paste electrodes. By varying the thickness of an 
yttria-stabilized zirconia electrolyte, they found a 
residual resistance which they attributed to the fact 
that the electrodes are active only on discrete spots, 
although they had no further explanation. 

Conclusions 
1. The charge transfer reaction takes place in the 

two-phase region between the metal electrode and 
the oxygen-ion conducting electrolyte. For most elec- 
trodes, the rate of this reaction is limited by diffusion 
of oxygen atoms on the metal surface along the elec- 
trode-electro]yte interface, a mechanism often ne- 
glected when the totati~y of possibilities is considered 
(25). Only if the electrode particle dimension (2L) 
is small enough, as in the case of freshly prepared Pt 
paste electrodes, have we observed the pure charge 
transfer mechanism. 

2. If the rate of surface diffusion is lower than the 
local rate of charge transfer, ionic current will flow 
predominantly near the three-phase (gas-electrode- 
electrolyte) region. In that case, the central area of 
the electrode particle becomes initially blocking and 
electrons may be injected into the electrolyte. The 
Wagner polarization-ceU theory can then be used to 
describe the behavior. 
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Bubble Effects on the Terminal 
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Voltage of a Vertical Cell 
Electrodes 
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ABSTRACT 

Effect of bubbles on te rminal  voltage, so lu t ion /R-drop ,  and overvoltage in 
a Vertical cell with perforated electrode were investigated. Cell voltage was 
minimized by use of properly designed perforated electrode. Reduction of the 
surface area of such machined electrodes is an impor tant  disadvantage. With 
the exper imental  results obtained, an opt imum was estimated to be in the 
range of 5-15% perforation depending on the current  and the rate of gas 
evolution. 

Vertical cells equipped with a pair  of plate elec- 
trodes are a common style of electrolyzers such as 
found in  water electrolysis cells and diaphragm-type 
chlorine cells. Such electrolyzers l iberate gases at the 
electrodes, and the gas bubbles disperse in the electro- 
lyte result ing in  large so lu t ion /R-drops .  Some bubbles 
may adhere or cover the electrode surface, in which 
case the overvoltage rises due to a significant increase 
of the actual current  density. Such difficulties with 
gas bubbles must  be minimized to save energy for the 
electrolytic process considered. 

We have shown in a previous paper that circulation 
of electrolytic solution between two electrodes is of 
great importance for reducing the bubble  effects in a 
vertical  cell equipped with flat plate electrodes (1). 
For example, a solution downcomer was provided for 
this purpose. 

Perforated electrodes employed in practical cells are 
useful to remove electrolytic gas bubbles quickly from 
the electrolysis zone to the back side. The dimension-  
ally stable anodes (DSA) in  modern diaphragm cells 
consisting of t i t an ium mesh allow the mixture  of 
chlorine gas and br ine to pass through toward the inside 
space of the box- type electrode. Jorn~ and Louvar  have 
published a paper on the effectiveness of the gas-di-  
ver t ing electrodes of various shapes, which enable 
the diversion of the electrolytic gas bubbles to the 
back side of the electrode (2). 

This paper deals with the effectiveness of the per-  
forated electrodes on reducing the terminal  voltage of 
vertical cells in which gas evolution takes place. Com- 
plicated pat terns of the solution flow containing gas 
bubbles were observed. The electric resistivity of the 
gas-solution mixture  and the overvoltage on the work-  
ing electrode were measured. The current  distr ibution 
along the vertical electrode was also studied. 

As reference for discussion, results previously ob- 
tained for three types of vertical  cells with a pair  of 
nonperforated plate electrodes arranged in parallel  
for blocked convection, for na tura l  circulation, and for 
pumped circulation, were used [see Fig. 2 in Ref. (1)]. 

Experimental Procedure 
The flowsheet and the electrolytic cell employed were 

essentially the same as of the previous work with flat 
plate electrodes (1). That  is, a vertical  Lucite resin 
cell, l m  high, had a flat plate counterelectrode made of 
304 stainless steel (SS) in parallel  with a perforated 
plate test electrode, also SS, of 3 cm wide, 89 cm long~ 
and 3 mm thick. The total area of perforation of the 
test electrode was varied in the range 0-60%. In  the 
pre l iminary  experiment,  the hole diameter  was 
changed from 3 to 8 ram, but  had almost no effect on 
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the experimental  results obtained, whereas the percent  
perforation was an impor tan t  factor. Therefore, most  
experiments were conducted with test electrodes hav-  
ing 3 mm diam holes. 

The test electrode was sectioned into ten segments 
to determine the current  distribution. Each electrode 
segment had a shunt, of which one side was connected 
with a common copper bus bar. 

Three pairs of the Luggin-Haber  probes connected 
with respective reference electrodes consisting of Hg/  
HgO were provided at 8, 44, and 80 cm above the cell 
bottom to obtain the so lu t ion /R-drops  at those respec- 
tive points. The potential  drop of the Luggin- to-elec-  
trode was also measured, and was referred to the 
polarization potential. 

Caustic soda solutions, 0.5N and 2.0N NaOH, were 
electrolyzed, thus oxygen and hydrogen were l iberated 
from the anode and the cathode, respectively, and those 
gases mixed together because there was no separator 
between the two electrodes. Caustic soda solution was 
circulated between the back-side space of the counter-  
electrode and the electrolyte reservoir  to keep the 
solution temperature  constant  at 40~ Its pumped cir- 
culation did not affect the gas-solution mix ture  in the 
electrolysis zone. 

The electrode gap was varied in  the range 3-25 ram, 
and the back-side space behind the test electrode was 
also changed from 0 to 30 ram. 

The current  density in this paper was based on the 
plain electrode. Therefore, the actual current  density 
is about twice of the nomina l  value in the case of 50% 
perforation, for example. 

Electrolysis was conducted up to 100A of total cur-  
rent, in which case the current  density was 37.4 A/d in  2 
on a test electrode of 3 • 89 cm 2 superficial area. In  
some cases, however ,  electrolysis was carried out with 
a part  of the sectioned electrode to confirm the effect 
of the electrode height on the current  dis t r ibut ion on 
a vertical electrode. For this purpose, some segments 
located at the bottom, the center, and the top were 
employed. 

The voltage drops of the Luggin- to-Luggin  and of 
the Luggin-to-electrode (referred to the solution IR- 
drop and the polarization potential, respectively) were 
measured to obtain the voltage balance through the 
cell. The te rminal  voltage was also measured. The Lug- 
gin probes were arranged from the back side of the 
electrode at those respective points to avoid turbulence 
of solution flow. Although the tip of the probe was lo- 
cated close to the electrode surface, the potential  differ- 
ence of Luggin-to-electrode contained some ohmic 
voltage drops along with the overvoltage. 

Results and Discussion 
The flow pat tern  of solution in  a vertical cell dur ing 

electrolysis was complicated, and affected greatly by 
the current  density or the total current.  Drawing A 
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in Fig. 1 i l lus t ra tes  a sketch of the  flow pa t t e rn  in a 
cell  ope ra ted  at  100A. The gas-so lu t ion  mix tu res  passed 
th rough  the pe r fo ra t ed  e lec t rode  al l  the  way  around,  
the  back-s ide  space was crowded,  and compl ica ted  flow 
occurred.  A pa r t  of the  solut ion was rec i rcu la ted  
th rough  the holes at  the  bo t tom to the  electrolysis  zone. 
At  low currents ,  such as 5A or at  about  2 A / d m  ~, gases 
l i be ra t ed  at  the lower  pa r t  of the e lec t rode  rose along 
the e lect rode and did not  escape to the back-s ide  space 
at  the bot tom. Those mix tu res  accumula ted  to pass 
th rough  the holes of the  e lect rode a t  a cer ta in  height,  
say  40 cm. The solut ion free of gas bubbles  at  the  
bo t tom of the  back-s ide  space was, of course, clear.  The 
level  at  which  the gas-so lu t ion  mix tu re  in the elec-  
t rolys is  zone d iver ted  to the  back  side of the work ing  
e lec t rode  was re la ted  to the  cur ren t  up to 30A or ca. 
10 A/dm~ as shown in Fig. 1 (B),  bu t  i t  r emained  a lmost  
constant  a t  about  10 cm at h igher  currents .  Also the 
level  was dependen t  on the in te r -e lec t rode  gap, i.e., 
the  level  became low in n a r r o w  channels  due to the  
increase  of gas void f rac t ion even at  the same cur ren t  
density.  The flow pa t t e rn  was a lmost  independen t  of 
the percen t  pe r fo ra t ion  of the e lec t rode  in the range  
more  than  10%. 

F igure  2 shows the res is t iv i ty  vs.  cur ren t  dens i ty  
curves at  the  top (80 cm above the cell  bo t tom) ,  the  
center  (44 cm),  and at  the bo t tom (8 cm) in a cell  
equipped  wi th  a 20% pe r fo ra t ed  e lec t rode  posi t ioned 
10 m m  away  f rom the countere lec t rode  (the open 
points) .  The ord ina te  is the reduced  res is t iv i ty  P/Po, 
where  ~ and po are  the res is t iv i ty  of e lect rolyt ic  solu-  
t ion wi th  and wi thout  gas bubbles,  respect ively,  and 
the abscissa is the local cu r ren t  densi ty  at  the respec-  
t ive points.  

Since the solut ion at  the cell bo t tom is free of bub-  
bles, the  reduced  res is t iv i ty  is nea r ly  un i ty  over  the 
wide  range  of cu r ren t  density.  On the o ther  hand, the  
res i s t iv i ty  increases wi th  increas ing cur ren t  dens i ty  
at  the center  and the top of cell. The res is t iv i ty  has a 
l inear  re la t ionship  wi th  the  cur ren t  densi ty  at  those 
points whereas  the slope differs because of different  
f rac t ion of gas void. 
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Fig. 2. Reduced resistivity vs. local current density curves at the 
top, the center, and the bottom of cell. Electrode gap : -  1.9 cm; 
electrolyte = 2N NoO'H at 40~ 

The exper imen ta l  resul ts  obta ined  wi th  a flat p la te  
e lect rode under  b locked convect ion are  p lo t ted  as 
reference,  shown by the closed points. No difference 
be tween  the two cases can be found at  the cell  bottom, 
but  the res is t iv i ty  in a cell  having a nonper fo ra ted  
e lect rode increases g rea t ly  wi th  increas ing cur ren t  
dens i ty  at  the center  of cell  ( the dot ted  l ine) .  This 
t endency  is more  significant a t  the  upper  par t  of cell  
due to accumula t ion  of e lect rolyt ic  gas bubbles.  The 
res is t iv i ty  can be reduced  cons iderab ly  by  solut ion 
ci rculat ion as descr ibed prev ious ly  ( i ) .  

Var ia t ion  of the  res is t iv i ty  causes the cu r ren t  dis-  
t r ibut ion  along the ver t ica l  e lec t rode  as shown in Fig. 
3. The ord ina te  is the reduced  height,  x / h ,  where  x is 
the distance f rom the bo t tom and h is the total  height.  
The abscissa is the reduced  cur ren t  density,  ix/i~, where  
the  subscripts  x and a refer  to local and  average,  re- 
spectively.  Drawing  A i l lus t ra tes  the effect of the total  
cur ren t  or the average  cu r ren t  density.  I t  is c lear  that  
the cur ren t  d is t r ibut ion  becomes un i form when the A 
cur ren t  densi ty  decreases because of the smal l  volume 

~ of gas bubbles.  The cu r ren t  densi ty  at  a 40-50% height  
~ _ ~  is about  equal  to the average  value  in al l  cases. 

i F igure  3B shows the cur ren t  dens i ty  vs.  height  curves 
obta ined  wi th  the pe r fo ra ted  electrodes of different  

5 0  J sizes and locations. The test  e lect rode had  ten segments  
| of equal  size. Of these, three,  five, and seven segments  

E ~ �9 - ~  were  employed  as the  work ing  e lect rode to de te rmine  
i~ 40~_ / PERFORATED I l "~'~ the effect of size. The locat ion of the work ing  surface 

was also changed:  the  top, the center,  and the bot tom 
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Fig. I. Flaw pattern of gas-solutlon mixture in a cell operated Fig. 3. Current distribution on the electrode as a function of the 
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considered that there was no significant effect of the 
electrode size and of the location on the ix/ia vs. x /h  
curve. Consequently, the cur ren t  dis t r ibut ion on a tall 
electrode is relat ively un i form in  comparison to that  on 
a short electrode. 

Figure 3C shows the ix/ia vs. x / h  curve for a per-  
forated electrode operated at 100A compared to a flat 
plate electrode under  na tu ra l  circulation. The cur ren t  
dis t r ibut ion in  both cases is almost the same. This is 
reasonable because the local current  density is a func-  
t ion of the dimensionless height, X = x / h  (3) 

ix/ia -- 8 (K ~- 2 ) 2 / ( K / -  4) (KX  Zr 2) ~ [1] 

6 > 

- ',' LAT PLATE, PERFO TE 
~ NATURAL . . / / -  

,,~ 4 -  ~ l  CIRCULATION / ~ l /  " ' "  

h 
2 I I I I [ 

5 I0 15 20  25 
5 

e \  C.D., Aldm 2 B 
X 37.4 22.5 

_>'6" \ \e o ~ PERFORATED 

-- 4 -  ~ �9 �9 BLOCKED CONV. \ 
�9 NATORAL O, RC. 

,.,, \ ,,, AT THE CENTEI; 
o:: ~ .  " ~  144 cm) 
o 
, . ,  , _  

~ FORATED, , A ~ . _  
,. 20"1. ~ __N 

- -  _ _ -  m o 
I I ~1 -7 "1 

O 5 IO 15 20 25 
ELECTRODE GAP. mm 

Fig. 4. Terminal voltage and solution resistivity as functions of 
the electrode gep. Back-side space : 1.2 cm; electrolyte : 2N 
NaOH at 40~ 

Although the gas effect parameter  K contains many  
factors, it is in  the range of 0.2-0.7, depending on the 
gas void fraction in  the electrolysis zone, over the 
wide range of experiments  (1). In  the present  case 
with the perforated electrode, electrolytic gases pass 
through the holes to the back-side space result ing in 
low gas void fraction. On the other hand, the electro- 
lytic solution leaving excessive gas bubbles  at the cell 
top with a flat plate under  na tu ra l  circulation through 
the downcomer provided at the back side of the elec- 
trode. The gas void fraction and  the solution resistiv- 
i ty in  both cases were confirmed to be about  the same 
all the way along the electrode. 

In  a cell having a pair  of fiat plate electrodes operat-  
ing under  blocked convection, the local current  density 
along tile electrode varies greatly and the current  dis- 
t r ibut ion depends on the electrode gap at high current  
densities. In  nar row channels less than 1 cm gap, the 
gas-solution mixture  was slug flow, and the potentials 
to be measured fluctuated. 

The current  dis t r ibut ion with the perforated elec- 
trode is relat ively uni form especially in  nar row chan- 
nels, and is a weak function of the electrode gap. 

At  small  currents such as 20A or 7.6 A/d in  ~ of the 
average current  density, there is no significant differ- 
ence of the current  dis t r ibut ion between the flat plate 
electrode and the perforated electrode, and, of course, 
the current  density along the electrode is uniform. 

Drawing B in Fig. 4 shows the solution resistivity 
in the electrolysis zone as a funct ion of the elec- 
trode gap. With a pair  of the flat plate electrodes under  
blocked convection, the resistivity increases largely 
when  the gap decreases. In  a case of na tura l  circula- 
tion, on the other hand, the solution resist ivity is 
small except in nar row channels less than 7 mm in 
gap, and is a weak funct ion of the electrode gap be- 
cause the flow velocity of gas-solution mix ture  in-  
creases with decrease of the electrode gap, that  is, 
the resistivity depends on the flow velocity (1, 4). 

The solution resistivity in the electrolytic cell hav-  
ing a perforated electrode is kept low even if the elec- 
trode gap is small, say 3 ram. 

The terminal  voltage reflects this phenomenon as 
shown in Fig. 4A. The te rminal  voltage of a cell with 
a perforated electrode is a l inear  funct ion of the elec- 
trode gap even in a nar row channel  at high current  
densities. On the contrary, the voltage of the cell with 
a flat plate under  na tu ra l  convection rises greatly 
when the electrode gap becomes smaller  than 5 ram. 

However, it  is impor tant  that the terminal  voltage 
of the cell with a flat plate electrode is slightly lower 
compared to that  of the perforated electrode when 
the electrode gap is larger than 10 ram. This is rea-  
sonable because the surface area of the perforated 
plate employed is 20% less than that of the fiat plate 
of the same outside geometry. Therefore, this causes 
an increase in  the solution /R-drop in a cell with 
perforated electrodes. Also the increase in overvoltage 
due to reduction of the surface area would be a factor. 

Figure  5 i l lustrates that  the solution resistivity de- 
creases significantly when the perforation area in -  
creases from 0 to 10% as shown in Fig. 5C, but  re- 
mains almost constant  thereafter.  

The overvoltage at 100A or 37.4 A/d in  2 is recorded 
to be a m in imum in the range 5-15% of the perforat ion 

area (drawing B), but  increases with increasing per-  
cent perforation. 

According to the previous s tudy on the current  dis- 
t r ibut ion in an electrolytic cell equipped with a pair  
of the flat plate electrodes in  parallel,  the ratio of the 
electrode-to-cell  wall  gap to the inter-electrode gap is 
an important  factor on the current  dis t r ibut ion and 
the total current  under  a given terminal  voltage, that 
is, the larger the ratio the larger the current  on the 
back side of electrode (5). With this concept, the ef- 
fectiveness of the back-side area of the perforated elec- 
trode, also of the side wall  of the holes, increases with 
decrease of the electrode gap. Since the current  den-  
sity decreases, the overvoltage is reduced slightly in a 
nar row channel. 

Consequently, the te rmina l  voltage depends on the 
percent  perforation as shown in  Fig. 5A. The voltage 
with a flat plate electrode (0% open) is very high 
because of a large fraction of gas void, bu t  it decreases 
significantly with increasing area of holes. The ter-  
minal  voltage becomes m i n i m u m  in the perforation 
range 5-15% at 100A for example, and it  rises grad-  
ual ly  with increasing percent  perforation because of 
excessive reduction of the electrode surface by ma-  
chining. It  was not significant, bu t  the opt imum point 
of perforation was dependent  on the operating condi- 
tions, especially the current ,  i.e., the larger the cur- 
rent  the more the perforation. 

Increase of the resistivity in the perforated elec- 
trode itself is also a factor of the terminal  voltage if 
the percent  perforation is large. The resistance of 
the electrode did not change significantly up to 15% 
perforation at about 3 mQ for the longi tudinal  direc- 
tion of the plate (89 cm), bu t  it increased gradual ly  
with an increase in perforation area. At 55%, for ex- 
ample, the resistance was 9 mgt. 
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Fig. 5. Terminal voltage, cathode overvoffage, and solution re- 
sistivity as functions of the percent perforation of electrode. Back- 
side space = 2.2 cm; electrolyte ---- 0.SN NaOH at 40~ total 
current = 100A. 

Exper imenta l  results described that the back-side 
space could be minimized to be 3-5 mm thick, no large 
space was required in a cell with the perforated elec- 
trode, compared to 12-15 m m  thick of the downcomer 
in  a cell operated under  na tu ra l  circulation [see Ref. 
(1)]. 

Those experiments  were conducted with NaOH solu- 
tions of 0.5N and 2.0N, and showed essentially the same 
results in  both solutions. 

Oxygen and hydrogen were l iberated at the anode 
and the cathode, respectively, and those gases were 
mixed because there was no separator between two 
electrodes as stated above. I t  is obvious that the size 
of bubbles and their separation from the electrolytic 
solution are different for oxygen and hydrogen (6). 
In  alkali  solution, hydrogen bubbles were very small  
in  size, and hence the gas void fraction was large in 
comparison with oxygen. Thus the lack of a separator 
makes an invest igat ion unrealis t ic  from the viewpoint  
of the industr ia l  cells. However, the bubble  effects in 
the electrolytic cell, especially the increase of the 
solution resist ivi ty depends on the gas void fraction, 
bu t  is almost independent  of gas and the cell con- 
figuration (1). For  one Faraday  passed, 1/4 mole O2 
plus 1/2 mole H2 were evolved, so that  the experi-  
menta l  data in  Fig. 2 and 3, for example, overrated 
the effects of gas void in comparison to a practical cell 
equipped with a separator in  which either hydrogen 
or oxygen may evolve at the working electrode. 

The gas void fraction increases with increasing dis- 
tance from bottom to top in  a vert ical  cell. It  causes 
an increase in  the cell voltage at a given current  or 
an average current  density, or a reduct ion in the total 
cur rent  at a given cell voltage. We will calculate a 
simple case as example. The cell height is h, the width 
is a, and the depth (the electrode gap) is b. The solu- 
t ion resist ivity varies cont inuously from po at the cell 
bottom to ph at the top. The te rminal  voltage VT con- 
sists of the decomposition voltage, the overvoltages at 

the anode and the cathode, and  the solution /R-drop.  
The te rminal  voltage may also contain the s 
through the separator in some cases. Of these, only 
the solution /R-drop is assumed to vary  with the 
height due to the gas void. 

The current  Ix at a cross section of a �9 d x  at height 
x, at which the resist ivity of the electrolyte-gas mix-  
ture is px, is represented by Eq. [2] 

a VT dx 
dI= = - -  [2] 

b p= 

Therefore, the total  cur rent  I is 

a VT f ~  dx 
Is]  I =---~ px 

For simplicity, we may assume a l inear  dis t r ibut ion of 
the resistivity of the electrolyte-gas mix ture  along the 
vertical  cell 

p= = po + (po - ph) ~c/h [4]  

From Eq. [3] and [4] 

where 

and 

aVTh ink 
I = - -  [5] 

bpo k-- i 

i~ = I/a h [6] 

k--I 
VT = iab po-- [7] 

in k 

k = ph/po [8] 

In k 
F _ - -  [9] 

k--1 

We may call k the resistivity ratio, and F is the cur- 
rent road factor. It is evident from Eq. [5] that the 
total current may decrease greatly when the resistivity 
ratio increases at a given terminal voltage. The elec- 
trolytic solution at the cell bottom is almost free of 
bubble as shown in Fig. 2. On the other hand, the re- 
duced resistivity at the top of the cell equipped with a 
pair of the fiat plate electrodes was 2.0 or more at 30 
A/din 2. From Eq. [5], the total current becomes as low 
as 70% of the cell free from gas bubble. More exact 
evaluation can be carried out if p~ is given as a real 
function instead of a simple assumption such as shown 
in Eq. [4]. 

Ibl and his co-workers have described a relationship 
between the solution conductivity and the gas void 
fraction (7). They measured the resistivity of the gas 
solution mixture directly with a conductivity probe. 
Gas was sent to the measurement cell from the frit, 
but was not generated by electrolysis. However, the 
technique might be useful for determining the re- 
sistivity of the solution containing electrolytic gas 
bubbles as a function of the height in the vertical cell. 

For example, an estimated terminal voltage of the 
membrane-type chlor-alkali cell operated at 30 A/din 2 
and 80~ is about 2.9V, if the overvoltage and the so- 
lution/R-drop are assumed to be freed of bubble, com- 
pared to 3.9V of an experimental cell. A 1V difference 
is the unwanted bubble effects, that is, the voltage 
drop due to the bubble effects is surprisingly a quarter 
of the terminal voltage. It is a reason why we need 
to purge electrolytic gas bubbles from the interelec- 
trade gap. Of the effectiveness of the gas-diverting 
electrodes in various types, such as mesh and ex- 
panded metal, there is no doubt. But a comparison 
of the performance of such materials is somewhat 
difficult and care must be taken. The detailed experi- 
ments with those electrodes under well-designed con- 
figuration and conditions of electrolytic cell must be 
conducted for the purpose. 

In conclusion, bubble effects on the terminal voltage 
and its components such as the solution /R-drop and 
the overvoltage in a vertical cell equipped with t h e  
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perforated electrode were investigated. The flow pat-  
t e rn  of gas-solution mixture  in  a cell was complicated. 
It depended on the electrolytic current,  but  was almost 
independent  of the perforation in  the range more 
than 10%. 

The reduced resistivity of a gas-solution mixture  in 
a cell with the perforated electrode was a weak func-  
tion of the electrode gap, but  it increased with in-  
creasing distance from the cell bottom due to ac- 
cumulat ion of bubbles depending on the depth. The 
terminal  voltage of a cell with the perforated electrode 
was a l inear  funct ion of the electrode gap in  a wide 
range whereas the voltage of a nar row cell with the 
flat plate electrode rose with a decrease of the elec- 
trode gap less than 7 mm. However, reduction of the 
surface area by machin ing  becomes a penal ty  of the 
perforated electrode when  disengagement  of gases from 
the solution is easy in wide channels. A desirable size 
of the gap between the perforated electrode and the 
counterelectrode was estimated to be 5-10 mm (see 
Fig. 4A). 

Since the gas void fraction in the elecrolysis zone in 
a cell using the perforated electrode is low compared 
to cells having the solid plate electrode, the current  
dis t r ibut ion along the perforated electrode is rela-  
t ively uniform, and is s imilar  to that in a well-designed 
cell under  na tu ra l  circulation. 

The perforat ion area is also an impor tant  factor for 
reducing the cell voltage and its components. The solu- 
tion resistivity was almost independent  of the perfora- 
tion area more than 10%, while it increased quickly 
when  the open area was insufficient for escape of gas- 
solution mixture.  The overvoltage decreased with in -  
crease of perforat ion up to 10% because of reducing 
the surface coverage of the working electrode with gas 
bubbles.  On the other hand, the overvoltage increased 
when the working area became small by machining. 
Consequently, a m i n i m u m  cell voltage could be ob- 

tained by the perforated electrode in the range 5-15% 
open. 

It  was clarified that  only a small  compar tment  such 
as 5 mm thick of the back side of the electrode was 
required to provide the space for disengagement of 
gases from the electrolytic solution so as to keep the 
cell voltage low. 
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An Electrochemical Model for Oxide Growth on Zircaloy-2 
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ABSTRACT 

The kinetics of Zircaloy-2 oxidation were followed at 573 K in  oxygen-free  
steam and dry air. At various stages during the oxidation polarization mea-  
surements  were made in molten alkali ni trates and ni tr i te  at 573 K. These 
measurements  provided a comparison of the ionic conductivi ty of the zirconia 
and the electrical conductivity of the oxide on the intermetall ics,  grown in 
steam and air with those of the oxides grown in the molten salts. A model 
is proposed for thermal  oxide growth on Zircaloy-2. Dur ing  oxidation in 
steam, protons are conducted in the adsorbed water  phase and reduced by 
the electron transport  occurring at the conducting intermetal l ic  sites. Thus, the 
oxidation behavior is s imilar  to that in the mol ten salts, where n i t ron ium and 
ni t rosonium ions are reduced to complete the oxidation. The low rates of oxi- 
dation observed in  air are at t r ibuted to a high resistance for the surface con- 
duction of electrons, and the absence of a conduction and reduction step in -  
volving cationic species. Therefore, the rest potential  is not lowered as effec- 
t ively as that  during oxidation in steam and the molten salts, in spite of the 
electron conduction at the intermetal l ic  sites. The molten salts are suitable 
media for studying, in general, the mechanism of oxide growth on Zircaloy-2; 
the informat ion obtained is re levant  either directly or indirectly. 

It  is known that the metal-oxide interface, during 
oxide growth on zirconium and Zircaloy-2, is at a 
negat ive potential  relative to the oxide-oxidation me- 
d ium interface. This is demonstrated by the oxidation 

�9 Electrochemical Society Active Member. 
Key words: fused salts, polarization, charge, transport. 

studies in various media, such as aqueous electrolyte 
solutions (1, 2), oxygen (3, 4), molten salt (5-7), and 
steam (8). The a t ta inment  of this negative rest poten-  
tial is determined by the relat ive ease of t ranspor t  
of oxygen ions and electrons through the growing 
oxide. An electrochemical in terpre ta t ion  of the kinetics 
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of oxide growth is therefore based on the ionic and 
electronic conductivities of the growing oxide and 
their variations, if any, with the oxide growth. 
When oxidizing in air, oxygen, or steam, the poor 

conductivity of the oxidation medium makes the use 
of an auxiliary electrode, contacting the oxide surface, 
a necessary requirement for electrochemical measure- 
ments. Such in situ measurements have been reported 
using evaporated or sputtered platinum layers (4, 8) 
and lithium-doped nickel oxide powder (3). In these 
types of experiments difficulties in interpreting the 
data were usually associated with an ill-defined con- 
tact area and the unknown factor of the influence of 
the contacting electrode on the oxidation itself. 
It was shown that molten alkali nitrates and nitrites 

are convenient and suitable media for studying the 
mechanism of oxide growth on zirconium and Zir- 
caloy-2 when the oxidation is also carried out in 
the molten salt (7). Unlike the evaporated metal and 
powdered  semiconduct ing contacts, the contact  a rea  
in the  mol ten  sal t  was wel l  defined. We were,  the re -  
fore, in te res ted  in ex tend ing  the e lec t rochemical  po la r -  
izat ion measurements  in the  mol ten  sal t  to s tudy  the 
oxida t ion  behavior  of z i rconium alloys in s team and 
air. In  the s tudy  repor ted  here,  we have oxidized 
Zi rca loy-2  in s team and ai r  a t  573 K and car r ied  out  
polar iza t ion  measurements  at  573 K in the mol ten  n i -  
t r i te  and  n i t ra tes  a t  var ious  s tages dur ing  the ox ida -  
tion. A model  for  the rmal  oxide growth  on Zircaloy-2,  
which is essent ia l ly  Cox's model  (9) modified to ac-  
count for  the  observed dependence  of oxida t ion  ra te  
on the med ium of ox ida t ion  in the ea r ly  stages, is 
proposed. 

E x p e r i m e n t a l  
The mol ten  sal t  ba ths  used, and the procedures  for 

sample  p repa ra t ion  and polar iza t ion  measurements  
fol lowing oxida t ion  have been  descr ibed e lsewhere  
(7). Al l  oxida t ion  and polar iza t ion  were  car r ied  out  
a t  573 K. Samples ,  padd l e - shaped  and ~ 8  cm 2 in area,  
were  oxidized in oxygen- f ree  s team at a tmospher ic  
pressure  and d ry  air. In  the closed s team loop, p res -  
ence of a i r  was avoided by  flushing wi th  argon before  
s t a r t - u p  and keeping  i t  bubbl ing  th rough  the con- 
densed wa te r  which r e tu rned  to the boiler.  At  var ious  
t imes dur ing  the oxidat ion,  the  samples  were  w i th -  
drawn,  weighed,  polar ized  successively in mol ten  
KNO3-NaNO3, NaNO2-NaNOs-KNOs, and NaNO2, 
weighed  again, and r e tu rned  to the i r  appropr ia t e  
med ium (s team loop or  furnace)  for fu r the r  ox ida -  
tion. P r io r  to polarizat ion,  sufficient t ime, usua l ly  ha l f  
an hour, was a l lowed for  the a t t a inmen t  of s teady  
potent ia l  fol lowing immers ion  of the  oxidized sample  
in the mol ten  salt. The potent ia ls  are  quoted re la t ive  
to an A g / A g  + (0.07M in NaNO3-KNOs) reference.  
Only w e i g h t  gain measurements  were  made  with  
some control  samples.  

Resu l ts  
Oxidation o~ Zircaloy-2 in s team and polarization 

in the molten nitrates and ni tr i te .--The rates  of ox ida -  
t ion in s team at  a tmospher ic  pressure  were  genera l ly  
fas ter  than  those in the mol ten  ni t ra tes  and  ni t r i te  
and  d r y  air. The resul ts  are  shown in Fig. 1 where  
the  da ta  obta ined  in the mol ten  salts  and d ry  a i r  are  
inc luded for  the sake of comparison.  Af te r  a per iod  
of oxida t ion  in steam, when the samples  were  polar ized 
in the three  mol ten  salt  baths  in turn,  the changes in 
the weight  gain caused by  the polar izat ions were  quite 
small .  They  decreased f rom ~0.3 m g / d m  2 in the ini t ia l  
stages, 28 hr  oxidat ion,  to nondetec table  amounts  
towards  the final stages, 700 hr, of oxidation.  

A set of polar iza t ion  curves,  obta ined subsequent  
to a 28 hr  oxidat ion  in steam, is shown in Fig. 2. 
The anodic por t ions  showed wel l -def ined p la teaus  
which were  spaced fa i r ly  closely to each other, wi th in  
a range of 1-2 ~A. However ,  the cathodic port ions 
showed large  differences; the resis tance to the cathodic 
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Fig. 2. Polarization curves traced at .573 K in A ,  binary nitrates; 
O ,  ternary nitrates-nitrite; and F-I, sodium nitrite. Zircaloy-2 
sample, oxidized 28 hr in steam at 573 K, had a weight gain of 
3.8 rag/din :z. Solid curves obtained experimentally, dashed curves 
obtained from analysis; Eox - -  rest potential and iox - -  oxidation 
current. 

cur ren t  was much h igher  in the  n i t r i te  and  t e r n a r y  
mel ts  than  in  the b ina ry  melt .  The oxidat ion  currents  
(i.e., the currents  a t  the rest  potent ia ls  on the e x t r a p -  
o la ted  anodic p la teaus)  cor responded reasonab ly  wel l  
wi th  the ra te  of oxidat ion  obta ined  f rom the kinet ic  
data. Near ly  ident ica l  oxida t ion  currents  were  obta ined  
by  ex t rapo la t ing  the anodic p la teaus  in  the l inear  
plots of polar iza t ion  current  agains t  appl ied  po ten-  
tials. S imi la r  resul ts  were  obta ined f rom polar iza t ion  
measurements  car r ied  out  a f te r  var ious  per iods  of 
oxidat ion  in steam. The cathodic port ions of the po la r -  
izat ion curves t raced  in the n i t r i te  and t e rna ry  mel ts  
showed negat ive  resis tance regions;  in the  n i t r i te  
mel t  these were  associated w i t h  a large  shift  by  about  
0.25V in the rest  potent ia l  towards  anodic values.  

In  Fig. 3 (a ) ,  the ra tes  of oxida t ion  ca lcula ted  f rom 
the oxidat ion  currents  and the k inet ic  da ta  ob ta ined  
in s team are  compared  at  a series of weight  gains. 
The agreement  be tween  the two sets of da ta  is not  as 
good as tha t  r epor ted  prev ious ly  for Zircaloy-2 when 
both  the oxida t ion  and polar iza t ion  were  done in the 
same mel t  (7). The differences be tween  the rates  
ca lcula ted  from the polar izat ion da ta  in the  th ree  
melts,  at  any  weight  gain, were  more  than  the di f -  
ferences be tween  the polar iza t ion  der ived  ra te  in 
one mel t  and the kinet ic  rate.  However ,  al l  the da ta  
showed the same t rend  of a decreas ing ra te  wi th  
increase in weight  gain. The oxygen ionic conductance 
of zirconia, at  any  oxide thickness,  was ca lcula ted  
as the rat io of the  oxidat ion  current ,  obta ined f rom 
the polar iza t ion  data, to the anodic shift  in the res t  
potent ia l  f rom the immers ion  potent ial .  Immers ion  
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Fig. 3. Zircaloy-2 oxidized in steam at 573 K and polarized in 
the molten salts at the same t-~mperature. Curve a, comparison of 
the oxidation rates obtained from the kinetic and polarization data. 
Polarization data from A,  binary; (2), ternary; and ~ ,  nitrite 
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curve a. 

potentials for Zircaloy-2 in  the three melts at 573 K 
have already been reported (7); they varied from 
--1.8V in the b inary  and te rnary  melts to --1.6V in 
the nitrite. The ionic conductivities calculated are 
shown in Fig. 3(b)  as a funct ion of weight gain. The 
behavior is quite similar to that  of the rate of oxida- 
t ion shown in Fig. 3 (a) and of the ionic conductivity 
of the oxide grown in the sodium nitr i te  meIt reported 
elsewhere (7). 

The var iat ion of the resistance to cathodic current  
flow with t ime of oxidation is shown in Fig. 4. In  the 
b inary  and te rnary  melts a systematic increase in 
the resistance was observed and the rest potentials 
were steady at ~ --0.7 and --0.85V dur ing most of 
the oxidation. The rest potentials obtained in the 
three melts are listed in  Table I. When the results 
were compared with the oxides grown in  the mol ten 
salts (7) the s team-grown films were found to be 
more resistive. 
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Fig. 4. Variation of the resistance to cathodic current flow at 
573 K in the three molten salt baths with time of oxidation of 
Zircaloy-2 in steam at 573 K. Time of oxidation in hours: curve a, 
28; curve b, 76; curve c, 172; curve d, 530; and curve e, 670. 

Table I. Variation of the negative values of the rest potentials, 
obtained at 573 K in the three melts, with the time of oxidation of 

Zircaloy-2 in steam and dry air at 573 K 

O x i d a t i o n  i n  s t e a m  O x i d a t i o n  i n  d r y  a i r  

T i m e  of  R e s t  p o t e n t i a l s  ( v o l t s )  R e s t  p o t e n t i a l s  ( v o l t s )  
o x i d a t i o n  

( h r )  B i n a r y  T e r n a r y  N i t r i t e  B i n a r y  T e r n a r y  N i t r i t e  

28 0.78 0.97 0.98 0.93 1.21 0.60 
76 0.67 0,93 0.53 0.70 1.08 0.57 

172 0.66 0.86 0,60 0.70 0.98 0.53 
310 0.61 0.97 0.52 
503 0.70 0.85 0.86 0.61 0.95 0.49 
870 0.79 0.83 0.53 0.62 

Oxidation o~ Zircaloy-2 in dry air and polarization 
measurements in molten nitrates and nitrite.--The rate 
of oxidation in dry air  was much slower than those 
in  the molten salts and steam. When the samples were 
polarized in  the mol ten salts the resul t ing changes 
in the weight gain were very considerable, especially 
in  the ini t ia l  stages. These changes are shown in  Fig. 
5 where the kinetics of oxidation in  drY air of a 
control sample are compared with those of another  
sample on which in te rmi t ten t  polarizations in  the 
mol ten salts were carried out. The changes in  the 
weight gain as a result  of these immersions and polar-  
izations in the melts are shown by the dashed por-  
tions. In the ini t ial  stages the weight gained dur ing 
one set of polarizations, i.e., in a total time of 5 hr 
of immersion and polarization in  the three melts, 
was as much as that gained in 30 hr of oxidation in  
air. In the first 200 hr the weight gained as a result  
of three sets of immersions and polarizations, lasting 
near ly  18 hr, was more than half  of the total weight 
gained. 

In  Fig. 6, the results are plotted on l inear  scales 
and the transfers made, from the dry air to the molten 
salts for polarization measurements  and vice versa 
for cont inuing the oxidation in dry  air, are shown by 
the horizontal dashed lines and are listed in  alpha- 
betical order. The direction of the arrows identifies 
the t ransfer  made. The data for the control samples 
oxidized in  air and the mol ten salts are shown by the 
solid curves; the curve for the lat ter  is the average 
of the weights gained in the three melts. The data 
for the sample oxidized in air and polarized in  the 
melts at various times dur ing the oxidation are shown 
by the solid circles. When a t ransfer  was made, e.g., 
from the air  to the mol ten salts, the location corres- 
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Fig. 5. Effect of immersion in the molten salts on the weight 
gained by Zircaloy-2 during oxidation in dry air at 573 K. O ,  
control sample oxidized without immersion in the molten salts and 
@, sample oxidized with intermittent immersions in the molten 
salts at 573 K for polarizations. Solid curves--weight gained in air 
and dashed curves--weight gained in the salts. 
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ponding  to the  weight  gain  at  the t ime of t ransfe r  is 
identif ied on the oxida t ion  curve of the control  sample  
in  the  melts  and fu r the r  weight  gain is p lo t ted  f rom 
this location. A s imi lar  p rocedure  is fol lowed when 
the sample  was re tu rned  to the a i r  for fu r the r  ox ida -  
tion. I t  is r ead i ly  seen tha t  in al l  the transfers ,  except -  
ing d, the kinet ics  of oxida t ion  of the  sample  in a i r  
and the mol ten  salts  fol low closely the kinetics of 
oxida t ion  of the  control  samples  in the respect ive  
medium.  Therefore,  the oxida t ion  behavior  of a sample  
oxidized both in d ry  a i r  and in the mol ten  salts, the 
l a t t e r  resul t ing  f rom the polar iza t ion  measurements ,  
is the same as tha t  of an oxide of equiva lent  thickness 
growing  only in a i r  or the mol ten  salts. 

In  o rde r  to separa te  the  contr ibut ions  to the  weight  
gaih  changes in the  melts  caused by  the immers ion  
f rom those caused by  anodic polarizat ion,  the fo l low- 
ing types  of measurements  were  car r ied  out wi th  
pai rs  of samples  oxidized in d ry  a i r  for var ious  times. 
When  a pa i r  of samples  oxidized for the same length  
of t ime was immersed  in a melt ,  one of the  pa i r  was 
lef t  unpolar ized  whi le  the  other  was polar ized to give 
cu r ren t -vo l t age  data. The changes in the weights  
gained by  both were  compared  at  the end of the 
exper iment .  When  the in i t ia l  weight  gain in a i r  was 
~0.4 m g / d m  2, immers ion  in the mol ten  sal t  alone 
was responsible  for ~80% of the increase in weight  
gain  and anodic oxida t ion  ( resul t ing f rom the po la r -  
izat ion) cont r ibuted  to the  remain ing  20% increase. 
However ,  the  l a t t e r  decreased to --~10% at a total  
weight  gain  of ~ 1  m g / d m  2 and was negl ig ib ly  smal l  
a t  h igher  weight  gains. 

A set of polar iza t ion  curves in the three  mel ts  
fol lowing a 28 hr  oxida t ion  in a i r  is shown in Fig. 7. ~ ,o --~ 
The anodic p la teaus  were  wel l  defined and p laced  
one be low the o ther  in the same order  as the polar iza-  z 
tions; the  spread  amongst  the p la teaus  was about  10 ~: 
~A. Wi th  increas ing oxidat ion,  the  anodic p la teaus  
were  st i l l  wel l  defined, bu t  the  spread  amongst  them L~ 
decreased to 1-2 ~A. The negat ive  values  of the res t  
potent ia ls  va r i ed  as sodium ni t r i te  < b ina ry  ni t ra tes  

t e r n a r y  n i t ra tes  and ni t r i te ;  these are  l is ted in 
Table  I. Negat ive  res is tance regions were  observed in 
the  cathodic port ions of the  polar iza t ion  curves t raced  
in the two n i t r i t e -con ta in ing  melts.  

When the anodic p la teaus  were  ex t rapola ted ,  the 
oxida t ion  currents  obta ined at  the res t  potent ia ls  were  

i 

I I 
160 180 

Fig. 6. Oxidation occurring, in 
the molten salts, during the 
polarization measurements on a 
Zircalay-2 sample oxidized in dry 
air. Comparison of the kinetics of 
oxidation with those of the 
control samples oxidizing only in 
air or the molten salts. O ,  con- 
trol oxidizing in the molten salts 
at 573 K; average of the weights 
gained in the three melts; [-1; 
control oxidizing in dry air at 
573 K; and @, oxidized in dry 
air at 573 K and polarized in the 
three melts at 573 K. a, c, e, and 
g--transfers to the salts and b, d, 
f, and h--transfers to dry air. 

too high to correspond to the  ra tes  of oxida t ion  in 
air  ca lcula ted  f rom the kinet ic  data. However ,  the 
oxidat ion  currents  f rom the polar iza t ion  da ta  agreed  
wel l  wi th  the changes in the weight  gain resul t ing  
f rom immers ion  and polar izat ion in the  melts,  i.e., 
with  the rates  eva lua ted  f rom the dashed port ions 
in Fig. 5. These rates  were  also found to be comparable  
to the rates  obtained in mol ten  salt  oxidat ion  (7). 

The resul ts  are  shown in Fig. 8(a)  where  the rates  
of oxidat ion  ca lcula ted  from the polarizat ions,  the 
oxida t ion  kinetics in air, and the weight  gain changes 
due to immers ion  in the melts  are  compared  at  
different  weight  gains. Because the weight  gain 
changed cons iderab ly  due to immers ion  in the  salt,  
the  total  weight  gained by  the sample  at  the  end 
of a polar izat ion step, r a the r  than tha t  due to ox ida -  
t ion in air, was used in p lot t ing the data. At  any  
weight  gain the difference be tween  the rates, cal-  
cula ted  from the polar iza t ion  da ta  obta ined  in the 
t e rna ry  eutectic and the sodium ni t r i te  melt,  was 
ra the r  large.  In  Fig. 8(b)  the var ia t ion  of the ionic 
conduct iv i ty  of the oxide wi th  the weight  gain is 
shown. The conductivi t ies  and the i r  var ia t ion  in be -  
havior  were  found to be s imi lar  to those repor ted  for 
oxides grown in the three  melts  (7). When  the resul ts  
f rom the polar iza t ion  da ta  are  compared  the ra te  
of oxidat ion  decreased ini t ia l ly ,  up to a weight  gain 
of ~2.5 m g / d m  ~, and the ionic conduct iv i ty  s tayed  

i i i i i i i i i i i i i i i 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
- -  I 2 I . . , 4  . 2  0 + . 2  
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Fig. 7, Polarization curves traced at 573 K in A ,  binary nitrates; 
O ,  ternary nitrates-nitrite; and I-], sodium nitrite. Zircaloy-2 
sample oxidized 28 hr in air at 573 K. Solid curves obtained ex- 
perimentally, dashed curves obtained from analysis; arrows locate 
rest potentials and oxidation currents. 
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Fig. 8. Zircaloy-2 oxidized in dry air at 573 K and polarized in 
the three melts at the same temperature. (a) Comparison of the 
rates of oxidation calculated from the polarization with those ob- 
tained from the kinetic data in air and the weight gained in the 
salt. Polarization data: A ,  binary nitrates; Q ,  ternary nitrates- 
nitrite; and ~ ,  sodium nitrite. Kinetic data in air: @, nonpolarized 
sampte and A ,  sample intermittently polarized in the three melts. 
I I ,  rate from the weight gained due to immersion in the salt. (b) 
variation of the ionic conductivity with the weight gained; symbols 
refer to the same melts as in (a). 

near ly  steady at 2 X i0 -11 ~ - 1  e m - L  With fur ther  
increase in weight gain the rate of oxidation and the 
ionic conductivi ty increased; in  the case of the b inary  
and te rnary  melts the rate of oxidation showed a 
max imum and this corresponded to an inflection in 
the conductivi ty curve. 

The resistance to cathodic current  flow as a func-  
t ion of weight gain is shown in Fig. 9. The rest 
potential  decreased with increasing oxidation; the 
resistance in the three melts varied as sodium nitr i te  
< b inary  nitrates < t e rnary  ni t ra te-ni t r i te .  At com- 
parable weight gains, the a i r -grown films were found 
to be more conducting than films grown in steam and 
less conducting than films grown in the molten salts 
(7). 

Discussion 
Anodic and cathodic processes during thermal oxide 

growth on Zircaloy-2.~In a discussion about the rela-  
tion between the type of rate law obeyed, dur ing the 
thermal  oxidation of zirconium and Zircaloy-2 at 
473-573 K, and the oxide thickness it was concluded 
that the anodic process is controlled by a field de- 
pendent  ra te -de termining  process wi thin  the oxide 
film and that the weak field approximation of the 
equation usual ly  employed for anodic oxide growth 
is applicable (1). This was confirmed by the results 
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Fig. 9. Variation of the resis.tance to cathodic current flaw at 
573 K in the three molten salt baths with time of oxidation of 
Zircaloy-2 in air at 573 K. Time of oxidation in hours: a, 28; b, 76; 
c, 172; d, 316; e, 503; and f, 670. 

obtained in  the oxidation and polarization experiments  
in  the molten salts at 573 K; it  was shown that the 
potentials corresponding to the l inear  anodic plateaus 
in  the polarization curves were essentially across the 
zirconium oxide and the anodic process of oxygen 
ion t ransport  was determined by the ionic conductivity 
of the oxide (7). 

Bacarella and Sut ton had interpreted the cathodic 
process on the basis of a dual barr ier  model; the 
zirconium oxide was assumed to be a semiconductor 
having an electron transfer  coefficient close to uni ty;  
a part  of the potential  drop was considered to be 
across this oxide barr ier  and the remain ing  at the 
oxide-solut ion interface controll ing a charge t ransfer  
reaction (1). However, it has recent ly  been shown 
that  when  the zirconia thickness is less than  t h e  
average size of the intermetal l ic  precipitates in the 
alloy, the electron transport,  completing the oxidation, 
occurs predominant ly  at the oxidized z i rconium-iron 
intermetal l ic  precipitates (5, 6). The composition of 
the oxides grown on these second phase precipitates 
and its var iat ion with the temperature  and extent  of 
oxidation have not been investigated in detail. In 
addition, the cathodic portions of the analyzed polar-  
ization curves general ly  showed two "Tafel" regions; 
the data could also be tiffed to, sometimes better  than 
a Tafel relation, a Schottky type of emission process. 
The variat ion of the resistance to cathodic current  
flow with increasing oxidation was found to depend 
on the medium in  which the alloy was oxidized. There-  
fore, in  the absence of definitive experimental  evidence, 
of the fit of the data to a single type of electron 
transport  mechanism, the cathodic process is simply 
considered to be determined by the conductivity of 
the oxide grown on the second phase intermetal l ic  
precipitates. 

Oxidized Zircaloy-2 sample immersed in molten 
alkali nitrates, nitrites, and their eutectics.--The reac- 
tions occurring in mol ten alkali  nitrates, nitrites, and 
their eutectics and their relevance to the mechanism 
of oxide growth on Zircaloy-2 in  these melts have 
been discussed elsewhere (7). The oxide thicknesses 
investigated in the present  study are well  below 1 ~m 
(equivalent  weight  gain is ~15 rag/din2), the average 
size of the intermetallics.  Therefore; irrespective of 
which medium the alloy was oxidized in, when it is 
immersed in the mol ten salt it can be expected to 
acquire a rest potential  determined by the ionic con- 
duct ivi ty of the zirconia and the electronic conduc- 
t ivi ty  of the oxide grown on the intermetal l ic  pre-  
cipitates. The kinetics of oxidation of a Zircaloy-2 
sample, oxidized in steam or aqueous solutions or 
molten salts and in te rmi t ten t ly  polarized in the molten 
salts, is found to be near ly  identical to that of a 
control sample which had not been polarized. It can 
be concluded therefore, that  immersion and polariza- 
t ion in the molten salts are not affecting the conduc- 
t ion properties of the zirconia and the oxide on the 
intermetal l ic  precipitates and information on these 
oxide conductivities can be obtained from the polariza- 
tion data. This is the basis for exploring the possibility 
of using mol ten alkali ni trates and nitri tes as polariza- 
tion media for s tudying oxide growth in other media 
such as air  and steam. 

However, the reactions on the alloy and the in te r -  
metallics at the oxide-molten salt interface would be 
different from those that  occurred at the oxide-oxida-  
tion medium interface dur ing the oxidation. Therefore, 
the polarization data obtained in the molten salts 
might  correspond more closely to the oxidation be-  
havior of a preoxidized sample in the salt than  to 
the previous history of oxidation in another medium. 
But, apar t  from these differences (due to the different 
interracial  reactions at the oxide surface dur ing oxida- 
tion and uolarization) the data obtained in the molten 
salts should provide information on the variat ion 
of the oxide conductivities with increase in oxidation, 
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and a comparison amongst  the oxides grown in various 
media. Such informat ion  is impor tan t  in  in terpre t ing  
the mechanism of oxide growth. 

Oxidation in steam.--Following a period of oxidation 
in  steam, when  a sample was polarized in  the three 
melts  it was observed that  the anodic plateaus in  the 
polarization curves were quite close to each other. 
As the plateaus are identified with the oxygen ionic 
t ranspor t  in  the zirconia (7, 9) this observation in -  
dicates that  the ionic conductivi ty of the zirconia had 
remained the same dur ing  the polarization. But  there 
were variat ions in  the values of the ionic conductivi ty 
calculated, at any  weight  gain, as shown in Fig. 3 (b).  
These might  be due to small  differences in  the mea-  
sured anodic currents  resul t ing from the repeated 
polarizations wi th in  a short time and to some extent  
also due to the sl ightly different values of the measured 
immersion potentials used for the three melts. Unlike 
the ionic currents,  the cathodic reduct ion currents  in  
the three melts showed large variat ions indicat ing that  
the resistance of the same oxide film, grown in  steam 
on the intermetall ics,  was different in the three melts. 
The in terpre ta t ion  is that  the surface reactions in-  
volved and their  current -vol tage  characteristics are 
different in  the three melts; viz., reduction of NOe+ 
in  the b inary  nitrates,  NO + in  the nitri te,  and possibly 
both of these species in the te rnary  n i t ra te -n i t r i t e  melt. 

Thus, when  the results from the polarization curves 
are correlated with the reactions occurring dur ing 
the oxidation in  steam, the ion t ransport  can be ex- 
pected to be in  bet ter  agreement  than  the electron 
transport.  The ion transport ,  determined by the con- 
duct ivi ty along the crystall i te boundaries,  occurs 
through the same oxide dur ing  oxidation in steam and 
polarization in  the three melts. The ionic conductivities 
shown in  Fig. 3(b)  are thus characteristic of the 
oxide grown in  steam and the same as those that  
existed dur ing the oxidation. The electron transport,  
on the other hand, is not only related to different 
reactions in the three melts dur ing  polarization but  
is also associated with a completely different reaction, 
the reduct ion of protons to hydrogen, dur ing the 
oxidation in  steam. Thus, the different rest potentials 
and oxidation currents  measured in the three melts 
(subsequent  to a period of oxidation in  steam) and 
the differences in  the oxidation rates calculated from 
the polarization data in the three melts and the 
kinetic data in  s team (at  a weight gain) are to be 
a t t r ibuted  main ly  to the different cathodic reduct ion 
reactions. For the same reason the rest potential  during 
the oxidation in steam would have been different 
from those observed dur ing polarization. 

In  spite of only a reasonable agreement  between the 
rates of oxidation calculated from the polarization 
and kinetic data, it  can be stated that  the polarization 
data do reflect changes in  the ionic conductivi ty of 
the  oxide grown in  steam and also changes in the 
rate of oxidation in steam with the weight gain. The 
same t rend is seen in the rates of oxidation derived 
from the kinetics as is seen in  the calculated ionic 
conductivities [cf. Fig. 3 (a ) ] .  The ionic conductivi ty 
of the steam grown oxide (as revealed by polariza- 
tion) is sl ightly higher than but  close to that  of the 
oxide grown in the ni t r i te  melt  (7). The kinetics of 
oxidation in steam are faster than in the molten 
salts to begin with, but  at a weight gain >4  m g / d m  2 
the kinetics become comparable to those in the ni t r i te  
melt. This s imilar i ty  between oxidation in steam and 
mol ten sodium nitr i te  might  be a t t r ibuted to a higher 
water  content  in  the ni t r i te  melt  (present as an im-  
pur i ty)  than in the b inary  and te rnary  eutectics (7). 
However, a high ionic conductivi ty for the oxide 
grown in steam is revealed by polarization in all 
the three melts. The similari ty to oxidation in  the 
ni t r i te  melt  then suggests that  the current -vol tage  
characteristics of the cathodic reduction of protons 
to hydrogen dur ing  steam oxidation are similar  to 

those of the reduct ion reactions occurring in  the 
nitr i te  melt. Therefore, it  can be concluded that  mol ten 
alkali  nitrates, nitrites,  and their  eutectics, in  general, 
are suitable polarization media for s tudying the oxide 
growth on Zircaloy-2 in  steam. 

Oxidation in dry air.--The behavior  of samples oxi- 
dized in dry air, when immersed in  the mol ten salts, 
was very different from that  of the steam-oxidized 
samples in  that  considerable addit ional  oxidation oc- 
curred in the salt. The kinetic and polarization charac- 
teristics of this addit ional  oxidation are seen to be 
near ly  the same as those of an oxide of equivalent  
thickness grown in the mol ten salts. Therefore, it  
has to be concluded that the ionic conductivi ty of the 
zirconia and the electronic conductivi ty of the oxide 
on the intermetal l ics  grown in  air are not  very  dif-  
ferent  from those of the oxides grown in  the mol ten  
salts. This is confirmed by the ionic conductivities 
and the resistances to cathodic current  flow calculated 
from the polarization data. 

There was no agreement  between the rates of oxida- 
t ion calculated from the polarization and kinetic data 
at any  weight  gain; the rates derived from the polar-  
ization data, however, corresponded to the addit ional  
oxidation occurring in  the melts. The var iat ion in  
the rates of oxidation, calculated from the polarization 
data obtained in the three melts, could also be related 
to the resistance of the oxide on the intermetal l ics  to 
the cathodic current  and the rest potentials. In  the 
te rnary  melt  the lat ter  were high and the oxidat ion 
rate was low; in the ni t r i te  melt,  the resistance and 
the rest potentials were low and the oxidation rate 
was high. Therefore, the behavior  of the a i r -grown 
oxide in the mol ten salts represents the oxidation 
occurring in the salt dur ing immersion ra ther  than 
the previous history of air oxidation. The polarization 
data are, therefore, not re levant  to air oxidation. 

The near  l inear i ty  of the oxidation rate in the 
ini t ial  stages, of the control sample, suggests that  the 
oxidation in  dry  air is controlled by a surface reaction. 
Similar  low and near  l inear  rates were observed in  
the case of samples oxidized in  air and polarized 
in te rmi t ten t ly  in the molten salts. These results in -  
dicate that  in  spite of the electrical conduction prop- 
erties of the oxides grown in  air  and /o r  the mol ten  
salts being basically the same the oxidation in dry  
air proceeds at a slower rate. As will  be discussed 
later, this is to be a t t r ibuted to a basic change in 
the mechanism related to the conduction properties of 
the oxide surface. Therefore, inferences regarding ox- 
ide growth in  air could be drawn by  comparing the 
polarization behavior  of the oxide with those grown in 
steam and the molten salts. 

Model for thermal oxide growth on Zircaloy-2.--The 
kinetics of oxidation in  steam, though resul t ing in a 
faster rate of oxidation than in the mol ten salts, are 
seen to be close to those in the ni t r i te  melt  at weight  
gains -----4 rag/din  e. The mechanism of oxide growth in  
steam is, therefore, l ikely to bear  some analogy to 
that  in the molten salts (7). As the oxygen ions for 
the oxidation have to come from the water  molecules 
the cathodic reaction completing the oxidation has 
to be the reduct ion of protons. The mechanism, gen-  
erally proposed, for oxidation in aqueous electrolyte 
solutions is the reduction of water  to hydroxyl  ions 
(mostly localized at the intermetal l ic  sites) and the 
reaction of a pair  of hydroxyl  ions from the solution 
on the zirconia surface producing oxygen ions and 
water  (2). If the same scheme is to be applied for 
oxidation in steam, the hydroxyl  ions produced at 
the intermetal l ic  sites have to be t ransported by sur-  
face conduction to reaction areas on the zirconia. But 
the mobil i ty  of protons is considered to be general ly  
faster than that  of the hydroxyl  ions (10) ; and dur ing  
the init ial  stages of oxide growth in steam and aqueous 
solutions a considerable fraction of the hydrogen re-  
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leased is absorbed by the alloy (9). Therefore, equally 
well  the oxygen ions could be extracted from the 
adsorbed water  by the anion vacancy emerging on 
the zirconia surface and the protons released t rans-  
ported to the intermetal l ic  sites and /o r  the alloy- 
oxide interface for reduction. 

The model for oxide growth is the same as that  
proposed by Cox (9) and adapted for oxidation in  
mol ten salts (7). Oxygen ions, produced by a disso- 
ciation step, are t ransported along the zirconia crystal-  
lite boundaries  by  diffusion and the protons, t rans-  
ported by surface conduction, are reduced at the 
intermetal l ic  sites. This lat ter  reaction is analogous 
to the reduct ion of NO2 + and NO + dur ing oxidation 
in the mol ten  salts. The electronic conductivi ty of 
the doped oxide grown on the intermetal l ics  ma in -  
tains the rest potential  at moderately low negative 
values. When the polarization data obtained in the 
mol ten ni t r i te  are compared, the resistance of the 
oxide on the intermetal l ics  grown in steam is higher 
than that  grown in  the molten nitrite. But the ionic 
conductivi ty of the zirconia grown in  steam is higher 
than that grown in the ni tr i te;  the compensating effect 
due to the ionic conductivi ty leads to faster oxidation 
in  steam compared to that  in  the mol ten nitrite. 

When the kinetics of oxidation in  steam, molten 
salts, and air  are compared the characteristics of the 
last are seen to be very  different from those of the 
first two. The rate in  air is about an order of magni tude  
less than that in the mol ten salts at a low weight 
gain of ~--1 m g / d m  2 and is about  four times less than 
those in steam and mol ten salts at high weight gains 
up to =5  m g / d m  2. It  is almost l inear  up to a weight 
gain of ~ 2  m g / d m  2. When the air-oxidized sample 
is immersed in  the mol ten salts, it oxidizes at an 
increased rate corresponding to the rate of oxidation 
of a control sample oxidizing in the melts. However, 
the rate re turns  to low values, similar to those of a 
control sample oxidizing in air, when fur ther  oxida- 
t ion is continued in air. Therefore, there is a basic 
change in  the mechanism of oxidation when a sample 
is t ransferred from dry air to molten salt and vice 
versa. 

The t ransport  of oxygen ions along crystalli te bound-  
aries, is near ly  the same in various oxidation media 
due to nucleat ion and crystalli te growth occurring at 
the al loy-oxide interface (9). The zirconia crystallites 
are reported to occupy almost 100% of the oxide 
volume by the t ime a thickness of ~0.2 ~m is reached. 
Therefore, major  changes in the ionic conductivi ty 
of the oxide, imparted by the oxidation medium and 
associated with crystall i te size, impur i ty  incorpora-  
tion, and surface structures, can be expected to occur 
dur ing the ini t ia l  stages of thin film growth. It  is 
observed (c.f. Fig. 8) that  the ionic conductivi ty of 
the a i r -grown oxide, subsequent  to immersions and 
polarizations in the molten salts, and its variat ion with 
the total weight gained are comparable to those of 
the oxides grown in the molten salts (7). Therefore, 
the different oxidation behavior  observed in  dry air 
and the molten salts is not  associated with the oxygen 
ion conduction in  the growing zirconia. The cathodic 
step in  air oxidation is the reduction of oxygen and 
this reaction has to occur on the zirconia surface near  
an emerging anion vacancy. The electrons could be 
t ransported from the intermetall ics by conduction 
along the p-levels of the chemisorbed oxygen. This 
surface conduction and /o r  the reduction of oxygen 
must  be then rate limiting. 

Moreover, dur ing  oxidation in dry air, conduction 
and reduction of a cationic species are not involved. 
Therefore, lowering of the resistance of the alloy- 
oxide composite may not be as effective as that dur ing 
oxidation in steam and the molten salts and conse- 
quent ly  the rest potential  could be highly negative. 
The rest potential  at which the ionic current  is equiv-  
alent  to the rate of oxidation in air can be estimated 

as ,~ --1.6V from the extrapolated anodic plateaus 
in the polarization curves. Such a highly negative 
rest potential, combined with a low rate of oxide 
growth, can be expected to contr ibute  to a bulk  elec- 
t ron current  through the zirconia. In  the ini t ial  stages, 
when the oxide is a few hundred  angstroms thick, 
this might  be an  emission current,  which may become 
space charge l imited with increase in oxide thickness. 
The contr ibut ion from these bulk  currents  would, 
however, decrease with increasing weight gain. 

Dawson et al. reported that  the oxidation behavior 
of chemically polished Zircaloy-2 in oxygen at 573- 
633 K was complex (11). A change from a near  l inear  
to a near  parabolic rate is also observed in the present  
study. Such variations can be interpreted as a reflec- 
tion of the changes occurring in the electron transport.  
Ini t ia l ly the rate is l inear  due to the limited rate of 
oxygen reduct ion at the surface determined by the 
bulk emission current .  The rate then decreases due 
to the bui ldup of electronic space charge which 
affects both the ionic and electronic t ransport  and 
changes again at a higher oxide thickness when the 
bulk  electron current  is negligible and localized t rans-  
port  at the intermetal l ics  combined with the surface 
conduction becomes limiting. When the air-oxidized 
sample is immersed in the mol ten salt for polarization 
the si tuation is changed completely. The reduction 
of n i t ron ium and /or  n i t rosonium ions facilitated by 
the electron t ransport  at the intermetall ics,  moves 
the rest potential  to low negative values and any  
space charge or surface resistance effect on the oxida- 
tion rate is minimized;  the alloy oxidizes at a rate 
near  to that  expected for an oxide of equal thickness 
in the mol ten salt. 

In  their  model, Br.own and Walton (2) proposed a 
surface barr ier  in addition to the growing oxide film 
barr ie r  for the anodic current.  This surface barr ier  
was supposed to control an ionic reaction, not neces- 
sari ly a ra te -de te rmin ing  step, such as dehydroxylat ion 
in their experiments.  It is seen from the results re-  
ported here that the role played by a surface barrier,  
if it exists, is a very minor  one in  the oxidation of 
Zircaloy-2. The interfacial  reactions at the oxide- 
oxidizing medium are all different in different media. 
But in all media the rate of oxidation is determined 
by  a combinat ion of factors, such as ionic conductivity 
of the zirconia, electronic conductivi ty of the oxide 
on intermetallics,  reduction of cationic species in the 
medium, and the bu lk  electronic conductivity of zir- 
conia. The surface conduction properties of the zirconia 
associated with the reduction reactions play a more 
major  role, than a surface barrier,  in  de termining  
the oxidation of Zircaloy-2. In  a s imilar  manner ,  it 
cannot  be said that  either the ion t ransport  or the 
electron transport  is rate controll ing (3); because 
ionic and electronic t ransport  are occurring through 
different oxide systems, obey different current -vol tage  
relations, and have to be coupled. It can be stated, 
however, that the anodic half  of the oxidation (the 
oxygen ion transport)  is less affected by changes in 
oxidation medium than the cathodic half. This effect 
is most evident  when oxidation in  a conducting me-  
dium is compared with that  in a nonconduct ing 
medium. 

Conclusions 
Polarization measurements  in mol ten alkali nitrates, 

nitrites, and their eutectics, on Zircaloy-2 samples 
oxidized in steam or dry  air provide informat ion on 
the variat ion of the ionic conductivi ty of zirconia and 
the electronic conductivi ty of the oxide grown on the 
intermetall ics with increasing oxidation. The anodic 
part  of the polarization data is directly re levant  to 
the oxygen ion transport  occurring dur ing the oxida- 
tion; whereas the cathodic par t  of the polarization 
data has no direct correlation to the reduct ion reac- 
tions occurring dur ing the oxidation. Thus, the dif- 
ferences in the oxidation rates calculated from the 
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polar iza t ion  and kinet ic  da ta  arise ma in ly  f rom the 
d i f f e r e n t  cathodic react ions involved.  

A model  for  the rmal  oxide  growth  at  -~1 #m in 
thickness is proposed,  based on the k inet ic  and po la r -  
izat ion data.  

1. When  oxidizing in steam, the  reduct ion  of the 
protons  re leased  is assisted by  thei r  surface conduc-  
t ion in  the  adsorbed  wa te r  phase on the zirconia sur-  
face and the e lec t ron t r anspor t  a t  the  in te rmeta l l i c  
sites. Therefore,  the  rest  potent ia l  s tays at  low nega-  
t ive values  and the oxida t ion  proceeds  a t  a fast  ra te  
comparab le  to tha t  in the mol ten  salts. 

2. In  d r y  air, the oxida t ion  proceeds at  a much s lower  
ra te  t han  in s team and the mol ten  salts. The e lec t r ica l  
conduct ion proper t ies  of the  oxides grown in air, 
however ,  a re  s imi lar  to those of the oxides  g rown 
in the mol ten  salts. Therefore,  the low rates  of ox ida-  
t ion in a i r  a re  a t t r ibu ted  to a h igh ly  negat ive  rest  
po ten t ia l  on the  a l loy  brought  about  by  a high re -  
s is tance for the surface conduction of electrons and 
the absence of a reduct ion step involving cationic 
species. The r a t e  of oxidat ion,  in i t ia l ly  l inear,  is 
cont ro l led  by  the reduct ion  of oxygen at  the surface;  
then  the ra te  changes due to the bu i ldup  of an elec-  
t ronic  space charge in the oxide  and control  by  the 
combinat ion  of e lec t ron conduct iv i ty  at  the in te r -  
metal l ics  and surface conduction. 
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High Oxygen Ion Conduction in Sintered Oxides of the 
Bi O -Dy20  System 

M. J. Verkerk and A. J. Burggraaf 
Department oS Inorganic Materials Science, Twente University of Technology, 7500 AE Enschede, The Netherlands 

ABSTRACT 

The phase  d i ag ram of the  Bi203-Dy203 sys tem was invest igated.  A mono-  
phasic fcc s t ruc tu re  was s tabi l ized for  samples  containing 28.5-50.0 mole  pe r -  
cent  (m/o )  Dy203. Above and below this concentra t ion range  polyphas ic  re -  
gions appear .  The fcc phase showed high oxygen ion conduction. The ionic 
t ransference  n u m b e r  is equal  to one for specimens containing 28.5-40.0 m / o  
Dy203, whereas  an electronic component  is in t roduced at low t empera tu re s  
for specimens containing 50.0 m/o  Dy203. The conduc t iv i ty  of(Bi203)0.715 
(Dy203)0.2s5 is 0.71 ~ - 1 m - 1  and 14.4 a - l m - 1  at  773 and 973 K, respect ively.  
Relat ions  were  found be tween  the ionic radius,  the conduct ivi ty ,  and  the min i -  
m u m  concentra t ion  of l an than ide  necessary  to s tabi l ize  the  fcc phase.  I t  is con- 
c luded tha t  the highest  ionic conduct iv i ty  wi l l  be found in the sys tem Bi20~- 
Er203 or  Bi2Os-Tm203. F r o m  a s tudy of re la t ions  be tween  the ac t iva t ion  en-  
ergy,  log ~o and the composi t ion it is concluded tha t  two conduct iv i ty  mecha-  
nisms p lay  a role .  

Recent ly  Harwig  inves t iga ted  the e lect r ica l  and 
s t ruc tu ra l  p roper t ies  of Bi20~ (1-5).  A t  room tem-  
pe ra tu re  the monoclinic  a -phase  is s table  and the con- 
duc t iv i ty  is p r edominan t ly  electronic.  On heat ing to 
1002 K the oxide t ransforms to the face centered cubic 
(fcc) 5-phase, which is s table up to the mel t ing  point  
a t  1097 K. In the 5-phase the e lect r ica l  conduct iv i ty  is 
about  100 ~ - 1 m - 1  and var ies  l i t t le  wi th  t empera ture .  
The ionic t r anspor t  number  is equal  to one (6). On 
cooling this h igh ly  conduct ive phase m a y  be ex tended  to 

Key words: ionic conductor, solid electrolyte, bismuth oxide, 
lanthanide oxide, phase relations. 

923 K, where  it t ransforms into the t e t ragona l  #-phase  
or  to 912 K where  it t ransforms into the body-cen te red  
cubic (bcc) *y-phase. These phase t ransformat ions  are  
accompanied by  sudden volume changes which cause 
de ter iora t ion  of the mechanical  proper t ies  of the ma-  
terial .  The conduct iv i ty  in the  ~- and -v-phase is 
ma in ly  ionic and about  three  orders  of magni tude  lower  
than  in the 8-phase. 

The t empera tu re  range  at  which  this ma te r i a l  can be 
used as a solid e lec t ro ly te  can be ex tended  by  subst i -  
tut ing Bi203. The region of h ighly  ionic conduct ive 
8-phase can be ex tended  to room t empera tu r e  by  in t ro-  
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d u c t i o n  of 17.5-45 m / o  Er2Os (7,8), 25-43 m / o  Y20~ (9), 
3 5 - 5 0  m / o  Gd203 (1O), 25 m / o  WO~ (11), 15-25 m/o  
Nb205 and 18-25 m/o  Ta205 (12). The highest  ionic 
conduct iv i ty  is found in the sys tem Bi203-Er20~. The 
conduct iv i ty  of [Bi2Os]0.s0(Er203)o.20 is 2.3 and 37 
12-1m -1 at  773 and 973 K, respec t ive ly  (7). 

Oxygen  ion conductors  based on b i smuth  sesquioxide 
a r e  subs tan t ia l ly  more  conductive than the s tabi l ized 
zirconias. In  the t empera tu re  range  773-973 K the con- 
duc t iv i ty  of (Bi~Os)o.s0 (Er203)0.20 is about  50-100 t imes 
h igher  than  the conduct iv i ty  of (ZrOD 0.915 (Y203)o.0s~. 

Because of the re la t ive  ease of reduct ion at  h igher  
t e m p e r a t u r e s  (6, 13, 14), the b i smuth  sesquioxide-  
based mate r ia l s  a re  not  sui table  for  fuel  cell  appl i -  
cations. Thei r  appl ica t ion  wil l  be l imi ted  to oxygen 
pumps  [e.g., for  oxygen-en r i chmen t  (15)] or  e lec t ro-  
ly te  for "second genera t ion"  oxygen sensors [e.g., the 
device developed by  Heyne (16, 17)]. The "second 
genera t ion"  oxygen sensor is used for automot ive  con- 
t rol  and  operates  in the lean a i r / fue l  rat io region, 
e.g., an oxygen- r i ch  exhaus t  gas (1-10% O2). The 
s e n s o r  produces  a feedback signal  to keep the gas 
mix tu re  fed to the motor  oxygen  rich. So all  the fuel  
i s  burned  and most  pol lu tants  can be removed ca ta-  
ly t i ca l ly  (16, 18, 19). 

The occurrence of the cubic phase (fcc) in the 
Bi2Os-Dy203 sys tem is r epor ted  for 3Bi20~.Dy208 by  
Dat ta  and Meehan  (20) and for Bi20~.Dy203 by  
Nasanova et al. (21). The fcc phase in comparab le  b i -  
n a r y  compounds exhibi ts  h igh oxygen  ion conduction 
over  a wide  t empe ra tu r e  range.  Therefore,  the  authors  
have inves t iga ted  the phase d iagram and the conduc-  
t iv i ty  of the Bi2Os-Dy2Os system. 

The invest igat ions  are  a pa r t  of our  studies on a 
number  of Bi203-Ln20~ compositions. Phenomenologi -  
cal re la t ions be tween  the ionic radius  of the lanthanide ,  
the s t ructure ,  and the conduct iv i ty  are  given. Some 
predic t ions  about  high ionic conduct iv i ty  in s tabi l ized 
Bi~O~ are  made.  

Exper imenta l  
Preparation and analysis of the specimens.--Bi~O~ 

(Merck, ve ry  pure)  and Dy20~ (Serva,  99.9%) were  
thoroughly  mixed  and prefired at  1020-1120 K for 16 
hr, f inely ground  and isostat ical]y pressed at about  400 
MPa, s in tered  in a i r  for  45 hr, and  cooIed down (1/2 K 
min-~)  to room tempera ture .  The s inter ing t empera -  
ture was ra ised as the content  of Dy203 was increased,  
see Table I. Pref i r ing and s in ter ing  were  pe r fo rmed  in 
p la t inum crucibles.  

Af te r  the synthesis  the composit ion of the samples  
was checked wi th  x - r a y  fluorescense. The accuracy 
is 0.1% absolute.  The specimens were  analyzed  for  
smal l  amounts  of  a luminum and silicon. The pro-  
cedure is descr ibed e lsewhere  (7, 22). The detect ion 
l imits  of these ana]yses are  0.005 weight  percent  (w/o)  
A1 and 0.001 w/o  Si .  

T h e  crys ta l  s t ruc tures  of the specimens were  ident i -  
fied by  a Phi l ips  P W  1370 diffractometer .  Cu K~ 
rad ia t ion  was used wi th  a Ni filter. The lat t ice 
pa rame te r s  were  ca lcula ted  f rom diffract ion angles in 
the 60~ ~ (20) region, obta ined  at  a scanning speed 
of 1/4" ra in-1  using Pb (NO~)2 as the in te rna l  s tandard.  
High t e m p e r a t u r e  x - r a y  exper iments  were  pe r fo rmed  
wi th  a Gu in i e r -S imon  camera  (heat ing rate:  5 K 
h r - 1 ) .  The ceramic s t ructures  of pol ished and ther -  

rea l ly  e tched samples  were  inves t iga ted  wi th  the 
scanning electron microscope (SEM) Type  JEOL 
JSM U3. Differential  t he rmal  analysis  (DTA) mea -  
surements  were  pe r fo rmed  wi th  a du Pont  990 Thermal  
Analyser ,  heat ing rate:  10 or 15 K min -1. The densi-  
ties of the  samples  were  m e a s u r e d  at  298 K by the 
Archimedes  method using mercury.  

Measurement of the ionic conductivity.--The elec-  
t r ica l  conduct iv i ty  was measured  at  a f requency of 
10 kHz. The ionic t ransference  number  was measured  
by  the emf of an oxygen gas concentra t ion cell. De- 
tails  of these measurements  a re  descr ibed e lsewhere  
(7). 

Results 
Samples prepared.--The densit ies  of the  specimens 

af te r  s in ter ing  were  92-94% of the theoret ical  density, 
see Table  I. The avrag  gra in  size of the samples is 
about  30 ~m. The ceramic s t ruc ture  of a specimen is 
shown in Fig. 1. On this photograph  i t  can be seen 
tha t  the gra in  growth  in this system is ve ry  fast  even 
at  t empera tu res  of 1273 K. The gra in  boundar ies  move 
so fast  that  they  become curved and pores are isolated 
wi th in  the grains. This implies  tha t  h igher  final densi -  
ties a re  difficult to obta in  wi thout  control l ing gra in  
growth.  

The color of the specimens was ye l low/o range  for 
low percentages  of Dy2Os and da rk  brown for high 
percentages.  

The difference be tween  the calcula ted composit ion 
and the composi t ion measu red  by  x - r a y  fluorescence 
was 2.0% absolute  or less. Concentrat ions of silicon 
and a luminum impur i t ies  a re  lower  than  0.002 and 
0.03 w/o,  respect ively.  

Structural aspects.--Table II  gives a survey  of the 
exis t ing s t ructures  if the specimens are  subjec ted  to 
different  hea t - t rea tments .  In  the "quenching" p ro -  
cedure the samples  were  suddenly  removed  from the 
furnace and cooled down to room t empera tu re  by  
na tu ra l  convection, wi th  the  resul t  tha t  the high t em-  

p e r a t u r e  s t ruc ture  could be retained.  Lower  t empera -  
ture  phases are  occasional ly achieved by  cooling down 
ve ry  s lowly (1/2 K rain -1)  or  by  anneal ing  at  a 
sui table  tempera ture .  

The sample  containing 5 m / o  Dy20~ has a t e t ragona l  
s t ructure.  The high t empera tu re  s t ructure  is cubic 
(fcc) as de te rmined  by  the High Tempera tu re  Guinier  
technique (HTG).  The t rans i t ion  t empera tu re  is 913 K, 
see Table  III. If  this sample  is annealed,  minor  con- 
centra t ions  of o ther  phases appear .  This was also 

Table I. Sinter|ng temperature and density 

z in (Bi~s)l- . (Dy~Os)~ Temperature (K) Density* (%) 

0.05-0.10 1073 
0.15-0.25 1173 
0.28~-0.35 1273 92 
0.40-0.~0 1373 94 
0.60 1373 

" Density is given as a percentage of the theoretical density 
based on defect fluorite-type lattice, Fig. 1. The ceramic microstructure of (Bi20~)o.65 (Dy2Oa)o.s5 
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Table II. Sur~ey of the structural information of the ~i20~-Dy20~ 
system 
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x in 
(Bi20~) t_, (DyeOs) 

"Quenched" at 
sintering temperature 

Temperature  t rea tment  
Cooled down 
by 1/= K m i n - ~  Annealing temperature (K) Annea led  for  350 hr  

0.05 /~* ~ 823 /~ + a + e 
0.10 ~ <~ + el4 823 ,'., + ~ + �9 
0.15 ~ e + <~ 903 �9 + a 
0.20 ~ e + "~ 973 �9 + "~ 
0.25 ~i ~ 973 �9 + 

0.28~-0.50 ~ ~ 973 8 
0.60 ~ + 8"* 8 + 8  

* The  ~-phase has  a te tragonal  structure.  
** In this table # denotes the unknown structure. 
t In this table e denotes  the rhombohedra l  structure.  

$ The underlined structures appear in minor concentrations.  

observed in the Bi203-Er203 system (7). Possibly the 
tetragonal  solid solution phase is stable at higher 
temperatures  (i.e., between 823-913 K) whereas at 
lower temperatures  the solid solution exists over a 
nar rower  range of composition and u l t imate ly  only 
one tetragonal  compound exists. It is suggested that  
this is the case in  the Bi20~-Y203 system (20). 

The high tempera ture  s t ructure  of the sample con- 
ta in ing 10-25 m/o  Dy2Q is cubic (fcc). This can be 
concluded from the quenching experiments  and was 
checked by  HTG. The low tempera ture  s t ructure  is 
rhombohedral ,  as can be seen from the samples cooled 
down by  1/2 K min  -1 as we l l  as from the anneal ing  
experiments.  The anneal ing experiments  indicate that  
the rhombohedral  solid solution is found from about 
15 m/o  Dy203 to 25 m/o  Dy203. After  anneal ing  for 
2 0 0 0  hr at 880 K the s t ructure  of the specimen con- 
ta in ing 25 m/o  Dy2Q was - -  95% rhombohedral .  Table 
III  shows the t ransi t ion tempera ture  of the rhombo- 
hedral  s t ructure  to the cubic s t ructure  measured by 
DTA. 

The equi l ibr ium monophasic fcc s t ructure  was ob- 
served at low temperatures  for samples containing 
28.5-50.0 m/o  Dy203. These results do not agree with 
the observations of Datta and Meehan (20) who re-  
ported the existence of the fcc phase for 3Bi20~.Dy203 
at low temperatures.  It  is very l ikely that  these authors 
reported the nonequi l ib r ium high tempera ture  struc-  
ture. Possibly contaminat ion by the porcelain or silica 
crucibles used for the synthesis of the materials  may 
play a role. The observations of the fcc phase for 
Bi203.Dy20~ by Nasonova et al. (21) is confirmed. 

As shown in  Fig. 2 we see that  in the whole range 
of the stabilized fcc phase (28.5-50 m/o  Dy203) and in 
the range where the high temperature  fcc phase can 
be retained by quenching (10-25 m/o  Dy203) the 
lattice constant  decreases l inear ly  with an increasing 
Dy203 content, i.e., Vegard's rule holds. 

The specimen containing 60 m/o  Dy20~ shows an f c c  
phase and an u n k n o w n  phase. Attempts  to determine 
the composition of the two phases wi th  the EDAX 
uni t  of the SEM failed because the size of the separate 
phases was too small  compared to that  of the analyzed 
area (0.5-1 ~m2). The deviation of the lattice constant  
o f  t h e  f c c  phase, see Fig. 2, cannot  be explained. 

Table I I I .  Transition temperatures measured by DTA in the 
heating-up direction* 

z in (Bi=O=)t-=(Dy=Os)s Trans i t ion  Temperature  (K) 

0.05 ~ --~ s 91.~ 
0.10 �9 ".* 8 848 
0.15 �9 .-* 8 946 
0.20 �9 ~ ~ 989 
0.25t e -~ ~ 1010 

�9 M e a s u r e d  on s ample s  coo l ed  d o w n  by  1/2 K min-Z f r o m  sin- 
terLng t e m p e r a t u r e .  

t ~ueasu~,eu ou the  a n n e a l e d  s a m p l e  (2000 hr at  800 K).  

The theoretical densities can be calculated from 
the measured lattice constants assuming several defect 
models and can be compared with the observed densi-  
ties. These defect models are extensively described 
and discussed in  Ref. (7) and will  not be repeated 
here. i t  appears that  the system Bi203-Dy203 shows 
the same features as repor ted ' for  Bi203-Er208 (7). So 
we conclude that  all  cations occupy their normal  
sites in the fluorite s t ructure  and that  there are two 
vacancies in a un i t  cell, i.e. 

Bi4cl-x)Dy4~Oe[q~ 

Conductivi ty  o~ the sintered specimens. - -The conduc- 
t ivi ty of the s intered Bi2Q-Dy20~ samples measured 
in air is shown in  Fig. 3 and 4. In  Fig. 4 the conduc- 
t ivi ty of pure Bi203 [after Takahashi  et al. (6)] is 
given as a reference material .  Table IV s u m m a r i e s  the 
values of the activation energies E a  and the pre-  
exponent ial  terms r for the Arrhenius  plots of the 
conductivity, while the deviation is given in  the 90% 
rel iabil i ty interval .  

Figure 3 gives the conductivi ty of the cubic and 
rhombohedral  s tructures of (Bi203)0.75(DyeO3)0.25. 
Below 1018 K the cubic phase is uns table  bu t  can 
exist metastable because the t ransformat ion is too 
slow in order to take place dur ing  the rapidly pe r -  
formed conductivi ty measurements ,  see Table II. For  
the rhombohedral  specimen these is a change in  the 
activation energy at about  780 K. Possibly this may be 
correlated with a change in  the ordering of oxygen 
in the lattice, as proposed for the cubic samples (see 
below). At 1010 • 15 K there is a sudden increase in  
the conductivity. According to the HTG experiments  
this increase is caused by the s t ructural  change from 
the rhombohedral  to fcc phase. The t ransformat ion 
tempera ture  corresponds with the DTA data, see 
Table III. In  the Arrhenius  plot of the cubic sample 

0.555 

~ o.5,45 

0.535 

o'.~ ' 0'.3 ' o'5 

x in (B1203)1_• (Dy203)• 

Fig. 2. Lattice constant of the fcc phase of the specimens cooled 
from the sintering temperature to room temperature by i / 2  K min - 1 .  
(For x = 0.I-0.2 the specimens were quenched.) 
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Table IV. Activation energies and pre.exponential terms for the 
Arrhenius plots of the conductivity 

z in Temperature  
(Bl~OI)z-z(Dy~O,) z r a n g e  (K)  log ~o(f l4m -1) Es (k j  mole  4 )  

0.25 ( r h o m )  609-780 5.3 • 0.2 97 __. 3 
780-1000 4.4 • 0.1 85 • 2 

0.25 (cubic)  600-870 7.2 --  0.2 104 • $ 
870-1060 5.0 • 0.2 66 • 4 

0.28 s 600-870 7.17 -- 0.04 108 • 1 
870-1140 5.1 - 0.1 73 -~- 3 

9.38 600-950 8.33 • 0.98 101 • 1 
950-1140 4.8 -- o.1 73 --.+ $ 

0.40 800-1050 8.34 • 0.06 107 • 1 
0.45 600-1050 6.4 -4- 0.4 112 • 6 
0.50 600-1050 5.9 • O.1 109 ----- 2 
0.60 600-1050 8.1 ~ 0.1 112 - -  $ 

there is a change in the ac t iva t ion  energy  at  about  
870 K, this is discussed below. 

The s t ruc ture  and the dimensions of the lat t ices of 
these phases a re  ve ry  different  and the influence on 
the conduct iv i ty  is s t r iking.  The volume of the rhombo-  
hed ra l  and  cubic uni t  cells is 0.123 and 0.166 nm 8, 
respect ively.  The cubic la t t ice  is "b lown up" compared  
wi th  the rhombohedra l  one. Therefore  a flat potent ia l  
profile a long the t r anspor t  pa th  be tween  oxygen ion 
la t t ice  sites can be expected and r ap id  t r anspor t  can 
occur  in the cubic latt ice,  as suggested for  o ther  sys-  
tems by  Huggins  (23). 

F igure  4 gives the Ar rhen ius  plots  of the conduc-  
t iv i ty  of the  cubic specimens containing 0.25-0.60 m/o  
Dy2Os. The samples  conta ining 0.25-0.35 m / o  Dy203 
show a knee in  the Ar rhen ius  plot  at about  870-950 K. 
The changes in the act ivat ion energies and the p re -  
exponent ia l  te rms a re  given in Table  IV. Presen t  
authors  (7) cor re la ted  this knee to a change in the  
la t t ice  constant,  p robab ly  caused by  changes in the 
o rde r ing  of oxygen  in the  lattice.  The increase  of the 
la t t ice  constant  for  (Bi203)0.s0(Er20~)0.20 was con- 
f i rmed by  the Simon camera  and is in the order  of 1.5%. 
However ,  for the samples  containing Dy20~ no in-  
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Fig. $. Conductivity of (Bi203)o.75 (Dy203)o.25 in air. e ,  Cubic 
structure; O ,  rhombohedra| structure. The specimen with the 
rhombohedral structure could only be measured in the heating-up 
direction (see text). 
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10"'4 0.9 ' 1.1' ' 1.3' ' 1.5"m , !.7 

1 0 0 0 / T  (K "1 ) 

Fig. 4. Conductivity of (Bi ,~O3)l-~ (Dy203)x in air. e ,  x = 
0.25 (fcc); A ,  x ---- 0.285; � 9  x ---- 0.35; [ ] ,  x ---- 0.40; A ,  x = 
0.45; ~7, x = 0.50; B, x = 0.60. The broken line represents the 
conductivity of pure Bi20a in the heating-up direction. 

crease in the la t t ice  constant  could be measured  with 
HTG. We conclude tha t  the change in ac t iva t ion  
energy  and the change in log Vo is caused by  a minor  
change in  the s t ruc ture  which is not  a lways  accom- 
panied  by  a measurab le  change in the unit  cell volume. 

The best  oxygen  ionic conductor  in this sys tem is 
found in the  ma te r i a l  wi th  the composit ion 
(Bi20~)o.n~(Dy203)o.286. The conduct iv i ty  at  773 and 
973 K is 0.71 and 14.4 ~ - l m - t ,  respect ively.  This is 
about  three  t imes lower  than  the conduct iv i ty  of 
(Bi2Os)o.8o(Er2ODo.~o (7) and more  than  ten  times 
higher  than the conduct iv i ty  of (ZrO2)o.195(Y2Oa)o.o, 
at the  same tempera tures .  

The ionic transference number.--The ionic t rans-  
ference number  was measured  wi th  an  oxygen  gas 
concentra t ion cell  under  the condit ion of P'o2 = 0.21 
a tm and P"o~ --  1.00 arm. The rat io  of the measured  
emf to the theore t ica l  emf is given in Table V. 

For  (Bi208)1-x(Dy20~)x wi th  x --  0.25-0.40 the ionic 
t ransference  number  is app rox ima te ly  one, therefore  
the  conduct iv i ty  in the  range  1-100% O2 can be almost  
whol ly  a t t r ibu ted  to oxygen  ions [this work, (27), 
(31)].  I t  m a y  be r e m e m b e r e d  tha t  the  devia t ion  of 

Table V. Ratios of the measured emf E to the theoretical value Eo 
of the following cell: 

02 (0.21 arm), Pt I (Bi~Os)z-x(Dy203)x l Pt, 02 (I arm) 
at different temperatures 

Z In E/Eo 
(Bi2Os)z-,(DyM)a)= 823 K 873 K 923 K 973K 1023 K 1073 K 

0.28 - -  0.93 0.96 0.97 0.98 0.98 
0.285 0.94 1.00 0.98 0.98 0.98 0.98 
0.40 0.95 0.97 0.99 1.00 1.01 1.00 
0.50 - -  0.85 0.99 0.94 0.95 0.95 
0.60 0.42 0.47 0.54 0.61 0.69 0.72 
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the  ionic t ransference  number  measured by oxygen  
concent ra t ion  cells is about  5%. Addi t iona l  expe r i -  
ments  are  necessary to de te rmine  the (smal l )  cont r i -  
but ion  of the electronic conduct ivi ty.  The sample  con- 
t a i n i n g  50 m / o  Dy203 had an electronic component  
a t  low t empera tu re s  (T < 900 K) .  For  the sample  
containing 60 m/o  Dy2Oa an electronic component  was 
measured  for al l  t empera tures .  Because the ionic t r ans -  
ference number  for the monophasic  fee samples  co- 
exis t ing wi th  the  second phase  is app rox ima te ly  one, 
the  e lec t r ica l  conduct iv i ty  has to be ascr ibed to the 
second phase. In  this t e m p e r a t u r e  range and at  these 
oxygen  pa r t i a l  pressures  pure  Dy2Os is an electronic 
conductor  (24). Poss ib ly  the unknown phase is 
Dy~O~ rich. 

Discussion 
The  resul t s  of this s tudy were  combined wi th  l i t e ra -  

ture  da ta  of the fol lowing systems:  Bi2Oa-Er208 (7, 8), 
Bi2Os-Y2Os (9), Bi2Os-Gd2Os (10), and Bi2Os-Yb203 
(25). Our  a t ten t ion  is d i rec ted  to two subjects,  first, 

the  op t imal iza t ion  of the conduct iv i ty  in s in tered  oxides 
of  the  Bi2Os-Ln2Os sys tem and, second, some con-  
s idera t ions  concerning the defect  s t ructure .  

The optimalization o~ the conductivity.--The condi-  
t ions lead ing  to an opt imal  conduct iv i ty  of s in tered 
oxides  of the Bi203-Ln208 sys tem were  inves t iga ted  
concerning severa l  aspects. These are, first, the influ- 
ence of the  ionic radius  on the conduct ivi ty,  second, 
the  influence of the  composit ion on the conduct ivi ty ,  
and  third,  the influence of the  ionic radius  on the 
m in imum subs t i tuen t  concentra t ion  necessary  to 
s tabi l ize  the  fcc phase. 

F igure  5 gives the conduct iv i ty  of b i smuth  sesqui-  
ox ide  s tabi l ized b y  severa l  l an thanides  as a funct ion 
of the  ionic rad ius  of the subst i tuent .  The ionic radi i  
a re  based on r ( v z o 2 - )  = 0.140 nm, coordinat ion n u m -  
be r  VHI, as given by  Shannon  and P rewi t t  (26). The 
conduct iv i ty  increases s l ight ly  wi th  increas ing ionic 
radius.  No precise  da ta  about  the  la t t ice  constants  for 
some of the composit ions a r e  known. However ,  there  
is a l inea r  re la t ion  be tween  the ionic rad ius  of the 
subs t i tuent  and the la t t ice  constant,  as shown by  
Cahen (27), and thus the re  is a l inea r  re la t ion  be-  
tween  the conduct iv i ty  and the la t t ice  constant.  There  
is too l i t t le  precise  da ta  known up t i l l  now to analyze  
this re la t ion  fu r the r  in terms of re la t ionships  be tween  
the la t t ice  constant  and log Vo respect ive ly  Ea. 

W e  propose tha t  i t  m a y  be  ascr ibed to a change in 
ga. Assuming  the same defect  s t ruc ture  for  a l l  subs t i tu-  
ents a t  x = 0.35 the amount  of vacancies is constant ,  
so log ~o wil l  also be constant.  Increas ing the ionic 
radius  of the subs t i tuent  wil l  cause an increase  in the 
la t t ice  constant.  This m a y  cause a decrease  in the  
contr ibut ions  of the  local  s t ra in  components  dur ing  
the passage of oxygen  ions th rough  the latt ice,  which 
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Fig. 5. The logarithm of the conductivity of (Bi203)o.65(Ln203)o.85 
vs. the ionic radius of the substituent Li 3+ at 737 K (closed circles) 
and at 973 K (open circles). 

leads to a decrease in the ac t iva t ion  energy.  This 
exp lana t ion  agrees  wi th  the  observat ion  tha t  the  
slope of the log ~ vs. rion re la t ion  a t  773 K is l a rge r  
than  tha t  a t  973 K. This hypothes is  is confirmed in a 
re la ted  system. Kubo and Obayashi  (28) showed tha t  
in Cel-xLn~O2-x/2 for x --  0.30 the ac t iva t ion  energy  
decreases wi th  increas ing ionic radius  of the lanthanide .  

In  Fig. 6 the  oxygen ion conduct iv i ty  in  the 
Bi~Os-Dy20~ sys tem is p lot ted  agains t  the  Dy2Os con- 
tent  a t  different  tempera tures .  The conduc t iv i ty  of 
(Bi20~)o.so(Er2Os)0.20 (7) is given as a reference.  In  
the fcc solid solut ion phase  field the conduct iv i ty  de -  
creases l i nea r ly  wi th  the composition. For  x = 0.60 
there  is a negat ive  devia t ion  f rom this l inear  relat ion.  
This is due  to the  second phase. The devia t ion  at  
x = 0.25 is caused by  a s t ruc tura l  phase t ransformat ion.  
The conduct iv i ty  of the  metas tab le  fcc phase  at  x = 
0.25 satisfies this l inea r  re la t ion  as shown in Fig. 6. I t  
should be noted tha t  a l inear  re la t ion  be tween  con- 
duc t iv i ty  and concentra t ion holds at  t empera tu re s  
above and be low the observed  knee in the  Ar rhen ious  
plot. A l inear  re la t ion  in the fcc solid solut ion phase  
field is also found for Bi2Os s tabi l ized  wi th  Er~O~ (7), 
Y203 (9), and Gd~O~ (10). 

F rom the Fig. 5 and 6 i t  is c lear  tha t  the  highest  
ionic conduct iv i ty  wi l l  be found for l a rge  ions and 
low subs t i tuent  percentages.  As wil l  be shown, these 
are  cont rad ic tory  requirements .  At ten t ion  should be 
pa id  to the  influence of the ionic radius  of the Ln  S+ ion 
on the  m i n i m u m  subs t i tuen t  concentra t ion (xmin.) 
necessary to s tabi l ize the  fcc s t ruc ture  at  room tem-  
pera ture .  The corre la t ion  be tween  the ionic radius  and 
Xmin. is given in Fig. 7. I t  should be noted tha t  the  
min imum concentrat ions  given in (9, 10) for Gd~O~ 
and Y2Os may  be too low. Presen t  work  and (7) show 
tha t  high t empe ra tu r e  s t ruc tures  m a y  be eas i ly  r e -  
ta ined at  low tempera tures .  So the cooling procedures  
appl ied  in (9, 10) to de te rmine  the phase bounda ry  
of the  fcc s t ruc ture  m a y  not  be sufficient to produce  
the "equi l ibr ium" phase boundary .  F igure  7 shows 
that  there  is a m in imum in this curve at  rion. = 0.100 
nm (ErS+), In  l i t e r a tu re  there  a re  no da ta  about  
Xmin. for  Ln = T m  3+ (rion = 0.009 nm) .  So i t  
is possible  tha t  Xmin. for  Tm ~+ is somewhat  lower  
than  for Er~+. 
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Fig. 6. Conductivity vs. composition at different temperatures. At 
the right the conductivity of (Bi203)o.so(Er2Os)o.2o is given as a 
reference. Curve 1,673 K; curve 2, 773 K; curve 3, 873 K; curve 4, 
973 K; curve 5, 1073 K. (The open circles represent the conductivity 
of the metestable fcc phase.) 
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Fig. 7. Xmln vs. the ionic radius (rton) of the substituent 

The shape of the curve may be qual i ta t ively ex-  
plained in the following way. We assume that  stabiliz- 
ation of the (very open) high temperature  s t ructure  
occurs at a certain contraction of this s t ructure  by the 
substi tuent .  If the difference between the ionic radii  
of Bi s+ (0.111 nm)  and the subst i tuted 1VI 3+ is 
large, this will  resul t  in  a large distort ion in  the host 
lattice and  a small  amount  of subst i tuent  is necessary 
for supplying the energy required to stabilize the fcc 
phase, i.e., for Er  ~+. Reversely, a small  difference be-  
tween the ionic radii  needs a large amount  of subst i tu-  
ent  to supply the energy to stabilize the fcc phase, 
i.e., for Gd ~+. For too large differences between the 
ionic radii  of the Ln 3+ ion and the Bi a+ ion the fcc 
phase becomes disfavored. At  this stage we do not  
unders tand  the stabilization-of the fcc phase at higher 
concentrat ion of Yb s+, i.e., a subst i tuent  with a rela-  
t ively large difference in  ionic radius with respect to 
BIB+. 

From Fig. 5 we can conclude that  the fcc s t ructure  
will also be stabilized at low temperatures  for Ln  = 
Tm (rion = 0.099 rim), Ln  = Ho (rion -- 0.102 rim), 
Ln  = Tb (rioa = 0.104 nm) ,  and possibly for Ln  = 
Sm (rio, = 0.102 nm) .  The Xmin. values for these sub-  
st i tuents  are predicted in  this figure. 

This discussion allows us to make some predictions 
about  optimalization of the ionic conductivi ty of 
Bi203 stabilized by lanthanides.  There are two con- 
t radictory tendencies. First, the ionic conductivi ty in -  
creases wi th  increasing ionic radius (Fig. 5). Second, 
Xmfn. increases with increasing ionic radius (Fig. 7) 
and a high Xm~a. value results in  a low conductivi ty 
(Fig. 6). However, the influence of the ionic radius on 
the conductivi ty is smaller  than the influence of the 
Ln20~ content. Therefore the optimalization of the con- 
duct ivi ty  is only  possible by lowering Xmin.. Figure  7 
shows that  there is a m i n i m u m  in the xm~. vs. rion 
plot at 0.098 n m  ~ rion ~ 0.105 nm. The ions Er ~+ 
(rion = 0.100 nm)  and Tm ~+ (rion = 0.099 nm)  fall 
wi th in  this range. The highest conductivi ty occurs at 
the lowest Xmin., as shown in Fig. 8. We conclude that  
the highest ionic conductivi ty will  be found for Bi203 
stabilized by Er2Oa or Tm2Oa. 

If the conductivi ty above the knee could be stabilized 
a t  low temperature,  a fur ther  optimalization of the 
conductivi ty could be achieved. As shown below, the 
knee  is correlated with an ordering process in the 
oxygen lattice. Therefore it is not very l ikely that  the 
high tempera ture  conductivi ty can be stabilized at 
lower temperatures.  
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Fig. 8. The conductivity of (Bi2Os)l-x(Ln20~)x for x is the 
upper boundary of Xm~. vs. the ionic radius of the substituted Ln 3+ 
at 737 K (closed circles) and at 973 K (open circles). 

Defect s tructure.~As pointed out before the knee in  
the Arrhenius  plot cannot  s imply be ascribed to a 
change in the lattice constant, but  has to be ascribed to 
a change in  the defect structure. At about the same 
tempera ture  a knee in  the Arrhenius  plot is reported 
for Bi~Os stabilized with Er2Os (7), Y2Os (9), and 
Gd20~ (10), for yt t r ia-s tabi l ized zirconia (29, 30) and 
for lanthanide-doped ceria (28). 

F rom this work and the results ment ioned in  l i tera-  
ture (7, 9, 10) we searched for relations between the 
activation energy, log r and the lanthanide  content. 
For  reasons of clari ty the data are separately given for 
temperatures  below 820 I{ and above 900 K. The results 
are given in Fig. 9 and 10. It appears that there are two 
different dependences, which can be related to different 
defect structures. 

Above 900 K for the samples showing a knee in the 
Arrhenius  plot the activation energy increases with in-  
creasing x whereas log vo is independent  of x. The 
values of the activation energy and log vo, extrapolated 
to x -- 0, come very  close to the values of 8-Bi20~. This 
suggests a disordered oxygen lattice analog to pure 
8-Bi203 (4). 

For  the samples showing no knee  in the Arrhenius  
plot, i t  appears that  the activation energy is indepen-  
dent of x and log ~o decreases l inear ly  with increasing 
x. The same holds below 820 K for the samples showing 
a knee in  the Arrhenius  plot. These relations suggest 
that in  this region the composition and therefore the 
lattice constant  have no significant influence on the 
thermal  activated passage of oxygen ions through the 
lattice, whereas the composition has a s trong influence 
on log ~o. The hypothesis is put  that in  this region the 
oxygen ions are ordered. The concentrat ion of the mo-  
bile oxygen ions s t rongly decreases with increasing 
lanthanide  content. 

This hypothesis is supported by neut ron  diffraction 
studies at room tempera ture  by  the present  authors on 
(Bi203) 0.s0 (Er208)0.20 which show a peak in the diffuse 
background, which can be correlated with a short dis- 
tance ordering of oxygen ions. Fur ther  neu t ron  diffrac- 
tion studies are now being performed and will  be cor- 
related with a detailed description of the conductivi ty 
mechanism. 

Conclusions 
High oxygen ion conduction is found in  the system 

Bi203-Dy~O3. The fcc phase can be stabilized by 28.5- 
60.0 m/o  Dy~O~. For the samples containing 28.5-40.0 



VoL 128, No. I H I G H  OXYGEN ION CONDUCTION 81 

130 / 

"T 9C _@ 

110 

>, 

11) 

c -  

.(2_ ~ 7c 

f ~  

30 

low temp. region 

V q V V 

zX 

V 
~ 0  z~ 

high temp. region 

pure 5-Bi2O 3 

0 ' d2  ' 6.4 0,6 

x in (Bi203)1=x (Ln203)x 

Fig. 9. The activation energy d the conductivity for the low 
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O ,  Ln - -  Y; El, Ln - -  Gd; A ,  Ln - -  Dy; V ,  Ln - -  Er. 

m/o Dy2Os the ionic transference number is one over 
the whole temperature range investigated, whereas for 
the sample containing 50.0 m/o  Dy203 an electronic 
component is introduced at low temperatures. The con- 
ductivity of the most desirable composition in this 
system, i.e., (Bi20~)o.ns(Dy~Os)o.2ss, is about three 
times lower than the conductivity of the best oxygen 
ion conductor reported for Bi20~-based solid solutions. 

It  is concluded that the lowest percentage of lanthan- 
ide necessary to stabilize the fcc phase is found for 
Er203 or Trn~O~. 
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Fig. I0. The log ~o of the conductivity for the low temperature 
region (<820 K) and for the high temperature region (~900 K) as 
a function of the composition for several substituents. O ,  Ln = 
Y; I-1, Ln = Gd; Z~, Ln - -  D,/; V ,  Ln - -  Er. 

The influence of the ionic radius on the conductivity 
is smaller than the influence of the lanthanide content. 
Therefore it is concluded that the highest ionic conduc- 
tivity based on Bi20~ will be found  in the systems 
Bi2Os-Er208 or Bi~O~-TmzOs. The knee in the Ar- 
rhenius plot of the conductivity of several specimens is 
ascribed to a charge in the defect structure. 
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Diffusion-Limited Charge Transport at 
Platinum Electrodes on Doped CeO  

D. Braunshtein, D. S. Tannhauser,* and h Riess 
Department of Physics, Technion, Israel Institute of Technology, Haifa, Israe~ 

ABSTRACT 

We have measured  the d-c  and a-c  proper t ies  of p l a t inum p a s t e  e l e c t r o d e s  
on samples  of the  solid e lec t ro ly te  (CeO~)0.9(Gd20~)0.1 in the t empe ra tu r e  
r ange  700~176 and the oxygen pressure  range  1 ~ Po2 ~" 10 .4  atm. The 
d-c  measurements  showed that  the cur ren t  through the sys tem sa tu ra t ed  at  a 
value  propor t iona l  to the oxygen pressure  and tha t  the cathode (the e lect rode 
where  oxygen  enters)  l imits  the current .  We expla in  the l imi ta t ion  by  a gas 
diffusion mechanism, which adds a smal l  t e rm to the dynamic  resis tance of the 
sample. The dynamic  resis tance is ma in ly  de te rmined  by the res is t iv i ty  of the 
e lec t ro ly te  together  wi th  the cur ren t  constr ict ion at  the t r ip le  l ine gas-e lec-  
t ro ly te-e lec t rode .  A-C  measurements  gave impedance  plots wi th  the  shape of 
a qua r t e r  circle, point ing to a diffusion process. We propose as model  tha t  pa r t  
of the  oxygen molecules a r r iv ing  at  the t r ip le  l ine is ionized d i rec t ly  and 
enters  the e lectrolyte ,  and a second pa r t  diffuses as atoms along the in ter face  
e lec t ro ly te -e lec t rode  before being ionized. This model  expla ins  the observed 
qua r t e r  circle as wel l  as the impedances  measured  for ~ = O and for  ~ = r 

I t  is wel l  known that  e lect rode impedance  plays  an 
impor tan t  role in the overa l l  impedance  of high tem-  
pe ra tu re  fuel  cells. A la rge  number  of papers  t r ea t  
the subject  phenomenologica l ly  but  only  a few t r y  to 
under s t and  the subjec t  in microscopic detail .  Some 
authors  measured  d-c  proPer t ies  and  proposed a de-  
ta i led  model  (1-3),  o ther  measured  also a - c  p rope r -  
ties but  did  not  analyze  the resul ts  microscopical ly  
(4-7).  

In the presen t  paper  we repor t  on d -c  and a-c  p rop -  
er t ies  of p l a t inum electrodes on gado l in ia -doped  ceria, 
combined wi th  scanning e lec t ron microscope studies of 
these electrodes.  We then presen t  a deta i led model  for  
the processes involved.  

Very  recen t ly  two papers  by  Wang and Nowick (8, 
9) repor ted  on a-c  and d-c  measurements  on the same 
system. We bel ieve  tha t  the differences be tween  the 
resul ts  of thei r  work  and ours  is due to the s t ruc ture  
of the electrodes and we shal l  come back to this in the 
discussibn. 

Sample and Electrode Preparation 
The s ta r t ing  ma te r i a l  for  the e lec t ro ly te  was p r e -  

p a r e d  by  coprecipi ta t ion of oxala tes  of cer ium and 
gadol in ium and calcinat ion at  100O~ to obta in  
(CeO2)0.9(Gd20~)o.v The powder  was then pressed at  
2000 ba r  (2 • l0 s N t / m  e) and s in tered  at  1700oa for  
3 hr. 

The shape af te r  s inter ing was a round  cy l inder  40 
m m  long and 11 m m  across. Pe l l e t - shaped  samples  
about  1 m m  thick were  cut wi th  a d iamond saw from 
this cylinder.  Some addi t ional  samples  were  p repa red  
d i rec t ly  as pel le ts  and s in tered under  s imi lar  condi-  
tions. P l a t i num electrodes were  p repa red  by  spreading  
a thin l aye r  of p l a t inum paste  (Engelhard  6082), hea t -  
ing to 900~ at  100~ and cooling to room t empera -  
ture in 1 hr. Scanning e lec t ron microscope (SEM) pic-  
tures  confirm tha t  the hea t ing  ra te  is crucial  for the  
electrode resis tance:  if the ra te  is too fast  (less than  a 
few hours  to 900~ the p l a t i num tends to form sepa-  

* Electrochemical Society Active Member. 
Key words: fuel cell, solid electrolyte, interface impedance. 

ra te  islands. This was found to increase  the impedance  
of the sample.  F igure  1 shows an SEM picture  of a 
P t -pas t e  e lectrode hea ted  s lowly;  i t  is seen that  the 
p l a t inum grains  a re  connected and do not  form sepa-  
ra te  islands. 

The p l a t inum covered surface Spt equals  about  70% 
of the visual  gross e lect rode area  SE, which is 0.64 
cm~. The cross section of the  sample,  So, is 1.13 cm 2. 
The typica l  wid th  of the in terconnected  p l a t i num 
islands in Fig. 1 is 2 ~m. 

We observed also that  the surface condit ion of the 
sample  influences s t rongly  the  two-po in t  resis tance of 
the sample.  For  e lectrodes p repa red  on the surface of 
s in tered pel lets  (the SEM pic ture  of such a surface is 
shown in Fig. 2) the  two-po in t  resis tance was a few 
hundred  ohms at  800~ much higher  than  the 2.2~ 
ca lcula ted  f rom the bu lk  conduct iv i ty  wi th  the a s -  
sumpt ion of ideal  e lectrodes (see be low) .  I f  the sur -  
face of the sample  was roughened  wi th  sandpaper ,  the  

Fig. 1. SEM picture of Pt-paste electrode right after preparation. 
The lighter areas are platinum. 
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Fig. 2. SEM picture of the surface of a (CeO2)o.9(Gd~O3)o.t 
sample after sintering. 

resistance dropped considerably. The surfaces cut by 
a d iamond saw (see Fig. 3) were na tu ra l ly  rough and 
gave a two-point  resistance of only  ~ 1 4 a  at  800~ in  

p u r e  oxygen. Most of the measurements  reported in  
this paper Were taken on one sample, 1.4 m m  thick, 
bu t  other samples gave very  s imilar  results. It  is 
known that  the s t ructure  of the p la t inum electrodes 
coarsens under  hea t - t r ea tment  (8). Our measurements  
were taken after the sample had been for a few days 
at the working temperature;  the s tructure of the elec- 
trodes was then presumably  coarser than  that  of the 
freshly prepared electrode shown in Fig. 1. 

Experimental Procedure 
The four-point  van  der Pauw method (10) was used 

to measure the specific conductivi ty of the electrolyte. 
In  order to avoid polarization effects the measurements  
were made with low frequency a.c. (22 Hz). 

The sample holder used for two-point  measurements  
has been described previously (11). It  permits  mea-  
surements  with two different atmospheres at the two 
electrodes. I - V  curves with an external  voltage applied 
were drawn by an X-Y recorder and the dynamic re-  
sistance of the system at zero current ,  Ro - d V / d I ,  
was measured from the slope of the curve. 

The complex impedance of the system was measured 
in  the f requency range 1 Hz to 50 kHz, using the cir-  
cuit shown in  Fig. 4. 

Measurements  were performed in the tempera ture  
range 700 ~ ~ T ~ 900~ and oxygen part ial  pressure 
range 10 -4 ~ Po2 ~ 1 arm. Ar-O~ mixtures  were used 
to obtain low oxygen pressures, which were measured 
by a commercial  i n s t rumen t  (Thermox I) .  

Choke 

Fig. 4. Circuit for measuring the complex impedance of a sample 
with d-c bias. The lock-in amplifier supplies the alternating current 
and measures the alternating voltage; the choke serves as shunt 
for d.c. 

Results 
D-C measurements.--In F ig .  5 w e  p resen t  I - V  cu rves  

f o r  v a r i o u s  o x y g e n  pressures.  F o r  the  s y m m e t r i c a l  ce l ls  
used the shape of the curves was the same for both 
current  directions, and we observed, in  common wi th  
other workers (3, 4, 8), a tendency towards current  
l imitation. The l imit ing current ,  defined as the value 
where the I-V curve begins to deviate from a straight 
line, was proport ional  to the oxygen pressure, as 
shown in Fig. 6. 

The bulk  conductivi ty of the electrolyte was mea-  
sured and found to be independent  of the current .  The 
nonl inear  behavior of the system EEE (electrode-elec- 
trolyte-electrode) is therefore a t t r ibuted  to the elec- 
trodes. 

In  order to check which electrode limits the cur-  
rent, the I - V  characteristic of a cell with different 
atmospheres at the two electrodes was measured (see 
Fig. 7). In this cell cur rent  l imi ta t ion occurs when  
oxygen enters the electrolyte from the low oxygen 
pressure side. Since it  is seen from Fig. 5 that  in  pure 
oxygen the l imit ing current  is much larger than in  an 
(Ar, O2) mixture  we conclude that  the cathode (the 
electrode where oxygen enters) is responsible for the 
current  l imitation. This conclusion was confirmed by  
measurements  on a cell with electrodes differing in  
size. The ratio of the areas was 2: 1, and the l imit ing 
current  was twice as large when  the oxygen entered 
the sample through the large electrode as in  the re-  
verse case. Our conclusion that  the cathode causes the 
current  l imitat ion through the sample agrees with that  
of other workers (1-3). 

| 
1000 ~ T = 800~ 
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~- Po z = 4x lO-3atrn 

o L / ~  I I i i I I i n t L I I I I 
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Fig. 3. SEM picture of the surface of a (CeO2)o.9(Gd20~)o.1 Fig. 5. I-V characteristics of a (CeO~)om(Gd~03)o.1 sample with 
sample cut by a diamond saw. Pt-paste electrodes at various oxygen pressures. 
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Fig. 6. Limiting current vs. oxygen pressure at 800~ for a 
(CeO~)o.9(Gd2Os)o.1 sample with Pt-paste electrodes. 

A - C  measurements . - -A-C measurements  over a 
fair ly wide frequency range were performed in order 
to get more informat ion about the electrode process. 
We measured the complex impedance Z = IZJeJr of 
the system EEE and plotted IZIsin@ vs. 1Zlcos@. In  
Fig. 8 we present  results at different temperatures,  the 
oxygen pressure being 7.9 • 10 -3 arm. It  is seen that  
the exper imental  points fit very  well  to a quar ter  circle 
(a -- 45 ~ _ 2~ The deviation of the curve from the 
quar ter  circle at the high f requency end of the dia- 
gram is caused by  the inductance of the connecting 
wires. This was checked with a dummy sample and 
has also been observed by Schouler et al. (7). Imped-  
ance diagrams at different oxygen pressures were 
found to have the same shape. Figure 9 shows that  the 
shape of the impedance curve did not change even in  
the presence of d-c bias. These measurements  were 
performed on the asymmetric  cell, whose character-  
istic is shown in  Fig. 7. The extrapolat ion of the im-  
pedance curve, with or without  d-c bias, to ~ = 0 
coincides in every case with the resistance measured 
from the local slope of the I-V characteristic. 
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Fig. 8. Complex impedance of a cell Po2Z/Pt/(CeO2)o.g(Gd~03)~.l 
Pt/Po2 zz with Po2 z = Po2 n = 7.9 • 10 - 3  atm at various tem- 
peratures. (Notice that the plot for 700~ has a different scale.) 
Insert: complex impedance at 3 • 10 - 4  etm. 

Discussion 
The novel feature of this work is the c lear ly-de-  

fined quar ter  circle shape of the complex impedance. 
We shall however first discuss the d-c results and 
introduce some concepts which we shall need later. 

D-C results .--The fact that the l imit ing current  is 
proport ional  to the oxygen pressure indicates that  the 
gas phase is responsible for the current  l imitation.  A 
similar dependence of /i cc Po2 has been observed on 
ZrO2 samples by Etsell and Flengas (3) who explained 
it as diffusion of gaseous oxygen through the pores of 
the p la t inum electrode. On the other hand Wang and 
Nowick (8), who measured on CeO2 with p la t inum 
electrodes, found a l imit ing cur ren t  proport ional  to 
po91/2 and therefore to the concentrat ion of adsorbed 
oxygen atoms. 

In  common wi th  Etsell and Flengas (3) we shall 
assume a gas diffusion mechanism. Independent  of the 
details of this mechanism the following equat ion [1] 
wil l  connect the voltage V applied to the cell with the 
current  I 

V(mV] 

800 T= 700~ 

o~ 
60O ! 

Ar'02 0 02 
400 

T 
Z00 

I(mA) 

-200 

-400 

-IZI sin ~/(~) 

f(Hzl 

Fig. 7. I-V characteristic of the cell: Ar, O2(Po2 = 3.3 X 10 - 3  
atm)Pt/(CeC)~)o.9(Gd20~)o.i/Pt/O~(Po2 ~ 1 atm). The inset shows 
the direction of oxygen ion flow for positive current. The open- 
circuit voltage Vo.c. agrees with the theoretical emf. The sign of V 
is defined as Vo~ - -  VAr,o~. 

T=7OO~ 

~ (.Q,) 

84 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY January 1981 

Fig. 9. Complex impedance of a cell Po2IIPt/(CeO2)o.9(Gd203)o.t/ 
Pt/P02 zI, where Po~ z ---- 1 arm, P02 n ~- 3.3 X 10 - 3  atm (Ar, 02), 
with different d-c bias voltages. The points on the curves corre- 
spond to the frequencies shown. 
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v = m -,~,.T in c . .  [z] 
4q Co 

Here Cs and Co are volume concentrat ions of oxygen 
at the surface of the cell and in  the undis turbed  a tmo-  
sphere. R is the resistance of the electrolyte. In  Eq. [1] 
we have assumed that  ti (the average ionic t ranspor t  
number  in the sample) equals one, and have also ne-  
glected the diffusive par t  of the ionic cur ren t  (12). 
These are good approximations for our range of oxy-  
gen pressures and  our highly doped samples in  which 
the vacancy concentrat ion is practically constant. We 
have also neglected any  concentrat ion gradient  of 
oxygen at the anode. 

Since we expect Co --  Cs to be l inear ly  dependent  on 
the cur ren t  in the form Co --  Cs • K/ ,  we can write  

") 
v = z R  1 - - @ T  [~] 

and cur ren t  l imi ta t ion wil l  occur when  the second 
term diverges. The l imi t ing cur ren t  wil l  be I1 = Co/K 
and since Co = Po~/kT, we get the observed I1 r162 Po~ 
behavior. Equat ion [2] can now be wr i t ten  

v = Ir~ - 4"-~" Is] 

a form which has been ment ioned before in  the l i tera-  
ture  (3). For  I < <  I1 we get the dynamic resistance Ro 

dV kT 1 
= = R + - - -  [4] 

Ro d/I=O 4q II 

i.e., for small  currents  the diffusion term adds a con- 
s tant  contr ibut ion to the overall  resistance of the cell. 

From the observed values of I1 we calculate the sec- 
ond t e rm in Eq. [4] to be about 4~ at Po~ = 4 • 10 -8 
arm and 800~ and smaller  for higher pressures. Since 
the total measured dynamic resistance Ro is 11~ at 
pressures ~ 10 -3 atm, we conclude that  in  this pres-  
sure range  the major  par t  of Ro is the resistance of the 
electrolyte. If we assume that  the whole plat inized 
area of the electrode determines the current  geometry 
we calculate from Eq. [A-4] of Appendix A, with 
~Pt  = 0.45 cm 2, So : 1.13 cm2, v : 0.089 G-1 cm-1,  
and  I = 1.4 mm, a bu lk  resistance Rb of 2.2& much 
smaller  than  the observed Ro. Let us assume however 
more realist ically tha t  the reaction between free oxy- 
gen, electrolyte, and electrons is restricted to a na r -  
row strip along the triple l ine gas-electrolyte-elec-  
trode, the width of the strip being 5 and its area STL. 
The resistance is then dominated by a constriction ef- 
fect and wil l  be called Rc. From the SEM picture of 
the electrode (Fig. 1) we estimate the length of the 
tr iple l ine as L : 5 X 103 cm. If we assume that  6 : 
10A we get STL : 8L : 5 • 10 -4 cm 2. Equat ion [A-4] 
of Appendix  A gives now Rc = 23G, about twice the 
exper imenta l  Ro = 11~2. The calculated constriction 
effect, which increases the resistance by a factor ten, 
depends only logari thmical ly on the width of the triple 
line, so that  the assumption of 5 : 10A is not critical. 
The agreement  be tween Rc and Ro can be considered 
satisfactory in view of the geometrical approxima- 
tions involved. It  is supported by the equal tempera-  
ture dependence of 1/Ro and r shown in Fig. 10. 

The increase of Ro seen at Po2 < 10-8 a tm in Fig. 5 
can be explained through the inverse dependence of 
the second term of Eq. [4] on I1 and thus on Po2. This 
term becomes dominant  at  low pressures. 

The fur ther  rise of current  after saturat ion seen in  
Fig. 5 is presumably  connected to reduct ion of the 
electrolyte, as discussed by Casselton for ZrO2 (13). 

We have arr ived therefore at the reasonable pic- 
ture tha t  the oxygen t ranspor t  goes by gas diffusion 
to the tr iple l ine and from there as ionic current  
through a resistance determined by constriction 
effects. 

Po2 =Z9 x l O  -3 atm 

,;- 10-1- -  

r 

10-2 ] I I 
0.80 0.90 1.00 1.10 

103/T (K -1 ) 

Fig. 10. The dynamic conductance l/Ro together with the bulk 
conductivity of a (CeO2)e.9(Gd~)o.1 sample vs. 1/T at Po~ = 
7.9 X 10 . 3  atm. 

It  is interest ing to consider a more detailed picture 
for the diffusion process. If we assume a cyl indrical  
diffusion geometry around the tr iple l ine with one- 
quar ter  of all directions being allowed, it  can easily be 
shown that  11 is given by 

Il KqD 
= [5]  

Po~ kT In (8/r)  

Here D is the gas diffusion coefficient of oxygen, r the 
distance beyond which C = Co, i.e., the gas is undis -  
turbed by the cell, and K is a constant  of order one. 
Using D : 0.2 • 10 -4 m2/sec and I1/Po~ : 1.43 X 
10-~ Am2/N (see Fig. 6) we get 6/r : 10 -6. Our as- 
sumed 8 = 10A implies therefore r : 10-~m which is 
a reasonable order of magnitude.  

We considered also the possibility that  the current  
l imitat ion is caused not  by diffusion in  the gas phase 
but  by the kinetic l imitat ion of the number  of oxygen 
molecules impinging  on the triple line. From such a 
model one can calculate directly that  the width of the 
triple line involved in the l imit ing current  is 1A. Since 
however the mean-f ree  path in air is only  100A it is 
unl ike ly  that this is the l imit ing mechanism. 

We saw that  the gas diffusion term is a small  part  
of the total dynamic resistance. In  a-c measurements  
this diffusion process would appear as a finite Warburg  
resistance, which we shall discuss in  detail  below. 

A-C results.--The quar ter  circle observed in  our 
measurements  points mathemat ical ly  to a diffusive 
process with a resistive process in paral lel  (14). The 
gas diffusion process which we have discussed above 
cannot serve as explanat ion because (i) there is no 
conceivable resistive process in  paral le l  with it and 
(ii) the contr ibut ion of the diffusion term to the d-c 
resistance is small, therefore the short-circui t ing of 
the gas diffusion impedance at higher frequencies 
would change the total impedance by much less than  
the observed effect. We therefore neglect for the mo-  
ment  the impedance of the gas diffusion process and 
propose the following model, which uses an interface 
diffusion process, to explain the results. 

The oxygen molecules which arr ive from the gas at 
the triple l ine are adsorbed and dissociate into two 
atoms. We now assume that  charge is t ransported 
through the sample by two paral lel  modes of t ranspor t  
(see Fig. 11). In  one mode the reaction O + 2 e -  + 
Vo'" --> Oo occurs directly on the tr iple line, i.e., oxy-  
gen ions ( t ransported by oxygen vacancies) penetra te  
the SE directly from this line. In  the second mode the 
oxygen atoms diffuse along the interface electrode- 
electrolyte and the above reaction occurs on the inter-  
face. Schematically this can be wr i t ten  
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Fig. 11. Schematic cross section of a sample with Pt-paste elec- 

trodes. The diffusive mode of oxygen transport from the triple line 
into the electrolyte is shown by a broken line, the direct penetration 
mode by a full line. 

O2 (gas) -~ O2 ( t r ip le  l ine)  -~ 2 0  ( t r ip le  l ine)  

a) O ( t r ip le  l ine)  + 2 e -  -t- Vo'" -+ Oo 

b)  O ( t r ip le  l ine)  -~ O ( in te r face) ,  

O ( in terface)  + 2 e -  -t- Vo'" -* Oo [6] 

The diffusion mode is connected wi th  a finite diffu- 
sion pa th  length, A, of about  1 #m, given by  the size of 
the p l a t i num islands (see Fig. 11), bu t  we shal l  see 
tha t  in our  sys tem the pa rame te r s  a re  such tha t  one 
can t r ea t  A as infinite. 

In  o rder  to calculate  the  impedance  of the diffusion 
mode we choose the origin x = 0 in the middle  of a 
p l a t inum island, as shown in Fig. 11, and assume tha t  
oxygen reacts  wi th  vacancies only at  this point  of the 
in terface  r a the r  than  over  the whole  area. This 
ideal iza t ion makes  our model  quas i -one-d imens iona l  
and  therefore  more  amenable  to calculat ion.  We also 
assume for s impl ic i ty  that  only  one e lect rode cont r ib-  
utes to the impedance.  I t  can be shown that  the resul ts  
are  essent ia l ly  the same if both  electrodes contr ibute.  

An ex te rna l  vol tage  is appl ied  be tween  the two elec-  
trodes. The interface  concentra t ion Co of oxygen atoms 
at  the  t r ip le  l ine Co is constant;  whi le  the in ter face  con- 
cent ra t ion  at  x = 0 varies  wi th  time, c = c(0, t ) .  The 
appl ied  vol tage is connected wi th  the potent ia l  differ-  
ence ~ in the e lec t ro ly te  by  

k T  c(O,t) 
V = ~ --  I n - -  [7] 

2q Co 

which is essent ia l ly  the same as Eq. [1]. (Here  we 
have assumed tha t  the effective Po2 is p ropor t iona l  to 
the square of the  in terface  concentra t ion of oxygen  
a toms) .  The impedance  is therefore  

V A~ k T  c (O,t) 
Z D = - -  -- - -  -- In [8] 

ID ID 2qlD Co 

where  ID iS the pa r t  of the ex te rna l  cur ren t  t r ans -  
por ted  by  the diffusion mode. 

Cont inui ty  at  x = 0 demands  that  the  ionic cu r ren t  
flowing f rom this point  into the e lec t ro ly te  should be 
the  equ iva len t  of the par t ic le  cur ren t  Ia flowing by  

diffusion along the in ter face  EE and be equal  also to Iv  

Ii ---- 2qlaIx=o = ID [9] 

The par t ic le  cur ren t  according to Fick ' s  law is 

de 
I. = --D,L ~- [10]  

Here Ds is the surface diffusion coefficient and L the 
l ength  of the  t r ip le  line, which  defines the cross section 
of the diffusion path.  

We use for  the  first t e rm  of Eq. [8] the  bu lk  re- 
sistance Rb of the e lectrolyte ,  which  was ca lcula ted  
before.  This ca lcula t ion of Rb deviates  f rom the one-  
d imensional  model  which  we in t roduced  above, bu t  is 
a more  real is t ic  approximat ion .  

To calculate  the second t e rm of Eq. [8] we assume 
that  c changes only s l ight ly  a round  the va lue  c ,  This 
wil l  be val id  for  smal l  cur ren ts  

c (x , t )  = coi l  + e (x , t ) ] ;  [el < <  1 [ U ]  

The concentra t ion e obeys the  diffusion equa t ion  

dc a2c 
at  = Ds 8z z [12] 

Subs t i tu t ion  of [11] into [12] gives 

8e 02e 
O--~ = Ds [13] 

0x s 

We are  looking for  a solut ion of Eq. [13] of the form 

e(x,t)  = eoeJC~t+u'x) [14] 

By subst i tut ion of [14] into [13] we get  for  u ' (~)  

u' = -4- ~/ ~' (I - D ffi +__u [15] 
2Ds 

The genera l  solut ion of [12] is the re fore  

c : coi l  -t- eo'eJ(~t-ux) "1- eoeJ(~t+ux)] [16] 

and wi th  the  bounda ry  condit ion 

c ( - -A, t )  : Coil -]- eo'e j(~t+u~) -t- eoe J(~t-u~)] : Co [17] 

we get 
eo' ---- --eoe -2juA [18] 

F r o m  Eq. [16] we obta in  

c(0,t)  
In : In [1 + (co' -{- eo)e J~t] ,~ (co' -~ eo)e Jc~ [19] 

C o  

while  the cur ren t  is g iven by  

DL Oc [ ID = lalx=O = -- s ~ : DsLCojU(eo'-- eo)e ~''t 
2q 8x ==0 

[20] 

We subst i tute  Eq. [15], [19], and [20] into Eq. [8] and  
get for the impedance  of the diffusion mode 

ZD : Rb -l- B ~ - ~ ( I  - -  j )  - -  
eo + co' 

@ 0 - -  e o  t 
[21] 

where  we have defined 

kT 1 
B = -- [22] 

4q2 coL~vT"2"D~s 

Using [15] and [18] this gives 

1 --  e x p [ - -  ~/2~/Ds(1 Jr- j )A]  
ZD = Rb + B~-l/2(1 -- j )  

1 + e x p [ - -  V"/~'/D~s (1 + j )A]  

= Rb + Zwf( int )  [23] 

Zw -- B~-'/~ (1 -- j ) ,  known as W a r b u r g  impedance,  is 
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the diffusional impedance for an  infinite diffusion path  
(14). Its electrical analog is an  infinite t ransmission 
l ine of distr ibuted R-C links. We have therefore called 
the second term in Eq. [23] Zwf( in t ) ;  it  is the imped-  
ance of the finite interface diffusion path, represented 
mathemat ica l ly  by a finite t ransmission line shorted at  
the end. The frequency dependence of Zwf (int) is s e e n  
in  Fig. 13(a), and it  is easy to show that  Zwfo(int) = 
B~/2 /Ds .  Equat ion [23] implies that  for ~/co/Ds~ > >  1 
Zw~ (int) ~ Zw, i.e., the diffusion path  length h is e f -  
f e c t i v e l y  infinite. 

The total impedance of the sample is represented by  
the equivalent  circuit shown in  Fig. 12, where we have 
now added Re in  paral lel  to ZD, Rc being again the 
(real) resistance for the cur ren t  enter ing the SE di-  
rectly through the tripIe line. Zwz(gas) represents the 
gas diffusion process; its f requency dependence should 
be that  of Zw~(int) and is also given by  Fig. 13(a). 
Since we have seen that its contr ibut ion is small  com- 
pared to Rc even at o~ -- O, and since its absolute value 
decreases for higher frequencies, we wil l  neglect  it 
for the moment  in the discussion. 

The complex impedance of the circuit  of Fig. 12 is 
shown in  Fig. 13 for various values of Rb/Zwf( in t )  
and Rc/Zwf  ( int) .  We see that  if and only if 

Zwf ~ (int) > >  Rb, Ro [24] 

does the curve, which is given by  

Z = + Rb + Zwf(int)  [25] 

have the exper imenta l ly  observed shape of a quar ter  
circle. Its end points are then Z o = Rc and Z~ =- 
RDRc/(Rb + Rc). We shall show in  Appendix  B that 
[24] implies tha t  diffusion can be neglected for ~ 
4Ds/h 2. Since for higher frequencies Zwf(int)  ~ Zw it 
follows that  the diffusion path is effectively infinite at 
any  f requency and that  Zwf(int)  in Fig. 12 and Eq. 
[25] can be replaced by Zw. 

The expression RbRc/(Rb + Rc) for Z ~ is formal 
only because the resistances Rc and Rb shown in the 
equivalent  circuit of Fig. 12 are physically not  in para l -  
lel. From the suggested model it follows that  when  
,~ ~ 0, diffusion can be neglected, i.e., Z o = R~, as de- 
manded  by Eq. [25]. But when  co = oo the active areas 
of both cathode and anode are Spt, the surface covered 
by plat inum. Therefore Z ~ should equal Rb ra ther  
than  RbRc/(Rb 3- R~). Since in our case Rb ~ R~, the 
difference between the two expressions for Z ~ is small. 
The measured values of R| are in  good agreement  
with the calculated Rb (e.g., Rb at 800~ is 2.2~, R| is 
3~2) and are also independent  of Poe as required by  
the fact ' that  ~ is independent  of Po~ in the range of our 
measurements.  The activation energy of the measured 
R| is smaller  than that  of Rb, the discrepancy is prob-  
ably a result  of the approximations involved in our 
one-dimensional  model. 

The inequal i ty  [24] determines an  upper  l imit  for 
Ds, given by  

Zwf o (int) --- B ~ " ~ / -  2 = 
kTA 

v Ds 4q2coLDs > >  Rb, Rc [26] 

For  our samples Rc > Rb. We take the measured values 
of ~ = l g m ,  L = 5 • 103 cm, substi tute for Rc the 
measured Ro = 1112 and for Co ~ 1014 cm -2 (corre- 
sponding to a monoatorhic layer  of oxygen) and ob- 

Fig. 12. Equivalent circuit for the model shown in Fig. 11 
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Fig. 13. Complex impedance of the circuit shown in Fig. 12, with 
various values of Rb and Ro In all cases Zwf ~ (int) = 1. Curve 
(a) shows Zwf, the impedance of a finite diffusion path. The curves 
in (c) and (d) are normalized and shifted to emphasize their shape, 
their scale is of no significance. Zwf (gas) is taken as zero. 

ta in  that at 8OO~ Ds < <  10 - s  cm2/sec, which is a 
reasonable upper  limit.  

Figure 13(a) shows incidenta l ly  that  a finite im-  
pedance at ~o = 0 can also be explained on the basis of  
a finite diffusion path wi thout  any resistance in  para l -  
lel, bu t  the shape of the curve would then  be very  
different from the observed quar ter  circle. 

The gas diffusion impedance, Zwf(gas),  which w e  
neglected in  the present  discussion, can be expected to 
become more impor tant  at lower oxygen pressures. The 
reason is that  the constant  B defined by  Eq. [22] is 
proport ional  to Po2 -'/2 for Zwf(int)  (because Co r162 
po21/2), while the equivalent  constant  should be pro- 
portional to Po2 -1 for Zwf(gas). Qual i ta t ively we then 
expect a total  impedance given by  Eq. [25], i.e., a 
quar ter  circle, in series with a curve given by  Fig. 
13 (a). The slope on the left end of the total impedance 
should stay 45 ~ while tha t  on the r ight  end wil l  be 
steeper. We found indeed some evidence for such an 
effect at low Po2, (See Fig. 8, inser t ) .  

Conclus ions 
We conclude that  the l imit ing cur ren t  is determined 

by gas diffusion to the tr iple l ine on the cathode side 
and that  the small  signal d-c resistance of the system 
EEE is governed by the constriction resistance as- 
sociated with the small  area of the tr iple line. This 
resistance reduces the efficiency of a fuel cell and 
should be e l iminated as far as possible. 

The a-c results are successfully explained by an in -  
terface diffusion mode of t ranspor t  of oxygen ions 
which is in  paral lel  with the above constriction re-  
sistance. This model predicts a complex impedance in  
the shape of a quar ter  circle and fits very well  the ex- 
per imental  data. On the other hand the results of Wang 
and Nowick (9) did not show such clearly defined 
quarter  circles. They found depression angles up to 
26 ~ ra ther  than  the 45 ~ corresponding to a quar te r  
circle. It  should be remembered  that  their experiments  
were done on freshly prepared p la t inum electrodes, 
while we made measurements  after the electrodes had 
been held for a few days at temperature.  The length 
and area of the triple l ine was therefore larger in  
their case, while the width of the p la t inum islands was 
smaller. These geometrical changes would ma in ly  tend 
to reduce Z w f ( i n t ) ,  so that  condition [24] may not be 
fulfilled anymore. We see from Fig. !3 parts (b) and 
(c) that  in this case we could get curves which more or 
les~ resemble depressed circles. It  seems very  l ikely 
that  diffusion played less of a role in the samples of 
Wang and Nowick than in  ours. These authors do also 
ment ion  that coarser electrodes lead to diffusion ef- 
fects. 

A very recent  article by Franceschett i  and Macdonald 
(15) derives in a much more general  form the small  
signal response for electrode reactions l imited by  dif-  
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fusion th rough  the e lec t rode  or a long the in ter face  
e lec t rode-e lec t ro ly te .  The ar t ic le  is p a r t l y  based  on a 
diffusion model  proposed  b y  Wang  (16) which  is 
s imi la r  to the model  used her% b u t  does not  include 
expl ic i t ly  the direct  pene t ra t ion  mode at  the t r ip le  line. 
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A P P E N D I X  A 

The Resistance of a Sample with Electrodes of Different Sizes 
We would  l ike to der ive  an ana ly t ica l  fo rmula  de-  

scr ibing app rox ima te ly  the res is tance of a cy l indr ica l  
sample  shown in Fig. 14 which has two electrodes 
on the two flat surfaces. The electrodes are  in  the 
centers  of the end planes.  The cross section of the  
sample is So and  its height  I. 

Fo r  s impl ic i ty  of calculat ion we shah  assume tha t  
the sample  is two-dimensional ,  so tha t  the  e lectrodes 
become lines of length  Sa and Sb. We fu r the r  app rox i -  
mate  the cur ren t  flow geomet ry  as shown in ~ig. 14. 
Here  we have  assumed tha t  the cu r ren t  flows in  
s t ra igh t  lines, that  the cur ren t  densi ty  is a funct ion of 
y only  and tha t  the ra t io  la/lb is such tha t  the  cur ren t  
pa th  length  is minimized.  

The las t  assumpt ion gives immed ia t e ly  b y  s imple  
geometr ica l  calculat ions tha t  

So - -  Sa So - -  Zb 
la = l Ib = ~ [A-l] 

28o --  Sa --  Sb 2So --  Sa --  Sb 

The resistance of the sample  is tha t  of two t runca ted  
py ramids  wi th  common base. F o r  the  upper  p y r a m i d  
we use the  fol lowing eas i ly  der ived  fo rmula  

la l n ( S J S a )  
Ra = [A-2] 

So -- Sa 

so that  f inal ly we  get  for the resistance, of the  sample  

| In(So2/SaSb) 
R = [A-3] 

r 2 S o - - S a - - S b  
When Sa --  Sb we get  

I In(SJSa) 
R ---- [A-4] 

r So -- Sa 

For  our  samples  the electrodes are  porous, i.e., made 
up of m a n y  connected smal l  electrodes.  We assume in 

So 
i ~ =i 

[~ $b . 

I. 

t 
So .] 

Fig. 14. Approximate distribution of current lines in a cylindrical 
sample with electrodes differing in size. The dotted lines show the 
real situation, the full lines are the basis of our approximate cal- 
culation and define the truncated pyramids mentioned in the text. 

this case that  the effective a rea  is the  sum of a l l  the 
smal l  ones. 

A P P E N D I X  B 

Proof That the Condition ZwI o > > RbRr Implies That Diffusion 
Does Not Play a Role for ~ < 4DJ~ 2 

The impedance  d iag ram for  Zwt, the  diffusional 
impedance  in the  case of a finite diffusion path,  is 
shown in Fig. 13 (a) .  At  the  poin t  A ~ = 4Ds/A 2 -- ~cr. 
I t  is seen f rom the curve tha t  for  # < ~r 

Z w t ' - Z w t  ~  0 - - ~ ,  " v < ~  [ B - l ]  

The to ta l  impedance  of the  equiva len t  circuit is as 
befor:e 

(Zwf -I}- Rb)Rc 
Z -- [B-2] 

Zwf -~ Rc -~ Rb 

and i t  follows f rom the condi t ion Z w f  > >  Rb, Rc and 
Eq. [B- l ]  tha t  Z ~_ Re, i.e., the diffusion mode does 
not contr ibute  to the impedance  for ~ < ~r 

LIST OF SYMBOLS 

B kT/(4q2coLx/2Ds) 
Co, Cg concentra t ion of oxygen  molecules  in the 

und i s tu rbed  gas and at  the  surface  of the  
sample  

c~ e concentra t ion of oxygen  atoms at  the  t r ip le  
l ine and along the in ter face  EE 

D diffusion coetticient of gaseous oxygen  
Ds diffusion coefficient for oxygen atoms on the 

in ter face  EE 
EE e lec t rode-e lec t ro ly te  
EEE elect rode - e l ec t ro ly te -e l ec t rode  
I total  electr ic  cur ren t  
Ia par t ic le  cur ren t  
ID electr ic  cu r ren t  t r anspor ted  by  diffusion 

mode 
Ii ionic cur ren t  
I,  l imi t ing cur ren t  
j V-I 
k Bol tzmann constant  
l thickness of sample  
L length  of  t r ip le  l ine 
Oo O = ion on a normal  la t t ice  site 
Po~ pa r t i a l  pressure  of oxygen  
q absolute  value  of electronic charge 
r thickness of d i s tu rbed  gas l aye r  
Ro measured  dynamic  resis tance of system 

EEE 
R~ measured  resis tance for  ~ -* oo 
Rb bulk  resis tance of e lec t ro ly te  
Rc constr ict ion resis tance 
So cross section of sample  
SE gross a rea  of e lec t rode  
Spt area  of sample  covered b y  p l a t i num 
STL area  of t r ip le  l ine  
SE solid e lec t ro ly te  

average ionic t ranspor t  number  
T absolute  t empe ra tu r e  
u ~/~/2D~ (1 -- j ) 
V appl ied  vol tage 
Vo" doubly  ionized oxygen  vacancy 
Z impedance  of sys tem EEE 
Zo, Z "  impedance  at  zero and infinite f requency  
ZD impedance  for diffusion mode of t r anspor t  
Zw W a r b u r g  impedance  
Zwf( int )  impedance  of finite diffusion pa th  along 

in terface  
Zwf (gas)  impedance  of finite diffusion pa th  in  the  gas 

phase  
angle  be tween  radius  of impedance diagram 
and abscissa 
wid th  of t r ip le  l ine 
average  length  of diffusion pa th  for oxygen  
along the EE in ter face  
specific conduct iv i ty  of the e lec t ro ly te  
angu la r  f requency  
phase of the impedance  

~ potent ia l  difference in the e lec t ro ly te  
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Current Transients and Stress Corrosion Cracking in LiCI-KCI 
William H. Smyrl 

Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

The current  t ransients  observed dur ing crack propagation in  t i t an ium-8  
a luminum-1  molydenum-1 vanad ium immersed in mol ten LiC1-KC1 have been 
analyzed. The electrochemical events which cause the t ransients  have been 
determined.  The dominan t  event  during the ini t ial  stages of cracking was 
anodic dissolution from the fi lm-free crack walls. A film was then deposited 
on the walls which passivated the surface, causing a decrease in current  den-  
sity. The final stage involved thickening of the film. The analysis has revealed 
that  anodic dissolution could not support  the very fast crack extension de- 
scribed here (i.e., crack velocities greater  than 10 -3 cm/sec) .  

The stress corrosion cracking of the t i t an ium alloy 
Ti-8% A1-1% Mo-1% V has been studied extensively 
in mol ten  LiC1-KCt (1-3). These studies have shown 
that  minor  traces of H20 (as O H - ) ,  O2, H2, and H - ,  
do not influence cracking and are not acting as critical 
species. Model calculations have also indicated that  
minor  components (such as O H - )  could not support  
cracking at the rates observed (up to 1 cm/sec) in 
the molten eutectic (4). These results were impor tant  
for demonstra t ing that hydrogen embr i t t l ement  was 
not operative in this mol ten salt env i ronmen t ;  The 
simple mol ten salt env i ronment  was impor tant  for 
assessing the importance of other crack extension 
mechanisms as well, as shown below. 

The influence of electrical potential  on crack growth 
rate has been investigated (3). The results and con- 
clusions of that  invest igat ion (3) are briefly described 
here to aid in the introduct ion of the present  study. 
Cracking was observed to occur at potentials from 
--1735 mV (the open-circui t  potential  in the absence 
of cracking) to --2235 mV (very cathodic conditions).  
Cracking was retarded by cathodic potentials, i.e., 
the crack extension was slower at more negative 
potentials. Investigations at more positive potentials 
caused gross dissolution of the entire specimen sur-  
face which precluded crack length measurements,  but  
cracking did occur at these potentials as well. In -  
creasing the concentrat ion of Ti +2 did not change 
the crack growth rate at any potential.  Also, the crack 
growth rate was too high by several orders of magni -  
tude to be supported by the small  anodic current  
densities observed in the tests. I t  was concluded that  
these results would not support  an anodic dissolution 
mechanism. It was found that  one could account for 
the potent ial  dependence by assuming that C1- at 
the metal-solut ion interface would depend on the po- 
tent ial  of the t i t an ium alloy surface and that  the 
crack extension rate was a funct ion of the interracial  

Key words: electrodes, alloy, fused salts. 

concentrat ion of C1-. These observations are sum-  
marized in Fig. 1. Cracking in  the plateau region can 
be l imited by fluid flow, as discussed earl ier  (5). 
C1-- induced cracking is the controll ing mechanism 
down to low crack velocities and anodic potentials, 
where anodic dissolution becomes impor tant  as an  
extension mechanism. 

The tentat ive assignment  of control in these areas  
was given in (3). The present  paper gives results 
for cracking in the plateau and C1- control region, i.e., 
for velocities be tween ~10 -3 cm/sec and the plateau 
velocity and for stress intensities as shown in  Fig. 1. 
Each of the separate curves was measured at a con- 
stant  potential. The most anodic potential  is on the 
left, with more cathodic potentials progressing to the 
right. The curves are separated by 100 mV, and the 
lef t-most  curve was taken at the corrosion potent ial  
(i.e., --1735 mV vs. 1M p t+2 /P t ) ,  i.e., zero net  current  
to the specimen with no cracking in  the pure melt. 
The potential  of the r ight-most  curve was --2235 mV, 
and the potential  of zero charge on Ti for this melt  
was estimated (3) to be about --2.35V vs. 1M pt+2/pt .  
The background current  on the specimens in  this 
potential  range was small  and cathodic, due to the 
trace quanti t ies of O H -  remain ing  in  the melt. No 
cracking was observed at low crack velocities, i.e., 
below 1O -3 cm/sec, for the four most cathodic poten-  
tials shown. That  is to say, cracking was never  ob- 
served to occur below 10-~ cm/sec for the most cath- 
odic potentials. Observation at these potentials (i.e., 
--1935 to --2235 mV) was extended so that  cracking 
at velocities greater than 10-~ cm/sec would have 
been observed, but  cracking between 10 -8 and 10 -~ 
cm/sec was not observed. These observations and con- 
clusions serve as a background for the present  study. 

It has been reported that  an anodic current  t ransient  
accompanies crack extension (2). This current  t rans-  
ient  has now been investigated as a funct ion of poten-  
tial, and analyzed, and the results are to be reported  
here. The investigation was conducted over the poten-  
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Fig. 1. Processes which control cracking of Ti-SAI-1Mo-IV in 
molten LiCI-KCh 

tial range of --1.7 to --2.3V vs. 1M p t + 2 / p t J  The cur-  
ren t  and crack length were recorded simultaneously,  
so that  the average current  density on the crack walls 
could be calculated as cracking progressed. The anal -  
ysis of the current  density behavior both as a funct ion 
of t ime and at different potentials has shown that  
the current  t rans ient  was caused by  three distinct 
processes: (i) anodic dissolution from film-free crack 
walls, followed by, (ii) nucleat ion and growth of a 
passivating film, which leads to, (iii) thickening of 
the film at the later  stages of crack growth. The 
observat ion that  cracking occurs with fi lm-free crack 
walls implies that  the bri t t le-f i lm mechanism is not 
impor tant  for these mol ten salt experiments.  Anodic 
dissolution does occur dur ing cracking at some poten- 
tials, but  is not impor tant  for the velocity ranges con- 
sidered here. The anodic current  t ransients  do not  sup- 
port  an anodic dissolution controlled cracking mecha-  
nism at  high velocity. 

Exper imental  
The mol ten salt, dry  box, and electrochemical in -  

s t rumenta t ion  have been discussed previously (3). 
The DCB specimen has been described as well  (1, 4). 
The mater ia l  was Ti-8% A l - l %  Mo- l% V in a duplex-  
annealed hea t - t rea tment  which produces an ~ -~ 
microstructure,  with no precipitated ~2 (6, 7). The 
texture  of the microstructure was such that  the pre-  
ferred cracking plane was oriented in  a direction 
paral lel  to the roll ing direction of the plate material ,  
and specimens were cut from the plate so that  the 
preferred cracking plane was along the length of the 
specimen. The thickness, B, of the specimens was 0.5 
cm. 

The specimens were stressed to a constant deflection. 
This resulted in crack extension at high stress in ten-  
sities (and thus high crack velocities) in the beginning,  
with cracking at lower stress intensities as the crack 
propagated. The highest stress in tensi ty  was about 
60 ksi (in.)'~, and it dropped to less than 10 for 
cracking at --1735 mV. 

Crack extension was videotaped at 60 frames/sec. 
Frame by frame playback allowed determinat ion of 
the high init ial  crack velocity (up to 1 cm/sec) with 
crack length resolution of <0.5 ram. The crack length 
data were synchronized with the current  t ransient  

1 Note: This couple is the standard reference for molten LiC1- 
KCI [cf. (12)]. 

results as described below and were used in  the data 
analysis. 

The block diagram of the exper imental  arrange= 
ment  is shown in Fig. 2. The potentiostat  controlled 
the potential  of the specimen. Current  from the po- 
tentiostat  was monitored on the Biomation Waveform 
Recorder. The recorder had an analog=to-digital con- 
verter  and a 4096 word memory. The dual t ime-base 
capabil i ty of the recorder was used, whereby an ini t ia l  
fast time base (A) was changed to a slower time base 
(B) by a front  panel  manua l  push-but ton.  The current  
was monitored on t ime base A unt i l  cracking began 
and the current  rose rapidly, and time base B was 
switched in. This allowed "pre-tr igger" information 
to be preserved. The current  t rans ient  had a fast rise 
t ime and slow decay  which was easily resolved with 
the recorder operat ion as described. 

A pulse was tr iggered by the manua l  t ime base 
switch on the Biomation and recorded s imultaneously  
on the audio channel  of the videotape. This pulse 
synchronized the crack length and cur ren t  t rans ient  
t ime bases. 

Data from the waveform recorder was read out 
on either a s t r ip-char t  recorder or direct ly into the 
memory  of an HP-9830 calculator. 

Results and Discussion 
The crack length increased with t ime [see Ref. (3) 

for a more complete description], ini t ia l ly at a con- 
stant  rate (i.e., at a constant  "plateau" velocity) and 
then at a decreasing rate at longer t ime and longer  
crack lengths. 

A current  t rans ient  measured on a strip chart  re-  
corder is shown in  Fig. 3. T h e  background cur ren t  

r-- CRACK PROPAGAT]ON RATE I 
l 
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I_ LI TESTCELL I POTENT,OSTAT I- "1 ,NOR OOX 

 WAVEFO M'I T PCHART ] I TELEVSON' RECOR ERJ  A ERA J 

Fig. 2. Block diagram of experimental arrangement for monitor- 
ing crack propagation and current transients. 
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Fig. 3. Current transient measured during crack propagation at 
~1915 mV vs. |M Pt+2/Pt, 
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before cracking was extremely small  and cathodic, 
and the cur ren t  t rans ient  was anodic. The total anodic 
charge passed dur ing the cracking event  was of the 
order  of 10 mC and was dependent  on potential.  By 
synchronizing the t ime bases for crack length and  
current ,  it  was possible to associate a par t icular  
crack length with a par t icular  cur ren t  level as shown 
in  Fig. 4. The cur ren t  in this figure was reconstructed 
from the Biomation Waveform Recorder data and was 
smoothed for the purpose of drawing the curve. This 
clearly revealed that  the rising port ion of the curve 
was resolved by  using the dua l - t ime  base recording 
mode of the recorder. 

The observed cracking and  the current  t rans ien t  
were always found to begin at  the same time, wi th in  
o u r  resolution. The l imit  of resolution was in  the 
crack length measurements .  Crack length could be 
resolved to less than  0.5 mm, and for a crack velocity 
of the order of 1 cm/sec, the t ime resolution for the 
onset of cracking was therefore of the order of 0.05 
sec. Time resolution for the cur ren t  t rans ient  w a s  
always 0.005 sec or better.  

S t i r r ing  the mel t  with no crack extension caused 
a cathodic cur ren t  transient.  Increasing the surface 
area would also cause a cathodic current  t rans ient  
for a cathodic background current.  Therefore, nei ther  
s t i r r ing nor  increasing the surface area could be 
responsible for the observed anodic current  t rans ient  
dur ing crack propagation. 

Since the background current  was small, and st i rr ing 
caused a cathodic transient ,  it was concluded that  
the anodic current  t ransient  was caused by electro- 
chemical processes wi th in  the propagat ing crack. The 
average anodic cur ren t  densi ty from the crack walls 
was calculated for a typical exper iment  and is shown 
in  Fig. 5. The crack wal l  area was calculated as twice 
the length of the crack mult ipl ied by  the specimen 
thickness. As might  be anticipated from Fig. 4, the 
current  density was constant  for several seconds of 
crack life and then decreased at longer times at t -1. 
This pa t te rn  was observed at all potentials,  and it  
appears that  an ini t ia l  dissolution process from the 
crack wall  was modified by the deposition of a pas- 
sivating film at longer time. 

Possible C u r r e n t  T rans ien ts  
Before any fur ther  anaIysis of the results is dis- 

cussed, it  seems worthwhile  to describe the current  
t ransients  that  might  be expected for several simple 
processes. This is not meant  to be an exhaust ive survey 
of all possible transients,  but  ra ther  a description 
of the t ransients  that  could be anticipated for pro- 
cesses that  were known or were expected to occur 
dur ing  the tests. This is followed by a more complete 
analysis of the current  density results. 

Several  cu r ren t - t ime  curves are shown in Fig. 6 
that  might  be expected if the associated processes 
were to occur dur ing  cracking. In  the upper  left 
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Fig. 5. Time dependence of current density on the crack walls 

figure, the cur ren t  necessary to charge the electrical 
double layer  on the surface for increasing area is 
shown. This is analogous to the charging current  to 
growing mercury  drops, which is well  known in  
polarography (8). Yeager et al. (11) have also re-  
cently given the relat ionship for the charging cur ren t  
to an ideally polarizable electrode at constant  voltage 
with changing area as 

dA 
I=VC 

dt 

Here, I is the current, V is the (constant) voltage, C 
is the differential double layer capacitance, and dA/dt 
is the change of area with time. For a crack propagat- 
ing through a specimen of constant thickness 

dA d~ 
=B =By 

dt dt 

where B is the plate thickness and v" is the velocity 
of crack extension. Therefore 

I = VCBv 

and the current is proportional to the crack velocity. 
The curve is drawn schematically for a crack length- 
time dependence as shown in Fig. 4. The initial sharp 
jump of current (because the velocity jumps from 
zero to the plateau velocity) would be followed by 
a level port ion (constant velocity) and finally a de- 
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Fig. 4. Current transient and crack length as a function of time 
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Fig. 6. Current transients expected for various processes 
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crease with t ime as the crack velocity decreased. Al-  
though this process does occur dur ing cracking, the 
expected current  for double layer  charging is smaller  
than  that  observed in  the anodic transients.  For a 
nomina l  25 ~F/cm 2 double layer  capacitance, and a 
ra te  of change of crack area of 0.5 cm2/sec (i.e., a 
velocity of 1 cm/sec mult ipl ied by the 0.5 cm thickness 
of the specimen),  the max imum charging current  
would be 12.5 ~A. This is more than two orders of 
magni tude  lower than the observed current.  The pre-  
dicted ini t ia l  j ump  of current  from 0 (i.e., back- 
ground)  to 12.5 #A was below the resolution of our 
measurements.  It is concluded that the charging cur-  
r en t  was a negligible par t  of the observed current  
transient,  except for the most cathodic potentials as 
discussed below. 

In  the middle figure on the left is shown the current  
t ransient  expected if the anodic current  were only 
from the crack tip and this represented the cause 
of crack extension. The current  would again be pro- 
port ional  to the velocity of cracking as given by  the 
relationship 

I = nF --p (B) (W)~" 
M 

where n : number  equiv. /mole for the reaction, taken 
as 2 in  this example, F : Faraday  constant, p : 
densi ty of the metal,  M : molecular  weight, B : 
thickness of the specimen, W : width of the crack 
tip region dissolved, and v : crack velocity. If one 
assumes the properties of metall ic t i tanium, and the 
width of the zone equal to 1 atomic diameter  (i.e., 
3 X 10 - s  cm for Ti),  one calculates the max i mum 
current  to be 2.7 • 10-4A with a current  density of 
1.8 X 104 A/cm 2. This is about one order of magni tude  
lower than  the observed current.  One could increase 
the current  an order of magni tude  by increasing W 
by an order of magni tude  and the current  density 
over the dissolution zone, W, would remain  constant, 
i.e., 1.8 • 104 A/cm 2. There would be an ini t ial  jump 
in  current  to 2.7 X 10-4A or higher, as the velocity 
jumps to the constant, plateau velocity of ,~1 #m/sec. 
The current  resolution was about 1%, and a current  
jump of 2.7 X 10-4A, or higher, could have been seen 
easily, bu t  was not. Increasing the zone width, W, 
would only make the disagreement worse, and de- 
creasing the width below an atomic diameter  may 
not be credible. At any  rate, the observed current  
t rans ient  did not  match this t rans ient  in  any  way. 
It  is concluded that  a t t r ibut ing  all the current  to 
crack tip dissolution alone cannot  be supported by 
the exper imental  data. 

If the above process were superimposed on anodic 
dissolution from the crack walls, the curve on the 
lower left (Fig. 6) would be expected. The ini t ia l  
cur ren t  " jump" would be due to the sudden increase 
in  velocity, and the current  from the crack tip would 
be the dominant  factor in  the total cur rent  at first. 
Current  from the crack walls would become increas- 
ingly impor tant  as the crack grew and could be dom- 
inan t  at long times. The calculation made above of 
the magni tude  of the ini t ial  cur rent  jump is re levant  
here as well. The absence of an ini t ial  cur rent  jump 
leads to the conclusion that  anodic dissolution from 
the crack tip to cause crack extension was not a 
significant contr ibut ion to the current  transient,  even 
if one assumes that  other processes were superimposed 
on it. 

At this point  in  the discussion, it is worthwhile to 
emphasize what  has just  been concluded. The ab-  
sence of an  observed current  jump at  the beginning  
of cracking means that the crack tip dissolution cur-  
ren t  was too small  to be resolved by our measure-  
ments, i.e., lower than  0.02 mA. This is smaller  by  
an order of magni tude  than the m i n i m u m  current  
which was calculated above for crack propagation 
due only to anodic dissolution. In addition, the mag- 

nitude of the current  density (up to 1.8 • 10 4 A/cmS 
for velocities of 1 em/sec) for this mechanism is 
enormous. The largest cur rent  densities which can be 
accounted for in  the present  invest igat ion (see below) 
is about 1-10 m A / c m  2. This is a discrepancy of 6-7 
orders of magnitude.  Large anodic cur ren t  densities 
are observed in  other electrochemical systems, for 
example, electrochemical machining,  but  only at high 
potentials. The present  invest igat ion has been carried 
out at low potentials (less than  1V anodic of the 
equi l ibr ium potent ial) ,  potentials which appear to be 
too small  to give such large current  densities. One 
might  al ter  the dissolution model to allow dissolution 
from a low density atomic plane, for example, which 
would lower the total cur rent  and the current  density. 
The observed cur ren t  t rans ient  would then be in -  
sensitive to such a process and could not be used to 
give any informat ion about the crack extension (dis- 
solution) mechanism. Nothing more will  be said about 
this or other possible ways of developing a dissolution 
mechanism which does not  conflict wi th  the present  
current  t ransient  results. On the other hand, the point  
of view is adopted here that  the crack tip behaves 
much as the rest of the crack walls, at least electro- 
chemically, in this molten salt. Dissolution occurs from 
the tip and walls, but  there is no enhancement  of 
current  density at the crack tip dur ing the ini t ia l  
stages of crack extension. This is developed below and 
is shown to be consistent with all the exper imental  
facts. There are no observations in molten LiC1-KC1 
which are contrary to this point  of view. The current  
t ransients  then do not reveal the mechanism for ex-  
tension, bu t  are the result  of electrochemical reactions 
on the fresh crack walls which have been created by 
crack propagation. 

Anodic dissolution from the crack walls (and tip) 
would be expected to give a current  t ransient  like 
that  shown on the upper  r ight  of Fig. 6. The current  
would never  decrease and would only level off if 
ohmic resistance became controll ing or the crack 
stopped. The current  density would be constant, for 
a constant  potential,  independent  of crack length or 
area unt i l  the ohmic resistance became dominant.  This 
does not match the observed t rans ient  overall, but  
the ini t ia l  part  of the measured current  t ransient  did 
have the constant  current  density feature. 

Superimposing a passivation phenomena on the 
anodic dissolution process just  discussed would lead 
to the curve shown on the bottom right (Fig. 6). 
The current  in  the beginning  would be proport ional  
to area (i.e., constant  current  density) but  this would 
be modified by nucleat ion and growth of a passivating 
film. After  t h e  film grew to cover the total area, the 
current  would be governed by t ranspor t  through the 
film. This t ransient  most near ly  matches that observed 
and is used as the basis for the remainder  of the 
analysis. 

The conclusions which have been reached are: (i) 
the current  t ransient  was not caused by double layer  
charging, and (ii) there was no evidence to support  
anodic dissolution controlled cracking. In  fact, the 
absence of an ini t ial  jump in current  at the beginning  
of cracking is strong evidence that  anodic dissolution 
from the crack tip made no major  contr ibut ion to 
the current  t ransient  and probably  did not control 
crack extension. The current  t rans ient  can be simply 
modeled as three processes that  are superimposed on 
one another:  region I, anodic dissolution from film-free 
walls, modified by region II, nucleat ion and growth 
of a passivating film patch, followed by region III, 
increased film thickness. The remainder  of the dis- 
cussion is separated into three parts represent ing 
these three different regions of the current  t ransient .  

Anodic Dissolution Region (Region I) 
The cracking has been investigated as a funct ion 

of potential, and the associated current  t ransients  
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recorded. The constant  ini t ia l  cur ren t  density at  t h e  

onset of cracking was found to be a funct ion of 
potent ial  as shown in  Fig. 7. There is a b reak  in  
the curve at  a potential  of about  --2.06V vs. 1M 
Ft+2/p t .  At more negat ive  potentials the measured 
cur ren t  was very small  as was the total crack growth 
(al though the velocity was still high),  and this caused 
an  uncer ta in ty  tha t  was as large as the calculated 
current  density. The estimated cur ren t  density at po- 
tentials  more negat ive  than  --2.06V was about  0.2 
mA/cm2 and is shown because an  anodic cur ren t  
was observed. Each point  on Fig. 7 was from a com- 
plete run,  and the scatter of data is the measure of 
variat ions of meta l lu rgy  from sample to sample. 

As noted in  the beginning  the anodic dissolution 
of an  unstressed Ti electrode, with normal  air formed 
oxide coating, occurs at  potentials more positive than  
about  --1735 mV. Li deposition from the melt  onto a 
Ti electrode begins to become significant at  --2.750 
mV, as determined in  the course of this investigation. 
At potentials be tween --2750 and --1735 mV, the 
steady-state  current  is small, cathodic, and presum-  
ably due to the diffusion-limited reduct ion of residual  
O H -  impuri ty.  The anodic t ransients  of the present  
invest igat ion were observed in this very negative 
potent ial  region. Presumably,  the oxide film suppresses 
any  anodic reaction on the unstressed electrode unt i l  
sufficiently anodic potentials are at ta ined (>1735 mV) 
to break  down the film. 

Net anodic dissolution cur ren t  would be expected 
from a film-free wal l  at potentials positive of the 
equi l ibr ium potential  calculated for the concentrat ion 
of metal  ion in  the solution. Typical concentrat ions of 
Ti +s in  salt frozen and  removed from the crack was 
about  10 -5 molar  (3). The reversible potential  for 
T i /T i  +2 for this concentrat ion is --2.07V vs. 1M p t+2 /  
Pt. At potentials more positive than this, net  anodic 
dissolution would occur. At more negative potentials, 
the current  would be due to net  reduct ion of Ti+2, 
superimposed on double layer  charging. The maxi -  
m u m  diffusion-l imited cathodic current  for reduct ion 
of Ti +2 (10-~ molar)  would be about  i0 -4 mA/cmS. 
The potent ial  of zero charge (pzc) for Ti has been 
estimated (3) to be about  --2.35V vs. 1M pt+2/pt .  
At potentials positive of the pzc, the charging cur ren t  
would be anodic and superimposed on the Ti +~ re-  
duction current .  The charging current  density for a 
propagat ing crack was estimated above. In  the plateau 
velocity region, the charging current  densi ty was 
calculated to be about  1.25 X 10 -5 A/cma. Therefore, 
the charging current  in  this region can be larger in  
magni tude  than  the Ti + 2 reduct ion current .  

The current  densi ty at potentials anodic of the 
equi l ibr ium potential  should be a l inear  funct ion of 
the overpotential ,  i.e., 

io(aa + ae)F 
i - -  "q 

RT 

If  ~. and ~ are equal, the l inear  kinet ic  range should 
extend about 5O mY from the equilibrium potential 
with  a slope of 

di io(aa ar ~ ) F  
= (i < <  io) 

d~ RT 

Logarithmic Tafel behavior should be observed at ]arge 
cur ren t  densities (i.e., i > >  io). The data in Fig. 7 
reveal  that  i vs. overpotential  has l inear  behavior, 
bu t  extends over a larger  range than  expected. This 
could be due to exper imental  uncer ta inty,  bu t  is 
more l ikely due to a part ial  cancellat ion of the non-  
l inear  current  density overpotential  behavior  at the 
higher current  densities by  ohmic effects. The ohmic 
effects are discussed below. 

~rhe l inear  current  densi ty-potent ia l  curve was 
found to yie ld a value of (=a + ar of 1.18 m A / c m  ~ 
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POTENTIAL lmV) vs 1 M PI+21Pt 

Fig. 7. Initiol current density os a function of potentiol 

where aa and ~ are kinetic t ransfer  coefficients for 
the anodic and cathodic reactions and io is the ex- 
change current  density. Assuming aa and ac are both 
1, the exchange current  density corrected to 1M Ti +2 
was calculated to be 59 A /cm 2. This is somewhat  
higher than  the exchange current  densities observed 
for other divalent  metals in  LiC1-KC1 (7). 

The anodic current  density in  the region negative 
of --2.07V is larger than  the calculated double layer  
capacitance of 25 ~f/cm 2. In  order to make the two 
comparable, the double layer  capacitance would have 
to be increased by  about an order of magni tude  to 
250 #f /cm 2. On the other hand, the current  densi ty 
in this region is difficult to measure and could be in  
error  by more than enough to accommodate the model. 
The t ransients  in  this region were quite small, and 
the total crack extension for an individual  test was 
short and of the order of 4 ram. Both combine to 
give an error bar  that  would cover the proposed 
charging current.  There are no other anodic processes 
that  can be identified at this time, for the alloy in  
the melt, so double layer  charging is adopted as a 
tentat ive model for the current  t ransient  at potentials 
more negative than --2.07V vs. Pt /P t+2(1M).  Of 
course, it should also occur at more positive potentials 
bu t  it  is obscured by  the anodic dissolution reaction 
in  this region. 

The model of the rising port ion of the cur ren t  
t ransient  (region I) as described above has assumed 
that  the current  density is un i formly  distr ibuted on 
the crack walls. This is appropriate for the si tuat ion 
where the current -vol tage  behavior  is dominated by  
the interracial  electrode kinetics, and i t  is possible 
to demonstrate  this quant i ta t ive ly  as follows. To es- 
t imate the potential  and current  distr ibutions along 
the crack, the following model of the crack is adopted: 
(i) the crack is wedge shaped, and has a nominal  1 ~ 
opening, a l t hough  the crack angle will  be included in  
the model as a p a r a m e t e r ;  (ii) the  potential  drop 
across the crack is negligible as compared to the 
potential  var ia t ion down the crack length;  and (iii) 
there is a single, anodic dissolution reaction on the 
crack walls. Figure 8 shows the crack model and the 
coordinate system used for the calculations. At any  
ins tant  Laplace's equation for the potential  may be 
wr i t ten  

1 0r 1 0~r 02~ + + - -  0 
Or2 r Or r ~ 002 

On the crack walls it  is assumed that  there is a single 
anodic reaction under  l inear  polarization control, i.e. 

(aa + ac)Fio 
io]ofow = ( g  - r  

R T  

r Oo o=ow 
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Fig. 8. Coordinate system for o wedge-shaped crock with the 
origin at the crock tip. 

%ps 

Hence 

The other boundary condition on is is that there is 
no current across ~ -- 0 because of symmetry, i.e. 

b]~-o = 0 = - - - -  

W e  assume that  the predominant  variat ion of potential 
is radial  and that  ~ 2 ~ / ~  m a y  be approximated by 

0~ I 0 0 [  
OO e=ow 0o offio 1 0~ 

I Ow ~w ~e efew 

~r (aa q- a~)Fio 
r + - ~  ( V - - ~ )  - - 0  

8r 2 ~r ew~RT 
is to be solved subject to the boundary  conditions 
r = 4,~ at r : ~ (crack length) and ~ = r at r = 0 
(crack tip). The solution is shown in Appendix I to be 

( ~ -  v) zo (~ )  
where  

~. --. 
0w~RT 

L is an  important  parameter  in determining the poten- 
tial and current  distributions in the crack. The sig- 
nificance of ~ is discussed below. 

The potential distribution down the crack is shown 
in Fig. 9, and Fig. 10 shows the total potential drop 
in the crack for cracks of different length. It is shown 
below that  the potential drop down the crack is small 
for the molten salt system studied here and that  the 
current  distribution is near ly  uniform. 

The total current  f rom the crack walls at any  instant 
is found f rom 

fo /total - -  -- 2B iele=ewdr 

2BS(a,, + ~)ioF 
RT 

[ ] (v - 

L0 

~8 

((D~- V )  0.e 

~4 

~2 

~0 

z 

Fig. 9. Potential distribution in n crock for several values of the 
polarization poromete~ ~. 
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Fig. 10. Potential drop down the crock for cracks of different 
length. 

and for small values of 
i~[ ~] 

I t o t ~ - - 2 B S ( a a + a r  1 - - T  (V--~#l) 

As expected, the average current  density, Itot~/sas, 
retains a l inear dependence on the applied potential. 
The slope of the current  density-potential  curve would 
be 

(aa' l -ac) /oF [ 1 _  ~ ] 
RT T 

and was found to be 0.0211 ~--1 cm-S from Fig. 7, 
assuming L/8 was small. This calculation supports the 
basic idea that  current  density at the beginning of 
cracking (Fig. 7) is controlled by dissolution kinetics, 
with some ohmic contribution. The ohmic contribution 
causes the current  distribution to be nonuniform (i.e., 
decreasing as the crack tip is approached).  

The dimensionless polarization parameter  for the 
crack, L, measures the relative importance of kinetic 
vs. ohmic influences for the crack environment.  Large 
values of L are characteristic of ohmic domination 
and nonuniform current  distribution. Small values of 

are appropriate for kinetically controlled dissolution 
and uniform current  distribution down the crack. 
Factors favoring kinetic control are small exchange 
current  densities, short cracks, large conductivities, 
and large crack angles. For  a typical situation in the 
present investigation (ea -~ ~)ioF/RT = 0.0211 ~ -1  
cm2, 8 = 0.5 cm (equal to the specimen thickness), ~ _-- 
1.2 f~-i cm-1,  Sw = 2~/360 (for a 1 ~ crack),  A = 2.0. 
The current  distribution as a function of ~ can be 
calculated, and from Appendix I 

il,=o - iF~=8 

iave iue 2Iz(~ t~-) 

and for small values of 

m 
~ m  m 

iavg 4 RTgOw 
Thus, for  the calculated value of ~ f rom above 

; . = 2  

.... - -0 .5  

and the current  density wiU deviate about the average 
value by  approximately  50%. This is not a large effect, 
and it would be even smaller for cracks of shorter  
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length. For  these same conditions the potential  drop 
down the crack (see also Fig. 10) would be calculated 
f r o m  

(~o- V)Zo (~/~) = ( ~ -  v )  

At the condit ions 

( V  - -  ~1) = 50  m V  

t h e n  t h e  p o t e n t i a l  drop is calculated as  

@a --  ~ i ~  17mV 

T h e  potent ial  drop would be smaller  f o r  s h o r t e r  c r a c k s  
(see Fig. 10) or larger crack angles. 

The model described above is appropriate for cracks 
whose length is less than the thickness of the speci- 
men. Said another  way, the t rea tment  is appropriate 
for that  par t  of the crack (measur ing from the crack 
tip) which is less than the specimen thickness. At 
larger  lengths, the crack opening is sufficient to c a u s e  
the current  and potential  distr ibutions to be ra ther  
un i form on the outer crack walls for the molten salt 
system. The model may  be applied to other systems 
where the walls are film free and a single anodic 
dissolution occurs on the crack walls. 

The model is an instantaneous picture of the elec- 
t rochemistry wi thin  the crack. The time dependence is 
implici t ly included in  the dependence of the crack 
length on time. Separat ing out the t ime dependence 
in  this way is legit imate where the relaxat ion of the 
cur ren t  and potential  distr ibutions occur on a much 
faster t ime scale (10-100 ~sec) than the rise time 
of the cur ren t  t ransients  (seconds) caused by crack 
propagation. Since the current  and crack length have 
the same time dependence, the current  density would 
be constant. This correctly models the exper imental  
results. 

Film Nucleation and Growth (Region II) 
According to the last section, crack propagat ion 

would cause the total current  to continue to increase 
and the current  density would remain  constant unt i l  
the crack became long enough for ohmic l imitat ions 
to become important .  The current  would never  de- 
crease unless some other process interfered. The cur-  
ren t  was observed to decrease in the stress corrosion 
tests, and i t  is proposed that  it  was caused by the 
deposition of a film which passivated the surface. This 
section discusses the model of nucleat ion and growth 
of the film. The details of the mathemat ical  derivation 
are in Appendix II. 

Vermilyea (9) has discussed a simple model of 
nucleat ion and growth of a film. The film patches 
would "throttle" the anodic d i s s o l u t i o n  reaction dis- 
cussed in the previous section. As coverage of the 
surface approached completion, the total current  would 
have a t ime dependence given by the passivating 
reaction. However, the total current  would continue 
to be dor~inated by the anodic dissolution reaction 
if the film were insula t ing and only a small amount  
of current  would go to form the film. 

We adopt the approximation that  the current  to 
form the film and the current  through the film are 
both much smaller  than the current  for anodic dis- 
solution f r o m  the bare areas of the surface. The total 
anodic dissolution current  density should be a func-  
t ion of t ime as (see Appendix  II) 

is = ib exp (--~/~) 

By plott ing - - l n  i v s .  t one should obtain a straight 
l ine over the t ime period of nucleat ion and growth 
of the film. In  Fig: 11 this plot is shown for a typical 
cur rent  transient.  Before t = 1 sec, there was no 
appreciable contr ibut ion from film growth, probably 
because the solubil i ty l imit  had not been exceeded. 
Dissolution between patches was dominant  from t 
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Fig. 11. Drop in current density due to precipitation of passivating 
layer, 

= 1 to t = 2.5 sec  as evidenced by the l inear  curve. 
At about 2.5 sec, deviations from the straight l ine 
could be observed, and this was interpreted as the 
region where the small  film growth current  became 
appreciable, i.e., as complete coverage of the crack 
wal l  was approached. 

The slope of the curve in Fig. 11 was found to be 
relatively independent  of potential  for our tests which 
were conducted over the range --1750 to --2050 mV 
( v s .  1M pt+2/Pt ) .  The slope gave a decay constant  
which varied from 0.38 to 0.71 sec with an average 
value of 0.59 sec. From Appendix II, the decay con- 
s tant  was shown to be related to the current  density, 
ib, before nucleat ion by 

T = Z F p •  

For the ini t ial  cur rent  density of 5.6 mA/cmS at --1800 
mV, for example, the thickness of the film (calculated 
as TiO) would be 

A = 2 . 2 •  10 - r c m  

From the slope of the curve in Fig. 11, the fractional 
surface coverage may be calculated (see Appendix 
II) ,  and is shown in Table I. Zero t ime was taken as 
t : 1 sec on Fig. 11. Therefore the surface approaches 
complete coverage at times between 1.5 and 2 sec 
(above 2.5 see on Fig. 11). This should cause devia-  
tions from the l inear  behavior  shown in Fig. 11, as 
the current  in bare areas becomes comparable to the 
current  on the passive areas. 

Identification of the film as TiO is somewhat a r -  
b i t ra ry  because no direct measurements  of film prop- 
erties were made. The solubili ty of TIC12 in LiC1-KC1 
is too high for it  to have been precipitated on the 
surface. 2 There are smaiI quanti t ies of O -2 and O H -  
in the melt  even though the tests were conducted in  

Solutions of TiCI~ of over 10-8 molar have been made in this 
laboratory. 

Table I 

Time (sec) f 

0 0 
0.14 0,25 
0.35 0.5 
0.69 0.75 
1,15 0.9 
1,fi 0.95 
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a d r y  box. I t  is proposed that  the  i m p u r i t y  level  of 
0 -2  was sufficient to give prec ip i ta t ion  of TiO on the 
surface. No more  definite identif icat ion of the film 
wil l  be a t t empted  unt i l  more  informat ion  has been 
obtained.  

Growth of a Thicker Film (Region lid 
The th i rd  and final s tage of the cur ren t  t rans ien t  

observed dur ing  cracking obeyed a 1/ t  decay as shown 
in Fig. 12. Curves of cur ren t  dens i ty  vs. 1/t  were  also 
l inear  in this region. The slope va r ied  f rom 3.1 to 6.3 
for  different  tests, wi th  an  average  of 4.54 X 10 -3 
C /cm 2. 

The t ime dependence  is consistent  wi th  a high field 
conduct ion mechanism [see, e.g., Vet te r  (10)] for 
th ickening of a passive film under  potent ios ta t ic  con- 
ditions. The  thickness  of the  film, ~, would  be ex-  
pected to have a logar i thmic  t ime dependence  as (10) 

1 
- - = a - - b l n t ,  wi th  b - - 1 / ( # ~ r  
A 

Here,  # is the kinet ic  constant  and ~b is the  (constant)  
potent ia l  drop across the  film. The slope of the  cur -  
ren t  dens i ty  vs. 1/t  curve should be app rox ima te ly  

Z F p # ~  

M 
where  

--  a Z F a / R T  

and al l  the symbols  have been identif ied except  ~ = 
t ransfe r  coefficient, t aken  as 0.5 and a --  j ump  dis-  
tance [see (10)] _-- ~ 3  • 10 - s  cm. Using the p a r a m -  
eters  for  TIC), the  slope was ca lcula ted  f rom this 
expression to be 8 • 10-~ C/era  2. This is considered 
to be in adequa te  agreement  wi th  the expe r imen ta l  
results  which were  3.1-6.3 X 10 -8 C/em 2. 

The film thickness in region II  was found to be 
independent  of potential .  This suggests tha t  the slope 
of the i vs. 1/ t  curve in region I I I  should have  an 
exponent ia l  dependence  on appl ied  potent ial ,  bu t  our  
da ta  sca t te red  too much to d r a w  any  definite conclu-  
sions at  this point. 
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Fig. 12. Decay of current density at long times 

Conclusions and Summary 
The model  which has been presented  here  accounts 

for the macroscopic fea tures  of the  cu r r en t - t ime  b e -  
hav ior  dur ing  crack propagat ion.  The anodic dissolu-  
t ion react ion was r a the r  un i fo rmly  d is t r ibuted  on 
the crack wal ls  in the in i t ia l  stage, and there  was 
no indica t ion  tha t  p re fe ren t ia l  anodic dissolution oc- 
cur red  a t  the crack  tip. The crack walls  were  free 
of any  film before  region II. The fiim which was 
nuclea ted  and grown dur ing  region II  pass ivated  the  
surface and the cu r r en t - t ime  behavior  reflected the 
dominan t  source of cur ren t  as tha t  which came from 
the f i lm-free  surface. Deviat ions f rom this pa t t e rn  
occurred at  longer  t imes when  the film covered the 
surface. Cur ren t  th rough  the film was the dominant 
source at  st i l l  longer  t imes where  the  film grew thicker  
by  a high-f ie ld  kinet ic  mechanism.  

The dominan t  effect of potent ia l  was in region 1. 
This influence was found to be consistent  wi th  l inear  
dissolution kinetics.  Data  in  the  o ther  two stages 
va r ied  enough tha t  the expected  potent ia l  dependence 
could not  be confirmed. 

I t  is proposed tha t  the  events  which have been 
descr ibed here  occurred along wi th  cracking in this 
s imple environment ,  bu t  were  not  responsible  for 
cracking.  That  is, there  has been no necessi ty  to as-  
sume any th ing  r e m a r k a b l e  about  the crack  tip. None 
of the  behavior  could be  ascr ibed to crack tip events.  

Two of the  possible mechanisms for  crack p ropaga -  
tion are  e l imina ted  b y  the model  of events  adopted  
here. The anodic dissolution mechanism requires  p re f -  
e rent ia l  crack t ip dissolution in o rde r  for a sharp  
crack to propagate ,  and none of t h e  observat ions  were  
consistent  wi th  this. In addit ion,  cur ren t  densit ies 
on the order  of 103-105 A / e m  2 would  be  requ i red  to 
propagate  cracks at  the  velocit ies observed  here,  and 
this seems unreasonable  for the low vol tage  condi-  
tions of  the tests. A br i t t l e - f i lm mechanism which 
requires  a pass iva t ing  film on the crack  walls  appears  
to be e l imina ted  by  the behavior  in region I. Al l  
the  events  in region I occurred on f i lm-free walls.  

A t  t imes longer  than  those descr ibed here  (i.e., 
lower  veloci t ies)  and at  more  posi t ive potentials ,  
c rack  extens ion could involve  anodic dissolution as 
p rev ious ly  descr ibed (3). This m a y  be consistent  wi th  
the  onset  of i n t e rg ranu l a r  cracking at  low velocit ies 
(3). However,  cur ren t  t ransients  have not  been mea -  
sured under  such conditions. I t  should be emphasized 
tha t  the  presen t  t r ea tmen t  is only  in tended  to de -  
scr ibe e lect rochemical  events  in the  crack t ip dur ing  
the ini t ia l  stages of cracking at  high velocit ies and 
high stress intensit ies.  

The mol ten  sal t  env i ronment  has made  i t  possible 
to e l iminate  f rom considerat ion severa l  possible c rack-  
ing mechanisms.  The proper t ies  of the  eutectic have  
a l lowed the separa t ion  of control l ing parameters ,  so 
tha t  each could be s tudied independent ly .  The s imple 
chemical  na tu re  of the env i ronment  was the most  
impor t an t  p r o p e r t y  for  defining cr i t ical  processes a t  
the crack tip. The success of the  presen t  s tudy  sug-  
gests tha t  s imple envi ronments  should be used for  
o ther  mechanis t ic  s tudies of stress corrosion cracking.  
An  extension of the  presen t  s tudy which is u n d e r w a y  
is the cracking of stainless steels in mol ten  A1C13-NaC1. 
The re la t ive  impor tance  of hydrogen  embr i t t l emen t  
and C1- cracking in the austeni t ic  (e.g., 21-6-9 and 
22-13-5) and  fer r i t ic  (e.g., 430) stainless steels wi l l  
be determined.  

Having e l imina ted  severa l  mechanisms,  we  have 
C l - - i n d u e e d  cracking as a r emain ing  possibil i ty.  I t  is 
more  of an idea than a model  and has never  been 
made quant i ta t ive.  I t  is s imply  the idea tha t  a d s o r p -  
t ion (e.g., C1-)  onto a surface would  weaken  sub-  
s t ra te  la t t ice  bonds so tha t  mechanical  fa i lure  would  
occur at  reduced  stress levels. Many  questions about  
such a process r ema in  unanswered,  such as why  the 
crack surface morphology  changes f rom dimpled 
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(mechanical overload) to brittle cleavage (molten 
salt stress corrosion cracking) if simple adsorption 
is the mechanism. These unanswered questions sug- 
gest that more study is needed to definitively attribute 
the cracking to such a mechanism. This is to be the 
aim of the steel study mentioned above. 
In summary, the anodic current transients observed 

in LiCI-KCI were caused by stress corrosion cracking 
of titanium-8% aluminum-l% molybdenum-l% van- 
adium. The transients could be broken into three 
stages as in Fig. 13. In region I, anodic dissolution 
occurred from filrn-free walls by linear kinetics. 
Nucleation and growth of a fiLm (taken to be TiO 
here) dominated the behavior in region If. Growth 
of a thicker fiLm caused the current decay shown in 
region III. None of these events are responsible for 
the stress corrosion cracking, but occur on the crack 
walls exposed by crack extension. The behavior may 
be consistent with crack extension induced by chloride 
ion (3). 
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APPENDIX I 

Potential Distribution in a Crack 
The potential drop within the crack is to be deter- 

mined by solving 

d2~b d ~  (aa Jr" a~) ioF  
r + -- - [~ - V] = 0 

dr~ dr 
Let 

and this yields 

d20 1 do 
- - 4  
d Z  2 Z d Z  

Let 

RTKOw 

e=~--V 

Z = ( r / 8 )  ~a 

4(as + -r 

RT~Ow 

to obtain 

4(~a + ~)ioF8 ~.-. 
RT~Ow 

dZ 

0 = 0  

DISSOLUTION 
CONTROLLED 
BY LINEAR 
KINETICS 

, , 
THICKs OF FILM 

TIME 

Fig. 13. Summary of processes which occur during a current trans- 
ient caused by stress corrosion cracking. 

The solution may be expressed in terms of Bessel 
functions as 

o = C~Io(Z~/~) + C~Ko(Z~/i) 
The boundary conditions 

0 = , O o - - V  (finite) a t Z = 0  

O=~bt-- V a t Z = 1  
gives 

C='- O 

Cz = (~o - -  V) = 
( O z -  V )  

Io0,) 
and 

Zo(Z~/~,) 
0 = ~, - -  V = (#)I - -  V) 

I o ( V ~  
T h e  total current may be calculated now, and 

/(total ---- - -  2B islo=owd~ " 
current) 

4B(aa + ~)ioF5 F z 
-- "~o OZdZ 

RT 

As 
~-~0 

Iz-~ ~/~ 

I o ' *  1 
and 

2B(aa+~)ioF8 [i_ ~ ] 
I(total current) ----" RT "~ (V -- ~#1) 

Current distribution down the crack is nearly uni- 
form for small values of ~ as measured by 

i [o=o~ - i lo=o,,  
r=0 ,--6 (Io(~/~) -- I)~/~ 

iavz 211 ( ~ / ~  

For small values of ~ this becomes 

i lo=ow - i [0=ew 
rfo r=8 (aa + a~) ioF~ 

= 
iav~ RTKew 

The above derivation of the potential and current 
distributions assumed a narrow crack, thick specimen 
(thickness, B, > >  the crack length, 8), and quasi- 
steady state. These results would thus be applicable 
at any instant and do not give the time dependence. 
The current would have the same time dependence 
as the crack length, and the current  density would 
be independent of time. 

APPENDIX II 

Nucleation of a Passirotlng Film 
Dissolution of a metal may be throttled by a pas- 

strafing film that forms on the surface when the solu- 
bility of the solid is exceeded. The current density 
on the free surface will be constant at constant poten- 
tial. The total current to a givefi surface area will be 
composed of the current density to the free surface, 
plus the current to the edges of pessivating patches, 
plus the current to the surface of the patch to increase 
its thickness. If  we assume that the dominant current 
is the dissolution current on the film-free surface, that 
the current to thicken the patches is negligible, and 
that the current to nucleate and grow a patch is im- 
portant only to change the area covered by the flm, 
the total current density is 

i t  " -  i b (1  - -  ~) 

Here, f is the fraction of the surface covered by t h e  
passivating solid and ~ is the current density to t h e  
film-free surface. The time dependence of the total 
current density will be that of the area fraction f, i.e., 
i t  will change with time only because f changes. 
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Once the so lubi l i ty  l imi t  is exceeded and a film 
begins to precipi ta te ,  the ra te  of deposi t ion of a con- 
s tan t  thickness film wil l  cause the f ract ion of surface 
covered to c h a n g e  as 

df 
= itM/ZFp~ 

dt 
T h e  first equat ion may  be subst i tu ted  into the second, 
a n d  in tegra t ion  yields  

it = ib exp ( - - t /~ )  

w h e r e  the  d e c a y  c o n s t a n t  T is given by  

T = ZFpA/ibM 

and Z : number  equiv�9 taken  to be 2 here ,  
F : F a r a d a y  constant,  p : dens i ty  of the  solid, 
h : thickness of the film, ib : constant  cur ren t  dens i ty  
to the f i lm-f lee  surface, and M : molecu la r  weight  
of the film solid. 

T h e  surface is hal f  covered at  

it - -  0.5 ib 
or  

t/~ = 0 . 6 9 3  
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Technical Notes 

A Seawater Battery Based upon the Sulfuryl 
Chloride/Magnesium Couple 

K. A. Klinedinst* and F. G. Murphy* 
GTE Laboratories, Incorporated, Waltham, Massachusetts 02154 

In the continuing search for the op t imum energy  
source for the propuls ion of unde rwa te r  vehicles, the  
"seawater"  ba t t e ry  has es tabl ished a unique posi t ion 
(1-4).  The s i lver  ch lo r ide /magnes ium couple uti l izes 
seawate r  as both  the e lec t ro ly te  and the cooling 
med ium for high power  applications.  One concept  to 
ex tend the opera t ing  l ife of the  seawater  ba t t e ry  
(while  main ta in ing  m a x i m u m  power  densi ty)  involves 
the use of a l iquid cathode reac tan t  as in the z inc /  
chromic acid cell (5-7). In this ba t te ry ,  the s tored 
concent ra ted  chromic acid and sulfuric  acid are  in-  
jec ted  into the  incoming seawate r  as needed�9 

The use of a l iquid oxyhal ide  cathodic reac tan t  in a 
seawate r  ba t t e ry  has recen t ly  been suggested (8). This 
note describes the ini t ia l  expe r imen ta l  work  pe r fo rmed  
to eva lua te  the feas ib i l i ty  and potent ia l  of seawate r  
ba t ter ies  containing magnes ium or magnes ium al loy 
anodes and l iquid oxyhal ide  cathodic reactants.  In this 
ba t te ry ,  the l iquid  oxyhal ide  flows th rough  and is r e -  
duced upon an iner t  porous carbon cathode. The p rod-  
ucts of the cathodic ha l f -ce l l  react ion along wi th  a n y  
unreduced  oxyha l ide  then pass into the seawater  e lec-  
t ro ly te  which flows be tween  the carbon and magnes ium 

�9 Electrochemical Society Active Member. 
Key words: battery, magnesium, seawater, sulfuryl chloride. 

electrodes.  The consequent  acid enr ichment  of the sea-  
wa te r  serves to keep  the products  of the anodic ha l f -  
cell  reac t ion  in solution. 

Experimental 
The exper imen ta l  cell was made a lmost  en t i re ly  of 

PTFE. It  consisted of two par ts :  the body and the  cap 
(as shown in Fig. 1). The body of the cell was made  
f rom two pieces of cy l indr ica l  PTFE stock jo ined  to-  
ge ther  to make  an L - shaped  unit. A hole was dr i l l ed  
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Fig. 1. Experimental cell schematic 
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th rough  the body  to serve as a r ese rvo i r  for the  l iquid 
oxyhal ide .  A nickel  washe r  (welded  to a nickel  lead  
wire)  served as the cathode cur ren t  collector.  The 
porous cathode (a mix tu re  of carbon b lack  and PTFE 
pressed  onto a n ickel  meta l  screen)  was pressed onto 
this  n ickel  washe r  when  the cell cap was fas tened to 
the  body  b y  means  of screw threads  machined  into the lO 3 
P T F E  parts .  Thus, dur ing  the opera t ion  of the  cell, the 
l iquid reac tan t  could flow from the reservoi r  through.  
the porous cathode.  

The  cell  cap was a more  compl ica ted  assembly.  The 
magnes ium or magnes ium a l loy  anode was pressed 
agains t  a n ickel  cur ren t  col lector  by  means of a s ta in-  ~ lo  2 

less s teel  ring. The nickel  l ead  wire  (welded  to the 
anode cu r ren t  collector)  ex i ted  the  cell through a hole ~- 
d r i l l ed  into a PTFE plug which screwed into the end of 
the  cap. Two stainless steel  tubes ex tended  f rom op-  
posi te  ends of a cap d iamete r  and were  used to t r ans -  ~" z 
fer  the  "seawater"  (3.5% NaC1 dissolved in dis t i l led "' r lO 1 
wate r )  into and out  of the cell. (The seawate r  flowed 
be tween  the two e lect rodes  in the assembled  cell  at  a o 
ra te  of about  1 ml /sec . )  The  Ag/AgC1 reference  elec-  
t rode  (AgC1 e lec t rochemica l ly  formed upon the surface 
of a s i lver  wi re )  passed into the  cell  v ia  a th i rd  open-  
ing in the cap (a t  r igh t  angles to the  two stainless steel  
tubes) ,  lO ~ 

Once the cathode and anode were  posi t ioned wi th in  
the cell  body  and cap, respect ively,  the two cell par t s  
were  screwed together.  However ,  a th in  PTFE washer  
was placed wi th in  the cap jus t  before  the par t s  were  
jo ined  to insula te  the  two e lect rodes  f rom each other.  
The  e lect rode spacing (about  0.635 ram) was de te r -  
mined  b y  the combined thicknesses of this PTFE 
washer  and the stainless steel  r ing  by  which the anode 
was posi t ioned wi th in  the cell  cap. The  exposed elec-  
t rode  a rea  was 0.8 cm~. 

Once the seawate r  had  begun flowing through  the 
cell, the  test  was in i t ia ted  by  filling the oxyhal ide  
reservoir .  In eve ry  exper iment ,  the cell  voltage, the 
anodic ha l f -ce l l  potent ial ,  and the cathodic ha l f -ce l l  
po ten t ia l  ( re la t ive  to the Ag/AgC1 reference  e lec t rode)  
we re  s imul taneous ly  recorded dur ing  each measu re -  
men t  in te rva l  by  the use of a mul t i channe l  recording 104 
vol tmeter .  Two types  of measurements  were  made:  
cur ren t  and  potent ia l  vs. t ime  on constant  load, and 
cur ren t  vs. potent ia l  under  in i t ia l  discharge conditions. 
The ini t ia l  condit ion per formance  da ta  were  obta ined  in 
two ways:  e i ther  by  the appl ica t ion  of constant  load  
pulses ( in which  case the cur ren t  was ca lcula ted  f rom 103 
the vol tage  on load)  or  by  the appl ica t ion  of ga lvano-  
s ta t ic  pulses. The ha l f -ce l l  polar iza t ion  curves were  
cor rec ted  for  solut ion IR  losses using s t andard  tech-  
niques. 

Results and Discussion 
Of the l iquid ca thode  reac tants  tha t  have been used ~ 1~ 

in l i th ium anode cells, su l fury l  chlor ide  (SO2C12) and > 
th ionyl  chlor ide  (SOCI~) have y ie lded  the highest  cell  
vol tages (9). Therefore,  these two compounds were  
chosen as the  l iquid  oxyhal ides  to be examined  as sea-  a 
wa te r  ba t t e ry  cathode reactants .  Both pure  magnes ium 
and MTA (a magnes ium a l loy  containing 7% T1 and r lo 1 
5% A1) were  considered as possible anode mater ia ls .  ~" 

Ini t ia l ly ,  seawate r  cells were  assembled  wi th  MTA 
as the  anode ma te r i a l  and wi th  SO~C12 and, SOC12 as 
the  cathode reactants .  The open-c i rcu i t  vol tages of the 
MTA/SO2C12 and NITA/SOC12 cells were  2.83V and 
2.50V, respect ively.  I t  was noted that  the difference be-  lo 0 
tween the two open-c i rcu i t  vol tages (0.33V) is nea r ly  
the  same as the difference be tween  the open-c i rcu i t  
vol tages  of the Li/SO2Cl~ and Li/SOC12 cells (0.35V). 
The two seawate r  cells were  then discharged across 
constant  100a loads resul t ing  in  a discharge cur ren t  
dens i ty  of about  20 m A / c m  2. Again,  the MTA/SOCI~ lo-1 
cel l  vo l tage  was about  0.3V below tha t  of the  1VITA/ 
SO~C12 cell, the  l a t t e r  quan t i ty  being about  2.3V. Since 
even lower  cell vol tages are  to be expec ted  with  o ther  
l iquid  oxyhal ide  reac tan ts  (e.g., POCls) ,  SO2C1~ is 
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Fig. 2. Anodic polarization curve (vs. Ag/AgCI reference) 

c lear ly  the  p re fe r r ed  cathode reac tan t  for the lYlg anode 
seawate r  bat tery .  

Then, two seawater  cells were  assembled wi th  SO2C12 
as the  cathode r eac t an t  and wi th  pu re  Mg and MTA as 
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the anode materials. With the pure Mg anode, the open- 
circuit voltage was about 0.14V below that obtained 
with the MTA anode. A similar voltage differential was 
observed when the two cells were discharged across 
constant 100~2 loads. Therefore, MTA was chosen as 
the anode material to be used in all of the subsequent 
experiments. 

Initial performance data were then obtained for the 
MTA/SO~CI~ seawater cell by the application of both 
the constant load and galvanostatic pulse techniques 
described above (using the Ag/AgCI reference elec- 
trode). The results obtained with the two measure- 
ment techniques were essentially identical. Thus, only 
the results of the galvanostatic pulse measurements 
will be described here. 

The anodic half-ceil polarization curve is shown in 
Fig. 2. (Because of the positioning of the Ag/AgCI 
reference electrode within the cell cavity, negligible 
solution IR losses were encountered between the anode 
and the reference electrode.) The data demonstrate 
that the MTA anode operates with very little polariza- 
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tion. In fact, the anodic potential only decreases by 
about 50 mV as the current density is raised by over 
three orders of magnitude. 

The measured and /R-corrected cathodic half-cell 
polarization curves are shown in Fig. 3. In contrast to 
the anodic half-cell results, the SO2C12 cathode is ob- 
served to suffer considerable polarization, particularly 
at current densities greater than about 100 mA/cm2. 
The/R-free full cell polarization curve is shown in Fig. 
4. 

Summary and Conclusions 
The feasibility of a new seawater battery system 

comprising a magnesium or magnesium alloy anode 
and a liquid oxyhalide cathodic reactant has been dem- 
onstrated experimentally. SO2C12 has been found to be 
the preferred cathodic reactant. Tests have shown that 
the magnesium anode operates with very little polari- 
zation, virtually all of the cell polarization occurring 
at the cathode. Continuing work will seek to identify 
the process or processes responsible for the observed 
cathodic polarization. 
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Superionic conductors have attracted attention from 
the viewpoint of technological applications, such as 
solid-state batteries (1), electrochromic displays (2), 
and so on. There are two types in AgI-based superionic 
conductors; crystalline and glassy ones. The latter 
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ones, or superionic conducting glasses, have several 
advantages compared to crystalline ones; higher con- 
ductivities (3, 4), isotropic properties, and ease of thin 
film formation. 

In crystalline superionic conductors the activation 
energy for conduction, E~, is reported to be experi- 
mentally equal to the heat of transport, q*, which is 
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the anode materials. With the pure Mg anode, the open- 
circuit voltage was about 0.14V below that obtained 
with the MTA anode. A similar voltage differential was 
observed when the two cells were discharged across 
constant 100~2 loads. Therefore, MTA was chosen as 
the anode material to be used in all of the subsequent 
experiments. 

Initial performance data were then obtained for the 
MTA/SO~CI~ seawater cell by the application of both 
the constant load and galvanostatic pulse techniques 
described above (using the Ag/AgCI reference elec- 
trode). The results obtained with the two measure- 
ment techniques were essentially identical. Thus, only 
the results of the galvanostatic pulse measurements 
will be described here. 

The anodic half-ceil polarization curve is shown in 
Fig. 2. (Because of the positioning of the Ag/AgCI 
reference electrode within the cell cavity, negligible 
solution IR losses were encountered between the anode 
and the reference electrode.) The data demonstrate 
that the MTA anode operates with very little polariza- 
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tion. In fact, the anodic potential only decreases by 
about 50 mV as the current density is raised by over 
three orders of magnitude. 

The measured and /R-corrected cathodic half-cell 
polarization curves are shown in Fig. 3. In contrast to 
the anodic half-cell results, the SO2C12 cathode is ob- 
served to suffer considerable polarization, particularly 
at current densities greater than about 100 mA/cm2. 
The/R-free full cell polarization curve is shown in Fig. 
4. 

Summary and Conclusions 
The feasibility of a new seawater battery system 

comprising a magnesium or magnesium alloy anode 
and a liquid oxyhalide cathodic reactant has been dem- 
onstrated experimentally. SO2C12 has been found to be 
the preferred cathodic reactant. Tests have shown that 
the magnesium anode operates with very little polari- 
zation, virtually all of the cell polarization occurring 
at the cathode. Continuing work will seek to identify 
the process or processes responsible for the observed 
cathodic polarization. 
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ones, or superionic conducting glasses, have several 
advantages compared to crystalline ones; higher con- 
ductivities (3, 4), isotropic properties, and ease of thin 
film formation. 

In crystalline superionic conductors the activation 
energy for conduction, E~, is reported to be experi- 
mentally equal to the heat of transport, q*, which is 
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determined from the temperature dependence of 
thermoelectric power, and several papers are pre- 
sented to discuss the ionic transport mechanism of the 
conductors based on such equality between Ee and q" 
(5-9).  

We have found, however, that there is an appreci- 
able difference between E~ and q* in superionic con- 
ducting glass 2AgI-Ag2MoO4 (mole ratio), which 
shows the ionic conductivity as high as 4 X 10 -8 s -1 
cm -1 at room temperature and the transport number 
of unity of silver ions (3, 10). In the present note q* 
of the glass 2AgI.Ag2MoO4 is compared with E~ re- 
ported previously (10). The appreciable difference be- 
tween these values must give a clue to reveal the 
transport mechanism in the glass. 

The thermoelectric power was measured by using the 
cell shown in Fig. 1; the cell can schematically be 
shown as 

Ag(T) /Ag + ion containing glass/Ag(T + AT) [I] 

Chamber 1 in the figure was sunk in a low temperature 
ethyl alcohol-Dry Ice bath cooled with a cooler (Nes- 
lab, Cryoeool Model cc-80II) after it was filled with 
dry nitrogen gas. The temperature of the sample was 
monitored with the thermocouple 8 and regulated with 
a PID temperature controller connected to furnace 2 
so as to achieve no temperature difference between 
the top and bottom surfaces of the sample at a given 
temperature. After keeping the sample at that tem- 
perature for at least 30 rain, the upper heater 3 was 
gradually heated with d.c. to generate the temperature 
gradient in the sample. The thermoelectric voltage ~V 
caused by the temperature difference ~T, smaller than 
2 K, was recorded on an X-Y recorder C. The thermo- 
electric power 0 was determined from the slope on 
the recorder as defined by 

AV = o �9 AT [1] 

The sign convention that e is positive if the hot end 
shows higher potential is followed in this paper. The 
impedance of the amplifier A was 107~ and that of B 
was higher than 10z4~. The measurements were re- 
peated at least 5 times at each temperature. 

The glass preparation technique has been described 
elsewhere (10). Two types of samples were used for 

the thermoelectric power measurement , similar to the 
conductvity measurement: bulk glass and pressed 
pellet of pulverized glass. The pellet contained voids 
of about 4.5%. 

Figure 2 shows the temperature dependence of e; 
circles are for bulk glass and triangles for pellet. A 
very small difference is observed between bulk and 
pellet. The thermoelectric power 0 was expressed by 

q* 
o = - ~ -  + H [~.] 

where q* is so called the heat of transport of silver 
ions and H is a constant. The equation of the straight 
lines was determined by the least squares as 

10a 
0(mY/K) = -- (0.067 ~ 0.00fi) -~-  -- (0.23 + 0.02) [3] 

for bulk glass and 
10a 

0 [ m Y / K )  = - -  (0.059 ~ 0.006) -~- - -  (0.27 ~ 0.02) [4] 

for pellet. 
Table I summarizes q* and o25 (thermoelectric power 

at 25~ together with E~ and g~ (conductivity at 
25~ for comparison (10). As evident from the table 
the discrepancy in properties is very small between 
bulk and pellet, indicating that the bulk diffusion in- 
stead of surface or boundary diffusion controls the 
migration of Ag + ions. The value of q* is appre- 
ciably smaller than E~, in contrast to the crystalline 
superionic conductors (5-9). It is also worth noting 
that q* of the present glass is very close to that of 
~-AgI (1.20 kcal/mole) (7). According to Girvin 
(8, 9) q* is equal to the static barrier height for ion 
hopping and the difference between E~ and q* is ex- 
plained in terms of the phonon coupling. 

It has been reported that the present glass is com- 
posed of Ag § I - ,  and MoO4 ~- ions and some Ag + 
ions show strong partial covalency with oxide ions in 
MoO42- tetrahedra (11). The fact that q* of the glass is 
nearly equal to that of a-AgI must imply that Ag § 
ions contributing to the ionic conduction interact elec- 
trostatically with I -  ions only and thus a part of Ag+ 
ions in glass take part in the ionic conduction; this re- 
sult is consistent with the deduction given in the pre- 

i 
o. 

xl H 

1 : Brass chamber  2 :  Furnace 

3 :  H e a t e r  4 :  Cu block 

5" Mica (0 .05ram)  6"  Sampie  

7 : Ag e l e c t r o d e  ( O . l m m )  

8 : Thermocoup le  

A , B  : A m p l i f i e r s  

C : X-Y reco rde r  

Fig. 1. Schematic diagram of 
the cell for the measurement of 
thermoelectric power. 
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0 . 6 -  o - - o  bulk 
A - - A  pellet 

0 . 4  I z I , , I I [ , , * ~ I , , 

3.5 4.0 4.5 
1000IT (K -~) 

Fig. 2. Temperature dependence of thermoelectric power of 
glass 2Agl �9 Ag2Mo04 (mole ratio). 

vious paper (10). Much detailed study i s  u n d e r  p r o g -  
r e s s  on the heat of transport and the i o n  t r a n s p o r t  
mechanism of superionic conducting glasses, and will 
be published elsewhere i n  t h e  future. 

Table |. Some parameters for ion transport in superionlc 
conducting glass 2Agl - Ag2MoO4 (mote ratio) 

ql  ~ a  
( kca l /  9~ ( kca l /  ~25a 
mole) (mV/K) mole) (~-1 cm-~) 

Bulk glass  1.6 --0.45~ 5.5 4.0 • 10 -a 
Pel le t  1.4 -0.469 5.7 2.9 x 10 ~a 

�9 The  activation energy  for  conduction,  E~, and the  conductivi ty  
at 25~ ~ (10). The  values  of  s  were  determined  by ~ ffi r exp  
( - E ~ / R T  ) .  
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ABSTRACT 

Effects of posi t ive  resist  deve loper  processing on p lasma  e tching cha r -  
acter is t ics  a re  described.  The etch ra te  of po lycrys ta l l ine  silicon was measured  
wi th  and wi thou t  posi t ive res is t  deve loper  processing using a b a r r e l - t y p e  
p lasma etching sys tem and CF4 -F 5% O2 as an etching gas. A cons iderably  a c -  
c e l e r a t e d  etch ra te  was observed  for  po lycrys ta l l ine  sil icon wi th  res idues  of 
posi t ive  res is t  developer .  The accelera t ion is a t t r ibu ted  to NaOH res idues  
adhe red  on the surface, which  act as ca ta ly t ic  agents. The res idual  KOH a l so  
a c c e l e r a t e s  the  e t c h  ra te  of p o l y c r y s t a l l i n e  s i l i con.  

Plasma  e t c h i n g  has  become a promis ing  technique 
for  de l ineat ion  of pa t te rns  in po lycrys ta l l ine  Si (poly-  
S i ) ,  SigN4, and SiO~ dur ing  the manufac tu re  of in te -  
g ra ted  circuits. Pa r t i cu l a r l y  for poly-Si ,  p lasma etching 
t a k e s  the  place of a wet  process wi th  HF-HNOs solu- 
t ion since i t  is s impler ,  more  economical,  and capable  of 
au tomat ic  operat ion.  Using CF4 or  CF4 -F 02 as an 
e tching gas, pressure  dependences  or r f  power  depend-  
ences of  etch ra te  are  wide ly  examined  ( 1 - 3 ) i n  ad-  
d i t ion to the influence of i m p u r i t y  doping in po ly -S i  
(4). In  o rder  to improve  the cont ro l lab i l i ty  or  r epea t -  
abi l i ty,  effects of var ious  pa rame te r s  in the photo-  
l i thographic  process should also be invest igated.  Zel ley  
has r epor ted  (5) tha t  organic  residues associated wi th  
a nega t ive  res is t  developer  sequence can exe r t  a ma jo r  
influence on p lasma etch ra te  and  un i fo rmi ty  of Si3N4. 
I t  is also concluded tha t  the use of a posi t ive res is t  
is  the best  solut ion to the  p rob lem by avoiding the 
t roublesome res idues  al together .  However  the resul t  
was l imi ted  to SisN4 and the detai ls  of the  posi t ive 
develop process, such as components  of the developer,  
were  not  c lea r ly  described.  There  are two types  of de-  
veloping solut ion for posi t ive resist ;  one is a nonmeta l  
deve loper  and the o ther  contains a lka l ine  meta l  com- 
pounds.  The  fo rmer  is infer ior  in resolut ion of fine 
p a t t e r n  del ineat ion,  a l though it  avoids a lka l ine  meta l  
contaminat ion.  

This pape r  describes,  for the first t ime, effects of 
posi t ive resis t  developer  processing on p lasma etching 
character is t ics  of boron (B) doped poly-Si .  Here an 
AZ developer  was used as a posi t ive resis t  developer.  
AZ deveIoper  res idues  resu l t  in  a cons iderably  fas ter  
etch ra te  than  is exper ienced  wi th  v i rgin  wafers  and 
in cons iderab ly  poorer  etch un i fo rmi ty  and r epea t -  
abil i ty.  The  enhancement  is a t t r ibu ted  to NaOH ad-  
hered  on the po ly -S i  surface dur ing  the photo l i tho-  
graphic  process, which acts as a ca ta ly t ic  agent.  The 
res idual  KOH also accelerates  the  etch ra te  of poly-Si .  
In  addit ion,  i t  is found tha t  the etch ra te  of po ly -S i  in 
CF4 (5% 02) decreases wi th  B concentrat ion,  a resul t  

Present address: Nippon Telecommunication Engineering Com- 
pany, Tokyo 180, Japan. 

Key words: plasma etching, polycrystalline silicon, adhesive 
alkali, accelerated rates. 

which is con t ra ry  to the  case of phosphorus  d o p i n g  
(4). 

Experimental Procedure 
The rf  p lasma  uni t  (IPC-2005T, manufac tu red  by  

In te rna t iona l  P lasma  Corpora t ion)  was used in this 
study.  In  this type  of appara tus ,  an a luminum tunnel  
was inser ted  into the quar tz  chamber,  so tha t  the 
etch process consisted of the chemical  react ion of neu-  
t ra l  f ree radicals  w i th  the wafers.  On loading the 
wafers  into the  chamber ,  i t  was evacuated  to 0.01 
Tor r  and then filled wi th  n i t rogen to a pressure  of 
0.5 Torr.  RF  power  (13.56 MHz, 400W) was appl ied  to 
raise the wafer  t empe ra tu r e  up to 50~ The chamber  
was reevacua ted  and the e tchant  gas of CF4 (5% O~ as 
a minor  const i tuent)  was int roduced,  while  ma in ta in -  
ing at  a pressure  of 0.5 Torr .  RF power  of 100W was 
app l ied  and the p lasma  was exci ted  for  a g iven  t ime. 
The t empe ra tu r e  of the  wafers  was 50 ~ ,~ 70~ dur ing  
p lasma etching. 

Boron-doped  po ly -S i  films were  obta ined on SiO2 
from an SiH4-BCI3-H2 mix tu re  a t  600~ in an a i r -  
cooled r ad ia t ion -hea ted  hor izonta l  reactor .  Boron con- 
centra t ions  ranged  f rom 2 • 10 TM ,~ 3 X 1021 am -3. 
Here  B concentrat ions  were  measured  using me thy lene  
b lue  color imetr ic  analysis  (6), where  the po ly -S i  films 
covered wi th  CVD SiO2 0.1 ~m in thickness were  en-  
t i r e ly  oxidized in a wet  oxygen  ambien t  fol lowed b y  
dissolution in HF aq. solution. The detai ls  of this p ro-  
cedure were  descr ibed in a previous  paper  (7). 

The etched thickness of po ly -S i  was measured  by  two 
methods;  (i) Ta l lysur f  measuremen t  using a pa in ted  
resis t  as a mask,  and  (ii) ref lectometer  (Nanospec AFT, 
manufac tu red  b y  Nanometr ics  Incorpora ted)  readings.  

As the posi t ive developer  process, an AZ developer  
manufac tu red  by  Ship ley  Company Incorpora ted  was 
employed.  NaOH or KOH solutions were  also used in 
o rder  to invest igate  etch ra te  enhancement .  

The surface contaminat ion  of the po ly -S i  was mea -  
sured  by  x - r a y  photoelec t ron spectroscopy (XPS) .  The 
photoelect ron spect ra  were  obta ined  wi th  a PHI  Model 
590 photoelect ron spec t romete r  manufac tu red  by  
Phys ica l  Electronics  Industr ies ,  Incorpora ted  using 
MgKa excitat ion.  The typica l  res idual  pressure  in this 
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sys tem was in the  10 -9  Torr  range. In  o rder  to obta in  
dep th  profiles, Ar  sput te r ing  was done wi th  a beam 
cur ren t  of 25 m A  and a beam vol tage  of 1 kV, at  a 
p ressure  of 5 X 10 -5 Tort .  

Results and Discussion 
Intrinsic etch rate of B-doped poZy-Si.--First, the 

e t c h  ra te  of  B-doped  po ly -S i  was measured  wi thout  
photol i thographic  t rea tment .  F igure  1 shows the etched 
thickness of B-doped  po ly -S i  vs. etch t ime wi th  B 
concentra t ion as a parameter ,  where  the po ly -S i  was 
etched almost  l i nea r ly  wi th  etch time. I t  is found tha t  
the  etch ra te  decreases wi th  B concentrat ion,  f rom 
3200 A / r a i n  for  undoped to 480 A / m i n  for  8 X 1021 
cm -a  B-doped  poly-Si .  The s imi lar  decrease  of etch 
ra te  was also observed in B ion implan ted  poly-Si .  
The boron concentra t ion dependence  of etch ra te  is 
con t ra ry  to the P doping case (4) as wel l  as B con- 
cen t ra t ion  dependence  of g rowth  ra te  (8). 

I m p u r i t y  dependence  of p lasma  etch ra te  seems to 
be cor re la ted  to sur face  potent ia l  of poIy-Si ,  as we11 
a s  impur i t y  dependence  of g rowth  ra te  (9). In  the 
c a s e  of po ly -S i  g rowth  using SiH4 wi th  82H6 or  PH~ 
as  a dopant  gas, the surface potent ia l  dur ing  the growth  
is ma in ta ined  to be posi t ive or  negat ive  because of 
e lect ron deficiency or  excessiveness re la t ive  to intr insic  
silicon, respect ively.  Na tu ra l ly  a s imi lar  surface p o -  
ten t ia l  should be ma in ta ined  dur ing  p lasma etching. A 
change in the  surface potent ia l  affects the adsorpt ion  
ra te  of Sill4 or  desorpt ion  ra te  of SiF4 a n d / o r  react ion 
veloci ty  at the surface. F i r s t  let  us consider  the effects 
of surface potent ia l  on adsorpt ion  or  desorpt ion rate.  
F rom a chemical  point  of view, Sill4 (SiF4) gas has 
the  pa r t i a l  ionic S i + - H  - (9, 11) ( S i + - F  - )  bond re -  
sul t ing in mak ing  Sill4 (S iFt )  a molecule  wi th  four 
nega t ive  charged hydrogen  (fluorine) a toms su r round-  
ing a posi t ive charged a tom in the  center.  Therefore  
i t  is thought  tha t  the enhanced growth  ra te  wi th  B 
doping is due to posi t ive surface potent ia l  which 
a t t rac ts  SiI-I4 molecules  and the reduced  growth  ra te  
wi th  P doping to negat ive  surface potent ial .  In  a case 
of  p lasma  etching of po ly  Si, the etching process can 
be descr ibed as fol lows (2) :  Si  + 4F --> SiF4 ?. The 
posi t ive surface potent ia l  of B-doped  po ly -S i  is 
thought  to a t t r ac t  and re ta rd  the reduct ion of SiF4 
molecules  f rom the surface, which therefore  resul ts  in 
a. decrease  in  p lasma  etch ra te  wi th  B concentrat ion.  

As for react ion velocity,  i t  is thought  tha t  surface 
potent ia l  undoub ted ly  p lays  an essential  role before  
decomposi t ion or chemical  reaction.  A change in the 
surface potent ia l  affects in terac t ion  of the reac tan t  F 
a tom wi th  the surface, p robab ly  resul t ing  in  l a r g e r  
reac t ion  rate.  

EJIects of developing sequence on etching character- 
istics.--A long subsequent  r inse of wafers  wi th  wa te r  
a f te r  deve lopment  occasional ly  resul ts  in l i f t ing of 
the resis t  pa t t e rns  of IC's. This l imits  the r inse t ime 
and gives r ise to res idues  of the deve loper  on the sur -  
face of the  wafer .  

Etched thickness  was measured  on the po ly -S i  which 
was d ipped in an AZ developer  and r insed for 1 min  
in  DI (deionized) water .  The results  a re  shown in 
Fig. 2. L inear  re la t ionships  be tween  etched thickness 
and etch t ime are  also observed, as wel l  as for v i rg in  
poly-Si .  F igure  3 summarizes  in t r ins ic  and  accelera ted 
e tch ra te  of B-doped  poly-Si .  E x t r e m e l y  acce lera ted  
etch rates  a re  found in the "dipped"  poly-Si .  P a r -  
t i cu la r ly  for  heav i ly  B-doped  specimens,  the re la t ive  
etch ra te  wi th  and wi thout  the developing sequence is 
ve ry  la rge  compared  wi th  the  undoped  one. I t  is 
noted tha t  the  resis t  itself, not  used in the developing 
sequence, was not  in te rac t ing  with  the p lasma  to 
influence etch rate.  The acce lera ted  e tch ra te  is inde -  
penden t  of B concentrat ion,  the resul t  of which wil l  
be discussed in the  next  sect ion in connection wi th  the 
mechanism. With  increas ing r inse t ime in DI water ,  
the  enhanced effect is e l imina ted  (Fig. 4). A 10 min 
r inse br ings  per formance  in line wi th  the intr insic  
etch ra te  a l r eady  es tabl ished in Fig. 1. That  is, the 
etch ra te  is ac tua l ly  accelera ted  by  the presence of 
the residues,  wi th  the  fa in ter  traces appa ren t ly  exe r t -  
ing the  influence. The un i formi ty  of etch ra te  appears  
to be re la ted  to the un i fo rmi ty  of d is t r ibut ion  of the 
t race residues. 

I t  is noted tha t  the residues are  so insignificant when 
it  comes to convent ional  wet  processing that  they  
exe r t  abso lu te ly  no influence whatsoever  on the normal  
etching process, such as HF-HNO8 solution. 

Behavior of alkaline residues during plasma e t c h . -  
Since i t  is known that  the AZ deve loper  contains 
NaOH as a ma jo r  component,  (13), e tch ra tes  of 
po ly -S i  were  measured  af ter  d ipping NaOH solut ion 
wi th  var ious  concentrat ion.  Here  spinning of wafers  
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Fig. 1. Etched thickness of poly-Si vs. etch time, with B concen- 

tration as a parameter. 
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Fig. 2. Etched thickness of dipped poly-Si vs. etch time 
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Fig. 3. Intrinsic and accelerated etch rate of poly-Si a s a function 
of B concentration. 

fol lowed the dipping.  F igure  5 shows the re la t ionships  
be tween  the etch ra te  of po ly -S i  and  the pH of the 
NaOH solution. The enhancement  of the e tch ra te  was 
observed  wi th  increas ing NaOH concentra t ion in the  
solution. Wi th  increas ing concentrat ion,  the  un i fo rmi ty  
of  etch ra te  becomes poor, which is r e la ted  to the  
poor  un i fo rmi ty  of NaOH dis t r ibu t ion  adhered  on the 
po ly -S i  surface. A s imi la r  enhancement  is also ob-  
served  in the  case of "dipping" in  KOH solut ion as 
shown in Fig. 4. Therefore  it can be concluded that  
a lka l ine  res idues  such as NaOH or  KOH on the po ly -S i  
surface are  responsible  for  enhancement  of the  etch 
rate.  

( I 1 I I 1 I I ' !  1 t �9 
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"~,,,,,,,,,/I00 Watt 
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Fig. 4. Dependence of etch rate on rinse time after dipping in an 
developer. 
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Fig. 5. Dependence of etch rate on pH of dipping NoaH or 

KOH. 

XPS measurements  were  done in  o rder  to confirm 
tha t  res idual  NaOH exists  on the  po ly -S i  surface. F ig -  
ure  6 shows an  Na ls  photoelect ron spectrum,  which  is 
r e l a t ive ly  easy  to detect,  f rom the po ly -S i  surface:  for  

.. ~Na Is (I) 

(2) VIRGIN 

(3) AS-DIPPED 

(4) DIP, 3min.ETCH 

(5) 
DIP§ ETCH 

(6) DIP+CLEAN 

DIP§ CLEAN*ETCH 
I I 

1085 1065 eV 
Fig. 6. XPS spectra of poly-Si (CB = 3 X |0 ~1 cm -3)  surface 

with various treatment. 
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(1) virgin, (2) as-dipped, (3) dip + 3 min plasma- 
etched, (4) dip -I- 5 rain plasma-etched, (5) dip + 
cleaned, and (6) dip -I- clean + 10 rain plasma-etched 
poly-Si. The dipping was done in NaOH solution with 
a pH of 9.2 followed by spinning. Using an H2SO4 + 
H202 mixture, the wafers were cleaned after the dip-  
ping. Residual Na was observed both for as-dipped and 
for the 3 and 5 rain plasma-etched poly-Si  surface, 
which indicates that NaOH remains on the poly-Si 
surface even during plasma etching. It is thought that 
adhered NaOH acts as a catalytic agent to accelerate 
the etch rate. 

The depth profile of adhesive Na is shown in Fig. 7; 
intensity of Na ls emission vs. sputtering time for the 
poly-Si, as-dipped, and dip + 3 rain plasma-etched 
poly-Si,  where 1 rain sputtering corresponds to 10A 
sputtering of a single Si wafer. Adhesive Na is near 
the surface of the as-dipped poly-Si, probably within 
50A estimating from the sputter time. Even for plasma- 
etched poly-Si, Na exists only near the surface, al-  
though it  distributes twice as deep as for as-dipped 
poly-Si. The total amount of Na is almost constant- 
independent of plasma etch time. Therefore it is con- 
firmed that  adhesive alkali acts as a catalytic agent 
to accelerate etch rate and that the acceleration is not 
a bulk effect. 

It is of interest that  the intrinsic etch rate  decreases 
with B concentration and the accelerated etch rate is 
independent of B concentration, as shown in Fig. 3. A 
specific mechanism by which the etch rate can be ac- 
celerated is as yet  not clear, but some general com- 
ments can be made. As mentioned before, a decrease 
in the intrinsic etch rate with B concentration is corre- 
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Z 

m,m 

I 

o S Ibis 
SPUTTER TIME (rain.) 

Fig. 7. Depth profile of No Is emission intensity 

lated to a change in the surface potential of B-doped 
poly-Si. Similarly it is thought that P doping exerts 
the surface potential negative, which results in an 
increase in etch rate with P concentration (4). Accord- 
ing to these explanations, it seems that the poly-Si 
surface changes to negative, independent of B con- 
centration owing to excess OH-  species similar to an 
SiO2 surface (14, 15) or owing to an electric double 
layer such as Na + OH-  having the negative end 
towards the vacuum. The negative surface potential 
allows SiF4 molecules to desorb easily from the poly-Si 
surface. Another possibility is that the interaction of 
the reactant F atom with silicon at the surface is ac- 
celerated owing to a change in the surface potential. 

Cleaning in an H202-H2SO4 mixture after the dip- 
ping can eliminate both the adhesive alkali and the 
etch rate enhancement. There are other methods avail-  
able to clean the surface of wafers. Sufficient rinsing 
in DI water  or a dilute acid dip also can accomplish 
the elimination of the enhancement, which results in 
the intrinsic etch rate. Since there is no method 
available to obtain a uniformly adhered surface, pro- 
viding a residue-free surface by the method men- 
tioned above is necessary in order to obtain improved 
uniformity and reproducibil i ty of etch rate from run 
to run. 
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Studies of the Growth and Oxidation of MetaI-Silicides 
Using Radioactive  lSi as Tracer 

R. Pretorius 

Southera Universities Nuclear Institute, Faure 7231, South A]rica 

ABSTRACT 

Radioactive sISi marker experiments show that the metal is the diffusing 
species dur ing  NisSi and  PtsSi  formation,  whereas  both  Pd  and Si diffuse 
during Pd2Si growth. The format ion  of CrSi~ on Pd2Si was also investigated. 
At  low t empera tu re s  (480~ sil icon was found to be p r i m a r i l y  transported 
directly f rom the Si(100) subs t ra te  by  gra in  b o u n d a r y  a n d / o r  in te r s t i t i a l  
diffusion th rough  the Pd2Si layer .  At  h igher  t empera tu re s  substitutional 
(vacancy)  diffusion of sil icon s ta r ted  to be predominant ,  unt i l  a t  temperatures 
of about  650~ complete  in t e rmix ing  be tween  rad ioac t ive  and nonradioac t ive  
Si took place be tween  the  Pd2Si and Cr~Si layers.  Tracer  s tudies  of  the 
steam oxidat ion  of CoSi~ indicate  tha t  si l icon diffuses th rough  the CoSis l aye r  
by  a subs t i tu t ional  (vacancy)  mechanism dur ing  SiO2 formation.  The mea- 
sured ac t iv i ty  profile in the SiO2 l aye r  shows tha t  g rowth  takes  place  at the 
CoSi2/SiOs interface and that oxygen is the diffusion species through the SiO~ 
layer. 

A more comprehensive unders t and ing  of the  in t e r -  
diffusion and reac t ion  be tween  components  of thin 
film s t ruc tures  can be obta ined  by  using sui table  
tracers of the re levan t  atomic species. Stable  or  rad io-  
act ive isotopes are  the most sui table  for such purposes  
as the i r  phys ica l  and chemical  proper t ies  a re  ident ical  
to those of the  e lement  which is to be traced.  The 
three main  questions, which are  to be answered  in 
such invest igat ions  are, wha t  is the  diffusing species, 
what is its rate of diffusion, and  by  wha t  mechanism 
does i t  diffuse? 

A sui table  t racer  for  s tudying  thin film s t ructures  
used in  sil icon semiconductor  technology, is r ad io -  
act ive 81Si, which can be formed dur ing  i r rad ia t ion  of 
na tu ra l  si l icon in a nuclear  reactor ,  by  the react ion 
80Si(n, 7)slSi.  A l though  80Si on ly  has a na tu ra l  abun-  
dance of 3.1 a tom percent  (a /o )  and no twi ths tanding  
i ts  low the rma l  neu t ron  cross section of 0.10 barns,  
sufficient 81Si rad ioac t iv i ty  is fo rmed for  i ts prac t ica l  
use as a t racer .  Silicon-31 can be read i ly  measured,  as 
i t  decays wi th  a ha l f - l i fe  of 2.62 hr  by  the emission of 
be ta -pa r t i c l e s  ( m a x i m u m  energy  = 1.48 MeV) for 
99.93% of i ts dis integrat ions.  

To ca r ry  out  such t r ace r  exper iments ,  i t  is necessary 
to c rea te  cer ta in  regions in the s t ruc ture  where  the 
sil icon atoms are  rad ioac t ive  and other  regions where  
they are not. This can usua l ly  be achieved by  a p roper  
choice of expe r imen ta l  p rocedure  and conditions du r -  
ing the  p repa ra t ion  of the thin film structure.  By 
measur ing  the posi t ion or  r ad ioac t iv i ty  profile of the 
t racer  before  and af te r  annealing,  in format ion  about  
the diffusing species, as wel l  as the ra te  and mechanism 
of diffusion m a y  be obtained.  

In  this pape r  a r ev iew is given of the use of rad io-  
act ive 8zSi as t racer  for s tudying  the format ion  and 
oxida t ion  of metal-s i l ic ides .  Some new resul ts  are  also 
reported. 

Experimental 
Thin film s t ructures  were  p repa red  by  e lect ron beam 

evapora t ion  onto single crys ta l  sil icon subst ra tes  (about  
1 cm 2 in size) a t  pressures  of about  5 X 10 -7 Torr.  
Sequent ia l  deposit ions were  car r ied  out by  using a 
mul t ip le  hear th .  Before the evapora t ion  of rad ioac t ive  
silicon, care was taken  to first wash  i t  in organic 
solvents,  fol lowed by  etching in an HF:  HNO3 solution, 
in o rde r  to remove any possible in te r fe r ing  radio= 
ac t iv i ty  due to surface contaminat ion  which could have 
t aken  place pr io r  to i r r ad ia t ion  in the nuclear  reactor .  

Key words: thin films, diffusion, mechanism, marker. 

Samples  were  annea led  in a vacuum tube furnace 
at pressures  be low 1 • 10 - s  Torr,  and for the oxidat ion  
studies, hea ted  at  t empera tu res  be tween  800 ~ and 
1000~ in a tube furnace  th rough  which s team flowed 
at  a tmospher ic  pressure.  The posi t ion or  ac t iv i ty  profile 
of the radioac t ive  ~lSi in the sample,  was de te rmined  
by  a combinat ion  of chemical  or  ion beam etching, 
r ad ioac t iv i ty  measurement ,  and  Ru the r fo rd  back -  
scat tering.  

Results and Discussion 
Silicide formation and silicon self-dif]usion.--Identi- 

fication of the dominan t  diffusing species and i t s  diffu- 
sion mechanism is crucial  to a fu l le r  unders tand ing  
of si l icide growth.  Imp lan ted  noble gas marke r s  such 
as Xe and A r  have  been f ru i t fu l ly  used as diffusion 
marke r s  in thin film studies (1-4),  bu t  un fo r tuna te ly  
they  do have some inheren t  d isadvantages :  (i) the 
in t roduct ion  of foreign atoms into the sys tem could 
affect the kinet ics  and mechanism of sil icide format ion;  
(ii) rad ia t ion  damage in t roduced d u r i n g  m a r k e r  im-  
p lan ta t ion  m a y  also influence silicide format ion  and 
should first be removed  by  appropr i a t e  anneal ing;  (iii) 
solubi l i ty  effects could cause dragging  of the  m a r k e r  
at  the interface,  t he reby  giving er roneous  results;  (iv) 
the choice of m a r k e r  e lements  and of sil icides which 
can be  s tudied is res t r ic ted  because  backsca t te red  
par t ic les  f rom the m a r k e r  must  be d is t inguishable  
f rom those par t ic les  sca t tered  f rom silicon and meta l  
atoms; and (v) the technique only gives in format ion  
about  mass movement  pas t  the marke r :  no i n f o r m a t i o n  
is obta ined  about  the mechanism of the  diffusion 
process. Other  approaches  to ident i fy ing  the diffusing 
species dur ing  silicide format ion  have been the deposi-  
t ion of a thin discontinuous iner t  meta l  l ayer  on the 
sil icon surface fol lowed by  the deposi t ion of the 
sil icide forming meta l  (5), measuremen t  of the r e l a -  
t ive movement  of the in terface  be tween  two different  
sil icide phases (6), and the use of a meta l  m a r k e r  
having s imi lar  physical  and chemical  proper t ies  to 
tha t  of the meta l  in the meta l - s i l i c ide  to be s tudied 
(7, 8). 

We have used rad ioac t ive  31Si as a m a r k e r  for 
s tudying  Ni2Si, Pd2Si, and Pt2Si format ion  (9, 10). In  
this approach  a few hundred  angs t rom of rad ioac t ive  
silicon is first deposi ted onto the silicon substrate ,  
fol lowed immed ia t e ly  by  the deposi t ion of a few 
thousand angs t rom of the metal .  When  the sample  
is heated a sLicide is first formed with  the rad ioac t ive  
silicon. Upon fu r the r  sil icide format ion  (see Fig. 1) 
this band of rad ioac t ive  si l icide can move to the 
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Fig. 1. Schematic diagram showing how radioactive silicon or a 
radioactive metal marker can be used to determine the diffusing 
species and mechanism daring metal silicide formation. 

surface of the sample  if  si l icide format ion  takes place 
by  diffusion of the meta l  or  by  silicon subst i tu t ional  
(vacancy)  diffusion. However ,  if the band  of r ad io -  
act ive si l icide stays at  the sil icon subs t ra te  in ter face  
i t  can be concluded that  silicon diffuses b y  in te rs t i t i a l  
a n d / o r  g r a i n - b o u n d a r y  diffusion. A p a r t  f rom these 
two l imi t ing  cases Lhe m a r k e r  could be loca ted  some-  
where  in the middle  of the sil icide layer ,  if sil icide 
fo rmat ion  takes  place by  in te rs t i t i a l  or gra in  bounda ry  
diffusion of both the  me ta l  and  silicon atoms, the  
exact  posi t ion depending on the re la t ive  diffusion 
ra tes  of both  species. The informat ion  obta ined  when  
using a s table  or rad ioac t ive  isotope of the meta l  as 
m a r k e r  is also ind ica ted  in Fig. 1. I t  can be seen tha t  
a unique answer  r ega rd ing  the iden t i ty  of the diffusing 
species and its mechanism of diffusion is obta ined  
when using both meta l  and sil icon markers ,  the only 
except ion being the case where  the sil icon m a r k e r  is 
a t  the  surface and the me ta l  m a r k e r  at  the si l i -  
con/s i l ic ide interface.  I t  should also be po in ted  out  
tha t  this approach  cannot  dis t inguish be tween  grain  
bounda ry  and in te rs t i t i a I  diffusion. 

The slSi ac t iv i ty  profiles for Ni2Si, Pd2Si, and PtSi  
fo rmat ion  are  given in Fig. 2. The calcula ted ac t iv i ty  
profile at the silicon subs t ra te  in terface  immed ia t e ly  
af te r  in i t ia l  sil icide format ion  is also shown (dashed 
l ines) .  The movement  of the ac t iv i ty  to the surface of 
the Ni~Si and PtSi  samples  indicates  tha t  the  me ta l  
is the diffusing species or  tha t  Si diffuses subs t i tu t ion-  
a l ly  dur ing  Ni2Si format ion  and first phase fo rmat ion  
of Pt2Si. For  Pd2Si one can deduce tha t  diffusion of 
both  Pd and Si a toms p robab ly  occurred dur ing  silicide 
format ion  in o rder  to obta in  a m a x i m u m  ac t iv i ty  
somewhere  nea r  the  midd le  of the  silicide. 

I t  is in te res t ing  to note tha t  the ac t iv i ty  profiles 
for P tS i  and Ni2Si a re  st i l l  in a wel l -def ined band, 
a l though Ni2Si shows some broadening.  The sha rp -  
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Fig. 2. Silicon-31 activity profiles, measured after complete silicide 
formation. Calculated activity profile after initial silicide formation 
is also shown (dashed line). From Ref. (10). 

ness of the PtSi  and Ni2Si profiles indicate  that  the 
mobi l i ty  of silicon in these silicides is ve ry  low, the reby  
prov id ing  fu r the r  evidence tha t  the  me ta l  is the d i f -  
fusing e lement  dur ing  thei r  formation.  I t  is also 
in te res t ing  to note tha t  the  Pd2Si has an ac t iv i ty  tai l  
r igh t  to the  surface of  the  sample  (Fig. 2). In  our  
discussion of the movement  of the ini t ia l  band of 
rad ioac t ive  m a r k e r  (see Fig. 1) we have  only taken 
into considerat ion atomic diffusion in solids, by  "pure"  
in te rs t i t i a l  or g ra in  bounda ry  diffusion or  "pure"  
subst i tu t ional  (vacancy)  diffusion. There  are, however ,  
o ther  diffusion mechanisms,  which should also be 
taken  into account (11). We thus bel ieve tha t  not  
only  the genera l  d i sp lacement  of the ini t ia l  band  of 
rad ioac t iv i ty  is impor tant ,  but  tha t  the whole  shape of 
the ac t iv i ty  profile should be considered. 

The resul ts  we have obta ined for Ni2Si and Pd2Si 
fo rmat ion  are  consistent  wi th  measurement s  using i m -  
p lan ted  noble gas ma rke r s  (1, 2). Our  resul ts  for  
Pt2Si format ion  do, however,  differ f rom those ob-  
ta ined by  o ther  techniques which indicate  tha t  both  
P t  and Si diffuse dur ing  silicide format ion  (6). 

If  the si l icide is hea ted  to st i l l  h igher  tempera tures ,  
the mobi l i ty  of the  Si a toms increases and the band 
of rad ioac t iv i ty  (Fig. 3, top)  s ta r t s  to spread  out  in 
the sil icide due to self-diffusion of  the sil icon atoms. 
Af te r  heat ing the sample  for  20 min  at  570~ the 
ac t iv i ty  for both PtSi  and  PdsSi spreads  out  com-  
p le te ly  due to complete  mix ing  of rad ioac t ive  and 
nonradioac t ive  sil icon a toms (Fig. 3, bo t tom) .  By care-  
ful measurement  of the  ac t iv i ty  profile as a funct ion 
of t ime or t empera ture ,  the  self-diffusion coefficient 
and ac t iva t ion  coefficients for  si l icon diffusion in me ta l -  
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silicides can be determined. Such measurements are 
now in progress. 

CrSi~ formation on Pd2Si.--When CrSi2 is formed 
on Pd2Si it is of interest to know whether silicon is 
supplied for such growth from the silicide layer or 
directly from the single crystal silicon substrate. We 
have investigated this problem by using radioactive 
silicon-31 to mark the Pd2Si layer. By determining 
whether radioactive silicon atoms are incorporated 
into the CrSi2 layer during its growth one can obtain 
information on the mechanism of the CrSi2 growth. 

In Fig. 4, Rutherford backscattering spectra for 
CrSi2 formation on Pd~Si are shown. When the as- 
deposited virgin sample [Fig. 4 (a)] is heated at 400~ 
for 6 rain the Pd reacts with the radioactive amorphous 
silicon above it and with the Si(100) substrate to form 
Pd2Si. It can be seen [Fig. 4(b)]  that all the radio- 
active silicon marker is consumed during Pd2Si forma- 
tion and that the Cr signal remains unchanged indi- 
cating that no CrSi2 forms at this temperature. How- 
ever, upon heating at higher temperatures, CrSi2 
forms on the surface of the sample as can be deduced 
from the appearance of the silicon signal from CrSi2 
at the surface position [Fig. 4(c)]. After complete 
CrSi2 formation, the CrSi2 surface layer was selectively 
removed by etching the sample in dilute HF (20%), 
which attacks CrSi2 but not Pd2Si or silicon. Because 
HF forms gaseous SiF4 with the silicon in CrSi2 the 
activity in the etchant solution could not be measured 
and the silicon radioactivity left in the PdeSi layer 
was thus determined by measuring the activity in the 
sample before and after removal of the CrSi2 layer. 

In Fig. 5 the percentage of the activity left in ~he 
Pd2Si layer after CrSi2 formation is plotted as a func- 
tion of CrSi2 (D-value) thickness. From the activity 
profile in Pd2Si (Fig. 2) the percentage activity left 
in the Pd~Si layer during CrSi2 growth was calculated 
(see curve A in Fig. 5) for the case in which silicon 

is supplied by substitutional (vacancy) diffusion 
through the Pd2Si layer. During this type of diffusion, 
the silicon in the Pd2Si layer is effectively displaced 
from the bottom upwards by nonradioactive silicon 
atoms entering from the single crystal silicon sub- 
strafe, and as would be expected, all the radioactive 
silicon atoms are displaced from the Pd~Si layer for 
D = 1. In practice this would happen at a value 
slightly higher than D = 1 owing to the statistical 
nature of diffusion. Thus silicon atoms supplied from 
the substrate in effect "push" the radioactive silicon 
from the Pd2Si into the growing CrSi2. This would 
be similar to the mechanism found for silicon diffusion 
through Pd=Si during solid-phase epitaxiaI growth of 

~< s i l i c o n - -  

5i000) 

1 
I 
I 
I 
I 
P 

1 5 i 0 o o )  

L I 
I 
I 

I I 
2000 

Fig. 3. Activity profiles mea- 
sured in PtSi and PdsSi. Due to 
the high mobility of silicon in 
these sillcldes at 570~ the 
radioactive 31Si has spread OUt 
and complete mixing between 
radioactive and nonradioactive 
silicon has taken place. 

s i l i con  in the Si(lO0)/Pd~.~i/Si (amorphous) system 
(12). 
At temperatures higher than about 570~ the self- 

diffusion rate of silicon in Pd2Si is so high that com- 
plete intermixing of radioactive and nonradioactive 
silicon atoms in the Pd2Si layer takes place within 20 
min (see Fig. 3). It is clear that, for CrSi~ formation 
on Pd2Si at such temperatures, all the radioactivity in 
the Pd2Si layer can never be removed during sub- 
stitutional diffusion of silicon, regardless of the thick- 
ness of the CrSi2 layer. Curve B in Fig. 5 was calcu- 
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Fig. 4. Rutherford backscattering (2 MeV alpha's) showing 
CrSi2 growth on Pd2Si. Vertical arrows indicate energy of alpha 
particles scattered from surface. 
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lated for conditions such that complete equilibrium is 
immediately obtained between radioactive silicon 
atoms in the Pd2Si layer and nonradioactive silicon 
atoms entering from the single crystal substrate. As 
the CrSi~ layer grows, the percentage activity in the 
Pd2Si layer decreases exponentially with D, and curve 
B is given by 

% activity -- 100 exp -- D [1] 

Curve C is calculated for the case in which silicon 
self-diffusion is very high in both the Pd2Si and CrSi., 
layers. In this case complete intermixing between 
radioactive and nonradioactive silicon atoms takes 
place throughout both silicide layers. The relationship 
between the percentage activity left in the Pd~Si 
layer and D is then given by 

% activity = 100/(1 + D) [2] 

Another possible mechanism of supplying silicon to 
the growing CrSi2 layer would be by grain boundary 
or "pure" interstit ial (no interaction with Si atoms in 
the Pd2Si lattice) diffusion of nonradioactive Si atoms 
directly from the single crystal substrate. In this case 
no radioactive silicon atoms will be incorporated into 
the CrSi2 layer (see curve D in Fig. 5). From Fig. 5 
it  can be seen that our measurements are located be- 
tween cases C and D, which indicates that the silicon 
for CrSi~ growth is being supplied from both the single 
crystal substrate and the Pd2Si layer. 

The most striking feature of the data is that the 
supply of silicon for CrSi2 growth comes in par t  di-  
rectly from the silicon substrate without interaction 
or exchange with the silicon atoms in the Pd2Si 
layer. For D = 1, about 50-75% of the silicon is sup- 
plied directly from the silicon substrate without 
exchange. We believe that grain boundary and/or  
intersti t ial  diffusion is the most l ikely mechanism for 
this supply. 

As the CrSi2 formation temperature is increased, the 
amount of radioactive silicon left in the Pd2Si layer 
decreases, showing that there is more exchange be- 
tween the radioactive silicon and the silicon atoms 
from the substrate during passage through the silicide 
layers. It is not possible for the silicide to act as a 

static lattice; instead the Pd2Si bonds will be broken 
and reformed at the temperature of CrSi2 formation. 
Curves A, B and C in Fig. 5 apply to such a bond- 
breaking diffusion mechanism. However, in the case 
of curves B and C, the self-diffusion rate of silicon is 
much higher than the growth rate of CrSi~. 

We conclude, therefore that the silicon is pr imari ly  
transported directly from the substrate by grain 
boundary and/or  intersti t ial  diffusion. At higher tem- 
peratures there is more exchange between this silicon 
and the radioactive silicon atoms present in the 
palladium silicide layer, so that  in effect, silicon is 
supplied from both the substrate and the underlying 
Pd2Si layer. At still higher temperatures our results 
begin to indicate a complete intermixing of radioactive 
and nonradioactive silicon between the CrSi~ and 
Pd2Si layers (see curve C in Fig. 5). 

The investigation of CrSi2 growth on Pd2Si and 
PtSi, by using radioactive 31Si as a marker, is described 
in greater detail elsewhere (13). 

,Oxidation of CoSi~.~There is much interest in the 
oxidation of silicon and metal silicides as the formed 
SiO2 layers can act as electrical insulators in thin film 
semiconductor devices. We have studied the steam 
oxidation of CoSi2 and have used radioactive 3~Si to 
obtain more information about the oxidation 
mechanism. 

Figure 6 shows the Rutherford backscattering spectra 
of the as-deposited virgin sample, silicide formation at 
800~ for 10 rain and the spectrum of the sample after 
oxidation in steam at 1000~ for 30 min. The thickness 
of the formed SiOe layer was determined in three 
ways: (i) measurement of the width of the oxygen 
signal; (ii) measurement of the width of the step due 
to silicon in the SiO~; and (iii) determining the shift 
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of the front edge of the Co signal with respect to its 
surface position. These measurements show that the 
thickness of the Si02 layer is proportional to the 
square root of time, thereby indicating that the oxida- 
tion process is diffusion limited. 

Radioactive tracer experiments were carried out in 
a similar way as that described for the study of CrSi2 
growth on Pd2Si. The CoSi2 was marked with 81Si, 
by first evaporating a few hundred angstrom of radio- 
active silicon onto the Si (100) substrate. After silicide 
formation in a vacuum furnace, oxidation of the CoSi2 
took place at 1000~ in steam at atmospheric pressure. 
Because both CoSi2 and Si0~ are soluble in HF, rf 
ion-beam sputtering was used to selectively remove 
the SiO2 layer. The percentage 31Si activity left in 
the CoSi2 layer was determined by measuring the 
radioactivity in the sample before and after sputtering. 

In Fig. 7 the percentage of the activity left in the 
CoSi2 layer after SiO2 formation is plotted as a func- 
tion of SiO~ (D-value) thickness, where the D value 
again refers to the ratio of the number of Si atoms 
in the SiO2 layer to that in the CoSi2 layer. Curves A, 
B, C, and D have been theoretically calculated for 
different modes of silicon transport through the CoSi2 
layer, and have the same meaning as previously de- 
scribed, namely: A--substitutional (vacancy) diffu- 
sion, B---substitutional (vacancy) diffusion, high self- 
diffusion of silicon in the CoSi2, low self-diffusion 
of silicon in SiO2; C~substitutional (vacancy) diffu- 
sion, high self-diffusion in both CoSi2 and SiO2 layers; 
D~interstitial and/or grain boundary diffusion of 
Si through the CoSi2 layer. 

It is clear from Fig. 7 that our results at 1000~ 
approach case B very closely, which is in contrast 
to the CrSi2 growth on Pd2Si where curve C is ap- 
proached at high temperatures. 

Activity profiles were also measured in the SiO~ 
layer itself. From these results we can see (Fig. 8) 
that the highest concentration of radioactive 31Si is 
at the surface of the sample and that the activity 
decreases exponentially as one moves towards the 
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CoSi2/Si02 interface. Such an activity profile can 
only be obtained if three conditions are fulfilled: 
(i) high silicon self-diffusion at 1000~ in the CoSi2 
layer--this has already been proved to be the case 
(see Fig. 7). (ii) Very low silicon self-diffusion in 
the SiO2 layer. Once the radioactive silicon originating 
from the CoSi2 layer is bound to form SiO2 it becomes 
completely immobile and its activity concentration 
gives a record of the activity concentration in the 
CoSi~ layer at that specific moment. (iii) Oxygen is 
the diffusing species through the growing SiO2 layer 
and growth takes place at the CoSi~/SiO2 interface. 
If silicon was the diffusing species through the SiO~ 
layer, growth would have taken place on the surface 
of the sample. The highest slSi concentration would 
then have been at the CoSi2/SiO2 interface, decreasing 
exponentially towards the sample surface. 

This work is published in greater detail, elsewhere 
(14). 

Summary and Conclusion 
Processes such as silicide formation, silicon self- 

diffusion, and silicide oxidation usually take place at 
temperatures well below the melting points of the 
various components in thin layered structures and 
thus involve atomic motion in the solid state. We 
have shown that radioactive ~lSi can be successfully 
used as a tracer to study the motion of silicon in such 
systems. 

Radioactive silicon when used as a marker can give 
information about the moving species and its mech- 
anism of diffusion during metal-silicide formation. 
The main disadvantage of the technique is that the 
radioactive Si is not an immobile marker and only 
gives a unique answer when silicon is the diffusing 
species. For silicides where the metal is the moving 
species a radioactive metal marker should be used, 
or additional information should be obtained from 
other marker techniques such as implanted noble gas 
markers. Also, for silicides which form at high tem- 
perature the self-diffusion of silicon in the silicide 
may be so large that the radioactive silicon marker 
may spread throughout the silicide layer, thereby 
losing its usefulness as a marker. The radioactive 
silicon marker technique does however have the ad- 
vantage that no foreign atoms are introduced into 
the system, thereby eliminating erroneous results from 
interface dragging. Furthermore, it can be applied to 
all metal silicides and is the only marker technique 
which can give direct information about the diffusion 
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mechanism. For Ni~Si and Pt2Si formation we have 
found that the metal is the diffusing species, whereas 
both Pd and Si diffuse during Pd2Si formation. 

The growth of CrSi2 on Pd2Si has been studied by 
marking the silicon atoms in the Pd2Si layer with 
radioactive 31Si. At low temperatures (480~ we find 
that silicon is primarily transported directly from the 
Si (100) substrate through the Pd2Si layer by grain 
boundary and/or interstitial diffusion. As the tempera- 
ture at which CrSi2 is formed increases, more exchange 
occurs between the radioactive silicon atoms in the 
Pd~Si layer and the nonradioactive silicon atoms from 
the substrate, indicating that a substitutional (vacancy) 
diffusion mechanism of Si through the Pd2Si starts 
to dominate. At 650~ our data suggest that complete 
intermixing of radioactive and nonradioactive silicon 
takes place between the Pd2Si and CrSi2 layers. 

A similar approach was used to study the steam 
oxidation of CoSi~ at 100O~ In this case the silicon 
atoms in the CoSi2 layer were marked with radioactive 
3iSi. By using ion-beam sputtering the radioactivity 
profile in the formed SiO2 layer could also be mea- 
sured. These measurements show that silicon is trans- 
ported through the CoSi2 layer mainly by a substitu- 
tional (vacancy) mechanism. Growth was found to 
take place at the CoSi2/SiO2 interface by oxygen diffu- 
sion through the growing SiO2 layer. These results 
also show that the silicon atoms have a very low self- 
diffusion coefficient in the SiO2 layer and a very high 
self-diffusion coefficient in the CoSi2 layer, at 1000~ 

One of the biggest advantages of using radioactive 
~lSi as a marker is the fact that it has a very convenient 
half-life of 2.62 hr. Enough radioactivity is available 
for measurement, for up to 15 hr after the activation 
of silicon in a nuclear reactor. This is usually long 
enough to complete most of the experiments of the 
type described. Because of its relatively short half- 
life, all the ~lSi activity decays almost completely 
after about 2 days~ thereby minimizing the radiation 
hazards usually associated with the use of radioactive 
tracers. Also, because of the very low penetration of 
beta-particles it is easy to shield the 81Si radioactivity 
thereby further reducing radiation hazards due to 
exposure. Although 81Si also has a gamma-ray of 
1.26 MeV, it is very weak, as it is only emitted for 
0.07% of the ~Si disintegrations. The beta-particle 
(max 8-  energy ---- 1.48 MeV) emitted by 81Si can 
be readily measured with relatively simple and in- 
expensive beta-counting equipment and because of 
the very high purity of semiconductor silicon, no in- 
terfering activities are found during neutron activa- 
tion. Interfering activities due to surface contamina- 
tion do, however, have to be removed after activation. 

Radioactive 8~Si has nuclear properties which lends 
itself readily to use as a tracer. When used in con- 
junction with a depth-sensitive analytical probe such 

as Rutherford backscattering, much valuable informa- 
tion can be obtained about thin film systems used in 
silicon semiconductor technology. 
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The Detection of Structural Defects 
in Indium Phosphide by Electrochemical Etching 

C. R. Elliott and J. C. Regnault 
Post O~ce Research Centre, Martlesham Heath, Ipswich IP5 7RE, England 

ABSTRACT 

T w o  new etching procedures for InP are described; one for damage re-  
moval with retention of surface flatness, and the other for high resolution 
defect delineation. A comparison of the defect etching with transmission x - ray  
topography is given. Studies of wafers from Sn, S, and Fe-doped InP ingots 
are reported. The new procedures have revealed a variety of defects. 

'This paper describes electrochemical replication and 
defect etching techniques for single crystal n- type and 
semi-insulating indium phosphide and some results of 
their application to ingot material. Indium phosphide 
is assuming increasing importance both as an elec- 
tronic device material  and as a substrate for lattice 
matched GaInAs and GaInAsP epitaxial  layers for 
optoelectronic devices. In the first case defects in InP 
will directly affect device performance and in the sec- 
ond case they may also affect the epitaxial  growth. A 
comparison of electrochemical etching with chemical 
etching and other defect revealing techniques hag been 
given recently (1). Chemical defect etching of InP 
has been reported in a number of recent publications 
(2-5). Here we consider the application of an elec- 
trochemical etching procedure similar to tha t  of Fak-  
for and Stevenson for GaAs (6); the advantages of 
which include high resolution, sensitivity to opto- 
electrically active defects and minimal material  re-  
moval, the lat ter  making it applicable to submicron 
layers. The electrolytes used for GaAs are not suitable 
for InP and for this material  new specific procedures 
had to be developed. The successful outcome of this 
work is i l lustrated by the results obtained with ingot 
material. 

Exper imental  

Single crystal (100) cut slices of InP were obtained 
from a number of sources and were conventionally 
polished using solutions of bromine in methanol (7). 
Residual damage left by the polishing process was re-  
moved, prior to defect revealing. This was achieved 
by continuous electrochemical etching, in the presence 
of a thick anodic oxide, at constant voltage. The tech- 
nique is similar to that developed for GaAs by Faktor  
and Stevenson (6) and extended by the present au- 
thors (8). (It was shown that such a process Can re-  
move material  smoothly, while retaining the initial  
surface topography).  

Removal of about 5 #m of InP left a smooth, damage- 
free surface. Establishment of a suitable oxide film, 
about 100 nm thick, is cri t ically dependent upon elec- 
trolyte composition. We empirically investigated a 
number of electrolytes for best results. Dilute phos- 
phoric acid, sodium phosphate solutions from pH 4 to 
pH 12, 2M potassium hydroxide, ammonium hydroxide 
pH I1, 1M acetic acid and 1M citric acid were found 
unsatisfactory. 14M orthophosphoric acid (analytical 
reagent grade) was found acceptable. Figure 1 is a 
schematic diagram of the anodization cell. With a con- 
stant 40V applied across the cell and rotation of the 
sample anode at 100 rpm, the steady-state dissolution 
rate was controlled by varying the bath temperature 
between 4 ~ and 30~ When a predetermined amount of 
material  had been removed, the oxide film was dis- 
solved by a short immersion in either 2N hydrochloric 
o r  2h r nitric acid. 

Key words: anodization, etching, defects, indium phosphide. 

The electrochemical defect etching was carried out 
in simiiar apparatus, using 0.5N hydrochloric acid. 
(This medium chemically attacks InP at room tem- 
perature, but the rate of attack is I0 -s ~m/hr, which is 
insignificant in relation to the duration of the experi- 
ment.) The potential of the strongly illuminated anode 
relative to a saturated calomel electrode was monitored 
during etching, after initial adjustment to yield a cur- 
rent density of 400 ~A/cm s. In most cases an average 
of 0.3 #m of material was removed. The etched speci- 
mens were then examined microscopically using No- 
marski interference contrast. 

Results and Discussion 
The variation of current density with electrolyte 

temperature for etching in the presence of an anodic 
oxide is shown in Fig. 2. Corresponding material  re-  
moval rates, determined from weight loss experiments, 
ranged from 0.5 to 5 ~m/hr. Measured faradaic yields 
averaged nine electrons per unit  of formula weight, 
but were not precisely reproducible. Clearly this yield 
is not accounted for by simple conversion of InP to 
oxides, since the highest yield to be expected would be 
eight, corresponding with the overall  reaction 2InP 4- 
16e+ --> In203 4- P205. Furthermore, the anodic oxide 
appears to contain lower oxides of phosphorus (it 
evolves a volatile product with phosphine-like odor on 
standing at room temperature) .  The discrepancy is 
probably due to parasitic electrochemical reactions at 
the oxide-electrolyte interface, in view of the well-  
established electronic conductivity of In20~ based 
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Fig. 2. The variation of the steady-state anodic current with 
temperature of concentrated phosphoric acid electrolyte. 

systems (9, 10). No a t t empts  to e l imina te  or  mif~imize 
this p rob lem were  made in this work,  a l though the a c -  
c u r a c y  of control  of ma te r i a l  r emova l  is dependent  
upon the reproduc ib i l i ty  of the fa rada ic  yield.  

In te r fe rence  cont ras t  micrographs  of a typica l  b ro-  
m i ne -me thano l  pol ished surface  before  and af te r  
anodic r emova l  of 20 ~m of ma te r i a l  a re  shown in 
Fig. 3. Only a smal l  decrease in surface smoothness is 
apparen t  a f te r  the anodizat ion.  

In o rder  to de te rmine  the op t imum anodic conditions 
for revea l ing  defects the  anodic polar iza t ion  charac te r -  
istics of damage - f r ee  n - t y p e  InP were  invest igated.  
F igure  4 shows the var ia t ion  of anodic ( reverse  b iased)  
overpoten t ia l  wi th  cur ren t  dens i ty  for  two n - t y p e  
samples  in 0.5M hydrochlor ic  acid, under  condit ions of 
strong, 0.4 Wcm-2,  b roadband  ( tungsten  halogen)  
i l luminat ion.  Photopotent ia l s  of --370 mV were  ob-  
served wi th  this level  of i l luminat ion.  The condit ions 
chosen for defect -sensi t ive  etching (400 #A cm -2) a re  
two orders  of magni tude  be low the photosa tura t ion  
current .  The corresponding overpoten t ia l  is close to 
the range  chosen by  Fak to r  and  Stevenson (6) for  
GaAs (250-300 mV anodic) .  In  the  l a t t e r  case the 
i l lumina t ion  level  was lower,  so tha t  the pho tosa tu ra -  
t ion c i l r rent  was not  much  grea te r  than  the min imum 
requ i red  to give a useful  etch rate.  Since the i r  photo-  
sa tura t ion  currents  were  somewhat  dependent  upon 
m a j o r i t y  ca r r i e r  concentrat ion,  i t  was necessary  for  
them to define an anodic overpoten t ia l  r a the r  than  a 
cur ren t  dens i ty  in o rder  to avoid opera t ing  in the  
photosa tura t ion  region (where  the  sens i t iv i ty  to d e -  
f e c t s  is low) .  

F igure  5 is a typica l  in te r fe rence  contras t  mic rograph  
taken  a f te r  anodic r emova l  of a p p r o x i m a t e l y  u ~m of  
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Fig. 4. The anodic, reverse bias, characteristics of two n-type InP 
wafers in 0.SM HCI. (a) ND - -  HA - -  ] .5"  t016 cm-3; (b) 
ND - -  NA -" 2.0 �9 10 TM cm -8.  

mate r i a l  under  defect -sensi t ive  conditions. The m a t e -  
r ia l  was Czochralski  grown, nomina l ly  undoped  InP  
and (100) cut. The sharp ly-def ined  etch fea tures  a re  
ra ised above the genera l  level  of the surface. 

Defects de l inea ted  show no c rys ta l  o r ien ta ted  effects 
no rma l ly  associated wi th  the product ion  of e tch pits  
at  defects. The ve ry  high resolut ion of the technique 
can be seen c lear ly  f rom the series of micrographs  in 
Fig. 6, where  the sample  was again  Czochralski  grown 
and (100) cut, but  Sn -doped  wi th  a car r ie r  concent ra -  
t ion of 3.3 X 10 TM cm-~.  The dens i ty  of defect  clusters  
is 2 • 104 cm -2, the m a j o r i t y  of these be ing  of the  
type  shown in Fig. 6(c) .  F u r t h e r  inves t igat ion of Sn -  
doped InP f rom two sources showed s imi lar  defects in 
most  ingots. F igure  7(a)  is a 220 t ransmiss ion x - r a y  
topograph  of s imi lar  mater ia l ,  t aken  wi th  copper  r ad i -  
ation. This same area  was then e lec t rochemica l ly  
etched to remove app rox ima te ly  0.3 ~m of ma te r i a l  
f r o m  the  surface. F igure  7 (b)  is an opt ica l  mic rograph  
of the etched area. Each of the defect  clusters,  which 
appear  as whi te  spots in the  micrograph,  corresponds 
wi th  a fea ture  (b lack spot) in the  x - r a y  topograph.  
This can be confirmed wi th  an ove r l ay  p repa red  f rom 

Fig. 3. Nomarski interference contrast micrographs of (a) a typical 
chemo-mechemically polished InP (100) surface, and (b) the same 
after removing 20 ~m by anodization in H~P04. 

Fig. 5. Nomarski interference contrast micrograph of an InP 
(100) surface after etching off 0.25 #m of material under defect- 
sensitive conditions. 
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Fig. 6. Nomarsk| interference contrast m|crographs, at increasing 
magnifications, of an InP (100) surface after defect etching. InP 
doped with Sn to 3 . 3  �9 1018 cm -3.  

Fig. 7. (a) Transmission x-ray topograph of InP:Sn; (b) surface 
area of (a) after defect etching; (c) selected area from (b), showing 
dislocations and defect clusters; (d) single defect cluster. 

Fig. 7(b) ,  if allowance is made for the small geo- 
metrical  distortion of the topograph, due to the Bragg 
angle used. However, there are six ' times as many 
features visible in the topograph as there are on the 
etched surface. The defect clusters average 20 #m in 
diameter [Fig. 7 (d)]  and are approximately sperically 
symmetrical. This was confirmed by etching a (110) 
cleavage face perpendicular to (100). Therefore, a l -  
though the etching only images defects within the 0.3 
~m layer removed, it  effectively samples a volume of 
material  approaching 40 ~m in thickness. As the t rans-  
mission topograph images defects in the full 200 ~rn 
thickness of the sample, a ratio of six to one in the 
number of defects seen is to be expected. Figures 7 (c) 
and (d) are higher magnification micrographs of a 
selected area of the same sample. Figure 7(c) shows 
many defects, the total density being 4 • 104 cm-~. 
The highest magnification Fig. 7(d) shows that the 
defect clusters extend over an area of 400 ~m 2 in the 
0.3 #m section taken. Because the very fine detail  
within the defect cluster is not resolved by optical mi-  
croscopy a carbon replica of the etched surface was 
taken. Examination of the replica in a transmission 
electron microscope showed the cluster to be made uP 
of many small dislocations as can be seen in Fig. 8. 
Because of the very high x - r ay  contrast obtained at 
these defects they are assumed to be associated with 
precipitates or inclusions. A similar x - r ay  topograph 
has been reported recently (11). 

Fig. 8. Transmission electron micrograph of Pt/C shadowed 
replica taken from the area of Fig. 7(d). Shadowing angle 
tan -~  1/2. 

Some defect etching has been performed on highly 
sulfur-doped (typically 8 X 10 TM cm -8) InP. Whereas 
GaAs of similarly high doping level has been found to 
contain microdefects (12), the defect etching of com- 
plete InP wafers has revealed only growth striations, 
Fig. 9. The absence of dislocations in this material  was 
confirmed by x - r ay  transmission topography. We 
would, however, caution that electrochemical defect 
etching of such highly doped n- InP  has not been at- 
tempted previously and that  assessment of this mate-  
rial is still incomplete. 

Turning to Fe-doped semi-insulating InP, Fig. 10 
shows a typical (100) surface after removal of 0.5 ~m 
of material  under defect-sensitive conditions. Good 
defect delineation with high resolution was obtained, 
as with n- type  samples, despite the dark  bulk re-  
sistivity of the material  being 109~2 cm. Detailed studies 
of semi-insulating semiconductor materials w i l l  be 
reported on in a further paper (13). 

Conclusion 
Electrochemical etching has been shown to produce 

sharp delineation of defects in InP, with a large useful 
range of magnifications spanning the gap between 
those of x - ray  topography and transmission electron 
microscopy. Good correlation between transmission 

Fig. 9. Nomarski interference contrast micrograph of (100) 
surface of n + InP:S, after defect etching, showing only growth 
striae. 
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Fig. 10. Nomarski interference contrast rnicrograph of (100) 
surface of InP:Fe, after defect etching. 

x-ray topography and electrochemical etching was ob- 
*mined and defect clusters have been  shown in great 
detail. The high sensitivity of the electrochemical etch- 
ing technique, which only requires a very small 
amount of material removal, makes the technique 
ideally suitable for the investigation of defects in thin 
epitaxial InP layers. As the technique is not restricted 
to small areas, whole boat-grown or Czochralski-pulled 
slices may be investigated to carry out defect studies 
in conjunction with crystal growth. 

Anodic thinning, in the presence of an oxide film, 
may have other applications where damage-free 
smooth surfaces are required. However, unlike the case 
of GaAs and GaSb (8) electronic conductivity in 
the oxide layer gives rise to irrational faradaic yields 
and precludes the method being used for very pre- 
cise thinning. 

This work is now being extended to cover Ga~Inl-zAs 
and GaxInl-xA%Pl-~ ternary and quaternary alloys. 
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A Model for Electrochromic Tungstic Oxide 
Microstructure and Degradation 

Thomas C. Arnoldussen*,* 
Genera~ Motors Research Laboratories, Electronics Department, Warren, Michigan 48090 

ABSTRACT 

Despite much investigation of the electrochromic (EC) coloration process  
in WO3 films, such displays have not yet become commercially viable because 
of limited useful device life. Device degradation occurs by WO8 film dissolu- 
tion on the shelf and erosion during cycling. Water  plays a crucial role in both 
efficient coloring/bleaching and in film degradation. To better  understand the 
degradation process and the role of water, dissolution of EC WO3 films in aque- 
ous media was studied. The results strongly suggest that EC films formed by 
evaporation are amorphous molecular solids cons*sting of tr imeric W309 mole- 
cules bound weakly to each other through water-bridge,  hydrogen, and van 
der Waal's bonding. The nature of this microstructure is responsible for the 
high solubility. Films subjected to ion bombardment show decreased dissolu- 
tion rates as well as decreased etectrochromism and, while amorphous, are  
believed to have a random network rather  than molecular microstructure. 

The chief problem to be overcome before electro- 
chromic displays can be commercially viable is the 
short device life. Degradation of WOa-acid electrolyte 
ECD's is associated with film dissolution on the shelf 
and erosion during cycling. Aqueous acid cells show 
superior performance from the standpoint of response 
speed, however, water  is a pr imary  culprit  in short-  
ening lifetimes through WO3 dissolution. Nevertheless, 
Knowles and Hersh have shown (1) that  some water  
must be incorporated in the WO3 film, even in so- 
called "aprotic" devices to obtain any electrochromic 
coloration. Others have studied WO3 in aprotic solvents 
but have not systematically analyzed their films for 
water  content as have Knowles and Hersh. The need 
to better  understand the role of water  in electrochrom- 
ism, the interaction of H20 and WO3, and the mecha- 
nism of ECD degradation have motivated the work 
presented here. Study of WO3 dissolution is a proper 
start ing point and provides several  key insights into 
the nature of electrochromic films and the electro- 
chromic process. Others (2, 3) have reported data on 
dissolution rates of EC WO3 films in various solvents, 
but have not related the high observed rates to a 
detailed physical mechanism or to the nature of the 
film itself. 

Amorphous WOa Film Dissolution (Aqueous) 
Theoretical.--The thermodynamic equilibrium be- 

tween crystalline WOs and water  predicts that  WO~ 
dissolves by hydrolysis to form normal tungstate ions, 
WO'42-, plus 2H+. The solubility at 25~ is 1.3 • 10 -5 
moles/ l i ter  in a neutral  starting solution and decreases 
exponentially with decreasing pH. The presence of 
other species of tungstate ions is negligible. According 
to this result, a crystalline film 1 cm 2 in area exposed 
to 1 cm 3 water  should saturate the solution after only 
4.0 nm of film has dissolved. In an acid environment 
of pH ,-~1-2 such as used in EC devices, much less 
than one molecule-layer  would dissolve. By compari- 
son, an EC film which is amorphous and usually de- 
posited by  evaporation(0.5-1.0 ~m thick) dissolves 
comparatively fast and completely, even in the small 
volumes of low pH solutions used in EC devices. We 
expect the somewhat higher free energy of an amor- 
phous film to drive dissolution more strongly, but un- 
less WO42- ions precipitate from solution elsewhere as 
WO3-nH20 or are converted to metastable polytung- 
state ions, saturation should ensue and dissolution 
cease. 

* Electrochemical Society Active Member. 
1 Present address: IBM, San Jose, California 95193. 
Key words: electrochromic tungstic oxide, dissolution. 

Experimental  observation during film dissolution in- 
dicates no evidence of reprecipitation as WO8 particles 
for amorphous films dissolving completely in small 
volumes of DI water  or acid solutions. This strongly 
suggests that amorphous WOs forms polytungstate an- 
ions (such as the metatungstate ion which is very 
stable even in strong acids) (3) upon dissolution. Dis- 
solved WO8 concentration can reach values far  above 
that expected to produce precipitation. Only many 
days after a film has been dissolved, or upon extreme 
concentration of the solution by solvent evaporation, 
are precipitate particles observed. Crystalline WOs dis- 
solves as normal tungstate (WO42-) ions according to 
the hydrolysis reaction 

WO3 (c) -~ H20 ~ 2H + + WO42-, KN = 10 -14'~ [1] 

Tungstate ions are also known to agglomerate in ac id  
solution to form polymeric anions (4) according to 

7H + + 6WO42- ~-HW60215- + 3H20, KpA ---- 1058.98 

[2] 
14H + + 12WO42-~-W120411~ + 7H20, 

KpB = 10 n~176 [3] 

18H + + 12WO4~- ~ H2Wl~O4o 6-  + 8H20, 

K ~  = 10 za~.51 [4] 

where the polyanions formed in Eq. [2]-[4] are called 
paratungstate A, paratungstate B, and metatungstate, 
and the various K's are molar equilibrium constants 
at 25~ Pseudo-metatungstate (HW60203-) may also 
be formed. When crystalline WO8 is allowed to dis- 
solve in an aqueous medium, each of these species can 
form. The H + concentration (CH) is given by the 
charge balance 

(CH - -  C~ - -  (CoH - -  C~ 

"-- 2CN Jr" 5CpA -~- 10CpB "l- 6CM. [5"] 

where the C's denote molar concentrations of the ions 
noted in Eq. [1]- [4]. 

COIl is the hydroxyl  ion concentration and Coil and 
CooH refer to the H + and OH- concentrations of the ini- 
tial solvent before WO3 dissolution has occurred. For 
dissolution in DI water, which is neut ra l - to-weakly  
acid, the Coil and C~ terms may be ignored. The total 
molar concentration of dissolved WO3, Cw, is given by 
the mass balance 

Cw "" CN "1" 6CpA -p 12CpB -~- 12C• [6] 
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Equations [5] and [6] apply regardless o~ whether 
the solubility limit has been reached. Equation [5] ap- 
plies only for dissolution of an oxide, not a tungstate 
salt, while Eq. [6] pertains to dissolved oxides or salts. 
The solubility of crystalline WO~ may be determined 
using Eq. [5] and [6] in conjunction with the equilib- 
rium mass action relations derived from Eq. [1]-[4]. 
Doing this, one finds that the solubility of crystalline 
WO8 in water  is 1.80 • 10 -5 moles/ l i ter  and the pH 
attained at saturation is 4.58, corresponding to essen- 
t ially all the dissolved WO3 in the form of normal 
WO4 ~- ions. The author verified this pH and solubility 
experimentally. 

A similar quasi-equilibrium analysis for dissolving 
amorphous WO~ is unsuitable. This would require (i) 
that the kinetics of reprecipitation elsewhere as crys- 
talline WO~ be so slow as to be ignored for the time 
periods of interest, (ii) that the detailed mechanism 
of dissolution be the same as for crystalline WOa 
shown in Eq. [1], and (iii) that a dynamic microscopic 
quasi-equilibrium between the amorphous WO3 surface 
and the solution tungstates exists. Experimental  ob- 
servation suggests that condition (i) may be met, but  
there is no evidence to justify assuming that conditions 
(ii) and (iii) hold. 

Therefore we cannot predict the solubility of an 
amorphous WO3 film. In fact, we cannot even say 
whether quasi-equilibrium solubility is a tenable con- 
cept for amorphous WOs. However, we would expect 
the solution equilibria expressed by Eq. [2]-[4] to be 
obeyed regardless of the part icular  dissolution kinetics 
and thermodynamics. This permits us to use an i n -  
direct approach to investigate amorphous WO3 disso- 
lution, yet draw some important conclusions. 

If we assume various values of dissolved WO8 con- 
centrations, Cw, then by means of Eq. [2]-[6] we can 
calculate the pH achieved as a result  of dissolution and 
the distribution of tungsten among the various tung- 
state and polytungstate species when solution quasi- 
equilibrium is reached. The result of such a calculation 
is shown in Fig. 1, showing the quasi-equilibrium 
curves f o r  pH and tungsten: (free) proton ratio as a 
function of Cw for dissolution in neutral  water. The 

tungsten: proton ratio is a convenient representation of 
the distribution of tungsten among the various poly- 
tungstate species since this ratio is uniquely deter-  
mined by the equilibrium distribution. For example, 
if all the tungsten were in the form of WO4 2- ions, this 
ratio would be 1:2; if all were in the form of 
H2W120402-, this ratio would be 2: 1. 

Chemical processes generally do not proceed im- 
mediately to equilibrium (part icularly true for ~ e  re-  
actions considered here).  If amorphous WO3 dissolu- 
tion proceeds as crystalline WO~, one WO~ unk at  a 
time hydrolyzing to form one WO42- ion plus two free 
H +, we would expect that during and for sometime 
after dissolution, the pH and Cw: (CH -- C~ ratio 
would be lower than the values given by the quasi- 
equilibrium curves of Fig. 1. There would be an excess 
of lower order species (monomerie ions) and free 
protons. During equilibration, the excess acidity would 
induce polymerization of the normal tungstate ions, 
thereby consuming protons and raising the pH and the 
Cw: (CH -- C~ ratio. On the other hand, if after dis- 
solving an amorphous film in water we found the mea- 
sured pH and Cw: (CH -- C~ ratio to fall on the high 
side of the quasi-equilibrium curves, we would be 
forced to conclude that the amorphous WO8 entered 
solution directly in a polymerized form with equil ibra- 
tion proceeding in the direction of depolymerization. 

Experimental  
With these theoretical considerations in mind, the 

following experiment was performed. A 0.70 ~m thick 
WO3 film was evaporated onto an unheated glass sub- 
strafe from a Ta boat. The film area was 2.5 cm 2. This 
film was placed in 40 ml DI water  (pH ---- 6.15, slight 
acidity due to dissolved CO2 presumably) and allowed 
to dissolve. When dissolution was complete, the pH 
was measured to be 4.35. This was lower than the 4.58 
value predicted and measured for crystalline WOs. This 
solution was then t i t rated back to neutral i ty  while 
monitoring the pH. A pH ---- 11.65 NaOH ti trant  was 
used. The solution was constantly stirred and 5 rain 
elapsed between each addition of NaOH and the pH 
measurement. The ti tration curve is shown in Fig. 2. 

pH (SOLID CURVE) 
4.0 4.2 4.4 4.6 4.8 5.0 

l b . .  " 1 / / /  

~ ]0-41 ~ ~ I I  

% - -  
-- ~ / ~depolymerization 

/ ~ depolymerlzation 

8 - / ~  \ 

~_ 1o .5 I 

2 I I I I 
0.5 1.0 1.5 2.0 

CW: (C H - CH ~ RATIO (DASHED CURVE) 

Fig. 1. Calculated quasl-equiiibrlum curves for pH and tungsten: 
free proton ratio, assuming various amounts of WO3 to be dis- 
solved by neutral H20. Measured values falling to the left or right 
of these curves imply equilibration occurs by polymerization or de- 
polymerization, respectively. Dots on lower portions of curves corre- 
spond to crystalline WO~. 
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Fig. 2. Titration curve for amorphous WO~ film dissolved in 40 
ml DI water. Film was 2.5 cm 2 and 0.70 ~m thick. 
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The features of interest here are the initial pH of the 
dissolved film solution, the quanti ty of NaOH added 
to return the pH to that  of the DI water  (pH = 6.15), 
and the appearance of a cusp at about 3.4 X 10-8 
moles NaOH. From the ini t ial  pH = 4.35 of the dis- 
solved film solution and the pH of the starting DI 
water, we calculate the H + concentration due to WOe 
film dissolution is C H  - -  C ~  - -  4.40 • 10 -5 moles/  
liter. The cusp is characteristic of a depolymerization 
process induced by raising the pH. 

At  the point where the pH has been restored to that 
of the DI water  used to dissolve the film, v i r tua l ly  all 
the WOe in solution may be assumed to be in the form 
of WO42- ions and we have essentially a Na2WO4 salt 
solution. The quanti ty of NaOH needed to reach this 
point, CNa = 1.74 X 10 ~4 moles/li ter,  gives the total 
concentration of tungsten ions in solution: Cw = CNa/2 
= 8.71 • 10 -5 moles/liter.  The ratio Cw: (CH -- C~ 
iS 1.98: 1. This is essentially the ratio (2:1) expected 
if WOe goes into solution from the amorphous film as 
metatungstate ions, 6H+ + H2W12Od0 e- .  Pseudo- 
metatungstate, 8H + Jr HW6Om 6-, could also be the 
species formed since the tungsten/proton ratio is l ike-  
wise 2:1. 

The important  result  here is that  both the pH and 
the tungsten: free proton ratio resulting from the dis- 
solution of this amorphous evaporated WOs film fall 
significantly to the high side of the quasi-equilibrium 
curves shown in Fig. 1. T h e  amount of normal tung- 
state (WO42-) present is less than 8% of that needed 
to maintain equilibrium with the metatungstate. 
Clearly, we must infer that the film dissolves not as 
WO42- which subsequently polymerizes, but as 6- or 
12-mer ions or as unstable 3-mer ions which quickly 
form metatungstate or pseudo-metatungstate. Any re-  
actions going on in solution must be in the direction 
of depolymerization. 

The ti tration results also allow us to calculate the 
film density from the measured Cw and film thickness 
and area. We obtain 1.20 X 10 ~ tungsten ions/cm 3 or 
4.62 g/cm 8 assuming stoichiometric WO3 free of water. 
Evaporated WO3 has been reported (5) to contain as 
much as 0.5 H20 per WO8 which would increase the 
mass density to 4.80 g/cm 3. These values compare with 
densities ~5 g/cma reported by Randin (2) using 
another technique. 

Proposed Structural Model 
One clue to understanding the high solubility of 

evaporated amorphous WOe and the peculiar way in 
which it dissolves directly as polytungstate ions is seen 
by examining the proposed structures of metatungstate 
and pseudo-metatungstate ions, shown in Fig. 3. The 
basic building block of polytungstate ions is a trigonal 
unit  consisting of three edge-sharing WO~ octahedra. 
The metatungstate ion (Fig. 3a) is formed by four such 
trigonal units te trahedral ly coordinated, sharing cor- 
ners, about a central te trahedral  void containing two 
trapped protons (3). Similarly, a pseudo-metatungstate 
ion (Fig. 3b) may be formed by two such trigonal 
units sharing faces with one proton trapped in the 
central b i -pyramidal  void. 

This tendency to form trigonaI or trimeric units re-  
appears in numerous WOa related substances. Various 
forms of crystalline tungsten bronzes and solid tung- 
state salts also contain tr igonally oriented octahedra 
forming low symmetry structures with 3, 5, and 6 
member rings. Hashimoto et al. have shown that near 
sublimation temperature WO3 forms a hexagonal phase 
(6). And the vapor generated by subIiming WO8 has 
been shown (7) to consist chiefly of trimeric W309 
molecules as schematically shown in Fig. 4a. Such 
trigonal clustering may be at tr ibuted to formation of 
delocalized molecular orbitals within the three mem- 
ber ring stabilizing the structure. 

The demise of an evaporated amorphous WO8 film 
by dissolution as clusters of trigonal units provides 

6 H +* H2WI20405- METATUNGSTATE 

(a) 

PSEUDO-METATUNGSTATE 3 H + + HWs02:" 

(b) 
Fig. 3. (a). Metatungstate ion composed of four tetrahedrally 

oriented trigonal units sharing corners with two protons in the 
center cage. Each trigonal unit consists of three edge-sharing W08 
octahedra (4). {b). Pseudo-metatungstate ion is composed of two 
trigonal units sharing faces with one proton in the center bi- 
pyramidal void. 

one clue to understanding the degradation process. 
The second important  clue is obtained by examining 
the manner in which such a film is formed during 
vapor condensation. 

As mentioned, the vapor generated by subliming 
WO~ consists chiefly of trimeric W~O9 molecules i l -  
lustrated in Fig. 4a. There is also a strong tendency 
for WO3 to carry water of hydration, two possible 
forms of hydrated trimers being shown in Fig. 4b and 
4c. When trimeric molecules are deposited at a high 
rate on low temperature substrates, such as in EC 
film deposition, i t  is probable that they remain more 
or less intact, bonding together weakly through van der 
Waal's forces or through water-br idge hydrogen bond- 
ing. Such phenomena have been observed in evapora- 
tion of elemental species such as sulfur and selenium 
and compounds such as As208. Evaporating As203 gen- 
erates As406 vapor molecules which upon condensa- 
tion form the metastable As406 molecular solid arseno- 
lite (8, 9). Due to the relative stabili ty of molecules 
exhibiting such associative tendencies, some activation 
energy is needed to dissociate them into the simplest 
molecular units before the lower energy network 
structure can form. 

We expect the situation to be similar in EC film 
deposition, where insufficient thermal activation en- 
ergy is available to dissociate tr imers into monomers 
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or to break the outer oxygen double bonds which 
is a precondition to network formation. Moreover, 
water of hydration, located at outer oxygens of the 
trimer, will further inhibit W-O-W cross bonding and 
network formation. Any inter-trimer bonding which 
does occur is likely to be weakened by lattice distor- 
tions inherent in an amorphous structure, while intra- 
trimer bonding should remain strong and largely un- 
affected by the disordered arrangement of trimeric 
units. 

The picture that evolves is that an evaporated amor- 
phous WO~ film, as-deposited, resembles an amorphous 
molecular solid, rather than an amorphous random 
network structure, comprised of trimeric units bound 
weakly to one another such as depicted in Fig. 5. It is 
easy to imagine that when such a film is placed in an 
aqueous solution such trimers hydrolyze directly to 
the trigonal building blocks of polytungstate ions, 
without forming monomeric WO4 2- ions as an inter- 
mediate step. This would account not only for the high 
solubility of such films, but also for the observation 
that they dissolve directly as polymeric ions. Trigonal 
ions carrying high coulombic charge can lower their  
free energy by agglomerating to form larger clusters 
of lower charge such as the metatungsta te  ion. This 
may occur on the dissolving surface or immediate ly  
after enter ing solution. 

Film Restructuring 
If evaporated amorphous WO3 films are molecular  

solids as proposed then, if by some means one could 
break double bonds, perhaps even dissociate trimers, 
rebonding with neighboring molecules could occur to 
form a lower free energy network structure. Such a film 
should exhibit  a decreased solubil i ty compared to the 
as-deposited film. Raising the average lattice tem- 
pera ture  (energy) by heating, as in  recrystallization, is 
one way of dissociating the t i m e r s .  In  this case, all  
the molecules are raised to an activated state s imul ta-  
neously and can, therefore, undergo a cooperative rear-  
r angement  to form a crystal l ine ne twork  with con- 
siderable long range order. This would provide no 
fur ther  insight, since we already know that crystal l ine 
WOa has low solubility. 

One can also induce lattice res t ructur ing without  
crystallization by  bombard ing  the sample with par-  
ticles of sufficient energy. The activation energy thus 
provided is absorbed discontinuously in space and time 
without  raising the average lattice temperature  signifi- 
cantly. Crystall ization would be inhibi ted because, at 
any given time, only individual  molecules or very  
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Fig. 5. (a). Representation of EC film as an amorphous molecular 
solid composed of WsO9 trimers banded together by water-bridge, 
hydrogen, and van der Waal's bonding. (b). Example of water 
molecule chain which can form giving rise to high proton mobility 
by HsO + rotarian and porto, transfer to adjacent HzO. 

localized regions are in an activated state. Only shor t  
range res t ructur ing or re laxat ion is expected. Amor-  
phous WO~ films were bombarded by implant ing  
1015/cm 2, 70 keV oxygen ions into the film. P r imary  
energy transfer  is by ion collisions with the lattice to 
a depth of i00-150 nm and secondary transfer is by 
high energy phonon or photon excitation ("thermal 
spikes") generated by collisions. The incident ion 
power was ,~4 mW/cm 2 and the temperature rise was 
small, well below the recrystallization temperature of 
,~345~ (5). 

Figure 6 shows an x - r a y  diffraction pa t te rn  obtained 
by using a rotat ing nanogram diffraction camera and  
particles of the bombarded film scraped from the sub-  
strate. Only amorphous-l ike halos are seen. One ex-  
tends from about 0.24-0.48 n m  and another  fa int  halo is 
centered near  0.18 nm. These correspond to nearest  
W-W and W-O distances, respectively. 

Such bombarded films, despite the implan ta t ion  of 
oxygen, were slightly reduced as evidenced by a very  
slight bluish cast. A several hour  postbake in  air at 
180~ (well below crystall ization tempera ture)  w a s  
sufficient to reoxidize the films to a t ransparent  yellow. 
Virgin films used as control samples were given this 
same baking procedure to guarantee  that  any  differ- 
ences in film properties were due to the ion bombard-  
men t  ra ther  than thermal  t reatment .  

As hypothesized, the bombarded films showed o-r 
an order of magni tude  decrease in dissolution rate in 
neut ra l  water  compared to unbombarded  films. They 
remained more soluble than crystall ine WO3, as might  
be expected for an amorphous structure. In  aqueous 
acid solutions, bombarded films showed no evidence of  
significant dissolution even after m a n y  weeks in  the 
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Fig. 6. Nanogram powder diffraction pattern for 1015/cm 2 70 key 
oxygen ion implanted WO3 film. Pattern appears amorphous. 

solvent,  whereas  v i rg in  films dissolve wi th in  one to 
severa l  days.  This d ramat ic  change in so lubi l i ty  is 
s t rong evidence of a change in local  bonding  and m i -  
crost ructure ,  and  i t  suggests  t ha t  WOs m a y  indeed ex -  
ist  in  two dis t inct  amorphous  forms:  an  amorphous  
molecu la r  solid and an amorphous  r andom network .  
In  addi t ion  to the  so lubi l i ty  change, ion b o m b a r d m e n t  
produces  the  addi t iona l  effect of des t roying  (or  g rea t ly  
decreas ing)  the e lect rochromism.  

Elec t rochromic  WO~ films were  also subjec ted  to low 
energy  ion /e lec t ron  b o m b a r d m e n t  in an r f  g low dis-  
charge  chamber  used for  photores is t  ashing (~13 Pa  
O2, 13.56 MHz, 75W rf  power  capaci t ive ly  coupled into 
a cy l indr ica l  chamber  7.6 cm in d iamete r  and 15 cm 
deep wi th  50~ impedance) .  Again,  l i t t le  hea t ing  oc- 
curred.  Unl ike  the  ion implan ta t ion  bombardment ,  the  
e lec t ron / ion  energies  were  only  of o rder  10 eV. S imi -  
l a r  decrease  in so lubi l i ty  was observed  for  such low 
energy  bombardment .  While  i t  has not  been  ru led  out, 
chemical  oxida t ion  effects a re  not  be l ieved  to be  re -  
sponsible  for  the  so lubi l i ty  change. The low energy  
bombarded  films showed no signs of reduct ion,  as did 
the  high energy  imp lan ted  films (bluish cast) ,  and  m a y  
in fact  have  undergone  some addi t iona l  oxidat ion.  Yet  
both  types  of b o m b a r d m e n t  produced  the same solu- 
b i l i ty  and  co lorab i l i ty  change. 

Colorabi l i ty  of these bombarded  films was checked 
by  the ind ium wire/H2SO4 technique (10). This in -  
volves p lac ing  an acid drople t  on the film and touching 
an In wi re  to the  surface th rough  the droplet .  In  dis-  
solves as In 3+ and the excess e lectrons on the wire  
a re  in jec ted  into the film. 3H + are  d isplaced f rom solu- 
t ion by  the In a+, en te r ing  the film to neut ra l ize  the  in-  
jec ted  electrons.  The colorat ion spreads  f rom the In 
contact  r ad i a l ly  (see Fig. 7a).  

In  the case of low energy  bombardment ,  the  color-  
ab i l i ty  th rough  the  surface decreases r ap id ly  dur ing  
the first 5-10 min of bombardment ,  bu t  l a t e ra l  "color  
b leeding"  f rom an ad jacen t  u n b o m b a r d e d  region r e -  
mains  possible unt i l  20-30 min  of b o m b a r d m e n t  have  
elapsed.  This suggests a r e s t ruc tu r ing  process which 
begins  at  the uppe r  surface and  migra tes  to the sub-  

Fig. 7. (a). In wire/H~SO4 film coloration technique (10). In dis- 
solves as In 3+ causing 3e-  ~ 3H + to be injected into the film. 
(b). Left portion of film partially restructured (upper layer) by ion 
bombardment. Right side colored by In/H~SO~., rinsed, and dried. 
Color bleeds slowly into region beneath restructured layer by lateral 
proton controlled e -  ~ H + diffusion. (c). Same as (b) but acid 
overlaps two regions. Color bleeds rapidly into region beneath 
restructured layer by lateral electron diffusion plus proton flow 
through restructured layer. 

s t ra te  wi th  cont inued bombardment .  ( X - r a y  diffract ion 
was done on 30 rain b o m b a r d e d  films.) 

In  the colorat ion tests on samples  b o m b a r d e d  for 
5-10 rain, if an u n b o m b a r d e d  region is colored up to 
the bounda ry  wi th  a bombarded  region and the  
sample  is r insed and dried, diffusion of color into the  
bombarded  region is slow (,~0.1 m m  in �89 h r ) .  I f  the  
acid drople t  is not  removed  and over laps  the two re -  
gions, color diffusion is r a p i d  (~0.5 m m / s e c ) .  These 
observat ions  are  essent ia l ly  the same as for  an unbom-  
ba rded  film, slow color diffusion in the  absence and 
fast  diffusion in the  presence of an e lectrolyte .  The  
difference is tha t  an u n b o m b a r d e d  film colors by  d i -  
rect  contact  of the In wi re  ( th rough  an  acid)  to the 
film surface, whi le  the  b o m b a r d e d  film does not. More-  
over, an unbombarded  film, so colored, can be b leached 
thoroughly  by  heat ing in a i r  a t  135~ for  15-30 min. A 
bombarded  film, colored by  b leeding  f rom an unbom-  
ba rded  region, does not  b leach  even af te r  days of hea t -  
ing in air. 

These resul ts  m a y  be in t e rp re t ed  as follows. Low 
energy  b o m b a r d m e n t  res t ruc tures  the  uppe r  por t ion  of 
the film, leaving  the lower  por t ion  unchanged  (for 
bombard ing  t imes <~ 10 rain) .  Color b leeds  f rom an 
unbombarded  region into the  deeper  l aye r  of the bom-  
ba rded  region. In the absence of an e lec t ro ly te  on the 
surface, this proceeds by  l a t e ra l  diffusion of e lectrons 
and protons f rom the u n b o m b a r d e d  region and is 
proton diffusion controlled.  See Fig. 7b. In  the  presence 
of the  acid on the surface,  the fast  color diffusion must  
be in t e rp re t ed  as l a t e r a l  diffusion of e lectrons f rom 
the unbombarded  region coupled wi th  pro ton  diffusion 
th rough  the b o m b a r d e d  surface to neut ra l ize  the elec-  
t rons (10). See Fig. 7c. The h igh  speed of color diffu- 
sion cannot  be exp la ined  by  l a t e ra l  p ro ton  diffusion. 
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The inabili ty to color the bombarded region directly 
by In wire contact, the fast lateral  bleeding, and the 
inabili ty to bleach such a region, once colored by 
lateral  bleeding, implies that  the bombarded, restruc- 
tured layer is still proton permeable, but is blocking 
to electron transport. The restructuring strengthens 
the overall bonding (evidenced by decreased solubil- 
ity) without significantly diminishing the fast proton 
transport. But it  apparent ly  does inhibit  electron in- 
jection or transport, or induces noncoloring trapping 
states. 

These bombardment studies suggest two important  
concepts which are worth further investigation: (i) It 
may be proper to speak of not one amorphous state for 
WOs, but two: one being closer to a molecular solid, 
the other a random network. Only the former is elec- 
trochromic. (ii) Lattice porosity and incorporated H20 
giving high proton mobility may be necessary but in- 
sufficient to produce rapid electrochromic response. The 
electronic states produced by a part icular  structure are 
of critical importance to electrochromic response. 

Nonaqueous Solvents 
It is apparent that EC device shelf degradation in 

aqueous electrolytes is caused by polytungstate for-  
mation. The much lower solubility of EC films in or- 
ganic solvents may be understood in terms of solvent 
ionizability, solvent molecule size, and the nature of the 
solute ion formed. Dissolution is favorable when 
W-O-W bonds are broken in such a way that  the bonds 
remain saturated. Water is a part icularly good solvent 
because its small size permits it to attack a W-O-W 
bond and form two saturated W-OH HO-W bonds with 
a small local distortion of the lattice. Upon going into 
solution, (WO3), combines with water to form the 
compact tungstate and polytungstate ion structures. 
On the other hand, solvents which are not ionizable 
show little if any action on WOs films. Alcohols and 
glycols with one or more OH radical may ionize to 
form R+ + OH-  or RO-  ~ H + but  are poor solvents 
for WO3 films because (i) they do not ionize as readily 
as water, (ii) their molecular size is too bulky to 
penetrate the lattice without severe lattice distor- 
tion, and (iii) the R+ and RO-  radicals are too bulky 
to form compact or complex polytungstate ions in solu- 
tion. Dissolution in these solvents is l ikely to be limited 
to molecular species or simple monomeric ions. Solu- 
bil i ty should be low in either case. When an elec- 
trolyte, such as HH2SOa, is added to a nonaqueous sol- 
vent, an additional dissolution mechanism may be 
operative, namely, formation of electrolyte anion-WO3 
complexes. This is further  discussed in the next section. 

Cycling Degradation 
EC device cycling degradation in aqueous and non- 

aqueous acid electrolytes occurs by an erosion process, 
probably similar to dissolution, but enhanced by the 
voltage drive. Fi lm thinning during cycling has been 
measured by optical interference techniques (2). In 
aqueous electrolytes, the quiescent dissolution process 
occurs by polytungstate ion formation and diffusion 
into the electrolyte. Intuitively, one might  expect 
that it  is the nonequilibrium nature of the color/bleach 
process which leads to cycling degradation. However, 
nonequilibrium by itself does not imply degradation. A 
more detailed model is needed. In the l i terature it has 
frequently been suggested that  cycling degradation 
may be due to such things as impurities or "irrevers- 
ible side reactions." Having delineated the nature of 
quiescent dissolution of electrochromic WOs films in 
the present work, we propose the following intrinsic 
mechanism of cycling degradation. 

In the bleached or moderately colored quiescent 
state, the electrode potentials are such that the Helm- 
holtz double layer  probably has the following struc- 

ture. The inner layer consists of (i) a monolayer of 
chemisorbed H20 forming a surface layer of tungstic- 
oxide-hydroxide which is anionic in nature; (ii) just 
beyond the surface is a layer of predominantly elec- 
trolyte anions plus polytungstate anions. The outer 
layer is chiefly H20 W HaO + W protons with hydration 
shells of six or more water molecules. During the 
coloration cycle, electrolyte and polytungstate anions 
are driven away from the surface by the applied volt- 
age, while hydrated protons are driven toward it. 
During this disturbance of the Helmholtz double layer, 
the depletion of polytungstate anions leads to the re- 
moval of tungstic oxide-hydroxide surface molecules 
to replenish polytungstate anions in the double layer. 
At the same time, the hydrated protons shed much, if 
not all, of their water of hydration upon entering the 
WO~ surface, leaving an abundance of bond-breaking 
water molecules in the surface region and inner Helm- 
holtz layer, further promoting dissolution. 

While the current carried by the negative tungstate 
ions leaving the surface may be a small fraction of the 
proton current, over thousands of cycles it  is sufficient 
to completely erode the film. This voltage-enhanced 
dissolution would account for the device cycle life 
decreasing with increased switching speed (higher 
voltage drive, greater anion depletion, and greater 
disturbance of the double layer  structure) and with 
increased final point coloration (increased total charge 
driven per cycle). We expect and, in fact, observe that 
fast switching to a low contrast state produces more 
degradation per cycle than slow switching to a high 
contrast state. 

Voltage-enhanced dissolution in nonaqueous electro- 
lytes may occur by one of the following mechanisms. 
Dissolution by tungstate ion formation requires an 
oxygen donor species such as H20. If there were no 
dissolved oxygen or trace water  in the electrolyte/  
solvent, and if neither the electrolyte nor solvent dis- 
sociate or electrolyze to donate oxygen, tungstate ions 
cannot form by interaction with the electrolyte. H~O 
incorporated in the WO3 during deposition could, how- 
ever, contribute to tungstate formation. The H20: WOs 
ratio can be as high as 1:2 in evaporated films (5) 
while to form metatungstic acid only 1:3 is needed. 
Thus, the water incorporated in the film, apparently 
necessary to achieve high cation mobility (1), may be 
a self-contained cause of cycling degradation. In addi- 
tion to this, WO3 could enter solution by forming a 
complex with electrolyte anions. Phosphoric acid is 
known to form complexes with WOa. To a lesser ex- 
tent, sulfuric acid may do likewise. 

Electrolyte anions are attracted to the surface in the 
bleached state, and during dynamic bleaching this an- 
ion activity is further enhanced. Anions such as SO4 S- 
may bond to surface molecules forming negative com- 
plexes wbd'ch are swept into solution during coloration. 
Simple complexes like [(WO~)(SO42-)] 2- or poly- 
meric  complexes like [ (SO42-) �9 (WOsO9) �9 H + 
(W809) �9 (SO42-)] z -  could form. Another possibility 
is a metatungstate isomorph in which SO6 octahedra 
are incorporated in place of some WO3, such as 
[HI2 + (WODs �9 (SO42-)4] 6-. 

Conclusion 
Aqueous dissolution and ti tration results indicate 

that amorphous WO3 films (as-deposited) dissolve to 
form metatungstate or pseudo-metatungstate ions. 
Moreover, evidence indicates that complex 3-, 6-, or 
12-mer ions enter solution directly from the dis- 
solving surface. These results, together with the fact 
that associative vapor molecules tend to form molec- 
ular  or semimolecular solids upon condensation, 
strongly suggest that as-deposited WO8 films are com- 
posed chiefly of trimeric clusters weakly bound to one 
another. The very open microstructure that would re-  
sult, along with water-br idge bonds between mole- 
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cules, can account for the high proton mobilities ob- 
served in EC films, but also for the unfortunate rapid 
dissolution and cycling erosion. 

Analysis of evaporated films subjected to oxygen ion 
bombardment suggests two concepts which may be 
important to electrochromic development. (i) There 
may exist two distinct amorphous structures, one closer 
to a molecular solid, the other closer to a random 
network structure. (ii) The restructured (network) 
film shows decreased colorability, not because it is less 
permeable to proton flow but because electron in- 
jection or transport is inhibited, or noncoloring trap- 
ping states are introduced. Further study of bom- 
bardment restructuring may provide key informa- 
tion about the effect of microstructure on EC per- 
formance. 

Cycling erosion can be understood as a natural ex- 
tension of the dissolution process--voltage enhanced 
dissolution. Neither impurity side reactions nor any 
fundamental irreversibility in the proton injection/ex- 
traction process need be postulated. In nonaqueous 
systems, both quiescent dissolution and cycling erosion 
are slowed because of (i) low ionizability and large 
size of organic molecules such as glycerine and (ii) 
inhibited tungstate ion formatiom In these systems, 
degradation may result from formation of negative 
complexes with electrolyte anions or from tungstate 
formation due to HzO incorporated in the film. 

The molecular solid model presented here for elec- 
trochromic films may prove to be a fruitful avenue for 
understanding the nature of coloration in these films. 
The intervalence transfer model proposed by Crandall 
and Faughnan (11) may be given physical interpre- 
tation by relating phenomenological configuration co- 
ordinates to, say, instantaneous configuration of water- 
bridged W309 molecules. This would be similar to 
coloration in charge transfer complexes in solution. 
Bridging water bonds may be important not only for 
proton transfer but for electron transfer as well. 
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SFo, a Preferable Etchant for Plasma Etching Silicon 
K. M. Eisele* 

Fraunho~er-Institut 1~r Angewandte Festk6rperph~s~k, D-7800 Fre~burg, West Germany 

ABSTRACT 

SFs is a far more selective etchant for silicon than CF4. -t- O3 when excited 
to a plasma discharge. This applies to good advantage m parallel plate re- 
actors where under given conditions of rf power and pressure the etch ratio of 
silicon to SiO2 is 30:1 but with CF4 only 7:1. In contrast to the deposition of 
carbon in a CF4 process sulfur has not been found on a silicon surface etched 
in SFs. The selectivity of an SF6 etching process cannot be shifted sufficiently 
in favor of SiO2 by adding hydrogen, it can also not be increased much in 
favor of silicon by adding oxygen. The reaction product is SiF4. No other 
silicon compound than SiF3 + appeared in the mass spectrum_ 1% SF6 in 
argon achieves etch rates of more than 1O0 nm/min with moderate rf energy. 
SF6 is also a useful etchant for Si3N4 with etch rates of 100 nm/min. 

The etching of polysilicon by means of a CF4 plasma 
has almost become a standard process in the manu- 
facture of integrated circuits (1). The polysilicon de- 
posited on an SiO2 layer serves as gate electrode and 
for interconnections between the active elements, re- 
sistors, and bonding pads. The etch rate of a CF4 
4% O2 gas mixture excited to a plasma discharge in a 
tunnel reactor is selective in favor of silicon over SiO2 
with a ratio of 30:1 (1, 2) so that the SiO2 is little 
affected when the time necessary to etch the silicon 
layer is exceeded by a marginal amount. 

* Electrochemical  Society Act ive  M e m b e r .  
Key words: p l a s m a  e t c h i n g ,  s i l icon.  SFe, selectivity. 

Structures of micrometer width are preferably 
etched in a parallel plate reactor because the aniso- 
tropic etching of such a system achieves better defini- 
tion, less underetching, and better profile control than 
can be obtained in a tunnel system. Unfortunately, in a 
parallel plate system the etch ratio Si: SiO2 is reduced 
to 7:1 and therefore not any longer sufficiently selec- 
tive. 

This fact has given incentive to look for other etch- 
ants. Based on earlier experiences in thermally etch- 
ing silicon surfaces in situ before epitaxial growth with 
SF6 (3), this gas seemed suitable for trials in plasma 
etching (10). SF6 is not inflammable and not toxic. 



124 .T. Electrochem. Sot.: SOLID-STATE SCIENCE AND TECHNOLOGY January I981 

Even in  low concentrations it  is a powerful  etchant  
for silicon and reacts almost negligibly with SiO=. 

Experimental 
The parallel  plate reactor consisted of two rec- 

tangular  water-cooled stainless steel plates with an 
area of 600 cm 2 spaced 6 cm apart. Either  p l a t e  could 
be made cathode by connecting it to an rf-voltage 
supply while the other plate was grounded or left 
floating. This configuration permit ted to realize any  de- 
sired bias condition. The etch gas emerged from a 
diffusor pipe with sui tably spaced holes, flowed across 
the short dimension of the rectangle and was pumped 
out through a long horizontal  slit in the vacuum man i -  
fold at the rear  (Fig. 1). The gas flow was electroni-  
cally metered and controlled. The pressure was mea-  
sured by a special rf protected thermocouple gauge 
and a capacitive manometer .  By optical observation 
the plasma filled the space between the plates un i -  
formly. A mass spectrometer was connected to a na r -  
row sampling tube. A roots blower and a two stage 
vane pump permit ted vacua of 10 -8 mbar  which could 
be adjusted to the etching pressure by a diaphragm 
valve. The etch depth was determined with a stylus at 
a step on the surface, produced by a photoresist edge 
dur ing the plasma process. 

Anode Coupled Etching 
Undi lu ted  SF8 produced etch rates 10-15 times 

higher than CF4 -F 4% O2 under  the same conditions 
of rf-voltage and pressure, (rf ---- 1000Vptp, 0.23 mb, 50 
sccm SFe, anode coupled). With reduced rf power we 
began to systematically dilute the SFe with argon. 
The results are shown in Fig. 2, where for a constant  
total gas flow of 20 sccm the fraction of SFe was de- 
creased down to 1%. Even  at this high degree of di lu-  
t ion the etch rate was still at least t h a t  of an undi lu ted  
CF4 + Oe etch. There are also a few etch rates for 
SlOe entered in  that  graph, all below 0.013 ~m/min  so 
that  the objective of a high selectivity in  favor of sill- 

RF CONNECTOR 

Fig. 1. Etch reactor, showing the gas flow across the electrode 

con over SiO2 was obtained wi th  a ratio of at least 30: 1. 
In  etch processes using CF4, carbon atoms are set 

free which may deposit on  the silicon surface and 
impede the attack by the fluorine. This deposition of 
carbon is suppressed by oxygen which converts it  into 
volatile CO2 and in  consequence raises the etch rate 
considerably (4, 5). Similar ly  we expected sulfur  to 
appear on the surface of the silicon in an SF6 plasma. 
If this analogy existed be tween sulfur  and carbon a 
spontaneous increase in  etch rate should also obtain 
in  an SF6 plasma when oxygen is added. Figure 2 
shows the result  of such an exper iment  with both 
SFe and CF4. Oxygen causes a moderate increase in  
etch rate with SFe while with CF4 the increase is 
fivefold. We can conclude that  if sulfur  is on the sur-  
face of the silicon, it does not shield against  the at-  
tack of the fluorine. 

The influence of hydrogen added to CF4 on the etch 
rate of silicon is a means of steering the selectivity in  
favor of SiO2 by suppressing the attack on silicon. 

The large amount  of fluorine in  the SFe molecule 
and the absence of any  polymerizat ion moderates the 
influence of hydrogen to a 10-20% decrease in  etch 
rate. Figure 3 presents this dependence for the smaller  
percentage of hydrogen where at 20% there seems to 
be a slight increase. But  when  the di lut ion is continued 
the etch rate will drop faster than  with argon, which 
means it is not just  a di lut ion but  a reaction. 

It  is now obvious that  the selectivity of etching only 
silicon and not SlOe is very  high and cannot  be shifted 
sufficiently either way by adding oxygen or hydrogen. 
The selectivity does not depend on the fluorine to 
sulfur  ratio in contrast  to CF4 processes where  the 
F to C ratio is all impor tan t  (6, 7). 

Cathode Coupled Etching 
The same measurements  were also made in  a cath- 

ode coupled configuration. Here higher etch rates are 
achieved because of the more intense activation of the 
surface by ions. But  the same dependence of the etch 
rate on the admixture  of He and 02 was observed (Fig. 
3 and 4). The selectivity is, however, dependent  on 
the pressure. In  Fig. 5 the etch rates of Si and SiO~ 
are plotted against  SF6 pressure in the reactor. For 
higher pressure the mean- f ree  path decreases and with 
it the plasma potential  and in  consequence the ion 
bombardment  of the surface. This reduces the etch rate 
of SiO2 where the act ivat ion of the surface by ions is 
necessary for achieving high etch rates. 

The Surface 
Occasionally the etched surface was not smooth. On 

such wafers the etch rate had been unusua l ly  high, 
bu t  also with considerable variat ions across the wafer. 
This caused serious difficulties in  the earl ier  stages of 
the experiments.  This effect could be traced to a cata- 
lytic action caused by residues from the photoresist 
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process al though the surface appeared clean by inspec- 
t ion even with a microscope. After  the wafer  w a s  
immersed in  a 10% HF solution the surface remained 
perfectly smooth in  the process, the etch rate became 
uni form on a single wafer and from wafer to wafer, 
bu t  was dist inctly less than obtained on wafers that  
had not  been dipped in  the HF solution but  etched 
simultaneously.  Untreated surfaces sometimes had 
etched four times deeper than the pretreated ones. 
This effect was later  also found with other etchants, 
for instance with NF~. The suspicion is justified that 
this phenomenon is also present  with CF4, but  not 
easily observed because the etch rates are considerably 
lower. When SF6 was used in  di lut ion the overetching 
was not apparent  without  special attention. 

The crucial question for a semiconductor device ap- 
plication of SF6 is whether  sulfur  is deposited on the 
silicon surface in an SF6 plasma. XPS analysis was 
performed on etched and not etched silicon. There 
was never  any  sulfur  detected. Surpr is ingly  the oxy- 
gen and carbon lines increased in  in tensi ty  on etched 
samples al though no oxygen or carbon containing gas 
was knowingly  admit ted to the reactor. Figure 6 shows 
an XPS spectrum of an SF6 etched silicon surface. 
The m i n i m u m  detectable level of sulfur  is 0.07 of a 
monolayer.  Figure 7 shows the energy range around 
the S2s line, with high resolution. 

Mass-Spectroscopic Analysis 
When the plasma is switched on without silicon pres- 

ent in the reactor some compounds appea r associated 
with oxygen SO, SOF, SOF2 which are synthesized in 
the plasma. When silicon is being etched the only re- 
action product  is SiF4 observed as SiF8 +. The height 
of its mass peak appears at the expense of SF8 + which 
reduces sometimes below that  of the SiF3 +. This 
close  relat ion between the two mass signals induces 
speculation about  a direct exchange between sulfur  
and  silicon because the SF+ and SF2 + peaks remain  
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Fig. 6. XPS spectrum of silicon surface etched in SF6 

unchanged. SF4 + also reduces, bu t  this peak being 
much smaller  to begin with, its contr ibut ion is not as 
obvious. SF~ + seems to change little although it is the 
largest peak. Recently a mass spectroscopic examina-  
t ion of this process has been published (8) where also 
an increase in  SiF3 signal concurs with a correspond- 
ing decrease in the SF3 signal. Those measurements  
were obtained at a much higher power density such as 
is usual ly  applied in sputter  processes. These power 
levels were not reached in this work here. Therefore, 
a detailed comparison is not possible. 

When the silicon is covered by thermal  oxide and 
is anode coupled then the signal of SiF~ + rises barely 
above the background due to the very low e t c h  rate. 
Cathode coupled, hoWever, the etch rate is higher and 
therefore a moderate bu t  distinct signal at 85 amu is 
recorded. At the same time the sulfuroxyfluorides 
SO2F, SO2F2, and SOF3 appear. The peaks of SO2F 
and SO2F2 can also a r i s e  from S2F and 82F2. But as 
the lat ter  were not present  without  the SiO2 in the 
reactor, only the first assumed ident i ty  is acceptable. 
There are small  peaks at 164 and 186 amu which have 
previously been identified as siliconoxyfluorides Si202F4 
and Si2OF6 (9). But these complex compounds have 
negligible importance in the process. 

Because of the absence of carbon, the SF6 plasma 
does not have the ambigui ty  that all mass peaks at-  
t r ibutable  to silicon could also arise from CO-combina-  
tions, because of the same mass, e.g., SiF2 and COF2. 
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sure, 0.16 W/cm 2, cathode coupled. 
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SF6 in a Barrel Reactor 
Commercial ly available barre l  reactors are in wide- 

spread use in  the semiconductor industry.  Therefore it  
was considered useful to invest igate the etching effect 
of SF~ in  such a reactor configuration. The etch rates 
for silicon were higher by  a factor 2-3 than previously 
found with CF4. At the same time the attack on SiO2 
was immeasurably  small. The effects of adding oxygen 
or hydrogen were the same as in  the parallel  plate 
reactor. At more than 50% hydrogen the etch rate falls 
off considerably as the fluorine is being pumped off as 
HF. The selectivity in  favor of silicon over SiO2 was 
200:1 without a iming for op t imum conditions. Ex- 
ceeding the t ime in  etching a polysilicon structure 
becomes thus meaningless. Although CF4 achieves ade- 
quate etching in a barrel  reactor, the improvement  in -  
troduced by SF6 deserves consideration. 

The Etching of Silicon Nitride 
SF6 is also a useful etchant  for silicon nitride, espe- 

cially as an al ternat ive when  CF4 does not achieve a 
good surface. This applies for instance when ni tr ide is 
used as a passivation layer on already metallized de- 
vices and contact holes have to be cut through the 
nitride. In  this case SF6 leaves a shiny surface suitable 
for bonding. With 0.2 W/cm z rf power density in an 
anode coupled setup, 0.25 mbar  pressure and 20 scem 
SF6 flow, 80-100 n m / m i n  of silicon ni tr ide can be 
etched. The same conditions but  cathode coupled do 
not achieve an appreciable higher etch rate yet the 
selectivity with respect to SiO2 is diminished. Nitride 
etching is not influenced by small percentages (<20%) 
of hydrogen added to the SF6 and also not by oxygen 
and nitrogen. There is a small  increase in etch rate 
with pressure. In  this respect the ni t r ide behaves like 
the silicon and not like the oxide in Fig. 4. It  means 
that activation of the surface by ion bombardment  is 
not a significant condition for etching nitride. 

Conclusion 
For plasma etching silicon, SF6 is a unique etching 

gas. I t  requires no oxygen to achieve high etch rates 

with outstanding selectivity. It is economical a n d  
leaves a clean smooth surface with no danger of de- 
positing any layers on the wafer. It  should therefore 
find wide application in the manufac ture  of semicon- 
ductor devices. 
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Secondary Ion Mass Spectrometric Analysis 
of Cobalt-Hardened Gold Electroplate Surfaces 

Rudolf Schubert 
Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

In Co-hardened Au electroplate, the Co will  diffuse to the surface with 
time, where it can form an insulat ing film. It is of interest  to know the chem- 
ical form of this surface Co on electrical connectors. Secondary ion mass spec- 
t rometry is used to distinguish Co, CoO, Co~O4, and cobalt hydroxides in less 
than full  monolayer  quanti t ies on impure  surfaces. This distinction of com- 
pounds is made by comparing the positive and negative secondary ion spectra 
of Au electroplate with s tandard samples. Both Ar and O2 are used for the 
pr imary  beam. Spectra are compared from before and after UHV bakeout. 
It is shown that electroplated Au samples have different Co compounds on 
their  surface depending upon the sample histories. For Co-hardened Au elec- 
troplate heat - t rea ted at 150~C in air, the surface Co is in the form of CoO a n d  
Co. When heat- t reated at 200~ in air, the surface Co appears to be in t h e  
form of a cobalt hydroxide. Numerous other surface species are also identified 
and discussed. 

Cobalt is a component used in many alloys to in-  
fluence specific properties of these alloys. In the 
electronics industry,  Co is added to electroplating bath 

Key words: SIMS, cobalt oxides, hard gold, electrical con- 
nectors. 

solutions to improve the mechanical hardness charac- 
teristics of electroplated Au surfaces (1). A side effect 
of the Co included in the Au electroplate is that, with 
time and temperature,  it diffuses to the surface a n d  
can cause high contact resistance upon oxidation in  air. 
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Cobal t  me ta l  oxida t ion  has been ex tens ive ly  s tudied 
and r ev iewed  (2, 3). Three  different  oxides form 
(COO, Co804, and Co2Oz) and are  s table under  var ious  
conditions. Fo rma t ion  is a funct ion of t empera tu re  
and gas env i ronment  except  for Co208, which does 
not  form by d ry  oxida t ion  (2). The normal  oxide  
format ion  can be expected  to be a l t e red  when  the 
Co is i n /on  a complicated,  impure  Au  electrodeposit .  
Bulk Au e lec t ropla te  impur i t ies  were  first shown to 
include complicated,  organic compounds by  wet  chem-  
i s t ry  (4). The exact  na tu re  of these bu lk  complexes 
is st i l l  uncer ta in  even af ter  sophis t icated analyses  by  
Mhssbauer  spectroscopy (5-7). The ma jo r i t y  of the  
Co is me ta l l i ca l ly  subs t i tu ted  in the  m a t r i x  (7). How-  
ever,  w h a t e v e r  the na tu re  of these complexes,  (8- 
CoOOH) (6), or  (Co(CN)6 -8)  (7), they  wil l  have  to 
disassociate before  being able  to diffuse to the  surface 
where  they  are  of in teres t  for  thei r  e lect r ica l  contact  
resistance.  

Recently,  A u g e r  e lec t ron spectroscopy (AES) (8, 9) 
and x - r a y  photoelec t ron spectroscopy (XPS)  (10) 
have  been used to eva lua te  Co diffusion constants  in 
Co-ha rdened  Au  electroplate .  That  work  has pointed 
to a va r i e ty  of possible surface compounds:  CoO, 
CoOOH, and K20. Compounds wi th  C, N, S, Na, and 
C1 have been neglected a l though these e lements  are  
also presen t  on the  surfaces (8, 10). 

Secondary  ion mass spec t romet ry  (SIMS) used in 
the  s tat ic  mode is ideal  for a qua l i ta t ive  chemical  
surface analysis  (11-14). Stat ic  SIMS uses sufficiently 
low p r i m a r y  ion beam densit ies (,~1011 ions / sec -cm 2 
_-- 16 n A / c m  2) such tha t  less than  10% of a mono-  
l aye r  of the  surface is des t royed  th rough  sput te r ing  
dur ing  an analysis.  Chemical  analysis  is achieved b y  
compar ing  the unknown spec t rum to spec t ra  of s tan-  
dards.  

This pape r  repor ts  on the surface analysis  of Co- 
ha rdened  Au e lec t ropla te  before  and af ter  h e a t - t r e a t -  
ments  at  ~200~ in l abo ra to ry  air. S t a n d a r d  SIMS 
spect ra  of Co foil, CoO, and Co304 powders  were  used 
for  comparison.  Both posi t ive and negat ive  SIMS 
spect ra  a re  used for  analysis.  Qual i ta t ive  i n t e rp re t a -  
t ion of the Au e lec t ropla te  spect ra  indicate  va ry ing  
amounts  of hydrocarbons  (HC),  halogens, alkalies,  
sulfur,  cyanogens, Co, and  oxides. The source of 
these e lements  and  compounds is a t t r ibu ted  to the  
e lec t ropla t ing  process. 

Apparatus and Sample Preparation 
The appara tus  in which the SIMS measurements  

were  made  is a s tainless steel, ion pumped,  u l t r ah igh  
vacuum system wi th  a 12 in. bel l  jar .  Typical ly ,  the  
sys tem background  pressure  is 3 • 10 -9  To r t  before  
a 225~ 8 h r  bakeou t  and 1 • 10 -10 Torr  af ter  a 
bakeout .  A monopole  mass spec t rometer  cont inuously  
moni tors  the  background  res idual  gases. P r i m a r y  re -  
s idual  gases a re  H2, CO, H20, CH4, and iner t  gases. 
This is typ ica l  of an u l t r ah igh  vacuum system. The 
sys tem and SIMS appara tus  have  been descr ibed and 
shown in de ta i l  p rev ious ly  (15, 16). 

Briefly, the SIMS equ ipment  consists of an ion gun, 
quadrupole  mass filter (QMS),  and a cy l indr ica l  mi r ro r  
energy  pref i l ter  (CMA).  The hot  f i lament ion gun 
is d i f ferent ia l ly  pumped  wi th  a l iquid n i t rogen t r apped  
hydroca rbon  oil diffusion pump to reduce  the  iner t  
gas load on the ion pump when using an A r  ion beam. 
Other  p r i m a r y  ion beams, such as oxygen,  can also 
be genera ted  but  wi th  a reduct ion  in f i lament life. 
P r i m a r y  ion beam currents  can be va r ied  be tween  
1-400 nA wi th  a beam ha l f -w id th  var iab le  f rom 300 
~m to N1 cm. The CMA filters out h igher  energy  
(>10 eV) secondary  ions and neu t r a l  species. Both 
posi t ive and negat ive  ion spect ra  can be measured  
in the  QMS which has an e lect ron mul t ip l i e r  detector.  
Wi th  a 10 nA p r i m a r y  ion beam, typ ica l  background  
counting rates  a re  <1 sec -1. 

A pure  Co s t andard  (99.9%) was cut  (0.5 • 1 X 
0.025 cm) f rom commercia l  (MRC Corporat ion)  foil. 
CoO and Co304 samples  were  p repa red  f rom commer -  
cial (Al fa -Ven t ron)  technical  grade  powders.  X - r a y  
dilYraction analysis  of the  CoO and CozO4 powders  
showed only CoO and Co804 lines, respect ively.  The 
powders  were  spread  be tween  two pieces of Ag foil 
which had  been prev ious ly  u l t rasonica l ly  c leaned in 
methanol .  The sandwich  was then compressed to 
,,-100 psi. Excess oxide powder  was tapped  off a f te r  
the two foils had been  gen t ly  separated.  S imi l a r  Co 
oxide samples  were  also made  on Sn backed,  e lec t ro-  
p la ted  soft Au foils to check for  subs t ra te  effects. 
Co203 was not  ava i labIe  commerc ia l ly  and since i t  
does not  form b y  d ry  oxidat ion  (17), i t  wil l  not  be 
considered in this paper .  Immedia t e ly  p r io r  to inser-  
t ion in the vacuum system, al l  samples  were  u l t r a -  
sonical ly cleaned in CH3OH. 

Co-hardened,  e lec t ropla ted  Au  samples  were  p la ted  
on OFHC Cu to a thickness of 25 microns.  A s t anda rd  
commercia l  (Au t ronex -CI ) ,  c i t ra te  buffered, p la t ing  
solut ion was used at  low cur ren t  densities. The source 
of Au  and Co was K A u ( C N ) 2  and CoSO4, respect ively.  
Samples  s imi lar  to these have been descr ibed p re -  
v iously  (6-8).  Cohen et  aI. (7) have shown tha t  bu lk  
impur i t ies  a re  s imi lar  over  a range  of p la t ing  cur -  
rents,  Co concentrat ion,  and ba th  age. Co concent ra -  
t ion in the films was 0.26 weight  percent  (w /o )  as 
de te rmined  by  atomic absorpt ion  analysis.  Three  his-  
tories of Au samples  were  analyzed:  (i) af ter  p la t ing 
wi thout  a hea t - t r ea tmen t ,  ( i t )  af ter  150~ in a i r  for  
2000 hr, and ( i i i )  af ter  200~ in a i r  for 120 hr. Al l  
samples  were  u l t rasonica l ly  c leaned in CH3OH before  
the  h e a t - t r e a t m e n t  and before  vacuum insert ion.  

Analysis Procedure and Results 
Six  different  types  of samples  were  moun ted  on a 

carousel  for sequent ia l  analysis  under  the  same ana l -  
ysis conditions. Typical  sample  groupings were  Co foil, 
CoO and Co804 on Ag foil, and Au  sample  types  ( i) ,  
( i i) ,  and ( i i i ) .  Analyses  were  made  before  and af te r  
bakeou t  of the vacuum system. Al l  analyses  were  
made  such tha t  for an assumed spu t t e r ing  y ie ld  of 
unity,  less than  a monolayer  of ma te r i a l  was sput tered,  
i.e., the produc t  of ion beam cur ren t  and analysis  
t ime produced  an ion dosage of <1015 p r i m a r y  ions /  
cm 2. This insured that  when a f t e r - U H V - b a k e o u t  ana l -  
yses were  made,  the  or ig inal  surfaces had not been 
des t royed  by  the  p rebakeou t  analyses.  

F igure  1 shows the posi t ive secondary  ion (PSI)  
spec t rum (log re la t ive  in tens i ty  vs .  amu)  f rom the 
pure  Co foil  sample  before  the  system had been baked  
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Fig. 1. PSI spectrum of Co metal foil using a 2 keV Ar + primary 
beam of density 1.5 X 1012 sec - 1  cm - 2 .  The sample has been 
ultrasonically cleaned in CH3OH and the system background pres- 
sure ~ 3 X 10 -9 Tarr. Unlabeled peaks are due primarily to hy- 
drocarbons. 



128 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

a n d  when i t  was at  a background  pressure  of 3 X 10' 
10 -9 Torr.  In  addi t ion  to those impur i t ies  labeled,  many  
o ther  peaks  are  seen and a t t r ibu ted  mos t ly  to e le-  
men ta l  oxides and to organic surface impuri t ies ,  i.e., 
CH= C~H~, etc. (which are  typical  of nonvacuum-  
b a k e d  samples  which  have  been  exposed to a i r ) .  In  
the  negat ive  secondary  ion (NSI)  spectrum,  one finds ~0 ' 
oxides, F, S, C1 and more  f r agmented  organic ions 
than  in the PSI  spectrum. The NSI spec t rum for Co >" I-  
foil  is not shown bu t  is s imi lar  to the spect ra  for  
the  cobalt  oxides discussed below. Af t e r  bakeou t  of z 
the  vacuum system, the  Co foil  SIMS spec t ra  change 
considerably.  F igu re  2 shows a reduct ion  of most  _~ 10' 
impur i t ies  in the  PSI  spectrum. Low mass hyd roca r -  m 
bons increase  but  h igh mass ones decrease which is -.�9 ,zc 
normal  for  samples  that  have  been  th rough  a UHV- 
bakeout  procedure.  The mass peaks  at  amu 113 and .a RI 
1i5 increase  and are  a t t r ibu ted  to In diffusing out  n- 
of the  bulk.  Also note the  subs tan t ia l  reduc t ion  of ~0' 
cobal t  oxide. 

NSI  spec t ra  of the  two cobal t  oxides,  CoO and 
Co~O~ pressed into Ag  foil  samples  which have  not  
been baked  are  shown in Fig. 3 and 4, respect ively.  
The samples  show var ious  levels  of e lementa l  im-  
pur i t ies  and hydrocarbons .  The p r i m a r y  NSI  mass 1 
peaks  of in teres t  a re  C o -  a t  a inu 59, C o O -  at  75 ainu, 
and  CoO~- at  91 amu. The cobal t  oxide powder  sam-  
ples  pressed  into soft Au  p la ted  Sn have  comparab le  
NSI  re la t ive  intensi t ies  and are  not  shown. For  PSI  
spectra,  the peaks  involved in the f ragmenta t ion  pa t -  
terns  a re  Co + at  amu 59, CoO + at  ainu 75, Co2 + at  
ainu 118, and Co~O+ at amu 134. These spec t ra  a re  
not  shown since they  are  s imi la r  to the  CoO oxide in 
the  unbaked  Co foil  shown in Fig. 1 but  wi th  more  
intense oxide peaks.  Fur the rmore ,  none of the  oxides  
s tudied showed any  significant differences in the i r  PSI  
f ragmenta t ion  pat terns .  Table  I lists the normal ized  
re la t ive  intensi t ies  of f r agmenta t ion  pa t t e rn  peaks  
of both  PSI  and NSI  spect ra  for the  s tudied cobal t  
oxides and Co foil  a f te r  UHV bakeout .  Cobal t  oxide 
samples  showed no significant differences due to the  
UHV bakeout  wi th  regards  to the  oxide  f ragmenta t ion  
pat tern .  

PSI  and NSI  spect ra  of Co-hardened  e lec t ropla ted  
Au samples  were  also recorded.  The normal ized  r e l a -  
t ive intensi t ies  of the re levan t  Co mass peaks  are  also 
l is ted in Table  I. F igure  5 i l lus t ra tes  a typica l  PSI  
spec t rum of  the  Co-hardened  Au  e lec t ropla te  r e f e r -  
ence sample  (i) (no h e a t - t r e a t m e n t ) .  The PSI  and 10 ~ 
NSI  spect ra  of sample  (iii) are  shown in Fig. 6 and 7, 
respect ively,  
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Fig. 2. PSI spectrum similar to Fig. 1 except that the system and 
sample have been baked in high vacuum at 225~ for 8 hr. Base 
pressure = I X |0 -1~ Torr. The In is believed to be a bulk im- 
purity which has diffused to the surface during bakeout. 
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Fig. 3. NSI spectrum of CoO powder pressed onto an Ag foil 
and ultrasonically cleaned in CH3OH. The primary Ar + beam 
density is 2 • l0 +12 sec -1  cm -2.  The ions at ainu 60 and 63 
are unrelated to Co. 

The p r i m a r y  purpose  of this expe r imen t  was to 
de te rmine  by  SIMS the surface Co oxide  compounds 
in Co-hardened  Au  e lec t ropla ted  OFHC Cu. As can 
be seen in the spect ra  shown in Fig. 6 and 7, the  
he a t - t r e a t e d  Au sample  (iii) is even more  contami-  
na ted  than  the s t anda rd  powder  samples  discussed 
above. Tompkins  (8) and Thomas and Sha rma  (10) 
using Auge r  e lec t ron spectroscopy and concurrent  
sput ter ing,  have  shown tha t  the  surface impur i t y  and 
oxide  layers  a re  only tens of angstroms thick. I t  has 
als0 been shown tha t  cyanide  and hydrocarbon  com- 
plexes  ex tend  throughout  the Co-hardened,  Au p la t ing  
(6, 7, 23-25). Thus, the  surface impur i t ies  a re  not  
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Fig. 4. N$1 spectrum of Co~04 recorded with conditions similar 
to Fig. 3. 
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Table I. Fragmentation patterns of PSI and HSI of cobalt and 
cobalt oxides 

Relat ive  intensit ies  

Sample  Pos . /Neg .  ~9Co s9Co~60 ~9Co180J ~9Co~ ~Co~eO 

Co foi l  P 100 0.5 - -  6.9 0.4 
N 100 - -  - -  * 

CoO powder  P 100 1.1 - -  1.2 1.0 
N 50 66 I00 

CosO~ p o w d e r  P 100 0.8 - -  ~ 0.g 
N 7 4O lOO - -  - -  

A u  (l)  No heat- treatment  P 100 �9 - -  �9 - -  
�9 �9 �9 

Au (//) 150"C, 2000 ha" in air p I00 0.8 - -  1.0 0.2 
N I00 49 71 

A u  (fii) 200"C, 120 hr in air p 100 0.4 ~ 0.7 O.1 
N 0.9 100 92 - -  

* IntensRies  a~ter UHV bakeout  are ~10  count s / s ec  wi th  primary beam d e n ~ t i e s  of ~ 2  x 10s Ar+/(sec-cm ~) which  prec ludes  listing 
an accurate  f ragmentat ion  pattern.  

readi ly cleaned off without  also removing the Co 
oxides of interest.  However, from the discussion below 
it will  be indicated that  the contaminat ion does not 
affect the Co oxide f ragmenta t ion pattern.  

Discussion 
I t  is apparent  that  the surfaces being analyzed have 

various impuri t ies  on them. It is also well  known that  
electronegative and electropositive elements and com- 
pounds dramatical ly  increase or decrease the PSI 
and  NSI yields (16, 18-20), respectively. For example, 
if one exposes clean Fe-Cr  alloys to either CO or 
Cell6, the PSI yield of Fe and Cr increases uni formly  
by approximately  a factor of 100 (21). Oxygen ad-  
sorption will  increase the PSI yield by >1000, but  
nonuni fo rmly  for the two elements (13). However, 
the ratio of the f ragmenta t ion pa t te rn  peaks for a 
given e lement  does not change [similar results have 
been reported for Cu and CuO (19) and Si (22)]. 

In  this paper we are concerned with the effects of 
impuri t ies  and oxygen on Co on the Au surface and 
their  effect on the SIMS fragmenta t ion patterns.  Com- 
parison of Fig. 1 and 2 show that  the PSI Co oxide 
yield from the Co foil surface has become smaller  by 
more than a factor of 20 due to the surface impur i ty  
desorption occurring dur ing  bakeout  of the vacuum 
system. Other surface impurities,  such as A1 and Ca 
have also been reduced substantially.  Indium, at mass 
113 and 115, has diffused from the bulk  to the surface. 
Low mass hydrocarbons (HC) have increased while 
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Fig. 5. PSI spectrum of Coohardened Au electroplated OFHC Cu 
after UHV bakeout. The sample was inserted directly into the 
vacuum system following an ultrasonic CH3OH rinse after plating. 
Primary Ar + beam density was 3 X 1012 sec - 1  cm -2 .  

higher mass HC have decreased. After  system bakeout  
CH4 is a pr ime residual gas and probably  is responsible 
for a substant ia l  port ion of the PSI in tensi ty  increases 
at amu's  12-16. Although Na and K decrease dur ing 
bakeout, their  remaining  high PSI in tens i ty  is mis-  
leading. Both have PSI yields ~,,100 times higher than 
Co and both are trace elements in  the p r imary  ion 
beam from the hot fi lament gun. However, the ratio 
of Co+/Co2 + is unchanged at 14.5 after all the surface 
impur i ty  changes and reductions. One concludes that  
the f ragmenta t ion  pa t te rn  for Co does not  change 
with surface impur i ty  adsorption. 1 

From Fig. 1 to 4 and Table I it is obvious that Co 
can be dist inguished from cobalt oxides. Dist inction 
of the oxides from one another  is not  so obvious in  
the PSI spectra of the powdered samples (not shown) 
in  which only small  differences in  f ragmenta t ion pat-  
terns are seen. The smaller  peaks, CoO + and CoO2 +, 
are essential ly equal with a small  signal to noise 
ratio. 59Co+ is always the ma in  peak. In  the NSI 
spectra, the f ragmenta t ion pat terns are unambiguous  
when  comparing the Co- ,  COO-, and COO2- peaks. 
Thus, from the ratios of Co- /CoO2- ,  which are 0.5 
and 0.07 for CoO and Co304, respectively, one can 
separately identify the two oxides. 

The Au electroplated sample which has not been 
heat - t rea ted in air shows only min imal  contamination.  
One sees the alkalies predominant ly,  traces of other 

1 As a further check on the effects of oxygen  on the fragmen- 
tation pattern, a primary O2 ion beam, as opposed to an Ar ion 
beam, was  also used on all the standard samples.  No  changes  
were  observed in either the  Co metal  or  oxide  fragmentat ion  
ratios. 
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Fig. 6. PSI spectra of a Co-hardened Au electroplated OFHC Cu. 
After electrodeposifion the sample was baked in inborQtory air 
for 120 hr at 200~ then ultrasonically cleaned in CH~OH before 
insertion in the vacuum system. Ar + beam density was 3 X 1012 
sec - 1  cm -2.  Unlabeled peaks are due primarily to hydrocarbons. 
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Fig. 7, N$1 spectrum of sample shown in Fig. 6. Primary ion beam 
was similar to the data in Fig, 6, 

elect roposi t ive  elements,  and smal l  amounts  of Co as 
shown in Fig. 5. This da ta  was recorded  at  the  same 
sens i t iv i ty  level  as the da ta  in Fig. 6. If  one assumes 
tha t  the SIMS signal  or iginates  f rom the topmost  mono-  
l ayer  of atoms only, then there  is less than  1 atomic 
percen t  (a /o )  of Co and 1 a /o  of a lkal ies  present  
on tha t  surface. 

Co-ha rdened  Au  e lec t ropla te  sample  (if) data  (spec-  
t ra  not  shown) can be in terpre ted ,  wi th  respect  to 
surface Co, f rom the da ta  l is ted in Table  I. Taking 
the NSI contr ibut ions  at  amu 75 (COO-)  and amu 91 
(COO2-) to be due  to CoO then the contr ibut ion  of 
CoO to the amu 59 ( C o - )  signal  is 85 units  ( re la t ive  
in tens i ty) .  Assuming equal  NSI  yields (p r imary  ions 
in / seconda ry  ions out)  for Co and CoO, the ca lcu-  
la ted  va lue  of Co is then 65/(155 + 65) or  app rox -  
ima te ly  30 a /o  Co wi th  the  concurrent  va lue  of 70 
a /o  for CoO. These values  a re  in agreement  wi th  
Ref. (10). Other  surface impur i t ies  wil l  be discussed 
below. 

Inspect ion of both  the PSI  and NSI  da ta  in Table I 
and Fig. 6 and 7 indicates  tha t  the cobalt  oxide in the 
Co-hardened  Au e lec t ropla te  sample  (iii) is not  Co, 
CoO, Co804, or  a combinat ion thereof.  The f r agmen ta -  
t ion pa t t e rn  rat ios of amu's  59/76 or 59/91 do not  
fit the s t andard  samples. The ratio of CoO2- /CoO2H-  
is 6 and 8.5 for the CoO (Fig. 3) and Co304 (Fig. 4) 
s tandards,  respect ively.  For  the unknown this ra t io  
is only  1.5. S imi la r  numbers  app ly  to the COO- /  
C o O H -  ratio. This four  to sixfold increase  in hydrox ide  
s ignal  impl ies  a p ropor t ionan t ly  grea te r  amount  of 
hydrox ide  than the s tandard  and tha t  i t  is s t rongly  
bonded, since it has surv ived  a UHV bakeout .  This 
is fu r the r  subs tan t ia ted  by  the large  O -  and O H -  
peaks  which are  off scale in Fig. 7. Thus, one concludes 
tha t  the  surface Co is r ea l ly  a form of cobalt  hy -  
d rox ide  af te r  a 200~ hr  h e a t - t r e a t m e n t  in l ab-  
o ra to ry  air. This is in agreement  wi th  the work  of 
Leidheiser  et al. (6), who cla imed the butk  Co was 
complexed  as ~-CoOOH. Other  surface analysis  re -  
ports  on Co-hardened  Au elect ropla te  are  not in 
conflict wi th  this conclusion since with  AES (8, 10) 
hydrogen  cannot be detected and af ter  the ESCA ana l -  
ysis (10) its presence on the surface was debated.  

Hydrocarbons  are  present  in significant amounts  on 
al l  the  samples  except  the  Co foil and  unhea t - t r ea t ed  
Au  af te r  UHV bakeout .  HC are  typ ica l ly  seen at  amu's  
12-15 (CHz),  amu's  24-27 (C2H~), amu's  36-39 (C~Hz), 

etc. in both PSI  and NSI spec t ra  (11, 21). For  the 
powder  samples,  HC cannot  be e l imina ted  since as 
one sput ters  into the  "clean" in te r ior  of a granule,  
new ex te r ior  surfaces are  being exposed f rom sur-  
rounding granules.  F igures  6 and 7 show the r ichest  
HC spectra.  In  addi t ion  to the labe led  HC, i t  is 
expected that  most  of the lower  in tens i ty  unlabeled  
peaks  are  also due to HC. A t  this point  i t  would  be 
t o o  specula t ive  to a t t empt  an identif icat ion due to 
t h e  m y r i a d  possibil i t ies and not  having s tandards  
avai lable .  

Numerous  o ther  compounds and complexes are  pu r -  
por ted  to be in the bu lk  or on the surface of the 
e lec t ropla te  depending on which publ ica t ion  one reads  
and wha t  technique tha t  au thor  used. CN complexes 
a r e  expected due to the e lec t ropla t ing  bath.  C N -  is 
seen at  amu 26 in Fig. 7 where  i t  dominates  the  
C2H2- ion. The NSI  at  amu 42 and 43 are  due p r i -  
m a r i l y  to C N O -  and C N O H - ,  respect ively.  The 
presence of CoCN complexes on the surface should 
produce a s t rong peak  at  amu 85 in the NSI  spectrum. 
Since a negat ive  amu 85 ion was not  observed one 
concludes that  CoCN complexes were  not p resen t  on 
the surface. KO and KCN surface complexes also 
appear  doubtful  since they  appear  in ne i ther  the  PSI  
nor  NSI spect ra  a l though t h e p o s s i b i l i t y  exists tha t  
they  are  only spu t te red  as neutrals .  Thus i t  appears  
tha t  large  chemical ly  bound complexes are  not  r ead i ly  
found on the surface of Co-ha rdened  Au e lec t ropla te  
e i ther  before  or  af ter  h e a t - t r e a t m e n t  in air. 

S u m m a r y  
Stat ic  SIMS surface analysis  has been shown capa-  

ble of dis t inguishing Co, CoO, and Co304 s tandard  
samples. The technique has demons t ra ted  that  an 
unbea t - t r ea ted ,  Co-ha rdened  Au e lec t ropla te  surface 
is re la t ive ly  clean wi th  p redominan t ly  meta l l ic  sur-  
face impur i t ies  of K and Co. For  Au  e lect ropla te  
hea t - t r ea t ed  at  150~ in l abo ra to ry  air, the p r i m a r y  
surface const i tuents  a re  CoO, Co, and K. At  hea t -  
t r ea tmen t  t empera tu res  of 200~ these surfaces p ro-  
duce complex PSI  and NSI spec t ra  and are  h igh ly  
contaminated.  A par t i a l  l is t ing of contaminants  in-  
clude hydrocarbons,  hydroxides ,  Na, K, Ca, Co, CoOOH, 
CN, S, and C1. CoCN, KO, and KCN complexes are  
be l ieved  not  to be presen t  on surfaces in subs tant ia l  
quanti t ies.  

Manuscr ip t  submi t ted  June  9, 1980; revised m a n u -  
script  received Ju ly  31, 1980. 

Any  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 
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A Review of Depreciative Color Center Phenomena 
in Lamp Phosphors 

John M. Flaherty* 
GTE Products Corporation, Lighting Group, Danvers, Massachusetts 01923 

ABSTRACT 

A review of the role played by color centers in the deteriorat ion of l u m e n  
output  of lamp phosphors with special a t tent ion to the halophosphates is pre-  
sented. Color center dynamics in halophosphates result  in a rapid degradation 
in  phosphor brightness within minutes  ai ter  trm beginning  of lamp life. An 
examinat ion  of the extent  and rapidi ty of this effect is reviewed. Unir radia ted  
spectral characteristics of halophosphates are dependent  on growth stoichi- 
ometry. Radiat ively induced spectral absorptions are dependent  on the re la-  
tive in tensi ty  of I-Ig u.v. components and crystal deformation and show ther-  
mal  and optical bleaching effects. A dynamical  model of color centers in  halo- 
phosphates is extracted from the l i terature  that explains the essential experi-  
menta l  dependencies. Related color center effects in phosphors including de- 
fect generat ion considerations for long- te rm brightness deteriorat ion are also 
presented. 

The various phenomena which contribute,  each in 
its own degree, to the depreciation in fluorescent lamp 
performance are often quite complicated. One such 
phenomenon is due to color center dynamics occurring 
in  the phosphor. A review of the role played by  color 
centers in  the deter iorat ion of l umen  output  of phos- 
phors with special a t tent ion to the halophosphates is 
presented with subsequent  generalizations on defect 
considerations for lamp phosphors. 

Ever present  in  solids are defects. Defects are cate- 
gorized (1, 2) as point  defects and extended defects, 
the lat ter  considered as sizable aggregates of point  de- 
fects that together constitute dislocations, voids, or 
bubbles.  Typical examples of point  defects are host in-  
terstit ials or vacancies which are termed intr insic  de- 
fects and impurities,  an extrinsic defect; a small  com- 
plex or cluster of these simple defects is also con- 
sidered a point  defect. 

Solids whose bonds are predominant ly  ionic present  
bandgaps sufficiently wide that  these defects and /o r  
their  charge modifications often exhibit  absorption 
s t ructure  in the u.v., visible, or infrared and are col- 
lectively termed "color centers." 

High u.v. i r radiat ion may induce new and /or  sig- 
nificantly increased color center absorption in the u.v. 
and visible regions especially. This signals generation, 
modifications, and interactions of and between de- 
fects. Often defect interactions which tend to br ing  
about a d iminut ion  of these induced absorptions and 
their  associated defects are ini t ia ted by less energetic 
u.v. and visible radiat ion as well  as thermal  treatments.  
All defects and their  interactions occurring in a solid 
will  here be regarded as consti tut ing the defect system 
of the solid. 

The ideal lamp phosphor should absorb and convert  
all of the u.v. of the lamp discharge to the appropriate 

* Electrochemical Society Active Member. 
Key words: defects, luminescence, ultraviolet, stoichiometry. 

visible emission with quan tum efficiency of at l e a s t  
unity.  In  order that  all of this visible emission should 
escape the phosphor layer, the phosphor host lattice 
must  present  an energy bandgap sufficiently wide to 
pass all visible electromagnetic radiat ion (--~ 3.5 eV). 
Most phosphors are consti tuted of a nonfluorescing 
host lattice into which specific impuri t ies  are pur -  
posely doped in order to absorb the u.v. of the dis- 
charge and emit it as visible radiation. The absorption 
and emission processes may be accomplished by a 
single type of impur i ty  in  which case it is called an 
activator or they may be accomplished separately, be 
unl ike impuri t ies  whereby an absorber (called the 
sensitizer) transfers its excitat ion energy to the emit-  
ter (the activator) by some energy t ransfer  process 
(3). If only the activator or sensitizer, hereafter  to- 
gether consti tuting the activator system of the solid, is 
to absorb the u.v. radiation, then the bandgap of the 
host lattice must  pass the u.v. of the discharge addi-  
tionally. For an  Hg discharge this corresponds to a 
bandgap of ~--6.8 eV. The activator system may also be 
composed, at least in part, of host ions and/or  ion com- 
plexes. In  this case the u.v. is general ly absorbed by 
the host whereby all excitation is ideally t ransferred 
to the activator which subsequent ly  emits in  the visible. 

The defect system can undermine  the aforementioned 
intent  of the ideal phosphor, thus lowering its efficiency 
in essentially three ways as symbolized in Fig. 1. In  
process 1 the defect system may compete with the 
activator system for the exciting radiation. Visible ab-  
sorption caused by defects can reduce activator emis- 
sion before it is able to escape the phosphor layer  in 2. 
Additionally,  entities of the defect system may be 
in t imate ly  connected with or in communicat ion with 
those of the activator system resul t ing in a direct 
nonradiat ive t ransfer  of excitation energy from the 
activator system to the defect system. This loss is sym- 
bolized by process 3. The relat ive importance of these 
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Fig. 1. Schematic of energy loss processes to the defect system 
of a phosphor. 

three loss processes is dependent  on the par t icular  
phosphor at hand. 

Many lamp phosphors show color center absorptions 
with result ing brigrltness degradations ~ (4, 5), but  none 
have been analyzed so thoroughly as the halophos- 
phates. Calcium halophosphate, the predominant ly  
used commercial phosphor in  fluorescent lamps, shows 
significant depreciation in  brightness under  Hg u.v. 
radiat ion comprised of the 185 and 254 nm components. 
A review of the results of the many  investigations in 
the l i tera ture  on this depreciative effect is of interest  
for a general  unders tanding  of this impor tant  phosphor 
as well as a frui t ful  example of the typical effects that 
can occur in  other phosphors. 

Calcium Halophosphate Depreciation 
Due to Color Centers 

First, the extent  and rapidi ty of this effect will be 
presented. After  a look at the re levant  s t ructural  as- 
pects of the halophosphates and their  probable sites 
for impur i ty  inclusion, I will examine the exper imental  
results associated with high u.v. radiat ion correlated 
with crystal preparat ion conditions. On the basis of 
exper imental  findings, a model of color center dynam-  
ics in this phosphor, chosen from the li terature,  is 
presented which explains the exper imental  dependen-  
cies and behaviors as well as reveal ing the deleterious 
workings of unwanted  defects. 

General lumen dependencies.--There occurs a rapid 
deterioration in the lumen  output  of a halophosphate 
lamp within  N10 min  of lamp life after which time this 
deteriorat ion onslaught  saturates resul t ing in --,10% 
lumen  loss, 3/4 of which is a t t r ibuted to overall  phos- 
phor efficiency degradation brought  on by Hg u.v. i r -  
radiation. This lumen  loss is depicted in Fig. 2. This 
shor t - term depreciation behavior  common to various 
phosphors (5) is general ly characterized as exhibi t ing 
an ini t ial  onslaught  of depreciation, the effect of which 
more or less quickly reaches a saturat ion level as 

a time domain of a considerably slower depreciation 
rate. 

With r e g a r d t o  the Hg u.v. i r radiat ion of the phos- 
phor, Singleton and Suchow (6) showed that  the ex- 
tent  of the depreciation at the saturat ion level is de- 
pendent  only on the ratio of the in tensi ty  of 185 to 254 
nm radiation; the extent  being more severe for an in -  
creased intensi ty  ratio of the 185 to 254. Moreover, the 
rate at which the saturat ion level  is a t ta ined for a 
fixed in tensi ty  ratio increases with increasing total in-  
tensi ty of radiation. 

When the in tens i ty  ratio is held fixed the amount  
of brightness loss is reduced for increased Sb concen- 
t ra t ion (5, 7). Increasing the concentrat ion of Mn in-  
creases the severi ty of the saturat ion level (5), but  
only in  the presence of an oxygen-conta in ing atmo- 
sphere, otherwise the saturat ion is independent  (7) 
of Mn concentration. Vrenken  et aL (8) i l lustrated the 
reduct ion in short t e rm lumen  depreciation as the Cd 
concentrat ion is increased. Figure 3 shows the short-  
term time dependence of this effect in a 40W cool white 
lamp. The time dependence of the shor t - te rm depre- 
ciation can be fitted to a sum of three exponential  
terms of the same form as in the But le r -Lowry  main-  
tenance equation; however, the t ime constants are, of 
course, very short. The total shor t - te rm depreciation 
effect is accomplished in N6 rain. Incorporat ion of 
nonemit t ing  elements other than Cd can also reduce 
lumen  depreciation (5, 9), but  not as effectively as 
Cd. Cs (10) was found to improve ini t ia l  brightness a s  

well as maintenance.  Apple (11) showed that  a halo- 
phosphate rapidly quenched from 1150~ will show less 
shor t - te rm lumen  loss than one that was slowly cooled. 

Shor t - te rm brightness loss can be recovered com- 
pletely after anneal ing the sample to 500~ (8, 12). 
Approximate ly  50% recovery takes place if the sam- 
ple is i rradiated by  254 nm radiat ion alone (6, 8, 12). 
Visible radiat ion is much less effective in  the recovery 
process than the 254 nm radiat ion (10). 

Any defect system model describing the interac-  
tions taking place wi th in  the phosphor should explain 
these effects. 

Halophosphate structure and dopant sites.--Calcium 
fluorophosphate forms in the hexagonal  fluorapatite 
structure, space group C6Jm,  with two molecules of 
Ca~(PO4)3F per uni t  cell (13-15). Figure 4(a) shows 
the manne r  in which the crystal is constituted. Each 
of the large circles in the upper  portion represents the 
group of ions shown below. The plane of the large 
circles is the mirror  plane. These planes are stacked 
upon each other with the ions in  the circle of each 
successive plane rotated by 60 degrees. The Ca(I)  ions 
are situated between the planes. The dashed rhombus 
outlines the uni t  cell containing 42 atoms. The fluorine 
ions at the center of the circles sit directly above each 
other as more planes are added on. These fluorine ions 
follow the direction of the crystal axis and constitute 

% 
shown by the dotted l ine in Fig. 2. This saturat ion 10| I 0%,Cd.~--J~ ,JJ- 
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level is defined relat ively and more correctly represents 
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Fig. 3. Lumen depreciation in 40W cool white fluorescent lamps 
Fig. 2. Typical short-term lumen depreciation of o 40W cool with increasing cadmium percentage as a function of time. After 

white lamp. Dotted line represents short-term saturation level. Vrenken et aL (8). 
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Fig. 4. (a) Diagram of fluorapatite structure. Each circle repre- 

sents the group of atoms shown below. The circles constitute a 
plane perpendicular to the c-axis. The Cal ions are behind the 
plane of the circles and the dashed rhombus outlines the unit cell. 
(b) Diagram illustrating the orientation of the halogen chain in the 
apatite structure devoid of phosphorus and oxygen atoms. 

by themselves a one-dimensional  chain of fluorine 
ions. The distance between these chains is 9.37A while 
the distance be tween  the fluorines of a given chain is 
3.44A. Figure  4(b)  i l lustrates the chain env i ronment  
devoid of the phosphate groups. The fluorine chain 
will  play a significant role in  the defect system in 
this phosphor. 

Calcium enters the lattice as Ca 2+ (p6 configuration) 
in two inequivalent  sites labeled Ca(I)  and Ca(II )  
with relative abundance  of 2 to 3, respectively. The 
Ca( l I )  sites reside at  the apexes of an equilateral  t r i -  
angle centered on the fluorine and are in good com- 
munica t ion  with the chain, whereas the Ca( l )  sites 
are more isolated. 

Calcium chlorophosphate (16, 17) is a hexagonal 
chlorapati te above 212~ but  monoclinic below this 
temperature.  The C1 ion (radius -- 1.81A) is larger 
than the F ion (radius ---- 1.33A). This causes a slight 
expansion of the lattice with the C1 ions displaced 
slightly above and below the would-be F position. If 
at least 36% of the halogens in the mixed chlorofluoro- 
phosphate are fluorines, then the halophosphate re- 
mains at all temperatures in the hexagonal apatite 
structure (18). 

All  impuri t ies  appear to occupy the calcium sites 
(19). Sb substi tutes in  the lattice as Sb 8+. Its s 2 con- 
figuration, leaving it  nonparamagnet ic ,  makes it un -  
certain as to its occupation position. By charge com- 
pensat ion arguments  (20) it  is assumed to occupy the 
Ca (II) site with an oxygen subst i tut ing for the neigh-  
boring fluorine ion. Dale (21) has some exper imental  
evidence suggesting the subst i tut ion of Sb for phos- 
phorus. I t  wil l  be assumed in  this report  that  Sb re-  
sides in  the Ca(TI) site, however, the model and con- 
clusions would not be substant ia l ly  altered if Sb actu-  
ally does substi tute for phosphorus. 

Manganese goes into the lattice as Mn 2+ (3d 5 con- 
figuration).  I t  can occupy either the Ca(I)  or Ca(II)  
sites and several investigations (22-24) have at tempted 
to determine the relat ive propor t ionment  of manganese  
among these calcium sites. At very low concentrations 
Mn preferent ia l ly  occupies the Ca (II) sites, bu t  as the 
Mn concentrat ion increases, preference to occupying 
the Ca(I)  sites dominates (25). At  normal  concentra-  
tions (1%) approximately  65% of the Mn resides in 
the Ca(I)  sites which are termed Mn( I ) .  Extensive 
(20, 23, 25-27) optical and ESR investigations show 
several modifications to the site symmet ry  and, there-  
fore, fluorescence characteristic of Mn in Ca(II )  sites, 
l ikewise termed Mn( I I ) .  These modified Mn( I I )  sites 
are symbolized as Mn(C1), Mn(Sb ) ,  Mn( I Im)  and 
refer to the Mn ion in the Ca(II )  site that  is closely 
neighbored by a C1 ion, Sb ion, and oxygen-vacancy 
complex, respectively. 

Cd goes into the lattice as Cd 2+. Since it  is e s s e n -  
t ia l ly  the same size as the Ca 2+ ion, it  is assumed to 
fit into both calcium sites. 

Spectra~ characteristics.--It is the purpose of this 
section to introduce those spectral properties of haloo 
lJhosphate crystats which are most per t inen t  to the 
color center depreciation dynamics addressed in  a later  
section. 

Unirradiated characteristics.--The bandedge of halo- 
phosphates occurs at wavelengths shorter than 160 nm 
corresponding to forbidden energy gaps of >8 eV (15). 
Nevertheless, absorption can occur i n  the 250 and 185 
n m  regions of unact iva ted  and un i r rad ia ted  samples 
and has prompted several studies (15, 17, 28). Vari-  
ous crystals of fluorapatite were grown (see Fig. 5) 
with melts of varying degrees from stoichiometry (29). 
The dependencies of these absorptions on melt  condi- 
tions relate to their  identification with imperfections. 
The absorption band peaked at 250 nm is a t t r ibuted 
(26) to a complex consisting of an  oxygen subst i tut ion 
sandwiched by two vacancies along the fluorine chain 
termed the "X center." The absorption in  the 185 nm 
region is a t t r ibuted to another  defect somewhat similar  
to, but  distinct from, the X center and is termed the 
"Y center." The s trength of the X center absorption 
present  in  the crystal is quite s trongly dependent  on 
melt  conditions (see Fig. 6) An  excess in  CaF~ reduces 
the amount  of X centers formed whereas a slight ex- 
cess of CaCO~ greatly increases X center formation. 
Obviously, if a low concentrat ion of X centers is de- 
sirable in  the resul t ing apatite, the melt  should be 
excess in CaF2 and deficient in CaCOs. 

The amount  of overall  X band  absorption, and there-  
fore the number  of X centers, decreases with increas-  
ing temperature  (29). The X band  absorption, though, 
eventual ly  re turns  to its ini t ial  value when the crystal 
is brought  back to room tempera ture  implying a re-  
formation of X centers. The Y center exhibits the same 
dependencies as the X center, but  to a much smaller  
degree, suggesting that  it  is a more stable defect com- 
plex than the X center. 

a 

(era "l) 
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Fig. 5. Absorption of fluorapatite (FAP) in the 185 and 254 nm 
regions at 300 K. The curves are labeled to indicate the stoichiom- 
etry of the melt from which each crystal was grown. 1.2 CaCO~, 
for instance, means that this melt was stoichiometric except for 
CaCO~ which was 1.2 times the stoichiometric value. After Warren 
(29). 
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Fig. 6. Dependence of the X band absorption on stoichiometry of 
the melt. After Warren (29). 
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Fig. 8, The absorption of a single crystal of calcium fluorophos- 
phate containing 0.03 atomic percent antimony. After Warren et al. 

�9 (30). 

The inclusion of Mn and Sb suppresses the X center 
absorption. Apparently,  there occurs a gettering phe- 
nomenon whereby some of the oxygen-vacancy com- 
plexes are gettered by some Mn( I I )  sites result ing in  a 
modified Mn site called Mn (IIm).  

Figure 7 shows a typical fluorescence spectrum (7) 
of fluorophosphate doubly activated by Sb and Mn. 
The absorption spectrum [from Ref. (30)] of Sb in a 
single crystal of fluorophosphate is presented in  Fig. 8. 
It is impor tant  to note for later consideration that the 
absorption at 185 n m  is stronger than  at 254 nm. In 
the presence of an Hg discharge the vast amount  of Mn 
is excited by energy transfer  from Sb because of the 
preponderance of Sb absorption in  the region of the 
Hg emissions and the efficiency of the Sb-Mn transfer  
process (15, 31). 

Cd absorbs below 200 nm. Figure 9 shows a diffuse 
reflection spectrum of Ca, Cd chlorofluorophosphate 
for several dopant  levels of Cd. Cd does :not fluoresce 

in  the visible and essentially nonradia t ively  degrades 
its excitation energy. In  phosphate lattices which are 
heavily doped with Cd or with complete replacement  
of Ca by Cd, there is efficient Cd to Mn energy transfer  
occurring. However, it is presumed that in  the nor-  
mal  halophosphates employed in  lighting, such a t rans-  
fer process is of negligib.e contribution.  

The incorporat ion of Cs into the unact ivated fluoro- 
chlorophosphate actually increases the reflectivity of 
the host lattice (10). A comparison of the refiectivities 
of the host matrix,  Cs-doped and a s tandard (no Cd) 
Sb, Mn-act ivated halophosphate is presented from Ref. 
(10) inF ig .  10. 

Irradiated halophosphates.--Hg u.v. i r radiat ion in-  
duces many  absorptions throughout  the visible and 
u.v. as well as a variety of ESR spectra (6, 12, 16, 29, 
30, 32-34) in the halophosphates. This coloration occurs 
in fluoro, chloro, and all proportions of chlorofluoro- 
phosphates with only unessential  variations in the 
shapes and peak positions of the induced absorption 
bands and are therefore associated with defects or 
color centers common to the halophosphate structure. 
Mechanical gr inding increases the number  of defects 
present  in  the halophosphate as well as the propensi ty 
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Fig. 7. Fluorescence spectrum of Ca9.72Mno.ls(SbO)o.07F1.o2(P04)6 
excited by 254 nm radiation. After Parodi (7). 
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Fig. 9. Diffuse reflectance of Ca, Cd chlorofluorophosphate. Num- 
bers indicate atom percent Cd added in place of Ca. After Apple (11). 
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Fig. 10. Diffuse reflection spectra of several halophosphate 
samples of different dopants. Curve 1, typically activated 4200 K 
phosphor: Cag.sSbo.lMno.2(PO4)6(FomClo.t)2; curve 2, unactivated 
halophosphate: Cams(PO4)6(Fo.gCIo4)2; curve 3, unactivated halo- 
phosphate with Cs as an additive: Cag.TCso . l (PO4)6 (Fo .gCIo .1 ) .~ ;  
curve 4, unactivated halophosphate with Cd as an additive: 
Cag.TCdon(PO4)6(Fo.9Cl04)2. After Narita et  a l .  (10). 

to generate new defects under  continued exposure to 
x- rays  (36, 37). 

Of specific importance is an induced absorption (29) 
occurring in the 254 nm region due to the u.v. i r radia-  
tion of Hg at 185 nm. This induced absorption should 
be dist inguished from the aforementioned "ingrown" 
X center absorption in  the region of 254 nm which 
can be suppressed by melt  conditions and activator 
inclusions. Nari ta  et al. (10) showed that  the proclivi ty 
of the 185 n m  ir radiat ion to induce 254 nm absorption 
is reduced in  proport ion to the extent  of the absorp- 
t ion introduced at 185 n m  by metal  additives to the 
halophosphate. 

A measurable  decrease in the relat ive fluorescence 
and concentrat ion of paramagnet ic  manganese ions 
following high u.v. i r radiat ion was found by Skrebly-  
ukov et aL (38). 

Tempera ture  anneal ing  of the u.v. i r radiated halo- 
phosphate leads to a complete restoration of the con- 
centrat ion of paramagnet ic  manganese  ions, the re-  
covery of phosphor brightness, and to a complete 
bleaching of all induced absorptions (38). Thermo-  
luminescence however, accompanies the thermal  t reat -  
ment  only for activated halophosphate (6) and is com- 
posed of the characteristic emissions of Sb 3 + and Mn 2 + 
(38, 40). 

Radiat ional  t rea tment  by 254 nm and visible radia-  
t ion of samples that  have been i rradiated by 185 nm 
u.v. shows a bleaching of the induced absorptions (6), 
especially of the 254 nm induced absorption. However, 
bleaching with visible light is in  no way as effective 
as 254 nm radiat ion (10). Radiat ional  bleaching does 
not br ing about  the complete recovery of phosphor 
brightness that  a 500~ thermal  bleaching affords. 

In  summariz ing the essential radiat ion dependencies 
above, it is seen that sample i r radiat ion of 185 nm Hg 
emission is in par t  absorbed by a "primitive" defect 
termed the Y center which is present  in the virgin 
phosphor. Such i r radiat ion induces a defect (color 
center)  absorption in  the region of 254 nm which can 
also bleach out under  254 nm Hg irradiation.  The rele-  
vant  defect absorption locations are presented in  Fig. 
11. The absorptions are labeled according to Ref. (29, 
30). The top of the figure presents regions of absorp- 
tion in the unact ivated and uni r rad ia ted  halophosphate. 
Identified are the absorptions due to the X and Y 
centers which are not induced by high u.v. irradiation,  
but  are ingrown defects. NO at tempt  is made to pre-  
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Fig. 11. Schematic of some of the defect absorptions occurring 

before and after u.v. irradiation in anactivated and activated Ca 
fluorophosphate. It is the intent here to show only the relevant spec- 
tral positions of these color center absorptions and not any absolute 
or relative (even among the defects) absorption strength. 

sent the absolute or relat ive strengths of the absorp- 
tions in  these figures; only the positions of certain 
part icular  absorptions are re levant  to the proposed 
dynamics discussed presently. The middle spectrum 
presents the general  locations of the many  absorptions 
that  are induced by  high energy i r radiat ion of the 
unact ivated halophosphates. These absorptions are 
taken from Ref. (12, 14, 29, 30, 32). They were induced 
by high energy irradiat ions from 185 nm of Hg, x-rays,  
and those associated with the tesla coil. 

When the halophosphates are activated by Sb, Mn, 
and Cd, two new induced absorption bands appear 
under  high u.v. excitation in addit ion to those that 
occur in the unact ivated phosphor. For clarity, these 
two bands are shown alone in the lower par t  of the 
figure. They are labeled EII (Cd), the reason to be ex- 
plained in  the next  section. The induced absorption in  
the region of 250 nm labeled H(I I )  should be noticed. 

In addition to the spectral evaluat ion of these ab-  
sorption bands induced by high u.v. irradiation,  ex- 
tensive electron spin resonance (ESR) investigations 
were performed (16, 26, 29, 30, 32, 35). There occurred a 
good amount  of ESR spectra that  was induced by high 
u.v. irradiation. 

A par t icular  advantage of ESR spectral studies is 
that the spectra are highly dependent  on the symme-  
t ry of the entities producing the spectra. As a result, 
given a part icular  ESR spectrum, a fairly probable 
symmetry  for the ent i ty  can be surmised which is ex-  
t remely propitious to the identification of the defect 
responsible for the ESR spectrum. 

The various ESR and optical spectra were closely 
correlated under  u.v. i r radia t ion processes and subse- 
quent  temperature  variat ions and thermal  and radia-  
t ional bleaching treatments.  Through these correla- 
tions various defects were identified along with par-  
t icular dependencies and interactions with other ident i -  
fied defects. The defects are often referred to as "color 
centers," and it is their specific definition and ~nterac- 
tions with which I will be concerned in the next  sec- 
tion. 

Defect interaction model.--The identification of all 
the defects are not unique  and discrepancies do occur 
among different papers. All concur, though, that  the 
defects are consti tuted of vacancies, oxygen subst i tu-  
tions, or combinations thereof along the halogen chain 
in various charge states. The defect model proposed 
in this section is taken from Warren  (29) and Warren  
et al. (30) since these papers carried through most 
completely an analysis of the overall  phosphor depre- 
ciation e~ects. It  was ini t ia ted by Piper, Kravitz, and 
Swank (32). 

Identification and definitions of defects in unactivated 
calcium #uorapati~e.--According to conditions associ- 
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a t e d  w i t h  t h e  growth  process there  wi l l  occur  to a 
g r e a t e r  or lesser  ex ten t  two p r imi t ive  defects in the 
f luorapat i te  lattice.  They are  (i) the  oxygen  anion sub-  
s t i tut ions for  fluorine anions and (ii) fluorine vacan-  
cies. 

In  Fig. 4 i t  was noted tha t  the  fluorine anions con- 
s t i tu ted  one-d imens iona l  chains runn ing  along the 
crys ta l  axis. The two p r imi t ive  defects  occur conse-  
quent ly  or~ the fluorine chain s t ructure .  Below is shown 
a s t r ing of blocks symbol iz ing  the fluorine chain. Di -  

I:FIFIF-IFIFI FLUORINE CHAIN 

IFIFICY F-tF-I 
IFIFI IF-IF-I =(vf =Vo o. y 

r e c t l y  undernea th  this chain  is shown two f l u o r i n e  
chains in which  a fluorine ion has been rep laced  by  
a n  oxygen  anion and a vacancy,  respect ively .  To the 
r i g h t  Of these cha ins  is the nota t ion used to symbol ize  
the corresponding defect:  O for  oxygen  and V for 
vacancy,  The superscr ip t  outs ide of the  parenthes is  
designates  the effective charge  associated wi th  the de-  
fect re la t ive  to the perfect  fluorine chain. 

Groupings  or clusters of these p r imi t ive  defects can 
occur. Two defec~  are  symbol ized  be low 

(0) - + (V) + -> (OV) ~ [I] 

(OV) ~ + (V) + -> (VOV) + [2] 

The (OV) ~ represents  a neu t ra l  complex  defect  formed 
by  the combining of the two, p r e sumab ly  a t t ract ive ,  
p r imi t ive  defects. This defect  tends to be fa i r ly  stable.  
The (VOV)+ complex  defect  is fo rmed as symbol ized 
and is less s table  than  the (OV) ~ complex.  Apparen t ly ,  
no o ther  c luster ing affords sufficient s tab i l i ty  to be 
considered to exis t  leaving  on ly  these four  defects 
p resen t  in the un i r r ad i a t ed  ha lophosphate  crystal .  

Table I gives the four  defects  l is ted and named 
along wi th  thei r  absorpt ion  character is t ic  for easy 
reference.  

Defects can reappor t iona te  the i r  re la t ive  abundance  
in accordance with  a mass  act ion l aw if there  is suf-  
ficient mobi l i ty  among themselves  to afford thei r  i n t e r -  
action. A l though  the oxygens  a re  considered r e l a t ive ly  
immobi le  here,  vacancy  mobi l i ty  is sufficient to a l low 
any  reappor t ionment .  

To examine  this point,  i t  is noted tha t  the equat ion 
for Y center  fo rmat ion  

kF 
(0)-+ (v)+ ~ (ov) o [3] 

kJ 

gives an equilibrium concentration ratio for the defects 

[ ( O ) - ]  [ (V)  +1 k J  
--  K1 --  [4] 

[ (OV) ~ kfY 

Likewise  in X center  formation,  the equat ion 

kF 
(OV) ~ + (V) + ~ (VOV) + [5] 

kex 
gives 

[ ( O V ) ~  +] k~ x 
[(vov) +] = k F  = K2 [6] 

Table I. Defects in the unirradlated, unactivated halophosphate 

Optical  absorp- 
N a m e  D e f e c t  tion (nm) 

O x y g e n  (O) - N o n e  
F vacancy  (V)  + N o n e  
Y c e n t e r  (OV)  o --185 
X c e n t e r  (VOW)'~ ,--250 

which is fu r the r  conver ted  to 

[ (0)- ]  [(V) +]~ 
= K = K1K~ [7] 

[ ( v o v )  + ] 

Equat ion  [7] shows tha t  since K2 < 1 and because o f  
the quadra t ic  dependence  in the numera tor ,  high oxy -  
gen and vacancy inclusions wi l l  cause more  than  pro-  
por t iona te ly  h igher  concentra t ions  (dominance)  of X 
centers. S imi lar ly ,  Eq. [4] shows tha t  Y center  concen- 
t ra t ion  should be favored  a t  lower  oxygen  vacancy 
concentrat ions.  Such a behavior  was e luc ida ted  by  
W a r r e n  (29) th rough  moni to r ing  the r e l a t ive  number  
o f  u.v. induced  defects ar is ing f rom samples  var ious ly  
p r e p a r e d  to emphasize different  concentra t ions  of the 
p r imi t ive  defects. This analysis  is also in a g r e e m e n t  
with  the reduct ion  of X center  absorpt ion  under  in-  
creasing t empera tu re ;  as t e m p e r a t u r e  is increased,  the  
equ i l ib r ium constants  Ki increase  which  favors  the r e -  
duct ion of the more  complex  defects.  

Under  high u.v. exci ta t ion  these defects (or centers  
as they  are  also cal led) a re  conver ted  to "modified 
centers." The essential  modificat ion of the four centers  
is that  they  can e i ther  (i) lose an e lec t ron in  which  
case the resul t ing  center  is classified as an H center  
(H implies  t r apped  hole) or  (ii) gain an  e lec t ron in 
which  case the  resul t ing  defect  is classified as an  E 
center  (E imply ing  excess e lec t ron) .  The source or 
sink, as the case m a y  be, for the e lectrons is s imply  
another  defect  center.  Therefore,  under  i r radia t ion,  
defects a re  s w a p p i n g  electrons resul t ing  in thei r  own 
modification .as wel l  as tha t  of o ther  defects. Many of 
these modified defects have the i r  own associated ab-  
sorpt ion bands  which c lear ly  have been induced 
through creat ion of the modified defects by  high u.v. 
excitat ions.  These modified centers  a re  re fe r red  to as 
"color centers." Some of the H and E centers  tha t  
occur under  high u.v. exci ta t ion  are  l is ted in Table  II  
along wi th  the i r  construction,  evolution,  and comments  
(note: e = electron, h = hole, P = pe rmuta t ion ) .  E 
and H centers  can be des t royed by  conver t ing  into each 
o ther  or  r eve r t ing  to one of the  four  or iginal  defects  
under  cer ta in  radia t ions  or  hea t ing  of the  crys ta l  (i.e., 
r ad ia t iona l  and  the rmal  b leaching t r ea tmen t s ) .  These 
processes wi l l  be en la rged  upon present ly .  

Defect dynamics in unactivated crystals.raThe defect  
dynamics  are  in i t ia ted  by  the 185 component  of the Hg 
radiat ion.  Absorp t ion  of the 185 nm rad ia t ion  by  the 
Y center  causes i t  to lose an e lec t ron  to the  conduct ion 
band resul t ing in i tself  being conver ted  to an H ( I )  
center.  This H ( I )  center  m a y  e i ther  r ema in  so or  wi th  
a 50% probab i l i ty  dissociate into an H ( I I )  center  and 
a vacancy  which the rma l ly  moves off. 

The e lect ron tha t  has been f reed to the  conduction 
band wil l  be subsequent ly  t r apped  by  a defect  located 
somewhere  else in the crys ta l  to produce  an excess 
e lect ron center  (an E cen te r ) .  The  defects which a r e  
avai lab le  to t rap  this e lec t ron are  s imply  the four  
centers; a vacancy,  an oxygen  substi tut ion,  an X cen-  
ter, and a Y center.  The oxygen  center,  present ing  an 
effective negat ive  charge, would p r e suma b ly  repel  the  
conduct ion e lec t ron and thus contr ibute  no cross s e c -  

TaMe II. Relevant u.v. induced defects* 

N a m e  D e f e c t  Evolut ion  C o m m e n t  

H cen ter s  (bo le  trap)  

H ( I )  = ( o r )  + ( o r )  ~ + h 
H ( I I )  = ( 0 )  ~ ( O ) -  + h absorbs  ~ 2 5 0  n m  

E c e n t e r s  ( e l e c t r o n  trap)  

E ( I )  = (VOV) o (VOV)+ + e 
E(I I )  = (V)  ~ ( V ) *  + e absorbs 360, 450 n m  
E(IH) = (OVV)o P(VOV) + + e 

E ( I V )  = ( O V ) -  (OV) o + �9 
B = ( O V V ) -  P ( V O V ) +  + 2e  

�9 h = hole ,  e ffi e l ec tron ,  P -- permutat ion .  



Vol. 128, No. I LAMP PHOSPHORS 137 

tion to the capture. The other three defects can be 
converted to their  respective E centers, namely,  E (II) ,  
E( I ) ,  and E(IV) .  The relat ive occurrence of these 
three t rapping processes is a funct ion of the crystal 
growth conditions according to the mass action argu-  
ment.  E( I )  and E(IV)  thermal ly  decompose, each to 
an E( I I )  center  and, respectively, to a Y center and 
an oxygen subst i tut ion afforded by the presumed mo- 
bi l i ty of the E (II) center. 

The action of the 254 n m  radiat ion tends to reverse 
this resul t ing E( I I )  production of the 185 n m  radia-  
t ion through its absorption by the H( I I )  center which 
~:esulted from thermal  decomposition of the ionized Y 
center. Upon this absorption the H( I I )  center releases 
a hole to the valence band  as it reverts  to a simple 
oxygen substi tution. The released hole is then trapped 
by an  E( I I )  center causing it to revert  to a simple 
vacancy. This is the presumed process of radiat ional  
bleaching. The vacancy can combine with the oxygen 
subst i tut ion to become a Y center. 

Increased mobi l i ty  of the E( I I )  centers under  in -  
creasing temperatures  allows them to annihi la te  with 
H( I I )  centers, thus creating Y centers again. This 
process accounts for par t  of the thermal  bleaching. 

The annihi la t ion processes result  in the replenish-  
men t  of the Y centers which again causes the regen-  
erat ion of E( I I )  centers. Obviously, there will exist 
some steady-state  number  of E(I I )  and H( I I )  centers 
which will evolve whose n u m b e r  is dependent  upon 
the ratio of 185 to 250 n m  radiat ion penetra t ing into 
the phosphor. 

Dynamics of activated halophosphates.--The pro- 
cesses just  enumera ted  appear in  large measure to be 
taking place in  activated halophosphates. The influ- 
ence of the dopants does not al ter  the essential 
character of the processes, but  modifies somewhat  the 
conditions and  parameters  a t tendant  to the processes. 
These influences of the dopants IV1n 2+, Sb 3+, Cd 2+, 
and Cs+ are summarized below. 

The presence of Mn does not decidedly affect the 
defect dynamics ment ioned above. There is some (5, 
38, 39) oxidation of Mn but  this appears to be minor,  
most l ikely a surface effect. Nevertheless, oxidized Mn 
will reduce brightness and possibly supply electrons to 
other defect entities. 

Sb presents two effects in  conjunct ion with the de- 
fect system. First, it absorbs both Hg u.v. components 
with the 185 nm component  more strongly absorbed 
than  the 254. This allows Sb, under  increased concen- 
tration, to compete more favorably with Y and H( I I )  
absorptions and to cause a reduct ion of the 185 to 250 
n m  intensi ty  ratio wi thin  the phosphor which favors 
less H (II) absorption and a lower s teady-state  number  
of E( I I )  and H( I I )  centers. Second, Sb is believed 
(30) to moderately  trap an E (II) center residing on a 
neighboring chain. Such a t rapped E(I I )  center may 
(30) quench an excited Sb through an Sb-->E(II)  
energy t ransfer  process. The fact that Sb emission ap- 
pears in  thermoluminescence  (38) may suggest a 
change in  the oxidation state (41) of some Sb due to 
the interact ion with a u.v. induced defect. Neverthe-  
less, a significant loss in Sb excitat ion energy is pre-  
sumed degraded by an induced defect interaction. The 
net  result  of these effects is that  increased Sb concen- 
t ra t ion should reduce the severi ty of l umen  deprecia- 
t ion consistent with the exper imenta l  observations. 

Cd also presents two effects similar  to those of Sb. 
First, by  its absorption of 185 nm radiat ion it reduces 
the ratio of 185 to 254 nm radiat ion affording a smaller  
s teady-state  n u m b e r  of induced color centers to rob 
Sb excitat ion energy. Second, it s t rongly traps an 
E( I I )  center [ termed EI I (Cd) ]  again reducing the 
possibility that  an E( I I )  center may directly rob ex- 
citation energy from Sb. 

Incorporat ion of Cs ra ther  than Cd in an activated 
halophosphate system actual ly increases the ini t ial  
l ight output  relat ive to a Cd or non-Cd halophosphate 
phosphor. This is due to the fact that  the presence of 

Cs increases the t ransparency at 254 nm of the unacti-  
vated halophosphate mat r ix  so that  the activator syso 
tern when incorporated can more efficiently compete for 
the exciting radiat ion (10). Cs, however, does not 
present  any absorption in  the ~ 5  n m  region that  would 
o~set induced absorption at 254 rim. In  l ight of this, 
the smaller  brightness depreciation of the Cs contain= 
ing phosphor compared even to the Cd containing phos- 
phor is surprising and is a t t r ibuted to a Cs fluxing ac- 
tion in  the ignit ion process to produce a more defect- 
free phosphor (10). It  may also be that  the Cs pres-  
ence inhibi ts  the direct color center interactions with 
excited Sb that  degrade the excitat ion energy since 
Cs can reside close to Sb as a charge compensator. 
Last, the u.v. induced absorption throughout  the visi-  
ble are general ly considered of negligible importance in 
the loss of halophosphate brightness (10, 30). 

Figure 12 (analogous to Fig. 1) symbolizes the es- 
sential loss processes. As mentioned,  process 2 is as- 
sumed negligible with perhaps process 3 accounting 
for the most severe loss, yet  it is tr iggered by the 
existence of process 1. 

The defect dynamics considered so far explain the 
shor t - te rm depreciation in  halophosphates in terms of 
the number  density of pr imit ive  defects present  in  the 
virgin phosphor. The saturat ion level of the shor t - te rm 
depreciation in Fig. 2, as stated earlier, represents a 
much slower rate of depreciation. The contr ibut ion of 
color center or defect phenomena to this long- term 
phosphor depreciation in  a lamp env i ronment  is not 
known. Certainly processes which would cont inual ly  
increase the defect n u m b e r  density of the phosphor 
over the long term would cause a progressive deprecia- 
tion in lumen  output. Such processes will be elaborated 
upon in  the next  section. 

Other Defect Examples and Considerations of 
Short- and Long-Term Defect Mechanisms 

Defects that  can occur in  phosphor-type solids in 
the lamp envi ronment  may be delineated into three 
broad classes: 

1. The electronic class: n o  ionic defects are formed; 
just  the electronic state of existing defects are changed 
as charge is moved around by photons inducing and 
bleaching color centers. 

2. Photochemical class: new or addit ional atom or 
ionic defects are formed by a series of reactions be-  
ginning with a photoexcited electron. 

3. Diffusional class: new defects are formed under  
precipitation, aggregation, or evaporat ion at extended 
defect locations or through external  penet ra t ion  of 
the phosphor by impurities.  

The first class corresponds to a shor t - te rm adjus t -  
ment  of u.v. induced defects to the type and number  
density of ingrown defects. The la t ter  two classes ad- 
dress the longer term generat ion and evolution of 
primit ive defects. It  is to these generat ive defects 
that the induced defects of class I adjust  more or less 
quickly throughout  lamp life. 
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Fig. 12. Schematic of energy loss processes to the defect system 
of calcium halophosphate. 
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The ingrown and shor t - te rm induced defect dynam-  
ics of the halophosphates are a good example of the 
electronic class phenomena.  The color center l i tera-  
ture is abundan t  with other examples of this class. 
Under  no guise of completeness or comprehensive 
analysis, a look at several other examples in oxidic 
lattices is of interest  as impor tant  to lamp phosphors 
before consideration of generative defect processes of 
classes 2 and 3. 

Reiterating, it  can be said that  the phosphor depre-  
ciation at t r ibuted to defect s tructures arises from (i) 
their possible absorption of u.v. excitation energy, (ii) 
visible absorption, and (iii) the fact that  their pres-  
ence can create an energetic env i ronment  which can 
capture and degrade energy from excited entit ies of 
the activator system. Impuri t ies  and in t r ins ic  host 
defects are general ly in t imate ly  connected and the very 
presence of impuri t ies  can necessitate the presence of 
intr insic defects. Two major  influences on the na ture  
of this connection are growth stoichiometry and charge 
compensation mechanisms. Some examples of these 
influences are given below. 

The impuri t ies  that go into the mat r ix  may be in-  
tentional,  such as entities of the activator system, or 
un in ten t iona l  and undesired. Unwanted  doping by 
transi t ional  metal  ions of numerous  oxides have been 
detected and shown to be a promoting factor of color 
center phenomena as for example, LiNbOs (42, 43), 
CaWO~ (44, 45), and A1203 (46). This is due to oxide 
lattices often having a high incorporat ion coefficient 
for t ransi t ion metal  ions (47, 48). Electron t ransfer  be- 
tween cation impurit ies or a cation impur i ty  and a 
defect is considered (49) to occur most easily with 
the increased covalency of the oxide compounds. This, 
along with the easy valence state changes of t ransi-  
t ion metal  ions, can lead to a tendency for mult iple  
in te r impur i ty  charge compensation schemes (50, 51). 
Iron and manganese  impurit ies subst i tut ing in t r ivalent  
cation positions may  compensate as Fe s+ and Mn 3+ or 
as Fe2+-Mn 4+ (48, 50) local pairs. In metal  vanadates 
the VO4 -8 sublattice may trap an electron forming a 
VO4 -4 complex from easily oxidized impur i ty  cations 
(52). So those impur i ty  cations which have easily 
changed oxidation states, including some of the rare 
earths (53, 54), will  afford a high probabi l i ty  of br ing-  
ing about a var ie ty  of induced defects that may  in ter -  
fere with phosphor activation. 

It  was seen that growth stoichiometry affects defect 
density in  halophosphates. Likewise CaWO4 whose 
luminescence centers are the WO4 -2 complexes must  
be prepared with an excess of WO3 due to its volati l-  
ity. This excess can give rise to WO3 defect centers in 
the CaWO4 lattice (55). 

The deformation of phosphors under  mil l ing can in-  
troduce lattice distortions that  resul t  in the genera-  
tion of defects. For the case of halophosphate, the 
brightness of luminescence decreases by as much as 
15%-20% according to the time of gr inding which in-  
creases the  dislocation density from l0 s to 1010 cm -2 
(36). 

Since impuri t ies  will  be present, charge compensation 
must  occur and, therefore, intr insic  lattice defects are 
always present. The na ture  of the lattice, specifically 
with regard to anion and cation size, will often deter-  
mine  the manne r  of its na tura l  tendency to charge 
compensate through intr insic defect generation. Reali-  
zation that some na tura l  mechanism may be part icu-  
lar ly  in jur ious  to efficient operation of an activator 
system allows possible al ternative,  less injur ious com- 
pensation mechanisms to be introduced. As an example, 
t r iva lent  impur i ty  cations in MgO are charge compen- 
sated by positive ion vacancies (56). Such a defect, 
appearing negative in the lattice, can trap holes caus- 
ing the lattice to more easily supply possible unwanted  
reducing electrons to activator entities. General ly  it 
can be said that if something is a hole (electron) trap, 
it creates a tendency for something else to be an elec- 
t ron (hole) trap. To avoid an activator from gaining 
or losing an electron in such a tendency-provoking de- 

fect environment ,  a compensating impur i ty  may be in -  
troduced that, in  a noninjur ious  way, ful ly absorbs the 
effect of the tendency. Easily oxidized impuri t ies  are 
hole traps while those easily reduced are electron 
traps. 

Some activator systems m a y  be par t icular ly  sensitive 
to a specific type of intr insic defect. An al ternat ive 
compensation scheme that  suppresses the injur ious in-  
trinsic defect can restore the efficiency of the activator 
system. An example of such a circumstance (57) is 
SrAII2OI9:Eu 2+. i n  aluminates,  in ter  Eu 2+ energy 
transfer  under  increasing Eu concentrat ion allows the 
excitation energy to be t ransported over increasingly 
larger distances through the lattice before lumines-  
cence can occur. The transfer  is so good that  lattice 
defects where a nonradiat ive transfer  can occur gov- 
erns the quan tum efficiency even at low Eu concentra-  
tions. S t ront ium a lumina te :Eu  2§ with addition of a 
small amount  of Mg 2+ ions incorporated at Ai 3+ sites 
is strongly quenched owing to the creation of oxygen 
vacancies that offset the reduction of positive charge in 
the lattice. The oxygen vacancies injur ious to Eu 2+ 
efficiency can be prevented by adding equal quanti t ies 
of La 3+ ions with Mg 2§ which allows the efficiency of 
SrAlr2019: Eu 2+ to be main ta ined  (57). 

Bunch (58) showed a Mollwo-Ivey relat ion between 
peak color center (oxygen vacancy type) absorption 
energy and average oxygen ion spacing in  several ox- 
ides of group II and group I l l  metals. The absorption 
energy increases as the average oxygen spacing de- 
creases. Such a relat ion can assist in predicting the: 
deleteriousness of a specific defect according to the ap- 
proach of the defect's resonance energy with that of 
an activator 's in different oxide host lattices. 

Long- te rm brightness depreciation due to color cen- 
ter phenomena arises from the generat ive defect pro- 
cesses under  the photochemical and diffusional classes. 
The general  conditions promoting such processes are 
considered now. The s t rength by which an atom is 
bound in its position in a solid has a profound effect 
on the damage that can occur in  the solid under  radia-  
tion. The atoms in  ionic solids are bound to their posi- 
tions by the electrostatic b inding energy 

A (Ze) 
Electrostatic b inding  energy -- - -  

rs 

where the ionic charges are __ Ze, r is the nearest  
neighbor distance, and A is the Madelung constant 
(,-1.6-1.8). The electrostatic b inding energy for alkali-  
halides (Z -:  1) are from 6 to 10 eV whereas that  for 
the alkaline earth oxides (Z -- 2) is 30 to 40 eV. The 
higher binding energy of the alkal ine earth oxides is 
of course responsible for the hardness and refractory 
na ture  of MgO compared to NaC1, bu t  also for the 
fact that  MgO is quite resistant  to radiat ional  damage 
unl ike  NaC1. The electronic excitations of alkali  halides 
brought  on by u.v. radiat ion have energies of 5-10 eV, 
which is sufficient to create defects since the atomic 
binding energies have the same range. In  the alkal ine 
earth oxides, on the other hand, the electronic excita- 
tions are still only 5-10 eV and clearly far less able 
to cause atomic displacements against 30-40 eV binding 
energies (2). 

In  the less homogeneous lattices of phosphors the 
local binding energy is the yardst ick by  which to mea-  
sure propensi ty to radiat ion damage. Local binding en-  
ergy will be quite sensitive to the local structure.  A 
phosphor's abil i ty to resist longer term color center 
depreciation is strongly dependent  on its points of 
weak local s t ructure  where defect generat ing ionic 
displacements can occur more easily. Displacements 
can be dr iven by aggregation processes, gradient  dif- 
fusions, or through the continual  polarization stresses 
brought  on by u.v. main ta ined  induced defects. The 
last refers to a photochemical process. Typically, un -  
der u.v. excitation a self- trapped electron or hole may 
occur, possibly in response to hole or electron trap im-  
purities. The lattice s tructure in  the region of the 
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self-trapped entity may be sufficiently weak to give 
in to the local distortion of the self-trapped entity by 
local atomic rearrangements resulting in vacancy 
and/or interstitial creation (59, 60). Tamatani (49) 
has ascribed the severe and irreversible depreciation 
of the K~-AI~Os:Eu 2+ phosphor to permanent defects 
caused by ion and/or vacancy diffusion instigated by a 
self-trapped electron. He states that the potassium 
and oxygen ions are loosely bound in the mirror plane 
between the spinel layers of aluminum and oxygen 
ions in the K~-A12Oa lattice. Loosely bound ions near 
flaws or extended defects can also be precursors to 
new defect formation. 

Loss of surface fluorine from halophosphates would 
allow new vacancies to diffuse into the phosphor add- 
ing to the defect pop.ulations. Last, phosphors that most 
easily permit Hg ions to diffuse into them should be 
degraded somewhat by either the direct presence of 
the Hg or the various other defects that its presence 
generates. 

The processes due to color centers which lead to 
brightness depreciation in phosphors can be quite 
subtle and complicated as evidenced by the above ex- 
amples. The design of phosphors resistant to color 
center effects will require judicious choice of additives 
to offset the color center interactions as well as mini- 
mizing as much as possible the primitive defects from 
which color centers are born. 

Manuscript submitted May 22, 1980; revised manu- 
script received Aug. 4, 1980. This was Paper 212 pre- 
sented at the St. Louis, Missouri, Meeting of the Society, 
May 11-16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 
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An Experimental Proof of Radiative Recombination Mechanisms 
of Electron-Hole Pairs at Activator Ions 

Lyuji Ozawa *'1 
Zenith Radio Corporation, Glenview, Illinois 60025 

ABSTRACT 

It has been shown that  the concentrat ion dependence curve of  act ivator  
luminescence provides us wi th  a powerful  tool in s tudying cathodolumines-  
cence. The exper imental  results reveal the excitation mechanisms of ac- 
t ivator ions by irradiat ion of electron beam on phosphor crystals; two excita- 
tion mechanisms should be considered: (i) direct excitation by incident  elec- 
trons, including in te rna l ly  generated secondary electrons; and (ii) indirect  
excitation through the mobile electron and holes generated by incident  elec- 
trons. The exper imental  results also suggest a possible model that  (iii) radi-  
ative recombinat ion of electron-hole pairs only occurs at the activator ions 
showing two valences at the ordinary  conditions, and (iv) the type of radiative 
recombinat ion process at the activator ions is determined by the type of car-  
rier which is first trapped. 

It  is general ly  observed that  under  ionized radiation, 
many  inorganic crystals emit characteristic lumines-  
cence in the visible spectral region (1) caused by the 
chemical impuri t ies  (i.e., activator ions ) ;  different 
crystals exhibit  different luminescence efficiencies with 
the same activator ions. The var iat ion in luminescence 
efficiencies, however, has been believed to be due to a 
difference in the probabi l i ty  of energy t ransfer  from 
radia t ion- induced carriers of either charge (or excited 
host lattice) to the activator ions. In  this report, we 
shall t ry to clarify exper imenta l ly  these mechanisms of 
activator ions by incident  electrons. 

Electron beam irradiat ion of crystals creates equal 
amount  of electrons and holes (EH's) i.e., rad ia t ion- in-  
duced carriers, as well  as exciting lattice ions in the 
volume Vd where the incident  electrons have pene-  
trated. Hence, there are three possible modes of exci- 
tat ion of activator ions: (i) direct excitation by inci-  
dent  electrons, including in te rna l ly  generated sec- 
ondary electrons; (ii) indirect  excitation by EH's 
(i.e., radiative recombinat ion of EH's);  and (ii) some 
combinat ion of the two. Even though quite different 
excitation mechanisms are involved, an ambigui ty  
arises because the activator ions emit the same char-  
acterist ic  luminescence. We, thus, cannot dist inguish 
the difference between the excitation mechanisms from 
the luminescence spectrum alone. It has recently been 
shown (2) that the concentrat ion dependence (CD) 
curve of activator luminescence provides us with a 
powerful tool for better  unders tanding  of the excitation 
mechanisms of activator ions by  incident  electrons (10 
keV). The type of the excitation mechanisms can be 
'determined from the CD curves. This is explained for 
the CD curves i l lustrated in  Fig. 1. Before the ex- 
planat ion of the CD curve, however, we must  discuss 
the luminescence in tens i ty  measurements  on the phos- 
phor crystals. 

Luminescence Intensity Measurements 
In the s tudy of luminescence intensit ies from phos- 

phor crystals on the screen, we usual ly  measure t ime- 
averaged luminescence intensit ies ~ I >  which are pro- 
port ional  to the n u m b e r  of quanta  emitted from the 
excited activator ions in un i t  time, on the assumption 
that each excited activator ion in the crystal emits a 
photon and re turns  to ground state. The activator ions 
are excited as a consequence of the action of the excit- 
ing energy carriers to activator ions in the crystals on 
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the screen in uni t  time. Thus, < I >  n u m b e r  of p h o t o n s /  
sec/volume) from the phosphor crystals on the screen 
is expressed as a form of the volume integral  in  un i t  
time. The phosphor screen is usual ly large e.g., 1 cm 2) 
compared with the crystal size (e.g., phosphor crystals 
are usual ly  about 10 ~m). In  such a screen, the excita- 
tion of activator ions only occurs in the crystals in the  
first layer of the i r radiat ion side because the penetra -  
tion depth of the incident  electrons (10 keV) is about  
0.4 ~m (3), and EH's are never  t ransferred to other  
crystals [the crystal is covered with the surface re -  
combinat ion center of EH's (4) ]. When the size of e lec -  
tron beam on the screen is kept  Constant for all m e a -  

s u r e m e n t s  (it is usual ly  so), ~I :> is proport ional  to 
the number  of the excited activator ions in the finite 
volume V in the crystals arranged in the first l a y e r  
on the fixed screen area (i.e., cross-sectional area of 
electron beam) in un i t  time. Hence, ~I~> is propor-  
t ional to a result  of the volume integral  of the act ion 
of the exciting energy carriers to activator ions in  9" 
and in uni t  time, which is expressed as 

< I >  = kl NJ dvdt  [1] 

where N is the n u m b e r  of activator ions in V, J is the  
number  of exciting energy carriers having entered (or 
generated) in V, and kl is constant. (In contrast, the 
measurement  results of many  physical properties are 
given by a form of the differential; e.g., optical absorp- 
tion, conductivity, l ifetime of the excited state, and 
others.) For s tudying < I > ,  we must  take account of  
the volume integral,  not the differential. 

There are two ways of obtaining the solution of 
Eq. [1]: (i) a mathemat ical  solution and (ii) a qual i -  

tative approach. In  this study, we have taken the qual i -  
tative approach on the assumption that  ~ I >  (substan-  
t ially the number  N* of the excited activator ions per 
uni t  t ime) is proportional to the n u m b e r  of the possible 
combinations of activator ions and exciting energy 
carriers in V and in uni t  time. This s tudy is a first step 
for increasing the better  unders tanding  ~ I >  from the 
phosphor crystals. The results of this study, therefore, 
will give a macroscopic (instead of microscopic) pic- 
ture of the excitation mechanisms of activator ions by  
electron beam irradiat ion on phosphor crystals. 

The chemical analysis usual ly  informs us that the  
activator ions are uni formly  distr ibuted in  the crystal, 
and the activator ions never  move out of their posit ions  
under  the ordinary cathode-ray excitation conditions. 
For the excitation of activator ions, the activator ions 
must  be visited (or sampled) by the exciting e n e r g y  
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carr ie rs  (e.g., photons a n d / o r  e lectrons)  which are  
t r ave l l ing  in the  crystal .  Consequently,  the  different  
t r ave l l ing  mode of the  carr iers  resul ts  in the different  
sampl ing  (i.e., exci ta t ion  mode)  of the ac t iva tor  ions. 
In  o rder  to discuss the CD curve of < I >  shown in Fig. 
1, thus, we know about  the t r ave l l ing  modes of the  
incident  electrons and EH's in zhe phosphor  crystals .  

CD Curve for Directly Excited Activator Luminescence 
When the crys ta l  is i r r ad ia t ed  b y  e lect ron beam, a 

la rge  pa r t  of the  inc ident  e lectrons pene t r a t e  into the  
crys ta l  and the res iduals  are  e jec ted  f rom the crys ta l  
surface (5) (i.e., backsca t te red  p r i m a r y  electrons due 
to the elastic sca t ter ing  wi th  the ions a r ranged  in the  
surface layers  of the c rys ta l ) .  The pene t ra t ing  elec-  
t rons lose thei r  energy  by elast ic  and inelast ic  collisions 
wi th  the la t t ice  ions along the e lec t ron t ra jector ies ,  
genera t ing  x - ray ,  Auge r  electrons,  secondary  elec-  
trons, e lec t ron-hole  pairs,  and  phonons. The e lect ron 
t ra jec tor ies  in the crys ta l  can be computed  by  using 
Monte Carlo technique (6) wi th  single a n d / o r  mul t ip le  
sca t ter ing  models  (7, 8). The profile of the ca lcula ted  
e lec t ron t ra jec tor ies  (6-10) a re  qua l i t a t ive ly  con- 
f i rmed wi th  the  observat ion  b y  Ehrenberg  and F r a n k  
(11), who have used microphotographs  of cathodo-  
luminescence f rom CaWO4, KI, and plastic.  This in-  
dicates the inc ident  electrons are  r andomly  sca t te red  
( t rave l l ing)  in the pene t ra t ion  volume. The la t t ice  ions 
are exci ted  not  only  by  the incident  electrons but  also 
by  the secondary  electrons genera ted  in te rna l ly .  Bohm 
and Pine  ( 1 2 ) p r o p o s e d  a model  tha t  the  secondary  
electrons and sca t tered  inc ident  electrons form the 
e lec t ron gas p lasma  in the  crystal ,  and  the la t t ice  ions 
are  exci ted  wi th  the e lec t ron-p lasmon in terac t ion  to 
produce another  secondary  e lec t ron of the energy 
smal le r  than  tha t  of the previous  one, i.e., the cascade 
model. Quinn (13) gave an equat ion to calculate  the 
mean - f r ee  pa th  of the p l a s m a - e l e c t r o n s  in various 
energies;  according to his equation, the mean - f r ee  pa th  
is about  1OA for 1 keV elect rons  and about  10OA for 
10 keV electrons.  Hence, only  the secondary  electrons 
genera ted  in the surface volume in dep th  smal le r  than  
the mean - f r ee  pa th  can escape f rom the crys ta l  sur -  
face, giving r ise to Auger  electrons and t rue  secondary  
electrons which can be collected in f ront  of the crystal ;  
both  are  now used for s tudy ing  the  surface physics  of 

Fig. 1. Difference in concen- 
tration dependence curves with 
types of excitation mechanisms of 
activator ions by incident elec- 
trons. (A) Curve for directly ex, 
cited activator luminescence 
which exhibits no crystal size 
effect and has unity slope. (B) 
Curve for activator luminescence 
arising from recombination of 
mobile carriers; the curve discon- 
tinues at Co* which exhibits 
crystal size effect due to migra- 
tion of mobile carriers~ 

the crystal .  (Auger  e lectrons which  are  charac ter ized  
by  the e lements  are  used for the identif icat ion of the  
e lements  in the surface volume and t rue  secondary  
electrons are  used as a s ignal  source in the  scanning 
electron microscope.)  The existence of the  p lasmon in 
the crys ta l  may  be proved  by  analyz ing  bo th  the  t rue  
secondary  electrons collected in f ront  of the c rys ta l  and 
the values  of the energy  loss of the  incident  e lectrons 
in the crystal .  Amel io  (14) ca lcula ted  the theore t ica l  
d is t r ibut ion  of the t rue  secondary  electrons,  which 
were  in agreement  wi th  the  e xpe r ime n t a l  results ,  for  
Cu meta l  and Si semiconductor  based on the e lec t ron-  
p lasmon in terac t ion  (dominant )  plus e lec t ron-e lec t ron  
interact ion.  Both theory  and exper iments  of the energy  
loss of the incident  e lectrons show tha t  the  values for  
Si, Ge, ZnS, PbS, SIO2, MgO, and others  a re  ex -  
p la ined  by  the e lec t ron-p lasmon  in terac t ion  (15). 
These resul ts  a re  p robab ly  enough to d r aw  a conclusion 
that  the la t t ice  ions in the crysta ls  a re  p r e d o m i -  
nan t ly  exci ted by  the e lec t ron-p lasmon  interact ion.  If  
the ac t iva tor  ions in the crys ta l  a re  exci ted  wi th  the 
plasmons (i.e., incident  electrons and in t e rna l ly  gen-  
e ra ted  secondary  e lect rons) ,  the exci ta t ion of ac t iva tor  
ions is l imi ted  in the volume where  the plasmons a r e  
contained. Since the m e a n - f r e e  p a t h  of the  p l a sma  
electrons (less than 100A) is negl ig ib ly  smal l  as com- 
pared  wi th  the pene t ra t ion  depth  of the incident  e lec-  
t rons (0.4 ~m for 10 keV) ,  the volume V for direct  ex -  
ci tat ion of the ac t iva tor  ions by  the plasmons is, as a 
first order,  app rox ima ted  to the  volume Vd defined 
by  the pene t ra t ion  depth  of the incident  electrons and 
cross-sect ional  a rea  of the incident  e lect ron beam on 
the screen which  is constant  for  the  measurements  of 
< I > .  The total  surface area  of the crystals  a r r anged  in 
the first l aye r  on the fixed screen area  is not  only  a 
constant  bu t  is also independen t  of the crys ta l  size (16). 
Consequently,  Vd is independen t  of the crys ta l  size of 
phosphors  and is a constant  for a g iven ca thode - r ay  
vol tage (the crys ta l  size g rea te r  than  the pene t ra t ion  
dep th) .  Since the  inc ident  e lectrons are  r a n d o m l y  scat -  
t e red  ( t rave l l ing)  in Vd, it  may  b e  said tha t  in some 
t ime interval ,  the plasmons are  r a n d o m l y  d is t r ibu ted  
in Vd, so that  the random mix ing  of ac t iva tor  ions N 
and the plasmons J in Vd and in uni t  t ime can be con- 
sidered. I t  follows tha t  the exci ta t ion of ac t iva tor  i o n s  
by the plasmons is comparab le  wi th  the r andom s a m -  
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pl ing  of N by J in Vd and in u n i t  t ime. If  both  N and 
J are  la rge  ( i t  is a lways  so),  the  outcome of the r an -  
dom sampl ing  (corresponding to N*) in Vd in unit  
t ime is p ropor t iona l  to the  number  of possible com- 
binat ions  of N and J, which is given by  

N! J! 
N* = k2 "- k~NJ  [2] 

(N- -  1)~ (3 - 1)! 

where  k2 is constant.  This leads to a l inear  dependence  
of < I >  on both N and J. Under  the given exci ta t ion 
conditions (e.g., J = constant) ,  < I >  is l inear  wi th  
the ac t iva tor  concentra t ion  in the range  where  self-  
concentra t ion quenching is negligible,  and the no r -  
mal ized CD curves of < I >  should exhibi t  no differ-  
ence due to the  c rys ta l  size (Vd remains  a constant  
even if the  crys ta l  size is changed) .  Fur the rmore ,  the 
sca t ter ing  of the plasmons in Vd is poss ibly  indepen-  
dent  of-the i r rad ia t ion  t ime of the e lec t ron beam at the 
o rd ina ry  condit ions of the cathodoluminescence s tudy,  
so tha t  the  CD curve of < I >  shows no dependence  on 
the exci ta t ion dura t ion  (i.e., the pulse wid th  effect).  
Therefore,  if the ac t iva tor  ions are  only exci ted  di-  
rec t ly  by  the incident  e lectrons (and in t e rna l ly  gen-  
e ra ted  secondary  e lect rons) ,  the  normal ized  CD curves 
will  be t h e  same for pulsed and continuous (d-c)  ex-  
citations, and  the CD curves,  p lo t ted  on logar i thmic  
basis of the  ac t iva tor  luminescence,  wi l l  have  un i ty  
slope in the low ac t iva tor  concentra t ion range  and ex-  
h ib i t  no c rys ta l  size effect. This is the  case for Tm+~ 
luminescence in Y203:Tm as shown in Fig. 1 (A) ;  the 
CD curve of Tm +8 luminescence exhibi ts  no crys ta l  
size effect and  no pulse wid th  effect, and the curve has 
un i ty  slope in the  low ac t iva tor  concentra t ion range.  

CD Curve for Indirectly Excited 
Activator Luminescence 

The p lasma electrons also produce EH's which  have 
the long mean - f r ee  pa th  (12). If the ac t iva tor  ions are  
exci ted  by  these EH's (i.e., r ad ia t ive  recombina t ion  of 
EH's at  ac t iva tor  ions) ,  the exci ta t ion  of the ac t iva tor  
ions occurs in the  effective volume Ve (grea te r  than  
l/a) in which the EH's a re  present .  

We assume tha t  EH's can move out  f rom the volume 
in which they  are  c rea ted  and d i sappear  b y  one or 
more  recombinat ion  mechanisms ( rad ia t ive  or nonra -  
d ia t ive)  a t  the in t r ins ic  and extr ins ic  recombinat ion  
centers, which  m a y  be host a toms and surface and in-  
t e rna l  recombina t ion  centers, respect ively .  Since no 
bandgap  luminescence has ever  been observed wi th  the 
phosphor  crystals ,  EH's mus t  d isappear  at  surface and 
in te rna l  recombina t ion  centers. I t  is known empi r ica l ly  
that  the format ion  of surface recombinat ion  centers  
depends  l a rge ly  on p repara t ion  condit ions (4);  for 
c rys ta l  p repa red  under  we l l -con t ro l l ed  conditions (this 
is t rue  for phosphor  c rys ta ls ) ,  i t  is assumed tha t  the  
ra te  of surface recombina t ion  of EH's is constant.  
Hence the recombina t ion  ra te  of EH's depends  solely 
on the presence of in te rna l  recombina t ion  centers.  
There  are  two types  of in te rna l  recombina t ion  centers  
to be considered:  chemical  impuri t ies ,  including ac t i -  
va tor  ions; and  la t t ice  imperfect ions  (e.g., vacancies,  
dislocations, gra in  boundaries ,  and intersUtia ls) .  I t  has 
been  shown in our  previous  work  (17) tha t  la t t ice  
imperfect ions  do not influence the in te rna l  recombina-  
t ion of EH's in Y208. This is l ike ly  to be t rue  for o ther  
phosphors.  If so, the  migra t ion  of EH's gene ra l ly  de-  
pends on the ac t iva tor  concentra t ion when 99.9999% 
pure  ma te r i a l  is used. 

We assume that  the migra t ion  of an EH te rmina tes  
on the first visi t  to an unexci ted  ac t iva tor  ion; the  
average  migra t ion  distance L of EH's in the  crys ta l  in-  
creases as ac t iva tor  concentra t ion decreases.  I t  follows 
tha t  there  a re  two ac t iva tor  concentra t ion regions in 
which L is l imi ted  by  (i) c rys ta l  size ~bM (i.e., L ~-- 
CM) and by  (ii) act iva tor  concentra t ion (i.e. L ~ CM). 
Because the  exci ta t ion  of ac t iva tor  ions by  EH's occurs 

in the  crysta ls  a r r anged  in the first l a y e r  on the fixed 
phosphor  screen area, the CD curve  of < I >  should be 
inflected (i.e., have a d iscont inui ty  in the curve)  at  
the ac t iva tor  concentra t ion C* corresponding to L = 
CM. Therefore,  the va lue  of C* of the CD curve of < I >  
shows the crys ta l  size effect; the  va lue  of C* decreases  
as the crys ta l  size increases. In  the concentrat ion re-  
gion below C*, the  effective volume wil l  be l imi ted  
by  the to ta l  volume V~ of the  crysta ls  involved which  
is a constant.  Under  this condition, the number  of ex-  
cited ac t iva tor  ions pe r  uni t  t ime wil l  be p ropor t iona l  
to the  number  of EH's c rea ted  in uni t  t ime and also to 
the number  of ac t iva tor  ions N ,  in V,. At  concentra t ion 
grea te r  than C*, the effectiye volume is smal le r  than  
V~ and decreases as C increases.  Therefore,  the num-  
be r  of ac t iva tor  ions involved  in the exci ta t ion  is no 
longer  equal  to N~ but  ins tead  is r e la ted  to the num-  
ber  of ac t iva tor  ions Ne in the  effective volume Ve 
which shr inks  wi th  increas ing ac t iva tor  concentra t ion 
(even as CM remains  constant) .  Consequently,  the  CD 
curve of < I >  has two charac ter i s t ic  slopes depend-  
ing on the ac t iva tor  concentra t ion whi le  the value of 
C* depends on crys ta l  size. The expe r imen ta l  CD 
curves of < I >  for many  efficient ca thodoluminescent  
phosphors,  indeed, have two slopes and the value  of C* 
exhibi ts  the crys ta l  size effect (3, 17, 18), showing tha t  
the ac t iva tor  luminescence arises f rom the rad ia t ive  
recombina t ion  of m o b i l e  EH's;  however ,  the  in t e r -  
p re ta t ion  of the expe r imen ta l  value  of C* and the 
slopes is compl ica ted  by the  facts  tha t  the  va lue  of  C* 
for  some phosphors  (e.g., Y202S:Eu) differs g rea t ly  
wi th  the exci ta t ion mode (e.g., d-c  and pulse exc i ta -  
t ions) ,  even if the  crys ta l  size is the same. F igure  2 
shows the CD curves of Y202S:Eu (r = 3 ~m) under  
d-c  and pulse (2 ~sec) e lec t ron beam i r rad ia t ion ;  the  
value of Cp*, for pulse  excitat ion,  is 1 • 10 -4 whereas  
the value  of CD*, for d-c  excitat ion,  is 2 • 10-s  (20 
t imes g rea te r ) .  CD* depends on crys ta l  size, ac t iva tor  
concentration,  and  exci ta t ion intensi ty,  for  which  the  
expe r imen ta l  equat ion can be expressed as 

ks 
Co* = [3] 

CM 

where  k~ is a constant  re la t ing  to the  exci ta t ion  in-  
tensi ty;  kv increas ing wi th  the exci ta t ion  intensity.  On 
the other  hand, C,* does not  depend on exci ta t ion in-  
tens i ty  in the range s tudied (peak  beam dens i ty  
smal ler  than 10 #A/cm e) and can be expressed as 

k4 
cp* = [4] 

r 

where  k4 = 3 • 10 - s  cm. Fur the rmore ,  the  slopes be -  
low the inflection points a re  uni t  for pulse  exci ta t ion 

C * 6c C~_~ 

p~ ~bM= 3).I rn 0 

I I I J I 
__ 6 l  -- 5 --4 - - 3  i 2 

1o 10 10 10 ~0 I() I 
C in (Y,_cEUc)202S 

Fig. 2. Concentration dependence curves of Eu +3 (SDo lumi- 
nescence) of Y202S:Eu (r ~- 3 ~m) under irradiation of continuous 
(d-c) and pulsed electron beam. 
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a n d  0.66 (subl inear )  for  d -c  exci tat ion.  These resul ts  
s t rongly  suggest  tha t  the  exci ta t ion  of ac t iva tor  ions 
by  EH's is not  s imply  expressed  by  the r andom sam-  
p l ing  by  the EH's, and  that  the  EI-Fs p robab ly  do n o t  
migra te  r a n d o m l y  on cat ion la t t ice  si tes even i f  there  
is no ex t e rna l l y  app l ied  field on the crystals .  F u r t h e r  
s tudy  on the mot ion of EH's wi l l  p rove  to be an in t e r -  
es t ing subject .  

Al though  we do not  c la r i fy  the  ambigui t ies  of CD*, 
Cp*, and slopes of the CD curves  in this  study,  i t  is 
sure  tha t  under  the  given d-c  exci ta t ion  conditions,  the  
CD curve of < I >  ce r ta in ly  has two slopes depending  
o n  the  ac t iva tor  concentra t ion which  the va lue  of CD* 
is changed wi th  the crys ta l  size (2, 18) according to 
Eq. [3], showing tha t  the  ac t iva tor  luminescence a r i s e s  
f rom the rad ia t ive  recombina t ion  of mobi le  EH's ( the 
ac t iva tor  ions are  not  exci ted  d i rec t ly ) .  Thus, i f  t h e  
act iva tor  ions are  exci ted  by  mobi le  EH's (i.e., if  r ad i -  
a t ive  recombina t ion  of mobi le  EH's occurs at  ac t iva tor  
ions) the  CD of < I >  unde r  d-c  exci ta t ion  differs s ig-  
nif icant ly f rom the curve for d i rec t ly  exci ted  ac t iva tor  
luminescence;  the  curve should have two slopes which 
infieated at  CD* and the va lue  of CD* exhibi ts  a c rys ta l  
size effect (due to the  migra t ion  of EH's) .  This is a c a s e  
f o r  Dy +3 luminescence in YVO4:Dy as  shown in 
Fig. I ( B ) .  

We use, as a new tool, these d i s t ingu i shab le  d i f f e r -  
e n c e s  be tween  d i rec t  exci ta t ion  and exci ta t ion  by  
mobi le  EH's  seen in the CD curve of ca thodolumines-  
cence to s tudy  fu r the r  the  exci ta t ion  mechanisms o f  
the  ac t iva tor  ions by  inc ident  electrons.  

I t  should be noted  that  if the concentra t ion  quench-  
ing mechanisms are  involved  in the  range  of CD*, the  
inflection of the CD curves,  even tua l ly  the  c rys ta l  size 
effect, is vague. This is a case of the CD curve of 
Z n S : C u  (or Ag)  and of the  5D1 and 5D2 Eu+3 lumines -  
cence (19). The inflection point  a t  CD* is also vague  if  
the  phosphor  crysta ls  have a wide d is t r ibut ion  in size. 
We do not  use these CD curves  in this s tudy.  

Results and Discussion 
The presen t  s tudy  was made  wi th  Y2Oz, YVO4, and 

Y202S crys ta ls  ac t iva ted  wi th  eight  ra re  ea r th  ele-  
ments  (Pr,  Sm, Eu, Tb, Dy, Ho, Er, and  Tm) which  
emi t  l ine luminescence in  the vis ible  spect ra l  region 
(20). The t r iva len t  ra re  ea r th  (RE +s) ac t iva tor  ions 
are  qui te  sui table  for  this purpose  for  the fol lowing 
reasons:  first, each RE+~ emits  its character is t ic ,  eas i ly  
identif iable,  luminescence spectrum; second, RE +s and 
y + s  compounds form sol id-solut ion over  a wide range;  
and  third,  under  the o rd ina ry  conditions,  some RE's 
show two valences (e.g. RE +~ and RE +a or Re +8 and 
RE +4) whi le  others  exhib i t  one valence (RE+S). 

The resul ts  indicate  tha t  two modes of exci ta t ion of 
ac t iva tor  ions should be considered for  o rd ina ry  ca th-  
odoluminescence s tudy;  d i rec t  exci ta t ion and indi rec t  
exci ta t ion  th rough  mobi le  EH's. If  the ac t iva tor  ions 
are  exci ted  by  the mobi le  EH's the  number  of d i -  
rec t ly  exci ted  ac t iva tor  ions is negl ig ib ly  smal l  as com- 
pa red  wi th  the number  of EH's ( subs tan t ia l ly  the 
number  of the ac t iva tor  ions exci ted  by  EH's in the 
crys ta ls ) .  I t  fol lows tha t  d i rec t  exci ta t ion  resul ts  in  
weak  cathodoluminescence and the rad ia t ive  recombi -  
na t ion  of mobile  EH's  a t  ac t iva tor  ions resul ts  in high 
efficiency. Thus, we m a y  exp la in  the  ma jo r  difference 
in efficiency of the  same RE + ~ in different  host crystals ,  
as wi l l  be descr ibed below. 

F igure  3 (A)  shows the CD curves for  Eu +3 lumi -  
nescence (SD0 -~ 7F2) in  Y203: Eu and Y202S: Eu under  
the continuous (d-c)  i r r ad ia t ion  of e lec t ron beam (10 
keV, 0.2 ~A/cm2) ; in both  crysta ls  the  Eu +3 are  exci ted  
by  mobile  EH's. In  contrast ,  Fig. 3(B)  shows the CD 
curves for Pr+~ luminescence f rom Y208: P r  (~Po --> 3H6) 
(21) and Y202S:Pr  (sP0 -> 3H4) (22), respect ive ly ;  
there  is a d i rec t  exci ta t ion of P r  +s in Y2Os, and  P r  +s 
is exc i ted  by  mobi le  EH's  in Y202S. The resul ts  ob-  
t a ined  are  summar ized  in Table  I. I t  is in fe r red  tha t  

A 10 3 
V 

�9 >.,, 102 nl 
1 - -  

10 

Y 2 0 3 : E u  ( 5 F m )  

,o 

/ (3)Jm) 

IS 
1 1 I I I I I 
10 .6  1(~ 5 16 4 1(~ 3 1(~ 2 1() 1 

Eu concenlration (mole f ract ion)  

f 03 Cu ~ Y202 S: Pr ( lOp m ) 
B . .  

10 2 
.> 

l o  B) 

1 , I I I I I 
10 -6 1(~ 5 15 4 163 16 2 1(] 1 

Pr c o n c e n t r a t i o n  (mole  f ract ion)  

Fig. 3. Concentration dependence curves of Eu +3 and Pr +s 
under continuous irradiation of electron beam. (A) Curve for 
Y203:Eu (r = 5 /~m) and Y202S:Eu (r = 3 ~m). (B) Curves 
for Y2Os:Pr and Y~O2S:Pr (~M = 10 ~m). 

t r iva len t  RE ions which c a n  a l s o  be d iva len t  (23) 
(i.e., Eu, Sm, and Dy) are  exci ted  b y  EH's  in Y208, 
YVO4 and Y202S. The t r iva l en t  RE ions which c a n  a l s o  
be t e t r ava len t  (23) (i.e., Tb and Pr )  a re  exci ted  by  
EH's in Y202S. The RE ions are  not  exci ted  by  EI-I's in 
Y203 and YVO4 ( they  are  exci ted  d i rec t ly)  ; the  sul fur  
ion ra the r  than the crys ta l  s t ruc ture  is p r o b a b l y  r e -  
s p o n s i b l e  for  the i r  exci ta t ion  in Y202S. This is c o n -  
f i r m e d  for Tb in La203 and La202S (both host  crysta ls  
having the same crys ta l  s t ructure ,  hexagona l  wi th  Dsd s 
space group) .  There  is d i rec t  exci ta t ion  of  Tb +8 i n  
La203 and Tb +3 is exci ted  by  EH's in La202S. [These 
results  m a y  expla in  w h y  Cu (and Ag)  ac t iva tor  i o n s  
which show two valences (W1 and + 2 )  form the r e -  
c o m b i n a t i o n  centers  for EH's in ZnS, bu t  not  in ZnO. 
It  wil l  be in teres t ing  to fu r the r  the  exper iments  on this  

Table I. Experimental results on the excitation mechanisms of rare 
earth activator ions in Y203, YV04, and Y202S by incident 

electron beam 

Crystals 
Activator ions Y203 YV04 Y~O~S 

Eu, Dy, and Sm 
(RE § and RE § RC RC RC 
Tb and Pr 
(RE § and RE+~) direct direct RC 
He, Er, and Tm 
(RE § ) direct direct direct 

RC: recombination centers os electrons and holes 
direct: direct excitation by incident electrons 



144 ,L Etectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

point.]  RE ions which exhib i t  only  one valence RE +s 
at  the o rd ina ry  condit ions (i.e., Er, Ha, and Tm) do not  
form recombinat ion centers  ( they are  exci ted  d i rec t ly)  
in the crystals  studied. Thus, the recombinat ion  of EH's 
occurs at  impur i t ies  showing two valences at  the  o rd i -  
n a r y  conditions. These  resul ts  suggest  tha t  the r ecom-  
b ina t ion  of EH's in the  r a re  ea r th  phosphors,  which 
have many  direct  exci ta t ion lines in the spec t ra l  region 
of the energy  smal le r  than  the bandgap  energy  of 
host crystals ,  is p robab ly  independen t  of the locat ion 
of impur i t y  states in the bandgap  of the host c rys ta l  
as has been previous ly  considered (24). 

F r o m  the above resul ts  (Table  I ) ,  one m a y  propose a 
model  of a recombina t ion  mechanism of  EH's  a t  ac-  
t iva tor  ions. Using RE ions as an example ,  we shal l  
exp la in  this modeI  (Fig. 4). I n  the  crystals ,  the RE 
ion, which shows the t r iva len t  and d iva len t  t raps  first 
as electrons and is conver ted  to RE +2, producing  a 
nega t ive ly  charged local  field. A hole is a t t r ac ted  to 
tb_t~ region and is cap tured  b y  the RE +~ to form the  
exc i ted  s ta te  of R~  +~ (RE+a*).  The exc i ted  RE +3.,  
af ter  r emain ing  some t ime in its exci ted  state,  emits  
a photon ( luminescence)  and  re tu rns  to the ground 
s tate  to r epea t  the  exci ta t ion process wi th  another  EH 
[Fig. 4 ( A ) ] .  In  the crys ta l  containing sulfur,  the 
RE+~, which shows RE +8 and RE +4, can first t r ap  a 
hole (p robab ly  f rom the sulfur  ion) ,  and  the RE +~ is 
conver ted  to Re +4, p roduc ing  a pos i t ive ly  charged  local  
field. This RE +4 then captures  the e lec t ron to form 
RE +-a*. The RE +a* re tu rns  to the  ground  s ta te  a f te r  
emi t t ing  a photon [Fig. 4 (B) ] .  These models  suggest  
that  the type  of car r ie r  which  is first t r apped  de te r -  
mines  the type  of recombina t ion  process at  the ac-  
t iva tor  ions. The first t r apped  car r ie r  in Y203 and 
YVO4 crysta ls  is an  electron,  and  in  Y202S crystal ,  i t  
is e i ther  an e lect ron or a hole (depending  on the im-  
pur i t ies ) .  

As a concluding remark ,  the  usefulness of the con- 
cent ra t ion  dependence  curve of the  ac t iva tor  lumines-  
cence has been demonstra ted .  Under  i r r ad ia t ion  of 
e lect ron beam on phosphor  crystals ,  two exci ta t ion 
mechanisms of the ac t iva tor  ions should  be considered;  
d i rec t  exci ta t ion b y  e lect ron beam and the exci ta t ion 
through the mobi le  e lectrons and holes genera ted  by  
incident electrons (~.e., radiative recombination of the 

Fig. 4. Recombination mech- 
anisms of electrons and hole at 
(A) rare earth ions showing tri- 
valent and divalent, and (B) rare 
earth ions showing trivalent and 
tetravalent. 

, 3  
(A) RE and 
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elec t ron-hole  pa i r s ) ,  The exper imen ta l  results of the  
rare  ea r th  act ivators  suggest  a possible  model  tha t  the 
rad ia t ive  recombinat ion  of e lec t ron-hole  pairs  only  
occurs at the ac t iva tor  ions showing two valences. I t  
should be noted tha t  the  resul ts  of the concentrat ion de- 
pendence curves of the  ac t iva tor  cathodoluminescence 
only give a macroscopic p ic ture  and do not  a l low the 
d rawing  of a microscopic p ic ture  of the  exci ta t ion of 
ac t iva tor  ions, e.g., whe the r  resonance energy  t ransfe r  
and other  Auger  type  process are  involved.  I feel  tha t  
the theoret ica l  considerat ion and fu r the r  exper iments  
by  other  techniques are  necessary  to prove  the precise 
and microscopic p ic ture  of the  exci ta t ion mechanisms 
of the ac t iva tor  ions by  e lec t ron-hole  pairs.  I hope the 
exper imenta l  resul ts  of this s tudy  m a y  suggest  some 
ideas for  the fu r the r  s tudy.  

Manuscr ip t  submi t ted  Aug. 6, 1979; revised manu-  
scr ipt  received Ju ly  23, 1980. This was Paper  342 p re -  
sented at  the Seatt le ,  Washington,  Meet ing of the So- 
ciety, May 21-26, 1978. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1981. 

Publication costs of this article were assisted by 
Tektronix, Incorporated. 
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Effect of Diffusion-Induced Dislocations on 
Antimony Diffusion into Silicon 

Sung Hae Song and Tatsuya Niimi 
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ABSTRACT 

The diffusion of an t imony  a toms into silicon was p e r f o r m e d  u n d e r  t h e  
fol lowing condit ions:  diffusion t empera tu re s  1150 ~ and 1050~ surface con- 
centra t ions  of an t imony  a tom 4.5 • 10 TM and 5.0 • 101S/cm ~, using anti= 
mony-doped  oxides as the diffusant source. The d is t r ibut ion  of the  d i f f u s a n t  
in silicon devia ted  f rom the w e l l - k n o w n  erfc curve when the diffusion w a s  
carr ied  out  for a longer  t ime at  the h igher  diffusion t empe ra tu r e  and the h igher  
surface concentra t ion of ant imony.  In that  case, the diffusion coefficient of 
an t imony  was de te rmined  b y  the Bol tzmann-Matano  method.  I t  showed 
a considerable  dependence  on the local concentra t ion of an t imony  a n d  w a s  
in te rp re ted  in terms of the genera t ion  of di f fus ion- induced dislocations a n d  
the excess vacancies in t roduced f rom the surface dur ing  the d i f f u s i o n .  

Many invest igators  repor ted  on the anomalous  diffu- 
sion of phosphorus  and boron into silicon, which was 
observed  when the diffusion was car r ied  out from a 
high concentra t ion source (1-4),  and on the effect of 
diffusion-induced dislocations on the i r  diffusion co- 
efficients (5, 6). I t  was proposed that  these dislocations 
might  exp la in  the anomalous  diffusion, because the 
genera t ion  of  excess vacancies due to the i r  c l imbing 
mot ion  was supposed to be responsible  for the marked  
enhancement  of the diffusion and the emi t t e r -push  
e f f e c t  (7, 8). 

On the o ther  hand, the re ta rda t ion  effect of phos-  
phorus atoms observed w h e n  they  were  diffused into 
silicon at  ve ry  high concentra t ion was re la ted  to the 
fo rmat ion  of di f fus ion- induced dislocations (9, 10). In 
this case, the effect could be expla ined  by  assuming 
that  the excess vacancies genera ted  when phosphorus 
a toms were  diffused would be absorbed by  the disloca-  
tions (11). 

The genera t ion  of diffusion-induced dislocations is 
gene ra l ly  considered due to the stress induced by  diffu- 
sion, which depends  both on the size of a diffused a tom 
and on its concentra t ion (5, 12). As for phosphorus  and 
boron atoms, re fe r red  to above, they  have smal le r  
a tomic radi i  than silicon. 

In  this paper ,  i t  is r epor ted  that  ant imony,  which  has 
a l a rge r  a tomic radius  than  silicon, was diffused into 
sil icon using the doped oxide source. Compar ing  the 
diffusion coefficient of ant imony,  which was dependent  
on its local  concentrat ion,  wi th  the densit ies  Of diffu- 
s ion- induced  dislocations generated,  thei r  effect" on the 
diffusion is discussed. 

Experimental 
Sil icon subst ra tes  used were  (111) or iented p - t y p e  

single crys ta l  wafers  of res is t iv i ty  1 ~ 3 ~cm, mechani -  

Key words: diffusion, dislocations, antimony 

cally and chemically polished, and had low dislocation 
densities (<5 • 102/cm2). The wafers were etched in 
dilute HF solution and then rinsed in deionized water. 
The condition of the preparation of antimony-doped 
silicon dioxide deposited on the substrates as a dif- 
fusant source and the method of measuring the anti- 
mony concentration in the substrates were the same as 
previously reported (13). The diffusion of antimony 
into silicon was performed in nitrogen atmosphere 
under the conditions listed in Table I, in which the 
data for four typical cases are shown. The diffusion 
was performed, maintaining the surface concentration 
of antimony at values indicated in Table I. 
The junction depths formed in the substrates were 

measured by using the interferometer after the sub- 
strates were angle-lapped with 2 degrees and then 
chemically etched with the ..mixture of 30 cm 8 HF and 
a drop HNO3. They were also measured by another 
method using anodic oxidation (13). The junction 
depths measured by two different methods agreed with 

Table I. Diffusion conditions of antimony into silicon and 
observed results of the generation of diffusion-induced dislocations. 
"Yes" means that the generation of diffusion-induced dislocations 

was observed and "No", not observed, under the specified condition 

Case I II III IV 

Diffusion temper- 1150 1050 1150 1050 
ature (~ (abr. H) (abr. L) (abr. H) (abr. L) 

Surface eoncentra- 5.0 x 10 Is 5.0 x 10 ~8 4.5 x 1019 4.5 x 10 ~9 
tion of antimony (abr. i) (abr. l) (abr, h) (abr. h) 
( /cm 8) 

0.5 No 8.0 No 0.5 No 8.0 No 
1.0 No 15.0 No 1.0 Yes 16.0 Yes 

Diffusion time 2.0 No 24.8 No 2.0 Yes 25.0 Yes 
(hr) 4.5 No 46.5 No 4.5 Yes 47.5 Yes 

9.0 No 77.0 No 9.0 Yes 
18.0 No 18.0 Yes 
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each other. The diffusion-induced dislocations could zl 
be observed near  the surface of the substrates by re- 10 
peating the Sirtl  etching (14) successively. 

Results and  Discussion 
Figure 1 shows typical concentrat ion profiles of 

ant imony,  which were obtained for case I in Table I. 
They were taken at diffusion time, 0.5, 2.0, and 4.5 hr. 
The intr insic  carrier  concentrat ion ni in  silicon at the 
diffusion temperature  is 2.1 X 1019/cm 8, therefore, the - -10 z~ 
local concentrat ion of diffused an t imony  atoms in  the ~'E 
substrate was kept  less than the intr insic carrier  con- 
centrat ion dur ing the diffusion. The junct ion  depth 
corresponds to the three points on the abscissa, where c 
the Sb concentrat ion is equal to the substrate concen- .o 
t ra t ion of 1.0 X 1018/cm 3. Each of the full lines shows ? 
a theoretical erfc curve. These were drawn so as to pass 
through the two points, one of which was a junct ion  ~ 1~9 
depth on the abscissa and the other, the surface con- a 

O centrat ion on the ordinate, which were given by the r 
exper imental  condition. They show a comparat ively 
good agreement  with plots by measurements,  c ~ 

The concentrat ion profiles of an t imony  obtained for o 
case II  in  Table I turned out, like case I, to agree with .~ 
erfc curves, so they are omitted from the text. "~ 

Figure 2 shows the results obtained for case III in < 
Table I. In  the figure, the concentrat ion profiles, corre- 10~ 
sponding to diffusion time, 0.5, 2.0, and 4.5 hr, are 
given. Three plots on the abscissa show the junct ion  
depths, respectively. They are, in this case, at the con- 
centrat ion 1.0 X 1017/cm~. The profile for a shorter 
diffusion t ime (0.5 hr) agreed well  with an erfc curve, 
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Fig. 1. Profiles of antimony concentration obtained for case I 
in Table I. Marks /% [ ] ,  and O show the concentrations measured 
after diffusion was carried out for 0.5, 2.0, and 4.5 hr, respectively. 
The full lines are theoretical erfc curves drawn as described in the 
text. 
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Fig. 2. Profiles of antimony concentration obtained for case III 
in Table I. Marks A ,  I I ,  and �9 show the concentrations measured 
for the diffusion times, 0.5, 2.0, and 4.5 hr, respectively. The full 
lines are theoretical erfc curves drawn as in Fig. 1. 

drawn the same way as in Fig. 1, but  the profiles for 
diffusion time longer than 2.0 hr did not. 

The concentrat ion profiles obtained for the case IV 
in Table I had similar  characteristics as those given in 
Fig. 2, showing that  the profiles for longer diffusion 
time deviated from the theoretical curve. 

The solid solubil i ty of an t imony atoms into silicon, 
according to Trumbore  (15), is 6.0 • 1019/cm3 at the 
temperature  1150~ and 4.5 X 1019/cm 8 at 1050~ 
Therefore, the higher surface concentrat ion adopted in 
this study is roughly equal to the solubil i ty l imit  of 
an t imony into silicon at the diffusion temperatures.  

Figure 3 shows an example of the relationship be-  
tween diffusion time and dislocation densities generated 
on the surface of silicon substrates into which ant i -  
mony was diffused with the condition, case III in Table 
I. They were measured by counting the number  of etch 
pits on the surface from which the doped oxide had 
been removed by chemical etching. The vertical  spreads 
of dislocation densities correspond to their  measured 
maximal  and min imal  values. They have a tendency 
to be saturated as diffusion time becomes longer. The 
dislocation densities obtained at diffusion time longer 
than 4.5 hr could not be determined accurately, be- 
cause the etch pits were piled up on the wafer. The 
saturated dislocation densities, 1.0 ~ 3.0 • 109/cm 2, 
extended deeply from the surface into about half  a 
distance of the junct ion depth. The observed results 
about the generat ion of diffusion-induced dislocations 
are listed in Table I, including the above. Whenever  
dislocations were generated, the concentrat ion profile 
of diffused an t imony atoms deviated from an erfc curve 
and when dislocations were not generated, the diffusion 
profile followed an erfc curve. From the results, i t  is 
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Fig. 3. A relationship between the densities of diffusion-induced 
dislocations and diffusion time. The diffusion condition is given 
in case III in Table. I. 

concluded that  the generat ion of diffusion-induced dis- 
locations depends main ly  on the concentrat ion of 
diffused an t imony  atoms. 

Figure  4 shows the relationship between the mea-  
sured junct ion  depths and the diffusion times, which 
were obtained under  the diffusion conditions given in 
Table I. Four  lines, labeled (a) ,  (b) ,  (c), and (d) ,  
correspond to the diffusion conditions, case I, II, III, 
and IV in Table I, respectively. Lines (a) and (b) have 
a slope 1/2, but  lines (c) and (d) have a steeper slope 
than either l ine (a) or (b).  Under  the diffusion condi- 
tions that  lines (c) and (d) were taken, the generat ion 
of diffusion-induced dislocations was observed in the 
substrates after diffusion was carried out, except for 
the two diffusion conditions labeled P and Q in  the 
figure, where no dislocations were observed. From the 
slopes of the lines, it is observed that the diffusion rep- 
resented by line (c) or (d) is enhanced, compared with 
the case of l ine (a) or (b).  I t  was reported that the 
diffusion coefficients of an t imony in silicon depended 
on the surface concentrat ion and that  they increased 
wi th  increased concentrat ion (13). Therefore, if we 
draw broken lines (a') and (b') paral lel  to lines (a) 
and (b) through the points P and Q, the difference 
between (a') and (a) or the difference between (b') 
and (b) may be ascribed to the enhancement  of diffu- 
sion due to the surface concentrat ion of an t imony  and 
the difference between (c) and (a') or the difference 
be tween (d) and (b ') ,  due to the enhancement  of 
diffusion caused by  the generat ion of diffusion-induced 
dislocations. It should be noted that  the difference be-  
tween lines (c) and (a') or between lines (d) and 
(b') increased with increase in  diffusion time. 

In  order to find out a relat ion between the density of 
diffusion-induced dislocations and the diffusion coeffi- 
cient of ant imony,  the diffusion coefficient was deter-  

e -  

~1.0 
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Fig. 4. Relations between the junction depths and the diffusion 
times. Lines (a), (b), (c), and (d) are drawn, corresponding to the 
diffusion conditions, case I, II, I I I ,  and IV in Table I, respectively. 

mined from Fig. 1 and 2, where the measured concen- 
t ra t ion profiles of an t imony  could be well  fitted with 
an erfc curve, respectively, except the two cases, in 
which the diffusions were carried out under  the condi-  
tions, i.e., diffusion tempera ture  1150~ surface con- 
centrat ion of an t imony  4.5 X 1019/cm 8, and diffusion 
time 2.0 and 4.5 hr. When the profile could be well fitted 
with an erfc curve, a value of the parameter  D, which 
was used to represent  the erfc curve, er fc(x/A/Dt) ,  
was adopted as a diffusion coefficient of antimony.  
When it could not be, the Bol tzmann-Matano method 
(16) was adopted to determine the diffusion coefficient 
as a function of local an t imony concentrations. To en-  
sure the applicabili ty of the method to the cases 
stated above, the two profiles in Fig. 2 were t rans-  
formed to those in  Fig. 5, in which the representa t ion 
of the abscissa was changed from x in Fig. 2 to x/A/{ 
in  Fig. 5. The two concentrat ion profile curves in  Fig. 2 
may be considered to be bundled roughly along a 
broken curve in Fig. 5, showing that the two concen- 
t rat ion profile curves in Fig. 2 could be represented by 
a single parameter  of x/A/t only. This is considered 
reasonable because the conditions in  the substrates, 
which would affect the diffusion coefficient, must  not 
be so much different when the two diffusions were 
carried out. This manifests indirect ly the val idi ty  of 
applying the Bol tzmann-Matano analysis to the above 
cases. 

The values of the diffusion coefficient of ant imony,  
thus determined,  are given in  Fig. 6, together with 
those obtained by the experiments  at the diffusion 
temperature  1050~ The diffusion conditions and the 
explanations of symbols used in the figure are sum- 
marized in Table 1I. First, the diffusion coefficient of 
an t imony determined by  the experiments,  in which the 
surface concentrat ion of an t imony was main ta ined  at 
5.0 • 101S/cm 8 dur ing the diffusion, is described. This 
is expressed as Dt H or I)lL in  Table  II  or in Fig. 6. As is 
clearly shown in Fig. 6, these were constant  over the 
whole range where an t imony  atoms were diffused, and 
irrespective of their  local concentration. In  this case, 
the concentrat ion of the diffused atoms was, in all cases, 
lower than the intr insic carrier concentrat ion in silicon 
at the diffusion temperature,  1150 ~ or 1050~ However, 
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the values of Di s or D1L do not agree with Ghoshta- 
gore's intr insic  diffusion coefficient (2.4 • 10 -14 cmS/ 
sec at  1150~ or 2.6 X 10 -z~ cm2/sec at 1050~ (17), 
which was determined by extrapolat ing his experi-  
menta l  result  to the diffusion temperature  in the 
authors '  case. This difference must  be due to the differ- 
ent  methods of diffusion used in  the experiments  (13). 

Next, we will  describe the diffusion coefficients 
determined by the experiments  with the hi~her sur-  
face concentrat ion 4.5 • 1019/cm 8. For  example, in  the 
case of the diffusion tempera ture  1150~ these are 
shown as Dh H4"5, Dh Its'0, and Dh H0.5 in Fig. 6. These 
values are always larger than D1 ~ over the whole range 
of an t imony  concentrat ion examined. Moreover, the 
difference between Dh H4'5 or Dh ~2-~ and D1H can be 
considered to be divided into two parts, the difference 
between Dh H0-5 and D1H and that  between Dh H4'5 or 
Dh H2-0 and Dh H~ Though Dh H4-5 and Dh z~2"~ correspond 
to the diffusion coefficients determined at different 
diffusion time, 4.5 and 2.0 hr, they could not clearly be 
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Fig. 6. Diffusion coefficient of antimony vs. local antimony concen- 
tration in the substrates. Diffusion conditions and the explanations 
of the symbols are given in Table II. 

discriminated in  this experiment.  In  spite of the deter-  
minat ion at the higher surface concentration, Dh H~ 
turned  out constant  over the whole range of an t imony 
concentration, bu t  D h  H4"5 and Dh H2-~ were constant only 
in the range of lower concentration, and increased 
with increase in  the concentration. 

Next, we will  discuss the difference between Dh H~ 
and Dl ~. Referring to Tables I and II, it must  be pointed 
out that in the substrates used to determine Dh H~ or 
D1 H, there could be observed no dislocations after the 
diffusions had been performed. Therefore, we would 
like to ascribe the difference to the different densities 
of excess vacancies in the substrates, into which the 
an t imony  might be introduced from the surface with 
the use of the oxide sources containing different 
densities of diffusant (18, 19). As for the effect of the 
excess vacancies, the junct ion depth shown in  Fig. 4 
must  be affected by them and, for example, the differ- 
ence between lines (a') and (a) may be ascribed to 
this effect. 

Table II. List of diffusion conditions in Fig. 6 and the explanations of the symbols used. 
Diffusion constants Dt H and D1L obtained under specified conditions were constant, respectively. 
Also, Dh Ha-5 and Dh Ls.o were constant, but Dh H4'5, Dh H2"0, Dh L25"0, and Dh L15.0 were dependent 

on the local concentration of antimony 

Diffusion temperature (=C) 1150 1050 1150 1050 
(H)  (L) (H)  (L) 

S u r f a c e  c o n c e n t r a t i o n  5.0 • 10 is 5,0 • 10 ~s 4.5 • 10 TM 4.5 • 10 TM 

of ant imony ( / c m  s) (1) (1) (h )  (h)  

0.5 l 8 . 0 -  I 0.5 �9 Dh "~  8.0 �9 D~ Lm~ 
1,0 l 15.0 ~ 1.O -- 15.0 �9 Dh Lzh"~ 

Diffusion t ime ( h r ) ,  2,0 24.8 Dt L 2.0 �9 Dn Izs.~ 25.0 X Dh L~'~ 
mark and symbols 4.5 Din 46.5 4.6 �9 Dh H~.~ 47.5 - -  

g.0 77.0 9.0 - -  
18.0 18.0 - -  
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Next,  w e  wi l l  consider  the  difference be tween  Dh H4'5 
(or  Dh H2.~ and Dh H0"5. They are  nea r ly  the  same in the 
range  of the lower  concentra t ion of ant imony,  but  be -  
come different  as the concentra t ion becomes increased.  
As a l r eady  shown in Fig. 3, in the  subs t ra tes  which was 
used  for  the  de te rmina t ion  of Dh H~''5 (or DhH2"0), the  
diffusion-induced'  dislocations were  observed af te r  the 
diffusion had  been per formed.  Then, the difference be-  
tween Dh H4'5 (or Dh H2"~ and Dh H0.5 m a y  be considered 
due to the appearance  of the diffusion-induced dis loca-  
tions. Thei r  appearance  must  enhance the diffusion of 
ant imony.  Abou t  the enhancement  of diffusion due to 
dislocations,  a p ipe  diffusion model  (20) or a disloca-  
t ion shor t -c i rcu i t  model  (21) has been  proposed.  

The same ci rcumstances  as s ta ted  above m a y  b e  
appl ied  to expla in  the  s imi lar  behavior  among the 
diffusion constants,  Dh L25'0, Dh TM, and Dh LB.0, which 
were  ob ta ined  by  the exper iments  wi th  the h igher  sur -  
face concentra t ion at  the lower  diffusion t empera tu re ,  
l is ted in Table  II. 

Moreover ,  the  appea rance  of di f fus ion- induced dis-  
locations could be thought  to be responsibIe for the 
difference be tween  l ines (c) and (a ' )  in Fig. 4, r e -  
fe r r ing  to the junct ion depths  formed by  the diffusion, 
or  the difference be tween  l ines (d) and (b ' ) .  Some 
explanat ions  about  this point  are  a l r eady  given in the 
previous  paragraph .  

Conclusion 
A n t i m o n y  a toms were  diffused into p - t y p e  silicon 

substrates ,  using a doped oxide as a diffusant source 
under  the conditions, diffusion t empera tu res  1150 ~ and 
1050~ and the surface concentrat ions of an t imony 
4.5 • 10 TM and 5.0 • 101S/cm ~. 

When  the diffusion was pe r fo rmed  for a longer  diffu- 
sion t ime wi th  the h igher  surface concentrat ion,  a p ro-  
file represen t ing  the concentra t ion of an t imony  vs. 
diffusion depth  might  devia te  f rom an erfc curve. In 
tha t  case, the  diffusion coefficient of an t imony  was 
de te rmined  using the Bol tzmann-Matano  method,  for  
which  the in tegra l  was ca lcula ted  numer ica l ly  b y  the 
computer  program.  Differences be tween  the diffusion 
coefficients ob ta ined  wi th  the  h igher  and lower  surface 

concentra t ion  were  ana lyzed  and could be exp la ined  
qua l i t a t ive ly  in terms of di f fus ion- induced dislocations 
and the in t roduct ion of excess vacancies into the sub-  
strate.  F rom the resul ts  i t  has been concluded that  the 
diffusion-induced dislocations wi l l  enhance the diffu- 
sion of an t imony  into silicon. 

Manuscr ip t  submi t ted  Jan.  2, 1980; rev ised  m a n u -  
scr ipt  received J u l y  1, 1980. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1981 
JOURNAL. Al l  discussions for  the  December  1981 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1981. 

Publication costs of this article were assisted by Keio 
University. 
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Preparation of Carbon-Free GaAs Surfaces: 
AES and RHEED Analysis 
A. Munoz-Yague, J. Piqueras, 1 and N. Fabre 
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du Centre Nationat de la Recherche Scientifique, 31400 Toulouse, France 

ABSTRACT 

Chemical  pol ishing using an H2804:H202:H20 system and t h e r m a l  t r e a t -  
m e n t s  in vacuum to obta in  clean GaAs surfaces have been sys temat ica l ly  
s tudied  for  {100} and {111} surfaces. The behavior  of these surfaces as far  as  
oxidat ion  and carbon adsorpt ion  are  concerned has been found to depend on 
both  conduct iv i ty  type  and crys ta l  or ientat ion.  The resul ts  p resen ted  for  {100} 
n-  and  p - t y p e  and semi- insu la t ing  ma te r i a l  show tha t  i t  is possible to obta in  
ca rbon- f ree  surfaces, covered by  a thin oxide  layer  which protects  the  s e m i -  
conductor  surface agains t  contaminat ion.  A subsequent  t he rma l  t r ea tmen t  
a round  550~ under  vacuum permi ts  e l iminat ion  os the  oxide and achieves 
a tomica l ly  clean, c rys ta l l ine  and ordered  surfaces, which has been conf irmed 
by  AES and RHEED analysis.  

The  p repa ra t ion  of a clean semiconductor  surface is 
among the cr i t ical  s teps in the manufac tu re  of 
Schot tky  and ohmic contacts,  as wel l  as in ep i t axy  or  

~Permanent address: Laboratorio de Semiconductores, IFES 
(CSIC-UAM) ~ Cantoblanco, Madrid, Spain. 

Key words: semiconductor, etching, oxidation, epitaxy. 

photocathode manufac ture .  The surface should be free 
of oxides  and adsorbed impur i t i es  to ensure an in t imate  
contact  be tween  the subs t ra te  and the deposi ted layer ,  
The aim of this work  is to s tudy a re l iab le  p rocedure  
to clean GaAs subst ra tes  in tended for molecu la r  b e a m  
epi taxy.  
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The ease in  obtaining such a clean surface depends 
on its chemical activity which is, as is well known, high 
for most semiconductors. Carbon and other chemical 
impuri t ies  are easily adsorbed from the ambient  and 
the cleaning solvents. Moreover, an unavoidable  thin 
a n d  inhomogeneous oxide layer  is formed dur ing or 
just  after the last chemical t reatment .  In the case of 
gal l ium arsenide, if the remaining  oxide is etched 
away with HC1 or HF, the surface exhibits a high 
reactivi ty and, in addition to the usual  C and O con- 
taminants ,  traces of other impuri t ies  such as C1, S, Ca, 
N, etc. can be observed (1). Carbon cannot be removed 
by thermal  t reatments  unless temperatures  above 
600~ are used (2). This can also be achieved by long 
time bombardment  with argon ions followed by an-  
neal ing at around 500~ (3). These methods are not 
appropriate, the first because it requires temperatures  
above the l imit  of congruent  evaporat ion of the com- 
ponents, and the second because it  involves the creation 
of a large density of defects. In addition, if the carbon 
contaminat ion is great enough both t reatments  lead to 
faceting of the {100} (2) and (111) surfaces (3). 
Moreover, in  the case of molecular  beam epitaxy, 
carbon contaminat ion affects both crystal growth and 
layer  morphology, and it should be avoided. 

Arsenic and gal l ium oxides decompose around 370 ~ 
and 570~ respectively, (3) which offers a possibility 
for obtaining a clean GaAs surface under  vacuum: 
indeed, if a thin homogeneous oxide layer could be 
obtained at the end of the chemical processing, impur -  
i ty  adsorption while pumping  down would be avoided 
and the oxide layer  could then be el iminated later on 
by an appropriate thermal  treatment.  Surface passiva- 
tion by chemical etching was pointed out by Cho and 
Ar thur  (4) and Cho and Tracy (5), using a Br: CI-I~OH 
solution and deionized water  rinsing. 

For our purpose, anodic oxidation of GaAs and oxi- 
dation by  pure oxidants such a s  H202 or HNO3 will not 
be considered since it is difficult to obtain homogeneous 
oxide layers of small  thickness (~10A) by these meth-  
ods a n d  also because thicker oxides are difficult to 
evaporate. In  contrast, chemical t reatments  with sys- 
tems such as Br: CH3OH; H2SO4: H202: H20; HNO3: HF: 
HNaO:H202 lead to slightly oxidized GaAs surfaces 
(2 ,4 ,6 ,7 ) .  

The results reported up to now only concern ~100~  
oriented semi- insula t ing Cr-doped (2) and n- type  Si- 
doped (6) GaAs substrates. The results of a systematic 
s tudy on n-type,  p-type, and semi- insula t ing  GaAs 
substrates oriented in  the ~100~,  [111], and [111] 
directions are detailed here, The polishing solution used 
is H2804: H202: H20, which appears to be the most suit-  
able etch for surface preparat ion (2, 6, 7). The analysis 
was done by Auger electron spectroscopy (AES) and 
reflected high energy diffraction (RHEED). 

Experimental Procedure 
The main  specifications of the samples used in our 

study are given in Table I. After  mechanochemical  
polishing, they were degreased in  tr ichloroethylene 
(boiling),  acetone (boiling),  ethanol (60~ and de- 
ionized water  (60~ Then, the samples were im- 
mersed in HC1 in order to remove the remaining  in-  
homogeneous oxide layer  and finally etched with an 
H2804: H202:H20 solution, of different proportions de- 
pending on the type and orientat ion of the sample. 

The etching solution was always freshly prepared 
and stirred in  an ultrasonic bath. The violent s t i rr ing 

Table I. Specifications of the GaAs substrates used in this work 

Dopant 
Substrate Face Dopant concentration (cra-S) 

1 {100} T e  5.2 • 101~ 
2 {100} Zn 2.2 • 10 ~s 
3 {100} Cr p = 107 ~ �9 cm 

4 (III) (Ul) Sn S X I0 i~ 

was introduced in order to ensure a more reproducible 
oxidizing activity of the solution. The etching was 
performed at 70~ and sometimes an addit ional 30 
Klux  white light i l luminat ion was used. 

Just  after etch the samples were rinsed and inserted 
in an ul t rahigh vacuum molecular  beam epitaxy 
(MBE) system. The substrate was mounted  on an Mo 
substrate holder that incorporates a heating filament 
and a thermocouple for temperature  measurements;  
thermal  contact between substrate and Mo was ensured 
by In. 

A vacuum inter lock system allowed pressures down 
to 10 - s  Torr  to be reached in 30 min;  the pressure l imit  
was 10 -10 Torr and no hydrocarbon residuals were 
detected in the mass spectrum obtained with a quad- 
rupole mass spectrometer. 

The vacuUm chamber  was provided with a cylindrical  
mirror  analyzer  (CMA), Auger spectrometer (RIBER 
OPC 105) and a 5 keV glancing angle electron diffrac- 
t ion apparatus. The analyses were made in accordance  
with the following sequence: RHEED and AES at room 
temperature,  AES during the slow and progressive in-  
crease in  temperature,  and AES and RHEED obser- 
vation at the final temperature  of the thermal  t reat -  
ment. 

Experimental Results 
No traces of cleaning products or impurit ies other 

than C and O were detected, and care was taken to 
avoid electron-induced adsorption or desorption. The 
most significant results are given in Tables II and III, 
in which the proportions of the polishing solution and 
the conditions of the etch are indicated for faces {100} 
and {111}, respectively. AES results are presented in 
the form of peak ampli tudes relative to the Ga ampli-  
tude. The peaks retained in the dN (E)/dE spectra are: 

272 eV 

510 eV 

1070 eV 

1228 eV 

KLL transi t ion for C 

KLL transi t ion for O 

LMM transi t ion for Ga 

LMM transi t ion for As 

{100} Faces.--After chemical polishing all the 
samples showed a mirror l ike aspect and only some 
minor  features were observed when contrast  micros- 
copy was used. As far as the chemical state of the sur-  
face is concerned, the behavior of each conductivi ty 
type was different: the oxide coverage for the same 
polishing solution (3: 1: 1) was larger for n - type  than 
for p-type,  being the lowest for semi- insula t ing sub-  
strates (see Fig. 1 ) . A s  a general  result, it must  be 
pointed out that the carbon contaminat ion increases as 
the detected oxide coverage decreases. Also it should 
be ment ioned that  for a given substrate, an increase in 
the oxide coverage causes a lowering of the carbon 
contamination. 

In  the case of n - type  substrates, a carbon-free surface 
can be prepared with a 3:1:1 solution; to obtain the 
same result  on p- type substrates, the oxidizing activity 
of the solution has to be increased. A good result  was 
obtained with a 2: 1:1 solution. As far as semi- insula t -  
ing substrates are concerned, the lat ter  ratio was not 
yet  sufficient to avoid carbon adsorption. Nevertheless, 
a fur ther  increase in the concentrat ion of the oxidizing 
agent results in more difficult control of the etching 
process and some surface roughness showed up, al-  
though the aspect remained mirrorlike.  It  was found 
that  a 2:1:1 solution under  i l luminat ion  of about  30 
Klux was appropriate and led to a carbon-free surface 
of semi- insula t ing substrate. 

Once these analyses at room temperature  were com- 
pleted, the substrate temperature  was increased step 
by step, and after each one the Auger spectrum was 
recorded. At about 400~ a slight reduction of the 
oxygen peak was observed, probably due to the de- 
composition of arsenic oxides. To completely remove 
the oxygen, it was necessary to reach temperatures  
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Substrate GaAs:Te (i00} GaAs:Zn {100} GaAs:Cr {i00} 

P o l i s h i n g  s o l u t i o n  
I-I~SO,:I-~O~: HsO 

AES 
B e f o r e  h e a t - t r e a t m e n t  

M a x i m u m  t e m p e r a t u r e  of 
the t h e r m a l  t r e a t m e n t  

After heat-treatment 

3:1 :1  2:1:1  2:1:1  
~70~ 1 m i n  ~ 70~ 2 m i n  ~ 70~ 2 min ,  i l l u m i n a t i o n  

C / G a  O / G a  A s / G a  C / G a  O / G a  A s / G a  C / G a  O / G a  A s / G a  
0 1,58 0,91 0 1,41 0,81 0 2,34 0,76 

@30~ 583~ 560~ 
0 0 0,69 0 0 0,77 0 0 0,74 

Table III. Results obtained for (]11) and (111) GaAs surfaces 

Substrate GaAs:Sn (ill) GaAs:Sn (Iii) 

P o l i s h i n g  s o l u t i o n  3:1:1  2 :1 :1  
H2SO~:H~O~:H20 ~ 70~ 2 m i n  ~ 70~ 2 m i n  

AES C / G a  O / G a  A s / G a  C / G a  O / G a  A s / G a  
Before h e a t - t r e a t m e n t  0,18 1,23 1,09 0,11 0,96 0,66 
M a x i m u m  t e m p e r a t u r e  

of t h e  t h e r m a l  
t r e a t m e n t  640~ 530"C 

After heat-treatment 0 0 0,91 0,07 0 0,64 

around  550~ s l ight ly  lower  than  those repor ted  by  
Laurence  et al. (2). 

F igure  2 shows Auge r  spect ra  obta ined  before  and 
af te r  the the rmal  t rea tment .  The remova l  of the oxide 
l aye r  is r a the r  fast: once the cr i t ical  t e m p e r a t u r e  is 
reached  the oxygen  peak  sudden ly  d isappears  (see 

Fig. 3). Af t e r  overn ight  s torage in the  vacuum 
chamber ,  a t  a pressure  lower  than 10 -9  Torr  no app re -  
ciable contaminat ion  of the  surface was observed.  At  
this point, the surface coverage by  any  impur i t y  was 
less than  1% monolayer  (detect ion l imit  of the CMA).  
F rom the chemical  point  of view, such a surface  is 
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Fig. 1. Auger spectra of {100} GaAs surfaces etched with H2SO4: 
H 2 ~ : H 2 0  (3:1:1) for three d~fferent kind of samples: (a) n-type, 
(b) p-type, and (c) semi-insulating chromium doped. 

Fig. 2. Auger spectra of (100} n-type GaAs surfaces etched with 
H2SO4:H20~:H20 (3:1:1) (a) at room temperature and (b) at 
-~530~ 

l T=530o c 

T :508~  I 10m 

10m 

Fig. 3. Oxygen Auger peak obtained at three different tempera- 
tures for n-type GaAs {100} surface. 
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capable of fulfilling the requirements  of the different 
device manufac tur ing  processes ment ioned above. 

The electron diffraction diagram of the sample be-  
fore the thermal  t rea tment  shows a fairly diffuse spotty 
pa t te rn  because of the presence of an adsorbed layer  
(see Fig. 4a). At the end of the thermal  t reatment ,  the 
diffraction image consisted of rods showing a weak 
ampli tude modulation.  The surface roughness can be 
estimated to be in  the 102A range. 

Under  As4 flux (arsenic pressure ~ 10 -6 Torr)  pro- 
vided by an evaporat ion cell, the clean surface ex-  
hibited surface reconstruction. Figure 4b shows a 
diagram observed in the [110] azimuth, which corre- 
sponds to either the C (2 • 8) or the (2 • 4) surface 
structures, already observed in molecular beam epitaxy 
studies. 

If, once the oxide layer  has been removed a notice- 
able amount  of adsorbed carbon remains on the GaAs 
surface, a fur ther  increase of the temperature  would 
not  ful ly  desorb the carbon, and the undesirable  result  
obtained was faceting, as shown in  Fig. 4c. The pat tern 
consists of elongated spots tilted with respect to the 
streak direction of the smooth surface, corresponding 
to facets which were found to be paral lel  to the planes 
(411) by Laurence et al. (2). 

(111) and (111) Faces.-- As is well known the (111) 
and (111) GaAs faces are not  equivalent:  the [111] 
direction can be considered to consist of double GaAs 
layers "weakly" bound between them; one of the faces 
will  be As-r ich (111), and the other will  be Ga-rich 
(111). This fact gives rise to substant ial  differences 
between both faces in the mechanochemical  as well as 
in the chemical polishing: the Ga face showed a rough-  
ness in the micrometer  range while for the As face the 
final aspect was comparable to that  of the {100} 
substrates. 

The best results obtained for these faces are sum-  
marized in Table III. The difficulty in obtaining a free 
carbon surface at the end of the chemical polishing 
must  be noted. Moreover a remarkable  difference with 
{100} surfaces was found: an increase in  the relative 
concentrat ion of the oxidizing agent gave rise to an 
enhancement  of the oxygen peak amplitude, but  did 
not  cause an  appreciable lowering of the carbon peak 
amplitude, as i l lustrated in Fig. 5. This is valid for 
both faces, even though the As-r ich appeared to oxidize 
more easily than the Ga-rich. 

As was the case for {100} surfaces, the oxide removal 
was obtained around 550~ but  a small  quant i ty  of 
carbon sometimes remained on the surface. An over-  
night  storage in  the vacuum chamber  at  a pressure 

d N(E),~ 

1.72 

1.09 

@ 

Fig. 4. RHEED diagrams obtained (a, tap) at room temperature, 
(b, center) at the end of thermal treatment with an As flux in- 
pinging on the surface, and (c, bottom) at 620~ when after O dis- 
appearance a certain amount of C remains at the surface. 5 keV 
[i"10] azimuth. 

c 

@ 

l E o 1.23 

Gol As~ 1.09 

Fig. 5. Auger spectra of (111) GaAs surfaces prepared with 
H~SO4:H202:H20; (a) 2:1:1 and (b) 3:1:1. 
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< 5 .  10 .20 Tor r  gave rise to a significant enhancement  
of the C and O peaks.  The oxygen  could again be 
e l imina ted  by  heat ing,  bu t  carbon remained  and a 
fu r the r  increase  in t empe ra tu r e  caused the facet ing of 
the surface. In  the case of the  (111) face, if  this  s i tua-  
t ion is not  reached,  a surface reconst ruct ion  can be ob-  
ta ined  even in the absence of As or Ga fluxes; Fig. 6 
shows the 2>( s t ruc ture  observed,  which'  corresponds 
to a Ga-s tab i l i zed  surface. 

Discussion and Conclusion 
I t  has been found tha t  for  {100} surfaces, n - t y p e  

GaAs is more  eas i ly  oxidized than  p - t y p e  or semi-  
insula t ing  mater ia l .  This is not surpr is ing  if we con- 
s ider  the e lec t rochemical  aspects of the oxidat ion  p ro -  
cess which involve a loss of electrons f rom GaAs; in-  
deed, both  Ga and As are  less e lec t ronegat ive  than  
oxygen  (8). This loss m a y  occur via the conduction 
band in n - t y p e  ma te r i a l  whereas  i t  would t ake  place  
via  the valence band  in p - t y p e  samples. F u r t h e r m o r e  
the e lec t ron supp ly  is a d i f fus ion-dominated  process; 
thus i t  should be expected that  the react ion occurs 
more  easi ly  in n - t y p e  than  in p - t y p e  mater ia l .  Accord-  
ing to this, and if we deal  wi th  semi- insu la t ing  mate -  
rial ,  the  ac t iv i ty  of the oxidat ion  process should st i l l  
be lower.  This difficulty was overcome with  the aid of 
the  ca r r ie r s  genera ted  b y  s t rong i l luminat ion.  

For  n - t y p e  GaAs we also observed tha t  as far  as ease 
of ox ida t ion  is concerned, the different  surfaces can be 
ordered :  {10O} ~ (111) ~ (111). The difference be-  
tween  (100} and the last  two surfaces can be expla ined  
by  (i) the different  configuration of the dangl ing 
bonds in the  two cases (9, 10), and (ii) the  h igher  
dens i ty  of dangl ing  bonds in the (100} case. Also, 
on the  basis of the same atomist ic  model,  (111) would  
be more  easi ly  oxidized than  (111) since in the l a t t e r  
case there  a re  no dangl ing  electrons on the surface  Ga 
atoms. (11). 

The carbon contaminat ion  af te r  the chemical  pol ish-  
ing or  a f te r  UHV storage was also different  for  these 
surfaces:  C adsorbed  more  easi ly  on (111) and (111) 
faces than  on the (100} face. This could be expla ined  
by  consider ing that  the (111) face is Ga- r ich  and that  
the (111) surface was p robab ly  also pa r t i a l l y  covered 
by  Ga (the As-s tab i l ized  s t ruc ture  was never  observed 
in this s tudy) .  Then, if  Ga exhibi ts  h igher  chemical  
ac t iv i ty  than As as far  as C is concerned, the (111-) and 
(111) faces will  show higher  carbon adsorpt ion  than 
{100} faces. This hypothesis  is susta ined by  the fact 

Fig. 6. RHEED diagram of (111) GaAs surface atter 0 and C 
removal. 

tha t  the e lec t ronegat iv i ty  difference is h igher  for  the 
Ga-C  bond (0.9 eV) than  for the As-C one (0.5 eV) 
(8). 

In  a l l  cases, the  remova l  of the oxide  l aye r  was 
p rac t i ca l ly  instantaneous,  in cont ras t  w i th  the  values  
often repor ted  for the  dura t ion  of the rmal  t r ea tmen t  
(10-30 min) .  Also, the  oxide remova l  was completed  
at a round  550~ which  impl ies  its being a lmost  en-  
t i re ly  Ga2Os. This agrees  wi th  the mechanism proposed 
for anodic oxida t ion  and wi th  the  expe r imen ta l  ob-  
servat ions  of Chang et al. (1):  ga l l ium oxide format ion  
and As p i l e -up  at  the  GaAs  oxide  interface.  This excess 
of As was not  t roublesome in our case because i t  was 
removed dur ing  the rma l  t r ea tment ;  this can be checked 
in Tables II  and III :  the A s - t o - G a  rat io  decreases in 
al l  cases and, for example ,  for the {1O0} cases, i t  ap -  
proaches the value  repor ted  for the As-s tab i l ized  sur -  
face (9). 

In  conclusion, the p resen ted  resul ts  show tha t  i t  is 
possible to p repa re  by  chemical  polishing, GaAs sur -  
faces present ing  a mi r ro r l ike  aspect  wi th  no traces of 
chemical  agents  and almost  comple te ly  covered by  a 
thin oxide l aye r  which passivates  the  semiconductor .  
This l ayer  can be easi ly removed  by  the rmal  t r ea tmen t  
in u l t rah igh  vacuum giving a C- and O-f ree  GaAs sur -  
face of negl igible  roughness,  a tomica l ly  clean, and 
ordered.  The resul ts  obta ined show tha t  ~I00:> 
or iented surfaces should be more  sui table  for techno-  
logical  appl icat ions  f rom the point  of v iew of c leanl i -  
ness and stabil i ty.  

Final ly ,  it  mus t  be emphasized tha t  the  r ep roduc i -  
b i l i ty  of the resul ts  of the suggested p repara t ion  pro-  
cedures was checked wi th  good resul ts  and that  these 
procedures  a re  now being cu r r en t l y  used in our  MBE 
system. Indeed this r eproduc ib i l i ty  of the resul t  a l -  
lowed this s tudy  to progress,  and in a lmost  al l  the  cases 
t rea ted  ca rbon- f l ee  surfaces were  ob ta ined  by  vary ing  
the etch proport ions.  
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ABSTRACT 

Microscopic in situ obse rva t i ons . and  a posteriori surface t opography  by  
means  of opt ical  and scanning e lect ron microscopy have  been  car r ied  out  in 
o rde r  to s tudy  the g rowth  of l a rge -g ra in  po lycrys ta l l ine  sil icon films f rom 
the gas phase onto a graphi te  subs t ra te  coated wi th  a l iquid l aye r  of t in  or 
aluminum.  In the presen t  study,  only  the ini t ia l  s tages  of the  process, where  
crys ta l  g rowth  is governed by  vapor - l iqu id - so l id  mechanisms,  a re  considered.  
Fo r  the growth  of the crys ta l l i tes  in the po lycrys ta l l ine  layers,  which occur 
in two morphologica l  forms, viz., needles  and platelets ,  two different  mecha-  
nisms could be identif ied:  (i)  a twin  p lane  r een t r an t  edge (TPRE) mecha-  
nism, leading  to a fast  lengthwise  g rowth  of needles  and a fast  s idewise 
g rowth  of platelets ;  and (ii) a nucleat ion mechanism,  account ing for  a s l o w  
thickness g rowth  of the needles  and a slow expans ion  of the p la te l ike  crystals.  
On the upper  surfaces of some needles and pla te le ts  a capricious surface pa t -  
tern  (a lways  in conjunct ion wi th  the occurrence of some solidified meta l  d rop-  
lets)  could be identified, which  could be in te rp re ted  in te rms of a t w o - d i m e n -  
s iona l  VLS growth  mechanism. 

The in teres t  in the p repara t ion  of photovol ta ic  silicon 
solar  cells via  inexpens ive  processes has resul ted  in 
the  publ ica t ion  of a va r i e ty  of studies deal ing wi th  
the growth  of silicon onto nonsil icon substrates,  pa r -  
t i cu la r ly  g raph i te  (1-4).  One of the  main  problems 
in the  chemical  vapor  deposi t ion (CVD) of sil icon 
onto foreign subs t ra tes  is the poor  e rys ta l l in i ty  of 
the  grown layers.  I t  was found tha t  the c rys ta l l in i ty  
could be enhanced by  means of coating the graphi te  
wi th  l iquid tin, pr ior  to the deposi t ion of sil icon (5). 
In  this CVDOLL process (chemical  vapor  deposi t ion 
on l iquid layers)  the purpose  was to grow l a rge -g ra in  
po lycrys ta l l ine  sil icon layers  on top of graphi te  sub-  
strates.  The deposi t ion of sil icon onto graphi te  plates,  
coated wi th  a 10 ~m thick mol ten  t in film, resul ted  
in the growth  of po lycrys ta l l ine  films having a mean  
gra in  size exceeding 100 #m, which is a r equ i rement  
for  sa t i s fac tory  solar  cell  opera t ion  ( typical  condi-  
tions: 0.75% SiHCl3 and 1.0% HC1 in H2 ambient ;  
surface t empera tu re  1500 K) .  The format ion  of large  
grains  is ev ident ly  associated wi th  the  presence of a 
l iquid film tha t  influences the nucleat ion and growth  
of silicon. Al though i t  was assumed tha t  the presence 
of l iquid t in (or, a l te rna t ive ly ,  l iquid a luminum)  (i) 
reduces the  dens i ty  of the  sil icon nuclei, and (ii) 
feeds the growing crysta ls  f rom a solut ion of silicon 
in the solvent  (6), a deta i led  invest igat ion into the 
na tu re  of this g rowth  process has not  ye t  been car r ied  
out. 

The purpose  of the present  studies was to charac-  
ter ize the growth  mechanism for the  growth  of silicon 
on a l i qu id -me ta l  coated substrate.  This was done by  
the analysis  of the polycrys ta l l ine  silicon deposits  
b y  means  of scanning e lect ron microscopy and optical  
microscopy.  

Experimental 
Preparation of sampZes.--The growth  process was 

car r ied  out  in a convent ional  hor izonta l  ep i tax ia l  
quar tz  reactor  tube, p rovided  with  wa te r  cooling and 
rf  heat ing.  Tr ichlorosi lane was used as a silicon source, 
hydrogen  chloride as an etching agent,  and hydrogen  
as a ca r r i e r  gas. The subs t ra tes  were  graphi te  plates,  
coated wi th  pyro ly t ic  graphite,  and wi th  dimensions 
2.0 • 2.5 • 0.1 cm 8, placed on a graphi te  susceptor.  

Key words: polycrystalline silicon, vapor liquid-solid growth, 
twin plane reentrant edge mechanism. 

Tin or a luminum were  deposi ted onto these graphi te  
plates  via subl imat ion in vacuo pr ior  to the deposi t ion 
of silicon. The thickness of the meta l  l aye r  amounted  
to 10 ~m. The subs t ra te  t empe ra tu r e  dur ing  growth  
was kept  at  1500 K. 

The fo rma t ion  of a l iquid me ta l  l ayer  was brought  
about  as fol lows (6):  upon melt ing,  the  me ta l  con- 
t rac ted  to droplets ,  due to i t s h i g h  surface tension. 
The surface tension could be reduced  by  dissolving 
sil icon into the droplets .  This was done by  an inject ion 
of severa l  pulses of 0.75% SiHCI~ in H2, each one 
last ing about  10 sec. This caused the droplets  to spread 
out  over  the graphite ,  even tua l ly  forming a continuous 
l iquid  layer .  

The growth  of sil icon on t in -coa ted  graphi te  was 
in i t ia ted  by  the continuous addi t ion  of 0.75% S iHC1J  
1% HC1, which resul ted  in the format ion  of silicon 
needles and platelets.  Simul taneously ,  the t in was 
evapora ted  due to the etching ac t iv i ty  of HC1. Af te r  
complet ion of the evapora t ion  of tin, the growth  pro-  
cess cont inued in a w a y  essent ia l ly  comparable  to 
convent ional  CVD of po lycrys ta l l ine  sil icon layers  
[cf., for instance, Ref. (7) ]. 

The growth  of silicon on a luminum-coa ted  graphi te  
was car r ied  out  by  (i) dissolving silicon into l iquid 
a luminum [forming a 70 atomic percent  (a /o )  Si/30 
a /o  A1 l iquid mix tu re  at  1500 K],  and (ii) the r emova l  
of a luminum by the addi t ion  of HC1 to the  gas phase, 
causing silicon needles to grow from a supersa tu ra ted  
solution. This process was descr ibed by  Graef  and 
Monkowski  (8). 

For  the  purpose  of this work  it was necessary  to 
in t e r rup t  the growth  process before  the evapora t ion  
of the l iquid me ta l  was completed,  since the gra in  
boundar ies  had  not  ye t  developed dur ing  this stage, 
and thus the crys ta l l i tes  could be s tudied separate ly .  

Observational techniques.--The growth  of sil icon 
needles  and pla te le ts  f rom solut ion could be s tudied 
in situ by  means of a b inocular  microscope placed 
over  an epi tax ia l  reactor  tube provided  wi th  a quar tz  
window. 

A more  refined s tudy  of these crys ta l l i tes  was pe r -  
formed by  means  of optical  reflection different ia l  
in ter ference  contras t  microscopy in o rder  to revea l  
low contras t  surface pat terns.  In  o rder  to obta in  a 
th ree -d imens iona l  v iew at  h igher  magnifications a 
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scanning e lec t ron  microscope (SEM) was used. Most 
of the  microscopic observat ions  were  car r ied  out  on 
a s - g r o w n  samples.  However ,  some SEM observat ions  

were  rea l ized on samples  which were  e tched dur ing  
2 h r  in  a solut ion 50 volume percent  (v /o)  concen- 
t r a ted  HNOJS0  v /o  H20 in o rder  to remove  res idua l  

Fig. I .  Successive stages of the growth of silicon crystallites on tln-coated graphite. The addition of 0.75% SiHCI3 and 1% HCI started 
at t = 0. Light regions: silicon; dark regions: tin. o. t = l '00"; b. t - -  1'20"; c. t = 2'30"; d. t = 3'00"; e. t = 4'30"; f. t ----- 
4'45"; g. t = 6'00"; h. t "-  8'40". 
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drople ts  of t in or  a luminum.  This etching was car r ied  
out  in o rder  to revea l  the areas  of the sil icon c rys ta l -  
l i tes tha t  had  been covered b y  solidified metal .  Fo r  
s tudying  the perfec t ion  of the  crysta ls  and to revea l  
s tacking faul ts  and twin planes,  S i r t l  e tching (9) was 
applied.  

The Growth of Needles and Platelets 
The growth  of silicon needles  and pla te le ts  was ob-  

served to be typ ica l ly  associated wi th  the presence 
of l iquid meta l  drople ts  on top of the  graphi te  sub-  
strafe.  These crys ta l l i tes  could be s tudied both dur ing  
thei r  formation,  and a posteriori. In o rde r  to s tudy  
the growth  mechanism of needles  and plates,  inves t iga-  
tions were  made  on the morphology  of large  c rys ta l -  
l i tes tha t  were  grown on isolated droplets.  

In situ observations.--Figure 1 shows a sequence 
of micrographs  tha t  was made  dur ing  the deposi t ion 
of silicon onto t in -coa ted  graph i te  substrate.  I t  can 
be observed tha t  the ini t ia l  g rowth  of needles  (e.g., 
Fig. 1, a and  b) and  plates  (Fig. 1, e and  f) proceeds 
ve ry  rapidly ,  but  a f te r  a shor t  t ime, the  rap id  growth  
stops, a f te r  which  the crys ta l l i tes  grow in a l l  d i rec-  
tions at  a much s lower  rate.  I t  was es t imated  tha t  
the  ini t ia l  g rowth  ra te  of the needles  lengthwise  was 
more  than  60 t imes la rger  than  the thickness growth  
rate.  The ini t ia l  expans ion  veloci ty  of the  p la te le ts  
was of about  the  same order  of magni tude  as the 
needle  p ropaga t ion  rate.  This observat ion  permi t s  
the  conclusion tha t  two growth  mechanisms are  opera-  
t ive:  one for  the  r ap id  g rowth  and one for  the slow 
growth.  

Needle growth.--Characteristics.--The growth  of 
needles  is charac ter ized  b y  the fo l lowing features:  

1. The g rowth  of need le - shaped  crys ta l l i tes  a lways  
s tar ts  on the edge of a l iquid droplet ,  and the growth  
continues in a di rect ion more  or  less toward  the 
center  of the droplet .  F igure  2 gives a survey of a 
group of needles grown from l iquid a luminum,  where -  
as Fig. 3 shows silicon needles  that  were  grown from 
a l iquid t in droplet .  

2. The upper  surfaces of the needles a re  curved,  
while  the lower  ones are  in contact  wi th  the graphi te  
substrate.  For  the S n / S i  system the morphology  of 
the needles could be  e lucidated  by  the remova l  of 
the solidified t in using a 1:1 H N O J H 2 0  etchant,  which 
does not  affect the silicon needles  and the graphite .  
F igure  4 shows a typical  la rge  needle  in the  Sn /S i  
system. The profile of the upper  surface is de te rmined  
by  the curva tu re  of the  drople t  (Fig. 4a and d).  This 
is s imi lar  to the w a y  in which the ex te rna l  shape of 
cy l indr ica l  or r ec tangu la r  crystals  is de te rmined  by  
the shape of the meniscus in the case of Czochralski  
(10) or edge-def ined f i lm-fed growth  (11). F igure  4b 

shows that  the bo t tom side of the  needle  follows the 
morpho logy  of the  graphi te  substrate.  

Both features,  viz., the fact  that  the  top surfaces of �9 
the  needles  a re  de te rmined  by  the gas- l iquid  in terface  
and the fact  tha t  the bot tom surfaces are  de te rmined  
b y  the substrate ,  have also been observed c lear ly  in 
the Si/A1 system. Fur the rmore ,  i t  was found that  the 
uppe r  and lower  surfaces of the needles  a re  no c rys ta l -  
lographic  faces in general .  

3. The top surfaces of the needles,  both in the S i / S n  
and in the Si/A1 sys tem exhibi t  a r een t r an t  corner  
(Fig. 4c and Fig. 5). Associated wi th  a r een t r an t  cor-  
ner, a group of twin  planes  runn ing  para l l e l  to the 
needle  axis m a y  a lways  be observed (Fig. 4 and 5). 
These twin  planes  can be recognized by  means of 
SE/r bu t  pa r t i cu l a r l y  b y  means  of different ia l  in te r -  
ference contras t  microscopy. The twin  planes  m a y  be 
revea led  more  c lear ly  by  sl ight  etching, e.g., by  gas 
phase etching using HC1 (Fig. 6a, for Si/A1) or  by  
S i r t l  e tching (Fig. 6b).  

I t  appears  that  the needle  axis and consequent ly  the 
twin  planes  a lways  run  para l l e l  to one of the sides 
of the s tacking faul t  t r iangles  that  were  created by  

Fig. 2. Silicon needles grown on graphite coated with liquid alu- 
minum. Differential interference contrast micrograph showing that 
the growth of the needles starts at the edge of the liquid droplet. 

the deposi t ion of ep i tax ia l  sil icon layers  onto the 
needles (12) (Fig. 6b).  This indicates  tha t  the  twin 
lines a lways  run  pa ra l l e l  to a {111} plane. Also, the 
twin planes  are  v i r tua l ly  a lways  pa ra l l e l  to the  l a te ra l  
faces of the needles.  These faces const i tute {111} 
planes,  being the only  s table  F - face  for  the growth  

Fig 3. Silicon needles (dark) grown from a liquid tin droplet 
(light). The growth of the needles starts at the edge of the droplet 
(SEM micrograph). 
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Fig. 4. SEM micrographs showing a typical large needle grown |n the Si/Sn system. The tin has been removed by chem|ca| etching, a. 
Overall view: the profile of the upper surface of the needle is determined by the curvature of the droplet, b. Detail of (a): the lower surface 
of the needle is in close contact with the substrate, c. Detail of the needle in (a): the top surface shows u reentrant corner (R) and some 
twinning lines (T) running parallel to the needle axis. d. Schematic representation of the characteristic features of needle growth. 

of sil icon f rom the meta l  mel t  (13). Hence i t  can be 
concluded tha t  the  twinning  is of the  type  {111} no r -  
mal  twin  (the twin  axis <111>  is no rma l  to the  {111} 
composi t ion p lane) .  This type  of twinn ing  is the most 
common one tha t  occurs in the  d iamond la t t ice  (14) 
(Fig. 7). 

The g rowth  mechanism tha t  accounts for  the  gen-  
era t ion of steps at  a twin  p lane  r een t r an t  edge (TPRE) 
has  been  ex tens ive ly  s tud ied  both  theore t i ca l ly  (15- 
17) and expe r imen ta l l y  (18-21) for  germanium,  silicon, 
and diamond.  The easy nuclea t ion  at  a r een t r an t  
corner  expla ins  the  high growth  ra te  of the  needles;  
Bennet t  and Longini  (18) have been able  to grow 
ge rman ium crysta ls  a t  a ra te  of 15 c m / m i n  using 
TPRE growth.  

The r a t e -de t e rmin ing  step in this  VLS mechanism 
is unknown in the presen t  case; i t  is possible  tha t  the  
growth  is l imi ted  by  surface kinetics,  volume diffusion, 
or hea t  t ranspor t .  

I t  was shown by  Wagner  (19) and by  Hami l ton  and 
Seidens t icker  (15) tha t  at  least  two twin planes are  
requ i red  for  a cont inued r een t r an t  edge growth  mech-  
anism. As a ma t t e r  of fact, on v i r t ua l ly  a l l  needles  

two or  more  twin  planes  could be discerned;  the  sep-  
a ra t ion  was somet imes less than  0.5 ~m. 

Growth history of the needles.--The growth  process 
of the  sil icon needles  can be summar ized  as fol lows 
(cf. Fig. 8) : 

1. The g rowth  s tar ts  in the v ic in i ty  of the edges 
of the l iquid droplets.  Some of the  microcrys ta l s  
(having a size of a few microns)  tha t  a re  formed 
contain two or  more  pa ra l l e l  {111} twins.  I f  these  
twins are  d i rec ted  toward  the liquid, the format ion  
of needles  wi l l  s ta r t  (Fig. 8a). 

2. Needle  g rowth  (Fig. 8b)." the TPRE-def ined  
needle  growth  takes  place at  a ve ry  high ra te  ( roughly  
1000 ~m/sec)  and stops suddenly.  In  the  Si/A1 sys tem 
the needle  growth  is s topped only by  collision agains t  
o ther  needles  (cf. Fig. 2), bu t  in the  S i / S n  system, 
the needle  growth  often stops wi thout  an evident  
reason (this might  be due to poisoning of the reen-  
t r an t  corner,  or exhaus t ion  of the solution due to 
the poor solubi l i ty  of Si in Sn, 2 a /o  at  1500 K) .  In  
principle,  the  needle  size in the A1/Si sys tem is un-  
l imi ted  (needles  having  a length  up  to 10 m m  have  
been  g rown) ;  the top and bot tom surfaces  are  d e t e r -  
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r e e n f r a n f ~  ~(111) // / / / 
/ / / / 

/22 

Fig. 7. Schematic representation of the twin plane reentrant edge 
growth mechanism at the tip of silicon needles. 

Fig. 5. Reentrant corner (R) and twinning lines (T) on the top 
surface of a silicon needle grown in the Si/Sn system (SEM micro- 
graph). 
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b.  
Fig. B. Growth history of silicon needles, a. Nucleation on the 

edges of a droplet, b. Needle growth by a TPP, E growth mechanism, 
followed by two-dimensional nucleation. 

Fig. 6. Twinning lines (T) on silicon needles, revealed by etching. 
a. Silicon needle grown in the Si/AI system, etched by gaseous HCI 
at 1500 K (SEM micrograph), b. Silicon needle grown in the Si/AI 
system, etched by Sirtl solution, and showing stacking fault triangles. 
The twinning lines run parallel to one of the sides of the triangles 
(optical micrograph). 

mined  by  the shape of the  a luminum l iquid and by  
the substrate ,  respect ively.  

3. Thickness growth:  subsequent ly ,  the  g rowth  of 
the needles in the direct ions pe rpend icu la r  to the  
s i l icon- l iquid  interfaces  starts.  Here, the g rowth  ra te  
is less than  1/60 of the TPRE growth.  F rom this sharp  
decrease in growth  rate,  i t  can be concluded tha t  for  
the thickness growth,  the surface kinet ics  const i tute 
the r a t e -de t e rmin ing  step in the process. Very  p rob -  
ably,  this g rowth  process is de te rmined  b y  a nucleat ion 
mechanism. This is indica ted  by  the fact  that  the  
TPRE mechanism only  occurs if no spi ra l  g rowth  
mechanism is opera t ive  (17). I t  is wel l  known tha t  
VLS growth  can resul t  in the format ion  of h igh ly  
perfect  crystals  (22, 23). The defects that  were  re -  
vealed by  Sir t l  e tchant  were  typ ica l ly  twins, s tacking 
faults,  and many  points defects  ( the la t te r  were  p re -  
sumably  crea ted  clue to t in inclusions, or  af ter  g rowth) .  
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Only in a few cases dislocations or dislocation arrays 
(which might have been formed during cooling) have 
been found. The relat ively low dislocation density 
is in agreement with the assumed nucleation mech- 
anism. 

Platelet  growth.--Character{stics.--The growth of 
platelets is characterized by the following features: 

1. The platelets usually originate in tl~e liquid metal 
(homogeneous nucleation; Fig. le  and f) and sub- 
sequently grow rapidly over the liquid surface via a 
VLS mechanism. In some cases platelets were observed 
to originate from the edge of a droplet (Fig. 9). Plate-  
let growth was found to occur only in the Si /Sn 
system, and not in the Si/A1 system. 

2. The platelets always exhibit a hexagonal shape 
(Fig. If  and Fig. 9), so it can be concluded that the 
top and bottom surfaces are usuall:~ {111} crystal 
faces. However, since the curved surface of the liquid 
determines the upper surface of the platelet  (ana- 
logous to the morphology of needles), this surface 
can be slightly curved. The bottoms of the platelets 
a r e  usually not in contact with the substrate; in some 
cases a movement of platelets over the liquid surface 
has been observed. 

3. Sirtl  etching and surface topography did not reveal 
any twinning lines (intersection lines of a twin plane 
with a crystal face) on the upper surfaces of the 
platelets originating from a central point to the cor- 
ners. Careful observation, however, revealed the pres- 
ence of twinning lines and associated reentrant  cor- 
ners on the narrow side faces of the {111} plates 
(Fig. 10). These lines were parallel  to the {111} surface. 

This indicates that the growth of platelets is gov- 
erned by two or more twin planes parallel  to the 
{111} surface. Thus, the growth of platelets proceeds 
via the TPRE mechanism that  is also responsible for 
the growth of needles, as described by Faust and John 
(20) and Wagner (19). The growth mechanism has 
been pictured schematically in Fig. 10b. 

Growth history of the pZatelets.--The growth process 
of the platelets can be summarized as follows (Fig. 
11): 

1. Probably, homogeneous nucleation in the liquid 
metal  is responsible for the formation of platelets. 
Alternatively, nucleation may be initiated at the l iquid- 
vapor interface (which might b e  explained by the 
existence of a concentration gradient in the liquid 
metal) .  Nucleation at the liquid metaI-substrate inter-  
face is improbable, since after etching of the solidified 

Fig. 9. Silicon platelet, nucleated on the edge of a tin droplet 
($EM micrograph). 
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Fig. 10. Twin lines (T) and reentrant corners (R) on the narrow 
side faces of silicon platelets grown on a tin droplet, a. Twinning 
line on a side face of a platelet, revealed by Sirtl etching (SEM 
micrograph), b. Schematic representation of a TPRE grown platelet. 

metal no traces of silicon on the graphite could be 
detected. In some cases heterogeneous nucleation on 
the graphite on the edge of a droplet caused the forma- 
tion of platelets; in this case the twin planes run 
parallel  to the liquid surface. 
In the case of homogeneous nucleation inside the 

liquid, a microcrystal migrates to the liquid surface 
(due to its small density compared with that of tin), 
where the platelet adjusts itself to the surface (i.e., 
the twin planes become directed parallel to the sur- 
face). Any other geometry will result in the growth 
of needles. 

2. Subsequently, a rapid lateral  growth of the plate-  
lets takes place. Since the curvature of the droplet 
determines the curvature of the crystal top surface, 
the platelet will be slightly bent. As a consequence of 
this bending, after some time the twin planes will 
come out at the top surface instead of at the side 
facets, and lose contact with the liquid (Fig. l l b ) .  
Then, the growth rate decreases suddenly (Fig. If) .  
On the upper surface of some platelets twin lines 
have indeed been found, running parallel  to the edges. 

3. If there are no twinning lines left on the side 
faces of the platelets (and consequently the reentrant  
corners are no longer operative),  the subsequent 
growth continues via a nucleation mechanism. This 
is the slow growth (about 1/60 times the TPRE growth 
rate)  that  has been observed after the rapid growth 
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Fig. 11. Growth history of silicon platelets, a. Nucleation and 
TPRE growth of a platelet, b. Cross section showing that the twin 
planes lose contact with the liquid. 

(Fig. lg  and h).  The arguments  for the assumption 
that this growth is governed by a nucleat ion mecha- 
nism, and that  the surface process is the ra te-deter -  
min ing  step, are similar  to the reasons given for the 
growth via nucleat ion for needles. 

Two-dimensional  VLS Growth 
In  some cases it was observed that  some small t in  

droplets remained present on the top surfaces of the 
needles and platelets. Here the crystal surface always 
exhibited a very complicated pa t te rn  in  which these 
few isolated t in droplets could be detected (see Fig. 
12a). These pat terns can be understood in terms of a 
two-dimensional  VLS growth mechanism and are sim- 
i lar to the ones that  have been observed on ice by 
Kobayashi (24) (however, in the present  case there 
is no repeatable process for the formation of mult iple  
terraces) and on CuGaSe by van Enckevort  et al. 
(25). This two-dimensional  VLS growth mechanism 
for the advancement  of a macrostep has been outl ined 
schematically in Fig. 12b. The growth of such a step 
is governed by the presence of a l iquid t in front, 
which accelerates the process via a VLS mechanism. 
The observed solidified t in  droplets are the remnants  
of these l iquid "frills" at the edges of the macrosteps. 

Conclusions 
Silicon crystallites that  resulted from the isothermal 

growth of silicon by means of chemical vapor deposi- 
tion onto a graphite substrate coated with a l iquid 
metal  have been analyzed. It was found that  the 
ini t ia l  growth of the crystallites proceeds via a VLS 
mechanism. Two stages in this growth process could 
be discerned: 

1. A rapid growth of needles and platelets according 
to the twin  plane reen t ran t  corner (TPRE) mecha- 
nism: the twin  planes that are responsible for this 
mechanism run  parallel  to the needle axis in the case 
of needles and parallel  to the surface in the case of 
platelets. There is no essential difference between the 
growth of needles and platelets. The distinction in 
morphology is determined by geometrical factors. 

Fig, i2.  Two-dimensional VLS growth of silicon in the Si/Sn 
system, a. Differential interference contrast microgroph showing an 
irregular surface pattern caused by two-dimensional VLS growth 
on the upper surface of a silicon platelet. Various solidified tin 
droplets are present, b. Schematic cross section showing a liquid 
"frill" at the edge of an advancing step. 

2. A slow growth via a nucleat ion mechanism: in 
the case of needles this process is observed as the 
thickness growth perpendicular  to the needle axis. 
In the case of platelets it is observed as a slow lateral  
growth of the platelets if the twinn ing  lines are no 
longer in  contact with the liquid. Crystalli tes without 
twin planes have not been observed. This is caused by 
the overgrowth of these slow-growing clusters by 
crystallites possessing two or more paral lel  twin  
planes. Two-dimensional  VLS growth has been ob- 
served on the upper  surfaces of needles and platelets. 
The velocity of macrosteps appeared to be influenced 
considerably by the presence of a l iquid metal  frill  
at the step front. From the fact that  even for higher 
supersaturat ions growth of the {111) faces of silicon 
and germanium from the melt  or metallic solution is 
s trongly acce le ra t ed  by the occurrence of a TPRE 
mechanism as compared to two-dimensional  nuclea-  
tion, it can be concluded that the s tandard tempera-  
ture 0 [for definition of 6, see Ref. (26) and (27)] 
of these systems is far below the roughening t ransi-  
t ion point  as was determined by Monte Carlo s imula-  
tion (27). In  a forthcoming paper (28), in which a 
comparison will be made between the Monte Carlo 
s imulat ion results and growth experiments  of {111} 
Si and Ge from the liquid phase, special a t tent ion will 
be paid to the relat ion between the parameters,  which 
rule the simulations (such as e), and exper imental ly  
known values. A closer investigation into the thermo- 
dynamic and kinetic phenomena that are associated 
with the described growth process may lead to an 
augmented knowledge of the growth of thin large- 
grain ~ polycrystal l ine silicon layers onto nonsilicon 
substrates, and enable the preparat ion of inexpensive 
materials  for photovoltaic solar cell fabrication. 
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Boron Autodoping during Silicon Liquid Phase Epitaxy 
B. Jayant Baliga 

General Electric Company, Corporate Research and Development, Schenectady, New York 12.345 

ABSTRACT 

The occurrence of boron autodoping phenomena during the growth of 
silicon layers from the liquid phase (tin melt) is described. Autodoping has 
been observed to occur in this epitaxial growth process whenever meltback 
of the substrate occurs prior to epitaxial growth. Measurements of lateral auto- 
doping show that the boron injected into the melt due to substrate meltback 
is rapidly dispersed in the melt. However, by preventing meltback with 
supersaturation of the melt prior to the introduction of the substrate into the 
melt, autodoping can be eliminated, thus allowing the achievement of abrupt 
doping profiles between the substrate and the epitaxial layer, and also allow- 
ing the fabrication of closely spaced, buried, boron-diffused regions for device 
applications. 

Many silicon devices, such as bipolar integrated 
circuits, microwave IMPATT and PIN diodes, high 
speed varactors, and high frequency discrete transis- 
tors, require the growth of epitaxial layers on heavily- 
doped substrates with an abrupt transition in the 
doping between the substrate and the epitaxial layer. 
The silicon layers have conventionally been grown 
by vapor phase epitaxial growth techniques. In this 
process, two phenomena that prevent the achievement 
of an abrupt interface are the out-diffusion of the 
dopant from the substrate into the epitaxial layer 
during the high temperature epitaxial growth, and 
autodoping effects. In general, autodoping can be de- 
fined as the transport of dopants from the substrate 
into the epitaxial layer via the gas phase. Since auto- 

Key words: silicon epitaxy, autodoping, liquid phase epitaxy, 
meltback. 

doping degrades the abruptness in the transition be- 
tween the doping of the substrate and the epitaxial 
layer and also increases the background doping con- 
centration in the epitaxial layers, many studies have 
been conducted in order to minimize autodoping effects 
during silicon vapor phase epitaxial growth (1-4). 
These studies have shown that autodoping during vapor 
phase epitaxial growth arises primarily from (i) 
dopant outgassing into the vapor phase prior to the 
commencement of epitaxial growth, (ii) dopant evap- 
oration from the back surface of the wafer during 
epitaxial growth, and (iii) dopant introduction into 
the gas phase due to substrate etching by halides 
during epitaxial growth. Based upon these mechanisms 
reduction in the autodoping during vapor phase epi- 
taxy has been achieved by (i) lowering the epitaxial 
growth temperature, (ii) sealing the back surface 
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of the subs t ra tes  wi th  silicon dioxide,  silicon ni tr ide,  
or  po lycrys ta l l ine  silicon, (iii) per forming  the epi-  
t ax ia l  g rowth  in the absence of hal ides by using si lane 
as the source, and  (iv) lower ing  the pressure  in the 
reactor  dur ing  ep i tax ia l  g rowth  so as to reduce the 
pa r t i a l  pressure  of the dopant  impur i t ies  dur ing  depo-  
sition. In  addit ion,  two step ep i tax ia l  g rowth  proce-  
dures  have been developed to reduce autodoping ef-  
fects (2, 3). Al though  al l  of these techniques have 
been successful  in reducing the autodoping,  they  have 
not  been able  to e l iminate  the p rob lem al together .  
This is pa r t i cu l a r ly  not iceable  when ep i tax ia l  g rowth  
is conducted over  localized diffusions of dopants  into 
the substrates ,  as is necessary,  for example ,  dur ing  
the fabr ica t ion  of in tegra ted  circuits. In  this case, 
autodoping causes the l a t e ra l  t r anspor t  of the dopant  
f rom the diffused area  which resul ts  in severe  d is tor -  
t ion of the geomet ry  of the  diffused bur ied  layer  (5). 
Fur ther ,  in the case of devices requ i r ing  closely spaced 
diffused bur ied  layers  such as f ie ld-control led  devices 
(6, 7), l a t e ra l  autodoping can resul t  in the format ion  
of a connecting l aye r  which prevents  the  des i red  
isolat ion be tween  these bur ied  regions. The fabr ica -  
t ion of these devices by  vapor  phase epi taxy,  con- 
sequently,  requires  compensat ion  of the autodoping 
by  the addi t ion of dopants  in the gas phase. This 
approach  is difficult to pursue  in pract ice because of 
the need to achieve low epi tax ia l  doping concent ra-  
tions in the presence of s t rong autodoping effects. 

This paper  discusses autodoping phenomena  observed 
dur ing  the g rowth  of silicon layers  by  using l iquid 
phase epi taxy.  I t  is demons t ra ted  here  tha t  autodoping 
effects can be comple te ly  e l iminated  by  per forming  
the epi tax ia l  g rowth  f rom the l iquid phase. However ,  
autodoping can occur even dur ing sil icon l iquid phase 
ep i tax ia l  g rowth  if care is not t aken  to p reven t  sub-  
s t ra te  me l tback  pr ior  to ep i tax ia l  growth.  In  addit ion,  
the resul ts  of l a t e ra l  autodoping studies are  repor ted  
here  for the case of boron-diffused regions in n - t y p e  
silicon substrates.  On the basis of these studies, g rowth  
condit ions have been es tabl ished which al low the 
fabr ica t ion  of closely spaced boron diffused fingers 
bur ied  under  an n - type  ep i tax ia l  layer .  This new 
epi tax ia l  g rowth  technology has a l lowed the fabr ica-  
t ion of high vol tage f ie ld-control led thyr is tors  (8). 

Epitaxial Growth Technique 
The silicon ep i tax ia l  g rowth  technique ut i l ized in 

this s tudy  was based upon using l iquid t in as the  
medium for the ep i tax ia l  growth.  Tin was chosen as 
the  solvent  for the silicon because i t  is an e lement  
that  lies in the four th  column of the per iodic  table  
of elements.  Thus, the incorpora t ion  of the t in in the 
ep i tax ia l  layers  was not expected to in t roduce  e i ther  
shal low dopant  levels  or deep ly ing  recombinat ion  
levels in the silicon energy  gap. This has been confirmed 
by  the fact  that,  a l though more  than  10 TM atoms per  
cm z of t in have been detected in the epi tax ia l  layers  
by  e lect ron microprobe  analysis,  layers  could be grown 
with  n - t y p e  background  doping levels be tween  5 X 
1015 and 1 X 10 TM per  cm 3 with  high minor i ty  ca r r i e r  
recombina t ion  l i fe t imes (grea ter  than  10 ~sec). In  
addit ion,  the solubi l i ty  of silicon in t in at  r e l a t ive ly  
low t empera tu res  (900~176 is sufficient for the 
growth  of even th ick (50-100 micron)  ep i tax ia l  layers.  

The growth  of the ep i tax ia l  layers  was conducted 
in a hydrogen  ambien t  by  using the d ipping technique. 
Studies  of the growth  of ep i tax ia l  layers  conducted 
under  slow cooling, as wel l  as s t eady-s ta te  condit ions 
using supersa tura t ion,  have demons t ra ted  the capabi l -  
i ty  for growing specular  films with  growth  rates  in 
the range of 0.1-1 micron per  minute  (9-11). In  o rder  
to grow n - type  ep i tax ia l  layers,  the t in mel t  was first 
sa tu ra ted  wi th  100 a -cm,  phosphorus-doped  silicon 
wafers.  The sa tura t ion  was conducted whi le  per iodi -  
ca l ly  moni tor ing  the weight  of the  sa tura t ion  wafers  
and was t e rmina ted  when  no fu r the r  loss in the weight  

of the sa tura t ion  wafers  could be detected.  In  o rder  
to s tudy the influence of both  undersa tu ra t ion  and 
supersa tura t ion ,  ep i tax ia l  growths  were  conducted on 
subst ra tes  which were  in t roduced into the mel t  at  
t empera tu re s  above and below the sa tura t ion  t empera -  
ture. in  each case, the ep i tax ia l  g rowth  was induced 
by reducing the t empe ra tu r e  of the furnace at  con- 
t ro l led  cooling rates  ranging  f rom 0.1 ~ to 7~ 
Af te r  ep i tax ia l  growth,  the subs t ra tes  were  w i thd rawn  
from the mel t  and  any  excess t in a t tached to them 
was removed  in aqua regia. 

Autodoping Experiments 
Heavily-doped substrates.--The first set of au to-  

doping exper iments  were  conducted wi th  0.01 ~-cm,  
boron-doped ,  (111) •176 or ien ted  sil icon wafers.  
Epi tax ia l  layers  were  grown on these subs t ra tes  wi th  
the mel t  unde r sa tu ra t ed  and supersa tu ra ted  by  5~ 
pr io r  to the  in t roduct ion of the subst ra tes  into the  
melt .  The doping profile in the  epi tax ia l  l aye r  was 
then measured  by  using the ASR100 spreading  resis-  
tance measurement  system. The profiles a re  shown 
in Fig. 1. I t  can be seen tha t  when  the mel t  is unde r -  
saturated,  a p - t y p e  in ter face  l aye r  wi th  a g raded  
doping concentra t ion profile is observed at  the in te r -  
face be tween  the ep i tax ia l  l aye r  and the substrate .  
The na ture  of this doping profile has been analyzed  
and the p - t y p e  l aye r  shown to arise f rom me l tback  
of the subs t ra te  p r io r  to ep i tax ia l  g rowth  (12). I f  
the mel t  is unde r sa tu ra t ed  when  the subs t ra te  is in t ro-  
duced into it, pa r t  of the subs t ra te  is dissolved and 
the boron in tha t  por t ion of the subs t ra te  is in jec ted  
into the melt.  This boron is subsequent ly  incorpora ted  
into the ep i tax ia l  l ayer  forming an exponent ia l ly  
graded p - t y p e  interface.  This phenomena is, thus, 
s imi lar  to the autodoping observed in the case of vapor  
phase ep i t axy  and leads to a nonabrup t  doping profile 
at  the in terface  be tween  the ep i tax ia l  l aye r  and  the 
substrate.  In  contrast ,  when the mel t  is supersa tu ra ted  
pr ior  to the in t roduct ion of the subs t ra te  into the 
melt,  no me l tback  can occur and an ab rup t  doping 
t rans i t ion  is observed at  the  in ter face  be tween  the 
ep i tax ia l  l ayer  and the subs t ra te  as shown in Fig. lb.  
Consequently,  these exper iments  show tha t  a l though 
autodoping can occur dur ing  silicon l iquid phase epi-  
taxy,  i t  can be comple te ly  suppressed by  supersa tu ra -  
t ion of the mel t  pr ior  to the in t roduct ion  of the  sub-  
s t ra tes  into the melt .  

Boron-diffused substrates.iAs s ta ted  in the in t ro-  
duction, one of the problems encountered  dur ing  vapor  
phase ep i t axy  is the occurrence of l a te ra l  autodoping 
effects. This has been found to be pa r t i cu l a r ly  severe  
in the case of boron diffusions in n - t y p e  silicon sub-  
strates.  Exper iments  were, therefore,  conducted to 
s tudy  l a te ra l  autodoping effects d u r i n g  l iquid phase 
epi taxy.  For  these exper iments ,  boron diffusions were  
pe r fo rmed  over  a por t ion of 40 12-cm, phosphorus-  
doped sil icon wafers  using the rma l ly  grown silicon 
dioxide as a mask.  Af te r  s t r ipping  the oxide  on the 
wafer  surface, n - t y p e  ep i tax ia l  layers  were  grown 
with  an undersa tu ra t ion  of 5~ to de te rmine  the 
ex ten t  of the l a te ra l  autodoping.  As i l lus t ra ted  in 
Fig. 2, if the boron in jec ted  into the mel t  due to 
me l tback  is localized to the diffused region, the l a te ra l  
autodoping should be l imi ted  to a por t ion close to 
the  diffused region. In  contrast ,  if the boron injected 
into the mel t  is r ap id ly  dispersed,  the  l a te ra l  au to-  
doping should extend across the  ent i re  surface of 
the  wafer.  

To measure  the l a te ra l  autodoping,  spreading  r e -  
sistance measurements  were  made  at  the diffused por -  
t ion of the wafer  and at  var ious  distances f rom the 
edge of the diffused region as i l lus t ra ted  in Fig. 3 
and 4. In the case shown in Fig. 3, only  a pa r t  of the  
diffused layer  was etched away  by  me l tback  as can 
be seen in the profile taken  at  the diffused region. The 
profiles t aken  at  var ious  distances f rom the edge of 
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Fig, 1. Impurity distributien profiles of epitaxial layers grown an heavily boron doped substrates with (o, left) 5 ~ undersaturafion of the 
melt and (b, right) 5 ~ supersaturation of the melt before epitax]al growth. 
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the diffused region are also shown in  Fig. 3. t t  can 
be seen that a p- type  layer  is observed at all dis- 
tances from the edge of the diffused layer. (The 
max imum distance from the edge of the diffused re-  
gion that was profiled was 1 in.) This p- type  layer  
has the same peak doping concentrat ion and width 
at all the profiled locations wi th in  the limits of 
experimental error. From this observation it can be 

concluded that  the boron injected ~nto the mel t  mus t  
be rapidly dispersed throughout  the melt  dur ing 
epitaxial  growth. Another  example of this can be seen 
in Fig. 4. In  this case, the mel tback was sufficient to 
completely dissolve the boron diffused region prior 
to epitaxial  growth. As a result  the p- type layer  
formed at the interface between the substrate and the 
epitaxial  layer  has the same doping profile and  
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Fig. 3. Impurity distribution 
profiles token at four locutions 
on a wafer with boron diffusion 
at one end and an epitaxial layer 
grown with partial meltbock of 
the diffused region prior to epi- 
taxiol 9rowth. 
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thickness across the entire wafer. The results of these 
lateral autodoping studies, thus, indicate that to pre-  
vent lateral  autodoping it is imperative to prevent 
meltback of the substrate prior to epitaxial growth 
by careful supersaturation of the melt. 

C o n c l u s i o n s  

Autodoping phenomena during silicon liquid phase 
epitaxy have been studied for the cases of boron- 
doped substrates and boron diffused layers in n- type 
substrates. It has been determined that autodoping 
can also occur during silicon liquid phase epitaxy if 
any meltback of the substrate occurs prior to epitaxial  
growth. In the case of localized boron diffused regions, 
it has been found that  the lateral  autodoping extends 
uniformly across the entire wafer surface indicating 
that the boron injected into the melt from the diffused 
regions due to meltback is rapidly dispersed through- 
out the melt. It can, therefore, be concluded that in 
order to eliminate autodoping during silicon liquid 
phase epitaxy it is essential to prevent any meltback 
of the substrate by supersaturation of the melt prior 

to the introduction of the substrate. With supersatura- 
tion of the melt, the liquid phase epitaxial growth 
technique is capable of completely eliminating boron 
autodoping effects. This has allowed the fabrication 
of epitaxial layers with abrupt doping transitions be- 
tween the epitaxial layer and heavily-doped sub- 
strates, and the fabrication of closely spaced, buried, 
boron diffusion regions in n- type substrates (18). 

A c k n o w l e d g m e n t s  
The author wishes to acknowledge the technical as- 

sistance received from G. Gidley during epitaxial  
growth and B. Hatch during spreading resistance 
measurements. 

Manuscript submitted Apri l  17, 1980; revised manu- 
script received July  25, 1980. This was Paper  157 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, May 6-11, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 



Vol, I28, No. 1 BORON AUTODOPING 165 

MODEL  ~TE  

: : :1: :1:1 .... 111  :1 

" �9 . �9 i 

. /  / ':::~ 
' ~  :ii i ~  :::,! i ~: i ~ " l '  

, 

, ,  " ~  , ~ . . : .  ' �9 �9 

~ l  ~ [ l ]  11 rl 

MODEL  ~AT~  

. ' I ' - "  ~ - - T  : ~ F : : : : : : :  ! '  

[ - - ; -  ,...::'. ' " - - . - / - i - - .  ' [ . . . .  i - - - ~ "  

' / J ;: ~ i 4 :  i : : :  : - = :  ...... ~;:i 
' i ' I ' I 

i s : !  : :  

i ...... _]_LL_LJ 
,] :l~b : 1 ~ :  . . ~ . . L  [] I . ~ ,  I 1 

Fig. 4. Impurity distribution 
profiles token at four locutions 
on a wafer with boron diffusion 
at one end and an epitaxial layer 
grown with complete meltback 
of the diffused region prior to 
epitaxial growth. 

Publication costs of this article were assisted by Gen- 
eral Electric Company. 

REFERENCES 
1. C. O. Bozler, This Journal, 122, 1705 (1975). 
2. D. C. Gupta and R. Yee, ibid., 116, 1561 (1969). 
3. T. Ishii, K. Takahashi, A. Kondo, and K. Shirahata, 

ibid., 122, 1523 (1975). 
4. G. SkeHy and A. C. Adams, ibid., 120, 116 (1973). 
5. G. R. Srinivasan, Paper 191 presented at The Elec- 

trochemical Society Meeting, Philadelphia, Penn- 
sylvania, May 8-13, 1977. 

6. J. I. Nishizawa, T. Terasaki, and J. Shibata, IEEE 
Trans. Electron Devices, ed-22, 185 (1975). 

7. R. Barandon and P. Laurenceau, Electron. Lett., 15, 
486 (1976). 

8. B. J. Baliga, Device Research Conf., Paper  WP-BT, 
IEEE Trans. Electron Devices, ed-26, 1858 (1979). 

9. B. J. Baliga, This Journal, 124, 1627 (1977) 
10. B. J. Baliga, J. Cryst. Growth, 41, 199 (1977). 
I1. B. J. Ba]iga, This Journal, 12S, 598 (1978), 
12. B. J. Baliga, ibid, 126, 138 (1979). 
13. B. J. Baliga. Appl. Phys. Lett., 34, 789 (1979); ibid., 

35, 647 (1979). 



Resolution Limits of PMMA Resist for Exposure 
with SO kV Electrons 

Alec N. Broers 
IBM, T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

An electron b e a m  with a diameter  below 1 n m  has been used to measure 
the resolution of PMMA. Test pat terns are wr i t ten  in 30 n m  thick PMMA 
layers coated onto 60 n m  thick SiaN4 membrane  substrates. Both la teral  
scattering of electrons in  the resist and backscattering from the substrate  are 
negligible for these samples. P re l imina ry  results obtained with 50 kV elec- 
trons are presented in this paper. The test pat terns contain nomina l  l ine-  
widths down to 4.4 nm. The exposure distr ibution is determined by measur ing  
the exposure dose needed to open up lines with widths smaller  than the width 
of the distribution. Samples are examined in  the scanning t ransmission micro-  
scope mode using the same beam used to write the patterns. The width [stan- 
dard deviat ion (v) assuming a normal  dis tr ibut ion]  of the exposure d is t r ibu-  
t ion has been measured to be between 11 and 14 nm. This spread funct ion 
makes it  possible to resolve lines on 45 nm centers in these very thin resist 
layers. Spreading is assumed to be set by straggling of low energy secondary 
electrons into the resist al though effects that  may be a t t r ibutable  to the finite 
molecular  size of the PMMA have also been observed. It  is pointed out that  
thin film substrates are not essential to obtain l inewidths of 50 nm. Resolution 
and contrast on thick substrates are discussed and compared with the resolu- 
t ion and contrast  obta inable  with l ight  optical systems. 

Since the original publicat ion of Haller, Hatzakis, 
and Srinivasen (1), polymethyl  methacrylate  (PMMA) 
has been used as the s tandard resist for high resolu- 
t ion electron beam fabrication. The exposure dosage 
for PMMA (5 • 10-5-2 X 10 -4 C/cm 2) is too high 
for many  semiconductor direct exposure applications, 
but, to the extent  that it has been measured, its resolu- 
t ion is unsurpassed by  other resists. Operational de- 
vices with dimensions of 0.15 ~m (2) and metal  s truc-  
tures as small  as 60 nm (3) have been fabricated on 
bulk  substrates (substrates thick compared to the 
electron penetra t ion distance),  and 25 nm lines have 
been resolved on substrates thin compared to the 
electron penetra t ion distance (4). In  addition to 
PMMA's use with electron beams, exposure with 4.5 
nm x-rays  has yielded features of 17.5 nm (5) and 
exposure with ions has produced l inewidths below 100 
nm (6). 

The resolution that  can be obtained in  an  electron 
resist layer  is usual ly  determined by lateral  scattering 
of electrons in  the resist layer and by electron back- 
scattering from the under ly ing  substrate. In  order 
to measure the resolution in the absence of significant 
electron scattering we have used 50 kV electrons 
to expose very  thin (,-~30 rim) layers of PMMA sup- 
ported on thin ( , ,60 nm)  SiaN4 membrane  substrates. 
Under  these conditions, resolution becomes effectively 
l imited only by the basic physical processes involved 
in breaking the bonds in the methacrylate  polymer. 
The probabi l i ty  that lateral  scattering of electrons 
will be significant can be estimated from the theoretical 
and exper imental  data of Misell (7), if it is assumed 
that  scattering in PMMA is similar to that  in carbon. 
Such an estimation shows that  in  passing through a 
50 nm thick carbon film, less than 1% of 50 kV elec- 
trons will  be scattered through angles equal to or 
exceeding the convergence angle of the electron beam 
(10 -2 radian) .  Lateral  scattering effects in a 30 nm 
thick PMMA layer  should therefore be negligible. 
Backscattering from the Si3N4 substrate can be es- 
t imated by calculat ing the probabi l i ty  of Rutherford 
scattering events through angles greater than 90 ~ . 
Data presented by Wells (8) indicate that there is 
only a 10 -8 probabi l i ty  that a 50 kV electron will  be 
backscattered from a 60 nm thick film of atomic n u m -  

ber 12. Therefore, backscat ter ing from the SisN4 sub-  
strate should also be negligible. 

The m i n i m u m  energy required to break bonds in 
PMMA can be estimated to be 5 eV from the wave-  
length  of the "softest" u.v. radiat ion capable of ex- 
posing the resist (9). With electrons, it  is proposed 
that  exposure is effected predominant ly  by low energy 
secondary electrons because the cross section of these 
electrons for bond scission will be very much greater 
than the cross section of the high energy primaries. 
The secondaries can be excited at a distance from 
the path of the high energy primaries and they can 
travel  fur ther  into the resist before their  energy is 
ful ly  dissipated. The overall  distance the secondaries 
t ravel  blurs  the pa t te rn  and determines the ul t imate  
resolution of the resist exposure process. Measure- 
ments  of the secondary electron yield from thin dielec- 
tric layers indicate that  the range of low energy 
secondary electrons in  dielectrics is several  tens of 
nanometers  (10). The measurements  on PMMA pre-  
sented here in  general  confirm this deduction. 

Sample Preparation 
The membrane  substrates were fabricated by  selec- 

t ively etching holes through the silicon of SisN4 
coated silicon wafers. An anisotropic silicon etch was 
used to etch the holes (11). The etch stops at the 
Si-Si3N4 interface and leaves the SisN4 membrane  
covering the holes. The holes were general ly about 
100 • 100 #m. We used 30 and 60 nm thick membranes,  
however, the 30 n m  membranes  were general ly  too 
fragile to be practicable; almost half  of them broke 
dur ing  processing. Because no loss in resolution was 
observed with the 60 nm membranes  (this is expected 
from electron backscattering data) ,  they were used 
for most experiments.  Very few cases of breakage were 
encountered with the thicker membranes.  

After  window fabrication, the silicon wafers were 
diced into chips 2.6 • 1 mm. For electron beam ex- 
posure and subsequent  examinat ion  in  the scanning 
transmission electron microscopy (STEM) mode, the 
chips were mounted in a sample holder designed for 
s tandard 3 mm diam electron microscope grids. Each 
chip contained two windows. 

166 
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Resist was  coated onto the membrane  substrates 
using a conventional  spin-coater.  The samples were  
held with a vacuum chuck designed to avoid the 
application of atmospheric pressure across the mem-  
branes. Very dilute resist (1:50, 2010 PMMA:chloro-  
benzene) and relat ively slow spinning rates (2000- 
3000 rpm) were used to produce resist layers with 
thicknesses between 30 and 100 nm. As discussed below 
precise measurement  of resist thickness was made 
from STEM images of the developed samples after 
shadowing the samples with a th in  layer  of metal. 
Resist thickness was uni form to bet ter  than  10 nm over 
the window areas. Resist layers were baked at 160~ 
for 1 hr  to remove residual  solvent. 

In  order to provide detail  on the sample for focus- 
ing, a 5 nm thick PdAu layer  was vapor deposited onto 
the undernea th  of the membrane.  St ructure  in  this 
layer  provided high contrast  in the br ight  field STEM 
image and  made it easy to determine that  the beam 
diameter  was less than 1 nm. The number  of primaries 
backscattered from this layer  is less than  1 in  500 (8), 
and few low energy secondaries formed at the P d A u /  
Si3N4 interface will penetrate  the Si3N4 membrane  
to the resist. The PdAu layer  should therefore have 
li t t le effect on resist exposure. 

Image spreading due to the finite angular  width of 
the beam was about  2 nm (resist thickness 30 nm, 
substrate thickness 60 nm, beam half -angle  10 -3 
radian)  assuming that  the beam was focused accu- 
ra te ly  on the bottom of the Si3N4 membrane.  The 
AuPd  layer  had sufficient conductivi ty to avoid sample 
charging dur ing  exposure. 

Exposure 
Pat terns  were wr i t ten  in  an  STEM (12) wi th  an 

electron beam diameter  of less than  1 nm. The pat terns 
were wr i t ten  under  the control of a flying spot scanner. 
The exact nominal  exposed l inewidths were measured 
from the video signal produced by the STEM bright  
field detector. The l inewidth  is given by the width 
of the "beam-on"  pulses on the video signal. This 
method el iminated any errors that  might  have arisen 
due to the finite resolution of the flying spot scanner. 
In  practice the l inewidths scaled very  closely with 
the actual  mask dimensions. 

Beam current  was measured using a Faraday  cup 
located below the sample. Beam current  had to be 
kept  at a level of about  2 X 10-Z2A because of the 
small  area of the pa t te rn  and the relat ively slow scan 
rate of the STEM system (min imum frame time of 
10 sec). The pa t te rn  was typical ly 2.5 • 2.5 ~m for 
a m i n i m u m  nominal  l inewidth  of about 2.5 nm. 

Before each pa t te rn  was exposed, the beam was 
offset to an area adjacent  to the exposed area and the 
beam focused on the PdAu layer  undernea th  the m e m -  
brane.  The sample was mechanical ly moved approx- 
imate ly  20 #m between exposure sites. The vertical  
accuracy of the sample stage was such that ad jus tment  
of focus after movement  was unnecessary in the ma-  
jor i ty  of cases. 

Samples were developed for about 50 sec with the 
s tandard PMMA developer; one par t  methyl  isobutyl  
ketone to three parts of isopyl alcohol. Our measure-  
ments  indicated that  the developer dissolved the un -  
exposed resist at a rate of about  25 n m / m i n  so the 
ini t ia l  resist thickness was approximately 20 nm thicker 
than  that  measured for the developed patterns. 

After  development,  5 nm of AuPd was vapor de- 
posited onto the top of the resist at an incidence angle 
of 45 ~ . This metal  layer  clearly out l ined the resist 
pattern,  and the shadow length was an accurate mea-  
sure of the resist thickness. 

Determination of Exposure Distribution 
The test pa t te rn  used in  these experiments  is shown 

in Fig. 1. The pa t te rn  was wr i t ten  at a size that  
yielded a m i n i m u m  nomina l  l inewidth  of 4.4 nm. 

Fig. I. Pattern used to evaluate exposure distribution in PMMA. 
Nominal linewidths in the exposed patterns were as fallows: 1, 4.4 
nm; 2, 7.5 nm; 3, 11 nm; 4, 14 nm; 5, 20 nm; 6, 26 nm; 7, 33 nm; 
8, 38 nm; 9, 53 nm; 10, 62 nm; 11, 96 nm; 12, 120 nm. 

The broadest l ine was about 120 nm wide. Eleven dif- 
ferent  exposure times were used for each exper imental  
run. The shortest time gave an exposure dose which 
was below that  needed to open up the largest  shapes. 
The longest t ime was such that  the resist developed 
through in the site of the narrowest  line. 

If the exposure dis tr ibut ion is Gaussian, then using 
the "reciprocity principle" of Chang (13), the exposure 
dose (Qw) received at the center of an infinitely long 
rectangle of width w can be shown to be given by  

Qw = Qo erf(w/2~r) 

where Qo is the exposure dosage in  the center of an 
infinitely large shape and ~ is the s tandard deviation 
of the distribution. 

Figure 2 is a bright field STEM micrograph of the 
test pa t te rn  exposed at a dose slightly greater than 
that  needed to open large shapes. The s tandard  devia-  
t ion (a) of the exposure distr ibution was calculated 
from patterns of this type exposed at progressively 
greater doses. = was calculated from the nominal  l ine-  
width (w) of the narrowest  l ine that  had developed 
through to the substrate, and the ratio of the exposure 
dosage for the given test exposure to the exposure 
dosage needed to develop through to the substrate in  
the sites of the large shapes (Qw/Qo). If the dis t r ibu-  
t ion is t ruly  Gaussian, then the same ~ will be found 
for each of the test exposures. In  practice, this was 
not the case. Heavier exposures, in which nar rower  
lines had developed through to the substrate, in gen- 
eral yielded ~ values higher than those deduced from 
lower exposure doses. In  a series of five separate 
experiments,  the average values of z varied from 11 
to 14 nm. The resist thickness was about 30 nm. The 
fractional exposures received for different l inewidths 
are plotted in Fig. 3. The fractional exposure was 
determined from the exposure times needed to open 
up different l inewidths. For example, it took about 
five times longer to open the 5 nm nominal  l inewidth  
l ine than it did to open the large shapes. Figure  3 also 
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Fig. 2. Bright field STEM micrograph of test pattern exposed at a 
level slightly greater than that necessary to open up shapes that are 
large, compared to the width of the exposure distribution. Nar- 
rawest line that has opened up in this case is 20 nm wide. Electron 
beam used to write the pattern was smaller than that used to ob- 
tain this micrograph. Detail resolved in the AuPd coatings at higher 
magnification shows that the beam diameter is less than 1 nm. 
Sample is shadowed at 45 ~ with AuPd to reveal resist thickness. 

shows the fractional exposure that would be obtained 
with a resist with a Gaussian dis t r ibut ion (~ = 12.5 
nm) .  An addit ional  exper iment  in  which identical ex- 
posures were made on three different resist thicknesses 
(50, 80, and 100 nm)  showed that, as expected from 
electron scattering data, there was no significant de- 
pendence on resist thickness for thicknesses below 
100 nm. 

The narrowest  l ine that  opened up at the dose re-  
quired to open up the large shapes (~,3 • 10 -4 C/  
cme) was between 20 and 25 nm wide (line 5 and 
line 6). In  practice the developed lines were close 
to their  nominal  width. As the exposure dose w a s  
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Fig. 3. Fractional exposure received at the center of isolated lines 
of various widths for PMMA exposed on o thin substrate with 50 
kV electrons. Curve shows case for a Gaussian exposure distribution 
with q = 12.5 nm. 

increased to open the nar rower  lines, the l inewidth  
of the wider lines increased. The rate of increase can 
also be used to estimate the r of the spread funct ion 
in  the resist, however, this wil l  not be discussed here. 

If exposure is due to low energy secondary electrons 
alone, and the excitat ion of secondaries is isotropic 
and random, it  would appear reasonable for the dis- 
t r ibut ion to be Gaussian. The deviation observed could 
be the result  of a dependence of development  rate 
on linewidth. Development  may be slower for nar rower  
lines because the lines become comparable in size 
to the molecular  size of the PMMA and slow the 
development  process. 

If  the exposure dis t r ibut ion is Gaussian, then the 
ratio of the exposure dose received at the center of 
a l ine (Q1) to the exposure dose received at the center  
of a space (Qs) for an a r ray  of infinitely long parallel  
lines with equal l inewidth  and spacing is given by  

QI 
Q, 

Z l = m  

e r f S / 4  + ~ [erf (4n + 1)B/4 -- e r f (4n  -- 1)S/4] 
n = 1  

~ [erf(4n -- 1 ) S / 4 - -  err (4n -- 3)S/4]  
r ~ = l  

where s is the center to center spacing between the 
lines, and m = the number  of lines taken in account 
on either side of the l ine under  consideration. I t  is 
also useful to define what  we shall call the resist 
contrast function (RCF),  K, where  

( ; l  - 0, 
R - -  

This definition is similar to that of the modulation 
transfer function (MTF) for an optical system except 
that for the optical case the pattern distr ibution is 
generally assumed to be sinusoidal rather than the 
square wave we have assumed for the electron beam 
resist case. Figure 4 shows the RCF for a resist that  
exhibits a Gaussian exposure distribution. For a th in  
substrate, 60% contrast  (K -- 0.6) corresponds to a 
spatial f requency (~) of 0.28 ~-1. If it  is assumed that 
the distr ibution for PMMA is Gaussian and that  ~ -- 
12.5 nm, then 60% contrast  is obtained for v -- 0.28 
�9 -- 12 X 10 -T = 2.24 X 105 l ines /cm (44.6 n m  center  

to center spacing). As al ready discussed, it is assumed 
that the electron beam diameter  is zero and that  
lateral  electron scattering in  the resist is negligible. 

0 
i ~ , ~ l  F I l l l l I 

oo ~ T h i n  subsfrole 
6 

~ ~ PMMA < 6  

~ Thick substrat'e ~ ' . \  X 
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Fig. 4. Resist contrast function (RCF) for a resist with a Gaussion 
exposure distribution. Thick substrate curve assumes that the + width 
of the backscattered distribution > >  that of the resist exposure 
distribution, and that the total backscattered exposure contribution 
is 0.86 times that of the incoming beam. 

i 

1.0 
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60% is the order of contrast normal ly  required for 
adequate definition in a developed resist pattern.  
Bror Harper, and Molzen (4) reported a m i n i m u m  
center to center  spacing of 50 nm for a 110 n m  thick 
PMMA layer  on top of a 20 nm layer  of AuPd  on an 
Si3N4 membrane.  This is in good agreement  with the 
results reported here. The RCF for a thick substrate 
shown in  Fig. 4 is discussed in the next  section. 

Resolution with Thick Substrates and with 
Optical Systems 

On thick substrates, both backscattered and pr imary  
electrons produce secondaries and contr ibute to resist 
exposure. It  has been found that exposure by the 
backscattered electrons can be approximated by a 
Gaussian dis t r ibut ion with a s tandard deviation of 
several microns. The total exposure contr ibut ion of 
the backscattered electrons is approximately equal to 
that  of the p r imary  electrons. Several  workers have 
modeled and measured the parameters  associated with 
backscattering from targets of different materials  and 
thicknesses [e.g., Ref. (14-18)]. We shall assume that  
for silicon, the s tandard  deviation of the dis tr ibut ion 
is 2.3 #m, and the total exposure due to backscattered 
electrons is 0.86 times that  of the primaries (19). 
According to these parameters,  the backscattered con- 
t r ibut ion to an isolated l ine 25 nm wide on a silicon 
substrate  is 0.86 Qo err (0.025/4.6) = 0.004 Qo where 
Qo is the incident  dosage. The contr ibut ion is, there-  
fore, so small  that it  can be ignored. This is the case 
for an isolated shape that  is very small  compared to 
the area from which backscattered electrons re-emerge 
from the sample. For  an a r ray  of such shapes that  
covers an area that  approaches, or is greater  than, 
the  area from which the backscattered electrons 
emerge, then backscattering becomes significant and 
gives rise to the we l l -known proximity effect (13). 
The dotted curve in  Fig. 4 shows what  happens to 
the RCF in this case. In the example shown, it is 
assumed that  O ' b a c k s c a t t e r e  d r - -  1 8 4  X O' res~s t  ( a ~ o a c k s c a t t e r e d  

-- 2.3 #m, ~resist : 12.5 nm) ,  and that  the total  back- 
scattered contr ibut ion is ~] times the contr ibut ion of 
the p r imary  beam, where ~] = 0.86 (silicon sub~trate). 
The max imum contrast is 0.54 under  these conditions. 

Figure 5 shows the resist contrast  functions for 
PMMA plotted against  l inewidth. Again it is assumed 
that the pa t te rn  consists of an infinite array of equal 
l ines and spaces. The contrast  for a l ight  optical sys- 
tem with a numerica l  aper ture  (NA) -- 0.41 and 
operat ing wavelength (~) = 405 nm is also shown. 
The dotted version of the optical curve shows the 

contrast  for a square-wave target (20) rather  than 
a sinusoidal target. Several  observations can be made 
from ]~ ig. 5: 

1. For electron beam (50 kV) exposure of PMMA 
on a thin substrate, 60% contrast  is obtained for a 
l inewidth of 22.3 nm. 

2. For the thick silicon substrate, the electron beam 
RCF for PMMA is essentially flat from 50 nm to 2 
~m, meaning  that it should be no more difficult to 
produce 50 n m  lines and spaces than it is to produce 
2 #m lines and spaces. As before, this assumes that  
resolution is not l imited by the electron optical system 
or by lateral  electron scattering in  the resist (i. e., 
the resist must  be very th in) .  Proximity  correction 
will probably have to be used in  most cases. The 
algorithms used for computing proximity  corrections 
will depend on the ratio os the size of the pat tern  
elements to the width of the backscattered dis t r ibu-  
tion. For very small  pa t te rn  features, proximity  cor- 
rection may be easier because it m a y  be possible to 
treat  the backscattered contr ibut ion as a uni form back- 
ground. For intermediate  dimensions, it may be ade- 
quate to use the average exposed area in regions 
sur rounding  each pa t te rn  element, ra ther  than to take 
individual  pat tern  elements, and even part ial  elements, 
into account as is done for 1 ~m dimensions. 

3. On the thick silicon substrate, 54% contrast is 
reached for a l inewidth of 50 nm, whereas on the th in  
substrate, 54% contrast  is reached at 20 nm. In  other 
words, m i n i mum lines 2.5 times smaller  should be 
obtained on the thin substrate. 

4. The 0.41 NA optical system has higher contrast  
than the electron beam on a thick substrate for l ine-  
widths above about 0.5 ~m. At 1.25 ~m linewidth, the 
contrast of the optical system is 85% compared to 
54% for the electron beam. It is impor tant  to realize, 
however, that  the exposure t ransi t ion at the boundary  
between a l ine and a space can be sharper for the 
electron beam case than it is for an optical system 
even when the nominal  contrast is lower. This is i l lus-  
trated in Fig. 6 which simply compares the exposure 
profiles of four lines and three spaces for an optical 
system with 85% contrast, and for an ideal electron 
beam system with 54% contrast. 

All of the preceding discussion relates to the con- 
trast  obtained for an infinite a r ray  of lines and spaces. 
When the total pat tern  area is small  compared to 
the area from which the backscattered electrons 
emerge, resolution on bulk  substrates should be as 
good  as that  on thin membranes.  This is the case for 
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severa l  of the  exper imen ta l  s t ructures  and devices 
bui l t  to date,  for example ,  nanobr idges  (21) and 
SQUIDS (22). These devices were  fabr ica ted  using 
c o n t a m i n a t i o n  resis t  and thin substrates,  however  i t  
would  seem qui te  possible  to make  them using PMMA 
on thick substrates.  In  suppor t  of this, l ines of 40 
nm have recen t ly  been produced  on a th ick subs t ra te  
using a high contras t  double l ayer  resis t  process (23). 

A significant prac t ica l  d i sadvantage  of samples  on 
bu lk  subst ra tes  is that  they  have to be examined  in 
the convent ional  surface SEM with  re la t ive ly  low con- 
t ras t  and  resolution. When  the samples  a re  on thin 
membranes ,  they  can be examined  by  t ransmission 
e lec t ron microscopy with  much h igher  contras t  and 
resolution. This is pa r t i cu l a r ly  impor t an t  for s t ruc-  
tures  smal le r  than  about  20 nm in size where  we have 
had  difficulty wi th  the  SEM in examin ing  resis t  pa t -  
terns, in knowing  whe the r  samples  were  comple te ly  
etched, or  even in knowing whe the r  the films f rom 
which the s t ructures  were  fabr ica ted  were  continuous. 
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Subthreshold Degradation in MNOS Technology 
P. K. Chaudhari z 

IBM Corporation, Poughkeepsie, New York  12602 

ABSTRACT 

A film of SisN4 deposited on thermally grown SiO2 was studied to deter- 
mine the subthreshold voltage stability. Long-term reliability results have in- 
dicated the presence of more than one mechanism causing the subthreshold 
degradation. The two mechanisms are identified as electron tunneling and 
lateral migration of the ions along the surface of the device. The relevant ex- 
perimental results have confirmed the sources of these mechanisms to be: 
(i) polyoxide-nitride interface for electrons, and (ii) metal-nitride interface 
and/or a cavity at the edge of the device gate for ions. 

A majo r  ins tab i l i ty  and hence re l i ab i l i ty  concern in 
an insu la ted -ga te  field effect t rans is tor  ( IGFET)  tech-  
nology is the threshold  vol tage shift. Many of the cur -  
rent  appl icat ions  of MOS and re la ted  devices depend  
cr i t ica l ly  upon cur ren t  flowing in the device in the 
no rma l ly  off or  subthreshold  region of operat ion.  As 
the  ga te - to - source  vol tage is reduced  below the con- 
vent ional  threshold  voltage, channel  cur ren t  does not  
sudden ly  drop to zero. Ra ther  it  diminishes approx i -  
ma te ly  exponent ia l ly  wi th  decreasing gate voltage,  
making ID-VG character is t ics  very  sensi t ive to any 
smal l  var ia t ions  in the  gate voltage.  Therefore  a s l ight  

1 Present address: IBM Corporation, 91102 Essonnes, France. 
Key words: oxide-nitrid,~ dielectric, MNOS FET, subthreshold 

leakage mechanism. 

departure in the subthreshold region of ID-V~ be- 
havior will be a serious reliability concern for the 
design circuitry, with stringent low current restrictions 
(low picoampere range) such as dynamic memory 
arrays. For several years, SisN4 films have been the 
subject of extensive studies. The objectives of these 
studies were to eliminate the instabilities of MOS de- 
vices due to contamination of Na ions (I) and to en- 
hance gate reliability. Recently DeSimone et el. of IBM 
(2) announced a dynamic memory using MNOS FET 
technology. It has been found that MNOS structures 
exhibited a new type of instability, electronic in origin 
(3), causing a conventional threshold shift (4). How- 
ever, nothing has been reported about the subthresh- 
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old degrada t ion  of these MNOS FET devices. Therefore  
MIS s t ructures  consist ing of a film of Si3N4 deposi ted 
on t h e r m a l l y  grown Si02 were  s tudied  to de te rmine  the 
sub threshold  vol tage  s tabi l i ty .  In  this  paper ,  we first 
descr ibe  the  fabr ica t ion  of I~NOS F E T  devices and 
provide  detai ls  of measurements .  Then the resul ts  of 
the  subthreshold  vol tage  degraaa t ion  are  analyzed  wi th  
the  deve lopment  of a phys ica l  model.  Next,  consistent  
wi th  the expe r imen ta l  results ,  the  sources of the degra -  
dat ion mechanism are  discussed, fo l lowed by  conclud-  
ing remarks .  

Experimental 
A number  of expe r imen ta l  MNOS FET devices were  

fabr ica ted  using p - t y p e  1-2 a cm si l icon wafers.  The 
first s tep in the  process is the  deposi t ion of arsenosi l i -  
cate glass film, which acts as a dopant  for the source 
and dra in  regions. The first masking  opera t ion  defines 
a window in this in i t ia l  oxide for  source and dra in  
formation.  Af t e r  the  diffusion of arsenic  f rom this  glass 
film to form source and d ra in  regions, the film is 
s t r ipped  off and gate  oxide is g rown immed ia t e ly  a f te r  
cleaning. Immed ia t e ly  fol lowing the rma l  oxidat ion,  
sil icon n i t r ide  is deposi ted  on SiO2 by  decomposi t ion of 
s i lane in ammonia .  The phys ica l  and  e lec t r ica l  p rop-  
er t ies  of Si3N4 films have been found to va ry  wi th  the  
deposi t ion condit ions such as NHJSiI-I4 rat io  and the 
deposi t ion tempera ture .  As the  Si3N4 film is a pa r t  of 
the gate  d ie lect r ic  in this s tudy,  the r equ i remen t  was 
to have the lowest  e lec t r ica l  conduct iv i ty  films and 
high die lect r ic  constant .  Such an idea l  insula tor  film 
was obta ined when SisN4 was chemical ly  deposi ted  at 
925~ using a rat io of N H J S i H 4  of 150:1 b y  volume, 
wi th  H2 as a ca r r i e r  gas. The deposi t ion ra te  was ap -  
p r o x i m a t e l y  10 nm/min .  The dielectr ic  constant  of the  
film was 7.0 and the etch ra te  in 5:1 buffered etch was 6 
n m / m i n  at  50~ Transmission e lect ron microscopic 
examina t ion  did not  revea l  any  evidence of c rys ta l l in -  
i ty  and  were  found to be essent ia l ly  amorphous.  SisN4 
films thus fabr ica ted  were  used in this study.  In  o rde r  
to make  an n - channe l  technology prac t ica l  for dynamic  
s torage applicat ions,  a field shield can be used to p re -  
vent  h igh leakage  due to deple t ion  or  invers ion of the  
p - t y p e  sil icon wafer  (5). Therefore,  the p - t y p e  po ly -  
sil icon l aye r  was chemical ly  vapor -depos i t ed  on top of 
SiO2 and Si3N4 dual  dielectric.  The ox ide -n i t r ide  in -  
sulator forms the gate  dielectr ic  and the insulator 
which separa tes  the field shield f rom the substrate.  The 
field shield is then  removed  f rom the ga te  region and is 
oxidized in s team at  1050~ to reduce the  poss ibi l i ty  of 
shor t ing be tween  the field shield and the gate. The 
thickness  of the  polyoxide  is about  300 nm. Af te r  open-  
ing the contact  holes th rough  this po lyoxide  and c lean-  
ing the gate  region,  me ta l  gate  is deposi ted and is sub-  
t r ac t ive ly  etched. The final process is the pos tmeta l  
annea l  in forming  gas a t  400~ for  20 min  to min imize  
the surface states a t  the  Si/SiO2 interface.  Conven-  
t ional  pho to l i thography  was used th roughout  the fab-  
r icat ion.  A cross section of the  device thus fabr ica ted  
is shown in Fig. 1. The high f requency  (1 MHz) MNOS 
C-V technique was used to measure  the m a x i m u m  ca- 
pacitance, Cmax, wi th  a control  wafer .  The equiva len t  
ga te  d ie lect r ic  thickness,  teq, was de te rmined  f rom 

t,q = to,, + = ~ , o A J C = =  [1] 
en 

t DIFpFUSION ~ /~L 
~S I  ICON 1-2 ~ cm 

f' METAL 
~-POLYOXIDE 
--POLYSILICON 
--Si3N 4 --S[O 2 

where  tox is the oxide thickness,  tn is the n i t r ide  th ick-  
ness, eox and en are  the  dielectr ic  constants  of the  oxide 
and nitr ide,  respect ively,  and  Ac is the capaci tor  area. 
The equiva len t  dielectr ic  thickness,  teq, was 45 +__ 3 nm. 
Mobile  ion contaminat ion,  checked wi th  a control  wafer  
by  the high t empe ra tu r e  quasis tat ic  technique (6), was 
found to be consis tent ly less than  5 X 10 TM cm-% 

The aging exper iments  were  pe r fo rmed  in the fol -  
lowing manner .  Devices were  stress aged in s t anda rd  
configuration, as shown in Fig. 2, a t  var ious  vol tages  
and tempera tures .  F o r t y  to 70 devices were  stressed in 
each stress cell. Af te r  a g iven pe r iod  at  e leva ted  t em-  
pera ture ,  the devices were  cooled to room t e m p e r a t u r e  
wi th  the bias applied,  sub threshold  vol tage  readouts  
(ID-VG at Vs = --0.bV) were  taken  using au tomat ic  
tester.  A typical  ID-VG re la t ionship  at  t ime zero 
(i.e., before  the device is stress aged)  is shown in Fig. 
3. As expected,  the device turns  off as the gate vol tage  
is decreased.  The device design specification in  this 
region genera l ly  calls for  a slope of ---- 80-90 mV pe r  
decade at  room ambient .  On stressing, the /D-VG 
rela t ionship  for a device suscept ible  to the subthreshold  
leakage  is also shown in Fig. 3, now the slope in the  
subthreshold  region > >  80-90 mV/decade .  Clear ly  this 
is not  acceptable  behavior ,  as the  device is no longer  
an  enhancement  device. Therefore,  the va lue  of the  
stress vol tage threshold  at  which the subthreshold  be-  
gins to appear  is impor t an t  and should be  high enough 
so tha t  over  the l i fe t ime of the  device there  is no sig-  
nificant paras i t ic  leakage.  For  the  purpose  of analysis  
of the resul ts  of this paras i t ic  l eakage  (or sub threshold  
vol tage shif t ) ,  a fa i lure  cr i ter ion used was when  the  
value  of ID measured  at  Vo = 0.5V < 350 Pa. Fo r  sub-  
threshold  degrada t ion  character izat ion,  another  sui table  
cr i ter ion used was a va lue  AVert measured  at  ID "- 50 
nA. 

Results and Discussion 
Using the fa i lure  cr i ter ia  ment ioned  above, Fig. 4 

shows a typica l  behavior  of fa i lure  F, due to sub th resh-  
old degradat ion,  as a funct ion of t ime p lo t ted  on a 
l inear  scale. The curve is seen to fol low an exponent ia l  
l aw qui te  well,  which can be descr ibed as 

F --  1 --  exp ( - - t / e )  [2] 
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Fig. 1. MNOS FET device process profile Fig. 2. Standard stress configuration for subthreshold stability 
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Fig. 4. Subthreshold degradation failure, F, as a function of 
stress time (standard stress at 85~ 3.5 X 106 Y/cm). 

where  t is the t ime to fai l  and 0 is the  mean  t ime to 
fai l  (MTTF -* 0), a function of stress field and t em-  
pera ture .  Func t iona l  dependence  of e on stress field E 
is shown in Fig. 5. 

The curves A and B in Fig. 5 r ep resen t  the  resul ts  
accumula ted  at  two different  t ime periods.  The curve 
B does indicate  the improvemen t  over  the curve A. The 

only difference in these curves is tha t  the polyox depo-  
si t ion t empera tu re  was 50~ higher  in the  curve B than  
in  the curve A device process. However ,  i t  is evident  
tha t  the mechanism causing the subthreshold  degrada-  
t ion remains  the same in both  cases. The improvemen t  
due to h igher  polyox t empe ra tu r e  (i.e., higher  field for  
the onset of subthreshold  leakage)  is consistent  wi th  
the proposed mechanism to be discussed below. F r o m  
Fig. 5, the fol lowing sa l ient  fea tures  of the subthreshold  
fa i lure  character is t ics  are  observed.  

1. At  fields > 3.5 • 106 V/cm,  0 -- E behavior  is ve ry  
sensi t ive to the stress field and  does not  fol low the 
l inear  relat ionship,  as is ev ident  in the field range of 
2.5 • 106 < E < 3.5 • 106 V/cm.  This behavior  is more  
c lear ly  demons t ra ted  wi th  the combined sho r t - t e rm and 
long- t e rm stress da ta  shown in Fig. 6. 

2. At  low fields < 2.5 106 V/cm,  the t r end  seems to 
indicate  tha t  the mechanism causing the fa i lure  is 
e i ther  min ima l  or insignificant.  This poin t  is e l abora ted  
later .  

Physical Model 
From Fig. 5 and 6, i t  is ev ident  tha t  the expe r imen ta l  

data  at  high fields is be low the l inear  region, i.e., 0 
tends to be smal l  in going f rom region II  to region I. 
Therefore,  this observed  behavior  is successfully ex-  
p la ined  if the degrada t ion  mechanism is assumed to 
consist of two mechanisms as discussed below. 

Region/.--Electronic and ionic, wi th  electronic com- 
ponent  dominant .  In  this region the presence of elec-  
tronic component  is pos i t ive ly  demons t ra ted  wi th  the 
fact  that  the subthreshold  degrada t ion  is seen to exis t  
a t  l iquid ni t rogen (LN2) t empe ra tu r e  as shown in Fig. 
7. Ionic dr i f t  cannot  be possible  at  such a low t empera -  
ture. Now the tunnel ing is weI1 character ized b y  the  
current - f ie ld  relat ionship,  given by  

IS'T H ~ CE 2 exp -- B/E [3] 

where  C and B are  constants.  Subthreshold  leakage  be-  
havior  observed in region I obeys this l aw very  well,  
as shown in Fig. 8. Therefore  the resul ts  l ead  to the  
conclusion that  the  subthreshold  at  high fields (i.e., in  
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Fig. 6. Subthreshold failure characteristics time to fall as a 
function of stress field (standard stress of 120~ 
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Fig. 5. Subthreshold failure characteristics mean time to fail vs. 
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Fig. $. Subthreshold leakage current, ISTtt, as a function of stress 
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region I) is largely due to electron tunneling and ion 
drift, to be described below. 

Region//.--Ionic drift. The field required for tunnel- 
ing is generally 4-5 • 10 6 V/cm. Hence, as the field 
becomes low (i.e., < 4 X 10 6 V/cm), a phenomenon 
other than electronic injection must be present. That 
phenomenon, the ionic drift, will now be established. 
There are two key characteristic features of the ionic 
drift-related instability (AVsTH). 

I. AVsTH ~ t V= exp -- H/KT, where t is the s t r e s s  
time, H is the activation energy, K is the Boltzmann 
constant, and T is the temperature in degrees Kelvin. 

2. AVST~ recovers completely if the devices are 
shorted at stress temperature or are subjected to a 
negative bias-temperature stress aging. 

Data shown in Fig. 9 and 10 does indeed confirm 
the characteristic features 1 and 2 observed in MNOS 
FET devices. These results clearly support the fact that 
the ionic drift most probably is the dominant mecha- 
nism for the subthreshold degradation in region II. 
Absence of electronic mechanism is also evidenced from 
the data of Fig. 9 and 10. The presence of ionic com- 
ponent in region I should not be ruled out, due to the 
field and temperature dependence. However, because of 
the exponential nature of the field dependence, the tun- 
neling and hence electronic component would be domi- 
nant. 

Sources of Subthreshold Degradation 
From the practical point of view, the knowledge of 

the sources of origin causing the subthreshold degra- 
dation is of vital importance. Hence, with the help of 
the experimental facts, we will establish the sources 
of this problem mechanism. 

Electron injection source.--Open-gated MNOS device 
consists of exposed nitride around the gate sides, with 
polyox-nitride interface absent under the gate region. 
Under positive bias stressing, these devices show no 
subthreshold degradation at LEd, as shown in Fig. II, 
while the devices having polyox-nitride interface under 
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Fig. 9. Subthreshold leakage current, ISTH, as a function of stress 
time (standard stress at 165~ X 106 V/cm, ISTH measured 
at Vc, = 0.SV). 

the gate region show subthreshold degradation at LN= 
as discussed above in reference to Fig. 7. Electron in- 
jection from the thermal oxide-nitride interface can- 
not be possible as it contradicts the charge transport. 
Furthermore, thermal ox-nitride structures subjected 
to poly and polyox process cycles show instability, 
while the same samples not subjected to poly and 
polyox process were found to be quite stable. These 
observations clearly support the proposition that the 
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seat  of the electrons which cause subthreshold  deg rada -  
t ion v ia  tunnel ing  under  high l a t e ra l  field as discussed 
be low is the  in ter face  be tween  the po lyox  and n i t r ide  
under  the gate  region. Data  of Fig. 5 is consis tent  wi th  
this proposit ion,  because po lyox  deposi t ion at  h igh t em-  
pe ra tu re  improves  po lyox- in te r face  in tegr i ty .  There -  
fore, curve B requires  h igher  field for  the  onset  of the 
subthreshold  degradat ion.  

Ionic drif t  source.--I t  is shown above tha t  t he  ionic 
dr i f t  also causes the subthreshold  degradat ion.  Two-  
d imensional  analysis  indicates  tha t  the field at  the  edge 
of the device is the  same wi thin  50 nm along the hor i -  
zontal  and ver t ica l  direct ions (7). As the SiaN4 acts as 
a ba r r i e r  to the ionic mot ion in the ver t ica l  direction,  
ionic d r i f t  wi l l  cause a subthreshold  degrada t ion  only  
if  we assume a l a t e ra l  motion of these ions in the pres-  
ence of a l a te ra l  field. Snow et aL (8) r epor ted  a ,-, t'/= 
dependence  for the Na~- t r anspor t  th rough  the rma l ly  
grown SiO2 films, de l ibe ra te ly  con tamina ted  in aque-  
ous NaC1 solutions. This t ime dependence  can be a t -  
t r ibu ted  also to t empera tu re - f i e ld  induced emission of 
ions f rom t r app ing  centers  located near  the me ta l -  
n i t r ide  in ter face  at  the edge of the gate. The field de-  
pendence  of the ion t r anspor t  process is also consistent 
wi th  a t r app ing  model  ( low field end of Fig. 5). Such 
a t r anspor t  process is t he rma l ly  ac t iva ted  wi th  an 
act ivat ion energy  found in the presen t  case ~ 0.45 ___ 
0.0'5 (see Fig. 12). The va lue  obta ined in the  l inear  
region of Fig. 5 was ~ 0.55 __ 0.05, which  agrees  qui te  
wel l  wi th  this bench data. This va lue  is about  the  same 
for hydrogen  (proton)  ions in SiO~ (9).  The act ivat ion 
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Fig. 12. Subthreshold shift as a function of reciprocal of tem- 
perature (standard stress at 3.1 X lO ~ V/cm for 10 min). 

energy  for Na + in SiO2 is about  1.0 eV (8, 10, 11). 
The mobi le  ion contaminat ion  in the lots s tudied here  
was consis tent ly less than  5 • 1010 cm -2, which  can-  
not  expla in  the degree of degrada t ion  observed.  There -  
fore the charges causing the subthreshold  degrada t ion  
are  most  l ike ly  hydrogen  ions (protons) .  The source 
of these ions is p r e sumab ly  the t raps  N-H, S i -H  which 
are  i nva r i ab ly  presen t  in chemical ly  vapor -depos i t ed  
Si3N4 films (12, 13). However ,  if the re  is any  cavi ty  or  
void lef t  dur ing po ly  and polyox  processing, contami-  
nat ion l ike photores is t  residue,  we t  chemicals,  or  mois-  
ture  remain ing  dur ing  gate cleaning pr ior  to meta l l iza-  
t ion could be t rapped,  t he reby  causing a severe  sub-  
threshold  d e g r a d a t i o n .  Phys ica l  analysis  has indeed 
confirmed the presence of a void in the polyox edge. 

The de terminis t ic  evidence of the ionic source in the 
presence of such a faul t  region is c lear ly  es tabl ished 
when  a l if t-off  process is used for gate  meta l lurgy .  Re-  
sults of subthreshold  degrada t ion  using l i f t -off  and no-  
l if t-off processed devices are  shown in Fig. 13. The da ta  
c lear ly  demons t ra te  tha t  the source of the  ions is the 
contaminat ion  t r apped  at  the  po lyox  corner  a t  the 
me ta l -n i t r i de  edge of the gate region a n d / o r  the  
t r apped  ions at the me ta l -n i t r i de  interface.  I t  was 
often found tha t  cer ta in  lots showed subthreshold  
degradat ion,  while  phys ica l  analysis  did  not  detect  the  
presence of a void. In  such a case, the t r apped  ions at  
the me ta I -n i t r ide  in ter face  (i.e., N-H, S i -H  t raps)  is 
the only  source tha t  can exp la in  the sub threshold  
degradat ion.  

Thus, consistent  wi th  the analysis  of the results,  the 
subthreshold  degrada t ion  is cor rec t ly  descr ibed by  a 
two-mechan i sm model  as shown schemat ica l ly  in Fig. 
14, i.e., the accumula t ion  of the posi t ive charge at  the  
edge of the me ta l  gate which  images  into si l icon to 
create  an invers ion and thus causing the subthreshold  
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leakage  to occur by  w a y  of enhancement  in the drain 
current .  The accumula t ion  of this posi t ive charge is due 
to the surface ion migra t ion  away  from the edge of the  
meta l  gate into the  po lyox -n i t r i de  in ter face  and the 
e lect ron tunnel ing  f rom the p o l y o x - n i t r i d e  in ter face  
into the meta l  gate, especia l ly  at  h igh fields of ~- 3.5 • 
l0 s V/cm.  The mechanisms occur because of the pres -  
ence of l a t e ra l  field. 

Conclusion 
L o n g - t e r m  and sho r t - t e rm  re l i ab i l i ty  da ta  for  sub-  

threshold  degrada t ion  of M N O S  FET devices is ana -  
lyzed. Consistent  wi th  the results,  a two-mechan i sm 
model  is  shown to correc t ly  descr ibe the  observed  sub-  
threshold  degradat ion.  These two mechanisms are  iden-  
tified as e lect ron tunnel ing  and surface ion migra t ion  
in the presence of a l a te ra l  field. Electron inject ion is 
shown to occur f rom the po lyox -n i t r i de  in ter face  under  
the edge of the device, whi le  the source of the  ions is 
found to be wet  chemicals,  mois ture  t r apped  at  the  
po lyox  edge, a n d / o r  ions t r apped  at  the me ta l -n i t r i de  
irlterface. 
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Suppression of Mobile Ion Related Instability 
in Mo-Gate MOS Structures 

Tadatoshi Nozaki and Hidekazu Okabayashi 
Nippon Electric Company, Limited, Central Research Laboratories, Miyazaki, Takatsu-ku, Kawasaki, Japan 

ABSTRACT 

Electr ical  ins tab i l i ty  in Mo-gate  devices, caused by  the presence of mobi le  
ions, has been successful ly p reven ted  by  deposi t ing phosphosi l icate  glass 
(PSG)  film on Mo-ga te  me ta l  and ca r ry ing  out  high t empe ra tu r e  anneal ing  
af te r  PSG film deposit ion.  I t  is concluded tha t  mobile  ions were  ge t te red  into 
PSG film along the pe r ime te r  of Mo-gate  me ta l  a f te r  l a t e ra l  diffusion of mo-  
bile ions at  the me ta l -ox ide  interface.  The r a t e - l imi t ing  step was PSG film 
get te r ing  reaction,  which  was expressed  by  a f i r s t -order  reaction. React ion 
veloci ty  constant  act ivat ion energy was 1.3 ~ 1.6 eV. Mo-gate  MOSFET's ,  
having  good s tab i l i ty  in short  t e rm BT stressing, were  fabr ica ted  wi th  sat is-  
fac tory  reproducib i l i ty .  

Recently,  appl icat ions  of Mo film as a gate ma te r i a l  
in MOSLSI ' s  have been repor ted  (1-4). Mo film offers 
severa l  advantages  as a gate  ma te r i a l  in comparison 
wi th  convent ional  poly-Si .  Mo film has about  100 t imes 
lower  resis t ivi ty,  compared  wi th  poly-Si ,  and has 
smal le r  gra in  size resul t ing  in easiness in fine pa t t e rn  
formation.  Therefore,  high speed and high densi ty  
MOSLSI ' s  a re  promising.  

In  Mo-ga te  MOS devices, however ,  i t  is not  easy to 
es tabl ish s table  character is t ics  for the  me ta l -ox ide  
interface,  especia l ly  in suppression of mobi le  ion re -  
la ted  instabi l i ty .  The Mo-ga te  fabr ica t ion  process, in-  
c luding p reevapora t ion  step before  Mo film deposi t ion 
and washing wafers  in H3PO4 solution, was repor ted  
as a method  of ob ta in ing  mobile  ion con tamina t ion- f ree  
devices (5). However ,  this process is r a the r  complex. 

Key words: molybdenum, MOSFET, mobile ion, getterlng, 
phosphosilicate glass. 

Recently,  the effect of anneal ing  in H2/N2 mix tu re  gas 
on mobile  ion contaminat ion  reduct ion  was repor ted  
(4). However,  detai ls  of this effect are  not  wel l  known. 
MNOS s t ruc ture  was used to s tabi l ize th reshold  vol t -  
age (2), since silicon n i t r ide  film has a b locking effect 
against  mobile  ions. Mo-gate  s t ructures  wi th  gate oxide 
having a passivat ion effect, such as phosphorus-di f fused 
gate oxide (6) or  HC1 oxidized gate oxide (7, 8), wi l l  
be considered. However,  in these s tructures,  i t  is diffi- 
cult  to reproduc ib ly  form a thin gate oxide film a few 
hundred  Angs t rom thick whi le  main ta in ing  good r e -  
l i ab i l i ty  at  the me ta l -ox ide  interface  and main ta in ing  
the passivat ion effect. M o / p o l y - S i  l aye red  s t ruc ture  
gate was inves t iga ted  (9) in o rde r  to obta in  the same 
stable ga te -ox ide  interface  proper t ies  as a po ly -S i  gate. 

Dur ing  this work, the new procedure  for mobile  ion 
get ter ing in Mo-ga te  MOS devices was developed.  I t  
was found tha t  high t e m p e r a t u r e  annea l ing  af te r  PSG 
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film deposi t ion on Mo-ga te  me ta l  had  a pronounced 
effect on reduct ion  in mobi le  ion re la ted  instabi l i ty .  
The mechanism of this PSG anneal ing  effect was ex -  
amined  wi th  changing anneal ing  t ime and t empe ra tu r e  
using MOS diodes having different  areas. Mo-ga te  
MOSFET's  fabr ica ted  wi th  the  PSG anneal ing  process 
were  eva lua ted  by posi t ive BT stressing test. 

Experimental 
Mo-gate  MOS s t ructures  were  made  using t he rma l ly  

g rown 400A thick sil icon dioxide  film and 3000A thick 
spu t te red  Mo film on p - t y p e  sil icon subst ra tes  of 2 
3 fLcm resist ivi ty.  In  the case of diodes, the Mo film was 
annea led  at  t empera tu res  ranging  be tween  800 ~ and 
l l00~ before  overcoat ing film deposi t ion on Mo-ga te  
metal .  In the case of FET, the  Mo film was annea led  at  
1000~ in o rde r  to ensure  f la tband vol tage sa tu ra ted  
value  (5) and implan ted  As a tom elect r ica l  ac t ivat ion 
to form source and dra in  region. Mo film anneal ing  was 
accomplished in n i t rogen a tmosphere  wi thout  any  Mo 
film surface oxidat ion.  CVD SiO2 or  PSG film was used 
as an overcoat ing film on Mo-ga te  metal .  Af te r  SiO2 
or  PSG film deposit ion,  high t empera tu re  anneal ing  in 
n i t rogen a tmosphere  was car r ied  out  for a lmost  a l l  de -  
vices, in o rder  to examine  the effect of the  high t em-  
pe ra tu re  anneal ing  on mobi le  ion re la ted  f la tband or 
threshold  vol tage ins tabi l i ty .  

BT stress tests were  made  in o rder  to examine  mobi le  
ion re la ted  ins tab i l i ty  of f la tband voltage.  Gate  bias was 
main ly  2 or  4V. Tempera tu re  and t ime were  200~ and 
30 min, respect ively.  F l a t b a n d  vol tage was measured  
by  high f requency  C-V method.  

Results and Discussion 
PSG annealing e#ect on flatband voltage instability 

under positive BT stressing.--A large  amount  of f lat-  
band vol tage (VFB) shif t  in the negat ive  direct ion was 
observed for  Mo-ga te  MOS diodes under  posi t ive  BT 
stressing. F igure  1 shows the amount  of VFB s h i f t  
(IAVFBI) for diodes fabr ica ted  wi th  changing Mo film 
anneal ing  t empe ra tu r e  at  800% 900 ~ 1000 ~ and ll00~ 
Almost  constant  2 ~- 4 V[hVFBI values  were  observed.  
VFB recovers  to its in i t ia l  value,  if  the  diode is hea ted  
wi th  zero or  negat ive  bias a f te r  posi t ive BT stressing. 
These large  VFB shifts may  be due to mobile  ion mi -  
gra t ion f rom the me ta l -ox ide  in ter face  to the  s i l icon-  
oxide interface,  as was repor ted  by  Yanagawa et aL 
(5). Consider ing negl ig ib ly  smal l  VFB shif t  under  neg-  
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Fig. 1. ] AVFB [ and mobile ion density vs. Mo film annealing 
temperature for diodes fabricated without PSG annealing. 

at ive BT stressing, mobile  ion dens i ty  was es t imated  
from these IaVFBI values  to be app rox ima te ly  1 ~ 3 X 
1012 cm-% 
It was found that a large amount of VFB shift could 

be avoided by depositing PSG film on Mo-gate metal 
and carrying out high temperature annealing after PSG 
film deposition. Figure 2 shows the results of positive 
BT stress tests on diodes having PSG overcoating film 
with different phosphorus content, together with the 
results of diodes having SiO2 overcoating film. High 
temperature annealing at 1000~ for I0 or 30 min 
was carried out after PSG or SiO~ overcoating film 
deposition for all devices, except one. SiO2 overeoating 
film shows no stabilization effect, even though high 
temperature annealing at 1000~C was carried out. In 
the case of annealing for i0 min, poor stabilization 
effect was observed for PSG film with about 1 weight 
percent (w/o) phosphorus content. However, good 
stabilization effect was obtained for more than 9. w/o 
phosphorus content, showing minimum iAVFBI con- 
stant value for higher phosphorus content. When an- 
nealing was carried out for 30 rain, good stabilization 
effect was obtained, even for PSG film with about 1 
w/o phosphorus content, and VFB shift was negligibly 
small for more than 9. w/o phosphorus content. In the 
experiments described hereafter, PSG film with about 
4 w/o phosphorus content was used. Diodes fabricated 
with PSG annealing at 1000~ for i0 min had 0.03 
0 . 1 V  V F B  shift, which corresponds to 2 ,~ 5 X 10 t~ 
cm -2 mobile  ion density.  In the case of anneal ing  for 
30 min, the remain ing  VFB shift  was less than  0.01V, 
corresponding to less than 5 X 109 cm -2  mobi le  ion 
density. However,  these remain ing  VFB shifts were  
found to be dependent  on diode area, as descr ibed in 
the next  section. In this section, c i rcular  diode wi th  
180 ~m radius  was used. 

PSG anneal ing  effect was found to be quite sensi t ive 
to anneal ing  tempera ture .  F igure  3 shows the resul ts  of 
posi t ive BT stress tests on diodes fabr ica ted  wi th  an-  
neal ing at  800 ~ 900 ~ and 1000~ for 10 min. 1 ~ 2 X 
1012 cm -2 mobile  ion densi ty  was observed for  annea l -  
ing at  800~ which is almost  the same as that  of diodes 
fabr ica ted  wi thout  PSG annealing.  PSG anneal ing  
effect was observed for  annea l ing  at  900~ and good 
s tabi l izat ion effect was obtained,  as in the results  in 
Fig. 2, for anneal ing  at  1000~ 

Mechanism of mobile ion related instability suppres- 
sion by PSG annealing.--Although the mobi le  ion con- 
t aminan t  is not  definite at present ,  sodium m a y  be 
responsible,  as in the paper  r epor t ed  by  Yanagawa 
et al. (5), where  the coincidence of ac t ivat ion energy  
of VFB change in the  Mo-ga te  s t ructures  measured  by  
BT stressing with  that  of sodium ions was repor ted.  
K e r r  et al. (6) repor ted  Al -ga t e  MOS device s tab i l iza-  
t ion by  forming a phosphosi l icate  l ayer  on the gate  
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Fig. 2. I ~VFB I vs. phosphorus w/o in PSG film for diodes fab- 
ricated with and without annealing. 
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oxide surface pr ior  to metal l izat ion.  Yon et al. (10) re -  
por ted  sodium ion accumula t ion  in a phosphosi l icate  
l aye r  formed b y  phosphorus  diffusion into a gate  oxide 
film, which  was heav i ly  con tamina ted  wi th  NaC1. Con- 
s ider ing these studies, the present  resul ts  suggest  that  
sodium ions are  ge t te red  dur ing  h igh  t empe ra tu r e  an-  
neal ing into PSG overcoat ing  film or ge t te red  into a 
phosphosi l icate  layer ,  which  might  be formed on a 
gate oxide l aye r  resul ted  f rom phosphorus  diffusion 
f rom PSG overcoat ing film, since SiO2 overcoat ing film 
showed no s tabi l iza t ion effect, as shown in Fig. 2. 

F igure  4 shows the resul ts  of posi t ive BT stressing 
on three  kinds  of diodes having  different  areas. The 
sodium ion contamina t ion  level  was a lmost  the same 
for these three  kinds of diodes fabr ica ted  wi thout  PSG 
annealing.  However ,  diode a rea  dependence  of PSG an-  
nea l ing  s tabi l iza t ion effect was observed,  as in the re -  
sults in Fig. 4. Some amount  of sodium ion dens i ty  r e -  
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mained  for  the diode having the la rges t  area,  in con- 
t ras t  to negl ig ible  sodium ion dens i ty  for the o ther  two 
diodes. 

PSG film get ter ing  of sodium ions a f te r  sodium ion 
diffusion th rough  Mo-ga te  meta l  or phosphorus  diffu- 
sion into Mo-ga te  meta l  f rom PSG film, resu l t ing  in the 
format ion  of a phosphosi l icate  l ayer  at  the  me ta l -ox ide  
interface,  can be ru led  out for the mechanism of P S G  
anneal ing  s tabi l izat ion effect, because of difficulty in  
expla in ing  the diode area  dependence  of this effect. 
Therefore,  i t  is adequa te  to consider  l a t e ra l  diffusion of 
phosphorus  or  sodium ions. 

As ment ioned in the previous  section, VFB shift  w a s  
negl ig ib ly  smal l  for diodes having 180 ;~m radius  a f te r  
PSG anneal ing  at  1000~ for 30 min. If  a phosphosi l i -  
cate  l ayer  is fo rmed b y  the phosphorus  l a t e ra l  d i f -  
fusion, diffusion length  wil l  be the  same diode radius  
o rder  of 180 #m. Thus, the phosphorus  l a te ra l  diffu- 
sion coefficient is es t imated  to be about  2 X 10-7 
cm2/sec, which  is a pp rox ima te ly  1010 l a rge r  than  
phosphorus diffusion coefficient in bu lk  SiO2 (11). 
This value  is anomalous ly  large,  even though the en-  
hancement  of phosphorus  diffusion at  the  me ta l -ox ide  
interface occurs. Therefore,  phosphorus  l a t e ra l  diffu- 
sion need not  be taken  into considera t ion and PSG film 
ge t te r ing  along the pe r ime te r  of Mo-ga te  meta l  a f te r  
sodium la te ra l  diffusion can be considered as a mecha-  
nism. In this case, a considerable  r a t e - l im i t i ng  step is 
sodium ion l a te ra l  diffusion or  PSG film get ter ing  re -  
action of sodium ion. As shown in Fig. 3, for diodes 
having 180 ~m radius,  PSG film s tabi l iza t ion effect was 
not  observed for PSG anneal ing  at  800~ for 10 min. 
For  this PSG anneal ing  condit ion sodium diffusion 
length  is es t imated to be about  1000 ~m using sodium 
diffusion coefficient of about  2 X 10-~ cm2/sec at  800~ 
which was ex t rapo la t ed  f rom the diffusion coefficient at  
t empera tu res  lower  than 300~ (12, 13), assuming 1.4 
eV (12-14) as an act ivat ion energy.  This diffusion 
length is much la rger  than  t h e  180 ~m diode radius.  
Thus, the  PSG film get ter ing  react ion is considered to 
be a r a t e - l imi t ing  step. 

F igure  5 shows the PSG anneal ing  t ime dependence  
of [hVFB] wi th  changing PSG anneal ing  t e m p e r a t u r e  
from 800 ~ to l l00~ for square  diodes wi th  880 #m sides. 
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Fig. 5. [ •  VS. PSG annealing time with PSG annealing 
temperature ranging from 800 ~ to i100~ 
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Mobile  ion dens i ty  N decreases exponent ia l ly  wi th  PSG 
annea l ing  time, as in the  behavior  of I hVFBJ, since N --  
Co" ]AVFBI/q, where  q is an electronic charge and Co 
is a ga te -ox ide  capaci tance per  uni t  area. Thus, PSG 
get te r ing  react ion is expressed to be a f i r s t -order  reac-  
tion, such as 

- -dN/dt  oc N [1] 
As ment ioned  before,  PSG film get te r ing  react ion takes  
place only  along the pe r ime te r  of Mo-gate  metal .  
Therefore,  Eq. [!]  mus t  be modified to 

- -dN/dt  = k N L / A  [2] 

where  A, L, and k are  diode area, per imeter ,  and reac-  
t ion veloci ty  constant,  respect ively.  F r o m  Eq. [2], N 
can be expressed  as the fol lowing equat ion 

N -- No exp ( - - k L t / A )  [3] 

where  No is mobile  ion dens i ty  for diodes fabr ica ted  
wi thout  PSG anneal ing.  I t  is clear,  f rom Eq. [3], tha t  
N at  fixed PSG anneal ing  condit ion increases wi th  in-  
creasing diode area, since L / A  is, for example ,  p ro -  
por t ional  to ( radius)  -1 for  c i rcular  diodes. Equat ion 
[3] is r ewr i t t en  as 

[ln (No~N) ] - 1  = r / ( 2 k t )  [4] 

for  ci rcular  diodes wi th  radius  r. This re la t ionship  
agrees  wi th  expe r imen ta l  results,  which  are  shown in 
Fig. 6. 

The reac t ion  veloci ty  constant  a t  each PSG an-  
nea l ing  t empera tu re  was obta ined  f rom the  slope of 
the s t ra igh t  lines in Fig. 5 for square MOS diodes. For  
c i rcular  MOS diodes, react ion veloci ty  constant  was ob-  
ta ined  f rom the slope of the s t ra ight  lines in Fig. 6 and 
also .from resul ts  s imi lar  to tha t  in Fig. 5. The resu l tan t  
react ion veloci ty  constant  plot  as a funct ion of 1/T is 
shown in Fig. 7. In obta in ing the react ion veloci ty  
constant ,  a geometr ic  pe r ime te r  was used. However ,  
the effective per imeter ,  where  PSG film get ter ing  of 
sodium ions takes  place, is considered to be smal le r  than  
geometr ic  pe r ime te r  for square diodes. This leads to 
l a rge r  react ion veloci ty  constant  than  tha t  in Fig. 7 
for square diodes. 1.3 ~ 1.6 eV act ivat ion energy  was 
obta ined  for PSG film get te r ing  reaction. 

Short term positive BT stressing to MOSFET fabri- 
cated with PSG annealing.--Figure 8 shows the re -  
sults of short  t e rm posit ive BT stress tests wi th  f rom 
2 to 16V gate vol tage for FET's  fabr ica ted  with  PSG 
anneal ing  process. In the case of FET, PSG anneal ing  at  
1000~ for 10 min was enough to p reven t  mobile  io:~ re-  
la ted  threshold  vo l tage  instabi l i ty ,  since gate  a rea  is 
ve ry  small ,  as compared  wi th  diodes. I t  is c lear  in Fig. 
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constant k. 

8 that  FET's fabr ica ted  in severa l  lots show good s ta -  
b i l i ty  in threshold voltage.  

S u m m a r y  
Mo-gate  MOS devices fabr ica t ion  process was inves t i -  

gated to suppress mobile  ion r e l a t ed  ins tabi l i ty .  By 
per forming  high t empe ra tu r e  anneal ing  af ter  PSG film 
deposit ion on Mo-gate  metal ,  mobile  ion re la ted  ins ta-  
b i l i ty  has been successfully suppressed.  The newly  de-  
veloped mobile  ion get ter ing  technology is expected to 
p lay  an impor tan t  role in fabr ica t ion  of s table  Mo-gate  
MOS devices in large  scale production.  A de ta i led  sum-  
m a r y  of this s tudy is as follows. 

1. In  order  to ensure suppression of mobile  ion r e -  
la ted instabi l i ty ,  PSG anneal ing  t empe ra tu r e  at  1000~ 
and phosphorus content  of more  than  2 w /o  in PSG 
film were  needed. 

2. PSG film get ter ing  react ion of mobi le  ions occurs 
along the pe r ime te r  of Mo-ga te  meta l  af ter  l a t e ra l  dif-  
fusion of mobile  ions at  the me ta l -ox ide  interface.  

3. Ra te - l imi t ing  step was PSG film get te r ing  reac-  
tion, which was expressed  by  a f i r s t -o rder  reaction.  

0"81 2000C, 30rain 
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"~" 0 . 4 j  Each symbol corresponds to a different lot. 

- - 0 . 2  / t I I I I I I I 
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Fig. 8. Threshold voltage shifts (AVT) vs. gute voltage in positive 

BT stressing. 
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Act iva t ion  energy  of reac t ion  veloci ty  constant  was 
found to be 1.3 N 1.6 eV. 

4. Mo-ga te  MOSFET's ,  having  good s tab i l i ty  in shor t  
t e rm BT stressing, were  fabr ica ted  wi th  sa t i s fac tory  
reproducib i l i ty .  
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Silicon by Sodium Reduction of Silicon Tetrafluoride 
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SRI International, Menlo Park, California 94025 

ABSTRACT 

High pur i ty  silicon can be p repa red  f rom the react ion of Na wi th  SiF4 to  
form Si and NaF. The SiF4 is obta ined from inexpens ive  H2SiF6 by  prec ip i ta -  
t ion and decomposi t ion of Na2SiF6. Concentrat ions of B and P are  %ach in the 
0.1 p p m  wt range in the p roduc t  St, s epa ra t ed  f rom NaF  by  aqueous leaching.  

Silicon is an impor t an t  ma te r i a l  in modern  semicon-  
ductor  technology and is finding increased use in solar  
cells for the photovol ta ic  genera t ion  of electr ici ty.  Each 
appl ica t ion  presents  special  r equ i rements  for the pu r i t y  
of the silicon. Cer ta in  e lements  (Ti, Zr, Mo, V, Cr, Fe)  
have been found to be de t r imen ta l  to the opera t ion  of 
silicon solar  cells by  act ing as recombina t ion  t raps  
when present  in concentrat ions  of as l i t t le  as 0.01-1 
ppba  (1, 2). Low cost silicon of high pur i ty  is needed 
to foster  the cont inued deve lopment  of solar  photo-  
vol taic  systems. Wi th  today ' s  technology, app rox i -  
ma te ly  20% of the total  cost for the manufac tu re  of 
a solar  cell is ascr ibed to the silicon mate r i a l  produced 
by  the convent ional  hydrogen  reduct ion of chloro-  
silanes. I t  has been es t imated  (3) tha t  the cost of 
silicon mus t  be reduced  f rom its p resen t  level  of at 
least  $70/kg to about  $14/kg (in 1980 dol lars)  to achieve 
acceptance for use in solar  photovol ta ic  panels. We 
have developed a process tha t  offers a p a t h w a y  to an 
indus t r ia l  method that  satisfies this cost requi rement .  
The s ta r t ing  ma te r i a l  is fluosilicic acid, H2SiF6, a low 
cost waste  by -p roduc t  of the  phosphate  fe r t i l izer  in-  
dus t ry  (4). SiF4 gas is p r epa red  f rom H2SiF6 and is 
reac ted  wi th  sodium meta l  to produce a mixed  react ion 
produc t  consisting of Si and  NaF. Aqueous leaching is 
used to separa te  NaF  from g ranu la r  St. 

The SiF4-Na Process 
The overa l l  process consists of three  ma jo r  steps: 

s t e p  1, p rec ip i ta t ion  of Na2SiF6, fol lowed by  SiF4 gen- 

* Electrochemical Society Active Member. 
Key words: silicon, solar cells, sodium, silicon tetraituoride. 

eration; step 2, Na reduction of SiF4; and step 3, sepa- 
ration of Si from the Si-NaF mixture. A flow diagram 
of the process steps is shown in Fig. i. The sequence 
of reactions is described below. 

Generation o~ SiF4 (step 1).--Fluosilicic a c i d  
(H2SiF~) of commercia l  grade  [23 weight  percen t  
(w/o)  ] was used d i rec t ly  as received wi thout  purif ica-  
tion or  special  t rea tment .  Sodium fluosilicate, Na2SiF6, 
was prec ip i ta ted  by  adding solid sodium fluoride di-  
rec t ly  to the as - rece ived  H2SiF~. The mix tu re  w a s  
s t i r red  overnight  at room t empera tu r e  in a po lyp ropy-  
lene tank. The superna tan t  liquid, containing most ly  
HF and some H2SiF~, was decanted,  and the Na2SiF6 
precip i ta te  was f i l tered on a plast ic  Buchner  funnel .  The 
fluosilicate was washed wi th  cold dist i l led wa te r  to r e -  
m o v e  HF and H2SiF6 and dr ied  in an oven at  200~ A 
min imum yie ld  of 92% was obta ined  for 1 kg batches  
of pure  Na2SiFG as de te rmined  by  x - r a y  diffraction. 
The product  Na2SiF6 is a nonhygroscopic whi te  powder  
that  is ve ry  s table  at room t e m p e r a t u r e  and thus p ro-  
vides an excel lent  means  for s tor ing the silicon source 
before it is decomposed to SiF4. 

As SiF4 is needed, the Na2SiF6 can be thermally 
decomposed (Fig. I) at 650~ in a graphite-lined, 
gas-tight stainless steel retort. In separate experiments, 
it was determined that SiF4 gas at a pressure of 0.4 atm 
is in equilibrium at 650~ with solid Na2SiF6 and NaF. 
Accordingly, gaseous SiF4 evolved at 650~ was con- 
densed as a white solid in a storage cylinder cooled by 
liquid nitrogen, attached to the retort. The SiF4 gas was 
allowed to expand by warming of the storage cylinder 
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Fig. !. Three-step method for silicon production 

to room temperature  and was fed into the reactor a s  
needed. SiF4 gas prepared in this manne r  was deter-  
mined by mass spectrometric analysis to be more pure 
than commercial  grade SiF4, as shown in  Table I. Ions 
formed from the sample gas were identified from the 
observed mass numbers ,  isotopic distribution, and 
threshold appearance potentials. The detection l imit  
was bet ter  than  0.005%. Positively identified gaseous 
impuri t ies  are listed in  Table I; no metall ic impuri t ies  
were detected. Peaks corresponding to B compounds, 
such as BFs, were specially checked, bu t  none were 
found. 

Although the SiF4 produced from H2SiFe had less 
impuri ty,  the commercial grade SiF4 was also used for 
exper imenta l  convenience. The possible presence of 
metall ic impuri t ies  in commercial SiF4 was determined 
by  bubbl ing  the gas through high pur i ty  H20 and heat-  
ing the resul t ing s lurry  with an excess of HF to drive 
off Si as SiF4. The final clear solution was then ana-  
lyzed by  plasma emission spectroscopy (PES).  The 

Table I. Mass spectrometric analysis of SiF4 

SiF4 prepared at SRI SiF, 
Ion f r o m  H~SiF6 (%) commercial (%) 

SiFs* 96.9 93.6 
SisOF6+ 3.04 4.24 
SiOFs+ ~ 1.79 
CCI~+ --  0.159 
SO=F~+ 0.076 0.098 
Si~2F~+ -- 0.081 
SOs* - -  0.035 

results are listed in Table II, together with PES anal -  
ysis of the waste by-product  H2SiF6 and the NaF used 
to precipitate Na2SiF6 (step 1, Fig. 1). Comparison of 
the first two columns of Table II  with column three 
shows that  the concentrations of some elements, e.g., Li, 
B, V, Mn, Co, K, and Cu, were unchanged by precipita-  
tion of Na2SiF6, whereas the elements Mg, Ca, A1, P, 
As, and Mo were diminished by a factor of 5-10. Some 
elements were concentrated into the Na2SiF6, namely  
Cr, Fe, and Ni. The fourth column in Table II is repre-  
sentative of the impur i ty  content  to be found in SiF4 g a s  
prepared on a commercial  scale. The low content  of P 
is of special significance for both semiconductor a n d  
solar cell applications. Elements known  to reduce solar 
cell efficiency (V, Cr, Fe, Mo) are uni formly  low in  
commercial grade SiF4. Only Mn, As, and  A1 are of 
comparable concentrations in  both Na2SiFe and SiF4 at 
the I ppm or less level. 

SiF4-Na reaction (step 2).--The central  operat ion of 
the pure Si process (step 2, Fig. 1) is the reduct ion of 
SiF4 by Na according to the reaction 

SiF4(g) -}- 4Na(1) --> Si(s)  ~- 4NaF(s)  [1] 

Although this reaction is thermodynamical ly  favored 
at room temperature  (AG%9s K ---- -- 146 kcal /mole Si),  
it has been found exper imenta l ly  that  Na has to be 
heated to about 150~ before any appreciable reaction 
can be observed. Once the reacting has been initiated, 
the released heat (AH~ -- --164 kcal /mole  Si) 
raises the temperature  of the reaction Na, which in 
tu rn  increases the reaction rate. Under  adiabatic con- 
ditions, a temperature  of 2200 K is predicted for re-  
action [1] with the stoichiometric quanti t ies of SiF4 
and Na. In practical reactors, rapid consumption of 
gaseous SiF4 produces a pressure decrease. The kinetic 
behavior of reaction [1] is complex because of the 
in terplay of several  factors, e.g., pressure of SiF4, va-  
porization of Na, local temperature,  porosity of two 
solid products, and t ransport  of SiF4 and Na vapor 
through the product crust that forms on the l iquid Na. 

Although only p re l iminary  studies have been made 
of the kinetics, the general  features of reaction [1] 
have been surveyed. In  a series of experiments  to esti- 
mate reaction temperatures,  5g of Na were loaded in  a 
Ni crucible (3 cm ID, 4 cm high) and heated in  SiF4 in i -  
tially at 1 atm pressure. The Na surface tarnished at 

:around 130~ with the formation of a thin b rown film. 
.~ks the temperature  increased, the color of the surface 
filrri gradual ly  changed from light b rown to brown 
and finally to almost black. The SiF4-Na reaction be-  
came rapid at 160 ~ _ 10~ and l iberated a large 
amount  of heat, as indicated by  a sudden rise in  re-  

Table II. Plasma emission spectroscopy analysis, 
parts per million (wt) 

Element H2SiF6 a NaF b Na~SiF6 SiF~ 

Li 0.1 0.2 0.01 
Na 460 d 1.8 
K 9.0 8.0 0.3 
Mg 55 6.4 2.3 
Ca 110 10 18 1.6 
B 1.0 0.8 <0.01 
A1 8.0 <2 .5  1.3 1.2 
P 33 5 0.08 
As 8.8 0.2 0.28 
V 0.3 < 5  0.3 <0.01 
Cr 0.8 <3.5 8.8 <0.01 
Mn 0.2 < 4  0.4 0.16 
Fe  13 <7  38 0.04 
Co 0.54 0.7 <0.01 
Ni  1.17 < 8  4.2 <0.01 
Cu 0.12 <4 0.6 <0.01 
Zn 1.4 1 <0.01 
Pb 14.5 5 0.03 
Mo 11 1.0 <0.01 

23 w/o waste by-product of phosphate fertilizer production. 
b Emission spectroscopy. 
c Commercial grade. 
d Major l ine.  
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act ion t empera tu re .  As shown in Fig. 2, the  pressure  in  
the reac tor  typ ica l ly  decreased s l igh t ly  unt i l  the  t em-  
pe ra tu re  increased  sharply ,  wi th  an associated rap id  
decrease in SiF4 pressure .  The reac t ion  lasts for  severa l  
seconds only. Fo r  SiF4 pressures  be low 0.3 arm, the r e -  
act ion mass was observed  to glow at a dul l  r ed  heat.  
Fo r  h igher  pressure ,  a character is t ic  flame was ob-  
served. The shor tes t  reac t ion  t ime (20 sec) and  the 
h ighest  t empera tu re s  (about  1400~ were  obta ined  
when  the in i t ia l  pressure  of SiF4 was a round  1 atm. In  
addit ion,  complete  consumpt ion of Na was ob ta ined  for  
1 a rm SiF4. When  sca l e -up  of this  reac t ion  was a t -  
t empted  b y  loading l a rge r  amounts  of Na, i t  was 
found tha t  as the  dep th  of the  Na pool increased,  the 
amount  of Na r ema in ing  unreac ted  also increased.  The 
produc t  formed a crust  on top of the Na surface, bu i ld -  
ing a diffusion ba r r i e r  for  the  reactants .  As the ba r r i e r  
thickness  increased,  the reac t ion  s lowed and even tua l ly  
s topped.  

On the basis of p r e l i m i n a r y  s tudies  of the pa rame te r s  
tha t  affect reac t ion  [1], a sys tem was developed tha t  is 
capable  of p roduc ing  Si a t  the  ra te  of 0.5 k g / h r  in a 
ba tch  mode. The reac tor  is shown schemat ica l ly  in Fig. 
3. The upper  section of the  Na dispenser  is coated in -  
t e rna l l y  wi th  epoxy  resin on al l  P y r e x  glass surfaces 
tha t  m a y  contact  Na. 

Sodium chips were  p r e p a r e d  by  feeding 225g blocks 
of sodium (6 cm d iam rod, cut longi tud ina l ly )  into a 
food processor  using a b l anke t  of argon to minimize 
contact  wi th  a tmospher ic  oxygen  and moisture.  Whi le  
Na chips were  be ing  in t roduced  into the  top of the 
s torage chamber  of the d ispenser  (2 kg capaci ty) ,  d r y  
argon flowed up th rough  the chamber.  The Na chips 
were  t r ans fe r red  f rom the s torage chamber  to the r e -  
ac tor  b y  means  of a hor izonta l  "hoe" mechanism. 
Downward  flow of Na chips in the  s torage chamber  was 
a ided  by  agi ta t ion  of the  ver t ica l  rod. 

The lower  section of the reac tor  was made  of  Inconel  
(20 cm diam, 90 cm high)  and  was fi t ted wi th  a sheet  
nickel  l iner  (18 cm diam, 60 cm high)  and an inner  
l iner  of sheet  Grafo i l  (18 cm diam, 90 cm h igh) .  The 
outside of the Inconel  reac tor  was w r a p p e d  wi th  four  
sets of heavy  du ty  e lect r ica l  hea t ing  tapes ( ra ted  for 
use to 800~ which were  covered wi th  Kaowool  in-  
sulat ion (1.3 cm thick) .  The top of the Inconel  reac tor  
and  the flanges tha t  connect to the P y r e x  Na dispensing 
section were  w a t e r  cooled. 

In  ope ra t ing  the  reactor ,  the  sys tem was first  evacu-  
ated, then filled wi th  SiF4 gas to a p ressure  of about  1 
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Fig. 2. $iF4-Na reaction: pressure and temperature profiles 

Fig. 3. Schematic of 18 cm diam Inconel reactor 

atm. React ion was in i t ia ted  as soon as Na chips were  
d ropped  to the bot tom of the  reactor ,  which  was p re -  
hea ted  to 400~ Reaction was sus ta ined by  manua l ly  
adding Na chips at a ra te  sufficient to ma in ta in  a given 
SiF4 flow rate, as ind ica ted  b y  an electronic f lowmeter.  
The m a x i m u m  flow ra te  used was 380 l i ters  SiF4/hr ,  
corresponding to an addi t ion  ra te  of about  1.4 kg N a / h r  
and a product ion ra te  of 0.5 kg S i /hr .  Dur ing  the 
opera t ion  of the Inconel  reactor,  the  t e m p e r a t u r e  of the  
reactor  wal ls  in the region of the  reac t ion  products  rose 
to 600~176 as ind ica ted  by  ex te rna l  thermocouples .  
The t e m p e r a t u r e  of the n ickel  l iner  reached  the mel t ing  
t empera tu re  of NaF  (998~ indica ted  b y  mol ten  NaF  
observed on the outside of the n ickel  l iner  nea r  seams 
as the react ion zone progressed  upward .  

Af te r  each SiF4-Na run  was completed,  the react ion 
products  comple te ly  occupied the cy l indr ica l  space in-  
side the Ni -Gra fo i l  l iner.  The reac t ion  products  were  
pulver ized  wi th  plas t ic  equipment ,  and  rout ine  checks 
were  made  for the presence of unreac ted  Na b y  acid 
t i t rat ion.  An  impor t an t  p a r a m e t e r  regu la t ing  the ra te  
and ex ten t  of the  react ion is the su r face - to -vo lume  
rat io  of the Na feed. For  the 18 cm d iam Inconel  reac-  
tor, no unreac ted  Na was observed in the  react ion 
products  even for  the  highest  Na addi t ion  ra te  used 
(1.4 k g / h r )  when the Na chips had a surface  to volume 
ra t io  of about  20 cm -1. 

The re la t ive  amounts  of Si, NaF, and  Na2SiF6 were  
convenien t ly  de te rmined  by  x - r a y  diffract ion using 
s t andard  mixtures .  The weight  f ract ion of Na2SiF6 was 
de te rmined  from the rat io  of the peak  intensi t ies  of 
Na2SiF6 and KC1 reference  addit ive.  The method  is 
r ap id  and accurate  to about  _--4_- 5%. The presence of 
Na2SiF6 was also cross-checked by  the rmograv ime t ry .  
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The presence of Na2SiF6 in the reaction product mix-  
ture is an indication of possible side reaction according 
to 

SiF4 ~- 2NaF--> Na2SiF8 [2] 

which is the reverse of the decomposition reaction used 
for SiF4 generation in step 1 (Fig. 1) of the overall  
process. 

When the reactor walls are kept above 600~ the 
formation of by-product  Na2SiF6 was less than 2 w/o. 

Separation (step 3).--The reaction product obtained 
by the SiF4-Na reaction [1] is a porous, brown mass. 
This intimate mixture of NaF and Si is readily sepa- 
rated by aqueous leaching. The Si product obtained 
after leaching is a brown crystalline powder with par-  
ticle sizes ranging from submicrometers up to 150 ~m. 
Some of the various morphological forms observed in 
this powder are shown in Fig. 4. Leaching is performed 
using 1.0N HC1 in a polypropylene container, although 
other acids such as H2SO4, CHsCOOH, and I-IF are 
equally effective. The acid normali ty can vary in the 
range 0.1-1.0N without affecting the leaching process, 
which may be monitored by measuring the F -  and Na+ 
concentrations in the leachant using ion selective elec- 
trodes. When the F -  concentration is about 10 -5 mole/ 
liter, leaching is stopped. The acidification of the leach 
solution is a precautionary measure to prevent  increase 
in local pH due to reaction of tt~O with Na, which 
could, in turn, result in Si loss by oxidation according 
to the reaction 

Si -b 2H~O -~ SiO2 + 2H~ [3] 

It has been determined (6) experimentally that during 
leaching in IN acid, Si can be oxidized at an initial rate 
of 15 weight percent per hour. The rate of oxidation in- 
creases with increased F -  ion concentration in solutions 

with pH in the range of --0.8 to 10. The contact time 
may be minimized by using forced filtration, which 
yields a 98% complete recovery of Si. Differences in 
leaching rate due to particle size of the products, tem- 
perature of the leaching bath, and amount of stirring 
were found to be important  only during the first min- 
utes of leaching. 

Purity of Silicon 
Several analytical methods have been used to char- 

acterize the very low levels of impuri ty elements in the 
silicon leached from the products of SiF4-Na reaction 
[1]. Generally, each of the methods is used at the Iimit 
of resolution for several elements. For comparison, a 
reference sample of high puri ty Si was analyzed in a 
similar manner to provide a check of spurious readings 
caused by sample preparation, background effects, and 
instrumental limitations. The reference material  was 
commercial polycrystalline semiconductor grade Si 
with resistivity greater  than 1 X 10~ ~ cm. 

In Table lII, the uncertainty in the methods of emis- 
sion spectroscopy and spark source mass spectrometry 
has been taken into account by selecting representative 
average concentrations based on several analyses. A 
range is indicated for (Fe, Cr, and Cu) where wide 
variations occur because of its importance, phosphorous 
was also determined by a wet chemical cotorimetric 
method (5). 

Discussion 
The process sequence shown in Fig. 1 was selected 

because of the inherent simplicity of the steps and 
their independent and combined suitability for scale- 
up. Some purification occurs during precipitation (step 
1, Fig. 1) for Mg, Ca, A1, P, and As due to the high 
solubility of their fluosilicates and fluosalts. Some con- 
centration takes place for Cr, Fe, and Ni, and this effect 

Fig. 4. Morphologies of Si pro- 
duced in the SiF4-Na reaction: 
(a) fine powder, (b) branches, 
(c) cubes. 
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Table III. Representative silicon impurity content, 
parts per million (wt) 

Element SRI Si . Semiconductor Si 

B 0.1 0.1 
P 0.2 (0.09) b 0.3 
As  c c 
A1 0.8 0.4 
Ga 0.06 0.1 
Ti  2.0 0.2 
Zr 0.01 <0.3 
MO 0.3 e 
V 0.04 <0.3 
Cr <3.5d 0.8 
Mn O.l c 
Fe < 7  d <0.3 
Co 0.5 0.5 
Ni 2.0 4 
Cu < 4  a 0.2 
Zn 0.01 15 
F 0.1 <0.1 
Na 1.0 9.0 
K 0.01 <0.1 
Ca 1.0 0.1 
Mg 0.1 c 

a Polycrystalline sil icon for  s ingle  crystal  growth.  
b Wet chemical  analysis.  

Not  observed.  
a Emissioa spectroscopy; all others,  spark source mass spec- 

trometry. 

may be due to coprecipitation of these elements as 
fluorides since their  fluosilicates are very soluble. From 
Table II, i t  is clear that  most of the purification is ac- 
complished as a result  of the thermal  decomposition in 
step 1 (Fig. 1). Most t ransi t ion metal  fluorides are 
very stable condensed phases at 650~ the temperature  
of decomposition in step 1 (Fig. 1) and, tneremre,  wilI  
stay in the solid. In addition, volatile fluorides formed 
dur ing the decomposition of fluosalts such as Na2TiF6 
and Na2ZrF6 wil l  condense upon cooling of the SiF4 
gas s t ream from step 1. The condensed mater ia l  is then 
removed from the gas mains t ream by in- l ine  fume 
particle filtration. Mass spectrometry did not detect the 
presence of any metall ic or dopant  impur i ty  (Table I) 
in  ei ther the SRI produced gas or in the commercial  
SiF4 gas. The analysis done on the SiF4 by passing 
the gas through high pur i ty  water  was based on the 
hypothesis that  fluoride impurit ies should be hydro-  
lyzed and /or  trapped in  the SiO2 formed. The results 
listed in Table II show that the level of metal  impur i -  
ties in the result ing SiO2 is so low that, for practical 
purposes, the SiF4 can be considered free of metall ic 
impurities.  

The Na feed, reactor materials,  and possible con- 
taminat ion  of the product dur ing handl ing remain  as 
possible sources of impuri t ies  in the St. 

The impuri t ies  in Na can be divided roughly  into 
three types according to their tendency to react with 
SiF4, as classified by the free energy of reaction. The 
first type of impur i ty  includes a luminum and elements 
from the groups IA, IIA, and IIIB. The free energy of 
reaction of SiF4 with these impuri t ies  ranges from 
--100 to --200 kcal /mole SiF4 at room temperature  and 
from --50 to --100 kcal /mole SiF4 at  1500 K. It is ex- 
pected, therefore, that  even when these impurit ies are 
present  at the ppm level, they will react with the SiF4 
to form the corresponding fluorides. Subsequently,  the 
fluorides will be dissolved preferent ia l ly  in the NaF 
phase. The second type of impur i ty  includes t ransi t ion 
metals such as Mo, W, Fe, Co, Ni, and Cu, and the ele- 
ments  P, As, and Sb. These elements exhibit  positive 
free energies of reaction in  excess of 100 kcal /mole 
SiF4 and are not expected to react with SiF4. However 
it is an exper imenta l  fact that  the silicon resul t ing 
from the SiF4-Na reaction contains amounts  of Fe, 
Ni, and Cr in proportion to the concentrat ion of these 
elements in the Na feed. The mechanism by which 
these metals are t ransferred to the silicon has not yet  
been studied. In  any case, the concentrat ion of Fe, Cr, 
Ni, and also Ti can be decreased by a factor of about 
104-I06 for single-pass directional  solidification or the 

Czochralski crys ta l -pul l ing procedures used present ly  
for solar cell manufacture .  At the resul t ing levels, t h e s e  
elements would not be de t r imenta l  to solar cell per-  
formance (1). Boron represents a third type of im-  
purity. The free energy of reaction of this e lement  with 
SiF4 is positive bu t  small  (5-20 kcal /mole  SiF4 f o r  
temperatures  up to 1500 K) ; therefore, some p a r t i a l  r e -  
a c t i o n  can be expected and B will be dis tr ibuted be-  
tween the NaF and Si phases. I t  is noted that  the levels 
of the dopant  elements, B, P, and As in  SRI silicon a r e  
the same as in the semiconductor silicon used as ref-  
erence. Since i t  is convenient  to h a v e  dopant  levels a s  
low as possible to permit  flexibility in  subsequent  dop- 
ing procedures for semiconductor and solar cell appli-  
cations, the low B and P content  (Table III)  of Si pro- 
duced by the SRI process is of advantage. The possibil- 
i ty of contaminat ion from the reactor materials  w a s  
minimized by the use of Ni and Grafoil l iners (Fig. 3) 
that  completely contained the reaction products and 
avoided contact or impur i ty  t ransfer  with the r e a c t o r  
walls. The Ni l iner  served merely  as a mechanical  r e -  
t a i n e r  for the Grafoil sheet and did not contact the solid 
mixed reaction product. Both Ni and Inconel were s e -  
l e c t e d  for use in the reactor (Fig. 3) because of their  
stabil i ty in the presence of fluoride compounds. 

Contaminat ion during handl ing  was, after the Na 
feed, probably the second most impor tant  source of 
impur i ty  pick up. Airborne dust could have contacted 
the products either dur ing their removal  from the re-  
actor or during sampling. Furthermore,  al though elec- 
tronic grade acid and deionized water  were used for 
leaching the NaF, the large volume of l iquid used could 
have contr ibuted to the accumulat ion of impur i ty  in  
the silicon. Finally,  al though the pur i ty  of the silicon 
produced by the SiF4-Na reaction is appropriate for 
solar cell manufacture,  it is expected that  by prepurifi-  
cation of the commercial grade Na used and by avoid- 
ing contaminat ion during handling,  semiconductor 
grade silicon could be produced. 

Conclusion 
We have shown exper imenta l ly  that  high pur i ty  S i  

can be prepared as a powder using the inexpensive 
starting materials H2SiF6 and Na. Favorable  thermo- 
dynamics of the reduction step, easily controlled ki-  
netics, and abundan t  avai labi l i ty  of inexpensive s tar t -  
ing materials make this method attractive. Of special 
interest  for semiconductor applications are the low con- 
centrations of B and P impuri t ies  in the product St. 
The Si produced by the SiF4-Na reaction, if purified 
fur ther  by directional solidification, should be a low 
cost mater ia l  suitable for the manufac ture  of s o l a r  
cells. 
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ABSTRACT 

After an exhaustive reevaluation of the contact printing processes, photo- 
resist sticking to the photomask surface is identified as the principal cause of 
patterning defects and a preventive measure is developed. This process, called 
surface conversion for antisticking (SURCAS), facilitates a reduction in defect 
density by about one-fourth compared to conventional contact printing. This 
technique opens the way for improvement of current LSI fabrication, and 
moreover should be useful in ultrafine pattern lithography down to 1 ~m 
in the near future. 

Photo l i thographic  technology has been successively 
improved  and has dominan t ly  cont r ibu ted  to an in-  
crease in LSI  packing  densi ty  by  almost  a factor  of two 
every  yea r  over  the last  decade. On the other  hand, it  
has also been shown (1, 2) tha t  low device y ie ld  is 
ma in ly  due to pa t t e rn ing  defects formed in photo-  
l i thography.  Present ly ,  LSI ' s  wi th  l ines and spacings 
of 3 #m or  less a re  jus t  going into commercia l  p roduc-  
tion. When posi t ive photoresists ,  ins tead  of negat ive  
ones, are  used in combinat ion wi th  a contact  pr inter ,  i t  
seems ra the r  easy to del ineate  1 #m fine pat terns .  How- 
ever, pa t t e rn ing  defects due to f ragi l i ty  of the base 
resin i tself  have appea red  as the most serious problem.  
Therefore,  a new technique to reduce pa t t e rn ing  defects 
is u rgen t ly  needed to ful ly  ut i l ize the  high resolut ion of 
posit ive photoresis ts  for LSI  fabricat ion.  In the last  
severa l  years,  g rea t  progress  has been made  by  using 
a 1:1 projec t ion  a l igner  in y ie ld  improvement .  Still ,  its 
resolut ion l imit  is recognized to be about  2 gm. 

In this work,  the contact  p r in t ing  process is r e e x -  
amined  in de ta i l  focusing on pa t t e rn ing  defects. The 
invest igat ion has r evea led  tha t  s t icking of photores is t  
pieces on photomask  surfaces is the dominant  cont r ibu-  
tor. This photomask  to photores is t  adhesion phenome-  
non is ana lyzed  based on the d ry  adhesion mechanism 
repor ted  ea r l i e r  (3). And  finally, a novel  technique to 
effect ively p reven t  sticking, i.e., surface conversion for  
ant is t icking (SURCAS) ,  is developed.  

Theoretical Treatment 
It  has become a ma t t e r  of common knowledge  that  

photoresis t  to subs t ra te  adhesion is improved  by  sur-  
face conversion of subs t ra te  wafers  wi th  organic com- 
pounds such as HMDS. 1 

Our  exper iments  revea led  an inconsistent  phenome-  
non; when the same conversion t r ea tmen t  is appl ied  to 
a photomask  surface, photoresis t  to pho tomask  adhesion 
is d ras t ica l ly  weakened.  This inconsistency is solved by  
two different  adhesion mechanisms,  d ry  and wet  ad-  
hesion (3). 

Key words :  pho to l i t hography ,  con tac t  p r in t ing ,  p a t t e r n i n g  de- 
fects ,  adhesion,  sur face  convers ion,  

~ Hexarne t  hy ld i s i l azane :  (CH~) ~SiNH.Si(CH3) ~ 

Since there  is no l iquid in the  contact  pr in t ing  p ro -  
cess, adhesion in pho tomask-pho tores i s t - subs t ra te  sys-  
tem is ana lyzed  according to the d ry  adhesion mecha-  
nism as out l ined below. Adhesion be tween two ma te -  
rials, i.e., photomask  to photoresis t  and photoresis t  to 
subs t ra te  wafer ,  is eva lua ted  by  dispers ion in terac t ion  
as follows 

Wa(MR) -- 2 ('TM%R d) [1] 

Wa(MR) : 2 (TROTS d) [2] 

where  the suffixes M, R, and S denote the photomask,  
photoresist ,  and subs t ra te  wafer  respect ively,  Wa is 
the work  of adhesion indica t ing  the affinity be tween  
two mater ia l s  denoted by  suffixes, and  ~d is the  d isper -  
sion component  of surface free energy.  Since adhesion 
increases wi th  Wa, the photoresis t  wil l  s t ick to the 
photomask  ra the r  than  the subs t ra te  when 

Wa(MR) > WaCRS) [8] 

Subs t i tu t ing  formulas  [1] and [2] into [3] produces  

~d > ,ys d [4] 

Consequently,  to p reven t  the photores is t  st icking, ,yM d 
must  be smal ler  than  7s d. 

The values of 7d were  eva lua ted  for var ious  mate r ia l s  
commonly used in the semiconductor  indust ry ,  as 
shown in Fig. 1. The most  impor t an t  poin t  is that  a 
convent ional  ch romium mask  washed wi th  organic  
solvents shows a h igher  7d va lue  than  any other  sub-  
s t ra te  mater ia l .  Thus, photores is t  s t icking can be ex-  
pected with  the above consideration.  On the other  hand, 
7d of the SURCAS mask  is the lowest,  indica t ing  a low 
adherence  to photoresist .  

Experimental 
Wa~er inspect~on.--Two series of wafer  inspect ion 

tests were  carr ied  out wi th  each object. The first series 
was to classify the pa t t e rn ing  defects in convent ional  
processes. The second was for y ie ld  comparison wi th  
and wi thout  SURCAS. In the first series, 20 wafers,  
each including 80 chips of 9 m m  2 die, a re  processed 
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Fig. 1. Measured 7~ values for various substrate materials and 
photomask. Clear and shaded column of each material indicate 
surfaces before and after conversion treatment, respectively. 

under standard MOS fabrication, including six lithog- 
raphy steps. A positive photoresist Shipley's AZ1350J, 
chromium hard surface raask~ and Cobilt's contact 
printer  AF 2800H were used. Wafers were inspected 
just after the four l i thography steps by optical micro- 
scope. In normal inspection, 100X magnification is 
sufficient and, when needed, 1000• magnification per-  
mits detection of defects as small as 0.5 micron. For 
yield comparison 15 and 30 mm 2 dies were examined 
in the second series. Wafers were processed under same 
conditions except for photomask pretreatments.  

Surface conversion.--As reported earlier (4), an SiO~ 
surface is converted into hydrophobic nature through 
the following reaction with HMDS 

2SiOH + (CI-Is)aSiNHSi (CHa)8 

-~ 2SiOSi(CHa)8 + NI~ [5] 

where SiOII denotes surface silanol group on SiO2 film. 
Since HMDS reactivity with SiO2 surface is extremely 
high compared to the alcohols, the above reaction is 
completed by exposing the SiO2 to HMDS vapor at 
about 100~ for several minutes. Furthermore,  at our 
laboratory, more effective conversion agents were 
found. These are silane derivatives with the following 
fluorocarbon chain 

(CF~) ~CFO (CH~) ~Si (CHs) C12 

Heptafluoroisopropoxypropylmethyldichlorosilane (TF- 
silane in abbreviation) 

CFs ( CH2 ) 2Si (CHa) C12 

Trifluoropropylmethyldichlorosilane-(3F- silane in ab- 
breviation). These F-silane compounds were also so re- 
active that the SiO2 surface could be converted by ex- 
posure to their vapors. 

Characterization o] converted surface.--As men- 
tioned, photomask-photoresist  and photoresist-sub- 
strate adhesion can be accurately evaluated by the 
dispersion component of their surface free energy -t d. 
This parameter  was controlled through the surface 
conversion technique and estimated by measuring the 

contact angle of iodomethylene, CH212, according to 
Fowkes' theory (5). Contact angles were measured by 
the sessile drop method using a goniomicroscope. 

Dry adhesion test.--The procedure of the dry adhe- 
sion test is i l lustrated in Fig. 2. Silicon wafers of 3 in. 
diam were oxidized in steam oxygen at ll00~ to 1 
#m thickness. Then, various surface conversion t reat-  
ments were applied to control the 7s d of SiO2. The 
SiO2 film was selectively etched to form 900 islands of 
1 mm 2 die throughout the wafer by conventional photo- 
lithography. After the photoresist was removed, other 
photoresist patterns, 32 ~m square and 1 #m thick, were 
formed. At the same time, photomasks were also pre-  
pared through various hydrophobic Conversions. Then, 
the wafer and the photomask were pressed on to each 
other using a contact printer  for 5 min. After  removal 
of the photomask, the wafer was inspected to count the 
number of removed photoresist patterns, i.e., /V dry, 
under an optical microscope. In this work, N dry count- 
ing was restricted to the tops of SiO2 islands where  
it is considered better. 

Results and Discussion 
Classification of patterning defects.--Although wafer 

inspection with an optical microscope is painstaking 
work, it  is nevertheless one of the most effective ways 
of classifying and determining the cause of patterning 
defects. In this report, inspected defects were divided 
into the following five categories according to shape, 
color, clarity, or opaqueness, etc. Elemental analyses by 
microprobe were also helpful in some cases. 
Dust.--Despite stringent efforts to minimize dust, it  
remains as one of the main defect components. Some 
typical examples of dusts detected in this work are 
as follows: stainless steel dust from the planetary hot 
plates of chemical vapor deposition apparatus; hillocks 
and clusters formed in vacuum evaporation of metal 
films; some clear pieces from plastic wafer  cassettes 
used in the rotary dryer; and so~called dust from am- 
bient, oven, mask aligner etc. 

Sticking.--Photoresist pieces stick on the photomask 
surface. A birds-eye view of a photomask surface pro- 

Fig. 2, Procedure of dry adhesion test 
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Table I. Classification of inspected patterning defects 

Lithography steps 
Total share 

Category 1 2 3 4 ( % ) 

(1) dust 1 5 10 8 27 
(2) sticking 15 7 7 1 22 
(3) exposure 

interruption 4 12 5 3 27 
(4) mask defect 4 0 0 7 12 
(5) others 4 3 1 2 11 

Fig. 3. Typical examples of inspected patterning defects. (a) 
Photoresist pieces stuck to photomask surface; (b) sticking results 
as patterning defect on the wafer where photoresist is stripped off; 
(c) and (d) stuck photoresist pieces interrupt exposure resulting in 
photoresist residues of similar shape at similar locations on differ- 
ent two wafers. 

cessed with eight wafers using contact pr in ter  is shown 
in  Fig. 3(a) .  In  this photograph, a nonpat te rned  mask 
plate is used to expose the stuck photoresist pieces in  
the incl ined light. These stuck photoresist pieces re-  
sult in wafer defects such as shown in Fig. 3 (b).  

Exposure interruption.--The stuck photoresist pieces 
cause other kinds of pa t te rn ing  defects on the wafer 
as shown in Fig. 3 (c) and (d). Two wafers, which were 
successively processed, are shown wi th  similar  resist 
pat terns formed at s imilar  locations on both wafers. 
These pat terns are due to exposure in ter rupt ion  by the 
stuck photoresist pieces. 

Mask defects.--Even when chromium hard surface 
mask are used, damage to the photomask is inevi table  
because soda-l ime glass hardness is less than that  of 
Si or SisN4. Mask defects will  also in te r rup t  exposure 
and result  in  defects similar to those ment ioned above. 

Others.--Patterning defects not classified into the pre-  
ceding four categories and ~hose thought to be the re-  
sult of special accidents are included in this category, 
e.g., mechanical  damage due to handling,  pa t te rn ing  
faults due to droplets of developer. 

Pa t te rn ing  defects are dis tr ibuted among the five 
causes as summarized in Table I. As ment ioned above, 
since exposure in te r rup t ion  originates from sticking, it  

can be seen as causing up to 50% of pa t tern ing defects 
in  convent ional  contact prints.  This conclusion leads 
us to the development  of SURCAS to prevent  photo- 
resist sticking. 

Results of dry adhesion test.--One example of a 
wafer put  through the dry adhesion test is demon-  
strated in Fig. 4. Photoresist pat terns of 32 ~m square 
on a wafer before (a) and after (b) contact with 
photomask. In  these photographs, 1 m m  white squares 
and letters (R and r) are delineated in SiO2 film of 1 
~m thickness, the remain ing  part  is Si substrate. Obvi-  
ously, the photoresist pat terns on the SiO2 islands are 
favorably diminished, in this case 80%, whereas almost 
all pat terns stay on the portion of the wafer outside the 
islands. The SiO2 islands seem to serve our  purpose by 
making photomask-wafer  contact be t te r  at this ad-  
dress. However, after e x a m i n i n g  all addresses on the 
wafer, it is seen that N dry tends to disperse, and in  ex- 
treme cases no pa t te rn  was removed from the island. 
This fact indicates that the wafer comes in contact 
with photom'ask in a different manne r  from point  to 
point. Though the contact p r in te r  is not a sufficient ap- 
paratus from the s tandpoint  of a modeling experiment,  
it was adequate to relate our modeling concept to 
practical production processes. Considering those ex-  
per imental  difficulties, at least 70 addresses were ex- 
amined and average value was taken as N dry for each 
wafer. The relationship between the sticking frequency, 
N dry in percent  and the dry adhesion factor ~dry is 
shown in Fig. 5. This factor is defined as the ratio of 
the work adhesion ment ioned above 

[dry = Wa(MR)/Wa(RS ) -~ (TMd/~s d) F. [6] 

From the definition, photoresist pat terns are expected 
to stick to the photomask when ~dry exceeds unity.  This 
premise is completely confirmed by  the results shown 
in  Fig. 5. Here, the negative photoresist OMR 83, the 
commercial  product of Tokyo Ohka,  was also tested in 
addition to positive AZ1350J. The fact that  the above 
results fit for both polymers, poly(cis-isoprene) and 
phenol-novolak,  respectively, indicates the broad ap- 
plicabil ity of our  adhesion model. 

Yield comparison with and without SURCAS.--Ac-  
cumulated defect densities are plotted against  the 
number  of photolithographic steps in Fig. 6. Two 
series of wafer inspection results on 30 and 15 mm 2 
dies are shown as circles and squares, respectively. 

Fig. 4. Photoresist patterns on 
a wafer before (n) and after (b) 
contact with photomask. White 
squares and letters are de- 
lineated in Si02 film of 1 ~m 
thickness, the remaining part is 
Si substrate. 



VoI. I28, No. 1 P A T T E R N I N G  D E F E C T S  187 

Fig. 5. Relationships between the number of stuck photoresist 
patterns, N dry in percent, and dry adhesion factor fdry. 

The b lack  and whi te  symbols  cor respond to processes 
wi th  and wi thout  SURCAS. Eve ry  defect  densi ty  is 
normal ized  b y  die a rea  for  comparison.  

A dramat ic  improvemen t  in reduc ing  defect  density,  
a lmost  to one- four th  at  the final stage, is c lear ly  ap-  
pa r en t  f rom this figure. In  this wafe r  inspection, photo-  
res is t  s t icking is p r inc ipa l ly  observed  on the tops of 
the  subs t ra te  steps" as expected  f rom the resul ts  of 
the  d ry  adhesion test. I t  is also no tewor thy  that  the  
r e m a r k a b l e  increase  dur ing  l i thography  steps 4 and 5 
is ma in ly  caused by  dust  in t roduced  in the  chemical  
vapor  deposi t ion process. Consider ing tha t  pa t t e rn ing  
defects a re  affected by  the var ious  factors, dispers ion in 
the inspected da ta  wi th in  the  same process is not  un-  
expected.  

The u t i l i ty  of contact  p r in t ing  using a posi t ive photo-  
resis t  combined wi th  the  SURCAS mask  is demon-  
strated.  The process enables  de l inea t ion  of ul t raf ine 
pa t t e rn  down to 1 ~m at  f a i r ly  low defect  densities.  
Dust  remains  as main  cont r ibu tor  to pa t t e rn ing  defects. 
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Heavy Ion Nuclear Tracks--An Emerging Technology 
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ABSTRACT 

Nuclear  t racks  are  a logical  ex t rapola t ion  of the  pr inciples  of  c loud  a n d  
bubble  chamber  onto solids. Besides thei r  we l l - known  appl ica t ion  in par t ic le  
detection, in solids a comple te ly  new aspect  arises, the genera t ion  of ex t r eme ly  
fine pe rmanen t  tracks,  which can be t rans formed  into o p e n  channels.  Nuc lea r  
t racks  are  therefore  a unique s ing le -par t ic le  s t ruc tur ing  tool. Appl ica t ions  
comprise  (i) single hole membranes  for par t ic le  counting and sizing, (ii) 
manufac ture  of microfi l ters  wi th  very  uni form hole sizes, (iii) modification of 
magne to-op t ic  mate r ia l s  for  appl ica t ion  in d i sp lay  memories ,  and  (iv) micro-  
machin ing  of surfaces. 

One measure  for the rap id  pace of technological  ad-  
vancement  is the s teady ref inement  of our  machin ing  
tools. If we ex t rapo la te  the exist ing t rend  f rom me-  
chanical  machining to par t ic le  beam scribing, a single 
par t ic le  technique appears  as the  u l t imate  approach  for 
the shaping and machin ing  of solid surfaces. The nu-  
clear  t r ack  technique (1) is ac tua l ly  such a tool, now 
at the verge of be ing  appl ied  in practice.  In  contras t  to 
photon and e lect ron l i thography,  in which only the 
in teract ion of many  par t ic les  is capable  of genera t ing  a 
pe rmanen t  ma te r i a l  change, in the t r ack  process the in-  
format ion  on number ,  nuclear  charge, energy,  and di-  
rect ion of single par t ic les  is mainta ined.  Nuclear  t racks  
are  thus capable  to produce holes of un i form size, 
length, and angle  of inclination.  Beyond the product ion 
of discrete holes, the technique in a more genera l  sense 
can be appl ied  for the shaping of a lmost  any  mater ia l ,  
e i ther  d i rec t ly  or  using repl ica  techniques. 

One necessary r equ i remen t  for a sys temat ic  s tudy of 
nuclear  t racks  as a s ing le -par t i c le  micros t ruc tur ing  
tool has been the adven t  of powerfu l  heavy  ion ac-  
celerators.  Such a faci l i ty  is the accelera tor  UNILAC 
(2) at GSI Darmstadt .  A t  GSI  nuclear  t racks  can be 
genera ted  with  defined beam isotope, areal  dose, range,  
and angle of incidence in v i r t ua l ly  any ma te r i a l  (3). 
In the following, four  s tar t ing points for a prac t ica l  
ut i l izat ion of t racks  in technology are  described.  

Single Hole Membranes  

In medical  diagnostics the charac ter iza t ion  and sor t -  
ing of single l iv ing cells s teadi ly  gains in importance.  
This field is now es tabl ished under  the name "flow cy -  
t o m e t r y  and sort ing." Its goal  of ident i fy ing ind iv idua l  
cells is achieved using a cap i l la ry  tha t  reduces the o b -  
served volume to a fine cy l inder  containing only one  
cell at  a t ime. The passage of a cell  th rough  this cyl in-  
der  is reg is te red  e i ther  opt ica l ly  or electr ical ly.  Up to 
now, cell counters and sorters  wi th  capi l lar ies  down to 
about  10 ~m have been used, whe reby  typical  values,  
however ,  ranged  a round  100 sin. 

In 1977, i t  became possible for the first t ime to gen-  
era te  a t  wi l l  a single nuclear  t rack  at  a specified site 
of an e lsewhere  comple te ly  v i rgin  solid body (4). This 
method for convenient  product ion of single hole mem-  
branes  developed at  GSI  works  as follows. 

The ion beam is defocused to a width,  so tha t  on the  
average  only very  few par t ic les  pass through a smal l  
beam-def in ing  ape r tu re  pe r  second. Once an ion has 
passed the ape r tu re  i t  pene t ra tes  th rough  the t r ack -  
sensi t ive virgin foil and is regis tered  in an electronic 
par t ic le  detector.  As soon as i t  is regis tered,  the ac-  
ce lerator  beam is shut  off. Through etching of the foil  
a single hole is obta ined  which corresponds to the pass-  
age of exac t ly  one single par t ic le  (cf. Fig. 1). Using a 
ta rge t  inlet  system for rap id  rep lacement  of the i r -  
r ad ia ted  foil b y  a virgin foil, in this way  a considerable  

Key words: heavy ions, nuclear tracks, lithography, microfilters. 

number  of single hole membranes  for test  purposes  has  
been genera ted  at  GSL 

The nuclear  t rack  technique enables  the  manufac -  
ture of channels as smal l  as 10 nm and as large  as 100 
~m in diameter ,  control led  by  the t ime of development .  
Foils more  than  100 ~m thick have been pe r fo ra ted  up 
to now at GST. The ac tua l  shape of the e tched channel  
is defined by  the sens i t iv i ty  of the mater ia l ,  given by  
the rat io  of t r ack  etching to genera l  (bulk)  e tching 
vt/vg at a given specific energy  loss hE/hx of  the  
pene t ra t ing  ion. Track  etching vt can be  more  than  
thousand t imes fas ter  than  genera l  e tching vg. This 
enables  the manufac ture  of a lmost  cyl indr ica l  cones 
which for  pro longed etching t rans form into cylinders.  

In blood rheology single hole membranes  of 5 ~m 
hole d iam have been successful ly appl ied  for  r ig id i ty  
measurements  of ind iv idua l  red  blood cells ( approx i -  
mate  d iamete r  8 ~m) (4-6).  Observed pa rame te r  is the  
passage t ime of the red  blood cell, defined by  the 
plastic deformat ion  of the cell membrane  from an 
obla te  to a pro la te  shape. At  present ,  GSI  is the only  
faci l i ty  capable  of manufac tu r ing  ,single hole mem-  
branes wi th  d iameters  smal le r  than  10 ~m in mem-  
branes of sufficient thickness.  This unique single pa r -  
ticle appl icat ion clarifies the  concept of the nuc lea r  
t rack  technique as a s ing le -par t ic le  s t ruc tur ing  tool. 

Microf i l ters 
Convent ional  filter mate r ia l s  as fibrous felts  or  o p e n -  

porous foams are defined in thei r  p roper t ies  by  severa l  

Fig. 1. Single hole for use in single hole cell counting apparatus 
(4-6). Hole diameter 5.0 #m, hole length 45 ~m. Material: 50 #m 
thick Hostaphan BN 50 (Kalle, Wiesbaden, FRG). Irradiation: One 
single ~36Xe ion of 4.7 MeV/nucleon. Development: 70 min in 1/3 
6n NaOH ~ 1/3 H20 -I- 1/3 methanol at 40~ Observation: 
Scanning electron microscope. 

188 



Vol  128, No. I HEAVY ION NUCLEAR TRACKS 189 

parameters,  which are from each other dependent, pa-  
rameters as temperature, concentration of various in- 
gredients, and environmental factors. Particles sus- 
pended in the liquid are following intr icate paths 
within the filter and finally are retained in the volume 
of the filter. The filter transmission function is broad 
and not well suited for classification of microscopic 
particles. 

In contrast hereto, nuclear t rack filters (Fig. 2) are 
determined by very few parameters,  which are prac- 
t ical ly  independent from each other and can be pre-  
cisely adapted to the required transmission properties 
of the filter (7): (i) each individual ion generates 
exactly one nuclear track, therefore, it  is easy to ad- 
just the throughput conductivity of the filter which is 
proportional to the number of holes; (ii) hole diam- 
eter increases l inearly with the time of development, 
therefore, it  is easy to adapt  the hole size to the actual 
critical particle size; and finally, (iii) hole length corre- 
sponds to the thickness of the i r radiated foil. Therefore, 
the total filter selectivity corresponds directly to the 
selectivity of the single hole. 

Due to the statistical distribution of the original nu- 
clear tracks on the filter surface, multiple holes of 
larger cross section occur. This leads to a mutual  de- 
pendence of two of the originally independent param-  
eters:hole size and areal density of tracks. The in- 
fluence of multiple holes on filter properties has been 
investigated in computer simulation using square holes 
(8) and compared with image analysis of etched nu- 
clear tracks in mica (9). An upper limit for the t rans-  
mission of particles of given size is given by the "areal 
transmission function" Ts (Fig. 3). Only at very high 
"nominal porosity" P (defined as the product of areal 
t rack density, N, and single hole area, $1), uncommon 
to conventional filters, the influence of multiple holes 
on transmission properties becomes important. For 
thick filters this influence can be minimized using i r -  
radiations under different angles. 

Nuclear track filters using fission fragments from a 
nuclear reactor have been available since 1972.1 This 
has been the first example of a commercial use of single 
atomic particles as a structuring tool. At  GSI, heavy 
ions up to ten times the range of fission fragments are 
available at present, making possible nuclear track 
filters with a hundredfold increased mechanical 
strength. In addition, the applied ion beam technology 

1 Nuclepore Corporation, Pleasanton, California 94566. 
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Fig. 3. Areal transmission function Ts, defined as fraction of 
holes with larger area than S, representing an upper limit for the 
actual transmission function. Points: image analysis (9). Lines: 
computer simulation (8). 

enables the manufacture of almost paral lel  hole arrays 
(cf. Fig. 2). 

M a g n e t o - O p t i c  G a r n e t s  
Iron garnets are a group of materials that were origi- 

nal ly conceived and developed for use in bubble mem- 
ories, where high domain wall mobili ty is a prerequi-  
site. More recently, Philips Research Laboratory in 
Hamburg became interested in applying the same group 
of materials as an optical storage. In order to avoid 
cross-talk between neighboring storage cells, the mag- 
neto-optically active iron garnet film was subdivided 
into a regular a r ray  of discrete islands, each island 
representing a logical ' T '  or a "0", depending on its 
magnetization. 

Another way to obtain a stable optical memory from 
the original high mobili ty garnet mater ial  was opened 
by heavy ion irradiat ion of an otherwise unstructured 
iron garnet film. Thereby, nuclear tracks act as very 
efficient pinning centers (Fig. 4), drastically reducing 
the originally high domain wall mobili ty by  more than 

Fig. 2. Nuclear track filter manufactured with high energy heavy 
ions. Hole diameter 0.7 #m, hole length 49 /~m. Material: 50 Fm 
thick Hostaphan BN 50 (Kalle, Wiesbaden, FRG). Irradiation: 
1.6 X 107 cm - 2  l~SXe ions of 4.7 MeV/nucleon. Development: 
42 hr 99% in NaOH ~- i %  Tickopur R33 (Brinkmann Instru- 
mentenbau GmbH, Mannheim, FRG) at 40~ Observation: scanning 
electron microscope. 

Fig. 4. Pinning of magnetic domain walls by etched nuclear 
tracks. Material: epitaxial (Gd, Bi)8(Fe,Ga)5012 garnet film. Irradia- 
tion: 3 • 106 cm - 2  Xe ions of 1.4 MeV/nucleon. Development: 
3 hr 1/3 HNO~ -I- 1/3 CH3COOH -F 1/3 H20 at 80~ Observa- 
tion: light microscope, Faraday contrast using polarized light. 
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a fac tor  100 (10-14). The pinning effect resides in the 
in terac t ion  of magne t ica l ly  deac t iva ted  l a t en t  t racks  
wi th  the  domain  walls,  whe reby  each t r app ing  process 
dissipates wal l  ene rgy  in the  form of heat.  Thus, on the 
average,  the  coerc i t iv i ty  of domain  wal l  movement  is 
increased.  I r r ad i a t ed  films can therefore  ca r ry  much 
finer domain  pa t t e rn  than  vi rgin  films. In format ion  
densit ies of severa l  hundred  ki lobi ts  pe r  cm 2 have been 
achieved up to now. An impor t an t  aspect  of such a 
modified magne to-op t ic  s torage mate r i a l  is that ,  due to 
the high opt ical  contrast,  m e m o r y  and d isp lay  can be 
rea l ized in one and the same device. This reduces un -  
necessary shuffling back  and for th  of in format ion  be-  
tween memory  and d isp lay  in a computer  appl icat ion.  

Heavy  Ion L i thography  

In  so l id-s ta te  technology more  and more  components  
have  to be compressed onto smal le r  and  smal le r  areas. 
Mainta in ing  s imul taneous ly  cr i t ical  cross sections of 
conductors  becomes a ma jo r  p rob lem in p l ana r  tech-  
nology using light,  u.v., x - rays ,  or electrons. Thereby,  
high l a te ra l  resolut ion is no longer  a sufficient condi-  
tion. Much more stress has to be p laced on obta in ing 
be t te r  control  over  dep th  profiling. Grea t  efforts a re  
under taken ,  using, e.g., mul t ip le  layers  of mater ia ls ,  
to en la rge  the p l ana r  technology concept into depth.  
However,  any  fu r the r  progress  wil l  depend ve ry  essen- 
t ia l ly  on the capabi l i ty  of the  appl ied  technique to gen-  
e ra te  a l a t e ra l ly  wel l -def ined ac t iva ted  zone tha t  ex-  
tends down to the des i red  depth. 

For  this purpose,  heavy  ion nuc lea r  t racks  appear  
to be an a lmost  idea l ly  su i ted  tool (15, 16). In  contras t  
to o ther  techniques using photons or  electrons,  heavy  
par t ic les  possess a momen tum and energy  concent ra-  
t ion tha t  is severa l  orders  of magni tude  higher.  Only  
heavy  par t ic les  a re  subjec t  to a quasi -cont inuous  en-  
e rgy  loss on the i r  t r a j ec to ry  and thus, come to a hold 
at  a n ice ly  defined depth. Range s t raggl ing  of in-  
d iv idua l  heavy  ions can be of the o rde r  of only  a few 
percent .  In contras t  hereto,  for photons and electrons 
an equiva lent  t e rm for " range"  can only  be defined 
ra~her a rb i t r a r i l y  as a gross p r o p e r t y  of many  pa r -  
ticles, via the  exponent ia l  law of extinction.  Eve ry  
ind iv idua l  heavy  ion thus creates a submicron size 
penci l  of sensit ized resis t  a long its path,  tha t  can be 
used as a resolut ion element.  The d iamete r  of the la ten t  
t rack  is a round  10 nm which can be considered as the 
u l t imate  resolut ion l imi t  (present  exper imen ta l  resolu-  
t ion l imi t  is a round  50 nm) .  Ind iv idua l  par t ic le  b e a m  
scribing may  a t ta in  this u l t imate  l imi t  in the future.  

At  GSI, a shadow cast ing technique (15, 16) has 
been developed,  using low energy  heavy  ions f rom a 
300 kV accelerator.  F igure  5 shows the obta ined  deep 
s t ructures  wi th  steep edges and a smooth bottom. 
Negl igible  mask  sca t ter ing  is observed in this micro-  
graph. Also, due to the much smal ler  rad ia t ion  damage  
in metals  (higher  atomic mobi l i ty )  i t  should be possible 
to make  m a n y  replicas of one meta l  mask  in this way.  
Sput te r ing  the reby  should be a negl igible  effect, due to 
the smal l  dose accumula ted  over  many  exposures.  In  
the case of Fig. 5 the  res is t  l aye r  was th icker  than  the 
ion range.  Even pro longed etching showed no measu r -  
able  influence on s t ruc tur ing  depth  in this exper iment .  
This proves the capabi l i ty  of the appl ied  technique to 
sensitize a defined volume down to a wel l -def ined  
depth. Depth  resolut ion of the  o rde r  of a few percen t  
should be possible. In many  cases a more  precise  defi- 
ni t ion m a y  be achieved by  te rmina t ion  of the etch a t -  
tack, in a t rack  or  etch insensi t ive bur ied  l aye r  or sub-  
strafe.  

Appl ica t ion  of heavy  par t ic les  to l i thography  has an-  
o ther  inheren t  advan tage  over  x - r a y s  and electrons.  
Due to the ve ry  high specific energy  loss of heavy  ions 
in solid ma t t e r  (often more  than  10 k e V / n m )  not  only  
convent ional  resist  mater ia l s  can be sensit ized bu t  
equa l ly  well  an a lmost  un l imi ted  number  of differ-  
en t  mater ia ls .  F o r  example ,  the  res is t  coat ing step in 
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Fig. 5. Heavy ion lithogram of metal mask (courtesy P. Tischer, 
Siemens AG, Munich, Germany) inscribed into high resolution photo- 
resist. Material: polymethyl methacrylate (PMMA) layer on silicon 
substrate (courtesy P. Tischer, Siemens AG, Munich, Germany). 
Irradiation: 3 • 10 TM argon ions per cm 2 at 720 keV particle 
energy. Distance between metal mask and photoresist was approxi- 
mately 1 mm. Development: 10 min methyl isobutyl keton plus iso- 
propanol 1:3. Observation: scanning electron micrograph of cross 
section. 

silicon technology can be rep laced  by  a much s imple r  
oxidizing step lead ing  to a "resis t"  (passivat ion)  l aye r  
of much be t te r  defined thickness.  Even pure  silicon can 
be t rack-sens i t ized  using heavy  ion i r rad ia t ion  and 
t ransforming  the inscr ibed in format ion  into s t ruc ture  
dur ing a l a te r  select ive e tching process (Fig. 6). In  
this case, however ,  range  and l a t e ra l  resolut ion are  
dominated  by  nuclear  stopping, y ie ld ing  a quite rough 
bot tom of the  etched t roughs due to mul t ip le  sca t te r -  
ing and recoils atoms. 

A final v i r tue  of heavy  ions as a s t ruc tur ing  tool in 
comparison to x - r a y  sources resides in the existence of 
ve ry  b r igh t  ion sources. Pa ra l l e l  heavy  ion beams of 
high in tens i ty  can be achieved using convent ional  ion 
opt ical  systems. Heavy  ion l i t hog raphy  can be d i rec t ly  
appl ied  to smal l  accelerators  and  low energy  im-  
planters .  At  1 m A  beam cur ren t  a sample  th roughput  of 
1 m2/sec can be achieved. 

Fig. 6. Bare silicon---a resist material for heavy ion lithography. 
Mask (courtesy P. Tischer, Siemens AG, Munich, Germany): self- 
supporting metal mask. Resist (courtesy P. Tischer, Siemens AG, 
Munich, Germany): bare silicon, (111) orientation. Irradiation: 
7 X 1013 argon ions per cm 2 720 keV particle energy. The distance 
between the mask and the silicon was approximately 1 mm. Devel- 
opment: 10 sec Sirtl etch (CrO3-HF-H20), a dislocation sensitive 
etching medium. Observation: scanning electron microscopy. 



VoL I28, No. I HEAVY ION NUCLEAR TRACKS 191 

Manuscript submitted March 24, 1980; revised manu- 
script received July  31, 1980. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1981 
JOtTm~AL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by 
Gesellscha~t ]fir Schwerionen]orschung mbH. 

REFERENCES 
1. R. L. Fleischer, P. B. Price, and R. M. Walker, "Nu- 

clear Tracks in Solids. Principles and Applica-  
tions," Univ. of Calif. Press, Berkeley (1975). 

2. N. Angert  and C. Schmelzer, Kerntechnik, 19, 57 
(1977). 

3. R. Spohr, Nucl. Tracks, 4, 101 (1980). 
4. H. Kiesewetter, K. Mussler, H. Schmid-SchSnbein, 

B. Genswfirger, and R. Spohr, "Messung der Ver- 
formbarkeit  roter Blutzellen mit Hilfe einer Ein- 
lochmembran," GSI Annual Report 1977, p. 141. 

5. H. Kiesewetter, K. Mussler, P. Teitel, U. Dauer, H. 
Schmid-SchSnbein, and R. Spohr, "New Meth- 
ods for the Measurement of Red Cell Deformation 
Ability," Symposium on Blood Rheology, Glas- 
gow, Sept. 27-28, 1979. 

6. H. Kiesewetter, U. Dauer, K. Mussler, H. Schmid- 

SchSnbein, and R. Spohr, "Rigidity Measure- 
ments in Individual Red Cells," Hemorheology et 
Pathologie Symposium European, Nancy, Oct. 
1979. 

7. C. Riedel and R. Spohr, Bet. Bunsenges. Phys. 
Chem., 83, 1165 (1979). 

8. C. Riedel and R. Spohr, Radiat. Ell., 42, 69 (1979). 
9. C. Riedel and R. Spohr, ibid., 46, 23 (1980). 

10. J.-P. Krumme, I. Bartels, B. Strocka, K. Witter, C. 
Schmelzer, and R. Spohr, J. Appl. Phys., 48, 5191 
(1977). 

11. H. Heitmann, C. Fritzsche, P. Hansen, J.-P. 
Krumme, R. Spohr, and K. Witter, J. Magn. Magn. 
Mater., 7, 40 (1978). 

12. P. Hansen and H. Heitmann, Phys. Rev. Lett., 43, 
1444 (1979). 

13. H. Heitmann, P. Hansen, K. Witter, and R. Spohr, 
J. Magn. Magn. Mater., ! o, 97 (1979). 

14. B. Strocka, G. Bartels, a n d  R. Spohr, AppI. Phys., 21, 
141 (1980). 

15. B. E. Fischer and R. Spohr, Nucl. Instr. Meth., 168, 
241 (1980). 

16. B. E. Fischer and R. Spohr, "Heavy Ion Lithogra- 
phy," Contribution to "Microcircuit Engineering 
'79 - -  Microstructure Fabrication," Sept. 25-27, 
1979, RWTH Aachen; Proceedings:Inst.  of Semi- 
conductor Electronics, pp. 349-357 (1979). 

Auger Electron Spectroscopic Study of Oxidation of Zirconium 
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ABSTRACT 

T h e  uptake of oxygen on the surface of an intiaUy clean zirconium crystal 
was observed by means of Auger electron spectroscopy (AES). This tech- 
nique permitted measurement of both rate of growth of surface oxygen and 
the chemical state of the oxygen. Experiments were performed in the tem- 
perature range 773-1008 K with oxygen pressures from 1.9 • 10 -4 to 7.2 • 
10 -~ Pa. Under these conditions, the rate of diffusion of oxygen into the metal  
bulk becomes significant and determines the extent of the chemisorption 
regime. At the higher temperatures, the chemisorption regime extends to long 
exposure periods, whereas at the lower temperature, an oxide is rapidly 
formed.The observed linear rate of oxygen uptake after the appearance of the 
surface oxide may be caused by oxygen diffusing through an oxide layer  of 
constant thickness and subsequently dissolving in the bulk metal  underneath. 
This oxide layer  is estimated to be about 1 nm thick. 

In recent studies (1-3) of the reaction of zirconium 
with oxygen at low pressures (10-4-10 -1 Pa)2 and at 
elevated temperatures (T > 775 K), it was demon- 
strated that the oxygen uptake rate follows a linear 
rate law for a substantial length of time. After ex- 
tended periods of exposure, especially at higher pres- 
sures, when there has been ample opportunity for the 
formation of an oxide scale layer, oxygen uptake can 
be described by a parabolic rate law. Previous investi- 
gators have hypothesized that, in the l inear rate regime, 
oxygen uptake is controlled either by arr ival  rate of 
oxygen molecules to the surface or by diffusion of 
oxygen adspecies through a "thin layer" of oxide on the 
surface (2). However, no quantitative information is 
available on the nature of the rate of formation, or the 
thickness of such an oxide layer. Auger electron spec- 
troscopy (AES) was used to characterize the initial 
stages of oxidation of zirconium Under clean surface, 
ultrahigh vacuum conditions. For  applications where 
the oxygen gettering quality of zirconium is of interest, 
the results of this study will permit  one to define the 
conditions of temperature and oxygen pressure that 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me m b e r .  
1 P r e s e n t  address :  Elec tr ic  P o w e r  Research  Inst i tute ,  Pa lo  Al to ,  

Cal i fornia 94304. 
1 Pa --~ �9 x 10-5 arm ___-- 7.5 x 10 -8 Tor t .  

Key w o r a s :  chercdsorption,  k ine t i c s ,  meta l s .  

favor bulk dissolution of oxygen in contrast to oxide 
film (scale) formation. 

Experimental Program 
Approach.--The use of AES to study initial stages of 

gas-metal interactions has been well documented (4). 
In this technique, the emission of Auger electrons is 
stimulated by the bombardment of the specimen with 
a high energy (3 kV) electron beam. The emitted 
Auger electrons are energy analyzed to provide a 
spectrum of peaks whose positions on the energy scale 
identify the elemental components on the specimen 
surface. AES is a highly surface-selective analytical 
technique because of the limited escape depths of 
Auger electrons. For electron energies ranging from 
50 to 500 eV, the range of interest in this study, the 
escape depth of electrons varies between 0.5 to 1 nm 
(5), which is equivalent to two to four atomic layers; 
hence, components in the bulk metal below this depth 
will not be detected by AES. 

The concentration of a part icular  elemental com- 
ponent in the near-surface atomic layers of a specimen 
determines the amplitudes of the peaks in its Auger 
spectrum. But the proportionali ty factor relating con- 
centration to peak amplitude, frequently referred to as 
the Auger yield, is a complex quantity that cannot be 
precisely evaluated from first principles (4). However, 
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changes in concentra t ion of a component  can be fol -  
lowed wi th  good precision by  measur ing  the growth  or  
decay  of an Auger  peak.  Thus, we observed the ad-  
sorpt ion of oxygen  on the zi rconium surface by  mea -  
sur ing the ampl i tude  of the oxygen  Auge r  peak  at  
510 eV. 

Apparatus and materials.--All exper iments  were  
conducted in an u l t r ah igh  vacuum system capable  of 
a t ta in ing  10 - s  Pa  base pressure.  The AES analyses  
were  pe r fo rmed  wi th  a Var ian  cyl indr ica l  m i r r o r  
ana lyzer  wi th  an in teg ra l  e lec t ron gun. The incident  
e lec t ron beam was ,~100 ~m in d iamete r  at  the  speci-  
men, and i t  was no rma l ly  opera ted  at  3000 eV and 5 #A. 
The total  pressure  in the sys tem was measured  wi th  an 
ionizat ion gauge, and the pa r t i a l  pressures  of gaseous 
components  were  de te rmined  wi th  a quadrupole  mass  
spectrometer .  A ras tered,  3 keV argon gun was used to 
clean the specimen surface. The a r r angemen t  of the 
v a r i o u s  components  wi th  respect  to the  specimen is 
shown in Fig. 1. 

Measurements  we re  made on a "Marz grade"  zirco-  
n ium crystal ,  containing ,-400 ppm oxygen  impur i t y  
obta ined  f rom Mater ia ls  Research Corporat ion.  This 
specimen was a disk, spa rk  cut f rom a 0.63 cm d iam 
r o d  tha t  was nomina l ly  a single crystal .  However ,  x -  
r a y  diffract ion and meta l lograph ic  observat ions  re -  
vea led  tha t  the  rod consisted of severa l  large  grains. 
Af t e r  sequent ia l  mechanical  and chemical  polishing, 
seven large  grains  could be de l inea ted  on the face of 
the  1 m m  thick specimen; thus, the  average  d iamete r  
of each gra in  was about  250 t imes g rea te r  than the AES 
elect ron beam diameter .  To avoid problems associated 
with  gra in  bounda ry  impur i t ies  of oxygen  t r anspor t  the 
AES beam was focused onto the center  of a large  grain.  
The specimen was hea ted  by  radia t ion  from a tungsten 
f i lament s i tuated benea th  i t  (Fig. 1), and the average  
t empera tu re  was measured  with  an i ron-cons tan tan  
thermocouple  spo t -we lded  to the edge of the disk. 

Oxygen  (Linde UHP grade,  99.99% O2) was admi t ted  
to the vacuum chamber  th rough  a ca l ibra ted  stainless 
steel  cap i l l a ry  tube  (75 cm long by 0.017 cm ID).  The 
mass flow rate  of gas into the chamber  could be p re -  
cisely control led  and measured,  independent  of the 
pressure  in the  chamber ,  b y  ad jus t ing  the oxygen  
pressure  at the ups t r eam end of the cap i l l a ry  tube. The 
downs t ream (out le t )  end of the  capi l la ry  tube pointed 
a t  the specimen surface f rom a distance of about  0.2 cm. 
On the basis of mass spectroscopic measurements  of 
mass  flux as a funct ion of rad ia l  distance from the 
center  l ine of the cap i l l a ry  tube, i t  was es t imated  tha t  
about  70% of the gas molecules  emana t ing  f rom the 
tube impinged  on the specimen surface. 

AUGER ELECTRON 
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Fig. I. Schematic diagram of apparatus 

Procedure.--The only  detec table  impur i t y  on the z i r -  
conium crys ta l  surface fol lowing cleaning by  argon ion 
b o m b a r d m e n t  at  1000 K was a t race of oxygen.  In  the 
vacuum chamber  at  10 -7 Pa, the surface of the speci-  
men remained  clean indefini tely at  t empera tu res  above 
900 K. A t  lower  tempera tures ,  oxygen  accumulated  on 
the surface. The observed ra te  of accumulat ion  was too 
fast  to be due to adsorpt ion  f rom the gaseous envi ron-  
men t  in the vacuum chamber  (Po~ ~ 10 -9 Pa)  ; hence, 
i t  was concluded tha t  dissolved oxygen  diffused f rom 
the bu lk  to the surface whi le  the crys ta l  was cooling. 

Due to the r e l a t ive ly  mass ive  size of the crys ta l  and 
its poor the rmal  contact  wi th  any  hea t  sink, the spe-  
c imen could not  be quenched f rom a high t empe ra tu r e  
to give an oxygen- f ree  surface at  t empera tu re s  less 
than  750 K. Consequently,  oxygen  up take  ra te  mea-  
surements  on the z i rconium crys ta l  were  made only  
at  t empe ra tu r e  in the  range  750-1050 K. 

Af te r  the specimens were  cleaned by  Argon  ion 
b o m b a r d m e n t  at  1000 K, the t empera tu re  was shif ted 
to the desired level  for the expe r imen t  by  ad jus t ing  the 
power  input  to the heater .  When  the specimen tem-  
pe ra tu re  became s table  ( typ ica l ly  wi th in  120 sec) ,  the 
cap i l l a ry  inlet  valve  was opened enough to establ ish a 
s t eady  flow of oxygen at  a des i red  level. An  equivalent ,  
average,  s t eady-s ta te  pressure,  Po2, of oxygen  at  the  
specimen surface was ca lcula ted  f rom the known mass 
flow rate,  m, of oxygen  through  the cap i l l a ry  tube using 
the fol lowing equat ion der ived  f rom the kinet ic  theory  
of gases (6) 

~&/A = Po~/4RT 

where  ~" is the  mean  molecu la r  veloci ty  at  the  gas 
t empera ture ,  T, R is the gas constant,  A is the exposed 
geometr ic  surface area  of the specimen, and ~ is the 
f ract ion of incoming molecules  tha t  s t r ike  the  speci-  
men. Oxygen  flux d is t r ibut ion  as a funct ion of l a te ra l  
posi t ion of a specimen wi th  respect  to the nozzle was 
measured  wi th  the mass spec t romete r  using a movable  
aper ture .  F rom this measurement  the fraction, ~, was 
found to be 0.7 for our  specimen geometry.  Specimen 
t empera tu res  and oxygen  pressures  used in these ex-  
per iments  a re  summar ized  in Table  I. 

Auge r  spec t ra  over  the energy range 60-560 eV were  
recorded eve ry  30 sec on an osci l lographic char t  re -  
corder  (Beckman Dynograph,  Type RS).  Rate  da ta  
were  obta ined f rom this char t  by  measur ing  the AES 
peak  height  as a funct ion of e lapsed time. A t  longer  
intervals ,  the Auge r  spec t rum of the specimen surface 
was recorded more  s lowly in o rde r  to obta in  h igher  
resolut ion of the Auger  peaks.  

Results 
Auger spectra.--The observed  peaks  in  our  exper i -  

menta l  s tudy  a re  associated wi th  pa r t i cu la r  A u g e r  
t rans i t ions  (7) as shown in Table  II. F igu re  2 is a 
r ep resen ta t ive  sequence of Auge r  spec t ra  ob ta ined  
dur ing  exposure  of a specimen to oxygen  at  a constant  
tempera ture .  Besides the  obvious increase  in the oxy-  
gen peak  (510 eV) height,  there  are  o ther  fea tures  to  
be noted. The three  z i rconium peaks  tha t  involve 
valence  band  electrons {127, 147, and 175 eV) decrease  
in  ampl i tude  with  increas ing oxygen  coverage. At  some 
point  dur ing  oxygen  exposure,  a new zi rconium Auger  
peak  appears  and begins to grow in height.  This p e a k  

Table I. Summary of experimental conditions 

Maximum 
Specimen Equivalent O~ exposure 

temperature  O~ flow rate pressure,  P duration 
(K) (molec sec -I x 10 -I') (Pa x 10 8) (see)  

773 9.3 1.0 900 
853 10.2 0.97 1100 
933 6.4 0.57 2500 
933 64. 7.2 2500 
963 33 2.7 2000 

1008 40 3.6 3000 
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Table II. Auger electron energies in Zr-02 system 

Auger energy in 

Element  Transition" Metal Oxide film 

Zr Ms Nz N~,s 92 88 
M6 N2,a N=,s 117 113 
M, N= V 127 120 
M, N2,a N~,5 147 140 
M5 N.,~ N,,5 17.~ 167 

Ot K Lz L~ -- 475 
K L~ I~ -- 4go 
KL=L~ -- 510 

"Reference (7), 
t No l ine shift  was observeu for the oxygen lines. 

c a n  be in t e rp re t ed  as a 7 eV shif t  to lower  energy  o f  
the  147 eV peak.  S imi la r  shifts  appea r  for the  175 and 
127 eV peaks.  Such peak  shifts a re  indica t ive  of a 
change in  the  chemical  s ta te  of the  z i rconium a toms 
in the  spec imen surface region. S imi la r  Auge r  peak  
shifts  dur ing  oxide  fo rmat ion  have  been repor ted  in 
the  case of nickel  (8), silicon (9),  mo lybdenum (10), 
i ron (11), and  a l u m i n u m  (12). 

I n  cont ras t  to this behavior ,  the Auge r  peaks  (92 
and 117 eV) ar is ing exclus ive ly  f rom core level  t r an -  
si t ions are  less p ro found ly  affected by  oxygen  uptake.  
These peaks  exhib i t  a modest  shif t  of about  4 eV 
dur ing  oxide  formation.  This smal le r  shift  a t tests  to 
the  fact  tha t  the  core level  e lectrons are  less affected 
than  the valence  level  electrons by  the chemical  en-  
v i ronment .  

More in teres t ingly ,  the  ampl i tudes  of the core level  
Auge r  t rans i t ion  peaks  (92 and 117 eV) do not  change 
app rec i ab ly  dur ing  oxygen  uptake.  In  fact, wi th in  the 
precis ion of our  expe r imen t a l  measurements ,  the  92 
eV peak  showed l i t t le  change dur ing  the ent i re  range 
of oxygen  coverage s tudied in this invest igat ion.  This 
insens i t iv i ty  of the  z i rconium core level  peaks  to the 
presence of oxygen  was confirmed by  obta in ing an 
A u g e r  spec t rum of ZrO2. In the oxide, the  peaks  in-  
volv ing  va lence  band  electrons a re  a t t enua t ed  con- 
s ide rab ly  re la t ive  to the  peaks involving core levels 
only. Thus the rat io  of Zr(MsNIN2~)/Zr(M4N~$N4.5) 
is 0.17 in  the  pu re  me ta l  and  ,-~ 1 in the  oxide. 

Surface oxygen growth.~Figure 3 i l lus t ra tes  the sur -  
face oxygen  coverage on Zr c rys ta l  as a funct ion of 
oxygen  exposure.  Note tha t  the surface coverage at  933 
K is independen~ of  oxygen  pressure  when  the coverage 
is p lo t ted  as a funct ion of oxygen  exposure.  Since ex-  
posure  is defined as the  produc t  of oxygen  pressure  
and exposure  t ime, the above observat ion  indicates  
that  the surface  coverage is l i nea r ly  p ropor t iona l  to 
the  oxygen pressure .  

The var ia t ion  in surface oxygen  coverage on the 
z i rconium specimens is d i sp layed  as a funct ion o f  oxy -  
gen exposure  and of t empe ra tu r e  in Fig. 3. The abscissa 
of Fig. 3 is expanded  in Fig. 4 to resolve the  shape of 

Zr 
, . - - = - _ ,  

- - 1 4 7 "  

EXPOSURE TIME 3650 s 

2000 

1600 

1200 

45O 

O 

O 

_ ,#  
,,J 

, . , , . , J  

tl6,0 
496 

475 

ELECTRON ENERGY (eV} 

Fig. 2. Changes in Auger spectra of zirconium crystal during ex- 
posure to oxygen. Tzr = 963 K. Po2 = 2.5 • 10 -~  Pa. 
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Fig. 3. Oxygen uptake on zirconium crystal as a function of 
temperature and axygen exposure. (1 LQngmuir - -  1.33 X 10 - 4  
Pa �9 sec.) 

the  curves  at  smal l  va lues  of exposure.  Since the  Zr 
(92 eV) peak  he ight  is shown to be insensi t ive to the  
presence of  oxygen,  we have  used i t  as a normal iz ing  
factor to compensate  for  changes in incident  e lec t ron 
beam current ,  e lect ron mul t ip l i e r  gain, and the  like. 

The surface oxygen  up take  curves indicate  four  
dis t inct  sequent ia l  stages in the  accumula t ion  of oxy -  
gen on the z i rconium surface:  s tage 1, an ini t ia l  pe r iod  
of r ap id  oxygen accumulat ion;  s tage 2, a region of slow 
increase  in oxygen  level ;  s tage 3, a second per iod  of 
fu r the r  rap id  oxygen  accumulat ion;  and  s tage 4, a 
constant  coverage region. The ra te  a t  which  oxygen  
accumulates  on the surface decreases wi th  increas ing 
t empera tu res  dur ing  stages 1 and  3. Stage 2, the  slow 
growth  regime,  appears  to be of negl igible  dura t ion  
at  773 K b u t  extends  to longer  exposure  per iods  at  
h igher  tempera tures .  The final s t eady - s t a t e  leve l  of  
surface coverage a t ta ined  on the crys ta l  specime~ in 
s tage 4 reaches  a lower  va lue  as the  t empe ra tu r e  of 
the  specimen increases.  

Dur ing  s tage 3, energy  shifts in the  z i rconium 
AES peaks  are  observed,  indica t ing  the beginning  of 
chemical  changes on the surface. As ment ioned  ear l ier ,  
these peak  shifts a re  l ike ly  due to the format ion  and 
growth  of a condensed phase  of a z i rconium oxide. 
Hence, the up take  of oxygen  by  a z i rconium surface 
appears  to be a sequent ia l  process in which  ini t ia l  
chemisorpt ion  is fo l lomed b y  nuclea t ion  and growth  

/ 773 K / 

~ 4  

~ 3  
_1 

963 K 

uJ 0 0.1 0.2 0.3 0.4 0.5 cc 
OXYGEN EXPOSURE (LANGMUIRS X 10 -4 ) 

Fig. 4. Oxygen uptake on zirconium crystal as a function of 
temperature and oxygen exposure, expanded scale. See legend in 
Fig. 3 for symbols. 
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of an  oxide phase. The exper imental  curves indicate 
that  formation of the oxide phase is favored by  lower 
temperatures  and by higher oxygen pressures. Con- 
versely, ~he chemisorption regime is extended at higher 
temperatures  and at  lower oxygen pressures. 

Mass spectrometric measurements.--The residual 
oxygen part ial  pressure in the specimen chamber was 
monitored concurrent ly  with the AES measurements.  
Enter ing oxygen molecules that  do not adsorb or re- 
act i r revers ibly on the zirconium specimen surface are 
pumped out of the chamber. Thus a mass balance in  
oxygen is described by the following equation 

rzr = m -- SPo2 

where m is the mass flow rate of oxygen into the 
chamber through the capil lary tube, rzr is the rate of 
oxygen uptake by the zirconium specimen, and S is 
the pumping  speed of the vacuum system for oxygen. 
In our experiments,  ~n is calculated from the observed 
pressure at the inlet  of the capil lary tube, the mea-  
sured conductance of the tube, and Po2, which is 
monitored by  the mass spectrometer. Thus, if S is 
known, values for rzr can be calculated. Pumping  
speed was evaluated by measur ing the steady-state 
oxygen par t ia l  pressure in the chamber  with the zir- 
conium specimen absent, over a range of values of ~ .  
The pumping  speed was found to vary  from 600 liters 
sec-1 at rh = 2.7 • 10-~ Pa liters sec -1 to 900 liters 
sec -1 at rn -- 4 • 10-~ Pa liters sec -1. The precision 
of this measurement  was relat ively poor because S 
exhibited some dependence on the chamber pressure 
and also on the immediate  history of the system (it 
increased, for example, when t i t an ium was freshly 
deposited in  the subl imat ion pump).  However, over 
most of the range of pressure var iat ion observed in  
one kinetic experiment,  the pumping speed was found 
to be reasonably constant  ( •  

The curves shown in  Fig. 5 i l lustrate  the change in  
oxygen pressure that  occurs dur ing  exposure of the 
zirconium specimen to a constant  flux of the gas. The 
scale on the abscissa in Fig. 5 is identical to that in 
Fig. 3, so that changes in Po2 can be compared di- 
rect ly with the amount  of oxygen observed on the 
crystal surface by AES. The oxygen part ial  pressure 
in  the chamber  increases monotonical ly with increas- 
ing exposure un t i l  i t  reaches a steady-state value 
(Fig. 5). There is no discont inui ty  in  the rate of in-  
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Fig. 5. Variation of Po2 as a function of oxygen exposure at  
various temperatures. 

crease of oxygen pressure corresponding to the first 
plateau in the rate of growth of oxygen on the zir-  
conium surface (compare the respective curves in  
Fig. 3 and 5). This observation, that  rzr exhibits a 
finite value in  a region where the oxygen surface 
coverage is near ly  constant, indicates that  oxygen 
must  be diffusing into the crystal as rapidly as it  
chemisorbs. At longer exposures, both surface cover- 
age and Pos become constant. Based on the estimated 
values of S and the measured values of Po2, oxygen is 
still diffusing into the zirconium crystal but  at a 
much lower rate. The s teady-state  ra te  of oxygen up-  
take was estimated to vary  from 0.7 __ 0.3 • 1020 
molec cm-~ sec-Z Torr -1  at  930 K to 1.6 __ 0.3 X 10 ~~ 
molec cm-~ sec-1 Tor t -1  at 1050 K with an apparent  
activation energy of + 9  _ 4 kcal mole -z. I t  is this 
regime, undoubtedly,  in which the l inear  oxygen up-  
take rates were observed by Nagasaka et aL (1). 
Where the exper imental  conditions overlap, our values 
of oxygen uptake rates are about  an order of magni-  
tude greater than these reported by these investiga- 
tions. However, wi thin  the precision of our measure-  
ments  and of the estimate of our pumping speed, this 
agreement  is reasonable. 

Dissolution of surface oxide.--After a steady-state 
Po~ and a constant  surface coverage are attained, in -  
ter rupt ion of the supply of oxygen to the crystal causes 
the surface oxygen level to gradual ly  decrease. Dur-  
ing this surface decay, the oxygen part ial  pressure in 
the chamber does not increase, an indication that  the 
surface oxygen is disappearing by diffusion into the 
bulk of the crystal. The decrease in  the normalized 
surface oxygen AES peak height is plotted as a func-  
tion of t ime in Fig. 6. It is evident  that the rate of 
d iminut ion  in surface oxygen depends on the tem- 
perature  and on the previous oxygen exposure. After  
an ini t ial  rapid loss of surface oxygen, subsequent  
loss rates are very  slow; that  is, approximately 8 hr 
at 963 K were required to at ta in  a near ly  zero oxygen 
coverage. Note that the extent  of surface oxygen 
coverage at ta ined after the ini t ia l  rapid loss appears 
to correspond to the steady-state chemisorption level 
(stage 2) observed dur ing oxygen exposure. In  view 
of the great affinity of Zr (bulk) for oxygen, the 
longevity of this oxygen adstate is remarkable.  

D i s c u s s i o n  
The oxygen surface accumulat ion is a function of 

oxygen exposure. The rate decreases with increasing 
temperature.  However, the total rate of oxygen up-  
take calculated from the mass spectrometric data in -  
dicates that the total rate increases at higher tempera-  
ture. The disparate behavior between AES and mass 
spectrometric data is due to the diffusion of oxygen 
into the bu lk  of the zirconium crystal. Zirconium metal  
can dissolve up to 28.6 atomic percent  of oxygen, and 
the rate of diffusion of oxygen in zirconium metal  be-  
comes significant above 773 K (13). The ini t ial  rate 
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of surface coverage as measured  by  AES is p lot ted  
agains t  inverse  t empe ra tu r e  in ]~ig. 7, and  a negat ive  
act ivat ion energy  of --44 kca l  mole  -z  is obtained.  In -  
deed, this va lue  is ident ica l  but  opposi te  in sign to the  
ac t iva t ion  energy  repor ted  for  the diffusion of oxygen  
in z i rconium meta l  (13). The to ta l  up take  of oxygen  
includes  both surface  accumula t ion  and dissolution in 
the  bulk.  Thus, as the t empe ra tu r e  increases,  the ra te  
of dissolut ion also increases  the reby  decreas ing the 
surface coverage at  any  given oxygen  exposure.  

Since the ra te  of diffusion is p ropor t iona l  to the 
concent ra t ion  g rad ien t  be tween  the surface  and the 
bulk,  the  diffusive flux would  be low at  the s ta r t  of 
the exposure  whi le  oxygen accumulates  on the surface. 
As the coverage increases,  the amount  of surface oxy-  
gen is de te rmined  by  the dynamic  compet i t ion  be tween 
the  adsorp t ion  ra te  of oxygen  on the surface and by  
the ra te  of diffusion of oxygen into the bu lk  of the 
crystal .  As the surface sites become filled wi th  oxy -  
gen, the surface accumula t ion  ra te  decreases and the 
total  up take  ra te  is then de t e rmined  essent ia l ly  by  
the ra te  of diffusion into the  crystal .  

As the concentra t ion of oxygen in the surface layers  
reaches  a cr i t ical  value,  the AES oxygen  peak  height  
begins to increase.  Dur ing  this g rowth  per iod (stage 
3) the  z i rconium Auger  peaks  shift  to lower  energy 
ind ica t ing  the fo rmat ion  of a condensed oxide layer .  
The character is t ic  shape of the kinet ic  curves (cover-  
age vs. exposure)  and the Auger  energy shifts, t aken  
together,  give s t rong suppor t  to the hypothesis  tha t  
in this  region an oxide  layer  nucleates  and grows. At  
this stage, the  oxygen  up take  ra te  is governed by  the 
ra te  of the oxide growth  and by  the ra te  of diffusion 
of oxygen  into the  bulk. 

When  the surface is covered wi th  the  oxide layer ,  
the  oxygen  uptake  ra te  becomes l imi ted  by  the diffu- 
sion of oxygen  through  the oxide into the metal.  The 
ra te  of diffusion of oxygen  in the oxide is significantly 
lower  than  in the  me ta l  (14), and thus the oxygen  
up take  ra te  decreases.  In  this region (s tage 4) both  
the surface coverage as measured  by  AES and the 
up take  ra te  as ca lcula ted f rom oxygen par t i a l  p res -  
sure  is constant.  Even though the precis ion of the 
total  oxygen  up take  measurement  is poor in this 
s tudy,  i t  is c lear  tha t  the  oxide l aye r  is dynamic  and 
tha t  a s t eady-s t a t e  condit ion exists be tween  the oxy -  
gen a r r iva l  ra te  f rom the gas phase and the ra te  of 
diffusion into the  crystal .  In  the absence of gaseous 
oxygen,  the  oxide  l aye r  dissolves into the metal .  

The condit ions of t empe ra tu r e  and oxygen  pressure  
used in this s tudy over lap  those used by  Nagasaka  
et al. (1). Under  these condit ions an oxide l aye r  would  
be fo rmed  in less than  a few minutes.  The repor ted  
l inear  oxygen up take  ra te  at  h igher  exposure  suggests 
tha t  the oxide  l aye r  has a nea r ly  constant  thickness 
wi th  s t eady-s ta te  diffusion of oxygen through the 
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oxide governing the ra te  of oxygen  uptake.  S imi la r  
considerat ions  app ly  to the  da ta  r epor ted  by  Dechamps 
and Len t  (2). Incleed the exis tence of a th in  oxide  
l aye r  was pos tu la ted  ea r l i e r  by  Dechamps and Lehr  
(2). The presen t  AES s tudy  confirms the existence of 
such an oxide l aye r  and permi t s  us to de te rmine  its 
thickness.  

At  the  highest  coverage of oxygen recorded in this 
s tudy the Auger  peaks  corresponding to meta l l ic  z i r -  
conium are  st i l l  ev ident  in the spectra,  suggest ing tha t  
the thickness of the  oxide layer  is app rox ima te ly  1 nm 
(10A), the  escape dep th  of A u g e r  e lect rons  wi th  a 
kinetic  energy  of 150 eV. The AES oxygen  peak  he ight  
a t ta ined  dur ing  the final s t eady- s t a t e  condit ion de-  
creases wi th  increas ing t empera tu re  (Fig. 3);  thus, 
the thickness  of the  oxide l aye r  could become even 
smal le r  as the  t empe ra tu r e  increases.  

According to Nagasaka  et al. (2), the act ivat ion 
energy  associated wi th  the l inear  oxygen uptake  ra te  
is about  10 kcal  mole  - I ,  and our  resul ts  tend to agree  
wi th  that  value.  However ,  this va lue  is r a the r  smal l  
in comparison to the  ac t iva t ion  energy of 56 kca l  
mole  - I  r epor ted  for  diffusion of oxygen  in z i rconium 
oxide (14). This d iscrepancy may  be due to the  na tu re  
of the oxide layer  formed in i t ia l ly  on the meta l  under  
the condit ions employed.  In fact, the ac t iva t ion  energy  
for  oxygen diffusion in oxide scales formed on me ta l -  
lic z i rconium is subs tan t ia l ly  lower  (,,-29 kca l  mole - I )  
(14). The ini t ia l  oxide  l aye r  m a y  have a high defect  
concentra t ion and, according to Kofstad (15), the  oxide 
m a y  be a p-conductor ,  a mixed  ionic /e lec t ronic  con- 
ductor,  or  an n-conductor ,  depending on the s to ichiom- 
e t ry  and the impur i ty  level.  The studies conducted b y  
Bradhurs t  et  al. (16) and b y  Lights tone and Pemsle r  
(17) have  shown tha t  the ra te  of ionic t r anspor t  in the  
oxide  is apprec iab le  and that  the growth  of the oxide  
l aye r  is contro l led  by  the ra te  of t r anspor t  of electronic 
defects. The t ranspor t  of electrons have a r a the r  low 
act iva t ion  energy of 2-3 kca l  mole  - I .  In  a mixed  
kinet ic  regime in which ionic and electronic t r anspor t  
controls  the oxygen  diffusion, the  ac t iva t ion  ene rgy  
requ i red  m a y  be comparable  to the observed value.  

An a l t e rna t ive  scheme to expla in  the  observed act i -  
va t ion energy  involves the  adsorpt ion  of oxygen  on 
the oxide surface and subsequent  diffusion. The ra te  
of adsorption decreases with increasing temperature 
while the rate of diffusion increases. Thus in a mixed 
kinetic regime, the combined effect of these two rates 
will result in a modest apparent activation energy as 
observed. 

Conclusions 
The ini t ia l  s tage of ox ida t ion  of a clean z i rconium 

surface proceeds first as a chemisorpt ion  process fol -  
lowed by  nucleat ion and growth  of an oxide  layer .  At  
t empera tu res  above  773K, the ra te  of diffusion of  
oxygen into the bulk  becomes significant and governs  
the ex ten t  of the  chemisorpt ion regime. At  h igher  
tempera tures ,  the  chemisorpt ion regime extends to 
long exposure  periods, whereas  at  low tempera tures ,  
an oxide  is fo rmed rapidly .  The observed  l inear  r a t e  
of oxygen  up take  af ter  the appearance  of the sur face  
oxide  m a y  be due to diffusion of oxygen  through an  
oxide layer  of constant  thickness.  This oxide  l aye r  
formed at  ve ry  low oxygen  pressures  is es t imated  to 
be a pp rox ima te ly  I n m  thick. 
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Thermodynamics of Vaporization of Zrl4 in the Univariant 
Region: Zirconium Monoiodide/Zirconium 

Daniel Cubicciotti* and K. H. Lau 
SRI International, Menlo Park, California 94035 

ABSTRACT 

The pressures  of gaseous ZrI4 over  solid z i rconium iodides in the  composi-  
t ion range  ZrI  to Zr  were  measured  b y  a tors ion-effusion method.  A un i -  
va r ian t  region was observed be tween  solids of composit ion ZrI1.05 and Zr 
for which  the pressure  of gaseous ZrI4 was rep resen ted  by  the equat ion 

Log10 P ( a t m )  = (12.83 +_ 0.1) --  (13,200 • 100)/T 

These resul ts  ex tend  l i t e r a tu re  informat ion on the the rmodynamics  of vapo r -  
izat ion in the  ZrI4/Zr  region of the Z r - I  system. 

The chemis t ry  of the z i rconium-iodine  sys tem is in-  
t ima te ly  involved  in the mechanism of iod ine- induced  
stress corrosion cracking of z i rconium alloys (1, 2). We 
have been inves t iga t ing  the the rmodynamics  to im-  
prove unders tand ing  of the chemis t ry  of the  system. 
The the rmodynamic  proper t ies  of the gaseous z i r -  
conium iodides are  r epor t ed  in  Ref. (3). We have  
s tudied the vapor iza t ion  of gaseous ZrI4 f rom the solids 
to evalua te  the t he rmodynamic  proper t ies  of the  solid 
phases. The vapor  pressure  of pure,  solid ZrI4 is given 
in Ref. (4). In  a recent  paper  (5),  the pa r t i a l  p res -  
sures of gaseous ZrI4 in equ i l ib r ium wi th  substoichio-  
met r ic  solid z i rconium iodides in the composit ion range  
ZrI~.4 to ZrI1.0 were  de t e rmined  by  the tors ion-effusion 
method.  This technique requi res  no k n o w l e d g e  of vapor  
composit ion to eva lua te  to ta l  vapor  pressure.  S imul t a -  
neous mass loss and  effusion ra te  measurements  con- 
f irmed tha t  the  vapor  contained only gaseous ZrI4, and 
the measurements  gave average  molecu la r  weight  
values wi th in  expe r imen ta l  e r ror  of the  va lue  of ZrI~ 
gas. A un iva r i an t  region was found be tween  the solids 
ZrIi.9 and ZrI1.8, and the equi l ib r ium pressures  of gase-  
ous ZrI4 were  der ived.  Be tween  ZrI1.3 and ZrIl.o the  
vapor  pressure  decreased as effusion proceeded at  con- 
s tant  t empera ture ,  indica t ing  that  a single phase solid 
solut ion region exis ted  in  this  range.  

The par t  of the z i rconium-iodine  sys tem most  r e l e -  
van t  to the stress corrosion cracking p rob lem is the 
region tha t  includes z i rconium metal .  In  this paper  we 
repor t  the vapor iza t ion  of ZrI4 f rom the two-so l id -  

* Electrochemical Society Active Member. 
Key words: sublimation, free energy, inorganic, pressure. 

phase region tha t  involves z i r c o n i u m  m e t a l  a n d  the  
lowest  iodide, a pp rox ima te ly  ZrI. 

The pr incip le  of the method  we used is descr ibed in 
Ref. (5). A sample  of solid z i rconium iodide (of com- 
posi t ion app rox ima te ly  ZrI1.2) was hea ted  in  a tors ion-  
effusion g rav imet r i c  sys tem so tha t  gaseous ZrI4 was 
released.  The pressure  of the gas was measured  f rom 
the torque of the cell. The composit ion of the solid w a s  
moni tored  th rough  its weight  change. As ZrI4 evapo-  
rated,  the average  composit ion of the  res idual  solid 
changed, becoming r icher  in zirconium. The resul ts  
are  given below. 

Experimental Materials 
The ZrI1.2 samples  loaded in the  graphi te  effusion 

cells were  p repa red  as follows: the s ta r t ing  ma te r i a l  
was ZrI2.4 p repa red  as descr ibed ear l ie r  (5). A weighed 
amount  of ZrI2.4 was loaded in a g raphi te  crucible  and 
sealed under  high vacuum into a 20 cm long by  1.6 cm 
d iam fused silica tube. The tube  was placed in a two-  
zone t i l ted  furnace.  The lower  8 cm of the  tube con- 
ta ining the sample  was hea ted  to 425~ The uppe r  4 
cm was kep t  at  140~ so tha t  ZrI4 vapor ized  f rom the 
sample  condensed there,  t he reby  main ta in ing  a ZrI4 
vapor  pressure  of about  2 • 10 -7 atm. The tube was 
heated in this t empera tu re  grad ien t  for three  weeks  
and was then t rans fe r red  to a d ry  box under  an a tmo-  
sphere  of argon. The tube was cracked in the center  
and a lump of reddish  b rown ZrI4 produc t  was col lected 
f rom the upper  end and weighed  to obta in  an es t imate  
of the composit ion of the  solid residue.  The sample  in 
the graphi te  crucible  was a black,  g r anu la r  mater ia l .  
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Two samples  were  p repa red ;  pa r t  of each was used for  
chemical  and  x - r a y  diffract ion analyses .  The res t  was 
loaded  into the  effusion cells, one sample  into cell  A, 
the  o ther  into cell  B. Ti t ra t ion  wi th  s i lver  ion to an 
iodide  e lec t rode  end poin t  showed the composi t ion of 
the  s ta r t ing  m a t e r i a l  was ZrIl.~+_0.1 for  cell  A and 
ZrIm_+0.1 for  cell  B .  These s ta r t ing  composit ions were  
in good ag reemen t  wi th  the  to ta l  mass lost  by  the cells 
in the  vapor iza t ion  study,  dur ing  which al l  the iodide 
was evapora ted  f rom the cell  (see be low) .  Table  I gives 
the  l ines observed in a powder  pa t t e rn  taken  on a po r -  
t ion of the sample  p laced  in  cell  A. We bel ieve  the  
pa t t e rn  represents  the phase  Zr I  bu t  the  s to ich iomet ry  
m a y  differ somewhat .  

Vapor  Pressure M e a s u r e m e n t  
Vapor  pressures  were  measu red  b y  the  tors ion-effu-  

sion method.  The appara tus ,  the  sample  loading  p ro -  
cedures,  and  o ther  detai ls  of this  me thod  were  de -  
scr ibed in our  ear l ie r  publ icat ions  (4, 5). Two series 
of vapor  pressure  measurements  were  made  wi th  
g raph i t e  effusion cells l abe led  cell  A (0.047 cm orifice 
d iamete r )  and cell  B (0.0803 cm orifice d i ame te r ) .  
These a re  the  same two cells used in our  ea r l i e r  work  
(4, 5) and  descr ibed in de ta i l  there  (3). 

Results 
The resul ts  of the measu remen t s  a re  l is ted in Table  

II. The da ta  are  p resen ted  in the  chronological  o rde r  in  
which  they  were  obtained.  The pressure  (column 2) 
was ca lcula ted  f rom the  measu red  angu la r  d isp lace-  
ment  of the  torsion effusion cell  a t  each t empera tu re .  
The molecu la r  weight  of the effusing gas (column 3) 
was ca lcula ted  f rom the pressure  and the ra te  of mass 
loss of the cell. The composit ion of the solid (column 4) 
was ca lcula ted  f rom the in i t ia l  sample  weight  and the 
to ta l  mass loss incur red  b y  the sample,  assuming the 
vapor  lost was gaseous ZrI4. The las t  column of the  
table,  Pobs/Pcalc, gives the  ra t io  of the  measured  pres -  
sure d iv ided  b y  the pressure  ca lcula ted  f rom one of the  
equat ions  tha t  represents  the  un iva r i an t  region for  the  
given cell, namely ,  Eq. [1] or  [2] below. 

The molecu la r  weights  observed  (column 3) were  in 
the  range  579-637, which  is wi th in  the expe r imen ta l  
e r ror  of the  method  for ZrI4 gas - -name ly ,  599. Vapor  in  
equ i l ib r ium wi th  z i rconium me ta l  unde r  these condi -  
t ions can be shown to contain essent ia l ly  ZrI4, wi th  
only  t races  of lower  va len t  gas (3). Thus the  gas was 

Table I. X-ray powder pattern* of sample used in cell A 

dA 100 I/It 

8.6 25 
4.32 -qO 
3.84 35 
3.62 35 
9.48 i0 
3.31 100 
�9 %O2 5 
2.91 5 
2.88 8 
2.77 $ 
2.70 5 
2.58 25 
2.44 50 
2.26 50 
2.17 60 
2.04 $ 
1.94 $ 
1,92 3 
1,89 $ 
1.82 20 
1.73 10 
1.66 15 
1.61 10 
1.53 5 
1.48 10 
1.44 lO 
1.39 5 
1.37 5 
1.30 25 
1.27 5 
1.26 5 

* Obtained with a 2 in. diam camera and CuKa radiation. 

presumed  to be pure  ZrI4 in al l  these measurements .  
The pressures  observed  for  cell  A over  the  range  of 

composit ion of the  solid in  the  cel l  of ZrL.07 to ZrIo.57 
could be represented ,  wi th in  ___3%, by  a single equation 
i ndependen t  of composition, as fol lows 

log~0 P ( a t m )  = (12.26 _ 0.10) --  (13,080 • 80 ) /T  

( 7 4 5 - 9 8 0  K )  [1]  

The pressures  observed for  cell  B over  t h e  composit ion 
range ZrIl.o5 to ZrIo.65 could also be rep resen ted  by  an 
equat ion independen t  of composition, as fol lows 

l o g l 0 P ( a t m )  = (11.75 _ 0.11) --  (13,010 • 90 ) /T  

( 7 3 0 - 7 2 2  K )  [2]  

The unce r t a in ty  given in each equat ion is a s t anda rd  
devia t ion  der ived  in a leas t  squares  t rea tment .  The 
da ta  a re  shown graph ica l ly  in Fig. 1. 

As par t  of our  inves t iga t ion  (5) of ZrI4 pressure  in 
the solid composit ion range  ZrI$.4 to ZrIl.s we made  
some p r e l i m i n a r y  measurements  a t  lower  s to ichiom- 
etries. Those measurements  showed evidence for  un i -  
va r ian t  behavior  at composit ions be low about  ZrI.  
Because of the  smal l  amount  of sample  r ema in ing  in 
the  cells at  composit ions be low Zr I  (since the  in i t ia l  
composit ion was ZrI2.4), we were  not  sure  of the r e l i -  
ab i l i ty  of the resul ts  and did not  publ i sh  them at  tha t  
t ime. The pressures  observed  in  those exper imen t s  
were  found to be in good accord wi th  the  p resen t  da ta  
measured  on samples  of in i t ia l  composi t ion ZrI1.2. The  
values found as pa r t  of the  Ref. (5) measurements  were  
as follows for cell  A 

log10 P ( a t m )  --  (11.92 • 0.4) --  (12,850 • 290) /T 

(740-780 K)  [3] 

These values  in cell  A were  observed  over  the  r ange  
of composit ions of ZrI0.pt to ZrI0.sp. At  lower  s to i -  
chiometr ies  the  measured  pressures  were  sma~ller. F o r  
cell  B the resul ts  were  r ep resen ted  b y  
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Fig. !. Vapor pressures of Zrl4 in the univoriant region of the 
system between Zrl and Zr. Data points represent values from 
Table II and solid lines are least squares equations [1] and [21. 
Dashed lines are results obtained earlier and work represented by 
Eq. [3] and [4]. Dot-dash line gives equilibrium pressures obtained 
by extrapolation to zero orifice area. 
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Table II. Results of torsion-effusion, mass loss measurements in the Zrl1,2 to Zr region 

Pressure Molecular Composition Pobs Pressure Molecular Composition PobB 
Temperature of ZrI4 weight of solid, . Temperature of ZrI~ weight of solid, - 

K a tm•  10 -~ of gas x of ZrIx Pc~lc K atm • 10 -6 of gas x of ZrI~ Pc~c 

Cell A (0.5 mm diam orifices) Cell B (0.8 mm diam orifices) 

736.2 2.12 1.14 0,67 726.4 0.68 1.05 0.99 
760.7 9.10 1.12 0.77 759.1 3.94 589 0.98 0.97 
769.4 15.63 637 1.10 0.85 740.1 1.48 1.01 
780.5 29.12 628 1.08 0.93 754.1 3.06 0.98 

749.3 2.34 0.97 
771.6 19.42 1,07 0.98 738.8 1.31 0.96 
750.9 6.92 609 1.06 0.99 743.2 1.67 0.96 
755.8 8.81 0.97 765.7 5.62 
763.9 13.47 762.3 4.72 0.99 
772.8 21.85 769.7 7.10 
754.0 8.17 1,04 0,98 767.3 6.24 1.02 
770.5 18.89 755.4 3.37 
768.2 16.76 759.7 4.24 
778.7 29.43 1.00 736.2 1.18 
777.3 27.56 618 747.1 2.14 
753.8 8.21 738.4 1.32 0.99 
756.6 9.57 742.3 1,63 
769.8 18.82 756.8 3.60 
768,3 17.42 0.98 1.00 754.1 3.14 
750.2 8.92 599 1.02 763.0 5.04 
758.0 10.31 760.3 4.41 
772.1 21.53 1.02 751.7 2.82 579 1.03 
770.2 19.32 765.2 5.68 585 
777.9 29.08 771.8 8.05 
755.1 9.13 601 768.1 6.64 0,92 1.03 
749.4 6.79 733.1 1.02 
751.3 7.06 0.99 744.4 1.87 
771.0 20.69 736.4 1.22 
749.2 6.62 740.2 1.48 
762.1 7.58 7B5.5 3.38 
763.3 13.58 1.01 752.9 2.91 591 
759.9 11.41 763.2 6.05 1.01 
775.7 25.81 749.6 2.45 
774.7 24.71 746.4 2.07 
777.6 28.57 741.7 1.62 
761.0 7.19 1.02 766.2 6.69 587 
768.0 17.21 764.9 5.31 
770.6 19.59 0.90 1.00 771.4 7.53 
747.2 5.77 753.0 2.89 584 0.85 0.99 
754.0 8.26 1.00 750.0 2.46 
760.7 6.68 738.8 1.38 
775.7 2.5.31 757.2 3.53 
775.0 24.39 764.1 2.99 
778.1 28.55 738,8 1.35 0.99 
771.1 19.79 0.99 742.7 1.64 
753.6 7.94 767.7 5.93 0.77 0.95 
759.7 10.97 764.9 5.11 0.6.5 
7.58.9 10.37 0.84 
749.2 6.32 0.99 774.5 6.44 0..57 0.73 
754.8 8.40 773.4 5.63 579 
752.9 7.51 773.5 4,28 577 0.33 0..51 
775.5 24.51 773.5 1.7.5 0.07 0.21 
774.0 22.59 773.5 0.36 0.03 0.04 
778.6 28,65 0.80 0.98 
776.6 24.45 0.57 0.97 

775.5 22.83 0..56 0.91 
77.5.7 21,80 0.46 0.86 
776.7 19.31 0.28 0.72 
776.0 9.98 0.18 0.89 
773.9 6.13 0.15 0.22 
869.7 5.45 604 0.08 0.003 
897.4 10.56 580 0.04 
928.8 10.16 0.01 0.091 

log10 P ( a t m )  - -  (11.38 • 0.2) - -  (12,750 • 130) /T  

(740-780 K )  [4] 

These  va lues  in  cel l  B w e r e  o b s e r v e d  o v e r  t h e  c o m -  
pos i t ion  r a n g e  ZrI0.96 to ZrI0.58. A t  I o w e r  s t o i c h i o m e t r i e s  
t he  p r e s s u r e s  w e r e  s m a l l e r  t h a n  Eq. [4]. T h e s e  r e su l t s  
a r e  s h o w n  in  Fig.  1 as d a s h e d  l ines.  The  va lue s  of  Eq. 
[3] (cel l  A)  a re  a b o u t  10% s m a l l e r  t h a n  Eq. [1], a n d  
those  of  Eq. [4] (cel l  B)  a r e  a b o u t  6% s m a l l e r  t h a n  
Eq. [2]. The  d a t a  r e p r e s e n t e d  b y  Eq. [3] a n d  [4] w e r e  
c o n s i d e r e d  to be  less  a c c u r a t e  t h a n  those  of  Eq.  [1] 
a n d  [2] a n d  so w e r e  n o t  u s e d  f u r t h e r .  

The  d i f f e rences  b e t w e e n  the  va lue s  o b t a i n e d  in  cel l  
A a n d  cel l  B w e r e  a s s u m e d  to be  d u e  to t he  u sua l  i n -  
f luence  of e f fus ion  orifice size on  a p p a r e n t  c a l cu l a t ed  
p r e s su re .  T h e  effect  of  orifice s ize on  the  m e a s u r e d  
p r e s s u r e  w a s  t r e a t e d  b y  the  W h i t m a n - M o t z f e l d t  m e t h o d  
(4) ,  w h i c h  i n d i c a t e s  t h a t  t h e  r e c i p r o c a l  of  m e a s u r e d  
p r e s s u r e  is e x p e c t e d  to v a r y  l i n e a r l y  w i t h  e f fec t ive  o r i -  
fice area .  F o r  t he  cel ls  u sed  in  t he  p r e s e n t  w o r k  the  
e f fec t ive  orif ice a r eas  w e r e  0.125 m m  2 fo r  cel l  A a n d  
0.478 m m  ~ for  cel l  B. The  e q u i l i b r i u m  p r e s s u r e s  d e -  
r i v e d  b y  e x t r a p o l a t i o n  of  t h e  r ec ip roca l s  of  t h e  p r e s -  
su re s  m e a s u r e d  in  cel ls  A a n d  B vs. t h e i r  e f fec t ive  o r i -  
fice a r eas  a r e  r e p r e s e n t e d  b y  the  d o t - d a s h  l ine  in  Fig.  

1. A n  e q u a t i o n  r e p r e s e n t i n g  t h o s e  e q u i l i b r i u m  p r e s -  
su res  fo r  t he  u n i v a r i a n t  c o m p o s i t i o n  r e g i o n  of  t he  p r e s -  
e n t  w o r k  is 

log10 P e q ( a t m )  = (12.83 ~- 0.1) - -  (13,200 • 100) /T  

(720-790 K )  [5] 

W h e n  t h e  compos i t i on  of t h e  sol id  d r o p p e d  b e l o w  
ZrI0.57 in  cel l  A a n d  ZrI0.65 in  cell  B, t h e  m e a s u r e d  
p r e s s u r e s  fel l  b e l o w  the  va lues  a n t i c i p a t e d  f r o m  Eq. 
[1] a n d  [2], r e spec t ive ly .  T h a t  effect  can  be n o t e d  f r o m  
the  va lues  g i v e n  in  t he  l a s t  c o l u m n  of  Tab le  II, w h i c h  
r e p r e s e n t s  the  ra t ios  of  the  m e a s u r e d  p r e s s u r e s  (of  
ZrI4) d i v i d e d  b y  the  va lues  ca l cu l a t ed  f r o m  Eq. [1] o r  
[2], r e spec t i ve ly ,  fo r  cel l  A o r  B. The  ra t ios  a r e  s h o w n  
g r a p h i c a l l y  as a f u n c t i o n  of  c o m p o s i t i o n  in  Fig. 2. The  
sol id  r e m a i n i n g  in  cell  A a f t e r  t h e  se r ies  of  p r e s s u r e  
m e a s u r e m e n t s  r e p o r t e d  in  Tab le  II  w a s  a n a l y z e d  a n d  
f o u n d  to c o r r e s p o n d  to a n  I / Z r  r a t io  of  0.003. A n  x - r a y  
p o w d e r  d i f f rac t ion  p a t t e r n  of  t h a t  m a t e r i a l  s h o w e d  
on ly  l ines  c o r r e s p o n d i n g  to a l p h a  z i rcon ium.  

The  ra t ios  in  Fig. 2 d e p a r t  f r o m  u n i t y  in  a f a i r l y  
s m o o t h  fashion .  We i n t e r p r e t  th is  b e h a v i o r  to i nd i ca t e  
t h a t  no n e w  p h a s e  was  b e i n g  f o r m e d ,  a n d  t h a t  t h e  
d e v i a t i o n  f r o m  u n i t y  r e s u l t e d  f r o m  d e p l e t i o n  of  t h e  
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Fig. 2. Ratio of measured pressure to value calculated from 
Eq. [1] (for cell A) or Eq. [2] (for cell B) as a function of com- 
position of solid remaining in cell. Dots and crosses represent cell 
A and cell B data, respectively. 

samples in the cells. The fact that the cell B ratios fell 
off at lower I /Zr  stoichiometries was in keeping with 
that  interpretation. 

To corroborate the above result, a sample of ZrI~.4 
in a graphite crucible was heated for 45 days at 475~ 
in a sealed glass bulb with one end of the bulb main- 
tained at about 50~ During the heating period, ZrI4 
vaporized from the sample and condensed in the cold 
end of the bulb. The sample remaining in the crucible 
was analyzed and found to be ZrI0.1. An x - ray  powder 
pattern of that material  showed lines mainly corre- 
sponding to alpha zirconium. The remaining lines were 
the same as the x - ray  pat tern for ZrI given in Table I, 
and the overall  intensity was about one-tenth that of 
the alpha zirconium pattern. That result indicates that 
the equilibrium phases present for the overall  compo- 
sition ZrI0.t were ZrI and alpha Zr. 

The upper composition limit for the univariant region 
corresponding to the pressures given in Eq. [5] was 
evaluated as follows. In Ref. (5) there was evidence for 
a new univariant  region starting between I /Zr  = 1.03 
and 0.96 [see Table III  of Ref. (5) ]. The present results 
(Table II) indicate that the univariant  region extends 
to I /Zr  of about 1.05. (We do not understand why for 
cell A the observed pressures were smaller than the 
univariant  values for I /Zr  greater than 1.05. We pre-  
sume that was due to some kinetic phenomenon in the 
cel l lpOSsibly some surface barr ier  on the sample 
which later was disrupted.) Therefore, the chemical 
reaction corresponding to the pressures of Eq. [5] is 

3.8 ZrI1.05(s) = ZrI4(g) + 2.8 Zr(s)  [6] 

The enthalpy change derived from Eq. [5] for reaction 
[6] is 60.4 _+ 0.5 kcal/mole. 

Figure 3 indicates our assessment of the vaporization 
thermodynamics for the zirconium iodides; the assess- 
ment combines our earl ier  results with the present 
data. Zirconium tetraiodide is the predominant vapor 
species, and the partial  pressure of ZrI4 as a function of 
composition of the solid is shown in the upper curve. 
The horizontal segments of the curve correspond to 
univariant  regions, that is, regions in which two solids 
exist in equilibrium with the vapor (ZrI4). The non- 
horizontal portions represent regions of solid solut ion 
that  have approximately the stoichiometries of the 
tetriodide, triiodide, diiodide, monoiodide, and are also 
indicated on the diagram. The enthalpies of vaporiza- 
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Fig. 3. Thermodynamics of vaporization as a function of compo- 
sition in the Zr-I system. Upper curve, pressure of Zrl4 at 650 K; 
lower curve, enthalpies of vaporization reactions per mole of Zrl4. 
Dashed lines indicate regions of estimated data. 

tion per mole of ZrI4 gas are presented in the lower 
curve of Fig. 3. The enthalpies of vaporization became 
greater the smaller the I /Zr  ratio of the solid, which 
indicates that  the removal of ZrI4 from the solid be- 
comes energetically more difficult as the composition 
decreases in iodide. 
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ABSTRACT 

The response of TiO2 and SrTiO3 photoelect rodes  to subband  gap l ight  has 
been  exp lored  as a funct ion of numerous  var iables ,  inc luding in tens i ty  and 
wave length  of light,  appl ied  potent ial ,  t empera ture ,  and e lec t ro ly te  composi-  
tion. The photoresponse  is shown to be l inear  wi th  l ight  intensi ty,  to depend  
on the square  root  of the app l ied  potent ial ,  to occur only for hv > 2.2 eV, 
and to be independen t  of t empera tu re  and e lec t ro ly te  composition. These re -  
sults suggest  a bu lk  exci ta t ion process involving i m p u r i t y  and de fec t - re l a t ed  
states in the  gaps of these semiconductors .  A qual i ta t ive  model  is p resen ted  
to account for the  main  fea tures  of this exci ta t ion process and to provide  a 
basis for  suggest ing fu ture  exper iments .  

The deve lopment  of the photoelectrochemical ,  ene rgy  
conversion field (1) has proceeded  to the point  where  
detai ls  of the  charge  t ransfe r  process at  the  semicon-  
duc to r -e lec t ro ly te  in ter face  a re  now of considerable  
in teres t  (2). In  par t icu lar ,  the  role  tha t  surface states 
might  p l ay  in this process has rece ived  considerable  
at tent ion.  Unfor tunate ly ,  evidence for  the impor tance  
of surface s tates  has been p r i m a r i l y  of an indi rec t  na -  
ture. In  an  a t t empt  to obta in  more  d i rec t  evidence for  
surface states severa l  groups have  exp lored  the exc i ta -  
t ion of photoelectrodes  by  subband  gap l ight  (3). Some 
of these resul ts  have  been presented  as evidence Yor 
surface states in  TiO~ (4-5).  

In  this paper  we presen t  evidence of a subband  gap 
exci ta t ion process for  TiO~ and SrTiO8 which involves 
bu lk  r a the r  than  surface states. I t  is shown tha t  the  
potent ia l  dependence  of the  photoresponse defines the 
na ture  of the exci ta t ion process and wil l  a l low a dis-  
t inct ion be tween  bu lk  and surface states. A model  is 
p resented  which  descr ibes  this exci ta t ion process and 
expla ins  the dependence  of the photoresponse  on the 
wave leng th  of the l ight  and  its intensi ty .  

Exper imental  Results 

Measurements  of the  subband  gap photoresponse 
were  made  using a convent ional  th ree  e lect rode elec-  
t rochemical  cell  where  the  TiO~ or  SrTiOs was the 
work ing  e lec t rode  and a sa tu ra t ed  calomel  e lect rode 
(SCE) was the re fe rence  electrode.  A p l a t i num foil  
was used as the eounterelect rode.  The potent ia l  was 
contro l led  using a potent ios ta t  pa t t e rned  a f te r  a p rev i -  
ous ly  publ i shed  design (6). The e lect rolytes  were  p re -  
pa red  using commerc ia l  reagents .  The samples  were  
cut  f rom a boule obta ined  f rom Mater ia l s  Research  
Company,  pol ished using V4 #m diamond paste,  and  r e -  
duced in hydrogen  under  var ious  condit ions as ind i -  
ca ted in the  figure captions. Contact  was made  using 
I n - G a  alloy.  

The l ight  source was an Orie l  IO00W xenon l amp  
wi th  a single pass SPEX monochromator  which p ro -  
v ided about  1 mW/cm~ inc ident  on the sample.  The 
l ight  was chopped us ing a PAR Model  191 chopper  at  
5 Hz and then passed th rough  a filter to remove s t r ay  
l ight  components.  This fi l tering is of crucial  impor tance  
since the subband  gap response we are  looking for  is 
orders  of magni tude  smal le r  than  the above -bandgap  
response. Thus a smal l  amount  of s t ray  u.v. l ight  can 
give an erroneous response.  The best  filter was a 
P y r e x  glass p la te  combined wi th  an unreduced,  2 m m  

* E lec t rochemica l  Society Ac t ive  Member. 
** E lec t rochemica l  Socie ty  S tude n t  Member .  
Key words: defects, semiconductor, spect ra .  

th ick slice of the  semiconductor  be ing  studied.  The 
efficiency of this fi l ter was checked by  looking for  a 
photoresponse above the bandedge.  Since the  observed  
response was s ignif icant ly less than  the  observed  sub-  
band  gap response we can be confident tha t  the  f i l ter-  
ing was adequate.  Erroneous  signals  due to s t r ay  u.v. 
l ight  were  observed  wi thout  this  filtering. 

The signal  was detected using a PAR lock- in  amp l i -  
fier on the output  of the  potent iostat .  Typical  resul ts  
for TiO~ and SrTiO8 are  shown in Fig. 1 and 2, respec-  
t ively.  These spec t ra  a re  not  cor rec ted  for  l ight  i n t en -  
s i ty and thus they  show s t ruc ture  a round  470 nm which  
is due to s t ruc ture  in the  l amp  spectrum.  In a sense, 
this is v e r y  useful  since i t  proves tha t  the  pho tore -  
sponse is due to exci ta t ion b y  subband  gap light.  Whi le  
these spect ra  were  t aken  using chopped light,  the  
photocur ren t  was also observed  using d-c  techniques to 
insure  tha t  the a -c  measurements  did  not  represen t  a 
t rans ient  phenomenon such as a -c  photoconduct ivi ty .  
These spec t ra  come f rom a s t eady- s t a t e  phenomenon  
and have  the same sign as the  pho tocur ren t  observed 
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Fig. 1. The subband gap photoresponse of a TiO2 sample in 1M 

KOH and at 0V (SCE). The sample was cut J. to the C-axis and 
reduced at 700~ for 30 min in a 10% H2-90% N2 atmosphere. 
The cutoff at short wavelengths is due to the optical filter cutting 
of the light source. 
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Fig. 2. The subband gap photoresponse of an SrTiO~ sample in 1M 

KOH and at --0.14V (SCE). The sample was reduced in vacuum at 
800~ for 2 hr. The cutoff at short wavelengths is due to the optical 
filter cutting of the light source. 

with above-bandgap illumination (i.e., these are anodic 
photocurrents). Typical quantum efficiencies for this 
subband gap excitation process are ~ i0 -s. 

Note that these photocurrents occur under anodic 
bias which is the normal operating potential range for 
photoanodes in a photoelectrochemical ce11. This is to 
be contrasted with the subband gap response observed 
in TiOs at cathodic bias (5) and subsequently explained 
as a photothermal effect (7). We have explored the po- 
tential behavior and the results are shown in Fig. 3 and 
4 for TiOs and SrTiOs, respectively. The behavior is 
identical to that observed for iUumination just above 
the bandgap. This is the first hint that perhaps what we 
are observing arises from a "bulk" process rather than 
from excitation of surface states. 

Another useful parameter to vary in exploring this 
subband gap photoresponse is the intensity of incident 
light. These results are shown for TiO~ using our normal 
light source and neutral density filters in Fig. 5. Within 
experimental error the photocurrent depends linearly 
on light intensity. To explore the behavior at higher 
light intensities, the 4880A line of an argon ion laser 
was used. The results for SrTiOs are shown on a log- 
log plot in Fig. 8. The relationship is linear over three 
orders of magnitude and has not saturated at power 
densities Of 200 mW/cm 2. 
Several other variables were also explored for their 

possible effect on the subband gap photoresponse. In 
addition to the data shown which was taken in 1M 
KOH, other electrolytes were tried which spanned the 
complete range of pH from strong acid to strong base. 
No significant effect of electrolyte was noted other than 
changes in the potential dependence due to the shifting 
fiatband potential The electrolytes were saturated with 
various gases including 02, Ns, and Ar. However, no 
changes in the subband gap photoresponse were ob- 
served. The temperature of the electrochemical cell was 
raised 30~ above ambient temperature but no effect 
on the photoresponse was observed. 
These results then pose the problem as to the origin 

of the subband gap photoresponse, whether it is a bulk 
or surface effect, and the mechanism for this process. 

Discussion 
The important clue to the nature of the subband gap 

photoresponse comes from the potential behavior. Fig- 
ures 3 and 4 show that the square of the photocurrent 
depends linearly on potential and extrapolates to zero 
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Fig. 3. The potential dependence of the subband gclp photo- 
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photocurrent disappears at the flatband potential. 
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response of SrTiO~ in 1M KOH using the 4880~ (2.54 eV) argon 
ion laser line at 100 mW intensity. Note that the photocurrent dis- 
appears at the flatband potential. 

at the flatband potential. Analysis of the response of 
the Schottky junction at the semiconductor-electrolyte 
interface has shown that the photocurrent density due 
to above-bandgap illumination may be expressed as (8) 

J'=e~o 1 l+aL [1] 

where e is the electronic charge, ~o is the incident 
photon flux, ~ is the optical absorption coefficient, W is 
the depletion layer thickness, and L is the minority 
carrier diffusion length. For subband gap illumination 
the absorption coefficient is small, thus ~W << 1 and 
~L << I. We also know that for a lightly reduced elec- 
trode such as we are using in these experiments W >> 
L. Then we may expand the exponential and ignore the 
diffusion term so that 

J ~ e~o~W [2] 

Thus the photocurrent is linearly related to depletion 
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Fig. 5. The linear relationship between incident light intensity 
and subband gap photocurrent for Ti02 in 1M KOH at OV (SCE) 
just below the bandedge (2.95 eV). 

l aye r  thickness.  Since (8) 

W = Wo(V --  VFB) ~ [3] 

where  V is the appl ied  potent ia l ,  VFB is the f la tband 
potent ial ,  and Wo is a constant  depending  on the p rop -  
er t ies  of the semiconductor ,  we expect  that,  for a bu lk  
process which  occurs un i fo rmly  throughout  the  dep le -  
t ion l aye r  region,  the square  of the pho tocur ren t  should 
depend  l i nea r ly  on appl ied  poten t ia l  and ex t r apo la t e  
to zero at the f la tband potent ial .  Whi le  this re la t ionship  
is usua l ly  not  obeyed  at  smal l  band  bend ing  (9, 10), 
this is exac t ly  wha t  we observe.  We bel ieve  tha t  the  
use of an P vs. V plot  and  the r e l a t ive ly  high noise 
level  obscures this region of expected  deviat ion.  This 
resul t  shows tha t  the  observed subband  gap response is 
a bu lk  phenomenon occurr ing  th roughout  the  deple t ion  
layer .  For  surface s tate  exci ta t ion  we would  not expect  
this square  root  dependence  on appl ied  potent ial .  Thus 
the  poten t ia l  dependence  of the  pho tocur ren t  is a 
means  of d is t inguishing be tween  bu lk  exci ta t ion  p ro -  
cesses and surface s tate  exci ta t ion processes. 

The nex t  quest ion to address  is the  na tu re  of the 
bu lk  exci ta t ion  process and whe the r  a consistent  model  
can be  const ructed which  wil l  exp la in  the dependence  
of the photoresponse on wave leng th  and in tens i ty  of 
l ight.  Since the  pho tocur ren t  is a d -c  effect, the  sub-  
band  gap response p r o b a b l y  involves a two-s tep  p ro -  
cess such as shown in Fig. 7. This seems to be necessary,  
since i t  is difficult to envision sufficient i m p u r i t y  level  
conduct ion to sus ta in  the  r e l a t ive ly  la rge  photocur ren ts  
observed  wi th  laser  i l lumina t ion  wi thout  seeing sa tu ra -  
t ion effects. The o ther  poss ibi l i ty  would  be a two-s tep  
process in  which one of the steps is a t he rma l ly  assisted 
process. Again  i t  is un l ike ly  tha t  the  l inear  re la t ionship  
be tween  pho tocur ren t  and  l ight  in tens i ty  shown in 
Fig. 6 would  be possible unde r  these conditions.  In  
addi t ion  we observed  no dependence  of the pho tocur -  
ren t  on tempera ture .  Thus we  be l ieve  tha t  the  exc i ta -  
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Fig. 6. The linear relationship shown on a log-log plot between 

incident light intensity and subband gap photocurrent for SrTiOs 
in 1M KOH at 0V (SCE) measured using the 4880.~ (2.54 eV) line 
of an argon ion laser. The solid line shows linear behavior over 
three orders of magnitude and to power densities larger than 200 
mW/cm 2. 

t ion mechanism is a two-s tep  process where  both  s t e p s  
are  photoexci ta t ions  and the  in t e rmed ia te  s ta te  is an  
impur i t y  or  de fec t - re l a t ed  midgap  state.  

For  a two-pho ton  exci ta t ion process where  there  is 
no real  in te rmedia te  state, the re  would  be a quadra t ic  
dependence  of the pho tocur ren t  on l ight  intensi ty.  
However ,  for  a two-pho ton  process wi th  a rea l  i n t e r -  
media te  state the  effective t rans i t ion  ra te  Weft can be 
shown using s imple  ra te  equat ions (11) to be  

E c 

Ev 

SEHICONDUCTOR ELECTROLYTE 
Fig. 7. The two-step excitation process envisioned for the sub- 

band gap photoresponse of TiC~ and SrTiO~. Depending an the 
particular example there may be a distribution of midgap states. 
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W~W~s 
We~t = [4] 

WI~ --I-- W~ 

where W~ is the transition rate  from valence band to 
intermediate state and W2~ is the transition rate from 
the intermediate state to the conduction band. Since 
both WI~ and W~a depend l inearly on light intensity, 
Weff will also depend l inearly on l ight inte~.~ity. This 
simple picture of course ignores spontaneous relaxation 
of the photoexcited electrons (W21). This seems justi-  
fied since it explains the l inear dependence of photo- 
current on light intensity. 

The spectral dependence of the subband gap r e -  
s p o n s e  is somewhat more difficult to explain than the 
intensity dependence, since many factors such as t ran-  
sition matr ix  elements and the energy distribution of 
the intermediate states are not knowm Thus we are 
going to assume a plausible, simplified model to ex- 
plore t he  general features of the behavior that  is to be 
expected. Following arguments made for discussing 
optical absorption in semiconductors (12), we assume 
parabolic conduction and valence bands and that  the 
transition matr ix  element is independent of photon 
energy. Furthermore, since the interband transitions in 
the materials of interest are known to be indirect (13), 
we will assume that  the momentum k is not conserved. 
Then we are making pr imari ly  density of states argu- 
ments as to the spectral dependence of the photoex- 
citation process. The effective transition rate is then 
given by 

WeftCh~) = J_c.._s~/jCz)W~tCz, hv)dz [B] 

where x is the energy of the intermediate state shown 
in Fig. 7 measured from the center of the gap and ](:c) 
is the energy distribution of these midgap states. The 
limits of the integral  insure that  energy is conserved in 
the photoexcitation process. The individual transition 
rates in this two-step process may be writ ten 

W ~  -- Mz~ (h~ --  E g / 2  --  z )  w [6] 
a n d  

W ~  - -  M ~  (h~ --  F,g/2 "F  z )  V~ [7] 

where M~ and M~ are constants which include the 
transition matr ix elements, and other factors indepen- 
dent of x and h~. If we use the full expression for the 
effective transition rate, Eq. [3], then the integral, 
while simple to evaluate numerically, will not clearly 
display the qualitative features of the model. Thus we 
again simplify by assuming Wl~ < <  W2~. Since Ml~ 
M~, this assumption is reasonable if the dominant mid-  
gap states are closer to the conduction band than the 
valence band. Then the frequency dependent factor 
determines the important  rate constant and Eq. [4] 
becomes 

Weff(hy) ~___ ."~'lSJ_(h~,_EO/2)f(=) (h~ - -  ~g/2 --  Z3 �89  " 

IS] 
Consistent with the above approximation we will a s -  
s u m e  a uniform continuum of midgap states extending 
to an energy Eo below the conduction bandedge. This 
limits the integral  in Eq. [7] so that  we have 

F C h v - - E o / $ )  

WertCh~) ~_ M~=.,cso~_~o~ (h~ - Eg/2 - x ) ~ d ~  [9] 

Or the effective transition rate  in this great ly sim- 
plified model is given by 

We~t(h~) ~-" ~ Ml~[h~, --  (Eg --  Eo)]a/~- [10] 

Thus we expect that  the quantum efficiency to the 2/3 
power should be l inear in photon energy and the inter-  
cept, (Eg -- Eo), defines the edge of the bulk defect 
state distribution. In the other extreme, where a c o n -  

t inuum of midgap states extend from the valence band 
to an energy Eo above the valence band, Wzm > >  W2s. 
Integrating in this limit yields the same expression for 
Weff except that Mlm is replaced by Mm in Eq. [10]. A 
single dominant discrete state in the gap of energy Eo 
would give 

W + ~ ( h + , )  ,.,., [hz ,  - ( E g  - E o ) ] v ,  [11 ]  

a square root dependence on photon energy. Natural ly 
more complex distributions of intermediate states f ( z )  
would result  in other forms for the effective transition 
rate W e f  f ( h ~ , ) .  

While the model presented is overly simplified, it is 
instructive to compare it with the data we have for 
TiO2 and SrTiO~. Figures 8 and 9 show a plot of the 
quantum efficiency to the 2/3 power vs. photon energy 
for TiO2 and SrTiOs, respectively. The rather  good 
linear dependence exhibited by the data suggests that 
the model with a continuum of midgap states extending 
Eo from a bandedge is not an unreasonable description 
of the data. While there is no a priori  reason to assume 
that the midgap states extend down from the conduc- 
tion band rather  than up from the valence band, a 
distribution of defect-related shallow traps have been 
observed to extend -~0.8 eV below the conduction band- 
edge (14) in TiO2. The 0.8 eV agrees ra ther  well with 
the intercept shown in Fig. 8. The similari ty in physical 
and chemical properties of TiO~ and SrTiO8 suggests 
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that a similar behavior for SrTiOs is not unreasonable. 
The tailing of the data exhibited below 2.4 eV is due to 
the noise level and poor baseline location. The peak 
around 2.9 eV in TiO2 could come from a nonuniform 
distribution of states in the gap. This is an area that 
needs further exploration. 

The model described above is unfortunately not 
unique. The same photon energy dependence can be 
obtained by assuming the two-step model with a single 
discrete intermediate state at an energy Eo from a 
bandedge and that each transition is a forbidden direct 
transition (12). This model would lead to the same 3/2 
power dependence of Weft on photon energy. However, 
the known distribution of midgap states (14) tends to 
favor our initial model for interpretation of the data. 

Intentional doping of TiO2 to extend the photore- 
sponse to energies below Eg has been explored and 
found to show some promise (15). However, the 
mechanism for this effect has not been defined. In Fig. 8 
we show the extended photoresponse of Cr-doped TiO2 
(15) plotted as the quantum efficiency to the 2/3 power. 
The striking linear dependence and the similar inter- 
cept for this much stronger subband gap response 
suggests a similarity in mechanism for the Cr-doped 
TiO2 and the ostensibly undoped samples. Since the 
intercept does not seem to correlate with the position 
of the Cr acceptor levels in TiO~ (15), we would like 
to propose another interpretation of this data. Substi- 
tutional doping of TiO2 with Cr requires the generation 
of charge compensating defects. We suggest that these 
defects are the same defects responsible for the sub- 
band gap response in both the Cr-doped and undoped 
samples of TiO~.. Furthermore, the two-step model de- 
scribed in this paper is applicable to both kinds of 
samples. This interpretation would explain the spectral 
dependence of the data, both the power law and the 
intercept, and also remove the requirement for signifi- 
cant impurity band conduction in these samples. 

Conclusions 
The results of this paper clearly show that subband 

gap excitation of semiconducting photoelectrodes is 
possible by a bulk mechanism. This bulk excitation 
process may be distinguished from surface state excita- 
tion by the dependence of the photoresponse on elec- 
trode potential. A linear dependence of the photocur- 
rent squared on potential with an intercept at the flat- 
band potential, implies a uniform excitation process 
throughout the depletion layer, i.e., a bulk process. The 
simplified model presented, involving transitions to 
states in the gap, is capable of explaining qualitatively 
the dependence of the photocurrent on light intensity 
and wavelength. However, our lack of knowledge about 
the distribution of midgap states puts the model on a 
very tentative footing. A brief examination of the ex- 
tended spectral response in Cr-doped TiO2 suggests 
that the same model is applicable in these samples. It is 
proposed that the relevant midgap states arise from 
charge compensating defects generated by the Cr dop- 
ing process. 

These results in both the Cr-doped and undoped TiO~ 
samples suggest further doping experiments with im- 
purities which produce known states in the TiO2 band- 
gap. Such experiments are necessary to test the validity 
of the proposed model and to explore some of the de- 
tailed aspects such as type of transition and the validity 
of the assumptions of the model. 
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Surface Stability Studies on Some CRT Phosphors 

S. Sinharoy, A. S. Manocha, and F. M. Ryan* 
Weetinghouse R&D Center, Pittsburgh, Pennsy~va~{a 15235 

Recently developed techniques of surface analysis 
(1-3), such as Auger  electron spectroscopy (AES),  
electron spectroscopy for chemical analysis (ESCA), 
secondary ion mass spectrometry (SIMS), and ion 
scattering spectroscopy (ISS) etc., have found wide-  
spread application in  the electronic, chemical, and 
metal lurgical  industries.  The purpose of the present  
s tudy was to demonstrate  the usefulness of one of 
these techniques, namely  ESCA, in  the study of sur-  
face composition of phosphors, as well as the chemical 
s tabil i ty of these phosphors under  ion bombardment .  
This chemical s tabil i ty is of par t icular  interest  in  ap- 
plications where  phosphors are subjected to ion im-  
pact such as in  plasma discharge displays. 

ESCA was chosen in  preference to the other common 
techniques ment ioned above for the following reasons: 
(i) the p r imary  excitat ion in ESCA is caused by 
soft x- rays  ra ther  than  electrons or ions, thereby 
providing a nondestruct ive  analyt ical  tool for sensi- 
t ive surfaces; (ii) surface charging effects are not  as 
severe as in  the other techniques and can be corrected 
very easily, thus providing a distinct advantage in  
the analysis of samples that  are electrically noncon-  
ducting; (iii) it is a surface sensitive (~50A) tech- 
nique, and it provides informat ion about the e lemental  
composition (down to a level of 0.1 atomic percent)  at 
the surface. Al though the other techniques are slightly 
more surface sensitive and some of them (SIMS, 
ISS) can detect elements present  to a much lower 
level, ESCA provides informat ion over a larger sam- 
pling area of the surface. This is an advantage for 
the type of studies reported here. (iv) It  provides in -  
formation about  the chemical bonding states of the 
elements detected on the surface. In  this respect, the 
other techniques are not near ly  as efficient. 

There are also some disadvantages inheren t  in  the 
ESCA technique. For example, (i) data acquisit ion 
process is very slow and (ii) meaningful  data cannot 
be acquired s imul taneously  while the sample surface 
is being sput ter-e tched with iner t  gas ions. 

In  this par t icular  case, the advantages of using 
ESCA far  outweighed the disadvantages, main ly  be-  
cause of the na tu re  of the samples and the type of in-  
formation desired. 

Experimental 
Eight different types of CRT phosphor in powder 

form were obtained from various commercial  sources 
for analysis. The phosphor types were the following: 
(i) YOE red, Y203:Eu; (ii) red YVO4:Eu; (iii) 
Y (VO4) I/2 (PO4) ~/2: Eu+8; (iv) CaWO4: Pb; (v) Y20~S: 
Eu+S; (vi) P-22 green, ZnCdS: (Ag);  (vii) P-22 blue, 
ZnS: (Ag) ; and (viii) P-22 red, CdS: (Ag). 

ESCA analysis of the phosphor samples were per -  
formed in  a GCA-McPherson/36 photoelectron spec- 
trometer,  using a magnes ium anode as the source of 
p r imary  x - rays  (1253.6 eV). Some of the powders 
were analyzed in  the form of pellets and the others 
on i nd ium foil. In  the lat ter  case, the larger crystals 
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were ground in a wig- l -bug,  the powder spr inkled 
between two ind ium foils and pressed to 1 ton/ in .  2 for 
1 rain. The samples were mounted  on a carousel sam- 
ple holder. The pressure in the exper imental  cham- 
ber  was in  the low 10 -9 Torr  range. The chamber  was 
equipped with an ion gun for sputter  etching of the 
samples. The sput ter  rate was estimated to be ap-  
proximately  5 A/min .  By a l ternat ing  argon ion sput-  
ter ing with ESCA measurements ,  it was possible to 
determine the composition and chemical state as a 
funct ion of depth in each sample. 

Results 
Two types of spectra were plotted for each of the 

phosphor samples. The first was a 1000 eV "survey 
scan" to ident ify the various elements present  on the 
surface. The second type consisted of high resolution 
spectra of lines corresponding to core level t ransi t ions 
of elements of interest.  Both types of spectra were 
plotted before sputtering, and after various stages of 
sputtering. All  b inding  energy values reported in  this 
paper have been corrected for charging effects follow- 
ing the procedure of Wagner  et al. (4), by making the 
carbon ls l ine due to the adventi t ious hydrocarbon con- 
t aminan t  appear at 284.6 eV. The 1000 eV survey scans 
of all the phosphors show the presence of the com- 
mon hydrocarbon and oxygen contaminants  from the 
atmosphere. No special ment ion  of these two contami-  
nants  will  be made in  the following. The results ob-  
ta ined in the various phosphors are presented and 
discussed below. 

Y2Os:Eu.--A survey scan of this phosphor, shown 
in Fig. 1, reveals the presence of silicon as the only  
contaminant  detected on the surface. The act ivator  
(Eu) concentrat ion was below the level of detection of 
the spectrometer. High resolution spectra of the Y3d 
and Ols lines of the as-received and sput ter-etched 
surfaces are shown in  Fig. 2. It  is clear that  with the 
progress of sputtering, the impur i ty  oxygen de- 
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Fig. 2. High resolution OIs and Y3d lines of Y203:Eu as re- 
ceived, after 10 min sputter and after 20 min sputter. 

creases, resul t ing in the gradual  decrease of the 530.1 
eV component  of the Ols line, and a slight improvement  
in  the resolution of Y3d~/2 and Y3d~/~ peaks. There 
were no significant changes in the peak positions 
after 20 min  of sputtering, indicat ing that Y20~:Eu 
is quite stable chemically under  argon ion bombard-  
ment.  

YVO~:Eu.--Silicon was again the only contaminant  
detected on the phosphor surface. The high resolution 
spectra of the Y3d~/2.~/2, Ols, and V2ps/~ lines after 
various periods of sput ter ing are shown in Fig. 3. 
The most significant change was observed in the V2p3/2 
peak which shifted gradual ly  to lower binding energies 
after  10 and 20 min  sputtering. The binding energy 
shift, which was accompanied by a gradual  broadening 
of the peak, was 1.9 eV after 20 rain sputtering. The 
shift to lower b inding  energies is indicative of the 
t ransformat ion of vanadium to a lower oxidation state 
(4). However, the broadening would indicate that  the 
t ransformat ion is not complete after 20 min  sputtering. 

Vanadium is thus present in  a mixed oxidation state 
after 20 rain of ion bombardment ,  the t ransformat ion 
being of the form V v ~ V v + V TM, the l ikely reduct ion 
process being yVvO4 ~ Y2V2IVOT. The YBds/2 and Ols 
peaks showed much smaller  shifts in  the B.E. after 
20 rain of argon ion bombardment�9 The binding energy 
528.8 eV of Ols must  be representat ive of oxygen in 
VO48- and V2076- states. 

Y(VO4)I/2(PO4)I/s:Eu+S.~The survey  spectrum of 
this phosphor did not  indicate the presence of any  im-  
purities on the surface. The behavior  under  argon ion 
bombardment  was quite similar  to that  of the vanadate  
phosphor. This is i l lustrated in  Fig. 4, where the high 
resolution spectra of Y3ds/2,0/2, P2p, Ols, and V2p3/~ 
lines of Y(VO4)I/2(PO4)I/2 have been plotted after 
various periods of sputtering�9 Both the P2p and V2p3/2 
peaks undergo a gradual  shift in  the b inding  energy to 
lower energies, accompanied by a broadening of the 
peaks. As in  the case of the vanadate  phosphor, the 
shifts can be a t t r ibuted to t ransformat ion of phos- 
phorus and vanad ium to lower oxidation states, the 
broadening being due to the presence of mixed oxi- 
dation states. As can be seen from Fig. 4, the t rend 
towards reduct ion to lower oxidation states was con- 
t inuing  after 20 min  argon ion bombardment .  This is 
evidenced by the appearance of a new shoulder at 
131.8 eV in case of P2p and cont inuing development  of 
the shoulder at 514.3 eV in  case of the V2p~/2 peak. 

CaWO4:Pb.--The survey spectrum of this phosphor, 
shown in Fig. 5, reveals the presence of a significant 
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amount  of lead on the surface, suggesting an enhance-  
ment  of activator concentrat ion at the surface region. 
The lead was present  in the form of PbO 4. There was 
also a significant amount  of sulfur  contaminant  at the 
surface. After  10 rain of argon ion bombardment ,  the 
Pb  concentrat ion fell below the level of detection. 
High resolution spectra of the W4fT/2.5/2, Ca2p~/2, and 
Ols photoelectron transit ions are shown in  Fig. 6. 
Notice the spli t t ing of the W4f peak, indicat ing part ial  
reduct ion of the tungs ten  in CaWO4 to metall ic tungsten  
(4). The small  shift accompanied by  some broadening 
of the Ca2ps/2 peak indicates (4) the conversion of 
CaWO4 to a mix ture  of CaO and CaWO4. The part ial  
reduct ion of CaWO4 to W and CaO unde r  argon ion 
bombardment  might  have taken place through in ter -  
mediate  metastable  CaWO3. 

The sulfide phosphors (ZnCdS:Ag, ZnS:Ag, CdS:Ag, 
and Y202S:Eu+S).~A small amount  of silicon contami-  
nan t  in  the form of SiO2 was detected in all sulfide 
phosphors studied. The activator amount  was below 
the level of detection. The b inding energies and widths 
of the S2p, Cd3ds/2, and Y3ds/2 photoelectron peaks 
and the zinc Auger  peak of these phosphors remained 
unchanged after up to 20 rain of argon ion bombard-  
ment,  at test ing to their  chemical stability. The spectra 
corresponding to S2p, Cd3ds/2, and zinc Auger lines 
from ZnCdS, ZnS, a n d  CdS phosphors are shown in  
Fig. 7. In case of Y202S (Fig. 8), the Y3ds/2 peak ap-  
peared in an altered form because of interference with 
the S2p photoelectron peak. Sulfur  in  this phosphor 
had to be detected on the basis of the S2s photoelectron 
peak, which had a much lower in tensi ty  compared to 
the S2p peak. A measurement  of the peak heights 
corresponding to the main  elements in all  the sulfide 
phosphors yielded informat ion about  the relat ive 
abundance  of sulfur  at various depths from the sur-  
face after  sputtering. An examinat ion  of the results 
listed in Table I reveals that  ZnCdS and CdS are 
deficient in  sulfur  at the surface, relat ive to the bulk  
down to about  100A. In  case of ZnS and Y202S, the 
reverse appeared to be true. The reason for choosing 
the zinc Auger peak in  preference to a photoelectron 
peak in  the results discussed above is the fact that  
for zinc, the Auger  line is known (5) to be more 
sensitive to changes in  the chemical environment .  

Discussion 
On the basis of the ESCA results presented in the 

previous section, the fol]owing conclusions can be 
made for the phosphors studied. 

(i) Silicon is the principal  surface contaminant  in 
most of the phophors examined. Probable sources of 
the silicon contaminat ion are from the quartz used 

t~ 

,.m 

z 

(A) W4t (B} Ca2p I(C) Ols I 

Mi8 eV 34611.1 eV 1 529. 5 eV 

36' 8"~VA 37_. i eV 340 7 eV A [ A I 
# ~,.~ ~. 2 eV I [ '/ \ / / \ I 

38 M 30 351 347 M3 5M 530 526 
Binding Energy (eV) 

Fig. 6. High resolution W4f, Ca2p, and Ols lines of CaWO4:Pb. 
Curve (1) as received and curve (2) after 10 min sputter. 

(A} S2p 161. 3 eV 

CdS --) 

61.7 

ZnCdS 

171 165 159 

(B) Zn Auger 

264. 0 eV 
I 

ZnC'  A 

268 264 260 
Binding Energy (eV) 

(c) Cd~5/2 

404.5 eV 

:dS 

L 

407 403 399 

Fig. 7. High resolution S2p, Cd3ds/2, and Zn Auger lines of 
ZnCdS: (Ag or Cu), ZnS: (Ag or Cu), and CdS: (Ag or Cu). 

(A) Y~I llB) 01s 528.4eV I(C) S2s 

15&3EV I A 1 

z":J / --I / 

I I I t I I I I I  I I I I I I r I I 
162 158 154 5M 530 526 227 223 219 

Binding Energy (eV) 

Fig. 8. High resolution Y3d, Ols, and S2s lines of Y20~S:Eu +3. 
Curve (i) as received and curve (2) after 10 min sputter. 

during preparat ion or from the "silicizing" used with 
some commercial phosphors. There was a significant 
amount  of sulfur  in  the tungstate phosphor studied. 

(ii) The calcium tungstate has a higher concen- 
t rat ion of the activator (Pb) at the surface, compared 
to the bulk. The activator concentrat ion in all the 
other phosphors ( including the bu lk  activator con- 
centrat ion in calcium tungstate)  is below the level of 
detection by ESCA. Migrat ion of lead to the surface 
has also been observed (6) in glasses, where trace 
levels of Pb appear as percent  levels on the surface. 

(i/i) The vanadate,  vanadate-phosphate,  and the 
tungstate  phosphors reduce to lower oxidation states 
as a resul t  of ion bombardment ,  whereas the oxide 
and the sulfide phosphors are chemically stable under  
ion bombardment  for a l imited t ime (up to 20 rain).  
We have not studied the long- te rm stabil i ty of these 
phosphors under  ion bombardment .  

The present  s tudy deals with argon ions of 10 keV 
energy. These ions are normal ly  used for sputter  etch- 
ings and their advantage lies in  penet ra t ing  the entire 
sampling depth. Smaller  ions and electrons of the same 
energy are expected to have less damaging effects. 
Knowledge about  the na ture  of the target mater ia l  is 
very  essential, e.g., SiO2 powder shows (7) higher 
stabil i ty than SiO2 films obtained on oxidation of 
silicon wafers. 
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Table J. Relative change in sulfur content at various depths from the surface in the sulfide phosphors 

Y202S Y202S 
Phosphor Zn~ ZnCdS CdS (Sample 1) (Sample 2) 

Sputter time (min) 
ESCA peak height ratio S2p/ZnA 
ESCA peak height rat]~o S2p/Cd3ds/2 
ESCA peak height ratio S2s/Y3ds/~ 

0 2 13 0 10 20 0 10 0 10 0 lO 
o.55 0.51 0.50 0.~4 0.~9 0.79 1.31 2.17 . . . .  
- - - 0 .3s  0.49 0.54 0.19 0.24 0?;7 ~ 3  0.77 0.%3 

Often times, reduct ion of a higher oxide to the ele- 
menta l  stage requires large amounts  of energy, e.g., 
W in tungstate  to the metall ic state. In  such cases, 
reduction proceeds via intermediate,  stable or meta-  
stable states. The extent  to which the different states 
may appear is a funct ion of the fate of the released 
species. For instance the released species may recom- 
bine with the reduced species. In  an extreme case, 
Storp and Holm (7) observed the formation of n i -  
trates on reduct ion of nitrites. 

A l s o ,  carbonates easily decompose under  argon ions. 
In  a closed system they may act as a source of oxygen 
for oxidation and carbon for reduction. The extent  of 
reduct ion and the amount  of various species as ob- 
served in  our  studies is therefore only a small  step in  
unders tanding  the na ture  of various processes that  
may be occurring in  real systems. Our studies do how- 
ever indicate that under  similar conditions, the oxides 
a n d  sulfides of the materials  studied here are more 
stable towards ion- induced damage than  the vana -  
dates, phosphates and tungstates. 

(iv) ZnCdS and CdS phosphors were found to be 
sulfur  deficient at the surface compared to a depth 
of about 100A from the surface. The reverse is t rue 
for ZnS and Y202S phosphors. 

In  this s tudy we have shown that  the surface com- 
position of these phosphors can differ greatly from 
the bulk. This difference extends only a small  dis- 
tance into the bu lk  (,~100A) so that  it comprises less 
than 1% of the phosphor particle volume and its 
presence cannot be inferred from bulk  analysis. ESCA 
studies, coupled with ion sputtering, have proven 
to be ideally suited for s tudying such surface layers. 

Summary 
There are two significant results that  we have ob- 

tained from these studies. One is that  many  phosphors 
lack chemical s tabil i ty under  ion impact, making  
them unl ike ly  candidates for ion excited phosphor 
d i s p l a y  panels. The second result  is that many  com- 
mercial ly  impor tan t  cathode ray phosphors possess 
an outer layer  of differing composition. One can specu- 
late that  the presence of this outer layer  may play 

an impor tant  role in the funct ioning of the phos- 
phor, par t icular ly  at high current  densities. The satu- 
rat ion and loss of efficiency of cathode-ray phosphors 
at high current  densities can be caused by diffusion 
of excitat ion energy to the surface of the phosphor 
where nonradia t ive  recombinat ion can occur. The 
presence of a second phase region, extending in  an 
appreciable distance from the surface, will  cer tainly 
affect this process. It is conceivable that ~this outer 
layer  could tend to repel diffusing electron or holes 
away from the surface by means of a charge layer o r  
by an  increase in  the bandgap energy near  the sur-  
face. Fur ther  ESCA studies, coupled with saturat ion 
and efficiency measurements ,  should be capable of 
determining if such processes do indeed exist. 
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luminescence in the SrO-I.i O-P O :Mn, Ce System 
A. Wachtel* 

Westinghouse R&D Center, Pittsburgh, Pennsylvania 15235 

Koelmans and Cox (1) reported the luminescence 
of (Sr, M)3 (PO4)2:Sn 2+ where M is an ion such as 
Mg, Ca, Zn, Cd, A1 which promotes the formation of 
the ~Cas(PO)2 s t ructure  in Srs(PO4)2. They also 
have shown that  the Mn emission in ~Sr3 (PO4)2: Mn, 
Sn 2+ is relat ively nar row and centered near  615 rim. 
Kroeger  (2) sensitized Caa (PO4) 2: Mn and Sr8 (PO4) ~: 
Mn with Ce 8+ and Froelich (8) charge-compensated 
Ce ~+ in (Ca, Sr)3 (PO4)2:Mn, Ce with Li or Na. 

Dur ing  at tempts to find an inexpensive replace- 
men t  for Y~O3:Eu ~+ in  "Ultralume" (red ~ green -~ 

* Electrochemical Society Active Member. 
Key words: inorganic, visible, fluorescence. 

blue emit t ing)  fluorescent lamps, recent  studies in  
this laboratory concerned Mn -t- Ce activated com- 
positions along the Sr3(PO4)2-Li3PO4 join. A small 
amount  of A1 ( ~  0.09 A1 per 2P) as well as the usual  
small  excess of P205 was also found advantageous. 

Phosphors were prepared by firing the mixed phos- 
phates, carbonates, or oxides in  air for 1 hr, followed 
by NH3 for 2 hr. Fi r ing temperatures  depended on 
the composition and the oxidation state of the activa- 
tors. It was interest ing to note that  for max imum red 
fluorescence intensity,  the tempera ture  had to be 
chosen so as to obtain hard ra ther  than friable prod- 
ucts. In optimized compositions firing temperatures  ty-  
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pically ranged from 820 ~ to 850~ 254 n m  excited 
fluorescence was measured through filters to isolate 
the red (Mn 2+) and u.v. (Ce ~+) bands and are re-  
ported in  a rb i t r a ry  uni ts  which are not  comparable 
with each other. 

The total Li content  of the compositions be tween 
M82+ (PO4)2 and Li~PO4 included the charge compen-  
sation scheme 2Sr 2+ ---- M s+ -t- Li + so that  a small  
amount  of the Li remained par t  of the M 2+ com- 
ponent.  Compositions along the join therefore con- 
ta ined 

Sr  = 3 - -  M n - -  2 ( C e  + A I )  - -  x 

L i =  ( C e + A 1 )  +2z 

where 0 ----- x -~ 3 -- Mn -- 2M 3 +. 
Figure  1 shows the relat ive fluorescence of phos- 

phors as a funct ion of x. i t  can be seen that  between 
x -- 0.5 and 1 (SrLiPO4), both emissions, i.e., overall  
efficiency, decrease. Below x ---- 0.5 and above x -- 1, 
Ce z+ emission increases while the Mn 2+ emission de- 
creases (energy t ransfer  decreases);  no independent  
measurements  of overall  efficiency were taken. I t  is 
clear, however,  that  m a x i m u m  red fluorescence ob- 
tains approximate ly  midway  between the ideal com- 
positions Srs (PO4) 2 and SrLiPO4. 

X - r a y  powder diffraction analyses of phosphor 
powders with x ---- 0, 0.533, and 1 showed no significant 
differences, despite the fac~ that  Sr3 (PO4)2 and SrLiPO4 
(4) have different structures.  In  all  cases, reflections 
due to ~ and /~Sr~(POr (the lat ter  predominat ing)  
were found. (Lines due to SrLiPO4 as well  as several  
weaker  l ines which could not be indexed were also 
noted.) Table I shows the data obtained for x _-- 0.533 
where the l ines assigned to /~Sr~(PO~)2 are based on 
published analyses of (Ca, Sr)3(PO~)~ with allow- 
ances made for lattice contraction due to Mn, A1, and 
Li. The complexity of the pa t te rn  is consistent with 
earl ier  observations by Koelmans and Cox (1). They 
stated that  Srs (POe) 2 containing additives which pro- 
mote the /~Ca~(PO4)2 modification, displays a highly 
distorted structures if fired at high temperatures.  
Annea l ing  at 600~ for 1 hr which caused a 10% 
reduct ion in  fluorescence in tens i ty  had no effect on 
the pattern,  nei ther  did washing in  dilute HC1 which 
dissolves most of the Li3PO4 without  significant 
change in  fluorescence. 

F igure  2 shows luminescence as a funct ion of Mn 
and Ce. As one may  expect, energy t ransfer  from Ce 
to Mn increases rapidly with Mn concentrat ion up to 
the optimum, after which it levels off. Measurements  
of quan tum efficiency for compositions with x ---- 0.53,  
Mn ---- 0.17, and Ce = 0.08-0.935 range be tween 0.8 
and 1.0. However, absorption of 254 n m  is relat ively 

80 I I I I 

60 Emission - 

- d 

" 20 F - '~ "~ +~ mlssl~ / /  X 

r _ -.,...,o...~_..o,,I \ 
O /  I 1 1 I 

0 0.5 1 1 . 5  2 2. 
X 

Fig. |. 254 nm excited fluorescence of Sr2.495-xMn0.131Ce0.o935- 
Alo.os35Lio.t87 +2zP2.0sO8.2. 

Table I. X-ray powder diffraction pattern obtained for the 
composition shown in Fig. 3 (x = 0.533) 

Assignment d I Assignment d I 

7.375 6 2.704 9 
2.682 6 

/~ 6.712 8 fi 2.657 62 
a 6.578 3 /3, SrLiPOi 2.606 12 

5.310 32 2.554 3 
4.478 9 2.530 3 
4.366 2 a 2.463 4 
4.168 2 2.402 2 
4.111 2 2.378 2 
3.981 6 2.282 3 

SrLiPOi 3.837 4 2.240 14 
a ,  ~ 3.623 29 SrLiPO~ 2.193 l0 

fl 3.434 22 a ,  ~ 2.083 15 
3.411 25 2.065 11 

/] 3,361 12 2.047 13 
3.330 9 2,006 2 

/~ 3.278 30 a,/3 1.987 24 
3.183 4 /~, SrLiPOl 1.939 12 
3.127 5 1.924 5 

/] 3.065 13 1.920 7 
~, fi, SrLiPOt 2.993 100 1.861 9 

2.900 4 1.848 6 
~] 2.840 8 1.332 4 

2.778 6 a 1.812 28 

Notes: a = similar to ~ Sr3(POt)~--hexagonal--but with con- 
tracted lattice, fl = based on fl (Sr, Ca)s (POD= (6J data but with 
contracted lattice. SrLiPO, = see Ref. (4). Additional lines were 
found only in rare instances.  

weak and does not exceed 0.9 even for 5-30 /~m par -  
ticles which were freed of fines by DTPAZ washing 
and elutriation. 

Figure 3 shows the emission and reflectance spectra 
of an  optimized phosphor. The Mn emission band  shows 
a ha l f -width  of 72 n m  and its shape and position is 
identical  to that  of /~(Sr, A1)2(PO4)2:Mn, Sn 2+. Its 
in tens i ty  is about  1.3 times as high, bu t  in  contrast  
to the Sn-sensi t ized species, the Ce ~+ has a greater  
tendency to oxidize on heat ing in  air. The SPD is also 
the same at least between x ---- 0 and 1. In  this con- 
nection, it  should be noted that  essentially the same 
Mn emission is reported for SrLiPO4:Mn, Cu + (4) 
and /~(Sr, A1)8(PO4)2:Mn, Cu + (5). Thus, we can-  
not dist inguish the presence of SrLiPO4 in  our phos- 

1 Diethylenetriaminepentaacetic acid d iammonium salt. 
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Fig. 2. 254 nm excited fluorescence of Sr2.o~-~MnyCeo.og3s- 
Alo.0935Lil.253P2.160s.4 (upper abscissa) and of Sr~.n-~zMno.17- 
CezAlo.09asLiz.zs+zP2.zs08.4 (lower abscissa). 
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Fig. 3. Reflectance and 254 nm excited emission of Sr1.92e, Mno.17- 
Ceo.o935AIo.o935Lil.253P2.1608.4. 

The impor tan t  finding of the present  s tudy is the 
observat ion  tha t  there  exists a mul t i -phase  mix tu re  
along the ~Srs(PO4)2-SrLiPO4 join  in which Mn 
fluorescence is sensit ized by  Ce 3+ more  efficiently than  
at  e i ther  end, and also more  efficiently than  by  Sn 2+. 
Based on present  data,  we feel  tha t  the present  phos-  
phor  consists of ~Sr3 (PO4) 2:Ce 3+, Mn 2+ and contains 
L i -bea r ing  phases which act as fluxes. 
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phors f rom ~Srs(PO4)~ on the basis of emission spec- 
tra.  

Unfor tunate ly ,  our x - r a y  pa t te rns  give no add i -  
t ional  informat ion  concerning the presence of SrLiPO4. 
The pa t te rns  va ry  l i t t le  over  this composit ion range  
despi te  the  fact  tha t  one might  expect  to see an in-  
crease of in tens i ty  of lines due to SrLiPO4 as the p ro -  
por t ion  of Li3PO4 in the mix tu re  is increased.  In  pa r -  
t icu lar  the second s t rongest  l ine of the compound 
SrLiPO4, d ---- 2.501A, is missing f rom the pat tern ,  
and o ther  l ines which  can be a t t r ibu ted  to SrLiPO4 
lie close to lines for a and ~Srs(PO4)2 (Table  I ) .  
Severa l  un indexed  lines also remain  in the pat tern .  
Thus we cannot  dis t inguish f rom our  da ta  whe the r  
Li~PO4 (i) en ters  a g lassy  phase  dur ing  firing w h i c h  
cannot  be detected by  x - r a y  diffraction, (it) enters  
into an unident i f ied phase which produces  the un in-  
dexed  lines in our  pat tern,  or  (iii) the  react ion be -  
tween  LisPO4 and Sr3(PO4)2 proceeds so s lowly tha t  
no significant amount  of SrLiPO4 formed dur ing  the 
firing process we used. 
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Suppression of Thermal Damage in InP 
Substrates in InGaAs Vapor Phase Epitaxy 

Yoshiharu Yamauchi and Nobuhiko Susa 

Nippon Telegraph and Telephone Public Corporation, 
Musashino Electrical Communication Laboratory, Musashino-shi, Tokyo, 180, Japan 

Photodiodes made  f rom I I I -V  compound semicon-  
ductors  have  been s tudied  to cover the 1-1.7 ~m wave -  
length  region, where  sil ica fibers have low mate r i a l  
dispers ion (1) and  low loss character is t ics  (2). InGaAs 
crys ta l  l a t t i ce -ma tched  to InP  is a sui table  mater ia l ,  
having  sensi t iv i ty  over  this whole  wave leng th  region. 
Low car r ie r  dens i ty  semiconductor  crysta ls  are  de -  
s ired in o rder  to obta in  un i form and re l iab le  ava -  
lanche mul t ip l ica t ion  (3-5).  In  nonava lanche  photo-  
diodes, low car r ie r  concentra t ion is also favorable  to 
low reverse  bias vol tage  opera t ion  wi th  low da rk  
cur ren t  (6) and smal l  capaci tance (7-9).  Low diode 
capaci tance is also beneficial  for h igh speed response. 
Vapor  phase ep i t axy  (VPE) is beneficial  in obta in ing 
a low car r ie r  dens i ty  layer.  Low car r ie r  concentra t ion 
and high mobi l i ty  InGaAs layers  (10) can be grown 
wi thout  as much difficulty as the long t ime In mel t  
h e a t - t r e a t m e n t  (7, 11) encountered  in l iqu id -phase  
ep i t axy  (LPE) .  

In  growing high qua l i ty  InGaAs  or  InGaAsP  layers  
by  VPE,  i t  is impor t an t  to s ta r t  c rys ta l  growth  af te r  
ma te r i a l  gas flow reaches s teady s tate  (10, 12-14). 

Key words: photodiode, VPE, crystal. 

The authors  have devised a quar tz  sl ide boat  for this  
purpose  (10). Thermal  damage  to the InP subst ra tes  
caused by  high phosphorus  vapor  pressure  is sup-  
pressed by  in t roducing PH~ (15) or Ar  (16) gas into 
the ambien t  H2 gas. In  LPE, the damaged  surface is 
etched off by the In melt before growth (17). It has 
been reported that, in InGaAsP VPE growth, PH3 gas 
flowing over the inP substrate is also effective in pre- 
venting substrate damage while waiting to establish 
steady-state gas flow (12-14). The PH3 gas, however, 
affects the growth of InGaAs and InGaAsP with low P 
composition, resulting in lattice mismatch. Experimen- 
tal results are reported in this letter to the effect that 
InP thermal damage and the PH3 contamination in 
InGaAs layer can be suppressed in the VPE process 
by using the substrate holder with sliding cover (I0). 

The substrate holder made of quartz is shown in 
Fig. I. The space tocontain the substrate is small, 
only 25 • 25 • 1 mm 3, in order to minimize PH3 gas 
contamination. Substrates are initially covered with 
a quartz sliding plate until steady-state gas flow is 
attained. The cover is slid off to expose the substrate 
surface for InGaAs deposition. The crystal growth 
equipment has been reported previously (i0, 18). 
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Fig. 1. Schematic view of substrate holder and cover 

The InP substrate is mounted  on the holder and is 
inserted into a reaction tube. In  a pal ladium-purif ied 
hydrogen atmosphere, the substrate is heated to 730~ 
Hydrogen chloride gas, which is obtained by the ther-  
mal  decomposition of AsC13 at 850~ flows over In  
and Ga melts. The H2 carrier gas flow rates passing 
through AsCI~ bubblers  (16~ for In  and 0~ for Ga) 
are 150 and 55 cm3/min for the In  and Ga melts, re-  
spectively. The 4% AsHJH2 gas has a flow rate of 
50 cm3/min. Steady-sta te  gas flow is obtained in about  
30 rain. InGaAs crystal growth is started by opening 
the holder cover and exposing the substrate  surface 
to the gas flow. 

In  order to s tudy the effect of the ambien t  gas on 
substrate  surface quality, InP  crystal  hea t - t r ea tment  
exper iments  were carried out. Substrates mounted in  
the holder were exposed to tempera ture  of 730~ for 
1 hr, which is longer than the t ime required to estab- 
lish s teady-state  gas flow in  typical crystal growth 
procedure. Effects of the sliding cover and PH3 gas 
content  in  hydrogen gas were studied, as shown in  
the left  column in Fig. 2. I ron-doped InP  substrates 
oriented, along (100) and ( l l l ) B  were etched with 

2.5% bromine methanol.  Hydrogen gas flowing at 400 
cmS/min rate was used as the ambient  gas. In  addi-  
tion, 5% PH~ gas mixed with H2 was introduced to 
the ambient.  The PI-I3 gas part ial  pressure was kept 
at 1 • 10 -2 atmosphere pressure, which is higher 
than  the PH~ equi l ib r ium pressure over I n - P  l iquidus 
(19). Gas flow rates were measured with mass flow 
controllers. The substrate mounted  in  the holder with 
sliding cover was inserted into the furnace at room 
tempera ture  and hydrogen ambient  gas was flowed for 
purge. The tempera ture  was then raised to 730~ in 
about  10 rain. 

When samples were exposed to the high temperature  
with the cover opened, as shown in  Fig. 2(1), the 
(100) and ( l l l ) B  surfaces suffered by severe thermal  
damage and In  droplets appeared, as shown in  Fig. 
2(a) and (b).  Tadpole shapes were observed on the 
( l l l ) B  faces, as previously reported (20), and t r i -  

angular  etching patterns,  reported on ( l l l ) A  face 
(20), were s imultaneously found on the ( l l l } B  faces. 
When the sl iding cover is closed, as shown in  Fig. 2 (2), 
the substrates shown in  Fig. 2(c) and (d) were not as 
seriously damaged, as those shown in Fig. 2(a) and 
(b).  This is because the phosphorus part ial  pressure 
established by ini t ial  evaporat ion suppresses fur ther  
decomposition. These results show that the cover on 
the holder effectively seals the substrate. When the 
ambient  gas contains PH3, as shown in  Fig. 2(3),  
thermal  deteriorat ion is not present, as shown in  Fig. 
2(e) and (f). The undesired deposition shown in Fig. 
2(f) ,  however, was sometimes observed, probably due 
to Ga, In, and /or  AsH3 used for InGaAs growth. In  Fig. 
2(4), H2 and PH3 gas mix ture  flows at room tempera-  
ture  and the holder cover is closed. The ambient  gas 
is then switched to pure  H~. The substrate  cell, in  
which PH~ gas is sealed, is then heated to 730~ for 1 
hr. The substrates after this hea t - t rea tment  show no 
thermal  damage, as shown in Fig. 2(g) and (h). This 
t rea tment  is useful  in prevent ing  the deposition shown 
in Fig. 2 (f), as well as in prevent ing  thermal  damage. 
Similar  experiments  were carried out by using su l fur -  
doped InP  substrates, yielding the same results as in 
Fig. 2. 

InGaAs crystal growth was carried out after the 
s teady-state  gas flow was established. The substrate is 
in the H2 and PH8 ambient  delivered in Fig. 2 (4) and is 
then exposed to the stat ionary gas flow. Crystal thick- 
ness of 2.5 ~m is obtained after 20 rain growth. The 
layer  was studied by electron probe microanalysis 
(EPMA) and Auger  analysis, whose phosphorus de- 
tection limits are 1 • 1019 and 1 • 10 ~-0 cm -~, respec- 
tively. No traces of phosphorus atoms were detected, to 
the 1019 cm -3 concentrat ion accuracy, on the InGaAs 
surface by the EPMA method. Auger measurements  of 
a 3 ~ angle polished sample are shown in Fig. 3. The ac- 
celeration voltage was 10 kV and the electron probe 
diameter  less than  1 #m. The P concentrat ion profile de- 

Fig. 2. Phase-contrast photomicrographs of the (100) and (111)8 
|nP surfaces after exposure to various ambient gases at 730~ 

As 

InGaAs 

InP 

2ooo  
Fig. 3. Composition profile of InGaAs/InP layer by Auger analys~s 
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creases rapidly in the InGaAs layer, and no PH~ con- 
tamination in the layer was observed in this analysis 
either. 

The double crystal x-ray diffraction rocking curve 
for this layer is shown in Fig. 4. The lines correspond 
to (400) plane reflection of the Cu-Kal line in InP and 
InGaAs. The InGaAs layer has a lattice constant 
slightly larger than that of InP due to the deviation of 
Ga and In compositions from the matching condition, 
not because of phosphorus atom contamination. Lattice 
mismatch ~a/a is 0.002. Full widths at half maximum 
for the InGaAs layer and the InP substrate are 45 and 

Fig. 4. X-ray double crystal rocking curve of InGaAs/lnP layer 

30 sec, respectively. The small shoulder, noted at the 
small lattice constant side tail of the InGaAs line, 
seems to be caused by gas composition fluctuation dur- 
ing the growth process, or residual PH8 gas contained 
in the substrate holder cell, which causes a shift to a 
smaller lattice constant (21). Since the Auger mea- 
surement showed no trace of phosphorus in the InGaAs 
layer, and the holder cell size is only 0.63 cm 3, the 
effect of PH3 contamination is considered to be small. 

In conclusion, the (100) and ( l l l ) B  InP substrate 
thermal damage can be suppressed at 730~ by using a 
substrate holder with a sliding cover filled with PH3 
gas in InGaAs VPE. The holder is confirmed to be 
useful to minimize the PI-I3 contamination in the VPE 
InGaAs growth by EPMA, Auger analysis, and double 
crystal x-ray rocking curve. 
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Addition Rule for Patterned and Nonpatterned 
Hardenings in Dichromated-PVA Coatings 

W. H. Fonger 
RCA Laboratories, Princeton, New Je r sey  08540 

D i c h r o m a t e d - P V A  photores is t  is used to make  phos-  
phor  and b l a c k - m a t r i x  dot  or  l ine pa t t e rns  in color 
te levis ion p ic ture  tubes.  The detai ls  of this  appl ica t ion  
are  r ev iewed  in Morre l l  et al. (1) ; see especia l ly  Sec-  
tions 3.1.1, 5.1, 5.2.1, 5.3.5, and  5.5. The photochemis t ry  
of d ichromated  colloids, inc luding PVA, is r ev i ewed  in 
Chap te r  2 of  Kosar  (2). Both books give m a n y  r e f e r -  
ences. 

The hardenings (PVA cross-linkings) of dichromated 
PVA coatings are often the combined result of pat- 
terned and nonpatterned hardenings. Patterned hard- 
enings arise from light exposures through masks. Non- 
patterned hardenings arise from flood exposures or 
from coating dark hardenings (no light). We address 
the measurement of both hardening components for 
PVA clear-resist coatings. The analysis is handled in 
the approximation that all hardenings (PVA cross- 
linkings) increase linearly in time and that the transi- 
tion to threshold hardening, the hardening level that 
just resists development, is very sharp. 

The clear-resist case occurs for the black-matrix 
deposition (i). However, we are concerned here more 
with the general study of coating light and dark hard- 
ening, and envisioned experimental conditions are 
much more variable than in matrix deposition. The 
exposure light can be directed toward or through the 
glass substrate; the pattern mask can be q-spaced or 
contact; the pattern can have any desired shape; mask 
and flood exposures can utilize different wavelengths, 
etc. We generally consider fairly thin coatings so that 
the photohardening is not very graded from coating top 
to bottom. However, the only real requirement is that 
a point of threshold hardening can be properly read 
and rated for exposure, and it is possible to work with 
some hardening grading through the coating. 

The simplest case is where the patterned hardening 
is digitalized in a large-area step or checkerboard pat- 
tern, as illustrated in Fig. i. The numbers in the 
checkerboard squares give the units of patterned ex- 
posure time. The hatched area shows the portion of the 
coating that survived development. In the case illus- 
trated, 9-10 units of patterned exposure time were 
needed to give threshold hardening. Calling this pat- 
terned exposure time tp and the time for nonpatterned 
hardening tn, the equat ion (addi t ion  ru le)  descr ibing 
coat ing ha rden ing  a t  the  ha rden ing  th resho ld  is 

+ = 1 [I] 
�9 p "Ca 

where  Tp is the  t ime for threshold  pa t t e rned  ha rden ing  
for no nonpa t t e rned  hardening,  and  rn is the  t ime for 
th resho ld  nonpa t t e rned  ha rden ing  for  no pa t t e rned  
hardening.  The constants  Tp, Tn are  character is t ic  con- 
Stants of the  coating. 

To measure  the  coat ing t imes Tp, ~n exper imen ta l ly ,  
one needs two coatings 1, 2 wi th  different  appl ied  non-  
pa t t e rned  ha rden ing  t imes tnl, tn2, and, therefore ,  d i f -  
fe ren t  observed  pa t t e rned  exposure  t imes tpl, tp2 to 
b r ing  the coat ing to threshold  hardening.  Using the 
addi t ion  rule  [1], one then  has two l inear  equat ions in 
the  two unknowns  1/rp, 1/~n 

Key words: dichromated PVA, TV-screen deposition, photo- 
hardening. 

tpl tnl t~s 
- - + - - =  l, - - + - - = 1  [2] 
"~p Tn "~p Cn 

which can be solved for these unknowns.  
For  the  more  compl ica ted  case of dot  (or  l ine)  ex-  

posures using a te levis ion shadowmask,  the  pa t t e rned  
ha rden ing  is a cont inuously  decreas ing funct ion of the 
do t -d i ame te r  coordinate  D (or of the  l i n e - w i d t h  co- 
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Fig. 1. Checkerboard pattern for light exposures. The integer in 
each square gives the units of exposure time. 
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Fig. 2. Profile of patterned hardening beyond each mask hole. 

I(D) is the normalized light shape function. 
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ord ina te  W) due to the  l ight  p e n u m b r a  developed be-  
tween the mask and coating. See Fig. 2. In  this figure, 
tp is the mask -exposu re  t ime, the coating constant  ~po 
is the mask -exposu re  t ime needed to ha rden  dots of 
some a r b i t r a r y  s t anda rd  d iamete r  Do wi th  no nonpa t -  
te rned  hardening,  and I (D) is the shape funct ion of the  
pa t t e rned  l ight  in tens i ty  at the coating, normal ized  to 
un i ty  at  D --  Do. 

For  combined shadowmask  and nonpa t t e rned  hard- 
enings, the addi t ion rule-analogous  to Eq. [1] is 

Z(D) + = 1 rs] 
Tpo "~n 

where  tn and ~n have  the same meanings  as in Eq. [1], 
and D is the deve loped-do t  diameter .  

If  a resist  wi th  negl ig ible  nonpa t t e rned  ha rden ing  
(tn/Tn < <  1) is avai lable ,  the l ight  shape function I(D) 
vs. D can be measured  expe r imen ta l l y  using Eq. [3] 
which then reduces to 

I ( D )  = -Cpo , [4] 
tp(D) 

Here  tp(D) is the  measured  mask -exposu re  t ime for  
dots of d iamete r  D. We assume herea f te r  tha t  the shape 
funct ion I (D)  has been measured  and is known. 

The constants  ~po, Tn of an  "unknown"  coat ing can be 
de te rmined  using Eq. [3]. One uses two coatings wi th  
different  nonpa t t e rned  ha rden ing  t imes tnl, tn2 and 
super imposed  mask -exposu re  t imes tpl, tp2 which give 
developed dots of observed diameters  D1, D2, respec-  
t ively.  One then has the two l inear  equat ions 

~;nl ~$P2 '~n2 
l t p  I(D1) -I- "- 1, I(D~) + = 1 [5] 
"Spa "~n "$po "~n 

which can be solved for  the  unknowns  1/~po, 1/'Cn. 
We have used the methods unde r ly ing  Eq. [1] and 

[3] to obta in  the  character is t ic  constants  of unknown  
coatings. The method  using Eq. [1] is s imple r  because  

i t  avoids both the  l ight  shape funct ion I (D)  and mi -  
croscope measurements .  

The addi t ion rules  [1] and [3] wil l  handle  any case 
of combined l ight  and da rk  hardening.  Two special  
cases of ru le  [3] a re  of interest .  We consider  first the  
case where  the nonpa t t e rned  ha rden ing  t ime tn is held  
constant  whi le  the mask -exposu re  t ime tp is varied.  
Equat ion [3] can then  be wr i t t en  

tp(D)  a 
= ~ [6] 

~po I ( D ) 

where  ~ is the constant  ~ = I - -  t J~n.  Equat ion [6] 
shows that  tp (D) is inverse ly  p ropor t iona l  to the  l ight  
shape function I ( D ) ,  jus t  as i t  was in the  Eq. [4] case 
for no nonpa t t e rned  hardening.  That  is, the funct ion tp 
vs. D (mask-exposu re  t ime vs. developed dot  d iamete r )  
has the same shape wi th  or  wi thout  a super imposed  
constant  nonpa t t e rned  hardening.  

F igure  3 shows a measured  example  of this case. 
The measured  shapes tp (D) are  seen to be the same for 
no nonpa t t e rned  harden ing  and for a nonpa t t e rned  
ha rden ing  for which tn/~n was a pp rox ima te ly  2/3. In  
this example ,  the  nonpa t t e rned  ha rden ing  was p ro -  
v ided by  Hg 436 m~ floodlight. This l ight  is w e a k l y  ab -  
sorbed in d i c h r o m a t e d - P V A  coatings and gave un i form 
nonpa t t e rned  ha rden ing  vs. coat ing depth.  The mask  
exposures  used Hg 365 m~ light.  The dot  mask  had  3 
out  of eve ry  4 of its mask  holes b locked so tha t  the  
per iod  be tween  mask  holes was double  the no rma l  size. 
Dot d iameters  up to 60 mils could therefore  be used be-  
fore ad jacen t  dots over lapped.  
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Fig. 3. Dot-mask exposure time vs. dot diameter with and without 
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points were calculated from the shape function I(D) in Fig. 3. 
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Figure  3 was purpose ly  d rawn  in the  form 1/tp vs. D 
to d i rec t ly  p o r t r a y  the l ight  shape funct ion I ( D ) .  This 
plot  is in contras t  to the more  no rma l  plot  of D vs. tp 
which d isp lays  the growth  of dot  d iamete r  D With in-  
creasing mask -exposu re  time. 

We consider  f inal ly {he case where  the  m a s k - e x -  
posure t ime tp is he ld  constant  whi le  the nonpa t t e rned  
ha rden ing  t ime tn is varied.  Equat ion  [3] is then  use-  
fu l ly  wr i t t en  in the form 

I ( D )  "- ~ 1 ta 

We assume tha t  ~po, ~n, and the shape funct ion I (D) are 
known, tp is given, and tn is varied.  As tn is varied,  the 
r i g h t - h a n d  side of Eq. [7] gives the numer ica l  va lue  of 
I ( D ) ,  and, f rom the known  shape- func t ion  I vs. D, 
the  expec ted  dot d iamete r  D can then  be r ead  off. 

F igure  4 shows examples  of measured  (da ta  points)  
and ca lcula ted  (smooth curves)  dot  d iameters  D vs. the 
nonpa t t e rned  ha rden ing  t ime in. The exposure  mask  
was the same dot  mask  used for  the Fig. 3 measu re -  
ments,  and the shape funct ion I (D) used in the ca lcu-  
la t ions is tha t  shown in Fig. 3. Al l  da ta  in Fig. 4 were  
t aken  on two coatings. One was mask -exposed  wi th  
Hg 365 m~ l ight  wi th  tp ---- 0.7 min, the o ther  wi th  tp --  
1.4 rain. The var ious  nonpa t t e rned  ha rden ing  t imes  tn 
were obta ined  by  super imposing  on the dot  exposures  
flood exposures  wi th  Hg 436 m~ l ight  in a l a r g e - a r e a  
checkerboard  pat tern .  The f lood-exposure  t imes in the 
var ious  checkerboard  squares  p rov ided  the var ious  tn 
abscissa values  in the figure. 

As tn --> 2:n, the developed dot  diameter  increases 
catas t rophical ly ,  and the coat ing becomes undeve lop-  
able. This region (to the  uppe r  r ight  of the dashed 
curve in Fig. 4) is r ead i ly  recognized in pract ice  and 
avoided. In  the  region to the  lower  lef t  of the dashed 
line, the developed dots look innocent ly  as if  no non-  
pa t t e rned  ha rden ing  occurred.  However ,  the coating 
photosensi t iv i ty  to mask  exposures  would  be seriously  
overes t imated  if  the under ly ing  nonpa t t e rned  ha rden -  
ing were  ignored.  In  pract ice,  under ly ing  nonpa t t e rned  
hardenings  come f rom flood exposures and from coat- 
ing dark  hardenings.  

Since the ca tas t rophic  increase of dot  d iamete r  wi th  
tn is so sensi t ive to "On, the  two Vn values  in Fig. 4 (4 and 
4.5 min) were  sepa ra te ly  chosen empi r i ca l ly  for best  fit 
of the theory  to the da ta  points.  

Manuscr ip t  submi t t ed  March 7, 1980; revised m a n u -  
script  received Ju ly  21, 1980. This was Pape r  222 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the So-  
ciety, May 11-16, 1980. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 

Publication costs of this article were  assisted by RCA 
Laboratories. 
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Damage-Free Polishing of Polycrystalline Silicon 
B. L. So~ri, T. Nilsson, and M. McClure 

Motorola  Incorporated, Semiconductor  Group, Phoenix ,  Ar izona 85008 

Recent ly  there  has been considerable  in teres t  in 
using po lycrys ta l l ine  silicon for solar  cells. Al though 
cells of about  10% efficiency can be fabr ica ted  on 
po lycrys ta l l ine  sil icon substrates ,  it  is expected tha t  
h igher  efficiencies can be ob ta ined  if some of the 
g r a i n - b o u n d a r y  effects, which  l imi t  the cell  pe r fo rm-  
ance, a re  wel l  unders tood and, thereby,  subject  to 
modera t ion .  Much of this inves t iga t ive  w o r k  to s tudy  
photovol ta ic  mechanisms at  gra in  boundar ies  involves 
e lec t ro-opt ica l  techniques.  For  this purpose,  it  is nec-  
essary  to pol ish the surface  of a po lycrys ta l l ine  silicon 
sample  such that  surface damage  and profile va r i a -  
tions, in pa r t i cu l a r  a t  the gra in  boundaries ,  can be 
minimized.  This paper  repor ts  a pol ishing technique 
which  yields  a damage - f r ee  pol ished surface wi th  
g r a i n - t o - g r a i n  surface height  variat ion,  8, less than  
0.05 ~m. A method for moni tor ing  surface damage  due 
to pol ishing in o rder  to opt imize the pol ishing condi-  
tions is also described.  

The problems associated wi th  pol ishing po lyc rys -  
ta l l ine  silicon can be genera l ized  as follows: (i) both  
chemical  and mechanica l  (using fine gr i t )  pol ishing 
resul t  in steps at  the gra in  boundar ies  due to different  
r emova l  rates  for var ious  gra in  or ientat ions;  (ii) 
mechanica l  pol ishing resul ts  in surface damage  giving 
rise to a high surface recombina t ion  veloci ty  (which 
has deleter ious  effects on solar cell pe r fo rmance  and 
complicates  the  in te rp re ta t ion  of measuremen t  da ta ) ;  
(iii) chemical  po l i sh ing /e tch ing  genera l ly  causes 
"grooving"  at  the  g ra in  boundar ies  due to the  fact  

Key words: polycrystalline, grain boundaries, surface photo- 
voltage, Nalcoag. 

tha t  the etch ra te  a t  g ra in  boundar ies  is often h igher  
than  tha t  of the grains. F rom these considerat ions i t  
is c lear  that  pol ishing to minimize  surface damage  
and 5 requi res  a sequence of mechanica l  pol ish fol-  
lowed by  chemica l /mechan ica l  polish. The chemica l /  
mechanica l  pol ishing should be done jus t  long enough 
to remove the surface damage  f rom mechanical  pol ish-  
ing. We have t r ied  severa l  mechanica l  and chemica l /  
mechanical  pol ishing procedures  and descr ibe  the  one 
tha t  gave best  results.  

Procedure and Results 
Polycrys ta l l ine  silicon samples  tha t  were  pol ished 

had sawn and etched surfaces. These wafers  have  
considerable  surface roughness  and the i r  gra in  s t ruc-  
ture  is c lear ly  visible,  as  is shown in Fig. 1. Various 
grains show up due to var ia t ions  in ref lect ivi ty caused 
by  changing grain  incl inat ion wi th  respect  to the  
incident  light. Wafers  were  first l apped  wi th  a lumina  
powder  ( typical  gr i t  size ,-~ 30 ~m) using a fel t  pad  1 
for about  30 min. The lapped  sample  exhibi ts  a grayish  
appearance  and no grains  are  vis ible  under  normal  
visual  inspection. A heavy  surface damage  was evi-  
denced by  a lack of surface photovol tage  signal  due 
to high surface recombina t ion  veloci ty  (1). 

Samples  were  then pol ished wi th  o i l -based  d iamond 
( typica l  gr i t  size ~ 2 ~m) whi le  g radua l ly  reducing  

pressure  from 5 to 2 psi and  ma in ta ined  at this va lue  
for 2 min. Diamond polishing removed  much of the 
lapping  damage,  there  is st i l l  res idua l  surface stress 

1 A laboratory-type machine with single spindle and rocking arm 
was used for all polishing steps. 
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Fig. I. Photograph of a polycrystalline wafer before polishing. 
Size: 2.5 X 2.5 cm ~. 

which must be removed. This is done by a chemical/  
mechanical polish using Nalcoag slurry, Type 2350. 2 

To optimize polishing conditions, as discussed earlier, 
surface photovoltage technique has been used to moni- 
tor the degree of surface damage based on the fact that 
the surface voltage signal developed across the sample 
is a function of surface recombination velocity (1). 

Reduction in surface damage by chemical/mechani- 
cal polishing was compared by polishing the samples 
for short intervals of time and measuring its photovolt- 
age. Light intensity and the gap between top electrode 
and sample surface were held constant throughout 
all  measurements. Variation of photo-signal at 10 sec 
intervals of polishing time is shown in Fig. 2. The solid 
circles show this signal variation. The decreased signal 
after 60 sec of polish was felt to be caused by insuffi- 
cient flow of Nalcoag during polishing since repeating 
the experiment o n  another wafer yielded the signal 
value shown by the triangle. Saturation of signal occurs 
after about 60 sec of polishing, implying the surface to 
be free from damage. 

Nalcoag is a colloidal silica s lurry manufactured by Nalco 
Chemical Company, 

1.0 , . . . . . .  2/.._ A 
m ~...-.m-------a 

'~r B ...-~ " ' ~  
~P 

fJ f �9 t 
~ 0.1 

g 0.01 
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I ! t ! ! I I 
0 20 40 60 

POLISHING TIME (IN SEC) 

Fig. 2. Amplitude of SPV signal vs. polishing time for Wacker 
Silso polycrystalline silicon. Constant light intensity and optical 
beam size (~, - -  1.0 #m). 

In order to compare (qualitatively) the residual sur-  
face damage after lapping and diamond polishing with 
that of diamond polishing alone, the above sample 
(after Nalcoag polish) was given a diamond polish fol- 
lowed by repolishing with Nalcoag for 10 sec intervals 
and remeasuring the SPV signal. These data are shown 
by squares in Fig. 2. Residual damage from diamond 
polishing alone was much less than when the sample 
was lapped prior to diamond polish. Furthermore, the 
signal saturation occurred after only 40 sec of total 
polishing time. The two lines A and B in Fig. 2 indi- 
cate the signal levels obtained from two samples which 
were first Nalcoag polished and then etched using two 
different etchants. Since these samples were not me- 
chanically polished, these signal levels correspond to 
damage-free surfaces lending support that the satura-  
tion signal level implies a damage-free surface. 

The procedure was used to polish polycrystalline 
silicon wafers to a smoothness, 8max, of less than 0.05 
~m with negligible (or no) surface damage. This is 
clearly seen from Fig. 3 which is a surface profile trace 
of a polished Wacker polycrystalline silicon wafer. A 
Nomarski photograph of a part  of the polished surface 
is given in Fig. 4. Although the photographed region 
has many grain boundaries, only a few are visible in 
Fig. 4. A Dektak trace (accompanying the photograph) 
across the most prominent grain shows the height vari-  
ation to be 0.03 ~m. An interference photograph of a 
part  of the surface, taken under sodium light (~ _-- 
0.513 ~m) is shown in Fig. 5. 

The polishing procedure described above was estab- 
lished following several variations in mechanical and 
chemical/mechanical polishing sequences. Table I 
summarizes some essential features of these. It should 
be emphasized that procedures a, b, and c in Table I, 
lead to a steady-state grain- to-grain height variation 
(i.e., 5 does not change if the polishing is continued past 

8 
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.I.0MMJ 
ol" "l 

Fig. 3. Dektak trace of the surface profile of a polished Wacker 
po|yerystalline silicon sample. 

Fig. 4. (A) Nomarski photograph of a polished wafer, magnifica- 
tion ~ 50. (B) Dektak trace across the prominent grain (along the 
arrow in A). 
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NALCOAG THINNING 

Fig. 5. Interferogram of a polished section of a polycrystalline 
silicon wafer. 

an initial  period of rapid variation).  Results of chemi- 
cally polishing the samples in two different etchants 
are also given in Table I for comparison. These etch- 
ants are often used for silicon surface preparation. 

We have also found Nalcoag polishing to be a very 
at tractive technique for wafer thinning. Figure 7 shows 
a plot of thickness removed vs. polishing time for two 
pressures. I t  is seen that removal rates are comparable 
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Fig. 7. Plot of thickness removed vs. polishing time during 
Nalcoag thinning. 

Fig. 6. (a, top) Nomarski photograph of a grain shows that dam- 
age introduced by lapping (as pits) is not completely removed by a 
chem mech polish for 4 rain. A gentle tamer at the grain boundary 
is clearly seen. Magnification 400)<. (b, bottom) Low magnification 
(10•  interference pattern of the grain in Fig. 6(a). 

to that of lapping. In addition, Nalcoag polishing allows 
bet ter  control for these wafers. Using Nalcoag thin- 
ning and the polishing techniques described in this 
paper we have been able to parallel  polish RTR silicon 
ribbons down to a thickness of 28.1 ~m for the mea- 
surement of absorption coefficients at  wavelengths 
down to 0.7 ~m (2). 

Applications 
The polishing of polyerystall ine silicon is necessary 

for a variety of important  electrical and optical char- 
acterization techniques. Some of these are: (i) focused 
laser scanning to determine local variations in photo- 
response and to evaluate some effects of grain bound- 
aries; (ii) material  thinning and polishing for measure- 
ment of optical constants such as reflection and ab- 
sorption coefficients, and to determine microscopic 
stresses by infrared birefringence; (iii) planar  defect 
characterization for delineating various types of defects 
using chemical etchants; ( iv )  angle lapping for a vari-  
ety of characterizations such as variation of defects in 
the bulk, junction depth measurements (at and away 
from grain boundaries),  and a variety of other mea- 
surements (e.g., potential  probing) which require sig- 
nal pick-off from the surface. 

Summary 
The Nalcoag polishing technique for polycrystall ine 

silicon resulted in a grain- to-grain  surface height var i -  
ation of 5 < 0.05 #m. The slope of the surface profile 
at grain boundaries is very gentle, and no "grooving" 
at grain boundaries has been observed. These prop-  
erties are very important  for probing grain boundaries, 
electrically and/or  optically, along the sample surface. 
SPV monitoring showed the extent of surface damage 
to be minimal. This polishing/monitor technique has 
also facilitated other evaluation methods such as mea- 
surement of absorption coefficient for wavelengths 
near the bandedge, spectroscopic measurements of im- 
purities like oxygen, and defect delineation by chemi- 
cal etching. 
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Table I. Summary of the results of some other polishing procedures 

January 1981 

Polishing method ~max (~m) <6> (~m) Comments 

a. Mechanical polish 
Final grit size = 0.05 #m 1.2 0.3 
Pad: Micro-cloth 

h. Lapping + Nalcoag 
Pressure 10 psi 1.2 0.5 
Pressure 20 psi 0.4 0.25 

c. Lapping + diamond 0.2 0.1 

d. Chemical polish 
HNO~:HF:CH~COOH 4 1.5 
5:1:1 
HNOs:HF:Br:CI-IsCOOH 4 ~2 

g a r d i n g  t h i s  work .  T h i s  w o r k  w a s  s u p p o r t e d  in  p a r t  b y  
DOE u n d e r  t he  C o n t r a c t  AC-O1-79ET-23104.  

M a n u s c r i p t  s u b m i t t e d  M a r c h  13, 1980; r e v i s e d  m a n u -  
s c r i p t  r e c e i v e d  J u n e  20, 1980. 

A n y  d i s c u s s i o n  of  t h i s  p a p e r  wi l l  a p p e a r  i n  a D i s -  
cus s ion  S e c t i o n  to b e  p u b l i s h e d  i n  t h e  D e c e m b e r  1981 

(i) Grain boundaries have smooth taper 
(iO Severe surface damage indicated by very low SPV signal 

(t) 5 attains steady-state value after about 4 rain of polish 
with Nalcoag 

(it) Lapping damage is not removed in 4 rain (see Fig. 6) 
(i/i} Grain boundaries show gentle taper 
(iv) Damage-free surface after 15 rain polish with Nalcoag 
(v) Useful for sample thinning 
(i) Leaves shallow scratches 
(ii) Residual surface damage 

JOURNAL. A l l  d i scuss ions  fo r  t h e  D e c e m b e r  1981 D i s -  
cuss ion  S e c t i o n  s h o u l d  b e  s u b m i t t e d  b y  Aug.  1, 1981. 
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Erratum 
I n  t h e  p a p e r  " P r o p e r t i e s  of T h i n  P o l y i m i d e  F i l m s "  

b y  L. B. R o t h m a n  w h i c h  a p p e a r e d  o n  pp.  2216-2220 in  
t h e  O c t o b e r  1980 JOURNAL, VO1. 127, No. 10 f o o t n o t e  
o n e  to T a b l e  I o n  p a g e  2216 s h o u l d  r e a d  " N M P :  n -  
m e t h y l p y r r o l i d i n o n e . "  Also  F i g u r e  8 ( c )  c a p t i o n  o n  
p a g e  2219 s h o u l d  r e a d  " a f t e r  645 h r  K = 5.12 g / r a m . "  

I n  a d d i t i o n  t h e  l a s t  s e n t e n c e  b e f o r e  t h e  C o n c l u s i o n  
sec t ion  o n  p a g e  2220 s h o u l d  r e a d  " A n n e a l i n g  t h e  m e t a l  
a t  350~ in  n i t r o g e n  b e f o r e  t e s t  i m p r o v e s  t h e  A1 to 
p o l y i m i d e  a d h e s i o n ,  r e s u l t i n g  i n  a pee l  f a c t o r  of  a p -  
p r o x i m a t e l y  10 g / r a m  a f t e r  t h e  s t r e s s  cyc le . "  
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The Influence of Promoter Elements in Acidic 
Sulfate Solutions on Hydrogen Absorption in Titanium 
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It is well known that certain elements, 
particularly those of Group VA and VIA of 
the periodic table, can markedly increase 
the entry of hydrogen into iron and carbon 
steel during cathodic polarization. Elements 
which produce this effect are known in the 
literature (i, 2) as "promoters." Several 
papers have been published in the literature 
dealing with the influence of promoter 
elements on the rate of hydrogen absorption 
in iron and carbon steel (3-6). However, 
information on the role of these elements on 
the rate of hydrogen absorption in titanium 
is not available. This brief communication 
presents experimental data which show that 
promoter elements such as P, As, S and Sb 
have a rather pronounced effect on the rate 
of hydrogen absorption in titanium in acidic 
sulfate solutions under conditions of cathodic 
polarization. 

EXPERIMENTAL 

The material used in this study was commer- 
cially pure titanium (ASTM B265-72 Grade 2) 
of the following analysis (0.025% C, 0.06% 
Fe, 0.021% N, 0.005% H, 0.15% 02). The 
titanium electrodes were small rectangulars 
with dimensions 1 x 1 x 0.3 cm. All sides of 
the electrodes were exposed in the test solu- 
tion. The electrode assembly in which only 
glass and teflon, besides the electrode, came 
in contact with the electrolyte, as well as 
the cell design, were similar to those 
described previously (7). Constant current 
for the cathodic charging experiments was 
drawn from a constant voltage power source 
through a variable resistance. The electrode 
surface was polished with 6/0 emery paper, 
rinsed with toluene and acetone and pickled 
with HF (14% HF) to remove the air formed 
oxide film. No measurable hydrogen absorp- 
tion was detected as a result of surface 

* Electrochemical Society Active Member. 
Key Words: Hydrogen Absorption, Titanium, 

Promoter Elements. 

etching. The test solution was 0.i N H2SO 4 
(pH = 1.2) with and without the addition of 
equal molar concentrations (3.1 x 10-3 M/I) 
of sulfur, phosphorous, arsenic and antimony 
which were added in the test solution as 

Na2S, Na4P207, NaAs02 and potassium antimony 
tartrate K(SbO) C4H406 respectively. Char- 
ging solutions were prepared from distilled 
water and reagent grade chemicals. The 
cathodic charging experiments were carried 
out at i0 ma/cm 2 for 24 hours at 93~ After 
cathodic charging, the hydrogen content of 
the titanium electrodes was determined by 
the hot extraction method at 1400~ (8). 
Several electrodes, after charging were also 
polished metallographically in cross section, 
etched with an HF-HNO3-1actic acid reagent (9) 
and the morphology of the hydride layer was 
examined with an optical microscope. 

RESULTS AND DISCUSSION 

The Ti-H system forms an interesting contrast 
to the well known Fe-H system in at least two 
respects. First, in the Fe-H system, the 
affinity between metal and hydrogen is only 
slight; they form no chemical compounds and 
the hydrogen dissolves in the metal in 
comparatively small concentrations. In the 
titanium-hydrogen system, on the other hand, 
the mutual affinity is great, a chemical 
compound, titanium hydride (TiH2) is formed 
and the hydrogen dissolves in the metal in 
relatively large quantities. 

The second major difference between titanium 
and iron is that titanium in air or when 
immersed in most aqueous solutions at open 
circuit potential forms a stable "passive" 
film which is probably a thin TiO 2 film (i0- 
ii). This oxide film, when present, may act 
as a barrier to hydrogen pickup. 

To eliminate the presence of an oxide surface 
film on titanium during the cathodic hydrogen 
charging experiments, the titanium electrodes, 
after pickling with HF to remove the air- 
formed oxide film, were kept in an inert 

21g 
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atmosphere and immediately upon immersion in 
test solution were cathodically polarized at 
i0 ma/cm 2 while the charging solution was 
maintained at 93~ The test solutions were 
acidic sulfate solutions pH = 1.2 with and 
without equal molar concentration of the 
promoter elements. During cathodic charging 

Table I. Potential of Titanium 
Electrode Cathodically Polarized at 
i0 ma/cm 2 at 93~ in 0.i N H2SO 4 

Potential 
Solution V (SCE) 

0.i N H2SO 4 -0.93 

0.i N H2SO 4 + -1.12 

3.1 x 10 -3 M/I Na2S 

0.i N H2SO 4 + 

3.1 x 10 -3 M/I Na4P207 

-1.15 

0.i N H2SO 4 + -i.0 

3.1 x 10 -3 M/I NaAsO 2 

0.i N H2SO 4 + -0.92 

3.1 x 10 -3 M/I K(SbO) C4H406 

at i0 ma/cm 2 the electrochemical potential 
of titanium as shown in the table was in the 
range of -0.9 to -1.15 V (SCE). In this 
potential region in acidic sulfate solutions 
(pH = 1.2), titanium oxides are not stable 
thermodynamically (12). It is, therefore, 
reasonable to assume that during the cathodic 
charging experiments, the bare titanium metal 
surface was exposed in the test electrolyte. 

Figure 1 shows the titanium hydride (TiH2) 
layer formed in titanium cathodically 
polarized at i0 ma/cm 2 for 24 hours in 
0.i N H2SO 4 (pH = 1.2), at 93~ This is 
typical of the morphology of the titanium 
hydride layer produced by cathodic charging 
in acidic sulfate solutions with and without 
the addition of the promoter elements. After 
prolonged exposure, diffusion of hydrogen and 
formation of titanium hydride thin plates far 
deep into the metal structure were also 
detectable. The effect of different promoter 
elements on the rate of hydrogen absorption 
in titanium cathodically polarized at i0 
ma/cm 2 at 93~ is shown in Figure 2. The 
promoter elements were added as Na2S , 
Na4P207, NaAsO2, and K(SbO)C4H406. These 
compounds were complete soluble and had no 
effect on the pH of the 0.i N H2SO 4 solution. 

Figure i. Morphology of Titanium Hydride 
Formed in Titanium Cathodically Polarized 
at i0 ma/cm 2 in 0.i N H2S04, 93oc. 

The nature of the ionic species containing 
the promoter element which are present in 
the solution are likely to be SO4 =, SH-, 
P2074-, AsO 2- and SbO 2- respectively. The 
data shown in Figure 2 demonstrate the pro- 
nounced effect of SH-, P2074- and to a 
lesser extent of AsO 2- on the rate of 
hydrogen absorption in titanium cathodically 
polarized at i0 ma/cm 2, 93~ in 0.i N H2SO 4. 
The effect of K(SbO) C4H406 (which is likely 
to produce SbO 2- in solution) on the hydrogen 
absorption rate was not as pronounced. 
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Figure 2. The Effect of Promoter Elements 
on Hydrogen Absorption in Titanium Cathod- 
ically Polarized at i0 ma/cm 2 in 0.i N 
H2SO 4 (pH = 1.2), 93~ 
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As indicated previously, it is reasonable 
to assume that during the cathodic charging 
experiments, the bare titanium metal surface 
was exposed in the electrolytic solution. 
It is also reasonable to assume that the 
promoter element containing compounds exert 
their influence on increasing the rate of 
hydrogen uptake, by adsorbing on the titanium 
metal surface. However, the molecular 
species containing the promoter element which 
adsorb on the metal surface and the mechanism 
of their action in enhancing the rate of 
hydrogen absorption is not known. It is 
possible that the adsorbed promoter species 
increase the Ti-H bond on the metal surface 
and this increases the coverage of adsorbed 
atomic hydrogen which thereby increases the 
permeation rate. Other explanations such as 
formation of hydride of the promoter element 
during polarization as an essential process 
of hydrogen entry in titanium must also be 
considered. Additional work in this area 
is clearly required before a definitive 
mechanistic explanation of the role of 
promoter elements on hydrogen absorption 
in titanium can be advanced. 
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Semiconductor Electrodes 
XXXV. Slurry Electrodes Based on Semiconductor Powder Suspensions 
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Irradiated suspensions of sem~ single crystal and polycrystalline 
conductor powders, e.g., Ti02, have semiconductor materials currently 
been employed in such heterogeneous being investigated. Measurements 
photo processes as the oxidation of involving such slurry electrodes 
cyanide, the decomposition of car- are of use not only for the char- 
boxylic acids, and the deposition acterization of the powders but 
of metals. Details about these and may also have practical applica- 
other reactions are given in recent 
reviews (1-3). The mechanism pro- 
posed for these processes is based 
on the formation of an electron- 
hole (e-h +) pair at the particle 
surface upon absorption of light of 
energy greater than the semiconduc- 
tor band-gap. The particle then 
behaves as a short-circuited cell 
with both oxidation and reduction 
taking place at the particle sur m 
face. Recent measurements of the 
electrophoretic mobility of TiO 2 
powder have demonstrated that in 
solution, the surface charge on the 

tions in photoelectrochemical 
cells. 

In a typical experiment, a 
suspension of n-TiO 2 particles in 
0.02 M HCI was deaerated for 24 
hours prior to measurements. APt 
foil (area ~ 3 cm2), polished with 

AI203 and cleaned in boiling HN03, 
was used as the collector elec- 
trode. Electrochemical measure- 
ments were conducted in a Pyrex H- 
cell, with the compartments sepa- 
rated by a fine-porosity glass 
frit. One compartment contained 
the deaerated TiO 2 suspension 

particle under illumination is more while the other compartment con- 
negative than that measured in the tained a Pt counter electrode and 
dark (4). Moreover, this negative 0.02 M HCI with a low oxygen con- 
charge persists for at least 10-15 centration to support a current 
minutes after the irradiation stop~ flow. A 2500 W xenon lamp, opera- 
These results suggest that when the ted at 1600 W, was used for illu- 
holes are scavenged by an oxidation mination. A Pyrex water bath ap- 
process, electron density builds up 
on the particle surface. We report 
here that this excess charge can be 
collected on an inert electrode to 
produce an anodic current flow. 
Thus, semiconductor powder suspen- 

sions (e.g., TiO 2, WO 3, CdS) can 
behave as electrodes ("slurry elec- 
trodes") in the same manner as the 

*Electr~chemical Society *Active, 

**Student Member. Key ~ords: photo- 
electricity, p~otoanode, solar energy. 

proximately 15 cm in diameter was 
placed in front of the electro- 
chemical cell to remove IR radia- 
tion. 

A negligible current flowed 
between the two half-cells in the 
dark under short circuit condi- 
tions. When the TiO 2 suspension 
was irradiated, a cathodic current 
transient appeared; the current 
quickly became anodic and finally 
attained a steady anodic current 

222 



Vol 128, No. I SEMICONDUCTOR ELECTRODES 29,3 

level (Fig. ib). When the light that electron transfer to this spe- 

beam was interrupted, an anodic cies does not occur. 
transient appeared and the anodic Similar behavior is observed 
current decayed to zero. In a con- with other semiconductor powders. 
trol experiment in the absence of The i-t curves with WO 3 powder in 
the suspension under otherwiseiden-sulfate solutions (pH 1.8) are 
tical conditions, only very small similar to those of TiO 2 (Fig. ic). 
current responses appeared under For a CdS suspension in a sulfate 
illumination (Fig. la). The behavior medium, however, no cathodic tran- 
of the TiO 2 suspension can be inter- sient is observed and the current 
preted based on the model for photo- rises in an anodic direction and 
processes at the particle surface then decays to a steady value (Fig. 
(Fig. 2). The photoproduced hole id). In this case the photogenera- 
rapidly forms a hydroxl radical that ted holes lead to decomposition of 

reacts in a following reaction to the semiconductor Cd2+ 
produce oxygen (5). In the absence CdS + 2h § § + S [i] 
of oxidants in solution, electrons and the sulfur so produced is not 
accumulate at the powder surface, reducible. The addition of Na~SO~ 

E 
While proton reduction is a possible (10 -5 M) which retards this decom- 
process, this reaction is apparent- position reaction (8) caused no 
ly slow at an uncatalyzed Ti02 sur- significant change in the photo- 
face. The direction of current flow response. 
depends upon the relative rates of Electrochemical studies of 
electron transfer between the col- semiconductor slurries in the dark 
lector electrode and the particle, and under illumination appear 
Initially a cathodic current, prob- promising. The determination of 
ably representing reduction of OH-, photocurrent as a function of the 
is observed. However the accumula- wavelength of the irradiating light 
tion of electrons and the subsequent can provide information about the 
reaction of .OH leads to a net anodic band gap energy and, perhaps the 
current. A quantitative treatment existence of energy levels within 
of the model of Fig. 2, to be de- the gap, with the powder immersed 
scribed elsewhere, leads to current- in the reaction medium. Moreover 

time (i-t) curves resembling the 
experimental ones. Evidence in fa- 
vor of such a model is the finding 
that addition of oxygen to the sus- 
pension quenches the anodic photo- 
current, and produces only a brief 

the effect of solution conditions 
on the photoresponse can provide 

information about relative reac- 
tion rates at the particle surface. 
Although the magnitudes of the 
photocurrents generated with the 

cathodic transient and a small cath- slurry electrodes are small com- 

odic steady state current, since 
the photogenerated electrons react 
with 0~. Similarly the anodic cur- 
rent wlth platinized TiO 2 is much 
smaller, because Pt catalyzes the 
proton reduction reaction. Finally 

pared to single crystal and some 
polycrystalline film electrodes 
under similar irradiation inten- 
sities, they may find some practi- 
cal application. They are poten- 
tially very inexpensive and easy 

the addition of acetate causes a de- to construct and replace. Regener- 
crease or elimination of the cathodic ative (photovoltaic) and storage 
transient and an increase inthe anod- (photoelectrosynthetic) cells em- 
ic current, because the preferential ploying slurry electrodes are pos- 
oxidation of acetate at the powder sible and are currently under in- 
produces methyl radical which under- vestigation in this laboratory. 

goes averyrapidreaction (6), so 
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Fig. i. Current-time responses 
under and following irradiation 
with xenon lamp. (a) Pt electrode 
alone in 0.02 M HCI; (b) suspen- 
sion of 25 mg TiO 2 in 40 ml 0.02 
HCI; (c) 25 mg WO 3 in 40 ml 6.7 mM_ 
Na2SO 4 (pH 1.8); (d) 30 mg CdS in 
40 ml 6.7 mM_ Na2SO 4 (pH 5). 
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Fig. 2. Model of process at parti- 
cle surface. R represents a solu- 
tion reductant (e.g. H20, CH3C02-) 
and O' a solution oxidant (e.g. 

02). 
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Edge Acuity Improvement by Spectral Filtration 
in the Deep U.V. 
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It has previously been shown that 
shorter wavelength exposure can in- 
crease the modulation transfer func- 
tmon(1) a --~ �9 m~ consequently the effective 
resolution(2) of a projection mask 
aligner. This paper addresses the 
issue of edge acuity under these con- 
ditions. 

A F/3 projection mask aligner was 
modified for exposure in the 275 nm 
to 325 nm region and used to expose 
one micron of Ship!ey AZ-2400 resist 
with standard processing conditions. 
The silicon substrate had 720 nm of 
wet grown oxide on it. 

Figure la shows scanning electron 
micrographs of 1.5 micron features, 
of a mask of nominally equal lines 
and spaces, with two conditions of 
partial coherence (S). The edge 
acuity, that is the measured angle 
of the resist with respect to the 
substrate, is 0 = 48 ~ for S = 0.86 
and 0 = 53 ~ for S = 0.52. In both 
cases the angle is too small for 
adequate linewidth control. 

A high pass filter was used to re- 
duce the exposure bandwidth to the 
range 300 nm to 325 rim. The moti- 
vation is illustrated in Figure 2 
which shows the transmission of one 
micron of unexposed AZ-2400 resist 
as a function of wavelength. The 
strong absorption below 300 nm is 
characteristic of the Nova!ac resin 
contained in most commercial positive 
resists. Also shown is the bandwidth 
of the exposure tool and the trans- 
mission of the UBK-7 glass that was 
used as the filter. 

It Can be seen that there is consid- 
erable actinic light at shorter wave- 

Key words: edge acuity, photoresist, deep UV 

lengths than the resist absorption 
edge. Most of this light is ab- 
sorbed in the resist leading to 
loss of resist thickness and poor 
edge acuity. The UBK-7 filter 
obviates this effect. The results 
using this high-pass filter are 
shown in Figure lb. Here 0 = 57 ~ 
for S = 0.86 and 0 = 70 ~ for S = 0.52. 
These results are a notable improve- 
ment and indicate good lithographic 
performance. Additional experiments 
were performed with a filter con- 
sisting of AZ-2400 on a quartz plate. 
The results were similar but the 
organic coating deteriorated rapid- 
ly under the intense UV exposure. 

Exposure times were 20 sec without 
the high-pass filter and 30 sec 
with UBK-7. Experiments are in 
progress to optimize the filter in 
order to minimize the increase in 
exposure time. Different resists 
may require their own matched fil- 
ter for optimum results. Similar 
experiments conducted in the near 
UV (350 nm to 440 nm range) showed 
an insignificant improvement in 
the slope angle as the exposure 
bandwidth was changed within this 
range. This would be expected be- 
cause the Novalac resin has very 
low absorbtion in this range and the 
absorbtion of the photo active com- 
pound does not exhibit such large 
variations in this range as does the 
resin in the 280 to 320 nm range. 
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Zn Diffusion in GaAIAsSb and GaSb 

R. Chin and H. D. Law 
Rockwell International~Electronics Research Center, Thousand Oaks, California 91360 

The demonstration of both optical 
sources (1) and detectors (2,3) in the 
GaAIAsSb-GaSb system at long wavelength 
(1.0 um<~<l.8 ~m) has stimulated further 
interest in this particular alloy system for 
optical communication purposes. For num- 
erous optical devices in other I I I -V alloy 
systems, Zn diffusions have shown to be in- 
valuable for device fabrication. In hetero- 
junction structures, i t  is requisite that 
the diffusion rate of the impurity (Zn) be 
known for the different composition mate- 
r ia ls  comprising the heterostructure. I f  
the p-n junction must be placed within a 
narrow region such as the active region of a 
double heterojunction laser, this informa- 
tion is indispensable. 

In this ar t ic le,  we describe the di f fu- 
sion rate for GaAIAsSb and GaSb. In addi- 
t ion, the effect of antimony overpressure 
upon the regularity (planar p-n junction) of 
the p-n junction is shown to be important. 

The Ga~ material of this work is doped 
at 3-5 x 10 ~" cm -~ with Te, while the 
Ga I vAl~As I ySb, ~x ~0.~; y ~0.97) is 
dope~ a~ 6-w x ~0 lb cm -~ also with Te. 
Lattice matching of the GaAIAsSb epitaxial 
layer is aided by the addition of a small 
amount of arsenic. Since this amount of 
arsenic in the solid is minor, the GaAIAsSb 
wi l l  hereafter be referred to as GaAISb. 
Although the doping of the GaSb and GaAISb 
dif fers by a small amount, from other work 
(5) the gradient of the impurity is extreme- 
ly large at the p-n junction. Therefore, 
the difference in doping wi l l  not lead to 
any appreciable error in comparisons of 
diffusion rate between the two materials. 
The diffusions of this work were performed 
at a temperature of 520~ Although this 
temperature is low relative to zinc di f fu- 
sions carried out in other I I I-V systems 
(e.g., GaAIAs-GaAs), i t  is s t i l l  high for 
the antimonide system given that~GaSb melts 
at approximately 712~ The diffusion 
source consisted of Zn in Ga at 7 atomic 
percent. This is similar to the type of 

source used by Rezek et al. (4). The 
samples=were sealed in an ampoule evacuated 
to ~10 -v torr .  A small amount of pure 
antimony was also placed in the ampoule 
prior to seal off .  This resulted in planar 
junctions which were not possible otherwise 
under the same conditions. A typical d i f -  
fusion into GaAISb is shown in Fig. I .  The 
p-n junction location in the GaSb and GaAISb 
as well as the heterojunction between the 
GaAISb and GaSb were revealed in cross 
section with a H20:KOH:K3Fe(CN) 6 20:1:1 
etch. The junction depth was ascertained 
with a Nomarski contrast optical microscope. 

The p-n junction depths as a function 
of the square root of diffusion time for the 
Gan ~Aln RSb and GaSb are shown in Fig. 2. 
AsV~ e ~ e n t  in the figure, the diffusion 
rate for the aluminum bearing alloy is 
approximately >1.6 times higher than for the 
GaSb. I t  is expected that the difference 
between diffusion rates of the two materials 
would be more pronounced as the diffusion 
temperature is increased for a given di f fu- 
sion time (6). In addition, a break in the 
diffusion depth vs. time curve occurs at a 
depth of approximately one micron for both 
the GaAISb and GaSb. A similar effect has 
been observed in GaP (7). This was at t r ib -  
uted to the introduction of dislocations. 
The dislocations affect either the substitu- 
tional to in te rs t i t i a l  impurity ratio or 
change the diffusion coefficients (Di; Ds) , 
depending on the nature of the disloca- 
tions. The same effect is probably opera- 
tive in the antimonide compounds. The net 
result is to enhance the diffusion rate. 
This is shown by the greater slope after a 
diffusion depth of ~1 ~m is exceeded. The 
higher rate of diffusion of zinc in the 
ternary Over that of the binary is similar 
to that found for all Ga-Al compounds with 
an As or P anion. The diffusion concentra- 
tion prof i le is not expected to follow a 
complementary error distr ibution owing to 
the concentration dependence Of the d is t r ib-  
ution coefficient. 
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In conclusion, i t  has been found that 
Zn diffusion in GaAISb-GaSb system is simi- 
lar to other Ga-Al compounds with other 
anions such as As or P. In addition, much 
lower diffusion temperatures are required in 
this lower bandgap material. I t  has also 
been found that an antimony overpressure 
results in more planar p-n junctions. 
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Electrochemical Inactivation of Marine Bacteria 

H. P. Dhar and J. O'M. Bockris* 
Department ol Chemistry, Texas A&M University, College Station, Texas 77843 

and D. H. Lewis 
Department oS Veterinary Microbiology, Texas A&M University, College Station, Texas 77843 

Previous methods used to control micro- 
bial fouling have had l imited success (1,2, 
3,4). One approach involved electrochemical 
evolution of Cl 2 in the bulk of the solution 
(4). Power requirements and Cl 2 concentra- 
tions of this method are, however, imprac- 
t i c a l l y  large. Other electrochemical 
approaches have involved the cathodic evolu- 
t ion of H 2, which, although par t ia l l y  
successful, causes the region near the 
interface to become alkal ine and encourages 
the development of other deposits (5,6). 

The present report concerns the 
bactericidal properties of H202, which is 
formed from dissolved 02 present in an 
electrolyte at low power densities on the 
metal surface. Direct observations of 
bacterial ac t i v i t y  of Vibrio An~uillarum, a 
marine species of bacteria were made in a 
cell constructed of transparent conducting 
SnO 2 glass, using dark f ie ld  and phase con- 
t rast  microscopic techniques. The cell 
used involved a transparent Nafion cationic 
membrane #425 to separate the anode and 
cathode compartments. The dimensions of 
each compartment were 3 cm X 2 cm X 0.02 cm. 
400X magnification (3.10-6 m depth of f ie ld)  
allowed observation of the cathode surface, 
while eliminating transfer of anodically 
produced C12. In addition to direct  obser- 
vations, assessment of bacterial v i ab i l i t y  
was made by d i lu t ing and cultur ing aliquots 
from each compartment (7). 

The current-density/potential relation 
for the reaction 

02 + 2H + + 2e +H202 

revealed that H202 formation would occur in 
30% o NaCl at approximately -0.3 V on the 
Normal Hydrogen Electrode (NHE) sca~e at a 
current density of around lO0 n~A m -~. 

*Electrochemical Society Active Member 

Key Words: Microbial fouling, hydrogen 
peroxide, t in oxide glass 

Trivial calculation shows that, at I0% cur- 
rent efficiency of the e~perimentally obtained 
value of 5. lO -o amp cm -~, the region of 
0.02 cm near the surface has an H202 concen- 
tration of around 5. I0-6 molel-l. Bacterial 
v iabi l i ty  as a function of H202 concentra- 
tions was determined in separate experiments. 
The results are presented in Table I. 

TABLE I:  VIABILITY OF VIBRIO ANGUILLARUM 
AT VARIOUS H202 CONCENTRATIONS 

H202 Concentration Bacteria Concentration 
(mole l -l ) (number/ml) 

0 -8 lO 3 
I0-7 In_ ~ 3 102 

i0 l 
lo -b 4 
I0-4 l 
I0-3 l l 

I t  can be seen that a concentration 5. 
lO -6 mole l - l  of H202 would reduce the bac- 
terial concentration about 33 times. The 
electrode surface i t se l f  would be l ikely,  
therefore, to be toxic to Vibrio Anguillarum. 

The pH of the electrolyte used would 
have been near 7 before any effects of 
electrolysis. Achange of pH near the 
electrode would be due to the concentration 
of H + ions near the cathode which combine 
with 02 to produce H202. Taking I% current 
efficiency for the production of H202, the 
concentration of H + ions near 0.02 cm of 
the electrode was ~alculated (Ficks Law) to 
be 4. I0 - /  mole 1 -~. Thus, a pH range of 
6 to 7 is expected near the cathode and 
such a range is not unfavorable for bacterial 
existence (8). 

A potentiostat was used to bring the 
SnO 2 cathode to the H202-producing poten- 
tiaT, and after introduction of bacteria 
at about lO 7 ml -l in the cell the following 
direct assessments of the bacterial v iabi l i ty  
were made: (i) Some change in the moti l i ty 
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of the bacteria was observed immediately, 
upon achieving this potential and ( i i )  After 
f ive minutes, approximately half  the observed 
bacteria ceased movement; a f ter  ten minutes 
no movement was observable. The data present- 
ed in Figure 1 represents bacterial v i a b i l i t y  
as a function of time during the production 
of H202 in the cathode and C12 in the anode 
compartments, as determined by the serial 
d i lu t ion counting method (7). In the visual 
experiments above, orders of magnitude more 
bacteria were used than in those where 
bacteria were counted by the serial d i lu t ion 
technique (7). The hal f  l i f e  values of ap- 
proximately one minute in the anode compart- 
ment and two minutes in the cathode compart- 
ment (Fig. I )  suggests that H202 is less 
bactericidal than C12, However, the H202 
arises at a surface re la t i ve ly  cathodic and 
hence, less l i ke ly  to corrode than one 
evolving Cl 2. 

io 4 

~J 

.o 10 2 

"G 

= ~o I 

1o o 

0 

0 O" O-- 

I I I 
Ib 15 20 25 30 

Time (min) 

Fig. I .  Bacteria concentration v. time of ex- 
periment. [] , blank, no potential being ap- 
pl ied; x and 0 ,  cathode and anode compart- 
ment results,  respectively. Thickness of 
each compartment, 0.02 cm. Cathode potential 
-0.36V (NHE); cell potential 1.95V; current 
density 5.10 -L amp m -z, 

The bacterial concentrations presented 
in Figure 1 refer to those in the cathode and 
anode compartments. To obtain results more 
relevant to the conditions near the surface, 
four cel ls were fabricated so that distances 
between the plates were varied. Figure 2 
presents data of bacterial v i a b i l i t y  (number 
of bacteria s t i l l  l i v ing)  versus time af ter  
applying potentials appropriate for the 
formation of H202 on the cathode in each of 
these cel ls.  

At a constant time, the number of 
bacteria in the cel l  decreases with decreasing 

cel l  thickness indicating that in a thinner 
ce l l ,  bacteria come into contact with a 
higher concentration of H202, and thus die 
quicker than would have been possible in 
a thicker ce l l .  

lO ~ 

T~. 10 3 

c /  

n n  

101 

lO o 

0 
I I I 

5 +o ;~ 20 +5 3B 
Time(min) 

Fig. 2. Bacteria concentration v. time of 
experiment in cel ls of varying thickness: 
0.15 cm (@), 0.09 cm ( D ) ,  0.06 cm (A), and 
0.02 cm (X). Cathode potential -0.362V 
(NHE). Current density 5.10 -Z amp m- . 

The bacterial half  l i f e  revealed by 
reading from Figure 2 as a function of 
cell thickness yields data presented in 
Figure 3. The extrapolated zero thickness 
value from Figure 3 gives half  l i f e  value 
of 30 • 3 seconds near the electrode surface. 
This value was obtained through least 
square analysis of the data. The hal f  l i f e  
value should not be ident i f ied with concen- 
t ra t ion of bacteria on the surface. 

The relevance of the present work to 
technological si tuat ions arises from the 
small power used and the poss ib i l i t y  that 
device development to in termi t tent  applica- 
t ion of the H202 potential formation range 
would suff ice to reduce greatly the growth 
of bacterial layers. 
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Conductivities in Thionyl Chloride 
Mark Salomon* 

u.s. Army Electronics Technology and Devices Laboratory (ERADCOM), 
Power Sources Division, Fort Monmouth, New Jersey 07703 
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ABSTRACT 

Conductivity measurements in thionyl chloride are reported for dilute solu- 
tions of AICIs, LiAICI4, and the tetrapropylammonium (Pr4N) salts Pr4NCI, 
Pr4NCIO4, Pr4NAICI4. The data for electrolyte solutions having concentrations 
in the range of ,,,0.01 to 1 X 10 -5 mole dm -~ were fitted empirically to an 
equation of the Fuoss-Hsia type. In all cases except for AICIs ion pair forma- 
tion was found to he extensive. AICIs solutions in thionyl chloride appear 
to be complex possibly owing to the formation of complex species such as 
A12C18 and AIsCIT-. The effect of ionic strength on the solubility of LiCl is 
discussed. 

In  addit ion to the interest ing general  solvent proper-  
ties of thionyl  chloride (1), this solvent has received 
considerable at tent ion as a cathode depolarizer in  pr im-  
ary l i th ium batteries (2, 3). A n u m b e r  of impor tant  
physico-chemical properties of electrolytic solutions 
have been reported (1, 4) including the conductivities 
of LiA1C14 solutions (4). In  the present  paper, the con- 
ductivities of dilute solutions (between 0.01 and 1 • 
10 -5 mole dm -8) of various salts including L!A1C14 are 
reported and analyzed in  accordance wi th  an ion pai r -  
ing model. The dielectric constants and densities of the 
pure solvent over a small  tempera ture  range are also 
reported. 

Experimental 
Chemicals.--Purified LiA1C14 was supplied by W. K. 

Behl of this laboratory and was purified as described 
previously (3). F luka  purr is  A1C13 was subl imed in 
vacuum and t ransferred to a dry box while under  vac- 
uum. Te t rapropy lammonium perchlorate (Pr4NC104) 
was recrystall ized from distilled water, and Pr4NC1 
was precipitated from an acetone/ether  mixture:  both 
salts were dried in a vacuum at 60~ and stored in the 
dry box. AR grade LiC1 was dried at 110~ and stored 
in  the dry  box. Te t rapropy lammonium tetrachloroalu-  
minate,  Pr4NA1C14, was prepared in the dry box by 
mixing  stoichiometric quanti t ies of A1CI~ and Pr4NC1 
followed by addit ion of the solvent. SOC12 (MC/B best 
grade) was refluxed with P205 at room tempera ture  
for 24-48 hr before distil lation: the middle 2/3 of the 
colorless distillate was re ta ined for use. A Vacuum 
Atmospheres Corporation dry box with an argon atmo- 
sphere was used in this work. 

Dielectric constant measurements.--The static dielec- 
tric constants at 15 ~ 25 ~ and 35~ were measured by 
the comparison method (5), The cell, which util ized 
Type 304 stainless steel, consisted of concentric steel 
electrodes threaded onto a Teflon base which also 
formed part  of a water  jacket. The cell capacitances 
were measured at 1 MHz by a subst i tut ion method with 
a General  Radio 1606-B bridge and 722-D and 1422-ME 
precision capacitors. The cell constants were deter-  

* Electrochemical Society Active Member. 
Key words: battery, conductance, dissociation, solubility. 

mined from measurements  with air, benzene, and te t ra-  
hydrofuran.  The cell was filled with SOC12 in  the dry 
box, sealed with a Teflon stopper, and removed to the 
laboratory for capacitance measurements  at 15 ~ 25 ~ 
and 35 ~ -4- 0.1~ 

Conductivity measurements.--These measurements  
were carried out at 25 ~ __ 0.03~ (uncal ibrated ther-  
mometer)  at 1 kHz using a General  Radio 1608-A im- 
pedance bridge. Yellow Springs In s t rumen t  Company 
Type 3402 conductivity cells were modified to permit  
sealing with a 10/20 ST Pyrex stopper, and to permi t  
immersion in  a thermostated water  bath. Smooth Pt  
electrodes were used, and the two cells modified for 
this work had cell constants of the order of 0.1 cm -1. 
The cell constants were determined with dilute KC1 
solutions. All solutions were prepared in the dry box 
at room tempera ture  (22~176 the cells filled and 
sealed, and removed into the laboratory for the mea-  
surements.  Solutions were prepared on a volume basis, 
and corrections to 25~ were made uti l izing results 
from dilatometric measurements  on the pure solvent, 
and in several cases for dilute salt solutions. The error 
in concentrat ion using solvent densities ra ther  than so- 
lut ion densities is negligible. The major  factors influ- 
encing the accuracies of the conductivities were the 
weighing of salts in the dry box (--+0.04%) and the 
determinat ion of final volumes (_+0.2%): the accuracy 
in the reported concentrat ions is therefore --+0.3%. Due 
to the use of smooth Pt  electrodes and associated in -  
s trumentat ion,  the overall  accuracy in  the molar  con- 
ductivities is no bet ter  than +--3%. 

Results and Data Analyses 
The static dielectric constants at 15 ~ 25 ~ and 35~ 

are, respectively, 9.65, 9.23, and 8.77D. These results 
were fitted by  least squares to the following smoothing 
equation 

~/D ---- --3.88 -5 3903/ (T/K)  [1] 

For the densities of pure SOC12, dilatometric measure-  
ments at 15 ~ 20 ~ 25 ~ and 35~ were fitted by least 
squares to the following smoothing equation 

d/kg m -z ---- 1.6284 -- 0.00191(t -- 25) [2] 
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The expe r imen ta l  conduct iv i ty  da ta  for  LiA1C14, A1C13, 
Pr4NC104, Pr4NC1, Pr4NA1C14 (A) were  ca lcula ted  
f rom the e lect rolyt ic  conductivit ies,  K, af ter  correc t ing  
for the solvent  conductance:  at  25~ the e lec t ro ly t ic  
conduct iv i ty  of the solvent  is ~(SOC12) = 5 X 10 -9 S 
cm -1 (6). The conduct iv i ty  da ta  were  ana lyzed  us ing 
the fol lowing equat ion (7) 

A = A~ --  S(~c)  1/2 + E ( a c ) l n ( ~ c )  + J l ( a c )  

2 r J s ( a C )  3/2 - -  A a C y * _ S / ( K % y n )  [ 3 ]  

The Onsager  and Fuoss -Onsager  constants  S and E 
were  ca lcula ted  using the p resen t  va lue  for  the  d ie lec-  
tr ic constant  of SOC12 and a va lue  of 0.626 cp for  the 
viscosi ty at  25~ (6). The remain ing  te rms in Eq. [3] 
are  defined as follows: a is the  degree  of dissociat ibn 
of the neu t ra l  ion pair ;  c is the total  mola r  concent ra-  
t ion of the salt ;  a ~  is the molar  conduct iv i ty  at  infini te 
di lut ion;  y_+ is the  mean  mola r  ac t iv i ty  coefficient and 
Yn is the ac t iv i ty  coefficient for  the  neu t r a l  ion pai r ;  
J1 and J2 are  constants which  were  eva lua ted  empi r i -  
ca l ly  by  least  squares;  and  KOD is the  dissociat ion con- 
s tant  for  the  ion pa i r  defined by  

KOD -- a2Cy+_2/[ (1 --  a)yn] [4] 

In i t ia l  a t tempts  to evalua te  ac t iv i ty  coefficients b y  
emf measurements  on cells wi thout  t r anspor t  failed. In  
spite  of repor ts  ( l b )  tha t  meta ls  such as Ag, Ni, Mo 
respond the rmodynamica l ly  to CI - ,  a t tempts  to ut i l ize 
these electrodes in var ious  combinations,  and in  com- 
binat ions  wi th  Li  and Ag, AgC1 electrodes,  lead  to i r -  
r eproduc ib le  results.  The mean  molar  ac t iv i ty  coeffi- 
cients were  therefore  ca lcula ted  f rom the Davies equa-  
t ion (8) 

log y_+. = --  AP/2/[1 + II12] + O.3AI [5] 

where  I is the  ionic s trength,  1 and A is the  Debye-  
Hiickel  factor. At  the p resen t  t ime the only just if icat ion 
for the  use of Eq. [5] for  SOC12 solutions is tha t  the  
Davies equat ion h a s  prev ious ly  been successful ly used 
in aprot ic  solvents of va ry ing  die lect r ic  constants  (9, 
10). Since SOC12 h a s  a low die lect r ic  constant,  i t  is 
an t ic ipa ted  tha t  sa l t ing out  coefficients would  be s ig-  
nif icantly more  impor t an t  than  in aqueous solutions, 
and in the presen t  calculations,  i t  is assumed tha t  the  
ac t iv i ty  coefficient for  the neu t ra l  ion pa i r  is g iven by  

log Ya = 0.3AI [6] 

Fo r  the concentrat ions employed  in the p resen t  study,  
the  Yn values  as ca lcula ted  f rom this  equat ion are  
close to un i ty  and have a smal l  effect on the magn i -  
tudes of KOD and a ~. Equat ion  [6] was incorpora ted  
into the presen t  calculations.  

Equat ion [3] was solved by  eva lua t ing  J1 and J2 b y  
least  squares  (11). Both KOD and a o~ were  va r i ed  
unt i l  the e r ror  CA was minimized,  aA is defined by  

~rA - -  {~ (-k-obs - -  ~ c a l c ) 2 / ( N  - -  S ) }  1/2 [7] 

where N is the number of data points in each experi- 
ment. The results are summarized in Table VI, and the 
associated results for a and !/ have been included in 
Tables I-V. Two, or three at the most, data points for 
concentrations of the order of 0.1 mole din-8 are not 
reported in the tables. The reason these points were 
omitted from the present analyses is that their inclu- 
sion gave rise to abnormally large cA values which is 
undoubtedly due to the formation of triple ions accord- 
ing to (4, 6) 

MX + X -  = MX~- [Sa] 

MX + M+ = M2X+ [8b] 

The conduct ivi ty  da ta  for the b ina ry  A1C13~SOC12 sys-  
tem could not  be analyzed  by  the present  method,  and  
the possible reasons for  this a re  discussed below. 

�9 F o r  i:i e lec t ro ly tes ,  I = ac.  

Table I.* The LiAICI4-SOCI2 system at 25~ 

1O~c A a y• ya 

93.68 7.28 0.147 0.357 1.012 
61.00 7.76 0.152 0.427 1.008 
38.15 9.52 0.165 0.494 1.006 
14.60 12.37 0.209 0.696 1.003 
11,58 13.97 0.225 0.631 1.002 
10.72 14.42 0.230 0.639 1.002 
7.806 16.38 0.253 0.669 1.002 
6.134 17.49 0.273 0.690 1.001 

* In  Tab les  I-V, t h e ~ e x p e r i m e n t a l  da t a  a r e  c / m o l e  d m  -8 and 
A/S-cm~ mole  -1. Th e  quant i t i es  a, Y• and Yn w e r e  ca lcu la ted  as 
desc r ibed  in the  text .  

Table II. The AICI3-SOCI2 system at 25~ 

10~c A 

Table III. 

68.87 0.49 
22.19 1.27 
11.58 2.21 
5.89 4.13 

The (C3HT)4NCIO4-SOCI2 system at 25~ 

lO~c A ce y• Ya 

14.23 25.71 0.310 0.552 1.004 
8.223 30.70 0.353 0.616 1.003 
7.110 32.34 0.367 0.631 1.002 
4.106 38.67 0.424 0.686 1.002 
3.510 39.93 0.442 0.700 1.001 
2.085 48.18 0.506 0.744 1.001 
1.066 57.85 0.599 0.794 1.001 
0.640 67.30 0.671 0.828 1.O00 
0.510 68.58 0.703 0.841 1.000 
0.258 80.59 0.792 0.877 1.000 

Table IV. The (C3H?)4NCI-SOCI2 system at 25~ 

104c A <x y• 1/n 

29.69 35.15 0.463 0.357 1.012 
15.27 40.83 0.485 0.466 1.006 
7.907 48.06 0.533 0.559 1.004 
4.916 53.12 0.580 0.618 1.002 
2.321 63.64 0.665 0.701 1.001 
1.840 64.96 0.692 0.723 l,OOl 
0.968 76.28 0.768 0.780 1.OOl 
0.481 84.45 0.843 0.832 l.O00 

Table V. The (CsH7)4NAICI4-SOCI2 system at 25~ 

104c A ce y• ya 

29.22 23.97 0.369 0.400 1.009 
19.23 25.07 0.385 0.465 1.006 
11.46 31.68 0.419 0.538 1.005 
5.864 37.72 0.481 0.620 1.002 
2.899 45.94 0.561 0.694 1.001 
1.727 52.09 0.627 0.742 1.001 
1.154 59.67 0.680 0.775 1.001 
0.721 65.97 0.741 0.810 1.000 

An a t t empt  was also made  to evalua te  the solubi l i ty  
of LiC1, Csatd, in the  pure  solvent.  The so lubi l i ty  is 
given by  

Csatd = [LiCl]sln -}- [Li  +] [9a] 

and in te rms of equi l ib r ium constants 

Csat d = K o s 0 / ( K O D Y n )  _{_ (Kos0 )  I / 2 / y +  [9b] 

where  K%0 is the the rmodynamic  solubi l i ty  p roduc t  
constant  for LiC1. [Li +] can be ca lcula ted  f rom the 
e lec t ro ly t ic  conduct iv i ty  of a s a tu ra t ed  LiCI solution, 
and Csatd is obta ined f rom Eq. [9b]. SOC12 was sa tu -  
r a t ed  wi th  LiC1 in the d ry  box at  22~176 for 72 h r  
wi th  occasional shaking.  Storage of these solutions for  
more than  7 days resul ts  in s l ight  decomposi t ion which 
is indica ted  by  the appearance  of a l ight  green color. 
The conduct ivi ty  cell containing excess solid IAC1 was  
filled in the  d ry  box, r emoved  to the labora tory ,  and 



VoI. 128, No. 2 C O N D U C T I V I T I E S  235 

Table Vl.* Results of analyses based on Eq. [3] 

Salt  J~ - J2 A| (~) 10~K ~ (~) ~ 

LtAICh 7.649 x 10 ~ 3.531 x 105 75.5 (1.7) 3.0 (0.1) 0.28 
Pr4NCIO~ 1.015 • 10~ 2.142 • 10~ 106.2 (1.2) 6.0 (0.2) 0.72 
Pr~NCI 1.302 • 10 ~ 9.768 x 10 ~ 106.6 (1.3) 15.0 (0.6) 0.82 
Pr~NAICh 8.411 x 10' 8.149 • 104 97.0 (2,0) 1O.0 (0.5) 0.88 

~ Al l  data are for  25~ A~ units  are  S em ~ mole  -~, and Ko~ units  are mole  dm -~. 

placed in the water  bath at about  33~ for 10 min. 
Reducing the tempera ture  to 25~ and measur ing the 
conductivi ty gave an electrolytic conductivi ty for the 
solution of ~(sln) ---- 1.65 • 10-~ S c m - l :  correcting 
f o r  the electrolytic conductivi ty of the solvent, K(LiC1) 
:-  1.60 • 10 -7 S cm -1. The concentrat ion of dissoci- 
ated LiC1, c' (note c' = ILl+] ) ,  was calculated from 
the Onsager equat ion 

1000K(LiC1)/c' ---- [A~ -- S(c')I/2]/[1 ~- y•176 

[103 

A ~ (LiC1) is obtained from the data in Table VI, i.e., 
A ~ (LiC1) = A oo (LiA1C14) ~ A ~ (Pr4NC1) -- 
A ~ (Pr4NA1C14) = 85.1 S cm 2 mole -1. Since at high 
dilutions ~ values are general ly  quite large (i.e., 
0 . 9 ) ,  K ~  is ra ther  insensit ive to the final Csatd and it  is 
found that  Csatd i s  almost constant  (within exper imen-  
tal error)  from K~ m 0.1 to 1 • 10 -5 mole dm-~.  
Values of K~ --~ 1 • 10 -6 mole dm-3  or smaller  r e -  
s u l t s  in  significantly increasing Csatd values. In  l ight of 
t h e  smallest  K~ value of 3 • 10 -5 mole d m - a  for 
LiA1C14 found in  the present  work, and the value of 
KOD = 1 • 10 -5 mole dm -8 for (CHa)4NOC6H2(NO2)3 
(picrate) reported by Beronius and Br~indstrGm (15) 
in water  saturated methylene  chloride (e ---- 9.53D), the 
present  assumed value of KOD(LiC1) ---- 1 • 10 -5 in  
SOC12 seems a reasonable lower estimate. Solving for c' 
by  an i terat ive method, the following are obtained 
(note KOs0 -- (aCsatdY• 2) 

Csatd - -  2.2 • 10 .-6 mole dm -~ a n d  

K%6 -- 3.3 • 1 0 - ~ m o l e  2 dm -12 

Discussion and Conclusions 
T h e  data in Table VI demonstrate  that  the salts 

studied are all highly associated. The only other s tudy 
on ion association by conductivi ty methods is that  of 
Venkataset ty  and Ebner  (4) in which values of A ~~ : 
16.5 S cm2 mole-1 and KOD : 1.61 • 10-8 mole d in-8  
were reported. They analyzed conductivi ty data from a 
simplified form of the Fuoss-Shedlovsky equation (12), 
and neglected to include activity coefficients. These 
authors also report  K~/A~ ~ ---- 1.21 • 10 -8 dm 8 S -1 
cm -2. By means of Walden's  rule, As ~o for the tr iple ion 
can be est imated from A ~ (LiA1C14)/3: using the pres-  
ent value for A~ (LiA1CI4), the molar  conductivi ty for 
the triple ions given in Eq. [8] at infinite dilution is 
25.3 S cm 2 mole -1 which gives a value of 0.03 mole -1 
dm ~ for the tr iple ion formation constant  Ks. Since t h e  
conductivi ty data of Venkataset ty  and Ebner  appear 
(only graphical data are given in their  paper) similar  
to the present  data, the differences in our results for 
AO~ and KOD must  be due to the method of t reament  of 
the data. For  KD ~ 10 -3, the Fuoss-Shedlovsky plots 
become insensit ive to A ~, and the KD values are even 
more uncer ta in  (7, 13). In  addition, the neglect of 
activity coefficients is not justified (the Debye-Hfickel 
"A" factor ---- 12.64 mole -1/2 dmS/2 at 25~ The major  
problem encountered in the present  work involves the 
est imation of activity coefficients. In a previous s tudy 
(11), it  was found that  the empirical  solution of Eq. 
[3] using Eq. [4]-[6] can reproduce previously pub-  
lished A ~ and KOD values for KOD ranging from 1 to 
1 • 10 -5 mole dm -3, and in solvents having dielectric 
constants ranging from 78.3D (water)  to 9.53D (83 

mass% p-dioxane in water) .  Generally,  the analysis 
of the conductivi ty equation [3] by more elaborate 
methods (7) employs the following relat ion for the a c -  
t i v i t y  coefficients 

l o g y _  = -- A(~c)1/2/[1 -~ BR (~c) 1/~] [11] 

The activity coefficients listed in  Tables I-V can be re-  
produced by Eq. [11] by taking values of the ion as- 
sociation distance, R, a round 0.4 rim. However if R is 
equated (14) to the Bje r rum critical distance q (q = 
z2e2/(2ekT) ---- 3.0 nm for 1:1 electrolytes in  SOC12 at 
25~ then the calculated activity coefficients differ 
significantly from those given in  Tables I-V, e.g., for 
concentrat ions of the order of 0.01 mole dm -3, Eq. [11] 
results i n  y• values about  twice as great as those cal- 
culated from Eq. [5], and this difference decreases t o  
around 10% at concentrations of the order of 1 • 10 -4  
mole dm -~. 

The analysis of the conductivi ty data for A1C18 solu- 
tions in  terms of the simple dissolution reaction 

A1CI3 -~ SOC12 = SOCI+ ~- A1C14 

KOD 
= (SOCI+)(A1C14 - )  [12] 

was not  successful, i.e., vh values were general ly  large 
and insensit ive to values of KOD. This inabi l i ty  to fit 
the data to this simple dissolution mechanism is at-  
t r ibuted to both the exper imental  error and to the 
probabi l i ty  that dissolution is more complex and in-  
volves such species as A12C16, A12CI~-, etc. 

The solubil i ty of LiC1 in SOC12 plays an impor tan t  
role in the stabil i ty of lithium-SOC12 pr imary  ba t -  
teries (2). The solubil i ty for the b ina ry  system is de- 
scribed by Eq. [9b], and in the presence of an excess of 
"neutra l"  electrolyte, i.e., one which does not  yield 
C1- or Li + ions, the solubil i ty is given to a good ap-  
proximation by 

Csat d : (KOs0) i /2/y• [13] 

Equat ion [13] demonstrates the need for rel iable ac- 
t ivi ty  coefficient data at high concentrat ions of the 
neut ra l  salt. For example if Eq. [5] is used to approxi-  
mate y_+ at higher concentrations, the solubil i ty of LiC1 
reaches a max imum of 0.005 mole dm -3 at ionic 
strengths of around 0.4-0.5 mole dm-3:  this is t h r e e  
orders of magni tude greater than the solubil i ty in the 
b inary  system. In solutions containing a large excess 
of a salt which yields a common ion, say LiA1C14, the 
solubil i ty of LiC1 is given approximately by  

Csatd ~- K~177 2 [Li+ ] } [14] 

In highly concentrated LiA1C14 solutions, say 1.5 mole 
dm -3, Csat d will  still  be significantly larger than  it  
would be in the pure b inary  system because [Li + ] wil l  
be small as the major  species in solution are the ion 
pair  and the tr iplet  Li2C1 +. Taking Ks ~ 0.03 mole -1 
dm 8, the concentrat ion of Li2C1 + is about 0.3 mole 
dm -3, and by Eq. [14], the solubil i ty of LiC1 should 
increase significantly. 

Manuscript  submit ted  June  9, 1980; revised m a n u -  
script received Aug. 29, 1980. 

Any discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in  the December 1981 
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JOURNAL. All  discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 
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Effect of Discharge Current Density on 
Structure of the Lead Negative Plate 

C. P. Wales, S. M. Caulder, 1 and A. C. Simon 1 
Naval Research Laboratory, Washington, DC 20375 

ABSTRACT 

To help understand how the high current demands of an electric vehicle 
might affect the electrode microstructure and performance of lead-acid bat-  
teries, experiments were run wherein commercial negative plates were given 26 
cycles of deep discharge at current densities of either 18, 125, 500, or 2000 
A/m 2. Sections of the plates were removed after cycles 1, 6, 16, and 26 and 
carefully examined by l ight and electron microscopy, image analysis, and sur-  
face area analysis to determine how the electrode active material  composition 
and structure changed with cycling at the different current densities. Electro- 
chemical performance was monitored by measuring plate capacity and elec- 
trode potential as a function of current density and number of cycles. The size 
of the PbSO4 crystals in the discharged plates decreased roughly in corre- 
spondence to the decrease in plate capacity produced by the increasing cur- 
rent densities. This suggests passivation as the cause for loss of capacity, 
s ince  passivation is accepted as becoming more critical as PbSO4 crystal size 
decreases. The shapes of the electrode polarization curves indicate, however, 
that l imited electrolyte diffusion rates and lessened contact of active material  
crystals, the result of the porosity that develops with cycling, may  also be 
a c t i n g  to r e d u c e  plate capacity. 

The present revival of interest in electric vehicles 
has raised questions as to the effect that the power de- 
mands of such vehicles would have on the microstruc- 
lure of the lead-acid battery. Since electric vehicle 
applications will at  times require high discharge rates, 
it  was of interest to determine what differences in 
microstructure are produced by different rates of dis- 
charge. 

As a first stage of this investigation the effect of dif- 
ferent rates of discharge on the negative electrode was 
investigated. The microstructure of the negative plate 
of the Iead-acid bat tery has been studied by a number 
of investigators but little effort has been  made to de- 
termine the effect that various discharge currents have 
on the microstructure. Hughel and Hammer examined  
the structure of the constituents used in plates, and 
the active material  structure before formation and 
after completing the forming charge (1). Hattori et at. 
examined a small area of the surface of a miniature 
negative plate (2). The surface of their formed plate 
contained smooth particles about the size shown by 
Hughel and Hammer (1) and Mso included some den- 
dritic clumps of platelets. After a discharge and re-  

1 International Lead Zinc Research Associate at Naval Research 
Laboratory. 

Key words: particles, electrode, discharge, growth. 

charge these platelets aggregated into larger clumps. 
Pierson e t  al. showed that the surface of a negative 
plate was not typical of the bulk of the active material  
in the interior (3). Since Hattori etal .  examined only 
the plate surface, this may explain why they found no 
differences between plates with and without expanders 
(2), while others reported that expanders have a strong 
effect on structure (1, 3-5). Weininger (6) found a 
greatly different structure for a formed negative plate 
than has been generally reported. 

Negative plates require an expander for satisfactory 
life. When no additives are present the lead forms into 
large single crystals during the initial charge (4). 
These large particles cannot be completely converted 
to PbSO4 during discharge, and result in a plate having 
low cycle life (5). The presence of lignin, an expander 
often added to the negative plate together with BaSO~, 
yields a formed plate containing smaller and less com- 
plex dendritic Pb crystals than Would be obtained 
without lignin (3, 4). Plates with both lignin and 
BaSO4 give a much improved cycle life, and the lead 
forms into small rod-l ike particles that have a great ly 
increased surface area (4, 5). 

In the present work commercial plates were cycled 
using four low to very high discharge rates. The struc- 
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tu ra l  changes that  occurred in the  act ive ma te r i a l  were  
s tudied  ma in ly  wi th  the  scanning e lec t ron  microscope 
and wi th  the  l ight  microscope,  a ided  b y  an  image  ana-  
lyzer,  

Exper imental  

The negat ive  and posi t ive plates  in this  work  were  
commercia l  p la tes  of the  type  used in au tomot ive  
bat ter ies .  The nega t ive  plates  contained expander .  The 
grids contained a Pb a l loy  wi th  a 4% Sb content.  The 
negat ive  p la tes  were  144 )< 122 • 1.4 mm, not  inc lud-  
ing the  tabs. The act ive ma te r i a l  had  not  been  formed.  
Before a nega t ive  p la te  was pu t  in  use, seven equal  
areas  were  out l ined  b y  removing  some of the act ive 
ma te r i a l  pe l le ts  to expose the gr id  members  su r round-  
ing t h e s e  seven areas. This t r e a t m e n t  fac i l i ta ted  l a t e r  
r emova l  of seven samples  of equal  size f rom a cycled 
wet  plate.  Abou t  48.5g of unfo rmed  act ive ma te r i a l  
r ema ined  af te r  removing  the pellets.  This was 64% 
of the amount  or ig ina l ly  present .  Later ,  when  a sample  
was to be  taken,  i t  was easy to cut the  bare  gr id  mem-  
bers  and  remove a sample  wi thout  undu ly  d is turb ing  
the remain ing  act ive mater ia l .  

Each cell  contained one of these negat ive  plates,  two 
posi t ive plates,  a po lye thy lene  separa to r  be tween  each 
posi t ive and the negat ive,  and an Hg/Hg2SO4 reference  
electrode.  There  was no pressure  on the plates.  Two 
pieces of sheet  plast ic  were  p laced  pa ra l l e l  to the  
plates,  filling most  of the empty  space inside the cell  
case. Removal  of the  plast ic  a l lowed easy  w i t h d r a w a l  
and  r ep l acemen t  of the nega t ive  plate.  The cell  con- 
ta ined  410-420 ml  of e lectrolyte .  The cell potent ial ,  the 
poten t ia l  be tween  the  reference  e lec t rode  and the 
negat ive  plate,  and  the cur ren t  were  recorded  using a 
s t r ip  char t  recorder .  

The two posi t ive plates  had  a much grea te r  capaci ty  
than  the negat ive  p la te  and were  formed separa te ly .  
Ins tead  of using f resh  posi t ive plates  for  each cell, 
often a cell contained used posi t ive plates  t aken  f rom 
an ea r l i e r  cell; no difference in negat ive  p la te  behav ior  
was observed.  Negat ive  plates  form be t te r  in a more  
concent ra ted  acid than  the di lute  H2SO4 often used for  
posi t ive plates  (7-9).  The negat ive  plates  were  formed 
in 1.200 sp gr  H2SO4 at 40 A / m  2 appa ren t  a rea  (both  
sides) for  20 hr  a t  room tempera ture .  At  the  end of 
the  forming  charge the acid was ad jus ted  to about  
1.255 sp gr. The specific g rav i ty  at the end of charge 
was ma in ta ined  at  1.250-1.260 dur ing  the cycling, ex -  
cept  for one cell  tha t  was cycled in 1.190 sp gr  H~SO4. 

Discharge  currents  were  chosen to give nega t ive  
p la te  cur ren t  densi t ies  of 18, 125, 500, or  2000 A / m  2 
appa ren t  area. Discharges at  these four rates  las ted 
a pp rox ima te ly  20 hr, 2.5 hr, 0.5 hr, and 5 min, respec-  
t ively,  using final cell  potent ia ls  of 1.8, 1.75, 1.5, and 
1.0V. Al l  discharges of a pa r t i cu la r  negat ive  pla te  were  
done at  the  same cur ren t  dens i ty  to see the  effect of 
r epea ted  use of that  discharge rate.  Currents  were  
lowered  af te r  each sample  was removed,  so tha t  cur -  
r en t  densi t ies  r ema ined  constant  on the  nega t ive  plate .  
Capaci ty  discharges  were  done at  cycles 1-6, 16, and 
26. Al l  o ther  discharges were  ended af ter  removing  
80% of nega t ive  p la te  capacity,  wi th  capaci ty  t aken  to 
be the  value  ob ta ined  in the  most  recen t  complete  dis- 
charge. The cycl ing was done at  room temperature 
(19~176 

The negat ive  plates  were  charged at  a cur ren t  den-  
s i ty  of 31.25 A / m  S for  a l l  cycles except  the forming  
charge. Charges were  ended about  1 h r  a f te r  t h e  nega- 
tive plate  po ten t ia l  d ropped  sha rp ly  and s t rong gas-  
sing began.  

Samples .  cut f rom the nega t ive  p la tes  were  washed  
in dis t i l led  wa te r  which was boi led and cooled im-  
med ia t e ly  before  use to exclude  dissolved CO2 or  O~. 
This was especia l ly  necessary  for  samples  removed  
from fo rmed  plates,  where  the Pb is ve ry  reactive.  
Af te r  1-2 hr  of washing,  the samples  were  dr ied  for  

about  1 hr  under  a slow flow of argon in a vacuum 
dessicator  ma in ta ined  at  100~176 

The negat ive  active ma te r i a l  was examined  b y  sev-  
era l  methods.  Direct  examina t ion  of the  f r ac tu red  cross 
sections was made using an AMR Model  1000 scanning 
e lec t ron  microscope. Por t ions  of p la tes  were  impreg -  
na ted  wi th  plastic,  cut into cross sections, polished, 
and examined  by  opt ical  microscopy.  The app rox ima te  
propor t ions  of Pb, PbSO4, and void space in r ep resen -  
ta t ive  cross sections were  de te rmined  at  1350)< or 
2700• magnif icat ion using an Imanco Quan t imet  720 
image analyzer .  The BET surface area  of the act ive 
ma te r i a l  was de te rmined  using a Micromeri t ics  Model  
2205 surface area  analyzer .  The act ive ma te r i a l  was 
b roken  into pieces smal le r  than  5 m m  to fit into the  
sample  tube  of the ana lyzer  and was degassed 40 min  
at  200~ Degassing t e m p e r a t u r e  was not  cri t ical ,  wi th  
150 ~ and 250~ giving the same resul ts  as 200~ 

Results and Discussion 
The capaci ty  of the negat ive  plates  s lowly  decl ined 

wi th  cycling (Fig. 1). Correct ions for loss of act ive 
mate r ia l s  when a sample  was cut f rom a p la te  are  in-  
c luded in Fig. 1. These correct ions assumed tha t  the  
capacit ies of al l  samples  were  equal,  bu t  this was only  
app rox ima te ly  t rue  since al l  act ive ma te r i a l  pel le ts  did 
not  have exac t ly  the same size. Therefore,  the r emova l  
of samples  at  cycles 1, 6, and 16 could cause some 
e r ro r  in the  capacit ies ca lcula ted  for  the fol lowing 
cycles. This may  be the cause of some ver t i ca l  dis-  
p lacements  of values  in Fig. 1. The capaci ty  decl ine 
averaged  0.7% per  cycle for discharges at 125-2000 
A / m  2, and 0.3% pe r  cycle a t  18 A / m  2. 

The effect of discharge ra te  and cycling on the nega-  
t ive pla te  potent ia l  is shown in Fig. 2. Po la r iza t ion  of 
the active ma te r i a l  increased when cur ren t  dens i ty  
was increased.  This was indica ted  by  the lowered  po-  
tent ia l  dur ing  the first hal f  of a discharge,  and b y  a 
decrease in the amount  of discharge that  was obta ined  
before potent ia l  began to fa l l  rapidly .  Discharges  be -  
tween cycles 1 and 26 gave potent ia ls  in t e rmed ia te  
be tween  those shown in Fig. 2. Potent ia l s  dur ing  the 
main  pa r t  of a discharge were  r e l a t ive ly  constant  in 
the ea r ly  cycles, bu t  discharge potent ia ls  t ended  to de-  
cline cont inua l ly  a f te r  a negat ive  p la te  had  been 
cycled repea ted ly .  

The s t ruc ture  of the active ma te r i a l  va r i ed  accord-  
ing to the cycling t r ea tmen t  used. The fol lowing de-  
script ions refer  to the  act ive ma te r i a l  in f r ac tu red  cross 
sections of negat ive  plates.  I t  was noted tha t  the  s t ruc-  
ture  of the surface of a p la te  was often not  r ep re sen ta -  
t ive of the bulk  of the active mater ia l .  This agreed  
wi th  the results  of Pierson et  al. (3). 

Formed plates . - -Most  of the act ive ma te r i a l  consisted 
of smal l  Pb par t ic les  2-5 ~m in size at  the end of the  
forming charge  (Fig. 3). The par t ic les  r e sembled  un -  
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Fig. 1. The results of capacity discharges of negative plates. Dis- 
charge rotes are given on the curves. Discharges in 1.190 sp gr 
H2S04 at 2000 A/m 2 are shown by the squares. All ether discharges 
were dane in 1.260 sp gr H2S04. 
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Fig. 2. Discharge potentials measured between the Hg/Hg2S04 
reference electrode and the negative plate. Potentials are shown 
for cycles 1 and 26 at four rates of discharge. The discharge 
current density used for the negative plate at cycle 1 was repeated 
in all subsequent cycles. Fig. 4. Crystals of PbSO4 in the negative plate at the end of 

cycle 1 discharge at 125 A/m 2, the 2.5 hr rate. Magnification 
5000X. 

Fig. 3. Lead particles in the negative active material at the end 
of the farming charge. Magnification 5000)<. 

even clumps of small, i r regular  spheres. This shape was 
believed to result  from dendrit ic growth, but  the ex- 
pander  in  the active mater ia l  inhibi ted Pb from grow- 
ing in the usual  dendrit ic branches (3, 4). The active 
mater ia l  also contained some PbSO4 crystals and small  
amounts  of symmetric  clumps of short needles, be-  
lieved to be Pb. The needle- l ike  crystals were only 
found at the end of the forming charge. These crystals 
may be related to platelets reported to have been 
found among smooth Pb particles in negative plates 
after the forming charge. These platelets subsequent ly  
dissolved preferent ia l ly  dur ing discharge (2). 

Hughel and Hammer  (1) showed a negative plate at 
the end of the forming charge. Their formed plates 
consisted of particles that were smoother and about  
half  the size of those shown in Fig. 3. The s t ructural  
difference may resul t  from differences in the manufac-  
tur ing  process or formation conditions. 

Discharges at I8 A/m~.- -At  the end of cycle 1 dis- 
charge at 18 A / m  2, the 20 hr rate, most of the active 
mater ia l  consisted of PbSO4 crystals about 2-7 ~m in  
size, al though m a n y  particles fell outside this range. 
The PbSO4 resembled that  present after one discharge 
at 125 A / m  ~ (Fig. 4), except the particles were about 
1 ~m larger when using 18 A / m  2. Discharged plates 
showed only a slow change in s tructure with cycling. 
Large PbSO4 crystals were found more f requent ly  as 
the cycling progressed. At  cycle 26 over half  of the 
active mater ia l  consisted of crystals in the 3-8 ~m 

range, al though m a n y  crystals had grown to 10-20 ~m 
and some were only 0.5-2 ~m. The Pb in  a charged 
plate was never  completely converted to PbSO4 dur ing 
a discharge. The quant i ty  of Pb present  at the end of 
a discharge increased with cycling. 

Discharges at I25 A/mZ.--Most PbSO4 crystals were 
about  2-5 ~rn in  size after cycle 1 discharge at 125 
A/m2, the 2.5 hr rate (Fig. 4), a l though many  particles 
were as small  as 1 ~m or as large as 7 ~m. The PbSO4 
crystals often contained holes. It  was again found that 
crystal size slowly increased with cycling. At cycle 26 
the PbSO4 crystals were up to 10-15 ~m in  size, al-  
though many  still were 2-5 #m. The structure shown 
in  Fig. 4 is much the same as given by  Weininger  (6) 
after a negative plate had been given 163 cycles at 
60 A / m  2. 

Discharges at 500 A/mZ.--In general, a typical PbSO4 
particle was only half as large when  it developed at 
500 A / m  2, the 0.5 hr  rate, as it was at 125 A / m  2. The 
most common PbSO4 crystal size fell in the range 
0.5-3 nm at cycles 1, 6, and 16, al though the amount  
of PbSO4 having a size greater than this gradual ly  in-  
creased. Many particles up to 5 ~m were present  at 
cycle 16. 

A large number  of small  Pb particles remained at 
the end of these discharges, with their  size general ly  
under  1 ~m. Optical microscopy of the polished cross 
sections of a plate indicated that a higher proport ion 
of Pb remained at the end of a discharge than one 
would assume judging only by the results of scanning 
electron microscopy. Much of the Pb was surrounded 
by PbSO4 and was not visible when broken pieces of 
a plate were examined by SEM. The cross sections also 
gave a bet ter  idea of the way that  porosity increased 
with cycling. 

Discharges at 2000 A/m2.--Most PbSO4 crystals in  
the negative active mater ia l  were between 0.4 and 2 
#m after one discharge at 2000 A / m  2, the 5 rain rate 
(Fig. 5). Some crystals were as small  as 0.2 ~m or as 
large as 4 ~m. These crystals that  were produced at 
2000 A / m  2 were noticeably smaller  than those that  
developed at 500 A / m  2, and much smaller  than those 
that  developed at 18 or 125 A / m  2 (Fig. 4). Average 
PbSO4 crystal size tended to increase as the plate was 
cycled. Crystals in the 2-5 ~m size range had become 
common at cyc]e 16, although most PbSO4 crystals 
were still smaller  than 2 ~m. A large proport ion of the 
active mater ial  was still in the charged form of metall ic 
Pb at the end of a discharge at 2000 A / m  2, since this 
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Fig. 5. Crystals of PbSO4 at the end of cycle 1 discharge at 
2000 A/m 2, the 5 min rate. Compare with Fig. 4 to see the effect 
of discharge rate. Magnification 5000 X .  

ra te  gave much  less discharge capac i ty  than  the o ther  
discharge rates.  

Charged plates.--The type  of i r r egu la r  Pb  surface 
p resen t  a f te r  the forming charge (Fig. 3) was never  
found in cycled act ive  mater ia l .  Af te r  the  first dis-  
charge,  a l l  subsequent  charges gave Pb par t ic les  that  
were  smoother  than those ob ta ined  in the  forming  
charge. Typica l  Pb par t ic les  af ter  cycle 6 charge were  
1-3 ~m in size when the act ive ma te r i a l  had  been dis-  
charged  at  18-500 A / m  S. These par t ic les  were  qui te  
i r r egu la r  in shape, wi th  surface fea tures  rounded  
ra the r  than  angular ,  and they  of ten contained hollows 
or  caves. As cycling cont inued there  was no g rea t  
change in the appearance  of the charged  active ma te -  
rial,  a l though when using discharges of 18 or 125 A / m  2 
the size of the Pb clumps had increased to 1-4 #m at 
the  end of cycle 27 charge and the surface was a l i t t le  
smoother  (Fig. 6). 

The Pb of ten contained holes of 0.2-1 ~m diam, cor-  
responding  to the holes found in some PbSO4 par t ic les  
a t  the end of discharges.  A l t h o u g h  the Pb did not  
usua l ly  take  the angu la r  shapes of PbSO4 crystals,  i t  
d id  keep enough of the shape tha t  a la rge  hole in a 
PbSO4 crys ta l  could be mainta ined.  Lead  par t ic les  wi th  
angu la r  shapes were  found most  of ten when using 18 
A / m  2 as the  discharge rate,  the  ra te  producing  the 
la rges t  PbSO4 crystals .  The  e lec t ro ly te  space be tween  

par t ic les  g r adua l l y  increased  as the  pla te  was cycled 
and became th icker  or expanded.  

When  al l  discharges were  done at 2000 A / m  2, much 
of the Pb in the  charged active ma te r i a l  consisted of 
i r r egu la r  c lumps of small ,  rounded  par t ic les  (Fig. 7). 
The smal l  size of the Pb was t h e  resul t  of the par t ic les  
developing f rom smal l  PbSO4 crystals  such as those 
shown in Fig. 5. As the cycl ing continued, there  was 
some tendency  for  these Pb clumps to grow together  
and become a l i t t le  smoother.  

Sca t te red  crysta ls  of PbSO4 were  often found among 
the Pb in a charged  plate.  In  some places la rge  patches  
of PbSO4 remained.  The  amount  of PbSO4 in the 
charged plates  increased wi th  cycling. The size of 
typical  PbSO4 crystals  r emain ing  at the end of cycle 
27 charge was 5-10 ~m for a p la te  a lways  d ischarged at  
125 A / m  2 and 7-15 /~m for a p la te  a lways  d ischarged 
at 18 A / m  e . The d i sappearance  of most  of the smal le r  
PbSO4 crysta ls  dur ing  a charge indicates  tha t  these are  
more eas i ly  reduced  to Pb than are  the la rge  crystals .  

Acid concentration.--All resul ts  r epor ted  up to this 
point  were  wi th  H2SO4 that  was about  1.260 sp g r  a t  
the end of a charge. Since the test  cells contained ex-  
cess electrolyte ,  acid concentra t ion did not  decrease as 
g rea t ly  dur ing  discharges as i t  does in cells having the 
usual  configuration. The resul ts  in the test  cell  could 
differ g rea t ly  f rom resul ts  in a typica l  l ead -ac id  ba t -  
t e ry  if a lower  acid concentra t ion at the end of a dis-  
charge has a s t rong effect on morphology.  

In  o rder  to see the effect of a more  di lu te  acid, one 
negat ive  pla te  was cycled in 1.190 sp gr  H2SO4 using 
2000 A / m  e as the discharge current .  This is the ap-  
p rox ima te  acid concentra t ion for  an automot ive  s t a r t -  
ing ba t t e ry  tha t  is hal f  d ischarged and would  be closer 
to the average concentra t ion in a typ ica l  ba t t e ry  du r -  
ing discharge.  When  the resul ts  in 1.190 sp gr were  
compared  to the  resul ts  in 1.260 sp gr, there  was n o  
significant difference in the appearance  or size of 
PbSO4 at the end of discharges nor  of Pb at  the  end 
of charges. Thus the change in acid concentra t ion did 
not have a s t rong effect on morphology  and the resul ts  
in the test  cell were  comparable  to r e su l t s  in a typ ica l  
l ead -ac id  bat tery .  The most not iceable  effect was tha t  
discharge capaci ty  in the first six cycles was a l i t t le  
lower  in 1.190 H e S Q  (Fig. 1). This capaci ty  difference 
m a y  not  be significant, since Fig. 1 shows tha t  two 
plates  cycled in 1.260 HeSO4 could give as much va r i a -  
tion. According to the resul ts  of Gi l l ib rand  and Lomax  
(10) capaci ty  should increase  as H2SO4 concentra t ion 

decreases. 

Fig. 6. Lead particles at the end of cycle 27 charge of a negative 
plate always discharged at 125 A/m e . Magnification 5000•  

Fig. 7. Lead particles at the end of cycle 16 charge. This nega- 
tive plate was always discharged at 2000 A/m 2. Compare with Fig. 
5 to see how discharge rate affects structure of charged active 
material. Magnification 5000 X .  
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Surface area.--The act ive ma te r i a l  had  too low a 
surface a rea  to give high rep roduc ib i l i t y  wi th  the  
Micromeri t ics  surface a rea  analyzer .  Table  I gives r e -  
sults f rom cycled negat ive  act ive mater ia l .  Most values  
in Table  I a r e  averages  of four  measurements .  Re-  
pea ted  measurements  of the same sample  of ten va r ied  
by  as much as 10% from the average  of  these mea -  
surements.  F ive  to n ine  measurements  were  made  of 
the few samples  wi th  the  highest  variat ion.  At  leas t  16 
measurements  were  made  before  repor t ing  a va lue  
be low 0.1 mf/g.  Since measu remen t  accuracy decreased 
g rea t ly  as surface a rea  decreased,  values  repor ted  in 
Table  I as being under  0.1 m f / g  should on ly  be r e -  
ga rded  as an  indica t ion  tha t  surface  a rea  was low. 

T h e  resul ts  in  the  top ha l f  of Tab le  I show tha t  
surface a rea  of d ischarged negat ive  act ive ma te r i a l  
increased as d ischarge  cu r ren t  dens i ty  increased.  This 
agrees  wi th  the resul ts  of  microscopic examina t ion  
given above  where  the  average  crys ta l  size of PbSO4 
decreased as cur ren t  dens i ty  increased  (see Fig. 4 and 
5). No significant change in surface a rea  was detected 
af te r  r epea ted  cycl ing at  any  of these rates.  

The unformed  negat ive  act ive ma te r i a l  had  a surface 
a rea  of 0.82 m2/g. Surface  a rea  d ropped  to 0.23 m2/g 
at  the  end of the forming charge  at  40 A / m  2 in 1.200 
sp gr  HsSO4. Al though  the  four  discharge ra tes  p ro -  
duced different  surface areas,  these differences be -  
came somewhat  obscured by  the t ime a charge  had  
been  completed,  since a l l  recharges  were  made  using 
the  same 31.25 A / m  s cur ren t  density.  The low surface 
a rea  p roduced  b y  discharges  a t  18 or  125 A/mS re -  
su l ted  in a low surface a rea  for  charges  tha t  fol lowed 
these ra tes  (Table  I ) .  The sample  taken  at  cycle 16 
charge  when  al l  discharges were  done a t  125 A/mS ap -  
pa ren t ly  was not  r ep resen ta t ive  of the act ive mater ia l .  
The va lue  of 0.39 m2/g was unaccep tab ly  large  com- 
pa red  to a l l  o ther  samples  of charged plates.  None of 
the other  recharged  samples  had surface areas  qui te  as 
large as the  0.23 m2/g observed af ter  the  forming  
charge. This agrees wi th  the observat ion  given above 
tha t  a r echarged  p la te  contained smoother  Pb  par t ic les  
than had  been ob ta ined  in the forming  charge.  

The values  for  surface a rea  r epo r t ed  in the  l i t e r a -  
tu re  seem to depend  somewhat  on the  measu remen t  
method.  A dye adsorpt ion  method  gave 0.3 mS/g for  a 
charged  nega t ive  ( I1) .  The BET method gave 0.3-0.5 
m f / g  in a s tudy  of the effect of severa l  expanders ,  and  
sur face  a rea  decreased  a l i t t le  wi th  cycl ing (12). Other  
work  found tha t  the BET surface area  r emained  fa i r ly  
constant  a t  values be tween  0.3 and 0.4 mS/g dur ing  
the l ife of a ba t t e ry  (13). A radioac t ive  method  of 
measur ing  surface a rea  agreed  there  was l i t t le  change 
with  cycling bu t  gave much  lower  values,  r epor t ing  a 
g r a d u a l  decrease f rom 0.06 m f / g  at  cycle 10 to 0.05 
m f / g  at  cycle 100 (14). The p resen t  work  confirmed 
tha t  surface a rea  did  not  change app rec i ab ly  wi th  
cycling, but  found values  a l i t t le  lower  than  those 
usua l ly  repor ted .  

Porosity.--As the  nega t ive  p la tes  were  cycled an 
increas ing  number  of l a rge  voids appeared  in the  ac -  
five ma te r i a l  and the plates  g r adua l l y  expanded.  A t  

Table I. BET specific surface areas of the negative active material, 
giYen in m2/g. Values under 0.1 are dubious 

the end of  cycl ing the plates  were  about  30-50% th icker  
than  the or ig inal  size. Since the  act ive ma te r i a l  sof tened 
cons iderab ly  dur ing  the cycling, i t  g r adua l l y  became 
easier  for  act ive ma te r i a l  to be deformed by  the h y d r o -  
gen bubbles  tha t  fo rmed  dur ing  a charge  (5).  Expan -  
sion of the  negat ive  plates  would  have been more  
l imi ted  if the  plates  had  been  u n d e r  some pressure,  as 
usua l ly  occurs in a t igh t ly  packed  cell case, and  fewer  
large  voids would  have formed. 

The image ana lyzer  was used to de te rmine  poros i ty  
of the negat ive  active mater ia l .  The values  given i n  
Table II  a re  averages  of 15-25 measurements  of void  
space made  dur ing  a cont inuous series of ad jo in ing  
views at  1350 • magnif icat ion in s teps about  0.086 m m  
wide ex tend ing  f rom one surface of a p la te  to the  op-  
posite surface. The n u m b e r  of  views increased  as a 
p la te  g radua l ly  became th icker  when  cycled. Areas  
were  chosen tha t  did  not  include the large  voids tha t  
had  developed.  Poros i ty  increased  as the  p la te  e x -  
panded,  since the  amount  of act ive ma te r i a l  pe r  uni t  of 
volume decreased.  

Al though the two plates  tha t  were  examined  at  the  
end of forming charges (Table  II, cycle 1) had  been 
t rea ted  s imilar ly ,  the active ma te r i a l  of one gave 43% 
and the o ther  48% porosity.  This suggests tha t  the dif-  
ference be tween  poros i ty  of the various charged  pla tes  
m a y  be p a r t l y  due to differences in the  or ig inal  plates,  
as wel l  as being an effect of d ischarge cur ren t  density.  

Discharged plates  showed less poros i ty  than  charged  
plates.  This was caused b y  the PbSO4 tha t  fo rmed  d u r -  
ing a discharge occupying a l a rge r  volume than  the 
Pb in a charged plate.  Since more  PbSO4 formed d u r -  
ing  the s lower  discharges,  poros i ty  of d ischarged act ive 
ma te r i a l  decreased as d ischarge  cur ren t  decreased.  

Active material composltion.--The image  ana lyzer  
was used to obtain values  for composit ion of the nega-  
t ive active mater ia l .  A magnificat ion of 2700• was 
used af te r  discharges at 2000 A / m  2 because of the la rge  
n u m b e r  of smal l  par t ic les  present .  Magnification was 
1350• for  discharges a t  a l l  o ther  rates.  The composi-  
tion values shown in Fig. 8 a re  averages  of  15-35 mea-  
surements  made  in a cont inuous series f rom one sur -  
face to the  other. Different  areas  of a p la te  usua l ly  
showed large  var ia t ions  in composition. Therefore,  the  
values  in Fig. 8 could differ by  severa l  percen t  if  the  
measurements  had been made  in different  areas. 

Ano the r  source of unce r t a in ty  was caused b y  the 
shades of  l ightness or darkness  of the three  phases  
(Pb, PbSO4, and void spaces) in the  active ma te r i a l  
not  differing sufficiently. One could not choose th resh -  
olds be tween  these shades and be cer ta in  that  the 
image ana lyzer  would  detect  al l  of one phase while  not  
detect ing any  pa r t  of another  phase. Al though the ab-  
solute values  were  uncerta in ,  the t rends  in Fig. 8 were  
be l ieved  to be significant since the  s ame  threshold  se t -  
t ings were  used for  a series of samples,  and  al l  resul ts  
should be biased in the same direction.  

The amount  of PbSO4 tha t  fo rmed dur ing  a discharge 
decreased as cur ren t  dens i ty  increased (Fig. 8), s ince 
discharges gave decreas ing capac i ty  at  h igher  currents .  
F igure  8 also shows tha t  the  amount  of PbSO4 presen t  
in a d ischarged p la te  decreased s lowIy wi th  cycling. 

Table II. Porosity of negative active material (%) 

Discharge Cycle 
rate 

Condition ( A / m  s ) 1 6 16 23 
Discharge rate (A/cm~) 

Condition Cycle 13 125 500 2000 

Discharged 18 0.02 0.11 0.03 0.00 
Discharged 125 0.16 0.14 0.18 0.17 
Discharged 500 0.18 0.20 0.20 - -  
Discharged 2000 0.25 0.24 0,26 - -  

Charged 18 - -  0.11 0.19 0.13 
Charged 125 - -  0.18 0.39 0.16 
Charged 500 - -  0.21 0.21 0.21 
Charged 2000 - -  0.21 0.19 0.20 

Charged 1 - -  43 48 - -  
Charged 6 48 48 52 52 
Charged 16 49 55 54 56 
Charged 26 51 52 56 57 
Discharged 1 24 31 37 43 
Discharged 6 35 39 46 44 
Discharged 16 44 48 54 49 
Discharged 20 52 - -  - -  - -  
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Fig; 8. Composition of negative active material at the end of ais- 
charges at 18, 125, 500, or 2000 A/m 2. The plates were recharged 
at 31.25 A/m 2. Composition was measured with an image analyzer. 

The opposi te  effect occurred in charged  plates.  A t  the  
end of the forming  charge  (cycle 1) the active m a t e -  
r i a l  was close to 100% Pb. Samples  of act ive ma te r i a l  
examined  af ter  cycle 26 charge  conta ined 1-10% 
PbSO4. These changes in charged  and discharged plates  
tha t  occur wi th  cycl ing may  be caused b y  a g radua l  
worsening  of contact  w i th in  the act ive mater ia l ,  iso-  
la t ing  some act ive ma te r i a l  f rom the e lec t rochemical  
reactions.  A g radua l  decrease  in surface area  could also 
b r ing  about  s imi la r  changes b u t  surface  a rea  d id  not  
change wi th  cycl ing (Table  I ) .  

Al though  r andom areas  of high or low PbSO4 con- 
cen t ra t ion  were  common in the  active mater ia l ,  there  
was no significant difference be tween  the average  of 
PbSO4 concentra t ions  measured  in areas  nea r  the sur -  
face, and  average  concentra t ion  in the  center  of plates  
d ischarged at  18-500 A / m  2. This  agrees  wi th  the  resul t s  
of Panesa r  and Portscher ,  who r epor t ed  an even d is t r i -  
but ion  of PbSO4 af te r  discharges  a t  15-300 A / m  2 for  
negat ive  plates  1.5 m m  th ick  (15). Their  plates  were  
a p p r o x i m a t e l y  the  same thickness  as the  p la tes  in  the  
presen t  work.  

Measurements  made  at the end of cycle 1 and 6 dis-  
charges  a t  2000 A / m  e ind ica ted  tha t  the  PbSO4 con- 
cent ra t ion  was usua l ly  a l i t t le  h igher  near  the  p la te  
surfaces than  i t  was near  the  center.  F igure  9 shows 
the smoothed resul ts  of 28-35 consecutive measu re -  
ments  in steps 43 • 10-6m wide ex tend ing  f rom one 
p la te  surface to the  o ther  surface. A rap id  discharge 
does not  a l low sufficient t ime for much addi t iona l  
H2SO4 to diffuse into the  pla te  in te r io r  a f te r  deple t ion  
of  acid  tha t  was presen t  when  the discharge began. As 
the  pla te  g r adua l l y  expanded  wi th  cycl ing more  acid 
became ava i lab le  in the inter ior ,  and an increased  
PbSO4 concent ra t ion  near  the sfirface was less evident .  
Measurements  a t  cycle  16 showed a f a i r l y  r andom dis-  
t r ibu t ion  of PbSO4 wi th  l i t t le  difference be tween  p la te  
surface and center.  Panesa r  and  Por t scher  measured  
PbSO4 d is t r ibu t ion  af te r  a discharge at  1800 A / m  2 (15). 
Thei r  resul ts  show the center  of a p la te  having on ly  
about  55% as much PbSO4 as the  surface areas,  a much  
grea te r  difference than  the smal l  var ia t ions  shown in 
Fig. 9. Whether  or  not PbSO4 is h igh ly  concent ra ted  at  
the  surfaces a f te r  a r ap id  discharge is p robab ly  g rea t ly  
affected by  p la te  s t ructure .  Var ia t ion  among pla tes  of 
different  manu fac tu r e r s  is to be expected.  

Summary and Conclusions 
It  is commonly  accepted tha t  pass ivat ion  is increased  

as the  size of the  crys ta ls  fo rming  the pass iva t ing  b a r -  
r i e r  decreases.  In  the  p resen t  case the  change in  ca-  
pac i ty  rough ly  corresponds to the change in c rys ta l  
size of the lead  sulfa te  in the  range  of cu r ren t  densi t ies  
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o I I I 
1 2 
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Fig. 9. Distribution of PbSO4 at cycles |, 6, and 16 in a negative 
plate that was always discharged at 2000 A/m 2. The plates are 
centered at 1 mm on the thickness scale. 

s tudied  (Fig. 1). The fact  t ha t  the l ead  sulfa te  was 
evenly  d is t r ibu ted  f rom surface to center  of the  elec-  
t rode (Fig. 9) also suggests that  pass ivat ion  r a the r  
than diffusion might  have been  the l imi t ing  factor  in 
de te rmin ing  the  ava i lab le  capaci ty.  

On the o ther  hand, the  effects noted on the nega t ive  
p la te  potent ia l  wi th  increas ing cur ren t  dens i ty  ind i -  
cate tha t  the diffusion ra te  was a factor .  While  the 
knee in the  polar iza t ion  curve might  be indica t ive  of 
passivation,  the change in the  in i t ia l  por t ion  of the 
curve at  different  cur ren t  densi t ies  must  be the resu l t  
of l imi t ing diffusion rates  (Fig. 2). The change in the 
polar iza t ion  curve  be tween  the 1st and 26th cycles in-  
dicates the in t roduct ion  of another  res is t ive factor, 
p robab ly  reduced contact  areas  be tween  the c rys ta l s  as 
a resul t  of the r epea ted  cycling. 

Reduced contact  a rea  would  also appea r  to b e  a 
logical  consequence of the increased poros i ty  noted as 
cycl ing progressed.  This increased poros i ty  was p r o b -  
ab ly  a resul t  of using a l ignin  der iva t ive  and  BaSO4 
in the formula t ion  of the commercia l  plates  tha t  were  
used. This expande r  ma te r i a l  also p reven ted  an in-  
creased size di f ferent ia l  for the  l ead  sulfa te  c rys ta ls  a t  
the different  cur ren t  densi t ies  employed.  
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Cobalt and Nickel Cations as Corrosion Inhibitors for 

Galvanized Steel 
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ABSTRACT 

Grav imet r i c  measurements  on galvanized steel  and cathodic polar izat ion 
curves indicate  that  corrosion of zinc in 3% NaC1 is inhib i ted  by  a low con- 
cent ra t ion  of cobal t  ions in solut ion or by  s imple p red ipp ing  of the zinc in 
0.05 or 0.1M solutions of COC12. Corrosion inhibi t ion is also obta ined when zinc 
is p r ed ipped  in a n ickel  acetate  solut ion and nickel  ions are  presen t  in the  
NaC1 solution. The corrosion inhibi t ion is a t t r ibu ted  to the in t roduct ion  of 
e lect ron t raps  (cobal t  or  n ickel  a toms)  in the  oxide on the surface of zinc 
which lead  to inhibi t ion of t he  cathodic reaction, H20 + 1,2 02 -5 2 e -  ---- 2 O H - .  
When the concentra t ion of e lementa l  cobal t  or n ickel  in or on the oxide be-  
comes too great,  the cathodic reaction,  2H+ + 2 e -  = H2, is ca ta lyzed  and cor-  
rosion act ivat ion occurs. 

Galvanized  steel  (a coat ing of zinc on a s tee l  sub -  
s t ra te)  is a ve ry  effective corrosion protec t ive  sys tem 
under  a tmospher ic  exposure  conditions. The zinc cor-  
rodes at  a re la t ive ly  low ra te  and i t  provides  galvanic  
protect ion to the steel  subs t ra te  at points  where  the  
steel  is exposed. Longer  system l ifet imes would  be pos-  
sible if the zinc corroded at  a lower  ra te  under  those 
conditions where  the steel  was not  exposed. I t  has been  
pointed out  p rev ious ly  (1) tha t  g rea te r  system l i fe-  
t imes should be possible if the oxide film on the sur -  
face of the zinc could be made  a less effective ca ta lys t  
for  the cathodic reaction, H20 -~ ~ O2 ~- 2 e -  = 2 O H -  
The purpose  of the present  s tudy  was to seek effective 
inhibi tors  for the  cathodic react ion on zinc. The ex-  
per iments  have been ve ry  successful and this ar t ic le  
outl ines the inhibi t ing  proper t ies  o f  cobal t  and  nickel  
cations and gives a ten ta t ive  in te rp re ta t ion  of the cor-  
rosion inhibi t ing  mechanism. 

At ten t ion  was focused on cobal t  and nickel  ions as  
inhibi tors  on the basis of a p r e l i m i n a r y  screening using 
zinc cathodic polar iza t ion  curves obta ined  in ae ra t ed  
3% NaC1 solut ion to which  various cations were  added.  
The decision to focus in i t i a l ly  on cobal t  was re inforced  
by  the fact tha t  a r ecen t ly  in t roduced commercia l  e lec-  
t rogalvanized  steel  contains a smal l  concentra t ion of 
cobal t  and the claim has been made  that  the corrosion 
ra te  was g rea t ly  decreased (2, 3). Cobalt  and nickel  
species are  also const i tuents  in p rop r i e to ry  commercia l  
p r e t r ea tmen t  baths  used for developing corrosion re -  
s is tance at  the p a i n t / m e t a l  interface.  A para l l e l  s tudy  
of  the chemical  s ta te  of cobal t  in e lec t rogalvanized  
steel  (4) p rovided  addi t ional  background  and incent ive 
for  the presen t  study.  The addi t ion  of nickel  to e lec t ro-  
ga lvanized steel  is also c la imed to reduce the c o r r o s i o n  
ra te  of zinc (5-9).  

* Electrochemical Society Active Member. 
1Present  address: Department of Chemistry, University of 

Tokyo, Tokyo, Japan. 
Key words: corrosion, inhibition, cobalt, n i cke l  galvanized steel. 

Experimental Procedure 
Corrosion ra te  measurements  were  car r ied  out  on the 

galvanized steel  samples  descr ibed in Table  I. Al l  of 
the repor ted  measurements  made  wi th  cobalt  and  nickel  
ions were  car r ied  out  wi th  sample  L-6 since there  w a s  
avai lab le  a large  supply  of this mater ia l .  The th ick-  
ness of the zinc coating was also grea t  enough tha t  the  
chances of exposing the steel  subs t ra te  dur ing  pol ish-  
ing were  less. Ano the r  advan tage  of the L-6 samples  
was the  70% (0001) or ientat ion,  a represen ta t ive  value  
for many  lots of ho t -d ipped  galvanized steel. Or ien ta -  
t ion de te rmina t ions  were  made by  the method  p rev i -  
ously descr ibed by  Kim and Leidheiser  (11). A suffi- 
cient number  of exper iments  was car r ied  out  wi th  dif-  
ferent  samples  of ga lvanized steel  to be confident that  
the resul ts  app ly  general ly ,  a l though the degree of the 
corrosion inhibi t ion m a y  be a function of the  compo-  
sit ion of the zinc coating. No specific exper iments  to 
explore  this var iab le  were  conducted. 

The ma jo r i ty  of cathodic polar izat ion curves was de-  
t e rmined  on single crystals  of 99.999% pure  zinc cut to 
expose the (0001) plane. The zinc crysta ls  were  ob-  

Table I. Galvanized steel samples used in this study 

Zinc  Stee l  A v e r a g e  
S a m p l e  % (0001) c o a t i n g  s u b s t r a t e  zinc 
des ig-  or ien-  t h i c k n e s s  t h i c k n e s s  g r a i n  size 
n a t i o n  t a t i o n  (;~m) (~m) ( m m )  

SI0-9 98% 14 400 0.5 
SI0-6 90% 19 400 0.6 
$10-7 80% 16 400 2.9 
SIO-1 75% !7 400 3.6 
SI0-2 70% 17 400 1.5 
T-25 70% 28 445 2.0 
L-6 70% 28 545 1.3 
Q-5 65% 26 420 1.7 
Q-3 60% 20 490 1.1 
T-22 50% 21 570 2.9 
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ra ined f rom Prof. Rober t  Pond  of Johns Hopkins  Uni-  
ve rs i ty  in the  form of cy l indr ica l  rods and were  cut  in 
the form of disks wi th  surfaces pa ra l l e l  to the  (0001) 
plane.  

The ga lvanized  s teel  samples  used in the corrosion 
exper imen t s  were  smoothed wi th  No. 400 and No. 600 
e m e r y  papers ,  fo l lowed by  high-gloss  pol ishing wi th  
a lumina  powders  of 1 and 0.6 gm size. One side of the 
galvanized steel  and  a l l  edges w e r e  covered wi th  a 
v iny l  adhesive tape  and the exposed zinc was 20 cm2 
in area.  Two samples  were  exposed  to 200 ml  of l iquid  
in each reac t ion  vessel. The panels  were  p laced  hor i -  
zonta l ly  on the bo t tom of the vessel  such tha t  the  l iquid 
was 4.5 cm in depth.  At  the conclusion of the  exper i -  
ment,  the panels  were  ca re fu l ly  ab raded  wi th  a soft 
b rush  to remove  any  adher ing  corrosion product .  

The polar iza t ion  curves were  de te rmined  on me-  
chanica l ly  pol ished zinc single crystals .  They  were  
pol i shed  in m u c h  the same manne r  as the  ga lvan ized  
steel  samples  except  tha t  the final pol ishing step used 
d iamond powder  in place  of the  a lumina.  The crysta ls  
were  moun ted  in an epoxy  resin manufac tu red  b y  the  
Woodhi l l  P e r m a t e x  Company  and were  used in the  
moun ted  condition. 

Cathodic polar iza t ion  curves were  de t e rmined  b y  
m a n u a l l y  increas ing  the po ten t i a l  a t  a ra te  of  20 m V /  
rain. The countere lec t rode  was g raph i t e  and the cell  
was constructed wi th  a f r i t t ed  g lass  m e m b r a n e  in o rder  
to sepa ra te  the  solut ion and the cathode f rom any oxy-  
gen genera ted  at  the  anode. 

In  some of the  exper iments ,  the  zinc samples  were  
p re immersed  in solut ions of cobal t  chlor ide  or  n ickel  
acetate.  Af t e r  immers ion  in  the  cobal t  or  n ickel  ion 
solutions, the  zinc was hea ted  at  80 ~ for  app rox i -  
ma te ly  2 hr  before  immers ion  in the sodium chlor ide  
test  medium.  The effects of cobal t  and  n ickel  a p p a r -  
en t ly  were  not  dependen t  upon this h e a t - t r e a t m e n t  
since s imi la r  resul ts  were  obta ined  on zinc tha t  was 
s imply  dr ied  in a i r  before  immers ion  in the sodium 
chlor ide  test  solution. The pH's  of the  cobal t  and  nickel  
ion solutions were  as follows: CoC12 solutions: 1M, 
4.0; 0.5M, 4.35; 0.1M, 4.65; 0.05M, 5.05; 0.01M, 5.60; Ni 
aceta te  solutions:  0.5iM, 6.05; 0.1M, 6.70; 0.05M, 6.80; 
0.01M, 6.70; 0.005M, 6.45. 

Experimental Results 
The corrosion ra tes  of  m a n y  different  samples  of 

ga lvanized  steel  were  de te rmined  in 3% sodium chlo-  
r ide  and 3% sodium sulfa te  solutions under  the s tan-  
da rd  p rocedure  described.  Represen ta t ive  da ta  a re  
summar ized  in Table  II. I t  wi l l  be noted that  the cor-  
rosion ra tes  of the 10 different  samples  were  app rox i -  
ma te ly  the same, averag ing  0.34 mg /cm2 /day  in the  3% 
NaC1 and 0.28 m g / c m 2 / d a y  in  the 3% Na2SO4. Typica l  
cathodic polar iza t ion  curves for a zinc single crys ta l  in 
the  absence and presence of s t i r r ing  are  given in Fig. 1 
and a comparison of polar iza t ion  curves ob ta ined  in 
ae ra t ed  and deaera ted  solutions is given in Fig. 2. The 
method  of genera t ing  the polar iza t ion  curves in the 
ae ra t ed  and deae ra t ed  solutions was s l ight ly  different  
in tha t  the ae ra t ed  curve was obta ined  in a quiescent  

Table II. Rates of corrosion of galvanized steel samples in 
24 hr period in solutions open to the air 

Sample Corrosion rate in mg/cm2/day 
desig. 
nation 3% NaCI 3% NazSO4 

SI0-9 0.31 0.28 
SI0-6 0.29 0.28 
SI0-7 0.34 0.28 
SI0-1 0.35 0.27 
S 1 0 - 2  0 .33  0 . 3 0  
T - 2 5  0 .36  -- 
L-8 0 .33  
Q-5 0.38 o~-7 
Q-3  0 .33  0 .29  
T - 2 2  0 . 3 4  0 , 3 0  

Average 0 . 3 4  0 .28  
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Fig. 1. Typical polarization curves for zinc in 3% NaCI solution 
in the absence and presence of stirrinq. 
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Fig. 2. Typical polarization curves for zinc in 3% NaCI solution 
in the absence and presence of air. 

solut ion and the deaera ted  curve was obta ined  in a 
solut ion which  was s l ight ly  ag i ta ted  by  the passage of 
a s t r eam of n i t rogen th rough  a porous th imble .  This 
difference in p rocedure  p robab ly  accounts for  the  
h igher  cur ren t  dens i ty  at  the more  negat ive  potent ia ls  
in the case of the curves obta ined  in the deae ra t ed  so- 
lutions. As descr ibed in more  deta i l  la ter ,  these da ta  
suggest  that  the ra te -con t ro l l ing  step in the corrosion 
of zinc u n d e r  these condit ions is the cathodic reaction,  
H20 + 1/2 02 + 2 e -  ---- 2 O H - .  The ra te  of corrosion of 
galvanized steel  samples  in deae ra ted  solutions of 3% 
NaC1 was 0.01 mg /c m2 /da y  indica t ing  tha t  a smal l  
f ract ion (about  3%) of the total  corrosion was a con- 
sequence of the a l t e rna te  cathodic reaction,  2H + + 
2 e -  _-- H2. 

A survey  was made  of the effect o f  var ious  ions 
added  to the NaC1 solut ion on the corrosion ra te  of 
ga lvanized steel  using both  g rav imet r i c  measurements  
and cathodic polar izat ion curves. The ions that  were  
surveyed  included bar ium,  cadmium, cobalt,  lead, 
manganese,  nickel,  tin, and s tront ium. As a resul t  of 
this survey,  cobal t  and nickel  were  selected for  in ten-  
sive study.  The exper iments  wi th  cobal t  and nickel  wil l  
be descr ibed sepa ra te ly  because of the s l ight ly  different  
approaches  used. 

Cobalt  ions as inh ib i tors . - -Cathodic  polar iza t ion  
curves are  given in Fig. 3 for  zinc single c rys ta l  sam-  
ples tha t  were  d ipped in var ious  concentrat ions  of 
COC12 solut ion for 30 sec, washed  in a s t ream of water ,  
d r ied  in a i r  at  80~ for a pp rox ima te ly  2 h r , ' a n d  the 
polar iza t ion  curve then de te rmined  in 3% sodium chlo-  
r ide  solution. I t  wi l l  be noted  tha t  the  cathodic cu r ren t  
was s ignif icant ly lower  at  potent ia ls  of --1.06 to --1.2V 
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Fig. 3. Cathodic polarization curves for zinc single crystals im- 
mersed in 3% NaCI solution. Zinc samples were immersed for 30 
sec in cobalt chloride solutions prior to determining the polariza- 
tion curves. See text for details. 

for the samples  tha t  were  d ipped in 0.05M and 0.1M 
CoC12 solutions pr io r  to obta in ing  the  cathodic po la r i -  
zat ion curve. A t  potent ia ls  more  negat ive  than  --1.3V 
the cathodic cu r ren t  w a s  g rea te r  than  the b l ank  for  a l l  
the CoC12 concentrat ions  f rom 0.01 to 1M. 

F igure  4 summar izes  corrosion ra te  da ta  for ga lvan-  
ized steel  and  gives the  cathodic cur ren t  a t  --1.10V 
for zinc single c rys ta l  samples  tha t  were  p r ed ipped  in 
cobal t  chlor ide solutions. The g rav imet r i c  da ta  and the 
cathodic polar izat ion cur ren t  da ta  are  complemen ta ry  
and indicate  tha t  a low corrosion ra te  is obta ined  when  
zinc is p r ed ipped  in solutions of 0.05 and 0.1M CoC12 
p r io r  to immers ion  in the  NaC1 solution. F igure  5 gives 
corrosion ra te  and  cathodic polar iza t ion  cur ren t  da ta  
for zinc ma te r i a l s  p r ed ipped  in 0.1NI CoC12 for var ious  
per iods  of t ime before  immers ion  in the 3% NaC1. As 
seen in Fig. 5 the two types  of da ta  give pa ra l l e l  resul ts  
and  the op t imum t ime of p red ipp ing  in  the COC12 solu-  
t ion is 30 see. 

The resul ts  of a series of exper iments  car r ied  out  in 
deae ra ted  3 % NaC1 are  given in Fig. 6, where  i t  wi l l  be 
noted tha t  the  corrosion ra te  and cathodic corrosion 
cu r ren t  at  --1.15V increase  wi th  increase  in concent ra -  
t ion of COC12 in the  solut ion in which  the zinc samples  
a re  predipped.  At  the  two h igher  concentrat ions,  0.5 
and 1.0NI, the surface  exh ib i ted  b lackening  tha t  s u g -  

0 . 5 .  r 

0 3  

[ 

~ o . I I  

. . l i i - - - - - -  

l i~ i ~ \  . f .  j . , . i -  . . . . . .  ~ --e _ 

, I I 
o 6 o  12o 

Time of Irnmer~on in O.IM CoCI 2 Solullon in seconds 

o 

g.  

i 
f 
..o 

l o g  

Fig. 5. The corrosion of galvanized steel (solid curve) and cath- 
odic polarization current at --1.10V vs. SCE of zinc single crystal 
(dashed curve) after dipping in 0.1M CoCI2 solution for different 
times prior to immersion in 3% NaCI solution. Note similarity in 
shape of curves. 

t e s t ed  the format ion  of meta l l ic  cobal t  on the  surface. 
No b lackening  was observed at  the  lower  CoC12 con- 
centrat ions.  Cathodic polar iza t ion  curves ob ta ined  in  
deaera ted  solut ion are  summar ized  in Fig. 7. 

A few exper iments  were  also car r ied  out  in which  
galvanized steel  was exposed to 3% NaC1 solut ion 
which contained addi t ions  of CoC12 such that  the  Co + + 
ion concentra t ion was in the range  of  10 -5 to I0-21~. 
In  these exper iments  there  was no p red ipp ing  of the 
zinc in Co + +-conta in ing  solutions; the  cobal t  was p res -  
ent  only  in the corrosion test  medium. Results  of these 
exper iments  are  summar ized  in Fig. 8 where  i t  wi l l  
be noted tha t  s l ight  corrosion inhibi t ion  was ob ta ined  
at  10 -5 and i0-43/I concentrat ions of Co + + and s t rong 
act ivat ion of corrosion was obta ined  at  I0 -3 and 10-2M 
concentrat ions of Co + +. At  the h igher  concentrat ions  
a b lack  coating, which appea red  to be finely d iv ided  
meta l l ic  cobalt,  fo rmed on the surface. 

Samples  of zinc d ipped for 30 sac in cobal t  chlor ide  
solutions of 0.01, 0.05, 0.i, 0.5, and 1.0M were  examined  
b y  x - r a y  photoelec t ron spectroscopy (XPS) ,  E lemen-  
tal  cobal t  is character ized by  two peaks  represen t ing  
b ind ing  energies of 778 and 793 eV whereas  CoO is 
charac ter ized  by  4 peaks  wi th  b ind ing  energies  of 
780.0 and 795.5 eV plus two sate l l i te  peaks  at  787 and 
804 eV. In al l  cases the p redominan t  spec t rum of the 
unspu t te red  surface was tha t  character is t ic  of a cobal t  

0.80 40 

0.70 - -  / / Q \ \  0.3,' 

I ",, I E 
/ \\ I 

o.~o- / )=I~4 o.~ 
/ ~ 

~o.~o - / ~, 

.~ . . . . . .  ~ I I ~ ~zo~ .o.2~ 

, , [ /  t ' 

, . \ , \  t .so -- B 

o,~ i 
OAO - -  

o o, I , o - o- o 
Co Ion Corm, er~ alan n moes/li er 

Fig. 4. The corrosion of galvanized steel (solid carve) and cath- 
odic polarization current at --1.10V vs. SCE of zinc single crystal 
(dashed curve) after dipping in cobalt chloride solutions of different 
concentrations for 30 sec followed by immersion in aerated 3% 
NaCI solution. Note similarity in shape of curves. 
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Fig. 6. The corrosion of galvanized steel (solid curve) and cath- 
odic polarization current at --1.15V vs. SCE of zinc single crystal 
(dashed curve) after dipping in cabalt chloride solutions of different 
concentrations for 30 sec followed by immersion in deaerated 3% 
NaCI solution. Note similarity in shape of curves. 
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Fig. 7. Cathodic polarization curves for zinc single crystals im- 
mersed in deaerated 3% NaCI solutions. Zinc samples were im- 
mersed for 30 sec in cobalt chloride solutions prior to determining 
the polarization curves. See text for details. 
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Note corrosion inhibition at low Co + + concentrations and corro- 
sion acceleration at high Co + + concentrations, 

oxide, probably  CoO (12). Sput ter ing  of the super-  
ficial oxide resulted in the formation of a spectrum 
consisting of both ionic cobalt and elemental  cobalt 
(13). Examples  of the spectra are shown in Fig. 9 and 
10. Figure 9A is a spectrum of the sample dipped in 
0.05M CoCI~. The two major  peaks (2p8/2 and 2pl/2) 
approximate those characteristic of CoO and the two 
minor  peaks are the so-called "shake-out" satellite 
peaks. After  sput ter ing away the surface layer, the 
spectrum shows elemental  cobalt as a major  component  
and ionic cobalt as a second component  (Fig. ~B). In  
the case of the most concentrated solution, the major  
component  is e lementa l  cobalt after sput ter ing etching 
but  ionic c o b a l t  c a n  a l s o  be seen (Fig. 10B). After  a 
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Fig, 9. XPS spectra of zinc single crystal that had been dipped in 
0.05M COCI2 for 3(] sec and dried at 80~ Top spectrum (A) is 
before sputterng and bottom spectrum (B) is after superficial 
sputtering. Hate the increase in intensity of the elemental cobalt 
peaks at  778 and 793 eV after sputtering. 

second sputtering, the ionic cobalt decreased to a very 
low level and the total spectrum was largely due to 
elemental  cobalt as seen in  Fig. 10C. 

Quali tat ive informat ion concerning the amount  of 
cobalt present  on the surface of zinc after exposure to 
cobalt chloride solutions was obtained using Auger  
spectroscopy. The spectra were obtained over an en-  
ergy range of 0-1200 eV and the ratios of the amounts  
of zinc, cobalt, and oxygen in the surface region were 
obtained approximately from measurements  of peak- 
to-peak values. Data for oxygen/cobal t  ratios are given 
in Fig. 11 and data for zinc/cobalt  ratios are given in 
Fig. 12 as a funct ion of the cobalt chloride concentra-  
t ion in  the p re t rea tment  solution. These data along 
with the XPS data of the type shown in  Fig. 9 and 10 
indicate that  the cobalt concentrat ion in the zinc oxide 
increased with increasing cobalt concentrat ion in the 
pre t rea tment  solution. The oxygen/cobal t  ratio and the 
zinc/cobalt  ratio also both decrease with increase in 
the cobalt concentrat ion in the pre t rea tment  solution. 

Nickel ions as inhibitors.--Experiments similar  t o  
those carried out with cobalt were executed with nickel 
ions. Galvanized ~teel panels were dipped in solutions 
of nickel acetate ranging in concent ra t ion  from 0.005 
to 0.5M for 60 sec, the surface was washed in a s tream 
of water, the panels were heated at 80~ for 1-2 hr, 
and they were then immersed in 3% NaC1 solution 
open to the air  for 24 hr. The data, summarized in 
Table IlI, indicate that there was no significant corro- 
sion inhibi t ion at any concentrat ion and slight corro- 
sion activation at an Ni + + ion concentrat ion of 0.5M. 
These results were very  puzzling in view of the fact 
that  the cathodic polarization curves, shown in Fig. 13, 
suggested that corrosion inhibi t ion of the same order 
of magni tude  as with cobalt was to be expected. The 
major  difference between corrosion rates determined 
gravimetr ical ly and those estimated qual i ta t ively from 
the cathodic polarization curves is the t ime of exposure 
of the sample to the corrosive medium. The polariza- 
tion curve data were obtained on samples that  were 
exposed to the teet medium~ at the low overvoltages, 
for less than 1 hr, while the gray[metric measurements  
were obtained on samples exposed for Z4 hr  or more. 
When this fact was recognized, it suggested that the 
nickel was probably rapidly leached out of the oxide 
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Fig. 10. XPS spectra of zinc single crystal that had been dipped 
in 1M COCI2 for 30 sec and dried at 80~ Top spectrum (A) is 
before sputtering, middle spectrum (B) is after superficial sputter- 
ing, and bottom spectrum (C) is after a second sputtering. Top 
spectrum is largely characteristic of CoO while the bottom two 
spectra indicate elemental cobalt as the major constituent. 

coating on the zinc. The fol lowing exper iments  were  
then performed.  

The galvanized steel panels were  dipped in 0.01M 
nickel  acetate solution for 15 sec, washed in a s t ream 
of water,  dried in a warm air stream, and weighed. 
They were  then immersed  in 3% hTaC1 solution con- 
taining nickel ion concentrations of 0.0001, 0.0005, and 
0.001M and exposed for 24 hr. Results are summarized 
in Table IV. It  is apparent  that  good corrosion inhibi-  
t ion was obtained in the case of predipping in the 
nickel  acetate solution and exposing to the 3% NaC1 
solution which contained 0.0005M Ni + +. 

Discussion 
The major  exper imenta l  facts resul t ing from this 

study may be summarized as follows. 
1. Predipping zinc in solutions of cobalt salts of the 

proper  concentrat ion for 15-60 sec results in a lower 
corrosion rate in 3% sodium chloride solution. The 

Table III. The corrosion rate of galvanized steel samples in 3% 
NaCI exposed to air after pre-exposure for 1 min to solutions of 

nickel acetate 

Concentration of nickel Corrosion rate during 
acetate solution 24 hr exposure 

Blank--dipped in 0.31 mg/cm~/day 
zinc acetate 

0.005M 0.35 
0.01 0.33 
0.05 0.39 
0.1 0.32 
0.5 0.43 
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Fig. 11. Relative amounts of oxygen and cobalt in surface region 
of zinc single crystals after dipping in different concentrations 
of COCI2 solution for 30 sec. Ratios of oxygen/cobalt are relative 
peak-to-peak values for characteristic emissions in Auger spectrum. 
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Fig. 12. Relative amounts of zinc and cobalt in surface region of 
zinc single crystals after dipping in different concentrations of 
COCI2 solution for 30 sec. Ratios of zinc/cobalt are relative 
peak-to-peak values for characteristic emissions in Auger spec- 
trum. 

corrosion inhibit ing effects last for a min imum of 2 
days. 

2. Cobalt ions at low concentrations are corrosion 
inhibitors for zinc in 3% NaC1. 

3. Cathodic polarization curves of zinc previously 
exposed to low concentrations of cobalt or nickel  ions 
indicate inhibit ion at low cathodic overvol tages  and 
activation at high cathodic overvoltages.  

4. Predipping zinc in concentrated solutions of cobalt 
chloride leads to corrosion act ivat ion in both aearated 
and deaerated solutions of NaC1. 

Table IV. The corrosion rate of galvcmlzed steel samples in 
air-exposed 3% NaCI solution containing different concentrations 

of nickel acetate. Samples were pre-exposed to 0.01M nickel 
acetate solution for 15 sac before immersion in the NaCI solution 

Ni+* ion concentration Corrosion rate during 
in NaC1 solution 24 hr exposure 

O 0.33 mg/cmVday 
0.0001 0.16 
0.0006 0.026 
0.001 0.23 
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Fig. 13. Cathodic polorization curves for galvanized steel samples 
immersed in 0.05M nickel acetate solutions for 5, 15, and 30 sec 
before polarization in 3% NaCI solutions. 

5. Dipping zinc into 1.0M CoCI~ solution leads to a 
significant amount  of e lemental  cobalt on the surface. 
Dipping zinc into 0.05M CoCI~ solution leads to the 
formation of minor  amounts  of cobalt in  both the ionic 
and e lemental  form. 

6. Predipping zinc in  solutions of nickel acetate 
does not result  in  long- te rm corrosion inhibit ion.  

7. Predipping  zinc in  solutions of nickel  acetate, 
followed by immers ion in NaC1 solutions containing 
low concentrat ions of nickel  ions, leads to a high degree 
of corrosion inhibit ion.  

It  is the purpose of the remarks  that  follow to ex- 
plain these results. 

The major i ty  of the experiments  reported herein  
were carried out in  3% sodium chloride solution and it 
must  be recognized that  the conclusions made herein  
apply to this electrolyte. However, sodium chloride is 
util ized as a test medium in  m a n y  accelerated tests 
and there is a body of practical experience that sug- 
gests that  the behavior  of materials  in  a sodium chlo- 
ride env i ronment  can be generalized to apply to many  
types of atmospheric exposure. It  is bel ieved that  the 
conclusions drawn below should apply in  m a n y  differ- 
ent  environments .  

Exper iments  reported previously (1) have shown 
that  an oxide (or hydrated oxide) coating forms on 
zinc when  immersed in sodium chloride solution open 
to the air. This oxide coating becomes approximate ly  
50A thick after 1-2 min  immersion and develops a 
s teady-state  film thickness of the order  of 75-150A in 
about 5 rain. The oxide is reducible as shown by a 
reduct ion peak at approximately  --1.3V. The exact 
values obtained for the rate of growth of the oxide, 
the s teady-state  film thickness, and the potent ial  at 
which the reduction peak occurs are all a funct ion of 
par t icular  lots of galvanized steel. 

Predipping galvanized steel in  an  aqueous solution 
containing cobalt ions results in the incorporat ion of 
cobalt in, or on, the oxide which is present  on the 
surface of the zinc. The chemical na ture  of the cobalt 
was ascertained from the XPS spectra. All samples 
that  had been predipped in cobalt chloride solutions 
exhibited a spectrum characteristic of CoO. Superficial 
sput ter ing caused the major i ty  of the ionic spectrum 
to disappear in the case of samples dipped in the more  
concentrated solutions. Presumably  the CoO spectrum 
was largely a consequence of reaction of the metal l ic  
cobalt with air dur ing  the period be tween removal  
from the CoCI~ solution and insert ion into the spec- 
trometer.  In the case of samples immersed in the lower 
concentrat ion solutions, such as 0.05M COC12, the spec- 
t r um after sput ter ing was characteristic of a mix ture  
of divalent  cobalt  and elemental  cobalt, as shown for 
example in Fig. 9. The concentrat ion of cobalt at the 

surface was relat ively low as indicated by  the noisy 
nature  of the spectrum. 

I t  is concluded that  predipping of the zinc in  solu- 
tions containing high concentrat ions of Co + + (0.5 and 
1.0M) leads to the formation of a large amount  of ele- 
menta l  cobalt on the surface. This conclusion from the 
XPS studies is in  agreement  with the data shown in  
Fig. 3 and 4 where the  surface is very  active for the 
cathodic reaction. At the lower concentrat ions of Co + + 
in the pre t rea tment  solutions, it  appears that  the cobal t  
is present  in  or on the surface of the zinc oxide in  
both the elemental  and ionic form. T h i s  conclusion 
must  be considered tentat ive since the analyt ical  pro- 
cedure itself may cause valence changes in the cobalt 
on the surface. 

The corrosion rate data summarized in  Table II, the 
large effect of s t i r r ing on the cur ren t  densi ty  of the 
plateau in  the cathodic polarization curve, and the 
negligible rate of corrosion of zinc in  deaerated NaC1 
all lead to the conclusion that  the cathodic reaction in  
aerated solutions includes oxygen and is in  all  proba-  
bi l i ty 

H20 -t- � 8 9  + 2e -  = 2 O H -  

This reaction is the dominant  cathodic reaction, bu t  the 
corrosion rate in deaerated solution (Fig. 6) suggests 
that the competing cathodic reaction, 2H + + 2e -  -- H2, 
accounts for approximately  3% of the total cathodic 
reaction. Although no s tudy was under taken,  i t  is 
l ikely that  the relat ive ratio of these two cathodic re-  
actions is a funct ion of the impur i ty  content  and  per-  
haps crystallographic na ture  of the zinc. 

The surface of a typical  galvanized steel is a very  
effective catalyst for the water -oxygen  reaction under  
the conditions used in  these experiments  and the rate 
is determined by concentrat ion polarization, ei ther the 
rate at which oxygen reaches the surface or the rate at 
which the O H -  ions can diffuse away from the sur-  
face. This conclusion is borne out by the fact that  st ir-  
r ing  has a great effect on the cathodic polarization 
curve (Fig. 1) and that  the corrosion rates of a n u m b e r  
of galvanized Steel samples were approximately  the 
same as shown by the data in  Table II. I t  thus appears 
that the corrosion rate of galvanized steel is l imited by 
a diffusion process in  the aqueous phase and  is not  
l imited by the avai labi l i ty  of electrons for the cathodic 
reaction. 

The proposed mechanism for corrosion inhibi t ion by  
cobalt ions will now be given. It is suggested that  dur-  
ing the predipping process in  cobalt chloride solution, 
the oxide (or hydfated oxide) film on zinc grows by  
the mechanism outl ined schematically in Fig. 14: The 
anodic reaction, Zn -- 2e -  --_ Zn ++, occurs at the 
zinc/oxide interface and the cathodic reaction, H20 + 
1/~ O2 + 2e-  = 2 OH- ,  occurs at the oxide/solut ion 
interface. The oxide thickness at the surface of the 
zinc reaches a s teady-state  value determined by the 
balance between the rate of formation of the oxide 
(or hydrated oxide) and the rate of dissolution of the 
oxide in  the medium. So long as the concentrat ion of 
zinc in the chloride solution does not exceed the solu- 
bi l i ty limit, there is no precipitat ion of hydroxide and 
the oxide mainta ins  a s teady-state  thickness of the 
order of 100A. It is through this oxide that  the corro- 
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Fig. 14. Schematic representation of the corrosion of zinc in 
NaCI solution through an oxide film on the surface. 
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sion process occurs and it is on the surface of the oxide 
that  the cathodic reaction occurs. When the solubil i ty 
l imit  of the zinc corrosion product is exceeded, a dy-  
namic process develops in  which the corrosion product  
precipitates at one site and dissolves at another  site. 
The precipitate which forms on the zinc surface may 
act as a diffusion bar r ie r  for species in  solution, bu t  
presumably  it plays no significant role in  controll ing 
reactions that  occur through the compact oxide present  
on the zinc surface. 

When the z incsamples  are dipped in  the cobalt chlo- 
ride solutions, i t  is proposed that  a port ion of the total 
cathodic current  that occurs may be represented by 
the reaction, Co + + ~ 2e-  _-- Co, and  that  uncharged 
cobalt atoms are incorporated in the oxide. It  is also 
probable that  a certain amount  of ionic exchange oc- 
curs and that  cobalt ions are also incorporated into the 
oxide by this mechanism. Some of these ionic species 
may  later  be converted to e lemental  cobalt dur ing  the 
corrosion process (Zn -- 2e -  -- Zn ++) as the com- 
panion cathodic reaction, Co + + (in oxide) -~ 2e -  --- 
Co(in  oxide). This lat ter  reaction is viewed as the 
electron t rapping reaction. In  the presence of a suffi- 
cient number  of t rapping sites, the anodic reaction 
(Zn ---- Zn + + ~ 2 e - )  is inhibi ted because of an excess 
of Zn+ + ions in  the oxide. Cobalt, at the proper con- 
centrat ion in the Zinc oxide lattice, thus reduces the 
flux of electrons through the oxide to supply charges 
for the cathodic reaction. At high cobalt concentrat ions 
in  or on the surface of the oxide, the e lemental  cobalt 
aggregates sufficiently to form metall ic cobalt in  con- 
tact with metall ic zinc which then serves as an effec- 
tive catalyst for the competing cathodic reaction, 
2H + ~ 2e -  -- H2. 

The fact that  the corrosion inhibi t ive effects are long- 
l ived in the case of cobalt is probably because the equi-  
l ibrium, Co + + (in zinc oxide lattice) ~ 2e -  ~ Co ~ (in 
zinc oxide latt ice),  is shifted strongly to the r ight  such 
that there are few cobalt ions available to enter  the 
aqueous phase. Cobalt remains  in  the zinc oxide lattice 
dur ing the corrosion reaction and it continues to serve 
as an electron trap. The reaction 

Co + + (in aqueous phase) ~ Co+ + (in zinc oxide lattice) 

is also shifted very strongly to the right. The net  effect 
is that cobalt atoms remain  in the zinc oxide lattice and 
are not  leached out during the corrosion process. 

The si tuat ion with nickel is different from that of 
cobalt in tha t  the cathodic polarization curve ( taken 
immediate ly  after immersion in the test electrolyte) 
indicates corrosion inhibi t ion and the weight loss mea-  
surements  indicate no significant inhibit ion.  The strong 
inhibi t ion under  those conditions where the zinc is 
predipped in  the nickel acetate solution and the sodium 
chloride solution contains a low concentrat ion of nickel 
ions, suggests that the equi l ibr ium 

Nio (in zinc oxide lattice) ~ Ni+ + (in zinc oxide lattice) 

~ N i  + + (in aqueous phase) 

is shifted sufficiently to the r ight  that  the nickel ions 
are leached from the oxide dur ing  the corrosion re-  
action. 

Suppor t  for the greater  stabil i ty of Co + + ions in the 
zinc oxide lattice than Ni + + ions is found in the rela-  
tive solubilities of the hydroxides in water. Cobalt hy-  
droxide [Co(OH)s] is soluble to the extent  of 0.00032 
g/ l i ter  in cold water, whereas nickel hydroxide 
[Ni(OH)2] is 40 times more soluble with a solubil i ty 
under  similar  conditions of 0.013 g/ l i ter  (14). The 
solubil i ty data are for water  solutions, whereas the 
corrosion experiments  were carried out in  3% NaC1 
solution, so it  is not known if the same relat ive solu- 
bilities apply in  the chloride medium. 

The cathodic polarization curves shown in Fig. 3 are 
consistent with all other observations made during the 
study. Samples dipped in a solution 0.01M in Co ++ 
yielded a polarization curve at potentials more positive 

than --1.35V very similar to that  of the blank. Samples 
dipped in solutions 0.05M and 0.1M in Co ++ showed 
lower cathodic currents  than the b lank  at potentials 
slightly negative to the rest potent ial  and higher cath- 
odic currents  at potentials more negative than --1.35V. 
The higher cathodic currents  at potentials more nega-  
tive than --1.35V are developed because the oxide film 
is reduced at this potent ial  and the cobalt present  in  
the oxide remains  on the surface of the zinc in the 
metall ic form. The greater  catalytic activity of cobalt, 
as compared to zinc, for the hydrogen evolut ion reac- 
tion results in a higher cathodic Current. At potentials 
more negative than --1.35V the cathodic cur ren t  in -  
creases with increase in concentrat ion of the cobalt 
chloride solution in  which the predipping occurred. 
Samples dipped in 0.5M and 1.0M COC12 gave higher 
cathodic currents  over the entire range of potentials, a 
result  consistent with the fact that the reaction 

Zn ~ -t- Co + + -- Zn + + -t- Co ~ 

occurred to such an extent  that large amounts  of 
metallic cobalt were present  on the zinc surface after 
predipping. The blackened appearance of the surface 
and the XPS data support  this conclusion. 

An al ternate  explanat ion of the corrosion inhibi t ion 
by cobalt and nickel  ions which must  be considered is 
the following. Let us assume that  the zinc oxide is an 
excellent  catalyst for the cathodic reaction, H20 ~- 
1~ O2 -{- 2e -  = 2 OH- ,  and metall ic cobalt is a good 
catalyst  for the cathodic reaction, 2H + _-- 2e -  = I-Is. 
The cathodic activity of the surface is then the total of 
(i) the activity for the hydroxyl  generat ion reaction 
times the surface area fraction of zinc oxide exposed 
and (ii) the activity for the hydrogen evolution reac- 
t ion times the surface area fraction of metall ic cobalt 
exposed. If the polarization curves for these two reac- 
tions on these two different substrates are greatly dif- 
ferent, it might  be reasonably expected that  the mea-  
sured polarization curve would have a range of shapes 
such as those shown in  Fig. 3 depending upon the re la-  
tive area ratios. We discard this a l ternate  explanat ion 
for the following reasons. 

1. It  is not l ikely that  al loying zinc with cobalt at 
concentrations of the order of 0.2% would lead to cor- 
rosion inhibi t ion as has been proven exper imenta l ly  
(2). If the cobalt was active as a catalyst, it would be 
expected to concentrate at the surface of the zinc as 
corrosion occurred and the corrosion reaction would be 
activated after a time, ra ther  than deactivated. 

2. Nickel is rapidly leached from the oxide film and 
it is hard to conceive that sufficient nickel  would re-  
main  on the zinc surface in the metall ic form to pro- 
vide corrosion inhibi t ion by the al ternate explanat ion 
in the case of zinc-nickel  alloys, which have been 
shown by others (5-9) to have corrosion protective 
properties. 

3. The data for deaerated solutions summarized in  
Fig. 6 indicate that  metall ic cobalt only becomes a sig- 
nificant catalyst for the hydrogen evolution reaction in 
the case of dipping in solutions of 0.5 and 1.0M COC12. 
Thus, significant amounts  of cobalt are required on the 
surface before the hydrogen evolution reaction is vigor-  
ously catalyzed. 

A simple calculation indicates that  corrosion inhib i -  
tion by cobalt results from the presence of very  few 
cobalt atoms. The Auger data summarized in Fig. 12 
indicate that the cobalt concentrat ion on the surface of 
a sample dipped in 0.05Y[ COC12 solution is not  great 
relat ive to that  of zinc. The surface appearance gives 
no indication of metall ic cobalt. If we assume that the 
oxide layer  is of the order of 30 atom layers in thick-  
ness and that  there are approximately 1015 metall ic 
atoms per em 2 per layer, the total n u m b e r  of metal  
atoms in or on the oxide would be of the order of 12 • 
1017 metallic atoms for 40 cm 2 area (2 samples of 20 
cm 2 each). If half  of the metal  atoms are cobalt, there 
are 6 X 101~ cobalt atoms. 
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The leas t  soluble cobal t  species in the sodium chlo-  
r ide  solut ion would  be expected  to be Co(OH)2 or 
Co(OH)s,  the so lubi l i ty  of both  of which is g iven as 
0.00032 g / l i t e r  since in aea ra t ed  solut ion the s table  
species in the case of h igh - su r f ace - a r ea  hydrox ide  
would  be expected  to be the  t r iva l en t  form. For  a 
l iquid  volume of 200 cm~, as used in these exper iments ,  
the  to ta l  n u m b e r  of soluble cobal t  ions can be  cal-  
cu la ted  to be 6 • 1017 ions. 

Al though  these numbers  a re  ve ry  crude, they  do 
show tha t  on ly  a l imi ted  number  of cobal t  a toms would  
be expec ted  to exis t  on the surface of zinc in NaC1 
solut ion unde r  condit ions where  the  zinc was p re -  
d ipped  in a solut ion of 0.OlM COC12. Since the zinc 
oxide  is con t inua l ly  being genera ted  by  the corrosion 
reaction,  i t  is e x t r e m e l y  un l ike ly  tha t  meta l l ic  cobal t  
could occupy a significant f ract ion of the surface d u r -  
ing the 24 or 48 h r  dura t ion  of the  corrosion exper i -  
ment.  

The suggested in t e rp re t a t ion  of the corrosion inh ib i -  
t ion by  cobal t  and nickel  opens up an en t i re ly  new ap-  
proach to corrosion control  for ga lvanized  steel. A n y  
means  whe reby  the ca ta ly t ic  ac t iv i ty  of the  surface 
oxide on zinc can be poisoned for the cathodic reac-  
tions offers hope for reducing the corrosion ra te  of 
zinc. The ideal  poison would  be  one tha t  is effective 
agains t  both  the w a t e r - o x y g e n  react ion and the hyd ro -  
gen evolut ion reaction.  Such poisons might  be e lec t ron 
t raps  wi th in  the oxide, as hypothes ized  for  cobal t  and 
nickel,  or  they  might  be t rapp ing  sites developed by  
adsorpt ion  of a species f rom the solution. 

A recent  survey  (15) has descr ibed the var ious  ways  
in which meta l l ic  cations m a y  serve  as corrosion in-  
hibi tors .  The presen t  study,  which has shown the in-  
h ibi t ion of zinc corrosion by  cobal t  and  nickel,  bears  
some resemblance  to the  effect of cobal t  on the  corro-  
sion of lead  anodes in sulfuric  acid (16). Both types  of 
corrosion inhibi t ion appa ren t l y  resu l t  because the  
me ta l  cat ion enters  an oxide film on the surface of the 
me ta l  and  changes its e lec t r ica l  propert ies .  The inhib i -  
t ion of anodic lead  corrosion b y  cobal t  is accompanied 
by  a reduct ion in the overvol tage  for the  oxygen  evolu-  
t ion react ion on lead  (17). Cobal t  appears  to p l ay  its 
role b y  en te r ing  the PbO2 film on the surface of lead  
and increas ing  the predominance  of the  anodic reac-  
tion, 2 O H -  ---- H20 -p ~/2 02 ~ 2e - ,  over  the undes i r -  
able  reaction,  Pb  --  2 e -  - -  Pb + +. 
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ABSTRACT 

Redox  poten t ia l  measurements  on p l a t inum and Type  304 s ta inless  steel  in 
equ i l ib r ium (H2 or 02) and nonequi l ib r ium (H2 + O2) bor ic  ac id / l i t h ium 
hydrox ide  solutions at 275~ are  repor ted .  For  equi l ib r ium systems conta ining 
hydrogen,  good ag reemen t  was ob ta ined  be tween  the measured  potent ia ls  on 
p la t inum and ca lcula ted  equi l ib r ium potent ia ls  for  pH (275~ = 5.49, 5.60, 
and  8.02. For  h igh ly  basic systems (0.1m LiOH) ,  however ,  the  observed po ten-  
t ials tended to be more  posit ive than  the ca lcula ted  values;  the difference w a s  
probab ly  due to t race  amounts  of oxygen remain ing  in the system. In oxy-  
genated  equi l ib r ium systems, good agreement  was found be tween  the observed 
and ca lcula ted  potent ia ls  for  the 0.1m LiOH solut ion for  [02] ~ 7 ppm, bu t  the 
observed potent ia ls  tended to be less posi t ive than the ca lcula ted  values  for 
more  acidic solutions and for lower  oxygen  concentrat ions.  S t e a dy - s t a t e  m e a -  
surement  on nonequi l ib r ium (H2 + O2) boric  acid solutions at  275~ showed 
that  the redox  potent ia l  on p l a t inum becomes more negat ive  as the rat io  
[H2]/[O2] increases. Trans ien t  studies on nonequi l ib r ium (H2 + O2) boric  
acid solution revea led  tha t  the redox potent ia l  can va ry  over  a wide range  on 
cycling the re la t ive  concentrat ions of oxygen  and hydrogen.  The expe r imen ta l  
findings a re  in t e rp re t ed  in t e rms  of mixed  potent ia l  model  f rom which  nu-  
mer ica l  s imulat ions  have reproduced  the essential  fea tures  of the data.  

Considerable  in teres t  has ar isen in recen t  years  on 
the proper t ies  of h igh t empe ra tu r e  aqueous solutions 
(100~176 because of the i r  use as heat  t r anspor t  
med ia  in many  power  genera t ing  systems. For  example ,  
extensive work  on the e lec t rochemical  behav ior  of 
meta ls  and  alloys in this hosti le env i ronment  has been  
repor ted  over  the  las t  decade (1), pa r t i cu l a r ly  wi th  
reference to corrosion processes. Ion hydro lys i s  and 
ac id /base  dissociation phenomena  have also been  
s tudied (2-7) using concentra t ion cells for precise acid-  
i ty  measurements  at t empera tu res  as high as 300~ 
Also, considerable  progress  has been  made  in the de -  
ve lopment  of a re l iab le  pH elect rode for the  l ong - t e rm  
moni tor ing of high t empera tu re  aqueous systems (8- 
13). Some of this l a t t e r  work  (13) is pa r t  of a more  
extensive effort in this l abo ra to ry  to develop e lec t ro-  
chemical  probes for moni tor ing  the chemical  proper t ies  
of aqueous heat  t r anspor t  systems in e lectr ical  energy  
producing  facili t ies.  

Because corrosion processes and many  oxide dissolu-  
t ion phenomena  involve a change in ox ida t ion  state of 
one or more  components,  i t  is necessary,  f rom a pu re ly  
the rmodynamic  viewpoint ,  to specify or  control  the  
redox state if the chemis t ry  of the system is to be ful ly  
understood.  In  prac t ica l  power  genera t ing  systems this 
no rma l ly  involves the  continuous or  per iodic  in ject ion 
of reducing agents (e.g., H2, N2H4) or oxidizing agents  
(e.g., 02, H 2 0 2 )  into the high t empe ra tu r e  environment .  
However,  the effective control  of the redox s tate  of a 
sys tem requi res  a means for the continuous moni tor ing  
of the redox potential .  Expe r imen ta l  studies a imed at  
developing sui table  probes have been repor ted  (14). 
However ,  the theore t ica l  basis for the redox poten t ia l  is 
not  wel l  es tabl ished and the re la t ionship  be tween  the 
measured  poten t ia l  and the composit ion of the sys tem 
is poor ly  understood.  

In  this study,  we repor t  redox potent ia l  measu re -  
ments  carr ied  out on p l a t inum and Type 304 stainless 
steel  e lectrodes in boric ac id / l i t h ium hydrox ide  solu-  
tions at  a t e m p e r a t u r e  of 275~ (548 K) .  The potent ia l  
measurements  were  made  in systems containing oxy-  

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
1 D e p a r t m e n t  of  M e t a l l u r g i c a l  E n g i n e e r i n g ,  T h e  Ohio S ta t e  Uni-  

ve r s i ty ,  Co lumbus ,  Ohio  4321{). 
K e y  w o r d s :  r e d o x  po ten t i a l ,  high temperature a q u e o u s  so lu t ion ,  

oxygen electrode reactions hydrogen electrode reaction. 

gen, hydrogen,  and nonequi l ib r ium mix tures  of t h e s e  
components.  A theore t ica l  analysis  of the redox poten-  
t ia l  is p resented  and used to in te rp re t  the expe r imen ta l  
data. 

Experimental 
Apparatus.--The high t e m p e r a t u r e  rec i rcu la t ing  loop 

used for these studies is descr ibed e lsewhere  (15). 
Briefly, boric  ac id / l i t h ium hydrox ide  buffer solutions 
were  pumped  from a reservoi r  th rough  a p rehea te r  and  
into the measuremen t  cell  using a posi t ive d isplace-  
ment  d i aph ragm pump.  The exi t ing solut ion was hea t -  
exchanged wi th  the input,  cooled in a second hea t  ex-  
changer,  and then discharged back  to the  reservoi r  v ia  
a pressure  control  valve.  The pressure  in the circui t  was 
set at  75.3 kPa  (1100 psig) to main ta in  a single ( l iquid)  
phase wi th in  the  loop. Both the p rehea t e r  and the 
measuremen t  cell were  the rmos ta t t ed  wi th  e lectr ical  
heaters  and controllers.  Ad jus tmen t  of these hea ters  
pe rmi t t ed  the  ceil t e m p e r a t u r e  to be control led  to w i th -  
in • 2 K at  t empera tu re s  as h igh  as 548 K (275~ 
The solut ion flow ra te  could be var ied  be tween  0 and 
5 ml sec -1 by  changing the s t roke of the  pump.  Be- 
cause the volume of the loop (excluding the reservoi r )  
was 2.5 liters, the t ime requ i red  to comple te ly  replace  
the solut ion is es t imated  to be 2-3 h r  for the flow ra te  
( I  ml  sec -~) employed  here. The reservoi r  contained 
facil i t ies for cont inuously sparging the solution wi th  
oxygen,  hydrogen,  or mix tures  of these gases. Gas con- 
centra t ions  in the solut ion were  computed  using the 
appropr ia te  Henry ' s  law coefficient. The ca lcula ted  
oxygen concentra t ion was confirmed ( •  10%) by  
direct  measuremen t  using a dissolved oxygen  ana lyzer  
(Del ta  Scientific Model  22t0).  

Detai ls  of the measurement  cell used in this work  are  
given in Fig. t. The ma in  body  of the  ceil  was m a -  
chined f rom Type 316 stainless steel, and contained 
ports  for the ent rance  and exi t  of the solution, a 
CONAX lead - th rough  for the p l a t i num and Type  304 
stainless steel  bead  electrodes (N 2 mm d iam) ,  and  
the reference  electrode.  The head electrodes were  a l -  
ways placed in the same, reproducible ,  posi t ion wi th  
respect  to both the fluid s t r eam and the reference  elec-  
t rode  l iquid junction.  Reproducib le  p lacement  wi th  re -  
spect to the fluid flow was considered to be necessary,  
because theory  p red ic t s  (see Discussion) tha t  the redox  
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Fig. 1. Cell for the measurement of redox potential in high 
temperature B(OH)a/LiOH buffer solutions. 

potent ia l  wi l l  be a funct ion of the mass t r ans fe r  coeffi- 
cients for  the  var ious  e lec t roact ive  components  in the 
system. 

A m a j o r  p rob lem in any  s tudy of this k ind  is choos- 
ing a sui table  reference  e lect rode against  which  the po-  
ten t ia l  of the ind ica tor  e lec t rode  can be measured.  The 
prob lems  encountered  wi th  the  t r ad i t iona l  in te rna l  re f -  
erence electrodes have  been rev iewed  by  Macdonald  
(16). In  this work,  we employed  a pressure  ba lanced  
ex te rna l  reference  e lec t rode  of the  type  recen t ly  de-  
scr ibed by  Macdonald,  Scott,  and  Went rcek  (17). The 
design of this reference e lec t rode  is shown in Fig. 2; 
deta i ls  of the  construct ion and opera t ion  of the  e lec-  
t rode are  given in the  or iginal  publ ica t ion  (17). Briefly, 
the  ex te rna l  Ag/AgC1 elect rode was  ca l ib ra ted  agains t  
an ident ica l  in t e rna l  e lec t rode  in various KC1 solutions 
ranging  in concentra t ion f rom 0.005 mole  kg -1 to 0.505 
mole  k g - L  Thermodynamic  analyses  then  pe rmi t t ed  
eva lua t ion  of the  correct ion parameters ,  AEsHE(T)- 
~Eobs (T),  where  ~Eobe (T) is the  observed  potent ia l  of 
the bead  e lect rode agains t  the ex te rna l  reference  elec-  
ts:ode, and  AEsH E (T) is the corresponding potent ia l  vs. 
the  hypothe t ica l  s t anda rd  hydrogen  e lec t rode  (SHE) 
at  the  sys tem tempera ture .  Analys is  of the reference  
e lect rode wi th  an in te rna l  KC1 solut ion of concent ra-  
t ion 0.102 mole  kg -1  showed tha t  the  correct ion t e rm  
for  T = 275~ is --0.001V (17). Therefore,  wi th in  the  
precis ion of the  measurements  ( _  5 mV) ,  the  observed  
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potent ia ls  a t  275 ~ _ 2~ can be assumed to r e fe r  to the  
t he rmodynamica l ly  wel l -def ined  s t andard  hydrogen  
e lect rode scale. 

M e t h o d . - - A f t e r  assembly  of the  appara tus ,  the  sys-  
tem was pressur ized  to 75.3 kPa  (1100 ps ig) ,  and  the 
reservoi r  pu rged  of oxygen using high pu r i t y  n i t rogen 
for  at  least  I0 hr  whi le  the solut ion was c i rcula ted  
a round  the high pressure  loop. The t e m p e r a t u r e  was 
then  increased to 275 ~ ~ 2~ by  ad jus t ing  the inputs  to 
both the  p rehea te r  and  the cell  heater .  Once the  cell  
t empera tu re  was stable,  the reservoi r  was sparged  wi th  
the des i red  gas or  mix tu re  of gases. The  redox  po ten-  
t ia l  was then  measured  using a b a t t e r y - p 0 w e r e d  elec-  
t romete r  wi th  input  impedance  > 10z4~. The e lec t rom-  
eter  output  was connected to a s t r i p - cha r t  recorder 
for  continuous moni tor ing  of the  potent ia l .  

Three  sets of exper iments  were  car r ied  out:  (i) equi -  
l i b r ium studies using oxygena ted  and hydrogena ted  so- 
lutions separate ly ,  (ii) nonequi l ib r ium studies in which  
the solut ion was sparged wi th  mix tures  of hydrogen  
and oxygen and the potent ia l  recorded  unt i l  a s t eady-  
state response was obtained,  and  (iii) t r ans ien t  exper i -  
ments  in which the sys tem was cycled be tween  oxy -  
genated  and hydrogena ted  states. The exper iments  
were  carr ied  out in var ious  boric  acid and boric  ac id /  
l i th ium hydrox ide  solutions. The pH of each solut ion 
at  275~ was ca lcula ted  as descr ibed p rev ious ly  (13). 

Results and Discussion 
Equilibrium studies.--Typical plots  of the  potent ia l  

of a p l a t inum elec t rode  vs. the concentra t ion  of hyd ro -  
gen and oxygen in solut ion as a funct ion of pH are  
shown in Fig. 3 and 4, respect ively .  The equi l ib r ium 
potent ia ls  also p lo t ted  in these figures were  ca lcula ted  
f rom the composit ion of the solut ion assuming tha t  the 
po ten t i a l -de te rmin ing  react ions for  the hydrogena ted  
and oxygena ted  systems are  

2H + -t- 2 e -  ~ It2, 

EH+/H2 : - -  (2.303RT/2F) log PH2 - -  (2.303RT/F)pH [1] 

and 

O2 -P 4H + -}- 4 e -  ~ 2H20, 

Eo2/H2O : E ~ ~ (2.303RT/4F) log Po2 --  (2.303RT/F)pH 

[2] 
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Fig. 2. Reference electrode assembly 

Fig. 3. Equilibrium potential at. 275~ vs. concentration of hydro- 
gen in 0.1m boric acid (pH = 5.49), 0.01m boric acid (pH 
5.60), 0.01m boric acid -I- 0.001m LiOH (pH = 8.02), and 0.1m 
LiOH (pH = 10.45). Data points: O - - P t ,  experimental. A- -Type 
304 stainless steel. []---calculated (pH = 5.49, 8.02, 10.45). ( ~ - -  
pH = 5.60, for the reaction 2H + ~ 2 e -  = H2. 
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Fig. 4. Equilibrium potential at 275~ vs. concentration of oxygen 
for a platinum electrode in boric acid/LiOH buffer solutions (see 
Fig. 3 far compositions). Data points: O ,  O, ~ ,  ~exper imenta l .  
A---calculated for the reaction 02 + 4H + + 4e -  ~ 2H20. 

Hypothe t ica l  pa r t i a l  pressures  of hydrogen  and oxy-  
gen in the  high t empe ra tu r e  zone can be ca lcula ted  
f rom the known concentrat ions  of these solutes in the 
rese rvo i r  a t  25~ and the Henry ' s  l aw coefficients at  
275~ For  a solute concentrat ion in the reservoi r  at  
25~ of x par ts  pe r  mi l l ion (ppm) ,  the  equiva lent  pa r -  
t ia l  pressure  at  the  opera t ing  t e m p e r a t u r e  is 

Pi "- x~1000 MiB275,i (i ---- H2, 02) [3] 

where  Mi is the solute molecu la r  weight  and B275.i is 
the  Henry ' s  l aw coefficient a t  275~ (18). Subs t i tu t ion  
of Eq. [3] into Eq. [1] and [2] therefore  yields  

EH+/n~ = 0.0408 --  0.0544 log x --  0.10875 pH [4] 

Eo2/H~.O = 0.9857 + 0.272 log x --  0.10875 pH [5] 

The data  p lot ted  in Fig. 3 show that  for hydrogena ted  
systems the observed redox  potent ia l  for p l a t inum and 
Type  304 stainless steel  (pH = 5.49 only) is in excel lent  
agreement  wi th  the calcula ted values  for the th ree  
lowest  pH values  (5.49, 5.60, 8.02). However ,  the ex -  
pe r imen ta l  da ta  at  the highest  pH (10.45) do not agree  
wi th  the theore t ica l  values;  the expe r imen ta l  values 
are app rox ima te ly  100 m V  more  posi t ive than  the po-  
tent ia ls  ca lcu la ted  using Eq. [4]. Conversely,  exper i -  
men ta l  and theore t ica l  da ta  p lo t ted  in Fig. 4 for the  
oxygena ted  systems show reasonable  agreement  at  the 
highest  ph i  pa r t i cu l a r ly  for high oxygen  concentra t ion 
([O2] ~-- 7 ppm) ,  bu t  progress ive ly  poorer  agreement  is 

found as the ac idi ty  of the solution increases.  At  low 
oxygen  concentrat ions the  o b s e r v e d  potent ia ls  tend  to 
be less posi t ive than the ca lcula ted  values  b y  an 
amount  tha t  increases wi th  decreasing concentrat ion.  

The genera l ly  good agreement  found be tween  the 
observed and calcula ted da ta  for the  three  most acidic 
hydrogena ted  systems i l lus t ra tes  the  precis ion tha t  can 
be obta ined in potent ia l  measurements  using ex te rna l  
pressure  ba lanced  reference  electrodes.  For  this r ea -  
son we do not  bel ieve  tha t  the d iscrepancy be tween  
expe r imen t  and theory  found in the  most  h ighly  basic  
solution (pH ---- 10.45) is due to a mal funct ion  of the  
reference  electrode.  Nor do we be l ieve  tha t  i t  is due to 
any uncer t a in ty  in the calcula ted pH, even though the  
association constant  for Li + and O H -  is not  wel l  es tab-  
lished, pa r t i cu l a r l y  at e leva ted  tempera tures .  I f  a s ig-  
nificant e r ror  in the ca lcula ted  pH did exist,  i t  is un-  
l ike ly  tha t  close agreement  would  have  been  found be -  
tween the ca lcula ted  and observed  potent ia ls  for oxy-  
genated  systems at  pH ---- 10.45 and [02] ~-- 7 ppm 
(Fig. 4). The d iscrepancy be tween  the calculated and 
exper imen ta l  da ta  at  h igh pH in the  hydrogen-con ta in -  
ing solutions p r e s u m a b l y  arises f rom kinet ic  factors  
a n d / o r  more  p r o b a b l y  f rom contaminat ion  of the  sys-  

tem wi th  o ther  e lect roact ive  species, pa r t i c u l a r l y  oxy -  
gen. 

The genera l ly  poor  agreement  found be tween  t h e  
observed and ca lcula ted  potent ia ls  for  oxygena ted  so- 
lut ions at  low oxygen concentrat ions and pH is not  
surpr is ing  in v iew of previous  work  on the oxygen  
electrode reaction.  Fo r  example ,  Hoare  (19) points  out  
that  in oxygena ted  systems p l a t inum is not  iner t  and  
the me ta l  surface reacts wi th  the env i ronment  to form 
p la t inum oxides. The observed potent ia l  m a y  the re -  
fore re fer  to a mixed  potent ia l  which arises f rom the 
s imul taneous  opera t ion  of a n o d i e  (e.g., Pt  oxida t ion)  
and cathodic (oxygen reduct ion)  react ions at the sur -  
face. This theory  predicts  tha t  the observed poten t ia l  
wi l l  be less posit ive than  the equi l ib r ium potent ia l  for  
the oxygen electrode,  as observed.  Also, the observed  
potent ia l  should lie closest to the equ i l ib r ium potent ia l  
for tha t  pa r t i a l  process wi th  the highest  exchange cur-  
ren t  densi ty;  tha t  is, closest to the  equ i l ib r ium po ten -  
t ia l  for the most revers ib le  reaction. The da ta  p lo t ted  
in Fig. 4 show tha t  p rogress ive ly  be t t e r  agreement  be -  
tween  the theore t ica l  and observed potent ia ls  is ob-  
ta ined  as the pH increases f rom 5.49 to 10.45, This be -  
havior  indicates tha t  the oxygen e lec t rode  react ion be -  
comes more  revers ib le  compared  wi th  the anodic re -  
act ion on p l a t inum as the p H  increases.  

Steady-state nonequilibrium studies.--Many indus-  
t r ia l  systems tha t  uti t ize high t empe ra tu r e  aqueous so-  
lutions opera te  under  nonequi l ib r ium conditions as far  
as the oxygen and hydrogen  contents  o f  the fluid are 
concerned. For  example ,  in Boiling Wate r  (Nuclear)  
Reactors  (BWR's) ,  nonequi l ib r ium concentrat ions  of 
oxygen  and hydrogen  a re  produced  in -core  due to the  
radiolysis  of water .  These nonequi l ib r ium concent ra-  
tions pers is t  into ou t -o f -core  areas,  so tha t  any  real is t ic  
Study of the redox potent ia l  in this env i ronment  must  
consider  kinet ic  as wel l  as equi l ib r ium factors. 

Typical  s t eady-s ta te  redox potent ia ls  observed on 
p la t inum in nonequi l ib r ium high t empera tu re  (275~ 
boric ac id / l i t h ium hydrox ide  solutions a re  summar ized  
in Fig. 5 as a function of the re la t ive  amounts  of oxy-  
gen and hydrogen  in the  fluid. At  a l l  pH values,  the  
redox potent ia l  becomes more  negat ive  as the  ra t io  
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Fig. 5. Steady-state redox potentials far platinum as a function 
of composition for nonequilibrium systems containing oxygen and 
hydrogen at 275~ 
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[H2]/[O~] increases. However, the data were not suffi- 
ciently reproducible or stable, particularly at the high- 
est pH, to ascertain the composition dependence of the 
redox potential quantitatively. 

The poor reproducibility of these data could be due 
to reaction of the electroactive components (03, H2) in 
the high temperature zone, so that the actual concen- 
trations sensed by the redox probe are considerably 
lower than those established in the reservoir and hence 
those used for the plotting of Fig. 5. A more probable 
explanation is that the system is inherently unstable 
for kinetic reasons over the composition range of 
interest due to the approximate equality of the limiting 
currents for the oxidation of hydrogen and the reduc- 
tion of oxygen. This latter explanation is supported 
by the theoretical work described later in this paper. 

Transient experiments.--The most important ap- 
plication of redox potentiometry in industrial systems 
is expected to be for the monitoring of aggressive en- 
vironments such as aqueous solutions at elevated tem- 
peratures, Few industrial systems operate in a steady 
state; for example, the levels of both oxygen and hydro- 
gen in BWR heat transport circuits vary with the 
power output of the Core, temperature, and with time 
upon start-up and shut-down. Accordingly, consider- 
able interest exists in defining the redox potential re- 
sponse under transient conditions in which the relative 
concentrations of hydrogen and oxygen are cycled 
over a wide range. In the present work these transient 
experiments were carried out using platinum redox 
probes only. Also, the concentration of hydrogen in so- 
lution in the high temperature (275~ zone was moni- 
tored continuously using the palladium resistance 
probe that is described in another publication (20). 

A typical plot of redox potential vs. time for an ex- 
periment in which the reservoir was sparged cyclically 
with various mixtures of hydrogen and oxygen is 
shown as the lower curve in Fig. 6. Also plotted in 
this figure (upper curve) is the output of the palladium 
resistance hydrogen monitor. This output is propor- 
tional to the resistance of a palladium wire sensing ele- 
ment and has been processed to compensate for small 
temperature fluctuations in the experimental ap- 
paratus. Since the monitor output is nearly linear with 
hydrogen concentration, the value for Vc may be taken 
as an approximate measure of the hydrogen content of 
the high temperature aqueous solution (0-1.45 ppm). 

Prior to recording the segment of data shown in Fig. 
6, the system had been exposed to 100% hydrogen for 
22 hr. Injection of 9% O2 in H2 caused the redox po- 
tential to increase rapidly to a maximum after 2-3 hr. 
This response time corresponds to the estimated mass 
transfer time of the loop, and it is not considered to be 
a n  indication of the performance of the probe itself. 

22 HOUR 
1{~% H 2 ~ I I I 

' 120 Introdu~ 9% 02 in H 2 f ~ T o  50% O 2 in H 2 
l : ~ ~ T ~  17~ O 2 in H 2 
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Fig. 6. Response of hydrogen monitor (upper curve) ond redox 
probe (lower curve) to hydrogen and oxygen in 0.1m boric acid at 
275 o C. 

Injection of a slightly higher oxygen level (17% 02 
in H2) causes a further small upward response in the 
redox potential. Subsequently, injection of 100% hy- 
drogen into the system caused the potential at first to 
shift slowly in the negative direction, followed by a 
rapid change to a value that is close to the equilibrium 
value for the H+/H2 reaction. A similar reponse is 
observed during the second cycle. 

Comparison of the two curves in Fig. 6 shows clearly 
that the transient response of the redox probe is closely 
associated with the relative concentrations of hydrogen 
and oxygen in the fluid. For example, good Coincidence 
is observed between the increase in hydrogen concen- 
tration (decrease in [O~] ) and the shift in the redox 
potential to more negative values. Similarly, the d e -  
c r e a s e  in the hydrogen concentration (increasing [O3]) 
is in excellent fidelity with the rapid rise in the redox 
potential. 

In many experiments, a small maximum was ob- 
served in the redox potential on sparging the solution 
with hydrogen after prior exposure to oxygen. It is 
probable that this maximum arises from the reduction 
of surface platinum oxide phases. We consider this to 
be indirect evidence in support of the mixed potential 
hypothesis for the discrepancy between the observed 
and calculated potentials for the oxygen electrode re- 
action in this environment. 

Mixed potential modeL--The close correspondence 
between the redox potential and composition suggests 
that the electrochemistry of the system may be modeled 
using mixed potential theory. 

In the mixed potential model developed here, we as- 
sume that the electrochemical reactions involved occur 
uniformly across the active surface, that each reaction 
may involve varying degrees of charge and mass trans- 
fer control, and that each reaction is characterized by 
a set of parameters which include the exchange cur- 
rent density, transfer coefficients, equilibrium potential, 
and limiting currents for the forward and reverse di- 
rections. In this analysis, we limit the model to two 
simultaneous electrochemical reactions of the type 

Rk ~ Ok Jr ?~ke [6] 

where R and O are reduced and oxidized species, re- 
spectively, and k ---- 1, 2. Consideration of both charge 
transfer and mass transfer shows (21) that the general- 
ized current-voltage expression for reaction [6] can be 
written in the form 

ik--io,k { (iLf'k--ik) exp(aknk) _ (~Lr~---~ik~ 
STl,f,k il,r,k / 

e x p  (-- bknk) ~ [7] 
J 

where io, k is the exchange current density 

io,k =~ 'o ,k  (CO,k b ) ak (CR.k b )/31, [8] 

i~ is the standard exchange current density, Co,k b a n d  
CR,k b a r e  the bulk solution concentrations of Ok and Rk, 
respectively, and a k and ~k are the transfer coefficients 
for the forward and reverse directions. The constants 
ak and bk are equal to aknF/RT and ~knF/RT, respec- 
tively. The limiting currents for the forward and re- 
verse reactions are designated by /l,f,k and il,r,k; the 
latter quantity being negative. 

Rearrangement of Eq. [7] yields an expression for 
the current ik 

ik "- ~k{exp [ak(E -- Ee,k) ] 

- -  exp [--bk(E -- Ee,k) ]}/{Xk + Ykexp [ak(E -- Ee,k) ] 

--ZkeXp [--bk(E--Ee,k)]} [9] 
where 

Wk = io,kil,f.k~Lr,k [10] 

xk = ii~$h~$ [II] 
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Yk "- ~o,k61,r,k [12] 

Zk -- io, k6Lf, k [13] 

and  Ee,k is the equi l ib r ium potent ia l  for reaction [6] 
under  the prevai l ing conditions 

RT I "R'kCR'kb } "/o.kCo.k b [14] Ee~ -- E~ -- -~kF In 

E~ is the s tandard  potential,  and ~R,k and  7o~ a r e  

activity coefficients for the reduced and oxidized 
species, respectively. 

For an electrically isolated surface upon which k = 
1, 2 . . . . .  n reactions of type [6] are taking place, the 
mixed potential, Era, is determined by the zero total 
current  condition 

h 

Y(E)  = ~ 6k" Ak -" 0 [15] 
k = l  

where Ak is the local area on which the kth reaction 
occurs. In  this analysis we have invoked the uni form 
accessibility condition so that  Aelectrode =- Ak and Eq. 
[15] therefore reduces to 

h 

Y(E) = ~ ik = 0 [16] 
k=l 

The more general  expression, Eq. [15], permits  gal- 
vanic effects to be taken into account. In  both cases, the 
problem reduces to one of finding a value for the po- 
tent ial  which satisfies the zero total  cur ren t  condit ion 
as expressed by  Eq. [15] or [16]. 

The solution to Eq. [16] is most easily determined 
using the Newton-Raphson i terative technique. I n  this 
method, an improved approximation for the mixed or 
redox potential,  Era,j, is obtained from 

Em,j : Era.j-1 -- Y(Em,J-1)/Y'(Era.J-I) [17] 

where j is the i terat ion number ,  and Y' is the first 
derivative of Eq. [16] w i th  respect to potential.  The 
i terat ion is continued unt i l  the desired level of pre-  
cision is obtained. Alternat ively,  Em may be estimated 
directly by plot t ing the current  funct ion Y(E)  vs. po- 

tential; E m being that  potential  at which Y(E) = 0. 
Both methods have been used in  this study. 

Because the exper imental  work reported in this 
paper was restricted to systems containing oxygen a n d  

hydrogen only, the two following reactions are con- 
sidered in  this analysis 

� 89 ++e- [18] 

2H20 = 0 2  + 4 H  + + 4 e -  [ 1 9 ]  

Both reactions are wr i t ten  in the oxidation sense to 
emphasize that  the forward (anodic) current  is con- 
sidered to be positive, whereas the reverse (cathodic) 
current  is negative. No a t tempt  was made to include 
the oxidation of p la t inum in the analysis, since insuffi- 
cient data are available on the thermodynamic  and ki-  
netic parameters  involved. 

After  an extensive search of the l i terature i t  was evi- 
dent  that  few data are available for the kinetic pa ram-  
eters for reactions [18] and [19] at 275~ Accordingly, 
no part icular  a t tempt  was made in  this s tudy to re-  
produce the exper imental  data. Instead, the  redox po- 
tent ia l  was calculated for a range of envi ronmenta l  and 
kinetic parameters  so that trends in the exper imental  
data could be identified. The inpu t  data for the n u -  
mercia1 s imulat ions are summarized below and  in  
Tables I and IL 

As noted above, insufficient data are available in  the 
l i terature for ~, /~, and i~ for the two reactions of in -  
terest. For the H+/H2 reaction we have adopted values 
of ~ _-- 0.43, ~ = 1, 6~ _-- 4 • 107 A cm-2;  and for the 
O2/H20 reactions values of ~ ---- 0 . 3 7 5 ,  ~ -- 0.125, and 
i~ = 0.2 X 1 0  - 8  A c m  -2 were assumed. The t ransfer  
coefficients are among those listed by  Bockris and 
Reddy (22) for these two reactions under  ambient  con- 
ditions. The i~ values yield exchange current  densities 
(i o) for the H+/H2 and O2/H20 reactions at pH = 5 and 
for [H2] -= 2.2 • 10 -7 mole cm-Z and [02] = 3 . 1  • 
1 0  - 1 0  mole cm-~ of 0.8 • 1 0  - 8  A cm -2 and  0.12 • 
10 -6 A c m  -2, respectively. These values are typical 
of those expected for these reactions under  the condi- 
tions of interest.  Limit ing current  for the two reactions 

61 = nFDC/8 [20] 

where 5 is the diffusion layer  thickness, were calculated 

Table I. Equilibrium potentials* for the H z / H  + couple as o function of pH and dissolved hydrogen 
concentration at  275~ 

C ~  ( m o l e  c m  4 )  

pH 4.4 • 10 -lo 2.2 • 10 -9 4 .4  x 10 -9 2.2 x 10  -s  4 .4  x 10  - s  1.1 • 10  -7 2,2 • 10-~ 4 .4  x 10  -7 

5 - -  0.33'7 - 0 . 3 7 5  - 0 .391  - 0 . 4 2 9  - -  0 . 446  - 0 . 4 6 7  - -  0 . 4 8 4  - -  0 . 5 0 0  

6 - 0 . 446  - 0 . 4 8 4  - 0 . 5 0 0  - 0 . 538  - 0 . 5 5 5  - 0 . 576  - 0 . 593  - 0 . 609  

7 - 0 . 5 5 4  - 0 . 5 9 2  - 0 . 6 0 8  - 0 . 646  - 0 .663  - 0 . 6 8 4  - 0 . 701  - 0 . 717  

8 - 0 . 663  - 0 . 7 0 1  - 0 . 7 1 7  - 0 . 755  - 0 . 772  - 0 .793  - 0 . 8 1 0  - 0 . 826  

9 - 0 . 772  - 0 . 8 1 0  - 0 . 8 2 6  - 0 . 8 6 4  - 0 . 881  - 0 . 902  - 0 . 919  - 0 .935  

10 - 0.801 - 0.919 - 0.935 - 0.973 - 0.990 - 1.011 - 1.028 - 1.044 

* A l l  p o t e n t i a l s  v s .  S H E  a t  2 7 5 ~  

Table II. Equilibrium potentials* for the O ~ / H 2 0  couple as o function of pH and 
dissolved oxygen concentration at  275~ 

Co~ (mole cm -~) 

p H  3.125 x 10 -n  3.125 • 10 -lo 3.125 x 10- o 3.125 x 10-e 3.125 x 10 -7 3.125 x 10- e 

5 0 . 3 5 2  0 .3 7 9  0 . 4 0 6  0 .483  0 . 4 6 0  0 . 4 8 7  

8 0 .24 3  0 . 2 7 0  0 . 2 9 7  0 . 3 2 4  0 . 3 5 1  0 . 3 7 8  
7 0 . 1 3 5  0 .1 6 2  0 . 1 8 9  0 . 2 1 6  0 .243  0.0-70 

8 0 , 0 2 6  0 .053  0 . 0 8 0  0 . 1 0 7  0 . 1 3 4  0 , 1 6 1  
9 - 0 . 08 3  - 0 . 0 5 6  - 0 . 029  - 0 . 002  0 . 0 2 5  0 . 0 8 2  

10 - 0.192 - 0.165 - 0.138 - 0.111 -0 .084  - 0.057 

* A l l  p o t e n t i a l s  v s .  S H E  a t  2 7 5 ~  
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assuming that  DI~ = Do2 = 5 X 10 -5 cm 2 sec -1, DH+ 
- -  5 X 10 -4 cm 2 sec -1, and 8 = 10 -~ cm. 

Four sets of numerical simulations were carried out 
(Table III) ,  each intended to determine the response 
of the redox potential to systematic variations in a 
single system parameter.  The variables of interest  in-  
clude: pH (set A) ,  [H2] -- low [O2] (set B),  [H2] -- 
high [O~] (set C), and [O2] - - l o w  [H2] (set D). Set A 
is divided into three subsets; A(1) - - h i g h  [H~], low 
[O~]; A(2) -- low [H~], high [02]; and A(3) --  reed 
[H2], med [02]. Appropriate nuclear technologies to 
which these cases and sets B, C, and D refer  are also 
indicated in Table III. Typical current-voltage curves 
for the simultaneous oxidation of hydrogen and the re-  
duction of oxygen at an inert  electrode are shown in 
Fig. 7. The total current (I ---- il + i2) is also plotted, 
and the intercept at  which I = 0 defines the mixed 
p o t e n t i a l  (Era) for the system. In the case shown, the 
mixed potential  is dominated by  the hydrogen elec- 
trode reaction with the reduction of oxygen being 
under mass transfer control. 

The effect of pH on the calculated redox potential 
for the three subsets A(1) ,  A(2) ,  and A(3) is shown in 
Fig. 8. The redox potentials for low [H2] - -  [ 0 2 ]  
[A(2)]  and reed [H2] -- reed [02] [A(3)]  are pre ,  
dicted to exhibit  the same pH dependencies as the 
equilibrium potential. For the first case (A(1) ,  high 
[H2] -- low [O2] ) a small deviation from the equilib- 
r ium potential pH dependence is predicted; the devia- 
tion is, however, small (10 mV) over the five pH units 
considered in the simulation. 

The predicted variation of redox potential, Era, with 
the relative concentrations of hydrogen and oxygen in 
solution is shown in Fig. 9 for cases B, C, and D listed 
in Table III. The equilibrium potentials for the hy-  
drogen and oxygen electrode reactions for all  three 
cases are also plotted for comparison. For  case B, in 
which [H2] > >  [02], the redox potential behavior is 
dominated by the hydrogen electrode reaction and the 
dependence of Em o n  composition closely follows that  
fqr the equilibrium potential Ee.~. These calculations 
suggest that, under typical operating conditions for 
PWR pr imary  coolant circuits, redox potential measure- 
ments, at least on platinum, will be of little value for 
indicating the presence of small nonequilibrium concen- 
trations of oxygen in the fluid. However, the assumption 
of a higher oxygen concentration (1.0 ppm vs. 0.001 
ppm) yields curve C, which exhibits a sharp transition 
from a response that  is dominated by the oxygen elec- 
trode reaction for low [H2]/[O2] ratios to one that is 
determined by the hydrogen electrode reaction for 
hydrogen-rich systems. A similar behavior is predicted 
for case D (low [H2]-varying [02]) which was in- 
tended to simulate s tar t -up and operating conditions in 
BWR's. Indig and co-workers (14) have observed large 
redox potential  swings on s tar t -up and shut-down of 

1.4 

1.2 

~ 0.8 

'~ 0.6 

~ 0,4 

~ 0.2 

0 

-0.2 

I I I 

f 
/ 

I 
r 
I 

is , ~  

- Ee 1 / ~  I 

' i ' - - " -  . . . .  ' ~  ~ " E  
! / i  1 I ~ us e,2 

-1 .5  -1 .0  -0 .5  0.5 
V O L T A G E  ( V O L T S  VERSUS SHE) 

r 

I 

is 

I 

1.0 

Fig. 7. Current-voltage curves for the simultaneous oxidation of 
hydrogen and reduction of oxygen at a platinum electrode, t~eac- 
tion 1, H2 -~,2H + + 2e - .  Reaction 2, 2H20 ~--, 02 + 4H + + 4e. 
[H2] - -  2.2 X 10 - 7  mole cm -3,  [02] = 3.125 X 10 -8  mole 
cm -3 ,  pH = 7, Ee,i - -  0.701V vs. SHE, Ee,2 - -  0.216V vs. SHE. 
The total current I - -  i i  + i2. 
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Fig. 8. Effect of pH on the simulated redox potential relative to 
the equilibrium potentials for the H+/H2 and O2/H20 reactions. 
The numerals identifying the curves are as given in Table III. 

an operating boiling water reactor apparent ly due to 
large changes in oxygen concentration, in agreement 
with the predictions reported here. 

The origin of the sudden shift in the redox potential 
on changing the composition of the system can be seen 
by examining the data plotted in Fig. 7. Because both 

Table III. Concentrations of oxygen and hydrogen used for the numerical simulation 
of the redox potential 

Appropriate 
Simula t ion  n u m b e r  [H~] mole  c m  -a ( ppm)  [02] mole  c m  -3 ( p p m )  p H  n u c l ea r  t echno logy  

A. Effec t  of p H  

(1) H igh  [I-I~]-low [02] 
(2) Low ]H2]-high [02] 
(3) Med [H2]-med [02] 

B. Effec t  of  [H~] 

C. Effect of JILl] 

D. Effect  of [0~] 

2.2 x 10-~ (0.44) 3.125 x 10 - n  (0.001) 5-10 P W R "  
4,4 x 10 -lo (0.00088) 3.125 x 10-~ (10.0) 5-10 B W R * "  s ta r t - up  
4.4 x 10 -9 (0.0088) 3.125 x 10 -9 (0.1) 5.10 BWR operating 

4.4 • 10 -1~ (0.00088) 3.125 X 10 - n  (0.001) 7 PWR ope ra t ing  
2.2 X 10 -T (0.44) 

4.4 x 10-1o (0.00088) 3.125 x 10 4 (1.0) 7 P W R  high oxygen 
4.4 x 10-~ (0.88) 

4.4 x 10 -~~ (0.~088)  3.125 x 10-u (0.001) 5 BWR start-up/operating 
3.125 x 10 -7 (10.0) 

* Des igna tes  p re s su r i zed  water  reactor. 
.o  Designates  boiling water  reactor. 
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Fig. 9. Simulated redox potential Em (C)), vs. composition curves 
for sets B, C, D listed in Table !11. twequilibrium potentials Ee,~, 
for the H+/H2 reaction; Z~--equilibrium potentials Ee,B, for the 
O2/H20 reaction; I--experimental data (see text). 

reactions exhibit mass transfer control over most of the 
potential region between Ee, 1 and Ee,2, it is evident that 
if il~,i > il,r,2 then Em "> Ee,1; that is, the redox response 
is dominated by the hydrogen electrode reaction. On 
the other hand, for ii,f,1 < <  il,r,2, Em -~ Ee,2, and the 
redox potential tends to mimic the oxygen electrode 
behavior. In the intermediate region where Ii.f,1 ~ il,r,2 
the system is unstable in that a small change in either 
of the limiting currents (and hence concentration) will 
cause a large shift in potential. 

Because the sparging of a dissolved gas from a fluid 
is expected to be a first-order kinetic process, then to a 
first approximation it is expected that log { [H2]/[02]} 
will be roughly proportional to time. Accordingly, it is 
expected that the form of the experimental redox po- 
tential vs. time curve (Fig. 6) will show qualitative 
similarities to the calculated curves plotted in Fig. 9. 
Comparison of the two sets of data shows that this is 
indeed the case. For example, theory predicts (Fig. 9) 
that sparging of a hydrogen-containing system with 
oxygen will cause the redox potential to first increase 
rapidly with time, followed by a more gradual change 
towards the equilibrium potential for the oxygen elec- 
trode reaction. On the other hand, sparging of an oxy- 
genated solution with hydrogen is expected to have the 
reverse effect; a relatively slow change with time is 
first predicted for Era, followed by a sharp drop to the 
equilibrium potential for the hydrogen electrode re- 
action, as observed. 

Finally it is of interest to compare (semiquantita- 
tively) the observed redox potentials with the calcu- 
lated values. In carrying out this comparison, we have 
adjusted the potential scales for the experimental data 
at pH _-- 5.49 and 8.02 to pH ---- 7 by subtracting and 
adding, respectively, the amount (2.303 RT/F)hpH to 
the experimental values. The experimental conditions 
under which the steady-state redox potential measure- 
ments were made most closely correspond to those for 
case C, Table III. In spite of the considerable scatter in 
the experimental data, reasonable agreement between 
theory and experiment is observed. 

Summary and Conclusions 
Redox potential measurements in boric acid/lithium 

hydroxide solutions at 275~ in the presence of equi- 
l ibrium and nonequilibrium amounts of oxygen and 
hydrogen have shown that: 

1. Platinum adopts the equilibrium potential for, the 
hydrogen electrode reaction in hydrogen-containing 
solutions o2 pH 5.49-8.02. In a more basic solution (0.1m 
LiOH), the observed potentials were less negative than 
those predicted from theory, probably due to contami- 
nation by oxygen. 

2. In oxygenated solutions, the observed potential of 
a platinum electrode was found to be in good agree- 
ment with the predicted equilibrium value only in the 
highly basic solution (0.1m LiOH), and then only for 
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[02] ~-- 7 ppm. Under all other conditions, the observed 
potentials were less positive than the predicted values. 

3. In steady-state, nonequilibrium systems contain- 
ing both hydrogen and oxygen, the redox potential be- 
comes more negative as the ratio [Hf]/[O8] increases. 

4. Transient studies on nonequilibrium systems 
showed that the redox potential swings over a wide 
range on cyclically sparging the solution with oxygen 
and hydrogen. Comparison of the redox probe response 
with that for a hydrogen monitor revealed a high 
fidelity between the observed potential and the con- 
centration of hydrogen in solution. 

5. Extensive numerical simulations of the redox po- 
tential for nonequilibrium oxygen- and hydrogen-con- 
taining solutions have shown that the observed data 
can be understood using a mixed potential model which 
assumes that the potentiaI-determining reactions are 
the simultaneous oxidation of hydrogen and reduction 
of oxygen at the electrode surface. 
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Reaction Model for Iron Dissolution 
Studied by Electrode Impedance 

I. Experimental Results and Reaction Model 

Michel Keddam, Oscar Rosa Mattos, and Hisasi Takenouti 
Groupe de Recherche No. 4 du CNRS "Physique des Liqu~des et Electroch~mi~," 

associ~ d l'Universit4 Pierre et Marie Curie, 75230 Pari~ Cedez 05, France 

ABSTRACT 

Steady-state  polarization curves and electrode impedances were mea- 
sured during the dissolution of iron in 1M Na2SO~ solution acidified by the 
addition of 1M H2SO4. These experiments were performed within very wide 
pH (0-5), current density (up to 0.1 A �9 cm-2),  and frequency (10:-3-105 Hz) 
ranges. Three time constants, in addition to the high-frequency capacitive 
loop at t r ibuted to the double layer  capacity and the charge transfer resistance, 
were observed before the onset of the passivation process. The experimental  
results were quantitatively interpreted by computer simulation on the basis of 
a reaction model including three dissolution paths. At low current densities, 
the dissolution path, which can be related to the consecutive mechanism, con- 
trols the overall rate. At higher current densities, a self-catalytic path, im- 
plying a ferrous intermediate, determines the overall  current. Another self- 
catalytic path, with monovalent iron, plays an important  role in the electrode 
impedance and the prepassivation process although its contribution to the 
current is not prevalent  at any pH. 

Bonhoeffer and co-workers strove to establish the 
mechanism of iron dissolution in acidic medium and 
proposed, for the first time, reaction models implying 
reaction intermediate species (1-4). According to 
Heusler, the dissolution of iron takes place in two 
steps coupled by monovalent iron (model I) (4) 

Model ! 

Fe + OH-  ~ (FeOH)ad + e -  [I-1] 

Fe + (FeOH)ad ~- OH-  

-~ (FeOH)ad + (FeOH) %oi + 2e-  [I-2] 

The subscripts "ad" and "sol" indicate, respectively, the 
species adsorbed at  the electrode surface and that  dis- 
solved in the solution bulk. (FeOH) + sol decomposes in 
the solution bulk into hydrated Fe 2+ and OH- .  The re-  
action step [I-2] does not consume the intermediate 
species (FeOH)ad; thus at steady state, step [ I - l ]  re-  
mains in equilibrium.. This reaction mechanism was 
proposed in order to interpret  the following three ex- 
perimental  observations: (i) The slope of the s teady- 
state polarization curve, usually called Tafel slope, 
d(log J)/dE, is equal to 0.03V. (ii) The transient Tafel 
slope obtained from the maximum potential Err follow- 
ing the stepwise current change, d (log J)/dEtr, is equal 
to 0.06V. (iii) The reaction order with respect to O H -  
ion concentration, d (log J)/dpH, is equal to two. 

A few years later, Bockris and co-workers (5-7) re-  
peated the experiments made by  Heusler and found 
somewhat different results, namely, (i) The steady- 
state Tafel slope is equal to 0.04V. (ii) The reaction 
order with respect to O H -  concentration is equal to 
unity. 

Key words: adsorption, metals, passivity. 

They examined several reaction models, including 
model I and proposed the reaction model constituted 
by two consecutive steps (5) 

Model II 

Fe + OH- ~:~ (FeOH)ad [II-l] 

(FeOH) as ~" (FeOH) + sol [II-2] 

Step [II-2] is considered slow and limits the overall 
reaction rate whereas the first step is in pseudo-equi- 
librium. The occurrence of a pseudo-equilibrium reac- 
tion implies an electrode potential close to its thermo- 
dynamic equilibrium potential and its reaction rate 
very fast compared to that of step [II-2]. Bockris and 
co-workers considered these situations satisfied by the 
open-circuit corrosion potential (6). 

In both cases, similar hypotheses were considered in 
order to transcribe the reaction models into mathemati- 
cal expressions. 

I. The reaction rate of the elementary step Ki follows 
the Tafel law 

z,~iFE 
Ki = Ko,i exp ( ~ /  [I] 

where K0,i is the reaction rate at E -- 0 determined 
with respect to the equilibrium potential or to any 
reference electrode, z the number of electrons implied 
in the elementary step, ai the transfer coefficient cor- 
responding to the fraction of energy supplied by the 
electrical field in forward reaction. For the inverse 
reaction, ,~-i =- I -- ~i. F, R, and T have their  usual 
meaning. 

2. a is considered to be equal to 0.5. 
3. All  reactions occur on the whole surface area, 
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Since then, much work  has been done to ver i fy  
these two react ion mechanisms (8-11). The s t eady-  
state Tafel  slope is ,  ve ry  often, found to be equal  or  
close to 0.04V, thus model  I I  is, nowadays,  genera l ly  
considered as confirmed. However ,  in cer ta in  cases, 
the Tafel  s lope was ve ry  different  f rom the two p re -  
vious values  and was measured  be tween  0.029 and 
0.1V (12-14). La te r  on, when  the measurements  were  
ex tended  to po ten t ia l  values  far  f rom the corrosion po-  
tential ,  near  which ea r l i e r  work  was constrained,  more  
complicated behaviors  were  found. Lorenz and co- 
workers  (15-18) inves t iga ted  iron dissolution up to the 
onset of the pass ivat ion  process in w e a k l y  acidified 
sulfate  media  (pH 4-5).  They proposed  the react ion 
model  imply ing  two dissolution paths  and t r i v a l e n t  
pass ivat ion species which can be rep resen ted  schemat i -  
ca l ly  b y  

Model I I I  

Fe (II) ~oi 

K1 K3 K5 
Fe ~ Fe(I)ad ~ Fe(II)ad ~:~ Fe(III)a~ 

K-1  K-~ K-5  

where  the K4 react ion can be  wr i t t en  expl ic i t ly  b y  

K4 
Fe( I I ) ad  -}- Fe  --> Fe(II)sol -b Fe ( I ) ad  -b e -  

The dissolution pa th  th rough  t h e / ~  react ion is iden t i -  
cal to that  of model  II. The react ions re la t ing  to 
K1/K-1 and to K J K - 8  are  in pseudoequi l ib r ium and 
thus they  are  very  fast compared  to Ke and K4 react ions  
over  the whole  poten t ia l  range  considered. Using 
hypotheses  1 and 2 given above and in t roducing  ins tead  
of 3 the surface coverage by  in te rmedia te  species which 
follows the L a n g m u i r - t y p e  isotherm, they  succeeded 
in s imula t ing  by  computer  the expe r imen ta l  s t eady-  
state polar izat ion curves. 

I t  is now genera l ly  accepted that  e lucidat ing  an in t r i -  
cate react ion mechanism by means  of s t eady-s ta te  tech-  
niques a lone is an e x t r e m e l y  difficult task. Select ive  
cr i ter ia  for mechanisms have to be e labora ted  on the 
basis of Tafel  slopes by  using h ighly  quest ionable  and 
s t rongly  res t r ic t ive  assumptions.  In  fact, the s t eady-  
s ta te  approach  provides  too l i t t le  informat ion  in com- 
par ison wi th  the complex i ty  of the process under  in-  
vest igation.  

In  our Labora tory ,  the e lect rode kinet ics  s tudy based 
on electrode impedance  measurements  over  a very  wide 
f requency  range  ( typ ica l ly  10-8-105 Hz) has been de-  
veloped and appl ied  to d issolut ion-pass ivat ion  pro-  
cesses as wel l  as to e lect rodeposi t ion of var ious  meta ls  
(19-24). Epelboin and K e d d a m  (25) showed exper i -  

men ta l ly  tha t  the e lec t rode  impedance,  measured  be-  
tween 10 -2 and 104 Hz dur ing  iron dissolution in acidic 
sulfate  media,  reveals  an induct ive  behavior .  By means  
of the ro ta t ing  disk electrode and correct ion of the 
ohmic drop due to solut ion resistance,  the measure -  
ments  were  spread  over  a wide range  of cur ren t  den-  
sities compared  to ear l ie r  works.  The e lect rode im-  
pedance was calcula ted on the basis of model  I I  accord-  
ing to the formal i sm developed by  Ger ischer  and Mehl 
(26) for  the hydrogen  evolut ion reaction. I t  was found 
that  both  s t eady-s t a t e  polar izat ion curves and electrode 
impedance  measurements  could only be in t e rp re t ed  by  
assuming a la rge  degree of i r r evers ib i l i ty  of the first 
s tep and also values  of al and a2 different  f rom 0.5. 

Later ,  the e lect rode impedance  was measured  at even 
higher  cur ren t  densit ies and more  accura te ly  than  in 
ear l ie r  exper iments .  The e lect rode impedance  revea led  
two induct ive  loops. These new resul ts  were  in t e rp re t ed  
by in t roducing  into model  I I  a pa ra l l e l  dissolution path  
(27), different  f rom model  I I I  

Model  IV 
Fe* (I)ad 

K3tSK_ a "x'~lK4 
K~ K2 

Fe -> Fe ( I ) a d  --> Fe(II),sol 

The K4 react ion is such tha t  

K4 
Fe* (I)ad -~- Fe  --> Fe (II)sol + Fe* (Dad + 2 e -  

Although,  according to Bechet et al. (27) the  K4 re- 
action is under  the influence of sul fa te  anions, this re- 
action pa th  can be re la ted  to model  I. In  fact, Fe* (I)ad 
is the dissolution in te rmedia te  species and, a t  the same 
time, p lays  a ca ta ly t ic  role  in this reaction.  We call  this 
k ind  of react ion a "se l f -ca ta ly t ic  react ion."  

Recently,  wi th  ve ry  careful  exper iments ,  i t  was 
found that  the impedance  d iagrams revea l  three  in-  
duct ive  loops under  cer ta in  expe r imen ta l  condit ions 
(28). The presence of three  t ime constants in addi t ion  

to the h igh- f requency  capaci t ive  loop were  also found 
by  Schweiker t  (29). 

The aim of this p a p e r  is twofold:  first, to p resen t  
the resul ts  of e lect rode impedance  measurements  pe r -  
formed wi th in  a wide  range  of expe r imen ta l  condi-  
tions: pH (0-5), cu r ren t  dens i ty  up  to 0.1 A �9 cm-~,  
and ful l  f requency range,  and second, to descr ibe a re -  
action model  which in te rpre t s  quan t i t a t ive ly  these ex -  
pe r imen ta l  results.  In  Pa r t  I I  of this paper ,  the  h y -  
potheses used to t ranscr ibe  the  react ion models  into 
mathemat ica l  expressions are  examined  in detail .  Since 
exper imen ta l  resul ts  showed three  t ime constants  in 
addi t ion  to the h igh- f requency  capaci t ive loop, i t  is 
supposed that  there  are  three  adsorbed species. F o r t y  
different  react ion schemes were  es tabl ished as the 
whole set of prospect ive  models. In P a r t  II, the  reason 
for which only one reac t ion  scheme was re t a ined  wil l  
be shown. 

Experimental and Numerical Procedures 
The exper imen ta l  condit ions were  descr ibed else-  

where  (28). The cur ren t  is p rac t i ca l ly  free of mass 
t ransfer  effects in the range of cur ren t  densit ies ex-  
amined  in this work. 

Based on the react ion model  and using the hypotheses  
descr ibed below, the  ma themat i ca l  expressions were  
established. Then by  set t ing the numer ica l  value  of the 
kinet ic  constants, the  s t eady- s t a t e  polar izat ion curve 
was numer ica l ly  s imulated.  Some pa rame te r s  were  
very  sensi t ive for this calculation,  but  many  of them 
were  not. Once the calcula ted polar izat ion curve was 
considered sufficiently close to the expe r imen ta l  curve, 
the electrode impedance  was ca lcula ted  about  var ious  
s t eady-s ta te  polar izat ion points. The kinet ic  pa rame te r s  
were modified manua l ly  af ter  each calculation, up to 
the run  which gives results  in sufficiently good agree -  
ment  with the exper imen ta l  results.  No fi t t ing p rog ram 
for ad jus t ing  kinetic  pa ramete r s  was used. I t  is found 
tha t  double precision (64 bits)  was necessary  for the 
calculat ion of the e lect rode impedance,  a l though the 
mathemat ica l  expressions were  simplif ied as far  as pos-  
sible. Dur ing  the s imula t ion  calculation,  i t  was found 
very  difficult to es tabl ish other  sets of kinet ic  p a r a m -  
eters, and the ra te  constants  change reasonab ly  with  
the solution pH, but  i t  is not  possible to ascer ta in  tha t  
the values given in the resul ts  were  the only  possible 
set. 

Experimental Results and Discussion 
Steady-state polarization curves.--In Fig. 1, the  

s t eady-s ta te  polar izat ion curves obta ined  for different  
pH's  a re  shown. The points  on these curves indicate  the 
polar izat ion condit ion at which the electrode impedance  
measurements  were performed,  i.e., dur ing  the m e a -  
surements  which las t  ca. 1.5 hr, the current  remains  
constant  except  a few percent  variat ion.  In the fol -  
lowing, only  some wil l  be shown which i l lus t ra te  t y p i -  
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~ig. 1. Steady-state polarization curves; Fe (Johnson-Matthey) 

disk electrode; diameter - -  3 mm; rotation speed = 1600 
rev. mn-1; mixture in various proportion of 1M Na2SO4 and 1M 
H2SO4; 25 ~ "+- 0.2~ deoxygenated by Ar. Solution pH: curve 0, 
PH = 0; curve 1, pH ~ 1.0; curve 2, pH z 2.0; curve 3, pH ---- 
2.6; curve 4, pH = 4.0; and curve 5, pH = 5.0. The electrolyte 
resistance far the actual electrode (3 mm in diameter) was: pH 0, 
4.3~,; pH i, 14~; pH 2, 15D,; pH 2.6, 15D,; pH 4, 16D,; pH 5, 17Q. 

cal features of the impedance diagram and its change 
with potential  and pH. On this figure, it can be seen 
that  the dissolution current  is greater for a given po- 
tential  when the solution pH increases except for the 
pI-I 5 solution. In  low pH solutions, the curves bend at 
high current  densities in agreement  with our previous 
results (25, 27). The exper imenta l  reaction order with 
respect to O H -  concentrat ion is ca. 0.7 in the low cur-  
ren t  density range and ca. 0.3 in the high current  den-  
sity range when the potent ial  E is measured against  an 
SSE (Hg, Hg2SO4 sat. K2SOD reference electrode. It  is 
worth not ing that the potent ial  difference between SSE 
and SCE (KCI saturated calomel electrode) reference 
electrodes depends on the solution pH. The experiments  
were performed with SSE and all results are referred 
to this electrode. 

The curve obtained in  the pH 5 solution showed two 
current maxima. The cur ren t  max imum located at a 
less anodic potential  (E _-- --1.09V) will  be called 
max imum I and the domain preceding this m a x i m u m  
will  be called the active dissolution domain and that  
corresponding to subsequent  current  decrease up to the 
current  m i n i m u m  will be called the prepassivation do- 
main. The fur ther  current  increase corresponds to the 
prepassive dissolution and finally beyond current  maxi -  
m u m  II (E _-- --0.75V) the passivation process sets in. 
These labelings (30) were used for the sake of s im- 
plicity. Similar  results were reported for weakly acidic 
media (15-18), but  in contrast  to (29), two maxima 
were obtained in the steady-state polarization curve. 
Two current  maxima for the polarization curve of i ron 

dissolution were also reported in  different acid media  
(18, 31, 32). 

A current arrest observed in the pH 4 solution near 
--l.0V is, as will be shown more clearly by the im- 
pedance measurements, closely related to the prepassi- 
ration process observed in the plI 5 solution. It can be 
seen that the shoulder current corresponding to maxi- 
mum I for the pH 5 solutions is about ten times greater. 
No current arrest or shoulder is observed in the po- 
larization curves obtained in a more acidic solution 
(pH ----- 3). In these solutions, the current maximum is 
limited by convective diffusion (not shown in Fig. 1) 
and the limiting current is proportional to the square 
root of the rotation speed of the disk electrode. The 
transition from activity to passivity occurs by a steep 
current change under a voltage regulation (33, 34). 

Electrode impedance.hFigure 2 shows the impedance 
diagrams obtained for the pH 0 solution at various po- 
larization points: hydrogen evolution domain (K), 
open-circuit corrosion potential (/~0), and anodic dis- 
solution (B0-F0). The steady-state conditions at which 
the impedance measurements were performed are 
marked by the corresponding letter in the polarization 
curve given on the same figure. 

The diagram K was measured at the potential 0.06V 
cathodic to the open-circuit corrosion potential and 
shows only one capacitive loop. For pure iron, almost 
the entire surface is covered by adsorbed hydrogen, 
which is probably the reason why the relaxation of this 
coverage cannot be seen by the impedance (23). The 
electrode remained practically undamaged and re- 
tained its bright appearance after a 24 hr immersion at 
this potential. Besides, the inductive loop relating to 
dissolution was not seen, i.e., the hydrogen adsorption 
hinders considerably the metal dissolution process. It 
was also noticed that the steady-state current was 
reached only after a 20 hr polarization at constant po- 
tential, indicating that interaction between iron and 
hydrogen is a very slow process. This slow current 
change was observed in the cathodic domain and at 
potentials very slightly anodic to the open-circuit cor- 
rosion potential. These observations were interpreted 
by the blocking nature of a strongly bonded adsorbed 
hydrogen (35). In  the anodic range for instance J > 2 
mA �9 cm-2  in the pH 0 solution, where no blocking na-  
ture of hydrogen is observed, the current  reaches a 
steady state wi thin  10 min. 

At the open-circui t  corrosion potential,  the surface 
coverage by hydrogen is still close to un i ty  for pure 
iron. This is the reason why diagram A0 shows only 
one induct ive loop. The desorption of hydrogen occurs 
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Fig. 2. Impedance diagrams in pH 0 solution. Polarization points 
about which the impedance was measured are marked on the 
polarization curve by corresponding letter. Parameter is frequency 
in Hz. 
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at  potent ia ls  cons iderab ly  anodic to the  open-c i rcu i t  
corrosion potential .  This slow process can be seen in the  
hysteresis  cycle exh ib i ted  by  the polar izat ion curves 
when measured  by  the vol tage sweep method  (23). 
Dur ing the po ten t ia l - inc reas ing  sweep, the  hydrogen  
desorpt ion cannot  reach  its s t eady  s tate  and the meta l  
dissolution takes  place on a sma l l e r  surface area  than  
its s t eady-s t a t e  value.  Hydrogen  desorpt ion wil l  be 
complete  only  at  high anodic potentials .  Dur ing  the  
reverse  sweep, the hydrogen  coverage becomes sig-  
nificant only  when  the e lec t rode  potent ia l  becomes ve ry  
cathodic and i ron  dissolut ion takes  place  over  a lmost  
the  ent i re  surface area. When  cer ta in  organic  inhibi tors ,  
such as an ace ty len ic  alcohol, is added  to the e lect ro-  
lyte,  the  hysteresis  loop is en la rged  (36). On the o ther  
hand, the  s t eady-s t a t e  plot  doesmot  show the  hys teres is  
and  the cur ren t  value  is independen t  of the di rect ion of 
vol tage  sweep. In the impedance  diagram, the adsorp-  
t ion-desorp t ion  of hydrogen  is detected b y  the induc-  
t ive loop in the  lowest  f requency  domain as shown in 
d iagrams  B0 and Co (36, 37). 

Thus the  Tafel  slope de te rmined  at  low cur ren t  den-  
sities is under  the influence of both  the i ron dissolution 
process and the adsorp t ion-desorp t ion  of hydrogen.  In 
this  range, the  po ten t ia l -decreas ing  sweep gives 
roughly  the Tale  ! slope re la ted  only to the dissolution 
process on an hydrogen- f r ee  surface and values close to 
0.06V. The Tafel  slope can also be roughly  eva lua ted  by  
the Rp' value  corresponding to the ex t rapo la t ion  
toward  the low f requency  l imi t  of the h ighe r - f r equency  
induct ive  loop, i.e., at a f requency  high enough to have 
a constant  hydrogen  coverage. If, locally,  the polar iza-  
t ion curve follows the Tafel  law whose slope is B, the 
produc t  of Rp' t imes the cu r r en t  J gives 

B = In 10 X Rp' �9 J [2] 

Diagrams B0 and  Co give the  B va lue  close to 0.06V. 
This dynamic  value  can be re la ted  to the  t rans ien t  
Tafel  slope de te rmined  by  Heusler  (4). 

I t  can be concluded that  low values  of the Tafel  slope 
(0.03-0.04V) observed in the low cur ren t  densi ty  range  
arise c lear ly  f rom a po ten t i a l -dependen t  hydrogen  cov- 
erage and mus t  not  be used for  mechanis t ic  purposes  
and pa r t i cu l a r ly  as a proof  for  a first s tep at  equi l ib -  
r ium. This resul t  i l lus t ra tes  the advantage  of a -c  tech-  
niques compared  to s t eady-s t a t e  exper iments  for dis-  
c r imina t ing  be tween  var ious  contr ibut ions  in  the elec-  
t rode process. 

At  high cur ren t  densit ies (d iagrams Do, E0, and F0), 
two induct ive  loops can also be observed in impedance  
d iagrams in agreement  wi th  our  previous  measu re -  
ments  (27). The origin of the lower - f r equency  loop is 
different  f rom that  observed at low current  densit ies,  
which is no longer  detected at  cur ren t  densi t ies  g rea te r  
than  0.02 A �9 cm -2. At  h igher  cur ren t  densities,  no h y -  
drogen adsorpt ion  takes  place. I t  can also be r e m a r k e d  
tha t  the  character is t ic  frequency,  corresponding to the 
top of the low- f requency  induct ive  loop, is ten  to one 
hundred  t imes g rea t e r  than tha t  observed by  the re -  
l axa t ion  of hydrogen  coverage. The lower - f r equency  
induct ive  loop is ac tua l ly  re la ted  to the i ron dissolution 
process. 

Impedance  d iagrams  plot ted  in the  pH 1 solut ion 
were  ve ry  s imi lar  to those measured  in the p H  0 solu-  
tion. I t  can never theless  be r e m a r k e d  tha t  the cha r -  
acter is t ic  frequencies of two induct ive  loops decrease 
for a given cur ren t  dens i ty  as the  pH increases. In  Fig. 
3, the impedance  d iagrams re la t ing  to the pH 2 solu-  
t ion are  shown. Diagrams A2 and C2 are  v e r y  close to 
those observed in s t rong ly  acidic media  though s imi lar  
d iagrams  were  observed at  cur ren t  densit ies about  ten 
t imes  grea te r  compared  to those in the  pH 0 solution. 
On the o the r  hand, at  h igher  cur ren t  densit ies (d ia -  
grams De and E2) three  induct ive  loops can c lear ly  be 
seen. None of them originates  in the adsorp t ion-desorp-  
t ion of hydrogen;  thus they  are  al l  to be a t t r ibu ted  to 
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Fig. 3. Impedance diagrams in pH 2 solution. Polarization points 
marked an curve 2 in Fig. 1. 

the  i ron dissolution process. The presence of three  
t ime constants is r epor ted  b y  (29) even in a s t rongly  
acid medium. 

Again, in the pH 2.6 solution (Fig. 4), and with the 
experimental conditions examined here, only two time 
constants, in addition to the high-frequency capaci- 
tive loop, can be seen. If the characteristic frequencies 
are compared to those of the pH 2 solution, the relaxa- 
tion process corresponding to the lowest and highest 
frequencies in the pH 2 solution are visible in the pH 
2.6 solution. The comparison of diagrams C3 and E8 
reveals that the lower-frequency inductive loop (dia- 
gram C3) transforms into a capacitive loop when the 
anodic potential increases. The diameter of this capaci- 
tive loop becomes considerably greater when the po- 
tential becomes further anodic (diagram F3). 

In Fig. 5, the impedance diagrams relative to the pH 
4 solution are shown. Diagrams A4 and C4 are very 
similar to diagrams C3 and E3, respectively. The trans- 
formation of the lower-frequency inductive loop into 
the capacitive one takes place at lower current density 
when the solution pH increases. In the pH 4 solution, 
the  shoulder  on the polar iza t ion  curve was observed.  
Diagram E4 is obta ined  at a potent ia l  ve ry  close to this 
shoulder  potential .  The low- f requency  capaci t ive  
branch shows a ve ry  high value  of the ze ro - f requency  
l imi t  of the e lectrode impedance  corresponding to the  
slope of the polar iza t ion  curve a lmost  pa ra l l e l  to the 
vol tage axis. In  the potent ia l  range  more  anodic to 
this shoulder,  three  t ime constants,  in addi t ion  to tha t  
re la ted  to the  h igh- f requency  capaci t ive loop, are  r e -  
vea led  by  two capaci t ive and one induct ive  loops, a s  
seen in d iag ram I-I4. 
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The impedance  d iagrams  obta ined  in the  pH 5 solu-  
t ion a re  shown in Fig. 6. D iag ram D5 is ob ta ined  in 
the  act ive dissolut ion domain.  This d i ag ram is ve ry  
s imi lar  to those observed in a more  acidic solution. The 
low- f requency  capaci t ive loop observed  in d i ag ram D5 
is d i rec t ly  re la ted  to the  prepass iva t ion  process as in-  
d ica ted  in d i ag ram Eh. F r o m  these results,  i t  can be 
cor robora ted  tha t  the cur ren t  shoulder  observed in the 
~H 4 solut ion is ac tua l ly  r e l a t ed  " to  the  prepass iva t ion  
process because  the  low- f requency  capaci t ive  b ranch  of 
d i ag ram E4 is compared  to the  capaci t ive  branch  lead-  
ing to the nega t ive  polar iza t ion  resis tance ( l imi t  of 
the zero f requency  of the e lec t rode  impedance  which  
is equal  to the slope of the  s t eady-s t a t e  polar iza t ion  
curve) .  D iagram Fh, ob ta ined  in the polar iza t ion  corre-  
sponding to the  prepass ive  dissolution domain,  is ve ry  
s imi lar  to d i ag ram H4 (Fig. 5) ob ta ined  at  the  potent ia l  
more  anodic to the  cu r ren t  shoulder.  A re l a t ive ly  la rge  
capaci t ive  loop observed in d i ag ram F8 (Fig. 4) in the  
p H  2.6 solut ion m a y  indicate  tha t  the t rans i t ion  to p r e -  
passive dissolution is t ak ing  place at  r a the r  high cur-  
ren t  dens i ty  ( J > 0.1 A �9 c m - 2 )  even in this solution, 
wi thou t  showing any  cur ren t  m a x i m u m  or  cu r ren t  
shoulder.  Diagrams  ILl and  F~ show also tha t  the  ca-  
paci t ive  loop leading  to the  prepass iva t ion  process 
t ransforms again  into the induct ive  loop when the po-  
la r iza t ion  points  are  reached in the prepass ive  dis-  
solut ion domain.  Since the pass ivat ion  process can only  
appea r  as a capac i t ive  lo0P (38), this t r ans format ion  
seems to indicate  tha t  the species leading  to the p re -  
pass ivat ion  p rocess  p rogress ive ly  vanishes in the p re -  
passive dissolution range. This observat ion  was found 
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l a te r  to be ve ry  crucial  for the  choice of the  react ion 
model  (see P a r t  I I ) .  

When  the  po ten t ia l  becomes ve ry  anodic,  B ,-~ 
-- 0.95V, al l  r e laxa t ion  phenomena  d isappear  in  the 
impedance  d i ag ram and only one capaci t ive  loop at  the  
h igh- f requency  range was observed.  A t  a more  anodic 
potent ial ,  approaching  m a x i m u m  II, two t ime con- 
stants,  in addi t ion to the  h igh - f r equency  capaci t ive  
loop, are  again  observed.  One of them reveals  i tself  as 
a capaci t ive  loop and is re la ted  to the pass iva t ion  p ro -  
cess as can be seen on d iagrams  H5 and I5. 

The h igh- f requency  capaci t ive loop is a t t r i bu ted  to 
the double  l aye r  capaci ty  in  pa ra l l e l  wi th  the charge-  
t ransfe r  resis tance Rt. The produc t  of Rt t imes the  d-c  
cur ren t  J indicates  the change of the  reac t ion  pa th  as 
wi l l  be shown later .  In  fact,  the Rt �9 J value,  which  is 
close to 0.04V in the  act ive dissolut ion domain,  i n -  
creases wi th  the  e lect rode poten t ia l  and  reaches  about  
0.08V in the prepass ive  dissolution domain.  The increase  
of the Rt �9 J value  is observed even in the pH 0 solu-  
tion, which  ac tua l ly  indicates  that  the change of dis-  
solution paths  is also tak ing  place in a s t rong ly  acidic 
solut ion even though the s t eady-s t a t e  polar iza t ion  
curve ha rd ly  reveals  any  such phenomenon.  

It  seems useful  to summar ize  the  main  expe r imen ta l  
resul ts :  

1. Impedance  d iagrams of i ron  dissolut ion reveal ,  
under  cer ta in  expe r imen ta l  conditions, three  t ime con- 
s tants  in addi t ion to tha t  r e la ted  to the  double  l aye r  
capac i ty -charge  t ransfe r  resis tance before  the onset  of 
the pass iva t ion  process. 

2. In  pH 2 solution, these th ree  t ime constants  a re  
revea led  by  th ree  induct ive  loops. 

3. They are  al l  c lear ly  observed at  the beginning  of 
the prepass ive  dissolution domain.  Under  o ther  condi-  
tions, wi th  the i ron specimen used here, only  two t ime 
constants  were  observed clearly.  

4. The prepass iva t ion  process,  c lear ly  observed  in 
the  pH 5 solution, can be seen as a cur ren t  shoulder  in  
the  pH 4 solution. Only  the  impedance  measurements  
pe r fo rmed  at  r e l a t ive ly  high cu r ren t  densi t ies  (d ia-  
g r am F3 in Fig. 4) indicate  the exis tence of this process 
in the pH 2.6 solution. 

5, The species leading to the  prepass iva t ion  process 
seems to decrease its surface coverage again  when  the  
polar izat ion poten t ia l  a t ta ins  the  prepass ive  dissolut ion 
domain.  

6. The cur ren t  densi ty  at  which  the change of dis-  
solut ion paths  occurs depends on the solut ion pH. The 
more  acidic the solution, the  grea te r  the  cur ren t  dens i ty  
at  which this change takes  place. 

7. The measurements  of the R t .  J va lue  show the 
change of the react ion paths  even in a ve ry  acidic so-  
lution. The s t eady-s ta te  polar iza t ion  curve h a r d l y  re -  
veals  such a change. 

Results of  C a l c u l a t i o n  

Reaction modeL--As wil l  be shown in Pa r t  II,  among 
al l  of the  schemat ic  configurations of reac t ion  paths  
imply ing  three  in t e rmed ia te  species, only  one model  is 
able  to in t e rp re t  the set of expe r imen ta l  resul ts  

Model V 

Fe* (1)ad 

KstSK - s  
K1 

Fe  --> Fe ( I ) a d  
K~ 
"> Fe(II)soz 

K _ ~  s rE8 

F e *  (II)ad 

K~$'fK-7 
Fig. 6, Impedance diagrams in pH 5 solution. Polarization points 

marked on curve a. Fe (II)ad 
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K~ reaction: 

Fe* (I)~a + Fe->  Fe* (I)aa + Fe(II)so~ + 2 e -  

K0 react ion:  

Fe* (II) ad -k Fe-> Fe* (II)a~ + Fe(II )  so~ + 2 e -  

As can be seen, this react ion model  stems f rom 
model  I I I  by  in t roducing a th i rd  dissolution path.  The 
react ions re la t ing  to K~ and to K~ are  both  se l f -ca ta -  
lyt ic  and no consumption of Fe* ( I ) ad  and Fe* ( I I ) ad  
takes  place. The reason ~ r  such a process is exp la ined  
in deta i l  in Pa r t  II,  bu t  essent ia l ly  this assumpt ion  a l -  
lows one to make  the t ime constant  of the cor respond-  
ing r e l axa t ion  process independen t  of the d -c  cur ren t  
f l ux .The  pass ivat ion  process,  KT/K-7 path,  forms a b i -  
va len t  pass ivat ion species. In  fact, the  format ion  of the  
F e ( I I i )  passive species becomes significant only  at  po-  
tent ia ls  ve ry  close to the  F l ade  potent ia l ,  and  the ma in  
par t  of the cur ren t  decrease in the pass ivat ion  process 
is due to the F e ( I I )  coverage (39). In  this paper ,  
nevertheless ,  the main  in teres t  is focused on the i ron  
dissolution process. In the  mode l  examined  in  P a r t  II, 
the pass ivat ion  process accounted for  b y  the K~/K-~ 
pa th  wil l  be omi t ted  since we are  in te res ted  on ly  in 
the mechanism Of i ron  dissolution. However  in the p H  
5 solution, this  pass ivat ion  can no longer  be ignored.  I t  
can also be seen that  the react ion scheme includes three  
dissolution paths,  K~, K4, and  K6. The K1 react ion is 
considered to be i r r evers ib le  according to our  previous  
invest igat ions  (25, 27, 37). The react ions re la t ing  
KJK - a ,  K J K -~ ,  and KT/K-7 are  revers ib le  bu t  not  
necessar i ly  in  pseudo-equi l ib r ium,  i.e., the reac t ion  ra te  
of these react ions is not  necessar i ly  ve ry  high com- 
pa red  to others  (see P a r t  I I ) .  Nei ther  the role of O H -  
ion is a priori considered nor  the  chemical  na tu re  of 
the in te rmedia te  species. Conclusions wi l l  be d rawn  
only f rom the pH dependence  of the k inet ic  pa rame te r s  
as they  resul t  f rom the numer ica l  s imulat ion.  

Equation setup.--The reac t ion  scheme given above  
wil l  be t ranscr ibed  into the series of ma themat i ca l  ex-  
pressions using a cer ta in  n u m b e r  of hypotheses.  They 
are  ident ical  to those used in previous  works  and are  
summar ized  in the fol lowing:  

1. The e l emen ta ry  steps obey the  Tafel  law. 
2. The Tafel  coefficient a is any  value  be tween  0 and 

1 and is independen t  of potent ial .  
3. The in t e rmed ia t e  species occupies the f ract ion 

of the e lectrode surface and the adsorp t ion-desorp t ion  
follows the L a n g m u i r - t y p e  isotherm law. e~ indicates  
the f ract ion of the surface covered by  Fe(I)ad,  82 by  
Fe*(I)a~,  ea by  Fe*(I I )ad ,  and e~ by  the pass ivat ing 
species Fe(II)a~.  No over lapping  of these coverages is 
considered thus e~ + e~ + e~ + e~ ~ 1. The so-ca l led  
chemical  react ion step, imply ing  no e lec t ron t ransfer ,  
may  be potent ia l  dependent  (see P a r t  I I ) .  

Based on these hypotheses,  the charge balance  gives 
the cur ren t  flowing through  the e lec t rode  in te r face  

J 
- -  : K~Z + (K~ -b K~)e~ -b 2K4~ -b (2K6 --  K-~)~a [3] 
F 

where  ~. --  1 --  8~ --  ~ --  03 --  e~, K is the po ten t i a l -  
dependent  pa ramete r ,  and e is the  po ten t ia l -  and  t ime-  
dependent  parameter .  Since J is expressed in A �9 cm -2, 
K impl ies  impl ic i t ly  the concentra t ion expressed  in 
mole . cm-~. The mass balance  of the adsorbed  species 
al lows one to express  the t ime dependence  of ~ th rough  
different ia l  equat ions 

de~ 

[4] 

d#z 
~2 -~ -  = K3et -- K-z~2 [51 

des 
~3--~- : K~el - (K-s  q- K~)sa-k K-re4 [6] 

d04 
~4-~" = K708 --  K-~e4 [7] 

t~ is the constant  l ink ing  the f rac t ion of the surface 0 
and t h e  surface concentra t ion  of adsorbed species ex-  
pressed in mole �9 cm -2. Bi values  a re  considered to be 
equal  to 10 - s  (mole �9 cm -2)  which corresponds to 
about  one monolayer  for the case of one in te rmedia te  
bonding to one surface me ta l  atom. K4 and K6 do not  
in tervene  in the mass balance  because the re la ted  re-  
actions ne i ther  produce nor  consume the in te rmedia te  
species. 

Steady s ta te .~The  s teady s tate  is charac ter ized  by  
the constancy of the surface coverage wi th  time, i.e., 
do~dr ~ O. Put t ing  this condit ion into Eq. [4]- [7] ,  the 
s t eady-s ta te  value  of 0 can be ca lcula ted  

K1K-~K-sK-7 

D 

and 
~4 : K1K-3KsK~ 

D 
where  

D : KIK-3KsK7 + [KI{K3K-5 

'b K-a'(K5 Jr K - 5 ) }  -b K2K-3K-5]K-7 [8] 

KIKaK-sK-~ 
.; 

D 

KIK-3KsK-v  

D 

By using the s t eady-s ta te  expressions of Eq. [4]-[7] ,  
the s t eady-s ta te  cur ren t  can be expressed by  

J 
- -  = 2(K2~ + K4~ + K6~) [91 
F 

The s teady-s ta te  polar izat ion curve thus can be com- 
pu te r  s imula ted  according to Eq. [8] and [9] wi th  sui t -  
able values of Ko,i and bi (=aiF/RT).  

Faradaic impedance.--The elec t rode  impedance  is de -  
fined b y  pe r tu rb ing  the e lect rode interface  wi th  a smal l  
signal. Abou t  the  d-c  potent ia l  E, a sine wave  potent ia l  
change ~E of smal l  ampl i tude  I~EI wi l l  be super im-  
posed. If its f requency is ] (Hz ) ,  its angu la r  f requency  

is equal  to 2nf, then 

6E = ]6E I exp ( jut) ,  j = ~ / - -1  

This potent ia l  change prompts  the  var ia t ion  of J, 
(S J ) ,  of the same f requency  about  i ts s t eady-s t a t e  
value  J .  The faradic  impedance  ZF can be ca lcula ted  b y  
the Taylor  expansion of Eq. [3] l imi ted  to the first 
o rder  

do1 + i = _ _ i  _ F - -  - -  - -  2 K 0  

ZF Rt 

dea -F do4 "~ 
+ (K1 + K - 5  --  2K8) ~ K1 ~ -  

) 

where  

1 
- -  : F [ ( b l  -t- b~)K2ol + 2b4K~2 
R~ 

+ {(b~ + b-5 )K-5  + 2b6Ks~a] [10] 

Rt is the cha rge - t r ans fe r  resis tance corresponding to 
the h igh- f requency  l imi t  of the  fa rada ic  impedance  at  
which e can no longer  fol low the potent ia l  change, i.e., 
de/dE = O. If  K - 5  is small,  the  charge  t ransfe r  res is t -  
ance is closely cor re la ted  to the s t eady-s ta te  cur ren t  
given in Eq. [9]. In other  words,  if one of the reac t ion  
paths  is ve ry  fast  compared  to others,  for  ins tance  K2e~, 
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the product of Rt by the current J is constant, for in-  
stance equal to 2~(hi + b~) (25). When there is a 
change in the reaction path, for instance to the K~ path, 
the Rt �9 J" value approaches 1/b~ continuously. The 
change of the Rt �9 J value corresponds thus to the 
change of reaction path. 

ZF can be calculated if do/dE is determined, which 
contains implicitly the relaxation of 0 due to the poten- 
tial perturbation. This term can be derived from Eq. 
[4]-[7]. With a sine wave potential  change, ~ changes 
also in a Sine wave of the same frequency. Thus dOo/dt 
= j,oSO and then 

do, + d ~  
X~ = Z~ ~ (K1 - -  K-~)  d-~" 

d ~  
+ (K: - K-~) ~ .  

where 
X~ = (b~ -- b 2 ) K ~ - -  (b3 + b - 3 ) K - ~  

where 

and 

-- (bs + b -~ )K-~ a  

Zl = KI + Ka + Ks + K3 + j ~ t  [11] 

do: + doa 

X~ = (b~ + b-s)K-3o~ 

Z~ = K-3 + j ~  [1~] 

do~ . ,., do~ do~ 
X s  - -  - - K s ~ -  - I - " 8  d-~" -- K - ~ - ~  

where 

X3 = {(b3 + b - D K - s  Jr (b3 -- bT)K~}~ 

and 

where 

and 

-- (bs + b-~)K-~04 

Zs = K-s + K~, + J~fla 

dos . de4 
X 4 = -  K~--~---p Z4 dE 

[13] 

X4 = (b7 "b b - v ) K - 7 ~  

Z4 = K-~ + J~fl4 [14] 

Once K0,i and bi are determined, Eq. [11]-[14] allow 
calculation of dai/dE, and substituting these values into 
Eq. [10], the faradaie impedance is obtained. Setting 
the double layer capacitance Cdl in parallel  with ZF, 
the electrode impedance is numerically simulated. The 
value of Cdl is considered to be equal to 100 ~LF.cm -2 
independent of the electrode potential, though a slight 
dependency was observed experimentally. 

Calculation results.--Since in the pH 5 solution, the 
prepassivation process was clearly observed and also 
since the impedance diagrams were plotted throughout 
the polarization curve, the experimental  results from 
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Fig. 7, Simulated polarization curves; rate constants are shown in 
Tables I and II. Corresponding solution pH is marked near the 
cuwe.  

this solution are first numerically simulated. The ki-  
netic constants that gave satisfactory results are shown 
in Table I. 

The results relative to other pH solutions are also 
computer simulated. To perform this, one attempts to 
reproduce the experimental  results by keeping the bi 
value independent of pH and by modifying the least 
number of K0,i values. We tried to change the rate con- 
stant K0,i monotonically with respect to the solution 
pH. The reaction order for each process is not intro- 
duced a priori. The K0,i values used for the simulation 
calculation are summarized in Table II. 

The results of the simulation calculation of the 
steady-state polarization curves are shown in Fig. 7. 
The simulated impedance diagrams for the solutions of 
different pH are shown in Fig. 8-12. These figures will 
be compared to the experimental  results shown in Fig. 
1-6. The steady-state polarization curves obtained by 
the simulation calculation are similar to the experi-  
mental curves, except the bending observed experi-  
mentally at high current densities is ignored in simula- 
tion curves. This is the price to be paid for better agree- 
ment of the impedance diagrams. The model reflects 

Table I. Kinetic constants used for the simulation calculations 
in model V in the pH 5 solution 

KI K~ Ks K-s K~ 

Ko,1 bl  Ko,= b~ Ko,8 bs Ko,-3 b ~  Ko,~ b~ 
4.0 x 10 zo 33.4 8,0 x 10 4 7 1.5 x 10 "s 0 2.6 x 10-z' 20 1.2 x 10-7 33 

K~ K-5 Ke K~ K..,t 

Ko,B b,  Ko,-5 b-~ Ko,e be Ko,~ b~ Ko,.-,t b...,: 
4.0 x I(P 35.4 5.2 x 10-' 3 5.0 x 10 ~ 23 4.3 • 10 -e O 4.0 x 10 -z8 27 
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Table IL Kinetic constants used for the simulation calculations 
for various pH solutions 

pH Ko,z Ko,~ Ko,i Ko,e Ko,~ 

0 4.0 x 10e &0 x 10-~ 1.0 x 10-, 4.9 x I0~ - -  
1 1.O x 10 'r 5.0 x 10-~ 6.0 x 10 -~ 4.9 x 10 e - -  
2 1.3 x I0 e 5.0 x 10-11 3.0 X 10 -e 2.2 x 1~ - -  
2.6 6.7 x 108 3.5 x I0 -lo 3.0 x 10-o 7.0 x 1~ 
4 1.3 x 101~ 1.Sx 10-~ 9.0 x 10-~ 3.0 x 10~ 4.0 xlO-~ 
5 4.0 x 10 ~o 1.5 x 10 -s 1,2 x lO-V 4.0 x I(P 4,0 x 10 -e 
n 0.865 0.878 - 0.605 0.772 - -  
r 0.99~ 0.991 0.974 0.992 -- 

= apparent reaction order, r = correlation coefficient. 

well the increase of the R~ �9 ,7" value with electrode po- 
tential.  Thus model  V interprets  sui tably the numerous  
results obtained over wide pH and cur ren t -dens i ty  
ranges. 

The parameters  shown in Table II are sensitive to pH 
change, bu t  their  chan~e deviates somewhat from a 
l inear  law. The rate constants are dependent  not only 
on the solution pH but  also on impuri t ies  and crystal 
imperfections. This may be the reason for the observed 
scatter. The reaction order "~" was calculated for each 
rate constant  accompanied with correlat ion coefficient r 
( - -  ~ ~/v~Hg,/~Ko ~.) by  the least mean  squares method. 
An integral  n u m b e r  for the reaction order  was no{ 
found. At the moment,  the reason for a noninte~raI  re-  
action order has not been elucidated, a l though it is 
ra ther  commonly encountered in  heterogeneous ki -  
netics. In  this par t icular  case, the O H -  concentrat ion 
change covers such a wicle range, 10~, that  a change in 
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Fig. 8. Simulated impedance diagrams for pH 0 solution. Polariza- 
tion points marked in Fig. 7. 
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the chemical na ture  of the in termediate  cannot  be ex- 
cluded. The determinat ion of the fine s t ructure  of re-  
actions and intermediates  remains  beyond the scope 
of the present  work. The reaction steps considered may  
not, strictly speaking, be related to the true e lementary  
steps, bu t  are introduced as possible overal l  steps sen-  
sitive to the electrode impedance. 

Figure 13 shows the contr ibut ion of each dissolution 
path to the overall  current,  calculated for the pH 5 so- 



VoZ. 1~8, No. 2 R E A C T I O N  M O D E L  F O R  IRON D I S S O L U T I O N  265 

.o o I0 0 

I0 -I 
oJ 
! 

E 
u 

I-- . 2  ~ o  
Z 
w 

I- 7 
w 

~ i 0  --q 
U 
.J 

I-- 

I 0 "  
-'1.2 

0-1 

0-2 

0-3 

- '1.0 - 0 . 8  - 0 6  
P O T E N T I A L  I V 

W 
O 

r~ 
LU 
> 
0 
(9 

LU 
(9 

rY 
D 

J 

Z 
_o 
~J 

rY 
u. 

Fig. 15. Contribution of partial currents for the overall current I. 
Simulation calculation for the pH 5 solution. J1 the current through 
Kg. reaction, J9 and J3 are, respectively, the current through/(4 and 
Ko reaction. Change of surface coverage with respect to potential. 
01 is the fractional surface coverage by Fe(I)ad, 02 by Fe*(I)ad, 
and 08 by Fe*(ll)ae. 

lution. I t  can be seen tha t  a t  ve ry  low anodic potent ia l  
in the act ive dissolut ion domain,  the me ta l  dissolves 
th rough  the K2 reac t ion  pa th  (JD.  On the other  hand, 
prepass ive  dissolution is a lmost  en t i re ly  l imi ted  by  the 
K6 dissolut ion pa th  (J3). In  this way, the mode l  p ro -  
posed b y  Lorenz  et aL ( i5-18)  is ver i f ied in  the  cor-  
responding  pH medium.  However ,  the  decrease of 01, 
consequent ly  the prepass iva t ion  process,  is due to the 
increase  of 02, the  surface coverage by  Fe*(I)ad.  The 
cu r ren t  m i n i m u m  is coincident  to the m a x i m u m  of 02 
which  wi l l  be g radua l ly  rep laced  b y  Fe* (II)ad cover-  
age. The dissolution th rough  K4 reac t ion  (J2) cont r ib-  
utes  to the  cur ren t  m in imum not  too much pronounced  
in ag reemen t  wi th  t he  exper iments .  

F igu re  14 shows the cont r ibu t ion  of different  dissolu-  
t ion pa ths  on the overa l l  cu r ren t  for the pH 2 solution. 
I t  can be  seen tha t  the K2 dissolution pa th  controls  in 
the  low cur ren t  dens i ty  domain,  whereas  the Ks dis-  
solut ion pa th  de te rmines  the overa l l  cu r r en t  a t  h igh 
cu r ren t  densities.  The K4 dissolut ion pa th  is the  fas tes t  
process wi th in  the n a r r o w  domain  in which  th ree  in-  
duct ive loops were  c lear ly  observed.  The comparison of 
Fig. 13 and 14 shows tha t  the contr ibut ion  of J1, J~, and  
J8 wi th  respect  to the potent ia l . i s  r e l a t ive ly  s imi lar  and  
the approach  of J t  and J~ curves is the ma in  cause for 
not  observing m a x i m u m  I. 

In  models  I I I  and IV,  the influence of  sulfate  ion con- 
cent ra t ion  is suggested,  respect ively,  in the  Ks/K-5  and 
in the  K4 reaction. In  this paper ,  the  overa l l  su l fa te  
concentra t ion  was kep t  constant  and  the effect of 
HSO4-  and S042- was not  examined.  

Conclusion 
The expe r imen ta l  resul ts  covering a ve ry  wide range  

of cur ren t  density,  solut ion pH value, and  f requency  
a l lowed the es tabl i shment  of the  react ion model  of i ron  
dissolution in acidic sulfa te  media.  The s imula t ion  cal -  
culat ions are  pe r fo rmed  by  computer  for the reac t ion  
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Fig. 14. Contribution of partial current for the overall current. 
Simulation calculation for pH 2 solution. Jl, J2' and J,~ see Fig. 13. 

model  imply ing  th ree  dissolution paths  using severa l  
hypotheses  p rev ious ly  used in this  Labora tory .  Three  
in te rmedia te  species, corresponding to th ree  dissolution 
paths,  are  revea led  under  capaci t ive  or  induct ive  loops. 
The ca lcula ted  impedances  correspond wel l  to those 
obta ined  by  exper iment .  The pH dependence  of the di f -  
fe rent  react ions are  examined  on the basis of  the  ex -  
pe r imen ta l  results.  The model  proposed  here  is l imi ted  
to the cur ren t  densi ty  r ange  where  mass t ransfe r  does 
not  affect the react ion rate.  
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ABSTRACT 

The electrode impedance determined experimentally shows a certain 
number of time constants as capacitive or inductive features. These impedances 
arise from various processes occurring at or near the electrode interface, such 
a s  charge transfer, adsorption-desorption of reaction intermediate species, 
changes of the roughness factor, changes of the number of active sites or of 
volume concentration in the vicinity of the electrode, etc. The origins of 
impedances are examined on the basis of experimental results given in Part I. 
Then, hypotheses describing reaction rates, such as the Tafel law, reaction re- 
versibility, and the adsorption isotherm law, are analyzed in order to translate 
reasonably the reaction models into mathematical expressions. With hypotheses 
retained, it is concluded that the experimental results should be interpreted 
by a model including three adsorbed reaction intermediate species. Forty pos- 
sible reaction schemes, as the complete set of prospective models, were written 
and examined according to both steady-state polarization curves and electrode 
impedances. The appearance of two current maxima implies at least two dis- 
solution paths in the reaction models and allowed us to eliminate 10 of the 40 
reaction schemes. On the other hand, the appearance of inductive impedance 
was found to constitute a very selective criterion. Only one model, given in 
Part I, was found to simulate suitably the whole set of experimental results. 

In Part  I (1), the experimental results of the steady- 
state polarization curves and the electrode impedance 

Key words: capacitance, electrode kinetics, inductance, surface 
relaxation, transfer coefficient. 

measurements performed over wide ranges of pH and 
current density were shown. These results were inter- 
preted quantitatively on the basis of the reaction 
model. In this paper, the reasons for which this model 
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is se lected f rom 40, corresponding to the complete  set 
of possible prospect ive  react ion schemes, is described.  
But  first, c r i t ica l  examina t ions  a re  made  of var ious  
hypotheses  b y  which reac t ion  models  are  t r ans la ted  
into ma themat i ca l  expressions.  When  the e lect rode k i -  
netics arC ana lyzed  b y  a crude method,  even w i t h  un -  
du ly  res t r ic t ive  hypotheses,  the  resul ts  a re  in t e rp re t ed  
on the  basis of a model.  For  instance, a s t eady-s t a t e  
polar iza t ion  curve indicates  on ly  the  overa l l  react ion 
ra te  which  depends  on the s lowest  reac t ion  pa th  for  a 
series process or  on the fastest  react ion pa th  for  a 
pa ra l l e l  process. Thus the  hypotheses  regard ing  o ther  
processes m a y  have  l i t t le  influence on a ca lcula ted  po-  
la r iza t ion  curve. On the  o ther  hand,  wi th  hypotheses  
tha t  a l low too much f lexibi l i ty  in ma themat i ca l  expres -  
sions, numerous  models  m a y  expla in  the same results.  

The e lec t rode  impedance  contains va r i ed  informat ion,  
in par t icu la r ,  on in t e rmed ia te  react ion steps. Even  if  
they  cannot  sens i t ive ly  affect the overa l l  react ion rate,  
the i r  cont r ibut ion  cannot, ve ry  often, be neglec ted  in  
the e lec t rode  impedance.  Since m a n y  impedance  d ia-  
grams are  p lo t ted  along wi th  s t eady-s t a t e  polar iza t ion  
curves,  the number  of resul ts  tha t  should be t aken  into 
considerat ion for comparison of the  models  and  ex-  
per iments  increases considerably.  Fur the rmore ,  as was 
shown e lsewhere  (2), the e lect rode impedance  behaves  
as an inductance  or  as a capaci tance according to r a the r  
w e l l - d e t e r m i n e d  ana ly t i ca l  conditions. Wi th  hypotheses  
that  res t r ic t  the poss ibi l i ty  of quant i t a t ive  explo i ta t ion  
of any  tes ted model,  sa t i s fac tory  agreements  be tween  
e x p e r i m e n t a l  resul ts  and  those d r a w n  f rom a mode l  
become difficult or  impossible  to realize. I t  can also be  
not iced that  the expe r imen ta l  condit ions at  which the 
i ron  dissolution was pe r fo rmed  in this s tudy  are  un -  
usua l ly  wide:  the  H + concentra t ion was sp read  over  
five orders  of magni tude  and the cur ren t  densi t ies  
changed by  more  than two orders.  More real is t ic  hy -  
potheses have  to be taken  into considerat ion.  

Examinations of Hypotheses 
Origins of the electrode impedance.--The different  

or igins of the  e lec t rode  impedance  were  examined  wi th  
ma themat i ca l  models  by  Grahame  (3). But in a l l  of 
these models,  the e lect rode impedance  appears  only as 
a capaci t ive  feature.  I t  can also be not iced tha t  the  
t ranscr ip t ion  of a reac t ion  model  into a set of m a t h e -  
ma t i c  expressions is not  v e r y  easy wi th  the  formal i sm 
used in  this  paper .  In  1956, Ger i scher  and Mehl (4) 
es tabl i shed  tha t  the  re laxa t ion  of surface coverage b y  
an adsorbed  in te rmedia te  species is able to cause a ca-  
paci t ive  as wel l  as an induct ive  fa rada ic  impedance .  
This fo rmal i sm was used b y  Epelboin  and K e d d a m  
(5) to i n t e rp re t  quan t i t a t ive ly  the  resul ts  of impedance  
measurement s  dur ing  i ron dissolution in acidic sulfate  
media.  

Since  then, the  e lec t rode  impedance  of var ious  e lec-  
t rochemical  interfaces  of g rea te r  complex i ty  dur ing  
anodic as wel l  as cathodic processes were  l a rge ly  in-  
t e rp re t ed  on the basis of this concept. However ,  this is 
not  the  only  possible or igin of the  e lec t rode  impedance :  
i t  is wel l  known  tha t  mass t ranspor t ,  if  i t  in te rvenes  in 
the  overa l l  react ion rate,  contr ibutes  to the e lec t rode  
impedance  (6). In  passivi ty,  the g rowth  of the oxide  
film gives r ise  to a capaci t ive  or  induct ive  impedance  
(7). But the  exper iments  on i ron dissolut ion examined  
in this p a p e r  were  pe r fo rmed  under  such condit ions 
tha t  these processes d id  not  need  to be taken  into ac-  
count. 

I f  the  e lec t rode  surface  a rea  is dependen t  on po ten-  
t ia l  and on t ime th rough  the  roughness  fac tor  or  the  
number  of act ive sites N*, these phenomena  in te r fe re  
in the e lec t rode  kinet ics  and wil l  appea r  in the elec-  
t rode  impedance.  Bignold and F le i schmann (8) also 
discussed origins of the  t ime constant  observed dur ing  
i ron  dissolution, and  t hey  considered the  p i t - shaped  
re laxa t ion :  when i ron  dissolves, conical  pits a re  fo rmed  
on the surface. The number  of pits  is de te rmined  by  the 

number  of dislocations and thus constant,  bu t  the 
pi t  form is po ten t ia l  dependent .  In  o ther  words,  the  
roughness  fac tor  is considered as a t ime and po ten t i a l -  
dependent  parameter .  By consider ing the over lapping  
of conical pits, they  concluded tha t  the r e l axa t ion  t ime 
constant  is r ec ip roca l ly  p ropor t iona l  to the  current .  

in  the case of electrodeposi t ion,  the short  per iod  cur-  
ren t  t rans ient  was in t e rp re t ed  b y  the fo rmat ion  of 
crys ta l  nuclei  and the i r  g rowth  (9, 10). But this model  
cannot  describe the s t eady  s tate  and the re la ted  imped -  
ance since no equat ion of mass balance  is proposed for 
the t ime dependence  of N*. This type  of model  w a s  
re formula ted ,  ve ry  recently,  in our  Labora to ry ,  (11) 
for successful ly descr ibing the e lect rodeposi t ion of s i l -  
ver  in o rder  to express  the  impedance  as a s tep- l ine  
propaga t ion  of the  crystal l i te .  Lorenz  and Schweiker t  
(12) considered the poten t ia l  and  t ime dependence  of 
the number  of act ive sites wi thout  any  phys icochemi-  
cal model. The express ion of dN*/dt in the case of dis-  
solut ion cannot  be compared  to the fo rmat ion  of crys-  
ta l  nuclei;  thus cal l ing i t  negat ive  deposi t ion does not  
resolve the p rob lem physical ly .  

The t ime constants  observed in the e lect rode i m -  
pedance,  wha tever  the i r  origin, a re  in t e rp re t ed  by  the 
re laxa t ion  phenomenon of "sites." I f  these sites a re  
me ta l  atoms bonded wi th  a chemical  species and if  they  
are  tak ing  pa r t  in the  reaction,  the adsorpt ion  of in t e r -  
media te  species is inferred.  The r e l axa t ion  t ime  con- 
s tant  is thus dependen t  on the chemis t ry  of the in t e r -  
face. If  these sites are specific points  on the meta l  sur -  
face, in pa r t i cu l a r  c rys ta l lographic  imperfect ions ,  the  
active sites m a y  be considered.  The re l axa t ion  t ime 
constants wil l  be essent ia l ly  de t e rmined  by  the me ta l  
specimen itself. Heus ler  used successively both con- 
cepts  for the same i ron  e lec t rode  (13-15). Numerous  
observat ions concerning the influence of potent ial ,  of 
solut ion pH, and of the addi t ion  of a l loying e lements  
such as Cr (16), indicate  that  the change of chemical  
na ture  of the p a r a m e t e r  de te rmines  the t ime constants  
observed in the electrode impedance.  Thus, i t  can be 
reasonably  assumed that,  in the case of i ron dissolution, 
the or ig in  of the  t ime constants,  except  tha t  r e l a t ed  to 
the  h igh- f requency  capaci t ive  loop, is due to the  re-  
l axa t ion  of surface coverages by  react ion in te rmedia te  
species. Since this r e laxa t ion  ra te  is essent ia l ly  de -  
pendent  on the format ion  and  the consumpt ion of  
in te rmedia te  species, the  hypotheses  which wil l  be used 
to express  react ion rates  in mathemat ica l  form have to 
be examined  in detai l .  The ma in  hypotheses  concern 
the potent ia l  dependence  and revers ib i l i ty  of the re-  
act ion ra te  and  an adsorpt ion  isotherm law. These 
th ree  points are  examined  in this o rder  in the fo l low-  
ing. 

Potential dependence of reaction r a t e . - - I t  is gene ra l ly  
admi t ted  tha t  the react ion ra te  follows wi th  respect  to 
the  potent ia l  the  so cal led TafeI  l aw (17, 18) 

K--  Koexp ( Z~F E ) [1] 
RT 

The value  of ~ has been found to be 0.5 for  the  h y -  
drogen evolut ion react ion on var ious  meta ls  (19), and  
this va lue  is wide ly  assumed to be va l id  for  any  o ther  
e lec t rochemical  process. However ,  f rom the view po in t  
of theory,  ~ m a y  have any  value  be tween  0 and 1 (20, 
21) and  m a y  be potent ia l  dependent  (22, 23). 

Though the potent ia l  range  considered in this work  
is ve ry  wide, the Tafel  l aw (~ --  constant)  can  be con- 
s idered as a reasonably  res t r ic t ive  approximat ion .  

When  the solution pH is changed, the chemical  na tu re  
of in te rmedia te  species m a y  be modified. Thus a could 
be  considered to be pH dependent  especia l ly  when a 
ve ry  wide range of pH is invest igated.  

Reversibility of reaction.--In ear ly  works  on i ron  
dissolution, the e lectrode kinet ics  were  examined  in the  
potent ia l  range  near  i ts t he rmodynamic  equi l ib r ium 
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potent ia l  (24-26). Notice tha t  the model  proposed  in  
(24) concerns both  dissolution and e lect rodeposi t ion 
of iron. This model  (model  I I )  is reca l led  here  

K i  
Fe  + OH- ~ (FeOH)ad + e- [II-l] 

K-I 

K,. 
(FeOH)ad --> (FeOH) + + e- [II-2] 

Step [II-1] is considered to be in pseudo-equi l ib r ium,  
i.e., the  react ion is revers ib le  and ve ry  fast  compared  
to s tep [II-2] .  Thus, K - 1  > >  Ks. This s i tuat ion is as- 
sumed to be rea l ized in the  region of the open-c i rcu i t  
corrosion poten t ia l  (25). 

There  is no doubt  tha t  a t  the equ i l ib r ium potent ia l  
all steps are  in equi l ibr ium.  However ,  when  the elec-  
trode potent ia l  is r emoved  from this potent ial ,  the re -  
action becomes i r revers ib le .  This has been d i s regarded  
in previous  works  (27-30). A t  the  onset  of the passi-  
va t ion  process, the difference f rom the equi l ib r ium 
potent ia l  reaches ca. 1V. Consider ing tha t  pseudo-  
equ i l ib r ium is ma in ta ined  for  such an overpoten t ia l  
seems unreal is t ic .  The m a x i m u m  cur ren t  observed in 
this solut ion is l imi ted  by  mass  t rans fe r  even  a t  the  
rota t ion speed of the  disk e lec t rode  equal  to 6000 
r e v .  mn  -1, and  was 2.6 A .  cm-% If a pseudo-equ i l ib -  
r ium were  assumed for an in t e rmed ia te  step, its e x -  
change cur ren t  dens i ty  would  be g rea te r  than  a few 
tens of A �9 cm-% This va lue  is f a r  g rea te r  than  tha t  
known for any  fast  sys tem of Red -Ox  react ion (31). 

Le t  us examine  now the consequence of a pseudo-  
equi l ibr ium reac t ion  on the e lect rode impedance.  Model 
I I  is used as an example.  Consider ing tha t  the  Lang-  
m u i r - t y p e  isotherm law is val id  (32) (see the fo l low-  
ing p a r a g r a p h ) ,  the charge ba lance  due to model  II  
can be wr i t t en  by  

J 
-- -- (i -- e)Kl -- (K-1 -- KS)8 [9.] 
F 

The Taylor  expans ion  of Eq. [2] l imi ted  to the  f irst-  
o rde r  t e rm leads to the expression for  the fa rada ic  im-  
pedance ZF 

1 dJ  1 da 
-- = ~ = -- -- F(KI + K-I -- Ks) -~ [3] 
ZF dE Rt 

Rt is the  charge  t ransfe r  res is tance corresponding to 
(OJ/OE) o, i.e., the  resistance value  when any e change 

is frozen,  and can be ca lcula ted  by  

R-T = (bx + b2) + (bl  + b - t )  ~ [4] 

The pseudo-equ i l ib r ium for the  first s tep corresponds 
to K - ,  > >  Ks, thus (K1 + K - 1  --  K2) > 0. Since 0 is 
a potent ia l  increas ing function, do/dE > 0, ZF appears  
a lways  as capaci t ive  (2) and a so-cal led  "pseudo-  
capaci tance" is observed (25). The capaci tance va lue  
depends on #. The pseudo-capac i tance  is m a x i m u m  at 
0 = 0.5 and has the  va lue  of ca. 10 m F  for ~ = 10 - s  
(mole �9 cm-~) .  Fo r  0 = 0.1, the capaci tance is equal  to 

3 m F  for the same ~ value.  
Exper imenta l ly ,  such a high capac i t i ve  value  is not  

obta ined in the  h igh- f requency  capaci t ive loop if  the  
meta l  is of sufficient pu r i ty  and the surface remains  
b r igh t  dur ing  the dissolution. F u r t h e r m o r e  , if  the  h igh-  
f requency  capaci t ive loop includes ~he pseudo-capac i -  
tance, two t ime constants  should be seen. Expe r ime n-  
tal ly,  though, the h igh - f r equency  capaci t ive  loop can-  
not  be represen ted  by  a t rue  R-C circuit  and a f re -  
quency dis t r ibut ion  can be observed (5). None of the  
resul ts  a l lowed us to ascer ta in  the presence of two 
dis t inct  t ime constants.  

I f  the first s tep is i r revers ible ,  K - 1  is ve ry  smal l  and  
Eq. [4] leads to 

2 
Rt �9 J = - -  ( K - 1  < <  Ks) [5] 

bl + b2 

Thus the R t .  J value  is independen t  of current .  The 
min imum value  of Rt �9 J can be ca lcula ted  when al - -  
as = 1 and is equal  to 0.026V. Exper imenta l ly ,  the 
d iamete r  of the  h igh- f requency  loop mul t ip l ied  by  the 
cu r ren t  yields a value  close to 0.04V and r e ma ins  con- 
s tant  up to med ium cur ren t  densi t ies  (5, 33). Thus the  
d iamete r  of this loop m a y  reasonab ly  be a t t r ibu ted  to 
the t ransfer  resistance.  The pa ra l l e l  capacitance,  de -  
t e rmined  at  the top of the  loop, is ca. 100 ~F �9 cm -2  and 
m a y  reasonably  be considered as the  double  l aye r  ca-  
pacitance.  The h igh- f requency  capaci t ive loop is thus 
considered to be due to the t ransfer  resis tance and the 
double l aye r  capacitance.  

Adsorption isotherm.--The s imples t  adsorpt ion  iso- 
t he rm at apprec iab le  0 values is the  Langmui r  type.  
The react ion ra te  K is assumed independen t  of 0, thus 
the rates  of format ion  or  of consumption k of a species 
concerned can be wr i t t en  by  

k = k i ( l - - 8 )  or  k - = k - i s  [6] 

S t r i c t ly  speaking,  Eq. [6] is considered va l id  for  ~ < 
0.2 or  0 > 0.8 and a more e labora te  i so therm might  be 
taken  into considerat ion at  i n t e rmed ia te  8 values.  I t  
m a y  be expected that  by  using a more e labora te  iso- 
therm,  complicated resul ts  can be in t e rp re t ed  on the 
basis of s imple models, at  least  for s t eady-s t a t e  po la r i -  
zation curves (34, 35). No ma t t e r  how e labora te  is 
the  isotherm, i t  does not  give r ise to an addi t iona l  t ime 
constant.  The number  of processes to be considered is 
de te rmined  by  exper iment .  On the o ther  hand, ma the -  
mat ica l  resolut ion of the  model  becomes difficult and  
increases the number  of pa rame te r s  to be adjusted.  
Therefore,  as a first approximat ion ,  the L a n g m u i r - t y p e  
isotherm is assumed. Since this i sotherm is a r a the r  
crude model,  i t  m a y  affect a fine quan t i t a t ive  analysis  
(36). If the  exper iments  cannot  be s imula ted  sui tably,  

o ther  i sotherm wil l  be considered. 
The hypotheses  which  are  used in this  work  are  sum-  

mar ized  in the fol lowing:  
1. The high f requency  capaci t ive loop is due to the 

double l aye r  capaci ty  and the t ransfer  resistance.  
2. The t ime constants  observed  in addi t ion  to h y -  

pothesis  1 are due to the surface coverage re laxa t ion  of 
react ion in te rmedia te  species. 

3. The e l emen ta ry  steps obey the Tafel  law. Tafel  
coefficient b values be tween  0 and 38.4V-1 correspond 
to ~ values  equal  to 0 and 1, respect ively ,  for a one-  
e lect ron transfer .  

4. The adsorp t ion-desorp t ion  of in te rmedia te  species 
follows the L a n g m u i r - t y p e  isotherm. 

5. The react ion m a y  be revers ib le  bu t  not neces-  
sa r i ly  in pseudo-equi l ib r ium.  

Criteria for Model Determination 
Tafel  slope measurements  consti tute one of the  ma in  

cr i ter ia  for the de te rmina t ion  of the react ion mecha -  
nism. For  instance, Lorenz et al. (37) found tha t  the  
Tafel  slope changed f rom 0.04 to 0.03V when  the i ron  
specimen was subjec ted  to a severe  mechanical  de-  
formation.  This var ia t ion  was in te rp re ted  by  the 
change of the react ion model  f rom model  I I  to model  I. 
However ,  wi th  the  hypotheses  r e t a ined  in  this paper ,  
such a considerat ion is no longer  possible. 

According to the hypotheses  given above  and assum- 
ing that  the first s tep of model  II is i r revers ib le ,  model  I 
has a Tafel  slope smal le r  t h a n  0.06V and model  I I  
g rea te r  than this value.  On the po la r i za t ion  curves  
shown in Fig. 1 of P a r t  I, i t  is seen tha t  the Tafel  
slope, in the  cur ren t  dens i ty  range w h e r e  most  work  
has been performed,  is s ignif icantly smal le r  than  0.06V. 
This is t rue  even when the cur ren t  dens i ty  is de t e r -  
mined f rom weight  loss measurements  and no con t r ibu-  
tion of cathodic cur ren t  is inc luded (38). This resu l t  
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m a y  be in t e rp re t ed  in favor  of model  I. However ,  the  
impedance  d i ag ram B0 (see Fig. 2 in P a r t  I) shows 
c lea r ly  two induct ive  loops, which  is in  contradic t ion  
wi th  model  I. Both models  I and I I  p red ic t  only  one 
t ime constant  cor responding to the  r e l axa t ion  of 
(FeOH) ad. As was shown in P a r t  I, the lower  f requency  
induct ive  loop is due to the  r e l axa t ion  of surface cov- 
e rage  by  hydrogen.  The Tafel  slope wi thout  the  in-  
fluence of hydrogen  cove rage  is close to 0.06V, but  this  
measu remen t  cannot  be used as the cr i te r ion  for  de te r -  
mina t ion  of the reac t ion  model.  The model  wi l l  be ex-  
amined  in terms of both  the polar iza t ion  curves and the 
impedance  d iagrams  obta ined  at  var ious  potent ials .  

Analysis of Models Including Two Intermediates 
Since three  t ime constants  in addi t ion  to the  h igh-  

f requency  capaci t ive  loop due to the double  l aye r  are  
observed  in impedance  diagrams,  the i ron  dissolution 
model  has to include at  least  three  in t e rmed ia te  species. 
Before discussing the t h r ee - in t e rmed ia t e  reac t ion  
model,  i t  seems useful  to examine  two react ion models  
p roposed  in the l i te ra ture .  One was proposed  by  Lorenz 
et al. (27-30) on the basis of polar iza t ion  curves ob-  
ta ined  in w e a k l y  acidic media :  

Model  I I I  

KI K~. 
Fe  :~---- Fe ( I ) ad  -~ Fe(I I )so l  @ for Fe ( I ) ad  

K - 1  ~ K 8  

K-~ tK4 

Fe (If) ad 0s for Fe (If) ad 
K4 

K4 react ion:  Fe( I I )ad  + Fe  -> Fe(II)so,  + Fe( I )ad  + e -  

The o ther  model  was proposed  by  Bechet  et al. (33) 
on the basis of s t eady-s t a t e  polar iza t ion  curves and im-  
pedance  measurements  in s t rong ly  to mi ld ly  acidic 
media :  

Model  IV 

Ki K2 
Fe --> Fe ( I ) ad  -> Fe(I I )so l  @ f o r F e ( I ) a d  

K4 
K$tK_a A e~ for Fe* (I)ad 

Fe* (I)ad 

K4 
K4 react ion:  Fe*( I )  + Fe  -~ Fe(II)sol  + Fe*(I)ad + 2 e -  

These two models  are  r e l a t ive ly  s imi lar  and both  have 
two dissolution paths.  The K2 dissolution pa th  can be 
re la ted  to model  II. The main  difference be tween  these 
two models  are:  

1. The Kt  react ion is considered to be in pseudo-equ i -  
l i b r ium in model  I I I  a n d  i r revers ib le  in model  IV. 
Model  I I I  expla ins  the 0.04V Tafel  s lope according to 
hypotheses  d iscarded in this work.  

2. In the K4 reaction, both models  imp ly  the  pa r t i c i -  
pa t ion  of an ad jacen t  Fe, but  model  IV is a se l f -ca ta -  
ly t ic  process and produces two electrons.  On the o ther  
hand, model  I I I  is a noncata ly t ic  and monoeleetronic  
process. The two-e lec t ron  t r ans fe r  react ion is less 
l ike ly  to occur f rom the v iewpoin t  of theore t ica l  phys i -  
cal chemis t ry  bu t  seems i n t i m a t e l y  re la ted  to a ca ta-  
lyt ic  react ion (13). 

3. The in t e rmed ia te  species for the K4 dissolution 
pa th  is b iva len t  in model  I I I  and  monova len t  in model  
IV. Thus the i r  format ion  implies  one e lect ron in model  
I I I  and no electron t r a n s f e r  in model  IV. This differ-  
ence appears  in the e lec t rode  impedance,  as  seen below. 

Using the expressions of charge and mass balances,  
the s t eady-s ta te  cur ren t  can be expressed  b y  the same 
equat ion for both models  

7 = 2F(K2~I q- K402) [7] 

1 1 
1 = m - -  F 
ZF Rt 

On the other  hand, the expressions for  the  faradaic im- 
pedance ZF dirmr for  the two models.  For  moae l  I I I  

t dol (K1 + K - l - -  Ks-- Ks) dE 

d#9. } 
+ (K1 + K - ~  --  K4) - - ~  [8] 

where  

1 
= F { ( b i  

Rt 
+ b-1)K-181 -]- (bl  + bs)K~ 

+ (bs + b-s)K-~o2 + (b3 + b4)K4es} [9] 

and  for model  IV 

1 i. --F< 
ZF = Rt 

where 

d01 des ] 
(Ki  --  Ks) - - ~  Jr (Ki  --  2K4) - ~  

[i0] 

i = F{(bl + bDK~ + 264K4E2} [n] 
Rt 

Comparing Eq. [7] and [II], it can be seen for model 
IV that the product of Rt times J-is equal to 2~(hi ~- bs) 
when the metal dissolves through the K2 path (K2oi 
> >  K402) and equals  1/b4 t h rough  the K4 path.  The 
change of the Rt �9 ~ va lue  indicates  thus the  change of 
dissolution path.  Besides, if (bl  + b2) > 264, the  in-  
crease of the  Rt �9 J" value,  observed  expe r imen ta l ly  
(33), can be exp la ined  in the  react ion model.  On the 
o ther  hand, in model  I I I  (Eq. [9]) ,  even if the  K1/K-1 
react ion is considered to be i r revers ib le ,  the change of 
the  Rt ' ~ va lue  is not  so s imply  r e l a t ed  to the change 
of the  react ion path.  At  r e l a t ive ly  low anodic po ten-  
tials, both  dol/dE and de2/dE m a y  be posi t ive in both 
models. If  the te rms re la ted  to these values  in Eq. [8] 
and [10] are  negat ive,  the fa rada ic  impedance  m a y  ap -  
pea r  as two induct ive  loops (2). In  other  words,  if the  
pseudo-equ i l ib r ium react ion (Ki/K-1) is no longer  r e -  
tained,  model  I I I  can also explain,  under  cer ta in  con- 
ditions, the appearance  of induct ive  fa rada ic  im-  
pedance.  

Models Including Three Adsorbed Intermediates 
An Fe  (III)  species does not  in te rvene  in the dissolu-  

t ion range  (29) and appears  only at  potent ia ls  close to 
the F lade  potent ia l  (39). Therefore,  the  three  reac t ion  
in te rmedia tes  tha t  wi l l  be t aken  into considerat ion are  
mono-  or  b iva len t  species. The dissolut ion process 
th rough  model  I I  is kep t  in al l  react ion schemes accord-  
ing to the examina t ion  of models  and  of hypotheses  
made  above. The first s tep [II-1] m a y  be reversible ,  
but  as was shown in our  previous  works  (5, 33) the  
contr ibut ion  of the  backward  react ion is negl ig ib ly  
small.  For  the sake of s implici ty,  dif ferent  models  are  
examined  a s s u m i n g  a nonrevers ib le  first step. In t ro -  
ducing the slow backward  react ion in the  first s tep 
does not essent ia l ly  change the results.  I t  was found 
dur ing p r e l i m i n a r y  work  tha t  no fundamen ta l  differ-  
ence can be detected be tween  models  in which  in t e r -  
media te  species a re  d i rec t ly  fo rmed  f rom the meta l  
a tom and those involving branch ing  f rom F e ( I ) ,  This 
l a t t e r  case was re ta ined  because i t  leads  to s impler  
ma themat i ca l  expressions.  According to schemat ic  
forms, react ion schemes can be d iv ided  into th ree  
groups. React ion schemes differ f rom one another  by  
in teract ions  be tween  in te rmed ia te  species, and  conse- 
quent ly  the expressions for charge and mass ba lance  
are  different  for each react ion scheme. But each e le-  
m e n t a r y  step is not  expl ic i t  and m a y  be wr i t t en  in 
m a n y  ways. Though a se l f -ca ta ly t ic  reac t ion  i n t e r -  
venes in the  express ion of mass balance,  this  type  of 
react ion is also considered.  

Table  I shows the react ion schemes in which  al l  in-  
t e rmedia te  species a re  monovalent .  Eight  different  
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Table I. Reaction schemes with three monovalent intermediates 

S c h e m e s  E l i m i n a t e d  S c h e m e s  E l i m i n a t e d  

1-A 

1-C 

1-E 

Fe* ( I )  %$ 1-B F~*$(I) x ~ 

Fe--> F e ( I )  --> Fe( I I )~o~ A F e  ~ F e ( I )  ~ F e ( I I ) s o l  B 

F e t  ( I )  F e t  ( I )  

Fe* ( I )  1-D Fe*  ( I )  
t $  t $  "~ 

F e  --> F e ( I )  -~ F e ( I I ) s o l  B F e  -e F e ( I )  -~ F e ( I I ) s o l  C 

F e t  ( I )  F e t  ( I )  

F e  -~ F e ( I )  -> F e ( I I ) ~ o l  1-F F e  ~ F e ( I )  -~ F e ( I I ) s o l  
t $  t ~  

Fe*  ( I )  A Fe*  ( I )  "~ B 
t ~  t $  

F e t  (,I) F e t  ( I )  

F e  -> F e ( I )  --> Fe(I I )~o~ 1-H F e  ~ F e ( I )  ~ F e U D  

Fe* ( I )  B Fe* ( I ) ' "  C 

Fet ( I )  Fet ( I )  

1-G 

schemes can be constructed. If the two in termedia te  
species formed from Fe( I )  are both bivalent,  they are 
classified in group 2. Sixteen different schemes were  
considered and are given in Table II. The last group is 
formed by two monovalent  and one bivalent  in te rmedi -  
ate species. Sixteen schemes can also be writ ten,  as seen 
in Table III. It must be emphasized that  these models 
are restr icted to a minimal  degree of complexi ty  wi th  
respect  to the data of impedance measurements.  

Comparison of Models and Experiments 
The selected models have to describe, using the hy-  

potheses re ta ined above, the max imum number  of ex-  
per imenta l  results given in Par t  I. It is found that  a 
certain number  of prospective models can be ruled out 

by examining their  mathemat ica l  s tructure analyt i -  
cally, without  making a numerical  simulation. 

Analytical Examination of Models 
Polarization curve having two current maxima.- - In  

the pH 5 solution, the s teady-state  polarization curve 
exhibi ted two current  maxima. As was shown in (29) 
and in agreement  with Bech-Nielsen (35), such a 
curve can only be explained by reaction models includ- 
ing at least two dissolutio'n paths. Thus 10 models 
having only one dissolution path were  e l iminated from 
the models shown in Tables I - I I I  (marked "A") .  

Three inductive loops.--Three inductive loops were  
observed simultaneously in certain diagrams in mildly  
acidic solution and with medium current  densities (dia- 

Table II. Reaction schemes with 1 mono- and 2-divalent 
intermediates 

S c h e m e s  E l i m i n a t e d  S c h e m e s  E l i m i n a t e d  

2-A ~ F e * ( I I )  2-B ~ F e * ( I I )  
F e  -~ F e ( I )  ~ F e ( I I ) ~ o l  A $ 

F e t ( I I )  F e  ~ F e ( I )  ~ Fe(I I )~oZ B 
F e t  ( I I )  

2-C ~ Fe* ( I I )  2-D 
Fe---> F e ( I )  ~ F e ( I I ) s o l  7 / F e * ( I I ) $  

NN $ B F e  ~ F e ( I )  --> F e ( I I )  C 
F e t  ( I I )  % T 

F e t  ( I I )  

2-E F e  -~ F e ( I )  ~ F e ( I I ) s o l  2-F F e  -e F e ( I )  ---> F e ( I I ) s o l  
Fe*  ( I I )  

1" $ A %~ F : *  ( I I )  B 
F e t  ( I I )  ~ $ 

F e t  ( I I )  

2-G F e  -> F e ( I )  ~ F e ( I I ) s o i  2-H F e  -~ F e ( I )  ~ F e ( I I ) s o l  
Fe* ( I I ) ~  1" ) 

F t I I )  / t $ 
F e t  ( I I )  / 

2-I F e  ---> F e ( I )  -~ F e ( l I ) s o l  2-,/ F e  ---> F e ( I )  -~ F e ( I I ) s o l  
Fe* ( I I )  t 

t $ A Fe* ( I I )  B 
F e t  ( I I )  t $ 

\h Fet ( I I )  

2-K F e  ~ F e ( I )  ---> Fe ( I I ) s0~  2-L F e  ~ F e ( I )  -o F e ( I I ) s o l  
Fe* ( I I )  ~ 

t $  l B Fe* ( I I )  ! 
F e t  ( 1 I ) /  t" ~, 

F e t  ( I I ) J  

2-M F e  ~ F e ( I )  ~ F e ( I I )  2-N F e  --~ F e ( I )  ~ Fe( I I l~oL 
Fe* ( I I )  ~'~ F t*e 

t i  A ( I I )  
~'~ F e t  ( I I )  ~ 1"$ B 

F e t  (II) 

2-0 F e  -e F e ( I )  ~ Fe ( I I ) so~  2-P 1 s 
F e * ( I I ) ~  F e  -~ F e ( I )  -> F e ( I I ) s o l  

F t I I )  / B %.~ Fe* ( I I )  ] C 

N N Fet ( I I )  / 
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Table III. Reaction schemes with 2 mona- and ]-divalent 
intermediates 

Schemes Eliminated Schemes Eliminated 

3-A Fe* (I) 3-B Fe* (1) 

Fe -~ Fe ( I )  ~ Fe(II)~ol A Fe --> Fe ( I )  ~ Fe(II)~ol B 
Fe* (II) ~ Fe* (II)  

3-C Fe* (I) 3.D Fe* (I). 

Fo ---> Fe(1) ---> Fe(II )sol  B Fe -> Fe ( I )  --> Fe(!I)~ot 
t t 

b F e *  (II)  b Fe* (II)  

3-E Fe ~ Fe ( I )  --> Fe(II )sol  3-F Fe --> Fe(1) -> Fe(I I )sol  
?~ A t~ .z B 

Fe* (I) ~- Fe* (II)  Fe* ( I )  m Fe* (II) 

3-G f e  ~ Fe(.I) -~ f e ( I I ) s o ,  3-H Fe ~ f e ( I )  -> Fe(II)~o~ 
t r  
Fe*( I )  m Fe*( I I )  Fe*( I )  m Fe*( I I )  

-> Fe(I I )sol  3-J Fe --> Fe ( I )  ~ F e ( I I ) s o i  3-I Fe ~ Fe ( I )  ~ A ~v- B 

Fe* (I)  ~ Fe* (II)  Fe* (I)  ~- Fe* (II)  

,-> Fe (II) ~o~ 3-K Fe ~ Fe ( I )  ~ Fe(II)~olT B 3-L Fe ~ Fe ( I )  A~ 

Fe* (I) m Fe* (II) Fe* (I) ~ Fe* (II) 

3-M Fe ~ FTe ~I) ~-> Fe(II )sol  A 3-N F e - ~  FTe~I) 2 Fe(I I )so ,  B 

Fe*( I )  ~ Fe*( I I )  Fe*( I )  m Fe*( I I )  

3-O Fe ~ --*Fe~I) ~ Fe ( I I )  s o ~  3-P Fe ~ Fe(I),~ ~, ~'~ Fe ( I I )  s o , t  

Fe*( I )  ~ Fe*( I I )  Fe*( I )  ~- Fe*( I I )  

grams D2 and E2 in Fig. 3 of Part  I). Similar  considera- 
tions to that  for models including two intermediate  
species can be made here. From the expression of the 
charge balance, the eIectrode impedance can be wr i t ten  
in general  form such that 

1 1 ( d 8 1  d 8 2 r d 8 3  ~ 
- -  F p + q + [12] -'/g" 

ds/dE will be positive in the low potential  range where 
most of the electrode surface is bare  and the increase of 
oi is not disturbed by other coverages. In order that 
three inductive loops be observed, p, q, and r must  be 
negative (2). The charge balance of the remaining  
schemes was wri t ten  down and the Taylor expansion 
l imited to first order was made. It  is found that  an in-  
ductive impedance can only appear when an in termedi-  
ate species dissolves as Fe (II)sol (18). Models that  can-  
not show three inductive loops s imul taneously  are 
marked by B on Tables I-III.  

Impedance diagrams E5 and F5 (see Fig. 6 in Part I). 
~ T h e s e  diagrams showed the peculiar na tu re  of the 
species in te rvening  in the prepassivation process. In  
fact, the capacitive loop observed in diagram E5 at the 
lowest f requency range transforms into an induct ive 
loop near  the current  minimum.  A process giving rise to 
this loop has appeared as an inductive loop at poten-  
tials less anodic to max imum I as seen in diagrams 
A4 and C4 (Fig. 5 of Par t  I). This change from an in-  
ductive to a capacitive loop cannot  be in terpre ted by 
the change of sign in q or r in Eq. [13], d~/dE being 
a t t r ibuted to the induct ive loop observed at the highest 
frequency range. The change from a capacitive to an 
inductive loop near  the current  m i n i m u m  may be in -  
terpreted by the change of sign in d82/dE or dsJdE. 
That is to say, a species which leads to the prepassiva- 
t ion process by an increase of the surface coverage de- 
creases when the prepassive dissolution process sets in. 
On the other hand, the capacitive loop observed at  
about 0.4 Hz remains capacitive. Therefore, re lat ion-  
ships such as (d~2/dE) • (dSJdE) ~ 0 will be satisfied 
in the prepassivation dissolution domain. 

With the steady-state relationship, the following 
relat ion can be wri t ten  for schemes l-D, I-H, 2-D, an d  
2-P 

K 3 g -  7 
~2 -- - -  0~ ='03K �9 exp {(b3 ~ b-3  -- b7 -- b-T)E}, 

K - a K r  
[13] 

Step i is marked in schemes I-H and 2-P. Thus the 
product ~ �9 83 is a monotonic function with respect to 
the potential and (d0JdE) X (dsJdE) > 0. These 
models cannot illustrate the change of the diagram 
shapes such as from E5 to Fs. These reaction schemes 
are marked by "C" in Table I-III. 

Examination of these three points allowed us to 
eliminate analytically 32 schemes from 40. The re- 
maining eight schemes will be examined by numerical 
simulation. 

Simulat ion Calculat ion 
Reaction scheme 3-P corresponds to the general  form 

of group 3. The other schemes can be discussed by con- 
sidering certain reaction rates to be equal to zero. Let 
us recall scheme 3-P 

K~ K2 
Fe -~ Fe(I)ad "--> 

K~ 
Fe (II) sol 81 : Fe(1)ad 

K4 
~:K6 

K3$$K-~ 82 : Fe* (I)ad 
K-5 

K7 
Fe* (I) ad ~-- 

K-7 
Fe* (II)ad 83 :Fe* (II)ad 

For K6 reaction, two different cases are considered: 
for case 1 as proposed in (29) 

K6 
Fe* (II)ad ~- Fe-> Fe(I)ad -~ Fe(II)sol + e -  

and for case 2 as a self-catalytic reaction 

K6 
Fe* (II) ad + Fe-> Fe* (II)ad + Fe(Ii)soi  -{- 2e -  

Although two cases were also considered for the K4 re-  
action, only the case of a self-catalytic reaction is 
given here for the sake of simplicity 

K4 
Fe* (I)ad-{- Fe-~ Fe* (Dad + Fe ( I I )  sol -t- 2e -  
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The expression for the charge balance can be wr i t t en  
as 

-- = K ~  + (K~ + K~)o~ + (2K4 + K~)os 
F 

-- {K-~  -{- K_~ -- (2 -- p)Ke}~  [14] 

where  ~ = 1 for case 1 and p = 0 for case 2 in react ion 
K6. 

F r o m  expressions for the mass balance  of these th ree  
in te rmedia te  species, the s t eady-s ta te  values  of the  
surface coverage can be calcula ted and one obtains 

i 
-- = 2(K20~ + K40@. + K6ea) [15] 
F 

The elect rode impedance  can be expressed  f rom Eq. 
[14] 

but ton of the double l aye r  capaci tance in pa ra l l e l  w i th  
the  faradaic  impedance  ZF 

1 1 
- -  = - -  + j~C~; 
Z ZF 

CdZ = I0 -~ (F-cm-@.) [20] 

As an example ,  Fig. 1 shows the s t eady-s ta te  po la r i -  
zation curves calcula ted on the basis of scheme 3-G, 
i.e., K~ = K~ ---- K - ~  _-- 0. This example  was ca lcula ted  
wi th  p = 1. The ag reemen t  be tween  the exper imen ta l  
and  the calcula ted curves is ve ry  sat isfactory.  When the  
dissolution is de te rmined  by  the K6 path,  the  overa l l  
react ion ra te  is control led  by  the smal les t  of Ks, K6, 
and  Kv. Thus the bending  of curves at  h igh cur ren t  
densit ies was easi ly  s imulated.  

On the other  hand, the e lect rode impedance  is some-  
wha t  difficult to s imula te  wi th  the react ion cor respond-  
ing to p = 1 both in shape and in frequency.  The t ime 

d01 constants  T of the re laxa t ion  phenomena  are  de t e r -  
= ~ -- F ~ (K, -- K~ -- KD dE mined by  expressions of Zi. Since ~ = 1/~, one obtains 

ZF Rt L from Eq. [17]-[19] 

+ (KI --  2K4 --  KT) - - ~  Jr (K1 + K - ~  + K - ~  1 Kz + K2 + Ka Jr K5 1 K - a  Jr Kr  - - =  ; - - =  . . . .  ; 
T1 ~1 "r P2 

d~  ~ I pKe Jr K-7  
-- (2 -- p)K6) " ~ -  j [211 

where ~s -- Pa 

1 _ _ _ For  the  Fe* (II)ad re laxat ion ,  the  fol lowing re la t ion-  
= F { (bl  Jr b@.) K@.01 + bsKs01 Jr ( 2 b ~  Jr bTK~) 0~. ship can be der ived  

Rt + ( b - s K - ~ j r  ( 2 - - # ) b 6 K 6 +  b-~K-~)0-s} [16] 1 Ks J J" 
- - > -  = ~ = ~ > ~  [221 

ds/dE can be der ived  f rom the mass balance  express ion z3 f13 2Ffla03 2 �9 1 0 -  �9 ~ 2 �9 10-  

dO1 dO@. 
X1 = Z l - ~ J r  (K1--K-8) dE 

~000 , , 
dol 

+ ( E l  - -  E - s  - pKs) d ;  500 

Xl = { ( b l  - -  b2)K@. -- bsK3 --  b~Ks}ot 

- -  b-sK-s ' e s  - -  ( b - s K - 5  --  #b6Ks)~ 

Z1 = K1 Jr K@. Jr K3 Jr K5 Jr j~Pl [17] 

d91 de~ de 3 ~ ~100, 
,Y~ = --Ka ~ + Z@. dE -- E - 7  dE 

- < " + ' - > ' - "  IIr Zi = K-8 + K7 + J~Ps [18] 

X~ = -I'r,s ~ - K7 ~ Jr z~ dE 

Xa -- (--b.~ Jr bT)KT~ Jr {(b~ Jr b-~)K-~ ~" , Z : - r  1 

+ ( b , + b - , ) K - , + p ( b , - - b . ) K . } ~  ~ /'.~" ~=~ I 

Z~ = K - s  + K - 7  + ~Ke + j~Ps [19] I~n / 

Equat ions  [17]-[19] a l low one to calculate  the  do~dE q 
values  for  three  in te rmedia te  species. By in t roducing  
these values into Eq. [16], the  faradaic  impedance  can 
be obtained.  0.5 I I 

Model  3-P  includes ten  ra te  constants  /Q, and  since 
Ki is expressed  by  two po ten t i a l - independen t  p a r a m -  
eters, Ko, i ( m o l e ' c m - ~ ' s e c  - t )  and bi ( V - l ) ,  20 p a -  
r amete r s  wi l l  be ad jus ted  for the  s imulat ion calcula-  
tion. The /~ values  a re  considered to be equal  to 10 -8  
(mole . cm -2) (5), corresponding to one in t e rmed ia te  
species bonded to one meta l  a tom of the e lect rode sur-  
face. Impedance  d iagrams were  calcula ted by  consider-  
ing tha t  the  overa l l  impedance  Z contains the contr i -  

-1.2 -1 .0  - 0 8  -0 .6  
P O T E N T I A L ,  V 

Fig. 1. Simulated polarization curves for various pH values ac- 
cording to reaction scheme 3-G. The K6 reaction is nonself-catalytic. 
Reaction rates for the pH 5, solution are: KI* --  4 .  10 l~ 
exp(38.4E); K2 ---- 8 .  10 -4 exp(7E); K3* ---- 1 .  107 exp(29E); 
K-3 ---- 1.5 10-8; K6* ~ 2.3 102 exp(23E); K7 ---- 1.4 exp(16.4E); 
and K-~, ---- 8.4 ]0 -18 exp(22E). * indicates the pH dependent 
parameter. 
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Equat ion  [22] shows tha t  the  r e l axa t ion  t ime constant  
T8 is smal le r  t han  ( 2 .  1 0 - ~ ) / J ,  i.e., the charac ter i s t ic  
f requency  in Hz for this r e l axa t ion  process ( top of 
the loop) is g rea te r  than  f / ( 1 . 2  �9 10-2).  Wi th  the  ex-  
pe r imen ta l  cur ren t  J-, the  ca lcu la ted  charac te r i s t ic  f r e -  
quency is too high compared  to tha t  observed exper i -  
menta l ly .  S t r i c t l y  speaking,  this  character is t ic  f r e -  
quency is r e la ted  to the e lect rode admi t t ance  and  a 
s l ight  difference is expec ted  when  using the  impedance  
diagrams.  If the se l f -ca ta ly t ic  react ion (p = 0) is con- 
sidered, T3 = #JK-~ .  The cur ren t  and  the r e l axa t ion  
t ime constants  a re  separa ted  and  the s imula t ion  cal-  
cula t ion m a y  show sa t i s fac tory  resulis .  This cons idera-  
t ion is also t rue  for the  K4 reaction.  In fact, as men-  
t ioned above, this process was considered se l f -ca ta ly t ic  
for  the sake  of s impl ic i ty  in Eq. [14]-[19].  If  the  K4 
reac t ion  were  wr i t t en  for ins tance as 

Fe * (1)a~ + Fe-~ Fe(I)ad n u Fe(ll) sol + 2e- 

the same analysis as the Fe*(II)ad relaxation shows 
that this reaction yields too small relaxation time con- 
stants compared to the experimental results if satis- 
factory polarization curves are simulated. However, 
with a self-catalytic reaction, the overall reaction rate 
is no longer limited by the slowest step in a series re- 
action, K~ --  K7 --  KG, and the s imula ted  polar iza t ion  
curves  no longe r  bend at  high cur ren t  densit ies.  

In  Fig. 2, the  impedance  d iagrams  ca lcula ted  at  the  
foot of the prepass ive  dissolution domain  are  shown. 
The impedance  at  the  lowest  f requency  range  is ca-  
paci t ive  ins tead  of induct ive  (cf. d i ag ram Fs) .  If 
s t eady-s t a t e  po la r iza t ion  curves  and o ther  impedance  
d iagrams were  su i tab ly  s i m u l a t e d ,  this loop wil l  r e -  
main  capaci t ive  even when numer ica l  pa rame te r s  are  
changed. This was found also t rue  for models  2-H, 2-L, 
3-G, 3-H, 3-L, 3-O, and 3-P. Only scheme 3-D a l lowed 
s imula t ing  the whole  set of  expe r imen ta l  results,  ex -  
cept  the bend ing  of polar iza t ion  curves at  h igh cur ren t  
densit ies.  I t  was impossible  for us to rule  out  these 
seven models  ana ly t ica l ly .  Nevertheless ,  i t  can be r e -  
m a r k e d  tha t  scheme 3-D is the  only  model  having  no 
di rec t  in terac t ion  be tween  two in te rmed ia te  species 
Fe* (I)ad and Fe* (II)ad. The resul ts  of numer ica l  s imu-  
la t ion and the value  of pa rame te r s  were  given in P a r t  I. 

As was s ta ted  previously ,  the reac t ion  steps con- 
s ide red  in  the  mode l  a re  of a m in ima l  degree  of com- 
p lex i ty  to in t e rp re t  the expe r imen ta l  resul ts  obta ined  
in this work. For  instance, a two-e lec t ron  t rans fe r  
process is l ike ly  to take  place th rough  at  leas t  two 
steps. However  if one of the  steps is fast  and revers ible ,  
the t ime constant  cannot  be observed exper imenta l ly .  
Fur the rmore ,  if  the  surface coverage by  our i n t e rmed i -  
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Fig. 2. Simulated impedance diagram. E ~ - - 1 . 0V  and J 
4 mA " cm - 2  in the prepassive dissolution domain in pH 5 solution. 
Reactian scheme 3-G, the K6 reaction being self-catalytic. The re- 
action rates are equal to those given in Fig, I # i  ~- 1 �9 10 - s  
mole �9 cm - 2  and Call. = I �9 10 - 4  F �9 cm -:z. 

ate species is small ,  the  pseudocapaci tance  m a y  be of 
the  same order  of magni tude  or smal le r  than  the double  
l ayer  capacity.  Therefore  no expe r imen ta l  proof  for  
this first s tep can be ob ta ined  by  impedance  measu re -  
ments.  

The  react ion steps given for  the  K6 pa th  are  an ex -  
ample  of the s imples t  express ion bu t  different  f rom 
the K2 path.  Wha t  we can ver i fy  by  expe r imen t  is the  
react ion scheme and not  the ind iv idua l  chemical  steps. 
In  par t icu lar ,  only  the in t roduct ion  of a se l f -ca ta ly t ic  
process al lows the separa t ion  of t ime constant  and  cur -  
ren t  flow. 

In  the  s imula t ion  calculat ion,  i t  was found tha t  even 
the s imula t ion  of the s t eady-s t a t e  curve needs the 
potent ia l  dependence  of the so-ca l led  chemical  process. 
Sato and co -worke r  (40) assumed tha t  the dissolution 
of me ta l  hydrox ide  is po ten t ia l  dependen t  and tha t  a§ 
+ ~ -  is equa l  to unity.  On the  o ther  hand, if  the 
react ion occurs through mul t ip le  steps and the  r a t e -  
de te rmin ing  s tep  is different  for  the  f o r w a r d  and  for  
the backward  processes, a+ W ~ -  is no longer  un i ty  
(41). 

F r o m  the 40 schemes examined,  ten were  e l imina ted  
by  s t eady-s ta te  polar iza t ion  curves (A) ,  18 by  the i m -  
poss ibi l i ty  of in te rp re t ing  th ree  induct ive  loops (B),  
and 11 schemes were  e l imina ted  because they  cannot  
p red ic t  d iagrams  such as H4 and F~. Since the  ten 
models  e l imina ted  by  polar iza t ion  curves also cannot  
expla in  th ree  induct ive  loops, the usefulness of e lec-  
t rode impedances  for comparison of models  and  ex-  
pe r imen t  is c lear ly  demonst ra ted .  Only one model  cov- 
er ing wide expe r imen ta l  condit ions is r e t a ined  using 
reasonable  hypotheses.  

Bending of the  poJar izat ion curves  a t  h igh cu r ren t  
densit ies was not s imula ted  wi th  the reac t ion  model  
selected. This may  be in t e rp re t ed  in different  ways:  
another  process begins to occur, the L a n g m u i r  adsorp-  
t ion i so therm is no longer  valid,  or the  Tafel  l aw is 
no longer  valid. Since impedance  d iagrams cannot  be 
p lot ted  with  sufficient accuracy at  these cur ren t  den-  
sities, i t  is no t  posMbIe to examine  these assumpt ions  a t  
present .  

C o n c l u s i o n  

F u n d a m e n t a l  hypotheses  of e lect rode kinet ics  a l low-  
ing t ranscr ip t ion  of the react ion models  into m a t h e m a t -  
ical expressions were  cr i t ica l ly  examined.  The exper i -  
men ta l  impedance  d iagrams showed one h igh- f r equency  
capaci t ive  arc and three  t ime constant  at lower  f re -  
quencies appear ing  as induct ive  or  capaci t ive  loops. 
They are  a t t r ibu ted  in the models, respect ively ,  to the  
double  l aye r  capaci tance in pa ra l l e l  wi th  the t r ans fe r  
res is tance and to the r e l axa t ion  of three  react ion in-  
termediates .  

P rov ided  tha t  the  dissolut ion mechanism th rough  
two consecutive steps imply ing  adsorbed  F e ( I )  r emains  
valid, two adsorbed  in te rmedia te  species could be in -  
t roduced.  Then, 40 different  react ion schemes were  
const ructed as the complete  set of prospect ive  combina-  
tions. I t  is wor th  noting that ,  since ind iv idua l  react ions 
can be di f ferent ia ted  in react ion schemes, a f a i r ly  la rge  
n u m b e r  of models  mus t  be  tested.  The examina t ion  of 
s t eady-s ta te  polar iza t ion  curves a l lowed us to rule  out  
only ten schemes. On the o ther  hand,  the  analysis  of 
impedance  enabled  Us to select  only  one reac t ion  model.  
The procedure  developed in  this work  m a y  be app l ied  
to other  e lec t rochemical  interfaces.  
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LIST OF SYMBOLS 
ad subscript for adsorbed species 
B TafeI slope (V) 
b Tafel coefficient (in 10)/B (V -1) 
Ccu double layer capacitance (F.cm -2) 
C capacitance (F) 
E electrode potential (V) 
F Faraday constant (A.see) 
J current density (A.cm-Z) 

steady-state value of J (A.cm -~) 
Ki forward reaction rate for step i (mole.sec-~) 
K - i  backward reaction rate for step i (mole-sec -1) 
21" number of active sites 
R gas constant (J .deg -1) 
Rt charge transfer resistance (12) 
sol subscript for species in solution bulk 
T absolute temperature (dog) 
Z overall electrode impedance (12) 
ZF faradaic impedance Ior unit surface (12.cm~) 

transfer coefficient 
constant linking 0 and surface concentration 
(mole.cm -2) 

0 fractional surface coverage 
0 steady-state value of 0 

fractional bare surface area, 1 -- z01 
relaxation time constant (see) 
angular frequency (rad.sec -1) 
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Atmospheric Corrosion of Copper and Silver 
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ABSTRACT 

The corrosion rate of copper in  laboratory tests is shown to be a sensitive 
funct ion of relative humidity,  sulfur  dioxide, hydrogen sulfide, ozone, hydrogen 
chloride, and chlorine concentrations. Observed indoor corrosion rates obey 
log normal  statistics over the field populat ion of this study. Also, the observed 
indoor rates correlate reasonably well with the measured reduced sulfur  con- 
centrat ions (H2S, Ss). The corrosion rate of silver is shown not to be humidi ty  
dependent.  Hydrogen sulfide, ozone, chlorine, and hydrogen chloride concen- 
trations substant ia l ly  influence its corrosion rate. The observed indoor rates 
obey log normal  statistics and correlate well with the reduced sulfur  gas 
concentration. In contrast to copper, where indoor rates are 1% of outdoor 
values, silver often corrodes faster indoors than outdoors. Its sensit ivity to sul-  
fur  gases and  insensi t ivi ty to relat ive humidi ty  is proposed as a plausible ex-  
planat ion for these findings. It  is proposed that metallic silver is stable in 
polluted acidic atmospheric envi ronments  and therefore is the dominant  sur-  
face species while Cu~O is present on the surface of copper. The thermochem- 
istry and kinetics of these two surfaces will  control the stabil i ty of silver and 
copper, respectively, in the presence of pollutants.  

Copper and silver are impor tant  functional  materials. 
They are widely used in industr ial ,  commercial, and  
home environments .  Found in their  nat ive state ap- 
proximately  6000 years ago, they are considered noble 
metals. Corrosion of both copper and silver, a common 
problem, can be aesthetically beaut i ful  and f rus t ra t -  
ingly complex. 

Atmospheric corrosion of copper has been studied 
extensively. Reviews by Leidheiser  (I)  and Rozenfeld 
(2), among others (3-5), provide the reader with a 
historical perspective. The major i ty  of these studies 
focused at tent ion on outdoor u rban  corrosion. The 
atmospheric corrosion process is more complex than 
high temperature  oxidation, where theories exist that 
explain reasonably well the observed rates (6). No 
such theory exists for atmospheric corrosion, al though 
attempts have been made to correlate observed outdoor 
rates to sulfate and relat ive humidi ty  levels (7). Water  
vapor, sulfur  dioxide, and hydrogen sulfide have been 
shown to influence the rate of copper corrosion (8-10). 

Silver has been cited as a classical example of a 
mater ia l  that decays by a diffusion-controlled process 
at  ei ther  the a tmosphere-product  interface or in the 
corrosion product  itself (11). Its propensity to tarnish 
is well recognized by scientists and homemakers  alike. 
Sul fur  gases are the dominant  reactive pollutants  
(10, 12); however, some reference is given to humidi ty  
and chlor ine-containing gases as accelerators of corro- 
sion (13, 14). 

The purpose of this paper is to add to the under -  
s tanding of both copper and silver atmospheric corro- 
sion, with par t icular  emphasis given to the corrosion 
response in indoor environments .  We develop the 
quant i ta t ive rate dependence on relative humidi ty  and 
pol lutant  concentrations in  synthetic laboratory en- 
vi ronments  that are not grossly accelerated. The 
results of an indoor test site program in the United 
States are also presented and compared to published 
indoor and outdoor data. The observed rates are 
correlated to pol lu tant  and relat ive humidi ty  mea-  
surements  made concurrently.  This paper is the last in 
a series that has addressed cobalt corrosion (15), nickel 
corrosion (16), the role of water  in atmospheric cor- 
rosion (17), and indoor atmospheric corrosion (18). 

Experiment 
Copper and silver coupons, both greater than 

99.999% pure, were exposed to either laboratory syn-  
* Electrochemical Society Active Member. 
Key words: pollution, failure, reliability, sulfidation, environ- 

ment. 

thesized test envi ronments  or indoor field test sites. 
The total corroding area was 12.9 cm 2. The samples 
were general ly cleaned by a sequence of hot xylene, 
isopropanol, and deionized water  immersions. As- 
received metals corroded at the same rate as the 
cleaned samples; therefore, the above procedure was 
not found to be critical, but  good practice. The coupon 
weight increase to the nearest  microgram was mea-  
sured as a function of time in either the laboratory or 
field environments .  

The weighing accuracy for the laboratory test 
samples was --+0.16 #g/cm 2. This resulted in a 16% 
weighing error for the lowest total weight changes 
measured, 1 ~g/cm 2, and a 0.03% error for the highest 
weight changes measured. The weighing accuracy for 
the field samples was +--0.39 ~g/cm 2. This was equiva-  
lent  to a 16% error in the lowest weight changes re-  
corded and 0.3% in the highest weight changes. 

The laboratory tests were performed in chamber 
environments synthesized from purified humid air 
containing predetermined trace quantities of sulfur 
dioxide (SO2), nitrogen dioxide (NO2), hydrogen sul- 
fide (HzS), chlorine (Cl2), hydrogen chloride (HCI), 
ammonia (NH3), and ozone (03). 

Figure I is a schematic o.f one of the laboratory test 
systems used in this study. In this particular example, 
two chambers run simultaneously from the same cyl- 
inder tank farm and analytic equipment, one for 
general humidity variation and the other for pollutant 
variations. 

The purify of the compressed-air supply was found 
to be very important to insure reproducibility of the 
corrosion rate results. Purification was accomplished 
by a reverse coalescent filter in series with activated 
charcoal and particle filters. These filters removed oil 
mist, pollutants and oil vapors, and residual particles, 
respectively. This combination allowed comparatively 
high flow rates, 50-500 liters/rain, while maintaining 
the background inorganic pollutant concentrations 
equal to or less than 0.9 ~,g/m 3 for SO2, 9.I ~g/m 3 for 
NO2, 0.006 /~g/m 3 for H2S (Ss), 0.05 ~g/m 3 for Cl2 
(HCI), 0.i ~g/m 3 for NH3, and 1 ~g/m 3 for 03. The most 
common problems we encountered in cleaning the air 
were high concentrations of NOx, 03, and oil vapors 
passing through the filter system. The first two are 
typically high in our local urban California environ- 
ment; the oil vapor'comes from the compressor. 

The purified air was proportioned so that some 
would pass over a thermostatically controlled kettle 
containing deionized water for humidification. Humid- 
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Fig. 1. Typical environmental 
test facility used in this study. 
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i ty  control could be main ta ined  at •  (25~ up to 
80% relative humidity.  The relative humidi ty  was 
rout inely  measured by the dew point method (19); 
however, the wet and dry bulb technique was u s e d  as 
a cross check. This was necessary because the labora-  
tory environments  would slowly condense species such 
as sulfuric acid on the gold reflecting surface and yield 
incorrect humidi ty  values. 

Pol lutants  were added to the dry (<5% RH) purified 
air by one of three methods: permeat ion tubes (20), 
rotameters from 0.1% by volume pol lutant  in a high 
pur i ty  N2 cylinder, and porous plug flowmeters (21) 
from 1% by volume pol lutant  in high pur i ty  N2 cylin-  
ders. All three methods were acceptable for shor t - te rm 
tests of the order of two weeks, but  the porous plug 
flowmeters were the most reliable over l o n g  periods 
and not restricted to certain pollutants.  Rotameters 
required constant  attention. Reliable permeation tubes 
are only available for a l imited number  of pollutants. 
SO2, H2S, and CI2 permeat ion tubes were found satis- 
factory for our shor t - term tests. Our objective was to 
control pollutants  to •  of the desired concentra-  
tion. 

The pol lu tant -conta in ing  dry air was premixed with 
the humid air before en t ry  into the chambers. The 
construction materials  of the gas-handl ing system 
downstream from the meter ing valves was Pyrex 
glass, Plexiglas, and Teflon. These materials el iminated 
system failures due to corrosion and minimized adsorp- 
tion losses of the pollutants that are common to other 

cylinder tank farm 

construction materials.  The atmospheric exchange 
rate varied from 3/rain for the larger chambers to 6/ 
min for the smaller chambers. 

The dependence of corrosion rate on pol lutant  con- 
centrat ion was measured in special mult iple  compart-  
ment  Plexiglas chambers that permit ted up to five 
different concentrations by serial addition of the pol- 
lu tant  being studied (Fig. 1). All other pollutants and 
relative humidi ty  were fixed at the input  levels. This 
proved a very efficient and simple way to obtain Sig- 
nificant quanti t ies of data. This technique minimized 
problems associated with chamber reproducibili ty.  

The pol lutant  concentrations were measured near  the 
samples by the techniques summarized in Table I. The 
acidic chlorine gases, tIC1, and C12, as well as H2S, 
could not be measured cont inuously because of the low 
concentrations. Integrat ing methods were developed 
for these gases. The actual choice of inorganic pollu- 
tants for this study was based on either reported prob- 
lems associated with the pol lutant  or its presence at 
high levels in u rban  atmospheres. Graedel and 
Schwartz have reviewed both pollutants  and problems 
(29). The pol lutant  concentrat ions in the laboratory 
tests were chosen to be similar to u rban  levels but at 
the 99%-99.9% upper end of the distr ibution function. 
Table I summarizes the rat ionale for pol lutant  selec- 
tion and typical ranges in indoor and outdoor envi ron-  
ments. 

The field site tests were performed in  specially de- 
signed flow control modules that  pulled the ambient  
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Table I. Inorganic pollutants used in this study, typical indoor 
and outdoor ranges, analytic methods, and rationale for selection 
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Typical outdoor 
Pollu- range (~g/m a) 
tant gas (18, 29) 

Typical indoor 
range (/Lg/m s) 

(18) Analytic methods Rationale for selection 

SOs 3-183 1-40 

NOs 20-160 3-60 

HsS 1-36 0.2-1 

Os 10.90 7-65 

HCI 0.3-5 0.00-0.3 

Cb Less than 5% of HC1 levels  0.4)04-0.015 
except  where  local CI,~ 
source exists 

NHa 6-12 10-150 

Flame photometric, (continuous) 
(22), West Gaeke (23) (peri- 
odic) 

Chemiluminescence, (continuous) 
(24), Saltzman (periodic) (25) 

Lead acetate tape sampler with  
prefilter (periodic) (26) 

Chemiluminescence (continuous) 
(27) 

0-tolidine densitometry (period- 
ic), AgNOs titration (periodic) 

Same as above 

Chemiluminescence (continuous) 
(28) 

Major pollutant, known to attack 
many metals. Forms acidic sur- 
face 

Major pollutant, known to attack 
Co, Ni, and Fe (18) 

Stress corrosion accelerator, 
known to attack Cu and Ag 

Major pollutant, degrades poly. 
mers and accelerates oxidation 
of H2S, NOe, and SO3 

Destabilizes passive films by lat- 
tice impregnation and acid dis- 
solution 

Same as above 

Major pollutant, forms complexes  
with  Cu and Ag, forms basic 
surface 

indoor air over the samples at 2.5 m/sec parallel to the 
surface. The location and characterist ics of the eight  
indoor  test sites in this s tudy are given in Table II. 
Samples  were  re turned  af ter  6, 12, and 18 month  
exposure and reweighed af ter  removing  benzene 
soluble organic deposits. These organic deposits gen-  
e ra l ly  were  only 10%-20% of the inorganic weight  
gain; however ,  for a few samples they were  com- 
parable. Pol lu tant  and humidi ty  measurements  were  
concur ren t ly  measured  at  six of the eight  sites. This 
data has been summarized previously,  as has the high 
resolut ion x - r a y  photoelectron spectroscopic analysis 
of the corrosion product  on the samples re turned  af ter  
18 months (18). 

Results and Discussion 
Relative humid i t y . - -The  corrosion rate, r, depen-  

dence on re la t ive  humidity,  RH, for both copper and 
si lver  in two complex test envi ronments  are shown in 
Fig. 2. Pol lu tant  concentrat ions in these tests are  
l isted in Table III. The rates are the ini t ial  l inear  ra te  
constants. These were  chosen because the total  weights 
are more representa t ive  of the field measurements .  
These rates wil l  genera l ly  overes t imate  the amount  of 
weight  increase for long test times; however ,  the same 
general  dependence on atmospheric variables will  be 
observed. Figure  3 shows representa t ive  weight  gain 
vs. t ime curves at various re la t ive  humidit ies  for 
copper. 

The  difference be tween  copper and si lver is r em ark -  
able. The corrosion rate  of copper is s t rongly dependent  
on re la t ive  humidity.  The approximate  equat ion re la t -  
ing ra te  and re la t ive  humidi ty  is r : 0.042 exp 4.6RH 
for  env i ronment  A with  a correlat ion coefficient equal  
to 0.97. Env i ronment  B results in a rate  that  is more  
sensit ive to RH. These results  are  genera l ly  in agree-  
men t  wi th  the work  of Vernon (8) and others (1-5) at 
h igher  pol lutant  concentrations. Corrosion rates could 
be measured  over  the ent ire  range of RH's  studied. 
There was no "cri t ical  humidi ty"  in an absolute sense. 
At  high SOs concentrat ions or  in SO2 environments  
only, whe re  equi l ib r ium wi th  sulfate  surface products 

Table II. Field site physical characteristics 

Air  
Outdoor condl- 

Site Location environment tioned 

1 Los Angeles, CA Urban Yes 
2 Chicago, IL Urban Yes 
3 Manhattan, Urban Yes 

New York City 
4 Houston, TX Industrial /  Yes 

rural 
S North Indiana Industrial Yes 
6 South Carolina Industrial Yes 
7 New Jersey Industrial No 
8 New Jersey Industrial No 

Table III. Composition of the complex accelerated laboratory 
test environments. (T -" 25~ v = 0.36 M/sec) 

Concentration (~g/m~) 

Pollutant Environment A Environment B 

SO= 810 860 
NOs 940 990 
Os 334 0 
IVi'Is 0 0 
Clg 8.6 8.4 
HCI 0 16.8 
H~S 21 54 

or condensed sulfuric acid controls the amount  of ad-  
sorbed water,  the idea of a cri t ical  humidi ty  may be 
useful. For  complex environments,  care must  be taken 
in using the crit ical  humidi ty  concept wi thout  a pre-  
cise unders tanding of the corrosion products. The 
atmospheric  corrosion mechanism for copper is e lectro-  
chemical  wi th  the wa te r -po l lu tan t  chemistry providing 
the med ium for ionic mobi l i ty  and surface product  dis- 
solution. There are  many  surface reactions that  are 
thermodynamica l ly  favorable  for copper oxidation. 

Silver,  unl ike copper, shows no significant ra te  de-  
pendence on re la t ive  humidity,  r ---- 0.37 exp 0.13RH, in 
these complex environments .  This is evidence that  
aqueous e lectrochemical  in termedia tes  have  different 
roles in the mechanism of si lver and copper corrosion. 
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Fig. 2. Corrosion rate of copper and silver vs.  relative humidity 
in two test environments. 
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Fig. 3. Weight gain vs. environment B test exposure time for 
copper at various percentage relative humidities. 

Direct  chemical  attack of si lver metal  by sulfur or H2S 
is a plausible explanat ion of the observed results. We 
use the lack of a rate  dependence on re la t ive  humidi ty  
to explain the s imilar i ty be tween its indoor and out-  
door corrosion rates. These results contradict  reported 
si lver corrosion rate models that  assume a re la t ive  
humidi ty  dependence (13-14). 

P o l l u t a n t s . - - A  series of tests was per formed at 70% 
RH (25.0~ with  a single pol lutant  as the controlled 
var iab le  e i ther  in the absence of o ther  pollutants  or  
wi th  other  pollutants present. The purpose of the tests 
was at min imum to yield engineering information about 
each pol lutant  and hopeful ly  some insight into mecha-  
nisms. A summary  of the rate  data at various pol lutant  
concentrations is given in Table IV for both metals. We 
will  discuss each pol lutant  and its influence on the 
corrosion rate. 

SulJur  d iox ide . - -Su l f u r  dioxide is a common pollu-  
tant  produced by fossil fuel  dombustion. I:t has been 
studied from both a heal th and corrosion point of view. 

A great  deal of effort and money has  been expended to 
reduce its urban concentration. It is readi ly  soluble in 
wate r  and reacts wi th  it  to form sulfurous acid. Fu r -  
ther  oxidation yields sulfuric acid. The mean outdoor 
urban  site SO2 concentrat ion was 17.6 ~g/cm 8 for 8 4 0  
monitor ing stations reported by the U.S. Environmenta l  
Protect ion Agency in 1975 (30). Significantly higher  
values can be exper ienced on the average at a few sites 
or for short periods of t ime at any given site. The mean 
indoor concentrat ion of SO2 is 12.2 /~g/m 8 (18). The 
reader  is re fe r red  to reviews on the atmospheric chem- 
is try of SO2 for background informat ion (31). 

Sul fur  dioxide is known to increase the rate  of cop- 
per  corrosion at h igher  RH's (8). The mechanism is 
still  an issue. Vernon (8), as wel l  as the authors (15, 
16), propose tha t  SO2 influences the local anodic pH 
sufficiently to cause increased oxide dissolution and, 
hence, an increase in corrosion rate. Sulfurous acid 
would be the dominant  acid species on the surface 
because it  is s imply formed by react ing with one water  
molecule. Rozenfeld has proposed that  SO2 enhances 
the rate by depolarizing the cathodic region of the 
surface (2). 

The equi l ibr ium of gaseous SO2 with l iquid wate r  
and sulfurous acid yields a pH between 3 and 4 for the 
part ial  pressures in this study. The condensate of te~t 
env i ronment  A had a pH ---- 3.75. If sulfuric acid was 
the resul tant  product, which is thermodynamica l ly  
favorable,  the pH would be ex t remely  low and very  
corrosive. Some metals  do indeed catalyze the fo rma-  
tion of sulfuric acid (32). 

The copper and si lver corrosion ra te  dependence on 
SO2 part ial  pressure is shown in Fig. 4. The rate  was 
measured in environments  containing SO2 as the only 
pol lutant  and in environments  containing the back- 
ground levels of envi ronment  A in Table III. The rates 
measured under  these two conditions are ' labeled S and 
M, respectively.  The rates, r, were  fit to an equat ion of 
the fo rm r = A C  n where  A and n are constants and C 
is the pol lutant  concentration. 

Table IV. Summary of copper and silver corrosion rates, in ~j/cm 2 hr, at various pollutant 
concentrations. C is the poJlutant concentration in ,u@/cm~, while Cu and Ag are used to identify the 

rates for copper and siNer, respectively, n and A are the coefficients in the expression e = AC n 
for each pollutant. C.C. is the correlation coefficient which represents the quality of the data fit to the 

analytic expression. 

SO~* C 
Cu 
Ag 

S02 * �9 C 
Cu 
Ag 

HaS* C 
Cu 
Ag 

H~S* * C 
Cu 
Ag 

H2St C 
Cu 
Ag 

CI~* C 
Cu 
Ag 

CL~* * C 
Cu 
Ag 

Clot C 
Cu 
Ag 

He1 *" C 
CU 
Ag 

NO=* C 
Cu 
Ag 

O3" C 
CU 
Ag 

NH3" C 
Ca 
Ag 

0 39 118 786 1415 n 
0.56 0.87 1.08 2.62 2.76 0.36 
0.061 0.054 0.058 0.056 0.059 0.015 

50 152 299 n 
0.0042 0.0063 0.0075 0.33 
0.0029 0.0032 0.0039 0.16 
0 7.9 20 66 328 n 
0.77 1.24 1.68 1.88 4.08 0.30 
0.104 0.060 0.085 0.143 0.462 0.55 
2.62 6.50 14.4 n 
0.0026 0,0032 0.013 0.93 
0.015 0.017 0.019 0.14 
4A2 11.5 22.4 n 
0.039 0.050 0.071 0.36 
0.0042 0.0~71 0.0079 0.40 
0 87 29 116 290 n 
1.26 1.21 1.43 1.22 1.27 0 
0.052 0.057 0.049 0.073 0.097 0.17 
7.83 16,5 25;2 n 
0.113 0.166 0.244 0.64 
0.015 0.029 0.050 1.01 

70 11.9 20.3 n 
0,060 0.15 0.216 1.20 
0.011 0.021 0.022 0.65 
2.47 4.93 7.40 n 
0.065 0.10 0.13 0.63 
0.019 0.021 0.023 0.17 
0 Z6 102 376 1316 n 
1.15 1.18 1.41 1.46 1.78 0.097 
0.069 0.068 0.080 0.057 0.067 - 0.03 
0 27 98 330 980 n 
0.26 0.47 0.75 1.62 1.15 0.29 
0.054 0.050 0.057 0.058 0.163 0.29 
0 2.1 6.7 35 139 n 
1.59 1,99 1.77 1.75 1.48 - 0.06 
0.041 0.032 0.040 0.289 0.710 0.8 

A 
0.22 
0.052 
A 
0.001 
0.0015 
A 
0.63 
0.017 
A 
0.00087 
0.013 
A 
0.022 
0.0024 
.4. 
1.29 
0.035 
A 
0.029 
0.0018 
A 
0.0063 
0.0034 
A 
0.037 
0.016 
A 
0.87 
0.079 
A 
0.20 
0.016 
A 
2.67 
0.014 

C.C, 
0.99 
0,65 
C.C. 
0,996 
0 ,95  
C.C. 
0.97 
0.99 
C.C. 
0.90 
0.999 
C.C. 
0.98 
0.97 
C.C. 
0 
0.85 
C.C. 
0.99 
0.994 
C.C. 
0,97 
0.89 
C.C. 
0.999 
0.993 
C.C. 
0.97 
0.36 
C.C. 
0.85 
0.82 
C.C. 
0.94 
0.985 

* The reference background environment 
"" No other pollutants were present. 
t HC1 gas was present at 1.46 ~g/m s. 
* SOs gas w as  p r e s e n t  at  47 #g/m ~, 

was A in Table III. 
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For eopper~ the exponent  for both envi ronments  was 
close to 0.35. The correlat ion coefficients were equal to 
or greater  than  0.99. A value of •  is a perfect fit 
while zero indicates no correlation. In  this case, the 
equation is an excellent  approximat ion of the data. If 
we assume, as we have proposed earl ier  (15, 16), that  
SO2 controls the surface pH and, hence, oxide stabil i ty 
(dissolution) by  the reaction 

SO2 -t- H20 (ad) -- H2SO~ (surface) 

-- H + + HSOs-  (surface) 

then we would expect n ----- 0.5. For Co and Ni, this is 
the case; however, for Cu the reaction is more complex. 
It  is clearly less sensitive to SO2 concentrat ion changes. 
One possible explanat ion is that  copper catalyzes the 
formation of sulfuric acid 

SO~ (g) + H~O (ad) -t- 1/2 O2 (g) = H2SO4 (surface) 

= 2H + -1- SO4- (surface) 

which is a much stronger acid; PKH2so4 = --3, +1.9 
and PKH2so3 -" 1.8, 7.2 The equi l ibr ium concentrat ion 
of hydrogen ions from the above equat ion is 

[H + ] = Psosl/3Po2~/~aH2oZ/~K~/~ 

At fixed Po2 and aH~O, the rate will  depend on Psoe 0.~ 
if we assume that  the corrosion rate is l inear  in the 
concentrat ion of hydrogen ions (33). Even if the sur-  
face were saturated in  CuSO~, the SO4= concentrat ion 
would not suppress the ionization of H~SO~ significantly 
and the Pso2 o.33 dependence would be predicted. This 
clearly implies that the dissolution rate of a surface 
oxide, such as Cu.~O, controls the overall  copper corro- 
sion rate. 

Silver showed comparat ive insensi t iv i ty  to SO~. In  
the complex env i ronment  n = 0.015 while in  the simple 
SO2 env i ronment  n -- 0.16. Reaction of silver with SOe 
to form concurrent ly  sulfide and oxide is not thermo-  
dynamica l ly  favorable,  ~G ~ = +57 kcal/mole.  The 
production of a sulfate is, however, feasible, aG ~ _--- 
--4 kcal/mole.  The rat ional izat ion of the magni tude  of 
n is not clear. The observation that silver corrosion is 
insensit ive to SOe is consistent with its resistance to 
dilute sulfuric acid. Copper will corrode forming Cu + + 
in  dilute sulfuric acid that  contains oxygen. It is also 
impor tan t  to note that  for both metals, the more com- 
plex env i ronment  showed significantly higher rates at 
a fixed SO2 concentration. This demonstrates t h a t  
other pol lutants  act either synergist ical ly or ind iv idu-  
al ly to enhance the rates, a fact that  is repeatedly 
demonstrated in the remain ing  sections of this paper. 
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Fig. 4. Corrosion rate of copper and silver vs. sulfur dioxide con- 
centration (70% RH, T = 25~ Arrows indicate appropriate 
scale. S and M refer to 502 only and the more complex reference 
environment A (Table III), respectively. 

It  is interest ing to compare this behavior  of the 
metals in  atmospheric corrosion with their  chemistry 
in  bulk  aqueous solutions. In  neu t ra l  a i r -sa tura ted  
solutions, the surface of copper will be covered with 
a layer  of Cu20 with a comparat ively thin CuO layer  
at the solution interface. Silver will  be immune  from 
corrosion in this neu t ra l  environment .  

If SO2 is introduced, the pH will fall. The CuO will 
dissolve exposing Cu20. This compound will remain  
comparat ively stable and protect copper unt i l  the pH 
reaches 3-4 where  significant dissolution wil l  begin. In  
the presence of other atmospheric species which com- 
plex Cu + or form compounds, such as CuC1, the pro- 
tection is less good kinetically.  In  the case of silver, 
the metal  is thermodynamical ly  stable with respect to 
Ag+ at lower pH. Presenta t ion of a sulfiding species 
at the Ag surface will result  in sulfidation. Attack by 
chloride-containing species and complexing agent can 
also be facilitated by the presence of metall ic silver. 
The difference in  the surface of the two metals due to 
the different solubil i ty of the oxides will  profoundly 
affect the kinetics of metal  oxidation and of the de- 
polarization reaction which is probably  oxygen reduc- 
tion. 

Hydrogen su[fide.--Hydrogen sulfide is produced by 
fossil fuel combustion, vegetation decay, and geological 
activity. It  is sl ightly soluble in  water  and forms a 
weak acid. It  causes sulfiding of both copper and silver 
in  the presence of oxygen. It can be oxidized by species 
like 02 and C12 to free sulfur, a reactive form of sulfur. 
Typical H2S concentrations in u r ba n  areas are 1 ~g/ 
m 3 (18); however, significantly higher concentrations 
have been reported in  some u rban  areas where local 
sources such as paper mills exist (8, 29, 34). Indoor con- 
centrat ions are not significantly less than outdoor 
levels. 

Figure 5 shows the copper and silver corrosion rates 
vs. the I-I2S part ial  pressure in three different reference 
conditions: M, the complex env i ronment  A in Table III, 
S, the H2S pol lutant  only environment ,  and HC1, an 
envi ronment  with HC1 at 1.46 #g/m 8. The corrosion 
rates of both metals are significantly influenced by the 
HuS part ial  pressure. Copper exhibits a monotonic in -  
crease in rate when going from a simple to a complex 
environment .  The values of n are 0.9, 0.4, and 0.3 for 
the S, HC1, and M environments ,  respectively. The 

10.0 

t -  
O4 
E 

1.0 

8 

0 . 1 -  
r 

0 

3,_ 
0 

0.01 
0 

[3 

Cu ( M ) ~ . , ~ "  

z x ~  Cu(HCI) 

E ~  m~Do ~ m  

Ag (S) j C u ( S )  

A~iHCI) 

I I 
10 100 

H2S concentration (/~g/m 3) 

1.0 

i_ 

O4 
E 

0.1 

0 

0.01 

0.001 

Fig. 5. Corrosion rate of copper and shyer vs. hydrogen suTfide 
concentration. M is the mulfipollutant environment A, S is the 
single pollutant environment, HCI is the environment with the HCI 
concentration fixed at 1.45 ~g/m 3 with no other pollutants except 
H2S. The arrows identify the appropriate scales (RH = 70%, T =- 
25~ 



280 J. E[ectrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  February I98I 

mechanism of corrosion mus t  change signif icant ly as 
indica ted  b y  these compara t ive ly  large  changes in n. 
The ra te  dependence  in the  s imple env i ronment  can be  
expla ined  by  a control l ing surface process such as 
diffusion of H2S to the surface or oxidat ion  of H2S by 
O2 to a reac t ive  sulfur  species accompanied  b y  a r ap id  
diffusion process in the developing corrosion product .  
E i the r  of these r a t e - con t ro l l i ng  processes resul ts  in a 
l inear  dependence  of surface act ive concentra t ion on 
H2S. This s tates  tha t  n = 1 which is close to the ob-  
served value  of 0.9. The corrosion produc t  in the pol-  
lu ted  H~S envi ronment  is Cu~S and adds p laus ib i l i ty  
to a s imple sulfiding process. Appl ica t ion  of Wagner ' s  
model  (35) wi l l  not  expla in  the  sulfiding ra te  depen-  
dence on H2S. It  would  y ie ld  a less sensi t ive depen-  
dence on H~S. 

The more  complex  test envi ronment ,  M, resul ts  in a 
less sensi t ive funct ion of ra te  on H2S concentra t ion 
n _-- 0.3. The corrosion products  are  more  complex 
consist ing of hydroxide ,  oxide,  sulfate,  and chlor ide  
combinat ions wi th  l i t t le,  i f  any,  sulfide. Hydrogen  
sulfide mus t  then enhance the r a t e  of corrosion b y  a fa r  
more  complex process. In  an independen t  expe r imen t  
a s t rong posi t ive synerg i sm of H2S (1335 ~g /m s) a n d  
SO~ (2980 ~g/mS) was demons t ra ted  on the ra te  of c o p -  
per  corrosion wi th  a resu l tan t  CuSO~ �9 5H20 product .  
No sulfides were  detected.  The H2S m a y  cata lyze the 
oxidat ion  of copper  fol lowed by  rap id  sulfurous acid  
attack.  These are  pu re ly  speculat ive  mechanisms and 
more  de ta i led  exper iments  a re  needed to test  the 
hypothesis .  

Si lver ,  in cont ras t  to copper,  shows the lowest  cor-  
rosion in the HCl-conta in ing  r e f e r e n c e  environment ,  
fol lowed by  the s imple H2S and complex reference  
conditions. The presence of an AgC1 surface produc t  
m a y  inhib , t  sulfidation. The exponent  n for s i lver  is 
0.14, 0.4, and 0.55 for  the  S, HC1, and M environments ,  
respect ively.  The corrosion product  in env i ronment  A 
(M) at  the  highest  H2S level  tested, 328 #g /m  ~, as 
measured  b y  XPS was Ag2S wi th  t race  quant i t ies  of 
hydrox ide  and sulfate.  Chlorides were  detected,  in 
addi t ion  to the above products ,  when this env i ronment  
had H~S at  the lower  concentra t ion of 20 ~g /m ~. 

The  mechanism of s i lver  sulfidation in the  H2S en-  
v i ronment  is different  t han  copper.  It would  be t empt -  
ing to propose tha t  the Wagner  model  fits the  data. 
This is, however ,  not  the case, because, first, the  
kinetics were  l inear  at  each H~S concentra t ion  as 
shown in Fig. 6 and, second, a s imple defect  diffusion 
model  would pred ic t  n = 0.25 if  the equ i l ib r ium c o n -  
centra t ion  of cat ion vacancies control led  the rate.  

Acidic chlorine gases.--The acidic chlor ine gases 
considered in this s tudy  a re  HC1 and CI~. These are  
produced  in  u rban  envi ronments  b y  fossil fuel com-  
bustion, synthet ic  product  incinerat ion,  purif icat ion of 
water ,  and sa l t  sp ray  in teract ion wi th  secondary  
photochemical  pol lutants .  Typical  levels  in u rban  en-  
v i ronments  range  f rom 0.1 to 5 ~g /m s, a l though ve ry  
~ittle da t a  has been publ i shed  (29). Hydrogen  chlor ide  
is es t imated  to be the  dominan t  acidic chlor ine  gas in 
the env i ronment  (36). tIC1 is h igh ly  soluble in water .  
The presence of C1- is a known accelera tor  of elec-  
t rochemical  corrosion for many  mater ia ls .  The pH of  
a solut ion in equ i l ib r ium wi th  4 ~g /m s of HC1 gas is 
app rox ima te ly  1. This is a typica l  concentra t ion for 
our  test  and at  the upper  bound of observed values  in 
u rban  environments .  The equi l ib r ium pH for 4 / ,g/m s 
of CI~ is 5. 

F igure  7 summarizes  the s i lver  and copper corrosion-  
ra te  dependence  on Cl2 in a mixed  reference envi ron-  
ment,  and s ingly  po l lu ted  envi ronments  containing 
e i ther  HC1 or  C12. Copper  ra tes  increase  signif icantly 
wi th  an increase  in HC1 and Cl2 pa r t i a l  pressures  in 
the  s ingle poI lu ted  environments .  The ra te  depends on 
the 0.63 power  of the po l lu tan t  pressure.  In the com- 
p lex  env i ronment  M, l i t t le  influence is observed.  The  
presence of a high concentra t ion of SOu and H2S m a y  
dominate  the  process. Clearly,  SO~ wil l  resu l t  in a 
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Fig. 6. Weight gain of silver vs. test time for various 'H2S con- 
centrations in environment A (Table III). 

much lower  surface pH and mask  the influence of C12. 
Si lver  is most sensi t ive to CI~ alone, showing an ex-  
ponent  in the  ra te  dependence  on Pc1 of 1.01. The other  
two envi ronments  had an exponent  equal  to 0.17. 

Nitrogen dioxide.--Nitrogen dioxide  is a secondary  
pol lu tan t  of photochemical  smog and is also produced 
in combust ion processes. I t  is typica]]y found at  a con- 
cen t ra t ion  of 44 ~g/m ,~ in u rban  centers  (37). Its direct  
or  acidic contr ibut ion to corrosion problems has not  
been repor ted;  however ,  n i t ra te  par t ic les  fo rmed  in the 
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a tmosphere  have caused e lect r ic  contact  fa i lures  (38). 
Ni t rogen  d ioxide  is a precursor  to n i t rous  and ni t r ic  
acid, bu t  the  kinet ics  a re  slow. 

Nei ther  copper  nor  s i lver  corrosion ra te  was signifi- 
can t ly  affected b y  an increase  of NO2 levels  in the  test  
env i ronment  A over  the concentra t ion  range  0-1316 
~g /m 8. 

Ozone.--Ozone, 08, is p roduced  in photochemical  
processes as wel l  as b y  na tu ra l  and anthropogenic  
e lec t r ica l  discharges.  Urban  concentrat ions  are  gener -  
a l ly  in  the  range  of 10-115 # g / m  8 (39). I t  is wel l  
recognized tha t  ozone a t tacks  carbon double  bonds and 
degrades  rubber .  The influence of ozone on meta ls  has 
not  been  wel l  documented.  I t  m a y  d i rec t ly  influence 
the ra te  of oxidat ion;  however ,  pure  oxygen oxida t ion  
is not  gene ra l ly  considered a p rob lem in u rban  ma te -  
r ia ls  corrosion. 

The corrosion ra te  dependence  of copper  and s i lver  
on ozone pa r t i a l  p ressure  in  the  mul t ipo l lu ted  env i ron-  
men t  A is shown in Fig. 8. The corrosion of both  meta ls  
is s ignif icant ly influenced by  ozone. This  m a y  be ex -  
p la ined  for  s i lver  as an increased oxida t ion  of H2S to 
form sul fur  which  reacts  r ead i ly  wi th  Ag. Recal l  tha t  
s i lver  corrosion i s  ve ry  sensi t ive to H2S. For  copper,  
ozone may, in addi t ion  to the above mechanism,  en-  
hance ox ida t ion  of  SO2 to SOd, fol lowed by  the fo rma-  
t ion of sulfur ic  acid on the copper  surface,  a reac t ive  
acid in  the presence of oxygen.  

Photoe lec t ron  spectroscopy of the high level  O~ 
corroded s i lver  surface shows equal  amounts  of both  
sulfa te  and  sulfide which  suppor ts  the a rgumen t  tha t  
the  O~ can enhance the oxida t ion  of SO2. 

Ammonia . - -Ammonia  is produced b y  decaying  vege-  
tation, as wel l  as by  m a n y  anthropogenic  sources. I t  is 
found at  typ ica l  levels  of 6-12 ~g /m 8 in u rban  areas  
(40). Ammon ia  complexes  of copper  and s i lver  a re  
common. This ab i l i t y  to complex  m a y  cause significant 
accelera t ion  in the  corrosion of these metals .  The pH 
of aqueous solutions in equ i l ib r ium wi th  the NH3 
pa r t i a l  pressures  in  this s tudy  are  ve ry  basic. 

F igu re  8 shows copper  and s i lver  corrosion ra tes  vs. 
ammonia  concentra t ion in the complex  mul t ipo l lu ted  
environment .  The ra te  of copper  corrosion is inhib i ted  
whi le  s i lver  shows a significant weight  increase.  The 
NI-Iz mus t  act to increase  the pH on copper  surfaces 
ra the r  than  accelera te  the dissolut ion ra te  by  complex 
formation.  Analys i s  of the whi te  corrosion produc t  on 
s i lver  showed ammonium chlor ide  wi th  significant 
quant i t ies  of si lver.  S i lver  was a good ca ta lys t  for  the 
ammonia  and chlorine react ion to form solid NH4C1. 
This is a t he rmodynamica l ly  favorab le  react ion at  the 
chamber  condit ions where  NI-Ia was present .  For  
example ,  a t  9 #g /m  s of HC1, the  NI-I~ vapor  pressure  in 
equ i l ib r ium wi th  NI-I4C1 (s) is 16 ~g /m 3. At  pressures  
h igher  than this, we expect  NH4CI precipi ta t ion.  Table  
IV indicates  tha t  for an NI-I3 concentra t ion  be tween  6 

10.0 

d 
5 

m 
~1.0 

8 

8 

0.1 

s,- 11.o 

s~O I 
o. S SSS c~ 

Cu{NH3 ) S S I 

SS S 0.1 
�9 ~ 

S _ 
b5 

I I 0.01 
10 100 1000 

Ozone/ammonia concentration (#g/m 3) 

Fig. 8. Copper and silver corrosion rate vs .  ozone and ammonia 
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and 35 ~g /m 3 the NH4C1 prec ip i ta t ion  begins in  good 
ag reemen t  wi th  the above  calculations.  

Indoor corrosion.--Extensive work  has been d i rec ted  
to under s t and  the magn i tude  and mechanism of copper  
corrosion in outdoor  u rban  and mar ine  environments .  
The Amer ican  Society  for Test ing Mater ia ls  has coor-  
d ina ted  much of the work  on the Nor th  Amer ican  
Cont inent  and  summar ized  the researchers '  work  in a 
mul t i tude  of publ icat ions  (41-45). Gu t tman  and Sereda  
have made  an a t t empt  to corre la te  observed  rates  wi th  
a tmospher ic  pa rame te r s  (7). Su l fur  dioxide (sulfate  
par t ic les)  and wa te r  vapor  ( t ime of wetness)  were  the 
most  impor t an t  pa ramete rs ;  however ,  the  corre la t ion  
was not  great.  The outdoor  corrosion of s i lver  is not  
wel l  documented bu t  is recognized as a problem.  

The indoor  corrosion of mate r i a l s  has received less 
at tent ion,  because in most  appl icat ions  it is an insig-  
nificant problem.  This is not, however ,  the  case for the  
electronics industry.  The in t eg r i ty  of  microconductors ,  
contacts, cables, semiconductors,  and memories  is an 
in tegra l  and  impor t an t  considera t ion for re l i ab i l i ty  in 
indoor  environments .  We wil l  compare  the indoor  cor-  
rosion ra tes  of copper  and s i lver  with the extens ive  
outdoor  data. Fur the rmore ,  we  wil l  cor re la te  the ob-  
served  indoor  rates  to a given pol lutant ,  reduced  
sulfur.  

Table  V summarizes  the indoor  copper  ra tes  in this 
s tudy  (the first e ight  s i tes) ,  o ther  r epor ted  indoor  
rates,  and outdoor  rates.  The ra tes  are  r epor ted  as 
weight  gain pe r  square  cen t imete r  pe r  hour. We had 
in some cases to convert  the  o the r  researchers '  rates,  
obta ined  by  cathodic reduct ion  or weight  loss measu re -  
ments,  to weight  gain by  e i ther  use of the r epor ted  
products  or by  an es t imate  of the products.  Tab le  VI is 
a s imi lar  s u m m a r y  for silver.  

Al l  of the  indoor  da ta  were  used to fit to a log normal  
d is t r ibut ion  function over  the 35 sites for copper and 
25 sites for  silver.  The s ta t is t ical  s u m m a r y  is given in 
Table  VII. This includes the ra te  at  var ious  cumula t ive  
percentages  of the  populat ion,  the s tandard  geometr ic  
deviat ion,  corre la t ion coefficient, and  sample  size. A 
s imi lar  analysis  is repor ted  for the outdoor  da ta  in 
Table VII. 

Examina t ion  of these resul ts  demons t ra tes  tha t  the 
log normal  d i s t r ibu t ion  is a good fit of the data.  Also, 
copper  is shown to corrode indoors  at  app rox ima te ly  
0.01 the ra te  outdoors,  whi le  s i lver  corrodes more  
r ap id ly  indoors  than  outdoors  by  a factor  of two or  
three. We propose that  s i lver 's  compara t ive  insens i t iv-  
i ty  to re la t ive  humid i ty  accounts for the s imi la r i ty  in 
indoor  and outdoor  rates.  The presence of indoor  
sources of H2S and Ss m a y  account  for  the h igher  in-  
door levels.  The corrosion ra te  of copper shows a much 
more  pronounced humid i ty  dependence  and, hence, 
upper  ex t remes  of outdoor  humid i ty  wil l  cause i t  to 
corrode signif icantly fas ter  than  indoors.  

The pol lu tan t  measurements ,  as wel l  as the re la t ive  
humid i ty  for  six of the e ight  indoor  sites in this s tudy,  
have been summar ized  in a previous  r epor t  (18). The 
reduced sulfur  concentrat ion,  which consists of the 
sum of I-I2S and free sulfur,  was the best  indica tor  of 
the indoor  env i ronmenta l  sever i ty  t oward  both copper  
and silver.  F o r  example ,  if  we combine our  copper  da ta  
wi th  tha t  of Vernon (8), the  resul t ing  ra te  in #g/  
cm2hr vs. reduced  sul fur  concentra t ion  in ~g /m a is 

r = 0.00211 [Sx] -F 0.00054 

wi th  a cor re la t ion  coefficient equal  to 0.995. F igure  9 
shows the results .  Fo r  s i lver  the  equat ion is 

r = 0.00423 [Sx] 0.38 

wi th  a cor re la t ion  coefficient equal  to 0.91. Both of 
these equations mus t  be r ega rded  as empir ica l  fits. 
Examina t ion  of the l abo ra to ry  da ta  would  c lear ly  in-  
dicate that  many  pol lu tants  are  opera t ive  and c i rcum- 
stances may  occur tha t  make  reduced sul fur  an insig-  
nificant pol lutant .  
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Table V. Copper atmospheric corrosion rates 
(Aft corrosion rates were converted to weight gain) 

Corrosion rate 
Location Type of environment (~g/cm ~ hr  • 104) Method* Ref. 

Indoor 

Los Angeles, CA Air conditioned-comp, rm. 13.9 WG (18) 
Chicago, IL Air conditioned-comp, rm. 15.3 WG (18) 
New York, NY Air conditioned-comp, rm. 20.3 WG (18) 
Houston, TX Air conditioned-comp, rm. 5.49 WG (18) 
North era Indiana Air condit.:oned-eomp, rm~ 42.6 WG (18) 
South Carolina Air conditioned-comp, rm. 94.1 WG (18) 
New Jersey Industrial work area 29.2 WG (18} 
New Jersey Industrial work area 62.7 WG (18) 

New York, NY Urban indoor-no A.C. 17.2 WG (10) 
New York, NY Urban indoor-no A.C. 18.4 WG (10) 
Buffalo, NY Urban indoor-no A.C. 10.7 WG (10) 
Buffalo, NY Urban indoor-no A.C. 8.92 WG (10) 
Pittsburgh, PA Urban indoor-no A.C. 32A WG (10) 
Pittsburgh, PA Urban indoor-no A.C. 11.6 WG (10) 
Pittsburgh, PA Urban indoor-no A.C. 7.14 WG (10) 
Pittsburgh, PA Urban indoor-no A.C. 10.4 WG (10) 
Cincinnati, OH Urban indoor-no A.C. 21.2 WG ( 10 ) 
Covington, KY Urban indoor-no A.C. 11.9 WG (10) 
St. Louis, MO Urban indoor-no A.C. 13.1 WG (10) 
Rockaway, NY Rural indoor-no A.C. 10.1 WG (10) 
New York, NY Urban indoor-enclosed 6.54 WG (10) 
Asbury Park, NJ Marine indoor-no A.C. 15 WG (10) 

Cleveland, OH Office 4.98 CD (14) 
Houston, TX Office 5.63 CD (14) 
New York, NY Office 4.73 CD (14) 
Los Angeles, CA Office 4.06 CD (14) 
Borrego Sp., CA Office 3.38 CD (14) 
Clevel.and, OH Basement 7.08 CD (14) 

S. Kensington, London, UK Basement 83.2 WG (8) 
S. Kensington, London, UK Roof 78.6 WG (8) 
South West London, UK Home 113.3 WG (8) 

New York, NY Air conditioned.comp, rm. 4.7 CD (46) 
New Jersey Industrial chemical 22.5 CD (46) 
New Jersey Industrial oil ref. 8.0 CD (46) 
Alabama Industrial paper 137.6 CD (4~) 

Outdoor 

Cardington, U.K. Rural 1810 WG (9) 
Bournville, U.K. Suburban 4230 WG (9) 
Wakefield, U.K. Industrial 4540 WG (9) 
Birmingham, U.K. Urban 13280 WG (9) 
South Pork, U.K. Marine 4400 WG (9) 

Cleveland, OH Urban/industrial 1450 WL (7) 
Ottawa, Canada Urban 1290 WL (7) 
South Bend, PA Rural 1810 WL (7~ 
Trail, BC, Canada Industrial 2100 WL (7) 
Kure Beach, NC Marine 2960 WL (7) 
Kure Beach, NC Marine 3190 WL (7) 

Altoona, PA, Industrial 1400 WL (47) 
New York, NY Industrial 1300 WL (47) 
Sandy Hook, NJ Marine 798 WL (47) 
LajoUa, CA Marine 1470 WL (47) 
Keynest, FL Marine 600 WL (47) 
State College, PA Rural 450 WL (47) 
Phoenix, AZ Rural 80 WL (47) 

Mandapan Camp, India - -  7990 WL (48) 

New Haven, CT Industrial 1110 WL (49) 
Brooklyn, NY Urban 1970 WL (49) 
Daytona Beach, FL Marine 2480 WL (49) 

Prahly, Czechoslovakia Industrial 2910 WL (50) 
Kapisty, Czechoslovakia Industrial 7200 WL (50) 
Milesovka, Czechoslovakia Industrial 2170 WL (50 } 
Bystrany, Czechoslovakia Industrial 3120 WL (50) 
Cinovoc, Czechoslovakia Industrial 2240 WL (50) 
Hamr, Czechoslovakia Industrial 3290 WL (50) 
Dubji, Czechoslovakia Industrial 2830 WL (50) 
Trebenice, Czechoslovakia Industrial 2450 WL (50) 
B orislav, Czechoslovakia Industrial 2790 WL (50) 
Vysluni, Czechoslovakia Industrial 2200 WL (50) 
Hjezd, Czechoslovakia Industrial 3830 WL (50) 
Petipsy, Czechoslovakia Industrial 2450 WL (50) 
Medenec, Czechoslovakia Industrial 2700 WL (50) 
Teplice,, Czechoslovakia Industrial 3030 WL (50) 
Most, Czechoslovakia Industrial 4160 WL (50) 
Andelka, Czechoslovakia Industrial 1710 WL (50) 
Nove Mesto, Czechoslovakia Industrial 1540 WL (50) 
Hejnice, Czechoslovakia Industrial 1500 WL (50) 
Frydlant, Czechoslovakia Industrial 1750 WL (50) 

S. Kensington, Ld, UK Urban 3190 WG (8) 

* WG = weight gain, CD = cathodic reduction, WL = weight loss. 

Summary 
C o p p e r  c o r r o s i o n  r a t e  is s h o w n  to be  a s e n s i t i v e  

f u n c t i o n  o f  r e l a t i v e  h u m i d i t y  i n  a c o m p l e x  t e s t  e n -  
v i r o n m e n t ,  w h i l e  s i l v e r  is i n s e n s i t i v e .  T h e  r a t e  of  
c o p p e r  c o r r o s i o n  is i n f l u e n c e d  b y  SO2, H2S, CI2, HC1, 

a n d  03 c o n c e n t r a t i o n s .  S i l v e r ' s  r a t e  d e p e n d s  o n  H2S, 
C12, HC1, a n d  Oz c o n c e n t r a t i o n s .  T h e  i n d o o r  c o r r o s i o n  
r a t e s  of  b o t h  m e t a l s  a r e  c o m p a r a b l e  a n d  fit l o g  n o r m a l  
s t a t i s t i c s  o v e r  t h e  p o p u l a t i o n  size s t ud i e d .  S i l v e r  c o r -  
r o d e s  f a s t e r  i n d o o r s  t h a n  o u t d o o r s ,  w h i l e  c o p p e r  c o r -  
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Table Yl. Silver atmospheric corrosion rates (weight gain) 

Location 
Corrosion rate 

Type of envi ronment  (~g/cm s h r  x 104) 

I n d o o r  

Method* Ref. 

Los Angeles,  CA 
Chicago, IL 
New York, NY 
Houston,  TX 
Northern  Indiana 
South Carolina 
New Jersey 
New Jersey 

New York, NY 
Los Angeles,  CA 
New Jersey  
New Jersey 

Cleveland, OH 

New York, NY 
New York, NY 
Buffa lo ,  NY 
Buffalo, NY 
Pit tsburgh,  PA 
Pi t tsburgh,  PA 
Pi t tsburgh,  PA 
Pi t tsburgh,  PA 
Cincinnati, OH 
Covington, KY 
St. Louis, MO 
Rockaway, NY 

Computer  office-A.C. 30.7 WG (18) 
Computer  offiee-A.C. 23.9 WG (18) 
Computer  offiee-A.C. 36.6 WG (18) 
ComisUter offiee-A.C. 30.0 WG (18) 
Computer  office-A.C. 37.5 WG (18) 
Computer  office-A.C. 73.4 WG (18) 
Industr ial  work area 28.0 WG (18) 
Industr ial  work area 53.5 WG (18) 

Computer  office 8.47 CD (46) 
Computer  office 19.1 CD (46) 
Chemical work area 10.7 CD (46) 
0.1 Refinery work area 23.0 CD (46) 

Industr ial  2.8 CD (14) 

Urban indoor-no A.C. 32 WG (i0) 
Urban indoor-no A.C. 59 WG (10) 
Urban indoor-no A.C. 34 WG (10) 
Urban indoor-no A.C. 36 WG (I0) 
Urban indoor-no A.C. 31 WG (10) 
Urban indoor-no A.C. 43 WG (10) 
Urban indoor-no A.C. 39 WG (10) 
Urban indoor-no A.C. 42 WG (10) 
Urban indoor-no A.C. 23 WG (10) 
Urban indoor-no A.C. 28 WG (10) 
Urban indoor-no A.C. 41 WG (i0) 
Rural indoor-no A.C. 9.6 WG (I0) 

Outdoor 

Artesia, NM Oil fields 127 
Boreggo Sp., CA Desert  3.70 
Cleveland, OH Urban/ indust r ia l  18.6 
Columbus,  OH Suburban 3.29 
Houston, TX Urban/ indust r ia l  41.2 
Jersey City, NJ Urban/ indust r ia l  8.05 
Kure Beach, NC Marine 9.71 
Los Angeles,  CA Urban 9.53 
New York, NY Urban 8.00 

St. Louis, MO, U.S,~.--103 Urban  9.93 
St. Louis, MO, U.S.A.--105 Urban 8.38 
St. Louis, MO, U.S.A.--106 Urban 6.75 
St. Louis, MO, U.S.A.--108 Urban 19.20 
St. Louis, MO, U.S.A.--l l2 Urban 6.72 
St. Louis, MO, U.S.A.--ll5 Urban 10.9 
St. Louis, MO, U.S.A.~l l8  Urban 8.14 
St. Louis, MO, U.S.A.--120 Urban 8.19 
St. Louis, MO, U.S.A.--122 Urban  10.8 

CD (51) 
CD (51) 
CD (51) 
CD (51) 
CD (51) 
CD (51) 
CD (51) 
CD (51) 
CD (51) 

CD (34) 
CD (34) 
CD (34) 
CD (34) 
CD (34) 
CD (34) 
CD (34) 
CD (34) 
CD (34) 

* WG = weight gain, CD = cathodic reduc t i on .  

r o d e s  s i g n i f i c a n t l y  f a s t e r  o u t d o o r s .  T h e  i n d o o r  r a t e s  o f  
b o t h  m e t a l s  c o r r e l a t e  w e l l  w i t h  t h e  r e d u c e d  s u l f u r  
p o l l u t a n t  c o n c e n t r a t i o n .  
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Table VII. Statistical summary of indoor and outdoor copper and 
silver atmospheric corrosion 

Copper rates  Silver rates  
(/Lg/em 2 hr)  (#g /cm 2 hr)  

Indoor Outdoor Indoor Outdoor 

Cumulative % of 

t'~oP~ 0.00042 0.0706 0.00113 0.000387 
30 0.00091 0.140 0.00188 0.000710 
50 0.00156 0.213 0.00267 0.00108 
80 0.00370 0.419 0.00471 0.00212 
99 0.00583 0.597 0.00633 0.00301 
95 0.00848 0.799 0.00809 0.00402 
99 0.0171 1.379 0.0129 0.00694 

In rs~.l -- In r~.9 
= 1.030 0.801 0.673 0.799 

2 

Correlation coefficient 0.97 0.93 0.92 0.90 
Sample size 35 41 25 18 
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Inclusions in Electroplated Additive-Free Hard Gold 
S. Nakahara* and Y. Okinaka* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Hard gold deposits plated from an additive-free phosphate bath have b e e n  
analyzed for codeposited inclusions using transmission electron microscopy. 
Electron diffraction analyses of residues obtained from aqua regia dissolution 
of the gold deposits and those collected from the surface of thermally aged 
deposits showed that these residues consist of aurous cyanide (AuCN). These 
results and other electrochemical evidences suggest that AuCN is codeposited 
in additive-free hard gold, bringing about a grain refining effect and the re- 
suiting increase in hardness. 

Hard gold deposits for electronics applications 
are generally electroplated from baths containing 
KAu(CN)2, a citrate or phosphate buffer, and a hard- 

* Electrochemical Society Active Member. 
Key words: electrodeposition, transmission electron microscopy, 

electron diffraction. 

ening agent such as a cobalt salt. Recently, it w a s  
found that the inclusion of cobalt in the gold at con- 
centrations above a certain limit may cause the forma- 
tion of a highly resistive, cobalt-containing surface film 
(COO) when the gold is aged at moderately high tem- 
peratures (,--150~ (1). As a practical solution to this 
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p rob lem i t  has been suggested to rep lace  the cobal t -  
ha rdened  gold (CoHG) wi th  an add i t i ve - f r ee  ha rd  
gold ( A F H G )  for  cer ta in  appl ica t ions  (2).  

The  p la t ing  of A F H G  was first descr ibed by  Rein-  
he imer  (3), who obta ined  ha rd  gold deposits  b y  op-  
e ra t ing  at  low t empera tu res  (,~25~ the convent ional  
c i t ra te  or  phosphate  ba th  which n o r m a l l y  yields  soft 
gold at  e leva ted  t empera tu re s  (,~70~ He also ob-  
served tha t  the increase  in hardness  wi th  decreasing 
p la t ing  t empe ra tu r e  i s  accompanied  by  a cor respond-  
ing increase  i n  carbon content  of the deposit.  Subse-  
quent ly,  we  ca r r i ed  out  a t ransmiss ion e lec t ron mic ro-  
scope ( T E l )  s tudy  of var ious  h a r d  gold deposi ts  (4), 
and found tha t  A F H G  contains a high dens i ty  of small  
nonmeta l l ic  objects.  The presen t  s tudy  was unde r t aken  
to ident i fy  these inclusions and to obta in  an unde r -  
s tanding  of the  mechanism of codeposit ion a n d  the role 
tha t  the  codeposi ted ma te r i a l  might  p l ay  in de te rmin -  
ing the  s t ruc ture  and p roper t i e s  of AFHG.  I t  is shown 
tha t  A F H G  contains aurous cyanide (AuCN),  which  is 
known  to form a po lymer ic  s t ruc ture  wi th  infinite 
l inear  chains (5, 6). This finding is consis tent  wi th  the 
r ecen t ly  proposed  mechanism of cathodic gold deposi-  
t ion f rom A u ( C N ) 2 - ,  which involves the format ion  of 
AuCN as an adsorbed  in te rmedia te  (7-11). 

Experimental 
Plating procedure.raThe A F H G  deposits  examined  in 

this work  were  p la ted  f rom a phosphate  bath  wi th  the 
fol lowing composit ion:  K A u  (CN) ~ 44 g / l i te r ,  KH2PO4 
100 g / l i t e r ,  KOH 28 g / l i te r ,  p H  7.0. The p la t ing  was 
car r ied  out  a t  40~ using the  prev ious ly  descr ibed  ex -  
pe r imen ta l  setup (12) involving a stainless steel  ro-  
ta t ing cy l inder  cathode and a concentr ic  anode. The 
cathode, 2 cm in d iamete r  and 2.1 cm in height,  was 
t igh t ly  wrapped  wi th  a substrate,  which was a sheet  
of copper,  2.1 X 6.5 • 0.005 cm, coated wi th  a thin 
flash of gold str ike.  The anode was made  of t i tanium, 
and i t  was coated wi th  an active layer  consist ing of 
RuO2 and TiO2 (12). The inner  d iamete r  of the anode 
measured  2.9 cm. The cathode was ro ta ted  at  3600 r p m  
to obta in  a tu rbu len t  flow condit ion which a l lowed 
high speed p la t ing  at  a cur ren t  densi ty  of 250 m A / c m  2 
(12). 

Specimen preparation.mThe copper  subs t ra te  was 
first dissolved off the gold deposi t  (,,~25 #m) in 1:1 
HNO3. TEM specimens for direct  observat ion of inclu-  
sions were  p repa red  by  e lec t ropol ishing the gold in a 
mix tu re  of 25 ml e thyl  alcohol, 25 ml glycerin,  and 50 
ml  concent ra ted  HC1 (4). 

The res idue ob ta ined  upon dissolut ion of the  A F H G  
deposi t  in aqua regia  was collected on a TEM specimen 
grid af ter  thorough washing in dis t i l led water .  In  this 
p rocedure  the aqua regia  had  to be replaced  by  dis-  
t i l led  wa te r  immed ia t e ly  af ter  complete  dissolution of 
the gold because the res idue dissolved ra the r  rap id ly  
in aqua regia. It was noted tha t  the amount  of this 
res idue was cons iderably  less than  tha t  obta ined  f rom 
a CoHG deposit.  The l a t t e r  was first discovered by  
Munier  (13) and cal led "polymer ,"  which  more  r e -  
cent ly  was identif ied as cobaltous cyanocoba]tate,  
Co~[Co(CN)6]2.  xH20 (14). This "polymer"  is s table  
in aqua regia  unl ike  the res idue f rom the AFHG.  

The  surface res idue formed on a t he rma l ly  aged 
(150~ 1 week)  A F H G  deposi t  was collected on a 
smal l  piece of knife  edge using the scraping technique 
descr ibed prev ious ly  (15). The knife  edge was di rec t ly  
mounted  on a specimen holder  for TEM observation.  

Transmission electron microscopy.--TEM micro-  
graphs  were  taken  with  a JE1V~-200 e lec t ron microscope 
opera ted  at  200 kV. The defocus imaging technique 
(16) was used for d i rec t  observat ion  of nonmetal l ic  
inclusions in gold deposits.  

Experimental Results 
Direct observation.--A TEM mierograph  of an A F H G  

film taken in the under - focused  condit ion [~f (defocus 
dis tance)  -- --3.9 , m ]  is shown in Fig. 1. Nonmeta l l ic  

Fig. 1. TEM micrograph of electropolished AFHG, showing non- 
metallic objects (black and white arrows), voids (denoted by a 
symbol V), and holes (marked by H). White arrows indicate inclu- 
sions inside the deposit, whereas black arrows show objects lying on 
the surface. The micrograph was taken in slightly underfocused 
condition in order to reveal the images of inclusions. 

objects  a re  seen in  this mic rograph  mos t ly  as smal l  
whi te  circles su r rounded  b y  b lack  r ings (ma rked  b y  
whi te  a r rows) ,  while  some are  seen with  an opposi te  
contras t  as b lack  circles su r rounded  by  whi te  r ings 
(marked  by  black a r rows) .  These smal l  image  fea tures  
resul t  f rom phase contrast ,  and therefore  these objects  
are  sometimes cal led "phase objects" (17). I t  can be 
eas i ly  shown from the prev ious ly  descr ibed image 
analysis  based upon geometr ic  optics (18) that  the  
b lack  circles in Fig. 1 are  due to objects  s i tuated on the 
specimen surfaces, whereas  the  whi te  circles are  images 
resul t ing f rom objects  located inside the specimen. As 
shown previous ly  (19), the image  size measured  from 
under - focused  micrographs  closely corresponds to the 
t rue  size of phase objects  in the range of about  20-50A. 
The mic rograph  of Fig. i shows tha t  appnox~mately 
80% of the  phase objects  measure  20-55A in diameter ,  
the r ema inde r  measur ing  up to 200A. The popula t ion  
densi ty  was ,-~1 X 10~7/cm 3, and the volume rat io  was 
es t imated to be 1.3 to 1~ assuming the phase ob-  
jects  to be spher ica l  and  tak ing  measurements  in the  
regions of thicknesses ranging  f rom 500 to 750A. A 
close examina t ion  of the mic rograph  shows that  the 
phase objects  are  located both wi th in  the grains  and 
at  gra in  boundaries.  In  spite  of the presence of these 
phase objects,  the e lect ron diffraction pa t t e rn  obta ined  
with  the gold film did not show any  de tec table  diffrac-  
tion lines o ther  than those due to gold metal .  

I t  is also seen from Fig. 1 that  the size of gold grains  
ranges f rom ~250 to 750A, which is somewhat  l a rge r  
than  tha t  of a typica l  CoHG (225-275A) (4) bu t  con- 
s ide rab ly  smal le r  than  the gra in  size of soft gold 
deposits  [ typica l ly  1-2 gm (20)].  Genera l ly ,  when TEM 
specimens are  p repa red  by  electrothinning,  holes sur -  
rounded  by  thin t apered  edges are  produced.  The large  
holes denoted by  H in Fig. 1 are  seen to have this fea-  
ture. On the other  hand, the small  faceted holes de-  
noted by V are  not  sur rounded  by  such tapered  edges, 
and thei r  size and shape resemble  those of ind iv idua l  
grains. Based on these observations,  i t  m a y  be as-  
sumed tha t  these smal l  holes a re  voids produced du r -  
ing film growth.  The significance of this assumption 
wil l  be discussed in a la te r  section. 

Residue from aqua regia dissolution.--A TEM micro-  
graph obta ined  wi th  the  res idue f rom aqua regia  d is -  
solution is shown in Fig. 2a, and the corresponding 
e lec t ron diffraction pa t t e rn  in  Fig. 2b. I t  is seen tha t  
the res idue consists of e x t r e m e l y  smal l  crystals  (25- 
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30A) wi th  poor  crysta l l in i ty .  The  analysis  of  the  dif-  
f ract ion p a t t e r n  shows tha t  the  ma te r i a l  is AuCN 
(Table  I ) .  I t  was noted tha t  this ma te r i a l  is s table  to 
e lec t ron beam i r rad ia t ion  as opposed to the s imi lar  
aqua regia  res idue obta ined  f r0m a coba l t -ha rdened  
gold, which was observed  to decompose in a few sec- 
onds in the e lect ron microscope. 

Sur]ace residue.--Figures 3a and 3b show a TEM 
micrograph  obta ined wi th  the res idue col lected f rom 
the surface of a t he rma l ly  aged (150~ 1 week)  
deposi t  and the corresponding e lect ron diffraction 
pat tern.  The res idue is seen as we l l -deve loped  needle -  
shaped crys ta ls  100-300A thick. No such res idue was 
obta ined f rom the surface of as -depos i ted  gold. The 
analysis  of the diffract ion pa t t e rn  also showed tha t  the 
crysta ls  a re  A u C N  (Table  I ) .  The r e l a t ive ly  la rge  dis-  
c repancy  for  the  la rges t  d -spac ing  is a t t r ibu ted  to an 
expe r imen ta l  error .  

Discussion 
Existence of AuCN in deposits.--Reinheimer (3) 

s tudied the  carbon inclusion in gold deposits p la ted  
f rom add i t ive - f ree  baths  as a function of var ious  p la t -  
ing parameters .  He unequivocal ly  showed tha t  the 
carbon resul ts  f rom the inclusion of a ca thodica l ly  
formed product ,  and considered these compounds as 
the  most  l ike ly  source of carbon:  KCN, AuCN, 
KAu(CN)2 ,  and HCN. For  coba l t -ha rdened  gold de-  
posits, Raub, KnSdler ,  and Lendvay  (21) also consid-  
e red  the poss ib i l i ty  of the inclusion of AuCN among 
o ther  compounds as a source of carbon. Subsequent ly ,  
Cohen, West, and An t l e r  (22) made  a MSssbauer 
spectroscopic s tudy  of coba l t -ha rdened  gold, and~re-  
por ted  tha t  the deposit  contained no de tec table  AuCN, 
KAu(CN)2 ,  or  KAu(CN)4 .  The detect ion l imi t  for  
AuCN by this technique was --2 mole percent  (m/o)  
of the total  Au. The analysis  of A F H G  pla ted  under  
the condit ions of the presen t  exper imen t  showed the 
presence of 0.055 weight  percen t  (w/o)  of carbon (2), 
which corresponds to 0.90 m / o  as AuCN if  all  of the  
carbon is assumed to be present  in this form. Thus, 
MSssbauer  spectroscopy would  not detect  the AuCN in 
AFHG.  Based on these considerat ions in conjunct ion 
with  the  resul ts  of analysis  of aqua regia  res idue and 
surface residue,  i t  is pos tu la ted  tha t  AuCN is code- 
posi ted in AFHG.  

Mechanism of AuCN codeposition.--The mechanism 
of gold deposi t ion f rom Au (CN)2-  has been s tudied by 
m a n y  inves t iga tors  in recent  years.  Al l  agree that  a 
chemical  step precedes  the charge t ransfer  step but  
disagree in deta i led  descr ipt ion of t h e  chemical  step. 
Har r i son  and Thompson (8), using a potent iosta t ic  
l inear  sweep technique,  found that  the  reduct ion of 
A u ( C N ) 2 -  to be first o rde r  in cyanide,  and proposed 
that  AuCN is the reducib le  species 

Au(CN)~- ~_- AuCN + CN- [i] 

AuCN + e- -~ Au + CN- (slow) [2] 

Beltowska-Brzezinska and Dutkiewicz (9) deter- 
mined the dependence of exchange current on con- 

Table I. Electron diffraction analysis of aqua regia and 
surface residues in AFHG 

A q u a  regia 
residue S u r f a c e  r e s i d u e  

- . �9 A u C N *  
d o ~  I n t e n -  dobs I n t e n -  
( A )  s i t y  ( A )  s i t y  d(A)  ( h k l )  I/Imax 

5.06 S 4.90 S 5.08 (001) lO0 
2.95 S 2.90 S 2.941 (100) 100 
2.50 M 2.58 S 2.542 (101, 002) 70 
1.88 S 1.93 S 1.921 (102) 25 
1.71 M 1.71 M 1,693 (003, 110) 25 
1.40 M 1.47 M 1.470 (200) 10 

S = s t r o n g ;  M = medium. 
�9 Joint committee  powder  diffraction standard, f o r m e r l y  A S T M  

diffraction file 11.307. 

Fig. 2. Structure of aqua regia residue from AFHG. The image of 
the residue (a) and its electron diffra,ction pattern (b). Note details 
around edges in (a). 

centra t ions  and a r r ived  at  the same conclusion as 
above. MacAr thur  (7) carr ied  out a cyclic vo l tam-  
metr ic  s tudy and found evidence for  the adsorpt ion  of 
AuCN in te rmedia te  at  low overpotent ials .  Eisenmann 
(10) concluded from his kinetic  studies of the deposi-  
t ion systems of soft as wel l  as ha rd  gold tha t  the re -  
act ion proceeds via a common mechanism involving ad -  
sorpt ion equi l ibr ia  preceding and fol lowing the elec-  
t ron t ransfer  step 

Au(CN)2  ~--- AuCNad -}- C N -  [3] 

AuCNad -}- e -  ~ (Au~ - [4] 

(Au~ - ~ -  Au ( la t t ice)  + C N -  [5] 

McIn tyre  and Peck (11) observed a dis t inct  cathodic 
p rewave  in thei r  potent ia l  scan exper iment ,  which they  
consider  m a y  be a t t r ibu ted  to the reduct ion of an in-  
soluble film of AuCN. These mechanis t ic  evidences are  
consistent  wi th  our exper imenta l  results  indica t ing  that  
AuCN is incorpora ted  in the gold deposit.  

I t  was found by Reinheimer  (3) tha t  the carbon con- 
tent  of A F H G  is s t rongly  t empe ra tu r e  dependent ,  and 
soft gold p la ted  at  70~ contains only ~0.001 w/o  C as 
compared  to ~0.055 w/o  for AFHG.  F rom this resul t  it  
is clear  that  soft gold contains essent ia l ly  no AuCN. A 
TEM observat ion  of soft gold also did not show any 
evidence of nonmetal l ic  inc lus ions  (19). This resul t  
can be unders tood if  the adsorpt ion  of AuCN is in-  
volved because the coverage by  an adsorbed species 
decreases exponent ia l ly  as t empera tu re  is increased 
through an adsorpt ion isotherm (23). 
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Fig. 3. Structure of surface residue obtained from thermally aged 
AFHG. The image of the surface residue (a) and its electron dif- 
fraction pattern (b). 

A u C N  as phase ob jec t . - -As  s ta ted  in the preceding  
section, the volume occupied by  the phase object  in the 
specimen amounts  to 1.3-1.9%. If  i t  is assumed tha t  
these objects  a re  AuCN wi th  a bu lk  dens i ty  of 7.12 
g / c m  8, the carbon content  of the specimen correspond-  
ing to the AuCN can be ca lcula ted  to be 0.032 • 0.008 
w/o.  Thus, under  these assumptions  the  phase object  
accounts for  a p p r o x i m a t e l y  50-70% of total  carbon 
content  (0.055 w / o ) .  I t  appears  that  two or  more  
sources of carbon exis t  in AFHG;  a s imi lar  conclusion 
has been reached recen t ly  for  CoHG (14). 

The  s t ruc ture  of AuCN is known to be polymer ic  
wi th  infinite l inear  chains a r ranged  in para l l e l  (5, 6) 

I t I I 
- - A u - - C N J A u - - C N - - A u - - C N - - A u - -  

J [ I 
- - A u - - C N - - A u - - C N - - A u - - C N - - A u ~  

1 I l I 
As noted previously,  the size of AuCN crysta l l i tes  in 
the aqua regia  res idue was 25-30A whi le  the  m a j o r i t y  
of phase  objects  measured  25-50A. This s imi la r i ty  in 
size suggests that  the phase objects  are, in fact, AuCN 
crystal l i tes ,  and they  coagulate  to form the res idue 
upon dissolution of gold in aqua regia. F rom the known 
la t t ice  constants  (hexagonal ,  a = 3.40A, c ~ 5.09A) 
(6) i t  can be es t imated  tha t  each crys ta l l i te  consists 
of 5-10 uni t  cells. The observa t ion  of the needle -  
shaped crys ta ls  on the surface of t h e r m a l l y  aged de-  

posi t  shows that  the smal l  crys ta l l i tes  segregate  on the 
surface to grow in the di rect ion of c -axis  upon heating.  

I t  has been found tha t  the  dens i ty  of A F H G  de te r -  
mined  by  the grav imet r ic  method  using a specific g rav -  
i ty  bot t le  is equal  to 17.40 ___ 0.10 g / c m  3, as compared  
to 19.3 g / cm 8 for pure  bu lk  gold (2). A s imple calcula-  
t ion using the volume percent  of the phase  object  and 
the densi ty  of AuCN shows tha t  the incorpora t ion  of 
AuCN as the  phase object  accounts for a decrease  in 
dens i ty  f rom 19.3 g / cm 8 only  to 19.1 g / cm 8. I t  appears  
tha t  the cons iderably  lower  dens i ty  observed  is due to 
the presence of voids. This in te rp re ta t ion  is based on 
the  fol lowing measurements  and calculations.  A TEM 
micrograph  taken  at  a low magnif icat ion (20,000)<) 
y ie lded  N1 • 1015/cm3 for the popula t ion  dens i ty  of 
voids and 300-650A for the range of void diameter .  
Using these  vaIues and es t imated  film thicknesses 
(750-1000A), the rat io  of the volume occupied by  the 
voids to the film volume can be calcula ted as 8-14%. 
These values y ie ld  film densit ies ranging  f rom 16.3 to 
17.4 g/cm~ in good ag reemen t  wi th  the observed  
density.  1 

Role of  AuCN. - -Hard  gold electrodeposi ts  a re  gen-  
e ra l ly  Obtained by  the addi t ion  of smal l  amounts  of 
meta l  ions such as Co 2 + or  Ni 2 +. These ions are  known 
to codeposit  wi th  gold in aLt leas t  two different  forms, 
cyano-complex  and subst i tu t ional  a l loy (14, 25, 26). 
The increased hardness  is p r i m a r i l y  due to the gra in  
refining effect (27) which is brought  about  by  the co- 
deposi ted cyano-complex  (4, 14). Similar ly ,  the code- 
posi ted AuCN appears  to p l ay  the  role of a gra in  r e -  
fining agent  for A F H G  ei ther  by  promot ing  the nuclea-  
t ion of gold or  by  inhibi t ing  the g rowth  of  gold gra ins  
or both. 

As was descr ibed in a previous  communicat ion,  the 
contact  resis tance s tab i l i ty  on the rmal  aging of A F H G  
is super ior  to tha t  of CoHG (2). However ,  a smal l  in-  
crease in contact  resis tance was found to occur upon 
heat ing A F H G  at >100~ The resul ts  descr ibed indi -  
cate that  this increase  is due to the surface segregat ion  
of AuCN at  e leva ted  tempera tures .  

Summary and Conclusion 
A transmission e lect ron microscope s tudy  of e lec t ro-  

p la ted  add i t ive - f r ee  hard  gold indica ted  tha t  AuCN is 
codeposited as an impur i ty .  Elec t rochemical  evidences 
found in the l i t e ra tu re  suggest  that  this compound,  
which is formed as an adsorbed  in te rmedia te  dur ing  
the reduct ion of A u ( C N ) 2 - ,  is incorpora ted  in the 
gold deposit.  The amount  of AuCN es t imated  f rom the 
volume densi ty  of phase objects  observed by  TEM 
shows that  about  50-70% of the total  carbon found by 
chemical  analysis  of A F H G  can be accounted for by  
AuCN. The AuCN appears  to be presen t  in A F H G  as 
crystal l i tes ,  each consist ing of 5-10 unit  cells, wi th in  
gold grains  as wel l  as at gra in  boundaries .  The in-  
corpora t ion  of AuCN can expla in  the decreased gra in  
size, increased hardness,  and smal l  contact  resis tance 
ins tab i l i ty  of add i t ive - f ree  hard  gold. 

Manuscr ip t  submi t ted  Apr i l  17, 1980; revised m a n u -  
scr ipt  received Aug. 8, 1980. 

Any  discussion of this p a p e r  wil l  appear  in  a Dis-  
cussion Section to be publ i shed  in  the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs of  this article were  assisted by Bel l  
Laboratories. 

1 T h e  dens i ty  of  CoHG is also k n o w n  to be low {17.3-17.8 g / c m  ~) 
(24). A TEM examina t ion  of this  type  of gold showed tha t  voids 
s imilar  to individual  g ra ins  in size and shape  (~250A) a re  dis- 
t r i b u t e d  randomly .  As in the  case of AFHG,  t h e  v o l u m e  of these  
voids  appea r s  to account  for  the  dec r ea sed  dens i ty  of CoHG. 
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Cyanoaurate(lll) Formation and Its Effect on 
Current Efficiency in Gold Plating 

Y. Okinaka* and C. Wolowodiuk 
Bell  Laboratories, MUrray Hffl, New Jersey 0?9?4 

ABSTRACT 

The cyanoaurate (Ill) ion has been found to form and accumulate in acidic 
or neutral gold plating baths containing cyanoaurate(I) as the source of gold. 
This trivalent gold species brings about a decrease in plating current efficiency 
because its reduction to gold metal requires three faradays per mole, whereas 
only one faraday is consumed to reduce one mole of Au (I). The accumulation 
of Au(III)  should therefore be minimized to produce gold deposits with a thick- 
ness unaffected by bath age. This paper describes various methods for achiev- 
ing this objective, which include the use of the so-called "dimensionally stable 
anode" and a techniqe of chemically reducing Au(III)  to Au(I) .  

Thickness control in gold plating has become in- 
creasingly important in recent years because of the 
necessity for saving gold by plating only a minimal 
thickness required for specific applications. Since de- 
posit thickness is directly proportional to plating cur- 
rent efficiency, it is important to have knowledge of 
factors affecting the latter. It is recognized that the cur- 
rent efficiency of bo~h soft and hard gold plating from 
acidic or neutral cyanoaurate(I) baths tends to de- 
crease with increasing extent of bath use, and gener- 
ally extrinsic contaminants are believed to be re- 
sponsible for the efficiency deterioration. 

During the course of our recent work to develop a 
polarographic method for analyzing gold plating solu- 
tions (1), significant amounts of cyanoaurate (III) ions, 
Au (CN)4-, were found in extensively used production 
baths. It has been established that this species is pro- 
duced as a result of a reaction at the anode, generally 
platinum or platinized titanium, and that it is, at 
l e a s t  partly, responsible for the decrease in plating 
current efficiency because of the greater quantity of 
electricity required to reduce Au (III) than Au (I). 

In the present work, the relationship between current 
efficiency, Au(III)  content, and bath age has been 

* Electrochemical Society Active Member. 
Key words: cyanoaurate(III),  gold plating, current efficiency, 

dimensionally stable anode, hydrazine. 

studied, and methods for minimizing the formation and 
accumulation of Au (III) have been investigated. 

Experimental 
Plating Solutions 

Results obtained with two different types of plating 
solutions are described in this paper: a conventional 
cobalt-containing hard gold bath (denoted as CoHG) 
and a high speed, additive-free hard gold bath (AFHG) 
(2). Make-up compositions and optimum operating 
conditions of these baths are listed in Table I. During 
the bath aging experiments, the plating solutions were 
analyzed for total gold and Au(III )  and for Co 2+ 
using, respectively, the po]arographic and calorimetric 
methods described previously (1), and the total gold 
and cobalt concentrations were maintained within ap- 
proximately • by periodic addition of appropriate 
salts. The pH was kept constant within • unit by 
adding citric phosphoric acids for CoHG and AFHG 
baths, respectively. 

Apparatus 
CoHG.--A ~acketed gIass pla~ing cell containing 300 

ml of the CoHG plating solution was used. A rigid fiat 
anode (platinum unless noted otherwise) measuring 3.8 
• 3.8 cm was placed vertically at the center of the cell, 
and two copper sheets with the same dimensions plated 
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Table I. Bath compositions and operating conditions 

Ion Form of salt added CoHG AFHG 

Au(CN)2- KAu(CN)~ 8.2 g/liter 30 g/liter 
as Au as Au 

Co 2+ CoSO~ 100 ppm as -- 
Co 

Citrate K~C6H~O~ �9 H~O and 0,52M -- 
~HsO~ �9 HsO 

Phosphate KH~O~ and KOH - -  1.23M 

Condition 

pH 4.0 7.0 
Temp. 32~ 40~ 
Current 10 mA/cm ~- 250 mA/cm~ 
Agitation Mild Vigorous 

with  str ike gold were  immersed  on both sides of the 
anode with  ca thode- to-anode  separat ion of about 3.2 
cm. The solution t empera tu re  was main ta ined  at 32~ 
by circulat ing cons tan t - t empera tu re  water .  Mild agi ta-  
t ion was provided wi th  a magnet ic  stirrer.  

A F H G . ~ A  rota t ing cyl inder  electrode system with  a 
stationary,  concentric cyl indrical  anode (Fig. 1) was 
used to plate AFHG at high speed. The substrate was a 
sheet of copper, 2.1 X 6.5 X 0.005 em, coated wi th  a 
thin flash of gold strike. I t  t ight ly  wrapped  the stain-  
less steel port ion of the rota t ing cathode as i l lus t ra ted  
in Fig. 1. The ends of the substrate were  folded into the 
ver t ical  na r row groove, and a small  Teflon key made 
to fit snugly into the groove was inser ted to hold the 
substrate  securely in place. The  rotat ing cathode was 
fabr icated by first a t taching a short  piece of stainless 
steel  rod (1 cm in radius and 2.1 cm in height)  to a 
ro ta t ing disk electrode core purchased f rom Pine In -  
s t ruments  Company, Grove City, Pennsylvania  (Cat. 
No. DT-101-AA),  fol lowed by pott ing in epoxy resin 
and machining. This cathode design al lowed quick, 
easy instal la t ion and remova l  of the substrate. The 
cyl indrical  anode had an inner  radius of 1.46 cm, and 
was placed on a Teflon support  in a glass plat ing cell. 
The vo lume of the plat ing solution was 1 liter. The 
solution t empera tu re  was main ta ined  at 40~ by c ircu-  
la t ing i t  wi th  a pump through an ex te rna l  hea t  e x -  
changer .  

EPOXY- COATED >-.lcm STEEL SHAFT 

SUBSTRATE 
(Au- PLATED 

Cu SHEET 
O.05mm THICK) 

EPOXY 

GROOVE FOR I [~ l~  !ERTING 

STAINLES: STEEL 

TEFLON KEY 1.5 mm WIDE 

1.46 c n ~  ANODE 

I 

Fig. | .  Rotating cylinder electrode with demountable film sub- 
strfl~. 

GOLD PLATING 9.89 

The cathode was rota ted at 3600 rpm, which was wel l  
above the crit ical  speed (822 ppm)1 necessary to obtain 
turbulent  flow. This high rotat ion speed was necessary 
to obtain hard, br ight  deposits at the plat ing rate  ( typi-  
cal ly a m in im um  of 2.54 ~m in 16 sec) requi red  for 
practical  high speed plating, for example,  in continuous 
strip plat ing of electr ical  connector terminals.  

E x p e r i m e n t a l  Resu l ts  

Current Efficiency, Bath Age, and Au(lll) Content 
CoHG.--Many actual production baths, including 

both citrate-based and organophosphonate-based baths, 
were analyzed for Au(III) and found to contain up to 
25% of total gold in the form of Au (III). In the labora- 
tory aging experiment carried out at 300 mA (~I0 
mA/cm 2 at both anode and cathode) with the apparatus 
described in the preceding section, the rate of accumu- 
lation of Au (III) was quite slow; for example, after ten 
bath turnovers 2 the Au (III) content was only about 5% 
of the total gold. In order to facilitate the study of the 
effect of Au (III) content on plating current efficiency, it 
was necessary to age the bath under accelerated condi- 
tions. It was found that Au(III) accumulates much more 
rapidly if plating is performed with a high initial gold 
concentration without cobalt present and the solution is 
subsequently heated (see Discussion section). Thus, a 
citrate buffer containing KAu (CN) 2 only (20.5 g/liter 
as Au) was first electrolyzed continuously at 32~ and 
300 mA for 3 hr, and then the solution was heated at 
60~ for I hr. The analysis of the resulting solution 
showed that the total gold concentration decreased to 8 
g/liter, and that the Au(III) content amounted to 24% of 
the total gold. CoHG baths containing different amounts 
of Au(III) were prepared by diluting the above solu- 
tion with the citrate buffer and adjusting the concen- 
trations of total gold and cobalt to 8.2 g/liter and 100 
ppm by adding KAu(CN)2 and COSO4, respectively. 
Plating current efficiencies of these baths were mea- 
sured at the cathode current density of 10 mA/cm 2 
at 32~ with mild agitation. The results are shown in 
Table If. A significant decrease in plating current eff- 
ciency is seen with increasing Au(III) content. The 
"calculated efficiency" was obtained by multiplying the 
initial current effciency observed in the absence of 

Au(III) by the theoretical fraction of initial current 
efficiency, which was calculated by taking account of 
the difference in number of electrons involved in re- 
ducing Au (1) and Au (III) 

Fraction of initial current efficiency 

[Au(I)] + [Au(III)] 1 
= ~ [1] 

[Au(1)] + 3[Au(III)] 1 + 2z 

where  x is the Au (III) content  of the ba th  e x p r e s s e d  b y  

[Au (HI) ] 
= = C~.] [Au(I)] + [Au(III)] 

~For this electrode system the critical Reynolds number at 
which the transition tram laminar to turbulent flow occurs is 
.given by (3) Re(crit.) = (to -- r,)rle~-~ = 3960, where ro is the 
tuner radius of the anode, r, the radius of the rotating cylinder 
electrode, w the angular rotation speed, and ~ the kinematic vis- 
cosity. With ro = 1.46 cm, r, = 1.00 cm, v = 10-2 em s �9 sec-~ the 
above Re(crit.) value can be achieved when ~ = 86.1 rad/sec = 
822 rpm. 

r A bath turnover is defined as completed when the amount of 
gold initially present has been plated out and this amount at gold 
replenished. 

Table II. Effect of Au(lll) on plating current efficiency of 
CoHG bath (10 mA/cm 9, 32~ 

Au(HI)/total Au, 
% Observed 

Current ei~ciency, % 

Calculated 

0 40.0 (40.9) 
6.1 34.5 35.7 

10.7 32.1 32.9 
24.0 29.8 27.0 
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The good agreement  between the observed and calcu- 
lated efficiencies impt~es that  the decrease in  current  
efficiency brought  about by  Au (III) can indeed be ac- 
counted for by the greater  number  of electrons re-  
quired to reduce Au (III) than  Au (I) .  

AFHG.--In the high speed AFI-IG system the Au (III) 
bui ldup and accompanying current  efficiency deteriora-  
tion occurs more rapidly as the bath is aged. Results 
obtained with the p la t inum anode are represented by 
curves 1 and 1 in Fig. 2, in  which changes in current  
efficiency and Au (III)  content  are plotted against the 
total weight of gold plated out from 1 li ter of the pla t -  
ing solution and the number  of bath turnovers.  The 
cathodic current  density used in this exper iment  was in 
the range of 230-300 m2~/cm 2, while the corresponding 
current  density at the p la t inum anode was 150-200 
mA/cm~. It  is seen that  the ini t ial  efficiency of greater 
than 90% decreased to only about 50% after four bath 
turnovers,  dur ing which the Au( I I I )  content  of the 
bath increased to almost 25%# 

From the results obtained with both CoHG and 
AFHG baths, it is clear that  if plat ing current  efficiency 
is desired to be main ta ined  on the level of 90% of the 
ini t ial  efficiency, Au (III) content  should not be allowed 
to exceed about 5% of total gold. In the case of CoHG 
this Au (III) level was reached after about 10 bath  tu rn -  
overs, whereas for AFHG it took only two-thirds  of a 
turnover.  Although the rate of Au( I I I )  accumulat ion 
is l ikely to be controllable to some extent, for example, 
by increasing the anode area to decrease the anodic 
current  density, it is clearly desirable to establish a 
method to compensate for the Au( I I I )  effect, or to 
minimize or el iminate the formation and accumulat ion 
of Au (III) .  

Methods of Controlling Deposit Thickness 
Adjustment of plating parameters.--The most obvi-  

ous method of main ta in ing  the deposit thickness con- 

a Theoretically,  the minimum efficiency achievable should corre- 
spond to 33.3% of t h e  initial efficiency, which should occur when 
all Au(1) is converted into Au(III), i.e., when x = 1 in Eq. [i]. 
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Fig. 2. Variation of plating efficiency and Au(l l l )  content with 
bath age (AFHG bath). (Curves 1, I ' :  Pt anode; curves 2, 2': RuO~/ 
TiO2 anode; curves 3, 3': Au anode.) 

stant with changing cur ren t  efficiency is to adjust  either 
the plat ing current  or the plat ing time. A general  re la-  
tionship between current  efficiency and Au (III) content  
can be calculated as already explained for CoHG 
(Table II).  Figure 3 shows this relationship, where the 
ordinate is the fraction of ini t ia l  current  efficiency, or 
the ratio of current  efficiency at a given Au( I I I )  con- 
tent  to that in its absence. The curve was calculated 
from Eq. [1], and the points are experimental .  The 
agreement  is considered to be fair. This relationship 
is valid for both CoHG and AFHG baths (and for any 
other gold plat ing baths) ,  and can be used for adjust ing 
plat ing current  or time based on the results of total 
gold and Au (III) analyses. 

This approach is simple bu t  suffers from certain l imi-  
tations. For example, the current  ad jus tment  method 
results in a continuous increase in  current  density at 
the anode, which in  tu rn  is expected to accelerate the 
accumulat ion of Au( I I I )  and hence the plat ing effi- 
ciency deterioration. The method relying on the ad- 
jus tment  of plat ing time is applicable to batch plating, 
but  not to continuous strip plat ing in  which the sub- 
strafe travels at a fixed speed. 

Use oS other anodes.--It was found that  the Au (III) 
accumulat ion and accompanying current  efficiency de- 
terioration can be decreased significantly by replacing 
the p la t inum anode with an anode of the type often' 
called "dimensional ly stable anode" (DSA| which 
is now widely used for chlorine production (4). This 
electrode, which is made typically by coating a t i ta -  
n ium metal  base with a mix ture  of RuO2 and TiO2, has 
anodic overvoltages considerably lower than p la t inum 
does for the evolution of chlorine (4) as well as oxygen 
(5). The ini t ial  s tudy was carried out with CoHG bath 
using a RuO2/TiO~ anode obtained from Magneto-  
Chemie B.V., Schiedam, The Netherlands. Dur ing  
eleven bath turnovers,  no detectable amount  (<0.2%) 
of Au( I I I )  was found, whereas with pa l t inum 5.4% of 
Au (III) was found at the conclusion of the exper iment  
performed under  identical  conditions. I t  was noted in 
these experiments that the yellow discoloration usu-  
ally observed with CoHG baths operated with p la t inum 
anodes was much less intense for the solution aged with 
the RuOJTiO~ anode. This appears to indicate that  
citrate ions are more stable at  this anode. 

The anode used with high speed AFHG bath was 
prepared using the procedure described by Janssen 
et al. (6). The results of the aging exper iment  carried 
out with this anode in AFHG bath are compared in Fig. 
2 (curves 2 and 2') with those obtained with other 
anodes. The Au( I I I )  concentrat ion never  e x c e e d e d  
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Fig. 3. Relationship between fraction of initial current efficiency 
and Au(ll l )  content. (Points are experimental, line is calculated.) 
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,~5% of to ta l  gold, and the  efficiency remained  greater 
than  89% (as compared  to the in i t ia l  efficiency of 93%) 
over  the per iod  of four  ba th  turnovers .  I t  is recognized 
tha t  "d imens iona l ly  s table  anodes" have a l imi ted  life 
as does p ta t in ized  t i t an ium depending  on electrolysis  
conditions, coating composition, and  the method  of  
prepara t ion .  Results  of our  inves t iga t ion  concerning the 
l ife of anodes unde r  the  condit ions of gold p la t ing  wil l  
be descr ibed e lsewhere  (7). 

I t  was found t ha t  a gold anode also br ings  about  the 
same beneficial  effect. The leve l  of A u ( I I I )  accumu- 
lation was even lower  than  tha t  observed  wi th  the  
RuOJTiO2  anode, and  the cu r ren t  efficiency remained  
essent ia l ly  unchanged at the ini t ia l  level  (curves  3 and 
3', Fig. 2). The reason why  the gold anode works  is 
tha t  gold dissolves p re f e r en t i a l l y  over  the oxidat ion  of  
Au (I) to A u ( I I I ) .  Under  the condit ions of h igh  speed 
plat ing,  the concentra t ion of  free cyanide  becomes 
qui te  high because of its r ap id  fo rmat ion  at  the  cathode. 
I t  was ac tua l ly  found tha t  the  gold anode  loses i ts 
weight  quite rapidly .  Under  our  expe r imen ta l  condi-  
tions the  ra te  of anode dissolut ion was such tha t  a 
0.38 m m  (0.015 in.) th ick  anode would  not  las t  more  
than  100 hr  of continuous plat ing.  F o r  this reason, a 
gold anode is not  l ike ly  to be pract ical .  

Chemical reduction.--Many common reducing  agents 
are capable  of reducing  cyanoaura te  (III)  to cyanoau-  
ra te  ( I ) ,  bu t  for  the presen t  appl ica t ion  i t  is impor t an t  
to choose one which does not  leave  undes i rab le  react ion 
products  a f te r  t rea tment .  Hydraz ine  was selected here  
for  this reason (see Discussion sect ion) .  

A CoHG bath,  100 ml, conta ining 20% of to ta l  gold 
in the  form of A u ( I I I )  was t r ea ted  wi th  0.25 ml  of 85% 
hydraz ine  hydra t e  (N2H4 �9 t t20)  a t  75~ for  4 hr. Then, 
addi t ional  0.25 ml  of hydraz ine  was added,  and  heating 
was cont inued for 4 more  hours. This t r e a tmen t  re -  
duced about  90% of  the A u ( I I I )  to A u ( I ) .  The in i t ia l  
cu r ren t  efficiency of this ba th  was 29%, which  im-  
p roved  to 40% upon hydraz ine  t rea tment .  No appa ren t  
difference was noted on the deposits  f rom the h y -  
d r az ine - t r ea t ed  ba th  and f rom the fresh bath.  The add i -  
tion of large  excess hydrazine ,  e.g., 2 ml, g rea t ly  ac-  
ce lera ted  the react ion;  however,  the  p la t ing  done af ter  
this t r ea tmen t  y ie lded  discolored deposits.  

The A F H G  ba th  aged wi th  p l a t i num anode was also 
t rea ted  wi th  hydraz ine  and the aging expe r imen t  con- 
tinued. The hydrazin~ t r e a t m e n t - p l a t i n g  cycle was re -  
pea ted  severa l  t imes under  var ious  t r ea tmen t  condi-  
tions. An  op t imum set of condit ions found was to add 
about  an equimolar  amount  of hydraz ine  hydra te  and 
hea t  the ba th  at  75~176 for  1-3 hr  depending  on 
A u ( I I I )  content  of the bath.  When  the A u ( I I I )  con- 
tent  was high (>15%) ,  i t  was necessary  to repea t  the  
t r ea tmen t  in o rde r  to b r ing  i t  down to <2%.  The de-  
crease in A u ( I I I )  concentra t ion upon hydraz ine  t r ea t -  
men t  and the accompanying  recovery  of cur ren t  effi- 
c iency are  i l lus t ra ted  in Fig. 4. 

Active carbon treatment.--Carbon t r ea tmen t  is con- 
vent iona l ly  car r ied  out  for removing  organic  contami-  
nants. I t  was found tha t  this t r e a tmen t  also removes  
A u ( I I I )  effectively. Act ive  carbon (Darco Red Labe l ) ,  
0.25g, was added  in 10 ml  of a CoHG bath  conta ining 
14% of total  gold in the form of A u ( I I I ) ,  and the mix -  
ture  hea ted  at  90~ for  30 min. This t r ea tmen t  removed  
a pp rox ima te ly  80% of the A u ( I I I ) .  However ,  about  
29% of A u ( I )  was also lost. The loss of gold b y  carbon 
t r ea tmen t  is gene ra l ly  known, and for this reason this 
purif icat ion procedure  should p r e f e r a b l y  be avoided.  I t  
is also known tha t  carbon t r ea tmen t  does br ing  about  a 
recovery  of p la t ing  current  efficiency. The exper i -  
menta l  resul t  descr ibed above shows tha t  i t  is, a t  leas t  
par t ly ,  due to the r emova l  of A u ( I I I ) .  

Discussion 
Mechanism of Au(III)  formativn.--No deta i led  s tudy  

has been car r ied  out to es tabl ish  the mechanism of the  
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Fig. 4. Recovery of plating current efficiency and Au( l l l )  content 
upon hydrazine treatment of aged AFHG bath. 

format ion  of A u ( C N ) 4 - .  However ,  the fol lowing ex-  
pe r imen ta l  observat ions should be noted:  (i) A l abora -  
t o ry -aged  CoHG ba th  was ana lyzed  for A u ( C N ) 4 -  by  
the polarographic  method  immed ia t e ly  af te r  t e rmina -  
t ion of electrolysis  for 3 hr  at  32~ and af ter  hea t ing  
in boil ing wa te r  for 1 hr. The height  of the A u ( I I I )  
wave  found af ter  heat ing was nea r ly  twice tha t  ob-  
served  before heating.  (This pos t -hea t ing  effect was 
used for the accelera ted  aging descr ibed in the Expe r i -  
men ta l  section.) I t  was also noted tha t  the wave  height  
increased signif icantly when a f reshly  e lect rolyzed 
CoHG bath was a l lowed to s tand  overn ight  at  room 
tempera ture .  (ii) Electrolysis  of a f resh  CoHG ba th  
was car r ied  out  in an H - t y p e  cell in which cathode and 
anode compar tments  are  separa ted  by  a s in tered glass 
disk. A p l a t inum sheet  was used as the anode, whi le  the 
cathode was a copper  sheet. Af te r  electrolysis,  the 
solut ion in each compar tmen t  was ana lyzed  po la ro-  
graphical ly .  Only the solution in the anode compar t -  
ment  showed the presence of A u ( I I I ) .  These two ex-  
pe r imen ta l  resul ts  indicate  that  A u ( C N ) 4 -  forms as 
a resul t  of a slow homogeneous chemical  react ion in -  
volving an in te rmedia te  species produced  at the anode. 
The iden t i ty  of this in te rmedia te  has not  been  es tab-  
lished. 

Effect of anode materiaL--In order  to obta in  some in-  
s ight  into the mechanism of the effect of anode ma te r i a l  
on Au (III)  formation,  polar izat ion measurements  were  
made at  32 ~ for CoHG ba th  as wel l  as for the  c i t ra te  
buffer wi thout  gold and cobalt  present .  Resul ts  ob-  
ta ined  wi th  p l a t inum and RuO2/TiO2 anodes are  com- 
pa red  in Fig. 5. In  both solutions potent ia ls  were  h igher  
in the p la t ing solution than in the buffer. I t  is also seen 
tha t  the potent ia l  ranges  for the RuOe/TiO2 anode are 
about  0.5V lower  than  those for p l a t inum in both solu-  
tions over  the ent i re  cur ren t  range  invest igated.  Quali- 
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Fig. 5. Polarization curves for Pt and RuO~TiO2 anodes in CoHG 
bath and in pH 4 citrate buffer at 32~ 

tatively, these results are expected from the known 
polarization behavior in strongly acidic solutions (8, 9). 
Because of the lack of identi ty of the reaction inter-  
mediate, no mechanistic interpretation can be offered 
for the observed anode effect on Au( I I I )  formation. 
However, it  is of interest  to compare the potential 
ranges for the two electrodes with the equilibrium po- 
tential of the A u ( I H ) / A u ( I )  couple 

Au(CN)4-  + 2e -  = Au(CN)~-  + 2CN-;  

El ~ = +0.90V [3] 

Since the standard potential E1 ~ was not found in the 
literature, it was calculated from the following values 

Au(CN)~-  + e -  = Au -{- 2CN-;  

E~ ~ -- --0.60V (10) [4] 

Au ~+ + 3e-  = Au; E~ ~ = +I.50V (10) [5] 

Au ~+ + 4CN- =Au(CN)~-; K = 103e (11) [6] 

Furthermore, using K = 1.62 X 109 (12) for the sta- 
bil ity constant of HCN, the equilibrium potential for a 
typical plating solution with pH _m 4 containing 0.04M 
Au(CN)2- ,  0.0004M Au(CN)4-  [1% of Au( I ) ] ,  and 
0.01M free cyanide (a typical concentration of HCN 
plus C N - )  was calculated from E1 ~ to be equal to 
+1.26V (or +l .02V vs. SCE). An increase in the ratio 
of Au( I I I )  to Au(I )  by a factor of 10 (to 10%) shifts 
the potential by 0.03V in the positive direction. Com- 
parison of these equilibrium potentials with the po- 
larization curves in Fig. 5 shows that  the oxidation of 
Au(CN)z -  to Au(CN)4-  is possible at both plat inum 
and RuOJTiO2 at  practical current densities (>10 -~ 
A/cm~). The faster accumulation of Au( I I I )  observed 
with the plat inum anode may be anticipated from the 
higher potential at  this anode. A further discussion 
of this subject will be given in a subsequent paper  
dealing with the behavior of various other anode ma-  
terials (7). 

The oxygen evolution at ruthenium metal  was found 
to take place at potentials which are lower by addi-  
tional 0.1-0.2V than at the RuO2/TiO2 anode. An ex- 
periment with a ruthenium-plated platinum electrode 
showed, however, that ruthenium metal  dissolves sig- 
nificantly at current densities greater than ~30 m A /  
c m  2, 

Reaction w~th hydraz~.ne.--The reaction be t~een  hy-  
drazine and Au( I I I )  accompanies the evolution of 
colorless gas. From this fact and a comparison of E ~ 
values for the Au (CN) 4 - / A u  (CN) 2- couple (reaction 
[3]) and various half-reactions of hydrazine (10), the 

overall  reaction is l ikely to be either or both of the fol- 
lowing two react forts 

2Au(CN)4-  + N~.H5 + --  2Au(CN)~-  

+ Ng.t + 4HCN + H+ [7] 

3Au(CN)4-  +N~H~ + + H~O 

= 3 A u ( C N ) 2 -  + N~O t + 6HCN + H + [8] 

where N~H5 + is the protonated form of hydrazine 
which is predominant in the pH range under considera- 
tion [N2H5 + -- N2I-I4 + H + , K  ---- 1.02 X 10-s (10)]. 
By using relevant thermodynamic data (10), the ~G ~ 
values for reactions [7] and [8] have been calculated 
to he --154 and --138 keal, respectively. The very large 
values reflect the combined effect of the strong oxidiz- 
ing power of Au(CN)4-  and the large numbers of 
electrons involved in these reactions (4 for [7] and 6 
for [8] ). 

In order to obtain insight into the mechanism of 
these reactions, a kinetic study was carried out by 
following the disappearance of Au (III) after the addi-  
tion of large excess hydrazine. The conventional first- 
order plot shown in Fig. 6 was obtained at 40 ~ 50 ~ and 
60~ with an AFHG bath containing a total gold con- 
centration of 30.5 g/ l i ter  (0.155M) and an initial  
Au(I I I )  content of 13.9% (0.0215M). Concentrated hy- 
drazine (85% NzH~'H20) was added to make the initial 
concentration equal to 0.215M. It is seen that the l inear 
relationship holds only af ter  about 7 rain. A similar set 
of curves was obtained at  60~ with three different 
hydrazine concentrations as shown in Fig. 7. The slopes 
of these curves are approximately proportional to hy-  
drazine concentration. Higher order analyses did not 
yield consistent results at different temperatures and 
hydrazine concentrations. Thus, the initial deviation 
from lineari ty appears to indicate the presence of some 
mechanistic complications which become less significant 
with increasing reaction time. For the linear range, the 
above results lead to the conclusion that the overall  re~ 
action consists of multiple steps including a ra te -de te r -  
mining step which is first order with respect to both 
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Fig. 6. Semi-logarithm{c plot of  Au(llf) concentration against 
time after  addition of excess hydrazine at different temperatures. 
(AFHG bath; total  Au, 0.155M; initial Au(lll), Q,Q21SM; hydrazine, 
0.215M), 
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A u ( I I I )  and  hydrazine .  I t  is l i ke ly  then  tha t  h y -  
d roxy lamine  is fo rmed as an in t e rmed ia te  

kt  
A u ( C N ) 4 -  + N2Hs + + H + + 2H20--> A u ( C N ) ~ -  

+ 2NI-IsOH + + 2HCN [9] 

This reac t ion  is fol lowed b y  

ks 
A u ( C N ) 4 -  + 2N[-I3OH + --> A u ( C N ) s -  + N~ 

+ 2 H C N + 2 H 2 0 + 2 H  + [10] 
a n d / o r  

ka 
2 A u ( C N ) 4 -  + 2NH3OH + ~ 2 A u ( C N ) 2 -  

Jr N20 "b 4HCN -t- H20 + 2H + [11] 

This type  of reac t ion  sequence is known to be en-  
countered  fa i r ly  often [e.g., "consecutive,  compet i t ive  
second-order  react ion"  (13)] ,  and  it can be  shown 
r ead i ly  that  under  the condit ions of constant  [H + ] 
(buffer) ,  constant  [N2H5 +] ( large excess) ,  and  kl  < <  
k2 a n d / o r  ks, the  reac t ion  becomes first o rde r  wi th  r e -  
spect  to [ A u ( C N ) 4 - ] .  The last  condi t ion has been  
verified exper imenta l ly ;  namely,  the d i sappearance  ra te  
of A u ( I I I )  observed wi th  h y d r o x y l a m i n e  (added  as 
hydroch lor ide)  as the reducing  agent  was at  leas t  an 
order  of magni tude  fas ter  t han  that  found wi th  h y -  
draz ine#  The  Ar rhen ius  plot  shown in Fig. 8 was  ob-  
ta ined  for the pseudo f i r s t -order  ra te  constants  cal-  
cula ted  f rom the slope of l inear  por t ion of the curves in 
Fig. 6. The ac t iva t ion  energy  was found to be equal  to 
10.2 kca l  mole  -1. 

Final ly ,  i t  should be noted tha t  hydraz ine  has been  
descr ibed in the  l i t e r a tu re  as an addi t ive  for  gold p l a t -  
ing  baths.  I t  is said to ha rden  e lec t rop la ted  gold (14) 
p r e sumab ly  due to its influence on gra in  size (15). In  
addit ion,  Winters  (16) showed tha t  hydraz ine  acts as 
an  "oxygen  scavenger"  and increases  the  cu r ren t  effi- 

Hydroxylamine would he preferred to hydrazine for this rea- 
son. However, the former is available only in the form of salts, 
such as hydrochleride or sulfate, which would introduce unwanted 
anions into the bath. 

ciency of soft gold plat ing.  P resumably ,  a s imi lar  effect 
is expected for ha rd  gold plat ing,  bu t  the  discolorat ion 
of deposits  by  excess hydraz ine  noted  prev ious ly  p re -  
eludes its use for this purpose.  

Summary and Conclusions 
1. C y a n o a u r a t e ( I I I )  ions fo rm and accumula te  in  

acidic or neu t ra l  gold p la t ing  ba ths  wi th  p l a t i num 
anodes as the  baths  are  aged. The accumula t ion  of the 
A u ( I I I )  species leads to a significant decrease  in  p l a t -  
ing cur ren t  efficiency. 

2. Methods based  on ad jus t ing  p la t ing  cu r r en t  or  
t ime to ma in ta in  a constant  deposit  thickness  wi th  
s teadi ly  decreasing p la t ing  efficiency a re  not  a lways  
applicable.  As a simp!e and more  genera l  approach,  i t  
is r ecommended  to replace  the  p l a t i num anode wi th  a 
low po la r i za t i on  anode such as the  so-cal led  "d imen-  
s ional ly  s table  anode." Al though  this e lec t rode  does not  
comple te ly  p reven t  the format ion  of Au ( I I I ) ,  i t  is pos-  
s ible to main ta in  the  A u ( I I I )  concentra t ion  at  a leve l  
low enough to obta in  a cu r ren t  efficiency g rea te r  than  
90% of the in i t ia l  level.  

3. Hydraz ine  is useful  for reducing A u ( I I I )  to A u ( I )  
wi thout  forming undes i rab le  react ion by-produc ts .  

4. T rea tmen t  wi th  act ive carbon removes  the  Au (I I I )  
species, but  this method  suffers f rom the d i sadvan tage  
tha t  significant amounts  of Au (I) a re  also removed.  

Final ly ,  it should be r e me mbe re d  tha t  the cu r ren t  
effmiency of h a r d  gold pIa t ing is influenced b y  m a n y  
o ther  var iables  besides A u ( I I I ) .  Concentra t ions  of 
Au (I ) ,  Co ~ +, pH, tempera ture ,  agi ta t ion  conditions, and  
impur i t ies  al l  affect the cur ren t  efficiency. Therefore,  i t  
is impor t an t  to control  these var iab les  as wel l  as 
A u ( I I I )  concentra t ion in o rde r  to ma in ta in  a s table  
cur ren t  efficiency and to produce  a constant  deposi t  
thickness.  
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Steady-State Characteristics of Oxygen 
Concentration Cell Sensors Subjected to 

Nonequilibrium Gas Mixtures 
J. E. Anderson and Y. B. Groves 

Ford  Motor Company, Chemistry Department, Research Sta~, Dearborn, Michigan 48121 

ABSTRACT 

Oxygen  sensors, based on membrane  concentra t ion cells, are  to be used in a 
feedback control  sys tem on automobiles.  For  p roper  control  function, the 
sensors should develop vol tages corresponding to equ i l ib r ium oxygen  par t i a l  
pressures  in engine exhaust ,  even when subs tant ia l  deviat ions f rom chemical  
equ i l ib r ium ac tua l ly  exis t  in the  bu lk  exhaus t  s t ream.  This is accomplished 
th rough  use of cata lyt ic  electrodes that  are  supposed to equi l ibra te  local oxy-  
gen concentrat ions at  the  membrane  surface and measure  the emf developed 
across the  concentra t ion cell. This paper  explores  physicochemical  factors in-  
fluencing the emf across concentra t ion cell  oxygen sensors in the presence of 
surface react ions that  a re  not necessar i ly  in chemical  equi l ibr ium.  Specifically,  
we r epor t  an i so thermal  kinet ic  analysis  l ink ing  emf to (i) mass t ransfer  be -  
tween  the bu lk  gas and bounda ry  layers ;  (ii) adsorption,  desorpt ion,  and 
chemical  react ion on the ca ta lys t / e l ec t rode  surface. With  nonequi l ib r ium bulk  
gas mixtures ,  our  analysis  indicates that  cell emf corresponds to equ i l ib r ium 
oxygen  pa r t i a l  pressures  when two res t r ic t ions  are  met:  (i) mass t ransfe r  
be tween  bu lk  gas and surface bounda ry  layers  is slow re la t ive  to the  ra te  
of surface reactions;  (ii) the reac tan t  gases have ident ical  mass t rans fe r  coeffi- 
cients. Expe r imen ta l  studies of ZrO2 oxygen sensors wi th  p l a t i num ca ta lys t /  
e lectrodes are  also repor ted.  Vol tage/composi t ion  curves for  O2/alkane systems 
devia te  subs tan t ia l ly  f rom those calcula ted for chemical  equi l ibr ium.  This 
reflects a r e l a t ive ly  poor  p la t inum cata lyt ic  efficiency for  a lkane  oxidat ion.  
Fol lowing  recent  work  by  Takeuchi  et al., a "mass t ransfer  shift" of vo l t age /  
composit ion curves was observed at 600~ wi th  the O2/H2 and the O2/D2 
systems. This result ,  which follows f rom our kinet ic  analysis,  reflects the sub-  
s tan t ia l ly  different  mass t ransfe r  coefficients of the r eac t an t  gases. In  a second 
set of exper iments ,  gas mix tures  were  equi l ib ra ted  chemical ly  before  reach-  
ing the  sensor by  passing them over  a secondary  p l a t inum catalyst .  Stoichio-  
met r ic  vol tage /composi t ion  curves were  obta ined  under  these conditions. 

Oxygen sensors a re  being developed for engine con- 
t rol  systems on automobi les  (1-3).  The basic  concept  
involves sensing oxygen par t i a l  pressures  in engine 

Key words: solid electrolyte,  gas electrode, control systems, 
kinetics.  

exhaust ,  then using this informat ion  to control  the a i r -  
to- fue l  ra t io  en te r ing  the engine. In  this way,  engine 
efficiency is opt imized whi le  exhaus t  emissions are  con- 
trol led.  

Sensors based on oxygen concentra t ion cells have  
been extens ive ly  inves t iga ted  for  this control  operat ion.  
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These devices employ a solid-state oxygen-ion conduct- 
ing electrolyte separating (i) an oxygen reference gas 
(air) from (fi) a gas of unknown oxygen concentration 
(engine exhaust). Sensor operation is based on the 

Nernst equation 

a V  - -  - -  ~ ] n  (Poz/Po,z') [11 

which relates the emf across the electrolyte, ~V, to 
oxygen partial pressures in the two gases, Po2 and Po~'. 
The most commonly used sensor consists of a Y~O3- 
doped ZrO~ electrolyte with platinum electrodes on 
both surfaces. 

Control system strategy is based on sensing an oxy- 
gen partial pressure corresponding to chemical equi- 
librium in the exhaust stream. Meaningful air-to-fuel 
adjustments can then be made. It is well known, how- 
ever, that the oxygen partial pressure in engine exhaust 
does not correspond to chemical equilibrium. Oxygen is 
present as one component of a nonequilibrium gas mix- 
ture containing products of incomplete combustion. 
Other important components include CO, CO~., H~, H20, 
NO, NOr, N2, and a variety of hydrocarbons and hydro- 
carbon derivatives. 

Sensor electrodes are made from catalytic metals in 
order to circumvent this difficulty. The electrodes serve 
two functions. First, they catalyze oxidation reactions 
and equilibrate local oxygen concentrations; second, 
they monitor the emf developed across the concentra- 
tion cell. 

The present research explores physicochemicat fac- 
tors influencing sensor emf in the presence of nonequi- 
librium gas mixtures. Specifically, we develop an iso- 
thermal kinetic analysis linking sensor emf to the pro- 
cesses of mass transport, adsorption, desorption, and 
chemical reaction. Experimental studies relating sensor 
voltage to catalytic efficiency are also reported. 

There has been relatively little previous research di- 
rected at the emf across concentration cells in the pres- 
ence of nonequilibrium gas mixtures. Fleming (4, 5) pre- 
sented an analysis where oxygen and carbon monoxide 
are assumed to be in chemical equilibrium at a fictive 
temperature that characterizes surface catalytic effi- 
ciency. Fleming's work does not treat surface boundary 
layers. Later, Takeuchi et al. (6) showed experimen- 
tally that boundary phenomena are crucial in produc- 
ing sensor voltages corresponding to oxygen equilib- 
rium in the bulk gas. This important finding is amplified 
and extended in the present work through kinetic anal- 
ysis and experimental results. Etsell and Flengas (7) 
published definitive studies of ZrO2 sensors in the pres- 
ence of equilibrium oxygen partial pressures. Questions 
of gas adsorption and surface reactions on ZrO2 oxygen 
fuel cells have also been explored (8). Haaland (9) 
has recently reported studies of 02 sensors with non- 
catalytic surface electrodes. 

The oxygen-ion conducting electrolyte (e.g., ZrO2) 
plays a passive role in the present analysis: all internal 
electrochemical processes are idealized and cell emf 
becomes a convenient monitor of the surface processes 
that are the primary focus of the present work. This 
oversimplification both contrasts and complements sim- 
plifications made in previous studies of similar cells, 
where nonelectrochemical surface processes are ideal- 
ized and internal electrochemistry is examined (8) 
Clearly, the experimental situation lies somewhere be- 
tween these extreme views. 

Kinet ic  Analysis 
This analysis concerns the cell configuration shown in 

Fig. 1. We consider three regions on each side of an 
oxygen-ion conducting electrolyte: (i) a bulk gas 
region; ( i t )  a gaseous boundary layer; and ( i i i )  the 
eIectrode/catalyst surface. Kinetic expressions, given 
below, describe both chemical reaction on the elec- 
trode/catalyst surface and mass transfer between ad- 
jacent regions. 

( CATALYST/ELECTRODE ) 

BULK 
GAS, 

UNKNOWN 02 COMPOSITION 
(AUTO EXHAUST) 

z 
o 

v _ _  
. . I n  r 

. a  

O 
J 

\ / 
BOUNDARY LAYERS 

BULK 
REFERENCE 

GAS~ 
( A I R )  

Fig. I. Schematic drawing of oxygen concentration cell sensor 
showing the regions considered in the kinetic model: bulk gas 
region; gaseous boundary layer; electrode/catalyst surface. 

The analysis is framed in terms of the reaction Or 4- 
2CO ~ 2CO2, which is of primary importance in sensor/ 
exhaust applications. The same physical principles are, 
m u t a t i s  m u t a n d i s ,  directly applicable to other surface 
reactions. 

Six coupled, nonlinear differential equations are in- 
volved: 

Surface reactions 

d o A / d t  - -  --2k20A 2 + 2kAA18v  2 - -  kReAos  -5 kDgCOv [2] 

d O n / d t  - -  --k40B 4- k s B z o v  - -  kaaASB + kD0CSv [3] 

dec~ t i t  - -  --k~Oc 4- kcCrOv -{- kROASB - -  kDSC0v [4] 

Boundary layer reactions 

d A 1 / d t  _~ --kz(A1 - -  A g )  - -  kAA10v2 -5 kzoA ~ [5] 

d B 1 / d t  = - - k a ( B z  - -  Bg) -- k s B l O v  + k4es  [6] 

d C l / d t  = - - k ~ ( C ~  --  Cg) -- kcC18v  + k6~c [7] 

The following variables appear in Eq. [2]-[7J: At, 
B1, and C1 are the partial pressures of O~, CO, and 
CO 2 in the boundary layer; • 0B, and Oc are the frac- 
tional surface coverages of atomic oxygen, CO, and 
CO2, respectively; or, the fractional surface coverage of 
vacancies, is related to the others by oA 4- os 4- Oe -[- ov 
--~ 1. Rate constants kl, ks, and ks describe mass trans- 
fer of O2, CO, and CO2 between the bulk gas and the 
boundary layer, kA, ks, and kc describe adsorption of 
these gases from the boundary layer onto the catalyst 
surface, k2, k4, and ks characterize the corresponding 
desorption processes, kR is the rate constant for the 
surface reaction 0A 4- 0B --) aC -5 0v; kD is the rate con- 
stant for the reverse of this surface reaction. Input 
parameters are the partial pressures of 02, CO, and COs 
in the bulk gas region; they are denoted Ag, Bg, and Cg. 

Tiie above expressions describe isothermal Lang- 
muir-type adsorption/desorption kinetics (10). The 
oxygen-carbon monoxide reaction is assumed to occur 
exclusively on the catalyst/electrode surface via the 
Langmuir-Hinshelwood mechanism. This kinetic 
scheme is admittedly arbitrary. Simplifications have 
been introduced including an assumption of isothermal 
conditions. It should be noted that many particulars of 
carbon monoxide surface oxidation at atmospheric gas 
pressures remain unresolved despite extensive study 
(10-14). Although arbitrary and simplified for the 
present purpose, the kinetics described in Eq. [2]-[7] 
are in qualitative agreement with existing experimen- 
tal observations. 

The various rate constants are related to Keq, the 
equilibrium constant for the O2-CO-CO2 system, by 
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(02) I/2 (CO) k4kckD _ / k2' 
K~q 

= (co~) - k6kBk------~V ~ [ 8 ]  

Equation [8] is readi ly obtained by applying detailed 
balance constraints to all adsorpt ion/desorpt ion pro- 
cesses and to the surface reaction. 

Keq is of order 10 -10 atm'/= or less for the O~-CO-CO~ 
system at temperatures  below 1000 K (15). The back 
reaction, 2CO2 --> 2C0 -f- O2, is often neglected in 
catalytic studies for this reason. It  must  be included 
here if one is to compute proper l imit ing voltages when 
the bulk  gas is rich in CO; i.e., when the bulk  gas con- 
tains less than a stochiometric amount  of oxygen. 

Ce l l  E M F  a n d  S u r f a c e  C o n c e n t r a t i o n s  

This section relates cell emf to surface concentrat ions 
on the catalyst/electrodes. It  presumes that surface 
concentrations are determined by adsorption, desorp- 
tion, and chemical reaction between un- ionized species; 
i.e., that  cell emf is a convenient  measure of surface 
concentrations governed by nonelectrochemical  pro- 
cesses. Following Etsell and Flengas (8), two potent ial-  
determining reactions are considered 

k~ 
OA + h +2 + 2e ~- As + ev [9a] 

ks 

k9 
ec + h +~ + 2e~----A~ + eB [9b] 

klo 

In  the above equations, h +~ and A~ are surface concen- 
trations of doubly charged oxygen ion vacancies and of 
oxygen atoms in  the electrolyte. Under  s teady-state  
conditions with no external  current,  reaction rate 
theory gives 

(k78A ~- k9~c)h+2e -v~/RT = (ksov + k~o~B) As e~O/Rr 

o r  

[10a] 

2 F r  fk7 ((OA/ev)-t-(k'/k?)(Rc/Ov)'~h+~ t 
R T  ~s 1 + (klo/ks) (0B/ev) / ' ~ s  

[10b] 

for the emf difference between electrolyte and an 
electrode exposed to O~, CO, and CO~. The reference 
electrode is exposed to air, and similar  arguments  lead 
to I 800  

2Fr = In [11] '" 
< 
i -  

since N2 adsorption is vanishingly  small. Making the ~ 600 
usual  assumption that  (h+2/As) is un i form across the _j 
electrolyte, the cell emf becomes -J bJ 

O 

AV ~- -- ~ In 
2F 1 + (kzo/ks) (0B/0v) "~ 

. J  

[12a] o . J  

2 0 0  This reduces to 

R T  
AV = --  -- In { (eA/0v) (84eA)'} [12b] 

2F 

for the case of an oxygen concentrat ion cell wi th  no 
external  CO or CO2. Equat ion [12b] is readily obtained 
from Eq. [1] for this case by application of Langmuir  
statistics. Note that  s trongly adsorbed nonreact ive gases 
have no effect on AV. Such gases s trongly reduce ab-  
solute values of 0A and 8v but  not the ( S A / S v )  ratio 
under  Langmui r  adsorpt ion/desorpt ion statistics. 

The mixed potential  governed by Eq. [9a] and [9b] 
is reflected in the terms (kJkT)  (0c/0v) and (klo/ks) 
(0B/0v). Both terms are set equal  to zero in  the nu -  
merical  results presented in the next  section. This s im- 

plification does not  change qual i tat ive conclusions to 
be drawn from the analysis in  any  substant ia l  way, 
and it would be easy to include these terms in  the 
analysis if we knew what  their  relative magni tude  was 
experimental ly.  Clearly neglecting these terms has 
largest quant i ta t ive effect when excess CO is present. 

We now rewri te  Eq. [2]-[4] for steady-state condi- 
tions in terms of three new variables  ~/A = (eA/0v), 
7B -- (0B/By), andTc ---- (8c/0v) 

2(kAAI -- k27A 2) -- kRTATB -~ kDTC -- 0 [18] 

S (kBB1 -- k4"VB) -- kRT~TB + kD7c "-- 0 [14] 

S(kcC1 -- k67c) -~- kRTA'YB -- kD'YC -- 0 [15] 
where 

S =_ (1 + 7A + VA + re) [16] 

Addition of Eq. [12] and Eq. [15], etc. gives (in the 
same notation) 

Az ~- Ag -- (kRTAVB -- kDVC)/(2klS 2) [17] 

Bz = Bg -- (kRTA7B -- kDVc)/(ksS 2) [18] 

C1 = Cg ~- (kRTATB -- kD~'c)/(ksS 2) [19] 

The s imultaneous Eq. [13]-[19] can be solved nu -  
merical ly with specified inpu t  part ial  pressures while 
varying rate constants for adsorption, desorption, mass 
transfer, and chemical reaction. We used a two-di-  
mensional  version of Newton's  method with 7A and 
(TB + 7c) as parameters.  The six variables are then 
determined by combinat ions of Eq. [13]-[19]. Con- 
centrat ion cell voltages are obtained from Eq. [12] once 
~A is known. Assuming that  no oxygen reactions occur 
on the reference side of the cell, 7A' ---- (Ag'kA/k2) V,. 

N u m e r i c a l  Results  
Figures 2-5 show calculated cell voltage, AV, plotted 

as a funct ion of (O2/CO) = Ag/Bg, the ratio of par t ia l  
pressures in the bu lk  gas region. In  all cases, bu lk  gas 
compositions do not  correspond to chemical equi l ib-  
rium. The parameters  T = 600~ Ag' ---- 2 X 104 Pa 
(0.2 atm), Keq ,~- 5 X 10 -13 atmV= were used in  gen- 
erating the numerica l  results (15). 

The data presented in Fig. 2-3 presume rapid mass 
t ransfer  between the bu lk  gas and boundary  layer, such 
that  A1 ~_ A~, B1 ~ Bg, C1 _ Cg. The influence of bulk  

0 
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I I I 
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I / 2  02+ C O ~  CO 2 
6 0 0 " C  
Keq = 5X lO  "13 

EFFECT OF DIFFERENT 
SURFACE 

REACTION RATE 
CONSTANTS 

B 

I I I 
0.5 

Or/CO RATIO 

I I I 

1.0 

Fig. 2. Calculated cell voltage vs .  bulk gas O J C O  ratio with 
Bg ~ 0.1. Rapid mass transfer assumed, such that A1 ___ Ag, 
B1 ~ Bg, C1 ~ Cg. Rate constants are ka -~- kB ---- 100, kc ---- 
0.1, k2 ~ k4 ---- 0.001, ks ---- 1000. In carve A, kR ~ 0.00001 ---- 
5kD. In curve B, kB ---- 1 ~ 5ko. In curve C, kR ---- 1000 ---- 5kD. 
Curve D corresponds to chemical equilibrium. Similar trends, from 
curve A toward curve D, are seen with other input parameters as 
the surface reaction rate is increased. 
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Fig. 4. Calculated cell voltage vs. bulk gas O2/CO ratio with 
B e ~ 0.1. Rate constants are kR : SkD ~--- 1000, kc ~ 0.1, k6 --  
1000, k2 ---- k4 ~ 0.001, kA = 0.75kB. Curve A corresponds to 
fast mass transfer: kz ~ k3 ~ ks ~- 106; curve B, to an int~r- 
mediate mass transfer rate: kz ---- k3 ~ k5 ~ 1; curve C to slow 
mass transfer:k1 ---- ks---- ks---- 1 X 10 -4 .  

gas /boundary  layer mass t ransfer  rates is i l lustrated in 
Fig. 4-5. 

Adsorption of oxygen and carbon monoxide, from 
the boundary  layer  onto the catalyst surface, is pre-  
sumed to occur at identical  rates in  the data presented 
in  Fig. 2; e.g., kA .: kB. Curves A-C, where the surface 
reaction is presumed to occur at progressively faster 
rates, are to be compared with curve D, which corre- 
sponds to each bulk  gas composition at chemical equi-  
l ibrium. Curve A assumes a surface where both gases 
are adsorbed but  no reaction occurs (;OR ---- kD "-- 0). 
An enormous change in equi l ibr ium oxygen par t ia l  
pressure, caused by  the chemical reaction, produces the 
voltage step at stoichiometry in  the equi l ibr ium curve 
D. If no reaction occurs, as assumed here, the voltage- 
composition curve A corresponds to an oxygen concen- 
tration cell. Curve B assumes a reaction rate constant 
kR comparable to adsorpt ion/desorpt ion rate constants. 
The l imit ing voltage at high Ae/B e ratio corresponds to 
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Fig. 5. Calculated cell voltage vs. bulk gas O~./CO and O2/H2 
ratios. Bulk CO and H2 values of 0.1 atm assumed. Slow mass trans- 
fer in bath curves. In curve A (for CO), kz ~ 0.94ka - -  1.17k5. In 
curve B (far H2), kl - -  0.25ks - -  0.75k5. 

which follows from "YB ~ (kBBg/k4), 2kAAg ."-' ~R~'A~B. 
Note that  these voltages extend beyond the v o l t a g e  
limits calculated for (i) no chemical reaction and (ii) 
chemical equil ibrium. This resul t  cannot  be in terpre ted 
by quas i -equi l ibr ium concentrat ion cell arguments,  
since these arguments  require oxygen part ial  pressures  
between A e (no reaction) and (A e -- 0.5 Be) ( c o m -  
p le te  i rreversible reaction).  This s i tuat ion is caused  
by the rate of surface reaction being competit ive wi th  
the rate of oxygen desorption: together these processes  
generate smaller  (0A/0v) values than those resul t ing 
from adsorpt ion/desorpt ion alone. 

Figure 2, c u r v e  C assumes a surface reaction rate  
faster than the rates of CO/O2 adsorption/desorption.  
This s i tuat ion best approximates equi l ibr ium behavior,  
curve D. Deviations between Fig. 2, curve C and curve 
D persist both above and below stoichiometry. 

Figure 3 i l lus t ra tes  the role of relat ive gas adsorp-  
tion rates in  a s i tuat ion where the rate of surface re-  
action is faster than either adsorption process. Here 
voltage-composition curves shift along the (Ae/Be) 
axis such that  the voltage step occurs where A e -- 0.5 
(KB/KA)B~. This result  was obtained previously by 
Fleming (5) from cons idera t ion  of a different kinetic 
model. 

Our numerica l  calculations f requent ly  produced two 
steady-state solutions for one set of input  parameters;  
e.g., Fig. 3, curve A. One of these solutions corresponds 
to high fractional surface coverage by oxygen; the 
other, to high surface coverage by  carbon monoxide. 
Multiple steady states are well  known in b o t h  experi-  
menta l  and theoretical studies of surface CO oxidation. 
They result  from autoinhibi tory  features of Langmui r -  
Hinshelwood kinetics. The reader is referred to a recent  
review by Sheintuch and Schmitz (16) for a di scuss ion  
of this phenomenon.  

The numerica l  data presented thus far assume rapid 
mass t ransfer  between bulk  gas and boundary  layers. 
Even with this restriction, there are seven adjustable  
rate constants. With judicious selection of relat ive k 
values, it is possible to produce a var ie ty  of voltage- 
composition curves in addition to those i l lustrated in  
Fig. 2-3. This serves to i l lustrate  an  impor tan t  result :  
When the bulk gases are not in  chemical equil ibrium, 
there is no reason to expect oxygen concentrat ion cell 
emf to reflect equi l ibr ium oxygen par t ia l  pressures. 
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I t  turns  out, however ,  tha t  i so thermal  concentra t ion 
cell  emf corresponds to equ i l ib r ium oxygen  pa r t i a l  
pressures  in a nonequi l ib r ium bu lk  gas mix tu re  when  
two conditions are  met:  (i) bu lk  g a s / b o u n d a r y  l aye r  
mass t ransfer  is slow, and (ii) the  r eac t an t  gases have 
ident ical  mass t rans fe r  rates.  

F igure  4 contains some of the  most  impor t an t  r e s u l t s  
of this analysis.  Curve A is ident ica l  to Fig. 3, curve B, 
corresponding to r ap id  mass  t rans fe r  wi th  d iss imi lar  
adsorpt ion  rates. Note tha t  the  vol tage  s tep is shif ted 
f rom stoichiometry.  F igure  4, curves B and C a s s u m e  
progress ive ly  s lower  mass t ransfer .  Wi th  slow m a s s  
t ransfer ,  ( i)  vol tage-composi t ion  curves approach  those 
ca lcula ted  for chemical  equ i l ib r ium of the  bu lk  g a s e s ,  
a n d  (ii) calcula ted  gas pa r t i a l  pressures  in the  bound-  
a ry  l aye r  match  chemical  equ i l ib r ium values  for each 
bu lk  gas composit ion.  This is a genera l  resul t ,  i nde -  
pendent  of re la t ive  ra tes  of adsorpt ion,  desorption,  a n d  
surface reaction.  

F igure  5 i l lus t ra tes  ano the r  impor t an t  point.  I t  
demons t ra tes  tha t  vo l tage-composi t ion  curves shif t  
under  slow mass t ransfer  condit ions when  the  r eac t an t  
gases have different  mass t ransfer  coefficients. Under  
i so the rmal / i sobar ic  conditions,  k inet ic  theory  ( G r a -  
ham's  law)  predic ts  tha t  mass  t ransfe r  coefficients 
va ry  as M-1/2, where  M is the gas molecu la r  weight.  
S imi la r  var ia t ions  of mass t rans fe r  coefficients in  gas 
mix tures  have been der ived  (17). CO and O2 have ap-  
p rox ima te ly  equal  molecu la r  weights,  and  mass t r ans -  
fer  differences are  expected  to be s l ight  under  slow 
mass t ransfe r  conditions.  On the o ther  hand.  Graham's  
law argues for a large  effect in the H2-O2-H20 sys-  
tem. This is shown in Fig. 5, curve B. 

Final ly ,  i t  should be noted tha t  b o u n d a r y  l aye r  pa r -  
t ia l  pressures  can be approx ima ted  by  chemical  equi-  
l ib r ium under  slow mass t ransfer  conditions;  e.g. 

(Az) '/~ (B1) = Keel(C1) [21] 

Mass balance  constraints  requi re  2kz (Ag  -- A1) = 
k~(Bz -- Bg) = - - k s ( C z  -- Ca). Together,  these r e l a -  
t ions lead  to a cubic equat ion for  A1. The corresponding 
7A and AV can be obta ined  f rom ~A "- (AzkA/k2)1/2, 
tha t  is, by  assuming the surface react ions are  in dy -  
namic equi l ibr ium.  

Experimental 
Our exper imen ta l  appara tus  consisted of a gas flow 

sys tem passing through a tube furnace.  The homemade  
concentra t ion cell sensor contained p l a t inum electrodes 
on the inner  and ou te r  surfaces of an 8% Y203-doped 
ZrO2 tube. The ex te rna l  electrode,  in contact  wi th  non-  
equ i l ib r ium gas mixtures ,  was sput te red  onto the closed 
tube  tip and had a geometr ic  surface a rea  of app rox i -  
ma te ly  0.25 cm 2. The inner  e lect rode was in contact  
wi th  air. Thin p l a t i num wires  connected the  electrodes 
to a h igh- impedance  vol tmeter .  Gas mix tures  were  
p repa red  using Matheson Series  8240 Mass F low Con- 
trollers.  A thermocouple  a t tached to the inner  a i r /  
e lect rode surface measured  cell  t empera ture .  Tests 
wi th  a thermocouple  moun ted  on the ou te r  surface 
indica ted  a t empera tu re  difference less than  10~ 

Figure  6 compares  expe r imen ta l  vo l tage /composi t ion  
curves for  gas mix tures  in  N2. The X scale is used as the  
abscissa, where  ~. is defined as the expe r imen ta l  O~,/re- 
ac tant  mole rat io  d iv ided  by  the corresponding mole  
rat io  at s toichiometry.  The expe r imen ta l  vol tage step 
in the O J C O  sys tem occurs a t  ~. = 1, as an t ic ipa ted  for  
two r eac t an t  gases wi th  a mass rat io  of 0.875 in con- 
tact  wi th  an efficient ca ta lys t  surface. These resul ts  are  
independent  of flow ra tes  pas t  the  sensor surface r ang -  
ing be tween  130 and 520 cm/sec.  The vol tage steps in 
the  O2/H2 and the O2/D2 systems are  shif ted f rom ~. ---- 
1 in the  direct ion pred ic ted  by  mass t r anspor t  analysis  
when the r eac tan t  gases differ by  16 and 8 in mass, r e -  
spectively.  Since H2 and D2 have v i r tua l ly  ident ica l  r e -  
act ion characteris t ics ,  the difference be tween  the O2/H2 
and the O2/D~ vol tage /composi t ion  curves is unambigu-  
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Fig. 6. Experimental cell voltage vs. ~, the ratio of reactant gas 
partial pressures. H2, D2, CO, and CH4 partial pressures maintained 
at 0.02 atm and 02 partial pressure varied. 

ous expe r imen ta l  evidence for a mass t ransfe r  shift.  
S imi la r  shifts were  r epor ted  prev ious ly  b y  Takeuchi  
et  al. (6),  who found vol tage steps a t  ~ = 4 and ~. = 2 
for the O2/t-I2/N2 and the  O2/D2/N 2 systems at  400~ 
The ear l ie r  da ta  is in to ta l  ag reement  wi th  mass t r ans -  
fer  concepts. Our  exper iments  indicate  a less d ramat ic  
shift;  e.g., to ~. = 2.2 for  O2/H2. The magni tude  of the  
shift  is sensi t ive to the flow ra te  pas t  the  sensor. Con- 
sequently,  we feel tha t  var ia t ions  in sensor design and 
fabricat ion,  r a the r  than  t empe ra tu r e  effects, a re  re -  
sponsible for differences be tween  the p resen t  resul ts  
and those of Takeuchi .  

The vol tage  step in the  OJCI -~  sys tem occurs nea r  
---- 0.5. This is typical  of expe r imen ta l  resul ts  (not 

shown) on o ther  O2/alkane systems (O2/C2H6, 02/C8H8, 
O2/C4H10) and reflects the re la t ive  inefficiency of a l -  
kane  oxida t ion  over  p l a t inum cata lys ts  (18). Some ex -  
per iments  wi th  reac tan t  gas mix tures  containing both 
CO and CI-~ were  performed.  The vol tage  step moves 
sys temat ica l ly  f rom tha t  found in the  O2/CI-t4 sys tem 
to tha t  found in the O2/CO system as the CO/CH4 rat io  
is increased.  

In o ther  exper iments ,  a secondary  ca ta lys t  was used 
to equi l ib ra te  gas mix tu res  before  they  reached the 
sensor. High surface area  p l a t inum suppor ted  on A12Os 
was used at  an opera t ing  t empe ra tu r e  of app rox ima te ly  
600~ A t h r e e - w a y  stopcock routed  the gas flow to the  
sensor by  e i ther  of two a l te rna te  paths :  one pa th  
passed over  the secondary  cata lys t ;  the other  led d i -  
rec t ly  to the sensor. Using this a r rangement ,  we were  
able  to explore  the effects of gas p re -equ i l i b ra t i on  
under  h ighly  control led  expe r imen ta l  conditions. Typ i -  
cal resul ts  are  shown in Fig. 7. Vol tage steps tha t  occur 
e i ther  above or be low s to ich iomet ry  wi th  unequi l i -  
b ra t ed  gas mix tures  occur at  ~. --  1 af ter  passing over  
the secondary  catalyst .  As expected,  s toichiometr ic  be -  
havior  can be modified if high flow ra tes  a re  used and 
the cata lys t  no longer  has sufficient t ime to equi l ibra te  
the  gas mixtures .  

Discussion 
The main  resul ts  of the presen t  analysis  include (i) 

re la t ing  concentra t ion cell  emf to ca ta lys t / e lec t rode  
surface concentrat ions under  nonequi l ib r ium condi-  
tions; (ii) express ing a ca ta ly t ic  analysis  in terms of 
cell emf; and (iii) using the resul ts  of this analysis  to 
assess the influence of mass t ranspor t ,  adsorpt ion,  de -  
sorption, and surface react ion upon sensor emf. M a n y  
conclusions d rawn f rom this analysis  appea r  in the  
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Fig, 7. Experimental cell voltage vs. k, the ratio of reactant gas 
partial pressures. Deviations of the voltage step from stochiometry 
ore observed without pre-equi[ibratian over a secondary catalyst. 
Pre*equilibration produces a transition at stoicMometry. 

ca ta lys t  l i t e ra ture ;  p rev ious ly  t hey  have  not  been  ex -  
pressed in te rms of e L f  across a concentra t ion  cell. 

I t  would appear  tha t  an ideal  s t eady-s ta te  oxygen  
concentra t ion cell  sensor has a mass  t ransfe r  ra te  much  
smal le r  than  the ra te  of surface react ion;  i.e., i t  has  a 
smal l  Thiele  modulus  (19). I t  is wel l  known tha t  
heterogeneous cata lys ts  typ ica l ly  exhib i t  smal l  Thiele  
modul i  at  h igh tempera tures ;  this fol lows d i rec t ly  f rom 
the h igher  ac t iva t ion  energies  for  chemical  react ions  
re la t ive  to the  ac t iva t ion  energy  for mass t ransfer .  The 
converse  of this a rgumen t  implies  some lower  t empera -  
tu re  where  mass t rans fe r  ra tes  and  surface reac t ion  
rates  become comparable :  this t e m p e r a t u r e  var ies  wi th  
the  catalyst ,  gas concentrat ions,  and the  react ion in -  
volved.  This m a y  exp la in  expe r imen t a l  observat ions  
tha t  concentra t ion cell  sensors opera te  best  a t  h igh 
t empera tu re s  (T > 500~ where  mass t ransfe r  is ex-  
pected to be ra te  l imit ing.  In te rna l  e lec t rochemical  fac-  
tors, such as e lec t rode  polar iza t ion  and high e lect roIyte  
impedance,  also influence low t e m p e r a t u r e  sensor be -  
havior  (20). These factors  lie beyond  the scope of the 
presen t  research.  

At  constant  t empera ture ,  i t  is possible  to move f rom 
mass t r anspor t  l imi ted  kinet ics  to reac t ion  l imi ted  k i -  
netics by  decreas ing the concentra t ion of the reactants ,  
since the  effective Thiele  modulus  is concentra t ion  
dependent .  This conclusion, which follows d i rec t ly  
f rom the concentra t ion dependence  of the  chemical  r e -  
act ion rate,  m a y  produce  nonideaI  sensor cha rac te r -  
ist ics a t  low r eac t an t  gas concentrat ions.  

Cr i ter ia  for  an idea l  sensor  a re  modified when dy -  
namic response character is t ics  a re  considered. Wi th  a 
smal l  Thiele  modulus,  the  sensor  response r a t e  to a 
change in bu lk  gas composit ion is p ropor t iona l  to the  
mass t ransfe r  rate.  Consequently,  an ideal  s t eady-s ta te  
cell wi th  a slow mass t ransfe r  ra te  m a y  be imprac t i ca l  
because of poor response characteris t ics .  

P re - equ i l i b r a t i on  of  gas mix tu res  before  t hey  reach  
the sensor is a useful  way  to c i rcumvent  difficulties 
connected wi th  re la t ive  k ine t i c /mass  t ransfe r  rates.  
Indeed,  secondary  catalysts  are  commonly  used for 
this purpose  in commercia l  l abo ra to ry  ins t ruments .  I t  is 
to to be noted, however, that pre-equilibration is not 
a lways  feas ib le  when  la rge  gas volumes and  high flow 
ra tes  a re  involved.  

I t  is reasonable  to inqui re  how s t rongly  the conclu-  
sions of the  presen t  analysis  depend  on specifics in  the  

assumed kinet ic  scheme. The most  i m p o r t a n t  mode l -  
dependen t  e l emen t  involves  use of L a n g m u i r - H i n s h e l -  
wood kinetics. This mechan i sm is known  to produce  
mul t ip le  s t eady-s t a t e  solut ions for  surface concent ra-  
tions wi th  cer ta in  choices of input  parameters .  There is 
some expe r imen ta l  evidence tha t  mu l t ip l e  s t eady  states  
occur on the surface of oxygen  sensors; no tab ly  the ex-  
per iments  of Het r ick  and Logothet is  (21) on ZrO~ and 
TiO2, and the studies of Dauchot  and  Van Cakenberghe  
(22) on Schot tky  diodes. Mul t ip le  s t eady  s ta tes  p rovide  
a convenient  exp lana t ion  of expe r imen ta l  observat ions  
of vol tage hysteresis  in response to bu lk  gas composi-  
t ion changes, bu t  this r emains  a sub jec t  for  fu r the r  
study. A l t e rna t e  react ion mechanisms (e.g., Eley-  
Rideal  kinet ics)  also pred ic t  t ha t  s low mass  t rans fe r  is 
necessary  to produce quas i -equ i l ib r ium oxygen  pa r t i a l  
pressures  in the  b o u n d a r y  layer ,  

Ideal  concentra t ion cell  sensors  p roduce  a sharp  
vol tage step at  s to ichiometry  in Of / r eac tan t  gas mix -  
tures. Frequent ly ,  e x p e r i m e n t a l  (nonidea l )  sensors e x -  
hibi t  a b roadened  vol tage t rans i t ion  tha t  occurs over  a 
range  of composit ions nea r  s to ich iomet ry  (c.f. the  da ta  
for the  O2/C4H10 sys tem in Fig. 7). As noted  b y  F l e m -  
ing (5), there  is s t rong e xpe r ime n t a l  evidence tha t  the  
b roadened  t rans i t ion  is r e l a t ed  to loss of ca ta ly t ic  ac-  
t iv i ty  by  the sensor. Our  analysis  predic ts  some b road -  
ening of the vol tage step at  s to ich iomet ry  when  ({) 
surface adsorp t ion /desorp t ion  rates  a re  much  fas ter  
than mass  t r anspor t  rates, and (it) mass t r anspor t  ra tes  
a re  f as te r  than  surface react ion rates.  However ,  cal-  
cu la ted  vol tage t ransi t ions  a re  sha rpe r  t han  those seen 
exper imenta l ly .  

Turning to the expe r imen ta l  results,  observat ion of a 
"mass t ransfer  shift" in the  O2/H2: and O2/D2 systems is 
of considerable  interest .  Under  i so the rmal / i sobar i c  
conditions, i t  should occur even wi th  e x t r e m e l y  h igh  
ac t iv i ty  cata lyt ic  surfaces and displace  cell  vol tage 
f rom chemical  equ i l ib r ium values.  Exp lana t ion  of this 
finding by  the kinet ic  theory  of  gases involves  i nde -  
penden t  diffusive t ranspor t  of  components  in a gas 
mixture .  As Jackson (23) points  out, i ndependen t  
t r anspor t  a rguments  cannot  be ex tended  indef ini te ly  
since they lead  to pressure  differences in the sys tem 
that  a re  re l ieved  by  convective processes tha t  couple 
the t r anspor t  of a l l  component  gases. Convect ive  t r ans -  
por t  is augmented  in the  p resen t  case by  the rma l  
grad ien ts  be tween the bu lk  gas and b o u n d a r y  l aye r  
tha t  a re  produced b y  exo the rma l  chemical  reactions.  
Our  exper iments  confirm ea r l i e r  resul ts  of Takeuchi  
et al. (6) tha t  "mass t rans fe r  shifts" exist.  However ,  
our  da ta  suggest  tha t  the magni tude  of the  shifts is less 
extensive than those indica ted  by  Takeuchi ' s  expe r i -  
ments  and by  s imple  theory.  

Final ly ,  i t  should  be noted tha t  one mus t  use caut ion 
in d rawing  para l le l s  be tween  (i) sensor character is t ics  
wi th  respect  to pai rs  of reac tan t s  in a flow sys tem (e.g., 
O2/CO o r  O J H f ) ,  and (ii) sensor behavior  re la t ive  to 
the p le thora  of chemical  species p resen t  in engine ex -  
haust.  Whi le  identicaI  physicochemical  pr inc ip les  hold 
in bo th  cases, the var ied  in terac t ions  p resen t  in mu l t i -  
component  systems can severe ly  modi fy  expe r imen ta l  
results.  
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A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be puhlished in the December 1981 
JOURNAL. All  discussions for  the December  1981 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1981. 
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Surface Changes during A.C. Etching of Aluminum 
Christopher K. Dyer 1 and Robert S. Alwitt 

United Chemi-Con, Incorporated, 3000 Dundee Road, Northbrook, Illinois 60062 

ABSTRACT 

Elect rochemical  e tching of AI wi th  a l t e rna t ing  cur ren t  produces  a high 
dens i ty  of cubic etch pits  covered wi th  a film of oxide or  hydroxide.  Micro-  
g raphs  of the  me ta l  and  film s t ructures  a re  p resen ted  and a model  is proposed 
to expla in  the observations.  Calculat ions demons t ra te  the feas ibi l i ty  of film 
deposi t ion f rom acid solut ion when a high cathodic cur ren t  dens i ty  is applied.  
A cr i t ical  fea ture  is tha t  the high a luminum sal t  concentra t ion near  the me ta l  
surface h inders  pro ton  mobil i ty .  

Elect rochemical  e tching wi th  a l te rna t ing  current  is  
used to obta in  a high surface area  on A1 foi l  for  e lec-  
t ro ly t i c  capaci tor  e lect rodes  and also to obta in  a rough-  
ened surface sUitable for a luminum l i thographic  plates.  
A-c  etching is charac ter ized  by  a uni form depth  of 
roughened meta l  and by the presence of a film of oxide 
or hydrox ide  wi th in  this etched layer .  This film is 
p resumed to deposi t  because of the increase in local 
pH caused by  the cathodic ha l f -cyc le  (1). The tunnel  
s t ruc tures  that  dominate  the appearance  of A1 e tched 
wi th  direct  cur ren t  in chlor ide solutions at  h igh tem-  
pe ra tu re  (2, 3) a re  not seen with  a-c  etching. 

Al though a-c  etching has been used commerc ia l ly  
for  over  25 years  i t  has not been discussed in the  scien- 
tific l i t e ra tu re  except  for a recent  paper  which p re -  
sented evidence for  the deposi ted film (1). The presen t  

w o r k  shows the appearance  and deve lopment  of the 
e tch s t ruc ture  and accompanying  film under  a l imi ted  
set of expe r imen ta l  conditions. Calculat ions demon-  
s t ra te  the feas ibi l i ty  of film deposi t ion f rom acid solu-  
t ion when a high cathodic cur ren t  dens i ty  (C.D.) is 
applied.  

Experimental 
99.99% A1 foil  was mounted  and masked  on a glass 

sl ide wi th  epoxy resin (Shell  828 plus TETA) .  Af te r  
the resin on the specimen had been cured at  65~ the 
specimen was immersed  in 1N NaOH at  room tem-  
pe ra tu re  for 10 min and then thoroughly  washed wi th  

1 Present address: Bell Laboratories, Murray Hill, New Jersey 
07974. 

Key words: films, capacitorj diffusion, dissolution. 

dis t i l led water .  Etching was done wi th  5 Hz s inuso ida l  
cur ren t  suppl ied  f rom a potent ios ta t  opera t ing  in the 
galvanosta t ic  mode and coupled to a s ignal  generator .  
The specimen was immersed  in 1M HC1 at 60~ and  
an rms current  of 700 m A / c m  ~ was applied,  using 
graphi te  counterelectrodes,  for a t ime ca lcula ted  to 
give an anodic charge up to 25 C /cm 2. 

Af te r  a -c  etching, the specimen was immed ia t e ly  re-  
m o v e d  f rom the cell, washed in  dis t i l led water ,  a n d  
dr ied  wi th  methanol .  Some specimens had  no fur ther  
t r ea tmen t  so only the film depos i ted  dur ing  etching was 
on the surface. Wi th  o ther  specimens, an anodic oxide 
film was g r o w n  in 40% ammonium pen tabora te  in 
e thylene glycol at room tempera ture .  Then the etched 
a rea  was cut f rom the specimen, pee led  f rom the epoxy  
resin backing,  and  the A1 meta l  was dissolved in w a r m  
10% B r J m e t h a n o l .  The r ema in ing  oxide flakes, a f te r  
spu t te r -coa t ing  wi th  gold, were  examined  in  a s c ann ing  
electron microscope. 

Results and Interpretation 
The "'Etch film."--When an a -c  e tched foil  is im-  

mersed  in Br2/MeOH a f ragi le  film remains  af ter  al l  
the  meta l  has been dissolved. This shall  be ca l led  the  
"etch film." The film is p robab ly  a hydroxide ,  poss ibly  
in combinat ion wi th  amorphous  oxide, since the  film 
loses weight  upon heat ing but  shows no crys ta l l ine  
s t ruc ture  by  electron diffraction. The e tch film is 
obviously insoluble in 1M HC1 at  60~ dur ing  the t ime 
of an exper imen t  (15 sec) and  was st i l l  p resen t  a f te r  
much longer  etches (10 ra in) .  A n  or thoganol  v iew of 
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this  film f rom the e tchant  side (Fig.  1) shows m a n y  
in terconnected  cubic pits. F igures  1 and 2 show cubic 
"shadows" under  the  ou te r  film surface, some of 
which  are  a l igned wi th  uncovered  pits. This suggests 
tha t  the  ou te r  film was undercut ,  p r e sumab ly  b y  d is -  
solut ion of metal ,  and in some places the  ou te r  fi lm 
sepa ra t ed  f rom the surface whi le  in  o ther  places  
i t  r ema ined  as a "cap." A v iew f rom the side of the  
flake in Fig. 3 shows the s t ruc ture  of the  film f rom the 
me ta l  side (in the lower  two- th i rd s  of the field of 
v iew) as wel l  as the  e tchant  side ( top  one - th i rd  of  the  
field).  I t  is seen tha t  the  e tch fi lm repl ica tes  the  in -  
t e r io r  of  the cubic pits  on the  me ta l  surface. The 
thickness of the  etch film seems to v a r y  f rom place  to 
place;  in Fig. 2 whe re  the film has b roken  and 
pee led  back  i t  is ' less than  50 nm. 

Etch film + anodic oxide.--Figures 4 and 5 show the  
oxide  af te r  a 5 C /cm 2 etch charge  fol lowed by  anodiza-  
t ion to 100V. F r o m  Fig. 5 i t  is possible  to deduce the 
method  by  which an addi t iona l  pi t  grows onto an 
exis t ing cubic pit.  In  the lower  half  of Fig. 5 a re  two 
views of a double  cube s t ructure ,  one above the other,  
wi th  wal ls  app rox ima te ly  150 n m  thick (the anodic  
film) and an in te rna l  ledge which  is much  thinner .  
This ledge w a s  p r e sumab ly  not  in contact  wi th  me ta l  
dur ing  anodizat ion since i t  is much  less than  150 n m  
thick. I t  is p robab ly  the  remains  of an  etch film tha t  
covered the base of the  upper  cube before  the  s ta r t  of 
dissolut ion tha t  fo rmed the lower  pit.  

Fig. 3. Etch film showing pit shape from metal side and original 
surface (not anodized). Same conditions as Fig. 1 (60 ~ tilt). 

Fig. 1. Etch film from etchant side (not anodized). Conditions: 
5 C/cm 2, 5 Hz (0 ~ tilt). 

Fig. 4. Vlew from metal side after anodlzation to 100V. Same 
conditions as Fig. 1 (45 o tilt). 

A sequence tha t  could  give rise to the  observed 
double  cube morphology  is shown schemat ica l ly  in Fig. 
6. A single cubic etch pi t  is shown wi th  wal ls  covered 
by  an etch film tha t  deposi ted dur ing  the cathodic 
ha l f -cyc le  immed ia t e ly  fol lowing pit  formation.  At  
the  pi t  base, a second pi t  ini t ia tes  a t  a weak  poin t  in 
the etch film fol lowed b y  or thogonal  expansion unde r -  
nea th  the  film. The new pi t  undercuts  the  preex is t ing  
etch film and grows unt i l  the end of the  anodic ha l f -  
cycle. Dur ing  the nex t  cathodic ha l f -cyc le  this me ta l  

Fig. 2. As Fig. 1 hut 60 ~ tilt Fig. 5. As Fig. 4 but 60 ~ ti lt ,  different views 
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an in te rna l  ne twork  of wal ls  and  ledges. F igures  8 
and 9 are  sections th rough  an etch film -t- 150V anodic 
film af te r  a 10 C/cm2 etch. At  the  lower  r igh t  of these 
micrographs  (pa r t i cu la r ly  Fig. 9) is the anodica l ly  
formed por t ion of the film which must  have been in 
contact  wi th  me ta l  since i t  is now ,~200 nm thick.  Else-  
where  are  seen much th inner  films in cubic re la t ion-  
ships to each o t h e r  which are  most  p robab ly  unde rcu t  
etch film. 

F u r t h e r  evidence in suppor t  of the  model  of cube by  
cube pi t  p ropaga t ion  in each anodic ha l f -cyc le  comes 
f rom an etch done at  two frequencies.  A foil  was 
etched for 5 C /cm ~ at  5 Hz and then  for 1 C / c m  2 at  
20 or  100 Hz. The replicas,  f rom the meta l  side, a re  
shown in Fig. 10. Appl ica t ion  of a smal l  charge  at  
the h igher  f requency  produced  smal l  addi t ional  cubes 
character is t ic  of the h igher  f requency  and therefore  
independent  of the previous  etch morphology.  The r e -  
sults were  not  affected b y  the t ime on open ci rcui t  
be tween  the low and h igher  f requency  etches which 
was va r i ed  be tween  10 -3 and 200 sec. A second etch at  
h igher  f requency is the re fore  a useful  tool in iden t i fy -  
ing places where  fu r the r  pits  can propagate ,  p r e sum-  
ab ly  at  weak  points in the etch film of the "mother  
cube." F rom the pa t te rns  of smal l  cubes observed,  
weak  points  did  not  seem to be concent ra ted  at  edges 
or  be tween  "mother  cubes" (Fig. 10b) and of ten 
the re  were  clusters of smal l  cubes (Fig. 10c) which  
indica ted  tha t  nuclea t ion  and p ropaga t ion  cont inued 
p re fe ren t i a l ly  on the f reshly  ac t iva ted  surfaces. 

surface becomes covered wi th  etch film, thus comple t -  
ing the  sequence. Repea ted  sequences of this k ind  in -  
volving weak  points  in the etch film on different  pi t  
faces would  give r ise to mul t id i rec t iona l  c u b e - b y -  
cube pi t  p ropaga t ion  (Fig. 4). 

The effect of f requency  supports  the idea tha t  each 
cubic etch pi t  is fo rmed dur ing  only  one anodic ha l f -  
cycle. F igure  7 shows smal le r  e tch cubes formed at  10 
Hz than  at  5 Hz. The rms C.D. was the same in both 
cases bu t  the  charge pe r  cycle at  5 Hz was twice tha t  
a t  10 Hz. 

The above model  of pi t  p ropaga t ion  seems to app ly  
also, to the la rger  merged  cube s t ructures  seen in  Fig. 
4 since r andom sections th rough  these s t ructures  show 

Fig. 8. Film section after 10 C/cm 2, 5 Hz etch then 150V anodiza- 
tion. 

Fig. 7. Structure after 5 Hz (left) and 10 Hz (right) etch; both 
at 400 mA/cm 2, 25 C/cm 2. Anodization to 100V, metal side (0 ~ 
tilt), Fig. 9. As Fig. 8, higher magnification 
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Fig. 10. Appearance of 2- 
frequency etch. (a) 5 Hz, 5 C/ 
cm 2, (b) 5 Hz, 5 C/cm 2 + 20 
Hz, ! C/cm 2, (c) 5 Hz, 5 C/ 
cm 2 + 100 Hz, I C/cm 2. 
Anodized to 60V, meta! side. 
All at same magnification. 

Typical values from the micrographs of cube side 
length (s) are plotted as a funct ion of f requency in  
Fig. 11. For the conditions used in these experiments,  it  
is found that  s o: f - ' / , .  

Discussion 
The formation of a luminum oxide in 1M HC1 solution 

is unexpected,  bu t  the hydrogen evolution reaction 
dur ing  the cathodic half-cycle wil l  cer ta inly raise the 
pH close to the metal  surface and, if the local AV + 
concentrat ion is high enough, a precipitate might  form. 
For example, at  room tempera ture  the pH of a satu-  
rated A1C18 solution is about  0.15 and  increasing the 
pH to above 3 causes some AI(OH)a to precipitate. I t  
must  be de termined if it  is reasonable that  such a pH 
increase could occur at the conditions used in  these 
experiments,  and if there is sufficient t ime dur ing  the 
cathodic half-cycle for film deposition. 

Although a s teady-state  a l te rnat ing  current  is ap- 
plied to the electrode, the anodic and cathodic pro- 
cesses occur only on fresh surfaces at new positions for 
each cycle. To obtain an estimate of the t ime depen-  
dence of the pH increase we must  consider only  the 
t ime in terva l  for a single cathodic half-cycle. The si tu-  
ation dur ing the cathodic half-cycle can be approxi-  
mated by  a p lanar  electrode to which is diffusing a 
species (H +) which reacts and disappears at  the elec- 
trode surface at some time t. This problem has been 
considered at length by Bockris and Reddy (4) for a 
var ie ty  of conditions. The diffusion is described by  
Fick's second law 

OC 02C 
= D [1] 

Ot Ox 2 

where C is the hydrogen ion concentration. If Co is 
the b u l k  concentration, suitable ini t ia l  and boundary  
conditions are C( t  = O) -- Co, C ( x  --> oo) : Co at  
t > 0 where  x is the distance from t h e  surface.  The 
rate of disappearance of H + is given by  the periodic 
flux, J = Jmax sin ~t, for the t ime in terval  0 < t < ;~/~. 
F rom the solution for a s imilar  Problem [p. 327 in  
(4) ] we can directly give the solution for Cs, the t ime 

dependent  surface concentrat ion of H + 

Cs Jmax ( ~> 
- - = 1  s in  ~ t - - - -  [2] 
Co Co (D~,) '/~ 4 

This shows that  the surface concentrat ion also varies 
sinusoidally, bu t  lags the flux by  a ~/4 phase differ- 
ence. This lag increases the response t ime for the 
change in surface pH. 

The pH at  which a luminum hydroxide deposition can 
occur depends on the local AV + concentration, bu t  it  
must  rise to at least pH 3. For the l imit ing case of 
deposition occurr ing when Cs/Co --> 0, a sufficient con- 
di t ion for deposition is 

Jm=/Co(D. )  '~ ~-- 1 [3] 
since the value of the sine term in Eq. [2] is no greater 
than unity. 

To obtain a value for Jrnax requires an estimate of 
the specific C.D. during the cathodic half-cycle, which 
can be obtained from an estimate of the cathodic area. 
According to our model, the cathodic area is simply 
the surfaces of the freshly generated etch cubes from 
the previous anodic half-cycle. It is assumed that all 
etch cubes grow at the same rate and without impinge- 
ment over the full anodic half-cycle, thus producing 
equal size cubes with side s. There will be created n 
cubes/cm2-cycle, each with a surface area of 5s 2. We 
make use of the following relations 

charge/cm2-half-cycle = q ---- 2~/2I /~  [4] 

z 
n -- q/charge-cube  -- - -  [5] 

Fp 83aJ 
Fp 

i = USs~n = ,  , �9 s~ [6] 

Jm~ = X/2~/F = p �9 s ~  [7] 
10M 

In  these equations I = nominal  rms C.D., i ---- specific 
rms C.D., M = eq. wt., p = density of A1, F = Faraday.  

Taking the results of 5 Hz, 0.7 A/cm 2 as an example, 
from the micrographs we estimate s = 0.5 #m. Using 
Eq. [5]-[7], n = 2 • l0 T cubes /cm ~, i = 3 A / c m  ~, 
and Jmax = 5 X 10-5 eq./cm~-sec. 

With this value of Jmax and Co = 10 -2 eq./cm 8, Eq. 
[3] sets an upper  l imit  for D at 8 X 10-~ cm2/sec. If 
H + diffuses more rapidly than this, Cs will  r emain  high 
enough so that  precipi tat ion cannot  occur dur ing  the 
cathodic half-cycle. This value of D, at 60~ is lower 
than reported values for protons in dilute solution, 
where t ransport  occurs by  a hopping mechanism. In  
these experiments  the solutions are not  diIute and the 
same mechanism for proton diffusion may not prevail.  
This must  be examined in order to arr ive at an esti- 
mate  of D H + in the etch pit. 

The apparent  diffusion coefficient of H + ions has 
been measured by polarography i n  support ing electro- 
lytes of chloride salts at salt concentrat ions up to 3M 
(5). The value of D decreases with increasing [sa l t ] /  
[acid] ratio and depends on the cation of the support-  
ing electrolyte. In LiC1 solutions the dependence on 
salt concentrat ion is much stronger than  in KC1 or 
RbCI solutions. This difference is due to Li+ ions being 
more strongly solvated than K + or Rb + ions, so that  
at high salt concentrat ion more water  molecules are 
immobil ized by the Li + ions and  not sui tably or iented 



Table I. 

4.0 

DH + X 10 ~ cm~/sec (25 'C) 

C s a l t  ( M )  K + Rb+ Li+ AP + 

0 9.3 9.3 9.3 9.3 
1.0 8.5 8.5 6.6 
1.6 7.7 - -  
2.0 ~ - -  5.3 
Hydra t i on  1.1 1.1 3.2 16 

number 

to cont r ibute  to pro ton  conduct ion b y  the Grot thus  
hopping mechanism. 

The "hydra t ion  number"  is the  effective n u m b e r  of 
wa te r  molecules a t tached  to the  ion as i t  moves 
th rough  the solution. Hydra t ion  numbers  ca lcula ted  
f rom the effect of solute on die lect r ic  cons tan t  p rovide  
a measure  of " i r ro ta t iona l  b inding"  of wa te r  molecules  
to the  ion (6). The ion hydra t ion  numbers  ca lcula ted  
f rom the s tat ic  d ie lect r ic  constant  (6) a re  l i s ted  in  
Table I, a long wi th  values  of DH+ de te rmined  po la ro -  
g raph ica l ly  for  10-~M HCI at  severa l  chlor ide  sa l t  
concentrat ions (5).  S ta s tny  and S t r a fe lda  (5) ex t r apo -  
la ted  to a DH+ value  of 3 • 10 -5 cm~/sec in  2M LiC1 
at  ve ry  low HC1 concentrat ion,  only  one - th i rd  the  
value  found in the  absence of the  salt. 

A comparison of hyd ra t ion  numbers  indica tes  tha t  
in A1C13 solutions five t imes as many  wa te r  molecules  
would  be immobi l ized  as in LiC1 solutions of the  same 
molar i ty .  The A1Ch content  in the  etch pits  a t  the  end 
of the  anodic ha l f -cyc le  is p robab ly  at  least  1-2M. In 
1M A1Ch 30% of the  wa te r  molecules  would  be im-  
mobil ized.  Under  these condit ions pro ton  hopping 
could only occur to a ve ry  l imi ted  ex ten t  and  H + dif -  
fusion would  be mos t ly  by  convent ional  t r anspor t  
processes in the  same manne r  as o ther  ionic species. 
Thus, a t  25~ the va lue  of DH+ would  be expec ted  to 
be close to 2 • 10 -5 cm2/sec. The diffusion coefficient 
would be about  3 • 10 -5 cm2/sec at  60~ and using 
this va lue  in Eq. [2], w i th  the  prev ious ly  de t e rmined  
values  for the  other  parameters ,  gives to --  5 • 10 -~ 
sec, where  t = to when Ca/Co = O. Thus, to is about  
50% of the  cathodic ha l f -cyc le  t ime (to). 

Since we observe s cr o~-~/, (see Fig. 11), i t  follows 
f rom Eq. [7] tha t  J m a x  cc w~/2 and inspect ion of Eq. 
[2] shows tha t  the  pH increase  occurs over  a t ime in-  
t e rva l  such tha t  ~to = constant.  Because of this r e l a -  
t ionship, over  the  range  5-100 Hz the ca lcula ted  to r e -  
mains  at  a constant  f ract ion of the cathodic ha l f -cyc le  
time, 0.5tr Because of the  observed dependence  of s 
on ~ the ca lcula ted  number  of cubes pe r  cycle increases  
wi th  frequencjr. Since n depends  on weak  points  in the  
etch film, this  suggests  that  f requency  influences the  
na ture  of the deposi ted etch film, making  i t  more  de-  
fective when the t ime for prec ip i ta t ion  is shortened.  
F igure  10c indicates  p re fe ren t i a l  p i t t ing  of 100 Hz cube 
walls. 

E 
~L 

0.1 I I 
I0 IO0 

f, Hz 

Fig. 1 !. Frequency dependence of cube side length 
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The total  t ime for  film deposi t ion is the sum of the  
t imes for  pH increase  and for AI (OH)3  precipi ta t ion.  
This l a t t e r  t ime  in te rva l  can be  es t imated  b y  solving 
Eq. [1] for  A1 i o n  diffusion to the  hydrox ide  surface. 
C is now the a luminum ion concentra t ion which  we 
assume is un i form wi th in  the  etch p i t  a t  the  end of the  
pH increase.  The in i t ia l  condit ion and first boundary  
condit ion are  then  the same as used before:  C (t  - -  0) 
- -  Co and C (x -~ r - -  Co, t > 0. When prec ip i ta t ion  
starts,  the  A1 ion concentra t ion a t  the surface drops to 
its sa tu ra t ion  concentra t ion a t  the  surface  pH. This 
wi l l  be more  than  an order  of magn i tude  smal le r  t han  
the bu lk  concentra t ion so the  second bounda ry  condi -  
t ion is chosen as C (x  --  0) = 0, t > 0. This is a p r o b -  
lem in uns teady  diffusion analogous to the uns teady  
hea t  conduction p rob lem of f inding the t e m p e r a t u r e  
profile or  to ta l  hea t  flux in a body in i t ia l ly  a t  un i fo rm 
t empera tu re  when  one surface has an ab rup t  t empera -  
ture  change [e.g., see Ref. (7)] .  The flux at  the  sur -  
face is 

�9 =0 0-"~ ~=o = \ - ~ "  Co [81 

In tegra t ing  the flux f rom t --  0 to t - -  t gives the  to ta l  
amount  of A1 deposi ted as A1 (OH)3 

MAI_ ~j Co ( DAz )~/, ( D~t )V. dt = 2Co ~ [9] 

Hence 

t - -  DA1 \2Co  / [10] 

The thickest  films were  ,~ 50 n m  th ick  so assuming a 
composit ion of A I ( O H ) s  wi th  a dens i ty  of 2.5 g / c m  8 
gives MAz ,~ 2 • 10 - 7  mo le s / cm 2. Wi th  Co = 2 • 10 -3  
moles/cm3 and DA1 = 3 • 10 -5 cm2/sec, Eq. [10] 
gives the t ime for  prec ip i ta t ion  as t - -  3 • 10-4 sec. 
A t  the h ighest  f requency  examined,  100 Hz, this is 
only  6% of the ha l f -cycle  t ime, much  less than  the  
t ime requ i red  for  pH adjus tment .  

Thus, pH ad jus tmen t  is the cr i t ical  step in the  
deposi t ion process. Al though  at  60~ the  diffusion 
of H + is slow enough to p e r m i t  fi lm deposit ion,  a t  
some higher  t empe ra tu r e  DH+ could become large  
enough to prec lude  deposit ion.  No SEM observat ions  
were  made of surfaces  e tched at  e leva ted  tempera tures ,  
bu t  some data  on the weight  of etch film suppor ts  the  
impor tance  of tempera ture .  Specimens were  etched in 
1N HC1 a t  50 Hz, 400 m A / c m  ~, 30 C / c m  9, and the  
weight  of etch film was de te rmined  by  difference af ter  
s t r ipping  t h e  ox ide  in  5% H3PO4-2% CrOs at  85~ 
These average  weights  a re  given in Table  II. The las t  
column is an es t imate  of the  specific a rea  pe r  square  
cent imeter  of pro jec ted  area  based on capaci tance va l -  
ues of 20V anodic oxide  films. The  sharp  decrease in 
sur face  a rea  that  accompanies  the absence of etch film 
is fu r the r  evidence of the key  role of tha t  film. 

The inner  surface (meta l  s ide)  of the  etch film is 
qui te  smooth compared  wi th  the  outer  surface (Fig. 2 
and 3). I t  seems r e m a r k a b l e  tha t  a p rec ip i t a ted  film 
could pack  dense ly  enough to rep l ica te  the surface, 
but  another  example  of this is the  deposi t ion of pseudo-  
boehmite  (8, 9 ) d u r i n g  the reac t ion  of A1 wi th  hot 
water .  The rep l ica t ing  etch film is precipi ta ted ,  and  
not  anodica l ly  grown, as evidenced b y  a cell  vol tage  
in the  anodic ha l f -cyc le  of only  6V, most  of which  is 
due to polar izat ion at  the two electrodes and the elec-  
t ro ly te  resistance.  

Ano the r  in teres t ing  f ea tu re  of the  e tch  film is t ha t  
i t  fo rmed over  the  whole  of the or ig ina l  unp i t t ed  su r -  

Table II. 

F i l m  wt. 
Temp (~ (/~g/cm~) Specific a r e a  

50 120 14 
60 35 16 
70 0 6 
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Fig. 12. I sec d-c etch at 1 A/cm ~ in 1M NaCI at 65~ 

Fig. 73. ! sec d-c etch at 1 A/era ~ in 3M N~C! at 65~ 

face (Fig. 1 and 2), so it appears that in the very 
earliest stages of the a-c etch uniform anodic dissolu- 
tion and precipitation occurred before there was local 
attack with pit formation. This "pre-pitting" stage 
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was not studied but initial uniform precipitation may 
not be a general feature of a-c etching. The specific 
C.D. would be close to the nominal value so Eq. [3] 
would predict film formation only at low frequencies 
or low acid concentrations. 

Although d-c etching of Al in acid or neutral chlo- 
ride solutions produces a tunnel structure and no etch 
film, in the earliest stages of d-c etching, like a-c 
etching, a cube etch structure is formed (Fig. 12 and 
13). The d-c etch in Fig. 12 and 13 corresponds to a 
single square-wave anodic half-cycle at 0.5 Hz, with 
no cathodic half-cycle. Although, like the a - c  etch, a 
single cubic pit is formed first (Fig. 12) subsequent 
cubes seem to form only by propagation outward of 
the whole of each face of the first cube (Fig. 13) and 
not in the random way observed for a-c etching, where 
n e w  cubes propagate from different points on the cube 
faces. This difference is consistent with the presence 
during a-c etching of a protective etch film containing 
weak points. 

Manuscript submitted Jan. 2, 1980; revised manu- 
script received ca. Sept. 25, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JoTJm~AL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by 
United Chemi-Con, Incorporated. 
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ABSTRACT 

A simplified, one-dimensional ,  macroscopic model  for  porous e lect rode r e -  
actors  wi th  forced convect ion was expe r imen ta l l y  verified. The mass - t r ans fe r -  
l imi ted  reduct ion  of fe r r i cyan ide  ions was s tudied using porous g raph i te  elec- 
t rodes in a cell configuration having an ups t r eam counterelectrode.  Impedance  
character is t ics  of the  e lec t rode-e lec t ro ly te  sys tem were  measured  by  the  
t raf is ient  potent ios ta t ic  s tep method.  A n  express ion for  the  poten t ia l  difference 
b e t w e e n  ups t r eam and downs t ream ends of an opera t ing  reac tor  was ob ta ined  
based  on the simplif ied macroscopic model.  An  expe r imen ta l  method  was also 
developed for  de te rmin ing  the efficiency of porous e lect rode systems f rom the 
var ia t ion  of this  po ten t ia l  difference wi th  solut ion flow rate.  In  fu r the r  work,  
new equations were  der ived  tha t  a l low op t imum l inear  flow ra te  and  elec-  
t rode length  to be pred ic ted  for a porous e lec t rode  reac tor  opera t ing  at  any  d e -  
s i red  efficiency. Predic t ions  of a s t r a igh t -pore  model  of porous electrodes a r e  
compared  wi th  those of the macroscopic model.  

There  has been a g rea t  deal  of in teres t  in recen t  
years  in the  use of f low- through porous e lec t rodes  for  
the  remova l  of meta l  ions and for  o ther  indus t r ia l  
e lect rochemical  processes. F low- th rough  porous e l e c -  
t rodes  can provide  a ve ry  large  surface a rea  pe r  uni t  
volume and also a l low in t ima te  contact  of the  elec-  
t rode  surface wi th  the  process s t ream.  The min imum 
requi rements  for  the sca le-up  of porous e lect rode 
e lec t rochemical  reactors  to indus t r i a l  demands  a re  a 
knowledge  of the collection efficiency (CE) for  a single 
pass  th rough  the reac tor  and the potent ia l  drop in 
the solut ion-f i l led pores (A~s). The macroscopic model  
of porous e lect rode systems has been ex tens ive ly  de -  
veloped, pa r t i cu l a r ly  by  the groups of Newman  and 
Alk i re  (1-4). Recent  rev iew ar t ic les  (5, 6) have ou t -  
l ined the progress  to date, a l though re l a t ive ly  few 
exper imen ta l  tests of theoret ica l  predic t ions  have been  
made.  

In  this paper  a simplif ied macroscopic model  for  the  
mass - t r ans f e r - l im i t ed  react ion of a s ingle species in  
a f low-through porous e lec t rode  reac tor  is considered 
for  the  case of a countere lec t rode  ups t ream of the po r -  
ous electrode. The theore t ica l  equat ions are  p resen ted  
in te rms of the  var iables  which  are  d i rec t ly  and con- 
ven ien t ly  measured  by  exper iment .  D e t a i l e d  exper i -  
menta l  tests of the  model  have been conducted,  u t i l iz -  
ing the reduct ion of F e ( C N ) s  8-  at  a commerc ia l ly  
avai lab le  porous g raph i t e  e lec t rode  mater ia l .  Expe r i -  
menta l  procedures  for  eva lua t ing  the efficiency of po r -  
ous electrodes are  established. In  this respect,  our  
t r ea tmen t  resembles  the  semi-phenomenologica l  t r e a t -  
men t  of Sioda (7-13). Equat ions  have been  der ived  to 
a l low opt imizat ion  of the  e lec t rode  length  and flow 
ra te  for  a porous e lect rode at  any  des i red  efficiency, 
where  the  poten t ia l  drop  in  solut ion and  the  concen-  
t ra t ion  of the  e lec t roact ive  substance are  var iables .  

The s t ra ight  pore  model  (14) has not  been developed 
as ex tens ive ly  as the  macroscopic model.  The fo rmer  
model  differs f rom the l a t t e r  in some detail ,  and the  
former  wi l l  be br ief ly sketched out  in an appendix.  
These two models  wi l l  be compared,  leading  to t h e  
conclusion tha t  the  macroscopic model  is prefer red .  

Theoretical  
The porous elec%rodes to be t r ea ted  in  this work  

consist of a conduct ing m a t r i x  wi th  e lec t ro ly te  solut ion 
pene t ra t ing  the  void spaces of the  e lect rode mater ia l .  
The conduct ivi ty  of the  m a t r i x  wil l  be assumed to be 
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signif icant ly h igher  than  tha t  of the solut ion-f i l led 
pores, so tha t  any  potent ia l  difference be tween  the  u p -  
s t r eam and downs t ream faces of an opera t ing  porous 
e lect rode reactor  wi l l  be a t t r ibu ted  to the  finite con- 
duct iv i ty  of the  e lec t ro ly te  phase.  The macroscopic 
model  t rea ts  the ave rage  proper t ies  of the  e lec t rode  
wi thout  a de ta i led  descr ipt ion of the geomet ry  of the 
pores. The porous e lect rode is assumed to be  isotropic,  
and i t  is charac te r ized  by  its poros i ty  (void  fraction,  
e) and surface area  pe r  uni t  v o l u m e ( a ) .  The elec-  
t rode configuration to be t r ea ted  is the  ease of an up -  
s t ream counterelectrode,  wi th  potent ios ta t ic  control  
of the front  or  ups t ream face of the porous e lect rode 
wi th  respect  to a reference electrode.  A schemat ic  d ia -  
g ram of a (hypothet ica l )  pore  is shown in Fig. 1 wi th  
the defined coordinate  sys tem and convent ions for di -  
rect ions of ( total)  cur ren t  flow f rom the electrode,  
superficial  cur ren t  dens i ty  in the  solut ion phasej 
superficial  l inear  flow rate,  and  reac tan t  flux at  the  
in ter face  be tween  the pore  wal l  and the solut ion (the 
convention of a posi t ive anodic cur ren t  is fo l lowed) .  
The model  is made  one-d imens iona l  b y  assuming that  
al l  quant i t ies  be tween  the posit ions x and x -F dx  in 
the  electrode, which  has the cross-sect ional  a rea  A, 
are  constant  in any  direct ion pe rpend icu la r  to the  
flow. The dis tance f rom the front  face of the  elec-  
t rode  (x) is thus the  only spa t ia l  var iable ;  the  to ta l  
length  of the e lect rode is denoted by  L. 

A simplified macroscopic model  for the mass - t r ans -  
f e r - l imi t ed  react ion of a single species wi l l  be out -  
lined, and this t r ea tmen t  fol lows closely the  theo-  
re t ica l  developments  which have been presented  in 

~~/////////////////////////~ 
J j  (x) 

COUNTER ~I is(X) -. v 
ELECTRODE 

0 x ~  L 

Fig. |. Schematic diagram of idealized pore showing coordinate 
system and conventions for directions of total current (I),  super- 
ficial current density in the solution phase (is(x)), superficial linear 
flow rate (v), and interfacial reactant flux (J(x)). 

306 



VoL 128, No. 2 E L E C T R O C H E M I C A L  R E A C T O R S  

recent  publ icat ions  (1 ,6) .  The superficial  cu r r en t  den-  
s i ty in solut ion [ i s (x) ,  cu r ren t  pe r  uni t  a rea  of ma t r i x  
plus pores]  in the region be tween  x and x + dx  var ies  
according to the  equat ion  

d~, (z )  
- -  = n F a J  (x)  [1] 

d x  

where  n is the e lec t ron number  of the  in te r fac ia l  r e -  
action, F is F a r a d a y ' s  constant ,  and  J(x) is the  flux 
of the reac tan t  normal  to the  e lect rode surface.  The 
local  flux of r eac tan t  a t  the  in terface  is r e la ted  to the 
concent ra t ion  of the  r eac tan t  in solut ion by  the equa-  
t ion 

J ( x )  " -  kra [Co(X)  - -  C ( X ) ]  [2]  

In  Eq. [2], km is an average  mass - t r ans f e r  coefficient 
which  is i ndependen t  of posi t ion wi th in  the  electrode,  
C(x) is the  pos i t ion -dependen t  concentra t ion  of the  
r eac tan t  wi th in  the bu lk  of a pore, and  Co(x) is the  
concentra t ion at  the  pore  wall .  The t r ea tmen t  be low 
(Eq. [6] ff.) appl ies  to mas s - t r an s f e r - l im i t ed  e lec t ro-  
chemica l  reactors  in which the local overpo ten t ia l  is 
sufficient to dr ive  the surface  concentrat ion,  Co(x) ,  
essent ia l ly  to zero. Genera l ly ,  however ,  the  potent ia l  
in solution, Cs(x),  is descr ibed  by  Ohm's  law wi th in  
the pores, according to 

d~, ( z )  
~,(::) = - r  [3] 

dz  

where  ~eff is the effective conduct iv i ty  of the solut ion 
phase. F r o m  Eq. [3] i t  fol lows tha t  

dis (x)  d2~s (x)  
- -  = n F a J C z )  [43 d~ff ' --" --~reff d x  2 

The cont inui ty  or mass -ba lance  equat ion wi th in  the 
porous e lec t rode  is 

d [ , C ( x ) ]  d C ( x )  d2C(z) 
, = ~ ( x )  - v +V'-- [5] 

dt dx dz" 
where  v is superf icial  l inear  flow ra te  and D' is a d i f -  
fusion coefficient ( includes ~). The th i rd  t e rm on the 
r ight  side of Eq. [5] accounts for mass t rans fe r  wi th in  
the porous e lect rode b y  diffusion and axia l  d isper -  
sion. The e lec t rode  ma te r i a l  to be considered in this 
s tudy  has a mode ra t e ly  high surface area. At  low flow 
ra tes  the effects of diffusion become impor tant ,  bu t  a t  
these flow ra tes  the  r eac tan t  is essent ia l ly  comple te ly  
consumed. At  high flow ra tes  the contr ibut ion  to mass 
t r anspor t  f rom diffusion is insignif icant  compared  to 
tha t  f rom forced convection. The t rans i t ion  f rom es-  
sen t ia l ly  complete  convers ion to s ignif icant ly  less than  
complete  conversion occurs at  a r e l a t ive ly  h igh  flow 
ra te  for  the  e lect rode ma te r i a l  used in this s tudy.  F u r -  
thermore,  the min imum P~clet  number  ~10 for the low-  
est  flow ra tes  used, so tha t  the  influence of ax ia l  dis-  
pers ion on the appa ren t  mass - t r ans fe r  coefficient (6) 
is expec ted  to be smal l  over  the range  of flow ra tes  
of in te res t  here. The diffusional t e rm wi l l  therefore  be  
omit ted.  Under  s t eady-s t a t e  condit ions d[~C(x)]/dt 
: O and a solut ion of the resul t ing  dif ferent ia l  equa-  
t ion for C ( x ) ,  using the b o u n d a r y  condit ion C(0)  = 
Cb, where  Cb is the  concentra t ion of the e lec t roact ive  
species ups t r eam of the porous electrode,  is given by  

C(x) =CbeXp ( akmx ) [6] 

Subs t i tu t ion  of Eq. [2] (wi th  Co(x) : 0) and  [6] into 
Eq. [1], fo l lowed by  solut ion of the resul t ing  differen-  
t ia l  equat ion wi th  the b o u n d a r y  condit ion is (L) : 0, 
gives the resul t  

is(X) -:nFvCb[exp( aTcmZ)--exp( aTCmL )] 
79 V 

[7] 

3 0 7  

for  a cathodic process. The to ta l  cu r ren t  f rom the  re -  
actor  (I) appears  at  x = 0 (c]. Fig. 1), and  by  use 
of the definitions I --  - - i s ( 0 ) A  and U -- vA, where  U 
is volume flow rate, i t  follows f rom Eq. [7] tha t  

I = - - n F U C b [ 1 - - e x p (  a k m A L ) ]  [8] 
U 

for  a cathodic process. 
An  expl ic i t  expression for  the mass - t r ans fe r  coeffi- 

cient was der ived  by  Wilson and Geonkopl is  (15, 16) 
for  a packed bed  of spher ica l  part icles .  T ra inham and 
Newman  (1) have proposed a different  p ropor t iona l i ty  
coefficient, and  the i r  r ecommenda t ion  has been  fol-  
lowed, so that  the  mass - t r ans fe r  coefficient is g iven 
by  Eq. [9] 

0.257 4a2/3D2/3U1/3 
km --  [9 ]  

e (1  - -  e)2/3A1/a 

By combinat ion  of Eq. [8] and  [9], an expl ic i t  exp re s -  
sion for  the cur ren t  f rom a porous e lec t rode  reac tor  is 
therefore  

I = --nFUCb [ 1 - -  exp ( -- 0"2574aS/~D2/aA2/SL~.(~=~ ) ]  

[10] 

for a cathodic process. With long electrodes and/or low 
flow rates, Eq. [10] reduces to 

Imax : --nFUCb [11] 

which is F a r a d a y ' s  law for  the  m a x i m u m  cur ren t  f rom 
the reactor.  The collection efficiency (CE) is defined 
by  the re la t ion  

( akmAL ) 
I - - 1 - - e x p  [12] 

(CE) = Imax -U 

Use of (CE) or an analogous quan t i ty  as a measure  of 
the efficiency of a porous e lect rode reactor  was in t ro -  
duced by  Gurevich  and Bagotsky (17), Austin,  Palasi ,  
and Kl impe l  (18), and Sioda (19). Measurement  of the  
total  cur ren t  f rom a porous e lect rode reac tor  as a func-  
t ion of flow rate  is a convenient  means  of de te rmin ing  
an impor t an t  opera t ing  p a r a m e t e r  of the reactor .  
Equat ion  [10] can be rea r ranged ,  wi th  use of Eq. [11], 
to 

In  1 - - ~  = - - - -  [13]  
Imax U 2/3 

where  P is a constant  for  a given reac tor  l ength  which  
is equal  to 

0.2574 aS/~D2/~A21SL 
P = [14] 

�9 (1  - , )2 /3  

Determina t ion  of an expe r imen ta l  value  for P f rom the 
slope of a plot  of in [1 --  I/Imax] vs. U -2/3 thus p ro -  
vides the necessary informat ion  to calcula te  the  (CE) 
of a reac tor  a t  any  flow rate.  This type  of plot  was 
employed  by  Coeuret  (20) and by  Gaunand,  Hutin,  
and Coeuret  (21). I t  is easi ly recognized tha t  the ef-  
fective react ion dep th  (xo) wi th in  the  porous elec-  
t rode (i.e., the  depth  at  which  the r eac tan t  concent ra-  
t ion is decreased b y  a factor  of l / e )  is g iven b y  

v U2/SL 
Xo = ICb/C'(O) I = = [15] 

akm P 

where  the  p r imed  quan t i ty  denotes  different ia t ion wi th  
respect  to x. This definit ion of Xo was also used b y  
Gurev ich  and Bagotsky  (17) and  by  Newman  and 
Tiedemann  (5). 

An expression for the poten t ia l  in the  solut ion phase  
is obta ined  by  subs t i tu t ing  Eq. [7] into Eq. [3] 
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[ ( tT"~mx ) d~s (X) _ nFUCb exp 

d x  O'ef f "0 

[16] -exp( ak~L)] 

In tegra t ion  of Eq. [16] be tween  the l imits  x = 0 and 
x = L gives an equat ion for the  potent ia l  difference 
be tween  the ups t ream and downs t ream faces of the 
porous e lect rode 

= 1 - -  e x p  
nFvCb r  

This equat ion can also be obta ined  by  set t ing D' (el. 
Eq. [5]) equal  to zero in an equat ion presen ted  by  
Tra inham and Newman  (1). Equat ion [17] m a y  be re -  
wr i t t en  in t e rms  of the volume flow ra te  and  the m a x i -  
m u m  cur ren t  f rom the reac tor  to give 

U akmAL 

IZm.xl U 

- - e x p  ( akmA~ ) } U  [18] 

where ACs -- Cs(0) -- ~s(L), and the resistance of the 
solut ion-f i l led pores is g iven by  

L 
Rs = - -  [19] 

CeffA 

Various versions of Eq. [17] and [18] may be found in 
the works of Sioda (8, 9, 13), Bennion and Newman 
(22), and Gaunand, Hutin, and Coeuret (21). 
Introduction of Eq. [9] for km into Eq. [18], with 

use of Eq. [14] for the parameter P, leads to the alter- 
native form 

- -  exp - - - ~  [20] 

At  high flow ra tes  the  collect ion efficiency (CE) is 
smal l  and Eq. [20] reduces  to 

l ~ ]  Rs P 
[21] 

On the other hand, at f low rates where (CE) ~ 1, 
Eq. [20] reduces to 

I,/,r ~ / 3  
~ Rs " [ 2 2 ]  

Equat ion [22] shows that  a knowledge  of the  res is t ive 
impedance  of the solut ion (Rs) toge ther  wi th  in fo rma-  
tion on the influence of flow ra te  upon the potent ia l  
difference A~s, in  the region where  (CE) ~ 1, w i l l  
pe rmi t  the p a r a m e t e r  P to be  calculated.  By this m e a n s  
i t  is possible subsequent ly  to calculate  the  f low-ra te -  
dependent  (CE) of the  e lect rode at  any  flow ra t e  b y  
u s e  of the  r e l a t i o n  

(CE) = 1 --  exp  ( - -  PIU ~/3) [23] 

which  fol lows f rom Eq. [9], [12], and  [14]. 
I t  is c lear  f rom the behavior  of Eq. [21] and [22] 

wi th  flow ra te  (U) tha t  a plot  of IA~,sl/]Imax] VS. U s/3 
wi l l  possess a maximum.  Upon set t ing the der iva t ive  
of the  r igh t  side of Eq. [20] wi th  respect  to U 2/3 equal  
to zero, i t  follows tha t  the  m a x i m u m  in the  plot  occurs 
w h e n  

[ P - - l n  1 +  + - - 0  [24] 
U213 

Numer ica l  solut ion of Eq. [24] leads to the re la t ion  

P --  1.793 Umax ~/a [25] 

where  Umax is the flow rate  at which the m a x i n m m  in 
the plot  of IA~bsl/[/maxJ VS. U 2/3 occurs. Fur the rmore ,  
the  va lue  of iAc, bsl/lImax] at  the m a x i m u m  in the plot  
m a y  also be used to obta in  an independen t  es t imate  
of Rs according to 

Rs ---- 3.351 ( IA'8[ >max [26] 

Consequently,  al l  informat ion  needed  for the  ra t iona l  
design of porous e lect rode reactors  of this type  m a y  b e  
obta ined  f rom observat ions  on the effect of flow ra te  
upon the poten t ia l  difference be tween  the ups t ream 
and downs t ream faces of the  reactor .  

Experimental 
Apparat~. - -Porous electrodes were machined from 

a block of UCAR grade  45 porous graphi te  (23). A long 
cy l inder  (1.2 cm d iam)  was covered wi th  h e a t - s h r i n k -  
able polyolefin tubing.  Ind iv idua l  e lec t rode  e lements  
0.25, 0.5, 1.0, and  2.0 cm in length  were  cut  f rom this 
cyl inder ,  thus ensur ing un i fo rm cross-sect ional  a rea  
and re l a t ive ly  homogeneous samples.  The  manufac -  
tu re r  specifies an average  pore  d iamete r  of ~ 60 ~m 
and a nomina l  poros i ty  of 0.48 for the  porous graphi te  
used in this study. The l a t t e r  value  represents  both  the  
micro-  and macro-poros i ty  of the  mater ia l .  As n o t e d  
elsewhere  (6), in a f low-through porous e lec t rode  i t  is 
the  in ter fac ia l  a rea  which is accessible to the  flow tha t  
is re levant .  Consequently,  we wi l l  use a value  of 0.4 
for the poros i ty  accessible to flow, a value  appropr ia t e  
for r andom packing  of spher ica l  part icles ,  as suggested 
by  Newman and Tiedemann (6) and by  the extens ive  
measurements  of A lk i r e  et al. (24) The cyl indr ica l  
e lectrodes were  mounted  in a K e I - F  and P y r e x  glass 
cell  . a r rangement  shown schemat ica l ly  in Fig. 2. This 
cell  configuration is s imi lar  to tha t  employed  b y  Posey  
and Palko (25). The reference  e lect rode (SCE) was 
located ups t ream of the  porous e lect rode in a separa te  
compar tmen t  containing the test  solut ion which was 
br idged  into the cell by  the poin ted  cap i l l a ry  shown in 
Fig. 2. The t ip of the reference e lect rode cap i l l a ry  
t e rmina ted  close to ( <  1 ram) the ups t ream end of 
the porous electrode.  The eountere lec t rode  (spect ro-  
scopic grade  carbon rod)  was also located ups t r eam 
of the porous e lect rode in a compar tmen t  separa ted  
f rom the flowing s t ream by  a glass f l i t ;  this a r r ange -  
men t  p reven ted  contamina t ion  of the test  solut ion by  
countere lect rode r e a c t i o n  products.  The potent ia l  of 
the f ront  or ups t ream face of the  porous e lec t rode  wa~ 
control led  by  a Pr ince ton  Appl ied  Research Corpora-  
t ion Model  173D potent ios ta t  wi th  Model  176 cu r ren t -  
to -vol tage  converter .  Elec t r ica l  contact  to the porous 
g raph i te  e lec t rode  was made  b y  press f i t t ing an  18- 

TO 
A 

SOLUTION FLOW 

* / - [  

G .~-D I - -  G I ~ G - - I  

TO B E TO C 

Fig. 2. Schematic diagram of cell assembly. A, upstream reference 
electrode (SCE); B, counterelectrode; C, downstream reference elec- 
trode (SCE); D, platinum contact rod (glass-covered); E, KeI-F cell 
body; F, assembly bolt; G, O-ring seal; H, glass tube with O-ring 
joint; I, porous graphite electrode inside heat-shrinkable tubing; 
J, glass flit. 
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gauge  P t  wire,  sea led  in  glass wi th  ,~ 1 m m  exposed,  
t o  the  downs t r eam face of the electrode.  Forced  flow 
o f  solut ion (deoxygena ted  b y  sparging  wi th  a rgon)  
th rough  the porous e lec t rode  was contro l led  wi th  a 
Sage Ins t ruments  Model  375 per is ta l t ic  pump.  The 
average  volume flow ra te  was measured  by  not ing the 
t ime requ i red  for  collection Of a known  volume of the  
effluent. 

S t eady - s t a t e  and  t rans ien t  cu r ren t  measurements  
were  made  in the  convent ional  manner .  The po ten t ia l  
difference be tween  the  ups t r eam and  downs t r eam 
faces of the  porous e lec t rode  was measured  b y  use of 
a second, downs t ream reference  e lec t rode  (SCE) .  A 
b a t t e r y - o p e r a t e d  Ke i th l ey  Model  602 e lec t rometer ,  
re fe renced  to the ground  of  the PARC Model  178D 
potent iostat ,  served as a buffer  ampli f ier  for the  down-  
s t r eam reference  electrode.  S t eady - s t a t e  measurement s  
of the  poten t ia l  difference in solut ion be tween  the up -  
s t r eam and downs t ream faces of the  porous e lec t rode  
(h~s) were  measu red  f rom the different ia l  vol tage  of 
the  PARC Model  173D e lec t rometer  ou tpu t  and  the 
Ke i th l ey  Model  602 un i ty -ga in  ou tpu t  on a digi ta l  
vol tmeter .  Trans ien t  measurements  of ~r were  de -  
t e rmined  f rom photographs  of the t race  of a Tek t ron ix  
Model  5115 s torage oscilloscope. A Tek t ron ix  Model  
5AIgN different ia l  ampli f ier  p lug - in  un i t  was used to 
measu re  the  vol tage  difference f rom the two e lec t rom-  
e ter  outputs .  

P r o c e d u r e . - - S o l u t i o n s  were  p r e p a r e d  f rom reagen t  
g rade  chemicals.  Labo ra to ry  dis t i l led  wa te r  was fu r -  
the r  purif ied b y  passage th rough  a Mi l l i -Q purif icat ion 
sys tem (Mil l ipore  Corpora t ion)  producing  w a t e r  wi th  
a conduct iv i ty  of  ~ 8 X 10 - s  F~ -1 c m - L  Al l  measu re -  
ments  were  made  in an e lec t ro ly te  conta in ing 1.0M 
KC1 and 0.01M Na2B407 (borax  buffer, p H  ,~ 9 ) .  So-  
lut ions of K3Fe(CN)6 were  a n a l y z e d : b y  eoulometr ic  
methods.  Al l  solut ions were  degassed wi th  a s t r eam of 
a rgon before  being pumped  into the  porous e lec t rode  
appara tus .  Observed values  of the l imi t ing  cur ren t  and  
of a~s were  considered to correspond to s t eady  s ta tes  
a f te r  3-4 e lec t rode  volumes of solut ion flow. The 
Fe  (CN) 63- /Fe  (CN) 64- couple  has an appa ren t  "ha l f -  
wave  potent ia l"  a t  low flow rates  and  cur ren ts  (hfs  < 
10 mV) of 4,0.22V vs.  SCE. S t eady - s t a t e  measu re -  
ments  were  made  wi th  the  ent i re  e lec t rode  ma in t a ined  
at  potent ia ls  no more  posi t ive than  --~ 0V vs.  SCE. The 
lowest  concen t ra t ion  of F e ( C N ) ~ -  employed  in this  
s tudy  (,~ 5 • 10-4M) was dic ta ted  b y  a desire  to make  
the  res idua l  cur ren t  insignificant wi th  respect  to the  
Fa rada i c  current .  The  highest  flow ra t e  (,~ 0.7 cm a 
sec-1)  was l imi ted  by  the potent ia l  drop in the  solu-  
t ion-f i l led pores  and the necess i ty  of keeping the ent i re  
e lec t rode  in the l imi t ing -cu r ren t  region.  A t  potent ia l s  
of the ups t r eam (con t ro l led-po ten t ia l )  face more  nega -  
t ive than  --0.3OV vs.  SCE, the background  cur ren t  be -  
came too la rge  to be neglected.  

The impedance  character is t ics  (CT and Rs, cf. be low) 
of the  porous electrodes were  measu red  b y  the po ten-  
t ia l  s tep me thod  (26) in the  1.0M KC1 4- 0.01M 
Na~B4Oz electrolyte .  A 50 or  100 m V  poten t ia l  s tep  
was appl ied  to the  ups t r eam face of the porous e lec-  
t rode  in the  poten t ia l  range  4--0.25 to 4.0.10V vs.  SCE. 
The t r ans ien t  cu r ren t  da ta  were  ana lyzed  as descr ibed  
below. Al l  measurement s  were  car r ied  out  a t  room 
t e m p e r a t u r e  (23 ~ __. 2~ 

Results and Discussion 
D e t e r m i n a t i o n  o f  e l e c t r o d e  i m p e d a n c e  charac terLs-  

t i c s .~Theore t i ca l  aspects  of the  t r ans ien t  response of 
porous electrodes to a po ten t ia l  s tep have been  dis-  
cussed e l sewhere  (14, 26). The theory  appl ies  to 
charging of the  double  l aye r  in the  absence of a s ig-  
nificant cont r ibut ion  to the  cur ren t  f rom F a r a d a i c  r e -  
actions, and  i t  provides  a convenient  means  of  d e t e r -  
mining  the  effective res is tance of a solut ion-f i l led 
porous electrode,  a p a r a m e t e r  tha t  is needed  for  a n a l y -  
sis or pred ic t ion  of  the  behav ior  of a porous e lec t rode  

reactor .  A l though  the t rans ien t  cur ren t  response to a 
po ten t ia l  s tep was de r ived  by  Posey  and  Morozumi 
(26), the  p lo t t ing  method  used b y  Johnson and New-  
man  (27) and  by  T iedemann  and N e w m a n  (28) is 
especia l ly  advantageous .  In  this me thod  I ( t ) ~ / t  is 
p lo t ted  agains t  ~/T, where  I ( t )  is the  total  cu r ren t  at  
t ime t. Analys is  shows that ,  for  negl ig ib le  res is tance 
be tween  the reference  e lec t rode  and the ups t r eam end 
of the porous electrode,  this p lot  is descr ibed  b y  

I (t)  X/t = 2 ~ - ~ -  { 

} . ~ t  ~ e x p  [ - - ( k  4- 1/2)e~et/~] [27] 
T k=O 

where  0o is the  change in the  poten t ia l  o2 the  ups t r eam 
end of the porous electrode,  Rs (resis tance of solut ion 
in pores of e lec t rode)  is given by  Eq. [19], and  T --  
RsCT is a t ime constant.  The to ta l  capac i ty  of the  
porous e lect rode is given by  

CT - -  a c A L  [28] 

where  c is the  different ia l  capaci ty  per  uni t  a rea  and 
other  quant i t ies  are  defined above. For  t < <  T, Eq. [27] 
reduces  to 

l im [ I ( t )X/~  ] - -  ~o ~/~ ,~ [ I ( t ) ~ / ~ ] m a x  [29] 
t-~O ~ Rs 

This resul t  folIows also f rom the equat ion of  de Levie  
(14) for  potent ios ta t ic  charging of the  double  l aye r  of 
a semi- inf ini te  porous electrode.  In  practice,  as noted  
by  Tiedemann  and N e w m a n  (28), the  q u a n t i t y  I ( t )  
cannot  approach  a constant  at  a r b i t r a r i l y  shor t  t imes  
because of t he  finite resis tance in the  solut ion be tween  
the porous e lect rode and the re fe rence  e lect rode and  
any  resis tance associated wi th  the leads and cu r ren t  
collector. Ins tead  a p la teau  or  m a x i m u m  is observed  in 
the  plot  of I ( t ) ~ / t -  vs.  X/~. A p lo t  of  this  type  for a 
porous e lect rode wi th  L = 0.25 cm is shown in Fig. 3; 
in this case of course no Fe (CN)6  ~-  was p resen t  in 
the  solut ion phase.  The solid l ine in Fig.  3 fol lows Eq. 
[27]. The data  points,  t aken  f rom a pho tograph  of the  
oscil loscope trace,  l ie be low the l ine p red ic ted  b y  Eq. 
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[27] or  [29] at  shor t  t imes (cf. dashed l ine in Fig. 3) 
because of the  res is t ive  factor  noted above. 

I f  the  resis tance be tween  the reference  electrode 
and the  porous e lec t rode  is not  excessive (28), the 
value  of the m a x i m u m  or  p la teau  observed in  a p lo t  
l ike  Fig. 3 wi l l  be a good measure  of the  quot ient  
~r as impl ied  in Eq. [29] (cf, dot ted  l ine in  Fig. 3). 
Fur the rmore ,  this type  of plot  m a y  also be used to 
es t imate  r f rom the da ta  observed a t  t imes when  the 
electrode capaci ty  begins to sa tu ra te  and I ( t ) ~ / { b e -  
gins to decrease.  Most of the da ta  shown in Fig. 3 
correspond to this case. I t  follows f rom Eq. [27] and 
[29] tha t  the ra t io  of va lues  of I ( t ) ~ / { t o  the  m a x i m u m  
or p la teau  value  is g iven by  

= 2 V ;  
[ I ( t )  x /~ ]  

[/(t) vTJ=== L 

Consequent ly  each value  of this ra t io  corresponds to 
a unique va lue  of t/% so tha t  use of Eq. [30] w i th  any  
pa r t i cu la r  va lue  of the  rat io  and  the corresponding 
t ime  leads to an es t imate  of T. Values of the rat io  de -  
fined by  Eq. [30] along wi th  corresponding values  of 
t i t  are  given in Table  L 

A n y  number  of es t imates  of T m a y  be obta ined  f rom a 
t rans ien t  l ike tha t  shown in Fig. 3. Obviously,  con- 
s is tency among separa te  es t imates  lends confidence to 
the  procedure,  bu t  some deviat ion can be expec ted  in 
pract ice  because of the difficulty of removing  traces 
of e lec t roact ive  substances  (e.g., dissolved oxygen)  
f rom the base electrolyte .  The posi t ive devia t ion  of 
the  da ta  points in Fig. 3 for ~/t" > 0.15 m a y  be a t t r i b -  
u ted  to this cause. 

Combinat ion of values of ~v~/Rs obta ined  b y  use of  
Eq. [29] wi th  values  of �9 obta ined  b y  use of Eq. [30] 
leads to separa te  values of Rs and CT for the four  
e lect rode lengths used in this study,  and the resul ts  
are  shown in Fig. 4. As pred ic ted  by  Eq. [19] and [28], 
both  Re and CT are  observed to depend l inear ly  upon 
the length  of the electrode. The lines in Fig. 4 a re  
leas t - squares  fits of the da ta  forced th rough  the origin. 
Use of Eq. [19] wi th  the resis tance da ta  of Fig. 4 
leads to O'ef f = 2.1 • 10 -2  ~ - 1  cm-1.  The deviat ion of 
this value  f rom the bu lk  conduct iv i ty  of 1.0M KC1 
(0.0 = 0.11 1~ - I  cm-1  at  25~ m a y  be ra t ional ized b y  

use of the  Bruggeman  equat ion (29) 

a'eff = 0'0@/2 [31] 

where 0.0 is the bulk conductivity of the continuous 
l iquid  phase and e is void fraction,  as discussed b y  
De La Rue and Tobias (30) and by  Mered i th  and 
Tobias (31). Fo r  ~ = 0.4 and 0.0 --  0.11 ~ - 1  cm-1,  an 
es t imate  of 0.eff ' ~  2 .8  X 10  - 2  ~'~--1 c m - I  i s  o b t a i n e d  
f rom Eq. [31]. This es t imate  is p robab ly  as consistent  
as can be expected wi th  the quan t i ty  es t imated  f rom 
the da ta  in Fig. 4 considering the uncer t a in ty  in �9 and 

Table I. Values of the function in Eq. [30] 

1(t),./t/ 
t / r  ~/t/r [l(t)Vt]max 

0.1 0.316 0.9999 
0.2 0.447 0.9865 
0.3 0.548 0.9287 
0.4 0.632 0.8359 
0.5 0.707 0.7300 
0.6 0.775 0.6248 
0.7 0.837 0.5273 
0.8 0.894 0.4404 
0.9" 0.949 0.3650 
1.0 1.000 0.3006 
1.5 1,226 0,1072 
2.0 1.414 0.0360 
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Fig. 4. Rs and CT as a function of L 

in the s tr ict  appl icab i l i ty  of Eq. [31] to the presen t  
si tuation.  

Use of Eq. [28] wi th  the capaci ty  da ta  of Fig. 4 leads 
to ca ---- 1.7 • 10 -2 F cm -~ for the double  l ayer  capac-  
i ty  pe r  uni t  volume of the e lectrode ma te r i a l  used 
here. Est imat ion of the a r e a - t o - v o l u m e  rat io  (a) f rom 
these da ta  requires  a knowledge  of the different ia l  ca-  
pac i ty  per  uni t  a rea  (c) .  Bauer,  Spri tzer ,  and  Elving 
(32) observed a pp rox ima te ly  50 ~F cm -2  for the dif-  
fe rent ia l  capaci ty  of pol ished pyro ly t ic  g raphi te  in 
0.5M KC1. More recent ly ,  Randin  and Yeager  (33) ob-  
served large different ia l  capacit ies  (,,~ 100 #F cm -2) 
for the edge or ienta t ion  of s t r e ss -annea led  pyro ly t ic  
g raph i te  as de te rmined  by  a -c  measurements  (1000 
Hz),  and even la rger  values  could be es t imated  f rom 
vo l tammet ry .  A value of c g rea te r  than  that  observed 
for pyro ly t ic  g raphi te  in 0.5M KCI (32) seems rea -  
sonable since the  ma te r i a l  of this s tudy  is p robab ly  
much more  inhomogeneous than  pyro ly t ic  graphite ,  
and i t  is known that  surface roughness by  i tself  p lays  
a significant role in measurements  of different ia l  ca-  
pac i ty  by  both a-c  and pulse techniques,  as shown by  
de Levie (34). If  a va lue  of c ~ 100 ~F cm-2  is as-  
sumed, then it follows tha t  a ~ 1.7 X 102 c m - L  This 
value of  a agrees  wel l  wi th  tha t  ( ~  1.6 • 102 cm -1)  
es t imated from values of P de te rmined  f rom the va r i a -  
tion of I or ~ s  wi th  U, as shown below. And  in add i -  
tion, microscopic examina t ion  of the ind iv idua l  grains  
compris ing the porous electrode shows tha t  the  ave r -  
age par t ic le  d i ame te r  (Dp) is app rox ima te ly  200 ~m. 
This value  of Dp together  wi th  use of the  w e l l - k n o w n  
engineer ing fo rmula  a ---- 6(1 --  ~)/Dp leads to the 
es t imate  a --~ 1.8 • 102 cm -1, in good ag reemen t  wi th  
the o ther  es t imates  of a. 

I t  was noted prev ious ly  (28) tha t  the  rat io  of the 
ma t r i x  resistance (Rm) to the solut ion resis tance (Rs) 
may  be es t imated  f rom observat ions  on the t rans ien t  
response of a porous e lect rode to a po ten t ia l  step 
by  use of the  re la t ion  

Rm ~(L,0) 
= 1"32] 

Rs TIo 

In Eq. [32] ~ (L,0) is the  sudden change in the  po ten-  
t ia l  of the  downs t ream end of the  porous e lect rode 
when the potent ia l  of the ups t r eam end is changed b y  
0o. Fo r  a l l  e lectrode samples  used in  this work  we 
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found t ha t  Rm --~ 0.03 Rs, in  ag reemen t  wi th  pub l i shed  
da ta  on m a t r i x  conduct iv i ty  (23). This measu remen t  
also p roved  to be a convenient  means  of de te rmin ing  
whe the r  or  not  a good e lect r ica l  contact  had  been  ob-  
ta ined  be tween  the p l a t i num contact  rod  and  the 
porous g raph i te  electrode. 

Mass-tran#er4imited current .~The simplif ied treat- 
ment  of the  macroscopic  model  predic ts  a l inear  r e l a -  
t ionship be tween  cu r ren t  and  flow ra te  (c]. Eq. [10] 
and [11]) in the  flow reg ime  in which  (CE) is ve ry  
near  to uni ty .  This is the obse rved  re la t ionship ,  as  
shown by  the dashed  l ine  (un i ty  s lope)  in the  log- log  
plot  of cu r ren t  vs. flow ra te  in  Fig. 5. This type  of plot  
has also been  used b y  Sioda (7, 10, 19, 35-37), A lk i r e  
and Gracon (3), and  A lk i r e  and Ng (4). Fo r  shor t  elec-  
t rodes a n d / o r  high flow rates,  Eq. [10] approaches  the 
asymptot ic  l imi t  of Eq. [33]. The  flow ra t e  requ i red  

0.2574nFCbaS/~A~/SD2/~U1/3L 
I = [33]  

e(I  - ~)2/s 

to observe this  l imi t  could not  be  achieved in these 
measurements  before  the  poten t ia l  drop  in the  pores 
becomes excessive,  bu t  the l imi t  is being approached  
in Fig. 5 ( these da ta  were  ob ta ined  on an e lec t rode  
wi th  L = 0.25 cm) .  The  l imi t ing  behavior  pred ic ted  b y  
Eq. [33] has been  observed  in o ther  studies of porous 
e lec t rode  systems (4, 38). 

Equat ion  [13] predic ts  tha t  a plot  of In [1 --  Hlmax] 
vs. U -2/z wil l  be l inear  wi th  a zero intercept .  S imi la r  
plots  have  been employed  b y  Coeuret  (20) and by  
Gaunand,  Hutin,  and  Coeuret  (21). Expe r imen ta l  da ta  
f rom th ree  independen t  series of measurements  car -  
r ied  out  wi th  different  e lectrodes for which  L = 0.25 
cm a re  shown in Fig. 6. A l inear  regression analysis  of 
these data  leads  to a s lope of --0.48 wi th  a corre la t ion  
coefficient of 0.95 (cS. dashed l ine in Fig. 6). The 
in te rcep t  (+0.06)  is sufficiently smal l  to force a zero 
intercept .  When  analyzed  in this m a n n e r  the  slope is 
--0.44 _ 0.05, and  this corresponds to the solid l ine in  
Fig. 6. These resul ts  show that,  wi th in  expe r ime n t a l  
error,  the da ta  a re  descr ibed wel l  b y  Eq. [13]. As 
noted in Eq. [15], the  quan t i ty  U2/sL/P is the flow- 
r a t e - d e p e n d e n t  effective react ion depth.  Thus the pa -  
r ame te r  P, de te rmined  f rom the slope of the  plot  of 
Fig. 6, is an impor t an t  expe r imen ta l  p a r a m e t e r  which  
m a y  be used to calculate  (CE) for  a g iven  e lect rode 
mater ia l ,  e lec t rode  length,  and  flow rate.  The solid l ine 
in Fig. 5 was ca lcula ted  using I = Im~x �9 (CE) with  Eq. 
[23] and a va lue  of P de te rmined  by  the p rocedure  of 
Fig. 6; the  ag reemen t  be tween  ca lcula ted  and exper i -  
men ta l  resul ts  is excellent .  A n  analogous t r e a t m e n t  of 
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da ta  obta ined  wi th  e lectrodes for  which  L - -  0.50 cm 
led to P --  1.0. We were  unable  to achieve a h igh  
enough flow rate  to observe  tha t  (CE) was signifi- 
can t ly  less than  un i ty  for e lect rodes  wi th  L ---- 1.0 and 
2.0 cm, while  main ta in ing  the ent i re  e lec t rode  in the 
potent ia l  region of mass t ransfe r  control. The method  
of da ta  analysis  used in this  work  is analogous to the  
double  logar i thmic  plots  used b y  Sioda (7, 10, 1I, 36, 
39, 40). Our  t r e a tmen t  emphasizes  de te rmina t ion  of 
the p a r a m e t e r  P whereas  Sioda was in te res ted  in the  
power  dependence  of the l imi t ing  cur ren t  on the  flow 
rate. 

The predic t ions  of the simplif ied model  may  be com- 
pa red  wi th  those of the more  ex tended  model  of 
T ra inham and Newman  (1), which  includes effects 
of ax ia l  diffusion and dispersion and of a s imul taneous  
side reaction. Upon neglect  of these factors thei r  ex -  
pression for the cu r ren t  reduces to Eq. [8], Subs t i tu -  
t ion of the appropr ia t e  pa rame te r s  to descr ibe the  elec-  
t rode mate r i a l  and conditions of this s tudy  into the 
expression of T ra inham and Newman  (1) shows tha t  
the  cu r ren t  p red ic ted  by  the ex tended  model  differs 
f rom tha t  of Eq. [10] by  less than  5%. This is t aken  
to be evidence tha t  the  diffusional flux, a t  leas t  to a 
first approximat ion,  is an insignificant mode of mass  
t r anspor t  for  these electrodes and flow rates.  

Potential drop in solution-filled porous electrodes.--It 
is impor t an t  to develop a re la t ionship  for  ]~s l  - -  I ts(0) 
- -  t s ( L )  I as a funct ion of flow ra t e  which wil l  a l low 
the pa rame te r s  needed for  design of a porous elec-  
t rode reac tor  to be determined.  Fur the rmore ,  as noted 
above, this potent ia l  difference i tself  is one of the  im-  
por t an t  cr i ter ia  tha t  mus t  be satisfied for  op t imum 
design of a porous e lect rode reactor .  

The theore t ica l  express ion for the  potent ia l  differ-  
ence in solut ion is g iven b y  Eq. [20], which  suggests  
use of a plot  of [A~bs]/llmax[ VS.  U 2/3. Plots  of exper i -  
men ta l  da ta  for th ree  different  e lec t rode  lengths  are  
shown in Fig. 7 and 8. In the flow reg ime where  (CE) 
is nea r  unity,  the  expe r imen ta l  da ta  a re  descr ibed by  
Eq. [22]. The dashed l ines in Fig. 7 and 8 are  in good 
agreement  wi th  this re la t ion .  Consequently,  i t  is possi-  
b le  to es t imate  a value  of P f rom da ta  of this type  by  
use of a value  of Rs obta ined  f rom analysis  of the  cur -  
ren t  t r ans ien t  of a porous e lec t rode  to a potent ia l  step, 
as noted above. 

In  al l  cases invest igated,  the expe r imen ta l  da ta  points  
at  the  lowest  flow ra tes  did not  fol low the pred ic t ion  
of Eq. [22] as wel l  as might  have been  desired.  This 
posi t ive devia t ion  (c5. Fig. 8) cannot  be accounted 
for b y  the s imple mode l  used in this analysis.  How-  
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Fig. 7. Plot of I A~s l /J/max J vs. U 2/z for L = 0.25 c m .  Solid 
line: Eq. [20] with P = 0.45 cm 2 sec -2/3,  Rs = 10,0,; dashed 
line: Ecl. [22].  

ever,  i t  is p robab ly  re la ted  to diffusion effects a t  the  
ups t r eam face of the  electrode.  At  low flow rates,  all  
of the  r eac t an t  is consumed near  the  ups t r eam face of 
the electrode,  i.e., the  effective reac t ion  dep th  is a 
ve ry  smal l  percentage  of the  reac tor  l ength  (cf. Eq. 
[15]). And  even for  U = 0 a finite cur ren t  can be ex-  
pec ted  due to diffusion (and possible na tu ra l  convec-  
t ion) of the r eac tan t  to the ups t r eam face of the  elec-  
t rode  (6), a process tha t  is not  t r ea ted  here.  In  any  
event,  this p rob l em wil l  not  be serious in de t e rmina -  
t ion of  the  pa rame te r s  needed  for  design of porous  elec-  
t rode  reactors,  and  in addi t ion  one considera t ion for 
opt imizat ion of reac tor  design is to maximize  the effec- 
t ive  react ion depth,  as descr ibed below. 

A t  flow ra tes  where  (CE) is apprec iab ly  less than  
unity,  i t  is c lear  f rom Eq. [20] t ha t  a plot  of IA~al/llmax[ 
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Fig. 8. Plot of I A~ ,  I l l  Imax I vs. U 2/3 for L = !.0 and 2.0 c m .  

Circles: L = 1.0 cm, P = 1.8 cm 2 sec -2 /3 ,  Rs = 4612; solid line: 
Eq. [20] ;  dashed line: Eq. [22].  Triangles: L = 2.0 cm, P = 4.8 
cm 2 sec -2~e, Rs - -  $1~;  solid line: Eq. [20] ;  dashed line: Eq. 
[22] .  

vs. U~/8 wil l  possess a m a x i m u m  (cf. Eq. [21] and  [22] ). 
This is i l lus t ra ted  by  the data  in Fig. 7. As noted above  
(cf. Eq. [25] ), the p a r a m e t e r  P m a y  be  ca lcula ted  f rom 
the  va lue  of U at  which  the m a x i m u m  occurs. In  add i -  
tion, the  resis tance of the solut ion wi th in  the porous 
e lec t rode  (R~) m a y  be ca lcula ted  f rom the  m a x i m u m  
value  of IACsl/Ilmaxl b y  use of  Eq. [26]. Thus, under  
favorab le  conditions,  two impor t an t  pa rame te r s  needed  
for design of a porous e lect rode reac tor  m a y  be de te r -  
mined by  measurement  of the flow r a t e  dependence  of 
~r Unfor tuna te ly  the m a x i m u m  in a p lo t  of [A~s]/[Imax[ 
vs. T.~/s is r a the r  broad,  and the difficulty of precise 
de te rmina t ion  of its locat ion m a y  l imi t  the  usefulness 
of this method to some extent .  

Sioda (8, 40) and  Gaunand,  Hutin,  and Coeuret  (21) 
have also inves t iga ted  the potent ia l  difference be tween  
the ups t ream and downs t ream faces of a porous elec-  
t rode reactor .  Sioda (8, 40) chose to plot  the  rat io  
lA~sl/]I[ as a complex funct ion of (CE) which can be 
obta ined by  r e a r r a nge me n t  of Eq. [17], [18], or  [20]. 
A s imi lar  plot  was used b y  Gaunand,  Hutin,  and 
Coeuret  (21). These plots only  a l lowed a de te rmina t ion  
oI the effective conduct iv i ty  of the solut ion (veer). The 
method  of da ta  analysis  suggested above al lows not  
only  Rs, and  thus Celt (cf. Eq. [19]), bu t  also the im-  
por tan t  p a r a m e t e r  P to be de termined.  

Values of the  p a r a m e t e r  P w e r e  ca lcula ted  f rom 
both potent ia l  drop and cur ren t  measurements  for  elec-  
t rodes  wi th  L ---- 0.25 and 0.50 cm. Based upon cur ren t  
measurements ,  as discussed above, the ca lcula ted  va l -  
ues of P were  0.44 and 1.05 cm 2 sec-2/~. The values  
based upon measurements  of A~s were  0.45 and 0.90 
cm 2 sec -2/3, respect ively.  This good ag reemen t  be -  
tween  two measur ing  techniques also extends  to de-  
te rminat ions  of R~. Use of the  m a x i m u m  values  of 
1ACsl/llmaxl for the  0.25 and 0.50 cm electrodes leads 
to Rs --  10 and 29~, respect ively,  in good agreement  
wi th  the values es t imated  for the same electrodes by  
analysis  of the  c u r r e n t  response to a potent ia l  s tep 
(el. Fig. 4). 

The good agreement  of expe r imen ta l  da ta  wi th  
theore t ica l  predic t ions  of the  macroscopic model  is 
taken  to be evidence that  Eq. [20] (or Eq. [17]) ac-  
cura te ly  describes the poten t ia l  difference be tween  the 
ups t r eam and downs t ream faces of a porous electrode. 
Fur the rmore ,  the  agreement  be tween  pa rame te r s  cal -  
cula ted  f rom cur ren t  measurements  and f rom poten-  
t ia l  measurements  indicates  the  se l f -consis tency of 
the  macroscopic model.  We  were  unable  to use a flow 
ra te  high enough to observe a (CE) signif icant ly di f -  
fe rent  f rom un i ty  for L --- 1.0 and 2.0 cm wi thout  en-  
counter ing excess ively  large  a ~ ,  so tha t  P could not  
be es t imated  by  use of Eq. [25] in these cases. How-  
ever, P could be ca lcula ted  for these cases b y  use of 
Eq. [22] and values  of Rs es t imated  f rom the cu r ren t  
response to a po ten t ia l  s tep (cf. Fig. 4). The values  
o f  P obta ined  in this  manne r  were  1.8 and 4.8 cm 2 
sec -~/z for L = 1.0 and 2.0 cm, respect ively .  

The p a r a m e t e r  P is p red ic ted  b y  the macroscopic 
model  to be a l inear  function of reac tor  length  (cf. 
Eq. [14]). Values of P de te rmined  b y  the methods  
descr ibed above are  shown plo t ted  as a funct ion of L 
in Fig. 9. The da ta  for  L ---- 0.25, 0.50, and 1.0 cm show 
wi th in  expe r imen ta l  e r ror  a l i nea r  dependence  upon  L. 
F rom the slope of the l ine in Fig. 9, wi th  use of D = 
7.63 • 10 -~6 cm 2 sec-~ for  the  dif fusivi ty  of Fe (CN)68-  
in 1M KC1 (41), i t  can be ca lcula ted  that  a ,-~ 1.6 X 102 
c m - L  As noted above, this va lue  of a agrees  wel l  wi th  
tha t  es t imated  f rom the  average  par t ic le  d iamete r  and 
also wi th  the value  es t imated  f rom the to ta l  capaci ty  
of the  electrodes.  The va lue  of P for the  e lec t rode  wi th  
L ---- 2.0 cm deviates  m a r k e d l y  f rom the l ine tha t  de -  
scribes the o ther  da ta  in  Fig. 9. The cause for  this 
devia t ion  is not  known. 

Comparison of macroscopic and straight pm'e mode~s. 
- - T h e  two models  tha t  descr ibe  mass t r anspor t  to the  
pore  wal ls  of a porous e lec t rode  differ not  only  in the  



V o l .  128, No. 2 ELECTROCHEMICAL REACTORS 313 

i I ' I 

~E 
0 

o_" 

A 

4 - 

2 

o i I J I 
o 1 2 

L, cm 

Fig. 9. Plot of the parameter P as a function of L. Circles: cur- 
rent measurements; triangles: potential measurements. 

geometric description of the pores but also in the 
hydrodynamic description of flow. The straight pore 
model assumes that fully developed laminar flow takes 
place within the pores whereas the macroscopic model 
is based upon an average mass transfer coefficient 
which is independent of position. Theoretical predic- 
tions of total current (and thus collection efficiency) 
and potential difference based on the straight pore 
model are outlined briefly in the Appendix. It  was 
shown above that the macroscopic model agrees well 
with experimental data. The two models are compared 
below using, as far as possible, the same parameters to 
describe the porous electrode system. 

A plot of (CE) vs. log U for an electrode with L = 
0.25 cm is shown in Fig. 10, which contains two differ- 
ent sets of experimental data on reduction o f  
Fe(CN)83-. Plots of this type were used by S i o d a  
(10, 42), Wroblowa and Razumney (43), Alkire a n d  
Gracon (3), and Alkire and Gould (44). The macro- 
scopic model was fit to the data using Eq. [23] and 
the appropriate value of P from Fig. 9. The straight 
p o r e  model was fit by choosing a value of the constant 
aSDAL/e in Eq. [A-5] such that the ~wo models coin- 
cide at high flow rates (cf. Eq. [33] and [A-7]). Nu- 

I I I l i i l l l  I i I l l i l l l  I I I I l l i l  
1.0 ~ , ,  

-- ~.-----STRAIGHT PORE MODEL - 
0.8 _ -- % ~ (EQ[A 5]) 

0.6 -- m 

-- MACROSCOPIC M O D E L ~ ,  
JL I (EQ[23]) ~ . . --  

0.4 - -  - ~ .,~-.--EQLA-7J 

0 . 2  - -  

o I I i I I I I I I  I I I ] i l l i i  I I I I l l i  
I0 -z 2 5 10 -t 2 5 io ~ 2 5 Io ~ 

u, cm 3 s -t 

Fig. I0. Comparison of macroscopic and straight pore model~: 
collection efficiency as a function of flow rate. Reduction of 
5 X 10-4M Fe(CN)63-;  L = 0.25 cm. Macroscopic model: P = 
0.44 cm 2 sec -s/3.  Straight pore model: a 2 D ,4 L/go = &85 X 
10-S cm s sec-Z. 

merically the two models differ somewhat in the flow 
region from essentially complete conversion to ~ 5 0 %  

conversion. Although the macroscopic model seems to 
fit these data a little better than the straight pore 
model, the scatter in the data precludes a clear dis- 
tinction. An asymptotic solution valid at high flow 
rates (c% Eq. [A-7] ) is also shown in Fig. 10; this was 
obtained from the L~v~que solution to the mass trans- 
port problem (c% Appendix) for (CE) ~ 0. 

Consideration of the potential difference between the 
upstream and downstream faces of a porous electrode 
(A~s) provides a clear distinction between the two 
models. Figure 11 is a plot of log ]A@s]/[Ima~IRs VS. 
log U for the two models using the same parameters as 
in Fig. 10. At low flow rates where (CE) is near unity 
t h e  quantity [aCSI/Iraaxl varies directly with U for the 
straight pore model while for the macroscopic model 
this quantity varies with U 2/s, as may be seen by com- 
parison of Eq. [22] and [A-8]. This same difference in 
dependence upon U is also exhibited by the effective 
reaction depth (cf. Eq. [15]). I n  addition the macro- 
scopic model agrees well numerically with experimen- 
tal data over the entire region of the maximum in 
Fig. 11. Although some improvement in fit with the 
straight pore model could be achieved by adjustment 
of the physical constants, the shape o f  the maximum 
predicted by this model for the log-log plot of Fig. 11 
would not allow the close fit observed for the macro- 
scopic model over a wide range of flow rates. From a 
mathematical standpoint the straight pore model is 
more complicated than the simplified macroscopic 
model (c% Appendix). Consequently, use of the macro- 
scopic model is preferable for analysis and design of 
porous electrode systems both for its convenience and 
because of its consistency with experimental results. 
However, there are electrode configurations for which 
the straight pore model might be a better approxima- 
tion. Such an electrode consists of a bundle of parallel 
wires with longitudinal solution flow, a configuration 
which is similar to the brush electrode of de Levie (45). 

Design considerations for porous electrode reactors.-  
The fundamental relationships needed to design a por- 
ous electrode electrochemical reactor are provided by 
Eq. [7] or [12] and [17]. Perhaps the most commonly 
used design criterion for a practical reactor arises as 

100 I I I IIIlll I I I ]l]IIl 1 I I III 

x 
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Fig. 11. Comparison of macroscopic and straight pore models: 
normalized potential drop as a function of flow rate. Reduction of 
1.93 X 10 - s M  F e ( C N ) 6 ) 3 - ;  L = 0.25 cm. Macroscopic model: 
P = 0.44 cm 2 sec - 2 / 3 .  Straight pore model: a 2 D A L/8e = 
3.85 X 10 - 2  cm s sec -z .  
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a resul t  of a desire  to keep  the  flow ra te  sufficiently 
low so tha t  (CE) is nea r  unity,  and  thus the  reac t ion  
wi l l  be comple ted  in  a single pass. Equat ions  [12] and 
[17], wr i t t en  in  terms of superficial  cur ren t  dens i ty  
(~s(0)) and  superf icial  l inear  flow ra t e  (v) ,  become 

(CE)= {s(O) ( a k m L )  = 1 - -  e x p  [34] 
nFvCb v 

(( ) 
'nF,,C  - -  ,o,, 

[l--exp(--akmL')]--eXP(v akmL ) [35] 

The average  mass t ransfe r  coefficient (kin), wr i t t en  in 
te rms of superficial  l inea r  flow rate ,  becomes (c]. Eq. 
[9 ] )  

0.2574 
k,, = (aD)~/Zv 1/3 [36] 

�9 (1 - e)~/8 

Equat ions  [34] and [35] m a y  be solved s imul taneously ,  
wi th  use of Eq. [36], to give op t imum values  of v and  
L for  any  des i red  va lue  of (CE) as a funct ion of hr 
Cb, and  the phys ica l  pa rame te r s  tha t  descr ibe  the  
e lec t rode-e lec t ro ly te  system. 

I t  is convenient  to in t roduce  the  p a r a m e t e r  Q, de -  
fined b y  

Q - - - I n [ I -  (CE)]  = a k m L / v : P / U  2/z [37] 

as a measure  of the  des i red  cu r ren t  or  collection effi- 
ciency. Use of Q in Eq. [34] and [35] and solut ion for  
v and L lead  to the fol lowing re la t ions  

v = 4.53 X - e~]5(1_. ,)~/5 n- '~b]  

1 
[38] 

[1 - -  (1 + Q ) e x p ( - Q ) ]  ~/s 

L = 2.29 X 10 -3  I aD 215 - ~ b  

Q 
[39] 

[1 - -  (1 -{- @ ) e x p ( - Q ) ]  2/s 

The required cross-sectional area of the reactor (A) 
may be calculated from the total volume flow rate(U) 
and the re la t ion A = U/v. I t  is c lear  f rom Eq. [38] 
and [39] that  the op t imum reac tor  length  and flow ra te  
wi l l  depend on t h e  a l lowable  potent ia l  difference be -  
tween  the ups t r eam and downs t ream faces of  the  
e lec t rode  (hr and  on the concentra t ion  of the  e l e c -  
troact ive  species (Cb). The o ther  quant i t ies  in Eq. [38] 
and [39] descr ibe  the proper t ies  of the  e lect rode and 
the e lec t ro ly te  and  the des i red  (CE). Bennion and 
Newman  (22) and Newman  and T iedemann  (5) dis-  
cuss a l t e rna t ive  re la t ions  tha t  could be  used for  design 
and opt imizat ion of porous electrodes opera t ing  under  
l imi t ing  cur ren t  condit ions for (CE) ~ 1. Many  o ther  
design considerat ions and a graphica l  me thod  for  es t i -  
ma t ion  of v and L for  s i tuat ions where  km differs f rom 
Eq. [9] or  [36] a re  r ev iewed  b y  Newman  and Tiede-  
mann  (6). 

These design equations can be used to es t imate  the 
appropr i a t e  phys ica l  size, l inear  flow rate,  and  cross- 
sect ional  a rea  requ i red  for  a typical  indus t r ia l  app l i -  
cation. Two l imi t ing cases are:  (i)  r emova l  of t race  
meta l  ions f rom a flowing s t ream b y  electrodeposi t ion,  
and  (ii) elect rosynthesis  of a species soluble  in aque-  
ous solution. The proper t ies  of the porous g raph i te  
e lec t rode  ma te r i a l  used in this s tudy  m a y  be taken  as 
fa i r ly  typica l  for many  appl icat ions  of interest .  I t  has 
a r e l a t ive ly  la rge  average  pore  d iamete r  (,-~ 60 ~m) to 
minimize  pumping  costs, and ye t  i t  re ta ins  a r e l a -  
t ive ly  la rge  specific surface a rea  ( >  102 cm-Z) .  Typ i -  

cal values which can be assigned to a, D, e, and eetf 
a re  1.7 X 10~ cm -1, 1 X 10-~ cm 2 sec -1,  0.4, and 0.05 
12 -1 cm -1, respect ively.  In  addit ion,  i t  wi l l  be assumed 
tha t  an e lec t rode  assembly  wil l  be requ i red  to process 
4.38 • 102 cm a sec -1 (10,000 g a l / d a y )  to be economi-  
cal ly  feasible.  In  both cases i t  wi l l  be  assumed tha t  
a potent ia l  difference of 0.5V is a l lowable  be tween  the 
ups t r eam and downs t ream faces of the  e lec t rode  and 
that  (CE) = 0.99 so tha t  Q = 4.605. 

The reduct ion  of H g ( I I )  in ch lo r -a lka l i  process  
s t r e a m s  to Hg ~ at  a concentra t ion of a pp rox ima te ly  
2.5 X 10-4M (-~ 50 ppm)  is an app l ica t ion  which has 
been considered prev ious ly  (25). The op t imum e l e c -  
trode  length  and l inear  flow rate,  ca lcula ted  f rom Eq. 
[38] and [39], are  2.3 cm and 1.1 cm sec -1, respect ively.  
Consequent ly  the requi red  volume flow ra te  demands  
use of a cross-sect ional  a rea  A ,~ 400 cm% Thus a com- 
pact  porous e lec t rode  device is capable  of t rea t ing  a 
large  vo lume of l iquid  in appl icat ions  of this type. 

On the o ther  hand, use of a porous e lect rode reac tor  
for  electrosynthesis ,  where  a mode ra t e ly  high concen- 
t ra t ion  of the  e lect roact ive  substance is desirable,  ap -  
pears  to be r e l a t ive ly  inappropr i a t e  wi th  the presen t  
configuration. For  example ,  one might  consider  a redox  
process for  which nCb = 0.SM. I t  can be es t imated  
f rom Eq. [38] and [39] tha t  L ,.- 0.14 cm and v --~ 1.8 
• 10-2 cm sec -1 for  this appl icat ion.  Consequent ly  the  
requi red  cross-sect ional  a rea  would  be A ,., 2.5 X 104 
cm 2, so tha t  the  physical  dimensions of the reac tor  
would need to be a pp rox ima te ly  1.5m on a side by  
~1.5 mm thick. These dimensions appea r  to be unrea l -  
istic for  a prac t ica l  device. However ,  a porous e lec t rode  
cell might  find appl ica t ion  in e lect rosynthesis  as a 
"pol ishing" device fol lowing pr ior  t r e a tmen t  by  a con- 
vent ional  flat p la te  e lec t rochemical  cell. 

Conclusions and Summary 
Equat ions have been der ived,  based  upon a s im-  

plified macroscopic model, which  a l low op t imum de-  
sign pa rame te r s  to be es t imated  for  porous e lect rode 
reactors  opera t ing  at  any  des i red  efficiency. The model  
has been verified expe r imen ta l ly  b y  measurements  of 
the l imit ing cu r r en t  and the  poten t ia l  difference be-  
tween ups t ream and downs t ream faces of an opera t ing  
reac tor  as a funct ion of flow ra te  for  a react ion under  
pure  mass t rans fe r  control. Various  methods  a re  dis-  
cussed for de te rmin ing  the efficiency and o ther  p a -  
r amete r s  of a porous e lect rode reactor .  A new method  
of da ta  analysis  has been proposed  tha t  is based en -  
t i re ly  on measurements  of the poten t ia l  difference be-  
tween ups t ream and downs t ream faces of a porous 
electrode.  Based on the proper t ies  of the  e lectrode 
ma te r i a l  used in this s tudy,  the re la t ive  mer i ts  of the 
macroscopic model  and the s t ra ight  pore  model  have 
been compared.  In  addit ion,  two typica l  indus t r ia l  ap-  
pl icat ions have been examined  to del ineate  s i tuat ions 
in which the use of a porous e lec t rode  reac tor  m a y  be 
feasible.  
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A P P E N D I X  
Straight pore model of porous electrodes.--The 

s t ra ight  pore model  assumes tha t  the e lect rode consists 
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of a n u m b e r  of ident ical ,  s t ra ight ,  nonintersect ing,  
cy l indr ica l  pores  runn ing  the ent i re  length  of a con- 
duct ing m a t r i x  (i.e., a bundle  of cap i l la r ies ) .  The p r o b -  
lem involves  account ing for  the  cu r r en t  f rom a s ingle 
pore,  and  then mul t ip ly ing  by  the to ta l  number  of pores  
to obta in  the to ta l  current .  Cur ren t -po ten t i a l  r e l a t ion -  
ships for  a s ingle pore  in the absence of  forced convec-  
t ion were  r e v i e w e d b y  de Levie  (14). A n  approx ima te  
solut ion for  the  mass - t r ans fe r  l imi ted  cur ren t  wi th  
forced convect ion was obta ined  by  Posey  and Nelson 
(38) b y  piecing toge ther  the  asymptot ic  solutions for  
h igh  flow ra te  and for  low flow ra te  wi th in  a t ubu la r  
electrode.  The number  of pores  (N) was t aken  to be 
the  cross-sect ional  a rea  of voids d iv ided  by  the cross- 
sect ional  a rea  of a s ingle pore,  i.e,, N = eA/~R~ where  
R is pore  radius.  

More recent ly ,  N e w m a n  (46) has publ i shed  an exact  
solut ion to the  p rob lem of mass t ransfe r  to the in te r io r  
wai l  of a tube  f rom a s t r eam wi th  fu l ly  developed 
l amina r  flow ( the  Grae tz  p rob lem) .  The solut ion ne -  
glects ax ia l  diffusion as a m o d e  of mass  t ranspor t ;  
this assumpt ion  is analogous to tha t  used above  in 
de r iva t ion  of the  simplif ied macroscopic  model.  The 
t r ea tmen t  should be va l id  for  r e l a t ive ly  long, na r row  
pores which  can be thought  of as const i tut ing the 
porous e lect rodes  of this s tudy (radius  ,~ 3 X 10 -~ cm; 
length  ~ 2.5 X 10 -1 cm).  For  the  case of the l imi t ing 
cu r r en t  (zero r eac t an t  concen t rauon  at  wa l l ) ,  Newman  
presents  an  express ion for  the average  concentra t ion 
of reactant ,  Cm(x), at  the posi t ion x (cI. Eq. [6] ) 

Cm(x) --  Cb ~ Mk e x p ( - -  ~k2~D x/2 UO [ A - l ]  
k=l 

In  this equat ion  Mk and  ~k a re  the  coefficients and  
e igenvalues  for the solut ion of this S tu rm-Liouv i l l e  
p rob lem in convect ive diffusion, Ul is the  volume flow 
ra te  in  the  i th tube or  capi l lary ,  and o ther  quant i t ies  
a re  defined above. The first ten  values  of Mk and Xk 
have been eva lua ted  and t abu la t ed  by  N e w m a n  (46). 
I t  follows tha t  the ( l imi t ing)  cur ren t  f rom a single tube 
(Ii) of l ength  L for  a ca thodic  process is given b y  (c]. 
Eq. [8]) 

I i----rvFUiCb[l--kW~l 1~kexp(-~'k2~DL/2 Hi) ] =  

[A-2] 

The average  cur ren t  dens i ty  in the solut ion phase  for  a 
single tube , /~ , i (x) ,  is g iven b y  (c$. Eq. [7] and [16]) 

n F  UiCb 
i,s,l (x) : Mk [exp (-- ~k ~ = D x/2 UD 

~l~ 2 k=l 

- -  exp (--Xk s ~ D L/2  Ui) ] 

d r (x) 
= -- r - -  [A-3] 

dz 

I n  Eq. [A-3] t s ( x )  is the  ave rage  poten t ia l  in the 
solut ion phase  at  the  point  x and ~o is the bu lk  con- 
duc t iv i ty  of the  solut ion as above. Equat ion  [A-3] 
t ransforms into Eq. [A-2] when  x = 0 since Z/Y/k ---- 1 
(46). In tegra t ion  of Eq. [A-3] leads  to an expression 
for  the po ten t ia l  drop be tween  ups t r eam and down-  
s t r eam ends of the tube, ~bs : [~s(0) - -  t s ( L ) ]  (c~. 
Eq. [17]) 

nFUiCb ~ { 
~rCs : Mk 

4to ~/~ 2 k=l 

2Ui 
[i -- exp (--Ik2aDL/ 

kk 2 gD 

% 

2 U l ) ]  - -  L exp(--~k2~DL/2Ui) t [A-4]  

These re la t ions  m a y  be pu t  into forms tha t  resemble  
the corresponding equat ions of the  simplif ied macro -  
scopic model. The flow ra te  for a s ing le  pore  is re la ted  
to the to ta l  flow ra te  by  Ui = U/N, where  N = ,A/~R 2 
as above. The total  cu r ren t  (I)  is s imply  I = NI i ,  the  
a r e a - t o - v o l u m e  rat io  (a) for  a bundle  of cy l indr ica l  
capi l lar ies  is g iven b y  a = 2,/R, and the res is tance 

of the solut ion is Rs --  L/~oeA. Then the to ta l  ( l imi t -  
ing) cu r ren t  for  the e lect rode is g i v e n  b y  (c]. Eq. 
[10] ) 

I = - - n F U C b [ 1 - - ~  Mk 
k=l 

exp (-- lk ~ a2 D A L / 8 ,  U) J [A-5] 

And  final ly the potent ia l  drop is descr ibed by  (c]. Eq. 
[20] ) 

- R s  ~ Mk 
8,U 

Ilmaxl ~=I ~ksa2DAL 

[1 - -  exp ( - -  ~.k2aUDAL/8,U) ] 

- -  exp ( - -  ~R2a2DAL/SeU) t [A-6]  

Fo r  low flow ra tes  the  cur ren t  approaches  the  a s y m p -  
totic l imi t  /max = - - n  F U Cb (c]. Eq. [11]).  Fo r  high 
flow rates  Cm(x) -~ Cha t  al l  x and  an asymptot ic  form 
for the cur ren t  m a y  be ob ta ined  f rom the L~v~que so-  
lu t ion (46-48) 

I ~-, --  1.017 n F Cb (a 2 D A L/e) ~/3 U 1/3 [A-7] 

Equat ion  [A-7]  is seen to be analogous to Eq. [33]. 
The potent ia l  drop at  low flow ra tes  is g iven app rox i -  
ma te ly  by  

,-, 0.917 Rs (e U/a s D A L) [A-8] 
lIm~xi 

which may  be compared  wi th  Eq. [22]. On the o ther  
hand, a t  h igh flow rates,  the  poten t ia l  drop  is descr ibed  
app rox ima te ly  by  the re la t ion  

~ 0.407 Rs (a ~ D A L/e U) 2/8 [A-9] 
IIm~L 

which was ob ta ined  f rom the L~v~que solut ion b y  the  
procedure  used to der ive  Eq. [A-4] .  Predic t ions  of 
these re la t ions for the behavior  of the  s t ra igh t  pore  
model  a re  compared  above wi th  the  predic t ions  of the  
simplif ied macroscopic model.  

LIST OF SYMBOLS 

a specific in te r rac ia l  area,  c m -  1 
A cross-sect ional  a rea  of e lect rode (ma t r ix  + 

solut ion) ,  cm 2 
c different ia l  capaci ty  pe r  uni t  area,  F cm -u  
Cb concentra t ion of e lec t roact ive  species ups t r eam 

of porous electrode,  moles  cm -3  
C(x) concentrat ion of r eac tan t  in bu lk  of pore  at  

the posi t ion x, moles cm -a  
Cm(x) average  reac tan t  concentra t ion in s t ra igh t  pore  

at  the posi t ion x (cf. A p p e n d i x ) ,  moles  c m - 8  
Co(x) concentra t ion of r eac tan t  a t  pore  wa l l  at  the  

posi t ion x, moles cm-3  
CT total  different ia l  capac i ty  of porous e lec t rode  

(cf. Eq. [28]),  F 
(CE)  = I/Imax, collection efficiency (cf. Eq. [12] ) 
D diffusivi ty of e lec t roact ive  species, cm 2 sec-1  
D' diffusion coefficient (c]. Eq. [5]) ,  cm 2 sec -1 
Dp par t ic le  diameter ,  cm 
e base of Napier ian  logar i thms (cf. discussion of 

Eq, [15]) 
F F a r a d a y ' s  constant,  C eq - I  
i ,  (x) superficial  cur ren t  dens i ty  in solut ion (cur ren t  

pe r  uni t  a rea  of ma t r i x  plus pores) ,  A cm -2 
is,i(x) average  cur ren t  densi ty  in solut ion phase  of  

s t ra ight  pore  (cf. Append ix ) ,  A cm -2 
I total  cur ren t  f rom electrode,  A 
Ii cur ren t  f rom single s t ra igh t  pore  (c]. A p -  

pend ix ) ,  A 
/max m a x i m u m  cur ren t  for  (CE) : 1 (el. Eq. [11]),  

A 
I(t) total  cur ren t  at  t ime t dur ing  t rans ient  r e -  

sponse to potent ia l  step, A 
J(x) local in ter rac ia l  flux at  the posi t ion x (cf. Eq. 

[2] ), moles cm -2  sec -1  
k summat ion  index 
km average  mass t ransfe r  coefficient, cm sec - I  



316 J. Elec$rochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY February 1981 

L electrode length, cm 
Mk coefficients in solution to Graetz problem (cf. 

Appendix) 
n electron number of interracial reaction 
N number of straight pores in electrode (c•. Ap- 

pendix) 
P parameter defined by Eq. [14], cm 2 sec -2/3 
Q : - l n [ 1 -  (CE)], efficiency parameter de- 

fined by Eq. [37] 
R radius of straight pore (c5. Appendix), cm 
Rm resistance of conducting matrix (c~. Eq. [32]), 

Rs resistance of solution within porous electrode 
(c$. Eq. [19]), 

t time, sec 
U volume flow rate, cm 8 sec -1 
Ul volume flow rate in single straight pore (cf. 

Appendix), cm 3 sec -1 
v superficial linear flow rate, cm sec -1 
x distance through porous electrode, cm 
xo effective reaction depth (c~. Eq. [15]), cm 

Greek Letters 
e void fraction or porosity 
~o potential step applied to upstream end of 

porous electrode; used in determination of im- 
pedance characteristics (c]. Eq. [27]), V 

(L, 0) sudden change in potential of downstream face 
of porous electrode corresponding to ~1o, V 

~k eigenvalues in solution to Graetz problem (c~. 
Appendix) 

Cs (x) potential in solution phase at the position x, V 
~ s  potential difference between upstream and 

downstream faces of porous electrode, V 
ceff  effective conductivity of solution phase, 

cm-1 
~o bulk conductivity of solution, ~ cm -1 
T : RsCw, time constant for charging of double 

layer in porous electrodes, sec 
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Copper Recovery Using a Tumbled-Bed 
Electrochemical Reactor 

Richard P. Tison 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

A tumbled-bed  electrochemical reactor was described and shown to func-  
t ion well  in  reclaiming copper from a dilute acid copper system. A sound e l e c -  
t r o d e p o s i t  was obtained rout inely  and may be conducive to a stable and low 
maintenance  industr ia l  application. Graphs which approximately represent  
operat ing cost-capital cost t rends have been presented and suggested as useful 
for future  work in developing and comparing a l ternat ive  waste t rea tment  
techniques. 

Process waste waters generated at various manufac-  
tur ing  facilities often cause a twofold problem. They 
may have a toxic effect on the env i ronment  and their 
disposal causes a loss of much valuable  material,  not 
only in  dissolved solids but  in process water  also. 
Waste t rea tment  me~hods in current  use often (i) de- 
toxify inadequately,  (ii) detoxify but  generate unde-  
sirable by-products,  creating a new waste disposal 
problem, or (iii) detoxify without  materials recovery 
or water  recycle. Current  developments concerning 
both env i ronmenta l  considerations and the growing 
scarcity of na tura l  resources provide an increasingly 
strong impetus  for the development  of more effective 
yet economical waste t rea tment  technologies. 

Electrochemical methods of t rea tment  offer an 
in t r iguing  al ternat ive to conventional  chemical meth-  
ods in  that waste waters may be treated without adding 
addit ional  chemicals. Also, metals may be recovered in 
the metall ic form, relat ively pure and salable. 

For dilute meta l -bear ing  waste waters, th ree -d imen-  
sional conduct ive-bed electrodes are often considered, 
to provide extended surface area. The in tent ion is to 
enhance the small  electrochemical reaction rates 
anticipated with low metal  ion concentrations. De- 
scriptions of several types of bed electrodes may  be 
found in  the l i terature,  inc luding the packed bed (1-3), 
dynamic packed bed (4), fluidized bed (1, 5, 6), and 
vibrated bed (7, 8). 

In  this work we describe a tumbled-bed  electrode, 
which is an adaptat ion of conventional  barrel  plat ing 
technology. By this technique a tumbl ing  motion is im-  
parted to a bed of conductive particles contained in  a 
rotat ing barrel.  A tumbled par t icula te-bed electrode 
has been described in a patent  issued to McCoy et al. 
(9). While he suggested its use in e lectrowinning or 
refining processes, his application was in a battery.  
Inoue also used a tumbled-bed  electrode, bu t  his 
application was electrochemically deburr ing metal  
workpieces (10). Oehr (11) described the use of a 
barre l  plater  for waste t reatment .  He used the tumbled  
bed as an anode for cyanide oxidation. Kammel  et al. 
(12) electroplated metals from dilute waste water  by 
the employment  of a tumbled-bed  cathode. Their  work 
was described in patent  form, however, and little per-  
formance data was made available. 

This present  work describes the effectiveness for 
waste water  t rea tment  of a tumbled-bed  electrochemi- 
cal reactor. Copper recovery from a dilute acid copper 
system was used as the test case and serves as a repre-  
sentat ive of a number  of toxic heavy metal  waste 
waters which consti tute a major  waste handl ing 
problem. 

Experimental 
Apparatus and procedure.--The t umbled-bed  elec- 

trochemical reactor concept is shown in Fig. 1. The 

Key words: metals, water, cathode, electrodeposition. 

actual  un i t  used in this work is shown in Fig. 2. It  was 
made by reworking a commercial ly available min ia ture  
portabTe barre l  plater. While one of the best geometries 
for industr ia l  application of this concept may well 
involve an  "open" rotat ing cyl inder  submerged in the 
waste water  being treated in a fashion similar  to con- 
vent ional  barrel  plating, this ini t ia l  work made use of 
an "internalized" design to facilitate controlled flow- 
through for single- and mult iple-pass  characterization 
studies. Thus, the porous cyl inder was replaced by a 
sealed acrylic cylinder, 127 X 140 mm ID. Four  acrylic 
blocks, 4 X 4 X 127 mm, were cemented to the inter ior  
walls, equally spaced around the per iphery and parallel  
to the axis of rotation, to aid b e d  movement.  All 
p lumbing  and electrical connections were made 
through two axial end-pla te  holes, as shown, and in-  
cluded a 3.1 mm diam lead (Pb) wire  extending 
slightly below the axis as anode, two lead ball  danglers, 
approximately 11 mm diam, which provided electrical 
feeds to the cathode bed, and solution inflow and out- 
flow tubes. The cathode bed consisted of steel spheres, 
4.5 mm diam, plated with 18 ~m copper. The cylinder 
was loaded with 3.05 kg of copper-plated steel spheres 

Fig. 1. Schematic of tumbled-bed electrochemical reactor. The 
waste water, cathode bed, and current feeders are shown in the 
approximate positions they assume during operation. 

Fig. 2. Experimental setup for tumbled-bed work 
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which took up approximately  35% of the cylinder 's  
volume. 

Simulated acid copper waste water  was made up of 
various concentrat ions of reagent  grade copper sulfate 
in  1M sulfuric acid using distilled water. This s imu-  
lated waste water  was then used without  fur ther  pur i -  
fication. For mult iple-pass  studies, test solutions w e r e  
pumped through the system using a tubing  pump 
according to the scheme i l lustrated in Fig. 3. For once- 
through studies, spent solutions were re turned  to a 
second reservoir. All work was performed at room 
tempera ture  and at a cylinder rotat ion speed of 9 rpm. 

All runs were potentiostated via a saturated calomel 
reference electrode communicat ing with the inlet  tube 
to the reactor. Copper concentrations were determined 
by use of a commercial  cupric specific ion electrode 
calibrated daily by an atomic absorption spectrometer 
analysis of several samples wi thdrawn dur ing  each run. 
Current,  overall  voltage, and specific ion electrode po- 
tential  were cont inuously recorded. 

Polarization studies were obtained dur ing single-pass 
runs by 'the "steady-state" method. For each mul t ip le-  
pass run,  a fresh 5 l i ter  volume was cont inuously re-  
circulated at constant cathode potential  unt i l  all copper 
was depleted. Ini t ia l  copper concentrat ions were ap- 
proximately  1400 ppm. Each recirculatory run  thus 
provided reactor performance data for a given potential  
over a range of concentration. F low-through rates 
were also held constant  at 550 m l / m i n  except where 
otherwise specified. This rate corresponds to 58 t u r n -  
overs /hr  based  on an exper imenta l ly  de termined 0.57 
l i ter  l iquid capacity of the loaded cylinder. Approxi-  
mately  3 hr per run  were required to deplete the cop- 
per content  in the waste water. 

Calculations.--Data from the recirculatory runs  were 
processed by a computer  program which fit appropriate 
calibration equations to the cupric specific ion electrode 
data, and provided tabulat ions and plots of input  data 
as well as several derived indices of reactor perform- 
ance (see Appendix) .  

Reproducibility and sources of error.--As a test of 
reproducibili ty,  one par t icular  mult iple-pass  depletion 
run  was performed three times. Exper imenta l  v a l u e s  
for overall  cur rent  efficiency, electrical energy yield, 
and volumetric  reaction rate for each run  over the 
range 300-10 ppm copper were calculated and c o m -  
pared. The m a x i m u m  deviation from average of any of 
these performance indexes over the three runs  was 
15%. 

After  the reactor work was completed, a reanalysis  
of solution samples by atomic absorption was under -  
taken for iron. The analyses showed that  i ron had 
slowly buil t  up in  the recireulat ion solutions and may  

F 

Flow Meter 
Aux. Electrodes 

Cu ++ Ref. 

Reactor 

Fig. 3. Schematic diagram of the experimental system 

have affected reactor performance. Final  i ron concen- 
trations ranged from 81 ppm for the most rapid r u n  
(4 hr) to 177 ppm for the slowest runs (8 hr) .  This 
i ron contaminat ion apparent ly  came from discontinu-  
ities in the copper plat ing on the steel spheres. These 
spheres were subsequent ly  replaced by solid copper 
shot for fur ther  work (not yet  reported) .  In  the pres-  
ent  work, however, an assessment of available data 
suggested that  the iron dissolution was coupled par t i -  
ally with hydrogen evolution and par t ia l ly  with cop- 
per removal  from the solution (cementat ion) .  Based 
on solution analyses, calculations indicate that  the 
copper removal rates reported herein  are only 3-7% 
larger in magni tude  than would have occurred in the 
absence of the cementat ion effect. 

Results and Discussion 
Single-pass performance.--The flow of waste water  

through a reactor once-only for t rea tment  is often 
advantageous as it is well suited to high production 
rates and involves m i n i m u m  pumping  requirements.  

Polarization studies.--Figure 4 shows polarization 
curves for the tumbled-bed  electrochemical reactor 
under  single-pass conditions. It  may be noted that  each 
copper deposition curve exhibited an inflection but  not 
a plateau before becoming obscured by the secondary 
hydrogen evolution reaction which dominated at large 
cathode polarizations. The absence of a mass t ransfer  
l imit ing current  plateau sometimes associated with a 
"fast" electrochemical reaction such as this may be 
accounted for by several factors but  perhaps the most 
significant is the following. 

An increasing rather  than constant  ( l imit ing) copper 
deposition current  can result  from a significant IR po- 
tent ial  drop through the solution wi thin  the bed elec- 
trode causing the cathode reaction wi th in  the bed to be 
operat ing over a wide r~.nge of potential. Thus, as 
larger and larger negative potentials were applied to 
the cathode, more and more remote regions of this bed 
electrode would become active with a resul tant  in -  
crease in  current,  as was obtained experimental ly.  
Unfortunately,  this s i tuat ion also eventua l ly  forces the 
most accessible areas of the bed electrode to potentials 
sufficiently negat ive to evolve hydrogen as well as 
deposit copper. Thus, performance of this reactor 
could be improved by suitable design changes to min i -  
mize these variations, e.g., a th inner  bed ( in the direc- 
t ion of current  flow), addit ional  counterelectrodes at 
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Fig. 4. Polarization studies of a tumbled-bed electrochemical 
reactor. Solution feed rate was 74 ml/min. 
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sui table  posit ions th roughout  or  sur rounding  the bed, 
g rea te r  solut ion conduct ivi ty,  or  g rea te r  bed  porosi ty.  

Effect of potentiaL--The effect of cathode poten t ia l  
on reac tor  pe r fo rmance  m a y  be seen in Fig. 5. Percen t  
recovery  increases  wi th  increas ing cathode polar iza-  
tion. This increase  is expected,  especia l ly  since remote  
regions of t h e  cathode bed appa ren t l y  become produc-  
t ive at  la rge  polar izat ions  as discussed earl ier .  Ex -  
t reme polar izat ions  cont r ibuted  p r i m a r i l y  to increased 
hydrogen  gassing which  tended to occur at  the  bed  
surface and therefore  did not  cont r ibute  g rea t ly  to in-  
creased ra tes  of recovery.  

Elec t r ica l  ene rgy  y ie ld  and cu r ren t  efficiency, on the  
o ther  hand, decrease  wi th  increas ing cathode polar iza-  
tion. This is l a rge ly  due to the increas ing propor t ion  of 
cur ren t  and e lect r ica l  energy  being consumed by the 
hydrogen  evolut ion  side reaction,  which  becomes more  
p rominen t  a t  la rge  cathode polarizat ions.  Obvious ly  in 
select ing opera t ing  condit ions for  a prac t ica l  app l ica -  
tion, a t radeoff  mus t  be made  be tween  opera t ing  c o s t s  

and completeness  of recovery  in a single pass. 

E~ect o f  l~ow-through rate.--The influence of solu-  
t ion feed ra te  on a reac tor  pe r fo rmance  is shown in Fig. 
6. Pe rcen t  r ecove ry  is enhanced by  lower  f low-through 
rates  as would  be  expected  due to the  longer  solution 
res idence t ime involved.  In  this work,  as much as 99.4% 
recovery  was obtained.  Again, improved  pe r fo rm-  
ance in te rms of percen t  recovery  was obta ined at  the  
expense  of h i g h e r  opera t ing  costs as reflected by  the 
e lect r ica l  energy  y ie ld  and cur ren t  efficiency data. 
These pe r fo rmance  indexes  improve  wi th  h igher  flow 
rates  and thus demons t ra te  one of the  advantages  of 
an a l t e rna te  method  of reac tor  opera t ion  which is 
descr ibed next.  

Recirculatory performance.--A second method  by  
which waste  wa te r s  m a y  be t rea ted  e lec t rochemical ly  
is to a l low the waste  w a t e r  to be  rec i rcula ted  th rough  
the reac tor  unt i l  sa t is factory  resul ts  a re  obtained.  Re-  
c i rcula t ion involves g rea te r  pumping  requirements ,  bu t  
the  mul t ip l e  pass and h igher  feed ra tes  prac t ica l  by  
this method  often provide  enhanced mass t ransport ,  
more  un i form concentrat ions  throughout  the  reactor ,  
and o ther  inheren t  opera t ional  advantages ,  thus some-  
t imes provid ing  improved  overa l l  e lec t rochemical  pe r -  
formance.  

Multiple-pass purification.--The gradua l  deple t ion  of 
copper  by  rec i rcu la t ing  a volume of waste  wa te r  
th rough  the t u m b l e d - b e d  e lec t rochemical  reac tor  is 
shown in Fig. 7. I t  is noted tha t  decreased cathode 
potent ia ls  increase  the speed of purif icat ion down to 
--1.2V, be low which  the  ra te  of purif icat ion did not  
s ignif icant ly change. (The test  r u n  at  --0.6V proceeded  
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Fig. 5. Effect of cathode potential on single-pass reactor per- 
formance. Test solution contained 100 ppm copper. Solution feed 
rate was 74 ml/min. 
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Fig. 6. Effect of feed rate on single-pass reactor performance. 
Test solution contained 100 ppm copper. Cathode potential was 
--0.7V. 

so s lowly that  af ter  24 h r  the s ta r t ing  concentra t ion w a s  

reduced  only sl ightly,  and the run  was t e rmina ted . )  

Effect of potentiaL--Figure 8 shows t rends  in  elec-  
t rochemical  per formance  over  a range  of cathode po-  
tentials.  Volumetr ic  react ion ra te  is seen to increase 
wi th  increas ing cathode polar izat ion whi le  e lectr ic  
energy  yield and cur ren t  efficiency decrease.  Thus, in a 
manner  s imi lar  to s ingle-pass  operat ion,  tradeoffs be -  
tween  the pe r fo rmance  indexes  are  seen to occur. 

E~ect of coacentration.--Figure 9 provides  a typica l  
example  of reac tor  per formance  over  a r ange  of in le t  
concentrations.  The large  falloff in p e r f o r m a n c e  with  
decreas ing copper  concentra t ion is noted, and  expected 
f rom theoret ica l  considerat ions.  

Lowest  e lectr ical  ene rgy  yields  and cur ren t  efficien- 
cies were  observed when t rea t ing  was te  waters  of l ow-  
est  copper  content.  This is l a rge ly  because nonproduc-  
t ive e lec t rochemical  react ions occur at  the  cathode as 
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Fig. 7. Multiple-pass purification of acid copper waste waters 
with the tumbled bed. Five liters of solution were used for each run 
and recirculated at 58 turnovers~hr. Cathode potentials are listed. 
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well as copper deposition. These reactions l ikely in -  
clude the reduction of dissolved oxygen as well as 
hydrogen ions, as the waste waters used in  this work 
were not pretreated to remove dissolved oxygen, nor  
were the waste waters being treated kept  isolated from 
the oxygen-genera t ing  anode. The resul t ing back- 
ground current  reduces both current  efficiency and 
electrical energy yield dur ing recovery efforts. This 
drain  on performance becomes more significant at 
lower copper concentrations, where the copper deposi- 
tion current  is less, because the background current  
from these other reactions then makes up a larger frac- 
tion of the total current.  This explains the observed 
trend. 

Smaller  reaction rates were also observed as copper 
concentrations decreased. A decrease in copper concen- 
trat ion in the bulk  solution causes a decrease in the 
concentrat ion gradient  that can develop across the 
cathode boundary  layer. This produces a decrease in  
diffusionaI t ranspor t  of copper to the cathode surface 
which, in  turn,  results in  a decrease in  the l imit ing rate 
of the copper deposition reaction. For this reason, the 
diffusion-l imit ing rate for metal  deposition from dilute 
solutions would be expected to be approximately pro-  
portional to concentration. This dependency was very  
much in  evidence over the three-decade concentrat ion 
range investigated in  this work (Fig. 9). 
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Fig. 10. Effect of degree of purification desired on overall 
reactor performance. Rate of recirculation was 58 turnovers/hr. 

Overall reactor per]ormance.--Resulting reactor per-  
formance dur ing recirculatory operat ion will  depend, 
of course, on the degree of purification one wishes to 
obtain. Figure 10 provides a typical example of how 
overall  performance depends on the final concentrat ion 
desired, when star t ing with a waste water  containing 
300 ppm copper. As shown in the plot, overall  per-  
formance decreases as lower final concentrations are 
attained, with performance rapidly deteriorat ing below 
approximately 10 ppm as absolute pur i ty  is approached. 

Method for making performance comparisons.- 
During this work the need for a procedure by which 
different modifications of the tumbled-bed  reactor or 
a l ternate  reactors could be compared on a sound eco- 
nomic basis became evident. An  al l -embracing,  com- 
pletely accurate assessment would be a formidable 
undertaking,  not general ly p ruden t  at ear ly stages of 
research and development  efforts such as in this pres-  
ent  work. We ra ther  construct a useful approximation,  
selecting two appropriate engineer ing quantities, one 
that  reflects operat ing costs and one that  reflects capital 
costs. Drawing from available exper imental  perform- 
ance data (in this study the family of constant  potential  
plots, of which Fig. 9 is one example) ,  these quanti t ies  
are then plotted against  each other, as in  Fig. 11. In  
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Fig. 11. Performance summary of the tumbled bed during 
multiple-pass operation. Concentrations of copper in the waste 
waters being treated are indicated. Rate of recirculation was 58 
turnovers/hr. 
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this figure e lect r ica l  energy  yie ld  (meta l  equiv . /  
k W .  h r )  m a y  be  thought  of as reflecting opera t ing  
costs of the t u m b l e d - b e d  e lec t rochemical  reac tor  as 
e lec t ro ly t ic  power  requ i rements  have  been considered 
a v e r y  subs tant ia l  p ropor t ion  of to ta l  opera t ing  costs in 
e lec t ro ly t ic  processing of meta ls  in aqueous solution 
(16-18). In  a s imi lar  manner ,  volumetr ic  reac t ion  ra te  
(meta l  equ iv . /m  3 . h r )  m a y  be thought  of as reflecting 
capi ta l  costs which are  genera l ly  re la ted  to reactor  size 
and capac i ty  (6, 14, 19, 20). 

In  app ly ing  and refining this assessment  formalism, 
engineer ing quant i t ies  which indicate  opera t ing  cost 
and  capi ta l  cost t rends  mus t  be judic ious ly  selected 
based on the pa r t i cu la r  e lec t rochemical  reactors  in-  
volved. 

Refe r r ing  to Fig. 11, the t u m b l e d - b e d  is seen to be 
charac te r ized  by  a g radua l  tradeoff  re la t ionship  be -  
tween  e lect r ica l  energy  y ie ld  and volumetr ic  react ion 
rate.  Tota l  per formance  improves  wi th  increas ing cop- 
pe r  concentrat ions  in the  waste  water .  While  this type  
of plot  was used in this p resen t  work  to compare  the 
t u m b l e d - b e d  at  different  copper  concentrat ions,  i t  could 
also be used in a s imi lar  manner  to compare  different  
versions of the tumbled  bed, or  o ther  s imi lar  reactors,  
wi th  each other.  

Deposit characteristics.--Figure 12 shows typical  
cathode bed  surfaces from the t u m b l e d - b e d  reac tor  
a f te r  severa l  runs. Cathode bed  surfaces f rom a 
p a c k e d - b e d  e lec t rochemical  reac tor  s tudied in this 
l abo ra to ry  are  also shown for purposes  of comparison.  
The packed -bed  resul ts  were  ob ta ined  using cathode 
bed ma te r i a l  ident ica l  to tha t  in the t u m b l e d - b e d  and 
af te r  having  t rea ted  s imi lar  waste  wa te r  solutions 
under  s imi lar  conditions. Af te r  even a sho r t - t e rm  test, 
deposi ts  on the  packed -bed  were  rough and unevenly  
dis t r ibuted.  Par t i cu la r ly ,  nonuni form deposits  were  ob-  
ta ined  on c i rcular  areas  (see Fig. 12) where  the 

Fig. 12. Typical cathode bed surfaces from (a) a tumbled-bed 
electrochemical reactor and (b) a packed-bed electrochemical re- 
actor after operation under similar conditions. 
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packed -bed  par t ic les  were  e i ther  in contact  wi th  each 
o ther  or wi th  the  wal ls  of the  containing vessel. 

One pa r t i cu l a r ly  p leas ing observat ion  made  th rough-  
out  this work  wi th  the t u m b l e d - b e d  was tha t  resul t ing 
deposits  of rec la imed copper  were  smooth, br ight ,  com- 
pact, adherent ,  and un i fo rmly  d is t r ibu ted  over  the 
ent i re  cathode bed par t ic le  surfaces. (The only rough-  
ness observed was the "orange peel"  t ex tu re  in i t ia l ly  
presen t  on the  sphere  surfaces.)  This k ind  of deposi t  
was obta ined af te r  ex tended  operat ion,  even under  
ex t reme  opera t ing  conditions, such as dur ing  the s imul-  
taneous evolut ion of cons iderable  hydrogen.  

These contras t ing  deposi t  qual i t ies  a re  appa ren t ly  
the  resul t  of the impinging,  burnishing,  and red i s t r ibu t -  
ing act ion of the tumbl ing  and cascading bed par t ic les  
agains t  each o ther  and wi th  the solution. This type  of 
deposi t  would tend  to e l imina te  cer ta in  problems  re-  
por ted  wi th  packed -bed  e lec t rochemical  reactors  
(8, 13, 14) such as changes on the  cathode surfaces wi th  
time, making  op t imum reactor  control  more  difficult, 
e lec t r ica l  shor t ing  by  dendr i t ic  deposits,  and in t e r -  
par t ic le  b r idg ing  and nonuni fo rmly  d is t r ibu ted  depos-  
its, causing p rema tu re  p lugging of the cathode bed and 
p rema tu re  regenera t ion  requirements .  Therefore,  the 
t umb led -bed  could p re sumab ly  t rans la te  into a r e l a -  
t ive ly  simple, rel iable,  and low main tenance  sys tem for 
prac t ica l  applications.  Considering the purif icat ion of a 
typical  p la t ing  r inse waste  wa te r  containing 200 ppm 
copper, ca lcula t ions  show that  even the smal l  t umbled -  
bed reac tor  used in this inves t igat ion could handle  
4300 l i ters  (1100 gal.) of waste  wa te r  before  reaching a 
deposi t  loading of only  25% of the or ig inal  bed par t ic le  
volume. 
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A P P E N D I X  

Indexes of Reactor Performance 

Current  efficiency (%)  
~ C X F X v X 2 . 7 7 8 X 1 0  -2 

~ t X I •  
Elect r ica l  ene rgy  yie ld  (met.  e q u i v . / k W . h r )  

ACxv 
~ t X I X E X M  

Volumetr ic  reac t ion  ra te  (met.  equiv . /m3.hr )  

~C X v X 10 -8 

A t ~ V x M  
where:  C = copper  concentra t ion  in solut ion (ppm)  ; F 
= F a r a d a y  constant;  v = total  solut ion volume ( l i ters) ;  
t = t ime (h r ) ;  I = cur ren t  (A) ;  M = meta l  equ iva-  
lent  weight  (g) ; E : overa l l  vol tage  (V) ; V = reac tor  
volume (m3), defined as the in te rna l  volume of the  ro -  
ta t ing cy l inder  only. 
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Reduction of Benzene and Related Compounds 
in Aqueous Solution and Undivided Cells 

J. P. Coleman and J. H. Wagenknecht* 
Monsanto Company, Corporate Research & Development Sta~, St. Louis, Missour~ 63166 

ABSTRACT 

B e n z e n e  and  o t h e r  a r o m a t i c  compounds may b e  r e d u c e d  to the 1,4-dihydro- 
derivatives in an undivided cell using a dispersion of hydrocarbon and aque-  
ous qua te rnary  ammonium hydroxide. At opt imum conditions benzene is con- 
verted to 1,4-cyclohexadiene at 90% selectivity with near ly  quant i ta t ive  cur-  
ren t  efficiency. A continuous reaction scheme for the bev~ene reduction is de- 
scribed. 

The cathodic reduction of benzene to 1,4-cyclohexa- 
d i e n e  (I),  as an extension of the Birch (1) reaction, 
has  been known for a long time. This reaction has been 
demonstrated in  l iquid ammonia  (2) 

H H  

2t{ + 

It It 

I 

amines (3-6), amides (7-8), ethers (9-17), and aque- 
ous solution (18) with varying current  efficiencies. All 
of the systems previously demonstrated have one or 
more features which make them unat t ract ive  as com- 
mercial  processes. 

The most substant ia l  recent advance in this area was 
revealed in a patent  (18) to Asahi Chemical Company 
and described the cathodic reduction of benzene and 
other aromatics in an aqueous emulsion with a quater-  
nary  ammonium salt as support ing electrolyte in a 
divided cell. We have substant iated their claims of 
high current  efficiency and selectivity and later  dis- 
covered conditions which allow this reaction to be 
carried out in  an undivided cell. It is that study which 
led to a simplified method for synthesis of dihydroaro-  
matics and an improved process for 1,4-cyclohexadiene 
that is described in this paper. 

Experimental 
The aromatic compounds that were reduced were 

r e a g e n t  grade obtained commercially and used as re- 
ceived. Quaternary  ammonium hydroxides were ob- 
tained from Southwestern Analyt ical  Chemicals, In-  

* Electrochemical Society Active Member. 
Key words: electrochemical Birch reduction, aqueous solution, 

undivided cells, dihydroaromatics, 1,4-cyclohexadiene. 

corporated, Fisher Scientific Company, or Monsanto 
Chemical Intermediates  Company. 

NMR spectra were obtained with a Varian T-60 NMR 
spectrometer. Mass spectra were obtained on a Varian 
MAT CH7A mass spectrometer. GC analyses (benzene 
reduction products) were obtained using a 6 ft • 1/8 
in. column packed with Carbowax 400 on Chromosorb 
P at 8O~ isothermal. GC peak integrat ion was per-  
formed by an Autolab System IVB integrator.  A 
Lambda LP-412A-FM (up to 1A) or Sorensen DCR80- 
6]3 constant  current /vol tage  power supply was used 
for the electrolyses. 

Pure  1,4-cyclohexadiene used as a GC standard was 
obtained by disti l lation of several combined electroly- 
sis products through a 3 ft heated, jacketed column 
packed with glass helices. A mixture  of 50 ml  benzene, 
25 ml cyclohexene, 214 ml 1,4-cyclohexadiene, and 17 
ml  high boilers was distilled to give 140 ml of 99% 
pur i ty  1,4-cyclohexadiene, bp 89~ [The l i terature  
(19) reports 85.6~ possibly low owing to the presence 
of benzene.) Figure 1 shows a plot of distillate com- 
position vs. tempera ture  for the early par t  of that 
distillation. 

Batch reactions.--A large number  of small  batch re- 
actions was carried out in  the cell shown in  Fig. 2 to 
examine the effects of variables. The cell was a 100 ml 
jacketed resin flask. When Hg was used as the cathode, 
20 ml were added (20 cm 2 surface) and electrical con- 
tact was achieved via a Teflon tape- insula ted copper 
wire. Mounted close to the Hg pool was a glass paddle 
stirrer. Good st i rr ing was necessary to keep the aque-  
ous and organic phases well mixed. The anode (steel 
tubing, Ni wire, metal  plate, etc.) was mounted  just  
above the s t i rrer  paddles. The temperature  was ma in -  
tained by circulating water through the jacket from a 
temperature-control led reservoir. A condenser was 
mounted on the cell, but  some hydrocarbon was still 
carried away with the evolving 02 and He. The cell was 
general ly filled with 50 ml of aqueous qua te rnary  a m -  
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m o n i u m  hydroxide solut ion and 10 ml  benzene (or 
other substrate) .  

Continuot~ electrolysis.--The cell apparatus is shown 
in  Fig. 3 and 4. The system was filled with 150 ml  20% 
Bu4N+OH - and 25 ml  benzene. The cell contained 135 
ml  Hg with a surface area of 80 cm2. The center post in 
the cell as 1.2 cm in diameter  and the Hg pool 10 cm in  
diameter.  The electrode gap was 4 mm. The solution 
was circulated through the system at about 2 l i t e r s /min  
with a centr i fugal  pump (Micro P u m p  Model 10-40- 
316). The tempera ture  of the solution was held at 60~ 
via a heat exchanger. The electrolysis was started with 
a constant  current  of 2A requir ing about  5V. The 
condenser above the electrolyte was cooled to 5~ with 
solvent circulated through a refr igerated bath (Neslab 
PCB-2).  A n  Eagle Signal  repeat-cycle t imer  was used 
to operate the reagent  addition and sample recovery 
system. The system operated on a 1 hr  cycle in  which 
first a sample was removed and then 2 ml benzene and 
1 ml of water  were pumped into the solution. 

Sample removal  occurred as follows: under  normal  
operation the N2 valve was open and the vacuum valve 
and N2 sidearm valve were closed. A small flow of N2 
kept  the s idearm of the electrolysis reservoir  empty. 
At the beginning of the sample period, the N2 valve 
closed and the N2 sidearm valve opened to the atmo- 
sphere. Electrolyte solution filled the side arm, and, 
since there was no agitation due to high flow rate, the 
organic phase formed a layer  at the top. After  2 min, 
the vacuum valve opened and the organic layer  was 
d r awn  into the product  reservoir  un t i l  the level fell 
below the end of the retr ieval  tube. After  a few sec- 
onds, the vacuum and N2 sidearm valves closed and the 
N2 valve opened to resume normal  operation. In  this 
manne r  48 ml of benzene were added to the system 
each day. A n  average of 30 ml of organic mater ia l  were 
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recovered each day; the remainder  was lost, presum- 
ably by evaporation and migrat ion through walls of 
the polyethylene tubing used for solution lines. An-  
alysis of the daily product  sample gave the following 
results 

Days of % cyclo- % 1,4-cyclo- 
operation hexene hexadiene % benzene 

1 8.2 60.6 31.2 
2 8.7 62.5 28.6 
3 8.8 61.5 29.5 
4 9.0 60.4 30.6 
7 8.5 55.1 36.4 

Assuming equivalent  loss of all three components of the 
organic phase, the electrolysis operated at 38% current  
efficiency. That  is less than obtained in batch-cell  
operat ion and may  be' due to less than opt imum trans-  
port at the cathode because of improper  cell-flow 
characteristics or contaminat ion of the Hg surface by 
impurit ies in  the system. 

Electrolysis of toluene.--Into the cell shown in Fig. 2 
was placed 25% aqueous t e t r abu ty lammonium hydrox-  
ide solution and toluene (20g). The cathode was the 
mercury  pool and the anode was a coil of 1/8 in. OD 
stainless steel tubing, 8 in. long, parallel  to the pool 
and ca. 2 cm above it. 

The solution was main ta ined  at 60~ with vigorous 
s t i r r ing and electrolyzed at  1.0A for 20 hr. 

The organic layer  (15.82g) was separated and GC 
analysis showed 

CIt 3 

12% (area %) 

Isomers 

Q-cH 74% 

 cH3 147o 

Structures were confirmed by NMR and GC-mass 
spectrometry. 

Assuming equal loss of all three components, this 
represents current  efficiencies of 43% to diene and 
14% to methylcyclohexenes.  

Electrolysis of p-xylene.--p-Xylene (20g) was re- 
duced in  the same Way as toluene at 1.0A for 20.5 hr. 

GC analysis of the product (14.25g) showed 

~j ~CH3 68% (area 7~ 

CH3~ 

dimethylcyclohexenes 13% 

CH 3 

19% 

Assuming equal losses, this represents 34% cur ren t  
efficiency to diene and 12% to cyclohexenes. 

4-Phenylbutyric acid electrolysis.m4-Phenylbutyric 
acid (8.4g, 0.05 mole) was dissolved in 28% aqueous 
t r ibu ty le thy lammonium hydroxide solution (41g) and 
str ipped on the rotary  evaporator to leave a yellow 

oil. More 28% t r i bu ty l e thy l ammon ium hydroxide solu- 
tion (60 ml) was added and the homogeneous solution 
electrolyzed in the same way as p-xylene  at 1.0A for 3 
hr The solution was cooled, filtered (to remove mer-  
cury),  and acidified with concentrated HC1. The prod- 
uct was extracted into ether (2 • 100 ml)  which was 
washed, dried (MgSO4), and stripped to leave a yellow 
oil (7.65g). 

A sample was silylated with "Regisil" and analyzed 
by GC (SP 2100, 140") which showed 33% conversion 
to 4-(2,5-dihydrophenyl)  butyr ic  acid (current  effi- 
ciency -- 30%). Identification confirmed by NMR and 
GC-MS. 

Electrolysis oJ biphenyI.--In a 1 l i ter  jacketed resin 
pot fitted with overhead stirring, Hg pool cathode (95 
cm 2) and O2-evolving DSA (TIR-2000, Diamond-  
Shamrock) (56 cm2) were placed 500 ml 10% 
Bu4N+OH - and  100g biphenyl.  Hot water  (60~ was 
circulated through the jacket. A constant current  of 
4A was passed through the cell for 17 hr. The oil was 
removed from the cell, cooled to 0~ and filtered, giv- 
ing 30g filtrate. The solid and 50g more biphenyl  were 
added to the cell and the electrolysis continued for 33 
hr. The cell was allowed to cool overnight  after which 
some biphenyl  had crystallized and precipitated to the 
bottom of the cell. The oil layer was removed, cooled to 
0~ and more biphenyl  crystallized. The mixture  was 
filtered, giving 50g of oil. The solid, 50g of fresh bi-  
phenyl  and 54 ml  water  were re turned  to the cell and 
the electrolysis continued overnight. Another  50g of 
hiphenyl  were added and the electrolysis continued 
another  day. The oil was then removed, cooled, and 
filtered, giving 69g of oil. 

The first two oil samples were combined, mixed with 
100 ml  H20, and acidified with HC1. The oil was sep- 
arated and dried over MgSO4 and filtered, giving 74g 
of dry oil. The oil was distilled on a 3 ft glass helices- 
packed column at 0.2 m m  Hg. A forecut of 2 ml was 
taken before the tempera ture  reached 55 ~ then, 56g of 
mater ial  were collected. The distillate was redistilled 
on a sp inn ing-band  column at  2 mm Hg. After  a small 
forecut, 36g were collected, boiling at 73~ The dis- 
tillate was analyzed by GC-mass spectroscopy and 
found to contain 21% phenylcyclohexane,  35% phenyl-  
cyclohexenes, 41% 1-phenyl- l ,4-cyclohexadiene,  and 
only a trace of biphenyl.  The disti l lat ion pot contained 
more than 50% biphenyl.  

Electrolysis aS naphthalene.rain a 1 l i ter jacketed 
resin pot ar ranged as for the biphenyl  reduction above 
were added 500 ml  15% Bu4N+OH - and 100g naph-  
thalene. The cell was main ta ined  at 80~ The elec- 
trolysis was r un  for three days at 4A. The oil was re-  
moved, cooled to 0~ and filtered. The filtrate was 
washed with water and dried over MgSO4, giving 60 ml 
of dry oil. This was distilled on a sp inn ing-band  column 
at 4 mm. A small forecut was obtained and, then, 25g 
were collected at 75~ GC analysis indicated it  con- 
tained 16% 1,4,5,8-tetrahydronaphthalene, 16% naph-  
thalene, and unidentified components. The pot f rom the 
distil lation was treated with dec01orizing carbon and 
filtered, giving 25g of oil containing 22% 1,4,5,8-tetra- 
hydronaphthalene,  45% 1,4-dihydronaphthalene,  17% 
naphthalene,  and unidentif ied components. 

Results and Discussion 
The reduct ion of benzene to 1,4-cyclohexadiene was 

studied in detail to optimize the yield and current  
efficiency. The goal of the s tudy was to define condi-  
tions for a commercial process in  an undivided cell in 
aqueous solution. 

Ini t ia l  studies were carried out  in an undiv ided  ceil 
with a mercury  cathode, qua te rnary  ammonium ion 
(BusEtN+),  and benzene-water  emulsions based on 
results of Asahi Chemical Company (18). In  addition, 
the hydroxide form of the qua te rnary  ammonium salt 
was used both to stabilize the steel ( inexpensive) 
anode and to increase the hydrogen overpotential  of 
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the cathode. I t  was found that  the solution mus t  be 
warm to obtain reasonable cur ren t  efficiencies (Fig. 5). 
The warm (60~ . solution did give good current  effi- 
ciencies even when most of the benzene had been con- 
ver ted to products (Fig. 6). 

I t  was desirable from the s tandpoint  of commercial 
cell design to have a solid cathode for  this reaction, 
bu t  none of the solid electrodes examined gave sub-  
s tant ial  cur ren t  efficiencies for benzene reduction. 
Those cathode materials  studied include glassy carbon, 
75% Pb amalgam, 25% Cd amalgam, 3% Na amalgam 
(solid), A1, Wood's metal,  Hg-coa2ed Cu, Cd, Cu, Pb, 

a n d  carbon. 
In  studies to examine a l ternat ive  anodes for this re- 

action we were surprised to find that  P t  and carbon 
anodes very  efficiently converted 1,4-cyclohexadiene to 
benzene. An example is shown in Fig. 7. In  that experi-  
men t  a normal  electrolysis in  the cell shown in Fig. 2 
was carried out  for 4 hr  using a steel anode. During 
that  t ime about  20% of the benzene was converted to 
1,4-cyclohexadiene. After  4 hr, the steel anode was re-  
placed by a Pt  anode after which the total  conversion 
with t ime actual ly  decreased, indicat ing that  more 
benzene was being formed than  consumed. 

20 Pt.a 

5 

I I I I I 
2 4 6 8 I0 12 

TIME (hrs.) 
60 ~ Hg cathode 

Fig. 7. Conversion of benzene to 1,4-cyclohexadiene with time 
using a steel and then Pt anode. 
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Fig. 5. Current efficiency for 1,4-cyclohexadiene formation vs. 

temperature. 

Ni and steel anodes were stable as long as the pH 
remained high (pH 13-14); however, lower pH led to 
anode corrosion. The O2-evolving DSA (TIR-2000) 
seems to be the best anode for the reaction al though no 
long- te rm (weeks) l ifetime studies were carried out. 

In  a survey of the effect of various qua te rnary  
ammonium ions on the current  efficiency of the reac- 
tion it  was found that  under  certain conditions 
Bu4N+OH - gave near ly  quant i ta t ive  current  effi- 
ciencies for benzene reduction. A comparison of 
Bu4N + O H -  and BusEtN + O H -  is shown in  Fig. 8. Good 
current  efficiencies (>50%) could also be obtained 
using Pr4N+OH-;  however, BusMeN+OH - gave poor 
results (30% C.E.) and only traces of benzene re-  
duction products were formed if Et4N+OH - or 
Me4N+OH - were used. 

The concentrat ion of qua te rnary  a m m o n i u m  hydrox-  
ide necessary for high cur ren t  efficiency is surpr is ingly 
low. Even 2% Bu4N+OH - gives quite high (>90%) 
current  efficiencies at low conversions; however, that  
drops off significantly as more benzene is converted to 
products (Fig. 9). With 20-25% Bu4N+OH - the cur-  
rent  efficiency for benzene reduction is main ta ined  at 
>90% even at 75% conversion. 
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Fig. 6. Composition of the organic phase (and total current 
efficiency) vs. time. 
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Fig. 9. Total current efficiency vs. Bu4N § concentration after 
75% of the benzene is consumed. 

Al though  the main  a im of this s tudy  was to define a 
process for  1,4-cyclohexadiene production,  a few other  
a romat ic  compounds were  also examined  but  not  
optimized.  Toluene and p - x y l e n e  give the expected  
d ihydro -de r iva t ives  using these react ion conditions 
(see Exper imen ta l  sect ion).  As a to ta l ly  soluble  sub-  
strate,  4 -pheny lbu ty r i c  acid was reduced to 4-(2,5- 
d i h y d r o p h e n y l ) b u t y r i c  acid. Biphenyl  gave a low 
yie ld  of  the 1 ,4-d ihydro-der iva t ive ,  whereas  naph-  
thalene  was reduced  p redominan t ly  to a mix tu re  of 
1 ,4-d ihydronaphthalene  and 1,4,5,8-tetrahydronaph- 
thalene.  The las t  two examples  were  carr ied  out wi th  
sufficient heat  to main ta in  the hydrocarbon  in the 
mol ten  state. 

I t  is in teres t ing  to speculate  about  the first e lec t ron-  
t ransfer  s tep to benzene in this reaction. The data  sug-  
gest  tha t  the hydrocarbon  is ac tua l ly  dissolved in the 
aqueous phase since the wa te r - so lub le  example  (4- 
pheny lbu ty ra t e )  was reduced as wel l  as toluene 
which is s imi lar  but  not  ve ry  soluble in the aqueous 
phase.  I f  aqueous phase solubi l i ty  is required,  as sug- 
gested by  the poor resul ts  obta ined  using smal l  
(Me4N +, Et4N +) qua t e rna ry  ammonium ions, i t  is 
surpr is ing  that  2% Bu4N + O H -  gives such good current  
efficiencies. However ,  wi th  low Bu4N+0H - concent ra-  
tions the cur ren t  efficiency decreases a s  conversion in-  
creases, suggest ing that  benzene is ex t rac ted  from the 
aqueous phase into the organic (predominant ly ,  1,4- 
cyclohexadiene)  phase. 

I t  m a y  be tha t  the aromat ic  subs t ra te  is dissolved in 
the p redominan t ly  organic l ayer  of qua t e rna ry  am-  
monium ions at  the cathode surface, and i t  is i r re levan t  
whether  the organic  molecules come from aqueous or  
organic phase in a we l l - s t i r r ed  solution. 

Direct  e lect ron t ransfer  f rom cathode to benzene, 
toluene, or  xylene  seems un l ike ly  in view of the large  
potent ia l  r equ i red  for tha t  step. Also, one would ex-  
pect  reduct ion  at  o ther  high overvol tage  cathode ma-  
terials,  such as lead and cadmium. 

A media ted  reduct ion involving reduced qua te rna ry  
ammonium ion seems un l ike ly  because one would ex -  
pect  to find large  quanti t ies  of by -p roduc t  amines and 
none were  detected.  Another  media ted  reduct ion 
scheme involves qua te rna ry  ammonium amalgam (20) 
which could t ransfer  an e lect ron to the  aromat ic  hy-  
drocarbon to in i t ia te  the reduction.  In some react ions 
colloidal  Hg is fo rmed  in the react ion which would 
be consistent  wi th  amalgam formation,  separa t ion  f rom 
the cathode, and subsequent  oxidat ion  (by benzene) .  

Ano the r  a rgumen t  for  an amalgam med ia t ed  reduct ion 
is tha t  only  Hg gives significant cur ren t  efficiencies for 
benzene reduction.  

I t  is possible tha t  solvated e lec t rons  are  formed at  or  
near  the cathode surface and i t  is the solvated electrons 
that  reduce  the aromat ic  compound. The react ions ap-  
pear  ve ry  s imi lar  to those in which  so lva ted  electrons 
are, in fact, present (Na in NHs). 

Further work is required to answer the mechanistic 
questions. 

To more  nea r ly  app rox ima te  a commercia l  process 
for the reduct ion  of benzene to 1,4-eyelohexadiene i t  
was necessary to devise a continuous react ion scheme 
involv ing  a f low-through cell. Ea r ly  a t tempts  at  con- 
s t ruct ion of a flow cell hav/ng an Hg pool cathode led 
to rap id  loss of  Hg f rom the cell a t  quite low flow 
rates. Eventual ly ,  a cell was bui l t  (Fig. 3) which 
al lowed a reasonable  flow be tween  anode and cathode 
wi thout  significant Hg loss f rom the cell. 

In  the cell shown in Fig. 3 the solut ion enters  the 
center  tube, flows r ad ia l ly  out  be tween cathode and 
anode, a round  and then behind  the anode, and  eventu-  
a l ly  out  the exi t  port.  Hg that  separa tes  f rom the 
cathode is carr ied  up behind the anode where  the solu-  
t ion veloci ty  slows, a l lowing the Hg to drop to the back  
of the anode. The Hg droplets  combine on the back  
surface of the anode and eventua l ly  drop back into 
the cathode. 

This cell in combinat ion wi th  the components  shown 
in Fig. 4 formed a continuous reac t ion  sys tem which 
opera ted  for at  least  a week wi thout  in te r rup t ion  or 
opera tor  in te r fe rence  (except  to fill and empty  
reservoi rs ) .  A descr ipt ion of the sys tem is given in the 
Exper imen ta l  section. 

Acknowledgment 
The authors  would  l ike  to thank  K. F. Koncki  for 

exper imenta l  assistance. 

Manuscr ip t  submi t ted  Aug. 18, 1980; revised manu-  
scr ipt  received Sept.  27, 1980. This was P a p e r  434 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the  So-  
ciety, May 11-16, 1980. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be pubiisrmd in the  December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1981. 

Pub~icatio,n costs o] this article were assisted by 
Monsanto Company. 

REFERENCES 
1. A. J. Birch and G. S. Rao, "Advances  in Organic 

Chemistry,"  Vol. 8, pp. 1-65, Wiley-In tersc ience ,  
New York (1972). 

2. E. C. French,  U.S. Pat. 3,488,266 (1970); E. C. 
F rench  and C. M. Starks,  U.S. Pat .  3,493,477 
(1970). 

3. M. R. Rift, in "Technique of Elec t ro-organic  Syn the -  
sis, Pa r t  E," N. L. Weinberg,  Editor,  pp. 216-218, 
Wiley-Intersc ience ,  New York (1975); W. J. Se t -  
t iner i  and L. D. McKeever ,  ibid., pp. 400-403 and 

references  therein.  
4. J. S. Matthews,  U.S. Pat. 3,684,669 (1972). 
5. J. S. Matthews,  U.S. Pat. 3,682,791 (1972). 
6. J. S. Matthews,  U.S. Pat.  3,682,794 (1972). 
7. R. L. Har t ranf t ,  U.S. Pat.  3,492,207 (1970). 
8. S. Asahaia,  Jap.  Pat. 72 40,786 (1972). 
9. A. Misono and T. Osa, U.S. Pat.  3,485,726 (1969). 

10. M. Fuji i ,  Jap.  Pat. 73 79,843 (1973). 
11. M. Fuji i ,  Jap.  Pat.  73 79,844 (1973). 
12. J. F. Connolly, U.S. Pat.  3,699,020 (1972). 
13. J. F. Connolly, U.S. Pat. 4,022,673 (1977). 
14. T. Hatayama,  Jap.  Pat.  74 47,740 (1974). 
15. M. Fuj i i ,  Jap.  Pat. 74 100,050 (1974). 
16. M. Fuji i ,  Jap.  Pat. 74 56,952 (1974). 
17. T. Hatayama,  Jap.  Pat. 74 41,192 (1974). 
18. T. Hatayama,  U.S. Pat.  3,700,572 (1973). 
19. "Handbook of Chemis t ry  and Physics," 58th Ed., p. 

C-260, CRC Press, Inc., Cleveland (1977). 
20. L. Horner,  "Organic E l e c t r o c h e m i s t r y , "  M. M. 

Baizer, Editor,  pp. 434, 435, Marcel  Dekker ,  Inc., 
New York (1973). 



Electron Transfer Reactions at Passive Tin Electrodes 

S. Kapusta* and N. Hackerman** 
Chemistry Department,  Rice University, Houston, Texas 77001 

ABSTRACT 

The kinetics of charge t ransfer  be tween passive t in  electrodes and solutions 
of K3Fe(CN)6- I~Fe  (CN)6 have been studied in the pH range 7.5-10.0 and the 
tempera ture  range 1~176 The results have been analyzed on the basis of the 
q u a n t u m  theories of electron t ransfer  at oxide covered metal  electrodes, and 
semi-quant i ta t ive  agreement  between theory and exper iment  was found. The 
electrochemical behavior  of passive t in  ranges from almost metallic, for very  
thin films, to that typical  of n - type  semiconductors, for thick films. Exchange 
current  densities are, in all  cases, much smaller  than  those measured on bare 
metal  electrodes. 

In  a series of papers (1-3) we recent ly  characterized 
the kinetics of growth and the semiconducting proper-  
ties of passive films anodically grown on t in in  borate 
buffer solutions. Both the thickness and the electronic 
properties of these films were found to be functions of 
the growing potential.  A sharp dist inction was seen be- 
tween films grown at low potentials (below 1.7V vs. 
saturated calomel electrode),  called th in  films, and 
those grown at higher potentials. In  both cases they 
were nonstoichiometric,  having n - type  conduct ivi ty  due 
to an excess of t in  cations. Measured fiatband potentials 
were --0.25 and +0.5V at pH ---- 8.4 for th in  and thick 
films, respectively. In  both cases a dependence of --64 
mV/pH was observed. 

Donor concentrat ions could not  be determined due to 
the frequency dispersion of the capacity data. However, 
using a value of ~ = 10 for the dielectric constant  (i.e., 
that corresponding to SnO2), and the results obtained 
at high frequencies, the estimated donor concentrat ions 
ranged between 1 X 1019 and 1 X 1021/cm ~, depending 
on the growing potential. The bandgap of these films 
could not be determined from optical measurements ,  
because of the existence of an indirect  t ransi t ion at 2.55 
eV. The bandgap is expected to be close to that  of bu lk  
SnO2 (i.e., 3.7 eV). 

The kinetics of charge t ransfer  across these films 
should reflect their  semiconducting properties. It  is 
well established that  the rates of redox reactions at 
oxide covered metal  electrodes are slower than at bare  
metal  electrodes. The decrease in  the rate constant  de- 
pends strongly on film thickness, composition, and type 
of conductivity,  as well  as on the relat ive position of 
the rest potential  of the redox couple and the flatband 
potential  (4-8). According to the quan tum mechanical  
theories of electron t ransfer  (9-11) the main  effect of 
very thin films (about 1 nm thick) is to increase the 
tunne l ing  distance between the metal  and the electro- 
lyte (12). The tunne l  probabi l i ty  decreases exponen-  
t ial ly wi th  the thickness of the barrier ,  and under  nor -  
mal conditions so does the exchange current  (13). 

For  thicker films (several nm) ,  on the other hand, 
direct tunne l ing  from the metal  cannot make a sig- 
nificant contr ibut ion to the overall  cur rent  and these 
electrodes are expected to behave as semiconductor 
electrodes, with part icipat ion of electronic states inside 
the oxide in  the electron t ransfer  reactions. The bound-  
ary between both mechanisms (i.e., direct tunne l ing  
from the metal  and tunne l ing  from states in the film) 
will depend on the electronic characteristics of both 
the film and the redox couple. 

Although several studies of the electrochemical be- 
havior of SnO2 have been published [e.g., (14-17)], 
only one of them was concerned wi th  the semiconduct-  
ing properties of passive t in  (17). The kinetics of the 
Fe (CN)84/8- redox couple was found to be slower than 

* Electrochemical Society Active Member. 
** Electrochemical Society Honorary Member. 
Key words: passive tin, quantum theory, electron tunneling. 

on Pt  under  s imilar  conditions, al though no blocking-of 
the oxidation reaction was observed as was the case for 
SnO2 samples. The authors concluded that  the thickness 
of the passive film (3 rim) was too low to show typical 
semiconductor behavior.  More recent ly (18) passive 
t in  was reported to be a very bad catalyst of the oxygen 
electroreduction reaction in  alkal ine solutions. The in-  
trinsic complexity of this reaction, however, does not 
allow one to draw any  conclusions on the rate of single 
electron t ransfer  steps. 

In  the present  work, we report  on the kinetics of the 
K3Fe(CN)6-K4Fe(CN)6 redox couple on passive t in  
electrodes in borate buffer solutions in the pH range 
7.5-10.0, and for different thickness of the passive film. 
The results are analyzed on the basis of the quan tum 
theories of charge t ransfer  at oxide covered metal  elec- 
trodes. 

Experimental 
Details of electrode preparat ion and film growth are 

given elsewhere (1-3). The redox system used was 
K3Fe (CN) 6-K~Fe (CN) 6 dissolved in  0.2M borate buffer 
solut ions of pH between 7.5 and 10.0. Fi lms were grown 
for 16 hr at constant  potential  in  pure borate buffer 
solutions, which were then replaced by  deaerated redox 
solutions under  ni t rogen pressure. Solutions were con- 
t inual ly  deoxygenated by a s t ream of purified nitrogen. 
The tempera ture  was main ta ined  wi th in  0.2~ of the 
chosen value (23~ unless otherwise stated) by means 
of a water  thermostat.  

Polarizat ion curves were measured under  steady- 
state conditions using a rotat ing disk electrode tech- 
nique to el iminate diffusion effects by extrapolat ion to 
infinite rotat ion speed. Other details of the experi-  
menta l  setup have been given (1). Previous results 
indicate that the film thickness does not change (within 
_+ 1%) dur ing potentiostatic polarizat ion for up to 1 
hr at potentials ly ing between the growing potential  
and that of massive oxide reduct ion (about  --1.0V vs. 
saturated calomel electrode). These conditions were 
satisfied dur ing polarization measurements .  

Since in many  cases extrapolat ion of the anodic and 
cathodic Tafel regions to the redox potent ial  yielded 
two different values of the exchange cur ren t  density, io, 
a l inear  polarization technique wi th in  -+- 5 mV of the 
rest potential  was used to determine io (19). When no 
difference between the anodic and cathodic extrapo-  
lated values was observed, io measured by l inear  polar-  
ization agreed with this single value. 

All potentials are refer red  to the saturated calomel 
electrode (SCE) at the working temperature .  All cur-  
rents are expressed in terms of the projected electrode 
area (1 cm 2) without  consideration for any  roughness 
factor, est imated at about 2. 

Results 
The redox potential  is rapidly established on passive 

t in electrodes, reaching a constant  value equal to that  
measured on  Pt  ( •  1 mV) wi th in  5 min  after  in t ro-  
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duct ion of the  redox  couple, for  th in  films, and wi th in  
1 hr  for  thick films. This behavior  is usua l ly  observed 
on passive me ta l  electrodes.  Both types  of films show a 
Nerns t ian  behavior  over  at  leas t  2 orders  of concen- 
t ra t ion of t he  reduced  and oxidized species (0.1- 
0.0025M). The redox  potent ia l  does not  depend appre -  
ciably on the redox couple concentra t ion over  tha t  
same range.  

S t eady- s t a t e  cu r ren t  readings  were  obta ined wi th in  
5 min  ( typ ica l ly  30 sec) af ter  imposing a potent ia l  
step. These r e l a t ive ly  slow transients  can be a t t r ibu ted  
to a red is t r ibu t ion  of charges in  the  film, since, as men-  
t ioned ear l ie r ,  no changes in  film thickness (de te r -  
mined by  the cathodic reduct ion charge,  Qc) were  
observed.  At  least  5 different  ro ta t ion  speeds were  used 
(be tween  600 and 3000 rpm)  in o rde r  to ex t rapo la te  to 
infinite ro ta t ion  speed. 

F igure  1 shows typical  polar iza t ion  curves measured  
on t in  e lectrodes pass iva ted  for  16 hr  a t  1.0, 1.4, 1.6, 1.8, 
2.0, and 2.1V, a f te r  1 hr  of immers ion  in the  redox  e lec-  
t rolyte .  F i lm thicknesses are  expressed  in te rms of 
the  reduct ion charge Qc. A l inear  re la t ionship  be tween  
Qc and film thickness  d can be  assumed. Considering a 
uni form film, we es t imated tha t  Qc = 2.4 m C / c m  2 cor-  
responds to d = 2.5 nm, and Qc -" 20 m C / c m  2 to d = 
22 nm. Reflectometric resul ts  confirm both this es t imate  
and the above assumption.  

The  exchange cur ren t  dens i ty  decreases cont inual ly  
wi th  Qc (i.e., d) over  the whole  range  of growing po-  
tent ia ls  here  considered, as is ev ident  f rom the results  
in Fig. 2. The decrease in log io is app rox ima te ly  l inear  
wi th  Qc for thin films, a l though i t  tends to a constant  
value  for  th ick films. In  all  cases io are  much smal le r  
than  those measured  on P t  under  s imi lar  conditions 
i.e., about  0.1 A / c m  2. As ment ioned  in the introduct ion,  
this resul t  is expected on most passive electrodes,  espe-  
c ia l ly  being n - type  semiconductors.  
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Fig. 2. Dependence of the exchange current density, io, on 
cathodic reduction charge, Qe, for thin ( 0 )  and thick (D)  films. 
Same conditions as in Fig. I .  

Transfer  coefficients for the cathodic Tafel  regions, 
~c, are  close to 0.5 for th in  films, and be tween  0.4 and 
0,45 for thick films. Anodic  t ransfer  coefficients, ~a, on 
the other  hand, decrease cont inual ly  wi th  Qc, having a 
value of 0.45 for films grown at  1.0V (Q~ --  2.0 m C /  
c m  2) but  only 0.2 for films grown at  2.1V (Qc = 65 
mC/cm2).  The blocking of the  oxida t ion  react ion is 
typical  of n - t ype  semiconductors,  and these results  
reflect the increas ing semiconduct ing proper t ies  of 
th icker  films. 

Ex t rapo la t ion  of the anodic and cathodic Tafel  r e -  
gions to the redox  potent ia l  yields a single io value  
for ~hin films, equal  to tha t  measured  by  l inear  po la r -  
ization. For  th ick films, on the other  hand, two differ-  
ent  io values are  obta ined  f rom cathodic and anodic 
extrapolat ion.  As a rule, io anodic is l a rge r  than  io 
cathodic, a l though thei r  re la t ive  magn i tude  depends  on 
the pH value.  A s imi lar  behavior  has been repor ted  for 
passive i ron (20). 

F igure  3 shows the Ar rhen ius  plots obta ined  for two 
of the films in Fig. 1, i.e., those grown at  1.0 and 1.SV. 
The good l inear i ty  of the resul ts  indicates  tha t  ac t iva-  
tion energies are  independen t  of t empe ra tu r e  in the 
range  here  considered.  Anodic  and cathodic t ransfer  
coefficients were  also found to be independen t  of tern- 

0.0 O2 0.4 
u \ v vs. SCE 

Fig. 1. Steady-state anodic and cathodic polarization curves 
measured on tin electrodes passivated for 16 hr at the following 
potentials: curve 1, 1.0V, Qe = 2.0 mC/cm2; curve 2, 1.4V, Qc = 
2.3 mC/cm2; curve 3, 1.6V, Qc = 2.5 mC/cm2; curve 4, 1.8V, Qc - -  
20 mC/cm2; curve S, 2.0V, Qc - 35 mC/cm2; curve 6, 2.1V, Qc - -  
55 mC/cm 2. pH ---- 9.1. T = 23~ Redox potential, Ur --~ 0.21V 
vs. SCE. Redox couple concentrat ion = O.05M. 
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Fig. 3. Arrhenius plots of the exchange current density measured 
on films grown at 1 . 0 V ,  Qe  = 2 .0  mC/cm 2 (lower line) and at 
i . 8 V ,  Qc ~ -  2 0  mC/cm 2 (upper fine). Other conditions as in Fig. 1, 
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pera ture .  Values  of Ea ranging  f rom 0.2 eV for films 
grown at  0.8V to 0.3 eV for films grown at  2.1V have 
been measured.  The cor responding  values  a re  0.19 eV 
on Au  (21) and 0.17 eV on Pt  (22). There  is therefore  
a sys temat ic  dependence  of Ea on Qc, al though no 
quant i ta t ive  re la t ionship  could be der ived.  

Bo th  the shape of the polar iza t ion  curves and the 
values  of the exchange cur ren ts  measured  on th ick 
films depend on the solut ion pH, as is appa ren t  f rom 
the resul ts  shown in Fig. 4. A smal l  shoulder  d e v e l o p s  
in the cathodic branch at  th% highest  pH values  and at  
potent ia ls  nea r  the  redox  potent ia l .  The reac t ion  o rde r  
wi th  respect  to pH, defined as 

log io/~ pH 
is close to 0.5. The dependence  of the  exchange cur-  
rents  measured  on thin films was much smaller ,  wi th  
a react ion o rde r  near  zero. 

F igure  5 shows the dependence  of the exchange cur -  
ren t  m e a s u r e d  on a th ick film grown at  1.8V (Qo - 
20 m C / c m  2) on the concentra t ion of the redox  couple. 
The reac t ion  order  is 1, as is also the  case for  thin films. 
Fo r  bare  meta l  electrodes,  the  react ion o rde r  should be 
equal  to the sum of the  anodic and cathodic t ransfer  
coefficients. Fo r  this same electrode,  ~a + ~c ---- 0.7. 
This resul t  should again  be a t t r ibu ted  to the semicon-  
duct ing  proper t ies  of the  film. 

Discussion 
Only the genera l  concepts of the quan tum theory  of 

charge t rans fe r  in  condensed media  are  given below, 
as far  as they  are  needed in o rde r  to expla in  the ex-  
pe r imenta l  results.  

Elec t ron  t ransfe r  proceeds  by  tunnel ing  be tween  oc-  
cupied and unoccupied states of equal  energy in  the 
e lect rode and in the electrolyte .  The t ransfe r  react ion 
is considered much fas ter  than  the the rmal  oscil lat ions 
of the  heavy  part icles.  In  the ~electrolyte the electronic 
states a re  localized at  the reduced and oxidized species. 
The energy  depends  on the  configurat ion of the  re -  
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Fig. 5. Redox couple concentration dependence of the exchange 

current density measured on a film grown at 1.8V for 16 hr. Other 
conditions similar to those in Fig. 1. Note small change in ratio of 
reduced to oxidized form alters the quantities on the abscissa very 
slightly, 
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Fig. 4. pH dependence of the cathodic branch of the polarization 
curve, for a film grown at 1.9V for 16 hr, Qc = 30 mC/cm 2. Re- 
dox couple concentration ~ O.05M. Temperature = 23~ 

act ive complex.  Thermal  fluctuations produce  a Gaus-  
sian d is t r ibut ion  a round  the most  p robab le  state. A s -  
suming for s impl ic i ty  tha t  the  wid th  of this  Gaussian 
d is t r ibut ion  is the same for the  reduced  and oxidized 
species, the Fe rmi  energy  EF,el at  which  occupied and  
empty  sta~es in the  e lec t ro ly te  have  equal  p robab i l i t y  
differs f rom the energy  o f  the mos~ p robab le  state b y  a 
common reorganiza t ion  energy,  L The dens i ty  of s ta tes  
funct ion in the e lec t ro ly te  is u sua l ly  descr ibed  b y  (14) 

Dr = exp -- (E -- EF,el-5 k)2/4kT ~ [I] 

Do -- exp -- (E --EF,el -- l)~/4kT l [2] 

for  the reduced  and oxidized states, respect ively.  Here  
E is the energy.  

The ra tes  of e lec t rochemical  reac t ions  are  p ropor -  
t ional  to the to ta l  flux of react ive  complex to the elec-  
trode, Zcr; to the  tunnel ing  probabi l i ty ,  T; and to the 
probabi l i ty ,  p ( 1 - - f ) ,  of finding unoccupied electronic 
s tates  in the e lectrode and Dr, of finding occupied 
states in the e lectrolyte ,  for the anodic current ,  and 
vice versa  for the cathodic cur ren t  

J+ (E) = F Z C r p ( 1 - - f )  DrT [3] 

J -  (E) = FZCop(] )  DoT [4] 

where  fluxes are  given as the produc t  of a velocity,  Z, 
and the  concentrat ion,  C. The measured  cur ren t  dens i ty  
can be wr i t t en  as the normal ized  in tegra l  of [3] and 
[4] a t  any  energy level  

[Z Z ] J = i/Eo X J+ (E) dE -- J- (E) dE 

[5] 
Here Eo is the normalization constant. 
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In  a me ta l  e lect rode the  p robab i l i ty  of finding oc- 
cupied states  can be descr ibed  by  Fe rmi ' s  d i s t r ibu t ion  
funct ion 

] ( E )  = [i+ e x p -  ( E -  EF) /kT]- I  [6] 

where EF is the Fe rmi  level  of the metal .  The p rob-  
ab i l i ty  of finding unoccupied states  is then 1 --  ] ( E ) .  
The m a x i m u m  of J(E)  occurs at  the Fe rmi  level  even 
under  i r revers ib le  conditions, when  

e~l "- EF,el -- EF [7] 

n being the overvoltage. For n << 2k/e straight Tafel 
lines having transfer coefficients close to 0.5 are ex- 
pected. The tunneling probability is high on bare metal 
electrodes (To --~ I), independent of electrode poten- 
tial. This probability decreases from To to T if a film 
separates the metal from the electrolyte. The energy 
barrier assumes a trapezoidal shape due to the electric 
field inside the film. Therefore, T is usually given as 

T -- To exp [-- 4xd (2m* hEb)i/2/h] [8] 

Here d is the film thickness, m* is the effective mass 
of the tunneling electrons, h is Planck's constant, and 
hEb iS the average barrier height. T decreases expo- 
nentially with d (ii), as shown in Fig. 2. An order of 
magnitude for the barrier height can be calculated 
using the results of Fig. 2 for thin films, and an esti- 
mated value of 0.5 for m*. The result (i.e., 0.2 eV) is 
reasonable for these type of films. Therefore, the ex- 
perimental results obtained on thin films can be ex- 
plained considering d i rec t  tunnel ing  of electrons f rom 
the meta l  and th rough  the oxide layer .  

As the film thickens an addi t ional  cur ren t  dens i ty  
due to e lec t ron exchange wi th  e lectronic  s tates  in the  
oxide becomes impor tant .  Fo r  ve ry  thick films the cur-  
ren t  due to d i rec t  e lec t ron exchange wi th  the me ta l  
becomes negligible,  ~/nd e lec t ron t ransfer  to and f rom 
the  oxide  predominates .  The thickness at  which the 
t ransi t ion from one process to the o ther  takes place 
wi l l  depend on the semiconduct ing proper t ies  of the 
film and on the na ture  of the  redox  couple. Assuming 
that  the valence band does not  s ignif icantly contr ibute  
to the observed C.D. (i.e., wide bandgap ) ,  e lec t ron tun -  
nel ing proceeds to and f rom states  in the conduction 
band be low the surface. Both the  height  of the  ba r r i e r  
and the tunnel ing dis tance depend on band  bending 
and therefore  on e lect rode potent ia l  and solution pH. 

The tunnel ing p robab i l i t y  can now be expressed  as 

T = To exp{--  8n13h [m* (Ee ~ --  E~ b] 1/2} x [9] 

and the tunnel ing  distance,  z, as 

x : (2/e)  ( ,  ,o/2Na)1/2 [ (Ecs _ Eeb)1/~ _ (E --  Eeb) .1/2] 

[101 
where  e is the e lec t ron  charge,  Eo s and  Eeb a re  the  
energy  of the conduction band of the oxide  at  the sur -  
face and in the  bulk,  respect ively;  Nd is the donor con- 
centrat ion;  �9 o is the  pe rmi t t i v i ty  of free space, and e the 
dielectr ic  constant  of the  film. 

The total  overvol tage,  n, is composed of changes in  
the e lectr ical  potent ia l  inside the film, ~ls, and in  the 
Helmhol tz  layer ,  nh. 

n = ~]s + ~h [11] 

It is therefore necessary to calculate ~Is for any value 
of ~. This is usually done following the procedure out- 
lined in Ref. (6). The final expression for the current 
dens i ty  is 

"t ~'~ ECw 

where 
r = (16=/3he)  (m* eo,/Na) 1/2 

and J' is a constant  containing al l  ene rgy  independen t  
factors. The in tegra t ion  mus t  be pe r fo rmed  n u m e r i -  
cally,  choosing an upper  l imi t  equal  or  g rea te r  than  Ec s. 

Severa l  assumptions  are  impl ic i t  in this der ivat ion:  
(i)  The cont r ibut ion  of e lectrons having  a nonvanishing 
momentum para l l e l  to the  reac t ion  interface  has been 
neglected.  In  this way  the 3-d imensional  ba r r i e r  could 
be approx ima ted  by  a t r iangular '  cross-sect ion barr ier .  
(ii) The WK B-fa c to r  (Eq. [9]) is a good a p p r o x i m a -  
t ion to the tunnel ing p robab i l i t y  only far  f rom the 
f latband potent ial .  (iii) Equat ion  [101 does not  con- 
s ider  the  locat ion of the donor level  be low the con- 
duct ion band. For  anodic films this level  lies severa l  
tenths of eV below Ec and resul ts  in pa r t i a l  donor  dis-  
sociation. This effect could however  be pa r t i a l l y  com- 
pensa ted  dur ing  ca lcula t ion  of ~ ,  and  by  the choice of 
EF. 

Schmickler  (21) used an exact  express ion of the 
Poisson-Bol tzmann equat ion in o rder  to calculate  the 
shape of the space charge  bar r ie r ,  i.e., x (E). Although  
he considered Ec b fixed and assumed that  Ec s changed 
wi th  overvol tage  % the opposi te  convent ion seems more  
convenient,  since Ec s is usua l ly  fixed by  ex te rna l  con- 
ditions (i.e., solution pH) .  Therefore  (24) 

where  

x : L a y : "  du /F  (u) [141 

[15] 

[161 

v(x )  ---- [E~ b -  E ( x ) ] / k T  

vs : v (0) 

F ( v )  : ~ v ~  { ( 1 - - g )  ( e v - - v - - 1 )  
+ l n [ l +  (e v -  1 ) g ] - - v g }  ~/2 [17] 

g : [1 + exp (Ed /kT)] - i  [18] 

Ed is the energy  of the  donor level  wi th  respect  to 
the bot tom of the conduction band in the  bulk,  Er b, 
and Ld is called the Debye length  and is equal  to (2/e)  
(e eo/2Nd) i/2. 

The final express ion of the C.D. is found in t roduc-  
ing [14] ins tead of [10] for  the tunnel ing distance. I t  
is also possible to s impl i fy  this in tegra l  by  noting that,  
f rom [14] 

d Ec ( x ) /dx  -- -- (kT/Ld)F(v)  [191 

It  is not  therefore  necessary  to calculate  expl ic i t ly  
x(E) .  The C.D. is then expressed as 

exp < -- f~:2 lEe(x)--E]I/2dx) 

J : J'C/~r ' 
"JEcb 1 + exp[-- (E -- Ef)/kT] 

[ - - (E- -Er ,e l+Ex)~  ] dE [20 ] 
' exp 4kTEx 

exp <--y~: [E~(x)--E)]i/2dx) 
., C ~Ecs 

'~Ecb 1 -]- exp[+ (E -- Ef)/kT] 

[ --(E--Ef,el--Ex)2 ] d E 
�9 exp 4kTEx 

Equation [20] must be numerically integrated in 
order to obtain theoretical J(E) curves. This can be 
done by substituting the integration terms by experi- 
mentally accessible quantities. Introducing the inte- 
gration variable y = E -- Ec b, and calling Ur' the redox 

exp { - - r ( E r  s - -  E)1/2[ (Ee s -  Ecb) 1/2 -- (E -- E.cb)l/2]} ~ (E - -  EF,el vc ~)2 ~ dE 
1 + e x p { - -  ( E - - E F ) / k T }  exp _ --  4kTk 

exp {-- r (Ec  s --1 +E)l/2[exp (+(EcS--(E --Ecb)1/2EF)/kT}-- (E -- Ecb) 1/2] } exp ( (E --  EF,e14kTk-- k)2 } dE [12] 

potent ia l  wi th  respect  to the f latband potential ,  i.e., 
[13] U'r = U r  - -  U F B ,  then  
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E - EF.el -- e(y -- II + Ej2) [21] 

Eam -- E =e(U'r + 11 -- y) 

E -- EF = e(y 4" Ed/2) 

Absolute values of J cannot be obtained because J' 
is unknown.  Rel iab le  values  of Nd, UFB, and �9 for th ick 
films on t in  a re  also unde te rmined  (2, 3). Therefore,  
an indi rec t  approach  was used, and the best  values  of 
these p a r a m e t e r s  were  es t imated  f rom fit t ing of theo-  
re t ica l  curves to the expe r imen ta l  results.  Using m* --  
0.5 (2) and  ~ ---- 1.2 eV (25), the  polar iza t ion  curves 
shown in Fig. 6 and 7 have  been obta ined  wi th  the  
pa rame te r s  indicated.  A change of 60 m V / p H  in UFB 
was assumed (2). 

The values  of the  film pa rame te r s  obta ined f rom the 
fitting procedure ,  i .e. ,  UFB = --0.25V; Ed = --0.5 eV 
wi th  respect  to the  conduct ion band;  �9 ---- 10; and the 
range of Nd be tween  1.1 X 102~ and 3.3 • 10t9/cm 8, 
coincide fa i r ly  wel l  w i th  those given in  the  in t roduc-  
t ion for  th in  films. This resul t  indicates  that  the differ-  
ences observed in the e lect r ica l  and photoe lec t rochemi-  
cal p roper t ies  be tween  thin  and th ick  films a re  not  in-  
trinsic, bu t  can be a t t r i bu ted  to the presence of dis-  
cont inui t ies  in  the  film o r  recombina t ion  centers, as 
pos tu la ted  before  (2, 3). 

In  any  case the s imilar i t ies  be tween  the theoret ica l  
calculat ions and  the expe r imen ta l  resul ts  are  mos t ly  
qual i ta t ive .  Theory  for  ins tance  predic ts  a s t ronger  
potent ia l  dependence  Of the cathodic branch of the 
polar izat ion curves and weake r  for  the anodic branch.  
A t  the same time, the expe r imen ta l l y  measured  pH 
dependence  of the  cur ren t  densi ty  is smal le r  than ex-  
pected.  The  increase  in ac t iva t ion  energy  w i t h  film 
thickness (i .e. ,  decrease  in donor concentra t ion)  can 
be at  best  exp la ined  only qual i ta t ively .  According 
to Schmickle r  (23) the m a x i m u m  of the cur ren t  dis-  
t r ibu t ion  among the different  electronic states is shif ted 
towards  h igher  values of the electronic energy  wi th  
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Fig. 6. Anodic and cathodic polarization curves calculated by 

numerical integration of Eq. [20], using the following parameters: 
pH = 9.1; �9 = 10, UFB = --0.25V, Ur = 0.21V; Ed = 0.5 eV 
below the conduction band; EF = 0.25 eV below the conduction 
band; andNd = ! X 102~ • I019;3.3 • 1019/cm ~. 
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Fig. 7. Cathodic polarization curves calculated by numerical 

integration of Eq. [20], using the same parameters as in curve 2 in 
Fig. 6, and a change in UFB of 60  mV/pH. 

increas ing Debye length, i .e.,  decreasing donor con- 
centrat ion,  for th ick films, and with  increas ing th ick-  
ness for thin films where  d i rec t  tunnel ing f rom the 
meta l  stil l  makes  an  apprec iab le  contr ibut ion.  These 
effects a re  observed (Fig. 3), a l though a quant i ta t ive  
corre la t ion wi th  theory  is not possible. 

The differences in the io values  obta ined  by  ex t r apo-  
la t ion of the anodic and cathodic Tafel  regions for 
th ick films is inconsis tent  wi th  the presen t  model.  A 
possible exp lana t ion  for this behavior  is a resonance 
tunnel ing mechanism (23, 26) involving localized states  
wi th in  the bandgap  of the  film. The locat ion of this 
resonance level,  Er, can in pr incip le  be de te rmined  
from the difference be tween  anodic, io a, and  cathodic, 
io c, values of the exchange cur ren t  density.  A l t e r n a -  
t ively,  i t  can also be de te rmined  f rom the increase in 
the  act ivat ion energy of the redox react ion on passive 
electrodes wi th  respect  to bare  meta l  e lectrodes (26). 
Defining 

--  kt  (In io r - -  io a) [22] 
then 

I~,l = I E r l / k T  [23] 

On the o ther  hand,  the ac t iva t ion  energy  measured  
on passive electrodes is 

Ea ---- Ea ~ -.~ e~lFB/2 -}.- ]Erl/2 [24] 

where  Ea ~ is the ac t iva t ion  energy  measured  on bare  
meta l  electrodes,  and ~]FB the overvol tage  at  the fiat-  
band potent ial .  

Using the resul ts  shown in Fig. 1 for films grown at  
2.0V to calculate  4, and a value  of Ea = 0.28 eV for  
this same film, values of Er ---- 0.15 to 0.2 eV below 
the conduct ion band have  been ca lcula ted  using Eq. 
[23] and [24], respect ively.  F u r t h e r  evidence for this 
resonance tunnel ing mechanism could not be obta ined  
f rom the exper imen ta l  results .  

The contr ibut ion  of o ther  e lect ron conduct ion mech-  
anisms cannot be ru led  out  considering the above men-  
t ioned differences be tween  theory  and exper iments .  
The effects  of cracks in the passive film, or the p res -  
ence of recombinat ion  centers  or sur face  states, p rev i -  
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ously proposed to explain anomalous behavior of thick 
films, cannot be estimated from the present results. 

Conclusions 
The kinetics of charge transfer at passive tin elec- 

trodes can be explained on a semi-quantitative basis 
using the quantum mechanical theories developed for 
oxide covered metal electrodes. On thin films the main 
contribution to the measured current density arises 
from direct electron exchange between the metal and 
the redox electrolyte. The effect of the film is to in- 
crease the tunneling distance of electrons. Therefore, 
the exchange current decreases exponentially with 
film thickness. The activation energy increases contin- 
ually from the value measured on P t  (0.17 eV), al- 
though a quantitative correlation, for instance between 
the increase in Ea and the barrier height, could not 
be obtained. 

The behavior of thick films is similar to that of n- 
type semiconductor electrodes. Since in this case the 
direct tunneling contribution should be negligibly 
small, electronic states in the oxide participate in the 
exchange reaction and provide the main contribution 
to the total current. The effect of film thickness in this 
case is only secondary, and can be related to a de- 
crease in the  donor concentration. The activation en- 
ergy also decreases with film thickness, although this 
can be attributed to an increase in the Debye length 
with decreasing donor concentration. 

The experimental results, however, show some dif- 
ferences from the theoretical predictions, both in the 
magnitude of the anodic and cathodic Tafel slopes and 
in the pH dependence of the exchange current. At the 
same time, extrapolation of the anodic and cathodic 
Tafel regions to the rest potential yields different val- 
ues of the exchange current. This later effect could 
be caused by a resonance tunneling phenomenon, in- 
volving localized states within the bandgap of the 
oxide. No conclusive evidence for this process was ob- 
tained. 

The parameters describing the semiconducting prop- 
erties of the thick films (i.e., UFB, Nd, and ~) obtained 
from fitting the theoretically calculated polarization 
curves to the experimental results coincide fairly well 
with those estimated for thin films. This indicates that 
the difference between both types of films might be 
due only to the presence of imperfections in the thick 
films. The effect of these imperfections (e.g., cracks, 
recombination centers, or surface states) on the elec- 
trical and photoelectrochemical response of the elec- 
trodes has already been shown. Their participation in 
electron transfer reactions, however, is difficult to esti- 
mate. 
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Spectroelectrochemical Study of the Formation 
of the Radical Cation and Dication of Perylene 

in Molten Antimony(Ill) Chloride 
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ABSTRACT 

The oxidation of pery lene  (Per t )  in aprot ic  mel ts  conta ining p r imar i l y  
SbC13 was s tud ied  spectroelect rochemical ly .  In mol ten  SbC18 containing 0.038m 
CsC1 at  100~ Pe r t  is oxidized at  0.26V re la t ive  to the SbC1JSb ,  sa tu ra ted  
CsC1 reference  e lec t rode  to form a s table solut ion of the radica l  cat ion Pe r t  +'.  
The opt ical  absorpt ion  spec t rum (500-900 nm) of this cation has five m a x i m a  
wi th  the  h ighest  at  545 nm (~ ---- .4.2 • 10~). In  mol ten  SbC18 containing 0.079m 
A1CI~ a t  100~ Per t  is spontaneous ly  oxidized to Pe r t  +" by  reduct ion  of SbCI~. 
In  this mel t  e lec t rochemical  oxidat ion  of Pe r t  +' to form the dicat ion Pe r t  2+ at  
100~ occurs at  0.97V re la t ive  to the SbC1JSb ,  sa tu ra ted  CsCl reference  elec-  
trode. The optical absorpt ion  spec t rum (400-800 nm)  of Pe r t  2+ consists of two 
ove r l app ing  bands  wi th  a peak  at  533 nm (e = 3.7 • 104). 

Polycyclic aromatic hydrocarbons  ArH are  of ten 
soluble  ( i )  in mol ten  SbCl3 ~ and can be oxidized 
chemica l ly  or  e lec t rochemica l ly  to form thei r  radical  
cations A r H  +" (5-7).  Many  of these cations are  quite 
s table  in SbCl~, in spite  of the  e leva ted  tempera ture ,  
and some have  been character ized by  e lec t ron spin 
resonance (ESR) spect ra  at  high resolut ion (8, 9). F o r  
three arches,  pe ry lene  Pert ,  9 ,10-diphenylanthracene,  
and  coronene,  e lec t rochemical  s tudies (6) indica ted  
tha t  the radica l  ca t ion in SbC13 could be oxidized fu r -  
ther  to form wha t  was p re sumed  to be the arene  dica-  
t ion A r H  2+, and the vis ible  absorpt ion  spec t rum of the 
p resumed  pe ry lene  dicat ion Per t  2+ was subsequent ly  
published.  However  this absorpt ion  spec t rum is quite 
different  f rom tha t  for  Per t  2+ p repa red  in superacid  
media ,  where  the cat ion has been identif ied by  its p ro-  
ton NMR spec t rum (11, 12). 

As pa r t  of a s tudy  of a rene  cations in mol ten  SbClz 
we have  developed an e lec t rochemical  cell  in which 
potent iometr ic ,  coulometric ,  and spect rometr ic  me th -  
ods m a y  be used in concert  to genera te  and character ize  
species formed by arene oxidat ion.  The presen t  pape r  
descr ibes  the appl ica t ion  of this cell to a clarification 
of the  species fo rmed  by  the oxida t ion  of pe ry lene  and 
its radical cation. 

Experimentol 
Materials.--Antimony(III) chloride (from, three  

vendors,  viz.: U l t r apure  grade  f rom Ventron Alfa  
Products ;  99.0% min. f rom Mal l inckrodt ;  and 99.0% 
min. f rom Matheson,  Coleman, and Bell) was fu r the r  
purif ied by  subl imat ion,  dis t i l la t ion,  and  when ve ry  
high pu r i t y  ma te r i a l  was needed,  b y  r e p e a t e d  zone 
refining. 

A l u m i n u m  chlor ide  was made  by  reac t ing  99.9999% 
A1 meta l  wi th  semiconduc tor -g rade  HC1 according to a 
p rocedure  prev ious ly  descr ibed (13). Potass ium 
chloride and cesium chloride (both Suprapu r  grade, 
E. Merck,  Darms tad t )  were  fu r the r  purif ied by  purg ing  
the mol ten  salts wi th  HCl (g) and  then Ar.  

A n t i m o n y  meta l  (99.99%, Brad ley  Mining Company)  
was vacuum cast into 3 m m  d iam single crystals  tha t  
were  dr i l led  and th readed  to serve as electrodes.  
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~ m p ,  73~ (2) ;  bp ,  223~ (3) ;  c r i t  p t . ,  521~ (4) .  

Pery lene  (99+ %, Gold Label  f rom Aldr ich  Chemical  
Company)  was e i ther  used wi thout  purif icat ion or, for  
purposes  of spect rometr ic  measurements ,  was re -  
crys ta l l ized  f rom toluene. 

Instrumentation.--Differential pulse po la rog raphy  
and cyclic v o l t a m m e t r y  exper iments  were  pe r fo rmed  
wi th  a Pr ince ton  Appl ied  Research Model 174A 
Pola rographic  Analyzer ,  and coulometr ic  measure -  
ments  wi th  a Model  173 Po ten t io s t a t /Ga lvanos t a t  
equipped wi th  a Model 179 Digi ta l  Coulometer .  A Hew-  
l e t t - P a c k a r d  Model 7045A X - Y  recorder  was used for 
data  display.  

Absorp t ion  spect ra  were  measured  wi th  a Tek t ron ix  
Model  J20 s i l icon-vidicon r ap id - scan  spec t romete r  
control led  by  a Digi ta l  Equ ipment  Corpora t ion  PDP-  
8 / I  minicomputer .  A de ta i led  descr ip t ion  of the  spec-  
t ropho tomete r  and computer ized  da ta  sampl ing  and 
processing has been publ i shed  (14). A Heath  Company 
Model EU-701-50 t ungs t en /deu t e r i um source served 
gs the l ight  source. 

A resistance furnace  made  f rom P y r e x  tubing and 
Ni /Cr  heat ing wire  was used. In  o rder  to minimize 
convection in the opt ica l  cell dur ing  the exper iments ,  
a the rmal  grad ien t  kep t  the lower  end of the  cell  at  a 
t empera tu re  2~176 lower  than  the rest. The furnace  
t empera tu re  was control led  by  a Leeds and Nor th rup  
Series  80 3-act ion D.A.T. Control ler  in connection wi th  
a ca l ibra ted  AZAR module  ,and a Speedomax  H re -  
corder.  Dur ing  spec t romet r ic  measurements  a furnace  
was used that  had  side arms to a l low the l ight  beam to 
pass. 

Electro-optical cell.--The elect rolyt ic  cell (Fig. l a )  
was made of P y r e x  glass wi th  a silica spect rometr ic  
cell  fused to the lower  end. Electrodes were  inser ted 
th rough  th readed  glass joints  equipped wi th  Teflon 
bushings and FETFE O-r ing  seals (Ace Glass) .  There  
was room for six joints  on top of each cell, one centra l  
and five others  spaced a round  it. Not  a l l  a re  shown in 
Fig. la .  The usual  e lec t rode  a r r angemen t  consisted of 
two work ing  electrodes,  one counterelect rode,  one 
reference  electrode,  and one opt ical  electrode.  The 
s ix th  jo int  was used for evacuat ion of the cell. The 
t empera tu re  of the e lec t ro ly te  was moni tored  wi th  a 
thermocouple  p laced in a wel l  fused to the top of the 
cell. 

The work ing  electrodes were  made  e i ther  of v i t reous  
carbon (suppl ied  by  IMC Indus t ry  Group)  or  P t  wire,  
whereas  the countere lec t rode  was fabr ica ted  f rom Pt  
foil. Electrode wires  were  sealed wi th  vacuum-t igh t ,  
s t anda rd  t u n g s t e n / P y r e x  seals. In  most  exper iments  
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Fig. 1. (a) Electro-optical cell. Only two electredes and an evacu- 
ation stopcock are shown for clarity. (b) Reference electrode. 

the  cell contained both a g]'assy carbon and a Pt  work-  
ing electrode. 

Optically t ransmi t t ing  electrodes (OTE), which also 
w e r e  used in  coulometric measurements,  were made 
ei ther  from ret iculated vitreous carbon (RVC, a 
glassy carbon foam from Fluorocarbon Company) or 
from P t -wi re  screen. The RVC material  was sliced into 
thin plates which fitted into the optical cells (1-2 cm 
path length) .  The characteristics of the vitreous carbon 
OTE have previously been described (15). 

Re]erence electrode.--The reference electrode (Fig. 
lb )  was bui l t  to fit the bushings on top of the ceil. The 
active electrode was a rod of Sb meta l  that  was drilled 
and threaded on one end. At  Pt  pin, screwed into this 
end, provided good electrical contact. Electrical con- 
tact with the main  electrolyte was through a porous 
a lumina  fri t  (Radiometer Copenhagen).  As shown in 
Fig. lb,  this frit  was sealed into a small, closed tube so 
that  the electrode could be sealed under  vacuum after 
it  was filled with the salt. Then, th~ salt  was melted 
and allowed to soak the frit  so that  when  it resolidi- 
fled, it  formed a gas-t ight  plug. The closed tube over 
the fri t  was broken off just  prior to first usage and 
thereafter  the electrode could be  used repeatedly. 

The electrolyte in the Sb ( I I I ) /Sb  reference electrode 
was SbC13 saturated with solid Cs~Sb~C19 present  in 
excess. This compound is the equi l ibr ium solid phase 
when  excess CsC1 is added to molten SbCt~ at t em-  
peratures wi thin  the range of interest  here, 70~176 
(16). We prepared Cs3Sb2C19 by fusing stoichiometric 
amounts  of SbC13 and CsC1 together in a thick-walled 
silica ampul. The al ternat ive procedure of t ry ing to 
equil ibrate solid CsC1 with molten SbC18 was unsat is-  
factory because the rate at  which CsC1 reacted to form 

the equi l ibr ium compound was very slow even at tem- 
pera tu res  near  the mel t ing point  of Cs3Sb2C19. The 
electrode described here is designated SbC1JSb, sat. 
CsC1. 

Note that  the corresponding electrodes made with 
KCI or RbC1 would not  be satisfactory over the tem- 
pera ture  range of interest  here because in the KCI- 
SbC13 system the solid phase in equi l ibr ium with 
molten SbCl~ changes from KSbC14 to I~Sb2C16 at 
110~ (17) while in  the RbC1-SbC18 system a similar  
change occurs at 125~ (18). Phase diagrams are not 
available for the LiCI-SbCI3 and NaC1-SbCI~ systems. 

Experimental procedure.--All inorganic salts were 
handled in an Ar-atmosphere  glove box with H20 and 
O2 content  kept constant ly  below 1 ppm. Perylene  was 
weighed on a microbalance outside the glove box 
since it  was nei ther  hygroscopic nor  air sensitive. 

The cell was evacuated prior to each exper iment  and 
closed off by means of a bakeable, Teflon h igh-vacuum 
valve. Fusion of the electrolyte took place in  the fur-  
nace. When all of the electrolyte was molten,  it was 
necessary to expel l iquid from the optical electrode 
compartment  and refill from the main  body of l iquid 
several times in order to ensure complete mixing. 
Liquid cannot be poured out of the optical electrode 
compar tment  because the nar row space is filled with 
electrode grid and holds l iquid like a sponge. There-  
fore, l iquid was expelled by  vapors of electrolyte boiled 
in the compartment  with a hot-a i r  gun. 

Concentration units.--Molal concentrat ions (m) used 
here are calculated as moles of solute per ki logram of 
SbCh. 

Results and Discussion 
So~vent characteriza~ion.--Prior studies (6, 19-22) of 

the chemical and electrochemical properties of molten 
SbCla that relate to the present  invest igat ion are sum-  
marized by the following, widely used model. 6 SbCla, a 

molecular  liquid, is assumed to be slightly ionized 

SbCI~ ~---- SbCI~+ -5 C1- [1] 

where SbC12 + is a Lewis acid and C1- is a base. 
A l u m i n u m  chloride is a very  strong C1- acceptor and 

reacts with SbClz 

A1C13 -5 SbC1s-,  A1CI4- -5 SbC12 + [2] 

where A1CI4- in  SbC13 is nei ther  a C1- donor nor  
acceptor. Alkali  metal  chlorides MC1, on the other 
hand, separate into their consti tuent ions, M + and CI- ,  
and are strong C1- donors. When MC1 and A1C13 are 
both present, neutralization,  the reverse of Eq. [1], 
occurs leaving Yl + and A1C14- as spectator ions. We 
shall refer to a melt  as neutra l  if [C1-] ~ [SbC12+], 
as basic if [C1-] > [SbCl2+], and as acidic if [C1-] < 
[SbCI2 + ]. 

Typical background cyclic vol tammograms obtained 
in  our  research at a glassy carbon electrode at 100~ 
are shown in Fig. 2. The curve in  Fig. 2a is for 0.038m 
CsC1 (,~0.1M), a basic melt, while Fig. 2b is the back- 
ground sweep for 0.077m A1C13 (,-~0.1M), an acidic 
melt. The available potential  range is quite close to that 
which Bauer  and co-workers (7) reported for the 
SbCI~-KC1 and SbCls-AtC13 systems at 99~ wi th  a 
Sb ( I I I ) /Sb ,  sat. KC1 reference electrode. 

The lower potential  l imit  corresponds to the reduc- 
tion of SbCI~ to the metal  

SbCI~ -5 3e : Sb -5 3C1- [3] 

while the upper  l imit  corresponds to oxidation to the 
pentachloride (6) 

SbCI~ ~- 2C1- ---- SbC15 W 2e [4] 

6 T h e r e  is ev idence  (23, 2 4 ) t h a t  the  s t ruc tu ra l  ent i t ies  re- 
sponsible for  Lewis  acid-base c h e m i s t r y  in SbC13 mel t s  a re  m o r e  
complex  than  those pos tu la ted  in this model .  Never the les s ,  t h e  
mode l  is qui te  usefu l  for  purposes  of co r re la t ing  m a n y  i m p o r t a n t  
facts  abou t  the  acid-base c h e m i s t r y  and at p r e s e n t  t h e r e  is no  
b e t t e r  mode l  avai lable.  
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Fig. 2. Background cyclic voltammograms at a glassy carbon 
working electrode at 100~ Sweep rate was 200 mV sec -1 .  Elec- 
trode area was 0.071 cm 2. Melts were (a) 0.038m CsCI in SbCh 
and (b) 0.077m AICI8 in SbCI3. 

Because of the role of C1- in  these reactions, the sol- 
ven~ becomes more oxidizing and also more difficult to 
oxidize as the system progresses from basic to acidic. 
I t  is conventional  to measure relat ive acidity in 
chloride melts  in terms of pC1 ---- -- log [C1-]. Thus, the 
potentials of the couples S b ( I I I ) / S b  and S b ( V ) /  
Sb (III) increase with increasing pC1. 

In  our work both Pt and glassy carbon working elec- 
trodes were used, but  glassy carbon was found to be 
the most suitable. The available potential  range with a 
Pt  electrode was considerably smaller  (~0.2V) be- 
cause the reduction of SbC13 to an t imony metal  took 
place at a more positive potential  than the theoretical 
value, probably  because of Sb-P t  alloy formation (25) 
at the electrode. 

The curves in Fig. 2 are smooth and featureless ex- 
cept for a peak that is caused by reoxidation of reduced 
an t imony  metal  near  the cathodic potential  l imit in the 
basic melt  (Fig. 2a). Deposition of Sb on the glassy 
carbon surface took place at a small  overpotential .  This 
can be seen from the loop the curve makes and crosses 
itself; the s t r ipping of Sb metal  took place at a more 
anodic potent ial  than that at which it was deposited. 

Electrochemical oxidation of peryIene.--Typical 
cyclic vol tammograms of 1.60 X 10-3m perylene in 
SbCla are shown in Fig. 3. Here Fig. 3a was obtained in 
the basic 0.038m CsC1 melt  while Fig. 3b shows vol tam- 
mograms of perylene in the acidic 0.079m A1C13 melt. 
All curves were obtained at  100~ at a glassy carbon 
working electrode. Sweep rates were 20, 50, 100, and 
200 MV see- l ,  respectively. 

There is one well-defined oxidation wave for each 
solution with an equal ly  well-defined reduct ion wave 
on the r e tu rn  sweep. The separation between the two 
oxidation waves is 0.72V, which is close to that  ob- 

( 
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Fig. 3. Cyclic voltammograms at a glassy carbon working elec- 
trode in 1.60 • 10 -3m perylene at 100~ Sweep rates were (I) 
20 mV sec -1 ,  (ll) 50 mV sec - 1 ,  ( l id  100 mV sec - 1 ,  and (iV) 200 
mV s e c - L  Electrode area was 0.071 cm 2. Solvents were (o) 0.038m 
CsC| in $bCh and (b) 0.079m AICI3 in SbC|3. 

served by Bauer and co-workers (7) in SbC13-KCI and 
SbC13-A1CI~ melts. As we shall demonstrate  below 
with spectroscopic and addit ional electrochemical data, 
the neut ra l  perylene molecule is stable in  the basic 
melt  and the oxidation wave is due to the formation of 
the perylene  radical  cation Pert+.  thus 

P e r t  - -  Pert  +" + e [5] 

In  the acidic melt  perylene is chemically oxidized to 
form a stable solution of Pert  +" in  the ~ollowing way 
(9) 

3Pert + 3SBC12 + ---- 3Pert +" + Sb + 2SbC/~ [6] 

For this system the oxidation wave represents the oxi- 
dation of pe r t+ '  to the perylene dication Pert  2+ thus, 

Pert  +' -- Pert  2+ -t- e [7] 

In  both the basic and acidic melts the perylene con- 
centrat ion was near ly  equal  bu t  the two waves were 
not completely similar, as i l lustrated for the highest 
scan-rates in Fig. 3. Both the height and the slope of 
the oxidation wave in the acidic melt  have somewhat 
lower values than in the basic solvent. By using 
Nicholson's (26, 27) method (with correction for the 
charging current)  we found that within exper imental  
error the cathodic to anodic current  ratios were uni~y 
in the basic system whereas a tendency toward lower 
ratios with decreasing scan rates was found in the 
acidic melt  (Table I). This might  indicate that  there is 
a slow follow-up reaction in the acidic melt  which 
makes less Pert  2+ available for reduct ion at slow scan 
rates. 

The half -wave potentials, El/2, were calculated from 
the anodic half -peak potentials 

E1/2 ~ Ep/2 -t- 1.09 R T / n F  [8] 

under  the assumption that  charge transfer  is a one- 
electron reversible process. The results are listed in 
Table I. 

Differential pulse polarograms obtained in the same 
melts are shown in Fig. 4. We found two well-defined, 
symmetric peaks that  correspond to the formation of 
the radical cation, shown in Fig. 4a, and the dication, 
shown in  Fig. 4b. A shoulder obtained at low anodic 
potential  in Fig. 4b was probably due to the oxidation 
of a minor  impuri ty.  

The relat ion between the peak potential,  Ep, for 
differential pulse polarography and the hal f -wave po- 
tential  may be expressed as (28) 

El~2 : Ep --~ hE~2 [9] 

where ~E is the pulse amplitude. By using.a small  pulse 
amplitude, AE ~ 10 mV, the correction term was re-  
duced unt i l  it approached the uncer ta in ty  with which 
the peak potential  could be read from the graph. The 
half -wave potentials derived from Eq. [9] are 0.26 and 
0.97V for the oxidation to Pert  +' and Pert  2+, respec- 
tively. The values correspond to those calculated from 
cyclic vo l tammetry  (Table I) .  

The use of p la t inum working electrodes gave identi-  
cal peak potentials, but  side reactions appeared to take 

Table I. Experimental and calculated parameters from cyclic 
voltammetry in SbCh solvents at 100~ 

(mV tp~/ Er E.I5 E, /2 
see  -1) i~=* ( V )  ( V )  ( V )  

Oxidat ion to  r a d i c a l  ca-  20 0.94 0.30~ 0.225 0.26 
t ion in  b a s i c  0.038m 50 0.99 0.31o 0.22~ 0.26 
CsC1 100 0.99 0.311 0.22e 0.26 

200 1.00 0.317 0.227 0.26 

Oxidat ion to dicat ion in  20 0.58 1.Ols 0.925 0.96 
acidic 0.079m A1Ch 50 0.81 1.025 0.931 0.97 

100 0.90 1.038 0.93a 0.97 
200 0.94 1.04o 0.935 0.97 

�9 ipo a n d  ipa are  c a t h o d i c  a n d  a n o d i c  p e a k  c u r r e n t s ,  r e s p e c t i v e l y .  
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Fig. 4. Differential pulse polarogram at a glassy carbon working 
electrode in !.60 X 10-3m perylene at 100~ Sweep rate was 2 
mV sec - I  and pulse amplitude was 10 mV. Electrode area was 
0.071 cm% Solvents were (a) 0.038m CsCI in SbCh and (b) 0.079m 
AICI~ in SbCI3. 

place more readi ly on the metal  surface and often 
resulted in addit ional oxidation waves. Also p la t inum 
electrodes were not as durable  as those made of glassy 
carbon. We found it difficult to avoid a small  amount  of 
alloying by Sb that decreased the reproducibi l i ty  of 
the electrodes upon reuse. This effect was probably due 
to surface defects that  resulted from oxidation of Sb 
dur ing cleaning. 

Thin-layer coulometry.--An exhaustive electrolysis 
of the substrate in the optical cell may easily be carried 
out provided that  mass t ranspor t  due to convection be- 
tween the electrolysis compar tment  and the bu lk  melt  
is e l iminated or made very small. Figure 5a shows a 
coulogram obtained when 355 #liters of SbCI~ contain-  
ing 7.75 • 10-4m perylene and 0.38m ( ~ I M )  KC1 was 
electrolyzed at a Pt  screen electrode. The potential  was 
switched from +0.10 to +0.50V followed by switching 
back to +0.10V after ,-,1900 sec elapsed time as shown 
in  Fig. 5a, where the curve gives the net charge Q 
added to the system. When electrolysis started, there 
was a rapid increase in  Q. Then, after about 1400 sec, 
Q leveled off as the current  went  to zero. This showed 
that all perylene in  the electrolysis chamber  had been 
oxidized to its radical cation. When the potential  was 
switched back to +0.1V the reverse reaction occurred 
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Fig. 5. (a) Thin layer coulogram of 7.75 X 10 -4m perylene in 
0.38m KCI at 100~ Potential was switched from + 0 . 1 0  to + 0 . 5 0 V  
at start of curve and back to +0 .10V  after ,~1900 sec. Electrolyte 
volume was 355 #liters. Electrode was Pt screen. (b) Thin-layer 
coulagram of 1.37 X 10-4m perylene in 0.76m AICI8 at 125~ 
Potential was switched from +0 .69  to + 1 . 1 5 V  at start of curve 
and back to +0 .69V  after ,~1800 sec. Electrolyte volume was 380 
#liters. Electrode was glassy carbon. 

in which the radical cations were reduced to neutra l  
molecules at the electrode. As the current  flowed in the 
opposite direction, Q decreased and  finally reached a 
steady, nonzero value. This value is due to both the 
diffusion of radical  cations out of the cell during 
electrolysis and to their decomposition into nonreduci-  
ble species. The formal n u m b e r  of electrons n for the 
oxidation step was 1.04 and for the reverse reduction 
was 0.93. 

The reason for subst i tut ing KC1 for CsC1 in the 
coulometric s tudy was the following: a fa ir ly  sub-  
stantial  electrolyte concentrat ion was necessary in 
order to keep the conductivi ty high enough to allow 
electrolysis to take place throughout  the optical cell 
ra ther  than just  near  the top of the cell. Our procedure 
was to begin with a basic melt  and make various mea-  
surements  including coulometry, then add a known 
excess of A1CI~ and again make various measurements,  
this t ime on an acidic solution. When this was done 
with CsC1 at the concentrat ion level necessary for good 
conductivity, subsequent  addit ion of excess A1CI~ 
caused precipitat ion of solid CsA1C14. This trouble was 
not encountered with KC1. We note that in going from 
CsC1 solutions to KC1 solutions the oxidation potential  
of perylene was shifted by only  30 mV, from 0.26V in 
0.038m CsCI to 0.29V in 0.38m KC1 at 100~ 

As previously discussed the second oxidat ion step to 
form the dication (Eq. [7]) appeared to be followed 
by a reaction on the electrode. Electrolysis of 380 ~liters 
of 1.37 X 10-4m perylene in an acidic melt  containing 
0.76m A1C13 gave no horizontal plateau within ,~1800 
sec that  would have been indicative of an exhaustive 
electrolysis (Fig. 5b). (This electrolysis was done at 
a glassy carbon electrode at + l .15V and 125~ On 
the contrary, the net  charge added to the system at this 
time showed a much larger  Q than  the theoretical 
quant i ty  for a one-electron oxidation according to Eq. 
[7]. 

W h e n t h e  potential  was switched back to +0.69V an 
exhaustive reduction of the generated dication took 
place and the charge Q corresponded to the formal 
number  of 0.94 electrons for the reduction step. 

The oxidation potential  of the Sb (V) /Sb  (III) coupte 
is close to the applied potential  in this acidic melt  and 
only the presence of a considerable overpotential  
(5, 6) made it possible to e x t e n d  the electrochemical 
window to the value shown in Fig. 2. Therefore, the 
excess charge consumed during the oxidation process 
was most probably due to an irreversible reaction 
involving Sb (V). 

Absm'ption spectra of perylene cations.--Figure 6 
shows absorption spectra of perylene radical cations 
recorded dur ing electrolysis of a solution containing 
5.83 X 10-Sm perylene and 0.38m KC1 at a Pt screen 
electrode at 100~ Spectrum I is the background prior  
to electrolysis and the other spectra display successive 
increases in  radical cation concentrat ion for succes- 
sively longer electrolysis times up to 600 sec. The 
values for Pert  +" in the basic melt  (Table II) were 
calculated from the known concentrations of the sub- 
strate based on the assumption of .complete oxidation 
to Pert  + a f te r  600 sec. These radical cation spectra have 
five absorption bands in the range 500-9.00 rim. As 
shown in Table II the wavelengths and molar  absorp- 
t ivi ty  of the band maxima agree well wi th  prior mea-  
surements  of the perylene radical cation spectrum in 
molten SbC13 (10, 29) and in  other solvents (30, 31). 

The spectra in Fig. 6 increase in intensi ty  in  a math-  
ematically monotonous way at all wavelengths and 
thus give no evidence for the formation of more than 
one species. However, when electrolysis was carried 
beyond 600 sec, new bands appeared at wavelengths 
longer than 740 nm while the intense radical cation 
band at 546 n m  decreased in in tens i ty  and its peak 
shifted toward longer wavelengths.  The shift in exist- 
ing bands and the appearance of new ones are probably  
due to the formation of a ren ium ions and condensation 
products as have been observed (34, 35) when other 
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Table I!. Spectral characteristics of the perylene radical cation in various solvents 

Band  I Band  II  Band  I I I  Band  IV Band  V 

k �9 (Lmol  -I k �9 (Lmo l  -i k r (Lmol  -i k �9 (Lmol  -i k �9 (Lmol  -I 
Solvent ( n m )  e m  -i) (r im) c m  -i) ( n m )  cm -i) ( n m )  cm-~) ( n m )  c m  -i) 

~ O,, 25~ (30) 538 55,600 650 5100 
O,, 25~ (31) 540 ~52,000 

Chlorobenzene-SbC15, 25~ (31) 559 ~50,000 
SbCls-O2 80~ (29) 554 52,500 
SbCls (presumably with A1C18), 

99~ (10) 545 
SbCh-KC1, 100~ ( this  work )  * 546 42,700 648 6100 
SbCI~-A1Cla, 135~ ( this  work )  544 41,400 646 6800 

675 4800 707 6200 733 7200 
735 ~6500 
745 ~7500 

672 5700 704 5600 732 7700 
676 5400 708 5500 736 7100 

* Electrochemically oxidized. 

arenes were chemically oxidized in  SbC18-A1CI3 melts. 
However, in  the case of Pert  +" these fol low-up reac- 
tions were much slower than those previously re-  
ported, a result  tha t  probably  depends in  part  on the 
low concentrat ion of Per t+.  in our experiments  as well 
as the re la t ively high stabil i ty of Pert  +' 

According to prior investigations (6, 7, 9) perylene is 
chemically oxidized in  acidic melts by the reaction 
given in  Eq. [6]. Accordingly, when we prepared a 
melt  containing 6.38 X 1O-Sm perylene and 0.77m 
A1C13 in  SbCIz, the absorption spectrum prior to elec- 
trolysis was that  of Per t  +" as shown in  Fig. 7a. The 
molar  absorptivit ies of the band maxima of this 
chemical ly generated Pert  +'  (Table II) are quite 
close to those we obtained for electrolyticalIy gener-  
ated Pert  +'. This fact provides independent  evidence 
that  electrolysis after 600 sec was v i r tual ly  complete. 

When the acidic melt  was electrochemically oxidized 
unt i l  absorption due to Pert  +' was gone, we obtained 
the spectrum shown in Fig. 7b. This spectrum was re-  
corded after an electrolysis t ime of 600 sec at an anodic 
potential  of -t-1.30V. Similar  results were obtained at a 
glassy carbon optical electrode, and repeated oxida- 
t ion-reduct ion-oxidat ion  of the perylene ions showed 
no significant change in absorption values for Pert  2+ 
after  its formation was completed. Upon moni tor ing 
the spectrum of the electrogenerated dication over a 
period of 9100 sec (open cell circui't), we found no 
significant decay. These results from the spectroscopic 
and coulometric exper iments  in  the acidic melt  do not 
appear to be ful ly consistent with the cyclic vo l tam-  
metric results. This discrepancy might, however, be 
due to the different concentrations of perylene in  
these experiments,  which differ by about one order of 
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Fig. 6. Spectra of perylene radical cotlon generated at -I-0.55V 
in 5.83 X I0 -5m perylene in 0.38m KCI at 100~ Electrode was 
Pt screen in 1.0 mm optical cell. Spectra were recorded during 
electrolysis. Electrolysis time (I) background (molecular perylene in 
the solvent), (11) 10 sec, (111) 20 sec, (IV) 50 sec, (V) 100 sec, (VI) 
150 sec, (VII) 200 sec, (VIII) 300 sec, and (IX) 600 sec. 

Table Ill. Spectral characteristics of the perylene dication in 
various solvents 

Band  I Band  I I  

k ( Lmol  -i X ( Lmol  -i 
Solvent  ( n m )  c m  -I) ( n m )  c m  -~) 

Oleum (12) 517 
SbFs-SOeC1F (o r  

FSO3H) (11) 315 ~20,000 512 ~50,000 
SbCh-A1Ch, 135~ 

( this  work )  * 533 36,500 

* E lec t rochemica l ly  oxidized. 

magnitude.  An optimal substrate concentrat ion for 
cyclic vo l tammetry  is too high for spectroscopic work 
in a 1 mm optical cell because of the very high ab- 
sorptivity of the perylene cation. 

'The molar  absorptivi ty value given in Table III is 
calculated on the basis of a total conversion to Pert  2+ 
in  the electrode compartment .  

The spectrum of the species shown in Fig. 7b is quite 
different  from that which Bauer and co-workers (10) 
reported for the dication formed by electrolysis of 
Pert  +" in SbCI~-A1C13, but  it is quite similar  to that 
previously reported for Pert  2+ in superacid media 
(11, 12) where its ident i ty  was established by pro,ton- 
NMR spectroscopy (11). We believe that  Bauer  and 
co-workers did prepare Pert  2+ because the E1/~ value 
they found agrees with ours, bu t  this dication must  
have subsequent ly  reacted prior to the t ime the spec- 
t rum was measured. It is interest ing that  the spectrum 
they reported as being that  of Pert  2+ is, in  fact, ra ther  
like that of the pery len ium ion, Pert2 + (32, 33), which, 
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Fig. 7. Spectra of 6.38 X 10-5m perylene in 0.77m AICI3 at 
135~ (a) Spectrum of perylene radical cation due to oxidation by 
the solvent. (b) Spectrum of perylene dication generated at 
+1.30V. Electrode was Pt screen in a 1.0 mm optical cell. 
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as we noted above, is also a likely product of the down- 
stream reactmns of pert+ .. 
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Conductance Studies in Amide-Water Mixtures 

V. Lithium and Cesium Bromides in Formamide-Water Mixtures at 25~ 

Lal Bahadur and M. V. Ramanamurti 
Department o~ Chemistry, Banaras Hindu University, Varanas~ 221005, India 

ABSTRACT 

Conductance data for l i th ium and cesium bromides in  formarnide-water  
mixtures  (88 ~ D ~-- 111; 0.89 --~ n --~ 3.29 cp) are reported at 25~ in  the con- 
centrat ion range 0.01-0.10N. Solvent  properties like density, viscosity, and 
dielectric constant  are also reported at the same temperature.  The conductance 
data have been analyzed by  the Fuoss (1978) equation. Viscosities of the sol- 
vent  mixtures  show a slight negative deviat ion from ideal behavior  wi thout  
showing any  m a x i m u m  or m i n i m u m  in the solvent composition-viscositY 
curve, indicat ing overall  slightly less s t ructured solvent mixtures  than that  
expected from ideal behavior. The l imit ing equivalent  conductance for each 
of the salts decreases with the increase of formamide content  in  the solvent 
mixtures  over the whole range of the solvent composition, but  the var ia t ion 
is not  such that  it  can give a constant  value for the Walden product. In  any 
given solvent mixture  Ao(CsBr) > Ao(LiBr). Both electrolytes were found 
to be practically completely ionized (KA < 4.0) in all solvent mixtures  studied. 
Although, a wide range of values of the distance parameter  R was found to 
be acceptable for both the salts in each solvent  mix ture  for fit to v ----- 1.1 
Cram., best values (~ = O'min.) of R derived for CsBr were found to be almost 
constant  (2.18 _ 0.19A) in all  solvent  mixtures  while  no systematic t rend  
w a s  observed for IABr. 

In  the firs~ paper  (1) of this series of investigations, 
the conductance data for Et4NBr and Bu4NBr in form- 
amide-water  mixtures  were reported. In  this com- 
munica t ion  li t t le a t tent ion was paid to the var iat ion of 
Walden  product  with solvent composition because 
Walden product  was almost constant  up to 50 mole 
percent  (m/o)  formamide in  a solvent mixture.  But  
la ter  studies (2-4) in aqueous b inary  mixtures  of 
other amides (DMF and DMA) showed quite syste- 
matic var ia t ion of the Walden product with a maxi -  
m u m  at a solvent composition around 10 m/o amide 
for simple (2) as well as t e t r aa lky lammonium salts 
(3, 4). Keeping these observations in view, previous 
results in  fo rmamide-water  mixtures  (1) were re- 
considered and it was interest ing to note that  if Ao~ 
values for Et4NBr and Bu4NBr in pure water  (5) [Ao~ 
(Et4NBr) = 0.986; Ao~ (Bu4NBr) = 0.868] and in pure 
formamide (6) [Ao~ (Et4NBr) ---- 0.931; 2~o~ (Bu4NBr : 
0.790] are incorporated in  our results, a max im um in 
the Walden product  becomes obvious at solvent com- 
position around 70 m/o  formamide for both the salts 
(Fig. 1). Since the existence of a max imum in the 
Walden product  for t e t raa lky lammonium salts in 
DMA-water  mixtures  (3, 4) could successfully be at-  
t r ibuted to hydrophobic dehydrat ion of te t raa lkylam-  
mon ium ions due to presence of cosolvent (DMA), Fig. 
1 clearly indicates that  hydrophobic dehydrat ion of 
Et4N + and Bu4N + by cosolvent (formamide) becomes 
effective only in  the solvent composition region suffi- 
ciently rich in  formamide, not in  the water - r ich  region 
a s  was found in the case of disubst i tuted amide (DMA)- 
water  mixtures  (3, 4). Somsen and co-workers (7-9) 
also arr ived at a s imilar  conclusion in the case of 
formamide-water  mixtures  on the basis of their  studies 
on enthalpies of t e t raa lky lammonium bromides in 
various amide-water  mixtures.  They observed that  the 
presence of formamide reduces the abil i ty of hydro-  
phobic ions to promote the hydrogen-bonded s t ructure  
i n  aqueous formamide containing more than  30 m/o  
formamide. 

In  view of these observations it  was of interest  to 
s tudy a few simple salts also in formamide-water  
mixtures  with par t icular  a t tent ion to the t rend of the 

Key words: l i thium bromide, cesium bromide, formamide-water 
mixture, conductance,Walden product. 

Walden product  with change in solvent composition. 
The present  paper deals with the conductance data for 
LiBr and CsBr in formamide-water  mixtures  at 25~ 
along with the properties (density, viscosity, and di- 
electric constant) of the solvent  mixtures.  

Experimental 
Water, KCl, and formamide used in present  work 

were purified as described earl ier  (1). LiBr (E. Merck) 
and CsBr (L. R., Hopkin and Williams, London) were 
recrystallized from conductivi ty water  and dried in a 
vacuum desiccator. 

All  exper imental  techniques and procedures for the 
measurements  of viscosities and densities of the solvent 
mixtures  and conductance of electrolyte solutions have 
been described earl ier  in  detail (2). 

Results and Discussion 
Densities, viscosities, and dielectric constants of the 

solvent  mixtures  ( formamide-water )  at 25~ are re-  

0~ 

MOLE % FO RFIAHIDE 

Fig. 1. Variation of Walden product with composition of the sol- 
vent mixtures. A, Et4NBr; B, Bu4NBr. 
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Table I. Properties of the solvent mixtures (F-H20) at 25~ 

F (m/o) D* 0 (g/ml) ~ • 1~ ~ (cp) 

9 78.39 0.99707 0.8903 
10 88.03 1.0276 0.9944 
23 98.17 1.0597 L1887 
40 105.28 1.0808 1.4280 
60 108.40 1.0919 1.6995 
70 111.18 1.1108 2.1064 

lOO 109.58 1.1292 3.2904 

* Values taken from the literature [Ref .  (I0)]. 

p o r t e d  i n  T a b l e  I. D i e l e c t r i c  c o n s t a n t  d a t a  i n c o r p o r a t e d  
i n  t h i s  t a b l e  h a v e  b e e n  t a k e n  f r o m  t he  l i t e r a t u r e  (10) .  
E q u i v a l e n t  c o n d u c t a n c e ,  A, of e l e c t r o l y t e  s o l u t i o n s  is 
g i v e n  in  T a b l e  I I  as  a f u n c t i o n  of  c o n c e n t r a t i o n ,  c, f o r  
b o t h  t h e  e l e c t r o l y t e s  i n  s o l v e n t  m i x t u r e s  of d i f f e r e n t  
compos i t i ons .  

F o r  a g i v e n  s e t  of c o n d u c t a n c e  d.ata (ci, Aj; j - -  1, n ) ,  
t h e  t h r e e  a d j u s t a b l e  p a r a m e t e r s  Ao, KA, a n d  R w e r e  
d e r i v e d  b y  s o l v i n g  t h e  f o l l o w i n g  t h r e e  e q u a t i o n s  b y  
success ive  a p p r o x i m a t i o n s  

X = v [ho (1  q- R X )  -{- EL]  [1] 

v = 1 --KACv2] 2 [2] 

In] - - - -  - - ~ / 2 ( 1  -[- KR) [3] 

H e r e  R is c o s p h e r e  d i a m e t e r  (11) a n d  R X  a n d  E L  a r e  
t h e  r e l a x a t i o n  a n d  h y d r o d y n a m i c  t e r m s ,  r e spec t i ve ly .  
O t h e r  t e r m s  h a v e  t h e i r  u s u a l  m e a n i n g s .  E x p r e s s i o n s  
u s e d  fo r  R X  a n d  E L  w e r e  t h e  s a m e  as t hose  d e r i v e d  b y  
F u o s s  (12) .  C o m p u t a t i o n a l  m e t h o d s  a d o p t e d  h e r e  for  
t h e  a n a l y s i s  of  t h e  c o n d u c t a n c e  d a t a  w e r e  t h e  s a m e  as 
t h o s e  s u g g e s t e d  b y  Fuoss  a n d  c o - w o r k e r s  (11) ,  a n d  
c o m p u t e r  p r o g r a m s  of Fuoss  (1975) e q u a t i o n s  w e r e  
u s e d  a f t e r  t h e  r e l e v a n t  p o r t i o n s  of t h e s e  p r o g r a m s  
c o r r e s p o n d i n g  to t h e  e x p r e s s i o n s  for  R X  a n d  E L  t e r m s  
w e r e  mod i f i ed  a c c o r d i n g  to n e w  e x p r e s s i o n s  (12) u s e d  
fo r  t h e s e  two  t e r m s .  D e t a i l e d  d e s c r i p t i o n  of t h e  m e t h o d  
of a n a l y s i s  h a s  b e e n  g i v e n  in  o u r  p r e v i o u s  c o m m u n i c a -  
t ion  (3) .  V a r i o u s  p a r a m e t e r s  t h u s  d e r i v e d  f r o m  the  
c o n d u c t a n c e  d a t a  a r e  s u m m a r i z e d  in  T a b l e  III .  H e r e  i t  
s h o u l d  b e  n o t e d  t h a t  Eq. [1] a n d  [2] a r e  t h e  s a m e  as 
t h e  Fuoss  (1975) e q u a t i o n  (11) e x c e p t  fo r  t h e  use  of 
n e w  e x p r e s s i o n s  f o r  R X  a n d  E L  d e r i v e d  b y  F u o s s  h i m -  

se l f  i n  h i s  mod i f i ed  v e r s i o n  (12) of  t h e  c o n d u c t a n c e -  
c o n c e n t r a t i o n  r e l a t i on .  T h e  i n t r o d u c t i o n  of t he  t e r m  a, 
as  s u g g e s t e d  b y  F u o s s  (12) ,  a n d  c o n s e q u e n t l y  t h e  r e -  
p l a c e m e n t  of  v b y  [1 - - a ( 1  --  r ) ]  i n  Eq. [1] a n d  KA b y  
KR/(1  -- ~) i n  Eq. [2] s e e m  to be  r e d u n d a n t .  Hence ,  
t h e s e  w e r e  a v o i d e d  i n  o u r  p r e v i o u s  p u b l i c a t i o n s  (3, 4) 
also. T h e  r e a s o n  fo r  t h i s  is as fo l lows:  Fuoss  in  h i s  
r e c e n t  p u b l i c a t i o n  (12) mod i f i ed  h is  p r e v i o u s  e q u a t i o n  
(11) fo r  t h e  c o n d u c t a n c e - c o n c e n t r a t i o n  r e l a t i o n  in  two  
ways ,  His  f i rs t  m o d i f i c a t i o n  w a s  t h e  c h a n g e  i n  c e r t a i n  
b o u n d a r y  c o n d i t i o n s  i n  t h e  d e r i v a t i o n  of t h e  e x p r e s -  
s ions  fo r  t h e  r e l a x a t i o n  a n d  h y d r o d y n a m i c  t e r m s .  Th i s  
c h a n g e  r e s u l t e d  i n  d i f f e r e n t  v a l u e s  of t h e  coeff ic ients  
of i n t e r p o l a t i o n  f o r m u l a s  fo r  R X  a n d  EL as c o m p a r e d  
to t h e  p r e v i o u s  o n e  (11) .  Th i s  c h a n g e  h a s  b e e n  i n c o r -  
p o r a t e d  b y  us  w h i l e  u s i n g  t h e  e q u a t i o n s  fo r  t h e  a n a l -  
ysis  of  t h e  c o n d u c t a n c e  d a t a  of  p r e s e n t  a n d  p r e ~ i o u s  
s t u d i e s  (3, 4) also. His  s e c o n d  m o d i f i c a t i o n  was  r e g a r d -  
i n g  i o n  pa i r s .  A c c o r d i n g  to this ,  a l l  t h e  ions  fo r  w h i c h  
c e n t e r - t o - c e n t e r  d i s t a n c e  r is i n  t h e  r a n g e  a ~ r  ~-- R 
a r e  d e s i g n a t e d  as d i f fus ion  pa i r s ,  w i t h  c o n c e n t r a t i o n  
c (1  --  v).  A l l  t h e s e  ion  p a i r s  w e r e  c o n s i d e r e d  as  n o n -  
c o n d u c t i n g  i n  Fuoss '  p r e v i o u s  t r e a t m e n t  (11) ,  b u t  i n  
h i s  r e c e n t  p u b l i c a t i o n  (12) t h e s e  d i f fus ion  p a i r s  a r e  
d i v i d e d  i n to  two  subse t s ,  d i p o l a r  p a i r s  a n d  v i r t u a l  
d ipoles .  I t  h a s  b e e n  a r g u e d  t h a t  o n l y  a f r a c t i o n  a of 
d i f fus ion  p a i r s  [i.e., c~(1  - -  v ) ]  d i f fuse  to c o n t a c t  to 
f o r m  n o n c o n d u c t i n g  d i p o l a r  p a i r s  ( c o n t a c t  pa i r s ,  r = 
a ) ,  t h e  r e s t  of t h e  d i f fus ion  p a i r s  ( v i r t u a l  d ipo le s )  t a k -  
i ng  p a r t  i n  c o n d u c t a n c e  in  a d d i t i o n  to f r e e  ions.  Thus ,  
a f r a c t i o n  [I  - -  ~ ( I  - -  v)]  of  t he  t o t a l  ion ic  c o n c e n t r a -  
t i o n  t a k e s  p a r t  i n  c o n d u c t a n c e  i n s t e a d  of  v as i n  
p r e v i o u s  t r e a t m e n t  ( I i ) .  T h e  i n t r o d u c t i o n  of  th i s  n e w  
t e r m  a, t h e r e f o r e ,  r e s u l t e d  i n  t h e  r e p l a c e m e n t  of  v b y  
[1 --  ~(1  --  v ) ]  i n  Eq.  [1] a n d  KA b y  K R / ( 1  --  a)  i n  
Eq.  [2]. B u t  in  o u r  op in ion ,  a l l  of  t h e  ion  pa i r s ,  i f  t h e y  
a r e  a t  a l l  c o n s i d e r e d  as pa i r ed ,  s h o u l d  b e  t a k e n  as n o n -  
conduc t i ng ,  o t h e r w i s e  i f  t h e y  a r e  c o n d u c t i n g  t h e r e  is 
no  r e a s o n  w h y  t h e y  s h o u l d  b e  a c c o u n t e d  as p a i r e d  ions  
so f a r  as  c o n d u c t a n c e  p r o p e r t y  is c o n c e r n e d .  I n  a d d i t i o n  
to  this ,  t h e  d i s t a n c e  p a r a m e t e r  R i n t r o d u c e d  in  t h e  
Fuoss  (1975) e q u a t i o n  is b y  de f in i t i on  " t h e  a v e r a g e  
r a d i u s  of  t h e  s p h e r e s  c o n t a i n i n g  p a r t n e r  ion  fo r  p a i r 6 d  
i ons"  a n d  t h e s e  ions  a r e  e x c l u d e d  f r o m  the  p o p u l a t i o n  
of  f r e e  ions  t a k i n g  p a r t  i n  c o n d u c t a n c e .  S ince ,  t h i s  R 
v a l u e  is d e r i v e d  f r o m  t h e  e x p e r i m e n t a l l y  o b s e r v e d  

Table I|. Conductance data in formamide-water system at 25~ 

Lithium b r o m i d e  

1O~c/mole A/Scm ~ 10~c/mole A/Scm~ 104c/mole A/Scm ~ 1o~c/mole A/Scm'-' 
dm-a mole-1 dm-a mole-1 dm-a mole-1 dm -a mole -~ 

lO ,c /mole  A/Scm u 
dm-a mole-1 

19 m/oF 

971.870 68.10 
927.700 68.36 
878.870 68.72 
824.620 69.21 
763.980 69.96 
695.770 70.69 
618.460 71.82 
533.419 73.01 
428.160 74.80 
371.080 75.98 
309.230 77.30 
242.010 79.66 
168.670 81.16 

25 m/oF 40 m/oF 50 m/oF 70 m/oF 

943.100 59.59 941.352 49.48 958.054 42.50 967.551 32.37 
693.462 59.86 891,801 49.59 907.622 42.65 916.621 32.43 
838.311 60.25 836.753 49.70 851.603 42.63 860.042 32.62 
776.673 60.64 775.224 49.63 783.961 43.62 796.804 32.75 
707.324 61.15 706.010 50.68 718.532 43.28 725.663 33.02 
628.736 61.70 627.561 50.49 638.704 43.49 645.030 33.30 
533.917 62,47 537.915 50.80 547.451 43.88 552.681 33.67 
435.272 63.39 434.460 51.31 442.172 44.36 446.562 34.10 
377.241 63.95 376.543 51.72 383.223 44.63 387.025 34,39 
314.360 64.70 313.782 52.12 319.351 45.00 322.514 34.74 
246.023 65.53 245.662 5237 249.926 45.45 252.406 35.15 
171.471 66.67 171.151 53.50 174.19Z 46,02 175.917 35.72 

Cesium bromide 

10,c/mole A/Scm ~ 
dm-3 mole-1 

104e/mole  A / S c m  2 10ac/mole A / S c m  ~ 1O~c/mole A / S e m  2 104c/mole A / S c m  ~ 
dm-a mole-1 dm ~ mole-1 dm-a mole-I dm-a mole-1 

10 m/oF 25 m/oF 40 m/0F 50 m/oF 70 m/oF 

991.051 115.95 
938.882 116.42 
880.933 117.10 
816.153 117,72 
743.285 118.52 
660.702 119.67 
566.316 121.10 
457.407 123.08 
396.421 124.38 
330.352 125.95 
258.530 127.80 
180.192 139.20 

963.851 98.17 964.550 81.20 963.401 69.85 961.251 52.14 
913.123 98.30 913.760 81.39 912.693 70.~5 911.602 52.37 
658.634 98.56 857.371 81.63 856.351 70.27 855.331 52.59 
793.756 98.88 794,332 82.01 793.385 70.51 792.443 52.64 
722.881 99.20 723.411 82.41 722.552 70.95 721.680 53.17 
642.560 99.81 643.033 82.97 642.231 71.38 641.501 53.53 
550.772 100.61 551.171 83.64 550.510 72.00 549.852 54.03 
444.852 101.73 445.172 84.60 444.643 72.82 444.113 54.67 
385.543 102.46 385.820 85.21 365.352 73.63 384.901 55.10 
321.264 103.42 321.512 85.97 321,131 74.04 320.750 55.58 
251.431 104.61 251.621 86.86 251.326 74.85 251.025 56.13 
175.246 106.15 175~74 88.05 175.163 75.94 174.953 66.90 
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Table IlL Conductance parameters 

F o r l n ~ o  
m i d e  

(m/o) D ao KA K~ "c....,~) R R * c . , ~ )  ~/2 o" (%)  Ao~ 

L i t h i u m  b r o m i d e  

0 78.39 116.88 . . . .  1.041 
10 88.03 91.41 • 0.14 2"~0 1.903.18 2.36 1.18-4.25 3.'~8 0.170 0.909 
25 98.17 73,01 +--- 0.06 1.35 1.30-1.41 6.35 5.83-7.00 2.85 0.025 0.868 
40 105.28 57.99 • 0.04 0.50 0.00-0.22 3.15 3.15-4.22 2.66 0.119 0,828 
50 108.40 49.86 - -  0.05 0.50 0.45-0.57 6.73 6.15-7.64 2.59 0.038 0,802 
70 111.18 38.95 ~-- 0.03 0.50 0.00-0.82 1.46 1.46-5.40 2.52 0.067 0.820 

100 102.58 2 . 5 . 9 0  . . . . . .  0.852 

C e s i u m  b r o m i d e  

0 78.39 155,37 . . . .  1.383 
I0 88.03 141.69 • 0.16 1.20 0.7~-1.64 1.99 I.I~.45 3.18 0.128 1.409 
25 98.17 113.24 ~ 0.22 0.30 0.00-0.74 2.20 1.33-4.45 2.85 0.225 1.348 
40 105.28 93.96 • 0.08 0.40 0,08-0.70 2.15 1.12-3.77 2.66 0.100 1.342 
50 108.40 81.07 "4" 0.10 0.50 0.00-0.88 2.37 0.70-4.72 2.59 0,145 1.305 
70 111.18 60.00 ~ 0.02 0.50 0.26-0.74 2.08 1.20-3.37 2.52 0.031 1.281 

100 109.58 30.60 . . . . . .  1.007 

�9 X( r anze )  (X = K A  o r  1~) corresponds  to ~ ~ 1.1 r while others are best-fit v a l u e s  c o r r e s p o n d i n g  to ~ = ~m~u,. 

values of conductance, it is obvious that  this R includes 
only nonconduct ing ion pairs. Due to these reserva-  
tions, the changes due to  in t roduct ion of the term 
have not  been  incorporated in  Eq. [1] and [2] in  the 
present  work as well  as in  previous publicat ions (3, 4). 

The viscosity var iat ion with composition of the sol- 
vent  mixtures  is represented in Fig. 2. As is clear from 
the figure, viscosity of this b ina ry  mix ture  increases 
monotonical ly  wi th  the increase of formamide content  
in  the solyent mixture.  No m i n i m u m  or max imum was 
observed in  the viscosity indicat ing total absence of 
s t ructural  enhancement  of ei ther  of the components by 
the presence of the other in  this b inary  mixture.  How- 
ever, the viscosity curve is s l ightly concave upward  in-  
dicating a small  negative deviation from the ideal be-  
havior, contrary to dialkylated amide-water  mixtures  

w h i c h  show positive deviations (2-4). A similar  dif- 
ference between formamide-water  and disubst i tuted 
amide-wate r  mixtures  has been observed in respect to 
other  properties such as molar  excess heat capacities 
(18):  dielectric constants (10), and  reorientat ional  
correlat ion times of the const i tuent  molecules (14) of 
these b inary  mixtures.  This negative deviation in 
viscosity of fo rmamide-water  m i x t u r e s  shows the 
s t ruc tu re -break ing  effect, a l though to a very  small  
e x t e n t ,  of ei ther  of the components  on the o ther  one of 
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Fig. 2. Variation of viscosity of the solvent, "q, and limiting 
equivalent conductance, Ao, with composition of the solvent mix- 
tures. A-- ; B--Ao(CsBr); C---Ao(LiSr). 

the solvent mixtures.  Rohdewal and Moldner (10) 
proposed loose association between formamide and 
water  molecules because according to their conclusion 
there is an association between amide and water  mole-  
cules in  general  and the sign of the deviat ion depends 
on the s t rength of the hydrogen bond and ordering of 
the solvent dipoles. Rupley (t5) has suggested that  
formamide molecules disrupt  the s tructure of water, 
which was corroborated subsequent ly  by Hinton  and 
Ladner  (16) on the basis of NMR shifts of w a t e r  pro- 
tons with increas ing  amount  of formamide. Visser and 
Samson (13) observed negative molar  excess heat 
capacities for different solvent composition of this 
b inary  mixture,  which indicated the s t ruc ture-break-  
ing effect of formamide on water. 

In  the l ight of these conclusions drawn by  previous 
workers, coupled With the consideration of the present  
findings, it can be concluded that  formamide mole-  
cules have a dist/nct influence on breaking the s t ruc-  
ture of water  primari ly,  followed by the individual  
water  molecules getting loosely associated with 
formamide molecules through hydrogen bonding, re- 
suit ing in an overall  sl ightly less s t ructured solvent 
than that expected from an ideal behavior. Hydrogen 
bond energies in the case of 

H H 
/ \ 

H~N--C. and 

"H H O 

\o I 
I H 

N 

a r e  almost the same (17). This may  be one of the rea-  
sons for higher compatibi l i ty of the two solvents. 

'The var iat ion of l imi t ing equiva lent  conductance, io, 
with solvent composition for each of the salts studied is 
shown in  Fig. 2. Values of Ao for these sa!ts in  pure 
water  (18) and in  pure formamide (19) were taken 
from li terature.  As can be seen from Fig. 2, the l imi t -  
ing equivalent  conductance decreases with the corre- 
sponding increase in the viscosity of the solvent mix-  
ture, bu t  variat ion is no~ such that i t  can give a con- 
s tant  value of the Walden product, Ao~. In  any  given 
solvent mix ture  Ao(CsBr) > Ao(LiBr), which can be 
at t r ibuted to the s t ruc ture- forming effect of cations 
( B r -  being common anion) .  The predominant  s truc-  
tu re -break ing  effect of Cs + is well known and this 
leads to greater  mobil i ty  of Cs +. Correspondingly Li +, 
having a high surface charge density, is highly struc- 
ture  forming, thu~ resul t ing in  less mobility. 
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For both the alkali bromides, the Walden product 
does not  show constancy with the change in solvent 
composition (Fig. 3) showing appreciable ion-solvent  
interactions. The curve showing the variat ion of ho~l 
with solvent composition is sl ightly concave downward 
for CsBr while it  is concave upward  (passing through 
a min imum)  for LiBr. This difference is expected be-  
cause Li + is a s trong s t ructure  former while Cs + is a 
s t rong s t ructure  breaker.  The trend in ho~ with the 
increase of formamide content  in the solvent mixture  
shows that  ions are preferent ia l ly  solvated with 
formamide resul t ing in smaller  ionic mobil i ty  than 
that expected due to change in  the solvent viscosity. In 
the water - r ich  solvent composition region this prefer-  
ential  solvation is more pronounced in the case of LiBr, 
resul t ing in a more sudden decrease in  Walden prod- 
uct, than in  the case of CsBr for which ho~ decreases 
slightly. This i s  possibly because of the stronger 
s t ruc ture- forming effect of Li + than Cs +. Now if we 
look into the t rend in  the formamide-r ich  region, the 
variat ions of Ao~ for these two salts are opposite to 
each other. Ao~ decreases in case of CsBr whereas it 
sl ightly increases for LiBr. This indicates that prefer-  
ential  solvation of CsBr with formamide is effective in 
the same direction with the increase of formamide 
content  in solvent  mixture  right up to pure formamide 
and the sudden decrease in the highly formamide-r ich 
region is possibly due to formamide molecules being 
larger  than those of water. The ion solvated with 
formamide molecules will result  in  a larger mobile 
ent i ty  giving less mobil i ty than the same ion solvated 
by  even the same n u m b e r  of water  molecules. In the 
case of LiBr the slight increase in Ao~ in  the form- 
amide-r ich region (beyond 50 m/o  formamide) after 
passing through a m in imum clearly indicates that the 
mode of solvation in this case is different from that  in 
the case of CsBr. I n  the light of Hemmes proposition 
(20) the min imum in Ao~ for LiBr indicates the exist- 
ence of more than one type of solvated complex. How- 
ever, it  seems difficult to decide the actual modes of 
solva~ion in  water - r ich  and formamide-r ich  solvent 
regions responsible for the reverse t rend observed in 
ho~ in  these two regions. In  addit ion to this, the free 
volume availa~ble between solvent molecules due to 
discrete'~tru.cture of the s.ol'vent as proposed by Aprano 
and Fuoss (21) may be effective in  the case of Li + 
because of its sma l l e r  size in  comparison to the solvent  
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Fig. 3. Variaton of Walden product with composition of the 
solvent mixtures. A, CsBr; B, LiBr. 

molecules and may be an additional factor for the non-  
constancy of ho~. 

While going through the l i terature,  i~ was found 
that various reasons have been proposed from time to 
time to explain the variat ion of Walden product with 
the composition of mixed polar solvents. Attempts  have 
been made by many  workers to give the mathematical  
t rea tment  to these physical reasons for the noncon- 
s tancy of Walden product, bu t  no one has succeeded in 
establishing a single satisfactory relat ion between 
Walden product and solvent properties of mixed 
solvents which could explain quant i ta t ively  the ob- 
servation made for the various types of systems. 
Zwanzig in his recent t rea tment  (22) gave a relat ively 
more accurate expression; however, this expression 
also could account only for the variat ion of Walden 
product  With solvent composition, but  fails to account 
for ma x i mum and /o r  m i n i m u m  in Walden product. The 
Iatest a t tempt  claimed to be an improved version of 
Zwanzig's t rea tment  (22) has been made by Hubbard 
and Onsager (23), but  this t rea tment  was still  within 
the f ramework of cont inuum mechanics which has 
already been questioned (21). Furthermore,  the 
Hubbard-Onsager  equation was tested by Evans et al. 
(24)  and some inconsistencies and marked deviations 
from exper imental  data have been shown, par t icular ly  
for smaller  ions for which theory was expected to be 
more accurate. Keeping all these in view, it can be 
concluded that specific ion-solvent  interactions, which 
are ra ther  difficult to account for theoretically, play an 
impor tant  role resul t ing in the var iat ion of Walden 
product, and without  giving due consideration to this 
effect it seems difficult to derive a theoretical expres-  
s.ion to explain the observations successfully. 

I t  can be seen from Table III that  in all  cases the 
association constants are almos't negligible (KA < 4.0) 
which shows that  both salts are completely ionized 
practically in  all the solvent mixtures  studied. This is 
according to expectati6n because of the high dielectric 
constants of the solvent mixtures.  It is general  practice 
that  if KA < 10, numerica l  values of KA are not taken 
seriously and electrolyte is considered to be com- 
pletely ionized practically. However, recent ly Aprano 
et al. (25) at tempted to find out the physical signifi- 
cance, ra ther  than the mathematical  parameter  only, of 
an association constant  even if it  is less than 10, bu t  
could not arr ive at any  useful conclusion. Variat ion of 
R with reciprocal of the dielectric Constant of the 
solvent mixtures  is shown in Fig. 4. Dotted lines rep-  
resent  the variat ion of Bje r rum distance ~/2. Per-  
pendicular  lines in this plot show the range of R values 
corresponding to ~ ~ 1.1~mm. (a realistic estimate which 
can reproduce the data within 1.1~min.) and circles cor- 
respond to the best values (= = ~min.). It  can be seen 
from Fig. 4 that  the best-fit R values in the case of 
CsBr are almost constant (2.18 _ 0.19A) throughout  
the solvent  compositions, whereas no systematic t rend 
was observed for LiBr, In  spite of being unambiguous ly  
best values, these are too small  in the case of CsBr to 
be physically meaningful .  Since R is the measure of the 
extent  of the influence of ionic charge in the solvent 
and consequently the extent  of ionic association, R and 
KA values are expected to decrease with the increase of 
dielectric constant of the solvent mixtures  up to a 
certain l imit  where ionic association is almost negli-  
gible (K _~ 0) and R attains a m i n i m u m  value. Beyond 
this dielectric constant of the solvent mixtures,  no 
fur ther  decrease in R is expected with the increase of 
dielectric constant. On this basis, it  can be said that in 
solvent mixtures  of sufficiently high dielectric con- 
stants (lowest being ~88) studied in present  work, 
small  as well  as almost constant  values of R are ex- 
pected throughout  the solvent compositions. This ex- 
pected constancy in R is supported by present  results 
for CsBr as weII as for t e t raa lky lammonium bromides 
studied previously (1) in" the same solvent mixtures.  
Thus, the trend in R is in accordance with the expecta- 
tion. However, the values of R, at least for CsBr, are 
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Fig. 4. Variation of pairing radius R with reciprocal of the dielec- 
tric constant of the solvent mixtures. A, LiBr; B, CsBr. Dotted lines 
represent fl/2. 

unreasonab ly  small .  Even in ex t reme  case, the  values 
of R should  never  be less than  the lower  l imit ,  the sum 
of  the  c rys ta l lographic  radi i  of t h e  const i tuent  ions of 
the  e lec t ro ly te  (3.64A for CsBr) .  Thus best-f i t  R 
values  for CsBr are  ha rd ly  acceptable.  This makes  i t  
necessary  to look for an a l ternat ive .  F rom Fig. 4 and 
Table  III,  i t  is c lear  tha t  wide ranges of R values can 
reproduce  da ta  equa l ly  wel l  (wi th in  1.1r so any  
va lue  in  tha t  range  can be accepted.  S imi la r  wide 
ranges  of accep tab le  R values  have  been observed in 
our  previous  s tudies  (3, 4) also. But this leads to an-  
o the r  difficulty in assigning any definite value  of R for 
a pa r t i cu l a r  system, thus mak ing  i t  difficult to d r a w  any  
definite conclusion on the basis of these R values. Also, 
wide  ranges of acceptab le  R values  observed in presen t  
as well  as in  previous  works  (3, 4) c lear ly  indicate  the 
insens i t iv i ty  of  goodness of fit to the p a r a m e t e r  R of 
the  model.  The same has been not iced by  Fuoss (12) 
also. Al though,  i t  has been  ment ioned  in the paper  by  
Fuoss (12) tha t  da ta  in  d i o x a n e - w a t e r  mix tu res  for 
some e lec t ro ly tes  have been ana lyzed  by  Fuoss (1978) 
equation,  bu t  the va r ia t ion  of R wi th  dielectr ic  con- 
s tant  of the solvent  mix tu re  has not been given. No 
o ther  papers  we have come across analyzed  the da ta  
by  the same equation.  So due to lack of l i t e r a tu re  data,  
i t  is not possible to make  any corre la t ion  with  our  re -  
sults and same is the reason for not  being able  to come 
to any  definite con clusion at  this s tage about  R values  
de r ived  by  using Fuoss (1978) equation.  
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Technical1 Notes 

The Application of as a Cathode 
in Nonaqueous Lithium Cells 

Benjamin Reichman* and Allen J. Bard* 
Department o] Chem~try, The University o~ Texas at Austin, A~tin,  Texas 78712 

Materials that undergo intercalat ion or topochemical 
reactions with Li have been investigated actively in 
recent years as candidates for cathodes in nonaqueous 
cells (1-3) .  The desired properties for such materials  
include good conductivity, a high free energy of reac- 
tion wi th  Li, and min imal  s t ructural  change on reaction 
leading to the possibility of repeated charging and dis- 
charging of the electrodes without  pe rmanen t  changes 
or decomposition. Intercalat ion involves the interst i t ial  
in t roduct ion of Li into the host compound, such as with 
the layered compound TiS~ (4, 5). The reaction of most 
other materials  with  Li is topochemical and involves 
larger s t ructural  modifications. For example, topo- 
chemical reactions occur with some transi t ion metal  
oxides  such as V zO5 (4, 6, 7), the layered MoO3 (4, 8- 
11), TiO~ (4, 7, 12), WO3 (13, 14), and MnO2 (9). We 
recently  found that Li reacts with Nb2Os, and that  upon 
electrochemical reduction of Nb205 films on Nb metal  
in  acetonitrile solutions containing LiC104, a dark blue 
color appeared on the electrode surface (15). The blue 
color could be bleached ~upon oxidation and could be 
cycled repeatedly, thus suggesting possible application 
to electrochromic display devices (15). Similar  experi-  
ments  have been performed with sputtered and chemi- 
cally vapor deposited Nb205 (16). We report  here pre-  
l iminary  electrochemical studies of the cells Li/LiC104 
(1M), propylene carbonate (PC)/Nb2Os. Measure- 
ments  of  the cell voltage as well as the stoichiometry 
of the Li-Nb205 reaction provided thermodynamic  in -  
formation about the reaction. The behavior of the 
system upon charging and discharging was also invest i-  
gated. 

Experimental 
The Nb205 electrode was  prepared by heat ing Nb 

metal  to 550~ in  air. By this t rea tment  a white layer  
of Nb205 formed on the Nb metal. The amount  of 
oxide was determined by weighing the sample before 
and after the thermal  oxidation process. The electrical 
contact was made with a Cu wire attached with silver 
epoxy cement to the Nb substrate. The Li anode was 
Li wire of ~3  m m  diam. The electrodes were as- 
sembled in  a sealed cell which contained 1M LiC104 
in propylene carbonate (PC) solution in a glove box 
under  an He atmosphere. All electrochemical measure-  
ments  were carried out with the cell in the glove box. 
The LiC104 PC solution was prepared in the glove box 
from LiC104 �9 H20 (AR grade, G. F. Smith Company) 
which had been dried at l l0~  under  vacuum for three 
days. The PC was allowed to stand for four days over 
molecular  sieves (4A) and then was distilled twice 
under  vacuum onto molecular  sieves; the fraction col- 
lected at 65~ (vacuum 0.4 Torr) was used. The PC 
was then degassed by three f reeze-pump- thaw cycles 
and was stored in the glove box over molecular  sieves. 
The cell was discharged (see Eq. [1]) across a con- 
s tant  external  

~ Electrochemical Society Active Member. 
Key words: cathode, cell, emf. 

dischg. 
xLi + Nb205 ~ ~- LixNb~O5 [1] 

chg. 

load resistance and its voltage was measured with a 
recorder through a voltage-follower circuit; the current  
was measured via a current - to-vol tage  converter  to a 
recorder. The r voltage as a funct ion of x (where x 
is the Li/Nb20~ mole ratio) was measured on discharge 
as follows: the cell was slowly discharged across a 
constant  external  load resistance (10 k12) and x was 
determined by  in tegrat ion of the current .  The dis- 
charge process was in ter rupted  at different stages and 
the open-circui t  voltage was measured after the system 
reached equi l ibr ium (several hours to one day).  The 
cell was charged at constant  current  (0.1 mA) with a 
Pr inceton Applied Research (PAR) potentiostat, 
Model 173. The x - ray  powder diffraction pa t te rn  was 
obtained with a Phill ips Norelco x - r ay  diffractometer 
using Cu K~ radiation. 

Results and Discussion 
The open-ci rcui t  voltage of a cell composed of an 

Nb205 (cathode) and Li (anode) as a funct ion of x is 
shown in  Fig. 1 (a). The molar  free energy, hG, in -  
volved in  the cell reaction is also shown in the figure. 
The ini t ial  open-circui t  voltage of the cell, 2.8V, was 
constant for at least two weeks to wi th in  • 0.02V as 
was the cell voltage for other x values. The calculated 
emf for the reaction 

2Li + Nb205 --> Li20 + Nb204 [2] 

is only  1.37V (based on the known values of AG ~ for 
Li20 ( ~  133.8 kcal /mole) ,  Nb205 (--426.4 kcal /mole) ,  
and Nb204 (--355.8 kcal /mole)  (17, 18). This is lower 
than the open-circui t  voltage measured in  any of the 
Li/Nb205 cells constructed. Thus the cell reaction is 
more probably the topochemical reaction of Eq. [1], 
as was suggested for V205, MOO3, and TiO2 (4, 8, 11, 
12). 

Upon increasing x, the cell voltage decreased at 
lower x values, but  when x at ta ined the value of N0.4 
it  remained almost constant  at ~1 .7~  unt i l  x ,-- 1.5. The 
constant cell voltage suggests equi l ibr ium between two 
phases in this region. Prior to this region only a single 
phase of nonstoichiometric LizNb205 exists as indicated 
by the decrease of the voltage with increase in  x. The 
equi l ibr ium existing be tween two different phases in  
the cathode mater ia l  is also reflected in the discharge 
curve under  load shown in  Fig. l ( b ) .  Again a sharp 
decrease in cell voltage is observed in the region of 
lower x values. The cell voltage then remains almost 
constant unt i l  the sharp decrease when x reaches 1.5. 
The sharp drop at x ,-- 1.5 is probably caused by  a 
sudden decrease in  the diffusion coefficient of Li in  the 
cathode mater ial  (1). For this exper iment  0.02g Nb20~ 
electrode mater ia l  was used [in the form of a th in  
film (20) ]. The t ime scale is indicated in  the upper  axis 
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Fig. 1. Voltage of the cell Li/1M LiCIO4, propylene carbonate/ 

Nb205 as a function of x (moles Li discharged/mole Nb2Os): (n) 
open-circuit values during discharge of Nb205 ( $ )  and recharge of 
LixNb~O5 ( . . . . .  ). The 4G values related to these experiments are 
shown on the right ordinate; (b) cell voltages during discharge 
across a load resistance of 10 k ~  0.02g Nb205 formed on Nb by 
air oxidation was used in this experiment. The upper abscissa of the 
figure is the discharge time. 

of Fig. 1; note that  about  25 hr  was required to com- 
plete the discharge at this load. Since saturat ion oc- 
curs only after reaction with ,~1.5 equivalent  of Li, 
the capacity of the Li/Nb205 cell is high (0.15 A-h r /g )  
and its theoretical energy density based on the ini t ia l  
open czrcuit (2.8V) is ~500 W - h r / k g ;  the more prac-  
tical energy density based on the discharge curve 
shown in  Fig. l ( b )  is ,~230 W-hr /kg .  Values of x 
higher than 1.0 have also been found for other oxides 
l ike MoO3 (7, 10) (x ---- 1.5), V20~ (4, 7) (x ~- 2), and 
WO3-~ (14) (x ---- 1.5). The fact that  a new phase of 
LixNb205 is formed when the value of x increased 
over ,~0.4 was also suggested by the x - r ay  diffraction 
pat terns shown in Fig. 2. The x - r ay  pa t te rn  of the 
cathode mater ia l  after  charging to sa turat ion (x : 
1.6) [Fig. 2 (b ) ]  is different from that  taken with the 
fresh electrode mater ia l  [Fig. 2(a) ] .  The pa t te rn  of 
Fig. 2(a) is s imilar  to the known one for Nb205 (19). 
Some of the x - r ay  peaks in the diffraction pa t te rn  of 
fresh cathode mater ia l  are shifted with respect to 
those of the electrode mater ia l  after complete dis- 
charge. Moreover some new peaks appear in the x - r ay  
pa t te rn  of the discharged electrode. The peaks which 
appear at 28.2 ~ 63.4 ~ and 49.7 ~ (NbeO5 peaks) shift by  
about 1 ~ to lower diffraction angles in  the discharged 
electrode while the peaks at 36.3 ~ and 42.5 ~ (Nb2Os) 
in Fig. 2(a) are shifted by about 1.5 ~ towards lower 
angles in 2(b) .  New peaks appear at 30 ~ 35 ~ 52% 53 ~ 
74.8 ~ and 78 ~ The shift in some diffraction angles of 
the original NbeO5 can probably be a t t r ibuted to 
some distortion in the s t ructure  of the Nb205 lattice 
as more Li is inserted into the lattice to form the non-  
stoichiometric LixNb2Os, as is observed for LixTiS2 
(4). The new peaks which appear in Fig. 2(b)  indi-  
cate formation of different phase, e.g., LiNb~O.~, which 
is the phase in equi l ibr ium with the Nb2Os. This com- 
pound is formed dur ing  the discharge of the cell in 
the region where the cell voltage plateau occurs. 

Experiments  were also carried out to s tudy the re-  
versibi l i ty of the cell. Upon charging the cell after 
complete discharge, only about 20% of the charge 
could be recovered; decomposition of the solvent 
started to take place at a charging voltage of --- 5V 

(a) 

x 4  

Ci N b205 ] V 

, , , 
4 6  42  3 7  35 3 0  2 6  

I. \ LiNI~20 $ } ~ ! 
LiNb205 / ~ \  r "% / ~]r ~. 

74 6 4  62  59 57 52 48  

2O 
Fig. 2. X-ray diffraction pattern of (a) Nb205 electrode before 

discharge and (b) cathode material after complete discharge. 

(applied charging current,  0.1 mA).  The cell voltages 
(open circuit) as a funct ion of x, measured dur ing 
charging (broken line in  Fig. 1) were different than 
those obtained during discharge. Upon fur ther  dis- 
charge-charge cycles the charge recovered in the 
charging cycles decreased fur ther  from cycle to cycle. 
The capacity lost is probably  caused by  the very  
low rate of oxidation of the LiNb20~ phase which 
was formed dur ing the discharge. Because of this 
low rate (high energy of activation for oxidation),  
higher voltages are needed for the charging process 
at reasonable cur ren t  densities. However, the oxi- 
dation of the solvent  itself occurs at voltages lower 
than that  required to complete the oxidation of the 
electrode so that a loss of capacity is observed. This 
mechanism for capacity loss was clearly addressed by 
Wit t ingham (4) and others, and it usual ly  occurs in 
cases where a new phase is formed dur ing the dis- 
charge process. The oxidation of this phase probably 
involves a high activation energy and< is very diffi- 
cult  to accomplish without  decomposition of the sol- 
vent. This is in contrast to the highly reversible 
layered dichalcogenide cathodes, e.g., TiS2 and others 
(1, 4), where no phase t ransi t ion occurs dur ing the 
discharge and where only a single nonstoichiometric 
compound LixTiS2 is formed with only a slight change 
in the lattice structure. Note that  in our experiments  
with Nb~O5 no a t tempt  was made to optimize the 
properties of the active material.  It  has been previ-  
ously shown that slight changes in  the crystal s truc-  
ture, crystalli te size, and method of preparat ion of 
cathode mater ia l  can often improve significantly the 
cell performance, both in terms of capacity and re-  
versibil i ty (3, 12) as was found, for example, with 
V6013 (4, 21). 

Conclusion 
Li can be introduced in a topochemical reaction into 

Nb2Os. P re l iminary  experiments  show that  a cell 
based on this reaction has a high open-circui t  voltage 
(2.8V) and energy density. The reaction of the cell 
involves a phase t ransi t ion in the cathode material ,  
so that  the cell voltage shows a plateau dur ing dis- 
charge at ~ 1.7V. Only about  20% of the capacity can 
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be recovered upon recharge, however, and this poor 
reversibil i ty of the cell will prevent its use as a sec- 
ondary one. However, different methods of material  
preparation may lead to changes in the lattice struc- 
ture of the cathode material  to make it a more open 
one, which can accommodate Li ions and improve the 
cell reversibility. 
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Transport of Oxidant in Molten Na SO  in 
O -SO -SO  Environments 

David A. Shores* and W. C. Fang **'I 

Genera~ Electric Research and Development Center, Schenectady, New York 12301 

In the NaeSO4-induced hot corrosion of superalloys 
the main corrosion products are oxides and, to a 
lesser extent, sulfides. On susceptible alloys a small 
amount of salt can produce a relat ively large quantity 
of corrosion products, demonstrating that the salt, for 
the most part, is not consumed by the corrosion re- 
action. Rather, oxidant is supplied by the gas phase. 
Thus, an important  step in the overall  hot corrosion 
reaction is the transport  of oxidant through a layer 
of liquid salt. A knowledge of transport  rates is needed 
to decide whether gradients of oxidants will exist in 
the salt film for a part icular  set of conditions. Oxidant 
gradients are a k e y  part  of the early theory of hot cor- 
rosion fluxing developed by Goebel and Pet t i t  (1), and 
also of the recent theory of Rapp and Goto (2), that 
proposes a negative gradient of solubility of corrosion 
products as a criterion of sustained attack. The pur-  
pose of the present work was to identify which species 
would provide the predominant flux of oxidant through 
molten Na2SO4 in O2-SO2-SOa environments and to 
measure its diffusivity. 

Transport rates of oxidant through Na2SO4 have been 
determined from the limiting cathodic current den- 
sities observed in polarization experiments. A three- 
electrode cell, shown schematically in Fig. 1, has been 
used with Pt (or Au) foil for the working and counter- 
electrodes and an Ag wire dipping into an Na2SO4 melt 
contained in a mulli~e tube as the reference electrode 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member .  
*" E l ec t rochemica l  Socie ty  Student  Member .  
Z P r e s e n t  address:  D e p a r t m e n t  of Meta l lu rg ica l  Engineer ing ,  

Ohio State  Univers i ty ,  Columbus,  Ohio 43210. 
Key words:  corros ion ,  alloy,  sal ts .  

(3). The Pt or Au foils were cemented (Aremco 552 
cement) to the bottom of the crucible. The thickness of 
the salt was determined from the geometry of the cell, 
the amount of salt added, and the density of liquid 
Na2SO4 at temperature. Cathodic polarization runs 
were carried out with high puri ty Na2SO4 (99.999%) 
at 896~ with a scan rate of 0.33 mV/sec. Several runs 
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Fig. 1. Schematic diagram of experimental polarization ceil 
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were  car r ied  out  in O3 + 0.15% (SO~. + SOs) wi th  sa l t  
thicknesses  rang ing  f rom 0.022 to 0.24 cm. In  addit ion,  
for a given sal t  thickness l imi t ing currents  were  de te r -  
mined  as a funct ion of 'Psos + Po~ ~ 1.0 a tm a n d  as  a 
funct ion of  Psos -P Pos at  Pso2 --~ 1.0 arm. Because gas 
phase  O2-SO2-SOz react ions a r e  known  to be slew, a P t  
ca ta lys t  was p laced  in the gas in le t  tube  (shown in 
Fig. 1) to insure  equi l ibrat ion.  

The shape  of the polar iza t ion  curves obta ined  f rom 
t h e s e  exper iments  was typica l  of concentra t ion po-  
lar izat ion.  The l imi t ing  cur ren t  dens i ty  i n c r e a s e d  as  
the  thickness of the  sa i l  l aye r  decreased.  A plot  of the  
l imi t ing  cu r ren t  dens i ty  vs. 1/ ( th ickness )  in O3 
-{- 0.15% (SO~ -{- SOs),  as shown in Fig. 2, y ie lded  a 
s t ra igh t  line, bu t  w i th  some s c a t t e r  owing to the u n -  
ce r t a in ty  in  the de te rmina t ion  of the sal t  thickness.  

To he lp  iden t i fy  t h e  p redominan t  reduc t ion  r e -  
act ion in an O~.-rich env i ronment  containing smal l  
amounts  of SO~ + SO3, a ser ies  of po lar iza t ion  runs  a t  
a g iven sal t  thickness was car r ied  out  in which  the 
gaseous env i ronment  was varied.  As shown in Fig. 3 
the  l imi t ing  cur ren t  densi t ies  were  found to increase  
l inea r ly  wi th  increas ing Psos -{- Pso~ at  constant  Po2 
(~1 .0  a tm) .  These da ta  indicate  tha t  in the  presence of 
SO8 the reduct ion  of O2 is not  the p redominan t  reac-  
tion. In  another  ser ies  of runs  wi th  Pso2 he ld  constant  
a t  ,~1.0 a tm the l imi t ing cur ren t  densit ies were  found 
to increase  l inear ly  wi th  Psos -{- Po2 (Fig. 4). Thus, in 
the  presence of SOs the reduct ion  of SOs m a y  also be 
ru led  out as a p redominan t  reaction. By this process 
of e l iminat ion  the reduct ion of SO3, or as wi l l  be 
shown below, the reduct ion  of a soluble species whose 
concentra t ion is p ropor t iona l  to Psos is proposed  as 
the  p redominan t  reaction.  Ex t rapo la t ion  of the l imi t ing 
cur ren t  da ta  f rom Fig. 3 and 4 to Pso3 + Pso2 = 0 or 
Psos + Po~ = 0 y ie lded  res idual  cur ren t  densi t ies  
tha t  have  been in t e rp re t ed  as due to the  reduct ion of 
O2 and SO2, respect ively.  

The l imi t ing cur ren t  dens i ty  da ta  have been fu r the r  
ana lyzed  to obta in  diffusion coefficients wi th  the  use 
of the  we l l -known  equat ion 

D : il~/nlFC [ I ]  

I I I I 
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I I I I I 
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Fig. 2. Plot of limiting reduction current densities as o function 

of the reciprocal of the salt film thickness in 02 -~ 0.15%($02 .~ 
503} at 896~ 
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Fig. 3. Plot of limiting current densities as a function of /=sos 
from duplicate experiments with Po2 ~'~ | otto at 896~ with o 
salt thickness of 0.08 cm. 

where  ii is the l imi t ing cu r ren t  density,  8 is the  diffu- 
sion distance, n is the number  of equiva len ts /mole ,  F 
is the F a r a d a y  constant,  and C is the bu lk  concent ra -  
tion of the diffusing species. For  most  l iquids diffusion 
coefficients l ie in the range  10 -4  cm2/sec. Inman  (4) 
has quoted a value  of Dso3 = 2 • 10 -4  cm2/sec in a 
chlor ide  mel t  a t  750~ Al though  many  reduct ion reac-  
tions in Na2SO4 are  conceivable,  i t  has been possible  
to e l iminate  some by  showing that  an unreasonable  
value of D would be requi red  for the e xpe r imen t a l  
da ta  to be consistent  wi th  the above equation.  Clearly,  
Na + and SO42- are not  being reduced  under  the pres-  
ent  expe r imen ta l  conditions, because one would  ex -  
pect  l imi t ing cur ren t  densit ies to be ve ry  high and 
not  to be signif icant ly in~uenced b y  the gas composi-  
tion. In  Table. I a re  l is ted severa l  react ions  for  the  re -  
duct ion of minor i ty  species. The solubil i t ies  of O2 and 
SO2 were  obta ined f rom the measurements  of A n d r e -  
sen (5). The solubi l i ty  of gaseous SOs is unknown,  bu t  
i t  is un l ike ly  to exceed that  of SOs on the basis of i ts 
molecular  d iameter .  The solubil i t ies  of Na2SOs, 
Na2S2Or, hTa~O~, and  NaO2 were  ca lcula ted  f rom t h e r -  
modynamic  s tab i l i ty  da ta  assuming ideal  solut ion be-  
hav ior  (6-9).  

Table  I shows that  in an O~ + 0.15% (SOs + SOs) 
env i ronment  the  reduct ion of SO3, SOs, SOs 2-,  O2~-, 
and  O 2-  can be ru led  out  as requ i r ing  unreasonab ly  
la rge  values  of D to be consis tent  wi th  the exper i -  
men ta l  data. 2 On the o ther  hand, the  reduct ion  of 
pyrosul fa te  ion provided  a reasonable  consistency wi th  
the  expe r imen ta l  data. The concentra t ion of p y r e -  
sulfate ions is p ropor t iona l  to Psos. The reac t ion  l is ted 
in Table  I for  the reduct ion of pyrosu l fa te  ions is 
p re fe r r ed  over  

S~O72- + 6 e -  = SO42- + ~ S2 + 3 0 ~ -  [2] 

on the grounds that  dissolved S~ (g) is an un l ike ly  
react ion product ,  since its so lubi l i ty  in Na2SO4 is ex-  
pected to be ex t r eme ly  low. The react ions  

S20~ 2-  ~- 4 e -  = 2SO~ -}- 3 0 2 -  [3] 
and  

S~O72- § 2 e -  = SO4 ~-- + SOs + O ~-  [4] 

also were  re jec ted  because the  rates  of these react ions  
would  be l imi ted  by  the ra te  of r emova l  of the SO2 
product,  if Pso2 cannot exceed 1 a tm at  the reduct ion  
site. That  SO2 remova l  is not  ra te  control l ing in our 
exper iments  is demons t ra ted  by  the da ta  in  Fig. 3. 

T h e  u n d e r l i n i n g  implies dissolved gaseous species. 
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Table I. Diffusivities calculated from limiting reduction current 
densities in Na~S04  in 0 2 - 0 . 1 5 % ( S 0 3  -{- S03)  

iI �9 $* C D 
Reaction (A/cm) (mole/cma) (cmS/sec) 

Oj + 4e- = 2 0 s- 2.40 x 10-~** 1.84 • 10-~ 3.38 x 10 -~ 
SO~ + 6e- -- S ~- + 2 0 ~" 1.11 x 10 -~ 1.20 • 10 -9 0.16 
S"-Os + 2e- = SO= + 0 s- 1,11 x 10-~ <8.88 x lO -~o >1.48  

S=0r =- + 8e- = S0r ~ + S ~-" + 8 0 ~ 1,I1 x 10-4 6.88 x 10 -~r 2.09 x 10 ~ 
SO~ =- + 6e-  = S=- + 3 0  =- I . i i  x i0-~ 4.9 x 10 - ~  39 
0=- + 3e-  = 2 0 s-- 1.11 x 10-~ ,-,1 x 10 -u- 83 
0 # "  + 2e- = 2 0 ~" 1.11 x 10 -'~ - -4  x 10 -~  1.4 x 10 ~ 

* The value of ~1 ~ ~ w a s  obta ined  f r o m  the  s lope  of the  curve  in Fig. 2. 
** T he  proport ion  of  h d u e  to  o x y g e n  reduct ion  was  e s t l m a t e d  f r o m  Fig. 3 as the  rat io  of  ~ at  Pso s = O t o / ~  at  Ps% = 3.66 • i 0  -~. 

That  is, upon increas ing Psos in the  gas the  SO~ con- 
cent ra t ion  g rad ien t  across the  sa l t  would  decrease or, 
a t  the low Pso2 levels in Fig. 3, r ema in  essent ia l ly  un-  
changed. Hence, if diffusion of SO2 away  f rom the elec-  
t rode  were  ra te  controll ing,  il would  have decreased 
or  r ema ined  essent ia l ly  constant.  In  ~act, il increased  as 
Psos (and Psos) increased.  

The reduct ion  of dissolved O2 also y ie lded  a reason-  
able  va lue  of D based  oh the  va lue  of il ex t r apo la t ed  to 
Psos+so2 = 0, Po~ ---- 1 arm (Dos = 3.4 • 10 -4  cmS/ 
sec).  (Measurements  in pure  (52 were  not  consistent  
wi th  these data. Since the sa l t  is unbuffered  in O~ 
alone, its acidity,  and hence the  concentrat ions  of 
minor i ty  species,  can change rad ica l ly  dur ing  cathodic 
polar izat ion exper iments . )  S imi lar ly ,  a reasonable  
va lue  of Dso~ was obta ined  f rom il a t  Psos+o~ = 0, 
Pso2 = 1 a tm  f rom Fig. 4 (Dso2 ~--- 1.6 • 10 -4  cm2/ 
sec).  The slopes of the curves in  Fig. 3 and 4 also 
were  found to be self-consistent .  That  is, 8 (dil/dPsos), 
obta ined  b y  di f ferent ia t ing Eq. [1] wi th  respect  to il and  
C and tak ing  C cc Psos, had  about  the same value  for 
the  da ta  in Fig. 3 as in Fig. 4. 

PS% + PO 2 x104 (utm) 
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1.0 2.0 x 104(a 3Otn~) 4.0 
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Fig. 4.  Plot of limiting current densities as a function of Pso3 
with Pso2 ~"  1 arm at  8 9 6 ~  with a salt thickness of 0.019 cm. 

I t  is proposed  tha t  diffusion of pyrosu l fa te  ion 
provides  the p redominan t  flux of ox idan t  th rough  
Na2SO4 in O2-rich envi ronments  containing more  than  
a few hundred  ppm of SO~. The diffusivi ty of $2072- 
has been es t imated  here  as 2.1 • 10 -4  cm2/sec at  
896~ Dissolved O2 and SO2 can also supply  oxidant ,  
but  thei r  contr ibut ions  are  l imi ted  b y  the i r  ve ry  low 
solubil i t ies  in Na2SO4. The ac tua l  contr ibut ion  of each 
species wil l  depend, of course, on the  composit ion of 
the  gas mixture .  I t  is es t imated  tha t  in 02 -t- 0.15% 
(SOs -~ SOs) the  reduct ion of O~ accounts for about  
18% of the cu r ren t  and  SO~ for 0.1%. 
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Generalization of the Boltzmann-Matano Method? 

C. van Opdorp 
Phil~ps Research Laboratories, Eindhove~, The Netherland~ 

In  a recent  pape r  deal ing wi th  the diffusion of Cd in 
InAs, Kolodny and Shapp i r  (1) presented  a genera l iza-  
t i o n  of the Bo l t zmann-Matano  (BM) method.  The 
original ,  w e l l - k n o w n  method  provides  a means  of 
eva lua t ing  an  unknown  dependence  of a diffusion co- 
efficient D on the concentra t ion C of the  diffusant f rom 
an  e x p e r i m e n t a l l y  de te rmined  concentra t ion vs. depth  
(c-x)  profile. The or ig inal  method applies  only if D 
is a funct ion of C exclusively.  In  the genera l iza t ion  of 
Ref. (1), D is a l lowed to be an  a r b i t r a r y  funct ion of C, 
x, and  t. 

In  this p a p e r  i t  wi l l  be  shown tha t  the  ment ioned  
genera l iza t ion  of the  BM method  is incorrect .  We re -  
s t r ic t  our  cr i t ique of the  p a p e r  of Ref. (1) to this con- 
fusing claim of general izat ion.  In  the  same paper  the  
authors  have genera ted  theore t ica l  concentra t ion pro-  
files resembl ing  the expe r imen ta l l y  observed  profiles 
by  subs t i tu t ing  a hypothe t ica l  dependence  of D on C 
and x into Fick 's  second law. In pr inc ip le  this a l t e rna -  
t ive heur is t ic  approach  of finding D(C,x) is correct  and 
bas ica l ly  independen t  of the va l id i ty  of the BM gen-  
eral izat ion.  The mer i t s  of this heuris t ic  approach  for 
the case in quest ion l ie  outs ide  the  scope of the  p resen t  
paper .  

The BM Method and the Impossibility of 
Generalization 

Suppose one has a semi- inf ini te  cont inuum into 
which diffusion of some species is pe r fo rmed  subjec t  to 
the  condit ions tha t  the in i t ia l  concentra t ion in the  con- 
t inuum is eve rywhere  equal  to zero and at  its surface 
the, concentra t ion is kep t  fixed at  a constant  value.  As-  
sume fu r the r  tha t  D is a funct ion of C. Under  these 
condit ions the  BM method  provides  a means  of eva lu -  
a t ing  D(C) f rom an expe r imen ta l l y  de te rmined  C-x  
profile (2). The va lue  of D at  C = Ci follows f rom the 
profile de te rmined  at  t = t i  by  app ly ing  the fo rmula  
(2) 

C1 

--i ~'o zd C  
D (CD = - -  [1] 

2h [dC/dx]c=cl 

T h e  method  applies  only  if D is a funct ion of C ex-  
clusively.  E x p e r i m e n t a l l y  one can ver i fy  whe the r  this 
condit ion is fulfi l led by  checking invar iance  of the 
profile of C when plot ted  vs. x A / t - f o r  different  values  
of the diffusion t ime t; s t r ic t ly  speaking,  this check 
should be pe r fo rmed  for a l l  va lues  of x and t (3). 

In the genera l iza t ion  of Ref. (1), D is a l lowed to be 
an a r b i t r a r y  funct ion of C, x, and t. The va lue  of D 
at  any  given point  (C1, x~, t i )  of this t h ree -d imens iona l  
space was c la imed to fol low from an expression ac tu-  
a l ly  ident ica l  to the r i gh t -hand  side of Eq. [1] 

i f%dC 
D (Cl, Xl, t i )  = [2] 

2tl [dC/dx]c=ci 

where  again  C (x, t i )  is a known profile at  t ime h.  
No der iva t ion  was p resen ted  for Eq. [2]. Ac tua l ly  

genera l iza t ion  is impossible.  This becomes evident  if 
one fol lows the steps made  in der iv ing  the or ig inal  
BM formula  of Eq. [1] (2). The essent ia l  step in de-  

Key words: diffusion, concentration,  BlYI method. 

r iv ing  this equat ion consists of inves t iga t ing  the possi-  
b i l i ty  of t rans forming  the pa r t i a l  dif ferent ia l  equat ion 
descr ibing the diffusion process (i.e., Fick 's  second: law) 
to an o rd ina ry  different ia l  equation.  Fo r  this, one has 
to invest igate  the poss ib i l i ty  o f  app ly ing  the Bol tzmann 
t ransformat ion,  i.e., subst i tu t ion of a single indepen-  
dent  var iab le  ~1 -= x/~/-{ for  the  two var iables  x and t. 
If  this can ac tua l ly  be accomplished,  the  resul t ing  sec- 
ond -o rde r  o rd ina ry  different ia l  equa t ion  is exact,  i.e., a 
first in tegra l  is ob ta inab le  b y  immedia t e  in tegra t ion  
(4). Af te r  that,  r e a r r a nge me n t  of this in teg ra l  and  re-  

in troduct ion  of x and t y ie ld  d i rec t ly  Eq. [1]. 
The crucial,  obvious poin t  in this whole procedure  

is tha t  appl ica t ion  of the Bol tzmann  t rans format ion  is 
indeed possible p rov ided  D is a funct ion of C ex -  
clusively,  whereas  this is not  possible if  D is an  a rb i -  
t r a r y  funct ion of C, x, and  t. This fact  prohibi ts  any 
genera l iza t ion of the  BM method as sugges ted  in Ref. 
(1). Thus i t  is essent ia l ly  impossible  to recons t ruc t  the 
field of local D values in the th ree -d imens iona l  C-x- t  
space f rom apply ing  Eq. [2] to (even an infinite set of) 
C-x profiles measured  for different  values  of t. 

A ve ry  s imple example  m a y  serve  to i l lus t ra te  the 
serious consequences of imprope r  appl ica t ion  of the  
genera l ized  express ion given b y  Eq. [2]. Let  D be  a 
function of t only, viz. D = Do (constant)  for  t --~ to, 
and D = 0 for  t > to. The resu l t ing  C-x profiles a t  
different  values  tl for diffusion under  the  ment ioned  
ini t ia l  and bounda ry  conditions are  given by  C = Co 
erfc (x/~/Dot~) for  t --~ to. For  longer  diffusion t imes 
the  profile comple te ly  stagnates,  so tha t  C = Co erfc 
(x/~/Doto) for a l l  t i  > to. Appl ica t ion  of Eq. [2] to 
the profiles for  t~ ~ to and any  va lue  of C1 yields  the  
correct  value  D (tl  ~ to) = Do. Appl ica t ion  to the  p ro -  
file (s) for t i  > to, however,  for  any  va lue  of C1 yields  
D ( t l  > to) --  Doto/ti ins tead  of the  correct  va lue  
D ( h > t o )  - - 0 .  

Conclusion 
Genera l iza t ion  of the Bol tzmann-Matano  method for 

evalua t ing  a diffusion coefficient which  depends  not  
on ly  on the concentra t ion of the diffusant, bu t  also on 
depth  and t ime expl ic i t ly  is impossible.  Appl ica t ion  
of the incorrec t  genera l ized  method  of Ref. (1) m a y  
yie ld  resul ts  which are ser ious ly  erroneous.  

Manuscr ip t  submi t ted  March  31, 1980; revised m a n u -  
script  received Sept.  4, 1980. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in  the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1981. 
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High Precision Computer Controlled 
Electrocapillary Measurements 

David M. Mohilner* and Takashi Kakiuchi 1 

Department o~ Chemistry, Colorado State University, Fort  CoZlins, Colorado 80523 

In  preparat ion for an invest igat ion of the tem- 
perature  dependence of organic electrosorption in  
order to test a recently proposed theory (1), it was 
decided to t ry  to improve the precision of our com- 
puter  controlled capil lary electrometer (2) over the 
precision we had already obtained (3) in 1976. The 
reason for a t tempt ing fur ther  improvement  in pre-  
cision is because it is known (4-6) that  the tem- 
perature  coefficient of interfacial  tension is quite low. 
We have succeeded in  improving the ins t rument  so 
that  i t  is now capable of measur ing the interracial  
tension with 95% confidence limits of ___0.02 dyne 
cm -1. The purpose of this note is to describe how this 
improvement  was accomplished. 

Experimental 
14-bit A /D converter and new pressure transducer. 

- - T h e  previous best precision (3) of ___0.1 dyne cm -1 
represented a relative precision of about  1 part  in 
4000. This was approximately the same as the pre-  
cision of the 12-bit A /D converter  which was being 
used. We thought  it  was possible that  an improvement  
might  be made if we interfaced an A/D converter  
with more bits to the PDP-8 / I  computer  which con- 
trols the electrocapillary measurements.  Therefore 
we interfaced an Analog Devices ADC-1131K 14-bit 
A/D to the computer. Because the computer is only 
a 12-bit machine special hardware  and software pro- 
visions were necessary. The hardware  provision was 
an interface which can strobe the eleven most signifi- 
cant bits (plus sign) into the high order 12-bit man-  
tissa word of the floating accumulator  and the three 
least significant bits into the lower order mantissa 
word. 2 The software provision was to add a new 
routine to the vendor  supplied floating point  package 
to enable the computer  to float a 14-bit number.  This 
new routine, DFLOAT, was modeled on the vendor  
supplied FLOAT routine which floats an l l - b i t  n u m -  
ber (plus sign) in the high order mantissa word of 
the floating accumulator.  The only problems in  adding 
the rout ine DFLOAT to the floating point  package 
were caused by  the necessary movement  of several 
other floating routines wi thin  the code in order to 
collect the two or three spare words on each page 
of the package together onto one page so that  there 
would be space for DFLOAT. 3 

The Lion pressure t ransducer  which had been used 
previously was also replaced by a much more stable 
t ransducer  based on a temperature  compensated, un -  
bonded, fully active strain gauge bridge, manufac tured  
by Gould Incorporated, Measurements Systems Divi- 
sion, Oxnard, California. The new transducer  system 
consists of a Model PL131TC transducer,  a CON2 pres- 
sure adapter, a DC12 electrical disconnect, and a 
Model SCl105 power supply with bridge amplifier. In  
order to achieve even better  stabili ty the Gould bridge 
amplifier in  the SCl105 was replaced with an Analog 
Devices Model 606M ins t rumenta t ion  amplifier which 
is connected to the analog input  of the 14-bit A/D 
converter. 

* Electrochemical  Society Act ive  Member, 
1 On leave from Department  of Agr i cu l t u r a l  Chemis t ry ,  Kyoto 

Univers i ty ,  Kyoto,  Japan .  
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Circuit  d i a g r a m s  of this interface will be suppl ied on request. 
3 A list ing of the modified floating point package will be sup- 

plied on request. 
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We found that with the 14-bit A/D converter and 
the new pressure t ransducer  the precision of a mea-  
surement of the interracial  tension was improved. 
However i t  was not  improved as much as would have 
been expected, i.e., 1 part  in 16,000 which is the un -  
certainty of the least significant bit  of a 14-bit A/D. 
We found that  it was necessary to make several  ad- 
ditional changes in  the ins t rument  to correct for 
sources of scatter in the data which had not been 
noticeable at the previous lower precision. 

Improvement o$ the potential control.--On moni tor -  
ing the long term reproducibi l i ty  of the electrode po- 
tential  with an accurate digital vol tmeter  (Fluke 
8300A) it  was found that  there was a measurable  
scatter of tenths of a mil l ivol t  which could account 
for some of the scatter of the interracial  tension, espe- 
cially at potentials far from the electrocapillary max-  
imum. It  was found that  this scatter of electrode 
potential  was due par t ly  to the reproducibil i ty of the 
12-bit D /A converter  which supplied the voltage sig- 
nal  to the potentiostat  and par t ly  t o  the s tabi l i ty  of 
the operational  amplifiers which were being used as 
t h e  control amplifier and voltag~ follower in  the 
potentiostat. The 12-bit D/A converter  was replaced 
with an  Analog Devices DAC-12QM ul t rahigh stabil i ty 
12-bit D/A. The control amplifier on t h e  potentiostat  
was replaced with an Analog Devices Model 234L low 
noise-wideband chopper stabilized amplifier which 
has an extremely low drift (0.1 ~V/~ and 1 pA/~ 
The voltage follower was replaced with an Analog 
Devices Model AD517L amplifier which is a laser 
t r immed precision IC amplifier which is recommended 
for ul t rahigh stabil i ty as a un i ty  gain voltage follower. 
These changes in the potential  control circuitry have 
greatly improved the long term reproducibil i ty of the 
electrode potential. The s tandard  deviation of the 
drift  of emf over a period of two months is now only 
about 0.1 mV. 

Vibration control.--After the modifications jus t  
ment ioned were introduced there still remained some 
scatter in the measurements.  This scatter was traced 
to bui lding vibrations. Therefore a Newport  Research 
Corporation vibrat ion free table was purchased (Re- 
search table top, Model RS-46-8 with support  system 
Part  No. XLB2A-24) and the cell was mounted  on it. 
This last modification removed most of the remain ing  
scatter from the data. 

Mercury head.--At this stage the single most inac-  
curate part  of the measurement  remain ing  was the 
determinat ion of the head of mercury  which was read 
with a cathetometer calibrated to 0.01 mm. In  order to 
minimize the frequency of necessary cathetometer 
readings the mercury  reservoir  which had an area of 
about 20 cm 2 was replaced with a much larger one 
having an area of 180 cm 2. With this new reservoir it  
is now only necessary to read the head of mercury  once 
every 2600 measurements  of interracial  tensions. This 
means that one reading of the head of mercury  re-  
mains valid for about ten 60 point  electrocapillary 
curves, each of which is measured in triplicate. 

Results and Discussion 
After the modifications in the ins t rument  described 

above had been installed, a critical test was performed 
to determine the 95% confidence limits of a triplicate 
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m e a s u r e m e n t  of the  in te r rac ia l  tension a t  any  e l e c -  
t rode  potential .  This  test  was pe r fo rmed  b y  measur ing  
t h r e e  t imes a 49 poin t  e lec t rocap i l l a ry  curve for  a 
0.1M NaC1 aqueous solut ion at  25~ For  each of these 
t h r e e  measurements ,  a f resh ly  p r e p a r e d  solut ion w a s  
u s e d .  Each of these e lec t rocap i l l a ry  curves  was mea -  
sured  in t r ipl icate .  A n  Ag/AgC1 reference  e lec t rode  
in the  same solut ion was employed.4 

In o rde r  to de te rmine  whe the r  the  prec is ion of the  
measurements  was independen t  of e lect rode potent ial ,  
a s ta t is t ica l  test  for  homogene i ty  of var iance  w a s  
per formed.  The var iances  a t  each emf were  ca lcu-  
la ted  for  the th ree  e lec t rocap i l l a ry  curves,  i.e., nine 
measurements  of t he  in ter rac ia l  tension at  each emf, 
a n d  a r r a n g e d  in o rde r  of emf. Because the  means  at  
the  different  values  Of e lec t rode  poten t ia l  a re  different,  
a genera l ized  l ike l ihood- ra t io  tes t  is in te rac tab le  (7). 
However ,  the  theory  of runs  can be used to tes t  the 
hypothes is  tha t  the observat ions  have been d r a w n  a t  
r andom f rom a single popula t ion  (8). We imple -  
men ted  a test  for homogenei ty  of var iance  based on 
the theory  of runs using the formulas  for p robab i l i t y  
g iven (9) b y  Swed  and Eisenhart .  The resul t  of this 
test  was tha t  indeed the var iances  at  al l  of the differ-  
en t  va lues  of emf belonged to a single populat ion.  
Therefore  i t  was s ta t i s t ica l ly  permiss ib le  to pool  the  
var iance  for  a l l  values  of emf. The pooled var iance  
was 3.96(10) -4  dyne~ cm -2 and the pooled s t andard  
devia t ion  was 1.96 (10) -2  dyne  cm -1. Therefore,  us ing  
the  t - tab le ,  the  95% confidence l imi ts  for  any  t r ip l i -  
ca te  measuremen t  of t h e  in ter rac ia l  tension is 0.02 
dyne  cm - I  which represents  a fivefold improvemen t  
in the  precis ion of the  ins t rument .  

F igu re  1 shows a typica l  t r ip l ica te  measuremen t  for  
an e lec t rocap i l l a ry  curve as recorded by  the on- l ine  
p lo t te r  of the  computer  control led  Capillary e lec t rome-  
ter. I t  can be seen f rom this figure that  the scat ter  of 
da ta  wi th  this improved  ins t rument  is smal le r  than  the 
pen wid th  on the plot. An idea of how much the in-  
s t rumen t  has been  improved  over  the  or iginal  vers ion 
can be ob ta ined  by  compar ing  this figure wi th  Fig. 11 
of Ref. (2). 
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Fig. I .  Electrocapillary curve for mercury electrode in aqueous 
0 . IM NaCI at 25~ Reference electrode: Ag/AgCI.  This is the 
actual recording of the measurement in triplicate produced by the 
on-line plotter of the computer controlled capillary electrometer. 
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ABSTRACT 

The reaction at 900~ be tween  preoxid ized  Co-30 Cr a l loy samples and an 
H~-H20-H2S gas mix tu re  has been s tudied f rom a me ta l lograph ic  v iewpoin t  
to al low comparison with  the morphology  and composit ion of the  corrosion 
products  fo rmed  on an unoxidized Co-30 Cr a l loy  exposed under  the  same tes t  
parameters .  P reox ida t ion  was car r ied  out  in an H2-H20 gas mix tu re  in the  
t empera tu re  range 850~176 This b ina ry  gas mix tu re  genera ted  an oxidiz-  
ing poten t ia l  of be tween  3.5 • 10 -2 i  a tm (3.5 • 10 - i~  k N / m  2) to 1.8 X 10 - i s  
atm (1.8 X 10 -16 k N / m  2) resul t ing  in the  exclusive format ion  of a Cr2Os l aye r  
on the  alloy. On exposure  at  900~ to the low oxidizing (2 • 10 - i9  atm, 2 X 
10 - i7  k N / m  2) and high sulfidizing ((1 X 10 -4 atm, 1 • 10 -2 k N / m  2) po ten-  
t ials  genera ted  in the t e rna ry  H2-H20-H2S gas, both oxide and sulfide species 
were  formed.  Samples  which  had  been  preoxid ized  at  850~ genera l ly  ex -  
h ib i ted  the  fo rmat ion  of ma in ly  Cr-sulf ide r ich regions above the p re fo rmed  
Cr~Oa scale:  only  isolated regions d i sp layed  the exis tence of thick mounds  
of a Co-r ich  sulfide. Samples  preoxid ized  at  1000~ however  y ie lded  a g rea te r  
dens i ty  of r ap id ly  growing Co-sulfide nodules  on the surface of the alloy. I r r e -  
spect ive  of the p reox ida t ion  t empera tu re ,  subsurface  ox ida t ion  and sulfidation 
add i t iona l ly  occurred.  The a l loy which had  undergone  no p r e t r e a tme n t  de-  
veloped a sulfide l aye r  over  the  a l loy surface, bu t  in cer ta in  areas  a continuous 
Cr~Os l aye r  fo rmed  benea th  this ex te r io r  sulfide scale. 

The cur ren t  genera t ion  of  commerc ia l ly  avai lab le  
hea t - r e s i s t an t  s tainless steels and cobalt  and  nickel  
base supera l loys  rely,  for  env i ronmenta l  protect ion,  
on the select ive oxidat ion of chromium a n d / o r  a lu-  
minum to form a dense, compact,  and adheren t  ex-  
t e r io r  oxide layer .  However  such convent ional  al loys 
were  developed p r imar i l y  for opera t ion  under  h ighly  
oxidizing conditions such as those no rma l ly  genera ted  
in power  p lants  and gas tu rb ine  engines. In  coal gasi-  
fication or combust ion process p lants  the  meta l l ic  com- 
ponents  a re  exposed at  h igh t empera tu re s  to a tmo-  
spheres of compara t ive ly  low oxygen  and high sulfur  
activity.  An  analysis  of the r aw  gas f rom a typ ica l  
gasification step indicates  oxygen and sul fur  pa r t i a l  
pressure  of the  o rde r  of 10 -16 a tm (10 -14 k N / m  2) and 
10 -~ a tm (10 -3 kN/m2) ,  respec t ive ly  (1). 

Under  cer ta in  condit ions of opera t ion  the  cur ren t  
genera t ion  of hea t - res i s t an t  al loys are  unable  to form 
a pro tec t ive  oxide  at  the  a l loy-gas  in terface  and unac-  
cep tab ly  high ra tes  of ma te r i a l  degrada t ion  are  ob-  
served  (1, 2). A l t e rna t i ve ly  an oxide may  form which 
is unable  to p reven t  pene t ra t ion  of the oxide b y  sul fur  
and  the subsequent  format ion  of subsurface sulfides. 
In l abo ra to ry  control led  exper iments  in sulfurous 
envi ronments  subsurface  sulfidation has been r ega rded  
as a p recursor  of an acce le ra ted  ra te  of corrosion (3, 
4). 

P r e l i m i n a r y  resul ts  f rom the first s tage of a com- 
prehensive  invest igat ion into the intr insic  capaci ty  of 
p re fo rmed  Cr~O~ oxide scales exposed to low oxidizing 

and high sulf idizing potent ia ls  to p reven t  severe  sul-  
fidation of the under ly ing  meta l l ic  components  have 
a l r eady  been repor ted  (5). I t  was observed  tha t  sam-  
ples of the Co-30 Cr a l loy which had been preoxid ized  
at  850~ d isp layed an incubat ion per iod  before  ex-  
h ibi t ing an acce lera ted  ra te  of at tack,  whereas  a l loy 
samples  preoxid ized  at  1000~ corroded at  an approx i -  
ma te ly  l inear  ra te  f rom an ea r ly  s tage of the reaction.  
I r respec t ive  of the p reoxida t ion  exposure  t ime,  sam-  
ples preoxid ized  in the H2-H20 gas mix tu re  at  850~ 
had gained only about  1 m g / c m  ~ af te r  40 hr  service at 
900~ in the oxidizing-sulf idizing gas mix tu re  whereas  
specimens preoxid ized  at  1000~ exhib i ted  weight  gains 
of app rox ima te ly  one order  of magni tude  g rea te r  (see 
Fig. 1). However ,  due to the accelera t ing  form of the  
kinetics d i sp layed  b y  the a l loy samples  preoxid ized  at  
850~ these differences in react ion rates  be tween  pre -  
oxidized samples  had na r rowed  cons iderably  by  the 
end of the  various expe r imen ta l  runs. Unoxidized 
samples  also corroded at  an a pp rox ima te ly  l inear  ra te  
when exposed to the H2-H20-H2S envi ronment  at  
900~ However ,  the  preoxid ized  samples  a lways  cor-  
roded at  a s lower ra te  than the samples  which had  
undergone  no pre t rea tment .  This pape r  describes the 
morphologies  and composit ions of the  reac t ion  p rod -  
ucts associated with  these observed kinet ic  differences. 

Experimental 
The appara tus  and expe r imen ta l  method  associated 

wi th  the  exposure  of the  Co-30 Cr a l loy in the equi -  
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Fig. I. The weight gain, as a function of exposure time, observed 
daring the corrosion of various preoxidized samples of a Co-30 Cr 
alloy in an H~-H~O-H2S atmosphere at 900~ 
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the  a l loy a f te r  exposure  to the  oxygen - su l fu r  env i ron-  
men t  a t  900~ tha t  in  cer ta in  areas  the  reac t ion  p r o d -  
uc t  had  pa r t i a l l y  fused so t ha t  ex t r eme  sof tening or  
p las t ic  flow o~ the mounds  had  occurred.  

F igures  2a-c shows the S, Cr, and  Co e lementa l  
t races across a severe ly  corroded area.  The corrosion 
produc t  is s t ruc tu red  into two dis t inct  layers .  The ou te r  
l aye r  contained some cracks and la rge  pores.  However ,  
i t  was more  compact  than  the  inner  l a y e r  which con- 
ta ined  numerous  smal l  pores  and ex tended  to the fore= 
f ron t  of the  subsurface  degradat ion .  F igures  2a-c show 
tha t  the  ou te r  region of the  ou te r  l aye r  was Co-sulfide, 
whereas  the inner  region of this l aye r  was Cr-sulf ide 
wi th  some Co in solid solution. Cr-sulf ide was also 
the p redominan t  phase in  the  porous inner  layer .  No 
oxide  was observed  in regions which  had  undergone  
the most  severe  a t tack.  

Over  those areas  of the  Co-30 Cr a l loy  which  had  
suffered less in tensive corrosion than  the  areas  de -  
scr ibed above, the  ex te rna l  corrosion l a y e r  was also 
composed of sulfide phases  (see Fig. 2d-f ) .  This th in  
and i r r egu la r  l aye r  was p r inc ipa l ly  Cr-sulf ide conta in-  
ing some Co and in places the  Cr-sulf ide was su r -  
mounted  by  Co-sulfide regions,  which d i sp layed  a l amel -  
l a r  s t ruc ture  charac ter i s t ic  of a eutect ic  phase m i x -  
ture  (Fig. 2g) At  cer ta in  a reas  a C r ~ s  l aye r  formed 
under  the  sulfide. Thus Fig. 2e and the region over la id  
by  a flag on Fig. 2g, h provide  evidence for  the exis t -  
ence of an appa ren t l y  compact,  though under ly ing ,  
ragged oxide layer .  At  the  foref ront  of the  in te rna l  

librated H2-H20-H2S environment at 900~ have been 
described in detail elsewhere (5). The dimensions of 
a typical specimen were approximately 8 • 6 • 0.7 mm 
resulting in a surface area and weight of about 1.1 
cm 2 and 200 rag, respectively. The preoxidation ex- 
periments were carried out in an Hs-H~O gas mixture 
generated by bubbling hydrogen gas through dreschel 
bottles containing water maintained at 20~ The main 
feature of this pretreatment assembly was a traveling 
furnace controlled by time clocks. After exposure 
periods of 24.33 to 290.33 hr, the oxidized samples were 
removed from the assembly and reweighed on a 
Stanton Balance, Model MCI, capable of reading to 
_.+ 0.02 rag. 

A continuous corrosion monitoring technique was 
adopted with experiments undertaken in the H2-H20- 
H2S gas mixture. The balance/recorder arrangement 
was capable of reading changes in weight to • 0.005 
rag. In order to exclude corrosive gases from the bal- 
ance a standard liquid seal technique was employed 
(5). The corroded samples, on removal from the test 
environment, were embedded in Scandiplast thermo- 
setting resin and polished to a 1 ~m finish prior to 
metallographic and energy dispersive x-ray analyses. 
Full details of the techniques of preparation and anal- 
ysis have been given in another recent publication (6). 

Results 
In this section, the binary designations "COS" and 

"CrS" are used as a convenient shorthand and are not 
intended to indicate a stoichiometric composition. 

Co-30 Cr exposed to Hz-H20-H2S environment: no 
preoxidation routine.--The ex te r io r  corrosion l aye r  
was of uneven  thickness and, over  par t s  of  the  a l loy  
surface,  was composed of mounds  which were  some-  
~mes  severa i  hund red  micromete rs  thick. I t  was c lear  
f rom the  g lobula r  appearance  of the  scale fo rmed  on 

Fig. 2. Morphologlca| features of corrosion relating to the ex- 
posure of a Co-30 Cr alloy for 7 hr in an Hz-H20-H~S atmosphere at 
900~ and x-ray images, as indicated. 
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attack scattered and isolated Cr-sulfide particles were 
observed. 

Cr-30 Cr exposed to the H~-H~O-H2S environment: 
preoxidized at lO00~ preoxidation treatment  
was carried out for either 24.33 or 290.33 hr. After  
either treatment,  some samples showed scale exfolia- 
tion. In order to minimize this problem the specimens 
were cooled slowly prior to removal from the pre-  
oxidation furnace. Only samples showing no exfoliation 
when examined at 120X were used in the subsequent 
experiments in the oxygen-sulfur environment at 
900~ The rupture of the scale in small flakes oc- 
curred mainly at edges and to a lesser degree else- 
where (see Fig. 3a). All  specimens displaying such 
spallation were excluded from the subsequent oxida- 
tion-sulfidation studies. 

After exposure in the ternary environment mounds 
of a silver coloration had formed over parts of the 
alloy surface and these mounds had again been 
part ial ly fused. These mounds of corrosion formed in 
a random distribution over much of the surface of 
the specimens but were defni te ly  most thick and 
densely located along specimen edges and in areas 
neighboring the specimen suspension hole. In Fig. 3b 
an SEM photomicrograph shows a typical  section of 
the corrosion products. I t  must be pointed out, however, 
that the mound shown in this figure had formed from 
an area of the specimen surface located adjacent to the 
oxide layer  displayed. This applies also to Fig. 3c: 
here the mounds were composed of two morphologi- 
cally distinct phases. Small  Cr-sulfide mounds (Fig. 
3d-f) were surmounted by areas principally rich in 
Co-sulfide. However there was also probably a degree 
of elemental interdistribution between the two mounds. 

The preformed oxide was exclusively Cr2Os (Fig. 
3e). Although compact and dense it had become de- 
tached from the underlying substrate and in places 
small cracks had appeared (Fig. 3b, c). In areas of the 
substrate adjacent to the oxide-alloy interface Cr2Oz 
oxide formation had occurred in localized regions with 
a degree of oxy-sulfide formation near the internal 
oxide-substrate boundaries. Again Cr-sulfide was the 
main internal  corrosion product present as small 
clusters deep (>  100 ~m) into the alloy. 

The small grain size of the oxide formed after pre- 
oxidation for 24.33 hr at 1000~ is shown in Fig. 4a. 
After exposure of these preoxidized samples to the 
ternary gas environment the corrosion products dis- 
played the same general morphological and composi- 
tional aspects as described above. Thus, as shown in 
Fig. 4b, f, and g internal  sulfidation was again evident. 

Whereas the mound shown in Fig. 4b was composed 
of both Co-sulfide and Cr-sulfide (see Fig. 4c-e), Fig. 
4f and g show mounds composed pr imari ly  of Cr- 
sulfide and Co-sulfide, respectively. I t  is of interest  to 
compare the loss of integri ty of the oxide when the 
outer sulfide mound was principally rich in Co. Figure 
4g shows a segmented Cr-oxide layer whereas in Fig. 
4f the Cr-sulfide mound has grown above an apparent ly 
compact and dense chromia layer. 

Fig. 3. (a) Electron image of the oxide formed on the surface of 
a Co-30 Cr alloy after exposure for 290.33 hr in an H2-H20 atmo- 
sphere at 1000~ (b-f) morphological features of corrosion relating 
to the exposure for 120 hr of a preoxidized Co-30 Cr alloy in an 
H~-H20-H2S atmosphere at 900~ and x-ray images, as 
indicated; preoxidation conditions as above at (a). 

Fig. 4. (a) Electron image of the oxide formed on the surface of 
a Co-30 Cr alloy after exposure for 24.33 hr in an H2-H20 atmo- 
sphere at 1000~ (b-g) morphological features of corrosion relating 
to the exposure for 48 hr of a preoxidized Co-30 Cr alloy in an 
H~-fl20-H2S atmosphere at 900~ and x-ray images, as 
indicated; preoxidation conditions as above at (a). 
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Co-30 Cr exposed to the Hz-H~O-H2S environment: 
preoxidized at 850~ preoxidation at 850~ 
the oxide formed on the surface of the Co-based binary 
alloy appeared to be completely adherent. Nevertheless 
as with samples preoxidized at 1000~ the surface 
oxide on each alloy specimen was examined prior  to 
exposure in the H2-H20-H2S gas assembly as described 
earlier. Energy dispersive x - ray  analyses, carried out 
on sections of the oxide formed during the preoxida- 
tion treatment  showed that  the oxide was exclusively 
Cr~O~. The topography and grain size of the chromia 
layer  is shown in Fig. 5a. 

After exposure in the H~-H20-H2S environment at 
900~ the surface of the preoxidized alloy was, in 
places, covered with nodules similar in composition, 
morphology, and location to those described in the 
preceding section relating to samples preoxidized at 
1000~ Thus the high temperature degradation was 
not uniformly distributed over the alloy surface, In 

Fig. 5. (a) Electron images of the oxide formed on the surface 
of a Co-30 Cr alloy after exposure for 290.33 hr in an H2-H20 
atmosphere at 850~ (b, c) electron images of corrosion features 
relating to the exposure for 113 hr of a preoxidized Co-30 Cr alloy 
in an H2-H~O-H~S atmosphere at 900~ preoxidotion exposure 
condifio.s .s above at (a). 

Fig. 5b a Cr2Os scale, which had become separated 
from the underlying substrate and beneath which 
Cr-sulfide particles had formed, was the only surface 
corrosion product, whereas in Fig. 5c a Cr-sulfide 
phase had formed above the thin ballooned Cr203 
layer. In this figure subsurface Cr-sulfidation is again 
noticeable and it is worthwhile mentioning that  this 
internal degradation was evident below the Cr203 
exterior layer  even if this oxide had not been sur- 
mounted by a sulfide mound (Fig. 5b). 

Other areas of the surface displayed more extensive 
sulfide corrosion products but apart  from the relat ively 
thick surface mounds most other corrosion products 
were lean in Co, being principally Cr-rich. Figures 
6a-c show the formation of a compact Cr-sulfide 
mound. It is also apparent  that the major part  of the 
Cr203 layer beneath this sulfide mound is also com- 
pact. Co is again absent from both the internal  and 
external  corrosion species (Fig. 6d). 

Discussion 
The oxidizing potentials generated in the mixed and 

equilibrated H2-H20 environment at 850 ~ and 1000~ 
were 3.5 x 10-21 atm (3.5 X 10 -19 kN/m 2) and 1.8 
X 10 -18 arm (1.8 X 10 - i s  kN/cm2), respectively. 
From a consideration of the Cr-O-S and Co-O-S phase 
stabili ty diagrams set out in Fig. 7 it  is clear that  Cr2Os 
would be expected to be the only stable phase to be 
formed on the surface of the alloy specimens. This was 
indeed verified by SEM and energy dispersive x - ray  
studies (see, for example, Fig. 3e). Thus the experi-  
ments carried out using preoxidized alloy samples gave 
information concerning the intrinsic capacity of pre-  
formed Cr~O3 layers to withstand severe material  
degradation when operating in a potentially aggres- 
sive oxygen-sulfur environment at 900~ The oxygen 
a n d  sulfur chemical potentials generated in the 
H2-I-I20-H2S atmosphere at this temperature were 
2 X 10 -19 atm (2 X 10 -l~ kN/m~) and 1 X 10-4 atm 
(1 • 10 -3 kN/m~), respectively. This composition is 
represented by the symbol § in Fig. 7, where it can 
be seen that the stable phases to be formed on the 
surface of the Co-Cr alloy should be Cr2Oa and a 
Co -sulfide. 

However from Fig. 2 it  is seen that  both Co and 
Cr-sulfides formed on the surface of t h e  bare alloy in 
the ternary gas atmosphere and that, although Cr208 
did indeed form, its location was always beneath an 
external ly formed sulfide network (see Fig. 2e, g). 
Thus it would appear that the stable phases to be 
formed on the surface of the bare Co-30 Cr alloy 
were Cr-sulfide and Co-sulfide. The phase stabili ty 
diagram shown in Fig. 7 has been constructed on the 
basis that the activities of the metal, oxide, and sulfide 
are unity. This results in the most restricted field of 
stabili ty for each condensed phase (1). A decreased 
activity of sulfide (or oxide) reaction product enlarges 
the sulfide (or oxide) phase stabil i ty field. The fact 
that  the Cr-sulfide contained some Co (see Fig. 2e and 
2f) would result  in the oxide-sulfide transition line 
marked ab on Fig. 7 moving to the right. This must, 
presumably, have been sufficient to ensure that  the gas 
atmosphere would form Co and Cr-sulfide reaction 
products. 

The part ial ly fused nature of the surface corrosion 
product over certain areas of the alloy specimen after 
exposure in the oxygen-sulfur atmosphere can be 
accounted for by the formation of the Co-Co4S3 eutectic 
which forms at ~ 880~ (7). Thus in Fig. 2g and 4g a 
Iame~Ia~" structure characteristic of a eutectic phase 
mixture is clearly evident. On metallographically 
scrutinizing these lamellae it was possible to discern 
that these Co-sulfide regions contained some metallic 
cobalt, formed as a result of the eutectoid reaction 

Co4Ss ~ Co -b Co9S8 

which occurs at _~ 790~ (7). 
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Fig. 6. Morphological features of corroson relating to the exposure for 113 hr of a preoxidized Co-30 Cr alloy in an H2-H20-H2S atmo- 
sphere at 900~ and x-ray images as indicated; preoxidation conditions--290.33 hr in an H2-H20 atmosphere at 850~ 

On the Co-30 Cr alloy specimens which had been 
exposed to the t e rnary  env i ronment  without  any prior 
preoxidation routine, the corrosion product  was main ly  
composed of sulfide, with a Cr203 subsurface layer 
being formed beneath  this sulfide layer  over certain 
areas (see Fig. 2d). Subsurface oxidation, as a phe-  
nomenological  event, is akin to subsurface sulfidation 
occurring in a high oxidizing-low sulfidizing envi ron-  
ment  of which numerous  examples have been reported 
in  the l i tera ture  (6). I t  was apparent  that  the externa l  
sulfide layer  was re la t ively thin ( ~  30 #m) if there 
was an under ly ing  compact Cr203 layer, in  comparison 
with the thick (_~ 600 ~m) layer  formed when there 
had been no discernable oxide layer  formation. Thus 
it  must  be concluded that  the existence of a basal 

barr ier  oxide layer restricted the outward diffusion 
of Co and Cr ions resul t ing in a th inne r  exterior sul-  
fide layer. 

Where there had been no discernable oxide forma- 
tion, the morphology and composition of the external  
corrosion layer  were similar  to those reported in  
studies of the sulfidation of Co-Cr alloys (8, 9). Thus, 
in a solely sulfidizing environment ,  and irrespective 
of the exposure temperature,  Biegun et al. (8) found 
that  Co-based alloys contairdng approximately 30% 
Cr formed a mult iphased scale with the outer layer  
consisting of a pure sulfide of the base metal  and the 
inner  layer  composed of Cr-sulfide containing Co. I t  
is also worthwhile  not ing that  the i r regular  na ture  of 
the high tempera ture  corrosive attack experienced by  
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Fig. 7. Phase stability diagrams of the Cr-O-S and Co-O-S sys- 
tems at 900~ (1173 K). All p02 and pS2 values are in atmospheres. 

this binary alloy after high temperature service in the 
oxygen-sulfur gas atmosphere has also been reported 
as a feature of the operation of Fe (1, 2, 10), Ni-(1), 
and Co(1)-based metallic materials in low oxygen- 
high sulfur activity atmospheres. 

The observation that localized oxide exfoliation had 
occurred on the surface of certain alloy samples dur- 
ing cooling from the preoxidation temperature of 
1000~ (but not 850~ was indicative of the genera- 
tion of severe internal stresses in the Cr20~ scales. 
This is in agreement with the reported findings of 
Caplan et aL (11). Although it is reported in the 
literature that the scales formed after the high tem- 
perature oxidation of Co- (25-35%) Cr alloys almost 
invariably spall on cooling due to a phase change 
in the underlying alloy, it appears from this present 
work that the formation of relatively thin Cr20~ oxide 
layers produced after preoxidation at 850~ may not 
result in a phase transformation. Thus the reduced 
Cr depletion associated with a thinner oxide layer 
may not have resulted in the formation of the fcc 
phase, which transforms to an hcp phase between 
850~176 (7). 

From the curves shown in Fig. I, it is evident that 
preoxidation of the Co-30 Cr alloy conferred additional 
protection upon the alloy when exposed to the oxidiz- 
ing-sulfidizing environment at 900~ This effect of 
preoxidation is in agreement with the reported results 
of other independent investigators (2, 12). The ob- 
servation of the formation of both Co and Cr-sulfides 
above the oxide barrier (which can be regarded as a 
marker) indicates that both Co and Cr were trans- 
ported across the Cr203 layer. Perkins (I) has pre- 
sented evidence for the outward diffusion of Fe, Mn, 
and Co ions across chromic oxide scales operating in 
atmospheres simulating typical coal gasification con- 
ditions. Thus, if Co ions can diffuse, via suitable short- 
circuit paths, to the surface of the Cr203 scale the 
formation of Co-sulfide will occur if the activity of Co 
is above the critical level required. 

The alloy samples exposed to the O2-$2 environment 
after preoxidation at 850~ exhibited accelerated cor- 

rosion kinetics after an incubation period. However 
even during the incubation period before the estab- 
lishment of a manifestly accelerated rate of corrosion 
there was a small increase of weight indicative of some 
sulfide formation on the external surface at certain 
specific sites. Nevertheless the majority of the oxide 
surface was not surmounted by sulfide corrosion prod- 
ucts at the end of the exposure period (compare Fig. 
5b with 6a). The variable location of the external cor- 
rosion products tends to suggest that certain areas of 
the Cr208 oxide were more susceptible to outward 
cation transport. 

Conclusions 
A preformed layer of Cr20~ improved the corrosion 

resistance of a Co-30 Cr alloy in an H2-H20-H2S 
atmosphere at 900~ This beneficial effect, however, 
lasted for a limited period only. 

Sulfide corrosion products then formed above the 
preformed Cr~O3 layer even though this oxide had 
been grown in a sulfur-free low oxidizing environment. 
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ABSTRACT 
We have studied the experimental growth rate of boron obtained by py- 

rolysis of BBr~ under reduced pressure. Results are interpreted assuming that 
BBr3 is adsorbed with dissociation on the boron surface, with no activation 
energy. Boron combines with the underlying lattice. Bromine is chemisorbed 
in the form of atoms. Bromine may either desorb in atomic form, or it may re- 
combine and desorb in a molecular form or in the form of a bromide. The 
growth rate is a function of temperature and of surface coverage, hence of 
pressure. There is a good fit between the experimental results and the theo- 
retical calculations. The deposition yield depends on the BBra flow rate and on 
the pumping speed in the reactor. 

Preparation of elementary boron by chemical vapor 
deposition has been frequently discussed, because this 
method allows one to obtain a very high purity prod- 
uct. Usually, boron halides (BCI~ or BBr3) are re- 
duced by hydrogen at atmospheric pressure. Therefore, 
it is possible to prepare boron in large amounts in 
different allotropic forms, depending on the deposition 
temperature (1). However it is hard to make homo- 
geneous deposits on pieces of complex shape by this 
process. On the other hand, coatings made under re- 
duced pressure show a remarkable uniformity. This 
has induced us to study conditions of deposition by 
pyrolysis of BBr3 under low pressure. 

Thermodynamic Approximation 
Although a chemical vapor deposition reactor, in 

particular a cold-wall reactor, does not behave like 
a system in thermodynamic equilibrium, we may as- 
sume that near the substrate there is a zone where 
chemical species are in thermodynamic equilibrium. 
The deposition field may then be computed. The boron- 
bromine system has been studied with a method of 
calculation based on minimization of the free energy 
of the system, taking material balance into account 
(2, 3). 

The problem is easy to solve because only two ele- 
ments are interacting. The number of possible species 
in the system is also limited. They are: Br~, Br, B, 
<B>,  BBr3, BBr2, BBr. Thermodynamic values nec- 
essary for the calculation are given in JANAF tables 
(4). At high temperature, all species are gaseous with 
the exception of boron. 

We have plotted in Fig. 1 molar concentrations of 
products in equilibrium at different temperatures for 
one mole of gaseous BBrz at a total pressure of 7.7 X 
10 -2 Torr. Clearly, decomposition of BBr~ occurs 
under reduced pressure, leadLng to the format2on of 
solid boron. 

At higher temperatures (i.e. > 1600 K) formation of 
boron is restricted by the formation of BBr. Never- 
theless, the transformation yield of BBr~ into ele- 
mentary boron may exceed 95%. 

One can also observe that the amounts of molecular 
bromine and of BBr2 remain small and that gaseous 
boron may be neglected. 

* E l e c t r o c h e m i c a l  Society Act ive  Member, 
Key  w o r d s :  low p r e s s u r e  v a p o r  depos i t i on  ( L P V D ) ,  b o r o n ,  

b o r o n  t r i b r o m i d e ,  k ine t i c  mode l .  

Experimental Study 
The experimental study has been done in a cold-wall 

reactor (Fig. 2). The reaction chamber is a quartz 
tube 40 mm in diameter and 300 mm long. A BBr8 
evaporator made of Pyrex is immersed in an ice and 
water bath. A needle-valve allows one to regulate 
BBr3 flow which is measured by a ball flowmeter. 

In the reactor, a rotary pump maintains a pressure 
of about 1 • 10 -2 Tort. The unreacted BBr3 vapors 
and by-products of the deposition reaction are con- 
densed in a liquid nitrogen trap located between the 
pump and the reactor. The substrate is a graphite 
cylinder, 16 mm in diameter and 8 mm thick and rf 
heated. It is possible to hang the substrate on the 
beam of an automatic microbalance ,and the variation 
of weight may be followed conf2nuously. Forces acting 
on the sample are: its weight, the electromagnetic 
force due to the induced currents from the magnetic 
field of the coil, and the upward thrust of the gaseous 
flow. 

Archimedes's force on the sample can be neglected. 
The resultant of these three forces can be com- 
pensated by the re-equilibration force of the balance. 

MOLES 
' ~ Br 

I " ~ ( B >  

10-I BE~r 

10-210 -3 ~ ~ B 

10-z' .~ BBr2 
10-5 / ~ Br2 

10-6 ~ BBr3 

! I q I I �9 | 

t200 1600 2000 
T.K 

Fig. 1. Calculated compositions vs. temperature. Initial concen- 
tration: 1 mole of Bgr3; P = 7.6 �9 10 -2 Torr. 
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Fig. 2. CVD apparatus. 1, Sample; 2, induction coil; 3, silica tube; 
4, balance; 5, BBrs evaporator; 6, flowmeter; 7, liquid nitrogen 
trap; 8, vacuum pump; 9, valve; 10, pressure sensor; 11, prism; 12, 
pyrometer. 

weight  gain vs. t ime. The slopes of these gave growth  
rates  Vd at  the corresponding tempera tures .  

Firs t ,  the g rowth  r a t e  increases wi th  subs t ra te  t em-  
pe ra tu re  T up to about  1700 K, beyond  which  i t  b e -  
c o m e s  quite steady.  

We s tud ied  a t  constant  t e m p e r a t u r e  the  g rowth  ra te  
vs.  the pressure  in the reac tor  and  BBrs flow. Pressure  
can be va r ied  wi thout  any  significant change in  the 
BBr8 flow b y  va ry ing  the pumping  speed of the  gas, 
because the pressure  in the  evapora to r  (19 Tor t )  is 
h igher  than  in the  reac tor  (P  < I �9 10 -1 To r t ) .  On 
the o the r  hand, if  the  BBrs flow is changed,  the  p u m p -  
ing speed mus t  be modified in  o rder  to have  a constant  
pressure  in the  reactor .  

Fo r  fixed subs t ra te  t e m p e r a t u r e  and BBrs flow, the  
g rowth  ra te  increases vs. the pressure.  Fo r  T > 1700 K 
the g rowth  ra te  is p ropor t iona l  to the  pressure  (Fig. 3). 

Fo r  fixed t empe ra tu r e  and  pressure,  the  g rowth  ra te  
is not  dependent  on the BBra flow (Fig. 4). We deduce 
f rom these expe r imen ta l  resul ts  tha t  the  growth  ra te  
is on ly  a funct ion of the  subs t ra te  t e m p e r a t u r e  and 
the pressure  in the  r e a c t o r  

v d  = y ( T , P )  

On l y  the $ rhombohedra !  f o r m  of  sol id boron  v~as 
obta ined.  

I n t e r p r e t a t i o n  
A kinet ic  model  has been proposed  to exp la in  oxy-  

gena ted  (or ha logena ted)  molecu le - t rans i t ion  meta l  
in teract ions  (6). We have  app l ied  this  model  to the 
pyrolys is  of BBrs at  low pressure  on a boron substrate .  

The main  assumptions  of  this model  are  as follows: 
(i) Adsorp t ion  of BBrs on the boron subs t ra te  is d is-  
sociat ive and nonact ivated.  Boron combines  wi th  the 
under ly ing  lattice.  Bromine is chemisorbed as a toms 
and m a y  be  desorbed in a tomic  or  molecu la r  form, 
or as boron bromide  a f te r  reac t ing  wi th  boron surface 
atoms. (ii) Chemisorbed bromine  is mobi le  a t  reac t ion  
tempera tures .  (i i i)  BBr~ m a y  not  reac t  w i th  the  ad -  
sorbed species (E ley-Ridea l  mechanism is exc luded) .  

Vd 

4O 

The var ia t ion  of this  force wi l l  cor respond  to the 
var ia t ion  of the  weight  of the  sample  assuming tha t  
o ther  forces a re  constant.  Tha t  is the  case on ly  if  the  3o 
t e m p e r a t u r e  of the  sample  T, the  gaseous flow Q, and 
the p ressure  P are  constant.  Thus, var ious  expe r imen-  ~o 
ta l  pa rame te r s  mus t  be va r i ed  stepwise.  When  al l  
pa rame te r s  a re  fixed, we obta in  a r ecord  of the weight  
var ia t ion  of the  sample  as a funct ion of time. A der iva -  ~ o 
t ive of  this funct ion gives the growth  ra te  on a sample  
of a g iven area.  

Since the deposi t  is thin, we m a y  consider  tha t  the  
deposi t ion a rea  is constant.  Ser ies  of runs  wi th  samples  
of var ious  dimensions show tha t  g rowth  ra te  is p ro -  
por t iona l  to the  deposi t ion area,  a l l  o ther  pa r ame te r s  
being equal.  We can express  the  g rowth  ra te  Vd as a 
funct ion of weight  change per  uni t  a r ea  and p e r  un i t  
t ime. In  pract ice,  i t  is expressed  in mg • cm -2  • ~ - z .  vd 

When  subs t ra te  t empera ture ,  pressure,  and  flow of 
BBr3 are  constant ,  the  increase  in weight  of the  s am-  
ple  is a l inear  funct ion of time. Therefore ,  g rowth  ra te  

3 0  
is constant  f rom the beg inn ing  of the  deposi t ion on 
graphi te ,  whereas  in the  case of boron deposi t ion on 
meta l l ic  subs t ra tes  (Nb, Ta, W) a boroniza t ion  of  the  
under ly ing  meta l  occurs (5), and the curve of w e i g h t  
increase  vs.  t ime is no longer  l inea r  bu t  parabol ic .  We 
wil l  on ly  s tudy  boron deposi t ion on a boron subst ra te ;  
Le., on a g raph i te  cy l inder  p rev ious ly  covered w i th  
a boron layer ,  and  we wi l l  not  s tudy  the fo rmat ion  
of the  ini t ia l  layers .  

Keep ing  the pressure  and BBrs flow constant ,  the  
subs t ra te  t e m p e r a t u r e  was va r ied  stepwise,  and we 
obta ined  a series of s t ra igh t  l ine da ta  tha t  represen ts  

m g . h - ~ . c m  -2  

, . / /  | ! i a 
3 4 5 P x lOztorr 

Fig. 3. Experimental growth rate vs. pressure. T - -  1720 K; 
QBB~ = 4.18 g . hr -z .  
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�9 i I 
i 

- i  2 m g . h  . c m -  

/ | i I I 1 
2 3 4 Oes,~ g . h -  

Fig. 4. Experimental growth rate vs. BBr8 flow. T ~ 1720 K; 
P --  5 X 10 -2 Torr. 
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The deposi t ion mechanism can be descr ibed by  the 
fol lowing react ions 

BBra ~ 2B-* 3(B --  Br)ads [1] 

(B - -  Br)ads "-> B -~ Br  [2] 

2(B --  Br)ads--> 2B ~- Br2 [3] 

(B - -  Br)a~s--> BBr [4] 

2(B --  Br)ads-> B -~- BBr2 [5] 

3 (B --  Br)ads--> 2B ~ BBr3 [6] 

React ions [2] and  [3], combined wi th  reac t ion  [1], 
lead  to boron deposit ion,  whi le  react ions  [4] and  [5] 
involve boron at tack.  React ion [6] induces ne i the r  
deposi t  nor  at tack.  

The flux of BBra molecules  which  are  adsorbed  on 
the surface is 

Zads - -  PBBrs " (2~ �9 mBBr~ " kTs)-V= ' b(~) [I] 

PBBr3 is BBr~ pressure  in the  reactor,  T s is the gas 
t e m p e r a t u r e  (which  is the  wal l  t e m p e r a t u r e  of the 
reactor,  i.e., Tg is about  300 K) ,  mBBr8 is molecu la r  
weight  of BBrs, and K is Bol tzmann 's  constant,  b (0) 
represents  the adsorp t ion  s t icking p robab i l i ty  which  
depends  on the surface coverage 0 of bromine.  

Various desorpt ion fluxes a re  

ZBr = .~BrnsSeXp ( -- X(8) ) 
ZBr2 --  ,Br2ns~O2 exp ( 2x(O'.~TDBr2 ) 

ZBBr = VBBrns8 exp --  RT 

( 2X(O) ~- LB-- DBBr2 ) 
ZBBr2 -- UBBr2T~s282 exp -- RT 

( 8x(8) Ac LB-- DBBr8 ) 
ZBBrS ~ PBBrS?~s 383 exp RT 

where  v represents  p r e - exponen t i a l  factors,  ns the  
number  of possible adsorp t ion  sites pe r  a rea  uni t ,  x (~) 
the heat  of chemisorpt ion of b romine  atoms, LB the hea t  
of subl imat ion of boron, Dsr2 the  hea t  of dissociat ion of 
molecu la r  bromine,  DBBr, DBBr2, DBBr3 the heats  of dis-  
sociation of BBr, BBr2, BBr~ into gaseous boron and 
bromine  atoms at  the  subs t ra te  t empe ra tu r e  T. 

Under  s t eady-s t a t e  conditions,  the  ma te r i a l  ba lance  
is 

3Zads ~ ZBr "~ 2ZBr,2 "-~ ZBBr ~ ~ZBBr2 "~" 3ZSBrs [IH] 

If  ZB is the flux of boron atoms deposi ted (ZB > 0 cor-  
responding to deposi t ion of boron) ,  the  boron  b ~ a n c e  
wil l  be 

Zads = Zs  AC ZBBr3 ~- ZBBr~ -~- ZBBr [I-~'] 
and  

Zs  : 1/3 ZB, + 2/8 ZBr 2 --  2/8 ZBBr - -  1/3 ZBBr~ [V] 

Therefore  boron 's  g rowth  ra te  is not  expressed  in a 
s imple form. Nevertheless ,  the  previous  t he rmodynamic  
s tudy  al lows us to make  severa l  simplif ications:  (i) the 
BBr2 and Br2 fluxes are  negl ig ib le  in the  ent i re  range  
of t empe ra tu r e  studied,  (ii) at  t empe ra tu r e  T > 1600 K, 
the BBr3 desorpt ion  flux is also negligible,  and  (iff) 
fur ther ,  nea r  T ---- 1800 K, the  BBr  flux is less than  
10% of the Br  flux; in  this range  Eq. [IV] jus t  becomes 

Zad~ : ZB [VI] 

Expe r imen ta l  resul ts  and Eq. [I] a l low us to ca lcu-  
la te  the st icking p robab i l i ty  b (0) of BBr3. 

A t  ve ry  high t empera tu re  the growth  ra te  approaches  
a constant  va lue  which means,  as has been shown p re -  
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viously (6) and as we wil l  confirm later ,  tha t  surface 
coverage is small.  So Eq. [I] and  [VI] a l low us to cal -  
culate  easi ly  the va lue  of b for  0 : -  0. The value  we find 
is 

b ( 8  = O)  = 0 . 0 8  

The other  pa rame te r s  v and x cannot  be de te rmined  
easily. Therefore,  w e h a v e  proceeded  to an opt imizat ion  
b y  the Rosenbrock method  (7). 

Equat ion [II i]  combined wi th  Eq. [II] a l lows us to 
de te rmine  0 by  successive approximat ions ,  then  we cal-  
culate  ZBr and ZBBr. Equat ion  IV] then  leads to a va lue  
for  the growth  ra te  f o r  eve ry  expe r imen ta l  point.  We 
have  used the fol lowing the rmodynamic  da ta  (4):  
LB ---- 132.8 kca l /mole ,  DBBr : 103.5 kca l /mole ,  DBBr3 
: 258 kca l /mole ,  and  the va lue  of b(8 : .  0)  _.: 0.08 
prev ious ly  determined.  The theore t ica l  express ion for  
b (e) being unknown,  we have  used a cubic law b (0) 
--  b(0 --  0) (1 --  e) ~ because i t  is necessary  to have  
th ree  superficial  si tes free to adsorb  BBr~. 

Opt imizat ion of o ther  pa rame te r s  (8 and x) has led 
to the fol lowing resul ts :  (i) the  BBr3 desorpt ion  flux is 
impor t an t  only  for the  low t empera tu r e  (T ~< 1400 K)  
range  in which the expe r imen ta l  resul ts  a re  not  ve ry  
accurate,  so i t  has not  been possible to de te rmine  veers, 
(ii) the binding  energy  is independen t  of the  surface 
coverage wi th in  the  precis ion of the  exper iment .  We 
have found tha t  • - -  x(0 _-- 0) ---: 65 kca l /mole ,  and  
(iii) the  o rder  of magni tude  of the  p r e - exponen t i a l  
factors a re  reasonable ,  VSr ---: 1028 and VBer --  9 • 1028. 

Using al l  these values,  we have ca lcula ted  the  curves 
of Fig. 5 and compared  these curves wi th  expe r imen ta l  
data;  the  ag reemen t  is sat isfactory.  Never theless  i t  
should be observed  tha t  the number  of opt imized  pa -  
ramete rs  is la rge  and the on ly  expe r imen ta l  r e su l t  is 
the deposi t ion rate.  Hence i t  is not  possible to obta in  
a set of pa rame te r s  wi th  good precision. To increase  
the accuracy,  one would  have to measure  d i rec t ly  
the Br, BBr, and BBr3 fluxes and to de te rmine  the i r  
kinet ic  pa ramete rs .  

Deposi t ion Y i e l d  
We notice tha t  the  above in t e rp re t a t ion  of the  ex -  

pe r imen ta l  resul ts  does not  need the BBr8 flux th rough  
the reac tor  a t  any  moment .  The  growth  ra te  Vd wil l  
be de te rmined  only by  the t e m p e r a t u r e  of the  sub-  
s t ra te  and the surface coverage, i.e., b y  the pressure.  

In pract ice  i t  is impor t an t  to know the deposi t ion 
y ie ld  Rd, i.e., the  ra t io  of the  boron deposi ted  to the  
amount  in jec ted  into the reac tor  in the form of BBr8 

Rd : (Vd X S • 250.5)/(QBBr~ X 10.82) 

where  QBBr8 is the  BBr8 flow rate,  S the deposi t ion 

Vd 
mq.cm-2.~ -I o o ] 

5D 
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Fig. 5. Growth rote vs. substrate temperature. Experimentol re- 
suits: [~, P _-- 6 • 10 - 2  Torr; � 9  P ~ 5 • 10 - 2  Torr; A ,  P ---- 

4 ~( 10 - 2  Tort; --~-, P ---- 3 X 10 - 2  Tort. Calculated curves 
(b(8 ---- 0) ~- 0.08): curve 1, P ~ 6 X 10 - 2  Tort; curve 2, P 
5 X 10 - 2  Turr; curve 3, P ----- 4 X 10 - 2  Torr; curve 4, P z 
3 X 10 - 2  Torr. 
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area,  and Vd the  deposi t ion rate.  If  QB~r8 is he ld  con- 
stant ,  the y ie ld  Rd wi l l  increase  wi th  Vd or  S. When  
the t e m p e r a t u r e  is op t imal  Vd wil l  increase  wi th  the  
pressure ,  i.e., with  decreas ing pumping  speed. Rd wil l  
increase when  the s t icking p robab i l i t y  increases.  

I t  should  be not iced tha t  if  Vd or  S increase  too 
much, Rd could be h igher  than  1, which is impossible.  
In  this  case, there  is a consumption of BBr~ grea te r  
than  the flow and the s t eady - s t a t e  condit ions are  no 
longer  established.  The BBr8 pa r t i a l  pressure  in the  
reac tor  wi l l  decrease  unt i l  a new s teady  s tate  is es-  
tabl ished.  Then y ie ld  becomes m a x i m u m  for these new 
conditions.  We have  obta ined  a y ie ld  Rd _= 0.89 wi th  an 
8 cm 2 deposi t ion a r ea  hea ted  a t  T = 1630 K, a 3.32 g / h r  
BBr8 flow rate,  and  an in i t ia l  to ta l  p ressure  of 1 • 
10 -1 Torr.  The g rowth  ra te  was equal  to 16 m g / h r / c m  2, 
which  corresponds to a BBr3 pa r t i a l  pressure  of 3 • 
10-~ Torr.  

Conclusion 
The kinet ic  model  p rev ious ly  pub l i shed  (6) has 

been ex tended  to BBr~ pyrolys is  at  low pressure  on a 
hot surface. We have de t e rmined  the pa rame te r s  de te r -  
min ing  the  boron g rowth  ra te ;  these are  the t empera -  
tu re  and  the surface  coverage,  therefore  also the  
BBr3 pressure.  The reac tor  y ie ld  depends  essent ia l ly  on 
the BBr8 flow and on the pumping  speed tha t  should 
be opt imized  as a 2unction of deposi t ion area .  

Acknowledgment 
The authors  wish to thank  the  'Centre  d ' In fo rmat ion  

de The rmodynamique  Chimique Min~rale"  for  the  
use of the i r  t he rmodynamic  computat ions.  

Manuscr ip t  submi t t ed  Feb.  28, 1980; rev ised  m a n u -  
scr ipt  received Sept.  23, 1980. This was P a p e r  423 p re -  
sented at  the Los Angeles,  California,  Meet ing of the  
Society, Oct. 14-19, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. i,  1981. 

REFERENCES 
1. P. Hagenmul l e r  and R. Naslain,  Rev. Int. Htes Temp. 

Rd]ract., 2, 225 (1965). 
2. M. Ducarroi r ,  M. Jaymes ,  C. Bernard ,  and  Y. Deniel ,  

J. Less Common Met., 40, 173 (1975). 
3. C. Bernard,  Y. Deniel,  A. Jacquot,  P. Vay, and M. 

Ducarroi r ,  ibid., 40, 165 (1975). 
4. J A N A F  Thermochemica l  Tables,  2nd ed. (1971). 
5. B. Armas,  Rev. Int. Htes Temp.  R~fract., 13, 49 

(1976). 
6. B. Weber ,  J. L .  Phi l ippar t ,  and A. Cassuto, Surf.  

Sci., 52, 311 (1975). 
7. H. H. Rosenbrock and C. Storey,  "Computa t iona l  

Technics for  Chemical  Engineers ,"  Pe rgamon  
Press  (1966). 

A Negative-Working Plasma-Developed Photoresist 
Gary N. Taylor,* Thomas M. Wolf, and Michael R. Goldrick 

BeL~ Laboratories, Murray  Hill, New Jersey 07974 

ABSTRACT 

P la sma-deve loped  nega t ive  photoresis ts  wi th  good sens i t iv i ty  and a t  leas t  
1 ~m resolut ion  have been developed b y  the addi t ion of quinone sensi t izers  
such as phenan th renequ inone  to a p l a sma-deve loped  x - r a y  resis t  comprised  of 
p o l y ( 2 , 3 - d i c h l o r o - l - p r o p y l  ac ry la te )  and N - v i n y l  carbazole.  The sens i t iv i ty  is 
op t imum in the  290-350 nm range.  Locking of the  carbazole  by  cationic p o l y m -  
er izat ion is p r e sumab ly  accomplished v ia  cation radica l  in te rmedia tes  p ro -  
duced upon quenching N-v in y l  carbazole  exci ted  states wi th  quinones tha t  
are  exce l len t  e lec t ron a c c e p t o r s .  

In a recen t  r epo r t  (1) Tay lo r  and  Wolf  descr ibed m a -  
ter ia ls  and  a technique whe reby  pa t t e rns  could be de -  
veloped in negat ive  x - r a y  res is t  by  d r y  deve lopment  
using an oxygen plasma.  An  essent ia l  fea ture  of this 
technique was the  different ia l  r emova l  rates  of res is t  
in the  imaged  and nonimaged  areas  which  a l lowed the 
shal low re l ie f  image  ob ta ined  af ter  fixing to be fu r -  
ther  enhanced to p rac t i ca l ly  usable  film thicknesses 
upon p lasma  development .  The essent ia l  composi t ional  
e lements  which  opt imized sens i t iv i ty  were  found to be 
(i)  an x - r a y  absorbing host  po lymer  having a high 
remova l  ra te  in an oxygen  p lasma  as best  exemplif ied 
b y  p o l y ( 2 , 3 - d i c h l o r o - l - p r o p y l  ac ry la te )  DCPA and 
(ii) a mode ra t e ly  vola t i le  a romat ic  monomer  that  is 
r ead i ly  po lymer ized  by  ionizing rad ia t ion  as bes t  ex -  
emplif ied b y  N-v iny l  carbazole  NVC. Using an 81:19 
m ix tu r e  by  weight  of DCPA and NVC, submic romete r  
pa t te rns  were  obta ined upon exposure  wi th  low doses 
(4.5 m J / c m  2) of PdL~ x - r a y s  at  the 4.37A wavelength .  

When  these resul ts  were  ob ta ined  i t  in t r igued  us  as 
to whe the r  such resists  could be made  sensi t ive to u.v. 
and  vis ible  rad ia t ion  and thus be of use in more  con- 
vent ional  photol i thographic  pr in t ing  of high resolut ion  
nega t ive  resis t  pa t t e rns  needed for  VLSI  device l a b -  

* Electrochemical Society Active Member. 
Key words: polymerization, quenching, x-ray. 

r ication.  The recent  announcement  by  Motorola  of a 
d ry -de ve lope d  photores is t  (2) whose de ta i led  s t ruc ture  
was not  given and a pa ten t  pe r t a in ing  to this resu l t  (3) 
p rompts  us to r epor t  resul ts  obta ined wi th  monomer -  
po lymer  mix tures  containing sensi t izers  which  r ende r  
them sensi t ive to u.v. and vis ible  radia t ion.  

Experimental 
Poly  (2 ,3 -d ich lo ro - l -p ropy l  ac ry la te )  was p repa red  

as p rev ious ly  descr ibed  (4). I ts molecu la r  pa r a me te r s  
were  M--~ ---- 2.45 • 108 g/mole ,  P : Mw/Mn = 2.69, 
[0] ---- 1.95 d l /g  in e thyl  acetate  a t  30~ N -v iny l  carba-  
zole and hydroquinone  d ime thac ry la t e  were  used as 
received from Polysciences Incorpora ted  and Monomer  
Po lymer  Labs, respect ively.  Sensi t izers  were  obta ined  
from Aldr ich  Chemical  Company except  for  I rgacure  
651 which was ob ta ined  f rom Ciba -Ge igy  Corporat ion.  
Wafers  were  coated by  spinning f rom c h l o r o b e n z e n e  
solutions tha t  had  been fi l tered th ru  0.45 #m pore  
membrane  filters. These solutions were  p r e p a r e d  by  
sequent ia l  dissolution of the  polymer ,  monomer,  and  
sensitizer,  respect ively,  in the chlorobenzene.  

Samples  were  exposed on a Kaspe r  Model 2001 con- 
tact  p r i n t e r  having s t andard  optics. The mask  and 
wafer  were  flushed wi th  n i t rogen  in p rox imi ty  p r io r  
to contact. Addi t iona l  samples  were  exposed on a 
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Perkin Elmer Model 120 projection printer  and a 
Perkin Elmer Model 111 projection printer  with the 
optics modified for exposure at 3100A. After exposure 
the monomer not locked into the host polymer by 
irradiation was removed by treatment for 1 hr  at 80~ 
and 0.1 Torr pressure. This afforded a relief image hav-  
ing greater thickness in the exposed regions but  less 
than the initial thickness. Development was accom- 
plished by treatment with an O2 plasma in a Model 
2005T-1813-SCA plasma etcher manufactured by the 
International Plasma Division of Dionics Incorporated. 
Operational parameters were: power = 100W, pres- 
sure = 0.55 Torr, and starting temperature -- 35~ 
Treatment was continued until  the unexposed areas 
were completely removed. Sensitivity curves were ob- 
tained from step tablet  and discrete exposures. Ex- 
posures using the step tablet always resulted in lower 
normalized film thickness through chrome areas of in- 
creasing optical density compared to discrete exposures 
of the equivalent dose. This indicated, that  the sensi- 
tivity curves were flux dependent. Final evaluations 
were consequently conducted using discrete exposures 
of full wafers. 

U.V. spectra were measured on a Cary 17 U.V.- 
visible spectrometer. Fi lm thicknesses were measured 
on a Nanometrics, Incorporated Model 10-0174 Nano- 
Spec automatic film thickness gauge. 

Results and Discussion 
Two approaches were taken to try to sensitize the 

plasma-developed negative x - r ay  resists to u.v.-visible 
radiation. The first was use of sensitizers which gen- 
erate radical species that initiate polymerization of 
acrylic and styrenic monomers thus locking them in 
the i r radiated regions. The second approach was gen- 
eration of cation radical intermediates by quenching 
suitable monomer or sensitizer excited states with 
either donor or acceptor quenchers. Best results were 
obtained with N-vinyl  carbazole, a very good electron 
donor which is itself efficiently polymerized by cation 
radical species. These methods were recently reviewed 
by Ledwith and co-workers in 1974 (5) and 1975 (6), 
respectively. 

Five sensitizers were evaluated using DCPA as the 
host polymer and hydroquinone dimethacrylate as the 
polymerizable monomer. The sensitizers were 2,3-di- 
phenylindenone (1), acenaphthenequinone (2), per i -  
naphthenone (3), phenanthrenequinone (4), and Irga- 
cure 651 (5). The first 

1 2 3 

 !_OCH i -O 
OCH 3 

4 5 

four have moderate absorption in the u.v. and visible 
regions with e ranging from 1000 to 5000 liters mo le - I  
cm -1 while Irgacure 651 is weakly absorbing at 3130 
and 3660A (e _~ 150 and 100 liters mole-1 cm-1 at 
these wavelengths, respectively).  Using approximately 
2.5 weight percent (w/o) of sensitizers 1-4 and 5.4 
w/o of sensitizer 5 the results summarized in Table I 
were obtained using 1 ~m initial thickness films ex- 
posed for 4 rain through a chrome step tablet  mask. 
The least absorbing sensitizer, Irgacure 651, proved to 
be the most efficient sensitizer. Upon absorption of 
light it  affords free radical species which initiate the 
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polymerization of acrylic monomers very efficiently. 
The two quinones, phenanthrenequinone and acenaph- 
thenequinone were almost as effective as the Irgacure. 
Presumably, these sensitizers form free radical species 
by photoreduction of the reactive a-diketone groups to 
give a hemiketal  radical by hydrogen abstraction pre-  
sumably from the host polymer molecule. Monomer 
polymerization then ensues. The two eneones, per i -  
naphthenone and 2,3-diphenylindenone, were less 
sensitive. The lat ter  is very insensitive but highly ab- 
sorbing. It may not undergo the facile photoreduction 
thought to provide initiating radical  species because 
its lowest triplet  state may be a ~-~* state rather  
than an n-~* state which is more prone to undergo 
hydrogen abstraction (7). All  of the combinations 
shown in Table I are less sensitive than the Kodak 747 
negative photoresist which requires about 1 sec of 
exposure time. 

The resolution of the resist mixtures listed in Table 
I was not optimized for the smallest features on the 
step tablet  and mask because other formulations con- 
taining DCPA and N-vinyl  carbazole offered improved 
sensitivity. Results for these materials are summarized 
in Table II. Typical sensitivity curves are given in 
Fig. 1. Two additional quinone sensitizers were studied. 
These were t ,5-diaminoanthroquinone (6) and 1,2- 
naphthoquinone (7). 

0 NH 2 0 

NH20 
6 7 

All sensitizers resulted in highly sensitive negative 
resist materials with sensitivity comparable to that  of 
conventional wet-developed negative resists and better  
than that of novolac-based positive photoresists. 
Phenanthrenequinone and acenaphthenequinone were 
the most efficient sensitizers. The photolocking mecha- 
nism which we suggest is outlined below (in Scheme 1) 
where Q represents the sensitizer quinone, N represents 
N-vinylcarbazole, and P represents polymerized N- 
vinylcarbazole. We believe that quenching of 1N* by 
the quinone is the dominant means of generating the 
radical cation which we feel is responsible for efficient 
polymerization of N. A less efficient means of gener- 
ating N. + is by quenching SQ* with N. We presume 
this may be a less efficient process because the absorp- 
tion of the quinone is much less than that of the N- 
vinylcarbazole in the short wavelength region. This is 
best visualized in the absorption spectra of various 
DCPA, NVC, and phenanthrenequinone films shown in 
Fig. 2. For example, at  334 nm and for 1 #m thick films 
DCPA-NVC has OD = 0.53 compared to OD ---- 0.08 
for DCPA-PQ. Here DCPA/NVC and DCPA/PQ values 
are 4.26 and 37.5, respectively. Thus, the quinones may 
not be sensitizers in the classical sense (reactions [10]- 
[12] ) but probably sensitize pr imari ly  by quenching 
N-vinylcarbazole excited states. 

S c h e m e  1 

hv 
N-~ 1N* [8] 

1N* + Q ~  N. + + Q. -  [9] 

hv 
Q -~ 1Q* [10] 

1Q* _> SQ* [11] 

8Q* + N--> N. + + Q. -  [12] 

N. + -t" nN-~ P.+ [13] 
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Table I. Sensitizers for plasma-developed photoresists containing HQDMA a,b 

e(1 mole -x em -~) 
w / o  w / o  w / o  D o.~ 

Sensit izer 313 nm 366 nra 405 nm Sensitizer DCPA HQDMA (see) ~ ~d 

I r g a c u r e  651 149 98 0 5.4 80.9 13.7 20 
P h e n a n t h r e n e q u i n o n e  3500 1000 1300 2.4 85.4 12.1 24 
Acenaph thene~hJn 'one  ~ - -  - -  2.8 83.3 13.9 26 
P e r i n  a p h t h e n o n e  - -  - -  2.8 83.3 13.9 34 
2 ;3-Diphenyl indenone  4000 ~ 0  1500 2,8 83.3 13.9 240 

0.22 
0.19 
0.16 
0.23 
0.58 

Step tablet exposure for 4 rain with variable transmittance regions used to obtain data for lower doses. 
b Final resist thicknesses obtained after fixing for 1 hr at 80~ and 0.1 Torr followed by O~ plasma treatment to totally remove the un- 

exposed regions. 
c DO.l~ is the dose required to give a normalized thickness of 0.15 after plasma development. 
d % the contrast,  is the slope of the  plot of normalized thickness  vs. log dose. 

Table II. Sensitizers for plasma-developed photoresists containing 
NVCa, b 

wlo 
Sensi- wlo w/o D o-~ 

Sensitizer tizer DCPA NVC (sec) r 7 a 

P h e n a n t h r e n e q u i n o n e  2.6 78.9 18.5 2.8 0.22 
A c e n a p h t h e n e q u i n o n e  2.6 78.9 18.5 3.7 0.32 
I r g a c u r e  651 7.5 75,0 17.5 6.6 0,81 
P e r i n a p h t h e n o n e  2.6 78.9 18.5 7.8 0.56 
1 ,5 -Diaminoan th roqu inone  2.6 78.9 18,5 10.8 0.18 
1 ,2-Naphthoquinone  2.6 78.9 18.5 15.0 0.50 

* Step tablet exposure for 1 rain with variable transmittance 
regions used tcr:ubtain data for lower doses. 

b Thickness obtained as previously described in Table I. 
c DO.2o is the dose required to give a normalized thickness of 

0.20 after plasma development.  
a % the contrast, is explained in Table I. 

P .+  -~ P [14] 

E x c e p t  f o r  t h e  p e r i n a p h t h e n o n e  a n d  1 , 2 - n a p h t h o -  
q u i n o n e  s ens i t i z e r s  t h e s e  r e s i s t s  h a v e  v e r y  l o w  c o n -  
t r a s t .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  fo r  t h e  c o m p o s i -  
t i ons  c o n t a i n i n g  h y d r o q u i n o n e  d i m e t h a c r y l a t e  e x c e p t  
w h e n  2 , 3 - d i p h e n y l i n d e n o n e  w a s  u s e d  as  t h e  sens i t i ze r .  
H o w e v e r ,  w e  find, as T a y l o r  a n d  W o l f  o b s e r v e d  fo r  t h e  
p l a s m a - d e v e l o p e d  x - r a y  r e s i s t s  (1 ) ,  t h a t  r e s o l u t i o n  is  
i n d e p e n d e n t  of  t h e  e x p o s u r e  dose.  Th i s  r e s u l t s  f r o m  
t h e  d i f f e r e n t i a l  n a t u r e  of  t h e  p l a s m a  d e v e l o p m e n t  
p r o c e s s  i n  w h i c h  t h e  e x p o s e d  r e g i o n s  a r e  r e m o v e d  
m o r e  s l o w l y  t h a n  t h e  u n e x p o s e d  r eg ions .  

S i n c e  a c e n a p h t h e n e q u i n o n e  is r e l a t i v e l y  i n s o l u b l e  i n  
t h e  D C P A - N V C  m i x t u r e ,  w e  d i d  n o t  choose  to t r y  
to  o p t i m i z e  i t s  e f fec t iveness .  N o t e  i n  Fig.  1 t h a t  a t  
e x p o s u r e  t i m e s  g r e a t e r  t h a n  7 sec  a n d  less  t h a n  30 sec  
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Fig. 1. Sensitivity curves for step tablet exposures of mixtures 
containing 78.9 parts DCPA, 18.4 parts N-vinyl carbazole, and 2.6 
parts of the following sensitizers: curve (a), phenanthrenequinone; 
carve (b), acenaphthenequinone; curve (c), Irgacure 651; curve (d), 
perinapthenone; curve (e), 1,5-diaminoanthraquinone; curve (f), 
1,2-naphthoqUinone. NT = normalized thickness. 

a c e n a p h t h e n e q u i n o n e  is a m o r e  e f f ec t ive  s e n s i t i z e r  
a n d  t h u s  cou ld  h a v e  o f fe red  t h e  a d v a n t a g e  of g r e a t e r  
f ina l  t h i c k n e s s .  I n s t e a d  w e  chose  to o p t i m i z e  f o r m u l a -  
t i ons  c o n t a i n i n g  p h e n a n t h r e n e q u i n o n e  sens i t i ze r .  T h u s  
w e  s t u d i e d  t h e  i n f l u e n c e  of  compos i t i on ,  e x p o s u r e  
cond i t ions ,  a n d  e x p o s u r e  m o d e  o n  r e s i s t  p r o p e r t i e s .  

T h e  d a t a  p r e s e n t e d  i n  T a b l e s  I I I  a n d  IV  s u m m a r i z e  
t h e  r e s u l t s  of  c o m p o s i t i o n a l  c h a n g e s  i n  t h e  D C P A -  
N V C - P Q  f o r m u l a t i o n .  U n f o r t u n a t e l y ,  t h e s e  r e s u l t s  
w e r e  o b t a i n e d  w i t h o u t  f l u sh ing  t h e  w a f e r  w i t h  a h i g h  
e n o u g h  flow of  n i t r o g e n  ( s t a n d a r d  m a c h i n e  c o n d i t i o n s  
w e r e  u s e d )  p r i o r  to  c o n t a c t i n g  t h e  m a s k  a n d  w a f e r .  
Th i s  a l l ows  r e s i d u a l  d i s s o l v e d  o x y g e n  to r e m a i n  i n  t h e  
f i lm a n d  l eads  to h i g h e r  c o n t r a s t  b e c a u s e  t h e  l o w  dose  
e x p o s u r e s  a r e  q u e n c h e d  b y  Oa to  a g r e a t e r  e x t e n t  t h a n  
t h e  h i g h  dose  e x p o s u r e s .  H o w e v e r ,  r e l a t i v e  c o m p a r i -  
sons  a p p e a r  v a l i d  a n d  t w o  t r e n d s  a r e  e v i d e n t .  T h e  
f i rs t  d e n o t e d  b y  T a b l e  I I I  is t h a t  excess  s e n s i t i z e r  a p -  
p e a r s  to ac t  as a q u e n c h e r .  I n  t h e s e  e x p e r i m e n t s  t h e  
D C P A / N V C  r a t i o  was  h e l d  c o n s t a n t  a t  4.29 w h i l e  t h e  
s e n s i t i z e r  c o n c e n t r a t i o n  w a s  va r i ed .  N e a r l y  o p t i m u m  
s e n s i t i v i t y  was  f o u n d  a t  t h e  i n t e r m e d i a t e  2.6 w / o  
c o n c e n t r a t i o n .  
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Fig. 2. Absorption spectra for 1 #m thick films of curve (a), 

DCPA; curve (b), DCPA and 2.6 w/a phenanthrenequinone; curve 
(c) DCPA and 19 w/o N-vinyl carbazole; curve (d) 78.9 ports DCPA, 
18.4 parts N-vinyl carbazole, and 2.6 parts phenanthrenequinone 
by weight. 
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Table III. Effect of sensitizer concentration on DCPA-NVC-PQ 
plasma-developed photoresist 

W/O w/o w/o D o.=o 
DCPA NVC PQ (see) 7 

79.8 18.6 1.5 14 0.42 
78.9 18A 2.6 9 0.66 
76.9 17.9 5.1 14 0.59 

Table IV. Effect of monomer concentration on DCPA-NVC-PQ 
plasma-developed photoresist 

wlo w / o  w/o D o.~o 
DCPA NVC PQ (sec) 

73.2 24.4 2 .4  19 0.61 
78.9 18.4 2.6 9 0.66 
85.7 11.4 2.9 15 0.38 

A second observat ion  is tha t  un l ike  the  DCPA-NVC 
x - r a y  resis t  whe re  sensi t iv i ty  increased  wi th  increas ing 
w/o  NVC (1), the  photosensi t ized samples  show opt i -  
m u m  sens i t iv i ty  at  an in t e rmed ia te  NVC concent ra-  
tion. This is ind ica ted  by  compar ing  the resul ts  of the  
exper imen t s  l is ted in Table  IV conducted  at  a p p r o x i -  
ma te ly  2.5 w /o  sensit izer.  F rom these resul ts  p lo t ted  
as D 0.2o vs. w/o  NVC and phenanthrenequinone ,  the  
composit ion for  op t imum sens i t iv i ty  is p red ic ted  to 
contain  app rox ima te ly  80.0 w /o  DCPA, 16.5 w/o  NVC, 
and 3.5 w/o phenanthrenequinone. 

The influence of exposure conditions has been men- 
tioned in the previous section. A sufficient nitrogen 
flow is required to get reproducible results and to 
minimize exposure time. Comparison of adequate and 
inadequate nitrogen fiushing of the mask-wafer sand- 
wich prior to contact is presented in Fig. 3 which 
shows one sensitivity curve for each of these pre- 
treatment conditions. Presumably, the residual oxygen 
in the inadequately flushed film b inhibits NVC poly- 
merization at the lowest doses thus offering the ad- 
vantage of higher contrast but adding the disadvantage 
of irreproducibility. We believe that failure to obtain 
short exposure times using the Perkin Elmer Model 120 
printer with output primarily at 366, 405, and 435 nm 
is due to overwhelming O2 quenching in the air atmo- 
sphere. The DCPA-PQ mixture is weakly absorbing at 
these wavelengths and moderately absorbing at 303, 
313, and 334 nm where only weak lamp output is 
available. Short 23 sec exposure times have been ob- 
tained using the Perkin Elmer Micralign 111 with 
optics and filters modified to optimize exposure at the 
303, 313, and 334 nm wavelengths. With these operat- 
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Fig. 3. Sensitivity curves for DCPA-NVC-PQ resist exposed with 
curve (a) adequate N2 flushing; curve (b), inadequate N2 flushing. 
NT = normalized thickness. 

ing condit ions the absorbed  flux is a p p a r e n t l y  high 
enough to comple te ly  reac t  a l l  the O~ presen t  in the  
film as wel l  as tha t  which  diffuses into the  film dur ing  
exposure.  

Exposure  mode is another  fac tor  which  affects res is t  
response. We ment ioned  p rev ious ly  tha t  s tep tab le t  
exposures  made  the resis t  appea r  less sensi t ive than  i t  
was when  discrete  exposures  were  conducted.  This 
effect is bes t  demons t ra ted  by  the sens i t iv i ty  curves 
shown in Fig. 4. The res is t  was a 78.9, 18.4, and  2.6 
pa r t  mix tu re  b y  weight  of DCPA, NVC, and phe-  
nanthrenequinone.  Fo r  a constant  no rmal i zed  th ick-  
ness of 0.2 the  s tep t ab le t  exposures  gave va ry ing  ex -  
posure t imes of 4.7, 2.7, and 2.0 sec for to ta l  exposure  
t imes of 60, 30, and  15 sec, respect ively.  If  discrete 
exposures  were  used, then  for  l a rge  fea tures  having  

10 ~m m i n i m u m  dimensions,  sens i t iv i ty  curve  a in  
Fig. 5 was obtained.  Note tha t  the  cont ras t  for  this 
curve is 0.45, a much h igher  va lue  than  that  for  the  
60 sec curve in Fig. 4 where  -y _-- 0.10. Thus, to get a 
t rue  sens i t iv i ty  curve for  these mater ia ls ,  discrete  
exposures  mus t  be used. Re la t ive  sensi t iv i ty  da ta  can 
be obta ined f rom step tab le t  exposures.  However ,  when  
resolut ion  is the p r i m a r y  concern  the  discrete  method  
must  be used. Also included in Fig. 5 are  sens i t iv i ty  
curves for Kodak  747 nega t ive  res is t  and  Hunt  HPR-  
204 posi t ive resist.  Both exhib i t  much  h igher  contras t  
than the p l a sma-deve loped  res is t  and  requi re  e x -  
p o s u r e  t imes of 1.0 and 6.5 sec, respect ively .  
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Fig. 4. Sensitivity curves for step tablet exposures of DCPA-NVC- 
PQ resist exposed for curve (a), 60 sec; curve (b), 30 sec; curve (c), 
15 sec. 
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Fig. 5. Sensitivity curves for discrete exposures of DCPA-NVC- 
PQ resist showing the dependence on feature size: curve (a) fea- 
tures > 10 /zm; curve (b), features ~--- 1 ~m. Curves (c) and (d) 
are for Kodak 747 negative resist and HPR-204 positive resist. The 
dark spots indicate the doses required for high resolution features. 
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The curves in Fig. 5 also reveal another important  
phenomenon. Curve (a) is the curve obtained when 
the thicknesses are measured for large features with 
minimum dimensions greater than 10 #rm Unexposed 
regions contiguous to such regions have no residual 
resist remaining. However unexposed features having 
a minimum dimension <10 ~m are not completely 
cleared. The smallest  features exhibit  the worst devia- 
tions. If the smallest features on the mask (.~1 #m) 
are completely cleared, another sens i t iv i ty  curve is 
obtained, curve (b) in Fig. 5. All  features with di- 
mansions ~1.0 ~m are well resolved for each point 
on curve (b).  We believe the differences are due to 
diffraction effects even though the mask and wafer 
are presumably in contact. Exposures of a bowed 
wafer having proximity and contact exposures show 
even worse final resist thickness variations where the 
resist and mask are out of contact. 

The effect on resolution by exposing for an exposure 
time longer than about 3 sac and plasma developing 
until  only the large unexposed areas are cleared is 
shown in Fig. 6. The patterns were  made by exposing 
for 10 sac (Fig. 6A) to give a 0.40 #m final thickness 
film, and 3 sec (Fig. 6B) to give a 0.21 #m final thick- 
ness film. Note that  the image quali ty in 6A is fuzzy 
and that considerable resist remains in the 1 #m lines 
and spaces and the 2 #m contact windows which ex- 
hibit the worst diffraction effects. In Fig. 6B the lea-  
tures are much sharper  and resolution appears to be 
about 1 ~m. 

Better examples of the resolut ion of the plasma- 
developed photoresist are presented in Fig. 7. Here the 
1 #m lines and spaces (Fig. 7a), the 2 ~m contact 
windows (Fig. 7b), the isolated fine lines (Fig. 7c), 
and the isolated fine gaps (Fig. 7d) are all resolved 
at a final thickness of 0.24 #rm The exposure time 
was 3 sac. High resolution patterns also were obtained 
on the modified Perkin Elmer at  a 23 sac exposure time 
on the aperture  4 setting. Figure 8 shows examples of 
some of the patterns obtained. Exposure conditions 
and mask resoZution were not optimum in these ex-  
periments. Better results might be obtained with more 
experimentation. Final resist thicknesses were 0.25 #m. 

Like the plasma-developed x - r ay  resist (1), the 
plasma-developed photoresist can only be used with 
tr i level  processing (8) since fiat surfaces are required. 
The DCPA-NVC-PQ mixture is quite resistant to 
conditions (CI-IFs reactive ion etching) used to etch 
the SiO2 layer in the tri level process (8). Typically, 

Fig. 7. Photomicrographs of 0.24 .urn thick patterns in DCPA- 
NVr resist contact exposed for 3 sec (a) 1 and 2 ~m lines and 
spaces and 2/~ro oblique lines, (b) 1 and 2 #m windows, (c) 0.5, 
1.0, and 2.0/~ro isolated lines, (d) 0.5, 1.0, and 2.0/~ro isolated gaps. 

Fig. 6. Photoroicrographs of contact exposures of 1 and 2 #m 
windows (left) and 1 and 2 ~ro lines and spaces in the DCPA-NVC- 
PQ resist exposed for (a) 10 sec, 0.40/~ro thickness; (b) 3 sec, 0.21 
/~ro thickness. 

Fig. 8. Photomicrographs of 0.25 /,.to thick patterns in DCPA- 
NVC-PQ resist obtained by exposure with the Perkin Elmer 111 
projection printer with optics modified for exposure at 3100A. (A) 
1.25/~ro oblique lines, (B) 1.50 #to oblique lines, (C) 2 #to lines and 
spaces, (D) 1.25/~ro contact windows. 1.0 #to and smaller features 
were not resolved. Exposure time was 23 sec. 

200-800A are lost when 1200A of SiO~ is removed by 
the RIE process. 

Conclusions 
The plasma-developed x - r ay  resist consisting of 

poly(2,3-dichloro- l -propyl  acrylate)  (15) and N-vinyl  
carbazole (16) has been sensitized to u.v. radiation by  
the addition 

- -  (CH 2 -  CH)~-- 

o>~ r 
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of quinone sensitizers. The most efficient sensit izer  is 
phenanthrenequinone .  The op t imum composit ion con- 
tains 80.0 w / o  DCPA, 16.5 w / o  NVC, and 3.5 w / o  
phenanthrenequinone.  With  i t  1 ~m features  can be 
p r in ted  in 0.23 ~m final resis t  thfckness wi th  about  
one-ha l f  the  exposure  t ime requi red  for HPR-204 
posit ive photoresist .  The resis t  is compat ib le  wi th  and 
can only be used wi th  t r i l eve l  processing. I t  is sensi-  
t ive p r imar i l y  to the 3000-3400A radia t ion  of the u.v. 
spectrum. Resolution is sensi t ive to diffract ion indi -  
cat ing a low modula t ion  t ransfe r  function for this 
type  of resist.  However ,  high resolut ion fea tures  can 
sti l l  be obta ined because of the dif ferent ia l  deve lop-  
ment  of exposed and unexposed regions dur ing  O2 
p lasma processing. 

Present ly ,  this resis t  class offers no significant ad -  
vantages  over  commerc ia l ly  ava i lab le  posi t ive photo-  
resists. Resolut ion is in fact  p robab ly  somewhat  h igher  
for the lat ter .  However ,  the resolut ion of p l a sma-  
developed photoresis ts  is be t te r  than  tha t  of p resen t ly  
avai lable  negat ive  photoresists.  This is not  a significant 
advan tage  since most  high resolut ion pho to l i thography  
is adequa te ly  accomplished using posi t ive photoresists.  
The main  advantages  ment ioned for  the Motorola  ve r -  
sion (3) of the p l a sma-deve loped  photoresis t  a re  tha t  
i t  is more  cost effective and e l iminates  the need for the 
use of large  volumes of po ten t i a l ly  hazardous  wet  
chemicals  to develop and  remove the resis t  pat terns.  
These a re  impor t an t  advantages.  While  p lasma de-  
ve lopment  avoids the use of wet  chemicals, i t  does, 
however,  requi re  extensive capi ta l  inves tment  in vac-  
uum and p lasma processing equ ipment  which also must  
be safely exhausted.  Throughput  is less wi th  p resen t ly  
ava i lab le  p lasma processing units a n d  un i fo rmi ty  of 
deve lopment  can be a problem. In our  opinion the 
foremost  reasons for using p la sma-deve loped  resists  
are to obtain enhanced resolut ion  and sensit ivity.  This 
makes  such nega t ive  resists  ve ry  a t t rac t ive  for  x - r a y  
l i thography  where  resolut ion of h ighly  sensi t ive re-  

sists is l imi ted  by  swel l ing dur ing  deve lopment  to 
about  1 ~m. S imi la r  advantages  are  not  as significant 
in photolithography at  conventional wavelengths  with 
the mater ia l s  we have studied. 

Manuscr ip t  submi t ted  June  11, 1980; revised manu-  
script  received Aug. 12, 1980. 

Any  discussion of this paper  will  appea r  in a Dis-  
cussion Section to be publ ished in the December  1981 
JOURNAL. All  discussions for the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Edge Profiles in the Plasma Etching of 
Polycrystalline Silicon 

A. C. Adams* and C. D. Capio 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Five  gas mix tures  for p lasma etching po lycrys ta l l ine  sil icon films have 
been compared  with  emphasis  on the edge profiles and the l inewidth  loss. The 
two isotr0Pic etches, CF4-O2 and 1:1 C2F6-CF~C1 produce edge profiles that  
fol low an arc of a circle and have line wid th  losses tha t  a re  nea r ly  twice the 
thickness of po lycrys ta l l ine  sil icon etched. In  contras t  the  anisotropic  etches, 
C~F6-Ct2 and 4:1 CzF6-CF3C1 produce  profiles tha t  are n e a r l y  ver t ica l  and have  
l ine wid th  losses tha t  are  dependent  on the  etch ra te  of the photoresis t  mask. 
Samples  e tched in CFsC1 have c i rcular  profiles and have l inewid th  losses tha t  
are  in i t ia l ly  very  smal l  but  increase r ap id ly  as the samples  are  overetched.  
Measurements  of the resis t  erosion ra te  indicate  that  the photoresis t  mask  
etches i so t ropica l ly  in C2F6-Cle even though the po lycrys ta l l ine  sil icon is e tch-  
ing anisotropical ly .  Of the five etches examined,  C2Fs-Cl2 is super ior  for e tch-  
ing ve ry  fine features.  

Severa l  processes for  the p lasma etching of po ly-  
crys ta l l ine  silicon have been repor ted  (1-5). The 
various etches differ in the degree of etching anisot-  
ropy, the etching se lec t iv i ty  over  SiO2, the loss in 
fea ture  size, and the sensi t ivi ty  to loading effects. 
These effects become increas ingly  impor tan t  in new 

':' E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key  w o r d s :  e t c h i n g ,  fi lms, p h o t o r e s i s t .  

device technologies  where  gate oxides a re  ve ry  thin  
(300-500A) and where  submicron features  must  be 
etched. In  addit ion,  severa l  papers  discussing mecha-  
nisms of p lasma etching have been publ ished (6-11). 
I t  appears  that  the  re la t ive  roles of ionic and neu t ra l  
e tching species and the i r  re la t ive  l i fe t imes a re  im-  
por tan t  factors affecting the degree of etching anisot -  
ropy  and the se lec t iv i ty  of var ious  etchants  (2, 12-15). 
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However ,  de ta i led  comparisons of different  p l a sma  
etching processes are  not  avai lable .  In  this paper  we 
repor t  the etching of undoped  and phosphorus -doped  
po lycrys ta l l ine  sil icon wi th  five different  p lasma e t c h e s ,  
and compare  the  edge profiles and  the losses in fea ture  
size. 

Exper imental  

Samples  are  e tched in a pa ra l l e l -p la te ,  rad ia l - f low 
reac tor  tha t  has been descr ibed p rev ious ly  (1). The 
etching condit ions are  summar ized  in Table I. S a m -  
ples a re  p r e p a r e d  using s t andard  processing techniques.  
The po lycrys ta l l ine  sil icon (1.2 ~xn th ick)  is deposi ted 
at reduced  pressure  b y  decomposing si lane at  640~ 
The subs t ra tes  a re  t he rma l ly  oxidized si l icon (0.4 ~m 
of SiO2 on 75 m m  diam wafers ) .  The po lycrys ta l l ine  
silicon is doped wi th  phosphorus  subsequent  to depo-  
si t ion using phosphorus  t r ib romide  a t  1000~ for 25 
min. The res is t iv i ty  a f te r  doping is 1 • 10 -3 a - cm.  
The samples  a re  baked  (180~ 45 min)  and an  a d -  
h e s i v e  l ayer  of HMDS (hexamethy ld i s i loxane)  is ap-  
plied, fo l lowed by  1 ~m Of posi t ive resis t  (HPR-204).  
The samples  a re  then baked  at  100~ for 20 rain; the 
photores is t  is exposed and developed;  and, the samples  
given a final bake  a t  90~ for 30 min. Thick po lyc rys -  
ta l l ine  sil icon (1.2 ~m ins tead of the  usual  0.3-0.5 #m) 
is used to improve  the accuracies  of the l inewid th  and 
the edge profile measurements .  The under ly ing  oxide 
is 0.4 ~m thick ( ins tead of 300-1000A) to e l imina te  the  
poss ib i l i ty  of etching th rough  the oxide  when s a m p l e s  
are  overe tched  for  long times. 

Edge  profiles a re  measu red  by  SEM cross sections a t  
magnificat ions of 7000-12000• af ter  c leaving the sam-  
ples wi th  the res is t  intact .  Etch ra tes  a re  de t e rmined  b y  
measur ing  the step he ight  wi th  a Tay lo r -Hobson  T a l y -  
s t e p  af ter  r emova l  of the  photoresist .  The e tch r a t e s  
have been checked using unpa t t e rned  wafers  in s e p a -  
r a t e  exper iments .  L inewidths  a re  measured  for six 
fea tures  on each sample  ( the nomina l  f ea tu re  sizes 
a re  2, 3, 4, 5, 10, and 20 ~m); each fea ture  is measured  
at  five places on the sample.  The measurements  a r e  
made  opt ica l ly  at  1000• before  p lasma  etching (to 
de te rmine  the fea ture  sizes in the res is t )  and a f t e r  
etching (wi th  the  resis t  r emoved) .  The loss in l ine-  
wid th  is t aken  as the difference be tween  the  measu re -  
ments. Etch t imes are  chosen so samples  a re  e tched 
for a p p r o x i m a t e l y  25, 50, 75, 100, 125, 150, 200, and 
300% of completion. Samples  a re  e tched s ing ly ,  and 
loading effects have not  been invest igated.  The CF4-O2 
mix tu re  is known to have large  loading effects and 
the etch ra te  decreases as the area  of e tched ma te r i a l  
increases  (9, 16). Loading  effects for the four  C1 con- 
ta ining etches are  ve ry  small ,  and the use of single 
wafers  should not  affect the resul ts  (2, 3). 

The process var iables  (power,  pressure,  and gas 
composi t ion)  have been p rev ious ly  ad jus ted  for each 
of the  gas mix tures  to give op t imum etching of the  
po lycrys ta l l ine  silicon. The five gas mix tures  are  com- 
pa red  using these op t imum condit ions (actual  e tch-  
ing condit ions)  r a the r  than  t ry ing  to main ta in  con- 
s tan t  process var iables  for  al l  five gas mixtures .  I n -  
dependent  exper iments  Show tha t  var ia t ions  in the 

Table I. Etching conditions 

Gas corn- Power Pressure 
Etehant Type posRion W Torr 

pressure  and power  over  the range  indica ted  in Table  
I have almost  no effect on the edge profiles, a l though 
the etch rates  and sensi t ivi t ies  a re  affected. 

T h e  procedure  for each sample  is as follows: (i) the 
l inewidths  in the  photores is t  pa t t e rn  a re  measured ;  
(ii) the sample  is etched;  (iii) the sample  is c leaved 
and examined  by  SEM to de te rmine  the edge profile; 
(iv) the photores is t  is r emoved  and the step he ight  
measured  to de te rmine  the etch rate;  and, (v) the l ine-  
widths in the e tched p a t t e r n  are  measured  and the 
line wid th  losses ca lcula ted  b y  difference. 

Results 
Etch rates.raThe measured  etch ra tes  for P - d o p e d  

and undoped polycrys ta l l ine  silicon, for sil icon di-  
oxide, and  for photores is t  (HPR-204) are  l is ted in 
Table  II. The select ivi t ies  ( the ~atio of etch ra tes)  a r e  
also given. The etch rates  for  si l icon dioxide and f o r  
photores is t  have been measured  in separa te  exper i -  
ments  using unpa t t e rned  samples.  The ag reemen t  be -  
tween the measu red  rates  in Table  II  and  repor ted  
rates  is good (2, 3). The select ivi t ies  over  silicon di-  
oxide are  p r o b a b l y  adequa te  for al l  five etches, espe-  
c ia l ly  if end-po in t  detect ion is used to momtor  the 
etching. The se lect iv i ty  over  photores is t  is also ade-  
quate except  for the C2F6-CF3C1 mix tures  where  the  
high resis t  e tch ra te  contr ibutes  to the loss in fea ture  
size. This is a d i sadvan tage  when  ve ry  fine fea tures  
a re  being etched. 

Edge profiles.--Edge profiles ob ta ined  f rom SEM 
cross sections at a pp rox ima te ly  7 0 0 0 •  a r e  shown in 
Fig. 1 as a function of the amount  of ma te r i a l  etched. 
The profiles a re  shown wi th  the res is t  s t i l l  over  t h e  
polycrys ta l l ine  silicon. Represen ta t ive  SEM photo-  
graphs  are  given in Fig. 2. The profiles in Fig. 1 and  2 
show P -dope d  po lycrys ta l l ine  silicon; a lmost  ident ica l  
profiles are  obta ined  for the undoped  mater ia l .  The 
profiles obta ined  wi th  CF4-O2 and wi th  1:1 C2Fs-CFsC1 
indicate  nea r ly  isotropic etching;  the profiles fol low an 
arc of a circle wi th  a radius  nea r ly  p ropor t iona l  to the 
etch t ime (17). In  contrast ,  the profiles obta ined  wi th  
C2F6-C12 and 4:1 C2F0-CF~C1 are  nea r ly  ver t ica l  wi th  
only a s l ight  curva ture  at  the bottom. As the etching 
proceeds a sl ight  reverse  t ape r  develops for both  gases. 
The profiles for these etching gases have a s l ight  unde r -  
cut at  the resis t  edge. This undercu t  remains  nea r ly  
constant  as etching proceeds even though the resis t  is 
being etched a w a y  from the edges. A profile for 200% 
etching (100% overe tch)  is not  shown in Fig. 1 for the  
4:1 C2F6-CF3C1 gas because  the  photores is t  is com- 
p le te ly  removed  dur ing the long etch time. The pro-  
file obta ined ~rom CF3C1 follows a c i rcular  arc bu t  
the undercu t  is not  as g rea t  as expected  for isotropic 
etching; the etching in the  ver t ica l  d i rec t ion  is g rea te r  
t han  the la te ra l  etching. 

There  are other  fea tures  apparen t  in the profiles in 
Fig. 1. The r e l a t ive ly  r ap id  etching of the photores is t  
wi th  the C2F6-CF3C1 mix tures  is indica ted  by  the de-  
crease in t he  resist  thickness.  Etching of the oxide is 
appa ren t  for  C2F6-C12 and both  C2F6-CF3C1 e t c h e s .  
This is expected since these gases have  the  lowest  
se lec t iv i ty  over  sil icon d i o x i d e .  

C2Fe-CIe Anisotropic 8% Cl2 350 0.35 
C~F6-CF3C1 Isotropie 50% CF3C1 550 0.40 

1:1 
C2F6-CF3C1 Anisotropic 19% CF3C1 550 0.40 

4:1 
C F 3 C 1  Intermediate 100% CFsC1 200 0.35 
CF4-O2 Isotropic 8% 02 100 0.35 

Electrode spacing: 3.1 em 
Total gas flow: 200 sccm 
Wafer  temperature:  25~176 
Electrode area: 1250 cm~ 

Table II. Etch rates and selectivities 

C2F6- C~F~- 
CF3C1 C2F6-Ch CF4-O2 CFsC1 CFsC1 

Etch rates, A/rain 1:1 4:1 
P-poly 800 570 1150 1590 820 
und-poly 350 500 1050 980 700 
SiO~ 60 100 120 200 175 

Resist 100 80 190 570 370 
Selectivity 

P-poly/SiO2 13 6 10 8 5 
P-poly/resist  8 7 6 3 2 
und-poly/SiO2 6 5 9 5 4 
und-poly/resist  4 6 6 2 2 
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C2F 6-CI 2 CzFs-CF3CI CF3Cl C2F 6-CF3cl CF 4 - 0  t 
4:1 I:1 

/ 5 f f f 

; ,oo- 

,oo.,. 

Fig. !. Edge profiles at different stages of etching for five gas 
mixtures. 

The edge profiles shown in Fig. 1 and 2 have been 
duplicated in other planar etchers (ranging in size 
from 35 to 61 cm diana). However, the results do not 
apply to tunnel etchers, where the anisotropic etches, 
C2F6-C12 and 4:1 C2F6-CF~C1, have very slow etch 
rates, appear to etch isotropically, and do not etch 
reproducibly. 

Linewidth loss.--The average loss in linewidth is 
shown as a function of the etching time (expressed 
as the amount of polycrystalline silicon that would 
have been etched) for each of the five gases in Fig. 3-7. 
The linewidth loss is independent of the feature size. 
The thickness etched is the actual amount for samples 
etched to less than completion (1.2 ~an), and is cal- 
culated for greater times. The solid points are for 
undoped polycrystalline silicon; the open points are 
for P-doped samptes. The dashed line is calculated for 
completely isotropic etching so the linewidth loss is 
twice the thickness of polycrystalline silicon etched. 
The solid lines are calculated for anisotropic etching 
of the polycrystalline silicon (etching only in the ver- 
tical direction with no component in the horizontal 
direction) assuming that the loss in linewidth is due 
entirely to erosion of the photoresist pattern (lateral 
etching of the photoresist). For this model, the slopes 
of the solid lines are given by 2E/Rp, where E is the 
resist erosion rate and Rp is the etch rate of the poly- 
crystalline silicon. For the calculated solid lines in 
Fig. 3-7, the resist erosion rate is assumed to be equal 
to the etch rate of the photoresist (given in Table II). 
A more exact discussion of resist erosion is g~ven in 
the next section. 

The calculated lines give good agreement for the 
anisotropic etches, C2F8-C12 and 4:1 C2Fs-CFsC1 (Fig. 
3 and 4), and also for the two isotropic etches, 1:1 
C2F6-CF3C1 and CF4-O2 (Fig. 6 and T). The linewidth 
losses for samples etched with CFsC1 are intermediate 
between the two lines (Fig. 5). For this case, the 
linewidth loss is best described by assuming anisotropic 
etching until completion (at 1.2 /~m) followed by 
isotropic etching. Although this model gives a good 
description of the linewidth loss data, it is not sup- 

Fig. 2. SEM cross sections at different stages of etching for P- 
doped polycrystalline silicon etched with: (A) C2F8-C 2, (B) CF4-02. 

A detailed model for anisotropic etching has bern 
proposed (2). The anisotropy results from ion bom- 
bardment enhanced reactions of adsorbed species on 
the horizontal surfaces, with recombination of the 
etching species predominating on the vertical walls. 
Based on this model, the difference in edge profiles 
for the two C2F6-CF3C1 mixtures is caused mainly by 
differences in the rate of recombination. Sputtering is 
thought to have little or no contribution to the overall 
etch rate. This has been checked by using an argon 
plasma at the powers and pressures listed in Table I. 
No etching is observed; the detection limit is about 
3 A/rain. 

6 I 1 I " I 

/ 
/ISOTROPIC 

/ 
/ 

/ 
/ - 

/ 
o / ,,_1 
~3 <:, / 

/ "' / 
Z 
"- i2 / 

, / /  o 

0 I 2 3 4 5 
THICKNESS ETCHED, ~m 

Fig. 3. Average linewidth loss vs. the thickness of silicon etched 
with C~.F6-CI~. 



Vol. I28, No. 2 POLYCRYSTALLINE SILICON 369 

k 4 

o 
-,-3 

UJ 

5 2  

I / i  I 

/ I  SOTROPIC 
/ 

/ /  ON~ 
/ . 

/ 
/ 

/ 
/ 

/ 
/ 

)OPED 

I 0 I I I I 
0 I 2 5 4 5 

THICKNESS ETCHED, ffm 
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samples given a 25% overetch have been measured 
and compared with results calculated from Fig. 8-7. 
The agreement is good. The linewidth loss for 4:1 
C~F6-CFsC1 is relatively large in spite of its being 
anisotropic because the photoresist is etching rapidly 
in this plasma. 

A negative undercut (an increase in feature size) 
has been reported for silicon etched in a CF4 plasma 
(18). The negative undercut decreases as etching 
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Fig. 5. Average linewidth lass vs. the thickness of Silicon etched 
with CFsCl. 

ported by the edge profiles shown in Fig. 1. In general, 
the loss in line width increases in the order: C~F6-Cl~ 
< CFsC1 < 4:1 C~F6-CFsC1 < 1:1 C2F6-CF3C1 < 
CF4-02. 

The data in Fig. 3-7 show the loss in linewidth for 
samples with the same thickness of polycrystalline 
silicon but etched for different times. The losses in 
linewidth for samples of different thicknesses (0.35, 
0.60, and 1.2 ~n)  of polycrystalline silicon with all the 
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Fig. 6. Average linewidth loss vs. the thickness of silicon etched 
with 1:1 C2Fs-CFsCI. 
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Fig. 7. Average linewidth loss v s .  the thickness of silicon etched 
with CF4-02. 
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proceeds and even tua l ly  becomes posi t ive (a decrease 
in fea ture  size is a posi t ive undercu t ) .  The overa l l  
effect gives an ini t ia l  increase in fea ture  size fol lowed 
by  a decrease or  loss in size. This effect has not  been 
observed for  any  of the five etchants.  However ,  this 
phenomenon m a y  expla in  the non l inea r  loss in l ine- 
width  observed wi th  CF~C1. The etching in this p lasma  
m a y  be n e a r l y  isotropic (as indica ted  b y  the edge p ro -  
files) but  m a y  be in i t ia l ly  inhib i ted  nea r  the photo-  
resis t  (as observed for  the negat ive  undercut )  (18). 
The combined effect produces  a smal l  loss in l inewid th  
dur ing  the in i t ia l  e tching fol lowed by  a more  rap id  
loss as etching proceeds,  as observed in Fig. 5. 

Resist erosion.--Lateral etching of the  photoresis t  
pa t t e rn  (resist  erosion) depends on the angle  made  by  
the photoresis t  and on the na tu re  of the  photores is t  
e tching ( isotropic or  anisot ropic) .  Fo r  anisotropic  
etching of the photoresis t  (e tching only in the ver t ical  
d i rect ion) ,  the ra te  of resis t  erosion, E, is given by  
R/tan ~ where  R is the etch ra te  of the photores is t  and 

is the a n g l e  made  by  the photoresis t  edge. For  
isotropic etching of the photores is t  (e tching normal  to 
the photores is t  surface) ,  the erosion ra te  is equal  to 
R / s in  e. The ra te  of resist  erosion d iv ided  by  the resis t  
etch ra te  is p lo t ted  in Fig. 8 as a funct ion of the angle  
made  by  the resis t  profile. If the photores is t  profile is 
ver t ica l  (e = 90~ the erosion is zero for  anisotropic  
etching of the resis t  and is equal  to the res is t  e tch 
ra te  for isotropic etching. As the angle  decreases f rom 
90 o , the erosion increases unt i l  at  smal l  angles the 
erosion is nea r ly  the  same for  both  isotropic and 
anisotropic  etching. 

Expe r imen ta l  da ta  showing resis t  erosion in  a 
C2F6-C12 p lasma  for three  angles are  also shown in 
Fig. 8. The angle  is var ied  by  using different  bake  tem-  
pera tures  a f te r  the photores is t  is deve loped  ( the bake  
t empera tu res  are  90 ~ 140 ~ and 210~ for angles of 
60 ~ , 45 ~ , and 25~ The angles are  measured  f rom 
SEM cross sections. The ra te  of erosion is ca lcula ted  
from the slopes when the average  l inewid th  loss is 
p lo t ted  against  the thickness of po lycrys ta l l ine  ~ilicon 
etched (Fig. 3). As a l r eady  s ta ted the slope is 2E/Rp. 
This assumes that  resist  erosion is the only  mechanism 
for the loss in l inewidth.  The solid point  in Fig. 8 is 
obta ined b y  measur ing  the resis t  erosion f rom the 
SEM cross sections. Al though  the da ta  a re  not  con- 
clusive, there  is an indica t ion  tha t  the  photores is t  is 
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Fig. 8. The ratio of resist erosion to resist etch rote for different 
edge angles. 

etching isot ropical ly  in the  C2F6-C12 plasma,  even 
though the po lycrys ta l l ine  silicon is e tching aniso t ropi -  
cally. 

Summary and Conclusions 
Five  different  p lasma etches for etching po lyc rys ta l -  

l ine silicon have been compared.  The loss in l inewid th  
increases  in the  order  C2F6-C12 < CFsC1 < 4:1 C~F~- 
CF~C1 < 1:1 C2F6-CFsC1 < CF4-O~. Examina t ion  of 
edge profiles as a funct ion of etch t ime confirm tha t  
the C2F6-C12 and 4:1 C2F6-CFsC1 etches are  n e a r l y  
anisotropic,  and that  the 1:1 C2F6-CF3CI and CF4-O2 
etches are  n e a r l y  isotropic. Samples  e tched in CF~C1 
have profiles that  appear  to follow a c i rcular  arc  but  
the l a te ra l  etching is less than  expected for  isotropic 
etching. As expected,  the  isotropic etches have a l ine-  
width  loss tha t  is app rox ima te ly  twice the thickness 
of  the potycrys ta l l ine  si l icon etched. In  contrast ,  the  
l inewidth  loss for  the anisotropic  etches is de te rmined  
by  the erosion ra te  of the  resis t  pat tern .  Samples  e tched 
in a CF3C1 plasma have l inewid th  losses that  a re  in-  
t e rmedia te  be tween isotropic and anisotropic  etching. 
In i t i a l ly  the  l inewid th  loss is small ,  bu t  increases 
r ap id ly  af ter  samples  are  e tched to completion. This 
non l inear  behavior  of the l inewid th  loss m a y  be re la ted  
to the recen t ly  repor ted  phenomenon of negat ive  
undercu t  (18). Of the five etches examined,  C2F6-C12 
is super ior  for etching ve ry  fine f ea tu re  sizes. Samples" 
etched with  this gas m ix tu r e  have nea r ly  ver t ica l  
profiles and have very  smal l  losses in fea ture  size. 
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ABSTRACT 

The purpose  of this ar t ic le  is to descr ibe  and analyze  the per formance  o f  
four  different  reference  electrodes adap ted  for use in so l id-s ta te  sulfa te  de-  
tectors for sul fur  oxides:  an e lec t rode  in which a ca l ib ra ted  gas circulates,  a n  
A g / A g  + electrode,  an oxygen  electrode using a i r  as a reference  and, finally, a 
the rmal -decompos i t ion  type  of e lectrode using an MSO4-MO couple. The 
ar t ic le  also contains a descr ip t ion  of a quar tz  de tec tor  for  ho t -gas  analysis  of 
SO~-SOs mix tures  and shows how the fact  of rep lac ing  the p l a t i num at the  
e lect rode by  a less ca ta ly t ic  meta l  such as gold can lead  to the specific detec-  
tion of SOs in the  presence of SO2. 

Previous  work  at  IREQ has a l r eady  shown tha t  
gaseous oxides, the  m a j o r  pol lu tants  resul t ing  f rom 
fossi l - fuel  combustion, can be measured  po ten t iomet r i -  
cal ly  using e lec t ro ly tes  conta ining oxyanions  (1-3).  
Efforts so far  have focused on the detec t ion  of the sul-  
fur  oxides SO2 and SO8. The reac t ion  tak ing  place at  
the t r ip le -con tac t  e lect rode SOs (g) ,  02 (g) ,  Pt /SO4 = 
has been shown to correspond to the ha l f -ce l l  

SO8 -5 1/2 02 -4- 2 e -  ~ SO4 = [1] 

Fur the rmore ,  wi th  p la t inum,  i t  has been observed that  
equ i l ib r ium is achieved r ap id ly  be tween  SO2, 02, and 
SOs in the v ic in i ty  of the electrode.  The emf of the  
total  sul fur  oxide detector  is given b y  the fol lowing 
equat ion 

RT RT 
g = C1 -5 - ~ - -  ln(Pso~)tn. -5 - ~  lnpO~ 

RT 
- -  ~ l n ( K  -5 ( p O 2 )  1/~- [2 ]  

2F 

Two ear l i e r  papers  (1, 2) presented  the der iva t ion  
of this equat ion and the symbols  used, and descr ibed 
how in cer ta in  cases the  emf  express ion  can be made  
independen t  of the oxygen  pa r t i a l  pressure.  I t  w a s  
concluded f rom this that  a to ta l  sul fur  oxide de tec tor  
is jus t  as efficient for a tmosphe r i c -po l lu t an t  moni tor ing  
as for s tack-gas  analysis,  where  the oxygen pa r t i a l  
pressure  is not  a constant.  

The  a im of this paper  is to descr ibe  the la tes t  im-  
provements  to the gas-c i rcu la t ion  device developed at  
IREQ for the  detect ion of a tmospher ic  sul fur  oxide  
pollutants .  In  v iew of the advantages  this new detec tor  
offers for  s t ack-gas  analysis  and the control  of desul -  
fur izat ion processes, research  efforts are  st i l l  focusing 
on sulfur  oxides. The resul ts  of var ious  tests are  p re -  
sented in two sections, one re la ted  to the  deve lopment  
of s table  re fe rence  electrodes,  the  other  to the  s tudy  
of gas-c i rcu la t ion  e lec t rodes  opera t ing  both  in equ i -  
l i b r ium and in nonequi l ib r ium conditions. In  fact, the  
work  repor ted  in section two represents  a first s tep 
towards  the adap ta t ion  of the de tec tor  for  ho t -gas  ana l -  
ysis of SO~ and SOs mix tu res  and for the select ive d e -  
tect ion of SOs in the presence of SO2. 

Experimental 
The p repa ra t ion  of the  gas mix tu res  and the method  

of s in ter ing  the solid e lec t ro ly tes  were  descr ibed in 
previous  papers  (1, 2) and r emarks  here  wil l  t he re -  
fore be l imi ted  to point ing out  tha t  the  K2SO4 elec-  
t ro ly te  (mp 1063~ is sufficiently plast ic  at  the  ope ra t -  
ing t e m p e r a t u r e  of the  detector  to ensure  a hermet ic  

* Electrochemical Society Active Member. 
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seal of the  var ious  a tmospheres  in the device. The test  
setup used to s tudy the SO2-air  mix tures  is an a lumina  
and stainless steel  appara tus  sealed wi th  an organic  
resin, which was descr ibed in a previous  publ ica t ion  
(1). The photograph  in Fig. 1 shows a t w o - c o m p a r t -  
ment  a lumina  cell  together  wi th  detai ls  of the t ip of 
the  a lumina  tube and the P la t inum electrodes in con- 
tact  wi th  the potass ium sulfate  pel let .  Adap ta t ion  of 
this type  of detector  for ho t -gas  analysis  (SO2 and 
SO3) has led to the  deve lopment  of a quar tz  device 
based on an  SiO2 tube, Type  204, 6.5 m m  OD, wi th  
2~mm bores f rom Genera l  Electric,  Wil loughby,  Ohio. 
The gas inlet  and outlet ,  welded  to the tube, a re  
made  of P y r e x  glass and t e rmina ted  in b a l l - a n d -  
socket joints l igh t ly  coated wi th  sil icon grease and 

Fig. 1. Photograph of an alumina sensor comprising two gas- 
circulation electrodes. The close-up on the right shows details of 
the tip of the alumina tube where the platinum electrodes come 
into contact with the potassium sulfate pellet. 

371 
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Fig. 2. Schematic diagram of a 
quartz detector equipped with a 
thermal-decomposition type of 
reference electrode: I. Pt/Pt-Rh 
10% wire used as a thermocouple 
inside the reference electrode; 2. 
alumina crucible; 3. mixture of 
magnesium sulfate and oxide 
powders used as the thermal-de- 
composition reference electrode; 
4. perforated alumina holder; 5. 
air atmosphere in equilibrium 
with 3; 6. deformable gold or 
platinum gasket; 7. external 
alumina ring to protect inner at- 
mosphere; 8. internal alumina 
ring wound with platinum wire 
ensuring contact with the solid 
electrolyte; 9. potassium sulfate 
pellet; 10. platinum wire of the 
gas-circulation electrode; 11. 
precatalyst consisting of small 
alumina tubes plafinlzed inside 
and outside; 12. two-bore quartz 
tube; 13. external alumina hold- 
er; 14. quartz-to-Pyrex seal; 15. 
mechanical device for pressure 
application and sealing. 

gastight at 350~ The p la t inum wire  of the electrode 
in the gas outlet  is welded wi th  a special glass to en-  
sure a good seal. With this setup the reference elec- 
trode must  always be placed on the other side of the 
solid electrolyte. Figure 2 presents a schematic dia- 
gram of the quartz  detector, equipped here wi th  a 
thermal-decomposi t ion type  of reference electrode to 
be described later, while Fig. 3 shows the detector in  
its dismantled state on the r ight  along with a s im- 
plified version on the left. In  this simplified version, 
the wire forming the metal-e lectrolyte  interface can  
be placed in position or removed freely, thus al lowing 
replacement  of the electrode metal  dur ing a test; small  
Viton O-r ing  joints are used in  the gas outlet  for 
adjust ing the position of the wire of the gas-circulat ion 
electrode. 

In  all the tests described here, the gas is d rawn by 
suction from the sample bag to the detector by means 
of a diaphragm pump. Care is taken to ensure that 
the pressure in  the detector is close to atmospheric 
pressure; the flow rate is regulated by  a control valve 
placed between the pump and the detector. 

When SO2 has to be converted into SO~ upstream 
of the detector, an external  catalyst is used consisting 
of 10 cm 8 of g ranular  a lumina  platinized by the de- 
composition of chloroplatinic acid. Since the working 
temperature  of the catalyst  is 402~ the gas feed- 
throughs connecting it to the detector are insula ted 
and main ta ined  at 350~ to avoid the risk of conden-  
sation of SO~ or H2SO4. 

If a catalyst is used inside the apparatus near  the 
measur ing electrode, several  plat inized a lumina  tubes 
0.85 mm OD and 2.5 cm long are placed in  the gas 
inlet  as shown in Fig. 2. An al ternat ive  method of 
establishing the p la t inum-elec t ro ly te  contact, which is 
par t icular ly  favorable to equi l ibr ium of the gas con- 
stituent, is to use a p la t inum felt formed by com- 
pressing and anneal ing  a mesh screen of p la t inum 
wire 0.08 m m  OD, as i l lustrated in Fig. 1 and 4. In  
this method, complete equi l ibr ium of the const i tuent  
gases (O2, SO2, and SO~) is achieved, since only the 
small fraction of the gas that diffuses into the p la t inum 
felt escapes towards the electrode surface. 

Results and Discussion 

Study of the reSerence electrodes.--Four types o f  
reference electrode were studied in  terms of their  
s tabil i ty over a number  of weeks in comparison with 
a conventional  gas-circulat ion electrode. This mea-  

suring electrode was fed with SO2-in-air  mixtures  
that  were equi l ibrated in  terms of SO2 to SO3 con- 
version by  precatalyzing the mix ture  just  before the 
gas reached the electrode. 

The first reference electrode studied was the gas- 
circulation type identical  to the measur ing  electrode. 
In  fact, the detectors original ly developed for the 
measurement  of gaseous oxides were concentrat ion 
cells of the type 

Fig. 3. Photograph of a quartz detector in the dismantled state 
(right). On the left is a simplified version of the quartz device in 
which small O-rings are provided to enable the electrode metal to 
be replaced during a test. 



VoL 128, No. 2 S O L I D - S T A T E  S U L F A T E  DETECTORS 373 

A 

Od 
0 
g 

r -  

A 

C ~  

U )  

A 

U. 

UJ 

Fig. 4. Gas-circulation refer- 
ence electrode: construction de- 
tails of the electrodes and test 
results obtained ever 60 days with 
(nso~)~.re~. ---- 10 ppm in air. 

Pt, SOs, 02 (air)/K2SO4/O2 (air) ,  SO3', P t  [3] 

where one of the two gases circulat ing at  the elec- 
trodes was of known  composition. The emf of this 
type of detector, used in  air, is given by the simpli-  
fied Nernst  equation, as shown in  our  previous work 
(1) 

RT ln< Ps~ > [4] 
E = 2F Pso2in. ref 

The gas-circulat ion reference electrode seems very re-  
l iable and highly reproducible but  it  is cumbersome to 
use in  a practical detector for pollutants,  since i t  re-  
quires an external  cal ibrat ion source which periodi- 
cally needs renewing. Despite this drawback, a study 
was made of its stabil i ty vs. time and i t  then served 
as a source of comparison for the other three reference 
electrodes. Every  day for 60 days the reference gas, 
10 ppm SO2 in air, was first passed over the two 
electrodes s imul taneously  to check that  the signal was 
at zero; a second gas, 100 ppm SO2 in  air, was then 
passed over the measur ing  electrode. The a lumina  test 
setup is i l lustrated in  Fig. 1 wi th  details of the elec- 
trodes provided in Fig. 4. The test results reported in  
the same Fig. 4 show that the 10 ppm signal offers 
excellent  s tabi l i ty  (___1 mV) whereas for 100 ppm of 
SO2 in  air  the signal fluctuates somewhat (___6 mV) 
because of the poor reproducibi l i ty  of the gas-mixture  
preparat ion method. 

The second reference electrode studied was the Ag/  
Ag + type. Since Ag2SO4 is soluble in  K2SO4 around 
the 0.01 mole fraction (1), this electrode can be adapted 
for solid oxyanions and is commonly used in aqueous 
or fused mediums. The emf of an SO2 detector operat-  
ing in  air, for example, is expressed as follows 

RT RT 
E = Const. -- 2"--F In aA~2so4 W - ~ -  In (pso2)in. [5] 

The val idi ty  of this emf expression was established 
exper imenta l ly  in  an ear l ier  work (1). A study of the 
stabil i ty vs. t ime of a detector corresponding to the 
following cell 

Ag~ (0.01 mole fraction in K2SO4)/ 

/K2SO4/SOs, O2(air) Pt  [6] 

was conducted over a period of 53 days. The emf 
variat ions are plotted in  Fig. 5 along with detai led 

uses of the different electrodes tested, namely,  two 
si lver and one plat inum. Two distinct types of behavior  
were observed in the signal (V1) vs. time. The first was 
a rapid increase in  potential  dur ing the first two days, 
which may be traced to a decrease in  the silver ion ac- 
t ivi ty at the silver electrode in contact with the solid 
solution. Since the potential  (V2) of the silver elec- 
trode in  contact with pure K2SO4 s imultaneously  re-  
flects an increase in  silver ion activity, it was con- 
cluded that  this is due to the rapid diffusion of si lver 
ions through the entire electrolyte. Chemical analysis 
subsequent ly  confirmed this. The second type of be- 
havior was observed a few days later  when the emf 
(V1) began slowly but  steadily to decrease. This may 
be at t r ibuted to the gradual  formation of silver oxide 
as a solid solution in K2SO4 at the silver electrode in 
the presence of air, an  explanat ion which was val i -  
dated by a second test using a cell where the electro- 
lyte was pure K2SO4 covered on its external  face with 
metallic silver powder in contact with air (Fig. 6). 
The behavior of the signal reflects the presence of in-  
creasing silver ion activity o v e r  48 days (Fig. 6). At  
the end of the test, the cationic fraction of the silver 
ions was determined by atomic absorption as 6.2 X 
10 -3 . Pure  silver oxide alone is thermodynamical ly  u n -  
stable under  these Conditions (4) but, as a solution in  
K2SO4, the predictable activity of Ag20 in equi l ibr ium 
with air  would be 8.8 • 10 -s. 

These results were in fair ly  good agreement  with 
the atomic-absorpt ion analysis after 48 days and were 
confirmed qual i ta t ively by  another  independent  test. 
Two pure  K2SO4 pellets in  the presence of powdered 
silver were kept for 14 days in an oven at 750~ in 
air. Atomic-absorpt ion analysis indicated silver ion 
concentrations of 1.2 and 1.1 • 10 -~ cat. fract, in ac- 
cordance w i t h  the silver oxide formation suggested 
by previous tests. 

Finally,  a third test with the silver electrode is de- 
scribed in Fig. 7 using the following type of cell 

Ag~ (0.01 mole fraction in K2SO4)/SO3, 

O2 (air) ,  P t  [7] 

where the metall ic silver was completely cut off from 
the ambient  air. A silver rod, 0.5 m m  OD. fusion-sealed 
in an a lumina  pellet, was protected from the air on one 
side by  the K2SO4 electrolyte and, on the other, by a 
piece of annea led-p la t inum foil; pressure was then 
applied to press all  these components one against the 



374 J. F,~ectrochem. Soc. :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1981 

Fig. 5. Ag/Ag + reference elec- 
trode: construction details of the 
electrodes and test results ob- 
tained over 53 days at the mea- 
suring electrode with (Pso2)in. - -  
10, 100, and 1000 ppm. 

other. I t  was observed  tha t  the  emf  did not  decrease  
as dur ing  the previous  tests, bu t  in  fact  rose s l ight ly  
and seemed to stabil ize a f te r  30 days. This a r r angemen t  
therefore  seems to be an effective w a y  of p reven t ing  
the format ion  of Ag20, a l though the ini t ia l  increase in 
emf  r e m a i n s  difficult to explain.  S i lver  sulfa te  is r e l a -  
t ive ly  s table  in a i r  and its equi l ib r ium par t ia l  pressure  
of SO3 in a i r  at  800~ is in the order  of 80 ppm (5);  
however ,  in solut ion at  0.01 mole  fract ion in K2SO4, 
its equ i l ib r ium par t i a l  pressure  would be be low the 
p p m  level  if ac t iv i ty  should equal  the  mole  fraction.  
This appa ren t  Stabil i ty of the solid solut ion Ag2SO4- 
K2SO4 was confirmed by  the  emf observed exper i -  
men ta l ly  and i t  therefore  cannot expla in  the  ini t ia l  
r ise in the emf, which could ac tual ly  be due to losses 
by  vapor iza t ion  of Ag2SO4. 

The s i lver  e lect rode thus appears  fa i r ly  s tab le  in 
time, provid ing  that  cer ta in  precaut ions  are  taken,  bu t  
its use should be l imi ted  to the  analysis  of gases r e l a -  
t ive ly  r ich in oxygen  because of the constant  presence 

of Ag + ions at  the p l a t i num measur ing  e lec t rode  r e -  
sul t ing f rom the rap id  diffusion of the  ions in the  elec-  
t rolyte.  In  o rder  to i l lus t ra te  this, tests were  conducted 
on the per formance  of a detector  wi th  an  A g / A g  § ref -  
erence e lect rode at  750~ No reduct ion  of s i lver  ions 
occurred when  the  oxygen  content  of a gas containing 
100 ppm of SO2 was reduced  to Po2 = 5 • 10-4 atrn. 
On the other  hand, if  an iner t  gas such as purif ied 
argon passed through the detector,  the vol tage  d ropped  
to zero and the detector  did not  resume its normal  
per formance  unt i l  it  had opera ted  for severa l  minutes  
in air  in the presence of sulfur  oxide. This m a y  be ex-  
p la ined  by  the s i lver  ion reduct ion  nea r  the  e lec t rode  
and the ensuing oxidat ion of the s i lver  meta l  when the 
a tmosphere  becomes an oxidizing agent  again. The 
A g / A g  + reference e lect rode should therefore  never  
be used for o ther  than  the measu remen t  of pol lu tants  
in ambien t  air. 

A number  of tests were  pe r fo rmed  in an a t t empt  to  
use a i r  as the reference  gas wi th  the jux tapos i t ion  of 

Fig. 6. Emf vat|at|arts measured 
between a gas-circulatlon elec- 
trode and a silver plate in con- 
tact with pure K~S04. 
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Fig. 7. Ag/Ag + reference 
electrode in which the silver 
metal is protected from the am- 
bient air. 

two solid electrolytes, K2SO4 and ZrO~-CaO. The fol- 
lowing cell was used 

Pt, O~ (air)/ZrO2-CaO//K~SO4/SOs, O2 (air) ,  Pt  
[8] 

The resulting emf expression can be expressed as 

RT 
g = Const. + ~ In (pso2)~-. 

where the constant includes the oxygen pressure 
(-- RT/4F in(Po2)ref) of the reference electrode and 
the sulfate-zirconia junction potential, which is con- 
sidered a constant. 

The atmosphere surrounding the junction between 
the two solid electrolytes was sealed off from the 
ambient air by a gold O-ring as may be seen in Fig. 8. 
The emf signals observed experimental ly over a period 
of 74 days are reported on the same figure. After the 
first few days the signals reached a constant value, 
the unmistakable shift observed after one month be- 

ing the result of an uncontrolled variation in the oven 
temperature. An earl ier  duration test performed with-  
out controlling the atmosphere at the junction showed 
erratic emf fluctuations. This observation is in ac- 
cordance with other studies performed at IREQ which 
have indicated that the sulfate-zirconia junction may 
involve an equilibrium such as 

O=zrO2.CaO ~- 2KK2sO4 + ~ SO3(g) <-~--K2SO4 [10] 

which depends on the composition of the gas .phase (6). 
Except for the unexpected variations in the detector 

temperature in the duration test, this type of reference 
electrode shows satisfactory results. However, the need 
to control the atmosphere at the junction calls for ap- 
paratus which, for the moment, is fair ly complex to 
build. 

The fourth type of reference electrode studied is 
somewhat similar to certain metal-oxide couples (e.g., 
Ni-NiO, Pd-PdO) developed as reference systems for 
stabilized zirconia-oxygen detectors (7, 8). A pow- 

Fig. 8. Air reference elec- 
trode made by placing K2SO4 in 
contact with calcia-stabilized 
zirconia: construction details and 
results over 70 days. 
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dered  meta l l ic  sulfate,  which shows re la t ive ly  t he rma l  
s tab i l i ty  in  air, is mixed  wi th  its oxide  in order  to fix 
a low sul fur  oxide  pa r t i a l  p ressure  a t  the'  de tec tor  
opera t ing  tempera ture .  The first system s tudied was 
MgSO4-MgO. The chemical  equi l ib r ium react ion of 
this sys tem was 

MgSO4 (s) ~ MgO (s) + SO3 (g) [11] 

wi th  K~ -- (Psos) as the equ i l ib r ium constant.  
The  whole e lec t rochemical  cell  involved  in the de-  

tector  may  be descr ibed as 

Pt,  MgO-MgSO~, O~ (air) /K2SO4/SO3, 02 (a i r ) ,  P t  
[12] 

In  air, the  sulfur  t r ioxide  in equ i l ib r ium wi th  the solid 
mix tu re  MgSO4-MgO is constant.  If, in add i t ion ,  the  
equ i l ib r ium be tween  SO3, SO2, and O3 is considered to 
be achieved rapidly ,  the  emf corresponding to the elec-  
t rochemical  cell  descr ibed  above is expressed as 

RT (Pso~) in. 
E :  in  

2F K~(I  ~ K/(0.21)  I/~) 

The expe r imen ta l  setup corresponding to this e lect ro-  
chemical  cell is shown chemat ica l ly  in Fig. 2 and 9. Fo r  
this expe r imen t  the  MgSO4-MgO mix tu re  is p laced in 
an a lumina  crucible  open to the a tmosphere  through a 
sma11-diameter hole (0.05 ram),  to ensure  a constant  
total  pressure  of i arm. The e lect rode contact  is ob-  
ta ined using a small  a lumina  r ing wound wi th  p la t inum 
in contact  wi th  the K2SO4 pel le t  and  inser ted  in another  
a lumina  r ing  which  prevents  d i rec t  contact  of the 
e lec t rode  wi th  ambien t  a i r  (see detai ls  in the photo-  
g raph  in Fig. 3). 

The  resul ts  obta ined  over  a three  month  per iod i l lus-  
t ra te  the  s tabi l i ty  of this t ype  of reference  electrode.  
The emf values  observed expe r imen ta l l y  (Fig. 9) a re  
30 mV higher  than  those ca lcula ted  f rom the equi l ib-  
r ium constants cul led f rom the l i t e ra tu re  (9). This was 
a t t r ibu ted  to a t empera tu re  g rad ien t  be tween the inner  
crucible  and the oven where  the  t empe ra tu r e  read ing  
was taken. Incidental ly ,  the resul ts  of p r e l im ina ry  
studies on the poss ibi l i ty  of adapt ing  these e lec t ro-  
chemical  cells for  me ta l lu rg ica l  appl icat ions  (10) a re  
in good accordance wi th  ca lcula ted  values  for MgSO4- 
MgO ( ~ 2  mV) wi th  the  t empe ra tu r e  measured  inside 
the crucible  as i l lus t ra ted  in Fig. 2. 

The  sl ight  dr i f t  observed in the emf over  90 days 
( ~ 2 3  mV) is l a rge ly  expla ined  by  the t empe ra tu r e  co- 
efficient (dE/dT)725oc ___ 1.5 mV/~  and by  the differ-  
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ence in t empera tu re  be tween ini t ia l  and final measu re -  
ments  of 721 ~ and 730~ respect ively.  Moreover,  x - r a y  
examina t ion  before  and a f te r  the test  r evea led  no 
appa ren t  modification of the  su l fa te -oxide  mixture .  

Ano the r  sol id su l fa te -ox ide  mixture ,  MnSO4-Mn203, 
was s tudied at  the lower  t empe ra tu r e  of 714~ using 
an expe r imen ta l  setup ident ica l  to the magnes ium sys- 
tem. The resul ts  a r e  presented  in Fig. 10. The short  
l i fespan of this sys tem is p robab ly  due to a high sul fur  
oxide pressure  (~10  - s  a rm) .  Fur the rmore ,  x - r a y  ex-  
amina t ion  fai led to indicate  the  presence of MnSO4 at  
the end of the test.  Hence this sys tem appears  be t t e r  
sui ted for lower  de tec tor  opera t ing  t empera tu res  
whereas  the magnes ium mix tu re  can opera te  at  up to 
990~ S t r ingen t  control  of the t empe ra tu r e  guarantees  
the re l i ab i l i ty  and reproduc ib i l i ty  of this t he rma l -  
decomposi t ion type  of e lec t rode  over  ex tended  per iods  
of time. In addit ion,  the re fe rence-e lec t rode  potent ia l  
could be ad jus ted  by  select ing the appropr ia t e  ope ra t -  
ing t e m p e r a t u r e  and su l fa t e -ox ide  mixture .  The use 
of a closed crucible  to contain the  powder  mix tu re  wi l l  
even tua l ly  improve  the l i fespan of this p romis ing  type  
of re ference  electrode.  

Study of the gas-circulation electrodes in equilibrium 
and nonequilibrium conditions.--Previous studies on 
sul fur  oxide detectors  have revea led  tha t  the ac t ive  
species at  the e lectrode is SO3 not  SO2, and tha t  the  
use of p l a t inum for the me ta l  e lect rode gene ra l ly  re -  
sults in equi l ib r ium be tween  SO2, 02, and SO8, at  least  
in the v ic in i ty  of the t r ip le  contact  be tween  the e lec t ro-  
lyte, the metal ,  and the gas phase.  One of the  conclu-  
sions of recent  work  is tha t  a p l a t i num preca ta lys t  is 
r equ i red  in the gas in le t  jus t  before  the electrode. The 
two types of p reca ta lys t  used for  this purpose  were  
descr ibed in the expe r imen ta l  section. Recourse to these 
cata lys ts  resul ted  in close agreement  be tween  calcu-  
la ted  and expe r imen ta l  values,  as i l lus t ra ted  by  the up-  
pe r  curve of Fig. 1. In  previous  work  wi thout  a p re -  
catalyst ,  an increas ing d iscrepancy was found be tween  
calcula ted and exper imen ta l  values  towards  h igher  sul-  
fur  oxide  concentrat ions  as m a y  be  seen in Fig. 4 of Ref. 
(1). When  equi l ib r ium of the gas const i tuents  prevai l s  
at the electrode, the su l fa te -based  detector  can be used 
qui te  successful ly f o r  measur ing  e i ther  SO2 or  SO3 or  
the two together  (SO2 -t- SO8) when  both oxides  are  
presen t  s imul taneously .  

In combust ion-gas  analysis ,  the sulfur  oxide  is mos t ly  
SO2, a l though occasional ly  a smal l  percentage  of  the  
h igh ly  corrosive SO3 is also observed.  Consequently,  a 
search was unde r t aken  for  an e lec t rode  meta l  tha t  

Fig. 9. Therrnol-decompos;t|on 
type of reference electrode based 
on a m|xture of MgS04 and 
MgO: construction details of the 
electrodes and test results over 
90 days. 
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Fig. 10. Thermal-decomposition 
type of reference electrode based 
on a mixture of MnS04 and 
Mn~03: construction details of 
the electrodes and test results 
over 45 days. 

would not catalyze the equi l ibrat ion of SO2 with SO3 so 
that  SO~ could be detected selectively. The quartz de- 
vice with the removable electrode i l lustrated in  Fig. 3 
was used to test various metals in  the same experi-  
menta l  conditions to assess their  performance as elec- 
trode materials.  For this purpose, the SO2-in-air  mix-  
tures were first passed over a precatalyst  placed in  the 
vicini ty of the electrode. As shown in Fig. 11, all the 
metals tested were electrochemically active in accord- 
ance with Eq. [1] except for i r id ium (not represented) ,  
which is erratic in its performance. A second test, re-  
ported on the same figure, was carried out by removing 
the precatalyst  from the gas inlet  to study the catalytic 
performance of these metals. For the same SO2-in-air  
mixtures,  pa l ladium has a catalytic performance simi- 
lar  to that  of p la t inum;  however,  gold and rhodium 
show very li t t le response to the SO2 content. Thus, 
there seems to be a possibili ty of optimizing certain ex-  
per imenta l  parameters- tempera ture ,  gas flow rate, ge- 
ometry, etc., in order to measure  SOs selectively in  the 
presence of SOs. 

The last test to be described was performed wi th  a 
quartz device adapted to the analysis of hot SOs-bear-  
ing mixtures.  The quartz gas-circulat ion circuit  was 
identical  to that  shown in  Fig. 2 except that the pre-  
catalyst  was removed and an electrically insulated gold 
wire was used along with the p la t inum wire of the 
gas-circulat ion electrode. The aim of this test was to 
compare the two electrodes in  the same conditions 
when the detector was supplied first with SO2-in-air-  
mixtures,  then with hot SO3-in-air  mixtures.  The la t ter  
were prepared on an external  catalyst, described in 
the exper imental  section, that  converts most of the SO2 
into SO~ (--~99% at equi l ibr ium at 402~ As i l lus- 
trated in  Fig. 12, on plat inum, the gas mixtures  were at 
equi l ibr ium at the electrode and the results are there-  
fore identical, whether  the gases enter ing the detector 
are SOe-in-air  or SO3-in-air  mixtures.  On gold, the low 
catalytic activity of the metal  was confirmed with the 
SO2-in-air  mixtures,  par t icular ly  at high concentra-  
tions. On the other hand, with SO3-in-air  mixtures,  the 
electrode responds to the proportion of S Q  defined by 
the external  catalyst at 402~ at least when concen- 
trations are high. To prevent  the SOz from re tu rn ing  to 
equi l ibr ium conditions as observed in Fig. 12, especially 
a t  low concentrations, the gas flow rate was increased 
to 200 cm3/min, which avoided a drop to the equi l ib-  
r ium potentials observed on plat inum. However, the 

external  catalyst then seemed unable  to ensure com- 
plete conversion of SO2 into SO3 and, al though the 
curve is parallel  to the curve predicted for SOa alone, it  
remains below it. Based on these p re l iminary  tests, it 
was concluded that  the quartz detector may be success- 
fully adapted to hot-gas analysis and appears most in-  
teresting for the selective detection of SOa, especially 
when  gold is used at the electrode. 

Since the preparat ion of this paper, more thorough 
studies of the specific de terminat ion  of SOs in  the pres-  
ence of SO2 have been under t aken  by other researchers 
at IREQ which confirm the present  results (11). 

Conclusion 
In  this work, four types of reference electrodes were 

developed and compared with regard to their s tabil i ty 
vs. time. Of these, the gas-circulat ion electrode seems to 
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Fig. 11. Electrochemical and catalytic activities of four metal 
electrodes when several SO~-in-air mixtures are precatalyzed in the 
gas inlet of the detector before reaching the electrode; the results 
of the same test repeated after removal of the precatalyst are also 
given in this figure. 
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Fig. 12. Relative catalytic activities of Au and Pt electrodes with 
S02-in-air and hot S03-in-air gas mixtures; the dashed lines are the 
calculated values for complete nonequilibrium and complete 
equilibrium at the gasocirculation electrode, with the reference 
always considered to be at equilibrium at 801~ 

be the most stable and the most reliable, although in 
practice it is awkward and expensive to operate. The 
Ag/Ag + electrode, on the contrary, is easy to set up 
experimentally despite the fact that silver must be pro- 
tected from air in order to maintain emf stability vs. 
time; in addition, the rapid diffusion of silver ions 
through the electrolyte precludes the use of these elec- 
trodes for the analysis of oxygen-lean gases. The air 
reference electrode with a sulfate/stabilized-zirconia 
junction provides satisfactory results but its elaborate 
experimental setup presents a drawback. Finally, the 
reference electrode based on the thermal decomposition 
of solid sulfate-oxide mixtures has a highly reproduc- 
ible signal that is stable with respect to time, although 
the temperature needs to be particularly well con- 
trolled; its potential can be adjusted as required by se- 
lecting an appropriate sulfate-oxide system and tem- 
perature. This fourth type of electrode is still under 
investigation. 

An attempt was also made, by adding a precatalyst 
upstream of the measuring electrode, to optimize the 

equilibrium of the reacting species at the electrode 
when cell is to be used as a total sulfur oxide detector. 
Finally, demonstration of the weak catalytic activity of 
gold and rhodium with respect to the conversion of SO~ 
to SO~ led to the development of a quartz detector suit- 
able for hot-gas analysis, which should eventually per- 
mit the selective measurement of SOs in the presence 
of SOs. 
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Optical and Auger Microanalyses of 
Solder Adhesion Failures in Printed Circuit Boards 
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The Charles Stark Draper Laboratory, Incorporated, Cambridge, Massachusetts 02139 

A B S T R A C T  

Pr in ted  circuit  boards used in  electrical systems have shown solder sepa- 
ra t ion from the copper wir ing ne twork  wi th  prolonged use at  about  325 K 
(120~176 Optical and A u g e r  microanalyses o f  boards tha t  have shown 
such failures have revealed the existence of discrete oxide particles in the 
form of an oxide layer  at the separated interface. High temperature  accelerated 
aging tests have shown that  the t ime-dependent  accumulat ion of the oxide 
particles at this interface results from reject ion of the oxygen out of the re-  
acted zone and into the in te rmeta l l i c -mat r ix  boundary  with the continued 
growth of (low Pb-conta in ing)  CuxSn~ intermetal l ic  compounds. (These com- 
pounds are formed as a consequence of the chemical reaction that  occurs 
between the P b - S n  solder and the under ly ing  copper circuit.) Increased ther-  
mal  act ivation leads to increased growth of the intermetaUics, and this re-  
sults in more oxygen exclusion from the reacted zone into the interface region 
(giving rise to a t i m e - d e p e n d e n t  accumulat ion of the oxide particles at this 
boundary) .  Eventual ly ,  these particles inhibi t  the solid-state diffusion reaction 
between copper and the CuxSny intermetal l ics  and lead to the observed 
separat ion of the solder from the under ly ing  copper. Exper iments  performed 
in  this s tudy have shown that  the oxygen (giving rise to oxide-part icle ac- 
cumula t ion  at the interface) i s  distr ibuted throughout  the bu lk  of the copper 
plating. Organic addit ion agents, codeposited with the copper dur ing the for- 
mat ion of the copper wir ing network, are probably  acting as a source for the 
observed oxygen. 

Pr in ted  circuit  boards are used extensively in  the 
electronics indus t ry  as components of larger:electr ical  
assemblies. The pr in ted  circuit ~ consists of a wir ing 
ne twork  which is produced using a combinat ion of 
photolithographic and plat ing and lamina t ing  tech- 

n i q u e s .  Both elec~roless and electrodeposition pro- 
cedures are  used to fabricate these circuits. A layer  of a 
preselected P b - S n  solder composition is electrode- 
posited on top of the copper network. To achieve 
proper wett ing of the copper by the solder material ,  
a post-deposition fusion procedure is used. In one pro- 
cess, this consists of heat ing the entire assembly to 
about 480 K (410~ for close to 15 sec. This results in 
phase segregation wi thin  the solder  mater ia l  and in  
chemical reaction between the solder and the copper 
circuit, thereby enhancing  the in tegr i ty  of the com- 
pleted circuit through increased solder adhesion (due 
to the chemical forces that  result  from the solder- 
copper react ion).  

A few of the pr in ted circuit boards used in electronic 
systems at about 325 K (120~176 have shown se- 
vere degradat ion of solder adhesion with prolonged use. 
This t ime- tempera tu re  dependence of solder layer  sepa- 
rat ion in some of the pr inted circuits has been known 
to exist by the circuit indus t ry  for a reasonably long 
t ime (1). Past at tempts at ident i fying t h e  causes of 
these failures have met  with only l imited success 
(1-3). Our own experience with the use of these boards 
has shown that  circuits obtained in 1977 from vendor  
A did not display solder adhesion failures. In  contrast, 
samples procured from another  vendor  (B) in 1978 
almost consistently showed this type of deterioration. 
I n  most instances, solder adhesion degradation was 
found to reach a level whereby the solder could be 
easily removed from the copper surface with a fine- 
edged X-acto blade with a m i n i m u m  of effort. A de- 
tailed study was consequently ini t ia ted at this Labora-  
tory to determine the causes of the observed dewett ing 
of the solder. It  was hoped that, as a result  of such an 
investigation, fur ther  use of these materials  could be 
qualified and also a determinat ion made as to whether  

Key words: oxide, intermetallics, solder separation, mechanism. 

newer  (1979) mater ia l  procured from vendor  B could 
be used for future  applications. Such an evaluat ion 
was deemed desirable in view of the manufac turer ' s  
claim that sui table modifications had been made in the 
processing procedures to produce a 1979-designated 
product that  was superior to the 1978-designated prod-  
uct. This paper i l lustrates the na tu re  of the problem 
and identifies the mechanism by which the observed 
solder separation has most probably  occurred. 

Experimental Procedure 
Representat ive samples were mounted  (with the 

copper-solder interface slightly incl ined to the plane of 
polishing) at room temperature  in a res in-conta in ing  
cast and polished for metallographic examination.  The 
selected angular  t i l t  of the copper-solder assembly 
allowed amplification of the solder-copper interface, 
upon polishing, by a factor of ten. The samples were 
photographed, using optical microscopy, and analyzed 
using a Physical  Electronics Auger system in  the as- 
polished condition. The hea t - t rea tments  that  were per-  
formed on several  of the selected samples are de- 
scribed in  detail  in the next  section. 

Results and Discussions 
The different features observed in  microstructures 

which are typical of those observed in failed samples 
are shown in  Fig. 1. As one traverses the solder-copper 
interface from the solder side to the copper side ( that  
is from left to r ight) ,  several  layers are observed. The 
observed layers correspond to a two-phase solder re-  
gion which contains a high concentrat ion of the Pb- r ich  
phase, two CuxSny intermetal l ic  compounds (contain-  
ing very low levels of Pb) ,  and a region with a high 
concentrat ion of oxide particles located between the 
CusSn intermetal l ic  and the copper. The two in te r -  
metallic phases, Cu3Sn and Cu6Sns, observed in  this 
study have earlier been reported elsewhere ( I ) .  These 
correspond to the nea r -equ i l ib r ium phases predicted by  
the b inary  Cu-Sn  phase diagram (4) indicat ing that  
the role of Pb in this t e rnary  system is minimal.  An 
Auger l ine scan for Pb (shown in  Fig. 1), however,  i n -  
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Fig. 1. Typical Cu-solder interface region in failed board. Photograph shows two CuxSny intermetalllcs and oxide presence at Cu- 
Cu,~Sn boundary. Auger line scans were made acros~ the entire interface region. 

dicates that  a sma]l amount  of Pb  does exist in  these 
phases, possibly in solid solution. [Details on Auger 
spectroscopy and in terpre ta t ion  of spectra can be ob- 
ta ined from Ref. (5).] All of the ma in  features can be 
easily identified on the Auger line scans (also contained 
in Fig. 1) that  were obtained on this sample. The 
strong in tens i ty  of the oxygen signal at the Cu3Sn-Cu 
boundary  (in the Auger  scan) clearty shows that  the 
particles observed are indeed an oxygen-conta in ing 
species that  have collected at this interface. The pres- 
ence of a two-phase zone with a high concentrat ion 
of the Pb- r ich  phase (observed on the solder side of 
the micrograph as clark precipitates) was a direct con- 
sequence of the formation of the (low Pb-conta in ing)  
Cu-Sn  intermetal l ic  compounds be tween the solder 
mater ia l  and the copper network. Format ion  of these 
intermetal l ics  resulted in  an exclusion of Pb from the 
reacted regions leading to an enr ichment  (in Pb) of 
the solder mater ia l  close to the solder-Cu6Sn~ bound-  
ary. An Auger  survey showed that  the only  elements 
which were consistently present  in the several samples 
that  were examined (in detectable quanti t ies)  were 
Cu, Pb, Sn, O, and C, all of which were expected. 

Because of the known differences in the performance 
of the 1977 and 1978 circuit  boards, typica,1 samples 
representat ive of those years and one sample, desig- 
nated as a 1979 product, were selected for fur ther  
examination.  Figure 2 shows the microstructure  ob- 
served for the as-received condition of these circuit 
boards. The reacted zone was found to be considerably 
smaller  in the 1977 sample compared to the 1978 and 
1979 samples. This also accounted for the near  absence 
of the Pb- r ich  zone in the 1977 sample in contrast  to 
the 1978 and 1979 samples where its existence was 
clearly observed. Larger reaction zones mean  more 
overall  exclusion of Pb from the reacted area. One, 
therefore, expected an intense concentrat ion of the 
Pb- r ich  phase at t he  solder- intermetal l ic  boundary  in  
the 1978 and 1979 samp.les in agreement  with the ob- 
servations. The differences in the extent  of tbe reaction 
observed in  samples obtained f rom the two vendors 
was par t ly  explained by the differences in the solder- 
fusion procedures used by  these vendors. Whereas 

vendor  A uses an infrared lamp to cause improved 
wett ing of the copper by the solder, vendor  B uses an 
oil bath in  which the entire assembly is immersed. It  
is possible that  the circuits are subjected to more ther-  
mal  activation by oil immers ion than  is the case when 
they are exposed to infrared radiation. Differences in  
thermal  activation can explain the differences in  the 
extent  of the reacgon that  was observed. The micro- 
structures shown in  Fig. 2 were found to be subs tan-  
t ially free of the oxide layer  that  is known to exist at 
the copper-Cu3Sn boundary  in  boards where separa-  
tion of the solder is known to have occurred. I t  may be 
noted, however, that  a few oxide particles were never -  
theless found to be attached to the copper surface in  the 
1979 sample even in  this condition. 

Since the degradation in the solder- to-copper adhe-  
sion has been observed to be dependent  on both t ime 
and temperature,  samples of as-received boards were 
subjected to elevated tempera ture  aging t reatments  
in air (so as to accelerate the kinetics of the micro-  
s t ructure  changes that  are induced dur ing  actual  ser-  
vice at lower temperatures) .  Effects related to sample-  
to-sample variat ions were avoided by sectioning the 
as-received boards in two, such that  the as-received 
state of the individual  boards could be examined on 
one piece while the other piece could be examined after 
it had been subjected to the desired heat - t rea tment .  
The microstructures observed for each of the as- re-  
ceived samples corresponded very closely to those 
shown in  Fig. 2. The hea t - t rea tment  t e m p e r a t u r e  was 
chosen as 438 K (165~ and the samples were ex- 
amined after 4, 75, and 264 hr  of exposure. A gradual  
development  of the oxygen-conta in ing  species, with in -  
creasing time, was observed in the 1978 and 1979 
samples in contrast to the 1977 sample where none was 
observed. The sample microstructures obtained after  
the 264 hr  t rea tment  on these three samp.les are shown 
in  Fig. 3. It is clear that  the condition observed for the 
1978 and 1979 type samples is most undesirable,  since 
it u l t imately  results in solder separation from the cop- 
per network. T h a t  such a direct relat ionship exists 
between development  of the oxygen-conta in ing  par -  
ticles and degradation of solder adhesion was verified 
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Fig. 2. As-received microstructures of 1977, 1978, and 1979 boards. Extremely narrow reaction zone with little enrichment of the Pb-rich 
phase in the neighboring solder region is observed in the 1977 sample compared to the 1978 and 1979 samples. 

in  separate experiments.  These consisted of soldering 
individual  wire leads to the pr in ted  wir ing  ne twork  
prior to the 438 K t reatment .  After  the thermal  ex-  
posure the leads were pulled at known  increasing loads 
un t i l  they separated from the circuit board. The de- 
creasing value of load required to cause separation, and 
the increase in the amount  of copper observed after 
separation (with increase in  total thermal  exposure),  
were considered a direct measure of the degradation 
in  solder adhesion. It  was determined that  these corre- 
lated well  with the accompanying changes in  micro- 
s t ructure  which showed a clear development  of the 
oxygen-conta in ing  species in  samples produced by  
vendor  B. 

Figure  4 contains an oxygen- l ine  scan which was 
made across the copper-to-solder  interface region in 
the 1978, 264 hr heat - t rea ted  sample. Unlike other l ine 

scans that  were made on s imilar ly  hea t - t rea ted  sam- 
ples, this one showed strong oxygen peaks on both 
sides of the CuxSny intermetaUics; tha t  is, at the Cu- 
CusSn interface, and also at the (Pb-Sn  solder)-Cu~Sn5 
interface. Also, wi th in  the intermetal l ics  themselves, a 
lower level of oxygen was detected than that  which 
was found to exist in both the copper plat ing as well  
as in the P b - S n  solder deposit. This observation clearly 
showed that  the intermetal l ics  rejected oxygen on both 
sides, as they grew, and this accumulated as oxides at 
both of the in te rmeta l l i c -mat r ix  interfaces. Oxide ac- 
cumulat ion at the solder-Cu6Sn5 boundary  could be a 
contr ibut ing factor to fractures at this interface that  
appeared in observations made earl ier  on similar  me-  
tallic systems (2). The reasonably high level of oxygen 
in the solder area (of Fig. 4) was found to exist mostly 
as an oxide of Sn (as was in terpre ted  from the close 

Fig. 3. Microstructures after 165~ 264 hr air heat-treatment. Severe oxidation observed at Cu-Cu~Sn boundary in 1978 and 1979 
samples. None observed in 1977 sample. 
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Fig. 4. Auger line scans across interface region in 1978 165~ 
264 hr air heat-treated sample. Oxygen peak~ observed on both 
matrix-intermetaUic interfaces. 

correspondence be tween  the Sn and the  O Auger  l ine 
scans in the  solder  region) .  A low level  of oxygen  
wi th in  the  in te rmeta l l i cs  and the accumula t ion  of an 
oxygen-con ta in ing  species at  the i n t e rme ta l l i c -ma t r i x  
boundar ies  c lear ly  implies  tha t  oxygen presen t  inside 
the solder  wi l l  not  migra te  to the Cu-Cu3Sn bounda ry  
and lead  to the observed  degrada t ion  of the  adhesion 
at  tha t  interface.  The source of oxygen  mustl therefore,  
be  located on the copper  side of the reac ted  assembly.  
The two sources that  could conceivably  give rise to the 
t i m e - t e m p e r a t u r e  accumula t ion  of the o x i d e  in fa i led 
samples  are  the env i ronment  (because a l l  of the aging 
occurs in air)  and the copper  plat ing.  I f  the  oxygen 
contr ibut ion is f rom the copper  p l a t i n g ,  then  the 
source of oxygen mus t  be d is t r ibu ted  reasonably  un i -  
fo rmly  th roughout  the thickness  of the deposit.  Su r -  
face oxida t ion  of the  copper plat ing,  p r io r  to solder  
deposit ion,  cannot,  b y  itself, account for  the  t ime-  
t empera tu re  dependence  of oxide  deve lopment  at  the 
interface.  If  surface oxida t ion  of the  copper  were  the  

dominant  cont r ibu tor  of the observed oxygen,  the  den-  
s i ty  of the  oxide  par t ic les  would  not  have s ignif icant ly 
changed wi th  increase  in  reac t ion  time. The oxide  
par t ic le  concentrat ion at  the  i n t e rme ta l l i c -ma t r i x  in -  
terface, in such a circumstance,  would  have  e i ther  r e -  
mained  constant  (af ter  a l l  of the  avai lab le  oxygen  was 
used up to form oxides in the  ve ry  in i t ia l  stages of 
the  reac t ion) ,  or even decreased because  the  in te r -  
metal l ics  do show a finite, a lbe i t  low, o x y g e n  solubil i ty.  
Most of the  oxygen contr ibut ion  to the deve lopment  of 
the oxide must,  therefore,  have or ig ina ted  e i ther  f rom 
the aging envi ronment  or  f rom the bu lk  of the copper  
plat ing.  

In  o rde r  to fur ther  isolate the  source of the  o x y g e n  
(which leads to u l t ima te  separa t ion  of the  solder)  a n  
addi t ional  expe r imen t  was pe r fo rmed  as pa r t  of this 
study.  Sec t ioned  samples,  s imi la r  to those t r ea ted  
ear l ie r  in air, were  ob ta ined  f rom the circui t  boards  
and subjec ted  to a 240 hr  h e a t - t r e a t m e n t  a t :438 K 
(165~ in an argon atmosphere .  F igure  5 shows the 
micros t ruc tures  tha t  were  ob ta ined  on the a r g o n -  
t rea ted  samples. As wi th  the  a i r  hea t - t r ea tments ,  for -  
mat ion  of the oxide l aye r  a t  the Cu-CusSn in ter face  
w a s  observed in both the 1978 and the 1979 samples  
whereas  none was observed in the 1977 sample.  Devel -  
opment  of the oxide l aye r  f rom h e a t - t r e a t m e n t  in an 
iner t  a tmosphere  c lear ly  showed tha t  the source of  
oxygen was located wi thin  the  copper  plat ing.  Organic  
addi t ion agents, codeposi ted wi th  the copper  dur ing  the 
p la t ing process, are  be l ieved to be the cont r ibut ing  
source for  the  oxygen  which is detected a t  the  in t e r -  
face (6). This v iew is ind i rec t ly  suppor ted  b y  the ob-  
servat ion  that  the 1977 sample  (where  the copper  was 
deposi ted in a pyrophospha te  ba th )  did  not  show 
deve lopment  o f  the oxide, whereas  the  1978 and 1979 
samples  (where  copper  deposi t ion was pe r fo rmed  in 
a copper sulfate  ba th)  showed extensive oxide fo rma-  
tion at  the  Cu-Cu3Sn interface.  The i r r egu l a r l y  shaped, 
j agged  Cu-Cu~Sn interface observed  for the 1977 sam-  
ple  in Fig. 2 is indicat ive  of copper deposi t ion wi th  
l imi ted  use of level ing (addi t ion)  agents. This con- 
t rasts  sha rp ly  wi th  the  smooth ma t r i x - i n t e rme ta l l i c  
interfaces observed for the 1978 and 1979 samples  
which c lear ly  suggest  a g rea te r  role for the level ing 
agents in the copper sulfate  bath.  The reduced  level  of 
i r r egu l a r i t y  at  the  Cu-Cu3Sn in ter face  for  the  1977 
samples  in Fig. 3 and 5 was be l ieved  to be re la ted  to 
effects resul t ing  f rom ex tended  high t empe ra tu r e  the r -  

Fig. 5. Microstructures after 165~ 240 hr argon heat-treatment. Oxide development similar to that observec~ in Fig. 3 
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mal  exposure  of the samples.  I t  is possible  that  the 
t r ea tmen t s  tha t  were  used resu l ted  in decomposi t ion 
of the  organic addi t ion  agents  and this may  have  pe r -  
mi t t ed  the deve lopment  of a smoother  Cu-Cu3Sn in-  
terface wi th  cont inued g rowth  of the in termetal l ics .  A 
bu lk  composit ion analysis ,  using A u g e r  i n s t rumen ta -  
tion, of the copper l ayer  in the  1977, 1978, and  1979 
samples  indica ted  o x y g e n  and carbon levels of about  
3 to 5 a tomic  percen t  in the  as - rece ived  condit ion for 
the 1978 and 1979 samples  and an undetec tab le  level  
of oxygen  for  the  1977 sample  in ag reemen t  wi th  the  
above  in t e rp re t a t ion  of observed data. Carbon was not  
de tec ted  in the 1977 sample.  A l l  of this suppor t ed  the 
view tha t  organic addi t ion  agents migh t  wel l  be the  
source of the  observed  oxygen.  These analyses  were  
pe r fo rmed  a t  a dep th  of about  1000A to reflect ac tua l  
bu lk  composition. (Depth  profiles of the copper  showed 
tha t  the composit ion values  s tabi l ized af ter  pene t ra t ion  
by  the Auge r  beam of a few hundred  angst roms of 
thickness f rom the surface.)  Examina t ion  of the com- 
posi t ion af ter  the 264 hr  t r e a t m e n t  in a i r  (also at  a 
depth  of 1000A) showed a much lower  level  of oxygen  
and a lmost  no carbon in the 1978 and 1979 samples  sug-  
gest ing possible migra t ion  of these e lements  f rom re -  
gions close to the in ter face  to the  reac ted  zone under  
the  influence of  t he rma l  act ivat ion.  

Considerat ions  such as solder  composition, carbon 
contaminat ion  of the interface,  and qua l i ty  of the cop- 
per,  can all,  conceivably,  to some extent ,  be expected  
to influence the  ra te  of degrada t ion  of solder  adhesion. 
Inves t iga t ions  at  this Labora tory ,  however ,  suggest  
tha t  the  degrada t ion  mechanism itself  wi l l  not  be s ig-  
nif icant ly a l te red  by  these severa l  variat ions.  The role 
of solder  composi t ion wil l  be l imi ted  m a i n l y  to in-  
fluencing the kinet ics  of g rowth  of the var ious  com- 
pounds  and, therefore,  to the  accumula t ion  ra te  of 
the oxygen-con ta in ing  species. A deta i led  kinet ics  
s tudy  showing the act ivat ion energy  variat ions,  for  
the  severa l  comPounds , wi th  changes in solder  com- 
position, is the subjec t  of a separa te  publ ica t ion  (7). 
As for  carbon contamina t ion  of  the  interface,  this is 
expected  to manifes t  i tself  in a manne r  s imi lar  to 
that  observed for oxygen in this study.  I t  m a y  be noted,  
however,  that  even though almost  equal  amounts  of  
carbon and oxygen  were  de tec ted  for  the  bu lk  com- 
posi t ion of the  as - rece ived  1978 and 1979 boards,  the 
d is t r ibut ion  of these e lements  in the in terface  region 
was m a r k e d l y  different.  Whereas  oxygen  was found  
to exis t  over  the  ent i re  interface,  where  the oxygen-  
containing par t ic les  were  dis t r ibuted,  h igh concent ra-  
tions of carbon were  detected only in  a few discrete  
locations. This indica ted  tha t  whi le  carbon was also 
being re jec ted  f rom the react ion zones in a manner  
s imi lar  to the oxygen  ( accoun t ing  for the  observed  
bu i ldup  in concentra t ion)  its role  in the  observed  deg-  
r ada t ion  was minimal ,  a lbe i t  finite. The role of qual i ty  
of the copper,  however ,  is somewhat  more  complex.  

In  addi t ion  to solder  separa t ion  occurr ing  f rom bu i ldup  
of  occluded impuri t ies ,  such as those discussed in this  
paper ,  mic ros t ruc tu ra l  details,  in pa r t i cu l a r  the  gra in  
size, can be expected  to also influence the ra te  of 
solder  separat ion.  The kinet ics  of g rowth  of the  sev-  
era l  compounds can be expected  to be dependent  on 
gra in  size var ia t ions  especia l ly  if this is the slow 
stage in the overa l l  g rowth  process. 

Conclusions 
This s tudy  shows that  every  effort should be made  

to e l imina te  the  source of oxygen  in the  copper  p la t ing  
to avoid  so lder -adhes ion  fa i lures  in p r in t ed  circui t  
boards.  There  is reason to suspect  tha t  organic  add i -  
t ion agents tha t  are  codeposi ted wi th  copper  a re  act ing 
as sources of the observed  oxygen.  The oxygen  ac -  
cumulates  as discrete oxide par t ic les  a t  the  m a t r i x -  
in te rmeta l l i c  boundar ies  because of oxygen  exclusion 
f rom the reac ted  zone with  the  cont inued g rowth  of  
the  intermetaUics.  Increase  in ox ide-par t i c le  concen- 
t ra t ion  leads to solder  separat ion,  poss ibly  th rough  in-  
hibi t ion of the  Solid-state diffusion reac t ion  across the 
Cu-Cu,  Sn interface  even whi le  the  diffusion react ions 
at the Cu3Sn-Cu6Sn~ and the Cu6Sns- (Pb-Sn)  solder  
interfaces continue to proceed. 
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ABSTRACT 

Self-al igned a l u m i n u m  gate MOSFET's have been fabricated by  applying 
laser annea l  technology. The threshold voltage and surface electron mobil i ty 
were similar  to the conventional  silicon gate MOSFET's. But the low re- 
s ist ivity of gate and interconnect ion electrodes by a luminum is advantageous 
for high switching speed MOSLSI. 

Most of the gate electrodes for self-aligned MOSFET's 
have been fabricated with silicon gate (1), molyb-  
denum gate (2), molybdenum-si l ic ide  gate, and the 
other refractory metal  gates. Silicon and refractory 
meta l  gates are advantageous because high tempera-  
ture processes can be utilized after these gate mate-  
rials are deposited and patterned. A luminum gates 
have t radi t ional ly been fabricated after all high tem- 
perature  processes are completed because of the low 
mel t ing  point of a luminum (660~ Aluminum gates 
l ike Mo gates have low resist ivity (3 X 10 -6 ~ - c m  
compared to 6 • 10 -6 ~2-cm for Mo) which is advan-  
tageous for high speed MOSLSI circuits. Silicon gate 
has, on the other hand, a much higher resistivity (10 -8 
~ -cm) .  It is therefore desirable to develop self-aligned 
a l u m i n u m  gate MOSFET's. In  this paper, exper imen-  
tal results are reported for self-aligned a luminum gate 
SOS MOSFET's fabricated by laser anneal  technology 
(3). 

Figure 1 shows the fabrication sequence for self- 
aligned a luminum gate SOS MOSFET's by laser anneal  
technology. The wafers used in this study have 0.3 
~m thickness undoped (100) single crystal films which 
are epitaxial ly grown on (1102) single crystal sap- 
phire substrates. The silicon layer was first pat terned 
to define silicon islands in a conventional  manner .  
The pat tern ing was accomplished with KOH aniso- 

1Present  address: Suwa Seiko Company, Limited, Suwa-gun, 
Nagano-ken, 399-02 Japan 

Key words: laser  anneal, VLSI, YAG laser, bulk  s i l icon,  SOS, 
ion implantation. 
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Fig. 1. Fabrication sequence for self-aligned aluminum gate 
MOSFET by laser anneal technology. 

tropic etching. Then a 100 nm gate oxide was grown 
by dry oxidation at 1050~ Next, a 300 n m  a l u m i n u m  
layer was deposited by vacuum evaporation. The 
a luminum layer was patterned, using HsPO4-HAc-H20 
solution etching, to form the gate electrodes and its 
connections. Phosphorus ion implanta t ion was then 
applied to form the source and drain junctions,  at 
the energy of 160 keV with a dose of 2.5 • 10 ~5 cm -2 
and 80 keV with a dose of 2.5 X 1015 cm-~. The next  
step was laser anneal  on the top surface of the wafer 
to activate the ion implanted silicon layer. For the 
laser anneal, a 2 kHz pulsed and second harmonic 
generated YAG laser (~ = 0.503 ~m) was used in an 
X-Y s c a n n i n g  system. The laser spot size was 100 
~m~, the scan rate was 20 mm/sec,  and the step size 
was 30 ~m. The laser output  power was chosen about 
100 mW, so that  the silicon layer  was heated just  be-  
low its mel t ing point. In  this step, the a luminum gate 
electrode was not melted by laser anneal  in spite of 
its low melt ing point, because of its high reflectance 
of the laser light. In this step, the a luminum gates 
act as masks for source-drain  ion implantat ions and 
laser anneal  and perform self-aligned a luminum gate 
formation. 

In  the subsequent  steps, silicon dioxide was chem- 
ically vapor deposited, and windows for the source, 
drain, and gate contacts were pat terned and etched. 
A luminum was deposited again over the entire surface 
which was pat terned and etched to define the second 
interconnect ion plane. The final step was a 30 min  
sinter in  H2 at 450~ for minimizing the surface state 
densities to 5 • 1010 cm -2 at the S i - S i Q  interface 
and for performing the Si-A1 contact alloy. 

Devices with channel  length of 2 to 40 ~m were 
fabricated: the channel  widths were 80 and 20 ~m. A 
photograph of the self-aligned a luminum gate SOS 
MOSFET is shown in  Fig. 2. The source-drain  I-V 
characteristics of the device are shown in  Fig. 3. 
The threshold voltage is --0.7V showing depletion mode 
operation, and surface electron mobi l i ty  is 350 cmf/  
V.sec at Vo ---- 0.1-, VG ---- 2V. These characteristics are 
similar  to the conventional  n -channe l  silicon gate 
SOS MOSFET's at nondoped 0.3 ~m thick silicon layer. 
When an enhancement  mode device is needed, it is 
possible to control the threshold voltage by applying 
the channel  ion implanta t ion  and laser anneal  to the 
silicon layer  before the a luminum gate formation. 
Self-aligned a luminum gate MOSFET's technology is 
also useful for not only SOS MOSFET's but  also bu lk  
silicon MOSFET's. 

The advantages of the self-aligned a luminum gate 
MOSFET's with laser anneal  technology are: ( i )  low 
resist ivi ty Of gate and interconnect ion electrode by  
a luminum results in fabrication of high switching 
speed MOSLSI, and (ii) very low temperature  pro-  
cess, except for thermal  oxidation step, results in  
e l iminat ion of wafer warpage and m i n i m u m  lateral  

384 
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Fig. 2. Photograph of a self-aligned aluminum gate SOS MOSFET 
(channel length = 12 #m, channel width ~ 20 #m). 

diffusion of source and dra in  junctions,  results suit-  
able for short channel  MOS VLSI formation. 

Manuscr ipt  submit ted Oct. 20, 1979; revised m a n u -  
script received Feb. 28, 1980. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All  discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Fig. 3. Source-drain I-V characteristics of SOS MOSFET with 
W - -  20#m a n d L - -  12#m. 
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ABSTRACT 

Microtwinning in s i l icon-on-sapphire  (SOS) has been examined by  a new 
technique. A crystallographic contrast on the sample surface is observed with 
a scanning electron microscope in the backscattered electron mode when a very 
br ight  source and a high pass energy filter is used. A modified Stereoscan 
MKIIa SEM with a field emission gun and an energy filter for backscattered 
electrons wi th  a 200 eV window for a 45 kV pr imary  beam has been used to 
s tudy defect content  in epitaxial  SOS. Silicon layers thicknesses in the range 
of 0.1-1 #m were analyzed with a spatial resolution of 100A. 

This paper is concerned with an improved method 
for observing crystal defect content, it allows the de- 
termination of defect content in the surface region of 
thick samples without  chemical etching or ion milling. 
We use an SEM in a special mode. The spatial resolu- 
tion in the present  experiments  is 100A. The depth 
explored beneath  the surface is around 1000s so for a 
typical  value of silicon epitaxial  film thickness of 
(0.6 ~m), we can obtain a defect content  profile if 
we sequential ly  observe layers of vary ing  thicknesses. 

We briefly present  here the fundamenta l  of this 
technique and a description of the microscope used. 

1 Fellowship from CONICET, Republica Argentina. 
Key words: silicon, sapphire, electron microscopy, defects. 

We also discuss the results obtained for varying  silicon 
film thicknesses in the range of 0.1-1 #m. 

SEM Electron Channeling 
A scanning electron microscope operat ing in  the 

backscattered mode is sensitive to the relat ive or ienta-  
tion of the crystal with regard to the incident  beam. 
A defect near  the surface causes local bend of crys- 
tallographic planes and thus a local change in the 
backscattering current  is observed. The anomalous 
absorption effect associated with Bragg reflection ex- 
plains the contrasts observed (1). 

Electron channeling patterns.--When a flat single 
crystal sample is observed at low magnification, b a n d s  
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of contrast  s imilar  to Kikuchi  lines in  electron dif- 
fraction pat terns  are obtained. The symmet ry  of the 
pat tern  and  its evolut ion when  the specimen is t i l ted 
or rotated can be used to determine the crystallographic 
orientat ion of the sample. The origin of this contrast  
is explained qual i ta t ively in Fig. 1. 

When the electron probe scans the sample surface, 
the incident  electron beam crosses the Bragg position 
for different sets of lattice planes. An  anomalous elec- 
t ron absorption at Bragg angle 0s produces variat ions 
in the backscattered electron current  and consequently 
a contrast is obtained. A very flat surface is required 
to avoid a topographic contr ibut ion to contrast. 

Crystal defect imaging.mAt high magnification the 
var iat ion of probe incidence angle can be neglected. 
When the incident  beam is at the Bragg position for a 
set of lattice planes, a local bend of these planes, due 
to a crystal defect near  the surface, produces an image 
contrast  as shown in  Fig. 2. 

Required experimental conditions.--Crystal defect 
imaging needs a good compromise among the exper i ,  
menta l  parameters  such as probe size, beam divergency, 
and electron beam current  (1, 2). The probe size d 
must  be smaller  than the region where the lattice 
planes are perturbed.  The divergency of the incident  
beam ~ must  be smaller  than the angular  spread of the 
bent  lattice planes. Thus it  is necessary to work with 
a low i l luminat ion  angle. In  order to reveal  the con- 
trast pat tern  over the background noise the beam cur-  
ren t  I must  be as high as possible. 

These three parameters  are related to the electron 
source brightness B by the equation 

0.4I 
B ' - - -  

d2as 

Therefore a high brightness electron source is re-  
quired (3). Pat terns  of reasonable contrast  wi thin  s tan-  
dard exposure times are obtained with B _~ 10S A/cm 2 
sec. Thus a field emission gun is needed. 

For samples giving a weak contrast  it  is necessary to 
el iminate the influence of beam fluctuations on video 
signal electronically. Crystallographic contrast imag-  
ing being sensit ive to crystal orientation, a goniometer 
stage has to be used. We use a high pass energy filter 
to collect the backscattered electrons which have 10st 
~100 eV energy so as to get a pat tern  of high contrast. 

/ 

Ae 
4 

e~ 

Fig. 2. Crystal defect imaging. At high magnification, a local 
bend of lattice planes produces an imaging contrast. 

Experimental Arrangement 
A schematic diagram of the microscope is shown in 

Fig. 3. The SEM is a Cambridge Stereoscan MKIIa with 
several  modifications (4). 

A field emission gun (5) differentially pumped (less 
than 10-20 Tor t  near  the tip, 10-s Torr  in  the in te r -  
mediate chamber, and 10-~ Torr in the column) has 
been set up. Field emission ins tabi l i ty  is e l iminated by 
an electronic a t tachment  which divides the video sig- 
nal  by a signal proport ional  to the incident  beam cur-  
rent  (6). 

The high pass energy filter is a spherical grid type. 
The transmission coefficient is 81% and its axis makes 
an  angle of 117.5 ~ with the pr imary  beam (shown in  
Fig. 3). The detector is a scinti l lator l ight-pipe as- 
sembly. The energy resolution estimated is bet ter  than 
100 eV for a 45 keV pr imary  beam. 

Diffracting conditions are determined by electron 
channel ing pat terns  (ECP) recorded from a selected 

ssion gun 

S>O S<O S<O S>O 

8 

Fig. 1. Pseudo-Kikuchi pattern. Diagram illustrating the effect 
of the anomalous absorption at Bragg position and the formation 
of ECP. 
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Fig. 3. Diagram of the scanning electron microscope 
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area  (SACP)  b y  the  use of a rock ing  beam method.  
An  ex t r a  set of coils nea r  the cross-over  of the gun, 
above the objec t ive  lens, a l lows the beam to be rocked 
a round  a poin t  on the  specimen surface. 

The s t anda rd  coils in the  olSjective are  not  exci ted  
in this rocking mode. The objec t ive  d i aph ragm is r e -  
moved in o rde r  to a l low a •  ~ deflection angle. The 
a rea  ana lyzed  in SACP has a d iamete r  of a t  leas t  10 
~m. 

A goniometer  s tage of  an  EM Phi l ips  t ransmiss ion 
e lec t ron microscope has been adap ted  to the  specimen 
chamber.  The mechanica l  shif t  associated wi th  t i l t  
ad jus tments  of the  goniometer  is less than  0.5 #m. 

In  o rder  to avoid contaminat ion,  which occurs dur ing  
long- t ime  observat ion  on the same area,  the speci-  
men  is su r rounded  by  copper  wal ls  cooled wi th  l iquid 
ni t rogen.  

Experimental 
(100) si l icon was deposi ted f rom the vapor  .phase at  

980 ~ by  the pyrolys is  of s i lane in H2 on (5012) CZ 
single c r y s t a l  sapphi re  substrate.  A growth  ra te  of 
2 # m / m i n  was used and. si l icon film thicknesses in 
the range  0.1-1 ~m were  invest igated.  Sil icon qua l i ty  
was checked b y  double  crys ta l  x - r a y  rocking  curves.  

The SEM was opera ted  at  45 keV and the  b a c k -  
s c a t t e r e d  electrons  were  f i l tered wi th  an ene rgy  fi l ter  
window of  200 eV. 

Results and Discussion 
Figure  4 shows an e lec t ron  channel ing  pa t t e rn  o b -  

t a i n e d  for an 8000A thick sil icon film. In  a l l  cases  
the  flatness of the  samples  was sufficient to avoid a 
topographic  contras t  as evidenced b y  the good defini-  
t ion of the  ECP. 

Fig. 4. ECP for 8000A thick silicon film, showing [111] pole 

Figure  5 shows the e lec t ron channel ing image (ECI) 
obta ined  for  three  specimens wi th  different  sil icon film 
thicknesses.  These pictures  were  taken  wi th  the [111] 
sil icon direct ion pa ra l l e l  to the inc ident  beam. We can  
see a c rys ta l lographic  cont ras t  fo rmed b y  two m u t u -  
a l ly  pe rpend icu la r  sets of b lack  lines. 

The contras t  observed can be in t e rp re t ed  as the  in -  
tersect ion of the micro twinning  sil icon planes  {111} 
wi th  (100) surface plane,  tha t  is along <110>  direc--  
tions. 

We fir~d tha t  the dens i ty  of micro twins  increases  
for lower  sil icon film thickness.  This resu l t  agrees  wi th  
previous  TEM observat ions  (7). However  for  sil icon 
film of thickness h igher  than  6000A the dens i ty  of 
defects is nea r ly  constant,  about  109/cm% These resul ts  
are  comparab le  to those pub l i shed  b y  Inamura  (8) for 
1 #m silicon film thickness observed a f te r  chemical  
etching. 

Fo r  silicon film thicknesses lower  than  4000A, count-  
ing of the defects is v e r y  difficult. Because of the  smal l  
dimensions and the high densi ty  of defects we approach  
the l imi t  of resolut ion  of the method.  The ful l  w id th  
at  half  m a x i m u m  (FWHM)  of x - r a y  rock ing-curves  
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Fig. 6. Fuff width at half maximum (FWHM) of rocking curves vs. 
silicon film thickness. 

Fig. 5. ECI photographs of microtwins: (a) 2000A, (b) 4000A, (c) 6000A thick (100) silicon layers. The [111] direction of the silicon is 
parallel to the incident beam. 
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Fig. 7. EC! photographs of the same area of a 8000A thick silicon film for different diffraction conditions 

vs. silicon film thickness for these samples are plotted 
in  Fig 6. These values, proport ional  to the defect den-  
sity in the epitaxial  silicon volume, show the same 
decrease in defect density as ECI. Nevertheless the 
main  interest  of the ECI technique is that  it affords the 
possibility of observing weak and strong lattice stresses. 

There is a high dependence between the diffraction 
condition and the image contrast. Figure 7 shows the 
contrast obtained for the same region of the sample 
when different diffraction conditions are used. These 
results are for a silicon layer  of 8000A. 

When the incident  beam is oriented in A or B posi- 
tion (see Fig. 7) for an SACP mode there is little 
change in in tens i ty  when  the incident  angle varies (see 
Fig. lb ) .  Consequently if a contrast  is seen, it  is due to 
a strong stress or a disruption of the lattice [see Fig. 
7 (a), (b)] .  For incidence of the electrons correspond- 
ing to the diffraction condition C, that is very near  to 
the Bragg condition, our method is very  sensitive to 
weak lattice stresses; our  crystal has been highly 
stressed and micro twinning  is not  seen any more as 
shown in Fig. 7 (c), for which a strong contrast  is 
observed. We suppose that the black pits are due to the 
stress field of emerging dislocations. 

Conclusion 

We have presented a new method for SOS charac- 
terization. We believe that  it can yield much informa-  
tion on crystal defects and stress field in silicon on 
sapphire epitaxial  layers. This technique presents sev- 
eral advantages over others. No special sample prepa-  
rat ion is needed either by chemical etch or by  difficult 
ion mil l ing as is necessary for TEM. 

Electron channel ing is complementary to the x - r ay  
rocking curve technique as it  reveals the na ture  of 
crystal defects which can be identified by  observation 
of the surface layer (~1000A). 
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Pre- and Postepitaxial Gettering of Oxidation 
and Epitaxial Stacking Faults in Silicon 

M. C. Chen 1 and V. J. Silvestri* 

IBM T, J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Cer ta in  ge t te r ing  t r ea tmen t s  on the back  sides of wafers  have been found 
to be effective in reducing s tacking  faul ts  in Si bu lk  wafers.  In  this s tudy  r e -  
sul ts  a re  r epo r t ed  for  var ious  back  side, f ront  side, and combined  ge t te r ing  p ro -  
cesses on wafers  used to receive ep i tax ia l  films. Focus in this inves t iga t ion  was 
on the effectiveness of ge t te r ing  measures  in  removing  defects in ep i t ax ia l  
films. Resul ts  of POC18 diffusion, Ar  ion implan ta t ion  ( I / I ) ,  abrasion,  and  
SisN4 deposi t ion as back- s ide  t r ea tmen t s  are  r epor t ed  as we l l  as As I / I  ,and 
boron diffusion f ron t - s ide  ge t te r ing  effects. These t rea tments  were  employed  
e i ther  in the  p re -  or pos tep i tax ia l  deposi t ion mode. When  used in the p re -  
ep i t ax ia l  mode al l  of the  back- s ide  ge t te r ing  techniques were  found effective 
in reduc ing  oxida t ion  s tack ing  faul t s  (OSF)  in epi  films to levels  of ~10  cm - 2  
as compared  to nonge t te red  levels of 100-10(}0 cm -2. In  the  post-opt  appl icat ion,  
Ar  I / I  was found to give modera te  reduct ion of CSF  defects. The back - s ide  
ge t te r ing  techniques combined wi th  f ront -s ide  ge t te r ing  used in a p r e - e p i t a x i a l  
mode reduces  ep i t ax ia l  type  s tacking faul ts  (SFepi )  s ignif icantly and e l iminates  
oxida t ion  s tacking faul ts  (OSF)  in the  ep i t ax ia l  films. Counts of SFepi  were  
not  r educed  using the  back- s ide  ge t te r ing  alone. The two f ront -s ide  procedures  
were,  however ,  found  to reduce both  the OSF and  SFepi  types.  The epi tax ia]  
films deposi ted  on the As I / I  surfaces showed a factor  of ten reduct ion  in SFepi  
defects  and  OSF types  were  reduced  even more drast ical ly .  Boron diffusions in 
Si r educed  OSF counts to nea r ly  zero and SFepi  faul ts  by  a factor  of four  over  
nonge t te red  samples.  Some effects of p r e - e p i t a x i a l  and  pos tep i tax ia l  oxida t ion  
t r ea tments  on s tacking faul t  counts were  also invest igated.  Results  a re  also re -  
por ted  for  effectiveness of s tacking faul t  ge t ter ing  re la t ive  to in i t ia l  c leaning 
procedures  used and s tacking faul t  counts or ig inat ing  f rom substrates .  

Good qua l i ty  ep i tax ia l  films deposi ted on silicon are  
essent ia l  to achieve high yields in semiconductor  de -  
vice and in t eg ra ted  circui t  fabricat ion.  In  p rac t ica l  
appl ica t ions ,  most  often the  ep i tax ia l  l aye r  is g rown 
at  a point  in the d e v i c e  processing sequence af te r  a 
significant amoun t  of h igh  t empe ra tu r e  t r ea tmen t  
has occurred.  This processing pr io r  to ep i t axy  often 
includes an oxida t ion  of the subs t ra te  wi th  removal  of 
the oxide  jus t  pr ior  to the  ep i tax ia l  deposition. Fo l -  
lowing film deposit ion,  fu r the r  high t empe ra tu r e  t r ea t -  
ment  is of ten requ i red  before  the  final complet ion  of 
devices or in t eg ra ted  circuits. Al l  of this  t e m p e r a t u r e  
cycl ing can resu l t  in increased  dens i ty  of defects in 
the  ep i tax ia l  layer .  

The defects  which cont r ibu te  to y ie ld  loss and anom-  
alous device character is t ics  a re  classified as e lec t r i -  
ca l ly  ac t ive  defects. S tacking  faul ts  and dislocat ion 
slip l ines a re  two types  of defects commonly  included 
among the e lec t r ica l ly  act ive group. Thei r  presence 
has been  t ied to excesMvely anomalou~ leakage  in 
diodes (1), and they  have  been s tudied  in re la t ion  to 
"pipes" in b ipo la r  circuits  (2-5).  Two impor t an t  k inds  
of s tacking  faul ts  identif ied and s tudied in sil icon 
ep i tax ia l  l ayers  are  the  ep i tax ia l  s tacking faul t  (SFepi )  
(6-8) and the ox ida t ion- induced  s tacking faul t  (OSF)  
(1, 9, 10, 11). Since they  a re  h igh ly  undesi rable ,  va r i -  
ous ge t te r ing  techniques have been deve loped  to help  
e l imina te  and suppress  the i r  densi t ies  in the  s ta r t ing  
si l icon suhs t ra te  ma te r i a l  (6, 7, 12). The  p resen t  work  
was specifical ly d i rec ted  to s tudying the effects of get-  
ter ing before  and a f t e r  ep i tax ia l  deposit ions and eva lu -  
ate the  effectiveness of the  ge t te r ing  procedures  in 
reducing  defects in the ep i tax ia l  films. Severa l  decora-  
t ion techniques were  employed  to detect  the presence 
of SFepi  and  OSF type  s tacking  faul ts  and assess t h e  
effectiveness of the ge t te r ing  procedures  in films. 
In  addit ion,  observat ions  are  r epor ted  for ep i tax ia l  
films deposi ted on arsenic ion implan ted  surfaces and 
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ep i tax ia l  films which had  exper ienced  heavy  b o r o n  
diffusions. 

Experimental 
The subst ra tes  used for the ep i t ax ia l  deposi t ions 

were  pol ished (100) or ien ted  5.7 cm d iam n - t y p e  and 
p - t y p e  sil icon wafers.  The wafers  were  0.38 em in 
thickness. The n - type  wafers  were  genera l ly  phos-  
phorus -doped  ranging  f rom 0.5 to 0.05 ~2-cm in res is -  
t ivity.  The p - t y p e  wafers,  unless o therwise  specified, 
were  bo ron-doped  wi th  a nomina l  res is t iv i ty  of 10 
l~-cm. In most  cases, when bu lk  n - t y p e  subst ra tes  
were  employed,  t hey  were  first oxidized at  IOO0~ 
employ ing  d r y  o x y g e n - w a t e r  v a p o r - d r y  oxygen  gases 
sequent ia l ly  in t roduced which is re fe r red  to below as 
a d r y - w e t - d r y  (DWD) sequence. Genera l ly  the t ime 
involved 5 min  for the d r y  oxygen  steps. Most of the  
oxide, however ,  was grown dur ing  the s team cycle 
for a thickness of 6500A (about  1 hr  to ta l  oxida t ion  
t ime at  ll00~C, or  2.5 hr  a t  1000~ This oxide was 
then  removed  pr io r  to ep i tax ia l  deposition. HCt g a s  
was in t roduced dur ing  some oxidations.  These cases 
wil l  be specifically noted. 

The ep i tax ia l  films were  deposi ted by  the hydrogen  
reduct ion  of sil icon te t rach lor ide  (SIC14) at  1050~ 
using an AMC-]200 reactor.  The ep i tax ia l  layers  were  
deposi ted in  b lanke t  fashion to thicknesses of 8 ~m 
on the n - t y p e  subs t ra tes  and to 1.5 ~m thicknesses on 
the n + subcol lector  pa t t e rned  p - type  wafers,  respec-  
t ively.  The deposi t ion rates  for both thicknesses were  
0.1 ~m/min.  Only n - t y p e  ep i tax ia l  films were  de -  
posited. AsH~ was used as a dopant  source. The film 
resis t ivi t ies  ranged  f rom 0.1 to 1 ~zacm. A s tandard  
cleaning employing  NH4OH and HC1 in combinat ion  
with  H202 was gene ra l ly  used along wi th  a final 50:50 
HF: H20 exposure  jus t  p r io r  to epi taxy.  

The ep i tax ia l  film defects  were  decora ted  using 
Wr igh t  etch (16) and examined  using a Nomarsk i -  
in ter ference  microscope. Decora t ion  and detect ion of 
the  e lec t r ica l ly  act ive defects was accomplished using 

389 



390 J. J~lectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February  1981 

an anodic etching technique (13) in which  the n - t y p e  
ep i tax ia l  film surface is exposed to a di lute  HF solu- 
t ion (used as the  e lec t ro ly te)  while  a vol tage is ap -  
p l ied  to the subs t ra te  wafer  which acts as the  anode. 
A p la t inum wire  in the solut ion acts as the cathode. 
Condit ions used for  anodic etching varied.  In  general ,  
an H F  concentra t ion of 5 % was employed.  An  appl ied  
vol tage of 2V was gene ra l ly  used for the  1.5 ~m epi 
films and 10V for the 8 ~m epi films; 10-60 sec were  
typica l  t imes employed  for anodic exposure.  

Get te r ing  measures  were  in t roduced both before  
(p re -ep i )  and  a f te r  (pos t -epi )  ep i tax ia l  depositions. 

Four  back-s ide  ge t te r ing  measures  specified below were  
evaluated .  Al l  these measures ,  whe the r  used in a p re -  
epi  or  pos t -epi  ge t te r ing  mode, were  res t r ic ted  to one-  
half  of the  back  side of the subs t ra te  wafers  to a l low 
for easy comparison.  The back-s ide  get ter ing  tech-  
niques employed  were:  (i) A r  ion implant :  Ar  350 
keV, 5 X 101~ cm-~  dose, anneal  20 min  1000~ in N2; 
(ii)  POC13-diffusion: 870~ 15' deposit ion,  20' O3-3 hr  
40' N2, 1000~ dr ive- in ;  (iii) SisN4 process: CVD Si3N4 
,-,5000A on back  side, l l00~ 2 h r  A r  anneal ;  (iv) 
abras ion  get ter ing.  Al though  be t te r  ge t ter ing  has been 
repor ted  for  Si subs t ra tes  using higher  t empe ra tu r e -  
t ime POCls t reatments ,  we chose to evalua te  a 1000~ 
dr ive- in ,  s ince this  was a more  compat ib le  process for  
our  ep i tax ia l  films. The flow char t  descr ibing exper i -  
men ta l  p r e - ep i t ax i a l  ge t te r ing  sequences is given in  
Fig. 1. Fol lowing  back- s ide  get ter ing,  samples  could 
e i ther  be given a p r e - ep i t ax i a l  oxidat ion  or go d i -  
rec t ly  in for ep i tax ia l  film deposition. For  each get-  
t e r ing  expe r imen t  a n u m b e r  of wafers  were  included 
which received a b lanke t  f ron t -s ide  As I / I  in addi t ion 
to the back-s ide  gettering.  Fol lowing film deposition, 
defects  were  decora ted  using Wr igh t  etch and anodic 
e tching for  revea l ing  SFepi  type  defects. A postepi-  
t ax ia l  oxidat ion  of the films was used to induce OSF 
type  defects pr ior  to decorating.  The pos tep i tax ia l  get-  
te r ing  process employed  the fol lowing sequence:  (i) 
ep i tax ia l  deposit ion,  (if) back-s ide  get ter ing  (e i ther  
POC13 or  Ar  I / I ) ,  (iii) pos tep i tax ia l  oxida t ion  and 
Wr igh t  etch. Only OSF type  defects were  evalua ted  for 
the  pos tep i tax ia l  case. In  addi t ion to evalua t ing  the 
above back-s ide  get ter ing  techniques in a pos tepi tax ia l  
mode, ep i tax ia l  films were  deposi ted d i rec t ly  on sur -  
faces which  had  received As I / I ,  or  subsequent  to 
deposition, were  diffused wi th  boron. These "f ront-s ide  
ge t te r ing"  p rocedure  detai ls  a re  as follows: As I / I  (50 

PRE-EP]TAXIAL GETTERING PROCESS 

keV, 1.5 X 1016 cm -2 dose) fol lowed by  a d r ive - in  oxi -  
dat ion f rom 1000 ~ to 1100~ The oxide formed was 
s t r ipped  jus t  pr ior  to ep i tax ia l  growth.  The boron d i f -  
fusions into tl~e epi films used BN source wafers.  The 
diffusion was pe r fo rmed  through oxide openings into 
the n - t y p e  ep i tax ia l  film at  a t empera tu re  of 1050~ 
for 65 min. 

In  o rder  to faci l i ta te  observat ions  and da ta  ga the r -  
ing on the ge t te red  vs. nonge t te red  surface sectors, jus t  
pr ior  to defect  decoration,  wafer  surfaces were  pa t -  
t e rned  using a me ta l  mask.  The mask  consisted of 
c i rcular  holes (32 mils  in d iamete r )  on 100 rai l  centers. 
These holes were  a r ranged  in rec tangu la r  pa t te rns  
which  defined and covered five basic areas  of  the  wafer  
surface. The areas  covered on wafers  are  shown sche- 
mat ica l ly  in subsequent  da ta  descr ipt ion as r ec tangu la r  
shapes in Fig. 5, 6, and 7 and r ep resen t  a reas  where  
defect  counts were  taken. To decorate  the wafer,  A1 
was evapora ted  th rough  this mask  to form an A1 dot 
pa t t e rn  on the Si surface. Wi th  the  A1 act ing as a mask  
the exposed Si  surfaces were  then etched using reac -  
t ive ion etching (RIE) to a depth  of 600-1000A. Other  
RIE masking  techniques were  also employed  to p ro -  
duce surface steps in some cases. The steps formed in 
the Si f rom RIE etching were  found to be re ta ined  
dur ing  Wr igh t  etching and anodization. The mapped  
surfaces enabled  us to (i) t race accura te ly  pa r t i cu la r  
etch figure changes th rough  Wrigh t  e tching and ano-  
dization, (if) examine  defect  counts in boron diffused 
areas, and (iii) reduce the microscopic counting of de-  
fects necessary to de te rmine  a good s ta t is t ical  dens i ty  
for  wafer  areas. 

Results and Discussion 
Epitaxial Stacking Faults (SFepi) and Pre-epi gettering 

The ep i tax ia l  s tacking faul t  defect  is be l ieved to 
or ig inate  at  the subs t ra te -ep i  in ter face  and propaga te  
f rom this site dur ing  the ep i tax ia l  deposition. A typ i -  
cal SFepi  as de l inea ted  by  20 sec Wr igh t  etch is shown 
in Fig. 2. The ep i tax ia l  film in Fig. 2 is 8 #m th ick  and 
the SFepi  measures  13 ~m on a side. 

On ep i tax ia l  layers  typ ica l ly  deposi ted on 0.05-0.5 
Q-cm n - type  subst ra tes  which are  nonget tered,  SFepi  
defects range in dens i ty  f rom 30 to 60 cm -2 (Table  I ) .  
The various get ter ing  measures  l i s ted  in the table  
when  pe r fo rmed  on the back  side of subs t ra te  wafers  
in the p re -ep i  mode seemed to have l i t t le  effect on 
the  subsequent  format ion  of SFepi  faults.  The numbers  
shown in the table  give the  typica l  SFepi  densi t ies  
observed on a number  of wafers  for  each ge t te r ing  
procedure.  Fo r  the  Si3N4 case a definite increase  was 

BACKSIDE GETTERING 

PRE-EPITAXIAL OXIDATION: HzO ' 2% HCI; 
IO00~ 2:5 hrs 

As I / I  FRONTSIDE GETTE 

" ~  EPITAXIAL DEPOSITION: SiCI4-H2; 

~ / / / ~ W R J G I O  5i~ IOmin 

HT ETCH~(SFEF t ) 

POST - EPITAXIAL OXIDATION: H 20, 2 % HCI; 
IIO0~ I hr 

ANODIC ETCHING 

WRIGHT ETCH (OSF) 

ANODIC ETCHING 

Fig. h Pre-epitaxial gettering process Fig. 2. Typical SFepi after 20 sec Wright etch 



VoL I58, No. 5 S T A C K I N G  F A U L T S  IN SILICON 391 

Table I. Pre-epitaxial gettering (SFepi) 

SFepi density (era -2) 
SFepi density (cm -~) (back side + As I/I 

Gettering (back side only) front side) 

Nongettered 30-60 
POCls 46 4 
Ar I/I 49 4 
Si~/~ 87 35 

n o t e d  overall.  Since this get tering procedure caused 
significant wafer  warpage, the higher SFepi counts 
may have been induced because of the substrate dis- 
tortion. 

The samples which had received both the back-side 
get ter ing plus the As I / I  f ront-s ide gettering showed 
an outs tanding decrease in  SFepi (Table I) .  The only  
exception to the very  low counts in  SFepi for the 
f ront  and back treated samples can again be noted 
f o r  the Si3N4 sample. Even here, however, a moderate  
improvement  is noted. 

The SFepi are electrically active defects. If  an  
anodic etch exposure of 10V for 30 sec in  5% HF 
was applied to an 8 ~m epi-film a typical  decoration 
as is shown in  Fig. 3 is obtained. The large etch ar t i -  
fact indicates that  intensive anodic etching occurs at 
S F e p i  sites. Generally,  about  90% of the SFepi sites 
in i t ia l ly  indicated using Wright  etch were fur ther  
decorated anodically using similar  anodic etching con- 
ditions. P resumably  this 90% of SFepi defects contain 
precipitates along the part ial  dislocations making them 
electrically active and result  in  artifact formation 
with anodic etching. 

Oxldatlon-lnduced Stacking Faults (OSF) and Getterlng 
Measures 

Oxidat ion- induced stacking faults (OSF) are pro- 
duced on the surface of epitaxial  layers when an epi- 
layer  receives a high tempera ture  steam oxidation 
treatment .  Typical OSF structures are shown in Fig. 
4. These OSF's occur even when the epitaxial films 
are deposited on substrates which in themselves do 
not exhibi t  OSF formation for similar oxidation t reat-  
ments. The OSF densities can va ry  over the deposited 
epitaxial  films. Typical densities ranged from 100 
to 1000 cm -2 for an oxidation of 1100~ for 1 hr with 
2% HC1. 

The various back-side gettering measures included 
in  the OSF studies were Ar ion implantat ion,  POCI~ 
diffusion, SigN4 application, and abrasion. With respect 
to the wafer processing sequence, the back-side get- 

Fig. 4. Typical OSF revealed with 1 rain Wright etch in epitoxial 
films. 

ter ing measures were applied in both modes: pre-epi  
and post-epi. Dependent  on the experiment,  the pro- 
cessing could include a high temperature  pre-epi  oxi- 
dation t rea tment  just  prior to epitaxial growth. Fol-  
lowing epitaxial  growth all films were post-epi oxi- 
dized and etched for the OSF inspection. In  all cases, 
except for the abrasion gettering exper iment  and 
otherwise specifically noted, the pre-epi  and the post- 
epi oxidation conditions were [1000~ DWD, 2.5 hr, 
2% HCI] and [ll00~ DWD, 1 hr, 2% HC1], respec- 
tively. The pre-epi  and post-epi gettering results for 
OSF defects follow below. 

Pre-epi gettering of OSF:--With the Ar I/I ,  POC18, 
SisN4, or abrasion gettering OSF's counts were ob- 
served to show reduced counts over the entire surface 
of the epitaxial  layers even though the gettering had 
been applied to only one-half  of the wafer back side. 
With the exception of abrasion gettering the OSF 
stacking fault  densities found were very low (--~ 10 
cm-2)  as compared to separate wafers with no get- 
ter ing (100-1000 cm -2) in Table II. In  combinat ion 
with As I / I  on the front side the above back-side get- 
ter ing reduced defects to near ly  zero. In  view of 
the higher OSF densities observed on the nonget tered 
epi-wafers,  coupled with an estimated 1-2 cm total 
diffusion length of the interst i t ial  sites, i t  is probable 
that  all  the get tering measures are working to some 
extent  over the whole wafer even when applied to 
only half. On wafer edges where defect counts are al-  
ways higher, careful inspections were made (approxi-  
mately  wi thin  0.37 cm from the edge). For these higher 
count areas, clear demarcations between gettered and 
nonget tered halves of the wafers were more easily 
observed. This is shown most clearly for the Ar I / I  

Table II. Pre-epitaxial gettering (OSF) 

Gettering OSF density (cm -=) 

Fig. 3. Typical SFepi artifact after anodic etch, 10V, 30 sec, 
5% HF. 

Nongettered 100-1000 
Argon I/! ~10 c 
POCI~ --~10 c 
SigN4 "~10 c 
Abrasion ~---30 c 
Back side + As I/I ~0 

front side 
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PRE-EPITAXIAL AR I / I  GETTERING (0SF) 

Fig. 5. Typical pre-epi Ar I / I  gettering wafer count 

c a s e  in Fig. 5. The POC18 and Si3N4 ge t te red  wafers  
did  not show as clear  a demarca t ion  be tween  ge t te red  
and nonget te red  halves  even in these edge regions. 

The abras ion ge t te rea  samples  in the OSF studies 
received a somewhat  different  process t rea tment .  The 
t r ea tmen t  e l imina ted  the normal  p re -ep i  c leaning and 
employed  only  the final HF etch pr ior  to epi taxy.  
In  addi t ion  some wafers  rece ived  a p r e - e p i t a x i a l  oxi-  
dat ion whi le  o thers  did  not. These modified procedures  
were  expected to in t roduce  h igher  OSF densit ies in 
the samples. F igure  6 shows the resul ts  for  two a b r a -  
sion ge t te red  epi-wafers .  Ep i -wafe r  6 (a )  had  received 
a p re -ep i  oxidat ion t rea tment ,  while  6(b)  had not. 
Ge t te r ing  is obvious for  both cases wi th  a s l ight ly  
h igher  overa l l  dens i ty  of OSF's  occurr ing in the sam-  

WITH PRE-EPI OXIDATION 

GETTERED 

la) 

PRE-EPITAXIAL ABRASION 5ETTERING (0SF) 

ple  having p re -ep i  oxidat ion.  I t  should be noted in 
Fig. 1 (process sequence) tha t  the back-s ide  get ter ing  
precedes  the  p r e - e p i t a x i a l  oxidations.  I t  is be l i eved  
that  dur ing this ox ida t ion-hea t ing  step the effective- 
ness of the  ge t te r ing  regior~ was d iminished making  i t  
less effective dur ing  the subsequent  ep i tax iaI  deposi -  
tion. Subs t ra te  ge t ter ing  would  be expected to occur 
dur ing  the p re -ep i  oxidat ion.  The defect  count in 
Fig. 6(b)  shows more  effective ge t te r ing  wi thout  p r e -  
epi oxidat ion  consistent  wi th  the above. This suggests 
tha t  ge t te r ing  in the p r e - ep i t ax i a l  mode should be 
in t roduced  jus t  before  the  ep i t ax ia l  deposit ion.  

Post-epi gettering of OSF.--Back-side pos t -ep i  get-  
te r ing  by  Ar  I / I  and  POCI~ diffusion of subs t ra tes  wi th  
deposi ted ep i tax ia l  films in place was invest igated.  In  
both cases, a p re -ep i  ox ida t ion  was pe r fo rmed  on the  
substrates ,  i.e., 1000~ DWD 2.5 hr, 2% HC1, p r io r  to 
epi. The pos t -epi  oxida t ion  fol lowing back-s ide  ge t te r -  
ing was at  1100~ for 2 h r  in s team wi th  no HC1. In  
addit ion,  the subs t ra te  wafers  rece ived  on ly  a final H F  
cleaning jus t  pr ior  to ep i tax ia l  deposition. Fol lowing  
the pos t -epi  oxida t ion  to induce OSF's  in the epi  the 
oxide was s t r ipped  and the wafers  Wr igh t  etched to 
reveal  the  s tacking faults.  As might  be expected,  a 
much h igher  OSF count was gene ra l ly  observed  
(Fig. 7). In the  pos t -ep i  ge t ter ing  (Ar  I / I ) ,  wafers  
having ve ry  h igh  OSF defect  densi t ies  ( >  105 cm -2)  
d isp layed no obvious dis t inct ion be tween  the ge t te red  
and nonge t te red  halves  in so far  as defect  counts. 
This was p robab ly  due to our inab i l i ty  to see dis-  
t inctions and count  a t  the  ve ry  highest  densit ies.  
However ,  a modera te  ge t te r ing  effect was r ead i ly  
observed on wafers  where  "poor" cleaning had in-  
t roduced a m e d i u m - h i g h  OSF dens i ty  (,-~ 3000 
cm -2)  as shown in the Fig. 7. The ve ry  low local  OSF 
dens i ty  of 10 cm-~  appear ing  in Fig. 7 on the ge t te red  
side is not  a t t r ibu ted  necessar i ly  to the  Ar  I / I  since 
this local area  was found to contain many  slip dis loca-  
t ion lines which can absorb OSF's  locally. The post -  
epi POCla back-s ide  diffusion ge t te r ing  procedure  did  
not  seem effective in reducing OSF defect  counts for the  
condit ions employed.  

Front-side Gettering 
Arsenic I/I gettering.--The f ron t - s ide  As I / I  p ro -  

cedure descr ibed ea r l i e r  v i r t ua l l y  e l iminates  oxidat ion  
s tacking faul ts  in ep i tax ia l  films deposi ted over  the 
implan ted  regions. A n  example  of such deposits  over  
an  n + As I / I  reg ion  in a p -  subs t ra te  is shown in 
Fig. 8. The appl ica t ion  of anodic etch to such epi sur-  
faces shows great-ly reduced  decora t ion  and etch a r t i -  
facts over  the n+ implan ted  regions when compared  to 
the  p -  region. 

AR I / I  

WITHOUT PRE-EPI OXIDATION 

(b) 

Fig. 6. Typical pre-epi abrasion gettered wafer defect count: (a) 
with pre-epi oxidation, (b) with no pre-epi oxidation. 
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POST-EPITAXIAL AR I / I  GETTERING (OSF) 

Fig. 7. Typical wafer defect counts for post-epi Ar I / I  gettered 
samples. 
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Fig. 8. Wright etch OSF decoration of epi surfaces having n + 
As I / I  implanted regions. 

Hillock-type defects, which wil l  be discussed in 
greater  detail  fur ther  below, were found in  both n + 
and  p -  regions at Similar densities [Fig. 9 (a)] .  These 
surface features appeared following Wright  etching. 
Figure 9(b) shows the identical  region in 9(a) pho- 
tographed after it had been anodized. It  is obvious 
that  only some of the surface hillock features decorate 
anodically. Those that  decorate appear as paired struc-  
tures orthogonally or iented which can be seen with 
close examinat ion  of Fig. 9 (a) in the p -  region. 

Stacking fault reduction by boron diJIusion.--Boron 
was diffused into 8 #m n- type  epitaxial  layers through 

an oxide mask as described in  the exper imenta l  section 
in forming p - n  junct ion diodes. The diffusions resul ted 
in  p - n  junct ion  depths of 1.4 ~m with very sharp con- 
centrat ion profiles at the junction.  Prior  to boron dif-  
fusion, the epitaxial  films had been steam oxidized at 
1100~ to generate 13 ~m long oxidation stacking 
faults. The characteristic leakage current  of the diodes 
at 15V reverse bias was in  the order of 10-1~A for a 
35 mils dot size diode. This is several orders of magni -  
tude lower than  reported values on diodes known to 
contain OSF's (1). Reactive ion etching, with the A1 
contacts in  place as a mask, was used to mark  the 
diode regions. They could then be readi ly  located and 
examined for defects after the a luminum contacts were 
removed. A 1 rain Wright  etch was performed on the 
wafers such that  approximately  0.6 #m of the silicon 
was removed from the surfaces. This etch depth ex-  
posed surfaces both wi thin  and outside the diode area 
about halfway into the diode volume from the p -n  
junction. Oxidation stacking faults w e r e  observed in  
large numbers  on the surface outside the boron-  
diffused diode areas, bu t  no stacking faults were ob- 
served within  the boron-diffused region [Fig. 10(a)] .  
Following this the wafer  was fur ther  Wright  etched 
for an addit ional  2 min  to remove a total of 1.8 ~m of 
the original surface.  This procedure exposed regions 
below the junction.  Oxidation stacking faults at this 
etch level were found both wi th in  and outside of the 
diode area [Fig. 1O(b)]. The absence of OSF defects 
in the p-region in  Fig. ]0 (a) shows that  the presence of 
heavy boron acts as an effective getterer  in  the ann ih i -  
lat ion of electrically active stacking faults in  silicon. 
It  has been reported that stress introduced by the 
high concentrat ion boron diffusion > 1020 and solute 
lattice contraction results in  some defect reduct ion 
(14). Observations of our leakage data also support  
these conclusions. In comparing decorated defect 
counts inside the individual  diode areas after Wright  
etch (at the 1.8 ~m etch level) with the leakage data 
associated with the par t icular  diode no definitive cor- 
relation was found. This lack of sensit ivi ty would 
support  the conclusion that  electrically active stack- 
ing faults were el iminated at least down to the junct ion 

Fig. 9. Decorated hillock and OSF defects on As I / I  subcollector Fig. 10. Defect decoration in boron-diffused diodes: (a) within 
structures: (a) after Wright etch, (b) after anodic decoration, diodes, (b) beneath diode junction. 
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depth  and p robab ly  ge t te red  for  some dis tance into 
the  n - t y p e  regions sur rounding  the  diode junct ion  
as well .  

A n  expe r imen t  was also pe r fo rmed  to inves t iga te  
the influence of boron diffusion re la t ive  to the  epi-  
t ax i a l - t ype  s tacking faul ts  (SFep i ) .  A s imi lar  boron 
diffusion at  1050~ was car r ied  out  for  2 hr  to form 
2 #m junct ion  depth  p - n  diodes in a number  of n - t y p e  
ep i tax ia l  films. Fo l lowing  this a 1 min Wr igh t  etch 
was made  on the s t ructures  removing  0.6 ~m of si l icon 
f rom the surfaces. Ep i tax ia l  s tacking faul ts  were  ex-  
posed on the surface both inside and outside the boron-  
diffused diode areas. The SFep i  densi t ies  inside the  
diode a rea  were  found to be a factor  of 3-4 lower  than 
those found in the nondiffused regions (Table  I I I ) .  In  
addition, the SFepi  type  ar t i fac ts  found inside and 
outs ide the  diode a reas  decora ted  d i f ferent ly  wi th  
Wr igh t  etch, i.e., the  SFepi  wi th in  the  diode a rea  were  
found to be less sha rp ly  defined and difficult to see 
microscopical ly.  S imi la r  to the OSF type  defect  ob-  
servat ion,  there  appears  to be no corre la t ion be tween  
the occurrence of the ep i tax ia l  s tacking faul t  ar t i facts  
in the  diode region and the diode leakage.  The da ta  
in Table  I I I  show that  a good par t  of SFepi  were  e l im-  
ina ted  b y  boron diffusion, and the excel len t  diode 
character is t ics  would suggest  tha t  those which had not 
been e l imina ted  were  essent ia l ly  "e lec t r ica l ly  deacti-  
vated." 

Hillock.type Defects 
There  have been correlat ions made  between the 

epi tax ia l  hi l lock occurrence  and the  surface  nuclea ted  
ox ida t ion- induced  s tacking faul ts  (OSF)  (9, 10). A 
half  minute  Wright  etch pe r fo rmed  on an ep i tax ia l  
wafer,  in addi t ion  to revea l ing  OSF and SFepi,  usua l ly  
also reveals  smal l  etch hillocks. The dens i ty  of the  
hil locks va ry  f rom wafer  to wafer  and even f rom point  
to point  on the same wafer.  Densit ies in the range of 
f rom 102 to 107 cm -2 have been observed.  High t em-  
pe ra tu re  s team oxida t ion  causes some of these h i l lock-  
type  defects to produce  OSF's, however ,  i t  has been 
noted above tha t  not al l  the etch hil locks decorate  as 
oxida t ion  s tacking faul ts  (Fig. 9). With  anodic ex-  
posure, somet imes single hil locks on wafers  not ex-  
per iencing oxidat ion  m a y  develop etch pits. Such un-  
pa i r ed  hi l locks have been found to decorate  less in-  
tense ly  wi th  anodic etching as compared  to tha t  of 
the SFepi  or the OSF type  defects. They appear  as 
c i rcular  s t ructures  wi th  a centra l  p i t  associated wi th  
them. In Fig. 11 a scanning e lec t ron microscope photo 
of such a pi t  is shown. A cleavage was made th rough  
the anodica l ly  etched pit  to revea l  its saucer l ike  
shape. The scale shown is for 50 ~m. Only about  10- 
20% of the hi l lock defects were  observed to be e lec t r i -  
cal ly  act ive anodica l ly  in these studies compared  to 
90% decorat ion for the ep i tax ia l  s tacking faul t  types. 
I t  is be l ieved that  the i m p u r i t y  prec ip i ta t ion  which is 
the  cr i t ical  factor  in the nucleat ion of OSF (10, 15) 
must  also p l ay  a decisive role in whe the r  a h i l lock- type  
defect  is or is not  e lec t r ica l ly  active. I t  is be l ieved tha t  
those hi l locks which  develop anodic etch pi ts  on non-  
oxidized subst ra tes  b y  anodic exposure  would p robab ly  
nucleate  to form OSF if t hey  had b e e n  subjec ted  to 
oxidat ion  processing. 

Summary and Conclusions 
For  the p r e - ep i t ax i a l  and pos tepi tax ia l  ge t ter ing  of 

ep i tax ia l  films the fol lowing observat ions  were  made:  
the p r e - ep i t ax i a l  get ter ing,  when back-s ide  get ter ing  

Fig. 11. Decorated unpaired hillock using anodic etch 

alone was used, caused l i t t le  reduct ion in SFepi .  If  
the back-s ide  get ter ing  was used along wi th  As I / I  
f ront -s ide  t r ea tmen t  SFepi  defects were  s ignif icant ly 
reduced.  

The p r e - ep i t ax i a l  ge t te r ing  on back  sides of wafers  
reduce OSF counts to L10 cm -2. When used in con- 
junct ion wi th  As I / I  on the f ront -s ide  get ter ing  of 
OSF defects in the ep i tax ia l  films is nea r ly  100% ef-  
fective. 

F o r  the  pos tep i tax ia l  ge t ter ing  case, of the  two 
techniques tested (POC13 and A r  I / I ) ,  the A r  I / I  
method gave modera te  OSF reduct ion in the films. 

Both f ront -s ide  ge t te r ing  procedures  were  effective 
in significantly reducing OSF and SFep i - t ype  defect  
counts. 
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Microdefect Elimination in Reduced Pressure 
Epitaxy on Silicon Wafer by Back Damage-Si3N  Film Technique 

Kohetsu Tanno, Fumio Shimura, and Tsutomu Kawamura 
Central Research Laboratories, Nippon Electric Company, Limited, 

4-1-1 ICIiyazak% Takatsu-ku, Kawasaki, Japan 

ABSTRACT 

A gettering technique which prevents microdefect formation during oxida- 
tion processes after the growth of reduced pressure Si epitaxial layer for bi- 
polar devices is described. A gettering process which consists of protection of 
the back damage layer with Si3N4 film is proposed. A microdefect density in 
epi-layers of ~i0 2 cm -~ is obtained by back damage with the Si3N4 film coat- 
ing technique, on the contrary, the microdefect density reaches ,-~i0 6 cm -z 
without the SijN4 film. The critica/ thickness of SigN4 film to elminate micro- 
defects in epi-layers is obtained 2500 and 200A for substrates without and 
with back damage, respectively. It is found that the gettering action is closely 
correlated with induced defects in the back surface (OSF, dislocation, dam- 
age line, etc.) by sandblast-damaging and/or  SiaN4 film. 

Reduced pressure (RP) silicon epitaxy is an espe- 
cially important  technique for bipolar devices with 
buried layer containing high concentration of As or Sb. 
The advantage of RP epitaxy has at tracted special in- 
terest for shallow junction devices. It has been re-  
ported that RP silicon epitaxy has more advantage in 
characteristics of layer  [autodoping, pat tern shift, and 
uniformity of epitaxial layer, etc. (1-5)], than those 
of .atmospheric silicon epitaxy. 

In general, a variety of defects such as stacking 
faults, slip dislocations (6, 7), and microdefects cor- 
related with impurities (8, 9) is introduced in epi- 
layer during epi-processing. The stacking fault  density 
can be obtained less than ,~i0 cm -2 by gas etching 
prior to epitaxy and slip dislocations can be decreased 
to negligible extent by a radiant  heating technique. 
However, the existence of microdefects in the epitaxial 
surface has become one of the most serious problems 
(e.g., collector-emitter leakage) for device character-  
istics. 

In order to suppress nucleation sites for microdefects 
in epi-layer,  a variety of gettering techniques has 
been proposed. These gettering techniques are based 
on mechanical damage (10, 11), deposition of SiaN4 film 
on back surface (12), and intrinsic gettering (13-17), 
etc. (18-21). Although a number of workers have 
shown that  stacking faults are produced in the atmo- 
spheric silicon epitaxial  layer during thermal  oxida- 
tion (22-26), none has reported the oxidation-induced 

Key words: gettering, tensile stress, bow of wafer, oxidation- 
induced stacking fault. 

stacking faults and gettering of microdefects in RP 
epi-layers. 

In RP epitaxy applying the microdefect gettering 
with a back-side damage technique, the gettering effect 
was found to be decreased by the reasons as fol- 
lows (27): (i) the back damage layer is removed by 
HC1 gas etching prior to epitaxial growth and by HC1 
gas produced from the SiH2C12 source during epi- 
taxiai  growth; (ii) gas 'etching on the back surface is 
accelerated by a reduced pressure; and (iii} the back 
damage layer is annealed-out during a high tempera-  
ture epitaxial process. Therefore, a protection of dam- 
age layer with SijN4 films is proposed for a more 
effective gettering. 

In the present paper, we describe the reduction of 
microdefects in RP epitaxial  layer by sandblast-SijN4 
gettering technique and discuss the gettering mecha- 
nism on the basis of preferential  etching and x - ray  
diffraction topography (XRT) data. In addition, we 
refer to the bow of substrates with SisN4 film on the 
back surface. 

Experimental Procedures 
The p- type Si ~ubstrates used in this study were 

taken from a CZ-grown crystal with the resistivity of 
10 ~ 20 ~-cm. The wafers were 75 mm diam and 0.4 
mm thick with the surface oriented approximately 3 ~ 
from the (111) plane along the <110> direction. The 
front surfaces were mechanically-chemically polished 
and the back with and without sandblast-damage. 



396 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY 

The SigN4 films were  deposi ted on the back  surface 
of si l icon wafers  p r io r  to ep i t ax ia l  g rowth  by  chemical  
vapor  deposi t ion using the  sys tem SiH4-NHa-N2 a t  
770~ 

The silicon ep i - l aye r  was deposi ted in a commercia l  
"AMC-7800-RP" cy l indr ica l  epi - reactor .  The ep i - l aye r  
was grown to the thickness of 2 --, 3 #m at a ra te  of 0.3 
~m/min  at  1080~ in a reduced  pressure  of 80 Torr.  

Final ly ,  ep i tax ia l  subst ra tes  were  annea led  at  1140~ 
for 1 h r  in wet  02 for  the evalua t ion  of microdefects  in 
epi - layers .  Microdefects  in an e p i - l a y e r  were  revea led  
using the S i r t l  e tchant  for 15 N 30 sec and the XRT 
Lang  method  was also used to character ize  the  defects 
in an ep i - l aye r  and  back  surface. 

The Si3N4 film thickness and bow were  measured  by  
an e l l ipsometer  and a microsensor.  

Results and Discussions 
The sandblas t  ge t te r ing  technique is commonly  ap-  

p l ied  to reduce the  microdefects  in a subs t ra te  surface 
or ep i - sur face  for MOS and b ipo la r  devices. In  the case 
of RP epi taxy,  an  annil{ilation of damage l aye r  was 
confirmed by  the decrease of ox ida t ion- induced  s tack-  
ing faul t  (OSF)  dens i ty  in the  back  surface af te r  gas 
e tching a n d / o r  h e a t - t r e a t m e n t  the  same as the ep i -p ro -  
cess. 

In general, a wafer surface is vulnerable to adsorbed 
oxygen or other impurities from the carbon susceptor. 
Metallic contamination is apt to take place as a result 
of the reaction between an SUS component and HCl 
gas or CI gas dissociated from SiH2CIz source. There- 
fore, gettering processes are important for the sup- 
pression of microdefects caused by heavy metal con- 
tamination in the RP ep i tax ia l  layer .  The damage  l aye r  
can be pro tec ted  by  the deposi ted Si3N4 film which is 
an acid-  and hea t - s t ab le  mater ia l .  

Gettering effect by Si3N4 film without back damage. 
k F i g u r e  1 shows the corre la t ion  be tween  the micro-  
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Fig. 1. Correlation between Si3N4 film thickness and microdefect 
density in epi-layer. 

defect  dens i ty  in ep i - l ayers  and  the SigN4 film th ick-  
ness. 

In  the  Si3N4 get ter ing  process, Petroff  e t a [ .  (12) r e -  
por ted  the e l iminat ion  of nuclea t ion  centers  and i m -  
pur i t ies  which occur dur ing  oxide g rowth  involved  in 
the format ion  of SF  b y  the preoxida t ion  process pr ior  
to ep i tax ia l  growth.  In  the  paper  ment ioned  above, the 
Si3N4 film was deposi ted to  4000A thick to e l iminate  
microdefects  in the subs t ra te  surface. In  the deposi t ion 
of a 4000A thick SisN4 film, we specula te  tha t  the bow 
of the subs t ra te  increases  and m a n y  slip dislocations 
are in t roduced  in the wafers.  

As shown in Fig. l, the  microdefect  dens i ty  in an 
ep i - l aye r  dras t ica l ly  decreases f rom ,~I06 em -2  to 
~103 em -2 when the 2500A-Si~N4 film was deposited. 
Epi tax ia l  defects were  eva lua ted  by  S i r t l  e tching af te r  
a h e a t - t r e a t m e n t  a t  1140~ for 1 h r  in we t  O~. S i r t l -  
e tched figures of ep i - l ayers  and back  surfaces af ter  r e -  
moving Si3N4 films by  hot  HsPO4 solut ion are  shown in 
Fig. 2 (a) and (b) ,  respect ively.  

Typical  ep i tax ia l  microdefects,  t r i angu la r  shaped 
etch pits in the unge t te red  region observed  by  an 
opt ical  microscope are  shown in Fig. 3. 

Damage  l ine and dislocation pits, as shown in the 
bot tom of Fig. 2 (b) ,  a re  observable  in the back  sur -  
face of ge t te red  ep i -wafe r  wi th  an SisN4 film of more 
than 2000A thickness.  These damage  lines and dis loca-  
tions are  considered to be  due to the stresses b y  an 
SisN4 film. 

F igure  4 shows that  the microdefects  in ep i - l ayers  
a re  ge t te red  when  the Si3N4 film more  than  2250A th ick  
is deposited.  The S i r t l - e t ched  e p i - l a y e r  and back  sur -  
face wi th  an Si3N4 film are  shown in Fig. 4 (a )  and (b) ,  
respect ively.  These damage lines have the t endency  to 
run  toward  a definite di rect ion as shown in Fig. 4 (b ) .  
The r emarkab l e  corre la t ion  be tween  the ge t te red  region 
in ep i - l aye r  and the damage  lines in back  surface was 
observed  in Fig. 4. 

F igure  5 represents  XRT of slip dislocations and 
damage lines in the subs t ra te  wi th  a 3000A-thick Si3N4 
film. I t  is appa ren t  f rom the topography  tha t  disloca- 

Fig. 2. Optical micrographs of defects in (a) epi-layer and (b) 
back surface removed SiBN4 film. 
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Fig. 3. Microdefects in RP epitaxlal layer revealed by Sirtl etch- 
ing. 

t ions are  in t roduced  a round  the damage  lines, in accord 
with  Fig. 2 (b)  (bo t tom) .  

The th ick  SigN4 film is necessary  to ge t te r  mic rode-  
fects in an e p i - l a y e r  wi th  an  Si3N4 film. That  is, mic ro -  
defects in e p i - l a y e r  were  reduced  wi th  SisN4 films of 
2500A, 3000A-thick wi thou t  back  damage,  however  
the  bow of the  wafe r  becomes la rge  i n  p ropo r t i on  to 
the SisN4 film thickness as shown la te r  and  sl ip dis loca-  
tions were  in t roduced  into the act ive l aye r  as shown in 
Fig. 5. Consequently,  the Si3N4 get te r ing  technique 
wi thout  back  damage  has a p rob lem which  cannot  be 
ignored  for  device processing. 

Gettering ef]ect by back damage with SisN4 f i lm.-  
In Fig. 6, the microdefec t  dens i ty  in ep i - l aye r  is p lo t ted  
as a funct ion of the  OSF densi ty  due to back  damage  by  
a sandblas t  technique pr io r  to the  d e p o s i t i o n  of a 
1000A-thick SigN4 film. The microdefec t  dens i ty  in an 
e p i - l a y e r  is closely re la ted  to the dens i ty  of OSF wi th  
back  damage.  It became evident  tha t  more  than  5 • 
105 cm -2 OSF's  of dens i ty  in the back- s ide  damage is 
necessary  to reduce ep i -microdefec ts  less than  103 
cm -2  as shown in Fig. 6. Ge t te r ing  exper iments  were  

Fig. 4. (a) Sirtl-etched epi-surface and (b) its substrate back 
surface with 2250A-thick Si3N4 film. 

Fig. 5. X-ray diffraction topograph of epi-wafer with 3000A- 
thick Si3N4 film. g = [220]. 

carr ied  out  using b a c k - d a m a g e d  wafers  wi th  OSF's  
more  than 5 • 105 cm -2  in the  same wafe r  lots, 

F igure  7 shows the dependence  o f  ep i -microdefec t  
dens i ty  on the SisN4 film thickness.  The ep i -mic rode -  
fect densi ty  decreased r e m a r k a b l y  f rom 106 c m - 2  to 
10 ~ cm -2  wi th  the  200A-thick film. When  the SisN4 
film of 1000A thickness was deposited,  the microdefects  
in the  ep i - l aye r  were  reduced  to the  dens i ty  of 5 X 
l0 s cm-2.  

F igure  8 shows etched figures of the  e p i - l a y e r  and 
back  surfaces wi th  sandblas t  damage.  The Si3N4 film 
was removed  by  hot  HsPO4 solut ion before  Si r t l  e tch-  
ing. The defects in the  back  surface (Fig. 8b) r e -  
m a r k a b l y  differ f rom those on the back  surface shown 
in Fig. 2 (b) .  OSF's  due to sandblas t ing  are  observed in 
the  back  surface wi th  SisN4 films of more  than  200A 
th ick  as shown in Fig. 8 (b) .  That  is, the defect  densi ty  
in a back  surface was kept  wi th  more  than  10~ cm -2  
even af te r  ep i tx ia l  growth.  This shows tha t  the  ex -  
tent  of back damage  wi th  sandblas t ing  r ema ined  at  
the same level  before  epi taxy,  even though wafers  
were  annea led  in ep i t axy  and oxida t ion  processes. I t  
is suggested tha t  the get ter ing  act ion b y  back  damage  
occurred effect ively b y  covering wi th  a thin SisN4 film. 

Bow of substrate with SisN4 ]~lm.--A tensi le  stress of 
1010 dynes c m - e  has been repor ted  for chemica l ly  vapor  
deposi ted (CVD) Si3N4 films on an Si wafer  (28, 29). 
I t  is wel l  known that  Si subs t ra tes  bend (30) wi th  the 
stress of the  SisN4 film being vu lne rab le  to cracks (31) 
wi th  increas ing SigN4 film thickness and the process 
t empera ture .  As a resul t  of cracking due to SigN4 film, 
dislocations are  in t roduced into the wafers.  

F igure  9 shows the bow dependence  on the SisN4 
film thickness af ter  the  oxida t ion  of the e p i - l a y e r  a t  
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1140~ for 1 hr  wet 02. The cracks in  Si3N4 films a r e  

observed after epitaxial  growth and they accelerate, 
introducing dislocations into a substrate after an oxi- 
dation process. The m i n i m u m  bow was found with the 
SisN4 film of the thickness between 500 and 1000A as 
shown in Fig. 9. In  addition, the bow of wafers shows 
a tendency to approach a constant  value with the SisN4 
film thickness above 2000A which is the thickness o f  
introducing cracks into a wafer. In  the Si3N4 get ter-  
ing without  back damage, the constant bow region cor- 
responds to the Si3N4 film thickness region with effec- 
tive gettering in an epi-layer.  

Since the bow of wafers becomes a serious problem 
in a photolithographic process after epitaxial  growth, 
we may conclude that  the effective thickness of an 
SigN4 film with back damage is 500-1000A for min i -  
mizing the bow of wafer and e l iminat ing microdefects 
in an epi-layer.  

Summary and Conclusion 
The effective gettering of microdefects in  an  RP epi- 

taxial  layer  has been shown in sandblast-wafers  cover- 
ing the back surface with a thin SisN4 film. In  both the 
gettering cases of applying SisN4 film with and without  
back damage, it becomes clear that  the e l iminat ion of 
the microdefects in  an epi- layer  is closely related to 
the induced defects in the back surface with sandblast-  
damage and Si3N4 film. 

The conclusions reached are as follows. 
1. The gettering of microdefects in an epi- layer  o c -  

c u r s  at the critical Si3N4 film thickness of 2500A wi th-  
out back damage; however the bow of the wafer be-  
comes large and m a n y  dislocations are introduced in  
the epi-layer.  

2. The microdefect density in epi- layers shows a 
reciprocal correlaton with the density of OSF in  the 
back surface and good l inear i ty  in log-log plotting. 

3. The gettering of the microdefects in  an epi- layer  
occurs with more than 200A-thick SigN4 film with back 

damage. The mi n i mum microdefect densi ty in  an epi- 
layer  obtained was 5 • l0 S cm -2 with the 1000A-thick 
Si3N4 film. 
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Fig. 8. Optical micrographs of defects in (a) epi-layer and (b) 
back surface removed Si3N4 film. 
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and Si3N4 film thickness. 

4. The minimum bow of an epi-wafer with Si3N4- 
sandblast treatment after an epi-oxidation was found 
in the range of 500-1000A in Si3N4 film thickness 
The bow was saturated at the Si3N4 film thickness 
more than 2000A. This coincides with the SigN4 film 
thickness which introduces cracks for effective getter- 
ing. 
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ABSTRACT 

A n e w  t y p e  of super la t t ice  in GaAs consist ing of a p e r i o d i c  s e q u e n c e  o f  
u l t r a th in  p -  and  n -doped  GaAs layers  (also cal led "nipi" crys ta l )  has been 
achieved by  molecu la r  beam ep i t axy  (MBE).  The ind iv idua l  p -  and n - t y p e  
G a A s  layers  of which  the s t ruc ture  is composed were  doped wi th  be ry l l ium 
as acceptor  and silicon as donor impuri t ies ,  respect ively.  Low t empera tu r e  
photoluminescence studies and t ranspor t  measurements  were  pe r fo rmed  first 
to a t tes t  a super ior  qua l i ty  of the in ten t iona l ly  p-  and  n -dope d  const i tuent  
G a A s  layers  and  of the character is t ics  of the ind iv idua l  p - n  junct ions p r e -  
pa red  by  MBE. The exis tence of a novel  super la t t ice  effect in  the per iodic  p - n  
doping mu l t i l aye r  s t ructures  in GaAs was then es tabl ished by  s tudying  the 
opt ical  absorpt ion  tai ls  which ex tend  far  into the  gap of the  unmodu la t ed  
semiconductor  (fl'~ < Eg GaAs) depending on the const i tuent  doping levels  a n d  
on the artifici.ally in t roduced per iodic i ty  of the crystal .  

Doping s t ructures  in ep i tax ia l  GaAs thin  films ex-  
hibi t ing ab rup t  var ia t ions  of ca r r i e r  concentra t ion 
a n d / o r  car r ie r  type  in the submicron range  have re-  
cent ly  a t t r ac ted  great  a t tent ion  wi th  respect  to the 
opt imizat ion of s t andard-dev ice  per formance  as wel l  as 
considering the explora t ion  of novel  device structures.  
Improved  device opera t ion  of a number  of GaAs mic ro-  
wave  devices including mixer  diodes (1), IMPATT 
diodes (2), and h y p e r a b r u p t  varac tor  diodes (3) re -  
quires  exac t ly  ta i lo red  profiles of donor concentrations.  
In  the field of improving  the spat ia l  reso,lution of GaAs 
doping profiles of only  one car r ie r  type (4) r ap id  prog-  
ress has been made  in recent  years  by  app ly ing  the 
new growth  technique of molecular  beam ep i t axy  
(MBE) (5). The super ior  character is t ics  of MBE are  
the abi l i ty  to achieve reproducib le  u l t r a th in  layers  of 
ex t reme  smoothness and ta i lor ing  doping profiles 
a n d / o r  composit ion on an atomic scale normal  to the 
growth  surface exac t ly  to the des i red  funct ion (6). 

According to extensive theore t ica l  calculat ions 
(7, 8), a novel  type  of a doping mul t i l aye r  s t ruc ture  
consisting of a per iodic  sequence of thin (200~ ~ D 

1500A) p-  and n -doped  GaAs layers,  poss ibly  wi th  
in t r ins ic  ( i - )  layers  in between,  (also cal led "nipi" 
crysta ls)  should exhib i t  in t r iguing pecul iar i t ies  be -  
cause the bandgap  and car r ie r  concentra t ion can be 
tuned wi th in  wide  l imits  in these crystals.  Al though 
the first GaAs films wi th  a per iodic  var ia t ion  of car r ie r  
type  (p-  to n - t ype )  produced by  MBE have been re -  
por ted  in 1971 (9), only  ve ry  l imi ted  progress  has 
been made  since. Also recent  a t tempts  to grow per iodic  
p - n  mul t i l aye r  s t ructures  in GaAs by  using a single 
dopant  source conta ining the amphoter ic  e lement  Ge 
and changing the As to Ga rat io on the growth  surface 
have been succesful only  to some extent ,  because of the  
growth  ins tabi l i t ies  dur ing  Ga-s tab i l i zed  (4 • 2) sur -  
face reconst ruct ion  (8, 10). 

In  the present  paper  we r epor t  now for the first 
t ime the p repara t ion  of a novel  m a n - m a d e  super la t t ice  
in GaAs by  MBE consist ing of a l t e rna t ing  p-  and n - type  
layers  wi th  uni form dopant  concentra t ion wi th in  each 
ind iv idua l  l ayer  and control led  thickness with constant  
per iodic i ty  by  using Be as acceptor  and Si as donor i m :  
purit ies.  For  an op t imum per formance  of this n e w  GaAs 
super la t t ice  [e.g., electrolum~nescence appl ica t ion  (7) ], 

Key words: semiconductor thin films, molecular beam epitaxy 
(MBE), gallium arsenide, impurity incorporation, photolumines- 
cenee. 

a high qual i ty  wi th  respect  to ma jo r i t y  as wel l  as 
minor i ty  car r ie r  proper t ies  has p r i m a r i l y  to be as -  
s u r e d  to the  const i tuent  p -  and n -doped  layers  and p -n  
junctions.  F i r s t  we present ,  therefore,  expe r imen ta l  
resul ts  indicat ing excel lent  un i fo rmi ty  of doping con- 
centrat ion,  high car r ie r  mobil i t ies,  and super ior  photo-  
luminescence response of the ind iv idua l  Be- and Si -  
doped GaAs layers  composing the per iodic  p - n  mul t i -  
l ayer  s t ructure.  In some cases comparison is made  wi th  
Sn-  and Ge-doped  layers  grown in our  l abo ra to ry  
in a previous  study.  We examine,  fur thermore ,  profiles 
of one car r ie r  type  in GaAs:  Si and GaAs:  Be layers  and 
we discuss the abruptness  of p -n  junct ions using (Be, 
S i ) - d o p e d  GaAs layers.  Final ly ,  we provide  convincing 
expe r imen ta l  evidence for the exis tence of a novel  
super la t t ice  effect in the p -n  mu l t i l aye r  s t ruc ture  f rom 
optical  t ransmission measurements .  

Experimental 
At the present  t ime the most  impor t an t  requ i re -  

ments  for any  significant advances  in the qua l i ty  of 
MBE grown I I I -V compound semiconductor  s t ructures  
and devices are  (i) a careful  selection of mater ia l s  
used for  bui ld ing the effusion cells as wel l  as for  the 
cell charges, (ii) the addi t ion of a sample  exchange 
load- lock  sys tem to the  MBE growth  chamber  in o rder  
to e l iminate  the a t m o s p h e r i c  contaminat ion  of the 
molecular  beam sources dur ing  subs t ra te  in t roduct ion  
and removal ,  and (iii) a h ighly  reproducib le  procedure  
for subs t ra te  p repa ra t ion  pr io r  to ep i tax ia l  g rowth  in 
order  to avoid any effect of the  subs t ra te -ac t ive  layer  
in terface  on the film proper t ies .  

MBE growth  of the GaAs layer  s t ructures  for  this 
s tudy  was pe r fo rmed  in a bakeab le  UHV system sche-  
mat ica l ly  shown in Fig. 1. The MBE system is of the 
ver t ica l  evapora t ion  type, and i t  was designed for  a 
growth  process provid ing  ab rup t  var ia t ion  of dopants  
(p-  to n - t ype )  a n d / o r  of composit ion (GaAs to AlAs)  
wi thout  in te r rup t ion  of growth.  F ive  effusion cells are  
ins ta l led  in the growth  chamber  containing e lementa l  
arsenic, gall ium, a l u m i n u m  (not  used in the presen t  
inves t iga t ion) ,  and the two dopant  e lements  Be for  
p - t y p e  and Si for n - t y p e  doping. Fo r  cell mater ia ls ,  
pyroly t ic  boron n i t r ide  (PBN) has been used for the 
high t empera tu re  evaporants  (Ga, A1, and Si) and 
r eac to r -g rade  graphi te  for the As4 and Be effusion 
cells. Each cell has its own mechanical  shut te r  ope r -  
a ted by  a ro t a ry  feedthrough.  The c a p a c i t y  o f  the  

4 0 0  
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Fig. 1. Schematic cross section 
of the UHV system designed for 
molecular beam epitaxy of doped 
GaAs and AIxGal-xAs films 
(vertical evaporation type). 

crucible  conta ining As4 is sufficient for  deposi t ion of 
an  equiva len t  of more  than  !00 ~m th ick  GaAs films 
before  refil l ing is required.  The complete  mul t ip le  
effusion cell  assembly  is su r rounded  b y  l iqu id -n i t rogen  
cooled shrouds for c ryopumping  of condensible  species 
in o rde r  to minimize outgassing into the  reac t ion  
chamber .  A more  ex tended  use of  cryopanels  com- 
p le t e ly  su r rounding  the subs t ra te  was not  used for  
this study.  

The t empera tu re s  of the  ind iv idua l  effusion cells 
and  of the  subs t ra te  hea te r  b lock  were  measured  wi th  
t ungs t en - rhen ium (3% Re vs. 25% Re) thermocouples ,  
and  they  were  moni to red  by  a compute r -con t ro l l ed  
t e m p e r a t u r e  regu la t ion  sys tem (11). In  addi t ion  to the 
components  used d i rec t ly  for  the ep i tax ia l  g rowth  
process, the g rowth  chamber  shown in Fig. 1 contains 
severa l  components  of surface ana ly t ica l  techniques,  
the  appl ica t ion  of which  dur ing  MBE growth  has been 
descr ibed ea r l i e r  (12). 

The (100) o r ien ted  GaAs subs t ra tes  were  e i ther  Cr -  
doped ( semi- insu la t ing)  for Hal l  effect and  low t em-  
p e r a t u r e  photoluminescence (PL)  measurements  or 
S i -doped  (n ~ 1 X 10 TM cm-Z)  1 for Schot tky  ba r r i e r  
or  p - n  junct ion  cu r ren t -vo l t age  and capac i tance-  
vol tage  character is t ics  of the grown films. Typical ly ,  a 
wafe r  was first pol ished wi th  d iamond paste  to remove  
the in i t ia l  saw-cu t  damage  and e tch-pol i shed  on an 
ab ras ive - f ree  lens pape r  soaked wi th  sodium hypo-  
chlor i te  solut ion leaving  a mi r ro r l ike  finish. The slice 
was then  successively r insed in t r ichloroethylene ,  
methanol ,  and double  dis t i l led  water .  Af t e r  boi l ing in 
hydrochlor ic  acid twice, the subs t ra te  was f r ee -e tched  
in a s tagnan t  solut ion of H2SO4:H202:H20 = 3: 1:1 at  
48~ for  1 min. F ina l ly ,  the wafer  was flooded wi th  
double  dis t i l led  wa te r  to stop the etchant ,  r insed  in 
water ,  and  b lown d ry  wi th  f i l tered n i t rogen gas jus t  
before  solder ing i t  wi th  l iquid ind ium to a mo lyb -  
denum p la te  under  dus t - f ree  conditions.  

Immed ia t e ly  after,  the Mo mount ing  p la te  wi th  the  
f reshly  p repa red  subs t ra te  was r emote ly  exchanged 
wi th  a p la te  holding the processed subs t ra te  f rom the 
previous  g rowth  run  using an advanced  sample  ex-  
change load- lock  sys tem 2 ind ica ted  in Fig. 1. The sys-  
tem was opera ted  by  a magne t i ca l ly  coupled t ransfe r  
mechanism, and an a l l -me ta l  isolat ion va lve  is u t i l ized 
to separa te  the ma in  growth  chamber  f rom the in t ro -  
duct ion chamber  dur ing  epi taxy.  The Mo mount ing  
p la te  holding the subs t ra te  was fixed by  a bayone t  

1 G a A s  s u b s t r a t e  m a t e r i a l  w a s  s u p p l i e d  b y  L a s e r  Diode  L a b o r a -  
to r ies ,  I n c o r p o r a t e d ,  N e w  B r u n s w i c k ,  N e w  J e r s e y  08901. 

ISA-Ribe r  Mode l  SPC 150. 

jo in t  to the in t e rna l ly  hea ted  Mo block which  remains  
a lways  inside the  g rowth  chamber~ Dur ing  sample  
exchange the cryopanels  in the  g rowth  chamber  were  
he ld  at  l iqu id -n i t rogen  tempera ture ,  and  the effusion 
cells were  kep t  at  t empera tu res  not  far  be low the i r  
usual  opera t ion  tempera tures .  The ent i re  sample  ex -  
change procedure  was comple ted  in 10 min  and a new 
growth  run could be s ta r ted  r ap id ly  wi thout  any  d is tor -  
t ion of the  g rowth  conditions. 

Pr io r  to ep i t axy  the subs t ra te  was outgassed b y  
heat ing to a t e m p e r a t u r e  of 50~176 h igher  than  the 
final opera t ing  t empe ra tu r e  in a beam of As4 rang ing  
f rom 1014 to 1015 molecu les /cm 2 sec for severa l  min -  
utes. This p rocedure  produced  a flat As-s tab i l i zed  
surface wi th  a weak  (2 • 4) reconstruct ion.  Differ-  
en t ly  doped subst ra tes  r equ i red  different  t ime of hea t -  
t rea tment .  

Dur ing  deposi t ion the subs t ra te  t empera tu re  was 
ma in ta ined  at  530~ for most of the  Be- and S i -doped  
GaAs films y ie ld ing  excel len t  m a j o r i t y  ca r r i e r  mobi l i -  
ties and PL efficiencies. The t empe ra tu r e  was mea -  
sured by  a W-Re  thermocouple  and ad jus t ed  by  the  
we l l -known  oxygen desorpt ion behav io r  of chemi-  
cal ly  etched (100) GaAs surfaces in a s imi lar  manner  
as descr ibed in Ref. (6). The t empera tu res  of the 
Ga and As4 effusion cells were  kep t  constant  th rough-  
out  a l l  g rowth  runs resul t ing  in a constant  g rowth  
ra te  of 0.9 ~ m / h r  and a constant  As4/Ga flux ra t io  of 
two. The t empera tu re s  of the Be and Si effusion cells 
were  var ied  over  wide ranges (cf. Fig. 2) according 
to the r equ i red  dopant  fluxes. 

Most of the Be-  and S i -doped  GaAs films and of the  
doping s t ructures  used for this s tudy  were  deposi ted  
wi thout  any  buffer l ayer  d i rec t ly  onto the app rop r i -  
a te ly  doped substrate ,  and they  had  an overa l l  th ick-  
ness of not more  than  2 #m. 

An impor t an t  aspect  in the g rowth  of h igh ly  refined 
GaAs layers  doped wi th  Be was the  selection of the  
Be source mater ia l .  Most of the commerc ia l ly  ava i lab le  
Be meta l  which is at  bes t  99.9% contains considerable  
amounts  of Fe, A1, Cr, Cu, and  Ni. These i m p u r i t y  
e lements  can also be incorpora ted  into the  growing 
GaAs dur ing  evapora t ion  of Be. We have found tha t  
the best  source for Be is a t iny block of ma te r i a l  care-  
fu l ly  cleaved f rom a h igh ly  refined Be single c rys ta l  
(99.999%) which has been purif ied b y  severa l  cycles 

of zone refining. 3 

3 Zone- re f ined  Be m a t e r i a l  w a s  s u p p l i e d  b y  t h e  P u l v e r m e t a l l u r -  
g i sches  L a b o r a t o r i u m ,  M a x - P l a n c k - I n s t i t u t  f u r  M e t a l l f o r s c h u n g ,  
D-7000 S t u t t g a r t  80, G e r m a n y .  
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Fig. 2. Clausius-Clapeyron type plots of 300 K free-carrier con- 
centrations of intentionally doped GaAs films as function of recip- 
rocal dopant effusion cell temperatures for constant film growth 
rate, substrate temperature, and As; to Ga flux ratio. 

The Ge-doped GaAs films which are in  some cases 
cited for comparison with the Be- and Si-doped layers 
were grown in a separate growth system described 
earlier (13, 14), in order to prevent  any  Ge contami-  
nat ion of the system used for Be and Si doping. 

Free-carr ier  concentrations and Hall mobilit ies of 
the 2 ~m thick uni formly  doped layers were measured 
in the tempera ture  range of 77-300 K using the s tan-  
dard van der Pauw technique with contacts consisting 
of alloyed Sn (n- type  samples) or Sn /Zn  balls (p-type 
samples).  Low current  levels and a magnetic field of 
5 kG were applied throughout  these measurements.  
The ionized acceptor and donor concentrations were 
determined and separated by comparing the experi-  
menta l  77 K data with the empirical curve of ~7~ K vs. 
[ (ND --~ NA) • (Brooks-Herring screening factor) ] 
derived by St i l lman and Wolfe (15). No corrections 
were made for carrier depletion that  occurs in epi- 
taxial  GaAs layers at their  free surface and their  in -  
terface with the semi- insula t ing substrate (16). 

Free carrier profiles as a function of depth were de- 
rived from capacitance-voltage (CV) measurements  of 
reverse-biased Schottky barriers or abrupt  p -n  junc-  
tions using the differential capacitance technique. The 
Schottky barr iers  on n - type  films were formed by 
evaporating 0.2 ~m Au through an Mo mask containing 
0.5 mm diam holes in a separate vacuum system at 
10 -6 Torr and general ly  at room temperature.  With 
p -n  junct ions the required contacts were obtained by  
successively depositing 0.02 #m Cr and 0.2 ~m Au. Just  
prior to metallization, the surface of the GaAs film 
was carefully cleaned with hydrochloric acid for oxy- 
gen removal  and rinsed in methanol  for surface passi- 
vation. The ohmic contact on the back side of the 
heavily doped substrate wafer was formed by cover- 
ing with l iquid In /Ga  ----- 4:1 alloy. Mesa diodes were 
obtained by removing the mater ia l  between the metal  
dots to a depth of ~ 1O #m with a s tandard mesa etch 

(CHsOH/H~PO4/H20~ = 3:1:1) .  Fur the r  efforts to 
avoid any leakage currents  such as diffusing a guard 
r ing were not  made .  

Acceptor impuri t ies  incorporated in  the MBE G a A s  
films in ten t ional ly  doped with either Be, Si, or Ge 
were identified by high resolution photoluminescence 
(PL) measurements  which were performed with the 
sample immersed in liquid hel ium pumped to tem- 
peratures below 2 K. The samples were excited by the 
6471A line of a Kr  laser focused to a spot of area 

10-3 cm~. The laser excitation power was varied 
between 103 and 10 -2 mW using neu t ra l  density filters. 
The luminescence light was analyzed by a grat ing 
monochromator  with a resolution bet ter  than 1A and  
detected by a photon counting system attached to a 
cooled GaAs photocathode photomultiplier.  

Optical t ransmission measurements  on periodic p - n  
mult i layer  structures in GaAs at 1.6 K were made nor-  
mal  to the surface of the sample using a focused 
halogen lamp as l ight source and the same detection 
system as described before. Direct t ransmission w a s  
assured by placing the sample between two apertures 
with 4 m m  diam holes. The t ransmit ted  l ight  w a s  
focused onto the entrance slit of the monochromator.  

Results and Discussion 

Evaluation of Uniformly Doped GaAs:Si and GaAs:Be Layers 

Electrical properties.raThe elements Si and Be as 
well as Ge which have been used as dopants in the 
present  s tudy have uni ty  sticking coefficients on (100) 
GaAs over a wide range of growth conditions, i.e., 
substrate temperature  up to 630~ impur i ty  flux 
109-1014 a toms/cm 2 sec, As4 to Ga flux ratio varied 
widely. This behavior is indicated by the Clausius- 
Clapeyron type plots of Fig. 2 which show the 300 K 
free-carr ier  concentrat ion of a large number  of in -  
tent ional ly  doped GaAs films as a funct ion of recipro- 
cal temperature  of the corresponding dopant  effusion 
cells. The measured data fit well  to an exponent ial  
]ND - -  NA] VS. 1/T relation. 

Ilegems (17), Wood et al. (18), and Shimanoe et al. 
(19) have pointed out that  these log 1ND -- NAI vs. 
1/T plots have exactly the same slope as the vapor 
pressure curves of Si, Ge, and Be also plotted vs. 1/T. 
This means that  one incident  dopant  atom produces 
one ionized impur i ty  species in the GaAs films, and 
the observed doping level is s imply proport ional  to the 
dopant arr ival  rate. In  addit ion we have found that  
the free-carr ier  concentrat ion profiles of either Si-, 
Ge-, or Be-doped GaAs films of varying  thickness are 
completely flat over that  par t  of the film depth mea-  
surable by t he C V  profiling technique. 

The impor tant  aspect of doping MBE GaAs with Ge 
is that it is s trongly amphoteric and it can thus be 
incorporated on Ga as wel.1 as on As sites depending 
on growth conditions (10, 14, 18). The result  that  the 
slope of the vapor pressure curve agrees well with 
the l IT  dependence of the free-electron concentrat ion 
(Fig. 2) is significant. This suggests that for n - type  
films grown at a constant substrate tempera ture  and 
with a constant  As4 to Ga flux ratio the degree of 
autocompensation of Ge in GaAs does apparent ly  
not  depend on the doping level. 

In  the present  study we have achieved lower and 
upper limits of 300 K free-carr ier  concentrations of 
(ND -- NA) = 4.1 • 1015 to 6.1 • 10 ls cm - s  for 
GaAs:Si,  (ND -- NA) : 1.7 • 1016 to 3.5 • 10 TM cm -8 
for GaAs:Ge and (NA -- ND) : 3.7 • 1015 to 3.7 • 
10 TM cm -~ for GaAs:Be. For the group IV dopants Si 
and Ge the upper  l imit  of (ND -- NA) is given by  the 
autocompensation at high impur i ty  concentrations. The 
lower l imit  of the Si- and Be-doped films depends on 
the total background doping level due to carbon 
species (N 5 • 1015 cm-S without  cryopanel) ,  whereas 
the relat ively "high" lower level of Ge-doped films 
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is caused b y  the s t rong m e m o r y  effect of as y e t  u n -  
defined Ge species dur ing  MBE. 

In  Fig. 3(a)  and  (b) Hal l  mobi l i t ies  measu red  at 
300 and 77 K a re  p lo t ted  as funct ions of f r ee -e l ec t ron  
concentra t ion for var ious  n - t y p e  GaAs films doped 
wi th  e i ther  Si or  Ge. Fo r  comparison,  the  resul ts  ob-  
ta ined  f rom S n - d o p e d  GaAs films of a previous  s tudy  
(20) and the theore t ica l  curves ca lcula ted  b y  Rode 
and Knigh t  (21) for  different  levels  of compensat ion  
(NA -}- ND)JTL are  also inc luded in Fig. 3 (a ) .  

F o r  al l  three  dopants,  the  devia t ion  of expe r imen ta l  
300 K mobi l i t ies  f rom the theore t ica l  curve  for  zero 
compensat ion  is significant a t  r a the r  low [ (ND ~ NA) 
< 3 X 10 TM cm -3] and  at  high [ (ND --  NA) > 1 X 
l0 TM cm -8] ca r r i e r  concdntrat ions thus indica t ing  an 
increas ing compensat ion  rat io.  When  (ND ~ NA) iS 
be low 3 • 10 TM cm -3, the nea r ly  constant  acceptor  
concent ra t ion  of be tween  5 • 1015 and 1 • 1016 cm - s  
imposes a r a the r  high degree of compensat ion  and 
the re fore  has a significant influence on the m a j o r i t y  
ca r r i e r  mobil i ty.  In  the l imi t  of la rge  f ree -e lec t ron  
concentrat ions  [(ND --  NA) ~-~ 1 • 1018 cm-3] ,  on the 
o ther  hand, the semiconductor  becomes degenera te  and 
the Born approx ima t ion  used b y  Rode and Kn igh t  (21) 
p robab ly  becomes inadequate .  In  addit ion,  the observed  
l a rge r  decrease  of # for  Ge and Si doped films com- 
pa red  to the  Sn -doped  films mus t  be a t t r i bu ted  to the  
increas ing  autocompensat ion  effect of these dopants  in 
this region. In  the  range  5 • l0 TM ,~ (ND --  NA) 
~--- 1 X l0 TM em -3, the  s l ight ly  lower  mobi l i ty  values  of 
n -GaAs :  Ge a re  due to a pers i s ten t  amount  of Ge ac-  
ceptors  on As sites even at  g rowth  t empera tu re s  be low 
530~ in addi t ion  to the  res idual  C acceptors  (14). 
This effect is less pronounced  for  the obviously  less 
amphoter ic  Si in n -GaAs :  Si. 

The 77 K Hal l  mobi l i t i tes  of n - G a A s : S i  and  
n - GaAs :  Ge layers  p lo t ted  in Fig. 3(b)  fit wel l  to an 
empir ica l  "un ive r sa l -va lue"  curve in t roduced  by  Poth  
et al. (22). The authors  compi led  a la rge  number  of 
mobi l i ty  da ta  obta ined  f rom n - t y p e  GaAs films grown 
by  LPE, MBE, and VPE wi th  different  dopants  in 
var ious  laborator ies .  Al l  those expe r imen ta l  77 K 
da ta  were  found to l ie  be low the values  p red ic ted  by  
Rode and K n i g h t  (21) for  uncompensa ted  ma te r i a l  
[dot ted l ine in Fig. 3 (b ) ] .  The s t rongly  amphoter ic  Ge 

in MBE-g rown  n - G a A s  again  causes a more  pronounced 
devia t ion  of ~77 K f rom the empir ica l  curve. 

Using deep level  t rans ien t  capaci tance spectroscopy 
(DLTS)  (23), we have  detected not  more  than  three  
deep e lect ron t raps  in S i -doped  GaAs films grown 
at  530~ corresponding to the  ac t iva t ion  energies  0.297 
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eV (M2), 0.583 eV (MS), and  0.620 eV (M6) a c c o r d -  
i n g  to the  nota t ion of Lang et a/. (24). Typica l  t rap  
concentra t ions  MT in an n - G a A s : S i  sample  wi th  
(ND -- NA) = 1.7 • 10 z6 cm - s  were  found to be 7.8 
X 1012 cm -~ at  ET = 0.620 eV, 9.4 X 1012 am - s  a t  ET --  
0.583 eV and 1.14 • I0 I~ cm -a  at  ET --  0.297 eV, respec-  
t ive ly  (25). This resu l t  confirms overa l l  t r ap  con- 
cent ra t ions  as low as I0 -~ of the  doping level.  

F igures  4 (a )  and  (b) show the dependence  of 300 
and 77 K Hal l  mobil i t ies  on the hole concentra t ion  
for severa l  p - t y p e  MBE GaAs films doped wi th  Be 
or  Ge. Also inc luded are  the  da ta  of a few nomina l ly  
"und0ped" a s -g rown  p - t y p e  GaAs films conta in ing  a 
considerable  amount  of res idual  C aeceptors.  The solid 
l ine depic ted  in Fig. 4 (a )  s imply  follows the genera l  
t r end  of expe r imen ta l  da ta  obta ined  f rom the  best  
p - t y p e  GaAs samples  p r epa red  b y  LPE and VPE (26). 
The 300 K mobil i t ies  ex t rac ted  f rom Be-  and C-doped  
GaAs films grown by  MBE are  in excel len t  ag reemen t  
wi th  this empir ica l  curve. The s t rong amphoter ic  cha r -  
ac ter  of Ge is again  indica ted  by  the  lower  mobil i t ies  of 
p -GaAs :  Ge films. 

With  respect  to Fig. 4 (b)  i t  is obvious tha t  the  77 K 
mobi l i t i tes  of a n u m b e r  of Be-doped  GaAs films p re -  
pa red  b y  MBE are  h igher  in the  range  (NA --  ND) ----- 6 
• 10~6 cm-8  than the empir ica l  curve der ived  b y  Wi ley  
(26) does depict. This resul t  demons t ra tes  the super ior  
qual i ty  of the MBE grown ma te r i a l  p r epa red  in the 
present  study. The 77 K data  of the Ge-doped  p - t y p e  
mater ia l ,  however,  sca t ter  cons iderably  in the amount  
of car r ie r  f reeze out  as wel l  as in Hal l  mobil i ty .  The 
resul ts  ob ta ined  f rom C-doped  p - t y p e  samples  agree 
reasonably  wel l  wi th  the  empi r ica l  values.  

Photoluminescence propert ies .--The resul ts  obta ined  
f rom PL studies of the  MBE-g rown  GaAs layers  in ten-  
t ional ly  doped wi th  e i ther  Si, Ge, o r  Be are  d i sp layed  
in Fig. 5 and 6. We res t r ic t  ourselves to the discussion 
of the high energy  region of the PL  spect ra  where  r e -  
combinat ion  via shal low acceptors  (EB ~-~ 100 meV) 
occurs which is significant to iden t i fy  the  dominan t  ac- 
ceptor impur i t ies  in the mater ia l .  

In  PL  spect ra  t aken  f rom S i -doped  samples  deposi ted 
at  530~ under  s t andard  As-s tab i l i zed  g rowth  condi-  
t ions using an As4 source, i.e., As4 to Ga ra t io  ~ 2:1, 
only th ree  broad  emission lines can be c lear ly  resolved  
[full  l ine in Fig. 5 (a) ]. The peak  l abe led  BE is assigned 
to the  bound exci ton recombinat ion.  This l ine is 
smeared  out because of the  r e l a t ive ly  high l eve l  of 
ionized impur i t ies  present  which  lead  to a b roaden ing  
of the  ind iv idua l  exci tonic lines. Fo r  the  same reason, 
the  band-accep to r  recombinat ion  l ine l abe led  C is also 
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Fig. 5. Low temperature photolumlnescence spectra taken at 
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NA) = 2.0 X 1016 cm-8; (c) Be-doped, (NA - -  ND) = 8.9 X 
1015 cm -3. Only the high energy regions of the spectra are shown. 
The various emission lines are labeled along their mechanisms (see 
text). 

broadened and no evidence for the corresponding do- 
nor-acceptor transition is found. Ashen et aL (27) have 
shown in a fundamental study that this peak C may be 
attributed to carbon incorporated on arsenic sites. It is 
now generally accepted that carbon is the principal 
residual acceptor impurity associated with MBE growth 
of GaAs (28). We have hardly found any evidence for 
the BA recombination involving Si acceptors in IV[BE 
GaAs: Si layers of various doping levels when grown 
from an As4 source with standard As-stabilized con- 
ditions. However, the peak at 1.485 eV corresponding to 
the BA emission due to Si incorporated on As sites does 
occur in samples grown (i) from an As4 source and 
close to Ga-stabilized conditions, i.e., substrate tem- 
perature >600~ or As4 to Ga ratio <I, or (ii) from 
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Fig. 6. I.6 K photoluminescence spectrum of o Be-doped p-type 
GoAs layer of 2 ~m thickness grown by MBE [(NA --  ND) = 
8.9 X 1015 cm-3l. Only the excitonic region of the spectrum is 
shown. The various luminescence lines are labeled according to their 
recombination mechanisms (see text). 
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a GaAs source p roduc ing  As2 species. This add i t iona l  
peak  is ind ica ted  by  dot ted  l ines in Fig.  5 (a) .  The l ines 
l abe led  Phc, sJ, ce, Be are  the phonon repl icas  of the  cor-  
responding BA t rans i t ion  (~wLO = 36 meV) ,  

The typ ica l  P L  spec t ra  ob ta ined  f rom G e - d o p e d  
n - t y p e  GaAs films [Fig. 5 ( b ) ]  a re  very  s imi la r  to those 
taken  f rom S i -doped  samples  wi th  the impor t an t  fea-  
tures  tha t  (i) the BA t rans i t ion  due to Ge (1.479 eV) 
is much eas ier  to sepa ra te  f rom the BA t rans i t ion  as-  
s igned to C, and  (6i) the in tens i ty  of this peak  is gen-  
e ra l ly  much h igher  and i t  is de tec ted  even in the  bes t  
n - t y p e  GaAs:  Ge samples  (ND/NA = 4) g rown a t  500~ 
This mus t  be a t t r i bu ted  to the r e l a t ive ly  large  amount  
of Ge being incorpora ted  on As sites even unde r  
s t rongly  As-s tab i l i zed  g rowth  condit ions (14). 

F ina l ly ,  the  P L  spect ra  of Be-doped  GaAs  layers  
[Fig. 5 (c)]  a re  to some ex ten t  s imi la r  to those of S i -  
doped layers.  Two BA t rans i t ion  lines due to C and Be 
acceptors  which  a re  defini tely p resen t  in these Samples 
would  be expected.  However ,  we were  not  able  to r e -  
solve both  BA t rans i t ions  in any of the  measured  P L  
spect ra  because the values  of the  b ind ing  energies  of 
the  C acceptor  (26.0 meV) and  of the Be acceptor  
(28.0 meV) (27) l ie too close together .  We assume tha t  
the  peak  l abe led  Be in Fig. 5(c)  reflects the  Be ac-  
ceptor, since this  peak  is s l igh t ly  shif ted towards  lower  
energies  compared  to the CAs re la ted  BA t rans i t ion  
found in GaAs:  Si. 

Consider ing the PL  spec t ra  of Be-doped  GaAs layers ,  
an excel len t  resolut ion  wi th  exci tonic  fine s t ruc ture  was 
ob ta ined  for f r e e - ca r r i e r  concentra t ions  up to 1 • 10zs 
cm -s .  Fo r  the first t ime,  a l l  sharp  fea tures  as ye t  on ly  
seen in the  bes t  qua l i ty  in ten t iona l ly  doped p - t y p e  
VPE or  LPE samples  were  observed in these layers  
g rown b y  MBE in our l abo ra to ry  (Fig. 6). Refer r ing  to 
the  fundamen ta l  s tudy  of Heim and Hiesinger  (29), 
the  s eve ra l  spect ra l  fea tures  were  identif ied as a we l l -  
separa ted  f r ee -exc i ton  (FE)  recombina t ion  l ine at  
1.5156 eV, . a  sharp  l ine at  1.5140 eV due to excitons 
bound  to neu t r a l  donors (Do, x)  as wel l  as a peak  due 
to the corresponding exci ted  s tates  a t  1.5144 eV (not  
l abe led) ,  and a l ine at  1.5134 eV due to the  r ecombina -  
t ion of ionized donors -bound  excitons (D+, x) .  The 
ent i re  PL  spec t rum of t h i s  p - t y p e  G a A s : B e  l aye r  is 
domina ted  by  the neu t r a l  accep to r -bound  exci ton 
(A o, x)  recombina t ion  line. The inser t  in Fig. 6 shows 
tha t  this l ine is fu r the r  spl i t  into a t r ip le t  a t  1.5123, 
1.5122, and  1.5120 eV. This sp l i t t ing  is caused by  j - j  
coupling of the two holes and one e lec t ron resul t ing  in 
J = 1/2, 3/2, 5/2 s tates  (29). 

Seve ra l  addi t iona l  l ines in the  energy  range  1.511- 
1.504 eV (Fig. 6) a re  only found in GaAs layers  g rown 
by  MBE using As4 molecular  beams.  A n  in t e rp re t a t ion  
of these new spect ra l  fea tures  specific to MBE mate r i a l  
is r e f e r r ed  to a subsequent  p a p e r  (30). As a result ,  the  
P L  measurement s  on in ten t iona l ly  doped GaAs layers  
p resen ted  here  a t t e s t  an exce l len t  qua l i ty  of the  MBE 

grown ma te r i a l  thus wel l  su i ted  as a component  of 
h igh ly  refined I I I -V  structures .  

Dopant and Carrier Concentration Protiles 
The incorpora t ion  behav ior  of the  dopan t  e lements  

Si, Ge, and  Be in MBE GaAs was fu r the r  s tudied by  
producing  a number  of s t ructures  consist ing of s tepwise 
changes in dopant  beam intensi ty .  For  the  case of dop-  
ing wi th  Si and  Ge, the  ac tua l  ca r r i e r  profiles m e a -  
sured  by  the dif ferent ia l  capaci tance technique were  
compared  wi th  the  corresponding dopant  beam in ten-  
s i ty  vs. t ime profiles in Fig. 7. In  these s t ruc tures  a 0.9 
~m th ick  n + (2 X 10 zs cm -~)  buffer l aye r  was grown 
on the heavi ly  S i -doped  (n --  2 • 10 TM cm -a )  sub-  
s t ra te  first. Then the 1 ~m thick "act ive"  n - G a A s  l aye r  
was deposi ted which consisted of th ree  n a r r o w  pulses 
of Si or Ge atoms, respect ively ,  super imposed  on a 
un i form doping background.  Each pulse had  a dura t ion  
of t ime equiva len t  to the  g rowth  of 400A GaAs. The 
width  of the ind iv idua l  pulses was accura te ly  contro l led  
by  opening and closing the  mechanica l  shut ters  in f ront  
of the corresponding effusion cells. 

The square t races in Fig. 7 reflect ideal  profiles cal -  
cula ted  f rom the dopant  beam in tens i ty  which  was 
modula ted  b y  the set t ing of the  shutter .  The ideal  dop-  
ing  levels  were  ex t r ac t ed  f rom the effusion cell  t em-  
pera tures  r e l a t ed  to the da ta  of  Fig. 2. The r ec t angu la r  
curves of Fig. 7 were  ca lcula ted  assuming a un i ty  
s t icking coefficient of the dopants  and  neglect ing sur -  
face segregation,  bu lk  diffusion, and  m a j o r i t y  car r ie r  
diffusion. 

The measured  f r ee -ca r r i e r  profiles of the  Si -  and 
Go-doped  s t ruc tures  ind ica ted  by  crosses in Fig.  7 
differ s ignif icant ly from one another .  Using Si as dopant  
in GaAs, ex t r eme ly  ab rup t  profiles and a peak  to back-  
ground f r e e - c a r r i e r  ra t io  of n e a r l y  two orders  of mag-  
n i tude  can easi ly  be achieved,  whereas  in the case of 
the  dopant  Ge the ac tua l  ca r r ie r  concentra t ion de-  
creases more  s lowly  af te r  the dopant  beam has been 
cut off. Therefore,  only  less s teep car r ie r  profiles can 
be ob ta ined  wi th  Ge doping. Note tha t  in addi t ion  the  
background  ca r r i e r  concentra t ion  is one order  of mag-  
n i tude  h igher  for Ge than  for  Si doping. The behav ior  
of Ge must  be a t t r i bu ted  to i ts m e m o r y  effect which  
gives r ise to r a the r  a high amount  of Ge containing 
species r emain ing  in the MBE growth  chamber  even 
af te r  shut te r ing  the Ge effusion cell  a n d / o r  r ap id ly  
lower ing  the cell  t empera tu re .  

The resul ts  obta ined wi th  Si doping have been used 
to ver i fy  doping profiles which  are  specifically de-  
s igned for  achieving Schot tky  b a r r i e r  diodes wi th  low 
diode noise t empe ra tu r e  at  cryogenic  tempera tures .  
Such diodes are  r equ i red  for c ryogenica l ly  cooled mi l l i -  
me te r  wave  mixers  (1). The GaAs wafer  consists of a 
heav i ly  S i -doped  subs t ra te  (n = 2 • l0 TM c m - 3 ) ,  a r 1 
~m thick n + buffer l aye r  (n = 2 • l0 ss c m - 3 ) ,  and  a 
0.1-0.2 ~m thick act ive l aye r  hav ing  a ca r r i e r  concen- 
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t ra t ion  of n _~ 1 X 10 TM cm-8.  The donor  concentra t ion 
profile of the n §  to act ive l aye r  in ter face  mus t  be as 
ab rup t  as possible. In  o rder  to de te rmine  the ac tua l  
profile as a funct ion of depth  f rom the surface by  the 
CV technique, th icker  act ive n - t y p e  layers  were  grown 
in separa te  runs  to account  for the  zero bias  deple t ion  
layer .  The resul t ing  doping profile measured  on a repre- 
sentative sample  is shown in Fig. 9 ( indica ted  by  
crosses),  demons t ra t ing  an ex t r eme ly  a b r u p t  t rans i -  
t ion f rom high to l ow car r i e r  concentrat ion.  I t  should 
be noted tha t  the ac tua l  profile is even more  ab rup t  
than  the t race  shown, because of the l imi ted  resolut ion 
of the  profi l ing technique (ci. be low) .  

In  the  doping profiles shown in Fig. 7 and 8 the ac- 
tual f r e e - ca r r i e r  concentrat ions  differ b y  several  
D e b y e - l e n g t h s  [~Debye ~" 450A for (ND --  NA) - -  1 
• 10 TM cm-S (31)] f rom the dopant  concentrat ions due 
to m a j o r i t y - c a r r i e r  diffusion. For  this reason, the  
u l t imate  step sharpness  of f r ee - ca r r i e r  profiles mea -  
sured by  the CV technique is l imited.  Moreover,  J o h n -  
son and Panousis  (32) have poin ted  out  tha t  there  
exis t  even smal l  differences be tween  the theore t ica l  
f r ee - ca r r i e r  profile (31) corresponding to the given 
dopant  profile and  the measured  f r ee -ca r r i e r  profile, 
because the  meta l  contacts necessary  for  CV measure -  
ments  a re  not  infini tely far  a w a y  from one another .  
Using computer  s imulat ions for a s tepwise change in  
doping concentra t ion by, for  instance, two orders  of 
magni tude ,  these authors  demons t ra ted  tha t  different  
ca r r i e r  profiles a re  m e a s u r e d  depending on the rec t i fy -  
ing contact  being p laced  on the h igh-  or low-doped  
side. S l igh t ly  asymmet r i c  f r ee -ca r r i e r  profiles as shown 
in Fig. 7 and 8 are, therefore,  expected  to be measured  
for r ec t angu la r  dopant  pulses. 

F o r  s imi la r  profi l ing measurements  of  Be-doped 
p - t y p e  GaAs layers,  a number  of n+ ( s u b s t r a t e ) - n + -  
p - p +  (contact)  diode s t ructures  were  produced.  The 
n+- s ide  of the p - n  + junct ion  was doped wi th  Si (n --  
2 • 10~8 cm-~) .  The p - l a y e r  consisted of three  sharp  
Be doping pulses in  t ime dura t ion  equiva len t  to the 
growth  of 335A GaAs. A typical  f r ee - ca r r i e r  profile ob-  
ta ined f rom measurements  of mesa diodes fabr ica ted  
on these s t ructures  is shown in Fig. 8. The solid l ine 
represents  the rec tangu la r  profile ca lcula ted for  the 
a r r iv ing  dopant  species. Note tha t  also wi th  Be ex-  
t r emely  ab rup t  profiles in MBE GaAs wi th  a p e a k - t o -  
background  f r ee - ca r r i e r  ra t io  of nea r ly  two orders  of 
magni tude  have been obta ined in this study. This out -  
come is an improvemen t  of the ac tua l  ca r r ie r  profile b y  
one order  of magni tude  compared  to the  resul ts  of 
I legems (17). This improvemen t  is s imply  a con- 
sequence of the super ior  qual i ty  of the Be doping 
ma te r i a l  used in the presen t  study.  

p-n Junction Behavior 

The resul ts  ob ta ined  f rom n - G a A s : S i  [Fig. 7 ( a ) ]  
and p -GaAs :  Be (Fig.  8) per iodic  doping s t ructures  can 
be combined in o rder  to s imulate  the expected f ree-  
car r ie r  profile of a step p -n  junct ion  in GaAs tak ing  
into account the two dopant  cells Be and Si. The pro-  
file of the junct ion ex t rac ted  in this way  is shown in 
Fig. 10. The Si dopant  cell is closed by  the mechanica l  
shut te r  dur ing  growth  of the Be-doped  GaAs layer  and  
opened jus t  when the Be dopant  cell is mechanica l ly  
shut te red  ( indica ted  by  the dot ted l ine) .  The expected 
f r ee -ca r r i e r  profile (solid l ine) can then be computed  
by a po in t  b y  point  subt rac t ion  of the two ind iv idua l  
ca r r ie r  profiles ac tua l ly  measured  and shown in Fig. 
7(a)  and 8. With  a final f l e e - c a r r i e r  concentrat ion 
of 1.45 • 1017 cm-~ on both sides of the p - n  junction,  
the wid th  necessary to change the f r e e - ca r r i e r  concen- 
t ra t ion from n - type  1 • 101~ cm-~  to the same level  
p - t ype  is found to be less than 200A. In this s imulat ion 
procedure  a t tent ion  has been pa id  to al l  p rob lems  ar i s -  
ing f rom CV profil ing measurements  discussed before.  
Therefore,  the value of 200A demonst ra tes  tha t  h y p e r -  
ab rup t  p - n  junct ions in GaAs wi th  excel len t  char- 
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acteristics can be grown by MBE using Be and Si as p- 
and n-type dopants, respectively. 

Based--on the before-mentioned considerations one- 
sided abrupt p-n § junctions in GaAs were prepared 
using g rowth  pa rame te r s  es tabl ished for per iodic  car-  
r ie r  profile growth.  The diode s t ructures  consisted of 
an ini t ia l  1 ~m thick S i -doped  n + - l a y e r  (n ---- 2 X 10 TM 
cm -3) on the heav i ly  S i -doped  (n = 2 • 10 is c m - 8 )  
subs t ra te  fo l lowed by  a 1 ~m thick Be-doped  p - l a y e r  
[1.7 X 1016 ~ (NA --  ND) ~ 2.4 • 10 I~ cm-Z]  and a 

final 0.5 #m thick h i g h l y  Be-doped  p + - l a y e r  (p _-- 2 
X 10 TM cm-~)  for low resistance ohmic contacts. The 
constant  f ree-hole  level  in the p - l a y e r  was sys temat i -  
cal ly var ied  f rom sample  to sample.  The dopant  type  
was selected by ac tuat ing  the mechanica l  shut ters  in 
f ront  of the Si and Be dopant  cells. The ab rup t  in-  
crease of hole concentrat ion at the  p / p  + t ransi t ion was 
achieved by  a step change of the Be cell t empera ture .  

The proper t ies  of the (Be, S i ) - d o p e d  GaAs p - n  
junct ions were  der ived  f rom IV and CV measurements  
on isolated mesa diodes. The resul ts  obta ined for  dif-  
ferent  doping levels of the p - reg ion  are  summar ized  in 
Table I and  in Fig. 11. In all  diodes s tudied ne i the r  the  
fo rward  nor the reverse  character is t ic  showed evidence 
of leakage current .  The cur ren t  flow in the  fo rward  
direct ion increases  exponent ia l ly  as I ---- Io exp (qV!  
nkT) .  The d iode -n -va lue  ex t rac ted  f rom the slope of 
the l inear  fit to the measured  In I vs. V curve for 
V ~-- 3kT/q was found to be  1.8 _ 0.2 for  al l  diodes. 



Vol. I2,8, No. 2 S i  A N D  Be I M P U R I T I E S  407 

2.0x1017 

tSx10 I? _ _  

u 

< 1.0x10i? Z 
Z 

5.0x1016 

5.0x1016 

e 
1.0x1017 C3 Z 

Z 1.5X1017 

2.0x10 ~? 

L 

1 L 1 L _ _  
Ol 005 o 005 Ol 

dn ( p m ]  dp (pm]  

Fig. 10. Expected free-carrier profile (solid line) of o step p-n 
junction in (Be,Si)-doped GaAs grown by MBE computed by a point 
by point subtraction of the two individual measured carrier profiles 
shown in Fig. 7(o) and 8. The dotted line indicates the ideal 
profile extracted from the dopant beam intensities of Be and Si, 
respectively. 

This va lue  indicates  tha t  the  cu r ren t  flow across these 
p - n  junct ions  is domina ted  b y  r ecombina t ion -gene ra -  
t ion processes (nrec : 2.0) as opposed to diffusion 
mechanisms (33) (nd~ : 1.0). Minor  devia t ions  f rom 
the l i nea r  In I vs. V behav ior  which  m a y  somet imes 
occur a t  h igher  cu r ren t  levels  a re  caused by  series re -  
sistance effects. 

The cur ren t  flow in the reverse  d i rec t ion  is char -  
ac ter ized by  the junct ion  b r e a k d o w n  vol tage  VBr which  
increases exponen t i a l ly  wi th  decreas ing ca r r i e r  concen- 
t rat ion.  The measu red  values  for VBr (associated wi th  
tha t  vol tage  a t  which  the cu r r en t  in the reverse  d i rec-  
t ion reaches  10-4A) are  compi led  in Table  I and  Fig. 
11. The da ta  points  a re  in exce l len t  ag reemen t  w i t h  
the theore t ica l  curve der ived  by  Sze and Gibbons (34) 
for  one-s ided  ab rup t  junct ions  assuming tha t  ava lanche  
mul t ip l ica t ion  dominates  the  b r e a k d o w n  charac te r i s -  
tics. Smal l  differences be tween  observed  and ca lcula ted  
VBr values  can be a t t r i bu ted  to the  nongua rded  diode 
s t ruc ture  as wel l  as to minor  imperfec t ions  of the crys-  
ta l  (35) both  of which  reduce  the  ac tua l  b r e a k d o w n  
voltage.  This effect was not  fu r the r  s tudied  th roughout  
the  p resen t  work.  

Only  the  resul ts  ob ta ined  f rom sample  2162 (cf. 
Table  I)  seem to indica te  severe  discrepancies.  The 
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Fig. 11. Characteristics of one-sided abrupt p-n + junctions in 
(Be, S0-doped GoAs layers having different doping levels in the 
p.region as derived from IV and CV measurements (indicated by 
circles). The solid lines represent the theoretical values of break- 
down voltage and depletion layer width, rasp., as a function of 
carrier concentration in the p-region calculated by Sze and Gibbons 
(34). In the sample labeled by double circles, the I #m thick p- 
type side of the junction is already totally depleted at 16V. The 
squares denote the results obtained from a p-n + junction in GaAs 
doped with the amphoteric Ge only (10). 

p - l a y e r  of this sample,  however ,  hav ing  also a thickness  
of only  1 ~m, is almost  to ta l ly  dep le ted  at  16V, thus 
y ie ld ing  the l imi ted  va lue  of V~r. Fo r  comparison,  the 
resul ts  ex t rac ted  f rom a p - n  + junc t ion  in GaAs doped 
wi th  the  amphoter ic  Ge only a re  also inc luded in Table  
I and  in Fig. 11. This sample  exh ib i ted  exce l len t  cha r -  
acteristics,  a l though the Ge-doped  p - n  junct ions  are  
cer ta in ly  not  qui te  as s teep as are  the (Be, S i ) - d o p e d  
ones (10, 14). 

Addi t iona l  de ta i led  ins ight  in the p - n  + junc t ion  be -  
havior  was deduced f rom CV profi l ing measurements .  
Outside the  deple t ion  region a t  V = 0, the  measu red  
doping profiles of the  p - reg ion  as a funct ion of depth  
were  ex t r eme ly  flat, and the observed doping levels 
were  in excel lent  ag reemen t  wi th  the concentra t ions  
es t imated  f rom the Claus ius -Clapeyron  type  plots  of 
Fig. 2. The deplet ion l aye r  wid th  a t  b r e a k d o w n  vol tage  
was der ived  and also compared  wi th  the theore t ica l  
wid th  given for one-s ided  ab rup t  junct ions  in  Ref. (34). 
As indica ted  in Fig. 11, there  is a s t r ic t  coincidence b e -  
tween measured  and ca lcula ted  deple t ion  l aye r  wid th  
for different  doping levels.  F ina l ly ,  an ex t rapo la t ion  
of the l /C2 vs. V curve to 1/C 2 -* 0 y ie lds  the  bu i l t - i n  
vol tage  Vm across the junct ion  which  was found to be  
1.35 • 0.15V for the  samples  s tudied  here.  

Table I. Characteristics of one-sided abrupt p-n+ junctions in MBE grown GaAs layers having 
different doping levels in the p-region as derived from current-voltage and 

capacitance-voltage measurements 

C a r r i e r  concen- 
tration in the Breakdown Diode- Deple t ion  l aye r  Built-in 

Sample Dopants p- reg ion  ( a m  -~) vo l t age  (V) n-va lue  wid th  (/zm) vo l t age  (V) 

2164 Be, Si 2.35 • 10 ~ 8.8 1.89 0.18 1.31 
2184 Be, Si 1.55 • 10 ~ 13.6 1.69 0.35 1.49 
2163 Be, Si 1.30 • 10 ~ 12.7 1.70 0.37 1.23 
2106 Be, Si 9.80 • 10 ze 15.0 1.94 0.43 
2114 Be, SI 8.60 • 10 le 15.0 B 0.41 1.48 
2183 Be, SI 3.50 • 10 ze 28.4 1.82 0.82 1.30 
2162 Be,  SI 1.70 • 10 ~e 16.0" 1.86 >1.0 1.21 
1098 Ge, Ge 2.20 x 10 ~e 34.0 1.6 0,98 1.21 

�9 1/~m thick p*layer totaUy depleted at 16V. 
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Periodic p.n Multilayer Structures 
Based on the  foregoing exper ience,  we  have  f inal ly 

combined severa l  p - n  junct ions  in  (Be, S i ) - d o p e d  
GaAs to bui ld  up a novel  per iodic  mu l t i l aye r  s t ruc ture  
in GaAs which is schemat ica l ly  depic ted  in  Fig. 1 2 .  

The s t ruc ture  is composed of  a per iodic  sequence 
of thin p -  and  n - t y p e  GaAs layers  wi th  in t r ins ic  (~-) 
layers  in between.  I t  is also cal led "nipi"  s t ruc ture  
(7, 8). The in t r ins ic  l aye r  denotes tha t  region of the  
crys ta l  in which  the acceptor  as wel l  as the donor con- 
centra t ions  are  as low as possible,  i.e., both  the  Si  a n d  

the  Be shut te r  a re  closed for  a contro l led  dura t ion  o f  

t ime. This region m a y  have  a thickness close to zero 
wi thout  subs tan t ia l ly  modi fy ing  the electronic p r o p -  
er t ies  of a nipi  c rys ta l  [ci. Fig. 12 (b ) ] .  

F igure  13 displays  a scanning e lec t ron  m i c r o g r a p h  
of the  (110) c leavage p lane  of one of these  per iodic  
p - n  mu l t i l aye r  s t ructures  in GaAs which  has  r ecen t ly  
been  grown by  MBE when ac tua t ing  the shut ters  in  
f ront  of the  dopant  cells in the app rop r i a t e  manner .  A 
total  of 20 ind iv idua l  a l t e rna t ing  p -  and  n -doped  GaAs 
layers  corresponding to 10 per iods  are  c lear ly  resolved.  
The s t ruc ture  was deposi ted on a 1 #m thick n + buffer  
l aye r  (2 • 10 is cm -8) which  was first g rown on a 
heavi ly  S i -doped  GaAs subs t ra te  (n --  2 • 10 TM cm -8) 
in o rde r  to faci l i ta te  l ight  t ransmiss ion measurements .  
Each doping layer  has a thickness of 0.10 ~m and was 
doped to a level  of (ND -- NA) : 7.5 X 1017 cm -3  and  
(NA --  ND) = 2 • 10 TM cm -~, respect ively.  The th ick-  
ness of the  in t r ins ic  l aye r  in the example  shown was 
chosen to be close to zero b y  opening the  Si  shu t te r  
immed ia t e ly  af te r  the Be shut te r  has been  closed and 
vice versa. Using Be as acceptor  and  Si as donor 
impur i t i es  a un i fo rm dopant  concentra t ion wi th in  each 
ind iv idua l  GaAs l aye r  and a control led  thickness wi th  
constant  per iod ic i ty  has been successful ly achieved.  
The interfaces  be tween  the ind iv idua l  GaAs layers  r e -  
main  ex t r eme ly  smooth down to a tomic steps also 
for  a large  number  of l ayers  in sequence. We have  
var ied  the  l aye r  thicknesses dn, dp, and  di (0 "~ di 

0.1 ~m) and the reby  the per iodic i ty  d as wel l  as the  
ind iv idua l  doping levels  over  wide  ranges according 
to the  theore t ica l  considerat ions of D6hler  et al. (7, 8). 

The 10 per iods  indica ted  i n  Fig. 13 are  sufficient to 
b r ing  about  novel  super la t t ice  effects in these  doping 
mu l t i l aye r  s t ructures .  The  conduct ion and va lence  
bandedges  of a nipi  mu l t i l aye r  s t ruc ture  in GaAs a r e  

Fig. 13. Scanning electron micrograph of the (110) cleavage 
plane of a periodic p-n doping multilayer structure Jn GaAs con- 
sisting of 10 periods with a periodicity d = 0.2 #m. Each 0.1 ~m 
thick individual layer was doped to a level of (ND - -  NA) = 
7.5 • 1017 cm-8 and (NA - -  ND) - -  2 • 10 TM cm-S, respec- 
tively. 

per iod ica l ly  modu la t ed  by  the  space charge  field of 
the ionized i m p u r i t y  atoms per  ind iv idua l  l aye r  as de-  
p ic ted  in Fig. 12 (b) .  The impor t an t  pa rame te r s  which 
character ize  the electronic  s t ruc ture  of a nipi  crys ta l  
are  the per iod  d and the concentrat ions  of donors and 
acceptors pe r  doping layer ,  i.e., nD�9 dn and nA �9 dp, r e -  
spectively.  I f  the doping concentrat ions  nD and nA are  
the  same in the respec t ive ly  doped layers  and  if, in 
addit ion,  the  number  of dopants  in the  n -  and  p - t y p e  
layers  is equal,  the ampl i tude  of the space charge po-  
ten t ia l  Vo may  be ca lcula ted  as follows 

dn 
Vo ~ IpJ - -  [i] 

8 �9 e �9 eo 

with  e = stat ic  d ie lect r ic  constant  [e = 13.1 for  GaAs 
(36)],  co = pe rmi t t i v i t y  of free space, and  p = charge 

Fig. 12. Schematic iH,strat|on 
of a periodic doping mulfilayer 
structure, also called "nipi" 
structure, in GaAs of periodicity 
d. Also shown is the periodic 
modulation of the conduction and 
volencs bandedges in this struc- 
ture. 
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density per layer (p --~ Min ([elnDdn , ]e]nAdp). The 
effective bandgap Esef~ of a nipi crystal defined as the 
energy difference between the lowest conduction sub- 
band and the uppermost valence subband is 

gseff - -  Eg GaAs - -  2Vo [2] 

As a result of the reduction of the effective energy 
gap in GaAs nipi crystals, the absorption of photons 
of energy 

]~'w > Eg elf - -  E g  o a A s  -- 2Vo [3] 

is energetically allowed, DOhler (7) has proposed that 
the absorption coefficient a (~) should become large for 
photon energies well below the gap Eg GaAs of the un- 
modulated semiconductor due to the overlap between 
conduction and valence subband wavefunctions. This 
absorption tail for 9r < E~GaAs may be understood in 
some respect as a Franz-Keldysh effect due to the in- 
ternal space charge fields in nipi crystals. 

The effect of these internal fields on the absorption 
or transmission behavior, respectively, of GaAs nipi 
crystals with varying doping periods d is shown for two 
different samples in Fig. 14. In both samples the indi- 
vidual p- and n-doped GaAs layers composing the 
structure are doped to a rather high free-carrier con- 
centration of 1 X 10 TM cm -s, whereas the thickness of 
the individual layers is varied from 0.02 #m in sample 
2227 (d = 0.04 #m) to 0.0.4 ~m in sampIe 2228 (d ---- 0.08 
#m). No intrinsic layers were interspersed between the 
alternating intentionally doped layers. These param- 
eters yield a space charge potential Vo of about 0.069 
eV for sample 2227 and 0.276 eV for sample 2228. 

In Fig. 14 the two transmission spectra of the peri- 
odic doping structures are compared with two spectra 
of a heavily Si-doped substrate wafer used for MBE 
growth and of a slightly Si-doped epitaxial layer de- 
posited on n+-substrate. The strong shift of the absorp- 
tion edge observed in the four layers is mainly due to 
the shift of the Fermi level at high carrier concentra- 
tions into the conduction band. In addition, the impor- 
tant feature in the optical transmission behavior of the 
p-n multilayer structures is the strong absorption tail 
observed particularly below the energy gap of the un- 
modulated material (indicated by an arrow in Fig. 14). 
These absorption tails are the result of the internal 
electrical field arising from the modulation of the band- 
edges [cl. Fig. 12 (b)]. The differences between the two 
transmission spectra obtained from the p-n multilayer 
structures 2227 and 2228 are caused by the quantitative 
variation of the bandedge modulation. The values of 
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Fig. 14. 1.6 K optical transmission spectra of two representative 
periodic p-n doping multiloyer structures in GaAs indicating the 
considerable absorpton tails for,/fm < Eg C-aAs extending far into 
the gap of the unmodulated semiconductor (marked by an arrow). 
For comparison, also the optical transmission of the n+-substrate 
used and of a'slightly n-doped GaAs layer are shown. 
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the maximum internal field strength as well as the 
layer thickness, in which a pronounced field strength 
exists, differ strongly and explain the remarkably 
lower transmission of sample 2228 compared to sample 
2227. 

As a result, the absorption tails observed for these 
periodic p-n doping multilayer structures extending 
far into the gap of the pure material can clearly be 
interpreted as internal Franz-Keldysh effect. The 
optical absorption at energies well below the gap of 
the unmodulated semiconductor is only one of the 
striking properties of this novel superlattice in GaAs 
first proposed by DShler (7). A more extensive study 
of the effect of reduced effective bandgap and of the 
strongly ahisotropic transport properties in these 
periodic p-n doping multilayer structures in GaAs is 
underway in this laboratory and detailed results are 
referred to in a subsequent paper (37). 

Conclusion 

The high degree of growth control during molecular 
beam epitaxy normal to the surface on an atomic scale, 
which was first established for MBE growth of GaAs/ 
AlxGal-xAs superlattices (38), has now been extended 
to the growth of a novel man-made superlattice in 
GaAs, also called "nipi" structure, consisting of a 
periodic sequence of ultrathin p- and n-type GaAs 
layers, possibly with intrinsic (i-) layers in between. 
The most stringent requirements for a successful 
growth of these periodic p-n multilayer structures are 
the superior electrical and optical quality of the in- 
dividual p- and n-type GaAs layers composing the 
structures. 

Using Be as aeceptor and Si as donor impurities, 
respectively, for MBE grown GaAs, an excellent uni- 
formity of doping concentration and high majority-car- 
rier mobilities have been obtained. Low temperature 
photoluminescence measurements on GaAs:Be and 
GaAs:Si layers yielded highly resolved PL response 
with excitonic fine structure, thus attesting superior 
minority-carrier properties of these intentionally Be- 
doped MBE GaAs films never reported before. The 
measured periodic doping profiles normal to the surface 
in p-type GaAs:Be and in n-type GaAs:Si presented 
here exhibited peak to background free-carrier ratios 
which were a factor of two higher than those re- 
ported earlier. These results made feasible the MBE 
growth of extremely abrupt carrier profiles for p-n 
junctions in (Be, Si)-doped GaAs with a width of only 
200A necessary to change the carrier concentration 
from p-type 1 • 10 z7 cm -a to the same level n-type 
on the other side of the junction. 

Based on this encouraging outcome, the MBE tech- 
nique has then been further exploited to the successful 
growth of highly sophisticated periodic p-n doping 
multilayer structures in GaAs. The doping levels of the 
individual layers and the periodicity of these nipi struc- 
tures have been varied over wide ranges according to 
the theoretical calculations of D5hler et al. (7, 8), in 
order to modify the resulting effective bandgap of the 
crystals. 

Finally, the key ~eatures of this novel superlattice in 
GaAs, which are also evident for device applications, 
may be summarized as follows: (/) the effective band- 
gap Egeff in nipi crystals can have any value between 
the energy gap Eg GaAs of the unmodulated bulk and 
zero, depending on the choice of layer thickness and 
doping concentration; (ii)  nipi crystals are extremely 
anisotropic with respect to their transport properties; 
(i i i)  electrons and holes are spatially separated from 
each other which prevents direct electron hole recom- 
bination. As a consequence the carrier concentration 
and the effective bandgap of nipi crystals may be 
modulated within wide limits by external bias or ab- 
sorption of light (7, 8). 
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Interfacial Arsenic Growth in Anodic Oxide/GaAs Structures 

G. P. Schwartz,* G. J. Gualtieri, J. E. Griffiths, and B. Schwartz* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Raman scattering has been employed to monitor both the structure an d  
growth of elemental arsenic deposits thermally generated during the inter- 
facial reaction which occurs between GaAs and the As203 component of its 
electrochemically anodized oxide. The band shape of the Raman scattering 
intensity is consistent with the formation of amorphous arsenic during the 
initial stages of reaction within the temperature interval 300~176 The time 
and temperature dependence of a-arsenic growth can be approximated by 

N(t,T) = 10 a8 �9 t �9 exp ( ' 2 . 3  • 104/T) atoms/era 2 

in the region where the Raman signal is linearly increasing with time an d  
300~ ~T  ~ 366~ Intensity variations due to multilayer interference were not 
observed during growth and have been neglected. The data suggest that more 
than one structural form of a-arsenic may evolve during the course of r e -  
act ion.  

Recent device-related applications utilizing native 
oxides on GaAs generated via thermal (1), anodic (2), 

* Electrochemical Society Active Member. 
Key words: Raman scattering, oxides, anodization. 

or plasma (3) techniques suggest that progress is being 
made in circumventing some of the obstacles previously 
encountered with such films. Nevertheless, the electri- 
cal and chemical properties of these films still p r e s e n t  
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a major  obstacle to applications in  device technology. 
Recent studies of the equi l ibr ium Ga-As-O phase dia- 
gram (4) have disclosed that  the stable interracial  
phase should consist of Ga203 and elemental  As. As a 
result, nat ive  oxides containing As203 are subject  to an  
interracial  reaction given by As203 -~ 2GaAs -> Ga208 
+ 4As at sufficiently high temperatures  where the  dif- 
fusion and reaction barr iers  can be overcome. Experi-  
menta l  confirmation of this reaction has already been 
obtained in  electrochemically anodized (5) plasma (rf 
and d.c.) oxidized (6), and thermal ly  oxidized (7, 8) 
films. 

Although the role interfacial  arsenic deposits play 
in affecting the electrical properties at the oxide/sub-  
strate interface remains open to question, it  seems r e a '  
sonably certain from a device viewpoint  that  such com- 
positional variat ions are an unders i rable  complication. 
Since crystal i ine arsenic is a semi-metal  and the 
amorphous form is a small  bandgap (1.1 eV) semicon- 
ductor, it was impor tant  to know more about its 
s t ructure in  the interracial  region. Therefore, the pres- 
ent  study was under taken  to monitor  both the growth 
rate and the s t ructural  form of elemenal  arsenic pro- 
duced dur ing the ini t ial  stages of interracial  reaction. 

Experimental  
Sample preparation and heating celL--Bromine- 

methanol-pol ished Sn-doped (n ~-, 1-2 • 10 is cm-8) 
GaAs wafers of (100) or ientat ion were electrochem- 
ically anodized at constant  current  (1 mA/cm 2) up to 
50V in a saturated aqueous solution of As203 buffered 
to pH 4.0 with dibasic ammonium phosphate. The re- 
sul t ing oxide films were approximately 1000A thick and 
consisted of near ly  equimolar  mixtures  of As203 and 
Ga203. 

The heat ing cell (Fig. 1) consisted of a ceramic in-  
sulat ion sleeve sur rounding  a beveled copper block into 
which a 400W cartridge heater was press fitted. Incident  
light entered the cell through a small  hole and Raman  
scattered radiat ion passed through the quartz window 
to the collection optics. The cell was purged with argon 
in order  to el iminate  Raman  scattering from the rota-  
t ional bands of O2 and N2. 

Anodized samples were mounted  onto the beveled 
face of the copper block and secured with two Be-Cu 
spring clips. A Chromel-Alumel  thermocouple was also 
screwed down onto the beveled surface. Separate oil 
ba th / the rmomete r  calibrations of this thermocouple 
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were found to agree wi th in  _+3~ with tabulated (9) 
emf values over the range 20~176 

Raman spectra.--Spectra were collected on an In -  
s t ruments  S.A. Raman  spectrometer (Model HG-2S) 
which was coupled to s tandard pulse counting elec- 
tronics with analog recorder readout. Laser excita- 
tion at 5145A was polarized in  the plane of incidence 
and struck the sample surfaces at Brewster 's  angle. The 
polarization of the Raman scattered light was not ana-  
lyzed. The spectra slit width, count rate meter  t i m e  
constant, laser power, and monochromator  scan rate 
were held constant  at values of 8 cm - t ,  10 sec, 700 mW, 
and 10 cm-1/min ,  respectively. Analog spectra were 
subsequent ly  digitized at 2 cm -1 intervals.  Spectral in-  
tensities for the as-anodized (prior to thermal  reac- 
tion) wafers were normalized to the peak intensi ty  of 
the GaAs LO phonon at 291 cm -1. 

Methodology.--An " interrupted reaction" scheme was 
employed which involved sequential  steps of sample 
heating, cooling to room temperature,  and data ac- 
quisition. The samples were never  physically moved 
during repeti t ive sequences of these steps in order to 
avoid rea l ignment  errors. In  addition, the laser excita- 
tion was kept  off the sample dur ing the heating and 
cooling parts of the cycle since arsenic growth and its 
crystall ization could potent ial ly be affected by the local 
heating associated with absorption of laser l i gh t  dur ing 
continuous monitor ing of the reaction. At room temper-  
ature, the reaction rates were sufficiently slow that the 
local heating created dur ing data acquisition was not  
observed to effect any changes. Fur ther  obstacles to 
making measurements  at elevated temperatures  dur ing 
the reaction stemmed from background cell fluores- 
cence and strongly enhanced pIasma line scattering 
from the cell walls. 

The adoption of an " in terrupted reaction" sequence 
involves cumulat ive  errors in defining the reaction 
time. With the small  heat capacity of the copper block 
however, we were able to obtain the desired reaction 
temperature  within 3-4 min. After  a specified reaction 
time, the cartridge heater  power was abrup t ly  discon- 
tinued. The total cooldown times depended on the in i -  
tial cell temperature,  but  in all cases the copper block 
had dropped to 300~ or less within the first 3 min  
following power discontinuation. Compared to a typical 
reaction time scale of hours, the error introduced by the 
response t ime of the heating block was considered to be 
acceptably smalt. 

Results and Discussion 
Spectral data and structural aspects.--All data were 

ini t ia l ly acquired in analog form under  fixed ins t ru-  
menta l  conditions (see "Experimental"  for details).  A 
typical analog spectrum for as-anodized (100) GaAs 
wafer is shown in Fig. 2. In  addit ion to the p rominent  
first-order longi tudinal  and t ransverse optic mode 
(LO, TO) scattering from GaAs, weaker  two-phonon 

LO 

~ n n  
• i  RESOLUTION 

_ I I i / 

~ 0  ~ i s i TA+O, 2TA 

I I i '~ i i I I i 
500 400 300 ' 200 ~0o 

cm-I  

Fig. 2. Analog Raman spectrum of an as-anodized GaAs (100) 
wafer prior to thermal treatment. Data taken with 8 em -1  slits at 
a scan rate of 10 cm-1/min with a 10 sec time constant. Power at 
the sample was approximately 400 roW; asterisks denote laser 
plasma lines. 
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fea tures  associated wi th  the  subs t ra te  are  also ob-  
served. The two-phonon  bands (10) are  designated as 
over tone  (20) ,  longi tud ina l  and t ransverse  acoustic 
(LA, TA) ,  and combinat ion  (TA + O) modes where  
(O) refers  to the optic modes. Coupled LO-p lasmon  
(11, 12) modes  are  denoted  by  ~+ and ~ - .  Aster i sks  
ident i fy  laser  p lasma  lines. No bands expl ic i t ly  associ- 
a ted wi th  the  amorphous  oxide (13) film (~1000A) 
are  read i ly  apparent .  The Raman  spec t rum of amor -  
phous arsenic  (14, 15) is domina ted  by  a r e l a t ive ly  
featureless  broad  band which extends  f rom 180 to 280 
cm -1. Rhombohedra l  arsenic  shows Raman  peaks  (16, 
17) a t  195 and 257 cm -1, whereas  or thorhomic  arsenic 
(18) has its most  in tense modes located at ~222 and 
254 cm -z.  

In  o rde r  to separa te  the arsenic s ignal  f rom the 
GaAs subs t ra te  background,  the fol lowing analysis  p ro -  
cedure was employed.  The analog spec t ra  were  digi-  
t ized at  2 cm -1 in terva ls  and the Rayle igh  wing and 
background  components  were  f i t ted to a damped  
Lorentz ian  funct ion plus a constant  term. The low 
f requency p lasma  lines were  removed  in the  ini t ia l  
d igi t izat ion in o rder  to avoid dis tor t ing the fit to the 
Rayle igh  wing. The digi t ized vers ion of the analog 
spec t rum seen in  Fig. 2 is shown in Fig. 3 a long wi th  
the  Rayle igh  wing and background  (solid l ine) .  Sub-  
t rac t ion  of the l a t t e r  yields the d igi ta l  da ta  of Fig. 4. 
The  subs t ra te  LO, TO, and ~ -  modes were  then  fi t ted 
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Fig. 3�9 Digitized (2 cm - z  intervals) version of Fig�9 2 after re- 
moval of the 66 and 77 cm - I  plasma lines�9 The solid curve rep- 
resents the nonlinear least-squares fit used to remove the Rayleigh 
wing and background between 30 and 400 cm -z .  
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Fig. 4. Digital spectrum with the Rayleigh wing and background 

removed. The number of data points have been doubled using linear 
interpolation. The solid curve is the fit to the substrate LO and TO 
mode structure. 

300 400 

by an ana ly t ica l  funct ion consist ing of three  damped  
Lorentz ian  using a nonl inear  leas t  squares routine.  
Pr io r  to the  fit, a l inear  in te rpola t ion  rou t ine  was exe r -  
cised in o rder  to double  the number  of da ta  points. 
This a ided the fit to the wing which extends into the 
phonon combinat ion  (TA + O) mode region beyond  
~300 cm -1. Remova l  of the Ray le igh  wing, constant  
background,  and LO, TO, and ~ -  s t ructures  y ie lded  the 
shape of the subs t ra te  two-phonon  spec t rum for the  as-  
anodized wafer .  This is shown in Fig. 5. The smal l  
oscil lations observed be tween  240-280 cm -1 or iginate  
f rom curve-tZtting er rors  and were  subsequent ly  
smoothed.  The resul t ing  spec t rum represents  an in-  
tr insic s t ruc tu red  background  due to the subs t ra te  (Fig. 
6A). F igure  6(B-D)  shows the resul t ing  spec t ra  in  the 
100-280 cm -~ region of an anodized GaAs sample  af te r  
hea t ing  at  330~ for  (B) 7.5, (C) 20, and  (D) 29 hr  
respect ively.  These spect ra  r epresen t  the  two phonon 
background  of 6(A)  plus the Raman  scat ter ing f rom 
any  amorphous  arsenic formed dur ing heating.  

Spec t ra  for  the  arsenic genera ted  dur ing  the r eac -  
tions were  obta ined af ter  subt rac t ion  of the  as-anodized 
subst ra te  two-phonon  structure.  Represen ta t ive  da ta  
for react ion at  330~ are  presened  in Fig. 7. A spec-  
t rum for bulk  amorphous  arsenic g rown by  the rma l ly  
decomposing GaAs and condensing the evolved arsenic  
onto a 77 K coldfinger is also inc luded (bot tom) for 
comparison.  

The  sys temat ic  occurrence  of a r e l a t ive ly  sharp  peak  
imposed on al l  the a -a r sen ic  spect ra  (Fig. 7, A, B, C) 
is noted at  ,~233 cm -1. The in tens i ty  of this fea ture  is 
essent ia l ly  independen t  of e i ther  the react ion t ime or  
temperature �9  Its or igin is be l ieved  to be associated wi th  
a s l ight  b roadening  and shif t  of the subs t ra te  two-  
phonon background  which accompanies  the hea t ing  
process and is not  p rope r ly  accounted for  b y  using the 
as-anodized (unheated)  spect ra  for  base l ine sub t rac -  
tion. 

A second peak  at  ~200 cm -1 is also obvious on the 
a -arsen ic  band shape af ter  29 hr  of react ion at  330~ 
(Fig. 7C). The deve lopment  of this f ea tu re  in the re -  
acted sample  da ta  was observed to be t ime and t em-  
pe ra tu re  dependent  and was not  observed  in the  300 
and 315~ da ta  sets. Raman  scat ter ing  da ta  on a -a r sen ic  
by  Lannin  (14) and Nemanich  et al. (15) c lear ly  evi -  
dence a peak  in this region in thei r  samples  which were  
p repared  by  pro ly t ic  decomposi t ion of arsine. Lannin ' s  
(14) data  for spu t te r  deposi ted films do not  show it, 

nor  do ours for deposits  p r epa red  via  the rmal  decom- 
posi t ion of GaAs (see Fig. 8A).  

An unambiguous  explana t ion  of the evolut ion of the 
200 cm -1 fea tu re  observed in Fig. 7C is complicated by  
at least  two dist inct  types of s t ruc tura l  considerations.  
The first of these deals wi th  the impl ic i t  shor t - r ange  
o rde r  p resen t  in amorphous  arsenic. Bre i t l ing  (19) has 
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Fig. 5�9 Structure of the substrute two-phonon background in the 

region between 100 to 280 cm -1. The asterisk denotes a loser 
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Fig. 6. Raman scattering intensity in the 100-280 cm -1  region 
for interfacial reaction at 330~ Reactions times in hours are (A) 
0, (B) 7.5, (C) 20.0, and (D) 29.0. Oscillations in (A) between 235 
and 280 cm -1  have been smoothed. Asterisks denote laser plasma 
lines. 

observed that the radial  dis t r ibut ion functions obtained 
from evaporated and precipitated films of a-arsenic evi- 
dence dist inctly different values for the shortest in ter -  
layer  separations of 3.66 and 4.05A, respectively. The 
growth of the 200 cm -1 peak could be indicative of a 
t ransformat ion from one distinct in ter layer  separation 
to the other. Alternat ively,  crystall ization may  be oc- 
curr ing  to yield microcrystall i tes whose dimensions are 
small  compared to the wavelength of the phonon 
modes. This process is expected to lead to a breakdown 
of the momen tum selection rules in  Raman  scattering 
(20) and modify the bu lk  crystall ine band shapes. 
Documentat ion on such phenomena on well-defined 
samples is quite limited�9 The work of Keramidas  and 
White (21) on ZrO2 suggests that crystalli tes of very  
small  dimensions ( ~  3 0 A ) c a n  be detected by Raman 
scattering in  the form of bands significantly broader 
than  those expected for macroscopic crystals. As crys- 
tal l ization progresses, the bands sharpen and their  
peak intensities increase (21). More recently, Nemanich 
et aL (22, 23) reported Raman  scattering from thin 
films (50-60A) of polycrystal l ine Te and Ti. Broadening 
of the Eg mode of hexagonal  Ti was observed�9 In  the 
Te films, both the A1 and E- type  bands were slightly 
broadened compared with those observed for bulk  ma-  
terial. Thus, crystallites of Ti and Te in which at least 
one dimension is not greater than  60A give rise to 
Raman  spectra characteristic of macroscopic crystals. 
For  each si tuat ion described above, the particles are not 
isolated and strong intermotecular  interactions may  
produce results that differ significantly from those ex- 
pected for systems of small  s t ructura l ly  and chemically 
separated scatterers. Ruppin (24) has reported that, for 
such systems, well-defined surface modes may  be de- 
tectable and in fact the in tens i ty  of such modes are 
particle size dependent.  

Re turn ing  to the case of arsenic, the growth of a 
broad band n e a r  200 cm -1 dur ing  anneal ing  without  
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Fig. 7. The net Raman spectra for 330~ reaction after times of 
(A) 7.5, (B) 20.0, and (C) 29.0 hr following removal of the sub- 
strafe two-phonon structure. The bottom panel shows the band 
contour obtained from a bulk sample of a-arsenic using a simple 
linear background subtraction as shown in Fig. 8. 

observing the parallel  growth of an Al - type  band of 
crystall ine arsenic suggests that  the changes occurring 
do not  involve a crystal l ization process. Instead, a 
change in the in ter layer  separation is favored�9 To test 
this interpretat ion,  bulk  films of amorphous arsenic 
were examined. The as-deposited film (Fig. 8A) was 
essentially featureless except for the laser plasma l ine 
artifact at 266 cm -1. Annea l ing  this sample at a copper 
block tempera ture  of 220~ for 30 and 60 min  yielded 
the spectra shown in  Fig. 8B and 8C, respectively�9 One 
notes the growth of the 200 cm -1 spectral feature with 
essentially no evidence for the development  of a corre- 
sponding band  near  257 cm -1. On the contrary,  there 
appears to be a systematic decrease in  in tens i ty  in the 
higher frequency region of the band envelope with in-  
creasing anneai ing time. Although our conclusions at 
the present  t ime are quite speculative, we feel that  the 
bu lk  of the evidence favors a s t ructuraI  in ter layer  sep- 
arat ion change rather  than crystal l ine size effects�9 

Reaction rates Jot interracial arsenic ]ormation.--To 
obtain an estimate of the interracial  arsenic growth 
rate, graphical integrat ion of the a-arsenic in tensi ty  
was performed for each sample and plotted vs. re-  
action time. The results are seen in  Fig. 9. In  extract ing 
the integrated intensit ies the following two constraints 
were employed: (i) the a-arsenic band  shape was as- 
sumed to be featureless, and (it) the integrat ion limits 
were taken at 180 and 270 cm -1. The error introduced 
by neglecting the presence of the 200 cm -1 feature 
was approximately 10-15% in the worst case. 

The heterogeneous na ture  of the interracial  reaction 
is fur ther  complicated by  the presence of both diffu- 
sion and reaction barriers�9 In  the following description 
of the interfacial  a-arsenic  growth we will assume 
that the t i m e  and tempera ture  dependence are separ-  
able and of the empirical  form 
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Fig. 8. Spectral lineshape changes observed in bulk a-arsenic 

after thermal annealing at 220~ (A) as-deposited, (B) 30 rain 
annealing, and (C) 60 min annealing. 

NAS(t, T) ---- No':f(t) .exp(- -  E /kT)  [1] 

An at tempt  was made to obtain a nonl inear  least- 
squares fit to the functional  form No'tm'exp (--  E/kT) ,  
but  the fits obtained via this procedure always dis- 
played a high degree of correlation between the pa- 
rameters  No, m, and E. Consequently we have chosen 
to utilize only the ini t ial  regions of the growth curves 
in which f ( t )  is well  described as a l inear  function of 
time. Assuming the separabil i ty of the t ime and tem- 
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Fig. 9. Plot of the integrated a-arsenic intensity as a function 
of temperature and time. 

perature  variables appropriate to Eq. [1], one obtains 
the effective barr ier  energy E from the slope of a plot 
of loge (rate) vs. 1/% where the rate is the time deriv-  
ative of the growth curves presented in Fig. 9, This 
plot is shown in Fig. 10 along with error bars con- 
structed from estimated errors in  the integrated in-  
tensities and reaction temperatures.  The ma x imum 
possible deviations in  slope constrained by the re- 
qui rement  that  the lines intersect  the error bars of 
all data points were also constructed in order to ob- 
ta in  upper  and lower limits to the barr ier  energy E. In  
the l imited temperature  in terval  between 300~176 
we obtain a barr ier  energy E = 46 +_ 9/14 kcal per 
mole of arsenic atoms. Extension of the interfacial  re- 
action data to higher temperatures  is complicated by 
the onset of rapid crystall ization and concomitant  
change in  arsenic lineshapes. At lower temperatures  
the interracial  reaction is prohibi t ively slow. 

In  order to complete the description of interfacial  
arsenic growth via Eq. [1], it is necessary to convert 
the integrated intensit ies into some measure of equiv-  
alent  thickness of amorphous arsenic. An estimate of 
this thickness is provided by moni tor ing the progres- 
sive a t tenuat ion of the GaAs LO intensi ty  by an ab-  
sorbing layer of thickness t and absorption coefficient 
~. Two implicit  assumptions l imit  the accuracy of this 
technique. First  of all, the a-arsenic layer is assumed 
to be continuous and of un i form thickness with an 
absorption coefficient ~ equal to that found in  bulk  
(25) amorphous films. Secondly, reflectivity losses in-  
curred at the oxide/a-arsenic  interface are difficult to 
assess and have been neglected. With the constraints 
of these assumptions, analysis of the data suggests that 
a uniform 8A layer is equivalent  to ,~25 intensi ty  units  
in  Fig. 9. The uncer ta in ty  in  this conversion is high 
however;  we conservatively estimate that  the absolute 
value of the 8A figure may be in error  by 100%. 

Assuming a density of 4.7 g /cm ~ for a-arsenic, an 
8A X 1 cm 2 volume would contain ,~3 X 10 t5 arsenic 
atoms. Since the laser beam spot size is not accurately 
known, we have chosen to express NAs(t, T) in units 
of a toms/cm ~ implying a finite depth of accrued arsenic. 
With in  the tempera ture  range 300~176 and for 
times sufficiently short that only a-arsenic is observed, 
we obtain an interracial  growth function given by  

NAs(t, T) : 1028"t'exp( - 2.3 X 104/T) a toms/cm 2 [2] 

It should also be noted that this growth function is 
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Fig. 10. Plot of the log of growth rote vs. inverse temperature. 
The solid line was fit by linear regression, the dashed lines rep- 
resent upper and lower slope limits ,nder the constraint that the 
error bars must be intersected. 
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probably specific to anodic oxide/GaAs interfaces and 
may be different for films produced by rf  or d-c plasma 
anodization. 

Summary 
Structural  and growth rate  aspects of interracial 

arsenic accumulation have been studied in thermally 
treated anodic films on GaAs. The initial stages of the 
interracial reaction between As203 and the substrate 
yield deposits of amorphous arsenic in the reaction 
temperature range 300~176 There is some evidence 
that more than one amorphous structure is observed. 
The growth of this amorphous arsenic is characterized 
by the equation 

NAs(t, T) = 1O2S.t.exp(-- 2.3 X 104/T) atoms/cm 2 

where t is in seconds and T in degrees Kelvin. 

Manuscript submitted June 11, 1980; revised manu- 
script received Sept. 5, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December I981 
JOuaNgL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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An AES/XPS Study of the Chemistry of 
Palladium on Hydrogenated Amorphous Silicon 

Schottky Barrier Solar Cells 
J. H. Thomas Ill* and D. E. Carlson 

RCA Laboratories, David Sarnol~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

Thin layers of palladium (~100k thick) on hydrogenated amorphous sili- 
con have been used as diodes and photovoltaic devices (solar cells). Auger 
electron spectroscopy (AES) and x - ray  photoelectron spectroscopy (XPS) 
in conjunction with ion-milling were used to characterize the interface region. 
At the interface, a thin oxide layer is observed along with possible palladium 
silicides. Palladium and palladium silicides extend well into the silicon sub- 
strate. Palladium silicide is due in part to ion-mixing. Heating device struc- 
tures in D20 caused considerable electrical degradation. Data indicate that 
the degradation is due to oxide formation at the Pd/a-Si:H interface. 

Both Pt and Pd contacts have been used to form 
Schottky barriers on hydrogenated amorphous silicon 
(a-Si :H)  (1). A recent study has shown that P t /  
a-Si: H Schottky barriers exhibit  degradation when ex- 
posed to water vapor (2). In the present investigation 
Auger electron and x - ray  photoelectron spectroscopy 
were used to study Pd/a-Si :  H junctions as formed and 
also after heat- t reatments  at 80~ for three weeks 
either in vacuum or in DeO vapor. The junctions 
stored at 80~ in D20 vapor exhibited significant 

�9 Electrochemical Society Active Member. 
Key words: ESCA, Auger, Schottky diodes, interfaces. 

degradation compared to unaged junctions or those 
heat- t reated in vacuum (1, 3). The goal of this study 
was to determine the junction chemistry and to see 
if any measurable difference is observed for samples 
treated in different ambients. 

Experimental 
Three samples of pal ladium (,-~100A thick) evap- 

orated on glow-discharge-deposited a -S i :H  were fab- 
ricated. The a -S i :H was deposited in a d-c proximity 
glow discharge in SiH4 at a substrate temperature of  
~-300~ The discharge pressure was ,~0.7 Torr and the 
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flow rate was ,,~90 sccm. The hydrogen concentrat ion in 
the a -S i l l  was ,~20 atomic percent  (a/o)  (3). One 
device was aged at 80~ in  a rough vacuum of ~-10 
milliTorr.  A second device was stored at 80~ in satu-  
rated D20 vapor at approximately  atmospheric pres-  
sure. The third device was an  unaged control sample. 
The samples were subsequent ly  electrically tested and 
subjected to surface analysis. 

Elemental /chemical  analysis w a s  performed in  a 
Physical Electronics Industr ies  ESCA/Auger  system. 
Auger electron spectra were excited wi th  an electron 
beam energy of 3 keV at 10 ~A. A 3V peak- to-peak  
modulat ion was applied to the double pass cylindrical  
mirror  analyzer  (DPCMA) operat ing in  a nonre ta rd-  
ing mode. The nar row slit was used in  obta ining the 
Auger  spectra. X - r a y  photoelectron (or ESCA) spectra 
were excited with an achromatic magnes ium K~ x - ray  
source operated at 10 keV and 30 mA (300W). The 
DPCMA was operated in a re tarding potential  mode 
with the large slit. Survey and high resolution spectra 
were obtained at pass energies of 200 and 25 eV, re -  
spectively. Photoelectron pulse currents  from the elec- 
t ron mul t ip l ier  were detected and amplified with a 
Pr inceton Applied Research Model 1120 amplif ier /dis-  
criminator.  Data acquisition, display, a n d  replott ing 
were accomplished through the use of a computer-  
controlled data-acquisi t ion system based on a Hewlet t -  
Packard Model 1000 minicomputer  and appropriate 
software.~ Binding energies were in te rna l ly  referenced 
to the silicon 2p core photoelectron l ine due to ele- 
menta l  silicon at 99.40 eV (4). Curve deconvolution 
was accomplished with a gaussian curve-fi t t ing pro- 
gram. Depth profiling for AES and XPS measurements  
was done with a Physical Electronics Industr ies ion 
gun (Model 20-045) operated at 1 keV at 20 mA, de- 
focused slightly, in 5 • 10 ~5 Torr  of xenon. The sput-  
ter rate for SiO2 was ,~2 A/min .  Xenon was used be-  
cause of its small  penetra t ion depth (range) at 1 keV 
(~7A)  (5). 

AES Results 

The three samples were depth profiled. Auger  spectra 
were measured in sputter  t ime increments  of ,~2 min. 
The pal ladium MNN, carbon KLL, oxygen KLL, and 
silicon LVV Auger  lines were tracked through the 
pal ladium film and well into the amorphous silicon 
substrate. Electrons emitted in the energy range be- 
low 500 eV, which includes all the transit ions mea-  
sured, have escape depths of less than 10A (6). Ele- 
menta l  concentrations were obtained from the peak- 
to-peak derivat ive signal ampli tudes using the sensi- 
t ivity factors from Davis et al. (7). The concentrations 
at each point  were normalized to 100%. The elemental  
depth profile for the unaged sample was identical to 
the profile of the 80~ vacuum-aged sample and is 
not shown for brevity. 

Figure 1A and B show the depth profiles for the 
vacuum-  and D20-aged P d / a - S i : H  samples. A sig- 
nificant amount  of carbon is observed in the evap- 
orated pa l lad ium layers of the vacuum-aged  sample. 
Carbon on the immediate  surface is contamination,  
probably  from the ambient  of the Vacuum oven. Oxy- 
gen is observed at the Pd-Si  interface of both samples. 
This is par t ly  a nat ive oxide that grew on the a -S i :H  
surface prior to metallization. The peak oxygen concen- 
trat ion in  the vacuum-aged sample (~2  a/o) is less 
than in the D20-aged sample (--~10 a/o) .  Pa l lad ium is 
observed in a -S i :H  to a depth of greater  than 50A in 
both samples. The concentrat ion is estimated as 4 a/o 
at this depth, in  agreement  with SIMS studies of 
similar films (2). The interface region is diffused in 
the three samples which may be in par t  due to ion 
mixing  effects and crater formation dur ing sputtering. 
An accurate measure of the interface width cannot be 
obtained from these data since the sputter  rate of 
pal ladium is ,-,5• that  of silicon. Qualitatively, the 
interface region of the three samples is similar. 

T h e  bas ic  d a t a  acquis i t ion s y s t e m  was  d e s i g n e d  b y  J. R. Wool-  
s t on  and S. H. McFarlane.  
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Fig. 1. (A) AES depth profile for the vacuum-aged Pd/a-Si:H 
device (80cC/3 weeks). (B) AES depth profile for the I~O-aged 
Pd/a-Si:H device (80~C/3 weeks). The sputter rate of Si ~ 2 A /  
min and Pd ~-~ 10 .A./min. Surface 0 on (A) is ,-,,,10% (not shown). 

XPS Results 
Survey spectra (Fig. 2) were measured at most of 

the sputter  times for which the Auger  depth profile w a s  
measured. Elemental  concentrations as a funct ion of 
sputter  time (depth) were calculated from the core 
photoelectron peak ampli tudes and theoretical photo- 
ionization cross sections for Mg K~ radiat ion (1253.8 
eV) (8, 9). The general  features of the AES depth 
profile are also observed in the XPS depth profiles for 
palladium, carbon, and silicon. The elemental  concen- 
trat ion in each sample is quant i ta t ively  close to the 
concentrat ion computed in the Auger depth profile and 
will be used later  in computing bond concentrations. 

High resolution spectra of the pal ladium 3d8/2,5/2 and 
silicon 2p photoelectron lines were obtained at a few 
points near the surface and i n  the interfacial  region. 
E igure 2 shows a typical survey spectrum with insets 
of the Pd 3d3/2,5/2 and Si 2p lines. The high resolution 
spectra were obtained in an MCS (mul t ichannel  scal- 
ing) mode: 1 second/channel ,  and 30 scans. The sec- 
ondary electron background was subtracted from the 
Si 2p and Pd 3d spectra, using Shirley's  i terative 
method (10). 

Structure,  as indicated by the arrows, is observed 
o n t h e  high binding energy side of the Pd 3d and Si 2p 
lines (shown in the insets).  The O ls line is obscured 
by the pal ladium 3p~/2 line. An approximation of the 
oxygen line ampli tude can be obtained by subtract ing 
the estimated 3p3/2 ampli tude from the total measured 
ampli tude at 530 eV since the ratio of the Pd 3p~/2 to 
3p3/2 intensi ty  is constant. Separat ion of the Pd 3p3/2 
and O lsl/2 using the gaussian curve-fi t t ing procedure 
was not attempted. 

The Pd 3d and Si 2p lines were fitted with gaussian 
curves at sputter  times of 3, 10, 13, 21, 25, and 30 rain. 
The silicon 2p spectrum was fitted with a m i n i m u m  of 
three peaks to adequately fit the spectra. Elemental  
silicon referenced to the Au 4f7/2 l ine occurs at 99.4 eV 
with an FWHM of 1.45 eV in this XPS system. There-  
fore, the binding energy scale has been shifted slightly 
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The gaussian fit to the  Pd 3d l ines was poor due 
to l ine a s y m m e t r y  (11). This a s y m m e t r y  which  is about  
10% of the  3d l ine area  requi res  an addi t ional  gaussian 
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Fig. 3. (A) High resolution spectrum of the Si 2p region for the 
I~O-aged sample sputtered 11 min. The gaussian fitted com- 
ponents are shown. (B) The same as Fig. 3(A) for the Pd 3d~1~,5/2 
region. 

Fig. 2. Survey spectrum for 
vacuum-aged Pd/a-Si:H sput- 
tered 1! rain. 

peak on the  high energy  side of the  3d~/2.5/~ lines which 
can be subsequent ly  "subt rac ted"  f rom the spectrum. 
The Pd 3d5/2 l ine consists of two gaussian components  
a t  335.4 + 0.1 eV and 336.8 _ 0.1 eV which  v a r y  in 
ampl i tude  wi th  sput te r  t ime. Thei r  ful l  widths  at  hal f  
"maximum (FWHM) are  1.35 and 1.5 • 0.05 eV, re -  
spectively.  A typica l  gaussian fi t ted spec t rum is shown 
in Fig. 3B. 

The vacuum-aged  sample  is not  s ignif icant ly different  
f rom the D2Ooaged sample.  However ,  the cont r ibut ion  
of the  100.6 and 103.0 eV peaks  re la t ive  to the 99.4 eV 
peak  are  somewhat  g rea te r  in  the  D20-aged  sample.  
F igures  4A and 4B show the Pd 3d~/2.5/2 and Si 2p 
spec t ra  for  the vacuum-aged  samples  as a funct ion of 
spu t te r  t ime (or  dep th ) .  As the  spu t te r  t ime is in-  
creased, the  contr ibut ion  of the 103.0 eV peak decreases 
whi le  e lementa l  silicon increases.  The contr ibut ion  of 
the Pd 336.8 eV peak,  re la t ive  to the  335.4 eV peak,  
increases wi th  dep th  into the sil icon substrate .  Only  a 
few of the Si and Pd spec t ra  were  p lo t ted  to demon-  
s t ra te  the t rends  observed.  Al l  the spec t ra  p lo t ted  are  
shown wi th  the secondary  e lec t ron  background  re -  
moved. The ver t ica l  scale (N(E)/E) of the  sil icon 
spec t ra  is 1/4 that  of the  pa l lad ium.  

Interpretation of XPS Peak Positions 
The pa l l ad ium 3d5/~ consists of two component  

gaussian peaks,  335.4 and 336.8 eV. A s imi la r  set of 
peaks  are  observed  at  the 3/2 spin  double t  but  wi l l  not  
be  discussed. The peak  at  335.4 eV is due to e lementa l  
pa l l ad ium (Pd E) and is in good ag reemen t  wi th  Bar f ' s  
resul ts  (12). The peak  at  336.8 eV is close to 336.9 eV 
for Pd  in  PdO (12). However ,  f rom the AES results,  
<10 a /o  of oxygen is p resen t  in the in ter face  region. 
At  the  interface,  (~10 rain sput te r  t ime)  both samples  
consist of about  50 a /o  Pd of which equal  amounts  a re  
at  335.4 and 336.8 eV. Therefore ,  the  336.8 eV peak  
cannot  be a t t r ibu ted  only to PdO. Some valence effects 
are  observed in UPS studies of PdHx (13). However ,  
i t  is un l ike ly  tha t  the 3d s ta te  of Pd  would  be shif ted 
by  1.4 eV due to the presence of hydrogen  bonding.  
Therefore,  we can conclude tha t  the  336.8 eV peak  is 
due to Pd in si l icide form (Pd B) and PdO. 

The sil icon 2p spec t rum is reso lved  into th ree  compo-  
nent  gaussian peaks  at 99.4, 100.6, and  103.0 eV. The 
99.4 eV peak  has been a t t r i bu ted  to e lementa l  sil icon 
(St E) (4, 14). The 100.6 eV peak  and a por t ion of the 
103.0 eV peak  appea r  to be  associa ted  wi th  sil icon in  
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silicide form (15). Since oxygen is observed at the in-  
terface, these peaks are also related to nonstoichiome- 
tric silicon oxides which correspond to Si203 and Si20, 
respectively, in Raider and Flitsch's analysis (16). The 
broadened Si 2p l ine (FWHM = 1.45 eV) may indicate 
the presence of substant ia l  hydrogen bonding in the 
material.  For simplicity, it is assumed that the 103 eV 
Si 2p peak is Si B and the 336.8 eV Pd 3d5/2 peak is 
Pd B. The remain ing  Si 2p peak at 100.6 eV is termed 
intermediate  (SP).  

In tegra t ing  the gaussian components of the pal ladium 
and silicon spectra, the relat ive percentages of pal la-  
d ium and silicon in elemental  and bound states are 
determined. Applying these  percentages to the actual 
total pa l ladium and silicon atom concentrat ion as a 
function of sput ter  time (or depth),  depth profiles of 
the bond state concentrat ion of Si and Pd are ob- 
tained. These data are plotted in  Fig. 5 and 6 for 
both samples as a funct ion of sputter  time. It  is in -  
teresting to note that  the curves due to the Pd B and 
Si B appear to track with depth between 10 and 20 
rain sputter  time. The Si I concentrat ion is observed 
well into the silicon substrate  mater ial  as is the Pd B. 
Pd E is also observed well into the substrate (as also 
observed by  SIMS). The Si B peak at 103 eV is not ob- 
served at  these depths. The ratio of Pd E to Pd B re-  
mains N l : 4  to a sputter  time of 35 min. Obviously, a 
stoichiometric pal ladium silicide is not formed. The 
silicide stoichiometry appears to continuously change 
with depth through the interface into the hydrogenated 
amorphous silicon substrate. The oxygen concentrat ion 
after a sput ter  t ime of 35 rain is ,~0.2 a/o and appears 
to be chemically associated with the silicon (the Pd B 
at that depth is associated with a silicide). 

It  has been implici t ly implied that  silicide is formed 
dur ing the device fabrication or thermal  aging process. 
However, the depth profiles were obtained by  ion 
sput ter ing using 1 keV Xe +. Ion mixing effects are 
severe for Pd on Si and silicides of pal ladium are 

readi ly formed at low ion doses and energies (17, 18). 
Therefore, the observed pal ladium in  silicide form 
(Pd B) may have formed as a result  of sput ter ing and 
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Fig. 5. Bond concentration profile of elemental and bound (A)  
Pd and (B) Si for the vacuum-aged sample. 
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Pd and (B) Si for the D20-aged sample. 

subsequent  ion-mixing.  Using a simple model (see Ap-  
pendix)  which incorporates ion-mix ing  phenomena,  a 
constant  ratio, pdE/pd  B, is predicted for long sputter  
times. SIMS data show a l inear  pal ladium gradient  on 
log-l inear  coordinates (3, 19) that  is, an exponent ial  
gradient. From the gradient  of these data, the ratio, 
pdE/pd  B, is found to be near  1:4. Therefore, the sili- 
cide observed away from the in terface  is created by 
ion-mix ing  and all the observed pal ladium is quali-  
ta t ively elemental  palladium. 

Conclusions 
This s tudy has shown that  pal ladium interdiffuses 

with hydrogenated silicon at re la t ively low tempera-  
tures to form a diffuse junct ion  containing both oxides 
and possible silicides. Auger depth profiles show pal-  
lad ium and oxygen extending into the silicon substrate 
and are in  good quali tat ive agreement  with SIMS anal-  
ysis of similar  samples (3). Low tempera ture  diffusion 
of pal ladium into single crystal silicon has been re-  
ported by Thomas and Terry  (20), and the formation 
of Pd2Si has been reported by KSster et al. (21) for 
Pd in  contact with evaporated amorphous silicon at 
room temperature.  The oxygen concentrat ion is ob- 
served to broadly  peak in the interface region between 
Pd and Si and is s imilar  to the results of Pd on crys- 
tal l ine silicon (22). The shape of the peak oxygen dis- 
t r ibu t ion  may be qual i ta t ively explained by ion-mix ing  
phenomena and a considerably larger oxygen peak 
content  may be present  (24). However, the tail into 
the silicon appears to be real and not an ion-mixing  
artifact. This is in agreement  with SIMS results (3). 
Thermal  aging of P d / a - S i : H  samples in D20 vapor 
causes an increase in  oxygen concentrat ion ( ~ 5 X )  at 
the interface between the pal ladium and silicon relat ive 
to that observed in the vacuum-heated  sample. There-  
fore, oxygen or D20 diffuses through the pal ladium 
layer  to the interface. SIMS (3) also indicates that  
deuter ium (probably as D20) (2) diffuses through Pd. 

XPS bond concentrat ion profiles reveal that a t ransi-  
tion region (interface),  of about  30A thick, exists. In 
this region, the pa l lad ium is observed to change from 

a predominate ly  elemental  to the bound state. The 
bound pal ladium has tenta t ively  been associated with 
oxide and ion- induced silicide. Also, in the t ransi t ion 
region, silicon is observed in  two bonding states be-  
lieved to be associated in  par t  with the existence of 
silicides (15). However, due to the small  bu t  measur-  
able amount  of oxygen extending well  into the sub-  
strate, these states are also associated With suboxides 
of silicon (16). 

Both the vacuum-  and D~O-aged Pd /a -S i :  H samples 
have an interracial  layer  of what  appears to be in  part 
a silicide in termixed with silicon suboxides, between 
20 and 100A in  extent,  depending upon the sputter 
rate used in  the computation. Bound pal ladium,  and 
silicon are observed to peak in this region (Fig. 5 and 
6). In  comparing the vacuum-aged  sample with the 
D20-aged sample, approximately 2X more pal ladium 
is associated with silicide in  the former. The bond con-  
centration of the Si 103 eV peak~is greater  in  the D20- 
aged sample due to the increased number  of Si-O 
bonds and is in  agreement  with the Auger results of 
this study. The bond concentrat ion of the Si 100.6 eV 
peak ( intermediate)  is about the same in  each sample 
due to Si-O and Pd-Si  bonding.  The only significant 
difference as measured by XPS between the two sam- 
ples is the Si-O bond concentration. 

Diodes fabricated with pal ladium on a -S i :H  exhibi t  
good electrical characterist ics (1) with an oxide layer  
at the interface. However, storing Pd/a-Si :  H junct ions 
at  80~ in  D20 causes the photovoltaic conversion effi- 
c iency to fall by a factor of ~5  as compared to vac- 
uum-aged  devices (3). This degradation is probably  
caused by the presence of ~ 5 •  more oxygen at the 
interface of the D20-aged samplel 

Manuscript  submit ted June  24, 1980; revised m a n u -  
script received Aug. 27, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication cO~ts of this article were assisted by RCA 
Laboratories. 

APPENDIX 
Using SIMS depth profile data which indicates that 

pal ladium in a-S i: H varies exponent ia l ly  with depth, 
x, into the a -S i :H  layer  and that  ion-mixing  creates a 
uni form concentrat ion Pd~Si region in the ion depth 
range, w, a simple expression for the XPS peak area 
ratio can be obtained. The usual  expression for peak 
area which is given by  (23) 

dIi :- ni r K (Ek) exp (--  x/~) dx 

where Ii : intensity,  ni ---: atom density of i, ~i = 
photoionization cross section, ~. = electron escape 
depth, Ek : kinetic energy of electrons, and K(Ek) -- 
spectrometer t ransmission X geometry X detector ef- 
ficiency. 

To compute the intensi ty  ratio of unbound  to bound 
pal ladium over the sample depth range, it is assumed 
that ni cc exp(--X/Xo) at x > w and ni : 0 at 0 - - x  
-~ w. The amount  of bound pal ladium is assumed con- 
stant  at 0 ~-- x ~ w and zero at x > w. Xo is assumed 
as a pa rame te r  and will  not be defined now. Two 
equations can be wr i t ten  for unbound  and bound pal-  
ladium, that  is 

s 
I P d  E -~ TEpd~ O'p d K exp ( - -  x/~)  exp ( -- x /xo)  dx  

and 

s iVPd B = XoNpd ~ ~I'a K exp ( - -  x/h)  

[1 -- exp (--  w/xo)]  d x / w  

where the average pal ladium concentrat ion in  0 - -  x 
w is given by (1 -- e x p ( - -  W/Xo)) X N~ The 

above expressions are easily evaluated and the ratio 
IPdE/IPd B --~ F.  
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F -1 = exp w {[1 -- exp ( - -  W/Xo)] 
Xo 

[1  - -  e x p ( - -  w/~)]}  (Xo + X)/w 

F was evaluated on an HP-1000 using a simple For t ran  
IV program as a funct ion of w/k for various values o.f 
Xo and w. These data are not shown for brevity. How- 
ever, if real  numbers  are subst i tuted for ~, Xo, and w 
(25, 500, and 15A, respectively),  F is found to be near  
1/4. This calculation is very  "model sensitive, '  and is 
in tended to show, semi-quant i ta t ively ,  how ion-mixing  
affects the measured Xr 'S spectra. More detailed in -  
vestigations are being performed in  our laboratory. 
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A New Technique for Antimony Diffusion 
into Silicon 

M. Nanba 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

A new technique using auxiliary silicon wafers lapped with Al2Os powder 
has been developed for Sb diffusion into silicon. Diffusion wafers are set face 
to face with those wafers in an open-tube system with Sb203 as the dopant 
source. This technique can easily attain a carrier concentration as high as the 
solid solubility of Sb in silicon without surface defects such as surface ero- 
sion. Carrier concentration is controlled by changing the distance be- 
tween the diffusion and auxiliary wafers. In addition, it is confirmed that 
higher diffused areas on the diffusion wafers correspond to the lapped areas 
of the auxiliary wafers. 

In  bipolar IC fabricat ion technology, Sb buried layers 
are more effective than As buried layers for lowering 
the autodoping from the bur ied layer dur ing epitaxial  
growth (1). However, two problems remain  in  conven- 
tional Sb diffusion with Sb203 source. One is surface 
defects such as surface erosion (2, 3), which hinders 
normal  epitaxial  growth. The other is the difficulty in 
obtaining high carrier concentrations at the surface of 
the diffused layer  (4). Although SbC13 and Sb (C2tI50) 
have been proposed as dopant sources to avoid the 
former problem, the lat ter  problem has not been re- 
solved (5, 6). 

T h i s  work presents a new Sb diffusion technique 
which avoids both the problems described above. This 
new diffusion system consists of an open- tube furnace 
for use with Sb203 and auxi l iary silicon wafers lapped 
with A1203 powder which are set face to face with the 
diffusion silicon wafers. The strong point of this tech- 
nique is its ut i l izat ion of auxi l iary  silicon wafers. 

The diffusion silicon wafers employed in this study 
w e r e  CZ, (100) oriented, p-type, and 10-30 ~ - c m  

Key words:  silicon, Sb diffusion, Sb2Oa, auxiliary wafer, AhOa. 

wafers. The front surface of the diffusion wafer  w a s  
damage-free mirror  polished, and the back was chemi- 
cally etched. Both surfaces of the auxi l iary  silicon 
wafers were polished with No. 1200-1500 grit  A1203 
powder. Before setting in a holder, these auxi l iary  
wafers were thermal ly  oxidized in wet oxygen atmo- 
sphere (02 bubbled through 90~ H20) to prevent  
the diffusion wafers from outdiffusion of A1208. Since 
the sheet resistance (ps) of the diffusion wafer de- 
pended on the number  of uses of the auxi l ia ry  wafer, 
the wafer was changed every experiment.  

Figure  1 shows a schematic representat ion of the 
present  diffusion system. Dry ni t rogen was used as 
the carrier  gas. In  the first zone of the furnace shown 
in this figure, the Sb203 source was held in  a p la t inum 
boat and heated to 750~ In  the second zone, the dif- 
fusion and auxi l iary  wafers were held on a fused silica 
holder at 1200~ The front  surface of the diffusion 
wafer (s) was set face to face with the auxi l iary  wafer. 
The distance between the diffusion and auxi l iary  
wafers (d) was varied from 2 to 24 mm to investigate 
the influence of this distance on concentrat ion profile. 
Concentrat ion profiles of Sb were obtained by the 
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1 st 2 nd 

f Diffusion waf:r s 
N2 ; (N2+Sb203~ ~[r~~- ] 

~SI:~3 powder h~ld~ 
// L 'dq ~-'\Auxilia'r, wafer Pt boat 

Fig. 1. Schematic design of the experimental apparatus. The 
marks �9 and d denote the front surface of the diffusion wafer and 
the distance between the diffusion and auxiliary wafers, respec- 
tively. 

differential conductivi ty method (7) as well  as Ruther-  
ford backscattering method. Surface erosion density 
was evaluated from optical microscopy. The sheet re- 
sistance (#s) homogeneity map on a diffusion wafer 
was measured by a ful ly automated four-point  probe. 

The carrier  concentrat ion profiles obtained by the 
present  and convent ional  techniques are shown in  Fig. 
2. Although the diffusion conditions of the present  tech- 
nique are quite s imilar  to those of the conventional  one, 
the concentrat ion obtained by our technique is about 3 
times as high as that  by  the conventional  technique. 
Moreover, it should be noted that  the surface concen- 
t rat ion obtained by our technique is equal to the solid 
solubil i ty (6 • 1019 cm -8) (8), which is the highest 
concentrat ion in  the reported values at 1200~ (4, 
9, 10). 

In  this figure, a plot of the er ror  funct ion comple- 
men t  (erfc) is also shown for comparison with the ex-  
per imenta l  data. Since the profile obtained by the con- 
vent ional  technique roughly  fits the erfc, it is possible 
to est imate the effective diffusion coefficient (2.6 X 
10 -13 cm2/sec), which agrees with that  reported by 
Ful ler  et al. (9). On the other hand, the profile ob- 
tained by the present  technique differs from the erfc. 
This suggests that the Sb diffusion coefficient depends 
on the surface concentration, as do phosphorus and 
boron (7, 11, 12). 

When the #s of the diffusion layer  was 40 I~/D, the 
surface defect density in  the wafer diffused by our tech- 
nique was about 1 cm -2, while that  by the conventional  
one was about  10 cm -2. Therefore, this technique is 
more useful  than  the convent ional  one in  practical  use. 

Figure 3 shows the dependence of the carrier  con- 
centrat ion on the distance (d). The surface concen- 
trations are 6.0, 5.0, 4.0, 2.7, and 2.2 • 10 TM cm - s  for d 
of 2, 4, 8, 16, and 24 ram, respectively. It  is evident  that  
the surface concentrat ion can be controlled b y  chang- 
ing the d. The effect of the auxi l iary  wafer becomes 
weak as the d increases. Then  the carrier  profile at the 
d of 24 mm is equal to that  obtained by the conven-  
tional technique as known in Fig. 2. These results indi -  
cate that  the auxi l iary  wafers play an impor tan t  role 
on the Sb diffusion. 

The reciprocal of the sheet resistance (1/ps), i.e., 
sheet conductance (~s), corresponds to the net  carrier 
dis t r ibut ion in  the diffusion wafer. The ~s of the profiles 
shown in  Fig. 3 are 42.5; 33.3, 24.2 16.5, and 12.1 mV for 
d of 2, 4, 8, 16, and 24 mm, respectively. 

Here we wil l  define Cs p and ~c as the sheet conduct- 
ance obtained by the present  and convent ional  tech- 
niques, respectively. Therefore, the value (r p -- Cs c) 
can be considered to reveal the effect on the Sb diffu- 
sion obtained by the present  technique. The (r -- Cs c) 
are 30.4, 21.2, 12.1 and 4.4 mV for d of 2, 4, 8, and 16 
ram, respectively. 
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Fig. 2. Carrier concentration profiles obtained by the present Fig. 3. Dependence of the carrier concentration on the distance 
( 0 )  and conventional techniques ( � 9  between the diffusion and auxiliary wafers (d). 
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100 

A 

1 
o 24 

D i s t a n c e  (d) ( m m )  

Fig. 4. The (~s p - -  ~rsc) vs. the distance between the diffusion 
and auxiliary wafers (d). The ~s p and ~s c show the sheet con- 
ductance obtained by the present and conventional techniques. 

Figu re  4 shows the re la t ion  be tween  the (~s p - -  as c) 
and the d. This re la t ion  is represen ted  b y  

(o%P -- ~s c) = ~so exp - -  [11 

where  ~so is 43 mV and ;~ is 6.8 ram. F rom Eq. [1], i t  is 
eas i ly  seen tha t  the  smal le r  dis tance (d) is, the l a rge r  
(o%p- ~s c) is. 

Figures  5 ( a ) - ( c )  a re  surface photographs  of the 
aux i l i a ry  wafers.  Areas  m a r k e d  by  M and L denote 
the  m i r r o r  and  l apped  surfaces, respect ively.  F ig-  
ures  5 ( d ) -  (f)  a re  the  ps homogenei ty  maps  of the  d i f -  
fusion wafers  obta ined  af te r  Sb diffusion using the 
aux i l i a ry  wafers  shown in Fig. 5 ( a ) - ( c ) ,  respect ively.  
This resul t  shows tha t  the  areas  of the  lower  ps on the 
diffusion wafers  agree  wi th  the lapped  areas  of the 
aux i l i a ry  wafers.  

These resul ts  look as if some diffusant is emi t ted  
f rom the surface of the  aux i l i a ry  wafers.  The diffusant 
is es t imated  to be  the dopant  source (Sb~Os) or  the 
abras ives  (A120~). Therefore  the  Sb and A1 contents in  
the  Sb glass l aye r  g rown on the diffusion wafer  should 
be  analyzed.  F u r t h e r  inves t igat ion is needed. 

F igures  6(a)  and (b) show 330 keV 4He+ Ruther fo rd  
backsca t te r ing  spect ra  for the  diffusion wafer  wi th  and 
wi thout  glass layer ,  respect ively.  The yield of Sb in a 
glass l aye r  obta ined by  the presen t  technique is about  
10% tha t  by  the convent ional  one. On the o ther  hand, 

the yie ld  of Sb in silicon obta ined  by  the fo rmer  tech-  
nique is h igher  than  tha t  by  the lat ter .  This resu l t  is 
curious. 

However ,  i t  should be noted that  the  spec t rum in 
glass l aye r  measured  b y  Ruther ford  backsca t te r ing  is 
ma in ly  due to Sb20~, which is the ma in  component  in 
the l aye r  (9). Since i t  is implaus ib le  tha t  Sb20~ dif-  
fuses into sil icon (9), the  con t r ibu tory  diffusant is 
not  Sb208, bu t  e lementa l  Sb. Thus, i t  is concluded that  
the  Sb diffusion is not  s imply  governed by  the Sb2Os 
concentra t ion in the glass layer ,  i f  one al lows the above 
in te rpre ta t ion ,  the  resul ts  of Ru the r fo rd  backsca t te r ing  
is not  con t ra ry  to the car r ie r  concentra t ion profiles in 
Fig. 2 and 3. 

F r o m  the poin t  of v iew descr ibed  above, i t  can be 
considered that  the  car r ie r  concentra t ion in sil icon de-  
pends s t rongly  on the diffusant concentra t ion at  the 
glass-si l icon interface.  In this case, i t  is reasonable  to 
consider  tha t  the concentra t ion  of e lementa l  Sb ob-  
ta ined  wi th  the presen t  technique is h igher  than  tha t  
obta ined wi th  the  convent ional  one a t  the interface be-  
cause the ca r r i e r  concentra t ion in silicon obta ined wi th  
the former  technique is h igher  than  tha t  wi th  the l a t -  
ter  one, as seen in Fig. 2 and 3. 

Al though this increase in the concentra t ion of e le-  
menta l  Sb at  the in terface  is c lear ly  ascr ibable  to the 
aux i l i a ry  wafer ,  i t  is not  easy to expla in  this  mech-  
anism, nor  the role of the aux i l i a ry  wafer,  at  present .  
F u r t h e r  invest igat ion is necessary.  
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Fig. 6. Rutherford backscattering spectra (330 keV 4He+) from 
the diffusion wafer with glass layer (a) and without glass layer (b). 

Fig. 5. Relation betweeen (a), 
(b), and (c) of the surface condi- 
tions in the auxiliary wafers and 
(d), (e), and (f) of the sheet 
resistance (ps) homogeneity maps 
in the diffusion wafers. The 
marks M and L denote the mirror 
and lapped surfaces, respectively. 



VoL IB8, Ro. g ANTIMONY DIFFUSION 423 

resistance homogeneity map measurement; and to Mr. 
N. Natsuaki for Rutherford backscattering measure- 
ment. The author is also indebted to Mr. H. Kozuka for 
his useful discussions and to Dr. A. Shintani and Mr. 
S. Isomae for a critical reading of the manuscript. 

Manuscript submitted April 2, 1980; revised manu- 
script received Aug. 1, 1980. 

Any discussion Of this paper will appear in a Dis- 
cussion Section to be publishedAn the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs oS this article were assisted by 
Hitachi, Limited. 

REFERENCES 
1. G. Mitsuhashi, NEC Res. Dev., 36, 68 (1975). 
2. A. LaRocque, R. Yatsko; and A. Quade, This Jour- 

nat, 105, 254C (1958). 
3. A. Goetzberger, Solid-State Electron, 5, 61 (1962). 
4. F. L. Gittler, and R. A. Porter, This Journal, 117, 

1551 (1970). 
5. W. R. Runyan, "Silicon Semiconductor Technol- 

ogy," p. 146, McGraw-Hill Co., New York (1965). 
6. F. L. Gittler, Paper 94 presented at The Electro- 

chemical Society Meeting, Dallas, Texas, May 7- 
12, 1967. 

7. E. Tannenbaum, Solid-State Electron., 2, 123 (1961). 
8. F. A. Trumbore, Bell System Tech. J., 39, 205 

(1960). 
9. C. S. Fuller and J. A. Ditzenberger, J. Appl. Phys., 

~7, 544 (1956). 
10. J. J. Rohan, N. E. Pickering, and J. Kennedy, This 

Journal, 106, 705 (1959). 
11. N. D. Th&i, J. Appl. Phys., 41, 2859 (1970). 
12. R. K. Jain and R. Van Overstraeten, ibid., 44, 2437 

(1973). 

Planarization of Phosphorus-Doped Silicon Dioxide 
A. C. Adams* and C. D. Capio 

Belt Laboratories, Murray Hilt, New Jersey 07974 

ABSTRACT 

A process has been developed for smoothing surfaces of phosphorus-doped 
silicon dioxide (P-glass). Samples are coated with a positive photoresist which 
flows during application to form a relatively smooth surface. The photoresist 
is etched in a CF4-O2 plasma using conditions that etch the photoresist and the 
P-glass at nearly the same rates. Since the surface profile of the photoresist is 
preserved during etching, the P-glass is left with a relatively smooth surface. 
This process reduces step heights, usually by at least 50%, and decreases the 
angles at abrupt steps to 5~ ~ In contrast to the flowed P-glass process, 
planarization does not require high temperatures and is independent of phos- 
phorus concentration. 

A primary cause of metallization failures in inte- 
grated circuit devices is incomplete metal coverage over 
oxide steps (1-3). Several techniques have been devel- 
oped to improve the metal coverage by providing 
smaller or less abrupt steps. These techniques include: 
P-glass flow (3, 4), tapered etching (3, 5-9), and lo- 
calized oxidation (3, 10-16). Recently another tech- 
nique, surface leveling o r  planarization, which is 
shown schematically in Fig. 1, has been described (17, 
18). In Fig. 1, an abrupt step in phosphorus-doped 
silicon dioxide (P-glass) is covered with a sacrificial 
organic coating. Since the organic material has a low 
viscosity, flow occurs during application or during a 
low temperature bake to give a relatively smooth sur- 
face with small, gentle steps. By etching the organic 
material using conditions that etch the sacrificial coat- 
ing and the P-glass at nearly the same rates, the 
original profile of the coating material is maintained, 
leaving the P-glass surface with only small, gentle 
steps. This technique has been described for smooth- 
ing surfaces by sputter etching (17). The present 
paper describes a process for planarizing phosphorus- 
doped silicon dioxide films deposited over steps in 
polycrystalline silicon. The factors that affect the 
planarization are described, and the planarization tech- 
nique is compared with the flowed glass process. 

Experimental Procedure 
The samples are etched in a parallel-plate, radial- 

flow reactor that has been described previously (19, 
20). The etcher has an electrode spacing of 3.1 cm and 
an electrode area of 1250 cm 2. Ten 75 mm silicon wafers 
can be etched at one time. The phosphorus-doped sili- 

* Electrochemical Society Active Member. 
Key words: dielectrics, etching, integrated circuits. 

con dioxide is deposited at 450~ using the reaction 
between silane, phosphine, and oxygen at atmospheric 
pressure. The phosphorus concentrations are deter- 
mined by measuring sheet resistivities of the silicon 
substrates (on p-type monitor wafers) after a 20 min, 
1100~ diffusion, and have been checked by infrared 
measurements and etch rate determinations (21). 
Unless stated otherwise, the phosphorus concentra- 
tions are approximately 6 weight percent (w/o). 

(a) 
I I 

P-GLASS 

(b) 
J I RESIST 

P- GLASS 

(c) I POLY-SJ I P-GLASS 

Fig. 1. Schematic representatmn at the plonarization process: (a) 
paly-Si step covered with P-glass; (b) coated with resist; (c) after 
etching the resist leaving a relatively smooth P-glass surface. 
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Stylus  measurements  of the surface profiles a re  made  
wi th  a Tay lor -Hobson  Talys tep  using a fine stylus, 
wi th  a t runca ted  p y r a m i d a l  shape and a t ip dimension 
of 0.1 • 2.5 ~m. Most exper iments  use tes t  s t ructures  
containing 0.4 #m thick po lycrys ta l l ine  silicon, aniso-  
t ropica l ly  e tched in a CI~-C2F6 p lasma  to give ver t ica l  
wal ls  (20, 22), and covered wi th  1.0-1.5 ~m of 6% P -  
glass. An  a l te rna te  s t ruc ture  contains 1.2 ~m of the r -  
ma l ly  g rown sil icon dioxide,  e tched to give a 45~ 
taper  (7), and covered wi th  1.0 ~m of 6% P-glass.  The 
sacrificial  coatings are  all  app l ied  by  s tandard  photo-  
l i thographic  spinning techniques. 

Planar izat ion 
Coatings.--Three organic resists  have been examined  

as sacrificial coatings:  HPR-204, a posi t ive photores is t  
f rom Phi l ip  A. Hunt  Chemical  Corporat ion;  AZ-111, a 
posi t ive photoresis t  f rom Shipley  Company,  Incorpo-  
rated;  and PIQ, a po ly imide  resis t  f rom Hitachi  Chem- 
ical Company. Surface  profiles a f te r  P-g lass  deposit ion,  
a f te r  appl ica t ion  of the  organic  coating, and  a f te r  
e tching a re  given in Fig. 2. The profile of the  P-glass  
a f te r  deposi t ion shows cusps at  the top of the step 
and crevices or  th inning at  the bottom. The m a x i m u m  
step height,  f rom the top of the cusp to the bot tom 
of the crevice, is 1.5 #m. Af te r  coating, the profiles a re  
smoother;  the steps become much less ab rup t  and the 
m a x i m u m  step he ight  decreases  to 0.6-0.8 ~m because 
the coating mate r ia l s  tend to flow and f i l l - in at  the 
bot tom of the steps (curves m a r k e d  A) .  The profile of 
the P-glass  a f te r  e tching the sacrificial l aye r  tends 
to fol low the or ig inal  profile when  the coat ing ma te r i a l  
is HPR-204 or  PIQ (curves m a r k e d  B).  In  both cases, 
the s tep heights  increase  by  only 0.1 #m dur ing  etching 
to give final heights  of 0.8-0.9 ~m (compared  to 1.5 ~m 
in the or ig inal  P-g lass ) .  The A Z - l l l  occasional ly cracks 
dur ing  etching, poss ibly  because of ve ry  s t rong adhe-  
sion be tween  the res is t  and the P-glass ,  and leaves a 
crazed surface wi th  l i t t le  smoothing (as shown in Fig. 
2). Of the three  mate r ia l s  examined,  the HPR-204 is 
preferred.  I t  flows at  a low tempera tu re ,  produces  a 
smooth surface, and  etches at  a ra te  s imi lar  to that of 
P-g lass  (discussed l a t e r ) .  

1.Sffm P -GLASS 

O,7~m ~ A 
HPR-204 

0.8/~m B 

0.6~m ~ A 

0.9~m B 

AZ -111 

The amount  of smoothing depends on the thickness 
of the  coating mater ia l ,  as i l lus t ra ted  in  Fig. 3 which  
shows the surface profiles obta ined wi th  different  
thicknesses of HPR-204 (1.0, 1.4, and 1.8 ~m).  Af te r  
deposition, the P-g lass  has the character is t ic  cusps and 
crevices wi th  a m a x i m u m  step height  of 0.61 ~m. Ap-  
pl icat ion of the HPR-204 provides  a la rge  reduct ion  
in s tep height  and the fo rmat ion  of a ve ry  gent le  
topography.  Af te r  etching, the step heights  increase 
s l ight ly  bu t  a re  st i l l  much less than  the or iginal  
height  af ter  deposition. The cusps and crevices a re  
comple te ly  removed  dur ing  planar izat ion.  In  addit ion,  
the angles  made  by  the P-glass  going over  the steps 
are  reduced  f rom about  90 ~ af ter  deposi t ion to less 
than  20 ~ af te r  planarizat ion.  As the  resis t  thickness 
increases, the  surfaces become smoother.  However ,  
the  th icker  resists  requi re  longer  etch t imes and 
cause a decrease in the  r ep roduc ib i l i t y  in the P-glass  
thickness a f te r  etching. Consequently,  the  1.0 ~m 
thickness is preferred.  

The  effect of bak ing  the HPR-204 is shown in Fig. 4. 
At  bake  t empera tu res  above about  150~ the res is t  
softens and flows provid ing  a large  decrease in s tep 
height  ( the solid circles) which is also observed in 
the P-g lass  surface af te r  p lanar iza t ion  ( the open 
circles) .  The etch ra te  of the HPR-204 in a CF4-O2 
plasma,  measured  in A / m i n  and shown by  the squares,  
is independen t  of the  bake  tempera ture .  The thickness 
of the HPR-204 is affected b y  the bake  tempera ture ,  
decreas ing l inea r ly  f rom 1.10 ~m af ter  a 90~ bake  to 
0.82 ~m af ter  the 215~ t rea tment .  Baking  above 150~ 
is r ecommended  because of the improved  topography  
and because of decreased defects (discussed la te r ) .  

The decrease in s tep height  depends  nn the width  
of the l ine or  space being covered. Re levan t  da ta  using 
three  thicknesses of HPR-204, al l  baked  at  90~ are  
given in Fig. 5. Af te r  P -g lass  deposi t ion the  m a x i m u m  
step height  is about  0.60 ~m and is independent  of 
the fea ture  size. Af te r  coating wi th  the  HPR-204, the  
s tep height  is reduced  to less than  0.25 ~m. As the  
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Fig. 2. Surface profiles with different coating materials: A, pro- 
files of the resist surface after coating; B, profiles of the P-glass 
surface after planarization; step heights are given for each surface. 
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Fig. 3. Surface profiles obtained with different thicknesses of 
HPR-204; A, profiles of the resist surface after coating; B, profiles 
of the P-glass surface after planarization; step heights are given 
for each surface. 
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Fig. 4. Maximum peak height vs. bake temperature for HPR-204: 
solid circles, after coating; open circles, after planarization; squares, 
etch rate in •/min of the HPR-204 in a CF4-8% 02 plasma. 
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Fig. 5. Maximum peak height vs. feature size for three thicknesses 
of HPR-204 baked at 90~ open circles, 1.0 #m;  tr iangles, 1.4 #m; 
squares, | . 8  ,.~n; closed circles, P-glass after deposition. 

fea ture  size decreases the  step he ight  decreases fur ther ,  
and steps of less than  0.1 ~m are  observed  for  ve ry  
n a r r o w  l ines or  spaces. The reduct ion  in s tep he ight  
is g rea te r  for the  th icker  coatings, as prev ious ly  shown. 
F lowing  the  res is t  a t  t empera tu res  above 150~ gives 
s tep heights  tha t  a re  less than  0.1 ~m and  a re  nea r ly  
independen t  of f ea tu re  size over  the  range  measured.  
The P-g lass  surfaces a f te r  p lanar iza t ion  show a s imi-  
l a r  behav ior  to Fig. 5 bu t  wi th  the  s tep heights  in-  
creased by  about  0.1 #m. The angles made  by  the P -  
glass a f te r  p lanar iza t ion  a re  about  13 ~ and are  nea r ly  
independen t  of the  fea ture  size and the res is t  thickness.  

Etching.--The etch ra tes  of HPR-204, PIQ, and P -  
glass in CF4oO2 p lasmas  are  shown in Fig. 6-8. The 
etch ra tes  increase  in the  order,  P-g lass  < HPR-204 < 
PIQ for each of the var iab les  inves t iga ted  (gas com- 
position, r f  power,  and sample  t empe ra tu r e ) .  Al though  
the etch ra tes  are  affected by  changes in  these va r i -  
ables, the  rat io  of the HPR-204 etch ra te  to the P -  
glass e tch ra te  r emains  n e a r l y  constant ,  and condit ions 
giving equal  etch ra tes  have  not  been  found. This 
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Fig. 6. Etch rate vs. gas composition for CF4-O~ mixtures at 0.4 
Tort and 28~ open points, 700W; closed points, 130W. 
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Fig. 9. Etch rate vs. gas composition for CF3CI-C~F6 mixtures at 
0.4 Torr, 800W, and 28~ 

difference in etch rates causes the slight increase in 
step height as samples coated with HPR-204 are 
planarized (Fig. 2-4). 

Etch rates in a CF3-C~Fe plasma are shown in Fig. 
9 as a function of the gas composition. The etch rates 
of the organic materials increase in the order: HPR- 
204 < AZ-111 < PIQ, and all increase as the CF3C1/ 
C2F6 ratio increases. In contrast, the etch rate of the 
P-glass is nearly constant. Equal etch rates for the 
HPR-204 and the P-glass are obtained at a CF3C1/ 
C~F6 ratio of about 0.07. Unfortunately, P-glass sam- 
ples planarized with a CF~C1-C2F6 plasma are left 
with a very rough surface that consists of long nodules 
or fingers that increase in length as the etching time 
increases. This rough surface occurs with all three 
coating materials, and with CO2-C2F6 plasmas and 
with C2F6 alone. The rough surface appears to be 
characteristic of P-glass planarization with C~F6 but 
h a s  not been investigated further. The rough surface 
is not observed when samples are planarized with 
CF4-O~. 
The etch rate of silicon in a CF4-O~ plasma depends 

on the quantity of material being etched (the loading 
effect) (23). This effect also occurs when P-glass and 
resist are etched during planarization. The loading 
effect during planarization shown by the data in Fig. 
10 is smaller than that observed for silicon (23). The 
small loading effect is a disadvantage of the CF4-O2 
plasma etching, but it has not caused serious problems 
during the planarization of devices. 

Planarization process.--The recommmended process- 
ing sequence for planarization is as follows. The p h o s -  

phorus-doped silicon dioxide (4-6 w/o P) is deposited 
to give a thickness of 1.5 #m. After deposition t h e  
samples are scrubbed to remove particles and then 
baked at 180~ for 45 rain. The HPR-204 resist is ap- 
plied (1.0 ~m thick).  The samples are given a final 
bake at  180~ for 20 rain and then planarized using 
CF4-8% 02 at 100W and 0.4 Torr. The thickness of 
P-glass after planarization is approximately 0.8 #m. 

Surfaces and cross sections of samples after P-glass 
deposition and after planarization using the above pro- 
cess are shown in the SEM photographs in Fig. 11. It 
is evident that  planarization completely removes the 
cusps and crevices and decreases the step height and 
t h e  angle made by  the P-glass. For most topographies, 
planarization reduces step heights by  at least 50% 
and reduces the angles to less than 30 ~ . 

Defects .~Several  types of defects associated with 
the planarization process have been observed. Pinholes 
or cracks in the P=glass lead to large holes in the sili- 
con substrates since the etch rate of silicon in the CF4- 
O2 plasma, about 1000 A/min,  is much larger than the 
etch rate of P-glass. The holes in the silicon have been 
observed only on samples etched for very long times. 
Craters etched in the P-glass, usually 0.1-0.5 ~m deep 
and about 10 #m in diameter, are occasionally observed. 
The craters are probably caused by moisture on the 
P-glass surface or solvent in the resist coating. The 
water or solvent vaporizes in the vacuum chamber to 
form a bubble in the HPR-204, thus allowing the 
P-glass to etch prematurely. These craters can be 
e l imina t ed  by baking the HPR-204 above 150~ 
Mounds, approximately 10-20 #m in diameter and 
0.5-1.0 #m high, have also been observed after  planar-  
ization. These mounds, which are probably caused 
by particles on the original P-glass surface, are 
eliminated by scrubbing the P-glass after deposi- 
tion. Striations are occasionally present in the HPR- 
204 and are transferred to the P-glass during planar-  
ization. The striations do not appear to cause serious 
problems since the thickness variations across the 
striations are only 0.05-0.10 #m. 
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F~g. 10. The loading effect for HPR-204 and P-glass in CF4-8% O~ 
at 0.4 Torr and IOOW. 

Fig. 11. SEM photographs of P-glass covering a polysilieon line: 
.A, after deposition, 8 KX; B, after planarization, 26 KX; C, cross 
section after deposition, 15 KX; D, after planarization, 18 KX. 
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Comparison with P-glass Flow 
Plasma planarization provides a smooth surface by 

altering the topography of the P-glass. Flowing the 
P-glass by heating to high temperatures also changes 
the P-glass topography. It is interesting to compare 
the two processes. The SEM photographs in Fig. 12 
show a polycrystalline silicon line crossing an oxide 
step with the entire surface covered with P-glass (4.6 
w/o P). The samples have been treated in steam at 
ll00~ for different times. Flow is indicated by the 
progressive loss of detail. As shown in Fig. 12, flow 
is normally a kinetic or rate phenomenon with the 
amount of flow strongly dependent on the time. Sam- 
ples usually do not reach an equilibrium state dur- 
ing flow. 

Flow is shown as a function of the phosphorus con- 
centration in the SEM cross sections in Fig. 13. As 
deposited, the P-glass has a concave or retrograde 
angle with a cusp at the top of the step and a thin 
region at the bottom. As the phosphorus concentration 
increases, flow increases giving a decrease in the angle 
made by the P-glass going over the step. 

Quantitative measurements of flow can be ob- 
tained from the SEM cross sections by measuring the 
angle made by the P-glass. The data in Fig. 14 show 
the angles for samples annealed in steam, nitrogen, or 
oxygen at ll00~ and in steam at 1050~ Also shown 
are angles for planarized samples (the dashed line). 
The trends observed in Fig. 14 are in good agreement 
with those previously reported (14). Flow is similar 
in oxygen or nitrogen but increases significantly in 
steam. If flow occurs by the breaking and reforming 
of chemical bonds, then the increased flow in steam 
probably results from the rapid, reversible hydrolysis 
of the P-O bonds. The angle made by 6.5% P-glass 
after flowing at ll00~ for 20 min is 45~ ~ This is 
much greater than the angles observed on similar 
structures after planarization (28 ~ independent of the 
phosphorus concentration). 

An additional comparison of planarization and P- 
glass flow is provided by the SEM photographs in Fig. 
15. The cross sections show 1.5 ~m of 7.2% P-glass 
covering 1.0 #m steps of polycrystalline silicon. Sam- 

Fig. 13. SEM cross sections at 10 KX for samples annealed in 
steam at 1100~ for 20 rain: A, 0.0% P; B, 2.2% P; C, 4.6% P; 
D, 7.2% P. 

ples are shown after P-glass deposition, after flow 
in nitrogen at ll00~ for 20 rain, and after planar- 
ization in a CF4-O2 plasma for 60 min. The sample 
showing the P-glass after deposition has been etched 
in dilute hydrofluoric acid to make the polycrystalline 
silicon easier to see. The step heights and angles for 
the three samples are: 1.60 ~m and 122 ~ after deposi- 
tion; 1.32 ~m and 42 ~ after plglass flow; and, 0.56 ~m 
and 10 ~ after planarization. It is obvious that planar- 
ization provides a greater reduction in step height and 
a much greater decrease in the angle made by the 
P-glass going over the step. 
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Fig. 12. SEM photographs at 3.2 KX showing surfaces of 4.6% P- 
glass annealed in steam at 1100~ A, 0 min; B, 20 min; C, 40 min; 
D, 60 rain. 
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Fig. 14. Surface angles made by the P-glass vs .  P-concentration 
for different annealing conditions. 
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Fig. 15. SEM cross sections at 10 KX showing 7.2% P-glass: A, 
as deposited; B, after flow in N2 at 1100~ for 20 rain; C, after 
planarization. 

The viscosity of phosphorus-doped silicon dioxide 
can be calculated by assuming fourfold bonding and 
using known values for the viscosities and activation 
energies of SiO2 and P20~ (24). Calculated values are 
shown in Fig. 16 for three flow temperatures. Although 
the detailed relalJonship between viscosity and flow 
is not known, Fig. 16 can still provide useful informa- 
tion. Assuming that a sample containing 6.5% phos- 
phorus has adequate flow at ll00~ then decreasing 
the flow temperature to 1050~ requires an increase 
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Fig. 16. Calculated viscosity of P-glass vs. composition 
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in phosphorus concentration to 9.5% (to obtain the 
same viscosity). Such a high phosphorus concentration 
is not compatible with aluminum metalhzation. Simi- 
larly, a decrease in phosphorus concentration to 3.5% 
P requires an increase in the flow temperature to 
1150~ which would have deleterious effects on dif- 
fused junctions in semiconductor devices. This illus- 
trates the severe restrictions on the phosphorus con- 
centration and on the flow temperature for the flowed 
glass process. These restrictions do not apply to the 
planarization process where the maximum temperature 
is less than 200~ and where phosphorus concentrations 
of 0-8% P have been used with nearly equal results. 

Summary and Conclusions 
A process for smoothing or planarizing surfaces of 

phosphorus-doped silicon dioxide has been described. 
Planarization is achieved by coating the P-glass with 
a sacrificial coating and then plasma etching using 
conditions that  etch the coating and the P-glass at 
nearly equal rates. The preferred material  for the 
sacrificial layer is HPR-204. Other materials etch too 
rapidly or crack during etching. The preferred etching 
gas is CF4-8% 02. Gas mixtures containing C2F6 pro- 
vide a better  etch rate rat io,  hut leave a very rough 
surface. The planarization process typically reduces 
step heights by about 60% and reduces the angles 
made by the P-glass going over steps to less than 30 ~ 
However, the final surface depends strongly on the 
original topography and on the sacrificial layer. Sur-  
faces become smoother for small feature sizes, and 
are made smoother by using thick resist and by flow- 
ing the resist before planarization. 

Methods have been found for eliminating or mini- 
mizing the defects that are caused by planarization. 
These defects are: mounds, caused by particles on 
the P-glass; craters, caused by moisture on the surface 
or solvent in the resist; holes etched in the silicon 
substrate, caused by pinholes or cracks in the P-glass; 
and, striations in the P-glass caused by the striations 
in the resist. 

The planarization process has been compared to the 
flowed glass process. Planarization reduces step heights 
and leaves angles of 5~ ~ The flowed glass process 
gives very litt le reduction in step height and leaves 
surface angles of 45~ ~ The flowed glass process re- 
quires temperatures of 1050~176 and phosphorus 
concentrations of 6-7%. Planarization is a low tem- 
perature process, less than 200~ and is nearly in- 
dependent of the phosphorus concentration. These 
features make planarization a very attractive process 
for fabricating devices with small dimensions. 
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Convective Interference and "Effective" 
Diffusion-Controlled Segregation during 

Directional Solidification under Stabilizing 
Vertical Thermal Gradients; Ge 

Douglas E. Holmes 1 and Harry C. Gatos* 
Department of Materials Science and Engineering, 

Massachusetts Institute o~ Technology, Cambridge, Mazsachuset~ 02139 

ABSTRACT 

C o n v e c t i o n  a n d  s e g r e g a t i o n  phenomena during vertical directional solidifi- 
cation of Ga-doped Ge under stabilizing vertical thermal gradients were in- 
vestigated. Microscopic growth rates were determined by interface demarca- 
tion, compositional profiles by single point spreading resistance measurements, 
and thermal characterization of the melt by direct thermal probing. It was 
found that destabilizing horizontal temperature gradients, even in melts with a 
diameter as small as 3 ram, led to convection with pronounced effects on 
solidification. Turbulent convection resulted in microscopic growth rate-con- 
trolled dopant inhomogeneities similar to those observed for solidification under 
destabilizing vertical gradients. Under laminar convection dopant inhomo- 
geneities were caused by perturbations in boundary layer thickness. Macro- 
segregation under both turbulent and laminar convection was controlled by 
the boundary layer thickness. A model based on diffusive and convective fluxes 
w a s  developed describing laminar fluid flow and segregation; an experimental 
correlation between segregation and the Rayleigh number, consistent with 
the model, was obtained. Indirect evidence for diametrically antisymmetric 
fluid flow in the melt was obtained from lateral microsegregation across the 
interface. Theoretical and experimental results showed that complete elimina- 
tion of convective interference is virtually impossible; however, "effective" 
diffusion-controlled segregation was achieved at relatively high growth rates  
a n d  low Rayleigh n u m b e r s .  

An understanding of the effects of convective heat 
and mass transport on the solidification process is of 
fundamental importance in assessing and/or defining 
the parameters which control the liquid-solid phase 
transformation. In addition, convective effects often 
preclude the extrapolation of macroscopic solidification 
parameters to segregation on a microseale, thereby 
preventing quantitative evaluation of cause-effect re- 
lationships between solidification parameters and ma- 
terials properties. 

Convection-related segregation effects have been 
recognized for many crystal growth configurations in- 
cluding the Czoehralski (1), horizontal Bridgman (2), 

* Electrochemical Society Active Member. 
Present address: Hughes Research Laboratories, Malibu, Cali- 

fornia 90265. 
Key words: connection, solidification, interfaces. 

and destabilizing vertical thermal gradient (3) geom- 
etries. Directional solidification under stabilizing ver- 
tical thermal gradients, on the other hand, has been 
employed for the purpose of minimizing convective 
interference (4). However, virtually no quantitative 
characterization of the effect of destabilizing hori- 
zontal temperature gradients in the melt, which are 
virtually unavoidable, has  been carried out. Such 
gradients, although they may be reduced to very small 
values, invariably lead to convective flow. Recently, 
techniques have become available for the direct de- 
termination of solidification parameters on a macro- 
and mieroscale for dilute binary alloy semiconductor 
systems (3). 

The present investigation was undertaken to s t u d y  
segregation in a vertical directional configuration with 
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s tabi l iz ing ver t ica l  t he rma l  gradients  employing  re-  
cent ly  developed techniques.  Emphasis  was placed on 
the corre la t ion  of convect ion and segregat ion pro-  
cesses, and on the identif icat ion of prac t ica l  l imi ta t ions  
associated wi th  minimizing convective in te r fe rence  
in high t empera tu re  systems in the l ight  of hor izonta l  
the rmal  gradients .  

Apparatus and Procedures 
A d iagram of the crys ta l  g rowth  appara tus  employed  

in this inves t igat ion is shown in Fig. 1. A precas t  
po lycrys ta l l ine  ge rman ium charge  doped wi th  ga l l ium 
to the  des i red  level  was brought  into contact  wi th  a 
<100>  ge rman ium seed contained in a cy l indr ica l  
ampul.  The outer  quar tz  tube posi t ioned be tween  two 
wate r -coo led  b rass -p la tes  pe rmi t t ed  control  of the 
ambien t  a tmosphere.  Melt ing of the charge was car -  
r ied  out  in two stages. First ,  wi th  the outer  hea te r  
the t empera tu re  of the  sys tem was ra ised to 800~ and 
was main ta ined  constant  th roughout  the exper iment .  
Then, the  inner  hea te r  was employed  for  mel t ing  the 
charge  f rom top to bot tom unt i l  the  mel t  touched the 
seed. The system was then a l lowed to reach the rmal  
equi l ibr ium.  Melt ing and equi l ibra t ion  were  moni-  
tored  v isua l ly  through the gold-coated  hea t  reflector 
and a w i n d o w  in the outer  hea te r  ceramic mandrel .  

Solidification was in i t ia ted  and a l lowed to proceed 
by  control led  power  reduct ion in the inner  heater .  
Ver t ica l  t empe ra tu r e  gradients  in the  mel t  dur ing  
the rmal  equi l ibra t ion  ranged  f rom 28 ~ to 75~ 
Control  of r ad ia l  hea t  losses th rough  the s amp le - a mpu l  
wal l  was achieved by  adjus t ing  the re la t ive  posit ion 
of the inner  and  ou te r  heaters  and the ampul,  and by  
independen t ly  control l ing the  power  in each heater .  
The microscopic solidification ra te  would  be va r ied  
up to 42 ~m/sec. 

In ter face  demarca t ion  (5) was employed  to de te r -  
mine  the microscopic growth  rates  and in ter face  mor -  
phology; pulses of 18 A / c m  2, of 50-80 msec d u r a -  
tion, and at  f requencies  be tween  0.1-1 Hz were  ap -  
pl ied across the growth  interface.  

I='1~ I THERMOCOUPLE PROBE H 2 

I/J// /// /~ /  ///~ ~ WATER-COOLED BRASS PLATE 

C:OLANT ~ ~ LEARDRSEFTORPU LSING 

COOLANT 

Fig. 1. Schematic arrangement of the apparatus used for the 
study of crystal growth under stabilizing vertical temperature gradi- 
ents. 

Growth  and segregat ion  analyses  were  per formed  
on crys ta l  segments  cut  along the growth  axis, the 
segments  were  pol ished and etched (1 I-IF -{- 1 CH3 
COOH + 1 H~O2) to revea l  segregat ion  effects and  
in ter face  demarca t ion  l ines by  in ter ference  contras t  
microscopy.  

Car r ie r  concentrat ions  were  de te rmined  wi th  a 
single point  spreading  resis tance probe (6) wi th  a 
spacial  resolut ion of about  5 /~m. Spread ing  resistance 
da ta  were  conver ted  d i rec t ly  to ca r r i e r  concentrat ion 
employing  a ca l ibra t ion  curve constructed f rom the 
average  spreading resis tance of 6 s tandard  samples 
wi th  car r ie r  concentrat ions ranging  f rom 9 X 1016 
cm-~  to 1.2 X 1020 cm -3, as de te rmined  by  Hal l  effect 
measurements .  

Thermal  charac ter iza t ion  of the mel t  was car r ied  
out  wi th  a movable  the rmal  probe  ( inser ted through 
the top of the furnace)  which could be posi t ioned at  
any  des i red  mel t  height.  The most  sensi t ive and d u r a -  
ble probe  was constructed of a 0.030 in. Omega Chro-  
m e l - A l u m e l  sheath  thermocouple  wi th  a thin ceramic 
coating to p reven t  chemical  a t tack  and to provide  elec-  
t r ica l  insulation. The t ime assis tant  was 0.38 sec. A 
s imi la r ly  const ructed thermocouple  was posi t ioned jus t  
below the seed. 

Tempera tu re  gradients  in the  l iquid at  the interface,  
dur ing solidification, were  de te rmined  by  measur ing  
the t empera tu re  at  one posi t ion in the mel t  ( typ ica l ly  
1.5 cm from t h e  ini t ia l  in ter face) .  The interface  
demarca t ion  cur ren t  pulses were  induc t ive ly  sensed 
by  the the rmal  probe  and were  regis te red  as ins tan-  
taneous pen deflections on the t empera tu re  recorder .  
Thus, a direct  t ime correspondence be tween  the t em-  
pe ra tu re  at  the probe tip and the in terface  demarca t ion  
lines (solidification behavior )  could be made  (3). Since 
the in terface  t empera tu re  is known, the g rad ien t  was 
calcula ted assuming a l inear  profile. The t empe ra tu r e  
grad ien t  in the solid near  the in ter face  dur ing  sol idi-  
fication was obta ined from the t empera tu re  regis te red  
by  the thermocouple  below the seed and the dis tance 
from the thermocouple  to the advancing growth  in t e r -  
face as de te rmined  f rom the in ter face  demarca t ion  
l ines in the crystal .  

The t empera tu re  grad ien t  in the l iquid near  the in-  
terface, GL, was also de te rmined  b y  a second approach,  
i.e., it  was calcula ted f rom the b o u n d a r y  condit ion for 
unidi rec t ional  hea t  flow at the  so l id- l iqu id  interface,  
Le. 

ksGs -- pHR 
GL = [1] 

kL 

where  ks and kL are  the  the rmal  conduct ivi t ies  of the 
solid and liquid, respect ively,  Gs is the t empe ra tu r e  
grad ien t  in the solid, p is the  density, H is the  hea t  
of fusion per  gram, and R is the solidification rate.  
Agreemen t  be tween  the two types  of de te rmina t ions  
of GL was genera l ly  wi th in  20%. 

A series of exper iments  were  car r ied  out  in which 
the fol lowing geometr ical ,  thermal ,  and  growth  pa -  
rameters  were  s tudied:  (i) the  inside ampul  d iamete r  
was var ied  f rom 3 to 9 mm, (ii) graphi te  and quartz  
ampuls  were  used  which have r e l a t ive ly  high and low 
the rmal  conduct ivi ty,  respect ively,  (iii) the average  
ver t ica l  t e m p e r a t u r e  g rad ien t  in the  mel t  dur ing  so- 
l idification was var ied  f rom 15~ to 60~ (iv) 
the  average  microscopic growth  ra te  was va r ied  f rom 
8 to 21 ~m/sec, (v) the amount  and type  of concen-  
t r ic  the rmal  insulat ion was varied,  and (vi) an ambi -  
ent  a tmosphere  of hydrogen  and of a rgon were  em-  
ployed. 

Results and Discussion 
Thermal characterization of the me~t.--In order  to 

de te rmine  the t empera tu re  grad ien t  as a funct ion of 
mel t  height, continuous t empera tu re  r e c o rd ings  were  
ob ta ined  a t  various posit ions in the  mel t  as the Ge 
charge was melted.  Continuous recordings  obta ined  
f rom a 5.5 cm high mel t  in a 9 m m  d iam cyl inder  as 
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shown in Fig. 2, exhibited random temperature fluctua- 
tions throughout the melt with amplitudes of up to 
7~ indicating turbulent  convective behavior. 

The vertical temperature gradient in the central por-  
tion of this melt (OT/OX) was smaller than in the 
upper and lower regions (OT'/OX). This behavior is 
characterized by the Nusselt (7) number, Nu, defined 
as the ratio of the total longitudinal heat flux in  the 
melt  and the conductive heat flux. In the present case, 
Nu can be expressed as 

Nu -- (OT'/OX) /(OT/OX) [2] 

and i t  was found to be > 1. 
It has been shown (8-10) that Nu exceeds 1 at the 

onset of turbulent  convection. I t  is, thus, confirmed 
that  turbulent  convection prevailed in the above so- 
lidification configuration. Since the vertical gradient 
was stabilizing, the turbulent behavior resulted from 
unavoidable horizontal gradients. In all other experi-  
ments, in which the ampul diameter was 5 mm or less, 
the temperature fluctuations exhibited periods of 1.5 
to 3.5 min and amplitudes between 0.1 ~ and 0.7~ 
Representative values of Nu measured in these melts 
equaled 1. These characteristics are indicative of lam- 
inar convection, although the presence of near-oscil la-  
tory convection (11) cannot be ruled out. 

Microsegregation.--Microsegregation characteristics 
in the crystals grown were determined from high res- 
olution etching in conjunction with phase contract 
microscopy, compositional profiles, and microscopic 
growth rate  measurements. Crystals grown in 9 mm 
diam ampuls generally exhibited pronounced dopant 
inhomogeneities over the 5 mm segment first to solid- 
ify, as shown in Fig. 3A. The inhomogeneities are 
identified as remelt  striations which intersect each 
other at various angles and indicate a complex pattern 
of transient-backmelt ing occurring al ternately on the 
r ight-  and on the left-hand side of the crystals. The 
spacing of the striations corresponded to about 10 sec 
intervals. During this stage of solidification, the nature 
of the thermal field underwent a transition from static 

~ - ~ 1  rain TIME - ~  

Fig. 2. Continuous temperature recording obtained during melt 
equilibration from a 9 mm dlam, 55 mm high melt at a position 
3 mm above the solid-llquid interface. 

Fig, 3. Comparison of etdbed Iongltudlna[ segments of Ga-doped 
Ge crystals grown under turbulent convection resulting from de- 
stabilizing horizontal (A) and destabilizing vertical (B) thermal 
gradients. ~,200 X.  

(melt equilibration) to dynamic (programmed cool- 
ing) and the interface shape changed from convex 
(with respect to the solid) to wavy ("S"-shaped).  

A one-to-one correlation between temperature fluc- 
tuations in the liquid adjacent to the solid-liquid in- 
terface during growth and remelt  striations could not 
be made. However, the period of remelt  striations 
was similar to the period of temperature fluctuations 
during melt equilibration (5-10 sec). Thus, it can be 
concluded that turbulent convection prevailed during 
the first stage of solidification. The virtual  disappear- 
ance of the dopant inhomogeneities (as deduced from 
chemical etching) as growth proceeded, indicates a 
significant reduction in amplitude of the temperature 
fluctuations. 

The segregation characteristics described above bear 
a striking similari ty to those observed in an earlier 
study (Fig. 3B) on solidification under turbulent con- 
vection arising from destabilizing vertical gradients 
(3). In this earlier investigation an inverted Bridgman 
configuration was employed. With continued growth 
downward (decreasing melt height),  the melt experi-  
enced successively turbulent, oscillatory, and laminar 
convection with correspondingly different growth and 
segregation behavior. Under conditions of turbulent 
convection, the frequency of remelt  striations (shown 
in the figure) was found to correlate directly with 
the measured temperature fluctuations. By analysis 
of the measured microscopic growth rate and dopant 
concentration, the BPS relationship (12) was found 
to be applicable 

koCT, 
Cs = [33 

ko -F (! -- ko) exp (-- R6/D) 

where Cs is the dopant concentration in the solid, CL 
iS the dopant concentration in the bulk melt, ko is the 
equilibrium distribution coefficient, R is the micro- 
scopic growth rate, 6 is the diffusion boundary layer 
thickness, and D is the diffusion coefficient of the 
dopant in the melt. It has been concluded that dopant 
inhomogeneities incorporated under turbulent con- 
vection were induced by changes in the microscopic 
growth rate and that boundary layer fluctuations were 
secondary. 
A direct segregation analysis was not possible in the 

present investigation in view of the limited resolution 
of interface demarcation lines under pronounced back- 
melting. However, the similarity between segregation 
characteristics in the present and earlier studies and 
the correlation of remelt striations and temperature 
fluctuations in both cases can be taken as evidence 
that, in the present case also, microsegregation was 
controlled primarily by the microscopic growth rate 
under turbulent convection. This cause and effect re- 
lationship is apparently independent of the orienta- 
tion of the destabilizing thermal gradient with respect 
to the gravitational field. 
Pronounced dopant inhomogeneities were virtually 

eliminated under laminar convection. However, 
broadly spaced inhomogeneities were occasionally ob- 
served, as shown in Fig. 4A. These inhomogeneities 
were observed in regions grown under enhanced radial 
heat flow, as indicated by the pronounced concave 
shape of the demarcation lines. 
The dopant concentration and microscopic growth 

rate along the spreading resistance impact traces visi- 
ble in Fig. 4A are shown in Fig. 4B. It is seen that 
dopant concentration maxima do not coincide with 
growth rate maxima. Since the distribution coefficient 
of Ga in Ge is less than one, these results clearly in- 
dicate that in this case microsegregation is not con- 
trolled by the microscopic growth rate, but apparent ly 
by the boundary Iayer thickness. 

Macrosegrega~ion.--Longitudinal and radial  macro- 
segregation profiles were obtained with spreading re-  
sistance by scanning at 50-250 +~n intervals. The radial 
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Fig. 4. Microsegregation analysis of Ge crystal grown under lam- 
inar convection: (A) micrograph of dopant inhomogeneities 
("banding") across the crystal, (B) compositional analysis, (C) 
growth rate analysis. The increased concavity of the interface 
shape in this region suggests a transitory period of enhanced radial 
heat flow. Note that concentration maxima do not coincide with 
growth rate maxima. 

scans were  ad jus ted  for in terface  curva ture  in order  to 
represent  the  dopant  concentra t ion along the sol id-  
l iquid in ter face  at  a given t ime dur ing  growth.  

The longi tudina l  macro-composi t iona l  profile of a 9 
m m  d iam crys ta l  is  shown in Fig. 5 where  the rat io of 
the  dopant  concentra t ion at  the growth  interface  (Cs) 
and  the ini t ia l  bu lk  l iquid concentrat ion (Co) is 
p lo t ted  as a funct ion of solidification dis tance (x) .  The 
exper imen ta l  profile is shown together  wi th  the  theo-  
re t ica l  profile for  di f fus ion-control led segregat ion (13), 
given by  

Cs 
= {ko + (1 --  ko) [1 --  exp ( - -  Rkox/D)]} [4] 

Co 

and the normal  freeze (complete  s t i r r ing)  profile (14) 
g iven b y  

Cs 
Co = k~ -- ~s)P~~ [5] 

I I I I 

c , , c ,  _ o N  ./,' 

o I l I I 
1 2 3 4 

S O L I D I F I C A T I O N  D I S T A N C E  ( c m )  

Fig. 5. Comparison of experimental longitudinal macroeomposi- 
tional profile with theoretical curves for diffusion control and com- 
plete stirring (normal freeze). The experimentally determined 
average microscopic growth rate and bulk melt composition were 
8 #m sec -1  and 1.1 X 10 TM cm -3 ,  respectively. For the calcula- 
tions we took D = 1.5 X 10 -4  cm 2 sec, z and ko ~- 0.087. 

where  R is the average  microscopic growth  ra te  and  
Ss is the fract ion solidified. 

I t  is seen tha t  the  expe r imen ta l  profile is in good 
agreement  wi th  Eq. [5] indica t ing  tha t  h igh convec-  
t ive s t i r r ing  reduces the  diffusion bounda ry  l aye r  
thickness to very  smal l  va lues .  Thus, i t  is concluded 
tha t  macrosegregat ion  under  tu rbu len t  convection is 
control led  by  the bounda ry  l aye r  thickness.  I t  is of 
in teres t  to note tha t  longi tudina l  composi t ional  p ro -  
files of some 3 m m  and 5 m m  d iam crystals  g rown 
under  condit ions of l amina r  convection indica ted  sig-  
nificant deviat ions f rom diffusion-control led dopant  
segregation.  

A character is t ic  va lue  of the  effective dis t r ibut ion 
coefficient (12), kerr, defined as Cs/CL in Eq. [3], was 
de te rmined  for each sample. For  crystals  grown under  
complete  mix ing  conditions, keff --> ko. For  crysta ls  in 
which the dopant  concentra t ion macro profiles were  
be tween  the theoret ica l  normal  freeze and diffusion- 
contro l led  profiles, keff was de te rmined  i t e ra t ive ly  by  
dividing the solid concentra t ion by  the bu lk  l iquid 
concentra t ion es t imated  for  that  f ract ion solidified 
consistent  wi th  the  chosen va lue  of kerr. The measured  
values  var ied  f rom ko to 0.8; the highest  value  was 
found in a 5 m m  diam crystal .  The resul ts  a re  p r e -  
sented and discussed below. 

A series of rad ia l  concentra t ion profiles of a 5 mm 
d iam crys ta l  together  wi th  the cent ra l  longi tud ina l  
profile are  shown in Fig. 6. The concentra t ion m a x i -  
mum in the first scan was cor re la ted  expe r imen ta l ly  
wi th  the l a te ra l  var ia t ion  in microscopic growth  ra te  as 
the in i t ia l ly  concave growth  f ront  f lat tened out  dur ing  
the first 3 m m  of solidification. However ,  subsequent  
changes in the a s y m m e t r y  of the profiles were  found 
to be unre la ted  to microscopic g rowth  ra te  variat ions.  
Therefore,  the concentra t ion var ia t ion  along an indi -  
v idua l  profile reflects a var ia t ion  in the bounda ry  
layer  thickness;  var ia t ions  be tween  successive profiles 
indicate t ime var ia t ions  in the bounda ry  layer  th ick-  
ness. The implicat ions  wi th  respect  to the fluid flow 
pa t t e rn  are  discussed fu r the r  below. 

Model for segregation under laminar convection.-- 
A model  for l amina r  fluid flow and segregat ion was 
developed in o rde r  to analyze the exper imen ta l  resul ts  
on macrosegregat ion  in terms of re levan t  g rowth  pa -  
rameters .  The growth  configurat ion is modeled in two 
dimensions. The fluid flow pa t t e rn  ahead of the sol id-  
l iquid in te r face  is assumed to be an ax i s - an t i symmet r i c  
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Fig. 6. Longitudinal (left) and lateral (right) concentration pro- 
files of a 5 mm diam crystal. The lateral scans are plotted on a 
linear concentration scale. The number designating each lateral 
scan gives the respective solidification distance in centimeters. 
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cel l  wi th  an  aspect  ra t io  of un i ty  (c i rcu la r  flow p a t t e r n  
wi th  fluid ascending and descending at  opposi te  wal l s ) .  
Only  the hor izonta l  hea t  flow be tween  the two ve r t i -  
cal wal ls  (held  at  different  t empera tu res )  is t aken  into 
account. S t eady - s t a t e  condit ions a r e  assumed. 

Model ing  of the  segregat ion  process was based  on 
the es tab l i shment  of a diffusion b o u n d a r y  l aye r  th ick-  
ness, 5m, outs ide of which t r anspor t  is convect ion-con-  
t rol led.  Here,  8m was t aken  as the  dis tance at  which 
the diffusion flux equals  10% of the convect ion flux 
under  s t eady-s t a t e  condit ions as suggested i n  a p re -  
vious analys is  of hor izonta l  solidification (2). The dif -  
fusion flux was ca lcula ted  f rom t h e  dopant  concentra-  
t ion g rad ien t  normal  to the in terface  according to the 
approx ima t ion  

OC/Ox~Co/Gm( keff - -  1 )  [6] 
ko 

The  convect ive flux was ca lcula ted  f rom the hor izonta l  
component  of the  l amina r  fluid flow velocity,  vy, across 
the  so l id- l iqu id  interface,  given by  

vu-.  ~ _ ye(1 - -  y)~ 
Ox 3 d 

x(1  --  x)  (1 --  2x) [7] 

whe re  ~ is the  dimensionless  s t r eam funct ion for  a 
fluid of un i ty  aspect  ra t io  confined be tween  two ver t i -  
cal p la tes  he ld  at  different  t empera tu res  (15), x and  
y are  dimensionless  lengths  in uni ts  of the  mel t  d iam-  
e ter  and denote t h e  ver t ica l  and hor izonta l  directions,  
respect ively ,  K is the  t he rma l  d i f fus iv i ty  and d is the 
dis tance be tween  the ver t ica l  plates;  ~ is g iven  b y  

1 
= ~NR X 2 (I -- x)~y2(1 -- y)~  [8] 

where  NR is the  hor izonta l  t he rmal  Rayle igh  number .  
NR is given by  

g= 
NR = da ~T [9] 

where  g is the  acce lera t ion  due  to gravi ty ,  ~ is the  t he r -  
m a l  expans ion  coefficient, ~ is the k inemat ic  viscosity,  
and  hT is the  t e m p e r a t u r e  difference be tween  the  
plates.  

The values  of v~ above the midpoin t  of the  in terface  
(y --  0.5) a re  shown in Fig. 7 as a funct ion of d is tance  
f rom the  in ter face  for  a 5 m m  d iam cy l inder  and v a r i -  
ous Rayle igh  numbers .  The magni tude  of vy increases 
f rom zero at  the  in terface  to a m a x i m u m  value  at  
about  1000 ~m from the in terface  and decreases to zero 
at  about  2500 #m since the  flow pa t t e rn  reverses  d i rec-  
t ion at  the  upper  por t ion  of the  convection cell. 
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Fig. 7. Lateral fluld flow velocity in the center of a 5 mm dlam 
cylinder as a function of distance from the solid-liquld interface 
over a range of Royleigh numbers. 

Equat ing  the diffusion flux to 10% of the  convective 
flux~ and inser t ing  the  express ion for  v~ one obtains  

G ~ x  (1 - x)  (1 - 2x) 

- - t 5 d  [ k e f f - - 1 ] / K N R  k o  [Y2(1 - -Y)2]  [10] 

In Fig. 8, 5m is p lo t ted  as a funct ion of NR for a 5 m m  
d iam cy l inder  and var ious  values  of kerr. I t  is seen tha t  
5m increases wi th  decreasing NR (for constant  d and 
kerr) because the fluid ve loc i t y  decreases wi th  de -  
creasing NR and  the bounda ry  l aye r  thickness  can e x -  
tend fu r the r  into the me l t  before  convection dominates .  

The final p a r a m e t e r  to be in t roduced  into the model  
is the  microscopic g rowth  rate,  R. The g rowth  ra te  cor-  
responding to the  condit ions specified in Fig. 8 was 
es t imated  f rom Eq. [10] employing  the BPS re la t ion  
[3]. Equat ion [3] gives a convenient  theore t ica l  ex-  
press ion for keff as a funct ion of R and  Gin. Accordingly ,  
the g rowth  ra te  is p lo t ted  as a funct ion of bounda ry  
l aye r  thickness in Fig. 9 for var ious  Rayle igh  numbers  
and a cy l inder  d iamete r  of 5 mm; 5m increases wi th  
increas ing R for constant  NR and decreases wi th  in-  
creasing NR for constant  R. 

As indica ted  in Fig. 9, as the growth  ra te  increases,  
a point  is reached where  8m can no longer  have  a 
meaningfu l  value  because the  diffusive flux is a lways  
grea te r  than 10% of the convective flux. This condit ion 
is chosen as one cr i te r ion  for  di f fusion-control led 

2 T h e  e q u a t i o n  o f  f l u x e s  n o r m a l  a n d  p a r a l l e l  t o  t h e  interface 
s e e m s  j u s t i f i a b l e  w h e n  c o n s i d e r i n g  diffusive and c o n v e c t i v e  f lux  
d i s t r i b u t i o n s  a h e a d  of  t h e  i n t e r f a c e .  T h e  present  calculation does  
n o t  a p p l y  a w a y  f rom the center  of the c y l i n d e r  w h e r e  the  com- 
ponent  of  f lu id  f low n o r m a l  to the i n t e r f a c e  i s  not  negligible.  
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Fig. 8. Boundary layer thickness, i~m, as a function of Rayleigh 
number in a 5 mm diam cylinder over a range of values of keff. 
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Fig. 9. Growth rate, R, as a function of boundary layer fhickness, 
Gin, in a 5 mm diam cylinder over a range of Rayleigh numbers. 
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segregat ion  where  the  l imi t  of keff becomes 1. A 
second cr i ter ion for  diffusion control  is 

8,. > D/R [II] 

where  D/R is the character is t ic  bounda ry  l aye r  th ick-  
ness for  d i f fus ion-control led  segregat ion (13). 

In  o rde r  to presen t  these calculat ions in a convenient  
graphica l  form represen ta t ive  of solidification under  a 
wide  range  of conditions, Eq. [3], [10], and [11] were  
combined to de te rmine  keff as a funct ion of g rowth  
ra te  for var ious  hyd rodynamic  conditions. The resul ts  
are shown in Fig. 10; they  indicate  a discontinuous r ise 
in  kett wi th  increas ing g rowth  ra te  a t  constant  Ray-  
le igh number .  The d iscont inui ty  resul ts  f rom the as-  
sumptions  concerning the  t rans i t ion  point  f rom con- 
vect ion to diffusion control.  The pa rame te r s  used in  
the model  can be r ead i ly  modified to give a more  r e -  
al is t ic  r i s e  in  keff as a function of g rowth  rate.  How- 
ever,  the essential  fea tures  wi l l  r emain  the  s a m e :  
under  a constant  set of hydrodynamic  conditions,  dif-  
fus ion-cont ro l led  segregat ion  is p red ic ted  above a cr i t i -  
cal g rowth  ra te ;  the cri t ical  g rowth  ra te  increases wi th  
increas ing Rayle igh  number .  Thus, di f fusion-control led 
segregat ion  is expected at  sufficiently high growth  
rates  and sufficiently low Rayle igh  numbers .  

Comparison of theory and experiment.--In order  to 
analyze  the  expe r imen ta l  resul ts  on macrosegregat ion  
on the basis of the  above, the magni tude  of the des ta-  
bi l izing hor izonta l  t empera tu re  gradients  and the char -  
acterist ic  Rayle igh  numbers  dur ing  solidification were  
determined.  The in ter face  shape was r evea led  by  de-  
marca t ion  l ines and was found to be concave dur ing  the 
growth  of a l l  bu t  the 9 m m  d iam crystals ;  thus, the 
hor izonta l  gradients  could be obtained f rom the ve r t i -  
cal g rad ien t  and the expe r imen ta l  cu rva tu re  p a r a m e -  
ters defined in Fig. 11 ( tak ing  the in terface  as i so ther -  
ma l ) .  Both (near )  symmet r ic  and asymmet r i c  in te r -  
faces were  observed,  as shown in the figure. The Ray-  
le igh number  for the  symmet r i c  (Rs) and asymmetr ic  
(Ra) interfaces  a re  given b y  

1 g= 
RB -- -- ~ Gd 3 AZ [12] 

g= 
R a  - -  - -  d 3 GhA ( the l a rge r  va lue)  [14] 

v~ 

The geometric,  hydrodynamic ,  and growth  pa r a me -  
ters  obta ined f rom seven crystals  solidified under  a 
wide  range  of g rowth  conditions are  shown in Table I. 
The analys is  of the growth  of the  9 m m  crystals  wi th  
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Fig. 10. The limit of keff as a function of growth rate in a 5 mm 
diam cylinder over a range of Rayleigh numbers. 
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Fig. 11. Curvature parameters used to determine the Rayleigh 
number. 

convex or  "S" - shaped  in terfaces  was also car r ied  out  
on the  same basis. By compar ing  expe r imen ta l  values  
of keff and g rowth  rate,  shown in the  table,  w i th  the  
theore t ica l  curves (such as those shown in Fig. 10) 
for  3, 4, 5, and 9 m m  d iam cyl inders ,  i t  is found tha t  
theory  and expe r imen t  a re  in good agreement .  

In  o rder  to s impl i fy  the presen ta t ion  of this analysis  
the  theore t ica l  curves for  the 3-5 m m  crysta ls  were  
reduced to a plot  of keff as a funct ion of the  rat io of 
Rayle igh  number  and growth  ra te  a t  the  t rans i t ion  of 
convect ion to diffusion control.  Thus, a range  of theo-  
re t ica l  t rans i t ion  rat ios is obta ined and shown as a 
cross-hatched region in Fig. 12. This range  was not  
ex tended  to include 9 m m  cyl inders  because macro-  
segregat ion was a lways  convection control led  and the 
t rans i t ion  point  was never  approached.  The exper i -  
men ta l  resul ts  are  als0 shown in the  figure. I t  is seen 
tha t  the theore t ica l  t rans i t ion  range is in good agree-  
men t  wi th  expe r imen ta l  data. Thus, diffusion-con-  
t ro l led  segregat ion can be approached  at  sufficiently 
high growth  ra tes  and  sufficiently low Rayle igh  num-  
bers. A represen ta t ive  Rayle igh  n u m b e r - t o - g r o w t h  
ra te  rat io for the t rans i t ion  is 1 sec/~m. However ,  ap-  
proaching effective diffusion control,  keff ~ 0.9, r e -  
quires  r igorous control  of the rad ia l  hea t  losses and 
the shape of the solidification front.  

The presen t  model, which applies  to macrosegrega-  
t ion behavior ,  cannot  be successful ly ex tended  to t r an -  
sient microsegregat ion  because s t eady-s t a t e  l amina r  
convection is assumed. However ,  the appa ren t  sup-  
pression of tu rbu len t  convection and associated dopant  
inhomogenei t ies  dur ing  g rowth  in the smal l  d iamete r  

0.5 

TH EORETICA L TRANSITION 
REGtON FOR CONVECTION- 
CONTROLLED TO EFFECTIVE- 
DIFFUSION-CONTROLLED 
MACROSEGREGATION IN 
3 TO 5 mm DIAMETER 
CYLINDERS 

0.1 
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I ! 

O.O5 
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(AVERAGE RAYLEIGH NUMBER)/(AVERAGE GROWTH RATE) (sec prn cl) 

Fig. 12. Comparison of experimentally determined relationship 
between keff and the ratio of Rayleigh number and growth rate and 
the theoretical transition region for convention to diffusion-con- 
trolled macrosegregation in 3-5 mm diam cylinders. The ampul 
diameter of each experiment is indicated in the figure in milli- 
meters. 
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Table I. Geometric, growth, and hydrodynamic parameters of directional solidification experiments 
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Average 
microscopic Average Ampul Concentric 

Sample growth rate Rayleigh Ampul ID & OD ampul 
No. Ke~t (~m/sec) No. material (ram) insulation Ambient 

1 /Co 8 2250 Quartz 9; 11 None H~ 
9. /r 12 17.5 Graphite 3; 7 None H~ 
3 /r 7 35.5 Graphite 4; 9 None 
4 /r 12 10 Graphite 4; 9 Quartz H~ 
5 0.45 16 13 Graphite 4; 5 Quartz H~ 
6 0.8 21 10.5 Graphite 4; 5 Quartz Ar 
7 0.7 17 3 Quartz 5; 8 Lava Ar 

a m p u l s  (3-5 m m )  as compared to growth in  the larger 
diameter  ampuls (9 mm) is consistent wi th  established 
thermohydrodynamic  criteria for the heat ing of a con- 
fined fluid from the side, on which the present  model is 
based. It has been shown (15) that, in general, the 
t ransi t ion from laminar  to tu rbu len t  convection occurs 
at a critical Rayleigh number  NR C. The value of NR c 
decreases with decreasing cylinder diameter  for small  
aspect ratios (the ratio of the melt  height and diame- 
ter) ,  and is independent  of diameter  for large aspect 
ratios (keeping the melt  height constant) .  Therefore, 
the critical aspect ratio for a 3 mm diam crystal growth 
ampul  is actual ly smaller  than for a 9 m m  diam ampul. 
However, enhanced hydrodynamic stabil i ty was 
achieved in  the present  experiments  by reducing the 
ampul  diameter  because the actual  Rayleigh numbers  
could be controlled below the critical levels more ef- 
fectively. 

A theory applicable to the present  solidification con- 
figuration which predicts the critical Rayleigh n u m -  
ber  as a funct ion of aspect ratio for low Prandt l  n u m -  
ber  fluids, such as Ge, heated from the side is not 
available. In  o~der to consider the present  exper imen-  
tal results in  this light, the procedure outl ined in Ref. 
(15) to determine the theoretical relationship between 
NR c and aspect ratio for air  was used to obtain a simi- 
lar  curve for Ge. This was accomplished by subst i tut -  
ing the appropriate materials  constants for Ge, and by  
fitting the curve to an exper imenta l ly  determined 
Rayleigh n u m b e r  of 2000 for the onset of tu rbu len t  
convection in  a 9 m m  diam ampul. The result  is shown 
in  Fig. 13. I t  is seen that, as solidification progresses 
upward  in a vertical  direction solidification configura,  
tion, the critical Rayleigh n u m b e r  increases and the 
mel t  becomes progressively more stable. The experi-  
menta l  aspect ratios in this investigation ranged from 
zero (at the end of solidification) to a max imum  value 
of 18 (at the beginning  of solidification in  the 3 mm 
diam ampul. The Rayleigh numbers  measured for 
growth under  l aminar  convection all lie below the 
curve at the corresponding aspect ratio, as shown in 
Fig. 13, indicat ing that the curve can serve as a guide- 

32 

24 

0 , i 
5 10 15 20 25 30 

ASPECT RATIO, I/d 

Fig. 13. Semi-empirical laminar-to.turbulent demarcation for 
directionally solidified Ge under stabilizing vertical thermal gradi- 
ents. 

l ine for l aminar  and tu rbu len t  convection regions for 
Ge growth in  the present  configuration. I t  is empha-  
sized, however, that  the curve is semi-empir ical  in  
na ture  and fur ther  theoretical work is needed. 

The assumption in the present  model of axis -ant i -  
symmetr ic  flow is supported by the analysis of la teral  
segregation (Fig. 6) in which it was shown that  the 
asymmetry  of lateral  compositional profiles reflects 
variat ions in boundary  layer thickness. Thus, fluid de- 
scended on one s ide of the ampul,  decreasing 5m and 
keff, and ascended on the opposite side, increasing 5m 
and kerr. This conclusion is based on the consideration 
of the fluid flow velocity component  normal  to the 
growth interface as described in  the BPS (12) analysis, 
which was not  taken into account in  the present  model. 
However, if this indirect  "sampling" of the fluid flow 
pat te rn  is valid, then variat ions in  the characteristics 
of successive lateral  profiles indicate variat ions in  the 
flow pattern.  Thus, referr ing to the lateral  scans in  Fig. 
6, the shift of the concentrat ion maxima from the 
center of the crystal to the right, and then back toward 
the left, indicates an addit ional  rotat ional  component 
of the flow pat te rn  about the axis along the direction 
of solidification; the flow pa t te rn  on one side of the 
ampul  a l ternate ly  shifts from ascending~ to descending 
with each half period of the rotat ional  cycle. Therefore, 
a concentrat ion min ima  becomes a maxima wi th in  the 
same t ime frame. 

Three addit ional  exper imental  observations support  
the presence of rotat ional  displacement. First, analysis 
of broad dopant  inhomogeneities which occurred under  
laminar  convection (Fig. 4) revealed that  the str ia-  
tions intersected successive demarcat ion lines cont inu-  
ously from one side of the crystal to the other. From 
the relat ive position of str iat ions and demarcat ion 
lines,, the apparent  "lateral  velocity" of the per tu rba-  
t ion across the crystal could be measured;  thus, for the 
striations shown in Fig. 4, it is about  1 mm/sec.  (It  
should be pointed out that  the actual  th ree -d imen-  
sional na ture  of the striations was not  determined,  and 
it  must  certainly be much more complex.) It  was ob- 
served that, while the first s tr iat ion apparent ly  
t ravel led in  one direction, successive striations 
travelled a l ternate ly  in  opposite directions. Although 
the precise mechanism of the formation of the str ia-  
tions has not been worked out, this result  is consistent 
with the occurrence of rotat ional  displacement in  the 
melt  dur ing solidification. 

The second observation, which is indicative of a 
rotat ional  flow pattern,  is the morphology of intersect-  
ing melt  striations which occurred under  tu rbu len t  
convection (Fig. 3). Here, rotat ion of the hot fluid 
caused remelt  on a l ternate  sides of the crystal and the 
slope of the growth front  shifted correspondingly from 
positive to negative with respect to a flat reference 
line. 

Third, if a l ternate  striations are formed as a result  
of flow reversal  (due to rotat ion),  then the spacing 
of successive striations must  be related to the rota-  
t ional period. Accordingly, the period of striations, 
~, occurring under  a wide range of hydrodynamic con- 
ditions was measured as a funct ion of the local Ray-  
leigh n u m b e r  with the aid of interface demarcat ion 
lines. The results, shown in  Fig. 14, i n d i c a t e  t h a t  
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Fig. 14. Experimentally determined relationship between the Ray- 
leigh number and period of fluid rotational displacement (deduced 
from the spacing of successive striations). 

varies  l i nea r ly  wi th  Nm This t r end  agrees  qua l i t a t ive ly  
wi th  previous  measurements  of a confined fluid hea ted  
f rom the side (8, 11)and supports  fu r the r  the exis tence 
of fluid rotat ion.  

Al though the above segregat ion  analysis  represents  
a qua l i t a t ive  account  of the  fluid flow pa t t e rn  ad jacent  
to the so l id- l iqu id  interface,  the th ree -d imens iona l  
flow behavior  in the bu lk  of the  mel t  cannot  be ascer-  
tained. However ,  on the basis of the present  resul ts  
and exis t ing theore t ica l  analyses  of s imi lar  configura-  
tions, such as a di f ferent ia l ly  hea ted  incl ined box (16) 
and a ver t ica l  tube wi th  a square cross section heated 
f rom the side (17), i t  can be concluded tha t  the flow 
pa t t e rn  consisted of a single s teady  unicel l  under  
l amina r  convection and a series of cells, one above 
the other  and  wi th  aspect  rat ios  of 1, under  t u r b u -  
lent  convection. F u r t h e r  theoret ica l  eva lua t ion  is nec-  
essary. Also, both  the horizontal  and ver t ica l  compo- 
nents of fluid flow mus t  be taken  into account to 
descr ibe  l a t e ra l  segregation,  a l though average  longi-  
tud ina l  macrosegregat ion  behavior  p red ic ted  by  the 
presen t  model  is in agreement  wi th  exper iment .  

To this point,  only  t h e r m a l l y  dr iven  convection has 
been considered. However ,  since the densi ty  of l iquid 
Ge decreases wi th  increas ing Ga content,  the contr i -  
but ion to the  total  ver t ica l  dens i ty  g rad ien t  of the 
Ga concentra t ion profile wi th in  the diffusion bounda ry  
l aye r  is destabil izing.  These condit ions can lead to 
composi t ion-dr iven,  or  solutal  convection. The p rob -  
l em of fluid s tab i l i ty  wi th  s imul taneous  gradients  of 
t empera tu re  and composit ion is complex and has  
received re l a t ive ly  l i t t le  a t tent ion  theore t ica l ly  and 
exper imen ta l ly ;  the potent ia l  influence of solutal  
convection in the present  inves t igat ion can be eva lu -  
a ted  semi -quan t i t a t i ve ly  a t  best. Calcula ted  values  of 
the  total  dens i ty  grad ien t  in the mel t  near  the g rowth  
f ront  were  a lways  posi t ive (s tabi l iz ing) ;  the dens i ty  
g rad ien t  due to the  t empera tu re  was genera l ly  a fac-  
tor  of 5-10 t imes g rea te r  than  tha t  due to composi-  
t ion (18). Thus, the  solutal  effect would  seem in -  
significant. On the o ther  hand, theore t ica l  calculat ions 
(19) predic t  tha t  under  cer ta in  condit ions fluid in-  
s tab i l i ty  can occur in spite of a n  overa l l  s table  den-  
s i ty  grad ien t  when the the rmal  component  is s tabi l iz -  
ing and the composi t ional  component  is destabil izing.  
Al though this theory  is based on a thin film of infinite 
ex ten t  wi th  s ta t ionary  boundaries ,  and does not  d i -  
r ec t ly  app ly  to the presen t  exper imen ta l  configura-  
tion, i t  indicates  the possible significance of the soluta l  
effect. The  presen t  expe r imen ta l  results,  inc luding  
the rmal  character izat ion,  and macro-  and microsegre-  
gat ion behavior ,  a re  consistent  wi th  convection dr iven  
by  the rmal  dens i ty  gradients .  

Achievement o$ effective diJ]usion-controlled segre- 
gation.--It was one of the object ives  of this  s tudy  to 
de te rmine  the op t imum ver t ica l  solidification con- 
f igurat ion for min ima l  convective interference.  As 
was shown above, the pa rame te r s  leading to diffusion 
control  a re  high growth  rates,  low ver t ica l  t empera -  
ture  gradients ,  smal l  ampu l  diameter ,  and low in te r -  
face curvature .  The present  appa ra tus  a l lowed inde-  
pendent  control  of hor izonta l  and ver t ica l  t empera tu re  
gradients.  However ,  the in terface  curva tu re  and growth  
ra te  were  found to be in terdependent .  As shown in Fig. 
15, the curva tu re  increased wi th  increas ing growth  
rate.  In  exper iments  car r ied  out  in quar tz  ampuls  
the  curva tu re  (~Z/d) was found to be smal le r  and 

less  sensi t ive to g rowth  ra te  changes, " ( 0~Z/d  ~ than  
k OR / '  

in  those car r ied  out  in g raph i te  ampuls.  Thus, the  
curva tu re  parameter ,  AZ/d, represents  the balance  of 
longi tud ina l  and  r a d i a l  hea t  flows, since rad ia l  hea t  
losses decrease wi th  decreas ing ampul  the rmal  conduc-  
t iv i ty  and wi th  increas ing growth  rate.  

On the basis of these findings, three  modifications of 
the  growth  configuration were  made:  (i) p rog rammed  
cooling was in t roduced to the cooling shaft  to enhance 
longi tudina l  hea t  flow and r ende r  the  so l id- l iquid  in-  
terface shape less concave; (ii) a 5 m m  ID • 8 m m  
OD quartz  ampul  was employed  wi th  concentr ic  l ava  
i n s u l a t i o n t o  reduce hea t  losses; and  (iii) the inner  
hea te r  was posi t ioned above the top of the mel t  to 
reduce rad ia l  hea t  flow in tha t  region of the  melt .  
With  these modifications, i t  was found tha t  the  Ray-  
leigh number  was ma in ta ined  below 0.9 and the curva-  
ture  p a r a m e t e r  a t  about  0.01. 

A longi tud ina l  macrocomposi t ional  profile of a c rys-  
tal  grown in this configuration is shown in Fig. 16. The 
microscopic growth  ra te  was acce lera ted  to 36 ~m/sec 
and the composit ion s tead i ly  increased to wi th in  15% 
of the  s t eady-s ta te  value  as solidification progressed.  
Since no theories were  avai lab le  to analyze segrega-  
t ion under  conditions of nonconstant  g rowth  rate,  the  
da ta  were  compared  wi th  theore t ica l  curves for di f -  
fusion control,  expressed in (4), using the measured  
average  microscopic growth  ra te  of 18 ~m/sec. In view 
of the unce r t a in ty  in  the values  Of D and ko, a theo-  
re t ica l  range  was obta ined by  vary ing  both pa rame te r s  
over  the range of the  publ ished data, as shown in Fig. 
16, bounded by  curves ca lcula ted  using values of D 
and ko of 2 • 10 -4 cm2/sec and 0.087, respect ively,  
and of 1 • 10 -4 cm2/sec and 0.11. The exper imen ta l  
da ta  lie wi th in  the theoret ica l  range,  indica t ing  that  
wi th in  a marg in  of uncer ta in ty ,  effective diffusion- 
control led  segregat ion prevai led.  Fur the rmore ,  the  ex -  
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Fig. 15. Measured dependence of the curvature parameter, AZ/d, 
an the growth rate, R, for the configurations given in Table I. The 
data for sample No. 1 are not given. 



YoI. I28, No. 2 VERTICAL THERMAL GRADIENTS 437 

1 I I I I I 55  

cs/c o 

D = 1 x 1 0 - 4 ~  - 

ko=O.11 ~'~ 7/ /  

= 2 x  10-4  
k o = 0.087 

D = 1.5 x 10 -4  
k o = 0.087 

GROWTH RATE x:= 

CONCENTRATION �9 �9 

I I I I I o 
3 5 7 9 

=n 
O 

2: 

3 

S O L I D I F I C A T I O N  DISTANCE (mm) 

Fig. 16. Compositional and growth rate analysis of crystal grown 
under the highest achieved hydrodynamically stable conditions. The 
experimental concentration profile is compared with a range of 
theoretical curves for diffusion-controlled segregation (shaded 
area) corresponding to the uncertainty in the values of D and ko. 
The theoretical curve calculated with the commonly accepted 
values of D (1.5 • 10 -4  cm2/sec) and ko (0.087) is also shown 
(dashed curve). 

perimental curve first lags and then leads the theoreti- 
cal curve calculated with the most commonly ac- 
cepted value of D, 1.5 • 10 -4 cm2/sec, and ko, 0.087. 
This behavior is expected for a diffusion-controlled 
growth under conditions of increasing growth rate and 
supports further that effective diffusion control was 
achieved. 

Summary and Conclusion 
Convection and convection-related segregation 

phenomena are dominant processes during directional 
solidification under stabilizing vertical thermal gradi- 
ents due to the presence of unavoidable destabilizing 
horizontal thermal gradients. Under turbulent condi- 
tions the solidification rate is coupled to temperature 
fluctuations in the melt which leads to material with 
pronounced and random dopant inhomogeneities. This 
behavior is virtually eliminated under laminar con- 
vection. However dopant inhomogeneities broadly 
spaced are present due to perturbations in boundary 
layer thickness resulting from transient thermal con- 

ditions in the melt. Macrosegregation in both convec- 
tive regimes is controlled by the boundary layer thick- 
ness. Effective diffusion-controlled segregation is 
achieved at sufficiently high growth rates and suffi- 
ciently low Rayleigh numbers. Thus, the generally 
made assumption that diffusion control or minimal 
convective interference prevails during vertical direc- 
tional solidification is not valid without experimental 
verification: direct thermal characterization of the 
melt, micro- and macrocompositional profiling, and the 
determination of horizontal temperature gradients and 
interface curvature are essential in the evaluation of 
convection and its effects on segregation. 
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Partial Pressures over HgTe-CdTe Solid Solutions 

I. Calibration Experiments and Results for 41.6 Mole Percent CdTe 

J. P. Schwartz, Tse Tung, and R. F. Brebrick* 
Metallurgy and Materials Science, Marque~e University, Milwaukee, Wisconsin 53233 

A B S T R A C T  

Calibration experiments  are reported that enable the partial pressures of  
Hg, Te2, and Cd to be calculated from measurements  of the optical absorbance 
between 220 and 700 n m  of the vapor phase. In  particular,  the self -broadening 
and Hg-broadening coefficients of the 228.7 and 325.7 Cd lines are established. 
The pressure ranges are between 10 -2 and 32 atm for Hg, 10 -4 and 10 -~ atm 
for Te2, and 10 -~ and 10 -5 atm for Cd. These calibrations are used in a study 
of the HgTe-CdTe solid solution containing 41.6 mole percent  CdTe to deter- 
mine  all three part ial  pressures along the three-phase curve, the chemical 
potentials of HgTe and CdTe components, and the Gibbs free enthalpy of for- 
mation. Densi ty and lattice parameter  as a funct ion of CdTe content are also 
reported. 

HgTe and CdTe form a continuous range of solid 
solutions with the zinc blende structure in  which the 
Hg and Cd atoms are dis t r ibuted at random over the 
sites of one sublattice. The mater ia l  is a semiconduc- 
tor with a forbidden energy gap varying  from about  
2 eV for CdTe to a small  negative value for the semi- 
metall ic HgTe, and various HgTe-r ich compositions 
are used as inf rared detectors. Some values exist for 
the densities and lattice parameters  of the solid solu- 
tions (1, 2). The pseudobinary phase diagram has been 
determined by  thermal  analysis (1, 3) and  by chemi- 
ca l  analysis of the first crystals to freeze from large 
volumes of melt  (4). Total pressure measurements  
have been made by a reflux method for pseudobinary  
melts containing up to 60 mole percent  (m/o)  CdTe and 
these also furnish  a few liquidus points (5). However, 
nei ther  the part ial  pressures over the pseudobinary 
solid solutions have been reported nor  has the Gibbs 
free enthalpy of formation for the various solid solu- 
tions. 

It  is observed that  the concentrat ion of electronic 
carriers in these materials  for a given Hg to Cd ratio 
can be varied by equi l ibrat ion at temperatures  above 
200~ under  various mercury  pressures (6-10). In  ac- 
cordance with the simple defect chemistry of solids, 
it is inferred that  this implies a varying concentrat ion 
of nat ive  atomic point  defects, which can act as donors 
or acceptors, and consequently a small  range of stabil i ty 
a round an atomic fraction of one-half  for Te. Statistical 
thermodynamic  arguments  show (11) that  if the value 
of y in the formula (Hgl-xCdx)yTel-y(c)  is restricted 
to values close to 1/2, then the sum of the chemical 
potentials of Hg and Te and that of Cd and Te are to a 
good approximation independent  of y and functions of 
T and x (and weak functions of the total pressure, 
characteristic of condensed phases). Thus, for a given 
x and T, only one part ial  pressure need be fixed to 
fix all of the intensive variables, including the elec- 
tronic c a r r i e r  concentrations. For such purposes it  is 
valuable  to know the part ial  pressure of the predomi-  
nan t  vapor species for both the meta l -sa tura ted  and 
the  t e l lu r ium-sa tura ted  solid solutions. 

In  the present  paper we report  measurements  of the 
optical absorbance between 220 and 700 nm of the 
vapor coexisting with a solid solution of x ~ 0.416 
between about 300 ~ and 800~ From these it is possi- 
ble to obtain (i) the solidus temperature  for this com- 
position, (ii) the part ial  pressure of Hg along the 
three-phase curve, where the solid solution coexists 
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with the vapor and another  condensed phase, (iii) all  
three par t ia l  pressures in  certain ranges of T and y, 
and (iv) the Gibbs free enthalpy of formation. (More- 
over, direct evidence of the nar row composition range  
of stabil i ty about  y --= u is obtained.) Extensive cali- 
brations experiments  are required to convert  the m e a -  
sured optical absorbances into part ial  pressures. This 
is par t icular ly  true in the case of Cd (g), which occurs 
at low part ial  pressures and shows an absorption l ine 
which varies from one that  is nar rower  than our mono-  
chromator bandpass to one extensively broadened by  
mercury.  

Measurements of the density and lattice parameter  
for various x-values  were carried out to check the com- 
position of the crystals and are also reported here. 

Experimental 
Materials.--The t e rna ry  solid solutions were fu r -  

nished as large grain size samples by Mr. J. Schmit of 
Honeywell  Corporate Research Laboratory in Bloom- 
ington, Minnesota. They were prepared by combin-  
ing the weighed, spectroscopically-pure elements in 
sealed silica tubes with extra Hg to compensate for 
loss to a small  volume of vapor phase, melting, cooling 
rapidly to below the solidus temperature,  and annea l -  
ing for long periods. The samples were slices cut from 
portions of the ingot where scanning electron micro- 
probe analysis showed the Hg/Cd ratio typical ly to be 
the most uniform. The bottom one- th i rd  of each slice 
was discarded to fur ther  minimize any  var ia t ion in  
Hg/Cd ratio following Mr. Schmit 's experience. The 
remainder  of each slice was then l ightly lapped wi th  
12 ~m grit a lumina  and rinsed with methyl  alcohol. The 
density of roughly 5g samples was determined by 
weighing in air and in distilled water  of measured tem- 
pera ture  using an analyt ical  balance with a sensit ivi ty 
of 0.1 mg: The slices were then ground in an agate 
mortar  and pestle and roughly 2g was fur ther  ground 
to pass a s tandard 44 ~m stainless steel sieve. Diffrac- 
tion pat terns were obtained with a Norelco diffractome- 
ter using CuK~ radiation, a graphite monochromator  
in the diffracted beam, a ~/a ~ divergence slit, and a 4 ~ 
scattering slit. Values of 2e between 23 ~ and 133 o were 
scanned at 1/4~ and a chart  speed corresponding 
to 5.0 cm/~ in 2~. Thus angles could be read to 0.01 ~ 
The ins t rumenta l  bandpass with this a r rangement  was 
0.14% The goniometer readings were corrected using 
ZnTe (ao : 6.1027A) as an external  s tandard (12, 13). 

In the instances in which it was necessary to add 
one or more of the elements to the slices, 6 nines pure 
elements from Cominco American, Spokane, Washing- 
ton, were used. 
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Optical cells.--The T-shaped optical cells were made 
of fused silica and  consisted of a cylindrical  cei l -proper  
with roughly plane, paral le l  windows through which 
light passed and a 50 cm long s idearm attached at r ight  
angles to the cylindrical  axis at its midpoint.  The cells 
were u l t imate ly  sealed off under  vacuum at the sidearm, 
leaving it  20 cm long. The extra  length  made it possible 
to at tach the cell to a vacuum system and  outgas the 
cel l-proper and entire final 20 cm length of sidearm. 
The length of the cell-proper, exclusive of window 
thickness, ranged between 1 and 10 cm and was mea-  
sured to the nearest  0.01 cm before a t tachment  of the 
windows. For low pressure runs  the cel l-proper was 1.7 
cm ID with a 0.15 cm wall  and 0.2 cm thick windows. 
For runs  in which the pressure exceeded 15 atm, the 
cel l -proper  was- 0.8 cm ID with a 0.3 cm wall  and 0.3 
cm thick windows. Also for the high pressure cells, 15 
cm of the sidearm length closest to the cel l-proper was 
0.16 cm ID capil lary to minimize the vapor volume, 
only the 5 cm length fur thest  from the cel l-proper 
being enlarged to 0.7 cm ID to hold the sample. High 
pur i ty  silica windows with a t ransmission exceeding 
90% at 200 n m  were used for all cells. The volume of 
the optical cel l-proper and that  of the sidearm as a 
funct ion of length were determined by adding water  
from a buret te  with 0.05 ml  divisions. That  of the high 
pressure cells was determined by  adding mercury  and 
weighing. The cells were cleaned using a 15 sec rinse 
with 37 weight  percent  (w/o)  HF, several distilled 
water  rinses, and then  drained dry. They were then  
outgassed for 16 hr at 1000~ and 3(10-~) Torr. Upon 
cooling the cells were ready for loading. 

A weighed amount  of solid solution passing a 125 
~m sieve and being re ta ined b:F a 44 #m sieve was 
loaded via a long funne l  along with a weighed amount  
of Hg or Te into the optical cell-proper. The cell was 
then put  on v a c u u m  again and after 5-10 min  sealed 
off with ~n H2-O2 torch to leave a 20 cm long sidearm. 
This was a sufficiently long period that  the pressure 
was in the 10 -~ Torr  range for samples with added Te 
and about 10 -'6 Torr  for those with added Hg. After  
seal-off the sample was shaken into the end of the 
sidearm. The small  amount  of fine mater ial  r emain-  
ing in the cel l -proper  and upper  portions of the side- 
a rm was subl imed toward the bu lk  of the sample by  
imposing a temperature  of 600~ over all the cell 
except the lower 6 c m  of the sidearm, which was sur-  
rounded by a water-cooled copper cylinder~ The sample 
was then homogenized by an isothermal annea l  at 
about  500~ for 20 hr, the cell-proper and upper  por-  
tions of the s idearm being held at higher temperature.  

In  order to determine the relat ion between optical 
absorbance and part ial  pressure a number  of cells were 
prepared which contained pure Te, pure  Hg, pure Cd, 
or weighed amounts  of Hg and Cd. 

Experimental arrangement--Figure 1 is a schematic 
of the optical system which is a GCA McPherson RS10, 
l m  focal length, 12,000 grooves/cm grat ing mono-  
chromator arranged with reverse optics, and an epen 
sample area large enough to accept a 30 cm long fur -  
nace. Light from a 75W high-pressure xenon lamp is 
sent through a chopper wheel and split  into two beams. 
These are a l te rnate ly  sent  into the ent rance  slit of a 
pr ism disperser ( incorporated to el iminate higher 
orders and minimize stray light) by  a flipper mir ror  
that  oscillates at 6.66 Hz between two stable positions, 
spending 50 msec in each. /k small  lamp and silicon 
diode mounted  on opposite sides of the chopper wheel 
provide the synchronizing signal for a lock-in ampli -  
fier. Most of the measurements  were taken  with 200 ~m 
settings for the ent rance  and exit slits of the mono-  
chromator giving a spectral bandpass of 0.17 nm. A 
recorder displayed the common logari thm of the ratio 
of reference beam to sample beam intensity,  i.e., the 
optical absorbance. Measurements of the Cd line 
were also taken in transmission, with the flipper mir ror  
s tat ionary and sending the sample beam into the 
monochromator.  Then the in tensi ty  of the t ransmit ted  
sample beam was recorded and various slit widths 
between 20 and 100 ~m were used. In  operation a 
furnace containing an optical cell was placed in  the 
sample beam so that the cylindrical  axes of the cell- 
proper lay along the beam direction. 

Figure 2 is a schematic of the split-T, 6-zone elec- 
trical resistance furnace with an optical cell in  place. 
The furnace consists of two halves, each similar  to that  
shown, that are hinged together along the upper  edge 
of the upper  leg of the T. Each zone is made of two 
heating elements connected in series, one in the lower 
half of the split-T, the other in the upper  half, so that  
the two elements form a cyl inder  when the furnace is 
closed. The center zone of the upper  leg of the T, Z2, is 
controlled electronically using a Pla t inel  II thermo-  
couple located near  the middle of the cel l-proper and 
between the heating element  and the steel liner. Slave 
controls furnish an adjustable  percentage of the power 
sent to the center zone and to the adjacent  end zones, 
Z1 and Z3. Power to the center sidearm zone, Z5, sur-  
rounding the sample, is also directly controlled and  
the end zone, Z6, is unde r  slave control. The power to 
Z4 is controlled manua l ly  using an autot ransformer  and 
ammeter.  The l iners serve to position the optical cell, 
to hold some of the measur ing  thermocouples in  posi- 
tion, to provide addit ional  thermal  mass to smooth out 
short - t ime tempera ture  fluctuations, and, especially 
in the case of the silver liner, to minimize the tem- 
pera ture  gradients in  the cel l -proper  and around the 
sample. The eleven thermocouples used for tempera-  
ture  measurement  were all 5(10 -2) cm diam tl~ermo- 
couple grade Pt; Pt, 10% Rh wire from Englehard  In -  

MONOCHROMATOR PRISM PRESELECTOR ~ REFERENCE ~.~ ~ XENON 
'|~ BEAM \ ~I'~" ~ ~ LIGHT 

ENTRANCE I I ~ ~ "  i i l .SOURCE 

-- - -- DIFFRACTION ~ "~ / WrILLL 
- -  I / U /  --" . . . . . . .  "SAMPLE BEAM 

EXIT SLITS ~ ~'J I TEMPERATURE 
PBOTOMULTIPLIER HIGH CONTROL, MEASURING, TUBE TEMP EPJ~TURE OVEN WITH AND RECORDING 

SAMPLE CELL SYSTEM 

~ PREAMPLIFIER I I AMO~KFII~R H RATIOMETER I RECORDER ] 

Fig. 1. Schematic of spectra- 
photometer with optical cell and 
furnace in place. 
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Fig. 2. Schematic cross section of hinged, split-T optical-cell 

furnace with cell in place. L1 is a 1.0 cm wall thickness, 10.2 cm 
long, split cylinder made of a high Ni-Cr steel (RA330; Rolled 
Alloy Products, Chicago, ILL L2 is a 0.89 cm wall, 12.5 cm long 
cylinder of silver. The walls of both liners contain thermocouple 
holes. Thermocouple positions are indicated by an X. There are two 
thermocouples at the end of the cell n~ar the boundary of zones 
Z1 and Z2. One is at the bottom of the cell, the other near the top. 

dustries, New Jersey. A certificate of cal ibrat ion showed 
that  thermocouples made from sample sections Of this 
wire gave emf's matching the NBS tables to wi thin  
--0.6 ~ to --1.3~ between 400 ~ and 1100~ The tem-  
peratures of the six thermocouples distr ibuted around 
the cell-proper were read to 0.75~ using a Mult ipoint  
Honeywell  Potentiometric recorder. Those of four of 
the five tbermocouples placed along the sidearm were 
read to the nearest  0.1~ using a Fluke, Model 2000, 
Digital Thermometer.  The fifth thermocouple placed 
against the sidearm near  the middle of the sample had 
a cold junct ion in an automatic ice bath and its emf 
was measured to the nearest  0.1 ~V using a Leeds and 
Northrup, Model 7564, differential potentiometer.  Tem- 
peratures were obtained using the National Bureau of 
Standards Thermocouple Reference Tables. Consistency 
of the temperature  readings from the three ins t ruments  
was checked in separate experiments in  which the 
thermocouple hot junct ions  were held as close together 
as possible in the middle of the silver liner. Readings 
from the digital thermometer  and differential poten-  
t iometer agreed to within I~ over the 400~176 
range while those of the Mult ipoint  recorder agreed 
with these to wi thin  5~ 

Experimental procedure.--In a set of measurements  
the tempera ture  of the optical cell-proper was held 
fixed at 755~ with a variat ion of 3~ or less across 
the cell. For a few high sample temperature  measure-  
ments with meta l -sa tura ted  solid solutions, the optical 
cell tempera ture  was held at 800~ With the sample 
tempera ture  near  200~ and insufficient vapor present  
to give a measurable  signal, the optical absorbance 
was measured between 200 and 700 nm. This mea-  
surement  was repeated 2-5 times to furnish an average 
base l ine characterizing losses in  the sample beam 

.[RO 
D (~) = loglo ~, ~ / [1]  

where /Ro and Iso are the in i t ia l  intensities in the 
reference beam and Sample beam, respectively. The 
sample temperature  was then increased so absorption 
became measurable,  measurements  made, and the sam- 
pl e temperature  increased again by 5~176 At a given 
~sample tempera ture  setting, the sample temperatures 
and the absorbance at some strongly adsorbing wave -  
length were recorded as a funct ion of time. When both 
were steady the optical absorbance was measured as 
a funct ion of wavelength.  When Cd was present the 
t ransmission of the 228.7 a n d  325.7 nm lines was also 
recorded. Temperatures  were recorded for the various 
positions along the cel l-proper and sidearm. The net  
optical absorbance at a given wavelength was calcu- 
lated by subtract ing that  of the base l ine from the 
total measured, log10 (IR/Is,t), to g i v e  

D (~., net)  = log (Ia/Is,t) -- log (IRo/Iso) [2] 

where Is,t is the in tensi ty  of the l ight wi th in  the spec-  
tral bandpass at ~ that  is t ransmit ted  by the vapor-  
containing optical cell. Assuming (i) that  no change 
occurs in the optical characteristics of the sample-  
beam path except that  due to the changing vapor state 
and (ii) that  any change in lamp output  effects both 
beams equal ly so the IR = fIRo and Is,i -- f/so, then 
the net  optical density calculated from Eq. [2] can 
be wri t ten  as 

D(~, net )  = log (Is,']Is,t) [3] 

where Is.i is the in tensi ty  of the sample beam incident  
on the optical cell. The net  optical absorbance is then 
a measure of the vapor absorbance alone. The assumed 
constancy of the base l ine with time was monitored 
at nonabsorbing wavelengths and occasionally was also 
checked after a run  by cooling the sample to near  200~ 
and measuring the optical absorbance. The net  optical 
densities at various wavelengths were plotted on a 
log scale against the reciprocal absolute sample tem- 
perature. Abrupt  and significant base l ine shifts, which 
would appear as discontinuities, were not detected. 

Accuracy of meas~rements.--The monochromator  
wavelength indicator  was checked by  locating the 
absorption maxima of Zn at 213.8 and 305.7 nm, of Cd 
at 228.7 nm, and Hg at 253.7 nm, with the vapors at a 
pressure of about 10 -5 arm in  each case. This showed 
the indicator was low by 0.4 nm at these Wavelengths 
and so all wavelengths quoted here have been cor- 
rected by adding 0.4 n m  to the reading. Wavelengths 
could be reproduced to wi thin  a few hundredths  of a 
nanometer .  Total optical absorbances were measured 
between 0.01 and 2.7. Reproducibil i ty and noise were 
worse at 220 nm than at 300-700 rim. Typical noise 
ampli tudes at 220 nm were • 0.02 at optical absorb-  
ances between 0.01 and 1.0 and ___ 0.1 at 2.0. One might  
then expect the par t ia l  pressures given in  this paper to 
be accurate wi thin  2% to 10%. In  most cases, except 
for the part ial  pressure of Cd(g)  and that  of Hg(g)  
below 0.01 arm, several values for a part ial  pressure 
were obtained by using the optical absorbance at sev- 
eral different wavelengths and the average taken. 
These average values and the associated s tandard de- 
viation are given in the tables that  follow. 

Photometric accuracy was checked by measur ing the 
optical absorbance of Zn vapor in a 1000~ optical cell 
between 220 and 270 nm as a funct ion of the tempera-  
ture of the l iquid Zn. Plots of the logari thm of the net 
optical absorbance vs. reciprocal absolute sample tem- 
pera ture  could be well represented at all wavelengths 
as parallel  straight lines with a slope twice that  of the 
vapor pressUre of zinc. Moreover the relat ive optical 
densities at different wavelengths agreed closely wi th  
those obtained elsewhere with a different mono-  
chromator and furnace (11, 14). 
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The response t ime for a ful l  scale deflection from 
near  zero absorbance to 3 was about  2.5 sec. Conse- 
quent ly  when  rapid changes in  absorbance as a func-  A 6.480 
tion of wavelength  occurred the scanning rate was o~  
appropriately decreased, sometimes to zero. 

The sample tempera ture  was taken  as the average ~ 6.475 
of those recorded from the three thermocouples placed E 
near  ei ther end of the sample and near  the middle  
after  adding a correction of + 1.0~ The m a x i m u m  ~ 6.47C | 
t empera ture  var iat ion across the sample was about  ._o 
3~ We estimate our  corrected average sample tern- ~ 6.465 
peratures  are accurate to • 1.5~ The tempera ture  of 
the optical cel l -proper  is es t imated to be correct to 6.46{] 
• 8~176 For fixed part ial  pressures, the concentra-  H 
tions of the vapor species in  the l ight  path depend 
on the reciprocal absolute tempera ture  of the optical 
cell. The uncer ta in ty  in the optical cell tempera ture  
therefore contr ibuted an error  of less than 1% to the 
measured optical absorbances. 

;fie .2 .4 .6 .8 CdTe 
X 

Fig. 3. Lattice parameter at 20~ as a function of the mole 
fraction of CdTe in HgTe-CtlTe solid solutions. Triangles: this 
study. Circles: Woaley and Ray (2). Squares: Blair and Newnham 
(I). 

Density and Lattice Parameter 
Densit ies were determined at 20~ to w i t h i n  0.1%. 

Lattice parameters  were determined with a s tandard  
deviat ion of one par t  in 104 from a least squares fit 
to the corrected values of 28. Since the un i t  cell con- 
tains four formula units, Hgl-xCd~Te, the value of x 
is given in  terms of the density, d, in g /cm 3 and the 
lattice parameter ,  ac~ in angstroms as 

328 .19 -  (0.15056)dao 8 
x = [4] 

88.19 

The var iat ion in  lattice parameter  from x = 0 to 1 is 
only 1/3% and if this is a l inear  variation, then Eq. 
[4] is a l inear  relat ion between x and d to an accuracy 
of 0.0.5% in  d. In  fact, the exper imenta l  values of x 
and d are well fit by a least squares straight l ine that 
goes through the densities of pure HgTe and CdTe 

d = 8.077 -- 2.225X [5] 

The exper imenta l  values obtained for x, d, and ao are 
given in  Table I along with the s tandard  deviation be- 
tween measured and calculated values of 20. It  is ap- 
paren t  the percentage var ia t ion of densi ty with x is 
much larger than that  in ao and so density measure-  
ments  afford the more sensitive means of de termining  
x. The use of Eq. [4] assumes the density samples are 
homogeneous and free of voids. The former was evi-  
denced by  the fact the ha l f -width  of the diffraction 
l ine was essentially equal  to the ins t rumenta l  bandpass 
of 0.14 even at the highest values of 20 near  1330 . Figure  
3 shows ao as a funct ion of x. 

Our values and all bu t  one of those from Blair and 
Newnham (1) fall close to straight l ine through the 
values for HgTe and CdTe. Those of Wooley and Ray 
(2) form a bow and are somewhat  lower. 

Calibration Measurements 

TelIurium.--From a n u m b e r  of closely agreeing 
studies (15-18) the vapor pressure of Te above its 
mel t ing point  is given to wi thin  2% by 

logPTes ~ (arm) = --5960.2/T + 4.7191 [6] 

Table I. Experimental values at 2O~ for Hgz-xCdxTe 

Std .  dev .  
d L a t t i c e  p a r a m -  of  f i t  

x ( g / c m  ~) e t e r ,  ao (A)  ~ (28, d e g )  R e f e r e n c e  

0.00 8.077 6.46{}3 ----- 0.001 0.0121 T h i s  w o r k  
0.00 ~ 6.4623 ----- 0.0001 - -  (1) 
0.222 7.582 6.4656 • 0.0005 0.0204 T h i s  w o r k  
0.277 7.462 6.4665 --+ 0.0006 0,0231 T h i s  w o r k  
0.416 7.152 6.4689 "4- 0.0005 0.0207 T h i s  w o r k  

1.00 5.852 6.4615 - -  (13) 

Selected values by Hul tgren  ct al. (19), however, favor 
the data of Machol and West rum (20), which show a 
decrease from values calculated from Eq. [6] that  
starts at about  620~ and amounts  to about  20% at the 
449.5~ mel t ing point. The exper imenta l  points are 
relat ively few in n u m b e r  be tween 450 .~ and 500~ and 
the values are near  the exper imenta l  l imits of precision. 
In contrast, the optical absorbance of the strong Te2 
peaks in  the 199.5-206.0 n m  region indicate that  Eq. 
[6] is followed down to the mel t ing point  (18). The 
present  absorbance measurements  in  the visible also 
indicate that  this is so to wi th in  • 5%, the optical 
absorbance of a number  of wavelengths being well  
represented by  paral lel  s traight lines with a slope of 
--5960 on a plot of log D vs. 103/T as shown in  Fig. 4. 
We therefore choose Eq. [6] as the best representat ion 
for the vapor pressure of Te above its mel t ing point. 
We should note t h a t  the te l lu r ium calibrat ion runs 
were made somewhat  after  the rest  of those described 
here. The diameter  of the s idearm section of the 
furnace was enlarged and a 20 cm long, 4.0 cm ID 
heat pipe inserted; one end being within  4.6 cm of the 
optical cel l-proper and insulated from it  except for 
a hole through which the optical cell s idearm passed. 
A 12.5 cm long sidearm cell was used. A close-fitting 
12.5 cm long Ag l iner  was inserted inside the heat  
pipe and symmetr ical ly  around the par t  of the cell 
sidearm containing the Te(1). T e m p e r a t u r e s  wi th in  
the Ag l iner  and adjacent  to the cell s idearm were 
constant  to wi thin  0.3~ over the 2 cm length of the 
sample and those measured by the digital vol tmeter  
and differential potent iometer  agreed to wi thin  ___ 0.2~ 
For an optical path at 755~ the net  optical density 
for 200 ~m slits is wr i t ten  as 

PTe2 (arm) - P2 ~-~ 9.78axDx/L [7] 

where L is the optical path in centimeters  and the 
values of a~ are listed in Table II. The wavelengths 
listed include a number  that  were not tabula ted in a 
previous study (21) using different instruments .  For 
other wavelengths, the agreement  with older values 
of ax is wi thin  3%. The vibronic spectrum of Te2(g) 
in the visible has been described previously (22). In  
particular,  the vibronic peaks strongly overlap so 
that  the difference in adjacent  maxima and min ima  
are only about 10% of the optical absorbance at the 
maximum. Moreover the la t ter  values are independent  
of spectral bandpass between 0.08 and 0.17 nm (21). 
Finally,  Lamberts  law is followed and D varies l inear ly  
with path length. 

Mercury.--I t  has been known for some time that  the 
51So-6~P~ absorption l ine of Hg at 253.7 n m  broadens 
extensively toward the visible for pressures greater 
than 1 arm. (The absorption lines of Zn(g)  and Cd(g)  
associated with the ground states of these atoms be-  
have similarly.)  Consistent wi th  the statistical theory 
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Fig. 4. Optical absorbance of 
Te2(g) at various wavelengths 
plotted on a log scale vs. 1000 
times the reciprocal absolute 
temperature of a liquid Te 
sample. Data taken with a 0.17 
nm spectral bandpass and a 9.78 
cm optical path at 755~ The 
seven uppermost lines have the 
same slope as the vapor pressure 
of Te. The inverted triangles 
along the line for 500.4 nm are 
from Ref. (21). 1, 431.5 nm; 2, 
464.0; 3, 481.8; 4, 485.6; 5, 
490.2; 6, 496.8; 7, 500.4; 8, 
340.4; 9, 255.4; 10, 330.4; 11, 
280.4; 12, 320.4; 13, 310.4 and 
300.4. 
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of  b r o a d e n i n g ,  t h e  op t i ca l  a b s o r b a n c e  o n  t h e  v i s i b l e  
s ide  of t he  l i ne  c e n t e r  d e p e n d s  o n  t h e  s q u a r e  of  t h e  
m e r c u r y  c o n c e n t r a t i o n .  T h e  p r o p o r t i o n a l i t y  c o n s t a n t s  
b e t w e e n  o p t i c a l  a b s o r b a n c e  and. t h e  s q u a r e  of  t h e  
m e r c u r y  p r e s s u r e  h a v e  a l r e a d y  b e e n  d e t e r m i n e d  (21) 
f o r  a 755~ o p t i c a l  ce l l  f o r  w a v e l e n g t h s  b e t w e e n  255 
a n d  330 n m  a n d  f o r  p r e s s u r e s  b e t w e e n  a b o u t  1 a n d  
20 a tm .  The  p u r p o s e  of t h e  p r e s e n t  m e a s u r e m e n t s  was  
to r e d e t e r m i n e  t h e s e  c o n s t a n t s ,  to  e x t e n d  t h e  m e a -  
s u r e m e n t s  to 30 a im ,  to o b t a i n  a v a p o r  p r e s s u r e  p o i n t  
in  t h a t  v i c in i ty ,  a n d  to o b t a i n  a r e l a t i o n  b e t w e e n  a b -  
s o r b a n c e  a n d  H g  p r e s s u r e s  f o r  p r e s s u r e s  b e l o w  t a tm .  
T h e s e  r e s u l t s  a r e  g i v e n  be low,  b u t  f i rs t  i t  is n e c e s s a r y  
to d i scuss  t h e  v a p o r  p r e s s u r e  of  Hg(1 )  a n d  t h e  e q u a -  
t i on  of s t a t e  fo r  H g ( g ) .  

T h e  v a p o r  p r e s s u r e  of  Hg(1)  c a n  b e  a d e q u a t e l y  
r e p r e s e n t e d  b e t w e e n  0.1 a n d  38 a i m  b y  t h e  e q u a t i o n  

logz0P~g ~ ( a i m )  _-- - - 3 0 9 9 / T  + 4.920 [Sa] 

E q u a t i o n  [3a] a g r e e s  w i t h  t a b u l a t e d  s e l ec t ed  v a l u e s  
(19) to  1% a t  0.5 a t m  a n d  to w i t h i n  0.5% a t  1 a n d  10 
a tm .  B e t w e e n  10 a n d  38.5 a i m  i t  a g r e e s  to w i t h i n  1% 
w i t h  t h e m e a s u r e d  v a l u e s  of S u g a w a r a  a n d  Sa ra  (23) ,  
w h o  u s e d  a s ix  t e r m  e q u a t i o n  to fit t h e i r  p o i n t s  to 
a b o u t  0.5%. T h e s e  a u t h o r s  also d e v e l o p e d  a n  e q u a t i o n  
of  s t a t e  f o r  Hg  (g ) ,  b a s e d  i n  p a r t  o n  t h e i r  v a p o r  p r e s -  

1.20 103/1- (K) 1.30 1.40 

s u r e  m e a s u r e m e n t s .  F o r  t h e  s a t u r a t e d  v a p o r ,  t h e  d i f -  
f e r e n c e  b e t w e e n  PV/RT  a n d  u n i t y  is - -4 .7% a t  28.3 
a t m ,  - -3 .8% a t  19.6 a tm ,  - -2 .4% a t  10 a i m ,  a n d  - -0 .44% 
a t  1 a tm .  A n o t h e r  e q u a t i o n  of  s t a t e  (24) b a s e d  o n  
v a p o r  p r e s s u r e  d a t a  o n l y  u p  to 6 a t m  g ives  v a l u e s  f o r  
th i s  d i f f e r ence  t h a t  a r e  i n  f a i r  a g r e e m e n t  and are, re- 
spectively, - -4 .0%,  - -3 .1%,  - -2 .1%,  a n d  - -0 .40%.  B e -  
t w e e n  10 -3  a n d  10 -2 a i m  t h e  s e l e c t e d  v a l u e s  (19) of  
P H g  ~ a r e  g i v e n  to w i t h i n  1% b y  

log  PHg ~  = - - 3 1 5 7 / T  -~ 5.028 [8b]  

F i g u r e  5 s h o w s  t he  op t i c a l  a b s o r b a n c e  a t  f o u r  w a v e -  
l e n g t h s  fo r  a 755~ o p t i c a l  ce l l  as a f u n c t i o n  of t h e  
Hg(1 )  s a m p l e  t e m p e r a t u r e .  T h e  t o t a l  Hg  c o n t e n t  of  
t h e  cel l  was  0.2940 _ 0.005g. A t  631~ (10~/T ---- 1.106) 
a n d  a b o v e  t h e  op t i ca l  a b s o r b a n c e  n o  l o n g e r  i n c r e a s e s  
w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  i n d i c a t i n g  c o m p l e t e  v a -  
p o r i z a t i o n  of  t h e  H g ( 1 ) .  K n o w i n g  t h e  v o l u m e  of  t h e  
cel l  a n d  s i d e a r m ,  a s s u m i n g  t h e  t e m p e r a t u r e  v a r i e d  
l i n e a r l y  a l o n g  t h e  s i d e a r m  b e t w e e n  t h e  v a l u e s  m e a -  
s u r e d  a t  f o u r  pos i t ions ,  a n d  u s i n g  S u g a w a r a  a n d  S a t o ' s  
e q u a t i o n  of  s ta te ,  one  c a l c u l a t e s  t h a t  PHg - -  31.4 a i m .  

A t  631~ Eq. [Sa] g ives  31.1 a i m  i n  good  a g r e e m e n t .  
B e l o w  t h e  c o m p l e t e  v a p o r i z a t i o n  t e m p e r a t u r e  in  Fig. 5, 
t h e  d a t a  a t  e a c h  w a v e l e n g t h  c a n  b e  w e l l  r e p r e s e n t e d  b y  
s t r a i g h t  l i ne s  of  log  D vs. 1/T w i t h  a s lope  t h a t  is 

Table II. Beers law constants, ax, from Eq. [7] for Te2(g) obtained using a cell with a 9.78 cm 
optical path at 755~ 

X 363.4 383.2 404.2p* 42L5p 431.5p 436.1p 458.6p 464.0p 
103a~ 7.57 3.10 2.16 2.19 2.40 2.65 3.94 4.65 
X 472.5p 481.8p 485.6p 490.2p 496.8p 499.4p 500.4 550.4 
10Za~ 5.89 7.60 9.10 10.54 12.65 15.00 10.37 22.76 

* p after a wavelength indicates an absorption maximum. 

Table IlL Lineshape in long wavelength tall of 253.7 nm Hg(g) absorption llne 
P~g (atm) ~ bxD~Z/2 -- rx(Dx/L)I/2* 

x (nm) 254.4 255.4 256,4 257.4 258.4 
bx 0.3981 0.6456 0.9495 1.190 1.412 
rx 1.248 2.024 2.977 3.731 4.427 rx [Ref. (21)] 
k (nm) 2 7 ~  230.4 290.4 300.4 310.4 
bx 3.511 5.282 7.725 10.666 14.79 
r~ 11.01 16.56 24.2 33.4 46.4 
r~ [Ref. (21) ] 10.73 16.46 23.53 33.23 47.67 
X (nm) 340.4 
bx 56.23 
rx 176.3 
rx [Ref. (21)] 

259.4 260.4 
1.624 1.824 5.09 5.72 5.38 

32~..4 330.4 
22.75 36.14 
71.3 113.3 
72.52 112.8 

* b~ for a 9.83 cm optical path at 1026 K as obtained with a 0.17 nm spectral bandpass. L path length in em. vx values from Ref. 
(21) are for wavelengths 0.4 nm shorter than listed and are increased by 1% to make them compatible with the Hg vapor pressure equa- ti~u used here. 
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twice that  in Eq. [Sa]. Similar  behavior  is shown a t  
lower pressures and shorter wavelengths and the re-  
sults are in  good agreement  with those from a s tudy 
(21) of HgTe(c)  as can be seen in  Table III. The range 
of pressures over which the constants in Table III  
were determined for each wavelength  can be inferred 
from the path length and the fact that  the measured 
net  optical absorbances were in  the 0.05-2.6 range. For 
wavelengths greater  than  300 n m  the measurements  
were made using a 2.92 cm path cell and the optical 
absorbances were normalized by mul t ip ly ing  by 9.83/ 
2.92. 

In  contrast  to the measurements  of Te2(g),  t h o s e  
on Hg(g)  discussed above were made with the mono-  
chromator wavelength  scan-dr ive  off. Thus the some- 
what  slow response time of the measur ing electronics 
was not  a factor when the optical absorhance changed 
rapidly  with wavelength  near  253.7 rim. 

At low values of PHg the optical absorbance of the 
253.7 n m  l ine was scanned as a funct ion of wavelength 
and the area of the l ine computed. The results are 
shown in  Fig. 6. For  values of IO~/T less than about 
2.4, where PHg ~ : 3.7(10 -3) atm, the measured full  
l ine width at ha l f - in tens i ty  is greater than the spectral 
bandpass of 0.017 n m  and the absorbance area has a 
slope close to that of the vapor pressure on the log 
(area)-10~/T plot. Obtaining a least squares straight 
l ine to the high tempera ture  port ion of Fig. 6 and using 
Eq. [Sb] to e l iminate  103/T in favor of PHg, one obtains 

log PH~ (atm) -- 0.9382 logA --1.763 [9] 

where the area of the absorbance curve, A, has the 
units  of optical absorbance-angstroms.  This equation 
is used here to establish PHg in  the 0.001-0.20 arm 
range. 

Cadmium.--The t rue  area of an atomic absorption 
l ine on a plot of optical absorbance vs. ~ is proport ional  
to the n u m b e r  of atoms in  the l ight beam that  are in  
the ini t ia l  state of the optical transition. In  the ex- 
per iments  to be discussed, the par t ia l  pressure of Cd 
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Fig. 5. Normalized optical absorbance on a long scale as a 
function of the reciprocal temperature of a liquid Hg sample. Ab- 
sorbance is measured with a 0.17 nm spectral bandpass and a 2.92 
cm optical path at 755~ Measured values are normalized to a 
9.83 cm path by multiplication by the factor 9.83/2.92. Labels give 
the wavelength in angstroms. 
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Fig. 6. Area of the 253.7 nm Hg line in units of optical ab- 
sorbance-angstroms as a function of the reciprocal temperature 
of a liquid Hg sample. Data taken with a 0~017 nm spectral band- 
pass and a 9.83 cm optical path at 755~ 

varied over a range of low values while that  of Hg was 
s imultaneously in the 1-30 arm range. Correspondingly 
the t rue ha l f -width  of the Cd lines varied from values 
less than our smallest  spectral bandpass of about  0.01 
n m  to values that  were comparable or somewhat 
larger  because of broadening by Hg. In  such a case 
it is not  possible to obta in  rel iable values of the part ial  
pressure of Cd, Pod, from optical absorbance measure-  
ments  unless extensive cal ibrat ion measurements  a r e  
made over a range of known PCd values for a set of 
known values of PHg. Moreover, the cal ibrat ion results 
are unique to the slit settings and even to the par t icu-  
lar  monochromator  used (25). We chose to shorten 
the labor somewhat, at the necessity of relying on the 
theory of lineshape, by" making transmission measure-  
ments  and obtaining the area in the t ransmission 
min ima  of the Cd lines. This is a common procedure 
when dealing with atomic lines and relies on the fact 
that  although the transmission curve is distorted when 
the spectral bandpass is comparable to or larger than 
the true l ine half-width,  the t rue area of the t rans-  
mission curve is obtained to a first approximation.  
However, a knowledge of the absorption l ineshape is 
necessary to extract  the part ial  pressure of the ab-  
sorber atom from the transmission area. The necessary 
results from lineshape theory are now summarized 
(26). If the intensit ies of the incident  and t ransmit ted  
beams at some frequency ~ are Io and Iv, respectively, 
then these are related by  

Iv -- Io exp (--kvL) [I0] 

where L is the optical path length and kv is a f re-  
quency-dependent  absorption coefficient. Comparison 
with Eq. [4] shows the net  optical absorbance used 
here and k~ are related by  

D (~, net)  _-- kvL/2.303 [11] 

It  is assumed that at sufficiently low PCd that  the l ine-  
shape is the Voigt profile given by  

koa" f / ~  exp(--z2)dz 
kv = , [ 1 2 ]  

where the reduced frequency w is given in terms of the 
frequency of the l ine center, ~o, and the Doppler half -  
width Ap D by  

-" 2 (v -- vo) ( ln 2)'/=/hVD [13] 

The parameter  ko is proport ional  to the n u m b e r  of 
atoms, N, in the optical path that  are in the ini t ial  
state for the par t icular  t ransi t ion in question and to 
the oscillator s t rength of the transit ion,  f, as given by 

ko -- 9.40 (10 -2) (In 2) '/2N]/~AVD [14] 
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The initial state for the optical transitions giving rise 
to the 228.7 arid 325.7 nm lines observed here is the 
ground s ta te  of C d ( g ) .  A t  the  low t empera tu re s  and  
l ight  intensi t ies  used, al l  of the Cd atoms are  in the 
g round  state and N is the  concentra t ion of Cd atoms. 
The Doppler  ha l f -w id th  is given b y  

ag,) = (2~o/C) (2[ln 2]RT /M)  '/= [15] 

where  R is the gas constant,  T is the  opt ical  cell  t em-  
pera ture ,  and  M is the g ram-a tomic  weight  of Cd. The 
width  of the Voigt  l ine zs de te rmined  by  the b roaden -  
ing pa ramete r ,  a' ,  g iven  b y  

a' = (~vN + ~vs + ~-) (In 2) ~/~ = aN + as + ar 

[ tel 
w h e r e  the  na tu r a l  half-width is d e t e n t / n e d  by the  
l i fe t ime of  the  exc i ted  state,  

~,N = 1/(2=~) [I?] 

and where  the se l f -b roaden ing  contr ibut ion,  as, is as- 
sumed to be p ropor t iona l  to the  pa r t i a l  pressure  of the 
absorber  whi le  the  foreign gas contr ibut ion aF is in 
genera l  a sum of terms, one for each foreign gas tha t  
is p ropor t iona l  to the pa r t i a l  pressure  of tha t  foreign 
gas. I t  is necessary  to expe r imen ta l ly  de te rmine  as 
and OF. The l i fe t imes T, and equivalent ly ,  the osci l-  
la tor  strengths,  of the  228.7 and 325.7 nm lines are  
known ~o that  the na tu ra l  ha l f -w id th  and the pa -  
r a me te r  /c o in Eq. [14] can be calculated.  Equat ion 
[12] predic ts  a I ineshape tha t  is s y m m e t r i c a l  about  
9o and the equat ion is va l id  sufficiently close to 9o and 
at  low pressures.  At  f requencies  sufficiently fa r  f rom 
the l ine center  and  a t  high pressures  the  s ta t is t ical  
theory  of broadening  holds and the Cd lines b roaden  
ex tens ive ly  toward  the visible. The p ropor t iona l i ty  
be tween  opt ica l  absorbance  and the square  of Pod 
has a l r e ady  been ut i l ized (14) in de te rmin ing  the pa r -  
t ia l  pressures  along the th ree -phase  curve for CdTe (c).  
In  this s tudy  the Voigt l ineshape was assumed to hold 
as long as the  t ransmiss ion c u r v e s  were  symmetr ica l .  
F inal ly ,  the total  absorpt ion  as obta ined  in a t rans-  
mission measu remen t  is defined as 

Y'---- (tn2)V= f =  
- -  l! -- exp (--k~L) ]d~, [18~ 

At, D 

For  a given va lue  of a', y '  can be ca lcu la ted  as a func-  
t ion x '  where  

z" ~ 10.6koL _-- N~L ( ln 2) v=/~A=, D [19] 

Curves of y' as a func t ion  of x '  are  known as curves of 
g rowth  and are  given for a few values of a '  by  Mitchell  
and Zemansky  (26) and by  Penner  (27). The measured  
t ransmission areas  correspond to the  in teg ra l  factor  of 
Eq. [18] wi th  dv rep laced  b y  d~ and the wave length  in 
angstroms.  They are  conver ted  to the  in tegra l  factor  by  
multiplication by uo~/~] (10~S), where vo is the frequency 
at the l ine center.  Values of x '  were  ca lcu la ted  from 
Eq. [19] using publ i shed  values  of  the  osci l la tor  
s t rength  and assuming tha t  Cd(g)  is an ideal  gas 
whose pressure  can be ca lcula ted  f rom the Cd sample  
t empe ra tu r e  and the  vapor  pressure  equat ion given b y  

log Pca~ (arm) = --5808/T -t- 5.958 T < 594 K 

= --5317/T + 5.119 T > 594 I~ [20] 

Equat ions [20] match  the t abu la t ed  values  [19] t o  
within  2% be tween  10 - s  and 1 arm. 

F igure  7 shows a few curves of g rowth  along wi th  
the  expe r imen ta l  points f o r  the 228.7 Cd line. At  low Ccl 
pressures  the  exper imen ta l  points  fol low closely the 
curve of g rowth  for a '  = 0.023,corresponding to na tu ra l  
and Dopp le r  broadening.  At  h igher  pressures,  the 
points cross the curves of g rowth  indicat ing the  onset  
of significant se l f -broadening.  The 325.7 nm l ine shows 
a s imi lar  behavior  except  that  a t  the  lowest  pres-  
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Fig. 7. Parameter y' of Eq. [18] ,  which is proportional to the 
transmission area, plotted against x' of Eq. []91 for the 228.7 nm 
Cd lin~ on a log-log scale. A few curves of growth ere shown for 
labeled values of o'. Data taken with a 9.40 crn optical path of 
755~ x' -- 7.57(109) Pcd(atm). 

sures the expe r imen ta l  points a re  somewhat  above the 
theore t ica l  curve for a' = 2.69(10-s) .  I f  the  self-  
b roadening  parameter ,  as ---- a' -- am is p lo t ted  aga ins t  
PCd, Fig. 8 results.  The best  s t ra igh t  l ines of  uni t  s lope 
through the points  are  g iven by  

as (228.7 nm)  ---- 108Pcd (a tm)  [21] 

as (325.7 nm)  ---- 1.5OPcd (a tm)  [22] 

In terms of the full  f requency  wid th  at  ha l f - in tens i ty ,  
Eq. [21] and [22] correspond to 

Ag~w(228.7) = 2.75(10n)Pcd C23] 

Avow(325,7) --  2.74(109)PCd [24] 

Theoret ica l  calculat ion (28, 29) of this ha l f -w id t h  for 
resonance broadenir~g is most accurate  for l ines  wi th  
osci l la tor  s t rengths  near  uni ty,  such as the  228.7 line, 
and are  of the  form 

~gnw = ke2fN/8m~o [25] 

wi th  k of the o rde r  of un i ty  and equal  to 1.45 for  
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Fig. 8. Self-broadening parameters for the 228.7 and 325.7 nm 
Cd lines as a function of the pressure of Cd(g) in atmospheres. 
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1PI-IS o and 3P1-1So transitions. The proportionality 
constant between half-width and Cd pressure calcu- 
lated from Eq. [25] is 2.77 (1011) sec -1 ~or the 228.7 line 
and 6.3(10 s) sec -~ for the 325.7 line. As can be seen 
the agreement with experiment is excellent in the 
former case and somewhat less so, as expected, in the 
latter case. 

Mercury -cadmium. - -The  foreign gas broadening pa- 
rameters representing the effect of Hg(g) on the Cd 
absorption lines were determined by measuring these 
lines in transmission for the vapor over Hg-Cd liq~ds 
for which P~g and POd were known as a function of 
sample temperature. The area in the transmission 
minimum of a given line was converted to the van der 
Held parameter, y', using Eq. [18] and the experimental 
points superimposed on a plot of the curves of growth. 
At each value of x' given by Eq. [19], the broadening 
parameter was determined. Subtracting the natural 
half-width contribution given by Eq. [16] and [17] and 
the self-broadening contribution given by Eq. [21] and 
[22] gave the Hg contribution, aF, for each line. 

Two slightly different techniques were used to obtain 
known values of PHg and Pcd. In one, Hg-Cd solutions 
were prepared by weighing and successive dilution. Ex- 
posure of these solutions to the air was minimized by 
covering them with kerosene for the short time re- 
quired for weighing and storing them in evacuated, 
sealed, silica tubes. For the experiments reported 
here the mercury surface remained clean and showed 
no sign of dark cadmium oxide even after heating in 
the optical cells. Sufficiently small, known weights of 
these solutions were sealed into optical cells so that the 
sample would completely vaporize at some sample tem- 
perature below the optical cell temperature of 755~ 
An approximate temperature of complete vaporization 
was calculated assuming the Hg-Cd liquid was ideal. 
Measurements were then made for a few sample tem- 
peratures higher than this. Complete vaporization was 
confirmed by the fact that the transmission at the line 
center was only weakly dependent on sample tempera- 
ture. The values of PHg and PCd were calculated from 
the known weight and atom fraction of the initial 
sample and the volume temperature profile in the cell 
and sidearm assuming the vapor was a mixture of ideal 
Cd(g) and imperfect Hg(g).  The value of P~g could 
be independently obtained from the optical absorbance 
in the 255.0-340.0 nm interval using the results given 
in the section on Calibration Measurements, Mercury. 
The two values of PHg SO obtained agreed to within a 
few percent. In the second technique, larger, known, 
sample weights were used so that dilution was not 
necessary, but the samples were never completely va- 
porized. For each sample temperature, PHg was ob- 
tained from the optical absorbance in the 255.0-340.0 
nm interval and the composition of the liquid sample 
calculated assuming the vapor was essentially all 
Hg(g).  A calculated value for Pcd was then obtained 
for the known sample temperature and composition as- 
suming the partial molar enthalpy and entropy for both 
Cd and Hg at 6 0 0  K are temperature independent. The 
equation used was 

In Pca ' - -  I n  Pce ~ -]- (hcd -- TScd)/RT [26] 

where the vapor pressure PCd ~ is given by Eq. [20] 
and the relative partial molar enthalpy, h-ca, and en- 
tropy, sce, were interpolated between the values 
given by Hultgren et al. (80) at intervals of 0.1 in atom 
fraction. 

The values of aF are shown plotted vs. PH~ in Fig. 9 
and 10 along with the least squares straight lines ob- 
tained under the constraint of unit slope on the log-log 
plot. As indicated in the figure captions certain points 
corresponding to longer times at temperature were 
weighted more heavily in the fit. From these results 
and those given in the section on Ca]ibration Measure- 
ments, Cadmium, the broadening parameters given in 
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Fig. 9. Foreign gas broadening parameter for the 228.7 nm Cd 
line as a function of Hg(g) pressure. Data shown as squares repre- 
sent 15-18 hr at sample temperature and are favored in determin- 
ing the least squares line shown. 

general by Eq. [16] can be written for a 755~ optical 
path as 

a'(228.7) ~ 0.0236 -]- 108Pcd -}- 4.60PHg [27] 

a'(285.7) = 2.69(10 -5) --F 1.50Pcd -t- 1.18PHg [28] 

where the pressures are in atmospheres. 
The 228.7 line becomes slightly asymmetric and 

broadened toward the visible for PH~ greater than 
about 0.5 arm. Table IV lists the literature values used 
and a few of the derived quantities used. 
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diamonds represent 15-18 hr at sample temperature and ore favored 
in determining the least squares line shown. 
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Table IV. Parameters for the Cd 228.7 and 325.7 absorption bands 

Parameter Refer. 
(units) 228.7 325.7 ence 

r(s) 1.99 (10 -9) 2.5 (10 -~) (26) 
] (none) 1.20 1.9 (10 -s) (26) 
~I~ (sec -~) 8.00 (I07) 6.4 (i0~) - -  

h~D (sec -~) 2.82 (i0 ~) 1,98 (109) - -  

Calculation of Partial Pressures 
Four optical cells containing Hgl-xCdxTe with x ---- 

0.416 were prepared. One contained a known weight 
of Te in  addition, three contained known  weights of 
Hg. Of these last three, one was a high pressure cell 
described in  the section Experimental ,  Optical cells. 
Except for this cell, whose optical path length was 2.92 
cm, the cells had path lengths near  9.8 cm. 

The part ial  pressure oI Tee (g) was calculated from 
the measured net  optical absorbances between 363.4 and 
550.4 n m  where Hg(g)  and Cd(g)  do not  absorb at  the 
part ial  pressures encountered here. The part ial  pres-  
sure of Tee(g) was calculated using Eq. [7]. Except at 
the lowest values of P2 below 10 -4 atm, at least three 
or four wavelengths gave values of D between 0.1 and 
2.5 and corresponding v a l u e s  f o r  P2. This procedure 
assumes no effect of the high mercury  pressures on the 
Tee(g) spectrum. The vibronic spect rum of Te2 ap- 
peared qual i ta t ively unchanged,  al though the maxima 
are broad and  fiat enough to obscure possible wave-  
length  shifts of 0.1-0.4 nm. However, consistent with 
the above assumption, the relative optical densities in 
the visible remained the same as for pure Tee (g) wi th in  
exper imenta l  error, i.e., the values of P2 calculated us- 
ing Eq. [7] for the various wavelengths general ly  
agreed wi th in  the expected accuracy (Experimental ,  
Accuracy of measurements)  of the optical absorbance 
values. 

Except at values of 10 -2 arm and below, the mer-  
cury pressure was also obtained as the average of gen- 
eral ly closely agreeing values calculated from the ab- 
sorbance at different wavelengths. Firs t  the Tee(g) 
contr ibut ion to the net  absorbance in  the 255-340 nm 
region was calculated from the net  absorbance due to 
Tee (g) in  the visible and the assumption that  the re la-  
tive values shown for D in Fig. 4 for pure Te2(g) are 
unchanged in  the presence of Hg(g) .  This, general ly  
small, contr ibut ion was then subtracted from the ne t  
optical absorbance' to give the contribution,  D (k,Hg), 
of Hg. The contr ibut ion of Hg (g) to absorption in  the 
long wavelength tail  of the 253.7 nm line is given by 

D (~,Hg) ~- LReCe/ t~  e [29] 

where R is the gas constant, L is the optical pa th  
length, C i s t h e  concentrat ion of Hg(g) ,  and 1/tx 2 is 
the product  of the fraction of Hg atoms in the ini t ia l  
state of the t ransi t ion (which is the ground state) and 
a t ransi t ion probabili ty.  The l inear  dependence on L 
has been  verified for the spectral  band  pass of 0.17 nm 
used here (2i) .  Approximat ing  Hg (g) as an ideal gas, 
Eq. [29] can be rewr i t ten  as 

PHg(atm) : txToDx'/2/L 1/2 = b~Dx'/2 [30] 

where To is the tempera ture  in the optical path and 
where bx is given in  Table III for L z 9.83 cm and 
To --~ 755~ Since the fraction of Hg(g)  atoms in  the 
ground state is essentially un i ty  up to much higher 
temperatures  than used here, t~ is a constant  for a 
given wavelength  if the t ransi t ion probabi l i ty  is inde-  
pendent  of To. Theoretical analysis of resonance broad-  
ening predicts such an independence (28). Moreover, 
runs  on pure  t tg with To ---- 860~ give bx(755) /bx (860)  
close to 0.90 for the same path length (31) and in  close 
agreement  with the value of 1028/1133 : 0.91 ex- 
pected from Eq. [30] and the assumed constancy of tx. 
[In Ref. (31) the theoretical dependence of b~ on To 
is stated incorrectly.] The necessary values of bx for 

different path lengths and optical cell temperatures  
were calculated from those in  Table III  using the re-  
sult of Eq. [30] i.e. 

To 9.83 
T bx(9.83, 755) [31] 

For values of PHg below about  0.2 atm, the part ial  
pressures of Tee and Cd were below the detectable 
limits of, respectively, 10 -4 and 10 -7 atm. The contri-  
but ion of foreign gas broadening to the 253.7 Hg l ine 
was therefore assumed negligible. The area obtained 
from a trace of optical absorbance vs.  ~. across the l ine 
was mult ipl ied by 9.83/L to give a normalized area. 
Equat ion [9] was then used to calculate PHg. 

Once Prig was known, the broadening parameters,  a', 
for the Cd lines were calculated using Eq. [27] and 
[28] with as ---: 0. A first approximat ion  for PCd could 
then be calculated from the observed area in the t rans-  
mission min ima using the curves of growth. A com- 
puter  program was wr i t ten  that  numer ica l ly  evaluated 
the van  der Held parameter,  y', of Eq. [18] for given 
values of the broadening parameter,  a', and the pa- 
rameter,  x', of Eq. [19]. A tr ial  and error  search was 
used to find the value of x '  giving a value of y '  in  
agreement  with the value from experiment.  This al-  
lowed an evaluat ion of the se l f -broadening parameter ,  
as, according to Eq. [21] and [22] and a second ap- 
proximation for a' for each wavelength.  The values of 
PHg were so much larger  than  those of Pod that  the 
first and second approximations for a' were close 
enough to lead to the same values of PCd within  1%. 
A small  but  clear asymmetry  developed in  the 228.7 
l ine for P~g greater  than about 0.5 atm, the long wave-  
length tail broadening. In this case the value of Pcd 
was then calculated from the area of the 325.7 l ine in  
transmission. 

The part ial  pressure of Hg was greater  than that of 
ei ther Cd or Tee in  all  of the measurements  reported. 
Consequently the solid samples became progressively 
poorer in  Hg with increasing sample temperature.  From 
the part ial  pressures at a given sample tempera ture  
and the volume and tempera ture  dis tr ibut ion along 
the optical cell and sidearm, the composition of the 
sample could be calculated assuming the vapor phase 
to consist of ideal Tee(g) and Cd(g) and imperfect  
Hg (g). Writ ing the composition of the solid solution as 
(Hgl-xCdx)yTel-y,  data for which x -~ 0.416 ___ 0.01 
are grouped together here and taken as characteristic 
of the solid solution with x ---- 0.416. 

Results for 41.6 m/o CdTe, HgTe-CdTe 
The part ial  pressure of Tee (g) over the Te-sa tura ted  

solid solution is shown in Fig. 11 which also shows the 
vapor pressure of pure Te adopted here (see section 
on Calibrat ion Measurements,  Tel lur ium).  Those par-  
tial pressures obtained with cell 38-TE1, to which ex- 
cess Te was added, are given in  Tables V and VI. 

Figure 12 shows PHg for a cell to which Hg was 
added. At low temperatures  the sample is metal  satu-  
rated and PHg is very close to the vapor pressure of 
pure Hg. At 367~ (103/T : 1.562), PHg _-: 1.2 atm, 
the mercury  pressure becomes near ly  independent  of 
tempera ture  for a long interval.  Complete vaporization 
of the added Hg would provide a vapor at 1.19 arm at 
367~ agreeing with the observed value wi th in  experi-  
menta l  error. Therefore we conclude that  the solid 
solution sample used in this cell is essential ly free of 
ei ther Hg-rich or a Te-r ich second phase. Upon heat-  
ing above 367~ the small  loss of Hg to the vapor 
phase causes the composition variable y in the formula 
(Hg1-~Cdx)yTel-y to move from its value at metal  
saturat ion to that  at Te saturation, indicated by  the 
sudden strong dependence of PHg on T. The point  of 
Te saturat ion is T z 624~ (103/T _-- 1.115), PHg 
1.29 atm; P2 ~-- 5.0 (10-~) and PCd ~-~ 5.4 (10 -7) atn% 
On log P vs. 103/T plots, Pe and POd show discontinui-  
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Fig. 11. Partial pressure of Te2(g) along the three-phase curve 

for 41.6 _ 1 m/o CdTe, HgTe-CdTe solid solution. Upper solid 
line is for the vapor pressure of Te. @ 38-TE1; �9 38-TE1, x value 
out of 0.416 + 0.01 range; ~ 40-HG3; X calculated from P~g in 
Table IX using Eq. [33] and first entry in Table X. 

t i e s  i n  s l o p e  a t  c l o s e  t o  t h e  s a m e  t e m p e r a t u r e  a s  d o e s  
PHg. C h r o n o l o g i c a l l y  t h i s  c e l l  w a s  t h e  f i r s t  o n e  u s e d  
a n d  i t  b e c a m e  a p p a r e n t  t h a t ,  a l t h o u g h  PHg r e a c h e d  
a s t e a d y - s t a t e  v a l u e  i n  a f e w  h o u r s ,  15-18  h r  w e r e  
r e q u i r e d  f o r  P2 a n d  PCd to  do  so  w i t h  t h e  p a r t i c l e  
s i z e  u s e d  h e r e  ( s e e  E x p e r i m e n t a l ,  M a t e r i a l s ) .  T a b l e  
V I I  s u m m a r i z e s  t h e  d a t a  f o r  t h e  r u n s  o f  J u n e  1977 f o r  
w h i c h  t h e  s a m p l e s  w e r e  15-18 h r  a t  t e m p e r a t u r e ,  

Table V. Partial pressures in atmospheres over a condensed phase 
of gross composition (Hgz-xCdx)yTez-~ obtained from ceil 

38-TE1 with a 9.40 cm optical path at 1028 K* 
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Fig. 12. Partial pressure of Hg on a log scale vs. reciprocal 
sample temperature for cell 38-HG1. The dashed line at upper right 
shows the vapor pressure of Hg. The data show the sample leaving 
the metal-saturated condition at low temperatures, crossing the 
homogeneity range, and attaining Te saturation. 

T h e  v a l u e  of  PHg a l o n g  t h e  t h r e e - p h a s e  c u r v e  f o r  
x ---- 0.416 i s  s h o w n  i n  F i g .  13. T h e  l o w e s t  v a l u e s  a r e  
f r o m  t h e  T e - s a t u r a t e d  s a m p l e  d e s c r i b e d  e a r l i e r ,  O n e  
c e l l  c o n t a i n e d  s u f f i c i e n t  e x t r a  H g  to  c r o s s  t h e  s t a b i l i t y  
f i e l d  o f  t h e  s o l i d  s o l u t i o n  w i t h  PHg n e a r  5 a t m .  T h i s  r u n  
f u r n i s h e d  o n e  m e t a l - s a t u r a t e d  p o i n t  a n d  o n e  T e - s a t u -  
r a t e d  p o i n t  i n  a d d i t i o n  to  a n u m b e r  o f  p o i n t s  w i t h i n  
t h e  s t a b i l i t y  f i e l d  w h i c h  c a n  b e  u s e d  to  c a l c u l a t e  t h e  
c h e m i c a l  p o t e n t i a l s  o f  H g T e  a n d  C d T e  a n d  t h e  s t a n -  
d a r d  G i b b s  f r e e  e n t h a l p y  of  f o r m a t i o n  f r o m  t h e  e l e -  
m e n t a l  g a s e s .  T h e  l o n g - t i m e  p o i n t s  a r e  g i v e n  i n  T a b l e  
V I I I .  F r o m  t h e  d a t a  o b t a i n e d  w i t h  t h i s  c e l l  t h e  m e t a l  
s a t u r a t i o n  p o i n t  i s  a t  108/T = 1.315 a n d  PHg ---- 5.6 a t m .  
T h e  T e - s a t u r a t i o n  p o i n t  is  a t  I O ~ / T  ---- 1.046 a n d  PHg ---- 
5.84 a r m .  T h e  h i g h e s t  m e r c u r y  p r e s s u r e s  w e r e  o b t a i n e d  
u s i n g  a h i g h  p r e s s u r e  ce l l .  A s  s h o w n  i n  F i g .  13, PHg 

Table VII. Partial pressures in atmospheres over a condensed 
phase of gross composition (Hgz-xCdx)yTez-~, as obtained from 

cell 38-HGI with a 9.40 cm optical path at 1028 K. 
Uncertainties are standard deviations. 

T (K) 102 x Pz~e 10 ~ x Ps x Y 

676.5 0.692 0.274 +-- 0.O01 0.416 0.492 830.0 
700.6 1.81 0.784 ~ 0.013 845.0 
711.3 2.60 1.30 ---+ 0.06 859.1 
724.7 2.53 1.71 -- 0.09 873.0 
729,6 2.87 2.03 -- 0.14 0.417 0.491 888.1 
748.5 4.29 3.32 • 0.09 0.418 0.491 901,1 
767.9 8.09 5.07 ---+ 0.06 0.419 0.490 914.7 
787.5 16.8 8.53 ----- 0.10 0.423 0.488 806.7 22.2 12.20 • 0.02 0.426 0.487 
826.2 29.0 17.66 ~ 0.16 0.428 0.485 
844.2 42,8 25.8 +-- 0.1 0.434 0.482 

107 x 
T (K) PHi* lO~ • P~** Pcat w Y 

* In general  a par t ia l  pressure is obtained as the average of 
values  calculated from the optical absorbance at several  wave- 
leP.gths. The uncer ta int ies  l is ted are the s tandard deviation of 
the se  values. For T up through 729.6 K, P ~  is obtained using Eq. 
[9]. At higher  T in this  table and in Table VI, six values from 
D at k between 255.0 and 270.0 nm are averaged. T w o  to six values 
f rom readings at k between 421.5 and 500.4 nm are averaged to 
obtain P~, the  partial  pressure of Tea(g). 

Table VI. Partial pressures in atmospheres from cell 38-TE1 at 
high temperatures. Cadmium pressures are obtained from 228.7 

nm line except for the value at 959.5 K in brackets which is 
obtained from the 325.7 nm line. 

10 o x 
T (K) Pe:~ I0 ~ x P~ Pca x y 

865.2 0.626 ---+ 0.019 3.87 • 0.01 0.0146 0.444 0.476 
883.2 0.830 :• 0.021 5.09 ~ 0.0~ 0.494 0.450 0.473 
920~9 1.436"~ 0.030 8.32 ~- 0.21 1.91 0.48 0A57 
939.9 1.869 ---+ 0.043 10,75 "+" 0.02 3.69 0,504 0.445 
969.5 2.278 ~ 0.1O 14.32 -~ 0.08 5.03 0.533 0.431 

[6.401 

1.276 -+- 0.017 0.234 ----- 0.004 1.11 0.416 0.500 
1.275 ----- 0.017 0.287 ~ 0.010 1.79 0.416 0.500 
1.279 m 0.009 0.78 -- 0.02 4.65 0.416 0.500 
1.272 ~- 0.018 1.55 ~- 0.02 4.82 0.415 0.501 
1.277 • 0.007 3.30 • 0.05 6.39 0.415 0.501 
1.401 • 0.010 5.40 "~ 0.09 8.58 0.420 0.498 
1.754 -- 0.008 6.48 -- 0.08 21.9 0.434 0.490 

* PH, is the average of seven values obtained from D between 
256.4 and 280.4 nm. 

** P~ is the average of four to six values obtained from D be- 
tween 363.4 and 458,6 nm. 

f Pcd is obtained from the 228.7 nm line. 

Table VIII, Partial pressures in atmospheres obtained with cell 
40-HG3, 9.81 cm optical path at 1028 K 

10 8 • 
T (K) PHg* 10 s • P2** Pca t  x Y 

901.2 5.63 :• 0.05 0.369 "4" 0.007 4.1 0.413 0,502 
919.7 5.67 ~- 0.06 0.68 -~ 0.04 6.6 0.413 0.502 
927.6 5.76 --,+ 0.05 1.22 • 0.03 6.28 0.415 0.501 
946.3 5.81 -- 0.05 3.04 7.62 0.415 9,501 
956.5 5.84 ----- 0.95 4.11 ~ 0.46 8.73 0.416 0.501 
970.2 6.08 ---+ 0.11 7.47 + 0.49 10.8 0.420 0.49a 
919.6 5.67 ~ 0.07 0.612 -~ 0.011 6.63 0.413 0,502 
937.8 5.76 • 0,08 1.12 _ 0.02 9.11 0.415 0,501 
909.0 6.62 "4- 0.08 0.388 • 0.03 5.56 0.413 0.502 

" P ~  is the average of four values calculated from D b e t w e e n  
280.4 and 300.4 nm. 

, ,  p= is the  average  of  three  to four values ca lculated  f r o m  D 
b e t w e e n  421.4 and 458.6 rim. 

? Pcd is f rom the 325.7 nm line. 
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Fig. 13. Vapor pressure of Hg shown as uppermost line and 

partial pressure of Hg(g) along the three-phase curve for 41.6 _ 1 
m/o CdTe, HgTe-CdTe solid solution, �9 Saturation point or point 
on three-phase curve, ~7 inside field of stability, �9 outside field of 
stability. 

reaches at  m a x i m u m  of 32.0 arm nea r  723~ The 
sample  used to obta in  these high pressures  leaves the 
th ree -phase  curve at  745 ~ __ 2~ P H g  = 28.0 arm, and 
the da ta  undergo a reversa l  in slope. This is shown in 
more  deta i l  in Fig. 14 in which  the opt ical  absorbance  
is plot ted.  The t empe ra tu r e  of 745 ~ ___ 2~ is i n t e r -  
p re ted  as the  solidus poin t  for  Hg0.ss4Cd0.416Te(c). I t  
agrees wi th  the publ i shed  da ta  (4) wi th in  the i r  scatter.  
The publ i shed  da ta  a re  f rom chemical  analysis  of the 
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Fig. 14. Optical obsorbance on o log scale and for different wave- 
lengths as a function of reciprocal sample temperature for metal- 
saturated solid solution containing 41.6 _ 1 m/o CdTe. Data from 
cell 40-HG2 with a 2.92 cm optical path at 755 ~ or 800~ Pres- 
sures given in Table IX. 

first crystals  to f reeze f rom a l a rge  vo lume of me l t  
and furnish d i rec t ly  the  composit ions of coexis t ing 
l iquid and solid solut ion phases. The corresponding 
t e m p e r a t u r e  was taken  f rom the smoothed liquidu8 
l ine as de te rmined  b y  the rma l  analysis  (1). The stat ic  
technique used here  to de te rmine  the solidus point  is 
qui te  different  and  i t  is encouraging to ob ta in  agree-  
ment.  S te in inger  (5) has measured  PH~ over  the  
pseudob inary  melts  b y  a reflux method.  He found the 
unusua l  resul t  tha t  for  severa l  mole  percents  of CdTe 
be tween  0 and 60%, that  the points  a l l  fel l  on the  same 
s t ra igh t  l ine on a plot  of log P r i g  VS.  10S/T. A t  745~ 
he finds PHr = 24 arm in fa i r  ag reemen t  wi th  o u r  
value  of  28 arm. The values of PHg f rom the measu re -  
ments  wi th  the high pressure  cell  a re  summar ized  in 
Table IX. In o rde r  to minimize  the t ime at  h igh tem-  
pe ra tu re  and pressure  the measurements  necessary  to 
obta in  P2 and  PCd were  omit ted.  

Discussion 
For  the  exper imen t s  descr ibed here,  in which  the 

samples  changed f rom a m e t a l - s a t u r a t e d  condit ion at 
low t empera tu r e  to one of Te sa tura t ion  at  h igher  
tempera ture ,  the ca lcula ted  atomic percent  of Te r e -  
ma ined  equal  to 50% wi th in  an es t imated  expe r imen ta l  
e r ro r  of  _ 0.2%. Hal l  measurements  (6) on solid 
solut ion samples  wi th  x = 0.40 tha t  were  e i ther  meta l  
sa tu ra ted  or  Te sa tu ra t ed  at  h igh t empera tu re s  show 
an excess of holes over  electrons for  sa tura t ion  t em-  
pe ra tu res  above 350~ A t  600~ the excess of holes 
over  electrons is about  1017 cm -3 for  me ta l  sa tura t ion  
and 2 (1017) Cm-3 for Te saturat ion.  The da ta  have been  
combined wi th  the  values  of P H g  r epor ted  here  in a 
defect  chemis t ry  analysis  (32). Assuming  no significant 
concentra t ion of na t ive  point  defects that  are  inact ive  
as donors or accepters,  (Hg0.ss4Cdo.416)yTel-y(c) is 
a lways  Te-r ich,  i.e., y < ~,  above about  350~ and 
the range of y for a s table  phase is res t r ic ted  to values  
wi th in  5(10 -4)  of �89 Thus i t  is to be expected  tha t  
the s t andard  Gibbs free en tha lpy  of format ion  is in-  
dependen t  of y to a good approximat ion .  In  fact, for 
such a na r row  homogene i ty  range,  s ta t is t ical  t he rmo-  
dynamic  a rgument  shows (11) tha t  the  chemical  po-  
tent ia ls  of the the rmodynamic  components  HgTe and 
CdTe are  also independent  of y to a good a pp rox ima-  
tion. This theoret ical  predic t ion  affords a check on the 
in te rna l  consistency of the  measurements  r epor ted  
here  which is discussed below. F~rst, however,  i t  
should be noted tha t  the independence  of the chemical  
potent ia ls  of HgTe and CdTe f rom y implies  a s imi la r  
independence  for the difference in the  chemical  po-  
tent ia ls  of  Hg and Cd. Second, the  discussion of HgTe 
and CdTe as the rmodynamic  components  of the  solid 
solut ion of course does not  imply  the  exis tence of e i ther  
HgTe or  CdTe as s t ruc tu ra l  units. 

Table IX. Partial pressure of Hg in atmospheres from cell 40-HG2, 
2.92 cm optical path at 1028 K or, starting with 985.1 K sample 

temperature, at 1073 K 

T (K)  P ~ *  z y 

841.9 13.86 -- 0.28 0.399 0.511 
885.4 17.43 -- 1.4 0.402 0.509 
892.8 19.72 _ 0.26 0.404 0.508 
915.5 22.06 • 0.41 0.405 0.507 
937.0 24.85 • 0.33 0.407 0.505 
952.1 26.68 ----- 0.42 0.409 0.505 
970.6 28.51 • 0.40 
984.8 29.82 • 0.34 0.411 0.503 
985.1 30.79 • 0.41 
995.8 32.09 • 1.41 0.412 0.502 
991.5 31.46 • 0.43 

1001.7 30 29 ----- 0.19 0.410 0.503 
1010.8 29.16 • 0.19 0.410 0.504 
1020.9 28.48 • 0.19 0.409 0.504 
1031.0 29.35 • 0.20 0.410 0.504 
1040.3 30.30 • 0.04 0.410 0.503 
1049.5 31.67 • 0.54 0.411 0.503 

* Pz~g is t h e  a v e r a g e  of t h r e e  va lues  ca lcu la ted  f r o m  D a t  310.4, 
320.4, and  330.4 n m .  
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Table X. Results of least squares fits to various thermodynamic 
functions for Hg0.5~Cdo.416Te(c) 

1/<llT>t Enthalpyw Entropyw 
Function N" a'* ~'~,'I" ~al) (K) (cal/mole) (cal/K-mole) 

#-=T,  20 0.124 232 878.2 -- 41,470 - -  1201 -- 41.491 • 1.383 
#C~T, 17 0.114 220 924.7 -68,533 -- 3053 -43.347 -- 1.568 
AG'~ 13 0.0656 129 916;0 - 50,995 "+" 2,337 - 40.318 --  2.557 

* N = n u m b e r  of  data  points .  
"* r = standard deviation between measured and calculated values of I~/RT or AG't/RT. 

o-= = corresponding s tandard dev iat ion  f o r  ~ or AG~ 
1/<I/T> = rec iproca l  of  average 1/T value for experimental points. 

w T h e  u n c e r t a i n t i e s  in th e  entha ip ies  and entropies  are  at  the  95% confidence l ev e l  as ca lcu la ted  us ing  t h e  S t u d e n t  t -distr ibution 
w i t h  N - 2 d e g r e e s  of  f r e e d o m .  

Assuming the vapor phase is ideal the chemical 
potentials relative to those of Hg(g), Te2(g), and 
Cd (g), each at Iatm are 

;HgTe "- RT In PHgPTes z/= [32] 

#CdTe -- R T  In PCdPTe2 �89 [33] 

#Hg -- ~Cd =#H~e -- #CdTe = RT In PHg/Pcd [34] 

The standard Gibbs free enthalpy of formation for the 
reaction 

0.584Hg(g) + 0.416Cd(g) + �89 Tes(g) 
-~ Hgo.ss4Cd0.418Te(c) [35] 

is given by 

AG't  - -  0.584 ~'Hfre + 0.416 ,~CdTe [36 ]  

These quanti t ies  can  be calculated from the entr ies  in  
Tables V-VIIL Alternat ively,  the nonideal  behavior  of 
Hg(g)  could be taken into account using the equat ion 
of state of Sugawara and Sato (23) to calculate the 
fugacity. The largest corrections occur for the data 
given in  Table VIII and  amount  to --10 to --15 cal 
for the chemical potent ial  of Hg. Since these prove to 
be considerably less than  the precision to which the 
chemical potent ial  of HgTe can be fit, these correc- 
tions are neglected here. The negative of the chemical 
potent ial  of HgTe is plotted as a funct ion of T in  Fig. 
15. For completeness the figure includes some points 
outside the range  x -~ 0.416 • 0.01. There are the 
three highest t empera ture  points for 38-TEl and the 
two highest tempera ture  points for 38-HG1. These 
out of range points, as well as that at 830 K and the 
lowest point at 935.4K are excluded from a least 
squares fit of/,HsT,/RT to a straight line as a function 

12 

t 'I 
6 

\ .  

2 

C i i 
7 0 0  8 0 0  

\ 
% 

~oo 

T ( K )  9 0 0  1 0 0 0  

Fig. 15. The negative of the chemical potential of HgTe for a 
solid solution containing 41.6 • 1 m/o CdTe as a function of ab~ 
solute temperature. Solid line is from a least squares fit. D 38- 
TEl, ~7 38-HG1, O 40-HG3. 

of lIT 
~HgTe/RT - -  ~ ? R T  - -  8"/R [37] 

where the par t ia l  molar  quanti t ies  are assumed to be 
independent  of T. The result  is shown as the solid 
l ine in  Fig. 15 and in  the first en t ry  of Table  X. I t  
should be noted that  the par t ia l  en tha lpy  and entropy 
of HgTe are highly correlated. The most probable 
values fall essentially along a line segment in the 
h-s plane which passes through the best fit point, 
which has a slope of 871.8 K, and which is terminated 
with 95% confidence at values of hTe that are • 1201 
cal away from --41,470. cal (33). Mathematically, the 
most probable values are related by the equation 

h'-- --41,470. + 871.8 (~-+ 41.491); 

--44.05 ~8"J --38.93 at 95% confidence [38] 

Analogous comments are valid for the fits to ~dTe and 
AG~ Figure 16 shows the chemical potential of CdTe 
and the least squares line. The two points for 38-TE1 
are shown for completeness only. They correspond to 
x-values greater than 0.426 and were not included in 
the least squares analysis. A similar out of range 
point is the 914.7 K point for 38-HG1. The two lowest 
temperature points for 38-HG1 were excluded from 
the analysis because they were far from the least 
squzres line obtained by including them. These same 
two points were also excluded from the analysis of 
AG~ A plot of the AG~ points is shown in Fig. 17. 
Figure 18 shows a plot of the difference in the chemi- 
cal potentials of Hg and Cd vs. T. Using Eq. [341 and 
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Fig. 16. Negative of the chemical potential of CdTe in a solid 
solution containing 41.6 • 1 m/o CdTe as a function of absolute 
temperature. Symbols have the same meaning as in Fig. 15. Solid 
line is from a least squares fiL 
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Fig. 18. Difference between the chemical potentials of Hg and 
Cd in a solid solution containing 41.6 • 1 m/o CdTe as a function 
of absolute temperature. Solid line is from a least squares fit. 
Symbols retain same meaning as for Fig. 15. 

Table  X and not  express ing the uncer ta in t ies ,  one 
obtains  

~H~ - -  ~Cd = 27,063. -- 1.856T [39] 

Values for  the pa r t i a l  pressures  of Te2(g) and 
Cd(g)  a l o n g  the  t h ree -phase  curve can be calcu-  
la ted  where  they  were  not  measured  using the mea -  
sured  values  of Prig, Eq. [32] and [33], and  the entr ies  
in Table  X. These are  shown b y  the symbol,  x, in Fig. 
11 for  P2 and in Fig. 19 for PCd. The ca lcula ted  points  
agree  wel l  wi th  those measured  direct ly.  The u t i l i ty  
of Eq. [32] and [33], which give two of the  pa r t i a l  
pressures  if the th i rd  is known,  is, of  course, not  
l imi ted  to points  along the th ree -phase  curve. The 
equations are  appl icab le  for  the ent i re  composit ion 
s tab i l i ty  field of x = 0.416. 

The s t andard  Gibbs  f ree  enthalpies  of fo rmat ion  of 
HgTe(c )  and CdTe(c)  f rom Te2(g) and the  mona-  
atomic meta l l ic  a toms have been de te rmined  f rom 
opt ical  absorbance  measurement s  a t  h igh  t empe ra tu r e s  
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Fig. 19. Partial pressure of Cd(g) along the three-phase curve for 
a solid solution with 41.6 • 1 m/o CdTe as a function of reciprocal 
absolute temperature. �9 38-TE!; V 38-HG1; O 40-HG3; • 
calculated from PHg in Table IX and Eq. [39] or, along bottom leg, 
from PHg in Table V and Eq. [39] .  

(21, 14) and  are  given, respect ively,  by 

AG~ HgTe) = --41,660. -{- 42.71T [40] 

AG~ CdTe) --  --68,640. + 44.94T [41] 

Combining these equations wi th  the  da ta  in Table  X, 
the  AG~ for the  react /on 

0.584 I-IgTe (c) + 0.416 CdTe(c )  -> Hg0.~4Cd~zeTe(c)  

[42] 
is 

~G~ = 1888. --  3.32T [43] 

If  ins tead  of s t a r t ing  wi th  the las t  e n t r y  of Table  X, 
one s tar ts  wi th  the bes t  fits to the  chemical  potent ia ls  
of HgTe and CdTe ind iv idua l ly  and Eq. [36], one ob-  
tains for  the react ion given by  Eq. [42] 

~G~ = --155. - -  1.37T [44] 

In  e i ther  case, wi th in  the  unce r t a in ty  l imits  in fe r red  
f rom Table  X the en tha lpy  of fo rmat ion  f rom HgTe (c) 
and  CdTe(c)  is zero and the en t ropy  of fo rmat ion  
agrees  wi th  the va lue  of 1.35 c a l / K ' f o r m u l a  weight  for 
the  r andom mix ing  of Cd and  Hg on the  me ta l  sub-  
latt ice.  
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Partial Pressures over HgTe-CdTe Solid Solutions 

II. Results for 10, 20, and 58 Mole Percent CdTe 

Tse Tung, Leszek Golonka, 1 and R. F. Brebrick* 
Metallurgy and Materials Science, Marquette University, Milwaukee, Wisconsin 53233 

ABSTRACT 

T h e  partial pressures of Hg, Cd, and Te2 are obtained along the three- 
phase curves for 10, 20, and 58 mole percent CdTe, HgTe-CdTe solid solutions 
by measuring the optical absorbance of the coexisting vapor between 220 
and 700 nm. The pressure ranges covered are 10-~-32 atm for Hg, 10-s-10 -5 
atm for Cd, and 10-5-10 -2 arm for Te2, and Hg is always the predominant 
vapor species. The data allow the calculation of the chemical potentials of 
HgTe and CdTe and the Gibbs free enthalpy of formation for the solid solu- 
tions. In addition, the solidus temperatures are obtained directly from the 
optical absorbance measurements. 

In a previous paper (1), the calibration experiments 
required to obtain the partial pressures of Hg, Cd, and 
Te2 and the results for an HgTe-CdTe solid solution 
containing 41.6 mole percent (m/o) CdTe were re- 
ported. Here we report similar experiments on 10, 20, 
and 58 m/o CdTe solid solutions. These experiments 
establish for each mole percent CdTe (i) the solidus 
temperature, (ii) all three partial pressures along the 
three-phase curve, (iii) the chemical potentials of 
HgTe and CdTe components in the solid solution, and 
(iv) the Gibbs free enthalpy of formation. To the best 

* Electrochemical Society Active Member. 
Department of Electrical Engineering, Technical University of 

Wroclawj Wroclaw, Poland. 
Key words: mercury-cadmium-telIuride, partial pressures, three- 

phase curve, free enthalpy, chemical potentials. 

of our knowledge, this is the first determination of 
items ii, iii, and iv. The predominant vapor species for 
both the metal-saturated and the Te-saturated solid 
solutions is Hg (g). 

Experimental 
The experimental details are the same as those de- 

scribed in Part I (1) with some important exceptions 
that are noted below. The mole percent of CdTe in the 
solid solution samples was determined as before from 
density measurements. The weight of solid solution and 
its particle size are noted in the table headings for 
each cell as well as the weight of any elements added. 
The experiments fell into two general classes. In the 
first, sufficient Hg was added along with the solid solu- 
tion to provide a pressure of about 20 atm. In the sec- 
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ond, the results of which are given in  Tables IV, V, and 
VI, either excess Te or a small  amount  of Hg was added 
so that  Te saturat ion was achieved at fair ly low sample 
temperatures,  For  this second type of experiment,  both 
sidearm port ion of the furnace and the optical cells 
were modified. The modification of the furnace and the 
use of a heat  pipe around the sample end of the side- 
arm are described in  Calibrat ion Measurements,  Tel- 
l u r ium in Par t  I (1). Because of the heat pipe and its 
inner  si lver liner, the tempera ture  var iat ion over the 
roughly 5 cm length of the sidearm containing the sam- 
ple was a few tenths of a degree centigrade or less. The 
sidearm of the cell consisted of two sections. The sec- 
t ion attached to the cel l -proper  was 1.1 cm OD and 9 
cm long. The section which was the end of the sidearm 
after seal-off was 2.0 cm OD and 3 cm long. Thus the 
overall  s idearm Iength was about  12 cm, ra ther  than  
20, and approximately  58 samples could be spread out 
to provide a geometric surface area of about 3 cm 2. 
For the cells used in  Par t  I (1), this area was about  
0.5 cm2. We believe this increased surface area was 
useful in minimizing equi l ibrat ion times at high tem- 
peratures where the original part icle  size distr ibution 
tended to disappear because of sintering. It  should be 
noted that, al though there was sintering, there was no 
evidence of gross vapor t ransport  along the sample 
section, at test ing to the uni formi ty  of temperature  
there. 

As in  Par t  I (1), the t ransmission over the Cd lines 
was measured rather  than the optical absorbance. How- 
ever, here the measurements  were repeated at least 
three times and the integrated areas averaged. 

Results 
The optical absorbance measurements  and the in te -  

grated area in  the t ransmission valley for the Cd lines 
were converted to part ial  pressures as described in  the 
section Calculation of Par t ia l  Pressures, in  Par t  I (1). 

As in  Par t  I, i t  was found that  the part ial  pressure of 
Hg, PHg, at ta ined s teady-state  values wi thin  a few 
hours after a steady sample temperature  was reached. 
In  contrast  the part ial  pressures of Te~(g), P2, and of 
Cd (g), Pcd, required  4-15 hr  or more depending on the 
temperature.  A decrease in  max imum particle size to 
63 #m, see Table VI, seemed to reduce the time required 
for the a t ta inment  of a steady state. 

Tables I through VI, with the exception of Table III, 
list the par t ia l  pressures measured. In  all of these 
tables, the second column gives the number  of hours 
the sample was at tempera ture  before measurement .  
The measurement  of optical absorbance and t ransmis-  
sion (for the Cd lines) itself required an addit ional 
40-60 min. The third column gives 103/T, where T is 
the sample tempera ture  in  K. The last two columns 
titled x and y, respectively, are calculated values for 
the overall  composition of the condensed phase or 
phases as expressed by the formula (Hgl-~Cd~)yTel-~. 
These were obtained from the known weights of solid 
solution and added elements, the known volume of the 
cell and sidearm, the tempera ture  dis tr ibut ion along 
the cell and sidearm, and the assumptions: (i) y = 
0.500 for the solid solution added to the cell, (ii) Cd(g) 
and Te2(g) are ideal gases, and (iii) Hg(g)  is a slightly 
imperfect  gas with an equation of state given by Suga- 
wara and Sato (see the section on Calibrat ion Mea- 
surements,  Mercury in  Par t  I) .  

Tables I and II give PHg and P2 for meta l -sa tura ted  
solid solution wi th  x of, respectively, 0.108 and 0.198. 
These mercury  pressures are also shown along the 
upper  branches of the three-phase curves shown in Fig. 
1. For  comparison the data for HgTe (2) and for x -- 
0.416 from Par t  I (1) are also shown. The max i mum 
values of PHg for x : 0.108 is 21 atm and occurs at 
673~ That  for x ---- 0.198 is 24 a im and occurs at 683~ 
Solidus temperatures  were obtained from measure-  
ments  wi th  these cells and are given in  Table III  
along with those for x -- 0 and 0.416. The de te rmina-  
t ion of the solidus tempera ture  depends on the fact 
that  the optical absorbance D, in  the 254.0-340 n m  re-  

Table I. Partial pressures in atmospheres for metal-saturated, 
10.8 • 1 m/o CdTe, HgTe-CdTe. 

Cell 137-1 2.495 c m  op t i ca l  p a t h  a t  755 = o r  80r176 Cell loaded with  
5.98128 of sol id  s o l u t i o n  w i t h  x = 0.108 a n d  w i t h  p a r t i c l e  size 
b e t w e e n  44 a n d  250 ~m p lus  0.7465g Hg.  V o l u m e  in cub ic  cent i -  
m e t e r s  of ce l l -p rope r ,  u p p e r  p a r t  os  s i d e a r m ,  a n d  s a m p l e  end  of 
s i d e a r m  m i n u s  s a m p l e  v o l u m e  a r e  r e s p e c t i v e l y ,  4.27, 7.73, a n d  2.37, 
F ive  s i d e a r m  zones  u s e d  in  t h e  c a l c u l a t i o n  of  t h e  g r o s s  compos i -  
t ion  of t h e  c o n d e n s e d  p h a s e  o r  phases .  Th i s  c o m p o s i t i o n  is w r i t t e n  

as  (Hgl-~Cdz) ~Tel-~. 

R u n  H r  IO~/T PHg 10 4 X P~ x y 

2203 0.8 1.1569 16,42 1.27 0.1047 0.5079 
2204 0.5 1.1324 18.63 2.59 0.1068 0.5029 
2205 1.2 1.1082 20.64 3.07 0,1087 0.4984 
2206 0.8 1.0910 21.59 3.58 0.1096 0.4964 
230r? 4.0 1.0913 20.33 0.702 0.1082 0.4996 
2308 0.6 1.0827 20.44 1.21 0.1082 0.4996 
2309 0.7 1,0654 20.70 3.17 0.1082 0.4995 
2310 0.5 1.0521 19.98 6.72 0,1073 0.5017 
2311 0.7 1.0411 18.15 12.2 0.1053 0.5063 
2312 0.9 1.0250 18.90 20.3 0.1059 0.5050 
2313 0.8 1.0094 20.61 28.1 0.1074 0.5013 
2314 0.7 1.0017 21.64 33.8 0.1084 0.4991 
2315 0.7 0.9898 22.37 42.5 0.109 0.4978 
2316 0.7 0.9800 23.90 49.7 0.1100 0.4955 
2317 1.0 0.9701 25.26 60.8 0.1113 0.4926 

Table II, Partial pressures in atmospheres for metal-saturated, 
19.8 • i m/o CdTe, HgTe-CdTe. 

Cell  H2,  2.910 c m  op t i ca l  p a t h  a t  755 ~ o r  800~ Cel l  l o a d e d  w i t h  
3.43738 of  sol id  s o l u t i o n  w i t h  x = 0.193 a n d  w i th  p a r t i c l e  size 
b e t w e e n  44 a n d  250 ~m p lus  0.2021g Hg .  V o l u m e  in  cub ic  cent i -  
m e t e r s  of  ce l l -p rope r ,  u p p e r  p a r t  of s i d e a r m ,  a n d  s a m p l e  end of 
s i d e a r m  m i n u s  s a m p l e  v o l u m e  a r e ,  r e spec t i ve ly ,  1.737, 0.653, a n d  
0.920. Sidearm divided into seven zones in calculation of x and y. 

R u n  H r  IO~/T PHf x 

805 1.5 1.1448 17.5 0.1936 0.5057 
806 0.5 1.1193 19.62 
807 0.5 1.0950 21,26 0.1961 0.5024 
808 0.5 1.0727 22.93 
809 0.5 1.0518 23.67 0.1976 0.5005 
810 1.5 1.0336 21.73 
811 0.5 1.0282 20.69 0.1952 0.5035 
812 0.5 1.0244 20.22 
813 0.5 1.0197 20.10 0.1947 0.5042 
814 0.5 1.0143 20.45 0.1949 0.5039 
815 0.8 1.0049 21.68 0,1958 0.5023 

1120 1,5 1.0034 22.18 0.1957 0.5029 
1121 0.5 0.9937 23.35 0.1965 0.5019 
1122 0.5 0.9785 25.52 0.1979 0.5001 
1123 0.5 0.9644 27.64 0.1993 0.4984 
1124 0.7 0.9519 29.72 0.2007 0.4966 
1125 0.5 0.9435 31.40 0,2018 0,4952 
1126 0.5 0.9626 27.92 0.1995 0,4981 
1127 0.5 1.0086 21.49 0.1953 0.5034 

gion where Hg (g) absorbs, increases with increasing 
temperature,  at tains a ma x i mum value, decreases, and 
then increases l inear ly  on a log D vs. 103/T plot. The 
behavior is similar to that shown in  Fig. 14 of Par t  I 
(1). The high temperature,  l inear  port ion is character-  
istic of a l iquid-solid solution equi l ibr ium and its in te r -  
section with the decreasing, segment of the log D vs. 
103/T curve is taken as the solidus temperature.  The 
evaluat ion of the solidus tempera ture  for each x -va lue  
was made using D at a n u m b e r  of wavelengths and is 
independent  of the accuracy with which PHg was estab-  
lished. Near the solidus tempera ture  for x : 0.108 the 
optical absorbance for four wavelengths be tween 290.4 
and 320.4 nm was in  the re]iable measurement  range 
of 0.1-2.0 in  D and all gave the same solidus tempera-  
ture wi thin  ___ I~ For x : 0.198 the solidus tempera-  
ture was established to wi th in  • I~ from the same 
type of reversal  in the sign of the slope of a log D vs. 
lO~/T plot for four wavelengths between 300.4 and 380.4 
nm. The solidus temperatures  given in Table III  are 
obtained by an essentially static technique and so it is 
grat ifying that  they agree well  with those obtained 
from chemical analysis of the first crystals to grow 
from large volumes of melt  (3) combined with l iquidus 
temperatures  obtained by thermal  analysis (4) (given 
only in  the form of graph).  The values of P2 in  Table I 
are the average of those calculated from the optical 
absorbance at 2-6 wavelengths between 400 and 500 
r i m .  
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Fig. !. Vapor pressure of Hg, shown as the uppermost line, and 
the partial pressure of Hg along the three-phase curves for various 
x-values of Hgl-xCdxTe(c) as a function of 103/T. A ,  x ~ 0.0 
[get. (2)];  e ,  x = 0.094, 0.10B; I ,  x ---- 0.196; V,  x ~ 0.416; 
~#, x = 0.581. 

Table I I I  a l so  gives P H g  at  the  solidus t empe ra tu r e  as 
ob ta ined  here  and as es tabl i shed  by  a reflux method  
(5). In  the l a t t e r  study,  PHg fal ls  along a common 
s t ra igh t  l ine on a log Pr~- I /T  plot  for pseudob inary  
mel ts  containing be tween  0 and 60 m/o  CdTe. There -  
fore, the  vaIue of  P ~  a t  ~he sol idus ~empera ture  for  a 
given mole percent  CdTe solid solut ion can be ca lcu-  
l a ted  knowing  only the  solidus t empera tu re .  As shown 
in Fig. 1 for x = 0, PHg along the th ree -phase  curve 
has in pr inc ip le  an infinite slope at  the solidus t em-  
pera ture ,  so tha t  i t  can be difficult to es tabl ish  its exact  
value.  Data along the Te- r i ch  leg and close to the 
sol idus tempera ture ,  which we do not  have, would  
serve  to bracke t  this pressure .  As i t  is, our  values in 
Table  I I I  are  upper  l imits  and the agreement  wi th  Ref. 
(5) is sat isfactory.  

Table  IV lists the  pa r t i a l  pressures  obta ined for a 
Te - sa tu ra t ed  solid solut ion wi th  x ---- 0.094 • 0.010. For  
the  las t  en t ry  the loss of Hg to the vapor  phase  is large  
enough tha t  the x - v a l u e  differs by  more  than 0.01 f rom 

Table Ill. Solidus temperatures in ~ and PHg in atmospheres for 
Hgl-=Cd=Te solid solutions 

the nomina l  value.  T h e  values  of PHg are  shown in Fig. 
1 along the  lower  leg of the  th ree -phase  curve  for  x = 
0.094. 

Table  V gives the  pa r t i a l  pressures  for x --  0.196. 
The ceil  had on ly  a smal l  amoun t  of  added  H g  and ~o 
lef t  the m e t a l - s a t u r a t e d  condit ion and en te red  the solid 
solut ion s ing le -phase  field at  427~ wi th  PHg =2.96 
atm. Wi th  increas ing t e m p e r a t u r e  the  va lue  of y in-  
creases by  a smal l  amount  wi th in  the  precis ion of our  
m e a s u r e m e n t s ,  P H g  remain ing  a l m o s t  constant,  and  
then f inal ly a t ta ins  Te sa tura t ion .  Upon fu r the r  in-  
crease  in t empera tu re ,  P~g s ta r t s  to increase.  F r o m  the  
discontinui t ies  in the slopes of  the  opt ical  absorbance  a t  
different  wavelengths ,  Te sa tu ra t ion  is a t ta ined  at  
646~ where  P~g = 3.2 arm, P~ = 4.23 • 10-3 arm, 
a n d  P O d  = 1.92 • 1.0-6 arm. 

I t  is to be noted tha t  the  ca lcu la ted  values  of x and y 
are  constant  to three  significant figures up to lOS/T = 
1.0837. Assuming the  ma jo r  e r rors  a r e  a 2% unce r -  
t a in ty  in P~g and a 5% unce r t a in ty  in the volume of  
the opt ical  cell  implies  approx ima te  uncer ta in t ies  of 
0.5% in x and 0.25% in y. The  m a x i m u m  var ia t ion  for 
the  values  in Table  V are  close to these est imates,  
being 0.4% in x and 0.1% in y. 

Table  VI lists the pa r t i a l  pressures  for an x -va lue  of 
9.58. The  pa r t i a l  pressures  of Te2(g) along the th ree -  
phase  curves  for the  var ious  x -va lues  a re  shown in 
Fig. 2 along wi th  the vapor  pressure  of t e l lu r ium and 
a por t ion  of the  Te- r i ch  leg for CdTe from Ref. (6).  
As can be seen there  are  not  enough da ta  points  to de -  
fine the  m a x i m u m  value  of P2 for x = 0.416. 

A number  of cells were  p r e p a r e d  wi th  added  e le-  
menta l  Hg. As discussed above  in connection with  Table  
V, these ]eft  the  m e t a l - s a t u r a t e d  condi t ion wi th  in-  
creasing T and en te red  the homogene i ty  range,  where  
P r i g  w a s  almost  constant  wi th  increas ing T. The values 
of IOS/T and P~g a t  the  me ta l - s a tu r a t i on  points  are  
given in Table VII since Fig. 1 does not  ex tend  to low 
enough T to include them all. 

Discussion 

For  a na r row homogenei ty  range solid solution, 
(Hgl-xCdx)  yTel-y,  in which  the solid is a s table  phase 
only for a na r row  range of y -va lues  near  1/2, say  less 
than 0.01 wide, cer ta in  chemical  potent ia ls  a re  theo-  
re t ica l ly  independen t  of y to a good approximat ion ,  
i.e., they  are  s toichiometr ic  Jnvar iants  (7). 

Assuming  Cd and Te~ behave  idea l ly  in the  vapor  
phase and ]H~ is the fugaci ty  of Hg (g) ,  these are  

~--H~re = R T  In ] H g P 2 1 / 2  "~ h H g T e  -- T S H g r o  [1] 

x O 0.108 O.198 0.416 
T 670 f ~ 0 . 8 - - 1  7 0 5 . 3 •  745----.2 
PHr 12,6 17.7 20,0 28,0 
PH~ [Ref.  13.8 16.3 18~ 24~1 

(5)] 

Table IV. Partial pressures in atmospheres over Te-saturated, 
9.4 m/o CdTe, HgTe-CdTe. 

Cell 58C, 9~795 c m  op t i c a l  p a t h  a t  755~ Cell  l oaded  w i t h  5.3859g of  
sol id  so lu t ion  w i t h  x = 0.094 a n d  w i t h  p a r t i c l e  size b e t w e e n  44 
a n d  250 #m p lus  0.01609g Te,  V o l u m e  in cub ic  c e n t i m e t e r s  of  cell- 
p r o p e r ,  u p p e r  p a r t  o f  s~dearm,  mud s a m p l e  e n d  o f  s i d e a r m  n ~ n u s  

s a m p l e  vo lume  a r e ,  r e s p e c t i v e l y  17.0, 3,1, a n d  5.26. 

Table V. Partial pressures in atmospheres over 19.7 m/o 
c~re, HgTe-C~Te 

Cell I, 9.775 e m  op t i c a l  p a t h  a t  755~ Cell  l o a d e d  w i th  4.8230g of 
sol id s o l u t i o n  of  x = 0.196 a n d  p a r t i c l e  size b e t w e e n  44 a n d  125 ~ m  
p lus  6.2060g Hg.  V o l u m e  in  cub ic  c e n t i m e t e r s  of  ceU-proper ,  u p p e r  
p a r t  of s i d e a r m ,  a n d  s a m p l e  e n d  of s i d e a r m  m i n u s  s a m p l e  v o l u m e  
a re ,  r e spec t i ve ly ,  17.63, 2.8, a n d  0.97. S i d e a r m  d iv ided  in to  six 

zones  in  c a l c u l a t i o n  o f  x a n d  y. 

Run :Hr 1~a/T P ~  I~ ~ x P~ !0~ • Pga x y 

R u n  H r  l~Z/T PHg 10 z • P~ 1O# • Pod x y 

1501 73 1.2862 0.146 0.700 0.0469 0.0943 0.4974 
1602 18 1.2399 0.301 1.15 0 .148" 0,0945 0.4907 
1703 43,5 1.2385 0.316 1.17 0.142 0,0946 0.4966 
1804 20,5 l.ZlI4 0,485 1,55 0,384 0 ,0949  0,4958 
2105 4 1.I791 0,322 2,03 0.877 9,095~ 0.4942 
2206 16 1,1571 1.19 2.45 1.04" 0,0962 0.4935 
2207 4 1.1384 1.62 2.74 1.29" 0,097 0.4904 
2308 14 1.120@ 2.26 3.04 6.23 0.0982 0.4874 
2309 8 1.0926 3.80 3.30 17.7 0.1011 0.4799 
2411 12.5 1.0705 5.72 3.61 25.8 0.1051 0.4702 
2512 19 1 .0494  7.98* 3.74 57.4 0.1102 0.4586 

* E n t r i e s  m a r k e d  w i t h  an a s t e r i s k  in  t h i s  t ab l e  a r e  o m i t t e d  
f r o m  t h e  l ea s t  s q u a r e s  ~ t s  to  t h e  c h e m i o a ]  po ten t i~ I s  o f  e i t h e r  
I-IgTe o r  CdTe,  

1815 5 1.1912 3.15 0.060 0.371" 0.1969 0.4989 
1816 6 1.1598 3.10 0.236 0.40* 0.1966 0.4998 
1917 3.5 1.1461 3.20 0,501 1.02" 0.1969 0.4989 
1512 15 1.1280 3.14 0,826, 1.93" 0.1966 0.4992 
1918 3.5 1.1249 3.19 0.969 1.40" 0.1968 0.4990 
2019 17.5 1,1221 3.22 1.05 0.722* 0.1969 0.4989 
2732 96 L l l 6 4  3.20 1,33 1.24 0,19S8 0,4990 
2020 4 1,1104 3,31 1,72 1,37 0,1973 0.4984 
2733 6 IAI035 3.27 2,30 1,54 0,1971 0,4986 
2123 13 1,0978 3.27 2,85 1.62 0.1976 6,4987 
2834 8 1,0966 3.29 2.91 1.74 0.1971 0.4986 
2835 6 1.0894 3.31 4.08 1.90 0.1972 0.4986 
2125 3.5 1.0890 3.28 4.19 1.60" 0.197 0.4987 
2127 5 1.0837 3.46 4.44 1.93" 0.1978 0.4978 
2936 14 1.0780 3.99 4.73 2.42* 0.20Ol 0.4949 
2228 14 1.9733 4.37 4.90 2.53* 0.2018 0.4928 

Entr~e~ m a r k e d  w i th  a n  a s t e r i s k  a r e  c m i ~ e d  s  t h e  least  
-~quare~ fits to the chemical  p o t e n t i a l s  o f  CdTe.  
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Table Vl. Partial pressures in atmospheres over Te-saturated, 
58.1 m/o CdTe, HgTe-CdTe 

Cell 64, 9.795 cm optical path at 755~ Cell loaded with 4.116g of 
solid solut ion with  maximum particle size of 03 /~m and x = 0,581. 
Volume in cubic centimeters of cell-proper, upper part of sidearm, 
and sample  end of sidearm minus sample volume are, respectively, 
17.45, 6.9, and 2.74. Five sidearm zones used in calculation of 

x a n d  y. 

Run Hr IOalT PH~ i08 x P~ i0 e x Pca z y 

0826 i ~  1.4195 0.012" 0.081 0.5812 0.4999 
0825 1.5 1.4014 0.013 0.114 0,5812 0.4999 
0824 32.0 1.3683 0.019 0.227 0.5813 0.4999 
0621 130 " 1.3391 0,029 0.343 0.00895* 0.5814 0.4998 
0622 4 1.3093 0.043 0.559 0.0161" 0.5816 0.4997 
0623 2.0 1.2894 0,060 0.763 0.5818 0.4997 
2409 3.5 1.2183 0.176 2.03 0.0538* 0.5834 0.4990 
2510 13~ 1.1817 0.310 3.15 0,103" 0.5810 0.5000 
2511 2 1.1505 0.491 4.52 0.213" 0.5876 0.4972 
2812 9 1.1232 0.772 6.06 0,989 0.5914 0.4957 
3016 60 1.1064 1.00 7~7 1.93 0.5944 0.4944 
2613 4 1.0976 1.17 8.12 2.73* 0.5967 0.4934 
3017 5 1.0848 1.37 9.45 3.24 0.5994 0.4923 
2714 14 1.0720 1.72 10.6 5.07 0.6043 0A903 
2715 4.8 1.0618 1.95" 12.0 5.76 0,6073 0.4891 
3118 14 1.0453 2.44* 14.0 10.1 0.6143 0.4862 
0120 16 1.0218 3.36* 17.6 19.3 0.6275 0.4810 

* Entries marked with an asterisk are omitted from the least 
squares fits to the chemical potentials of either HgTe or CdTe. 

~CdTe = RT In Pc~P2 I/s = hcdTe - -  TSCdTe [2] 

]~Hg --  ~Cd = R T  In  ]Hg/PCd [3] 

F i n a l l y  t h e  s t a n d a r d  G i b b s  f r e e  e n t h a l p y  of  f o r m a t i o n  
of t h e  so l id  s o l u t i o n  a c c o r d i n g  to t he  r e a c t i o n  

(1 - - x )  H g ( g )  - ] - x C d ( g )  + 1 / 2 T e 2 ( g )  

--> H g l - ~ C d ~ T e  (c)  [4] 
is g i v e n  b y  

A G ~  ---- (1 --  x )  ~"HgTe "Jc X ~'CdTe = AH~ --  TAS~ [5] 

T h e  c h e m i c a l  p o t e n t i a l s  w e r e  c a l c u l a t e d  f r o m  t h e  
p a r t i a l  p r e s s u r e s  g i v e n  in  t h e  t ab les .  U s i n g  t h e  e q u a -  
t i o n  of s t a t e  f o r  H g ( g )  g i v e n  b y  S u g a w a r a  a n d  Sa to  
(8 ) ,  o n e  o b t a i n s  

~Hg --- R T  In  ]Hg 

= R T  In  PHg -I-- 4857.6PHg ( -  1 .793/T -t- 251/T2 

+ 0.001071)  [6] 

F o r  t h e  cases  w h e r e  b o t h  Prig a n d  P~. w e r e  m e a s u r e d ,  
t h e  c o r r e c t i o n  t e r m  r a n g e s  f r o m  n e a r  zero  to - -70 c a l /  
mole .  S ince  t h e  c h e m i c a l  p o t e n t i a l s  of H g T e  a n d  CdTe  
a r e  i n d e p e n d e n t  of  y, t h e  sol id  s o l u t i o n  can  b e  d e -  
s c r i b e d  as  e f f ec t ive ly  b e i n g  a b i n a r y  s o l u t i o n  c o n t a i n i n g  
t w o  t h e r m o d y n a m i c  c o m p o n e n t s ,  H g T e  a n d  CdTe,  fo r  
s o m e  pu rposes .  I n  p a r t i c u l a r ,  t h e  G i b b s - D u h e m  r e l a -  

t i o n  h o l d s  b e t w e e n  /~HgWe a n d  #CdWe- T h e  e x p e r i m e n t a l  
d a t a  o b e y  t h e  G i b b s - D u h e m  r e l a t i o n  a t  l e a s t  q u a l i -  
t a t i v e l y  i n  t h a t  ;HgWe i n c r e a s e s  a t  a g i v e n  T w i t h  d e -  

c r e a s i n g  x w h i l e  /LCdWe i n c r e a s e s  w i t h  i n c r e a s i n g  x. 
L e a s t  s q u a r e s  s t r a i g h t  l ines  w e r e  d e t e r m i n e d  f r o m  

t h e  e x p e r i m e n t a l  v a l u e s  of  "~HgTe/RT a n d  "~CdWe/RT, as -  
s u m i n g  t h a t  t h e s e  q u a n t i t i e s  v a r y  l i n e a r l y  w i t h  1 / T .  
T h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  c o r r e s p o n d i n g  e n -  

Table VII. Points on metal-saturated three-phase curves for various 
x-values. Vapor pressure of Hg, Prig ~ given for comparison. Cells 

162, J1 used only to establish these points and not at high 
temperatures. 

IOalT Prr~ PHg o 
Cell x (K) (aim) (aim) 

162 0.109 1.2037 12.5 15.48 
I 0.197 1.428 2.96 3.12 
J1 0.199 1.2435 9.6 11.65 
38-HG1 0.416 1.562 1.20 1.20 
40-HG3 0.416 1.315 5.0 6.99 

F e b r u a r y  1 9 8 1  

Io-, I I I I I ~ , I I 
,.oo 1.,o I O ~ T  (K) ,.20 ,.3o 

Fig. 2. Vapor pressure of To, shown as the uppermost llne, and 
the partial pressure of To2 along the three-phase curves for vari- 
ous x-values as a function of I03/T. The short line segment just 
below the vapor pressure line, and without points, is o portion of 
the three-phase curve for CdTe from Ref. (6). Closed symbols have 
the same meaning as indicated in the caption for Fig. 1. Open 
symbols indicate values calculated as described in the Discussion 
section. 

t h a l p i e s  a n d  e n t r o p i e s  is  t h e r e b y  n e g l e c t e d  a n d  t h e  
v a l u e s  o b t a i n e d  a r e  fo r  a t e m p e r a t u r e  n e a r  t h e  m i d -  
p o i n t  of  t h e  t e m p e r a t u r e  r a n g e .  T h e  r e s u l t s  a r e  s u m -  
m a r i z e d  in  T a b l e  VIII .  C o l u m n  3 l i s ts  t h e  s t a n d a r d  
d e v i a t i o n ,  #*, b e t w e e n  m e a s u r e d  a n d  c a l c u l a t e d  v a l u e s  

of ~HgTe etc., r a t h e r  t h a n  of  ~HgTe/RT etc., b e c a u s e  t he  
f o r m e r  s e e m  to us  to h a v e  a m o r e  i m m e d i a t e l y  r e c o g -  
n i z a b l e  s igni f icance .  C e r t a i n  e n t r i e s  i n  T a b l e s  I, II ,  IV,  
V, a n d  VI, i n d i c a t e d  b y  a n  a s t e r i s k  s u p e r s c r i p t ,  w e r e  
e x c l u d e d  f r o m  t h e s e  fits e i t h e r  b e c a u s e  t h e  v a l u e  of x 
d e v i a t e d  b y  m o r e  t h a n  _0 .01  f r o m  t h e  n o m i n a l  v a l u e  or  
b e c a u s e  t h e  c o r r e s p o n d i n g  p o i n t s  fe l l  too f a r  f r o m  t h e  
l e a s t  s q u a r e s  s t r a i g h t  l ines  o b t a i n e d  b y  i n c l u d i n g  t h e m .  

Table VIII. Results of least squares fits 

Enthalpies, ~*, and w in calories per formula unit, temperature in 
K. Uncertainties are at the 95% confidence limits as determined 
from the standard deviation between measured and calculated 
values, e.g., of /LIIgTe/RT, and the Student t-distribution. Entry 

for x = 1.0 from Ref. (2). 

N ~  
NO. 
pts x ~* --h • t~ - s  • t~ II < I l T >  w 

A. Chemical potential of HgTe 

31 0.0 105 42169 _ 707 43.256 • 0.399 870.18 60 
10 0.094 31 41170 • 405 41.969 • 0.477 852.18 23 
16 0.197 32 42317 +- 609 42.994 • 0.677 898.87 17 
16 0.416 126 41693 +- 789 41.721 • 0.427 865.48 69 
13 0.581 46 43187 ----- 209 42.908 ----- 0.363 825.77 28 

B. Chemical potential of CdTe 

8 0.094 230 67915-----2846 41.802+3.30 865.0 197 
6 0.197 28 70750---+4820 45.419-----5.31 907.1 37 

17 0.416 220 68533-----3053 43.347~-3.30 924.7 114 
7 0.581 117 67203+--4614 43.137-----4.95 931.4 138 

1.00 68640 44.94 Ref. (6) 
1.00 67984 44.562 Ref. (9) 

C. Gibbs free enthalpy of formation from the vapor  

x --AH~ --AS*t 

0.094 43684 41.953 
0.197 47890 43.469 
0.416 52858 42.397 
0.581 57140 43.041 
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The data for x ----- 0.416 r epo r t ed  in P a r t  I (1) and 
the original  da ta  points  for  HgTe (2) we re  r eana lyzed  
inc luding the correc t ion  for the nonideal i ty  of H g ( g ) .  
Fo r  completeness  these resul ts  a re  also l i s ted  in Table 
VIII,  as wel l  as the pub l i shed  (6, 9) s t anda rd  en tha lpy  
and  en t ropy  of fo rmat ion  of CdTe(s )  f rom Cd(g)  and 
1 /2Te2(g) .  The c h e m i c a l p o t e n t i a l  of HgTe can also 
be calculated for meta l - s a tu ra t ed ,  x --  0.108, solid 
solution f rom the da ta  in Table  I. Excep t  for  the  first 
four  entr ies  in  Table  I, and  except  for t empera tu re s  
above the  691~ solidus, these fal l  ve ry  close to the 
leas t  squares  s t ra igh t  l ine  de t e rmined  f r o m  the  da ta  in 
Table IV for Te , sa tu ra t ed ,  x = 0.094, solid solution. 
The leas t  squares  l ine for #CdTe, ~C --  0.196, in tersects  
that for x --  0.094 near  527~ This  of course cannot 
be correct .  The  e r ro r  s tems f rom the  fact  tha t  the six 
da ta  points  cover  only  a 40~ range.  

The en tha lpy  and en t ropy  values  shown in Table 
VIII  a re  h igh ly  co r re l a t ed  in  each case and the i r  most 
probable  values  fa l l  wi th in  an e x t r e m e l y  e longated  
ellipse, which  for prac t ica l  purposes  can be app rox i -  
ma ted  by  a th in  rec tangle  in  the  e n t h a l p y - e n t r o p y  
p lane  (10). The  bisector  of this rec tangle  is a l ine 
segment  tha t  goes th rough  the bes t  fit va lue  for  the  
en tha lpy  and entropy,  has a slope given by  the rec ipro-  
cal of the  mean  va lue  of I / T  l i s ted  in the n e x t - t o - l a s t  
co lumn of Tab le  VIII, and  is t e rmina ted  at  the  95% 
confidence l imi ts  by  the  unce r t a in ty  quoted for the 
enthalpy,  or  equiva lent ly ,  tha t  quoted for the entropy.  
Thus, for the first  en t ry  in  Table VIII,  the  most  p rob -  
ab le  values  of h and s a re  re la ted  b y  

-h ---- --42,169 4- 870.18(s 4- 43.256) _+_ w [7] 

--42.86 ~ s ~ --43.66 for  95% confidence l imi t  

where  2w is the w id th  of the 95% p r o b a b i l i t y  el l ipse at  
the  bes t  fit va lue  of --43.256 for  s and is given in the  
las t  column of Table  VII I  for all  of the fits. The va lue  
of w is the  p roduc t  of the unce r t a in ty  in h and a 
factor  (1 - -  p~)~/2. The  cor re la t ion  coefficient, p, in  
tu rn  is given as the  rat io  of the average  rec iprocal  t em-  
pe ra tu re  of the  expe r imen ta l  points, ~I/T~,  to tha t  
of the square  root  of the average  squared  rec iprocal  
t empera ture ,  ~ ( 1 / T ) 2 ~  

.o ---- -- ~IIT>I~ (i/T) ~>I/2 [8] 

I t  can be seen tha t  the inclusion of the  w te rm in Eq. 
[7] does not  increase  the unce r t a in ty  in h" signif icantly 
above the  unce r t a in ty  associated wi th  s. I ts presence 
is significant, l~owever, in de te rmin ing  the unce r t a in ty  
in the chemical  potent ials ,  which  are  much more  p re -  
cisely es tabl ished than  the  corresponding ind iv idua l  
values  of h and s. Express ing  the chemical  potent ia l  
in te rms of i ts  pa r t i a l  mo la r  en tha lpy  and entropy,  and 
using Eq. [7] to e l imina te  h, for the  first en t ry  in Table  
VIII  one obtains 

~ g r e  = --4528 + (870.2 - -  T) s+__ w [9] 

Thus the uncer t a in ty  in the chemical  po ten t ia l  depends  
on tha t  in ~, bu t  at  870.2 K reduces  to a m i n i m u m  value  
of __ w or  __ 60 cal. A t  t empera tu re s  increas ing re -  
moved  from 870.2K, the  uncer t a in ty  in s enters  and 
increases  tha t  in the  chemical  potent ia l  above ___ 60 cal. 

The  difference be tween  the chemical  potent ia ls  of Hg 
and Cd can be obta ined  as a funct ion of T for  a given 
va lue  of x by  using Eq. [1], [2], [3], and  Table VIII.  

Knowing  the chemical  potent ia ls  of HgTe and CdTe 
for  the  x -va lues  listed, i t  is possible to calculate  any  
two of the pa r t i a l  pressures,  PHi, PCd, or P~, over  the 
solid solution, given the third.  The ca lcula ted  points  
a long the th ree -phase  curves  of Fig. 1 and  2 and the 
ca lcu la ted  values  for  PCd along the  th ree -phase  curves 
shown in Fig. 3 were  obta ined  using the expressions for  
~H~Te and ~cawe es tabl i shed  in Table  VIII,  Eq. [1], [2], 
[3], and the measured  values  of  PHg ~ v e n  in Tables  I 
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Fig. 3. The partial pressure of Cd along the three-phase curves 
for various x-values as a function of 10~/T. Closed symbols have 
the same meaning as indicated in the caption for Fig. 1. Open sym- 
bols are calculated values. 

th rough  VI. In  cont ras t  to the PHg and P2 three-phase 
curves, those for Pcd show that,  at  a g iven t empera tu re ,  
PCd is genera l ly  h igher  the  l a rge r  x for both  me ta l -  
sa tu ra ted  and Te - sa tu ra t ed  solid solutions. 

The s t andard  enthalpies  and ent ropies  corresponding 
to the  react ion given by  Eq. [4] a re  g iven in the  last 
section of Table VII I  as ca lcula ted  using the quant i t ies  
for CdTe from Ref. (6), These were  obta ined  using Eq. 
[5] and the ind iv idua l  fits to ~HgTe and ~CdTe, r a the r  
than  by  a fit to the aG~ points  di rect ly .  Since the cad-  
mium pressures  were  gene ra l ly  not  measu red  over  as 
wide a t empe ra tu r e  range  as the  o ther  two, the l a t t e r  
p rocedure  would  not  include al l  the  values  of #HETe 
tha t  were  measured.  

The s tandard  en tha lpy  and en t ropy  for  the  reac t ion  

(1--  z )  HgTe(c )  + xCdTe(c )  --> Hg l -xCdxTe(c )  [10] 

can be ca lcula ted  using the da ta  in Table  VIII.  The 
resul ts  are  g iven in  Table  IX wi thout  the  uncer ta in t ies  
at tached.  

Both AH~ and aS~ are  smal l  and  at  the 95% confi- 
dence l imi t  a re  consistent  wi th  the in t e rp re t a t ion  tha t  
the solid solut ion is ideal  wi th  an en t ropy  of mix ing  
corresponding to the  r andom mixing  of Hg and Cd. 
Al though  the pa r t i a l  p ressure  measurement s  a re  f a i r ly  
precise, as demons t ra ted  by  the f a i r ly  low values  of w 
in Table VIII, the AG~ values  corresponding to Eq. 
[10] and Table IX are  r e l a t ive ly  smal l  differences of 
la rge  quantities~ In spite  of the above, one can a t t empt  
to gain fu r the r  ins ight  into the the rmodynamics -o f -  
mix ing  for the solid solution b y  considering the chemi-  
cal potent ials .  Since the solid solut ion appears  to be 
close to ideal,  i t  seems reasonable  to assume tha t  i t  is a 

Table IX. Standard enthalpy and entropy for the reaction, 
(1 - -  x) HgTe(c) @ x CdTe(c) -> H g l - x C d x T e ( c )  

AH~ (cal/ AS~ (cal/ 
x formula wt) K-formula wt) 

0.094 - 1492 1.46 
0.197 - 533 0.12 
0.416 323 1.56 
0.581 499 1.19 
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s imple solution, i.e. 

~HgTe - -  # ~  = ~ "~x2 ~- R T  ln(1  - -  x )  [11] 

#CdTe --  #~ --  ~ (1  -- X) 2 + RT l n ( x )  [12] 

where  ~ is a funct ion of T and ~~ and ~ ~  

are  the  chemical  potent ia ls  (or Gibbs free enthalpies  
of format ion)  of pure  HgTe(c )  and  CdTe(c ) ,  respec-  
tively. Accordingly,  the l e f t -hand  sides of Eq. [11] 
and [12] were  ca lcula ted  at  880 K, the  average  of the 
1/<I /T> values  in Table  VII, and .9, e v a l u a t e d  for  
each x-va lue .  Ideal ly ,  plots of ~lx 2 vs. x 2 and of ~ (1 --  
x) 2 vs. (1 --  x)  2 should y ie ld  two s t ra igh t  l ines th rough  
the or igin with the same slope, ~. A superposi t ion  of 
the  two plots should show points  c lus tered a round  a 
common s t ra igh t  line. Actua l ly ,  the  chemical  potent ia ls  
of CdTe lead to points much h igher  than  those der ived  
f rom the chemical  potent ia ls  of HgTe. If  the former  
are  al l  correc ted  by  sub t rac t ing  720 cal, then Fig. 4 
results.  Two CdTe points  are  not  shown. That  for x = 
0.416 occurs a t  ( 1 -  x)  2 ---- 0.341 and is a t  --481 cal. 
That  for x = 0.094 occurs at  0.821 and is at  1378 cal. 
The presence of scat ter  in  the  points  der ived  f rom 
/~HgWe is not  surpr i s ing  because the  ca lcula ted  values  
of ~lx 2 are  not  much l a rge r  than  the 20-70 cal max i -  
mum precision wi th  which the chemical  potent ia ls  have 
been determined.  Never theless  they  indicate  a positive, 
nonzero value  for  f~. In  contrast ,  wi th  the  except ion of 
x = 0.416, the values  of ~ (1  - - x )  ~ der ived  from/~CdTe 
range  f rom 800 to 2100 cal, large  compared  to the m a x i -  
m u m  precis ion of 100-200 cal in #aCdTe (see last  column 
of Table  VII I ) .  We conclude that  the  value  of ~CdTe 
/~~ for x = 0.416 is inconsis tent  wi th  its values  for  

z_ 
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Fig. 4. The excess relative chemical potential of HgTe in 
Elgl-xCdxTe(c),  D, x2, plotted against x 2 and the analogous quan- 
fit,/ far CdTe, s  - -  x) 2, plotted against (1 - -  x) 2. �9 ,O,x 2, �9 
D,(I - -  x) s. 

other  x 's  and  should be ignored.  Moreover,  a l l  the 
values  for ~CdTe - -  /~~ are  most  l ike ly  subjec t  to a 
sys temat ic  e r ror  of about  --720 cal /mole.  A possible 
source for this e r ror  lies in the Gibbs free en tha lpy  of 
format ion  of CdTe(c)  itself. The value  of AG~ for 
CdTe at  880 K ca lcula ted  f rom Ref. (9) is 324 cal less 
negat ive  than  tha t  f rom Ref. (6) and used here  (see 
Table VIII ) .  Ano the r  va lue  (11), de t e rmined  in the 
same high t empera tu re  range,  is about  1 kcal  less nega-  
tive. The pos tu la ted  e r ror  is therefore  not  unreasonable .  

m 
This st i l l  leaves unexpla ined  the high value of ~CdWe - -  

/~~ ]eor X = 0.094. A t rue  va lue  'of POd only 0.6 of 
tha t  measured  would  be  requ i red  to reduce the cor-  
rec ted  value of ~ ( 1  --  x)  2 to 470 cal and put  it  on the 
l ine shown in Fig. 4. The above discussion of er rors  is 
speculat ive.  However ,  we feel the  values  of ~ x  2 in Fig. 
4, der ived  f rom the HgTe chemical  potent ials ,  do ind i -  
cate a posi t ive value  for f~ tha t  is roughly  600 cal a t  
880 K. 
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Estimated Thermodynamic Properties of the 
Solid Zirconium Iodides 
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ABSTRACT 

L i t e r a tu re  values  of ZrI4 pressures  in equ i l ib r ium wi th  solids of t h e  
z i rconium- iod ine  sys tem have been used to calculate  Zr  and ZrI4 act ivi t ies  as 
functions of composi t ion at  700 K. These activit ies,  along wi th  es t imated  
heat  capaci t ies  and  f ree  energy functions,  were  used to der ive  values  of the 
ac t iv i ty  of iodine and of the enthalpies  of fo rmat ion  of sol id s toichiometr ic  
ZrI,  ZrI2, and  Zr1~. The es t imated  enthalpies  of fo rmat ion  were :  ~H~ 
= --34.0 _+ 2.5 kca l /mole ;  AH~ - -  - - 6 6 . 4  _ 2 . 5  kca l /mo le ;  
AH~ (ZrIa,s) "-- --93.6 __. 3.5 kcal/mole. 

The so l id - s ta te  chemis t ry  of the  z i rconium-iodine  
system, which  mus t  be known  to under s t and  the 
iod ine- induced  stress corrosion cracking of z i rconium 
alloys, is complex  and to a la rge  ex ten t  undetermined .  
The ea r l i e r  l i t e ra tu re  contains l i t t le  t he rmodynamic  in-  
fo rmat ion  and is inconsis tent  about  the composit ions of 
solid phases.  Recent  tors ion-effusion studies (1-3) of 
the  pressure  of ZrI4 in equ i l ib r ium wi th  solid z i rconium 
iodides have es tabl ished solid solut ion regions corre-  
sponding app rox ima te ly  to te t ra- ,  t r i - ,  di- ,  and  mono-  
iodide. 

Vapor iza t ion  measurements  on solid z i rconium 
iodides de te rmine  the equ i l ib r ium pressure  of ZrI4 
according to the genera l ized  equat ion 

~ ]  Zr I4-~(s )  Z r I 4 - x - y ( s )  + Zr l~(g)  

[1] 

Zirconium te t ra iodide  is the p redominan t  gaseous meta l  
iodide species in equ i l ib r ium wi th  any condensed phase  
in the  z i rconium-iodine  sys tem below about  1000 K (2). 

The e q u i l i b r i , m  behavior  of the condensed phases 
must  conform to the phase rule. A two-componen t  sys-  
tem wi th  a gas phase  is un iva r i an t  when  there  a re  
two condensed phases (i.e., two immisc ib le  solids) and  
b iva r i an t  when  there  is only  one condensed phase  
(i.e., one solid solut ion of va r i ab le  composi t ion) .  The 
number  of condensed phases and the i r  composit ions 
can be deduced f rom the behav ior  of the pressure  of 
ZrI4 in the sys tem as the composi t ion of the solid 
changes dur ing  vaporizat ion.  As Zr I4  is r emoved  by  
vapor iza t ion  f rom a solid by  Eq. [1], the  overa l l  com- 
posi t ion of the condensed phase becomes poorer  in 
iodine. If  the condensed phase  consists of two solids, 
then  the sys tem is un iva r i an t  and the equi l ib r ium pres -  
sure  of ZrI4 depends only  on the t e m p e r a t u r e  of the  
system; in  this case, r emova l  of ZrI4 by  vapor iza t ion  
wil l  not  change the pressure ,  bu t  wil l  change only the  
amounts  of  the  two solids present .  If  on ly  one solid 
phase is p resen t  (a solid solut ion) ,  then  the  sys tem is 
b iva r ian t  and  the pressure  of ZrI4 depends  on the com- 
posi t ion of the  solid solut ion as wel l  as on the t e m p e r a -  
ture;  in this case, r emova l  of ZrI4 wil l  cause the com- 
posi t ion of the solid soIution to change and the equi l ib-  
r ium pressure  to decrease  at  constant  t empera ture :  

The composi t ion l imits  of z i rconium iodide  solid 
phases a re  l is ted in Table I (see also Fig. 1). These 
l imits  should va ry  somewhat  wi th  t empera ture ,  bu t  
the  var ia t ion  might  be small ,  as found by  Daake  and 
Corbet t  (4) for the tr i iodide.  The te t ra iod ide  has been 
character ized,  bu t  there  is no informat ion  about  the 
range of composit ion over  which i t  is stable.  Fo r  this 
phase  to be in equ i l ib r ium wi th  tr i iodide,  i t  mus t  ex-  

* Electrochemical Society Active Member. 
Key words: enthalpies, sublimation, stoichiometry, f r e e  e n e r g y .  

Table I. Composition limits of solid phases of the 
zirconium-iodine system 

Nominal 
phase Composition range Ref. 

Zr Zr-ZrI~ 
ZrI ZrI1.os • o.1-ZrI1.~o • o.1 (2) 
ZrI= Zril,s • o.1.Zrls.1 • o.1 (2) 
ZrI~ ZrI2.sa • o.o~-ZrIs.~ -* o.~ (4) 
ZrI4 Zrf~-~-Zrl~,  - -  

tend to ZrI4-~, since s to ichiometr ic  ZrI4(s)  vaporizes  
congruent ly  (1). The ZrI  solid solut ion composi t ion 
l imits  were  es tabl ished by  x - r a y  and chemical  analysis  
of equ i l ib ra ted  samples  (4), whereas  those of the  ZrI2 
and Zr l  phases were  es tabl ished by  observa t ion  of one-  
and two-so l id -phase  vapor iza t ion  behav ior  (2, 3, 5). 
Two-so l id -phase  behavior  was observed (3) be tween  
ZrI1.05 and Zr. The two e q u i l i b r i u m  solids in tha t  r e -  
gion were  de te rmined  f rom x - r a y  analysis  of a sample  
of composit ion ZrI0a, which  ind ica ted  tha t  the  only  
phases presen t  were  Zr and the monoiodide  (3). 

Heats  of format ion  and free energy  functions of solid 
z i rconium monoiodide,  diiodide, and t r i iodide  are  
needed to assess the i r  chemical  react iv i t ies  wi th  o ther  
mater ia ls .  Since there  a re  no measured  values,  we have 
es t imated  the free energy  funct ions and ut i l ized the 
l imi ted  amount  of vapor iza t ion  da ta  t o  es t imate  the 
heats  of formation.  The rmodynamic  functions used in 
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the calculations were  taken from sources summarized 
in  the Appendix.  

Calculationul Procedures and Results 
Activities o] Zr  and ZrI4.--Zirconium (component 1) 

and ZrI4 (component  2) were taken  to be the compo- 
nents of the Zr - i  system. The pure  solid at the tempera-  
ture in question was used as the s tandard state for each 
component. The activity of ZrI4 in  a two-solid-phase 
region at a given temperature  was calculated as as = 
p2/p~ where P2 was derived from the data of Table 
If, and p% was the pressure of ZrI4 over pure, con- 
gruent ly  vaporizing ZrI4(s),  calculated from the re-  
lationship given in  Ref. (1) 

1 
log P~ (atm) :-  -- - -  [31880T -1 -- 49.7 

4.575 

-t- 6.68 • 10-3T -- 1.131 X 10-6T ~ + 8.06 X 104T -2] [2] 

(450-670 K) 

Exist ing ZrI4 activity data for the Zr - I  solid phase 
system are indicated in Fig. 1 by solid horizontal lines. 
The few pressure values reported in  the i i terature  for 
compositmns in  one-solid-phase regions of this system 
were considered unrel iable  because of the probable 
lack of equi l ibr ium in  effusion cells containing a solid 
phase whose composition changed as Zrf4 was removed. 

The procedure used was to (i) calculate the activities 
of ZrI4 and Zr in  the two-solid-phase regions, (ii) 
calculate these activities at compositions (ZrI~, ZrIs) 
wi thin  one-sol id-phase (solid solution) regions, and 
(iii) use these activities and estimated free energy 
funct ion to derive values of the entha~py of formation 
for the solid iodides. The lack of exper imental  data for 
the tr i iodide-tetraiodide two-solid-phase region pre-  
cludes exact calculation of activities wi thin  the ZrI3 
phase, bu t  it will  be shown that  the enthalpy of for- 
mat ion of ZrI3(s) may  nevertheless be fixed wi thin  
the stated uncertainties.  

The activity of Zr was found by  integrat ing the 
Gibbs-Duhem equat ion 

ms 
dlna l  = - - ~ d l n a ~  [3] 

Xl 

Over a sufficiently nar row solid phase region it can be 
shown~ that  

( x 2 )  ~ l n a 2  [4] 
A l n a l  : -- " ~  average 

or, in  terms of n 

In a~ ---- -- ~ In a~ [5] 
average 

This simple expression gave results for h In a~ in the 
mono-  and di-iodide phases which were identical, at 
all values of n to results obtained by a more complex 
technique involving 3- term Margules expressions for 
the activity coefficients. The activities for stoichiometric 
ZrI2 were thus obtained by interpolation.  For ZrI, the 
activities were those of the Zr-ZrIL0~ two-solid-phase 

~The  func t ion  2( ln  a.~) = (x2/x~) expanded  as a Tay lo r ' s  ser ies  
about  In a-~" is t r u n c a t e d  to ~'(ln a~' + h) = f ( l n  a2') + h f ( l n  a~'), 
t h e n  subs t i tu ted  on Eq. [31 fo r  in tegra t ion .  

Table II. Pressures of Zrl4 over two-solid phase regions of the 
zirconium-lodine system 

Log~oP(atm) = - A T  -~ + B 

Two-solid- T range ,  
phase  r eg ion  A B K Ref. 

Zr-ZrL.o~ 13,217 12.83 735-780 (3) 
ZrL.8-ZrL.9 9308 8.84 660-720 (3) 
ZrI2.~-ZrI~.s8 8700 10.45 586-641 (5) "~" 

t R e f e r e n c e  (5) as s igned  the  data  to the  compos i t ion  range  
ZrIa.c-ZrI~.2. The  presen t  a s s i g n m e n t  is f r o m  Ref. (2).  

region; this procedure was justified by the uncer ta in ty  
in the phase boundaries.  

Because data are lacking for the ZrIs.4~-ZrI4-v re -  
gion, activities for ZrI3.0 were calculated for the two 
l imit ing cases: (i) activities unchanged between ZrI2.s3 
and ZrI~.o, and (ii) the act ivi ty of ZrI4 reaches un i ty  at 
ZrI3.0. As shown below, both cases lead to closely agree- 
ing values of the enthalpy of formation of ZrI~ (s). 

The activities of Zr and ZrI4 calculated at 700K from 
the data of Tables I and II are shown in  Table III. At  
this temperature,  chosen to minimize extrapolat ion of 
ZrI4 pressure relationships outside their exper imental  
regions, p2 ~ ~ 0.937 atm. The activity of Zr in  the two- 
solid-phase region ZrI~-ZrIl.o5 was taken as uni ty  be- 
cause of the negligible solubil i ty of iodine in metall ic 
zirconium. 

Thermodynamic ]unctions ]or the solid zirconium 
iodides.--No exper imental  values of heat capacities, Cp, 
entropies, S ~ or free energy functions, r : - -  ( G  o - -  

H%gs)/T were found for solid ZrI, ZrI2, or ZrI2. They 
were estimated by the method used by the authors of 
the JANAF Table (8) for ZrC12 and ZrC18 as follows. 
For the solid compound ZrIn for which n ---- 1, 2, or 3, or 
solid solution for which n is nonintegral ,  the quant i ty  
Q(Q = C~ S~ o r  r was estimated by subtract -  
ing (4-n) iodine-gram-atomic  contr ibutions from the 
molal quant i ty  for ZrI4(s) according to the relationship 

4 - - n  
Q(ZrIn,s) -- Q(ZrI4,s) - -  [Q(ZrI4,s) - Q(Zr, s)] 

4 
[6] 

We estimate the uncertaint ies  introduced by this pro- 
cedure are _1 cal/mole degree for Cp and •  cal/mole 
degree for both S ~ and r Table IV presents the ther-  
mal  data used in  Eq. [8] to evaluate the estimated 
quanti t ies for the solids. Values for the nonstoichiomet-  
tic solid solutions can be estimated by this procedure as 
well as for the stoichiometric compounds because the 
method assumes simply that the thermal  quanti t ies (Q) 
are ari thmetic averages of the known  values for the 
two components. The quant i ty  of interest  in  the present  
work was the tempered Gibbs energy function, r176 
That  function for the zirconium iodide solid solutions 
can be represented in  one equation as follows 

r176 ---- 7.53 -t- 0.0051T + n(10.91 ~- 0.00487T) 
[7] 

That equation is assumed to be applicable for n includ-  
ing nonintegra l  values, from 1 to 4 and over the tem-  
perature range 400-800 K. 

Activity o] I2(g) and I(g).--In applications in which 
zirconium is exposed to attack by gaseous iodine, val-  
ues of the activity of I (g)  and I2(g) over zirconium 
iodide solids are needed to unders tand  the resul t ing 
chemical behavior. When ZrI4 and Zr activities were 
known, the activity of I2(g) with reference to the 1 
a tm perfect-gas s tandard state was calculated from 
the equi l ibr ium 

ZrI4(s) = 212(g) + Zr(s)  [8] 
for which 

azr a2i~ 
~G ~ = --RT In K = --R In - -  [9] 

azrI4  
and 

( KazrI4 ) '/2 
aI2 : [i0] 

azr 

The standard Gibbs energy change for reaction [8] 
was calculated using tabulated values of r176 and 
~H~ (1, 8). At  700 K 

K_-- 1.02 • 10 -8~ 

The activity of monatomic iodine was calculated from 
the equi l ibr ium constant K1 for the reaction 

I2(g) = 2I(g) [11] 
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TaMe HL Activities af Zd4, Zr, I~, and ] i, equilibrium with ce.densed phases af composition Zdn at 700 K 

4 5 9  

Standard States: Z r ( s ) ,  Z r L ( s ) ,  I~(g) ,  I ( g )  

~, aZrI~ aZr ~Ig {ZI 

6-I.05 --  0.i 9.5 x I0-7 1.00 9.8 x i0  -z9 1.0 x i0  -~ 
1.30 -- 0.1-1.9 • 0.i 3.7 x 1O -5 0.22 1.3 x 1O-~ 3.8 x 1O -~  
2.00 8.5 x i0 "~ I . i  x i0-~ 2.8 x I0 -z6 1.8 x i0-~  
2.1 • 0 .1-2 .83-  0.5 1.2 x 10-= 6.9 x 10-~ 4.2 x 10 - ~  6.9 x 10-~ 

1.2 X 10-= 6.9 x i0-* 4.2 x 10-~ 1.1 x 10 - ~  ] , 
3.00 1 4.9 x i0  -~ 1.4 x i0-~  4.0 x i0  -9 I 

* Because ZrI~ pressures  are  u n k n o w n  in the ZrI~.=-Zrh-~ region,  these  activit ies are  l imiting va lues  as d iscussed in the  text .  

Table IV. Parameters for use in Eq. [8]  for thermal function of 
solid zirconium iodides a 

Q(ZrL, s} Q(Zr, s) 

T, K C% S~ ~~ C~ S~ r176 

298 29,90 59.80 59.80 6.07 9.31 9.31 
300 29.92 59.99 59.81 6.10 9.35 9.31 
400 30.63 68:70 60.98 6.37 11.14 9.56 
500 31.16 75.59 63.Z4 6.64 12.59 lO.t~2 
600 31.51 81.32 65.79 6.92 13.83 10.56 
700 32.04 86.22 68.;17 7.20 14.92 11.10 
772 b 32.34 89.37 70.18 7.40 15.53 11.49 

Values are given in cal/mol deg, data is from sources cited in 
the Appendix. 

b IVle,~mg point of ZrL(s). 

Kz - -  az2/az~ [12] 

at 700 K, K1 = 1.13 X 10 -6 �9 

Activi t ies of Is and I obtained in this way are given 
in Table III. 

Enthalpies o] $ormation o] solid ZrI, ZrI2, and ZrIs.--  
The standard Gibbs energy changes, AG ~ tar  format ion 
of solid ZrIn (n = 1, 2, 3, o r  4) f rom solid Zr and ZrI4 
by the reactions of the type 

4-n n 
~ Z r ( s )  -t- ---ZrI4(s)  = ZrIn(s) [13] 

4 4 

were  obtained f rom the activit ies of Zr and ZrI4 at 
the composit ion ZrIn (where  x2 = n / 4 ) ;  through the 
relat ionship 

& G  ~ = - -RT In [azrin/ (azr) (4-n)/4(azri4) n/4] [14] 

or, since the ZrIn act ivi ty  of pure  ZrIn(s) is uni ty  

&G ~ = RT  In (azr) (4-n)/4 (azrI4) ~/4 [15] 

Since the method  used (i.e., Eq. [6]) for est imating 
heat  capacities, entropies, and free energy functions of 
the solid z i rconium iodides implies that  &C~ and &S ~ for 
Reaction [13] are zero at all  temperatures ,  then &G~ -- 
AH~ : ~G~ : &H~ for React ion [13] so tha t  

1% 
&Hf(ZrIn) -- &H13 + ~-&Hf(ZrID [16] 

and AH13 : AG~ obtained in Eq. [15]. 
Activities of ZrI4 and Zr at 700 ~ from Table Ill were 

used to evaluate the enthalpies of formation. The val- 
ues obtained for the stoichiometric compounds were 
&H~ : --34.0 _ 2.5 kcal/mole, &H~ 
= --66.4 __ 2.5 kcal/mole, and &H298(ZrI3,s) : --93.6 
+ 4.5 kcal/mole. For purposes of comparison, for 
ZrI4(s), &H~ -l- --116.8 _ 1.5 kcal/mole (I). The un- 
certainties in AH~ for Zr I (s )  and ZrIa(s) are essen- 
t ial ly due to uncertaint ies  in r The difference in 
&G ~ be tween  the two l imit ing act ivi ty  cases for ZrI3 
was 0.5 kcal /mole ,  but  the cumulat ive  uncertaint ies  in 
azr increase the uncer ta in ty  in the value  of AH~ for 
ZrIs(s) .  The same procedure  was used to obtain the 
enthalpies of format ion of the nonstoichiometric  solid 

solutions. The results are presented graphical ly  in Fig. 
2. The lower  curve gives the enthalpy of format ion  of 
the solid per  gram atom of z i rconium which is also the 
value  per  mole of solid ZrIn. The upper  curve  gives the 
values per gram atom of iodide. The segments of that  
upper  curve, which represent  the approximate  ranges 
of solid solution, fall  on a s t raight  line wi th in  exper i -  
menta l  error. Thus, the enthalpies of format ion of the 
solids per  gram atom of iodide can be expressed by the 
ra ther  simple equat ion 

&H29s (~, ZrIn, s), kca l /g  atom I --  --35.6 + 1.6 n [17] 

The enthalpy of format ion per  gram atom of iodine 
chemisorbed iodide was taken f rom Ref. (8) and rep re -  
sents a value obtained for a surface coverage of the 
order of a fract ion of a monolayer .  That  value  fits into 
Eq. [17] wi thin  exper imenta l  error.  Therefore  the 
range of values of n in Eq. [17] includes the va lue  zero. 

The enthalpies of format ion of the gaseous iodide of 
zirconium can be combined wi th  the enthalpies of for-  
mation of the solid stoichiometric iodides, given above, 
to der ive  enthalpies of subl imation for the four  iodides. 
These values are given in Table V. These entha lpy  
changes correspond to the four  reactions 

Zr I , ( s )  = ZrIn(g)  [ 1 8 ]  

It should be recognized that  the equi l ibr ium subl ima-  
tions of all  the iodides except  the tetraiodide corre-  
spond to incongruent  vaporization. That  is, in general  
the major  vapor  species in gaseous ZrI4 so that  reac-  
tion [18] represents  the equi l ibr ium vaporizat ion pro-  
cess. Nevertheless,  reaction[2] can be considered per  se. 
The values are in keeping with  the re la t ive  pressures of 
species calculated for the equi l ibr ium wi th  zirconium at 
tempera tures  below about  1200 K in Ref. (7). That  is, 
in the gas the monoiodide was the least  impor tant  while  
the tetraiodide was the most impor tant  wi th  the  di- and 
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Fig. 2. Enthalpies of formation of the solid zirconium iodides. 
Values are presented per gram atom of zirconium (lower curve) or 
per gram atom of iodide in the solid (upper curve). The data points 
are the values for the stoichiometric solids. The carve Segments 
represent values for the solid solution ranges. 



4 6 0  J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1981 

Table V. Enthalpies of sublimation of zirconium iodides* 

AH~s (subl) 
kca l /mol  

ZrI 130 
ZrI~ 99 
ZrI8 63 
ZrI, 31.9 

* Values are hypothetical  because all the iodides, except  ZrI~, 
vaporize incongruently  to ZrI , (g) ,  see text.  

t r i - iod ides  in termedia te ,  in  keeping wi th  the  re la t ive  
values  of their  subl imat ion  enthalpies,  which dominates  
the  en t ropy  at  those lower  tempera tures .  
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APPENDIX 

Sources of Thermocouple Information 
ZrI4(s).--The hea t  capac i ty  and en t ropy  values  of 

11ef. (1) were  used to der ive  the  free energy function. 
The en tha lpy  of formation,  ~H~ = --116.8 • 1.5 
kca l /mole ,  was f rom the J A N A F  Tables  (6).  

ZnI4(g),--The free energy  funct ion was taken  f rom 
the J A N A F  Tables  (6). The en tha lpy  of formation,  
AH0298 - :  --84.9 _ 1.6 kca l /mo le  was f rom Ref. (1). 

ZrI(g), ZrI2(g), ZrIs(g).--All da ta  were  t aken  f rom 
Ref. (7). 

Zr(s,g).--Thermodynamic funct ions were  taken  f rom 
the J A N A F  Tables (6). The  en tha lpy  of format ion  of 
Z r ( g ) ,  AH~ = 143.4 _+ 1.2 kca l /mo le  was f rom Ack-  
errnann and 11auh (9).  

Iz(g), I(g).--Thermodynamic da ta  were  t aken  f rom 
the J A N A F  Tables  (6). 
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Application of Wagner's Theory to the 
Parabolic Growth of Oxides Containing 

Different Kinds of Defects 
I. Pure Oxides 

F. Gesmundo and F. Viani 

Centro Studi d~ Chimica e Chimica Fisica Applicata alle Caratteristiche d'Impieflo 
dei Mater~ali del C.N.R., Genova, Fiera del Mare, Pad. D, Italy 

ABSTRACT 

A genera l ized t r ea tmen t  of the parabol ic  oxida t ion  of pure  meta ls  forming 
e lec t ronica l ly  semiconduct ing oxides containing different  kinds of defects  is 
developed by  ex tending  the KrSger  approach  to Wagner ' s  t heo ry  of oxida t ion  
based on the analysis  of the  diffusion of la t t ice  defects. Only  oxides wi th  de-  
fects in the cat ion subla t t ice  a re  considered for s implici ty.  I t  is shown how the  
genera l ly  used expressions for the dependence  of the parabol ic  ra te  constant  
and  the self-diffusion coefficient of the  meta l  as functions of the  oxygen  ac-  
t iv i ty  th rough  the scale are  modified by  the presence of more  than  one type  of 
la t t ice  defect. This t r e a tmen t  is then  appl ied  to the oxida t ion  of cobal t  in 
oxygen  at  1000~ taking  into account the ac tua l  defect  s t ruc ture  of CoO, ob-  
ta in ing a reasonable  agreement  wi th  the  expe r imen ta l  results .  

The oxida t ion  of pure  meta ls  forming semiconduct-  
ing  oxides  of p -  or  n - t ype  is usua l ly  in te rp re ted  in 
te rms of Wagner ' s  theory  of parabol ic  oxida t ion  
(1-4),  assuming that  only  one k ind  of la t t ice  defect  
p redomina tes  over  the whole  range  of oxygen  act ivi t ies  
be tween  the va lue  of equ i l ib r ium me ta l /ox ide  and 
tha t  p reva i l ing  in the gas phase. In  some cases this 
assumpt ion  has led to a reasonably  good agreement  be -  

Key words: parabolic oxidation, pure metals,  theory.  

tween  the expe r imen ta l  values of the  parabol ic  ra te  
constant  and those ca lcula ted  by  means  of the diffusion 
coefficients of the migra t ing  species obta ined  f rom 
independen t  measurements  (5-14) and also in the  
reverse  calculat ion (15-17). Frequent ly ,  however ,  the  
pa rame te r s  giving the oxygen  pressure  dependence  of 
the  diffusion coefficient and the  parabol ic  ra te  constant  
have not the exact  in teger  values  p red ic ted  by  the 
theory  for a single species of defects (1-4, 18). A pos-  
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sible reason for this discrepancy is the presence of 
interactions between defects, not accounted for by the 
theory, as pointed out recently by C. Wagner (19), 
but  this may also depend on the simultaneous presence 
of different types of defects in the growing oxide. This 
situation has been recently discovered for oxides like 
CoO and NiO, sil~ce i t  has been found that at  high 
temperatures their solid solutions contain a substantial 
concentration of metal  interstitials in addition to the 
metal  vacancies (20). I t  has also been found for CoO 
that the concentration of defects obtained from mea- 
surements of deviations from stoichiometry is smaller 
than the overall  concentration, suggesting the presence 
of metal  interstitials (Frenkel  defects) (17, 21). In 
addition, the same type of lattice defect may present 
different electric charges, with the ratio between the 
concentrations of the differently charged defects de- 
pending on the actual value of the oxygen activity. 

It seems therefore appropriate to examine the prob-  
lem of the growth of pure and doped oxides on a metal  
in more detail  than is usually done, considering the 
actual complexity of the defect structure of the oxides, 
even for those usually considered simple, like NiO and 
CoO, to see the effects that  this may have on their 
oxidation behavior. An extension of Wagner's theory 
taking into account the part icipation of different  kinds 
of defects to the mass transport  during the metal oxi-  
dation has already been presented and applied to the 
oxidation of nickel and cobalt (12). This t reatment is 
extended and generalized here to include the presence 
of any kind of defects in the cation sublattice. 

Throughout the following analysis the Wagner the- 
ory of parabolic oxidation will  be used as a basis, con- 
sidering the diffusion of lattice and electronic defects 
according to the t reatment  developed by KrSger (22). 
Even if this approach to the metal oxidation is not 
exempt from criticism (23, 24), it represents a suffi- 
ciently approximate theory for the present purposes 
and at  the same time has the advantage of being es- 
sentially simple. This procedure is also par t ly  justified 
by the proof given by C. Wagner (25) that deviations 
from local equilibrium in a growing oxide are not 
l ikely to affect the final result appreciably. In addition, 
the many approximations involved in dealing with 
practical systems, as mentioned below, would prevent  
a completely rigorous treatment anyway. 

Only electronically conducting oxides are considered 
here, and any kind of interaction between defects as 
well as defect aggregation will be neglected.  This is 
undoubtedly a major approximation since defects, be- 
ing generally electrically charged, will usually interact, 
so that the concept of free defects is a crude assumption 
when their concentration exceeds 10-z-10 -4 in mole 
fraction (19, 26). Therefore, a correct t reatment should 
make use of activities of defects instead of concentra- 
tions. The thermodynamic theory of lattice defects 
along these lines, however, is not yet completely de- 
veloped (19, 26-27). In addition, the diffusion coeffi- 
cients of the different defects are assumed to be equal 
and independent of their concentration, even if the 
theory does not require this limitation, since appar-  
ently there are no experimental  results in this field. 
Furthermore it wil l  be assumed that oxygen diffusion 
is negligible with respect to that  of the metal. 

In view of the many limitations mentioned above, 
the present t reatment is considered only approximate, 
although it represents an improvement of the single- 
defect model general ly used so far. Therefore, when 
applied to actual cases it  is not expected to lead to a 
complete agreement with the experimental results. In 
fact, in addition to the improvements indicated above, 
this would also require a consideration of other fre-  
quently important  factors such as the short-circuit  dif- 
fusion, the p re sence  of porosity and of mechanical 
stresses in the scale, the lack of scale adherence, and 
many others, many of which cannot be accounted for 

quantitatively and whose consideration would make 
the theory extremely complex and not general. 

This paper examines the oxidation behavior of pure 
metals: a following paper will discuss within the 
same framework the effect of the presence of a uni- 
form concentration of aliovalent impurities on the 
growth of the scale on dilute alloys for oxides with 
simple or complex defect structure (28). 

Theory 
The most general model for the defect structure of 

a pure oxide should include all kinds of defects, also 
because under appropriate conditions even minority 
defects may play an important  role. Therefore, we will 
consider the possibility of formation of both cation 
vacancies and metal interstitials, neglecting only for 
simplicity the presence of defects in the anion sublat-  
tice. This possibility may, however, be easily consid- 
ered in this type of treatment. In addition, and in 
agreement with the above simplification, we assume 
that the contribution to the oxide growth by the oxy- 
gen diffusion is negligible. 

The quasi-chemical equations for the formation of 
the different kinds of cation lattice defects i n a n  oxide 
MO are 

~/2 O3 = Ox + Vx [1] 

Vx = V',+ h" [2] 

V' = V" + h" [3] 

Mx = Mix + Vx [4] 

Mi x = Mr + e' [5] 

Mf = Mf" + e' [6] 

and for the electronic defects 

O : e ' .+  h. [7] 

where a simplified Kr~ger-Vink notation is used (22) 
since only metal vacancies are considered here. Each 
of the previous equations gives rise to a corresponding 
equilibrium constant Ki, where i represents the num- 
ber of the equation in the scheme above. The concen- 
trations of the different species so considered (ex- 
pressed here as mole fractions) are therefore given by 

[V~]= Kz Po~'/, [8] 

KzK2 
[V'] = - -  Po~y, [9] 

p 

K1K2K3 
[V"] _ - -  PogY, [I0] pS 

K4 
[Mix] = [11] 

KiPo2*/, 

K4Ks 
[Mr] = [12] 

nKzPo2'/a 

K4KsK8 
[Mr']  - [13] 

~2KzPo~Y, 

n = Kr/P [14] 

where n is the concentration of electrons and p that  
of the electron holes. By means of Eq. [14] the con- 
centration of M f  and Mf" may also be given as a 
function of p. The previous equations show that the 
concentration of the lattice defects depends on the 
local oxygen activity. 

A condition which must be fulfilled during the oxide 
growth is that of local electroneutrality, which in our 
case takes the form 

p + [MC] + 2[Mf']  : n + [V'] + 2IV"] [15] 

Substituting in Eq. [15] the concentrations of the 
various defects as given by Eq. [8]-[14] and making 
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use of the oxygen activity defined as ao = PosY, gives 

( 2 K4KsK._.___~SK,KTao p4 + 1 + K-'~'~o] p3 

- -  (Kr + K1Kaao)p -- 2K,KaKaao = 0 [16] 

For any value of ao, Eq. [18] gives the corresponding" 
concentration of the electron holes and then Eq. [8]- 
[14] those of all the defects. 

During the metal oxidation an oxygen activity gradi- 
ent is built up between the inner and outer scale in- 
terfaces, producing therefore corresponding gradients 
in the concentrations of the different defects and 
thereby a flux of matter through the scale. For each 
kind of defect the diffusion flux is proportional to 
the corresponding gradient of the electrochemical po- 
tential (29.) in the form 

NAdo, ( d[def] d~- )  
Jde! -- . . . . . .  Dad ~ "4" Vdet [def] 

Mox da: 
[17] 

where z is the distance from the metal/scale interface, 
Dde~ the diffusion coefficient of the defect, Vdef its mo- 
bility, and --d~/dx the built-in electric field set up by 
the diffusion of charged species having a different mo- 
bility. The sign before the second term on the right- 
hand side of Eq. [17] is positive for a species with a 
negative effective charge and vice versa, while the 
factor R : NAdox/Mox ( w h e r e  NA is the Avogadro 
number, dox the oxide density, and Mox its molar 
weight) is required to convert the concentrations of 
the defects from mole fractions to number of defects/ 
cm 3, which is also a common way of expressing the 
defect concentrations. The diffusion coefficient of each 
defect Ddef is related to the mobility or to the transport 
number tde~ Of the same species by the relationships 
(29, 30) 

kT 
Daet = Vdef [Zi[ q [18a] 

and 
kTa 

Daef = td,f [18b] 
zi2qeCde~ 

where Cdef is the concentration of defects (number of 
defects/cm3), k the Boltzmann constant, q the electron 
charge, zi the charge of the defect, T the absolute tem- 
perature, and ~ the electrical conductivity. 

During the growth of the oxide, the condition of 
local electroneutrality requires also that the various 
fluxes of defects are related by the restriction 

J(h') + J (Mf)  + 2J(Mf ' )  = J(e') + J(V')  + 2J(V") 

[19] 

which is also called the "coupled current condition" 
(31). The previous equation may be used to obtain 
an expression for the diffusion electric field to substi- 
tute in Eq. [17]. This procedure may be simplified by 
considering only the motion of the electronic defects 
which are by far the most mobile species in the elec- 
tronic conductors. It is easy to show that this is equiv- 
alent to putting equal to one the transport number 
of the electrons and the electron holes in the final ex- 
pression for the overall flux of matter through the 
scale, as is usually done in the derivation of the ex- 
pression of the parabolic rate constant according to 
Wagner's treatment (1-4, 22). A more thorough justi- 
fication of this procedure has been given by Fromhold 
(82) with the introduction of the concept of "virtual 
current equilibrium" of the species giving the most 
important contribution to the electrical conductivity. 
For an oxide with prevailing electronic conduction 
the so-called "kinetic potential" or the actual electro- 
static potential set up across the oxide by the diffu- 
sion of charged species may be deduced by setting 

equal to zero the flux of the prevailing electronic de- 
fect or also by imposing the condition that the sum of 
the fluxes of electrons and electron holes is zero, tak- 
ing into account the equilibrium for the intrinsic ion- 
ization of the oxide, as used here. Equating, therefore, 
the fluxes o f  electrons and electron holes as given by 
Eq. [17] yields then 

d~ kT d l n p  
E(Z) = ---- = -- [20] 

dz q dz 

Upon introduction of Eq. [20] and [18a] and [18b] 
into Eq. [17], the fluxes of the lattice defects are ob- 
tained in the form 

J(V x) = - -Dvx  d[Vx] R [21] 
dz 

( d[V'] d p 
J(V')=--Dv, \~+[V']--~--z/R [221 

(d[V"] d r o p  ) 
J(V") =--Dr, ,  \ dx + 2 [ V " ] ~  R [28] 

d [Mix] 
J(Ml x) -- -- DMix ~ R [24] 

dz 

/ d[Mi'] 
J (Mf)  -- -- DMf | \ dx 

J (Mf ' )  -- - -  DMf'  ( 
d[Mf'] 

k dx 

dlnp ) 
[Mi'] ~ R [25]  

where Di is the diffusion coefficient of the defect i. 
The overall flux of matter through the oxide is then 
given by 

Jo, = -- JCVx) -- J(V')  -- JCV") 

+ J(Ml x) + J (Mf)  + J (Mf ' )  [27] 

For simplicity sake the diffusion coefficients of the 
vacancies will be considered to be independent of their 
charge and have a common value Dv and in the same 
way a common value D1 is assumed for the intersti- 
tials: apparently there is no a priori theoretical reason 
for this, even though in some cases this condition has 
been found approximately true (12). 

Introduction of Eq. [21]-[26] into Eq. [28] and use 
of the previous assumption gives then for the overall 
flux 

J o y - - R  [ D v  (d [Vx]  d [ V ' ] d [ V " ] ,  - - L -  + - - L -  + --L--) 

d l np  
+ Dv([V'] + 2[V"]) 

dz 

( d [ M i  x ] d[Mf] d[M,"] ) 
- DI d----V- + d--V- + d---V-- 

d l n p  ] 
+ DI([Mf] + 2[Mf.])  ~ [28] 

Differentiation of Eq. [8]-[13] with respect to x and 
substitution into Eq. [28] gives finally 

Joy---- [ D v ( [ V  x] + [V'] + [V"]) dlna.___..~o 
dr 

4-D~([Mi x] 4- [Ml'] 4- [Mf ' ] )  d l n a o  ] R 
dr J 

d In ao 
= RF(ao) - -  [29] 

dx 

(where F(ao) ---- :~Ddef [dell is a function of ao) for 
the overall flux which is now expressed as a function 

d l n p  
- -  - 2 [ M c ]  ~ /  

[26] 
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of the concentrat ions of all  the defects and the gradi-  
ent  of the oxygen activity through the scale. 

For a fixed tzme and scale thickness, the overall  flux 
of mat ter  remains  constant  through the scale, neglect-  
ing the usual ly  small  changes in  stoichiometry of the 
oxide. This assumption is essentially correct if the 
oxide has small  deviations from the ideal composition: 
for large deviations it does not hold strictly,, but  it is 
still  a reasonable approximation in  view of the fact 
that  in  these cases other factors, such as interactions 
be tween defects, come into play. This point  has been 
examined wi th  par t icular  care by Hir th  (33) and 
Fromhold (34). Therefore, mult ipl icat ion of both sides 
of Eq. [29] by dx and in tegrat ion from x ---- 0 (corre- 
sponding to the metal /scale  interface, with ao = ao') 
to x ---- ms (where xs is the position of the scale/gas 
interface, with ao = ad') gives 

Joy xs = kt = R , d In ao [30a] 

where kt is the parabolic rate constant  expressed in 
molecules of oxide formed per un i t  surface per un i t  
t ime (35). 

An a l ternat ive  expression for the parabolic rate 
constant  kt may  be obtained by defining a dimension-  
less distance parameter  y _-- x/xs ,  which upon differ- 
ent ia t ion gives dx = xsdy. Int roduct ion of this ex-  
pression for dx into Eq. [29] and use of the definition 
of kt as in  Eq. [30] yields 

d In ao 
Jovxs ---- kt = RF(ao) - -  [30b] 

dy 

In tegra t ion  of Eq. [29] between x -- 0 and x -- x 
(with x --~ xs) gives instead 

JovX = R F (ao) d In ao [31] 
a O ' 

Division of Eq. [31] by  Eq. [30a] yields then 

R ~aaOo, z / z s - - y = - ~ t  F(ao)  d l n a o  [32] 

which defines the relationship between ao and the 
corresponding relat ive position wi thin  the scale y. 

Using the rate constant  kx expressed as a funct ion 
of the scale thickness by the relat ionship 

xs 2 : kxt [33] 

and related to kt by (35) 

• o x  
kx -- 2 kt -- 2kt/R [34] 

NAdox 
Eq. [32] becomes 

2 ~ o ~  Y =--~x Y(ao) dInao  [353 

For  a fixed value of the oxygen activity in the gas 
phase ao" the rate constant  kx may be computed by  
means of Eq. [30a] and [34] and the profile of the 
oxygen act ivi ty through the scale by means of Eq. 
[35] once that  the corresponding value of kx has been 
obtained, using Eq. [8]-[13] and Eq. [16] to calculate 
the concentrat ions of all the defects as functions of ao. 
In  addition, it is also possible to obtain the fractional  
flux of each kind of defects, i.e., the ratio between the 
flux of a defect and the overall  flux, as a funct ion of y, 
to detect the contr ibut ion of the different defects to 
the overall  growth of the oxide at various positions in  
the scale. In  fact, using the same procedure as before 
for the overall  flux, the part ial  flux for any kind of 
defects is given by  

d In ao 
Jdef : RDdef[def] [36] 

dx 

and, dividing Eq. [36] by  Eq. [29] 

Jdef Ddef [def] 
- -  = [37]  
Jov F(ao)  

where the ratio of the fluxes is a funct ion of ao 
and /or  y. 

Equat ion [37] implies that  the fractional flux of 
each defect changes with x even if Joy remains con- 
stant, under  a fixed xs. i n  fact, in  the simplest case 
where all the defects have the same diffusion coefficient, 
the fractional  flux of each defect is simply propor-  
t ional to its fractional concentrat ion which is a funct ion 
of the local value of the oxygen activity since the con- 
centrat ions of the various detects have a different kind 
of dependence on ao, as shown by Eq. [8]-[13]. There-  
fore at any point in  the scale the largest contr ibut ions 
to the mat ter  t ransport  come from the species having 
the largest concentrations. If the mobilities of the de- 
fects are different, then also this factor must  be con- 
sidered, as implied by Eq. [37]. 

A final subject  to be considered is the expression of 
the electrical potential  due to the migrat ion of charged 
species in the oxide and of the electric field connected 
with it. The lat ter  is given by Eq. [20] and is in general  
a funct ion of x (or y) and xs. For an oxide with sev- 
eral kinds of defects it can be computed by a numer ica l  
evaluat ion of d in  p/dx.  However, it  is more conveni-  
ent  to compute the quant i ty  F(y)  = xsE(x )  which is 
only a funct ion of y and does not depend on xs. This 
may be found by expressing dx as xsdy in Eq. [20] 
giving 

kT d l n p  
xsE(x)  --F(y) - - -  [ 3 8 ]  

q dy 

In  fact, since p is a funct ion of ao and ao of y, d In ao/ 
dy will  depend only on y and not  on xs. 

The expression of the electrostatic potential  is ob- 
tained in  a s traightforward way by integrat ion of Eq. 
[20] as 

kT 50 x V(x)  -- V(0) -- d i n p  
q 

kT p(0)  
: La = V ( x )  [39 ]  

q p (x )  

(where p (0) and p (x) are the concentrations of elec- 
t ron holes at x = 0 and x = x, respectively),  put t ing 
as usual  the integrat ion constant  V(0) = 0. If the 
upper  l imit  in  the above integrat ion is xs, then we 
obtain 

kT p (0) 
V(xs)  = I n -  [403 

q p (xs )  

Equations [39] and [40] show that  the electrostatic 
potential  V is a funct ion of t he  distance from the 
metal /scale  interface x. However, since p is also a 
s ingle-valued funct ion of the relat ive position wi th in  
the scale y through the local oxygen activity ao, the 
potential  is also a funct ion of y. Therefore, the poten-  
t ia l  at a point  y in the scale is 

kT p(ao') 
V (y )  = I n -  [41] 

q p (ao) 

where ao' is the oxygen activity at y = 0 and ao that  
at y = y, while the potential  across the scale is 

kT p(ao') 
V ( 1 )  - -  - -  In - -  [42] 

q p(ao") 

and does not depend on the actual  value of the scale 
thickness xs, bu t  only on ao' and ao". Examples of 
calculation of F(y)  and V(y )  are given in the next  
section. 

Oxides with a Simple Defect Structure 
The previous equations for kx as a funct ion of ao 

and for ao as a funct ion of y are reduced to the simple 
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expressions general ly used if only one kind of defect 
is present  in  the oxide in  the whole range of oxygen 
activities. In fact in  this case the overall  flux of 
mat ter  through the scale is the same as that  of the 
un ique  kind of defect to be considered and is given by 

d l n a o  
Joy : • Jdef = RDdef [def] ~ [43] 

dx 

where the minus  is for vacancies and the plus for in -  
terstitials. Using the same procedure described pre-  
viously, one may easily obtain the expressions for kx 
and ao for these simple situations as shown below. 

Oxides containing only one kind o] metal vacancies. 
- - I f  the oxide contains only vacancies with an effective 
charge r, the reaction for their  formation becomes 

�89 02 = O x + V r' + rh  ~ [44] 

with an equi l ibr ium constant  

iV r,] pr 
Kv = - -  [45] 

ao 

and a neutralitY condition (for r # 0) p = r [Vr']. 
Subst i tu t ion of this relationship into Eq. [45] gives 
the concentrat ion of the vacancies in the form 

(Kv) I/m 
[V r'] = - 7  ao 1/m = [Vr'] ~ ao 1/m [46] 

where m : r + 1 and [Vr']~ is the concentrat ion of 
vacancies when  ao = 1. Subst i tut ion of Eq. [46] into 
Eq. [43] yields 

d In ao 
Joy ---- -- Jv : RDv [Vr'] ~ ao ~/m [47] 

dx 

Integration of Eq. [47] between x : 0 and x = xs 
yields then 

kx -- 2mDv [Vr'] ~ [ (ao") I/m -- (ao') I/m] [48] 

or, using Eq. [46] and indicating with [Vr'] ' and [Vr']" 
the concentrations of the metal vacancies at x = 0 and 
x : xs, respectively 

kx -- 2mDv {[Vr'] " -- [Vr'] '} ~ 2mDv[Vr'] " [49] 

since usually [Vr'] " >> [Vr'] '. The parabolic rate con- 
stant kx can be put in a different form frequently used 
by means of the relationship (37) 

DM "- DV [V r'] [50] 

where DM is the self-diffusion coefficient of the metal  
in  the oxide. When ao = 1 Eq. [50] becomes 

DM ~ = Dv IV r'] o [51] 

which, upon int roduct ion into Eq. [481 gives finally 

kx = 2m [ (ao")z/m _ (ao')l/m] DM o [52] 

where the dependence of kx on the oxygen activity in  
the gas phase ao" is given more clearly. 

In tegra t ing  again Eq. [47] between x = 0 and x = x, 
corresponding to an oxygen activity, ao, dividing by 
Eq. [48] and regrouping gives finally, using Eq. [30b] 
and [34] 

ao 1/m : (ao') T M  -{- [(ao") l/m - -  (ao') l/m] y [58] 

for the profile of ao through the scale. 
For these oxides, in view of the relationship between 

p and ao as given by Eq. [46] and the appropriate 
e lectroneutral i ty  condition, the electric field becomes 

kT  d ln p kT 1 d l n a o  
E(x) =, ---- [54] 

qxs dy qxs m dy 

and, according to Eq. [53] 

kT (ao") l/m _ _  (ao') I/m 
E(x) = [55]  

qXS ao l/ra 

showing that  E is a funct ion of y through ao and of 
xs as well: the product  xsE however depends only on y. 

Proceeding as for the general  case, the electrostatic 
potential  in  the oxide will  be 

kT  ( p ( O )  ~ kT  l n ( a ~  ) 
V(y)  -- q In \ ~ /  -- qm \ - ~ - o  [56] 

and the potential  across the whole scale 

kT  In ( ao_._~' ) [57] 
V(1) -- qm \ ao" 

showing again the independence of V(1) of the actual 
scale thickness xs. 

Equation [55] shows that  the electric field wi th in  
the oxide is not  constant  for a fixed xs and therefore 
V ( x )  is not a l inear  funct ion of x. Actually, the condi- 
tion of a constant  electric field is not  consistent with 
the condition of a constant flux of defects through 
the scale for a fixed oxide thickness. In  fact, according 
to Eq. [54], a constant  field requires a constant  value 
of d In p / d y  and d In ao/dy. However, since the flux 
of vacancies is given by Eq. [36], their  concentrat ion 
should be independent  of y to produce a constant flux 
under  a constant  gradient  of In ao. This condition is, 
however, contradictory since the concentrat ion of va-  
cancies is related to the oxygen activity by  Eq. [46] 
and must  therefore change with ao. 

Oxides containing only one kind of metal intersti- 
t ials.--The reaction for the formation of metal  in ters t i -  
tials with an effective charge s is 

M x + O x = Mi S" + se' + % 02 [58] 

with an equi l ibr ium constant  

KI = [Mi s'] nsao [59] 

and a neut ra l i ty  condition (for s ~ 0) 

n : s [Mi s'] [60] 

Upon introduct ion of Eq. [60] into Eq. [59] the con- 
centrat ion of interst i t ials  becomes 

[Mi s'] : (K_~)I/t ao -'/t- [Mis'] ~ ao -I/t [61] 

where t = s + i and [Mi s'] ~ is the concentration of Mi s' 
when ao -- 1. Substituting Eq. [61] into Eq. [43] gives 
then 

d In ao 
Joy -- JI : RDI [Mi s'] ~ ao -1/t - -  [62] 

dx 
Proceeding as before we get 

kx = 2tDz [Mi s'] ~ [ (ao ' ) - i / t  _ (ao")-l / t]  [63] 

for kx, or also, using Eq. [61] and indicat ing with 
[Mis'] ' and [Mis']" the concentrations of metal  in te r -  
stitials at x = 0 and x = xs, respectively 

kx = 2tDi ( [Mis'] ' -- [Mis'] ") ~__ 2tDi [Mis'] ' [64] 

since usual ly  [Mis'] ' > >  [Mis'] ". The parabolic rate 
constant  kx may again be put  in a different form by 
means of the self-diffusion coefficient of the metal  DM, 
which is related to the concentrat ion of the interst i t ials  
by  (37) 

DM "- DI [Mi s'] [65] 
or, when ao : 1, by  

DM ~ = DI [Mi s'] ~ [66] 

Introduct ion of Eq. [66] into Eq. [63] yields 

kx : 2tDM ~ [ ( a o ' ) -  l / t _  (ao") - l / t ]  [67] 

Proceeding as for the metal  vacancies, the profile of 
ao through the scale is obtained as 

ao - l I t  = ( a o ' ) - 1 / t _  [ ( a o ' ) - 1 / t _  (ao")-x/t] 7t 
[68] 
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For  these oxides,  using the re la t ionship  be tween  ao 
and p obta ined  by  means  of Eq. [14], [59], and  [60], 
the  electr ic  field becomes 

k T  d ln p kT  i d l n a o  
E = - -  - -  = - -  [69]  

dy qxs t dy qxs 

and, using Eq. [68] 

kT  

qxs 

( a o , ) - z / t _  (ao,,)-l/~ 
a o - l l t  

[70] 

s o  t h a t  E d e p e n d s  o n  y th rough  ao - l I t  as given by  Eq. 
[68]. The e lect ros ta t ic  po ten t ia l  across the  scale is 
g iven b y  

kT  / p(O) kT  
V ( y )  = q In ! \ p--p-~-y) = qt [71] 

and the overal l  potential across the scale 

k T l n ( a ~  ) 
V(1)  = qt  a - - ~  [72] 

Equat ion  [70] shows again  tha t  the  electr ic  field is a 
funct ion of the  posi t ion inside the  scale, as discussed 
previously .  

I t  is f inal ly possible  to show tha t  the  assumpt ion  of 
the  exis tence of a s ingle type  of defect  in an oxide 
leads  necessar i ly  to the  consequence of the  presence 
of a l inear  g rad ien t  of the concentra t ion of the  defect  
th rough  the  oxide  as a resul t  of the constancy of the  
flux of defects  wi th  respect  to x for a constant  xs. In  
fact, if the oxide  contains only me ta l  vacancies wi th  
an effective charge  r, the i r  flux is given by  Eq. [47] 
whi le  the i r  concentra t ion  is r e la ted  to the local oxygen  
ac t iv i ty  by  Eq. [46]. Taking  the logar i thm of Eq. [46], 
d i f ferent ia t ing wi th  r e spec t  to x and subs t i tu t ing  into 
Eq. [47] gives then  

d[Vr'] 
Jv -" -- R D v m  - -  [73] 

dx 

which, since Jv mus t  be independen t  of x, requires  a 
l inear  change of the  concentra t ion of the  vacancies 
wi th  x. I n  the  same way, if the  oxide contains only  
me ta l  in ters t i t ia ls  wi th  an effective charge S, the  flux 
of in ters t i t ia ls  is given by  Eq. [62], whi le  thei r  concen- 
t r a t ion  depends  on ao th rough  Eq. [61]. Proceeding  as 
before  we get  then  

d[Mi s'] 
JI : -- RDIt - -  [74] 

dx  

showing again  tha t  the concentra t ion of in ters t i t ia ls  is 
a l inear  funct ion of  x. This s i tua t ion  is of course no 
longer  t rue  for  oxides containing more  than  one k ind  
of defect,  since in this case the concentrat ions  of defects 
a re  not  re la ted  to the oxygen  ac t iv i ty  s imply  by  equa-  
tions of the  form of Eq. [46] of Eq. [61]. 

The previous  simplif ied expressions f o r  kx and ao 
a re  s t r ic t ly  val id  only if  a single k ind  of defect  p re -  
dominates  over  the whole  range  of oxygen  act ivi t ies  
f rom ao' to ao'. In  par t icu lar ,  Eq. [53] represents  the  
equat ion der ived  by  Pe t t i t  for  the oxygen ac t iv i ty  p ro -  
file th rough  the scale in case of p - t y p e  semiconduct ing 
oxides (38). This expression,  however ,  is s t r ic t ly  cor-  
rect  only  for  special  values  of m, i.e., m -- 1, 2, or  3. 
Otherwise  the  complete  expressions for Jo~, kx, and ao 
should be used, d ropping  at  most f rom them the te rms 
corresponding to defects having  only a negl ig ible  con- 
cent ra t ion  everywhere .  

Numerical Results 
Since w e l l - k n o w n  ana ly t ica l  expressions are  ava i l -  

ab le  for the  different  pa rame te r s  examined  above as 
functions of ao or  y for oxides containing a single k ind  
of defect, no pa r t i cu la r  discussion is requi red  for these 
s i m p l e  systems. On the contrary ,  we presen t  here  cal -  
culat ions for  an  oxide  l ike  CoO which  has a more  com- 
p lex  defect  s t ruc ture  and  for  which  app rox ima te  

values  of the  different  pa rame te r s  r equ i red  for  t h e  
appl ica t ion  of the  theory  a re  avai lable .  This oxide is 
selected as an example  of the  effect t h a t  the  complex  
na tu re  of the  defects in the  oxide  m a y  have on the  
oxida t ion  behavior  of the  pu re  metal .  

The high t empe ra tu r e  oxida t ion  of cobal t  has b e e n  
s tudied  f requen t ly  so far  (9-12, 39-46), l ike  the defect  
s t ruc ture  (12, 16, 20, 21, 47-52) and the diffusion p rop -  
er t ies  of CoO (9, 12, 16, 21, 50-60). There  is a genera l  
ag reement  tha t  Co oxidizes according to a parabol ic  
ra te  l aw at  h igh tempera tures ,  the  process being con- 
t ro l led  by  the diffusion of me ta l  vacancies  in the  
p - t y p e  semiconduct ing oxide  (39-46). Neutra l ,  singly, 
and doubly  charged  meta l  vacancies  a re  p resen t  in  
CoO, the i r  concentra t ion being a funct ion of the  p re -  
vai l ing oxygen  ac t iv i ty  under  a constant  t empera ture .  
Around  1000~ and  at  h igh  oxygen  act ivi t ies  the va -  
cancies a re  p reva i l ing ly  s ingly  charged  (12, 16, 21, 
47-52), in ag reemen t  wi th  the va lue  of the oxygen  p res -  
sure exponent  in  the  dependence  of the  parabol ic  ra te  
constant,  the deviat ions f rom stoichiometry,  and  the  
self-diffusion coefficient of Co on P (02) (16, 21, 39-60). 
Diffusion of oxygen  is ins tead  un impor t an t  in  this o x -  

i d e  (56). 
In  addi t ion  to me ta l  vacancies,  Co in ters t i t ia ls  have 

been proposed  as minor i ty  defects  to exp la in  the  ef-  
fect of Li doping on the e lec t r ica l  p roper t ies  of CoO 
(61) and the difference be tween  the concentra t ion of 
defects deduced f rom the deviat ions f rom s to ichiometry  
and tha t  obta ined  f rom measurements  of the  oxida t ion  
ra te  of cobal t  (21, 52). Metal  in ters t i t ia l s  have  also 
been found by  x - r a y  diffract ion in solid solut ions 
CoO-NiO (20) a t  h igh tempera tures .  

Recently,  the  presence of in ters t i t ia ls  in CoO has 
been quest ioned on the basis of a comparison b e t w e e n  
the  exper imen ta l  dependence  of the  Co self-diffusion 
coefficient on ao and tha t  p red ic ted  s emi -quan t i t a -  
t ive ly  for different  rat ios  be tween  the diffusion coeffi- 
cients of vacancies and in ters t i t ia ls  (60). However ,  a 
more  precise calculat ion of Dco as a funct ion of ao 
a t  1000~ shows tha t  the  presence o f  a low concen-  
t ra t ion  of Co in ters t i t ia ls  i s  not  inconsis tent  wi th  t h e  
expe r imen ta l  findings, as shown below. Therefore,  the  
fol lowing calculat ions are  pe r fo rmed  for  both  s i tua-  
tions, i.e., for the  presence of vacancies only (case 1) 
and of vacancies plus in ters t i t ia ls  (ease 2). In  fact, 
even if for pure  Co the presence of a low concentra t ion 
of in ters t i t ia l s  affects the ox ida t ion  behavior  sl ightly,  
pa r t i cu l a r ly  under  high oxygen  activities,  this m a y  
have a profound effect in case of doping, as shown e l s e -  
w h e r e  (28). 

Experimental  data.--To app ly  the  calculat ions deve l -  
oped above to the cobalt  oxida t ion  we need the values  
of the equ i l ib r ium constants  for  the fo rmat ion  of the  
different  defects. These have  been  measured  b y  d i f -  
ferent  authors  in the  high t empe ra tu r e  range  (12, 60, 
61): we make  use here  of those ca lcula ted  by  Dieek-  
mann  (60) for the th ree  kinds of meta l  vacancies,  
which at  1000~ take  the  values:  KI ---- 1.37 X 10 -3, 
K2 --  1.94 • 10 -2, and K8 = 1.89 X 10 -4, respect ively .  
In  the  case of the presence of inters t i t ia ls ,  three  o ther  
constants  would  also be requi red :  however ,  fol lowing 
Dieckmann (60), we adopt  the  simplif icat ion of con- 
s ider ing only  the  presence of doubly  charged in te rs t i -  
rials according to the reac t ion  

Co x -- Vco" + Cof' [75] 

The corresponding equilibrium constant KI is obtained 
assuming that at ao = ao' (Co/CoO equilibrium) the 
concentration of Vco" is equal to that of Coi", which 
represents an upper limit to the concentration of in- 
terstitials, since higher values would affect appreciably 
the self-diffusion coefficient of Co at low oxygen 
activities. In this way we get for KI 

KI ---- 1.05 • 10 -10 

The equ i l ib r ium constant  for  the  in t r ins ic  ionizat ion o f  
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CoO is in  the range 10-s-10 -12 at 1000~ (61) and in  
the calculation we adopt the value K~ = 10 -9. 

The parabolic rate constant  for the oxidation of 
cobalt at 1000~ and 1 a tm 02 ranges between 3.2 • 
10 - s  and 1.57 • 10 - s  g2 cm-4  sec-1 (9-12, 39-46), the 
lowest value being that  measured by Mrowec et aL 
(46), which has been obtained by taking into account 
appropriate correction factors to the exper imental  
value. Conversion of the la t ter  value to the rate con- 
s tant  expressed in  terms of scale thickness as used 
here yields at 1000~ 

/~ -- 1.07 X 10 - s  c m  2 sec  -1  

Finally,  the diffusion coefficient of vacancies in  CoO 
has been measured many  times with a sufficient agree- 
men t  (12, 16, 54, 57, 60). For  in te rna l  consistency, we 
make use of the value measured by  Dieckmann (60), 
assuming that  all the vacancies have the same diffusion 
coefficient which, at  1000~ takes the value 

Dv = 2.957 X 10-~  cm2 s e c - 1  

Using the previous values of the equi l ibr ium constants 
for the formation of vacancies and of Coi'" and the 
diffusion coefficient for vacancies reported above, the 
self-diffusion coefficient of Co in CoO at IO00~ is 
easily obtained as a funct ion of ao by means of the 
relat ionship (60) 

Dco = Dv �9 [Vco] + DI [Coi"] [76] 

put t ing D1 = ~Dv. The results are reported in Fig. 1 
for case 1 (absence of interst i t ials)  and case 2 (pres- 
ence of intersti t ials)  with different values of a. Com- 
parison of these curves with the exper imental  results 
reported by Dieckmann (60) shows that the condition 
[Coi"] = [Vco"] at ao' with ~ ~ 1 is not contradictory 
with the data about Dco. Therefore in the following the 
calculations for case 2 will be performed with the pre-  
vious value of KI and with DI = Dr. 

The oxygen pressure for the equi l ibr ium Co/CoO at 
1000~ is obtained from the s tandard free energy of 
formation of CoO as P'(O2) = 2.77 • 10 -1~ atm, cor- 
responding to ao' = 1.66 • 10-6 (62). 

Calculated properties.--The concentrations of the 
lattice and electronic defects in  Co0 at 1000~ calcu- 
lated with the previous values of the different param-  
eters are shown in Fig. 2 as functions of ao" for cases 
1 and 2, respectively. As expected, the difference be-  
tween the two cases is ra ther  small  and l imited to the 
region of low oxygen activities. Doubly charged vacan-  

-2 . . . . . . . . . . .  p~ 

-4 

-5 

-9 
-6  -5  -4 -3 -2 -1 0 log a o 

Fig. 2. Concentrations of the different defects in CoO at 1000~ 
as functions of the oxygen activity. Case 1, continuous lines; case 
2, dotted lines. 

cies are the prevai l ing defects from ao' to about ao = 
4 • 10 -4, while above this value singly charged va-  
cancies predominate.  Neutral  vacancies are instead 
minor i ty  defects everywhere, even if their concentra-  
t ion is larger than that  of V" above ao = 0.12. The 
presence of Coi" produces a decrease of p and a s imul-  
taneous increase of the concentrat ion of the species 
with a negative effective charge, i.e., V', V", and elec- 
trons, which is detectable however only close to ao', 
where the concentrat ion of Coi" is larger. The oxide is 
of p- type everywhere,  but  close to ao' it  shows p ~ n, 
especially in presence of the interstitials.  This is a 
consequence of the value selected for KT: a lower 
value would give a smaller concentrat ion of electrons, 
but  in  lack of more precise information these plots are 
considered sufficiently accurate. Figure 3 shows the 
concentrat ions of the defects as functions of the nor -  
malized coordinate y for case 2 only, since those for 
case 1 are very similar. Comparison with Fig. 2 shows 
that  the largest changes in the concentrat ions of all 
species occur for small  values of y, i.e., close to the 
metal /scale  interface. 

- 2  
" 8  
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- 6  , C 
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i i i i i i I - - 8  
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Fig. 1. Self-diffusion coefficient of cobalt in CoO at 1000~ as - 9  ' ' ' 
a function of the oxygen activity for several values of ~ = 0 0.2 0.4 0.6 0.8 
Dx/Dv. Curve 1 : ease 1. Curves 2-6: case 2 for different values of Y 
a (curve 2, a = O; curve 3, ~ = 1; curve 4, a = 2, curve 5, ~ = Fig. 3. Concentrations of the different defects in CoO at 1000~ 
4, curve 6, -, = 8). as functions of the normalized distance y ----- x/xs for case 2. 
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Fig. 4a. Fractional fluxes of the different defects in CoO at 
|O00~ as functions of the normalized distance y ----- x/xs for case 
I .  

The fractional  fluxes of the different latt ice defects 
as functions of y are reported in  Fig. 4a and 4b for 
the two cases. Comparison Of Fig. 4b with Fig. 3 shows 
that  the t ransport  through the scale is main ly  by means 
of the doubly charged vacancies close to y : 0 where 
these vacancies prevail,  while for the remainder  of 
the scale thickness Co diffuses main ly  by means of 
V': the contr ibut ion of V x is however significant par-  
t icular ly  close to y = 1. Comparison of Fig. 4a with 
Fig. 4b shows instead that  the presence of interst i t ials  
reduces the flux of V" close to y = 0, so that  this shows 
a sharp m a x i m u m  at  very  small  values of y. The con- 
t r ibut ion of the cobalt interst i t ials  is significant only 
close to y ---- 0, in  agreement  with the rapid fall of their 
concentrat ion with y, 

The next  parameter  to be considered is the parabol ic  
rate constant  kx: the plot of kx as a funct ion of ao", 
calculated by means of Eq. [30a] and [34] is given in 
Fig. 5 for both cases. The consistent curvature  of the 
plots at low oxygen activities is a consequence of the 
fact that  in this range ao" is not negligible in cam- 
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Fig. 4b. Fractional fluxes of the different defects in CoO at 
I000~ as functions of the normalized distance y : x/xs for case 
2. 
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Fig. 5. Parabolic rate constant for die oxidation of pare Co at 
1000~ as a function of the gas-phase oxygen activity ao". Case 1 
continuous line; case 2, dotted line. 

parison with ao' in the expression of kx, so that  the rate 
constant  becomes a funct ion of both ao' and ao" and 
tends to zero as ao" approaches ao'. The difference be-  
tween the two curves is related, however, to the differ- 
ent  defect s t ructure  assumed in the two cases and 
above ao :-  10 .3  approximately  is no longer affected 
by ao'. In  the region of high oxygen activities the two 
curves tend to coincide, so that  it  may be concluded 
that  the presence of low concentrat ions of COl'" does 
not affect appreciably the oxidation kinetics of Co at  
1000~ under  sufficiently high oxygen activities in  
the gas phase. In  presence of impurities,  however,  the 
presence of metal  interst i t ials  may play an impor tant  
role, as will be shown elsewhere (28). 

The numerica l  values obtained for kx by  the pre-  
vious calculation with ao" = 1 amount  to 7.015 • 10 -9 
cm 2 sec - I  for case 1 and 7.045 • 10 -9 cm 2 sec -1 for 
case 2, very  close together. These values are about 30% 
lower than the exper imental  value obtained by Mrowec 
(46), as reported above. The agreement  is not  good 
therefore, but  is considered acceptable in  view of the 
fact that  the diffusion coefficient of the cobalt vacan-  
cies used here to obtain kx (60) is smaller  than  the 
values reported by other authors (12, 57). No a t tempt  
is made here to improve the agreement  between the 
calculated and exper imental  values of kx by  changing 
the diffusion coefficient of the metal  vacancies also on 
account of the purpose of exemplification of the pres-  
ent  calculations. 

The dependence of the parabolic rate constant  of 
oxidation of a metal  and of the self-diffusion coefficient 
of the metal  ions in  its oxide DM on ao" is usual ly  
expressed in  the form 

kx cc (ao")z/ra and DM oc (ao")Z/m" [77] 

According to the previous discussion, the above re la-  
tionships are not correct for oxides with a complex 
defect structure,  bu t  they may still be used to express 
in a simple way the dependence of these parameters  on 
ao". In  these cases, however, m and m' will no longer 
be constant, but  will  change as functions of ao". From 
Eq. [77] ~n and m' may be defined as 

d In ao" d In ao" 
m = - -  and m ' - - - -  [78] 

d In kx d In D~t 

and may be calculated directly by  a numer ica l  differ- 
ent ia t ion procedure from the known dependence of 
kx and DM on  a o. Plots of m and m' are reported in  
Fig. 6 for cases 1 and  2: they show that  m a n d  m' 
are indeed rather  sensit ive functions of ao and m o r e -  



468 ~. Elec trochem.  Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY February  1981 

\ m '  

, / /  

-6 -5 -4 -3 -2 -1 0 
log a o 

Fig. 6. Oxygen activity exponents of the parabolic rate constant 
for the Co oxidation (m) and the cobalt self-diffusion coefficient in 
CoO (m') at 1000~ as functions of the oxygen activity, ao. Case 
1, continuous lines; case 2, dotted lines. 

over that they are different even for the same model 
of defect s t ructure  of the oxide. While the anomalous 
values of m for low oxygen activities are a conse- 
quence of the fact that  Eq. [77] does not hold for 
small  values of ao", the change of m with ao at high 
ao values and that  of m' in  the whole range  are an 
effect of the complex defect na ture  of the oxide. Both 
curves are affected by the presence of the intersti t ials 
in  the region of low ao values, but  this is par t icular ly  
t rue for m" which shows a max imum in case 1, bu t  is 
a cont inuously decreasing funct ion of ao in case 2 with 
DI = Dr. At  ao = 1 we get for both cases m ~- 1.812 
and  m' -- 1.662 to be compared with the exper imental  
values m -- 1.725 (46) and m' = 1.7 (45): the agree- 
ment  seems rather  satisfactory. 

Finally,  the product xsE -~ F ( y )  and V ( y )  as de- 
fined by Eq. [38] and  [41] are reported as functions 
of y in  Fig. 7 for the two cases. The presence of in ter -  
stitials affects the curves at some extent. In  both cases, 
however, the potential  is not a l inear  funct ion of y, as 
has been found also for simple oxides, but  shows a 
cont inuously changing gradient  which is largest close 
to y = 0. I t  seems, therefore, that  the conclusion that  
the presence of a potential  which is a l inear  funct ion 
of y is incompatible with a constant  flux of mat ter  
through the scale applies also to oxides with a complex 
defect structure. Correspondingly the diffusion electric 
field is m a x i m u m  close to the metal /scale  interface and 
then decreases ra ther  rapidly  with y tending to a small  
value as y approaches 1. 

In  view of the many  simplifications introduced into 
the present  t rea tment  and the uncer ta in ty  in the 
values of many  parameters,  the agreement  between 
the calculated and exper imental  values of the various 
parameters  examined here is considered satisfactory. 

Conclusions 
The previous calculations performed for the" specific 

case of the oxidation of pure cobalt in oxygen at 
1000~ show that the different parameters  involved 
and re levant  for the kinetics of oxidation of a pure 
metal  are significantly affected by the actual s t ructure 
of the defects of the oxide, and par t icular ly  even by  
minor i ty  defects. This applies even to oxides usual ly  
considered simple and seems to be a ra ther  general  
rule  since thermodynamics predict the presence of 
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Fig. 7. Electrostatic potential V and product of the electric field 
by the scale thickness F = xsE as functions of the normalized 
distance y ~ x/xs for the oxidation of cobalt at 1000~ Case 1, 
continuous lines; case 2, dotted lines. The plot of F for case 2 is 
practically coincident with that for case 1. 

more than  one kind of defect in  any compound. There-  
fore a complete account of all  the aspects connected 
with the oxidation of metals requires a careful con- 
sideration of the actual defect s t ructure  of their oxides. 
The theory presented here allows the calculation of all 
the quanti t ies involved in  the parabolic growth of a 
scale on a metal  independent ly  of the complexity os 
the oxide properties, overcoming even the difficulty 
connected in  dealing with oxides showing a t ransi t ion 
from n -  to p- type semiconductivi ty with a change in 
the oxygen activity. 

Unfor tunately ,  the application of the present  ap- 
proach to the in terpre ta t ion  of the metal  oxidation is 
general ly prevented by the lack of sufficient knowledge 
of the re levant  parameters  involved. In  addition, when  
the concentrat ion of defects is ra ther  large, interactions 
between defects become increasingly larger and should 
also be taken into account. It  is hoped that  in  the 
future  more fundamenta l  research on the na ture  of 
defects and other basic properties of the oxides, main ly  
those of metals re levant  for high temperature  applica- 
tion, both pure and doped, will  be developed, so that  
the in terpre ta t ion  of their  oxidation behavior  at high 
temperatures  may be founded on a more solid basis 
and lead to a deeper unders tanding of the complex 
processes involved. In  this connection we notice that  
the t rea tment  developed here does not consider the 
effect of factors such as the contr ibut ion of short-  
circuit diffusion to the t ransport  through the scale, 
which is of some importance at in termediate  tern- 
peratures (13), or the presence of porosity and other 
possible complications. This represents obviously a 
l imitat ion of the present  approach which should be ap- 
preciated when it is applied to actual systems. 

Manuscript  submit ted Apri l  1, 1980; revised m a n u -  
script received Aug. 15, 1980. 

Any discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs ol this article were assisted by 
Centro Studi di Chimica e Chimica Fisica Applicata 
alle Caratteristiche d'Impiego dei Materiali del C.N.R. 
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ABSTRACT 

The theory of parabolic oxidation of metals forming oxides with a complex 
defect s t ructure  developed in  a previous paper is applied here to the oxidation 
of dilute alloys with incorporat ion of al iovalent  impurit ies in the scale. The 
treatment is limited, however, to the simple case of a uni form distr ibut ion Of 
the dopant. First, the effect of the dopant  on the oxidation rate is examined 
quant i ta t ive ly  for oxides containing a single kind of defect, obtaining simple 
analyt ical  expressions for the re levant  parameters  for l imit ing situations. Then 
the growth of CoO on d i lu te  cobalt alloys at 1000~ is analyzed by means of 
numerica l  calculations both in the case of the presence and of the absence of 
metal  interstit ials,  allowing for the presence of metal  vacancies of different 
electric charge. This case is examined as an example of the oxidation be- 
havior of metals forming oxides with a complex defect s t ructure  in  the pres- 
ence of dopants. The t rea tment  shows that  in some cases even minor i ty  defects 
may change deeply the effect of impurit ies on the oxidation rate of the pure 
metal,  even reversing the behavior  predicted on the basis of a simpler defect 
model.  

In  a previous paper  [Part  I (1)] we have examined 
the oxidation behavior  of pure metals forming elec- 
t ronical ly semiconducting oxides with a complex de- 
fect structure, extending KrSger's approach (2) to 
Wagner 's  theory of parabolic oxidation (3) and con- 
sidering oxides in which only metal  diffusion is im-  
portant.  We extend here the same analysis to the 
growth of doped oxides on dilute alloys, so that  only 
the base oxide is formed in the process. 

The rate constant  for the parabolic oxidation of a 
metal is usual ly  changed various extents by the addi-  
t ion of a second component  forming a solid solution 
scale. Doping by foreign ions having the same valency 
as those of the matr ix  also affects the concentrat ion 
of defects and the diffusion of mat ter  through the 
scale (4-8), bu t  this case wil l  not be considered here. 
Doping by ions of different valency has, however, a 
stronger effect, since it produces a new kind of defect 
with an effective charge different from zero, the im-  
pur i ty  itself. This is usual ly  known  as the Wagner -  
Hauffe effect (9-11) and is in terpreted on the basis of 
the change of the concentrat ion profiles of the lattice 
defects through the scale with respect  to the pure 
oxide due to the incorporat ion of the al iovalent  im-  
purities. The change in the oxidation kinetics is usu-  
ally analyzed assuming the presence of a single k ind 
of defect even in the doped oxide. The thermodynamic 
theory of lattice defects shows, however, that  the 
presence of impurit ies is able to change the concen- 
trations of all the defects as well as their  ratios, under  
a constant  oxygen activity, since it affects the concen- 
t rat ion of the electronic defects (12) .  In  this way de- 
fects which may  be neglected in the pure oxide may 
play an impor tant  role in  the doped oxide. In some 
cases this may even lead to a change in the defect 
s t ructure  of the oxide, as found for example in  Li- 
doped CoO (13). Therefore it is par t icular ly  impor tant  
to take into account the actual defect s t ructure of the 
base oxide when examining the effect of doping on the 
oxidation rate of a metal. 

Key words: parabolic oxidation, dilute alloys, doping effects. 

In  this paper the effect of a dopant  on the kinetics 
of oxidation of a metal  is analyzed considering the 
part icular  but  unl ike ly  case of a uni form distr ibution 
of the dopant in the scale, such as has been considered 
in the derivat ion of the Wagner-Hauffe rules (9, 10). 
This simple t rea tment  is, however, extended here to 
include the case of oxides having a complex defect 
structure, as has been done in a previous paper (1). 
The more complete problem of the growth of a doped 
oxide with a simple or complex defect s t ructure and 
a nonuni form distr ibution of the dopant  will  be deal t  
with elsewhere (14). 

Theory 
The presence of al iovalent  impurit ies in  the oxide 

growing on a di lute alloy produces an unbalance  of the 
electric charge, which must  be compensated for by a 
change in  the local concentrat ion of the charged de- 
fects with respect to the pure oxide under  the same 
oxygen activity. The concentrat ions of these species 
will then depend not only on the oxygen activity but  
also on the local dopant concentration. From the point  
of view of the parabolic growth of the scale this s i tua-  
tion will affect in principle all the parameters  involved, 
namely,  the profile of the oxygen activity, the electric 
field wi thin  the scale, the part ial  and overall  fluxes 
of the defects, and finally the parabolic rate constant 
itself. 

A pr imary  factor for all these changes is clearly 
the profile of the concentrat ion of the dopant in  the 
scale, which in general  will  not be flat, but  will  show 
a preferential  accumulat ion of the dopant  either close 
to the metal /scale  or to the scale/ga s interface. The 
average concentrat ion and the actual distr ibution of 
the dopant in  the oxide will obviously depend on many  
factors, such as the bu lk  alloy composition, the differ- 
ence between the affinity for oxygen of the two alloy 
components, the tendency of the impur i ty  to oxidize 
in terna l ly  if forming the most stable oxide, the solu- 
bi l i ty of the dopant  in the matrix,  and, above all, the 
relat ive diffusivities of the two kinds of cations in the 
scale. From this last point  of view the ion moving  
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fas ter  wi l l  c l ea r ly  tend  to accumula te  close to the  
sca le /gas  interface.  

The effect of a l l  these factors on the overa l l  scal ing 
behav ior  of a b i n a r y  a l loy has a l r eady  been  thorough ly  
inves t iga ted  in case of  a l loys p roduc ing  a solid solu-  
t ion scale for  any  a l loy composi t ion (4-8) and  wi l l  
not  be considered here. Even for a l iova len t  impur i t i es  
a comple te  theory  would  involve  the  solut ion of the  
coupled equat ions for the diffusion of both  the  base  
me ta l  and  the  impur i t y  in the scale, as has been  done 
b y  C. Wagne r  et  al. for  the  oxida t ion  of Ni -Cr  al loys 
(15). However ,  this t r e a t m e n t  in t roduces  some p a -  
ramete rs  which are  usua l ly  unknown,  so tha t  i t  m a y  
only  be used as a qua l i ta t ive  cri terion.  The case of a 
un i fo rm d is t r ibu t ion  is ana lyzed  here  wi th  the  p u r -  
pose of obta in ing  indicat ions of genera l  charac te r  about  
the  effects of doping, which r equ i re  on ly  a correct  
knowledge  of the defect  s t ruc ture  of the  oxide. Actua l  
cases of nonu i fo rm d is t r ibu t ion  of the  i m p u r i t y  in 
rea l  systems mus t  ins tead  be solved ind iv idua l ly  t ak -  
ing specifically into account  the  different  ra tes  of d i f -  
fusion of the  two meta l  species and, whi le  re ta in ing  
the i r  specific in te res t  for  the special  sys tem inves t i -  
gated, would  lose any  general i ty .  

In  the  fol lowing i t  wi l l  be assumed t h a t  the  dopant  
assumes only  subs t i tu t iona l  posi t ions in the  la t t ice  of 
MO. Fur the rmore ,  only  the case of monova len t  and  
t r iva len t  impur i t ies  wil l  be considered:  the  extension 
to the  case of impur i t ies  of h igher  va lency  is however  
obvious. In  addit ion,  the concentra t ion  of the i m p u r i t y  
is cons idered  sufficiently smal l  so tha t  the oxygen  ac-  
t iv i ty  at  the a l loy /sca le  in ter face  remains  subs tan t ia l ly  
unchanged  wi th  respect  to the pure  metal .  I t  is f inal ly 
assumed tha t  the i m p u r i t y  is p resen t  in its no rma l  
charged  s tate  in the ma t r ix :  if  this  is not  true,  as has 
been found  for  Cr and Ti in CoO (16), the equ i l ib r ium 
be tween  the states wi th  a different  e lectr ic  charge of 
the  i m p u r i t y  should  also be considered.  The same re -  
s t r ic t ions as used in Pa r t  I (1) are  also assumed to 
app ly  here:  in pa r t i cu l a r  only  defects  in the  cation 
subla t t ice  a re  considered.  The cases of presence of 
lower  va len t  or  h igher  va len t  impur i t i es  are  examined  
in  tu rn  separa te ly .  

Lower  valent  impuri t ies . - -Since the  oxide  is assumed 
to have  the composi t ion MO, the  lower  va len t  im-  
pu r i t y  can on ly  be monovalent .  Li wil l  be t aken  as an 
example  of this class of dopants.  In  the  presence of 
Li  in subs t i tu t ional  posit ions in MO, in addi t ion  to the  
usual  equat ions for the  format ion  of the different  l a t -  
t ice defects (1), the mechan i sm of incorpora t ion  of 
the i m p u r i t y  in a no rma l  la t t ice  site according to the  
reac t ion  (17) 

Yz 02 + Li20 = 2Li' + 2h" + 2 0  x [1] 

mus t  also be  considered.  Equat ion  [1] shows tha t  the  
in t roduc t ion  of Li in MO produces  an increase  in the  
concentra t ion  of  the e lec t ron holes: this in tu rn  wi l l  
lower  the  concentra t ion of t h e  charged  meta l  vacancies 
or  ra ise  tha t  of the charged  meta l  in ters t i t ia l s  in  
oxides conta ining only  one k ind  of defect, bu t  wi l l  
affect s imul taneous ly  both concentrat ions  in the case 
of oxides  hav ing  both kinds  of defects,  according to 
Eq. [9]-[10] and [12]-[13] of P a r t I  (1). 

In  the  presence of Li as the impur i ty ,  the neu t r a l i t y  
condit ion becomes 

p + [Mi'] -t- 2[Mf. ]  = n + [V'] -t- 2[V"] + [Li ']  

[2] 

so that,  express ing the concentra t ions  of the  charged  
defects  by  means  of Eq. [9]-[14] of P a r t  I (1) and  
rear ranging ,  Eq. [2] becomes 

2 K 4 K S K ~  K 4 K s )  
K1KTao _]. ~ pa _ [Li,]p2 

- -  (K~ + K1K2ao)p -- 2K1K2K3ao -- 0 [3] 

as a final express ion of p as a funct ion of both  ao and 
[Li '] .  Fo r  any given value  of ao and [Li'] the  previous  
equat ion may  be solved for p and then  the concent ra-  
tions of all  the defects m a y  be calculated.  Then the 
pa r t i a l  fluxes of the  var ious  kinds  of defects, the  over -  
a l l  flux, the  parabo l ic  ra te  constant,  and  the oxygen  
ac t iv i ty  profile m a y  be ca lcula ted  as for  the  pure  
oxide (1), using only  Eq. [3] r a the r  than  Eq. [15] of 
P a r t  I (1) to compute  p. For  a nonuni form dis t r ibut ion  
of the  dopant  the solut ion of Eq. [3] requi res  a knowl -  
edge of [Li ']  as a funct ion of ao, which  has to be ob-  
t a ined  by  some indi rec t  p rocedure  to be discussed 
e lsewhere  (14). The solut ion is ins tead much  s imple r  
if [Li'] is un i form since in  this case p wi l l  be only  a 
funct ion of ao, bu t  a l l  the pa rame te r s  mus t  s t i l l  be 
computed  numer ica l ly  for  each specific case. Only  in 
the  case of the exis tence of a single k i n d  of defect  is 
i t  possible to obta in  simplif ied express ions  which, even 
though of l imi ted  use because based on excess ively  
drast ic  approximat ions ,  m a y  st i l l  be used to make  a 
qual i ta t ive  predic t ion  of the  effect of the dopant.  These 
simplif ied expressions are  given be low for the  different  
possible  cases. 

Neutral  vacancies or neutral  intersti t iaIs.--Since the 
presence of Li in subs t i tu t ional  posi t ions wi th  an ef -  
fect ive charge --1 does not  affect the  concentra t ion of  
the neu t r a l  la t t ice  defects, Joy and kx a re  st i l l  g iven 
by  Eq. [47] and [48] of P a r t  I (1) wi th  r = 0 for  
neu t ra l  vacancies,  or by  Eq. [62] and [63] of P a r t  I 
(1) wi th  s : 0 for neu t ra l  in ters t i t ia ls ,  so tha t  no 
change of kx or of the profile of ao is expected  in this  
case. I t  is however  to be not iced tha t  this s i tua t ion  is 
ve ry  unlikely,  pa r t i cu l a r ly  for  high levels  of doping, 
because in presence of  high concentrat ions of e lectrons 
or e lect ron holes the concentra t ion of charged la t t ice  
defects m a y  become impor t an t  even in oxides in which 
they  are  usua l ly  insignificant.  In  fact, the assumpt ion  
that  a compound contains only ne u t r a l  defects is only  
a s impl i fy ing approximat ion ,  since the  equi l ibr ia  be -  
tween the dif ferent ly  charged  s ta tes  of the  same k ind  
of defect  must  a lways  exist.  In  these cases, therefore,  
the complete  t r e a tmen t  discussed above  must  be used. 

Charged vacancies.--I f  a single k ind  of charged vacancy  
predomina tes  in the doped oxide, then  the e lec t ro-  
neu t r a l i t y  condit ion becomes (r  being the effective 
charge of the vacancies)  

p = n + r [V r'] + ELi'] [4] 

or, since p ~ n for  these oxides, pa r t i c u l a r l y  when 
Li doped 

p ~ r [V r'] + [Li ']  [5] 

The previous  equat ion m a y  be used to compute  p as 
a function of .[Li'] and  ao, express ing  the concentra t ion 
of the  vacancies by  means  of the  re la t ionship  (1) 

[Vr'] pr  
Kv --  - -  [6] 

ao  

where  Kv i s  the constant  of the  equ i l ib r ium for the 
format ion  of the  vacancies.  

A special  s i tuat ion arises when the concentra t ion of 
the  dopant  is so high tha t  [Li ']  ~ [Vr'], so tha t  Eq. 
[5] becomes 

p ~-~ [Li ']  [7] 

and the concentra t ion of the vacancies becomes, f rom 
Eq. [6] 

Kvao 
[ W ' ]  = ~ [8]  

[Li ' ] r  

The overa l l  flux, which  is g iven by  Jr ,  becomes then 
(1) 

d l n a o  
J o v - - - - - - - J v = R D v [ V  r'] - -  

dx  
K v  dao 

-- RDv - -  [9] 
[Li ']  r d x  
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and, upon integrat ion from x ---- 0 to x ---- xs (1) 

Kv 
kx -- 2Do ~ (ao" -- ao') [10] 

Alternatively,  making use of the concentrat ion of the 
metal  vacancies in  the pure oxide as obtained from 
Eq. [6] with the neu t ra l i ty  condition p _-- r [V r'] 

rr 
k,  = 9Do ~ {([Vr']o,,)m _ ([Vr']o')m} 

rr  
_~ 2Do ~ ([Vr']o") m [11] 

where [Vr']o ' and [Vr']o " are the concentrations of V r' 
in  the pure  oxide at the alloy scale interface and  the 
scale/gas interface, respectively. 

The ratio of the parabolic rate constant  for the oxi- 
dat ion of the alloy kx to that  of the pure metal  kx ~ as 
given by Eq. [49] of Par t  I (1) becomes then 

= [12] 

Equation [12] shows that under  the conditions used 
to obtain it, kx is smaller  than kx ~ so that  the in t ro-  
duction of Li slows down the oxidation rate with re- 
spect to the pure metal. In  fact, apart  from the nu -  
merical  factor r r / m  which is close to one, one has 
[Li'] > >  [Vr']J ' by hypothesis, so that  kx < <  kx ~ 

The profile of the oxygen act ivi ty is obtained as for 
the pure  oxides by in tegra t ion  of Eq. [9] from x --  0 
to z -- x and division by  Eq. [10] in  the form 

ao = ao' + (ao" -- ao') y [13] 

so that  in  this case ao is s imply a l inear  funct ion of y. 

Charged in ters t i t ia l s . - -The  electroneutra l i ty  condition 
for these Oxides which are essentially n - type  semi-  
conductors is, assuming that  they contain only metal  
interst i t ials  with an effective charge s 

p + s [Mi s'] --- n + [Li'] [14] 

where the concentrat ion of Mi s' depends on ao through 
the relat ionship (1) 

KI = [Mi s'] nsao [15] 

where K1 is the equi l ibr ium constant  for the formation 
of the interstit ials.  Equations [14] and [15] allow the 
calculation of p as a function of ao and [Li']. 

A special s i tuat ion is met  also in  this case in presence 
of high concentrations of Li, when  [Li'] > >  n and 
also [Mi s'] > >  p, so that  Eq. [14] becomes 

s [Mi ~'] _~ [Li'] [16] 

leading to an approximately constant  concentrat ion of 
interst i t ials  through the scale. The flux of interst i t ials  
will be then (1) 

d In ao 
Joy -- Jz -- RDI  [Mi s'] - -  

d x  
[Li'] d In ao 

= RDI - -  [17] 
S dr 

from which, by integrat ion from x = 0 to x -- xs we 
obtain 

kx- -2Dx [Li'] In - - ~  [18] ao" 

s \ ao' ] 

The ratio of the rate constant kx to that of the pure 
metal kx ~ as given by Eq. [64] of Part I (I) will then 
be 

k~ 1 [Li'] 
In (_--a~ -~ [19] - -  _ _  - -  _ 

kx ~ s ( s  + 1) [Mi~']o ' \ao"  / 

where  [Mi~']o ' is the concentrat ion of Mi ~" in the pure 
oxide at x = O, i.e., at ao = ao'. 

F e b r u a r y  I981 

From Eq. [19] it follows that  the introduct ion of Li 
produces an  increase of the parabolic rate constant  of 
oxidation in  comparison with the pure metal  unde r  
the same oxygen activity in  the gas phase. In  fact for 
the pure oxide s [Mis']o ' ---- no', where no' is the con- 
centrat ion of electrons in the pure oxide at go ---- ao', 
while for the doped oxide s [Mis'] ' _ [Li'], but, be-  
cause of reaction [1], one has also [Mis'] ' > >  [Mis']J: 
in addition, also the factor tn (ao" /ao ' )  is greater  than 
one, so that kx > > k x  ~ 

The profile of ao through the scale is obtained by 
the usual  procedure in the form 

ao = ao'. (ao"/ao')  y [20] 

Higher  va len t  i m p ~ r i t i e s . - - C h r o m i u m  will  be taken 
as an example of higher valent  impur i ty  in an oxide 
MO. The incorporat ion of chromium in  subst i tut ional  
positions occurs according to the reaction (17) 

Cr203 -- 2Cr" + 2 0  x + �89 O3 + 2e' [21] 

and  produces, therefore, an increase in the concentra-  
t ion of electrons. As a consequence, the concentrat ion 
of metal  vacancies wil l  increase and that of metal  
interst i t ials  decrease according to the equil ibria  ex-  
pressed by Eq. [9]-[10] and Eq. [12]-[13] of Par t  I (1). 
The condition for electroneutral i ty  becomes in  this 
case 

p + [Mi'] + 2[Mi"] -~- [Cr'] = n + [V'] ~- 2[V"] 
[22] 

and, expressing the concentrat ions of the different 
defects as functions of ao and p and regrouping, p is 
given by 

2 K4KsK6 4 + 
"K1KTao p +(i ~ ) p e +  [Cr.]p~ 

/QK5 

Klao  

- -  (K7 + K1K2ao) p -- 2K1K2K~ao -- 0 [23] 

Equation [23] replaces Eq. [16] of Par t  I (1), which 
applies to the pure oxide, and allows the calculation 
of p when ao and [Cr'] are known. As in  the case of 
monovalent  impurities,  the calculation of the para-  
bolic rate constant, the fluxes of the different defects, 
and the profile of ao through the scale requires a 
complete solution of the re levant  equations, obta in ing 
p by solution of Eq. [23]. 

Simplified solutions may  be obtained also in this 
case if it is assumed that  essentially only one kind of 
defect is present  in the whole range  of s tabil i ty of the 
oxide and that  the impur i ty  is un i formly  distr ibuted 
through the scale. As before, the different possibilities 
are examined in  turn.  

Neutra l  vacancies  or neutral  in ters t i t ia l s . - -As  for the 
case of the presence of monovalent  impurities,  no 
change in  the rate constant or in the oxygen activity 
profile is expected in presence of these defects if it  is 
assumed that  the defect s t ructure of the doped oxide 
remains  the same as tha t  of the pure oxide. However, 
as discussed above, this is only a crude approximat ion 
which is not  expected to" hold par t icular ly  for high 
doping levels. 

Charged vacanc ies . - -The  electroneutral i ty  condit ion in  
this case is 

p + [Cr'] ---- n + r IV r'] [24] 

or, since p > >  n in  these oxides 

p + [Cr'] _~ r [V r'] [25] 

which may be used to compute p as a funct ion of [Cr']  
and ao using Eq. [6] to express IV r'] as a funct ion of ao. 

A special si tuation is met  when the concentrat ion of 
the dopant  is much  higher than p and independent  of 
ao, since in  this case Eq. [25] becomes s imply 

[Cr']  -- r [V r'] [26] 
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The overa l l  flux of ma t t e r  th rough  the scale is equiv-  
a lent  to Jv  and becomes 

Joy = -- Jv = RDv [V r'] - -  
d ln  ao 

d,3g 
[Cr'] d l n a o  

= R D v -  [27] 
r dx  

Integration of Eq. [27] f rom x --  0 to x = xs  yields  

[Cr ' ]  ( ao" ) 
kx = 2Dr In -- [28] 

~" ao* 

In  compar ison wi th  the  oxida t ion  of the pure  me ta l  
we obtain,  using Eq. [49] of P a r t  I (1) 

kx [Cr.] 
In { __a~ ~ [29] 

kx ~ m r  [Vr ' ] o  " \ ao '  / 

or, express ing  the concentra t ion of charged vacancies 
V r' in the pure  oxide  as a funct ion of ao at  x --  xs  by  
means  of Eq. [46] of P a r t  I (1) 

k~ [Cr'] 1 
In ~ ~ [30] 

_ ( ao" 

kx ~ m r  [Vr ' ]o  ~ ( a o ' )  1/m \ ao,  / 

whe re  [Vr']o o is the  concentra t ion of V r" at  ao --  1 in  
the pure  oxide. 

The previous  equat ion shows tha t  the  presence of 
a h igher  va len t  i m p u r i t y  produces  an  increase  in the  
parabol ic  ra te  constant  for  ox ida t ion  in comparison 
wi th  the  pure  meta ls  under  the same oxygen  ac t iv i ty  
in the  gas phase. In  fact  for the  pure  oxide  Po" 
r [Vr']o ", whi le  for  the  doped oxide  r [Vr'] " ~ [Cr ' ] ,  
but,  as a consequence of react ion [21], [Vr']" > >  

r' t t  [V ] o ,  so tha t  [Cr']/[Vr']o"-> 1: in addit ion,  also the  
factor  In (ao' /ao')  is l a rge r  than  one, so tha t  kx > >  
kx ~ . 

The profile of the  oxygen  ac t iv i ty  is given in this 
case b y  the  same equat ion as f o r  the  doping of MO by  
monova len t  ions when  the oxide  contains only charged 
meta l  in ters t i t ia ls  (Eq. [20]).  

Charged in ter s t i t ia l s .~The  e lec t roneu t ra l i ty  condit ion 
is now 

p + s [Mi s'] + [Cr ' ]  : n [31] 

or, since n > >  p in this  case 

S [Mi  s ' ]  -~- [ C r ' ]  ~ n [32] 

where  the  concentra t ion of the in ters t i t ia ls  depends  on 
ao b y  means  of Eq. [15]. Equat ion  [32] m a y  be used 
in conjunct ion wi th  Eq. [15] to compute  p as a func-  
t ion of ao if the concentra t ion of Chromium is known  
as a funct ion of ao too. The solut ion is obviously  s im-  
p l e r  if  [Cr ' ]  is independen t  of ao. 

I f  the concentra t ion of the  dopant  is constant  wi th in  
the scale and much grea te r  than  the concentra t ion of 
the  me ta l  inters t i t ia ls ,  Eq. [32] becomes 

[Cr ' ]  ~ n [33] 

and the concentra t ion of meta l  in ters t i t ia ls  is given b y  

KI 
[Mi s'] : [34] 

[Cr']~ ao 

Under  this s i tua t ion  the flux of meta l  inters t i t ia ls ,  
equiva len t  to J.ov, has the  form (1) 

d In ao 
J I  : 3ov : RDI [Mi  s ' ]  

dx  
K1 d In ao 

: RDI [35] 
[Cr ' ]  ~ ao dx  

F r o m  Eq. [35] the parabol ic  ra te  constant  is obta ined 
by  the usual  p rocedure  in the  form 

K~ ( lao, ao"l ) kx : 2DI ~_---~- [36] 
[ C r q ~  

or, using the concentra t ion of in ters t i t ia ls  in the  pure  
oxide wrmre the neu t r a l i t y  condi t ion is s[Mi s'] --  n, 
as g iven b y  (1) 

even in the  fo rm 

[Mi s.] - -  [Mis.]o a o - l / t  

kx = 2 D __I 8s 
[Cr']~ 

{ ([Mis]'o) t _ ( [M~.],,o)t} 

[37] 

DIS s 
, '~2 ([Mis '] 'o)  t [38] 

[Cr-]s 

~41ere [Mis']'o and  [Mis']"o are  the  concentra t ions  of 
Mi ~- in the  pure  oxide  at  ao = ao' and  ao --  a"o, r e -  
spect ively.  

In  compar ison wi th  pu re  oxide  we  obtain,  u s ing  
Eq. [64] of P a r t  I (1) 

kz ss { [Mls']'o } s 

kx - - V  --  t ' [Cr ' ]  [39] 

Equat ion [39] shows tha t  the  in t roduct ion  of chro-  
mium in an oxide  containing meta l  in ters t i t ia ls  p ro -  
duces a decrease of the  parabol ic  r a t e  constant  for  
ox ida t ion  in comparison wi th  the pu re  metal .  In  fact, 
a pa r t  f rom the numer ica l  factor  ss/t, close to one, one 
has b y  assumpt ion  [Cr ' ]  > >  [Mis']'o, so tha t  kx 
< <  kx ~ 

The profile of the oxygen  ac t iv i ty  is obta ined as 
p rev ious ly  in the  same form as holding for  a pure  
oxide  wi th  p reva i l ing  neu t ra l  meta l  in ters t i t ia ls  (Eq. 
[68] o f  Pa r t  I (1) wi th  t ---- 1), or  

ao -1 : (ao') -1 --  ( (ao ' )  -1 --  ( a o " ) - l ) y  [40] 

Numerical Results 
This section is d iv ided  into two par ts :  first, the 

effect of the dopants  on the parabo l ic  ra te  constant  
of oxidat ion  is eva lua ted  as a funct ion of the dopant  
concentra t ion for  a fixed oxygen  ac t iv i ty  in the  gas 
phase or  as a funct ion of ao" for  fixed concentra t ions  
of the impur i t ies  for  oxides having  a single k ind  of 
defect. Then the effect of the presence of a constant  
concentra t ion  of impur i t ies  is eva lua ted  for  the  g rowth  
of CoO on cobal t  al loys at  1000~ both  in the  presence 
and in the  absence of meta l  in ters t i t ia ls  as an example  
of the behavior  of oxides having  a more  complex  de-  
fect s t ructure .  

Oxides containing a single kind of de fec t . - -Oxides  
w i th  metal  vacancies . - -As  discussed above, the  ox ida -  
t ion of meta ls  forming  oxides  conta ining only  neu t r a l  
vacancies should not  be affected by  the addi t ion  of 
he te rova len t  impuri t ies ,  but  this case is not  phys ica l ly  
significant. We wi l l  the re fore  examine  in  de ta i l  the 
case of s ing ly  charged  vacancies:  oxides wi th  doubly  
charged vacancies give s imi la r  resul ts  which are  not 
repor ted  here  for  brevi ty .  

The numer ica l  values  of the var ious  pa rame te r s  r e -  
qui red  for the  calculat ions are  t aken  s imi la r  to those 
app ly ing  to the oxida t ion  of cobal t  a t  1000~ The 
diffusion coefficient of the  me ta l  vacancies is given 
the va lue  Dv = 10 -7  cm 2 sec-1;  for  the  equ i l ib r ium 
constant  Kv we take  the va lue  10 -4, corresponding to 
a concentra t ion of V' equal  to 10 -2 at  ao = 1. F o r  the  
constant  of the equ i l ib r ium for the  in t r ins ic  ionizat ion 
K7 we use two values,  name ly  K7 ---- 10 -9 a n d  K7 ---- 
10 -12 , to show the effect tha t  i t  m a y  have on the con- 
centra t ions  of the var ious  defects in the  presence of 
impuri t ies .  F ina l ly  the oxygen  ac t iv i ty  corresponding 
to the  me ta l /ox ide  equi l ib r ium is t aken  equal  to tha t  
p reva i l ing  for the  Co/CoO equi l ib r ium at  1000~ 
( a o ' =  1.66 • 10 -e )  (1). 

F igure  1 shows the change of the parabol ic  r a t e  
constant  kx wi th  the gas-phase  oxygen ac t iv i ty  ao" 
for  the pu re  oxide  and for some selected values  of the  
concentra t ion  o~ the  dopants ,  bo th  monova len t  and  
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Fig, I .  Parabolic rate constant of oxidation of a metal as a func- 
tion of the gas-phase oxygen activity no" with formation of an 
oxide M e  containing only metal vacancies V'. Continuous lines: 
K~ - -  1 • 10-1/2; dotted lines: K7 -" 1 )< 10 -9 .  Curves 1 and 
2: oxide containing a monovalent impurity with a concentration 
10-~  and 10 -3 ,  respectively. Cu~es 3: pure oxide. Curves 4 and 5: 
oxide containing a trivalent impurity with a concentration 10 -3  
and 10 -~,  respectively. 

tr ivalent,  and for the two values of KT. The effect of 
monovalent  impuri t ies  is to produce a decrease of /cz 
and that  of the t r iva len t  impuri t ies  an increase, as ex-  
pected. The curves tend to approach each other  in  the 
range  of high oxygen activities while they diverge for  
low ao values. The curves corresponding to the same 
concentrations of monovalent  impuri t ies  and the two 
values of K7 are identical, while those for the t r i -  
va len t  impuri t ies  as well  as for the pure oxide differ. 
This is an example of the imPortance of the value of 
the in t r ins ic  ionization constant  K7 in  establishing the 
concentrat ions of all the defects as funct ions of no. 
For the pure  oxide the expression of k= as given by  
Eq. [49] of Pa r t  I (1) 

kx - -  2mDv [V'] 'o [41] 

holds only if the condition p = [V'] --  (Kvao)~, is 
fulfilled in  the whole range  of ao. Actually, however,  
the complete condit ion of neut ra l i ty  is p = n ~- [V'], 
so that  the equal i ty  be tween p and [V'] is only an  ap-  
proximat ion holding when p > >  n or [V'] > >  n. 
Taking into account the two equi l ibr ia  for the forma-  
t ion of vacancies, electrons and electron holes, the 
condit ion p _~ [V'] requires that  Kvao > >  K~, a s i tu-  
at ion which is less l ikely to hold at  small  oxygen ac- 
tivities and in par t icular  at ao -- ao'. In  the present  ex- 
ample, since Kv ---- 1D -4 and ao' -- 1.66 X 10-", we 
obta in  K~ < <  1.66 X 10 -1~ to have p _~ [V']. This 
condit ion is fulfilled if K~ -- 10-zg, bu t  not  if K7 -- 
10 -9, leading in  the la t ter  case to a [V'] smaller  than  
p at  low oxygen activities. The consequence is that  
for K7 ---- 10 -9 the parabolic rate constant  is smaller  
than  for K~ = 10 -~2 in  the region of low ao, even if the 
effect tends to disappear at high ao. In  the presence of 
monovalent  impuri t ies  the concentrat ion of the elec- 
t ron holes is increased and that  of the electrons de- 
creased with respect to the pure oxide, so that  the 
value of kx is no longer affected by the value of KT. 
On the contrary, the addition of t r ivalent  impuri t ies  
produces an  increase in  the concentrat ion of the va-  
cancies and electrons and a decrease in that  of the 
electron holes so that, depending on the value of K7 
and the concentrat ion of the impuri ty,  the oxide may 
change from p-  to n - type  at least in the range of 
small  oxygen activities. In  addition, the concentrat ion 
of electrons in  the region of low ao may  become 

larger  than  that  of V', so that  the condit ion [Y'] ,-~ 
[Cr'] does no longer hold, bu t  one has instead [V'] < 
[Cr ' ] :  for a fixed concentrat ion of impur i ty  these 
changes occur under  an ao value which is smaller  the 
larger is K~. This is shown in  Fig. 2 where the con- 
centrat ions of the different defects are plotted as 
functions of ao for the two values of K7 and a con- 
centrat ion of the t r iva lent  impur i ty  equal to 10 -3. The 
consequence of this s i tuat ion is that  the kx curves cor- 
responding to K~ ---- 10 -19 are higher than  for the 
larger  value of K7 due to the higher concentrat ion of 
vacancies in the former  case in  the region of low ao. 

Figures 3a and  3b show the ratio be tween the para-  
bolic rate constant  for the format ion of a doped oxide 
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Fig. 2. Concentrations of the different defects as functions of 
the oxygen activity ao in an oxide Me containing only metal 
vacancies V' and a concentration of a trivalent impurity 10 -2 .  
Continuous lines: K7 = 10 -1~, dotted lines: K7 = 10 -9 .  

%- 

-1 M 

o 0.02 0.06 0.08 o.1 

[M],[T] (mole fraction) 

Fig. 30. Katie of the parabolic rate constant for the growth of o 
doped oxide k~ to that for the growth of the pure oxide kx ~ 
under a gas-phase oxygen activity no" =- 1, as a function of the 
concentration of the dopant: M = monovalent impurity; T = 
trivalent impurity. Continuous lines obtained from Eq. [12] (M) 
and Eq. [29] (T), respectively. K~, = 10 -9.  
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Fig. 3b. Ratio of the parabolic rate constant for the growth of a 
doped oxide kx to that for the growth of the pure oxide kx ~ under 
a gas-phase oxygen activity ao = 1, as a function of the concen- 
tration of the dopant: M = monovalent impurity; T = trivalent 
impurity. Continuous lines obtained from Eq. [12] (M) and Eq. 
[29] (T), respectively. K;, -- lO -12. 

kx and tha t  for the  corresponding pure  oxide kx ~ cal -  
cu la ted  for  a fixed value  of the gas-phase  oXygen ac-  
t iv i ty  ao" ---- 1, as a function of the concentra t ion of the 
dopants,  both  monova len t  and t r ivalent ,  along wi th  
the curves  corresponding to the  l imit ing expressions 
as given by  Eq. [12] for Li doping and Eq. [30] for 
Cr doping. The values  of k x / k x  ~ are  calcula ted up to a 
high concentra t ion of the dopants  (10 -1) to show more 
c lear ly  the  effect of doping, but  the  resul ts  in this r e -  
gion are  only  indicat ive  in view of the high concen- 
t ra t ions  of defects p reva i l ing  under  this condition, r e -  
qui r ing appropr ia t e  correct ions to the  s imple  expres -  
sions used here. The continuous curves corresponding 
to the  l imi t ing expressions are  c lear ly  wrong for low 
doping levels,  since these equations do not  ex t r apo -  
la te  to this region where  the  approx imat ions  used to 
obta in  them do not  hold. At  high dopant  concent ra-  
tions the curves are  super imposed  to the points  ca lcu-  
la ted  by  the complete  numer ica l  p rocedure  in the case 
of the  presence of monovalen t  impur i t i es  for  both 
values  of KT, whi le  this  happens  only for  K7 ---- 10 -12 
in the  case of t r iva len t  impuri t ies .  In  fact  for the  
h igher  va lue  K7 ---- 10 -9 the ca lcula ted  points  l ie be low 
the simplif ied curve due to the  reasons discussed above, 
i.e., to the fact  tha t  the condit ion IV'] _ [Cr ' ]  which 
has been used in the der iva t ion  of the ana ly t ica l  ex -  
press ion does not  hold  everywhere .  

Regard ing  the effect of doping on the va lue  of the 
parabol ic  ra te  constant  for  oxides containing only  va-  
cancies, subst i tu t ion of d x  = x s d y  into Eq. [9] y ie lds  
(1) 

d l n a o  
JovXS = kt -- R D v [ V ' ]  - -  [42] 

d y  

where  kt is the parabol ic  ra te  constant  expressed  in 
molecules  of oxide formed per  uni t  surface a rea  pe r  
uni t  t ime (18). Equat ion [42] shows that  the va lue  of 
kt,  and therefore  also of kx which is p ropor t iona l  to i t  
(1), is re la ted  to two factors, namely,  the concent ra-  
t ion of defects  and  the grad ien t  of In (ao) wi th  respect  
to y. Using Eq. [42] to express  kt for  the  doped as wel l  

as for  the pure  oxide, the rat io  k x l k z  ~ can be expressed 
in the fo rm 

k x  [ Vr'] doped d~ doped 
- -  R , R ~  [43]  

dy ur. 
with  

[Vr']doped 
R, = [44a] [W']p.r, 

and 

T/doped 
Rs = [441o] 

d In a o  ) 

( ~'Y /put, 
Both factors R1 and R2 wil l  in gene ra l  cont r ibu te  to 
fix t h e  va lue  of the ra t io  k x / k , ,  ~ while  for a fixed gas- 
phase oxygen  ac t iv i ty  ao" and a dopant  concentra t ion 
independen t  of x the i r  p roduc t  mus t  r ema in  constant  
th rough  the scale, i.e., for any  va lue  of ao be tween  ao' 
and ao". The ind iv idua l  values  of R1 and R2 will,  how-  
ever, genera l ly  change wi th  ao, so tha t  i t  seems useful  
to examine  the contr ibut ions of these factors to k x / k x  ~ 
sepa ra te ly  as functions of ao. This may  be done eas i ly  
by  the usual  numer ica l  p rocedure  by  eva lua t ing  R1 and 
R2 as functions of ao: the resul t  is shown in Fig. 4 for 
the same values of the  pa rame te r s  used above and 
K7 = 10 -12 wi th  a fixed concentra t ion of impur i t ies  
(10-2) .  For  a monovalen t  impur i t y  the rat io  k x / k x  ~ 
under  the conditions specified above becomes 0.379: 
the  change of R1 and R2 repor ted  in Fig. 4 shows tha t  
in this case R1 a lways  gives a contr ibut ion  to the de-  
crease of kx wi th  respect  to kx ~ since i t  is smal le r  than  
one everywhere ,  whi le  R2 is l a rge r  than  one be low ao 
(1) _-- 0.211 a pp rox ima te ly  and smal le r  than  one 
above ao (1), so tha t  the  overa l l  reduct ion  of kx wi th  
respect  to kx ~ has to be a t t r ibu ted  to R1 eve rywhere  
and to R2 only above ao (1). In  the  region be low ao 
(1) R1 tends to produce a decrease of kx whi le  R2 an 
increase, but  the effect of R1 is numer ica l ly  p reva i l -  
ing. On the con t ra ry  for t r iva len t  impuri t ies ,  giving a 
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Fig. 4. R1 and R2 (defined in the text) as functions of the oxygen 
activity for the growth of an oxide MO containing only V' vacancies 
pure and doped with a concentration 10 -2  of monovalent or tri- 
valent impurities under a gas-phase oxygen activity ao" = 1. 
Continuous lines: monovalent impurity; dotted lines: trivalent im- 
purity. 
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rat io  kx /kx  ~ - -  6.919, Rz is a lways  g rea te r  than one 
whi le  R2 is l a rge r  than  one only above ao (1) _-- 2.24 
X 10 -2 so tha t  the  increase  of kx wi th  respect  to kx" 
is due main ly  to R1. I t  m a y  be concluded tha t  for  a 
un i form dis t r ibut ion  of the  dopant  the change of kx 
is re la ted  p r inc ipa l ly  to the  change in t h e  concentra-  
t ion of the vacancies produced by the impuri t ies ,  even 
though this is not  the only fac tor  to produce the ob-  
served effect. 

F ina l ly ,  different  values  of the equi l ib r ium constant  
for  the  format ion  of the  vacancies Kv y ie ld  resul ts  
s imi la r  to those repor ted  above:  the effect of the 
dopants,  however,  increases for  smal le r  values of Kv, 
since these correspond to smal le r  concentrat ions  of 
vacancies in the pu re  oxide, in agreement  wi th  the  
theore t ica l  predic t ions  according to Eq. [12] and [29]. 

Oxides w i th  metal  ~ntersti t ials.--Only oxides contain-  
ing s ingly  charged  in ters t i t ia ls  wi l l  be considered in  0 
detai l .  The diffusion coefficient of the in te rs t i t i a l  me ta l  
a toms is t aken  aga in  as Dx = 10-7 cm2/sec-X whi le  
f o r  the  constant  of equ i l ib r ium for the  format ion  of 
in ters t i t ia ls  we  take  the  va lue  KI --  1.664 • 10 -10, 
corresponding to a concentra t ion of in ters t i t ia ls  1O -2  
at  the M/MO interface,  using for  ao" the va lue  ao' : .  
1.66 X 10-6 as previously .  Two different  values  a re  
used for  the  in t r ins ic  ionizat ion equi l ib r ium constant  
Kv (Kv = 10 -9  and Kv = 10 -z~) as for  the vacan-  
cies to examine  the effect of Kv on the different  p a -  
rameters .  

The  change of kx as a funct ion of ao" for some se-  
lected values  of the concentra t ion of the  dopant,  both  
monovalen t  and  t r ivalent ,  is r epor ted  in Fig. 5 for  the  
t w o  values  of Ky: the  presence of monova len t  im-  
pur i t ies  produces  an increase  and that  of t r iva len t  im-  
pur i t ies  a decrease of kx wi th  respect  to the  va lue  f o r  
the  pu re  me ta l  kx ~ as expected.  The curves show a 
fas t  increase  of  kx at  low oxygen act ivi t ies  and then  
tend  to a constant  value:  this behavior  is typica l  of 
oxides containing only  meta l  interst i t ials .  The curves 
corresponding to the presence of the same concent ra-  
t ion of a t r iva len t  i m p u r i t y  are  coincident  for  the  two 
K~ values,  whi le  those for  a monovalen t  impur i t y  
differ a t  high values  of ao, those for K~ --  10 -1~ being 
h igher  than  those ca lcula ted  for  KT ---- 10-9. This is 
again  a resul t  of the  r e l a t ive ly  la rge  value  of K7 in the  2 

l a t t e r  case. In  fact, in the presence of monovalen t  im-  
pur i t ies  the concentra t ion of in ters t i t ia ls  and  that  of 
e lec t ron holes is increased wi th  respect  to the  pure  
oxide and therefore  tha t  of electrons is decreased,  so 
that  the oxide tends to change f rom n-  to p - t y p e  
semiconduct ivi ty .  Moreover,  if  KT is la rge  and the 
concentra t ion of the  impur i t y  g rea t  enough, the condi-  
t ion [Mi'] < [Li ']  takes  the place of the  condit ion 
[Mi'] ~ [Li'] holding for a lower  K~ value,  as shown 
in Fig. 6 for a concentra t ion of impur i t ies  equal  to 
10-2 and K~ = 10-9: this case yields,  therefore,  to a 
lower  va lue  of kx. 

The rat io  kx/kx ~ as a funct ion of the concentra t ion 
of the dopant  under  ao" --  1 for monovalen t  and t r i -  
va len t  impur i t ies  is r epor ted  in Fig. 7a and 7b for the  
two values  of K~ along wi th  the curves obta ined f rom 
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Fig. 6. Concentrations of the different defects as functions of 
the oxygen activity ao in an oxide MO containing only metal inter- 
stitials My and a concentration of a monovalent impurity 10 -2 ,  
Continuous lines: K7 ~ 10-12; dotted lines: K7 ~ 10 -9 .  
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Fig. 5. Parabolic rate constant of oxidation of a metal as a func- 
tion of the gas-phase oxygen activity ao" with formation of an 
oxide MO containing only metal interstitials Mi'. Continuous lines: 
/(7 ----- 10-12; dotted lines: K7 = 10 - 9  . Curves 1 and 2: oxide 
containing a trivalent impurity with a concentration 10-2  and 
5 X 10 - 3  , respectively. Curve 3: pure oxide. Curves 4 and 5: 
oxide containing a monovalent impurity with a concentration 
5 X 10 - 8  and 10 -= ,  respectively. 
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Fig. 7a. Ratio of the parabolic rote constant for the growth of 
a doped oxide kx to that of the pure oxide kx ~ under a gas-phase 
oxygen activity ao" = 1 as a function of the dopant concentration: 
M ----- monovalent impurity; T = trivalent impurity. Continuous 
lines obtained from Eq. [19] (M) and Eq. [39] (T), respectively. 
K~. --" 10 -9 ,  
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Fig. 7b. Ratio of the parabolic rate constant for the growth of a 
doped oxide kx to that of the pure oxide kx ~ under a gas-phase 
oxygen activity ao" = i as a function of the dopant concentration: 
M = monovalent impurity; T "- trivalent impurity. Continuous 
lines obtained from Eq. [19] (M) and Eq. [39] (T), respectively. 
K7 = !0 -12. 

the  simplif ied l imi t ing  equat ions  (Eq. [19] and [39] ). 
For  the  lower  K? value  the points  ob ta ined  by  the 
complete  calculat ion agree  wel l  w i th  the  simplif ied 
curves at  sufficiently high doping levels. On the con- 
t ra ry ,  for  K~ -- i0 -s the ag reemen t  is obta ined  only  for 
the  t r ivalent ,  but  not  for the  monovalen t  impuri t ies ,  
for  which  l~he comple te  calculat ion leads  to resul ts  
lower  than  those obta ined  f rom Eq. [19]. This behavior  
depends  again  on the high value  of K7 and on the effect 
i t  has on the concentra t ion of meta l  inters t i t ia ls ,  as 
discussed above. 

Proceeding  as for  the  vacancies,  the  rat io  k~/kx ~ 
m a y  be expressed  in  the  fo rm 

kx 
= RIR2 [45] ~ o 

with  
[iV~i" ] doped 

[46a] 
[Mi']pure 

and  
( d ~ a o  ) 

dy doped 
R~ = [46b] 

( d l n  a~ )pure dy 

so tha t  the  rat io  is affected by  both  factors R~ and 
Rz. These m a y  be ca lcula ted  sepa ra te ly  as functions 
of ao and are  r epo r t ed  in  Fig. 8 for  K7 ---- 10 -12 and a 
concentra t ion of i m p u r i t y  equal  to 10-~ e i ther  mono-  
va len t  or  t r ivalent .  In  the  case of the addi t ion  of a 
un i fo rm concentra t ion  of a monovalen t  impur i t y  the  
ra t io  kx/kx ~ takes  the va lue  7 .0 :R1 is a lways  grea te r  
than  one whi le  R2 is g rea te r  than  one only be low ao 
(1) ---- 7.94 • 1O -5 a p p r o x i m a t e l y  and smal le r  than  
one above  ao (1). Therefore,  be low ao (1) both  R1 
and R2 act in the  same direct ion to increase kx, even 
if  a t  a different  extent :  above ao (1) ins tead Rt and 
RE act in the  opposi te  way,  but  the effect of R1 p re -  
vai ls  over  tha t  of R2. Fo r  the same concentra t ion of a 
t r iva l en t  i m p u r i t y  one obta ins  ins tead kx/kx ~ = 0.367 
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Fig, 8. R1 end R2 (defined in the text) as functions of the oxygen 
activity oo for the growth of an oxide MO containing on|y metal 
interstitials Mi" pure and doped with a concentration 10 - 3  of 
monovalent or trivalent impurities under a gas-phase oxygen activ- 
ity ao - -  1. Continuous lines: monovalent impurities; dotted lines: 
trivalent impurities. 

and R1 is a lways  smal le r  than  one whi le  R2 is smal le r  
below ao (i) = I0 -~ and greater above it. The gen- 
eral conclusion is therefore the same as for the charged 
vacancies, Le., that the change of kx is mainly due to 
the change in the concentration of the lattice defects 
produced b:# the incorporation of the impurity which 
is usually opposite and prevails over the change in 
the gradient of the logarithm of the oxygen activity 
through the scale. 

Results similar to those reported here may be ob- 
tained for different values of the equilibrium constant 
KI or also for oxides containing doubly charged in- 
terstitials. In the former case a decrease of KI leads to 
a greater effect of the addition of the dopants on kx, 
in agreement with the predictions based on Eq. [19] 
and [39]. 

Oxides wi th  a complex  deyect structure: CoO.--The 
same values  of the pa rame te r s  as used for the ca lcula-  
t ion on pure  CoO (1) a re  also used here. The calcula-  
t ion is pe r fo rmed  for  the case of the  absence as wel l  
as for  the presence of in te rs t i t i a l  cobal t  atoms, which  
are  r e fe r red  to as case 1 and case 2, respect ively.  In  
the  l a t t e r  case the concentra t ion  of in ters t i t ia ls  is 
ca lcula ted assuming tha t  at  an oxygen  ac t iv i ty  cor-  
responding to the  Co/CoO equ i l ib r ium [Coi"] = [V"]. 

F igure  9a and 9b show the plots of kx as functions 
of ao" for  the oxide  pure  and doped wi th  some selected 
concentrat ions of impur i t ies  e i ther  monovalen t  or  t r i -  
va len t  for  cases 1 and 2, respect ively.  In  presence of 
t r iva len t  impur i t ies  the  curves corresponding to the  
two cases a re  exac t ly  coincident.  On the contrary ,  in  
the case of the presence of monova len t  impur i t ies  the  
behavior  of kx is comple te ly  different  in the  two cases. 
In  fact, whi le  in absence of Coi"" the parabol ic  ra te  
constant  is decreased b y  the addi t ion  of Li wi th  respect  
to pure  Co, in the  presence of Co in ters t i t ia ls  i t  is in-  
creased even if  these are  minor i ty  defects in the  pu re  
oxide. This s i tuat ion is r e l a t ed  to the  fact  t ha t  the  
addi t ion of a monovalen t  impur i t y  ca r ry ing  a negat ive  
effective charge produces  a la rge  increase in the con- 
cent ra t ion  of the meta l  interst i t ia ls ,  p a r t i c u l a r l y  close 
to the  me ta l / s ca l e  interface,  as is shown in Fig. 10 for  
[Li ']  = 10 -~, and this in tu rn  produces  an increase  
in the va lue  of kx wi th  respect  to kx ~ pa r t i c u l a r l y  at  
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Fig. 9 r  Parabolic rate constant for the growth of CoO at 1000~ 
pure or doped as a function of the gas-phase oxygen activity ao" = 
1 for case 1 (absence of Coi"). Continuous lines: pure oxide 
(curve 4) or oxide containing a monovalent impurity with a con- 
centrotion 10 - ~  (curve 1), 5 • 10 - 3  (curve 2), and 10 - 3  (curve 
3). Dotted lines: oxide containing a trivalent impurity with a con- 
centration 10 - s  (curve 5), 5 • 10 - 8  (curve 6), and 10 - 2  (curve 
7). 
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Fig. 9b. Parabolic rate c.onstant for the growth of CoO at 
!000~ pure or doped as a function of the gas-phase oxygen activ- 
ity ao" = 1 for case 2 (presence of Coi"). Continuous lines: pure 
oxide (curve i)  or oxide containing a monovalent impurity with a 
concentration 10 - 8  (curve 2), 5 • 10 - 3  (curve 4), and 10 - 2  
(curve 5). Dotted lines: oxide containing a trivalent impurity with a 
concentration 10 - 3  (curve 3), 5 • 10-~ (curve 6), and 10-~ 
(curve 7). 

low values of ao". On the contrary,  the addit ion of a 
t r iva lent  impur i ty  with a positive effective charge 
leads to a decrease of the concentrat ion of the Col'" 
with respect to the pure CoO, where their  role is al-  
ready very  limited, so that  their  presence has no ef- 
fect in  this situation. 

The effect of the concentrat ion of the impur i ty  on 
the parabolic rate constant as measured by the ratio 
kx /kx  ~ under  a constant  gas-phase oxygen activity 
ao" -= 1 is presented in  Fig. 11 for both cases 1 and 2. 
While the curve corresponding to the presence of t r i -  
valent  impuri t ies  remains  unaffected by the presence 
or the absence of Coi", that  corresponding to the addi-  
t ion of monovalent  impuri t ies  is completely reversed, 
unless for very  small  values of ILl'], which lead to a 
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Fig. 10. Concentration of the different defects in CoO doped with 
a concentration 10 - 2  of o monovalent impurity as a function of the 
oxygen activity ao at 1000~ for case 2. 

small decrease of kx with respect to kx ~ at low oxygen 
activities. 

The previous conclusion about  the effect of the addi-  
tion of monovalent  impuri t ies  on the oxidation rate 
of cobalt is supported by  the results of the high tem- 
perature  oxidation of a solid solution of copper in  
cobalt containing about  10 weight percent  of Cu, which 
shows a small  increase of the parabolic rate constant  
with respect to pure cobalt instead of a decrease as 
expected in  the case of the absence of Co interst i t ials  
(19). This effect may  be a t t r ibuted  to the presence of 
copper dissolved in CoO in  the form of Cu § ions, at  
least in  the region of low oxygen activities. A similar  
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Fig. 11. Ratio of the parabolic rate constant for the growth of 
doped CoO to that of pure CoO at 1000~ and ao" ~ 1 as a 
function of the dopant concentration. A points calculated for a 
monovalent impurity for case 1; �9 calculated for a monovalent 
impurity for case 2; Q calculated for a trivalent impurity for 
both cases 1 and 2. 
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effect has also been found in the oxidation of a copper- 
rich Cu-Ni alloy (20) and this could also have the 
same explanation. 

The addition to cobalt or nickel of a second alloy 
component forming cations of valency higher than two 
has been found to produce an increase in the oxidation 
rate of the base metal, in agreement with the Wagner-  
Hauffe rules as given for a uniform concentration of 
the impuri ty  (21-30). These impurities, however, show 
a tendency to accumulate preferential ly close to the 
alloy/scale interface, thereby decreasing or even re-  
versing the gradient  of the concentration of the metal 
vacancies through the scale. In this situation the va- 
cancies have to diffuse against their own concentration 
gradient in their motion inward from the scale/gas 
interface, a situation which at first sight seems phy-  
sically unrealistic. The contradiction is, however, only 
apparent  since the inward flux of charged vacancies 
is given by Eq. [22] or [23] of Par t  I (1) in the form 

( d [ V  r'] . d l n p )  
Jv = -- RDv d-----~ ~" r [u ~ [47] 

where the first term represents the flux due to the 
gradient  of the concentration of the vacancies and the 
second that  produced by the gradient of the electric 
potential due to the motion of the more mobile elec- 
tronic species. It is therefore possible for the vacan- 
cies to move uphill  with the help of an accelerating 
electric field which forces them to proceed inward. 

It has been shown above that for oxides containing 
only one kind of metal  vacancy and uniformly doped 
with a higher valent impuri ty  the increase of kx with 
respect to kx ~ depends on two factors related respec- 
tively to the change of the concentration of the va- 
cancies and of the gradient of the logarithm of the 
oxygen activity with respect to the normalized distance 
from the alloy/scale interface y, For that case the ob- 
served increase of kx is due mainly to the first factor. 
However, if the distribution of the dopant is not uni- 
form, it seems not possible to state a priori even if the 
addition of the impuri ty  will enhance or depress the 
oxidation rate. In fact this may only be assessed by 
means of the appropriate calculations taking into ac -  
count the actual distribution of the dopant in the scale, 
as wil] be attempted in a next paper (19). The experi-  
mental  results pointout ,  however, that the net effect of 
doping is to increase the oxidation rate, suggesting 
that the increase in the concentration of the vacancies 
produced by the impurities is still the dominating fac- 
tor in modifying the oxidation rate for these systems. 

Conclusions 
The application of a theory for the parabolic oXida- 

tion of metals developed previously (1) to the growth 
of oxides doped with heterovalent impurities forming 
on dilute alloYS confirms the conclusions already known 
as the Wagner-Hauffe rules for oxides containing a 
single kind of defects and a uniform distribution of 
the dopant, allowing however a more complete cal- 
culation of all the parameters involved. For oxides 
containing different kinds of defects it  is shown that 
under suitable conditions defects which are unimpor- 
tant  in the pure oxide may play a substantial role 
leading to an effect of the dopant which may be very 
different or even reversed with respect to that  pre-  
dicted on the basis of a simpler defect model. These 
results point out again that a correct and complete 
interpretat ion of the oxidation behavior of dilute al-  
loys as well as of pure metals can only be carried out 
if the actual defect structure of the oxide is known 
with sufficient accuracy. For the time being a com- 
plete understanding of the high temperature oxidation 
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behavior of pure metals and dilute alloys is generally 
prevented by the incomplete knowledge of this sub- 
ject. Further  progress should be possible, however, by  
a future development of the basic research in this field 
along with a consideration of all the other important  
factors also affecting the experimental ly observed re-  
action rates. 

Manuscript submitted Apri l  1, 1980; revised manu- 
script received Aug. 15, 1980. 

Any discussion of this paper  will appear  in a Discus- 
sion Section to be published in the December 1981 
JOURNAL. All  discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by Cen- 
tro Studi di Chimica e Chimica Fiscia Applicata alle 
Caratteristiche d'Impiego dei Materiali del C.N.R. 

REFERENCES 
1. F. Gesmundo and F. Viani, This Journal, 128, 460 

(1981). 
2. F. A. KrSger, "The Chemistry of Imperfect Crys- 

tals," p. 832, North-Holland Publishing Co., Am- 
sterdam (1964). 

3. P. Kofstad, "High-Temperature Oxidation of Met- 
als," p. 113, John Wiley & Sons, Inc., New York 
(1966). 

4. C. Wagner, Corros. Sci., 9, 91 (1969). 
5. A. D. Dalvi and D. E. Coates, Oxid. Met., 3, 203 

(1971) 
6. D. P. Whittle, B. D. Bastow, and G. C. Wood, ~bid., 

9, 215 (1975). 
7. B. D. Bastow, D. P. Whittle, and G. C. Wood, Corros. 

Sci., !6, 57 (1976). 
8. B. D. Bastow, D. P. Whittle, and G. C. Wood, Proc. 

R. Soc. London, Set. A, 356, 177 (1977). 
9. K. Hauffe, "Oxidation of Metals," p. 176, Plenum 

press, New York (1965). 
10. P. Kofstad, "High-Temperature Oxidation of Met- 

als," p. 265, John Wiley & Sons, Inc., New York 
(1966). 

G. C. Wood, Oxid. Met., 2, 11 (1970). 
P. Kofstad, "Nonstoichiometry, Diffusion and Elec- 

trical Conductivity in Binary Metal Oxides," p. 35, 
Wiley-Interscience, New York (1972). 

B. Fisher and J. B. Wagner, Jr., J. Appl. Phys., 38, 
3838 (1967). 

F. Gesmundo et al., To be published. 
C. Wagner and K. E. Zimens, Acta Chem. Scand., 1, 

547 (1947). 
M. Gvishi and D. S. Tannhauser, J. Phys. Chem. 

Solids, 33, 893 (1972). 
K. Hauffe, "Oxidation of Metals, p. 20, Plenum 

Press, New York (1965). 
P. Kofstad, "High-Temperature Oxidation of Met- 

als," p. 116, John Wiley & Sons, Inc., New York 
(1966). 

F. Gesmundo et al., To be published. 
D. P. Whittle and G. C. Wood, Corros. Sci., 8, 296 

(1968). 
G. C. Wood and T. Hodgkiess, Nature, 211, 1358 

(1966). 
P. Kofstad and A. Z. Hed, This Journal, 116, 224, 

229 (1969). 
G. C. Wood, I. G. Wright, T. Hodgkiess, and D. P. 

Whittle, Werkst. Korro~., 21, 900 (1970). 
G. C. Wood, ibid., 22, 491 (1971). 
G. N. Irving, J. Stringer, and D. P. Whittle, Oxid. 

Met., 9, 427 (1975). 
I. G. Wright and G. C. Wood, ibid., U, 163 (1977). 
F. H. Stott and G. C. Wood, Corros. Sci., 17, 647 

(1977). 
G. C. Wood, F. H. Stott, and J. E. Forrest, Werkst. 

Korros., 28, 395 (1977). 
F. H. Stott, J. E. Forrest, and G. C. Wood, Oxid. 

Met., 11,109 (1977). 
F. H. Stott, I. G. Wright, T. Hodgkiess, and G. C. 

Wood, ibid., 11, 141 (1977). 

11. 
12. 

13. 

14. 
15. 

16. 

17. 

18. 

19. 
20. 

21. 

22. 

23. 

24. 
25. 

26. 
27. 

28. 

29. 

30. 



Techn]ca]l Notes @ 
Use of an Electron Beam to Separate 

Semiconductor Devices with Beam Leads 

Irena Barycka, BogusFaw Boratynski, Tomasz Ohly, Mirostaw Szreter, and Helena Teterycz 

Instytut Technologii Elektronoweoj, Politechniki Wroc2awskiej, 50-372 Wroctaw, Poland 

and Olga Ikanowicz 

Instytut Technologii Elektronowej NPCP CEMI 02-668 Warszawa, Poland 

The division of silicon wafers covered with diodes, 
transistors, or integrated circuits into single s tructures 
p r e s e n t s  a major  difficulty in the manufac ture  of silicon 
devices with beam leads. The commonly used technique 
for  division is laborious, since it involves many  pro- 
cesses. 

The wafer to be divided is first th inned down to a 
thickness of about  100 #m, then is coated (vacuum or 
CVD) with an SiO2 film and photoresist and the areas 
to be etched are uncovered by photolithographic tech- 
niques. These uncovered areas are then etched in an 
a lkal ine  solution. The procedure of matching the 
photomask with the pat terns being on the opposite 
side of the wafer is very difficult, and the th inn ing  of 
the wafer  reduces its mechanical  s t rength (1-3). 

The fact that  single crystal damaged regions have 
much higher etch rates than  undamaged areas (4, 5) 
has been used by us as the basis for the separation of 
semiconductor devices with beam leads. 

In  this paper the results of an investigation using a 
technique uti l izing an electron beam are presented. 
The electron beam was used to generate damage on 
selected areas of the silicon wafer (6). The damaged 
regions, which now have an increased etching rate, 
would enable the division of the wafer without  reduc-  

Key words: electron beam, semiconductor devices, silicon, beam 
leads, alkaline etching. 

tion of thickness and without  l i thographic processing. 
Etching in alkal ine solution is par t icular ly  sensitive to 
the crystallographic or ientat ion of silicon (7, 8) and 
thus the course of the etching process will  depend 
significantly on the or ientat ion of the wafers used. 

Experimental 
The experiments  have been conducted on typical 

polished single crystal silicon wafers 200 gm thick 
with (100) and (111) orientation. The resistivities of 
the samples were 10-8-10 -1 ~m, p- and n-type,  and 
the dislocation density was up to 10~ cm -3. 

A number  of lines, paral lel  and perpendicular  to the  
basic cutt ing directions, were ruled on the wafer sur-  
face with an electron beam. The pulsed beam was 
focused on the wafer surface. During exposure the  
wafer was shifted at a speed of 2 mm/sec.  

After a p re l iminary  investigation, it was found that  
a change in  etch rate appeared only when the electron 
beam interact ion resulted in  melt ing of the silicon 
material.  

In  fur ther  experiments,  electron accelerating voltages 
were chosen in the 100 to 120 kV range, pulse fre-  
quency 200 and 1000 Hz, and pulse durat ion 10 and 20 
~sec. The electron beam current  varied between 1 and 
7 mA. The lines formed on the wafer surface due to 
exposure to the electron beam are shown in  Fig. 1. 

Fig. I .  Tracks formed on a (111) silicon wafer due to an electron beam, Up = 120 kV, f : 200 Hz, r = 10 gsec (SEM). a. General 
view, I = 4 mA; b. selected fragment, I = 7 mA. 

4 8 0  
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After exposure to the electron beam the wafers were 
placed on a rotat ing disk (250 rpm) and etched in  10M 
NaOH solution at 353 K. 

Results 
Exposure of the silicon wafer to the electron beam 

produces damaged regions (in the form of l ines) .  To 
evaluate  the range of damage produced in  the material ,  
the wafers were cut perpendicular  to the electron 
beam trace and then etched in  Sirtl  etch solution, com- 
monly  used for defect detection in  single crystal sili- 
con. An  example of such a cross section is shown in  
Fig. 2. The depth of the region damaged depends 
ma in ly  on the in tensi ty  of the beam current  and to a 
smaller  degree on other beam parameters.  The depth 
of the damaged region v s .  current  in tensi ty  is shown in  
Fig. 3. No dependence on crystallographic or ientat ion 

of the specimen was observed in this portion of the 
investigation. 

To evaluate the effects of etching, the wafers were 
placed in an NaOH solution and etching was carried 
out as described previously. Under  the conditions 
used (10M NaOH, 353 K~ 250 rpm) the etching rates 
were: 

damaged 
orientat ion (!00) (111) (100) and (111) 
etching rate # m / m i n  1.16 0.168 2.3 

The etch rates of the damaged regions were constant  
and were not  dependent  on the orientation. A series of 
grooves was formed as the result  of the differences 
between the etch rates for damaged and undamaged 
silicon. The geometry of the grooves was examined by  
means of profilographs. Cross sections of the grooves 
were also made and their  shape was observed using 
a scanning electron microscope (Fig. 4). The width 
and depth of the grooves obtained, as measured by  
both methods were in  satisfactory agreement.  There 
are some differences in groove formation be tween 
wafers oriented (111) and (100). Their  dependence on 
the etching time and the exposure conditions as well  as 
on the crystallographic orientat ion of the wafers is 
shown in Fig. 5 and 6. 

After the damaged mater ial  had been removed from 
the (111) wafer, a flat bottom, te rminated  by the (111) 
plane was formed. This was then etched at the same 
rate as the undamaged wafer  surface. Thus the depth 
of the groove remains  constant  dur ing  fur ther  etching, 
whereas its width increases rapidly. The incl inat ion 
angle of the walls remains  constant  at 142 ~ . This is 
shown schematically in  Fig. 7a. 

The deepening of grooves in  the wafers with (100) 
orientat ion proceeds differently, After  removal  of the 
damaged mater ia l  the etching proceeds perpendicu-  
lar ly to the (100) plane. The final shape of the groove 
is determined by the high etching rate of the la teral  
walls, as well as by the high etching rate of the (100) 
plane. That  is why a flat bottom is formed on the 

Fig. 2. Cross section through the irradiated (111) wafer. Beam 
parameters the same as in Fig. lb (SEM). 
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Fig. 3. The depth (d) of region damaged vs. beam parameters 
Fig. 4. Cross section of the groove after etching for 50 min, 

(111) wafer (SEM). 
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Fig. 5. Depth (d) and width (w) of groove vs. etching time (t) 
for silicon with (111) orientation, Up = 120 kV, f ---- 200 Hz, �9 "- 
10 Fsec current i is given in the graph. 
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Fig. 7. Schematic representation of the etching process of electron 
beam exposed wafers, a, (111) and b, (100) orientation. 
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Fig. 6. Depth (d) and width (w) of the groove vs. etching ,time 
(t) for silicon with (100) orientation, Up ~ 120 kV, f ----- 200 Hz, 
- -  10 #sec, current I is given in the graph. 

groove after a large quant i ty  (approximately 1O0 #m) 
of silicon is removed (Fig. 7b). 

The structures on the wafer with (100) orientat ion 
can be separated without masking and without  pre l im-  
ina ry  reduction of the wafer  thickness. The exposure 
conditions should be chosen so that the damaged region 
reaches a specific depth, depending on the plate thick- 
ness and on the geometry of the beam leads. For 

Fig. 8. Transistor with beam leads separated by means of an 
electron beam (SEM). 

example, for a 200 ~m thick wafer  and for a 100 #m 
distance between the structures, the m i n i m u m  re-  
quired depth is 100 ~m. Under  these conditions the 
structures separated by the etching technique yield 
pyramids or t runcated pyramids about  50 #m high. 
An  example of a s t ructure separated by this method is 
shown in Fig. 8. 

It  is also possible to separate the structures with 
beam leads made on a (111) wafer. Note that  groove 
widening on the (111) plane proceeds at a high rate. 
Thus, this method requires a suitable a r rangement  of 
structures on the wafer: the beam leads must  not be 
linked, and they must  be separated by a distance of 
about 100 ~m. Here the exposure conditions should be 
chosen so that  the defect region reaches the opposite 
side of the wafer. Etching should be continued unt i l  the 
defect region is completely removed and the beams 
are exposed along the length required. The structures 
obtained will  have the shape of a t runcated pyramid 
whose height is sl ightly less than that  of the ini t ial  
thickness of the wafer. 

This method requires a certain decrease in packing 
density of the structures on the (111) surface. The 
effective packing density can be higher if the integra-  
t ion scale of each single chip is larger. 

Manuscript  submit ted Aug. 3, 1979; revised manu-  
script received Ju ly  2, 1980. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Discus- 
sion Section should be submit ted by  Aug. 1, 1981. 
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Mineralized Surfaces of the Dental Alloys 
S. Yamaguchi* 

2-72 Kotake-cho, Nerima-ku, Tokyo, I76, Japan 

and T. Tsuchiya 
2-15-4 Asakusa-bashi, Daito-ku, Tokyo, 111, Japan 

I t  is of  in te res t  to s tudy  the den ta l  go ld /den ta l  
porce la in  interface,  as a l r e ady  repor ted  by  Sperner  
(1). In  the  present  s tudy,  this p rob lem has been 
t rea ted  in te rms of RHEED (Reflection High Energy  
Electron Diffract ion) .  

There  a re  two types  among the denta l  al loys of p rac -  
t ical  use. They are  the solid solutions whose contents 
a re  given by  A u ( 7 2 ) - P t ( 1 3 ) - P d ( 1 0 ) - A g ( 3 ) - R h ( 1 ) -  
Ir(0.5)-Sn(0.4)-Si(0.1) and by  Au(72 ) -P t (13 ) -Pd (10 ) -  
Ag  (3.4) -Rh  ( 1 ) - I r  (0.5) -S i  (0.1), respect ively.  The  
fo rmer  a l loy contains Sn, whereas  the l a t t e r  is free 
f rom this element.  These al loys are  supposed to st ick 
fas t  to the denta l  art if icial  porce la in  tha t  is composed 
of SIO2(43), A1208(32), SnO2(10), K20(9) ,  Na20(5) ,  
and  a smal l  amount  of MgO, CaO, LifO. 

In  o rder  to mate  the al loys wi th  the  porcelain,  one 
preheats  the former  in the a i r  at  about  1000~ F igure  1 
is the  RHEED pa t t e rn  f rom the surface of the 0.4% Sn 
a l loy t rea ted  t he rma l ly  for 30 rain. Al l  the reflections 
in this figure belong to the SnO2 crystal l i tes .  The resu l t  
of the  analysis  of Fig. 1 is given in Table I. This verifies 
tha t  a select ive oxida t ion  (2) has t aken  place at  the 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  
Key words: RHEED, adhesion, dental alloys. 

Table I. Result of the analysis of Fig. 1. d(A):  interplanar spacings 
measured on Fig. 1; hkl: Miller indexes corresponding to the 

reflections; I: reflection intensities estimated in arbitrary units 
from Fig. 1. The lattice constants ao = 4.74 and Co = 3.19A 
calculated coincide with those of SnO2 crystal (space group: 

P4/mnm) (3). 

d(A) hkZ ! 

3.35 110 7 
2.64 101 8 
2.37 200 5 
2.31 l U  5 
2.12 210 2 
1.76 211 I0 
1.67 220 2 
1.59 002 3 
1.50 310 3 
1.44 112 6 
1.41 301 6 

specimen surface. This minera l ized  surface could st ick 
fast  to the denta l  porcela in  containing SnO2. 

The surface layer  cor responding to Fig. 1 behaved  
in a chemical ly  act ive manner .  I t  began  to de te r iora te  
when exposed to the a i r  a t  room t e m p e r a t u r e  for  sev-  
e ra l  hours, succumbing to the a t t ack  of H20, CO2, and 
other  gases in the air. In  fact, the de te r io ra ted  specimen 
surface gave rise to an RHEED pa t t e rn  different  f rom 
Fig. 1. I t  was necessary  to mate  the a l loy  surface wi th  
the  porce la in  immed ia t e ly  af te r  the fo rmer  had  been 
p rehea ted  in air. A s t rong adhesion was not  obta ined  

Fig. I .  RHEED pattern from the mineralized surface of the 0.4% 
Sn dental alloy. SnO2 is formed as the result of selective oxidation. 
The Miller indexes corresponding to the space group P4/mnm are 
attributed to the reflections. Wavelength of the electrons: 0.0347A. 
Distance between the object and the screen: S0 cm. Positive en- 
larged 2.3 times. 

Fig. 2. RHE:ED pattern from the mineralized surface of the Sn- 
free 0.1% Si dental alloy. SiO2 (P41212) is formed as the result of 
selective oxidation. Wavelength of the electrons: 0.0329A. 
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between these two dental materials if one delayed this 
operation. 

The RHEED pattern reproduced in Fig. 2 was ob- 
served from the surface of the Sn-free 0.1% Si alloy 
which was preheated at 1000~ in air. All  the reflec- 
tions found in Fig. 2 are characteristic of tetragonal 
SiO2. The result of the analysis of Fig. 2 is given in 
Table IL This demonstrates that  a selective oxidation 
has taken place at the specimen surface. The SiO~ 

Table II. Result of the analysis of Fig. 2. d(A):  interplanar spacings 
measured on Fig. 2; hkl: Miller indexes corresponding to the 

reflections; I: reflection intensities estimated in arbitrary units 
from Fig. 2. The lattice constants calculated ao = 4.94 

and Co "- 6.92J~. coincide with those of Si02 crystal (P41212) (4). 

d(A) hk~ I 

4.05 101 l0 
3.18 111 3 
2.87 102 4 
2.47 200 6 
2.11 211 3 
2.02 202 3 
1.97 113 3 
1.90 212 3 
1.69 203 2 
1.61 301 5 

layer formed on the alloy could cement together with 
the porcelain rich in SiO2. 

It  is empirically known that the 0.4% Sn alloy shows 
a stronger adhesion to the porcelain than the 0.1% Si. 
This is because the SnOe layer  can adhere more firmly 
to the alloy substrate than the SiOs. 

Manuscript submitted Aug. 5, 1980; revised manu- 
script received ca. Aug. 17, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Discus- 
sion Section should be submitted by Aug. 1, 1981. 
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A Mixed Rate Cathode for Lithium Batteries 

M. Stanley Whittingham* and Allan J. Jacobson 
Exxon Research and Engineering Company, L{nden, New Jersey 07036 

Many cathode materials for alkali 
metal anode batteries even though of 
high capacity are restricted in their 
application due to low rate character- 
istics, poor rechargeability and/or 
low electronic conductivity. 
Titanium disulfide, and some other 
dichalcogenides particularly those of 
vanadium, show high rate discharge and 
charge capabilities, essentially per- 
fect reversibility and good electronic 
conductivity (i). The behavior of the 
former class of materials as shown in 
this paper can be improved by the 
addition of a minor amount of one of 
the dichalcogenides. The use of a 
good mixed, ionic and electronic, 
conductor such as TiS2 should both 
assist in the transfer of ions between 
the active material particles , and 
minimize the need for the use of a non- 
electrochemically active conductive 
diluent such as carbon. In addition, 
the admixture of say TiS 2 with a high- 
er energy density but lower rate 
cathode material should allow the re- 
tention of the latter's high capacity 
whilst permitting high current pulse 
discharging. This high rate capabil- 
ity will depend on the appropriate 
matching of the discharge voltage 
profiles of the two component 
materials. 

In this paper this concept of a 
mixed rate cathode is tested using 
MoS 3 as the high energy component. 
This cathode as described previously 
(2) can react with up to 4 Li to give 
Li4MoS 3 with a theoretical energy 
density of about i.i Whr/gm. How- 
ever, at a continuous drain of 

*Electrochemical Society Active 
Member, 
Present Exxon Address: P.O. Box i01, 
Florham Park, N.J. 07932 
Key words: battery, cathode, 
titanium disulfide, vanadium 
diselenide 

l0 ma/cm2 less than 30% of this 
capacity is attained (3). TiS 2 and 
VSe2 were used as the high rate but 
lower capacity component; both ex- 
hibit almost 100% utilization at 
i0 ma/cm 2 (i) but have an energy 
density less than half that of MoS3. 
Both TiS2 and VSe2 have at least a 
part of their discharge voltage pro- 
file below that of MoS3 so that under 
a high rate discharge pulse when the 
MoS3 becomes polarized the dichalco- 
genide will react with the lithium. 
Then, when the pulse is off the MoS3 
will recharge the high rate component 
readying it for the next pulse. The 
sloping discharge of TiS2 which 
crosses that of MoS3 should also per- 
mit pulse charging. 

The electrochemical cells were 
constructed as described earlier (1) 
using teflon bonded electrodes and a 
lithium perchlorate dioxolane elec- 
trolyte. The mixed cathodes were 
prepared by the thermal decomposition 
of the thiomolybdate, (NH4)2MoS4(2), 
mixed with 27 wt% of the dichalco- 
genide and 3 wt% teflon. The cells 
of area 2 cm 2 were then discharged at 
20 ma, with the current on for 20 
secs and then off for 20 secs. The 
same current cycle was used on 
charging but the rate was reduced to 
4 ma. The first discharges of a 
mixed cathode and its components are 
shown in Fig. i. The mixed cathode 
shows the highest capacity under these 
discharge conditions even s the 
pure MoS3 cathode had a 20% greater 
theoretical capacity. This differ- 
ence between the two cells increased 
continuously on subsequent cycling as 
shown in Fig. 2, and is even greater 
when the capacity is given in watt- 
hours rather than amp-hours due to a 
large polarization in the MoS3 cell 
at i0 ma/cm2. A cell constructed 
with VSe 2 in place of TiS2 showed 

485 
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similar characteristics, indicating 
that the behavior is not unique to 
TiS 2. By the 7th cycle both the mixed 
cathodes showed more than double the 
capacity of the single component 
cathode. 

The data of Fig. 1 and Fig. 2 
shows that the addition of a con- 
ductive high rate cathode material can 
enhance the discharge behavior of 
molybdenum trisulfide. The same en- 
hancement is expected for many other 
cathodes such as Mo03, V2S5, V205 and 
V6013 which have inherently high 
capacities for lithium but which have 
poor electronic conductivities and/or 
a low rate capability. In addition 
the replacement of the conductive 
diluent in some primary cells, such as 
the Li/FeS2 and Li/Mn02 cells, should 
also lead to an enhanced storag e 
capacity. Preliminary studies (4) on 
FeS 2 cells in which the carbon diluent 
was replaced by titanium disulfide 
showed a 36% greater utilization of 
the FeS2 itself and a 60% overall 
greater coulombic capacity, i.e. 
capacity of TiS2 + FeS2 over C + FeS2. 
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Some Observations on the Oxidation of 
an Fe-12% Cr Alloy in Gaseous Chlorine 

Z. A. Foroulis* 
Exxon Research and Engineering Company, Florham Park, New Jersey 07932 

Only a few metallic oxides, sulfides and 
nitrides are ionic at room temperature and 
it is doubtful whether any of these compounds 
can be regarded as entirely ionic at ele- 
vated temperatures. Nevertheless, the 
oxidation mechanism of metals and alloys 
that form ionic conducting protective layers 
is a subject of considerable fundamental 
interest(l-5). Metal halides are more likely 
to be purely ionic than other metallic com- 
pounds. Silver bromide and silver chloride 
are such compounds which have been studied 
experimentally in the temperature range 
200-400~ by Wagner(2). This brief communi- 
cation presents experimental data which show 
that the oxidation of an Fe-12% Cr alloy in 
chlorine gas exhibits kinetics which can be 
interpreted by postulating kinetic contro• 
by electronic conductivity (along electron 
defects) through an outer CrCI3cs~ surface 
film formed during the chlorinatz6n reaction. 

EXPERIMENTAL 

The material used in this study was a com- 
mercial alloy with the following analysis 
(12% Cr, 0.6% Mn, 0.4% Si, 0.1% C and the 
balance iron). The oxidation kinetics were 
investigated by exposing alloy coupons in 
CI2-N 2 mixtures (chlorine partial pressure 
0.5 to 3 x 10 -2 atm.) and in the temperature 
range of 270-500~ Rectangular coupons with 
a surface area of about I0 sq cm were placed 
in a horizontal quartz tubular reactor 
located inside a furnace capable of main- 
taining the reaction zone in the desired 
temperature. Mixtures of C12 and N 2 were pre- 
pared by using conventional ~low meters and a 
mixing coil. Steady-state reaction rates 
were determined by measuring the weight loss 
of test coupons before and after exposure. 
Coupons were polished with 6/0 emery paper 
and cleaned in acetone prior to weighing. 
After each experiment for weight loss deter- 

* Electrochemical Society Active Member. 
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Electronic Conductivity 

mination, the reaction product surface films 
were removed by careful honing. Prior to 
each experiment, the test coupons were 
treated in situ at 497~ for at least one 
hour with pure hydrogen to reduce any surface 
oxide films. The kinetic data were supple- 
mented with SEM, EDAX, X-ray diffraction and 
chemical analysis of the reaction product 
~surface films. 

RESULTS AND DISCUSSION 

The reaction of the Fe-12% Cr alloy with low 
partial pressure chlorine gas was found to 
obey a parabolic kinetic law as shown 
schematically in Figure i. This figure is a 

80 
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TIME, HRS, 

Figure i. Variation of the Square of the 
Weight of the Alloy Converted to Reaction 
Products per Unit Surface Area Versus Expo- 
sure Time in a CI2-N 2 Mixture (0.01 Atm. 
Chlorine Partial Pressure) at 500~ 

plot of the square of the alloy weight con- 
verted to reaction products per unit surface 
area as a function of exposure time at 500~ 
in a CI~-N 2 mixture with a 0.01 atm. chlorine 

A 
partial pressure. The kinetics of the alloy- 
chlorine gas reaction is influenced by the 
nature and composition of the reaction pro- 
duct surface film produced. 
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The reaction product surface film formed with 
this alloy during the chlorination reaction 
is a well-adhering protective film consisting 
of two layers; an inner layer composed essen- 
tially of FeCI 2 and an outer layer consisting 
essentially of CrCI 3. The FeCI 2 and CrCI 3 
produced as a result of this reaction are 
solids with negligible vapor pressure(6) in 
the temperature studied. The temperature 
dependence of the parabolic rate constant 
for this reaction in the temperature range 
studied corresponds to an apparent activation 
energy of about ii kcal/mole. 

To gain a better understanding of the mechan- 
ism of this reaction, a series of experiments 
was also carried out at different chlorine 
partial pressures at 500~ The chlorine 
partial pressure dependence of this reaction 
shown in Figure 2 indicates that the parabolic 
rate constant for this reaction varies with 
the 1/2 power of the chlorine partial pressur~ 
In addition, gas velocity was found to have no 
effect on the reaction rate. 

5O 

40 �9 �9 

) ,o 

s 2o 

1 0  

0 r i i i I r r I 
0.i 0.2 

(PcI2)1/2, ATM 

Figure 2. Dependence of the Parabolic Rate 
C o n s t a n t  f o r  t h e  C h l o r i n a t i o n  R e a c t i o n  of  a 
12% Cr Alloy on the Chlorine Partial Pressure 
a t  500~ 

The essential independence of this reaction on 
gas velocity and the parabolic law kinetics 
observed suggest that the reaction is limited 
by a solid-state migration process through 
the reaction product surface film. Diffusion 
through the inner FeCI 2 film is assumed not to 
be rate limiting, since for the iron-chlorine 
reaction (where the surface film consists 
only of FeCI 2) the overall kinetics have been 
shown to be controlled by migration of chlor- 
ine gas through the gas boundary layer or by 
the reaction of FecI 2 with chlorine gas to 
form volatile FEC13(7,8). Reaction of CrCI 3 

with gaseous chlorine to form volatile CrCI 4 
species via the reaction CrCI 3 + 1/2 C12 ----> 
CrCI 4 as a likely limiting reaction in the 
overall kinetics is not consistent with the 
observed parabolic kinetics and the insen- 
sitivity of the overall reaction on gas 
velocity. It is reasonable, therefore, to 
conclude that a migration process through 
the CrCI$ surface film is the rate controlling 
process mn the chlorination reaction of the 
Fe-12% Cr\alloy. 

The mechanism of the limiting solid-state 
migration process within the CrCI 3 outer 
surface film is not known. However, assuming 
that CrCI~, like several other metallic 
halides (~.g., AgCI, AgBr, etc.) exhibits 
ionic conductivity, it is reasonable to 
postulate that the rate-limiting process 
may be migration of electronic defects through 
the CrCI 3 film. In analogy with AgBr and 
AgCI, which were studied extensively by 
Wagner(2,9), the following reaction can be 
written as representing formation of CrCI3: 

+QCr 3+ + 3 ~ (i) 3/2 Cl2fg ~. . = CrCI3 (s) 

and the mass action equation: 

[~13 [~ Cr3+] : k [pCl2 ]3/2 (2) 

where~ Cr 3+ are ionic defects (cation vacan- 
cies),~are positive holes, pCl 2 is the 
chlorine partial pressure, and k is the 
equilibrium constant. 

In analogy with other metal ha!ides which are 
predominantly ionic conductors, it is reason- 
able to assume that the normal concentration 
of OCr 3+ in CrCI 3 is likely to be relatively 
great so that it is not noticeably changed by 
the effect of chlorine. Hence, it follows 
from Eq. (2) that the concentration of 
positive holes (~]~[]Cr 3+) depends on chlo- 
rine partial pressure according to Eq. (3). 

[G] = const. [pCl2 ]I/2 (3) 

where the quantityD Cr 3+ is incorporated into 
the constant since it remains relatively un- 
changed. According to Eq. (3), the concen- 
tration of electronic defects and, therefore, 
the rate of chlorination reaction should be 
proportional to the square root of the chlo- 
rine partial pressure(10). This conclusion 
is consistent with the experimentally deter- 
mined variation of the parabolic rate cons- 
tant (Figure 2) according to the 1/2 power 
of the chlorine partial pressure. The 
postulated mechanism can, at present, be 
considered only as tentative. Additional 
work in this area is required, particularly 
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in the field of electronic properties of 
metal halides such as CrCI3, to confirm the 
postulated mechanism. 
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ABSTRACT 

.% critical review is given of the origins of the electrosynthesis of chlorate 
in 1802 to the beginning of industrial chlorate manufacture toward the end 
of the century. The contemporary efforts to establish the fundamentals of a 
theory of electrochemical chlorate formation are also discussed. 

The Origin of Chlorate Electrosynthesis 
The first ch lora te  produced  by  e lect rosynthesis  dates  

back  to 1802, ea r l i e r  than  cu r r en t ly  wr i t t en  in  his tor ical  
reviews.  This fact  gives r ise  to the  need  for  a c r i t ica l  
r ev iew of the  origins of the  e lec t rosynthes is  of chlo-  
ra te  and  on the deve lopment  of technology and theory  
in the  first 100 y e a r s ,  a t  the  same  t ime correc t ing  a 
n u m b e r  of misconceptions.  

Volta 's  famous l e t t e r  to the  Royal  Socie ty  in London 
in 1800 p rompted  scientists  al l  over  Europe  to s tudy  the 
effect of the  e lect r ic  cu r r en t  on chemical  reactions.  I t  
was this in te res t  in the  new m a t t e r  t ha t  induced  Wi l -  
he lm yon His inger  toge ther  wi th  JSns Jakob  Berzel ius 
to run  "exper iments  re la t ing  to the effect of the  elec-  
t r ica l  p i le  on salts  and  the i r  bases" (1). Nei ther  men 
were  professionals:  His inger  was a mine  owner  and  
Berzel ius had  become doctor  of medic ine  and  was at  
tha t  t ime  an  unpa id  ass is tant  to a professor  of medic ine  
and p h a r m a c y  a t  the School of Su rge ry  in S tockholm 
(2). The studies on the e lec t ro ly t ic  decomposi t ion of 
salts, d issolved in water ,  took severa l  months  in the 
au tumn and win te r  of 1802 and were  more  than  only  
cursory  hobby  activit ies.  Runs wi th  severa l  solut ions 
and var ious  e lec t rode  mate r i a l s  showed an amaz ing ly  
sys temat ic  manner .  

In  one of the series, sodium chlor ide  solut ion was 
e lec t ro lyzed be tween  s i lver  wires,  se rv ing  as e lectrodes 
in a U- type  cell. Af t e r  the anoly te  had  been  evapora ted  
and cooled down,  sodium chloride precipi ta ted .  The r e -  
main ing  clear  solut ion was found to contain sodium 
chloride and s i lver  chlor ide  and "perhaps,  h y p e r o x y -  
genized mur ia t ic  sod ium and a fo rmer ly  unknown s i lver  
sal t"  ( l d ) . l  The l a t t e r  one was i m m e d i a t e l y  identif ied 
by  Gehlen  ( l a )  wi th  the  "hyperoxygen ized  mur ia t i e  
s i lver"  which  Chevenix  had  ob ta ined  th rough  a chemi-  
cal w a y  (3). In  fact, the  sal ts  were  sodium chlora te  
and s i lver  chlorate�9 A definite proof  of  the  format ion  of 
chlora te  th rough  electrolysis  of chlor ide  solut ions w a s  

given much  la te r  by  Kolbe  in  1847 (4). 
A repor t  on the  jo in t  s tudies  of  His inger  and  Be r -  

zelius was wr i t t en  in Swedish  b y  Berzel ius and p u b -  
l ished in G e r m a n  in F e b r u a r y  1803 ( l a ) .  I t  was fu r -  
ther  publ i shed  in F rench  two years  l a t e r  ( l b ) ,  in 
Swedish  (1806) ( l c ) ,  and  once more  in G e r m a n  (1807) 
( l d ) .  "This t rea t i se  contains the fundament s  of those 
laws which the  e lec t rochemical  theory  l a t e r  was based  
upon," Berzel ius r ecap i tu la t ed  wi th  self-confidence 
m a n y  years  l a t e r  in his au tob iography  (5).  However ,  

Key words: electrosynthesis,  electrochemical chlorate formation. 
~The passage cited is given after  ( l d ) ;  the first edition ( la )  

~ses the expression "oxygenirt-salzsaures Natron" instead of 
uberoxygenirt-salzsaures Natron" ( ld ) .  

"the unknown names of the  authors  a t t r ac t ed  no spe-  
cial a t tent ion."  Indeed,  in the  chlora te  l i t e r a tu re  of our  
century,  the first p r epa ra t ion  b y  e lect rosynthesis  is 
e r roneous ly  da ted  th roughout  as of 1808 and a t t r i bu ted  
to Berzelins only. 

His inger  and Berzel ius were  not  the  first to p r epa re  
chlorate,  which  had  a l r e a dy  been p r e p a r e d  by  G laube r  
in 1657 b y  chemical  means  (6, 7) and  rediscovered  and 
identif ied b y  Ber thol le t  (8) in 1786--nor were  they  
the first who appl ied  e lectrolysis  to p repa re  it. I t  mus t  
be  guessed tha t  ea r l i e r  e lectrolyses  of ch lor ide  (9, 10) 
would  have  led  to chlorate,  bu t  t hey  were  the  first 
who recognized having  p r e p a r e d  chlorate.  

Industrial Chlorate Production 
Few years  a f te r  Kolbe 's  observat ion,  in 1851, a 

r e m a r k a b l e  a t t empt  at  indus t r ia l  appl ica t ion  is r e -  
ported.  The chemist  Charles  Wat t  in Kensington,  Lon-  
don, rece ived  a pa ten t  for  the e lec t rochemical  decom- 
posi t ion of sa l t  and  o ther  substances and separa t ion  
into the i r  components  (11), Fig. 1. I t  is surpr is ing  tha t  
some features  of modern  chlora te  process a re  an t ic i -  
pa ted  in this first ch lora te  cell  pa tent :  the  omission 
of a d iaphragm,  the  re levance  of high t empe ra tu r e  to 
favor  the  chlora te  formation,  the separa t ion  of chlorate  
by  crystal l izat ion,  and  the  recycl ing  of the  mothe r  
l iquor  and its e lectrolysis  a f te r  resa tura t ion .  Some of 
these character is t ics  were  not  rea l ized wi th  the  first 

I 

Fig. 1. Chlorate cell of the 1851 patent of C. Watt. The electro- 
lyte vessel is surrounded by a steam-heated jacket. 
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indus t r i a l  chlora te  cells coming on s t ream and  had  to 
be rediscovered gradual ly .  

A prac t ica l  use of the  pa ten t  is not  repor ted  and can-  
not be expected  owing to the absence of powerfu l  en-  
e rgy  sources at  tha t  t ime. The only method  of m a n u -  
fac ture  was the chemical  process developed by  Liebig.  
Chlorine was in t roduced into solutions of caustic potash 
or calcium carbonate  to make  chlorate  (12). 

Af te r  the dynamo machine  was invented  and im-  
proved for indus t r ia l  use, the prerequis i te  for  indus t r ia l  
e lectrosynthesis  of chlora te  was given. But  even in 
1888, the conviction was dec lared  tha t  e lec t rochemical  
processes would  have  no fu ture  in the a lka l i  indus-  
t ry  (13). That  happened  two years  a f te r  H. Gal l  and 
A. de Mont laur  had  s ta r ted  in  1886 the first p l an t  in 
Vil ters-St .  S~pulcre  in Switzer land,  whe re  chlora te  
was e lec t rochemical ly  produced  under  indus t r ia l  condi-  
tions. 2 The cell cases were  r epor t ed  to be made  of 
wood and equipped wi th  a d i aph ragm (14): The cells 
were  opera ted  at  e leva ted  tempera tures .  Thc concen-  
t ra t ion  of chlorate  in cell  l iquid was ra ised un t i l  crys-  
tals p rec ip i ta ted  which were  removed  manua l ly  using 
enameled  i ron scoops. Cell  vol tage  was 5V and a cur -  
ren t  was used of 10O0A. Energy  consumption per  kg  
of potass ium chlora te  is r epo r t ed  to 24 hp  (14) or 
17.7 k W - h r / k g  KC103, corresponding to a to ta l  cur ren t  
efficiency of 37%. The p l an t  served as a p ro to type  and 
was shut  down in 1891, when the  new bigger  fac tory  in 
Val lorbe  (Swi tzer land)  was r eady  to s ta r t  (15). In 
1898, the  Soci~t~ d '~lectrochimie s t a r t ed  a second fac-  
tory  in St. Michel  de Maur ienne  (France)  (14). 

The company was not the  only e lec t rochemical  chlo- 
ra te  p roducer  for long. In  Sweden,  the Superfosfa t  
Fabr iks  AB s tar ted  the manufac tu re  in 1894 in Mansboe 
and in 1899 at  A lby  fa l l  in L jungan  using the process 
of O. Carlson (16). 

A big fac tory  was s ta r ted  in Chedde (France)  in 
1896, which used the process of Corbin and Leder l in  
wi th  b ipo la r  electrodes.  A descr ip t ion  in deta i l  was 
given by  Ke r shaw (14). 

At  nea r ly  the  same time, e lec t rochemical  chlorate  
manufac tu re  s ta r ted  in the U.S.A. (14). In  1896 and, 
1897, the Chemical  Construct ion Company opera ted  a 
chlora te  fac to ry  at  Niagara  Falls ,  New York, using 
the  process of Blumenberg.  The cell  was equipped 
wi th  a d i aph ragm and differs f rom con tempora ry  
types  b y  the fact  tha t  chlor ine gas was t ranspor ted  
th rough  a special  p ipe  into the  cathode compar tmen t  to 
mix  with  the  ca tholy te  remote  f rom the cathode, bu t  
inside the cathode compar tment .  Owing to the cathodic 
reduct ion losses the process was not  successful  and 
product ion was finished in 1898 or  1899. As ear ly  as in 
1905 the opinion was u t t e red  (14) tha t  B lumenberg  
would have had be t t e r  resul ts  if he had  car r ied  out  
the react ion be tween  chlor ine  and a lka l i  in a vessel  
comple te ly  separa ted  f rom the cell, an impor t an t  p ro -  
cess fea ture  which  was  much la te r  pa ten ted  (17) and 
has come into indus t r ia l  use since about  1970. 

In  1894, F rancho t  and  Gibbs s t a r t ed  a tes t  p l a n t  in 
Buckingham, Quebec. Af t e r  the foundat ion  of the  
Nat ional  Electr ic  Company an indus t r ia l  p l an t  was con- 
s t ruc ted  in 1897 and s ta r ted  in 1898 at  Niagara  Falls .  
The cells had  no d iaphragm and were  equipped wi th  
some k ind  of b ipolar  electrodes wi th  p re -e l ec t rode  and 
an e lec t rode  dis tance of only  1.5 to 3.0 m m  (14). 

In  1898, the Nor th  Amer ican  Chemical  Company,  a 
subs id ia ry  of the Uni ted  Alka l i  Company of L ive r -  
pool was founded. Product ion  s ta r ted  a l i t t le  l a te r  in 
Bay City, Michigan,  using a process of Brock wi th  cells 
a r ranged  in terraces  (18). 

In  1899, Oldbury  Elec t ro-Chemica l  Company s ta r ted  
manufac tur ing  potass ium chlora te  at  Niagara  Falls .  
The chlora te  manufac tu re  in the  Uni ted  States  and 
Canada  f rom tha t  t ime on was repor ted  in  deta i l  by  
Wal lace  (19). 

~ T h e  y e a r  1866 is sometimes erroneously reported in l i ter- 
a tu re ,  

A t  the  t u rn  of the century,  ch lora te  factor ies  were  
opera ted  in Swi tze r l and  (Val lorbe  and Turg i ) ,  in 
France  (St. Michel de Maur ienne  and Chedde) ,  in the  
U.S.A. (Niagara  Fal l s  and Bay  City) ,  and  in Sweden  
(Mansboe and Alby)  (14, 19). Chlora te  was not  m a n u -  
fac tu red  by  e lect rosynthesis  in G e rma ny  where  the  
commercia l  e lec t rochemical  chlora te  product ion s ta r ted  
not  before  1915, a f te r  first a t tempts  at  indus t r ia l  scale, 
executed  in 1887 in Leopoldshal l ,  had  failed. This s i tua-  
t ion is surpr is ing  since Germany ,  at  tha t  t ime, was the  
center  of chlorate  research.  

The Controversy on the Theory of Electrosynthesis of 
Chlorate 

With  the beginning  of the e lec t rochemical  ch lora te  
product ion on an indus t r ia l  scale, an in te res t  in the 
knowledge  of the  processes of ch lora te  fo rmat ion  de-  
veloped.  At  that  t ime, i t  Was the genera l  bel ief  that  the 
e lectrosynthesis  of chlora te  took place in complete  
agreement  wi th  the  chemical  formation.  Thus, chlor ine 
and hydrox ide  "p r imar i ly"  genera ted  a t  anode and 
cathode were  thought  to reac t  w i th  each other  to form 
"secondar i ly"  hypochlor i te  and  chlora te  (20, 21) 

2KOH -~ C12 -~ KC10 ~ KC1 Jr H~O 

6KOH + 3C12 ~ KC103 -t- 5KC1 -t-3H~O 

Soon i t  became clear  tha t  these react ions did  not  com- 
p rehens ive ly  descr ibe  the processes in  the  cell. 

In  1889, Fogh (22) had  sub jec ted  a neu t r a l  solut ion 
of a lka l i  chlor ide  to e lectrolysis  wi thout  d i aph ragm 
and had  found f rom a gas analysis  tha t  oxygen  was 
also evolved at  the anode. One of the reasons for the  
loss of cur rent  efficiency was found, i r respect ive  of the  
question whe ther  oxygen is genera ted  by  decompost ion 
of wa te r  or  by any o ther  way. 

Oettel, in 1894 (23), i n t e rp re t ed  the  finding as fol-  
lows. "P r imar i ly"  chlor ide  is anodica l ly  oxidized to 
chlorine. Secondari ly ,  hypochlor i te  forms at  both  sides 
of the  d iaphragm.  In the  cathode compar tmen t  the 
hypochlor i te  is reduced  at  the cathode. In  the anode 
compar tment ,  pa r t  of the  hypochlor i te  is " t e r t i a r i ly"  
oxidized to chlorate,  whi le  the rest, together  wi th  some 
" te r t i a r i ly"  fo rmed  chlora te  is e lec t ro ly t ica l ly  de -  
composed 

2C10-  + H20-> 2HC10 + �89 02 + 2 e -  

2C103- + H20--> 2HC103 + �89 02 + 2 e -  

Addi t ional ly ,  an anodic discharge of h y d r o x y l  is sup-  
posed. In  any case, the fo rmat ion  of chlora te  th rough  
anodic discharge of hypochlor i te  was un th inkab le  at  
that  time. "The format ion  of oxygen  compounds wi th  
chlor ine  is, therefore,  a t t r i bu t ed  to pu re ly  chemical  
in terac t ion  be tween  chlor ine  and  potass ium hy d rox -  
ide," Oet te l  concluded (23). 

The reac t ion  scheme es tabl ished by  Oet te l  was ques-  
t ioned a few yea r s  la te r  in connect ion wi th  studies on 
the electrolysis  of hydrochlor ic  acid. In. 1898, Haber  
and Gr inberg  (24) concluded tha t  s imul taneous ly  wi th  
the  secondary  (chemical)  fo rmat ion  of hypochlor i te  
and chlorate  a p r i m a r y  (anodic)  fo rmat ion  takes  
place  

C1- q- 2 O H -  --> CIO- q- H20 q- 2 e -  

C1- q- 6 O H -  --> C103- + 3H~O -t- 6 e -  

Wi th  this in terpre ta t ion ,  the old theo ry  of an  exclu-  
s ively chemical  format ion  of chlorate  was fundamen-  
ta l ly  shaken, s t imula t ing  extensive research  at  var ious  
places. The activi t ies resul ted  in a complete  revis ion of 
the chlorate  theory,  accompanied  b y  somet imes violent  
discussions. The results  of these fer t i le  yea r s  shor t ly  
before  and af te r  the  tu rn  of t h e  cen tu ry  form the basis 
of a theory  which nowadays  is essent ia l ly  cons idered  
valid.  
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Oette l  (25) compared  the conclusions of H a b e r  
and Gr inbe rg  wi th  o lder  considerat ions  and  ga the red  
that  in  neu t r a l  e lec t ro ly tes  chlora te  is p r e f e r a b l y  
fo rmed  f rom hypochlor i te  p a r t l y  by  "secondary"  reac-  
t ions in bu lk  of  the  solution, p a r t l y  "p r imar i ly"  by  
oxida t ion  at  the anode. In a lka l ine  e lect rolytes  he sur -  
mised  a format ion  of chlora te  p r edominan t ly  by  di rec t  
combinat ion of chlor ine and oxygen set free a t  the  
anode. 

In 1898, Wohlwi l l  (26), s t imula ted  by  his  t eacher  
Nernst ,  car r ied  out  exper iments  on the subject.  In  
ag reemen t  wi th  the H a b e r - G r i n b e r g  hypothesis  he also 
s ta ted  that  chlora te  is not  exc lus ive ly  formed "sec- 
ondar i ly"  (i.e., by  chemical  reac t ion  in bu lk  of the  
solut ion) ,  bu t  d i rec t ly  at  the anode. F r o m  the obser -  
vat ion tha t  chlora te  is never  formed wi thout  the pres-  
ence of hypochlor i t e  he fol lowed tha t  ch lora te  is a l -  
ways  genera ted  f rom hypochlor i te  according to 

2C10-  -5 O H -  --> C1Oa- -5 H + -5 C1- -5 2 e -  

whi le  hypochlor i te  is fo rmed "secondari ly ."  F r o m  to-  
day 's  v iewpoin t  the  react ion cannot  be considered val id  
since the  concentra t ion  of O H -  in the bu lk  is usua l ly  
smal l  and  its r a t e  of diffusion t oward  the anode is 
negl ig ib le  (27), but  i t  is to Wohlwi l l ' s  c redi t  to have 
first given a fo rmula  for anodic discharge of hypo-  
chlor i te  to form chlora te  and chloride. 

This construction,  poss ibly  k ind led  b y  the rude  s tyle  
of the  pape r  and the d i rec t  a t tacks  on Oet te l  and 
Haber,  p r o m p t e d  the  arousal  of cont roversy  on the 
cent ra l  quest ion of whe the r  chlora te  is fo rmed  "p r i -  
mar i ly"  or  "secondari ly ."  In  his famous GStt ingen lec-  
ture  in 1899, Foers t e r  (28) r epor ted  on his essential  
finding tha t  the e lec t ro ly te  has to be s l igh t ly  acidic to 
give w a y  to the  au tox ida t ion  of hypochlor i te  ( C 1 0 -  
-5 HC10) to chlora te  (29) which  was a rea l  nove l ty  
and  stood in m a r k e d  contras t  to theory  and pract ice  
of that  t ime. But at  the  same mee t ing  he s t r ic t ly  
denied that  chlora te  format ion  took place at  the anode. 
He had found tha t  always,  even in a lka l ine  electrolytes ,  
the  e lec t ro ly te  in the  v ic in i ty  of the  anode was acidic, 
and  so he exc luded  the poss ibi l i ty  of any  anion dis-  
charge. 

In  an answer ,  Wohlwi l l  (,~1) defended  his construc-  
t ion agains t  Foers t e r  and  u t t e red  the  opinion tha t  in 
neu t ra l  or  s l igh t ly  acidic solutions chlora te  is genera ted  
b y  p r i m a r y  as wel l  as b y  secondary  reactions.  The 
aggress ive  mode of his comment  on Foers ter ' s  t heo ry  
p rovoked  Foe r s t e r  h imsel f  to a sneer ing  answer  (32) 
in which he insisted on his old  conviction. The w a y  
this cont roversy  was car r ied  out  obs t ruc ted  the  genera l  
acceptance of Wohlwi l l ' s  theory,  and p robab ly  was 
p a r t - o f  the phenomenon tha t  Wohlwi l l ' s  cont r ibut ion  
to the  chlora te  theory  is wide ly  underes teemed.  

One yea r  later ,  Foers t e r  publ i shed  a s tudy  on the 
anodic processes (33) containing the untenable  s ta te -  
ment  tha t  oxygen  is set free only  to a ve ry  smal l  ex -  
tent  and  tha t  ch lora te  is f o r m e d  "anodica l ly  not  in any  
apprec iab le  extent ."  I t  was also in 1900 when  Brochet  
(34) concluded f rom exper imen t s  tha t  in a lka l ine  solu-  
tions a p r i m a r y  chlorat~ format ion  does not  occur. 

The same year,  Lorenz and Wehr l in  summar ized  the  
exis t ing views and publ i shed  the i r  voluminous exper i -  
menta l  resul ts  (35). The authors  concluded tha t  p r i -  
m a r i l y  hypochlor i t e  is fo rmed and tha t  under  cer ta in  
condit ions chlora te  is fo rmed at  the  anode, thus con- 
f i rming Wohlwil l .  

Foe r s t e r  cont inued to deny  any  anodic chlora te  for -  
mat ion  (36), bu t  soon Foe r s t e r  and Mfil ler  (37, 38) 
came to the definite conclusion tha t  apa r t  f rom autoxi -  
dat ion of hypochlor i te  requ i r ing  a s l ight ly  acidic r e -  
gion chlora te  format ion  occurs by  discharge of hypo-  
chlor i te  a t  the anode  

3CIO-  ~ 1.5H20 -~- CIO3-  -~- 2C1- 

-{- 3H + -5 0.75 O2 + 3 e -  

They coined the express ion of "anodic  chlora te  fo rma-  
tion" which  is s t i l l  in  use. 

The Problem of Hypochlorite Reduction 
The o ther  r e l evan t  p rob lem tha t  occupied the sci- 

ence in the chlora te  field was the  quest ion whe the r  
and how i t  was possible to p reven t  reduct ion  of hypo-  
chlor i te  a t  the cathode. The  fo rmat ion  of chlora te  is 
favored  by  intensive mix ing  of anodic and cathodic 
products.  But it  was jus t  this mix ing  tha t  caused hy -  
pochlor i te  reduc t ion  to such an ex ten t  t ha t  cur ren t  
efficiency was he ld  down and the economy of the  
whole  process severe ly  affected. To a l low indus t r ia l  
operat ion,  a d i aphragm was gene ra l ly  used to separa te  
anoly te  and ca tholy te  (20). "I t  is se l f -ev iden t  t ha t  
the  e lectrolysis  of chlorides of po tass ium or  sod ium 
must  be car r ied  out  w i th  use of  a m e m b r a n e "  (23). 

When  in 1894 Oet te l  (21) s tud ied  the  condit ions of 
e lec t rochemical  ch lora te  fo rmat ion  wi th  t h e  in ten t ion  
to check the  assumed react ion equations,  he concluded 
tha t  the process should run  bes t  in the case where  the  
d i aph ragm is omit ted.  In an ex tended  test  w i th  a s ingle 
compar tmen t  cell  he was able  to show tha t  the  cur ren t  
efficiency could be ma in ta ined  at  80-82% wi thout  
t endency  of significant decrease  (21). He soon obta ined  
an efficiency of 87% when he opera ted  such a cell  
wi th  a s t rongly  a lka l ine  solut ion of calc ium chlor ide  
(39). Oet te l  e r roneous ly  in t e rp re t ed  this cur ren t  effi- 
ciency to be caused by  the absence of hypochlor i te  du r -  
ing electrolysis.  He was so enthusias t ic  tha t  he ca l led  
e lectrolysis  wi thout  d i a p h r a g m  "one of  the  most  e le -  
gant  processes tha t  e lec t rochemis t ry  presents"  (39), 
a s t a tement  which mus t  be seen before  the background  
of the  enormous technical  difficulties of  making  su i t -  
able  d iaphragms.  

Independen t  of this real izat ion,  tha t  same yea r  the 
first indus t r ia l  chlora te  cell  wi thout  d i aphragm was 
star ted.  As ea r ly  as in 1890, Oscar Carlson had  taken  
a Swedish  pa ten t  (40) for  a s i ng l e - compar tmen t  cell. 
The process was used in the  Mansboe factory.  A n  ad-  
vanced technology was used: "In  a vessel  a lka l i  chlo-  
r ide  is dissolved and the solut ion is then  e lec t ro lyzed 
be tween  an anode made  of carbon or o ther  convenient  
ma te r i a l  and a cathode p r e f e r a b ly  made  of i ron  under  
omission of a par t i t ion"  (40). However ,  when  discussing 
the question of p r io r i t y  of d iaphragmless  cells, Wart ' s  
pa ten t  of 1851 (11) has to be considered.  Carlson was 
the  first who used carbonates  of a lka l ine  ear ths  as 
addi t ive  to the solution. The text  of the pa ten t  (40) 
reveals  tha t  Carlson did not  have a clear  idea  of the  
effect of this step. He was of the  opinion tha t  the h y -  
droxides  o f  a lka l ine  ear ths  reac t  d i rec t ly  wi th  the 
chlorine, thus p lay ing  an act ive role in the  format ion  
of chlorate.  The d isadvantageous  side effect was that  
the l aye r  of a lka l ine  ea r th  hydrox ide  a t taching  to the  
cathode cont inued to increase  in thickness dur ing  elec-  
trolysis,  causing a corresponding increase  in  vol tage  
drop. 

In  1898, Bischoff and  Foers te r  (41) gave an in t e rp re -  
ta t ion  of the  w a y  of act ion which  also today  is roughly  
val id:  calcium hydroxide ,  being less soluble than  
a lka l i  hydroxide ,  forms a d i aph ragm at the cathode 
surface thus obs t ruc t ing  the reduct ion of hypochlo-  
rite. 

I t  was another  Swede,  J . 'L a nd in ,  who gave a defi- 
n i te ly  prac t icab le  solut ion of the  p rob lem (16, 42). In  
1897, he proposed to use addi t ives  of compounds of 
those meta ls  which occur in various valencies,  pa r t i cu -  
l a r ly  chromic acid. In 1898, Imhoff was gran ted  a Ger -  
man  and an Amer ican  pa ten t  (48) (which was t r ans -  
f e r red  to the  Uni ted  Alka l i  Company,  L imi ted)  for 
the addi t ion  of chromate.  

Obviously  wi thout  knowledge  of Landin ' s  and  Im-  
hoff's patents ,  Mfil ler  (44, 45) used potass ium chromate  
addi t ive  wi th  the  in tent ion  of acce lera t ing  the con-  
vers ion of hypochlor i te  to chlorate,  bu t  found tha t  the  
addi t ive  was sui table  to ex tens ive ly  suppress  the cath- 
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odic reduction. "The electrolysis with chromate repre-  
sents one of the most ideal diaphragm processes one 
can imagine" (46). Contemporary  experiments showed 
that current  efficiencies of 80-92% were attainable 
(33). A means thoroughly satisfying in industrial elec- 
trosynthesis of chlorate had been found. In 1905, world 
production o f  chlorate amounted to 15,000 tons per 
year, 65% of which were already made by electro- 
synthesis (14). 

Manuscript received April  14, 1980. 

Any  discussion of this paper will appear  in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Discus- 
sion Section should be submitted by Aug. 1, 1981. 

REFERENCES 
1. (a) W. Hisinger and J. J. Berzelius, Neues Allg. J. 

Chem., 1, 115; (1803) (b) W, Hisinger and J. J. 
Berzelius, Ann. Chim., 51, 167 (1805); (c) W. 
Hisinger and J. J. Berzelius, in "Avhandl ingar  
Fysik Kemi och Mineralogi," Stockholm (1806); 
(d) W. Hisinger and J. J. Berzelius, Ann. Phys., 
27,269 (1807). 

2. J. E. Jorpes, "Jac. Berzelius. His l i fe  and work." 
Berkeley, University of California Press (1970). 

3.(a) R. Chevenix, J. Phys. Chim. Hist. Nat., 55, 85 
(1802); (b) R. Chevenix, Phil. Trans. Roy. Soc., 
92, 126 (1802); (c) R. Chevenix, Ann. Phys., 12, 
416 (1803). 

4. It. Kolbe, Ann, Chem. Pharm., 49, 393 (1847). 
5. J. Berzelius, ,Selbstbiographische Aufzeichnungen," 

H. G. SSderbaum, Editor, Leipzig: J. A. Barth 
(1903). 

6. J. R. Glauber, "Des Teutschlandts Wohlfart, Am-  
sterdam, J. Jansson 1656-1661." 

7. H. Kopp, "Gescnichte der  Chemie," Vol. 3, Braun-  
schweig (1845) (Reprint Hildesheim 1966). 

8. C. Berthollet, Mdm. Acad. Roy. Sci., 3, 385 (1786/ 
1787) ,Turino 1788. 

9. J. K. P. Grimm, Ann. Phys., 7, 348 (1801). 
10. C. W. BSckmann, ibid., 8, 137 (1801). 
11. C. Watt, Brit. Pat. 13,785 (1851). 
12. B. Kerl, "Muspratt 's  . . . Chemie in Anwendung 

auf Ki~nste und Gewerbe," 2nd ed., 3rd Vol., 

Braunschweig (1868). 
13. F. Hurter, J. Soc. Chem. Ind., 7, 719 (1888). 
14. J. B. C. Kershaw. "Die elektrolytische Chloratin- 

dustrie," Halle a. S.: Knapp (1905). 
15. C. H~iussermann, Jahrb. Chem., 1, 325 (1891). 
16. J. Landin, Z. Elektrochem., 6, 480 (1900). 
17. A. Schumann-Leclercq,  French Pat. 772,326 (1933/ 

34). 
18. J. Brock, Brit. Pat. 9002 (1898). 
19. W. Wallace, This Journal, 99, 309C (1952). 
20. C. I-laeusermann and W. Naschold, Chemiker-Ztg., 

18, 857 (1894). 
21, F. Oettel, Z. ELektrochem., 1, 354 (1894). 
22. J. Fogh, "?3ber die Vorg~nge bei der Elektrolyse 

w~ssriger Chlorid-Lbsungen," Diss. Jena (1889). 
23. F. Oettel, Chemiker-Ztg., 18, 69 (1894). 
24. F. Haber and S. Grinberg, Z. Anorg. Chem., 18, 329 

(1898). 
25. F. Oettel, Z. Elektrochem., 5, 1 (1898). 
26. H. Wohlwill, ibid., 5, 52 (1898). 
27. D. Landolt and N. Ibl, J. Appl. Electrochem., 2, 

201 (1972). 
28. F. Foerster, (E. Mfiller, F. Jorre) ,  Z. Elektrochem., 

6, 11 (1899). 
29. F. Foerster and F. Jorre, J. Prakt. Chem., 59, 53 

(1899). 
30. F. Foerster, Z. Anorg. Chem., 22, 1 (1899). 
31. H. Wohlwill, Z. Elektrochem., 6, 227 (1899). 
32. F. Foerster, ibid., 6, 253 (1899). 
33. F. Foerster and H. Sonneborn, ibid., 6, 597 (1900). 
34, A. Brochet, C.R. Acad. Sci. Paris, 130, 134, 718, 1624 

(1900). 
35. R. Lorenz and H. Wehrlin, Z. Elektrochem., 6, 389, 

408, 419, 437, 445, 461 (1900). 
36. F. Foerster and E. Mfiller, ibid., 8, 8 (1902). 
37. F. Foerster and E. Miiller, ibid., 8, 633, 665 (1902). 
38. F. Foerster and E. Mfiller, ibid., 9, 171 (1903). 
39. F. Oettel, ibid., 1, 474 (1895). 
40. O. Carlson, Swedish Pat. 3614 (1890). 
41. H. Bischoff and F. Foerster, Z. Elektrochem., 4, 

464 (1898). 
42. J. Landin, Swedish Pat. 8820 (1897). 
43. (a)P. Imhoff, Ger. Pat. 110,505 (1898); (b) P.. 

Imhoff, U. S. Pat. 627,063 (1898.) 
44. E. Mfiller, Z. Elektrochem., 5, 469 (1899). 
45. E. Mfiller, Z. Anorg. Chem., 22, 33 (1899). 
46. E. Miiller, Z. Elektrochem., 7, 398 (1901). 



, I I - l U R N A L  I- IF T H E  E L E P .  T R E I P ,  H E M I R A L  S E I C I E T Y  

E L E C T R O C H E M I C A L  S C I E N C E  

- - - - A N D  T E C H N O L O G Y , , , ,  
MARCH 

"'::~ 1981 

Mathematical Modeling of the Lithium-Aluminum, 
Iron Sulfide Battery 

I. Galvanostatic Discharge Behavior 

Richard Pollard *,1 and John Newman* 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory 

and Department oS Chemical Engineering, University o] California, Berkeley, California 94720 

ABSTRACT 

A mathemat i ca l  model  of the LiA1/LiC1, KC1/FeS high t empe ra tu r e  ba t -  
t e ry  is presented.  The model  considers a whole  pr i smat ic  cell which  consists 
of negat ive  electrode,  separator ,  e lec t ro ly te  reservoir ,  and posi t ive electrode.  
Phys ica l  phenomena  descr ibed are  ohmic potent ia l  drop and diffusion poten t ia l  
in the  electrolyte ,  changes in poros i ty  and e lec t ro ly te  composit ion due to elec-  
t rochemical  reactions,  local reac t ion  rates, and diffusion, convection, and  mi -  
g ra t ion  of e lectrolyte .  In  addit ion,  the analysis  includes finite ma t r i x  conduc-  
t ivit ies,  va r iab le  physical  propert ies ,  and the poss ibi l i ty  of specific s imul -  
taneous react ions  in the  posi t ive electrode. The theore t ica l  resul ts  show many  
of the  t rends  in behavior  observed exper imenta l ly .  The effects of s ta te  of 
charge, in i t ia l  e lec t ro ly te  composition, cell  t empera ture ,  and  cur ren t  densi ty  
a re  presented,  and  factors tha t  can l imi t  cell  per formance  are  identified. 

The LiA1/LiC1, KC1/FeSx high t e m p e r a t u r e  ba t t e ry  
is a candida te  for  off -peak e lec t r ica l  ene rgy  s torage 
and for  e lectr ic  vehicle  propulsion.  A mathemat i ca l  
model  is needed  to predic t  the opera t iona l  charac te r -  
istics of the sys tem and to assess the influence of 
changes in design pa rame te r s  on the cell  performance.  

Many models  have been proposed to descr ibe the  
behav ior  of flooded porous electrodes,  and cur ren t  and 
reac t ion  d is t r ibut ions  in a di rect ion pe rpend icu la r  to 
the separa to r  have been considered in g rea t  deta i l  (1). 
The e lect rode can be  r ega rded  as a homogeneous mix -  
ture of ma t r i x  and e lec t ro ly te  (2) or  as a single pore, 
p rov ided  tha t  p rope r  averages  a re  t aken  over  a cross 
sect ion (3, 4). 

The macrohomogeneous  model  has been  appl ied  to 
severa l  specific ba t t e ry  electrodes.  A n  analysis  of the 
constant  cur ren t  discharge behavior  of e lectrodes wi th  
spa r ing ly  soluble reactants ,  such as the  Ag-AgC1 and 
Cd-Cd(OH)2  couples, has e luc ida ted  the re la t ive  im-  
por tance  of different  fa i lure  modes in these systems 
(3). Trans ien t  and  fa i lure  analyses  have also been 
made  of the  zinc electrode (5) and  the l ead  dioxide 
e lec t rode  (6, 7). An  assessment  of s t eady- s t a t e  compo-  
sit ion profiles in l i t h ium/su l fu r  ba t t e ry  analogues has 
been made,  bu t  the  resul ts  a re  res t r i c ted  to nonporous 
systems (8). 

F a r  less effort has been d i rec ted  t oward  model ing 
complete  cells and, up unt i l  no~,  only  the lead  acid 
cell  has been considered in deta i l  (9-12). In  this 
paper ,  a one-d imens iona l  model  is p resen ted  for the 
LiA1/FeS system, which is cu r ren t ly  being developed 
at the  Argonne  Nat iona l  Labo ra to ry  (13). A whole 

* E l e c t r o c h e m i c a l  ~ o c i e t y  Active Member. 
~ P r e s e n t  a d d r e s s :  D e p a r t m e n t  of C h e m i c a l  E n g i n e e r i n g ,  Uni-  

v e r s i t y  of H o u s t o n ,  H o u s t o n ,  T e x a s  77004. 
K e y  w o r d s :  p o r o u s  e l e c t r o d e s ,  m o l t e n  salt electrolyte,  cel l  pe r -  

f o r m a n c e .  

pr ismat ic  cell is considered, consist ing of negat ive  elec-  
trode, separator ,  e lec t ro ly te  reservoir ,  and posi t ive elec-  
t rode  (see Fig. 1). The model  can be used to ident i fy  
sys tem l~mitations and to help guide expe r imen ta l  r e -  
search. 

Model Development 
The analysis  is based  on the macroscopic theory  of 

porous electrodes in which the solut ion and m a t r i x  
phases a re  t rea ted  as superposed cont inua wi thout  re -  
ga rd  for the ac tual  geometr ic  detai ls  of the  pores  (2). 
Wi th  this approach,  one can obta in  a consistent  f r ame-  
work  for  the descr ipt ion of i so thermal  t r anspor t  p ro -  
cesses in the mol ten  salt  e lec t ro ly te  (14). 

A ma te r i a l  ba lance  for species i is given b y  

(~ (Eci) 
---~ a j i n  - -  V �9 N i  [ 1 ]  

0t 

where  Ni is the flux of species i in  the pore  solut ion 
averaged  over  the  cross-sect ional  a rea  of the e lectrode 
and where  ajin represents  the t ransfer  ra te  of species i 
f rom the solid phases to the pore  solut ion per  unit  
e lec t rode  volume. In addit ion,  the  superficial  cur ren t  
densi ty  in the pore  solut ion is due to the  movement  of 
the charged species 

i2 = FZziNi [2] 
t 

and, as a consequence of the condit ion of e lect r ica l  
neut ra l i ty ,  the d ivergence  of the to ta l  cur ren t  dens i ty  
is zero 

V - i l +  V . i 2 = 0  [3] 

For  j s imul taneous  react ions of the form 

Z s i j M i  z~ -> n je -  [ 4 ]  
i 

491 
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Fig. l. $r162 diagram of LiAI/Fe$ cell 

Faraday 's  law can be expressed as 

a ~ m = - - z  sij 1 ~ k  [5] 

n y  a / ~ -  v'-~ 0t 

provided that  double layer  charging can be ignored. 
The last term on the r ight  side of Eq. [5] represents the 
removal  of species i from the electrolyte as a result  of 
preczpitation of salt k. The transfer  c u r r e n t ' p e r  uni t  
electrode volume ~7 �9 i~ is related to fhe indiv idual  
average transfer  current  densities by 

V �9 is = .~ (ain)~ [6] 

A mater ia l  balance on the solid phases indicates how 
the electrode porosity changes with the extent  of reac- 
t ion at each location wi th in  the electrode 

O(e + ep) = Z ~ suVi 

phases 
where e, = Z e~k. 

k 

[7] 

The flux of mobile species in  the electrolyte can be 
a t t r ibuted to the combined effects of diffusion, migra-  
tion, and convection. For the LiC1-KC1 electrolyte, the 
fluxes of l i th ium and potassium ions are given by (14) 

~D t*li~ 
N1 - ~ VXA + ~ + XA(CA + C~)V* [8] 

,D t*~is 
N~ : -- -~-  Vx~ + --F--- + xB (CA + Cs)V* [91 

These relationships can be subst i tu ted into Eq. [1] 
to give, respectively 

(eXA/~) i2 
- -~ V �9 [xAg -~- (XBt*I -- XAtgr2) 

~t F 

] -- ~ VXA ---- a31n [10] 

0 (,xBI~) 
05 ~- V �9 [ ~Bg "-~ (XAt*2 - -  XBt*I )  Yi~2 

.~ ] 
- - - ~ V x B  =ajsn [11] 

where 
v ,  i~ 

g = - ~  + (t,1 + ~ )  F [12] 

For the special case where t*l  = XA/2 and t*2 = XB/2, 
the direct dependence of Eq. [10] and [11] on current  
density is removed. The molar  average velocity has 
been chosen as the reference frame because physical 
data for LiC1-KCI mixtures  are often correlated with 
the mole fraction (see Appendix) .  

The movement  of electrons in the matr ix  phase is 
governed by  Ohm's law 

i l  - -  - - ~ V c z  [13] 

where ~ is the effective conductivi ty of the matrix. In 
the electrolyte, the variat ion in solution potential  is 
given by (14) 

-- = --Vr -- -- -l- t5 V#A 
g ~ XB nXB 

[i4] 

where r is measured with a reference electrode that  
has stoichiometric coefficients si and n u m b e r  n of elec- 
trons transferred,  and ~A is the chemical potential  of 
LiC1 (see Appendix) .  Equations [13] and [14] may be 
combined to obtain variations in the overpotential  
q = ~1 -- r directly. 

Polarization equations are needed to express the 
dependence of the local rate of each reaction on the 
various concentrat ions and on the potential  difference 
driving force at the reaction interface. Electrode ki-  
netics do not follow fundamenta l  laws that can be ex- 
pressed as rel iably as Ohm's law or the law of con- 
servation of matter.  Consequently, the polarization re-  
lationships will  be subject  to fur ther  refinement, as 
one tries to account not  only for the mechanism of the 
charge transfer  process but  also for the morphology 
of the electrode, the formation of covering layers, and 
the t ransport  of species to and from the reaction site. 

It is common to begin with a polarization equation of 
the form 

inj = ioj [e a.JFn~J/RT -- e-ac,Fn,,/Rw] [15] 

where ~sj is the local value of the surface overpotenfial,  
~sj : n -- Uj,o, and where the exchange current  densi ty 
can be wri t ten  as 

( cj,o ) ' ,  
ioj -- ioj,ref II  \ ~ .  II ak 7~ [16] 

i , k 

The theoretical open-circui t  cell potential  for reaction 
j is given by 

RT 
Uj.o - -  Uj O - -  Ure e -~ - -  �9 8i, r e i n  a~re 

nreF t 

RT 
--  ~ ~' s u  In al,~ [17] 

~%jF i 

The discharge reaction in  the negat ive electrode is 

LiA1--> Li + + A1 + e -  [I] 

In the ful ly  charged state, i t  is assumed that  the  nega-  
tive matr ix  consists of nonporous, spherical particles 
of ~-LiA1. On discharge, the outermost  region of a 
particle reacts first and a layer  of a-A1 is established 
which thickens gradually, at the expense of ~-LiA1, as 
the reaction proceeds. The But ler -Volmer  Eq. [15] 
should be modified to include the diffusional overpoten-  
tim for mass t ransport  of l i th ium across the a-phase to 
the solid-electrolyte interface. 

The parameter  
3.87(1 -- ,)I 

S = [18] 
n F C L i ~ a 2 D ~  

can be used as a criterion to assess the importance of 
solid-state diffusion wi thin  an LiA1 particle (16). Small  
values of S indicate that the time required for diffusion 
is much shorter  than the t ime needed for complete 
uti l ization of the particle. Even though S ~ 0 (0.1) for 
this system, the influence of solid-state diffusion may  
be appreciable at high cur ren t  densities or with low 
sperific interfacial  areas, par t icular ly  toward the end 
of discharge. However, for S < 1, it is reasonable to 
invoke the pseudo-steady state approximation to evalu-  
ate the composition profile wi thin  the ~-phase. With this 
assumption, and with uni t  activity coefficients, the sur-  
face concentrat ion of l i th ium can be wr i t ten  as (17) 
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(eu=)o V �9 h 
= 1 [19] 

(eLi ~) sat (V �9 i2) nm 

The diffusion=limited t ransfe r  cur ren t  is g iven b y  

4~NFDa ( cLi a) sat 
(V . i2)]im = [20] 

( l _ ~ L i a )  ( 1 1 ) 
'r/3 ~a 

where  Ta and r~ can be re la ted  to the state of charge 
(17). Combinat ion  of Eq. [6], [15], [19], and [20] 

gives 

~aaF~/RT ~ e--CecF~/RT 
V . i ~ :  

1 e aFa~/RT 

( XA ) ~L'+ ( V  " i 2 ) l i m  
4~N?'a2i~ ~A,vef  

[21] 

where  ~ is measured  wi th  a re ference  electrode of the 
same k ind  as the work ing  electrode,  bu t  wi th  a fixed 
l i th ium ac t iv i ty  corresponding to sa tu ra ted  /~-phase 
(see Table  I ) .  Impl ic i t  in Eq. [21] a re  the assumptions 
tha t  there  is no more  react ion af te r  the ~-LiA1 is com- 
p le te ly  t r ans fo rmed  to ~-A1 and that  there  are  no 
var ia t ions  in e lec t ro ly te  composit ion be tween  the 
center  of a pore  and the a jdacen t  solid surface. 

The compl ica ted  discharge processes in the  posi t ive 
e lec t rode  are  r ep resen ted  by  two s imul taneous  reac-  
t ions 

2FeS + 2Li + + 2 e -  --> Li2FeS2 + F e  [IIA] 

Li2FeS2 + 2Li + + 2 e -  --> 2LiaS + Fe  [IIB] 

Equat ion [15] is used to descr ibe the ra te  of each r e -  
action, and the reference  e lec t rode  is t aken  to be the 
same k ind  as reac t ion  [IIB] (see Table  I ) .  More 
sophis t icated models  for the  posi t ive e lect rode kinetics 
could include addi t ional  in te rmedia te  reactions,  diffu- 
sion of reac tants  and products  to and f rom react ion 
sites, and crys ta l l iza t ion overpoten t ia l s  for the fo rma-  
t ion of solid products.  However ,  the  deta i led  mecha-  
nism of the react ions and the jux tapos i t ion  of the dif-  
fe ren t  phases have not  ye t  been fo rmal ly  es tabl ished 
and are  the  subjec t  of a separa te  s tudy (18). At  the 
high opera t ing  t empera tu res  of the  l i t h ium/ i ron  sulfide 
system, and wi th  the re la t ive ly  high concentra t ion of 
l i th ium ions in the electrolyte ,  the  ra te  of react ion is 
expected to be high and, therefore,  the  simplified k i -  
netic analysis  may  be adequate.  

The governing different ial  equat ions for the l i t h ium-  
a l u m i n u m / i r o n  sulfide sys tem are  subjec t  to the  fol-  
lowing bounda ry  condit ions (see Fig. 1): 

(i)  at  the  cu r ren t  collectors 

( a )  N t = 0  

(b) g - -  0 [22] 

(c) i~ = 0 

(it) at the  negat ive  e l ec t rode / sepa ra to r  in ter face  

Table I. Kinetic parameters used in model 

N e g a t i v e  e l e c t r o d e  Pos i t ive  e l ec t rode  

P a r a m e t e r  Value  Value  P a r a m e t e r  

aa = otc 0.5 1.0 ~aj = ~(.~ 

n 1.0 2.0 nj 
sl  - 1.0 - 2.0 sJ, j 
83 0.0 0.0 ss, j 
(XA) re~ 0.58 1.0 (xA) rof 
,'/Li+ 0,5 1.0 ET~ + 

io (A/e ra  ~) 2.8 2.0 x 10 ~ (aio) j ( A / c m  ~) 
D~(cme/sec)  4.0 • I0 -~o 0.0326 UHA,o (V) 
_ (30) 
~r,~ ~ 0,05 0.0 UHmo ( V )  

(a) i~ = I 

(b) XA, V* continuous [23] 

0Y ' - - ~ Y  ] e  

(iii) at the posi t ive e l ec t rode / rese rvo i r  in terface  

(a) i 2 : I  

(b) XA continuous [24] 

(c)  A T = 0y e - ~ - - Y / ,  

where  VR/A can be es t imated  f rom 

0 ( V R / A )  VI~ d i n  V (~xA 
- -  v * s  - -  v * e  + [25]  

Ot A dxA Ot 

The e lec t ro ly te  composit ion is assumed to be un i form 
across the  reservoir .  I t  should also be noted tha t  a l t e r -  
na t ive  formulat ions  can be used for the  bounda ry  
conditions at the front  of the electrodes.  These choose 
control  volumes for the ma te r i a l  ba lances  that  avoid 
the need for separa te  evalua t ion  of the composit ion 
gradients  at  the interfaces  (17). In  the separator ,  the 
governing equations can be simplif ied in accordance 
wi th  

( a )  i2 = I 

( b )  V . i2 - -  0 [26]  

( c )  e - -  es 

The ini t ia l  condit ions are  t aken  as 
(i) XA = XA ~ 

(it) ee --  ee ~ [27] 

( i i 0  v �9 ( ~ g )  = V--Aajln + VBa~2n - 0-A-' 
0t 

-~ I7"0T Ot + ~r " ~ VXA 

where  Eq. [27 (iii)] is der ived  f rom Eq. [10] and [11]. 
Dur ing  discharge the t empe ra tu r e  is assumed to be 

un i form throughout  the cell sandwich,  but  i t  can 
change wi th  t ime in response to revers ib le  hea t  effects, 
Joule  heating,  overpotent ia ls  associated wi th  e lect rode 
reactions, and precip i ta t ion  or  dissolution of electrolyte .  
The first law of the rmodynamics  gives 

A A 
mCp dT [ T OUo ] 
~ = ~ =  V e - - V - -  ~ I o ,OT 

- h o ( T - - T A )  + ~  d y  [28]  
k k O 

where  the hea t  t ransfer  coefficient ho is based  on est i -  
ma ted  hea t  losses for a ba t t e ry  module.  The total  cell  
potent ia l  V is obta ined b y  in tegra t ion  of local ma t r ix  
and e lec t ro ly te  potent ia l  gradients  in the e lectrodes and 
separator ,  in accordance  wi th  Eq. [18] and [14], r e -  
spectively.  Kirchhoff 's  vol tage l aw requires  inclusion 
of the  surface overpotent ia ls  (wi th  appropr ia t e  signs) 
at  the f ront  of each e lec t rode  as wel l  as the difference 
in potent ia l  be tween  the two types  of re ference  elec-  
t rode  at  one location. Resistances of the  e lec t ro ly te  
reservoi r  and cur ren t -co l lec tor  grid can also be  in-  
cluded. 

The LiA1/LiC1, KC1/FeS sys tem can be descr ibed by  
the local var iables  XA, e, i2, g, and 0, and b y  the govern-  
ing Eq. [7], [10], [11], [14], and [15], subject  to the  
specified b o u n d a r y  conditions. These re la t ionships  con- 
s t i tu te  a set of coupled, ord inary ,  nonl inear  different ia l  
equat ions at  each t ime step which  are  cast  into finite 
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difference form accurate  to 0(h2), and solved s imul-  
taneous ly  by a numer ica l  technique (19). Each non-  
l inear  equat ion is l inear ized p rope r ly  to assure con- 
vergence, and each t ime-dependen t  equat ion is p ro-  
g rammed  symmet r i ca l ly  be tween  the old t ime step and 
the present  one, in o rder  to a t ta in  s tabi l i ty .  

Results and Discussion 
Electrolyte composition.--Figure 2 shows composit ion 

profiles across the  cell  sandwich for severa l  t imes du r -  
ing a constant  cur ren t  discharge of 41.6 m A / c m  2. A 
l i th ium-r ich  e lec t ro ly te  is used, and the dimensions 
and capacit ies of the fu l ly  charged electrodes corre-  
spond to those of the Argonne  Nat ional  Labora tory ,  
Mark  1A cell (13). When the discharge is s tar ted,  
l i th ium ions are  in t roduced into the e lec t ro ly te  at  the 
negat ive  e lect rode and t ranspor ted  across the  porous 
separa to r  to the posi t ive electrode,  where  they can 
react  ca thodica l ly  to fo rm Fe  and Li2FeS2 or  Li2S. 
Since the t ransference  number  of Li + is not uni ty,  a 
concentra t ion profile develops, and diffusion aids mi -  
gra t ion in the  t r anspor t  of l i th ium ions. An  a lmost  
constant  composit ion g rad ien t  is es tabl ished across the 
separa to r  tha t  corresponds to the flux of l i th ium ions 
needed for the specified cur ren t  density.  The presence 
of the rese rvo i r  a t tenuates  composit ion changes at  the  
front  of the  posit ive but, wi th in  the  electrode,  the 
composit ion var ia t ions  are  accentua ted  by  local poros-  
i ty  changes. 

The detai ls  of the composit ion var ia t ions  can be a t -  
t r ibu ted  to the combined effects of diffusion, migrat ion,  
convection, and e lect rochemical  reaction. The contr i -  
but ion of convection, which arises p r i m a r i l y  f rom the 
influx or squeezing out of e]ect-o!vfe a~ the nornr 
al ters,  is expected to be small  for this sys tem (vCr 
0(10 -5)  cm/sec) .  However ,  convection is inc luded in 
the analysis  to ensure tha t  the accuracy of the e lec t ro-  
lyre ma te r i a l  balances is re ta ined.  

The impor tance  of v~ was tested by  repea t ing  the 
s imula t ion  in Fig. 2, wi th  the  t empera tu re  dependence  
of the e lec t ro ly te  mola r  volume included in a manne r  
that  caused osci l la t ion in v~r, wi thout  adverse ly  affect- 
ing the ma te r i a l  balances.  The resul ts  differed b y  less 
than 0.2%, except  in the region wi th  KC1 precipi ta t ion,  
where  the larges t  e r ror  in +p was 5%. The sens i t iv i ty  
of prec ip i ta t ion  to t empera tu re  and composit ion indi -  
cates that  a significant propor t ion  of this e r ror  should 

be associated wi th  changes in  V, r a the r  than  v~. 
If  the cel l  t empe ra tu r e  remains  constant,  the  model  

predic ts  that  the e lec t ro ly te  composit ion in the nega-  
t ive e lectrode would  cross the so lubi l i ty  l imi t  for  LiC1 

~ -  0 2 5 h r  

x A 

o6 
NEGATIVE ELECTRODE 

Q_= 3450 C/cm 3 
L :0.26cm; E~ 025 

I I I I 

: t : 

SEPARATOR 

I= +, 6 mA/c~ 
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To=450~ 
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F~SITIVE 
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XA 

0.6 

io 

0.5 

o8 fo 

( indicated by  the dashed l ine)  a f te r  1.5 hr. However,  
the  average  t empe ra tu r e  rises b y  app rox ima te ly  15~ 
dur ing  this period, and therefore  prec ip i ta t ion  of LiC1 
is avoided. Nevertheless ,  at  about  54% depth  of dis-  
charge, the composit ion has fa l len  m a r k e d l y  in the 
posit ive e lect rode and prec ip i ta t ion  of KC1 is p re -  
dicted. This is i l lus t ra ted  in Fig. 3, which shows the 
var ia t ions  in m a x i m u m  and min imum elec t ro ly te  con- 
centra t ions  dur ing  the discharge,  in comparison wi th  
the sa tura t ion  compositions. The predic t ion  of large  
var ia t ions  in e lec t ro ly te  composit ion dur ing  discharge 
emphasizes the need  for inclusion of var iab le  physical  
proper t ies  in the theoret ica l  analysis.  

The fract ion of act ive ma te r i a l  ut i l ized wi th in  the  
negat ive  electrode is shown in Fig. 4, a t  severa l  dis-  
charge times. The large  electrode surface a rea  and 
the high opera t ing  t empera tu re  help to create  fast  r e -  
act ion kinetics. As a result ,  a h ighly  nonuni form reac-  
t ion distr ibut ion,  dominated  by  ohmic effects, is ob- 
tained. Ini t ia l ly ,  the sharp react ion f ront  is res t r ic ted  
to the e l ec t rode / sepa ra to r  in ter face  because an infinite 
ma t r i x  conduct iv i ty  has been assumed for the  s imula -  
t ion (2, 20). This react ion zone g radua l ly  moves 
through the e lect rode as act ive ma te r i a l  is consumed 
and the potent ia l  requi red  for  the react ion becomes 
more  positive. At  the back of the electrode,  the t ransfe r  
cur ren t  rises g radua l ly  in response to the  composi t ion-  
dependent  t e rm in the O,hm's l aw re la t ionship  for  the 
electrolyte .  This effect is more  pronounced at  high 
cur ren t  densit ies and, as a result ,  the  react ion f ront  at  
a yiven state of charge is less sharp at  h igher  discharge 
rates. 

The complemen ta ry  reac t ion  dis t r ibut ions  for the  
posi t ive e lectrode are  presented  in Fig. 5. Reaction 
[IIA] s tar ts  first, and af te r  2 hr  i t  has proceeded about  
two- th i rds  of the way  th rough  the electrode.  The FeS 
is fu l ly  conver ted  to Li2FeS2 behind  this react ion 
front, which is i tself  r e l a t ive ly  narrow.  Subsequent ly ,  
a f ront  for react ion [IIB] begins to move through the 
electrode,  and its influence on the composit ion can be 
seen in Fig. 2 at  2.5 hr. 

The dis tance tha t  the first reac t ion  penet ra tes  the 
e lect rode before  onset of the second f ront  is dependent  
o n  the  opera t ing  conditions. Table  II  indicates  tha t  the 

Fig. 2. Position dependence of mole fraction of LiCI at different 
discharge times. Dashed line represents saturaffon limit for LiCI at 
450~ Simulation parameters: N ~ 1.1 X 108 cm-~;  Tables I 
and II~. 

I I I I I 1 , t "  

( XA) LJCI,sat" ~..........-."""" 

(XA)K Cl's~ ~ "  ~ ' ~  ~ k  

l I I I I 
0 2 4 6 8 I0 12 

t (103s) 

Fig. 3. Comparison of variations in saturation limits for LiCI and 
KCI and maximum and minimum electrolyte concentrations. Param- 
eters as in Fig. 2. 
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Fig. 4. Fraction of active material utilized in negative electrode at 
different discharge times. Parameters as in Fig. 2. 
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Fig. 5. Fraction of active material utilized in positive electrode at 
different discharge times. Parameters as in Fig. 2. 

distance be tween  the fronts is smaller,  and hence the 
reactions are less distinct, wi th  h igher  current  densities 
or  wi th  lower  ini t ial  e lectrolyte  compositions. 

The micros t ruc ture  in  the posit ive short ly  af ter  the 
second react ion has begun is shown in Fig. 6. In  this 
example,  the ini t ial  composition is that  of the eutectic, 
58 mole  percent  LiC1, and precipi ta t ion of KC1 occurs 
at a re la t ive ly  low depth  of discharge. Prec ip i ta t ion  is 
responsible for the ex t remely  small  va lue  of the poros-  
i ty  e at a distance of about  0.075 cm which effectively 
blocks off the back port ion of the electrode. In this 
isolated region, se l f -discharge reactions can take place 
as a resul t  of composit ion var ia t ions  in the e lect rolyte  
and potent ia l  gradients in the matr ix.  The d iagram 
shows that, in the depth of the electrode, react ion [IIA] 
has occurred to some extent ,  producing a cer ta in  vol -  

Table II. Characteristics of reaction fronts in positive electrode 

XA o 

0.58 0.667 

I (A/cm =) 0.0416 0.1 0.0416 0.1 
Lgap/L+ 0.40 0.18 0.63 0.30 
IOOtt3/t~ 22.7 12.2 33.6 17.7 

Table Ill .  Physical parameters used in analysis 

Parameter Value 

uo (v) 1.34 
OUo/OT (V/K) -1.55 x 10 -4 
Cp (kJ/kg �9 K) 1.03 
ha (W/m ~. K) 4.13 X 10 -2 
TA (K) 298.15 

VLIel (cm~/mole) 20.50 

'~c t  (cmS/mole) 37.58 

V~es (cm3/mole) 18.55 

'~'e (cm~/mole) 7,11 

"~x (cm~/mole) 46.23 

Vm# (cm~/mole) 27.677 
f iFe (~-I c m - l )  8.23 X 10~ 
�9 F~S (42) (f~-i cm-1) 1.90 x 103 
cx (~-z cm-~) 5.00 x l0 ~ 
p= (g/cm 8) 2.70 
p~ (g/cm a) 1.75 
VR~ (cm) 0.03 

u m e  fract ion ~x of Li2FeS2 and s l ight ly decreasing the  
p o r o s i t y  f r o m  i ts  i n i t i a l  v a l u e  o f  0.5. B e h i n d  the  cen-  
t r a l  react ion front, there  is a plateau for the values of 
ex, ,, and 'Fe that  corresponds to complet ion of reac-  
tion [IIA]. At  distances less than 0.01 cm f rom the 
reservoir,  the consequence of react ion [lIB] can be 
seen; Li2FeS2 is consumed, Li2S is produced, and the 
porosi ty drops to a small  value. 

As the first react ion f ront  moves  back through the 
posit ive electrode, the precipi ta ted region does so also, 
and it remains as a sharp spike located in the region of 
highest t ransfer  current.  The progression of the second 
react ion is accelerated by the isolation of  the back of 
the electrode, and the region of precipi tat ion can 
spread rapidly  to affect a la rger  par t  of the electrode. 
The local reductions in porosity that  resul t  f rom the 
large molar  ~,olume of the Li2S and the precipi tat ion 
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Fig. 6. Volume fractions of solid phases and electrolyte in posi- 
tive electrode. Parameters as in Fig. 2, except as indicated. 
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of KC1 lead to a reduct ion  in local e lec t ro ly te  conduc-  
t iv i ty  in accordance  wi th  Eq. [A-2].  Consequently,  a 
significant potent ia l  drop  can develop across the  low 
porosi ty  region, and this m a y  severe ly  l imi t  u t i l iza t ion 
of the electrode. The plugging of porous electrodes has 
been cited as a possible cause of fa i lure  in o ther  elec-  
t rodes (5, 21). In the zinc electrode, for  example ,  a 
large  volume fract ion of ZnO can be produced at the 
front  face ear ly  in a discharge,  pa r t i cu l a r ly  if the re -  
action d is t r ibut ion  is h ighly  nonuniform. 

Initial electrolyte composition.--An impor t an t  con- 
s idera t ion in the deve lopment  of the LiA1/LiC1, KC1/ 
FeS ba t t e ry  is the choice of ini t ia l  e lec t ro ly te  composi-  
tion, XA o. The dependence  of composi t ion changes on 
XA o is i l lus t ra ted  in Fig. 7, a t  two different  depths  of 
discharge. The difference be tween  the m a x i m u m  and 
min imum e lec t ro ly te  composit ions is l a rge r  for smal le r  
XA% and this effect becomes magnif ied as the discharge 
proceeds. The composit ion changes have a direct  in-  
fluence on the ex ten t  of prec ip i ta t ion  and on the Nernst  
re la t ionship  for the cell potential .  

Wi th  pure  LiC1, there  is no concentra t ion polar iza-  
tion, but  the min imum opera t ing  t e m p e r a t u r e  would  
be 609~ For  mol ten  sal t  mix tures  wi th  Li + as a 
common ion, the  composit ion changes in the L i / F e S  
cell  a re  expected  to be small .  The t r anspor t  theory  
developed in Ref. (14) can be appl ied  d i rec t ly  to 
b ina ry  e lectrolytes  such as LiC1-LiF. I t  also app l i e s  to 
more  compl ica ted  mixtures ,  such as LiC1-LiF-LiBr ,  
p rovided  tha t  i t  is reasonable  to assume that,  f rom a 
mass t ranspor t  s tandpoint ,  the anions can be lumped  
together  to give only  a s ingle independent  composit ion 
var iable .  

If the anions do not  par t i c ipa te  in the  e lec t rode  re -  
actions, the  product ion t e rm in the ma te r i a l  ba lance  
equat ion is given by  (14) 

RA "-- Vaj3n ( =c2~:lr Clt2r ) [29] 
\ y2By3 A ylAp~ B 

For  e lect rolytes  wi th  uni t  s toichiometr ic  coefficients, 
and for t ransference  number.s tha t  a re  d i rec t ly  p ro -  
por t ional  to concentrat ion,  Eq. [29] reduces to RA ~- 0 
and, therefore,  the  e lec t ro ly te  composit ion is constant.  
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Fig. 7 .  Dependence of composition variables on initial electrolyte 

concentration. Parameters as in Fig. 2, except as indicated. 

In practice,  RA is stil l  expected to be smal l  even with  
t ransference numbers  not  exac t ly  p ropor t iona l  to con- 
centrat ion,  and successful cell  opera t ion  m a y  be pos-  
sible at t empera tu res  much closer to the mel t ing  point  
than are  permiss ib le  wi th  the LiC1-KC1 electrolyte.  

Discharge curves.--An impor t an t  capabi l i ty  of the 
model  is to predic t  the dependence of total  cell vol tage 
on state of charge. Discharge curves for the  Argonne 
Mark  1A cells are  presented  in Fig. 8 for  severa l  dif-  
ferent  opera t ing  conditions. The upper  curves are  for 
a cur ren t  densi ty  of 41.6 m A / c m  e, and the highest  of 
these is for a l i th ium-r ich  electrolyte ,  which has a 
l a rge r  bu lk  e lec t ro ly te  conduct iv i ty  than the eutectic 
mixture .  Two curves are  shown for the eutectic,  which 
is the composit ion ac tua l ly  used in the  Mark  1A ceil 
design. Curve A takes account of prec ip i ta t ion  of e i ther  
component  of the electrolyte ,  whereas  curve B does not. 
For  al l  three  curves, the sharp reduct ion in cell vol tage 
can be a t t r ibu ted  to the localized poros i ty  reduct ions 
in the fu l ly  reacted region of the  posi t ive electrode. 
Prec ip i ta t ion  reduces the poros i ty  st i l l  fur ther ,  and 
the decline in vol tage is cor respondingly  more  acute. 
In practice,  the poros i ty  changes m a y  not  be quite so 
d ramat ic  because i t  is possible for the e lectrodes to 
swell. Expansion may  occur by  compaction of the 
separa to r  and  d isp lacement  of the  can walls  dur ing  the 
format ion  cycles of the cell, or  by  motion of the elec-  
t rodes re la t ive  to one another  dur ing  a pa r t i cu la r  
charge or discharge.  The ex ten t  to which swell ing can 
take place wil l  depend on the stresses genera ted  wi th in  
the cell and the physical  res t ra in ts  on the  container.  

At  the high cur ren t  density,  the in i t ia l  cell  vol tage 
is cons iderably  reduced  as a resul t  of the finite gr id  
resis tance (see Append ix ) .  Also, the  cell vol tage de-  
clines more  r ap id ly  since there  is less t ime avai lab le  
for diffusional processes to take  place, and because the 
react ion d is t r ibut ion  in the posit ive e lect rode is less 
uniform (see Table  I I ) .  

The t r iangles  in Fig. 8 indicate  the  onset  of prec ip i -  
ta t ion of KCI. They show that, at lower  I or h igher  xA o, 
preciMtat ion is delayed.  The exact  t ime when prec ip i ta -  
tion begins is l a rge ly  dependent  on the detai ls  of the  
heat  balance  used to es t imate  the average  cell  t em-  
perature ,  Eq. [28]. Smal l  changes in the ra te  of heat  
loss f rom the ba t t e ry  module,  or s l ight  differences in 
in i t ia l  cell  t empera ture ,  could have a significant impact  
on the ex ten t  of prec ip i ta t ion  and, possibly,  on the  
cell performance.  In  the examples  shown, prec ip i ta t ion  
of LiC1 is not  predicted,  even though the m a x i m u m  
composit ion is close to the  so lub i l i ty  l imi t  (see Fig. 3). 

I.:5 I I i I i 1 

~ ~ ~ I  = 41.6 mA/cm 2 

I.o q l I I I I\ 
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Fig. 8. Theoretical discharge curves for Argonne National Lab- 
oratory Mark ]A ceils. Parameters as in Fig. 2, except as indicated. 
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Careful  considerat ion of p rec ip i ta t ion  is needed  for 
severa l  add i t iona l  reasons. The ra te  of mass t ranspor t  
f rom the e lec t ro ly te  in the  bu lk  of  the  pores  to the  
m a t r i x  surface m a y  influence the ra te  a t  which  p r e -  
c ipi ta t ion takes  place. This has been inc luded  in p r e -  
vious studies of electrodes wi th  spa r ing ly  soluble re -  
actants  (22-24), but  the effects m a y  not  be so impor t an t  
in mol ten  sal t  sys tems because the  sal t  concentrat ions  
are  genera l ly  much higher.  The morpho logy  of the  p re -  
c ipi ta te  m a y  be impor tant ,  pa r t i cu l a r ly  if i t  forms as 
a pass ivat ing  l aye r  over  the act ive mater ia l .  F u r t h e r -  
more, local t he rma l  effects m a y  influence the  ex ten t  
and na tu re  of precipi ta t ion;  hea t  genera ted  as prec ip i -  
ta te  forms wil l  tend to r e t a r d  the  prec ip i ta t ion  process. 

tn  Fig. 9, an expe r imen ta l  d ischarge curve  is com-  
pa red  wi th  theore t ica l  predic t ions  obta ined  at  a s imi lar  
cur ren t  density.  The expe r imen t  was done wi th  a bicel l  
(2 negat ive  electrodes wi th  a centra l  posi t ive p la te )  
tha t  was bui l t  wi th  e lectrodes designed for the  Mark  
1A ba t t e ry  p rog ram (25). The compute r  s imula t ion  is 
based on the e lec t rode  capacit ies specified in Fig. 8, 
but  i t  is assumed tha t  the  posi t ive and negat ive  elec-  
t rodes have expanded  12.5% and 23%, respect ively .  I t  
is also assumed tha t  the  hea t  t ransfer  coefficient ho is 
twice as large  as the value  assumed for the Mark  1A 
ba t t e ry  model.  The ambien t  t e m p e r a t u r e  used in the 
model  remains  at  25~ whereas  i t  m a y  be  closer to 
450~ in the  exper iments .  

Theore t ica l  curves A and B in Fig. 9 indicate  the  in-  
fluen_e of ini t ia l  cell  t empe ra tu r e  on the p red ic ted  sys- 
tem behavior .  The cell t empera tu res  rise by  18 ~ and 
26~ dur ing  the  discharge,  for  low and high To, re -  
spectively.  Even wi th  high opera t ing  t empera tu res  and 
swollen electrodes,  the m a x i m u m  pred ic ted  ut i l iza t ion 
is s t i l l  cons iderab ly  be low the expe r imen ta l  observa-  
tions. Two possible reasons for  this d iscrepancy are:  
(a) La rge r  local  porosit ies in the  posi t ive e lect rode at  
a given s tage of charge  due to: (i) addi t ional  expan-  
sion, (ii) solid phase  in te rmedia tes  wi th  r e l a t i ve ly  low 
molar  volumes tha t  a re  not  included in the nre~ent 
model, and (iii) more  un i form dis t r ibut ion  of reac-  
tions. (b) Reduct ion in amount  of KC1 prec ip i ta t ion  
due to: (i) smal le r  composit ion var ia t ions  as a resul t  
of l a rge r  porosit ies or  free convection, (ii) high local 
tempera tures ,  (iii) mass t ranspor t  l imitat ions,  and 
( iv)  modificat ion of the  equ i l ib r ium so lubi l i ty  l imi t  
by  the  presence of spar ing ly  soluble species in the  
e lec t ro ly te  or  due to supersa tura t ion.  

Curve C in Fig. 9 represents  the same s imula t ion  as 
curve B, except  tha t  p rec ip i ta t ion  of e lec t ro ly te  is not  
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Fig. 9. Comparison of theoretical and experimental (25) dis- 
charge curves. Simulation parameters: Q -  ~ 2800 C/cm 8, Q+  
4630 C/cm 8, L -  ~ 0.32 cm, Ls ~ 0.16 cm, L+ = 0.18 cm, 
e -  ~ ~- 0.39, es ~ ~. 0.75, e+ ~ ~- 0.555, XA ~ --~ 0.58, I ~ 41.6 
mA/cm ~, N = 5.5 X 107 cm - ~ ,  ho = 8.25 • 1 0 - 2  W / m  2 �9 K. 

t aken  into account. The r e l a t ive ly  good agreement  wi th  
the expe r imen ta l  data,  a l though possibly fortui tous,  
gives some suppor t  to the  reduced prec ip i ta t ion  concept  
and provides  an incent ive  for a more  deta i led  examina -  
tion of the possible causes enumera ted  above. In  pa r -  
t icular,  a force ba lance  on the e lec t ro ly te  in a direct ion 
para l l e l  to the separator ,  together  wi th  Darcy 's  law, 
indicates that  free convection is even less impor t an t  
than  forced convection in ver t ica l  LiA1/FeS cells. 

In addit ion,  at  the end of the s imula t ion  depicted by  
curve C in Fig. 9, (XA)m~ =- 0.220, whereas  ( X A ) s a t  --- 

0.437. If local t empera tu re  effects dominated,  the t em-  
pe ra tu re  in the  posi t ive e lect rode would  need to be 
155 K above the average  cell t empera tu re ;  t e m p e r a -  
ture  different ials  of this magni tude  are  not  expected  to 
be observed in these cells because  the electrodes are  
thin and the mater ia l s  have r e l a t ive ly  high the rmal  
conductivit ies.  Fur the rmore ,  large  degrees of super -  
sa tura t ion  would not be expected in the heterogeneous 
e lect rode medium. A separa te  s tudy may  be needed to 
moni tor  cell t empera tu re  and to invest igate  local  va r i -  
a t ions in e lec t ro ly te  composition, under  closely con- 
t ro l led  exper imen ta l  conditions. 

One can also speculate  on the reasons for the differ-  
ences be tween  exper imen t  and theory  shown in Fig. 9, 
at  low util izations.  The expe r imen ta l  curve rises more  
sha rp ly  than  the model  predic t ions  at  depths  of dis-  
charge below a pp rox ima te ly  25%. This can be a t -  
t r ibuted,  at  least  in part ,  to the  presence of about  15% 
CueS in the  posi t ive electrode. Copper  sulfide was added  
to the Mark  1A electrodes to minimize  the format ion  
of an in te rmedia te  sulfide, LiK6Fe24S26C1 ( J -phase ) ,  
which can adverse ly  affect cell pe r fo rmance  (26). There 
is now evidence to suggest  tha t  J -phase  can also be 
suppressed by  the use of l i t h ium-r i ch  e lect rolytes  and 
increased opera t ing  t empera tu res  (27). El iminat ion  of 
CueS from the posit ive would  be advantageous  because 
gross movement  of CueS to the separator ,  wi th  sub-  
sequent  cell shorting, can t ake  place (28). 

Smal l  quanti t ies  of l i th ium are  sometimes added  to 
the negat ive  to augment  the e lect rode capacity.  As wi th  
CueS, addi t ion of l i th ium tends to raise  the  total  cell 
voltage. However ,  the l i th ium act iv i ty  is increased,  and 
this may  cause opera t ional  difficulties, such as dis-  
p lacement  of potass ium from the electrolyte ,  react ion 
with  the  separa to r  mater ia l ,  dendr i t e  formation,  shift  
of charge range  in cycling, or  fa i lure  to achieve ful l  
charge. 

An a l t e rna t ive  explana t ion  for the differences at  low 
ut i l izat ions resides in the h igher  potent ia ls  p resen t  
dur ing  the preceding  charge  half-cycle ,  which  pers is t  
for a while  af ter  discharge is begun. These would  not 
be present  in the  computer  s imulat ion.  

The smal l  d iscrepancy be tween  e xpe r ime n t  and 
theory  at app rox ima te ly  30% ut i l iza t ion  could result ,  
among o ther  reasons, f rom unce r t a in ty  in the  es t ima-  
tion of the cur ren t  collector and t e rmina l  res is tance 
(see Append ix ) .  The finite conductance of the  gr id  
wi l l  also lead to nonuni form cur ren t  and potent ia l  dis-  
t r ibut ions  across the face of an electrode,  which  are  
not  included expl ic i t ly  in the  one-d imens iona l  cell  
model.  A separa te  s tudy has been made  of ohmic drop 
in cur ren t  collectors in  o rde r  to help  provide  a ra t iona l  
basis for sca le-up  of cells (29). 

An analysis  of local var ia t ions  in potent ia l  across 
the cell  sandwich  can provide  addi t ional  insight  into 
the  behavior  of the  ind iv idua l  electrodes.  F igure  10 
shows potent ia ls  at different  posi t ions across the  cell  
descr ibed in Fig. 9, r e la t ive  to a sa tu ra ted  ~-LiA1/LiC1, 
KC1 reference  e lec t rode  placed at  the  f ront  face of 
the  negative.  The separa to r  potent ia l  cs is a lmost  un-  
changed th roughout  the discharge, in keeping  wi th  the  
constancy of the composit ion profile across the  sepa-  
ra to r  (see Fig. 2). The open-c i rcu i t  potent ia l  difference 
( ~ I ~ s ) i = 0 ,  tha t  would  be measured  by  a re ference  elec-  
t rode at  the front  face of the posi t ive electrode,  indi -  
cates the influence of concentra t ion polarizat ion,  which 



4 9 8  J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  March 1981 

~ - . .  I= 41 6 mA/cm 2 

Positive ~ "" ' - .  To= 745.15 K 
1.50- ele-c-l:rocle ~'-. @ 

1.28 - ,. 

L 2 6 -  X ~ + , c c  

-6 U V 

~" Negahve 
c 1.24 

~" 0.02 e lect rode I - -  

o . . . . . . . .  
" ~ - ,  . . . . . . . . . . . . . . . . . . . .  -(%=o 

- 0 . 0 2 -  Separator @s - 
L 1 i I t 

0 20 4 0  6 0  
Uh l i zehon  (%) 

Fig. |0. Theoretical potential variations at different locations 
across the cell sandwich. Parameters as in Fig. 9. Dashed lines rep- 
resent open-circuit potentials. 

is character ized by  the composit ion dependen t  t e rm  in 
Ohm's  law, Eq. [14]. The curves m a r k e d  r and  r  
represent  the  potent ia ls  of the posi t ive and negat ive  
cur ren t  collectors, respect ively .  The difference be tween  
these potent ia ls  and the i r  open-c i rcu i t  counterpar t s  
can be rega rded  as the  resis tances of the ind iv idua l  
electrodes.  In the negat ive  electrode, there  i~ assumed 
to be no potent ia l  difference in the  m a t r i x  phase, and, 
in the posi t ive electrode,  the m a t r i x  potent ia l  difference 
is too smal l  to be d iscernable  in Fig. 10 because the  
effective ma t r ix  conduct iv i ty  calcula ted wi th  Eq. 
[A-10] is la rge  [~ ,~ 0(104) a - 1  cm-1] ,  th roughout  
the  discharge.  

The components  of the  poten t ia l  for the expe r imen ta l  
cell depicted in Fig. 9 are  presented  in Fig. 11 (25). 
Both expe r imen ta l  and theore t ica l  resul ts  indicate  tha t  
changes in to ta l  cell  vol tage are  l a rge ly  dependen t  on 
the var ia t ions  in appa ren t  open-c i rcu i t  cell  po ten t ia l  U, 
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Fig. 11. Potentials at different locations across a cell sandwich 
measured with a reference electrode placed at the edge of the 
separator (25). Dashed lines represent open-circuit potentials, 15 
sec after current interruption. 

and that  changes in e lect rode resistances are  re la t ive ly  
small .  The exper imen ta l  resul ts  show tha t  the posi-  
t ive is polar ized more s t rongly  than  the nega t ive  elec-  
trode, but  tha t  the  negat ive  electrode potent ia l  rises 
more sha rp ly  toward  the end of discharge.  This could 
be in te rp re ted  as a negat ive  e lect rode "l imitat ion,"  
a l though this t e rm has not  been ca re fu l ly  defined. In  
this context,  i t  is not possible to d is t inguish be tween  
l imi ta t ions  caused by  inheren t  e lec t rochemical  factors 
or  b y  changes in the  usab le  capaci ty  of an e lec t rode  
over  a number  of cycles. I t  might  be expected that ,  
wi th  a sufficient increase in excess capaci ty  in the 
negat ive  electrode,  the posi t ive would  l imi t  cell  pe r -  
formance on both  charge  and discharge.  

For  both  electrodes,  the  model  predic ts  resistances 
t h a t  are  smal le r  than the observed values. This could be 
caused by  overes t imat ion  of e lec t rochemical ly  active 
in ter rac ia l  areas, exchange cur ren t  densities,  or ma t r i x  
conductivit ies.  Contact  resis tance or pa r t i a l  loss of 
e lect r ica l  connect iv i ty  be tween  e lec t rode  par t ic les  can 
lead  to conductivi t ies  below those ca lcula ted  f rom Eq. 
[A-10], which is based on the concept  of pa ra l l e l  con- 
duction paths.  Separa te  exper iments  m a y  be needed to 
es tabl ish  the conduct iv i ty  of each e lec t rode  ma t r i x  as 
a function of s tage of charge. Contact  resistances are  
not  expected  to be significant in the posi t ive e lec t rode  
dur ing discharge because  the large  volume of solid 
products  tends to increase the  in te rna l  e lec t rode  pres -  
sure. Fur the rmore ,  the  presence of Li2S at  the  f ront  of 
the posi t ive e lec t rode  may  not  influence cell  behav ior  
markedly ,  since all  the cur ren t  wi l l  be car r ied  in the  
e lec t ro ly te  across the fu l ly  reac ted  region. However ,  
the format ion  of a poor ly  conduct ing layer  ad jacent  to 
the  current  collector  could have a more  profound effect 
on the pred ic ted  potent ia l  dis tr ibut ion.  

Despite the underes t imates  for the  e lect rode res is t -  
ances, the  model  st i l l  gives voltages tha t  l ie  below the 
expe r imen ta l  resul ts  in Fig. 9. This is d i rec t ly  associ-  
a ted  wi th  the  es t imated  value  of the  cur ren t  collector 
res is tance Rg, which is inc luded in the model  only  to 
improve  the accuracy of the hea t  balance.  The es t imate  
of Rg could be refined wi th  more  precise expe r imen ta l  
da ta  for the polar izat ion conductance Y of a cell e le-  
ment.  This p a r a m e t e r  (Y) could be ob ta ined  d i rec t ly  
in a small ,  open test  cell wi th  current  collectors large  
enough to ensure insignificant cur ren t  and potent ia l  
var ia t ions across the face of a p la te  and wi th  vol tage  
t a p s  placed  in d i rec t  contact  wi th  the  c u r r e n t  col lec-  
tors. 

Addi t iona l  exper iments  m a y  also be needed  to eluci-  
date  the  reasons for the observed r ise  in potent ia l  of 
the negat ive  e lec t rode  toward  the end of discharge (see 
Fig. 11). The theore t ica l  calculat ions indicate  tha t  the  
increase  in poros i ty  as the d ischarge  proceeds more  
than  compensates  for the addi t iona l  dis tance the cur -  
ren t  must  pene t ra te  the e lect rode and that  the cur ren t  
collector potent ia l  approaches  a constant  (see Fig. 10). 
The d iscrepancy be tween  theory  and expe r imen t  m a y  
resul t  from: (a) reduct ion in nega t ive  e lec t rode  poros-  
i ty  caused by  expansion of the posit ive,  (b) gross 
morphology  changes in the  negat ive  electrode,  (c) r e -  
duct ion in the  avai lab le  e lect rode capaci ty  and uncer -  
t a in ty  in the s ta te  of charge caused b y  (i) segregat ion  
of act ive ma te r i a l  f rom the bu lk  and (it) cumula t ive  
coulombic losses, and (d) nonuni form ini t ia l  distzi-  
but ton of reactants .  

Agglomera t ion  would  reduce the  e lec t rochemi-  
cal ly  active in te r fac ia l  a rea  and increase  the diffu- 
sion overpotent ia l  for t r anspor t  of l i th ium atoms 
across the ~-A1. A compute r  s imula t ion  wi th  the  
ini t ia l  par t ic le  size roo increased b y  a factor  of 4.5 
shows an increased e lect rode resis tance at  a pa r t i cu la r  
depth  of discharge but, con t r a ry  to observat ions,  the 
open-c i rcu i t  potent ia l  (~-.cc)~=o does not  a l te r  app re -  
ciably. The influence of the ini t ia l  var ia t ion  in s ta te  of 
charge across the negat ive  e lect rode could be inves t i -  
gated by, compar ing  potent ia l  d is t r ibut ions  ob ta ined  
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dur ing  two exper iments ;  one where  a considerable  t ime 
in te rva l  was in t roduced  be tween  the discharge of in t e r -  
est and  the previous  charge,  and  the o ther  where  the 
discharge fol lowed the charge immedia te ly ,  b u t  the 
overa l l  in i t ia l  s ta te  of charge  ma tched  the first expe r i -  
ment.  

I t  should also be noted tha t  a considerable  quan t i ty  
of l i t h ium can be r e t a ined  in the  ~-A1 a f te r  the  fl-phase 
has been comple te ly  uti l ized. F o r  the example  B in 
Fig. 9, the  character is t ics  of par t ic les  a t  the  f ront  of the 
e lec t rode  when  the cutoff vol tage  is reached are:  r~ = 
0.474 X 10-~ cm, r~ --  1.115 X t0 -~ cm, and  (cu~)o /  
(CLia)sat : 0.78. This indicates  tha t  the  reac t ion  is not  
l imi ted  by  diffusion of l i th ium across the  a-A1 and tha t  
a m i n i m u m  of a p p r o x i m a t e l y  7.8% of the  to ta l  theo-  
re t ica l  capaci ty  could be s tored  in the a-A1 when  n o  

#-LiA1 remains.  Consequently,  the  ava i l ab le  capaci ty  
in the  nega t ive  e lec t rode  m a y  be  s ignif icant ly lower  
than  the theore t ica l  est imate,  and  this could cont r ibute  
to the  appa ren t  l imi ta t ion  observed  in this electrode.  

Polarization characteristics.--In m a n y  appl icat ions  
i t  is impor t an t  to know the effect of d ischarge  ra te  and 
dep th  of discharge on the usable  capac i ty  of the  cell. 
F igure  12 shows polar iza t ion  curves tha t  r ep resen t  a 
vol tage  sweep of a cell  tha t  has been discharged at  a 
specified constant  cur ren t  dens i ty  for  a given per iod  of 
time. I t  should  be emphas ized  tha t  this  is not  s imply  a 
cross-plot  of a number  of constant  cu r ren t  discharges.  
Before discharge begins,  there  is a s ingle  cu r r en t -po -  
tent ia l  curve, but  the polar iza t ion  character is t ics  wi l l  
change dur ing  the discharge in a manne r  tha t  depends  
on the total  appl ied  current .  In  general ,  polar iza t ion  is 
g rea te r  a t  l a rge r  depths  of discharge and for  h igher  
cur ren t  densit ies at  a given depth  of discharge.  

An  impor t an t  fea ture  of the  curves in Fig. 12 is 
that  they  are  subs tan t ia l ly  s traight ,  and there  is l i t t le  
e r ro r  in app rox ima t ing  them b y  the equat ion 

I = Y ( U - -  r + r  [30] 

where  Y is the  polar iza t ion  conductance,  given by  the 
rec iprocal  of the  slope of the  lines, and  U is the  ap-  
pa ren t  open-c i rcu i t  cell  potent ial ,  g iven by  the ord ina te  
intercept .  In  this way, the polar iza t ion  character is t ics  
of the L i A I / F e S  cell  can be summar ized  b y  the  depen-  
dence of U and Y on the opera t ing  conditions.  

F igure  13 shows the dependence  of e lec t rochemical  
res is tance on s ta te  of charge for  severa l  different  cur -  
ren t  densities. Each curve shows that,  in an  overa l l  
sense, the  res is tance increases  as more  act ive ma te r i a l  
is consumed. However ,  for  I = 0.1 A / c m  2, there  is an 
a lmost  discont inuous reduct ion  in 1/Y at a t ime tha t  
corresponds to the  onset  of reac t ion  [IIB] (X -5 2Li + 

I 

0 . 7 -  

, _ 

Lci 1 I I I 
0 0 0 2  004  006  0 0 8  0.10 

I (A/cm 2:) 

Fig. 12. Effect of state of charge on theoretical cell polarization 
behavior. Simulation parameters as in Fig. 9, To ---- 470~ 

499 

I 

Y 0.5 

(..o. c m 2 ) 

0.3 

I i I I i 

0--- 20 40  60  
U t i l i za t i on  ( % )  

Fig. 13. Predicted dependence of polarization resistance on util- 
ization at different discharge rates. Parameters as in Fig. 9, To ---- 
470 ~ C. 

+ 2e -  --> 2IA2S + Fe)  a t  the f ront  of  the posi t ive  elec-  
trode. At  lower  cur ren t  densi t ies  the drop in res is t -  
ance is ne i ther  as m a r k e d  nor  as abrupt ,  and  i t  occurs 
l a t e r  in the  discharge (see Table  I I ) .  A t  each cu r ren t  
density,  the res is tance rises again  as poros i ty  va r i a -  
tions in the  posi t ive e lect rode lower  the  effective elec-  
t ro ly te  conductivi ty.  In  pract ice,  there  is much less dis-  
t inct ion be tween  the in t e rmed ia te  reac t ion  steps in 
the  posi t ive electrode.  Consequently,  it  is not expected  
tha t  the sharp  changes in resis tance p red ic ted  wi th  the 
model  wil l  be observed  exper imenta l ly .  I t  should also 
be emphasized tha t  the model  does not  include the 
poss ibi l i ty  for react ion of addi t ives  such as Cu2S or  
COS2, or for addi t ional  in te rmedia tes  such as J -phase  
in the  conversion of FeS  to Li2S and  Fe. 

The dependence  of the appa ren t  open -cu r r en t  cell 
potent ia l  on s tate  of charge and discharge cur ren t  den-  
s i ty is p resented  in Fig. 14 and 15, for  t heo ry  and ex-  
per iment ,  respect ively .  In  both  cases, the  value  of U 
drops m a r k e d l y  dur ing  the discharge.  The  exper i -  
men ta l  resul ts  lie above the model  predic t ions  as a con- 
sequence of the  presence of  addi t ives,  such as Cu2S, 
which  raise  the  equ i l ib r ium open-c i rcu i t  cell  potent ial .  
For  less than  about  30% uti l izat ion,  the  expe r imen ta l  
curves show no sys temat ic  dependence  on cur ren t  den-  
sity. A t  grea ter  depths  of discharge,  U changes more  
m a r k e d l y  at  h igher  I, as p red ic ted  in Fig. 14. 

The reduct ion  in U dur ing the discharge can be as-  
sociated wi th  concentra t ion polar iza t ion  caused b y  non-  
un i form ut i l iza t ion of act ive mater ia l .  In  the negat ive,  
l i th ium is p re fe ren t i a l ly  removed  from the f ront  of the  
e lect rode first, as i l lu s t r a t ed  in Fig. 4, and a m a x i m u m  
in e lec t ro ly te  composi t ion can develop pa r t  of t h e w a y  
th rough  the electrode.  At  open circuit,  the region wi th  
highest  e lec t ro ly te  composi t ion becomes cathodic wi th  
respect  to the  res t  of the  electrode,  and  local  concen- 
t ra t ion  cells a re  set up  which  act in a manne r  tha t  
tends to reduce the  composi t ion var ia t ions .  These va r i -  
ations can be more  subs tant ia l  a t  h igher  discharge rates,  
for  a given s tate  of charge, and, consequently,  the  open-  
c i rcui t  resis tance can be h igher  in the nega t ive  elec-  
trode, l ead ing  to sma l l e r  values  for  U. 

In  the  posi t ive electrode,  the  s i tuat ion is compl ica ted  
by  the  poss ibi l i ty  of s imul taneous  reactions.  Before  r e -  
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Fig. 14. Effect of discharge rate and state of charge on the thee- 
retical apparent open-circuit cell potential. Parameters as in Fig. 9, 
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Fig. 15. Variation in experimental apparent open-circuit cell po- 
tential with discharge current density and utilization. Measurements 
taken 15 sec after current investigation (25). 

act ion [IIB] begins,  ('~+.cc)i=0 is contro l led  b y  l o c a l  
concentra t ion cells tha t  resu l t  f rom elec t ro ly te  composi-  
t ion variat ions,  in much the same w a y  as descr ibed 
for the  negat ive  electrode.  When  react ions  [IIA] and 
[IIB] both  occur, a corrosion poten t ia l  can be es tab-  
l ished on open circuit,  which  corresponds~to cathodic 
format ion  of Li2FeS2 in the back  of the  e lec t rode  and 
anodic format ion  of Li2FeS2 toward  the front.  These 
react ions would be observed  on cur ren t  in ter rupt ion,  
even in the  absence of a composit ion grad ien t  in the 
electrolyte .  As the second reaction,  [IIB],  progresses,  

the mixed  corrosion potent ia l  shifts toward  the  equi-  
l ib r ium potent ia l  U[HB1,o. 

The posi t ive e lec t rode  behavior  is the ma jo r  factor  
tha t  leads to the pred ic ted  reduct ion in U. At  h igher  
cur ren t  densities, reac t ion  [IIB] begins ea r l i e r  in the 
discharge and therefore  U declines more  rapidly .  The 
less m a r k e d  dependence  of U on cur ren t  dens i ty  ob-  
served expe r imen ta l ly  is fu r the r  evidence to suggest  
tha t  there  is less dis t inct ion be tween  the posi t ive elec- 
t rode react ions in practice.  

C o n c l u s i o n s  
A mathemat ica l  model  has been developed tha t  can 

descr ibe the t ime-dependen t  and  pos i t ion-dependent  
behavior  of a complete  LiA1/LiC1,KC1/FeS cell. Com- 
posi t ion and react ion dis t r ibut ions  can be predicted,  as 
wel l  as var ia t ions  in volume fract ions of ind iv idua l  
phases and electr ic  po ten t ia l  wi th in  the electrodes.  The 
resul ts  of the  theore t ica l  analysis  show many  of the  
genera l  t rends  in discharge behav ior  that  are observed 
exper imenta l ly .  The model  predic ts  tha t  h igh in te rna l  
res is tance can develop in the posi t ive e lect rode as a 
resul t  of low local porosit ies which are, in turn,  caused 
by  large  volume react ion products  or  p rec ip i ta ted  KC1. 
This impl ies  that,  wi th  the  e lec t rode  capacit ies  cu r -  
r en t ly  being considered for  e lectr ic  vehicle  appl ica-  
tions, swel l ing m a y  be a prerequis i te  for successful 
opera t ion  and the rmal  managemen t  of ba t t e ry  modules  
m a y  also be impor tant .  Fu r the rmore ,  an invest igat ion 
of the potent ia l  d is t r ibut ion  across the cell  sandwich  
indicates  that, before  poros i ty  reduct ions  become cr i t i -  
cal, var ia t ions  in total  cell  vol tage are  control led  more 
by  changes in appa ren t  open-c i rcu i t  cell  po ten t ia l  than  
by  changes in resis tance across the ind iv idua l  e lec-  
trodes. 
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A P P E N D I X  

Physical Properties of the LiAI/LiCI, KCI/FeS System 
Electrolyte conductivity.--The dependence  of bu lk  

e lec t ro ly te  conduct iv i ty  on composi t ion and t empera -  
ture is descr ibed by  

K~ = (axA 2 + bXA + C) e -E/T [ A - l ]  

where:  a = 18.9803; b = --5.0170; c = 9.0903; E = 
1425.76K (31, 32). The effective conduct iv i ty  in the 
porous med ium is es t imated  f rom 

= e~| [A-2] 

where the tortuosity factor ~ is directly related to 
porosity by 

= d ' , -O/2  [A-3] 

and the constant  q is t aken  as 1.5. 
TransIerence number.--Measurements of t r ans fe r -  

ence numbers  in b ina ry  n i t ra te  melts  show tha t  dev ia -  
tions f rom the re la t ion ti c = xi a re  of ten re la t ive ly  
smal l  (34). Exper iments  in LiC1-KC1 mel ts  (35) also 
tend to subs tant ia te  the use of this assumpt ion which, 
for the molar  average veloci ty  re ference  frame,  gives: 
t1~ = XA/2; te~ --  (1 --  XA)/2. 
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Activity coefficient.~If dissociation of electrolyte is 
disregarded (36), the gradient  of chemical potential  of 
LiC1 m the LiC1-KC1 mix ture  can be wr i t ten  as 

( d l n T A  ~ 
V~A -- RT i + ~ 7n'~A'/ V in XA [A:4] 

Informat ion from the LiC1-KC1 phase diagram can be 
used to obta in  the composition and tempera ture  de- 
pendence of the activity coefficient (37-39). A re la t ion-  
ship of the form (40) 

In 7A -- b tanh  ( a(1 - xA)n ) [A-5] 
bxA 

with a = --1023.84, b -- --1555.11, and n -- 3, has been 
chosen to represent  the data. 

Molar volume o] electrolyte.--The molar  volume of 

electrolyte is defined as V = ~ MkXk/p where the den-  
k 

sity p is given by p ---- 1.735 -- 0.15xn. 

Dif]usion coel~cient.--For the special case where the 
diffusion coefficients for b inary  interactions are all 
equal, it may be shown that  

( dlnTA ) D~ _ __K~ R T V  1 q.-- ~ [A-6] 
2F 2 d In XA 

On this basis, it is assumed that  

D| _-- 2.442 • 10 -4 e-~/T(XA + 0.4) [A-7] 

over the composition and tempera ture  range of interest. 
The molecular  diffusion coefficient in the porous media 
can be characterized by 

D - -  D |  2 [ A - 8 ]  

together with Eq. [A-3]. 

LiC1-KCI phase diagram.~The equi l ibr ium composi- 
tions that characterize the onset of precipitat ion of 
LiC1 and KC1 are approximated by (41) 

(XA)L1Cl , s a t  = 0.34080 -- 4.773 X 10-4T + 1.376 X 10-6T 2 

[A-9] 
( X A ) K C I , s a t  = 0.14615 + 1.9117 • 10-ST 

- -  1.948 • 10-6T 2 

Matrix conductivity.~In general, the matr ix  conduc- 
t ivity can be influenced by the volume fraction of the 
conducting phases, the inherent  conductivi ty of each 
solid phase, and the manne r  in  which the particles of 
conducting phases are interconnected.  As a first ap- 
proximation,  it has been assumed that  parallel  conduc- 
tion pathways exist in the positive electrode so that  

'--" Z O'iei q [A-10] 
! 

and q is taken to be 1.5. In the negative electrode, the 
conductivities of the active materials and the support- 
ing grid are each very high (r ~-~ 1.0 X 10 5 12 -i 
c m - i ;  r ---~ 2.2 X 105 12 -i c m - i ;  O'Fe ~- 2.34 X 104 
g - i  c m - i ,  at T = 450~ and consequently the matr ix  
conductivi ty is assumed to be infinite. 

Current collector resistance.--The combined resist- 
ance R= of the grid and te rminal  is obtained from a 
p re l iminary  estimate of the polarization conductance, 
as defined by Eq. [30]. The resistance Rb of a bicell can 
be separated into electrochemical and current  collector 
contributions,  according to 

Rb -- --{~- ~-+R~ [A-Ill 

In  the calculations, it is assumed that Rb ---- 4 rn~, Y ---- 
1.013 g - 1  cm-2  (29), and A = 316 cm 2. This yields R~ 
= 1.55 ~2 cm 2. 

LIST OF SYMBOLS 

a interfacial  area per un i t  electrode volume (cm -1) 
ak relat ive activity of species k 
A cross-sectional area of electrode (cm 2) 
ci concentrat ion of species i (mole /cm 8) 

A 
C, specific heat ( J /g .K)  
D diffusion coefficient (cm2/sec) 
F Faraday 's  constant  (96,487 C/equiv.)  
g variable defined by Eq. [12] 
h mesh size (cm) 
ho heat t ransfer  coefficient (W/m2.K) 
io exchange current  density (A/cm 2) 
il superficial current  density in  matr ix  phase (A/  

am 2) 
i., superficial current  density in pore phase (A/cm 2) 
inj local current  density due to reaction j (A/cm 2) 
I superficial current  density to an  electrode (A/  

am 2 ) 
j ----- V'i2, t ransfer  current  per  un i t  electrode vol- 

ume (A/cm ~) 
jin pore wall  flux of species i (mole/cm2-sec) 
L electrode thickness (cm) 
Lk la tent  heat of fusion of salt k 
LT width of cell sandwich (cm) 
m mass of cell (kg) 
Mi symbol for the chemical formula of species i 
Mi molecular  weight of species i (g/mole) 
n~ number  of electrons t ransferred in  electrode re- 

action j 
N number  of LiA1 particles per uni t  electrode vol- 

ume (cm -8) 
Ni superficial flux of species i (mole/cm2-sec) 
ri radius of ~-LiA1 in LiA1 pellet (cm) 
ro radius of LiA1 pellet (cm) 
R universal  gas constant  (8.3143 J / mo l e .K )  
RA parameter  defined by Eq. [29] 
R~ grid resistance (~ cm 2) 
sii stoichiometric coe~cient  of species i in electrode 

reaction j 
S parameter  defined by Eq. [18] 
t t ime (sec) 
tf final t ime (sec) 
tf2 t ime between star t  of discharge and onset of re-  

action [IIB] in  positive electrode (sec) 
ti r t ransference number  of species i with respect to 

reference frame, r 
T absolute tempera ture  (K) 
TA temperature  of surroundings  (K) 
To init ial  temperature  (K) 
U apparent  open-circui t  cell potential  (V) 
Ui.o theoretical open-circui t  potential  for reaction j at 

the composition prevai l ing locally at the electrode 
surface, relative to a reference electrode of a 
given kind (V) 

U.~0 s tandard electrode potential  for reaction j (V) 
Uo open-circui t  cell potential  (V) 
v~ velocity of common ion in  molten salt mix ture  

(cm/sec) 
v*  molar average velocity (cm/sec) 

molar volume (craB/mole) 
Vk part ial  molar volume of salt k (cm3/mole) 
V i  reservoir volume (cm 3) 
w reservoir width (cm) 
:Ck mole fraction of salt k 
Y polarization conductance ( a - i  cm-2)  
zi valence or charge number  of species i 

Greek Letters 
~ transfer  coefficient in anodic direction 
~c transfer  coefficient in cathodic direction 
7 mean molal activity coefficient 
7i exponent  in Eq. [16] 
~'k activity coefficient of salt k 
e porosity or void volume fraction 
el volume fraction of species i 
~D total volume fraction of precipitate 
e•k volume fraction of precipitate of salt k 

tortuosity defined by Eq. [A-3] 
~l @i -- @2 

effective solution conductivi ty (mho/cm)  
~k chemical potential  of salt k ( J /mole)  
Vi k number  of ions of species i produced by dissocia- 

tion of a mole of salt k 
p density (g /cm ~) 

effective matr ix  conductivi ty (mho/cm) 
�9 1 electric potential  in the mat r ix  (V) 
�9 2 electric potential  in the solution (V) 

Subscripts 
A salt A, e.g., l i th ium chloride 
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B salt B, e.g., potassium chloride 
cc current collector 
e electrode 
j reaction j 
k salt A or B 
lim limiting value 
o at the electrode surface 
ref reference electrode 
s separator 
sat saturation value 

~-AI 
fl-LiAl 

§ positive electrode 
- -  negative electrode 

bulk solution property 

Superscripts 
A salt A, e.g., LiC1 
B salt B, e.g., KCI 
o initial value 

~-AI 
fl-LiA1 

* relative to molar average reference velocity 
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Mathematical Modeling of the Lithium-Aluminum, 
Iron Sulfide Battery 

II. The Influence of Relaxation Time on the Charging Characteristics 
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ABSTRACT 

A mathemat i ca l  model  of the LiA1/LiC1, KC1/FeS cell  has been  used to 
s tudy  the  behav io r  of the  sys tem dur ing  r e l axa t ion  and charging.  The effects 
of s ta te  of charge,  cell  t empera ture ,  and  cur ren t  dens i ty  are  presented,  and 
the influence of a per iod  of r e l axa t ion  on the subsequent  charging opera t ion  
is invest igated.  In  addit ion,  factors tha t  can have a significant impac t  on the 
charging character is t ics  a re  identified. 

The ma thema t i ca l  model  of the  LiA1/LiC1, KC1/FeS 
cell (1) can also be used to inves t iga te  the  behav ior  of 
the  sys tem dur ing  r e l axa t ion  and charging.  The 
changes tha t  t ake  place under  these  condit ions could 
influence the  dependence  of cell  pe r fo rmance  on the 
n u m b e r  of comple ted  cycles. 

In  the  labora tory ,  cur ren t  in t e r rup t ion  techniques can 
be used to assess the resis tance wi th in  the electrodes,  
separator ,  and grids. Fu r the rmore ,  in some exper iments ,  
such as pos t -mor t em cell examinat ions ,  a per iod  of 
r e l axa t ion  m a y  be needed  before  the t e m p e r a t u r e  is 
low enough to begin  the  analyses.  Cur ren t  in te r rup t ion  
m a y  also be impor t an t  in modules  for  electr ic  vehicle 
propulsion,  where  i t  is an t ic ipa ted  tha t  there  wil l  be 
significant per iods  when the ba t t e ry  is not  in use. Cell  
behav ior  on charge can control  the  overa l l  ene rgy  effi- 
c iency of the  sys tem and  m a y  also d i rec t ly  affect the  
na tu re  of the subsequent  cell d ischarge (2, 3). Fo r  
these reasons, i t  is necessary  to iden t i fy  the factors that  
can l imi t  the sys tem dur ing  the re laxa t ion  and charging 
modes of operat ion.  

The governing  di f ferent ia l  equat ions presented  p re -  
v ious ly  (1) can be used d i rec t ly  in the  analysis ,  and  
i t  is only  necessary  to replace  the ini t ia l  conditions, 
XA "- XA ~ and e = ~o, w i th  the app rop r i a t e  composit ion 
and poros i ty  d is t r ibut ions  and to modi fy  the  model  for 
nega t ive  e lec t rode  kinetics.  At  any  poin t  in the  elec-  
trode, i t  is assumed tha t  an outer  l aye r  of ~-LiA1 forms 
as soon as charging begins  and tha t  the e lec t rochemical  
reac t ion  is res t r ic ted  to the so l id -e lec t ro ly te  interface.  
The analysis  of diffusion of l i th ium through  the ~-phase 
a~d the g radua l  reduct ion  in th ickness  of the a-A1 
region para l le l s  the  model  for  d ischarge  (1, 4), bu t  the 
l imi t ing  t rans fe r  cu r ren t  becomes 

4~NFD~ ( eLl B) sat 
( V  �9 i 2 ) l im  - -  [1] ( ~ L t " )  ( 1 

- ~ ro ~', 

and  the re ference  concent ra t ion  ( C L i a ) s a t  should  be  
rep laced  by  (CLi ~) sat. 

Resu l ts  a n d  D iscuss ion  
Relaxation.--Figure 1 shows composi t ion profiles 

across the cell  sandwich  for severa l  t imes af te r  in te r -  
rup t ion  of the  cur ren t  at  the  end of a d ischarge  wi th  
I = 41.6 m A / c m  2. The concentra t ion var ia t ions  d imin-  
ish in both e lect rodes  and, a f te r  2 hr, the  e lec t ro ly te  
composit ion is p rac t i ca l ly  uniform. In the negat ive,  the  

�9 E l e c t r o c h e m i c a l  Society Active Member. 
~ P r e s e n t  a d d r e s s :  D e p a r t m e n t  of C h e m i c a l  E n g i n e e r i n g ,  Uni-  

v e r s i t y  of H o u s t o n ,  H o u s t o n ,  T e x a s  77004. 
K e y  words: porous electrodes, m o l t e n  sa l t  electrolyte, cell per -  

s 

region wi th  highest  XA, at  the  back  of the  electrode,  
becomes cathodic wi th  respect  to the  f ront  port ions.  
Local  concentra t ion cells, wi th  the reac t ion  

LiAI  ~ Li + + At  + e -  [I] 

are  es tabl ished tha t  reduce the  in i t ia l  composit ion v a r i -  
ations. However,  there  is no dr iv ing  force for  equa l iza-  
t ion of the local s ta te  of charge  wi th in  the a-A1, #-LiA1 
alloy, and  the react ions tha t  t ake  place  to give a un i -  
form e lec t ro ly te  composit ion accentuate  the  nonuni -  
form ut i l izat ion of reactants .  The magni tude  of this 
effect is dependen t  on the  composi t ion profile and  the  
depth  of discharge before  cur ren t  in ter rupt ion .  

In the posi t ive electrode,  the  s i tuat ion is compl ica ted  
by  the poss ibi l i ty  of s imul taneous  react ions  and b y  
prec ip i ta t ion  of e lectrolyte .  Ini t ia l ly ,  the  e lec t ro ly te  
concentra t ion is a lmost  un i form across the m a j o r i t y  of 
the e lec t rode  due to prec ip i ta t ion  of KC1 as two spikes 
ad jacen t  to the reac t ion  fronts  and  se l f -d ischarge  r e -  
actions in the  isola ted regions behind  the spikes. A d -  
jacen t  to the cur ren t  collector, FeS reacts  w i th  l i t h ium 
ions according to 
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Fig. 1. Position dependence of mole fraction of LiCI at different 
times after current interruption. Simulation parameters: Q -  
.2800 C/cm ~, Q +  ~ 4630 C/cm 3, L -  = 0.32 cm, Ls ~ 0.16 cm, 
L +  - -  0.18 cm, N ~ 5.5 X 107 cm - 3 ,  ho ---- 8.25 X 1 0 - 2  W /  
m 2 �9 K, Rg ---- 1.55 ~ cm 2, h ~ 0.004 cm, w ~ 0, --CLi/3/(CLi#)sat 

1.0, D~ ~ 4 X 10 - s  cm2/sec. Parameters at start of previous 
discharge: e -  ~ = 0.39, es ---- 0.75, e+ ~ = 0.555, To ~ 470~ 
I = 41.6 mA/cm 2, XA ~ ~ 0.58. Initial stage of charge, X(t _-- 0) 

47.9%. Additional parameters specified in Tables I and I I I  of 
Ref. (1). 
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2FeS + 2Li + + 2 e -  ~ LieFeS2 + Fe  [IIA] 

whereas,  nea r  the  f ront  of  the electrode,  Li~S reacts 
anodica l ly  wi th  iron, thus 

2Li~S -}- F e  ~ Li~FeS2 + 2Li + -{- 2 e -  [IIB] 

The  t r ans format ion  of Li2S and FeS to the  i n t e r -  
media te  sulfide reduces the  local  var ia t ions  in state  of  
charge  al though,  once a l l  the  FeS has been  removed,  
i t  is not  possible  for  the  r e m a i n d e r  of the  Lies  to react  
fur ther .  Consequent ly  af te r  app rox ima te ly  1 hr, the re  
a re  no more  react ions  in the  posit ive,  and  the  c o m p o -  
s i t ion  now re laxes  unde r  the  influence of  d i f fus ion  
alone. 

Character is t ic  t imes for  o ther  r e l axa t ion  processes  
can also be  ident if ied f rom the composi t ion profiles. In  
Fig. 1, the  e lec t ro ly te  concentra t ion  changes b y  less 
than  1% across the  separa to r  a f te r  1.3 hr, whereas  
the  1% condit ion is achieved in the negat ive  e lect rode 
a f te r  only  0.8 hr. This reflects, to some extent ,  the  in -  
fluence of the  e lec t rochemical  react ion on the r e l a xa -  
t ion t ime (5). However ,  the  1% cr i ter ion  is r a the r  
a r b i t r a r y  and, even though the composit ion is fa i r ly  
uni form at  0.8 hr, the concentra t ion  in the negat ive  st i l l  
needs to drop by  another  2.5%, as diffusion takes  place  
across the  separator .  In  the  posit ive,  an addi t ional  
character is t ic  t ime can be dist inguished.  Se l f -d i scharge  
react ions  t ake  place  in the  region where  Li2FeS2 is 
only  pa r t i a l l y  conver ted  to LieS. Here,  the por t ion  
closest to the front  of the  e lect rode becomes p re fe ren -  
t i a l ly  cathodic and, a f te r  app rox ima te ly  4 rain, a sharp  
react ion f ront  for  the second react ion has been formed.  

Heat  is not  genera ted  in the cell dur ing  re laxat ion,  
and the t e m p e r a t u r e  falls  in accordance wi th  the spe-  
cified ra te  of hea t  t r ans fe r  to the surroundings.  As a 
result ,  the  sa tura t ion  concentra t ion for  KC1 can r ise  
fas ter  than  the min imum elec t ro ly te  concentra t ion and, 
under  these circumstances,  the  to ta l  vo lume of p r e -  
c ipi ta te  becomes g rea te r  than the value  at  cur ren t  
in ter rupt ion.  However ,  the  reduct ion in min imum com- 
posi t ion soon dominates  and, in this example ,  a l l  the 
KC1 has dissolved af te r  1500 see. 

F igure  2 shows the var ia t ions  in total  cell  vol tage 
that  take  place af ter  the current  is swi tched off, for 
s imulat ions A and B descr ibed in Fig. 9 of Ref. (1). 
Curve A is for the example  tha t  had a t e m p e r a t u r e  of 
450~ at  the s ta r t  of discharge and tha t  achieved 
39.2% ut i l iza t ion before  the cutoff vol tage was reached.  
The second example  had a h igher  in i t ia l  t empe ra tu r e  
(470~ and a grea te r  ut i l izat ion was a t ta ined  before  
the t e rmina t ion  of discharge. In both cases, there  is 
an ini t ia l  ins tantaneous  rise in cell  voltage.  The mag-  
n i tude  of this step change can, in pr inciple ,  be used as 
a basis for es t imat ion of cell  resistance. Ho~rever, the 
numer ica l  predic t ions  cannot be used d i rec t ly  because 
the effects of double l aye r  capaci ty  are  not included 
in the  model,  and because the  final to ta l  cell voltage, 
p r io r  to in ter rupt ion,  can be much lower  than  expected 
in practice,  due to the acute  na tu re  of the p red ic ted  
fa i lure  mechanism. Therefore,  sepa ra te  calculat ions 
are  necessary  to es t imate  the i n t e r rup te r  resistance.  

At  the ins tant  of in ter rupt ion ,  there  is no change in 
the composit ion profile. The potent ia l  profile re ta ins  
the  same shape wi th in  the negat ive  electrode,  and  the 
poten t ia l  difference ~1 -- ~e in the posi t ive is con- 
s t ra ined  to main ta in  the same value  because of the  
double l ayer  capacity.  Consequently,  at  any  point  in 
the system, Ohm's l aw gives 

i l  i,. ilo i2o 
- - - - - -  - V~ : [2] 

where  the  superscr ip t  refers  to condit ions jus t  before  
in ter rupt ion.  Since il -5 is ---- 0 and il o -5 i~ o --  I, one 
m a y  wr i te  

Ir 
i~ -- il ~ : [3] 

152 ~ A B - 

1 26 

o[, 
0 8 16 24 32 40 

Reloxallon ~lme (102s) 

Fig. 2. Dependence of total cell voltage on relaxation time. 
Simulation parameters as in Fig. 1, except as indicated. Curve A: 
, l ( t  = 0) =- 60 .8%,  RI = 0.15 ~ cm e, T(t - -  0) = 468.2~ To 
(at start of previous discharge) _-- 450.0~ Curve B: t ( t  - -  0) = 
47 .9%,  RI ---- 0.14 O, cm 2, T(t = 0} = 496.2~ To (at start of 
previous discharge) - -  470~ 

~15C 

~I2E 

which indicates  tha t  the  res is tance of m a t r i x  and  so-  
lu t ion  are  effectively in paral le l ,  even though each 
segment  of the  e lect rode is in series. Combinat ion  of 
Eq. [3] and Ohm's law for the ma t r i x  phase gives the 
change in cell  voltage,  A(V -- Vo), as 

A(V- -  Vo) {'L~ dy 
�9 = J o  [4] 

where  the lef t  side represents  the  i n t e r rup t e r  res is t -  
ance, RI. In  the  computer  calculations, RI is dominated  
by  the resis tance across the separa to r  because the  
ma t r i x  conduct ivi ty  is assumed to be infinite in the 
negat ive  and high in the posi t ive electrode.  The sepa-  
ra to r  resis tance changes only  s l ight ly  dur ing  opera t ion  
of the  cell, in response to var ia t ions  in e lec t ro ly te  
conduct ivi ty.  

I t  should be emphasized tha t  the theore t ica l  models  
for the LiA1/FeS cell  (6) do not  include double  l aye r  
effects since they  are  not  genera l ly  r ega rded  as being 
significant in the no rma l  opera t ion  of a c e l l  There -  
fore, for  the purpose  of measur ing  the cell  polar iza t ion  
characterist ics,  one m a y  p re fe r  the  resis tance to be 
measured  af te r  charging of the electr ic  double  l aye r  
has been completed.  For  this system, the double  l aye r  
r e laxa t ion  time, f rom point  to point  wi th in  an elec-  
trode,  is es t imated  as app rox ima te ly  50 msec (6), 
whereas  r e l axa t ion  of concentrat ion profiles by  dif-  
fusion and react ion is on the o rde r  of 3000 sec (see 
above) .  

Af te r  in ter rupt ion,  the  vo l tage  g r adua l l y  approaches  
the equi l ib r ium open-c i rcu i t  cell potential .  The shape 
of the curves is de te rmined  by  the detai ls  of the  reac-  
tions that  occur in the  ind iv idua l  electrodes.  In  pa r -  
t icular,  a corrosion potent ia l  is es tabl ished in the posi-  
t ive by  react ions [IIA] and [IIB]. In  example  A, all  
the LieS has been conver ted  to Li2FeS2 af te r  app rox i -  
ma te ly  2450 sec, and  the vol tage rises sha rp ly  to the 
open-c i rcu i t  value,  Uo --  1.34V. Curve B does not  show 
this effect because some LieS st i l l  r emains  when  re -  
actions [IIA] and [IIB] are  completed.  In  this case, 
the  vo l tage  s lowly approaches  the  open-c i rcu i t  po ten -  
tial, Uo - -  U [ I I A ] , o  : 1.3074V, as the  e lec t ro ly te  com- 
posit ion becomes more  uniform. I t  should also be 
noted that  the smal l  in i t ia l  ra te  of r ise  of cell  vol tage 
shown in the  examples  is a typical ,  and i t  resul ts  f rom 
potent ia l  drop across the sharp  spike  of p rec ip i ta te  
that  was responsible  for the  r ap id  decl ine in cell vo l t -  
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age before  cu r ren t  in ter rupt ion.  Both  theore t ica l  and 
expe r imen ta l  resul ts  indicate  tha t  the in i t ia l  vol tage  
r ise is more  r ap id  when the  cur ren t  is i n t e r rup ted  
before  the cutoff vol tage  is r eached  (7). 

Charging.--Figure 3 shows s imula ted  composit ion 
profiles a t  different  s tages of a constant  cu r ren t  charge.  
A re laxa t ion  t ime of 2 h r  was inc luded be tween  the 
in i t ia l  discharge and the s ta r t  of the charging process. 
The  p a r a m e t e r  ~ represen ts  the  overa l l  s ta te  of charge;  
when the  cutoff vol tage  of 1.65V is reached,  89.3% of 
the total  theore t ica l  capaci ty  is ava i lab le  for the nex t  
discharge.  

In  contras t  to discharge,  l i th ium ions are  now in -  
t roduced  into the  e lec t ro ly te  at  the posi t ive e lec t rode  
and t r anspor ted  across the separa to r  to the  negat ive  
electrode,  where  they  are  incorpora ted  into the  LiA1 
alloy. The composit ion profiles represen t  the  combined 
effects of diffusion, migrat ion,  and e lec t rochemical  r e -  
action. A n  a lmost  constant  composi t ion g rad ien t  is 
es tabl i shed  across the separator ,  bu t  the e lec t ro ly te  
concentra t ion in the  rese rvo i r  rises s ignif icant ly dur ing  
the charge. The model  predic ts  tha t  the e lec t ro ly te  
composi t ion is a lmost  un i fo rm behind  each react ion 
front.  

The var ia t ions  in e lec t ro ly te  concentra t ion in Fig. 3 
can be compared  wi th  those in Fig. 4, for the  same 
cell, bu t  wi thout  r e l axa t ion  be tween  discharge and 
charge. At  k ---- 77.6, the  profiles a re  ve ry  s imi lar  in 
the  two cases, and  there  is l i t t le  t race  of the  composi-  
t ion profile before  the charge was star ted.  

The average  cell  t empe ra tu r e  in Fig. 3 fal ls  f rom 
753.5 to 740.0 K dur ing  the charge, as a resu l t  of r e -  
vers ible  hea t  effects and heat  t r ans fe r  to the  su r round-  
ings. Consequently,  the sa tura t ion  l imi t  for KC1 rises, 
and prec ip i ta t ion  begins at  the  react ion f ront  in  the 
negat ive  e lec t rode  when  k ---- 85.9. The t e m p e r a t u r e  of 
the cell  in Fig. 4 also falls, bu t  over  the  range  769.4 to 
751.6 K, and  prec ip i ta t ion  is de layed  un t i l  ~ - -  91.1. 
Fo r  th~s reason, 93.7% of the theore t ica l  capac i ty  can 
be recovered  before  the res is tance across the p rec ip i -  
ta ted  region becomes excessive and the cutoff vol tage  
is reached.  

The difference in charging behav ior  caused b y  the 
t empe ra tu r e  drop  dur ing  r e l axa t ion  emphasizes  the 
need  for careful  t he rma l  managemen t  of ba t t e ry  
modules.  At  lower  charging cur ren t  densi t ies  the  t em-  
pe ra tu re  fal ls  even more  dramat ica l ly ,  bu t  the  m a x i -  
m u m  and m i n i m u m  concentra t ions  a re  smal le r  a t  a 
given s tate  of charge,  and  prec ip i ta t ion  of KC1 no 
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Fig. 4. Position dependence of mole fraction of LiCI at different 
states of charge for a constant current charge of --41.6 mA/cm~. 
No relaxation between the end of the previous discharge and the 
start of the charging process. Simulation parameters: T(t  ~ O) 
4%.2~ see also Fig. 1. 

longer  controls  the final va lue  of L For  the  cell  charac- 
teristics used in the  simulat ions,  a cu r ren t  dens i ty  of 
--70 m A / c m  2 is needed to keep the average  cell  t em-  
pe ra tu re  reasonably  constant.  

F igures  5 and 6 show the f ract ion of act ive m a t e r i a l  
ut i l ized wi th in  the negat ive  electrode, at severa l  over -  
all  s tates of charge, for  the examples  in Fig. 3 and 4, 
respect ively.  A comparison of the  curves at  k ---- 47.9 
(t ---- O) shows the increase  in nonuni form ut i l iza t ion 
of reac tants  tha t  resul ts  f rom re laxa t ion  of the  e lec-  
trolyte composition. The genera l  charging  mechanism 
is s imi lar  in two cases: the  region closest to the  elec-  
t r o d e / s e p a r a t o r  in ter face  is r echarged  first, and  the 
react ion f ront  moves back  th rough  the e lec t rode  as 
the al loy is comple te ly  reconver ted  to /~-LiA1. F u r t h e r  
react ion of the/~-LiA1 is not  inc luded in the  mode l  b e -  
cause the necessary  increase  in overpo ten t i a l  of a l -  
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Fig. 3. Position dependence of mole fraction of LiCI at different 
states of charge for a constant current charge of --41.6 mA/cm 2. 
A relaxation time of 2 hr is included between the end of the pre- 
vious discharge and the beginning of the charging process. Simu- 
lation parameters: T(t = 0) = 480.4~ see otso Fig. I .  
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Fig. 5. Fraction of active material utilized in negative electrode 
at different overall states of charge during a constant current 
charge of --41.6 mA/cm~. A relaxation time of 2 hr is included 
between the end of the previous discharge and the beginning of the 
charging process. Simulation parameters are as in Fig. 1. 
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Fig. 6. Fraction of active material utilized in negative electrode 
at different overall states of charge during a constant current 
charge of --41.6 mA/cm 2. No relaxation between the end of the 
previous discharge and the start of the charging process. Simula- 
tion parameters are as in Fig. 1. 

most 0.3V (8) cannot  be obta ined  wi th  the  specified 
cutoff voltage. However ,  recent  evidence (9) suggests 
tha t  the change in  overpo ten t ia l  when a par t ic le  be-  
comes comple te ly  conver ted  to #-LiA1 m a y  not  be  a s  
dramat ic  as r epor ted  prev ious ly  (8). Consequently,  
reac t ion  may  be possible  a t  the  surface of par t ic les  
where  no ~-A1 remains.  In  general ,  diffusion of l i t h ium 
in the  #-phase is cons iderab ly  fas ter  than  in ~-A1 (10), 
and only very  smal l  concentra t ion differences are p re -  
dicted across the outer  #-LiA1 layer .  

The complementa ry  react ion dis t r ibut ions  for  t h e  
posit ive e lec t rode  are  presented  in Fig. 7 and 8. The 
resul ts  at  ~ = 47.9 show expl ic i t ly  the equal iza t ion  in 
local s tate of charge tha t  takes place dur ing  r e l a xa -  
tion. F igure  7 shows tha t  reac t ion  [IIA] occurs p re f -  
e ren t i a l ly  at  the f ront  of the electrode,  ad jacen t  to the  
reservoir ,  and tha t  a sharp react ion front  moves 
th rough  the e lect rode as Li2FeS2 is consumed. This 
mechanism also predomina tes  in Fig. 8, a l though the 
final d is t r ibut ion  of unreac ted  ma te r i a l  is shif ted f rom 
the back of the electrode.  F igure  8 also indicates  that,  
ear ly  in the charge and at  a dis tance of app rox ima te ly  
0.14 cm, FeS reacts ca thodica l ly  to form X-phase ,  in 
accordance with  react ion [IIA].  This se l f -d ischarge  
process corresponds,  in par t ,  to the charge equal izat ion 
pred ic ted  dur ing  re laxat ion.  The effect is more  p ro-  
nounced at  lower  cur ren t  densities.  

The var ia t ions  in to ta l  cell  vol tage  for  severa l  con- 
s tant  cur ren t  charges are  presented  in Fig. 9. In  each 
case, there  is a r e l a t ive ly  sharp rise in e lect rode po-  
ten t ia l  when reac t ion  [IIB] is comple ted  in the  posi t ive 
e lect rode because the  corrosion potent ia l  can no longer  
be mainta ined.  Also, prec ip i ta t ion  of KC1 in the nega-  
t ive e lectrode is predicted,  and  the local reduct ion  in 
e lect rolyte  conduct iv i ty  tha t  resul ts  causes a sharp 
increase in res is tance at  the h igher  cur ren t  densities.  
A t  I = --20 mA/cm2, charging is comple ted  before  
prec ip i ta t ion  effects dominate.  The t ime for onset  of 
prec ip i ta t ion  is sensi t ive to the cell t empera tu re ,  and 
this is l a rge ly  responsible  for the  lower  final states of 
charge tha t  are  pred ic ted  when a per iod  of r e laxa t ion  
is inc luded in the opera t ing  cycle. 

Exper iments  on the  charging behav ior  of LiA1/FeS 
cells (7) show tha t  the posi t ive e lec t rode  cu r ren t  col- 
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Fig. 7. Fraction of active material utilized in positive electrode 
at different overall states of charge during a constant current 
charge of --41.6 mA/cm 2. A relaxation time of 2 hr is included 
between the end of the previous discharge and the beginning of the 
charging process. Simulation parameters as in Fig. 1. 
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Fig. 8. Fraction of active material utilized in positive electrode 
at different overall states of charge during a constant current 
charge of --41.6 mA/cm 2. No relaxation b~tween the end of the 
previous discharge and the start of the charging process. Simula- 
tion parameters as in Fig. 1. 

lec tor  potential ,  measured  re la t ive  to a re ference  elec-  
t rode placed ad jacen t  to the separator ,  can rise sha rp ly  
toward  the end of charge. The ra te  of change of this 
potent ia l  can be l a rge r  than  tha t  of the nega t ive  elec-  
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Fig. 9. Dependence of tetal cell voltage on state of charge dur- 
ing constant current charges. Simulation parameters as in Fig. 1 
and ~.(t = 0) = 47.9%. : Charge begins immediately after 
discharge, T(t  ---- 0) = 480.4~ - - -: 2 hr relaxation between dis- 
,charge and charge, T(t  = O) -~ 496.2~ A :  onset of precipita- 
tion of KCI in negatNe electrode. 
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t r ade  cur ren t  collector,  and this might  be i n t e rp re t ed  
as a posi t ive e lect rode l imi ta t ion  on charging.  There  
are severa l  possible  reasons for  this appa ren t  d is-  
c repancy  be tween  expe r imen t  and  theory:  (i)  r educ-  
t ion in posi t ive e lec t rode  poros i ty  caused b y  expans ion  
of the negat ive,  (ii) reduct ion  in ava i lab le  e lec t rode  
capac i ty  and unce r t a in ty  in s ta te  of charge, and  (iii) 
deve lopment  of high m a t r i x  res is tance in the  posi t ive 
e lec t rode  due to poor  e lec t r ica l  connect iv i ty  of the 
phases or  la rge  contact  resistances.  

Addi t iona l  exper imen t s  m a y  be needed  to obta in  a 
c leare r  p ic ture  of the  factors tha t  l imi t  the  charg ing  
behav ior  and  to assess the va l id i ty  of the  numer ica l  
predict ions.  The na tu re  of overcharge  reactions,  and  
the potent ia ls  a t  which  they  become t h e r m o d y n a m i -  
cal ly  feasible,  m a y  also need to be invest igated.  

Conclusions 
A mathemat i ca l  model  of the  LiA1/FeS cell has been  

used to inves t iga te  the influence of r e l axa t ion  on the  
charging  character is t ics  of the  system. The analysis  
indicates  tha t  composi t ion var ia t ions  become less p ro -  
nounced dur ing  re laxat ion,  bu t  the  local  s ta te  of 
charge wi th in  the  electrodes can become more  non-  
uniform. The concentra t ion changes induced on charg-  
ing mask  the effects of cur ren t  in ter rupt ion ,  and the 
effect of r e laxa t ion  on cell  t e m p e r a t u r e  can be  more  
impor tant .  The mode l  shows tha t  p rec ip i ta t ion  of KC1 
in the  nega t ive  e lec t rode  can cause a r ap id  r ise in ap-  
p l ied  poten t ia l  toward  the end of charge, bu t  tha t  the 
effect is not cr i t ical  a t  low cur ren t  densities.  The re -  
sults obta ined  are  sensi t ive to the  detai ls  of the  hea t  
ba lance  used in the  calculat ion,  and this reflects a need 
for  precise  t he rma l  m a n a g e m e n t  of LiA1/FeS b a t t e r y  
modules.  
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(V) 

V cell  vol tage  (V) 
w reservoi r  wid th  (cm) 
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Greek letters 
e poros i ty  

cl, i -- r 
effective solut ion conduct iv i ty  (mho /cm)  

)~ s tate  of charge  ( % ) 
effective m a t r i x  conduct iv i ty  (mho /cm)  

�9 1 electr ic  potent ia l  in the m a t r i x  (V) 
�9 2 electr ic  potent ia l  in the e lec t ro ly te  (V) 

Subscripts 
l ira l imi t ing value  
s separa to r  
sat sa tura t ion  va lue  
fl ~-LiAI 
4- posit ive e lect rode 
-- negat ive  e lec t rode  

Superscripts 
~ ini t ia l  value  

p-LiA1 
--  average  value  
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ABSTRACT 

Differential scanning calorimetry measurements  w e r e  m a d e  on various 
components of Li-SO2 and Li-SOC12 cells to ident ify those combinations 
that  react exothermical ly and might  cause batteries to explode. The passiva- 
tion of Li by SO~ in acetonitri le (AN) was characterized over a wide range 
of SO2 concentrat ion (0.1-14M). In  the absence of SO2, trace additions of 
water  great ly lower the exothermici ty of the Li -AN reaction. The Li-SOC12- 
LiA1C14 mixture  is iner t  over a wide range of temperature  well  above the 
mel t ing point  of Li. However, adding carbon black converts this iner t  mixture  
into one which is highly and consistently reactive. The addit ion of copper 
powder enhances carbon's catalytic effect on the reactivi ty of the Li-SOC12- 
LiA1C14 m/xture  while trace additions of water  have the opposite effect. 

Batteries based on the Li/SO2 and Li/SOC12 electro- 
chemical couples have shown great  promise for use in  
mi l i tary  applications requir ing high energy density 
power sources. However, hazards associated with these 
batteries may delay their use in future  mi l i tary  devices. 
The incidents involving explosions of these cells under  
various conditions may be a t t r ibutable  to exothermic 
chemical reactions among ini t ia l  cell consti tuents 
and /o r  discharge products. 

A thermal  analysis s tudy was under taken  to deter-  
mine  the reactivi ty of various combinations of cell 
components which could cause thermal  runaways  re-  
sul t ing in cell explosions. Recent work in  this area 
has been conducted on the Li/SO2 (1-3) and on the 
Li/SOC12 (4, 5) systems. The present  work involved 
the use of hermetical ly-sealed high pressure sample 
containers to extend our previous studies (1,2) of 
Li/SO2 cell components to include volatile substances. 
Another  objective was to perform a similar  s tudy of the 
Li/SOC12 system using the high-pressure sample con- 
taine~s to obviate the problems associated with pres-  
sure bursts of sample containers encountered in other 
Li/SOC12 DTA studies (4, 5). Finally,  the react ivi ty of 
the l i th ium-boron  alloy was studied for comparison 
with that of l i th ium in combinat ion with Li/SO2 and 
Li/SOCI~ cell components. This alloy has shown great 
promise for use as an anode mater ia l  in  mol ten salt 
batteries (6-8). 

Experimental 
Apparatus.--A du Pont  Model 990 differential scan- 

ning calorimeter (DSC) was employed to measure the 
reaction ini t ia t ion temperatures  and the relat ive reac- 
t ivity of various combinations of Li/SO2: and Li/SOC12 
cell constituents. In our DSC curves, since the ordinate 
corresponds to a rate of heat generat ion and the ab-  
scissa is proport ional  to time, a measure of the rela-  
tive react ivi ty is accomplished by a comparison of 
peak areas and from the masses of the reactants. We 
sometimes ment ion  the " temperature  excursion" (not 
i l lustrated) noted for a part icular  reaction. This does 
not refer to a deflection of the DSC curves in the ordi-  
nate direction (which measures a rate of heat genera-  
tion). This term refers to excursions of the actual re-  
action tempera ture  above the programmed tempera-  
ture. Most DSC curves were recorded at an ordinate 
sensit ivi ty of 20 mcal/sec �9 in. (20X). A sensit ivity of 
5 mcal/sec �9 in. ( 5 •  is four times as responsive to 

�9 Electrochemical Society Active Member. 
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enthalpy changes as is a sett ing of 20 •  The sensit ivity 
selection is included in the i l lustrat ions to allow com- 
parison of the endothermic (endo) and exothermic 
(exo) areas. We del iberately used an insensit ive re-  
corder setting of 20 X since we were mostly interested 
in comparing relat ively vigorous reactions. Thus any  
reactions that  involved rela t ively small  amounts  of 
heat change escaped our at tention.  The te rminat ion  
tempera ture  on any  DSC analysis  is referred to in  the 
test as the "cutoff" temperature.  

All  DSC measurements  were made under  a flowing 
atmosphere of dry argon at a programmed heat ing rate 
of 10~ The DSC ins t rument  was calibrated with 
pure metals mel t ing over the tempera ture  range 
studied (In, 156.6~ Li, 180.5~ Sn, 231.9~ Zn, 
419.4~ 

Thermal  analysis of solids was performed in crimp- 
sealed du Pont - type  Armco iron crucibles. Armco iron 
is iner t  to l i th ium and  offers the advantage of ex-  
cellent thermal  response. 

Mixtures containing volati le liquids were studied 
using high-pressure,  corrosion-resistant  Ni-Cr  alloy 
(Nimonic) 500 #1 crucibles purchased from Mettler In-  
s t rument  Corporation, Princeton,  New Jersey. Her-  
metic seals, capable of wi ths tanding 100 arm of 
pressure, were achieved when an open-ended screw cap 
was t ightened onto a gold diaphragm placed between 
the cap and the crucible. The hermetici ty was con- 
firmed by observing no loss of mass on reweighing the 
sample after the DSC run. 

A comparison of the two types of sample cups is 
i l lustrated in Fig. 1. There is a large mass difference 
between the Armco cup (20.0 rag) and the Nimonic cup 
(2500 mg).  The large size of the Nimonic cups neces- 
sitated modification of the DSC analyt ical  procedure. 
Since the DSC chamber could not accommodate a sec- 
ond Nimonic cup for a reference, a stainless steel rod of 
similar mass was used as a reference and the ins t ru-  
men t  was then recalibrated. This dispari ty of sample 
cup and reference gives rise to a slightly sloping base 
line. 

Sample preparation.--Lithium-boron alloy, contain-  
ing 72 weight percent  (w/o)  l i thium, was prepared 
as previously described (8). All  solid mixtures  con- 
ta ining either l i th ium-boron alloy or l i th ium (99.9% 
Foote Mineral)  were prepared by sandwiching the 
other solid components into a single piece of the alloy 
or the li thium. The Li or Li-B f ragment  was pressed 
into a thin film and then the other solid powder  was 
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Fig. 1. DSC sample cups 

pressed into this Li  surface thus ensur ing in t ima te  
contact. Al l  samples  were  weighed,  mixed,  and  sealed 
in a Dry  Room main ta ined  at  0.25% re la t ive  humidi ty .  
Al l  salts, carbon, etc. were  vacuum dr ied  at  app rop r i -  
ate tempera tures .  L i th ium hexaf luoroarsenate  was ob-  
t a ined  f rom U.S. Steel  Corporat ion.  The l i t h ium t e t r a -  
ch loroa lumina te  was Matheson-Coleman-Be l t  "po la ro -  
qual i ty"  and was used as received.  L i th ium thiosulfa te  
(Pfal tz  and Bauer)  was washed  in carbon disulfide 
then  in carbon te t rachlor ide .  Wi th  the except ion of the 
l i th ium bromide  (Fisher)  and  the anhydrous  l i th ium 
sulfide (Vent ron) ,  al l  the other  salts  used were  an-  
hydrous,  Reagen t -Grade  chemicals.  Methy l  i socyanate  
(Aldr ich)  and  th ionyl  b romide  (Alfa)  were  used as 

received.  
The "act ive"  and " reserve"  b a t t e r y  e lec t ro ly tes  

(,.,14M in SOs) were  p rov ided  b y  Honeywel l  Power  
Sources  Incorporated.  The act ive ba t t e ry  e lec t ro ly te  
was app rox ima te ly  70, 22, and  8 w /o  in SO2, CH3CN, 
and LiBr, respect ively.  The reserve  e lec t ro ly te  was 
72.6, 18.4, and 8.9 w/o  in SO2, CI~CN, and LiAsF6, 
respect ively.  The reserve  e lec t ro ly te  was developed for 
reserve,  Li-SO2 ba t te r ies  where  except iona l  l ong - t e rm 
s tab i l i ty  of the  e lec t ro ly te  is needed.  

Acetoni t r i l e  was doubly  dist i l led,  first over  sodium 
hydr ide  then  over  phosphorus  pentoxide.  Only the  mid -  
dle fract ions were  collected. Di lu te  solutions of SO2 in 
acetoni t r i le  were  p repa red  b y  bubbl ing  99.9% SO2 
into the  doubly  dis t i l led  acetonitr i le .  The di lu te  solu-  
tions (0.1M) of SOs were  ana lyzed  by  adding  a known 
volume of the solut ion to an excess of s t anda rd  iodine 
in acid buffer. The unreac ted  iodine was t i t r a t ed  wi th  
s tandard  thiosulfa te  solution. The more  concent ra ted  
solutions (1.7M) were  ana lyzed  b y  weighing  the  CI-I3CN 
before  and af te r  absorpt ion  of the  SO2. 

Thionyl  chlor ide  was ref luxed wi th  l i th ium for  ap-  
p r o x i m a t e l y  20 hr  under  an argon a tmosphere  fo l lowed 
by  dis t i l la t ion  under  argon. Only the pa les t  por t ion  of 
the middle  f ract ion was collected for use in the DSC 
studies. A l l  o ther  l iquid  chemicals  were  used as re -  
ceived. 

A stock solut ion of 1.6M LiA1CI4 was p repa red  in 
SOC12. A sa tu ra t ed  solut ion of SO2 in this  e lec t ro ly te  
was p repa red  by  bubbl ing  the SO2 into the  LiA1C14- 
SOC12 solut ion cooled in powdered  Dry  Ice. This 
solut ion was a l lowed to equ i l ib ra te  at  room t e m p e r a -  
ture  and 1 a tm pressure .  

E X O T H E R M I C  R E A C T I O N S  5 ~  

Discharge products  were  ob ta ined  b y  constant  cur -  
ren t  discharge of a pressur ized  l abo ra to ry  cell  conta in-  
ing 30 ml of Li/SO2 reserve  ba t t e ry  electrolyte .  P r e -  
caut ion was t aken  to insure  tha t  the carbon-Tef lon cur -  
ren t  collector was ve ry  d ry  and tha t  only  c l ean - su r -  
faced l i th ium was used. The cell was assembled  under  
he l ium and discharged at  a p p r o x i m a t e l y  2-3 m A / c m  2 
cur ren t  dens i ty  at  ambien t  t empera ture .  The dis-  
charged cell  was pumped  d ry  overn igh t  and  disassem- 
b led  in the Dry  Room. The products  were  separa ted ,  
washed wi th  doubly  d is t i l led  acetonitr i le ,  and  vacuum 
dried. 

Results and Discussion 

Sultur Dioxide System 
Table  I summarizes  the DSC da ta  ~bta ined  in this 

system. The table  is a r r anged  in the  o rde r  of increas ing 
mix tu re  complexi ty .  Mix tures  conta ining the L i -B  
al loy are  segregated  at  the bottom. F igures  2B and 2C 
compare  the the rmal  response of the  r e l a t ive ly  heavy,  
h igh-p ressu re  Nimonic sample  cups (2.5g) wi th  tha t  of 
the much l ighter  Armco i ron  containers  (0.2g). For  this 
purpose  we chose the (Li  -~ Li2S203) reac t ion  which  is 
known to be ve ry  exothermic  (2). The figure i l lus t ra tes  
the genera l ly  grea te r  sens i t iv i ty  of the  l igh te r  Armco 
iron cups. The difference be tween  Fig. 2B and 2C in 
exo the rm ini t ia t ion t empera tu res  should not  be a t -  
t r ibu ted  to the mass differences of the  sample  con- 
ta iners  since heterogeneous sample  mix tures  can of ten 
genera te  i r reproduc ib le  the rmal  data.  In  this  connec-  
t ion we note tha t  the curve of Fig. 2B differs s l ight ly  
f rom that  obta ined prev ious ly  (2). Most of the DSC 
runs repor ted  here in  were  pe r fo rmed  in duplicate,  some 
in t r ipl icate ,  to check for  reproducib i l i ty .  Genera l ly ,  
s imple  mix tures  of solid components  gave  ve ry  r e -  
producib le  results,  whereas  the  in i t ia t ion  t empera tu re s  
and enthalpic  changes of more compl ica ted  mixtures ,  
especial ly  those containing liquids, were  sometimes less 
reproducible .  

EX0 
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dH/dt 

ENDO 
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~ ' ~ ~ 2 S 2 0 3  (5.2 mg ) 
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Fig. 2. Reactivity of lithium thiosulfate 
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Table I. Summary of DSC data for the Li/SO2 system 

T r a n s i t i o n  t e m p e r a t u r e s  (~ * * * 
C u t o f f  t e m p e r -  

R e a c t i o n  R e a c t a n t s  a t u r e  (~ * Endothermic Exothermic 

1 Li - -  180 - -  
2 S - -  113, 118 - -  
3 AN* * 284 - -  241 
4 LiAsFe 300 258 
5 Na~S~O4 260 - -  "~0 
6 Products o f  r e a c t i o n  5 495 281, 365 440 
7 LJ~S~Os 305 132 - -  
8 Li + LiBr 300  181 142 
9 Li + LiAsFe 400 ~ 187(210) 

10 L i  + AN 300 180 40(5) 
11 L i  + S 242 180 127(100) 
12 Lt + Na2S~O~ 353 180 190, 256 
13 Li + Li2S203 (ARMCO) 290 181 147(5), 222(145) 
14 Li + Li~3Oa (NLMONIC) 343 180 137(5), 209(20) 
15 Li + Li~N 391 181 - -  
16 L i  + Li~O~ 400 181 - -  
17 Li § S O B r ~  229 179 - -  
18 Ll + CH~NCO 408 -- 152 
19 Active electrolyte? 340 177 --  
20 Li + anode discharge product 416 181 -- 

21 Li + cathode discharge product 452 181 251(5) 
22 Li + [AN-I-LeO (0.2%)]$ 426 180 20 (minor) 
23 Li + AN + LiBr 295 - -  
24 Li + [AN-LiBr (satd.)] 400 - -  "-35 (minor) 
25 Li ~- AN + LiAsF6 300 ~ 5 0 ( 5 ) ,  181 
26 [AN-SO~ (0.1M)] + LiAsFe 268 - -  266(15) 
27 Li + [AN-SO~ (0.1M)] 305 ~ 142(30) 
28 Li + [AN-SO2 (I.TM)] 400 186 122 
29 L i  + S + S ~ C b  265 180 261 
30 Li + active electrolyte 343 -- 155(5), 180 
31  Li + reserve electrolytew 387 180(5) 
32 Li + [AN-LiBr (satd.)]+ C 408 ~1 -- 

33 Li + [AN-SO2 (0.1M) - LiBr (satd.)] 429 179 86(17) 
34 Li + [AN-SO2 (1.7M)] + LiBr 408 180 122, 181 
35 Li  + JAN-SO2 ( 0 . 1 M ) ]  + L i A s F ~  295 115(10), 209 
36 Li + [AN-SO~ (1.7M] + LiAsF6 400 1"81 142, 189, 217 
37 Li + [AN-SO~ (0.1M)-H~O (0.07%)] + LiAsF6 276 180 98, 202 
38 Li + C + [AN-SO2 (I.7M) - LiBr (said.)] 266 180 35 
39 Li + C + reserve, electrolyte 324 181 142 
40 LI + PC** + active electrolyte 348 172 174, 222 
41 Li-B alloy + AN 372 180 50(5) 
42 Li.B alloy + S 300 180 127(80) 
43 Li-B alloy + Li~S~Oe 324 181 147(5), 245(10) 
44 Li-B alloy + active electrolyte 338 167 
45 Li-B alloy + cathode discharge product 452 1"81 253 (5) 

* Temperature at which the DSC linearly programmed temperature scan was terminated. 
** AN = acetonitrile; PC = propylene carbonate. 

*** Figure in parenthesis represents the increase in the sample temperature above the linearly programmed temperature. 
t Active electrolyte: 70, 22, 8% w/w in SOe, AN, and LiBr (~14Vl SO2). 
$ Ingredients within the square brackets are a homogeneous solution. 
w Reserve electrolyte: 72.6, 18.4, 8.9% w/w in SO2, AN, and LiAsF8 (~14M SO2). 

Lithium thiosulfate and sodium dithionite.--Figure 
2A r evea l s  t h a t  Li2S203 beg in s  to d e c o m p o s e  e n d o -  
t h e r m i c a l l y  at  a b o u t  132~ This  i nd i ca t e s  t h a t  t he  
first  e x o t h e r m s  in  Fig. 2B a n d  2C are  a s soc ia t ed  w i t h  
t he  r e a c t i o n  of Li w i t h  t hese  t h i o s u l f a t e  d e c o m p o s i -  
t ion  p roduc t s .  In  a g r e e m e n t  w i t h  t h e  l i t e r a t u r e  (9, 
10), Fig. 3A s h o w s  r a p i d  e x o t h e r m i c  d e c o m p o s i t i o n  a t  
190~ for  a s a m p l e  of  s o d i u m  d i t h i o n i t e  (Na2S204) con -  
t a in ing  7.5% s o d i u m  sulf i te  a n d  2.5% s o d i u m  t h i o s u l -  
f~ te  as impur i t i e s .  This  is as c h e m i c a l l y  s imi l a r  as w e  
could  ge t  to t he  c o m m e r c i a l l y  u n a v a i l a b l e  l i t h i u m  d i -  
t h i o n i t e  w h i c h  a p p e a r s  to be  the  p r i m a r y  p r o d u c t  in  
d i s c h a r g e d  Li /SO2 cells  (18).  F i g u r e  3A ag rees  w i t h  
p r e v i o u s l y  p u b l i s h e d  da t a  (3).  A r e p e a t e d  DSC r u n  on  
the  d e c o m p o s e d  sa l t  of  Fig.  3A is s h o w n  in  Fig. 3B. 
C o n t r a r y  to a p r e v i o u s  r e p o r t  (3) no e v i d e n c e  is 
s een  fo r  su l fu r  h a v i n g  b e e n  f o r m e d  in  Fig. 3A. 

Cell discharge products.--Figure 4 s h o w s  t h e r m a l  
ana lys i s  of  m i x t u r e s  of  Li w i t h  d i s c h a r g e  p r o d u c t s  
t a k e n  f r o m  an  Li-SO2 cell. This  cell  c o n t a i n e d  t h e  
" r e s e r v e "  e l e c t r o l y t e  (SO2-AN-LiAsF6)  a n d  w a s  d i s -  
c h a r g e d  at  a c o n s t a n t  c u r r e n t  d e n s i t y  of  2-3 m A  �9 c m - 2  
to a 0.2V cutoff  vol tage .  A g r a y i s h - c o l o r e d  s p o n g y  
p r o d u c t  was  s c r a p e d  off t he  Li a n o d e  sur face ,  m i x e d  
w i t h  Li, a n d  a n a l y z e d  as in  Fig. 4A to a 400~ cutoff.  
In  th is  r a n g e  the  t r a c e  is t h e r m a l l y  f e a t u r e l e s s  e x c e p t  
fo r  t he  180~ e n d o t h e r m  fo r  m e l t i n g  of  Li. The  d i s -  
c h a r g e d  c a t h o d e  was  w a s h e d  w i t h  p u r e  ace ton i t r i l e  to 
r e m o v e  SO2 and  salt ,  d r i e d  by  evacua t ion ,  a n d  t h e n  
a f r a g m e n t  of i t  was  m i x e d  w i t h  Li a n d  t h e r m a l l y  a n a -  
lyzed  to g ive  Fig. 4B. The  s h a r p  e x o t h e r m  at  251~ a p -  
p e a r s  to be  due  to t he  r e a c t i o n  of  Li w i t h  d e c o m p o s i -  

t ion  p r o d u c t s  o f  Li28204. D S C  cu rv es  of  d i s c h a r g e d  
ca t h o d es  in  t he  a b s e n c e  of  Li  (no t  s h o w n )  r e v e a l  a 
m i n o r  e x o t h e r m  due  to d e c o m p o s i t i o n  of  Li28204 w i t h  
i n i t i a t i on  t e m p e r a t u r e s  f r o m  a p p r o x i m a t e l y  185 ~ to 
230~ A s m a l l  e x o t h e r m  is also v i s ib le  in  Fig. 4B. 
The  e x o t h e r m  is m i n o r  b e c a u s e  of  t h e  v e r y  s m a l l  

ENDO 

20 mcal sec-11 
(A) Na2S204(32 5 r a g )  

(B) DECOMPOS 

2 mcal sec-I i 

_ _  I 1 I I T I I r i 
510 100 150 200 250 300 350 400 450 500 

TEMPERATURE ~  

Fig. 3. Thermal decomposition of sodium dithJonJte 
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V 
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i _ i 
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Fig. 4, Lithium reactEvity with discharge products of Li-AN-SO2- 
LiAsFe cell. 

quan t i ty  of Li2S204 (0.2-0.3 mg)  imbedded  in the  (3.0- 
4.0 rag)  of cu r ren t  collector.  The va r i a t i on  in the  in i -  
t ia t ion t empe ra tu r e  is a funct ion of the heterogeneous  
d is t r ibut ion  of Li2S204 in the carbon-Tef lon collector.  
I t  is r easonab le  to specula te  tha t  unde r  cer ta in  abu-  
sive condit ions of ba t t e ry  discharge,  Li2S204 m a y  un-  
dergo decomposi t ion s imi lar  to the  Na~S204, the reby  
genera t ing  la rge  t empe ra tu r e  increases. The low broad  
exo the rm at about  350~ is associated wi th  the  r e -  
act ion be tween  Li and Teflon b inder  f rom the cathode 
s t ructure .  This reac t ion  was charac ter ized  t he rma l ly  
both  prev ious ly  (2) and  in  the p resen t  work.  

Lithium-acetonitrile reaction.--Lithium and aceto-  
n i t r i le  (AN) are  uns tab le  a t  ambien t  t empera tu res ;  a 
react ion s tar ts  s lowly then accelerates  and  generates  
large  amounts  of heat. I t  is genera l ly  agreed  tha t  the 
hea t  and f lammable  gas genera ted  in this react ion are  a 
possible source of the explosions which  have m a r r e d  
the gene ra l ly  good safe ty  record  of the  Li-SO2 bat te ry .  
A typ ica l  DSC curve shown in Fig. 5A reveals  a char -  
acter is t ic  b road  exo the rm s ta r t ing  at  about  40~ 
React ion r a t e  is affected by  pur i ty  both  of Li and AN. 
Addi t ion  of 0.2% w / w  of wa te r  to the AN grea t ly  sup-  
presses the exo thermic i ty  of the reac t ion  (Fig. 5B). A 
s imi l ia r  suppression of L i - A N  exo thermic i ty  is seen 
when  the  AN is s a tu ra t ed  wi th  L iBr  (Fig.  5C). L i th ium 
bromide  addi t ions  were  found to consis tent ly mimic 
the effect of added  water ,  whe the r  or  not  excess solid 
LiBr  was present .  We presume this is indeed due to the 
presence of mois ture  in the ve ry  del iquescent  LiBr.  
Even in a 0.2% re la t ive  humid i ty  Dry  Room, LiBr  picks 
up wa te r  quite rapidly .  DSC analys is  of an (Li  ~- LiBr)  
mix tu re  gives an exo the rm at 140~ despi te  s ta r t ing  
wi th  a v a c u u m - d r i e d  sample  and work ing  in a Dry  
Room (1, 3). This is a p p a r e n t l y  due to an Li -H20 r e -  
action. If an easi ly  d r ied  sal t  l ike LiAsF6 is subst i -  
tu ted  for LiBr (Fig. 5D), the  low tempera ture ,  L i -AN 
exo the rm is again  evident .  The high t e m p e r a t u r e  exo-  
t he rm at  the  mel t ing point  of Li appears  to involve the 
LiAsF6, bu t  is also in ag reemen t  wi th  the  prev ious ly  
recorded  DSC curve (1) for  Li plus the t e t raso lva ted  
salt, L i (AN)4AsF8 (11). 

The effect of SO2 concentra t ion on the the rmal  be -  
havior  of the L i - A N  system was s tudied  in the pres -  
ence of both  the  "act ive" (LiBr)  and  " rese rve"  
(LiAsF6) salts. Table  II  makes  ev ident  that  the in i t ia t ion 
t e m p e r a t u r e  of the L i - A N  react ion genera l ly  rises wi th  
increas ing SO2 concentrat ions.  In  the  absence of SO2 
there  is a slow, low t empera tu r e  react ion as i l lus t ra ted  
in  Fig. 5A. A t  a level  of 0.1M SO2 (s imula t ing  tha t  
p resen t  in a discharged,  SO2-depleted Li-SO2 cell)  
in i t ia t ion t e m p e r a t u r e  increases  substant ia l ly .  How-  
ever, the  de layed  reac t ion  is bo th  more  rap id  and more  
exothermic  (Fig. 6A, D, and  E) .  At  the 1.TM SO2 level  

20 mcal sec "1 
) Li (4.6mg) + AN (23.gmg) 

Ejn~ . . _ . . 

(C) Li (7.1rag) +~N-LiBr (sat'd~ 33,6mg 

ENDO ] ~  
~ 9 . S m g )  + LiAsF 6 (5.9rag) 

f I I I I I I I I 
0 50 100 150 200 250 300 350 400 450 

TEMPERATURE, ~ 
Fig. 5. Li-acetonitrile reactivity in absence of S02 

(not  i l lus t ra ted)  two exo therms  were  p resen t  cor re-  
sponding to the L i - A N  react ion and to one occurr ing 
at  or  near  the mel t ing  point  of Li. F ina l ly ,  a t  concen- 
t ra t ions  of SO2 found in the  ac tual  b a t t e r y  (about  
14M), exothermic  behav ior  occurs at  h igher  t e m p e r a -  
tures  (Fig. 6B and C). The hea t  l ibe ra ted  in the L i - A N  
react ion is s imi la r  to tha t  noted in the absence of SO2 
and the dual  peak  behav io r  observed in 1.TM SO2 is 
much less ev ident  a t  these h igh  SO2 concentrations.  

The quenching effect of wate r  ev ident  in Fig. 5 is no 
longer  appa ren t  in Fig. 6 when  SO2 is now present .  
F igure  6, curves D and E show big, sharp  exo therms  
despi te  the  addi t ion of water .  Pe rhaps  the  hydro lys i s  
react ion be tween  H20 and SO2 removes  wa te r  f rom the 
system render ing  i t  unable  to quench the L i - A N  reac-  
tion. The high t empe ra tu r e  exo the rm in Fig. 6D ap -  
pears  to resul t  f rom the Li-LiAsF6 reaction.  This exo-  
t h e r m  is r egu la r ly  seen in the presence of LiAsF6, but  
not in its absence (Fig. 6A).  

Addi t ion  of p ropylene  carbonate  to a mix tu re  of Li  
wi th  the "act ive" ba t t e ry  e lec t ro ly te  JAN-SO2 (14M), 
LiBr]  revea led  that  the  L i - A N  reac t ion  is effect ively 
quenched up to the v ic in i ty  of the mel t ing point  of Li 
(Table  I, reac t ion  40). 

Methyl isocyanate.--Rapid discharge caused b y  in -  
t e rna l  short ing has been r epor t ed  to lead  to the fo rma-  
tion of me thy l  i socyanate  (CH3NCO) in the  e lec t ro ly te  

Table II. Effect of S02 concentration on initiation temperature 
for the Li-acetonitrile exotherm 

SOs con- 
ce,ntration 

( moles/liter ) 

Initiation temperature (~ 

No salt LiBr LiAsF~ 

0 40 35 50 
0.I 142 86 115 

--i.7 122 122 142 
~14" --  156 180 

* Battery electrolyte. 



512 J. Eleetroehem. Sos.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1981 

EXO 
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Fig. 6. Li-ocetonltrile reactivity in presence of SO2 

of Li-SO2 cells (12). The DSC curve for the reaction of 
Li with CH3NCO is presented in Fig. 7. The reaction is 
slower than some of the explosive reactions reported 
here and elsewhere in this system (2). However it 
begins at 152 ~ (below the melting point of Li) and 
generates substantial amounts of heat. 

Thionyl Chloride System 
Table III  summarizes the data. The only p~evious 

thermal analysis work it_ this system is that of Dey 
et al. (5). Their work was limited to relatively low tem- 
peratures by the use of sealed glass ampuls as sample 
cups. In Li-containing mixtures, runs were usually 
terminated at little over 200~ by destructi,-e reaction 
of molten Li with the glass container. Mixtures con- 
taining SOC12 developed high pressures which burst 
the cup at temperatures from 76 ~ to 270~ Cups used in 

EX0 

dr ~, Ll(8.6mg) + CH3NCO(47.8mg ) 
20r.ca, T 

$8C'1 I 

ENDO j 
P 
L - - - -  J I I 
O bid 1;0 1;0 2;0 250 300 350 400 450 

TEMPERATURE.~ 

Fig. 7. Reactivity of lithium with methyl isocyanate 

the present work were normally hermetic up to at least 
500~ 

Initia~ components.--Figure 8E shows that the active 
materials of the Li-SOC12 battery display no reactivity 
together up to 335~ cutoff at which the DSC tempera- 
ture scan was automatically terminated. The chloro- 
luminate by itself melts at about 143~ (Fig. 8A) in 
agreement with the literature. Mixed with Li in Fig. 
8B, the salt rapidly and exothermically reacts near 
its melting point. Thionyl chloride alone (Fig. 8C) 
began breaking up (into SO2 ~ S~CI~ ~ C12) at about 
212~ but the thermal effects are small. In Fig. 8D 
we see essentially the same thing with Li unreactive 
up to at least 345~ Finally Fig. 8E brings together 
conductive salt and both active materials. This com- 
bination suppresses both the Li-LiAICI4 reaction of Fig. 
8B and the SOC12 decomposition evident in Fig. 8C and 
D. Thus, the initially present components of an undis- 
charged battery seem quite unreactive over a wide 
temperature range even after the lithium has melted. 

PossibZe discharge products.--Under this heading we 
include products of the direct electrode reactions and 
also secondary products resulting from further reac- 
tion (e.g. direct product S further reacts giving sec- 
ondary product Li~S). 

Sulfur.--Figure 9 shows DSC curves for combina- 
tions containing elemental sulfur. In combination with 
Li (Fig. 9A) the usual violent reaction at sulfur's melt- 
ing point was observed. This Li-S reaction is notice- 
ably absent from Fig. 9B where no exotherm appears at 
all until 400~ In Fig. 9B's mixture, if all the S dis- 
solved in the electrolyte, its concentration would be 
about 9M. The solubility of S in the electrolyte rises 
with temperature and is about 1.bM at 50~ (16). 
So in this run, above the melting point of S, both 
molten S and high concentrations of dissolved S 
should be present. Presumably the SOC12 protects Li 
from reacting with both molten and dissolved S by 
virtue of a passivating film of LiC1 as in the battery. 
The 400~ exotherm may be a belated Li-S reaction 
occurring 300~ higher than usual. Thus we have con- 
firmed a previous find of the beneficial effect of SOCI~ 
(5) and extended it to 400~ Figure 9C shows the in- 

EXO 
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20 mcal I _ ~  
sac - t 
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(A) LiAICI4(15.0mg ) 
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Fig. 8. Reactivity of the major initial components of the Li-SOCI2 

battery. 
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Table III. Summary of DSC results for Li/SOCI2 system 

Cutoff temper- 
Reaction Reactants ature (~ t 

Transition temperature (~ 

Endothermic Exothermtc 

i SOCh 241 
2 LIAICh 271 
3 Li + SOCI~ 336 
4 Li + LiAICh 410 
5 Li + LieSO~ 400 
6 Li + S2C12 343 
7 SOC12 § LieN 346 
8 SOCb + LieS 276 
9 SOCI~ + C 241 

16 Li + [SOCL~LiAICh] ~ 329 
11 [SOCb-LiAICI4] + S 391 
12 [.SOCI~-LiA1CL] + Li~N 367 
13 [SOCle-LiAICI~] + Li~S 367 
14 Li + SOCI.- + C 343 
15 Li + LiA1CI~ + C 362 
16 Li § [SOC12-LiA1CL] + C 350 
17 Li § [SOCI~-LIA1Ch] + C 302 
18 Li + [SOCI~-LiA1Ch] + C 362 
19 Li + [SOCI~-LiA1Ch] + Cu 408 
20 Li + [SOC12-LiA1Ch] + S 414 
21 [SOCle-LiA1C14] + C + S 384 
22 [SOCls-LiA1Ch] + C + Cu 408 
23 Li + ~OCh + LiCL + C 362 
24 Li + SOCb + Li2SO~ + C 362 
25 Li + [SOCh-LiA1Ch-1% HeO + Ci 455 
26 Li + [SOCIe-LIA1Ch-SO2] ( sa td . )+  S 414 
27 Li + [SOCle-LiA1Ch] + C + Cu 417 
28 Li + [SOCle-LiA1CL-SOs (satd.)] + C + S 408 
29 LiB alloy + LiA1Ch 369 
30 Li-B alloy + SOCh 343 
31 Li-B alloy + [SOCh-LiA1CL] 343 
32 B + [SOCI~LiA1Ch] 395 
33 Li-B alloy + [SOCle-LiAICh] + C 391 

212 214 
143 
176 217, 231 
181 137(5) 
181 
172 

196 ( 70 ) 

177 

236 132(150) 

~ 9  - 
179 137(5) 

54, 326(25) 
~7  169, 204 
181 85 
186 
184 395(15) 

187 
181 
180 378 
189 
177 83(30), 348(25) 
181 88, 181(75) 
181 137 
192 231, 249 
172 

1-72 59(20),  322(75) 

* Ingredients within the square brackets are a homogeneous solution. 
t Temperature at which the DSC linearly programmed temperature scan was terminated. 
$ Figures in parenthesis are the increase in the sample temperature above the hncarly programmed temperature. 

e r t n e s s  of  S w i t h  t h e  e l e c t r o l y t e .  T h e  a d d i t i o n  of  c a r -  
b o n  b l a c k  to t h e  i n g r e d i e n t s  of Fig.  9C a lso  g a v e  a n  
i n e r t  m i x t u r e  ( r e a c t i o n  21, T a b l e  I I I ) .  T h e  D S C  t r a c e  
is  n o t  i l l u s t r a t e d ;  i t  w as  t h e r m a l l y  f e a t u r e l e s s  i n  t h e  
r a n g e  s t u d i e d  ( u p  to 384~ W e  h a v e  f o u n d  c a r b o n  to  
c a t a l y z e  t h e  r e a c t i o n  of  SOC12 w i t h  Li  (see  b e l o w )  
b u t  e v i d e n t l y  i t  h a s  no  ef fec t  o n  t h e  (S + SOC12) 
r e a c t i o n .  T h e  s m a l l  e n d o t h e r m s  i n  Fig.  9B a n d  C a t  
a b o u t  250~ m a y  b e  a s s o c i a t e d  w i t h  t h e  r e a c t i o n  

3S -}- 2SOC12--> 2S2C12 + SO2 [1] 

C a l c u l a t i o n  i n d i c a t e s  t h i s  to b e  a n  e n d o t h e r m i c  r e a c -  
t i o n  (14) .  F u r t h e r m o r e  w e  a l w a y s  o b s e r v e d  a c lear ,  

EXO 

"%, 

EhlDO 

20 mcai l 
sec "1 ~. 

(A) Li(2.7mg) -t- S(2.1mg) 

u 

(B) Li(8,4mg) + ISOCI2-LiAICi4(1-6M) l (48,9mg) ~..~(8.Smg) f 

I P I I 1 I I t I 
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TEMPERATURE, ~ 

Fi 9. 9. Keoetivity of mixtures eontoinin9 elemental sulfur 

b o i l i n g  l i q u i d  ( p r e s u m a b l y  SO2 s o l u t i o n )  w h e n  cups  
i n i t i a l l y  c o n t a i n i n g  (S  + SOC12) w e r e  u n s e a l e d  a t  
r o o m  t e m p e r a t u r e  a t  t h e  e n d  of t h e  r u n .  

Lithium sul]~de.--Some w o r k e r s  h a v e  r e p o r t e d  (5, 13) 
t h a t  a n h y d r o u s  Li2S r e a c t s  v i o l e n t l y  w i t h  SOCI~ g e n -  
e r a t i n g  c o n s i d e r a b l e  h e a t  a n d  gas  w h i l e  o t h e r s  (14) 
f o u n d  t h i s  c o m b i n a t i o n  to b e  i ne r t .  T h e  p r e s e n t  w o r k  
ha s  s h o w n  t h a t  Li2S is e s s e n t i a l l y  u n r e a c t i v e  w i t h  
SOC12 u p  to a 276~ cutof f  a n d  w i t h  SOC12-1.6M 
LiA1C14 u p  to a 367~ cutoff.  T h e  DSC c u r v e s  w e r e  
b a s i c a l l y  f e a t u r e l e s s  a n d  t h e y  a r e  n o t  i l l u s t r a t e d .  ( S e e  
T a b l e  III,  r e a c t i o n s  8 a n d  13.) 

SulJur dioxide.--This is g e n e r a l l y  a c c e p t e d  as one  of 
t h e  m a i n  p r o d u c t s  of t h e  b a t t e r y  d i s c h a r g e  r e a c t i o n .  
W e  s h o w e d  a b o v e  t h a t  SO2 r e t a r d s  t h e  L i - A N  r e a c t i o n .  
W e  n o w  w i s h e d  to d e t e r m i n e  i f  SO~ c o u l d  d e a c t i v a t e  
t he  m o s t  r e a c t i v e  m i x t u r e s  in  t h e  SOC12 sys t em.  A c -  
co rd ing ly ,  w e  s a t u r a t e d  a p o r t i o n  of  t h e  1.6M LiAIC14- 
SOC12 e l e c t r o l y t e  w i t h  SO2 a t  1 a i m  a n d  r o o m  t e m p e r a -  
t u r e .  T h e  SOe c o n c e n t r a t i o n  w a s  3 -4M (16) .  A D S C  
c u r v e  r e c o r d e d  to  414~ fo r  th i s  s o l u t i o n  w i t h  a d d e d  
Li  a n d  S ( r e a c t i o n  26, T a b l e  I I I )  s h o w e d  n o  s ign i f i -  
c a n t  c h a n g e  in  r e a c t i v i t y  vs. t h e  S O n - f r e e  s o l u t i o n  i l l u s -  
t r a t e d  in  Fig. 9B. F u r t h e r m o r e ,  Fig.  10D s h o w s  t h a t  t h e  
c a t a l y t i c  effect  of c a r b o n  on  t h e  Li -SOCls-LiA1C14 
m i x t u r e  (d i s cus sed  b e l o w )  p r o c e e d e d  u n i m p e d e d ,  b y  
t h e  p r e s e n c e  of  SOn. T h u s  fo r  t h e s e  c o m b i n a t i o n s ,  a t  
Ieast ,  SO2 h a s  n o  p a s s i v a t i n g  ef fec t  in  t h e  SOC12 s y s t e m .  

Lithium sulfate, lithium chloride, sulfur monochloride. 
- - B o t h  s u l f a t e  a n d  sulf i te  h a v e  b e e n  r e p o r t e d  as  l ow  
t e m p e r a t u r e  d i s c h a r g e  p r o d u c t s  of  t h e  t h i o n y l  c h l o -  
r i d e  b a t t e r y  (14) .  L i t h i u m  sulf i te  h a s  b e e n  p r e v i o u s l y  
s t u d i e d  (2, 5) w i t h  conf l i c t ing  r e su l t s ,  t h o u g h  t h e  p r e -  
p o n d e r a n c e  of e v i d e n c e  f a v o r s  i t s  n o n r e a c t i v i t y .  T h e  
p r e s e n t  w o r k  h a s  f o u n d  l i t h i u m  s u l f a t e  to  b e  q u i t e  
u n r e a c t i v e  to L i  u p  to a 400~ cu to f f  ( r e a c t i o n  5, T a b l e  
I I I ) .  I t  w a s  also i n e r t  i n  c o m b i n a t i o n  w i t h  Li, C, a n d  
SOC12-LiA1C14. S u l f u r  m o n o c h l o r i d e ,  $2C12, is k n o w n  
to r e s u l t  f r o m  t h e  t h e r m a l  d e c o m p o s i t i o n  of  SOCI~ 
e s p e c i a l l y  in  t h e  p r e s e n c e  of  t r a c e  c a t a l y s t s  l i k e  FeCIa 
(14) as  d e s c r i b e d  above .  T h u s  w e  t e s t e d  i t s  r e a c t i v i t y  
w i t h  Li  ( r e a c t i o n  6, T a b l e  I I I ) .  I t  was  q u i t e  i n e r t  o v e r  
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the  range  studied, up to 346~ Dey (5) had repor ted  a 
s t rong exo the rm at  302~ for (Li + S + S2C12). L i th -  
ium chloride, one of the main  discharge products  
formed in the cathode appears  quite iner t  (to a 362~ 
cutoff) in combinat ion wi th  Li, C, and SOC12 (react ion 
23, Table I I I ) .  If LiA1C14 is subs t i tu ted  for tiC1, the 
mix ture  becomes ex t r eme ly  and consis tent ly  react ive;  
see discussion be low of the effect of carbon in ca ta lyz-  
ing react ions in this system (Fig. 10). 

Catalysis of reactions by carbon black.--We i nva r i -  
ab ly  found that  wheneve r  an L i /C  mix tu re  was con- 
tacted wi th  the 1.6M LiA1C14-SOC12 electrolyte ,  a r e -  
active mix tu re  was produced.  In  these exper iments  the 
Shawin igan  carbon b lack  was pressed into both sides 
of a piece of f lat tened Li and the e lec t ro ly te  d r ipped  
onto this sandwich.  The mix tu re  a lways  wa rmed  up 
the Nimonic cups to  about  40~176 Occasional ly  the  
react ion was so vigorous that  the SOC12 boi led  d ry  
and more  was added  before the  cup was sealed. Ac-  
cordingly  we began  precool ing cups in D r y  Ice 
(--80~ before  adding  e lec t ro ly te  so as to postpone 
react ion and record i t  on the DSC trace.  F igure  10 
shows four DSC curves of mix tures  involving L i -C-  
SOC12-LiA1C14. The addi t ion of carbon b lack  t r ans -  
formed the iner t  Li-SOC12-LiA1C14 mix tu re  into a 
consistent ly react ive  one. However  the da ta  were  un -  
p red ic tab le  both as to peak  height  and  even peak  posi-  
tion. We include Fig. 10C, which ac tua l ly  contained 
Li -B al loy r a the r  than  Li, as the presen t  work  has 
shown the a l loy behaves  essent ia l ly  the same as Li. 
The mix tu re  of Fig. 10D contained S and SO2 in a d d i -  
tion to Li, C, SOC12, and LiA1C14. However,  we bel ieve  
that  the reac t iv i ty  of this mix ture  is due to the pres-  
ence of carbon ra the r  than to that  of S a n d / o r  SO2. 
This is suppor ted  by  the fact  tha t  the mix tu re  (Li + 
SOC12 + LiA1C14 + S + SOe) was quite iner t  up to 
its 414~ cutoff ( react ion 26, Table  I I I ) .  We should 
point  out  that  the mix tu re  r e fe r red  to in Fig. 10D con- 
tains v i r tua l ly  al l  of the most reac t ive  ingredients  
thought  to be present  in a pa r t l y -d i s cha rged  th ionyl  
chlor ide ba t te ry .  

Of the four possible mix tures  employing  t e r n a r y  
combinat ions of the  ingredients  Li, C, SOCI~, and 

EXO 

/ 
dH dt 

ENDO 

20 inca] sec -1 I (A) L,(5 6n,g) + SOCI -L,AICI (1 6M) ~ + C(8 4mg) [ 2 4 I (So'fimg) 

(B) b(8 7rag) +[SOCI2-hAICI4(1 6M) 1(53 3rag) 
+ C(13,6mg) 

F ~ 
(c) L,-S07 5rag) +/S0%-L,AmJ4(1.6M)[(54.7mg) 

L ~ + C(10 4mg) 

~ ( D )  L,(8 9rag) 6M)-SO 2 6mg) (sat'd) ] (51 + 
) + C(4 3rag) 

50100150 200 250 300 350 40 "F ' , , ~ , =  , '04~50 
TI:MPERATU RE, oC 

Fi 9, 10. Catalysis by carbon black of Li-SOCI2-LiAICI4 reactivity 

LiAICI4, none approached  the reac t iv i ty  of the qua te r -  
n a r y  mix tu re  (Li + SOCI2 + LiAiC14 was inert ,  see 
Fig. BE; Li + C + SOCI2 was iner t  to a 343~ cutoff, 
see react ion 14; Li + C + LiAICl4 was no more  r e -  
act ive than Li + LiAiC14, see react ion 15; C + SOC12 
+ LiAIC14 was inert ,  even wi th  added  S to a 384~ 
cutoff, see react ion 21). Consistent  s t rong reac t iv i ty  
was observed only when al l  four  ingredients  were  to-  
gether.  This is unders t andab le  if we assume tha t  a local 
cell  is formed which act ivates  the  Li-SOCI2 reaction.  
Carbon's  function is to provide  a ca ta ly t ica l ly  act ive 
surface at which SOCI2 can be ca thodica l ly  reduced  at  
high rates  by  electrons emana t ing  f rom anodieaUy 
dissolving l i thium. Essent ia l ly  we r ega rd  each carbon 
par t ic le  s tuck in the Li surface as forming  a tiny, 
shor t -c i rcu i ted  Li-SOCI2 ba t te ry .  

This is suppor ted  b y  the fact  that  the corrosion of a 
va r ie ty  of metals  in the LiAIC14-SOCI~ e lec t ro ly te  is 
g rea t ly  accelera ted  if  they  a re  e lec t r ica l ly  contacted 
wi th  carbon, p robab ly  due to the local  cell  effect (4). 
So the only function of LiAICI4 is to r ender  the SOC12 
h ighly  conduct ive so as to complete  the ionic pa r t  of 
the local cell circuit. Accord ingly  we t r ied  to replace  i t  
wi th  other  conductive, nonreac t ive  Li salts. We t r ied  
Li2SO4 and LiC1 sepa ra t e ly  in mix tures  wi th  (Li + C 
+ SOCI2). However  DSC curves of these two mix tures  
showed them to be  iner t  up to thei r  362~ cutoff (Table  
III, react ions 23 and 24). A p p a r e n t l y  these salts  did  
not  impa r t  the necessary  ionic conduct ivi ty,  p robab ly  
due to a l imi ted  solubi l i ty  in SOC12. 

The local cell idea is of course not  new; i t  is ve ry  
old and by  now obvious to ski l led electroehemists .  
However  i t  is useful  to point  out  the obvious if  its 
impor tan t  implicat ions  for  b a t t e r y  safety have  been 
previous ly  overlooked.  The above exper iments  a re  
very  suggestive in this connection. Cathode fa i lure  in 
one out of a chain of cells wi l l  cause Li  to be p la ted  
out onto the  carbon of the fa i led cathode. Indeed,  com- 
plete  reversa l  of cell vol tage is not  needed. Whenever  
cathode vol tage  falls  be low about  1V vs. Li, this po-  
t en t ia l ly  dangerous  mix tu r e  may  form by  undervo l tage  
deposi t ion of Li into carbon (20). Recent  work  in our  
labora tor ies  has shown tha t  the s i tua t ion  m a y  involve  
more than  a s imple  Li -C mixture .  E S C A ( X P S )  studies 
indicate  that  compound format ion  occurs in in t imate  
mix tures  of e lementa l  Li and C. 

Effect of copper.--In view of the use of powdered 
copper meta l  in the cathodes of some Li-SOCI2 ba t -  
ter ies  (17) we s tudied the effect of added  Cu on reac-  
t iv i ty  in this system. F igure  11 shows the effect of add -  
ing 99.9% pure  Cu powder  to the (Li  + C + SOCl~- 
LiA1C14) mixture .  Reac t iv i ty  seems to be  enhanced 
vs. Fig. 10, not  so much in terms of a more  rap id  reac-  
tion wi th  high peak  tempera tures ,  bu t  r a the r  in t e rms  
of a l a rger  total  amount  of hea t  l ibera ted.  The low 
t empera tu r e  exo the rm s ta r t ing  at  about  80~ is much 

EXO 

% 

ENDO 

Li(7.9mg) +ISOCI2-LiAICI4(1.6M)] (64.8mg)+ 
C(2.Smg) + Cu(42.9mg) 

T20 mcal 

~'o ,oo ,~o 2~o 2;0 3;0 3;0 
TEMPERATURE, OC 

Fig. i l .  Enhancement by copper af the carbon-catalysis of Li- 
SOCI2-LiAICI4 reactivity. 
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more  pronounced  than  in the  absence of Cu. React ions 
19 and 22 where  first C then Li was omi t t ed  f rom the 
ingredients  of Fig. 11 were  qui te  iner t  up to 410~ 
Thus both Li and C are  necessary  for  react iv i ty .  I t  
appears  tha t  the  basic r eac t iv i ty  of the sys tem is a c -  
c e l e r a t e d  by  the h igh ly  conduct ive  Cu. 

Carbon catalysis in the SOz-acetonitrile-electrolyte?-- 
Pre l imina ry  work  has p roduced  evidence tha t  carbon 
b lack  is ca ta ly t i ca l ly  act ive also in this  e lectrolyte .  In  
an acetoni t r i le  solut ion which  was sa tu ra t ed  wi th  LiBr  
and 1.7M in SO2, the L i - A N  react ion in i t ia t ion  t em-  
pe ra tu re  was 122~ However  in the  presence of carbon 
the reac t ion  began  at  about  35~ (see react ions  34 and 
38, Table  I ) .  On the o ther  hand,  in a solut ion tha t  was 
ident ica l  except  tha t  i t  contained no SO2, added  carbon 
had  no c lear  effect on the reac t iv i ty  (react ions 24 and  
32, Table  I ) .  More w o r k  is needed to be t t e r  character ize  
carbon 's  effect in the  SO2 ba t t e ry  e lectrolyte .  

Impurit ies.--Lithium nitride.--Li3N is a ve ry  r e a c -  
t i v e  mater ia l .  When  mixed  wi th  w a t e r  i t  catches fire 
and  burns  v io len t ly  wi th  g rea t  heat. I t  was recen t ly  
r epor ted  (14) to reac t  v io len t ly  wi th  SOC12, bu t  only 
if  i t  was finely d iv ided  and if  mix ing  were  done in a 
n o r m a l l y  humid  atmosphere .  In  an  argon a tmosphere  
containing 1 ppm water ,  no reac t ion  occurred.  This 
app l ied  both to the  commerc ia l ly  ob ta ined  powder  and 
to nodules  of reac t ion  p roduc t  removed  f rom a i r - r e -  
ac ted Li foil. The reac t ion  wi th  SOC12 could be haza rd -  
ous if LizN forms on the Li anode dur ing  cell  assembly  
or  dur ing  the d isassembly  of d ischarged cells. In  the 
presen t  work  no reac t ion  was noted on mix ing  Li~N 
wi th  SOC12 in our  Dry  Room at  0.25% R.H, (81 ppm 
wa te r ) .  F igure  12A shows tha t  Li and  Li~N commercia l  
p o w d e r  are  qui te  iner t  toge ther  up to the  390~ cut-  
off, whereas  12B and 12C show tha t  Li3N undergoes  
v io lent  exotherms  wi th  SOC12 and wi th  SOC12-LiA1C14. 
At  about  130~ the exo the rm shown in Fig. 12C was 
associated wi th  the  b iggest  t empe ra tu r e  excurs ion 

EXO 

dl- ~, 

ENDO 

(A) Li(1.4mg) -.F Li3N(1.Smg) 

V- 

I 20 mcal sec -1 

(B) Li3N(9.7m5) § SOCI2(43,2mg) 

\ 
(C) Li3N(10.0mg) q- ~SOCi2-LiAICI4(I.6M~(50.0mg) 

f ~ l  b I I I I 
5o ,oo 2;o 25o 3;5 350 

TEMPERATURE, ~ 

Fig. 12. Reactivity of lithium nitride 

(150~ observed in the p resen t  work  (see reac t ion  
12, Table  I I I ) .  

Water.--It  is of in teres t  to s tudy  the effect of added  
wa te r  on react iv i t ies  since this ma te r i a l  is a ubiqui tous  
con taminant  which  is ve ry  s t rong ly  absorbed  b y  most  
ba t t e ry  ac t ive-mater ia l s .  We added  wa te r  only  to the  
most  consis tent ly  reac t ive  combinat ion,  name ly  (Li + 
C + SOC12 + LiA1C14). W a t e r  added  to the e lec t ro ly te  
to the  ex ten t  of 1% b y  weight  gave an i rhmediate  whi te  
precipi ta te .  We homogenized the e lec t ro ly te  before  
adding i t  to the L i /C  sandwich so as to include some 
of this prec ip i ta te  in the  react ion mixture .  This w o r k  
is p resen t ly  at  an ear ly  stage, bu t  i t  appears  tha t  this 
t race amount  of wa te r  does exe r t  some quenching ef-  
fect on exo thermic i ty  in this system, at  leas t  in the  
lower  half  of the t e m p e r a t u r e  range  of Fig. 10. This 
contrasts  wi th  Dey's  finding (5) tha t  mois ture  en-  
hances the reac t iv i ty  of SOC12 wi th  Li2S, wi th  Li20 
and wi th  LiOH. 

Relative Reactivities af Pure Lithium vs. Lithlum-Baron Alloy 

The Li -B al loy is a r e f r ac to ry  L i -B solid compound 
pe rmea ted  wi th  fine pores filled wi th  e lementa l  Li. 
Because of its high t e m p e r a t u r e  r ig id i ty  and the pres -  
ence of the  re la t ive ly  iner t  boron, the  a l loy  was con- 
s idered as po ten t ia l ly  safer  than  pure  Li as a b a t t e ry  
anode. In p repa r ing  reac t ion  mix tures  for  DSC runs  
we used twice  the  mass of Li -B vs. tha t  of pure  Li. 
Since e lementa l  Li forms 51% w / w  of our  al loy com- 
posi t ion this provides  for a jus t  comparison of exo-  
thermici ty .  The resul ts  showed wi th  two exceptions,  no 
significant difference in reac t iv i ty  be tween  the a l loy  
and pure  l i thium. React ion in i t ia t ion t empera tu res  and 
t empe ra tu r e  excursions shown in Tables  I and  I I I  a re  
quite s imi lar  for  the two mater ia ls .  

In  only  one case was L i -B c lea r ly  less react ive  than  
Li. This occurred wi th  Li28203, where  t empe ra tu r e  ex-  
cursions for  the ma jo r  (~230~ of the two exotherms 
were fifteen t imes g rea te r  for pure  Li (150 ~ vs. 10 ~ 
see react ions 13 and 43, Table  I ) .  The second difference 
wi th  pure  Li was in the C-SOCI2-LiAICI4 system. Here  
the ca ta ly t ic  effect of carbon on this sys tem's  r eac -  
t iv i ty  was somewhat  g rea te r  wi th  the  alloy. This i s  
i l lus t ra ted  in Fig. 10C. 

Conclusions 
1. Fo r  Li-SO2-LiAsF6 cell discharge products ,  the 

d ischarged cathode gave a significant exo the rm wi th  
Li while  films formed on the anode were  iner t  to Li. 

2. Trace addi t ions of wa te r  g rea t ly  lower  the  exo-  
the rmic i ty  of the L i -ace ton i t r i l e  (AN) reaction. Wate r  
en ter ing  the e lec t ro ly te  via the ex t r eme ly  hygroscopic  
LiBr  e lec t ro ly te - sa l t  had  the same effect. 

3. The addi t ion  of SO2 delays  in i t ia t ion of the L i - A N  
react ion to h igher  tempera tures .  An  SO2 concentra t ion 
of 0.1M is sufficient to real ize  most of the  rise in in i t ia -  
t ion tempera ture .  The delayed,  h igher  t e m p e r a t u r e  r e -  
action occurs more  rapid ly .  The quenching effect of 
wa te r  on L i - A N  react ion is no longer  observed when  
SO2 is present .  

4. Addi t ion  of p ropy lene  carbonate  to L i -AN-SO2-  
LiBr  delays  the L i - A N  react ion to the  v ic in i ty  of the  
mel t ing  point  of Li. 

5. The Li-SOC12-LiA1C14 mix tu re  is quite unreac t ive  
over  a wide range  of t empera tu re ,  wel l  above  the 
mel t ing  point  of Li. 

6. The presence of carbon b lack  conver ts  the  inert ,  
Li-SOC12-LiA1C14 mix tu re  into one which  is h igh ly  
and consis tent ly  reactive.  This m a y  affect b a t t e r y  safe ty  
because cathode fa i lure  in one out  of a chain of cells 
wil l  cause Li to be p la ted  out  onto the carbon of the 
fa i led cathode. Indeed complete  reversa l  of cell  vol tage  
is not  needed.  Wheneve r  the  cathode vol tage  falls  be -  
low about  one volt  vs. Li, this po ten t i a l ly  dangerous  
mix ture  m a y  form by  unde rvo l t age  deposi t ion of Li  
into carbon (20). 
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7. Some evidence was obta ined  for  carbon catalysis  
also in the Li-SO~ system. 

8. The addi t ion  of copper  powder  enhanced carbon's  
ca ta ly t ic  effect on the  reac t iv i ty  of Li-SOCI~-LiA1CI4. 
Trace  addi t ions of water ,  on the o ther  hand, had  a 
counteract ing effect on the ca rbon-ca ta lyzed  react ivi ty .  

9. The presence of SOCle delays  the  ve ry  exothermic  
L i -S  reac t ion  b y  at  leas t  300~ 

10. We confirmed the nonreac t iv i ty  of SOC12 wi th  
Li2S. 

11. Sul fur  dioxide seems to have no r e t a rd ing  effect 
on react ions in the  SOC12 sys tem (in cont ras t  to i ts 
suppression of the L i - A N  reac t ion) .  

12. We confirmed the violent  r eac t iv i ty  of LizN wi th  
SOC12. 

13. We found no significant difference in chemical  
r eac t iv i ty  be tween  l i t h ium-boron  a l loy  .and pure  l i t h -  
ium. 
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Dynamic Microcalorimetry: Thermal Effects of 
Miniature Alkaline Cells under Load 

Frank B. Tudron* 
Union Carbide Corporation, Battery Products Division, Parma, Ohio 44130 

ABSTRACT 

A nonr igorous  the rmodynamic  calculat ion is pe r fo rmed  y ie ld ing  an expres- 
sion which re la tes  the  ra te  of heat  evolut ion by  a min ia tu re  ba t t e ry  under  
load to the current  flowing th rough  the cell. A t  smal l  values of I, the  expres -  
sion predic ts  a l inear  plot  of --dQ/dt  vs. I. To demons t ra te  this behavior ,  
the rmal  effects of an Ag20-Zn cell are measured  under  var ious  condit ions of 
constant  load. The hea t  evolut ion da ta  v a r y  l i nea r ly  wi th  I over  the  range  
0.300 ~A, wi th  a slope of 74.3 mV and an in tercept  of 2.1 ~W. The slope gives a 
value  of --0.175 m V / K  for (OE/OT)p, corresponding to the fo rmat ion  of in-  
act ive ZnO as a discharge product  a t  the  anode. Addi t iona l  da ta  ob ta ined  for 
HgO-Zn and MnO2-Zn cells wi th  a lka l ine  e lect rolytes  are  present .  The hea t  
re lease  da ta  do not  va ry  l inea r ly  wi th  current .  Analys is  of the discharge 
mechanism for the HgO system is possible. The discharge mechanism for the  
HgO cathode can be represen ted  by  a s imple  reduct ion to e lementa l  me rc u ry  
wi th  fo rmat ion  of inact ive  ZnO as the  discharge produc t  a t  the anode. 

Recently,  the  area  of ba t t e ry  the rmodynamics  has 
shown significant ac t iv i ty  (1-4).  This ac t iv i ty  is in 
par t  exp la ined  b y  the commercia l  ava i lab i l i ty  of ve ry  
sensi t ive different ia l  ca lor imeters  designed to accept  
min ia tu re  sized bat ter ies .  The u t i l i ty  of these so-cal led 
microca lor imeters  has been demons t ra ted  in a number  
of applications.  One appl ica t ion  is the evalua t ion  of 
se l f -d ischarge  processes in smal l  ba t te r ies  (1, 9). These 

* Electrochemical Society Active Member. 
Key words: battery thermodynamics, silver oxide-zinc cells, 

mercuric oxide-zinc cells. 

processes will, of course, de t e rmine  the shelf - l i fe  of 
the  cell and wil l  also be impor t an t  in de te rmining  the 
cell 's opera t ing  life. Other  processes, however,  also con- 
t r ibu te  to the observed  the rmal  effects. As they  m a y  
not be re la ted  to capaci ty  loss, a s t r a igh t fo rward  cal-  
culat ion of shel f - l i fe  f rom raw microca lor imeter  da ta  
is often quite misleading.  A second appl ica t ion  is in 
the area  of cell  discharge mechanisms.  Since the t he r -  
mal  effects measured  are  sensi t ive to the  react ion 
path,  mechanis t ic  informat ion  can be obta ined by  com- 
par ing  the results  of the mic roca lo r imete r  expe r imen t  
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to predic t ions  based on var ious  models  of the  cell dis-  
charge  (3, 4). 

The purpose  of the  pape r  is twofold.  The first goal  
is the  de r iva t ion  of an equat ion descr ibing the depen-  
dence of the ra te  of hea t  re lease  f rom a ba t t e ry  on the 
cur ren t  flowing th rough  the cell. The second goal is 
to p resen t  mic roca lo r imete r  da ta  obta ined  for min ia -  
ture a lka l ine  cells of the types  Ag20-Zn,  HgO-Zn, and 
MnO2-Zn and to analyze  these da ta  by  means  of the  
equat ion presented,  the reby  re la t ing  the  resul ts  to the 
d ischarge  mechanism.  

Theory 
The dependence  of the ra te  of hea t  re lease  in a ga l -  

vanic  cell  on cur ren t  flowing in the  cell  has been 
prev ious ly  der ived  in a r igorous  fashion (5-8).  This 
exercise  wil l  be per formed  here  in a to ta l ly  nonrigorous 
way  mere ly  to es tabl ish  notat ion.  

The first l aw of the rmodynamics  m a y  be wr i t t en  
zlU : Q - W, w h e r e b y  the increase  of the in te rna l  
energy  (~U) of the  sys tem (ba t t e ry )  is given by  the 
hea t  flowing into the sys tem less the work  done by  the 
sys tem in the  surroundings.  Wha t  is measured  by  the 
mic roca lo r imete r  is the  ra te  of hea t  flow out  of the 
sys tem (ba t t e ry ) ,  i.e. 

d d 
-~- ( -  Q) = ~ -  ( -  ~ u  - w) 

Now hU = hH -- phV = AHf -~- ~Hnf where  pAV te rm 
vanishes,  the b a t t e r y  being a constant  volume, sealed 
system. 1 Also, AHf = h O f  -~- ThSf and A H n f  = ~ ] iAHin  i 

where  the  sum is over  al l  non -Fa rada i c  processes. 
Thus 

d d 
d-T ( -  Q) -- -~- [ -  AGt -- TASf - -  ~ i h H i v l  - -  12Rt] 

d [ n F E o - - T n F ( O E  : -  ] 

where  RL is the load resistance.  F a r a d a y ' s  law m a y  be 
wr i t t en  I t  = nF. Consequently,  for the  Fa rada ic  p ro -  
cess d n / d t  --  I / F .  For  the n o n - F a r a d a i c  processes, 
dv i /d t  --  vi  where  vi is the  ra te  of the i th process. 
The equat ion can now be wr i t t en  

( dt.,.(-Q) =IEo--IT O~T)p --~i~Hivl--I~R 
Now I R  is the t e rmina l  potent ia l  and Eo --  I R  is the 
polar izat ion,  ~1. Thus 

d"~- ~ p X - - ~ i ~ H i v t  [1] 

which is the  des i red  expression.  
The shape of the curve ob ta ined  by  plot t ing the 

ca lor imete r  output  vs.  the cur ren t  flowing through  the  
ba t t e ry  wi l l  be de te rmined  by  a number  of factors. In  
the region of smal l  polar iza t ion  (i.e., for  smal l  I ) ,  the  
curve wil l  be essent ia l ly  l inear .  As the cu r ren t  in-  
creases, ~ becomes l a rge r  and  a d ivergence  f rom 
l inea r i ty  is observed .  This is magnif ied by  the fact  
tha t  the rates  of cer ta in  paras i t ic  processes, vi, a re  de-  
penden t  on the concentra t ion  of cer ta in  species in so- 
lution, and a cu r ren t  dependence  arises due to the last  
t e rm in the  equation.  Wha t  we have is a l imi t ing ex -  
pression:  as I approaches  zero, l inear  behav ior  is ob-  
served.  

Experimental 
The microca lo r imete r  used in the p resen t  s tudy  is the  

Tronac Model  351 RA ba t t e ry  calor imeter .  This device 
has been descr ibed ex tens ive ly  in the l i t e r a tu re  (1). 
The ba t te r ies  used in the  s tudy  a re  "Eveready"  min ia -  
ture  a lka l ine  cells. Pe r t i nen t  da ta  concerning cell  speci-  
fications are  given in Table  I. 

T h e  s u b s c r i p t  " s  r e f e r s  to  F a r a d a i c  p r o c e s s ,  "nf" r e f e r s  to  
n o n - F a r a d a i c  p r o c e s s e s .  

Table I. Specifications of batteries used in experiments 

UCC Diam-  R a t e d  Volt- 
Cell  desig-  e t e r  H e i g h t  c a p a c i t y  a g e  
t y p e  n a t i o n  (in.)  ( in.)  ( m A - h r )  (V) 

Ag~O-Zn 386 0.455 0.165 120 1.60 
HgO-Zn  354 0.455 0.165 15(} 1.35 
MnO~-Zn 186 0.455 0.165 80 1.60" 
HgO-Zn  E41 0.455 0.165 160 1.35 

�9 S lop ing  d i s c h a r g e .  V a l u e  r e p o r t e d  i s  o p e n - c i r c u i t  vo l t age .  

The value  of the ra te  o f  hea t  re lease  under  open-  
circui t  condit ions was measured  as foflows. These cells 
were  p laced in an equi l ibra t ion  chamber  immersed  in 
the ca lor imete r  wa te r  ba th  for  8-12 hr. The cells were  
then in t roduced into one of the mic roca lo r imete r  cham-  
bers  des ignated  as the sample  chamber.  The ra te  of 
heat  re lease  genera l ly  increased dramat ica l ly ,  but  se t -  
t led to a s t eady-s t a t e  va lue  wi th in  about  2 hr. This 
s t eady-s ta te  value  minus the  basel ine  va lue  d iv ided  
by the number  of cells in the chamber  is t aken  as the  
average ra te  of heat  release.  

A t t empt s  to calculate  shel f - l i fe  of a prac t ica l  sys tem 
from open-c i rcu i t  mic roca lo r imete r  da ta  are  a t t ended  
by  many  difficulties. As has been  pointed out  p rev i -  
ously, many  processes not  associated wi th  a decrease  
in capaci ty  give rise to open-c i rcu i t  hea t  production.  
As always,  ac tual  expe r imen ta l  de te rmina t ion  of ca-  
pac i ty  fol lowing shelf  s torage is the most  re l iab le  in-  
d icat ion of capaci ty  maintenance.  

To de te rmine  the ra te  of hea t  re lease  under  load, 
i t  was necessary  to spot  weld  No. 25 A W G  wires  to both 
the cathode can and the anode cup of the cell. Af t e r  
equi l ibrat ion,  the cell  was in t roduced into the  sample  
chamber  wi th  the  wires  leading  out  to the  su r round-  
ings. Here  vol tage  measurements  were  obta ined  and 
resis tors  were  at tached.  The wi re  was kep t  in good 
the rmal  contact  wi th  the  a luminum ca lor imete r  block 
to p reven t  spurious the rmal  effects. 

To check the effectiveness of this technique,  a 1 M~ 
precis ion res is tor  was connected to two wires  jus t  as 
the cell  was. Fol lowing  equihbra t ion ,  the res is tor  was 
placed in the sample  chamber  and the wires  were  con- 
nected to a Ke i th ley  Model 225 Curren t  source. F igure  
1 shows the resul t  of successive appl icat ions  of 1, 2, 
and 3 #A currents.  The output  power  recorded  agrees 
wi th  tha t  expected on the basis of hea t  diss ipat ion due 
to I2R loss. The wires  exi t ing the chamber  do not  con- 
s t i tu te  a measurab le  hea t  leak. 

Al l  measurements  were  made  at  25~ 

Application 
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Time �9 
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e erotically Expected 
.~ Output (Ohms Law) 
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0: ~ Output 

1 2 3 4 
Applied Current ( ~ )  

Fig. I. Calibration of Tronac microcalorimeter by resistive tech- 
nique. 
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The resul ts  of successive appl ica t ion  of increas ing 
loads to the  cells, specified in Table  I, a r e  summar ized  
along wi th  polar iza t ion  da ta  and ca lcula ted  values  of 
cur ren t  in Table  II. The systems wil l  be  discussed in -  
dividual ly .  

Ag$O-Zn.--Table I I  gives the  va lues  of the  the rmal  
effect along wi th  the  t e rmina l  voltage,  load, po lar iza-  
tion, and ca lcula ted  current .  As can be seen, the the r -  
mal  output  responds as would be expected:  a smal le r  
load resul ts  in a l a rge r  cur ren t  and  consequently,  a 
l a rge r  the rmal  effect. The the rma l  effect is measured,  
as always,  when  the s ignal  at ta ins  a s t eady-s t a t e  value.  
F igure  2 is a plot  of the  ra te  of hea t  re lease  (dQ/dt) 
vs. cur ren t  ( I ) .  The discrete  points  a re  the  expe r imen-  
ta l  data. The da ta  a re  l inear  over  the  region consid-  
e red  wi th  in te rcept  2.1 ~W and slope 74.3 InV. The 
solid curves are  ca lcula ted  using Eq. [1] wi th  values  
of (OE/OT)p corresponding to fo rmat ion  of the  oxi -  
dized forms of Zn indicated.  The lower  curve,  tha t  
corresponding to the  react ion 

Zn § Ag20 ~ ZnO + 2Ag ~ 

fits the experimental values quite well. As is pointed 
out by Bode et aL (i0), the thermal coefficient for the 
Ag20-Zn cell depends on the form in which the oxi- 6o 
dized zinc deposits on the anode. Even if the electro- 
lyte solution is not saturated with zincate, a thin film 
(oxide or hydroxide) is formed on the anode. It is this 50 
film that determines the anode thermodynamics, i.e., 
the zinc electrode is an electrode of the second kind. 
If the film is inactive ZnO, the temperature coefficient 
for the cell  is --0.177 mV/deg ;  if  i t  is E-Zn(OH)2+ the  40 
t e m p e r a t u r e  coefficient is --0.337 mV/deg .  Using Eq. 
[1] and the expe r imen ta l  s lope (74.3 mV) yields  an  
expe r imen ta l  va lue  of (OE/OT)p of --0.175 mV/K.  This 
analysis  of the  mic roca lo r imete r  da ta  indicates  tha t  30 

the discharge product  is inact ive  ZnO. ~t~ 

HgO-Zn.--The No. 354 HgO-Zn cell  a t ta ins  s t eady-  
s ta te  values  of hea t  re lease  much as does the No. 386 2o 
Ag20-Zn. Table  II  summarizes  the data. In  an a t t empt  
to analyze  the  da ta  using Eq. [1], the plots  depic ted  in 
Fig. 3 were  made.  Two cell  reac t ions  were  considered 10 

Table II. Microcalorimetry data for miniature alkaline cells 
under load 

dQ 
RLo~d Vop (/LW) 
(k~2) ( V )  ~ ( m V )  I ( # A )  d t  

No.  386 Ce l l  

60 1.612 5 26.9 4.43 
30 1.607 10 53,6 6.31 
I0  1.588 29 158.8 13.5 

7 1.582 35 226.0 19.8 
5 1.581 36 316,4 26.3 

O.C. 1.617 - -  - -  2.03 

No.  3S4Ce i1  

30 1.344 12 44.8 1.17 
i0 1,332 24 131.7 2.90 

5 1.320 36 257.6 7.22 
2 1.303 53 625.5 24.8 

O.C. 1.356 - -  ~ 0.93 

No.  E 4 1 C e H  

10 1.4655-1.4536 18,2~30.1 146-145 5.59.7.92 
(2 h r )  

7 1.4417-1.4348 42.0-48.9 206~05 12.82-14.45 
(1 h r )  

5 1.4215-1.4098 62.2-73.9 284-282 N o t  m e a -  
s u r e d  

O.C. 1.4837 - -  - -  3.26 

NO. 1 8 S C e l l  

i 0  1.5685 6.9 156.9 6.06 
7 1.5539 21.5 222.0 9.32 
5 1.5423 33.1 308.5 13.51-14.91 

(1 h r )  
O,C. 1.5754 - -  - -  2.33 

, , / 
DYNAMIC MICROCALORIMETRY 
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~ 40 

g 30 j 

2 J  ~ 50 

0 
100 200 300 400 500 

I (Microamps)  

Fig. 2. Current dependence of the thermal effect for a No. 386 
Ag20-Zn cell. The solid lines are calculated from theory based on 
Zn(OH)2 (upper curve) and on ZnO (lower curve). The discrete 
points are experimental data. 
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Fig. 3. Current dependence of the thermal effect for a No. 354 
HgO-Zn cell. The solid lines are calculated from theory based on 
a two-electron reduction with Zn(OH)2 formation (top curve), a 
two-electron reduction with ZnO formation (bottom curve), and a 
one-electron reduction with ZnO formation (middle curve). 

Zn + HgO -> Hg + ZnO 

(0~-)p = 0.040 mV/K 

Zn + HgO + H20--> Hg -~ Zn(OH)~ 

~ -  = - 0.128 m V / K  

As shown in the figure, the first reac t ion  represents  
the  exper imen ta l  data  well.  Jus t  as in the  ease of an 
Ag20-Zn  cell, the discharge p roduc t  at the anode  is 
ZnO ins tead of Zn(OH)2.  That  this is the ease in these 
systems can be  a t t r ibu ted  to the smal l  amount  of wa te r  
present  in these l imi ted  e lec t ro ly te  cells. 

One e ther  poss ibi i i ty  which mus t  be considered ser i -  
ously is an a l te rna te  discharge mechanism proposed by  
Yosizawa et aL (11). According to this model,  m e r -  
curic oxide  is reduced  to an in te rmedia te  p roduc t  
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which then disproportionates to elemental mercury and 
mercuric oxide 

HgO + 1/2 H20 + e -  -- (Hg20)l/~ + OH-  

2 (Hg.,O)1/2 = HgO + Hg 

Using an estimated value of S ~ for Hg20 (12) of 
30 eu gives (OE/OT)p = --0.09 mV/K. The resulting 
curve is also shown in Fig. 3. Clearly, it does not fit the 
data. Mercurous species are not par t  of the mechanism. 

The behavior of the No. E41 cell is remarkably  dif- 
ferent from that  of the No. 354 cell (see Fig. 4). The 
rate of heat release does not come to a s teady-state 
value, but ra ther  increases l inear ly with time. The 
difference between this cell and the No. 354 is the 
presence of MnO2 in the cathode. The rate a t  which 
dQ/dt increases with time is a function of the current 
flowing through the cell, increasing with increasing 
current. Figure 4 shows the result  of allowing the cell 
to remain on a 10 k~% load. Increase of the thermal  
effect is observed for 17.5 hr. This corresponds to 91% 
of the MnO2 contained in the cell, assuming a one- 
electron reduction. I t  should be noted that such an 
effect will not be seen in AgaO cells (e.g., No. 386) 
since the MnO2 potential is lower than Ag~O. The 
first material  to discharge in an Ag20 cell is AgeO. 

The behavior of the cells is explained by recalling 
the sigmoid nature of the MnO2 discharge curve. 
After a load is applied to the cell, the voltage, and 
consequently the current, continues to decrease for a 
rather  long time. The basic microcalorimetry equation 
must be wri t ten 

(0 1] d-i- = n(t)  - T ~- p I ( t )  -- Znfm'-/nm,~f 

The variation of the voltage of a No. E41 cell is shown 
in Fig. 5. If this data is inserted into the above equa- 
tion, the experimental  data (represented by the symbol 
(9) can be fit assuming a value of (OE/OT)p = --49 
~V/K (see Fig. 6). 

MnO2-Zn.--The fact that MnO~ is responsible for the 
unique behavior of fresh E41 cells is corroborated by 
microcalorimetry experiments on the No. 186 MnO2-Zn 
cells. Figure 7 shows the data obtained by applying 
various loads to the cell. The same linear variation of 
thermal effect with time is observed indicating that  
MnO2 is the material  responsible for the unique be- 
havior of the E41 cell. Reaction products cannot be de- 
termined by this method for systems with cathodes 
exhibiting such variations of operating potential with 
time. 

Conclusions 
It has been shown that microcalorimetry is an effec- 

tive tool for the generation of mechanistic information 
for practical bat tery  systems. An expression for the 
dependence of the rate of heat release on current has  
been derived. This expression has been used to ana- 
lyze data obtained for an Ag20-Zn and for an HgO-Zn 
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Fig, 4. Response of a No. E41 HgO-Ze cell to the application of 
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Fig. 6. Calculated response of a No. E41 HgO-Zn cell to a 
10 k~  resistive load. The procedure is described in the text. 
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Fig. 7. Response of a No. 186 MnO2-Zn cell to the application 
of various resistive loads. 

cell. In both cases i t  is found that ZnO is formed rather  
than Zn (OH)~ upon discharge. The effect of time var ia-  
tion of the cell polarization on the thermal effect has 
been observed in certain cells containing MnO2. This 
effect is at tr ibuted to the sigmoid nature of the MnO2 a 30 k ~  resistive load. 

o T 

Io y 

5 

15 [ i 
RATE OF HEAT RELEASE vs. TIME 

FOR HgO-Zn E41 CELL 

Theory  
�9 E x p e r i m e n t  

Fig. 5. Variation of the operating voltage of a No. E41 HgO-Zn 
ceil under 10 k~  resistive load. 
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discharge,  and thus, u l t imate ly ,  to the mechanism of 
MnO2 reduction.  
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Separation Between Deterministic Response and 
Random Fluctuations by Means of the 
Cross-Power Spectrum in the Study of 

Electrochemical Noise 
Ugo Bertocci* 

National Bureau of Standards, Chemical Stability and Corrosion Division, Washington, D.C. 20234 

ABSTRACT 

I t  is ~hown tha t  by  ca lcula t ing  the c ross -power  spec t rum be tween  the 
input  ( the e lec t rode  potent ia l )  and the ou tpu t  (the cell cur ren t )  of an elec-  
t rochemical  sys tem under  potent ios ta t ic  conditions, i t  is possible to ident i fy  
which pa r t  of the  cell  cu r ren t  is the response to the input  vol tage and which 
pa r t  is caused by  r andom fluctuations of the pa rame te r s  character iz ing the 
electrode. The noise in t roduced  by  the amplif iers  can be measured  sepa-  
r a te ly  and then  subt rac ted  f rom the signal. As an example,  the  cur ren t  noise 
of an a luminum electrode below and at  the p i t t ing  potent ia l  is examined.  
Both e lec t rode  impedance  and spec t ra l  power  densi ty  of the random fluctua- 
tions are  obtained.  I t  is shown tha t  below the pi t t ing  potent ia l  r andom fluc- 
tuat ions are  be low the min imu m detec table  va lue  of 10 -23 A2/cm 4 Hz. 

In the analysis  of e lect rochemical  noise, an impor tan t  
p rob lem is that  of knowing which par t  of the output  
signal  is caused by  the input  (i.e., the determinis t ic  
response to the input )  and which is caused b y  random 
fluctuations of the pa rame te r s  character iz ing the elec-  
t rochemical  sys tem under  study.  Both par ts  can give 
impor tan t  information,  as long as they  can be p rope r ly  
identified. The analysis  is fu r the r  complicated by  the 
noise in t roduced by  the amplif iers  necessary to detect  
the  genera l ly  smal l  signals. 

Digi ta l  signal  processing equ ipment  can be used, 
wi th  the aid of the Fas t  Four i e r  Transform algori thm, 
to t ransform the signal  received into the f requency do-  
main,  which simplifies the  task of analyzing and ma-  
n ipula t ing  the results.  A two-channe l  spec t rum ana -  
lyzer  can receive a signal which is the difference be-  
tween reference  electrode and work ing  e lect rode as 

* Electrochemical  Society Active Member. 
Key words: aluminum, cross-power spectrum, electrochemical  

noise, e lectrode impedance,  pitting. 

wel l  as a second signal  propor t iona l  to the cur ren t  
flowing into a three-e lec t rode ,  potent ios ta t ted  cell, and 
calculate  the cross-power  spec t rum be tween  the two 
signals. The purpose  of this note is to show that  the 
cross-power  spec t rum can be employed  for separa t ing  
the various components  of the output  signal. 

Statement of the Problem and Mathematical Treatment 
In e lectrochemical  studies i t  is expedien t  in genera l  

to main ta in  the work ing  electrode at  constant  potent ia l  
by  means of a potent iostat ,  and to observe and ana-  
lyze the cur ren t  output  of the cell. Such a cur ren t  out -  
put  can be the determinis t ic  response of the system to 
the input  signal  p rovided  b y  the potent ios ta t  or  can be  
caused by  in te rna l  fluctuations of the character is t ics  of 
the electrode,  such as changes in surface area,  crys ta l  
or ienta t ion of the surface, and film coverage, or  p ro -  
cesses such as passive film b reakdown  and repai r ,  
pit t ing,  or other  localized corrosion processes. 
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The in te rna l ly  generated noise, therefore, can give 
informat ion relative to the magni tude  and relaxat ion 
times of the electrode processes (1). i t  has been used, 
for instance, for the detection of the onset of pi t t ing 
(2), to monitor  the effect of corrosion inhibi tors  (3), 
and to s tudy electrocrystall ization (4), and anodic dis- 
solution (5). 

The exper imental  problem consists in detecting the 
signal, that  is, amplifying it to a level sufficient for 
processing, and dist inguishing which par t  of the signal 
is deterministic,  random, or caused by the ins t rumenta -  
tion. 

The circuit with its sources of signal can be schema- 
tized as shown in Fig. 1. The potentiostat  delivers a 
control voltage, the input  to the electrochemical cell, 
which consists of a constant  (d-c) voltage and of 
b road-band  noise caused by the instabi l i ty  of such a 
d-c level. To this a signal may be added, produced by 
a signal generator. This addit ional  signal can be a con- 
stant  ampli tude sinusoid, a swept f requency signal 
ranging be tween two predetermined frequencies, or 
white noise. The symbol X represents here the a-c par t  
of the input  signal, expressed as a funct ion of fre-  
quency, X = X (v). Such a signal can be quite small, 
ranging in ampli tude between 10 -4 and 10-sV. An 
amplifying stage is therefore necessary for its detection 
and processing, adding noise with spectrum Ni(v) to 
the signal. The output  of the first channel  of the spec- 
t rum analyzer  is therefore A = X + N~. 

The input  signal generates a current  in  the cell. H 
represents the cell t ransfer funct ion so that  the output  
Y( , )  in the frequency domain is Y ---- H X .  For an elec- 
trochemical cell H is the admittance, which is in gen- 
eral  complex and frequency dependent.  Random 
fluctuations of the electrode characteristics generate 
an addit ional noise current  N(v).  The total current  is 
t ransformed in an appropriate current - to-vol tage  con- 
ver ter  (schematically indicated in  Fig. 1) from which 
the signal emerges with noise No (v) added at the out- 
put  of the amplifying stage. The output  of the second 
channel  of the spectrum analyzer  is therefore B = 
Y+N+No. 

The auto- and cross-power spectra are, respectively 

PAA = (X -~- NI) (X + NI)* = Pxx + Pn  [1] 

PBB : ( H X  --~ N + N o )  ( H X  + N + N o )  * 

: ] H 12Pxx --]- PNN 2v Poo [2] 

PBA 7-- ( H X  + N + No) (X  + NI)* = HPxx [3] 

The terms marked with an asterisk are the complex 
conjugates of those without  asterisk. In  deriving [1], 
[2], and [3] it is assumed that  all noise signals are 
uncorrela ted with the input  and with one another, so 
that  the average values of the cross-products are zero 

X N I *  = N I X *  -= X N *  = N X *  = X N o  * - -  N o X *  = 0 

[4] cE] 
RE 

POTENT|OSTAT 

WE i---- 

OUTPUT ] I-O( + N+Nol AN~L~!I CURRENT ] ' i  
AMPMFIER ] INPUT 

C H A N N E L A  
J, 

COHER. R 

C H A N N E L  B 

OUTPUT 

Fig. I. Schematic representation of the measurement system with 
noise sources and spectrum analyzer outputs identified. 

It  should be remembered  also that exper imental ly  the 
spectrum analyzer  averages out a large n u m b e r  of time 
records of the signals, so that, at least asymptotically, 
[4] is valid. 

Taking [4] into account, Eq. [1], [2], and [3] con- 
tain five unknowns.  It  is therefore necessary to deter-  
mine exper imental ly  two of the unknowns  in  an  inde-  
pendent  way. '• can be accomplished in the ~ollow- 
ing manner :  when  the input  of the amplifier of the 
voltage signal is short-circuited, X is effectively zero 
and therefore 

(PAA)X=0 ~- PII [5] 

the auto-power spectrum of the amplifier noise. This 
spectrum can be measured and stored in  an appropriate 
memory. For the measurement  of the current  amplifier 
noise No it is sufficient to substi tute the electrochemi- 
cal cell with a resistor, increasing the value of such a 
resistor decreases the current  signal Y unt i l  the output  
of channel  B becomes indePendent  of the value of the 
resistance. In these conditions 

(PBB)Y=0 : POO [6] 

Since a resistor has been subst i tuted for the cell, no 
random fluctuations occur and therefore N = 0. The 
auto-power spectrum Poo is also recorded and stored. 
Once Pn  and Poo are subtracted from PAA and PBB, it 
is easy to solve the system of equations so that  H and 
N can be obta ined .  

Experimental Procedure 
The measurements  described here were taken with 

an exper imental  setup similar to that reported previ-  
ously (6), which is a practical implementa t ion  of Fig. 
1. The potentiostat  employed, especially bui l t  for its 
low noise, has been described elsewhere (7). The 
analyzing ins t rument  was a digital two-channel  spec- 
t rum analyzer  which provided the auto-power spectra 
of the two channels as well as the coherence funct ion 
72, which is defined as 

I PBA I ~ 
~ - - -  [7] 

PAA, PBB 

and from which, therefore, the cross-power spectrum 
can be obtained. As it is well known, the coherence 
function ~2 ranges from i, when the output signal is 
ent i re ly  deterministic,  to 0 when there is no casual re- 
lationship between PAA and PBB. 

The electrochemical system investigated was a lumi-  
n u m  in borate buffer (pH = 7.5), to which 0.01 mole/  
l i ter of NaC1 was added. At potentials more positive 
than --650 mV vs .  SCE this electrode undergoes pit t ing 
[8], whereupon the noise pa t te rn  of the current  
changes drastically (9). The measurements  were 
carried out at --700 and at --650 mV vs .  SCE. In  some 
runs white noise of the order of a few #V/~/Hz were 
added to the control voltage of the potentiostat. The 
spectrum analyzer, which has a frequency resolution of 
1/256 of the range, was set for a 51.2 Hz range, so that  
the resolution was 0.2 Hz. 

The results reported here were obtained manual ly ;  
the spectra and the coherence funct ion were recorded 
on an X-Y recorder and the calculations were done for 
only a few of the 256 points available. Such an experi-  
menta l  procedure is slow and tedious, bu t  it was used 
to test the capabil i ty of the method. However, the spec- 
t rum analyzer  can be interfaced to a computer so that  
acquisition, storage, and subtract ion of the ins t ru-  
menta l  noise spectra Pn  and Poo, as well as all neces- 
sary calculations, can be carried out under  software 
control with mi n i mum time delay. 

Experimental Results 
The auto-power spectra of the noise NI ofthe ampli-  

fier operat ing on the input  signal (the electrode poten-  
tial) and that  of the noise No of the output  amplifier 
operating on the cell current  were measured over a 
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wide f requency  range,  and  are  shown in Fig. 2. Since 
Poo, the power  spec t rum of the cur ren t  amplifier,  is 
added  to the cur ren t  signal, i t  is given in cur ren t  units, 
A2/Hz. These spect ra  a re  averages  over  a number  of 
repeat  measurements ,  ranging f rom 512 at  high f re -  
quency to 64 at  low frequency,  where  the total  acquisi-  
t ion t imes are  of the o rder  of I hr. 

Results  obta ined on the A1 elect rode be low (--700 
mV ~s. SCE) and at  the  p i t t ing  potent ia l  (--650 mV) 
in the  absence of an  ex te rna l  s ignal  in the control  
vol tage  are  shown in Fig. 3 and 4. The au to -power  
spec t rum of the  vol tage  is tha t  of channel  A and i t  is 
given in V2/Hz. Channel  B shows the cur ren t  power  
spec t rum in A2/Hz. In  o rder  to faci l i ta te  comparisons 
the cur ren t  spect ra  a re  not given in units  of cur ren t  
dens i ty  (Poo is independen t  of surface a rea) ,  bu t  they  
can be easi ly  and quite precisely  t r ans formed  into A2/ 
cm~Hz b y  d iv id ing  b y  10, since the  e lect rode surface 
area  in all  exper iments  was 3.17 cm 2. The figures show 
also the coherence funct ion ~s. f requency.  F igure  5 
shows power  spect ra  and coherence function for an 
e lect rode at  the  p i t t ing  potent ia l  when  whi te  noise of 
2 ~V/x/Hz was appl ied  as an ex te rna l  signal. 

F rom these data, according to the calculat ion method 
descr ibed earl ier ,  the  au to -power  spec t rum of the r a n -  
dom fluctuations PNN and the absolute  va lue  of the 
e lectrode impedance  ! Z[  - -  I / I  H I were  obtained.  
They are  shown in Fig. 6 and 7, respect ively.  

Discussion 
The resul ts  p resented  here  show a number  of i n t e r -  

est ing features  and i l lus t ra te  the usefulness of quant i -  
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Fig. 2. Auto-power spectra of the instrumental noise of the input 
amplifier PH (electrode potential) and output amplifier Poo (cell 
current). 
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ta t ive  cr i te r ia  for  ident i fy ing  the sources of noise. For  
instance, a l though the vol tage spect ra  in Fig. 3 and 4 
are  v i r tua l ly  identical ,  the cur ren t  spec t rum is much 
la rger  at  --650 mV (Fig. 4), confirming tha t  the noise 
level  increases cons iderably  when pi t t ing  begins (9). 
However ,  the coherence function in Fig. 3 indicates  
that  a subs tant ia l  pa r t  of the  signal  in channel  B is not  
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causa l ly  re la ted  to the input,  but  such a noise m a y  
e i ther  be in s t rumen ta l  or  m a y  m a r k  the  beginning of 
the b r eakdown  of the pro tec t ive  oxide film. However ,  
when the separa t ion  of the noise sources is carr ied  out, 
it  is found that  PNN at --700 mY is p rac t i ca l ly  zero 
over  the  whole  f requency  range  studied. An upper  
va lue  can be set for  PNN at  about  10-22A2/Hz (or 
10-23A2/cm4Hz), which is of the  o rder  of one- ten th  of 
the ins t rumenta l  noise as ind ica ted  b y  Poo. The differ-  
ence be tween  the value  of the coherence funct ion in 
Fig. 3 and un i ty  can be accounted for en t i re ly  by  the 
ins t rumenta l  noise. 

The impedance,  shown in Fig. 6, corresponds essen- 
t i a l ly  to the  behav io r  of a capaci tor  of about  1.5 ~F/  
cm 2. The corrosion resis tance cannot  be de te rmined  
wi th  assurance because of the l imi ted  f requency  range 
studied,  bu t  is l a rger  than  60 k l l .  cm 2. Here  the ad-  
vantage  of adding whi te  noise to the input  signal  is 
shown by the da ta  in Fig. 5, f rom which the de te rmin -  
istic response can be recovered  in spite of the random 
fluctuations, whi le  no re l iab le  value  of I Z I  can be 
ca lcula ted  f rom Fig. 4 be low 30 Hz because 72 is too 
close to zero. 

In  conclusion, wi th  the aid of an ins t rument  capable 
of processing vol tage and cu r ren t  signals s imul tane-  
ously  and of ca lcula t ing  the c ross -power  spectrum, 
random noise can be separa ted  f rom the de terminis t ic  
response. Sens i t iv i ty  is also enhanced,  and noise about  
one - t en th  of the ins t rumenta l  noise can {till be de-  
tected. However ,  i t  is evident  that  the  noise level  of the 
ampl i f ier  opera t ing  on the cell  cu r ren t  is the  main  
factor  l imi t ing the  de tec tab i l i ty  of the random fluctua- 
tions of the  e lec t rode  characteris t ics ,  and tha t  its r e -  
duct ion would improve  cons iderab ly  the  pe r fo rmance  
of the whole  system. 

As far  as the  p i t t ing  of A1 is concerned, these ra the r  
l imi ted  resul ts  give never theless  some in teres t ing  in-  

formation.  F i r s t  of all, the impedance  da ta  of Fig. 6 
show that,  a l though p i t t ing  causes la rge  cur ren t  f luctu- 
ations, the  de te rminis t ic  behavior  be low and at  the  
p i t t ing  potent ia l  is subs tan t ia l ly  the  same. The  random 
noise spect ra  of Fig. 7 show that  reproduc ib i l i ty  is 
only  fair ,  as to be expected since number  and size of 
the pits  tend to va ry  f rom expe r imen t  to exper iment .  
The m a j o r  point  seems to be that  the ampl i tude  of the 
fluctuations decays app rox ima te ly  as the  reciprocal  of 
the  frequency,  l ike the "flicker" noise observed in elec-  
t ronic devices (10). The decay wi th  f requency  also in-  
dicates tha t  the capaci tance of the e lect rode undergoes  
smal le r  fluctuations than  the resis tance dur ing  the 
p i t t ing  process (9). 

Final ly ,  the  resul ts  have shown tha t  the  degree  of 
r andom fluctuations be low the p i t t ing  potent ia l  is so 
low that  the  pic ture  of the pro tec t ive  film on a luminum 
as being in a state of dynamic  equ i l ib r ium wi th  cont in-  
uous b r eakdown  and repa i r  does not  seem to be sup-  
por ted  by  the exper imen ta l  evidence. 
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The Dissolution and Passivation of Zinc in 
Concentrated Aqueous Hydroxide 

M. C. H. McKubre* and D. D. Macdonald *,1 
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ABSTRACT 

The rotating ring-disk electrode has been applied in this study to the 
related phenomena of dissolution, current oscillation, and passivation of zinc 
in concentrated aqueous NaOH. The results of potentiostatic and potentiody- 
namic experiments are compared with those of previous workers, and a physi- 
cal model is proposed to describe the anodic behavior of zinc in four succes- 
sive potential regions: active dissolution, prepassivation, pseudopassivation, 
and true passivation. 

The requirements for high specific energy, high 
specific power, and low cost make zinc an attractive 
negative electrode material for aqueous alkaline bat- 
teries in electric vehicular applications (1). However, a 
number of specific limitations await satisfactory resolu- 
tion. Recent studies have been concerned with the 
limitations of cycle life associated with dendritic (2-5) 
and nonadherent (6-9) zinc deposition during charg- 
ing, and with the problems of electrode shape change 
with cycling (1, 2, 10). The shelf life and cycle life of 
zinc battery electrodes is also limited by the corrosion 
of zinc in concentrated alkali (11-13). 

In the present study we focus on the related pro- 
cesses of anodic dissolution and passivation. Rapid 
discharge of the zinc electrode is associated largely 
with the high solubility of Zn(II)  as a zincate ion 
(14, 15) in alkaline solutions. At high currents, how- 
ever, zinc discharge is often inhibited by the forma- 
tion of a passivating zinc oxide or hydroxide layer by 
a dissolution-precipitation mechanism (16-28). Before 
the onset of passivation, the discharge of zinc is gen- 
erally agreed (21) to proceed via the formation of 
complex hydroxyl zincate anion. The nature of this 
anion has been the subject of considerable thermody- 
namic (14, 29-31) and spectroscopic (15, 32-34) in- 
vestiga.tion, and is thought to have the form Zn (OI-I)4 ~+ 
in strongly alkaline solutions. However, the spectro- 
scopic investigations of Jackovitz and Langer (32) 
suggest that "only a small fraction, about one-sixth of 
the anodically dissolved zinc, was converted to 
Zn (OH)42- " 

Experimental Procedure 
Experiments were performed using a rotating ring- 

disk electrode (RRDE). The importance of adequate 
hydrodynamic control in studies of zinc dissolution and 
passivation phenomena has been stressed by several 
authors (20, 26, 35, 36). 

The RRDE was constructed using a vitreous carbon~ 
ring with a 99.999% purity zinc disk, as shown in 
Fig. 1. Vitreous carbon constitutes a nearly ideal, non- 
porous, inert ring material for current collection at 
large cathodic potentials. The radius ratios rs/r~ and 
re~r1 exceed those tabulated by Albery et al. (37) and 
Pleskov (38), and the electrode collection efficiency 
was determined experimentally in O.IM K3Fe(CN)e 
with 1.0M NaOH supporting electrolyte. This calibra- 
tion procedure has been described previously (39). At 
20~ the measured collection efficiency was 70.9 • 0.2%. 
Details of the rotating ring-disk electrode construction 
are shown in Fig. 1. 
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of Metallur~ical Engineering, The Ohio State University, Colum- 
bus, Ohio 43210. 

Kev words: electrolyte, electrode, charge, dissolution, passivity. 
-" Vitreous carbon was generously sunulied by Dr. A. Norris, 

Fluorocarbon Corporation, Anaheim, California. 

Experiments were conducted in an all Teflon cell 
shown in Fig. 2, situated in a water-ethylene glycol 
bath controlled to within __. 0.1K. Potentiodynamie 
control of the disk and IR compensation were accom- 
plished using a PAR Model 173 potentiostat and Model 
175 potential programmer. The disk current and charge 
were recorded using a PAR model 179 digital coulom- 
eter. Potentiostatic control of the ring electrode was 
achieved using a purpose-built, high-speed potentio-  
stat electrically isolated from the disk control circuit. 

Fig. I. Schematic diagram of RRDE construction and contact 
assembly. 
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Detai ls  of the r ing  potent iostat ,  and  six e lect rode cell  
geomet ry  have been descr ibed prev ious ly  (39, 40). 

RRDE studies were  pe r fo rmed  in 9.78m [28 weight  
percen t  ( w / o ) ]  NaOH, p repa red  using ana ly t ica l  grade  
NaOH and w a t e r  doubly  dis t i l led f rom deionized 
stock. The second dis t i l la t ion was under  high pu r i t y  
n i t rogen to exclude  a tmospher ic  CO2, and the cell  was 
cont inuously  sparged  wi th  N2 except  dur ing  per iods  
of measurement .  

The RRDE elec t rode  was pol ished wi th  va ry ing  
grades  of ca rbo rundum paper,  the  final grade  having 
25 micron par t ic le  size. The e lect rode assembly  was 
degreased  wi th  hot  e thanol  in an ul t rasonic  bath,  then  
r insed  wi th  dis t i l led wa te r  immed ia t e ly  p r io r  to use. 

Results 
Figure  3 shows schemat ica l ly  the  genera l  fea tures  

observed dur ing  a s low anodic po ten t iodynamic  sweep 
covering the zinc discharge region in in i t ia l ly  z incate-  
f ree  NaOH. The region "b" is charac ter ized  b y  an ex-  
ponent ia l  dependence  of the  dissolut ion cur ren t  on 
appl ied  potent ia l  (31, 36, 41). The cur ren t  increases in 
a nea r ly  l inear  fashion wi th  potent ia l  (25, 36) be tween  
"b" and "c" reaching a m a x i m u m  at  "d" and a t t a in -  
ing a p la teau  value "e" before  passivat ion.  Two peaks  
in the  region "cf" have been observed at  v e r y  low 
potent ia l  sweep ra tes  ( <  1 mV sec -1)  by  other  workers  
(21, 26, 42). The peaks  were  in t e rp re t ed  b y  Powers  
and Bre i te r  (21) in te rms of g rowth  of two s u r f a c e  
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Fig. 3. Anodic potentiodynamic sweep of zinc in aqueous NaOH 

oxide films. The fea tures  shown in Fig. 3 r ep resen t  the  
l imi t ing  low ra te  po ten t iodynamic  sweep behavior ,  and 
we have observed no evidence for a second peak  u n d e r  
control led  hyd rodynamic  conditions. 

Active dissolut ion.hWe observed tha t  the  fo rm o f  
the repet i t ive  sweep vo l t a mmogra m depends  cr i t ica l ly  
on both  electrode rota t ion speed and e lec t ro ly te  t em-  
perature .  F igure  4 shows the  influence of rota t ion speed 
and Fig. 5 shows the influence of t e m p e r a t u r e  on the 
zinc vo l tammogram.  It  is immed ia t e ly  apparen t  f rom 
Fig. 4 that  the peak  and p la teau  currents ,  as wel l  a s  
the slope in the l inear  I -V region, are  s t rongly  influ- 
enced by  e lec t ro ly te  convection at  low sweep rates,  
suggest ing tha t  these are  control led  not  b y  factors a t  
the z inc /e lec t ro ly te  interface,  bu t  b y  processes wi th in  
the diffusion layer .  

The da ta  in the  region "bc" were  ana lyzed  as a 
function of t empe ra tu r e  and ro ta t ion  speed and the 
results  a re  presented  in Table I. The l inea r i ty  of this  
por t ion of the cur ren t  vol tage  curve is reflected in the  
n e a r - u n i t y  values of the regression coefficients shown 
for an equat ion of the fo rm 

V = "Y'o + IR  

I t  is c lear  f rom the values in Table  I that  Vo is e f -  
f e c t i v e l y  independen t  of ~, whi le  R decreases mono-  
tonical ly  wi th  w and T. 

The l inear  dependence  of the dissolution cur ren t  on 
appl ied  potent ia l  indicates  tha t  e lect rode discharge in 
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Fig. 4. The influence of electrode rotation speed on the zinc cycle 
voltammogram: 28 w/o NaOH, 0~ sweep rate 5 mV sec -1 .  
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Table I. Linear regression of current vs. applied potential for 
the potentiodynamic dis.charge of Zn at 5 mV sec -1  

T (~ ~ (rpm) Vo/mV R/fl ~* 

- 1 5  1160 --1405 13.75 
- 15 600 --1406 15.00 
- 15 300 -- 1406 15 54 
- 15 0 - 1403 15.88 

--15 ~o = -1405---+1 

O 1220 - 1387 5.44 
0 600 -- 1389 5.89 
O 300 - 1389 6.23 
o 0 -1393 7.43 

O V o =  --1390+3 

41 1200 - 1379 1,93 
41 600 - 1381 2.18 
41 30{) -1379 2.48 
41 0 - 1 3 7 9  2.48 

41 '~o= -1379~2 

80 1200 -1360  0.925 
80 600 -- 1360 1.118 
80 300 - 1358 1.501 
80 O - 1358 1.501 

80 V'o= - 1 3 5 9 ~ I  

106 1200 -1385 0,597 
IC6 600 --1384 0.656 
106 300 --1383 0,716 
106 0 - 1378 1.077 

106 V"o: --1383~3 

Note: uotentials are with respect to Hg/HgO. r 2 is the regres- 
sion coefficient. 

high rota t ion speed, on the  appl ied  overvoltage,  V --  
V o. F igure  6 shows plots of I= and In Is vs. appl ied  
potential .  Values of I= were  calcula ted by  the l inear  
regression of I-1 vs. ~,-'/2 data, ex t rapo la ted  to =-v2 = 
0, for  va ry ing  t empera tu res  and voltages in the region 
"bc," dur ing  a slow (5 mV sec -z )  anodic po ten t iody-  

0.998 
0.999 namic sweep. Whi le  the da ta  in Fig. 6(a)  m a y  be  
0.999 construed as s t ra ight  lines in accordance with  A r m -  
1.000 strong 's  model  (36, 41), a s ignif icantly be t te r  fit to the 

da ta  is shown in Fig. 6(b) .  The vectors  shown a r e  

0.999 regression lines for al l  da ta  presented  in Fig. 6 (a) .  
0.998 To elucidate  fur ther  the mechanisms of Zn dissolu-  
1.ooo tion, we de te rmined  the f ract ion of the  dissolved zinc 0.999 

species tha t  was reducib le  at the vi t reous carbon ring. 
Three  s t r ik ing results  immed ia t e ly  were  appa ren t  f rom 

1.000 the  study.  
1.000 1.000 1. Under  al l  conditions, the f rac t ion of dissolved zinc 
1.000 detected at  the r ing was less than  tha t  p red ic ted  by  the  

ca l ibra ted  collection efficiency. 
2. The fract ion at the dissolved zinc tha t  was c01- 

0.999 leered was a funct ion at  the e lectrode ro ta t ion  speed. 0.999 
0.995 3. When  corrected for the increas ing background  
0.995 current ,  the percentage  of collected ma te r i a l  increased 

with  an increasing concentra t ion of dissolved zinc in 
0.999 the bu lk  electrolyte .  
9.9q~ F igure  7 shows the influence of ro ta t ion  speed on 
l.OOO disk and r ing currents  in in i t ia l ly  z inca te- f ree  solution. 0.995 

The collection percentages  shown at  each rota t ion 
speed are  de te rmined  from the current  peaks for id a n d  
ir, appropr i a t e ly  corrected for  background  currents ,  
expressed  as a percentage  of the ca l ibra ted  c o l l e c t i o n  

this region is not de te rmined  by  ionic diffusion of O H -  
to, or  p roduc t  from the interface.  Sanghi  and :~leisch- 
mann  (42) discounted mass t r anspor t  l imi ta t ion  by  
O H -  ions, observing that  the m a x i m u m  dissolution 
ra te  is only  a f ract ion of the l imi t ing diffusion cur ren t  
of hyd roxy l  ions at  bu lk  concentrat ion grea te r  than 
0.01M. However ,  resis t ive (migra t ion)  l imitat ion,  which 
is func t iona l ly  dependent  on the  ra te  of e lec t ro ly te  
convection, suggests tha t  the process that  de te rmines  
the Zn elect rode discharge ra te  occurs e i ther  wi th in  the 
diffusion l aye r  or  wi th in  a surface  film, the  thickness  
of which is de te rmined  by  abla t ion or  dissolution to 
the bu lk  electrolyte .  

As expected for  a process occurr ing wi th in  the  di f -  
fusion layer,  the dissolution resistance values presented  
in Table I are  app rox ima te ly  l i nea r  wi th  the  inverse  
square  root  of e lect rode ro ta t ion  speed 

T = - - I 5 ~  R "-12.17 + 60.74 ~ -  V=, ' r2=0.992 

T "- 0 ~  R = 4 . 7 4  + 26.38 a-V=, "r 2 - -  0.968 

T :  4 1 ~  R =  1.39 + 1 9 . 0 9  ~ -  V=, r s = 0 . 9 9 7  

T =  80~ R =  0 . 3 3 + 2 0 . 1 3 a - V = ,  ~ = 0 . 9 9 2  

T - -  106~ R =  0 . 4 8 +  4 .08a -V ' ,  ~ ' - 0 . 9 9 1  

Powers  and Brei ter  (21) observed for  Zn in KOH 
that,  a l though facet ing of the single crys ta l  surfaces 
occurs in the l i n e a r - l - V  region, there  is no direct  evi-  
dence of film format ion  unt i l  ve ry  nea r  the  potent ia l  at  
which the cur ren t  densi ty  is a maximum,  i.e., near  "d." 
In a subsequent  publication,  Bre i te r  (25) suggested 
that  the l inear  region may  resul t  f rom the in i t ia l  
format ion  and spreading  of a compact  film across the 
surface. This proposal  appears  to conflict wi th  the i r  
previous observat ion (21), and  is c lear ly  inconsis tent  
wi th  the rota t ion speed dependence  of R observed in 
the presen t  study. Arms t rong  e t a / .  (36, 41) ascr ibe 
an observed I - I  vs. ~-I/2 l inea r i ty  for  the ini t ia l  dis-  
solution of Zn in NaOH to a Zn ~ Zn (OH) 42- equi l ib-  
r ium process in which current  l imi ta t ion  is imposed by  
the diffusion of zincate to the bulk.  This model  has 
been ex tended  (34) to pred ic t  an exponent ia l  depend-  
ence of I=, the  cu r ren t  ex t rapo la t ed  to t he  l imi t  o f  
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Fig. 6. The current extrapolated to infinite rotation speed vs. 

applied potential: 28 w/o NaOH, sweep rate 5 mV sec -1.  
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efficiency. The concentra t ion  of dissolved zinc was 
then increased  b y  control led  coulombic e lec t rochemical  
dissolution of an aux i l i a ry  zinc e lec t rode  wi th in  the  
cell. Collection percentages  de te rmined  a t  the  peak  
are  p lo t ted  vs. ro ta t ion  speed in Fig. 8, toge ther  wi th  
da ta  obta ined  at  a single potent ia l  in  in i t ia l ly  z incate-  
f ree  NaOH. 

I t  is appa ren t  f rom Fig. 8 tha t  the  percen tage  of 
dissolved zinc species tha t  is reduc ib le  declines at  h igh 
ro ta t ion  speed, bu t  increases wi th  dissolved zinc con- 
centrat ion.  The appa ren t  smal l  decreases  in  collection 
at  ve ry  low ro ta t ion  speeds seems to be an ar t i fac t  of 
the r ing  disk system. A decrease in collect ion pe r -  
centage at  high rota t ion speed has  been observed p r e -  
v iously  (17) and  m a y  be in t e rp re t ed  as follows. The 
) -  
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anodic charge  t ransfe r  process produces  an inact ive  
in te rmedia te ,  which  t rans forms  in t ime  to the  electro- 
chemically act ive products  b y  chemical  dissolution. I t  
is this final p roduc t  tha t  is reduc ib le  on the ring. Using 
laser  R a m a n  techniques,  Ka te  and co -worke r s  (17) 
suggested tha t  this  p roduc t  is Zn (OH)4 ~- ,  If  we assume 
tha t  the in t e rmed ia te  is a dissolved Z n ( I I )  species, 
then the model  for  dissolut ion is consistent  wi th  tha t  
o r ig ina l ly  proposed by  Ger i scher  (43) and provides  a 
mechanism for subsequent  pass iva t ion  

Zn + n O H -  ~ Zn(OH)n ~-n + 2 e -  

Zn(OH)n ~-n ...f- (4 --  n ) O H -  ~ Zn(,OH)4 s -  

where 

This second react ion proceeds a t  a moderate rate, At 
high rota t ion speeds the  in t e rmed ia te  species has  i n -  
sufficient t ime  to t rans form to the  reducib le  zincate 
ion, and the amount  of species col lected at  the  ring is 
less. 

Passivation.--It is he lp fu l  to d ivide  t he  passivation 
of Zn in concent ra ted  aqueous hydrox ide  into th ree  
separa te  regions of app l ied  potent ia l :  prepassive,  
pseudopass ive  or unstable,  and t rue  pass ive  regions.  
The potent iokine t ic  cu r ren t  behav io r  wi th in  these  r e -  
gions is shown schemat ica l ly  in Fig. 3. 

Prepassive region.--At potent ia ls  more  posi t ive than  
"d," a whi te  fiocculent film is observed  (21) to be de- 
posited on the electrode. This has been  associated (21, 
24, 25) wi th  the prec ip i ta t ion  of Zn(OH)2  f rom a n e a r -  
surface solut ion supe r sa tu ra t ed  wi th  Zn(OH)4  ~-.  The 
dissolution cur ren t  is reduced  by  the t h ree -d imens iona l  
porous film, possibly  as a consequence of the  reduced  
effective surface area. A wel l -def ined  cur ren t  p la teau,  
"e" wi th  cur ren t  ~w 1/2, is seen at  low tempera tures .  I t  
is appa ren t  f rom the work  of Bre i te r  (21, 25) tha t  
pass ivat ion is not  caused by  the  porous Z n (O H )2  film, 
but  by  a thin, compact,  adheren t  film tha t  forms d i -  
rec t ly  on the zinc surface. We wil l  adopt  the nomenc la -  
ture  of Powers  and Bre i te r  (21), a n d  re fe r  to these 
films as types I and II, respect ively.  Whi le  the  type  I 
film is not  passivat ing,  we be l ieve  tha t  its exis tence is 
requ i red  for the format ion  of a pass iva t ing  type  II  film. 

Unstable region.--The onset  of pass iva t ion  is rapid 
but  not  i r revers ib le .  Under  potent ios ta t ic  or  s low po- 
tentiodynamic sweep conditions, we have  observed  
zinc electrodes to undergo an osc i l la tory  ac t iva t ion /  
pass ivat ion process wi th in  a defined potent ia l  region 
"fg." Cur ren t  and poten t ia l  oscil lat ions have  been  ob-  
served  prev ious ly  (44-50) for a v a r i e t y  of systems in -  
cluding Zn in aqueous hyd rox ide  (50, 51). Hampson 
e ta l .  (18) observed tha t  a pass iva ted  zinc electrode 
becomes dispass ivated af te r  i t  is " res ted  for a f ew 
minutes,"  and tha t  depass ivat ion becomes more  r a p i d  
as the  e lec t ro ly te  t empe ra tu r e  and concentra t ion are 
increased.  Bre i te r  e t a l .  ascr ibed fluctuations (21) and 
cur ren t  oscil lat ions (25) under  po ten t iodynamic  sweep 
conditions to buckl ing  and tear ing  of the  compact  t ype  
II  film. A close examina t ion  of this  phenomenon p ro -  
vides a considerable  ins ight  into the  mechanisms of 
passivation.  

F igure  9 shows the b road  poten t ia l  reg ion  of current 
ins tab i l i ty  observable  at  e leva ted  t empera tu re s  u n d e r  
single anodic po ten t iodynamic  sweep conditions.  The 
envelope of cur ren t  peaks  extends  the  region of cur -  
r en t -vo l t age  l i nea r i ty  discussed in the  previous  section. 
Thus, the cur ren t  upon reac t iva t ion  appears  in i t i a l ly  
to be de te rmined  by  the same diffusion l aye r  res is tance 
we be l ieve  is associated wi th  act ive zinc dissolution. 

Onset potent ia ls  for pass ivat ion  are  shown in Fig. 10, 
super imposed upon the revers ib le  po ten t i a l  profiles 
ca lcula ted (52) for pe r t inen t  redox  react ions  in 9.7m 
NaOH. Under  the  condit ions of our  exper iments ,  pass i -  
vat ion occurs wel l  into the poten t ia l  regions of ZnO 



700 

600 

-600 

5OO 
,< 
E 
# 400 

u. i  

300 
:D 

2OO 

100 -- 

0 
-1600 

,7. F, lectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  March I981 528 

-700 

I I I I I 

-1400 -t200 1000 ~800 
POTENTIAL/mV VERSUS Hg/HgO 

1oo 

o 

-4o . . . .  . . .  

~ 
-2g - I \ \  

10 30 4 o 6 ?o 90 100 110 120 130 
TIME/s 

Fig. 9. Current oscillations of zinc during anodic potentiodynamic 
sweep at S mV sect1:28 w/o NoOH, 80~ 600 rpm. 

and Zn(OH)2  stabil i ty,  and there  is l i t t le  corre la t ion  
be tween  in i t ia l  pass ivat ion and the revers ib le  po ten-  
t ials ca lcula ted for the  format ion  of l a t en t ly  pass iva t ing  
oxide species. Under  po ten t iodynamic  conditions the 
pass ivat ion potent ia l  increases app rox ima te ly  l inea r ly  
wi th  t empera ture ,  wi th  a slope tha t  increases  wi th  in-  
creasing rota t ion speed. 

Fu r the r  informat ion  regard ing  cur ren t  ins tab i l i ty  can 
be obtained by  using the vi t reous carbon r ing to moni -  
tor  the  concentra t ion of reducib le  Zn species ad jacen t  
to the electrode.  F igure  11 shows the resul ts  of RRDE 
potent ios ta t ic  step exper iments  at  22.5~ and at  300 
rpm. Under  these condit ions osci l la t ion is confined to 
a +_ 25 mV region. On the t ime scale shown, pass iva-  
t ion and reac t iva t ion  occur v i r tua l ly  ins tantaneously .  
By using a Biomation Model  805 Wave Fo rm Recorder  
in the  p re - t r i gge r  mode, we ascer ta ined  tha t  r eac t iva -  
t ion occurs in tens of mill iseconds,  and pass ivat ion  
somewhat  less quickly.  The nea r ly  sinusoida] r ing  cur-  
ren t  pe r tu rba t ion  reflects the  concentra t ion wave  of  
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Fig. 11. RRDE potential step experiment for zinc in 28 w/o 
NaOH at 22.5~ Ring potential and initial disk potential --1500 
mV vs. Hg/HgO. 

reducib le  zinc ions tha t  p ropagates  th rough  the  e lec t ro-  
ly te  as a resul t  of in te rmi t t en t  disk dissolution. The 
glitches appear ing  on the r ing cur ren t  sinusoid resul t  
f rom coupling of the r ing and disk currents  (40, 53) 
and are  ar t i facts  of the RRDE system. 

Under  control led  hyd rodynamic  conditions, osci l la-  
tions appear  to be sus ta inable  indefinitely.  However ,  
both  ampl i tude  and per iod  are  m a r k e d l y  influenced by  
step potential ,  t empera ture ,  and rota t ion speed. Below 
room tempera ture ,  osci l lat ion is observed at  w --~ 300 
rpm. At  41~ oscil lat ion occurs for  ~ --~ 600 rpm, and 
above 80~ it m a y  be sus ta ined at a11 ro ta t ion  speeds 
accessible to us (up to 1200 rpm) .  F igure  12 shows 
the l imits of potent ia l  over  which osci l lat ion occurs in 
a quiescent  system as a funct ion of tempera ture .  

D i s c u s s i o n  
In the preceding  sections we descr ibed the chronol-  

ogy of Zn anodizat ion under  contro l led  poten t ia l  con- 
ditions, compar ing our expe r imen ta l  resul ts  wi th  the 
conclusions of previous authors,  as a first s tep in the 
deve lopment  of a se l f -consis tent  p ic ture  of the pass i -  
r a t i o n  of zinc. The sequence of impor t an t  processes 
tha t  requi re  explana t ion  m a y  be summar ized  as follows. 

1. Fol lowing  an ini t ia l  Tafel  region, the  zinc dis-  
solut ion cur ren t  increases l inea r ly  wi th  appl ied  po ten-  
tial, the  resis tance be ing  p ropor t iona l  to the diffusion 
l aye r  thickness.  
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2. Zinc dissolves e lec t rochemica l ly  via an in t e rmed i -  
ate species to a final product  be l ieved  to be Zn(OH)42- .  

3. Zn(OH)~ precip i ta tes  on the e lect rode in a p re -  
passive region, p roducing  a loose flocculent film de-  
noted as type  I (21, 25). 

4. The t empera tu re  and convect ion dependence  of 
pass ivat ion  are  consistent  w i th  a d i s so lu t ion-prec ip i ta -  
t ion mechanism,  bu t  the  e lect rode is pass iva ted  by  the 
fo rmat ion  of a compact,  adheren t  ( type  I I )  film di-  
rec t ly  on the Zn e lec t rode  surfaces (21, 25). 

5. Rapid  reac t iva t ion  may  occur wi th in  a defined 
region of potent ial ,  the  cur ren t  in i t i a l ly  a t ta in ing  a 
va lue  equiva len t  to the ex t rapo la t ion  of the  l inear  I -V 
act ive dissolution region. 

6. Curren t  oscil lat ions may  effect ively be susta'ined 
indefini te ly  and resul t  in a nea r  s inusoidal  reducib le  
Zn concentra t ion wave  in the electrolyte .  The poten t ia l  
region of ins tab i l i ty  is s t rongly  influenced by  e lec t ro-  
ly te  t empera tu re  and convection, bu t  is not  cor re la ted  
wi th  known the rmodynamic  processes. 

7. At  sufficiently large  anodic potent ials ,  t rue  pass i -  
r a t i on  occurs, which  resul ts  in a passive dissolution 
cur ren t  independen t  of po ten t ia l  and time. 

These observat ions  are  consistent  wi th  the fol lowing 
model. In i t ia l  dissolution proceeds according to the 
overa l l  Eq. [1] 

Zn + 4 ( O H ) -  ~ Z n ( O H ) 4  s -  + 2e -  [1] 

At  a potent ia l  roughly  corresponding to the  onset  of 
l inear  cu r ren t -vo l t age  behavior ,  the Zn/ZnO revers ib le  
potent ia l  is exceeded (51, 52) and the p redominan t  
e lect rode react ion becomes 

Zn + 2 O H -  ~ ZnO + H20 + 2 e -  [2] 

Because hydrox ide  ions are  the r eac tan t  in Eq. [2], 
the re  is no suppor t ing  electrolyte .  Under  these con- 
di t ions an impedance  t e rm must  be  inc luded  to ac-  
count for  the  migra t ion  resis tance (54-58). We propose 
tha t  at modera te  cur ren t  densit ies the resis tance due 
to the migra t ion  of O H -  ions becomes ra te  l imit ing.  

ZnO forms on the e lect rode and then dissolves by  re -  
act ion wi th  fu r the r  hyd rox ide  to form the zineate ion 

ZnO + H20 + 2 OH- ~ Zn (OH)42- [3] 

When the e lec t ro ly te  in the immedia te  v ic in i ty  of 
the e lec t rode  becomes supersa tu ra ted  wi th  zincate, 
Zn(OH)2  prec ip i ta tes  on the e lect rode forming a por -  
ous ( type  I) film. Dissolut ion proceeds according to 
react ion [3] unt i l  the pH wi th in  the porous film is 
r educed  to the ex ten t  that  ZnO is insoluble  (24). At  
this s tage the e lect rode pass ivates  due to the surface 
format ion  of a thin compact  ZnO ( type  I I )  layer.  Wi th  
the reduced  dissolution current ,  the zincate concent ra-  
t ion decl ines and the pH increases, redissolving the  
Zn(OH)2 ( type  I)  and ZnO ( type  II)  films. This 
mechanism is consistent  wi th  the  observat ion  (59) 
tha t  Zn can be reac t iva ted  in a thin l aye r  cell by  the  
addi t ion  of ve ry  small  amounts  of f resh hydroxide .  In  
the  absence of the type  I film, reac t iva t ion  resul ts  in i -  
t ia l ly  in a cur ren t  l imi ted  only b y  the  hydrox ide  
migra t ion  resistance.  The nex t  cycle is in i t ia ted  wi th  
the prec ip i ta t ion  of a new Zn(OH)2 film. The pass iva-  
t ion onset  potent ia l  and the per iod  of osci l lat ion are  
de te rmined  by  the difference be tween  the act ive dis-  
solut ion cur ren t  and  ra te  of mass t r anspor t  (diffusion 
plus convect ion)  f rom the e lect rode surface. 

To expla in  the  t rue  passive behav ior  of the Zn elec-  
trode, it  is necessary  to pos tu la te  tha t  the pseudopass i -  
r a t i n g  film undergoes  a uha.~e chan~e to form a species 
that  is r e l a t ive ly  insoluble  at  high pH. 

The model  presented  above can be used, at leas t  
qual i ta t ive ly ,  to expla in  our exue r imen ta l  observat ions  
and those of o ther  workers .  However ,  i t  should not  be 
r ega rded  as de6ni t ive  and requi res  subs tant ive  verif ica-  
tion. A more  deta i led  and quant i ta t ive  s tudy  is cur -  
r en t l y  under  way  in our  labora tory .  
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ABSTRACT 

This paper  shews tha t  anodic oxidat ion of the meta ls  Nb, Ta, and A1 
through t ~ n  solid e lec t ro ly te  films of calcia s tabi l ized zirconia (CSZ) is 
possible. The meta l  oxides grown are  s toichiometr ic  and the CSZ behaves  
l ike pure  anodic oxide, since the  electr ic  field in CSZ in the 0.1-10 m A  cm -2  
cur ren t  densi ty  range is comparab le  wi th  those in anodic oxides. Anodizat ion  
of NbITaICSZ or  A1]CSZ1NbITa systems shows that  only  oxygen movements  
take  place in CSZ dur ing  oxide g rowth  (i.e., t r anspor t  number  of cations 
t + : 0), whi le  both oxygen  and cations take  pa r t  in ionic cur ren t  in the  
me ta l  oxides under ly ing  and over ly ing  the CSZ laye r  (i.e., t + ~ 0). Thus the  
t r anspor t  number  of cations can be considered as an intr insic  p r o p e r t y  of an 
oxide  layer,  independen t  of the na ture  and of the  posi t ion of the  o ther  layers.  
Possible  microscopic t r anspor t  mechanisms for  oxygen  and cations th rough  
super imposed  oxide films are  discussed. 

Ionic t r anspor t  under  high electr ic  field through 
oxide films is genera l ly  expla ined  by  the the rma l ly  
ac t iva ted  motion, over  discrete  energy  barr iers ,  of 
charged point  defects (1). I t  is genera l ly  assumed tha t  
these defects a re  in jected in the oxide at  one of the 
interfaces (2). Fo r  films sufficiently thick (d > 
100A) the anodizat ion process is be l ieved  to be con- 
t rol led by  the migra t ion  in the bu lk  (1). The appl ied  
electr ic field E lowers  the energy  ba r r i e r  W, leading 

* E lec t rochemic~ l  ~oc ie tv  Ac t ive  M e m b e r .  
K e y  w o r d s :  sol id  e l e c t r o l y t e ,  me t a l s ,  ox ida t ion ,  m i g r a t i o n ,  

n u c l e a r  r e ac t i ons .  

to an exponent ia l  type  re la t ionship  be tween  ionic 
cur ren t  i and electr ic  field E: i ~ A exp --  (W --  BE/  
Kt).  This express ion is ob ta ined  wi th  the  assumpt ion 
of a sole migra t ion  specie, over  a wel l -def ined ac t iva-  
t ion energy barr ier .  This is genera l ly  not the  case for 
the anodizat ion of valve metals,  however  in a first ap -  
proach, this convenient  theoret ica l  express ion has 
been genera l ly  used to describe anodic oxida t ion  of 
valve meta ls  [for example  see Ref. (1-3) and re fe r -  
ences cited].  

A number  of works  have been  devoted  to the s tudy 
of cation o r / and  anion t r anspor t  dur ing  anodic g rowth  
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of oxide films. I t  has been clearly evidenced that  the 
two species, oxygen and metal ,  may  take part  in the 
total ionic current  dur ing  anodization (4-6), their mo- 
t ion obeying a ne ighbor- to-ne ighbor  jump process (7, 
8). It  has been shown that  the t ransport  numbers  of 
cations and of oxygen for several oxides (A120~, Nb20~, 
and Ta2Os) have comparable values (5, 6, 9), al though 
it seems unl ikely  that  cation and oxygen defect species 
have similar  act ivation energy of motion under  a wide 
range of exper imenta l  conditions. Note however that  
dur ing  anodization of Zr only oxygen movements  have 
been observed (10). Fol lowing Dignam (2) the mi -  
croscopic mechanism of ionic movement  during anodic 
oxidation of Ta or /%/ could be different from that  of 
Zr: ne twork  defects (A10 + or AlOe-  for example)  in 
the first case, and oxygen point  defects (vacancy or 
interst i t ialcy) in  the second case. 

The study of ionic movements  dur ing the anodiza- 
t ion of superimposed metall ic layers showed that  it  is 
possible to anodize a metal  M1 covered with a th in  ox- 
ide film of a metal  M~, (11) even when their  respective 
t ransport  number  for cations (t +) are different; for 
example Nb can be anodized through thin A1203 films 
(12), or Z r  through th in  Ta205 films. In  the last case 
the physical na ture  of moving defects in ZrO2 and in  
Ta205 can also be different (2). Moreover a strong 
correlation has been evidenced be tween oxygen and 
cation jump probabili t ies dur ing anodization of super-  
imposed layers (13). 

All these results did not  allow one to construct an 
unambiguous  model for the microscopic mechanism of 
ionic movements  under  high electric field. This is due 
to the fact that  the na ture  of moving defects which are 
responsible for ion t ranspor t  in A12Os, TarO5 as well  as 
in  ZrO2 is unknown.  A possible way to overcome this 
difficulty is to s tudy ionic movements  under  high elec- 
tric field through thin layers of solid electrolyte in 
which the thermal ly  activated microscopic movements  
and the na ture  of moving defects are well  known  (14). 
This is the case for calcia stabilized zirconia (CSZ) 
which is a pure  oxygen ion conductor via a vacancy-  
type mechanism (14). In  fact, it has been recently 
shown (15) that  dense and stoichiometric films of CaO 
doped zirconia of the f luori te-type s t ructure  can be 
obtained by rf  sputtering. The conductivi ty and the 
activation energy of conduction (Ec)  of these films 
were near  to those found for oxygen conduction in bulk  
mater ial  of the same composition, i.e., 3 X 10 - r  (~" 
cm) -1 at 300~ andEc  = 1.2 eV for (ZrO2)0.ss(CaO)o.12. 
The study of Ni-NiOiCSZIPt-O2 electrochemical cells 
(16, 17) allowed the authors to conclude that  the oxy- 
gen t ransport  n u m b e r  in rf sputtered th in  CSZ films 
is near  un i ty  (0.99). 

The aim of the present  work was twofold: to s tudy 
the ionic movements  and the current  field relationship 
in thin CSZ layers under  high electric field, and to 
s tudy cationic movements  dur ing anodic oxidation of 
various metall ic substrates covered with superimposed 
th in  CSZ and metallic films, i.e., anodization of metal  I 
CSZ or metal  I CSZImetal systems. 

The aim of our s tudy of the current-f ield relat ion-  
ship in  CSZ th in  films dur ing  the anodizat ion of me ta l /  
CSZ systems was to answer the following question: can 
the convenient  theoretical expression 

W -  qaE 
i = 2an~q exp [1] 

K T  

be used to describe the high field ionic t ranspor t  in CSZ 
thin films? Let us notice that  the CSZ represents the 
best case to apply this theoretical expression, since in 
CSZ a sole moving specie (oxygen vacancy) exists, the 
concentrat ion of which is we~l known,  while in the 
other classical cases, such as Ta, due to the presence 
of two migra t ing species, the theoretical expression 
has not been proven experimental ly.  Moreover all  
terms except the field are known  in  this expression for 

(ZrO~)0.ss(CaO)o.~2 [i.e., a -- 1.27 X 10 - s  era, n = 
3.14 X 1021 cm -3, q ~- 2 X 1.6 X 10 -19 C, v -- 1013 s -I, 
W : Ec : 1.2 eV (17)], a theoretical electric field 
value can be calculated from the relationship [I], for 
each current density and so can be compared to the 
value experimentally determined. Thus, in principle, 
the concept of thermally activated point defects mov- 
ing under the influence of electric field may be studied 
in the particular case of the high field ionic conduction 
in CSZ. 

The study of cationic movements  dur ing the anodiza- 
t ion of metall ic substrates covered wi th  th in  films of 
CSZ was carried out in  order to check the role played 
by interfaces in  the inject ion of defects. Moreover in  
order to establish whether  or not  cation movements  
take place in  the under ly ing  oxides, anodizat ion of 
Nb]Ta]CSZ or NbIAIlCSZ systems were carried out 
since we have shown (11, 12) that  the anodization of 
NblTa and Nb!A1 systems leads to a par t ia l  inversion 
of the order of cations due to cationic movements .  In  
a similar way, we have studied the anodization of All 
CSZ]NblTa systems in order to see if cationic move-  
ments  exist in the metal  oxides superimposed on the 
CSZ layer. All these experiments  may permi t  us to 
elucidate the following problem: in the case of various 
superimposed oxide layers does a sole t ranspor t  n u m -  
ber  of metal  characteristic of the whole system exist? 
As the hypothesis of ionic movements  in oxide films 
taking place by inject ion of point  defects at one of the 
interfaces (metal-oxide or oxide-solution) implies the 
preservation of the cationic transport number (2), 
these experiments can give insights on the microscopic 
transport mechanism of cations. 

This work is part of a general program devoted to 
the study of oxidation mechanisms of duplex layers 
and to their applications (18), and to thermal, anodic, 
and plasma treatments of solid surfaces covered with 
thin films of solid electrolytes acting as selective mem- 
branes (19). 

Experimental 
Sample  p r e p a r a t i o n . - - T h e  metallic and CSZ thin 

films were deposited on silicon or a luminum substrates. 
The silicon samples were single crystal, [100] oriented 
with an n - type  bulk  resist ivi ty of 10 -~ ~2cm. Pr ior  
to devooition they were cleaned by successive dipping 
in ~V. d=ionized water, and acetone. Niobium and tan-  
ta tum films were deposited either by electron gun  
evaporation in high vacuum (less than 10 - s  Torr dur -  
ing deposition) or by d-c triode sput ter ing in a n  argon 
plasma at a 0.13 Pa pressure. Ta and Nb sput ter ing 
targets we re  supplied by Kawecki Berylco Industr ies  
with a 99.98% pur i ty  for Ta and 99.9% for Nb. In the 
same way, A1 films were obtained by d-c triode sput ter-  
ing of an A1 cathode in an argon plasma. CSZ films 
were made by rf sput ter ing of a sintered CSZ cathode 
supplied by LCC-France;  the technique used is de- 
scribed in detail elsewhere (15). 

Anodic oxidations were carried out at constant  cur-  
rent  density and tempera ture  either in ammon ium 
citrate solutions (0.5 or 2% by weight) or in ammo-  
n ium borate solutions (0.5% by weight, pH kept  at  9 
by ammonium hydroxide additions).  Exactly the same 
results were obtained whatever  the solutions, thus in  
what  foUows, the electrolytes used will not be specified. 
Anodizations were performed using an anode assembly 
described elsewhere (20). in  which a 1 cm~ surface is 
delimited by  a pressed Teflon O-ring. In  the case of 
M1]CSZ and MllM2!CSZ structures, an ohmic contact 
was made with a conducting Ag paste on the back side 
of the A1 or Si substrate. When metall ic layers were 
deposited on top of CSZ films (SiIMIICSZ!M2 struc-  
ture~), in order to anodize these metall ic layers, we 
established outside the area in contact with the electro- 
lyte an electrical contact (with Ag conducting paste) 
between the substrate and the metall ic layers. Let us 
notice that  it  was not possible to anodize the metall ic 
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layers on top of CSZ without the short circuit between  
these layers and the substrate. Hence we can exclude 
the presence of defects in  CSZ layer  which allowed the 
deposited metal  layers to contact the substrate, so the 
CSZ takes par t  in the subsequent  an0dization. Due to 
possible roughness effects at the CSZ-M2 interface, we 
cannot ascertain that  ali the deposited layer  on top of 
CSZ was anodized without  leaving unanodized metal  
islands. However, the same resul ts  were obtained for 
Si[MIlCSZlM~ as well  as for MIICSZIM2 structures, 
while the roughness effects must  be more impor tant  
in the last case. Thus we can reasonably assume that  
unanodized metal  islands, if existing, are of very small  
dimensions ( <  5 nm)  and do not modify the anodiza- 
tion of the substrate. 

Analysis of samples.--Nuclear microanalysis by the 
direct observation of nuclear  reactions and of back- 
scattering particles was used to s tudy the samples 
before and after anodization. The experiments  were 
carried out using the 2 MeV Van de Graaff accelerator 
of the Ecole Normale Sup~rieure. 

The 160 content  of the films was measured using the 
160(d,p) 1~O* nuclear  reaction as described in detail by 
Amsel et al. (21). Absolute values were obtained by 
comparison with a reference target  known to within 
_+3% (22). 

Rutherford backscattering techniques were used to 
analyze the depth dis t r ibut ion of cations in the films 
and in  their anodic oxides; lateral  homogeneity was 
assumed for the in terpre ta t ion  of the spectra. The 
basic concepts and equations per ta ining to Rutherford 
backscattering spectra in terpre ta t ion  can be found in 
Ref. (23) and will not  be presented here; the applica- 
tion to the case of superimposed layers is described in 
detail in  Ref. (11). In all analyses, 4He+ ion beams 
were used and the backscattered particles were de- 
tected at 165 o angle by means of a surface barr ier  
detector (21). The energy resolution being about 14 
keV. it was possible to evaluate the depth distr ibution 
for Nb, Ta, A1, or Zr atoms in  the oxide films with a 
depth resolution of about 20 nm. 

Absolute amounts  of Nb, Ta, A1, or Zr expressed in 
a toms/cm 2 were obtained (assuming the val idi ty of 
the Rutherford law) by comparison with a Ta film 
taken as a s tandard (24). The film thicknesses will be 
given in  nanometers,  the equivalence a toms/cni  ~ -- 
nanometer  be ing  obtained by assuming, respectively, a 
density of 4.74 for Nb205 (25), 8.04 for Tab.e5 (25), 
3.17 for A1208 (26), and 5.32 for CSZ [deduced from 
Ref. (17) ]. 

Results and Interpretation 
In order to describe our results on ionic movements  

under  high electric field in terms of microscopic t rans-  
port mechanisms, we use the concepts of oxygen and 
cationic t ranspor t  events  [see for details p. 1551, Ref. 
(11) ]. By the term of cationic (or oxygen) t ransport  
events, one means the sequence of e lementary  jumps 
of one or more cations (or oxygen) which results in 
a t ransport  of charges from their creation point  to that 
of their recombination. 

During the anodization of metals covered with a thin 
CSZ film some stresses can be develoued at the metal  
oxide-CSZ interface, due to the increase of volume of 
the under ly ing  metal  oxide (Pi l l ing-Bedworth  ratio 
equal to 1.6 or 2.5 for A1 or Ta for example) .  The duc- 
t i l i ty of an0dic oxides is known to be very high (27): 
this should make easier the displacement of the CSZ 
]aver located on the top of growing metal  oxide. But  
this last phenomenon is not associated with an ionic mi-  
grat ion and so will  not be taken into consideration in 
what  follows. 

Relationshi?3s between oxidatio,n ?~otentia~ V and time 
t: V _-- f ( t ) . - -F igure  1 shows some typical curves ob- 
tained by recording oxidation potential  as a function of 
time dur ing the anodization of Ta substrates covered 
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Fig. 1. Oxidation potential V as a function of time during 
anodization at ~1 .3  mA/cm 2 current density at a 23~ tempera- 
ture for Ta substrates covered with thin CSZ films of various 
thicknesses: (a) 40 nm, (b) 80 nm, (c) 270 nm. 

with CSZ thin films. The three curves of Fig. 1 were 
obtained for various thicknesses of the CSZ layer; these 
experiments  were carried o u t a t  23~ temperature  with 
a current  density of ,~1.3 m A / c m  ~. 

Two l inear  regions can be distinguished on the three 
curves; the first region corresponds to a rapid poten-  
tial increase, while the slope observed at high potential  
is the same as the one measured in the case of pure 
TafO~ growth. The nonabrup t  t ransi t ion be tween these 
two regions may be due to the roughness of the Ta-  
CSZ interface. As a slight thermal  oxidation of the Ta 
substrate was observed (17) dur ing CSZ film deposit, 
we cannot exclude some lateral  inhomogenei ty  of the 
t an ta lum oxide thickness which could increase the 
roughness of the CSZ]Ta interface; let us notice that  
for AIlCSZ samples this t ransi t ion region practically 
disappears. 

The intercept  of the two straight lines determines an 
oxidation potential  V~ which was taken as a measure 
of the potential  drop in the CSZ layer. Since the thick- 
ness d of the CSZ films is determined by backscat ter-  
ing measurements  (see exper imental ) ,  we can evaluate 
the mean field Ee• in the CSZ layer  by Eexp -- Vl/d. 
The l inear  increase of the potential  drop V~ as a func-  
tion of the thickness of the CSZ layer  excludes any  
artifacts due to the possible presence of pores in the 
deposit. 

The same values of V1 were obtained dur ing  the 
anodization of A1 or Nb substrates covered with thin 
CSZ layers of the same thicknesses. This shows that  no 
appreciable influence of the substrate has been evi- 
denced in these experiments.  

In  Table I. we present  the values of the electric field 
Eexp in the CSZ layers at various current  densities and 
for a temperature  of 23~ These values are mean  
values obtained by more than ten measurements  per-  
formed either on TalCSZ or AI[CSZ systems. The values 
of the theoretical electric field Eth obtained from the 
expression 
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Table I. Values of the electrlc field Eexp in CSZ layers and in 
pure ZrO2 as a function of current density; Eth calculated 

following Eq. [1] 

Eexp X 10 6 Eexp X 10 e 
Current  V / c m  in Eth x 10 e V / c m  in  
dens i ty  CSZ V / c m  ZrO~ 

0.1 m A / c m  2 3.5 • 0.3 19.12 3.6 
1 m A / c m  2 4.3 • 0.4 21.39 4 

1O m A / c m  2 5.5 ~- 0.5 23.65 4,3 

W -  qaEth 
i -- 2an~q exp [1] 

K T  

as described in  the in t roduct ion are presented in  Table 
I. The values of the electric field dur ing anodization 
of zirconium, i.e., in  pure  anodic ZrO2, for the same 
exper imental  conditions, are also given for comparison 
(28). 

Table I shows that  Eexp i n  CSZ, which increases when 
i increases is always much lower than  Eth. The differ- 
ence between Eexp and Et.h cannot be explained by our 
exper imental  uncertaint ies  on Eexp which are of the 
order of 10%. These uncertaint ies  preclude a precise 
determinat ion of the Eexp -- f (log i) relationship. How- 
ever, it  seems that  Eexp in  CSZ does not  increase 
l inear ly  with log i. Such an effect is also observed in 
pure anodic ZrO2 (28) for high current  densities. The 
values of the electric field in CSZ and in ZrO2 are 
similar  f o r  current  densities of 0.1 and 1 m A / c m 2 
and are different for 10 m A / c m  2. As most of the results 
presented in  this work were obtained at cur rent  densi-  
ties of about  1 m A / c m  2, i n  what  follows we shall con- 
sider CSZ films like zirconia anodic oxides, i.e., with 
t + ~-~ 0 (10). 

Note that  this assumption (i.e., CSZ behaves like 
ZrO2 anodic oxide) has been checked by  experiments  
on oxygen movement  which evidenced a part ial  in -  
version of the oxygen atom order in  CSZ layers (29) 
dur ing  anodization of under ly ing  metall ic layers, l ike 
for pure zirconium anodization (28). 

Ano,dizat ion of M e t a I l C S Z  s y s t e m s . - - F i g u r e s  2 and 3 
represent, respectively,  typical backscattering spectra 
for TalCSZ and AIICSZ samples before and after 
anodization. In  Fig. 2 the Zr spectrum is Shaded, and 
the area of this spectrum does not change after anodi-  
zation. This means that  no dissolution from the CSZ 
layer  occurs. In  Fig. 3, the Zr, Hf, and Ca spectra which 
are clearly separated and isolated from A1 background, 
are exactly the same before and after anodization. Thus 
it may  be concluded that  there is no dissolution of any 
cationic consti tuents of the CSZ layer. 

Two plateaus are observed on the Ta spectrum after 
anodization (see Fig. 2); p la teau 1 corresponds to Ta 
atoms in the Ta oxide layer  while plateau 2 corresponds 
to unoxidized Ta atoms. As the ratio of plateau heights 
is the same as the one obtained in  the case of pure Ta 
anodization, i t  can be assumed that  pure Ta20~ is 
formed during the anodization of TalCSZ systems. 
Similar  conclusions for A1 are obtained from the anal -  
ysis of the A1 spectrum in  Fig. 3. Hence, the anodic 
oxidation of metal  ICSZ systems leads to the formation 
of stoichiometric metal  oxides. 

The width of the front edge of the Ta (or A1) spec- 
t rum after anodization in  Fig. 2 (or 3) is practically 
the same as the corresponding width before anodiza- 
tion. Note that  the arrows in all figures indicate the 
position of elements on the surface of samples. This 
result  demonstrates that  metall ic atoms did not enter  
the CSZ layer  dur ing anodization wi thin  our experi-  
menta l  resolution (about 20 ran).  Let us notice, how- 
ever, that we do not exclude a slight mixing between 
the metall ic layers and CSZ dur ing the deposit of the 
latter; the magni tude  of such a mixing  may be a func-  
tion of the deposition conditions (17). The in terpre ta-  
tion of these results, based on the necessary assump- 
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Fig. 2. Rutherford baekscattering spectra of 1.6 MeV 4He+ ions 

(3.2 keV/channel) for a CSZ film (48 nm) deposited on Ta sub- 
strate: before anodization (solid l ine)and after anodizotion (-) 
at V = 180V and i ~ ] mA/cm 2. The arrows indicate the position 
of elements at the surface of the sample. 

~2 
0 

9 Ixl 

m 

- -  as  depos i ted  

�9 V = 200 v o l t s  

01 t 
150 200 

Ca edge 

AI edge ]~ 

250 300 
C H A N N E L S  

i H/ edge 

400 z,50 

Fig. 3. Rutherford backscattering spectra of 1.8 Mev 4He+ ions 
(3.3 keV/channel) for a CSZ film (53 nm) deposited on AI sub- 
strate: before anodization (solid line) and after anodization (.)  at 
V = 200V and i ~ 1 mA/cm 2. For arrows see Fig. 2. 

tion of current  cont inui ty  can be sought in the frame 
of one of the two following assumptions: 

(1) The transport  number  of cations (t + ) is the same 
in each layer, i.e., in the CSZ layer  and in  the under ly -  
ing metal  oxide, the value of t + being determined by 
the mechanism of inject ion of t ranspor t  events at the 
interfaces (oxide-solution o r  meta l -oxide  interface) .  
This hypothesis means that  the fluxes of anionic and 
cationic t ransport  events are preserved through all the 
film (i,e., in the CSZ layer and in the metal  oxide). 

(2) The value of t + is different in  the CSZ layer  and 
in the under ly ing  metal  oxide. This hypothesis means 
that t + may be an intrinsic proper ty  of each layer, 
which does not  depend on the other  layers nor  on the 
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position of the layer. In  this case the t + values should 
be equal to 0.25 and 0.4 ia  Ta~O~ and in  AI~Os layers 
(6, 9), respectively, and to zero in  CSZ layer. 

The results presented on Fig. 2 and 3 can be ex-  
plained by both assumptions. Let us now analyze the 
mechanisms of ionic movement  involved in  these two 
cases. 

Two different mechanisms may be considered for the 
first hypothesis: 

(a) The inject ion of point  defects is determined by 
the na ture  of the oxide-solution interface. In the case 
of CSZ-solution interface, due to the properties of CSZ 
(t + ---- 0), it is logical to assume that  only oxygen 
transport  events are injected, i.e., the cationic current  
J~ is thus equal to zero in  CSZ and in  the under ly ing  
metal  oxide (Fig. 4a). Following this mechanism (a) 
the anodization of Ta or A1 substrates covered with a 
thin CSZ layer  involves only oxygen movement.  

(b) The inject ion of point defects is determined by 
the na ture  of the metal -oxide  interface. In  the case of 
AllA12Os or TaITa20~ interfaces, both oxygen and 
cation t ransport  events are observed (t+ ~- 0) (6, 9) 
dur ing the anodization of pure meta]s. According to 
this fact, in the f rame of this mechanism (b) oxygen 
and cation movements  must  be preserved through the 
whole oxide, i.e., in  the under ly ing  metal  oxide and in 
the CSZ layer  (Fig. 4b). Thus cations move in the 
metal  oxide and in the CSZ layer. As no broadening of 
the oxide-CSZ interface is observed, this cationic 
movement,  if it takes place, must  lead to the conserva- 
tion of the order of cations. This is possible with some 
assumptions on the various jump probabili t ies of 
cations like those developed for Ta and Nb in a pre-  
vious paper  (11). In  fact, to obtain the conservation 
or the order of cations, we must  assume that  the jump 
probabi l i ty  of Ta or A1 cations (Pwa or PAl) are lower 
than that  of Zr (Pzr), Ca (Pca), and H f  (PHi). More- 
over, since no relat ive movement  of Zr, Ca, and I-If 
occurs (the cation dis t r ibut ion in  CSZ film does not 
change after anodization, see Fig. 3), we must  assume 
that  Pzr = Pca = PHi. Owing to the properties of CSZ 
previously defined, and to the fact that Zr cations do 
not seem to take part  in  the ionic current  dur ing Zr 
anodization (10), this mechanism (b) appears ques- 
tionable. 

The mechanism of ionic movement  involved by  
hypothesis (2) is schematically presented on Fig. 5. In  
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this case, cationic and anionic movements  exist in  the 
under ly ing  metal  oxide (Jc ~ 0 and t + v ~ O) while 
there is only oxygen movement  in the CSZ layer  (Jc = 
0 and t § = 0). With this hypothesis metall ic atoms do 
not enter  the CSZ layer  and thus this means that  metal  
oxide must  be formed part ia l ly  at the oxide-CSZ in ter -  
face. 

Anodization of MIIM21CSZ systems.--To establish 
whether  cationic movements  take place in tl~e under ly -  
ing metal  oxide, anodization of NbNTaICSZ systems 
was carried out. Figure 6 represents backscattering 
spectra obtained on such systems before and after 
anodization. As a result  of the preceding experiments,  
these spectra were analyzed assuming that no dissolu- 
tion of Zr occurs dur ing oxide growth; therefore the 
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profiles in the oxide. For arrows, see Fig. 2. 
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Zr spectrum is shaded with a constant overall  area on 
each  figure. The front  edge of the Ta peak before and 
after  oxidation on Fig. 6a is located at the same en-  
ergy, lower than  for Ta atoms located at the surface of 
the sample (shown by  the arrow Ta edge). This shift 
is due to the presence of the CSZ layer  and means 
that  Ta atoms did not  enter  the CSZ layer. On Fig. 6a 
two regions A and B can be defined in  the Nb spectrum 
after anodization. Region A corresponds to Nb atoms 
which have entered the Ta oxide and thus have formed 
a Ta and Nb oxide mixture,  while region B corresponds 
to the remain ing  oxidized Nb atoms [see Ref. (11) for 
details]. The corresponding Nb depth dis t r ibut ion in  
the oxide is schematically presented in  the inser t  of 
the figure and it shows that  Nb atoms have crossed 
the inner  edge of the Ta atom distribution. This fact 
is evidence for cationic .movements in the metal  oxide 
under ly ing  the CSZ layer. The behavior  of Nb and Ta 
cations dur ing  oxidation of NblTalCSZ systems appears 
qual i ta t ively s imilar  to that  observed dur ing  Nb]Ta 
anodization (11). 

Figure  6b is obtained at a higher oxidation potential.  
The area of region A of the Nb spectrum increases 
when  the potential  increases. This means that  more 
and more Nb Cations penetrate  into the Ta oxide layer  
as anodization is pursued. This is checked by the fact 
that the f ront  edge of the Ta peak is broadened when 
the potent ial  increases. It  was already observed for 
NblTa anodization (11). Moreover the Ta peak is not 
shifted toward high energies, this means that  the Ta 
atoms do not enter  the CSZ layer. Hence the broaden-  
ing of the front  edge of the Ta peak (Fig. 6b) is only 
due to the increase in  Nb concentrat ion at the metal  
bxide-CSZ interface. Penet ra t ion  of Nb cations into the 
CSZ layer  cannot  be detected on the Zr or Nb spec- 
trum, bu t  the analysis of the Ta spectrum (shift of the 
peak to lower energies and broadening of the f ront  
edge) indicates that  this Nb penetrat ion,  if it  occurs, 
must  be so weak that  we cannot  detect it wi thin  our 
exper imenta l  sensitivity. In  what  follows, we shall 
thus assume that  Nb cations, l ike Ta or A1 cations, do 
not enter  into the CSZ layer  dur ing  anodization. 

The Nb depth dis t r ibut ion in the oxide is schemati-  
cally represented in  the insert  on Fig. 6b. T h e v a r i o u s  
parts of the oxide film are hence: (i) a pure Nb205 
layer  at the metal-oxide interface (region B) ; and (ii) 
a region containing both Nb and Ta cations (region A). 
In  this la t ter  region the Nb concentrat ion is m a x i m u m  
at the oxide-CSZ interface and then drops i n  the bulk  
down to a value :which remains  constant  unt i l  region 
B is reached. These results demonstrate  that  cationic 
movements  exist in  the under ly ing  metal  oxide, and 
are consistent with the idea that  Nb atoms do not cross 
the oxide-CSZ interface. Moreover, al though no precise 
measurement  of the fraction of the oxidized Nb atoms 
located in  region A [i.e., Ft in Ref. (11)], was carried 
out, the results obtained on this system are similar  to 
those observed on NblTa samples. 

These results allow us to e l iminate  the first mech-  
anism of hypothesis (1) (only oxygen movement  
through all the film), since oxygen movement  cannot  
lead to a cation mixing. Let us notice that they can be 
explained by the second mechanism of hypothesis (1), 
if we assume that  the jump probabil i t ies of Nb and Ta 
cations (PNb and Pwa) a r e  lower than  that  of Zr (Pzr) 
so that  Nb or Ta cations do not significantly penetrate  
in  the CSZ layer. On the other hand the results are 
in good agreement  with hypothesis (2), i.e., the t rans-  
port  number  of cations is an intr insic proper ty  of each 
layer. 

Anodization of M[CSZ]MIIMz systems.--In order to 
establish whether  cationic movements  take place in  
metal  oxides located above a CSZ layer, i.e., at the 
oxide-solut ion interface, and in  the under ly ing  CSZ 
layer, the anodization of AIlCSZINblTa systems was 
studied. 
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Figure 7 represents backscattering spectra after 
anodization at various potentials of an A1 substrate 
covered with a CSZ layer  (30 nm) ,  itself covered with 
a 55 nm thick Nb layer  on which a Ta film (22 nm)  
was deposited. O n  each figure, the Zr spectrum is 
shaded with a constant  overall  area. Figure  7a cor- 
responds to an oxidation potential  equal to 160V for 
which the Ta and Nb layers are ful ly oxidized, the 
potential  drop in  CSZ is established and the A1 sub-  
strate just  begins to be anodized. Due to the cationic 
movements  dur ing the anodization of Nb and Ta 
layers, Nb atoms have crossed the inner  edge of the 
Ta atoms distribution, and thus have formed an  Nb 
and Ta oxide mixture.  These Nb atoms correspond to 
region A of the Nb spectrum, while region B corre- 
sponds to the remaining  oxidized Nb atoms. The inser t  
in  the figure represents schematically the Nb depth 
profile in  the near  surface region of the film, as de- 
duced from the spectrum. 

On Figure 7b and c, the backscattering spectra corre- 
spond to the anodization of the A1 substrate at higher 
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potentials .  The compar ison of these two figures wi th  
Fig. 7a shows that  the a rea  of region A of the  Nb 
spec t rum increases wi th  oxida t ion  potent ial .  This  
demonst ra tes  tha t  Nb cations go on enter ing  the Ta 
oxide  layer  wha teve r  the  potent ial .  A t  the same time, 
the A1 subs t ra te  is oxidized and A1203 is fo rmed as the 
corresponding p la teau  can be observed in the A1 spec-  
t rum. These resul ts  evidence cationic movements  in 
the Nb and Ta oxide region,  located above the CSZ 
layer ,  dur ing  the anodizat ion of the A1 substrate.  I t  
mus t  be emphasized tha t  cationic movements  Occur 
whi le  the Nb and Ta oxide mix tu re  is separa ted  f rom 
the A1 subs t ra te  by  the CSZ layer .  

The analysis  of the spec t ra  shown on Fig. 7 is con- 
s is tent  wi th  the idea  that  Zr atoms (of the CSZ layer )  
have  not  en te red  the Nb oxide layer ,  and  thus inser ts  
in Fig. 7b and c represen t  schemat ica l ly  the Nb depth 
profile in the oxide with  a sharp  bounda ry  at  the  in-  
terface wi th  the CSZ layer .  

The assumpt ion of no pene t ra t ion  of Zr cations in  the 
meta l  oxide was checked by  exper iments  car r ied  on 
NblCSZITa samples.  Af t e r  anodization,  the  Ta205 
layer  a t  the  oxide-so lu t ion  in ter face  and the NbzO5 
laye r  at  the me ta l -ox ide  in ter face  were  separa ted  by 
the CSZ laye r  wi thout  pene t ra t ion  of Zr cations into 
the Ta205 layer .  

Another  poin t  to notice about  Fig. 7 is tha t  the f ront  
edge of the A1 spec t rum is wider  than  tha t  observed on 
Fig. 3; however,  as the oxidat ion  potent ia l  increases, 
no fu r the r  b roadening  occurs. This p robab ly  means that  
dur ing  the deposi t  of the  CSZ laye r  some mix ing  wi th  
the A1 subs t ra te  occurred,  but  dur ing  the anodizat ion 
process no A1 atoms entered  the CSZ layer .  On the 
three  spect ra  the areas  of the  Nb and of the Ta com- 
ponents a re  constant;  thus there  is no apprec iab le  dis-  
solut ion of Nb or  Ta dur ing anodic oxidation.  

These results  a l low us to e l iminate  mechanism (b) .  
In  fact  in the  f rame of this mechanism,  the  cat ion 
movements  evidenced in the Nb and Ta oxide mix tu re  
must  be p rese rved  in the whole oxide. In  o rder  to ex -  
p la in  the preserva t ion  of the order  of cations be tween  
the CSZ laye r  and the Nb and Ta oxide mixture ,  one 
mus t  assume that  PTa and PNb are  h igher  t h a n  Pzr. A 
contradic t ion appears,  since in the f rame of mechanism 
(b) the preceding resul ts  (anodizat ion of NblTaICSZ 
systems) have been  expla ined  assuming Pwa and Psb < 
Pzr. AS the mechanism (a) was e l imina ted  previously,  
i t  appears  that  the hypothesis  (1) [assuming the pres -  
e rva t ion  of t r anspor t  events th rough  the whole  oxide]  
is in contradic t ion wi th  our  exper imen ta l  resul ts  and 
must  be el iminated.  I t  means  tha t  the cat ion const i tu-  
ents of CSZ l aye r  (Zr, Ca, and Hf) do not  move dur ing 
anodizat ion whi le  ca t i on i c  movements  t ake  place  in 
the meta l  oxide  layers  located e i ther  on the  top or  
under  the CSZ layer .  These resul ts  are  in good agree-  
men t  wi th  hypothesis  (2) which assumes that  the 
t r anspor t  number  $+ is an int r ins ic  p r o p e r t y  of each 
layer .  

The resul ts  of this l a s t  expe r imen t  can be com- 
pared  to those ob ta ined  dur ing  the anodizat ion of A11 
Nb]Ta systems (30) in which dur ing  the oxidat ion  
of the A1 substrate,  the Nb and Ta cation d is t r ibu-  
tion, in  the oxide mixture ,  goes on changing as the  
oxida t ion  poten t ia l  increases.  These resul ts  were  i n :  
t e rp re ted  (31) assuming that  cat ion t ranspor t  events, 
coming from the under ly ing  pure  A12Oz l aye r  a re  p re -  
served in the whole oxide, i.e., move  through  the mixed  
Ta and Nb oxide  by  a ne ighbor - to -ne ighbor  type  p rop-  
agat ion process. Since the same resul ts  are  obta ined on 
A11CSZ]NbITa systems, we can conclude tha t  the  p res -  
ence of the CSZ layer ,  in  which only oxygen  moves, 
does not e l iminate  cationic movements  by  a ne ighbor-  
to -ne ighbor  jump  in the  Ta and Nb oxide mix tu r e  at  
the oxide  solut ion interface.  

Very  s imi lar  resul ts  were  obta ined dur ing  the anodi -  
zation of A1]CSZINb]AI system, i.e., the cat ion d is t r i -  
but ion in the oxide in the near  surface region of the  

film undergoes  s t rong changes whereas  the  A1 sub-  
s t ra te  is oxidized as i t  is observed for the A1]NbIA1 
sys t em (29). In  this case also, no pene t ra t ion  of Zr  
cations in the mixed  oxide was evidenced.  

F igure  8 represents  schemat ica l ly  the  ma in  conclu-  
sion d rawn  from these exper iments :  the t r anspor t  
number  of cations t + changes f rom one par t  of the 
film to another ,  t + is equal  to zero in the CSZ layer ,  
while  there  is cationic movemen t  (t  + r 0) in  the 
meta l  oxide at  the  oxide-so lu t ion  interface.  Hence 
ionic cur ren t  is t r anspor ted  by  cat ion and oxygen  in 
the outer  pa r t  of the film whi le  there  is only  oxygen  
movement  in the CSZ layer .  

Anodization oJ M1 ]Mzl CSZIM'I ]M'z systems.--All the 
preceding expe r imen ta l  resul ts  a re  in good agreement  
wi th  hypothesis  (2). In  o rde r  to fu r the r  confirm the 
va l id i ty  of this hypothesis ,  we have  s tudied the cat ion 
d is t r ibut ion  in oxides fo rmed  by  anodizat ion of Nb I 
AI lCSZINblTa systems. I t  was expected  tha t  cationic 
movements  had to take  place in meta l  oxides above 
and below the CSZ layer ,  whi le  in the CSZ l aye r  only 
oxygen movements  have to t ake  place. 

F igure  9 represents  backsca t te r ing  spect ra  f rom 
NblA1 (20 nm)ICSZ (85 n m ) l N b  (36 nm)  lTa (14 nm)  
systems oxidized at, two oxidat ion  potent ials .  On the 
two figures, the Zr  and Ta contr ibut ions are  shaded 
while  the two Nb par ts  corresponding to the Nb l aye r  
above the CSZ and to the  Nb subs t ra te  a re  labe l led  
Nb(1)  and Nb(2) .  F igu re  9a corresponds to an ox ida -  
t ion potent ia l  equal  to 100V, for  which  the Ta and Nb 
layers  a re  fu l ly  oxidized, pa r t  of the potent ia l  drop in 
the CSZ laye r  is es tabl ished whi le  the A1 l aye r  and 
the Nb subs t ra te  a re  not  oxidized. As a resul t  of 
cationic movements  dur ing  the anodizat ion of Ta and 
Nb layers ,  Nb atoms have  crossed the inner  edge of the 
Ta a tom dis t r ibu t ion  and thus have formed the  Ta 
and Nb oxide  mix tu re  at  the  oxide-so lu t ion  interface.  
These Nb atoms correspond to region A of Nb(1 ) ,  
while  region B of Nb (1) corresponds to the remain ing  
oxidized Nb atoms. The inser t  in the figure shows sche- 
mat ica l ly  the Nb depth  profile in  the  near  surface  r e -  
gion of the oxide. 

F igure  9b corresponds to  a potent ia l  equal  to 200V 
for which the A1 l aye r  and  the Nb subs t ra te  under ly ing  
the CSZ layer  are  oxidized. This figure shows tha t  
the a rea  of pa r t  A of Nb(1)  has increased;  this indi -  
cates tha t  Nb atoms have en te red  the Ta oxide layer  
dur ing the anodic oxidat ion  of meta l l ic  layers  unde r -  
ly ing  the CSZ film. This resul't is ident ica l  to tha t  ob-  
ta ined in the preceding  exper iments  and can be in te r -  
p re ted  by  the fact  tha t  cationic movements  take  place 
in the oxide near  the  ox ide-so lu t ion  in ter face  whereas  
the subs t ra te  is oxidized. Two regions (A'  and B') can 
be dis t inguished on Nb (2) spectrum. Region B' r ep re -  
sents Nb atoms in a pu re  Nb205 l aye r  at  the  me ta l -  
oxide  interface,  whi le  region A '  corresponds to Nb 
atoms which have Crossed the inner  edge of the  A1 
atoms d is t r ibut ion  and thus have formed an Nb and A1 
oxide mixture .  This resul t  is s imi lar  to" that  obta ined  
dur ing  the  anodic oxida t ion  of the NbIA1 sys tem (12). 
The inser t  on the figure schemat ica l ly  represents  the 
Nb depth  profile in the  film. The two Nb dis t r ibut ions  
(under  and above the C S Z  layer )  a re  shown wi th  
sharp  bounda r i e s  wi th  the CSZ layer ,  i.e., assuming, 
as above, no pene t ra t ion  of Zr  cations in the  Nb and 
Ta oxide mix tu re  super imposed  on the CSZ layer ,  and 

I I ox,o  
METAL OX IDE  ~ . . . . . . .  ot 'V'~- . . . . . .  ~ u ~ , o n  

Fig. 8. Schematic representation of ionic movements during the 
anodization of Metal I CSZ I Metal systems with different values of 
t + in CSZ and in the metal oxide at the oxide solution interface. 
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(3.5 keV/channel) for multi superimposed layers on Nb substrate: 
Nb lA I (20  nm) I CSZ(85 rim) I Nb(36 nm) I Ta(14 nm) anodized 
at i ~ 1 mA/cm 2 at different potentials: (a) V ~ 100V, (b) V 
200V. The inserts represent the corresponding schematic Nb depth 
profiles in the oxides. For arrows, see Fig. 2. 

without  penet ra t ion  of Nb coming from the under ly ing  
layer  into the CSZ layer. 

These results fully confirm the preceding results 
and are in  agreement  with hypothesis (2): cationic 
movements  take place both under  and above the CSZ 
layer  dur ing the anodization of the substrate. Figure 
10 schematically represents  this conclusion:  the t r a n s -  
port n u m b e r  of cations t + depends on the na ture  of 
each layer  while cations move in  the metal  oxide 
located above and below the CSZ layer.  Note that the 
confirmation of hypothesis (2) needs the knowledge 
of the values of t + in  metal  oxides overlying or under -  
ly ing the CSZ layer. Our exper imental  conditions do 
not allow us to measure precise values of Ft, i.e., the 
t ranspor t  n u m b e r  of cations in  the Nb and Ta oxides 
located over and under  the CSZ layer  (11). Thus, at 
the present  time, it is not possible to quant i ta t ive ly  
compare these Ft values to that  measured dur ing pure 
NblTa anodization. However, work is in  progress to 
check hypothesis (2), since we have realized a com- 
put ing  calculation of backscat ter ing spectra which al-  
low us. to precisely determine the cation dis tr ibut ion 
in  the oxide films. Results of this s tudy will  be pub-  
lished in  a la ter  paper. 

Discussion and Conclusions 
In  this work  we have shown that i t  is possible to 

anodize metall ic substrates (Nb, Ta, or A1) covered 

I OXIDE A C SZ OXIDE B ~ - - ~ . ~ ' ~  
l t *#0  t *=O 

c 
METAL jc~_O_~,y, ,~, . . . . . . . . .  ~ ~',---J~:.-# . . . .  

J c :  0 

r eanodizat ion ,,,' ", 

~' XlDE CSZ ~_~DE B 

M E T A L I / / /  r GROW~/~H .~'~1 OECoOx~PoOSTON [~uXtt'~'~n ~ 

Fig. 10. Schematic representation of ionic movements during the 
anodization of Metal lCSZIMeta l  systems with different values 
of t + in each layer, leading to oxide A growth while thicknesses 
of the CSZ layer and of oxide B are preserved. 

with CSZ th in  films. The growth rates of oxide on me-  
tallic substrates in  metalLCSZ systems are similar  to 
those observed f o r  pure  metals, and the current  field 
relationship in  CSZ appears similar  to the one ob-  
served dur ing pure Zr anodization. The anodization of 
MIlM~]CSZ or MIlM~ICSZIM'llM'2 systems gives the 
exper imental  proof that  cation movements  take place 
in metal  oxides located above and below the CSZ layer. 
Moreover, all  these results are consistent with the idea 
that  only oxygen atoms move through CSZ films, i.e., 
the cationic consti tuents of CSZ do not  take par t  in 
ionic current .  These results seem to indicate that  the 
mechanism of high field conduction in  CSZ film is 
similar to that  of pure anodic ZrO~ in  which the t rans-  
port number  of oxygen is above 0.95 (10). This means 
that  the introduct ion of 12 atomic percent  of Ca to 
stabilize the fluorite s t ructure of ZrO2 does not  notably  
affect the high field ionic conduction in  zirconia oxide. 
Two possibilities appear in  order to explain this last  
point: (i) anodization of Zr leads to the formation of a 
highly conducting phase, s imilar  to the one obtained 
by inclusion of CaO in  ZrO2. In  this case, according to 
the presence in  CSZ of a high oxygen vacancy concen- 
tration, oxygen ion movement  takes place by a va-  
cancy- type mechanism; ( i i )  oxygen ion movement  
does not take place by vacancy- type  mechanism, 
nei ther  in  pure ZrO2 film nor in  CSZ film, in  spite of 
the presence in CSZ of a high oxygen vacancy concen- 
t rat ion with a low activation energy of movement  (1.2 
eV): 

In  hypothesis (i), one must  expla in  the disagree- 
men t  between Eth and Eexp (Table I).  This disagree- 
ment  seems to disappear if we use an effective field 
Eeff instead of the one of Maxwell,  i.e., the exper imen-  
tal field (EMaxw -~ Eexp), in the relat ionship [1]. In  
fact in  ionic cubic crystals (32) (and the oxygen sub-  
lattice is of cubic symmet ry) ,  the following re la t ion-  
ship is valid 

e - - 1  
E e f f  " ~  E M a x w  -I- EMaxw 

3 

where ~ is the static dielectric constant, i.e., ~ = 25 for 
CSZ thin films (17). This means that  Eeff ~ 9 EMaxw, 
i.e., Eeff ~ 3.9 X 10 v V/cm for i = 1 mA/cm% A ques- 
tion arises whether  Eeff or  EMaxw (i.e., E e l )  must  be 
used in relationship [1]. Dignam has analyzed this 
question (2) and concludes that  the Maxwell  field 
must  be used; however this problem has given rise 
recently to contradictory discussions (33) which indi -  
cate that  Dignam's approach is not ful ly accepted. 

The second possibility ( i i )  based on the fact that 
oxygen movement  does not take place by a vacancy-  
type mechanism, implies that  one must  consider a 
new mechanism. Some essential features of such mech-  
anism seem to be the following: inject ion of oxygen 
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charged species at the oxide-solut ion interface, which 
migrate  by  a ne ighbor- to-neighbor  jump process, the 
activation energy of movement  being lower than 1.2 
eV. Works of Dignam (2), Fromhold (34), and Ortega 
(28) are attempts to provide at mast part ial  informa-  
tions on these migrat ion mechanisms. 

The second purpose of this work was devoted to 
study the mechanism of ionic movement  through vari-  
ous superimposed layers having different values of ca- 
tionic t ransport  numbers.  The essential results of this 
study are presented in  Fig. 10. This figure shows sche- 
matical ly the presence of oxygen and Cation transport  
events in  metal  oxides below and above the CSZ layer  
[respectively labelled (A) and (B)] ,  and only of oxy- 
gen events in the CSZ film; at s teady-state  conditions 
the total ionic current  (the electronic current  can be 
neglected) must  be preserved through the whole oxide, 
this means that  Jo(A) + Jo(A) = Jo(CSZ) : Jo(B) 
+ Jr 

From the macroscopic standpoint,  this figure indicates 
on the one hand the formation of oxide at the metal -  
oxide(A) and at the oxide (A) -CSZ interfaces, and on 
the other hand the decomposition of oxide(B) at the 
CSZ-oxide(B) interface, associated with the formation 
of the same quant i ty  of oxide (B) at the oxide (B)-soIu-  
tion interface (see Fig. 10). In  this way, the overall  
quant i ty  of oxide (B) is preserved during anodization of 
the substrate as exper imenta l ly  observed. I t  can be no-  
ticed that  according to the fact that oxide (A) and (B) 
can have different values of cationic t ransport  number ,  
the quant i ty  of oxide formed and el iminated at the in-  
terfaces of the CSZ layer  a r e  not necessarily equal. 
Thus, the role played by these interfaces appears to be 
very important.  However it should be emphasized that 
the phenomena occurring at these interfaces ( injection 
of charged species and oxide decomposition) are not 
the ra te -de te rmin ing  steps of anodic growth since we 
have shown that  the growth rates of oxide on metall ic 
substrates (Ta or A1 for example)  covered with CSZ 
films are similar to those observed for pure metal  
anodization. 

From the microscopic standpoint,  the results sum- 
marized in Fig. 10 can be discussed by using the con- 
cept o f  oxygen and cationic t ransport  events (see be- 
low). 

Two extreme assumptions may be made to explain 
ionic movements  in  such superimposed layers. First, 
it could be assumed that  oxygen and cation t ransport  
events are not distinct. There would be only one t rans-  
p o r t  event  implying the simultaneous movement  of 
cations and anions. Thus, at a molecular  scale, both ca- 
tions and oxygen move in a ratio equal to the t ransport  
number  which is a measure, at the macroscopic scale, of 
this movement  and which appears as an intr insic prop- 
er ty  of each oxide. In  this frame, the results could be 
interpreted by assuming that  each oxide layer  pre-  
serves its own transport  number .  The microscopic jump 
process which can sustain this proposition could be 
searched in a similar way as that  suggested by From-  
hold (34), i.e., some sort of place exchange mechanism. 

At the interface between the crystal l ine CSZ and the 
amorphous metal  oxide, some rea r rangement  of the 
s tructure has to occur. This can be obtained by taking 
into consideration the proper ty  of plasticity (25) of 
anodic oxides related to their  amorphous nature.  I t  is, 
however, difficult to explain with such a mechanism the 
abser~ce of noticeable mixing  at the two interfaces of 
CSZ. 

The other~extreme assumption is that  the oxygen and 
cation t ransport  events are distinct (note that  this does 
not mean  that  we consider these two charge t ranspor t  
events as independant  since we have shown that a 
strong correlation exists (13) between oxygen and ca- 
t ion jump probabi l i ty  dur ing anodic oxide growth. It  
appears, in this frame, that  the role played by interface 
2 is fundamental .  In  fact, at this CSZ-oxide(B) in ter -  
face, the following processes must  occur: inject ion of 

oxygen charged species in  the CSZ layer, and s imul-  
taneous generat ion of cationic t ransport  events in the 
oxide (B). At the interface 1, the total cur rent  is due to 
oxygen inject ion in a way similar to the one taking 
place at an oxide-l iquid electrolyte interface, CSZ act- 
ing thus as a solid electrolyte. Oxygen transport  events 
have to exist in  the whole oxide, but  the associated 
charge q -  can be different in the CSZ layer and in 
metal  oxide. For example at interface 2, oxygen t rans-  
port events may be in  the form of interst i t ialcy O -  in 
oxide(B) and in the form O e-  in  CSZ layer. The current  
continuity,  and the cont inui ty  of oxygen fluxes imply  
that a cationic charge M + has to be created at this in-  
terface. Here enough plasticity of anodic oxides must  
be assumed to explain the necessary rea r rangement  of 
the s tructure at the interface. In this assumption, the 
t ransport  number  in metal  oxide(B) will be deter-  
mined by the na ture  of the CSZ-metal  oxide(B) in-  
terface. In  the fu ture  work, we wil l  t ry  to answer this 
question. 
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On the Mechanism of Electrodeposition in the 
Dimercaptothiadiazole/Copper Pyrophosphate System 
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ABSTRACT 

Cyclic vol tammet r i c  s t r ipping  resul ts  are  p resen ted  which show tha t  a 
dynamic  equ i l ib r ium exists in the d imercapto th iad iazo le  (DMTD) /coppe r  
pyrophospha te  sys tem involving a species which accelerates  the copper  deposi-  
t ion rate,  a dece le ra t ing  species, Cu +2 ions, and o ther  ba th  consti tuents.  The 
e x p e r i m e n t a l  da ta  are  wel l  exp la ined  by  assuming that  the accelera tor  is the 
copper -complexed  DMTD monomer  species, whereas  dece lera t ion  is p roduced  
by the DMTD dimer.  A model  is p resented  which  expla ins  the  addi t ive  effects 
in t e rms  of a cr i t ical  ba lance  be tween  the nucleat ion of new growth  centers  
by  the accelera t ing  addi t ive  species and copper ammine  complexes,  and the 
l imi ta t ions  on growth  imposed by  the dece lera t ing  addi t ive  species which  func-  
tions by  blocking growth  sites. Based on this model,  which  is suppor ted  by  a-c  
impedance  da t a  and morphologica l  studies, the impor t an t  deposi t  p roper t ies  
can be unders tood  and predicted.  

Copper  pyrophospha te  e lec t ropla t ing  baths  conta in ing 
d imercap to th iad iazo le  level ing addi t ives  (1,2) are  
wide ly  used in appl icat ions  for which  th rowing  power,  
tensi le  s t rength,  a n d d u c t i l i t y  are  impor t an t  con- 
s iderat ions,  as in e lec t roforming and the p la t ing  of 
th rough-ho le  interconnect ions  in high re l i ab i l i ty  c i r -  
cuit  boards.  Our  previous  work  (3) has shown tha t  
addi t ives  of this class funct ion in a complex way,  de-  
ce lera t ing the  copper  deposi t ion ra te  a t  h igher  con- 
centra t ions  whi le  exe r t ing  an acce lera t ing  effect at 
lower  levels. Such dual  dece le ra t ing /acce le ra t ing  be -  
hav ior  resul ts  in enhanced level ing power,  bu t  also 
under l ies  a s t rong dependence  of the  deposi t  un i fo rm-  
i ty  (4) and  tensi le  p roper t i e s  (5) on the  addi t ive  con-  
centrat ion.  Control  of this  sys tem is r endered  more  
difficult by  the  slow addi t ive  act ivat ion requ i red  to 
produce  dece le ra ted  deposi t ion (3). In  the presen t  
paper ,  the addi t ive  species p resen t  in copper  py rophos -  
phate  ba ths  and the mechanisms b y  which they  affect 
copper  deposi t ion are  discussed. 

Experimental Details 
System description.--Unless otherwise  no ted ,  al l  

measurements  were  made  in a i r - s a tu r a t ed  copper py ro -  
phosphate  ba ths  at 55~ containing 22.5 g / l i t e r  Cu +2, 
175 g / l i t e r  P2074-, 2.25 g / l i t e r  NH3, and up to 50 
~moles / l i t e r  of the  organic  addi t ive  2 ,5-dimercapto-  
1,3,4-thiadiazole (Aldr i ch  Chemical  Company) .  This 
pure  compound was used as the addi t ive  since i t  is 
eas ier  to control  and has been  shown (3-5) to y ie ld  
resul ts  comparab le  to those for  the p r o p r i e t a r y  fo rmu-  
la t ion PY61-H (M & T Chemicals,  Inco rpora t ed ) .  Baths 

* E l e c t r o c h e m i c a l  Society Act ive  Member. 
Key words: electroplating,  copper pyrophosphate,  additive ef-  

f e c t s ,  molecular  dynamics.  

were  p repa red  f rom concentrates  C1OXB and C11XB 
(M & T Chemicals,  Incorpora ted)  and  were  opera ted  
at  a pH of 8.3. 

The cell was P y r e x  glass wi th  a Teflon top and had  
a volume of 150 ml. Tempera tu re  was ma in ta ined  con- 
s t a n t  wi th in  ___I~ by  wa te r  c i rcula ted  th rough  a cell 
j acke t  f rom a Haake  FT c i rcu la tor -cont ro l le r .  The P t -  
40% Rh countere lec t rode  and commercia l  SCE re fe r -  
ence were  d ipped d i rec t ly  in the bath.  

Cyclic voltammetric stripping studies.--The cyclic 
vo l tammet r ic  s t r ipp ing  (CVS) method  (3) was used 
ex tens ive ly  in these s tudies  to measure  changes in the 
copper  e lect rodeposi t ion ra te  p roduced  by  addi t ive  spe-  
cies. In  this method,  the poten t ia l  of an iner t  P t  e lec-  
t rode  is cycled in copper  pyrophospha te  baths  at  50 
mV/sec  be tween  --0.700 and 1,000V vs. SCE so tha t  a 
smal l  amount  of copper  is a l t e rna te ly  deposi ted  on the 
Pt  surface and s t r ipped  off by  anodic dissolution. The 
charge requ i red  to oxidize the copper  deposit  is p ro -  
por t ional  to the  average  deposi t ion ra te  for tha t  cycle 
and is found to be r e l a t ed  to the  concentra t ion of add i -  
t ive in the ba th  when adequate  solut ion mass t r anspor t  
is provided.  The l a t t e r  is a t ta ined  b y  mount ing  the P t  
e lect rode in the  s t anda rd  d isk  configuration (6) and  
ro ta t ing  i t  at  2500 rpm. The ro ta t ing  P t  disk e lec t rode  
used for the p resen t  studies and its p r e t r e a tme n t  are  
descr ibed e lsewhere  (3). 

The effects of o ther  ba th  species which  affect the 
e lect rodeposi t ion ra te  a re  to some ex ten t  cancel led by  
using the in te rna l  s t andard  p rov ided  by  the s ta t ic  e lec-  
t rode  in the same bath.  When  the e lec t rode  rota t ion is 
stopped, those addi t ive  species which are  p resen t  in 
ve ry  smal l  concentrat ions  compared  to o ther  ba th  con- 
s t i tuents  become deple ted  at  the e lect rode surface as 
they  are  des t royed  by  reduct ion  and inclusion in the  
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deposit. Thus, the s t r ipping peak area approaches that  
which would be obtained in the same bath without  
low-level  addit ive species present. The ratio of the 
str ipping peak area with rotat ion (At) to that  for the 
static electrode in the same solution (As) yields a 
relative rate parameter  which reflects on ly  the effect 
of such additive species on the electrodeposition rate. 

Measurements  of AtlAs were made under  complete 
computer  control using a Hewlet t -Packard  Model 9825 
minicomputer  in conjunct ion with a PAR Model 173 
Potent ios ta t /Galvanosta t  and a PAR Model 179 Digital 
Coulometer. A Hewlet t -Packard  Model 6940B Mult i -  
programmer  and  a Model 98033A BCD were used as 
computer interfaces. Steady state for each measure-  
men t  was assured by establishing a convergence l imit  
of 4% for successive peak integrations.  

A-C impedance analysis.--Measurements of the a-c 
impedance of the electrode dur ing  copper electrodep- 
osition at constant  potential  were made from 0.1 Hz to 
10 kHz using a Solartron Model 1174 Frequency Re- 
sponse Analyzer  in conjunct ion with the PAR Models 
173 and 179 instruments.  Electrodes were rotated at 
2500 rpm and comparable steady-state results were 
obtained with Pt  (0.13 cm 2) and  Cu (0.30 cm 2) sub-  
strates. 

Results and Discussion 
Additive activation studies.--A plot of Ar/As vs. 

the additive concentrat ion for baths at operating tem-  
perature is shown in Fig. 1. Good sensit ivity to the 
additive, which is the basis for use of this method as 
a n  analyt ical  technique, is evident. It  is also apparent  
that  the additive accelerates the deposition rate at 
low concentrat ions (Ar/As> 1) bu t  exerts a decelerating 
effect at higher levels (Ar/As< 1). The dependence of 
Ar/As on concentrat ion is l inear  in  the decelerating 
region and extrapolates to an A~/As value of un i ty  at 
zero concentration. This indicates that  two addit ive 
species are involved, an accelerator and a decelerator, 
which act independent ly  to affect the deposition rate. 
The presence of two species is also indicated by the 
observation that  an activation period is required to 
produce deceleration on addit ion of the addit ive to the 
bath, whereas accelerated deposition is rapid ly  a t -  
tained. The data in  Fig. 1 were obtained after  the baths 
were allowed to equil ibrate  for 16 hr at 55~ 

Plots of Ar/As as a function of t ime after addit ion 
of the additive to the bath  at operat ing tempera ture  
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F ig .  1. R e l a t i v e  r a t e  p a r a m e t e r  (Ar/As) vs. a d d i t i v e  c o n c e n t r a -  

t i o n  for copper pyrophosphate baths at 55~ (after 16 hr). 

are shown in Fig. 2. It  is evident  that  the accelerating 
species is formed almost immediate ly  (AtlAs rapidly 
increases to a steady value) ,  whereas the decelerator 
forms more gradually, at a rate which increases with 
init ial  concentrat ion.  The min ima observed at the 
higher concentrations are discussed below. 

Analog additive studies.--Ar/As ratios were measured 
at room tempera ture  in baths containing molecular  
analogs of 2,5-dimercapto-l ,3,4-thiadiazole for which 
amino (-NH2) or methyl  (-CH~) groups were substi-  
tuted for one or both of the mercapto (-SH) groups. 
To ensure equilibration, baths were heated at 55~ for 
16 hr  before measurements  were made. Data are given 
in Fig. 3. Both acceleration and deceleration were pro- 
duced by 2-amino-5-mercapto-l ,3,4-thiadiazole,  bu t  
this analog was less effective than  the dimercapto com- 
pound. The 2-methyl-5 'mercapto- l ,3 ,4- thiadiazole  and 
2-mercaptothiazoline analogs produced only decelera- 
l/on, whereas 2,5-dimethyl-l ,3,4-thiadiazole had no ef- 
fect on the deposition rate. These results indicate that 
acceleration requires two groups which can complex 
with Cu +2 (i.e., -SH or -NH2), whereas one such group 
can produce deceleration (after activation).  It  should 
be noted that  other compounds that  are not  direct ana-  
logs of the dimercaptothiadiazoles but  contain the 
--S--C----N--  group, l ike t r i thiocyanuric  acid and 
sodium thiocyanate, also produce accelerated deposi- 
tion. All  of the accelerating species studied are capable 
of forming a l igand bridge be tween two copper ions 
which permits  interact ion via a conjugated framework. 

Additive equilibria.--The simplest addit ive equi l ib-  
r ium scheme consistent with the avai lable data is i l lus- 
t rated in  Fig. 4. I t  should be borne  in mind  that  the 
bath copper ions are highly complexed so that  the con- 
centrat ion of free Cu +2 is extremely small  (6) and may 
l imit  the rate of Cu +2 reactions. In  aqueous solutions, 
the dimercaptothiadiazole (DMTD) additive (a) 
is expected (8-10) to exist predominate ly  in 
the thiol- thione monoanion form (b) which readily 
complexes with Cu +2 ions. Since the analog additive 
studies showed that two donor groups capable of co- 
ordinat ing Cu +2 are required to produce acceleration, 
the accelerating species is presumably  the copper-com- 
plexed monomer  species (c and d). Since mercaptans 
also oxidatively dimerize (11), a DMTD dimer species 
(e) is also expected to form, al though more slowly 
since the additive concentrat ion is small  and the oxida- 
tion reaction is bimolecular.  That  the DMTD dimer 
(e) and its complexed form (f) are the decelerating 
species is supported by the observation that  increasing 
the Cu +2 concentrat ion in  the bath  suppresses forma-  
tion of the decelerator, p resumably  by  tying up the 
DMTD monomer  (b) required for dimerization. This is 
evident  from the data in  Table I which show that  both 
the final AtlAs value and the t ime required for activa- 
tion increase approximately  l inear ly  with Cu +2 con- 
centration. As the additive level is decreased, the effect 
of increasing Cu +2 concentrat ion saturates at pro-  
gressively lower Cu +2 concentrations, as would be ex-  
pected. 

To corroborate the ident i ty  'of the decelerator, the 
DMTD dimer (e) was synthesized (by oxidation of the 
monomer  w i t h  iodine in acetoni t r i le /e thanol  solution) 
and was found to be almost immedia te ly  active as a de-  
celerator in  copper pyrophosphate baths. Al though the 

Table I. Effect of Cu +2 concentration on the final Ar/As ratio 
and the time required for Ar/As to reach a plateau value for 

copper pyrophosphate baths containing 30 ~mole DMTD additive 

Cu+ ~ c o n -  
c e n t r a t i o n  F i n a l  

( g / l i t e r )  At~As  T i m e  ( h r )  

20.0 0.36 0.3 
22.5 0.65 1.2 
24.8 0.80 2.2 



VoL 128, No. 3 E L E C T R O D E P O S I T I O N  541 

1.4 

1,2 

1.0 

0.8 ~- 

0.6 

0,4 

O2 

A<> [] �9 
[3 I 

A0 [] �9 
j , ~  20 

25 

....~" �9 30 
40 

�9 mum ~a �9 ,rain, % ,  50 

�9 ==== 
I 1 I I t I 
0 2 4 6 8 10 

TIME (hrs,) 

d imer  produces  dece le ra t ion  even at  room tempera tu re ,  
i ts  effectiveness increases  wi th  hea t ing  a t  ba th  ope ra t -  
ing t empera tu re ,  which suggests  t ha t  its copper  com- 
plexes  are  more  effective dece lera tors  [ (f) in Fig. 4 
is the  expec ted  al l-copper species] .  Typica l  ac t ivat ion 
plots  a re  shown in Fig. 5. At  low d imer  concentrat ions,  
there  is a shor t  induct ion per iod  of severa l  minutes,  
whi le  low A~/A8 values  a re  ob ta ined  a lmost  imme d i -  
a te ly  at  h igher  concentrat ions.  This also suggests tha t  
the  d imer  mus t  complex  wi th  Cu +2 in solut ion before  
i t  is active. Ar/As increases  at  longer  t imes  for  low 
d imer  concentra t ions  (12.5 #moles in Fig. 5) and  ac-  
ce lera t ing  baths  a re  produced  when low concentra t ions  
of d imer  are  a l lowed to equi l ibra te ,  ind ica t ing  tha t  a 
m o n o m e r / d i m e r  equi I ibr ium is es tabl ished.  

Add i t iona l  s t rong suppor t  for  a m o n o m e r / d i m e r  
equ i l ib r ium is found in the  expe r imen ta l  verif icat ion 
tha t  the  in i t ia l  monomer  concentra t ion  must  be double  
tha t  of the d imer  to produce  app rox ima te ly  the same 
Ar/As va lue  at  equi l ibr ium.  Thus, a monomer  concen- 
t ra t ion  of 25 ~moles resul ts  in an At~As value  of about  
0.65 (Fig. 2) and  the ac t iva t ion  curve (Fig. 5) for  
12.5 ~moles d imer  approaches  this va lue  wi th  time. An  
exac t  equivalence  is difficult to obta in  because of the  
difficulties involved  in synthesiz ing and pur i fy ing  the 
d imer  and  holding the ba th  composi t ion (pa r t i cu la r ly  

Fig. 2. Relative rate parameter 
(At~As) as a function of time 
after addition of various amounts 
of additive to copper pyrophos- 
phate baths at 55~ 

i I I 
12 14 16 

the ammonia  level)  constant  for  the long t imes r e -  
qui red  to reach  equi l ibr ium.  Also, the  d imer i za t ion /  
dissociat ion is a r edox  process which  must  involve  
o ther  solut ion redox  species(e.g. ,  dissolved oxygen  or 
Ca  + species) tha t  m a y  be  p resen t  in  smal l  concent ra -  
tions. 

The min imum in Ar/As observed ea r ly  in the ac-  
t iva t ion of h igher  concentrat ions  of bo th  the  d imer  
and monomer  and the  peak  observed  at longer  t imes  
(Fig. 2 and 5) p r e sumab ly  reflect the presence of ap-  
prec iab le  amounts  of in te rmedia te  species having  
va r ied  activit ies.  Fo r  example ,  the uncomplexed  mono-  
mer  species [ (a) and (b) in Fig. 4] m a y  be dece le ra t -  
ing (unl ike  the i r  Cu +~ complexes)  so tha t  the  presence  
of significant amounts  of these  species in the  ea r ly  
stages of the monomer  and d imer  act ivat ions  could 
in i t ia l ly  suppress AtlAs. AtlAs would  then rise as most  
of the monomer  was complexed  wi th  copper  to form 
the accelera t ing  species. The peak  would  be p roduced  
as Ar/As again  decreased because  of format ion  of d i -  
copper  d imer  complex  [ ( f )  in Fig. 4] which  is p re -  
sumably  much more  effective as a dece le ra tor  than  
the mono-copper  d imer  species (not  shown in Fig. 4). 

I t  should be ment ioned  that,  a l though this s imple  
m o n o m e r / d i m e r  scheme expla ins  the  da ta  well,  the  
s i tua t ion  is p robab ly  somewhat  more  complex.  Fo r  
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Fig. 4. Proposed equilibria involving the dimercoptothiadiozole 
additive in copper pyrophosphate baths. 

example ,  in aqueous solutions, DMTD can exist  as a 
monoanion or  a dianion, and has severa l  tau tomer ic  
forms which can coordinate  wi th  Cu +2 via  mercap to  
groups, thione groups, an N-S  chelate,  or  the diazo n i -  
t rogens of the r ing  sys tem (9, 10). Large  t h r e e - d i -  
mensional  po lymer ic  complexes wi th  DMTD as the  sole 
l igand have also been repor ted  (8). 

Considerable  insight  into the  posi t ion of the  ac-  
ce l e ra to r /dece l e ra to r  equ i l ib r ium and the re la t ive  
effects of these two types  of addi t ive  species on the 
deposi t ion ra te  can be gained by  p lo t t ing  the Ar and As 
values  f rom Fig. 1 s epa ra t e ly  vs. the  overa l l  addi t ive  
concentrat ion.  Such a plot  is shown in Fig. 6. These 
da ta  indicate  that  the  acce lera tor  concentra t ion is 
h igher  a t  equi l ibr ium,  but  the dece le ra tor  produces  
the  l a rge r  effect on the deposi t ion ra te  (per  molecule) .  
Thus, As increases s lowly wi th  addi t ive  concentra t ion 
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Fig. 5. Relative rate parameter (Ar/As) as a function of time 
after addition of various amounts of DMTD dirner to copper pyro- 
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Fig. 6. Rate parameters (Ar and As) vs. additive concentration 
for copper pyrophosphate baths at 550C (after 16 hr). 

since in the absence of effective mass t r anspor t  (e lec-  
t rode ro ta t ion) ,  the  dece le ra tor  concentra t ion is ex-  
haus t ive ly  deple ted  at  the e lect rode surface. Wi th  elec-  
t rode rotat ion,  the  dece le ra tor  effect p redomina tes  at  
the h igher  concentrat ions for which sufficient dece le ra-  
tor  is formed, so that  Ar goes th rough  a m a x i m u m  then 
decreases sha rp ly  wi th  addi t ive  concentrat ion.  

The analogous As plot  is also expected to be l inear.  
Consider  the d imer iza t ion  

2M ~- D [1] 

for  which the equ i l ib r ium constant  is given by  

g : CD/CNI 2 [ 2 ]  

where  CD is the d imer  concentra t ion and CM is the  
monomer  concentrat ion.  When monomer  is added  to the 
bath, the ini t ia l  concentrat ion (Co) is a lways  given by  

Co ---- CM + 2CD [3] 
SO that  

Co -- C~ + 2KCM ~ [4] 

Thus, if the effect of monomer  on the deposi t ion ra te  
is d i rec t ly  p ropor t iona l  to i ts concentrat ion,  which wil l  
be shown to be a reasonable  assumption,  As should be 
l inear  in Co at  equ i l ib r ium unless K is ex t r eme ly  la rge  
so tha t  2KCM 2 is not  negligible.  

I t  should be ment ioned  tha t  ammonia  in the ba th  also 
affects the copper  deposi t ion rate.  This is not  surpr is ing  
since copper  forms a series of ammine  complexes,  e.g., 
[Cu(NHs)4] +2 and [Cu(NI~)2 ]  +, which  have s ta -  
b i l i ty  constants  comparab le  to those of the  copper  
pyrophospha te  species (7), i.e., in the  10 TM range.  Mixed 
a m m i n e / p y r o p h o s p h a t e  copper  complexes would  also 
be expected.  Since ammonia  is an uncharged  l igand,  i ts 
copper  complexes are  less nega t ive ly  charged  than  
the pu re  pyrophospha te  complexes  so tha t  copper  dis-  
charge f rom the ammine  complexes more  r ead i ly  oc- 
curs (12) and ammonia  would  thus be  expected to ac-  
ce lera te  deposi t ion f rom copper  pyrophospha te  baths.  
As expected,  the final Ar/As values  af ter  ac t ivat ion of 
copper pyrophospha te  baths  increase  l i nea r ly  wi th  
ammonia  concentrat ion.  This is i l lus t ra ted  b y  the da ta  
in Table  II. The t ime requ i red  for  ac t ivat ion of the  
addi t ive  is not  s ignif icant ly affected by  the presence 
of ammonia ,  indica t ing  tha t  ammonia  does not  p l ay  a 
m a j o r  role in the act ivat ion process. 

Mechanistic/a-c impedance s~udies.--In order  to dis-  
cuss the  mechanism b y  which  the addi t ive  species 
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Table II. Effect of NH3 concentration on the final At~As value 
for copper pyrophosphate baths at 55~ 

F i n a l  At~As 
NH3 con- 

c e n t r a t i o n  15 lLmoles 30 /~moles 
( g / l i t e r )  DMTD DMTD 

0 0.52 0.24 
1.13 0.77 0.38 
2.25 1.0 0.62 

affect the copper electrodeposition rate, some additional 
data must be considered. Firs t  of all, we have ob- 
served by scanning electron microscopy that  copper 
deposited from pyrophosphate baths in the absence of 
additives is large grained, whereas deposits from ac- 
celerating baths are nodular and those from decelerat-  
ing baths are fine grained (4). Such dramatic differ- 
ences in deposit morphology would be expected only 
if significant changes occurred in the deposition mecha- 
nism or ra te-determining step. These addit ive-induced 
mechanistic changes can be investigated by determi-  
nation of the charge transfer resistance and double 
layer capacitance from a-c impedance measurements. 
The double layer capacitance is part icular ly im- 
portant  since it reflects the surface concentration of 
copper adions, which are intermediates in the overall  
deposition process (13). 

The principle of a-c impedance analysis is i l lustrated 
in Fig. 7. If we assume that the cathodic half-cell  can 
be represented by the simple electrical network shown 
at the top of the figure, the electrode impedance can 
be calculated as a function of frequency (~) in the 
complex plane as i l lustrated at  the bottom of the figure 
(where Rs is the solution resistance, CDL is the double 
layer  capacitance, RCT is the charge transfer  resistance, 
and W is the Warburg impedance).  The semicircle 
obtained is characteristic of a given combination of 
CDL and Rcw, and the l inear response at low frequencies 
is associated with the Warburg (diffusional) imped- 
ance. 

Impedance diagrams determined during electrodepo- 
sition from copper pyrophosphate baths at --0.70 vs. 
SCE are shown in Fig. 8. Behavior is practically ideal 
for the addit ive-free and accelerated baths. The dia- 
gram for the decelerating bath approximates the ideal 
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Fig. 7. Simple equivalent  circuit  for an e lectrode  (top) and the 
expected a-c response in the complex plane (bottom). 

semicircle and should provide semiquantitative infor- 
mation. Data derived from these impedance diagrams 
are given in Table Ill.  As expected, RcT is slightly 
smaller for the accelerating bath compared to the 
addit ive-free system, and considerably larger  for the 
decelerating bath. The value of 11 ~F/cm 2 for CDL is 
only slightly smaller in the accelerating system, but 
is a factor of 24 larger in the decelerating case. This 
may be interpreted as a significant increase in the 
copper adion concentration during addit ive-decelerated 
deposition since adions reside within the Helmholtz 
plane and thus reduce the overall  extent  of charge 
separation so that  CDL increases when the adion con- 
centration increases. 

Mechanism of additive efJects .--These results provide 
the basis for understanding the mechanism by which 
the accelerating and decelerating additive species affect 
copper electrodeposition. First, consider the overall  
electrodeposition process in the absence of additives 
(13) which is i l lustrated in Fig. 9. Solvated/complexed 
Cu +2 ions in the electrolyte are discharged on surface 
planes to form part ia l ly  solvated/complexed Cu +1 
adions which surface diffuse over lattice planes and 
along steps to kink sites where they are discharged to 
Cu o and incorporated into the lattice. It is generally 
accepted that  the ra te-determining step at moderate 
current densities for acid copper sulfate baths is dis- 
charge of Cu +2 solution species to form adions (13) 
which has also been shown to apply to pyrophosphate 
copper deposition in the absence of additives (12). In 
this case, incorporation of adions into the lattice is fast 
and the adion surface concentration remains low; 
growth is orderly and deposits are large grained. 

The situation for decelerated deposition is depicted 
in Fig. 10. In this case, the dimerized additive species 
adsorbed on the electrode surface interfere with sur-  
face diffusion of adions and block lattice growth at kink 
sites. This necessitates frequent renucleation to sustain 
a constant deposition rate which is reflected in the in- 
creased overvoltage, higher overall charge transfer re-  
sistance, and fine-grained deposit morphology. At 
sufficiently cathodic potentials, lattice incorporation, 
i.e., growth at kink sites, becomes the ra te-determining 
step and the surface adion concentration increases 
sharply raising the measured CDL. This change in rate-  
determining step from adion discharge to lattice in- 
corporation is evident at an overpotential of 250 mV in 
the CDL-overpotential plot shown in Fig. 11. It should 
be mentioned that the increased overvoltage may also 
affect the structure of the double layer  electrostatically, 
especially since pyrophosphate anions are known to 
desorb at potentials more cathodic than --0.75V vs. SCE 
(14, 15). Such effects were probably minimal in our 
studies since the electrode potential was always held 
below this value. 

The situation for accelerated deposition is i l lustrated 
in Fig. 12. The accelerating additive species apparently 
lowers the overpotential and overall  charge transfer 
resistance by assisting in the nucleation of new growth 
centers on surface planes, which ul t imately grow to 
form the almost spherical nodules observed by scan- 
ning electron microscopy. As also observed, CDL would 
be expected to decrease slightly because of the reduc- 
tion in adion concentration resulting from the shorter 
average surface diffusional path to the more numerous 
growth sites. 

Table III. Charge transfer resistance (RcT) and double layer 
capacitance (CDL) during electrodeposition from copper 

pyrophosphate baths 

A d d i t i v e  concen -  Rc~ CDL 
t ra t ion  (~moles )  At~As (~) ( ~ F / c m )  ~ 

0 ( add i t i ve - f r ee )  0.96 29 11 
6 ( a c c e l e r a t i n g )  1.55 24 l 0  

25 ( d e c e l e r a t i n g )  0.31 57 260 
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Fig. 8. Complex impedance 
data obtained during electro- 
deposition at --0.70V vs. SCE 
from copper pyrophosphate baths 
at 55~ 

20 
>. 

-- 11) 

The way in  which the accelerator might  assist in  
nucleat ion of new growth centers on electrode surface 
planes can be visualized as follows. For the purposes of 
discussion, we will assume that  the accelerator is the 
copper-complexed thiol- thione tautomer  [(c) in Fig. 4], 
al though the si tuat ion for the di-copper monomer  
species [Fig. 4 (d)]  would be equivalent  after the 
ini t ial  electron transfer. The accelerating species would 
be expected to adsorb on the electrode surface with the 
thiadiazole r ing sulfur, which has a lone pair  of exo- 
electrons, serving as the a t tachment  site. As the com- 
plexed Cu +2 is reduced to Cu +, and u l t imate ly  Cu o, 
to ini t iate the nucleat ion process, the charge would be 
redis t r ibuted via the r ing  s t ructure  to form the thiol- 
thione tautomer  which is the mirror  image of the origi- 
nal  species. The thiol group thus generated would then 
be available to complex another  Cu +2 from solution 
and the reduct ion process would be repeated. Thus, 
Cu +2 acquisi t ion/Cu o deposition would al ternate  be-  
tween the thiol sites which would explain why two 
Cu +~ complexing groups are apparent ly  required for 
accelerated deposition. If the thiadiazole su l fur -meta l  
interact ion is not too strong, the addit ive could move 
(via desorpt ion/readsorpt ion)  along the surface of the 
growing nucleus, and the deposition of m a n y  Cu atoms 
could be facilitated before the additive was included 
in  the deposit. The onset of spherical diffusion as the 
growing nuclei  become three-dimensional  would also 

I I I I I I 
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~ , o o i o , o . ~--o I ~ 1 7 6  ~ �9 
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enhance the deposition rate and  result  in  nodular  de-  
posits.  

Quantitative treatment .~A more quant i ta t ive  view 
of the effects of the accelerating species on the electro- 
deposition rate can be obtained by  assuming that  the 
accelerator and decelerator act more or less independ-  
ently. As ment ioned above, this appears to be a good 
assumption since the plot of the relat ive rate pa ram-  
eter (Ar/As) vs. additive concentrat ion in  Fig. 1 is 
l inear  at higher concentrations and extrapolates to 
un i ty  for the addit ive-free system. Thus, we can sub-  
tract  the decelerating effect of the dimer species ac- 
cording to the l inear  dashed l ine in Fig. 1 to obtain 
the plot shown in Fig. 13 of the accelerator effect on 
At~As. Based on the data in  Fig. 6, we have assumed 
that  the accelerator concentrat ion is equivalent  to the 
overall  additive concentrat ion in  this concentrat ion 
range. 

Let us now assume that  the monomer  acceleration 
effect can be described in  terms of b i r th  and death of 
nodules so that the relat ive rate parameter  after sub-  
t ract ion of the decelerator effect is g iven by  

EDGE /]--TVACANOY [ 
HOLE KINK I ~ / L ~  CHARGETRANSFER/ 

SURFACE DIFFUSION 

Fig. 9. Representation of copper electrodeposition in the absence 
of additives at moderate current densities. 
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Fig, 10. Representation of addltive-decelerated electrodeposltion 
from copper pyrophosphate baths. 
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Fig. i l .  Double layer capacitance vs. overpotential for additive- 
decelerated electrodeposition of copper from pyrophosphate baths 
at 55~ 
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Fig. 12. Representation of additive-accelerated electrodeposi- 
tion of copper from pyrophosphate baths. 
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Fig. 13. Plot of AriAs vs. additive concentration after subtraction 
of the decelerating effect of the dimer species. 

Ar/As --  1 -{- kbCM -- kdCM x [5] 

w h e r e  ( k b C M  - -  kdCM x) can only be positive. The as-  
sumpt ions  concerning b i r th  a re  tha t  each nodule  exer ts  
an equiva len t  effect on the deposi t ion ra te  and  tha t  the  
number  of nodules  fo rmed  is p ropor t iona l  to the mono-  
mer  concentrat ion.  In  this  case, the  accelera t ing  effect 
on Ar/As is given by  kbCM, where  kb is the p ropor t ion-  
a l i ty  constant.  The dea th  process which  causes indi -  
v idua l  nodules  to cease growing so tha t  they  no longer  
cont r ibute  to acce lera ted  deposi t ion is assumed to be 
collision wi th  other  nodules.  Note that  collision in 
this context  means tha t  the nodules in te rac t  at  a smal l  
separa t ion  dis tance to stop growth.  The collision f re-  
quency is assumed to increase  wi th  the number  of 
nodules,  which  is in tu rn  p ropor t iona l  to the monomer  
concentra t ion  so tha t  the  ne t  dece le ra t ing  effect of 
nodula r  dea th  is --kdeM x, where  x is the number  of 
collisions r equ i red  to produce  dea th  and kd is the  
dea th  p ropor t iona l i ty  constant.  

In  o rder  to test  this model,  we need to de te rmine  
kb and ko. Assuming tha t  dea th  is un impor t an t  when 
the dens i ty  of nodules  is low, kb is ob ta ined  f rom the  
slope of the correc ted  AtlAs  plot  (Fig. 13) in the  l inear  
region at  low additi~,e conoentr~tions. The vahJe of kd 
is de te rmined  by  di f ferent ia t ing Eq. [5] and  set t ing the  
dif ferent ia l  equal  to zero at  the peak  in the correc ted  
AtlAs plot. For  second-order  death,  kd : kb/2CM' : 
0.01, where  CM' is t h e  addi t ive  concentra t ion corre-  
sponding to the peak  in the correc ted  Ar/As plot. The 
nodule  dea th  process seems to be second o rde r  as 
indica ted  by  the excel len t  fit (solid l ine in Fig. 13) to 
the correc ted  Ar/As data. This implies  tha t  nodule  
dea th  involves in te r rup t ion  of g rowth  at  specific sites, 
so tha t  spher ica l  diffusion of copper  ions alone would  
not  account for the  acce lera ted  deposi t ion and nodula r  
deposits.  A plot  for t h i r d - o r d e r  dea th  (dashed l ine)  
is inc luded for comparison.  

A unified model.--The resul ts  p resen ted  above show 
tha t  there  a re  two impor t an t  addi t ive  species p resen t  
in copper  pyrophospha te  baths.  One of these sup-  
presses (decelera tes)  deposi t ion b y  b locking  growth  
sites, whereas  the o ther  enhances (accelera tes)  depo-  

sit ion by  assist ing in the  nuclea t ion  of new growth  
centers. Ammonia  also enhances deposit ion,  p r e sum-  
ab ly  by  forming complexes f rom which  copper can be 
d ischarged at  lower  overpoten t ia l s  to nucleate  new 
growth  centers. Nuclea t ion  via  copper  ammine  com- 
plexes is suppor ted  by  the observat ion  of nodula r  de -  
posits at  high ba th  ammonia  levels  (12). 

We propose here  tha t  the main tenance  of the  p roper  
ba lance  be tween  the dece le ra t ing  and accelera t ing  ba th  
species is cr i t ical  to the  a t t a inmen t  of acceptable  p y r o -  
phosphate  copper  deposits. Consider  deposi t ion a t  a 
high overa l l  addi t ive  concentra t ion in the absence of 
ammonia  in the  bath.  In this case, the  l imi ted  number  
of g rowth  sites a re  qu ick ly  b locked b y  the p r e d o m i -  
nant  dece le ra t ing  d imer  species and provisions for  gen-  
e ra t ing  new sites are  inadequa te  so that  apprec iab le  
deposi t ion can only occur at  h igh cathodic overvoltages.  
Under  these circumstances,  nucleat ion occurs p re fe ren -  
t i a l ly  at  surface microprot rus ions  where  the e lect r ic  
field s t rength  is highest  and, once ini t ia ted,  g rowth  is 
ex t r eme ly  rap id  and d i sorder ly  for the  shor t  t ime be-  
fore i t  is b locked by  adsorpt ion  of a new dece lera t ing  
addi t ive  species. The resul t ing  deposits  are  b u r n t  a n d  
powdery  wi th  ex t r eme ly  poor c rys ta l l in i ty  and me-  
chanical  propert ies .  

To obta in  acceptable  deposi{s at  reasonable  cur ren t  
densities,  provisions mus t  be made  for  nuclea t ion  of a 
sufficient number  of growth  centers  a t  low overvol tages  
where  o rde r ly  deposi t ion occurs and deposits a re  h igh ly  
crystal l ine.  This can be accomplished b y  lower ing  the 
addi t ive  concentra t ion to a t ta in  a be t t e r  ba lance  be -  
tween the accelera t ing  and dece le ra t ing  addi t ive  
species, and by  adding ammonia  to the bath.  On the 
o ther  hand, sufficient dece le ra tor  must  a lways  be pres -  
ent  to l imi t  the ex ten t  to which ind iv idua l  nuclei  a re  
pe rmi t t ed  to grow. Otherwise,  as the nuclei  expand  in 
three  dimensions,  spher ica l  diffusion enhances mass 
t r anspor t  and consequent ly  the g rowth  rate,  so tha t  
g rowth  again  becomes d i sorder ly  and nodula r  deposi ts  
are  obtained.  Within  this model, i t  is r ead i ly  apparen t  
why  ammonia  is a cr i t ical  const i tuent  of copper  p y r o -  
phosphate  baths  (1) and  its concentra t ion  mus t  be in-  
creased for p la t ing at  h igher  addi t ive  levels (16). 

Practical implications.--In most  appl icat ions  for 
which copper  pyrophospha te  baths  a re  used, the deposi t  
tensile proper t ies  a re  of pa ramoun t  imuort~nce.  Fo r  
example,  to avoid cracking problems,  p la ted  th rough-  
hole deposits in mu l t i l aye r  circuit  boards  mus t  be 
h ighly  duct i le  to re l ieve  stress genera ted  by  the excess 
t he rma l  expansion of the l aminan t  dur ing  solder ing and 
must  be sufficiently s t rong to resis t  fat igue fa i lure  upon 
the rma l  cycling (17). In  addit ion,  deposits  mus t  gen-  
e ra l ly  be unifor  m and adherent .  Our previous  work  
has shown that  both  the tensi le  proper t ies  and  un i -  
fo rmi ty  of pyrophospha te  copper  deposits  depend 
s t rongly  on the overa l l  addi t ive  concentra t ion and cor-  
re la te  wel l  wi th  cyclic vo l t ammet r i c  s t r ipping  da ta  
and morphologica l  s tudies (3-5).  Specifically,  nodu la r  
deposits resul t ing  f rom addi t ive  acce lera ted  deposi t ion 
were  found to have poor  tensi le  proper t ies ,  and the 
nonuni form deposi t ion wi thin  through-h61es known as 
"foldback" was shown to be a consequence of the dual  
acce le ra t ing /dece le ra t ing  na tu re  of the  addit ive.  

The model  p resen ted  here, which involves  a cr i t ical  
balance be tween  nucleat ion ( in i t ia ted by  the acceler-  
a t ing addi t ive  species and copper  ammine  complexes)  
and  g rowth  ( l imited b y  the  dece lera t ing  addi t ive  
species) ,  provides  a basis for improv ing  control  of 
copper pyrophospha te  plat ing.  F i r s t  of all, since the  
three  pr inc ipa l  species (decelerator ,  accelerator ,  and  
ammonia)  which affect the  deposi t ion ra te  (and con-' 
sequent ly  the deposi t  proper t ies)  v a r y  in ac t iv i ty  and 
concentrat ion,  it  is c lear  tha t  the ba th  addi t ive  and 
ammonia  levels  must  be considered as in t e rdependen t  
variables .  Control  is therefore  r ende red  cons iderably  
less difficult if the  addi t ive  sys tem is ma in ta ined  nea r  
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equilibrium where the concentrations of additive 
species are fixed relative to one another. This also en- 
sures that the concentration of monomer which must 
be balanced by dimer is minimal, so that the total 
amount of organic material  included in the deposit is 
minimized. An excess of such included material  can 
lead to deposit brittleness. Thus, the additive should be 
added in such a way as to ensure activation to the 
dimer form. This implies that, in some cases, making 
batch additions may be preferable to continuously 
feeding the additive. Of course, the optimum situation 
would involve approaching the equilibrium from the 
other direction by adding dimer directly, if this pro-  
cedure can be shown to yield deposits with comparable 
mechanical properties. 

Since the three species affecting the deposition rate 
vary in concentration and relative effectiveness, it  
might be expected that  the effects of changes in bath 
agitation would be difficult to predict. Fortunately,  the 
decelerator appears to be relat ively low in concentra- 
tion, but highly effective, so that changes in electrolyte 
mass transport pr imari ly  affect the magnitude of the 
decelerating effect. Thus, if the ammonia concentration 
is held constant and the additive system is close to 
equilibrium, variations in agitation can be countered 
by changes in the overall  additive level. Nonetheless, 
caution should be exercised in making extrapolations 
for mass transport  differences. 

It should also be mentioned that the relat ive rate 
parameter  (At~As) measured by cyclic voltammetric 
stripping (3) reflects pr imari ly  the concentration of 
the decelerating additive species in copper pyrophos- 
phate baths. Thus, if the additive system is maintained 
near equilibrium and the bath ammonia level is held 
constant, this method provides excellent control of 
pyrophosphate copper plating. 

Summary 
The dimercaptotkiadiazole/copper pyrophosphate 

system involves two additive species in dynamic equi- 
librium. One appears to be the copper complexed 
DMTD monomeric species which assists nucleation of 
new growth sites on crystal planes and can lead to 
nodular deposits. In this case, the electrodeposition rate 
is accelerated, presumably by some combination of 
additive-assisted growth randomly over the surface 
of the nodules, and the onset of spherical diffusion to 
the new isolated growth si tes .-The other additive 
species is apparent ly the DMTD dimer which deceler- 
ates the electrodeposition rate by blocking growth sites. 
Addit ive-accelerated deposition can be quanti tat ively 
described in terms of birth and death of nodules, where 
the birth rate is proportional to the accelerator con- 
centration and death results from second-order colli- 
sion of growing nodules. 

Deposition in the dimercaptothiadiazole/copper pyro- 
phosphate system can be understood by assuming that 

a balance must be maintained between suppression of 
growth by the decelerating additive species and nuclea- 
tion of new growth centers via the accelerating addi-  
tive species and copper ammine complexes. This model 
could prove to be general for electrodeposition from 
highly complexed systems. 
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ABSTRACT 

Polycrystal l ine CdSe electroplated on nickel and t i t an ium substrates was 
used as photoanode in electrochemical cells wi th  S2- /Sn  2- as a redox couple. 
When compared to a single crystal  photoanode, the quan tum efficiency is 
found to be larger  for photon energies below the bandedge and smaller  for 
those above the bandedge. The single crystal efficiency dependence on photon 
energy near  the bandedge is well  described by  the But ler  equat ion and  domi- 
nated by  var ia t ion of the absorption coefficient and the depletion layer  width 
and less sensitive to the minor i ty  carrier  diffusion length for the crystal under  
study. The electroplated samples may  be assigned a bandgap of about  1.70 eV 
compared to 1.72 eV for the single crystal. Informat ion  about  impur i ty  content  
m a y  b e  o b t a i n e d  from the photoresponse for energies below the bandedge. 

The aim of this research was to unders tand  the per-  
formance of electroplated and single crystal n - type  
CdSe as solar cells in  terms of their  fundamenta l  semi- 
conductor parameters,  such as absorption coefficient 
(a), impur i ty  concentrat ion (ND), depletion layer 
width (W), flatband potential  VFB, energy gap (Eg), 
hole diffusion length (LD), and hole diffusion coeffi- 
cient (Dp). To this end we studied the short-circuit  
photocurrent  efficiency (0) as a funct ion of wavelength 
in an  aqueous electrolyte consisting of 1.0M NaOH, 
1.0M Na2S, and 1.0M S. Photoanodic dissolution does 
not occur under  these conditions (1) and the electrode 
reactions are the oxidation of Sn 2-  at the photoanode 
and the reduct ion of Sn 2- at the p la t inum dark  elec- 
trode. We compared the data to the simple Butler  
equat ion (2) 

I e - a w  
n = ~ = 1 [1] 

qA~o 1 ~- a lp  

where I is the short-circui t  current ,  q the electronic 
charge, A the cell area, and 4 the incident  l ight flux. 
The depletion layer  width is given by  

W = _.2e~ ( g  -- VFB) [2] 
qND 

eo = 8.85 • 10-12C2n-lm -2 is the permi t t iv i ty  of free 
space, q = 1.60 • 10-19C the electron charge, and V 
the measured or applied potential.  The dielectric con- 
s tant  ~ = 10 for CdSe (3). 

For  the flatband potent ial  of CdSe with an $ 2 - /  
Sn 2- redox couple Gerischer and Gobrecht (4) ob- 
ta ined a value of --1.27V vs. NHE (normal  hydrogen 
electrode) from capacitance measurements  for CdSe 
single crystal  whose surface had been converted to 
CdS. This corresponds to --1.51V vs. SCE (s tandard 
calomel electrode). Ellis et al. (1) obtained a flatband 
potential  of --1.45V vs. SCE for single crystal  CdSe 
from capacitance or open-circui t  voltage at high light 
in tens i ty  and --1.40V from the less accurate onset of 
photocurrent  at high light intensity.  Noufi et al. (5) 
obtained --1.34V vs. SCE for pressed powder pel!ets 
and --1.30V for vacuum-deposi ted films of CdSe using 
the onset of photocurrent.  We shall choose a value of 
--1.50V vs. SCE. Using a value of --0.72V for p la t inum 
in  a polysulfide electrolyte vs. SCE (6, 7), we obtain 
VFB = --0.78V VS. pla t inum electrode in S 2 - / S n  2- ,  
which was used in our experiments.  

Experimental 
Monochromatic excitation was obtained using a 

1000W quartz iodine tungs ten  lamp and a Ja r re l -Ash  
* Electrochemical  Society Act ive  Member. 
Key words: electroplating,  photoanode,  crystals. 

grat ing monochromator  with a 100A bandpass. Infra- 
red radiat ion was filtered out by passing the l ight 
through 2 in. of water, second-order grat ing effects 
were el iminated with a Corning 3.71 filter. The mono-  
chromatic beam was expanded by lenses to provide full  
sample i l luminat ion  and a reasonably parallel  beam. 

Polycrystal l ine samples were prepared by an elec- 
trodeposition technique which evolved as an extension 
of a method reported previously (8, 9). Controlled 
electrodeposition was performed at --0.72V vs. SCE 
for 15 min  on a t i t an ium or nickel substrate, which had 
been etched, cleaned meticulously, and cathodized for 
15 sec in an acidic oxidizing medium. The deposition 
bath consisted of 1M NH4C1, 0.5M CdSO4, and 0.01M 
SeO2. Electrodeposition at --0.76V and --0.64V vs. SCE 
was also performed in  order to obtain electrodes lack-  
ing stoichiometry, being r ich in Cd and Se, respec- 
tively. The plated photoelectrodes were about  1 ~ n  
thick and were subsequent ly  heated under  100 Torr  
N2 at 400~ for 15 min. The counterelectrode w a s  
plat inum. 

The single crystal CdSe was obtained from Cleveland 
Crystal Incorporated, its c-axis was perpendicular  to 
the front surface. Electrical contact at  the back s ide  
was made with a Ga in  eutectic, and a copper wire was 
attached to this with Ag epoxy. This was then sealed 
with epoxy  and mounted  on a Teflon rod. The quartz 
cell had a flat window, allowing a 2-3 m m  optical path 
length through the electrolyte. The cells were flushed 
with ni t rogen gas prior to and after in t roduct ion of 
the electrolyte and then sealed from the atmosphere. 

In  order to test the polycrystal l ine electrodes under  
equi l ibr ium conditions, the cells were left overnight  in 
the electrolyte, and the open-circui t  voltage Voc was 
monitored to determine if a steady state had been 
reached. Steady open-circui t  voltage always corre- 
lated with steady short-circuit  cur rent  Isc in the dark. 

The "short-circuit"  current  was measured after the 
cells had equi l ibrated by determining the voltage drop 
across a 10~ resistor in  series with the photocell. The 
voltage in the dark and under  i l luminat ion  was mea-  
sured and the difference was reported as the photo- 
current.  

Results and Discussion 
Figure 1 shows the exper imental  points ([~) for the 

qua n t um efficiency as a funct ion of wavelength  of the 
inc ident  light. The data was obtained for a single 
crystal  under  low light in tens i ty  and corrected for 
l ight absorption by  the solution. The curves represent  
Eq. [1] wi th  the absorption coefficient a as funct ion of 
wavelength  taken from Parsons et al. (10) for l ight  
polarized perpendicular  to the c-axis of the crystal. 
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Fig. 1. Quantum efficiency vs. photon energy for a single crystal 

of CdSe (experiment: [-]), and theoretical curves for W, Lp values 
of curve 1, 0.2, 0.1; curve 2, 0.2, O; curve 3, 0.1, 0.1; curve 4, 0.15, 
O, and curve 5, 0.1, 0 #m. 

For  W and Lp various values  were  chosen in o rder  to 
demons t ra te  the sens i t iv i ty  of the  But ler  equat ion to 
changes in these  parameters .  Curve 4 is a leas t  squares  
fit to the expe r imen ta l  data.  Using in Eq. [2] a die lec-  
tr ic constant  ~ = 10, and  a f la tband potent ia l  VFB = 
--0.78V, a deple t ion  layer  wid th  of W = 0.15 #m 
corresponds to an i m p u r i t y  concentra t ion of ND "- 
4 • 1016 cm -8, which appears  reasonable.  The fact  tha t  
Eq. [1] provides  a reasonable  fit to the  da ta  wi th  
negl igible  va lue  of Lp mere ly  suggests  tha t  a l p  < 1 
and thus most  of the  var ia t ion  of efficiency comes 
th rough  W. 

To obta in  a be t te r  fit be tween  theory  and exper i -  
ment,  one m a y  consider  tha t  the most  impor t an t  ne -  
glect  in the  But le r  equat ion is the  assumpt ion  of no 
surface recombinat ion.  Analogous  to Wilson 's  (11) 
t r ea tmen t  this m a y  be rectif ied in the s imples t  w a y  by  
mu l t i p ly ing  the r i gh t -hand  side of Eq. [1] by  the 
ratio St/(St ~- Sr), where  St and  Sr are  the  re la t ive  
probabi l i t ies  of surface t ransfe r  (St) and nonproduc-  
t ive surface recombina t ion  (Sr) of l i gh t -gene ra t ed  
charge  car r ie rs  a t  the  semiconduc tor -e lec t ro ly te  in te r -  
face. This in t roduces  one new parameter ,  name ly  the  
rat io  of St/Sr. A more  de ta i led  theore t ica l  t r ea tmen t  
wi l l  be presented  separa te ly .  Reiss'  (12) more  e lab-  
ora te  theory  of photoelec t rochemical  cells also neglects  
surface recombina t ion  and gives a behavior  s imi lar  to 
But ler ' s  equation.  A fu r the r  complicat ion to Eq. [1] 
arises for samples  of thickness  comparab le  to the  in-  
verse of the  absorpt ion  coefficient (~1  ~m). This is a 
factor  for our  thin e lec t ropla ted  samples  (~1  ~m 
thickness) ,  bu t  not  for the  s ingle c rys ta l  (~108 ~m 
thickness)  measurements .  

Consider ing absorpt ion  coefficients such tha t  ,~Lp 
< <  1 and ~W < <  1, expans ion  of Eq. [1] yields  

~ ~(W + Lp) [3] 

For  Lp ~ W ~ 0.1 #m this approx imat ion  is thus good 
for a << I05 cm-L 

The absorpt ion  coefficient ~ has different  funct ional  
dependencies  on photon energy  hv, depending on the 
na ture  of the t rans i t ion  (13). Fo r  a d i rec t  gap mate r i a l  
l ike  CdSe near  the absorpt ion  edge the absorpt ion  co- 
efficient is descr ibed by 

A 
,~ = - -  (by - -  Er [4] 

hv 

Combin ing  Eq. [3]  and [4] ,  a p lo t  of  Olh~)2 vs. hv 
should give a s t ra igh t  l ine wi th  in te rcept  on the x -ax i s  
equal  to the  energy  bandgap.  This plot  is shown in Fig. 
2, curve l, for the single c rys ta l  of CdSe. 

For  compar ison we  also show plots  of 01h~)I~ vs. hv 
(curve  2) and (~hv) 2/~ vs. h~ (curve  3), whose s t ra igh t  
l ine sections ex t rapo la te  to the energy  gap in the  cases 
of an indi rec t  semiconductor  and a forb idden  (phonon 
assisted) t rans i t ion  in a d i rec t  semiconductor ,  respec-  
t ive ly  (13). In  curve l the  ful l  l ine ex t rapo la tes  to an 
energy  gap for  CdSe of Eg --  1.72 eV. This compares  
wi th  a quoted room t empera tu r e  l i t e r a tu re  va lue  of 
1.74 eV (14-16). Curves 2 and 3, whictl  should not  apply,  
ex t rapo la te  to energy  gaps of 1.68 and 1.69 eV, respec-  
t ively.  F igure  3 shows an expansion of the efficiency 
scale for  photon  energies  be low the bandedge  for the 
single crys ta l  of CdSe. The da ta  indicates  the  typica l  
Urbach  exponent ia l  ta i l  be low the  bandedge  (above 
1.60 eV) and wha t  we in t e rp re t  as impur i t y  absorpt ion  
be low 1.60 eV. The peak  at  1.50 eV we bel ieve  is due 
to defect  absorpt ion.  The peak  is 0.240 eV below the 
bandedge  and in ana logy  to CdS m a y  represen t  energy  
absorpt ion  by  electrons bound to deep aeceptors,  pos-  
s ibly cadmium vacancies (17). 

F igure  4 compares  the  wave leng th  dependence  of the 
quan tum efficiency for  a single c rys ta l  of CdSe wi th  
e lec t rop la ted  samples  of about  1 ~m thickness.  The 
l a t t e r  were  p la ted  at  --0.72V vs. SCE and subsequent ly  
hea t - t r ea t ed  for improved  response, as descr ibed 
earl ier .  T i tan ium subs t ra tes  gave consis tent ly  h igher  
efficiencies than nickel  substrates ,  however ,  both  had 
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a lower efficiency for photon energies above the band- 
edge and higher cfficiencies for lower energy photons. 
Curves 3 and 4 show measurement on two different 
samples, which were prepared on different days under 
supposedly identical conditions to illustrate the re- 
producibility of sample preparation. Figure 5 shows a 
plot of (~lhv) 2 vs .  photon energy for two samples each, 
electroplated on nickel and titanium substrates. The 
straight line intercepts with the x-axis  should give the 
energy bandgap of the CdSe (13). The samples on 
titanium substrate (curves 1 and 2) extrapolate to Eg 
---- 1.69 eV and the samples on nickel substrate to 1.71 
eV compared to our single crystal value of 1.72 eV. 

Figure 6 compares electrodes plated at slightly 
lower (--0.76V) and higher potential (--0.64V) than 
the plating potential (--0.72V v s .  SCE) that produces 
the most efficient electrodes (curve 1), corresponding 
to best stoichiometry. Plat ing at lower or higher poten-  
tial probably produces electrodes rich in cadmium or 
selenium, respectively,  which  show a reduced efficiency 
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at all wavelengths. In contrast to the samples in Fig. 4, 
those in Fig. 6 did not undergo heat-treatment after 
plating. 

Figure 7 shows on an expanded efficiency scale the 
photoresponse of electroplated CdSe below the band- 
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for CdSe electroplated on nickel substrate at --0.72V vs. SCE. 
Samples for curves i and 2 were heat-treated but that for curve 3 
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edge. While the response is large when compared to 
the single crystal data (Fig. 3), a 1.50 eV peak is not 
always as well defined, and no clear spectral differ- 
ences due to heat-treatment were observable. 

Conclusions 
The Butler equation accounts reasonably well for the 

wavelength dependence of the quantum efficiency in 
single crystal CdSe for photons near the bandedge. The 
efficiency is controlled by the absorption coefficient 
and the depletion layer width, rather than the minority 
carrier diffusion length. 

For photon energies below the bandedge a small 
photocurrent is observable in single crystal CdSe due 
to well-defined defect or impurity absorption. 

In electroplated polycrystalline CdSe the efficiency 
above the bandedge is reduced by about a factor of 
two for 1 #m thick samples on nickel substrate and by 
half that for samples on titanium substrate, when corn- 

pared to thick single crystal of CdSe. The efficiency be- 
low the bandedge is increased in electroplated samples. 
The "iml~rity absorption" is much broader in the 
electroplated samples. 

However, it appears that one still has a well-defined 
energy gap, which is only 20-30 meV smaller than our 
single crystal gap. 

Preliminary experiments show that the electro- 
plated CdSe efficiency can be enhanced with proper 
surface treatment. 
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ABSTRACT 

Fast  photocurrent  t ransients  were recorded in a CdSe/S =, S o cell employing 
a spark-gap lamp as a source of i l luminat ion.  From the measured dependence 
of the decay t ime on the value of the load resistor it  is shown that  photocur-  
ren t  decay is controlled by an R-C time constant  which is determined by  the 
properties of the cell. The form of the decay is sensitive to the state of the 
phozoelectrode surface, as shown by the pronounced effect of chemical etch- 
ing which enhances the ampli tude and reduces the decay time of the t r an -  
sients. The damaged surface layer produced by mechanical  polishing increases 
the effective series resistance of the cell and decreases the photocharge ob- 
tained (per flash) through the external  load. 

The importance of kinetic parameters  in the deter-  
minat ion  of the efficiency and stabili ty of semiconduc- 
tor (SC) photoelectrodes has been stressed by many  
authors (1). Trans ient  techniques have served as an 
impor tant  tool for the evaluat ion of kinetic parameters  
in both electrochemical (2) and solid-state solar cells 
(3-10). The use of such techniques in photoelectro- 
chemical cells has been introduced very recently (11- 
18). We present  in this contr ibut ion results of fast 
t rans ient  measurements  in the CdSe/S =, S ~ photo- 
electrochemical system, and their  analysis in terms of 
elements of an equivalent  circuit. 

Experimental 
A block diagram of the exper imental  system for 

measur ing fast t ransients  in photoelectrochemical cells 
(PEC) is given in  Fig. 1. A well-shielded spark-gap 
lamp served as a white light source, generat ing pulses 
of 10 nsec width and 50 Hz repet i t ion rate. The peak 
power was 105W and the spectrum was continuous, 
peaking around 330 nm. These light pulses were di-  
rected at the surface of a single crystal  CdSe electrode 
immersed in a 4.5M NaOH, 0.2M S, 0.2M Na2S solution. 

The hexagonal  n - type  CdSe single crystals ~ (Cleve- 
land Crystals, Incorporated) were 1-2 m m  thick, had 
a resist ivity of 12.2 ~ cm, and a surface perpendicular  
to the C-axis. The ohmic contact to the crystal was 
prepared with an I n / G a  eutectic, and the crystal was 
then attached to a copper foil with silver epoxy. The 
copper foil was coated by a layer  of epoxy so that  only 
a single surface of the CdSe crystal was in contact with 
the electrolyte. The exposed area varied from sample 
to sample in  the range of 0.1-0.2 cm 2. Polishing was 
performed by  0.3 ~m a lumina  and etching was carried 
out in  4:1 HCI: HNOs. The dura t ion of etching was 30 
sec, followed by washing in  alkal ine polysulfide solu- 
tion and r insing in distilled water. 

The PEC was completed by  a load resistor and a re-  
versible brass counterelectrode (19) of large area im-  
mersed in the same solution. The brass counterelec- 
trode was wrapped by glass micro fiber paper  to avoid 
contaminat ion of the solution by ZnS or CuS particles. 
The very  short wires used to connect the electrodes to 
the load resistor, as well  as the large areas of the 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  photocurrent ,  i l lumination,  cell. 

CdSe copper foiI support  and of the brass counter-  
electrode minimized the inductance of the total circuit. 
The PEC itself was well shielded electrically. 

The high f requency photovoltaic signals were moni-  
tored using FET probes, (Type P6045 or p lug- in  un i t  
7All ,  Tektronix) .  Photocurrents  were measured u n -  
der conditions close to external  short circuit  with a 
cur rent -probe  (P6022, Tektronix) ,  and amplified when  
required by the cur rent -probe  amplifier (Type 134, 
Tektronix) .  To overcome problems due to lamp j i t ter  
and due to the ini t ial  delay of the boxcar unit ,  a com- 
pensated delay l ine was employed. The gate output  of 
the scope (7904, Tektronix)  was used to synchronize 
the scan delay generator  (Brookdeal, 425A) while the 
amplified signal was applied through the delay- l ine  to 
the l inear-gate  (Brookdeal, 415). The output  signal 
from the boxcar was displayed on an X-Y recorder. 

Results 
Figure 2 demonstrates the pronounced effect of sur-  

face t rea tment  on the ampli tude and the decay t ime 
of the measured photocurrent  t ransients:  chemical 
etching of a mechanical ly polished CdSe electrode re-  
sulted in higher photocurrent  peaks, in a larger  charge 
per pulse, and in  shorter decay times. The pronounced 
effect of surface t rea tment  on the ampli tude and decay 
t ime could be reproducibly repeated, while keeping 
the cell composition and electrode configuration con- 

INSTRUMENTAL SYSTEM FOR FAST TRANSIENTS MEASUREMENTS IN PEC 
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Fig. 1. The instrumental system for fast transient measurements 
in PEC. 
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Fig. 2. Photocurrent transients for a mechanically polished (left) 
and for an etched (right) CdSe crystal, RL = 1~ in both cases. 
Semiconductor surface area = 0.2 cm 2. 

stant.  This proved conclusively that  in ter rac ia l  effects 
were  not  masked  in this mode of measuremen t  by  
other  possible contr ibut ions to the  t ime constant  of 
the complete  circuit. F igure  3 shows the s t eady-s ta te  
pho tocur ren t -vo l t age  curves obtained for the same me-  
chanica l ly  pol ished CdSe elect rode pr io r  to and af te r  
etching. I t  is c lear  tha t  large  changes in the s t eady-  
state per formance  of the cell are  brought  about  by  the 
same surface t r ea tmen t  which causes the modification 
of the t ransients .  

In  an a t t empt  to eva lua te  quan t i t a t ive ly  the mea -  
sured  photocur ren t  decay curves, the dependence  of 
the  decay t ime ~ on the value  of the load resistor,  RL, 
was recorded under  condit ions of smal l  potent ia l  pe r -  
turbat ions ,  so as to keep the in ter fac ia l  pa rame te r s  
p rac t ica l ly  constant.  To ensure such conditions, the 
l ight  in tens i ty  was a t tenua ted  by  a neu t ra l  filter so 
tha t  the total  drop across the load would not exceed 25 
mV. The quasipotent iosta t ic  conditions and low in-  
tensi t ies  employed  resul ted  in s imple exponent ia l  de -  
cay wi th  a single t ime-cons tan t  ~. F igure  4 demon-  
s t ra tes  the difference in the shape of decay curves ob-  
ta ined  under  smal l  and large per turbat ions .  Such 
differences were  pronounced especial ly  for e tched 
electrodes,  for which sa tura t ion  conditions due to 
bands f lat tening were  reached at  ful l  l amp intensity.  A 

vs. RL plot  recorded at  smal l  pe r tu rba t ions  is p re -  
sented in Fig. 5 ( the same a t tenua t ing  filter was em-  
p loyed for al l  values of RL). I t  can be seen that  for 
smal l  values  of RL the  curve is l inear,  but  the slope 
becomes smal le r  at  h igher  values  of RL. In the same 
measurement ,  T was found to approach an almost  con- 
s tant  level  for  load resistors  h igher  than  5 K~. The 
effect of e tching on the ~ vs. RL plot  is demons t ra ted  

07E 

~o 5c 

0 2 5  

O~ 200 400 600 
Voltage [mY] 

~ig. 3. Steady-state I vs. V curve for the polished and etched 
sample at which the transients of Fig. 2 were recorded. 
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Fig. 4. Form of transients obtained for an etched electrode under 
saturation conditions at full light intensity (left), and with illumi- 
nation attenuated by the use of neutral density filters (right). RL 
8.3~ in both cases. Semiconductor surface area = 0.1 cm 2. 

in Fig. 6. (Again, smal l  pe r tu rba t ions  were  employed. )  
The inser t  in Fig. 6 is an en la rgement  of the l inear  
sections (smal l  RL regions)  of the plots obta ined  be-  
fore and af te r  etching. These l inear  sections were  eval -  
uated by  a l inear  regress ion analysis  for slope and 
in tercept  (corre la t ion  funct ion be t te r  than 0.99 for 
both l ines) .  I t  can be seen tha t  the in tercept  of the 
plot  has become lower  as a resul t  of etching, whi le  the 
slope has become somewhat  smaller .  

Discussion 
The decay of the  photocur ren t  in  solar  cells fo l low- 

ing an i l lumina t ion  pulse m a y  be controlled,  in p r in -  
ciple, by  the fol lowing factors (3):  (i) the  diffusion 
t ime of  minor i ty  carr iers  towards  the junct ion;  (ii) 
the t rans i t  t ime through  the junct ion;  (iii) the  Max-  
wel l  r e l axa t ion  t ime; ( iv)  the l i fe t ime of minor i ty  
nonequi l ib r ium carr iers ;  and (v) a combined cel l -  
circuit  R-C t ime constant.  Since CdSe is a direct  band-  
gap semiconductor  (20), most  of the l ight  is absorbed 
in the space-charge  region and factor  (i) should be 
insignificant. S t rong band bending, imposed by  keep-  
ing the CdSe e lec t rode  close to the potent ia l  of the 
S = / S  ~ couple, makes  factor  (ii) unimpor tant .  Fac to r  
(iii) is not  expected to p l ay  an impor tan t  role  thanks  
to the low res is t iv i ty  of both the SC and the  e lec t ro-  
ly te  employed.  The most impor tan t  factors to be con- 
s idered are  thus ( iv)  and (v) .  In si tu photo lumines-  
cence decay - t ime  measurements ,  conducted for the 
same photoelectrode b y  employing  a dye  laser  of 2 nsec 
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Fig. 5. T vs, ~L recorded for an etched electrode under small 
photopotential perturbations. Surface area = 0.1 cm 2. 
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Fig. 6. �9 vs. RL plots taken before and after etching and recorded 
under small photopotential perturbations. Surface area = 0.1 cm 2 
(same sample as in Fig. 4). 

pulse width, revealed that the radiat ive band- to -band  
decay is completed m these CdSe sampms (unaer  small  
per turba t ion  conditions) wi thin  20 nsec. i t  tnus seems 
from the above-ment ioned arguments  and results that  
in  the t ime domain investigated (t > 20 nsec) photo- 
current  decay should be controlled by an  R-C time 
constant. 

The measured time dependence of T on RL (Fig. 5 
and 6) verifies that  z is indeed controlled in our case 
by an R-C t ime constant  which is determined by prop- 
erties of the PEC and of the external  circuit. The form 
of the measured variat ion of T with RL at small  per tur -  
bations can be s imulated by a very simple equivalent  
circuit, in  which the semiconductor-electrolyte in ter -  
facial region is represented by a photocapacitor, C, 
with a shun t  resistor, Rin, across it, while the rest of  
the cell and circuit is represented by  a resistor Rout. 
Rout is given by 

Rout "- R s e r i e s  + R L  

where Rseries is a series combinat ion of ohmic elements 
due to the PEC. To complete the equivalent  circuit the 
photon flux is represented by  a current  source, accord- 
ing to the rout ine adopted in the analysis of solid-state 
solar cells (20), this leading to the circuit  depicted in 
Fig. 7 (a).  The measured response of the real system to 
short l ight pulses can be simulated by the response of 
this simple R-C network to short cur rent  pulses. For a 
very  short cur rent  pulse from the source (current  
delta funct ion)  the t ime variat ion of the current  in the 
external  circuit is calculated for circuit 7(a)  [e.g., by 
Laplace t ransformat ion (21) ] as 

AQ 
/out = ~ e x p ( - - t / z )  [1] 

RoutC 

where AQ is the charge injected by the source into the 
photocapacitor, and the decay time is given by  z --  
(Rinl]Rout)C. For small  values of RL such that  Rout 
< <  Rin, the decay time is given by  ~ = Rout" C -- 
(RL --~ Rseries)C. Under  such conditions a plot of z vs. 
RL should be linear,  with a slope of C and an intercept  
Rser~es" C. On the other hand, at high values of RL 
such that Rout > >  Rim the decay time is given by  z -- 
RinC and is thus expected to be independent  of RL. 
This is indeed the general  form of the exper imental  
vs. RL plots depicted in Fig. 5 and 6. I t  thus seems that  
for small  values of RL photocarrier  decay occurs via 
the external  circuit, while for large values of RL the 
decry takes place via an in te rna l  leakage route, in the 
same way as the capacitor in circuit  7(a) discharges 
pr imar i ly  via Rout or via Rin depending on their  rela-  
tive values. 

Rserles 

Cc 

R series RC 

(o) (b) 

Rserles t 
R L ~ R m  R L 

(c) 

Fig. 7. Equivalent circuits used in the analysis of the photo- 
current decay time (see text): C--photocapacitor; Reer~,~total 
series resistance of the PEC; RL--Ioad resistor; Rinminternal 
leakage resistor; Re, Cr resistance and capacitance due to the 
counterelectrode-solution interface; Rd--resistance due to the 
damaged surface layer. 

Although the very simple equivalent  circuit of Fig. 
7 (a) seems to explain the general  form of the experi-  
menta l  T vs. RL plots, its val idi ty should be examined 
considering the complete photoelectrochemical cell it  
is expected to represent. Thus, when  addit ional ele- 
ments  represent ing the counterelectrode are added, the 
more complex circuit  of Fig. 7 (b) is obtained. Analysis 
of this circuit shows that  the solution for the current  
in the external  cell, following a delta source current  
perturbation,  has the form 

/out ---- A1 e xp ( - - t / ~ l )  + As exp(-- t /T2)  [2] 

However, when Cr > >  C, the following relationships 
apply: z1 , - -  (RoutllRin)C, ~2 ' ~  R c C c  and A2 < <  A1. This 
means that circuit 7 (b) will generate  t ransients  with, 
practically, a single decay time: T = (Routl gRin)C, pro- 
vided Cc > > C .  This condition is fulfilled by the PEC 
employed, the counter  being a metal  electrode of large 
area. Any large capacitor in  series with the small  
photocapacitor is expected, in fact, to act as a short 
dur ing  a fast t rans ient  measurement ,  and the simple 
circuit  7 (a) is, thus, a high frequency form of 7 (b) for 
Cc > >  C. This was fur ther  verified exper imenta l ly  by  
replacing the brass counterelectrode by  a gold wire, 
(while employing a 5012 resistor),  resul t ing in no ap-  
parent  effect on the measured transients,  in accordance 
with the results reported in Ref. (16). Photocurrent  
t ransients  with a single decay time may be, thus, ex- 
pected for this cell when the decay is under  pure R-C 
control, provided the potential  per turbat ions  are suffi- 
ciently small  to ensure the constancy of C and Rim 

From the results of Fig. 6, it is seen that  etching 
lowers the cell resistance, Rseries, from 12 to 812. As- 
suming that  mechanical  polishing produces a damaged 
surface layer  (or a surface film) which can be removed 
by  chemical etching, then such a layer  may behave as 
an addit ional  ohmic element  through which photocar- 
riers have to be transported. The effect of such an 
addit ional ohmic element  on the form of the t ransient  
can be examined with the aid of the equivalent  circuit 
in  Fig. 7 (c), where the damaged layer  is represented 
by the addit ional resistor Rd. The solution for a delta 
per turba t ion  in  this circuit  is 

AQ �9 Rout 
Iout -" exp ( - - t / z )  [3] 

(Rd --~ Rout)2C 

where ~ = C [Rinll (Rd + Rout) ]. The resistor Rd thus 
explains the longer decay time and, to some extent, the 
lower ampli tudes obtained in  the presence of the sur-  
face film. Under  short-circuit  conditions, the ampli tude 
is calculated to reduce by a factor of 2.5 due to the 
surface layer  when  R d ---- 412 and Rout = 812. However, 
the description of the damaged layer  in terms of the 
addit ional  resistor, Rd, is not complete. From Fig. 3, it  
is clearly seen that this layer  causes a substant ial  low- 
ering of the open-circui t  potential  as well. This is not 
expected to occur due to the addition of Rd. I t  seems 



554 J. Electrochem. Sou.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 198I 

that the damaged surface acts also as an active recom- 
binat ion region. If the recombinat ive process in this 
layer is very fast, i t  may not  show up as a feature in 
the decay curve in the time window of our measure-  
ment  (t > 20 nsec).l  Its only apparent  effect in terms 
of the equivalent  circuit considered may be the low- 
ering of the ini t ial  ~Q on the photocapacitor, causing a 
reduction of the ini t ial  photopotential.  The total 
amount  of charge passing through the external  load 
was indeed measured by us to increase 2-4 times after 
etching (Fig. 2). The role of the surface as a region of 
enhanced recombinat ion has been described before by 
Nelson et al. (23) according to ex situ photolumines-  
cence decay measurements.  This may  be the main  ki-  
netic significance of such a damaged layer under  open- 
circuit conditions. However, the aadit ional  ohmic e~mct 
has to be considered when photocurrents are drawn 
from the cell. 

The value of Rserles evaluated from the photocurrent  
decay measurements  after etching (8~ in the case de- 
picted in Fig. 6) is very close to the sum of bulk  SC 
and electrolyte solution ohmic resistances calculated 
according to the specific resistivities, sizes, and geom- 
etries employed. The same value for the cell series was 
found also from the max imum photocurrent  peak ob- 
tained for an etched electrode under  saturat ion condi- 
tions (high pulse in tens i ty) :  The max imum measured 
photocurrent  peak was given by 

A,r 

(iV)max Rser~es -~- RL 

where ACm~x ---- 0.7V (complete band  flattening) and 
Rserles -- 812. It is thus clear the value of R in the RC 
time constant found for photocurrent  decay in this 
PEC is determined by the total series resistance of the 
cell. If Rseries contains a contr ibut ion due to the finite 
rate of interfacial  charge-transfer  at the SC-electro- 
lyte interface ("faradaic impedance") this contr ibu-  
tion is apparent ly  very small in this case. Fur ther  
t ransient  measurements  with solutions containing less 
efficient hole acceptors should reveal if the faradaic 
impedance can be resolved when it is much larger than 
the ohmic elements due to the bulk  SC and electrolyte. 

Finally,  the value of C evaluated from the T VS. RL 
plots is close to that found from a Schottky-Mott  plot 
(80 nF  cm -2) for a similar CdSe electrode in an al-  
kal ine S=/S  ~ solution under  the same applied potential  
(22). This s imply means that  the photocapacitor is lo- 
cated in the space-charge region of the semiconductor. 
Etching is expected to increase the value of C if its 
only effect were surface roughening. The slight lower- 
ing of C measured after etching (Fig. 6) probably 
means that  some surface states contr ibut ing to the total 
C measured for a mechanical ly polished electrode are 
removed by etching, result ing in a lower caoacity in 
spite of the increased surface area. It  should be also 
noticed that the measured reduction in reflectance due 
to this mode of etching (24) is calculated to br ing  
about not more than  20% enhancement  of the photo- 
current,  i.e., this cannot be considered a major  con- 
t r ibut ion to the measured effects. 

~ea~rements conducted by us recently, using an Nd-YAG 
laser, showed .that effects of the damaged surface layer on the 
effective lifetime of the photocarriers could be measured in the 
time window 10 psec-lO nsec. 
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Surface films formed dur ing the reaction between 
a luminum metal  and aqueous electrolytes at elevated 
temperatures  are of considerable interest  in  situations 
where such films may afford some measure of resist- 
ance to the onset of pi t t ing attack in  the presence of 
aggressive anions (e.g., C1-) .  The reaction between 
a l u m i n u m  or a luminum alloys and aqueous electrolytes 
may result  in a variety of reaction products and sur-  
face film morphologies, and is reviewed in detail by 
Alwit t  (1). For the specific case of a luminum alloy 
radiators in  automotive cooling systems, the complexity 
of the electrolyte is accentuated by a variety of com- 
ponents  inc luding an antifreezant,  various corrosion 
inhibitors,  buffers, and ant i foaming agents. Fu r the r -  
more, the overall  system may contain dissimilar metal  
components which can u l t imate ly  result  in  plat ing re-  
actions on freshly exposed a luminum,  in the absence of 
par t icular  inhibitors for these reactions. Characteriza- 
tion of a l u m i n u m  alloy surfaces used in  an active cool- 
ing system involves not only an appraisal  of a l u m i n u m /  
water  reaction products on the surface, bu t  also the 
degree of inhibi tor  uptake by  the surface, the presence 
of any dissimilar metals, and the in tegr i ty  of the sur-  
face film as a bar r ie r  to pi t t ing attack. 

The role of any films formed by  surface reaction in 
the overall  process of pi t t ing attack is also of interest.  
While an ini t ia l ly  dense oxide or oxyhydroxide (e.g., 
pseudoboehmite) film may be advantageous in l imi t -  
ing the rate of aggressive ion ingress, its ~l]t~m~te role 
may be deleterious if the film serves to isolate a de- 
veloping pit from the bulk of the electrolyte (2, 3). 
In  this la t ter  case, the essentially unreact ive film 
allows localized acidity conditions to develop wi th in  
the pit so that  metal  dissolution proceeds without  
benefit of any di luent  or buffering effects of the elec- 
trolyte external  to the pit. 

Electron and low energy (i.e., <10 keV) ion beam 
spectroscopies are often l imited in their  abi l i ty  to 
rapidly assess such features as apparent  thickness and 
overall  e lemental  comFosition for water -grown films 
on a luminum.  This is due pr imar i ly  to exper imenta l  
sampling depths (usually ~100A or less) which can 
represent  only a l imited fraction of the thickest water -  
grown films [often approaching physical dimensions of 
~0.5 ~,m (1)]. Since e lemental  depth profiles in these 
techniques are often achieved by  concurrent  sputter  
etching, the results may often require  extensive times 
for data collection, and result  in l imited depth resolu- 

1 Present  address: Varian Associates,  Extrion Division, Glouces- 
ter,  Massachusetts 01930. 

Key words: backscattering,  pseudobeohmite,  aluminum, inhibi- 
tor. 

tion due to artifacts associated with the sputter  pro- 
cess. In  this work, the use of Rutherford Backscatter-  
ing Spectroscopy (RBS) is described with par t icular  
application to reactions between a relat ively clean a lu-  
m i num surlace and water containing a phosphate-  
based inhibitor. RBS has the distinct advantages in 
these applications of permi t t ing  the overall  film char- 
acteristics to be assessed quali tatively,  and in a rela-  
t ively fast, (ca. 5 rain spectrum acquisition time) 
though nondestruct ive manner .  

The RBS technique has been employed by a n u m b e r  
of investigators for analysis of surface oxides on alu-  
m i n u m  and a luminum alloys (4-7). The exper imental  
details are adequately described in the text by Chu, 
Mayer, and Nicolet (8). In general, a collimated source 
of monoenergetic high energy ions and associated 
scatter chamber and detector are used to acquire the 
energy dis tr ibut ion of ions scattered through a fixed 
angle from the target  surface. For the simplest thin 
film, the mass of the surface atom is deduced from the 
kinetic energy of the backscattered ion, through ap-  
plication of simple b inary  scattering kinematics with 
the init ial  ion energy, its mass, and scattering angle as 
known quantities. Depth informat ion may be obtained 
when energy losses in  the target  bu lk  are considered 
for the backscattered ions. For  the case of 4He2+ at 
p r imary  energies of 2-3 MeV, the accessible depth is 
sufficient to permit  penetra t ion of the surface films, 
allowing extraction of compositional data for the free 
surface as well as the metal /oxide  interface. Because of 
the relat ively low atomic weights of a luminum a n d  
oxygen, the spectral peaks for heavier  elements occur 
where there is min imal  background contribution,  and 
with somewhat larger sensitivities due to greater  
scattering cross sections (8). 

In  this work, the ion source consisted of a 3.0 MeV 
Tandet ron  accelerator manufac tured  by General  Ionex 
Corporation. A scattering angle of approximately 
160 ~ was used, in conjunct ion with a bar r ie r - type  
particle detector and counting electronics. The overall  
exper imental  resolution was estimated to be 25 keV. 

A l u m i n u m  coupons of a commercial 110.0 type mate-  
rial were prepared by mechanical  and electrolytic 
polishing according to a procedure described else- 
where (9). Surface films were grown at 100~ by  
immersion of the coupons in  either doubly distilled, de- 
ionized water  or in similar water  containing Na~HPO4 
at 0.05M, which is a known inhibi tor  of the a l u m i n u m /  
water  reaction (10). The surface t reatments ,  as well  a s  
several exper imenta l  quanti t ies are summarized in 
Table I. 
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Specimen 

Film growth time (rain.) hE, 
Aluminum sub- Approximate 

0.05M strate energy film thick. 
Water NasHPO~ shift (MeV) OFWH~ (MeV) ness (A)* R e m a r k s  

A 0.0 - -  
B ~ "-0 0,079 0.081 1450 
C 0 15 0,044 0.050 850 
D 15 15 0.117 0.122 2150 

Electropolished surface only 
No iron peak observed 
Distract P and Fe 
Diffuse P and Fe 

* Calculated using density of 3,0 g/cm 2 of AIOOH (boehmite) and tabulations outlined in Ref. (12) and (13). 

The RBS spect ra  for the various surface t r ea tments  
are  shown in Fig. 1. The i ron peak  observed  for  the 
e lec t ropol ished surface ( spec t rum A)  is be l ieved  to 
be due to res idual  FeA13 par t icu la tes  which r ema in  on 
the surface fol lowing specimen prepara t ion .  I ron is 
the  pr inc ipa l  impur i t y  in 1100 type  alloys, p resen t  a t  
levels typ ica l ly  less than  0.5% (wt) .  The role of the  
resul tan t  FeAla prec ip i ta tes  in corrosion of a luminum 
has been discussed e lsewhere  (11). In  spec t rum A 
scat ter ing  f rom the essent ia l ly  clean a luminum sub-  
s t ra te  shows a spec t ra l  edge having  the energy  of the 
b ina ry  t ie-A1 collision a t  rough ly  the  ha l f -he igh t  of the  
edge. The effect of growing a pseudoboehmite  film in 
wa te r  ( spec t rum B) is ev idenced by  two new fea tures  
of the  spectrum: (i) the appearance  of an oxygen  peak  
due to growth  of the oxyhydrox ide  film, and (ii) the 
d isp lacement  of the a luminum subs t ra te  scat ter  edge 
to a lower  energy  by  the amount  hEs due to the associ- 
a ted  loss of energy  by  the he l ium ions as the  l aye r  is 
t r aversed  dur ing the scat ter  process. As indica ted  in 
Table I, the a luminum subs t ra te  scat ter  edge is dis-  
p laced  by  0.079 MeV f rom the b ina ry  collision energy  
associated wi th  the  r e l a t ive ly  clean surface in  spec-  
t r u m  A. Because the surface pseudoboehmi te  film has a 
lower  densi ty  of a luminum atoms per  cm 2 than  the 
a luminum meta l  substrate,  the  leading  a luminum scat-  
ter  edge occurs at  an overa l l  lower  signal  height.  Thus, 
in principle,  the  film thickness is reflected in the 
b read th  of the  leading  surface l aye r  spect ra l  edge 
(and corresponding hEM for the subs t ra te  edge) ,  whi le  

Fig. 1. Rutherford backscatter 
spectra for various surface treat- 
ments to type 1100 aluminum. A. 
Eiectropolished surface, g. 15 
rain pseudoboehmite film, C. 15 
rain film in phosphate inhibitor, 
D. combined 15 rain pseudoboeh- 
mite, 15 rain phosphate inhibitor. 
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the height  of this leading edge is a measure  of the film 
density.  

In  spec t rum C, the effect of the inh ib i tor  is immedi -  
a te ly  appa ren t  in that  ~Es for the substrate ,  as wel l  as 
the  oxygen full  width  at  hal f  m a x i m u m  (OFwHM) are  
d iminished f rom the values associated wi th  the  pure  
wa te r  grown film. The up take  of phosphorus in  the  
surface l aye r  is evidenced by  the appearance  of a dis-  
t inct  peak  having the appropr i a t e  b i n a r y  collision en-  
e rgy  for He-P.  

In  spec t rum D, the or iginal  15 rain pseudo boehmite  
film was exposed to an  addi t iona l  15 min  in the  phos-  
phate  solution. The spec t rum indicates  cont inued film 
growth  i.e., increased O F W I t M  and hEs, but  wi th  not ice-  
ab ly  less phosphate  up take  than  tha t  which occurred 
on the re la t ive ly  f resh a luminum surface. The pass iva-  
t ion of the surface by  the or iginal  pseudoboehmite  film 
is appa ren t ly  responsible  for  r e t a rd ing  the f ixation of 
the a luminophospha te  complex  as occurred in spec t rum 
C. The or iginal  film produced  by  15 min  wa te r  exposure  
continues to develop wi th  only s l ight  up take  of phos-  
phate.  

I t  can be seen tha t  RBS offers a unique insight  into 
the  mechanisms of film format ion  and growth.  The in -  
hibi t ive  effect of phosphate  at  the  f resh meta l  surface, 
as r epor ted  by  Vermi lyea  and Vedder  (10) is c lear ly  
observable ,  as wel l  as the resul t ing  phosphate  up take  
by  the surface. The ab i l i ty  of RBS to observe cumula -  
t ive e lementa l  composit ions in depth,  m a y  prove  to ex-  
tend the u t i l i ty  of the  technique to a range  which is 
una t t a inab le  wi th  m a n y  o ther  surface spectroscopies.  
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Erratum 

In the paper "A Thermodynamic Theory of Dissolu- 
tion Potential and Further Tests of the Theory" by 
R. P. Rastogi and S. A. Kahn, which appeared in the 
September 1980 issue of the JOURNAL, VO1. 127, NO. 9, 
the following corrections should be noted: On page 
1989, paragraph 3 should precede paragraph 2; on page 
1990, in the third paragraph, it should read M ---- mass 
of phase; also on p. 1990, the right-hand side of Eq. [8] 
should read X~ instead of Jc. On page 1991, the left- 

hand side of Eq. [34] should read (A•) instead of (~A); 
a2(sat'd) 

on page 1991, Eq. [44] should read as - -  instead 
a2~ 

al(sat'd) 
of - - .  The title of Table II on p. 1993 should be 

a2 ~ 
"Dissolution potential of KC1 in KC1-HC1 aqueous mix- 
tures." Also in Table II, the fourth line in the first col- 
umn should read 0.025M HCl + 0.075M KCl. 
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ABSTRACT 

This paper describes the preparat ion and properties of zinc oxide films 
grown by tne oxidation of diethylzinc. It is shown that growth above 250~ 
with an oxygen to diethylzinc mole ratio in excess of 10, results in  stable films 
of zinc oxide, free from carbon contaminat ion or z inc-ethyl  groups. Details 
are provided of these growth conditions and also of the resul t ing growth pa- 
rameters  in  this paper. The physical properties of films grown by this tech- 
nique are also described, with par t icular  emphasis on their  IR absorption char-  
acteristics, stoichiometry, reiract ive index, and crystallographic orientation,  as 
a function of the growth conditions. Films are shown to have an oxygen de- 
ficiency which increases with growth temperature,  as does their refractive 
index. Film orientation, along the c-axis, is also found to improve with in- 
creasing growth temperatures. 

The properties of zinc oxide films have allowed the 
fabrication of devices such as heterojunct ion solar 
cells, surface acoustic wave devices, and optical wave-  
guides. The highly aligned C-axis films which are ob- 
tained with the technique to be described display 
piezoelectric properties (1) and provide a medium for 
surface acoustic wave propagation (2). The bandgap of 
zinc oxide (3.3 eV) is sufficiently large to be t rans-  
parent  to most of the solar spectrum, and its conduc- 
t ivi ty  may be controlled over a broad range. These 
facts together make zinc oxide useful  in heterojunct ion 
solar cells application. For example, an n -ZnO/p -CdTe  
heterojunct ion solar cell has produced solar efficiencies 
of 4.6% and short-circuit  cur rent  collection of 19 
mA/cm 2 (3). The optical t ransmission spectrum for the 
zinc oxide films shows a strong absorption edge at 
wavelengths around 0.4 ~m, with a t ransparen t  region 
in the range of 0.4-2.3 ~m. This t ransparent  window 
makes zinc oxide suitable for optical waveguide fab-  
rication (4). In  addition, the authors have used zinc 
oxide films as a source of zinc for open tube diffusions 
of zinc in gal l ium arsenide (5). 

This paper  describes the growth of zinc oxide 
utilizing a metal-organic  chemical vapor phase deposi- 
t ion (CVD) process. These films are characterized using 
infrared transmission, resistivity measurements,  x - ray  
diffraction, Auger analysis, and ellipsometry. The con- 
ditions for the deposition of stable, C-axis oriented, 
zinc oxide films grown by the oxidation of diethylzinc 
have been determined. It  appears that zinc oxide films 
obtained with this process have desirable optical, elec- 
trical, and acoustical properties which are potent ial ly 
suitable for the many  applications ment ioned above. 

* Electrochemical  Society Active Member .  
K ey  words :  zinc oxide, chemical  vapor deposition, organometa l -  

lie CVD. 

Apparatus 
The apparatus used for the zinc oxide depositions w a s  

a resistance heated, cold wall  system which is sche- 
matical ly i l lustrated in Fig. 1. The substrate heater  was 
approximately 11/z in. in diameter. The reaction cham- 
ber geometry was vertical with gas flow normal  to the 
substrate surface. The chamber was main ta ined  at es- 
sential ly atmospheric pressure with reactants enter ing 
at the top and exhausted out of the bottom of the cham- 
ber. The chamber was a 12 in. long, 3 in. diam quartz 
tube. Gases provided to this system were argon 1 and 
oxygen. 1 The diethylzinc 2 was contained in a stainless 
steel bubbler  main ta ined  at 25 ~ and was transported 
into the reaction chamber by passing argon through 
the bubbler.  An addit ional  argon l ine was used for 
dilution purposes. Oxygen was introduced through a 
separate port  at the top of the reaction chamber. 

Film Deposition 
In  this study, the zinc oxide films were deposited 

by the reaction of diethylzinc with oxygen. Diethylzinc 
is a pyrophoric l iquid which is known  to react with air 
even at room temperature.  The deposition of zinc oxide 
films using diethylzinc vapors was, therefore, studied 
over a wide range of temperatures  ranging from room 
temperature  (25~ up to 500~ The oxidation of di- 
ethylzinc may be expected to proceed by the following 
reaction 

(C2Hs)2Zn + 7 02--> ZnO -5 4CO2 -F 5H20 [1] 

This equation indicates that  it is necessary to perform 
the deposition under  a high O2/DEZ mole ratio to en-  
sure complete oxidation of the diethylzinc. 

UHP grade ,  Union  Carbide Corpora t ion .  
"-5N Elec t ronic  grade ,  Ven t ro n  Corpora t ion ,  Danver s ,  Massachu- 

setts. 
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M.O. CVD SYSTEM SCHEMATIC 
FOR ZnO DEPOSITION 
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Fig. 1. Schematic diagram of zinc oxide deposition system 

The deposition of the zinc oxide films was studied on 
(111) _+ 0.5 ~ oriented, 30 ~l-cm, phosphorus-doped, 

silicon substrates under  the following conditions: 
(i) For  a fixed part ial  pressure of diethylzinc and a 

fixed deposition temperature,  the effect of the par t ia l  
pressure of oxygen was observed by  changing the 
oxygen flow. 

(it) Keeping the part ial  pressure of oxygen and the 
deposition tempera ture  fixed, the effect of the part ial  
pressure of diethylzinc was observed by changing the 
argon flow through the diethylzinc bubbler .  Ful l  satu-  
ra t ion conditions were assumed for the argon passing 
through the bubbler .  

(iii) Keeping the part ial  pressures of diethylzinc 
and oxygen fixed, the effect of the deposition tem- 
perature  was observed. Pr ior  to film deposition, the 
substrates were cleaned by  degreasing, immersion in 
Caros solution, and a dip in HF prior to loading into 
the reactor. After  deposition, the film thickness w a s  
determined by ellipsometry. 

Oxygen ~ow.--In the absence of oxygen, diethylzinc 
will decompose at elevated temperatures  into zinc-ethyl  
groups or even into e lemental  zinc if the temperature  
is sufficiently high. In  this study, it  was found that  the 
films deposited with little or no oxygen present  showed 
rapid changes in appearance upon exposure to air after 
deposition. The effect the introduct ion of oxygen had 
upon the growth rate of the films was examined at a 
deposition tempera ture  of 350~ while main ta in ing  all 
other gas flows constant. To obtain this data, the 
argon flow through the diethylzinc bubbler  was main-  
ta ined at 23 cm3/min and a total  argon flow of 6.9 
l i t e r s /min  was used. The growth rate was found to be 
independent  of oxygen flow when the oxygen to di- 
ethylzinc mole ratio exceeded 10. Films grown at 
oxygen to diethylzinc mole ratios of less than 10 
showed changes in appearance on exposure to air. This 

is in accordance with the high ratio of oxygen to di -  
e t h y l z i n c  indicated by Eq. [1] to ensure complete re-  
action. Consequently, care was taken in the experi-  
ments described below to main ta in  an oxygen to di- 
ethylzinc ratio of greater than 10 to ensure the deposi- 
tion of stable zinc oxide films. 

D~ethylzinc flow.--The growth rate of the zinc ox ide  
films could be varied over a broad range by controll ing 
the argon flow through the DEZ bubbler  while main-  
ta in ing all other growth parameters  constant. For  a 
deposition tempera ture  of 350~ an oxygen fiow of 12 
cmS/min and a total argon flow of 6.9 l i ters /min,  the 
growth rate was found to increase l inear ly  with in -  
creasing argon flow through the DEZ bubble r  as 
shown in Fig. 2. Similar  results were obtained at other 
deposition temperatures.  It should be noted that even 
at the highest DEZ concentrations used to obtain the 
growth rate data in Fig. 2, the oxygen to DEZ ratio was 
main ta ined  at greater than 10 to ensure the formation 
of zinc oxide films. 

Growth temperature.--The growth rate of the zinc 
oxide films was measured as a funct ion of the deposi- 
tion temperature  over the range from room tempera-  
ture (25~ to 500~ while main ta in ing  all the gas 
flows constant. The gas flows chosen for these experi-  
ments were an argon flow through the DEZ bubbler  of 
23 cmS/min, an oxygen flow of 12 cmS/min, and a total 
argon flow of 6.9 l i ters /min.  It was found that the films 
deposited at below 250~ changed their  appearance on 
exposure to air. Consequently, the growth rate of 
films deposited at 250~176 is shown in Fig. 3. It can 
be seen that  the deposition rate decreases when the 
growth tempera ture  is increased. Reactant depletion at 
the substrate surface with increasing deposition tem-  
perature  was found to be responsible for this decrease 
in the growth rate. This depletion in the reactant  con- 
centrat ion at the substrate surface occurs due to a com- 
peting gas phase reaction between the diethylzinc and 
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Fig. 3. Dependence of the growth rote of zinc oxide films upon 
the substrata temperature. 

oxygen. Evidence support ing this was obtained by m e a -  
s u r i n g  the growth rate, at a fixed deposition tempera-  
ture, while changing the spacing between the DEZ 
inlet  to the reactor and the substrate surface. For  a 
fixed part ial  pressure of DEZ in  the reaction chamber,  
the growth rate showed a rapid increase with decreas- 
ing spacing between the DEZ inlet and the substrate 
surface. Although it may be concluded from t h e s e  
results that a small spacing between the DEZ inle t  and 
the substrate surface is desirable for ob ta in ing  high 
growth rates, in practice the DEZ inlet  position must  be 
chosen so as to obtain the desired uni formi ty  in the 
film thickness over the entire substrate  area. As an ex- 
ample, for the above growth conditions, a spacing of 3 
in. be tween the DEZ inle t  and the substrate surface 
resulted in a var iat ion in  film thickness of less than 
___10% over an area of 1.5 in. in  diameter. 

Film Propert ies 
Chemical, physical, and electrical properties of the 

zinc oxide films deposited under  various growth con- 
ditions are described below. This data can be used to 
evaluate the qual i ty of these films for potential  appli-  
cations. 

Infrared absorption.--Infrared absorption measure-  
ments over wavelengths ranging from 1 to 40 microns 
were taken on films deposited at temperatures  ranging 
from room temperature  (25~ to 500~ Films which 
were deposited at temperatures  above 250~ showed 
the presence of an absorption band  at a wavelength 
of 23 microns which was not observed in the case of 
films deposited at below 250~ Typical absorption 
spectra for films deposited a t  150 ~ and 500~ are shown 
in Fig. 4 for comparison. Since this absorption band  
has been observed in bulk  zinc oxide and is associated 
with the zinc-oxygen molecular  bond, it  can be con- 
cluded that zinc oxide films are deposited at substrate 
temperatures  above 250~ while films deposited below 
this temperature  probably consist of unstable  zinc ethyl 
groups. 

Composition.--The stoichiometry of zinc oxide films 
deposited at temperatures  ranging from 250 ~ to 500~ 
was measured by  Auger  analysis using a polycrystal l ine 
zinc oxide sample as the standard. Films were found to 
contain an excess of zinc which increased wi th  increas- 
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Fig. 4. Infrared absorption spectra of films deposited at sub- 
strata temperatures of 150 ~ and 500~ 

ing deposition temperatures  as shown in Fig. 5. A 
similar behavior  has been observed in the case of the 
deposition of t in oxide films by the oxidation of te t ra-  
methyl t in  (6). The presence of excess zinc in the films, 
as detected by the Auger analysis, is important  for 
unders tanding  the variat ion in their  refractive index 
and resist ivity with growth temperature.  It is also 
worth point ing out that the Auger analysis, taken on 
these films after ion mil l ing approximately 50A from 
the surface, showed that  they were free of the carbon 
contaminat ion that could arise from the use of the 
organometall ic zinc source. 

RefTactive index.--The index of refract ion was mea-  
sured for films at a wavelength of 5461A by ell ipsom- 
etry. The conditions used to deposit these films on the 
silicon substrates were identical  to those used to ob- 
tain the data shown in  Fig. 3. The var iat ion in  the 
refractive index with deposition temperature  is shown 
in Fig. 6. It can be seen that  the index of refraction 
increases when the deposition tempera ture  is in -  
creased. This increase in the refractive index with dep- 
osition tempera ture  correlates with the observed in-  
crease in  the excess zinc concentrat ion as was shown 
in Fig. 5. While a refractive index of 2.03 has been 
reported for bulk  ZnO (8),values similar  to those given 
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Fig. 5. Auger data of zinc oxide films revealing the increase of 
excess zinc in the films with increasing deposition temperatures. 

in Fig. 3 have been observed for ZnO films deposi ted by  
o ther  chemical  vapor  deposi t ion techniques (9). 

Crystal orientation.--X-ray diffraction measurements  
were  made  on films deposi ted on Corning Type 7059 
glass a t  deposi t ion t empera tu res  ranging  f rom 250 ~ to 
500~ No diffraction peaks  were  observed for  films 
grown at  and be low 300~ indica t ing  tha t  these films 
were  amorphous.  However ,  films deposi ted at  above 
300~ showed x - r a y  diffraction peaks as i l lus t ra ted  in 
Fig. 7 for  a film deposi ted a t  400~ This and  o ther  
x - r a y  da ta  t aken  on these films shows tha t  the  films 
have a high C-axis  or ien ta t ion  which  improves  wi th  
increas ing deposi t ion tempera ture .  This da ta  as wel l  as 
the  resul ts  of deposi t ion on o ther  subs t ra tes  has been 
discussed in grea te r  deta i l  e l sewhere  (7). 
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Fig. 6. Refractive index of zinc oxide films grown at deposition 
temperatures ranging from 250 ~ to 500~ 
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Fig. 7. X-ray diffraction data of a zinc oxide film grown at 
400~ on Coming 7059 glass obtained using Copper Kc~ radiation. 

Conclusions 
A novel  technique for the deposi t ion of zinc oxide 

films at  r e l a t ive ly  low t empera tu res  has been outlined. 
The phys ica l  p roper t ies  of this mater ia l ,  which are  
of in teres t  for a number  of electronic applicat ions,  have 
also been described.  I t  has been  shown tha t  films 
grown in this manne r  are h igh ly  oriented,  and should 
find use in surface acoustic wave  applicat ion.  The use 
as a zinc source for open tube ga l l ium arsenide  di f -  
fusion has been out l ined in an ea r l i e r  paper .  F u r t h e r  
work  needs to be done to explore  other  uses for zinc 
oxide  thin films grown b y  this CVD technique.  
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ABSTRACT 

We report  a p re l iminary  study in w~.ch the physical and electrical prop- 
erties of d-c magnet ron  and co-deposited rf diode molybdenum silicide films 
of varying  stoichiometry are compared. It  is shown that the d-c magnet ron  
films deposited from a composite target tend to be non-opt imal  in  comparison 
to the rf diode co-deposited films of the same stoichiometry. Extensive degra- 
dation of the d-c magnet ron  films was f requent ly  observed dur ing heat-  
t rea tment  at 1000~ in ni t rogen or argon ambient.  The rf diode films, however, 
appear to withstand hea t - t rea tment  without  signs of degradation. There a p -  
pear  to be significant differences in  film stress changes dur ing heat - t rea tment ,  
i.e., the d-c magnet ron  films exhibit  a severe change in  stress level result ing 
in a highly tensile state which causes film cracking and loss of adhesion, 
whereas the rf diode co-deposited film stress changes to min imal  values dur-  
ing heat - t rea tment .  Addit ional  data on crystal morphology, resistivity change 
dur ing heat - t rea tment ,  and general  fihn properties are also discussed. 

Refractory metal  silicides have been proposed as 
al ternatives to polycrystal l ine silicon ("polysilicon") 
for gate electrode or interconnect ion metall izations in 
field effect t ransistor  devices of VLSI dimensions (1-4). 
This t rend has evolved as a consequence of the pro- 
hibit ive values of resistance encountered in conven-  
tional polysilicon gate technology as device geometries 
are reduced. 

One significant problem with these newer  materials 
appears to be the relat ively high levels of contamin-  
ants (e.g., oxides, carbon, and alkalies) present ly 
found in  composite, hot-pressed sput ter ing sources 
(targets).  These contaminants  not only can alter de- 
vice characteristics irreversibly,  bu t  also may result  in  
the loss of film integr i ty  dur ing subsequent  high tem- 
perature (1000~ device processing steps. 

Another  potential  problem with refractory silicide 
th in  films may be the high levels of intr insic  film 
stress often found in these films. Additionally, many  
commercial sput ter  deposition systems do not provide 
a means of controll ing this film stress through con- 
trolled d-c or rf substrate bias (5, 6). Films deposited 
with high levels of intr insic  stress can also fail in sub-  
sequent  high temperature  processing, where thermal  
expansion coefficient mismatch between film and sub-  
strate is exaggerated. 

In  this p re l iminary  study, we describe a co-deposi- 
tion technique in  which rf sput ter ing is done from 
separate high pur i ty  targets of the refractory metal  and 
silicon wi th  and without substrate bias. Additionally,  
we compare the physical and electrical properties of 
molybdenum silicide films prepared by this technique 
with films deposited from a composite target  by the d-c 
magnet ron  technique. 

Experimental 
D-C magnetron deposition of mo lybdenum sil icide.--  

All d-c magnet ron  depositions were done in  a Pe rk in -  
Elmer Model 4400 cryo-pumped sput ter ing system 
equipped with a hot-pressed source (target) of molyb-  
denum disilicide of 99.9 pur i ty  (Metron).  The target  
was solder-bonded to a s tandard water-cooled copper 
backing plate and magnet  assembly. Depositions were 
done at ca. 7 W/cm 2 (averaged over entire target area 
of ca. 3.00 cm 2) and 5 mTorr  (0.67 Pa) of argon pres- 

* Electrochemical Society Active Member. 
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sure at system base pressure of ca. 5 • 10-~ Tor t  
(7 • 10 -5 Pa) and 10 rpm substrate table rotation. 
Deposition rates were typically ca. 35 nm/min .  Films 
of ca. 250 nm nominal  thickness, determined via profi- 
lometry of an etched step ( H N Q : H F - 2 0 0 : I ) ,  were 
deposited onto silicon wafers previously coated with ca. 
100 nm of thermal  silicon oxide, 100 nm of rf sputtered 
silicon nitride, and ca. 500 nm of LPCVD-deposited 
(640~ polycrystal l ine silicon (polysilicon). Addi-  
t ional depositions with and without  rf substrate bias 
were done onto 5 • 25 ram, 63 ~m thick sapphire 
beams for evaluat ion of film stress and film integri ty 
dur ing subsequent  heat - t rea tment .  

Deposition of mo lybdenum silicide via the r f  diode 
co-deposition technique . - -These  depositions were done 
in  the same sputter  system described above from sep- 
arate targets of 99.99 pur i ty  molybdenum and silicon 
using the rf power-spl i t t ing feature of the system at 
10 reTort  (1.33 Pa) argon pressure. For deposition of 
the si l icon-rich (MoSie.s) films, typical target  voltages 
and wattages were: Mo 850V, 300W; Si 2400V, 1500W. 
Substrate  pallet rotation was 10 rpm in all cases. 
Under  these conditions, ca. 0.1 nm of molybdenum and 
ca. 0.2 nm of silicon were deposited per one pallet rev-  
olution. The resul tant  deposition rate was ca. 2.7 r im/ 
min. Deposition temperature  was found to be ca. 120~ 
under  these conditions (PTC Model 575 CM surface 
thermometer) .  

To study the influence of rf substrate bias on the film 
properties, addit ional depositions were done with 
varying  degrees of bias. The effects of this parameter  
are elaborated upon later  in the text (Results section). 

Addit ional  rf diode depositions were done from a 
composite target of 99.9 pur i ty  at 10 mTorr  argon pres- 
sure and 5 W/cm~ power density. The resul tant  deposi- 
tion rate was ca. 4.7 nm/min .  

Other exper imental  techniques . - -Convent ional  four-  
point probe measurements  were used for resist ivity 
determinations.  

All  heat - t rea tments  were carried out with a Lind-  
berg "table top" (Model SB 54542) furnace and quartz 
diffusion tube using h igh-pur i ty  sources of ni t rogen or 
argon at ca. 10 l i ters / ra in  flow. 

CV plot t ing was done with an  MDC control ler /plot ter  
and Signatone probe with hot stage. 

562 
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Auger  and SIMS analyses were done with a Perk in  
Elmer Model 590 scanning Auger Microprobe. 

The elemental  sensit ivi ty values reported by Davis 
et al. (7) were used to quant i fy  the Auger electron 
spectra. 

Hel ium ion backscatter analysis was done with the 
Cal Tech 3 MeV Van de Graaff accelerator using 4He + 
ions in the technique reported by Chu et al. (8). 

Scanning electron microscopy (SEM) was done with 
a Hitachi S-450-1 system. 

Determinat ion of film stress was done on thin sap- 
phire  beams using the method reported (9) earlier. 

X - r ay  diffractometry was done with a GE XRD 
diffractometer using CuKa radiat ion at 35 kV. 

Results 
Determination of molybdenum-si l icon stoichiometry. 

- -Molybdenum/s i l i con  ratios for both d-c magnet ron  
and co-deposited rf  diode films were determined ini-  
t ial ly in  films deposited directly on silicon wafers. This 
was par t icular ly  essential for the co-deposited films, 
where no prior correlations existed between deposition 
parameters  and stoichiometry. It was hoped that  the 
d-c magnet ron  and rf diode films deposited from a 
single composite target  of Mo33Si67 would serve as 
"standards" for the stoichiometric determinations.  
However, it can be seen (Fig. 1) that  good stoichi- 
ometric correlation between the two deposition meth-  
ods was not  obtained, as shown by the Auger depth 
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profiles of the resul tant  films. It is apparent  that  molyb-  
denum/s i l icon  atomic ratio appears to be ca. 32:68 for 
the d-c magnet ron  films, whereas the ratio appears to 
be ca. 39:61 for the rf diode films, 

In  an a t tempt  to resolve the question of film stoichi- 
ometry and to obtain a "standard" film, a sample of an 
rf diode co-deposited film having an apparent  Mo/Si 
ratio of 32:68 by Auger analysis was analyzed via 
hel ium ion backscattering spectrometry (HIBS). The 
resul tant  Mo/Si ratio was found to be 26: 74. Since the 
HIBS analyses are assumed to have an accuracy of ap- 
proximately _5%,  it is apparent  that the Auger results 
are providing ratios that are Mo rich. It  is possible 
that either differential sputter ing effects or matr ix  
effects on the shape of the Auger l ines are contr ibut ing 
to this error (10). If the error is assumed to be con- 
stant  (which may not  be the case) a correction factor 
can be obtained by comparing the Auger and HIBS 
data. In  this case the HIBS Mo/Si ratio was 0.35; the 
Auger Mo/Si ratio was 0.47. Therefore, a correction 
factor of 0.74 should be used as an at tempt to correct 
the Auger data. 

Figure  2 presents Auger depth profiles which depict 
the stoichiometry of two rf diode films, co-deposited 
with differing target  voltages on the molybdenum and 
silicon. From Fig. 2 (B), it is apparent  that silicon en-  
r ichment  may be present  near  the film surface. Appli-  
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Fig. 1. Auger depth profiles of (A) d-e magnetron and (B) rf 
diode films sputtered from single composite targets of composition 
Moa3Si67. 

100 RF POWER SPLIT ("NO BIAS") 

90 

70 Si~ 

60 
Mo - 8 5 0 V  
Si2 - 2 5 0 0 V  B) ~ 50 

40 
MOl 

2O 

10 

0 I 
0 3 6 9 12 15 18 21 

S P U T T E R  T I M E  ( M I N . )  

Fig. 2. Auger depth profiles of rf diode co-deposited molybdenum 
silicide films sputtered at different torget voltages. 



564 J. Electrochem. Soc.: S O L I D - S T A T E  

cation of the above correction factor to these spectra 
results in stoichiometric ratios of (a) Mo46Si5~ and (b) 
Mo26Si74. For simplification, these films will be desig- 

"M ~i " noted (a) "MoSt" and (b) om 2.s. 

Comparison of morphology and integrity of as-de- 
posited and heat-treated d-c magnetron and r] diode 
films.--The as-deposited films from all three types of 
depositions were metall ic in appearance and exhibited 
no visible crystal l ini ty or surface features at magnifi-  
cation up to 30 kX (SEM) on silicon oxide or n i t r ide-  
coated silicon and sapphire. On polysilicon, all the as- 
deposited films tended to replicate the crystal morphol-  
ogy of the polysilicon. This observation is evident  in  
Fig. 3(A),  which shows the morphology of undoped 
polysilicon before (insert) and after deposition of the 
d-c magnet ron  molybdenum silicide without  sub-  
strafe bias. When this s tructure was subjected to 
1000~ hea t - t rea tment  for 30 min  in  ni t rogen or argon, 
severe cracking was observed in many  instances, as 
shown in Fig. 3(B).  Additionally, white fumes, pre-  
sumably molybdenum oxide, were seen to evolve from 
the film dur ing heat - t rea tment .  The severity of this 
degradation precludes fur ther  processing. From Fig. 
3, one may surmise that these cracks appear to be as- 
sociated with a grain boundary  or film stress phenom- 
enon. The film stress-induced mode of degradation is 
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supported by the observation that the films tended to 
peel away from the substrate with concavity (Fig. 4A), 
indicative of tensile stress in  the film. (See section on 
Fi lm stress below for fur ther  comment.) This degrada- 
t ion is more severe in films deposited under  high values 
of substrate bias (--  120V). 

For rf diode co-deposited films having Mo/Si ratios 
<0.5 on polysilicon, silicon oxide, or nitride, no ob- 
servable film degradation was observed dur ing and 
after heat- t reatment ,  as shown by Fig. 4 (B) and Fig. 5. 
From Fig. 4(B),  it should be noted that  the largest 
visible crystallites were <100 nm in width. Auger 
depth profile analysis of the films deposited under  rf 
bias indicated that Mo-Si stoichiometry remained un -  
changed as a result  of the hea t - t rea tment  [Fig. 6 (A)]  
when the Mo/Si ratio was <0.5. However, one change 
which became apparent  dur ing hea t - t rea tment  was the 
appearance of a thin (ca. 5 nm)  layer  of silicon ni tr ide 
on the surface of the silicide film. Figure 6(B) shows 
the Auger spectrum of the heat - t rea ted film. No molyb-  
denum was detected on the surface. The ni t rogen peak, 
however, is readily apparent  in the spectrum. For co- 
deposited films of molybdenum-r ich  stoichiometry 
(Mo/Si>0.5),  extensive surface degradation was ob- 
served dur ing heat - t rea tment .  It should be noted that  
no detectable changes in thickness were observed for 
MoSt or MoSi2.s films on silicon nitr ide or oxide as a 
result  of heat - t rea tment .  

Fig. 3. SEM micrographies of d-c magnetron sputtered molyb- 
denum siliclde films on polysilicon, (A) as-deposited and (B) heat- 
treated in nitrogen at 1000~ for 30 rain. Insert in (A) shows the 
uncoated polysilicon surface. 

Fig. 4. Micrographs of (A) heat-treated d-c magnetron molyb- 
denum siilcide on polysi[icon showing peeling morphology, and (B) 
heat-treated MoSi2.8 on oxide. 
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Fig. 5. SEM micrographs showing (A) as-deposited end (B) heat- 
treated MoSi2.s on polysilicon. 

Comparison of the electrical properties o] the d-c 
magnetron and co-deposited rf diode films.--The as- 
deposited d-c magnet ron  films had sheet resistance of 
ca. 20 12/sq on si l icon-oxide or n i t r i de .  After  heat-  
t rea tment  at 1000~ in ni t rogen or argon, the sheet re-  
sistance lowered to 4-5 a / s q  in cases when  the film in-  
tegri ty was retained. 

,For the rf diode co-deposited films, the as-deposited 
sheet resistance values were dependent  on molyb-  
denum-s i l icon stoichiometry, as expected. Figure  7 (A) 
shows the sheet resistance values plotted as a funct ion 
of thickness for the composition MoSt2.7. Figure 7 (B) 
shows the resist ivity plots as a funct ion of Mo:Si ratio 
for as-deposited and heat - t rea ted  molybdenum silicide 
films of varying  composition deposited under  "no bias" 
(floating) conditions. With biased substrate depositions, 
(--25 to 50V), the heat - t rea ted film resist ivity appears 
to lower ca. 50% from the values shown. Thus, re- 
sistivity values of ca. 8 • 10-~ l lcm can be obtained. 

Capacitance-voltage plots of the d-c magnet ron  and 
rf diode co-deposited films were done before and after 
hea t - t rea tment  after using a metal  mask to define 750 
~ n  diam electrodes of the silicide on ca. 100 nm of 
thermal  oxide on n - type  silicon wafers. Figure 8 shows 
the resul tant  plots for the as-deposited d-c magnetron 
film and the rf diode film after heat - t rea tment .  The 
plot for the as-deposited rf diode film is not shown due 
to its severe distortion, p resumably  due to oxide "dam- 
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Fig. 6. Auger plots showing (A) depth profile of heat-treated rf 
diode co-deposited molybdenum silicide having as-deposited com- 
position of Mo~2Sies (Auger), and (B) AES survey of film surface. 

age" dur ing deposition. From Fig. 8, it is apparent  that  
alkali and hydrogen- induced flatband shifts (Qm) (11) 
are excessively high (ca. 3 • 1012 charges/cm 2) for the 
d-c magnet ron  films, whereas the heat- t reated rf diode 
films have Qm values of ca. 8 • 101~ 2. The high Qm 
values of the d-c magnet ron  films were considerably 
reduced to levels comparable to the rf diode films after 
hea t - t rea tment  at 1000~ in cases where film degrada- 
tion did not occur. This reduction in Qm with heat-  
t rea tment  was reported by Learn  (12). 

X-ray di~ractometry.--X-ray diffractometry was 
done on the as-deposited and heat - t rea ted d-c mag-  
ne t ron  and rf diode co-deposited films on silicon nitr ide 
coated wafers. The resul tant  spectra are shown in Fig. 
9. Examinat ion  of these spectra show that  both the as- 
deposited d-c magnet ron  and rf diode films [Fig. 9 (a), 
their spectra were superimposab]e] exhibited minimal  
crystallinity.  The silicon (211) cubic reflection in  these 
spectra may be a t t r ibutable  to unreacted silicon in the 
as-deposited films; the in tensi ty  of this reflection is 
considerably diminished, or absent, after hea t - t rea t -  
ment. Additionally, the heat- t reated d-c magnet ron  film 
(b) shows strong tetragonal  MoSt2 reflection~ only. 
The rf diode co-deposited film designated "MoSt" (c) 
shows tetragonal  and hexagonal  MoSt2 and cubic lYlo~Si 
reflections, whereas the film designated "MoSie.s" (d) 
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shows only weak tetragonal  MoSi2 rJIect ions  con- 
sistent with the SEM micrograph shown earlier (Fig. 
4B), indicative of very  small  crystall i te size. 

F i l m  s t r e s s . - - I n  the as-deposited d-c magnet ron  films 
on sapphire, film stress was compressive and was cal- 
culated to be ca. 1 • 1010 dyne /cm 2. During 1000~ 
heat - t rea tment ,  however, the intr insic film stress 
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Fig. 8. Capacitance voltage plots of as-deposited d-c magnetron 
film and heat-treated rf diode co-deposited MoSi~.s film. 

changed to high tensile stress values. This change could 
actually be observed during heat -up  of the film; the 
substrate could be seen to curl rapidly from a convex 
to a concave condition, after which the film would tear 
away from the substrate producing fine particulates. In  
extreme cases, silicon wafers were seen to fracture 
dur ing hea t - t rea tment  (13), especially when the dep- 
osition was done under  high (--120V) substrate bias. 

No such degrative changes in film stress were ob- 
served with the rf diode co-deposited films having Mo/ 
Si ratios between 0.33 and 0.5. As-deposited, the film 
stress was min imal ly  unmeasurab le  for films sputtered 
under  "no bias" conditions or at --75V bias. Between 
--25 and --50V bias, film stress was ca. 5 • 1010 dyne /  
cm ~. (compressive). However, 1000~ hea t - t rea tment  
of these films yielded a reduction of this stress to un-  
measurable  values. For films having Mo/Si ratios be- 
tween 1.0 and 0.5, the film stress appeared to be in 
varying degrees of tension. Hea t - t rea tment  also ap- 
peared to reduce this stress to unmeasurab le  values. 
This stress behavior  dur ing hea t - t rea tment  differs from 
that  reported (14) for co-sputtered t i tan ium silicide. 

A n M y s i s  o5 t race  e l e m e n t s .  Analysis for trace ele- 
ments and hydrogen was done on the as-deposited d-c 
magnetron and rf diode co-deposited films using the 
SIMS capabil i ty of the Physical Electronics 590 system. 
Additionally, film samples were also electron beam 
heated i n  s i t u  and the resul tant  evolved gases were 
measured by mass spectrometry. The resul tant  spectra 
showed hydrogen and fluorine to be present  in  all the 
films. Quantification of the spectra could not be carried 
out easily using this technique. 

S t e p  c o v e r a g e . - - A  250 nm thick co-deposited film of 
composition MoSi~.s was sputtered onto an oxide- 
stepped silicon wafer at --50V substrate bias. The film 
was heat- t reated at 1000~ then photoli thographically 
masked and etched in a paral lel  plate prototype reac- 
tor using Freon-14 as the etch gas. Figure  10 sho.ws the 
SEM micrograph (in cross section) of the etched film 
over a one micron oxide step which is sl ightly "under -  
cut." From Fig. 10, it is apparent  that  acceptable step 
coverage was obtained in  the as-deposited film. 

O x i d a t i o n  r a t e . - - R F  diode co-deposited films of com- 
position MoSi~.s and MoSi2 were oxidized in dry  oxy- 
gen at ca. 6 l i t e r s /min  flow at 1000~ The resul tant  
oxidation rate (at ca. 50 n m  oxide thickness) for the 
MoSi2.s was only ca. 3 A/rain,  whereas the rate for the 
MoSi2 was ca. 400 A/ra in  ( resul tant  oxide thickness ca. 
300 nm) .  Addit ional  studies are unde rway  in  an at-  
tempt to gain more informat ion on the oxidation of 
these films (15). 
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on the rf  diode co-depos i ted  films were  shown to 
be essential  for the es tabl i shment  and moni tor ing  
of molybdenum-s i l i con  s to ichiometry  in such a study. 

In  summary ,  it  appears  that  the rf  diode co-depos i -  
t ion technique is v iable  for  the product ion of good 
qua l i ty  mo lybdenum sil icide films of low resis t ivi ty .  
Fu l ly -ope ra t i ona l  gate a r r ays  have been fabr ica ted  
f rom these films, thus suppor t ing  the feas ib i l i ty  of 
the technique. F u r t h e r  detai ls  r egard ing  these devices 
cannot  be provided  at  this t ime due to p r o p r i e t a r y  
considerations.  

Fig. 10. SEM micrograph showing coverage of rf diode co- 
deposited film over oxide step. 

Summary and Conclusions 
This s tudy  has shown tha t  mo lybdenum silicide 

films deposi ted by  d-c  magne t ron  spu t te r ing  f rom a 
composite t a rge t  tend  to be non-op t ima l  dur ing  subse-  
quent  hea t - t r ea tmen t ,  i.e., film degrada t ion  is often en-  
countered  for no eas i ly  appa ren t  reason. The p rob lem 
is more  acute  for  films deposi ted under  high values 
(--120V) of r f  subs t ra te  bias. 

RF diode films co-depos i ted  f rom separa te  sources 
of mo lybdenum and silicon, however ,  do not  exhib i t  
this  c legraaat lon when  the Mo/~ i  rat io  is < 0.5, p ro -  
viding tha t  the films have not been subjec ted  to acidic 
cleaning procedures  (DI wa te r  cleans only  are  recom-  
mended)  and anneal ing  ambien t  is ensured  to be inert .  
The reason for  the difference in behav ior  be tween  
the d-c  magne t ron  and rf  diode co-deposi ted  films is 
unc lear  a t  the presen t  time. A possible model  for  the 
degrada t ion  is tha t  t race  impuri t ies ,  e.g., hydrogen,  in 
the  d-c  magne t ron  films m a y  resul t  in severe  changes 
in film stress dur ing  subsequent  hea t - t r ea tmen t .  This 
severe change in film stress level  is indeed observed 
dur ing  h e a t - t r e a t m e n t  of the d-c  magne t ron  films and 
is not observed  wi th  the rf  diode co-depos i ted  films. 
However ,  film analysis  b y  Auge r  and SIMS shows 
l i t t le  differences, if any, in t race  e lement  content  
be tween  the two types  of films. Thus, i t  may  be pos-  
sible tha t  the ins t rumenta l  sens i t iv i ty  to t race  e le-  
ments  is insufficient to a l low for correla t ions  wi th  
film propert ies .  However ,  the Auger  analyses  done 

Manuscr ip t  submi t ted  June  3, 1980; rev ised  m a n u -  
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Fluorescent Screens for High-Resolution 
Real-Time X-Ray Topography 

W. Hartmann 
Max-Planclc-Ins t i tu t  ]fir Festk6rperforschung,  7 S tu t tgar t  80, Germany  

ABSTRACT 

High- reso lu t ion  r ea l - t ime  x - r a y  topography  requi res  a f luorescent screen 
wi th  high spat ia l  resolut ion and good conversion efficiency of x - r a y s  into 
vis ible  light. We s tudied the spec t ra l  y ie ld  and the in tegra l  ou tpu t  wi th  re -  
spect  to screen thickness of common po lycrys ta l l ine  f luorescent  mater ia ls .  
Gd202S:Tb has the  best  conversion efficiency and shows the  h ighest  spa t ia l  
resolut ion wi th  a g ra in  size --~1 ~m. The op t imal  screen thickness  for  our  ap-  
pliications was 5 ~m. This choice resul ts  in a spa t i a l  resolut ion of about  10 #m. 

Rea l - t ime  x - r a y  topography  is a recent  tool to 
s tudy  nondes t ruc t ive ly  the  dynamics  of defects, l ike  
dislocations, and  's t rain fields in crystals  under  ex -  
t e rna l ly  appl ied  forces, for example  tempera ture ,  
strain,  or magnet ic  and  electr ic  fields. A typica l  appl i -  
cation is repor ted  by  Hagen, Miltat ,  and the p resen t  
au thor  (1). There  are  in pr inc ip le  two methods  for 
r ea l - t ime  x - r a y  topography,  the  s ingle-s tage  or  d i rec t  
vs. the mul t ip l e - s t age  or  indi rec t  method  (2). In  the  
s ingle-s tage  a r r angemen t  the  x - r a y  pa t t e rn  is di -  
rec t ly  conver ted  into an electronic charge pa t t e rn  
which is read  out  by  an e lect ron beam of a te levis ion 
tube. The resolut ion of such method is l imi ted  to t y p i -  
ca l ly  30 ~m (3). In  the  mul t ip l e - s t age  method  the x - r a y  
pa t t e rn  is first conver ted  into an opt ical  p ic ture  b y  a 
fluorescent screen and then imaged  onto the  ta rge t  of a 

K e y  w o r d s :  f luorescent  screen,  r ea l - t ime  x - r a y  topography,  spec- 
tral  yield ,  spa t i a l  resolution.  

X- RAY SOURCE 

~ SI- CRYSTAL 

~ ,  FLUORESCENT SCR EEN 

~I"~~TI?sPECTROMETER 

~ ~ HOTO MULTIPLIER 

I I ELECTROMETER 

L--] X-Y PLOTTER 
Fig. 1. Experimental setup to study the spectral yield of fluores- 

cent screens for MoI~ radiation. 

TV camera  by  a lens sys tem (4). The most impor t an t  
pa r t  in this a r r a n g e m e n t  is the fluorescent screen. I t  r e -  
quires  a high spat ia l  resolut ion of a few micrometers  
and addi t iona l ly  a good conversion efficiency. Many  
studies have been made  about  resolut ion and y ie ld  of 
phosphors (5-12), but  no informat ion  is ava i lab le  for  
this special  x - r a y  topography  purpose.  This p a p e r  de -  
scribes exper iments  about  the  spect ra l  y ie ld  and the 
in tegra ted  in tens i ty  vs. screen thickness of var ious  m a -  
terials.  We also inves t iga ted  the  spa t ia l  resolution.  

Experimental 
The expe r imen ta l  setup to s tudy  the spect ra l  y ie ld  is 

shown in Fig. 1. A col l imated x - r a y  beam enters  an Si -  
c rys ta l  which is set in Bragg condit ion for the {220} 
reflection of MoK~ radiat ion.  The diffracted beam is 
conver ted  into an optical  p ic ture  b y  a fluorescent 
screen. The resul t ing  visible l ight  is focused onto the 
ent rance  slit  of a u m - s p e c t r o m e t e r  which  analyzes  
the  emission spectra.  The in tens i ty  is measured  b y  a 
photomul t ip l ie r  and amplif ied by  an e lec t rometer .  The 
in tens i ty  vs. wave leng th  recording  is made  wi th  an 
X - Y  plot ter .  The fluorescent screens are  p r epa red  in 
the fol lowing way. A defined quan t i t y  of the  ma te r i a l  
is weighed on a balance  and then  m i x e d  wi th  alcohol. 
The polycrys taI l ine  powder  is deposi ted  on a glass 
subs t ra te  b y  a centr ifuge.  The screen is charac ter ized  
by  dens i ty  and thickness.  The  dens i ty  is inves t iga ted  
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Fig. 2a. Emission spectra of Zn2SiO4:Mn, As, (31 #m thick) 

Zn2SiO4:Mn (29 #m thick), CAW04 (21 ~m thick) Y2SiOs:Ce,Tb 
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Fig. 2c. Emission spectra of Gd20~S:Tb (26 #m thick) 

by  the  w e i g h t  of  t he  s c r e e n  m i n u s  t h e  w e i g h t  of  t he  
subs t r a t e  d i v i d e d  b y  the  sc reen  area.  T h e  sc reen  t h i ck -  
ness  is m e a s u r e d  b y  an  op t ica l  microscope .  

Results and Discussion 
F i g u r e s  2a-c  show t h e  spec t r a l  eff ic iency of  t he  

s tud ied  m a t e r i a l s  (Zn2SiO4:Mn,As;  Zn2SiO4:MH; 
CaWO4; Y2SiOs: Ce,Tb;  Y~A15Oz2: Ce; CsI: T1, (Zn, Cd)  S :  

A.g; ZnS :  Cu; Z n S : A g ;  and  Gd202S: Tb)  fo r  one  sc reen  
th ickness .  1 Most  of  these  m a t e r i a l s  e m i t  l i gh t  w i t h  a 
spec t r a l  i n t ens i t y  d i s t r i bu t ion  o v e r  a b r o a d  w a v e l e n g t h  
region.  O n l y  Gd2OeS:Tb  has  e igh t  sha rp  i n t e n s i t y  
peaks .  This  loca l i zed  spec t ra l  r e c o m b i n a t i o n  ind ica tes  
t ha t  t he  g r o u n d  and  exc i t ed  s ta tes  of Tb, w h i c h  a re  
r e spons ib l e  fo r  t he  emiss ion  spect ra ,  h a v e  a sma l l  k i -  
ne t i c  ene rgy .  T h a t  m e a n s  the  r e c o m b i n a t i o n  cen te r s  
a r e  spa t i a l l y  loca l ized  in  t h e  ma te r i a l .  This  fac t  
g u a r a n t e e s  tha t  t he  m a t e r i a l  is w e l l  su i t ed  fo r  h i g h  
spa t ia l  reso lu t ion .  

1 some emission spectra differ slightly from the literature. The 
differences may be caused by contamination either from the pro- 
ducer of the fluorescent material and/or during screen prepara- 
tion in our laboratory. However, these differences do not affect 
very much the results. 
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W e  h a v e  d ig i t i zed  the  c u r v e s  and  i n t e g r a t e d  the  
a rea  u n d e r  each  curve .  F i g u r e  3a shows the  i n t e g r a t e d  
i n t e n s i t y  vs. the  sc reen  th ickness .  ( ]d202S:Tb  has  t h e  
bes t  a v a i l a b l e  efficiency. F i g u r e  3b is a b l o w - u p  of  
Fig.  3a w h i c h  shows  m o r e  de ta i l s  of  i n t e n s i t y  d i f fe r -  
ences  in  t he  th i ckness  up  to abou t  30 #m. O n e  p r o b l e m  
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Fig. 4. (a) Optical micrograph of an excise stripe pattern on an Si-substrate with a periodicity of about 15 ~m. (b) Corresponding video 
topograph directly photographed off the "IV monitor. 

of polycrystal l ine fluorescent screens still remains  
The density of Gd202S:Tb is 7.4 g/cm~, bu t  the densi ty 
of a screen with 5 ~m thickness is only about 2-3 g/cm~. 
Thus, the achieved density is still well below the theo- 
retical density and, therefore, we suffer a loss in the 
absorption of x- rays  and in efficiency. 

We need to achieve the highest possible spatial 
resolution in  combinat ion with sufficient yield. That  
means the grain size of the mater ial  used should be 
~1  ~m, witk as l i t t le decrease as possible of in te rna l  
conversion due to such a small  grain size. The other 
parameter  which limits the resolution is the screen 
thickness. The highest possible resolution is roughly 
twice the screen thickness. We achieved an optimal 
screen thickness of 5 ~m and, therefore, a spatial 
resolution of N10 ~m. Figure 4a shows an optical micro- 
graph of an oxide stripe pa t te rn  on an Si substrate and 
Fig. 4b is the corresponding video topograph directly 
photographed off the TV monitor. The contrast  of the 
test pat tern  has a stripe periodicity of about 15 ~m 
and shows the l imitat ion of our present  screens. The 
most difficult problem in  fabricat ing the screens lies in 
achieving uni formi ty  in thickness over the entire 
screen area. The screen preparat ion is ra ther  difficult 
to handle. However, because of these difficulties it 
would be very  helpful to have a single crystall ine phos- 
phor with a high spatial resolution. A single crystal 
with special features would combine the high mater ia l  
density and a good thickness uniformity.  It  would be 
possible to achieve th inner  (N2-3 ~m) screens and, 
therefore, a bet ter  spatial resolution at the same con- 
version efficiency. Such experiments  are cur ren t ly  
under  progress in our laboratory. 
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Degradation of Bonding Strength 
(AI Wire-Au Film) by Kirkendall Voids 
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Toshiba Corporation, Toshiba Semiconductor Division, Kawasaki, Japan 

ABSTRACT 

Degrada t ion  in bonding s t reng th  of the  A1 w i r e - p l a t e d  Au film system has 
been studied. W h e n  this bonding sys tem is s to red  at  e leva ted  tempera tures ,  
the  bonding  s t r eng th  degrades  fol lowing one of the  th ree  degrada t ion  modes:  
(i)  A - m o d e  in which  the bonding s t rength  decreases wi th  increas ing t he rma l  
annea l ing  per iod  unt i l  reaching  a cer ta in  value,  (i i)  B -mode  in which  the  
s t reng th  s ta r t s  separa t ing  into two values  af te r  a cer ta in  per iod  of anneal ing,  
and  (ii~) C-mode  in which  the s t r eng th  r ap id ly  drops down to zero. The phys i -  
cal mechanisms  for  the  three  degrada t ion  modes have been wel l  exp la ined  b y  
K i rkenda l l  void fo rmat ion  at  the  go ld - r i ch  in te rmeta l l i c  phase of the  a lu -  
m inum-go ld  interface,  where  the growth  ra te  of the go ld- r ich  in te rmeta l l i c  
phase  p lays  a ve ry  impor t an t  role  on deciding the degrada t ion  modes.  When  
gold film includes a la rge  amount  of Pb or T1, this ra te  decreases and C-mode  
or  B -mode  wi l l  t ake  place. Doping of Ag into the  gold film somet ime resul ts  in 
less  degrada t ion  in the bonding strength.  

The  r e l i ab i l i t y  of go ld - a luminum bonding  s t reng th  
has a s t rong influence on the  r e l i ab i l i t y  of IC and 
LSI.  Al though  there  have been many  repor ts  about  
bonding of gold wi re  to evapora ted  a luminum film on 
sil icon chip, only  a few repor ts  about  bonding of a lu -  
m i n u m  wire  to gold film have been  publ i shed  (1-4).  I t  
has a l r eady  been discussed that  the  bonding  of a lumi -  
num wi re  to gold film has a h igher  r e l i ab i l i ty  than  of 
gold wi re  to a luminum film as long as the  rat io of the 
wid th  of the  a luminum wire  bonding  a rea  to the th ick-  
ness of the gold film is g rea te r  than  four  (1).  

However ,  the  phys ica l  mechan i sm as to why  the  
va lue  four  appears  to be  a th reshold  va lue  for  the  
degrada t ion  in bonding  s t r eng th  has not  been  made 
clear. 

The purpose  of the p resen t  s tudy  is to ob ta in  a be t t e r  
under s t and ing  of the na tu re  of the gold f i lm-a luminum 
wire  me ta l lu rg ica l  sys tem and to r evea l  the  degrada t ion  
mechan i sm of the  bonding  s t rength.  

Exper imenta l  Results 
Sample preparation.~Substrates for  bonding  were  

p r e p a r e d  b y  p la t ing  n icke l  and  gold sequent ia l ly  on 
r ec t angu la r  Kova r  plates  of 50 • 7 • 0.25 ram. Typ i -  
cal l aye r  th ickness  a re  2 ~m for n icke l  and  2-5 ~m for  
gold. The p la t ing  solutions for  n ickel  a re  a Wat t  ba th  
and for gold a commerc ia l  cyanide  solution. 

A l u m i n u m  bonding  wi re  of 2 mil  in d iameter ,  u l t r a -  
sonic bonding grade  inc luding  1% silicon, is used, and 
300 wires  a re  bonded on each substrate .  Here,  bonding  
opera t ions  were  made  on the same  ul t rasonic  wire  
bonder  b y  the same technician in o rde r  to avoid poor  
r ep roduc ib i l i t y  due to fluctuations coming f rom a di f -  
fe ren t  person and machine.  Bonding s t reng th  was mea -  
sured  des t ruc t ive ly  on an au tomat ic  ver t ica l  pul l  tester,  
before  and af te r  anneal ing.  A p p r o x i m a t e l y  25 pul l  
testings were  car r ied  out  under  each condition.  

Thermal  annea l ing  was car r ied  out  in an a i r  c i rcu la t -  
ing oven contro l led  at  200 ~ • 5r A f t e r  a cer ta in  
per iod  of anneal ing,  25 bonded  wires  were  des t ruc t ive ly  
pu l l ed  and the b r e a k  s t r eng th  was recorded  for  each 
test. 

Pull strength as a function of annealing time.~The 
degrada t ion  modes  of the  pul l  s t rength  a t  200~ are  
phenomenolog ica l ly  classified into th ree  k ind  of modes,  
as follows. 

A-mode :  The pul l  s t reng th  g r a d u a l l y  decreases wi th  
annea l ing  t ime and f inal ly reaches  a cer ta in  t i m e - i n -  

Key words: electrode, failure and reliability, impurity. 

dependen t  va lue  as shown in Fig. i. This va lue  r e -  
ma ined  af ter  5000 hr  at  200~ 

B-mode:  The pul l  s t rength  first decreases,  and  when  
annea l ing  t ime exceeds a cer ta in  threshold,  the  degra -  
dat ion mode is d iv ided  d is t inc t ly  into e i ther  A -  or  
C-modes  as shown in Fig. 2. 

C-mode:  The pul l  s t reng th  sha rp ly  drops down and 
becomes zero wi th in  a few hours as shown in Fig. 3. 

Impurities in the plated gold film.--Impurities in 
the p la ted  gold film are  inves t iga ted  b y  using ion mi -  

2O 

II1 

b 

I I0 I00 I000  

Storage T~me at  200~  (hours) 
Fig. 1 .  The degradation appears to be A-mode. The bonding 

strength decreases with increasing heat-treatment until reaching a 
certain value. 

LD % r oo~r - - - o o  _ , 4 ~ _  . . . . .  occco 
%~, co o o 8~ . . . . . . .  ~Lq 

I0 ~ ~ = oo o= 

C-mode ~o x 

oo o oo 

I I0 I00 I000 

Storage Time at 200~  (hours) 

Fig. 2. The degradation appears to be B-mode. The bonding 
strength starts separating into two values after a certain period of 
the heat-treatment. 
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Fig. 3. The degradation appears to be C-mode. The bonding 
strength rapidly drops clown and becomes zero within a few hours. 

cromass analysis, IMA. The measur ing conditions are 
as follows: Ar ions are used and accelerating voltage 
is 10 kV. Beam size is 760 ~m in  diameter,  and the 
max imum measur ing mass n u m b e r  is M/e = 240. The 
detected impuri t ies  are F, Na, K, Si, A1, C1, Ca, Mg, Fe, 
Ni, Co, Ag, T1, and Pb. 

Results and Discussion 
Correlations between impurities in Au fiZm, thick- 

ness, and bonding strength.JMeasured results of im-  
pur i ty  concentrat ion in  gold, degradat ion mode, and 
gold film thickness are listed in  Table I. Several  char-  
acteristic features can be derived from Table I: (i) 
When a sample includes less Pb and T1, the mode 
always becomes A-mode. (ii) When a sample has a 
large amount  of Pb or T1, the mode always becomes 
C-mode. (iii) When a sample has a few Ag even though 
it  has a few Pb or T1, the mode becomes A- or B-mode, 
but  never  C-mode. (iv) The thicker the gold film is, the 
more f requent ly  B- and C-modes appear. 

The effect oY silver.--As pointed out above, even 
though there was a large amount  of Pb or T1 in  gold 
film, the influence of Pb or T1 was canceled by the pres-  
ence of a small  amount  of silver. So, the following tests 
were carried out. 

The substrate with a large amount  of T1 and few 
Ag like in the sample No. 8 was prepared by depositing 
silver in a vacuum of ,~10 -6 Torr. After  being an-  
nealed, A1 wire bondings were made on the preceding 
ultrasonic bonder. When about 400A of Ag film is de- 
posited, it is difficult to make bonds because of the 

hardness of the s i lver-evaporated gold surface. On the 
other hand, it is easy to make bonds when about 50A 
of silver film is deposited and annea l ing  is carried out 
at 250~ for 30 min. The degradation mode of this 
sample has completely changed from C-mode to 
A-mode. In  addit ion to this sample, other samples were 
also deposited with si lver (50A) by the same procedure. 
The results of these tests are summarized in Table II. 

Mechanism oj pull strength degradation.JLet us 

consider a mechanism that  explains what  happens 
when a l u m i n u m  and gold films are coexisting and are 
stored at elevated temperatures,  and why the pull  
s t rength significantly degrades in some cases, bu t  not  
in  other cases. 

Many studies, (1, 5-7) have been reported that  in 
the a luminum-go ld  b inary  system the growth rate of 
the gold-rich intermetal l ic  phase is approximately 10 
times as large as the growth rate of the a l u m i n u m -  
rich in termetal l ic  phase, and the formation of Ki rken-  
dall voids is observed at the interface of the gold-rich 
incermetall ic phase and gold. 

At this point, let us set up two working hypotheses 
as follows: (i) The Kirkendal l  voids formed at the 
interface have a constant  radius, to, and the n u m b e r  
of voids, n, is directly proport ional  to the square root 
of time. (ii) The Kirkendal l  voids are always at the 
interface. These voids pile up and condense to form 
an almost continuous line. This has a deleterious effect 
on the pull  strength. 

Kidson (8) has shown that  if the mechanism of in -  
termetal l ic  phase formation is interdiffusion predomi-  
nated by volume diffusion, growth rate of the in te r -  
metall ic layer should follow a parabolic rate law as 
follows 

d : ~ / ~  [1] 

where d is the in termetal l ic  thickness, t is the storage 
time, and k is the growth rate of the phase. 

In fact, the intermetal l ic  phase layer  thickness has 
been observed (3, 7), showing the square root of t ime 
dependence even though the storage tempera ture  was 
as low as 200~ 

As i l lustrated in Fig. 4, a l u m i n u m  wire comes in  
contact with gold film with bonding width W. The 
length along the gold-rich intermetal l ic  phase-gold 
interface is given by  

= ~d + W [2] 

By subst i tut ing Eq. [1] into Eq. [2] 

1 = ~kvT+ W [3] 

Table I. Correlations between impurities in gold film, thicknesses, and degradation modes 

S a m p l e  n u m b e r  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 lS 

Peak height in IMA 
(mm) 
A g  2.1 180 20 75 6.2 150 6.1 8.4 6.2 4.1 4.2 I.I 1.2 17 5 
Pb 0 0 1.9 1.2 1,4 1.0 1.2 0 1.1 0 0 2.2 30 26 0 
T1 8.4 84 2.3 3.8 3.0 4.2 1.5 8.1 1.1 30 10 0.1 0.1 0.1 40 

Au th ickness  4.0 3.6 4.8 2.5 3.2 2.0 4.0 2.0 3.8 2.2 2.2 2.5 2.7 1.5 3.8 
Degradat ion  mode C B B A A A A C A C B A C A C 

Table II. Changes in the degradation mode after silver doping 

Peak height in IMA (ram) 

Ag 
Sample Initial degra- Mode after Au thick- 
number dation mode silver doping ness (/~m) T1 Pb Initial After doping 

1 C B 4.0 8.4 0 2.1 7 
8 C A 2.0 8.1 0 8.4 18 

10 C B 2.2 30 0 4.1 13 
13 C B 2.7 0.1 30 1.2 9 
15 C C 3.8 4{) 0 5.1 10 

2 B B 3.6 84 0 180 185 
3 B A 4.8 2.3 1.9 20 23 

11 B A 2.2 10 0 4.2 13 
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Kirkendoll --t H -  J 
voids 2to J 

Plated gold f i lm ] 

Fig. 4. Schematic representation of the degradation of bonding 
strength. Kirkendall voids ore formed at the intermetallic phase- 
gold interface. 

i UQn 

Fig. 6. ;chematic representation. When gold film thickness is 
thicker than the critical depth, de, Kirkendall voids will form a 
continuous line along the intermetallic phase-gold interface. 

according to these work ing  hypotheses,  when  the in-  
t e rmeta l l i c  phase grows up to the  dep th  d, the  n u m b e r  
of K i rkenda l l  voids, n, wi l l  be given b y  

n --,a.V'~" [4] 

where  a is the  r a t e  constant .  
Tota l  l ength  of the voids p ro jec ted  to the in te r -  

meta l l i c  phase -go ld  in ter face  is given b y  

v = 2ton [5]  
and thus 

v - -  2roak/~ [6] 

whe re  ro is the rad ius  o f  voids. 
When  Eq. [3] and  [6] become equal,  the Ki rkendaU 

voids form a continuous l ine and, consequently,  the  
pul l  s t rength  becomes ca tas t rophica l ly  weak.  

Equat ions  [1], [3], and  [6] a re  i l lus t r a t ed  sche- 
ma t i ca l ly  in Fig. 5. When  l ine 1 intersects  l ine 2 at  re, 
the  voids form a continuous l ine at  the  in te rmeta l l i c  
phase -go ld  in ter face  and the  pul l  s t reng th  degrades  
enormously .  The  dep th  of the  in te rmeta l l i c  l aye r  a t  
tc is defined as de. 

The inl~uence oS gold/Lira thickness .~Let  us consider  
the  influence of gold film thickness,  D, the  g rowth  rate,  
k, and  bonding  width,  W on the  fo rmat ion  of K i r k e n -  
dal l  voids. As shown in Fig. 6, the  in te rmeta l l i c  phase -  
gold in ter face  is d iv ided  into two par ts ;  one is "P," the  
length  of which  grows as a funct ion of ~d and the o ther  
is "Q," the length  of which  s tays constant  a t  W. 

When  D is th icker  than  d~, the  voids wi l l  fo rm a 
continuous l ine at  both  P and Q in the  dep th  d~ and 
then the ca tas t rophic  weakness  occurs, in o ther  words,  
C-mode  wil l  appear .  

Now, le t  us consider  wha t  can happen  if D is th inne r  
than  de. When  the in te rmeta l l i c  phase grows up and 
reaches the go ld-n icke l  interface,  the  to ta l  p ro jec ted  
length  of the voids is r ep resen ted  as fol lows 

m 

Vo " -  2roaVzo [7]  

where  to is the t ime when the  in te rmeta l l i c  phase 
reaches  the go ld-n icke l  interface.  

Af te r  to, the re  can be no increase  in  voids a t  Q, 
namely,  the  go ld-n icke l  interface,  on the o ther  hand,  
the length  of the  in ter face  ralong P, e i ther  AB + A'B' 
or C--D + C'D' as shown in Fig. 7, is constant  a t  ~D bu t  
voids a t  P increase on and on unt i l  a continuous l ine  
is fo rmed along CD + C'D'. 

Let  us find out  the  t ime tl, when  the continuous 
l ine is fo rmed  even tua l ly  by  the voids at  the  in ter face  
along P. To obta in  t~, a graphica l  solut ion me thod  is 
appl ied  as shown in Fig. 8. The t ime when  d grows up 
to D, namely,  do, is to and a t  tha t  t ime v and Z a re  Vo 
and lo, respect ively,  t2 is imag ina ry  t ime when  v shal l  
grow up to Io, tha t  is, v2. The poin t  X on v2t2 divides  
v2 into W ( =  Xt---~) and ~kk/ to  = ~D ( =  v2X). The 
point  Y is defined as the  cross poin t  of Voto and XO. 

At  t ime to, p ro jec ted  lengths  of the  voids on AB + 
A'B' and BB', Vp, and  v~, a re  given b y  d iv id ing  Voto 
by  the rat io  ~D:W. On the o ther  hand, the  point  Y 

! ........... I Ac 
I 

O' B' B O 
at t--to t=t~ 

Fig. 7. Schematic representation. When gold film thickness is 
thinner than de, the intermetallic phase grows up and reaches the 
gold-nickel interface at the time to, and then there is still in- 
crease in voids at "P" until the voids form continuous line at the 
time tl. 

T 
W 

7 
d c - -  

~/T tc 

Fig. 5. Schematic representations for d, the intermetnllic thick- 
ness; I, the length along the intermetallic phase-gold interface; 
and v, the total length of the voids projected to the interface as a 
function of t, the storage time. 

W 

/ j / / /  

to t, t2 --, ,~-  

Fig. 8. Schematic representations of I, v, and d as a function of 
t when gold film thickness is thinner than de. 
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divides voto by  the  ra t io  aD:W,  then Vp and vQ are  
equal  to Vot and Yto, respect ively.  

Af t e r  to, the length  of the in ter face  along P is con- 
s tant  a t  ~D as shown in Fig. 7, but  Vp st i l l  grows up  
f rom voY to ~D. t l  is the  t ime when vp grows up to 
~D, that  is, the voids along P form even tua l ly  a con- 
t inuous line. 

Af te r  t~, both  the  voids and the go ld - r i ch  in t e r -  
metal l ic  phase stop growing up, because the  continuous 
l ine of voids shuts off the gold supp ly  to the in t e r -  
meta l l ic  phase and the go ld - r i ch  in te rmeta l l i c  phase 
wi l l  change into an a l u m i n u m - r i c h  in te rmeta l l i c  phase 
by  being suppl ied  wi th  a sufficient amount  of a lu -  
minum from the a luminum wire.  I f  the  bonding 
s t rength  at  Q is sufficiently strong, the pul l  s t rength  
does not  degrade,  which resul ts  in A-mode.  

Whether  the gold film is th inner  or  th icker  than  dc, 
K i rkenda l l  voids u l t ima te ly  form a continuous l ine 
along the in terface  be tween  the gold and the  gold-  
r ich in te rmeta l l ic  phase. This phase wil l  change into 
an a luminum- r i ch  in te rmeta l l i c  phase a f te r  a suffi- 
c ient ly  long per iod  of t ime. 

The influence o~ bonding w i d t h . ~ A s  shown in Fig. 9, 
when the bonding wid th  becomes nar rower ,  the cr i t i -  
cal depth  dc becomes shal lower.  That  means  C-mode  
wil l  appear  more easily. When the gold film thickness 
is s l ight ly  th inner  than dc, W plays  a dominan t  role on 
the degradat ion,  namely,  a na r rower  W wil l  lead  to 
C-mode  and a wide r  W wil l  lead  to A-mode .  

The influence of the intermetallic phase growth rate. 
- - F i g u r e  9 shows tha t  the cr i t ical  dep th  dc decreases 
wi th  decreas ing k. The influence of k is more  p romi -  
nen t  than  W, because k can affect both  Eq. [1] and 
[2]. 

The value oy k, W, and dc.- -The samples  were  pol -  
ished in the cross sections, and then  the thickness of 
the  go ld - r i ch  in te rmeta l l i c  phase was measu red  by  
using an optical  microscope and SEM. F igure  10 shows 
one of the SEM photographs  of the A - m o d e  samples.  
Here, a crack is observed a round  the pe r iphe ry  of the 
bond. F igure  11 shows one of the SEM cross-sect ion 
photographs  of the C-mode  samples. As noticed, a 
crack is observed not  only  in P bu t  also in  Q. 

Bonding width,  W ranges  f rom 26 to 60 ~m and its 
mean value is 40 #m. The thicknesses of the  phase of 
A - m o d e  samples  a f te r  anneal ing  for 1 h r  a re  in the 
range  of 2.4-3.2 ~m and its mean  va lue  is 2.8 #rm By 
this measurement ,  k for  A - m o d e  is found to be 2.8 
~m/~/hr .  

On the o ther  hand, Kash iwaba ra  and Hat tor i  have 
repor ted  (1) tha t  W/de ~ 4 for  the  sample  which  is 

W 

0 

dc, 
dc, 

dc 

Fig. 9. Schematic representations of I, v, and d as a function of 
t taking bonding width W and intermetalllc phase growth rate k 
as parameters. 

Fig. 10. An SEM photograph of AI-Au intermetallic compound 
formation (fluffy). A-mode sample stored at 200~ for 10 hr gives 
rise to the crack which is formed around the periphery of the bond. 

Fig. 11. An SEM cross-section photograph of AI-Au intermetallic 
phase. C-mode sample stored at 200~ for 10 hr demonstrates the 
continuous line of Kirkendatl voids along the interface of inter- 
metallic phase-gold, in "P" and "Q." 

equiva len t  to A-mode.  These a re  summar ized  as fol -  
lows, W = 40 ~m, k = 2.8 ~ m / ~ / h r  and  W/dc -- 4. 
Subst i tu t ing  these values into Eq. [1], [3], and  [6] 

10 = 2.8~/to [8] 

~' = 2.a~x/~o + 40 [9] 

~' - -  2 ro~ / t c  [10] 

at  t = to, l' is equal  to v', then  

2 . 8 ~ / ~  3- 40 --  2roe~/~ [11] 

F rom Eq. [8], tc - -  12.7 hr, then 2ro~ ---- 20 ~m/~/hr .  
The cri t ical  t ime tc is in good agreement  wi th  the t ime 
when  B-mode  s tar ts  separa t ing  into A -  and C-modes  
in Fig. 2. 
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Table Ill. Growth rate of the gold-rich intermetallic phase, k 

DEGRADATION OF BONDING STRENGTH 

at 200~ 
Reference (#m/~/hr) Purity of gold 

Onishl (5) 1.1 Gold plate 99.99% 
Kashiwabara (1) 2.6 Plated gold film 
Phd~fsky (6) 3.9-4.4 99.999% 
Campisano (7) 4.5-b.O Evaporated gold film 
This work 2.8 Plated gold film 

Here, we compared the value of k with the previ-  
ously published values which are  summarized in Table 
III. As shown in Table III, Kashiwabara (1) obtained 
k : 2.6 #m/~/hr  for gold-plating film and Onishi (5) 
found k : 1.1 # m / ~ h r  for gold plate where the puri ty 
of gold is 99.9%. Philofsky (6) and Campisano (7) 
found k : 4-5 ~m/~/h-'r" for evaporated gold film, 
which had a puri ty of more than 99.99%. These indicate 
that  the lower the pur i ty  of gold, the more the value 
of k decreases. 

At t : to, 1 is equal to v and d c :  k~/tc, then 

1 2ro~ ( 1 ~ ) 
-- = - [12] 
dr W k 2ro~ 

where 
2ro~ : 20 

Figure 12 show the relationship between dc and k for 
various values of W. When k decreases to be less than 
1.4 ~m/~/hr and the thickness of the gold film is more 
than 3.6 #m, C-mode will appear. Moreover, when k 
decreases to less than 0.8 ~m/~/hr,  even though the 
thickness of gold film was 1.8 ~m, C-mode should take 
place. 

A large amount of T1 or Pb is found in the samples 
which provide B- or C-mode. Some of the samples 
have changed from C-mode to A- or B-mode by doping 
with a small amount of silver. This indicates that T1 
or Pb may suppress the value of k drastically, but Ag 
has an abili ty to cancel this effect, although the mecha- 
nism for this is still uncertain. 

Horsting (2) has experimental ly shown that  the 
presence of impurities in the gold caused the bondlift  
type, of failure. However, he did not specify the kind 
of impurities responsible for the failure and the failure 
mechanism for the bondlift. 
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Fig. 12. Relationships between dc and k for various values of W 
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On the contrary, in this study we have quanti tat ively 
made clear the mechanism of the degradation of bond- 
ing strength by introducing parameters  such as k, n, 
W, and D. Our mechanism, described here, can also 
explain all of the facts which Horsting has found. 

Conclusions 
Degradation of bonding strength of the aluminum 

wire-gold film system has been investigated. The phe- 
nomena which take place at the aluminum-gold inter-  
face have been well explained by the Kirkendal l  void 
model. 

1. When these bonding systems are heated at ele- 
vated temperatures, the degradation modes of the 
pull  strength are classified into three modes: (i) A-  
mode in which the bonding strength decreases with in- 
creasing heat- t reatment  until  reaching a certain 
value, (ii) B-mode in which the strength starts sepa- 
rating into two values after a certain period of heat-  
treatment,  and (iii) C-mode in which the strength 
rapidly drops down to zero. 

2. A large amount of Pb or T1 is found in the sam- 
ples whose pull strength degrades rapidly and finally 
reaches zero. 

3. Some of the samples including Pb or T1 are im- 
proved in the degradation mode by doping a small 
amount of silver into the gold film. 

4. These phenomena can be well explained by the 
Kirkendall  void model. According to this model, the 
growth rate of the gold-rich intermetall ic phase plays 
a very important  role on deciding the degradation 
modes. When this rate  decreases, the pull  strength 
frequently degrades very significantly. 

5. The growth rate of the intermetall ic phase, k, 
for A-mode, is found to be 2.8 ~m/~/l~r at  200~ 
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Densification of SIPOS 
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ABSTRACT 

Semi- insu la t ing  polycrystal l ine silicon (SIPOS) can be used as par t  of a 
passivation scheme on semiconductor devices. During processing the film ex- 
periences temperatures  several  hundred  degrees higher than  the SIPOS dep- 
osition tempera ture  of 640~ We have investigated the effect of high tempera-  
ture  anneals  on the physical properties of SIPOS films containing 25 atomic 
percent  oxygen. Heat - t rea tments  of 900~ or greater in  iner t  ambients  densify 
the film resul t ing in  a film thickness decrease (densification) on the order of 
10% and decrease the etch rate of the film by a factor of 6 in  a 6H202: 1HF: I0 
NH4F SIPOS etch solution. Also, the infrared t ransmission spectrum of the 
SIPOS film changes as a result  of annealing.  Similar  inf rared changes in  SiO~ 
films have been in terpre ted to be due to a re laxat ion of bond s t rain and a 
decrease in  film porosity. F i lm stress has also been investigated before and 
after annea l ing  and was found to change from tensile to compressive. This 
is consistent wi th  the in terpre ta t ion  of the in f ra red  data. 

Semi- insula t ing  polycrystal l ine silicon (SIPOS) films 
doped with oxygen (1) can be used as par t  of a passiva- 
t ion scheme on semiconductor devices. The film is 
deposited on the wafer by chemical vapor deposition 
(CVD) at a tempera ture  of ~640~ Typically, SIPOS 
is never  used as the only passivation layer  on a semi- 
conductor device, but  ra ther  is followed by SiO~ and 
Si3N4 layers deposited at 900~ or more. Therefore, i t  
seemed na tura l  to investigate more closely the be-  
havior of SIPOS films after anneal ing  in  an iner t  
ambient.  In  this paper we report  the effects of high 
tempera ture  anneals on the physical properties of 
SIPOS films containing 25 atomic percent  (a/o) oxy- 
gen. 

Experimental 
SIPOS deposi t ion. - -An AMT low pressure (LPCVD) 

system was used to deposit the 25 a/o O SIPOS films 
by the reactive decomposition of silane (SiI-T~) and 
nitrous oxide (N20) in  N2. For this work the deposition 
tempera ture  was 637~ and the system pressure was 
0.16 Torr. The reactant  gas flow ratio, N20/SiH4, was 
0.22 wi th  an N2 carrier gas flow of 400 cm3/min for a 
deposition rate of 35 A/min .  The SIPOS film thickness 
was nomina l ly  5000A. 

Two-inch diameter  n - type  (111) Si wafers were 
used throughout  except for the stress measurements  
that  were made on 3 in. diam n- type  (100) Si wafers. 
Silicon ni t r ide  covered Si substrates were used for de- 
te rminat ion  of the oxygen content  of the SIPOS films 
by a gravimetric  technique previously reported (2). 
In  order to obtain a representat ive oxygen content  
the ni t r ided and bare Si wafers were a l ternate ly  
placed on a quartz boat with 0.375 in. spacing be-  
tween them, loaded into the LPCVD furnace, and 
SIPOS deposited. 

Etch rate and film thickness  deter~ninatio~.--The 
SIPOS etch solution consisted of a mixture,  by vol-  
ume, of 6 parts H202-30%, 1 par t  HF-48%, and 10 
parts of a 40% NH4F (6:1: 10) solution (1). The etch 
solution was allowed to equi l ibrate  to 30~ for 5 rain 
prior to etching. 

The as-deposited etch rate was determined by half-  
waxing a wafer, cutt ing it  into strips, and etching the 
strips for various times in  the 6:1:10 SIPOS etch. 
After etching, the wax was removed and the step 
height measured on a Taylor tIobson Talystep. The 
effects of anneal ing  in  N2 on etch rate after various 
times and temperatures  were determined in  a similar  
manner.  

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key words:  s e m i c o n d u c t o r  pass ivat ion t echno logy ,  infrared spec- 

troscopy, thin films. 

The thickness change (dens~fication) after anneal ing 
was determined by ha l f -waxing  the SIPOS deposited 
Si wafers and etching them in the 6: 1:10 solution unt i l  
bubbl ing on the wafer surface stopped, indicat ing that 
the SIPOS-Si  interface was reached (etch rate of Si 
in  6: 1:10 is ~260 A/ ra in ) .  The height of the step was 
then measured on the Talystep. These Talystep wafers 
were then remeasured for the de terminat ion  of the 
SIPOS thickness after anneal ing and were used for 
the infrared measurements .  

Infrared spectra measuremen t s . - -The  inf rared  t rans-  
mission spectrum of the SIPOS sample was taken be-  
fore and after each anneal  or densification process. A 
clean Si substrate was placed in the reference beam of 
the Pe rk in -E lmer  Model 621 Grat ing Infrared Spec- 
trophotometer. The Si in  the reference beam nulls  out 
the absorption signal from the Si substrate in the sam- 
ple beam. The absorbance, A, of an infrared peak was 
measured by the baseline technique (3) and the area 
of the absorption was approximated by A . W  where 
W is the full  width  at half  of the m a x i m u m  absorbance. 

Stress measuremen t s . - -The  stress of the SIPOS film 
was measured with an optically levered laser tech- 
n ique  (4). The difference be tween the radius of curv-  
ature of the Si wafer measured before and after 
deposition can be related to the stress in the deposited 
SIPOS film (SIPOS must  be etched off the back of 
the wafer before the measurement  is made) .  The mea-  
surements  were made on 3 in. diam, 0.020 in. thick 
(100) Si wafers. The precision of the measurement  is 
about _ 1 • 109 dynes /cm 2. 

Results 
Etch ra te . - -The  as-deposited SIPOS etch rate in the 

6: 1:10 SIPOS etch was determined and the data are 
plotted in Fig. 1 as the amount  of SIPOS removed vs. 
etch time. The best fit for the data is shown and re-  
sults in  an average etch rate of ~1200 A / m i n  for 
the as-deposited 25 a/o O SIPOS film. 

The effects of anneal ing  tempera ture  on etch rate 
are given in Fig. 2 where the SIPOS film etch rate in  
the 6: 1:10 solution vs. anneal ing temperature  is plotted. 
The anneals were done in N2 for 1 hr. Initially,  the 
etch rate decreases by a factor of 6 from the as- 
deposited value and then increases as the anneal ing 
temperature  continues to increase. This increase in 
etch rate at the higher temperatures  is a t t r ibuted  to 
the increase in  the SiO2 character  of the film which 
will be discussed later. For  reference, the etch rate of 
1050~ s team-grown SiO2 in  6: 1:10 solution is shown. 

The effect of anneal ing  t ime on etch rate at the 
various temperatures  is shown in Table I. The anneal  

576 
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Fig. 1. Determination of the etch rate of 25 a/o 0 SIPOS in 
6:1:10 SIPOS etch solution. The slope of the least squares line is 
the etch rate of the as-deposited S1POS. 
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Fig. 2. Etch rate of 25 a/a 0 SIPOS in 6:1:10 SIPOS etch solu- 

tion as a function of annealing temperature. Samples were annealed 
for 1 hr in N2. The etch rate of a 1050~ steam-grown Si02 in 
6:1:10 solution is represented by [ ] .  

t imes oi  1/2, 1, and 2 hr  were  used for the three an-  
neal ing tempera tures  of 800% 900 ~ and IIO0~ The 
800 ~ and 900~ tempera tures  are representa t ive  of 
typical  SiO~ and SisN~ deposition temperatures .  As 
shown, the 800~ anneals are  not  as effective at lower-  
ing the etch ra te  as the 900" and 1100~ anneals. Also, 
the etch rate  decreases wi th  increasing anneal ing t ime 
for the 800 ~ and 900~ anneals, but  does not  continue 
to decrease for the 1100~ anneal. F rom the change in 
etch rate  it  is apparent  that  the SIPOS films have 
changed character  due to the anneals. 

SIPOS densiJ~cation.--The anneals also cause the 
films to shrink or densify as shown in Fig. 3 where  
the change in the SIPOS film thickness (densification) 
vs. t ime is plot ted for a 900~ N2 anneal. F rom this 

Table I. SIPOS etch rate after annealing in nitrogen. (6:1:10) 
(Error in etch rate is ,~35 A/min)  

Annealing Anneal ing Etch rate  
temp (~ t ime (hr) (A/rain) 

ii00 2 240 
I 281 
0.5 250 

900 2 150 
I 200 
0.5 225 

800 2 350 
i 375 
0.5 500 

plot i t  is apparent  that  af ter  30 min  the  SII~OS film 
has densified as much as it  wi l l  at this temperature .  

In Fig. 4 the percent  densification of the SIPOS films 
af ter  a 1 hr  N2 anneal  has been plotted vs. the re-  
ciprocal of T f rom ,~800~176 so that  an act ivat ion 
energy associated wi th  the densification might  be ob- 
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tained. The least squares analysis of the Arrhenius-  
type plot results in an  activation energy of 0.32 eV. 

Infrared m e a s u r e m e n t s . ~ T h u s  far, it  has been shown 
that  the SIPOS etch rate  decreases from its u n a n -  
nealed value and the film densities with annealing.  I t  
wil l  now be interes t ing to show how the film physi-  
cally restructures.  To do this, one can examine the 
i rdrared spectrum as shown in  Fig. 5. This spec t rum 
is for an as-deposited 25 a/o O SIPOS film and shows 
a strong absorption peak at 1030 cm -1 and a weak 
peak at 865 c m - L  No peak is noted at ~800 cm -1 
which would be present  in the in f ra red  spectrum of 
SiO~ (5). 

The inf rared  spectra of SIPOS films after  high tem- 
perature  hea t - t rea tments  are shown in  Fig. 6. This 
figure shows the effect of 1/2 hr N2 anneals  at 800 ~ 
900 ~ and 1100~ on three different wafers. The major  
1030 cm -~ absorption peak shifts to higher f requency 
with increasing anneal ing temperature.  The strong 
absorption occurs at  1045 cm - i  for 800~ 1080 cm - i  
for 900~ and 1095 cm - i  for the l l00~ anneal.  Also 
the width of the major  peak decreases from the ini t ia l  
value of 156 cm - i  to 125 em - i  for 800~ 121 cm -1 for 
900~ and 100 cm - i  for the l l00~ anneal.  Moreover, 
the max imum absorbance increases in  intensi ty  as the 
tempera ture  increases, yet  the area of the strong ab-  
sorption peak remains approximately  the same for 
all temperatures  and is an indicat ion that  the oxygen 
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Fig. 5. Analysis of transmission infrared spectrum of 25 a/o 0 
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area of the 1030 cm - i  absorption is approximated by A �9 W. 
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Fig. 6. Infrared spectra of SIPOS films after annealing. Note the 
shift in the position of the strong absorption to higher frequency 
with higher annealing temperature. The area of the strong absorp- 
tion is constant, 28 ~ 1 em - i ,  indicating no change in the oxygen 
content of the film. 

Table II. SIPOS infrared peak and area ratios 
(2 hr nitrogen anneal) 

SiO~ (797 cm -z) 

Si-O (1045-1095 cm -z) 
Annealing 
temp (~ Peak ratio Area ratio 

1100 0.071 0.041 
900 0.071 0.035 
800 0.044 0.019 

content is not changing. (This is comeirmed by electron 
microprobe analysis of the same films.) Fur thermore,  
the 865 cm -z  peak is e l iminated and at 900 ~ and 
l l00~ a weak peak at 797 cm - i  appears. This peak 
is usual ly  associated with SiO~ (5). 

Obviously the hea t - t rea tments  res t ructure  the SIPOS 
film. A relat ive measure of this res t ructur ing is given 
in Table II. The ratio of the in tens i ty  of the 797 cm -1 
peak to the strong absorption peak at  1045-1095 cm -1 
may be an indicat ion of how much res t ructur ing has 
been done. In  Table II these ratios for peak height 
and area are given. The 2 hr  900 ~ and 1100~ anneals  
are roughly comparable and apparent ly  caused more 
res t ructur ing than  the 800~ anneal.  The peak ratios 
indicate less SiO2 component (797 cm - i )  is formed at 
800~ as compared to 900 ~ and ll00~ Likewise, the 
area ratio would indicate the higher temperature  an-  
neals are more effective in  forming the 797 cm - i  peak. 

A measure of the activation energy associated with 
the res t ructur ing is given in  Fig. 7 where the shift 
of the strong infrared absorption vs. the reciprocal of 
the anneal ing  temperature  is plotted. The least squares 
analysis for this Arrhenius  plot results in an activation 
energy of 0.27 eV. 

Addit ional  inf rared data resul t ing in an Arrhenius  
plot are presented in  Fig. 8. The change or nar rowing 
of the full  width at half  of the m a x i m u m  absorbance 
for the stron'g inf rared absorption vs. the reciprocal 
of anneal ing  tempera ture  is plotted and yields an  acti- 
vat ion energy of 0.27 eV. These activation energies 
are in reasonable agreement  with the activation energy 
determined for the percent  densification, 0.32 eV, (Fig. 
4) and are all approximately  one-s ixth  of the energy 
associated with forming the SIPOS film. i 

�9 The energy for formation of the SIPOS film was determined  
from an Arrhenius plot of deposit ion rate v s .  reciprocal  of depo- 
sit ion temperature  (6), 
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Fig. 7. Shift in the strong infrared obsorptlon vs .  reciprocal 
temperature (K -z ) .  The SIPOS films were annealed for ] hr in N,2. 
The least squares analysis yields on activation energy of 0.27 eV. 
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Fig. 8. Change in width of strong infrared absorption vs. recip- 
rocal temperature (K-~). The SIPOS films were annealed for 1 hr 
in N2. The least squares analysis yields an activation energy of 
0.27 eV. 

The results discussed, thus far, are f rom control 
wafers  that  were  heat - t rea ted .  However ,  the same 
effects are observed in device processing during subse- 
quent  film depositions such as SisN4 passivation (see 
Fig. 9). This figure shows the inf rared  spectra for a 
SIPOS film before and after  SisN4 deposition. The 
Si3N4 was etched off the sample before the inf rared  
spectrum was taken. For  this work, the Si3N4 was de- 
posited in a LPCVD reactor  at a t empera tu re  of ap- 
proximate ly  892~ by the react ion of SiH2C12 and NH3. 
As shown, the major  inf rared  peak for SIPOS has 
shifted f rom 1030 cm -~ to 1070 cm -~, the 865 cm -~ 
peak has disappeared, and a new peak at 797 cm -~ 
has appeared. This inf rared  spec t rum is similar  to the 
infrared spectrum of a SIPOS film that  has been an-  
nealed at 900~ (see Fig. 6). 
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Fig. 9. Infrared spectra of SIPOS before and after deposition of 
Si3N4 at 892~ - * -  as-deposited SIPOS; . . . .  after Si3N~ 
deposition. SigN4 was removed before infrared spectrum was re- 
carded. 

S t r e s s  m e a s u r e m e n t s . - - T h e  res t ructur ing caused by 
the high t empera tu re  anneals can be correla ted wifh 
stress, as shown in Fig. 10, in which the measured 
stress is plotted for a 5000A thick unannealed SIPOS 
film along wi th  data af ter  anneal ing at 900 ~ and 1100~ 
for 1 hr  in N2. The stress for the as-deposited film is 
tensile and is +1.2 __+ 0.9 >< 109 dynes /cm 2. Af te r  the 
l l00~ anneal, the stress is compressive and is --0.8 
___ 1.2 X 109 dynes /cm 2. 

The total stress (r of a film is given by 

where  ~i is the intrinsic stress and vth the thermal  
expansion coefficient mismatch  stress. The  la t ter  is 
given by (7) 

Ef 
~th = (~r -- asi) ~ �9 AT 

1 -- vf 

where  ar and ~sl are the thermal  expansion coefficients 
of the deposited film and the Si substrate,  Ef and vf 
are Young's modulus and Poisson's ratio for the film, 
and AT is the difference in t empera tu re  be tween  the 
film deposition t empera tu re  and the t empera tu re  at 
which the stress is measured.  For  these films, hT is 
about 620~ For  a 25 a/o O SIPOS film a, E / ( 1  --  v),  
and ~i have been de te rmined  (8). These values are 

_-- 2.18 X 10-6/~ E / ( 1  - - v )  ---- 1.31 X 1012 dynes /  
cm 2, and r ---- +1.5 X 109 dynes /cm 2. Note that  a lies 
between Si (a ---- 2.52 X 10-6/~ and SiO2 (a ---- 0.55 
• 10-6/~  as might  be expected. Subst i tut ing the 
values for a and E l ( 1  --  v) into the expression for ~th 
yields O'th = --2.3 X 108 dynes /cm 2. If the high t em-  
pera ture  anneal ing of SIPOS reduces the intr insic 
stress, then SIPOS films should become more  com- 
pressive according to the expression for ~t and, in 
fact, this is what  is observed, as shown in Fig. 10. 

Discussion 
The high t empera tu re  anneal  of a 25 a /o  O SIPOS 

film causes the film to shrink or  densify about 10%. 
For  deposited SIO2, densification on the order  of 3% 
to 5% has been repor ted  (5) af ter  annealing. The 
etch rate of the annealed SIPOS in the 6: 1:10 SIPOS 
etch solution has also decreased f rom the as-deposited 
value. This observat ion is consistent wi th  the e l im-  
ination of voids (reduction of porosity) at anneal  
tempera tures  above the deposition temperature .  
Amorphous thin films commonly  have a void ne twork  
(9). Moreover,  the inf rared  spect rum of the densified 
SIPOS has changed as well. The strong absorption 
peak narrows and shifts to higher  frequency.  Similar  
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Fig. 10. SIPOS stress vs. annealing temperature. SIPOS was an- 
nealed for 1 hr in N2. The units of stress are 109 dynes/cm 2. 
Tensile stress is positive and compressive stress is negative. The 
dark circle is the measured stress of the as-deposited SIPOS. 
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changes in the infrared spectrum of SiO2 after annea l -  
ing have been in terpre ted to be due to a relaxat ion of 
bond strain and a decrease in film porosity (5). In 
fact, if the temperature  of the anneal  is high enough, 
for example after an 1100~ anneal,  the inf rared spec- 
t rum of SIPOS resembles that of SiO2. Even at 900~ 
there is some SiO~ character as evidenced by the pres- 
ence of the weak 800 c m - i  peak in the infrared spectra. 

Other changes occur in  the SIPOS film with annea l -  
ing. For example, from previous work (10), it is 
known that  the as-deposited 25 a/o O SIPOS film is 
amorphous and that  after a 1050~ anneal  an average 
grain  size of 40A is observed. Given the above, it is 
possible that  the formation of polycrystal l ine Si grains 
in ~he SIPOS dur ing the anneal  could exclude oxygen 
from the polycrystahine Si regions (there may  still 
be some oxygen inters t i t ia l ly  dispersed).  Therefore, 
more of the remaining  Si, not in the polycrystal l ine 
region, should be bonded to more than one oxygen 
atom. Evidence for this is suggested by the infrared 
spectrum of annealed SIPOS films that  show no oxy-  
gen is lost dur ing annealing.  Thus, it is reasonable that  
after high tempera ture  anneal ing the infrared spec- 
t rum of a SIPOS film should resemble SiOa. 

The stress measurements  of SIPOS before and after 
an anneal  are also consistent with more SiO2 charac- 
ter of the annealed SIPOS film, in that  the SIPOS film 
stress tends to change from tensile to compressive 
after anneal ing (SIO2 is a film in  compression on Si).  

We in terpre t  the etch rate data in the 6: 1:10 SIPOS 
etch to indicate that  at higher temperatures,  more of 
the SIPOS has been converted to SiO2 and polycrystal-  
l ine Si since the etch rate actual ly starts to increase 
with the very high tempera ture  anneal.  2 Thus the 
densification of the SIPOS film after anneal  and the 
change in  the inf rared spectrum reported here sup- 
port  the models of annealed SIPOS presented by Ham- 
asaki et aL (12) and McGinn and Goodman (13). 

Conclusions 
We conclude that  wi th  high tempera ture  anneal ing 

the SIPOS films densify. For the 25 a/o O SIPOS films 
evaluated, this densification is a strong function of 
temperature.  Some t ime dependence has also been 
noted for the lower tempera ture  anneals  (800~ The 
densification is the result  of a res t ructur ing of the 
amorphous as-deposited SIPOS film as evidenced by 
the change in  the inf rared spectrum. This same densifi- 
cation takes place dur ing high tempera ture  deposition 

a The etch rate variation of SIPOS with anneal temperature may 
also he interpreted in terms of the stress in the SIPOS films. In 
Fig. 2 the lowest etch rate is at ~9800C. In Fig. 10, this temper- 
ature corresponds to about zero stress in the SIPOS film. At any 
other temperature the film is stressed and so the etch rate is 
higher than that at 980~ (11). 

of Si3N4 or SiO2 which are used as passivation layers 
on deposited SIPOS. 

Evidence of grain  growth at temperatures  above the 
deposition tempera ture  have been reported. Such grains 
exclude oxygen and resul t  in  the remaining  Si atoms 
being bound to more than one oxygen atom (forma- 
tions of SiO~). The infrared changes and etch rate 
data are consistent with this interpretat ion.  The change 
in the SIPOS stress due to the annea l  is also con- 
sistent with more SiO2 being formed. Finally,  our re-  
sults lend addit ional support  to the models of annealed 
SIPOS presented by other workers. 
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ABSTRACT 

A discontinuous si l icon l a y e r  was p roduced  on (0172) o r ien ted  sapphire .  
The ea r ly  g rowth  of si l icon was examined  by  t ransmission e lect ron micros-  
copy. Dur ing  a ve ry  short  t ime of deposit ion,  i t  is shown tha t  is lands of {I00} 
or ien ta t ion  had  nea r ly  square  or  r ec t angu la r  forms. We observed  a ve ry  rap id  
decrease  of {I00} crys ta l l i te  dens i ty  together  wi th  a nea r ly  constant  {110} 
crys ta l l i t e  density.  The la t t ice  of ep i t ax ia l  Si layers  was measured  to be dis-  
to r ted  in the  ve ry  ea r ly  s tage of the growth.  The in te r rac ia l  shear  s t ra in  is 
calculated.  The dis tor t ion of the  si l icon la t t ice  decreases wi th  growing time. 

Devices f ab r i ca ted  f rom he te roep i t ax ia l  sil icon films 
on sapphi re  somet imes p resen ted  backchanne l  l eakage  
cur ren ts  caused, at  leas t  in par t ,  by  the  presence of 
defects  and impur i t ies  in the si l icon films. Severa l  au-  
thors  (1-4) using t ransmiss ion e lect ron microscopy 
have shown the presence of s tacking  faul ts  and  mic ro-  
twins in silicon. Defect  dens i ty  in sil icon is ve ry  high 
in the  p rox imi ty  of the  sapphi re  interface,  so i t  is ve ry  
impor t an t  to s tudy  the s t ruc ture  of the in ter face  and 
the defects  which are  present .  

In  o rde r  to inves t iga te  the  na tu re  of the in i t i a l ly  
deposi ted silicon, we  have  studied,  using t ransmiss ion 
e lec t ron microscopy,  the s t ruc ture  and the or ienta t ion  
of si l icon islands at  ea r ly  stages of growth.  

The presence of res idua l  elastic stresses near  the  
interface,  which  could affect e lec t r ica l  p roper t ies  of 
i n t eg ra t ed  circuits,  is p roved  b y  measur ing  la t t ice  pa -  
r ame te r s  by  diffract ion microscopy.  

Experimental 
The si l icon was deposi ted f rom vapor  phase at  980~ 

on (011-2) or ien ted  CZ single crys ta l  sapphi re  subs t ra tes  
by  pyrolys is  of d i lu ted  si lane in H2. The sapphi re  sub-  
s t ra tes  were  pol ished wafers  f rom Union Carbide.  

Deposi t ion was s topped at  var ious  t imes;  wi th  a 
g rowth  ra te  of 0.67 # m . m n  -1, we obta ined  a series of 
samples  wi th  isolated is lands of silicon. The samples  
examined  were  grown for 0.6, 1.2, 1.8, and 2.4 sec. 

The samples  were  th inned  by  argon ion b o m b a r d -  
men t  f rom the sapphi re  side only. Samples  were  ob-  
served  by  JEM 100 B e lec t ron  microscope,  opera t ing  
at  100 keV. 

Observations 
We first p resen t  in format ion  conta ined in the  di f -  

f rac t ion pa t t e rns  and e lec t ron microscopical  images.  
Diffraction pattern and electron micrographs.--The 

selected area  diffract ion pa t t e rn  f rom a sample  grown 
for 1.8 sec is shown in Fig. 1. The indexed  pa t t e rn  is 
g iven on the same figure wi th  re fe rence  to the  in t e r -  
p re ta t ion  of A b r a h a m s  (1). I t  is seen in Fig. 1 tha t  
there  a re  th ree  orientat ions.  The most  impor t an t  
or ien ta t ion  of the  si l icon is lands is {100). For  these 
{100} domains,  the p lane  (2110) is pa ra l l e l  to the  
(001) p lane  of the silicon. 

There  are  also two o ther  or ienta t ions  of sil icon 
islands,  tha t  is to say  two k inds  of {110} or ien ted  
domains.  These th ree  ma in  or ienta t ions  are  a lways  
p resen t  wi th  the i r  twin  configurations. Each two {110) 

Key words: dislocation, misfit, s h e a r  s tra in  d is tort ion .  
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or iented  domains  have the i r  twin  pairs.  They  twinned  
about  the  ~ i I I ~  axis, which  lies pa ra l l e l  to the  [011] 
and [011] direct ions of the  (I00) or ien ted  domains.  
Only  the  two twin  axes which are  pa ra l l e l  to the sub-  
s t ra te  give we l l -deve loped  twin  crystals .  Al l  o ther  
spots may  be due to mul t ip le  diffract ion effects. 

Br igh t  and da rk  field e lec t ron micrographs  of the  
sample  grown for 2 sec are  shown in Fig. 2. The 
mic rograph  2a is the b r igh t  field image of a sample  
area. The mic rograph  2b is a da rk  field image  wi th  an 
opera t ive  rec iprocal  la t t ice  vector  g ---- (004) of the  
same area. The {100} or iented  sil icon is lands appear  
light.  In  the mic rograph  2c corresponding to the ~ 1 1 1 ~  
reflection pa ra l l e l  to the  [0~1] di rect ion of the {110} 
domains,  the  two {110} domains  appea r  light.  

I t  is seen tha t  the sil icon films consisted of d i f ferent ly  
or ien ted  domains  smal le r  than  100 nm in diameter .  
The crys ta l l i tes  are  often composed of one or two {110} 
domains  associated wi th  {100} domains.  

We also observed  tha t  {110} domains contain a ve ry  
high densi ty  of twi~s and microtwins.  Most  of the twins 
are  ve ry  thin, one or two atomic layers.  The dens i ty  of 
twins in {100} domains  is much smaller .  The resul ts  
given above concerned developed films before  complete  
coverage. The observat ions  a re  s l ight ly  different  a t  
ea r l ie r  stages under  the  presen t  g rowth  conditions. 

Fig. 1. Diffraction pattern of epitaxial silicon on sapphire. 
(100)s~/(011"2)AIA12o3. (a) Diffraction pattern, (b) indexed pattern 
of {100} and {110) domains. 
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Fig. 2. Bright and dark fields electron micrographs: (a) bright 
field, (b) dark field {100) domain g ~ (022), (c) dark fie~d {110) 
domains g = < i 1 1 >  I] [022]. 

The size of the {100} domains  is a lways  l a rge r  than 
the corresponding {110} domain.  

F igure  3 presents  for  different  growing t imes  the 
silicon islands deposed on sapphire .  As seen in Fig. 3, 
the mean  d iameter  of silicon crys ta l l i tes  increases wi th  
growing time, as the  dens i ty  of {100} domains  decreases,  
as a resul t  of is land coalescence. 

I t  is ve ry  in teres t ing  to note tha t  for sample  II  
(t ---- 1.2 sec, v =. 0.67 #mn-1 ) ,  r ec tangu la r  or square  
par t ic les  are  present .  They are  much less numerous  
than the par t ic les  of o ther  forms. The sides of the  
square par t ic les  a re  pa ra l l e l  to the [011] and [011] 
directions. These par t ic les  a re  a lways  smal ler  than  
other  part icles.  The  mean d iamete r  seems to be smal le r  
than  200 or 300A. Fo r  longer  g rowth  time, the par t ic les  
develop into l a rge r  conglomerates  and the geometr i -  
cal shape disappears .  

Fine structure of electron diffraction patterns.--The 
fine s t ruc ture  in e lec t ron diffraction pa t te rns  for  the  
sample  wi th  the smal les t  g rowth  t ime shows: (i) e lon-  
gat ion of spots (belonging to [100] and [110] domains)  
and (ii) dis tor t ion  of the silicon lattice.  Two dis t inct  
types of spot elongations are  visible:  c i rcular  e longa-  
tion a round  the origin, and l inear  streaks.  F igure  4 
shows the diffraction pa t t e rn  of [100] zone of {100} 
domains  of sil icon (sample I I ) .  Ex t r eme  var ia t ions  in 
contras t  made  i t  difficult to obta in  p r in t  that  would 

Fig. 3. Electron micrographs for different growing times, II 
1.2 see; III = 1.8 sec; IV ~ 2.4 sec, 

Fig. 4. Fine structure of a diffraction pattern 

preserve  the detai ls  of the relrods.  These are  shown 
in the  accompanying  tracing.  The most  r ead i ly  iden t i -  
fiable type  is c i rcular  e longat ions of the spots, 
which are  due to smal l  misor ienta t ions  of the  {100} 
or {110) domains.  

This e longat ion is due to smal l  misorientat ions.  The 
mean  angular  spread  of the  spots f rom the {100} do-  
mains is about  3 ~ for the smal les t  g rowth  time, and  
decreased to 1 ~ for longer  g rowth  time. So exper i -  
menta l ly ,  i t  is seen tha t  sil icon films on sapphi re  are  
l ike a mosaic of si l icon islands, which  becomes more  
per fec t  as the  thickness of the  films increases.  This 
or ienta t ion  spread  of about  3 ~ was in te rp re ted  by  
Abrahams  (4) to nuclea t ion  of planes  of the {100} 
si l icon islands pa ra l l e l  to sapphi re  planes;  if some of 
the (022) planes  of {100} silicon nucleate  para l l e l  to 
the (2204) planes  of sapphire ,  whi le  some o ther  of 
the (022) p lanes  nuc lea te  pa ra l l e l  to (2024) planes  of 
sapphire ,  the misor ien ta t ion  would  be  about  4 ~ 

The second type  of spot e longat ions in diffraction 
pa t t e rns  appears  as l inea r  s t reaks  in both {100} and 
{110} domains,  ar is ing f rom high dens i ty  of s tacking 
faul ts  and microtwins  (note B and C in Fig. 4). Diffrac-  
t ion pa t te rns  of the {110} domains  (B) are  presen t  a t  
ve ry  ea r ly  stages of growing t ime; high dens i ty  of 
microtwins  shows l inear  s t reaks  in the <111> di rec-  
tion. Only  elongations along the <111> twin  axis 
pa ra l l e l  to [011] and [011] direct ions of {100} domains  
are  wel l  developed,  as the twins. We obta in  as the 
diffract ion pat tern ,  a t  ve ry  ea r ly  stages of growth,  a 
ne twork  wi th  pe rpend icu la r  s treakings.  

The {100} domains are  also twinned  about  the <111>  
twin axes; a t  the exact  [100] or ientat ion,  the re  are  
not  spots due d i rec t ly  to the  twins. But  the  spots noted 
C a re  ex t ra  spots due to double diffract ion on those 
twins in {100} crystals .  These spots d i sappear  when  the 
growing t ime increases. L inear  s t reaks  are  also seen 
nea r  (004), (022) spots and in the  v ic in i ty  of the spots 
C, of the  {10.0} domains.  The s t reaks  are  pa ra l l e l  to 
the  [010] and [001] directions;  they  can indicate  a 
high dens i ty  of s tacking faults .  

Angular distortion, misfit, and misfit dislocations.- 
At ea r ly  stages of growth,  before  complete  coverage, 
observat ions  of diffract ion pa t te rns  show tha t  the  
silicon la t t ice  is distorted.  The dis tor t ion decreased 
for increas ing g rowth  t ime deposition. There  is an 
angular  distort ion,  and  toge ther  a contrac t ion  of the  
reciprocal  la t t ice  vector. As the subs t ra te  is not  cubic, 
a shear  stress exists,  which  can be es tabl ished f rom the 
nonor thogonal i ty  of (040) and (004") rec iprocal  la t t ice  
vectors observed on the  [100] silicon films pat terns.  
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Fig. 5. Distortion of silicon lattice on sapphire at early stage af growth. (a) Deviation 0 from theoretical angle between (004) and 
(040) reflections of epitaxial silicon, (b) misfit between distorted and nondistorted silicon lattice for the (004) and (040) reflection spots. 

The angle between the (040) and (004) reciprocal 
lattice vectors was measured. This angle can be as 
large as 92 ~ The theoretical angle for the [100] or ien-  
tat ion is 90 ~ 90 ~ was substracted from the measured 
angle to give the shift named 0. The var iat ion of 0 
for different growth time is shown in  Fig. 5 (a). 0 de- 
creases with increasing growth time. The max im um ob- 
served value of 0 is as large as 2 ~ for 1 sec of growth 
time. 0 reached zero after 3 sec of growth time. 

In  diffraction patterns,  a misfit be tween the silicon 
and sapphire lattices can be observed. From the 
separation of gsi and gSA where gsi and gsA are, re-  
spectively, the reflection (004) of the silicon and 
(4220) of the sapphire, we deduce that  there is a pro-  
gressive increase in the misfit between silicon and 
sapphire lattices with increasing deposit time. If the 
misfit is defined as 

aSA - -  asi 
e - -  

as& 

where asA and asz are the interatomic spacings in  the 
interracial  plane in  sapphire and silicon, then in terms 
of gsi and gSA 

JgsAI- IgsiI 
e ~  

tgsAl 
assuming gsA//gsl. 

Figure 5(b) shows that the misfit e increases from 
about 8% to 14% compared with a natural misfit e o of 
about 14%, for the (004) reciprocal lattice vector of 

silicon and the (4220) of sapphire. The misfits noted 
e004 and eo4o are related to the (004) and (040) re- 
flections spots for silicon. 

The misfit is equal to the na tura l  misfit after 2.4 sec 
of growth. For this sample, continuous networks of 
misfit dislocations are also seen in  the silicon islands, 
as seen in  Fig. 6. The fringes tend to lie paral lel  to 
the [011] and [011] directions. The Burgers vector of 
the dislocations is consistent with a/2 [110] which is 
the b for dislocation in  the diamond structure. Their 
spacing is equal to 38A, which is in  good agreement  
with the calculated value for pure edge type (37A). 

For this sample (2.4 sec of growing time) the l inear  
density of misfit dislocations is 1/38A _-- 2.6 X l0 s dis- 
locations.cm -1. For  the other samples with shorter  
growing time, we do not see any  misfit dislocations. 
Misfit dislocations have also been observed by Abra -  
hams (5). 

It  is very  interest ing to note the correlation between 
the lattice deformation of the silicon, which decreases 
with growing time, and the easy observation of misfit 
dislocations for longer growing time. 

Results 
Monoclinic distortion of the epitaxed layers.--If we 

assume the thickness of the epitaxial  layer to be much 

smaller  than the dimensions of the substrate, we may 
neglect the strains in  the substrate. Substrates that  
were not very thick became curved due to the stresses 
in the epitaxial  layer. 

The ob:ervation~ indicate that  the silicon lattice at 
early stages of epi taxy is distorted. From measure-  
merits os several a spacings, it  is concluded that  there 
are compressional and shear strains in  the silicon 
islands. The simplest distorted lattice is a monoclinic 
lattice. 

Figure 7 gives a schematic drawing of a monoclinic 
distortion of a silicon layer on sapphire. The lattice 

Fig. 6. Misfit dislocations of silicon on sapphire (growth time 
2..4 sec). 

Sil icon 

sapph, re  

I_ b 

I.;. ;-~ 0 1 T ~  

Fig. 7. Schematic representation of a monoclinic distorted silicon 
lattice on sapphire. 
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parameter  of undistorted silicon is ao. If el00, e010, e0ol 
are the strains along the three axes, the parameters  of 
a distorted lattice become a b c 

a = ao(1 + ~1oo) 

b = ao(1 -t- eolo) 

c = ao(1 + eoo,) 

where ~ is the monoclinic angle be tween the [010] and 
[001] axis, as shown in Fig. 7. a is 90 ~ if the si l icon 
layer  is not distorted. 

Relations between observable quantities and strain 
components.--From [100] diffraction pattern,  we ob- 
ta in  informat ion about  strains in  the wafer plane along 
the [001] and [010] axis, that  is to say, c, b, and ~. 
From the angular  deviat ion between (010) and (001) 
reflections, spots on [100] diffraction pattern,  we ob- 
tained ~, which is related to o. 

Strains e001 and ~010 are approximately related to 
misfits by 

cO01 = e o o 4  ~ - -  e004 

eOlO - - "  eo4o  ~ - -  eo4o 

Strain  el00 related to the [100] axis perpendicular  to 
the epitaxial  plane must  be calculated from the [110] 
pat tern  of the {100} silicon domains. The parameter  a 
is more difficult to calculate, these parameters  car~ 
only be obtained from relations between c, b, a, d400, 
and d220, where d400 and_d220 measured on the {110} 
diffraction pa t te rn  are in te rp lanar  spacings of (400) 
and (220) planes of silicon. 

Figure 8 shows variat ions of lattice parameters  
and ~ of a distorted silicon layer on sapphire with 
deposition time. As seen in the figure, the lattice pa- 
rameter  normal  to the wafer surface increases, while 
the two lattice parameters  parallel  to the wafer surface 
decrease. This result  suggests that the first layers of 
silicon on sapphire are deformed to accommodate the 
sapphire lattice. 

Stresses in epitaxiat layer.--The elastic stresses in a 
cubic crystal are correlated to the strains by a tensor, 
whose elements are the elastic stiffness coefficients. 
The elastic stiffness coefficients are given by Hornstra 
(6). In thin epitaxial  layers, forces of the substrate 
act only in the interface plane, and as the substrate is 
not  cubic, shear strains are present, which are to be 
added to compressional strains (8). 

We calculate stresses along the different axes using 
the variat ion of the lattice parameters;  the result  is 
for 1.2 sec of growing t ime (sample II) 

~10o ~ -}-1.2 • 101~ dynes /cm 2 

~010 ~ -~2.9 • 1010 dynes/cm 2 

~001 ~ --5.9 • 10 ~~ dynes /cm u 

The shear stress ~s is calculated from the angular  
deviation e by Abrahams (7) 

r = tg e ~ 2.7 • 1010 dynes /cm 2 for sample II 

The decay of the compressional and shear strains is 
very quick. For the sample I I l  (t = 1.8 sec) these 
strains are about a factor of 10 less than the strains 
of the sample II (t = 1.2 sec). Along the [001] direc- 
tion, we calculate the values 

~n = --5.9 • i0 I~ dynes/cm ~ 

o ' i n  = --0.7 • I0 I~ dynes /cm 2 

We also observed a very impor tant  difference between 
strains in  [001] and [010] directions, which gives rise 
to a shear s train in the wafer plane. 

The precision of our results are best appreciated 
along the [001] axis, where the compressional s t ra in 
is the most important.  The compressional s train of 
sample IV (t = 2.4 sec) is impossible to estimate with 

2 % .  
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C[ 

tsecl 90 ~ 
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Fig. 8. Variation of lattice parameters of monocllnic silicon with 
deposit time. 

our method; the precision of the diffraction pat terns  
is too small. In  opposition, the shear s train decreases 
slowly from 3 . 1 0  I~ dynes /cm 2 for the sample II to 
0.6 X 10 I~ dynes /cm 2 for sample IV, with increasing 
growth time. 

Discussion 
Two points are very impor tant  in our results, the 

geometrical form of the silicon islands and the stresses 
in  the wafer plane before complete coverage. We com- 
pare first the morphology of the silicon islands with 
those of Abrahams (1); then some remarks are made 
concerning the magni tude  of the calculated stresses 
and the asymmetric  strains in  the plane of the wafer. 

The observations of the nucleat ion of silicon on 
sapphire are compared with the results of Abrahams. 
The growing conditions ( temperature,  growth rate) 
are approximately the same. They obtained near  a 
rapid init ial  coverage rate, smooth forms of silicon 
islands. In opposition our silicon islands present geo- 
metric forms and the coverage of the substrate surface 
vs. time is represented by a sigmoid curve. Those 
islands present  a par t ia l ly  coherent growth on the 
substrate. The morphology of the silicon islands differs 
only at a very early stage of growth. For longer 
growth time, our results are similar  to those reported 
by Abrahams.  

The impor tant  difference in  the preparat ion of the 
substrate is hydrogen firing used by Abrahams. The 
surface of sapphire obtained by those authors seem 
to provide a high density of nucleat ion of silicon 
islands. As we do not use hydrogen firing, we obtain 
a lower density of silicon islands with a lower density 
of defects. Schmidt and Davey (13) have reported that  
after hydrogen firing, sapphire surfaces were ordered 
crystallographically but  topologically poor. 

Those silicon islands present, on the other hand, im-  
portant  compressional strains. Geometric or thermal  
considerations could explain the not equal compres- 
sional strains in the [001] and [010] directions, greater 
along the [001] axis. Stresses arise when  the layers 
are cooled to room temperature.  They are due to the 
difference between the thermal  expansion coefficients 
of silicon and sapphire (8). The anisotropy of the ther-  
mal  expansion coefficient of the sapphire (12) greater  
along c than perpendicular ly  gives rise to anisotropy 
of contraction of sapphire greater  along the [010] than 
the [001] axis. 

Crystallographical considerations could also induce 
stresses in  the wafer plane. Nolder (11) compared the 
relat ive position of a luminum and oxygen atoms on a 
(01i2) plane in sapphire and the silicon atom on a 
(100) plane in the cubic lattice of the silicon. 

It is seen that the a luminum sites form a face- 
centered array, which is similar to the a r rangement  of 
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silicon atoms in  a (100) plane, wi th  the [001] direction 
of silicon paral lel  to the [2~10] direction of the sap- 
phire. The subst i tut ion of a l u m i n u m  by silicon, leads to 
mismatches along the [001J and [010] directions of 
about  14 and 8% with reference to the [2110] and 
[0~114] directions of sapphire. The observed strains are 
of the same order of magni tude  and of the same direc- 
t ion as geometric strains. 

In  general, all the measurements  of residual stresses 
in silicon films on sapphire lead to thermal  stresses. 
Kamins  and Meieran (9) calculated stresses of 7 .  109 
d y n e s ,  cm 2, Dumin  (10) found residual stresses to be 
about 5 �9 169 dynes �9 cm -2. Abrahams (7) gives shear 
stresses of 1.2 �9 1010 dynes �9 cm -2 near  corners of sili- 
con-sapphire  interface. The magni tude  of the calcu- 
lated stresses (5.1010 d y n e s ,  cm -2 in  the [001] di- 
rection) at an early stage of growth can exceed the 
thermal  contr ibut ion by an order of magnitude.  As 
the film groves, this contr ibut ion becomes very small 
rapidly. We th ink that  there is a superposition of the 
two sorts of stresses. The crystal lographical  compres- 
sional strain, which is very impor tant  at ear ly stage of 
growth, decreases very  quickly with thickness. When 
the films are thicker, thermal  compressional stresses 
remain  the principal  stresses. 

Experimental ly,  we observed small  islands at the 
first stage of the deposition of silicon on sapphire, 
which present  the characteristics of par t ia l ly  coherent 
growth on the substrate  surface. That  is in  opposition 
with the theory of Van Der Merve (14), which says 
that a totally coherent growth of a layer film (formed 
layer  by layer)  may be expected up unt i l  a certain 
thickness which is related with the misfit of the two 
lattices. This thickness is for the system Si/A1208 equal 
to 1A, that  is to say that  the growth of silicon may be 
totally not coherent. In  fact, the growth of islands of 
silicon instead of layers increases the possibility of 
coherent growing, by introducing a term of superficial 
energy of the island. 

In  conclusion, we observed at a very early stage of 
growth, a part ial  coherency of the silicon islands of 
sapphire. This par t ia l ly  coherent growth appears with 

compressional strains in wafer plane and at the same 
time, the coverage of the substrate surface by silicon 
islands is represented by a sigmoid curve. 
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Silicon Contamination of InP Synthesized 
under High Phosphorus Pressure 

A. Yamamoto, S. Shinoyama, and C. Uemura 
Nippon Telegraph and Telephone Public Corporation, 

Ibaraki Electrical Communication Laboratory, Tokai, Ibaraki 319-11, Japan 

ABSTRACT 

An exper imental  s tudy has been made of processes causing Si contamina-  
t ion of polycrystal l ine InP  synthesized under  high phosphorus pressure (~30 
arm) via the horizontal  Br idgman technique. Silicon content  of the grown 
ingots was determined by measurement  of carrier  concentrations and by  spark 
source mass spectrometry. The Si content  increased by  about  two orders of 
magni tude  when  the max imum temperature  in the ind ium melt  was varied 
from 1050 ~ to 1180~ The Si content  scarcely depended on phosphorus pres- 
sure in  the range of 5-30 arm. Presence of ind ium oxides in the ind ium melt  
was found to lower the incorporated Si content. As a result  of these invest iga-  
tions, high pur i ty  InP  (Nd -- Na ----- 3.2 • 1015 cm -s, ~TVK = 37,000 cm2/V �9 sec) 
was reproducibly obtained by using a quartz boat at a growth rate of 3 mm/hr .  
The effective dis tr ibut ion coefficient for Si in  InP  was determined to be 0.53 
by the analysis of in tent ional ly  Si-doped ingots. 

Recent developments of InP-based  devices such as 
I nGaAsP- InP  lasers or InP  FET's require high qual i ty 

Key words: InP, Si contamination, effective distribution co- 
efficient, synthesis os III-V compounds, horizontal Bridgman tech- 
nique. 

InP  crystals as substrates. Single crystals of I nP  are  
current ly  grown by the l iquid encapsulated Czochralski 
(LEC) method. The LEC method uses polycrystal l ine 
InP as the start ing material.  Reduction of residual  
donor impurit ies in  the star t ing mater ia l  is essential 
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to grow semi- insula t ing  crystals or p- type  crystals 
with low carrier concentrations. 

Silicon is known to be a major  residual  donor im-  
pur i ty  in InP and to be introduced from the silica 
envelope dur ing synthesis or crystal growth (1, 2). 
Use of pyrolytic boron ni tr ide (PBN) boats in the 
synthesis of InP  is effective in reducing carrier con- 
centrations in the grown ingots (3). Furthermore,  the 
synthesis at lower temperatures  (~- 950~ and unde r  
lower phosphorus pressure (N 2 atm) is successful in 
ob*aining high pur i ty  InP  with carrier  concentrations 
lower than 1015 cm -3 (4). Although the reaction of 
SiO~ and phosphorus vapor, which provides a source 
for Si contamination, has been proposed by  Bachmann 
et al. (1), details of Si contaminat ion process dur ing 
synthesis or crystal growth have not  been systemati-  
cally studied. 

Segregation behavior  of Si in InP, on the other hand, 
has been unclear  since the effective dis t r ibut ion coeffi- 
cient for Si in InP, ke(Si) , has been scattered in the 
wide range of 10 -3 in LEC (5) to 30 in LPE (6). This 
uncer ta in ty  for ke(Si) is thought to be main ly  caused 
by Si contaminat ion dur ing synthesis or crystal growth 
(2). Therefore, segregation behavior  of Si must  be 
evaluated with in tent ional ly  Si-doped materials  in 
which an Si contaminat ion level can be neglected as 
compared with the Si doping level. 

In  this work, we studied exper imenta l ly  the Si con- 
taminat ion process of undoped InP synthesized under  
high phosphorus pressure via the horizontal  Br idgman 
technique. By carrier concentrat ion measurements  and 
spark source mass spectrographic analyses, we found 
some factors in the synthesis which governed Si con- 
tent  incorporated into grown ingots. As a resul t  of 
that, it was proved that  bulk polycrystal l ine InP  with 
carrier concentrations as low as those synthesized using 
PBN boats could be obtained by using quartz boats. 
We also obtained a reliable value of ke(Si) from the 
analyses of in tent ional ly  Si-doped ingots. 

Experimental 
Not in tent ional ly  doped polycrystal l ine InP  was syn-  

thesized from the elements via the horizontal Bridg- 
man technique. Approximately  200g of ind ium (6-9's 
purity,  Mitsubishi Metals or Yamanaka  Semiconduc- 
tors) were charged in a quartz boat. The quartz boat 
was placed in a quartz ampul  (ID: 35 ram, length: 
600 mm) together with approximately 100g of red 
phosphorus (6-9's purity, Mitsubishi Metals) charged 
in  a separate quartz boat. Prior to the sealing of the 
ampul, the ind ium was prebaked in vacuum (pressure: 
1 >< 10 -6 Torr) at a tempera ture  in the range of 450 ~ 
950~ for 3 hr. After being evacuated and then sealed, 
the ampul was set in a three-zone horizontal Br idgman 
furnace. The furnace was in a water-cooled chamber  
that  could be pressurized up to 35 a tm with N~ gas. 
The furnace was heated to the conditions shown in  
Fig. 1. The phosphorus pressure in  the ampul  w a s  
controlled by the temperature  in the zone A, TA, and 
estimated from the pressure- temperature  relationship 
data reported by Bachmann et al. (7). TA was varied 
from 400 ~ to 600~ which corresponded to phosphorus 
pressure from 1.5 to 40 arm, respectively. To prevent  
breakage of the ampul  due to such high phosphorus 
pressure, the N2 gas pressure in  the chamber  was con- 
trolled to wi thin  __+ 5 arm of the phosphorus pressure 
in the ampul. The ind ium was heated at the tempera-  
ture in  the zone B, TB, and then  traveled toward the 
zone A through the highest tempera ture  zone C in 
which max imum tempera ture  was Tmax. TB was fixed 
at 800~ through all experiments,  and Tmax was varied 
from 1050 ~ to 1200~ The ampul  was moved at  a 
constant  speed of 3 m m / h r  when the desired tempera-  
ture in each zone was reached. 

Sil icon-doped InP was also synthesized to s tudy the  
segregation behavior of Si in InP. For Si doping, small 
pieces (2-5 rag) of an Si wafer  (phosphorus-doped, 

T 

I zo  __ zoo, l_zo I 

Tmox : 

~  oor 
1050-1200 ~ 

Phosphorus Ind Jura 

3 mmlh ~ < ~  I....,l.,...,,,,rJ 
7 [ 

Quartz ampoule Quartz boot 
~X 

Fig. 1. Schematic of the horizontal Bridgman apparatus used for 
synthesis of InP. 

50 a - c m)  were added to the ind ium before the pre-  
baking of the indium. 

The electrical properties of InP ingots synthesized 
were evaluated using Van der Pauw Hall measure-  
ments. The residual  impuri t ies  in  the ingots were de- 
termined using spark source mass spectrometry. 

Results and Discussion 
Silicon contamination of nominally undoped ingo t s . -  

We studied the dependence of carrier concentrat ion or 
Si incorporated under  various synthesis conditions 
such as ma x i mum tempera ture  in  the zone C, Tmax, 
phosphorus pressure in the ampul, Pp, and prebaking 
temperature  of the charged indium, Tpb. 

First, effects of Tmax on carrier  concentrat ions and Si 
contents in grown ingots will be described and dis- 
cussed. Syntheses were performed under  the following 
conditions: Tpb --~ 500~ Pp : 7 atm, and Tmax -- 
1050~176 The l nP  ingots grown under  these con- 
ditions were ful ly stoichiometric excepting the las t - to-  
freeze end at which excess ind ium remained. Figure 2 
shows a typical grown ingot weighing 250g. Samples 
for electrical measurements  were sliced perpendicular  
to the growth direction from each position of the ingots. 
Figure 3 shows carrier concentrat ion profiles along the 
growth direction in the ingots grown at different Tm,x. 
It  can be seen that, with increasing Tmax, the carrier  
concentrat ion increases drastically and its distr ibution 
becomes flat. To confirm that the increase in carrier  
concentrat ion with increasing Tmax is due to an in -  
crease in Si content  in the ingots, spark source mass 
spectrographic analyses for the ingots were per-  
formed. The analyt ical  results for typical two samples 
as indicated by  numbered  squares in  Fig. 3 are lore- 

Fig. 2. A typical polycrystalline InP ingot grown, weighing 250g 
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Fig. 3. Carrier concentration profiles along the growth direction 
for ingots grown at different maximum temperature in the indium 
melt (Tmax). 

sented in Table I. A remarkable  difference in Si con- 
centrat ions between both samples are found, whereas 
no significant differences in concentrat ions of other 
impuri t ies  are found. Fur thermore,  no other donor 
impuri t ies  than Si are detected and the Si concentra-  
tions are in  good agreement  with the carrier  concen- 
trations. From these results, it is concluded that  Si 
contents incorporated dur ing  synthesis dominate  the 
carrier concentrat ions in the grown ingots and, also, 
that  the increase in  Tmax drastically enhances the re-  
action for Si contamination.  Although high concentra-  
tions of C, N, and O were detected, they are thought 
to be incorporated dur ing  the sample preparat ion pro- 
cesses for the analysis. 

The results shown in  Fig. 3 also show that  carrier 
concentrat ions as low as those in PBN-grown InP (3) 
can be obtained at a comparable growth rate (3-4 
m m / h r )  even if quartz  boats are used. Hall  data for 
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Fig. 4. Carrier concentrations at the first-to-freeze portion of 
grown ingots as a function of phosphorus pressure (Pp). 

a typical ingot are Nd -- Na -- 3.2 • 1015 cm -a  and 
/~77K "-- 37,000 cm2/V.sec. 

It  is obvious that  curves in  Fig. 3 do not  represent  
the segregation behavior  of Si because the dis t r ibut ion 
of Si is governed by the Si contaminat ion process. The 
increase in  "apparent"  effective dis t r ibut ion coeffi- 
cient with increasing Si content  incorporated is a phe- 
nomenon commonly observed in this study. The segre- 
gation behavior will be discussed in the next  section. 

Next, a phosphorus pressure dependence of the 
carrier  concentrat ion in the grown ingot wil l  be de- 
scribed. The ingots were grown under  the following 
conditions: Tpb : 80 '0~ T m a x  = ll00~ and P p  " -  
1.5-30 atm. When the synthesis was carried out using 
200g of charged indium, inclusions of excess ind ium 
were contained in the ingots grown at Pp lower than 
about  5 atrrL To avoid the In  inclusions, it was neces- 
sary to reduce either the growth rate or the amount  of 
charged indium. In  this experiment,  the amount  of 
charged ind ium was reduced to 20g and, consequently,  
ingots free from inclusions were obtained at  Pp in  the 
range of 1.5-30 arm. Carrier concentrat ions at the first- 
to-freeze portions of grown ingots are plotted in Fig. 4 
as a funct ion of Pp. The effect of Pp on the carr ier  
concentrat ion is not  as large as that  of Tmax. The carrier 
concentrat ion scarcely depended on Pp in the range of 
5-30 arm. At lower Pp than about  5 arm, the carrier  
concentrat ion seemed to depend on Pp. Similar  P~ de- 
pendence of carrier  concentrat ion was found for InP  
crystals grown by the synthesis solute-diffusion method 
( P p  = 0.6-1.2 atm) (8). Therefore, it is reasonable to 
assume that Si contaminat ion level increases with in-  
creasing Pp, and becomes saturated at higher Pp (~5 
atm).  

We found that  carr ier  concentrat ions in grown ingots 
were different depending on lot or supplier  of the 
charged ind ium even if Tmax and Pp were fixed to cer- 
ta in  values, as shown in  Fig. 5. Differences in the car-  
rier concentrat ion profiles in Fig. 5 were found to be 
closely related to differences in degree of oxidation of 
the charged indium. The lowest profile was obtained 
for the ingot synthesized using the most heavily oxi- 
dized indium. The degree of oxidation of the charged 

Table I. Spark source mass spectrographic analyses of nominally undoped InP ingots 

Sample  
( c a r r i e r  conc.) Si 

Impurity concentration (ppma) 

Sn S Te  Zn Mg Cu C N O 

No. 1 0.4 
(4 x 10 ~ c m  -~) (1,6 x 10 ~e c m  ~)  

No. 2 15 
(2 x 10 ~ c m  -a) (6 x 10 l ~ c m  -8) 

ND* ND** ND* 0.4 0,5 0.06 6 1 6 

ND* ND** N-D* 0.2 0,6 0.04 5 4 8 

ND*: <0 . I  ppm a ,  ND**: <0.05 ppma. 
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Fig. 5. Carrier concentration profiles for ingots grown by using 
charged indium of different lots or suppliers. Synthesis conditions 
are same for all samples. 

ind ium was examined by an amount  of a scum formed 
on a molten indium. This fact suggests that oxides of 
ind ium included in  the charged ind ium have effects 
on the Si contaminat ion process. Therefore, we tried 
to el iminate  ind ium oxides contained in the charged 
indium, and examined effects of the e l iminat ion on the 
carrier  concentration. The e l iminat ion was made by 
prebaking the charged ind ium in vacuum before syn-  
thesis. The prebaking tempera ture  Tpb was varied from 
450 ~ to 950~ All charged ind ium used here were from 
the same lot. The ingots were grown by using 200g of 
charged ind ium under  the following conditions; Pp "-- 
8 arm and Tmax : ll00~ Figure  6 shows carrier  con- 
centrat ion profiles for the ingots grown by using the 
charged ind ium baked at different Tpb. With increasing 
Tpb , the carrier concentrat ion increases and its distri-  
but ion becomes flat. Especially, a remarkable  differ- 
ence is observed in carrier concentrations between Tpb 
= 700~ and 800~ This difference can be explained 
by the difference in  removal  rates of ind ium oxides at 
both temperatures,  because ind ium oxides such as 
In208, In20, or InO are subl imated or decomposed in  
vacuum at temperatures  higher than  about  800~ From 
these results, i t  can be concluded that ind ium oxides 
in  the charged ind ium suppress the reactions causing 
Si contamination.  The effect of ind ium oxides on the 
reaction causing Si contaminat ion can be understood 
qual i ta t ively as follows. According to Bachmann eta l .  
(1), an SiO vapor as a source for Si contaminat ion is 

provided via the reaction 

10 SiO2(s) + P4(g) ~ 10 SiO(g) + P4Oz0(g) [1] 

When ind ium oxides are present  in the charged indium, 
they will  be reduced by  phosphorus vapor and a P4010 
vapor will be produced prior to the reduct ion of SiO2. 
An increase in P4Ot0 part ial  pressure in the ampul  by 
the reduction of the ind ium oxides can force reaction 
[1] to proceed to the le f t -hand side, i.e., suppress the 
production of SiO vapor. 

When the charged ind ium was prebaked in vacuum, 
most of the ind ium oxides were t ransported to a lower 
tempera ture  region in  the ampul. The presence of in -  
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Fig. 6. Carrier concentration profiles for ingots grown by using 
charged indium prebaked at different temperature (Tpb). 

dium oxides at a lower tempera ture  region during syn-  
thesis had no effect on carrier  concentrat ions in  grown 
ingots. This fact means that  the reduct ion of ind ium 
oxides, as well  as the reduction of silica, by ohosphorus 
vapor requires a high tempera ture  (N 1000~ 

Effective distribution coe]~cient ]or Si in InP, ke(Si). 
- -As  described in the previous section, distr ibutions of 
Si concentrat ion in  nomina l ly  undoped ingots are re-  
markab ly  different depending on the Si contaminat ion 
level. Therefore, it is meaningless to evaluate ke(Si) 
for those ingots. We prepared Si-doped ingots with 
carrier concentrations higher than 10 zs cm -3 to ex- 
amine ke (Si). The ingots were grown under  the follow- 
ing conditions: T~b = 700~ Tmax -- 1050~ and Pp = 
7 arm. For successful Si doping, it was necessary to 
dissolve completely the Si pieces into the ind ium melt  
before the synthesis. When the Si pieces floated on the 
surface of the ind ium melt  dur ing the synthesis, they 
were attacked by phosphorus vapor and transferred to 
a low tempera ture  region in the ampul  and, conse- 
quently,  Si doping was unsuccessful. 

Typical carrier  concentrat ion profiles for Si-doped 
ingots along the growth direction are shown in  Fig. 7. 
Doping efficiencies of Si for these ingots were about 
50%. It is reasonable to assume that  the profiles repre-  
sent the segregation behavior of Si because the Si con- 
taminat ion  levels in  these ingots are estimated, from 
the growth conditions, to be lower than 2 • 1016 cm -3. 
The profiles obey the normal  freezing relat ionship and 
their slopes give ke(Si) = 0.53. Figure 7 also shows 
carrier  concentrat ion profiles in LEC single crystals 
grown by using the nomina l ly  undoped ingots described 
in the previous section. We found that  the average car- 
r ier  concentrat ions in the LEC crystals were in  good 
agreement  with those in the s tar t ing materials  (9). 
The profiles for the LEC crystals also obey the normal  
freezing relationship and have a same slope as that  for 
the Si-doped ingots. These facts indicate that  the car- 
r ier  concentrations in the LEC crystals are dominated 
by Si contents involved in  the star t ing materials.  

S u m m a r y  
We studied exper imenta l ly  Si contaminat ion of poly- 

crystall ine InP  ingots synthesized using quartz boats 
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via the horizontal Bridgman technique. Silicon con- 
tamination levels were evaluated by measurements of 
carrier concentrations and by spark source mass spec- 
trographic analyses. Good agreements between carrier 
concentrations and Si contents were obtained. Depen- 
dences of the Si contamination level on the synthesis 
conditions such as maximum temperature in the in- 
dium melt, phosphorus pressure in the ampul, and pre-  
baking temperature of the charged indium were in- 
vestigated. Among these conditions, maximum tem- 
perature in the indium melt was found to be the most 
dominant factor. Silicon contamination levels scarcely 
depended on phosphorus pressure in the range of 5-30 
atm, while they decreased at lower phosphorus pres- 
sure than about 5 atm with decreasing phosphorus 

pressure. With increasing prebaking temperature of the 
charged indium, Si contamination levels were increased. 
This result is explained by taking into account the 
fact that indium oxides in the charged indium, which 
suppress the reaction for Si contamination, are elimi- 
nated through the prebaking process. 

As a result of the investigations described above, it 
has been enabled to prepare high puri ty  InP (Nd -- Na 
---- 3.2 X l0 ~ cm-~, #~TK = 37,0'0'0 cm2/V �9 sec) at a 
growth rate of 3 mm/hr  even if quartz boats are used. 

To examine the segregation behavior of Si in InP, 
we also prepared intentionally St-doped ingots in 
which Si contamination levels were neglected as com- 
pared with Si doping levels. Carrier concentration pro- 
flies for these ingots along the growth direction obeyed 
the normal freezing relationship and, consequently, 
gave the effective distribution coefficient for Si in InP, 
ke(Si) ---- 0.53. Carrier concentration profiles for LEC 
single crystals grown by using nominally undoped 
ingots contaminated by Si also obeyed the normal 
freezing relationship and had a same slope as that for 
the St-doped ingots. This result  indicates that  carrier  
concentrations in the LEC crystals are dominated by 
Si contents involved in the starting materials. 
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Optical Properties of GaAs and Its Electrochemically 
Grown Anodic Oxide from 1.5 to 6.0 eV 

D. E. Aspnes,* G. P. Schwartz,* G. J. Gualtieri, A. A. Studna, and B. Schwartz* 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Spectroscopic  e l l ipsomet ry  has been used to nondes t ruc t ive ly  s tudy  the op-  
t ical  and  in ter face  proper t ies  of the GaAs-e lec t rochemica l ly  grown anodic 
oxide  sys tem over  the energy  range  1.5-6.0 eV. Values  of the  dielectr ic  function 
of GaAs differ by  up to 30% from prev ious ly  publ i shed  spect ra  due to im-  
proved  sample  p repa ra t ion  techniques.  Values  of the  dielectr ic  funct ion of  the 
oxide  agree  wi thin  severa l  percent  wi th  previous  measurements .  Upper  l imits  
to the thickness of a l ayer  modeled  as amorphous  arsenic (a -As)  at  the GaAs-  
oxide interface  are  3 and 10A for 60 and '~oV oxides grown on < 1 1 1 > ~  and 
< lO0>  surfaces, respect ively,  a t  0.1 mA cm -2 constant  cur ren t  in a phosphoric  
ac id /g lyco l  based electrolyte .  The majo r  d iscrepancy be tween  measurements  
and idea l  t h ree -phase  model  calculat ions ar ise  f rom the in terface  region be -  
tween  oxide and ambient .  This region shows a to ta l  d i s t r ibu ted  dens i ty  deficit 
equiva lent  to 10A lost mater ia l ,  p robab ly  due to leaching of As20~. A complete  
descr ipt ion of the opt ical  proper t ies  of the oxide requires  a smal l  absorpt ive  
component  in the  nomina l ly  t r anspa ren t  energy  range  below 4.5 eV. This ab-  
sorpt ive  component  is equiva len t  to 0.2% and 0.9% b y  volume of a -As  for the 
60 and 75V oxides, respectivelj~. The in f ra red  re f rac t ive  indexes  for the  two 
oxides, ca lcula ted  from a Se l lmeier  dispers ion re la t ion wi th  the absorpt ive  
component  removed,  a re  1.777 and 1.717, respect ively.  

Intr insic  advantages  of GaAs as a ma te r i a l  for  h igh-  
speed electronic devices have  s t imula ted  widespread  
research  to develop a pass iva t ing  oxide b y  thermal ,  
plasma, and electrochemical  anodizat ion techniques. 
However,  the composition, uniformity ,  and  interface 
proper t ies  of nat ive  oxides on GaAs al l  depend r a the r  
s t rongly  on the method by  which  the oxides are p re -  
pared.  The rma l ly  grown oxides consist  a lmost  en t i r e ly  
of G a 2 Q  owing to the vola t i l i ty  of As and As203 at  
typical  growth  t empera tu res  (1-4).  P l a s m a - g r o w n  
oxides are p r imar i l y  mix tures  of Ga2Os and As208, 
but  show accumulat ions  of e lementa l  As in both  bu lk  
and interface  regions (3, 5-9). Al though bu lk  un i -  
fo rmi ty  and in ter face  widths  in e lec t rochemical ly  
grown anodic oxides also depend on e lec t ro ly te  and 
anodizat ion conditions (10-12), recen t ly  repor ted  Ra-  
man  studies of the rmal  (13), p lasma (14), and e lec t ro-  
chemical  (14) grown oxide films on GaAs indicate  that  
the  e lementa l  arsenic content  of the a s -g rown e lec t ro-  
chemical ly  formed oxides can be suppressed for low 
cur ren t  dens i ty  growth.  A second fea ture  associated 
wi th  lower ing  the current  density, and consistent  wi th  
the Raman scat ter ing results,  appears  to be a decrease 
in the width  of the ox ide -subs t ra te  in terface  region for 
e lec t rochemical ly  grown anodic oxides (12). 

P r e l im ina ry  reduct ions  of complex reflectance ra t io  
(tan~, cosz~) spectra  tha t  we measured  for e lec t ro-  
chemical ly  grown anodic oxides suppor ted  the above  
conclusions, and indica ted  tha t  nonuni formi ty  and 
interface  effects could be as much as an order  of mag-  
n i tude smal ler  than  those observed in our previous  
work  on films produced  b y  r f -p l a sma  (8, 9) and con- 
s tan t -vo l tage  e lect rochemical  (15) anodizat ion meth -  
ods. This suggested tha t  more  accurate  values  of the 
intr insic  dielectr ic  response of anodic oxide films could 
be obtained.  These da ta  not only  would  be of in teres t  
in the i r  own right,  bu t  also would  serve as input  da ta  
for de te rmin ing  more accura te ly  f rom the i r  dielectr ic  
response the composition, density,  interface,  and other  
micros t ruc tura l  pa ramete r s  of o ther  nat ive  oxides 
grown by  different  techniques.  Moreover,  since our  
previous invest igat ions (15), methods using automat ic  
spectroscopic e l t ipsometers  have been  developed (16, 
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17) for assessing the effectiveness of chemical  s t r ipping  
and c leaning procedures  in rea l  time, a l lowing di-  
e lectr ic  function data  tha t  are  more  accurate  than  p r e -  
viously publ ished spect ra  (18) to be obta ined for 
the GaAs subs t ra te  mater ia l .  Because these subs t ra te  
data  are  used to de te rmine  interface  and oxide p a r a m -  
eters, more accurate  analysis  is made  possible. Final ly ,  
we wished to es tabl ish new l imits  to the widths  and 
possible composit ions of the in terface  regions of the 
e lec t rochemical ly  grown oxides, t ak ing  advan tage  of 
the sensi t iv i ty  of spectroscopic e l l ipsometry  to these 
paramete r s  (7-9, 19). 

Since dielectr ic  dispers ion da ta  are  not  ava i lab le  for 
both Ga203 and As203, we found it necessary to gen- 
eralize the procedure that was previously developed for 
interface analysis with spectroscopic ellipsometry as it 
was applied to the thermally grown oxide on Si (20). 
This was done by using a Sellmeier representation to 
separate the slowly varying intrinsic dielectric response 
of the oxide from the more rapidly varying interface- 
related residual interference oscillations that appear in 
an approximate three-phase model solution. Thus both 
oxide and interface parameters could be obtained. This 
more general approach should also be useful for other 
oxide systems which can only be obtained in thin film 
form and for which  bu lk  analy t ic  dispersion expres -  
sions have not  or  cannot  be determined.  

Experimental 
In this work, we analyze in detail two oxide films 

grown under 0.I mA cm -~ constant current conditions 
in a phosphoric acid/glycol-based [AGW (21) ] electro- 
lyte. The substrates used were n-type GaAs single crys- 
tals with carrier concentrations 2 X i0 I~ cm-S and 
HI X i0 Is cm -~. The surface orientation of the lightly 
doped sample was <III>B and that of the heavily 
doped sample was <i00>. Surfaces were prepared by 
chemomechanical etch-polishing in bromine-methanol 
solutions. Surface quality was checked by measuring 
pseudo- (apparent) dielectric function spectra of 
chemically etched samples prior to anodization. An- 
odization was performed under white-light illumination 
to flood the space-charge  region wi th  carr iers  and 
el iminate  any  doping dependence  of the  anodizat ion 
process. F ina l  oxide  thicknesses were  ~1200 and 
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~150,0A corresponding to l imi t ing  potent ia ls  of 60 a n d  
75V for  the  l ight ly  and heav i ly  doped samples,  r e -  
s p e c t i v e l y .  

Optical  da ta  were  obta ined  f rom 1.5 to 6.0 eV wi th  
an automat ic  spectroscopic e l l ipsometer  descr ibed in 
detai l  e lsewhere  (22). The angle  of incidence was 67.08 ~ . 
The da ta  were  corrected for the opt ical  ac t iv i ty  of the  
quar tz  Rochon polar izers  (23). Anodized  samples  were  
r insed wi th  methanol  p r io r  to measurement .  Subs t ra te  
s~ectra  were  obta ined  af ter  chemical ly  s t r ipping  the 
anodic films in a 1:1 mix tu re  of HC1/methanol.  This 
p rocedure  y ie lded  the highest  e2 value  [cleanest,  least  
disordered,  a n d / o r  microscopical ly  smoothest  surface 
(17) ] at  the 4.75 eV E2 peak  for these substrates .  The 
peak  e2 values a f te r  anodizing and s t r ipping  were  
~0.5 h igher  than the corresponding values  before  an-  
odizing, indica t ing  that  the anod iz ing / s t r ipp ing  se- 
quence was improving  surface qual i ty  (24). To min i -  
mize oxidat ion  and contaminant  adsorpt ion  effects, all  
chemical  processing steps were  pe r fo rmed  wi th  the 
samples  a l r e ady  a l igned in the e l l ipsometer  and en-  
closed in a d ry  N2 a tmosphere  in a windowless  cell. 
Tan.~, cos,~, and pseudodie lec t r ic  function spect ra  were  
obta ined for  the anodized and nomina l ly  bare  s t r ipped  
samples,  respect ively.  

Opt ica l  Analys is  

The basic p rocedure  for  de te rmin ing  in ter face  p rop-  
er t ies  f rom spectroscopic e l l ipsometr ic  da ta  was de-  
veloped in i t ia l ly  for appl ica t ion  to the Si-SiO2 system 
and is discussed in de ta i l  e lsewhere  (8, 20, 25). Briefly, 
in the previous  work  dielectr ic  funct ion da ta  for crys-  
ta l l ine  St, fused quartz,  and various possible in ter face  
mate r i a l s  were  used to calculate  in an n -phase  l amina r  
model  tan~, cosA spect ra  f rom 1.5 to 5.8 eV in terms 
of three  f r equency - independen t  free parameters ,  dox, 
f~, and dint. These free pa rame te r s  represen ted  the 
thickness and void f ract ion (dens i ty  deficit) of the 
oxide and the thickness of the in ter face  region, r e -  
spectively.  The ca lcula ted  spect ra  were  then compared  
to the  measured  spectra,  wi th  the best-f i t  values  of the 
free pa rame te r s  and the res idual  mean  square  devia -  
t ion being de t e rmined  sys temat ica l ly  and objec t ive ly  
by  l inear  regress ion analysis  (LRA)  (26). The L R A  
analysis  also provided  corre la t ion  coefficients and 90% 
confidence l imits  to show whe the r  the da ta  were  in fact 
de te rmin ing  the pa rame te r s  in addi t ion to showing how 
wel l  the models  were  fitting the data. 

For  the Si-SiO2 system, the method was based on 
the exis tence of an accurate  analyt ic  Se l lmeier  expres -  
sion for the  die lect r ic  response of fused quar tz  (27), 
which was used wi th  the densi ty  deficit p a r a m e t e r  Sv 
to represen t  the  dielectr ic  response of the SiO2 over -  
layers.  Al though  Se l lmeie r  express ions  have  been 
given for GaAs oxide films (28, 29), the known sensi-  
t iv i ty  of oxide proper t ies  to p repara t ion  method  sug-  
gests that  a be t t e r  approach  in the absence of accurate  
bulk data would be to determine the Sellmeier 
coefficients themselves in the data reduction process. 
This is the procedure that we develop here. 

Why should a Sellmeier representation by necessary? 
In principle, the dielectric response of the oxide can be 
obtained directly by solving the three-phase (substrate, 
oxide, ambient) laminar model given the tanr cosA 
spectra and the dielectric functions of substrate and 
ambient. For example, the measured tanr cosA spectra 
of the 60V AGW oxide on the <III>B GaAs substrate 
shown in Fig. 1 and the approximate bulk dielectric 
response of this substrate shown in Fig. 2 can be used 
in the ideal three-phase model to calculate the ap- 
proximate dielectric function of the oxide as shown in 
Fig. 3. Here, the thickness dox : 12.03A was chosen to 
make  ~2 "zero" in the t r anspa rency  region below 4.5 
eV. These resul ts  are  ca lcula ted  wi thout  r ega rd  to in-  
terface effects because the th ree -phase  model  supposes 
ma thema t i ca l l y  sharp  boundaries .  
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Fig. 1. tan~, cosA spectra for a <111>B GaAs sample electro- 
chemically anodized to 60V. 
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In fact, e2 is not zero but  ra ther  exhibits small  oscil- 
lations about a slowly varying background. This can 
be seen clearly in Fig. 4, which shows the c2 results 
of Fig. 3 on an expanded scale. The period of the oscil- 
lations follows the thickness (compare 60V < l l l > B  
and 75V <100> oxide calculations),  which shows that 
they are not part  of the intr insic response of the oxide. 
Rather, they appear because the three-phase model, 
with its mathematical ly  sharp boundaries,  does not 
fully describe this system. As previously discussed 
(8), these oscillations arise from the growth and col- 
lapse of s- and p-polarized s tanding waves within the 
oxide as the wavelength is scanned. The standing waves 
modify the field strengths at the film boundaries and 
consequently the sensit ivity to the interface regions. 
They therefore carry the information desired about the 
interface regions. Qualitatively,  Fig. 4 appears to show 
that the interface regions of the 60V <111>B AGW 
oxide are nar rower  than those of the 75V <100> oxide, 
but  not so nar row as those of the St-SlOe system (20) 
whose data are also shown for comparison. In  fact, we 
shall show that the major  source of the oscillations for 
the GaAs-oxide system is the oxide-ambient  interface 
region, and that the GaAs-AGW oxide interface region 
is actually narrower  than that  between Si and its 
thermal ly  grown oxide. 

To analyze these data for the properties of the 
interface regions, it  is clear that these oscillations must  
be separated from the slowly varying  intr insic dielec- 
tric response of the oxide. Because the oscillations are 
very small  for the 60V oxide, of the order of 1% of 
Irl, the three-phase-model  solution is already a fairly 
good approximation to the intr insic response. Accord- 
ingly, for simp]icity we first use LRA to fit a Sellmeier 
function to the three-phase solution for el in the region 
of t ransparency below 4.5 eV and therefore average 
out the oscillations that  contain the interface informa-  
tion. re in  the same region is simply set equal to zero. 
These analytic expressions are now used as the ini t ial  
approximation to the oxide response. 

A complete description of the oxide film (excluding 
interface regions) can now be accomplished over the 
region of t ransparency with the Sellmeier expression 
and three f requency- independent  free parameters  rep-  
resenting, respectively, the oxide thickness, do~, a 
volume void fraction or distr ibuted density deficit, fv, 
and a volume fraction of optically absorbing material,  
S~. The total dielectric response of the oxide film can 
then be calculated by effective-medium theory (30) 
using these parameters,  the Sellmeier expression for 
the approximate "intrinsic" response of the oxide, e ---- 
1 + i0 for the voids, and a suitable representat ion for 
the dielectric response of the optically absorbing corn- 
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Fig. 4. Energy dependence of e2 on an expanded scale for sel:cted 
oxide films in the region of transparency of oxides on GaAs. 

ponent. Based on available data for this system, we 
choose the lat ter  to be given by that  of amorphous 
arsenic (a-As) (31), in  which case fa : fa-As. 

The reason for t reat ing an optically absorbing com- 
ponent  as an extrinsic feature can be understood by 
examining the absorptive tails in e2 in Fig. 4. These 
differ in all three cases, which shows that  optical ab-  
sorption is clearly not par t  of the intr insic response 
of the oxide. The justification for fv is less obvious. It 
concerns the boundary  condition that dox shah be 
chosen so r.~ is "zero" in the t ransparency region. This 
condition obviously cannot be satisfied over the entire 
t ransparency range because of the small  interface 
oscillations. Model calculations quickly show that 
these oscillations may average about  zero, or above 
zero, or below zero depending on interface compost- 
dons and widths. The requi rement  that  52 oscillate 
about zero is a fact completely arbitrary,  and to make 
it imposes un in tended  constraints on the solution. 

Now because the optical thickness noxdox ---- ~/eoxdox 
is the fundamenta l  parameter  describing interference 
effects in a thin t ransparent  film, it is clear that  chang- 
ing dox to properly position re with respect to zero will  
also affect ~1 since the energy at which interference 
structures occur is also fixed by the properties of the 
film. Thus el must  be decoupled from dox. This is the 
purpose of Yv, which acts essentially as a simple scaling 
parameter,  bu t  one which also describes the amount  of 
polarizable material  per uni t  volume in the film. By 
incorporating fv into the model we have generalized 
the boundary  condition to the simple requi rement  that 
the interface oscillations shall vanish in the correct 
laminar  model solution for the oxide properties. We 
re-emphasize that the use of an in termediate  Sellmeier 
representat ion with corrections as outl ined above is 
legit imate because the GaAs-AGW oxide system is 
already well approximated by the three-phase model, 
and that  the interface corrections are very small. 

Resul ts  

Die l ec t r i c  f u n c t i o n  of  G a A s . - - T h e  dielectric function 
that  we consider to be most representat ive of the bu lk  
dielectric response of the 2 • 1016 cm -8, <111> B- 
oriented n - type  substrate used for the 60V anodization, 
and therefore that most appropriate for interface 
analysis, is shown in Fig. 2. This was obtained by 
in s i t u  stripping of the AGW oxide with 1:1 HC1/ 
methanol  solution. The peak value observed for e2 was 
23.89 at 4.75 eV. To obtain a better  estimate of the 
intr insic dielectric response of the substrate in the ab-  
sence of e tching-induced surface disorder, an additional 
2Jk of a-GaAs (32) was removed mathematically,  
br inging the e~ peak to 24.34. A direct exper imental  
proof of the existence of such a disordered layer is not 
possible, bu t  its presence can be inferred from simi- 
lar  measurements  on Ge (33) and because the "bare 
substrate" dielectric funct ion so obtained gave a some- 
what  lower residual in the interface analysis. 

Whether  the dielectric funct ion obtained here ac- 
curately represents the intr insic dielectric response of 
pure single crystal GaAs is a separate question and 
one more difficult to assess, but  we believe that  the 
spectra in Fig. 2 do so to wi thin  5%. Bromine-methanol  
polished and anodized < l l l > B  samples could be 
stripped with HC1/methanol, HC1/I-IaO, or NH4OH/H20 
solutions and consistently produced peak ~2 values in 
the 23.0-23.9 range. By the "biggest-is-best" criterion 
(16, 17) the spectra corresponding to the largest peak 
value is the best approximation to the true response. 
Differences may represent  surface roughness on a 
microscopic scale; the highest ~2 values were general ly 
observed by str ipping once, with repeated t reatments  
usual ly  result ing in a gradual  decline. This history- 
dependent  sample behavior  shows that  in general  the 
dielectric function spectrum actually used for analysis 
of very thin interfaces must  be that measured on the 
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stripped sample itself, and not  taken from a different 
sample or f rom the l i terature.  

Also shown for comparison in  Fig. 2 are the previous 
best spectra for GaAs, obtained from a Kramers -Kron ig  
t ransform of reflectance data measured over the range 
1-27 eV (18). The differences in energy positions of 
the structures are probably due to the fact that  the 
ellipsometric data were obtained with a 17 meV energy 
spacing, approximately one- th i rd  that  of the reflect- 
ance data. Consequently, the ellipsometric data were  
able to follow the intr insic  GaAs s t ructure  more fai th-  
fully. The substant ia l  discrepancy in abso,lute values is 
almost cer ta inly due to the presence of natura l  
oxide or contaminat ion layers on the reflectance sam- 
ples, which could not  be stripped in situ as were the 
ellipsometric samples. 

Other s ingle-wavelength  values also shown in Fig. 2 
are those of Casey et al. (34) who found ~ = 1.6 • 104 
cm-~ at 1.5 eV compared to our value of 1.5 X 104 
cm -1, and Lukes (35), who obtained e = (16.11 -+- 0.08) 
+ (i2.41 _+ 0.40) at 5461A (2.27 eV), compared to our 
value 16.13 + i2.80. The agreement  is satisfactory. We 
add that the ~ and e2 spectra obtained here were 
Kramers -Kron ig  consistent to bet ter  than 0.5%. 

Approx imate  dielectric ]unction o] GaAs ox ide . - -The  
substrate dielectric funct ion described above was used 
in the three-phase model to obtain the approximate 
dielectric response shown in Fig. 3. We now fit a four-  
te rm Sellmeier  dispersion curve of s tandard  form 

4 

,I(E) = i +  ~.r EgiEoi 

i=l Egi 2 __ E 2 [1] 

to these data over the region of transparency.  Two of 
the values Eg~ are fixed by the known energies of the 
centroids of the lattice transit ions at E ~ 600 cm -1 
0.075 eV (28, 36) and the ul traviolet  bond ing-an t ibond-  
ing transit ions at E _~ 16 eV (37). 

The value of E01 that pertains to lattice absorption 
follows immediate ly  from Egl and the difference be-  
tween the infrared dielectric constant  [e| ,~ 3.20 (28)] 
and the 1 kHz dielectric constant  (co ~ 8.2) (38), that  
is, E0~ ~ 0.35 eV. This presumes a contr ibut ion no 
greater  than a few percent  from water  contained 
within the as-grown oxide, as seems reasonable from 
infrared absorption measurements  on similar oxides 
(28), al though the assumption is noncri t ical  because 
this te rm has very little effect in the vis ib le-near  u.v. 
spectral range. Because the dispersion representat ion 
must  describe near-edge absorption, Fig. 3 shows 
that 5.5 eV is a na tu ra l  choice for Eg2.  Eg3 is essentially 
arbi trary,  but  a value of 7.5 eV will adequately de- 
scribe midrange absorption. 

The remain ing  three parameters  are the ampli tudes 
E02, E03, and E04. We determine them by fitting Eq. [1] 
by LRA to the real par t  of el in Fig. 3 from 1.5 to 4.8 
eV, obta ining 1.62 _+ 0.27 eV, 5.5 _+ 1.9 eV, and 18.8 _+ 
3.7 eV, respectively. The large uncertaint ies  in E0s and 
E0~ do not result  from a poor fit, but  ra ther  originate 
because the third and fourth oscillators are highly 
correlated (C~4 ---- --0.994). Since these values simply 
define a s tar t ing point  for interface analysis, we shall 
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Fig. 5. Spectral dependences of discrepancies between experi- 
mental and theoretical spectra for various models for the < 1 1 1 >  
B-60V AGW oxide on GaAs: (top) 1-parameter model, using the 
Sellmeier oxide thickness as the single free parameter; (upper mid- 
dle) 4-parameter model including an a-As interface, voids, and a- 
As in the oxide; (lower middle) as above, but including a density- 
deficient outer region; (lower) as above but with 10A. of a-As 
assumed at the GaAs-oxide interface. 

defer a discussion about the fitted values unt i l  the 
section "Intr insic oxide response." 

Interlace analys i s . - -Wave length-dependent  discrep- 
ancies between the tan~, cosa data of Fig. 1 and the 
predictions of selected models are shown for the 
electrochemically grown 60V anodic oxide in  Fig. 5. 
Model parameters  for this oxide are listed in Table I. 

The simplest model assumes that  the Sellmeier  ex- 
pression derived in the preceding section is directly 
applicable and that  there are no interfaces. Then the 
only free parameter  is the oxide thickness, doz. This is 
determined by LRA to be 1197.5 _ 0.5A with a re- 
sidual 0.020 as summarized in Table I. The actual fit- 
ting was done over the range 1.8-4.2 eV to eliminate 
the effects of experimental artifacts at the low-intensity 
long-wavelength limit of the ellipsometer, and to 
eliminate intrinsic oxide absorption at higher energies 
which is not included in the Sellmeier model. The 
range is indicated by the vertical lines in Fig. 5. Neither 
tanr nor cosA has its wavelength dependence predicted 
very accurately, but this is not surprising since inter- 
face effects are completely neglected. The result es- 
sentially establishes a point of reference from which 
to judge more elaborate models. It should be noted 

Table I. Values of free parameters, 90% confidence limits, and residuals for models of an 
onodic oxide electrechemically grown to 60V on a <111>B  GaAs substrata with No ,-~ 2 X 1016 cm -~  

I n n e r  i n t e r f a c e  
O u t e r  i n t e r f a c e  Resid- 

Compo-  Oxide  u a l  
Mode l  s i t lon  d (A) 10 s f~-As 103 Sv d (A) C o m p o s i t i o n  d (A) 16 z 8 

(1) . . . .  1197.5 +-- 0.5 - -  - -  20.0 
(2) - -  - -  - 2 . 9  --~ 3.9 L195.3 • 3.2 - -  - -  19.6 
(3) - -  1.8-~ 0.6 20.5 ----- 7.9 1212.16 ~- 6.0 - -  - -  15.4 
(4) a-As - 0.9 ---~ 1.9 1.4 • 0.8 19.3 • 8.1 1211.9 -- 6.1 - -  15.3 
(5) a-As 0.31 -~ 0.29 2.1 • O.l 14.9 __+ 1.1 1151.8 _ 1.9 15% void 67.6-~• 21  2.08 
(6) - -  2.0 • 0.1 14.6 • 1.2 [151 8 • 2.1 15% void 67.8 • 2.3 2.11 
(7) a-As 0 . 2 ~  0.30 1,8 • 0.1 15.5 _ 1.3 [178.1 • 1.5 25% void 43.3 -- 1,6 2.37 
(8) a-As 0.18 • 0.32 2.4 • 0.4 15.1 • 0.3 1121.2 _~ 3.1 10% void 96.9 • 3.3 2.46 
(9) a-As 1OA. ( f ixed)  5.3 +--- 1.O 13.8 __+ 10.5 1136.4 ----. 19.6 15% void  77.6 - -  21.9 20.3 
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that the max imum excursion in  5 (tan~) is only 2% of 
the peak value in Fig. 1, re-emphasizing our earlier 
point that the three-phase model is already a very 
good approximation by the usual  standards applied to 
ellipsometric data. 

As the model is made more general  by al lowing a 
density change and an absorptive fraction in the oxide, 
very little improvement  occurs as shown in Table I. 
Vir tual ly  no change occurs upon introducing the void 
fraction fv, bu t  that is expected because the ini t ial  so- 
lut ion from which the Sellmeier coefficients were de- 
termined had already set a zero-order density scale. 
A 25% reduction in the residual  occurs when  an ab-  
sorptive component  is allowed through a volume void 
fraction, fa-As, of amorphous arsenic. 

We now investigate the effect of interfaces. Since 
elemental  arsenic is known or anticipated to be at the 
substrate-oxide interface from previous studies, we 
suppose an interface layer of a-As and determine its 
thickness by LRA. The results are shown in Table I 
and at the bottom of Fig. 5. The results show quite 
definitely that no a-As appears at the interface of this 
electrochemically grown anodic oxide. In fact, even 
with three addit ional free parameters  with respect to 
the original  three-phase model we have only succeeded 
in reducing the residual by 25%, with near ly  all of that  
coming through the assumption of an absorbing frac- 
tion in the bulk  oxide. Thus the main  source of dis- 
crepancy between measurement  and model must  be 
due to yet another  effect. 

The small  value of interface thickness makes it clear 
that the calculation has already been optimized with 
respect to the GaAs-oxide interface, and ~imD!v sub- 
st i tuting other possible interface materials such as 
a-GaAs or mixtures  of a-As with the oxide will not  
r educe the  discrepancy between theory and experiment.  
We are thus led to look elsewhere for the cause of the 
remaining  discrepancy. 

Noting that radioactive tracer (10), photoemission 
(39, 40), and ISS (12) studies have all shown As203 
depletion at the oxide-electrolyte interface for anodiza- 
tions in glycol-based electrolytes, we are led to suppose 
a density-deficient outer layer at the oxide surface. We 
therefore generalize the model to include an exterior 
interface region by allowing an addit ional  density 
deficit in the outer region of the oxide and using the 
thickness of this region as a fifth free parameter  in an 
LRA analysis. The results assuming a 15% densi ty-  
deficient outer layer are shown in  Fig. 5 and Table I. 
The assumption of a density-deficient outer layer  results 
in a sevenfold decrease in the residual  and thus ac- 
complishes what  the preceding three free parameters  
could not, i.e., the vir tual  e l iminat ion of discrepancies 
between the exper imental  measurement  and the tan#, 
cosA spectra. Furthermore,  the discrepancies are es- 
sential ly el iminated not only over the fitted region 
blot ~1~o over the ~ d  reqions as well. Thus the greatest 
single source of the discrepancy between the actual  
GaAs-oxide system and the ideal three-phase model 
does not occur at the GaAs-oxide interface, but  ra ther  
at the oxide-ambient  interface. The GaAs-oxide in ter -  
face for electrochemically grown anodic oxides is in  
fact exceedingly sharp. 

To emphasize that the sensit ivity to the GaAs-oxide 
interface region is indeed real, we have calculated the 

result  of minimizing the remaining  four parameters  in  
LRA supposing that  10A of a-As exists at the GaAs- 
oxide interface. As shown in Fig. 5 and Table I, this 
artificially imposed condition results in a residual  that 
is larger than that  calculated in the ini t ia l  three-phase 
model solution, and the good agreement  between mea-  
sured and calculated tanr cos5 spectra is eliminated. 
We may conclude that 10A of a-As or its equivalent,  
as for example an interface 40A wide consisting of 25 
volume percent  (v/o) a-As, would be easily detected. 
Clearly, the statistically negligible thickness of the 
interface, 0.3 +_ 0.3A, makes meaningless the question 
of its composition. The point  can be emphasized by 
not ing that  the residual  increases only by 0.00003 if the 
GaAs-oxide interface region is e l iminated from the  
model entirely.  

We have also investigated the effect of changing the 
void fraction of the outer interface. As can be s e e n  
from Table I, the data do not discriminate among den-  
sity deficits in the 10-25 v/o range. However, all  solu- 
tions converge on an effective density deficit of 10A. 
Our measurements  cannot  dist inguish whether  this 
represents a nonstoichiometry result ing from surface 
leaching or microscopic roughness. As ment ioned above, 
however, this result  is ent i rely consistent with previous 
observations of As203 depletion in  the outer film sur -  
face of these systems (10, 12, 39, 40). Because the  
actual depletion depth is sensitive to details of the  
electrolyte pH, current  density, and ma x i mum applied 
voltage, a fur ther  detailed comparison wi th  previous 
results is not warranted.  

The results of a similar analysis for the 75V anodic 
oxide electrochemically grown on the <100> surface 
are given in Table II. From Fig. 4, it can be anticipated 
that a larger absorbing fraction will be necessary to 
describe this oxide. As expected, the fraction is about 
four times larger and near ly  equivalent  to 1 v/o of 
a-As. The absorbing component  of the bu lk  oxide now 
represents the single most significant factor in reducing 
the residual. 

Once again, a full  f ive-parameter  LRA shows "no" 
GaAs-oxide interface region to within statistical un -  
certainty, al though the solution is sufficiently indeter -  
minate  to allow a few A to be present. However, the 
presence of an oxide-ambient  interface region very 
similar  to that detected on the 60V oxide is unambigu-  
ous. It is interest ing to note that  the density of the 
<100>-75V oxide is significantly less than that  of 
the < l l l > B - 6 0 V  oxide, indicating that  oxide proper-  
ties may be rather  critically dependent  on growth and 
substrate parameters.  

Intrinsic oxide response.--The in termediate  four-  
t e rm Sellmeier oscillator representat ion of the oxides 
obtained in the three-phase model can now be replaced 
with expressions represent ing more accurately the in-  
trinsic dielectric response of these oxides. We retain 
the characteristic oscillator energies, Egi, and the ampli-  
tude, E01 ---- 0.35 eV, of the lowest oscillator and d e -  
t e r m i n e  the remaining  three ampli tudes by an LRA 
fit to the dielectric funct ion calculated in the effective- 
medium approximation from the intermediate repre-  
sentat ion and the void and a-As fractions calculated 
in the previous section. Values are given in Table III  
with and without the a-As contribution,  al though only 

Table II. As Table I, but for an anodic oxide grown to 75V on a < 1 0 0 >  GaAs substrate with 
ND N 10 TM cm -s  

I n n e r  i n t e r f a c e  O u t e r  R e s i d -  
O x i d e  C o m p o -  i n t e r f a c e  u a l  

M o d e l  C o m p o s i t i o n  d ( A )  1O z f~-As l 0  ~ fv  d ( A )  s i t i o n a l  d ( A )  l 0  s 6 

( 1 )  - -  - -  - -  1439 .6  ~ 0 .8  - -  - -  36 .8  
( 2 )  . . . .  7 . ~  5 .7  1432 .6  - -  5 .5  - -  - -  34 .5  
( 3 )  - -  8 .2  ~ 1.1 91  • 1 4  1518 .0  + 12 .7  - -  J 17 .1  
( 4 )  a - A s  4 . 3 ~ _  3 .6  9.1 ~ 1.3 91 ~ 12 1515 .9  - -  11 .2  - -  J 16 .3  
( 5 )  a - A s  3 .4  - -  3 .3  9.3 - -  1 .4  89  -+- 11 1468 .5  "4- 12 .4  1 5 %  v o i d  50 .6  • 15 .9  ] 4 . 8  
( 6 )  a - A s  3 .4  + 3 .3  8 .8  +--- 1 .5  67 -~-- 15 1492  - -  19 .5  2 5 %  v o i d  26 .7  -4- 14 .1  14 .6  
( 7 )  a - A s  1 3 .4  f i x e d  11 .0  ----- 1 .4  82  • 17 1445 .6  -4- 38  1 5 %  v o i d  65  ----- 3 4  J 8 . 2  



VoL 128, No. 3 OPTICAL P R O P E R T I E S  OF G a A s  595 

Table II I .  Sellmeier oscillator energies for electrochemically 
grown anodic oxides on GaAs 

6OV 75V 

with without with without 
Esl a-As a-As a-As a-As 

Eo, 0.075 eV 0.35 eV 0.35 eV 0.35 eV 0.35 eV 
Eo2 5.5 1.56 1.59. 1.28 1.42 
Eo~ 7.5 5.48 5.35 5.35 4.75 
Eol 16.0 18.51 18.46 16.98 16.93 
n| - -  1.781 1,777 1.734 1.717 

the  la t ter  have mean ing  wi th  respec t  to the  in t r ins ic  
dielectr ic  response of the  oxide. Values  of the  in f ra red  
re f rac t ive  index  ca lcula ted  f rom these resul ts  a re  also 
given. 

Not surpr is ingly ,  a -As  has its grea tes t  effect on the  
l o w e r - e n e r g y  osci l lators because  its osci l la tor  s t rength  
is grea tes t  there.  The reduct ion in ampl i tude  of a l l  
oscil lators,  except  tha t  of the fixed term, E01, is about  
10% indica t ing  a common dispers ion character is t ic  
( s imi la r  composi t ion)  for  both, wi th  bas ica l ly  a den-  
s i ty difference responsible  for the  difference in die lec-  
t r ic  response. 

Discussion 
The in i t ia l  Se l lmeie r  representa t ion,  together  wi th  

the void and effective a -As  volume fractions,  define the 
w a v e l e n g t h - d e p e n d e n t  dielectr ic  response of these 
oxides over  the region of t ransparency.  The resul ts  
for the  60 and 75V oxides of Tables I and II  are  shown 
in Fig. 6. The rea l  and imag ina ry  par ts  of the  re f rac-  
t ive index ca lcula ted  from these spect ra  are  shown in 
Fig. 7 along wi th  selected resul ts  f rom the l i t e ra tu re  
(28, 29, 36, 41-45) where  wi th  one except ion (41) the  
effects of interfaces  were  neglected.  

F igure  7 shows genera l  ag reement  among re f rac t ive  
index  values  for a s -g rown  oxides formed in g lycol-  
based electrolytes .  Specifically,  our  60 and 75V spectra,  
those of Pa l ik  et. aL (28), and the s ing le -wave leng th  
da tum of Umeno (36) are  reasonably  close. Data  f rom 
Dinges (41) represen t  AGW oxides hea t - t r e a t e d  in 
hydrogen  for 1 h r  at  300~ and have a s l ight ly  h igher  
index.  Choosing 5461A _-- 2.27 eV as a common point,  
i t  is c lear  tha t  the sca t te r  is of the o rde r  of _ 0.03 
units  in n. This sca t te r  m a y  reflect differences in den-  
s i ty  as modeled  here, bu t  i t  could also represen t  smal l  
differences in the bu lk  film s to ich iomet ry  which ar ise  
f rom select ive dissolut ion of one component  in the 
e lec t ro ly te  dur ing  growth.  One should note tha t  this 
l a t t e r  fea ture  is both  cur ren t  dens i ty  and e lec t ro ly te  

6 l ' I I I J I I 
GaAS OXIDES 
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Fig. 6. Intrinsic dielectric functions for < 1 1 1 > B - 6 0 V  and 
< I 0 0 > - 7 5 V  electrochemically grown anodic oxides deduced from 
the analysis of the section "Optical Analysis." 
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Fig. / .  As Fig. 6, but for refractive indexes. Selected data points 
and spectra ore shown for comparison: AGW, as-grown: ( . . . .  ) 
Palik et al., Ref. (28); (A) Umeno et al. Ref. (36). AGW, heat- 
treated: (1111) Barnes and Schinke, Ref. (29); ( A )  Umeno et al., 
Ref. (36) ( X )  Dinges, Ref. (4]).  Aqueous anodization: (17) Dell'Oca 
et al., Ref. (42). Oxygen plasma: ( 0 )  Weinreieh, Ref. (43). Ther- 
mal: ( V )  L6schke, et al., Ref. (44); ( I )  Navratil, Ref. (45). 

dependent ,  mak ing  i t  difficult to compare  these oxides 
direct ly.  Oxides produced  in nonglyco l -based  e lec t ro-  
lytes show s imi lar  scat ter ;  our  previous  resul ts  (15) 
on samples  hea t - t r ea t ed  2 hr  at  200~ are  essent ia l ly  
ident ica l  to our  60V AGW data  (and are  not  shown 
for tha t  reason) ,  whi le  the Barnes -Sch inke  da ta  (29) 
are  sys temat ica l ly  lower.  The single da tum of Del l 'Oca 
et al. (42) coincides wi th  our 6OV A G W  result ,  whi le  
the oxygen p l a sma -g row n  value  of Weinre ich  (43) 
coincides wi th  our 75V A G W  result .  

S imi la r  scat ter  also appears  in the in f ra red  re f rac t ive  
index eva lua ted  f rom the S e l l m e i e r  dispers ion expres -  
sions. The values of Pa l ik  et al. (28) and of Barnes  and 
Schinke (29), 1.79 and 1.707, respect ively,  can be com- 
pa red  wi th  our  values  including a -As  in Table  III, 
which are  1.78 and 1.73 for the < l l l > B - 6 0 V  and 
<100>-75V oxides, respect ively.  

The measu remen t  presented  in Fig. 7 suggests tha t  
the index rises s l ight ly  by  hea t - t r ea t ing  in the  200 ~ 
300~ range,  a l though i t  should be noted tha t  Barnes  
and Schinke (29) repor ted  a reduct ion in re f rac t ive  
index on five films he a t - t r e a t e d  in N2 at  250~ We 
associate the genera l  increase  wi th  hea t - t r ea t ing  ob-  
served in most re f rac t ive  index  da ta  wi th  wa te r  re -  
moval  and a sl ight  densification. Ishii  and  Jepson (46) 
have s tudied the t he rma l ly  induced desorpt ion  of 
products  mass spec t romet r ica l ly  and observe tha t  wa te r  
is the p r i m a r y  species evolved below 3O0~ 

Hea t - t r ea tmen t s  above 300~ subjec t  the film compo-  
nents  to a va r ie ty  of chemical  react ions dependent  on 
the na tu re  of the ambient .  In  an iner t  a tmosphere ,  the 
p r ima ry  react ions involve  the d i rec t  vola t i l iza t ion of 
As203 into the  ambien t  and the react ion of As208 
wi th  the subs t ra te  according to the equat ion 

As203 Jr 2GaAs--> Ga2Oa Jr 4As [2] 

The l a t t e r  reac t ion  has been verif ied expe r imen ta l ly  
using Raman  scat ter ing (47, 48) and expla ined  the rmo-  
dynamica l ly  based on a de te rmina t ion  of the G a - A s - O  
phase d iagram (49). Hea t - t r ea tmen t s  in reducing a tmo-  
spheres (p r inc ipa l ly  H2) wi l l  reduce both oxides to 
their  respect ive  e lementa l  forms s ta r t ing  at  the ox ide-  
ambien t  in ter face  at  sufficiently high tempera tures ;  the 
in ter rac ia l  reac t ion  be tween  As208 and GaAs wil l  
occur s imul taneous ly  at the subs t ra te  interface.  The 
resul t ing  oxide composit ion wil l  be difficult to specify 
and will  be dependent  on the t empera tu re  and length  
of the hea t - t r ea tmen t .  Hea t ing  at  e levated  t empera -  
tures  in an oxidizing ambien t  (02 or air,  typ ica l ly )  
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produces similar changes as described for an iner t  
ambient,  but  in addition the oxide-ambient  surface 
region may contain some fraction of GaAsO4 (50). 
The diversity of the oxide compositions resul t ing from 
the various heating procedures probably accounts for 
the contradictory na tu re  of reported index of refrac- 
t ion data for films treated above 350~ 

An analysis of the separate Ga208 and As~O~ contents 
in these films is present ly not feasible by spectroscopic 
ell ipsometry due to lack of comprehensive dielectric 
response data on the s t ructural  forms of Ga203 and 
As203 l ikely to be found in these amorphous films. 
More definitive informat ion on composition has gen- 
erally been obtained from photoemission (11, 39, 50), 
RBS (46), ion- induced x - ray  emission (51), ion scat- 
ter ing (12), radioactive tracer (10), and Auger  pro- 
filing (3) studies. There is some variance in the l i tera-  
ture concerning the As2OJGa2Os ratio of the bu lk  
films, but  it should be kept in mind that  selective di~- 
solution into the electrolyte dur ing growth coupled 
with the growth rate (current  density) would need to 
be evaluated for each data set separately before a valid 
comparison could be made. In  addition, ion profiling 
techniques are subject to selective sputter ing during 
analysis and compensation for ion and electron beam 
reduction must  also be induced. The general ly observed 
t rend for AGW oxides grown at current  densities of 
~1 mA/cm e yields a bulk  oxide of ~1 :1  ratio between 
As203 and Ga203. 

In  our opinion, the question of e lemental  arsenic con- 
tent  in these films is bet ter  addressed by the nonde-  
structive optical techniques such as spectroscopic el- 
l ipsometry and Raman scattering than by either photo- 
emission or Auger profiling. One does not have to con- 
tend with electron and ion beam reduct ion artifacts of 
As203 nor with background interferences close to the 
substrate which greatly complicate the separation of 
elemental  arsenic and substrate signals. Comparison of 
our data with profiling data would also require, among 
other things, careful at tention to the question of sample 
annealing,  since it is now known (47-49) that  As can 
be generated at the oxide-substrate inter lzce even i~ it 
were not present  in as-grown samples. The interface 
width obtained in spectroscopic ell ipsometry is also not 
subject  to sputter ing rate, selective sputtering, and ion 
knock-on effects. The l iabi l i ty  of spectroscopic ellip- 
sometry is clearly that  it requires ei ther a priori knowl-  
edge of the disposition of oxide interfaces or consider- 
able physical in tu i t ion  before a viable model can be 
constructed. 

Our data addit ionally allow us to draw some infer-  
ences about overall  film homogeneity. Ini t ia l  three-  
phase model analysis of the 60V AGW oxide yielded 
I~21 < 0.01 (0.2% in  I~1) in the region of film t rans-  
parency. This represents roughly  a factor of 5 im-  
provement  over previously analyzed oxides (15) grown 
in a dilute aqueous solution of orthophosphoric acid 
at high current  densities. Moreover, the AGW oxides 
showed no ambiguities in the three-phase solutions 
above the oxide absorption edge. Such ambiguities re-  
sult from a convergence of substrate and ambient  
branches of the mathematical  solution as absorption in 
the film gradual ly  closes off optical contact to the sub-  
strafe. If the film is inhomogeneous so that the three-  
phase model solutions do not  strictly apply, the result  is 
a loss of cont inui ty  in the calculated spectra. This effect 
was observed previously (15) in anodic films and tends 
to be pronounced in d-c and rf plasma oxidized films 
[see, e.g., Fig. 5 and 6 in Ref. (8)]. The AGW oxides 
studied here display comparable bu lk  uni formi ty  with 
thermal ly  grown SiO2 layers on St. If the refractive 
indexes for Ga203 and As203 are taken to be of order 
1.5 and 2.0, respectively, then these anodic films are 
homogeneous over the bulk (excluding boundary  in ter -  
faces) to bet ter  than 2%. 

The inner  and outer interfaces deserve some final 
comment. The density-deficient oxide-air  interface has 

been ment ioned previously; it is modeled here as a 
distr ibuted density deficit equivalent  to 10A of mater ial  
lost uni formly from a 60A surface region. Available 
experimental  results (10, 12, 39, 40) strongly suggest 
that the actual  physical si tuation corresponds to non-  
uniform As203 depletion from a comparable region. 
~Yith respect to the width and e lemental  arsenic con- 
tent  of the oxide-GaAs interface, our present  measure-  
ments  are at variance with numerous  published Auger 
and photoemission profile studies. Once again we wish 
to stress the importance of accounting for the current  
density and any subsequent  hea t - t rea t ing  steps before 
directly comparing data. The present  measurements  
are in fact capable of much higher detection sensit ivity 
than those of Raman scattering (48), another nonde-  
structive analysis technique that  failed to observe 
elemental  As in as-grown films. The present  results 
show essentially no (0.3 __ 0.3A) accumulated arsenic 
at the oxide-GaAs interface in the 60V oxide, al though 
we feel that  due to the possibility of systematic errors 
an absolute upper  l imit  of 3A is more reasonable. In  
addition to this elemental  arsenic at the oxide-sub-  
strafe interface, the bulk  oxide would contain ,,,0.2% 
or another  2-3A of absorbing material.  The oxide-sub-  
strate interface width is essentially nil  for AGW oxides 
produced under  optimal (typically I ~ 0.1 m A / c m  2) 
current  density conditions. It  is somewhat surpri~_ing to 
note that  the present  measurements  indicate that  oxide- 
GaAs interfaces can in fact be obtained with widths 
comparable to or less than those found in thermal ly  
oxidized Si-SiO2 systems (20). This suggests that  the 
high density of interface states typically observed in 
oxide-GaAs C-V studies may have its origin in  pa-  
rameters unre la ted  to or at least not  dominated by  in-  
terracial sharpness. 

Manuscript  received Aug. 12, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. Alt discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs or this article were assisted by 
Bell Laboratories. 
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The Electromigration Directions of 
Liquid Au-Ag Alloy Droplets in Single Crystals of Si 

T. R. Anthony 
Genera~ Electric Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

The e lee t romigra t ion  direct ions and velocit ies of l iquid A u - A g  al loy drop-  
lets  in single c rys ta ls  of Si were  measured  as a funct ion of a l loy composit ion 
at  a t empe ra tu r e  at which the e lec t romigra t ion  velocitJes of Ag-S i  and A u - S i  
l iquid  drople ts  a re  equal  in magni tude,  but  opposite in direction. The elec-  
t romigra t ion  null  point  composit ion of these t e rna ry  a l loy drople ts  occurs at 
an a l loy work  funct ion tha t  roughly  agrees  wi th  an e l ec t romigra t ion -nu l l -  
poin t  work  funct ion prev ious ly  de te rmined  wi th  b i n a r y  a l loy drople ts  in Si. 

Liquid  meta l  drople ts  in a silicon single c rys ta l  
th rough  which a d i rec t  e lectr ic  cur rent  is passing wil l  
migra te  e i ther  towards  the anode (-F) or  the cathode 
( - - )  (1-6). The mot ion of the l iquid droplets  is caused 
by a flux of dissolved sil icon atoms across the inclusion, 
induced by  the electr ic cur ren t  passing through the 
l iquid inclusion. To feed this flux of silicon atoms 
across the inclusion, silicon atoms dissolve into the in-  
clusion at  the fo rward  face, whi le  dissolved sil icon 
atoms deposi t  on the r ea r  face of the  inclusion. 

In  the redeposi ted  silicon t ra i l  left  behind the elec-  
t romigra t ing  inclusion (Fig. 1), t race amounts  of the 
meta ls  compris ing the drople t  a re  lef t  behind equal  to 
the solid so lubi l i ty  l imi t  of the meta ls  in c rys ta l l ine  
silicon. If  one of the  meta ls  making  up the inclusion is 
a donor  or an acceptor  e lement  in silicon, then  the re-  
deposi ted sil icon t ra i l  wil l  be doped e i ther  n - t y p e  or 
p- type ,  respect ively.  By e lec t romigra t ion  of an ac-  
ceptor  l iquid meta l  drople t  th rough  n - t y p e  silicon or  a 
donor l iquid meta l  d rople t  through p - t y p e  silicon, p - n  
junct ions  can be formed in the silicon crystal .  Because 
the e lec t romigra t ion  velocit ies of l iquid meta l  droplets  

Key words: electrornigration, alloy, crystals. 

are  orders  of magni tude  grea te r  than  so l id-s ta te  diffu- 
sion coefficients of the same metals,  l iquid drople t  elec-  
t romigra t ion  provides  a means of forming p - n  junct ions 
al l  the w a y  through  sil icon wafers  in a manner  of 
minutes  ins tead os days. 

Not all  l iquid meta l  drople ts  e lec t romigra te  in the 
same direct ion in silicon. As shown in Table I, a l iquid 

LIQU,D M TAL,NCLUS,ON 

cA ,oo  ANOOE 

\SILICON \DOPED SILICON 
Fig. 1. A metal-rich liquid droplet electromigrating through a 

silicon single crystal toward the cathode. The redeposited silicon 
trail behind the electromigrating droplet contains the solid solubility 
limit in crystalline silicon of the metals comprising the inclusion. 
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Table I. The electromigration directions of nine liquid metal 
droplets in silicon and the work functions of these metals. The 

null-point work function for silicon is 4.55 eV. The work function 
of silicon is 4.85 eV. The electromigration directions are taken 

from Ref. (5) and the work functions from Ref. (8) 

Electromigration Work func- 
Element direction tion (eV) 

Palladium Anode ( + ) 6.12 
Gold Anode 5.10 
Copper Anode 4.65 
Antimony No electro- 4.55 

migration 
Tin Cathode ( - ) 4.42 
Aluminum Cathode 4.28 
Silver Cathode 4.26 
Gallium Cathode 4.20 
Indium Cathode 4.12 

droplet of a metal  with a work function greater than 
4.55 eV electromigrates toward the anode, while a 
l iquid droplet  of a metal  with a work funct ion less than 
4.55 eV electromigrates toward the cathode (5, 6) in  
silicon. 

To manufac ture  a part icular  semiconductor device, 
it may be desirable to have a liquid droplet that  elec- 
tromigrates toward the anode and that dopes the sili- 
con p-type. From Table I, it is seen that  all of the 
acceptor droplets (A1, Ga, and In)  electromigrate 
toward the cathode. Hence, to obtain an inclusion that  
will both electromigrate toward the anode and dope 
the silicon p-type, an alloy inclusion must  be formed 
of, say, A1 and Pd in the r ight  proportions. 

In  order to be able to obtain the correct inclusion 
composition in this and other cases, some informat ion 
is required on the electromigration directions of inclu-  
sions composed of more than one metal. A priori, one 
would expect that the correlation of the work funct ion 
of the metal  comprising the droplet with the electro- 
migrat ion direction of the droplet found for the pure 
metals might  carry over to droplets made up of more 
than one metal. 

To test this hypothesis, the electromigration direc- 
tions of droplets of Au-Ag alloys of vary ing  composi- 
tions were measured. Au and Ag were selected for 
several reasons. First, both of these noble metals are 
chemically similar  and have almost identical  atomic 
radii. In  addition, they form continuous solid and l iquid 
solutions so that extraneous factors such as eutectic 
points, intermetallics,  or l iquid immiscibil i ty do not 
complicate the study. Of part icular  importance to the 
investigation is the fact that  inclusions of these two 
noble metals electromigrate in opposite directions: 
Au-Si  droplets move toward the anode, while Ag-Si  
droplets move toward the cathode (5). Also, a tem- 
perature  (880~ can be selected where the absolute 
magnitudes of the oppositely directed velocities of Au 
and Ag droplets are equal (5) (Fig. 2). Finally,  the 
work functions of Au-Ag alloys of vary ing  composi- 
tions are available in  the l i terature (7) so that  a com- 
parison of the electromigration direction of a part icular  
alloy composition with its work function is possible. 

Experimental 
Sample preparation.--Rectangular samples 4 X 1 X 

1 cm were cut from an n - type  10 ~-cm Si ingot. The 
long dimension of the rectangular  specimen was par-  
allel to the <111> direction. The top and side faces 
were perpendicular,  respectively, to the <11-0> and the 
<I12> directions. On the top (II0) face of the sample, 
thirteen holes were ultrasonically drilled halfway 
through the crystal (Fig. 3). One hole was 2 mm in 
diameter and served as the thermocouple cavity, while 
the other twelve holes were 0.75 mm in diameter and 
were used to hold Au-Ag alloy droplets of varying 
composition. 
Eleven Au-Ag alloys of various compositions from 0 

to 100% Au at 10% composition intervals  (i.e., 0%, 
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I / T E M P E R A T U R E  (~  
Fig. 2. The electromigration velocities of liquid droplets of Ag 

and Au in Si. In the temperature range of 880~176 the electro- 
migration velocities of Au and Ag-rich droplets are equal and op- 
posite with Au migrating toward the anode ( + )  and Ag migrating 
toward the cathode ( - - ) .  

MOLYBDENUM /CYLINDRICAL, CERAMIC INSERTS 
RODS, 1/4" O.D. / 5" LONG x 2' DIAMETER / 

. . ' ~ :  ;~ 7 . y y ~  AMPLE 

TEFLON 7 ~STAINLESS STEELTUB,E, ] 
" X " X ~ CLAMP 20 LONG 2 I.D. 2/4 O.D~I ~ 

/8 M0 R O D ~  o/TUNGSTEN 
THERMOCOUPLE ~ ~ ~ SPRING 

4cmxlcm xlcm I o o o  i 
INCLUSION CAVITIES--'~ o o J 

R 

Fig. 3. The electrode jig used to pass current through the Si 
sample. The stainless steel tube is inserted part way into a diffu- 
sion furnace and current is passed through the Si sample in the 
furnace via the 1/4 in. molybdenum rods that extend outside of 
the furnace. The replaceable 1/8 in. molybdenom contact electrodes 
are pressed against the silicon sample throughout the electro- 
migration experiment by the adjacent tungsten springs. 

10%, 20%, etc.) were cut and weighed from 99.99% 
Au and Ag wires and melted under  vacuum in sealed 
quartz tubes. During mel t ing the sealed quartz ampuls 
were mechanical ly jostled to ensure complete homo- 
geneous mixing of the Au and Ag. Following melting, 
the alloys were quenched in  water. The cast alloys 
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were hammered  into th in  sheets from which were cut 
small  pieces that  were inser ted into the sample cavities 
in the silicon crystal (Fig. 3). 

The silicon specimen with the eleven different alloy 
compositions in eleven separate sample cavities was 
placed in an anneal ing  furnace with flowing H2 at 
l l00~ for 3 hr  to form the series of eleven Au-Ag 
liquid alloy droplets that  would later  be electromi- 
grated. The silicon specimen was then cooled and re-  
moved from the anneal ing apparatus. 

The electromigration apparatus.--The electromigra-  
tion apparatus consisted of a diffusion furnace to a t ta in  
the tempera ture  of the electromigration r u n  and a n  
electrode jig, shown in Fig. 3, to apply current  to the 
sample. One-eighth in. replaceable molybdenum elec- 
trodes were used as electrode contacts to the silicon 
sample. A tungsten  spring provided contact pressure 
between the molybdenum electrodes and the Si sample 
dur ing  the high tempera ture  electromigrat ion experi-  
ments. A direct cur rent  of 15 A /cm 2 at a temperature  
of 884~ was used in the electromigrat ion experiments.  
The tempera ture  was selected so that the liquid inclu-  
sions of pure Ag and pure  Au would have equal and 
opposite velocities (5). The current  was produced by a 
Hewlet t -Packard  6269B constant  direct current  power 
supply. A constant  current  supply was necessary, be-  
cause the decrease in the resist ivity of silicon with tem- 
perature  would otherwise lead to an unstable  si tua-  
tion. A voltage drop of 4.1V was required by the power 
supply to drive the 15 A/cm~ current in the silicon 
specimen. Most o.f this voltage drop occurred at con- 
tact points in the circuit rather than in the specimen 
itself. 

Measurement of Au-Ag electromigration directions. 
- - In f r a r ed  transmission micrographs were taken of the 
p re -annea led  silicon sample with a Research Devices 
(Elizabeth, New Jersey) infrared microscope. The sili- 
con sample had been previously polished to a 1 ~m 
finish and fiduciary lines had been scribed on the top 
surface of the sample with a diamond marker.  These 
fiduciary lines were used as reference points to mea-  
sure the movement  of the alloy l iquid droplets through 
the silicon. 
The specimen was then placed in the electrode jig 

shown in Fig. 3 and inserted in a diffusion furnace. 
After temperature equilibration at 884~ a constant 
direct current of 15 A/cm 2 was passed through the sili- 
con sample for 24 hr. The temperature of the sample 
was continuously monitored during the experiment 
with a Chromel-Alumel thermocouple inserted in the 
thermocouple cavity (Fig. 3) of the specimen. A flow 
of a nonexplosive gas mixture of 95% N2 + 5% H2 was 
used to prevent oxidation of the electrode jig. 

Following the electromigration anneal, the electrode 
jig was withdrawn from the furnace tube and allowed 
to cool. The Si sample was removed from the jig and 
infrared transmission micrographs were taken again of 
the Si sample to determine the movement of the eleven 
liquid Au-Ag a11oy droplets through the silicon. Nfea- 
surements of the inclusion displacements were made on 
the photomicrographs with respect to the diamond- 
scribed fiduciary lines on the surface of the sample. 
Care was taken to center each droplet in the middle of 
its respective photomicrograph to avoid parallax errors 
arising from the difference in depths between the drop- 
lets in the middle of the sample and the fiduciary lines 
on the surface of the sample. 

Experimental Results 
Figure 4 shows the electromigrat ion velocities of 

eleven Au-Ag alloys vs. composition. The velocities are 
averages of several  experiments.  Ag-r ich alloys elec- 
t romigrated toward the cathode, while Au-ric~ ~llovs 
electromigrated toward the anode. The nu l l -po in t  
crossover composition is approximately  79 atomic per-  
cent (a/o)  Au-21 a/o Ag. Between 30-60 a/o Ag, the 
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Fig. 4. The electromigration velocities and directions of a series 
of Au-Ag liquid droplets at 884~ vs. composition of the droplet. 
Droplets with more than 21 a/o Ag electromigrate toward the 
cathode, while droplets of Au-Ag alloys of less than 21 a/o Ag 
eloctromigrate toward the anode. 

droplet velocity is independent  of composition with ex- 
per imental  error. 

Discussion of  the E lec t romigra t ion  D i rec t ion  
In  a previous paper, it was found that  the electro- 

migra t ion  directions of pure metals in silicon (5, 6) 
and germanium (11) show a strong correlation with 
the work functions (5) of the pure metals comprising 
the droplets. Table I shows that  droplets of metals with 
work iunct ions greater and less than 4.55 eV electro- 
migrate, respectively, toward the anode and cathode 
in a silicon singm crystal. In  ge rmanium crystals, 
l iquid droplets of metals with work functions greater  
and less than 5.0 eV (the work funct ion of Ge) electro- 
migrate  toward the anode and cathode, respectively, as 
shown in Table II. 

A rat ionale for the relat ion between the work func-  
tion of a metal  and its electromigration direction as a 
l iquid droplet  in  a host semiconductor crystal  can be 
made qual i ta t ively in terms of the e lectron-atom mo- 
men tum exchange force that drives electromigration. 
[Electric field drift  and Pel t ier - induced TGZM con- 
t r ibute less than a few percent  of the observed electro- 
migrat ion velocities (2, 5, 6).] The work funct ion of an 
element  is a measure of the at t ract ion between that  
element  and an electron. That is, the larger is the work 
function, the greater will be the attraction. If two ele- 
ments are mixed together, one would expect, as a first- 
order approximation, that  some electron transfer  would 
occur from the e lement  with the small  work funct ion 
to the element  with the large work function. Because 
the ion size of an element  is a very sensitive function of 

Table II. The work functions and electromigration directions of 
liquid metal droplets in germanium. The work function of 

germanium is 5.0 eV. The work functions are taken from Ref. (8) 
and the electromigration directions from Ref. (1) 

Electromigration Work func- 
Element direction tion (eV) 

Pla t i num Anode  ( + ) 5.65 
Nickel Anode  5.15 
Pa l l ad ium Anode  5.12 
Gold An o d e  5.10 
T e l l u r i u m  Cathode ( - ) 4.95 
Copper  Cathode  4.65 
A n t i m o n y  Cathode  4.55 
T in  Cathode 4.42 
A l u m i n u m  Cathode  4.28 
Si lver  Cathode  4.26 
Lead  Cathode 4.25 
Bismuth  Cathode 4.22 
Gal l ium Cathode 4.20 
Magnesium Cathode 3.66 
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its valence state, the electron scat ter ing cross section 
for  an e lement  losing electrons (the low work  function 
e lement)  would be expected to decrease,  while  the 
scat ter ing cross sect ion for the e lement  gaining elec-  
t rons would increase. These respect ive  changes in 
e lect ron scat ter ing cross sections would be in the d i rec-  
t ion such that  when the l iquid al loy is subjec ted  to a 
direct  electr ic  current ,  the e lec t ron wind would  tend 
to p re fe ren t ia l ly  b low the e lement  wi th  the l a rge r  
work  function toward  the anode in accord with  the 
exper imenta l  observat ions  l is ted in Tables I and II. 

A simple di lute  solution theory  using the difference 
in the work  function of the meta l  compris ing the drop-  
let  and an empir ica l  nu l l -po in t  work  function, as the 
dr iv ing  force for e lect romigrat ion,  can be formula ted  
as follows. 

At  the  rea r  interface of the e lec t romigra t ing  droplet ,  
conservat ion of mass requires  that  the flux J of silicon 
atoms impinging on the rear  in terface  equal  the veloc-  
i ty  V of the inclusion t imes the difference in sil icon 
concentrat ions pe r  uni t  volume between the solid and 
the  l iquid 

J = V(Cs -- C,.) [I] 

where Cs and CL are, respectively, the concentrations 
of silicon per unLt volume in crystalline silicon and in 
the liquid droplet. 

The flux J of silicon atoms in the liquid metal is 
given by 

J ----- Force  X Mobi l i ty  X Solubi l i ty  [2] 

The force f on the dissolved silicon atoms can be rep-  
resented  by  

= ~I~W [3] 

where  I is the electr ic  cur ren t  density,  AW is the dif-  
ference be tween  the work  function of the meta l  com- 
pr is ing the drople t  and the empir ica l  nu l l -po in t  work  
function, and a is an unknown numer ica l  factor. This is 
a resul t  of an empir ica l  re la t ionship  found ea r l i e r  (5). 

The mobi l i ty  M of dissolved silicon atoms in the in-  
clusion is given by  the  Einstein Relat ion 

D 
M = ~ [4] 

RT 

where  D is the  diffusion coefficient of dissolved silicon 
atoms in the l iquid meta l  droplet ,  R is the gas constant,  
and T is the absolute  tempera ture .  The combinat ion of 
Eq. [1]-[4]  gives 

I Cs-CL ~ ~W [5] 

Unfor tunate ly ,  no da ta  a re  ava i lab le  for silicon in Au-  
Ag alloys tha t  would  a l low one to eva lua te  the 
b racke ted  expression. However ,  the nu l l -po in t  compo- 
sit ion at  which the e lec t romigra t ion  veloci ty  passes 
through zero can be pred ic ted  by the A u - A g  composi-  
t ion where  the  work  function dev i a t i on / ,W of the al loy 
equals zero. 

F igure  5 shows the work  function of A u - A g  alloys 
p lot ted  vs. composition. The nu l l -po in t  work  funct ion 
for silicon of 4.55 eV corresponds to a pred ic ted  elec-  
t romigra t ion  nu l l -po in t  composit ion of 60% Au-40% 
Ag. Since at  the t empe ra tu r e  of the e lec t romigra t ion  
exper iments ,  the e lec t romigra t ion  velocit ies of pure  Au 
and pure  Ag drople ts  are  equal  and opposite, a s imple 
use of the  law of mix tures  would  indicate  that  the nul l -  
point  composit ion would  be 50 a /o  Au-50 a /o  Ag. In  
the exper iments ,  a shift  of the null  poin t  to a go ld- r ich  
composit ion is found instead. This shift  to a gold- r ich  
composit ion is predic ted  by  the nonl inear  work  func-  
t ion of A u - A g  alloys that  shows a much s teeper  change 
on the go ld- r ich  side of the work- func t ion-compos i t ion  
d iag ram than  on the s i lver  side. Thus, there  is qual i ta -  
t ive agreement  be tween  the exper imenta l  null  point  
and the  null  point  p red ic ted  by the work  functions of 
the  al loys as far  as the shift  to the gold- r ich  side of the 
diagram.  However ,  quant i ta t ive ly ,  the  p red ic ted  nu l l -  
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Fig. 5. The work function vs. composition of Au-Ag alloys taken 
from Ref. (7) and (8). The electramigration null-point work function 
for various metals is shown along with the predicted and experi- 
mental null-point alloy compositions. 

point  a l loy composit ion of 60% Au-40% Ag does not  
agree  wi th  the expe r imen ta l l y  observed nu l l -po in t  
composit ion of 79% Au-21% Ag. This quant i ta t ive  dis-  
agreement  is not  surpris ing,  since the work  function of 
a pure  al loy crys ta l  at  room tempera ture ,  no doubt, 
does not  equal  the work  function of the same al loy 
l iquid conta ining dissolved silicon at 880~ In v iew of 

�9 \ 

this quant i ta t ive  d i sagreement  in the al loy case, the 
perfect  corre la t ion of e lec t romigra t ion  direct ions wi th  
work  functions found for the pure  l iquid meta l  d rop-  
lets (5) is even more  remarkab le .  

Summary 
The e lec t romigra t ion  direct ions of a series of l iquid 

A u - A g  drople ts  were  measured  as a funct ion of com- 
posit ion in Si. The e lec t romigra t ion  exper iments  were  
carr ied  out  at  a t empera tu re  where  the e lec t romigra -  
t ion velocit ies of Au-S i  and Ag-S i  l iquid  droplets  are  
equal  in magni tude  but  opposi te  in direction. Al though 
the law of mix tures  would  pred ic t  an e lec t romigra t ion  
nu l l -po in t  composit ion of 50% Au-50% Ag, the ac tual  
nu l l -po in t  composit ion was shif ted to a go ld- r ich  com- 
posi t ion of 79% Au-21% Ag. This go ld - r i ch  shif t  is 
p red ic ted  qua l i t a t ive ly  by a model  re la t ing  the dr iv ing  
force of e lec t romigra t ion  to the devia t ion  of the non-  
l inear  work  function of A u - A g  alloys from an e lec t ro-  
mig ra t ion -nu l l -po in t  work  funct ion de te rmined  p re -  
viously wi th  s imple l iquid meta l  inclusions in Si. 

Manuscr ip t  submi t ted  May 12, 1980; rev ised  m a n u -  
script  rece ived  Sept.  8, 1980. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Sectio~ to be publ ished in the  December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cuss/on Section should be submi t ted  b y  Aug. 1, 1981. 

Publication costs of this article were assisted by Gen- 
eral Electric Company. 
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ABSTRACT 

Using the re laxa t ion  t ime approximat ion ,  and  a t h r e e - b a n d  model  (i.e., 
nonparabol ic  l igh t -ho le  band, parabol ic  heavy-hole ,  and spli t-off  bands) ,  
theoret ica l  calculat ions of hole mobi l i ty  and res is t iv i ty  were  car r ied  out  for 
p - t y p e  silicon doped wi th  boron, gal l ium, and ind ium for dopant  densit ies f rom 
1014 to 10 is cm -~ and t empera tu re s  be tween  100 and 400 K. The theore t ica l  
analysis  did  not  consider  the  effects of compensation,  but  scat ter ing contr i -  
butions f rom acoust ical  and  optical  phonons, and ionized and neu t ra l  im-  
pur i t ies  were  considered. In addit ion,  in te rband  scattering,  the effect of hole-  
hole scat ter ing,  and the nonparabol ic  na tu re  of the valence bands  were  also 
taken  into account in the mobi l i ty  formulat ions.  To ver i fy  our  theore t ica l  cal-  
culations, res i s t iv i ty  measurements  were  pe r fo rmed  on sil icon samples  ( re la -  
t ive ly  free of compensat ing  inpur i t ies)  doped wi th  boron, gall ium, and in-  
d ium wi th  dopant  densi t ies  ranging  f rom 4.25 X 1015 to 9.05 X 1017 cm -3, for 
100 --~ T --~ 400 K. Agreemen t  be tween  the ca lcula ted  and measured  res is t iv i ty  
values  and the publ i shed  mobil i t ies  (4) was wi th in  10% over  the  range  of 
t e m p e r a t u r e  and dopant  dens i ty  studied. 

For  purposes  of device design i t  is necessary  to 
know the correct  re la t ionship  be tween  res is t iv i ty  and 
dopant  dens i ty  at  different  tempera tures .  Evalua t ion  of 
the character is t ics  of semiconductor  devices and the 
s tudy of t r anspor t  phenomena  in semiconductors  re -  
quires  an accurate  knowledge  of var ia t ions  in ohmic 
mobi l i ty  and ca r r i e r  densi ty  wi th  changes in t empera -  
ture  and dopant  density.  Because of this, numerous  
studies of mobil i ty ,  resis t ivi ty,  and ca r r i e r  dens i ty  in 
p - t y p e  sil icon have been car r ied  out  (1-15). However ,  
due to the complexi ty  of the valence band of silicon 
and the var ious  sca t ter ing  mechanisms involved,  these 
studies, for the most part ,  have  e i ther  been conducted 
in t empe ra tu r e  and dopant  dens i ty  ranges designed to 
explore  only a pa r t i cu la r  type  of scat ter ing mechanism, 
or  have not  advanced the theory  necessary to descr ibe 
the exper imen ta l  results.  For  example ,  Costato and 
Reggiani  (1) ca lcula ted the mobi l i ty  of holes for pure  
p - t y p e  sil icon in which la t t ice  scatLering dominates;  
Braggins  (2) considered the nonparabol ic i ty  of the 
valence band and al l  the r e l evan t  scat ter ing mecha-  
nisms wi th  the except ion of hole-hole  (h -h)  scat tering,  
but  he l imi ted  his inves t iga t ion  to dopant  densit ies be-  
low 5 X 1016 cm -8 and low tempera tures ;  Mor in  and 
Mal ta  (3) considered wide  ranges  of t empera tu re  and 
dopant  concentrat ion,  bu t  did not  provide  a theore t i -  
cal examina t ion  of the data. Recently,  Li (4) deve l -  
oped a theoret ica l  model  capable  of descr ibing the mo-  
b i l i ty  and res is t iv i ty  of p - t y p e  silicon over  a wide 
range  of t empera tu res  and dopant  densities.  This im-  
proved  model  was appl ied  to the case of boron-doped  
sil icon wi th  grea t  success (4). The improvemen t  in 
Li 's theoret ica l  t r ea tmen t  of mobi l i ty  and res is t iv i ty  
consists ma in ly  of the  inclusion of h - h  sca t ter ing  ef-  
fects, and considerat ion of the  nonparabol ic  na tu re  of 
the valence band.  

With  some exceptions (13-15), most  of the research  
in p - t y p e  sil icon has been conducted wi th  boron as the 
doping impur i ty ,  since boron is the shal lowest  acceptor  
in silicon and this ma te r i a l  is wide ly  avai lable .  A l im-  
i ted amount  of da ta  is ava i lab le  on sil icon doped with  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  U.S. A i r  F o r c e  A c a d e m y ,  P h y s i c s  D e p a r t -  

m e n t ,  C o l o r a d o  S p r i n g s ,  C o l o r a d o  80840. 
Key words: hole  mobility, resistivity, dopant. 

deeper impurities such as gallium and indium. These 
dopants, especially indium, are of great interest to 
modern technology because of their application to 
photo-detector devices. Curves of resistivity and mo- 
bility as a function of dopant density (5-7) have 
been applied to characterizing boron-doped starting 
material and diffused boron layers in silicon, and have 
proven to be highly useful. Similar curves developed 
in this study may be expected to be equally useful for 
characterizing and integrating infrared detectors based 
on the deeper levels of indium and gallium with on- 
chip silicon electronics. 

The purpose of this paper is to improve Li's (4) 
theoretical model by including consideration of inter- 
band transitions in the development of scattering re- 
laxation time due to lattice phonons, and to apply this 
theory to the study of silicon doped with boron, gal- 
lium, and indium. The theoretical investigation is car- 
ried out over a temperature range from 100 to 400 K 
and a dopant density range from 1014 to 1018 cm -8. Be- 
cause of the complexities brought about by heavy dop- 
ing effects and uncertainties in accounting for hole 
density and impurity density at high dopant densities, 
we have restricted the present analysis to densities be- 
low I0 Is cm -3 in which the use of Boltzmann statistics 
is justified. 

In the next section we describe the theoretical ap- 
proach, presenting the formulation of effective mass 
in the nonparabolic valence band, and the relaxation 
time and mobility formulation. Resistivity and carrier 
density are also analyzed in this section. Next, the 
theoretical and experimental results are compared. 
The theory is further verified by comparison with other 
published data. The section "Summary and Conclu- 
sions" summarizes the main conclusions derived from 
this work. 

Theoretical Approach 
In  this section we presen t  the model  used for  the 

valence band of silicon, and the  approach  used to de -  
te rmine  effective masses in  the nonparabol ic  band. 
The mobi l i ty  and res is t iv i ty  in p - t y p e  silicon is ob-  
ta ined  by  considering contr ibut ions  f rom latt ice,  ion-  
ized impur i ty ,  and neu t ra l  i m p u r i t y  scat tering.  The 
effects of h -h  scat ter ing and valence band nonpa ra -  
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bolicity are also taken into account in the scattering 
relaxat ion t ime formulation. In te rband  transit ions are 
considered only for lattice phonon scattering. 

Valence band and hole effective masses.--The valence 
bands of silicon have an  ex t remum at k : 0 and are 
degenerate there. The constant  energy surfaces for this 
case are warped spheres. Although warped, the bands 
are parabolic tot  small  values of }c. However, for larger 
values of k, the bands become nonparabolic,  and along 
the <i00> and < I i i >  directions the heavy- and light- 
hole bands are parallel over most of the Brillouin zone. 
The derivation of an expression for a valence band 
effective mass which incorporates the nonparabolic na- 
ture of the individual bands begins with a simplified 
model of the warped structure based on the work of 
Kane (16) and Barber (17). In this model, the heavy- 
hole band is characterized by holes with an energy 
independent but direction dependent effective mass, 
and the light-hole band is characterized by holes with 
an energy and direction dependent effective mass. The 
split-off band is separated at ~" = 0 by an energy A 
----- 0.044 eV (18), and is characterized by an effective 
mass which is temperature dependent. Thus the heavy- 
hole band is treated as parabolic for the range of 
temperature considered in this work, while the • 
hole band is parabolic only for very low values of k. 
At higher values of ~, the light-hole band has an en- 
ergy dependent curvature which takes on the same 
characteristics as the heavy-hole band for energies 
greater than 0.02 eV. 

Using the above band model, expressions were de- 
rived for density-of-states and conductivity effective 
masses, based on the following definitions (19): the 
density-of-states effective mass, roD*, enters in the nor- 
malization of the distribution function, and the con- 
ductivity effective mass, mc*, is the mass of a mobile 
charge carrier under the influence of an external elec- 
tric field. Since the crystal structure of silicon has 
cubic symmetry, ohmic mobility will be isotropic. The 
warping and nonparabolic character of the bands en- 
ters the isotropic mobility via the effective mass for- 
mulation. The values of mc* and roD* calculated in 
(19) were obtained assuming the Fermi-Dirac distribu- 
tion function, and unequal relaxation times in the in- 
dividual bands (20). These values are valid in the 
temperature range considered in this study, where the 
warping nature of the heavy-hole band is not strong 
and this band can be assumed parabolic. The values 
of mc* and roD* calculated in Ref. (19) for 100 ~ T 
400 K are listed in Table I. 

Mobility and scattering relaxatio~ time 5ormulation. 
- - T h e  calculation os the mobil i ty  of holes in the 
valence band of silicon is accomplished by evaluat ing 
the mobil i ty  separately in  the heavy-hole band, the 
l ight-hole band, and the split-off band considering all 
appropriate scattering mechanisms. The overall  mo- 
bi l i ty is then evaluated as a weighted average of the 
s ingle-band mobilities over the individual  hole densi- 
ties in each band. 

The conductivi ty mobil i ty  in each of the three va-  
lence bands is calculated from 

TaMe I. Density-of-states and conductivity effective masses of 
holes in p-type silicon for NA = 1014Cm - a  and 100 ~ T ~ 400 K 

(19) (mosses in units of electron rest mass) 

T (K) 100 150 200 259 300 350 400 

~nDl* 0.5503 0.5547 0.5592 0.5638 0.5685 0.5733 0.8782 
~nD.~* 0.2486 0.3092 0.3533 0.3865 0.4123 0.4337 0.4502 
~m* 0.0080 0.0249 0.0443 0.~627 0.0793 0.{;940 0.1071 
~nD* 0,6567 0.6997 0.7340 0.7624 0.7865 0.8081 0.8265 
~ncl* 0.4271 0.4323 0.4375 0.4429 0.4484 0.4541 0.4599 
~ncz* 0.3285 0.4319 0.4839 0.5099 0.5222 0.5283 0.5286 
me3* 0.2410 0.2443 0.2474 0,2511 0.2532 0.2598 0.2596 
mc* 0.3604 0.4143 0.4454 0.4633 0.4743 0.4820 0.4859 

e < z i >  
~i = - -  [1] 

?/~Ci* 
where 

f e a/g Ti(0fo/0e) de 
<~i> - [1] 

j" ~8/2 (O$o/0~)d~ 

for the case of Fermi-Dirac  statistics, e ---- E/koT is the 
reduced energy, and mci* and Ti are the conductivity 
effective mass (19), and the total scattering relaxat ion 
time in  band i, respectively. 

At temperatures  above absolute zero, in  any semi- 
conductor, the charge carriers may be scattered by a 
number  of different mechanisms. Because each scatter- 
ing mechanism has its own dependence on scattering 
energy, a simple closed form expression for total scat- 
tering re laxat ion t ime as a funct ion of temperature  
cannot be obtained. The use of numerica l  techniques 
is necessary to solve for the relaxat ion time. In  the 
case of p- type silicon, the peculiarit ies of a degenerate, 
w,rDed, and nonparabolic  valence band must  be taken 
into account (2). The possibility of in te rband  as well 
as in t raband  transit ions must  also be taken into account 
in the analysis. With the inclusion of in te rband  scat- 
tering as given by Bir et al. (21), the total re laxat ion 
t ime in  the heavy-  (i : 1) and l ight-  (i = 2) hole 
bands is given by 

T i=  ~----(1-{-mDj,mDi* __~zj'qJ ) ~ a  i~=j ;  i = 1 , 2 ;  j = 1,2 

[3] 
where 

TIIT2~ 
8 = 1 [4] 

"~12T21 

and Tii is obtained by adding reciprocally the contr ibu-  
tions from scattering by acoustical phonons, optical 
phonons, ionized impurities,  and neut ra l  impuri t ies  
with i as the band index. The total relaxat ion time in 
the split-off band (i = 3) is obtained in the same 
manner.  Only transit ions between the l ight-  and 
heavy-hole bands are considered; the relaxat ion time 
Tji takes into account a t ransi t ion from band i to band j. 

The procedure for including the nonparabolici ty  of 
the band structure into calculations of relaxat ion time, 
consists of modifying the re laxat ion t ime for a given 
scattering process by replacing the temperature  inde-  
penc~ent e~ective mass of the parabolic band by the 
temperature  dependent  effective mass of the nonpara-  
bolic band. This procedure has been successfully ap-  
plied to the study of acoustic phonon scattering in 
nonparabolic bands by Radcliffe (22). Optical phonon 
and ionized impur i ty  scattering in nonparabolic  bands 
have been considered by Barrie (23) in  the same 
manner .  Braggins (2) has used the same method 
to include nonparabolici ty in  his study of p- type  
silicon. In  this work, the re laxat ion times appro- 
priate to degenerate, parabolic valence bands have 
been used and modified according to the prescrip- 
tion of Radcliffe (22), Barrie (23), and Braggins 
(2). The anisotropy of the energy spectrum is not 
considered in this model, because from the t rans-  
port theory for parabolic bands it  is known that  
this anisotropy has no influence on the tempera ture  
dependence of mobility, but  only on its absolute 
value (24). Each of the four scattering mechanisms will  
now be discussed. 

Acoustical phonon scattering.--The relaxat ion t ime 
for scattering by acoustical phonons includes both the 
possibility of in te rband  as well  as in t raband  scatter- 
ing. The t rea tment  of the acoustical phonons has been 
based on the theory of Bir, Normantas,  and Pikus (21) 
where the relaxat ion times can be expressed in  terms 
of a single constant, To which controls the overall  mag-  
ni tude of the scattering. Both transverse and longi-  
tudinal  phonons participate in  the scattering so that 
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Tacl--1 = mDl*3/2"go ~ 

H O L E  M O B I L I T Y  A N D  R E S I S T I V I T Y  

C12 
Ln<2) ..]_ ,y8 Ln(1) -I-" ~ ~l 2 

(Tll(2) ~_ ,y3 Tll(1)) ~ TS/2el/2 [5] 
J 

and 
roD2 *3/2 ~ C12 

Tat2-1 = to ~ L2~r + ~ L~2(1) + C--~- n2 

(T=<2) + 73 T2~(1)) ~ T~12,1/~ [6] 
J 

for  i n t r aband  scattering,  whi le  

-~ij--17 - 5  = -Cji -1  

mDi*3/-------~2 Lij (2) -{- - -  ~12 (Tij  (2)) Ta/2e 1/2 [7] 
�9 o C J  

for in t e rband  scat ter ing.  In  the  spli t -off  band,  the  scat -  
ter ing re laxa t ion  t ime is given by  

roD3*3/Z 
Tar -I -- - -  (e -- A/koT)1/2 T312 [8] 

To 

In  these equat ions 

1 koSI2a 2 mo 3/2 roD2* 
" ~ = - - , ,  n = b / a  

~o ~/2"~;f~4 psCl 2 ' roD1* 

a and b are  valence band  acoustic deformat ion  potent ia l  
constants  in the Picus and Bir  (25) notat ion,  ps is the 
density,  CI and Ct are  the longi tud ina l  and t ransverse  
sound velocit ies in silicon, and Lij and Tij are  the func-  
tions of ~ and 7 defined in  (21). 

Optical phonon scattering.--Optical phonon sca t te r -  
ing, whi le  negl igible  at  ve ry  low tempera tures ,  cannot  
be ignored at  high tempera tures .  Ehrenre ich  and Over-  
houser  (26) have ca lcula ted  the  mobi l i ty  of holes in 
sil icon and its dependence  on tempera ture .  The cal-  
cula ted  mobi l i ty  follows a T -2.3 dependence  for r ea -  
sonable  choices of the  pa rame te r s  which  descr ibe the 
mixing  of opt ical  and acoust ical  phonon scattering.  
This agrees wi th  expe r imen ta l  resul ts  (3, 7). The re-  
l axa t ion  t ime for sca t te r ing  by  nonpolar  opt ical  pho-  
nons is given by  (27) 

mDi 3/2 
"~oi -1  - -  - -  W g T l l 2 { ( n  o ..-[- 1) ( e -  O/T)  1/2 

To 
+ n o ( ~ + o / T )  l/2}, i = 1 , 2 , 3  [9] 

where  8 is the Debye  t empera tu re ,  no = ( exp(o /T)  
- - 1 )  -1 is the  phonon d is t r ibu t ion  function, and W 
is a constant  which de te rmines  the re la t ive  coupl ing 
s t reng th  of the holes to the opt ical  phonon mode com- 
pa red  to the acoust ical  phonon mode, W = Do2h2C12/ 
2ko2a202, where  Do 2 is the opt ical  deformat ion  potent ia l  
constant.  The first t e rm in the  b racke t s  of Eq. [9] 
corresponds to opt ical  phonon emission and is r e l evan t  
only  when  this is energe t ica l ly  possible  (e > a/T). The 
second te rm in the b racke t s  corresponds to opt ical  
phonon absorpt ion.  

Ionized impurity scattering.--The Coulombic in t e r -  
act ion be tween  ionized impur i t ies  and charge car r ie rs  
dr i f t ing  th rough  the crys ta l  under  the  act ion of an ap-  
p l ied  electr ic field causes scat ter ing of the  charge car -  
riers.  Sca t te r ing  by  ionized impur i t i e s  was first con- 
s idered by  Conwell  and Weisskopf  (28). The basic 
assumpt ion  is tha t  the Coulomb field is cut  off at  half  
the dis tance be tween  charged impuri t ies .  This is equiv-  
a lent  to assuming tha t  a charge ca r r i e r  sees only one 
charged impur i t y  at  a time, the  effect of the o ther  
charged  impur i t ies  being sufficiently screened as to be 
negligible.  This approach  was improved  by  Brooks (29) 
and Her r ing  (30) who associated the  cutoff of the 
Coulomb potent ia l  wi th  a screening distance, the  f ree  
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carr iers  being assumed to provide  screening against  the 
charge of the impuri t ies .  We have  used the Brooks-  
Her r ing  fo rmula  in our calculations.  

Neutral impurity scattering.--Scattering by neu t ra l  
impur i t ies  in semiconductors  has been  considered by  
Erginsoy (31) as a var ia t ion  of the p rob lem of the 
scat ter ing of electrons by  neu t ra l  hydrogen  atoms. The 
resul t  is a t empe ra tu r e  independent  r e l axa t ion  time. 
Sc lar  (32, 83) has included the poss ib i l i ty  of bound 
states  in the eva lua t ion  of e l ec t ron-hydrogen  impur i ty  
scat ter ing by  using a th ree -d imens iona l  square  wel l  to 
es t imate  the influence of a weak ly  bound s ta te  on the 
scat tering.  In  this case the  re laxa t ion  t ime is given by  

2a/~ ~ 2  NN ~ E l }  
j/2 + ~ i = 1, 2,3 

TNI-1 - -  (koT) ll2mDi*3/~ koTe 1/2 ' 
[ I0] 

where  
roD* eo 2 

is the b inding energy of neu t ra l  aeeeptors.  
McGil l  and Baron (34) r epor t  a more  accurate  cal-  

cula t ion of neu t ra l  impur i t y  sca t ter ing  which  is not  
subject  to any of the  previous  approx imat ions  to the 
scat tering,  and represents  an accurate  implementa t ion  
of the n e u t r a l - h y d r o g e n  approximat ion .  Using this 
calculation,  Baron et al. (35) show tha t  neu t ra l  im-  
pur i ty  scat ter ing is inverse ly  p ropor t iona l  to the ion-  
izat ion energy  of the impur i ty .  McGil l  and Baron 's  cal -  
culations, whi le  pred ic t ing  significant deviat ions f rom 
the resuits  of Erginsoy and Sclar  at  low tempera tures ,  
agree  in genera l  wi th  the predic t ions  of Eq. [1O] at  
h igher  t empera tu res  (36 < T < 181K for In) .  

]~or silicon doped wi th  shal low impuri t ies ,  neu t ra l  
impur i t y  scat ter ing is impor t an t  a t  low t empera tu re s  
where  neu t ra l  impur i t ies  m a y  ou tnumber  ionized im-  
puri t ies .  The more accurate  calculat ions of McGil l  and 
Baron are  appropr i a t e  in this case, especial ly  for the 
deeper  level  impuri t ies .  In  this study,  however ,  be -  
cause of the t e m p e r a t u r e  range  involved,  we fe l t  tha t  
Sclar ' s  calculat ion could accura te ly  r ep resen t  neu t ra l  
impur i ty  scat tering.  

Effect o] hole-hole scattering.--The expressions thus 
far  presented  for sca t ter ing  r e l axa t ion  t ime neglect  the  
effect of hole-hole  (h -h)  scat ter ing.  Al though  h - h  
scat ter ing does not  affect the cur ren t  dens i ty  d i rec t ly  
since i t  cannot  a l t e r  the  total  momentum,  i t  tends to 
randomize  the w a y  in which this total  momen tum is 
d i s t r ibu ted  among holes of different  energies.  When  
the scat ter ing mechanism is such as to lead  to a non-  
un i fo rm dis t r ibut ion,  h -h  sca t ter ing  gives r ise  to a ne t  
t ransfer  of momen tum f rom holes which dissipate mo-  
men tum less efficiently to those which  dissipate mo-  
men tum more  efficiently, resul t ing  in an overa l l  g rea te r  
ra te  of momen tum transfer ,  and  lower  mobi l i ty  (36). 
Thus the size of the effect of h - h  sca t ter ing  on 
the scat ter ing r e l axa t ion  t ime is a funct ion of the 
energy dependence  of the re laxa t ion  time. The h - h  
factor, 7hh, can be der ived  by  means  of a classical  for-  
mula t ion  in t roduced b y  Keyes  (37). When  hole-hole  
collisions are  much more  f requent  than  ho le -acceptor  
collisions, the average  r e l axa t ion  t ime for  a parabol ic  
band in the Keyes  (37) approx imat ion  approaches  the  
l imit ing form 

f ~12 (OiolOe) de 
<~hh> = [11] 

f ~/2~- 1 (Oio/Oe) de 

where  io is the  Fe rmi -Di r ac  d is t r ibu t ion  function. On 
the other  hand, if h -h  collisions are  neglected,  the  ave r -  
age re laxa t ion  t ime is given by  Eq. [2]. 

Thus the h - h  reduct ion  factor  (i.e., the ra t io  of <~hh> 
to <T>)  can be expressed  as 
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{ f ~812~ (O]o/Oe) de x f e312~ -1 (0So/0e) de ~-1  

7~h -- [ j e'~l~ (a$olOe) de] 2 ] 
1 

[12] 

For optical phonon scattering, and 7hh ~ the h -h  re- 
duction factor is evaluated from Eq. [12]. 

For acoustical phonon scattering it  is assumed that 
7ah a decreases l inear ly  with increasing dopant  density 

A 
from a value of one to a value of 7hh a = 9~/32 ---- 0.88 
(4) in a certain range of impur i ty  concentration. The 
exact relationship (Tab a ---- 1.0004 -- 4.013378 • 10 -19 
NA, 1015 --~ NA ----- 3 • 1017) is determined empirical ly 
with a best fit of the exper imental  data. 

Luong and Shaw (38) using a one-par t ic le- l ike  ap- 
proximation from the Har t ree-Fock theory, have shown 
that by inclusion of h -h  scattering, the Brooks-Herr ing 
(29, 30) formula is reduced by a factor which can be 
expressed in closed form as 

7hh i • (NA-/p ' )  [1 -- exp(p ' /NA-)]  [13] 

where NA- is the ionized acceptor density and p' is 
the screening hole density. 

In  the case of neut ra l  impur i ty  scattering, h -h  scat- 
ter ing has no significance because TN is independent  o f  
hole energy. Thus the overall  scattering relaxat ion 
t ime in each hole band is calculated by adding the 
contr ibutions from the different scattering mechanisms, 
each properly corrected for the effects of h -h  scatter- 
ing. The conductivity mobil i ty  in  each individual  band 
is calculated from Eq. [1] and the combined con- 
duct ivi ty mobil i ty  in the valence band is then evalu-  
ated as a weighted average of the s ingle-band mobil i -  
ties over the populat ion of holes in  each band. 

Resistivity and hole density.--The resist ivity for p- 
type silicon is given by 

1 
# _ - -  [14] 

e#cp 

where #c is the hole conductivi ty mobil i ty and p is 
the hole densi ty 

_ _ ~ [  2;~koTmD* ] 3/~ 
P ---- h~ F1/2 (~) [15] 

for the general  case of Fermi-Dirac  statistics. Here, 
~'nD*, the densi ty-of-states  effective mass, contains in -  
formation per ta ining to the nonparabolic  na ture  of the 
valence band (19). In  the l imit  of low dopant  densities, 
Eq. [15] reduces to p ---- Nv exp (--~) where Nv ---- 
2 (2~mD*koT/h2) 8/2 is the effective density of valence 
band states. For the range of temperatures  considered 
in this study, the hole density is determined by assum- 
ing that  the density of carriers is determined by the 
impurit ies present  in the silicon sample. The density 
of ionized acceptor impuri t ies  in  p- type silicon is com- 
puted from the charge neut ra l i ty  equation, which re-  
duces to p _~ NA- for the case of uncompensated ma-  
terials. 

The density of ionized acceptors is (39) 

N A  
NA- -- [16] 

/ EA E F  
1 -5 g e x p  [ ) 

where EA is the acceptor ionization energy, and g is 
the ground state degeneracy. Excited states have a very 
minor  influence on the carrier  concentrat ion due to the 
large separation between the ground state and the ex-  
cited states (2, 39). Lett ing 

g = 4 + 2 exp (--a/koT) [17] 

enables us to include contributions from the lowest en- 
ergy state associated with the split-orbit band. Equa- 

tion [17] assumes that  this state is bound to the split- 
orbit  band with the same energy as the ground state 
is bound to the l ight-  and heavy-hole  bands. Calcula- 
tions of Zwerdling, et al. (18) and Baldereschi and 
Lipari (40) show that  this assumption leads to under -  
est imation of the percentage of impur i ty  ionization. On 
the other hand, tacit acceptance of g = 6 (41), over-  
estimates ionization density and introduces a larger 
error than the assumption of Eq. [17]. The density o f  
ionized acceptors is computed by i terat ing EF in Eq. 
[15] and [16] unt i l  IP -- NA-I < 0.001. 

Exper imental  evidence shows that the acceptor ion- 
ization energy EA is not a constant, but  decreases with 
increasing dopant density (9). Pen in  et aI. (42) have 
determined in  a study of heavily doped silicon from 
4 to 300 K that  for shallow impuri t ies  such as boror~ 
and phosphorus the ionization energy decreases and 
finally disappears altogether for impur i ty  densities 
greater  than 3 • 10 is cm -3. For impuri t ies  with 
deeper activation energies, it  is also expected that at 
some impur i ty  concentration, the impur i ty  activation 
energy should become a function of the impur i ty  con- 
centration. However, in this case this should happen 
at higher impur i ty  concentrations than for the shal- 
lower level impurities.  This is due to the smaller  geo- 
metrical  dimensions of the wave functions applicable 
to the deeper levels, so that  overlapping effects which 
promote the reduction in  activation energy require 
higher impur i ty  concentrations (13). For  shallow im-  
purit ies such as boron and phosphorus, empirical  ex- 
pressions (9, 42) relat ing the dependence of ionization 
energy to dopant  density have been established. In 
the case of Ga, there are data (14) on activation en-  
ergy vs. concentration, but  not enough on which to 
base an accurate relationship. For this reason the value 
o f  EA .~- 0.065 eV (43, 44) was used. For In, EA ---- 
0.156 eV (45) was used. 

Theoretical and Experimental Results 
Using the theoretical expressions derived in  the pre-  

vious section and the parameters  listed in  Table II, 
we have calculated the hole mobi l i ty  as a function of 
hole density at 300 K for boron-doped silicon. The 
constant, ~o, was found by fitting the mobil i ty  to ex- 
per imental  points in  the la t t ice-scat ter ing-l imited 
range. Our value of To is equivalent  to an acoustic de- 
formation potential  constant  of 8.099 eV. The optical 
phonon coupling constant, W, was then found by fit- 
ting the mobil i ty  to the high tempera ture  exper imen-  
tal data. Our value of W is equivalent  to an optical 
deformation potential  constant  of 6.024 X l0 s eV/cm. 
Curve I in Fig. 1 represents this theoretical calculation, 
and curve 2 was reproduced from Wagner  (7). Our 
calculated values are wi th in  6% of the values re-  
ported by Wagner  for NA --~ 3 X 1017 am -3. For higher 
values of hole density our calculated values are sub-  
s tant ial ly  higher than those of Wagner. As previously 
explained by Li (4), this discrepancy is due to Wag- 
ner 's  assumption of complete ionization of boron im-  
purities. This assumption is valid only at low dopant 
densities or at high temperatures  where full  ionization 

Table II. Values of physical parameters used in the calculations of 
hole mobility in p-type silicon 

Parameter Value Unit 

h 44.0 meV 
a -- 6.4* eV 
b --1.36" eV 
CI / C$ 2.09* 
O 735 K 
ps 2.329 x 10 ~ k g / m  s 
e, 11.7 eo 

6.96 • 10 -lo sec K2/~ TO 
W 2.44 

* J. C. Hensel and G. Feher, Phys. Rev., 129, 1041 (1963). 
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Fig. 1. Hole mobility vs. hole density for boron-doped silicon at 
300 K. Curve 1 is the theoretical calculation and curve 2 is repro- 
duced from Wagner (7). Shown also are the experimental results 
of this work, Horn (12), and Thurber et al. (11). All data points 
have been corrected for deionizatian effects. 
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Fig. 2. The calculated hole mobility vs. temperature for baron- 
doped silicon with dopant density as a parameter. 

of boron atoms prevai ls .  The inclusion of in t e rband  
scat ter ing in the  theore t ica l  deve lopment  resul ts  in a 
minor  improvemen t  in the  quant i ta t ive  agreement  be -  
tween  theore t ica l  and expe r imen ta l  resul ts  for boron-  
doped silicon. While  Li 's  (4) model  predic ts  a mobi l i ty  
o f  475 cm2/V-sec for  l ow-doped  si l icon at  300 K, the 
model  presented  in this paper  predic ts  a mobi l i ty  of 
465 cm2/V-sec, and provides  be t te r  ag reement  wi th  the  
da ta  of Thurbe r  et aL. (11). This value  also agrees 
closely wi th  d i rec t  measurements  of dr i f t  mobi l i ty  
repor ted  by  Otaviani  et al. (46). The theore t ica l  cal-  
cula t ion is in exce l len t  ag reement  (wi th in  3%) wi th  
expe r imen ta l  da ta  r epor ted  by  Thurbe r  et al. (11). 
This gives suppor t  to the  va l id i ty  of ionizat ion calcu-  
la t ions based  on Eq. [15] th rough  [17]. Mobi l i ty  values 
r epor ted  b y  Horn  (12) a re  also in reasonable  agree -  
men t  wi th  our  theore t ica l  results.  The da ta  points  
shown in  Fig. 1 were  correc ted  for deionizat ion ef-  
fects v ia  Eq. [15] th rough  [17]. 

The equat ions der ived  in the previous  section were  
used to calcula te  the hole mobi l i ty  for sil icon doped 
wi th  boron, gal l ium, and ind ium as a funct ion of t em-  
pe ra tu re  w i th  dopant  dens i ty  as a pa ramete r ,  for 100 

T -~ 400 K. The  resul ts  are  d i sp layed  in Fig. 2 
th rough  4. A ma jo r  use for  Ga-  and In -doped  sil icon 
is as in f ra red  detectors.  In  this use i t  is essent ial  tha t  
any  res idual  boron be overcompensated.  In  the  ca lcu-  
la t ions of mobi l i ty  in  sil icon doped wi th  ga l l ium and 
indium, we assumed tha t  ve ry  l igh t ly  compensated  
boron impur i t i es  were  also present .  The Ga-  and In -  
doped samples  used in this s tudy  were  specifically 
p r epa red  wi th  min imum compensation.  Values of ne t  
background  boron dens i ty  (1018 and 5 X 1023 cm - s  in  
the  ga l l ium-  and ind ium-doped  samples,  respec t ive ly)  
were  deduced f rom a best  fit of the  expe r imen ta l  data.  
Fo r  this reason, especia l ly  in the  case of i nd ium-doped  
silicon, the  ac tua l  role of the impur i t ies  at  low t empera -  
tures a n d / o r  low dopant  densi t ies  is masked  by  the 
act ion of the  a lways  presen t  boron impuri t ies .  As the 
dopant  dens i ty  and t empe ra tu r e  increase,  the  assumed 
background  dens i ty  of boron impur i t ies  becomes ins ig-  
nificant compared  to the dens i ty  of ionized dopant  
atoms, and  Fig. 2 th rough  4 accura te ly  depict  the  in-  
fluence of the  pa r t i cu la r  type  of i m p u r i t y  on the mo-  
b i l i ty  of holes in p - t y p e  silicon. The figures also show 
that  for the case of  the  sha l lower  ionizat ion energies,  

mobi l i ty  depends more  s t rongly  on t empe ra tu r e  for  the 
l igh t ly  doped case where  la t t ice  sca t ter ing  is dominant ,  
and becomes less t empe ra tu r e  dependen t  as the  dopant  
densi ty  increases.  

In  order  to ver i fy  the  a d e q u a c y  of the  theore t ica l  
model  developed in this  work,  res i s t iv i ty  measurements  
were  pe r fo rmed  on si l icon slices doped wi th  boron, 
gall ium, and ind ium for t empera tu re s  be tween  100 
and 400 K. The da ta  were  obta ined  f rom NBS-4 tes t  
pa t t e rns  fabr ica ted  on the si l icon slices. Resis t iv i ty  
measurements  were  made  on fou r -p robe  square a r r a y  
resis tors  and collector  Hal l  effect resistors,  whi le  the 
net  dopant  densi ty  in the specimens was de te rmined  
by  the junct ion C-V method  on a gated base-col lec tor  
diode. These test  s t ruc tures  are  pa r t  of the test  pa t t e rn  
NBS-4 (47), and a re  descr ibed in detai l  e l sewhere  
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Fig. 3. The calculated hole mobility vs. temperature for gallium- 
doped silicon with dopant density as a parameter. 
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doped silicon with dopant density as a parameter. 

(47, 48). Mean values of resistivity were determined 
by measur ing 5-8 selected test cells with a s tandard 
deviation in  resistivity values under  5%. Figure 5 
shows the resist ivity vs. dopant density relationship 
for boron-doped silicon at 300 K. The solid l ine pre-  
sents theoretical calculations using Eq. [14], and the 
solid dots are our exper imental  data f rom boron-doped 
silicon. Resistivity values predicted by this model differ 
from those calculated by Li (4) by no more than 2% 
(at 300 K, for NA --~ 1014 cm -8, our model predicts a 
resistivity of 134.1 ~-cm, while Li's model predicts a 

value of 131.4 ~2-cm). Wagner 's  (7) resistivity curve 
and the theoretical l ine coincide over most of the total 
boron density range. Our theoretical calculations agree 
with Wagner 's  resistivity data wi th in  6% over the en-  
tire range of boron densities considered at T :-- 300 K. 
Excellent agreement  exists between our experimental  
data and the theoretical calculations at T ---- 300 K. 
Figure 5 also shows excellent  agreement  between our 
theoretical calculations and the data of Thurber  et aI. 
(11).  Good agreement  was obtained wi th  the data of 
Thurber  and Carpenter  where total boron density was 
obtained by the nuclear  track technique (49). 

Figure 6 shows the resistivity of gal l ium- and 
indium-doped silicon as a funct ion of total dopant 
density for T = 300 K. As expected, because of the 
deeper ionization energy of ind ium as compared to 
gallium, values of resist ivity for gal l ium-doped silicon 
are lower than values of resistivity for indium-doped 
silicon at the same total dopant density. Figure 6 does 
not show this at low dopant densities because of the 
assumed values of background boron impur i ty  densi- 
ties. Excellent agreement  was obtained between our 
exper imental  data and that  obtained from Wolfstirn 
(14) for gal l ium-doped silicon, and our theoretical 
calculations at T = 300K. Wolfstirn's data quotes 
values for activation energy ranging from 0.052 to 0.070 
eV as the dopant  density changes from 1.62 • 10 TM to 
1.26 • 10 z6 cm -3. While  Wolfst irn acknowledges that  
compensation plays a significant role in  de termining 
the degree of ionization of excess acceptors, she does 
not specify the degree of compensation of the samples 
used. Data obtained from the two indium-doped sam- 
ples showed good agreement  with the theoretical cal- 
culations, but  the same was not t rue for the data of 
Schroder et al. (50), and Backenstoss (15). As seen 
in Fig. 6, for each value of measured resistivity, 
Schroder et aL (50) report  two different values of 
measured indium density. The lower value of ind ium 
density was obtained by C - V  and junct ion breakdown 
methods, while the higher value was obtained by Hall 
measurements  and curve fitting. Because of uncer ta in-  
ties in  the value of the Hall scattering factor, Schroder 
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et al. consider the lower value of densi ty more reliable. 
Note that  our theoretical calculation falls between the 
two values of dopant density reported by Schroder 
et al. (50). Values of resistivity of ind ium-doped  sili- 
con reported by Backenstoss (15) are about 25% higher 
than our calculated values. The work of Backenstoss 
(15), however, was done in  the high doping region 
where dopant  densities approach the l imit  of solid solu- 
bility. Backenstoss found that  for dopant  densities 
greater  than  4 X 10 z7 cm -8 there was a considerable 
amount  of ind ium precipitation. Thus it is possible that  
par t  of the discrepancy between our theoretical calcu- 
lations and the data of Backenstoss is due to the low 
solid solubil i ty l imit  of ind ium in  silicon. Recent theo- 
retical results of Sclar (13) for In-doped silicon also 
agree very  closely with our  theoretical calculations at 
300K. Neither Schroder et al. (50) nor  Backenstoss 
(15) have indicated the degree of compensation of the 
samples used in  their  work. 

To find out the adequacy of our  theoretical model 
for temperatures  other than 300 K, we compared the 
calculated and measured values of resistivity for sili- 
con samples doped with boron, gallium, and ind ium 
for temperatures  ranging from 100 to 400 K. Figure 7 
shows the comparison between theoretical and mea-  
sured resistivities for boron-doped silicon. Except for a 
couple of data points, agreement  be tween the theo- 
retical and measured values was wi th in  8% over the 
ent i re  range of temperatures.  Figures 8 and 9 show 
the comparison between theoretical and measured re-  
sistivities for gal l ium- and indium-doped silicon, re- 
spectively. Agreement  here was not as good as in  the 
boron-doped case, but  except for a couple of data 
points, agreement  between theory and exper iment  was 
wi th in  10%. For indium-doped samples, the largest 
discrepancies occurred at low temperatures.  This is 
suggestive of some degree of compensation in the sam- 
ples. Because the materials  used were very carefully 
prepared to minimize compensation, an exper imental  
estimate of percentage of compensat ion was not made 
for any of the silicon samples studied in this work. 
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Summary and Conclusions 
Theoretical expressions have been derived to com- 

pute hole mobil i ty  and resistivity as functions of 
dopant density and tempera ture  for silicon doped with 
boron, gallium, and indium. The valence band of sili- 
con was represented by a th ree-band  model  which 
takes into account the nonparabolic  na tu re  of the bands. 
This a t t r ibute  of the valence band is included in  the 
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effective mass calculations. Contributions from scat- 
tering by acoustical and optical phonons, ionized im- 
purities, and neutral impurities were considered in the 
calculation of average relaxation time. In addition, our 
model also takes into account the erect of (h-h) scat- 
tering on both lattice and ionized impurity scattering 
relaxation times, and the effect of interband transitions 
on the acoustic phonon scattering relaxation time. 

The resistivity analysis for the boron-, gallium-, and 
indium-doped silicon samples showed agreement be- 
tween experimental and theoretical results within 10% 
over the entire range of temperature, 100 ~ T ~ 400 K. 
Note that best agreement between theory and experi- 
ment was obtained for boron-doped samples, followed 
by gallium- and indium-doped samples. This may be 
due to the fact that we neglect the compensation effect 
and the possible dependence of ionization energy on 
dopant density in the theoretical calculations for gal- 
lium- and indium-doped samples. An experimental 
estimate of degree of compensation was not made for 
any of the silicon samples studied here. Data points 
representing a resistivity-dopant density pair are esti- 
mated to have a total error of around 6%. 

A comparison between our calculated mobility values 
with those of Wagner's (7) data on boron-doped silicon 
at 300 K shows that agreement is within -+-6% for 
NA --~ 3 • 1017 cm -8. Discrepancies at higher dopant 
densities can be eliminated if the effect of deionization 
of boron impurities were included in Wagner's calcula- 
tions (7). Excellent agreement was found between our 
theoretical calculations of mobility in boron-doped 
silicon and the data of Thurber et al. (11) at 800 K. 
We have obtained excellent agreement between theo- 
retical values of resistivity and our experimental data 
for boron-, gallium-, and indium-doped silicon at 
300 K; our theoretical calculations also agreed with 
the resistivity data by Thurber et al. (11) for boron- 
doped silicon, and Wolfstirn (14) for gallium-doped 
silicon. From this study, we have found that the theo- 
retical expressions derived in this work are adequate 
for mobility and resistivity calculations for p-type sili- 
con valid for 1014 ~-~ NA -~ 1018 cm -a and 1O0 ----- T 
400 K. The work presented here may be considered as 
a further refinement and extension over that published 
recently by Li (4) for p-type silicon. 
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Alignment, and Mask Errors in IC Processing 
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ABSTRACT 

Measurement  and identification of misregistrat ion between pat terns in in-  
tegrated circuits is becoming increasingly impor tant  as finer geometry pro- 
cesses are being developed for VLSL Various forms of the St ickman resistor 
pa t t e rn  are described. These enable measurement  of the a l ignment  errors, 
mask errors, and distortions that  occur when  using any  a l ignment  apparatus. 
The properties of the different forms of St ickman resistors are compared and 
examples of applications to s tudying mask making errors, s l ice/mask dis- 
tortions, projection distortions, and process induced slice distortions are de- 
scribed. It is shown that misregistrations of 0.1 micron or even less can be 
measured and identified. Direct measurements  on simple apparatus are shown 
to be reproducible to +__0.003-micron and accuracy is est imated at 5% of the 
misregistrat ion with simple apparatus and 2% for a one micron misregistra-  
t ion if on chip measurement  of sheet resistance is made. 

Automatic  measurement  of the misregistrat ion be-  
tween pat terns in integrated circuits and identification 
of the causes are necessary to the development  of 
high packing density circuits. A resistor pat tern  for 
measur ing misregistrations automatical ly has been de- 
scribed (1) that is more accurate and sensitive than  
other methods (2-5). In  this paper three forms of the 
pa t te rn  (1), called the St ickman pat te rn  from its 
shape, are described. They enable measurement  of 
mask errors, al ignment,  and distortion in any al ign-  
ment  apparatus. 

The basic pat tern  is first out l ined and then the s tan-  
dard, small  displacement, and protected edge forms are 
described and compared. Examples of measurements  of 
mask faults and slice and image distortions are given 
to i l lustrate  the flexibility and accuracy of the methods. 

Throughout  the paper  misa l ignment  is used to de- 
scribe errors in  al igning the new pa t te rn  with the slice 
as a whole and general ly  has only one value per slice. 
There can be several values with steppers. Misregistra- 
tions refer to errors at each measurement  site in -  
cluding misal ignment .  Residual  misregistrations a r e  
the values when apparent  a l ignment  errors have been 
removed. Distortions are the misregistrat ions when  
a l ignment  and mask errors have been eliminated. 

Stickman Types 
Basic pattern.--The basic St ickman resistor pat tern  

is shown in Fig. 1. It  can be formed by  a conducting 
layer  on a mask or slice substrate or by doping in a 
silicon slice. The two resistors connected at one end a r e  
formed by two definition stages. One defines the out-  
side edges shown with a solid l ine while the inside 
edges, shown by a dotted line, are defined at the other 
stage. Misregistration leads to differences in widths 
a n d  hence to differences in resistances. It can be shown 
(1) that  the misregistration, ~x, is given by  

hx = ~ pL(RI -I -- R2 -I) 

where p is the sheet resistance, L is the resistor length, 
and R1 and R2 are the resistances. The length of the re-  
sistor and sheet resistance are scaling factors. The 
sheet resistance can be measured on van de Pauw pat -  
terns adjacent  to the St ickman pat terns and the length 
is made large. The value for hx is independent  of re-  
sistor width and so is independent  of systematic l i tho- 
graphic variations. Accuracy is bet ter  than  2% (0.02 
micron for 1 micron misregistrat ion) with typical mea-  
sur ing apparatus and linewidths.  

* Electrochemical Society Active Member. 
Key words: integrated circuits, resistivityp semiconductor. 

Devices to measure misregistrations in  X and Y di-  
rections are general ly formed at each site. A pat te rn  of 
resistors to do this is shown in Fig. 2. A constant  cur-  
rent  is passed from I to 0 and voltages across the re- 
sistors (1-2, 2-3, etc.) measured to evaluate their  re-  
sistances. 

The values can be analyzed in a computer  to pro- 
duce misregistrations and these are fur ther  analyzed 
in the computer in terms of position on the slices. 

Standard.--The two pat terns used to define resistors 
in the s tandard method are on two separate masks if 
conventional  l i thography is used. The pat terns are in -  
dicated by different cross hatching in Fig. 3. Such pat -  
terns can be included on appropriate mask levels in  
production integrated circuit processes. The s tandard 
form is therefore ideal  for moni tor ing total  misregis-  

&x 
Fig. 1. Basic resistor pattern 
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Fig. 2. Pattern with probe pads for misregistrations in both 
directions. 

trations in integrated circuit process lines and can be 
used on any aligner. 

Errors in a l ignment  can general ly be separated from 
other effects in the computer  analysis program (6) 
but  mask effects and distortions cannot necessarily be 
separated. In  principle mask errors can be checked by 
using a "low distortion" process and finding errors that 
are reproduced on several  slices. Some errors can be 
observed by this method or by s tudying the pat tern  of 
misregistrations but  it is only general ly possible if the 
errors are of the order of 0.1 ~m or greater and a 
genuine "low distortion" process can be achieved. 
Subtract ing the values of mask errors so obtained can 
allow distortion values to be derived but  again the 
accuracy is limited. 

The s tandard form can be used to assess mask makers  
directly. The two pat terns are exposed successively on 
a br ight  chrome mask and the chrome layer defined. 
The t nm film chrome resistors and the sheet resistance 
of the chrome can then be measured to give values for 
the misregistrations produced in the mask maker.  This 
method can be extremely sensitive and accurate as will  
be shown in the Results section. 

The mask stepping error can be greatly reduced by 
including both pat terns on the same mask and displac- 
ing the second mask to superimpose it. Step and repeat  
errors of t ranslat ion are v i r tua l ly  el iminated but  any 
slight rotat ion of the chip leads to errors because the 
displacement has to be hundreds  of microns to clear the 
pad areas. Also, it  is not  possible to misal ign by h u n -  
dreds of microns accurately in some aligners. The s tan-  
dard pat tern  is therefore unsui table  for accurate mea-  
surement  of distortion. 

Small displacement.~The small displacement pat-  
tern (7) was designed to el iminate mask stepping and 
some mask li thographic errors by using a single mask 
and  reducing the displacement at the second a l ignment  
to a few microns. A single pa t te rn  has only to be mis-  
aligned by about ten microns. Chip rotat ion effects are 
negligible and the displacement only has to be ac- 
curate to about 2.5 ~m. The pa t te rn  is shown in Fig. 
4. If, for example a conducting layer  is being etched, 
the myer  is n r ~  defined to leave the shaded area. At 
the second definition stage the mask is misal igned by a 
small  amount  so that  the small  square at the top right 
falls in the larger one and the layer  is redefined. The 
result ing pa t te rn  is shown in Fig. 4b, with the resistors 
ind~coted by heavy shading. 

Distortion values are the misregistrat ions with the 
misang~ment  values removed by the computer (6) as 
mask errors are vi r tual ly  eliminated. The misa l ignment  
values are not general ly meaningful  because of the spe- 
cial a l ignment  si tuation associated with the displace- 
ment. The small  displacement pat tern  cannot be used 
with most automatic aligners because of the need for a 
larger displacement to accommodate the larger auto- 
al ign mask. 

Protected edge.--A new form for measur ing distor- 
tion on an automatic al igner and for measur ing a l ign-  
ment  accurately has been developed. It  is called the 
protected edge form because there are two edge pro- 
tection masks as well as one critical mask. The critical 
mask is shown in Fig. 5a. It is designed to be like a per-  
fectly aligned final pattern.  

If a conducting layer is defined with negative resist 
the procedure is most s t raightforward because the 
layer has to remain  where either the critical mask or 

Fig. 4. Small d~tacement form 

Fig. 3. Standard two mask level form Fig. 5. Protected edge form 
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the edge protect ion mask is clear. The crit ical  mask 
and the inner  edge protect ion mask (dotted) are both 
exposed as shown for the X-di rec t ion  in Fig. 5b. The 
layer  is then etched leaving the layer  shown in Fig. 5c 
wi th  outside edges defined by the crit ical  mask. At the 
second definition step the critical mask is again ex-  
posed but  an outer edge protect ion mask is used for the 
second exposure as shown in Fig. 5d. This t ime the in-  
side edges are defined by the critical mask and so af ter  
etching the final pa t te rn  shown in Fig. 5e is obtained. 

The misregis t ra t ion so measured  is independent  of 
step and repeat  mask errors because resistor edges are 
defined by the same critical mask. The accuracy wi th  
which the resistors are  matched on the crit ical  mask 
wil l  affect these results but  this can be measured by a 
separate test in which only the crit ical  mask is exposed 
and a measurement  made. These measurements  can 
then be removed  from other results to give the t rue  
misregis t ra t ion values. The matching  on masks is often 
good enough to make  the correction unnecessary. 

The independence f rom step and repeat  errors and 
smallness of other  mask errors makes the protected edge 
form suitable for accurate measurement  of distortion. 
It is ideal  for measur ing a l ignment  as the same crit ical  
mask is used twice so that  errors be tween a l ignment  
marks  and pat terns do not affect the results. The only 
disadvantages are the more complex processing and 
somewhat  lower  sensitivity. The lower sensit ivi ty fol-  
lows from the need for the protected edge masks to pro-  
tect one edge of the resistors but  not the other. This re-  
quires the resistors to be wider. 

Comparison between diJ]erent forms.--In this section 
the different forms of St ickman pat tern  are com- 
pared. The comparison is summarized in Table I. Al l  
forms can be used with  any in tegra ted  circuit  process 
though some modifications may be necessary. 

Al ignment  apparatus can be assessed on both the 
s tandard and protected edge forms, but  in the case of 
the s tandard form mask errors may be included par-  
t icular ly  if a l ignment  markers  and mees~,reme~t pat-  
terns are separate ly  exposed. The small  displacement 
pat tern  has special a l ignment  requi rements  and so it  is 
not genera l ly  suitable. 

The s tandard form is ideal for overal l  misregis t ra-  
tion measurements ,  par t icular ly  on work  slices in 
production, and a l ignment  errors  can be  separated 
even with  the few process control sites normal ly  
present on such slices. The s tandard form is also the 
one to use for mask error  studies. This can be done us- 
ing a " low distortion" process, such as double exposure 
of a single resist  layer  to define resistors, and look-  

Table I. Main properties of different Stickman forms 

Stan- Small Protected 
dard displace- edge 

Device pattern (STD) ment (SD) (PC) 

Measured directly 
Alignment  yes yes 
Overal l  m ' s r e g i s t r a t i o n  yes 
Mask e r r o r s  yes 
Dis tor t ions  yes yes 

Fabrication 
No. exposures  2 2 4 
No. masks  2 1 3 
On w o r k  slices yes 

Typical geome~rzes 
L e n g t h  /~m 200 200 200 
A v e r a g e  wid th  /~m 3 3 6 

Sensitivity 
% difference/0.1 ~m 6.7 6.7 3.3 

L~thography 
Photo-contac t  yes yes yes 
Photo-pro jec t ion  (P-E) yes yes yes 
Au to m a t i c  s t eppe r  yes yes 
E lec t ron  image  proj .  yes yes yes 
Di rec t  slice writing yes 
X-ray yes yes 
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ing for common pat tern  of errors on different slices. 
The accuracy is then l imited by residual  distortions in-  
cluding tempera ture  effects. The assessment of mask 
makers  is best done using br ight  chrome mask layers 
to form thin film resistors af ter  double exposure. 

Distortions can be measured  accurately by the small  
displacement and protected edge forms. The former  
cannot be used with  most  automatic  aligners but  has 
the advantage of s impler  processing and higher  ac- 
curacy. 

Typical  device length is 200 microns and an average 
resistor wid th  of three microns is used to measure 
errors up to two microns. The min imum li thographic 
dimension on the mask is six microns as the resistor 
edges are defined in separate exposures. The only case 
of a comple teyes i s to r  appearing on a mask is in ~he 
protected edge critical mask when the wid th  is greater  
anyway. The greater  width reduces sensi t ivi ty f rom 
6.7% resistor difference per 0.1 ~m to 3.3% difference 
in resistance per  0.1 ~m. As misregistrat ions are de- 
creased finer geometries  can be used and sensit ivity is 
fur ther  increased. The only l imitat ion is that  the re-  
sistivity is l inear  with width and so in general  widths 
should be much greater  than conductive layer  thick-  
nesses. It is general ly  possible to measure resistor 
values to bet ter  than 1% on a normal  automatic  probe 
and measurement  apparatus if four te rminal  measure-  
ments are used. The accuracy is therefore  bet ter  than 
0.01 ~m for a 1 ~m misregistration.  In the Results section 
it is shown that  small rnisregistrations can be mea-  
sured with  a reproducibi l i ty  of an order  of magni tude  
smaller  than this. 

The different forms are suitable for different applica- 
tions but  at least one is suitable for any par t icular  mea-  
surement.  

Results 
Applications are described that  i l lustrate  the useful-  

ness of the technique in measur ing and ident ifying 
causes of misregistration.  The different forms can be 
used to study misalignments,  mask errors, and distor-  
tions. The measurement  of misa l ignment  is s t ra ight -  
forward,  as described earlier, and the applications out-  
l ined here are to the measurement  of mask errors and 
distortions. 

Mask errors.--Mask errors  have been identified by 
repet i t ion of errors on different slices (6) and by the 
pat tern  of errors (1) using the s tandard form. Dis- 
tort ion variat ions were  minimized but they do l imit  the 
accuracy. 

A bet ter  method for studying errors on mask ma-  
chines is to double define bright  chrome layers in the 
mask making machine, again using the s tandard pa t -  
terns, and measuring the thin film chrome resistors so 
formed. The technique has been applied to optical and 
electron beam mask makers.  

Rotat ional  misa l ignment  has l i t t le  meaning on mask 
makers  or on direct  slice wri ters  working f rom marker  
arrays. It  is useful in these cases to dispense with  com- 
puter  processing of data and have  direct  read-out  of 
misregistrations. A circuit  for direct reading onto a 
char t  recorder  is shown in Fig. 6. The resistors rl  and 
r2 are chosen to have the same value but  much lower  
than the St ickman resistors RL and Rm By applying 
the same circuit  and voltage V to X and Y direction de-  
vices and the outputs to an X - Y  recorder,  misregis t ra-  
t ion vectors can be drawn. The technique is also ap-  
plicable on slices to Y-misregis t ra t ions  in columns 
and X-misregis t ra t ions  in rows where  displacements 
due to rotation are v i r tua l ly  constant. The technique is 
not applicable if sheet resistance of the conducting 
layer  is var iable  or if contact resistance is large and 
variable.  

The two standard pat terns  had to be exposed con- 
secutively on a widely  used commercial  mask maker  as 
there  was no facil i ty for al igning reticles accurately  
wi th  masks. Even so some misregistrations w e r e  olo- 
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Fig. 6. Circuit for direct recording of misreglstrations 

served. The reticle contains an 8 X 8 ar ray  of devices. 
Misregistrations in  the X-direct ion for two rows of 
devices (extending in the X-direct ion)  are shown in 
Fig�9 7(a) and (b) .  There is a repeti t ive pa t te rn  every 
3.8 m m  equal to the step and repeat distance�9 Errors 
wi thin  the pat tern  (up to 0.06 #m) are due to errors or 
distortion in the reticle or rotational errors in its place- 
ment. It was made on widely used commercial equip- 
ment.  Misregistration values for each position in  a 
chip are compared to the equivalent  position in the 
first chip to evaluate step and repeat  errors. The aver-  
age values and s tandard deviations for the 16 positions 
are plotted against chip number  in Fig. 8. Reproduci-  
bil i ty over the chip is general ly  about • #m (a few 
atomic layers) showing how sensitive the technique is. 
The absolute accuracy is l imited by sheet resistance 
variations and accuracy of the voltage measur ing ap- 
paratus to about 5% of the misregistration. Step and re-  
peat  errors are less than 0.04 #m except for the re la-  
t ively large change by about  0.15 ~m around chip 7. 
This represents two ~/8 counts on the laser in terferom- 
eter (~ = 633 nm) .  The reason for the counting error  
is being investigated. 

It  is possible to position pat terns on masks with some 
more advanced mask makers  enabl ing pat terns  to be 
wr i t ten  at wel l -separated times. This gives a more 
realistic measurement  of a l ignment  be tween different 
masks or different layers in direct slice writing. Re- 
sults on an exper imental  electron beam pat te rn  gen-  
erator, with a six weeks gap be tween exposures and 
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Fig. 8. Step and repeat errors in optical mask makers 

ineorreet  ad jus tment  the second time, are shown in  
Fig. 9. The outside rectangle represents the edge of the 
chip and the vectors give errors at 16 places in the chip. 
The scale for the vectors is given at the top. The sets of 
three vectors represent  three different chips. There can 
be seen to be a general  magnification error common 
to all chips which is due to a sett ing up error, bu t  
closer inspection shows an addit ional error in  the X-d i -  
reetion. The corners of each chip are defined by mark -  
ers. The markers  in chip 3 (crosses) were read cor- 
reetly bu t  it appears that the bottom le f t -hand  marker  
in chip 1 (diamonds) which determines the origin in  
the X-direct ion was differently read on the two occa- 
sions by  about 0.08 ~m. This led to differences in  the 
X-direct ion from chip 3 on the le f t -hand  side of the 
chip bu t  improving agreement  on moving to the right. 
The same marker  was misread in chip 2 (plus signs) 
but  this t ime it was the r igh t -hand  marker  and so there 
is a magnification error causing increasing errors to the 
right of the chip. This i l lustrates how the causes even 
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Fig. 7. Misregistrations in double written mask from optical mask Fig. 9. Repetitive errors in different chips due to electron beam 
maker, machine adjustment errors. 
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of small  errors can be identified so that  steps can be 
taken to reduce them. Errors were general ly  less than 
0.1 #m when the machine was correctly adjusted (1). 

Matching of pairs of resistor pat terns  is required for 
the critical mask in  the protected edge form. If the 
critical mask alone is used to define resistors the 
matching can be investigated. Even with a mask made 
on an exper imental  pa t te rn  generator  errors were 
only  4-0.007 #m and  correction for such errors is nor -  
mal ly  unnecessary.  

Dis~or$ions.--Misregistrations caused by  lateral  dis- 
tortions can be measured with the small  displacement 
or protected edge forms. The three common causes are 
(i) mask/sl ice distortion in  the a l ignment  equipment,  
(ii) pat tern  distortion on projection, and (iii) process- 
induced slice distortion. Distortions only contr ibute  to 
misregistrat ions if they change be tween the two al ign-  
men t  stages. 

An example of mask/sl ice distortion difference is 
shown in  Fig. 10. Vectors represent ing misregistrat ions 
with a l ignment  effects removed are shown in their  
position on the slice. The misregistrat ions are due to 
thermal  expansion as the tempera ture  (6) at the two 
a l ignment  stages differed and the mask had a much 
higher tempera ture  coefficient of expansion than the  
silicon slice. The effect can be reduced in  some ad-  
vanced a l ignment  apparatus but  such expansion is still 
important�9 

One way of compensat ing for the effect in  some 
aligners is by in ten t ional  pa t te rn  distortion (8). Such 
distortion is shown in Fig. 11 where a contraction has 
been produced in ten t ional ly  on an electron image pro- 
jector. Analysis shows the contraction to be linear. On 
this machine  any  expansion can be compensated for 
automat ical ly  using signals from markers  on the slice. 

Distortion of slices by processing have also been ob- 
served. Most distortions are roughly  l inear  bu t  if 
stresses are very large nonl inear  effects can occur. An 
example is shown in  Fig. 12 where large stress was in -  
tent ional ly  produced by  a 0.14 micron thick layer  of 
silicon ni t r ide with a very th in  oxide layer  below. Such 
nonl inear  distortions have only been found in the pres- 
ence of a large densi ty of defects. 

Conclusions 
Three forms of the St ickman resistor pa t te rn  (i) the 

s tandard (ii) the small  displacement, and (iii) the pro-  
tected edge forms have been described and com- 
pared. 
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Fig. 11. Contraction of patterns in an electron image projector 

It has been shown that  al ignment,  mask errors, and 
distortions can be measured on any  al igner  using the  
appropriate form. 

Identifications of errors in  optical and electron beam 
mask makers  have been described and observations of 
s l ice/mask distortion, projection distortion, and slice 
distortion outlined. 

I t  has been shown that  sensit ivi ty and reproducibi l i ty  
are such that  misregistrat ion effects much less than  0.1 
#m can be identified and measured to reproducibi l i ty  
of +0.003 #m using simple apparatus. Accuracy of 
measurement  is l imited to about  5% of the total mis-  
registration if the simple apparatus is used but  im-  
proved to 2% for 1 micron misregistrat ion if sheet re-  
sistance is measured on each chip. 
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rl ,  r2 measurement  resistors  (12) 
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Surface Charges in a Zinc-Borosilicate 
Glass/Silicon System 
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and H. Yagi 
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ABSTRACT 

Surface  charges in a z inc-borosi l icate  g lass /s i l icon sys tem were  s tudied 
by  measur ing  capac i tance-vol tage  curves of meta l -g lass -s i l i con  capaci tors  
at  var ious  temperatures .  The capac i tance-vol tage  curves change r e m a r k a b l y  
with  measuremen t  f requency  and tempera ture .  The densi ty  of posit ive fixed 
charge decreases signif icantly wi th  increas ing glass firing t empe ra tu r e  and 
also when ni t rogen gas is added  to the  oxygen firing a tmosphere .  On the other  
hand, the  densi ty  of the  surface  s tate  is about  (2-6) • 1012 cm -2  �9 eV -1 and 
insensi t ive to glass firing conditions. The surface charge is posit ive for  n - t y p e  
si l icon and negat ive  for p - t y p e  silicon when the Fe rmi  level  is nea r  the in-  
t r insic  energy  level.  The surface charges are  reversed,  however,  when the 
Fe rmi  level  is nea r  the bandedge.  

Surface  pass ivat ion using glass powder  is effective 
for achieving good re l iab i l i ty  in h igh  vol tage  silicon 
power  devices since glass is e lec t r ica l ly  stable,  easy 
to coat as a th ick film, res is tant  to humidi ty ,  and has 
a low ion mobil i ty.  Therefore,  many  glass pass ivated  
silicon devices, such as thyr is tors ,  t ransistors ,  and d i -  
odes, have recen t ly  been developed.  

Glasses as pass ivants  for silicon devices are  classified 
roughly  into z inc-based  glass and l ead -based  glass. 
Z inc-based  glass is ve ry  s table  at  high t empe ra tu r e  and 
high electr ic  fields (1, 2), and  therefore,  is more  sui t -  
able  for achieving high re l iabi l i ty .  

I t  is necessary  to know be t te r  the  surface charge 
configuration in a glass /s i l icon sys tem in order  to de -  
sign glass pass iva ted  silicon devices accurately.  How- 
ever, not many  invest igat ions on this topic have been 
repor ted  before.  I t  is known tha t  surface charge densi ty  
changes wi th  glass firing conditions, such as firing 
t empe ra tu r e  and the content  of the ambien t  (3). Many  
surface states exis t  at  the glass/s i l icon interface  (1, 2) 
and the f la tband vol tage  is posi t ive for n - t y p e  sil icon 
and negat ive  for p - t y p e  silicon (2). 

However ,  the changes of surface charge configurat ion 
in a glass /s i l icon sys tem wi th  glass firing conditions 
have not  been studied. 

Key words: charge, films, glass. 

In this paper ,  the  var ia t ions  of fixed charge densi ty  
and surface state densi ty  wi th  glass firing condit ions 
and the conduc t iv i ty - type  of sil icon subst ra tes  are  dis-  
cussed by  measur ing  capac i tance-vol tage  (C-V) curves 
at various tempera tures .  

Experimental 
In this work,  surface charge in a glass /s i l icon sys-  

tem was measured  by  meta l -g lass -s i l i con  (MGS) ca-  
paci tors  at  various tempera tures .  This method,  as 
proposed by  Gray  and Brown (4), can separa te  the 
effects of the fixed charge in glass and  surface s ta tes  
at g lass /s i l icon interface,  on the  surface potent ia l .  
Table  I shows the proper t ies  of silicon substrates.  The 
composit ion of the glass used is: ZnO, 65 weight  pe r -  
cent ( w / o ) ;  B203, 21 w/o;  SIO2, 8.5 w/o;  PbO, 4 w/o ;  
SnO, 1 w/o;  and Sb2Oz, 0.5 w/o.  This glass has a 

Table I. Properties of silicon substrates 

Conduct ion type  N P 

Dopant  Phosphorus  Boron 
Resist ivity,  ~ . c m  9-15 8-12 
Crysta l  o r i en ta t ion  (111) (111) 
Method of p roduc t ion  CZ CZ 
Surface Mirror polish ] ~ r r o r  polish 
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softening point  of 645~ crys ta l l iza t ion  poin t  of 719~ 
and the rmal  expans ion  coefficient of 4.0 10-6/~ IVIGS 
capaci tors  were  p r e p a r e d  b y  fol lowing procedure.  The 
glass powder  was deposi ted on the silicon subs t ra te  
by  the e lec t rophore t ica l  method.  The colloidal  sus-  
pension used consisted of i sopropyl  alcohol as a sus- 
pension med ium wi th  a smal l  amount  of addi t ive  elec-  
t ro ly te  and glass powder  whose size was contro l led  b y  
decantat ion.  The glass film thickness  was control led to 
about  10 #m. The deposi ted glass powder  was fired in 
an oxygen or a n i t rogen -oxygen  (4:1) mix tu re  at  
var ious  tempera tures .  The me ta l  e lectrodes were  
fo rmed  on the glass film by  evapora t ing  a luminum.  
Capaci tance of the 1VIGS was measured  in the evacuated  
chamber  at  var ious  t empera tu res  b y  a capaci tance 
bridge.  The measuremen t  f requency  was 1 MHz unless 
o therwise  noted. 

Results and Discussion 

Ef]ects of measurement frequency and temperature 
on the C-V curves.--Figure 1 shows the effect of m e a -  
su rement  f requency  on the C-V curves for  samples  
made  wi th  the glass fired on n - t y p e  sil icon at  710~ in 
a n i t rogen-oxygen  mixed  atmosphere .  The C-V curve 
shifts to the posi t ive vol tage direct ion wi th  increas ing 
frequency.  I t  can be seen f rom this tha t  m a n y  surface 
states wi th  var ious  t ime constants  exist.  F igure  2 i l -  
lus t ra tes  the effect of measu remen t  t empe ra tu r e  on 
the C-V curves for the  same sample.  Here  the C-V 
curve shifts s ignif icantly to the negat ive  vol tage  di-  
rect ion wi th  increas ing measu remen t  t empera ture .  

C/CG 
LO0 

0.92 ginng Temp. 710~  

I N=-O= mixture 

~o.90 
[ ] p I , r" _ = i , i 

- 2 0 0  - I 0 0  0 I 0 0  2 0 0  

VG (Volt) 
Fig. 1. The effect of measuring frequency on the capacitance- 

voltage curves of the sample made with the glass fired on n-type 
silicon at 710~ in a nitrogen-oxygen mixture. 

C/CG 
1 . 0 0  

1 5 0 ~  

N~ - 0~ m i x t u r e  

0.92 
I a I n q "  n [ . . . . .  I I I 

- 2 0 0  - I 0 0  0 I 0 0  2 0 0  

VG (Volt) 
Fig. 2. The effect of measuring temperature on the capitance- 

voltage curves of the sample made with the glass fired on n-type 
silicon at 710~ in a nitrogen-oxygen mixture. 

E F -  Ei (e V) 

: : - 0 '  mix tUr :c  [ ~  ~ / ~ , , J  

m m m  J 

Firing Temp. T;  
. ,.,r & v /  

- 2 0 0  - I 0 0  0 I 0 0  2 0 0  

VFB ( V )  
Fig. 3. Flatband voltage of the samples made with the glass fired 

on n-type silicon at various conditions vs. energy level. 

This shows that  the surface s tates  a re  d i s t r ibu ted  o v e r  
a wide range of energy levels.  

ELfec~ o9 glass firing condition on surface charge 
con~guration.--Figure 3 shows f la tband vol tage  (VFB) 
of the samples  made  wi th  the glass fired on n - t y p e  
silicon at  various t empera tu res  in an oxygen  or  a 
n i t rogen-oxygen  mixed  a tmosphere  vs. energy  level  
EF --  Ei, where  EF is the Fe rmi  level  and Ei is the  
intr insic  level.  The energy  level  decreases wi th  in-  
creasing measu remen t  tempera ture .  The  f la tband vol t -  
age increases wi th  increas ing energy  level  and  the 
curves shif t  in the posi t ive vol tage  direct ion as the  
glass firing t e m p e r a t u r e  increases.  That  is, the  ne t  
surface charge densi ty  is more  nega t ive  as the  glass 
firing t empe ra tu r e  increases.  These curves are  nea r ly  
l inea r  and thei r  slopes, nea r ly  equal.  That  is, the  sur -  
face s ta te  dens i ty  is nea r ly  equal  over  a wide range  of  
energy  levels. The surface state dens i ty  for glass firing 
t empe ra tu r e  of 660~ is shown in Fig. 4, as c a l c u l a t e d  

1 0 -  

Firing Temp. 660~ 

' > 8  ID 

�9 O~ 
'Eu 6 Nz-Oa mixture / 

ffl 

z 2 

0 I I I I 

0 0.1 0.2 0.3 0.4 
Energy (eV) 

Fig. 4. Surface states density of the samples made with the glass 
fired on n-type silicon at 660~ in an oxygen or-nitrogen-oxygen 
mixture vs. energy level. 



616 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  March 1981 

from the expe r imen ta l  resul ts  given in Fig. 3. The 
surface s tate  densi ty  is (2-6) X 1012 c m-2"eV-1 .  There -  
fore, it  is fel t  that  the var ia t ion  of the f latband vol tage 
with  the glass firing t empera tu re  is due to the  fixed 
charge r a the r  than surface states. So, the  posi t ive fixed 
charges decreases as the glass firing t empera tu re  in-  
creases. The f la tband vol tage for  the  firing a tmosphere  
of a n i t rogen-oxygen  mix tu re  is l a rge r  than tha t  for 
an oxygen alone. The posi t ive fixed charge decreases 
when n i t rogen is added  to the oxygen  firifig a tmo-  
sphere.  

Ef]ect of the conductivity type of silicon substrate 
on surface charge configuration.--Figure 5 shows the 
f la tband vol tage  of the samples  made  wi th  the glass 
fired on n - t y p e  and p - t y p e  silicon vs. energy level. 
The f la tband vol tage of the  glass fired on p - t y p e  si l i -  
con decreases as the Fe rmi  level  moves closer to the 
valence band. On the o ther  hand, the f ia tband vol tage 
of the glass fired on n - t y p e  silicon shifts to the  posi t ive 
vol tage direction, as the energy level  moves closer to 
the conduction band. That  is, the f la tband vol tage of 
the glass fired on p - t y p e  silicon var ies  dif ferent ly  wi th  
measurement  t empera tu re  as compared  to tha t  of the  
glass fired on n - type  silicon. However ,  the change of 
f la tband vol tage with  energy  level  for n - t y p e  and p -  
type  sil icon a re  qua l i t a t ive ly  the same. The slopes of  
curve for n - t ype  sil icon is nea r ly  equal  to tha t  for  
p - t y p e  silicon. Saying  i t  differently,  the surface states 
are  d i s t r ibu ted  s imi la r ly  in the energy  level  of the 
conduct ion band side and the valence band side as in 
Fig. 6 calcula t ing f rom Fig. 5. Only  the  d isp lacement  
of the curve along the f la tband axis is different. F l a t -  
band vol tage for p - t y p e  sil icon a t  room t empera tu r e  is 
negat ive  and that  for  n - t y p e  sil icon is positive. These 
resul ts  agree  wi th  the resul ts  of Goodwin (2). This 
difference is considered as the difference of the sign 
of fixed charge. That  is, the fixed charge  for n - t ype  
silicon is positive, tha t  for  p - t y p e  silicon is negative.  

Conclusions 
Surface  charges in a z inc-borosi l ica te  glass/s i l icon 

system were  s tudied by  measur ing  capac i tance-vol tage  

E F - E i  ( e . V )  

Fir ing Temp. 690~ Ec -[0.4 

Ne-O= mixture I ~-0.3 ...Are 

,"/O. 2 
m "''e~ I n - type Si 

O - - "  ~0 .  I 

~I.  '~ ~ ....e 
.%'%. 

~.0~ O. 
. t  - -  p -  t y p e  Si 

e ~ " ' e ~ e  )V  -J-- 0.3 

I I L L t I i I 
-200 - I 0 0  0 I00 200 

VFB (V) 
Fig. S. Flatband voltage of the samples made with the glass 

fired on n-type or p-type silicon at 690~ in a nitrogen-oxygen 
mixture vs. energy level. 
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Fig. 6. Surface states density of the samples made with the glass 
fired on n-type or p-type silicon at 690~ in a nitrogen-oxygen 
mixture vs. energy level. 

curves of meta l -g lass -s i l i con  capaci tors  a t  var ious  
temperatures .  Capac i tance-vo l tage  curves changed re -  
m a r k a b l y  wi th  measur ing  f requency  and t empe ra tu r e  
due to the existence of many  surface states. Net  sur -  
face charge densi ty  varies wi th  glass firing conditions as 
follows. The posi t ive fixed charge  dens i ty  decreased 
r e m a r k a b l y  with  increas ing glass firing t empera tu re  
and also when n i t rogen  gas was added  to the oxygen  
firing atmosphere.  On the other  hand, surface s tate  
dens i ty  was about  (2-6) X 101~ cm2.eV -1 and ha rd ly  
changed wi th  glass firing conditions. Moreover,  the  
surface charge  was posi t ive for  n - t y p e  silicon and 
negat ive  for  p - t y p e  when the Fe rmi  level  is near  the 
intr insic  energy level. On the o ther  hand, the  surface 
charge was reversed  when the Fe rmi  level  is nea r  the 
bandedge.  
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ABSTRACT 

In integrated circuit production, tapered windows are impor tan t  for good 
step coverage of subsequent  deposited layers. We show that by implanta t ion  of 
Ar and As ions into SiO2, Si3N4, and polysilicon layers the slope angle of 
window walls can be reduced. The slope angle is determined by the ratio of 
the etch rates of the undamaged region to the damaged top region of the layer. 
Depending on ion species, ion dose, ion energy, and etching conditions we 
could achieve m i n i m u m  angles of about 10 ~ in these layers. 

In  semiconductor technology, the definition of struc- 
tures in layers of SIO2, Si3N4, or polycrystal l ine silicon 
is usual ly  made by photolithography, which is followed 
by chemical or plasma etching of the film. If the 
etched structure is coated by another  film, the step 
coverage of this second film at the windows is deter-  
mined by the wall  contour of the window. The step 
coverage is especially impor tant  with metal  layers, 
since at a steep edge the metal  is th inner  and can cause 
severe problems with rel iabi l i ty  (1). Many invest iga-  
tions have been performed to optimize step coverage 
by a proper  design of the evaporat ion equipment.  New 
evaporat ion techniques using magnet ron  sput ter ing 
have brought  a significant improvement.  The most re-  
liable method is, however, the tapering of the slope of 
window walls. 

Since all layers to be tapered are amorphous or 
polycrystall ine,  they are etched isotropically using wet 
chemical etches or s tandard  plasma etching. If the ad- 
herence of the etching mask is good, the slope of the 
window wall  wil l  reach asymptotical ly 90 ~ in  case of 
overetching (2). Shallow slopes in homogeneous films 
can be produced by lifting-off the photoresist dur ing 
the etching process. The slope angle is then determined 
by the ratio of la teral  lift-off rate to the etching rate 
of the film. However, this technique is hard to control 
and therefore the results are not  well reproducible. 

A more rel iable and very often used method is the 
reflow of phosphorus-sil icon-glass (PSG).  PSG is de- 
posited at low temperatures  from silane, oxygen, and 
phosphine in a n i t rogen atmosphere and reflowed at 
about 900~ resul t ing in very smooth window edges 
(9). Another  reliable method for tapering windows is 
the application of a two-level  structure, in which the 
top par t  of the layer  etches faster than the lower part. 
The sine of the slope angle of the lower par t  of the 
layer  is given by the ratio of the etching rates of the 
two components of the fihn. Even if the layer  is over-  
etched, this angle will have a constant  value (3). This 
sandwich structure can be achieved in two different 
ways: First, by changing the chemical compounds 
dur ing  the deposition of the layer  (e.g., CVD layers) 
(4), and second, by bombardment  of the layer with 
energetic ions which damage the surface and thus 
enhance the etching rate. 

Moline et al. (5) reported on the tapering of SiO2 
using Ar ions. North et al. (3) also used Ar ions fo 
taper PSG glass and Bell and Hoepfner (6) used Ar 
ions from an ion-etching machine for tapering SiOe 
layers. 

In this paper we report on the tapering of window 
walls in SiO2-, Si3N4-, and polysilic.on layers by ion 
implanta t ion  using argon, arsenic, and boron ions with 
subsequent  chemical or plasma etching. 

Key words: ion implantation, tapered windows, damage e n -  
h a n c e d  etching. 

Experimental Techniques 
For all experiments,  phosphorus-doped < i l l > -  

oriented silicon with a resistivity of 1-10 ~cm was used. 
For the experiments with SiO2, the silicon wafers w e r e  
oxidized at 1000" C for 1 hr in a wet oxygen atmosphere, 
forming an SiO2 layer of about 0.4 ~m. The silicon 
ni tr ide layers were deposited in an SiH4-NH3-N2 atmo- 
sphere at 800~ The film thickness was 0.4 ~m. T h e  
deposition of the polysilicon layers was done in an 
SiH~-N2 atmosphere at 700~ The 0.9 ~m thick poly- 
silicon was deposited on a thin SiO2 layer, which acted 
as an  etch stop. 

The wafers were then implan ted  with Ar-,  As-, a n d  
B-ions at energies between 50 and 200 keV and doses  
of 1012-1016 cm -~. To obtain the different implan ta t ion  
doses, a variable beam stopper was used, which m a d e  
it possible to implan t  up to six various doses on one 
wafer. Thus, all samples to be compared were pro- 
cessed in the same way during the photolithographic 
and etch processes. 

Before applying the photoresist to define the etch 
windows in SiO2 and polysilicon, the wafers w e r e  
baked in a ni t rogen atmosphere at 300~ for 30 min. 
Nevertheless, it was necessary to apply an adhesion 
promoter solution to obtain reliable results. The ni t r ide 
layers were CVD coated with a 200 nm thick oxide 
layer  in an SiH4-O2-N2 atmosphere at 450~ The 
SiO2 was etched in buffered hydrofluoric acid. T h e  
Si,~N4 was etched at 160~ in  conc I-tzPO4, using the 
SiO2 layer as a mask. The etching solution for the 
polysilicon consisted of 100 HNO3:3HF:4H~O. Besides 
these procedures, polysilicon layers were etched in 
a CF4 plasma in order to compare plasma etching with 
wet chemical etching. 

The etching times were 2-4 min  for the SIO2, 60-80 
min  for the SisN4, and 0.5-1 min  for the polysilicon 
layers. The relat ive amount  of overetching after etch- 
ing through the layer  was about 10%. After  etching, 
the samples were cleaned using organic solvents and  
then cleaved. The cross section of the window wall  
was determined using a scanning electron microscope 
(SEM). The uncer ta in ty  in the determinat ion of the 
slope angle of the window walls was __ 2 ~ The re-  
producibil i ty was also __+ 2 ~ 

Results and Discussion 
In  Fig. 1, SEM photographs are shown for typical 

etched structures in Si3N4 layers implanted with argon 
ions. For all doses shown, a reduct ion in the slope 
angle can be seen. The top layer  of 1000A shows a 
steeper slope. This can be a t t r ibuted to the thickness 
of the damaged layer, which shows a near ly  constant  
enhanced etching rate. Using lower implanta t ion  e n -  
ergies,  this effect can be reduced. 

The implanta t ion  of Si3N4 layers with As ions (80 
keV) reduced the taper angle to 11 ~ for a dose of 
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Fig. 2. Slope angles of window walls in SisN4 vs. ion dose after 
implantation with 80 keV As. 

Fig. 1. Scanning electron micrographs of wall profiles in Si3N4 
layers after Ar implantation with 50 keV and various doses: (a) no 
implantation; (b) 1 "10 I5 cm-2;  (c) 5"1015 cm-2; (d) 1 "1016 cm -2. 

10 t6 cm -2 (Fig. 2). There seems to be a saturat ion 
effect for the higher  ion doses. This saturat ion does 
not occur unti l  doses greater  than 1015 cm -2. The same 
dependence is observed for the implanta t ion of 50 keV 
Ar ions; the slope angle -decreases continuously to 14 ~ 
for the 1016 cm -2 dose. In both cases (Ar and As ions),  
there  was a step in the profile for doses greater  than 
5 X 1014 cm -2 (see Fig. 1). This step was not taken 
into consideration for the results in Fig. 2. The height  
of this step (about 0.1 ~m) should indicate the depth 
to which the enhanced etching occurs. 

In Fig. 3, the slope angles of window walls in SiO2 
after  implanta t ion with  Ar  and As ions, respectively, 
wi th  different ion doses are shown. Implant ing Ar  ions 
wi th  50 keV or As ions with 80 keV, the slope angle 
can be reduced to 11 ~ or 12 ~ , whereas  by implanta t ion  
of Ar  ions wi th  200 keV the min imum angle is about 
24 ~ In all cases there is a saturat ion effect which de- 
pends on ion dose, species, and energy. This saturat ion 
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Fig. 3. Slope angles of window walls in SiO~ vs. ion dose after 
implantation with 50 key and 200 keV Ar and 80 keV As. 

effect should be correlated with  the saturat ion of d e -  
f e c t s  produced by ion implantat ion.  The As- implanted  
samples showed a step in the window profile for doses 
grea ter  than 5 • 1013 cm -2. The height  was the same 
as for the Si3N4 layers (see above) .  In the case of Ar  
implantation, no step could be observed. 

The results of the exper iments  with polysilicon 
layers are shown in Fig. 4 and 5. These measurements  
showed no effect of the ion implanta t ion on the etch-  
ing rate  for doses up to 1018 cm-~, e.g., a steep slope 
of 80~ ~ was observed. For  ion doses greater  than 
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Fig. 4. Slope angles of window walls in polysilicon vs .  ion dose 

after implantation with S0 keV Ar and 80 keV As and chemical 
etching. 
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Fig. 5. Slope angles of window walls in polysilicon vs. ion dose 

after implantation with S0 keV and 200 keV Ar, 80 keV As and 
plasma etching. 

10 z3 cm -2 there was a reduct ion of the slope angle 
in the case of the 50 keV Ar and the 80 keV As im-  
p lanta t ion  for the chemically etched samples as welt 
as for the plasma-etched layers. The m i n i m u m  slope 
angle achieved with plasma-etched samples was 9 ~ 
(1 X 1016 As/cm 2, 80 keV),  whereas with the chemi- 
cally etched samples the angle could 0nly be decreased 
to 23 ~ (1 X 1016 cm -2, 80 keV As and 50 keV At ) .  
There is also a different behavior  in respect to the 
formation of a step in the wall  profile between the two 
sets of samples. The chemically etched samples showed 
no step, whereas for the plasma-etched samples, there 
was a step with a height of 0.1 ;~m (Ar, 50 keV) or 
0.2 ~m (As, 80 keV) for doses greater  than 5 X 1014 
cm -2. The implanta t ion  of Ar with 200 keV in  poly- 
silicon layers only had an influence on the slope angle 
for ion doses greater  than  1 X 1014 cm -2. The slope 
angle of these 200 keV samples could only be measured 
in the case of plasma etching because of the steep 
overhanging step in the case of chemical etching. The 
height of this step was about  0.25 ~m. This step can 
be explained by a lower etch rate at the surface, since 
the damage is produced predominant ly  in a deeper 
region. The plasma-etched samples showed only a step 
for the 1016 cm -2 implanta t ion;  the height was as 
above. 

The implanta t ion  of B ions wi th  60 k e y  in SiO2 and  
polysilicon layers gave no rel iable results. At the higher 
ion doses (1015-1016 cm -2) a taper angle of about 40 ~ 
could be observed but  the reproducibi l i ty  was only 
___ 10 ~ Most of the samples also showed a high step of 
about 0.3/~m in the wall  profile, due to the large range 
of the ions. 

All  layers (SIO2, SisN4, poly-Si)  showed the forma-  
tion of a step profile for some implanta t ion  conditions 
such as high ion energy or high ion doses. The height 
of this steeper step on top of the layers was general ly 
greater than  the range of the implanted  ions, and es- 
pecially greater  than the range  of the damage created 

dur ing the ion bombardment .  Usually, the height of 
this step is about 0.05 to 0.1 ~m more than the projected 
range of the ions. A possible explanat ion is that there 
exists a t ransi t ion region with the above thickness, in 
which the steep slope at the surface is passed into the 
reduced slope (which is determined by the ratio of 
the etching rates of the damaged to the undamaged 
region).  This observation should be taken into account 
if one adjusts the ion energy for tapering window walls. 
Moreover, one should take into consideration that  any  
anneal ing  of the implanta t ion  damage could change 
the slope angle of the wall  profile. Such an anneal ing  
can occur not only dur ing technological processes at 
low temperatures,  bu t  also a l ready dur ing the im-  
planta t ion process due to s~bstrate heat ing (7, 8). 

Conclusion 
We have shown that  in SiO2, SigN4, and polysilicon 

layers, the slope angle of window walls can be tapered 
by ion implantat ion.  The slope angle depends on ion 
species, ion dose, and ion energy. The m i n i m u m  angles 
achieved here were about  10 ~ e.g., the etch rate of 
the damaged surface region showed a ma x i mum en-  
hancement  of about 6 by ion implantat ion.  The ob- 
served step in  the profile can be reduced by reducing 
the ion energy. The reduct ion of the energy at lower 
ion doses gives the same slope angle as with the higher 
energy. 
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Neutron Activation Study of a Gettering Treatment for 
Czochralski Silicon Substrates 
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ABSTRACT 

A pre-process get tering t rea tment  is described for Czochralski silicon sub-  
strates which removes essentially any t ransi t ion group metal  contaminants  
present  in  the wafer and continues to getter contaminants  during subsequent  
device processing. Laser induced damage (LID) on the back surface of the 
wafer, a modified high temperature  HCI t reatment ,  and formation of oxygen 
precipitates in  the bulk of the wafer only, are used as a three-step gettering 
process. Neutron activation analysis (NAA) was used to monitor  the gettering 
behavior of each individual  contaminant  species and shows t h a t  the combined 
t rea tment  is indeed near ly  100% effective in removing impurities,  both 
from start ing substrates and from processed wafers. Removal  of impuri t ies  
from the star t ing substrates is impor tan t  in order to prevent  the formation of 
oxidation induced stacking faults (OSF),  which are nucleated by impuri t ies  
and then become decorated with impuri t ies  making them much harder  
to getter  ( i ) .  Holdtime performance of 4K and 16K dynamic RAM's fabri-  
cated on substrates treated in this m a n n e r  served to evaluate  the effectiveness 
of the treatment.  Significant improvement  can be achieved for bulk  substrates. 
However, the performance of epitaxial  silicon on low resistivity substrates 
cannot  be matched since the low resistivity substrate in the EPI case addi- 
t ional ly suppresses the minor i ty  carrier diffusion current  from the bulk  of the 
wafer. The individual  steps of the t rea tment  are: (i) produce laser induced 
damage on the back surface of the wafers by means of powerful, par t ia l ly  
overlapping laser pulses; (ii) ramp from 950 ~ to 1250~ in 0.5% 02, 0.5% HC1, 
balance argon; (iii) oxidize at 1250~ for 8 hr  in dry O2 + 0.5% IIC1, then 
ramp down to 950~ Keeping the oxygen concentrat ion to 0.5% dur ing step 
(ii) is impor tant  to prevent  formation of a thick oxide film dur ing  this step. 
The long oxidation at 1250~ both depletes inters t i t ia l  oxygen at the Si surface, 
thus prevent ing  formation of OSF, and causes formation of oxygen precipitates 
in the bulk  if the ini t ial  Oi concentrat ion is high enough. Oxygen precipitates 
in the bu lk  are a valuable means of gettering. 

The det r imenta l  effect of t ransi t ion group metal  im-  
purit ies on device performance is well documented, 
both through the formation of microdefects in the sili- 
con lattice dur ing high temperature  t reatments  and 
through their  action as regenera t ion-recombinat ion  
centers. The microdefects are in fact decorated by im-  
pur i ty  precipitates. Impuri t ies  located at the surface 
are implicated in  the formation of oxidat ion- induced 
stacking faults. Careful cleaning, prior to oxidation is 
a necessary bu t  often insufficient condition for avoid- 
ing the OSF. The device sensit ivi ty to t ransi t ion group 
metal  contaminat ion depends on the required per-  
formance of the device and on the process technology 
used. 

Metal impuri t ies  can be "gettered" from the bu lk  of 
the silicon by a var ie ty  of means, such as volati l ization 
as chlorides dur ing hea t - t rea tment  in Cl-containing 
ambients,  diffusion into regions of enhanced metal  
solubil i ty ( N +  or P +  regions),  or precipitat ion at de- 
l iberately  introduced crystal defects. A number  of 
techniques have been used for the controlled in t roduc-  
t ion of such crystal defects, such as ion implanta t ion  
damage, s t ress- inducing surface films, surface abrasion, 
and oxygen precipitates, to which now is being added 
lattice damage from laser pulses of sufficient power to 
cause local mel t ing of the silicon. The wavelength em- 
ployed determines the distance over which the energy 
is absorbed by the silicon, and hence the depth of 
damage introduced. All  of the la t t ice-damage- type 
gettering procedures require that the damaged region 
be located remote from the device areas; usual ly  the 

* Electrochemical Society Active Member. 
Key words: gettering, HC1, laser damage, silicon defects. 

back side of the wafer is used for this purpose ( e x c e p t  
in certain ion implanta t ion  applications) (2). The 
metal  impuri t ies  are then made to diffuse into the 
deliberately damaged regions dur ing a high tempera-  
ture t reatment ,  where they are held quite tenaciously 
and are not then involved in space charge leakage 
currents,  provided the lattice damage survives the 
subsequent  heat- t reatments .  

Getter ing by oxygen precipitates poses certain prob- 
lems of its own. Oxygen is a regular  un in ten t iona l  
dopant in Czochralski grown silicon, though the level 
of oxygen concentrat ion depends on several factors, 
such as rotat ional  speed dur ing crystal growth (3), 
ingot diameter, distance from the seed end, etc. If the  
oxygen concentrat ion is high enough for precipitat ion 
of oxygen to occur dur ing  heat- t reatments ,  then pre-  
cipitates can form in the device areas, giving rise to 
microdefects and deteriorat ion of device performance. 
On the other hand, oxygen precipitates are a valuable  
means of gettering. Their  presence is thus desirable, 
but  only in the bulk  of the silicon, not in the device 
areas near  the front  surface of the wafer. The means 
of achieving this oxygen dis tr ibut ion was previously 
(4) described; it requires a prolonged hea t - t rea tment  

in oxygen at 1250~ 
Getter ing t reatments  are usual ly  applied fair ly well 

into the processing sequence, often as one of the last 
high temperature  treatments.  At this stage, however, 
the original crystal perfection of the surface-near  
layers of the wafer may already have been degraded, 
and impuri t ies  are precipitated at lattice defects where 
they are difficult to getter. In  a way, the get tering 
t rea tment  is being applied too late. Table I s h o w s  h o w  
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inefficient N ~  diffusion gettering from the back surface 
can sometimes be at this stage. In  this example, a 4K 
dynamic RAM wafer  pulled from the processing se- 
quence, the gold contaminat ion was reduced signifi- 
cantly, but  the copper contaminat ion remained high; 
the inverse occurs just  as frequently,  sometimes even 
both Au and Cu remain  high. 

Gettering studies in the past have mostly utilized 
device performance after the gettering step as the 
main  diagnostic criterion. However, no detailed infor-  
mat ion about the concentrat ions of the different con- 
t aminan t  species present  in the device regions of silicon 
wafers before and after  the gettering step can be 
obtained in this way. In view of the exceedingly small  
amounts  of contaminants  already sufficient to degrade 
device performance, only neut ron  activation analysis 
has the necessary sensit ivi ty to produce such informa-  
tion. NAA has therefore been applied throughout  this 
study and has given firm quant i ta t ive  results. Device 
performance after get tering confirmed the predictions 
based on NAA and expected from general  principles. 
Systematic NAA is also a valuable  and versatile method 
of process control. 

Table II i l lustrates the correlation between level of 
contaminat ion and generat ion lifetime or device hold- 
time. Concentrat ions of more than a few times 1012 
atoms of Cu or Au per 3 in. silicon wafers are definitely 
to be avoided. While Cu and Au are among the most 
deleterious contaminants,  other t ransi t ion group metals 
also give rise to deep lying recombinat ion-genera t ion 
levels in  silicon and can be equal ly detr imental .  The 
concentrat ion at which a given impur i ty  species begins 
to cause trouble is a complex function of its capture 
cross sections for electrons and holes, its solubil i ty and 
diffusivity, etc. However, one may  expect that  these 
concentrations will be higher than for Cu or Au. 

The ideal gettering t rea tment  for t ransi t ion group 
metals in silicon should accomplish the following ob- 
jectives: 

1. It  should remove det r imenta l  impurit ies from the 
surface-near  layers of the silicon wafer prior to the 
first high temperature  oxidation step while ma in ta in -  
ing the perfection of the silicon lattice near  the surface 
where devices will  be located. 

2. It  should continue to exert  a get tering action 
throughout  the device fabrication process, i.e., the get- 
ter ing mechanism must  be able to survive prolonged 
high tempera ture  treatments.  

3. In particular,  it must  prevent  impuri t ies  in t ro-  
duced into the silicon dur ing later  steps of device fab-  
r ication from becoming lodged at crystal defects near  

Table I. Gettering of impurities by N + diffusion on back surface 
of processed bulk silicon wafers. (A 4K dynamic RAM wafer pulled 

from processing sequence.) 

Cu (atoms Au (atoms 
era-2) cm-~) 

After phosphorus diffusion 3.8E12 
After removal of N+ region 

and P-glass by etching 2.6E12 

6.2E12 

1.8Ell 

Table II. Correlation between copper and gold contamination and 
generation lifetime or device holdtimc 

Impurity concentration per 3 in. diam wafer  

MOS wafers  

Mos generat ion 
lifetime 100 ~sec 2.0 ~sec 

Copper --  5.0E14 
Gold 2.5Ell 3.1E12 

4K dynamic RAM's on bulk sil icon 

Holdt ime at room 
temperature  100 sec 3 sec  0.8 sec 

Copper 1.0El2 6.8E13 2.5E14 
Gold 1.7E12 8.2E12 7.3E13 

the sensitive front  surface, in  other words, it m u s t  
prevent  formation of oxidat ion- induced stacking faults  
throughout  the device fabricat ion process. 

These objectives can be achieved by a 3-step getter-  
ing process which consists of the following steps: 

1. Applying laser induced damage (LID) to the 
back surface of the silicon wafers. The resul t ing dam- 
age is so severe that it survives essentially any an-  
neal ing steps without  losing its get tering ability, a s  
demonstrated in separate experiments  (5). 

2. A high temperature  HC1 t rea tment  in the presence 
of only a trace of oxygen. Some oxygen is necessary 
to prevent  attack on the silicon, bu t  higher concen- 
trations of oxygen would cause growth of a thick 
(~1000A) oxide film; this impedes the outdiffusion o f  
many  transi t ion group elements which therefore can- 
not react with and be t ransported away by  the chlorine. 
Gold and the p la t inum group metals cannot be get- 
tered by the HC1 t rea tment  because of the thermo- 
dynamic instabi l i ty  of their chlorides at high tempera-  
tures. For the gettering of these elements, a solid-state 
s ink (LID layer, oxygen precipitates, or N-~ diffused 
layers) is thus indispensable. 

3. Depletion of interst i t ial  oxygen (Oi) in  the sur-  
face-near  layers of the silicon wafers to a depth o f  
about 120 microns by means of a high temperature  
annea l  in oxygen (4). Format ion of a thick oxide film 
eventual ly  starves the Si/SiO2 interface of oxygen from 
the gas phase (parabolic rate law),  so that  apparent ly  
the interst i t ial  oxygen near  the silicon/SiO2 interface 
is consumed by this reaction. This depletion of oxygen 
in the surface-near  layers has been proved both by 
charged particle activation analysis (160(3He, xp)FlS; 
work performed for Bell Labs at the Texas A&M Uni-  
versity, Center for Trace Characterizat ion),  and by 
microscopic examinat ion  in conjunct ion with cleavage 
and Secco-etch studies. 

We have chosen 450 rain at 1250~ in dry 02 -~ 0.5% 
HC1 for this step. In  silicon wafers with an ini t ial  (Oi) 
content  of more than about 30 ppm, 1 this t rea tment  
also results in the simultaneous precipitat ion of oxy- 
gen-sil icon complexes in the bulk, bu t  not in  the sur-  
face-near  layers of the wafers. These precipitates then 
become sinks for impurit ies introduced via the front  
surface during device processing. On silicon wafers with 
less than  about 30 ppm (Oi) such precipitates cannot  
form and here the LID layer  on the back surface con- 
t inues to exert  its gettering action. This is an im-  
portant  point  because the interst i t ial  oxygen concen- 
t rat ion on some ingots can be less than 30 ppm and can 
also be nonuniform, so that  even an average oxygen 
content  above 30 ppm does not really guarantee forma-  
t ion of oxygen precipitates forming a continuous sheet 
in the bulk  of any given wafer. This is par t icular ly  
true of the bu t t  end of an ingot. The thick oxide film 
grown dur ing the 1250~ annea l  can also be used a s  t h e  
init ial  oxide for device fabrication. 

Experimental  
Materials preparation.--All  of the silicon wafers 

were cut from Czochralski boron-doped (10O) oriented 
ingots of 3 in. diam and a fair ly  high o x y g e n  c o n t e n t  
(~35 ppm).  The resistivity ranged from 5.5-9.3 ~l-cm, 
and nominal  thickness of the finished substrates w a s  
20 mils. They were chem-etched on both sides a n d  
polished on one. Their  back surfaces were subjected 
to laser damage as detailed in Table III. Prio~ to u s e  
they were again cleaned in hot ammonium hydroxide-  
hydrogen peroxide solution. 

In  many  experiments  previously oxidized and t h e n  
neut ron  activated wafers were used for i n v e s t i g a t i o n  
of the three separate gettering mechanisms (HC1, LID, 
layer, oxygen precipitates).  The act ivi ty of these 
samples had decayed to essentially zero over periods o f  

1 The infrared oxygen  concentrat ion determinat ion is  based on 
ASTM F-121-79 "Interstit ial  atomic oxygen  content  of si l icon by  
infrared absorption." 
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Table III. Details of laser treatment used 

L a s e r  t y p e  
D l s l o c a t o n  d e n s i t y  p r o d u c e d  
P r o p a g a t i o n  d i s t a n c e  a f t e r  a 

1100~ 1 h r  o x i d a t i o n  
L a s e r  r e p e t i t i o n  r a t e  
M a c h i n e d  s p o t  d i a m e t e r  
S p o t  o v e r l a p  

N D  : Y A G ,  8W-Cw,  T E M o o  
3e~ , /mm ( c o u n t e d  a l o n g  a 

c l e a v a g e  f a c e )  
50 m i c r o n s  
20 k H z  
45 m i c r o n s  
30% 

many  months of storage, but  their  impur i ty  contents 
were accurately known from the previous NAA re-  
suits. These wafers, of course, contain in i t ia l ly  very  
severe lattice damage from the previous neut ron  ac- 
t ivation step. Some but  not all of this damage can be 
annealed out. [During our neut ron  irradiation,  fast neu-  
trons with energies above 1 MeV were present  a s  

well, at a concentrat ion of about  10% of the thermal  
neutrons. While fast neutrons do not contribute to the 
activity of isotopes formed by (n,gamma) reactions, 
they cause most of the lattice damage; this severe dam- 
age, in  conjunct ion with appreciable contamination,  
makes complete anneal ing of lattice defects very dif- 
ficult.] These wafers are therefore especially difficult 
to getter, and results obtained on them represent  "worst 
possible cases." 

High temperature treatments .--Table IV summarizes 
the separate steps of the c leaning-get ter ing-oxidiz ing 
treatment.  Step 2 details the HC1 cleaning and get ter-  
ing during r amp-up  from 950 ~ to 1250~ step 3 the 
1250~ anneal  in dry 02 -{- 0.5% HC1. Neither the oxy- 
gen nor the HC1 concentrat ion is very critical; in fact, 
it is quite difficult to main ta in  a flow rate of exactly 
0.5%. However, the oxygen concentration, on the one 
hand, should be kept to the level necessary to pre-  
vent  pi t t ing of the silicon surface, but, on the other, 
should be low enough that not more thon 100-200A of 
oxide will grow dur ing step 2. The HC1 concentration, 
on the one hand, should be kept high enough to re-  
move contaminants  from the silicon as chlorides and to 
prevent  indiffusion of addit ional impurit ies dur ing the 
8 hr 1250~ anneal  in dry O2, but, on the other hand, 
must  be low enough to avoid any trouble due to phase 
segregation at the Si/SiO2 interface (6). Throughout  
this work we have not observed troubles nei ther  due to 
phase segregation, nor  due to penetra t ion of dislo- 
cations from the LID layer to the front  surface, how- 
ever, these are potential  difficulties one has to watch 
for. 

Neutron activation and anMysis.--Many of the t ransi-  
tion group metals, especially those of the stainless 
steel family, produce only very long-l ived radioisotopes 
under  neut ron  bombardment .  In order to have sufficient 
sensit ivi ty for these elements at the concentrat ion 
levels at which they can be det r imenta l  in silicon, 
long i r radiat ion and long spectrum acquisition times 
are required (the saturat ion factor of the activity 
reached dtlring neut ron  irradiat ion is given by S = 
1 -- e--lnf"T,~,'/T~/~, where Tirr is the time in the re-  
actor, and T1/~ the half-l ife of any given isotope, both 
measured in the same time units. It is obvious that  S 
will remain very small  if T~#T1/2 is a small  quant i ty) .  
Samples were therefore rout inely  i r radiated for 120 
hr at core face of the Union Carbide Research Reactor 
at Tuxedo, New York 10987; the flux at this position 
is approximately 7E12 thermal  neutrons  cm -2 sec -1 
(averaged over the diameter  of a 3 in. wafer),  with an 
epi thermal  component  of about 3%. Fur ther  details are 
given in the preceding paper  by Schmidt and Pearce. 
(7). 

Table IV. Details of getterlng procedure 

1. S u b j e c t  b a c k  surface  to laser- induced d a m a g e  ( L I D ) .  
2. R a m v  u p  f r o m  950" to  1250~ o v e r  a p e r i o d  o f  a b o u t  20 r a i n  in  

a m i x t u r e  of  0.5-1% Oe, 0.5-1% HC1, b a l a n c e  a r g o n .  
3. A t  1250~ s u b s t i t u t e  d r y  O~ for  the  a r g o n ,  b u t  k e e p  HC1 f low- 

i n g ;  k e e p  a t  1250~ for  about 8 h r .  R a m p  d o w n  to  950~ in  
the  same  ambient .  

After cleaning, wafers were measured for 18 hr in 
close proximity to the end cap of a 46 cm ~, closed-one- 
end coaxial l i t t f ium-drif ted detector, connected via a 
spectroscopy amplifier and ADC to a computerized 4096 
channel  analyzer. The measur ing system and the con- 
centrat ion evaluat ion have been described in  Ref. (8). 
It should perhaps be pointed out that  the volume of 
data generated by this study as well  as by  continual  
production control was so large that it could not have 
been handled readily by conventional  neu t ron  activa- 
tion analysis in which a s tandard for each element  to 
be determined is co-irradiated with the unknown  sam- 
ples. The Absolute Counting method of analysis does 
not require such standards and is consequently much 
faster. It is also described in Ref. (8). 

Distr ibution of impurit ies between the silicon wafer 
and the LID layer  were determined by measur ing the 
same wafer before and after etch-off of the LID layer 
in 5 parts nitric, 3 parts hydrofluoric, 3 parts acetic acid 
mixture.  The acid etch was always followed by a 
double clean in hot HC1-H~O~ solution to remove 
chemisorbed impuri t ies  from the silicon surface; wi th-  
out this precaution, especially gold determinat ion can 
give completely misleading results. 

Device fabrication.--4K and 16K dynamic memory 
devices were fabricated on substrates of the description 
given under  "Materials preparation." Half of the wafers 
received the laser t rea tment  only, the other half  re-  
ceived LID plus the "full t rea tment  'm (see Table IV) 
prior to being fed into the normal  device fabrication 
process. Split  lots of the normal  production served as 
controls. In the case of 4K dynamic RAM's, comparison 
was made between the performance of devices on un-  
treated bulk  substrates and on bulk  substrates having 
undergone the procedures of Table IV described be-  
fore. In the case of 16K dynamic RAM's, a comparison 
was also made between the performance of devices on 
gettered bulk substrates and on epitaxial  silicon on 
highly doped but  nonget tered subs(rates. 

Results 
Table V shows impur i ty  concentrations on two 

start ing substrates of good crystal qual i ty before and 
after removal  by etching of the LID layer. Only a few 
impurit ies show up, and their concentration, with the 
exception of gold, is very low. This is a consequence 
either of the purity of the starting material or of the 
gettering by the HCI treatment. Removal of the LID 
layer then eliminates the remaining impurities.S 

T~e ~it-a~ion changes drastically if previously oxi- 
dized and then neutron activated substrates are used 
for the experiment as shown in Table VI. As shown in 
a compamon paper (7), oxidation in steam or in 
dry oxygen without  HC1 leads to a strong contamina-  
tion n~ t~e oDicon. Tbe~e impurit ies are t ightly held at 
crystal defects produced by  the oxidation and by the 
neut ron  irradiat ion and mostly refuse to be gettered 
into the LID layer. Note, in particular,  the very high 

2 B y  " f u l l  t r e a t m e n t "  w e  m e a n  L I D  + 0.5% HC1-0,5% 02 r a m p - u p  
in  a r g o n  + 8 h r  h e a t - t r e a t m e n t  a t  1250~ in  d r y  o x y g e n .  

T h e  h i g h  temoerature t r e a t m e n t s  W e r e  p e r f o r m e d  in  a furnace  
I o c a t e d  in  a l a b o r a t o r y  o t h e r w i s e  e n g a g e d  i n  g o l d  m e t a l l u r g y  on 
s i l i con .  A s  a c o n s e q u e n c e ,  c o n t a m i n a t i o n  w i t h  s m a l l  a m o u n t s  of  
g o l d  w a s  v e r y  d i f f i cu l t  to  avoid. 

Table V. Effectiveness of "full LID treatment" an starting 
substrates of good lattice perfection. Wafers activated after LID 

treatment. 

Cu Cr Fe Co Ni Au 

B e f o r e  r e m o v a l  o f  L I D  l a y e r  * * * 1 . 8 E l l  6.9E13 6 . 9 E l l  
A f t e r  r e m o v a l  o f  L I D  l a y e r  * * * - -  ~ 3 . f fEl l  
B e f o r e  r e m o v a l  o f  L I D  l a y e r  * * * * 8.4E13 1..qEll 
A f t e r  r e m o v a l  o f  L I D  l a y e r  * * * * ~ 1.3El0 

�9 T h e s e  i m p u r i t i e s  already g e t t e r e d  b y  t h e  HC1 s t e p  of  the  
" f u l l  t r ea tment ."  
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Table Yl. Relative inefficiency of LID gettering if the HCI treatment is omitted on silicon 
wafers with strong lattice damage from previous neutron activation 
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Cu Cr Fe Co Ni Au Ta 

Before removing LID layer 3.9E14 7.3E14 
After removing LID layer 1.0E14 6.1E12 
Before removing LID layer 2.8E14 3.6E13 
After removing LID layer 2.5E14 --  

6.9E15 2.7E13 5.6E14 1.1E12 2.7E12 
8.9E12 2.7E14 3.1E10 1.0E12 

1.2E15 1.1El3 2.3E14 9.0Ell 1.1El2 
3.0E14 6.6E12 1.2E14 9.0Ell 8.0Ell 

remaining  copper concentration, a consequence of the 
omission of the HC1 get ter ing step in this exper iment .  

Table VII  shows that the combination of get ter ing 
by HC1 and LID layer  is capable of extract ing the im-  
puri t ies  even f rom a severely  damaged silicon lattice. 
Only the gold concentrat ion remained  unchanged. As 
pointed out in footnot.e 3, we cannot be sure in the case 
of gold that  we are not looking at an accidental  re -  
contaminat ion af ter  the high tempera ture  t reatment .  
Combining the informat ion of Table VI and VII leads 
to an interes t ing conclusion. If deplet ing impuri t ies  at 
the s i l icon/ambient  interface were  the only function 
of the HC1 at high temperature ,  i . e . ,  providing a con- 
centrat ion gradient,  then one would expect  that  the 
concentrat ion gradient  provided by the LID layer  
should also suffice to a t t ract  impuri t ies  into the LID 
layer  (case of Table V) ;  this, however,  essential ly 
does not happen in the absence of HC1. 

In the presence of HC1, however ,  impuri t ies  do dif-  
fuse into the LID layer  and remain  there, at least in 
part, in spite of the  presence of the HC1. It  appears 
that  the impuri t ies  in the silicon are mobil ized in the 
presence of HC1 in a high t empera tu re  ambient.  

It  is genera l ly  considered that  chlorine (the act ive 
species resul t ing f rom the interact ion of HC1 with oxy-  
gen) does not penet ra te  into the silicon. Neutron acti-  
vat ion studies on silicon wafers  oxidized in dry oxygen 
-}- 1% HC1 at 1150~ have  indeed shown that  essential ly 
all of the chlorine present  on the sample is contained 
in the oxide film near  the SiO2/Si interface, and dis- 
appears f rom the sample upon etching in HF. 4 This re -  
sult, however,  was obtained on wafers  cooled down to 
room tempera ture  af ter  the oxidation in dry O~ ~- 1% 

P. F. Schmidt, unpublished work. 

Table VII. Effectiveness of "full LID treatment" including HCI 
step on previously neutron activated wafers containing strong 

lattice damage 

Cu Cr Fe Co Ni Au 

Before removing 2,(~E13 5.3E12 ~ 8.0Ell 2.0E14 1.0El2 
LID layer 

After removing . . . . .  1.0E12 
LID layer 

* Iron completely removed, concentration of other impurities de- 
creased by the ramp-up 950~176 in 0.5% HC1-0.5% 02. 

HC1 and does not give informat ion about  the presence 
of chlorine in the silicon at the high tempera ture .  

All  observed facts would find a logical explanat ion 
if chlorine is indeed to some ex ten t  soluble in silicon at 
high temperature ,  but  is expel led f rom the crystal  dur-  
ing cool-down due to a strong re t rograde  solubil i ty as 
a function of temperature .  

The effect of oxide films on suppressing the out-  
diffusion of certain impuri t ies  during the 950~176 
r amp-up  in 0.5% HC1 (no LID get ter ing)  is shown in 
Table VIII. Only copper is always get tered under  
these circumstances. The get terabi l i ty  of Fe and of Cr 
depends on their  location: if contained in the oxide film 
itself (probably even in the outer  layers of the oxide 
film) they are quant i ta t ive ly  removed. But if contained 
in the silicon substrate, they are not. This effect is 
discussed in a companion paper  (7). Co and Ni a r e  
very  difficult to get ter  f rom a damaged Si latt ice in 
the presence of an oxide film. Data on gold have been 
omit ted in this table since gold cannot be get tered by 
high tempera ture  HC1 t rea tment  due to the the rmody-  
namic instabil i ty of its chloride. The convent ional  "dry  
oxygen ~- 1% HCI" t r ea tment  at 1000~176 is thus 
not real ly  a get ter ing t reatment .  It  keeps addit ional  im-  
purit ies from gett ing into the silicon, but  the concen- 
t rat ion of impuri t ies  a l ready in the silicon, wi th  t h e  
exception only of copper, wil l  not  be s t rongly decreased 
by this t reatment .  

Oxygen precipitates forming in the bulk of the sili-  
con wafer  wil l  eventua l ly  compete with the LID layer  
for the avai lable impurities.  Thus removing a LID layer  
f rom the wafer  which has seen the 1250~ anneal  in 
oxygen ~0.5% HC1 will  resul t  in a wafe r  which ap-  
pears to be sl ightly more contaminated than a wafer  
which was mere ly  subjected to the r a m p - u p - a n d - d o w n  
in 0.5% each of O2 and HC1, balance argon, wi th  the 
LID layer  in place. However,  the impuri t ies  remaining  
on the wafer  are tied down in oxygen precipitates and 
are not located near  the surface of the wafer.  

A comparison be tween  device per formance  on get-  
tered v s .  nonget tered bulk substrates, and also be tween  
get tered bulk substrates v s .  epi on low resis t ivi ty  
p- type  substrates, is given in Table IX in terms of the 
ratio of the percentage of devices fail ing the 4.4 msec 
Holdt ime test. The get tered bulk substrates ou tper form 
the nonget tered bulk substrates significantly, but  t h e  
devices made on epi taxia l  silicon also outperform t h e  
devices on get tered bulk substrates by a similar  margin.  

Table VIII .  High temperature HCI gettering of impurities from oxidized silicon wafers containing 
strong lattice damage from previous neutron activation step. 20 min in 0.5% HCI at 950~176 

Cu Cr Fe Co Ni 

Other thickness  
10,800A Before HC1 treatment 5.7E14 2.2E14 9.7E14 8.1E12 6.7E14 

After HC1 treatment 2.0E13 + ~.1E12 6.0E14 
8500A Before HCI treatment 6.5-E14 8.8E13 3.9E14 5.0E12 4.6E14 

After HC1 treatment --  1.0El3 --  5.0E12 4.1E14 

Cu Cr Fe Co Ni 

Oxide thickness  
1000A Before HC1 treatment 2.4E16 1.6E13 3.9E14 + 9.1E13 

After HCI treatment 1.3E13 -- --  5.0E12 
Initially bare Before HC1 treatment 1.~13 1.4E14 9.6E14 Z.SE12 1.1El4 
2~)0A grown during 

HC1 treatment After HCI treatment -- -- --  1.8E12 5.7E13 
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Table IX. Improvement of hold time by pre-gettering 
of substrates 

D y n a m i c  RAM's on bulk Czochralksi silicon 

Ratio % of device failing 4.4 millisecond test (at 90~ 

Non-gettered 
4K Dynamic RAM, lot 819 3.28 

Gettered 
Non-gettered 

= 1.91 
Gettered 

Non-gettered 
= 1.57 

Gettered 
Gettered bulk substrates 

4K Dynamic RAM, lot 7228 

16K Dynamic RAM, lot 1044 

16K Dynamic RAM's, lot 1044 
and devices made on e p i  o n  
low resistivity s u b s t r a t e s  Epi on low resistivity p-type 

2.52 

This is a consequence of the suppression of the  minor i ty  
car r ie r  diffusion cur ren t  f rom the bu lk  of the  wafer  by  
the low res is t iv i ty  epi substrates .  This component  of the 
leakage  current  is especia l ly  significant at  e leva ted  
t empera tu res  (9). Suppress ion of the diffusion compo- 
nent  of the leakage  cur ren t  on bu lk  silicon can also 
be achieved by  bur ied  isolat ion diffusions. 

Conclusions 
The t r ea tmen t  descr ibed removes  essent ia l ly  any  

t rans i t ion  group metals  f rom the front  su r face -nea r  
layers  of the silicon, thus prevent ing  fo rmat ion  of 
OSF, and resul t ing  in improved  holdt ime per formance  
of devices p r epa red  on bu lk  Czochralski  subs t ra tes  
ge t te red  in this manner .  However ,  the  pe r fo rmance  of 
devices fabr ica ted  on epi tax ia l  silicon on low res is t iv-  
i ty  subs t ra tes  cannot  be matched  since the  low re -  
s is t ivi ty  subs t ra tes  suppress  the  minor i ty  ca r r i e r  d i f -  
fusion cur ren t  f rom the bu lk  of  the wafer.  

To our knowledge  this is the first de l ibera te  ge t ter ing  
approach  in which the get ter ing  act ion continues 

throughout  the  device fabr icat ion process and is not  
e l imina ted  by  high t empera tu re  t rea tments .  

High t empera tu re  HC1 get ter ing in the  presence of 
only a ve ry  thin oxide film has been  shown to be  a 
much more  effective means  of removing  t rans i t ion  
group meta ls  than  is the convent ional  "d ry  oxygen -~ 
1% HCI" t rea tment .  

Manuscr ip t  submi t t ed  Apr i l  14, 1980; revised m a n u -  
script  received J u l y  31, 1980. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1981 
JOURNAL. Al l  discussions for  the  December  1981 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs o~ this article were assisted by Bell 
Laboratories. 
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AES Investigation of the Chemical Structure of 
Plasma-Deposited Silicon Nitride 

H. H. Madden 
Sandia Laboratories, Albuquerque, New Mex/co 87185 

ABSTRACT 

Auger  electron spectroscopy (AES) measurements  have been made on a 
500A thick, plasma-deposi ted silicon ni tr ide film. The refractive index of the 
film was 2,06, and it was deposited at 300~ The silicon-L2,3VV uncorrected 
derivative signal had a sharp, high energy feature whose energy location 
and shape were suggestive of those from elementa l  silicon. Based on the sup- 
position that  the Si-L2,3VV signal from the plasma ni tr ide is a superposition 
of signals, the background-corrected,  loss-deconvoluted integral  signal could 
be resolved into three signals: one which represented e lemental ly  bound 
silicon (and which was modeled by the signal from the silicon subst ra te) ;  a 
second which was representat ive of s i l icon-hydrogen bonding;  and a third 
which was found to have the shape of a signal from pyrolyt ical ly  deposited 
silicon nitride. Because hydrogen is not directly detectable by AES measure-  
ment,  and its effects on the shape of the Si-L2,sVV signal are small  and more 
subtle than  those of ei ther oxygen or nitrogen, the effects of hydrogen on the 
Si-L2,sVV signal  decomposition could only be assessed by making use of 
auxi l iary  data f rom a separate s tudy of the s i l icon-hydrogen system. The u n -  
corrected peak-to-peak,  first derivat ive signals from oxygen and silicon in the 
plasma ni t r ide  indicated an oxygen content  of less than 0.5 atomic percent  
(a /o) .  This was consistent with the lack of any  indication of oxygen influence 
on the shape of the p lasma-ni t r ide  Si-L2,3W signal. These results for p lasma-  
ni t r ide are compared with the results of a similar study of s i l icon-oxynitr ide 
samples. 

Silicon ni t r ide  is a dielectric mater ia l  that  has been 
found useful for a n u m b e r  of applications in the semi- 
conductor-device industry.  It  is mostly used in  the 
form of amorphous films, and al though a n u m b e r  of 
other film growth techniques have been studied, chemi- 
cal vapor deposition (CVD) and reactive plasma dep- 
osition are the most common th in  film fabricat ion pro- 
cesses used. Films deposited by  these methods may have 
electrical and s t ructural  properties which are s trongly 
influenced by  the presence of excess silicon or of con- 
taminants  i n  the films. The most impor tan t  contami-  
nants  are thought to be oxygen, which results for oxi- 
dants present  dur ing the deposition reactions, and hy-  
drogen derived from the hydrogen-bear ing  gases, silane 
and ammonia,  used in both the CVD and plasma pro- 
cesses. The effects of nonstoichiometry and of oxygen 
and hydrogen impurit ies in s i l icon-ni tr ide films are 
subjects of cont inuing interest. The persisting uncer -  
tainties in these subjects are consistent with the com- 
plex na ture  of s i l icon-ni t rogen chemistry (1). 

Of the many  physical properties used in  defining the 
characteristics of silicon ni tr ide films, the index of 
refraction is the most widely used in practice. It  has 
been found that  excess silicon in  a film causes an in -  
crease in  the refractive index above the value of ~2  
which is thought to be indicative of stoichiometric 
Si3N4. An oxygen contaminat ion causes a decrease 
in the refractive index toward a value of 1.44 charac- 
teristic of SiO2. The effect of hydrogen on the refrac- 
tive index has not been clearly delineated, 

Direct Si, N, and O signals appear in the AES spec- 
t rum and they have been employed for compositional 
analysis (2). There have been some disagreements in  
the in terpre ta t ions  of the l ineshape of the silicon sig- 
nals, however. Some authors (3,4) have described 
the shape of the uncorrected derivat ive silicon L2,3VV- 
AES signal from stoichiometric Si3N4 as being com- 
posed of a strong negative peak on its high energy side, 
with a broader  shoulder at its low energy end. The 
energy location of the high energy peak is close to that  

Key words: silicon nitride, hydrogen,  chemical  bonding. 

of the corresponding signal from elemental  silicon. This 
has led other workers (2, 5) to in terpre t  this peak as 
being due to elemental  or "free" silicon and thus the 
shape of the Si-L2,3VV signal as being due to the 
superposition of a low energy signal from silicon in  
silicon ni t r ide and a high energy signal due to free 
silicon. 

In contrast  to these interpretat ions,  recent  results 
from our laboratories (6) have indicated that  the 
L~,sVV lineshapes from oxygen-contaminated  CVD sili- 
con-ni t r ide films may also have the high energy peak/  
low energy shoulder s t ructure  bu t  that  the high energy 
peak is due to the presence of oxygen in the films. 
These results are in agreement  with the AES and x - r ay  
photoelectron spectroscopy (XPS) results of Wittberg, 
Hoenigman, Moddeman, Cothern, and Gulet t  (7), also 
on oxygen-contaminated  CVD ni t r ide  films, which 
showed that  the "free" silicon in  such CVD films was 
less than 3 a/o. In our study the CVD ni t r ide film with 
the least oxygen contaminat ion exhibited only a single 
peak in  the location (,-,84 eV) of the shoulder of the 
two-feature  signals. This single peak l ine was judged 
to be the "true" AES lineshape for silicon bonded to 
nitrogen. 

The apparent  contradiction in in terpre ta t ion  of the 
high energy peak in the more complex AES lineshape, 
together with an expectation that  the signal from a 
si l icon-rich ni t r ide film should be the simple superposi- 
tion of a n i t r ide- re la ted  signal and a signal from "free" 
silicon, prompted the measurements  reported below. 
The p lasma-ni t r ide  films used in this new invest igat ion 
had an Si /N ratio closer to 1.05 than  to the stoichio- 
metric value of 0.75; and al though oxygen was detect-  
able, its level was very  low. After  corrections for in -  
s t rumenta l  and electron-energy-loss  distortions, the in -  
tegral  [N (E)] silicon-L2,3VV signal from our p lasma-  
ni t r ide samples could indeed be resolved into a "free"- 
silicon signal suprimposed on a s i l icon-ni t r ide- l ike  
(6) signal, but  with a third component  represent ing 
s i l icon-hydrogen bonding in  the film. 

Other measurements  (8) on ni t r ide  films deposited 
under  near ly  identical conditions to those in  this AES 
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study indicate that  the films contain some 20-25 a/o 
hydrogen. A large portion of this hydrogen is bonded 
to the excess silicon and the quest ion na tu ra l ly  arises 
as to the role that  hydrogen plays in de termining the 
shape of the L2.~VV silicon line. Although direct AES 
signals from hydrogen do not exist, the effects of hydro-  
Ten could be reflected in silicon l ineshape changes. This 
possibility has been ignored in the interpretat ions  cited 
above (2-6). While separate studies (9) on the chemi- 
sorption of hydrogen onto a clean silicon surface have 
shown that  the changes in the silicon AES lineshape 
due to hydrogen-si l icon bonding are less dramatic  
than the changes that accompany ni t rogen-  or oxygen-  
bonding to a silicon surface, the changes are discern- 
able and the results of our  p lasma-ni t r ide  silicon l ine-  
shape decomposition are consistent wi th  the idea that  
the high energy component  is due to some hydrogen-  
bonded silicon and not  solely to excess "free" silicon. 

Exper imenta l  
The p lasma-ni t r ide  films were deposited to a thick- 

ness of ,~500A in an AMT Plasma I reactor. This is a 
production scale system incorporat ing a rotat ing hori-  
zontal platen, capacit ive-coupling to drive the glow 
discharge in a radial ly flowing gas mixture,  and a sta- 
t ionary resis tance-heater  block positioned below the 
rotat ing pla ten to control its temperature.  The tem- 
perature of the 3 ~-cm,  n - type  (111) Si wafers onto 
which the films were deposited was 300~ and the gas- 
discharge mixture  consisted of an N2 carr ier  gas fed at 
a rate of 670 std cmS/min with ammonia  and  si lane 
fed at a flow ratio of 2.67:1 (NH~-360 cm3/min; SIH4- 
135 cm3/min).  The refractive index of our film was 
2.06. Other predeposition processing and deposition 
conditions were identical  to those described in the re-  
port by Stein, Wells, and Hampy (8), where the r e -  
sults of a series of optical, structural,  and electrical 
measurements  made on these films are discussed. The 
major  difference between the films used for our AES 
investigations and those studied by Stein et al. was the 
thickness. Their films were some 8-10 times thicker. 
Anderson (10) has discussed the effects on radiat ion 
hardness in the use of these p lasma-ni t r ide  films for 
passivation of CMOS integrated circuits. 

The AES data are taken with a single-pass cyl indr i -  
ca l -mir ror  analyzer  (CMA) using a 5 keV, 5 #A pr i -  
mary electron beam from an electron gun coaxial with 
the CMA. The modulat ion voltage was 2V p-p and 
the data was recorded using s ignal-averaging tech- 
niques in the first-derivative mode. Before processing 
to arrive at a loss-corrected integral  IN (E)] signal the 
data were first corrected for the l inear  dependence of 
the CMA response on energy. The "true" Auger signal 
must  be extracted from the raw data by corrections 
for electron-energy-loss features. These include sim- 
ple subtract ion of a secondary-e lec t ron-background 
function (11) and a subsequent  i terat ive deconvolution 
procedure (12) to remove a low energy tail  from the 
background-corrected N(E)  signal. This tail  results 
from Auger  electrons which have suffered energy 
losses before leaving the solid. The deconvolution tech- 
nique makes use of a near-elas t ic  spectrum of back-  
scattered electrons as an approximation to the total 
system (spectrometer resolution and Auger-electron 
loss features) response function. It  was the loss-cor- 
rected N ( E )  signal that was analyzed in terms of a 
superpositi-on of signals from silicon atoms in different 
chemical environments .  

During the t ransfer  of the samples from the deposi- 
tion system to the AES unit, the ni t r ide films developed 
an oxide layer (13). This layer was removed by sput-  
ter ing With 1 k e y  argon ions prior to analysis. A 
representat ive sputter  profile recorded during our in-  
vestigations of oxvnitr ide films (6) is shown in Fig. 1 
with the L2.sVV-silicon AES signals taken at various 
sputter depths given in the insert to this figure. The 
silicon lineshape taken before sputtering, A, is "SiO2- 

c 

c 

[ 
o 
T 

o_ 

2 

o~ 

o 

5 

4- 

3- 

�9 A &  l 

m i l l  

@ 

uu 

z 

| 
@ 

@ 

@ 
@ 

| 

} i I I u I 

40 Energy (eV) 100 

�9 & � 9 1 4 9 1 4 9  �9 
�9 �9 m n nmmmm �9 

Ooo �9 mmmummm m 
mm m m m am m mm �9 ~m~o ~ �9 o~(O)- 0 • y G E N 

~ N I I I I I  O 0 � 9 1 4 9  O ~ � 9 1 4 9  �9 O 

| | 1 7 4  

1'5 3'0 4'5 6'o 7'5 
Approx. Thickness Removed (~) 

Fig. 1. AES sputter profile for a silicon-oxynitride film with 
N10  a/o bulk oxygen [this film denoted as "74 ppm" in Ref. (6)]. 
Insert gives silicon-L,~,3VV spectra taken at various points indi- 
cated on the sputter profile. The differences in signal-to-noise for 
curves D through F in the insert are the result of differing numbers 
of scans used in data averaging. For general survey work one set 
of scans (e.g., curve D) was taken while, for data that were to be 
used in deconvolution (curve E or F) a larger number of scans was 
taken so that the buildup of noise expected in the deconvolutian 
process [gef. (12)] could be mitigated. 

like," but  without  the e lec t ron-beam-reduct ion  peak 
(6, 14) at ~ 90 eV. Signals B and C are typical  of a 

superposition of an SiO2 and an oxynitr ide line. Only 
when a "plateau" was reached, e.g., curves D-F  in  
Fig. 1, did the silicon lineshape become "nitr ide-l ike."  
Similar  changes in the Si-L2.~VV lineshape with sput-  
ter depth were observed for the p lasma-ni t r ide  film. All  
of the AES data presented below were taken in  the 
sput ter -pla teau region, i.e., after the surface oxide 
layer  had been removed. 

The AES data were taken with the ion -bombardmen t  
beam off and only after the argon pressure in  the ex-  
per imenta l  chamber had fal len below 7 • 10 -7 Pa 
(the base pressure was ,~ 3 • 10 - s  Pa) .  In earlier 
work (14) it was found that  AES data taken dur ing 
ion bombardment  were subt ly  distorted. These distor- 
tions were found to be related to the presence of argon 
gas at ion-bombardment  pressures ( ~  5 • 10 - s  Pa)  
in the exper imental  system dur ing AES measurements.  
The samples in the present  work were not annealed  
and hence contained embedded argon. Studies (15) of 
argon- ion bombarded,  single crystal silicon samples, 
however, indicated that  the presence of embedded 
argon and the associated damage does not have a very  
significant effect on the silicon AES lineshape. Carbon 
was a persistent  contaminat ion but  for the data dis- 
cussed below the carbon teveI was always low enough 
that it did not have an effect on the silicon lineshape 
(15). 
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Results and  Discussion 
Si-N, Si-Si, and Si-H contributions to the Auger 

lineshape.~Figure 2 shows both the uncorrected de- 
rivative L2,sVV signal (left-hand column) and the cor- 
responding, loss-corrected N(E) signal (right-hand 
column) from a plasma-nitride sample. For comparison, 
signals from elemental silicon, from our lowest-oxy- 
gen-content CVD nitride sample (6), our 74 ppm CVD 
oxynitride sample (6), and from an SiO2 sample (16) 
are also plotted in this figure. The elemental silicon 
signals were obtained from the silicon substrate after 
sputtering through the plasma-nitride film. The energy 
location and shape of the high energy feature in the 
derivative spectra from our plasma-nitride and oxy- 
nitride samples are indeed suggestive of elemental 
Si. The SiO2 data shown in Fig. 2 were recorded (16) 
in the presence of an oxygen atmosphere in order to 
minimize the electron beam reduction effects which 
give rise to a sharp peak commonly seen in the de- 
rivative spectrum from silicon dioxide at ,~ 90 eV, 
which is also interpreted as due to elemental Si. Of 
the other N (E) signals of Fig. 2 (right-hand column) 
the plasma-nitride signal most closely resembles the 
CVD nitride and oxynitride signals on their low energy 
sides in shape and energy location: 

In order to test the supposition that the high energy 
feature in the uncorrected, derivative spectrum from 
the plasma nitride is due to elemental or "free" silicon, 
an elemental-silicon signal in the loss-corrected N(E) 
form (Fig. 2) was subtracted from the N(E) plasma- 
nitride signal (Fig. 2) to get a difference signal whose 
shape could be checked against the CVD-nitride signal 
(Fig. 2). The elemental-silicon signal was scaled in 
the resolution such that it had the maximum ampli- 
tude without resulting in a difference signal exhibiting 
negative N(E) portions. This is a condition that one 
would expect for a simple superposition of signals. For 
the results presented here the curves involved in the 
resolution were not shifted in energy relative to one 
another. Allowing relative energy shifts would have 
introduced an additional (undesirable) adjustable pa- 
rameter into the curve resolution. Some shifts might 
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Fig. 2. Silicon-L2~W signals from plasma-nitride; elemental- 
silicon; CVD-nitride [Ref. (6)]; CVD-oxynitride [74 ppm, Ref. (6)];  
and Si02 [Ref. (16)] samples. The left-hand side of this figure 
gives uncorrected, first-derivative signals while corresponding back- 
ground-corrected, Ioss-deconvoluted integral signals are shown as 
the right-hand side. Zero levels for the integral signals are given 
by the right-hand side of each N(E) curve. 

indeed be appropriate due to core-level sb_Lfts or to dif- 
ferences in work functions for the surfaces involved. 
Such differences, although not measured, were assumed 
to be negligible however, and the only adjustable pa- 
rameter in the curve resolution was the scaling factor, 
as was also true for the our oxynitride studies pub- 
lished earlier (6). 

The difference signal from our plasma-nitride curve 
resolution, using the elemental silicon signal as one 
of only two components, is shown as the solid curve in 
Fig. 3a. It is seen to closely resemble (6, 14) a signal 
from an oxynitride sample with appreciable oxygen 
content. This might be interpreted to suggest that 
there is a third, oxygen-related component in the dif- 
ference signal for plasma nitride, but the low oxygen 
concentration in the film determined by AES peak- 
height analysis runs counter to this suggestion. What 
was needed to obtain a more nitride-like difference 
curve was a different component signal which was 
more-or-less elemental-Si-like in shape but which 
occurred ,~ 1 eV lower in energy than the elemental-Si 
signal used in Fig. 3a. Such a signal was found (9) in 
the L2,3VV signal from a hydrogen-covered silicon 
surface. A component curve that reflects Si-H bonding 
might indeed have been expected because infrared 
measurements indicated appreciable Si-tt  bonding 
in these plasma-nitride films (8). 

Although a direct AES signal from hydrogen does 
not exist, hydrogen may be detected indirectly by its 
effects on an AES line of its host material. Such an 
effect of hydrogen on the Si-L2,3VV line is shown in 
Fig. 4, the results of a study of the chemisorption of 
hydrogen onto a clean (10O) silicon surface (9). The 
amount of hydrogen on the hydrogen-covered surface 
for the signal shown in Fig. 4 was enough to have two 

AES - SIGNAL DECOMPOSITION 

U3, 

r ~  
c 

c~- 

uJ 
v 
z 

L ~ .  
I 

"7 
2O 

a) 2-Component ~ / ~  
Plasma Nit rid_________~e / ! 

 _f_J :. 

b) 3-Compone.nt. 
Plasma Nitrio~ ~ 

~176 J!' 

! I I 

40 6(] BO 
ENERGY 

E. . . / . j .  Eleme ntal Silicon 
x1 

~ .------- Silicon - Hydrogen 
X2 

t 

I ,././(~- Elemen_ta! Silicon 
= , - -  X2 

! ! 

l O0 120 
(eV) 

Fig. 3. L2,sW-silicon component signals for a plasma-nitride 
sample, a) 2-component decomposition using only an elementoI-Si 
signal as the high energy component; h) 3-component decomposition 
using both the elementaI-Si and the Si-H signals from Fig. 4 as the 
high energy components. The solid curves are the difference curves 
in both cases. 
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Fig. 4. Loss-corrected N(E), L2,3VV signals from a clean, and a 

hydrogen-covered (100) silicon surface. Zero levels for the signals 
are given by the right-hand side of each curve. Triangles mark the 
curve for the hydrogen-covered surface. 

hydrogen atoms bonded to each surface silicon atom 
(17). Thus each surface silicon atom is bonded to two 
hydrogen atoms and to two substrate  silicon atoms. 
The hydrogen chemisorption caused the reconstructed 
(2 X 1) surface characteristic of the clean (100) sur-  
face to form a (1 X 1) s tructure characteristic of the 
dihydride layer on this substrate (17). The L2,3VV 
signal from the hydrogen-covered surface (Fig. 4) is 
a superposition of a hydrogen-inf luenced signal from 
the surface region and an e lemental -Si  signal from 
the substrate. This signal by itself was thus thought to 
be a bet ter  approximation to the high energy compo- 
nent  curve in the p lasma-ni t r ide-f i lm case than is 
the e lemental -Si  signal. 

Subtract ing this hydrogen-covered-surface signal 
from the p lasma-ni t r ide  signal did produce a difference 
curve that was a bet ter  fit to the CVD nitr ide signal 
in the region near  the peak but  the lower par t  of the 
high-energy side of the difference curve was still  too 
broad. The best-shaped difference curve was obtained 
by using both the hydrogen-covered-surface signal and 
the e lemental -Si  signal from Fig. 4. This difference 
curve is shown as the solid curve in  Fig. 3b and once 
again in Fig. 5a. For comparison the CVD-nitr ide signal 
is also plotted in Fig. 5a. The good agreement  in shape 
between these two curves indicates that  the L2.3VV 
signal from our p lasma-ni t r ide  sample can indeed be 
regarded as the superposition of three components:  the 
si l icon-nitr ide signal, the e lemental -Si  signal, and a 
signal due to Si-H bonding in  the film. 

Comparison of spectra from plasma-nitride and 
CVD-oxynitride.--These results for the p lasma-ni t r ide  
film are in sharp contrast  to our earl ier  results (6) for 
CVD-oxynitr ide films. There the uncorrected der iva-  
tive Si-L2.3VV signal also had a high energy feature 
that had earlier been in terpre ted as being due to free 
silicon but  which our curve-resolut ion results found to 
be more indicat ive of s i l icon-oxygen bonding than to 
free silicon. The difference curve for the CVD oxy-  
ni t r ide had a double-peak structure that  resembled the 
SiO2 signal more closely than it did the e lemental -Si  
signal. Despite the similarities in shape of the oxy-  
nitr ide-difference and SiO2 curves, there are significant 
differences that should be discussed. The prominent  
peak of the difference signal occurs some 13 eV higher 
than the corresponding peak in the SiO2 signal. The 
peak separation in the difference signal is also some- 
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Fig. 5. Comparisons of a) curve-resolved difference curve from 
3-component plasma-nitride decomposition results of Fig. 3b with 
our CVD-nitride signal [Ref. (6) and Fig. 2] and b) curve-resolved 
difference curve from our CVD-oxynitride results [Fig. 2 of Ref. (6)] 
with an SiO2 signal [Ref. (]6)].  The SiO2 signal has been shifted 
higher in energy by 13 eV, but the CVD-nitride signal is in its 
original energy location. Both the CVD-nitride and SiO9 signals 
are marked with triangles. 

what  Iess than  in  the SiO2 curve. This is seen in  Fig. 
5b where the SiO2 curve has been shifted up in  energy 
so that the prominent  peaks of the two curves are 
aligned. 

The differences in shape between the two curves in 
Fig. 5b suggest that the difference curve is not  s imply 
an SiO2-1ike curve shifted up in energy relatable, per-  
haps, to formation of a suboxide in the films�9 The 
prominent  peak of the SiO2 curve occurs fairly close 
to ( ~  3 eV below) the secondary peak of the difference 
curve. Thus the high energy peak of the difference 
curve could a l ternat ively  be in terpre ted as a spectrum 
feature peculiar to the incorporation of oxygen in the 
amorphous silicon ni tr ide matrix.  It  should be remem-  
bered that  AES is a local probe of a mater ial ' s  elec- 
tronic configuration. The prominent  peak in the oxy- 
ni tr ide difference curve could signal a local configura- 
t ional change in the nitride. If the oxygen enters the 
ni t r ide substi tutionally,  as suggested in our earl ier  re-  
port (6), the divalent  oxygen will  leave one unsa tu -  
rated bond which could lead to so-called dangl ing-bond 
states at the local sites of the replaced t r iva lent  n i t ro-  
gen. 

Alternat ively,  the incorporat ion of oxygen into the 
ni t r ide couId be accompanied by  a local res t ruc tur ing  
of the ni t r ide mat r ix  and tt~e format ion of new and 
different Si-Si and Si-H bonds. Such local "disordering 
of the nitr ide skeleton by oxygen" has a l ready been 
suggested by the results (18) of a s tudy of shor t - range 
order in s i l icon-oxynitr ide films using the method of 
radial  distr ibution functions determined from electron 
diffraction measurements .  AES is a probe of the local 
electronic structure of a mater ial  and should hence be 
sensitive to such local disorder. In  any case the AES 
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da ta  indicate  that,  below an oxygen level  of N 50 a/o,  
the incorpora t ion  of oxygen into the n i t r ide  does not  
l ead  to a s imple  mix tu re  of SiO2 and sil icon n i t r ide  
but  to a more  unique substance. On the other  hand, 
the fact that  signals indica t ing  Si -Si  and Si-I-I bonding 
can be reasonab ly  shown to be components  of the 
Si-Le.3VV l ineshape for p lasma n i t r ide  suggests tha t  
excess sil icon and sil icon bonded to hydrogen  m a y  exis t  
as independen t  ent i t ies  in a two (or  three)  phase 
amorphous  mix tu re  wi th  silicon n i t r ide  in p la sma-  
n i t r ide  films. 

Comments and Conclusions 
The high energy  peak  in the uncorrected,  der iva t ive  

Si-L2~sVV signal  from a p l a sma-n i t r i de  film is due to 
S i -S i  bonds in the film. In our sample  this peak  is also 
ident if iable  wi th  some S i -H  bonding. The overa l l  
L2.3VV l ineshape for  our p l a sma-n i t r i de  sample  is thus 
consistent  wi th  the presence of excess silicon, of silicon 
bonded to hydrogen,  and of silicon bonded to n i t rogen 
in the film. The AES signal  decomposi t ion indicates  
that  the Si -Si  and S i -H  bonding in the p lasma n i t r ide  
can be detected as separa te  signals f rom the S i -N 
signal. This suggests tha t  p l a sma-n i t r i de  films p re -  
pa red  with  excess silicon m a y  be s imple mix tures  of 
sil icon (wi th  incorpora ted  hydrogen)  and sil icon 
ni t r ide.  

These decomposi t ion resul ts  a re  in contras t  to our  
ea r l i e r  resul ts  (6) for  CVD s i l i con-oxyni t r ide  films 
where  the Si-L2,3VV signal, which  in its uncorrec ted  
der iva t ive  form also has a high energy  peak  tha t  has 
been in te rp re ted  as being due to free silicon, was 
found to be composed only  of a component  indica t ing  
s i l icon-ni t rogen bonding and a second component  ind i -  
cat ing s i l icon-oxygen bonding. No c lea r -cu t  e lementa l  
(or "free")  silicon component  was found. This contras t  
indicates  tha t  the ass ignment  of composi t ional  infor-  
mat ion  based p r imar i l y  on the energy  locations of 
AES lines in uncorrected,  der iva t ive  speci ra  can be 
mis leading and that  more  careful  a t tent ion should be 
given to the shape of the AES lines in in te rp re t ing  
AES results.  

The analysis  of our  N(E) data  might  perhaps  be 
considered speculat ive.  I t  is based on the supposi t ion 
that  the background-cor rec ted ,  loss-deconvoluted  AES 
signal  is a s imple superposi t ion of component  signals. 
This is cer ta in ly  not  unreasonable ;  and the decom- 
posi t ion (or curve- reso lv ing)  tha t  was done was pe r -  
fo rmed  wi th  the res t r ic t ion  tha t  no ad jus tments  of 
re la t ive  energy  posit ions of the  a s -measured  component  
signals was al lowable.  This m e a n t  that  whereas  the  
high energy  por t ion of the  p l a sma-n i t r i de  signal  could 
ac tua l ly  have been modeled  by  two e lemen ta l -S i  sig- 
nals  shif ted re la t ive  to one another ,  the physical  and 
chemical  significance of such a pa i r  of e l emen ta l -S i  
signals mus t  be considered unclear ,  at  the least.  The 
S i -H signal  used in the curve- reso lv ing  presented  
above, whi le  not  differing g rea t ly  in shape from the 
e lementa I -S i  signal, does give the  energy  shift  needed 
wi th  a chemical ly  ident if iable  reason for the shift. In  
this regard ,  i t  should be noted that  the 13-eV shif t  
made  to the  SiOe signal in Fig. 5b was not involved in 
the curve- reso lv ing  procedure  (6), bu t  was made  
mere ly  to make  the shape comparison wi th  the si l icon- 
oxyn i t r ide  difference curve easier.  

These resul ts  i l lus t ra te  the u t i l i ty  of AES as a probe 
of the  chemical,  as opposed to mere ly  elemental ,  corn- 

posi t ion of solid surfaces. Energy  (chemical)  shifts of 
Auger  lines can be l a rge r  than corresponding shifts 
of XPS lines; and, wi th  care, these shifts can provide  
useful  informat ion  about  the  chemis t ry  of mater ia ls .  
Auger  l ineshape changes have been shown to a id  in 
such in terpre ta t ions .  
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Any  discussion of this paper  wi l l  appear  in a Dis-  
cusslon Section to be publ ished in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1981. 
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ABSTRACT 

A survey is given of the sources, species, and quanti t ies of t ransi t ion group 
metals residing on s tar t ing silicon substrates and introduced dur ing the device 
manufac tur ing  process. The survey begins with the polysilicon feed for silicon 
ingot fabrication and extends through all customary device fabricat ion steps, 
such as wafering, polishing, oxidations, epitaxy, ion implantat ion,  etc. High 
temperature  furnace operations in the absence of HC1, such as steam oxida- 
tions, are present ly  the major  source of contaminat ion if all  other steps of 
the fabrication process are under  full  control. However, contaminated polish- 
ing slurries, contaminated handl ing tools or carriers, impure  SiC boats or 
susceptors, or choice of unsui table  materials  for beam catcher plates, etc. in 
ion implantat ion,  can also lead to trouble. Several  options are available to 
avoid the contaminat ion introduced dur ing high tempera ture  treatments,  and 
these are reviewed. 

Minori ty  carr ier  l ifetime is an impor tan t  parameter  
in silicon ( integrated) device technology. However, the 
amounts  of contaminants  which suffice to degrade life- 
t ime are so small  that they cannot be detected and 
quantified by conventional  chemical analysis. Only 
neut ron  activation analysis (NAA) has this capabili ty 
among techniques applicable to measur ing the total 
impur i ty  concentration. 1 A systematic application of 
NAA to the silicon device manufac tur ing  process does 
not seem to have been carried out before. 

We report here on NAA start ing with the polysili- 
con used for crystal growth and extending through 
the fabrication process. Some of the results are what  
one would expect to find, others came as surprises. 

Some Background Information 
Gamma- ray  spectrometry of reactor neu t ron  acti- 

vated samples has a very high sensitivity for most ele- 
ments  of the periodic system beyond neon. Notable 
exceptions are the l ight elements B, P, and S, and the 
heavy elements T1, Pb, and Bi, which do not become 
gamma-ray  emitters but  only beta emitters. 2 Since 
the electrons emitted in beta decay have a continuous 
spectrum, beta spectroscopy is not  an attractive tool to 
identify individual  elements among a mul t i tude  of 
beta emitters. However, de terminat ion of the half-l ife 
and max imum beta energy can sometimes be used to 
measure some beta emitters, especially phosphorus. We 
shall  l imit  ourselves here to gamma-ray  emitters. 

Among the gamma- ray  emitters, there exist also a 
few elements (V, A1, C1, and F being the most im-  
portant)  whose half- l ives are so short that their de- 
te rminat ion  must  be carried out immediate ly  after 
end of reactor irradiation, and these elements are 
therefore not seen at all if analysis is carried out a 

* E l e c t r o c h e m i c a l  Socie ty  Ac t ive  Member .  
Key  w o r d s :  c a r r i e r  l i f e t ime ,  diffusion,  s i l icon dioxide,  IC pro- 

cess ing ,  con taminan t s .  
1 Ion  m i c r o p r o b e s  h a v e  s imi lar  sens i t iv i t ies  as N A A  in t e r m s  o f  

to ta l  n u m b e r  of a toms  n e e d e d  for  de tec t ion ,  b u t  in the  microprobe  
case these  a toms  a re  conf ined to the  v e r y  smal l  v o l u m e  b e i n g  
spu t t e r ed ,  i.e., represent ing  re lat ive ly  h igh  concentrat ions .  N A A  
is a global  t e chn ique ,  does  not  g ive  in format ion  about  impur i ty  
d i s t r i bu t ions  in v e r y  smal l  v o l u m e s ,  and is m o s t  use fu l  for  deter -  
m i n a t i o n  of impuri t ies  present  in e x t r e m e  dilution,  T h e  two tech- 
n i q u e s  are  thus  c o m p l e m e n t a r y .  

2 E x c e p t  boron.  
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day or so after end of irradiation.  Manganese, too, has 
a relat ively short half-l ife (2.58 hr) and will be de- 
tectable a day after end of i r radiat ion only if the total 
number  of manganese atoms in the sample approaches 
about 1E15. 

St-31, the only radioisotope formed dur ing reactor 
i r radiat ion of silicon, has a short half-l ife of 2.62 hr. 
This fact is of great help in  the ins t rumenta l  analysis 
of silicon samples: about 27 hr  after even a long i r -  
radiation, the emission in tensi ty  from the silicon 
matr ix  has decayed to the extent  that the samples can 
be analyzed nondestructively,  wi thout  any  need for 
chemical separations. The high pur i ty  of semiconductor 
silicon also guarantees that  there are no self-shielding 
effects for any  of the impuri t ies  contained in  the silicon, 
and the thermal  cross sections and infinite dilution 
resonance integrals given in  the l i terature for the var i -  
ous isotopes can be used without  correction factors for 
concentrat ion determinations.  This fact makes absolute 
counting of silicon samples especially attractive. In  
this method, one does not need standards for each ele- 
ment  to be determined, one must  merely  measure ac- 
curately the thermal  and epi thermal  flux in the reactor 
at the time and location of irradiation.  A method of 
measuring the thermal  and epi thermal  flux in  a very 
convenient  manne r  has been described before (1). 
Since silicon is a light element, there is also very  little 
self-absorption of the emitted gamma rays, and again 
one does not  have to worry about correction factors 
when applying ins t rumenta l  analysis. 

Two of the common dopants in silicon, boron, and 
phosphorus do not  become gamma- ray  emitters after 
irradiation. Phosphorus, however, becomes a 14-day 
half-l ife emit ter  of high energy betas, which in  tu rn  
give rise to copious generat ion of Bremsstrahlung 
x-rays, raising ins t rumenta l  deadtime and background 
at lower energies to unacceptable levels. Thus highly 
phosphorus-doped silicon samples are not very suitable 
for nondestruct ive analysis. Boron, on the other hand, 
is an ideal dopant for NAA purposes. The fission reac- 
tion of B-10 with thermal  neutrons,  resul t ing in the 
emission of Li-7 or of alpha particles, generates no 
radioactivity, and the beta activity resul t ing from the 
B-11 (n, gamma) B-12 reaction has a half-l ife of much 
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tess than  1 sec. Thus boron-doped silicon is ideally 
suited for invest igat ing at which process steps contami-  
nants  are being introduced. Most of the work described 
in this paper  was performed with 3" r boron-doped 
Czochralski silicon. 

There are certain pract ical  constraints on the maxi-  
mum or m i n i m u m  n u m b e r  of samples one usual ly  acti- 
vates together dur ing  a reactor irradiation.  Since the 
irradiat ions are fair ly  expensive, one clearly wants  to 
co-irradiate as many  samples as possible. On the other 
hand, one should be able to measure all samples before 
the short- l ived species on the last samples to be mea-  
sured have decayed to too low levels of activity. One 
thus needs a high throughput  capabil i ty of the measur-  
ing equipment  and computer  evaluat ion of the gamma-  
ray spectra becomes a practical necessity. 

There are many  computer  programs described in  the 
l i terature  which take spectrum evaluat ion to the point  
where identification of the isotopes present  as well  as 
de terminat ion  of the intensit ies of the various photo- 
peaks has been accomplished. Convert ing these in tens i -  
ties to concentrations, however, is usual ly  done by 
comparison to the intensit ies of s tandards for each ele- 
ment  co-irradiated with the u n k n o w n  samples. A hy. 
brid technique in  which s tandaras  for each element  are 
i rradiated in  a very we l l -known flux, and comparison 
to the spectra obtained in another  reactor or a different 
flux is made possible through the co-irradiat ion of 
so-called comparators, has also been described (2). 
These techniques, however, involve a considerable 
amount  of computat ion and [in the hybr id  technique 
(2)] some degree of control over the i r radia t ion fa- 
cility. 

The method of absolute counting (1), by contrast, 
requires the co-irradiat ion of only two flux monitors 
and the use of a minicomputer  and is applicable to 
i rradiat ions in  any reactor. It  is therefore much faster 
and only slightly less accurate than the relat ive 
method. Altogether,  in  survey work of this type pre-  
cision is more impor tant  than  accuracy, and the preci-  
sion of absolute counting is excellent. The large vol- 
ume of data generated in  this s tudy could not  readi ly 
have been handled by a relat ive method. 

Experimental 
Whenever  feasible, boron-doped silicon wafers were 

used, mostly in the resist ivi ty range  4-9 ~-cm,  and of 
(100) or (111) orientations. Samples were cleaned in  
hot H202-NH~OH and H2Q-HC1 solutions prior to in -  
sert ion into the process steps to be tested, prior to 
measurement  after neu t ron  irradiation,  and, of course, 
also prior to neu t ron  i r radiat ion if the purpose of the 
test was to determine the impuri t ies  worked into the 
silicon surface ra ther  than  deposited on the surface 
(slicing, lapping, and polishing of wafers) .  

Samples were i r radiated for 120 hr with rotat ion at 
core face of the Union Carbide reactor 3 at Tuxedo, New 
York, and were measured nondest ruct ively  the next  
day. All samples were measured first for 2000 sec only 
for de terminat ion  of short- l ived species and were then 
measured again for 18.2 hr  for de terminat ion  of the 
long-l ived species. Coarse profiling of impur i ty  distri-  
butions was done by  removal  of oxide films in HF 
followed by cleaning in HC1-H20~, by  etching in 5: 3:3 
nitric: hydrofluoric: acetic acid mix (sometimes with 
one surface masked against  attack) followed by clean- 
ing in  H202-HC1, and also by removing the peripheral  
portions of the wafer by scribing and breaking in order 
to learn  about the lateral  dis t r ibut ion of the impur i -  
ties. Autoradiography served the same purpose on 
wafers with only one predominant  emitter.  4 

Typica l  flux of 1.5 x 101~ t h e r m a l  n e u t r o n s  c m  -~ sec -~, wi th  
3-5% e p i t h e r m a l  neu t ron .  

One should b e a r  in mind  t h a t  the  sens i t iv i ty  of the  photo- 
g raph ic  p la te  is m u c h  h i g h e r  f or  be tas  t h a n  fo r  g a m m a s  and  that  
pre sence  of p u r e  be t a  e m i t t e r s  could  comple t e ly  fals i fy an auto- 
r ad iograph .  P r e s e n c e  or  absence  of be t a  e m i t t e r s  can usual ly  be  
i n f e r r e d  f r o m  the  low e n e r g y  x - ray  b a c k g r o u n d  ( b e l o w  100 keV) 
g e n e r a t e d  by  a g iven  sample .  

Both the measur ing  eqnipment  and the method of 
absolute counting used, as well  as the method of flux 
de terminat ion  by means of Fe-Ru  flux monitors, has 
been discussed before (1). 

In  i r radiat ing high pur i ty  materials  it is necessary to 
use high pur i ty  materials  as i r radiat ion containers. 
Impuri t ies  contained in  the i r radia t ion container can 
be t ransferred and implanted into the unknow n  sample 
by knock-on  events of fast neut rons  and cannot always 
be removed by nondestruct ive cleaning. One also needs 
a container mater ia l  which does not become very ra-  
dioactive even after  long irradiations,  so that  samples 
can be handled readily after irradiation,  and the con- 
ta ineis  reused after some cool-down periods to let in -  
duced activities decay. These considerations l imit  the 
practical choice of i r radia t ion containers to silicon, 
quartz, graphite, or vanadium,  all of the highest pur -  
ity. The half- l ives of V-51 and of Si-31 are 3.76 min  
and 2.62 hr, respectively, thus containers made from 
quartz, silicon, or vanad ium can be handled after con- 
venient ly  short wait ing periods. On the other hand, the 
neu t ron  capture cross section of C-13 is so low (0.9 
mill ibarns,  at an abundance  of 1.11%) and the ha!f- 
life of C-14 so long (5730 years) that  the activity 
generated in  the matr ix  is very low even after long 
irradiat ions 5 and in any case stems only from a very  
low energy beta emitter. We have chosen 7 nines pure 
graphite ~or i r radiat ion containers, both because of its 
ready availabi l i ty and its ease of machinabil i ty.  

While the graphite mat r ix  is ext remely  pure, sur-  
faces of graphite" workpieces can be significantly con- 
taminated  from contact with metal  or carbide tools 
during fabrication. We have especially noted signifi- 
cant molybdenum contaminat ion  on some batches. For-  
tunately,  these surface contaminants  can be removed 
by the manufac ture r  by means of a high temperature  
cleaning t rea tment  at l i t t le extra  cost. Their  e l imina-  
t ion is necessary because of the knock-on  and implan t  
events dur ing  i r radiat ion already mentioned.  Espe- 
cially molybdenum seems to diffuse quite deeply into 
silicon during reactor irradiation.  Contaminat ion of 
graphite containers inevi tably  will  also occur from 
contact wi th  the (contaminated)  silicon wafers placed 
into the containers, i t  is, however, possible to repur i fy  
the graphite (at a somewhat  lower temperature  than 
the original hea t - t rea tment )  after the activities of 
these surface contaminants  have decayed. Long-l ived 
impuri t ies  located deeper in  the graphite will have 
little tendency to be released since they were not re-  
moved by the original hea t - t r ea tment  at the higher 
temperature.  

Our graphite containers consisted of 1.5 in. high cy- 
l indrical  boxes with screw-on lids, and 1 m m  thick 
graphite spacers to be inserted be tween the 10 sil i-  
con wafers (full load) for avoidance of cross con- 
taminat ion  between wafers. 

Results 
Starting materials and fabrication of starting sub- 

strates.--Crgstal growth.--The polysilicon used for 
crystal  growth is extremely pure, wi th  only weak 
traces of impuri t ies  detectable.8 The crystals grown 
from this polysilicon also proved to be exceedingly 
pure, with only traces of Cr, Co, Ta, W, Sb, and Na 
being present. The polysilicon residue in  the quartz 
crucible, however, tu rned  out to be severely contam- 
inated as shown in  Table I. The residue constitutes 

5 T h e  act ivi ty  g e n e r a t e d  as a func t ion  of i r rad ia t ion  t ime  is 
g iven  by the  sa tu ra t ion  fac to r  S = 1 -- X/t~rr, wi th  k = In 2/T~/2; 
"[1/.. is the  half-life of  the  rad ioac t ive  spec ies  f o r m e d .  

6 By w e a k  t r aces  we m e a n  pho topeaks  which  are  st i l l  clearly, 
d iscernible  as to the i r  posi t ion in en e rg y ,  b u t  too  w e a k  for  mean-  
ingful  quan t i t a t ive  eva lua t ion  b e c a u s e  of  the  s tat is t ical  uncer -  
t a in ty  involved.  Detec t ion  l imits  f o r  the  m o r e  i m p o r t a n t  t r ans i t ion  
g roup  meta ls ,  us ing  our  de tec tors ,  i r rad ia t ion ,  and  count ing  con- 
ditions,  as s ta ted  above,  and  d ecay  t imes  of  about  2 w e e k s ,  wou ld  
be a p p r o x i m a t e l y  ( fo r  3" r silicon w a f e r s ) :  Fe,  1El4 a toms ;  Ni, 
5E13; Zr, 7E13; Cr, 1.5E12; Mo, 1El l ;  Co, 5El0; Au,  1E9. De tec t ion  
l imits  depend ,  of  course ,  on the  b a c k g r o u n d ,  i.e. are  h i g h e r  in 
the  p r e s e n c e  of l onge r  l ived species  h a v i n g  pho topeaks  a t  higher  
energ ies .  
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Table I. 

S i l i c o n  r e s i d u e  in  c r u c i b l e  I S i l i c o n  r e s i d u e  i n  c r u c i b l e  I I  

Cu 2.6 • 10 ~1 p p m  Cu 1.5 x 10 -1 p p m  
= (5.7E15 c m  -~) * 

A u  5.3 • 1u-~ p p m  A u  5.0 • 10-~ p p m  
Cr  4.2 • 10 +0 p p m  Cr  7.2 x 10 -1 p p m  
Mn 2.9 • 1U -1 p p m  M n  4.5 • 10 -s p p m  
F e  2.3 x 10 +1 p p m  F e  4.2 • 10 +o p p m  
Co 6,8 • 10 --~ p p m  Co 1.7 x 1U-2 p p m  
Ni  4.1 • 10 § p p m  N i  1.1 • 10 § p p m  
MO 2.@ x 10 -z p p m  Mo 7.1 • 10 --~ p p m  
A g  4.7 x 10 -~ p p m  A g  n.O. 
H f  Posz t lve  H f  7.2 • 10-~ p p m  
T a  3.6 • 10 -6 p p r a  T a  4.4 x 10 -s p p m  

( = 2 . 8 E l i  c m  -8) * 
W 8.2 • 1u -3 p p m  W 2.2 • 10 -8 p p m  
A s  1.9 • 10 -~ p p m  A s  2.9 • 1{) -~ p p m  
Sb 2.5 x 10 -S p p m  Sb 1.8 x 10 -3 p p m  

* C o n v e r s i o n  f r o m  p p m  to  a t o m s / c m  3 i n v o l v e s  t h e  a t o m i c  w e i g h t  
of t h e  i m p u r i t y  species .  F o r  r e a d e r s  m o r e  f a m i l i a r  w i t h  t h e  
a t o m s / c m  ~ n o t a t i o n ,  t h e  c o n c e n t r a t i o n s  h a v e  b e e n  e x p r e s s e d  i n  
t h i s  m a n n e r  f o r  a t y p i c a l  l i g h t  (Cu)  a n d  a t y p i c a l  h e a v y  (Ta)  
m e t a l .  

Table III. Graphite from center of susceptor. All concentrations 
in ppm. 

V 5.6E - 1 
Cr  1.SE - 1 
Mn 1 . 0 E -  1 
F e  n.d.  
Co n.d.  
Ni  4.0E - 1 
Me 1 . 1 E - 0 1  
Z r  3.2E + 0 
H f  1 .9E--2 
A u  3 . 7 E - 4  
Ca 1.0E + 2 
S r  1.2E + 0 
Sc 2 . 3 E -  i 
S n  2.3E + 0 
Sb 7.4E - 3 
S e  + 
L a  2.1E + 0 
C e  2 .8E + 0 

R a r e  e a r t h s  i n  t h e  10-~-10 o r a n g e  

Table IV. Graphite from edge of susceptor. All concentrations in 
ppm. 

about  10% of the  or iginal  charge,  its level  of contami-  
nat ion subsequent  to crysta l  g rowth  thus cannot be due 
s imply  to the  reduced  volume. Since the hot  silicon 
mel t  dissolves a subs tant ia l  amount  of the crucible  
dur ing a run, i t  was in i t ia l ly  thought  tha t  impur i t ies  
in the crucible  were  responsible  for the bui ldup of con- 
t amina t ion  in the  melt ,  and the quar tz  f rom severa l  
suppl iers  was analyzed  (see Table  1I). While  the 
amount  of impur i t ies  in the quar tz  is "not negligible,  it  
is not sufficient to exp la in  the massive contaminat ion  
of the  melt ;  the contaminat ion  had to or iginate  some-  
where  else in the crys ta l  grower.  Next  we suspected 
the qual i ty  of the graphi te  susceptor,  but  it, too, proved 
to be quite c lean (Table  I I I ) .  However ,  when the 
upper  edge of the susceptor  was examined,  i t  was found 
to be severe ly  contamina ted  wi th  molybdenum and 
wi th  the  var ious  components  of stainless steel  (Table 
IV).  The source of contaminat ion  tu rned  out to be seed 
shafts made  f rom mo lybdenum or stainless steel  and 
a t tached to the  graphi te  chuck ca r ry ing  the silicon 
seed crystal .  These were  posi t ioned close enough to 
the hot port ions of the crys ta l  g rower  to reach obvi -  
ously excessive tempera tures .  Since not  only  the  sil icon 
mel t  became contaminated,  but  the edge of the sur -  
rounding graphi te  susceptor  as well,  a ma jo r  por t ion 
of the contamina t ion  must  have occurred th rough  the 
vapor  phase. 

Table II. Impurities detected in various crucible quartz. 
Concentrations given in ppm. 

Q u a r t z  Q u a r t z  
f r o m  f r o m  
c r u c i -  cruc i .  

b~e I b l e  II  

Q u a r t z  f r o m  s u p p l i e r *  

1 2 3 4 

Cr  2 . 0 E - 1  3 . 7 E - 1  
Mn n.d.  n.d.  
F e  5 . 9 E -  0 n.d. 
Co 1 . 0 E - 2  n.d.  
Ni  9.@E--1 n.d. 
Cu  2 . 3 E - 1  1 . 6 E - 1  
Z n  1 . 1 E + I  n.d. 
Z r  1 , 1 E + I  8 . 6 E - 0  
Me 5.1E--0 4 . 1 E - 0  7.0E--1 n.d.  
H f  2 .7E--1 5 . 8 E - 1  1.6E--1 2 . 1 E - 1  
Ta  3.9E--3 Z . 4 E - 0  2 . 1 E - 3  9.{~E-3 
W 4.8E - 2 7.1E - 2 2.5E - 1 2.8E - 1 
A g  4 . 9 E - 2  n.d.  n .d .  n.d. 
A u  n .d .  1 . 4 E - 5  n.d.  n.d.  
P t  n.d.  n.d.  7.5E - 0 9.7E - 1 
I r  n .d .  n.d.  2 .0E--4  2 . 0 E - 4  
Na  3 . 7 E -  0 1 . 2 E -  0 7 . C E -  1 2 . 2 E -  0 
K n.d.  n .d .  6 . 6 E -  1 3 . 3 E - 0  
A s  5 . 1 E - 3  1 . 4 E - 3  n.d.  n,d.  
Sb  2 . 6 - 3  2 , 3 E - 3  3 . 5 E - 2  2 . 7 E - 2  
S n  9 . 8 E -  0 n.d.  
U n.d.  n.d.  
Ce 1.1E--0 n.d.  

n.d.  1.3E - 1 n.d. n ,d .  
1 . T E - 1  7 . 5 E - 1  7 . 2 E - 3  9.0E--3 
1.3E-- 0 1 . 6 E -  0 n.d.  3 . 3 E -  1 
7 .6E--3  3.8E - 3  n.d,  6 .2E--4  

No t  m e a s .  Not  meas .  No t  meas .  No t  m e a s .  
n.d.  3.4E - 1 9.3E - 2 1.4E - 1 

1.5E--2 5 . 5 E - 2  n.d.  n .d .  
No t  m e a s .  Not  meas .  No t  meas .  No t  meas .  

n.d.  n .d .  
n.d.  n.d.  

2.8E -- 3 n.d.  
n.d.  6 .0E--4  
n.d. n .d .  
n .d .  n.d.  
n.d.  n .d .  
n.d.  n .d .  

2 . 0 E -  1 1.3E--0 
n.d.  n .d .  

2.0E - 2 3.4E -- 3 
4 . 2 E - 2  7 . 0 E - 3  

N o t  m e a s .  Not  meas .  N o t  meas .  N o t  m e a s .  
2 6E - 1 L3E - 1 n.d.  n.d.  
3.1E - 2 4.6E -- 2 n .d.  n .d .  

* N o t e :  T h e  d a t a  f o r  t h e s e  4 q u a r t z  s a m p l e s  b y  J. E. R i l ey ,  M. T. 
K e l l e y  a n d  G. G l e a s o n ,  T a l k  p r e s e n t e d  a t  t h e  A m e r i c a n  N u c l e a r  
S o c i e t y  C o n f e r e n c e ,  M a y a g u e z ,  1978. 

Y 5.OF. - 1 
Cr 1.6E + 0 
M n  4.6E - 1 
F e  3.7E + 2 
Co 6.6E - 1 
N i  3.1E + 1 
Me 6.3E + 1 
Z r  3.6E + 0 
H f  n.d.  
A u  2.4E - 4 
Ca 9.1E + 1 
S r  1.2E + 0 
Sc 1.2E - 1 
Sn 1.BE + 0 
S b  5 .9E - 3 
Se  4.1E + 0 
L a  1.5E + 0 
Ce 1.6E + 0 

R a r e  e a r t h s  i n  t h e  I0-~-I0 ~ r a n g e  

The high pur i ty  of the silicon crystals  pul led  f rom 
the contamina ted  mel t  is thus due to the  la rge  segrega-  
t ion coefficient for t rans i t ion  group metals .  A rough 
calculat ion based on the observed concentrat ions of the 
var ious  impur i t i es  in  the crucible  res idue showed tha t  
the impur i ty  traces in the sil icon ingot  jus t  correspond 
to the segregat ion factors. Since the qual i ty  of the 
ingot  ma te r i a l  is adequate,  the observed contamina t ion  
of the mel t  is not serious as long as the po lycrys ta l l ine  
res idue in the crucible  is indeed discarded and is not 
added  to fur ther  silicon charge. Somewhat  surpr is ing  
is the pu r i ty  of the  sil icon ingot  in spite of its contact  
wi th  the vapors  of the  contaminants .  

Slicing, mechanical and chemical lapping, and polish- 
ing . - -S l ic ing  and mechanica l  lapping  are  ve ry  d i r ty  
operations,  carr ied  out on indus t r ia l  equipment  not  de-  
signed for main ta in ing  cleanliness. Wafers  at  this s tage 
are  therefore  bad ly  contamina ted  wi th  a va r ie ty  of im-  
puri t ies ,  not a lways  removab le  by  s imple cleaning. The 
level  and species in t roduced dur ing  slicing and me-  
chanical  l apping  depend on the k ind  of slicing saw, 
the lapping  compound, and the  composit ion and corro-  
sion resis tance of other  meta l  par ts  involved in the 
process. For tuna te ly ,  a lmost  al l  of this contaminat ion  
is again  removed  in the chem-e tch ing  step, thus there  
is l i t t le  purpose  in l is t ing specific contaminants  ob-  
served in the  slicing or mechanica l  l apping  process. 
Some comments,  however ,  are  in o rde r  concerning the 
edge bevel ing and the chem-etch ing  steps. 

Unt i l  recently,  edge bevel ing wheels  had  thei r  d ia-  
monds embedded  in a solder  consist ing of a mix tu re  
of Cu, Ni, Mn, and Sn. This type  of wheel  deposi ted 
large  amounts  of impur i t ies  at  the wafer  per iphery ,  
which, s t range ly  enough, could not  be efficiently re-  
moved by chem-etching,  even when  the dura t ion  of 
the chem-etch ing  step was ex tended  by  a factor  of 4. 
The  only  reasonable  exp lana t ion  for  this k ind  of be -  
havior  appears  to be the assumpt ion tha t  the  high den-  
s i ty of vacancies genera ted  at  the sil icon surface du r -  
ing beveling,  in conjunct ion wi th  local h igh  t e m p e r a -  
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Table V. 

Impurities in a silica based pol ishing s lurry as determined by  neutron activation 

L 

Impurity  species  V Mn Cr Fe Co Ni Cu Zn Zr In Hf Ta 
Conc in ppm 7.5 3.3 0.45 96 .8  5.7E-2 2.52 2.6 3.8 145 0.45 3.3 8.8E-3 

Impurities in p p m  in polishing compounds from different manufacturers .  Determinat ion  by means  of atomic absorption spectrometry. 

V Cr Fe Cu 

Supplier  1 <0.5 0.30 47 0.20 
Suppl ier  2 <0.5 0.45 43 1.0 
Suppl ier  3 <0.5  0.35 40 0.28 
Suppl ier  4 <0.5  0.28 124 0.20 
Suppl ier  5 <0.5 0.50 84 3.8 
Suppl ier  6 <0.5  3.20 228 1.9 

t u res ,  c a u s e d  i m p u r i t y  d i f fus ion  in to  t h e  s i l i con  a n d  
t h a t  t h e s e  i m p u r i t i e s  r e t r e a t e d  b e f o r e  t h e  a d v a n c i n g  
s o l u t i o n / s i l i c o n  i n t e r f a c e  d u r i n g  c h e m - e t c h i n g  in  t h e  
m a n n e r  d e s c r i b e d  b y  W a g n e r  fo r  c o p p e r  in  a l u m i n u m  
d u r i n g  e l e c t r o l y t i c  p o l i s h i n g  (3) .  

M o r e  r e c e n t l y ,  b e v e l i n g  w h e e l s  h a v e  b e c o m e  a v a i l -  
a b l e  i n  w h i c h  t h e  d i a m o n d s  a r e  e m b e d d e d  in  n i c k e l  
only ,  w i t h  a n  i n c r e a s e d  r a t i o  of d i a m o n d s / n i c k e l  
b i n d e r .  T h e s e  w h e e l s  s e e m  to d e p o s i t  n e x t  to no  con -  
t a m i n a t i o n ,  n o t  e v e n  n icke l ,  a t  l e a s t  w h e n  new.  

I n  v i e w  of  t h e  h e a v y  c o n t a m i n a t i o n  of  s l i ced  o r  m e -  
c h a n i c a l l y  l a p p e d  w a f e r s  w i t h  t r a n s i t i o n  g r o u p  me ta l s ,  
i t  is n e c e s s a r y  to c h a n g e  t h e  e t c h i n g  s o l u t i o n  f r e -  
q u e n t l y  e n o u g h  to p r e v e n t  i m p u r i t y  b u i l d u p  i n  t h e  
so lu t ion .  O t h e r w i s e  t he  e l e c t r o c h e m i c a l  p o t e n t i a l  of t h e  
i m p u r i t i e s  c a n  r i se  to t h e  p o i n t  w h e r e  t h e  s o l u t i o n  
ceases  to b e  a n  e f fec t ive  c l e a n i n g  agen t .  Th i s  p h e n o m e -  
n o n  is q u i t e  a n a l o g o u s  to t h e  d e p o s i t i o n  of h e a v y  m e t -  
a ls  on  s i l i con  f r o m  c o n t a m i n a t e d  n i t r i c  a c i d - h y d r o -  
f luor ic  ac id  s o l u t i o n s  r e p o r t e d  b y  P o l i t y c k i  a n d  R ~ d -  
lo in  (4) .  

P o l i s h i n g  s l u r r i e s  u s u a l l y  a p p e a r  to b e  c l e a n  e n o u g h  
n o t  to depos i t  l a r g e  a m o u n t s  of i m p u r i t i e s  on  t h e  po l -  
i s h e d  s i l i con  s u r f a c e s  ( T a b l e  V ) ,  b u t  a g a i n  i t  is n e c e s -  
s a r y  to l i m i t  t h e  l e n g t h  of  t i m e  t h e  s a m e  s o l u t i o n  m a y  
b e  r e u s e d  b y  r ecyc l ing .  T a b l e  VI  s h o w s  t h e  d i s a s t r o u s  
r e s u l t s  of u s i n g  a p o l i s h i n g  s l u r r y  fo r  too long.  7 

T h e  a n a l y s i s  of a n  a l u m i n a - b a s e d  l a p p i n g  c o m p o u n d  
is g i v e n  i n  T a b l e  VII.  T h e s e  a r e  o n l y  e x a m p l e s  a n d  
m a y  n o t  b e  t y p i c a l  of  o t h e r  l a p p i n g  c o m p o u n d s  o r  
s lu r r i e s .  A n  i n t e r e s t i n g  a s p e c t  of  c o n t a m i n a t i o n  d u r i n g  
p o l i s h i n g  is t he  d i f f e r ence  in  s u s c e p t i b i l i t y  to c o n t a m i -  
n a t i o n  of d i f f e r e n t l y  d o p e d  a n d  d i f f e r e n t l y  o r i e n t e d  
s i l i con  su r faces .  (100) a n d  (111) o r i e n t e d  s i l i con  
wafe r s ,  b o r o n  ( p - t y p e )  a n d  p h o s p h o r u s  ( n - t y p e )  
d o p e d  in  t h e  10 z4 c m  -3  r a n g e ,  w e r e  p o l i s h e d  u s i n g  
a n  a l k a l i n e ,  S i O 2 - b a s e d  s l u r r y  d e l i b e r a t e l y  c o n t a m -  
i n a t e d  w i t h  v e r y  d i l u t e  c o p p e r  su l fa te .  T h e  (100) o r i -  
e n t e d  s u r f a c e  of t h e  p - t y p e  w a f e r s  b e c a m e  p l a t e d  w i t h  
a c o n t i n u o u s  c o p p e r  film, t he  (111) o r i e n t e d  l a r g e  s u r -  
f ace  of t h e  n - t y p e  w a f e r s  r e m a i n e d  v i s u a l l y  f r e e  of  a n y  
copper ,  b u t  s h o w e d  s o m e  c o p p e r  d e p o s i t i o n  on  t he  edge ;  
t he  a m o u n t  of c o p p e r  o n  t h e  o t h e r  t w o  c o m b i n a t i o n s ,  
(111) o r i e n t e d  p - t y p e  a n d  (100) o r i e n t e d  n - t y p e  s i l i -  
con, was  i n t e r m e d i a t e .  Th i s  b e h a v i o r  is i n  a c c o r d  w i t h  
t h e  k n o w n  e l e c t r o c h e m i c a l  b e h a v i o r  of s i l i con  c rys ta l s ,  
b u t  s h o u l d  be  k e p t  in  m i n d :  ( 1 0 0 ) - o r i e n t e d  p - t y p e  
s i l i con  is m o s t  p r o n e  to c o n t a m i n a t i o n  d u r i n g  po l i sh ing .  

Device ]abrication.--Wafer handling.--Prior to e n -  
t e r i n g  t h e  d e v i c e  f a b r i c a t i o n  process ,  p o l i s h e d  s u b -  
s t r a t e s  a r e  c l e a n e d  i n  d i f f e r e n t  ways ,  a l l  of  w h i c h  
s e e m  to do a n  a d e q u a t e  j ob  of  r e m o v i n g  i m p u r i t i e s  
a d h e r i n g  to t h e  su r faces .  T h e  w a f e r s  a r e  t h e n  s u b j e c t e d  
to a v a r i e t y  of p r o c e s s i n g  s teps ,  w h i c h  r e q u i r e  h a n -  
d l i n g  of t h e  w a f e r s  fo r  i n s pec t i on ,  i n s e r t i o n  in  f u r n a c e s ,  

Impurities on silicon wafers are usually concentrated in sur- 
face near layers, but their  exact  distribution is not known. We 
prefer to give impurities detected on si l icon wafers in terms of 
atoms/wafer. Conversion of atoms/wafer to ppm requires knowl- 
edge of the wafer thickness at a given diameter. A 20 rail thick. 
3 in. diam silicon wafer  contains  about 1.15E23 atoms sil icon, and 
weighs about 5.39g. 

Table VI. Impurities on a wafer polished with an alkaline Si02 
based polishing slurry which became contaminated during 

excessive use of the same solution 

Concentrations in 
atoms/3" r wafer 

Cr 5.9E15 
Fe 8.5E15 
Co 4.0E15 
Ni 3.4E15 
Cu 1.4E15 
Zn + 
Mo 3.6E15 
Ta 1.6E12 
W 1.4E14 

Table VII. 

Impurities in a fresh alumina lapping compound. 
Concentrat ion in ppm. 

Cr 7.2 
Fe 1100 
Zn 34.2 
Cu Not meas.  
Ni 28.7 
Mo 4.1 
Hf 2.1 
W 3.9 
Au 0.023 
Na 4600 

Other elements detected: As, Ga, Sc, La, Ce, Nd, Eu, Tb, Yb 

Impurities in alkaline solution (density 1.18 g/ml) of col loidal  
silica.* Concentrat ion in ppm of liquid. 

Cr 0.14 
Fe 31.0 
Zn 0.43 
Cu 0.085 
Ni 0.084 
Mo 0.025 
Mn 0.125 
V 0.250 

* Atomic Absorption Data courtesy  of T. Y. Kometani, Bell Labs, 
Murray Hill, N.J. 

a p p l i c a t i o n  of pho to r e s i s t ,  etc. U n t i l  f a i r l y  r e c e n t l y ,  
m e t a l  t w e e z e r s  w e r e  i n  w i d e s p r e a d  use  fo r  t h i s  p u r -  
pose. T a b l e  VI I I  s h o w s  t h a t  th i s  is n o t  t h e  b e s t  w a y  
of h a n d l i n g  wafe r s ,  e s p e c i a l l y  b a r e  s i l i con  w a f e r s  w h i c h  
a r e  h a r d  e n o u g h  to a b r a d e  t h e  t w e e z e r  m a t e r i a l ;  a n  
ox id i zed  w a f e r  is m u c h  " s o f t e r "  i n  t h i s  r e spec t .  M o r e  
r e c e n t l y ,  p l a s t i c  t w e e z e r s  h a v e  b e e n  s u b s t i t u t e d ,  a n d  
t he  " r o l l - o v e r "  t e c h n i q u e  f r o m  o n e  (p l a s t i c )  c o n t a i n e r  

Table VIII.  Contamination of bare silicon wafers handled with 
metal tweezers 

Wafer lifted 20 Tweezer 
Control  times with metal  composit ion 

(atoms/3" tweezer (atoms/ concentra- 
r wafer) 3" r wafer) tion (%) 

Fe 4.2E13 73.15 
Cr 5.0Ell 1.3E13 14.30 
Ni 1.4E13 5.6E13 10.90 
Cu 0.059 
Au 1.1Ell 1.5Ell Contaminated 
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to another  has el iminated much of the handl ing of in -  
dividual  wafers, resul t ing in  a considerable reduction 
in the degree of contaminat ion with stainless steel com- 
ponents. There persist two rather  insidious modes of 
contamination: use of the same containers or of the 
same tweezers for handling metallized and virgin 
wafers. Containers or tools used for handling metal- 
lized wafers should not be used at earlier fabrication 
steps. 

Once oxidized, the silicon surface becomes much less 
vulnerable to contact contamination, including contact 
with liquids. Etching with HF, however, generates a 
highly active silicon surface on which noble metals, if 
present, will readLy plate out by contact potential. If 
a contamination problem seems to exist on the line, 
an HF etching step exposing bare Si should always be 
followed by a cleaning in hot H202-HCI, which both 
cleans and oxidizes the silicon surface. 

Deposition of epitaxial silicon.--In the MOS technology 
epitaxial silicon is usual ly  deposited on low resistivity 
substrates, which has a high solubil i ty for t ransi t ion 
group metals. This is a for tunate  feature in  that the 
substrate effectively blocks the transfer  of impurities,  
emanat ing  from impure  graphite or SiC susceptors, 
into the epitaxial  layer by solid-state di'ffusion. Because 
of the lower metal  solubilities at lower temperatures,  
there is, of course, a practical l imit  to the degree of 
blockage even a low resist ivity substrate can exert  (5), 
and cleanliness of the susceptors, especially absence of 
part iculate impurities,  is still very important.  Diffusion 
of impurit ies from the susceptors through the vapor 
phase into the growing epitaxial  layer is essentially 
prevented by the presence of chlorine or chlorine-con- 
ta ining species dur ing the epitaxial  deposition process. 
In  addition, the low oxygen content and the pur i ty  of 
the higher resistivity epitaxial  silicon offers few sites 
for precipitat ion of contaminants.  

The effect of par t icula te  (i.e., highly concentrated) 
contaminat ion in  the susceptor was demonstrated by 
Pearce and McMahon (6). Dragging a stainless steel 
tweezer over the surface of an SiC susceptor resulted 
in the appearance of the same pat te rn  in the epitaxial  
layer of a wafer placed over the contaminated area for 
epitaxy. The pa t te rn  in the epilayer consisted of stack- 
ing faults and saucer pits (after Secco etching).  Con- 
taminat ion  of graphite susceptors with nickel and cop- 
per -conta in ing  par t iculate  mat ter  was revealed also 
by laser- induced emission spectroscopy (7) and by 
autoradiography of wafers neut ron-act iva ted  after epi- 
taxial  deposition: the radioactive spots were confined 
to the back surface of the wafer. These part iculate  
sources of contaminat ion probably stem from the ma-  
chining process and could perhaps be removed by the 
manufac turer  by a cleaning t rea tment  subsequent  to 
the shaping operation. 

Oxidation.--High tempera ture  oxidations, in  the ab-  
sence of HC1, especially steam oxidations for production 
of the "initial  oxide" are probably the process step 
normal ly  introducing the largest quanti t ies of d e t r i -  
m e n t a l  impurities.  Yet this need not  be so. 

Table IX shows the typical  contaminat ion result ing 
from a high tempera ture  steam oxidation as well as 
from an oxidation in  dry oxygen (no HC1) at about  
the same temperature  and for the same length of time. 
There is not much difference between the level of 
contamination,  thus it is not necessary to speculate on 

Table IX. Typical level of contamination observed after oxidation 
in steam or in dry 02 without HCI. Concentrations in 

atoms/3" 0 wafer. 

Cu Cr Fe Co Ni  

t ransportat ion of volatile impur i ty  species by t h e  
steam: the impuri t ies  must  be diffusing out of the 
quartz tube. Table X gives the analysis of a piece of 
an unused quartz tube. While the level of contamina-  
tion is not insignificant, it is obvious that  the total 
amount  of impuri t ies  present  could not possibly act as 
the reservoir for the observed contaminat ion of the 
silicon wafers over an extended period of time. In  
steady state, impuri t ies  must  be diffusing from the out- 
side through the walls of the quartz tube. 

Quartz tubes are convent ional ly  operated inside mul -  
lite or SiC liners; both of these materials  are, how- 
ever, very impure  and can serve as a v i r tua l ly  inex-  
haustible reservoir of impurities.  Table XI gives im-  
pur i ty  concentrations in  mul l i te  and in  SiC from f u r -  
n a c e  liners. 

Diffusion of t ransi t ion group metals through q u a r t z  
furnace tubes possesses an extremely steep tempera ture  
dependence. In one set of experiments  the existing tem- 
perature gradient  in  a furnace was utilized, with sili- 
con wafers positioned at locations of accurately mea-  
sured temperatures.  The concentrations of Fe, Co, Ni, 
and Cr were all found to increase by  a factor of 200 
over a temperature  range of only 30~ (1140~176 
whereas copper and t an ta lum increased only by a fac- 
tor of 3. The ambient,  dry oxygen or steam, did not  
appear to be a factor. We believe, however, that  these 
results do not reflect a t rue activation energy for dif- 
fusion, but  ra ther  a different degree of devitrification 
of the quartz tube kept at the different temperatures  
for a long period of time, and thus providing more or 

Table X. Impurities in an unused quartz furnace tube. 
Concentrations in ppm. 

Cr 3.3E- 2 
Mn No t  meas .  
Fe 3.4 
Co 8.6E - 3 
Ni 2 AE - 1 
Zn 2.4E -- 1 
Cu 0.28 
Mo 0.26 
Zr 5.3 
Hf  0.17 
Ta 5.6E - 3 
Se 0.57 
T e  0.08 
Th 0.15 
U 0.55 
Na  1.8 
Cd 0.72 

Other e l e m e n t s  de tec ted:  Ca, Ba, La, Sc, rare  ear th  (in part  
fission products  f r o m  the  react ions  on U and Th). 

Table Xl. 

Impuri t i e s  in a SiC furna ce  l iner.  Concentrat ions  in ppm.** 

Fe 19o300 
Co 51.1 
Ni  195 
Zr  9,300 
Hf 3.5 
Mn 10.3 
Cr 75.1 
Ir 0.23 
W 0.42 
Na  19,900 
K 1,860 

La, Sc, Sin, E u - - a l l  in the  0.X p p m  ra ng e  

Impurities in a mul l i t e  furnace  l iner.  Concentrat ions  in ppm.** 

Fe  8,180 Ga 75.0 
Co 5.7 Na  980 
Ni  9.4 K 7,570 
Cr 62.9 Ca 2,200 
W 8.2 Cs 12.7" 
Ta 3.6 Ba 152" 
Th 2.2 Sc 15.6 
U 0.12 Zr 210" 
Hf  6.2 Yb 35.6 
Sb 0.77 La 6.26 
Au 0.12 

* T h e r e  m a y  be s o m e  contr ibut ion  f r o m  the  f ission of  U-235. 
S t e a m  at 1170~ for  1 hr  1.3E15 4.8E14 2.1E15 1.2E14 5.4E14 ** Cu could not  be d e t e r m i n e d  nondes truc t ive ly  on this  s a m p l e  
Dry  O~ at 1150~ for  1 hr  1.5E15 1.3E15 6.6E16 2.7E14 3.8E15 but  was  present .  
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easier diffusion paths. Fe, Co, Ni, and Cr thus appear 
to diffuse preferent ia l ly  along (incipient)  grain  bound-  
aries, the lower "activation energy" of copper may be 
indicative of a bu lk  diffusion process. 

Table XII  shows impur i ty  concentrat ions on silicon 
wafers oxidized at the same temperature,  bu t  for dif- 
ferent  periods of t ime in  steam. It can be seen that 
there exists probably a subl inear  t ime dependence. 
Combining these two results suggests that  from the 
contaminat ion point  of view it would be advantageous 
to carry out s team oxidations at the lowest feasible 
temperature.  

Table XIII  gives the impuri t ies  on a wafer oxidized 
in dry oxygen ~- 1% HC1 at 1000~ for 1 hr. The pres-  
ence of the HC1 prevents  contaminat ion  of the silicon; 
unfor tunate ly ,  no such protection occurs dur ing steam 
oxidation in HC1, not to ment ion  the exceedingly cor- 
rosive na ture  of the steam-HC1 mixture.  

A par t icular ly  insidious, but  easily avoidable, source 
of contaminat ion dur ing  high tempera ture  furnace 
t reatments  are impure  SiC boats or paddles (or impure  
graphite coated with a th in  layer  of SIC). Table XIV 
shows the enormous contaminat ion that  can result  from 
the use of such boats. This par t icular  oxidation was 
carried out in  dry O2 ~- 1% HC1, otherwise the con- 
taminat ion  would have been  even worse. Autoradi -  
ography also showed that  the contaminat ion  was 
heaviest where the wafer  had been in contact with 
the boat. Contaminat ion can also resutt  from the use 
of impure  diffusion sources. Table XV shows the im-  
pur i ty  content  of a BN diffusion disk. This BN disk, 
as well as others, were found to be very nonuniform,  
and segments from one and the same disk gave strongly 
different results. The isotopes Cu and Mn could not be 
determined on this sample, the 511 keV peak of the 
positron annih i la t ion  radiat ion due to Cu-64 being 
interfered by pai r -product ion  from other high energy 

Table XII. Impurity buildup as a function of oxidation time in 
steam at 950~ Concentrations in atoms/Y' ~ wafer. 

Cu Fe Co Ni Cr W 

60 rain 2.8E14 3.2E15 1.7E13 5.9E14 7.5E14 4.1Ell 
122 min  5.1E14 3.9E15 2.0E13 1.5E15 1.0El5 3.1E12 

Table Xlll. Typical level of contamination observed on a very clean 
substrate after oxidation for 1 hr at 1000~ in dry oxygen ~ 1% 

HCI. Atoms/Y' O wafer 

Cu 
Cr 
Fe  
Co 3.8EII 
Ni + 
Ta 1.SEll 

Table XlV. Impurities on originally clean substrate oxidized in dry 
02 -I- 1% HCI for 1 hr at 1000~ in SiC boat. Atoms/Y' o wafer. 

Cu 2.8E16 
Co 6.6E12 
Ni  3.5E14 
Ta  8 .4El l  

Table XV. Impurities on a BN diffusion disk. Concentrations in ppm. 

Fe  97.0E-- 0 
Co 1 . 0 E - 2  
Ni  1.3E--3 
Mo 5.0E - 4 
Zr  4.6E -- 1 
P t  1.1E - 1 
H f  3.0E - 0 
T a 3.0E - 1 
Au 3.0E - 4 
W 0.4E -- 1 
U 7.0E -- 1 
Th  8.1E -- 1 

Many rare  earths ,  in part  f r o m  th e  f ission react ion  of  U-235 

gamma emitters, and the Mn-56 emission having de- 
cayed due to the short half-l ife of Mn-56 (2.58 hr) .  
From the absence of the weak 1345.6 keV gamma line 
of Cu-64 it can be inferred that  the Cu concentrat ion 
must  have been less than  about 1014 atoms cm -8. 

By analyzing the impuri t ies  not in the BN disk but  
on silicon wafers diffused from BN disks it  has been 
shown that  Cu and Mn are in  fact impurit ies t rans-  
ferred from the BN disks to the silicon dur ing  diffusion 
treatment .  Which impuri t ies  are significantly volatile 
will depend on the activity coefficient of the impur i ty  
in the BN matrix,  a topic on which essentially nothing 
is known. In calculating the impur i ty  concentrations in  
boron or BN from the gamma- ray  spectra of neu t ron-  
activated samples one must  take into consideration the 
reduct ion in  thermal  neu t ron  flux inside the sample, 
due to the extremely large cross section of B-10 for 
thermal  neutrons  (8). 

Ways to avoid contamination during steam oxidation.-- 
1. A guaranteed way  to el iminate contaminat ion would 
be the use of a double-wal led quartz tube with an 
HCl-conta ining gas being passed between the inner  
and outer walls of the tubes (and discharged into a 
separate outlet from the steam).  This would increase 
the outer diameter  of the tube, bu t  would el iminate 
the need for a furnace liner. 

2. High pur i ty  a lumina  l iners are available, an ana ly-  
sis of this mater ia l  is shown in  Table XVI. The high 
pur i ty  a lumina  is orders of magni tude  cleaner than 
the customary mull i te  l iners (and therefore also more 
expensive).  There should be very  little t ransi t ion 
group metal  diffusion into quartz tubes heated inside 
high pur i ty  a lumina  liners, as long as the a lumina  l iner  
does not become saturated with impuri t ies  diffusing 
from the heating elements of the furnace, etc. We do 
not have at this time exper imenta l  data to clarify this 
question. 

3. Another  at tract ive approach is the use of low 
tempera ture-h igh  pressure steam oxidation. Table 
XVII shows results obtained on wafers oxidized in a 
system buil t  at Bell Labs, Al len town (9). In  this pa r -  
t icular  system the steam comes in  direct contact with 
a highly corrosion resistant  cobalt alloy, a condition 
avoided in commercial ly avai lable  systems. The con- 
taminat ion with cobalt, nevertheless,  is moderate. The 
wafers after oxidation are rather  clean, except for a n  
unaccounted for contaminat ion with some copper. Es- 

Table XVI. Impurities on a piece of high purity alumina furnace 
liner. Concentrations in ppm. 

No t  m e a s u r e d  b e c a u s e  
Cu of  i n t e r f e r e n c e  
Cr 7.1 
F e  512 
Co 0.37 
N!  9.4 
Zr 1,000 
Mo 0.30 
Hf 1.72 
W 1.61 
Na 350 
K 143 
Ca 217 

Other  e l e m e n t s  de t ec t ed :  Ba, Ce, La, Ga, Sc,  Nd,  Eu, Tb,  Yb 

Table XVII. Contamination during low temperature (750~ 
high pressure (20 atm) oxidation for 70 min in steam. Steam in 

direct contact with pressure vessel alloy. Atoms/Y 0 wafer. 

B e f o r e  oxidat ion A f t e r  oxidat ion 

Cu 5.8E13 1.9E14 
Cr 6.1E13 6.1E13 
Co -- 2.3E12 
Ni  V e r y  w e a k  2.1E13 
F e  V e r y  w e a k  V e r y  w e a k  
W 1.3El l  
Na  1.~14 1.1El4 
As 8 .7El l  7 .3El l  
Sb 9.9E10 ?.6El0 
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sent ia l ly  al l  contaminat ion  should be avoidable,  at  
750~ in a system which  prevents  the s team from 
coming in contact  wi th  any meta l  parts .  

Ion imptantation.--Our exper imen t s  were  car r ied  out 
on two different  types  of implanters .  One is a high 
voltage, low cur ren t  commercia l  machine  in which only 
one wafer  at a t ime is being implanted.  The other  is 
a low voltage, high cur ren t  machine  designed and 
bui l t  in terna l ly .  In  this l a t t e r  machine  up to 30 wafers  
m a y  be imp lan ted  s imul taneously ,  a large  ta rge t  holder  
moving in front  of the  s t a t ionary  beam. The commer -  
cial high vo l tage- low cur ren t  machine  has excel len t  
focusing and mass resolution,  and no contamina t ion  
wi th  t rans i t ion  group meta ls  a t t r ibu tab le  to the  im-  
p lan ta t ion  step was detectable.  In  the low voltage, high 
current  machine,  on the other  hand, the  ion beam is 
pe rmi t t ed  to s t r ike  the wal ls  of the waveguide,  the  
beam stop, and the beam catcher  plate.  Impur i t i es  
can and are  being sput te red  off these me ta l  par ts ,  and 
a t ten t ion  mus t  therefore  be pa id  to the ma te r i a l  f rom 
which they  are made.  Table  XVII I  shows an example  
of the contaminat ion  resul t ing  f rom the use of a s ta in-  
less steel  beam catcher  plate.  The contamina t ion  was 
not confined to the back surface of the  wafer ,  about  
1/3 was found on the f ront  surface. Impur i t ies  f rom 
the ma te r i a l  of the hot  cathodes were  also shown to 
find the i r  w a y  to the si l icon wafers,  but  this does not  
appear  to const i tute a ma jo r  problem.  
Plasma etchers.--Plasma etching is beginning to re -  
place wet  chemical  e tching steps due to the be t te r  
resolut ion and avoidance  of undercut t ing.  The plasma,  
however ,  consti tutes a ve ry  effective means  of red is -  
t r ibu t ing  impur i t i e s  deposi ted outside the ta rge t  a rea  
in previous  runs. Thus, for instance, p lasma etchers  
which have been used to pa t t e rn  gold me ta l l u rgy  
should not  be used for other  work  wi thout  ve ry  
thorough cleaning if the sample  to be etched wil l  un-  
dergo stil l  some high t empe ra tu r e  t rea tments  af ter  the  
p lasma  etch. Exposed copper par t s  also have been 
shown to be a source of contaminat ion,  as is the copper 
contained in a luminum-coppe r  al loys used as the base 
pla te  in some etchers;  in the l a t t e r  case, however,  the 
a luminum pla te  becomes oxide covered if  the work ing  
gas in the e tcher  contains oxygen,  and the contamina-  
tion decreases wi th  time. 

Packaging.--At this stage, wafers  are  no longer  ex-  
posed to high tempera tures ,  thus contaminants  o ther  
than  those that  give r ise to e lectrolyt ic  conduction, 
such as NaC1, a re  no longer  of importance.  A special  
case, however,  is the packag ing  of stat ic memor ies  in  
a lumina  ceramics. In format ion  in s tat ic  memories  is 
not  per iod ica l ly  refreshed,  but  must  be ma in ta ined  in-  
definitely. A lumina  ceramics, however ,  of ten contain 
small  amounts  of u ran ium and thor ium and o ther  
members  of the u ran ium decay chain, al l  of them a lpha  
emitters .  Due to the  la rge  energy  of a lpha  part icles ,  
and the ve ry  smal l  charge  s tored on an ind iv idua l  
capaci tor  in such memory  arrays ,  direct  hits by  a lpha  
par t ic les  can resul t  in loss of information.  This fact  
requires  that  s tat ic  memories  be shie lded agains t  
direct  a lpha  hits, a r e l a t ive ly  easy task  in  view of the  
ve ry  shor t  range  of a lpha  par t ic les  in mat ter .  Most 
of the a lpha  emission, incidental ly ,  does not  s tem from 
the ve ry  long- l ived  U-238, but  f rom shor ter  l ived mem-  
bers  of the decay chain. However ,  the (n ,gamma)  r e -  
action on U-238 is the most convenient  method  for de-  

Table XVIII. Impurities on a silicon wafer boron implanted at a 
dose of 6.7El6/wafer at a beam current of 0.5 mA with a low 
voltage-high current implanter built internally. Tungsten hot 
filament, stainless steel beam catcher plate. Atoms/3" 0 wafer. 

Cu Fe Co Nl Cr W Mo 

1.9E14 5.4E15 1.6E13 6.0E14 1.6E15 7.4Ell 1.7E13 

Table XIX. Impurities from the ceramic of an integrated circuit 
package. Concentration in ppm or in %. 

Na 0.48% 
Ca 5.1% 
Cr 0.51% 
Zr 0.35% 
Hf 130 piom 
W 21 pprn 
Ta 7 pprn 
U 0.79 ppzn 
La 0.34 ppzn 
Sc 0.42 ppm 
Sm 0.25 ppm 
Yb 1.70 ppm 

te rmining  the u ran ium content,  and hence establ ishing 
the presence or absence of the p rob lem (Table XIX) .  

Summary 
A survey has been given of the  sources of contami-  

na t ion  in silicon device processing. The polysi l icon 
used for growing ingots is ve ry  pure,  but  ve ry  s trong 
contaminat ion  of the sil icon mel t  can occur f rom the 
exposure  of meta l  par t s  (Inconel  a n d / o r  mo lybdenum 
in our  case) in the  crys ta l  g rowers  to high t empera -  
tures. Transfer  of the contaminat ion  appears  to occur 
p r eponde ran t ly  th rough  the vapor  phase. The large  
segregat ion coefficients of the t rans i t ion  group meta ls  
pro tec t  the si l icon ingot  agains t  significant con tamina-  
tion provided  the polysi l icon res idue in the crucible  is 
not  recycled.  

Lapping  and polishing can be sources of ve ry  un-  
des i rable  contaminat ion  of the s t a r t ing  subs t ra te  sur -  
face if the lapping  and pdlishing compounds are  d i r ty  
to s ta r t  wi th  or  are  being reused for too long. Edge 
bevel ing wheels  of a new design were  found to in t ro -  
duce very  l i t t le  if any  contamina t ion  as compared  to 
older  types of wheels. High t empe ra tu r e  oxidat ions in 
the  absence of HC1 were  shown to be p reponde ran t  
sources of contaminat ion.  The impur i t y  diffusion 
th rough  the wal ls  of the quar tz  tubes and into the 
sil icon app rox ima te ly  fol lows an exponent ia l  behavior  
wi th  tempera ture .  Presence of HC1 suppresses this 
contaminat ion.  Possible a l te rna t ives  for  p revent ing  
contaminat ion  dur ing  high t empe ra tu r e  furnace  t r ea t -  
ments  are  described.  The special  role of HCI (or o ther  
ch lor ine-conta in ing  compounds)  in removing  contami-  
nants  as chlorides dur ing high t empe ra tu r e  get ter ing  
is examined  in a companion paper .  
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Metal Silicon Reactions Induced by CW Scanned Laser 
and Electron Beams 

T. Shibata, 1 T. W. Sigmon,* J. k. Regolini, 2 and J. F. Gibbons* 

StanJord Electronics Laboratories, StanJord, California 94305 

ABSTRACT 

Scanned CW-laser and electron beams have been utilized to react thin metal 
films of Pd, Pt, Mo, W, and Nb~deposited by electron beam evaporation onto 
single crystal silicon suhstrates to form silicides. Formation of large area uni- 
form layers of Pd2Si or PdSi is controlled by selection of the power level 
of the scanning laser or electron beam. Single phase MoSif, WSif., and NbSi2 
are also found after CW-beam reaction. For the P t /S i  system mixed phase sili- 
cides are found after CW-laser reaction with a superconducting (Tc ------- 4 K) 
metastable compound, PtfSi3, observed as the dominant  phase. In contrast, 
s ingle-phase PtSi is found after e lec t ron-beam reaction. Comparison is also 
made with electron beam evaporated films and argon sputter-deposi ted films. 

The reaction of th in  metal  films with both single 
and polycrystal l ine silicon to form silicide compounds 
is an area which has received wide at tent ion in the 
past few years. Fu ture  integrated circuit technology 
will require increased device packing density along 
with decreased dimensions resul t ing in a need for low 
resistance interconnects.  Desirable properties of these 
interconnects will  include high temperature  process 
compatabi l i ty  and controlled metal-s i l icon-interface 
reactions for both Schottky and ohmic contact rel iabi l-  
ity (1-3). The bulk  of the research to date has been 
carried out in thermal  equi l ibr ium furnace reactions 
and an excellent review is given in Ref. (4). There 
both the film deposition and furnace anneal ing pro- 
cesses are discussed in detail along with useful mea-  
surement  techniques for de termining reacted film com- 
position and quality. 

Certain l imitat ions have been found in the furnace 
thermal  equi l ibr ium processing, however. As a result  
of these limitations, wi thin  the last year, the use of 
energetic beams to react metal  silicon films has been 
investigated by a n u m b e r  of research groups. Both 
laser (5-7) and electron beam (8) reaction and ion 
beam mixing (9) have been used in this work. Each 
of these techniques has led to several unique  results, 
differing in m a n y  cases from that  found for s tandard  
furnace processing. 

The main  features offered by the laser or electron 
beam processing of these films include shorter  reac- 
tion times, localized heat- t reatment ,  and rapid heat ing 
and cooling rates. Similar  to the case of energetic 
beam anneal ing  of semiconductors, a na tu ra l  division 
of the physical mechanisms and results can be made 
for pulsed vs. scanned CW energetic beam- induced  re-  
actions. In this paper we will discuss results we have 
obtained using scanned CW-laser and electron beams 
to react various metal /s i l icon systems. In  contrast  to 
the results found for the pulsed case, uniform, essen- 
t ial ly single-phase silicide films are obtained with the 
scanned CW beams. However, under  certain conditions, 
metastable mixed-phase  systems are also obtained. 

- Electrochemical Society Active Member. 
1 On leave from Integrated Circuits Laboratory, Toshiba R and D 

Center, Toshiba Corporation, Kawasaki, Japan. 
-~ Present address: CNEA Bariloche, Argentina. 
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Both MeV Rutherford backscat ter ing a n d  g l a n c i n g  
angle x - ray  diffraction analysis have been utilized for 
characterizing the s tructure of the layers. Four-probe  
resistivity measurements  have been utilized to obtain 
bulk  resistivity using the film thickness data obtained 
from the backscattering. 

Experimental 
In  Table I we list the various metal /s i l icon s y s t e m s  

reacted in this work. Also listed are the per t inen t  
properties characterizing each system, such as thickness 
and whether  or not a silicon overcoating is used. All  
metal  films were deposited by electron beam evapora-  
tion onto p- type <100> silicon substrates in  a high 
vacuum oil-free system, unless otherwise noted. Thin 
amorphous silicon layers were deposited on the metal  
layers to be reacted by the laser to provide an ant i -  
reflection coating for the metal  surface. Without  the 
silicon overcoating, a high laser power is required to 
compensate for the power reflected from the m e t a l  
surface. However, the smaller  reflectance of the silicide 
compound results in an increased power absorption in 
the film dur ing  the reaction, leading to difficulty of 
control of the reaction. This problem can be avoided 
by the use of this thin silicon overcoating. Natural ly,  
since the reflectance does not  change for the electron 
beam this overcoating layer  is not  required for the 
scanned electron beam experiments.  

The laser used in this work was a CW argon laser 
operating in the mul t i l ine  mode. The laser output  w a s  
focused by a 135 mm lens onto the sample and scanned 
by the apparatus described in Ref. (10). Typical pa-  

Table I. Summary of samples used in the experiments 

Si-over- 
Beam process coating Metal layer Substrate 

Scanned-laser beam Si (200A) Pd (1300A) p-type 
Pt (10,00A) <i@0> Si 
Mo (530A) 
W (440A) 
Nb (II00A) 

Scanned-electron beam None Pd (1400&) 
Pt (1100A) 
Nb (12S0A) 
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rameters used in these experiments  were, approxi-  
mately  50 ~m spot size and 12 cm/sec beam scan speed. 
The substrate was held at fixed temperatures  dur ing 
the laser irradiation. The substrate temperatures  used 
for the various reactions are listed in Table II. Electron 
beam irradiat ion was performed in a Hamil ton Stan-  
dard electron beam welder, Model EBWT.5 at a work-  
ing vacuum of 10 -4 Torr. The samples were mounted 
on a copper heat  sink with Dow Corning 340 heat s ink 
compound and main ta ined  near  room tempera ture  
during the reaction. Typical electron beam parameters  
used for the reactions were, substrate temperature  ap- 
proximately  50~ electron beam energy 31 keV, cur-  
rent  0.1-0.3 mA, beam spot size (as measured by the 
reacted path) approximately 100 ~m, scan rate of 13 
cm/sec, and a step size of less than 100 ~m. All re- 
acted layers were studied by MeV 4He ion backscat- 
tering, glancing angle x - r ay  diffraction analysis in a 
Read camera, Nomarsky optical microscopy, and four-  
probe resistivity measurements.  

Results and Discussion 
Pd/S i . - - In  Fig. 1 we show an optical mierograph of 

a sample consisting of Si (200A)/Pd (1300A)/Si ~100~  
laser beam scanned as a function of laser power levels. 
It can be seen from Fig. 1 that the reaction of the 
Pd/Si  is ini t iated at about 4W of laser power. The 
laser- induced reaction is easily detected by the un -  
aided eye through a surface color change. For this par-  
t icular sample the reaction began at a power level of 
4W where the surface color changed from blue (un-  
reacted film) to yellow (reacted film, low power 
phase).  This low power phase was found to be stable 
to a threshold power of about 7.0W, above which a dif- 
ferent  high power phase appears in the center of the 
beam scan line. At this power level, the surface color 
changes to a gray color characteristic of the high power 
phase. In order to obtain un i formly  annealed areas, 
overlapped scans were performed in such a way that 
each adjacent  scan line overlapped by at least 40%. 

For the remainder  of this paper we will normalize 
the output  power level of the laser (P) to the power 
at which the surface of a virgin silicon wafer just  be-  
gins to melt  (Po). This normalized power (p _-- P/Po) 
is exper imenta l ly  reproduceable, thereby minimizing 
the dependence on the laser system and /or  other con- 
ditions. For our exper imental  configuration, typical 
values of Po are 9.0 and 5.0W for 50 ~ and 350~ sub-  
strate temperatures,  respectively. This normalized laser 
power is also related to the impor tant  parameter  of 
the CW-beam process, i.e., the ratio of beam power to 
the spot radius (P /w) .  This relat ion is given by P / w  
(W/~m) ---- 0.337p or 0.191p for Ts,,b ---- 50 ~ or 350~ 
respectively, using the formulat ion of Ref. (11). Here 
the beam radius, w, is defined by the 1/e point  of the 
beam intensi ty  assuming a Gaussian distribution. Since 
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Fig. 1. Optical micrograph of a sample consisting of Si (200A)/ 
Pd (1300~)/Si ~ I 0 0 ~  after single laser scans at various laser 
power levels. The low power phase is formed between 4 and 7W 
and the high power phase at and above 8W. 

the actual power absorbed by the sample is reduced 
by the reflection, the essential power parameter  is 
(1 -- R) P/w,  where R denotes the reflectance of the 
sample. This parameter  is listed in Table II and has 
been calculated by using exper imenta l ly  determined 
values for R. Since reflectance is not impor tant  for the 
electron beam experiments the actual P / w  values are 
listed in Table II. For the electron beam data the beam 
diameter  used was determined by measur ing the width 
of the reacted mater ial  for a single scan. This technique 
gives a sl ightly different value for w as compared to 
the laser case, where w is determined from the mel t ing 
power (Po). 

Backscattering spectra for the Pd /S i  samples which 
were laser annealed at p _-- 0.71 (low power phase) 
or p ---- 1.1 (high power phase) are shown in Fig. 2(a) .  
The spectrum for the unreacted sample is shown by the 
solid line. Since this is a sample prepared for laser 
vnnealing, the peak in the solid l ine near  1.2 MeV on 
the energy scale is the signal from the 200A of silicon 
antireflection overcoating previously discussed. The 
peak at higher energy is the signal from the Pd, and 
the step in the backscattered yield at about 1.1 MeV 
represents the signal from the under ly ing  silicon sub-  
strate. It is clearly seen in Fig. 2(a) that  the entire 
metal  layer  has been reacted with the substrate and 
surface silicon after laser irradiation. From the areas 
under ly ing  the backscattering spectra for the different 
atomic species, one can determine the average com- 
position of the reacted materials. This was determined 
to be Pd2Si for the low power phase and PdSi for the 

Table II. Summary of beam process parameters and resultant reactions 

R e a c t e d  p P o w e r  
R e a c t e d  t h i c k n e s s *  ( n o r m a l i z e d  p a r a m e t e r * *  R e s i s t i v i t y  

M e t a l  f i l m  p h a s e  ( A )  l a s e r  p o w e r )  ( W / ~ m )  Tsub ( ~  (9~  . c m )  

L a s e r  b e a m  reac ted  P d  PdeSi  1930 0.71 0.154 50 ( •  37 
P d  P d S i  2600 0.9 ~ 1.4 0.2 ~ 0.3 5{) ( ~ 0 . 5 )  31 
P t  P t~Si t  - -  0.69 5{) ( •  - -  
P t  PtSi~r - -  0.86 0.185 59 ( •  
Mo MoSi~ 1450 0.88 0.093 350 (~-1.0) 1 ~  
W WSie  1200 0.85 0.087 350 (~-1.0) I10 

(10 scans)  
N b  NbSi2 1350 0.9 0.089 350 ( ~ 1 . 0 )  - -  

(21 scans)  

Elec tron  b e a m  reac ted  P d  Pd~SI 2280 0.112 ~ 5 0  39 
P d  P d S i  2730 0.136 ~ 5 0  20 
P t  P t S i  1670 0.on3 ~ 5 0  28 
N b  NbSi2 12005 0.173 ~ 5 0  - -  

* C a l c u l a t e d  f r o m  b a c k s c a t t e r i n g  s p e c t r a  u s i n g  t h e  n e a r - s u r f a c e  a p p r o x i m a t i o n  f o r  t h e  e n e r g y  loss.  
~* C a l c u l a t e d  v a l u e s  of absorbed p o w e r / b e a m  r a d i u s :  (1 - R)P/w. 

t A m i x e d  phase  c o m p o u n d  including m e t a s t a b l e  PteSi~. 
$ Thicknes s  of  a part ia l ly  reac ted  f i lm.  
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Fig. 2. (a). Backscattering spectra for Si/Pd/Si laser annealed 
samples for various normalized laser power levels. The solid line 
( ) represents data taken on unreacted samples, the circles 
( 0  0 O )  on samples reacted at low powers, and the closed circles 
( e e e )  samples reacted at high power levels. 

high power phase. It  should be noted that the spectrum 
of the high power phase (PdSi) did not  change signifi- 
cantly with laser powers ranging from p : 0.9 to 1.4. 
This result  is quite different from those obtained using 
a pulsed laser beam, where the average composition of 
the silicide layers are observed to change cont inuously 
with increasing laser power (5, 12). In  Fig. 2(b) we 
show the x - r ay  diffraction pa t te rn  obtained from the 
sample reacted at high power (p ~ 1.1) using a Read 
x - r ay  camera. The lines from the PdSi phase are indi -  
cated by the solid circles and the most intense lines 
from the Pd2Si phase by the open circles. It  can be 
seen from this diffraction pa t te rn  that  the compound 
is essentially single-phase PdSi containing a trace 
amount  of Pd2Si, thereby verifying the backscattering 
results. Similar  results were obtained for the sample 
reacted at low power where the compound was found 
to be main ly  Pd2Si, with a trace amount  of PdSi ob- 
served. Identical  results were also found for the elec- 
t ron beam reacted Pd /S i  samples. These results are 
also in contrast  with those obtained using a pulsed 
laser beam, where the reacted layer  was found to c o n -  

sist of PdSi, Pd2Si, Pd4Si, Pd3Si, and Si precipitations 
(12, 13). 

It should be noted that the formation of uni form 
PdSi layers is difficult by conventional  furnace tech-  
niques unless ion beam mixing (14) is used, usual ly  
leading to a PdSi island microstructure containing Si 
between or inside the islands (15). In  Table II various 
properties of the PdSi and Pd~Si films formed by both 
the laser and electron beams are presented. 

The surface morphology of the Pd2Si layers can be 
best described as a ra ther  patchy surface appearance 
similar to that obtained in the furnace reacted case (15). 
The effective tempera ture  calculated for the laser-  
scanning conditions used to form the Pd2Si is about 
778~ for p _~ 0.71, with an effective annea l ing  t ime 
of Teff : 12.1 msec. This results in a calculated Pd2Si 
thickness of about 1530A assuming that  the furnace 
anneal ing data (16) holds for the laser process. [The 
formulas in Ref. (11) have been used for the calcula- 
tion.] These calculations are in good agreement  with 
the exper imenta l ly  observed result  (1930A) deter-  
mined by backscattering (Table I).  These results indi-  
cate that the formation of Pd2Si by the CW laser occurs 
by a process quite similar to that  of the furnace re-  
action. Using recently obtained furnace anneal ing data 
for the activation energy of the Pd2Si formation (17), 
we have concluded that the formation of this phase 
proceeds via a solid-state interdiffusion mechanism 
(18). 

The PdSi films exhibit  a l aminar - l ike  surface mor-  
phology indicative of a spontaneous nucleat ion process. 
A Nomarsky interference micrograph of the surface 
is shown in Fig. 3. Although the mechanism responsible 
for the PdSi formation is not  completely understood, 
we have evidence indicat ing that a nuclea t ion- induced 
process is responsible (7). 

Pt/Si.--Scanned laser reaction of the Si (200A)/Pt  
(1000A)/Si <100~  samples resul ted in surface color 
changes similar  to those found for the Pd/Si  samples. 
The reaction was found to begin at p = 0.5 with the 
t ransi t ion from a low power to a high power phase 
occurring at a value p : 0.74. The backscattering and 
x - r ay  diffraction results were found to be quite dif- 
ferent  from those obtained for the Pd/Si  films. In Fig. 
4 (a) we show backscattering data for the laser-reacted 
P t /S i  films, and in Fig. 5 similar  data is shown for the 
e lectron-beam reacted layers. 

The average composition calculated from the back- 
scattering spectrum in Fig. 4 for the low power laser-  
reacted sample is close to Pt2Si; however, it was found 
from x - ray  analysis that the layer  consisted ma in ly  of 
Pt3Si and PtSi with trace amounts  of Pt12Si5 and  Pt2Si. 

Fig. 2. (b) Glancing angle x- 
ray diffraction pattern from a 
Read camera on the sample re- 
acted at high power as shown in 
Fig. 2(a). The line indicated by 
0 is the most intense diffraction 
line from Pd~Si. 
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Fig. 3. Namarsky interference mlcrograph of a PdSi layer formed 
by scanned laser reaction. 

The average composition determined from Fig. 4 for  
the high power phase was approximately PtSi2. This 
compound does not exist in the equilibrium phase dia- 
gram (19). The x-ray diffraction pattern obtained from 
the high power phase (PtSi2) is shown in Fig. 4(b). 
The intense lines appearing in this diffraction pattern 
cannot be fit by any equilibrium Pt/Si compounds. 
However, they are found to fit very well the diffraction 
pattern of metastable Pt2Si3 (20). Small amounts of 
Pt2Si8 were also found in the samples reacted at low 
power. To further verify the existence of this phase for 
these samples we performed superconductivity mea- 
surements. The observed transition temperature (To) 
was found to be approximately 4 K corresponding well 
to that observed in Ref. (20). 

In Fig. 5 backscattering data obtained for the Pt/Si 
films reacted by scanned electron beams are shown. 
Using the near-surface approximation for the energy 
loss and cross section, this data indicates the entire film 
has been reacted to form PtSi. That this is a uniform 
reaction is indicated by the uniformity of the olatinum 
and silicon signals corresponding to the PtSi layer. 
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Fig, 4. (a) Backscattering spectra for as-deposited ( ~ )  Si/Pt/ 
Si structures and laser annealed [ ( 0 0 � 9  P = 0,69 and 
( 0  �9 � 9  p ~ 0,89] Si/Pt/Si structures. 

This is in contrast to that observed in Fig. 4(a), for 
the Pt/Si layers reacted by the laser. Glancing angle 
x-ray diffraction analysis of the electron-beam re- 
acted layers confirm the results of the backscattering 
that we do indeed have single-phase PtSi. Further 
parameters measured for these films are listed in 
Table I I .  

The observed difference between the laser and elec- 
tron beam ability to form PtSi can be caused by two 
phenomena. The basic physical differences between 
the laser and electron beam experiments are sample 
structure and beam energy deposition profile. Although 
we cannot rule out the possibility of interfacial effects 
(such as bond breaking) created by penetration of t h e  
electron beam into the Pt/Si interface, we speculate 

Fig. 4. (b) Glancing angle x- 
ray diffraction pattern for the 
Pt/Si structure laser annealed at 
p = 0.86 as shown in Fig, 4(a). 
Formation of superconducting 
Ft~Si8 phase is evident. 
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that  the observed difference is due to the presence of 
the thin overcoating of silicon on the laser-reacted 
samples. 

Refractory metals (Me, W, Nb)/silicon.~We have 
successfully used the scanned CW laser and /or  electron 
beam to react thin films of Mo, W, and Nb with Si. For 
films to be reacted by the laser a thin overcoating of 
silicon was again used to control refiectivity. In Fig. 
6(a) we show backscat ter ing spectra for both before 
and after CW laser i r radiat ion of Si (200A)/Mo (530A)/ 
Si <100> samples. It can be seen from this data that 
the deposited film of Mo was completely reacted with 
the Si after laser i r radiat ion at a normalized power of 
p _-- 0.88. The average composition of result ing layer  
can be calculated from the spectrum and was found to 
be MoSi2. The x - r ay  diffraction pattern,  shown in Fig. 
6 (b),  also verifies that the reacted layer is s ingle-phase 
MoSi2 free from unreacted Mo or Si precipitates. 

For both the W/Si  and Nb/Si  samples mult iple  laser 
scans were required to ful ly react the metal  with the 
under ly ing  silicon. For examp!e, for the Si (200A)/W 
(440A/Si <100> and Si (200A)/Nb ( l l 0 0 A ) / S i  <100>, 
laser i r radiat ion at a normalized power of p ---- 0.85 and 
0.90, respectively, resulted in only a l imited amount  of 
reaction observed at the interface between the metal  
and silicon. The results of backscat ter ing analysis for 
both the W/Si  and Nb/Si  samples are shown in Fig. 
7(a) and 8, respective!y. In Fig. 7(a) it can be seen 
that the 440A tungsten  layer was completely reacted 
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Fig. 6. (a) Backscattering spectra for Si (200~)/Mo (530A)/SI 
< 1 0 0 >  structures before ( � 9  G � 9  and after (@ @ @) laser re- 
action. A layer of MoSi2 of about 1450A thickness was obtained 
after 1 laser scan at p = 0.88. 

forming a WSi2 layer of about 1200A in thickness. It  
should also be noted that  ten passes with the laser were 
required to complete this reaction. The backscattering 
data show that the film is quite uni form with a well-  
defined interface at the silicide/silicon crystal in ter -  
face. In Fig. 7(b) the x - ray  diffraction pa t te rn  ob- 
tained for this sample is shown. The maor lines of 
~VSi2 are seen without  presence of W and /o r  Si precipi-  
tate lines. 

In Fig. 8 the backscattering spectra for the Nb/Si  
samples are shown. Here we see the advancement  of 
the interface between the silicon and n iobium occur- 
r ing for constant laser power as a function of the n u m -  
ber of laser scans. It can be seen that  the thickness of 
the silicide film (NbSi2) increases with the n u m b e r  of 
scans. The average composition of this reacted layer 
is found to be NbSi2, determined from the backscat-  
tering spectra and verified by x - r ay  diffraction analysis. 
Using the near-surface S factor, [So]NbNbSi2 = 83.7 
eV/A, the film thickness vs. the number  of scans are 
plotted in Fig. 9. One can clearly see that  a parabolic 
growth behavior exists for the NbSi2 film since the 
number  of scans is proport ional  to an effective annea l -  
ing time. This result  is in agreement  with the general  
behavior  of the refractory metals which form disilieides 

Fig. 6. (b) X-ray diffraction 
pattern obtained from the Mo/ 
Si sample laser annealed at p 
0.88. 
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by furnace anneal ing  (4). The facts suggest that  the 
laser- induced reaction for NbSi2 formation occurs es- 
sential ly by a solid-phase diffusion mechanism. 

In Fig. 10 we show backscattering data taken on u n -  
reacted Nb/Si  and e-beam reacted NbSi2 for two dif- 
ferent values of P/w (0.155, 0.173 W/~).  The growth 
front of the NbSi~ layer  into the Nb/Si  couple can be 
seen directly from this data. Verification of the NbSi2 
phase has been done again using x - r ay  diffraction. The 
calculated thicknesses of the two layers are 780 and 
1200A for the 0.155 and 0.173 W/~ power levels, re-  
spectively. 

Sputtered films (Pd, W)/Si.--The th in  film samples 
used in the experiments  discussed so far were all pre-  
pared by e -beam evaporation of the metal  and silicon 
layers in an oil-free free vacuum system. Similar  ex- 
periments  have been performed on samples prepared 
by argon sput ter ing of the layers. However, significant 
differences have been found in the resul t ing reacted 
films from those prepared by evaporation. 

The S i (200A) /Pd  (1000A)/Si <100> samples pre-  
pared by argon sput ter ing were laser i rradiated at 
power levels of p ---- 0.5-1.4. For the lower power 
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levels (0.5-1.0), the surface color changes observed 
optically were similar  to those observed for the e -beam 
evaporated films, i.e., the surface color changed from 
blue (unreacted ~lm) to yel low (low power reaction).  
However, at the higher power levels (p ~> 1.0), a dam- 
aged surface was observed optically in  contrast  to the 
high power phase appear ing for the e-beam, evapo- 
rated samples. 

In  Fig. 11 (a) we show an optical micrograph of a 
sputtered Pd /S i  sample laser i r radiated at  a power 
level of p ---- 1.2. A severely damaged surface can be 
seen to result. This micrograph should be compared to 
that  shown in Fig. 3 for the e -beam evaporated Pd /S i  
sample laser i r radia ted unde r  s imilar  conditions. The 
backscattering spectrum of a sputtered sample which 
was laser i r radiated at a power of p = 0.98, sl ightly 
below the power causing surface damage, is shown by 
the solid l ine in Fig. 11(b). The spectrum for an un -  
reacted sample is also shown by the solid circles in 
this figure for comparison. Only a l imited amount  of 
reaction is observed from this data at the Pd /S i  in te r -  
faces (to be compared with Fig. 1). Also a small  peak 
can be seen at an energy of 1.48 MeV in the spectrum of 
the as-deposited sample, corresponding to argon in the 
near-surface  region. Al though it  is not observed in 
the backscattering spectrum, considerable amounts  of 
Ar  can exist in  the Pd films. The argon atoms and /o r  
other possible impuri t ies  (such as carbon, oxygen, etc.) 
can be incorporated dur ing the sput ter ing process. 
These impuri t ies  can have a crucial effect on the sili- 
c ide-forming reactions (21). Similar  results were ob-  
ta ined for the W/St  samples prepared by argon sput-  
tering. 

Conclusions 
Sil icide-forming reactions induced by scanned CW 

laser and electron beams have been described. The 
characteristic features of the scanned CW-beam pro- 
cess found differentiating it  from those using pulsed 
beam systems are: scanned CW beams can be used to 
form large area, uniform, essential ly s ingle-phase sili- 
cides; different phases wi th in  a par t icular  system (such 
as Pd2Si or PdSi)  can be formed by adjust ing the 
beam power level;  and the reactions proceed basically 
by a solid-phase mechanism. 

We have also succeeded in forming both the PdSi 
silicide and metastable  Pt2Si~ silicide phases. These 
phases are difficult or impossible to form by conven-  
t ional furnace anneal ing  techniques. Both laser and  
electron beams have exhibited s imilar  reaction effects 
for most of the meta l /S t  systems examined here, an 
exception occurring for the P t /S i  system. We speculate 
that  the effects from the th in  overcoating of silicon on 
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the laser-reacted samples could be responsible for this 
difference. At this wr i t ing  fur ther  exper iments  are 
underway  to verify this hypothesis. Finally,  i t  is 
pointed out that  for the case of sputter-deposi ted metal  
films impuri t ies  incorporated into the films dur ing  
sputter  deposition have a deleterious effect on silicide 
formation. 
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Evaluation of Dislocation Generation 
at SigN4 Film Edges on Silicon Substrates by 

Selective Oxidation 

Y. Tamaki, S. Isomae, S. Mizuo, and H. Higuchi* 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

The densi ty  of dislocations genera ted  at SisN4 film edges on sil icon sub-  
s t ra te  by  selective oxidat ion  is measured  and the re la t ion  be tween  the selective 
oxidat ion  condit ions and dislocation genera t ion  at the film edges is inves t i -  
gated. Dislocations are  observed using Secco etching. The resul ts  show tha t  
the densi ty  of dislocations does not  cont inuously increase wi th  oxidat ion  tem-  
pera ture ,  but  decreases m a r k e d l y  at  t empera tu res  above 1000~ A fur the r  ex-  
pe r imen t  wi th  recessed oxide, s t ruc ture  reveals  tha t  the genera t ion  of dis-  
locations depends  s t rongly  on the cross-sect ional  s t ruc ture  of the  sample  
These resul ts  are  in te rp re ted  in terms of viscous flow of SiO2 film. Another  ex-  
pe r imen t  suggests tha t  high pressure  oxidat ion  is not effective for  suppress ing 
dislocation generat ion,  a l though it  is useful  for reducing oxidat ion  time. 
F ina l ly ,  co l lec tor -emi t te r  shorts  of t ransis tors  in b ipolar  in t eg ra ted  ,circuits 
are  examined  quan t i t a t ive ly  using a s imple s ta t is t ical  method in re la t ion  to 
the dislocations genera ted  at SisN4 film edges. 

In  silicon device technology, chemical  vapor  de-  
posi ted (CVD) SisN4 films on sil icon subst ra tes  have 
been wide ly  used as select ive oxidat ion  masks  or pas-  
s ivat ing films. These Si3N4 films on silicon subst ra tes  
have a large  in t r ins ic  stress of about  109 N / m  2 that  
of ten leads to the genera t ion  of dislocations in silicon 
subst ra tes  dur ing  the rmal  t r ea tmen t  (1-3). Since these 
dislocations are  de t r imen ta l  to the character is t ics  of 
transistors,  inser t ion of SiO2 film be tween  Si3N4 film 
and sil icon subs t ra te  has been used in order  to avoid 
genera t ion  of dislocations. However ,  in selective oxi-  
dat ion the SiO2 film causes the fo rmat ion  of a long 
bi rd ' s  beak  at  the pe r imete r  of the silicon islands (4, 5). 
This b i rd ' s  beak  consti tutes an insuperable  ba r r i e r  
to reducing the dimensions of ox ide- i so la ted  devices. 
Therefore,  select ive oxidat ion  conditions that  can p re -  

* Electrochemical Society Active Member.  
Key words: defect density, mechanical Property, viscosity of 

SiO2, bipolar transistor.  

vent the genera t ion  of dislocations on silicon subs t ra te  
wi thout  inser t ing an SiO2 film have been  sought. A l -  
though severa l  papers  deal ing with  the genera t ion  of 
dislocations in selective oxidat ion  have been repor ted  
(5-8), no reports  which quan t i t a t ive ly  examine  the 
oxidat ion  condit ion have been published.  

In this paper ,  first the relat.ion be tween  the hea t -  
t r ea tmen t  conditions (Si3N~ film thickness,  t empera -  
ture, time, a tmosphere,  etc.) and dislocation genera -  
t ion at  the film edges is descr ibed quan t i t a t ive ly  using 
the dislocation densi ty  per  uni t  length  of Si3N4 film 
edge. F rom this exper imen t  the  difference in the  t em-  
pe ra tu re  dependence of dislocation genera t ion  be tween  
N2 anneal ing  and select ive oxida t ion  becomes clear. 
Then the cause of this phenomenon is discussed, tak ing  
the behavior  of SiO2 films grown dur ing oxida t ion  into 
account. The effects of Si etching and h igh  pressure  
oxidat ion on dislocation genera t ion  are also examined.  
The influence of sample  s t ruc ture  on dislocat ion gen- 



VoL 128, No. 3 SELECTIVE OXIDATION 645 

era t ion  and the su i tab i l i ty  of high pressure  oxidat ion  
are  also discussed. Next,  in o rde r  to examine  the ef-  
fect of dislocations on co l lec to r -emi t te r  shorts  of t r an -  
sistors, defect  dens i ty  obta ined  f rom t rans is tor  y ie ld  
was compared  to the  dis locat ion dens i ty  a f te r  select ive 
oxidat ion.  

Experimental Procedures 
Sample preparation.--The samples  were  (001) or i -  

en ted  p- type ,  0.2-0.3 ~-cm,  dis locat ion-free,  350 #m 
thick Czochra l sk i -g rown sil icon wafers  wi th  10 • 10 
~m square  masks  consist ing of only  an SigN4 film. The 
SisN4 film was deposi ted b y  reac t ing  SiI-I4 and NI-~ in 
N2 at  950~ The deposi t ion ra te  was 25 n m / m i n  and 
the N H J S i H 4  flow ra te  rat io  was 150. The films were  
100-200 n m  thick. The pa t t e rn  of the  film was formed 
by  convent ional  H3PO4 etching technique using phos-  
phorus -doped  SiO~ film as a mask.  

The force ac t ing on the Si3N4 film edge is p ropor -  
t ional  to the film thickness,  wi th  a constant  of p ro -  
por t iona l i ty  of about  9,2 • 10 -1 N / m  per  nanomete r  
of film thickness (9). For  some samples  the exposed 
sil icon subs t ra te  was aniso t ropica l ly  etched 0.9 #m 
using KOH solut ion containing i sopropyl  alcohol in 
o rde r  to make  a recessed oxide s t ructure .  

Thermal treatment and oxidation.--In order  to in -  
vest igate  dis locat ion genera t ion  at  the film edges, the 
samples  were  d ivided into three  groups. The samples  in 
the  first group were  annea led  at  950~176 for 2 h r  
in N2 a tmosphere .  The samples  in the second group 
were  oxidized at  900~176 for 2 or  16 hr  in  wet  O2 
atmosphere .  Some of the samples  were  s i l icon-etched 
before  oxida t ion  for  comparison.  The samples  in the 
th i rd  group were  s i l icon-etched and oxidized to g row 
1.8 ~m thick SiO2 at  900~176 in wet  O2 under  
a tmospher ic  pressure  (1 a tm)  or  high pressure  (7 
a tm)  to form recessed oxide structures.  The conditions 
for  the th i rd  sample  group correspond to those for iso- 
la t ion oxida t ion  of b ipo la r  in tegra ted  circuits. Cross 
sections of the samples  were  observed by scanning 
e lec t ron microscope (SEM) to eva lua te  the b i rd ' s  beak 
and b i rd ' s  head. 

Dislocation observation.--In orde r  to detect  dis lo-  
cations genera ted  at  the  film edges, surface films 
were  removed  f rom the samples  using d i lu ted  hyd ro -  
fluoric acid af te r  h e a t - t r e a t m e n t  Photographs  of dis-  
locations r evea led  by  Secco etching (10) a re  shown 
in Fig. i. In  this figure, dis locat ion pits appea r  near  
the  film edges. Since the force act ing on the Si3N4 film 
edge is ve ry  large,  i t  is expected that  the dens i ty  of 
dislocations depends  on the pe r ime te r  length  of the 
film edges. If the  occurrence of dislocations can be 
represen ted  by  a Poisson dis t r ibut ion,  the yie ld  of 
pa t t e rns  ( the p robab i l i t y  tha t  a p a t t e r n  has no dislo-  
cat ions) is given by  

y --  e-~l  

where  k is the dislocat ion densi ty  pe r  uni t  length  of 
the  film edge and I is the  pe r ime te r  length  of the pa t -  
tern. Consequent ly  the  dislocat ion dens i ty  can be ob-  
ta ined  by  measur ing  the y ie ld  of 10 • 10 ~m square  
pat terns .  

Transistor fabrication.--In order  to a p p l y  the above 
resul ts  to the fabr ica t ion  of in tegra ted  circuits  and  
inves t iga te  the  re la t ions  be tween  dislocations gen-  
e ra ted  by  select ive oxida t ion  and co l lec to r -emi t te r  
shorts  of b ipolar  transistors,  npn a r r ay - t r ans i s to r s  
were  fabr ica ted  by  a convent ional  p l ana r  process. A 
150 nm th ick  SigN4 film was deposi ted d i rec t ly  on the 
sil icon subs t ra te  and  select ive oxida t ion  was pe r -  
fo rmed at  l l00~ in wet  02 under  high pressure  (7 
a tm)  to reduce oxida t ion  time. The t ime requ i red  to 
grow 1.8 #m th ick  SiO~ film was only  50 min. The 
base and emi t t e r  were  fo rmed  by  boron i on - imp lan t a -  
t ion and arsenic diffusion in an ampul  tube, respec-  
t ively.  

Fig. 1. Photographs of dislocation pits revealed by Secco etching 
for various etching time. Dislocation pits become more clear as the 
etching time increases. The square patterns were the regions cov- 
ered by 150 nm thick Si3N4 film during oxidation. 

Results and Discussion 
Dislocation generation in N2 annealing.--The sam-  

ples in the first group were  annea led  for  2 h r  in N~. at 
950~176 Dislocat ion densi t ies  of these samples  
a re  shown in Fig. 2, where  "x," "h," and "o" represen t  
the resul ts  for 200, 150, and 100 nm thick SigN4 films, 
respect ively.  I t  is easi ly  seen tha t  the dislocation 
densi ty  increases wi th  anneal ing  tempera ture .  This is 
because ,the cri t ical  stress for dis locat ion genera t ion  
in Si becomes smal le r  as t empe ra tu r e  increases. Since 
the force act ing on the SigN4 film edges is p ropor t iona l  
to the film thickness,  dis locat ion dens i ty  increases wi th  
SigN4 film thickness. F igure  3 shows the anneal ing  
t ime dependence  of the  dislocat ion densit ies  at  1000~ 
This figure indicates  that  the dislocat ion dens i ty  be -  
comes l a rge r  wi th  annea l ing  time. 

F rom these resul ts  i t  is c lear  tha t  the dislocation 
genera t ion  depends on the force act ing on the SisN4 
film edges, anneal ing  tempera ture ,  and  anneal ing  time. 
The da ta  of a creep expe r imen t  (11) indicate  tha t  the  
t ime requi red  to genera te  dislocations becomes shor te r  
wi th  increasing tempera ture .  

Dislocation generation in oxidation.--The samples  in 
the  second group were  oxidized for  2 or 16 h r  in  wet  
O~ at  900~176 Dislocat ion densit ies  of the sam-  
ples oxidized for  2 and 16 hr  a re  shown in Fig. 4 and 
5, respect ively.  A dis t inguishing fea ture  of both  fig- 
ures is tha t  the dislocation densi ty  decreases wi th  in-  
creasing t empe ra tu r e  above 1000~ I t  should be noted  
that  the p resen t  resul ts  are  en t i r e ly  different  f rom the 
results  obta ined in N2, which are  shown in Fig. 2. This 
suggests that  SiO2 film grown dur ing  oxida t ion  p lays  
an impor tan t  role in dis locat ion generat ion.  

Two factors tha t  reduce  the stress effect dur ing  oxi-  
dat ion are  considered. One is reduc t ion  in  Si3N4 film 
thickness. Dur ing  oxida t ion  the surface  of SigN4 film 
is g r adua l l y  conver ted  to SiO~ film (12). The  reduc- 
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100 nm, respectively. 

t ion in Si3N~ film thickness by oxidation are shown in 
Table I. The other is relaxat ion due to the viscous flow 
of SiO2 film grown under  the Si~N~ film edges. The dis- 
location density of the sample with 150 nm Si3N~ film 
oxidized in wet 02 at 1100~ is smaller than that of 
the sample with 100 nm SisN4 film annealed in  N2 at 
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before oxidation. 

ll00~ as seen from Fig. 2 and 4. This suggests that  
the effect of the lat ter  factor is much larger than that 
of the former. It is known that  the viscosity of SiO2 
decreases rapidly with increasing tempera ture  and 
that viscous flow of S i Q  occurs at temperatures  around 
950~ (13-15). Consequently, it is expected that the 
dislocation density tends to decrease with tempera-  
ture, as shown in Fig. 5. Since re laxat ion of the stress 
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Table I. Reduction in SiaN4 film thickness by oxidation (in wet 02 
at 1 atm) 

Oxidation time 

2 hr 16 hr 

Oxidation 1000~ 6 nm 30 nm 
Temperature  11~~ 22 nm 98 nm 

is caused by  the  SiO2 film grown under  the SigN4 
film, the degree  of the r e l axa t ion  depends  on the stress 
fields in the si l icon subs t ra te  under  the  Si~T4 film 
edges and the ex ten t  of l a t e ra l  ox ida t ion  (in this case 
this is nea r ly  half  of the SiO2 film thickness) .  There-  
fore, when  the SiO~ film is thin, r e l axa t ion  wil l  not  
occur. Al though  the stress fields near  the  film edges are  
different  f rom the theory  of e las t ic i ty  (9, 16), the  ex-  
tent  of l a te ra l  oxidat ion  tha t  the genera t ion  of dis loca-  
tions can be suppressed  is es t imated  to be 0.4-0.5 #m 
f rom the thickness  of t ha  SiO9 film (0.8 #m) g rown at  
1050~ in wet  O2 for  2 hr. Because the t e m p e r a t u r e  
tha t  the dislocat ion dens i ty  in  Fig. 4 becomes smal le r  
than  tha t  in Fig. 2 is about  1050~ As the resul ts  of 
oxida t ion  for  2 h r  a t  t empera tu res  under  950~ a re  
s imi lar  to those of N2 anneal ing,  stress r e l axa t ion  due 
to oxide  does not  occur in  these conditions. Thick-  
nesses of SiO2 films were  about  0.4 t,m at  950~ and 
0.3 #m at 900~ For  these reasons, the m a x i m u m  of 
dis locat ion dens i ty  is found at  about  1000~ in Fig. 4 
(solid l ine) .  

In  o rder  to examine  the effect, of Si e tching on dis-  
locat ion generat ion,  Si subs t ra te  is etched and oxidized 
for 2 hr. As the stress due to the expansion oI ~iO~ 
grown by oxida t ion  concentrates ,  the effect of viscous 
flow of SiO~ film becomes dominant .  Therefore,  the 
dislocat ion densit ies  of these samples  are  large  at  t em-  
pe ra tu res  be low 1000~ and decrease  r ap id ly  wi th  
t e m p e r a t u r e  at  t empera tu re s  above  1000~ as shown 
in Fig. 4 (dashed l ine) .  

F rom these resul ts  i t  is concluded that  the disloca-  
t ion genera t ion  at Si3N4 film edges by  select ive oxi-  
dat ion depends  on the s t rength  of Si crystal ,  the th ick-  
ness of Si3N~ film, the viscosi ty of SIO2, and  the t o p o -  
l o g i c a l  s t ruc ture  of the Si substrate .  Al though the 
l a t t e r  two factors are  not  so impor t an t  in N2 annea l -  
ing, they  p l ay  an impor t an t  role  in select ive oxidat ion.  

Dislocation generation in recessed oxide structure.~ 
The samples  in the th i rd  group were  s i l icon-etched 
and oxidized to grow 1.8 #m thick SiO2 at  900~176 
in wet  02 under  a tmospher ic  pressure  or high pressure.  
This coplanar  s t ruc ture  is used for  high speed b ipolar  
in t eg ra ted  circuits. As the oxida t ion  t ime is inverse ly  
propor t iona l  to the pressure ,  h igh pressure  oxidat ion  
is useful  to reduce  the oxida t ion  t ime dras t ica l ly  (17). 
Dislocation densit ies and oxida t ion  t imes of the sam-  
ples wi th  this s t ruc ture  a re  shown in Fig. 6 and Table  
II, respect ively.  I t  is seen that  the dislocation dens i ty  
decreases r ap id ly  wi th  t empera ture .  The resul ts  a re  
ascr ibed to the effect of viscous flow of SiO.~ film. The 
effect m a y  be unders tood  b y  observ ing  the cross sec- 
t ion of the sample.  Photographs  of the samples  ob- 
served by  SEM are  shown in Fig. 7. The shape of SiO2 
film grown by  select ive oxidat ion  changes wi th  ox ida-  
t ion tempera ture .  Inspect ing the shape near  the edge 
of SlOe, Si is l i f ted up and a number  of etch pa t t e rns  

Table II. Oxidation times of the samples in Fig. 6 

Oxida t ion  p r e s s u r e  

i a r m  7 a t m  

Oxidation 
Temperature  

900~ 32 h r  200 min  
1000 ~ 16 h r  100 rain 
1050~ 10 h r  68 rain 
ll0O~ 7 h r  50 rain 
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Fig. 6. Temperature dependence of dislocation densities of the 
samples with recessed oxide structure. After Si substrate was etched 
0.9 p.m, 1.8 /~m thick Si02 was grown under atmospheric pressure 
(solid line) or high pressure (dashed line). 

produced by  la rge  s t ra in  in  Si are  seen at  t empera tu re s  
of 1000 ~ and 1050~ The amounts  of the  l i f t -up  were  
0.15, 0.09, and 0 ~m at  1000 ~ 1050 ~ and l l00~ respec-  
t ively. The h igher  the oxidat ion  t empe ra tu r e  is, the  
smal le r  the deformat ion  of Si becomes. The l i f t -up  
and etch pa t te rns  correspond to the  genera t ion  of dis-  
locations in Si substrate.  This t e m p e r a t u r e  dependence  
of dislocation genera t ion  coincides wi th  that  in Fig. 6. 
Since the viscosi ty of SiO~ becomes ve ry  smal l  at  
1100~ the stress p roduced  by  the g rowth  of SiO2 is 
almost  r e laxed  by  the viscous flow of SiO2. The stress 
act ing on Si subs t ra te  is reduced to a g rea t  extent ,  and 
thus dislocation genera t ion  is prevented .  Al though  the 
genera t ion  of dislocations can be suppressed by  oxi -  
dizing at 1100~ the b i rd ' s  beak  lengthens  to about  
0.3 ~m. The bi rd ' s  beak  is defined as the dis tance be-  
tween the Si3N4 mask  edge and the top of the  beak. 
F r o m  Fig. 7 the  beaks  were  0.60, 0.61, and 0.92 ~m a t  
1000 ~ 1050 ~ and l l00~ respect ively.  I t  is expected  
that  the  b i rd ' s  beak  reduces  the  stress act ing on the 
silicon substrate.  In  o rde r  to eva lua te  the inc rement  in 
bird 's  beak, the oxida t ion  mechanism of Si, and the 
mechanical  s t rength  of Si, SiO2 and Si3N4 at  high t em-  
pera tures  mus t  be considered.  F u r t h e r  inves t igat ion 
will  be necessary.  

Next,  the effect of pressure  dur ing  oxidat ion  is dis-  
cussed. I t  is seen that  the dislocat ion densi ty  at  7 a tm 
is l a rge r  than  tha t  a t  1 atm. As the growth  ra te  of 
SiO2 is p ropor t iona l  to the oxida t ion  pressure ,  the  t ime 
requi red  to grow SiO2 of a given thickness becomes 
shor ter  wi th  increas ing pressure .  If  the genera t ion  of 
dislocations depended  only on oxida t ion  time, the dis-  
location densi ty  at  7 a tm might  be smal le r  than  that  
at  1 atm. Therefore  i t  is concluded tha t  the  genera t ion  
of dislocations depends  not  only  on ox ida t ion  t ime but  
on oxida t ion  rate.  This behav ior  is considered to be 
re la ted  to the re laxa t ion  t ime  T of viscous flow of SiO2 
Here, ~ is defined b y  T ---- ~]/E, where  ~1 and E are, re -  
spectively,  the  viscosi ty and the shear  modulus  of the  
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Fig. 7. Cross sections of recessed oxide structure for various oxi- 
dation temperatures. The samples were lightly etched by HF-HNO3 
before SEM observation. 

SiO~ film. Using the values  of ~1 and E for vi t reous  
si l ica (18, 19), �9 is es t imated  to be a round  1 rain at  
l l00~ This is different  f rom EerNisse 's  es t imated 
time, which  is only  a few seconds (14). Al though it  is 
not  cer ta in  which t ime is correct ,  i t  is clear  tha t  the 
effect of viscosity appears  at  the beginning of the oxi-  
dation. As the ini t ia l  oxidat ion  ra te  is ve ry  large,  the 
effect is reduced in high pressure  oxidat ion.  

Transisto~ characteristics.--It is known tha t  process-  
inducect c[islocations cause co l lec tor -emi t te r  shorts  of 
b ipolar  t ransis tors  (20). However ,  the  re la t ion be-  
tween the co l lec tor -emi t te r  shorts  and the dislocation 
densi ty  af ter  select ive oxida t ion  has seldom been in-  
vestigated.  In  this s tudy,  in o rde r  to t rea t  the shorts  
quant i ta t ive ly ,  co l lec tor -emi t te r  b r eakdown  voltages 
(BVcEo) of fabr ica ted  t ransis tors  were  measured  and 
the t ransis tors  wi th  BVcEo > 5V at ICE ---- 10 #A were  
defined as good. If the  occurrence of defects can be 
represented  by  a Poisson dis tr ibut ion,  the yie ld  of 
good t ransis tors  is g iven b y  (21) 

y - -  e--(kAA + hhL) 

where  kA is the  defect  densi ty  per  uni t  emi t te r  area, 
~L is the defect  dens i ty  per  uni t  length  of the emi t t e r  
per imeter ,  and A and L are  the emi t te r  a rea  and 
pe r imete r  length  per  t ransis tor ,  respect ively.  F r o m  the 
yield of t ransis tors  wi th  emi t t e r  size of 3 X 5 #m 2 and 
70 X 110 #m 2, ~.A : 0.24 m m  -2 and ),L ~- 0.048 m m  -1 
were obtained.  Compar ison of kL with  k at  l l00~ in 
Fig. 6 shows that  they  are  in good agreement .  Since 
the size of the emi t t e r  is about  1/3 tha t  of the pa t t e rn  
wi th  selective oxidat ion,  i t  is expected  tha t  about  1/3 
of the t ransis tors  wi th  dislocations genera ted  by  selec- 
tive oxidat ion  fail  by  co l lec to r -emi t te r  shorts.  In  o rder  

to examine  the close re la t ion  be tween  the dislocations 
and the co l lec tor -emi t te r  shorts, fu r ther  invest igat ion 
of mul t ip l ica t ion  and movement  of dislocations are  
needed. 

Conclusions 
From the results  obta ined in this s tudy,  severa l  con- 

clusions can be made.  
1. The densi ty  of dislocations genera ted  at  SisN~ film 

edges b y  select ive oxidat ion  decreases wi th  increasing 
oxidat ion tempera ture .  This phenomenon is expla ined  
by the effect of the viscous flow of SiO2 film. 

2. When  Si is etched and oxidized to form a recessed 
oxide structure,  the effect of the  viscosi ty of SIO2, i.e., 
oxidat ion  t empera tu re  dependence  of dislocation gen-  
eration, becomes significant. This effect is confirmed by  
observat ion  of cross sections of samples. Fur the rmore ,  
the Si subs t ra te  is deformed by  select ive oxidat ion  
wi th  Si3N4 mask  at  t empera tu re s  be low 1050~ 

3. The dislocation genera t ion  at  SigN4 film edges by  
select ive oxidat ion depends on Si3N4 film thickness, 
oxidat ion  tempera ture ,  ox ida t ion  time, and oxidat ion  
rate. 

4. The dislocations genera ted  by select ive oxidat ion 
cause co l lec tor -emi t te r  shorts  of b ipo la r  transistors.  
The p robab i l i ty  of the occurrence of co l lec tor -emi t te r  
shorts  caused by  dislocations depends on the hea t -  
t r ea tmen t  condit ions and the pa t t e rn  geometry.  This is 
considered to be re la ted  to the mul t ip l ica t ion  and 
movement  of dislocations. 
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ABSTRACT 

Thin films of 0.5 ~xn Ti and 0.5 ~m Au have been deposi ted on Si and  SiO~ 
subst ra tes  in technical  vacuum (HV, --~10 -6 Torr )  and  u l t r ah igh  vacuum 
(UHV, 10 -9 Tor r ) .  Af t e r  deposi t ion and subsequent  anneal ing  in Ne conta in-  
ing -----1% 02 at  300~176 the films were  analyzed,  p r inc ipa l ly  using Auger  
spu t te r  ion profiling, but  also using e lect r ica l  resis t ivi ty,  x - r ay ,  Ru ther fo rd  
backscat ter ing,  and  SEM/mic roprobe  measurements .  Whi le  the UHV films were  
clean to the  techniques used, severa l  percent  of C and O were  presen t  in 
the  HV deposi ted Ti films. On SiO2 subst ra tes  the react ion proceeded via fo rma-  
t ion of Au4Ti and oxidat ion  of Ti to TiO2 as it  came in contact  wi th  the a i r  
interface.  The ra te  of a l loy  format ion  was a lmost  an order  of magni tude  fas ter  
in the  UHV deposi ted  films and the oxida t ion  ra te  was also enhanced.  The im-  
por tance  of these usua l ly  unmoni to red  impur i t ies  in de te rmin ing  the reac t iv i ty  
of films deposi ted in technical  vacuum is stressed.  

Gold is wide ly  accepted as the  p re fe r r ed  meta l l ic  
conductor  for  in terconnect ion  pa t te rns  on semicon-  
ductors,  pa r t i cu l a r l y  where  high cur ren t  densi t ies  are  
encountered.  Its advantages  inc lude  high e lec t r ica l  con- 
duct ivi ty ,  corrosion resistance,  and ful l  compat ib i l i ty  
wi th  gold wi re  thermocompress ion  bonding.  Its two 
main  drawbacks ,  poor meta l lu rg ica l  bonding  to the 
semiconductor  and ca tas t rophic  reduct ion  of ca r r i e r  
l i fe t ime in the semiconductor ,  can both be solved b y  
the use of an in t e rmed ia te  l aye r  of t i t an ium be tween  
the gold and the semiconductor .  Whi le  more  complex 
t h r e e - l a y e r  meta l l iza t ions  incorpora t ing  a th i rd  l aye r  of 
Pd  or P t  to reduce  the A u - T i  in te rac t ion  are  wide ly  
used, ex t r eme ly  re l iab le  t ransis tors  can be fabr ica ted  
using A u - T i  meta l l iza t ion  only  (1). 

The in terac t ion  of A u - T i  thin film couples under  
the rmal  s tressing and va ry ing  humid i ty  has been 
s tudied prev ious ly  (2-4),  reflecting its impor tance  both 
ind iv idua l ly  and as par t  of the t h r e e - l a y e r  meta l l i za -  
t ion schemes. Al l  these studies used films p repa red  in 
technical  vacuum comparab le  wi th  tha t  used in device 
fabricat ion.  As par t  of a wide r  p rog ram a imed at  op-  
t imizat ion  of the T i - A u  system we have  also s tudied 
films p repa red  in u l t r ah igh  vacuurm This paper  de-  
scribes the significant differences be tween  films formed 
in the two different  ways. Res i s t iv i ty / annea l  t ime plots 
have been used to ident i fy  dis t inct  stages in the in t e r -  
action and composi t ional  analysis,  p r inc ipa l ly  b y  Auger  
e lect ron spectroscopy wi th  sput te r  ion profiling, w a s  
carr ied  out at  these points.  The impor tance  of low 
levels of impur i t ies  such as oxygen and carbon in de te r -  
min ing  the s tab i l i ty  of the layers  used in device fabr i -  
cation is c lear ly  i l lus t ra ted .  

Experimental 
Sample preparation.--The main  series of Au-T i  l ay -  

ers were  deposi ted on a t he rma l ly  g rown SiO2 l aye r  
(3500A thick)  on S i ( l l l )  slices to a l low s imple  re -  
s is t iv i ty  determinat ions .  Other  series of A u - T i  layers ,  
deposi ted d i rec t ly  on Si (111) substrates ,  were  also sub-  
jec ted  to composi t ional  analysis  to check for  any  effects 
due to the  in t roduct ion  of the SiO2 layer .  A s t andard  
deposi t ion sequence involved (i) deposi t ion of 0.5 ~m 
Ti wi th  a subs t ra te  t e m p e r a t u r e  of 75~ (ii) increase  
of the subs t ra te  t e m p e r a t u r e  to 250~ fol lowed b y  
deposi t ion of a fu r the r  250A of Ti, and (iii) deposi t ion 
of 0.5 #m Au wi th  the subs t ra te  at  250~ Matched dep-  

Key words: reaction rate, impurities, Auger profiling. 

osition sequences were  carr ied  out  in technical  vacuum 
(HV) and in u l t r ah igh  vacuum (UHV).  In both  cases  
beam pressures  were  ~ 5  �9 10 -6 Torr  wi th  background  
pressures  of ~ 1 0  -6 and _ 1 0 - 9  Tort ,  respect ively.  
There  was a de tec table  drop in the fo rmer  background  
pressure  dur ing Ti evaporat ions.  Addi t iona l  samples  
wi th  only 0.1 ~m Au layers  were  p repa red  for Ru the r -  
ford backsca t te r ing  analysis  (RBS).  

Analysis techniques.--Auger analysis  was pe r fo rmed  
with  a convent ional  CMA ana lyzer  at 3 keV p r i m a r y  
beam energy.  The sput te r  ion profil ing used argon ions 
at  500 eV from a broad  focused gun. RBS spect ra  v~ere 
genera ted  using 1.5 MeV He + ions and were  p rov ided  
by  Dr. P. L. F. H e mme n t  of the Univers i ty  of Sur rey ,  
England.  A separa te  examina t ion  for n i t rogen  was 
carr ied  out  using x - r a y  photoelect ron spectroscopy 
(XPS)  because of a pa r t i a l  over lap  be tween  N and 
Ti peaks  in the Auger  spectrum. The XPS analysis  was 
provided  by  Dr. R. M. Waghorne  at F u l m e r  Research 
Inst i tute,  England.  The x - r a y  da ta  was produced using 
a cy l indr ica l  t ex tu re  camera  (5). In  this technique the 
sample  is ro ta ted  no rma l  to its surface which is a t  a 
glancing angle  to the incident  x - r a y  beam. The re -  
sul t ing pa t t e rn  of arcs of diffracted x - r a y  reveals  the  
extent  of any  or ienat ion  effects in the thin surface l ay -  
ers in addi t ion to the la t t ice  spacings. Scanning  e lect ron 
microscopy (SEM) wi th  energy  dispers ive  microprobe  
facil i t ies was also used to check for  any  spat ia l  he te ro-  
genei ty  in  the samples. 

Results 
Electrical resistivity.--Standard 0.5 #m Ti-0.5  # m  

Au layers  on SiO2 were  annea led  in 1~2 conta ining 
--~1% O2 for va ry ing  t imes at  350~ The changes in 
sheet  resis tance wi th  anneal  t ime are  shown in Fig. 1 
for  layers  formed in HV and UHV systems. Severa l  
dis t inct  stages in the plots a re  p resen t  for both  samples,  
wi th  the t ime taken  to reach a given s tage being almost  
an order  of magni tude  shor ter  for the UHV plot. The  
actual  values of res is tance at  each s tage are  also s ig-  
nif icantly lower  for the UHV samples  for  reasons con- 
s idered  in the discussion. These differences show 
through  in Fig. 1, even though RT/Ro is plotted,  as Ro 
values were  s imi lar  in the two cases: 3-4 10 -6 ~ cm 
for HV films and 3.5-4.0 10-6 ~ cm for UHV films, cf. 
2.06-2.44 10 -6 ~2 cm for bu lk  Au. For  convenience in 
the fol lowing descript ions we m a y  dis t inguish the fol-  
lowing regions in the plots. F i r s t  a slow ini t ia l  in-  
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Fig. 1. Resistivity vs. anneat time plots for Au-Ti films deposited 
on SiO2 in technical vacuum - -  and ultrahigh vacuum - - -, and an- 
nealed in air at 350~ Points A, A' etc. are described in the text. 

crease with time (stage A),  second a rapid climb to a 
plateau (stage B), third a fur ther  steady climb to a 
peak (stage C), and finally a fall off (stage D). The 
UHV plot stages will  be fur ther  dist inguished by a 
prime e.g., A'. 

Auger sputter ion profiles.--Auger profiles were re-  
corded at each of the key stages identified in  the re-  
sistivity plots. First, however, the as-cieposltecl nlms 
were examined. In  Fig. 2a a s tandard film on SiO2, de- 
posited in technical vacuum is shown. Several  impor-  
tant  features are immedia te ly  apparent.  The gold film 
is clean by Auger criteria, with a small  amount  of 
carbon contaminat ion on the surface. The t i t an ium 
film, on the other hand, has up to ~10% of oxygen and 
carbon impuri ty,  levels which increase as the deposi- 
tion continues, i.e., they are quite different from an 
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Fig. 2. Composltiona! depth profiles of as-deposlted films de- 
termined by Auger electron spectroscopy with sputter ion profiling, 
(a, top) deposited in technical vacuum and (b, bottom) deposited in 
ultrahigh vacuum. 

ini t ial  surface contaminat ion broadened by  the s p u t -  
ter ing  process. In  contrast, the SiO2 surface was free 
from carbon contamination.  By comparison, both the 
metal  films deposited in  UHV (Fig. 2b) were free 
from impurities.  In  both cases there was a detectable 
amount  of apparent  interdiffusion at the A u / T i  in ter -  
face with a significant Au tail  extending into the Ti. 
In  nei ther  case had the Ti penetrated to the Au surface. 

The ini t ial  stage of interact ion on anneal ing  is shown 
in Fig. 3. The profile was taken after anneal ing  a UHV 
deposited film for 6 min  (stage A').  The major  change 
is that  Ti has penetra ted to the Au surface and has ac- 
cumulated with oxygen. Though there has been mea-  
surable broadening of the Au /T i  interface, the Ti level 
within the gold film has remained  undetectable.  An 
example of slightly increased reaction (still in stage 
A) is shown in Fig. 4. In  the HV deposited film an-  
nealed for 60 rain, some Ti is detectable throughout  the 
Au film, but  there is a marked concentrat ion gradient  
approximately ha l f -way through the Au film. An in-  
creased amount  of Ti and O have accumulated on the 
Au surface. 

Stage B is i l lustrated in Fig. 5 where the profile was 
obtained from a sample deposited in technical vacuum 
and annealed for 500 min. The new feature is the alloy- 
ing of all the Au layer. The t i tan ium oxide bui ldup on 
the surface has increased toward 2000,~ and the Au tail  
has extended to the SiO2 substrate. Traces of Fe and 
Ni are detectable on the outer surface in this sample. 
Oxygen is present  throughout  the film with Ti. All  the 
same major  features were present  at stage B' for the 
UHV deposited sample (not shown).  As this stage w a s  
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Fig. 3. Composition/depth profile of an Au-Ti film deposited in 
UHV on an SiO~ substrate and annealed for 6 min at 350~ 
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Fig. 4. Composition/depth profile of an Au-Ti film deposited in 
HV on an SiO,2 substrate and annealed for 60 mln at 350~ 
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Fig. 5. Composition/depth profile of an Au-Ti film deposited in 
HV on an SiO2 substrata and annealed for 500 min at 350~ 

reached af te r  only  a 60 rain anneal  the oxide bu i ldup  
on the surface amounted  to only a few hundred  ang-  
stroms. A more  subs tan t ia l  leve l  of Fe  i m p u r i t y  pe r -  
s is ted th roughout  the film in this sample.  

The final dis t inct ive  s tage in the react ion is shown 
in Fig. 6. This profile corresponds to s tage C' on a UHV 
deposi ted sample  annea led  for 360 min. Here  the key  
fea ture  is tha t  the  oxida t ion  of the  Ti is so extens ive  
that  al l  e lementa l  Ti has reac ted  e i ther  wi th  O or Au. 
As in the  ea r l i e r  samples,  severa l  percent  of C are  p res -  
ent  in the oxide  film. Aga in  Fe  pers is ts  as an impur i t y  
th roughout  the  films on this sample.  A comparison of 
the  four th  stage, D', wi th  C' shown in Fig. 6 revea led  
no m a j o r  differences. There  was, however ,  a measurab le  
enhancement  of the  Au level  vs. Ti both  near  the peak  
of the  Au signal  and at  the in ter face  wi th  the SIO2. 
S tage  C was only  reached af te r  anneal ing  for 4000 min 
and, a l though the outl ines of the  profiles were  s imi lar  
to those shown in Fig. 6, there  had  c lear ly  been  much 
more  in te rmix ing  in C be tween  the A u / T i  a l loy and the 
t i t an ium oxide layers .  

The s imi lar  ser ies  of samples  p r epa red  on Si sub-  
s t ra tes  proved unsui tab le  for Auger  profi l ing af te r  an-  
neal ing at  350~ Al though  af te r  a 6 min anneal  of 
the UHV deposi ted sample  the  reac t ion  had s ta r t ed  in 
a s imi lar  manner  to tha t  shown in Fig. 3 a separa te  
heterogeneous  in te rac t ion  (descr ibed l a te r )  r ap id ly  be -  
gan to dominate .  

F u r t h e r  series of samples  wi th  0.1 #m Au on 0.5 ~m 
Ti on both Si and  SiO2 subst ra tes  were  p repa red  and 
annea led  at  300~ These samples  were  more  sui table  
for  RBS analysis.  Annea l  t imes of 960 and 1380 rain 
were  used and no differences due to the two kinds  of 
subs t ra tes  were  observed in the  Auge r  profiles unde r  
these conditions.  Both  annea l  per iods  were  sufficient 
for the  whole  of these th inner  layers  of Au  to have  
reac ted  wi th  the  Ti. The longer  anneal  per iods  differed 
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Fig. 5. Composition/depth profile of an Au-Ti film deposited in 
UHV on an SiO2 substrata and anneealed for 360 rain at 350~ 

only in tha t  a th icker  l aye r  of t i t an ium oxide  fo rmed  
above the A u / T i  layer .  The ex ten t  of oxida t ion  was also 
grea te r  on the UHV prepa red  samples.  That  is a th icker  
oxide l aye r  had  formed af te r  960 rain on the UHV 
sample  than  had fo rmed  af te r  1380 rain on an HV sam-  
ple. On the other  hand, the  surface oxygen did not  
pene t ra te  beyond  the A u / T i  l aye r  in the  UHV deposi ted  
sample,  whereas  in the HV deposi ted sample  oxygen 
f rom the surface merged  wi th  tha t  a l r eady  in the  Ti as 
shown in Fig. 5. 

X-ray, RBS, XPS, and SEM/electron microprobe.- 
The x - r a y  diffraction da ta  were  domina ted  b y  the con- 
t r ibut ions  f rom the layers  conta ining gold. In  addi t ion  
to Au itself, the  only  phase  detected was Au4Ti, as 
identif ied in ea r l i e r  work  (3).  This phase  was p resen t  
in a l l  the films where  Auge r  indica ted  significant i n t e r -  
action be tween  Au  and Ti. Both ident i f iable  layers  
showed m a r k e d  textur ing.  

As can be seen f rom Fig. 7 the RBS analysis  sup-  
por ted  the overa l l  resul ts  f rom Auger  and x - r a y  mea -  
surements.  The sl ight  interdiffusion dur ing  deposi t ion 
was confirmed, pa r t i cu l a r ly  by  the high energy  edge 
.of the  Ti signal.  Fol lowing  the  anneal ,  the  appearance  
of Ti on the surface and th roughout  the gold l aye r  is 
c lear ly  evident .  I t  is also clear, however ,  (pa r t i cu la r ly  
f rom the rounding of the gold peak  in the annea led  
sample  spec t rum)  tha t  there  is some continuous va r i a -  
t ion of composit ion wi th  depth.  The composit ion of the  
A u / T i  is not  qui te  as s t r a igh t fo rward  as might  be in-  
fe r red  f rom the x - r a y  data. While  the  identif icat ion of 
the  ma in  phase as Au4Ti is supported,  the  A u / T i  ra t io  
corresponding to the Au peak in the  annea led  sample  
RBS spec t rum is ~4.7.  

No ni t rogen could be  detected in the  films, using 
XPS combined with  argon ion sput ter ing.  

SEM/e lec t ron  microprobe  analysis  on the ma jo r i t y  
of the samples confirmed that  the layers  r emained  
intact,  so tha t  the averaging  impl ic t  in the b road  a rea  
technique descr ibed above re t a ined  val idi ty .  Two con-  
ditions occurred where  this s i tuat ion broke  down, how-  
ever. Firs t ,  a f te r  ve ry  long annea l  t imes at  350~ for 
layers  on SiO2 subst ra tes  (s tage C) where  the Auge r  
profiles for different  e lements  showed much ove r l ap -  
ping, this was shown to be due to a phys ica l  mix ing  of 
different  matrices.  SEM/mic roprobe  analysis  fol lowing 
a l ight  etch in 40% H F  solution showed tha t  the Au4Ti 
remain ing  had  been honeycombed wi th  t i t an ium oxide. 

A second, more  serious exception,  inva l ida ted  the 
profiling approach  for layers  on Si subs t ra tes  annea led  
at  350~ Af te r  about  10 rain anneal  a react ion in-  
volving film b r e a k - u p  began to spread  f rom local 
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films deposited in HV on SiO~ substrates, (a) as deposited - -  and 
(b) after annealing for 23 hr at 300~ - - -. 
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areas often at the sample edge. By 30 rain the reaction 
had occurred over the entire surface. High magnifica- 
tion pictures of the reaction at different stages are 
shown in Fig. 8. The TisSi~ crystallites were identified 
by electron microprobe analysis and x - r ay  diffraction 
following removal of the surrounding Au in I2 solution. 
This etching also revealed that the formation of pin- 
holes in the Ti film preceded the crystallite formation 
(Fig. 8c). Subsequent removal of the crystallites in 
40% HF solution revealed small amounts of Au be-  

Fig. 8. Scanning electron micrographs of stages in the Au-Ti-Si 
interaction at 350~ (a, top) the reaction product of elongated 
TisSi3 crystallites in an Au matrix, (b, center) the center of n 
reacted zone, and (c, bottom) the edge of a reaction zone (after 
removing the gold). 

tween them and the Si substrate, which had been pro- 
tected from the earlier iodine etch. 

Discussion 
The detailed Auger profiles in Fig. 2-6 allow con- 

siderable progress to be made in understanding the 
basic resistivity data of Fig. 1 and the underlying inter-  
action between Au and Ti. The basic difference between 
the HV and UHV deposited layers is the significant con- 
centration of C and O in the Ti layers of the former. 
These impurities are the most l ikely cause of the 
slower interdiffusion rates (by almost an order of mag- 
nitude) in the HV samples. The higher resistivity at 
stage B compared with B' is also l ikely to be dominated 
by these impurities, though in the comparison of C 
with C' the honeycombing of the intermetall ic layer 
by oxide will  also be important. It should be stressed 
that these contaminant levels are to be expected for all 
evaporations of active metals in vacuum systems with 
background pressures of ~10 -6 Torr. Most films stud- 
ied previously (2-4) and in general use will be of the 
contaminated kind. The "pumping" of the background 
gases during the evaporation is exactly the same phe- 
nomenon that makes t i tanium sublimation pumps an 
effective aid to obtaining UHV. As a first approximation 
the contaminant content will reflect the ratio of the 
bombardment rate of the background gas molecules on 
the sample (_~1015 cm-2 sec -1 at 10 -6 Torr) and the 
evaporant flux (which may be calculated from the 
amount of film deposited in a given time).  

The main interaction sequence appears to be similar 
in the UHV and HV deposited films. I t  simply occurs 
faster in the former. Thus from Fig. 3 it  seems most 
l ikely that the Ti has reached the surface by grain 
boundary diffusion through the gold. This mechanism 
is thus identified as the fastest process, as first recog- 
nized by Tisone and Drobek (2). However, as pointed 
out by Hall and Morabito (6) in their  studies of the 
Au/Pd  system, diffusion within the grains is also re-  
quired to explain any substantial compositional change 
in the Au layer. Simple application of the formula 
x = (Dt)~  to the position of the diffusion front in 
Fig. 4 allows an estimate of this bulk diffusion constant 
D. Taking x as 3000A for t = 360'0 sec gives D _ 2.5 
10 -13 cm2 sec -1. As noted previously for Pd-Au (6), 
values of this kind are five or six orders of magnitude 
higher than would be expected by extrapolation of data 
obtained for bulk diffusion couples at higher tempera-  
tures (2). In general this result would be expected in 
samples cooled from high temperatures; at some point 
the activation energy obtained in high temperature 
measurements (which includes both formation and 
mobility of defects) would cease to apply and a lower 
value (which represents only the mobility term) would 
replace it. What is interesting is that  it seems to be the 
norm that films formed directly at lower temperatures 
also have extremely high values of defects in them. 
Any growth methods that reduced these nonequilib- 
rium concentrations of defects could lead to much im- 
proved metallization systems. 

Figure 4 also shows that  these enhanced diffusion 
rates within the grains are becoming comparable to 
the grain boundary diffusion rate. Thus the original 
Ti /Au interface is a more effective source of Ti than the 
grain boundaries, at least when the la t ter  are also 
acting as a source for the oxidation. Otherwise one 
would not see a concentration gradient in Ti but  a 
steady rise with time of a flat Ti level through the Au 
layer as discussed by Poate et al. (3) in their  analysis 
of RBS profiles of the Pd-Au system. 

Although the experiments were pr imar i ly  designed 
to study the intermetallic layers, it  is also possible to 
learn something from them about the accompanying 
oxidation of titanium which reaches the surface. First, 
it is clear that the UHV deposited layers also oxidized 
much faster than the HV deposited layers. Thus in Fig. 
6 there is approximately three times as much oxide as 
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in Fig. 5 even though the anneal  t ime in the former is 
shorter. A similar conclusion is provided by the data 
from the 300~ anneals.  Second, all the oxidation 
rates are much greater than expected from extrapo- 
lat ion of l i terature values obtained at high tempera-  
tures. Close comparison is dilficult because of the 
var ie ty  of rate laws reported for low tempera ture  oxi- 
dation of t i tan ium (7). However, the size of the effect 
can be gauged from the following estimate. At 600~ a 
parabolic oxidation law is followed (8) with kp = 
0.16 exp (--45,000/RT) g2 cm-4 sec-1. Extrapolat ion to 
350~ gives kp ~_ 2.8 10 -17 g2 cm-4 sec-1, whereas 
from Fig. 5 with 3000A of oxide formed in 3 �9 104 sec 
kp _-- 5.3 10 -13 g2 cm-4 sec-1 which is some four orders 
of magni tude  higher. Even without  assuming the 
parabolic rate law at 350~C there is the simple com- 
parison that a sl ightly thicker oxide layer has grown at 
350~ than in the earlier experiments  with t i tan ium 
(8) at 600~ More recent  work on t i t an ium (9, 10) 
also shows no evidence of the faster oxidation rates 
reported here. However Poate et aL (3) did find a 
comparable amount of oxidation, suggesting that the 
faster rate is characteristic of the gold-rich Au/Ti 
alloys. In both these studies of the Au/Ti alloys the 
presence of excess nitrogen in the gas phase had no 
detectable effect. 

The above discussion of diffusion has not depended 
on accurate quantitative elemental concentrations from 
the Auger profiles. However, it is clear ~rom Fig. 2-6 
that the Auger data is providing a good quantitative 
guide at many points. The values shown were obtained 
using Chang's basic formula (Ii) together with our 
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own elemental  and compound standards. The thicker 
layers of oxide are very close to TiO2. The apparent  
excess of Ti is due to the presence of TiC also, as it 
is cmar from the shape of the C272 peak that the car- 
bon is present  as carbide not in a graphitic form. In the 
Au/Ti  alloy, on the other hand, the composition indi -  
cated by the Auger profile is too rich in  Ti; in Fig. 5 
the Au /T i  ratio is only ~2.7 not 4. Errors in alloy 
composition are to be expected when elemental  s tan-  
dards are used (12). For instance the Ti signal in the 
alloy should be enhanced due to the greater back- 
scattering coefficient from the Au in the alloy. Also, 
as reported earlier for Ti and TiO samples (13), the Ti 
Auger spectrum undergoes strong changes in the rela-  
tive intensities of the two peaks at 387 and 418 eV with 
matrix. Although this makes detailed quant i ta t ive  
work difficult it can be tu rned  to advantage and used 
as a guide to the chemical state of the t i tanium. In  
Fig. 9 this region of the Ti spectrum is i l lustrated for 
the four distinct matrices occurring in the present  
work. The TisSi~ spectrum was recorded after an 
iodine etch removal of the Au, similar to that  described 
in the SEIVi results section, but  on a completely re-  
acted sample. These peak intensi ty  differences may 
often be amplified for ease of defection dur ing profiling 
by choice of appropriate modulat ion voltage (14). 

Following the chemical analysis, the main  features 
of the resistivity plots shown in Fig. 1 can be in ter -  
preted as follows. The ini t ial  slow rise in resist ivity 
is due to "removal" of free Au by alloying with Ti, as 
the Au layer is expected to carry _96% of the cur-  
rent  ini t ia l ly  (15). By stage B no free Au remains and  
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the  cur ren t  is car r ied  by  both Au4Ti and Ti layers.  
At  stage C all  the Ti has been oxidized and only the 
Au4Ti l aye r  remains  conducting. A comparison be-  
tween stages C and B suggests the conduct iv i ty  of 
the  Au4Ti is comparable  wi th  tha t  of Ti, perhaps  
-~30% higher.  Final ly ,  as oxidat ion  proceeds fur ther ,  
some free Au is r egenera ted  and the resistance falls  
again quite marked ly .  

Sylwes t rowicz  et al. (4) have r igh t ly  s tressed tha t  
some of the mechanisms of in terac t ion  s tudied a t  h igh 
t empera tu re  m a y  not  be re levan t  to meta l l iza t ions  
used on devices opera ted  nea re r  room tempera ture .  On 
SiO~ substrates  we have three  mechanisms at  least, 
g ra in  bounda ry  diffusion, bu lk  diffusion of Ti-Au,  and 
oxidat ion  of Ti, all  influencing the reaction. In pr inciple  
these react ions could a l l  show quite different  depend-  
ences on tempera ture .  In  pract ice,  however ,  they  are  
al l  l ike ly  to be qui te  similar.  The t empera tu re  de-  
pendence of the defect  mobi l i ty  t e rm in the bu lk  di f -  
fusion coefficient has been found to be 0.80-0.85 eV for 
severa l  meta ls  in Au (16, 17). S imi l a r l y  the equiva lent  
defect  mobi l i ty  t e rm in TiO2 has been es t imated at  
_~ 1.0 eV (7). There  appears  to be no direct  measure -  
ment  of the act ivat ion energy  for gra in  bounda ry  dif -  
fusion of Ti in Au but  an es t imate  of 0.87-0.9 eV has 
been ca lcula ted  for Pd in Au (3, 6) and ini t ia l  pene t r a -  
t ion of Ti through Au occurs at  s imi lar  t empera tu res  
to P d  in Au (3). Thus in the sys tem studied here  the  
high t empera tu re  resul ts  repor ted  should provide  a 
wor thwhi le  guide to the expected  behav ior  of me ta l -  
l izations used in long- l ived  devices. 

The resul ts  f rom high t empera tu re  anneals  (350~ 
of Au-T i  on Si subs t ra tes  c lear ly  i l lus t ra te  Sy lwes t ro -  
wicz's point, and it is l ike ly  that  they  were  quite un-  
represen ta t ive  of room t empera tu re  behavior .  The de-  
ta i led  mechanism is not  established,  bu t  i t  appears  tha t  
a T i - A u - S i  eutectic which is mol ten  at  350~ must  
form. S ta r t ing  at  discrete flaws in the film, the reac-  
t ion then spreads  rapid ly .  A s imi la r  phenomenon was 
repor ted  by  Sinha in the S i / S i O # W / A u  system (18). 
Both the appearance  of the  reac t ion  zone in Fig. 8b and 
the complete  enve lopment  of the TisSi3 crysta l l i tes  in 
the  Au ma t r ix  s t rongly  suppor t  the idea of mel t ing  
dur ing  reaction. F igure  8c suggests that  the spread  of 
the mol ten  zone, l ike many  o ther  reactions,  proceeds 
first a t  gra in  boundaries .  Independen t  of the precise  
detai ls  of the react ion mechanism, i t  is ev ident  tha t  the 
reac t ion  product  Ti~Si~ is more  s table than  the possible 
Au-con ta in ing  alloys, a poin t  tha t  i t  might  be possible 
to exploi t  in fu ture  meta l l iza t ion  schemes. 

Conclusions 
Auger  sput te r  ion profi l ing has shown that  deposi t ion 

of Ti films in technical  vacuum results  in the incorpora-  
t ion of C and O impur i t ies  at  the 1-10% level.  Com- 
par ison wi th  films deposi ted in UHV, and so free f rom 

the above impuri t ies ,  shows tha t  the C and O p lay  a 
crucial  role in de te rmin ing  the interdiffusion ra tes  and 
hence effective l i fet imes of T i -Au  thin film couples. 
The results  suggest  that  moni tor ing  and control  (even 
control led in t roduct ion)  of such impuri t ies ,  no rmal ly  
ignored in device production,  might  lead to significant 
improvements  in cur ren t  meta l l iza t ion  schemes. 
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Liquid Phase Epitaxial Growth of (Hg   Cd )Te 
from Tellurium-Rich Solutions Using a 

Closed Tube Tipping Technique 
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ABSTRACT 

The liquidus temperatures  for (Hgi-~Cd~)1-~Teu have been determined for 
x ~- 0.067, x = 0.10, and 0.7 ~ y < 1.0 compositions by differential thermal  
analyses. (Hgi-xCdz)Te films with compositions of x -- 0.35, 0.31, and 0.24 
have been grown by l iquid phase epitaxy on CdTe (111)A oriented substrates. 
The Cd segregation coefficient has been determined to be k -- 3.5 __+ 0.1. Films 
grown at around 550~ from 3 mm thick melts at slow cooling rates showed 
thicknesses close to those expected for equi l ibr ium growth. The residual  im-  
pur i ty  in the LPE films was usual ly  n- type  and was less than 10 i5 cm -3 in  the 
better  films. Photovoltaic diodes fabricated in the films have shown per-  
formance comparable to those fabricated in bulk  grown crystals. 

The I I -VI compounds of CdTe and HgTe form a con- 
t inuous series of solid solutions with cubic zincblende 
structure. (Hgl-xCd~)Te consists of a mixture  of the 
wide gap semiconductor CdTe (Eg ~ 1.6 eV) with the 
semimetatlic compound HgTe which can be considered 
as a semiconductor having a negat ive energy gap. The 
gap in the alloys varies near ly  l inear ly  with x between 
the two end-poin t  values. Alloys of Hgl-~CdzTe with 
x-values  in the range 0.2-0.4 corresponding to bandgap 
energies in the range 0.1-0.5 eV are of par t icular  in ter -  
est for the detection of infrared radiat ion in the 2-20 
micron range. 

Ini t ial  LPE (Hgl-zCdz)Te film growth was pursued 
from pseudobinary  melts due to the absence of phase 
diagram informat ion  in the Hg-rich and Te-r ich  cor- 
ners. Since the pseudobinary film growth involved tem- 
peratures around 700~ and Hg pressures on the order 
of 10 atm a closed tube t ipping technique was adopted. 
The work reported here concerns the subsequent  de- 
te rminat ion  of l iquidus temperatures  and LPE 
(Hgl-zCdx)Te film growth development  from Te-r ich 
solutions. 

LPE (Hgl-~Cdz)Te film growth from Te-r ich solu- 
tions has only recent ly  been reported in "open" sys- 
tems (1-3), but  no l iquidus data covering a range of 
x, y values has been documented. Our ini t ia l  use of a 
closed tube system for film growth at temperatures  
around 550~ where the Hg pressure is about 1/3 
atm, has permit ted the s tudy of film growth under  near  
equi l ibr ium conditions without  concern over melt  com- 
position changes from Hg loss due to evaporation. 

With phase diagram informat ion l imited to b inary  
and pseudobinary compositions ini t ial  work was con- 
centrated on determining the l iquidus temperatures  for 
Te-r ich (Hgl-xCdx)l -yTey solutions suitable for x ---- 
0.20 to x ---- 0.40 film growth. Subsequently,  stoichio- 
metric (Hgl-zCdx)Te films were grown from slightly 
undersa tura ted  3 mm thick LPE melts. Measured film 
thicknesses and composition gradings obtained from 
slow growth conditions were then compared with cal- 
culated values based on measured liquidus tempera-  
tures and the Cd segregation coefficient. 

Liquidus Temperatures 
Thermal  analyses were conducted by the slow cool- 

ing of homogenized (Hgi-xCdz)1-uTe~ l iquid samples. 
Charges with weights close to 15g were placed in 12 
mm ID, 1 mm thick wall  quartz ampuls with a thin 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key  w o r d s :  LPE,  II-VI t e r n a r y  s e m i c o n d u c t o r ,  p h a s e  d i a g r a m ,  

equilibrium growth theory. 

2 cm re -en t r an t  thermocouple well. The free space 
inside the ampuls was about 5 cm ~. The change in com- 
position due to evaporat ion was calculated to result  in 
an error in the l iquidus tempera ture  interpolat ion of 
much less than 1 ~ C. A similar  ampul  containing silicon 
was used as a reference. After  sealing, the ampuls  were 
placed very close together in two symmetr ical  cavities 
drilled in  a nickel cyl inder fitted with a nickel  lid. A 
Chromel-Alumel  thermocouple was inserted in each 
ampul, and the two were connected for s imultaneous 
recording of the sample tempera ture  and the tempera-  
ture difference between the sample and reference as a 
function of time. To obtain high sensit ivi ty sample and 
differential temperature  readings, the sample signal 
was largely balanced out with a potentiometer,  and 
the differential signal was amplified ten times. The two 
signals were then fed into an XYY' recorder. 

Temperature  data for each composition were taken 
after at least 6 hr of solution homogenization at t em-  
peratures at least 15~ above the anticipated l iquidus 
temperatures.  Cooling rates were typically 2~ 
an order of magni tude  larger than used in the sub-  
sequent  LPE film growths. Supercooling was observed 
in all the thermal  analysis runs, and from later  l iquidus 
tempera ture  interpolat ions supercooling at the cooling 
rates used was found to range mostly between 5 ~ and 
I5oC. 

The actual l iquidus temperatures  were estimated by 
extrapolat ion from a plot of the degree of supercooling 
vs. temperature  at which supercooling stopped. The 
ampli tude of the differential tempera ture  overshoot 
was used as a measure of the degree of supercooling. 

Heating runs for the eutectic temperatures  gave a 
range of values lying be tween 410 ~ and 420~ Since 
the eutectic compositions cannot be specifically defined 
under  nonequi l ib r ium cooling conditions the eutectic 
temperatures  are not displayed. 

The thermal  analysis data taken for x __- 0.067 and 
x ~ 0.10 compositions together with x ---- 0 data for 
Hg, Te~ are summarized in Table I and displayed in  
Fig. 1. The data for the l iquidus slopes at vary ing  com- 
position~ x, z/ de~ned as m~ ~ aT/~x)~, ~ and 
my = 8T/Oy)x ~ were obtained from the best 
slope fitting of the data shown in Fig. 1. 

LPE Film Growth Procedures and Results 
LPE film growth using the t ipping technique was 

accomplished in a POCO DFP 3-2 grade graphite boat 
shown in Fig. 2. The outer radius of the base of the 
graphite boat was designed to fit the inside radius of 
an evacuated sealed quartz ampul.  The component  
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Table I. Liquidus temperature and slope data for low x-value 
Te-rich (Hgl -xCdx) l -yT% solutions 

Liqu idus  s u r f a c e  

Liquidus tern- 0T)  6Y') 
- -  ~ ~ peratures (~ Oy ~ Ox JJ 

0.067 0.I0 0.067<x<0.10 O < x < 0.10 

0.70 585+--4  6 ~ 7 •  - 6 7 2  599 
0.725 - -  593----.3 - 707 530 
0.75 551____.4 5 6 8 ~ 3  - 7 7 0  600 
9.775 - -  545----_3 - 8 6 2  630 
0,80 506-----3 533-----3 - 9 6 0  645 
0 . 8 2 5  - -  499-- - - -5  - 1 1 7 0  6 5 0  

0.85 4 4 5 + - 1 0  - -  - -  - -  

0 . 9 0  4 3 0 _ _ _ 1 0  - -  - -  - -  

prepa ra t ion  and the film growth  processes are  de -  
scr ibed in the following. 

The LPE mel t  was usual ly  obta ined  from a section 
of a r ap id ly  quenched (Hgl -~Cd~) I -~T% ingot. Six  
nines pur i ty  quad rup ly  zone refined Cominco Cd and 
Te were  used for the compounding.  In  s i t u  prepa ra t ion  
of the mel t  f rom HgTe, CdTe, and Te in the graphi te  
boat  jus t  before growth  was atso used. In both of the 
p repa ra t ion  methods the  e lements  were  homogenized 
in closed ampuls  in the LPE t ipping  furnace  used in 
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Fig. I. Liquidus temperature data on x ~ 0.067 and x ~ 0.10 
(Hgl-xCdx)l-yTey solutions, x - -  0 data is from Ref. (4). 

QUARTZ AMPOULE 

ONE OF SIX GRAPHITE 
PINS 

[ ...... ~ F~ ~ ~'-~J / - -  LPE MELT 

~SA /CclTe SUBSTRATE 
PPHIRE PLATE 

Fig. 2. Exploded view of LPE graphite boat shown in the growth 
position with the Te-rich solution tipped over the substrate. 

a rocking mode. In  the case of the in  s i t u  prepara t ion  
method, the rocking angles were  chosen such as to 
p reven t  the mel t  contact ing the CdTe subst ra tes  before  
the ac tual  g rowth  process was ini t iated.  

The dimensions of the  CdTe subst ra tes  used were  
typica l ly  10 X 37 ram; the  substrates ,  purchased  from 
I I -VI  Incorporated,  were  also p repa red  f rom 6 nines 
pure  Cd and Te obta ined  f rom Cominco. Almost  al l  the 
subst ra tes  used were  ( l l l ) A  oriented.  The ini t ia l  pol-  
ishing of the subst ra tes  to mi r ro r  flatness involved a 
method using d iamond mil l ing wi th  a single d iamond 
edge along a select d i rect ion (5). Subsequent  surface 
p repara t ion  involved l ight  chemica l -mechanica l  and 
chemical  etching in a b romine  methanol  solution wi th  
the final chemical  etch being pe r fo rmed  immedia te ly  
before the loading of the g rowth  ampul.  

To ensure a m in imum of process contaminat ion,  the 
( H g l - x C d x ) I - ~ T %  compounding and the p r e - L P E  
growth  component  assembly  procedures  were  al l  pe r -  
formed in a VAC argon glove box which included a 
Met t le r  Electronic balance.  Quartz  ampuls  used for 
compounding or film growth  were  baked  out  at 800~ 
under  ion pump vacuum. LFE graphi te  boats  were  rf  
baked  before each film growth  run  for  3 h r  a t  1600~ 
under  a diffusion pump vacuum of 2 X 10 -7 m m  pres -  
sure. Component  t ransfer  .between the glove box and 
vacuum stat ions e i ther  under  vacuum or wi th  the glove 
box a tmosphere  was pe r fo rmed  wi th  the use of closed 
bel lows valves  which isolated the inside of the  ampuls  
f rom the ambient .  

For  each LPE film growth  run, 10 _ �89  of  
( H g l - x C d x ) l - y T %  were  used. The CdTe subs t ra te  
and ( H g l - x C d x ) l - ~ T %  were  placed at  opposite ends 
of the graphi te  boat. To p reven t  subs t ra te  to graphi te  
s t icking a 0.010 in. thick sapphi re  p la te  was placed in 
between.  

&fter  loading the graphi te  boa t  and components  into 
a quar tz  ampul  and subsequent  evacuat ion and sealing, 
the quartz  ampul  wi th  the contents was p laced  in the  
growth  furnace near  the center  of a 12 in. sodium heat  
pipe. The s t eady-s ta te  t empera tu re  profile was -+- V4~ 
over  the 6 in. length  of the ampul.  The the rmal  h is tory  
of each growth  run  was recorded using the analog ou t -  
put  of an Omega 2176A the rmomete r  wi th  s imultaneous 
digi ta l  d isp lay  reading  to 0.2~ The t empera tu re  and 
the t imes involved in a typical  g rowth  run  are  shown 
in Fig. 3. The record ing  thermocouple  was checked 
against  the  mel t ing point  of Te; the mel t ing  point  of 
Te was recorded at  452.6~ 

In most g rowth  runs sl ight  unde r sa tu ra t ion  was 
used. The CdTe subs t ra te  was then a l lowed to equi l i -  
b ra te  wi th  the solut ion at  constant  t e m p e r a t u r e  for 
about  15 min before a slow l inear  cool was in i t ia ted  for 
typ ica l ly  a 5~176 t empera tu re  drop. F igure  4 i l lus t ra tes  
the small  changes in l iquidus composit ion af ter  the  15 
min equi l ibra t ion  time, and at  the end of near  equi-  
l ib r ium film growth. At  the end of the  cooling cycle, 
the solut ion was decanted off the  film and the ampul  
was removed  from the furnace.  

T~, + 15ac 

T~ 

TEMPERATURE 

SLIGHT MELTBACK / -  
SOLUTION HOMOGENIZING / 

S TIP S O L U T I ~  M GROWTH 

OVER SUBS'IRATE COOL 

I I I I 

TIME IN MINS 

Fig. 3. Typical thermal history of an LPE film growth run; the 
liquidus temperature is denoted by T1. 
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Fig. 4. Schematic of changes in the LPE solution composition 
(A~B~C) following the growth conditions shown in Fig, 3. 

Some problems that  develop in the LPE film surface 
morphology during growth can be traced to local 
changes in the melt  depletion region composition. 
Several  tr iggering situations are possible, including 
ini t ial  surface uneveness and /o r  substrate contamina-  
t ion affecting the ini t ia l  nucleat ion and melt  trace im-  
purities. Any of these situations can result  in an in -  
creasingly i r regular  interface, as melt  diffusion in  the 
affected areas takes on a nonuni form three-dimensional  
aspect. Depressed growth areas can then become in-  
creasingly covered by slightly lower l iquidus tempera-  
ture  compositions resul t ing in fur ther  slow clown of 
the growth rate in those areas and the problem can es- 
calate, par t icular ly  under  severely diffusion-limited 
growth conditions. Since, in the ini t ial  port ion of this 
work, fast film growth rates appeared to be det r imenta l  
to film surface morphology, most of the film growth 
concentrated on slow growth rates controlled by  slow 
cooling rates, 

F i lm thickness v s .  tempera ture  drop data for films 
grown from solution compositions ini t ia l ly  compounded 
as (Hg0.90Cd0.10)o.225Te0.T75 and (Hg0.988Cdo.067)0.2~Teo.75 
are shown in  Fig. 5. All of the solutions used for grow- 
ing these films were undersa tura ted  by 0 to 3~ at the 
time of the ini t ia l  contact with the substrate. Under  
these conditions, after 15 rain of equilibration,  the new 
very  slightly different solution compositions were con- 
sidered to be very close to their  l iquidus temperatures.  

The film thickness measurements  were made opti-  
cally from cleaved (1i"0) planes perpendicular  to the 
( l l l ) A  film surface. The film thickness was readily 
identified from a distinctly different visible reflectivity 
of (Hgl-~Cdx)Te compared to that  of the CdTe sub-  
strafe. The film growth thickness was taken as the 
total thickness less 4 microns of interdiffusion into the 
substrate side of the interface. 

Measured film growth thicknesses v s .  temperature  
drop data given in  Fig. 5 show that  for cooling rates 
on the order of 0.05~ the film thicknesses were 
close to those expected for equi l ibr ium film growth 
from 3 m m  thick solutions. 

X - r a y  microprobe analyses were performed a c r o s s  

(1T0) cleaved surfaces of the films perpendicular  to the 
(111) A surface. HgTe and CdTe were used as standards 
and the composition of films was determined using a 
KEVEX Magic 5 program with a ZAF correction. Com- 
position profiles shown in Fig. 6 were made on l ight ly 
etched film surfaces and also on as-grown surfaces. 

The microprobe measurements  on the as-grown films 
and films which were l ightly etched indicated that the 
Cd concentrat ion increases near  the as-grown surface. 
Evidence of an increase in the Cd concentrat ion near  
the film surface was also provided by visible color 
differences of the film surfaces before and after etching 
which were the same as those seen in cleaved film 
sections between the CdTe substrate and the 
(Hgl-~Cdx)Te film. Auger  and ell ipsometer analyses 
on the as-grown and etched surface areas confirmed 
that the composition increased by abut  hx = 0.5 wi thin  
about a tenth of a micron of the surface. 

The increase in surface x-va lue  occurs after the LPE 
solution is decanted off, and the closed ampul  cools to 
ambient  temperatures  in about 5 min. The probable 
explanat ion for this is that dur ing cooldown the ratios 
of the activities of Hg and Cd over the melt  and film 
change in a manne r  that favor the formation of a 
CdTe-rich surface layer on the film. 

Infrared transmission scans were used to determine 
the composition of films with x-values  around x -- 
0.35. For a l inear ly  graded film composition the fraction 
of energy t ransmit ted relative to the peak transmission 
can be expressed as (6) 

Itr -- Ipk exp -- (2K/3~n)  ( E  - -  E s ) 3 / 2  [I] 
where Es denotes the surface bandgap energy, E the 
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Fig. 5. Film growth thicknesses vs .  temperature drop for 
(Hgo.ooCdo.lo)o.~25Teo:,75 and (Hgo.9~3Cdo.067)o.25Teo,75 solut ons. 
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photon energy satisfies E~ q- ~md ~ E ~-- Es, m is the 
composition g rad ing /un i t  distance, p is the incremental  
change in energy gap/Cd mole, d is the depth from 
the film surface in which absorption can take place, 
and the parameter  K is related to the bandgap energy 
Eg through the s tandard expression ~ ---- K ( E  -- Eg)y2 
where ~ is the absorption coefficient at the photon 
energy E. Transmission curve fitting to Eq. [1] and 
the use of cal ibrated data for the absorption coefficient 
at ~(E) = 500 cm -1 vs. x-value  (7) enabled an ac- 
curate assessment of the film surface composition to be 
made. 

Films grown from (Hg0.90Cd0.~0)0.225Te0.775 solutions 
around 550~ with thicknesses around 25 microns be- 
yond the interdiffused region showed surface x-values  
close to x ----- 0.345. Films which were grown from 
(Hg0.91Cd0.09)0.232Te0.768 solutions at the same tempera-  
tures showed surface compositions of around x ---- 0.31 
close to those expected for a 10% reduct ion in solution 
x-value.  A few films which were grown from 
(Hg0.90Cd0.10)0.175Te0.s25 solutions at around 500~ in-  
dicated essentially no discernible change in  the segre- 
gation coefficient with increase in y-value.  

The segregation coefficient of Cd, k, obtained from 
the more extensively investigated x ---- 0.I0 and x ---- 
0.09 LPE solutions at growth temperatures  around 
550~ was taken to be k :-  3.5 • 0.1. The more accurate 
composition determinat ions of films grown from x ---- 
0.067 solutions at a round 550~ were made using in-  
frared spectral response measurements  at 77K; the 
composition of these films was x ~ 0.235, which agreed 
with the value kx  expected from the definition of k. 

Most of the film growths were carried out on ( l l l ) A  
CdTe substrate surfaces ra ther  than on the ( l l l ) B  
and (100) surfaces. Evaluat ion of over 100 films grown 
from To-rich solutions has shown that the best films 
were grown using only about I~ of undersaturation 
resulting in a slight meltback of the substrate surface 
which could not be detected in optical examination of 
the film cross sections. 

For 3~ of undersaturation, substrate meltback was 
uneven and film morphologies were very uneven, par- 
t icular ly when relat iveIy fast cooling rates were used. 
In addition, the LPE solution was trapped in the more 
heavily depressed film regions after the melt  decanting 
operation. When growth conditions used solutions esti- 
mated to be supersaturated by 2~ the qual i ty  of the 
film surface was general ly poorer and homogeneously 
precipitated (Hg~-~Cd~)Te crystals deposited on the 
film surface. It  appeared that  without  some undersa tu-  
ration, ini t ia l  nucleat ion on the substrate may have 
been inhibi ted by traces of oxides on the substrate in 
the closed tube growth. The cross section of a typical 
LPE film is shown in Fig. 7. 
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A feature observed to some degree on most film 
surfaces was the presence of isolated, very  flat plateau 
areas surrounded by depressed areas as seen in the 
micrograph of Fig. 8. The completely fiat areas were 
exact ( l l l ) A  planes with dimensions up to 1 mm 
across. The changes in film thickness between these 
areas were fairly gradual  and general ly  wi thin  3 
microns for film thicknesses typically averaging 30 
microns. However, in  a few cases, thicknesses var ied 
by more than a factor of two over distances on the 
order of 1 ram. These features appeared most promi-  
nent ly  in films grown at slow cooling rates, when in i -  
tial undersa tura t ion  was relat ively high and when 
( l l l ) A  substrates oriented to wi thin  5 min  were used. 
Figure 8 shows the plateau areas adjacent  to the more 
depressed areas. These morphological features are be-  
lieved to be caused by convection currents  in the melt  
since the lower, more depleted melt  regions are less 
dense. Estimates of the solution stabili ty using a Reyn-  
olds number  criterion such as reported by Crossley and 
Small  (8) support  the possibility of solution convec- 
tion during LPE film growth from To-rich solutions, 
par t icular ly  when slow cooling rates are used. 

Electrical characteristics.--Electrical characterization 
of the LPE films was used to determine the residual  
impur i ty  concentration, the carrier mobilities, and the 
carrier concentrations. Since the CdTe substrates used 
for the growth of the LPE films were almost insula t ing 
it was assumed that the LPE films were electrically 
isolated from the CdTe substrates and therefore the 
electrical measurements  were made on the films with-  
out etching away the substrate. Hall effect and resis- 
t ivity measurements  were made using the Van der 
Pauw method (9). 

The residual impur i ty  as measured from the Hall 
effect measurement  at 77 K (subsequent  to an I-Ig-rich 
anneal  at a temperature  of 250~ or less) was usual ly  
of the donor type (possibly indium) and var ied be-  
tween 3 X 1014 to 1 X 1015 cm-'8 in the bet ter  films. 

The electron mobil i ty at 77 K in the bet ter  films 
exceeded 105 cm/V sec for x : -  0.2 and 2 X 104 cm/V 
sec for x ~ 0.3 compositions. These values compare 
well with those reported for the bu lk  grown crystals 
(10) and, hence, indicate the crystal l ini ty  of the films 

to be sound. 

Diode characteristics.--Some n + - p  diodes were fab-  
ricated in the LPE films. Figure 9 shows the character-  
istics of these diodes at 130 K in terms of RoA (product 
of the zero bias resistance and p - n  junct ion  area) vs. 
the material  cutoff wavelength )~1/2~. Data for some of 
the bet ter  diodes fabricated in bulk  grown mater ia l  are 
included in Fig. 9 for comparison purposes. Details of 

Fig. 8. Micrograph of film showing slightly elevated flat plateau 
Fig. 7. Section of a. (Hgo.65Cdo.85)Te film at 400X areas surrounded by terraced areas. 
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Fig. 9. RoA data measured at 130 K vs. X1/2. Circles represent 
diodes fabricated in bulk grown material while triangles refer to 
diodes fabricated in the LPE material. 

the LPE diode character is t ics  wi l l  be p resen ted  else-  
where.  

Discussion 
Calculat ions of the film thicknesses  and composit ion 

gradings  due to Cd and Hg deple t ion  in the  solution, 
based on equi l ib r ium growth  conditions, have been 
made.  These calculat ions p rov ided  an addi t ional  
method  for  es t imat ing  solution l iquidus  t empera tu res  
based on the depth  of me l tback  f rom excess ively  u n d e r -  
s a tu ra t ed  solutions. Solut ion undersa tu ra t ion  was then 
opt imized to provide  the best  film surface morphology.  

A s l ight  change in the  LPE solut ion composit ion 
occurs dur ing  the heat  up of the growth  sys tem and 
subsequent  homogenizat ion of the  solution. This com- 
posi t ion change is due to the  in terac t ion  of the  CdTe 
subs t ra te  wi th  the vapor  species in the growth  ampul  
before the mel t  contacts  the  substrate .  In  o rder  to 
assess the  ex ten t  of this interact ion,  a CdTe subs t ra te  
tha t  was exposed only to the vapor  in terac t ion  was 
microprobed  as shown in Fig. 10. If  one assumes tha t  al l  
the  Cd loss f rom the CdTe subs t ra te  in exchange for  
Hg is un i fo rmly  dissolved in the  (Hg l -xCdx) l -yTe~  
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Fig. 10. X-ray microprobe analysis of a CdTe substrate exposed to 
the vapor (Hg, Cd, and To2 species) of a (Hg l - zCdzh -yT% growth 
solution during heat up and homogenization of an LPE growth run. 
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solution, the increase in x -va lue  of the  solution can be 
es t imated  to be about  a x  ---- 0.003 resul t ing in an in-  
crease of the l iquidus  t empe ra tu r e  of 2~ T h e s e  
changes were  expected  to be reproduc ib le  in film 
growth  runs using comparab le  homogenizat ion t imes 
and tempera tures .  

Consider  N mole fract ions of (Hgl-xCdx)1-yTey ve ry  
s lowly  prec ip i ta t ing  a N  moles  of s toichiometr ic  solid 
(Hgl-kxCd~x)o.sTe0.5 fol lowing a t e m p e r a t u r e  drop 
aT~ below the l iquidus  tempera ture .  Cd prec ip i ta t ion  
satisfies the fo l lwing equat ion 

a [ N x ( 1  --  y ) ]  = aNx(1  -- y )  + a x N  (1 -- y )  

- -  N z a y  = 0.Ska:aN [2] 

Simi lar ly ,  Te prec ip i ta t ion  gives 

a[Ny] = NAy + yAN = 0.ShN [8] 

An  addi t iona l  cons t ra in t  on the  final solut ion composi-  
t ion is given by  

aT OT ) OT ) 

.Ox y z 

where  OT/Ox)y = m x  and OT/Oy)x = m r are  the  l iq-  
uidus slopes for (Hgl -zCdx)  1-~Te~. F r o m  Eq. [2] to [4] 

[ x ( k - - 1 )  ] a T  [5] 
Ax = m x x ( k - -  1) --  my(2y -- 1) (1 --  y)  

[ -- (2y - - 1 )  ( 1 - -  y)  ] ~ T  [6] 
a y - -  mx X ( k --- - ~  - - "  -m-~( ~y 1) (1 --  y )  

[ ( l-y) ] 
= 2 a T  [ 7 ]  

N ~n.xx(k -- 1) --  my(2y -- 1) (1 --  y)  

The change in the Cd concentra t ion C in the solut ion 
for a given change in x and y is given by  

AC = ( i  --  y ) a x  -- xay  

Using Eq. [5] and [6], the l iquidus  slope for equi l ib-  
r ium growth  defined in terms of the  Cd concentra t ion is 
given by  

OT m x x ( k  -- 1) --  my(2y -- 1) (1 - -  y)  
m = - -  = [ 8 ]  

aC (1 --  y)  ( k / -  2y --  2 )x  

Fo r  film thickness de te rmina t ion  the densit ies  of 
the  LPE mel t  and prec ip i ta ted  solid (Hg1-zCd=)Te 
are  t aken  as mn(x,Y) and pf(kx,0.5), respect ively.  The 
LPE film thickness If for equ i l ib r ium growth  can then  
be obta ined  wi th  the use of Eq. [7] and [8], whi le  
not ing tha t  the aN for the  film is opposi te  in sign to tha t  
for the  solution. Denot ing the molecu la r  weights  of the 
film and mel t  by  Mf and Mm we obta in  

Zf = _ ,m(X,y)Mf [ 2lm/~T ] 

pf(kx, O.5)Mm m x ( k  "k 2y - -  2) 

Est imates  of pm(x,y) were  ob ta ined  f rom the sum of 
the p ropor t iona te ly  weigh ted  s toichiometr ic  solid and 
pure  Te densit ies p (x,0.5) and  pTe, respect ively ,  i.e. 

pm(X,Y) = 2(1 --  y)p(x,O.5) q- (2y --  1)Pie 

The dens i ty  of solid (Hgl -xCd=)Te  a t  room t e m p e r a -  
ture  (11) was taken  a s  

~ , ( x , 0 . 5 )  = 2 . 2 2 6 ( 3 . 6 2 8  - -  x )  

and the dens i ty  of pure  Te at  550~ (12) w a s  t a k e n  
as 5.75 g / c m  ~. 

Table  II  lists some of the g rowth  pa rame te r s  used to 
obta in  films wi th  composit ions of x = 0.35 and x =0.24, 
and  also the ca lcula ted  equ i l ib r ium values  of film 
growth  th ickness /~ of t empe ra tu r e  drop and the 
composit ion g rad ing /mic ron  of g rowth  f rom 3 m m  
thick solutions. 

Under  equi I ibr ium growth  condit ions the  change in 
the solut ion x -va lue  due to the deple t ion  of Cd and Hg 
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Table II. Summary of film growth parameters and calculated substrate meltback depths and 
film composition changes due to initial solution undersaturatien, and film thickness and 

composition gradings in subseqaent film growth 

March I981 

Film compositions 

Hg0.GsCdo BsTe Hg0.7~sCde m~Te 

Parameters  

Melt thickness 
Melt composition 
Liquidus slopes 

Densities: melt  
film 

Segregation coefficient 

tm mm 3 3 
(Hg~-.~Cd~)l-~Te,J (Hg0.0oCdo40)0.~Teo 775 (Hgo.~s~Cd0.06,)0.~Teo r~ 
mx ~ b~o 600 
my ~ - 862 - 770 
m ~ mole 3850 3915 
pro(x, yj g/cm 3 6.7 6.8 
p~ (kx, 0.5) g/cm ~ 7.3 7.5 
L (Cd ratio) 3.5 3.5 

Film growth 

Thickness t~ microns/~ 4.9 7.85 
d(kx) 

Film grading - -  Cd moles/micron -0.0007 -0.0004 
dlf 

Meltback Hg0 5Cd0.sTe surface 

Effective segregation coefficient 
Liquidus slope 
Film x-value increase 
Meltback depth 

L' Cd ratio 5.0 7.46 
m' ~ C/mole 3504 3053 
LAx Cd moles/~ 0.0039 0.0043 
ld microns/~ --3.6 --4.0 

Meltbaek CdTe surface 

Effective segregation coefficient 
Liquidus slope 
Film x-value increase 
Meltback depth 

L' Cd ratio 10.0 14.9 
m' ~ 3135 2716 
LAx Cd mole/~ 0.0047 0.0050 
ld microns/~ - 1.9 - 2.2 

du r ing  g r o w t h  resu l t s  in  p r o p o r t i o n a l  changes  in the  
p r ec ip i t a t ed  sol id compos i t ion  x -va lues .  F r o m  Eq. [5] 
and [8], Ax/x  in so lu t ion  can  be  expres sed  as 

Ax (k  - -  1) AT 

x ( k + 2 y - - 2 )  ( 1 - - y ) m x  

The  change  in the  x - v a l u e  of  the  fi lm is t h e n  

k ( k -  1)AT 
kAx = [9] 

(k  -t- 2y --  2) (1 --  y ) m  

Using Eq. [9], the  change  in x - v a l u e  as a f unc t i on  of  
f i lm th ickness  can  be  ob t a ined  

d ( k x )  _ , f (kx ,  O.5)Mm [ ( k - - 1 ) k x  ] 

dZ----T-" =  m(X,y)Mf - -  

To e s t ima te  subs t r a t e  m e l t b a c k  dep ths  and  the  i n -  
c rease  in t he  fi lm compos i t ion  prof i le  r e su l t i ng  f r o m  a 
Cd and  Hg increase  in the  so lu t ion  the  s a m e  f o r m a l i s m  
as used  for  g r o w t h  can  be  used  for  me l tback ,  p r o v i d e d  
tha t  k and  m a re  a p p r o p r i a t e l y  redef ined  by  the i r  effec-  
t i ve  va lues  in me l thack ,  tha t  is k' and  m'. On the  basis 
of  the  m i c r o p r o b e  da ta  shown  in Fig. 10 two  va lues  of  
k' h a v e  b e e n  cons ide red  for  the  m e l t b a c k  process.  Firs t ,  
for  the  case of l igh t  m e l t b a c k  of  no m o r e  t h a n  abou t  2 
mic rons  of the  subs t ra te  su r face  w i t h  x - v a l u e  a r o u n d  
x = 0.5, k' was t a k e n  as 0.5/x w h e r e  x is the  so lu t ion  
x - v a l u e .  Second,  for  the  case of s ignif icant  m e l t b a c k  
i n v o l v i n g  e s sen t i a l ly  p u r e  CdTe  k'  was  t a k e n  as 1/x.  
The  inc rease  in the  who le  f i lm x - v a l u e  prof i le  fo r  AT'~ 
of u n d e r s a t u r a t i o n  could  t h e n  be  ob t a ined  f r o m  

k (k'q- 2-yy'---'2~"~-- y)m' [11] 

Wi th  mos t  u n d e r s a t u r a t e d  so lu t ion  con tac t  t e m p e r a -  
tures  con t ro l l ed  to w i t h i n  •176 of each  o the r  the  
m e a s u r e d  fi lm x - v a l u e  va r i a t ions  b e t w e e n  films of  c o m -  
pa r ab l e  thickness ,  g r o w n  f r o m  the  same  so lu t ion  com-  
posit ions,  w e r e  obse rved  to be  w i t h i n  ~x  _m ___0.002. 
These  resu l t s  a re  cons is ten t  w i t h  the  compos i t ion  v a r i -  
a t ions  e x p e c t e d  on the  basis  of  Eq. [11] and  l i s ted  in 
Tab le  II. 

A v e r a g e  m e l t b a c k  depths  Id into Hg0.sCdo.sTe and 
s e p a r a t e l y  in to  CdTe  subs t r a t e  su r face  compos i t ions  
w e r e  d e t e r m i n e d  f r o m  

_ pm(x,y)Ms [ 21mAT' ] 

Id -" ps(k'x,O.5)Mm m ' x ( k '  + 2y -- 2) 

w h e r e  Ms and  ps deno te  the  m o l e c u l a r  w e i g h t  and  d e n -  
s i ty  of the  sur face  w i t h  compos i t ion  k'x. The  ca lcu -  
l a ted  va lues  of ld in T a b l e  I I  s h o w  t h a t  t he  m e l t h a c k  
dep th  pe r  ~ of u n d e r s a t u r a t i o n  is s ign i f ican t ly  less on 
CdTe  t h a n  on Hg0.sCd0.sTe. In  fi lms g r o w n  f r o m  s u p e r -  
s a t u r a t e d  solut ions  the  C d / H g  in te rd i f fus ion  dep th  on 
the  CdTe  subs t r a t e  was  typ ica l ly  4 microns .  Based  on 
this i n fo rma t ion ,  the  m e l t b a c k  dep th  da t a  in Tab l e  I I  
and  o b s e r v a t i o n  on o v e r  a h u n d r e d  fi lms showing  tha t  
excess ive  u n d e r s a t u r a t i o n  led  to u n e v e n  m e l t b a c k  
r each ing  into the  CdTe,  we  h a v e  assoc ia ted  an  u n d e r -  
s a tu ra t i on  of about  2~ as the  t e m p e r a t u r e  at  w h i c h  
m e l t b a c k  could  ju s t  be  seen. Us ing  m e l t b a c k  o b s e r v a -  
t ions as a r e f e r e n c e  po in t  for  e s t i m a t i n g  so lu t ion  u n d e r -  
sa tura t ion ,  i t  was  e s t i m a t e d  tha t  the  o p t i m u m  deg ree  of 
so lu t ion  u n d e r s a t u r a t i o n  for  the  bes t  f i lm m o r p h o l o g y  
a p p e a r e d  to be  abou t  1 ----- 1/z~ 

Two l iqu idus  t e m p e r a t u r e s  e s t i m a t e d  f r o m  t h e r m a l  
ana lyses  and  m e l t b a c k  cons ide ra t ions  a re  g iven  in 
Tab le  III. The  l iqu idus  t e m p e r a t u r e  da ta  o b t a i n e d  f r o m  
t h e r m a l  ana lys is  a p p e a r  to be  about  3~ h i g h e r  t h a n  
those  i n t e r p r e t e d  f r o m  L P E  f i lm g rowth .  This  t e m p e r a -  
tu re  d i f fe rence  is b e l i e v e d  to be  l a r g e l y  due  to t he  i n -  
t e r ac t i on  b e t w e e n  the  subs t ra te  and  so lu t ion  v ia  t he  
v a p o r  phase  be fo re  so lu t ion  t ipp ing  o v e r  the  subs t ra te .  
A l l o w i n g  also for  t he  so lu t ion  dep l e t i on  d u r i n g  g rowth ,  
the  Cd seg rega t ion  coefficient  fo r  so lu t ions  w i t h  y 
0.75 and  l o w  x - v a l u e s  is e s t i m a t e d  to be  k = 3.5 • 0.1. 

Summary 
T h e r m a l  ana lyses  h a v e  b e e n  m a d e  o f  T e - r i c h  

( H g l - x C d x )  1-yTey solut ions  w i t h  composi t ions  su i tab le  
for  g r o w i n g  ( H g l - x C d x ) T e  fi lms w i t h  compos i t ions  

Table III. Liquidus temperatures obtained by DTA and 
from LPE films 

Solution Liquidus temneratures 
composition determined from 

Film sur- 
x y face kx DTA LPE 

0.I0 0.775 0.35 545 -~" 3~ 549 ----- 1~ 

0.067 0.75 0.24 551 +--- 4~ 554 ~- 1~ 
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x --  0.2-0.4. The l iquidus t empera tu re s  ob ta ined  in this 
w a y  are  consis tent  wi th  es t imates  in fe r red  f rom sub-  
s t ra te  mel tback  pr ior  to the  film growth  process. 

LPE (Hg l -xCdx)Te  films grown at  slow cooling 
rates  under  a lmost  nondiffusion l imi ted  conditions 
showed thicknesses and composit ion gradings  close to 
those ca lcula ted  for equ i l ib r ium growth.  In  the ab-  
sence of Hg loss in the closed sys tem used, an accurate  
assessment  of the Cd segregat ion coefficient was pos-  
s ible for  low x - v a l u e  ( H g l - z C d x ) l - y T e y  solutions 
wi th  y ~-- 0.75; the  va lue  obta ined  was k ~- 3.5 • 0.1. 

Using sl ight  undersa tura t ion ,  smooth films up to 40 
microns th ick  were  grown. Elect r ica l  charac ter iza t ion  
of the LPE films showed elect ron mobi l i ty  and res idual  
impur i t y  concentra t ion character is t ics  comparab le  to 
bu lk  grown mater ia l .  In  addit ion,  the  pe r fo rmance  of 
photodiodes  made  in the LPE films was s imi lar  to those 
made  in the bu lk  grown mater ia l .  
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Stress-Induced Dark Line Defect 
GaAIAs:Si LED's 

Formation in 

A. K. Chin,* W. C. King, T. J. Leonard, R. J. Roedel, C. L. Zipfel, V. G. Keramidas,* 

and F. Ermanis 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Homojunct ion,  g raded  bandgap  GaAIAs:  Si LED's  have  been demons t ra ted  
to be h igh ly  rel iable.  Dur ing  acce lera ted  aging (30 m A  fo rward  bias, 250~ 
these LED's  genera l ly  degrade  s lowly wi thou t  the fo rmat ion  of da rk  lines 
or  da rk  spots. I t  has recen t ly  been found, however ,  tha t  some LED's  show a 
rap id  reduct ion of l ight  ou tput  even when aged wi thout  cur ren t  bias at  200~ 
<110> or ien ted  da rk  lines appea red  in the  e lect roluminescence image  of 
heavi ly  degraded  devices. To de te rmine  the source of the  DLD's, the  ma te r i a l  
qua l i ty  of deg raded  LED's  and  unaged  LED's  f rom the same wafer  was as -  
sessed using etch p i t t ing  and t ransmiss ion cathodoluminescence.  Examina t ion  
of the devices revea led  the presence of smal l  pyramids ,  composed ma in ly  of 
silicon, on the p -sur face  of some of the LED's;  no unusual  fea tures  were  
found on the remain ing  LED's. A dislocation ne twork  sur rounding  each 
p y r a m i d  was found to be  in i t i a l ly  present .  Due to bonding and the rma l  stresses 
appl ied  to the  pyramids ,  these ne tworks  en la rged  wi th  aging along the {111} 
planes  and appea red  as <110>  DLD's in the  e lec t ro luminescence  image upon 
reaching the p - n  junction.  In  degraded  LED's f rom p y r a m i d - f r e e  regions of 
the  wafe r  wi th  pyramids ,  <110> DLD's in i t ia te  at  dicing damage and regions 
of the  p -sur face  subjec t  to high bonding stress, i.e. edges and corners.  The  
growth  of these DLD's is ident ica l  to those in i t ia t ing  at  pyramids .  A s imi lar  
s tudy  of LED's f rom a wafer  tha t  is to ta l ly  free of py ramids  shows tha t  DLD's  
are not  formed in devices that  degrade  slowly.  

Graded-bandgap ,  homojunct ion  GaA1As:Si  LED's  
a re  p resen t ly  used as high efficiency l ight  sources for 
opto- isola tors  (1, 2). Bias tests of these devices, ac-  
ce le ra ted  b y  apply ing  a t he rma l  stress, demons t ra ted  
high re l iab i l i ty ;  wi th  30 m A  fo rward  cur ren t  bias, a 
m e a n - t i m e - t o - f a i l u r e  (MTTF) of -~10 ~ hr  a t  250~ 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me m b e r .  
K e y  w o r d s :  e a t h o d o l u m i n e s e e n c e ,  e l e c t r o n  m i c r o s c o p y ,  re l iabi l -  

i ty,  

(I) and ~i0 s hr at 25~ (3) was determined. The elec- 
troluminescence of degraded diodes appears to differ 
from unaged devices only in relative brightness. Both 
degraded and undegraded LED's exhibit uniform light 
emission; no dark lines or spots are observed. Re- 
cently, however, aging studies (4) have shown that 
some LED's degrade rapidly when aged at 200~ even 
without current bias; degradation to 10% of initial effi- 
ciency occurred within 400 hr. Examination of the 
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electroluminescence image of many of the most heav-  
ily degraded devices showed the presence of <110~  
oriented dark line defects (DLD's).  The drop in LED 
efficiency is thus a t t r ibuted to nonradia t ive  recombi-  
natron at the DLD's. Since dark line format ion has not 
been previously observed in graded bandgap GaA1As: 
Si LED's, this paper reports on their  origin and growth 
behavior.  

Format ion  of dark spots and dark lines or iented in 
the <100~ and <110~ directions is a degradat ion 
mode for LED's fabricated f rom many  semiconductors, 
e.g., GaP (5), GaAs/GaA1As (6-13), and GaAsP (14, 
15). <110~ DLD's grow by glide motion of disloca- 
tions on the (111} slip planes (6, 7, 9, 10) whereas  the 
growth of <100~ DLD's is consistent wi th  climb of 
dislocations (11-13). Studies have shown that  forma-  
tion of <100~  DLD's requi re  minor i ty  carr ier  injec-  
tion whereas  <110~ DLD format ion can be induced 
with ei ther  minor i ty  carr ier  injection or stress (7). 
Since the GaA1As:Si LED's under  discussion devel-  
oped <110~ DLD's wi thout  current  bias, a source of 
stress was searched for. 

Studies of s tress-induced DLD's in GaAs/GaA1As 
double heterostructure  crystals provide a useful back-  
ground for the present  study. These studies showed 
that a threshold stress is requi red  to form <110~ 
DLD's (6, 7, 9, 10). This threshold level  decreases for 
increasing minori ty  carr ier  inject ion (6, 7, 10). For  no 
injection, the threshold stress is ~8  X 109 dynes /cm 2 
(7). This value rapidly decreases to ~2  X 109 dynes /  
cm e under  the low exci tat ion level  of 3 W / c m  2 f rom a 
6471A Kr- ion  laser beam, equivalent  to a current  den- 
sity of J ~1 A / c m  2 (7). A lower  stress level  of ~6  X 
l0 s dynes /cm e is found for J ~- 58 A / c m  2 (10). These 
stress values are comparable  with values f rom typical 
sources of stress. Stresses f rom dielectric coatings can 
be as high as 101~ dynes /cm 2 (15), stresses due to 
dicing damage are 2-7 >< 107 dynes /cm 2 (14), and 
the thermal  stress on a mounted LED, assuming a 
100~ tempera ture  difference be tween  header  and 
LED, can be ~109 dynes /cm 2 (8). 

In a re l iabi l i ty  study by King (4), LED's f rom the 
same wafer  as those that  showed poor rel iabi l i ty  were  
examined visually. Pyramida l  protrusions of various 
sizes were  found on the p-surface of some of the LED's 
(4). These pyramids occasionally occur in this device 
mater ia l  and their  exact  cause is present ly  under  in-  

vestigation. LED's f rom the same wafer  were  separated 
into groups with  and without  pyramids. Bonded LED's 
with pyramids were  found to degrade at a faster rate  
than those wi thout  pyramids,  but  both groups de- 
graded faster than previous devices (1, 3, 4). A mean-  
t ime- to- fa i lu re  (MTTF) of ~105 hr  (250~ 30 mA for-  
ward current)  has been found for the la t ter  whereas 
the LED's with pyramids show a MTTF of ~4  >< 102 hr 
even under  reduced stress conditions (20O~ 0 mA for-  
ward current ) .  Dark  regions and lines in the elec- 
t roluminescence image were  observed only in the de- 
vices degraded to less than ~10% of their  initial effi- 
ciency. 

In the present  study, the mater ia l  qual i ty  of unaged 
and aged devices f rom a wafer  exhibi t ing pyramids 
on the p-surface was determined by KOH etch pit t ing 
(17) and transmission cathodoluminescence (TCL) 
(18). A dislocation ne twork  was found to surround 
each pyramid  initially. During aging, <110~ DLD's 
develop f rom these networks.  In the py ramid - f l ee  
LED's, <110~ DLD's init iate at processing damage and 
at high stress points (e.g., edges and corners)  on t h e  
p-surface.  To de termine  whe ther  bonding stress o r  
internal  stress is responsible for the growth of t h e  
DLD's, a defect study was made of similar  unbonded 
LED's aged at 200~ without  current  bias. Finally,  a 
high dislocation density (~105 cm -~) and stacking 
faults were  found in the degraded devices, This result  
suggests that  the susceptibil i ty of the pyramid- f ree  
LED's to stress-induced DLD's may  be s imply due to 
a high dislocation density or to the presence of stack- 
ing faults. Low and high defect density GaA1As:Si 
LED's fabricated f rom a wafer  wi thout  pyramids on 
the p-surface were  then tested. High rel iabi l i ty  was 
found for the LED's i r respect ive of the defect density. 
The degradat ion of these LED's did not involve the 
formation of DLD's. These exper iments  and results are 
summarized in Table I. The remainder  of this paper 
comprise the details of this study. 

Experimental 
Device characteristics.--The GaA1As:Si LED's were  

grown by a single-step l iquid phase epi taxy (LPE) 
technique as described by Dawson (1). A schematic of 
the LED structure  is presented in Fig. 1. An epi taxial  
layer  of ~200 ~m thickness is grown on a <100~ ori-  
ented GaAs substrate. The a luminum content  of this 

Table I. 

Exper iment  Analys i s  technique Results  

1. Material evaluat ion Nomarski  interference  microscopy  
Secondary e lectron imaging in SEM 

TCL 
KOH etch pitting 

X-ray microanalys is  on SEM 

Pyramids  on p-surface 
Dicing damage 
Etch used to remove  dicing damage removes  

more  of the n-layer 
1@~ dis locat ion/cm e 
Stacking faults  
Dislocation ne twork  surrounding  pyramids 
Pyramids  consist  mainly  of s i l icon 

2. Reliability of bonded LED's with  pyra- 
mids 

Aging at 2G0~ 0 mA 

Electro luminescence  imaging 
TCL of p-surface 

TCL of LED side 

MTTF ~ 400 hr 

DLD's observed for  ~7/~o ~ 0.1 
DLD's initiate f rom dis locat ion ne tworks  sur: 

rounding pyramids  
DLD's propagate  on (111} planes  and terminate  

at p-n junct ion 

3. Reliabil ity of unbonded LED's wi th  pyra- 
mids 

Aging at 200~ 0 mA 
Electro luminescence  imaging 
TCL 

Aging time = 108 hr 
No DLD~s 
No change in dislocation networks  surround- 

ing pyramids  

4. Reliabil ity of pyramid-free bonded LED's 
f rom wafer  with  pyramids  

Aging at 200~ 0 mA 

Electro luminescence  imaging 
TCL of p-surface 

TCL of LED side 

MTTF ~ 10 8 hr 

DLD's observed for  V/To < O.1 
DLD's initiate f rom dicing damage and high 

stress  points on p-surface 
DLD's propagate  on (111) planes  and ter- 

minate at p-n junct ion 

5. Reliability of bonded LED's from pyra- 
mid-free wafer  

Aging at 250~ 30 mA, 5-15 disloca- 
t ions/LED 

Aging at 250~ 30 mA, 20-40 dislo- 
cat ions/LED and stacking faults 

TCL of p-surface 

MTTF ~ 10 ~ hr  

MTTF ~ 10 z hr 

LED's do not  degrade by DLD format ion 
Dislocations and stacking faults  not  sources  

of DLD's 
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Fig. 1. Schematic of GaAIAs:Si LED 

layer  varies from an ini t ia l  value of x ~0.30 to a final 
value of x ~ 0.0. The p - n  junc t ion  is formed by Si 
amphoteric doping; the a l u m i n u m  concentrat ion is x 
,~ 0.08 at this junc t ion  which is located ~75 ~m from 
the subst ra te-epi layer  interface. After  epi-growth, the 
GaAs substrate is chemically removed from the LPE 
layer, contacts are evaporated, and the wafer is diced 
into 300 • 300 ~m square diodes. The p-surface r e -  
ce ives  a ful l  surface metal l izat ion of 1% BeAu alloy 
whereas the n-contact  consists of a 125 #m diam dot of 
SnAu. To minimize dicing damage, the saw cuts are 
aligned along the <100> directions (45 ~ from the 
<110> cleavage directions) and then etched to remove 
the sawing damage. The etch consists of 30% H202 
whose pH is adjusted to 8.4 by the addit ion of NI-~OH 
(1). The devices are bonded with epoxy with the p- 
surface toward the header so that the higher a lumi-  
n u m  content, i.e., higher bandgap,  n - l aye r  forms a 
window for the l ight emitted at the p - n  junction.  The 
typicat operat ing condit ion is 10 mA forward current ,  
corresponding to a current  density of J ~- 10 A / c m  2. 

Material evaluation technique.--As noted above the 
mater ia l  qual i ty  of degraded and undegraded devices 
was assessed using KOH etch pi t t ing (17) and t rans-  
mission cathodoluminescence (TCL) (18). Dislocations 
appear as dark spots in the TCL image due to nonra -  
diative recombination.  An exact one- to-one  corre- 
spondence be tween dislocation pits produced by the 
l~OH etch and dark spots in  TCL images of the {100} 
surface of GaA1As: Si has been previously established 
(18). For most of the s tudy the TCL technique was 
used since etch pi t t ing of small  devices is difficult. 

Both etching and TCL require removal  of the LED 
from the header used for aging and testing. Other 
techniques for detecting mater ia l  defects, e.g., cathodo- 
luminescence (CL) and electron beam induced current  
(EBIC), that  do not require  demount ing  of the LED, 
were tried unsuccessfully. Although mechanical  dam-  
age appears as a dark region in TCL, CL, and EBIC 
images, g rown- in  dislocations and DLD's are apparent  
only in  the TCL images (19, 20). 

For TCL measurements ,  the devices were carefully 
demounted from the TO-18 headers by softening the 
bonding epoxy wi th  heat (T ~ 300~ applied to the 
header. The residual  epoxy was removed using an 
oxygen plasma. The contact metal l izat ion was chemi- 
cally stripped with a solution of 450g KI, 150g Is, 
and 400 ml H20. Since the contact is alloyed into the 
semiconductor and since the metal l izat ion etch mildly  
attacks GaA1As, the etched surfaces are rougher than 
the as-grown surface. This surface is, however, suffi- 
cient for TCL imaging. 

Material quality and degradation.--Figure 2 shows 
an electroluminescence image of a typical, rapidly de- 
graded LED. The dark circle in  the center is the n -  
contact. Several  <110> oriented DLD's are observed. 
These dark lines are located at the p -n  junct ion  w h e r e  
the l ight  is emitted. To determine the source of the 
DLD's, the degraded LED's were first visually i n -  

Fig. 2. Electroluminescence image of the n-surface of a degraded 
LED. The black dot in the center is the n-contact. The arrows indi- 
cate the < i ! 0 >  DLD's. 

spected on the headers using the SEM and Nomarski 
interference microscopy. Some damage was found, but  
it was not considered unusual  or excessive. After  de- 
mount ing  the LED's, small  pyramids  of various sizes 
were found on the p-surface of some of the LED's. 
Figure  3a is a secondary electron (SE) image of an  
unaged LED with several pyramids. X- ray  microanaly-  
sis on an SEM showed that these pyramids are com- 
posed main ly  of silicon (21). 

Figure 3b is the TCL image of the region shown in  
Fig. 3a. The pyramids appear dark due to the low 
luminescence efficiency of these regions. In addit ion to 
dark regions, dark lines extending from the pyramids 
along the <110> directions are observed. These dark 
regions and lines are part  of a dislocation network and 
have no corresponding features in the SE image of 
Fig. 3a. These dislocation networks are probably  a 
result  of lattice mismatch between the GaA1As epi- 
layer and the Si pyramid.  Using the KOH defect 
etchant  (17), these dislocation networks are also re-  
vealed. The surface of a wafer, examined with No- 
marski interference microscopy before and after etch- 
ing, is shown in Fig. 4a and 4b. A comparison of the 
two figures shows that  the pyramids have been etched 
away by the KOH. The dislocation ne twork  sur round-  
ing the pyramids appears as a rec tangular  region con- 
ta ining a high density of etch pits. The ~110> dark 
lines appear as a series of pits after KOH etching. 

Figures 5a and 5b are, respectively, the SE and TCL 
images of the p-surface of typical degraded, bonded 
LED's. Although Fig. 3 and 5 correspond to two differ- 
ent LED's, comparison of these figures shows clearly 
that with aging the dislocation networks or iginat ing at 
the pyramids enlarge along the <110> directions 
and form <110> DLD's. A similar study of unbonded 
LED's was performed to determine whether  bonding 
stress or in terna l  s train was responsible for the growth 
of the DLD's. The TCL images of the aged, unbonded  
LED's were similar to Fig. 3b. No noticeable growth of 
the dislocation networks was found. It is thus con- 
cluded that  bonding stresses applied to the pyramids 
is one source of DLD's. These stresses include those 
that result  from the differences in  the thermal  expan-  
sion coefficient of the LED, header, and bonding mate-  
rial. 
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Fig. 3. a. Secondary electron image of the p-surface of an unaged LED with pyramids. The sides of the pyramids are parallel to the 
~ 1 1 0 ~  directions, b. TCL image of the region in Fig. 3a. The dark area surrounding each pyramid is a dislocation network. The short 
dark lines are dislocations extending along the ~ i ! 0 : >  directions. 

Bonded devices wi thout  py ramids  selected f rom the 
same wafer  as the LED's in Fig. 3 and 5 were  also 
found to degrade  a l though at  a s lower ra te  (4). Af te r  
103 hr  a t  200~ wi thout  cu r ren t  bias, the efficiency is 
genera l ly  reduced  to ~< 0.1 of its in i t ia l  efficiency. As 
in diodes wi th  pyramids ,  <110>  DLD's  were  observed 
in the e lect roluminescence image only af ter  the  effi- 
ciency had fal len below < 0.1 of its in i t ia l  efficiency. 

TCL examina t ion  shows <110> DLD's  in i t ia t ing  at  
dicing damage and high stress points,  e.g., edges and 
corners, on the p-surface .  Typical  DLD's a re  shown in 
Fig. 6. Dicing damage is v is ib le  in the  SE image of 
Fig. 6a; DLD's  ex tending  f rom the dicing damage are  
visible in the TCL image of Fig. 6b. These DLD's are  
found in the TCL image of a l l  aged LED's  examined,  
even those that  do not  show DLD's in the e lec t ro lu-  
minescence image. Al though s imi lar  damage  was found 

Fig. 4, a. Region of p-surface containing pyramids, b. Region of p- surface after etching in KOH. The pyramids have been removed by the 
etch and a high density of etch pits is observed beneath the pyramid (rectangular regions of pits). Linear arrays of pits extend along the 
< 1 1 0 >  directions. 
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Fig. $. a. SE image of the p-surface of a degraded LFD with pyramids, b. TCL image of region in Fig. 5a. ~110~  DLD's initiate at the 
pyramids. 

in unaged devices, only dark regions and not dark lines 
were associated with them. It will be shown below 
that the susceptibility to DLD formation is peculiar to 
the device wafers with silicon pyramids. 

DLD growth behavior.--The study in the above sec- 
tion concentrated on the p-surface due to the presence 
of pyramids there. To determine whether the DLD's 
originate only on the p-surface, the top n-surface and 

(100) sides of the LED's need to be examined. In un- 
aged devices, the usual dislocations, stacking faults, 
and processing damage were found on these surfaces. 
In degraded devices, TCL images of the n-surface 
were similar to those of unaged LED's, but ~110~ 
DLD's were found On the sides. By examining the sides 
of partially and highly degraded LED's, the DLD's 
were found to initiate at the p-surface and propagate 

Fig. 6. a. SE image of the p-surface of an LED showing dicing damage aleng an edge. b. TCL image of the region in Fig. 6a. ~110~  DLDas 
initiate at the damage. 
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toward the p-n junction; the DLD's did not extend 
beyond the p-n junction into the n-region even in the 
most heavily degraded LED's (~/~le ~ 0.01). 

SE and TCL images of the (100) side of a partially 
degraded LED are shown in Fig. 7. The SE image 
shows that the etch used to remove dicing damage 
removes more of the n-layer. The p-n junction appears 
as a dark line in the TCL image since the built-in elec- 
tric field separates the electron-hole pairs generated 
by the electron beam and prevents recombination 
(22). The n-layer is brighter than the p-layer due to 
higher intrinsic luminescence efficiency rather than a 
result of degradation. DLD's were not observed in the 
electroluminescence image although the luminescence 
efficiency was 0.62 of its initial efficiency. However, 
DLD's were found by TCL imaging of the p-surface 
and the sides. The DLD's initiate at dicing damage on 
the p-surface and extend up the side as shown in Fig. 
7b. The DLD's intersect the {100} p-surface at an angle 
of 45 ~ suggesting that the DLD's lie on the {111} slip 
planes. 

Figures 8a and 8b are the SE and the TCL image of 
the {100} sides of heavily degraded LED. After aging, 
this {100} side was ground with 3 #m alumina grit and 
etched in Br/methanol to observe the p-n junction 
clearly. The efficiency was < 0.01 of the initial value; 
DLD's were observed in the electroluminescence 
image. As shown in Fig. 8b, the DLD's propagate up to 
the p-n junction, but do not penetrate into the n-layer. 

Similar examination of LED's with various degrees of 
degradation shows that the DLD's always initiate at 
the p-surface and propagate toward the p-n junction. 

The DLD's stop their growth upon reaching the p-n 
junction probably due to lower stress in the n-layer. 
Since the etch used to remove the saw damage removes 
more of the n-layer than the p-layer, the n-layer may 
have a lower surface damage induced stress. A high 
internal electric field at the p-n junction is unlikely 
to hinder the propagation of the DLD's. Similar stress- 
induced ~110)  DLD's in GaAs/GaA1As wafers have 
been shown to propagate through the p-n junction (23). 
Further study, e.g., an examination of degraded LED's 
using transmission electron microscopy or a reliability 
study of LED's that have been etched more uniformly, 
is required to determine the exact cause of this effect. 
Such studies are beyond the scope of this work. 

Degradation of high and low de~ect density LED's.-- 
During evaluation of device wafers with pyramids, a 
high dislocation density (up to ~105 cm -2, ,~100 dis- 
locations/LED) and stacking faults were found. Addi- 
tionally, the dislocation networks beneath the pyra- 
mids were resolved as individual dislocations or parts 
of dislocation loops even after 50-100 #m of material 
have been chemically etched from the p-layer. The 
susceptibility of the pyramid-free LED's to DLD for- 
mation was thus possibly a result of a high defect den- 
sity. To investigate the influence of such defects, a 
separate set of LED's from a wafer completely free of 

Fig. 7. a. SE image of {100} side of a partially degraded (~/~1o - -  0.62) LED. b. TCL image of the region in Fig. 7a. ~ 1 1 0 ~  DLD's ini- 
tiate at the p-surface and propagate along the (111) planes toward the p-n junction. 
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Fig. 8. a. SE image of the {100} side of a heavily degraded (~1/~o = 0.01) LED. The surface has been ground and etched, b. TCL image 
of the region in Fig. 8a. < 1 1 0 >  D~LD's initiate at the p-surface, propagate along the {111) planes toward the p-n junction, and terminate 
at the p-n junction. 

pyramids was separated into a group containing a high 
defect density (stacking faults and 20-40 dislocations/ 
LED) and a group containing a low defect density 
(5-15 dislocations/LED).  The two groups were then 
tested in the usual  fashion (250~ 30 mA forward 
bias).  

The defect density of each diode was determined in 
the following manner .  The surface of the device wafer 
was Br /me thano l  polished to provide a smooth sur-  
face; ~.-25 #m of mater ia l  was removed. Saw cuts, 25 ~m 
deep, were made into the wafer to define the locations 
of the LED's. The p-surface of each LED was imaged 
using TCL to determine the defect content. After  pro- 
cessing, the wafer was diced along the original  saw 
marks. The LED's were demounted from the cutt ing 
block and indiv idual ly  etched to preserve their  iden-  
tity. 

The results of the rel iabi l i ty  s tudy on these LED's 
are plotted in  Fig. 9. The average efficiency of each 
group is plotted vs. the square root of t ime in  hours; 
each group contains 10 LED's. Essentially, the results 
show that  the defect density of the devices from a 
wafer free of pyramids has l i t t le or no effect on the 
reliabili ty.  From the data in Fig. 9, an MTTF of > 105 
hr  at 250~ with 30 mA forward current  is est imated 
for both high and low defect density LED's. These 
values of MTTF are s imilar  to those found by Dawson 
(1). No catastrophic degradat ion was observed in  any 
of the devices, and no DLD's were observed in the 

electroluminescence image after the ,-,4000 hr of oper- 
ation. 

Ten of the LED's were demounted and examined 
using TCL. In  general,  some addit ional  dark spots de- 
veloped dur ing aging, but  short ~ < 25 ~m), dark lines 
were found only in  one of the devices. These dark lines 
were present  at the edge of the LED on the p-surface 
as shown in Fig. 10. Figures 10a and  10b are the SE 
and TCL images, respectively. Two <110> DLD's and 
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Fig. 9. Normalized efficiency vs. ~/t ' for  two sets of LED's. LED's 
in set 1 (dots) contain stacking faults and 20-40 dislocations. 
LED's in set 2 (open circles) contain 5-15 dislocations. 



668 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March 198I 

Fig. 10. a. SE image of the p-surface of an LED aged for 4000 hr at 250~ and If - -  30 mA. b. TCL image of region in Fig. 10a. Two 
< 1 1 0 >  DLD's and one < 1 0 0 >  DLD are apparent at the device edge. 

one <i00> DLD are observed in Fig. 10b. The pres- 
ence of this <i00> DLD is unusual and suggests that 
these DLD's are not stress induced (11-13). 

Summary and Conclusions 
The present  results show that  GaAIAs:Si  LED's 

fabricated from wafers with Si pyramids on the p- 
surface are prone to stress-induced <110> DLD for- 
mation. The origin of the silicon pyramids is not pres-  
ent ly known and requires fur ther  study. Two sources 
of DLD's were found. First, a dislocation network was 
shown to ini t ia l ly  sur round the pyramids.  These net -  
works with the addition of bonding and thermal  
stresses extended on {111} planes toward the p -n  junc-  
tion. When they reached the p -n  junct ion they were 
observed in  the electroluminescence image. No DLD's 
were found in the n- layer .  The etch used to remove 
dicing damage removes more of the n - l aye r  and thus 
reduces the associated stress. 

An in terna l  stress of 2-7 X l0 T dynes /cm ~ due to 
dicing damage was found by Hirahara  et al. (16) in 
GaP LED's; this stress was sufficient to enhance the 
degradation rate of such devices. A similar  stress is 
probably present  in  the GaA]As:Si  LED's. At room 
temperature,  it  is known  that  a threshold stress level 
of 8 X 109 dynes /cm 2 produces <110> DLD's in 
GaAIAs/GaAs double heterostructure crystals (7). 
This threshold level is probably  greatly reduced for 
the GaA1As:Si LED's at 200~ and the presence or 
absence of in terna l  stress may cause the total strain 
to either exceed or be below the threshold required 
for s tress-induced DLD's. Additionally,  DLD's on de- 
vices selected from pyramid-f ree  regions of the wafer 
with pyramids were found to init iate at mechanical  

damage or high stress points of the p-surface. The 
DLD growth proceeded as in devices with pyramids, 
but  at a slower rate. Since LED's from pyramid-f ree  
wafers do not degrade by DLD formation, the presence 
of pyramids indicates a mater ia l  problem. A high den-  
sity of precipitates, unresolved either by KOH etching 
or TCL, may be present  in wafers with pyramids. 

The susceptiDi.ity of the LED's from waters with 
pyramids to stress-induced DLD's was shown not to be 
a result  of a high dislocation density or the presence 
of stacking faults. The tests used to determine the in-  
fluence of such defects showed that  the rel iabil i ty of 
normal  GaA1As:Si LED's seems to be relat ively in-  
dependent  of the diode defect density. Examinat ion  of 
normal  LED's operated at 250~ and 30 mA forward 
bias for 4000 hr shows that  the degradation mechanism 
is not DLD formation. 
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The Properties of Iron in Silicon 

K. Graft and H. Pieper 
AEG-Telef~nken, Serienprodukte AG, Semiconductor Division, D-7100 Heilbronn, West Germany 

ABSTRACT 

The properties of i ron in n- type  and p- type silicon were studied by means 
of DLTS, carrier  l ifet ime measurements ,  and infrared absorption spectros- 
copy. Only one donor level was observed, si tuated at Ev § 0.43 eV and corre- 
la ted to i ron on an inters t i t ia l  site. In  p-St:  B i ron-boron  pairs were formed at 
room temperature.  Their  act ivation energy was determined to be Ev -6 0.10 eV. 
The react ion proceeded in  two phases. In  the second phase a thermal  equil ib-  
r ium between i ron and i ron-boron  pairs was found which could be shifted 
by anneal ing  and i l lumina t ing  the specimen, respectively. In  a luminum-doped  
silicon crystals two levels were observed after i ron diffusion correlated to 
i r o n - a l u m i n u m  pairs. Their  activation energies were de termined to be Ev 
-60.21 and 0.13 eV. It is assumed that  i ron-boron  pairs form also two levels, a 
donor and  an acceptor. The acceptor must  be si tuated in the upper  half  of the 
silicon bandgap. Reaction mechanisms are discussed. 

I ron is one of the ma in  heavy metal  impuri t ies  in 
silicon devices. Because of its considerable high solu- 
bi l i ty  and fast diffusion at high tempera ture  iron 
is easily introduced into silicon crystals dur ing  heat-  
treatments.  Hence it  has been detected even after 
p resumably  clean anneal ing and quenching processes 
(1-3). 

First  investigations on the behavior  of i ron in sili- 
con were carried out in  the fifties and early sixties 
applying radiotracer  techniques, resist ivi ty measure-  
ments, and ESR spectroscopy (4-7). The fundamenta l  
knowledge about  the properties of i ron in silicon are 
based on these results: after quenching i ron-doped 
specimens from high tempera ture  iron forms a deep 
donor level at Ev -6 0.4 eV which is paramagnet ic  in 
neut ra l  state and detectable by  ESR as i ron on an in -  
tersti t ial  site. This interst i t ial  i ron reacts with shallow 
acceptors such as B, A1, Ga, and In  even at room tem- 
pera ture  forming pairs which are or iented in  < I l l > -  
direction with the exception of Fe In  showing < 1 0 0 > -  
symmetry.  These pairs dissociate dur ing anneal ing at 
moderate temperatures  and finally i ron precipitates at 
somewhat  higher tempera ture  (100~176 

Recently an increasing n u m b e r  of papers concern- 
ing the properties of i ron in silicon was published 
showing a growing interest  in this subject. This may  

Key words: iron-boron pairs, iron-aluminum pairs, room tem- 
perature impurity reactions, haze. 

be due to fur ther  increasing requirements  to device 
performance accompanied by the development  of im-  
proved measurement  techniques including Deep- 
Level-Tansient-Spectroscopy (DLTS) (8), MSssbauer- 
spectroscopy, and neu t ron  activation analysis of higher 
sensit ivity (9). On the other hand, investigations on 
thermal ly  induced donors resulted in a correlat ion of 
these defects to electrically active iron impuri t ies  (2, 
i0-12). Most of the publicat ions show, however, a wide 
spread in results as shown in Fig. 1. Various experi-  
menta l ly  determined activation energies of i ron in  sili- 
con are scaled in the bandgap of silicon (2, 5, 7, 11, 
13-23). The histogram deduced from these values at 
the r ight  side of the figure shows a peak at Ev -6 0.42 
eV and a second broader  one at Ec -- 0.60 eV. The 
spread of values can be caused by (i) addit ional  u n -  
desired impuri t ies  introduced especially dur ing  ex- 
tended t reatments  of the specimens at high temper-  
atures, (it) i ron reactions with dopant  atoms or other 
impurities,  and (iii) precision of differing method for 
the determinat ion of the activation energy (resistivity, 
photoconductivity,  Hal l -measurements ,  and DLTS).  

In  order to avoid systematic errors, more sophisti- 
cated experiments  were carried out in  the present  
study, regarding specifications of the silicon crystals 
and utmost  cleanliness of specimen preparat ion and 
heat - t rea tment .  The undesired introduct ion of addi- 
t ional impuri t ies  was checked and the concentrat ions 



670 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March 198I 

~ / / / / / / / / / / / / / / / / / / / / ~  

Ec I 
-0.2 

-0.Z, 

eV 

0.4 

0.2 

E~ 

Refer " 

l Ec-06 

I IEv+0/ ,2  

FeB 

~ / / / / / / / / / / / / / / / / / / / ~  Number 
5 7 11 13 1/, 15 16 17 18 19 20 21 22 23 

Fig. 1, Activation energies of iron in silicon as published in the 
literature and histogram deduced from these results. 

of defect levels were  monitored.  The reaction mech-  
anism of iron in p- type  silicon was studied by observ-  
ing variat ions of the levels as a function of t ime 
elapsed after  quenching the specimen. This paper shall 
contr ibute to clarify the propert ies  of iron in silicon 
taking into account results obtained by the following 
measurement  techniques:  four-point  probe, DLTS, car-  
r ier  l i fe t ime measurements ,  inf rared  absorption, and 
Si r t l -e tch  technique. 

Experimental Procedure 
Specimen preparation.--Iron doping exper iments  

were  per formed on p- type  and n- type  silicon wafers  
wi th  resistivit ies in the range 1-100 acm.  The crystals 
were  grown dislocat ion-free by Czochralski and float- 
ing-zone techniques, respectively.  Most of the crystals 
were  free of swirl-defects.  

I ron contaminat ion was per formed ei ther by evapo- 
rat ion of iron onto the polished clean surface of the 
wafer  or by scraping with  a piece of iron wire  on 
the rougher  back side. Before scraping the iron wire  
was etched. This procedure,  so far, seems to be the 
cleanest method to obtain intent ional  impur i ty  con- 
tamination. 

Diffusion of iron was carr ied out in an oven wi th  
silica tube and specimen holder. The silicon wafer  was 
mounted on top of two oxidized silicon specimens pre-  
vent ing a direct contact of the wafe r  to the silica sub- 
strate holder. The atmosphere  in the furnace tube con- 
sisted of oxygen or nitrogen. Some diffusions were  
per formed in argon and hydrogen,  respectively.  High 
cooling rates were  achieved by quenching the speci- 
men in Diffilen, e thylene glycol, or l iquid nitrogen. In 
order  to achieve low cooling rates the power  of the 
furnace was switched off. 

Af ter  diffusion 50-100 #m were removed from both 
surfaces by etching the specimen in a mix tu re  of  
nitric acid, hydrofluoric acid, and acetic acid. For  
applying DLTS, Schottky contacts 1 mm in diameter  
were  evaporated using Pd for n - type  and Ti or Mg 
for p- type  silicon. Silicon specimens 2.5 • 5 X 25 mm ~ 
in size were  used for the determinat ion  of the carr ier  
l ifetime. Ohmic contacts were  prepared onto the two 
small  opposite sites of these specimens by rubbing 
gal l ium onto the silicon surfaces. 

Measurement techniques.--Several measurement  
techniques were  applied in order  to gain more infor-  
mat ion about the propert ies  of iron in silicon. Usual 
S i r t l -e tch  technique revealed the distr ibution of iron 
after  diffusing wafers  containing iron scratches on the 
surface. Four-poin t  probe measurements  exhibi ted the 
degree of f ree -ca r r i e r  compensat ion af ter  diffusion of 
i ron in p - type  silicon. Measurements  of the recombina-  
tion l i fe t ime of minor i ty  carr iers  were  carr ied out by 
applying an improved photoconductive decay (PCD) 
technique as reported previously (24). 

The reactions of iron with  shallow acceptors boron 
and a luminum were studied by means of infrared ab- 

sorption spectroscopy which enabled us to determine  
the concentrat ion of boron and a luminum at low 
measurement  temperatures .  For this purpose a Per -  
k in -E lmer  621 double-beam grat ing infrared spec- 
t rometer  was used. Specimens 2 • 2 cm 2 in size 
were  cut from the wafers and cooled to about 25 K 
with  the aid of a CTI Cryogenics refr igerator ,  which 
was mounted in the measurement  beam. The boron 
concentrat ion [B] was calculated f rom the absorption 
coefficient ~ of the main  absorption band at 320 cm -1 
applying the fol lowing cal ibrat ion factor  (25) 

[B] -- 3.5 • 101~ a cm -3 

No absolute values were  determined for the concen- 
t rat ion of aluminum. 

For  deep- leve l  analysis the improved  double-corre-  
lation equipment  (DDLTS) of Lef~vre and Schulz 
(26) was applied. Spectra were  recorded during the 
cooling cycle of the ref r igera tor  ment ioned above. 
The specimen t empera tu re  was determined by means 
of a calibrated silicon diode. The Schottky diodes were  
usually supplied with a reverse  bias of 5V. The first 
pulse of 5V resulted in a final reverse  bias of zero 
volts. The second pulse was adjusted to 1V. Pulse du- 
rations of 70 nsec were  used. An emission t ime of 1.42 
msec was achieved by adjust ing the cor re la tor -win-  
dows at 1 and 2 msec, respectively.  Most of the spectra 
were  recorded between 310 and 50 K. 

In order  to de termine  the act ivat ion energy of an 
unknown defect level  the temporal  signal decay was 
studied for several  fixed tempera tures  in the region of 
m ax im um  DDLTS-signal .  The decay curves were  
stored in 100 storage channels of a Waveform Eductor  
and the corresponding l i fe t ime was determined with  
the aid of a digital vo l tmeter  and a calculator. The ac- 
t ivat ion energy finally resulted from the best fit of 
an Arrhenius  plot. 

Experimental Results 
IntentionalLy iron-doped silicon.--Intentionally i ron- 

doped n-  and p- type  silicon specimens exhibi ted no 
deep- leve l  impuri t ies  in DLTS if slow cooling rates 
were  applied after  iron diffusion. Quenching n- type  
silicon specimens after  iron diffusion resulted in two 
levels of minor  concentrations in the upper  half  of the 
bandgap which, however,  were  not correlated to iron. 
They appear  after  any etching procedure  showing a 
steeply decreasing concentrat ion towards the bulk of 
the wafer.  

Quenching p- type  silicon specimens af ter  diffusion 
of iron resul ted in one strongly marked  deep- level  
impur i ty  wi th  an act ivation energy of Ev -k 0.43 eV. 
This level  was also observed in n- type  silicon when 
l ight pulses were  applied for discharging the defects. 
The same-level  was found in i ron-doped p- type  silicon 
specimens which were  slowly cooled f rom 900~ for 
the first time, short ly annealed at 900~ for a second 
time, and finally quenched to room temperature .  The 
concentrat ion of this level  depended on the diffusion 
t empera tu re  applied and to a minor  extent  on the at-  
mosphere  during annealing. A reducing atmosphere 
yielded somewhat  higher  final impur i ty  content in the 
silicon crystal  than an inert  gas a tmosphere  or oxygen. 
The impur i ty  concentrat ion as a function of anneal-  
ing tempera ture  was found to be in good agreement  
with the solubil i ty of inters t i t ia l  i ron as published by 
Weber  and Riotte (ESR results) (1). Af te r  iron dif-  
fusion in p - type  silicon the resist ivi ty of the specimens 
increased more or less depending on its init ial  value 
and the respect ive iron concentration. At the same 
t ime the minor i ty  carr ier  l i fe t ime was considerably 
reduced. 

Ro,om temperature reactions in boron-doped sili- 
con. - - In  i ron-doped p- type  silicon crystals containing 
higher  boron concentrations a second shal lower im-  
pur i ty  level  was observed. Its act ivat ion energy was 
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determined to be Ev + 0.10 eV. This level was also 
obtained in  high resistivity crystals after  a certain 
period of time elapsed after quenching the specimen. 
The appearance of this shallower level was accom- 
panied by the disappearance of the deeper level, the 
sum of both concentrat ions remain ing  constant. The 
time required for this t r ansmuta t ion  of impur i ty  levels 
was found to depend on the ini t ial  boron concentra-  
tion of the s tar t ing material ,  being short for high con- 
centrat ions and longer for low boron content. After  an 
appropriate  time the deep level disappeared com- 
pletely in all specimens studied so far. Investigations 
were performed, however, in  specimens where the 
boron concentrat ion always exceeded the i ron con- 
tent  in order to enable quant i ta t ive  measurements  by 
means of DLTS. 

During this level t r ansmuta t ion  no changes were ob- 
served nei ther  in  resist ivi ty nor  in  carrier  lifetime, 
both of which were compatible with the respective 
change in impur i ty  concentration. Soon after quench-  
ing the i ron-doped specimens the concentrat ion of the 
boron acceptor was strongly reduced, as determined 
by means of infrared absorption spectroscopy. A fur-  
ther storage of this specimen at room tempera ture  for 
several days resulted only in  an addit ional  minor  re-  
duction in boron concentrat ion al though the level 
t ransmuta t ion  in  similar  mater ial  took place wi thin  
this period of time. 

Reaction in aluminum-doped silicon.--Experiments 
performed on a p- type  silicon crystal doped with 
boron and a l u m i n u m  resulted in  the formation of two 
fur ther  levels after a certain period of t ime elapsed 
after quenching the i ron-doped specimen. The acti- 
vat ion energies of these levels were determined to be 
Ev + 0.13 and E~ + 0.21 eV, respectively. Besides the 
disappearance of the boron acceptor, infrared absorp- 
tion spectra showed a considerable reduct ion in  the ab-  
sorption bands correlated to the a luminum acceptor. 
These results are shown in Fig. 2. The concentrat ion 
of the a luminum acceptor still decreased with the stor- 
age time of the specimen at room temperature.  The 
two addit ional  DLTS signals Ev + 0.13 and Ev + 0.21 
eV correlated to a l u m i n u m  increased in  the same way 
with the elapsed time as the boron-correla ted signal 
(E~ + 0.10 eV), whereas the deep level (Ev + 0.43 
eV) decreased s imul taneously  as shown in  Fig. 3. 

Reactions during illumination o] boron-doped sili- 
con.--When the level t ransmuta t ion  in  boron-doped 
p- type  silicon was terminated,  resul t ing in only  one 
impur i ty  level at E~ + 0.10 eV, the reaction could be 
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Fig. 2. Reduction of aluminum and boron infrared absorption 
bands due to complexing with iron observed at 25 K in a p-type 
silicon wafer doped with boron and aluminum before (solid curve) 
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crystal doped with boron and aluminum at two different elapsed 
times ( I :  solid curve ~- initial, 2: dashed curve - -  final) after 
quenching of the specimen. 

reversed in a ra ther  short time by i l luminat ing  the 
specimen with intense white light. This was carried 
out by focusing the light of a 50W halogen lamp on the 
surface of the silicon specimen. The i l luminated  area 
amounted to about 0.5 cm in diameter. During i l lumi-  
nat ion the specimen was kept at room tempera ture  by 
mount ing  it on a heat sink which was cooled by the aid 
of compresed air. After  i l luminat ing  the specimen for 
1 hr  Schottky contacts were evaporated again and 
deep levels were monitored. As in the ini t ial  state 
soon after quenching the specimen the impur i ty  was 
concentrated in the 0.43 eV level. This is shown in Fig. 
4. Similar  results were obtained repeatedly in  crystals 
of various specifications. Infrared absorption spectra 
showed an increase in  boron concentrat ion with the 
durat ion of the i l luminat ion.  For the application of 
infrared absorption the i l luminated  area was consid- 
erably extended and the in tensi ty  of the light corre- 
spondingly reduced. After  i l luminat ion  was terminated 
the level t ransmuta t ion  from the deeper to the shal- 
lower one preceeded as observed soon after quenching 
the specimen. 

Annealing properties o] boron-doped silicon.--Dur- 
ing t ransmuta t ion  of the 0.43 eV level into the 0.10 eV 
level a storage of the i ron-doped specimen at elevated 
temperature  (100~ was obviously of no influence. 
This is shown in Fig. 5 phase 1, where the ratio of the 
concentrat ion of 0.10 eV level to the total concentra-  
t ion is plotted as funct ion of storage time at 100~ 
When, however, the t r ansmuta t ion  was terminated 
(after about 10 days room tempera ture  storage, phase 
2) the ratio of the concentrat ion of the shallow level 
to the total i ron content  proved to be dependent  on 
the tempera ture  result ing in  a thermal  equil ibrium. 
This is shown in  Fig. 5 and 6 as funct ion of anneal ing 
dura t ion at 100 ~ and 130~ and temperature,  respec- 
tively. At higher temperatures  this equi l ibr ium shifted 
to increasing deep level and vanishing shallow level. 
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Fig. 4. Deep-level spectra after iron diffusion in boron-doped 
p-type silicon at three different elapsed times after quenching of 
the specimen and finally after illumination of the specimen. 

Beyond about  150~ the total  concentra t ion of both 
levels decreased af ter  ex tended  anneal ing  durations.  
This l a t t e r  reac t ion  was accelera ted  at  h igher  t e mpe r -  
atures.  At  the  same t ime the boron (and a luminum)  
acceptor  increased f inal ly up to the ini t ia l  va lue  of the 
s tar t ing mate r i a l  as deduced f rom inf ra red  absorpt ion 
spect ra  and shown in Fig. 7. S imul taneous ly  the re -  
s is t iv i ty  of the specimen was restored.  The e lect r ica l  
ac t iv i ty  of the  i ron  i m p u r i t y  could not  be res tored  be-  
fore a second t r ea tmen t  at  h igh t empera tu res  and 
quenching was performed.  

DifJusion properties o5 iron.--Even dur ing  quench-  
ing i ron-doped  sil icon w a f e r s ' f r o m  high t empera tu re s  
i ron tends to diffuse to the surfaces of the specimen. 
This resul ted  in lower  i ron  contents  for shal low pene 
trat.ion depths.  In  o rde r  to ob ta in  bu lk  values  the sur -  
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faces were  removed  af ter  hea t - t r ea tmen t .  Modera te ly  
fast  cooling rates  a f te r  i ron  diffusion (wi th in  5 rnin 
f rom 1050~ to room t empera tu re )  a l r eady  resul ted  in 
the  fo rmat ion  of prec ip i ta tes  which were  detected 
by  x - r a y  topography.  Whereas  the L a ng - topog raphy  
exhib i ted  the  a rea  of dis tor ted sil icon la t t ice  the  sec- 
t ion topography  showed an accumula t ion  of p rec ip i -  
tates wi th in  the  middle  of the  wafer .  Towards  both  
surfaces the  densi ty  of prec ip i ta tes  was s t rongly  re -  
duced. The d is t r ibu t ion  of i ron af te r  diffusion was also 
de tec ted  b y  usual  S i r t l - e t ch ing  of the  wafer  showing 
an accumulat ion  of shal low etch pits  in  the  same 
a rea  as m a r k e d  by  the  Lang- topography .  The d is t r ibu-  
t ion of these etch pits  is f r equen t ly  cal led "haze." One 
example  is shown in Fig. 8. The symbol  "Fe" was 
scratched on the back  side of a Czochra l sk i -grown 
p - t y p e  silicon wafer  wi th  the  aid of a piece of i ron 
wire.  The wafer  was then  annea led  at  1150~ for 10 
min, modera t e ly  cooled to room t e m p e r a t u r e  wi th in  
5 rain, and t rea ted  by  Si r t l -e tch .  For  tak ing  the photo-  
g raph  the wafer  was i l lumina ted  by  means  of a spot 
light. Whereas  the S i r t l - e t ch  technique works  for 
Czochrals~ki-grown and f loat ing-zone silicon, x - r a y  
topography  resolved prec ip i ta tes  and s t ra in  only in the 
case of Czochra l sk i -g rown silicon. This is p robab ly  
caused by  the l a rge r  size of prec ip i ta tes  in pul led  
crystals  due to in i t ia l ly  formed oxygen  agglomerates .  

Iron content in as-grown silicon crystaIs.--After 
having inves t iga ted  in ten t iona l ly  i ron -doped  silicon 
crystals  the  undes i red  iron content  of some commer -  
c ia l ly  avai lab le  crysta ls  of var ious  specifications was 
determined.  Measurements  were  car r ied  out  in as-  
rece ived  s ta te  and af ter  a short  hea t - t r ea tmen t  at  
1000~ and quenching. Utmost  clean conditions were  
observed for handl ing  and hea t - t r ea t i ng  the  speci-  
mens. The i ron  content  of as - rece ived  silicon crysta ls  
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Fig. 7. Boron concentration calculated from infrared absorption of 
a boron-doped p-type silicon wafer before and offer iron diffusion, 
illumination, and annealing of the specimen. 
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Fig. 8. Czochralski-grown silicon wafer with "Fe" scratched on 
the back side with the aid of a piece of iron wire, annealed at 
1150~ for 10 min and treated in Sirtl-etch. 

investigated so far did not exceed the detection l imit  
(about  10 .4  of the carrier  concentrat ion) .  After  
quenching these specimens, ra ther  low iron concen- 
trat ions were observed not  exceeding 5 • 1011 cm -~ in  
floating-zone and 5 • 1012 cm -3 in Czochralski-grown 
crystals. These results are in  contrast  to previous pub-  
lications (1, 12). 

Discussion 
From the exper imenta l  results the following proper-  

ties of i ron in  silicon were deduced: only one impur i ty  
level is formed by electrically active iron in n-  and 
p- type  silicon si tuated at Ev -t- 0.43 _ 0.04 eV. This 
level is obviously correlated to i ron on an interst i t ial  
site as detectable by means of ESR spectroscopy. This 
level has the properties of a donor. The best fit to our 
exper imental  results for the solubil i ty of i ron in  sili- 
con as funct ion of the tempera ture  [Fe] is represented 
by the Arrhenius  equat ion published by Weber  and 
Riotte (1) 

[Fe] -~ 5 • 10 '22 exp (7.3 -- 2.87 eV/kT)  cm -3 

Because of the high diffusion coefficient of i ron in  
silicon even at ra ther  low temperatures,  i ron tends to 
precipitate dur ing  a cooling cycle if the specimen is 
not quenched rapidly. The precipitates can be dis- 
solved once more by a second hea t - t rea tment  of the 
specimen up to a concentrat ion corresponding to the 
respective solubility. 

So far no infrared absorption bands correlated to 
i ron in  silicon were observed. As a deep level impur i ty  
i ron reduced the carrier  l ifetime in  n -  and p- type sili- 
con. The capture cross section for holes in  n- type  
silicon ap o ~ 3 • 10 -16 cm 2 (27) seemed to be in  rea-  
sonable agreement  with most of our exper imental  l ife- 
t ime results. The electron capture cross section in  p- 
type silicon an + ---- 15 • 10 -16 cm 2 (27), however, is 
still doubtful,  since the i ron donor is not  stable in  p- 
type silicon but  reacts with all common shallow ac- 
ceptors even at room temperature.  

The i ron-boron  pairs formed in p- type  silicon after 
quenching the specimen were detected by means of 
DLTS and a level at Ev ~ 0.10 eV was found. This 
value is identical  with recent  results of Feicht inger  
(17). So far no infrared absorption bands could be cor- 
related to this complex. If the boron concentrat ion ex-  
ceeded, the iron content  in  the crystal all inters t i t ia l  
i ron reacted wi th  boron in  an appropriate  t ime which 

depended on the boron concentration. In  the first stage 
aloe," quenching the specimen this reaction took place 
quanti tat ively,  independent  of the storage tempera-  
ture wi thin  the range 20~176 In  a second phase, 
after te rminat ion  of the level t ransmutat ion,  a thermal  
equi l ibr ium between interst i t ial  i ron and i r o n - b o r o n  
pairs was observed, following the mechanism 

F e B ~ F e i  + ~ Bs-  (phase 2) 

This equi l ibr ium could be shifted to the r ight  side 
by increasing the tempera ture  and by i l lumina t ing  the 
specimen, respectively. At  higher temperatures  ex- 
ceeding about 150~ most of the complexes were dis- 
sociated. Since the thermal  mobil i ty  of i ron is ra ther  
high, the i ron then precipitated i r revers ibly  after  an  
appropriate time. 

In  order to explain the reaction mechanism in phase 
1 two facts were i l luminat ing:  the thermal  equi l ib-  
r ium was not observed soon after quenching the speci- 
men  and at the same time the concentrat ion of the 
boron acceptor was strongly reduced although almost 
no pairs were detected. To explain these observations 
it was assumed, that  the boron acceptor reacted with 
an intr insic defect dur ing  quenching the specimen. 
Then the following reaction may take place 

Fei ~ BsI --~ FeB ~ I (phase 1) 

I symbolizes an  intr insic  defect being a vacancy or 
self-intersti t ial ,  which is formed at  high tempera-  
tures in  the silicon lattice and which is highly mobile 
even at room temperature.  In  the present  case a self- 
interst i t ial  seems more l ikely to react in  the same way 
as iron on an inters t i t ia l  site. After  the formation of 
the i ron-boron  pairs the isolated intr insic  defect can 
react with a second boron atom or finally diffuse to 
the surface of the specimen. This reaction proceeds 
only in  one direction because one par t ic ipant  disap- 
pears. When all the intr insic defects have disappeared 
then the phase 2 reaction takes place. 

During the reaction of i ron with boron no strongly 
marked change in  carrier  l ifet ime was observed as 
would be expected dur ing the change of a deep-level  
impur i ty  into a shallow one. This could be expmined 
by assuming the existence of a second level zor the 
pair  which must  be si tuated in the upper  half  of the 
silicon bandgap and which mus t  be a deep level. Usu- 
ally a level in the upper  half of the bandgap cannot be 
observed by DLTS in  p- type  mater ia l  by applying 
Schottky contacts. On the other hand the i ron-boron 
pair is not formed in  n - type  silicon, so the second level 
of this pair  is not detectable by this metho(i, in  some 
specimens which were highly compensated because of 
high i ron concentrations, however, an addit ional level 
was observed after the formation of the complexes 
was completed. The activation energy of this level 
was determined to gv + 0.6 eV, so it must  be situated 
in  the upper  half of the bandgap. This result  agrees 
well with the value E~ -- 0.55 eV published repeatedly 
in  the l i tera ture  as an addit ional  impur i ty  level of 
i ron in  silicon (Fig. 1). Fur thermore  in a l uminum-  
doped silicon two levels were detected which were 
correlated to i r o n - a l u m i n u m  pairs. 

If an ionic b inding in the i ron-boron pairs predomi-  
nates, the charge carriers may be bound to one atom. 
Only the following three charge states are possible: 
( F e ~  ( F e + B - ) ,  and (Fe+B~ (Fe~ ~ is not  ex- 
istent, since Fe ~ and B ~ are always situated on op- 
posite sites of any  Fermi  level as shown in  Fig. 9. The 
sum of the charge states of i ron and boron determines 
the charge of the complex. From the figure i t  is de- 
duced that  the Ev -t- 0.10 eV level then forms a donor 
(change from positive to neut ra l  charge) whereas the 
Ec -- 0.55 eV level forms an acceptor (change from 
neut ra l  to negative charge).  This assumption would 
explain all exper imental  findings and can be extended 
in  the same way to explain the two levels of the i ron-  
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aluminum pairs in silicon. 

aluminum pairs. In this pair the ionic character of the 
binding may be reduced so the two levels approach 
one another. The formation and detection of the iron- 
boron acceptor level and its correlation to the iron- 
boron pair should be proved, however,~ by another 
measurement technique. 

Conclusion 
The knowledge of the impurity level of iron in sili- 

con and those of the most frequent iron-acceptor pairs 
is quite useful for the examination of the impurity 
content in silicon crystals especially after technologi- 
cal processes for device production. Usually iron is 
precipitated at least partly. Therefore a certain prep- 
aration technique is needed to transform it into a de- 
tectable electrically active impurity. The experimen- 
tal finding, that iron-boron pairs dissociate during il- 
lumination of the specimen facilitates the detection of 
the total iron content of a specimen. The iron analysis 
is then limited to usual measurement temperatures 
(270 K). The DLTS-signal of the FeB, however, is not 
observed at temperatures exceeding 60 K applying an 
emission time constant of 1.42 msec. 

The present investigations were limited to impurity 
reactions of iron with boron, aluminum, and phos- 
phorus. In order to complete the knowledge about 
possible reaction mechanisms further impurities should 
be added intentionally and the resulting deep-level 
spectra studied. 
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Effects of Multiple Slice Epitaxy and Front End 
Processing on Generation Threshold Current in 

Bubble Memory Devices 
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ABSTRACT 

The factors affecting genera te  th reshold  current ,  Ig, ( the m i n i m u m  cur ren t  
r equ i red  to r e l i ab ly  nucleate  a bubb le  under  a ha i rp in  genera tor )  a re  re -  
viewed. Ig da ta  a re  p resen ted  for bubble  m e m o r y  devices fabr ica ted  using 
YSL-CaGe  garne t  (1) ep i tax ia l  films wi th  nominal  bubble  sizes of 5.3 and 3.8 mi -  
crons. Where  mul t ip le  slice ep i t axy  employing  la rge  ver t ica l  stacks (up to 16 
s ingly  spaced s l ices /s tack)  is user i t  is lounct tha t  Ig  measured  on an a lumi -  
num genera to r  wi thout  over ly ing  P e r m a l l o y  e lements  or  pass ivat ion is shown 
to depend  on posi t ion in  the ep l t axy  stack, decreasing by  as much as 4 mA 
(1%) per  slice posi t ion wi th  increas ing depth  of slices in the melt .  In  contrast ,  
slices ion mi l l ed  to remove a 0.4 micron thick surface l aye r  show no dependence  
of Ig on s tack position. Removal  of the surface l aye r  has the  addi t iona l  effect 
of s ignif icant ly decreas ing the var ia t ion  of Ig across a sl ice by  up to 67%. 
These observat ions  are  in t e rp re t ed  in terms of the  exis tence of a low anisot-  
ropy  surface l aye r  app rox ima te ly  0.2-0.5 microns th ick  grown as slices are  
s lowly  w i t h d r a w n  f rom the epi  mel t  wi thout  rotat ion.  The proper t ies  of this 
l aye r  a re  discussed. In  par t icu lar ,  the l aye r  is shown to have a lower  anisot-  
ropy  than  the bu lk  film, and i t  is e s t imated  tha t  the g rowth  ra te  appropr i a t e  to 
the surface l aye r  is app rox ima te ly  20% of the va lue  for  normal  film growth  
(0.4-1.0 mic rons /min ) .  F ina l ly  the dependence  of Ig on subsequent  f ront  end 
processing is presented,  and  it is shown tha t  the  Ig va lue  measu red  on an 
a luminum genera to r  wi thout  over ly ing  oxide and Pe rma l loy  is r educed  by  
app rox ima te ly  30% af ter  subsequent  oxide and Pe rma l loy  processing steps. 

Genera te  th reshold  cur ren t  ( Ig) ,  or  the  min imum 
cur ren t  requ i red  to r e l i ab ly  nuclea te  a bubb le  unde r  a 
ha i rp in  generator ,  is a p a r a m e t e r  tha t  mus t  be unde r -  
stood and control led  in o rder  to produce  rel iable ,  in-  
te rchangeable ,  and  eas i ly  used bubb le  m e m o r y  devices. 
Some of the factors cont r ibut ing  to Ig var ia t ions  in de-  
vices have been discussed prev ious ly  by  Wolfe and 
Johnson (2) who have re la ted  Ig var ia t ion  to stress 
effects in the ep i tax ia l  garne t  l aye r  due to the silicon 
oxide and the a luminum meta l l iza t ion  and to changes 
in the stress because of the presence of the over ly ing  
layers,  and th rough  annea l ing  effects ar is ing dur ing  
oxide and  P e r m a l l o y  deposit ion.  

This paper  describes another  ma jo r  source of Ig 
var ia t ion  tha t  can be found in slices grown using mu l t i -  
p le  slice ep i t axy  employing  la rge  ver t ica l  stacks of 
slices, name ly  a cont r ibut ion  f rom an anomalous  surface 
layer  on the top of the ep i tax ia l  ga rne t  film. 

Experimental 
Figure  1 shows an ar t is t ' s  concept  of the pa r t i cu l a r  

type  of mul t ip le  slice holder  used in this  study.  This 
ho lder  has capaci ty  for  16 s ingly  spaced, 2 in. d iam 
slices. The c i rcular  r ing tha t  ties the legs of the  ho lder  
together  for  ex t ra  s t reng th  in the center  of the  ho lder  
separa tes  the top eight  slices f rom the bo t tom eight  and 
increases  the dis tance be tween  the e ighth  and  n in th  
slices in the stack, p roducing  an effect on the s tack 
dependence  of Ig that  wil l  be discussed later .  

The genera to r  geomet ry  for  this inves t igat ion is 
shown in Fig. 2. The genera to r  e lement  is a conven-  
t ional  ha i rp in  generator ,  made  of evapora ted  a lumi -  
num conta in ing app rox ima te ly  2 weight  pe rcen t  (w/o)  
copper,  s epa ra t ed  f rom the ep i tax ia l  film b y  a p la sma-  
deposi ted sil icon oxide  layer ,  and  pa t t e rned  by  ion 
mi l l ing  at  an angle  of 45 degrees.  Sil icon oxide and  
a luminum thicknesses a re  4000 and 5000A, respect ively ,  

Key words: magnet ic  garnet  epitaxy,  liquid phase epi%axy, 
generate  threshold current,  mult iple  slice epitaxy, bubble mem- 
ory devices. 

for five micron bubble  circuits  and  4000 and 4000A for 
three  micron  bubble  circuits. The dimensions given in 
Fig. 2 app ly  to a th ree  micron  bubb le  c i rcui t  which  
is a sca led-down vers ion of a five micron circui t  as 
far  as considerat ions deal ing wi th  the genera tor  are 
concerned. Al l  da ta  r epor ted  were  t aken  on n e o n - i m -  
p lan ted  slices (2.5 E l4  at  100 keV for 5 micron  films 
and 2.0 El4  at  100 keV for 3 micron films). 

Genera te  threshold  data  as r epor ted  in this paper  
are  t aken  on the s t ruc ture  shown in Fig. 2 wi thou t  
over ly ing  oxide and Pe rma l loy  layers  in o rder  to avoid 
effects due to stress or problems wi th  the  a l ign-  
ment  of a luminum and P e r m a l l o y  elements.  Ig m e a -  
surements  are  made  by  contact ing the genera to r  lead  
s t ruc ture  wi th  f ine- t ipped probes, puls ing the genera to r  
wi th  a 500 nsec cur ren t  pulse wi th  a rep  ra te  of 500 
Hz to minimize heating,  and increas ing the pulse ampl i -  
tude unt i l  the first bubble  is observed opt ical ly.  I t  is 
es t imated  tha t  the Ig values  ob ta ined  are  reproduc ib le  

Fig. 1. Slice holder for LPE of 16 singly spaced wafers 
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Fig, 2. Generater design for 3 micron bubble circuits 
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to about  •  mA. Al l  da ta  presented  were  taken  at  
room tempera ture .  For  consistency the threshold  is 
measured  wi th  the bias field 10 Oe be low free bubble  
collapse. I t  wil l  be not iced tha t  the Ig values  discussed 
throughout  the pape r  a re  app rox ima te ly  30% higher  
than  those found in ac tual  packaged  devices. This dis-  
c repancy arises because Ig decreases wi th  anneal ing  
dur ing the high t empe ra tu r e  processing used in de-  
posi t ing subsequent  oxide and Pe rma l loy  layers,  as wil l  
be descr ibed later .  

Results 
The dependence  of Ig on posi t ion in the ep i t axy  

holder  for a typica l  ep i tax ia l  run  is shown in Fig. 3 
for th ree  micron bubble  films. The X-ax i s  is d r awn  
using a l inear  dis tance scale as measured  f rom the top 
slice holder  ring, wi th  numbers  label ing the posi t ion 
of each slice in the stack, s ta r t ing  wi th  the  No. 1 slice 
at  the  top of the stack. The l a rge r  than  average  sepa ra -  
tion be tween  the e ighth  and n in th  slices resul ts  f rom 
the presence of the middle  suppor t  r ing  on the slice 
holder  (see Fig. 1). The top e ight  slices in the  s tack  
show prac t i ca l ly  no dependence  of Ig upon  s tack posi-  
tion, but  slices in the  lower  eight  posit ions show a 
decrease in Ig wi th  s tack posi t ion of up to 7 re.A/slice 
position. 

This type  of dependence  of Ig on s tack  posi t ion is 
typical  of both  5 and 3 micron bubb le  films. Ru n - to -  
run  var ia t ions  in the  degree of s tack dependence  in the 
range  of app rox ima te ly  2-7 m A / s t a c k  posi t ion exis t  
and these are  cor re la ted  wi th  a var ia t ion  in ep i tax ia l  
film anisot ropy throughout  the s tack which is associ-  
a ted  wi th  smal l  ver t ica l  t empe ra tu r e  gradients  in the  
epi-melt .  Runs for  which the measured  film an iso t ropy  
is h igher  for  sl ices f rom the top  of the  s tack  than  for  
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Fig. 3. Average generation threshold current, Ig, on aluminum 
generators without overlying oxide and Permalloy elements vs. 

position in the epitaxy slice holder for 3 micron bubble films. Stack 
position No. 1 is located toward the top of melt. 

slices f rom the bot tom show an increased Ig s tack 
var ia t ion  compared  to runs for  which the measured  
film aniso t ropy g rad ien t  is reversed,  bu t  in a l l  c a s e s  
Ig decreases wi th  increas ing s tack position. Ano the r  
common t r end  is for the  Ig value  for slices in posit ion 
1 and 9 to be s l ight ly  less than  the average  for ad jacent  
slices in the stack, and i t  is in teres t ing  tha t  these films 
are  g rown with  the device side faced down whereas  
a l l  o ther  films are  g rown wi th  the  device side faced up. 
However,  the universa l  t r end  is tha t  slices f rom the 
bot tom of the s tack  exhib i t  r educed  Ig. I t  should be 
noted tha t  there  is a min imal  dependence  of Ig on 
spacer  oxide thickness,  a luminum thickness,  and  gen-  
e ra tor  l inewid th  p rov ided  these pa rame te r s  a re  con- 
t ro l led  Within • 5%. 

As an exp lana t ion  for  the dependence  of Ig upon 
s tack position, i t  was proposed  tha t  a low anisot ropy 
surface l aye r  g rown on the ep i tax ia l  film dur ing  wi th -  
d rawal  f rom the mel t  is responsible  for  control l ing Ig. 
In o rder  to inves t iga te  this hypothesis,  5 micron  films 
f rom a l t e rna t ing  s tack posit ions were  ion -mi l l ed  to 
remove a 5000A thick surface l aye r  before  ion imp lan t -  
ing and beginning genera tor  processing. The resul ts  of 
this exper imen t  are  shown in Fig. 4. The unmi l led  slices 
exhib i t  a s t rong dependence  of Ig  on s tack position, but  
the mi l led  slices do not. Hence the existence of a sur -  
face epi l aye r  which controls  Ig was verified. 

To invest igate  this effect fur ther ,  four  slices, one each 
f rom posit ions 2, 6, 10, and 16 of a s ix teen  slice 5 
micron bubble  stack, were  qua r t e red  and each qua r t e r  
was ion-mi l l ed  to remove e i ther  0, 2000, 4000, or  6000A 
of ma te r i a l  before  genera tor  processing (see Fig. 5), 
and genera tors  were  fabr ica ted  on these qua r t e red  
slices. The measured  Ig values  were  independen t  of 
mi l led  thickness for  slices 2 and 6, which are  f rom the  
top of the stack, but  increased  d rama t i ca l ly  wi th  in-  
creasing thickness  mi l led  for slice 16, which  was 
grown at  the bot tom of the stack. 

Slices No. i0 and 1i were  processed as whole  slices. 
Slice No. 10, which was not  milled,  showed an  Ig 
va lue  a pp rox ima te ly  20 m A  less than  the slice grown 
in the ad jacen t  s tack posit ion No. 11, which  had  6000A 
of ma te r i a l  removed  by  mi l l ing  before  genera to r  p ro-  
cessing. 

Again  the quar te rs  of a l l  four  slices which  received 
no mi l l ing  show the same type  of dependence  of Ig on 
s tack posi t ion presented  in Fig. 3 and 4, whi le  p rac t i -  
cal ly  no s tack dependence  is found on the quar te r s  of 
the slices which had  a sufficiently l a rge  thickness r e -  
moved, namely  6000A. Hence, one could es t imate  the  
m a x i m u m  thickness of the surface l aye r  for the  16th 
slice in the s tack as app rox ima te ly  6000A. 

In a re la ted  exper iment ,  the  var ia t ion  of Ig over  a 
single slice was invest igated.  F igure  6 shows the dis-  
t r ibu t ion  of Ig measured  for slices number  2 and num-  
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Fig. 4. Average generation threshold current, Ig, on aluminum 
generators without overlying oxide and Permalloy elements vs. po- 
sition in the epitaxy slice holder for 5 micron bubble films. Alter- 
nate slices were ion milled to remove e 5000A thick surface layer 
before beginning generator processing. 
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different amount of material removed before processing. Slices 
No. 10 and 11 were processed as whole slices. 

ber 15 in  a sixteen slice stack of three micron bubble  
films. A t ighter  dis t r ibut ion of Ig about  the mean  value 
is found ior the slice from the top of the stack (~ = 
3.8 mA for slice No. 2 vs .  ~ ~ 6.7 mA for slice No. 15). 
Consistent with previous data, slice No. 15 also shows 
a lower value of Ig. 

The Ig dis t r ibut ion for all chip positions in all 16 
slices from the same three micron epitaxial  run  was 
also investigated. Al te rna t ing  slices were either un -  
mil led or mil led to remove a 5000A layer  before gen-  
erator fabrication. The Ig distr ibutions measured after 
a luminum pat te rn ing  and also after Permal loy  pa t t e rn -  
ing are shown in Fig. 7. For  this lot after a luminum 
pat terning,  a fa ir ly  nar row distr ibut ion was observed 
for mil led slices, while a broader  dis t r ibut ion was ob- 
served for unmi l led  slices. After  the NiFe was pat -  
terned, both distr ibutions broadened sbmewhat  with 
the unmi l led  dis t r ibut ion still broader  than  the milled. 
In this example, the Ig broadening arising from epi- 
related effects is approximately 3 times more significant 
than broadening related to a luminum or Permal loy 
processing. 

In  order to confirm the existence of a surface layer  
of composition different from the bulk, SIMS or ion 
probe profiles of composition vs .  depth were obtained 
for epitaxial  films. Figure 8 shows one such profile for 
a three micron bubble  film. For simplicity the Y, Ca, 
and Fe profiles which were relat ively constant  are not  
shown. Similar  results have been obtained for both 
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Fig. 7. Ig distribution for all chip positions in a lot of 16 slices 
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unmilled or ion milled to remove a 5000A layer before generator 
fabrication. Distributions are shown for measurements after AICu 
patterning without overlying oxide and Permal[oy elements and for 
measurements after NiFe patterning. 

three  and five micron films. In  general  there exists on 
all films a surface region with a composition signifi- 
cantly different from the bu lk  of the film, al though the 
exact na ture  of the profiles in the surface region varies 
considerably from epi run  to epi run.  For the slice 
at the bottom of the stack, the thickness of the surface 
region is approximately  5000A. Usual ly the surface 
region is lower in components that  contr ibute  to an-  
isotropy such as samar ium and lutetium, or it is lower 
in germanium content  than the bulk, a condition that  
would tend to increase 4~Ms and decrease anisotropy. 

The existence of an anomalous surface layer  on epi- 
taxial  films is consistent with the basic unders tand ing  
of the epitaxial  growth process. Dur ing  the growth of  
the p r imary  film, extensive melt  mixing  occurs because 
of the s t i rr ing action of the rotat ing slices. Indeed mix-  
ing is required in order to ma in ta in  the proper con- 
centrations of the various components sufficiently near  
the surface of the growing film to incorporate the cor- 
rect amount  of each component  into the film as re -  
quired to achieve desired film properties (3-5). It  has 
also been shown that  the rotat ion conditions used 
dur ing  immersion Of slices into an epi mel t  can signifi- 
cant ly  affect film coercivity and lattice parameter  be-  
cause of compositional variations near  the f i lm-sub-  
strafe interface (6). After  p r imary  film growth 
terminates,  the stack of slices is slowly wi thdrawn from 
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the  mel t  wi thout  ro ta t ion in o rde r  to minimize  the oc- 
currence  of flux drople ts  which cause defects on the 
slice. The lack of rota t ion dur ing  w i thd rawa l  f rom the 
me l t  s ignif icantly reduces mel t  mix ing  so tha t  g rowth  
then occurs under  dras t ica l ly  different  condit ions such 
as wi th  a reduced g rowth  rate,  a wider  diffusion bound-  
a ry  at  the f i lm-mel t  interface,  and  changed values of 
the segregat ion coefficients of the consti tuents.  Reduced 
surface aniso t ropy at  reduced growth  ra te  is consistent  
wi th  reduced  segregat ion  coefficients of h igh an iso t ropy  
components  such as s amar ium and lu te t ium and wi th  a 
reduced  effective segregat ion coefficient for germanium,  
al l  of which have segregat ion coefficients less than 
unity.  The reduced  samar ium and lu te t ium concent ra-  
tions d i rec t ly  decrease the aniso t ropy of the surface 
layer ,  whi le  the  reduced  incorpora t ion  of ge rman ium 
leads to a tendency toward  h igher  4~Ms and lower  l, 
condit ions which  are  also associated wi th  reduced  
anisotropy.  

One can es t imate  the reduct ion in g rowth  ra te  tha t  
occurs dur ing  wi thd rawa l  of slices f rom an ep i tax ia l  
me l t  wi thout  ro ta t ion  in the  fol lowing manner .  The 
mi l l ing  exper iments  suggest  tha t  the surface l aye r  
thickness,  t, for a bot tom slice in a 16 slice s tack  is 
app rox ima te ly  0.5 microns. For  the  w i t h d r a w a l  ra te  of 
slices f rom the mel t  used in this  work, 7.5 cm/min,  and 
for condit ions in which  the bot tom slice is grown at  a 
depth  of 18 cm be low the me l t  surface, the w i thd ra w a l  
t ime, T, for the bot tom slice is ca lcula ted  to be 2.4 min. 
The average  g rowth  rate,  R'  appropr ia te  for g rowth  of 
the surface l aye r  is then  ca lcula ted  as t /T  or 0.21 
microns /min .  Since R, the growth  ra te  which applies  
dur ing  the growth  of the  p r i m a r y  por t ion  of the  epi -  
t ax ia l  film whi le  slice ro ta t ion  and mel t  mix ing  are  
present ,  is of the  o rder  of 1 micron /min ,  one can cal -  
culate  a value  for the growth  ra te  reduct ion fac tor  
dur ing  w i thd rawa l  as R'/R -- 0.21. Hence dur ing  wi th -  
drawal ,  the  growth  ra te  drops to app rox ima te ly  1/5 its 
no rma l  value.  

In  o rder  to re la te  measurements  of Ig on a luminum 
genera tors  wi thout  over ly ing  Pe rma l loy  e lements  to 
measurements  on finished devices, we have measured  
Ig af te r  specific stages of f ront  end processing. F igure  
9 shows the reduct ion tha t  occurred in the average  Ig 
for  a slice as i t  progressed th rough  norma l  processing 
and was measured  a f te r  p lasma resis t  s t r ipping  at  75~ 
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Fig. 9. Generation threshold current after various front end 

processing steps. 

plasma oxide deposi t ion at  350~ NiFe sput te r ing  at  
375~ fol lowed by  ion mi l l ing  and p lasma resis t  s t r ip -  
ping. Al l  t empera tu res  cited are  nominal .  When  Ig was 
measured  on slices a f te r  genera to r  pa t t e rn ing  and then  
remeasured  af ter  anneal ing  the slices through the NiFe 
t i m e - t e m p e r a t u r e  schedule, a 14% decrease in Ig was 
found, compared  with  a 30% decrease when oxide and 
NiFe layers  were  ac tua l ly  deposi ted and pat terned.  
These resul ts  are  s imi lar  to da ta  presented  by  Wolfe 
and Johnson (2) who attributed the Ig reduction to 
a localized decrease in film anisotropy caused by 
stresses from overlying oxide and metallization layers 
and to annealing effects which modify the stresses of 
the conductor  meta l l iza t ion  on the ga rne t  film. 

C o n c l u s i o n s  
An anomalous  surface l aye r  wi th  composit ion and 

aniso t ropy different  f rom the bu lk  exists on slices 
grown in la rge  ver t ica l  stacks in LPE melts  and wi th -  
d rawn s lowly  f rom the melt .  Al though  the composit ion 
and an iso t ropy  of this l aye r  depend upon mel t  t em-  
pe ra tu re  and on mel t  t empe ra tu r e  gradient ,  the  p r i m -  
a ry  dependence  of surface l aye r  thickness is on s tack 
position, wi th  a m a x i m u m  surface l aye r  thickness ap-  
p r o x i m a t e l y  0.5 micron being found for a slice in the 
lowest  posi t ion of a s ix teen slice stack. Fo r  the w i th -  
d rawal  speeds used, the growth  ra te  dur ing  w i thd rawa l  
f rom the mel t  (wi thout  mixing)  is es t imated  as 0.2 
mic ron /min  for melts  in which the nomina l  film growth  
ra te  is 1.0 micron/ra in .  

The var ia t ion  in genera t ion  threshold  cur ren t  due to 
the anomalous surface l aye r  presents  a p rob lem tha t  
may  become increas ingly  more  severe  as film th ick-  
ness is reduced  to produce smal le r  bubble  films r e -  
qui red for  advanced  devices. Al though Ig is the only 
device pa rame te r  p resen t ly  identif ied as be ing  sensi-  
t ive to the presence of the surface layer ,  i t  is reason-  
able to expect  o ther  device pa rame te r s  to be influenced 
b y  this layer .  The control  of Ig  and o ther  such p a r a m -  
eters  may  involve techniques to reduce  the surface 
layer  thickness such as increas ing the w i thd rawa l  
ra te  or  reducing s tack height, or  it  m a y  involve tech-  
niques to remove the l aye r  such as mi l l ing or etching. 
Al te rna t ive ly ,  new device designs which are  less sen-  
s i t ive to epi  surface film layers  would  be a t t ract ive .  
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ABSTRACT 

The interact ion of SO2 with humid air  was studied in  a Teflon chamber  
(SEAT facility) as a funct ion of flow rate  (50-180 std. l i t e rs /min) ,  humidi ty  
(7-87%), tempera ture  (23~176 and SO2 concentrat ion (2-9 ppm).  Both 
SO2 and the reaction products were monitored using wet chemical and pulsed 
fluorescence techniques. Sulfur  dioxide is oxidized to SO3/H2:SO4 in dark reac- 
tions at elevated tempera ture  and humidity.  The exper imental  data were repre-  
sented by the rate equation 

dpso2 
- -  _ - -k  (T)Pso2Pw 

dt 

where Pso2 is the part ial  pressure of SO2 in the chamber, p~ the par t ia l  pres-  
sure of water  vapor, and k(T)  the rate constant. The reaction has a low ac- 
t ivat ion energy ( ~< 5 kcal /mole)  and appears to occur in  the gas phase ra ther  
than on the chamber  walls. The significance of secondary corrosive products 
in the design and use of accelerated tests is covered in detail. When field failure 
of a device occurs via the attack of SO2 and water  vapor alone, the quant i ty  
of product acid in accelerated test chambers should be carefully limited. It is 
shown how this requi rement  can be quant i ta t ive ly  specified in the form of an 
operat ing diagram derived from the rate expression. Other s imulat ion regimes 
and the significance of catalytic oxidation processes are also discussed. 

Intraduction 
Accelerated test environments.--Assurance of long- 

term rel iabi l i ty  is an impor tant  consideration for most 
mechanical  and electronic equipment  in the telecom- 
municat ions  industry.  The development  of a sound 
basis for prediction and specification of re l iabi l i ty  is 
thus a vital  research and engineer ing objective. Typi-  
cally, components are expected to function cont inuously 
and without  in te r rup t ion  for a n u m b e r  of years. To 
provide t imely information,  rel iabi l i ty  tests must  be 
short; therefore, they must  somehow be "accelerated" 
with respect to normal  conditions of use in order to 
produce failures wi thin  a reasonable period of time. 

Usually, elevated tempera ture  and /o r  high humidi ty  
have been used to realize this acceleration: tests at 
85~ and 85% relat ive humidi ty  (RH) have been ex-  
tensively employed for Bell System studies. Accele- 
rated rel iabi l i ty  tests have been used to make qual i ta-  
tive comparisons which are useful for device selection 
or for identification of the predominant  modes of fail-  
ure (1, 3b, 4). In  a few cases there has been a post 
hoc a t tempt  to determine scaling factors which relate 
failure times under  field conditions to those observed 
in the laboratory test (2). More often, the extrapola-  
t ion from laboratory to use conditions is based on some 
assumptions concerning the mechanism of fai lure and 
the dependence of the kinetics of that  process on 
accelerated test parameters.  

The concern with chemical pol lutants  in our en-  
v i ronment  has extended to rel iabi l i ty  studies (3). A 
n u m b e r  of workers (3b, 4, 6) have introduced various 
pol lutants  into the test env i ronment  in an at tempt  to 
mimic the effects of atmospheric contaminants  on 
chemical or "corrosion" sensitive failure. A crucial 
problem in this work is the unavai lab i l i ty  of scientific 
or empirical  guidelines which can be used to specify a 
suitable polluted atmosphere for use in accelerated 
tests, or a method to calculate or even to est imate the 
resul t ing acceleration factors. 

Key words: atmosphere, oxidation, kinetics, corrosion. 

Recently, Schwartz and Bacon (5) proposed theo- 
retical guidelines for "Simulated Env i ronment  Accele- 
rated Tests" (SEAT).  It  was assumed that  the effect 
of atmospheric contaminants  on fai lure could be at-  
t r ibuted  to the solution of these compounds in  a thin 
adsorbed layer of water  and by the sequential  reaction 
of dissolved species with devices. With the exception 
of those involving NO and NO2, the rate of chemical 
degradation processes leading to fai lure were assumed 
to be of the form 

rp = Ap II Cis~iC~2o.se -~ / kT  [1] 
i 

where AD is a numer ica l  coefficient, CH20,s is the sur-  
face concentrat ion of adsorbed water, Cis are the 
average concentrations of contaminants  on the surface, 
ni is the reaction order (exponent)  of the i th compo- 
nent,  aE is the activation energy, and kT, the Boltz- 
mann  constant and temperature.  It was fur ther  assumed 
that the surface concentrations, Cis, could be obtained 
by Henry 's  law equil ibria and that  Ctt20,s would be 
near ly  a function of relat ive humidi ty  alone. In general  
it was presumed that the various atmospheric con- 
taminants  underwen t  no synergistic reactions (outside 
of the failure interaction, Eq. [1]) as long as the tem- 
perature  in the accelerated env i ronment  was restricted 
to 85~ I 

According to the procedure st ipulated by Schwartz 
and Bacon, accelerated fai lure would be accomplished 
by a manipula t ion  of the variables in the rate expres-  
sion, Eq. [1]. In particular,  it was proposed that  the 
rate could be increased by an increase in temperature,  
thereby relat ing fai lure rate in the field to fai lure rate 
under  accelerated conditions by an Arrhenius  law 

) 
eel Tf~eld rpaccel k 

- -  _ e [ 2 ]  
,rpfield 

where ~E is the activation energy for the fai lure r e -  

1 Severa l  exceptions to this scheme were  explici t ly given.  
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action. Relative humidi ty  (RH) was to be held con- 
stant---it  was argued that  the surface concentrat ion of 
water, CH2o,s, would be near ly  unchanged under  these 
conditions. Finally,  the concentrat ion of each species 
in aqueous solution was to be main ta ined  near tne 
upper  end of the range of values encountered in  field 
use (3a). It was stated that  this would occur if the 
gas phase part ial  pressure of each component  was ad- 
justed at each temperature  in proportion to the cor- 
responding value of its Henry 's  law constant  in a pure 
solution 

p i  accel H (Tacce l )  
_ _  [3] 

pi field H (Tfi~l~) 

There was no exper imental  confirmation of these 
propositions. 

Schwartz and Bacon (5) constructed a heated Teflon 
chamber (SEAT facility) in order to apply these p r in -  
ciples to actual failure tests in the presence of SO2, 
NO2, and ozone. In ini t ial  experiments,  employing 
humid air and SO2 analysis of the chamber ambient  
was at tempted using a pulsed fluorescence analyzer  to 
monitor  the concentrat ion of SO2; there was an appar-  
ent  discrepancy between the quant i ty  of SO2 enter ing 
the chamber and that detected in the humid air emerg-  
ing downstream. This effect was again confirmed in 
subsequent  rel iabil i ty studies involving the electro- 
plated leads of light emit t ing diodes (LED's) (6)�9 Fur -  
thermore, when SOe, NO2, and O3 were introduced in 
various combinations, there was a large interact ion 
between contaminants  as the loss of each was depend-  
ent  on the concentrations of the other components. 

These results are highly significant since other 
workers have carried out accelerated tests under  the 
assumption that  gases introduced into a test chamber 
main ta in  their chemical in tegr i ty  (7). Kemmerer  and 
Hartwig (7a), for example, assumed that 0.5 ppm 
SO2 introduced into a s tream of air at 85~ and 80% 
RH provides an atmosphere containing 0.5 ppm SO2 for 
the exposure of metall izations in a test chamber; how- 
ever the SEAT studies (5, 6) demonstrate that large 
SOs losses occur and, as will be shown, SOs and sul-  
furic acid are the main  corrosive agents under  those 
test conditions. 

Restrictions on the simple modeh~Clearly there are 
a number  of addit ional  assumptions implici t  in  the 
simple model, Eq. [1]. As noted by the authors (5), 
it is assumed that the relat ive humidi ty  is a proper 
scaling factor. Consecutive chemical processes of all 
kinds are neglected, For instance, if pol lutant  A forms 
a product B and B is the corrosive agent, then the 
corrosion process 

A --> B [4a] 

B + (Device) ~ C [4b] 

cannot, in general, be characterized by a single reaction 
and activation energy. Thus the attack of metall izations 
by sulfuric acid, al luded to above, falls outside of the 
scope of this model. Of course far more complex 
mult iple  reaction schemes are conceivable and the 
actual fai lure process (as opposed to precursor forma- 
tion, as i l lustrated above) may involve several con- 
secutive reactions and even al ternate  pathways. 

The e lementary  model also neglects mass t ransfer  
limitations. A pol lutant  must  be t ransferred to the 
interface solution and, ul t imately,  to the l iquid-device 
interface. In  addition, the actual  corrosive agent may 
be formed through intermediate  reactions at the gas- 
liquid or solid-l iquid phase boundaries.  A simple un i -  
versal rate of the form given in Eq. [1] can only apply 
when consumption or t ransport  of reactant  in  one of 
these processes is always slow (and therefore domi- 
nant )  compared with the others. If these requirements  
are not met, then the rate law and detailed chemistry 
of failure will  be a funct ion of the specific concentra-  
tions, temperature,  humidity,  and gas flow parameters  
in the test�9 

Previous studies o] S02 oxidation.--The oxidation of 
SO2 in the atmosphere is an iml~ortant process in the 
chemical evolution of air pollutants  and as such has 
received a gleat  deal of a t tent ion (8). While there 
seems to be many  parallels with the present  study, in -  
cluding synergistic effects on the reaction from NO2 
and water  vapor (9), the atmospheric process is photo- 
chemical and therefore differs fundamenta l ly  from the 
dark reaction occurring in the present  study. In the 
polluted atmosphere, hydroxyl  radicals are formed 
from photochemical reactions involving other species 
(e.g., NO, hydrocarbons) and the oxidation process can 
be quite complex (10). In the laboratory, the formation 
of SO8 and subsequent  nucleat ion of sulfate has been 
studied through photochemical oxidation involving ex- 
cited states of SO2 and the ground state of oxygen. In 
any case the homogeneous photo-oxidation of SO2 in 
the atmosphere is very slow (N 2%/hr  in sunlight  at 
solar zenith) (11). In  the presence of water, laboratory 
photolysis rates (12) are greatly increased (about 200 
times),  presumably  due in par t  to hydra t ion  of SO2 
molecules which promotes H2SO4 formation. Negligible 
oxidation occurs at ambient  tempera ture  in the ab-  
sence of i r radiat ion (12). 

The homogeneous dark oxidation of SO2 has, by 
comparison, been little studied. Tokunaga et al. (13) 
found that  in dry mixtures  of SO2 and high pur i ty  
synthetic air, no oxidation could be observed, even at 
100~ and after i r radiat ion by  10 Mrad of 1-2 MeV 
electrons. In the presence of water, i r radiat ion pro- 
duces substant ial  oxidation. However these workers 
did not report  the rate, if any, of oxidation of the wet 
mixtures  without  irradiation. Urone et al. (14) found 
no homogeneous reaction in an SO2/air mixture  ( ~  10- 
20 ppm) at 25~ and 50% RH. Evident ly  there are no 
other published data for the homogeneous oxidation of 
SOs in air at elevated temperature.  

A number  of workers have investigated the oxida- 
tion of SO2 by molecular oxygen in aqueous solution 
(15). At 25~ the oxidation proceeds via the mecha- 

nism 2 (15a) 

S O 2 ( g )  ~ SO2(aqueoas )  [Sa] 

H20 ~ H + + O H -  [Sb] 

SO2(aqueous)  "~- H20 ~ HSO~- + H + [5c] 

SO2~queous~ ~ O H -  ~ HSOs-  [5d] 

HSO~ = ~ -  SO8- ~- H + [Se] 

SOs = § 1/2 02 ~ SO4 = [5f] 

where the oxid,ation of SOs = to SO4 = occurs by a first- 
order reaction as indicated and no oxidation of HSOs-  
occurs directly. To a good approximation,  the rate of 
oxidation is given by (15a) 

d [SO4 = ] moles SO4 = 
�9 - -  1.58 • 10 n [H]-2.16 Pso2 [6] 

d~ l i ter -s-a tm.  

where Pso2 is the part ial  pressure of SO2 in equi l ibr ium 
with water;  the overall  reaction appears to be rate 
controlled by the oxidation of sulfite (Eq. [5f]), even 
in a static chamber, and the rate was verified for pH 
between 2 and 6 and temperatures  of 3 ~ and 25~ The 
reaction rate was zero order with respect to O2 over 
a wide range of concentrations. 

Finally,  it is well knovtn that  certain metal  oxides 
catalyze the air oxidation of SOs to SO~ (14) and a 
number  of t ransi t ion metal  ions catalyze the oxidation 
of sulfite to sulfate in solution (17). The action of some 
catalysts is clearly very temperature  sensitive since, for 
instance, vanad ium and chromium oxides produce very 
slow oxidation at room tempera ture  (14, 18), whereas 
vanad ium pentoxide is a catalyst for sulfuric acid 

I t  s h o u l d  be  n o t e d  t h a t  some  w o r k e r s  s t u d y i n g  t h e  ox ida t i on  
of o t h e r  s u l f u r  spec ies  in a q u e o u s  s o l u t i o n  w e r e  a p p a r e n t l y  un-  
a w a r e  of t h i s  p r e v i o u s  w o r k  a n d  u t i l i zed  e r r o n e o u s  a s s u m p t i o n s  
f o r  t he  ox ida t i on  of sulf i te  (16).  
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production at ,-~400~ (18). Metallic catalysts a l so  can  
enhance the photochemical oxidation of SOe (14). 

In  this connection it should also be noted that  higher 
alcohols and phenols inhibi t  the aqueous oxidation of 
sulfite (18, 19). The wet chemical analysis, described 
below, util ized isopropanol as an inhibi tor  in order to 
separately collect sulfate. 

Scope of the investigation.--S02 is one of the most 
pervasive pol lutants  and i t  is known  to accelerate 
failure and corrosion in a var ie ty  of situations. Com- 
pared to the complex chemistry which occurs in  many  
gas mixtures,  or even with other e lementary  pol lutants  
such as NO2, SO2 represents a simple contaminant  
system. Nevertheless, as ment ioned above, several  in -  
vestigators have been unab le  to obtain a mass balance 
on humid, SO2-contaminated air streams enter ing an 
empty Teflon chamber;  one objective of the present  
study was to characterize any chemical processes which 
occur and could account for the loss of SO2. A second 
objective was to ident ify those conditions for which the 
loss of SO2 and the formation of secondary corrosive 
agents would be negl ig ib le - -on ly  under  these c i rcum- 
stances would there be some hope of establishing an 
analyt ical  relat ionship between SO~-induced failure 
processes in  the field and those observed in  an accele- 
ra ted laboratory test environment .  

Low concentrat ions (1-5 ppm) of SO2 were added to 
the humid air  and the effluent composition was mea-  
sured as a funct ion of tempera ture  (23~176 humid-  
i ty  (7-87% RH), and flow rate (50-185 std. liters per 
minu te  [slpm]) in an empty  Teflon (SEAT) chamber. 
Wet chemical and ins t rumenta l  analyses were in good 
agreement  and revealed that  substant ia l  amounts  of 
SO2 in  the feed gas were converted to SOs and sulfuric 
acid. The kinetics of this reaction were determined and 
it  was found that  the loss of SO2 in  an  accelerated en-  
v i ronmen t  can be minimized by the judicious selection 
of residence time, temperature,  and  humidity.  

Apparatus and Technique 
SEAT l~ow system.--The SEAT test facility, which 

has been described previously (5), was modified and 
used to conduct the present  investigation. Its construc- 
t ion and current  mode of operation will be discussed 
briefly. 

A schematic of the entire apparatus is shown in Fig. 
1. Dry ni t rogen and oxygen were metered in a 1:4 ratio 
through a Ty lan  mass flowmeter gas b lending  unit. 
This s t ream passed through a packed column containing 
activated charcoal and molecular  sieves to insure the 
absence of reactive trace impurities.  This "synthetic 
air" then flowed over a humidification t ray in the oven 
that housed the Teflon SEAT chamber and into a 
mixing  p lenum leading to the chamber  proper (Fig. 2). 
A precal ibrated SO2 mix ture  (5% SO2 in  N2) was me-  
tered through a separate mass flowmeter and injected 
into the mixing p lenum (Fig. 2) of the 16 • 17 • 15 
in. chamber. 

The chamber  tempera ture  was measured using a 
sheathed thermocouple inserted via  the exhaust  port, 
and humidi ty  was measured with a Humitemp Model 
PCRC-55HPT humidity/temperature sensor, a we t /d ry  
bulb  system bui l t  into the oven, and water  collected by 
condensation of the chamber  effluent (water  collection 
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Fig. 1. Schematic of apparatus 
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Fig. 2. SEAT Chamber. (a, top) humidity oven and airflow, (b, 
bottom) chamber detail. 

occurred as par t  of the chemical analysis- -see  below).  
SO2 concentrations in the effluent were determined by 
pulsed fluorescence while  an  independent  chemical 
technique was used to analyze SO2 and the combined 
quant i ty  of SOn and H2SO4. 

The SO2 flowmeter was periodically calibrated 
against  a Brooks mercury-sea led  piston displacement 
calibrator and the N2 and O2 flow rates were calibrated 
against  a wet test meter. The wick of the w e t / d ry  
bulb sensor deteriorated with use and this measure-  
ment  was not consistently made through all the experi-  
ments. In order to insure against  chemical degradation 
of the Humitemp sensor, the remote e lement  was regu-  
lar ly replaced with a new, calibrated unit.  The preci- 
sion of water collection was best at high temperatures  
and moderate to high humidi ty;  under  favorable con- 
ditions the humidi ty  determined in this way was in  
good agreement  with the humi temp measurements  
(_+3~ dewpoint) .  

Sampling and analyses.--S02 concentrat ions re-  
ported in previous investigations with the SEAT facil- 
i ty (5, 6a) were determined using the sampling system 
in Fig. 1 and a Thermoelectron Model 43 pulsed Fluo-  
rescence SO~ Analyzer.  While this method of analysis  
was continued throughout  the present  investigation, 
a priori its accuracy was uncer ta in  due to possible 
losses in the sampling process and the fai lure of previ -  
ous investigators to obtain an  SO2 mass balance (5, 6a). 
However, paral le l  wet chemical determinat ions  made 
dur ing  the present  s tudy were in  g6od agreement  with 
the analyzer  and thus verified its accuracy (Fig. 3). 

The fluorescent analyzer  is essentially a t ransfer  
s tandard  and must  be carefully cal ibrated to make 
absolute measurements .  Periodically, the analyzer  was 
zeroed and spanned against  a dry, s tandard 1 ppm 
(nominal)  SOJN2 mixture  and a dynamic SO2 permea-  
t ion tube system. Independent ly ,  the 5% 802/N2 supply 
tank was standardized using the wet chemical pro-  
cedure (see below) and diluted with "synthetic air" to 
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Fig. 3. S02 analyzed chemically vs. S02 measured by pulsed 
fluorescence (46~176 7-90% RH). 

ver i fy  the analyzer  cal ibrat ion.  These procedures  were  
also used to s tandardize  new tanks  of SO2/N2 mixture .  

The a tmosphere  emerging  f rom the Teflon SEAT 
chamber  is genera l ly  hot  and humid.  Since the ana lyzer  
wil l  not  funct ion under  such conditions, a glass w a t e r -  
cooled condenser  was used to cool and dehumidi fy  the 
gas (Fig. 1). Evident ly ,  negl igible  SO2 is absorbed  dur -  
ing this process because (i) the condensate  is acidic 
due to dissolved sulfuric  acid and SO2 is r e la t ive ly  in-  
soluble in neu t ra l  and acid solut ion and (ii) the  con- 
tact  t ime is short. 

A possible cause for the  ear l ie r  mass ba lance  discrep-  
ancies was the  oxida t ion  of SO2 in the  chamber .  In 
o rder  to quant i fy  the significance of this process and to 
account for al l  products  in the effluent, we added  a we t  
chemical  sampl ing t ra in  (Fig. 4) and  t i t r ime t r i ca l ly  
analyzed SO2 and its oxidat ion products.  The method 
used was a modification of the hydrogen  peroxide  
"s tack sampl ing"  technique (20, 17, 19b). A p p r o x i -  
ma te ly  100 l i ters  of t h e  chamber  effluent was sampled  
at  0.25-0.5 l i t e r / m i n  into two S m i t h - G r e e n b e r g  im-  
pingers  (Fig. 4). A smal l  aux i l i a ry  vacuum pump was 
used to d raw the sample  and to ta l  gas volume was 
measured  wi th  an in- l ine  wet  test  meter .  Typica l  col- 
lection t imes were  ~2 -4  hr. Both impingers  were  im-  
mersed  in an ice ba th  to condense wate r  vapor  and the 
short  sample  l ine sloped downward  in o rder  to dra in  
any condensate  into the first impinger .  

Imp inge r  1 was charged with  150 ml of a f resh solu-  
tion containing 80 % isopropanol  in dis t i l led water .  The 
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Fig. 4. Impinger train for sample collection 

second impinger  contained 150 ml of 3% hydrogen  pe r -  
oxide  solution. SO~, H2SO4 aerosol,  and wa te r  vapor  in 
the sampled  s t ream are  collected in the first impinger ,  
whi le  SO2 is cap tured  in imp inge r  2. Af te r  the  sample  
has been collected, d ry  air  is passed th rough  the t ra in  
for severa l  minutes  to sweep any  t races  of SO2 in the 
first impinger  out  and into the second impinger.  SO~ is 
r e l a t ive ly  insoluble  in the aqueous, acidic isopropanol  
solut ion in impinger  1 and the isopropanol  inhibi ts  the 
slow oxida t ion  of SO2 to sulfate  in solut ion (17, 19). 
The hydrogen  peroxide  in impinger  2, on the other  
hand, r ap id ly  absorbs SO2 and oxidizes i t  to sulfate  
(17). The quan t i ty  of w a t e r  vapor  collected in im-  
p inger  1 was measured  by  the vo lume or  weight  change 
and prov ided  an independen t  measure  of re la t ive  hu-  
midi ty .  Negl igible  wa te r  accumula ted  in impinger  2 
under  these conditions. 

The efficacy of this collection process was verif ied in 
severa l  dist inct  ways. Blank runs using SO2 alone con- 
f irmed tha t  negl ig ib le  SO2 was col lected in the  first 
impinger .  A th i rd  imp inge r  wi th  peroxide  absorbent  
was t empora r i l y  inser ted  into the t ra in  af te r  impinger  
2; this also fa i led to collect  SO2 and thus proved  that  
impinger  2 had  a high absorpt ion  efficiency. The com- 
binat ion of SO2 and SOJH2SO4 de te rmined  by  this 
analysis  consis tent ly  agreed wi th  the to ta l  quan t i ty  
of SO2 fed to the chamber.  Final ly ,  as a l r e a dy  men-  
tioned, these SO2 analyses  were  in good agreement  
wi th  pulsed fluorescence. 

The absorbent  solutions were  ana lyzed  as follows. 80 
ml of i sopropanol  was added  to 20 ml  al iquots  of the 
impinger  samples. These were  then t i t r a t ed  wi th  
0.005m BaC104 using 6 drops of 0.013% methy lene  blue 
solut ion and 6 drops of 0.2% thor in  as an indica tor  
(17). At  the endpoint  of the  reac t ion  

Ba + + + SO4 = -> BaSO4$ [7] 

the greenish color changes to pink.  

Results and Discussion 
Reaction and rate.--The chemical  analys is  revea led  

tha t  SO~ is conver ted  to SO~ and H2SO4 in the SEAT 
chamber.  Under  s t eady- s t a t e  operat ion,  the to ta l  sul-  
fur  de te rmined  by  chemical  analysis  of the product  gas 
was o rd ina r i ly  wi th in  5% of that  based on the feed gas 
flow rates  and there  was no accumulat ion  of wa te r  or  
acid in the chamber ;  therefore  any  H~SO4 so formed 
must  emerge  as an aerosol  or fine mist. React ion data  
for 100 s lpm air  feed ra te  and var ious  t empera tu res  are  
shown in Fig. 5. At  high t e m p e r a t u r e  and humid i ty  
more than 70% of the SO2 was conver ted  to products.  
No significant react ion was observed at  23~ Expe r i -  
ments  pe r fo rmed  at  constant  tempera ture ,  humidi ty ,  
and ai r  flow rate,  but  wi th  va ry ing  concentrat ions  of 
SO2 in the feed (2-9 ppm) ,  revea led  tha t  the  ex ten t  of 
react ion is independen t  of SO2 concentrat ion.  Thus at  
least  in this 0-10 p p m  SO2 range,  the  curves in Fig. 5 
app ly  for any  concentra t ion of pure  SO2 in t roduced  
into the  SEAT chamber .  

~ 4  

2 

o 2' 4~ 'o 'o 
RELATfVE HUMIDITY (%) 

Fig. 5. Unreacted fraction of SO2 vs. relative humidity at 100 
slpm and various temperatures. S02 concentrations were 5-7 ppm. 
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If  the  kinet ics  of this react ion process were  of the  
form given by  Eq. [1], where  re la t ive  humid i ty  de te r -  
mines CH20 , su r f ,  then the loga r i thm of SO2 conversion 
p lo t ted  agains t  RH would  be a s t r a igh t  l ine at  each 
t empera tu re ;  however  the  da ta  do not  suppor t  this 
hypothesis .  In  fact  the  da ta  a re  consis tent  wi th  the  
f i r s t -o rder  ra te  equat ion 

dpso~ 
- -  -- k(T)psofPw [81 

d$ 

This m a y  be seen as follows. Equat ion [8] is in te -  
g ra ted  to give 

Psos.out 
l n - -  = - - k ( T ) p w ~  [ g ]  

Psof,in 

where  ~ is the mean  res idence  time. I f  the  chambe r  gas 
is wel l  mixed  

= ~o = V / F  [10] 

where  V is the  volume of the  chamber ,  app rox ima te ly  
66.86 l i ters,  and  F is the  to ta l  combined  volumetr ic  flow 
ra te  of air  and wa te r  vapor  enter ing  the chamber  ( the 
volume of SO2 is neglec ted) .  On the o ther  hand, even 
if mix ing  were  incomplete ,  ~ and T0 would  only  differ 
by  a constant  factor  as long as the  degree  of mix ing  
were  insensi t ive  to changes in the  flow rate.  Equation 
[9] m a y  then  be r ewr i t t en  in the fo rm 

Pso2,out 
l o g 1 0 -  - - - - k ' ( T ) P w ~ o  [11] 

P s o 2 , i n  
where  

k ' ( T )  --  k ( T )  - -  log10 e [12] 
To 

If the da ta  obey this relat ion,  a plot  of log (Ps02.out/ 
Psof.i~) against  p~ wil l  form a dis t inct  s t ra igh t  l ine 
at  each tempera ture .  F igures  6 and 7 show the expe r i -  
men ta l  da ta  p lo t ted  in this fashion. If  the  85 ~ 50 slpm 
data  (upper  l ine)  in Fig. 7 a re  t empora r i l y  disregarded,  
i t  m a y  be concluded tha t  the  resul ts  a re  indeed in 
sa t i s fac tory  ag reemen t  wi th  Eq. [11]. 

As noted, the  85~ 50 s lpm data  form a dis t inct  
group. While  superficial ly,  this appears  to be con t r a ry  
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to Eq. [11], i t  is possible to ra t ional ize  these data  wi th in  
the above  f ramework .  Feed  gas en te r ing  the bo t tom of 
the chamber  wal l  (Fig. 2) creates a complex flow 
pa t t e rn  due to en t r a inmen t  of the su r round ing  fluid, 
the effect of nea rby  surfaces, and, possibly, flow sepa ra -  
tion. Tempera tu r e  grad ien ts  m a y  also influence the 
flow. Since the Pecle t  number  (based on the lengths  
subtended  by  the feed j e t  a r r ay )  is large  (,~350) and 
the Reynolds  number  is mode ra t e  (NRe ~ 500), the  
mix ing  wi th in  the chamber  is p r i m a r i l y  b rought  about  
by  flow circulat ion r a the r  than diffusion or  turbulence.  
By analogy to o ther  hyd rodynamic  phenomena,  i t  is 
reasonable  to assume tha t  this c i rculat ion pa t t e rn  wi l l  
exhib i t  drast ic  changes at pa r t i cu l a r  values  of the 
Reynolds  number .  Thus wi thout  d i rec t  expe r imen ta l  
evidence, i t  might  be assumed tha t  there  is less c i r -  
culat ion at  the  lowest  flow (50 slpm, 85~ this wi l l  
lower  T. A decrease  in T resul ts  in a sma l l e r  k ' ( T ) ,  
(Eq. [12]) which is in accordance wi th  the  data. 

The avai lab le  precis ion and range  of the p resen t  da ta  
foreclose the poss ib i l i ty  of de tec t ing  a s imi la r  mix ing  
effect a t  the lower  t empera tu re s  (60~ 46~ At  low 
Pw and tempera tu re ,  l i t t le  SOa reac ted  and the va r i -  
ab i l i t y  i n  conversion was comparab le  to its magni tude .  
A la rge  Pw cannot  be used unde r  these condit ions since 
Pw is l imi ted  by  the vapor  pressure  at  sa tu ra t ion  and 
this decreases  r ap id ly  w-ith t e m p e r a t u r e  (Fig. 6 and 7). 

The slopes of the (high flow) 85~ and 60~ lines 
(Fig. 7 and 8) correspond to ra te  constants [k ' (T ) J  
of 0.0058 and 0.0035 Torr  -1 rain -1, respect ively .  The 
der ived  act ivat ion energy  is ,~5 • 2 kca l /mole ,  bu t  
this i s  a ve ry  crude es t imate  because of the scat ter  
and the .poss ib i l i ty  tha t  pa r t  of i t  can be a t t r i bu ted  to 
sys temat ic  changes in ~/To. 

M e c h a n i s m  o/ r eac t ion . - -There  is insufficient in-  
format ion  to infer  de ta i led  mechanisms for  the ox ida -  
t ion of SO2 in the SEAT chamber .  However ,  some 
ra the r  genera l  observat ions  suggest  tha t  the  reac t ion  
does not  t ake  place on the chamber  walls.  A com- 
binat ion of homogeneous reaction, and react ion a t  the 
surface  of sulfur ic  acid aerosol  nuclei  is consistent  
wi th  recent  photochemica~ oxidat ion  studies and the 
present  data. 

Since wa te r  vapor  is r equ i r ed  for  the  reac t ion  to 
proceed at  a measurab le  rate,  the  d i rec t  oxida t ion  of 
SOs to SOs on the Teflon wal ls  m a y  be excluded.  
Fur the rmore ,  in the  presence of water ,  sul fur ic  acid 
should be the  pr inc ipa l  oxida t ion  product .  Sulfur ic  
acid has a negl igible  vapor  pressure  and thus any  acid 
produced  on wal l  sites would  accumula te  in the cham-  
ber  and absorb addi t ional  w a t e r  vapor  f rom the humid  



684 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY March 1981 

I I I /  I I I I I 

5000 

~ ~ 

/ 
N t0oo ., o .~ j .  

5oo / 

S / o .L . .1  . . . .  

w / 

400 // 
/ 

/ 
o / 

50 

/ 

/ S 
0 20 40 60 80 'lO0 

RELATIVE HUMIDITY (%) 

Fig. 8. Theoretical air flow/relative humidity operating curves 
for o constant fraction of unreocted SO2 in the SEAT chamber 
(based on Eq. [13]). Fraction noted on curves. Solid lines ( ~ ) at 
8YC; dashed hnes ( . . . .  ) at 60~C. 

gas. Since (i) l iquid did not normal ly  accumlate in  
the chamber  and (ii) essentially all  sulfur  was ac- 
counted for in  the emerging product  gas, this type of 
process can be excluded. 

It  has been proposed (21) that  SOs may cluster with 
water  molecules in the gas phase at high humidity.  
Such hydrat ion would facilitate its oxidation and 
nucleat ion to form an H2SO4 aerosol. The surface of 
aerosol droplets could, in  turn, provide sites for sub-  
sequent heterogeneous oxidation wi thin  the gas phase. 
Substant ia l  homogeneous reaction wi th in  the l iquid 
phase of aerosol droplets is unlikely,  since the total 
volume of l iquid would be small  and the rate of this 
oxidation process (Eq. [5]-[6])  is retarded by low pH. 

Significances of reliability tests.--These experiments  
show that secondary products can be highly slgnincant  
in contaminat ive humid atmospheres at elevated tem- 
perature.  Since the temperature,  humidity,  residence 
time, and flow profile wil l  greatly influence the 
chemical environment ,  the chamber  composition should 
be monitored and these variables manipula ted  to at-  
tain the desired test composition. 

Ideally, a test should not be sensitive to small  fluctu- 
ations in the operating parameters.  Thus the tempera-  
ture, flow rate, and humidi ty  should be chosen so that  
only  a small  extent  of reaction is possible or, a I terna-  
tively, so that gaseous reactions proceed to nea r -com-  
pletion. These requirements  may be expressed as a 
series of "operating curves" as shown in  Fig. 8. In Fig. 
8, SEAT isothermal [SO2]out/[SO2]in isopleths are 
shown on the RH-a i r  flow plane. The curves are com- 
puted from Eq. [11] using k ' (T)  values determined 
from Fig. 6 and 7 (see above).  Thus more than 90% 
of SO2 in the inle t  gas will be unreacted for values 
of flow and RH which lie above and to the left  of the 
[ S O 2 ] o u t / [ S O 2 ] i n  : 0.9 isopleths. Likewise, for exam- 
ple, the extent  of reaction will be more than 90% for 
flow and RH values which lie below and to the r ight  of 
the [SO2]out/[SO2]in ---- 0.1 isopleths. In  fact, the curves 
in Fig. 8 may overstate conversion somewhat since they 
do not include possible effects of flow rate on r (see 
Reaction and Rate, above).  

Another  consideration is the relat ion of chamber  data 
to field conditions. If field fai lure of a device occurs via 
the attack of SOe and water  vapor alone, exposure to 
SOs and H2SO4 may lead to unrepresenta t ive  failure 
modes. In  this "case the test should be conducted in  the 

low conversion regime of Fig. 8. In other instances, 
field failure may be induced by sulfuric acid from the 
dark or photo-oxidation of SO2 on oxide or metall ic 
surfaces. In  that event, a test env i ronment  containing 
SO2 and its oxidation products may be quite appropri-  
ate. 

This point  has been overlooked in  previous studies. 
Feins te in  and Sbar  (7b), for example, report  tha t  both 
nickel sulfite and nickel sulfate were formed on the 
metall izations in their accelerated tests using 0.5 ppm 
SOs at 85~ and 85% RH. While those workers and 
others (7) a t t r ibute  the sulfate corrosion to SO2 
attack, this premise should be carefully scrutinized in 
l ight of the present  findings. 

Even when SOs and H2SO4 are normal  ingredients  in 
SO2 induced field fai lure processes, more sophisticated 
analyses will  be required to carry out scalable ac- 
celerated tests. Consider a case in  which SO2 is cata- 
lytically oxidized on the surface of a component  under  
test. The product  acid may be responsible for 
failure in  both field and accelerated test environments ;  
however surface reactions will  be rate l imit ing in the 
field, whereas the supply of SOs/I~2SO4 in a chamber  
can be governed by volume production. 

Conclusions 
Sulfur  dioxide is oxidized dur ing accelerated life test 

at elevated temperature  and humidity.  The products are 
sulfuric acid, and possibly, SOs. The reaction is first 
order in SOe and water  concentrations and  appears to 
occur in  the gas phase, ei ther homogeneously or on 
aerosol nuclei, ra ther  than  on the walls of a Teflon test 
chamber. A rate equation has been formulated to 
represent  the exper imental  data, but  at present  its nu -  
merical  values should only be applied to the SEAT test 
facility. 

In  order to conduct meaningfu l  tests which mimic 
the effects of atmospheric contaminants,  it is necessary 
to consider the oxidation and interact ion of pollutants 
since secondary corrosive agents are formed under  ac- 
celerated conditions. The acceleration guidelines pro- 
posed by Schwartz and Bacon (5) require s tr ingent  
assumptions which do not appear to be met in practice. 

The formation of product  acid from SO2 can be con- 
trolled by  a judicious selection of operat ing param-  
eters. The manifolds of constant  product formation are 
two dimensional;  it  is therefore possible to select var i -  
ous combinations of temperature  and humidi ty  which 
accelerate failure, and s imultaneously  to control prod- 
uct formation by adjust ing the gas flow rate. 

Manuscript  received Ju ly  21, 1980. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1981 
JOV~NAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs o] this article were assisted by Bell 
Laboratories. 
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Preparation of Tin Oxide Films from 
Ultrafine Particles 

Hisahito Ogawa, Atsushi Abe, Masahiro Nishikawa, and Shigeru Hayakawa 
Matsushita Electric Industrial Company, Limited, 1006 Kadoma, Osaka, 57I Japan 

ABSTRACT 

A highly  reproduc ib le  p rocedure  for  p repa r ing  films f rom ul t raf ine  par t ic les  
of me ta l  oxides  has been developed.  The ul traf ine par t ic les  of severa l  tens of 
angs t roms in size a re  grown by the evapora t ion  of the meta l  in low oxgen gas 
pressure,  and  subsequent ly ,  the film is constructed f rom the ul traf ine pa r -  
ticles a l igned in a specific di rect ion on the substrate.  The par t ic les '  size and 
film s t ruc ture  were  s tudied under  various deposi t ion conditions, i.e., oxygen gas 
pressure,  r f  ac t iva t ion  power,  evapora t ion  t empera tu re ,  and  others. The u l t r a -  
fine par t ic le  films p repa red  wi th  this procedure  m a y  serve  as a h ighly  sensi-  
t ive g a s  sensor .  

Increas ing a t ten t ion  is being pa id  to studies on t in 
oxide mater ia ls ,  especial ly  on the method of p r e p a r a -  
t ion of s in tered mate r ia l s  and thin  films of t in dioxide 
and eva lua t ion  of the i r  e lec t r ica l  p roper t ies  for gas 
sensors. I t  is impor tan t  to pay  special  a t ten t ion  to the  
surface qual i ty  of the  t in oxide  mater ia ls ,  because the  
change in conductance of gas sensors takes place  at  the 
bounda ry  be tween  the gaseous and solid states. 

The specific surface a rea  of crystals ,  i.e., the surface 
area  of the crysta ls  per  uni t  weight  (cm2/g),  increases 
as the  par t ic le  size decreases.  Hence, if  one studies the 
phys ica l  p roper t ies  associated wi th  the crys ta l  surface, 
such as gas adsorpt ion  and l ight  dispersion, the  p rop-  
ert ies a re  s t rongly  dependent  on the par t ic le  size (1-3),  
and  m a y  be enhanced wi th  ul t raf ine part icles .  In  o rde r  
to supply  samples  for s tudy ing  the phys ica l  p roper t ies  
of ul t raf ine part icles ,  we have s tudied the p repa ra t ion  
of ul t raf ine par t ic les  in the size range  of severa l  tens of 
angst roms and films of these par t ic les  deposi ted on a 
glass substrate .  

The p repa ra t ion  methods  for fine par t ic les  which are  
usua l ly  considered are  the fol lowing:  (i)  mechan ica l ly  
gr inding  la rge  par t ic les  to a smal le r  desi red size, and 
(ii) nuclea t ion  and growth  of par t ic les  by  chemical  
reac t ion  of the const i tuent  e lements  under  control led 

Key words: ultraiine particle films, tin oxide, gas-evaporation 
technique, oxygen gas plasma, gas sensor. 

conditions. The l a t t e r  method,  combined wi th  a g a s -  
e v a p o r a t i o n  technique,  which can easi ly  produce  low 
surface distortion,  high pur i ty ,  and smal l  size part icles ,  
is p re fe rab le  to the gr inding one. Many  studies on the 
growth  and morpho logy  of meta l l ic  par t ic les  (4-8) 
have been car r ied  out  by  the  gas -evapora t ion  tech-  
nique. A few repor ts  have  been made  on meta l  oxides 
(9, 10). None of these studies, however ,  suppl ies  
enough informat ion  on the format ion  of films made  
wi th  ul t raf ine par t ic les  of meta l  oxides which  is the 
subject  of this report .  

We found a new procedure  for growing the app rop r i -  
ate ul t raf ine par t ic les  of cer ta in  meta l  oxides in oxygen 
atmosphere ,  and subsequently,  a method  for  producing  
films consist ing of the ul traf ine par t ic les  a l igned in a 
specific direct ion on the substrate.  The detai ls  of the 
p repa ra t ion  and the opt imized conditions wil l  be de -  
scr ibed below. 

Deposition of Metal Oxides 
The vacuum deposi t ion chamber  used in this s tudy  is 

i l lus t ra ted  in Fig. 1. The  specific fea tures  a r r anged  in 
the chamber  were  (a) a quartz  cy l inder  guiding the 
ul t raf ine par t ic les  f rom an evapora to r  boat  to a sub-  
strafe, and (b) an rf  coil e lect rode consist ing of severa l  
turns  of stainless steel  tubing.  The rf  coil was opera ted  
wi th  a 13.56 MHz osci l la tor  th rough  a match ing  box. 
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Fig. 1. The apparatus arrangement in this experiment 

The glow discharge of the oxygen in  the vacuum 
cham0er was produced in  the region adjacent  the rf 
coil by applying the high oscillating field between the 
coil and cnamber.  

The samples were prepared using the following pro- 
cedures. A glass substrate was supported by a sample 
holder. A high pur i ty  metal  (greater than 99.99%) 
such as Sn, Mn, Zn, or Cu was placed in  the evaporator 
boat. The chamber was pumped down to approximately 
2 • 10 -6 Tort  and then oxygen gas was introduced 
into the chamber. A glow discharge in the oxygen gas 
(white color) was produced by applying the rf power. 
Then power was supplied to the boat to evaporate the 
metal. The growth of the ultrafme metal  oxide particles 
in the glow discharge of oxygen gas was easily detected 
with the observation of the discharge color tu rn ing  to 
purple (in the case of t in  oxide) from white. 

When the boat tempera ture  was stabilized, a shutter  
was opened to deposit the ultrafine metal  oxide 
particles on the substrate. The deposition was cont in-  
ued for several minutes,  depending on the desired 
thickness of the final ultrafine particle film. 

The metal  oxides deposited on the substrate were 
significantly dependent,  both physically and chemically, 
upon the oxygen gas pressure in the vacuum chamber. 
Most of our studies were with Sn as the metall ic re- 
actant  and are thus the principal  subject  of this report. 
Evaporat ion of Sn metal  yields a film consisting of a 
mixture  of SnO2 and SnO for oxygen gas pressures 
between 0.1 and 10 Tort. It can be seen that  no peaks 
from t in metal  ultrafine particles exist in  the x - ray  
diffraction spectrum, indicat ing extensive chemical re-  
action be tween  evaporat ing t in  atoms and oxygen 
molecules in  the chamber. The percentage ( r )  of SnOs 
content  in the final products was estimated from the 
ratio of the intensit ies of the given x - r ay  diffraction 
lines of SnO2 (at 20 ---- 26.6 ~ and SnO (at Ze ---- 29.9~ 
with the aid of a cal ibrat ion curve made from a physi-  
cal mixture  of SnO2 and SnO powders. As described 
later, the value of r was a sensit ive function of the 
oxygen gas pressure, evaporat ion temperature,  and 
activation power in  the plasma. 

The appearance of the metal  oxide ultrafine particle 
films deposited on the substrate  is also affected by  the 
oxygen gas pressure. F igure  2 shows photomicrographs, 
taken by a scanning electron microscope, of t in  oxide 
ultrafine particle films deposited at oxygen gas pres- 
sures of 0.05, 0.5, and 5.0 Torr, respectively. It  may be 

Fig. 2. Scanning electron micrographs showing the stucture of tin 
oxide ultrafine particle films deposited at three different oxygen 
gas pressures. 

seen that  the s tructure and thickness of the ultrafine 
particle films are markedly  dependent  upon the oxy- 
gen gas pressure and vary from oriented columnar  to 
spongy structures. When the oxygen gas pressure is 
less than 0.05 Torr, the ultrafine particle film has a 
smooth, flat surface with an inferior columnar  s tructure 
perpendicular  to the surface of the substrate. For oxy- 
gen gas pressures greater  than  0.2 Torr, derangement  
occurs in  the columnar  s tructure and the thickness of 
the ultrafine particle film is increased. The growth of 
the ultrafine particle film is accelerated with the oxy- 
gen gas pressure at 5 Torr, resul t ing in a spongy ap- 
pearing film with a rough surface. 

Determination of Particle Size 
An ultrafine particle film, even a single column in 

the film, consists of an agglomeration of many  ultrafine 
particles, of the order of tens of angstroms in size. The 
particle sizes and crystall ization of the ultrafine 
particles were determined first from observation with 
an electron microscope. 

Figure 3 shows an electron micrograph and an elec- 
t ron diffraction pa t te rn  of ultrafine t in  oxide particles. 

Fig. 3. Transmission electron micrograph and electron diffraction 
pattern of ultrafine tin oxide particles. 
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One may  see the spotty diffraction rings, indicat ing 
that the ultrafine parUcles are crystall izea well. This is 
consistent with the observation of flat crystal faces in  
the micrograph. Microcrystallites consisung o~ octa- 
hedra and t runcated  octahedra are clearly e v i d e n t  
(9). The dis tr ibut ion of sizes of the ultrafine particles 
is log-normal .  The sizes of 185 particles on the micro- 
graph were measured by a ruler,  and the result  is 
shown in  Fig. 4 in  a size dis tr ibut ion histogram. The 
calculated curve of the log-normal  dis t r ibut ion is also 
shown with a solid line. The median  particle size (4) 
D is calculated from the data to be 152A, 

The determinat ion of particle size dis t r ibut ion by the 
electron microscope may be accurate and precise, but  
is very tedious. It  is found that  the mean  particle size D 
of the ultrafine particles can also be estimated from the 
broadening of the l ines in  the x - r ay  diffraction spec- 
trum, by  applying Hall 's equation (11) 

~coso i sino 
- -  _ + 2e [1] 

D 

where ~ is the wavelength  of x - r ay  used (in this case, 
i = 1.5404A), # is the width of the l ine at the half-  
m a x i m u m  intensity,  and e is the degree of crystal dis- 
tortion. The estimated values of D and e (for the same 
sample observed in the electron microscope) were D = 
160& and e -- 3 X 10 -3, respectively. This means 
particle size D is in  good agreement  with the value of 
the median  particle size D measured using the electron 
microscope. Thus, we can determine the size of the 
ultrafine particles by means of the x - r ay  diffraction 
lines, instead of the tedious method by  the electron 
microscope. We used the x - r ay  diffraction method for 
fur ther  size measurements  of ultrafine particles in de- 
posited films. 

Particle Size Dependence on the Oxygen Gas Pressure 
Figure 5 shows the curves of the D values for u l t ra -  

fine t in  oxide particles de termined from the x - r ay  
diffraction spectrum as a function of oxygen gas pres-  
sure under  the evaporat ion conditions of the evapora-  
t ion tempera ture  T _-- ll00~ the rf power RF ---- 0 
wat t  (i.e., no plasma),  and the distance between the 
evaporat ion source and substrate L = 7 cm. Similar  
results were also obtained with different T and L. 
The results shown in Fig. 5 indicate that  the growth 
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Fig. 5. The mean particle size D of SnO~ particles as a function 
of oxygen gas pressure. 

rate dependence of ultrafine particle films of SnO2 on 
oxygen gas pressure (P) can be expressed by 

D = kP  1/2 [2] 

where k is a constant de termined by T and L. 
The growth mechanism of ultrafine metal  oxide 

particles on the substrate  is not yet  well understood, 
even though a mutua l  collision-coalescence of particles 
and a complicated chemical reaction of the oxidation 
be tween meta l  atoms and oxygen molecules have obvi-  
ously occurred dur ing  the deposition. Therefore, we 
cannot propose a model to explain the subl inear  de- 
pendence of the particle size on the oxygen gas pres-  
sure. 

Evaporation Conditions for Tin Oxide Films 
As already mentioned,  the composition of the film of 

the ultrafine t in oxide particles (i.e., SnO2 and SnO),  
as revealed by the x - r ay  diffraction analysis, is ma rk -  
edly dependent  on the evaporat ion conditions. Figure  
6 shows the values of D and r as a funct ion of the 
distance L between the evaporat ion source and sub-  

N : 185 

D= J52~, 

4 C - -  

20 

0 
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80 160 240 320 400  

D I A M E T E R  (4 , )  

Fig. 4. A histogram of the particle size of tin oxide (shaded). 
The solid curve represents a log-normal distribution calculated for 
x = 152, cr 1.4. 

strafe, for two evaporat ion temperatures  of 1100 ~ and 
1350~ For evaporat ion temperatures  below ll00~ 
the values of D and r are essentially independent  of 
both T and L, (Dsno2 ---- 40A and r ---- 16%). For T > 
ll00~ the values of D and r are increased with in-  
creasing T and  L, showing an  increase in  the content  
of large SnO2 particles in  the film with T and L. The 
measured tempera ture  of the oxygen atmosphere for 
different values of L are also plotted in  Fig. 6. These 
tempera ture  profiles show that  in  the case of T ---- 
1350~ the oxygen gas at L ~ 7 cm is heated enough 
for the conversion of SnO to SnO2 (the conversion 
easily occurs above 170~ as described later) .  Thus, the 
increase in  the values of both D and r is caused by the 
reaction in  the oxygen gas. If SnO -* SnO2 is the se- 
quence of the reaction of the evaporat ing metal  
particles with the active oxygen gas, this reaction 
would be favored by the particles t ravel l ing longer 
distances, i.e., large D and s would result  for large L. 
The heated oxygen gas may be active at the evapora-  
t ion tempera ture  of 1350~ When an rf field is ap- 
plied, the oxygen plasma gas should be very  active for 
oxidation even at a lower temperature.  This has been 
examined for T ---- ll00~ 

The rf  power (RF)  was varied from 0 to 500W. 
Figure 7 shows the dependence of D and r on the rf  
power. The mean  particle size Dsno2 of SnO2 particles 
in the film increased from 40 to 52A as the rf  power 
was increased to 150W, and the percentage of SnO2 
progressively increased from 16 to 66%. The values of 
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Fig. 6. The mean particle size D of tin oxide particles and the 
percentage r of SnO2 content in films as a function of the distance 
1. between the substrate and source. The tin oxide particles were 
prepared at temperatures T = 1350~ and 1100~ 

D and r increased l inear ly  with rf power up to 100W 
and, for rf power greater than 150W, the values of D 
and r were almost constant (D ~ 50A and r N 70%). 
The temperature  of the oxygen gas slightly increased 
during the operation of the rf discharge, less than 150~ 
even with an rf power of 500W, therefore, the growth 
of SnO2 ultrafine particles could not be a t t r ibuted 
solely to the temperature  rise of the oxygen gas. Thus, 
the oxidation of SnO ultrafine particle is promoted in 
the active oxygen gas plasma even though the oxida-  
t ion is not completed; the value of r is sa turated at  
67%. To obtain a pure  SnO~ film with D -- 52A, a n -  
o t h e r  t rea tment  was necessary. 

In  order to unders tand  the conversion of SnO to 
SnO2, we have studied the thermogravimetry  (TG) 
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Pig. 7. The mean particle sizes bsno2 and Dsao and the per- 
centage s of SnO~ content in films as a function of rf power (RF). 

and differential temperature  analysis (DTA) of the 
film in air. Two samples prepared under  the following 
conditions were tested. 

Sample No. 1 P --_ 1 Torr, T -- ll00~ R F  -- 150W, 

r ---- 6 6 %  

Sample No. 2 P = 1 Torr, T _-- ll00~ R F  -- 0W, 

r = 16% 

Figure 8 shows the TG and DTA curves obtained with 
the tempera ture  rising at a rate 10~ The results 
show the complete oxidation of SnO to SnO2 at 300~ 
This is confirmed by the x - r ay  diffraction analysis. 
The SnO is stable below 150~ As the temperature  is 
raised, the DTA curve shows an exothermic band, be-  
tween 1700 and 300~ with the peak at 220~ showing 
that  the oxidation of SnO to SnO~ occurs in  this tem- 
pera ture  region. The TG curve shows an increase in  
weight, in  the same tempera ture  range, also indicat ing 
the oxidat ion of SnO to SnO~. On the basis of these 
observations, we could say that  the conversion of SnO 
to SnO2 by means of the hea t - t rea tment  is dependent  
on the ini t ial  value of r. To confirm the oxidation of 
SnO to SnO2, the ultrafine particle films prepared were 
annealed at various temperatures  up to 250~ Each 
sample was held for 30 min  in  air at the given tempera-  
ture. The results obtained are shown in Fig. 9. 

For  the ultrafine particle film prepared under  no 
plasma ( R F  = 0W) (Sample No. 2), the values of D 
and r increased progressively with anneal ing tempera-  
ture, to a ma x i mum of D -~ 70A and r ---- 84% which 
did not fit our requirements.  Because, in detecting com- 
bust ible  gases, the t in  oxide film comprising 100% SnO2 
ultrafine particles (i.e., r _-- 100% ) has high sensit ivity 
as compared with the film comprising mixed SnO- 
SnO~ ultrafine particles. It is also found that  there is 
an opt imum particle size for the gas sensing film. 

On the other hand, the samples deposited under  RF 
---- 150W (Sample No. 1) convert  completely to pure 
SnO~ with only a small  increase in size (from 52 to 
56A at 250~ Observation of the annealed  ultrafine 
particle film with the scanning electron microscope re-  
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vealed  the co lumnar  s t ructure.  Thus, the film s t ruc ture  
is not  a l te red  by  the annealing.  Because the  D-va lues  
of SnO2 and SnO ultraf ine par t ic les  grown at  1100~ in 
RF ---- 15OW are  less sensi t ive to deposi t ion conditions, 
good rep roduc ib i l i t y  was obta ined  for the  film. 

Summary and Conclusions 
We have developed a p rocedure  for  p repar ing  a 

co lumnar  s t ruc ture  film of ~nO2. A film compris ing 
100% SnO~ par t ic les  about  50A in size was real ized 
wi th  a high r ep roduc ib i l i t y  by  the fol lowing procedure.  

An  in i t ia l  deposi t  of mixed  SnO-SnO2 ul traf ine 
par t ic les  was p repa red  in an oxygen  gas p lasma wi th  
an rf  power  input  of 150W, subsequent  hea t ing  of this 
deposi t  a t  250~ in a i r  for 30 rain fu l ly  conver ted  the 
film to SnO2 wi thout  significant par t ic le  growth.  This 
film m a y  serve as a h igh ly  sensi t ive gas sensor. 
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On the Kinetics of the Thermal Oxidation of Silicon 

III. Coupling with Other Key Phenomena 

William A. Tiller 
Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

A new model  of t r ans fo rmat ion  is proposed  which  leads  to a much reduced 
excess free energy  storage.  Sil icon is t r ans fo rmed  to a -c r i s toba l i te  plus in t e r -  
s t i t ia l  Si  ions. Subsequent  oxida t ion  of these in ters t i t ia ls  produces  r ap id  
dis tor t ion of the la t t ice  and speedy t rans format ion  of the  s t ruc ture  to vi t reous  
silica. The model  al lows a sa t is factory  qua l i ta t ive  exp lana t ion  of both  the  or i -  
en ta t ion  and t empe ra tu r e  dependence  of ox ida t ion-enhanced  diffusion (OED),  
ox ida t ion - induced  s tacking faul ts  (OISF) ,  in ter face  s tates  (Nit), fixed oxide  
charge (Qf), oxida t ion  veloci ty  (V),  oxide dens i ty  in terface  s to ichiometry  
(SiO=), and  sil icon in ters t i t ia l  pa r t i t ion  coefficient (k i ) .  

In  Pa r t  T (1) of this series a genera l  overv iew was 
given of the  pa r t i t ion ing  of the to ta l  dr iv ing  force for 
the oxida t ion  process into the key  pa ra l l e l  subpro-  
cesses. At ten t ion  was focused on the free vo lume sup-  

K e y  words: semiconductor processing, thermodynamics,  point 
d e f e c t s ,  s i l i c o n  dioxide, interstitials. 

p ly  condit ion needed  to susta in  such a t r ans format ion  
and on t h e  specific mechanism ava i lab le  for  free volume 
generat ion.  In  P a r t  I I  (2), the  t r anspor t  subprocess 
was pred ic ted  to be electr ic  field and or ienta t ion  de-  
pendent  and to involve  charged  as wel l  as neu t ra l  
species. The excess free energy  subprocess due to the  
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large molecu la r  volume difference be tween  S i ,and  SiO~ 
was shown to dominate  the  Si/SiO2 oxida t ion  and to 
lead  to a possible in ter face  s t ruc ture  where in  a cross- 
grid of ex t r a  ha l f -p lanes  t e rmina ted  at  the Si side of 
the Si/SiO2 interface.  P ropaga t ion  of the  in ter face  to 
the  Si phase requ i red  continuous r emova l  of these ex t ra  
atoms via  one of severa l  mechanisms.  

Associated wi th  the  oxidat ion  process in Si, there  a re  
a number  of o ther  phenomena  tha t  beckon for unde r -  
s tanding.  There  is the ox ida t ion-enhanced  diffusion 
(OED) phenomenon (3-6),  the ox ida t ion- induced  
s tacking faul t  (OISF)  fo rmat ion  phenomenon  (5,7) ,  
plus the in terface  charge  (Nit) and fixed oxide charge 
(Qf) phenomena  which al l  need to be unders tood in 
re la t ionship  to the oxida t ion  process. One would  also 
wish to unders tand  the i r  or ienta t ion and t empera tu re  
dependences.  

The p r i m a r y  purpose  of this pape r  is to p resen t  a 
new way  of looking at  the  oxida t ion  process tha t  a l lows 
one to qua l i t a t ive ly  exp la in  a l l  of the  foregoing phe -  
nomena wi th  thei r  associated or ienta t ion  and t empera -  
ture  dependences  as well  as the or ien ta t ion  and t em-  
pe ra tu re  dependence  of the oxidat ion  velocity,  V, the 
in terface  oxide  density,  and  the in terface  s toichiom- 
e t ry  SiOx. Some quant i ta t ive  assessment  of these phe -  
nomena is given as well. 

Analysis 
Structural model oJ phase change.--Let us first con- 

s ider  wha t  c rys ta l l ine  phase of SiO2 would  be the 
best  match  to cont inuously  t rans form Si in the <100>  
direction. We shal l  assume tha t  the sys tem selects tha t  
phase which lowers  the excess free ene rgy  con t r ibu-  
tion, AGE (1, 2), the  most, and then we shal l  look at  
the consequences of this choice and this approach.  

The SiO2 molecular  volume increases f rom #-quar tz  
(38.8A~) to ~-cr is tobal i te  (43.6A8), f l -cr is tobal i te  
(45.3A~), and then to t r idymi te  (52.0A 3) compared  to 
the  atomic volume of Si (20.0A~) and vi t reous  sil ica 
(44.5A3). Transformat ion  of the  Si phase to these SiO2 
phases requires  massive reconst ruct ion except  for  the  
cr is tobal i tes  and the vi t reous  phase. Direct  in t rus ion  
of O atoms be tween  each S i -S i  bond in the  Si la t t ice  
creates the  /~-cristobalite la t t ice  under  a compressive 
s t ra in  of 31%. S imi la r  d i rec t  format ion  of v i t reous  
SiO2 f rom the Si la t t ice  resul ts  in an amorphous  film 
under  a 30% compressive strain.  However ,  the  direct  
format ion  of ~-cr is tobal i te  seems to offer a po ten t ia l ly  
much lower  va lue  of AGE. 

Consider  the (100) face of the  Si uni t  cell  and  the 
(100) face of the t e t ragona l  a -cr i s tobal i te  uni t  cell 
whose project ions  are  shown in Fig. 1. In  the Si uni t  
cell  we have 8 atoms. By comple te ly  removing the 4-Si  
atoms at  the Ya and 3/4 posit ions and s l ight ly  displacing 
the other  4-Si a toms fol lowed by  oxidat ion  of these 4 

Si  

I [OOl] 

[ 0 1 0 ]  

[ oo1  
02 

02 

S i O  2 

-----.7 2 - __ " 

Fig. I. Projection of the Si and the c~-cristobalite unit ceils onto 
their (100) planes. The dashed square represents the pseudo- 
diamond cubic unit cell of ~-cristobalite. 

remain ing  Si atoms, we obta in  the ~-cr is tobal i te  uni t  
cell. This produces  a b iax ia l  tension in the film pa ra l l e l  
to the in ter face  of ~ 9 % and no s t ra in  in the pe rpen-  
d icular  direct ion because the  unit  cell  can expand  
f ree ly  in this direction.  This would  y ie ld  a s t ra in  en-  
e rgy  < 9% of tha t  genera ted  by  forming  the #-cr is to-  
bal i te  direct ly .  However ,  we sti l l  have the  4 removed  
Si atoms per  uni t  cell  to place back  into the system in 
in te rs t i t i a l  posit ions and this wil l  move the sys tem 
toward  compressive s t ra in  and wil l  increase  the  excess 
free energy.  Placing these in ters t i t ia ls  into the  Si and  
the SiO2 at  the in ter face  wi l l  s t re tch  the  respect ive  
unit  cells to vary ing  degrees depending  on the degree 
of par t i t ion ing  of these 4 ex t ra  Si a toms be tween  the 
two phases. Thus, if the m a j o r i t y  of these ex t r a  Si 
a toms en te r  the SiO2, we can expect  r e laxa t ion  to 
occur at  the in terface  such tha t  some ex t ra  ha l f -p lanes  
on the Si side wi l l  t e rmina te  at  the  in terface  (see Fig. 
2). The number  of these p lanes  per  uni t  a rea  of i n t e r -  
face wi l l  depend on the par t i t ion ing  rat io  of the Si  
in ters t i t ia ls  be tween  the two phases.  Since the  dan-  
gl ing bonds at  the in ter face  ends of these ha l f -p lanes  
const i tute  in ter face  electronic states, this is p robab ly  
the  source of Nit (8). We thus see tha t  the magni tude  
of  Nit depends  cr i t ica l ly  on the in te rs t i t i a l  par t i t ion ing  
rat io  at  the  interface.  In  addit ion,  we note  in Fig. 1 
that,  at  45 ~ to the  a -c r i s toba l i te  uni t  cell, the  s t ruc ture  
is pseudo d iamond-cub ic  wi th  a la t t ice  spacing s l ight ly  
smal le r  than  that  of #-cr is tobal i te .  Thus, the proposed 
t rans format ion  leads to a r e l a t ive ly  we l l -ma tched  
d iamond-cub ic  phase tha t  is then s t ressed in compres-  
sion by  the in ters t i t ia ls  p laced  therein.  This leads to 
an increased dens i ty  of the  in ter rac ia l  s i l icate and  to 
an in ter face  si l icate s to ichiometry  of SiOx where  x ~ 1. 
If the #-cr is tobal i te  phase  or the v i t reous  phase had  
formed d i rec t ly  f rom the Si, i t  would not  have been 
possible to obta in  this in ter face  s to ich iomet ry  or  ex -  
cess in ter rac ia l  density.  

The key  point  of this concept  is tha t  the  SiO2 form~ 
a sui table  s t ruc ture  wi th  ex t r a  atoms being placed iri 
in te rs t i t i a l  posi t ions r a the r  than  forms a s t ruc ture  
wi thout  interst i t ia ls .  We  shal l  see l a t e r  tha t  the  fo rmer  
choice is the energe t ica l ly  favorable  one. The second 
point  concerning this concept  re la tes  to the  ac tua l  
s t ruc ture  tha t  the  in terface  SiO2 takes.  There  is only  
a s l ight  preference  for a -cr i s tobal i te  over  #-cr is tobal i te  
since both  produce  ex t r a  ha l f -p lanes  of Si a t  the in te r -  
face tha t  must  end up in in te rs t i t i a l  positions. There  
is less reason to choose vi t reous  SiO2 because this  r e -  
quires  some addi t ional  d isorder ing mechanism and 
there  is no ra t ionale  for choosing which  Si a toms are  
dest ined to become in te rs t i t i a l  species. We  shal l  see 
l a te r  tha t  a mechanism exists  for  the  r ap id  t rans i t ion  
of the  c rys ta l l ine  SiO2 phase to the  v i t reous  SiO2 phase 
wi th in  a few molecu la r  dis tances of the interface.  The 
crys ta l l ine  SiO2 phase thus exists  only  as a buffer  l aye r  
be tween  the Si  and  the v i t reous  SiO2, bu t  i t  p lays  a 
crucial  role  in  the  overa l l  t r ans format ion  process. 

Poin t  de~ect thermodynamics.--Neglecting any  elec-  
t r ic  field or  s t ra in  field effects, A p p e n d i x  A gives the 

[ool] [L~. o] 

5 i02  

- - - - - -  $ i  

Fig. 2. Projection of Si/Si02 interface cross section illustrating 
the extra half-planes of Si that termlnote at the interface with 
~.r 
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chemical  po ten t ia l  of defect  species i, i = vacancy  (V) 
or  in te rs t i t i a l  ( I ) ,  in each phase  j = Si or SiO~ to be 
(9) 

[ n , j ( n s i j - - n i j * )  ] i - - V , I  

Here,  ni is the average  n u m b e r  of i -defec ts  pe r  uni t  
cell, nsi is the number  of possible  i -defec t  sites pe r  
uni t  cell, and  hi* is the average  equ i l ib r ium number  
of i -defects  g iven b y  

hi* 
: e~S~V/ke--~H,/;r [2] 

nsi ~ hi* 

where hSi V is the vibrational entropy contribution and 
AHi is the enthalpy of formation of the i-defect. In 
general, we expect hi* << ns for each phase. For Si, 
nsv : 8, nsI : 5 (10), AHv : 2.4 eV whi le  AHI ,~ 8 eV 
(11). Fo r  a-cr is tobal i te ,  nsv = 4 for  Si, O, or  SiO2 
vacancies,  whi le  nsz ,~ 15 (one I -de fec t  ad jacen t  to 
each O site in a r ing) ,  and no in format ion  is ava i lab le  
on the AH values;  however ,  i t  is wel l  known tha t  m a n y  
different  k inds  of in te r s t i t i a l  ions en te r  the  in te r s t i t i a l  
spaces in na tu ra l  ~-cr is tobal i te  so i t  is expected  tha t  
AHI wil l  be  smal l  for  this defect  in  Si02 (I0) .  Cer -  
ta in ly ,  i t  is expec ted  tha t  AHz sio~ < <  AHI si (11, 12). 
Fo r  the  vacancy  species as wel l  as the in te rs t i t i a l  
species in SiO2, one must  consider  Si, O, O2, SiO, SiO~, 
SiO3, SiO~, and (O-S i -O)n  chains as candidates .  For  
each of these defect  species, the  free energy  change 
for the phase,  AG~j, has the  form given by  Fig. 3 where  
the m i n i m u m  gives the  locat ion of the  equ i l ib r ium 
i -defec t  content,  hi* (~i* = O).  F o r  our  in te res t  here, 
we wil l  genera l ly  be in te res ted  in i -defec t  contents  far  
r emoved  f rom ni* where  AGu is no longer  negat ive,  bu t  
m a y  have  a la rge  posi t ive value.  

Since so l i t t le  is known about  poin t  defects in SiOs, 
let  us consider  the consequences of adding  la rge  n u m -  
bers  of I -defec ts  to the Si phase.  Since the  I -defects  
are  so much more  energet ic  than  the V-defects ,  the 
f ree  energy  of the sys tem wi l l  b e  l owered  b y  recom-  
b ina t ion  events  be tween  I -  and  V-defects .  If  the re  
were  no vacancy sources in the system, the V-concen-  
t ra t ion  would  be g rea t ly  reduced  un t i l  its chemical  
potential , /~v, had  been sufficiently reduced  tha t  

OG 8G 
- -  = 0 [3a]  

,On~ ,Onv 
o r  

nvnI [ ( n s - - n I ' )  ] ~ 1 [3b] 

nv*nI*  ~'n'~s ~ hi) 
Thus, since ~z wil l  be  la rge  and  positive,  #v wil l  be 
l a rge  and negat ive.  At  this  point,  the recombina t ion  

0 

hGi j  

nij - -~  

Fig. 3. Excess free energy of formation, AGij, of i-type defects in 
phase j as a function of number of defects per unit cell, nij. 
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process no longer  lowers  the  f ree  energy of the  sys tem 
and i t  w~ll stop. This leaves us wi th  nz ~ >  ni* and nv 
< <  nv*. In general ,  we can expec t  two or three  types  
of vacancy  sources in the  system. The first is the  smal l  
voids in the  Si c rea ted  by  vacancy  supersa tu ra t ion  due 
to in i t ia l  cooling of the  crys ta l  f rom the mel t ing  t em-  
pera ture .  This should give a to ta l  potent ia l  vacancy 
supp ly  of ,~ 10tS/cm 3 (i.e., al l  those formed at  the 
mel t ing  point ) .  The second is dis locat ion lines which  
can cl imb in a di rect ion so as to gene ra t e  vacancies 
( to ta l  po ten t ia l  supp ly  < 1014/cm z, i.e., ,~ 103 l ines /  
cm ~ X ~ 4 X 107 s i tes / l ine  • ~2500  cl imb s teps /s i te ) .  
The th i rd  is the Si/SiO2 in te r face  where  vacancies  in 
the SiO2 la t t ice  m a y  t r ans fe r  to the Si phase. Depen~d- 
ing on the kinet ics  of supply  of vacancies f rom these 
sources, the vacancy concentra t ion  of bu lk  Si m a y  or 
may  not  be reduced  to levels  such tha t  Eq. [3] is sa t i s -  
fied. 

The p robab i l i t y  of in te rs t i t i a l  annihi lat ion,  PA, is 
given b y  the  produc t  of P w  = p robab i l i t y  tha t  a v a -  
cancy is in a ne ighbor ing  si te  and P j  = p robab i l i t y  o~ 
a net  j ump  into the vacant  site. Thus, since there  a re  6 
possible la t t ice  sites in the  r ing  sur rounding  each in t e r -  
s t i t ia l  site, we have 

v 
PA = 6 X v - -  e-eA*/kv(1 --  e-r - ~v)/kT) = PA,nv [4] 

6 

where  Xv is the f ract ion of vacancies,  PA' = PA/8, v 
is the v ib ra t iona l  frequency,  and  QA* is the ac t iva t ion  
ba r r i e r  be tween  the r ing center  and a la t t ice  site on 
the ring. The different ia l  equat ion governing  the in t e r -  
s t i t ia l  content  is 

On, 
DiV2ni --  PA'nvni = -  �9 [5] 

0t  

While  tha t  govern ing  the vacancy  content  is 

DvV2nv --  PA'ninv + Qv s = 0nv [6a] 
0t 

where  Qv s is the vo lume source supply  ra te  pe r  uni t  
cell  of Si. The s t reng th  of this vacancy  source is given 
by  (13) 

Qv s _ Av s v. e-es*/kT [fV s _ Xv e(~v - ~)/kT] [6b] 
,~2/8 6 

where  ~ is the atomic volume of Si, Av s is the act ive 
a rea  of the  vacancy  source, fv s is the  f rac t ion of sur -  
face sites f rom which  a vacancy  can be in t roduced  into 
the Si wi th  ac t iva t ion  energy  Qs*, and  5g is the  energy  
change of the  source due to the  loss of one vacancy,  
i.e. 

( d E v  s ) 2 .7  
B E =  ~ ~ r =  r [Oc] 

for a spher ica l  source of rad ius  r and surface  ene rgy  "v. 
In  Eq. [6b], ~v is negat ive.  

Interstitial partition coeI~cient.--The equi l ib r ium 
par t i t ion  coefficient, ki*, be tween  the  concentra t ion of 
in te rs t i t i a l  species in SiO2 at  the  in ter face  to the  con- 
cen t ra t ion  in Si a t  the  in ter face  wi l l  be  de t e rmined  b y  
the qua l i ty  of the  e lec t rochemical  potent ial ,  ~I, of this 
defect  species, Sir, in each phase  at  the in ter face  

nz sl -- ~z si~ at Si/SiO2 [7] 

Neglecting any electric field or strain field effects, Eq. 
[1] is inserted in Eq. [7] with ~i : ~i. It should be 
noted in Eq. [1] that the value of n~j* is dependent on 
the actual conditions applying at the interface; i.e., on 
thermal expansion stresses, disregistry stresses due to 
interracial orientation constraints when one alters the 
Si orientation, and on the presence of electric or macro- 
scopic stress fields. Thus, in general, ~z =~ ~. These 
refinements will be considered as second-order effects 
for this paper; however, it should be recognized that 
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there will  undoubtedly  be some circumstances when 
they may become first-order effects. 

We are actual ly interested in  the nonequi l ib r ium 
part i t ion coefficient, ki, for the I-defect  at the interface. 
The ini t ial  I-defects can be thought  of as being created 
in the ~-cristobalite lattice by the breaking of Si-Si  
bonds ( thermal ly  activated process) so that  the corner 
Si atoms are free to become SlOe while the 4 inner  Si 
atoms become I-defects. The ent rance  of the I-defects 
into the Si side of the interface then involves an activa- 
tion step because the enthalpy of formation of the I-  
defect in Si is expected to be much higher t han  in SiO~ 
(11, 12). This is conceptually i l lustrated in  Fig. 4. Ac- 
tually, instead of the two-step process proposed above, 
the process of I-defect  par t i t ioning is a single-step 
process which is out l ined mathemat ica l ly  in Appendix 
B. However, because the two-step process is more 
tractable mathematical ly  at this stage in  our unde r -  
standing, we shall  utilize it. 

For  the two-step process, a chemical potential  dif-  
ference, ~ I ( V ,  ~), develops be tween the I-defects on 
the SiO2 side of the interface compared to the I-defects 
on the Si side of the interface in order to supply I-  
defects to the Si at a rate determined by the oxidation 
rate, V. This can be thought of in analogy with water  
t r ickl ing through a leaky dam; the higher the water  
level, the greater the leak rate. As indicated in Ap-  
pendix B, this leak rate is expected to be a function of 
orientation, e, because the activation bar r ie r  existing 
right at the interface in Fig. 4 is expected to be a func-  
tion of orientation. It  is also expected to be a function 
of interface velocity, V, since the flux, Jn,  of I-defects 
into the Si depends on V. Using classical reaction rate 
theory for the two-step process (see Appendix  B), 
we expect to find 

JI1 ~ Ae--Q(e)/kTe+ Au/kT [8a] 

where A is a constant  with a slight or ientat ion depen-  
dence for a given n u m b e r  of I-defects in  the SiO2 and 

Q(e) : ~HI si + Q*(e) - ~Hi siOs [85] 

(see Fig. 4). Thus, instead of Eq. [7], for the zero 
interface field case we must  use 

A#(V, e) '-~ ~I $i --" #I siO~ [9] 

to determine the nonequi l ib r ium interface par t i t ion co- 
efficient, ki (V, e). 

Utilizing Eq. [9], [7], and [1], ki is given by 

hi2 (0) fl 
k i ( V , o ) - - - -  = [ ,.)] n n  (O) 1 + ~ -- 

[10a] 

where the subscripts 1 -= Si and 2 - SiO2 and where 

[ l = nz~*/ns..__..._~l ] n~* [~(V,o)/kT] [lOb] 
fl = 1 - -  nm * /ns2 nn*  exp 

In our case, nn*/nsl << 1 and probably nis*/ns~ << 1 
as well  so that  the first t e rm on the r ight  of Eq. [10b] 
is ~1. From Eq. [8a], we also note tha t  # r Jix. Al-  
though we do not  have any informat ion on ~ ( V , ~ )  or 
on n~2*/nn*, we can evaluate ki in  terms of #. In  Fig. 
5, plots of k~ and n~e(O) are given as a funct ion of 
nn(O)/ns~ for a range of ~-values. We note that  ki de- 
creases from its sa turat ion value of , ~  a t  very  small  
values of n n ( O )  to an inverse  dependence on n n ( O )  
at large values of n n ( O ) .  We note from the previous 
discussion that  ni~(O) = k~nn(O) increases toward 
its u l t imate  value of 4 per uni t  cell of Si t ransformed as 
n n ( O )  irrcreases and at a rate less than linear. 

If we make the approximat ion that  nm(O) ~ 4 in  
the derivat ion leading to Eq. [10a], then we are led 
to the result  that 

s, e, i '  
8 '  

t 
AH I 

SIOo 
AH I " , 

SiO 2 

"aH I  s l+  Q~(O,) 

Si 
- A H  I 

o 
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Fig. 4. Schematic illustration of the enthalpy of formation, ~HI, 
for l-defects as a function of distance from the interface. Also in- 
cluded is the interface barrier for two different Si wafer orientations 
01 and ~ .  

( , , )  4 
ki~F I - - - -  + [11] 

~s2 nsl 

since ki ~ 4/7~11(0). Thus, in this limit, from Eq. [Sa] 
and [10a], we see that ki cc Jn .  For this same approxi-  
mation, we shall  find the excess free energy stored in 
I-defects, AGE, to be given by (see Appendix A) 

"1- (rt's=--4) l l l ( n s ~ = ' )  } n s ' 2  [12a] 

mkT{4 In (4/ni2") + 11 In (11/15)} [12b] 

assuming that  ns2 = 15 for ~-cristobalite. For  nn*  = 
10 -2 and  10 -4, this amounts  to values of AGE ~ 6.5 
and 12.4 kcal/mole,  respectively, at ~ l l00~  Thus by  
the type of s t ruc tura l  t ransi t ion involving interst i t ials  
proposed here ra ther  than a direct t ransi t ion wi th  no 
interstit ials,  the value of AGE is reduced from ~150 
kcal /mole to ~20 kcal /mole  for this step in  the process. 

Interstitial conservation condition.--There are 4 Si 
atoms per un i t  cell of Si t ransformed that  become 

lO 5 ~ 5 

104 

10 2 ~ =  2 x 10 2 r - ~  
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Fig. 5. Plot of kI and nz2(0) = kinn(O) as a func.tion of 
nn(O)/ns2 for several values of the parameter/~. 
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I-species. Thus, the interface conservation condition is 
given, on an Si un i t  cell basis, as 

4V 
' = Jn -- JI~ [13a] 

Xo3 
where ~o is the un i t  cell size of the St. Neglecting any  
interface field effects, this becomes 

4V D u V n n  Vnn D~Vnm Vn~ 
X-~- -- Lo 8 },o---- ~ + ~ b ~ [13b] 

Here, DIj is the inters t i t ia l  diffusion coefficient in  the 
j-phase.  F rom Eq. [13b] 

D n  [nn  (O) - -  n n  (z1*)  ] 
[ 4 -  ( k I -  1 ) n n ( O ) ] V ~  

X l *  

Dis [ha (O)  -- n,s(x~*)]  
+ [13c] 

where xj* is the characteristic diffusion length  in  the 
j-phase.  In  Eq. [13bland [13c], drift  of the inters t i t ia l  
species in ei ther an electric or a stress field at the 
interface has been neglected. In  phase 2, subsequent  
oxidation of the I-defects tends to fill the inters t i t ia l  
spaces with SiO complexes. This increases the forma-  
tion energy and decreases the diffusion coefficient of 
the I-defect  with increasing distance from the in te r -  
face. Thus, an interface field effect must  real ly  be in -  
t roduced to model J~. Diffusion in this phase extends 
only  a short distance (xs* -- t5A-25A) before it  is 
almost completely stopped and D~2 has dropped to very 
small  values. This leakage into the region ]x[ > Ix~*l 
is the l imit ing value of Ji2 -- (Vnis/ko~). The value of 
xl* ~ ~/xDn$ should be used for semi-infini te  Si 
and x~* ~ l for an Si slab of thickness 2/ at times 
t ~ 12/~Dn. 

From the earl ier  discussion, it is clear tha t  nix(O) 
and ki are functions of time, especially since J n  and 
V are functions of time in the oxidation process. In  
the l imit  where almost all  of the I-defects remain  in  
the SiO~, k1 cc J n  from Eq. [11] and n n ( O )  ---- blJn 
where b is an or ien ta t ion-dependent  constant. With 
this approximation,  the flow of interst i t ials  into the 
Si can be uncoupled from the flow into the SiO2 and 
we can treat  each phase in  turn.  For  the SiO2 phase, 
we choose Jn << --JI2 in Eq. [13a] and let 7ti2(O) 

4. For the Si phase, we choose n~2(O) ~ 4 and let  
k~ have the value given by Eq. [11]. Fol lowing this 
procedure, we can consider t ime-dependen t  events in  
each phase. 

Consequences ]or the Si-phase.~The I-defects par-  
t i t ioned into the Si slab of thickness 2l will  diffuse 
into the bu lk  Si and some wil l  recombine with va-  
cancies to deplete the population. At short times, Eq. 
[5] wil l  govern the diffusion of the I-defects subject  
to the conditions (i) n~ = 0 at t ---- 0 for all x, (it) 
On~/Ox =- 0 at x ---- 0 for all t, and (iii) J = Jn from 
Eq. [8a] at x ---- _+I for all t. Init ially,  let us assume 
that PA' = 0 (no inters t i t ia l  sinks) and look for a 
solution in  the t ime domain t ~ 10 ~ sec. In  this t ime 
domain, diffusion in a slab l ,~ 10 -1 cm with DI --~ 10 -5 
cm2/sec is almost complete. If we assume that  dif-  
fusion is complete, then we have the average slab 
I-defect concentration, n n  

ni l  ~ ni l  (O) = -~ -  Jndt" [14] 

which leads to 
dnn (0) Jn 

dt I 

Combining Eq. [I] and [9] with [8a], we find that 

Jn --_ Ae-a(8)/~r [ (n~,/nn) (n~/nsl)ns~ ] 
(ni~*/nn----------*~ (ns----~ ---- n~----) [16a] 

which yields 
4 [ ns2 (RII*/R~I2*) ] 

nll (O) ~-- Ae -Ct(e)/kT [16b] 

Inserting Eq. [16a] into Eq. [15] leads to 

8Ae-Q(~ [ ns2(nn*/ni2*) ] 
n n 2 ( ~  ~- / ' ( - ~ 2 - - ~  t [171 

Thus, in the time domain t ~ to ,~ 0, nn(O) increases 
as t'/2 provided we neglect recombination events with 
vacancies or other sinks. Incorporating the effects of 
such events will decrease the t ime exponent  in  this 
relationship. 

To incorporate the effect of vacancy recombinat ion 
events, let us assume that  PA'nV in  Eq. [5] is indepen-  
dent  of x and is a slowly varying  funct ion of t. Then, 
following Carslaw and Jaeger (14), we find our  new 
I-defect  content  in  the Si, n n  t, to be given by  

, ~ ' t - - to  
nil t = nne-V~'~vCt-to) ..~ PAI~Jj ~ll(t')e-P*'nv~'dt ' 

[18] 
where nil (t) is given from Eq. [17]. 

Because nv has been so strongly decreased in  the Si 
close to the oxidizing interface, vacancies flow in from 
the bulk  Si to reduce nv close to the interface. This dif- 
fusion of V-defects along subst i tu t ional  sites produces 
a type of "vacancy wind" which moves subst i tu t ional  
solutes deeper into the St. The movement  of I-defects 
deeper into the Si also produces an "interst i t ial  wind" 
of s t rength proport ional  to Jn .  The analogue for this 
wind effect comes from electromigrat ion exper iments  
where the momen tum exchange between electrodes 
and lattice ions often causes movement  in  the opposite 
direction from that  expected based on ionic charge. In  
terms of the thermodynamics  of mul t icomponent  sys- 
tems, the flux, Ja, of species a is given in  terms of the 
mobilities, /P/ia, and the electrochemical potent ial  gra-  
dients, Vn~, of the various species i by (15) 

n 

J ' a -  -- ~ MiaVm [19] 
i=1 

Thus, depending on the sign of Mia and the V~i (i 
a), the diffusion of a may be greatly enhanced. Here, 
for i -= I, V~Ii cc Jn. This enhanced drift of the sub- 
stitutional species has been labeled oxidation enhanced 
diffusion (OED). We see that it arises from the inter- 
stitial flux generated at the Si/SiOs interface as a 
natural consequence of the oxidation model described 
here. 

From Eq. [18] we expect nnt to build up in the Si 
slab in a manner proportional to tp where p < Y~. At 
some time, tl, the supersaturation of I-defects will be 
sufficient that stacking faults will nucleate and begin 
to grow and Eq. [5] must then be replaced by 

DIVS~I -- PA'nvni -- QSF = 0hi. [20a] 
Ot 

where 

QSF 2~bNsF ~ dr 
= r - -  [20b] 

~'~I dt 

with NSF and r as the number  and average radius, re-  
spectively, of the stacking faults as a functions of time, 
b is the thickness of the fault, and fti is the atomic 
volume of the condensed I-defect  in St. This in te r -  
stitial s ink should deplete the supply in  the bulk  St. 
However, it is noted that  significantly changing NSF 
has a negligible effect on dr/dt (16), which suggests 
that  the interface source s t rength is so strong. I-defect 
diffusion in Si is so fast, and the bar r ie r  to a t tachment  
at the stacking fault  edge so large that  n n  (O) remains  
re la t ively unal te red  by the increased sink strength. 
Eventually,  of course, the total l ine length of stacking 
fault  increases to the point  that  the dra in  of interst i t ials  
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exceeds the supply and dr/dt must  shr ink to zero. The 
retrograde portion of the stacking fault  growth curve 
can then come about either by  cont inued vacancy 
supply from bulk sources plus from the S i / S i Q  inter-  
face or by a change in  diffusive flux of I-defects into 
the bu lk  SiO2 from the interface so that  Nm decreases. 
If the lat ter  occurs, Nn begins to decrease and I-defects 
begin to flow from the Si to the SiO~ so t'hat the stack- 
ing faults then become the I-defect  sources. 

Consequences to the SiOz.~Let  us now look in the 
opposite direction, i.e., to the interst i t ials  flowing into 
the S iQ.  It is most probable that  these will be part ial ly 
charged, but  they will not  be near ly  as mobile as those 
in the St. In fact, they may be fairly immobile  because 
of the incoming oxygen species. These interstitials,  
almost 4 per uni t  cell, will  swell the un i t  cell in  the 
direction lateral  to the interface making  the interface 
SiO~ more dense than the bulk  SiO2 (17, 18). As oxy- 
gen diffuses through the SlOe and reaches the interface 
region, it will oxidize these interst i t ial  Si ions par t ia l ly  
blocking the outward diffusion paths of other Si ions. 
This immobilized group reacts fur ther  to form O-Si-O 
polymer chains. These chains may be thought to in ter -  
connect the interst i t ial  spaces in  the diamond cubic 
s tructure unt i l  flow produces enough volume that  the 
more stable SiO~ te t rahedra may form. I t  is well 
known that SiO4 te t rahedra l ink together by sharing 
two of the four corners to form a continuous chain of 
composition (SiO~)~ (12) consti tut ing the pyroxene 
group of chain silicates. In  the amphibole group, the 
SiO~ tetrahedra are l inked to form chains having 
double the pyroxene chain width and having a compo- 
sition (Si4Oll)n. The mica group of silicates form sheet 
s tructures with hexagonal  nets which lead to a compo- 
sition of Si401.0 (12). 

Several  features are impor tant  to note about the 
proposed interst i t ial  chains. First, they may be con- 
sidered to have a range of enthalpies of formation and 
some part icular  dis t r ibut ion of chain lengths will  min i -  
mize the free energy of SiO2 (short chain lengths 
probably) .  Second, the s t ra in energy will  increase with 
the degree of advancement  of the oxidation process 
and very quickly exceed a few kcal /mole  so that  the 
~-cristobalite lattice will  quickly distort to the vi t reous-  
type structure. Third, the incompletely oxidized Si 
(chain ends) are expected to contain unsatisfied bonds 
which will  be positively charged. Since the positive 
ions occupy less space, the reduced s t rain energy 
favors the ionization. This is proposed as the origin of 
Qf. Fourth, since these chains place the uni t  cell under  
swelling stresses, there will  be a slow yielding of the 
SiOx as free volume flows into the interface region 
from the bu lk  SiO2 via viscoelastic processes (19). As 
the system yields, complete oxidation of these in ter -  
stitial I-defects become possible and they may make 
the t ransi t ion to stable SiO4 tetrahedra which com- 
pletely t ransforms the SiOx to vitreous SiO2. Thus, an 
interface layer of enhanced density and thickness, hZ, 
exists wherein  the stoichiometry is of the form SiOx 
with 1 ~ x < 2. This layer becomes a s teady-state  
condition moving with the interface wherein  new bare 
Si or SiO interst i t ials  enter  at one side and com- 
pletely oxidized interstitial chains or interstitial tetra- 
hedra exit at the other side. The point here is not to 
make a case for chains vs. partial tetrahedra, but to 
allow both possibilities at this qualitative stage. Im- 
portant thermodynamic calculations need to be made 
concerning these various interstitial defect species and 
such subsequent calculations,will allow discrimination 
between these two possibilities. A residual interstitial 
density, such as to produce a swelling stress equal to 
the SiO2 flow stress at the oxidation temperature, is 
predicted in accordance with the findings of Taft (20). 
For high pressure oxidation, this residual  densi ty effect 
will  be higher because of the decreased SiO2 viscosity 
at the higher pressure. 

An impor tant  point  to be under l ined  here is that  the 
oxidation of Si occurs via two streams. In  the first 
stream, 4 Si atoms per uni t  cell of Si oxidize directly to 
SiO2 and form the lattice of ~-cristobalite. In  the second 
stream, almost 4 I-defects per uni t  cell of t ransformed 
Si oxidize in steps as SiOx with an increased activation 
energy and decreased free energy release being associ- 
ated with oxidation as x increases from 1 to 2. The 
larger x is for this stream, the slower the oxidation 
process because of the associated s t rain energy. From 
quali tat ive theoretical reasoning, one expects x to in -  
crease from ~ 1 to ~ 2 in about 4 un i t  cell distances. 
This in terna l  swelling and flow process cannot help but  
produce a highly densified and integral  oxide. 

Temperature dependence.--As the temperature  is in -  
creased, the yield stress of the =-cristobalite is reduced 
and the system flows more easily. Thus, the stored 
strain energy due to the I-defects in SiO2 will be re-  
duced, which will  reduce a~ for the same value of 
Nm. This will cause a decrease in J n ( O )  and an in -  
creased fraction of the I-defects are part i t ioned to the 
SIO2. Since there are fewer I-defects flowing into the 
Si as T increases, the driving force for both the OED 
and the OISF phenomena must  decrease beyond a 
certain temperature  as T increases. From the work of 
Eernisse (19), we see that the critical temperature  
range for strong changes in the vitreous SiO2 flow 
properties is ~ 950~176 Thus, changes in OED and 
OISF should begin to be seen at T ~ 1000~ 

With respect to expected Qf and nit changes with T, 
since J n  (O) decreases and ki increases as T increases, 
one might expect that the total positive charge at chain 
ends would increase and that Qf should increase also. 
However, ni2 increases only very slightly as T increases 
but, because the system flows more easily at the higher 
temperatures,  the oxidation should be more complete, 
the number  of oxy-sil icon chain ends should decrease, 
and Qf s.hould decrease in accord with the results of 
Deal (8). At the higher T, the reaction between the Si 
atoms at the ends of the extra half -planes  and oxygen 
will be more rapid and, thus, more complete so that  
Nit should also decrease as T increases. Of course, the 
reactivi ty of minor  consti tuents like H or C should also 
be altered, which will, in turn,  al ter  the observable 
Nit (21). 

Orientation dependence.--We assume the same epi- 
taxial match, (100)Si//(100)SiO2, bu t  now we focus 
at tent ion on the (111) plane of Si as the interfacial  
plane and notice that it is l ined up with the (120) plane 
of the pseudo-diamond cubic cell of ~-cristobalite (see 
Fig. 1). As Herman  et al. (22) have noted, the in ter -  
face model of (100)St parallel  to (100)/~-cristobalite, 
with this lat ter  rotated by 45 ~ , is the simplest interface 
model constructable between these two phases. In  our 
case, the (lO0)Si//(lO0)a-cristobalite with paral lel  
<100> directions gives almost exactly the result  of 
Herman et al. (22). If we look into the ~-cristobalite 
pseudo cube along the <12'0> or into the B-cristobalite 
along this direction, we note easy access to the <110> 
tunnels  through the diamond cubic structure. 

Thus, for this direction, the second term of Eq. [13c] 
may be larger than for Si orientat ions where the in ter -  
face normal  is not l ined up with the t unne l  direction. 
If this is so, then n n ( O )  will be reduced and so wil l  
the OED and the OISF. We are not yet  in  a position 
to evaluate the magni tude  of this effect. The dominant  
or ientat ion effect, however, is expected to arise as a 
consequence of its influence on the magni tude  of ~. As 
V increases at fixed nm(O),  Ji1 is fixed; however, for 
fixed oxide thickness, ~i1 is reduced because it  takes 
less t ime to form this layer  and thus t, in Eq. [14], is 
smaller. For constant  diffusive t ranspor t  rate in  the 
oxide, rim(O) should increase as V increases (less 
t ransported away per un i t  film thickness) .  Thus, n i l  
should 4ecrease as V increases, bu t  a little less than  
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l i nea r ly  wi th  V. Since V increases  as Po2 increases,  a 
s imi la r  change in n n ( O )  should  develop for  increas -  
ing  Po2. In  changing the Si wafe r  or ien ta t ion  f rom 
(100) to (111), the  change in n n ( O )  arises f rom the 

fac t  tha t  V(m)  > V(i00). Thus, this effect is expec ted  
to lower  n i l (O)  for  the  ( l l l ) S i  wafers  compared  to 
the (100)Si wafers  for  f ixed oxide  thickness,  in accord 
wi th  observat ions.  

Because of the  increase  of ki for  the  ( l l l ) S i  com- 
pa red  to the  (100), Qf wi l l  increase,  OED wil l  decrease,  
and  OISF wil l  decrease.  Since la rger  k1 means  more  I -  
defects in the  SiO~, this means  g rea te r  l a t e ra l  swel l ing 
stresses as the in te rs t i t i a l  Si  becomes oxidized.  The 
increased  l a t e ra l  swel l ing stresses a re  expected to cause 
the  SiO2 at  the in te r face  to r e l ax  to a l a rge r  average  
spacing and leave  more  Si ha l f -p lanes  per  uni t  in te r -  
face a rea  on the Si side t e rmina t ing  a t  the interface.  
Thus, we also expec t  Nit to increase  for the (111) over  
that  for  the (100). 

Oxidat ion  ve loc i t y . - -Because  the  number  of I -defects  
in Si is g rea te r  for  the  (100) or ien ta t ion  than  for the 
(111) or ientat ion,  the reverse  s i tuat ion holds for the  
SiO~ phase. The g rea te r  Qf for  the (111) or ienta t ion  
means  an enhanced electr ic  field in the  oxide  for this 
or ientat ion.  Since the  Qf is associated wi th  posi t ive 
charge,  the  in ter face  region wi l l  be more  posi t ive for  
the  (111) or ien ta t ion  than  for  the  (100). This means  
tha t  the diffusion ra te  of O= ions th rough  the oxide 
wil l  be enhanced  for  the  (111) oxida t ion  compared  to 
the (100) so the oxida t ion  veloci ty  for (111) oxida t ion  
wil l  be grea te r  than  for the  (100) oxidat ion.  As shown 
in Pa r t  I I  (2), the field effects en te r  both  the  l inear  and  
parabol ic  ra te  coefficients so bo th  the  shor t - t ime  and 
the long- t ime  oxida t ion  ra tes  should be affected by  
this mechanism.  Of course, as the t empe ra tu r e  is in-  
creased, the  enhanced flow process al lows almost  a l l  
of the I -defects  to en ter  the  SiO2 phase and differences 
in  the f i e ld -dr iven  diffusion for  the two or ienta t ions  
disappear .  Thus, the  oxida t ion  velocit ies for  the  (111) 
and the (100) become almost  equal  a t  high t e m p e r a -  
tures. 

Discussion 
The most  impor t an t  concept  of this paper  is the  

format ion  of a t r ans i to ry  crys ta l l ine  SiO~ layer  conta in-  
ing in te rs t i t i a l  species. The u t i l iza t ion  of this concept 
al lows one to see how a host  of anc i l l a ry  phenomena  
can occur and be associated wi th  the oxida t ion  process. 
Considera t ion  of a direct  t rans i t ion  to v i t reous  SiO2 
wi thout  in te r s t i t i a l  species leaves one wi th  no r e a d y  
p a t h w a y  to s imply  account  for  these o ther  phenomena.  
Cer ta in ly  there  is no appa ren t  way  to see thei r  i n t e r -  
connectedness.  Since the free ene rgy  difference be tween  
any  one SiO2 phase and another  is only  ~ 2 kca l /mole ,  
which is ,~ 1%-2% of the  total  free energy  avai lab le  
for the reaction,  the choice of specific in ter face  SiO2 
s t ruc ture  is of second order  to the overa l l  process. In  
this paper ,  the  s l ight  favor i te  has been ~-cris tobali te .  

The pape r  has, for  reasons of s implici ty,  considered 
t ha t  the  Si a toms at  the ends of the  ex t ra  ha l f -p lanes  
r ema in  unoxid ized  unt i l  a f te r  t hey  j u m p  into SiO2 
in te rs t i t i a l  positions. In  ac tua l  fact, m a n y  of these 
atoms wil l  have  fo rmed  a single S i -O bond  and  some 
m a y  have  formed O-S i -O  bonds. Thus, not  on ly  wi l l  
we have Si in ters t i t ia ls  being genera ted  f rom this 
in ter face  source but  SiO in ters t i t ia ls  and some O-S i -O  
in ters t i t ia ls  as well.  Of course, this wi l l  increase  the 
in ter face  dens i ty  and the va lue  of x somewhat  in the  
overa l l  in terface  s toichiometry,  SiOx. We would  ex -  
pect  that,  in the  in ter face  react ion control  reg ime at  
low t empera tu res  or  high O2 pressures,  the  oxygen 
supersa tu ra t ion  at  the  in te r face  would  be greatest ,  so 
more  of the  t e rmina t ing  Si a toms would  be pa r t i a l l y  
oxidized, more  SiO in ters t i t ia ls  would  en te r  the  SiO2, 
and  x would  be l a rge r  for  SiOx at  the  interface.  A t  the  
o ther  extreme,  for  th ick  oxides where  diffusion con- 
t rol  is dominant ,  the  in ter face  oxygen  supersa tu ra t ion  

wil l  be smal l  and most  of the  t e rmina t ing  Si a toms 
wil l  be ba re  and wil l  en te r  the SiO2 in te rs t i t i a l  posi-  
tions as ba re  Si. Of course, dur ing  cooling to room 
tempera ture ,  the excess oxygen in the SiO2 wi l l  move 
to the interface and pa r t i a l l y  oxidize these t e rmina t ing  
Si species. 

For  the  bare  Si a toms in t e rmina l  posit ions at  the  
interface,  one might  pic ture  them wi th  dangl ing bonds; 
however,  i t  is more  l ike ly  tha t  bond reconst ruct ion  
wil l  occur and only a few dangl ing bonds wil l  exist.  
The dens i ty  of these dangl ing bonds  is l ike ly  to be 
much lower  at  room t empera tu r e  than  at  ox ida t ion  
t empera tu res  and to depend  on both the quenching 
ra te  f rom high t empera tu re  and the quenching en-  
v i ronment .  This should be governed  b y  the n a t u r a l  
bond reconstruct ion ra te  which  is expected  to be a 
function of the or ien ta t ion  of the ex t r a  ha l f -p lanes  
t e rmina t ing  at  the  interface;  i.e., i t  should be a funct ion 
of in terface  orientat ion.  We should a lways  expect  some 
bare  dangl ing bonds, even in the equ i l ib r ium recon-  
s t ruc ted  state, for entropic  reasons. Given  the differ-  
ence in bond energy,  hE*, be tween  the dangl ing  and 
recons t ruc ted  states, the  f ract ion of dangl ing bond 
sites, Xdb, in the equ i l ib r ium recons t ruc ted  s tate  is 
s imply  

x~b ~, e - ~ * / k T  [21a] 

When  some of these t e rmina l  a toms are  p a r t i a l l y  oxi -  
dized, we must  mix  the three  unique species (dangl ing  
bonds, recons t ruc ted  bonds, and oxygena ted  bonds)  
among these ava i lab le  t e rmina t ing  atoms. For  a fixed 
fract ion Xo of oxygena ted  t e rmina l  Si species, Eq. [21a] 
becomes 

X d b  " - -  (1 -- Xo) e -aE*/kT [21b] 

As Xo approaches  unity,  i t  can no longer  be he ld  fixed 
in the calculat ion and we r e tu rn  to a resul t  l ike  Eq. 
[21a], but  wi th  hE* rep laced  b y  hE* + hEB where  
hEB is the decrease .in bond energy  in  going f rom a 
ba re  recons t ruc ted  bond  to a s ingly  oxidized bond. 

The conceptual  fea tures  of this overa l l  model  a re  
expected  to be fa i r ly  represen ta t ive  of the  e xpe r imen-  
tal  r ea l i ty  for the t he rma l  oxida t ion  of Si. However ,  
much fine tuning of the model  is s t i l l  needed  to p ro -  
duce the  des i red  quant i ta t ive  match  wi th  exper iment .  
Many  significant theore t ica l  hurdles  st i l l  s tand  in the 
way  of this goal. 

Conclusions 
A qual i ta t ive  model  has been proposed  based on the 

ini t ia l  t ransformat ion  of silicon to ~-cr is tobal i te  plus 
a lmost  4 in te rs t i t i a l  Si  ions p e r  uni t  cell  of Si t r ans -  
formed, wi th  the  r ema inde r  in te rs t i t i a l  Si  ions r e -  
jec ted  into the bu lk  silicon phase. Subsequent  ox ida -  
t ion of the in te rs t i t i a l  Si ions in the SiO~ m a t r i x  p ro -  
duces r ap id  dis tor t ion and t rans format ion  of the  s t ruc-  
ture  to the vi t reous form. The fol lowing are  the  qual i -  
ta t ive  predict ions  of the model:  

1. OED, OISF, Nit, and Qf can be accounted for. 
2. The or ienta t ion  dependence  gives, in accordance 

with  expe r imen t  
ki(100) < ki(111) 

OED(~oo) > OED(xn) 

OISF(zo0> > OISF( l l l )  

Qf(le0) < Qf(lll) 

Nitczoo) < Nlt(111) 

Vczlz) > V(~oo) 

3. The t empera tu re  dependence  gives ki increas ing 
as T increases  above ~950~ so tha t  al l  the or ien ta t ion  
dependences  tend to decrease.  

4. At  the  lower  g rowth  tempera tures ,  a l aye r  of in-  
creased dens i ty  SiO2 wil l  exis t  a t  the  Si in terface  which  
wi l l  y ie ld  an increased index  of re f rac t ion  for  the  l a y e r  
in accordance wi th  expe r imen t  (17). The chemical  
s to ichiometry  of the  l aye r  wi l l  r ange  f rom a lmost  SiO 
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(slightly Si deficient) at the interface with Si to almost 
SiO~ (slightly O deficient) at the t ransi t ion with bu lk  
density vitreous SiO2 which occurs wi thin  ~-3-5 un i t  
cell distances of the interface. 

In  addition, a quant i ta t ive expression for ki has been 
derived and the I-defect content  in the Si is predicted 
to increase for short times as tp, where p < 0.5. 
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APPENDIX A 

Neutral Interstitial Partition Coefficient at the Si/SiO~ Interface 
Let the neut ra l  interst i t ial  enthalpy of formation 

in  Si and in  SiO2 be given by Atln and &HI2, respec- 
tively. In  each pnase, the entropy of the I-species, SD, 
permuted amongst tile runs avanable  interst i t ial  sites 
for m uni t  cells, is given by 

Sp -- k In [ (runs) !~(toni) l (m% -- rand !] [A- l ]  

Here, ns = 5 for diamond cubic with one atom or ion 
per site. However, in SiO~ it may  be possible to have 
more than one I-species per inters t i t ia l  site because 
the sites are so large. Thus, ns s`~ is not  ful ly specifi- 
able at this time. 

The equi l ibr ium number  of interst i t ials  per  un i t  cell, 
hi*, in each phase is given by  

nij* = eASi ~/k e-hHn/kT j = 1, 2 [A-2] 
~sj - -  ni j*  

where AS v is the vibrat ional  entropy contr ibut ion of 
the I-defects. Both nn*  and n~* are expected to be 
small  relative to nsl and ns2 and nn*  < <  n12* is also 
expected. In  our  area of interest,  large values of ni  are 
being generated at the Si/SiO2 interface and the excess 
free energy of each phase for nij > >  nij* is g iven by 
(9) 

AGex,=mkT ~ n l j l n [  n I j ( n s j - n ~ ' )  ] 
nlJ * nsJ 

for the m uni t  cells (m = N/8 for a mole of Si or a- 
cristobalite where  N = Avogadro's  number ) .  The 
chemical potentials of the interst i t ials  at  these excess 
concentrations are, in  turn,  given by 

OGexJ [ nIj(nsj-- nlj*) ] 
~I~ : - -  -- kT ln . . . . .  

Onj nij* (nsj -- nij) 
j : 1 , 2  

[A-4] 

APPENDIX B 

Interstitial Partitioning of Si 
One-step process.--Consider uni t  area of interface 

where the env i ronment  for Si I-defects is l ike that  in  
Fig. 4. The concentrat ion of the I-defects in SiO2 is 
such that a chemical potent ial  difference, A#o, exists 
be tween SiOs and Si for this species. The number  of 
Si atoms jumping  out of the interface layer  per un i t  
t ime into interst i t ial  sites in  Si -- 1 and SiO2 -- 2 is 
given by  

N s ( O )  v 
Rout -- - -  (e -Q~*/kT + e -Ol*/kT) [B- l ]  

2 6 

where Ns(0) is the average number  of atoms per uni t  

area of the interface and v is the vibrat ional  frequency. 
The numDer jumping  back into the interface layer per 
un i t  t ime • these phases is 

V' 
nin = N I 2 -  e - [ Q x * - ( A H I s + A ~ ) ] / k T  

6 
7/p 

+ NIx - -  e -  [Gx*--hHn]/kT [B-2] 
6 

The net result  arising as a result  of interface motion i s  

4V(0) 
Rout -- Rtn - -  ~ [B-3] 

where ~o is the Si unit cell size and V is the interface 
velocity. Placing Eq. [B-1] and [B-2] into [B-3] leads 

RR -- NIl ~-= e -Q*/kT [B-6] 
6 

where RL means from the SiO2 to the Si, while RR is 
from the Si to the SiO2. Therefore, the number of I- 
defects entering the Si per unit time, Jl, is given by 

J l : R L - - R R : N I 2  v ( ~--~) __ e--Q*/kT ehu/kT 
6 

[ B - T a ]  
N i2v 

~ e--O*/kT e~/kT [B-7b] 
6 

since k1-1 is very  small  and h~/kT > >  1 generally. I t  
should also be noted that  J1 is somewhat  proportional 
to V since the interface conservation condition i s  

4V 
= d l  - d~ [B-8] 

Xo s 

and the minus sign is used because J2 is in the op- 
posite direction to dl. 
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4V(e) 
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Technical 

Formation of Recombination Centers in Epitaxial GaAs 
due to Rapid Changes of the Growth Velocity 

L. Jastrzebski 
RCA Laboratories, Princeton, New Jersey 08540 

and J. Lagowski and H. C. Gatos* 
Department of Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

I t  was es tabl i shed  tha t  recombina t ion  centers  in 
ep i tax ia l  GaAs are  formed upon ab rup t  accelera t ion  of 
the  growth.  The corresponding effect of ab rup t  decel -  
era t ion of the  growth  is only  minor.  In  the  case of 
backmel t ing ,  recombina t ion  centers  are  also in t ro-  
duced, however ,  not  due to backmel t ing  itself, but  
r a the r  due to the subsequent  accelerat ion of the growth.  
The ab rup t  changes in growth  veloci ty  were  achieved 
by  corresponding changes in the cur ren t  densi ty  du r -  
ing e lec t roep i tax ia l  growth.  

I t  has been recen t ly  demons t ra ted  expe r imen ta l ly  
a n d  theore t ica l ly  tha t  l iquid phase e lec t roep i taxy  p ro -  
vides a unique means  for achieving essent ia l ly  inde-  
penden t  control  of the in ter face  t e m p e r a t u r e  and the 
growth  veloci ty  (1, 2). In  the present  s tudy we have 
ut i l ized this f ea tu re  of e l ec t roep i t axy  in the growth  of 
GaAs wi th  in ten t iona l ly  imposed control led  changes of 
the  g rowth  veloci ty  in o rder  to s tudy  the role of growth  
dynamics  in  the format ion  of recombinat ion  centers. 

In  e lec t roep i taxy  g rowth  is in i t ia ted  and susta ined 
by  passing an electr ic  cur ren t  th rough  the solut ion-  
subs t ra te  interface.  An electr ic  field, E =p J, (p is the  
res i s t iv i ty  and J is the cur ren t  densi ty)  in the solut ion 
(GaAs in the  presen t  case) causes e lec t romigra t ion  of 
solute species (As in the presen t  case) to the  in terface  
provid ing  an effective means for the mass t r anspor t  r e -  
qui red  for ep i tax ia l  growth  (1). In addit ion,  electr ic  
cu r ren t  flow leads to a change, ATp, of the in terface  
t empe ra tu r e  due to the  Pe l t i e r  effect; ATp ~ J d  where  

is the Pe l t i e r  coefficient wi th  a sign depending on the 
conduct iv i ty  type  of the subs t ra te  (n or p) and d is 
the  thickness of the substrate .  I t  is appa ren t  that  by  
using thin substrates,  cu r ren t - induced  change of the in-  
terface t empe ra tu r e  can be minimized  (down to a f rac-  
t ion of I~ and thus g rowth  can be control led  by  elec-  
t romigra t ion .  The veloci ty  (1, 2), VE = Co,~EJ/(Cs -- 
Co), (where  Co and Cs are  the equ i l ib r ium solute con- 
cent ra t ion  in the solution and in the solid, respect ively,  
and ~ is the mobi l i ty  of solute  species) can be p ro -  
g rammed  by  p rog ramming  the cur ren t  dens i ty  as a 

* Electrochemical  Society Act ive  Member. 
Key words: growth, electroe,pitaxy, current.  

function of time. The e lec t romigra t ion  flux adjusts  in-  
s tantaneously  to changes in electr ic  cur ren t  dens i ty  and 
thus the t ime- l ag  be tween  rap id  changes of J and of 
the  growth  velocity, VE, is negligible.  For  th ick sub-  
strates,  ~Tp becomes of significance (of the order  of a 
few degrees C).  However ,  the the rmal  r e l axa t ion  t ime 
of the in terface  t empera tu re  is typ ica l ly  of the o rder  of 
0.1 sec, which is m~ch longer  than  the re laxa t ion  t ime 
of the  growth  veloci ty  associated wi th  solute elec-  
t romigra t ion  changes. 

In  the  present  s tudy  control led  growth  veloci ty  
changes were  in t roduced dur ing  e lec t roep i tax ia l  
growth  of Sn -doped  (n ~ 6 • 1016cm -8) GaAs from 
Ga- r i ch  solut ion at  950~ wi th  an appara tus  descr ibed 
e lsewhere  (3). The minor i ty  ca r r i e r  l i fe t ime micro-  
profil ing in the grown layers  was pe r fo rmed  ut i l iz ing 
SEM-e lec t ron  beam- induced  cur ren t  (EBIC).  

A cur ren t  collecting Schot tky  ba r r i e r  was formed by  
evapora t ing  gold on the surface  of the ep i tax ia l  l a y e r  
cleaved para l le l  to growth  direction. As shown in Fig. 1, 
the  collection efficiency of the e lect ron beam- induced  
cur ren t  was measured  whi le  scanning the beam across 
the regions subjec ted  to changes of g rowth  velocity.  
The posi t ion of these regions (and thus the correspond-  
ing values  of g rowth  veloci ty)  was de te rmined  with  
different ial  e tching (AB e tchant ) .  

EBIC measurements  were  car r ied  out  under  p lasma 
generat ion conditions so that  the observed changes of 
collection efficiency reflect p r i m a r i l y  the changes of 
minor i ty  car r ie r  l i fe t ime and thus the concentra t ion of 
recombinat ion  centers  (a decrease in collection effici- 
ency corresponds to an increase in the concentra t ion of 
recombinat ion  centers) .  The exper imen ta l  resul ts  
showing the effect of g rowth  veloci ty  changes on the 
format ion  of recombinat ion  centers  a re  shown in Fig. 
2 and 3. 

I t  is ev ident  f rom Fig. 2a tha t  an ab rup t  increase  of 
g rowth  veloci ty  1 f rom 2 to 4 ~m/min  produces  a p ro -  
nounced min imum in collection efficiency in the corre-  

1 The change of the current  level  was brought  about in 1 msec; 
it is bel ieved that the corresponding change of growth veloci ty  
took place in approximately the same period of time. 
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Fig. 1. Schematic representation of current-controlled changes of 
the growth velocity (upper portion) and corresponding configuration 
employed in SEht-electron beam-induced current (EBIC) measure- 
ments. 

sponding transition region. Higher growth velocity 
changes (from 2 to 14 ~m/min; or from 8 to 20 #m/ 
rain) reduce the collection efficiency by as much as 
30%. It should be pointed out that the recovery of the 
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Fig. 2. EBIC microprofiles reflecting formation of recombination 
centers upon abrupt changes of growth velocity (a) and upon similar 
changes spread over a period of 10 sec (b). 

Fig. 3. EBIC mlcroprofiles corresponding to backmelting (a) and 
to abrupt changes of growth velocity without backmelting (b). (See 
text.) 

collection efficiency (concentration of recombination 
centers) following the step-like change in growth 
velocity indicates that the acceleration of the growth 
(dV/dt)  rather than the absolute value of growth 
velocity (V) is responsible for the formation of re-  
combination centers. This conclusion is confirmed by 
the results of Fig. 2b, whereby the growth velocity was 
changed from 8 to 20 ~m/min, however, not instantane- 
ously but during a period of 10 sec. In this case no 
noticeable amount of recombination centers was intro- 
duced. 

The results shown on the r ight-hand side of Fig. 
2(a, b) indicate that the effect of deceleration of the 
growth on recombination centers is about one order of 
magnitude smaller than that  of acceleration of the 
growth. 

Experiments, as discussed above, were also carried 
out with substrates of different thickness, and thus 
under different current-induced changes of the inter-  
face" temperature. No significant differences were ob- 
served from the results of Fig. 2 obtained with thin 
substrates. Apparently, changes in interface tempera-  
ture are of secondary importance compared to changes 
in growth velocity. 

Typical results regarding the effect of baekmelting 
on the formation of recombination centers are shown 
in Fig. 3. In the upper portion of Fig. 3 backmelting 
is introduced with 1 sec electric current pulse of po- 
Iar i ty opposite than required for growth. I t  is seen that  
a minimum in collection efficiency is introduced by this 
pulse. 

In order to verify whether the observed increase in 
concentration of recombination centers is caused by 
phenomena taking place during backmelting of the 
grown crystal or by the subsequent increase of the 
growth velocity to the original value of 8 gm/min, the 
following experiments were carried out. Growth was 
arrested for an extended period and then it was 
abruptly increased to 8 gm/min. In addition, the growth 
was interrupted for 1 sec and then restored abrupt ly  
to its original value of 8 #m/min. As seen in the lower 
part  of Fig. 3, the results are the same as those ob- 
tained for backraelting (upper par t  of Fig. 3). Thus, it  
is concluded that the recombination centers introduced 
into the epitaxial  layer  during backmelting are formed 
pr imari ly  by the acceleration of the growth following 
backmelting. 

in  summary, we have demonstrated the importance 
of growth dynamics, and in particular, the importance 
of the acceleration of growth in the formation of re-  
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combination centers during liquid phase epitaxy. It is 
likely that these recombination centers originate from 
point defects generated at the growth interface in re- 
sponse to abrupt increases in growth velocity (abrupt 
deviations from steady-state growth conditions). It is 
apparent that surface nucleation effects commonly con- 
sidered of no significance in the LPE process with 
slowly varying growth velocity can in fact be of pri- 
mary importance in the case of abrupt increases in 
growth velocity. The limited framework of existing 
theoretical treatments of point defect formation on 
growth interfaces (4-7) does not provide an adequate 
basis for further, even qualitative explanation of the 
present findings. 
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The Archival Stability of Tellurium Films for 
Optical Information Storage 

David Y. Lou 
Philips Laboratories, Briarc~i~ Manor, New York 10510 

Optical storage of information by means of laser 
micromachining of thin metal films is currently the 
subject of a great deal of interest (1-3). One of the 
major potential applications of this technology is the 
high density, low cost archival storage of information. 
Thus, the archival properties of the recording me- 
dium are examined. We report in this paper data ob- 
tained for tellurium films deposited on polymethyl 
methacrylate (PMMA) substrates, where the record- 
ing medium is fabricated into a protective air sandwich 
structure (2, 3). 

Experimental Procedure 
Several options exist in the choice of parameters to 

monitor the degradation of optical disks. One possi- 
bility is to monitor the degradation in the recording 
characteristics of the disk, such as the sensitivity to 
laser machining and the recovered bit error rate. This 
would yield information about the shelf life of the  
optical disk (4). Another important parameter con- 
cerns the degradation in the characteristics of a re-  
corded disk, which gives us the archival life of stored 
information. Obviously, a complete map of errors over 
the entire disk gives the most information. Such data 
are, however, also most expensive to come by. Mea- 
surements of the fundamental optical properties of the 
film material, such as reflection, transmission, or sub- 
jective appearance, undoubtedly give information di- 
rectly related to film degradation, and are much easier 
to perform (5). However, the translation of these 
properties into degradation characteristics of digital 
information is problematic, especially when the degra- 
dation is nonuniform over the disk surface. The most 
representative description of the degradation of re- 
corded digital information is the bit error rate, aver- 
aged over a meaningful portion of the recordable disk 
surface area. This is the parameter we have chosen to 
measure. 

Figure 1 shows the electronic instrumentation that 
was used to measure the bit error rate. The clock for 

Key words: aging, humidity, metals. 

the pattern generator section of the HP 3780A was de- 
rived from a Syntest frequency synthesizer for a data 
rate of 1.85 Mbits/sec. Two bit patterns were used for 
testing, a 16 bit word, 1010 101O 1010 1010 (1010//4) 
and a pseudorandom bit sequence 215-1 bits long 
(PRBS-15). The Miller modulated version of these bit 
sequences were used to drive the acousto-optic modu- 
lator in the recorder. 

The experiments were carried out on air sandwiches 
(2) assembled from two tellurium-coated disks. The 
recorder used in this series of experiments was of 
fairly standard design. Laser radiation of 633 nm was 
obtained from an He-Ne laser and modulated by an 
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Fig. 2. The air sandwich TM structure 

acousto-optic modulator. The sandwiches were mounted  
on an  a i r -bear ing  spindle dr iven by a pancake motor. 
The focusing lens was a 0.45 N.A. Zeiss objective de- 
signed for the Philips Videodisc player. The calculated 
spot size of the recording beam is 0.7 ~m FWHM. Ac- 
t ive focusing was obtained by sensing the error signal 
with an infrared side beam system, and driving the 
objective with a s tandard Videodisc type voice coil. 
The entire focusing optics assembly was mounted on 
a rectangular  Dover a i r -bear ing  sled and dr iven by a 
l inear  motor. The readout signal was obtained by 
split t ing off a portion of the laser beam before modu-  
lat ion and al igning it to trail  the ma in  recording beam 
by a few microns on the recorded track. 

Typically, each disk has four recorded bands of in-  
formation, each approximately 2 mm wide, 120 sec 
long. Recordings of the 1010//4 pa t te rn  were made 
at the inner  (75 mm) ,  middle, and outer (95 mm) radii  
of the disk, together with a PRB5-15 pa t te rn  some- 
where in between. For each recorded band, the record- 
ing parameters  were adjusted to minimize the bi t  error 
rate of the readout signal. 

After  recording, the disks were stress aged in a tem- 
perature humidi ty  oven at 45~ 95% relat ive humidity.  
Periodically, the disks were taken out, and the bit  
error rates were measured. Playback was on a modi-  
fied version of the s tandard Philips Videodisk player. 
The Miller output  from the player  preamplifier was 
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demodulated. The bi t  error rate of the recorded data 
was measured in  the error detector section of the HP 
3780A over data segments 106 bits in  length. With a 
gating t ime of 1 sec on the HP 3780A, each recorded 
band  contains approximately 100 readings. The aver-  
age and s tandard deviation of these bit  error rate 
readings are taken as the descriptor for the condition 
of the disk. 

Results 
Figures 3-5 show the data obtained for a double-  

sided sandwich, which has 300A Te coated on both 
recordable surfaces. S tandard  Glasflex PMMA disks 
were cleaned by an acetone/alcohol rinse, immersion 
in an ultrasonic detergent  bath, and deionized water 
rinse. The sandwich was bonded together with a poly- 
vinyl  chloride standoff using Oneida 102 cyanoacrylate 
as a seal (Fig. 2). Figure 3 gives the behavior  for a 
1010//4 pa t te rn  recorded at a radius of 80 mm. The 
recorded data show an ini t ia l  error rate in the mid 
10 -~ range and are stable at 45~ 95% relat ive humid-  
ity for up to 18 days, after which it  rapidly deteriorates. 
Figure 4 shows the behavior of PRB5-15 data at 87 
mm, and Fig. 5 shows the behavior of 1010//4 data at 
95 mm, on the same disk. The degradat ion in the 
fundamenta l  signal characteristics, as measured by the 
carrier to noise ratio and carrier to second harmonic 
ratio, is given in  Fig. 6. F igure  7 gives the data for a 
1010//4 pat tern  on a double-sided sandwich which has 
extensive recordings made on the opposite recordable 
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surface. The results are typical of the behavior of 
tellurium air sandwiches. 

Conclusions 
Recorded data on these tel lurium sandwich disks 

will remain stable in a 45~ and 95% relative humidity 
environment for at least 15 days. Stabil i ty is inde- 
pendent of recording radius, recorded data patterns, 
and whether recordings have been made on the op- 
posite side. At  present, extrapolation of these data to 
room ambient is uncertain. If one were to adopt the 
model proposed by Milch and Tasaico (4), developed 
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for the extrapolation of shelf-life data, these results 
imply an archival life of at least 10 years for tellurium 
sandwiches at room ambient (25~ 50% relative hu- 
midity) .  Failure of the air sandwich consists of a 
dramatic increase (several orders of magnitude) in 
the error rate, developing over a comparatively short 
time (a day or so). The direct cause of failure is ap- 
parently the development of localized defects on the 
disk. The catastrophic failure was not observed in the 
macroscopic signal characteristics, the film properties, 
or the integri ty of the air  sandwich structure. Lifetime 
data based on macroscopic optical measurements of 
transmission and reflection may well give overly opti- 
mistic results. Analogue information storage based on 
these macroscopic signal characteristics will probably 
have substantially longer lifetimes than 14 days at 
high humidity. 

Several possible pathways exist for improving the 
archival life of the tel lurium sandwich. The degrada- 
tion is pr imari ly  associated with humidity. Hermetic 
sealing of the sandwich (6), or storage at elevated 
temperatures (4), have been used successfully. Sub- 
stantial ly improved stabili ty has also been observed 
by introducing appropriate impurities in the tellurium 
film. These resu,ts will be reported in a subsequent 
paper. 
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In laboratory and field studies over the past several 
years, we have noted that in some environments the 
average tarnishing rate of silver seemed to be less 
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dependent on relative humidity (RH) than the dra-  
matic dependence that  has commonly been observed 
in the laboratory with hydrogen sulfide (1-15). We 
have also noted that  the tarnish film thickness was 
often nonuniform. These effects were especially evident 
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Several possible pathways exist for improving the 
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tion is pr imari ly  associated with humidity. Hermetic 
sealing of the sandwich (6), or storage at elevated 
temperatures (4), have been used successfully. Sub- 
stantial ly improved stabili ty has also been observed 
by introducing appropriate impurities in the tellurium 
film. These resu,ts will be reported in a subsequent 
paper. 
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In laboratory and field studies over the past several 
years, we have noted that in some environments the 
average tarnishing rate of silver seemed to be less 
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dependent on relative humidity (RH) than the dra-  
matic dependence that  has commonly been observed 
in the laboratory with hydrogen sulfide (1-15). We 
have also noted that  the tarnish film thickness was 
often nonuniform. These effects were especially evident 
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in  laboratory studies in  which sulfur  vapor was the 
tarnishing agent and in  field studies at Artesia, New 
Mexico. 

While sulfur  vapor is a significant atmospheric tar -  
nishing agent in  only a few field environments  (16), 
mercaptans and organic sulfides and disulfides can be 
more widely found as a result  of na tura l  processes and 
anthropogenic activity. Crossland et at. (11) have re- 
ported that mercaptans do not tarnish silver, but  work 
in  this laboratory indicates that  atmospheres gen- 
erated from organic sulfides and disulfides rapidly 
tarnish silver, especially in  the presence of light (17). 
Very recent ly carbonyl  sulfide, a major  atmospheric 
su l fur-conta in ing consti tuent was found to tarnish 
silver at elevated RH (18). The effect of RH on tar-  
nishing by any of these carbon containing agents is 
unknown.  

In  a paper on precious metal  alloys, Abbott  (19) 
briefly reported on the tarnishing of silver by sulfur  
at 30~ in  a flowing atmosphere. His data were sum- 
marized in  a single l inear  plot that  represented a l l  
N2-Q-SO2-sulfur-H20 environments  studied. Chiaren-  
zelli (5) claimed tarnishing would not occur in  the 
absence of moisture. We report  here the results of a 
s tudy on sulfide film uni formi ty  and humidi ty  effects, 
using sulfur  vapor as the tarnishing agent for silver 
coupons exposed in  a closed env i ronment  at room tem- 
perature and 50~ 

Experimental 
Tarnish film morphology was studied with an AMR- 

1000 Scanning Electron Microscope (SEM) in the sec- 
ondary e~ectron mode using an accelerating voltage of 
30 kV. Average sulfide film thickness was measured by 
cathodic reduction (20). Nonuniformity  in  film thick- 
ness was estimated from sulfur  (Ka) to silver (La) 
x - r ay  in tensi ty  ratios using a cal ibrat ion plot based on 
cathodic reduct ion measurements.  The x - r ay  in tens i -  
ties were measured with a Pr inceton Gamma-Tech  x- 
ray  detector and Tracor Nor thern  880 mul t ichannel  
analyzer  in conjunct ion with the SEM. 

Square silver coupons (u in. on a side) were cut 
from 0.005 in. thick Sargent-Welch silver foil. The 
coupons were cleaned and etched by two sets of suc- 
cessive immersions in  concentrated nitr ic acid and 
then ammonia,  the first set involving 10 min  immer-  
sions and the second set 5 rain immersions. Each im-  
mersion was followed by mult iple  rinses in  pure  water. 
The coupons were air dried for several hours prior to 
in i t ia t ion of the experiments.  This procedure produced 
a uniform and reproducible white matte  surface on the 
coupons. 

Sulfide films were grown on coupons suspended in-  
dividual ly  by glass hooks in  bell jars that  were ap- 
proximately 8 cm high with a diameter  of 6.5 cm. Sulfur  
vapors were evolved from a large excess of aged flowers 
of sulfur  spread across a crystall ization dish that  was 
placed at the bottom of the bell jar. The vapor pres-  
sure of sulfur  at room temperature  is approximately 
0.2 mPa (21), while that at 50~ is approximately 10 
mPa  (21). The molecular  composition of sulfur  vapor 
in  equi l ibr ium with  the solid is approximately  96% 
$8 and 4% $6 at 50~ (22). A saturated salt solution, 
pure water,  or Drierite, each contained in a 10 ml  
beaker, was placed at  the bottom of the bell jar  in 
the center of the crystall ization dish for RH control. 
The salts used were l i th ium chloride, calcium nitrate,  
and ammonium sulfate. A survey of l i terature  data on 
the vapor pressures of saturated salt solutions (23-32) 
indicated that  the RH over the calcium ni t ra te  solution 
used at room tempera ture  was approximately 51%, 
while the RH's over the l i th ium chloride, ammonium 
sulfate, and calcium ni t ra te  solutions used at 50~ 
were 11, 79, and 35-45%, respectively. 

Coupon exposures at room temperature  (23 ~ _ 2~ 
were accomplished on laboratory benches under  ordi-  
nary  fluorescent lighting. Studies at elevated tempera-  

tures were carried out in  a GCA/Precis ion Scientific 
oven that  was modified to include a Leeds and North-  
rup temperature  controller. The temperature  of the 
oven was 50 ~ _ 2~ 

Results and Discussion 
The sulfide tarnish film thickness on freshly cleaned 

and etched silver coupons that  were exposed for up to 
50 and 18 days at room temperature  and at 50~ re- 
spectively, is shown in Fig. 1 and 2 as a function of 
exposure time. The error bars indicate 95% confidence 
limits. The data confirm that  in  a closed envi ronment  
relat ive humidi ty  does not  have an appreciable effect 
on the average rate of silver sulfide formation in  the 
presence of sulfur  vapor either at room temperature  
or at 50~ The independence of the rate on relative 
humidi ty  is fur ther  evidence that the probable func-  
tion of moisture in  tarnishing by hydrogen sulfide is 
to provide a medium for the oxidation of hydrogen 
sulfide to free sulfur  (2, 10). 

The average rate of silver sulfide film formation 
(at all humidit ies)  was 0.5 A/hr  at room temperature  
and 13.3 A/hr  at 50~ Similar  to previous work, t h e  
observed l inear i ty  of the sulfiding rate at the condi- 
tions of this study indicates that  the process is con- 
trolled by  the arr ival  of sulfur  at  the silver surface 
(12, 19, 33, 34). An approximat ion for the rate of ar-  
r ival  of Ss vapor to the coupon surface was calculated 
with the equation 

S/ t  = DqCe/l 

from the cylindrical  model of Jost (35), where S is the 
quant i ty  of Ss arr iving in  t ime t, D is the diffusivi~y of 
Ss in air, 1 is the distance from the sulfur  source to the 
center of the coupon (5 cm), q is the cross-sectional 
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area of the bell  jar, and Ce is the equi l ibr ium concen- 
t ra t ion of Ss obtained from the vapor pressure above 
the solid. The model assumes an Ss concentrat ion of 
zero at the silver surface, i.e., all Ss s tr iking the coupon 
surface is consumed by silver. The diffusivity of Ss 
at room tempera ture  was estimated from the diffusiv- 
i ty of air and the relat ionship 

Dsulfur " l /  MWair 

Dair -" V ~//Wsulfur 

to be 0.036 cm~/sec. With this model the calculated 
rate of silver sulfide formation at room tempera ture  
was 0.7 A / h r  in  reasonable agreement  with the experi-  
menta l  rate. Unfor tunate ly  the diffusivity of silver in 
silver sulfide is not  well known below 90~ which 
prohibits calculating a silver diffusion l imited tarnish-  
ing rate. Parabolic kinetics have been observed at con- 
siderably higher tarnishing agent concentrat ions ( ~  1 
ppm hydrogen sulfide) (6). For ini t ia l  film formation 
rates in  excess of approximately  10 A / h r  at room tem- 
perature,  the diffusivity of silver in  silver sulfide ap- 
pears to be rate controlling. 

The morphology of the tarnish  films formed at 50~ 
under  the conditions of this study was not appreciably 
affected by the relat ive humidity,  as the micrographs 
in  Fig. 3 and 4 indicate. The high magnification micro- 
graphs in  Fig. 3 of approximately 5000A sulfide films 
exhibit  the crystal l ini ty  in  the surface film that was 
observed on the tarnished coupons. The apparent  
greater  crystal l ini ty  seen in  micrograph d relat ive to 
that  in  micrographs b and c is a result  of random 
variat ions across the coupon surfaces. 

In all cases examined, the tarnish film thickness at 
the coupon edges was greater  than  the thickness at 
the center. The micrographs in Fig. 4 show the exten-  
sive dendri t ic  growths observed at the coupon edges 
and a rapid drop in  dendri te  density immediate ly  in -  
terior to the edges. The tarnish film thickness var ia-  
tions on these coupons, as determined by the SEM/ 
x - ray  method, are summarized in Table I. The tarnish 
film thickness at the coupon centers is from 1240 to 
2940A less than the average thickness at the corners. 
The t rend toward increasing thickness away from the 
center can be a t t r ibuted  to the statistical distr ibution 
of the sulfur  diffusion paths as affected by convection 

Table I. Silver sulfide tarnish film thicknesses by S/Ag x-ray 
intensity ratio (18 day exposure at 50~ 

Thickness (A) 

Percent RH Average 
of test Four corners of the Coupon 

atmosphere of coupon corners center 

8 5770, 5770, 6500,5710 5940 3000 
51 5120,5250, 5180,5370 5230 3990 

100 5180, 5960, 5820, 5770 5680 4020 

currents  from the sulfur  source to the coupon surface. 
Most of the film thickness measurements  for the four  
corners are within 200A of the average of the corners 
and can be considered essentially identical. However, 
the corners of the coupons exposed at 0 and 100% RH 
that  exhibited thicknesses of 6500 and 5180A, respec- 
tively, are significantly different from the average. 

These nonuniformit ies  indicate that the wide scatter 
in tarnish rate data found for films analyzed by cath- 
odic reduction in  this s tudy and in  others could be at 
least par t ia l ly  caused by random fluctuations in the 
surface condition prior to tarnishing that  may be ex- 
per imenta l ly  caused but  that  would be most difficult if 
not impossible to avoid. They could also relate, in  
part, to convective effects on the sulfur  ar r ival  rates. 
Mechanistic interpretat ions  uti l izing film thickness 
data based on cathodic reduction or other averaging 
techniques may not always be as s t ra ightforward as is 
often thought. In  some cases, for example the mixed 
oxide, sulfide films that usual ly  form on copper, re-  
gional fluctuations in  the rates of competing reactions 
may  occur across the surface of test coupons. For 
silver, the variations in  sulfide thickness could result  
in  or be caused by localized mechanistic differences or 
nonuni form surface energetics bu t  do not appear to 
influence the average rate of the sulfur  l imited r e -  
action. 

Some of the previous studies of sulfidation of silver 
have documented the growth of dendrites, whiskers, or 
platelets. Drott  (3), using 2% hydrogen sulfide in  
water  saturated air at room temperature,  noted that  
the appearance of whiskers occurred s imultaneously 
with a sudden increase of the reaction rate. The 
whisker  growth was un i formly  distr ibuted and oc- 

Fig. 3. Morphology of the in- 
terior surfaces of silver coupons: 
(a) untarnished coupon; (b-d) 
coupons tarnished to a sulfide 
film thickness of approximately 
5000A at 0, 51, and 100% KH, 
respectively. 



704 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  March 198I 

Fig. 4. Dendritic growths at 
the corners of silver coupons: (a) 
untarnished coupon; (b-d) cou- 
pons tarnished to a sulfide film 
thickness of approximately 
5000A at 0, 51, and 100% RH, 
respectively. 

curred  af ter  the  format ion  of discrete  mounds  whose 
d is t r ibut ion  was unre la ted  to the gra in  s t ruc ture  of the 
metal .  I t  was suggested tha t  whiske r s  sprouted  when 
cri t ical  mound condit ions exis ted  tha t  were  brought  
about  by  mechanical  tension due to r ap id  growth.  
Backland  e t a l .  (4) and Bennet t  et at. (9) repor ted  
s imi lar  findings. 

At  the  ve ry  high ta rn ish ing  agent  concentrat ions of 
Drot t  the increase  in ta rn ish ing  ra te  coincident  wi th  
whisker  g rowth  can be a t t r ibu ted  to the sudden ava i l -  
ab i l i ty  of s i lver  in a s i lve r - l imi t ed  environment .  In  
the  su l fur  l imi ted  envi ronment  of this s tudy an in-  
creased growth  ra te  coincident  wi th  whisker  growth  
would  not  occur. The p re fe ren t ia l  g rowth  of dendr i tes  
at  the  edges indicates  that  the ra te  of a r r iva l  of sulfur  
there  was sufficiently la rge  to c rea te  a mechanica l ly  
stressed surface. The surplus  s i lver  ava i lab le  at  the 
ou te r  ends of the  easy diffusion paths  appa ren t ly  a l -  
lows whisker  g rowth  to start .  Af te r  init iation,  the 
sulfur  a r r iva l  process and the surface diffusion paths  
ava i lab le  on the  dendr i tes  would  p robab ly  be expected 
to produce  p re fe ren t ia l  g rowth  on the whiskers.  The 
average  g rowth  ra te  would  remain  l inear .  

Manuscr ip t  submi t ted  June  12, 1980; revised manu-  
scr ipt  received ca. Sept.  24, 1980. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1981 
JOURNAL. Al l  discussions for the  December  1981 Dis-  
cussion Sect ion should be submi t ted  by Aug. 1, 1981. 

Publication costs oS this article were assisted by Bell 
Laboratories. 
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Niobium Triselenide in a Lithium Dioxolane Cell 

M. Stanley Whittingham *'I and Gerald H. Newman* 
Exxon Research and Engineering Company, Linden, New Jersey 07036 

For many applications there is a need for 
a secondary battery with a high volumetric 
energy density. Although the l i th ium titanium 
disul f ide cell has very good rechargeabi l i ty 
and gravimetric energy density, i t  has a 
rather low volumetric energy density compared 
with some primary cathodes such as MnO~ and 
FeS 2. The oxide has a higher potentiaT and 
the sulf ide reacts with about two l i th ium: 

Li + MnO 2 § LiMnO 2 2.8 volts 

Li + TiS 2 § LiTiS 2 ~ 2.1 volts 

2Li + FeS 2 § Li2FeS 2 ~ 1.5 volts 

In contrast to the d isu l f ide,  t i tanium t r i -  
sulf ide w i l l  react with three l i th ium to give 
the compound Li3TiS 3. However, th is compound 
shows very poor reve rs ib i l i t y ,  less than one 
l i th ium being discharged on the 2nd cycle, 
because of structural changes ( I ) .  Niobium 
tr ise lenide is much more reversible (2), but 
even here the best reported cycling showed a 
60% loss in capacity in going from the f i r s t  
to the th i rd  cycle (3). The capacity then 
fe l l  in the range 26-30% of the f i r s t  cycle 
capacity for the next s ix ty cycles. 

The reve rs ib i l i t y  of the Li/TiS 2 cell was 
maximized when dioxolane was used as the 
e lectro ly te solvent (4). We therefore con- 
ducted experiments on the trichalcogenides 
using dioxolane as the solvent. The cel ls 
were constructed as described ear l ie r  (5), 
using as e lectro ly te a 2.5 molar solution of 
l i th ium perchlorate in dioxolane. They were 
then cycled (6) continuously at 2 ma/cm Z be- 
tween voltage l imi ts  of 2.65 and 1.45 volts. 
On the f i r s t  discharge 2.33 l i th ium were 
incorporated into the niobium tr iselenide 
l a t t i ce ,  78% of the theoretical value. This 
decayed slowly on cycling as shown in Fig. I .  

*Electrochemical Society Active Members 
I .  Present Exxon Address: P. O. Box I01, 
Florham Park, N. J. 07932 

This f igure also compares the data in the 
dioxolane solvent with that obtained (3) in 
a LiClOjpropylene carbonate cell to which 
3 wt.% of an ether addit ive, tetraglyme, has 
been added. The la t te r  in turn was much 
improved over a pure propylene carbonate 
solvent (3). Just as for t i tanium disu l f ide,  
dioxolane gives the best cycling performance 
for niobium t r ise lenide.  The reason for th is 
is not clear but is related to a number of 
factors, probably including i ts  l i th ium 
plating capabi l i ty  which minimizes formation 
of l i th ium "sludge", i ts  greater resistance 
than propylene carbonate to react at the 
cathodic l i th ium potentials and better wetting 
of the cathode and separators. 

The experiments were extended to two 
other trichalcogenides, NbS 3 and TiS~, to see 
whether the i r  cycling could-also be improved. 
The NbS 3 was discharged at 2 ma/cm2 for the 
f i r s t  two cycles and then at 1 ma/cm 2 there- 
a f ter ;  charging throughout was at 1 ma/cm 2. 
The TiS 3 cathode was discharged at 2 ma/cm 2 
but due to the very low capacities the charge 
rate was only 0.5 ma/~mL; this was fur ther 
reduced to 0.25 ma/cm ~ af ter  the 27th dis- 
charge. The cycling behavior of these two 
cathodes are compared with despite the less 
demanding cycling regime. Thus on the 20th 
cycle, the capacities are 66%, 30% and 2.6% 
for NbSeR, NbS 3 and TiS 3 respectively. This 
behavior-is probably a resul t  of an inherent 
i r r e v e r s i b i l i t y  of at least part of the 
l i th ium in the two sulf ides, rather than a 
function of the e lect ro ly te ,  as described 
elsewhere (1,5,7-9).  When TiS. 2 cel ls are 
cycled under s imi lar conditlons the loss of 
capacity over 60 cycles is about 20%. This 
was reduced to about O.l%/cycle by applying 
pressure to the cel ls ( I0) ,  and i t  is 
anticipated that the capacity of NbSe 3 cel ls 
would be s imi lar ly  improved as Jacobson ( I I )  
has shown in very slow cycling tests that 
NbSe 3 is inherently t o ta l l y  reversible. In 
addit ion, a low capacity, 4 mAHr~ NbSe 3 cell 
has recently been cycled to over 80% of 
3 Li/Nb s ix ty times (12). 
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Low Pressure Deposition of Silicon Nitride by 
SiCI, and Reaction 

I. Szendro and E. Marton 
TUNGSRAM, H-1340, Bt~da~est, HtL~gr 

Low pressure deposition processes 
utilizing SiH4-NH_ and SiH^CI^-NH^ 
have been reporte~. Tne-" zormer~ z z j 
reaction is extremely sensitive to 
wafer spacings and system configu- 
rations /1.,2./. The SiH^CI2-NH^/I.,3. / 
reaction yields excellen~ film j 
uniformities and reproducibilities. 
However, to achieve this, care should 
be taken of the control of temperature 
and pressure, and at 9oo~ it requires 
a rather high capacity vacuum system 
l l . l .  

In our study we have applied 
the SiCI4-NH. reaction /which is 
well known a~ atmospheric, cold wall 
conditions/ to a low pressure hot wall 
system as this nitride forming 
process was expected to be less 
sensitive to process variations. 

Experiments. -- The LPCVD system 
consisted of a normal resistance 
heated furnace and a quartz tube 
/80/74 mm/ without any special tube 
inserts. The 2 inch diameter wafers 
were held in four basket type quartz 
carrier with wafer plane perpendicular 
to the tube axis. One wafer carrier 
consisted 25 slots with 3,2 mm 
spacings. The vacuum exhaust system 
was based on a LN 2 trap followed by a 
mechanical vacuum pump of 585 l/min 
capacity. The pressure could be inde- 
.pendently controlled by introducing 
Nb gas directly into to vacuum inlet 
llne of the pump. Pressure was 
measured at the front of the tube Dy 
a Baratron 221 type capacitance 
manometer, temperatures reported here 
were measured in the subatmospheric 
reaction zone. 

Gases were controlled by taper 

Key words: LPCVD, silicon nitride 

70'8 

tube flowmeters /Matheson Gas Prod./, 
the SiCl~/Merck, zur Synthese/ was 
held in ~ stainless steel reservoir, 
and its vapour was introduced into 
the reactor zone by N 2 carrier gas. 
In some experiments undiluted, pure 
SiCl 4 vapour was introduced into the 
reactor with the help of a mass flow 
controller, connected between the 
outlet of the reservoir and the inlet 
of the reactor quartz tube. In those 
cases, the N. gas inlet of the SiCl~ 

L 
reservoir was closed and only the 
SiC14 vapour / ~260 mbar at 20~ 
feed~d the MFC inlet. This set up is 
useful if one needs a high SiC14 
partial pressure in the reactor, 
because no N9 carrier is needed. The 
E.G. ammonia-and diclorosilane /for 
comparative nitride depositions/ was 
supplied by Matheson Gas Prod., the 
N 2 was obtained from liquid nitrogen 
source and after purification its 
oxygen and water concentration was 
less than 2 ppm. All thickness and 
refractive index measurements were 
made with a laser ellipsometer. 

Results.-- The deposition rate 
was studied as a function of 
temperature and the results are 
plotted in Fig. i. The Arrhenius 
curves show that the SiCI4-NH~-N~ 

is about half as sens~t~e process 
to temperature change [ ~0,9 %/UC/ o 
as the SiH~CI2-NH ~ process ~1,7 %/ C/. 
On Fig.2. ~he SiCI~ and SiHgCI 2 
partial pressure effect on ~he nitride 
growth rate is shown and the 
advantages of SiC14 over SiH2Cl ~ are 
significant as to deposition ra~e 
change versus pressure change. 
Deposition rate versus wafer spacing 
was determined for several system 
pressures and there was no difference 
between the two nitride forming 
process. 

Film uniformity within a wafer and 
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within wafer to wafer in a i00 wafers 
load was studied as a function of 
pressure and temperature slope. In 
order to get a better uniformity 
within a wafer than ~ 2,5 % and a 
better than ~ 4 % within wafer to 
wafer the pressure must be below i,i 
mbar, waferospacings 3,2 mm, and as 
high as 1,5 C/cm temperature slope 
should be achieved in the reactor 
zone declining towards the gas inlet. 

The physical and chemical 
properties of the silicon nitride 
layers produced by the SiCI4-NH 3 
LPCVD process was found to De slmilar 
to those deposited by the SiCI4-NH 3 
reaction at atmospheric conditlons 
/4./ or by the SiH-CI - NH^ LPCVD 
process ~i./. The ~ef~activ~ index 
is 1,98 -0,O1, the etch rate in 40 % 
HF at 25~ is ii nm/min, the i.~l 
absorption maximum is at 830 cm . 

It is known that at atmospheric 
deposition conditions trace amounts 
of oxygen and water can cause off 
stoichiometric silicon nitride layers 
/5./. We have carried out some 
experiments to see how the gas phase 
O~ and H^O contamination affects the 
L~CVD silicon nitride film properties. 
The preliminary results are suprising 
and futher experiments have to be 
made. It is found that up to 50 ppm 
O^ concentration in the SiH~CI^-NH. 
z . z J process and 50 ppm HgO xn t~e 

SiCI4-NH q process ha~ no effect on 
such-nit~ide properties as 
refractive index, etch rate, i.r. 
absorption. The possible explanation 
is that in the hot wall reactors the 
O# and H20 can not reach the wafers 
s~rface 5ecause they react in the 
hot gas phase much faster with 
SiH^CI^ and SiC14 than NH~ does, 
andZthl oxide forming reaction is 
finished already in the colder inlet 
side of the reactor. 
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AI/Fei Secondary Cells Using Organic Electrolytes 
Setsuko Takahashi and Nobuyuki Koura* 
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Aluminum is a common and inexpensive 
metal with a high theoretical capacity 
and a negative potential, but for use 
as the negative electrode of cells, it 
has some drawbacks, oxide film forma- 
tion, self corrosion, and dendritic de- 
posit. Therefore, there are few practi- 
cal cells with an A1 electrode (i). 

It is considered that if the above 
drawbacks can be overcome, aluminum is 
highly promising as the active material 
for the negative electrode of advanced 
secondary cells. We have investigated 
AI/AICI3-NaCI-MCIx/FeS2 cells for load- 
leveling applications and in electric 
vehicles (2), and there are many other 
investigations (i) showing that a 
smooth, dense aluminum deposit forms 
in organic electrolytes. For this rea- 
son, Al/AiCl3-organic solvent/FeS2 
cells have been developed. It was ex- 
pected that these cells will offer a 
long service life and high terminal 
voltage at around room temperature. 

The A1 electrodes were spiraled rods 
(~5 mm, 99.99% purity) with areas five 
to seven times the areas of the FeS2 
electrodes. Details of the FeS2 elec- 
trode are given elsewhere (2). The FeS2 
electrode (7 mm thick, #25 mm) was de- 
gassed and immersed in the organic bath 
in vacuo to wet both the FeS2 powder 
and the current collector completely 
with the electrolyte. 

AlCl 3 and lauryl pyridinium chloride 
(LPC) were dried at 80~ for i0 h in 
vacuo. In tetrahydrofuran (THF) system, 
LiAIH 4 was added to the THF, the solu- 
tion was refluxed at 70~ for 6 h, and 
the AICI 3 was put in a THF-benzene or 
a THF solution to which was added the 
THF-LiAIH 4 solution. Electrolyte prep- 
aration was done under a dry N 2 atmos- 
phere. The cell comprises an upper A1 
electrode and a lower FeS2 electrode 

*Electrochemical Society Active Member 
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(distance: 5 ~ i0 mm). Cell perform- 
ance was observed during about 30 rep- 
etitions (i ~ 2 months) of the dis- 
charge (cutoff: 0.5 V) - charge (cutoff: 
2.1 ~ 3.0 V) cycle under the N2 atmos- 
phere. The ohmic drop (IR drop) was 
checked once every 30 minutes with a 
relay. Potential-current curves were 
given potentiostatically. 

After several cycles the cell per- 
formance was steady, therefore, the 
data (IR-free) of each 10th cycle are 
presented. Although charge curves are 
not shown, the coulombic efficiencies 
were from 80 to 100%. Discharge curves 
for the LPC systems are shown in Fig. 
i. In the case of a 63.0 mol% AICI 3 - 
37.0 mol% LPC bath, in which the cur- 
rent density at the FeS2 electrode was 
3 mA/cm 2 and bath temperature was 125 
~ although the discharge capacity 
was only 0.03 Ah and the IR drop was 
large (0.5 V), the open circuit volt- 
age (OCV) was 1.50 V. When toluene was 
added to the bath to lower its temper- 
ature, discharge capacity fell to 0.02 
Ah at 100~ For an FeS2 electrode 
with a 38% graphite additive, however, 
discharge capacity for the above bath 
rose to 0.07 Ah at 60~ and 0.1 Ah at 
100~ The additive had no pronounced 
effect either on OCV or IR drop. Since 
THF baths are very favorable to A1 
deposition, and can be operated at 
relatively low temperatures, it was 
decided to test this system (Fig. 2). 
The discharge capacity rose no higher 
than 0.32 Ah (ca. 20% of the theoret- 
ical capacity). However at room tem- 
perature and 5 mA/cm 2, the discharge 
curve showed a high voltage plateau of 
about 2.3 V and a low voltage plateau 
of about 1.0 V. Moreover, in the case 
of a vitreous carbon current collec- 
tor, the high voltage plateau capacity 
increased significantly. These facts 
indicate that THF systems are very 
promising. 

Potential-current curves for A1 
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anode in LPC and THF systems showed 
the limiting current of 0.7 mA/cm2 for 
the LPC systems and 7 mA/cm2 for the 
THF systems. In THF systems the reac- 
tions are considered to be as follows: 

AICI3+LiAIH4~--2AIH2CI+LiCI , 
AIH2CI+LiCI~-~LiAIH2CI2~-~Li++AIH2CI2 - 

It is also known that the lower the 
concentration of LiAIH4, the smaller 
is the conductivity of the electrolyte 
(3). In the case of the bath B in Fig. 
2, the conductivity was 5.47xi0-3 a-l/ 
cm. We suggest that ionic species ( 
AIH2CI2-, etc.) may be present in in- 
sufficient quantities in the electro- 
lyte, and that this is the reason why 
this cell has a big IR drop and a 
small discharge capacity. Thus the im- 
mediate need is to improve the elec- 
trolyte. The fact that the addition of 
graphite greatly raised the discharge 
capacity but had little effect on IR 
drop further corroborate the above 
reasoning. In a molten-salt cell (Li- 
AI/LiCI-KCI/FeS2), it is known that 
the problem of FeS2 electrode conduc- 
tivity is not so severe, due to the 
existence of certain phases (4), while 
in the organic solvent cells studied, 
such phases were not detected by X-ray 
analysis. Therefore, it is considered 
that a conductive material should be 
added to the FeS2 electrode of organic 
cells in order to raise the discharge 
capacity. Since the graphite did not 
affect the OCV, it would seem that 
there can have been no effect from a 
'carbon-metal complex' (5). 

If the cell reactions are: 
(2/3)AI+FeS2~-FeS+(I/3)AI2S3, 
(2/3)AI+FeS~-Fe+(I/3)AI2S3, 

two plateaus should appear in the dis- 
charge curve as seen in Fig. 2. FeS and 
AI2S 3 were detected by X-ray analysis 
of a discharged FeS2 electrode. But the 
e.m.f, values calculated from free 
energy values for the above reactions 
do not correspond to those observed. 
It should be considered that some com- 
plex compounds may be formed in the 
FeS2 electrode by the interaction of 
AI2S 3 with iron-sulfur compounds such 
as in the Li-AI/FeS2 cell (4). 

It is suggested that through im- 
provement of the electrolyte and in- 
vestigation of suitable additives for 
the FeS2 electrode, the promise of 
this cell can be realized in the de- 
velopment of an advanced, high-capac- 
ity secondary cell. 
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Fig. l Discharge curves for (A) 63moi% 
AlC13+37mol% LPC bath or (B) (A)+sat. 
toluene bath. (i) bath B, 50~ FeS2 4 
g+C 3g; (2) bath B, 60~ FeS2 4g+C 3g; 
(3) bath B, 100~ FeS2 4g+C 3g; (4) 
bath A, 125~ FeS2 8g; (5) bath B, 
100~ FeS2 8g. C.D.: 3 mA/cm 2. 
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Fig. 2 Discharge curves for (A) 1.5M 
AICI3+0.3M LiAiH4+80vol% THF+20voI% 
benzene bath and (B) 0.5M AICI3+0.5M 
LiAIH4+THF bath. (i) bath B, room tem- 
perature, 5 mA/cm2, FeS2 4g+C 3g; (2) 
bath A, 50~ 3 mA/cm2, FeS2 4g+C 3g; 
(3) bath A, 50~ 3 mA/cm 2, FeS2 8g; 
(4) bath B, room temperature, 5 mA/ 
cm2, FeS2 4g, vitreous carbon c. c. 
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Surface Treatment Induced Sub-Band Gap 
Photoresponse of GaP Photoelectrodes 

M. A. Butler* and D. S. Ginley* 
Sandia National Laboratories, Albuquerque, New M e z / c o  87185 

The efficiency and behavior of 
most photoelectrodes depend strongly 
on the nature of the surface and 
near surface region of the semi- 
conductor. Thus it is to be 
expected that the electrodes are 
sensitive to surface treatment. (i) 
The predominant mechanism is thought 
to be the introduction or removal of 
localized states near the surfaces 
which can act as recombination 
centers or can modify the kinetics 
of the redox reaction. Such local- 
ized states, which may be in the 
band gap of the semiconductor, can 
provide a mechanism for a photo- 
response at energies below the band 
gap. (2) In this paper we dem- 
onstrate that such a sub-band gap 
photoresponse can be generated in 
GaP photoelectrodes either by 
mechanically damaging the surface 
or by cathodic aging of the elec- 
trode. 

The p-GaP samples were single 
crystal wafers cut perpendicular 
to the [iii] axis and Zn doped to 
a density of 5xl017cm -3. The con- 
tacts were made by sputtering In:Zn 
alloy and then annealing in vacuum. 
A conventional 3-electrode electro- 
chemical cell was used with a PAR 
173 potentiostat and a saturated 
calomel reference electrode. The 
illumination was by a quartz iodine 
lamp with a Schoeffel grating 
monochromator. Unless specified 
otherwise all experiments were run 
in 0.1M HCI04 electrolyte. Typical 
sub-band gap spectra for various 
surface treatments are shown in 
Figure I. 

Figure la shows that etching 
of the photoelectrodes ~4 ~m with a 
specific GaP etchant(3) removes any 
sub-band photoresponse that may have 
existed. 

*Electrochemical Society Active Member. 
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Figure i. The sub-band-gap photo- 
response of p-GaP with various 
surface treatments. The spectra 
are normalized to light intensity 
and the zero level is offset for 
(b) and (c) by an amount indicated 
by the left side of the spectra. 
All measurements were made at 
-2.0 V(SCE) in 0.1M HCI04 using 
a filter to cut off the optical 
response above ~ 2.5 eV. (a) 
Polished surface etched 4 ~. (b) 
Surface mechanically polished 
using 1/4 u diamond paste. 
(c) Cathodic aging under constant 
current conditions 5 mA for 1 hr. 
The peak at 1.2 eV is due to the 
second order reflection of the 
grating. 
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Polishing the surface either wet 
or dry using various materials includ- 
ing diamond paste, aluminum oxide and 
SiC produces a sub-band gap response 
such as shown in Figure lb. Similar 
behavior but with somewhat broader 
spectral features is produced by 
cathodic aging of the sanple as shown 
in Figure Ic. 

A sub-band gap response has also 
been observed in an n-GaP photoanode 
which was doped with sulfur to a den- 
sity of 2x1018 cm -3. The general 
features were the same as observed in 
p-GaP although a complete set of exper- 
iments on this sample have not been 
performed. 

Etching for fixed time periods to 
profile the surface treatment effects 
shows that both polishing and cathodic 
aging produce damage extending ~1500~ 
into the surface. These results are 
confirmed by the potential behavior of 
the photocurrent shown in Figure 2. 
For a small optical absorption co- 
efficient ~ it has been shown(4) that 
the photocurrent is: 

J = ~r I12 (V-Vfb) I/2 [I] 

where ~ is the photon flux, ~ the 
dielectric constant, q the electronic 
charge, N D the dopant density and V 
the applied potential. Since the 
width of the depletion layer is given 
by: 

w - [2] 

the linear relationship between j2 and 
V shown in Figure 2 means that J = W. 
The observed photoresponse is a bulk 
effect arising throughout the depletion 
layer region. The maximum applied 
potential, - 4V(SCE), corresponds 
to a depletion layer thickness of 
~0.09 ~m. Thus, the linear region 
in Figure 2 indicates that the 
surface treatment effects are uni- 
form between ~0.06 um and ~0.09 um. 
The deviation from linearity between 
0 and -IV has been shown to arise 
from recombination in the near- 
surface region ( 5). 
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Figure 2. Potential behavior of 
the photoresponse at i. 75 eV of 
a polished sample taken in 0.1M 
HCI04. Note the difference 
between photocurrent onset and 
flatband potential (Vfb) as 
determined by capacitance measure- 
ments. 

In addition to etching, which 
removes the damaged near surface 
region, the sub-band gap photo- 
response can be removed by anodic 
aging or by heat treating the sample. 
Treatment at 800~ for 1 hr. in 
vacuum totally removes the effect. 
Since at this temperature the partial 
pressure of P is" higher than the 
partial pressure of Ga, (6) the heat 
treatment should change the stoichio- 
metry of the near surface region by 
lowering the P/Ga ratio. Thus the 
sub-band gap response may arise from 
Ga vacancy related defects. 

This idea is consistent with 
the production of a sub-band gap 
response by cathodic aging and its 
removal by anodic aging. These two 
bias conditions represent reductive 
and oxidative surface conditions 
which tend to remove Ga and P 
respectively from the sruface. (5) 
The exact nature of the defects 
responsible for the states in the gap 
is not known. 

While the sub-band gap photo- 
response induced by mechanical damage 
or cathodic aging can be removed by 
similar means, there are differences 
in such treated electrodes other 
than the obvious spectral differences 
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which can be observed. Simultaneously 
with the sub-band gap photoresponse 
measurements the capacitance of the 
interface and the photoresponse above 
the band gap were measured. Both of 
these measurements provide further 
information concerning the nature of 
the induced electronic states. 

For a freshly etched surface in 
a 0.1M HCI04 electrolyte a Mott- 
Schottky plot gives a straight line 
with an intercept of ~ + 0.7 V(SCE) 
and a slope indicative of a donor 
density of ~ 7xl017cm -3. The flat 

band potential is in good agreement 
with previously reported values(5 ) 

and the donor density is in agree- 
ment with the known bulk value of 
5xl017cm -3. Anodic or cathodic aging 
of the sample does not significantly 
change either slope or intercept of 
the Mott-Schottky plot even though the 
cathodic aging induces a sub-band 
gap photoresponse. The photoresponse 
in 0.1M HCI04 at 500nm (2.48eV) of a 
freshly etched surface has an onset 
at ~ 0.0V(SCE) again consistent with 
previously reported results. The 
discrepancy between the photocurrent 
onset and the flatband potential 
arises from recombination at bulk 
states in the band gap.(5) This 
behavior is also observed for anodi- 
cally and cathodically aged samples. 

For the mechanically damaged 
(polished) samples considerable 
changes are observed. The capacit- 
ance is drastically reduced although 
the intercept remains the same. The 
slope of the linear part of the Mott- 
Schottky plot suggests a reduction 
of the doping density by an order of 
magnitude with some variation from 
sample to sample. This interpreta- 
tion is supported by the photores- 
ponse at 500nm (2.48eV) which shows 
that the photocurrent increases by 
approximately a factor of three as 
would be expected for a lower doping 
levels and consequently increased 
depletion layer widths. 

Thus it seems that the two 
processes which produce a sub-band 
gap photoresponse induce states of 
considerably different character. 
Cathodic aging produces states which 
do not change the overall doping 

level while polishing results in 
states which seem to conioensate the 
p-type GaP samples. Both of these 
processes produce sub-band gap 
responses which are similar in 
spectral dependence. 
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Transference Number Measurements for the 
Polymer Electrolyte Poly(ethylene oxide) NaSCN 

R. Dupon, D. H. Whitmore,* and D. F. Shriver 
Department8 ol Chemistry and Materials Sciences, and Materials Research Center, 

Northwestern University, Evanston, Illinois 6'0201 

Current interest in the development of 
high energy density batteries has focused 
considerable attention on solid electrolytes. 
The leading solid electrolytes in developmen- 
tal batteries are hard ceramic materials, 
which usually are employed at elevated tem- 
peratures with liquid electrodes. A more 
compliant solid electrolyte, such as a 
polymer electrolyte, should enable contact to 
be maintained at the electrode-electrolyte 
interfaces in an all solid state battery and 
lower operating temperatures might be facili- 
tated. Potential application of ion-con- 
taining polymers as battery electrolytes, and 
electrical measurements on salt complexes 
with poly(ethylene oxide) and with poly- 
(propylene oxide) have been presented by 
Armand (1,2), and structural studies of 
poly(ethylene oxide) salt complexes have been 
reported from our laboratory (3). The origi- 
nal synthesis and characterization of these 
materials was reported by Wright (4,5) and 
extended by James (6). 

A fundamental parameter in the charac- 
terization of any solid electrolyte is the 
fraction of the total current which is 
carried by the mobile ion, i.e. the trans- 
ference number. Prior to the present work, a 
rigorous determination of the transference 
number for poly(ethylene oxide) based elec- 
trolytes was not available. The present study 
is based on the measurement of emfbetween 
ion reversible amalgam electrodes which are 
separated by the solid electrolyte in a concen- 
tration cell (7,8). 

Experimental Procedure. -- Poly(ethylene 
oxide) with an average molecular weight 
600,000 was obtained from Aldrich. The 
polymer was purified by ion-exchange of an 
aqueous solution and the solvent was sub- 
sequently removed under high vacuum. Reagent 

Key words: Solid electrolyte, polymer 
electrolyte, transference number, 
poly(ethylene oxide). 

grade NaSCN (B & A) was recrystallized from 
methanol and dried under high vacuum. 
Reagent grade methanol (MCB) was dried by 
distillation from iodine-activated magnesium 
under a nitrogen atmosphere. 

A PEO'NaSCN complex, 4.5:1 mole ratio of 
polymer repeat unit to salt, was prepared 
from stoichiometric quantities of the polymer 
and salt in anhydrous methanol. Following 
complete dissolution of the two solids, the 
methanol was removed under vacuum. All mani- 
pulations were carried out using standard 
inert atmosphere techniques (9). The iden- 
tity of the PEO'NaSCN complex was confirmed 
by infrared spectroscopy and differential 
scanning calorimetry, and in previous 
research the material prepared by this same 
procedure has been characterized by optical 
microscopy and x-ray diffraction, which 
demonstrate the absence of free NaSCN. 

Amalgams were prepared with triple 
distilled mercury and reagent grade sodium 
(MCB). Molten sodium was filtered through 
fritted glass to remove sodium oxide. The 
concentration of the stock amalgam, solution 
No. I, Table I, was determined gravimetri- 
cally and checked by the gasometric method 
based on the amount of hydrogen evolved from 
the reaction of the sodium amalgam with 
hydrochloric acid. Concentrations of the 
remaining solutions were determined gravi- 
metrically by successive dilution of the 
stock amalgam. 

The sample and amalgams were placed in a 
cell which permitted exclusion of the 
atmosphere, Fig. I. A pressed pellet of the 
PEO'NaSCN complex, 4.5:1, was fitted into an 
o-ring which was then clamped between the 
side arms. All loading of the polymer 
complex was carried out in a nitrogen filled 
dry box. One side arm was filled with the 
stock amalgam solution while the other was 
successively filled with the dilutions of the 
stock. Introduction of amalgam solutions was 
done with a gas-tight syringe under a flush 
of dry nitrogen. 

*Electrochemical Society Active Member. 
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The potentials of the cell were measured 
using a Keithley 177 multimeter together with 
an electrometer containing an RCA CA3140 E 
MOS/FET operational amplifier designed to 
increase the input impedance of the measuring 
device to 1012 ohms. All measurements were 
made at room temperature, 23.5 • 0.2 ~ 
which was monitored using an iron-constantan 
thermocouple and millivolt meter. The cell 
and connecting leads were placed in an alumi- 
num box designed to shield the system from 
extraneous radiation. Reversing the cell 
polarity produced insignificant changes in 
the magnitude of the observed potentials. 
The emf was read after the potential had 
maintained a stable ( • 0.3 mV) value over a 
period of one hour. Typical stabilizaton 
times were of the order of one to two hours. 
The measured results are given in Table I. 
As a check on these measurements, emf values 
were determined on a different batch of the 
polymer electrolyte using different amalgam 
preparations. Agreement between the data 
sets was good. 

A value of the cell impedance was 
obtained by loading standard resistors in 
parallel with the cell and observing the 
change in emf. The observed room temperature 
cell impedance of 3.9 x 106 ~ was well within 
the capability of the measuring device and 
yielded a D.C. conductivity of 6.3 x 
10 -8 (~ cm) -I, which is in general agreement 
with the A.C. value shown by Armand (2). 

The emf of the concentration cell 
Hg-Na(Xl) I PEO'NaSCNI Hg-Na(x 2) is expressed 
by (8) : 

RT al = 
Eob s = (I - te)Eid = (i - te)-~-in a2 

RT ~ix 1 
(I - t e) -~-in 

Y2x2 

The activity coefficients for dilute 
amalgams (present case) may be calculated 
from the relationship (i0): 

Log y = Qx 

where 
Q = 18.720 - 8.00 x 10 -3 T 

From this, Eid may be calculated: 

RT 2 Xl+ RT 
Eid =-{-- .303 log x2 -~--2.303 Q(x I - x 2) 

A plot of Eob s vs. Eid for each x 2 (x I being 

fixed as the stock amalgam, solution No. i) 
yields a straight line (Fig. 2) of slope 

(l-te). 

Results and Discussion. -- For a purely 
ionic conductor the value of (i - t e) should 
be unity. Least squares treatment of 
Eob s vs. Eid produced slope 1.005 • 0.005, 
Fig. 2. This result establishes that the 
electronic contribution to the total electri- 
cal conductivity of PEO'NaSCN is negligible 
and that the ionic component is responsible 
for the conduction. Since sodium-reversible 
electrodes were employed and since the con- 
ductivity is close to the published A.C. 
data, the sodium ion is implicated as the 
major charge carrier in the PEO'NaSCN 
complex. 

Table I. Ideal and observed emf's of 
concentration cell at room 
temperature. 

Solution No. XNa Eid (mY) Eob s (mV) 

1 0.04103 - - 
2 0.03426 11.13 10.98 
3 0.02944 19.64 19.47 
4 0.02406 29.99 29.11 
5 0.01928 40.25 40.89 
6 0.01440 52.36 52.10 

7 0.009477 67.84 68.34 

Eob s = the measured emf 
t e = electronic transference number 

Eid = ideal emf, value of Eob s when t e = 0 
R = universal gas constant 
T = absolute temperature 
n = number of electrons transferred 
F = Faraday constant 
al, a 2 = activities of sodium in the amalgams 
YI' Y2 = activity coefficients of sodium in 

the amalgams 
Xl, X2 = mole fractions of sodium in the 

amalgams 
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Fig. i. Cell for transference number 
measurements. A, nickel electrode; S, 
polymer electrolyte; C, stopcock; D, 
Teflon in glass valves for N 2 inlet. 
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Formation of Tetrabasic Lead Sulfate at 
Room Temperature 
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q 
ABSTRACT 

A s tudy  was made  of the  format ion  of te t rabas ic  lead  sulfate,  4PbO �9 PbSO4, 
in ox ide -su l fa te  mix tures  be tween  room t empera tu r e  and 80~ for react ion 
t imes of up to 4 weeks. Under  cer ta in  condit ions i t  is a reac t ion  product  at  
room tempera tu re ,  a finding con t ra ry  to the genera l ly  he ld  v iew tha t  this  
compound can form on ly  above  70~ 

Tet rabas ic  lead  sulfate,  4PbO.PbSO4, is, in some 
cases, a m a j o r  component  in the  cured  pas te  of a l ead-  
acid ba t t e ry  plate.  In our  exper ience  its presence  en-  
hances the  m e c h a n i c a l  s t rength  of the paste,  perhaps  
due to t h e  in te r lock ing  of its rod l ike  crystals .  This 
would  not  only  be t t e r  p reserve  the  in tegr i ty  of the 
p la te  dur ing  the manufac tu r ing  process, bu t  i t  might  
cont r ibute  to a longer  cycle l ife in ba t t e ry  service. 
Thus, according to Burbank:  (1),  the  t r ans format ion  of 
4PbO-PbSO4 to PbO2 dur ing  e lec t rochemical  fo rmat ion  
is l a rge ly  metasomat ic  af ter  the or ig inal  crystals ,  and 
Bell  Telephone Labora to r ies  (2-6),  who have been en-  
gaged for  years  in research  on the  direct  use of 
4PbO.PbSO4 in ba t t e ry  pastes, have  repor ted  tha t  such 
ba t te r ies  have a longer  cycle life. A l though  the fo rma-  
tion of this compound has been much invest igated,  
there  is  s t i l l  unce r t a in ty  as to the  neces sa ry  conditions. 
I t  is gene ra l ly  accepted tha t  an e l e v a t e d  t e m p e r a t u r e  
(>70~ is r equ i red  (2, 7, 8-13). On the other  hand, 
Mrgudich  (14), and  B o d e  and Voss (7) have  r epor t ed  
tha t  4PbO.PbSO4 was found in pas tes  cured  at  room 
tempera tu re .  There  is also d i sagreement  in the l i t e ra -  
tu re  a s  to whe the r  or  not the t e t r agona l  fo rm of PbO 

* E lec t rochemica l  Society Ac t ive  Member. 
Key words: lead-acid ba t t e ry ,  pas te  curing, thermodynamics .  

can reac t  wi th  sulfates to produce  4PbO.PbSO4 (2, 8, 
12-14). 

The present investigation was carried out to elucidate 
the effects of temperatures and lead monoxide mor- 
phology on the formation of 4PbO.PbSO4 in lead-acid 
battery pastes. 

Experimental 
Lead monoxide.--Several commerc ia l ly  ava i lab le  

lead  monoxides  were  used in this  invest igat ion.  They 
are  l is ted in Table  I together  wi th  da ta  on specific 
surface area,  par t ic le  size dis t r ibut ion,  and  composition. 
The surface area  da ta  were  ob ta ined  by  a 4-poin t  BET 
method on a Micromeri t ics  Model  2100 surface a r e a  

i n s t rument  and the par t ic le  size d is t r ibu t ion  da ta  b y  
the x - r a y  sed imenta t ion  method  on a Micromeri t ics  
Sed ig raph  500 using Sedisperse  as d ispers ing medium.  
The propor t ions  of or thorhombic  and te t ragona l  lead  
monoxide,  P b O ( o )  and P b O ( t ) ,  were  de t e rmined  b y  
x - r a y  d i f f rac tometry  and the meta l l ic  l ead  content  b y  
chemical  analysis  (15). Te t ragona l  l ead  monoxide,  
P b O ( t ) ,  was p repa red  b y  conversion f rom the  o r tho -  
rhombic  form by  suspension in boi l ing wa te r  for 1 hr. 
Reference wil l  be made  to these oxides  by  name of 
suppl ie r  and  number ,  as given in Table  I. 

Table I. Surface area, particle size, and composition of lead monoxides 

Particle size (/~m) 
Sur face  

Oxide Manufae-  a r e a  U p p e r  Lower 
No. t u r e r*  Cat. No. Lot  No. (m~/g)  Median  quar t i l e  quartile 

Composition (% wt) 

Metallic 
PbO(o) PbO(t) Pb 

l a  JTB 2238 41125 1.97 
lb  44313 1.97 
l c  45199 2.28 1.1 1.6 0.82 
2a ACP AC-5398 070921 0.66 3.8 5.7 2.4 
2b 960609. 0.58 3.8 5.5 2.6 
2c 860313 0.79 3.4 5.2 2.2 
2d 271023 0.57 4.1 6.0 2.6 
2e 670114 0.57 4.3 6.1 2.6 
3 FS L-71 732611 0.45 5.5 8.0 3.3 
4a BDH 10146 1243-3291 0.16 11.2 17.0 7.9 
4b 80285 2.05 
5 P b O ( t )  f r o m  oxide No. l a t  1.18 
6 P b O ( t )  f r o m  ,oxide Na. 2a'r 1.17 

10O 9 0 
1O0 0 0 
100 0 0 

82 18 O 
90 10 0 
90 16 0 
88 12 0 
94 6 0 
90 10 0 
98 2 0 

100 0 0 
0 100 0 
O I00 0 

* JTB = Baker  Ana lyzed  Reagen t ,  J. T. Ba ke r  Chemica l  Company.  
ACP = Chemica l  Reagen t ,  A n a c h e m i a  Chemica l  P roduc t s ,  Limi ted .  
FS = F i s h e r  Certif ied Reagen t ,  F i s h e r  Scientific C o m p a n y  Limi ted .  
BDH = " A n a l a R , "  BDH Chemicals .  

P r e p a r e d  in this laboratory (see text ) .  
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Sulfate reagent.--In addi t ion to sulfur ic  acid t h e  
fol lowing lead  sulfates were  used as sources of sulfate  
ion: no rma l  lead sulfate, PbSO4 (of reagent  grade,  
f rom Anachemia  Chemical  Products  L imi ted) ,  mono-  
basic lead  sulfate,  PbO.PbSO4, and t r ibasic  lead  sul-  
fate, 3PbO.PbSO4.H20.  The l a t t e r  two compounds were  
synthesized in this l abora to ry  using the s lu r ry  method 
(1). 

The react ion of l ead  monoxide  wi th  a sulfate  was 
s tudied under  th ree  different  conditions, as descr ibed 
below. In each case the  mole  ratio, PbO/SOs,  was 10/1. 

Slurries.--Lead monoxide  (10g) and the sulfate  were  
reac ted  as a s t i r red  suspension in 200 ml of water .  

Pastes.--For reac t ion  wi th  sulfuric  acid, lead  monoxide  
was first m ixed  with  wa te r  and then the acid (1.325 
sp gr)  added,  wi th  mixing,  over  a per iod  of 5-10 min. 
Mixing was then cont inued for an addi t ional  5 min. 
When using the normal  and basic  lead  sulfates,  the  
solids were  first m ixed  together  by  grinding,  packed  
into a plast ic  Pe t r i  dish, and  then wa te r  added  d rop-  
wise wi thout  fu r the r  mixing.  In  a few cases (which 
wil l  be indica ted)  there  was fu r the r  mix ing  dur ing  
the addi t ion  of water .  In  a l l  cases the  wa te r  content  
was such as to give a wet  pas te  dens i ty  of 4.0 g / cm 8. 
Al l  pastes  were  cured at  room t e m p e r a t u r e  in a i r  a t  
100 % re la t ive  humidi ty .  

Sediments.--This refers  to the react ion in the  se t t led  
solids of a s lu r ry  fol lowing a s t i r r ing  per iod  of a few 
seconds for its p repara t ion .  When sulfur ic  acid was 
used, l ead  monoxide  (30g) was first mixed  wi th  50 
mt of wa te r  and then acid  (4.2M, 3.2 re_l) added. When  
a lead  sulfate was used, the solids were  first ground 
together  and then  the wa te r  (50 ml)  added. Af te r  
settl ing, the vo lume was ad jus ted  to 80 ml  b y  adding  
wa te r  s lowly wi thout  d i s turb ing  the sediments.  Af te r  
a given react ion time, dur ing  which the sediments  r e -  
ma ined  undis turbed,  the  samples  were  t aken  out  and  
dr ied  in vacuo at  room tempera ture .  

X - r a y  diffraction pa t t e rns  were  recorded on a Phi l ips  
di f f ractometer  which was equ ipped  wi th  a g raphi te  
monochromator  (PW 1152) and a pulse  height  ana -  
lyzer  (PHA, PW 4620). A PW 2113/00 diffract ion tube  
(1.2 kW) wi th  a copper  ta rge t  was employed.  The 
samples  were  packed  in a flat ro ta t ing  specimen ho lder  
(PW 1064/100). 

The morpho logy  of the s ta r t ing  mate r ia l s  and p r o d -  
ucts was also s tudied on a scanning e lect ron mic ro-  
scope, the Etec Autoscan.  

Results 
Morphology of lead monoxides.--Figure 1 gives the 

scanning electron micrographs  of four  commercia l  lead 
monoxides:  Bake r  (No. l a ) ,  Anachemia  (No. 2a),  
Fisher,  and BDH (No. 4a).  Bake r  oxide No. l a  is ve ry  

Fig. 1. Electron mlcrographs of 
commercial lead monoxides (see 
also Table I): A. Baker (No. la); 
B. Anachemia (No. 2a); C. Fisher 
(No. 3); and D. BDH (Ha. 4a). 
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fine and wel l  crystal l ized.  X - r a y  d i f f rac tomet ry  showed 
it to be a pure  P b O ( o )  of high crys ta l l in i ty .  Baker  
oxides No. lb  and No. lc  of Table  I, though of different  
lot numbers ,  have the same morpho logy  as No. la.  
Anachemia  PbO has par t ic les  of nondescr ip t  i r r egu la r  
form. Each par t ic le  appears  to be an agglomera te  of 
numerous  smal l  part icles.  F i she r  and BDH No. 4a are  
s imi lar  to the  Anachemia  oxide,  but  l a rge r  in par t ic le  
size, especia l ly  the lat ter .  However ,  BDH No. 4b (see 
Table I; not  shown in Fig. 1) is quite different;  i t  is 
ident ica l  in par t ic le  size and appearance  to the Baker  
oxides. These l a t t e r  oxides  are  be l ieved  to be fume 
oxides (16), p r e p a r e d  by  burn ing  a s t ream of finely 
d ivided mol ten  lead. The o ther  oxides are  thought  to 
have been made  by  fu r the r  processing of a Bar ton  Pot  
oxide. 

X - r a y  d i f f rac tometry  showed tha t  Anachemia  (No. 
2a-e) ,  Fisher,  and BDH No. 4a are  oxides of low crys-  
ta l l ini ty ,  especial ly  Anachemia  No. 2a, and the l a t t e r  
two. 

Scanning  e lec t ron micrographs  of t e t r agona l  lead 
monoxide,  No. 5 and No. 6, p r epa red  f rom Baker  No. 
l a  and  Anachemia  No. 2a (see Table I ) ,  a re  shown 
in Fig. 2. The par t ic les  a re  smal l  and t abu la r  in form. 
Many  of the crystals  of oxide No. 5 appear  as r egu la r  
oc tahedra l  platelets .  

Production of 4PbO. PbSO4.--Slurries.--At room 
t e m p e r a t u r e  no 4PbO.PbSO4 was produced in an agi-  
ta ted s lu r ry  wi thin  up to 28 days. T h e  resul t  was the  
same no m a t t e r  which  po lymorph  of PbO or  which 
form of sulfate  (H2SO4, PbSO4, PbO.PbSO4, or  
3PbO.PbSO4.H20)  was used in the reaction. The 
products  were  found to be, invar iably ,  a mix tu re  of 
3PbO'PbSO4.H20 and unreac ted  PbO. When  the t em-  
pe ra tu re  was ra ised to 85~ PbO(o )  reac ted  quickly  
wi th  each of the sulfates to form 4PbO.PbSO4. How-  
ever, no 4PbO.PbSO4 was produced  f rom PbO (t)  even 
at  85~ 

Pastes.--The finely d iv ided  and we l l -c rys ta l l i zed  ox-  
ides, Baker  No. l a  and BDH No. 4b, as shown in Table 
II, p roduced  no 4PbO-PbSO4 at room tempera ture ,  
even af ter  28 days. However ,  the coarser  and less wel l -  
c rys ta l l ized  Anachemia  No. 2a produced  some 
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4PbO.PbSO4 af ter  as l i t t le  as 7 days. The x - r a y  diffrac-  
t ion pa t te rns  of Fig. 3 and 4 show the progress  of this  
reaction. Thus, Fig. 3A shows tha t  in the react ion wi th  
H2SO4 the only produc t  a f te r  2 weeks  is 3PbO.PbSO4, 
as indica ted  by  the peak  at  27.3 ~ 2~. However ,  a f te r  
4 weeks the presence of 4PbO.PbSO4 is c lear ly  ind i -  
cated by  the peak  at  27.7 ~ 28. F igure  3B shows tha t  in 
the react ion wi th  PbSO4 the  peak  at  27.7 ~ 20 is de tec t -  
able  af ter  2 weeks, and  ve ry  p rominen t  a f te r  4 weeks.  
F igure  4 shows tha t  the react ion is fas ter  s t i l l  be tween  
this oxide and PbO.PbS04 ;  the peak  at  27.7 o 2e is ob-  
se rvable  a f te r  only 1 week.  The g rowth  of the  
4PbO.PbSO~ peak  at  10.80 2e is also shown in Fig. 4. 
Of the  five lots of Anachemia  PbO (No. 2a-e) ,  No. 2a 
was the most react ive;  three  lots p roduced  no de tec t -  
able 4PbO.PbS,O4 even af te r  4 weeks. The st i l l  coarser  
and less we l l - c rys ta l l i zed  BDH No. 4a was more  ac-  
t ive ye t  in the format ion  of 4PbO.PbSO4. Its react ion 
wi th  PbSO4 is shown in Fig. 5, and the scanning elec-  
t ron micrographs  of the products  af ter  2 and 4 weeks  
are  shown in Fig. 6. 

The two samples  of PbO ( t ) ,  oxides 5 and 6, p roduced  
no 4PbO.PbSO4 at room tempera ture .  

When the t empera tu re  was raised to 40~ Bake r  No. 
la  and Anachemia  No. 2d, both  inact ive  at  room tem-  
pera ture ,  now gave substant ia l  yields  of 4PbO.PbSO4, 
in some cases, in as l i t t le  as 3 days, as shown in Table  
II. When the t empera tu re  was increased fu r the r  to 
60~ the only measurab le  product  for these oxides was 
4PbO.PbSO4. On the o ther  hand, P b O ( t )  (oxides 5 
and 6) was inact ive at  40~ i t  became act ive at  60~ 
but  gave a much lower y ie ld  than  did lead  oxide in the  
or thorhombic  form. 

Table II  also shows tha t  when 3PbO.PbSO4.H20 
was used as the sulfate  reac tan t  there  was no y ie ld  of 
4PbO.PbSO4 at  room t empera tu re  in any  case. Some 
4PbO.PbSO~ was produced when  the t e m p e r a t u r e  was 
raised to 40~ bu t  the yie ld  was much lower  than  
when other  sulfate  compounds were  used. 

Sediments.--The format ion  of 4PbO.PbSO4 by  react ion 
in sediments  over a 28-day per iod  at  room t empera tu r e  
is repor ted  in Table III, and x - r a y  pa t te rns  for  s e -  
l e c t e d  cases a re  shown in Fig. 7. The resul ts  a re  s imi-  
la r  to those for react ion in pastes. The oxides of ve ry  

Fig. 2. Electron micrographs of two tetragonal lead monoxides: A. No. 5 and B. No. 6 (see Table I) 
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Table I[. Formation of 4PbO. PbS04 in pastes 

No.* 

Lead oxide 
Temper- 

PbO (o) / Source of a ture  
PbO (t) sulfate* * (~ * * * 3 

W t e t / W t , l t  
Curing t ime (days) 

7 14 21 28 

l a  100/0 A, B, C, D RT 0.0 0.0 5.0 O.O 0.0 
l a  100/0 A 40 0.06 0.97 6.6 ~ H 
l a t  10O/0 B 40 0.17 8,2 I~ - -  H 
la$ 10015 C 40 O,0 1.6 H ~ H 
l a t  100/0 D 40 0.0 0.0 0.48 - -  H 
la$ 100/0 B ,  C, D 60 H H H _H H 
2a 82/18 A RT - -  0.0 0,9 0.9 0.08 
2a 82/18 B RT - -  0,0 0.0 0 .16 0.4 
2a 82/18 C RT --:- 0,01 0,05 ~ 0.2 
2a 82/18 D RT - -  0.0 O.0 ~ 0 .0  
2b 90/10 A, B RT . . . .  0.05 
2c 90/10 A, B RT 0.0 5.0 0.0 - -  5.5 
2d 88/12 A ,  B RT 0.0 0.0 0.0 0.0 
2e 94/6 B RT 0.0 O.0 ~'.O 0.0 
2d 88/12 A 40 ~'~ 60 H - -  H 
2dr 88/12 B 40 0.3 H H ~ H 
2dr 88/12 C 40 0.6 H H - -  H 
2dr 88/12 D 45 0.0 0.25 H - -  H 
2d$ 88/12 B, C, D 60 H H H - -  H 
3 90/10 A RT 5.5 0.5 0.0 - -  0.I 
8 90/10 B RT ~ 0.05 0.12 0.2 0.5 
4at 98/2 B RT - -  O.0 0.07 0.25 1.73 
4b I00/0 B RT - -  0.0 0.0 O.0 0.0 
5 O/100 As C, D R T  - -  0.0 0.0 - -  0.0 
5 O/1OO A 80 ~ O.O 0.03 ~ 1.4 
6 0 / I 0 0  A ,  B R T  0.0 0.O 0.0 ~ 0.0 
6 0/10O As B ,  C, D 40 0.0 0.O 0.0 ~ 0.0 
6 O/10O A, B 60 0.0 0.O 0.0 ~ 0.05 
6 0/1O0 C 60 0.0 0.3 0.05 - -  0.1O 
6 0 /100  D 60 0.0 0.0 0.0 ~ 0.O 
6 0 / 1 0 O  B ,  D 80 - -  H H ~ H 

* see  Table I. 
** A = H2SO,; B = Pb~O4; C = PbO.PbSO~; D = 3PbO.PbSOcHr 

*** RT = room temperature ,  23 ~ • 2~ 
? Weight  ratio of tetrabasic to tribasic sulfate. H = W t e t / W t r !  ~ 50. 
t The paste was mixed for 5 min af ter  the addition of water.  

s m a l l  p a r t i c l e  s i z e  (ca.  1 ~ m )  a n d  h i g h  c r y s t a l l i n i t y  
( i .e . ,  B a k e r  o x i d e s  a n d  B D H  No.  4 b )  p r o d u c e d  o n l y  
3 P b O ' P b S O 4 . H 2 0 ,  w h i l e  t h e  c o a r s e s t  o x i d e ,  B D H  No.  

4a, g a v e  o n l y  4 P b O . P b S O 4 .  I n  g e n e r a l ,  t h e  y i e l d  o f  
4 P b O . P b S O 4  i n c r e a s e d  w i t h  i n c r e a s e  i n  o x i d e  p a r t i c l e  
s i z e  a n d  d e c r e a s e  i n  o x i d e  c r y s t a l l i n i t y .  

28 26 28 26 24 "28 
Fig.  3 .  X-ray dif fract ion patterns for the reaction products of 

Anachemla PbO (No. 2a) in pastes with: A, sulfuric acid; and B, 
PbSO4, each cured at room temperature for 1 week (A1 and B1), 
2 weeks (A2 and B2), and four weeks (A~ and I]3). Be is mixture B 
before the addition of water. 

tri 

Az 

E , i 

A2 

,e a It 

28 26 "28 24 22 

Fig. 4. X-ray dif fraction patterns for the reaction of Anachemla 
PbO (No. 2a) in a paste with PbO.PbSO4, cured at room tempera- 
ture for 1 week (A1) and four weeks (A2). Ao is the mixture before 
the addition of water. 
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Peste= PbO+PbSO 4 

Cured of Room Temp. 
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Fig. 5. X - r a y  d i f f ract ion patterns for the react ion products of 
BDH PbO (No.  4a)  in a paste with PbS04. 

Stability o~ 4PbO.PbSO4.--When a cured pas te  is 
g round  and suspended in water ,  fu r the r  phase changes 
usua l ly  occur over  time. Two examples ,  A and B 
( repl ica tes) ,  a re  shown in Fig. 8. Both pastes  were  
p r e p a r e d  f rom Anachemia  No. 2a and PbSO4 and 
cured for  4 weeks  at  room tempera ture .  They  were  
then  ground  and suspended in water .  F igure  8 shows 
tha t  the rat io of te t rabas ic  to t r ibasic  sulfate  increased  
wi th  t ime from 0.6 and 0.3 to 0.9 and 2.4, for pastes  
A a n d  B, respect ively ,  a f te r  10 days. The amount  of 
t r ibas ic  increased a f te r  1 day, the rea f t e r  r ema in ing  
app rox ima te ly  constant  for  pas te  A, and decreas ing 
for pas te  B. In case B the increase  in te t rabas ic  content  
was obvious ly  at  the expense  of tr ibasic.  

D i s c u s s i o n  

These exper iments  show tha t  4PbO.PbSO4 can form 
at room tempera ture ,  a l though the fo rmat ion  ra te  is 
low. Given the necessary  conditions and sufficient t ime, 
4PbO.PbSO4 can be the  only sulfa te  in  the product .  
The necessary  condit ions are  ev iden t ly  tha t  PbO be 
in the or thorhombic  form and of la rge  par t ic le  size 
and low crys ta l l in i ty  and tha t  the  reac t ion  mix t u r e  be 
quiescent.  Also associated wi th  the  react ion is a long 
induct ion period.  Thus, Table  II  and  Fig. 3-5 a l l  show 
that  the ra te  increases m a r k e d l y  beyond the in i t ia l  2 
weeks. This m a y  be a nuclea t ion  pe r iod  for  
4PbO.PbSO4. 

Some informat ion  on the w a y  in which 4PbO.PbSO4 
forms is revea led  by  scanning e lect ron microscopy.  
Thus, in the 2-week  paste  of Fig. 6, smal l  crysta ls  of 
3PbO'PbSO4.H20,  about  2-4/~m long and 0.5 ~m wide, 
can be seen to l ie lengthwise  on the surface of la rge  
PbO part icles ,  i r r egu la r  p la te l ike  forms about  10 ~m 
in d iamete r  (see Fig. 1D), and comple te ly  cover them 

T a b l e  I I I .  Format ion of  4 P b O ' P b S 0 4  in sediments 

Lead monox ide  

Surface 
PbO(o)/ area Source  of Wtet/Wtrl,** 

No. PbO(t) (m2/g) sulfate* after 28 days  

l a  100/0 1.97 A,  B, C 0.0 
lb 100/0 1.97 A, B, C 0.0 
i c  100/0 2.28 A,  B, C 0.0 
2a 82/18 0.66 A 0.25 
2a B 0.57 
2a C 0.28 
2b 90/10 0.58 B 0.06 
2c 90/10 0.79 B 0.12 
2c C 0.07 
2d 86/12 0.67 B 0.0 
2e 94/6 0.67 B 0.0 
3 90/10 0.45 B 5.3 
4a 98/2 0.16 B H 
4b 100/0 2.05 B 0.0 

* Source of sulfate: A = tL.SO~, B = PbSO4,  a n d  C = P b O .  
PbSO4.  

** W t e t / W t r !  ~- weight  ratio of tetrahasic to tribasic lead sul- 
fate. H --- W t e t / W t r !  ~ 50. 

s o  tha t  only  the i r  outl ines show. The  few la rge  e lon-  
ga ted  crystals ,  20 ~m long and 2 ~rn wide, a r e  
4PbO.PbSO4. I t  can be seen tha t  one end of these 
la rge  crystals  is a lmost  a lways  a t tached  to a PbO 
part icle .  The 4-week  paste  is different.  There  is, now, 
a large  number  of 4PbO.PbSO~ crys ta ls ,  again,  most  
of them a t tached  to a PbO part icle .  Some appea r  to 
have thei r  ends submerged  in a PbO part ic le ,  and  
some to be jus t  emerg ing  f rom one. It appears ,  t he re -  
fore, t ha t  the growth  of a 4PbO.PbSO4 crys ta l  or ig i -  
na tes  at  the surface of a PbO par t ic le  and  tha t  this 
poin t  of a t t achment  is re ta ined.  

Based on these observat ions  the format ion  of 
4PbO-PbSO4 m a y  be descr ibed as follows. Sul fa te  ions, 
SO42-, der ived  f rom the sulfa te  reagent ,  diffuse to the  
sur face  of  a PbO par t ic le  and  ass imi la te  into the  oxide 
la t t ice  wi thout  prec ip i ta t ion  of any  known  stoichio-  
met r ic  compound (14). (We have  found, in ag reemen t  
wi th  this concept, tha t  wi th  the up take  of sulfa te  in 
a pas te  there  is less than the equiva lent  increase  in 
c rys ta l l ine  sulfate  compounds.)  An  imperfec t ion  in the  
oxide crys ta l  s t ruc ture  m a y  faci l i ta te  this process. 
When the react ion mix tu re  is not  s t i r red  the sole means  
of mass t r anspor t  is diffusion, which  is slow. Therefore,  
the pH at  the surface of the PbO par t ic le  can approach  
its m a x i m u m  value. A grea te r  so lubi l i ty  and, hence, a 
h igher  pH may  also be expected if  the c rys ta l l in i ty  of 
the PbO par t ic le  is low. Moreover,  because large  pa r -  
t icles of PbO are  agglomera tes  of smal le r  par t ic les ,  
which, in most cases, appea r  to be fused together,  the 
resu l tan t  t iny  crevices and holes would  also cont r ibute  
to regions of high pH. Therefore,  nuclei  of 4PbO.PbSO4 
may  now form on PbO part icles ,  due to the presence of 
sul fa te  ion" in regions of high pH. This is the  induct ion 
period. Once the nuclei  a re  fo rmed  the i r  g rowth  ra te  
appears  to be qui te  high. If, however ,  the  react ion 
mix tu re  is s t i r red  the ra te  of mass t r anspor t  is grea ter ;  
the  local p H  is therefore  not  as high and condit ions 
for nucleat ion are  less favorable .  

P b O ( t )  has a much lower  ac t iv i ty  for  4PbO'PbSO4 
format ion  than  has PbO (o) ;  thus, none  is fo rmed be -  
low 40~ and, wi th  agitat ion,  none  be low 85~ This 
m a y  be due to i ts lower  so lubi l i ty  (16) and, hence, 
lower  pH, or  to a h igher  energy  b a r r i e r  in  the  in i t ia l  
absorpt ion  o r  ass imi la t ion  of sul fa te  ion. I l iev  and 
Pav lov  (13) repor ted  tha t  when the ini t ia l  reac t ion  
mix tu re  contained 30%-60% P b O ( t ) ,  the ra te  of for -  
mat ion  of 4PbO.PbSO4 was highest.  They  also re -  
por ted  (12, 13) tha t  the po lymorphic  t rans format ion  
of PbO(o )  to P b O ( t ) ,  or vice versa, took place dur ing  
the  pas te  react ion at 35 ~ and 80~ We have found, 
however,  that  the  ex ten t  of the po lymorphic  t r ans fo r -  
mat ion  in e i ther  di rect ion is negligible.  Even when the  
or thorhombic  form, P b O ( o ) ,  which  is uns tab le  under  
390~ (16), was used as the  s t a r t ing  mater ia l ,  no a p -  
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Fig. 6. Electron mlcrographs of pastes made from BDH (No. 4a) and P5SO4 after being cured at room temperature for, I, 2 weeks and 
II, 4 weeks. (a, b, and c show different fields in the same sample). 

preciable amount of PbO(t)  was found in reactions at  
temperatures up to 85~ with or without agitation. 
It appears that  the presence of sulfates in the mixture 
inhibits the transformation. 

Fig. 7. X-ray diffraction pat- 
terns of products in the sedi- 
ments from the reaction of 
PbSO4 with oxides: A, BDH (No. 
4a); B, Fisher (No. 3); Cl, Ana- 
chemia (No. 2a); Co=, Anachemia 
(No. 2d); D, Baker (No. la). The 
values in the upper right corner 
of each section are the specific 
surface area and median particle 
size of the oxide. 
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When crystalline 3PbO.PbSO4.H20 is the source of 
sulfate ion the formation of 4PbO.PbSO4 is not ob- 
served at room temperature. However, the reaction 
does occur after the induction period, as shown in Fig. 
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Fig. 8. X-ray diffraction patterns of two examples (Ao and Bo) of 

pastes prepared from Anachemia PbO (No. 2a) and PbSO4, and 
cured at room temperature for 4 weeks. They were then ground and 
suspended in water at room temperature for 1 day (A1 and B1), 4 
days (A2 and B~), and 10 days (A~ and Bs). 

5 and 8. The nucleation process is evidently much 
slower for the reaction with crystalline 3PbO.PbSO4. 
H20. This suggests that the nucleation site is the 
ternary interface between the aqueous phase, a grow- 
ing structure energetically close to tribasic sulfate and 
the PbO surface, one that, in a quiescent state, would 
be well established and have a high pH. With tribasic 

sulfate as the added reactant, and in a well-crystal- 
lized form, such an interface may not readily be 
formed. 

All the evidence seems to suggest that, in the pres- 
ence of excess PbO, 4PbO.PbSO4 is the stable sulfate 
at room temperature. If so, further studies on the 
PbO-SO3-H20 system, its thermodynamic aspects and 
potential-pH diagram, are warranted. 
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All-Solid Lithium Electrodes with Mixed-Conductor Matrix 

B. A. Boukamp,* G. C. Lesh, and R. A. Huggins* 
Department of Materials Science and Engineering, Stanford University, Stanford Caliiornia 94305 

ABSTRACT 

The concept of a novel all-solid composite electrode is presented. One 
example of such a composite contains a finely dispersed reactant, LiySi, in a 
solid mixed-conducting matrix, Li2.6Sn. Repeated charging and discharging of 
such electrodes without appreciable loss of capacity has been demonstrated. 
The polarization is found to be comparable to values typical of highly porous 
electrode systems in molten salt electrolytes. 

The use of elemental lithium electrodes in high tem- 
perature lithium/metal sulfide battery systems pre- 
sents serious problems, as it is highly corrosive, dif- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  compos i t e ,  b a t t e r y  e l e c t r o d e s ,  c h e m i c a l  d i f fus ion ,  

l i th ium-s i l i con ,  l i th ium- t in .  

ficult to contain, and dissolves in the molten salt elec- 
trolyte causing severe self-discharge. These problems 
can be reduced by using solid lithium-metal alloys 
which have a lower lithium activity. In order to pro- 
vide high current densities, these electrodes are typi- 
cally made as a highly porous salt-filled sponge ILl-A1 
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system (1, 2)], or as a powder contained in a mesh 
cage [Li-Si system (3, 4)]. Such lithium-metal alloys 
are often found to lose capacity with cycling. 

A different approach, an all-solid composite elec- 
trode, which has the potential of being an attractive 
alternative is presented here. This composite has a 
microstructure in which a reactant, (e.g., Li~A1 or 
LiySi) is finely dispersed in a solid mixed-con- 
ducting matrix, so that there is a large (internal) 
reactant surface area. The compound that is used as 
the matrix phase should be a good electronic conductor, 
should have a high diffusion constant for the electro- 
active species (e.g., Li), and except for the transfer of 
the electroactive species, should not react with the re- 
actant phase. It must also be stable over the range of 
potential at which the reactant is operated. The matrix 
phase determines and maintains the microstructural 
morphology of the dispersed reactant, is the current 
collector, and is also a fast transport medium for the 
electroactive species, while the reactant acts as the 
storage system. 

While some preliminary experiments have been per- 
formed with different combinations of reactants and 
matrix compositions, the data presented here, showing 
the feasibility of this concept, deal with experiments 
done on the LiySi/Li2.6Sn system. The important elec- 
trochemical and structural parameters are given in the 
next two paragraphs. 

A number of phases exist in the Li-Sn system (5-11). 
They all exhibit rather high chemical diffusion for Li 
(12). The Li2.6Sn (or Lil~SnD phase has the highest 

chemical diffusion constant, w i t h  ~Li  - -  5 X 10 -5 in- 
creasing to 7.6 • 10-4 cm2/sec with increasing lith- 
ium activity at 415~ which is even greater than 
typical molten salt values of 1-5 • 10-5 cm2/sec. The 
stability range of this phase is between 0.390 and 
0.286V with respect to lithium at 415~ (5) (for in- 
c r e a s i n g  aL~). The position of all Li-Sn phases and 
two-phase voltage plateaus is given in Fig. 1, together 
with those for the reactant, Li~Si. The variation in 
stoichiometry, 6, for Li~s+~Sn~, is small, ranging from 
--0.04 to +0.025 with increasing aLl (12). The volume 
per Sn atom varies with increasing Li content, in some 
cases causing appreciable volume changes upon the 
conversion of one Li-Sn phase into the next  The im- 
portant parameters pertaining to this are given in 
Table I. 

Much doubt has existed about the true compositions 
of the Li-Si phases. Recent electrochemical measure- 
ments in our laboratory (I3, 14) and careful x-ray 
analysis elsewhere (11, 15-18) have shown that the 
phases in the Li-Si system are Li~.;~Si (or Li~2Siv) 
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Fig. 1. Coulometric titration curve showing two-phase plateaus 
and ranges of stability of single phases for the Li-Sn (5) and Li-Si 
(13, 19-21) systems. 

Table I. Crystal structure, unit cell volume, number of formula units 
per unit cell, crystal volume per Sn atom, and theoretical density for 

the Li-Sn system 

Unit Vol- 
cell Formula ume Theo- 

Compound vol- uni ts  per Sn- ret ical  
and crystal  ume per  uni t  atom density 

s t ructure  (A s) cell (A3) (g /cm ~) Ref. 

LiSn 
Monoclinic 132.2 3 41.1 5.07 (6, 7) 
Li~Sm, (Lh.~Sn) 
Monoclinic 367,1 2 01.2 3.66 (8) 
Li~Sn2, (Li2.~Sn) 
Rhombohedral 385.8 3 64.3 3.51 (9) 
Lil~Sm, (Li~.6Sn) 
Hexagonal 327.5 1 65.5 3.47 (10) 
LiTSn~, (Lia.sSn) 
Orthorhombic 642.4 4 80.3 2.96 (7) 
Li22Sn~, (Li4.~Sn) 
Cubic 773.9 16 96.7 2.56 (11) 

(15), Li2.a~Si (or Li14Si6) (16), Li~.2~Si (or Lil3Si4) 
(17), and Li4.4Si, (or Li22Si5). The stability ranges of 
these phases with respect to the lithium activity, and 
the two-phase voltage plateaus according to Ref. (13) 
and (19-21) are given in Fig. 1. From this figure it is 
clearly seen that the Si-Lil.71Si two-phase plateau 
voltage is positioned in the middle of the stability 
range of the matrix phase Li2.6Sn. 

For the Li-Si system the volume per Si atom also 
varies appreciably among the phases encountered upon 
increasing the Li content. The volume per Si and the 
theoretical densities for all Li-Si phases are given in 
Table IL 

Experimental Procedures 
The matrix, Li~Sn, was prepared by the careful addi- 

tion of lithium (99.9%, Alfa) to molten tin (99.9%, 
Baker) in a molybdenum crucible at ~ 400~ followed 
by heating to 600~ for 20-30 min. The crucible was 
closed, but not tightly sealed, with a molybdenum lid, 
After rapid cooling by removal of the crucible from 
the furnace, the metallic gray product was broken in 
a mortar and milled to a fine powder in a ball mill. 
All handling was done in a helium atmosphere glove 
box, or in a protective, leak-tight enclosure. No chemi- 
cal analysis was necessary, as the composition could be 
readily determined by electrochemical titration. 

The matrix material was then mixed and ground 
with Si powder (99.95%, Alfa) in a mortar, the Si/Sn 
ratio being 0.617. The particle size of 90% of the powder 
mixture was smaller than 45 micron. Pellets were 
pressed from this mixture in either 3/8 in. (0.93 cm) 
or 5/16 in. (0.794 cm) diameter evacuated steel dies 
at a pressure of 2700 kg/cm~. This resulted in an overall 
density over 80% of the theoretical value. This is con- 
siderably greater than that typically found in finely 
divided porous electrodes. The pellets were then placed 
in a molybdenum holder which was tightened around 
the cylindrical edge of the sample, exposing the flat 
planparallel surfaces to the molten electrolyte. 

Reference and counterelectrodes were prepared in 
the same manner using an A1/LiA1 mixture of nominal 

Table II. Crystal structure, unit cell volume, formula units per unit 
cell, crystal volume per Si atom, and theoretical density for the 

Li-Si system 

Unit  VoL 
cell  Formula  ume Theo- 

Compound vol- units  per Si. retical  
and crystal  ume per  uni t  atom density 

s t ructure  (AS) cell (As) (g /cm 8 ) Ref. 

Si 
Cubic 160.2 8 20.0 
Lia~SiT, (Lil.~lSi) 
Orthorhombic 2436 6 58.0 
Li~Si6, (Li2.~Si) 
Rhombohedral 308.9 1 51.5 
Lil~Si~, (Lia.~Si) 
Orthorhombic 538.4 2 67.3 
Lle~Sis, (Li~.4Si) 
Cubic 6592 16 82.4 

2.33 

1.15 (15) 

1.43 (16) 

1.38 (17) 

1.13 (11,18) 
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overall composition Li0.s2A1. The three electrode sys- 
tem (LiAI/AI counter and reference; Li-Sn-Si working 
electrode) was then placed in the molten LiCI-KCI 
electrolyte (Lithcoa), contained in an AI~O3 crucible in 
a furnace, the temperature being maintained at 
,~ 410~ The electrochemical experiments also were 
carried out in a helium atmosphere glove box. 

Experiments were performed using an Aardvark 
Model V potentiostat/galvanostat, an Aardvark Model 
BA-1 buffer amplifier, and a Model 379 PAR digital 
coulometer. Voltages were measured using a Keithley 
digital multimeter and a stripchart recorder. Experi- 
ments were either performed potentiostatically or gal- 
vanostaticaUy. 

E x p e r i m e n t s  a n d  R e s u l t s  
Experiments were performed on electrode systems in 

which the starting composition of the matrix was 
LiL56Sn, (or LiSn 4- 0.74 Li2msSn). Lithium was added 
electrochemically to the sample untR its potential 
reached 0.350V with respect to lithium. At this point 
virtually no lithium has been incorporated in the 
single-phase Si reactant, as the solubility of Li in sili- 
con has been estimated to be less than 0.36 atomic per- 
cent (a/o) at 415~ (13). The matrix then goes through 
two phases, Li2.~sSn and Li~.sSn, before arriving at the 
equilibrium composition Li2.sSn, The influence of this 
recrystallization process upon the mechanical strength 
of the sample is still under investigation. 

The first few charging (adding lithium to the re- 
actant) and discharging (removing lithium from the 
reactant) cycles were performed potentiostatically, the 
charging potential being set at 0.300V v s .  Li and the  
discharging potential at 0.375 v s .  Li, The current was 
integrated by a coulometer and recorded on a strip- 
chart recorder. In this way the capacity of the reactant 
could be measured. The coulombic capacity was found 
to be within the experimental error of the calculated 
value for the Si-Lit.71Si plateau. During the course of 
the experiment potentiostatic cycles were run in order 
to monitor the coulombic capacity, i t  was found that 
it remained virtually constant over the duration of the 
experiments (16-20 cycles, one charge and discharge 
counted as one cycle) indicating negligible capacity 
loss on cycling. 

During this potentiostatic cycling possible slow sec- 
ond phase nucleation was observed for the reactant. 
At the onset of the charge or discharge cycle the cur- 
rent had an initial high value, which decreased rapidly 
due to the small change in stoichiometry of the matrix 
phase which is associated with the instantaneous 
change in lithium activity. The current then went 
through a minimum which is probably associated with 
the slow nucleation of the second phase (LiLvlSi for 
the charge and Li-saturated Si for the discharge cycle) 
as under this potentiostatic cycling the reactant is 
driven into its single-phase regime. 

A number of cycles were performed galvanostatically 
in order to establish the polarization characteristics of 
the mixed-conducting matrix electrodes. No special 
precaution was taken with respect to the placement 
of the electrodes; a simple triangular arrangement 
was used. In order to start from the same composition, 
or lithium activity, the electrodes were equilibrated 
potentiostatically at 0.375V v s .  Li before charge, and 
0.300V before discharge. Thus, as each cycle started 
with a single-phase reactant, what appeared to be 
slow second-phase nucleation again was observed as 
a voltage dip in the polarization at the onset of the 
charge cycle, and a voltage peak at the onset of the 
discharge cycle, as shown in Fig. 2. 

When the galvanostatic charge and discharge cycles 
were terminated before reaching the ends of the 
two-phase plateau, this slow second-phase nucleation 
was not observed, as both phases were then always 
present in the reactant (see Fig. 3). 

The overpotential as a function of the current den- 
sity (taking both sides of the sample into account) is 

004 ~ Y ~ , ~  ~ 

0 " 0 3 F ~  ~ 20 rnMcm 2 

0.02 ~ 10 rnA/cm 2 
5 mPJcrn 2 

0.01 

1o 
-0.01 

c 
~ -0.02 
c_ 
~ -0.03 

-O.OZ. 

-0.95 

-0.06 

0 

Si - LIImSi plateau (OCV] 

5 mA/cm 2 
10 mA/cm 2 ~ 

20 rnA/cm 2 / 1  

,_~40 rnAIcm2 -,.-.-~ 

charging . 

, [ l I I i i i 
10 20 30 40 50 60 70 80 go 

charge stored a s %  of capacity 

0.39 

0.38 

0.37 

0.36 

T ~.34 ! 

L~ 
0.32 m 

0.31 ~ 

0.30 

&2g 

028 

100 

Fig. 2. Electrode polarization as function of the state of charge 
for several current densities. 
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Fig. 3. Electrode polarization as function of the state of charge 
demonstrating the disappearance of the nucleation related dips and 
peaks when not cycled to the ends of the plateau. 

shown for a 50% state of charge in Fig. 4. The over- 
potential Was found to be small, of the order of 1 mV 
per mA per cm 2 of macroscopic surface area, being 
slightly larger near the end of the charge or discharge 
cycle. 
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If the matrix electrode is charged with more lithium 
the potential falls to that of the next two-phase pIateau 
where Li2.8~Si begins to form. The matrix could also 
enter a two-phase region with the formation of Lis.~Sn 
at about the same potential [0.282V vs. Li for Lil.715i/ 
Li2.8~Si (19-21) and 0.286V vs. Li for Li2.6Sn/Lij.sSn 
(5)]. 

Figure 5 shows a complete galvanostatic cycle, mea- 
sured at a current density of 5 mA/cm 2 in which the 
two additional plateaus can be observed. From the 
length of these plateaus it follows that the first addi- 
tional plateau is the Lil.71Si/Li~.88Si two-phase region, 
as its length is ~ 0.3 times the length of the first, i.e., 
Si-Lil.71Si, plateau. The OCV was measured to be 
0.288V at 410~ the same as found by Ref. (13), but 
slightly higher than reported by Ref. (19-21). The 
second additional plateau is associated with the Li2.6Sn/ 
Lia.~Sn two-phase region. Its length was equivalent to 
about 0.9 times the amount of Sn in the sample. The 
OCV for this plateau was measured to be 0.276V vs. 
Li, (at 410~ which is 10 mV lower than reported by 
(5). 

These extended charging and subsequent discharging 
did not seem to affect the integrity of the sample, or 
the overall kinetic behavior of the electrode. The 
coulombic capacity of the first plateau remained vir- 
tually unchanged. 

Discussion 
In the preceding section the feasibility of this mixed 

conducting matrix electrode concept has been clearly 
demonstrated. It is, however, important to discuss its 
merits with regard to the conventional porous, salt- 
filled electrodes. The solid matrix phase is obviously 
heavier than the chloride molten salt which typically 
exists in the pores of electrode structures prepared by 
the consolidation, or mechanical containment, of 
powders (the density of Li2.6Sn is 3.47 g/cm ~, whereas 
the density of the eutectic composition of the LiC1-KC1 
salt is 1.66 g/craB). The matrix phase acts, on the other 
hand, simultaneously as the current collector, so no 
additional material needs to be included for that pur- 
pose. Nor is a metallic (e.g., nickel, which has a density 
of 8.90 g/cm~) sponge necessary to hold the reactant 
powder in place. 

While this may lead to a slight loss of weight effi- 
ciency in this approach, there could be kinetic ad- 
vantages, as the chemical diffusion coefficient is greater 
in this metallic matrix than the typical value of about 
10-6 cm2/sec for molten salts. In this way the pos- 
sibility of electrolyte freezing inside the pores of the 
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Fig. 5. Electrode polarization at 5 mA/cm 2 as function of the 
charge stored during a complete charge-discharge cycle to lower 
voltages. The circles represent measured open-circuit voltages. 

salt-filled electrodes, due to a local depletion or en- 
richment of Li in the eutectic electrolyte (22) is 
avoided. 

The theoretical coulombic capacity of such an elec- 
trode with an Si/Sn atom ratio of 0.62, operated only 
within the first Li-Si two-phase region is 0.46 A- 
hr/cma. In comparison, the "contained powder" Li-Si 
electrode of Seefurth and Sharma (3, 4) contained 
0.68 A-hr/cm~ when charged to the same Li/Si atom 
ratio. If the composite electrode were utilized to higher 
Li contents, i.e., to Lis.~Sn and Li2.~jSi, which involved 
reaction with both the silicon and the tin, the capacity 
increases to 0.93 A-hr/cmZ. Under these conditions, the 
pure Li-Si electrode of Seefurth and Sharma also has 
0.93 A-hr /cm 3. The measured overvoltages were some- 
what larger than those measured by Seefurth and 
Sharma (3, 4) although no corrections for electrolyte 
resistance were applied. 

Although there have not been very many experi- 
ments to data, present indications are that there is 
negligible loss of capacity upon cycling electrodes with 
this type of composite structure. This is what would 
be expected if the microstructure returned to its origi- 
nal state after the completion of each full cycle. 

This approach avoids the typical problems of densi- 
fication and particle growth which often play a role in 
decreasing the useful capacity in conventional liquid- 
permeated electrode structures. 

Further work is being undertaken to investigate the 
microstructural features of the operation of such com- 
posite electrodes as well as their range of applicability. 
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Influence of the Growth Conditions of 
Passivating Layers on the Corrosion of 

Aluminum Films in Water 

J. Grimblot 1 and J. M.  Eldridge 

IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

The effects of wa te r  vapor  on the oxidat ion  kinet ics  of UHV-depos i t ed  A1 
films have been inves t iga ted  using in situ el l ipsometr ic  measurements .  Fo r  a 
g iven exposure  time, the presence of ~33% H20 increases the  A1~O8 thickness  
b y  ,~50% and roughly  doubles the ext inc t ion  coefficient of the  oxide. We 
a t t r ibu te  the  nonzero ext inc t ion  coefficients (wi th  a range  in values  f rom 0.05 
to 0.18) as being due to the presence of excess A1 in the  oxide. The "wet" -  
grown A1208 layers  oxidize  at  least  twice as fast  as " d r y " - g r o w n  layers  on s tor -  
ing of samples  in a no rma l  l abo ra to ry  environment .  Fur the rmore ,  the re la t ive  
effectiveness of the pass iva t ion  prov ided  to the under ly ing  A1 is g rea te r  for  the 
" d r y " -  than  the  " w e t " - g r o w n  A120~ layers .  Grav ime t r i c  and  e lec t r ica l  res i s t -  
ance da ta  f rom samples  exposed to an aqueous corrosion tes t  a re  given to sup-  
po r t  this. 

The l i fe t imes of A1 conductor  lines in in tegra ted  c i r -  
cuits is h igh ly  dependen t  on the  qua l i ty  of the thin 
(,,~20A) a i r - fo rmed  A1208 layer .  In  an effort to be t te r  
under s t and  processing effects on A/208 qual i ty  as a 
passivant ,  in situ e l l ipsomet ry  studies have been used 
to evalua te  the growth  and opt ical  proper t ies  of oxide 
layers  grown in d ry  O2 on UHV-depos i ted  A1 films 
(1). The sens i t iv i ty  afforded by  this approach  has 

c lear ly  shown that  the reac t ion  ra te  is not  signifi-  
can t ly  pressure  sensit ive and only  modera t e ly  t em-  
p e r a t u r e  dependent .  

In  this paper  we repor t  on the effects of wa te r  
vapor  on the oxide growth  and propert ies ,  as de te r -  
mined by  in situ el l ipsometr ic  measurements .  E lec t r i -  
cal resis tance and weight  change de terminat ions  were  
car r ied  out  ex s i tu to compare  the pass ivat ing  char -  
acterist ics of "dry"  and "wet" grown A120~. 

A1 films (2000A thick)  were  deposi ted under  UHV 
condit ions as descr ibed e lsewhere  (1), and exhib i ted  a 
ve ry  s t rong (I11) p re fe r r ed  orientat ion.  The effects of 
mois ture  [up to 33 vo lume percent  ( v / o ) ]  on Al  oxi -  
dat ion at  274~ is shown in Fig. I. The da ta  are  p re -  
sented according to a d i rec t  logar i thmic  growth  law, 
a l though our  ea r l i e r  analysis  (1) suggests the  we l l -  
known  Mot t -Cabre ra  inverse  log l aw  is p r o b a b l y  more  
correct.  Note tha t  the  presence of 33% w a t e r  increases  
the oxide thickness  by  roughly  50%. 

As repor ted  for  the  A l - d r y  O2 reac t ion  (2), the oxide 
layer  is s l ight ly  l igh t -absorb ing  at  ~. --  5461A. For  d r y  
O~, the  opt ical  ext inc t ion  coefficient (k) of thin A1208 
layers  var ies  f rom 0.07 to 0.05 as the  oxide grows from 
rough ly  20 to 30A. For  "wet"  g rown oxides, k var ies  
f rom ~0.18 to 0.10 for the  same thickness range.  We a t -  
t r ibu te  the smal l  l ight  absorpt ion  as being due to the 
presence of a ve ry  smal l  (~1019/cm ~) concentra t ion of 
A1 atoms in excess of the s toichiometr ic  ratio�9 S imi la r  
effects have been seen in the In203-In sys tem (2). 

We have a t t empted  to use ex situ el l ipsometr ic  mea -  
surements  in an effort to compare  the  r e l a t ive  pass iv i -  

~Permanent address: Umvers~te des Sciences et Techniques, 
Lille. France. 

Key words: accelerated corrosion, thin films, semiconductor 
reliability. 

ties p rovided  by  the "dry"  and "wet"  AltOs layers. 
However ,  the resu]ts were  quite difficult to in terpre t ,  
perhaps  owing to the  format ion  of qui te  discontinuous 
is lands of hydroxide ,  pits, blisters,  etc. Indeed,  i t  m a y  
only be possible to s tudy  the ve ry  in i t ia l  reac t ion  of  
mater ia l s  in corrosive solutions via  e l l ipsomet ry  (3). 
Accordingly,  we used e l l ipsomet ry  here  to measure  
thickness increases of the above  oxides clue to p ro -  
longed exposure  to l abo ra to ry  a i r  (i.e., ~25~ 40-50% 
RH, and some unknown levels of corrosive po l lu tan ts ) .  
For  per iods  up to roughly  40 days,  we found the  "wet"  
A1203 layers  cont inued to grow in ambien t  a i r  a t  -~1 A~ 
day, whereas  "dry"  A]203 grew at  ~0.4 A /day .  

In  an effort to be t t e r  different ia te  be tween  the reac-  
t iv i ty  of these oxides, more  extens ive  tests were  con- 
ducted using var ious  aqueous reac t ive  ambients .  We r e -  
gard  the  aqueous tes t  resul ts  as significant because:  
D I - w a t e r  rinses are  in tegra l  to al l  IC processing (4);  
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, -~*1 I P 
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Fig. 1. Plot of the thickness as a function of log time (rain). �9 
Dry 02 (50 Torr) at 274~ �9 02 + 3% H20 (50 Tort total pres- 
sure) at 274~ �9 O2 + 33% H~O (100 Torr total pressure) at 
274 ~ C. 
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and, adsorbed  wa te r  layers  lead  to A1 corrosion in  elec-  
tronic circuits  of a l l  types  (5). For  this purpose,  weight  
change and resistance increase  measurements  were  
used to moni tor  the effects of exposure  of films to va r i -  
ous aqueous solutions. In  each case, t h r ee  nomina l ly  
ident ical  samples  were  used to minimize  effects of 
specimen inhomogeneit ies .  Exper iments  were  con- 
ducted using samples  wi th  roughly  the same A12Os 
thickness:  30A for "dry"  oxide ( formed in 4200 min 
at  274~ ; and, 35A for "wet"  oxide  (grown in 200 rain 
at  274~ wi th  33% H20 in O~). 

F igure  2 shows weight  losses of var ious  samples  due 
to immers ion  in different  solutions at  room t empera -  
ture. The NaF solut ion is too corrosive, removing  e n t i r e  
2000A thick A1 films (i.e., ,~230 #g) in 3-20 hr  depend-  
ing on concentrat ion.  The KC1 solutions are  less cor-  
rosive but  st i l l  sufficiently la rge  as to mask  significant 
differences amongst  the oxide  layers .  

For  Our comparisons,  we f inal ly decided to use a DI  
H20 solut ion containing A1 +3 ions (obta ined  by  boi l -  
ing the wate r  wi th  an excess of u l t r apu re  A1 slugs) .  
In  this way, we hoped to minimize  effects due to dis-  
so lu t ion-prec ip i ta t ion  processes, even though the solu-  
b i l i ty  product  of AI(OH)~ in wa te r  is ve ry  low (6) a t  
room tempera ture .  The weight  change vs. t ime curves 
in Fig. 2 for this solut ion are  quite complex and beyond 
our to ta l  unders tand ing  at  this t ime. This is not  un -  
expected in view of the we! l -known  complexi t ies  of 
the A1-H20 interact ions  (7-8). However,  two w e l l - d e -  
fined regions emerge  here. In  the  first, an incubat ion 
per iod (IP)  appears  wi th  no not iceable  weight  loss. 
w e  a t t r ibu te  the  IP to the t ime needed  to hydroxy la t e  
the A1208 since this per iod  is Smaller  for  the "wet"  
oxide. The IP  character is t ics  of Table  I show this value  
decreases wi th  s torage of "dry"  grown A1208 samples,  
becoming essent ia l ly  ident ical  to f resh ly  p repa red  
"wet"  oxide af te r  roughly  25 days. Since hyd roxy l a t e d  
A1208 layers  have a more  open s t ruc ture  where in  cor-  
rosive species diffuse more readi ly ,  the above observa-  
tions may  have an impor t an t  prac t ica l  aspect. Namely,  
so-cal led "dry"  processing and subsequent  s torage in 
iner t  ambients  should enhance the pass iv i ty  of A1 con- 
ductor  lines. Such effects a re  l ike ly  to become more  im-  
por t an t  as VLSI  technologies a re  developed where  al l  
reasonable  precaut ions  should, be taken  to p reven t  
meta l  corrosion wi th  a t t endan t  y i ~ d  loss, etc. 

The second stage of the resul t  in Fig. 2 is cha rac te r -  
ized e i ther  by  weight  loss a n d / o r  smal l  hole fo rmat ion  
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Fig. 2. Plot of weight change in #g (averaged over 3 identical 
samples) as a function of time (hr). ~ "Dry" oxide in NaF (0.01m); 
�9 "dry" oxide in KCI (0. |m)--5 days between preparation and 
corrosion test; �9 "dry" oxide in water~4 days between preparation 
and corrosion test; �9 "dry" oxide in waterm25 days between 
preparation and corrosion test; A "wet" oxide in water--21 days 
between preparation and corrosion test. 

Table I. Characteristics of the incubation period 

Time be- 
tween prep-, Incu- 
aration and bation Symbol 
corrosion period used in 

Sample test (days) Solution (hr) Fig. 2 

Dry 5 KC1 (0.1m) ~20 �9 
Dry 4 Water ( + A13+) --75 �9 

12 Water (+A13+) ~60 
25 Water ( + A18+) __15 �9 

Wet 1 Water ( + A18+) _____25 
Wet 21 Water ( + A18§ ) 0 A 

through  t h e  films. We then. expect  tha t  adhesion of 
some corrosive products  is poor  to the  glass substrate.  
I t  is p robab ly  one of the reasons why  our  findings dis-  
agree  wi th  previous  resul ts  (7) indica t ing  weight  
gain by  immers ion  of bu lk  A1 sheets  in wa te r  ( f rom 
20 ~ to 80~ Since hole format ion  seems to occur r a n -  
domly, i t  is difficult to compare  absolute  weight  losses 
f rom different  samples.  

P r o b a b l y  s imi lar  effects have  to be invoked  to ex-  
p la in  the  resis tance var ia t ions  of typica l  "dry"  and 
"wet" samples  when immersed  in the  test solut ion (Fig. 
3). Hole format ions  in the a luminum film and insula tor  
produce  growth  tha t  can give acceptable  explanat ions  
of the observed resis tance increases,  bu t  the  presence 
of a sharp  m a x i m u m  af ter  _~40 h r  of immers ion  is 
s t i l l  unclear .  Note also tha t  the "wet"  Oxide samples  
exhibi t  a l a rger  resis tance increase  wi th  time, s imi la r  
to the  weight  change resul ts  of Fig. 2. In  addit ion,  the  
"wet"  oxides exhib i t  much smal le r  IP  values,  as ex -  
pected.  

In  conclusion, this pape r  c lear ly  shows tha t  in t ro-  
duct ion of wa te r  vapor  in 02 modifies unambiguous ly  
the kinet ics  of a luminum film oxidat ion.  Moreover,  the  
"we t " - fo rmed  oxide is less s tochiometr ic  because its 
ext inct ion coefficient is r e l a t ive ly  higher.  Secondly,  
the "wet"  A1203 layers  are less effective as pass ivants  
on s to r ingA1 films in a normal  l abo ra to ry  envi ronment .  
Thirdly ,  immers ion  of the samples  in DI wa te r  y ie lds  
an incubat ion per iod  which  can be observed  g rav i -  
me t r i ca l ly  and electr ical ly.  Both techniques show tha t  
IP  is h igher  for the "dry"  compared  to the "wet"  oxide. 
Since significant corrosion only  s tar ts  a f te r  the  com- 
plet ion of this IP, we conclude tha t  the  f resh  "d ry"  
oxide is more  pro tec t ive  than the  "wet"  oxide. 

A c k n o w l e d g m e n t  
The authors  a re  indeb ted  to J. M. Brown for  his 
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Any  discussion of this p a p e r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the  December  1981 Dis-  
cussion Sect ion should  be submi t t ed  by  Aug. 1, 1981. 

Publication costs of this article were assisted by IBM 
Corporation. 
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High Rate Electrodeposition of Niobium from 
Molten Fluorides Using Periodic Reversal Steps 

and the Effects on Grain Size 
Uri Cohen z 

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

ABSTRACT 

Appl ica t ion  of per iodic  reversa l  (PR) technique, in which  a cathodic (de-  
posi t ing)  s tep is fol lowed by  an anodic (polishing) step, was found ve ry  bene-  
ficial to the  increase  of e lec t ropla t ing  ra te  of coherent  niobium. Wi th  no me-  
chanical  agi tat ion,  the appl ica t ion  of the PR technique fac i l i ta ted  an e lec t ro-  
p la t ing  ra te  increase  by  a fac tor  of about  10 over  the  d i rec t  cur ren t  method.  
The morpho logy  of the  deposits  was found to be of the  co lumnar  s t ructure .  
The columns became more  or iented  along the [100] direction,  and  of smal le r  
d iamete rs  as the  ra te  of e lec t rodeposi t ion increased.  Unexpectedly ,  beyond a 
cer ta in  ra te  and  under  cer ta in  conditions, the  co lumnar  grains  became large  
once again.  Under  such condit ions a pronounced he te roep i tax ia l  effect of the  
subs t ra te  (Cu) grains  on the deposi t  gra in  size and  or ienta t ion  was ob- 
served. 

Niobium (1, 2), as wel l  as o ther  r e f r ac to ry  meta ls  
(2-7),  were  first demons t ra ted  b y  Senderoff  and 
Mellors  to be capable  of e lec t ropla t ing  in coherent  and 
dense coatings f rom mol ten  a lka l i  fluoride solvents. 
In  addit ion,  Senderoff  and Mellors  also inves t iga ted  
the  e lect rode react ions  of n iob ium (8) and  the o ther  
r e f rac to ry  meta ls  (3, 5) by  chronopotent iometry .  They  
r epor t ed  three  steps in the  reduct ion of Nb (V) (which 

e -  3 e -  
is used as the solute source) :  Nb(V)  ~ Nb (IV) 

e -  

Nb (I)  ----> Nb. They also inves t iga ted  its anodic ox ida -  
t ion to the hexava len t  s ta te  on ine r t  anodes (9). The 
decomposi t ion potent ia ls  of the  solute sa l t  K2NbF~ in 
the mol ten  a lka l i  fluoride solvent,  as wel l  as those of 
severa l  o ther  meta l  salts, were  measured  b y  Cohen 
(10, 11). In addit ion,  Cohen also s tudied the behav ior  
of n iob ium elec t rode  by  slow cyclic v o l t a m m e t r y  and 
by  a newly  deve loped  technique,  reversa l  cur ren t  step 
v o l t a m m e t r y  (RCSV) (10). The l a t t e r  technique p ro -  
vides s t eady-s t a t e  polar iza t ion  curves whi le  g rea t ly  
e l imina t ing  the deleter ious effects (13-15) associated 
wi th  pro longed  e lect rodeposi t ion at  h igh rates  onto 
solid electrodes.  These studies showed tha t  n iobium is 
capable  of both  e lect rodeposi t ion and e lec t ropol ish ing 
in the  same mol ten  fluoride electrolyte .  

Mol ten  a lka l i  fluorides, due to the i r  high decomposi-  
t ion potent ia ls  (>3V)  (10, 11), p rovide  iner t  med ia  
f rom which m a n y  meta ls  and  al loys can be r ead i ly  
deposited.  Some of these meta ls  and alloys cannot  be 
deposi ted  f rom other  solvents  wi th  smal le r  decomposi-  

Present address: Department of Materials Engineering, Tech- 
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deposition. 

t ion ranges (such as wa te r )  due to the l a t t e r  decom- 
position. This advantage,  as wel l  as severa l  o ther  a t -  
t rac t ive  fea tures  of the a lka l i  fluoride solvents  (such as 
the fluxing effect of me ta l  surface oxides, the complex 
ion stabi l i ty,  the high ionic conduct ivi ty,  and the low 
mel t ing  point  eutecti~s) have  been discussed p rev i -  
ously (10, 12). 

Elect rodeposi t ion wi th  the per iodic  reversa l  (PR) 
cur ren t  was first developed by  Je rns t ed t  (16, 17). The 
technique was or ig ina l ly  app l ied  to the  p la t ing  of Cu, 
Ag, and  brass f rom the i r  aqueous cyanide  baths.  I t  was 
fu r the r  inves t iga ted  by  o ther  workers  (18-25). Severa l  
rev iew papers  a re  now avai lab le  (26-28). The  t ech-  
nique was shown to be pa r t i cu l a r ly  useful  for coat ing 
proper t ies  such as coherency,  density,  smoothness,  
br ightness,  uniformity ,  and  the reduct ion  of in te rna l  
stresses. Very  low frequencies,  typ ica l ly  in the range  
o~ few cycles pe r  minute,  have been found most bene-  
ficial. The anodic cur ren t  magni tude  has not, in gen-  
eral,  exceeded the cathodic cur ren t  magni tude .  The 
average  PR p la t ing  ra te  has been, in general ,  about  the 
same or  somewhat  h igher  than the convent ional  d i rec t  
cur ren t  (d-c)  plat ing.  The PR method  was repor ted  
to be ve ry  beneficial  to copper  p la t ing  f rom its cyanide  
ba th  (27, 29), but  to have no such effects when ap -  
pl ied to the acid copper  sulfate  ba th  (30). Despic 
and Popov (31) re la ted  the  posi t ive PR effects to sys-  
tems opera t ing  unde r  diffusional control  of the depo-  
sit ion process, bu t  to have  no such effects wi th  systems 
opera t ing  under  ac t iva t ion-cont ro l led  deposi t ion p ro -  
cess. 

In  the presen t  work,  much l a rge r  anodic than  ca th-  
odic cur ren t  magni tudes  were  employed,  and  the 
anodic per iods  were  shor te r  than  the cathodic periods.  
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The la rger  anodic cur ren t  magni tude  ensured polishing 
r a the r  than  etching. The large  cur ren t  magni tudes  
were  faci l i ta ted by  the large decomposi t ion potent ia l  
range  of the a lkal i  fluoride solvent. 

Recently,  Jackson and Mil le r  (32) descr ibed a new 
method  of the rmal  cycles for remel t ing  and regrowth.  
Uti l izing in situ microscopic observat ions  of the  g row-  
ing crystals,  they  repor ted  significant improvements  in 
the crys ta l  perfect ion and grain  size increase. Severa l  
mechanisms which they  suggested for the cyclic ther -  
mal  g rowth  seem to be also val id  for some observat ions  
made  in the  presen t  study.  

The basic pr inciples  of the PR s'teps technique, u t i l -  
ized in this  study, are  schemat ica l ly  i l lus t ra ted  in Fig. 1. 
F igure  l ( a )  defines the opera t ing  pa rame te r s  of a 
PR-cu r r en t  signal. S imi la r  pa rame te r s  are  l ikewise  
defined for PR-po ten t i a l  signal. F igure  1 (b) shows the 
effect of a PR cycle. The or ig inal  flatness of the sol id-  
l iquid in terface  pr ior  to the cycle (t - -  0) is res tored  
at  the end of the  cycle (t _-- tc -5 tA). Thus, a l though 
the cathodic pulse may  dr ive  into the diffusion-con- 
t ro l led  regime, giving rise to interface protrus ions  
forming af ter  some ini t ia t ion per iod  (31, 33, 34), the  
l a t t e r  may  then be taken  off dur ing  the fol lowing 
anodic pol ishing pulse. The next  cathodic deposi t ion 
step wil l  s ta r t  again wi th  a f resh smooth and flat in te r -  
face. 

Experimental 
The exper imen ta l  setup has been descr ibed in deta i l  

e lsewhere  (10). An  iner t  a tmosphere  of purif ied he l ium 
was main ta ined  in the vacuum- t igh t  chamber  (wi th  a 
slow flow ra te ) .  Three  electrodes insula ted  from each 
other  and f rom the chamber,  could be replaced  th rough  
special  "rescue chambers"  wi thout  having to open the 
main  chamber.  The l a t t e r  consisted of an Inconel  can  
fitted wi th  an O- r ing  seal and  a wa te r  cooled top 
flange. The Inconel  can was inser ted  into an elec- 
t r ica l ly  hea ted  tube furnace.  The crucible  was typ ica l ly  
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Fig. 1. (a, top) PR-current (PRC) signal and its parameters, (b, 

bottom) schematic profile cross section of the cathode and its coat- 
ing during a PR cycle. 

made  of Ni or Mo metals,  and was pro tec ted  f rom 
contaminat ion  or iginat ing on the Inconel  wal ls  b y  an 
Mo liner.  

A convenient  sal t  m ix tu re  containing 6 mole  percent  
(m/o)  K2NbFT, 10 m/o  KHF2, and balance L i F : K F  
(47:37 m / o ) ,  was first mel ted  in a manner  which  was 
descr ibed e lsewhere  (10, 35). A n iobium anode piece 
was then immersed  in the mel t  in order  to equi l ibra te  
the n iobium valences (1) 

Nb -5 4Nb(V) --  5Nb(IV)  [1] 

A pre-e lec t ro lys i s  run  was then  pe r fo rmed  wi th  a 
copper s t r ip  cathode. This p re -e lec t ro lys i s  substan-  
t ia l ly  reduced the more  noble me ta l  impuri t ies .  Thus, 
an ini t ia l  contaminat ion  of the n iobium deposi t  wi th  
0.2 weight  percen t  (w /o )  Fe, d ropped  to below 0.05 
w/o  Fe af ter  an overnight  e lectrolysis  at 10 m A  ( to ta l  
ba th  of 3 moles) .  

A pract ica l  quas i - reference  electrode 2 was the redox 
couple e lect rode Cu/Nb (V),  Nb (IV).  The react ion [1] 
was shown (1) to reach equi l ib r ium at a mean valence 
of 4.5. The rat io of [ N b ( V ) ] / [ N b ( I V ) ]  _~ 1 suggests a 
stable redox potent ia l  since concentra t ion fluctuations 
wil l  only  s l ight ly  affect the r edox  potential .  The 
anode was a lways  a dissolving n iobium sheet, and 
both copper and mo lybdenum strips were  used as sub-  
strates.  

The e lect r ica l  signals for both e lect rodeposi t ion and 
vo l tammet r ic  studies were  produced  by  the combina-  
t ion of a potent iosta t  and a signal p rog ra mme r  PAR 
173/PAR 175. 

The samples  were  analyzed  b y  x - r a y  diffraction 
(XRD) for p re fe r r ed  orientat ion.  Scanning electron 
microscopy (SEM),  and sample  sect ioning and meta l -  
lography  were used to s tudy the morphology.  The sec- 
t ioned samples were  mounted  in a plastic mold  and 
ground and polished. They were  then etched in a so- 
lut ion which contained H20 (50 ml ) ,  HF  (20 ml ) ,  
HNO3 (10 ml ) ,  and H2SO4 (15 ml ) .  Superconduct ing  
t rans i t ion  t empera tu re  measurements  were  pe r fo rmed  
by  Professor  Gebal le ' s  Cryogenic Group at  S tanford  
Universi ty .  

Results 
Electrodeposition at constant current.--Constant cur-  

rent  e lectrodeposi t ion exper iments  were  done at  750 ~ 
_ 5 ~ C, from a solution of 6 m/o  K2NbFT. No mechani -  
cal agi ta t ion was used. F igure  2 shows a sample  which 
was p repa red  dur ing the pre -e lec t ro lys i s  purif icat ion 
stage. A constant  cur ren t  densi ty  of 3.3 m A / c m  2 was 
applied. The deposit  was dense and coherent.  Its cross 
section reveals  a co lumnar  microst ructure ,  and XRD 
analysis  of the as -depos i ted  sample  indica ted  s t rong 
p re fe r red  or ienta t ion along the [100] direction. The 
deposit  had a l ight  g ray  mat te  color, and was of dull  
appearance  due to its surface roughness.  The unusual  
p y r a m i d a l  morphology  is be l ieved  to be due to the 
adsorpt ion of impuri t ies .  Fol lowing the purif icat ion 
stages, the appl icat ion of a constant  cur ren t  dens i ty  of 
5 m A / c m  2 to the pure  solut ion y ie lded  the sample  
shown in Fig. 3. This deposi t  was of high qua l i ty  but  
had also a dul l  appearance.  Appl ica t ion  of a constant  
cur ren t  densi ty  of 25 m A / c m  2 resul ted  in a deposit  
revea l ing  the onset  of de te r iora t ion  beyond a th ick-  
ness of about  100 ~m. The deposi t  is shown in Fig. 4. 
An  upper  l imi t  of about  25 m A / c m  2 on the useful  
range  of constant  cur ren t  was thus established.  

Electrodeposition with periodic reversal (PR) pulses. 
- - E x p e r i m e n t s  wi th  PR were  also pe r fo rmed  wi th  a 
solut ion of 6 m/o  K2NbF?, and at  750 ~ _ 5~ Cu and 
Mo str ips of 1 cm wid th  were  used as cathodes, and 

2The  poten t ia l  of immersed  metal  Cu in this me l t  is not  well  
def i red.  The  sl ightly soluble (8) species N b ( I )  m a y  great ly  affect 
it. Howeve r ,  the  poten t ia l  of this e lectrode r eaches  a steady- 
state va lue  a f t e r  a f ew minutes  of immersion.  That  potential  is 
s table (wi th in  about  --+1 mV) o v e r  periods of several  days. As  
this quas~-reference e lec t rode  was  only used  to m o n i t o r  vari- 
ations izi the  work ing  e lec t rode  poten t ia l  over  shor t  dura t ions ,  its 
actual  po ten t ia l  was  considered of secondary importance.  
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Increas ing the f requency  showed a s l ight  improve -  
ment  of the  deposi t  br ightness,  bu t  decreased un i -  
formity.  A sample  which  was p repa red  under  s imi la r  
condit ions to those of Fig. 10, bu t  at  a ten t imes h igher  
frequency,  y ie lded  a somewhat  b r igh te r  deposi t  on the 
flat surface. However ,  large  dendr i tes  were  found on 
the s t r ip  edges, due  to the h igher  local  cu r ren t  dens i ty  
there.  

Concentration ef]ects.--A mix tu re  containing 0.8 
mole  KeNbFT, 0.1 mole  KHF2, and 0.1 mole  L iF  ( to ta l  
of 1 mole)  was hea ted  and mel ted  according to a p ro -  
cedure  prev ious ly  descr ibed (10, 35) (on cooling, the  
first f reezing was observed at  705 ~ ~- 5~ The 
n iob ium valences were  then  equi l ib ra ted  wi th  n iob ium 
meta l  according to (1). A dissolving Nb anode was 
used and the cathodes were  e i ther  Cu or Mo strips.  

Using a PRC signal  to deposi t  Nb f rom the 80 m / o  
K2NbF7 solution was less favorab le  than  f rom the 6 
m/o  solution. F igure  11 shows samples  which  were  
grown with  ic ---- 50 m A / c m  2 and Q _- 2.0 f rom the 
80 m/o  solution. The deposi t  was sh iny  and of h igh  
qua l i ty  and coherence. However ,  a t  h igher  PRC ca th-  
odic cur ren t  densities,  large  dendr i tes  began  to appea r  
on the subs t ra te  edges, and an "umbre l l a"  of deposi t  
r ap id ly  g rew at the l iquid surface pe rpend icu la r  to the  
subs t ra te  surface. Thus the  m a x i m u m  deposi t ion ra te  
obta inable  f rom the h ighly  concent ra ted  solut ion is 
s ignif icantly lower  than  f rom the 6 m/o  solution. The 
Nb dissolving anode, a f te r  opera t ion  in the  80 m/o  so- 
lution, is shown in Fig. 12. Notice the  h igh ly  pol ished 
appearance  of this anode. 

Superconductivity tests.kSuperconducting t rans i t ion  
t empera tu re ,  Tr was measured  by  magne t ic  suscept i -  

Fig. 2. Nb deposit obtained by constant current (d-c) pre-elec- 
trolysis at i c  - -  3 . 3  mA/cm ~. (a) SEM photograph of the coating 
surface, (b) optical micrograph of a vertical cross section. 

a n iob ium sheet  was used as a dissolving anode. 
C u / N b ( I V ) ,  Nb(V)  was used as a quas i - re fe rence  
electrode.  No mechanica l  agi ta t ion was used. Both 
methods  of PR-po ten t i a l  (PRP)  and PR-cu r r en t  (PRC) 
were  examined.  F igure  5 shows the t races of a PRP 
control l ing signal  and the cur ren t  response wi th  time. 
F igure  6 shows the t races of a PRC control l ing signal  
and the po ten t ia l  response wi th  time. The deposi t  
shown in Fig. 7 was obta ined  f rom the appl ica t ion  of 
the  PRP signal  of Fig. 5. The deposi t  was of high 
qua l i ty  wi th  a very  smooth, polished, and  shiny ap -  
pearance,  but  had  etch pits  on the  surface. The a v e r -  
age cathodic cur ren t  dens i ty  on this sample  was about  
90 m A / c m  2. The average  anodic dissolution cur ren t  
dens i ty  was about  110 mA/cm~. The Q-ra t io  for  this 
sample  was about  4.1, where  Q is defined b y  

Q = ]Qc/QAI = [tciC/tAiAf [2] 

The signal  pa rame te r s  a re  defined in Fig. 1. 
F igu re  8 shows another  sample  which  was grown 

by PRP. For  this sample,  however ,  the  average  deposi-  
t ion cur ren t  dens i ty  was 300 mA/cm2, and the Q-ra t io  
was about  8.0. The bad  morpho logy  of this deposi t  
is seen in the  poor fill ing and coherency.  The more  the 
deposit  grows, the  worse  its qual i ty  becomes. 

PRC offers a be t t e r  control  of the Q-ra t io  as the 
currents  do not  dr i f t  dur ing the deposi t ion run. F ig -  
ures 9 and 10 show the effect of reduc ing  the  Q- ra t io  
when PRC steps were  applied.  The sample  shown in 
Fig. 9 was grown by the PRC signal  of Fig. 6 wi th  
Q --  4.0. The sample  shown in Fig. 10 had Q _-- 2.0. 
Both samples  were  grown wi th  ident ica l  cathodic cur-  
ren t  density,  ic -- 300 m A / c m  2. 

Fig. 3. SEM photographs of Nb deposit obtained with constant 
current density of 5 mA/cm 2. Mo substrate; pure solution. 
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Fig. 4. Nb deposit obtained with constant current density, ic = 25 mA/cm 2. (a) and (b) SEM of deteriorating surface, (c) SEM of smooth 
area, (d) vertical cross section. 

bility. Both f requency shift and oscillation ampli tude 
methods were util ized (36). 

Strongly oriented deposits along the [10'0] direction 
with fine columnar  grain structure, such as seen in 
Fig. 7, revealed wide transi t ion tempera ture  interval ,  
~Tc = 5.2-9.1K. The in terval  decreased as the grains 
became larger, less oriented, and less coherent. Thus, 
the deposit shown in  Fig. 10 had ~To ---- 8.3-9.1K, and 
the one shown in  Fig. 4 had ~Tc : 8.8-9.15 K. The high 
t ransi t ion limits indicate that the deposits were very 
pure. For a comparison, the impure  Nb deposit which 
was obtained dur ing the pre-electrolysis stage (shown 
in Fig. 2), had only ~Tc ---- 7.9-8.4 K. The lat ter  con- 
tained between 0.2-0.05 w/o of Fe, as revealed by  
electron microprobe analyses before and after the 
deposition, respectively. Analysis by electron micro- 
probe of Nb deposits with high Tc failed to reveal any 
impurit ies (detection l imit  of about 0.01 w/o) .  

The superconducting trahsit ion tempera ture  ranges, 
along with other re levant  properties and preparat ive  
parameters  of representat ive samples, are summarized 
in  Table I. 

Discussion 
Anodic dissolution of niobium.--Anodic and cathodic 

polarization curves of n iob ium electrode in  molten 
fluorides were described elsewhere (10). The anodic 
curve was near ly  l inear  for current  densities below 
about 5 A /cm 2. The etch pits observed in Fig. 7(b) 
are believed to be due to an insufficient anodic current  
density pulse (110 mA/cm2).  This sample was prepared 
from a 6 m/o  K2NbF7 solution in which the rate of the 
anodic dissolution was probably  insufficient to reach 
a level of saturat ion and passivity. The dissolution 
was therefore of a discriminative etching nature.  Such 

pi t t ing was not observed when higher anodic current  
densities were used. The samples shown in Fig. 9-10 
were prepared with anodic current  pulses of 375 m A /  
cmL It is of interest  to note in this context that  the 
niobium anode of Fig. 12, which was used in the 80 
m/o solution of K2NbFT, was very  smooth and shiny. 
Relatively low anodic current  pulses were applie d to 
this anode (75 mA/cm2).  However, grain boundaries 
and other features (dislocations?) related to preferred 
dissolution are clearly observed. The very concen- 
trated solution is expected to enhance passivity due 
to saturat ion of anodic products. An insoluble salt 
film covered this anode when it was removed from the 
molten bath. When immersed in a dilute HC1 solution, 
the film dissolved with a vigorous hydrogen liberation. 
It is believed that  a lower niobium valence salt such as 
NbF (8) constituted the film. Hydrogen evolution was 
then a result  of the reaction Nb( I )  + 4H-  ---- Nb(V) 
~-2H2. Anodic current  densities in excess of 100 m A /  
cm e are believed to be essential for successful electro- 
polishing. 

Effects of PR plating on the deposition rate.--The 
definition of the plat ing l imit ing current  densi ty (not 
to be confused with the diffusion-limited current)  is 
not unambiguous.  It  is based on the surface roughen-  
ing which is also a funct ion of the deposit thickness. 
Thus, for a very thin deposit, very high current  den-  
sities might  be used without  appreciable surface de- 
terioration. On the other hand, for very thick coatings, 
much lower current  densities may cause severe surface 
roughening. Ideally, the l imit ing current  density should 
be determined only for well-defined surface roughness 
and thickness of the deposit. Many other parameters,  
such as substrate surface preparat ion and composition, 
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Fig. 5. PR-potential (PRP) for the deposition of Nb from 6 m/o K2NbF7. ~c - -  - -70  mV; tc ---- 50 sec; ~A - -  50 mV; tA "- 10 sec; 
Q ~ 4.1. 

temperature,  bath concentrat ion and purity,  and 
mechanical  agitat ion may appreciably affect the de- 
posit character and vary  this definition, accordingly. 

Senderoff and Mellors (I)  reported a constant  cur-  
rent  density range of 5-125 m A / c m  2 for the electro- 
deposition of coherent niobium. However, they did not 
report  some impor tant  parameters  such as the mechan-  
ical agitation. In this work, under  the stated operat ing 
variables, the l imit ing constant  current  density was 
found to be be tween 5-25 m A / c m  2. This definition is 
specified as follows: no mechanical  agitation, copper 
strip substrate  which was chemically polished in  
HNO3/HF mixture  (7:3),  750~ and 6 m/o  K2NbF7 
in  the K F - L i F  solvent. A deposit thickness of at  least 100 #m, and the appearance of local macrodeter iorat ion 
were used as criteria. Thus, Fig. 3 shows a stable 
growth at 5 mA/crn  2, whereas the onset of surface 
deteriorat ion is observed in Fig. 4 of a sample which 
was grown at 25 m A / c m  2. 

The effects of the PR variables were not  compre-  
hensively investigated. Several  trends, however, were 
clearly observed. It  was found that  the most impor tant  
parameter  was the Q-ratio (defined by [2]). The closer 
was Q to unity,  the bet ter  were the coherency and 
smoothness of the deposits. The PR-potent ia l  (PRP) 
method was found hard to control since the currents  
varied in time and, as a result, the Q- ra t io  varied too. 
It  was found desirable to use anodie pulse ampli tudes 
as high as possible %o ensure electropolishing ra ther  
than electroetching. Anodic current  densities of {A > 
I00 m A / c m  2 were found essential for successful elec- 

tropolishing. The pulse periods, tc and tA, were found 
to have influence on the Q-ratio mostly through their  
ratio tC/tA. Very long periods, tc >_-- 1 rain, were found 
to be deleterious due to the formation of large pro t ru-  
sions which could not be completely removed by elee- 
tropolishing. Frequencies from about  1 cycle per min -  
ute to about  1 cycle per second were investigated. The 
increase of the frequency showed some improvement  
in  the brightness and coherency, bu t  fast deteriorat ion 
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Fig. 6. PRC for the deposition of Nb from 6 m/o K2NbF7. ic = 
600 mA (300 mA/cm2); tc = 50 sec; iA = 750 mA (375 mA/cm~); 
tA ---- 10 sec; Q ---- 4.0. 
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Fig. 7. Nb coating obtained with PRP steps. ~1c = --70 mV; tc - -  
50 sec; ~IA ~ 50 mV; tA = 10 sec; Q ~ 4.1; ic ~ 90 mA/em2; 
iA ,~ 110 mA/cm 2. (a) Full view, (b) SEM of surface, (c) vertical 
cross section. 

Fig. 8. Nb deposit obtained with PRP steps. ~1r ---- --155 mV; 
tc ---- 50 sec; ~IA ---- 5 mV; tA = 10 sec; ir ~ 280 mA/cm~; iA 
180 mA/em2; Q ~ 8.0. (a) Full view, (b) SEM of surface, (c) verti- 

cal cross section. 
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Fig. 9. Nb deposit obtained with PRC steps, ic  ~ 300 mA/cn~; 
tc " -  50 sec; iA ~ 375 mA/em2; tA ~ 10 sec; Q ~- 4.0. (a) Full 
view, (b) SEM of surface, (c) vertical cross section. 

Fig. 10. Nb coating obtained with PRC steps, ic ~ 300 mA/cm~; 
tc ~ 25 sec; iA ----- 375 mA/cm2; tA ----- 10 sec; Q _ 2.0. (a) Full 
view, (b) SEM of surface, (c) vertical cross section. Note the hetero- 
epitaxial relationship of the deposit to the substrate (Cu) grains. 
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Table I. Summary of Nb plating experiments 

Cathodic  
K2NbF~ Coat ing current  * P r e f e r r e d  

cone.  Temp.  th i ckness  efficiency orientation 
m/o Subst. (~ Electrical parameters (~m) (%) XRD Tc (K) C o m m e n t s  

d-c (110)- 76 Pre-electrolysls run. 
6 Cu 770 ic = 8.3 mAlcm~ ,--40 60 (200) --100 7.9-8.4 See Fig. 2. 

(211)- 18 

d-c (110)- 14 Sample is shown in 
6 Me 751 ie = 5.0 mAlcm ~ ~50 53 (200) - -  100 - -  Fig. 3. 

(211)- 25 
d-e (ii0)-- 0 Deteriorating inter-  

6 Cu 755 ic = 25 m A / c m ~  ~100  95 (200) - -  100 8.8-9.15 face  growth .  See  
( 2 1 1 ) -  0.4 Fig. 4. 

PRP; Q = 4 . 1  (110) - -  O S e e  Fig. 7. Long  
6 Cu 755 ~c = -70 mV; tc = 50 sec ~500 ~70 (200) --i00 5.2-9.1 superconducting 

~A = +50 mV; tA = 10 sec (211) - -  0 trans i t ion  tail.  
PRP; Q -~ 8.0 (110) - -  61 Unstable  growth .  

6 Cu 785 re = - 1 5 9  m V ;  tc = 50 sec  ~675  ~ 8 2  (200) - -  17 - -  See  Fig. 8. 
w = +11 mV; tA = 10 sec (211)--100 
PRC; Q = 4.0 (110) - -  31 Coating s o m e w h a t  

6 Cu 760 ic = 300 mA/cm~; tc = 50 sec  ~685  95 (200) - -  5 - -  porous.  See  Fig. g. 
iA = 375 mA/cm~; tA = 10 sec (211) - -  100 
PRC; Q = 2.0 (110) - -  63 Excellent coat ing  

S Cu 760 ic = 300 mA/cm2; tc = 25 sec ~660 91 (200) -- i00 8.3-9.1 with large grain 
~A = 375 mA/cm~; t~ = 10 sec (211) -- 19 size. See Fig. 10. 

PRC; Q = 2.0 (Ii0) -- 1 Sample is not 
6 Cu 760 ie = 300 mA/cm2; tc = 2.5 sec ~690 96 (200) -- i00 -- shown. 

iA = 375 mA/cm2; tA = 1.0 sec (211) -- 8 

PRC; Q = 2.0 (110) - -  95 Sample is s h o w n  in 
80 Cu 740 ie = 50 mA/cm~; tc = 10 sec ~60 19 (200) - -  37 - -  Fig. 11 (a). 

iA = 250 mA/cmS; tA = 1 sec ( 2 1 1 ) -  100 
PRC; Q = 2.0 (110) - -  66 Sample is s h o w n  in 

80 Me 745 ic = 50 mA/cm~; tc = l0 sec ~104 25 (200) - -  28 - -  Fig. 11 (b). 
is = 250 mA/cm2; ts = 1 sec (211) -- I00 

�9 For a random Nb powder, the normalized diffract ion in tens i t i e s  are Ir = 100; I<~) = 20; I(m) = 30. 

a t  t he  edges  ( w i t h  h i g h e r  loca l  c u r r e n t  d e n s i t y )  w as  
a lso  o b s e r v e d .  T h e  d i m i n u t i o n  of t h e  bene f i c i a l  ef fects  

Fig. 11. SEM of Nb deposit surface. 80 m/o K2NbF7 solution; 
ic ~ 50 mh/cm2; tc ~ 10 sec; ih ~ 250 mA/cm2; th ~ 1 sec; 
Q = 2.0. (o) Cu s ubstrate, (b) Mo substrate. 

of t h e  P R  t e c h n i q u e  w i t h  t h e  i n c r e a s e  of t h e  f r e q u e n c y  
is b e l i e v e d  to b e  d u e  to t h e  g r o w i n g  s h a r e  of  t h e  n o n -  
f a r a d a i c  c u r r e n t s  (e.g., d o u b l e  l a y e r  c h a r g i n g )  w i t h  
t h e  f r e q u e n c y  inc rease .  T h e  c u r r e n t  sp ikes  of  Fig. 5 
a r e  p r o b a b l y  d u e  to  s u c h  c u r r e n t s .  T h e  n e t  r e s u l t  is 
t h e  l e s s e n i n g  of  t h e  a v a i l a b l e  c u r r e n t  to r e m o v e  t h e  
i n t e r f a c e  p r o t r u s i o n s  d u r i n g  t h e  a n o d i c  pulses .  I t  m a y  
b e  n o t e d  t h a t  t h e  h i g h  v a l u e s  of  t h e s e  c u r r e n t  sp ikes  
do n o t  a p p e a r  to  a d v e r s e l y  a f fec t  t h e  d e p o s i t  m o r p h o l -  
ogy. I t  is poss ib le ,  h o w e v e r ,  t h a t  t h e y  f a c i l i t a t e  n u c l e a -  
t i o n  a n d  t h u s  f ine r  g r a i n  size. T h e  b e s t  r e s u l t s  w e r e  
o b t a i n e d  w i t h  cyc les  of p e r i o d s  in  t h e  r a n g e  of  3-50 sec. 

W i t h  P R C  p l a t i n g ,  c a t h o d i c  c u r r e n t  d e n s i t i e s  of  3 0 0  
m A / c m ~  ( c o r r e s p o n d i n g  to a n  i n s t a n t a n e o u s  g r o w t h  
r a t e  of  a b o u t  5 ~ m / m i n )  w e r e  s u c c e s s f u l l y  a c h i e v e d .  
T h e  a v e r a g e  c u r r e n t  d e n s i t y  is, of  course ,  l ower .  F o r  
ic = 300 m A / c m  ~ a n d  Q - -  4.0, t h e  a v e r a g e  c u r r e n t  
d e n s i t y  is 187.5 m A / c m 2 .  T h e  l a t t e r  is o n l y  107.1 m A /  
c m  2 for  Q - 2.0. T h e  p r e s e n t  s tudy ,  w h i c h  is o n l y  p r e -  
l i m i n a r y ,  a l r e a d y  d e m o n s t r a t e s  t h a t  t h e  a p p l i c a t i o n  
of t h e  P R  t e c h n i q u e  c a n  f a c i l i t a t e  i n c r e a s e  of  t h e  
u s e f u l  p l a t i n g  r a t e  b y  a b o u t  a n  o r d e r  of  m a g n i t u d e  
o v e r  t h e  c o n s t a n t  ( d - c )  c u r r e n t  t e c h n i q u e ,  u n d e r  
o t h e r w i s e  i d e n t i c a l  co n d i t i t o n s .  

Effects el concentration.--Low c o n c e n t r a t i o n s  usu- 

ally r e d u c e  t h e  l i m i t i n g  c u r r e n t  dens i ty .  O n  t h e  o t h e r  
h a n d ,  t h e  i n c r e a s e  of s o l u t e  c o n c e n t r a t i o n  ( i n  t h e  
p r e s e n t  s y s t e m )  ra i ses  t h e  l i q u i d u s  t e m p e r a t u r e  so 
t h a t  h i g h e r  o p e r a t i n g  t e m p e r a t u r e s  a r e  n e c e s s a r y .  T h e  
h i g h e r  t e m p e r a t u r e s  c a u s e  c o h e r e n c e  d e t e r i o r a t i o n ,  
p r o b a b l y  d u e  to t h e  d i s s o c i a t i o n  of  t h e  c o m p l e x  ionic  
spec ies  p r e s e n t  (1) ,  a n d  h i g h e r  v o l a t i l i t y  of t h e  s o l u t e  
a n d  r a p i d  b a t h  dep l e t i on .  F o r  t h e  e u t e c t i c  L i F - N a F - K F  
( F l i n a k )  so lven t ,  a l i m i t  of a b o u t  7.5 m / o  K2NbF~ w a s  
c i t ed  (1) .  T h e  s y s t e m  K F - K 2 N b F 7  w a s  f o u n d  (37) to 
h a v e  l o w  eu t ec t i c s  a t  20 m / o  K2NbF7 (723~ a n d  a t  
80 m / o  (706~ I n  th i s  work ,  a s o l u t i o n  of  80 m / o  
K2NbF7 in  t h e  " s o l v e n t "  K F  (10 m / o ) - L i P  (10 m / o )  
w a s  f o u n d  to f r e e z e  a t  705" __. 5~ t h e  ef fec t  of s u b -  
s t i t u t i n g  L i P  fo r  p a r t  of  K F  b e i n g  v e r y  smal l .  T h e  v e r y  
c o n c e n t r a t e d  s o l u t i o n  w as  f o u n d  to of fer  no  a d v a n t a g e  
fo r  t h e  e l e c t r o d e p o s i t i o n  of n i o b i u m .  A l o w e r  e l e c t r o -  
d e p o s i t i o n  ra te ,  b y  a t  l e a s t  a f a c t o r  of 3 c o m p a r e d  
w i t h  t h e  6 m / o  so lu t ion ,  w as  f o u n d .  Th i s  is  b e l i e v e d  to 
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Fig. 12. Nb dissolving anode which was used in the 80 m/o 
K,~NbF7 solution, ic ---- 375 mA/cm2; tc = 1 sec; iA ~ 75 mA/ 
cm~; tA ~ 10 sec; Q -"  0.5. 

be due to a higher viscosity which lowers the ionic 
conductivity and diffusion rates. In addition, the highly 
concentrated solution had high vapor pressure of 
NbF5 over the melt, resulting in excessive volatiliza- 
tion and bath depletion. The concentrated solution, 
however, may prove to be more useful for electropol- 
ishing of niobium. 

Grain size controI.--The columnar grains of the 
niobium deposits become more oriented and of smaller 
columnar diameter as the rate of plating is increased. 
Unexpectedly, it was found that, beyond a certain PR 
plating rate and appropriate Q-ratio, the columns be- 
come very large. This is demonstrated in the series of 
experiments shown in Fig. 2(b), 4(d), 7(c), and 10(c). 
These figures show vertical cross sections of samples 
which were grown at various cathodic currents and 
modes. A gradual decrease in the columnar diameter is 
seen through Fig. 2(b) (d-c plating at 3.3 mA/cm2), 
4(d) (d-c plating at 25 mA/cm2), and 7(c) (PRP 
plating at 90 mA/cm2). Figure 10(c) (PRC plating at 
300 mA/cm2), however, shows large columnar grains 
with an apparent heteroepitaxial correlation with the 
copper substrate grains. Such a correlation is not ob- 
served at the lower current densities. 

It is believed that the anodic pulses, in addition to 
removing the solid interface protrusions, may also act 
to remove precursory defective solid material. Thus, 
adsorption of foreign species may gradually hinder the 
normal crystallization process, eventually leading to 
nucleation and growth of new grains. The periodic re- 
gression of the solid interface removes the blocking 
species at the interface along with the solid material. 
It thus yields fresh, adsorption-free, crystalline inter- 
face for the next growth cycle. Such mechanism may 
avoid secondary nucleation, and result in much larger 
grains. Other defects may similarly be avoided. Jack- 
son and Miller (32), utilizing thermal cycles for re- 
melting and regrowth, observed significant increase of 
grain size and improvement of crystal perfection. They 
forwarded a mechanism by which the slow-growing 
crystals (or grains) with low index plane parallel to 
the interface, are preferentially selected, yielding large 
grains with flat interface. They also reported the re- 
moval of inclusions and gas bubbles by the process. In 
addition to the above mechanisms, it is conceivable 
that the large amplitude current pulses applied in the 
PR technique, may cause additional convection mode 
in the liquid interface. This may significantly reduce 
the effective diffusion layer thickness, thereby elimi- 
nating much of the deleterious effects caused by con- 
centrationpolarization. The simple method of control- 
ling the columnar grain size may be of considerable 
practical significance. Mechanical properties as well as 
superconducting properties depend on the grain size. 

A smaller grain size generally results in harder mate- 
rials and, for superconductors, this means stronger mag- 
netic flux pinning, and therefore larger critical current 
densities. The superconducting transition temperature, 
To, with no magnetic field applied, is not expected to 
be affected by the grain size (38). The latter was yeri- 
fled by the Tc measurements, as described above. Appli- 
cations of niobium superconductors requiring high 
pinning capability along a certain direction may find 
the PR plating technique, with its easy grain control, 
very attractive. 

Conclusions 
The results of the present preliminary study indicate 

that electroplating with the PR technique is very bene- 
ficial to the increase of plating rate of coherent niobium. 
With no mechanical agitation, the rate could be in- 
creased by about an order of magnitude over d-c plat- 
ing. 

Beyond a certain rate, and under certain conditions 
of PR plating, the columnar grains of the Nb deposit 
become very large, revealing a clear heteroepitaxial 
correlation with the substrate grains. 

The simplicity of the PR technique, and the already 
achieved high rate of deposition of Nb, combined with 
the high purity and quality of the coatings, may very 
likely find ready future applications in the production 
of superconducting and refractory metal coatings. The 
PR technique is also likely to be beneficial in the elec- 
trodeposition of other refractory metals such as Ta, Mo, 
W, V, Cr, and perhaps Zr from molten fluoride electro- 
lytes. 
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Electrodes for Alkaline Water Electrolysis 
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ABSTRACT 

Electrodes for  a lka l ine  wa te r  electrolysis  have been made  by  apply ing  high 
specific surface area  coatings of n ickel  or  n icke l - i ron  a l loy to s teel  or nickel  
substrates.  The coatings are  appl ied  as po lys i l i ca te -based  paints  conta in-  
ing par t ic les  of the desired metals.  The coating is s in tered into a porous 
s t ruc ture  which is bonded  f i rmly to the substrate.  The present  e lec t rode  
p repa ra t ion  method  has been used to coat a va r i e ty  of  subs t ra te  forms, 
such as flat pla tes  or  wire  screens, and  is compat ib le  wi th  commercia l  
a lkal ine  electrolysis  equipment .  The resul t ing  electrodes were  found to 
be pa r t i cu la r ly  effective as anodes for oxygen evolut ion.  The efficiency 
of the  electrodes was grea t ly  influenced by  coating micros t ructure .  This 
micros t ructure ,  in turn, could be contro l led  by  adjus t ing  the s inter ing 
conditions. Elect rochemical  opera t ing  character is t ics  of the  electrodes in 30 
w/o  KOH at  80~ were  determined.  Comparab le  oxygen  evolut ion efficiencies 
were  obta ined  wi th  coatings made  f rom nickel  powders ,  n ickel  flake, and  
n icke l - i ron  a l loy  powder .  

Hydrogen  has been produced  commerc ia l ly  b y  alka-  
l ine wate r  e lectrolysis  for many  years.  Recent  indica-  
t ions are  tha t  significant improvements  can be made  
in the electrolysis  efficiency of prac t ica l  cells (1). Thus, 
despi te  advances  in other  e lec t rochemical  hydrogen  
product ion methods (2), much research  continues to 
be done in a lka l ine  wa te r  e lectrolysis  to improve  effi- 
ciency and develop more  durab le  cell  mate r ia l s  (3). 

There  are  severa l  approaches  to improving  the effi- 
ciency of a lka l ine  wate r  electrolysis.  Raising the elec-  
t rolysis  t empera ture ,  for example ,  lowers the vol tage 
requ i red  to main ta in  a g~Ven cell  cur ren t  densi ty  (4). 
Improvements  in cell design, separa to r  s tructures,  and  
mater ia ls ,  etc., wi l l  also contr ibute  to be t t e r  cell  pe r -  
formance.  Wha teve r  advances  are  made,  i t  wi l l  r ema in  
necessary  to develop electrodes,  compat ib le  wi th  the  
sys tem design and opera t ing  conditions,  which wil l  give 
the lowest  possible overpotent ia ls .  This can be achieved 
by  two methods,  which can sometimes be combined for 
m a x i m u m  benefit. In  the first, ca ta ly t ica l ly  act ive ma te -  
r ia ls  such as NiCo204 (5) are appl ied  to the e lect rode 
surface. The second method involves g rea t ly  increasing 
the e lec t rode  surface a rea  (i.e., its "roughness factor ,"  

* Electrochemical Society Active Member. 
Key words: alkaline water electrolysis, electrodes. 

defined as the  rat io  of its rea l  surface a rea  to i ts ap-  
parent ,  or  geometric,  a rea) ,  t he reby  lower ing  the real 
cur ren t  dens i ty  and the associated act ivat ion over- 
potential.  

Efficiency gains, as a rule, mus t  be ba lanced  against  
the addi t ional  capi ta l  cost incur red  (6). For  this r ea -  
son, work  continues to be done to minimize  oxygen 
and hydrogen  overpotent ia ls  on inexpens ive  e lect rode 
mater ia l s  such as n ickel  (7) and nickel  al loys (8, 9), 
which are the least  expensive  e lec t rode  mate r ia l s  cur -  
r en t ly  known that  can be used as both  anodes and 
cathodes. These mater ia l s  funct ion most  efficiently 
when fabr ica ted  as high surface a rea  e lec t rode  forms. 

Because the electrode s t ructures  used in commercia l  
a lka l ine  electrolyzers  vary ,  i t  is des i rable  to have a 
method  of increasing the surface area  wi thout  r ega rd  
to whe ther  the e lectrode is a cor ruga ted  or  fiat plate,  
wire  cloth, or a combinat ion of these or  o ther  s t ruc-  
tures. This paper  reports  the deve lopment  of such elec-  
trodes,  in which a high surface a rea  coat ing is appl ied  
to me ta l  substrates,  using a pa in t  containing par t i cu la te  
n ickel  or  n icke l - i ron  alloys. Al though nickel,  n ickel -  
i ron alloy, and steel  subst ra tes  have al l  been  used to 
p repa re  electrodes,  the presen t  pape r  is concerned 
main ly  wi th  coatings on steel  sheets and  nickel  screen. 
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The coated steel  sheets a re  in tended  for  use p r i m a r i l y  
in low t e m p e r a t u r e  (T ----- 80~ electrolysis  cha rac te r -  
istic of today 's  commerc ia l  pract ice.  

Experimental 
Electrode coatings were  p r e p a r e d  using polys i l ica te-  

based  paints,  in  which  the  me ta l  par t ic les  descr ibed 
be low were  suspended.  The pa ren t  n ickel  powders ,  
known  commerc ia l ly  as Inco Type  123 and Inco Type 
287, are  high pur i ty  powders  p r epa red  by  the the rmal  
decomposi t ion of n ickel  t e t r aca rbony l  (10). These pow-  
ders  a re  r e fe r red  to in this p a p e r  as "Ni 123" and 
"Ni 287," respect ively.  The i r  surfaces are  h igh ly  sp iky  
and angular .  The  specific surface  area  of Ni 123 is 
~0.4 m2/g and tha t  of Ni 287 is ~0.6 m2/g. Using these 
values,  a typ ica l  N~ 123 coating 50% dense and 100 ~m 
th ick  would  provide  a m a x i m u m  surface  roughness 
fac tor  of about  180 to a coated electrode.  A n icke l - i ron  
a l loy  powder  (37% Ni) ,  s imi lar  in s t ruc ture  to Ni 123, 
and a n ickel  flake p roduced  by  ba l lmi l l ing  Ni 123 
powder  were  also used. 

The coatings were  app l ied  to flat panels  of AIS I  1008 
steel which had  been  sandblas ted  to improve  coating 
adhesion. The meta l -con ta in ing  paints  were  spread  
over  the steel  surfaces wi th  d rawbars ;  coating th ick-  
ness was va r i ed  by  using d rawbar s  wi th  different  gauge 
wire  wrappings .  Coatings were  also appl ied  to n ickel  
wire  screen, an e lect rode form found in some com- 
merc ia l  e lectrolysis  units. The nickel  screen was 20 
mesh , wi th  a wire  d iamete r  of 0.38 mil l imeters .  Screens 
were  immersed  in the polysilic,ate pa in t  and  then 
shaken  to remove  any  excess pa in t  which  filled the  
spaces be tween  ad jacen t  wires.  Rol le r -  and  sp ray -  
coating of screens were  also used. 

The coatings were  dr ied  and then s in tered in  a 
c racked ammonia  a tmosphere  at  selected t empera tu re s  
be tween  760 ~ and 980~ for 5-60 min. Exact  s in ter ing  
condit ions f o r  pa r t i cu l a r  electrodes are  given in the 
text.  Coat ing thicknesses were  de te rmined  f rom photo-  
micrographs  of pol ished e lect rode cross sections. Coat-  
ings less than  ~,125 ~m thick were  uniform;  th icker  
coatings on the flat s teel  panels  showed broad,  sha l low 
str ia t ions caused b y  the wire  wrappings  on the d r a w -  
bars. The average  thickness was used for analysis  of 
the expe r imen ta l  results.  

Electrodes were  made  f rom the  coated steel  panels  
and n ickel  screens by  cut t ing them to appropr i a t e  
size and t ack -we ld ing  a n ickel  wi re  to each. The wi re  
was insu la ted  wi th  epoxy  resin. The back  and edges 
of each coated steel  pane l  were  also coated, wi th  epoxy  
l apped  over  the front  (coated) side of the pane l  to 
p reven t  d i rec t  contact  of the uncoated  steel  wi th  the  
electrolyte solut ion dur ing  e lec t rochemical  exper i -  
ments. The geometr ic  areas  of finished electrodes were  
typ ica l ly  3-7 cm 2. 

The s t ructures  of the  e lect rode coatings were  ex -  
amined  using photomicrographs  of pol ished electrode 
cross sections. In  addit ion,  the  coat ing surface s t ruc-  
ture  and the morphologies  of ind iv idua l  coating pa r -  
ticles were  charac ter ized  by  scanning e lect ron micros-  
copy. 

Elec t rochemica l  m e a s u r e m e n t s . r a T h e  elect rochemical  
cell  used for cur ren t  vs. potent ia l  measurements  was a 
s t r a igh t -wa l l ed  cyl indr ica l  po lypropy lene  beake r  wi th  
a Teflon cover machined  to fit. The cell, conta ining 30 
weight  pe rcen t  (w/o)  KOH electrolyte ,  was immersed  
in a wa te r  ba th  which ma in ta ined  the cell  t empe ra tu r e  
at  80 ~ ___ 0.5~ A large  p l ana r  n ickel  countere lec t rode  
was posi t ioned facing the work ing  electrode,  at  a d is-  
tance of about  3 cm f rom it. A sa tu ra ted  calomel  elec-  
t rode  (SCE) was used as the reference  electrode. The 
SCE was inser ted  into a Luggin  probe,  the  t ip  of which 
was posi t ioned at  the  center  of the work ing  electrode.  
Overpotent ia l s  were  de te rmined  f rom cur ren t  vs. po-  
ten t ia l  da ta  using the revers ib le  hydrogen  e lect rode 
potent ia l  vs. SCE in 30 w/o  KOH at  80~ (9) and  the 
theore t ica l  w a t e r  e lectrolysis  voltage at 80~ (11). 

The expe r imen ta l  cur ren t  dens i ty  vs. overpoten t ia l  
da ta  were  then corrected for  the  effects of ohmic re -  
sistance using a compute r  method  deve loped  by  LeRoy 
et al. (12). The Tafel  slopes and exchange  cur ren t  
densi t ies  r epor ted  be low are  based  on the resistance- 
corrected data. The overpoten t ia l  correct ions p roduced  
by  the p rog ra m were  typ ica l ly  10-20 mV at  cur ren t  
densit ies of 200 m A c m  -2. 

Cur ren t  dens i ty  vs. e lec t rode  poten t ia l  measu re -  
ments  were  made galvanosta t ica l ly .  A constant  cur ren t  
dens i ty  of 200 m A  cm -2 was imposed on each electrode 
for  ~ 6  hr. A t  roughly  1 hr  intervals ,  e lec t rode  po ten-  
t ials  were  measured  at  severa l  cu r ren t  densit ies f rom 
600 to 0.5 m A  cm-2  in descending order.  The last  set 
of measurements  f rom each e lect rode was used for the  
da ta  analysis  given in this paper .  Potent ios ta t ic  m e a -  
surements  of log i vs. E were  also made  for severa l  2.0 
cm2 electrodes,  in slow po ten t ia l - sweep  exper iments .  
Because of the s imilar i t ies  of resul ts  f rom the ga lvano-  
stat ic and  potent ios ta t ic  exper iments ,  only  the  fo rmer  
are  discussed here. 

Results 
Nickel and Nickel-Iron Alloy Anode Coatings 

Coating s t r u c t u r e . - - T h e  coatings p repa red  f rom Ni 
123, Ni 287, and n icke l - i ron  a l loy  powders  consist of 
porous ne tworks  wi th  uni t  par t ic le  d iameters  charac -  
ter is t ic  of the powders  used to make  them. F igure  l a  
shows the surface s t ruc ture  of a typica l  coating on a 
mi ld  s teel  sheet. The cross section of this coating, 
shown in Fig. lb,  indicates  tha t  the s t ruc ture  is qui te  
un i form from the base of the coating to its surface.  
Poros i ty  pockets  wi th  d iameters  severa l  t imes l a rge r  
than the par t ic les  themselves  are  spread  evenly  th rough  
the coatings. 

Nickel  flake coatings, appl ied  to mi ld  steel  panels ,  
have a l amina r  s t ruc ture  in which the flakes and the 
porous channels  be tween  them are  p re fe ren t i a l ly  
or ien ted  pa ra l l e l  to the steel  base. This s t ruc ture  is 
shown in Fig. lc. 

Elec trochemica l  charac ter i s t i c s . - -Overpo ten t ia l s  for 
oxygen  evolut ion (~o2) at  the high surface a rea  n ickel  
anode coatings on steel sheets are less than  or equal  
to those at  n ickel  anode forms such as n i cke l -p l a t ed  
steel  (13), n ickel  cloth, and nickel  s in ter  (7). Typical  
cur ren t  densi ty  vs. overpoten t ia l  da ta  for the oxygen 
evolut ion reac t ion  (OER) at  two types of n ickel  
powder -coa ted  steel electrodes are plotted in Fig. 2. 
Tafel  slopes of ~o2 vs. log i plots were  genera l ly  30-40 
mV/decade  for the electrodes s tudied in this work;  
slopes g rea te r  than  40 m V / d e c a d e  were,  however ,  ob-  
ta ined  at  some elect rode coatings s in tered at  the h igher  
end of the 760~176 t empe ra tu r e  range  used. The 
average  slope of ~35 mV/decade  is cons iderably  lower 
than  Lu and Sr in ivasan ' s  va lue  of 62 mV/decade  at  
smooth nickel  e lectrodes tes ted  under  ident ica l  condi-  
tions (14). 

The efficiency of nickel  screen anodes was also i m -  
proved  signif icantly by  the n ickel  powder  coatings. Fo r  
example ,  a coating ,~40 ~m thick was s in tered  onto 
nickel  screen at  760~ for  30 min. The oxygen evolut ion 
overpotent ia ls  at cur ren t  densi t ies  of 100 and 200 mA 
cm -2  were  about  80 mV lower  than  on uncoated 
nickel  screen anodes. 

Nickel  flake coatings, s in tered at  760~ for  60 rain 
onto mild steel sheets had  a l a mina r  s t ructure,  as de -  
scr ibed above and shown in Fig.. lc. Despi te  this  p re -  
f e r red  or ienta t ion  of pore channels  pe rpend icu la r  to 
the direct ion of e lec t ro ly te  pene t ra t ion  and gas evolu-  
tion, the n ickel  flake anode coating pe r fo rmed  well.  
The Tafel  slope was 33 mV/decade  and overpotent ia ls  
were  comparable  to those obta ined  at  Ni 123 (Table  I)  
and  Ni 287 powder  coatings. 

Nicke l - i ron  al loy anode coatings on mi ld  steel sheets, 
s in tered at  760~ for  60 min, had  cu r ren t  dens i ty  vs. 
overpoten t ia l  character is t ics  which were  n e a r l y  equal  
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Fig. 1. (a, top left) Ni 123 coating on mild steel, sintered at 
760~ for 60 min (Fischer subsieve of Ni 123 powder = 3-7 ~m) 
3000X;  (b, top right) cross section of same coating, 300X;  (c, 
bottom left) cross section of Ni flake coating, 300 X .  

to those obta ined  wi th  s imi lar  Ni 123 coatings,  as s h o w n  
in Table  I. 

EfJect of sintering conditions on coating microstruc- 
ture and anode efficiency.--The s in ter ing  condit ions of 
the e lect rode coatings, as expected,  were  found to 
have a significant effect on thei r  oxygen  evolut ion 
efficiencies and microstructures .  The overa l l  s t ruc ture  
of the porous network,  shown in Fig. l a  and lb ,  is not  
g rea t ly  changed over  a b road  range  of s inter ing t imes 
and temperatures .  However ,  the coating micros t ructure ,  
i.e., the  morphology  of the ind iv idua l  par t ic les  which  

0,25 
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Fig. 2. Current density vs. overpotential for oxygen evolution in 
30 w/e KOH at 80~ Ni 123 anode coating: 85 ~m thick, sintered 
at 870~ for 10 min. Ni 287 anode coating: 85 ~m thick, sintered 
at 760~ for 60 min. 

make  up the coating ne twork ,  is sensi t ive to s inter ing 
conditions. At  low s in ter ing  tempera tures ,  much  of the  
par t ic le  morphology  is p reserved ;  however ,  as one 
would expect,  as the s in ter ing  t e m p e r a t u r e  is ra ised 
or the  s inter ing t ime is increased,  the par t ic le  surfaces 
tend to spheroidize and the contact  areas  be tween  
ad jacen t  par t ic les  increase.  The resul t  is a reduct ion  
in e lectrode surface area.  This can be seen b y  com- 
par ing  the coating s t ructures  in Fig. 3. 

To de te rmine  the effects of coating micros t ruc ture  
on the efficiency of oxygen  evolution,  n ine  Ni 1 2 3  
electrode coatings on mi ld  steel  panels  were  p repa red  
as descr ibed in Table  II. Coatings were  a l l  app l ied  
using the same d rawbar ;  the  average  thickness was 
~60 #m. Af te r  s inter ing and pr io r  to e lect rode fabr ica -  
tion, a por t ion of each coat ing was tes ted  for  adhesion 
wi th  a s imple  t ape  test, in which  cel lophane tape  was 
appl ied  f i rmly to the coating and then pu l l ed  away.  
Coatings 5-9 successful ly res is ted the test,  bu t  succes-  

Table I. Fe-37Ni alloy, Ni flake, and Ni 123 anode coatings. 
Comparison of current density vs. potential characteristics. 

All coatings sintered at 760~ for 60 min 

Coating 702 (V)  at ( m A  em-~) 
E lec trode  th ickness ,  

compos i t ion  # m  1 10 100 200 400 

Fe-37Ni 38 0.17 0.20 0.24 0.25 0.26 
Fe-37Ni 58 0,16 0,20 0.23 0.24 0.25 
Fe-37Ni 107 0.16 0.19 0,23 0.24 0.25 
Ni  123 36 0.16 0.19 0.22 0.23 0.24 
Ni  123 64 0.16 0.19 0.23 0.24 0.25 
Ni  123 112 0.14 0.18 0.21 0.22 0.23 
Ni  flake 84 0.16 0.19 0.22 0.23 0.24 
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Table II. Sintering conditions of Ni 123 electrode coatings on 
mild steel sheets used to determine the effect of coating 

microstructure on electrocatalytic efficiency 

Elec- Temp,  Time, 
trade ~  min Microstructure (by SEM) 

1 760 5 "~ Most of Ni 123 structure pre- 
2 760 1O f served. Some rounding of sur.  

face spikes. 

3 760 30 Substantial rounding of spikes. 

4 870 5 "( Spikes lost, but particles are 
5 870 10 J still angular.  

6 870 30 "~ Ni 123 structure lost. Particles 
7 980 5 ~ are rounded, indistinct; inter- 
8 980 10 particle contact  areas are 
9 980 30 large. 

s ive ly  increas ing  amounts  of n icke l  p o w d e r  were  r e -  
moved from coatings 4 (min imal )  th rough  1 (subs tan-  
t ia l ) .  Because the  re la t ionship  of this test  to the me-  
chanical  s tab i l i ty  requ i rements  for  prac t ica l  e lec t ro-  
lyzer  anodes was not  known, a l l  coatings were  used as 
anodes. A c lear  re la t ionship  be tween  coating micro-  
s t ruc ture  and overpoten t ia l  a t  a constant  cu r ren t  den-  
s i ty  was ob ta ined  (Fig. 4). Increas ing  the t empe ra tu r e  
a n d / o r  t ime  of the  s in ter ing  operat ion,  i.e., reduc ing  
the effective anode sur face  area, caused a g rea te r  than  
70 mV overpoten t ia l  increase  at  200 m A  cm-2  and an 
associated increase  in Tafel  s lope be tween  coatings 2 
and 9. Anode 1 was an exception;  i t  was mechanic.ally 
uns table  under  condit ions of vigorous oxygen  evolution.  
Thus some coat ing ma te r i a l  was lost, causing a r educ -  
t ion in surface  a rea  and a consequent  increase  in ove r -  
potent ia l .  

Effect of coating thickness on anode e~c iency . - -The  
porous, open s t ruc ture  of the n ickel  coatings suggests 
the  l ike l ihood that  the in te r io r  surfaces of the  anode 
coatings cata lyze the oxygen evolut ion reac t ion  to some 
extent .  This was inves t iga ted  using Ni 123 and Ni 287 
coatings covering a wide  range  of thicknesses.  The 
coatings were  p r e p a r e d  on mi ld  steel  panels  using 
ident ica l  s in ter ing  condit ions (760~ 60 min) .  Despi te  
some fluctuations in the data, Fig. 5A shows tha t  an 
increase  in Ni 123 coating thickness f rom 23 to 150 ~m 
causes some reduct ion in ~o2 at  a g iven cur ren t  density.  
For  Ni 287 coatings (Fig. 5B), the  change in  ~o2 wi th  
th ickness  is somewhat  smaller .  

An  increase  in coating thickness also causes an 
increase  in the exchange cur ren t  density.  At  the Ni 123 
coated anodes descr ibed in  Fig. 5A, for example ,  io 
ranged  f rom 2.8 X 10 - s  A cm -2 at  the  23 ~m thick 
coating to 1.9 • 10 -7  A cm-~  at  the 150 ~m th ick  
coating. The da ta  f rom these exper iments  were  com- 
p a r e d  to the behav ior  expected  assuming tha t  the  en-  
t i re  coat ing thickness had  equal  e lec t roca ta ly t ic  ac-  
t ivi ty,  which  was de te rmined  as follows. 

I I 

760~ I 870oC l 980oC 

I TIME (rain): I 

5 ~o 3ol 5 io 3oI 5 io ~o 

I 
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0.22 
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0Js  I I 
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ANODE 

Fig. 4. ~1o2 at selected current densities, for Ni 123 coatings on 
mild steel (from Table II). Effect of coating mierostructure changes 
caused by variation of sintering conditions. 

If  the ent i re  mic ros t ruc tu ra l  surface of  the  coat ing 
catalyzes  the OER wi th  equal  effectiveness, the effective 
surface area  of the  electrode,  Aeff, is p ropor t iona l  to 
the coating thickness. The exchange  cur ren t  dens i ty  
pe r  uni t  effective surface a rea  is a constant,  cha rac t e r -  
istic of the e lec t rode  ma te r i a l  and  the reac t ion  which  
takes  place. Thus, the  expe r imen ta l l y  measured  ex -  
change cur ren t  wil l  be p ropor t iona l  to coating th ick-  
ness (x)  

io = Mx  + B [1] 

M is the  slope of a plot  of exchange  cur ren t  dens i ty  
vs. coating thickness.  The B te rm includes  exchange  
cur ren t  on accessible por t ions  of the subs t ra te  surface 
(if any)  and on the ex t ra  mic ros t ruc tu ra l  a rea  ava i l -  
able  in the top l aye r  of s in tered  par t ic les ;  a t  la rge  x 
(compared  to the surface roughness of the subs t ra te  
and  the coating unit  par t ic le  d i ame te r ) ,  B should be 
much less than  Mx. 

Under  conditions of ne t  cur ren t  flow, the  Tafel  r e -  
la t ionship  ~ _-- a + b log i obtains.  Str ic t ly ,  the  cur ren t  
densi ty  in this equat ion is based on effective surface  
area,  and  thus ~l o: log (/ /Aeff),  where  I is the  t o t a l  

Fig. 3. Hi 123 coatings on mild steel, sintered for 30 min at (o, left) 760~ and (b, right) 980~ 3000• 
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Fig. 5. ~]o2 at selected current densities: effect of coating 
thickness. All coatings sintered at 760~ for 60 rain. (A) Ni 123 
coatings on mild steel sheets, (B) Hi 287 coatings on mild steel 
sheets. 

current. Aeff is p ropor t iona l  to coat ing thickness,  and  
thus 

~]o~ ---- C --  D log x [2] 

where  D is the slope of a plot  of ~]o2 vs. --  log x, and 
C is a constant.  This equation, l ike Eq. [1], wil l  be 
val id  for  coating thicknesses grea te r  than  severa l  uni t  
par t ic le  diameters .  

Regression fits of expe r imen ta l  da ta  f rom the anodes 
of Fig. 5 to Eq. [1] and  [2] were  used to de te rmine  
how effectively the coating in ter iors  were  uti l ized. Fo r  
Eq. [1], the  "goodness-of-f i t"  (F value)  indica ted  tha t  
the regressions were  significant a t  the 99% level  for 
both Ni 123- and Ni 287-coated anodes. At  Ni 123- 
coated anodes, an increase of 10 gm in the coat ing 
thickness p roduced  an average  1.4 • 10 - s  A cm -2  
increase  in io (Fig. 6); for Ni 287 anode coatings, the 
corresponding io increase  was smaller ,  about  3.5 X 
10 . 9  A c m  - 2 .  

I t  is in teres t ing  to compare  the  above resul ts  wi th  
da ta  f rom A p p l e b y  et al., who found [Fig. 7 of Ref. 
(7)]  that  io at  90~ was ,~55 t imes  h igher  on a 150 ;~m 
thick s intered nickel  p laque than  on a smooth nickel  
surface. Using the io value  at  smooth nickel  obta ined  
by  those authors  (~7  • 10 -10 A cm-2 ) ,  this increase  
is then about  3.8 X 10 - s  A cm-2,  or  roughly  2.6 X 
10-3 A cm-2  for each 10 ~m of s intered nickel  th ick-  
ness. This value  is comparab le  to tha t  repor ted  above  
for Ni 287 coatings. 

The nickel  s in ter  used by  App leby  et aZ. had  an 
avai lab le  e lect rode surface area, according to BET 
measurements ,  of 140 cm 2 per  square  cent imeter  of the  
s intered plaque.  If a l l  of this a rea  were  e lec t rochemi-  
cal ly  active, one would  expect  the exchange cur ren t  
dens i ty  measured  on the p laque  to be 140 t imes h igher  
than on the smooth nickel  electrode.  I t  is no tewor thy  
that  this is nea r ly  three  t imes higher  than  the ,~55-fold 
increase  in io ac tua l ly  obtained,  indica t ing  tha t  the 
BET surface area  m a y  subs tan t ia l ly  overes t imate  the 

effective surface a rea  of a pa r t i cu la r  e lect rode wi th  a 
high roughness factor. This would, of course be  e x -  
pected under  condit ions of copious gas evolution,  r e -  
sul t ing in areas  where  e lec t rode-e lec t ro ly te  contact  is 
lost. However,  i t  is appa ren t ly  also t rue  when gas 
b lockage is not  a ma jo r  considerat ion,  i.e., when the 
cur ren t  dens i ty  is low: the l inear  region of the Tafel  
p lot  ex t rapo la t ed  to obta in  the  io value  at  the  s in tered  
nickel  p laque  anode ex tended  f rom 10-2 A c m  -2  down 
to a lmost  10-~ A cm -2 [Fig. 6 of Ref. (7)] .  

Overpotent ia ls  a t  200 m A  cm -2  were  used in Eq. [2], 
to assess coat ing in te r ior  par t ic ipa t ion  in the  oxygen  
evolut ion react ion dur ing  copious gas formation.  Good-  
ness-of-f i t  was less sa t i s fac tory  than  wi th  Eq. [1]; 
corre la t ion of Ni 287 coat ing da ta  wi th  Eq. [2] was 
poor. Fo r  Ni 123 coatings, the regress ion was significant 
at  about  the 90% level;  the  coefficient D was 24 m V /  
decade. If  the ent i re  coating micros t ruc ture  pa r t i c ipa ted  
equa l ly  in the  oxygen evolut ion reaction, the expected  
decrease  in  ~1o2 would  be equal  to the  Tafel  s lope a t  
Ni 123 anode coatings, or ~35 mV/decade .  Thus, t he re  
is p robab ly  some pore  b lockage by  evolved gas, which 
increases  the observed overpoten t ia l  by  reducing  the 
act ive anode surface area  and  increas ing the res is t -  
ance loss wi th in  the coating pores. This p rob lem is 
appa ren t ly  more  severe  wi th  the  Ni 287 coatings ex -  
amined,  and m a y  be due to the  chain l ike  s t ruc ture  of 
Ni 287 powder,  a l though this was not  ev ident  f rom 
SEM photomicrographs  of the  coatings. 

Nickel Powder Cathode Coatings 
The e lect rochemical  behav io r  of n icke l  cathode 

coatings on mi ld  steel  sheets was in t e rp re t ed  using 
cr i ter ia  s imi lar  to those appl ied  to anodes in the p re -  
ceding sections. At  normal  opera t ing  cur ren t  densi t ies  
(2.00 m A  cm-2 ) ,  cathode overpotent ia l s  were  0.1-0.2V 
higher  than  corresponding anode overpoten t ia l s  for  
the same coatings. Tafel  slopes on Ni 123 cathode coat-  
ings were  130-175 mV/decade ,  whi le  io va r i ed  f rom 
1.6 X 10 -4 to 3.4 X 10 -4 A cm -2. On Ni 287 coatings, 
Tafel  slopes ranged f rom 134 to 167 mV/decade ,  wi th  
most be tween  134-144 mV/decade .  The exchange cur -  
ren t  dens i ty  var ied  f rom 8.8 • 10 -5 to 4.2 • 10 -4  A 
cm -2. The h igher  exchange current  densit ies a re  com- 

20 

N 
I 
E 
u 

CO 
I 
O 

O 

1 6 -  

4 

12 

$ 

/ �9 
0 I I I 

0 4 0  8 0  120 160 
COATING THICKNESS, /.Lm 

Fig. 6. Exchange current densities vs. thickness of Ni 123 coat- 
ings on mild steel. Points: experimental. Line: best fit of Eq. [1]. 
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parable to those observed by Appleby et aZ. (7) on 
screen-reinforced sintered nickel under similar con- 
ditions. However, the hydrogen evolution overpoten- 
rials at higher current densities reported by those 
authors are significantly lower (by >70 mV at 10 mA 
cm -2) than observed on high surface nickel coatings 
in the present work. The explanation for this behavior 
may lie in the fact that gas may exit  only from the 
front face of  the coatings on steel sheets rather  than 
from both faces in the case of porous sintered nickel. 
This should be relat ively more important  in He evolu- 
tion than in O2 evolution, due to the twofold difference 
in gas volume produced at equal current densities. 
However, when Ni 123 coatings were applied to Ni 
cathode screens, no significant overpotential reduction 
was obtained. 

There is a trend toward higher overpotentials at 
coatings with reduced microstructural surface area, 
caused by more severe sintering conditions, as shown 
in Fig. 7. However, this t rend did not include the most 
highly sintered cathode (No. 9), which showed an un- 
expected decrease in ~H2. No explanation for this be-  
havior was evident from photomicrographs of the coat- 
ings. I t  is possible that this increase in efficiency at the 
nickel coating with the smoothest surface morphology 
is a result of easier gas release from coating pores; 
the fact that similar behavior was not observed for O2 
evolution may be due to the smaller size of evolving 
H2 gas bubbles. It is also noteworthy that coating No. 1 
failed in anodic operation but  not as a cathode. This 
indicates that  cavitation forces which may rupture the 
sintered coating structure may be more dependent on 
gas bubble size "(larger for O~) than on total gas vol- 
ume (larger for H2). 

Appleby and co-workers (7) suggested that  the in- 
terior of screen-reinforced sintered nickel was largely 
accessible for the hydrogen evolution reaction, as a 
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Fig. 7. ~1~'2 at selected current densities, for Ni 123 coatings on 
mild steel (from Table II). Effect of coating microstructure changes 
caused by variation of sintering conditions. 

consequence of the small bubble size of evolved H2. 
Using the technique applied above to anode coatings, 
the electrochemical activity of the inner surfaces of 
Ni 287 cathode coatings was investigated as part  of 
the present work. A regression analysis of the hydro-  
gen evolution data for Ni 287 coatings from ~20 to 
290 ~m thick showed that  each 10 ~m increase in coat- 
ing thickness produced a 1.1 • 10 .5 A cm -2 increase 
in io. For one decade of increase in coating thickness, 
~H2 at 200 mA cm -2 was reduced by 55 mV. This is 
less than half of the overpotential reduction expected 
if the entire surface of the coating were catalyzing the 
reaction equally. Similarly, Appleby et  aI. (7) point 
out that the apparent  exchange current density for the 
hydrogen evolution reaction at their sintered nickel 
electrode was only 30 times higher than at smooth 
nickel. This is substantially below its roughness factor 
of 140, as measured by the BET technique. 

D i s c u s s i o n  

The electrodes described in the present paper are 
prepared by applying particulate metal coatings to 
metal substrates. The use of a paint- l ike suspension of 
the metal particles makes it possible to achieve uni- 
form coatings of controlled thickness using a variety 
of coating techniques. This electrode fabrication 
method, which appears to be we]./suited for preparing 
anodes for alkaline water electrolysis, has two main 
advantages: (i) the coating technique can be used 
to add considerable surface roughness to existing elec- 
trode structures of many kinds; (ii)  the materials and 
procedures used to prepare the electrodes are rela-  
tively inexpensive. Both of these factors are in keep- 
ing with the capital cost restraints on commercial 
alkaline electrolysis equipment. 

The efficiencies of the coated electrodes and their 
microstructures, can be varied significantly by chang- 
ing the coating preparation conditions. The interior 
surfaces of both anode and cathode coatings participate 
in the electrode reactions to some extent; thus, over- 
potentials can be reduced by increasing the electrode 
coating thickness. However, the use of thick anode 
coatings to improve electrolysis efficiency is of doubtful 
value on economic grounds, since the overpotential 
reduction obtained is small. This would be true even 
under ideal conditions, in which the overpotential re-  
duction for a tenfold increase in coating thickness is 
given by the Tafel slope, which is only ~35 mV, as  
shown earlier. 

Although the electrode structure developed in the 
present work is less suitable for hydrogen evolution 
than for oxygen evolution, the cathode overpotential 
reduction with increased coating thickness is larger. 
This is not due to the more effective utilization of the 
electrode coating interior for hydrogen evolution than 
for oxygen evolution, but is rather  a consequence of 
the difference in Tafel slopes for the two processes. 

The optimum electrode coating microstructure, for 
any given cell and set of operating conditions, is that 
which gives adequate strength and stabili ty while 
maintaining the highest possible surface roughness 
factor. The present work indicates that different coat- 
ing strengths are necessary, depending on whether the 
coated electrodes are used as anodes or cathodes. The 
efficiency improvements which can result from choos- 
ing proper  sintering conditions are large enough to be 
significant. In addition, sintering no more than nec- 
essary for adequate mechanical integri ty of the coating 
minimizes sintering costs. 

The use of steel substrates with porous coatings as 
anodes in alkaline electrolysis raises questions regard-  
ing their durability, since unprotected mild steel c o r -  
r o d e s  rapidly under anodic service. None of the elec- 
trodes used in this work showed evidence of corrosive 
failure in six-hour electrolyses. A report  of the operat-  
ing characteristics and corrosion resistance of nickel 
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powder-coated mild steel-based anodes in 1200 hr 
tests will be made in a future publication. 
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An SEM Study of the Nature of the Electrochemical 
Deposit in Reversible Electrodeposition Displays 

H. J. Stocker, L. G. VanUitert, T. C. Loomis, and F. B. Koch* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

SEM-x-ray spectroscopic studies of display cells based on reversible elee- 
trodeposition (RED's) conclusively show that the deposit is composed of ele- 
mental silver, regardless of its color (gold, gray, black, red-brown, etc.) A 
gold deposit is shown to consist of finely dispersed (colloidal) silver particles, 
while the black deposit consists of a spongy type of deposit of elemental silver. 
This fact means that the mechanism of operation of these dispersive displays 
is due to collective electromagnetic scattering effects of colloidal silver. Con- 
firming evidence that TiOz particles form in-depth contacts is also presented. 

Display cells based on reversible electrodeposition 
(RED's) are under active study (I, 2). 

Experimental cells are constructed of two parallel 
plates of indium-tin oxide (ITO) coated glass. The 
intervening space is filled with a paste electrolyte con- 
sisting of silver iodide (AgI), tetralkylammonium 
iodide (RN4I), and a solvent (dimethylformamide or 
DMF). The use of the tetralkylammonium iodide per- 
mits the use of high silver concentrations in organic 
solvent based electrolytes (2). Sometimes a mixture 
of TiO2 powder and fine ZEOLITE particles (molecular 
SIEVE) is added to the mixture. The function of the 
TiO~ is twofold: one, it serves as an opacifier (white 
background) and second it extends the electrical con- 
tact into the interior of the cell, thus enlarging the 
volume in which the electrochemical reactions take 
place. The molecular sieve is added in an empirically 

* Electrochemical Society Active Member. 
Key words: spectroscopy, electrodeposition, deposits. 

determined proportion to adjust the conductivity of 
the mixture for maximum contrast. The functions of 
these components are more fully described in Ref. (2). 
Upon application of voltage pulses of 1-2V magnitude 
and several hundred millisecond durations, coloration 
is observed at the cathode. A variety of colors, includ- 
ing gray, black, gold, green-gold, red, red-brown, 
light-blue, and navy blue reproducibly result from 
plating in these experimental display cells. Several 
colors may be observed in the same display cell, de- 
pending on driving conditions. For instance, a brief 
high amplitude pulse (duration 0.1 sec) in a DMF/ 
AgI/TBAI/TiO2-SIEVE cell (TBAI is tetrabutyl am- 
monium iodide) produces a bright red color, while a 
low amplitude pulse of 1 sec duration produces a dark 
gray color. Similarly, in cells without the TiO2/SIEVE 
filler, a golden color can often be observed with a l ow  
driving current, while a gray to black deposit develops 
if the cell is driven harder. 
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that the TiO2, by virtue of its conductivity, allows 
plating to occur throughout the volume of the paste 
rather  than just on the planar electrode is confirmed by 
this experiment. 

Results 
In experiment A, a cell containing an NI~I /AgI /DMF 

solution but no filler was cycled with 1 Hz square 
waves of 2.5V amplitude so that  a gold color developed. 
With the gold color remaining on the first electrode, 
the cell was opened and the deposit washed with ace- 
tone and then subjected to SEM analysis. 

The SEM examination revealed both a submicron 
structure of finely dispersed particles and a large num- 
ber of Maltese-cross and bar-shaped crystals. There is 
strong evidence that these crystals are an experimental  

Fig. 1. (a) A 5000X picture of the gold-colored deposit showing 
clearly the finely dispersed particles. (b) X-ray energy spectrum be- 
longing to Fig. la. Si and In are due the substrate. Ag is clearly 
present but there is no I peak, supporting the conclusion that the 
deposit consists of colloidal silver. 

These puzzling coloration effects cannot be under-  
stood as a straightforward electroplating of silver, 
which had been the basis of earlier work in aqueous 
solutions by Zaromb (3, 4). 

We will consider two fundamentally different hy- 
potheses, namely, (i) that the different colors corre- 
spond to the different electrochemical reaction prod-  
ucts (e.g., Ag, Ag0(AgI)~, etc.) or (i{) that  only Ag 
is deposited and the different colors result from col- 
lective electromagnetic scattering effect of a collection 
of colloidal silver particles. The lat ter  effects, first 
studied by Carey-Lea in 1889 (5) in silver electrolytes 
cause many fascinating colors, including most of the 
colors seen in display cells. The part icular  colors ob- 
served correlate with the size of the colloidal silver 
particles. A summary of such phenomena is given in 
Gmelin's handbook (6). I t  is this key question of the 
physical and chemical nature of the deposit to which 
our ISEM-x-ray spectroscopic study was addressed in 
experiments A and B, described below. 

Experiment C clarifies the role of the TiO~ particles 
sometimes used in the pastes. The working hypothesis 

Fig. 2. (a) SEM picture at 5000X of a black deposit, showing a 
dense spongy structure. (b) X-ray energy spectrum showing the 
presence of Si, Ag, and In but no I. 
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ar t i fac t  in the  form of AgI  prec ip i ta ted  f rom a super -  
s a tu ra t ed  solution when the cell was opened and the 
solvent  evaporated.  The e lementa l  ratios, found using 
energy  dispersive x - r a y  analysis  correspond to the 
rat ios obta ined f rom an AgI  s tandard .  Also, the  growth  
of s imi lar  crystals  could be observed d i rec t ly  wi th  an 
optical  microscope as the solvent  evaporated.  The go ld  
color seen in an unopened cell thus must  be a t t r ibu ted  
to l ight  scat ter ing f rom the submicron s t ruc ture  r a the r  
than the AgI - sa l t  crystals .  

F igure  l ( a )  shows a deta i l  of the  gold-colored  de-  
posit  in an area  free of AgI  crystals  at  a magnif icat ion 
of 5000• where  the morpho logy  of the finely dis-  
persed par t ic les  can c lear ly  be resolved.  Their  size is 
app rox ima te ly  50 nm. The corresponding x - r a y  energy  
spec t rum in Fig. l ( b )  shows only the  prese~uce of Ag 
from the part icles,  In  f rom the t r anspa ren t  conduct ive 
coating, and Si f rom the substrate .  We therefore  con- 
clude that  s i lver  is p resen t  in colloidal  form in this 
area. 

In expe r imen t  B, a cell  containing A S I / T B A I / D M F  
(ASI  is ammonium si lver  iodide) was colored wi th  
severa l  1 sec, 2V d-c  pulses unt i l  a da rk  g ray  to b l ack -  
ish deposi t  had formed. The cell  was then opened and 
the deposit  carefu l ly  washed with  acetone and dis t i l led  
water .  The deposi t  has a spongy form as indica ted  in 
Fig. 2(a)  (5000•  The composit ion is again en t i re ly  
e lementa l  silver, wi th  no iodine p resen t  [Fig. 2 (b ) ] .  
This exper imen t  thus conclusively shows tha t  the  de-  
posit ,  when dr iven  hard  enough to produce b lack  color, 
is en t i re ly  e lementa l  si lver,  and fu r the rmore  is of a 
spongy, loose structure.  The on ly  difference be tween  
the b lack  deposits [Fig. 2 ( a ) ]  and  the golden deposi t  
fo rmed at  lower  dr iv ing  currents  [Fig. l ( a ) ]  is that  
the s i lver  par t ic les  which were  isolated in the  golden 
deposit  have been  agg lomera ted  into a deep spongy 
form in the black deposit.  

In  exper iment  C, an A S I / T B A I / D M F / T i O 2 / S I E V E  
cell was colored to a r e d - b r o w n  color wi th  a d-c  pulse 
of 300 msec dura t ion  and 2V ampli tude.  The cell was 
then taken  apa r t  carefu l ly  and the pas te  near  the elec- 
t rode examined  under  the  SEM. F igure  3 is a 5000• 

Fig. 3. SEM picture and elemental distribution maps of the TiO2/ 
SIEVE paste mixture, after cell had been colored red-brown. The 
preferential occurrence of Ag on the TiO2-particles confirms their 
role as an in-depth contact. 

SEM picture  of the paste  together  wi th  e lementa l  dis-  
t r ibut ion  maps for A1, Ti, and Ag. The A1 map  ind i -  
cates the posi t ion of the zeolite (NaA1Si206) part icles ,  
the Ti map the posit ion of the TiO2 part icles.  A careful  
comparison of the  e lementa l  maps lead to the conclu- 
sion that  the Ag is indeed d is t r ibu ted  p redominan t ly  
on the TiO2 part icles .  This confirms the hypothesis  that  
the TiO2 acts as an in -dep th-contac t ,  so tha t  d ispersed 
s i lver  is fo rmed wi th in  much of the volume of the 
paste. 

A cell which appears  r ed -b rown  when v iewed nor -  
ma l ly  (~.e., pe rpend icu la r  to the e lectrode plane)  m a y  
appear  g~eenish when v iewed at a ,~75 ~ angle. We have 
not  s tudied these complicated effects in deta i l  bu t  we 
bel ieve they are  consistent  wi th  the hypothesis  of for-  
mat ion of a s i lver  colloid, in fact  provide  fur ther  evi-  
dence for it. Theore t ica l ly  (7), one expects  different  
colors to be seen at  different  angles in a colloid of s i lver  
part icles,  because the l ight  scat ter ing efficiency, as ca l -  
cula ted  for uni form par t ic le  size in Mie's  theory,  p re -  
dicts dependence  on both the angle  r and the wave -  
length  L The resul t ing  a r r a y  of colors is known as 
higher  order  Tynda l l  spec t ra  (7). 

Conclusions 
The ma jo r  conclusion of this s tudy is tha t  the chem- 

ical composit ion of the deposit  in d ispers ive  RED dis-  
p l ay  cells is e lementa l  s i lver  for both  the dispers ive 
colors and the more  convent ional  e lec t ropla ted  deposit  
at  the cathode. This conclusion is consistent  wi th  studies 
of the cyclic vo l tammograms  of such cells which show 
a smooth behavior  consistent  wi th  the e lec t rochemical  
react ion Ag + ~ e <--> Ag" but  no s t ruc ture  which would  
indicate  the e lectrodeposi t ion of o ther  react ion p rod-  
ucts. 

As la rger  amounts  of currents  a re  passed through 
the cell, the colloidal  par t ic les  (gold color) appa ren t ly  
agglomera te  to l a rge r  s t ructures  whose optical  p rop -  
ert ies make  them look black. 

A second resul t  of our s tudy  is confirmation tha t  the 
TiO2 par t ic les  indeed do form in -dep th  contacts and 
therefore  act as a dispers ing agent.  This effect is be -  
l ieved to enhance the e lec t romagnet ic  sca t ter ing  effects 
a t t r ibu tab le  to a colloid v i s -a -v i s  the more  conven-  
t ional  e lec t ropla t ing effects a t  the electrode.  

Manuscr ip t  submi t ted  Nov. 9, 1979; revised m a n u -  
scr ipt  received March 17, 1980. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1981. 
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Electroluminescence during the Anodic Growth 
of Tantalum Pentoxide 
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ABSTRACT 

Light  emission dur ing  the anodic g rowth  of  t a n t a l u m  pen tox ide  was found 
to g row quas i -exponen t i a l ly  wi th  electr ic  field and oxide thickness.  Data  on 
the spec t rum were  ob ta ined  wi th  six na r row  bandpass  filters. Larges t  l ight  
ou tput  was found for  4.8 eV photons. This l ight  component  was s t rongly  ab-  
sorbed in  the  oxide,  since its bandgap  is 4.6 eV. The l ight  emission was i n t e r -  
p re t ed  as an e lec t ro luminescent  (EL) effect due to electron ava lanching  and 
to recombina t ion  of hot  e lectrons wi th  t r a ppe d  holes for most  of the  l ight  com- 
ponents.  The nonabsorbed  l ight  components  could in pa r t  be due also to 
f i r s t -order  kinet ics  EL processes. Relat ions der ived  for the  EL output  fitted 
expe r imen t a l  resul ts  well,  g iving ~ : 1.12 • 105/cm for  the coefficient of im-  
pact  ionizat ion at  a field of 6.26 MV/cm. Ear l i e r  b r e a k d o w n  invest igat ions  
resul ted  in a = 1.4 • 105 _ 10%/cm. The difference in ~ values  can be due to 
approx imat ions  made  in der iv ing  re la t ions  for  the  two phenomena.  Since 
both  b r e a k d o w n  and EL theories were  deve loped  wi th  the  same avalanche  
model,  i ndependen t  evidence was ob ta ined  on impact  ionizat ion in t an ta lum 
pen tox ide  f rom two phenomena.  

I t  has been  known since the end of the  las t  cen tu ry  
tha t  a s t eady  l ight  emission accompanies  the  anodic 
g rowth  of oxides.  The effect was t e rmed  ga lvano lumi-  
nescence (1) and  su rveyed  in  an excel len t  rev iew 
ar t ic le  b y  Ikonopisov (2). The su rvey  shows tha t  
this luminescence is not  we l l  unders tood  and tha t  there  
are  many  contradict ions  in observat ions  and insuffi- 
ciencies in  in te rpre ta t ions .  

Light  ou tput  dur ing  the g rowth  of a luminum oxide 
was found to increase  quas i - exponen t i a l ly  wi th  the  
electr ic  field in the  oxide and also wi th  thickness  (3). 
This thickness  dependence  could not  be exp la ined  by  
chemiluminescence  due to e lec t rochemical  react ions 
at  the e lec t ro ly te  i n t e r f a c e  (4), or  a t  flaws (5). Many  
inves t iga tors  assume tha t  the  l ight  emission is an 
e lec t ro luminescent  (EL) effect (2). 

A mechanism for the  EL in a l u m i n u m  oxide  was 
proposed by  van Geel  et al. (3), assuming tha t  impac t  
ionizat ion by  electrons and ava lanching  take  place  
dur ing  anodizat ion at  a field of nea r ly  9 M V / c m  in the 
oxide. EL was ascr ibed to exci ta t ion  of impur i t ies  by  
hot  electrons and subsequent  r ad ia t ive  de-exci ta t ion.  
The thickness dependence  of EL was exp la ined  wi th  
the exponent ia l  increase of hot  e lectrons w i t h  th ick-  
ness by  avalanching.  The luminescent  i m p u r i t y  centers  
were  thought  to be meta l l ic  (6), or  organic ions (5), 
and addi t ion  of manganese  to a luminum was found 
to enhance the EL mani fo ld  (7). Anderson  suggested 
rad ia t ive  ho le -e lec t ron  recombinat ion  as an a l t e rna t ive  
EL mechanism (8). 

Most of the  EL invest igat ions  were  confined to a lu -  
m i n u m  oxide (2). Publ ica t ions  on l ight  emission du r -  
ing the  anodic g rowth  of t an t a lum pentoxide  were  
fewer  and less de ta i led  (4, 7-10). Inves t iga t ing  elec-  
t r ica l  b r eakdown  processes dur ing  the  anodic g rowth  of 
oxides on t an t a lum (11) and a luminum (12), we found 
that  b r eakdown  events  could be wel l  exp la ined  b y  the 
succession of avalanches  b r e a k d o w n  model  (13). The 
quest ion arose whe the r  the l ight  emission is also con- 
nec ted  wi th  ava lanching  processes in t an t a lum pen t -  
oxide  and whe the r  l ight  emission observat ions  could 
provide  independen t  da ta  on avalanching.  We the re -  
fore  inves t iga ted  l ight  emission in pa ra l l e l  wi th  elec-  
t r ica l  b r e a k d o w n  dur ing  anodic growth.  

Present address: Israel Aircraft Industries, Yahud, Israel. 
Key words: electroluminescence, insulator, anodization, break- 

down. 

We descr ibe  be low resul ts  of l ight  emission obse rva -  
tions in t an ta lum pentoxide.  I t  is shown tha t  most  of 
the l ight  emission is an EL process, exp la ined  by  the 
effects of ava lanching  and by  rad ia t ive  ho le -e lec t ron  
recombinat ions.  The magni tude  of the coefficient of 
impact  ionization, ~, is der ived  f rom EL da ta  and found 
to be in reasonable  agreement  wi th  ~ obta ined  f rom 
b reakdown exper iments .  

Samples and Experimental System 
The sample  and exper imen ta l  sys tem were  descr ibed 

in the publ ica t ion  on b r eakdown  in t an t a lum pen t -  
oxide (11) and we recap i tu la te  here  the main  features.  
F igure  1 i l lus t ra tes  the  sample.  The anodizat ions were  
car r ied  out  on 500 nm thick, sput tered,  l igh t ly  n i t rogen-  
doped, /~ t an ta lum films. The sample  was placed hor i -  
zonta l ly  in the  e lect rolyt ic  bath.  This was an aqueous 
solution of ci tr ic acid wi th  a range of concentrat ions  
f rom 2.5 • 10 -8 to 1.8 weight  percen t  (w /o ) ,  the  
corresponding e lec t ro ly te  resis t ivi t ies  va ry ing  f rom 
21,000 to 260 Q-cm at 1 kHz. Anodizat ions  were  car r ied  
out a t  constant  cur ren t  densi t ies  of 0.5, 1.0, 5.0, or  10.0 
m A / c m  2. The corresponding mean  electr ic  fields in the  
oxide were  6.14, 6.26, 6.56, and 6.7 MV/cm,  respec t ive ly  
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(11). Magnet ic  s t i r r ing  of the  ba th  reduced  t empera -  
ture  rises to less than  I~ in the sample  for  a cur ren t  
densi ty  of 1 m A / c m  2 and oxide  thickness of about  500 
r i m .  

Light  emi t ted  f rom the sample  was collected wi th  a 
ver t ica l  100 m m  long, 10 m m  d iam quar tz  l ight  guide. 
The collecting face of the l ight  guide was concentr ic  
wi th  and 10 m m  above the sample  in a l l  exper iments .  
The l ight  guide was coupled to an RCA Type 1P28 
photomul t ip l ie r ,  sensi t ive over  the  spec t ra l  range  of 
220-620 nm, wi th  a m a x i m u m  sensi t iv i ty  close to 330 
nm. The pho tomul t ip l i e r  had  pot ted  leads and was 
cooled wi th  solid CO2. Elec t ro ly t ic  bath,  l ight  guide, 
and photomul t ip l ie r  were  enclosed in an a luminum 
box, impervious  to ex te rna l  light. 

Measurements  recorded  l ight  emission and vol tage  
across the oxide vs. t ime of anodizat ion.  The ou tput  of 
the pho tomul t ip l i e r  was amplif ied and the l ight  emis-  
sion was plot ted  on a Hewle t t  P a c k a r d  s t r ip  char t  r e -  
corder.  Voltage was measured  across a capaci tor  con- 
nec ted  in pa ra l l e l  wi th  the  e lect rolyt ic  bath.  The vol t -  
age across the  oxide l aye r  was obta ined  b y  sub t rac t ing  
vol tage drops in the e lec t ro ly te  and in a series resistor.  
Light  emission observat ions  ex tended  f rom the smal l -  
est to close to the  b r e a k d o w n  voltages. Breakdown  
sparks  foi led observat ions  in the  b r eakdown  range  of 
voltages. 

Experimental  Results 
Results were  presented  in plots of l ight  emission du r -  

ing anodic g rowth  vs. vol tage across the  oxide, or  vs. 
the  oxide thickness,  w. The oxide  thickness  was cal -  
cu la ted  f rom the vol tage  and the oxide field da ta  g iven 
above. 

The field dependence  of the l ight  emission vs. th ick-  
ness is p resented  in Fig. 2, wi th  mean  field in the oxide 
as parameter .  The solid line resul ts  were  ob ta ined  wi th  
continuous anodic g rowth  exper iments  and the b roken  
l ine resul ts  a t  fields lower  than  appl ied  for  anodiza-  
tions. The l a t t e r  resul ts  were  ob ta ined  f rom sequences 
of l ight  emission measurements  indica ted  b y  ar rows in 
Fig. 3. The anodic g rowth  was i n t e r rup t ed  in  this ex -  

pe r imen t  nea r  100, 150, and 200V and l ight  emission 
was measured  r ap id ly  at  decreas ing and again  a t  in-  
creasing voltages, fol lowed by  resumpt ion  of anodic 
growth.  We es t imated  tha t  the  g rowth  in the thickness 
of the oxide  film was insignif icant  dur ing  a vol tage de -  
crease period,  owing to the  r ap id i t y  of vol tage  decrease 
and due to the quick decrease in ionic cu r r en t  densi ty  
wi th  field reduction.  We obta ined  thus approx imate  
f ie ld-dependent  da ta  on l ight  emission below fields for  
anodic growth.  

The da ta  of Fig. 2 were  rep lo t ted  and showed tha t  
(i) the l ight  emission grows in .a super l inea r  manne r  

wi th  cu r ren t  dens i ty  of anodizat ion and  (ii) the l ight  
emission grows exponen t ia l ly  wi th  oxide  field at  a 
given oxide thickness.  A semi logar i thmic  plot  of emis-  
sion consists of two ranges, one wi th  a r e l a t ive ly  low 
slope at  lower  fields and one wi th  a r e l a t ive ly  la rge  
slope at  fields of anodic growth.  

The effect of the e lec t ro ly te  res is t ivi ty ,  pe, on the 
l ight  emission is i l lus t ra ted  by  Fig. 4. An  increase  of pe 
f rom 285 to 21,0.00 ~ - c m  produced  no significant change 
in the l ight  emission; observat ions  of this na tu re  were  
made  ea r l i e r  also wi th  a luminum oxide (7, 10). The 
effect of t empe ra tu r e  on l ight  emission was found to be 
smal l  in the range  of 3~176 as is indica ted  by  the 
curves in Fig. 5. In  contrast ,  the  l ight  emission of 
a luminum oxide was found to change and  increase  
wi th  t empe ra tu r e  in an inorganic  e lectrolyte ,  bu t  de-  
crease wi th  t empe ra tu r e  in an organic  e lec t ro ly te  (5). 

Data  on the spec t rum of the  l ight  emission were  
obta ined  by  a series of anodizat ions pe r fo rmed  under  
ident ica l  condit ions at a cur ren t  dens i ty  of 1 m A / c m  ~-. 
The l ight  emission was measured  th rough  a different  
na r row  bandpass  in te r fe rence  fi l ter on each of the  
anodizat ion runs. Balzer  filters of a h a l f - b a n d w i d t h  
of about  10 nm were  used, of wavelengths  259, 313, 366, 
408, 434, and 545 nm at thei r  m a x i m u m  t ransmi t tance .  
The peak  t ransmi t tance  of the  filters var ied  be tween  
20% and 30%. 
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For the evaluation of the light measurements, the 
transmission of the filters and the quartz light guide 
was determined with a Cary 14 type spectrometer and 
the photomultiplier spectral response was calibrated 
using a Jarrel-Ash monochromator Model 83-410 and 

an Eppley thermopile. Light readings were corrected 
for transmission losses in the system and for differ- 
ences in the photomultiplier spectral response. 

Results are shown in Fig. 6, where the narrow-band 
light emission, L, is plotted in relative units vs. anod- 
ization voltage with wavelength as parametdr. The 
light emission component at 259 nm is of special inter- 
est with photon energies centered at 4.8 eV. The band- 
gap of anodically grown tantalum pentoxide was found 
to be smaller by photoconduction, 4.6 eV (14). Thus 
the 259 nm light emission was expected to be affected 
by light absorption in the oxide. Spectrophotometrical 
measurements showed that the coefficient of absorption 
K has a value between 1.8 and 2.0 • 105/cm at 259 nm 
in good agreement with earlier results of Bray et aL 
(15). A slight absorption was found at 313 nm wave- 
length with K < 5 X 10~/cm. 

M e c h a n i s m s  of  E lec t ro luminescence  
AvaZanching.--The near-exponential increase o f  

light emission with thickness in Fig. 2, 4-6 suggests 
that the light emission is connected with avalanching, 
as found by van Geel et el. (3) for aluminum oxide. 
Since electrical breakdown investigations confirmed 
that impact ionization and avalanching accompany the 
anodic growth of tantalum pentoxide (11), we pro- 
ceed examining avalanche models for the interpreta- 
tion of light emission. The properties of impact ioniza- 
tion and avalanching are recapitulated first. 

Fitting experimental data to breakdown theory it 
was found that the coefficient of impact ionization, =, ,is 
related to the field by a = 4.4 X 106 exp (--21.5/F)/em 
in the range of fields, F, 6.1-6.7 MV/cm with F given in 
MV/cm. The current density, j, of most anodizations 
was 1 mA/cm = at a field of 6.26 MV/cm and the corre- 
sponding value of = was 1,4 • 105/cm with an esti- 
mated uncertainty of __.10%. 

Electrons injected into the oxide produce avalanches 
by impact ionization. Electrons are little affected by 
trapping and traverse the oxide in the order of pico- 
seconds. In contrast, holes produced on impact are 
deeply trapped, drift slowly toward the electrolyte, 
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and t raverse  the oxide  in the  order  of micro-  to mi l l i -  
seconds. F igure  7a shows a schematic  oxide cross sec- 
tion wi th  avalanche  cones of holes at  var ious  stages 
of dr i f t  th rough  the oxide. Most posit ive charge  clusters 
d r i f t  out  of the  insulator .  There  is, however ,  some 
p robab i l i ty  tha t  a dr i f t ing  cluster  is h i t  by  an e lec t ron 
in jec ted  f rom the electrolyte .  Such an e lect ron produces 
a second avalanche  and a succession of avalanches  at  
one spot produces b r eakdown  (11). 

The average  number  N, of electrons in an avalanche,  
as a funct ion of dis tance x f rom the e lec t ro ly te  in t e r -  
face is (11) 

N = exp ( 1 =  adm ') [1] 

There  is an upper  l imi t  to the ava lanche  size, since 
posit ive charges p roduced  and lef t  behind keep de-  
creasing the field at  the  p ropaga t ing  front  of the ava -  
lanche unt i l  impac t  ionizat ion stops (t6, 13). The 
l imi t ing ava lanche  size N1 was found to produce  about  
2000 carr iers  of each sign in t an ta lum pentoxide  (11). 
Since the ava lanche  size is an exponent ia l  funct ion of 
x, the  effect of posi t ive charges becomes significant 
only  in the  last  few ionizing steps of an N1 size ava -  
lanche. The avalanche  sizes were  l imi ted  by  oxide 
thickness in  the  l ight  emission exper iments ,  so that  
usual ly  N < < Ni and N could be approx ima ted  by  

N --~ exp (am) [ l a ]  

The number  of holes produced in a n  ava lanche  P = 
N --  1. F igure  7b presents  a second i l lus t ra t ion  of 
hole clusters  dr i f t ing  toward  the electrolyte.  The hole 
cones are  not  l imi ted  in this sketch by spat ia l  extension 
in the electrode direction,  bu t  by  curves approx imat ing  
the hole dens i ty  as function of x. 

First-order kinetic processes.--The l ight  emission 
can be examined  by processes of first-  and of second- 
order  kinetics and we s ta r t  wi th  f i r s t -o rder  processes. 
These produce  l ight  in propor t ion  to the  e lect ron cur-  
rent.  Photon emissions are  due to events  such as de-  
exci ta t ion of impuri t ies ,  r ad ia t ive  t rapping,  geminate  
recombinat ion,  or de -exc i ta t ion  of excitons. 

We assume tha t  the ra te  of l ight  emission by  these 
processes dL from the wave length  band  h~ and f rom 
the space be tween  x and x + dx is p ropor t iona l  to exp 
(ax), and to the  ra te  of e lectrons injected,  Ie/q, a n d  

DRIFT ~+++I OXIDE \ 7 2 /  ~ ~+++I ~++/ 
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Fig. 7. Sketches showing (a) space occupied by avalanche hole 
clusters drifting through oxide; (b) hole density of drifting 
clusters as function of x; (c) E1 event, left, spatial extensions and, 
right, hole density of overlapping avalanche clusters. 

dL = A~Ie exp ( am)dz /q  

Ie is the e lect ron current ,  q the  electronic charge,  and 
A~ is a constant  dependen t  on the wave leng th  L In -  
tegra t ing  be tween  the  l imits  0 and  w, the oxide th ick-  
ness, the  re la t ion  for  l ight  emission L is obta ined in 
the absence of l ight  absorpt ion,  K : 0, and  

Axle 
L -- - -  [ e x p ( a w )  --  1] [2] 

aq 

This re la t ion  was der ived  by  van Geel  et al. (3). When  
account has to be taken  of l ight  absorpt ion  

dL -- AxIe exp (az)  e x p  ( - -  Kz)dx/q 

and in tegra t ion  over  the oxide  thickness gives 

Axle 
L =  [ e x p ( ~ - - K ) x - - 1 ]  for  a > K  [3a] 

q(~ -- K) 
and 

Axle 
L - -  { 1 - e x p [ - -  ( K - - a ) z ] }  for  K > a  

q (K --  a) 
[3b] 

I t  is impor t an t  to different iate  be tween  the two c a s e s :  
L grows quas i -exponen t i a l ly  wi th  w, when ~ > K. L 
sa tura tes  wi th  w when K > a, because  l ight  is detected 
only  f rom a roughly  1 / ( K  --  a) th ick  l aye r  ad jacen t  to  
the electrolyte .  

The spect ra l  da ta  of Fig. 6 were  examined  wi th  
Eq. [2] first. Some difficulties were  exper ienced  in 
fitt ing results  to Eq. [2] owing to a w a v y  s t ruc ture  
superposed  on the curves,  which m a y  perhaps  be due 
to in te r fe rence  effects. We fitted by  the least  squares 
method and der ived  values  for the coefficient of impact  
ionizat ion ~. These were  t abu la ted  for four  wavelengths  
in Table I. 

The resul ts  for  the wavelengths  313 and 366 nm a r e  
remarkable ,  since they  coincide closely wi th  a --_ 1.4 
• 105/cm obta ined  f rom b reakdown  observat ions  (11). 
The agreement  is less good for  the  408 and 434 nm 
minor  l ight  components.  Ano the r  minor  component  at  
545 nm does not fit Eq. [2] and  increases  roughly  in a 
l inear  manner  wi th  thickness.  

The l ight  emission at  259 nm is subjec t  to l ight  ab-  
sorption. I t  could be fitted to Eq. [3a] resul t ing  in = --  
K = 1.1 X 105/cm. Since the coefficient of absorpt ion  
K _~ 2.0 X 105/cm, = ---- 3.1 X I05/cm results.  This con-  
t radic ts  the values obta ined at  longer  wavelengths  and 
on b r eakdown  (11). A l t e rna t ive ly  we can use a = 1.4 
• 105/cm and K : 2.0 X 105/cm to descr ibe the  d e -  
p e n d e n c e  L(w) with  Eq. [3b]. This equat ion predicts  
sa tura t ion  in L which is not found wi th  the  exponen-  
t ia l ly  r ising 259 nm curve in F ig .  6. Thus f i rs t -order  
kinet ics  cannot  expla in  the l ight  emission a t  259 n m .  

Second-order kinetics proeesses.--We cont inue e x -  
a m i n i n g  a second-order  kinet ics  model  for rad ia t ive  
hole-e lec t ron  recombinat ions.  These can take  place o n  
the  chance event  of an in jec ted  e lect ron h i t t ing  a n  
avalanche  cluster  of holes. A second ava lanche  is p ro -  
duced and recombinat ion  of holes of the  first a n d  e l e c -  
t r o n s  of the second ava lanche  can resul t  in l igh t  emis-  
sion. The p robab i l i ty  of such an event,  s, is je(Fc)Avtt/q 
(13), je(Fc) is the e lect ron cu r ren t  dens i ty  and Fc the  
cathode field at  a hole cluster,  Av is the cross section of 
an average avalanche  at  the t an t a lum electrode, t t  the  
hole c luster  t rans i t  t ime, and q the  electronic charge. 
When elect ron inject ion takes  place  by  tunnel ing,  
je(Fc)  o~ exp (--B/Fc). The cathode field F~ _-- #F, 

Table I. The coefficient of impact ionization, a from first-order 
kinetics processes 

Wavelength, nm 259 313 366 408 434 545 
Photon energy, eV 4.8 4.0 3.4 3.0 2.85 2.3 
a, lO~/cm 1.38 1.36 1.04 1.15 
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where  ;3 > 1 is the field enhancement  factor  at  a hole 
cluster.  

The cathode field Fr keeps increas ing dur ing  the dr i f t  
of an ava lanche  cluster  t oward  the cathode because 
most holes were  produced  near  the anode. Increase  of 
Fc increases Je (Fc) and  s exponen t i a l l y  wi th  1/Fr The 
p robab i l i t y  s wi l l  thus be la rges t  in the v ic in i ty  of the 
cathode. 

F igu re  7c i l lus t ra tes  wi th  two sketches the EL event  
resul t ing  f rom hole-e lec t ron  recombinat ions.  The le f t -  
hand  sketch shows the spa t ia l  extensions of the dr i f t -  
ing hole c lus ter  and  of the  new ava lanche  produced  by  
a cen t ra l ly  h i t t ing  electron. The r i gh t -hand  sketch 
indicates  hole and e lec t ron densit ies  of the first and 
second ava lanche  in the  manner  of Fig. 7b. 

A re la t ion  for the  EL emission can be r ead i ly  der ived  
wi th  the help  of a simplif ied model. We assume tha t  
inject ion of an e lect ron into a hole cluster  and l ight  
emission take  place  when the hole c lus ter  has dr i f ted  
a f ract ion kw of the insula tor  thickness toward  the 
cathode (see Fig. 7c). The recombina t ion  light,  dLa, 
emi t ted  by  one ava lanche  in the wave length  band  5~ 
and be tween  x and x + dx is dLa --  rxN (r dx. 
Here r~ is a constant,  a function of the wave leng th  L 
N --  exp (ax)  is the approx imate  size of the second 
elect ron ava lanche  crossing the space be tween  x and 
x + dx and (OP/Ox) dx are  the holes produced in the  
space be tween  x and x 4- dx by  the  first avalanche.  

Since on impac t  ionizat ion ON/Ox = OP/Ox, we find 
wi th  Eq. [ la ]  that  (OP/Ox) dx = a exp (ax)dx at the 
t ime of ava lanche  production.  When  the hole c luster  
dr i f ts  the  dis tance kw toward  t h e  cathode, (OP/Ox)dx 
--  a exp a [ (x + kw)  ] dx and  

dLa = a~rx exp (ax)  exp  [~(x  + k w ) ] d z  

To account for  absorpt ion of light,  dLa is rep laced  by  
an express ion dLaa 

dLaa = e x p ( - - K x )  dLa 

= ~rx exp (akw) exp  [ (2~ - -  K) x] dx 

The EL l ight  emission is obta ined  by  in tegra t ing  d L a a  

across the hole c luster  f rom x ---- 0 to (1 --  k ) w  and by  
mul t ip ly ing  by  the ra te  of l ight  emi t t ing  clusters,  
sIJq. The resul t ing  re la t ion  for  L is 

sI,vx~ 
L = exp (akw) {exp[ (2~ 

q (2~ -- K) 
- -  K) ( 1  - k ) w ] -  1 }  [4] 

When absorpt ion  is absent  

Sler>. 
L --  ~ e x p  (2kw){exp  [2a(1 --  k)w] -- 1} [5] 

2q 

Examina t ion  of the express ion for  dLa, or of Fig. 7c, 
quick ly  reveals  tha t  most  of the l ight  is p roduced  in a 
thin layer ,  a dis tance x --  (1 --  k ) w  f rom the e lec t ro-  
ly te  interface.  

The simplif ications in  the der iva t ion  of Eq. [4] and  
[5] a re  connected wi th  the  use of cont inuum ins tead  
of s ingle  e lec t ron calculat ions and wi th  the  omission 
of the  effect of fluctuations in k and the place  of e lec-  
t ron inject ion wi th  respect  to the hole cluster.  Owing to 
fluctuations in k and due to hole diffusion, the  l ight  
emi t t ing  l aye r  is expec ted  to be b roader  than  found 
wi th  Eq. [4] and [5]. A fu r the r  s implif icat ion is the as-  
sumpt ion  for  the  express ion dLa tha t  the size of the  
second ava lanche  N is exp  (~x). Due to a dead  space for  
ionizat ion at  the cathode and due to recombinat ions,  N 
grows s lower  wi th  x than  exp (ax) ,  bu t  fas ter  owing to 
the  increased  ra te  of impac t  ionizat ion by  the  enharlced 
field at  the hole cluster.  

The app l i cab i l i ty  of the recombina t ion  EL model  was 
examined  assuming tha t  the ma jo r  l ight  components  
of Fig. 6 at  259, 313, and 366 nm are  a l l  due to r ad ia t ive  
ho le -e lec t ron  recombinat ions.  Equat ion  [4] was fi t ted 

for this purpose  to the expe r imen ta l  da ta  at 259 nm and 
Eq. [5] to the da ta  at  313 and 366 rim, using the same 
values  of k and ~. The smal l  absorpt ion  at  313 n m  was 
neglected.  

The resul ts  are  presented  for  be t t e r  l eg ib i l i ty  sepa-  
rately,  in Fig. 8, where  ful l  l ines plot  expe r imen ta l  
da ta  and the dot ted  l ine curves fi t ted wi th  ~ --  1.12 • 
105/cm, k --  0.78, and  K ---- 2 • 105/cm. A s l ight ly  
be t t e r  fitt ing resul ts  for nonabsorbing  components,  
when only a pa i r  of components  is fitted. Thus if  fi t t ing 
is res t r ic ted  to the  259 and 313 nm components,  ~ = 
1.105 X 105/cm and  k --  0.795 is obtained.  The pa i r  of 
components  of 259 and 366 nm gives a --  1.135 X 105/cm 
and k ---- 0.765. Thus the fi t t ing p rocedure  resul ts  in  
f a i r ly  precise values  for  a and  k. The influence of the 
coefficient of absorpt ion  is not  s t rong and a decrease 
of K to 1.8 X 105/cm has but  a smal l  effect on the  
fitting of the 259 nm curve to exper imen ta l  data.  

The b r eakdown  invest igat ions  resul ted  in ~ = 1.4 X 
105 _ 10% at a field of 6.26 M V / c m  (11). The difference 
f rom the ~ value  found here  is not unexpec ted  owing 
to approximat ions  in the  models  of the  phenomena.  A 
fu r the r  difficulty is added  by  the lack of assessment  of 
the influence of the wavy  supers t ruc ture  on the emis-  
sion curves of Fig. 6. I t  was not thought  w a r r a n t e d  for  
this reason to der ive  EL re la t ions  more  accurate  than  
Eq. [4] and  [5]. 

The total  l ight  product ion at  259 n m  was de te rmined  
too. Comparison of Eq. [4] and  [5] shows tha t  the  total  
l ight  is obta ined by  mul t ip ly ing  the measured  l ight  
emission b y  

2~ exp [ ( 2 ~ - -  K) (1 --  k ) w ]  - -  1 
[6] 

2~- -  K exp [2a(1 -- k)w] - -  1 

The resul t ing  to ta l  l ight  product ion  is p lo t ted  as a 
b roken  l ine curve in Fig. 8. The ca lcula ted  to ta l  l ight  
emission curves of Fig. 8 show tha t  the  ra t io  of the  
l ight  emissions L at  259, 313, and 366 ran wave lengths  
is 1:0.14:0.3. 
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Fig. 8. Solid lines replot light emission curves of Fig. 6 for the 
wavelength 259, 313, and 366 nrn. Dotted lines represent calculated 
results and the broken llne is the full light production at 259 nm. 
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Discussion of the Luminescence 
We first tu rn  our a t tent ion to an assessment of the 

energy levels of the recombining conduction band  
electrons and trapped holes. Considering that  the band-  
gap is 4.6 eV and using the photon energy data of Table 
I, we find that the hole traps are at least q~bt ---- 1.2 eV 
above the valence bandedge, if light emission i s  
ascribed to the components 259, 813, and  366 n m  only. 
If the components at  408 and 434 n m  are also produced 
by recombinat ion q4,t ---- 1.85 eV at least. 

Fur ther  indicat ion about  the magni tude  of qCt can be 
obtained from results of the breakdown investigations 
(11). These show that  holes must  be deeply trapped, 
since shallow traps would be empty at the fields of 
anodization larger  than  6 MV/cm. There  i s  a l s o  an 
upper  l imit  for qct, since the mobi l i ty  of trapped holes, 
~t, was estimated to be larger than 10 - s  cm2/Vsec. 

While these data are insufficient to calculate qct we 
will a t tempt  assessments of qct with the help of a s -  
s u m p t i o n s .  We start  with the ratio of the hole density p 
in the valence band  and the t rapped hole density Pt. 
We equate PlPt with the ratio of hole mobili t ies 
#t/#v, where #v is the hole mobil i ty  in  the valence 
band. When the oxide thickness and the avalanches 
are small  we assume that  p << Pt << Pt, where Pt i s  
the hole trap density. Bol tzmann statistics apply in  this 
c a s e  (17) and 

" ", ( o[ 
- -  = - -  - -  - -  e x p  - - - -  Ct - -  - ~ ' ~ o , -  J [7] #v Pc Pt k i t  

Equation [7] permits  one to calculate q~bt. Nv is the 
equivalent  density of states in  the valence band, kT the 
Boltzmann constant, T the temperature,  co the per-  
mit t iv i ty  of empty space, and ~ the relat ive permit t iv i ty  
of the oxide. We assume that  #t : 10 - s  cm~/Vsec, #v 
---- 10 cm2/Vsec, Nv/Pt -- 105, T _-- 300 K, and F -- 6.26 
MV/cm. The magni tude  of e lies for Eq. [7] between 
the static value 25 and the optical value 4.5. We as- 
sumed first e ---- 5 and calculation with Eq. [7] resul ted 
in q~b t -- 1.6 eV. The calculation with e _-- 15 resulted 
in qct ~- 1.24 eV. 

Avalanches grow to large sizes when the oxide thick- 
ness is large; Pt may reach values of 101S/cm 3 (11) and 
may be close to the magni tude  of Pt then. We assessed 
qct in these cases too, obtaining values slightly larger  
than when Pt is small. Examina t ion  of these results 
indicates that  the hole trap level, or possibly levels, 
are situated approximately 1.5 eV above the valence 
bandedge. Addit ion of the photon energies of Table I 
to the hole energy level gives the energy level of the 
recombining electrons; for the 259, 313, and 366 n m  
light components these are 1.7, 0.9, and 0.3 eV above 
the conduction bandedge, respectively. These energy 
levels and recombinat ion processes are i l lustrated with 
the schematic energy band  diagram of Fig. 9. 

The minor  light components at 408 and 434 n m  
could also be ascribed to hole-electron recombinat ion 
processes. Equation [5] would then apply to the l ight 
components 408 and 434 n m  with the same constants a 
and k as to the components 313 and 366 rim. Figure 6 
shows that  this is not  the case, since the slopes of the 
l ight emission curves at 408 and 434 n m  wavelengths 
are smaller  than  at 313 and 366 nm. This discrepancy is 
expressed also in the difference of the corresponding a 
values in  Table I. The reason for this difference may 
be indicated by the minor  light emission at 545 n m  
(Fig. 6), which rises with thickness in  a l inear  m a n n e r  
only. This emission cannot be ascribed to an EL process 
by avalanching and its origin is not known. I t  is feasi- 
ble that  the l ight emission at 408 and 434 nm is only 
in  par t  due to recombinat ion EL but  in  par t  due t o  
processes which produce the 545 n m  light  component. 

The discussion shows that radiative hole-electron re-  
combinations can explain most of the spectrum ob- 
served. F i rs t -order  kinetics processes can also in terpre t  

I - -  I - -  

T-i, T 
- - - -  0 3  

CONDUCTION SAND ---I-- 

BAND G 
4.6 3.4 4.0 4.8 IN eV 

. . . .  _ 3 1 6 _ _ _ 3  . . . .  ' ' N  

1.5 eV 

VALENCE BAND 

Fig. 9. Schematic band diagram for the illustration of the hole- 
electron EL recombination mechanism. 

the light components not  absorbed by the oxide, bu t  n o t  
the largest  component  at 259 nm, par t ly  absorbed by 
the oxide. Whatever  the order of the process, a cont inu-  
ous spectrum is expected, a s  w a s  observed on the anodic 
growth of a luminum oxide (18). I t  appears also that  
the total l ight output  measured dur ing  the anodization 
of t an ta lum represents the sum of l ight emissions by  
different processes, of which recombinat ion EL is p re -  
ponderant.  Total l ight output  data are presented in  
Fig. 2, 4, and 5. Owing to differences in EL light proc- 
esses, the data of Fig. 2, 4, and 5 will be discussed in  a 
quali tat ive manne r  only. 

We consider first the influence of the electrolyte (Fig. 
4), which can affect the EL through the magni tude  of 
the injected electron current,  Ie. The l ight  emission i s  
proport ional  to Ie in first-order processes and to Sic  
oc Ie2 in second-order processes (see Eq. [2]- [5]) .  
Since the results of Fig. 3 show that  L is not influenced 
by changes in  the electrolyte, we find that  Ie is un -  
affected by changes ranging from 2.5 • 10 -8 to 1.8 w/o  
in the concentrat ion of the aqueous citric acid electro- 
lyte. 

The rapid increase of EL emission with field shown 
by Fig. 2 is expected with Eq. [2]-[5] owing to ex-  
ponential  field dependences of Ie and ~ in these equa-  
tions. The electron cur ren t  Ie can be proport ional  to exp 
( - -B/F)  and the coefficient of impact i o n i z a t i o n  i s  
related, to F by a ---- ~o exp ( - -H/F) ,  with do and H 
constants (11). 

Figure 5 i l lustrates the tempera ture  dependence of 
light emission observed on anodizations at a cur ren t  
density of 1 m A / c m  2. Calculating fields of a n o d i z a t i o n  
(19), F : 6.5 MV/crn is found for the 3~ exper iment  

and 5.8 MV/cm for the 50~ experiment.  This decrease 
in F with increasing tempera ture  implies large de- 
creases in  Ie and ~, hence also in  L according to any  
of the Eq. [2]-[5].  Figure 5 shows bu t  l i t t le change in  
L between 3 ~ and 50~ indicat ing the effect of com- 
pensating processes, contained perhaps in  the tempera-  
ture  variat ion of the coefficient r~ in  Eq. [4] and [5]. 

Conclusion 
The quasi -exponent ia l  increase of l ight emission with 

thickness dur ing the anodic growth of Ta~O~ suggests 
that the process is an EL effect connected with ava-  
lanching. The light can originate from a number  of de- 
excitation processes. An indicat ion of their  na tu re  w a s  
found in observations on the largest  l ight component 
at 259 nm. The light emission of this component  in -  
creases quasi -exponent ia l ly  with thickness, in spite of 
the fact that  the component  is s trongly absorbed by  the 
oxide. This could be well explained by  radiat ive hole- 
electron recombinations, but  not  with first-order k i -  
netics processes. Approximate  relations derived for the 
thickness dependence of hole-electron recombinat ion 
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l ight  could be qui te  wel l  f i t ted not  only  to expe r imen ta l  
resul ts  of absorbed,  bu t  also of nonabsorbed,  l ight  
components.  Thus most  of the  l ight  can be ascr ibed  to 
recombina t ion  light,  a l though it  is feasible  that  nonab-  
sorbed l ight  components  a re  in pa r t  due to first o rde r  
kinet ics  EL mechanisms.  A minor  l ight  component  at  
545 n m  wave leng th  i n c r e a s e d  roughly  l inea r ly  wi th  
thickness.  This component  cannot  be exp la ined  wi th  
an EL mechan i sm connected wi th  avalanching.  

F i t t ing  of expe r imen ta l  da ta  on the ma jo r  l ight  com-  
ponents  to theory  resul ted  in fa i r ly  precise value  for  
the  coefficient of impac t  ionization, ~ _-- 1.12 • 105/cm 
at a field of 6.26 MV/cm.  Compar ison  of e lect r ica l  
b r eakdown  observat ions  wi th  theory  gave ~ _-- 1.4 X 
105 __. 10 % / c m  at  this field. The difference in the  
values  was not  unexpected,  owing to the  a p p r o x i m a -  
tions made  in der iv ing  re la t ions  for the  two phenom-  
ena. A fu r the r  difficulty in the  de te rmina t ion  of a by  
EL was due to a w a v y  supers t ruc tu re  on the EL ob-  
servations.  The influence of this s t ruc ture  on the emis-  
sion curves could not  be assessed. 

We used the same avalanche model  in the deve lop-  
men t  of t heo ry  for  l ight  emission and e lect r ica l  b r e a k -  
down. Theories  could be wel l  fitted to expe r imen ta l  
observat ions  and the magni tudes  of the coefficient of 
impac t  ionizat ion der ived  f rom EL and b reakdown  
da ta  were  in fa i r  agreement .  Thus independen t  evidence 
was ob ta ined  on avalanching  processes in t an t a lum 
pentoxide  f rom two phenomena.  

Acknowledgment 
We gra te fu l ly  acknowledge  the help  of Dr. M. Bas-  

seches of the  Bell  Labora tor ies ,  who suppl ied  the 
t an t a lum-coa t ed  substrates .  Thanks  are due to P r o -  
fessor M. Auw~rter ,  Balzers  for  the  loan of opt ical  
filters and  to Dr. E. F i n k m a n  for the measurements  of 
opt ical  constants.  This work  was submi t t ed  b y  V. K. 
in  pa r t i a l  fulf i l lment  of r equ i rements  for  the D.Sc. 
degree to Technion. 

Manuscr ip t  submi t t ed  Oct. 7, 1980; rev ised  m a n u -  
scr ip t  received Nov. 20, 1980. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1981. 

REFERENCES 
1. H. F. Ivey, "Elect roluminescence and Rela ted  Ef-  

fects," pp. 161-166, 255-256, Academic  Press, Inc., 
New York  (1963). 

2. S. Ikonopisov, Electrochim. Acta, 20, 783 (1975). 
3. W. Ch. van  Geel, C. A. Pistorius,  and B. C. Bouma, 

Philips Res. Rep., 12, 465 (1957). 
4. Yu. E. Gardin,  L. L. Odynets,  and B. C. Tumakov,  

Elektrokhimiya, 6, 1562 (1970); Yu. E. Gardin,  
V. M. Kulabukhov ,  and V. A. Legostaev,  Elek- 
tron. Techn. (Ser. 5), 27, 83 (1972). 

5. S. Tajima,  K. Shimizu, N. Baba, and S. Matsuzawa,  
Electrochim. Acta, 22, 845 (1977); K. Shimizu,  
S. Taj ima,  N. Baba, and S. Matsuzawa,  Thin Solid 
Films, 41, L35 (1977). 

6. W. P. Ganley,  Thin Solid Films, 11, 91 (1972). 
7. A. Gfintherschulze and H. Betz, "Die E lek t ro ly t -  

kondensatoren,"  M. Krayn,  Ber l in  (1937). 
8. S. Anderson,  J. Appl. Phys., 14, 601 (1943). 
9. R. A u d u b e r t  and van  Doormal ,  E. R. Acad. Sci., 

Paris 196, 1883 (1933); R. A u d u b e r t  and O. Vik-  
torin,  J. Chim. Phys. (France), 34, 18 (1937). 

10. R. T. Dufford, J. Opt. Soc. Am., 18, 17 (1929). 
11. V. K a d a r y  and N. Klein,  This Journal, 127, 139 

(1980). 
12. N. Klein,  V. Moskovici,  and V. Kadary ,  ibid., 127, 

152 (1980). 
13. N. Kiein,  Adv. Phys., 21, 605 (1972). 
14. L. A p k e r  and E. A. Taft, Phys. Rev., 88, 58 (1952). 
15. A. R. Bray, P. W. M. Jacobs, and L. Young, J. Nucl. 

Mater., 4, 356 (1959). 
16. J. J. O'Dwyer,  J. Phys. Chem. Solids, 28, 1137 

(1967). 
17. P. C. Arnet t ,  J. Appl. Phys., 46, 5236 (1975). 
18. K. Guminski ,  Bull. Acad. Pol. Sci., (Ser. A),  No. 

3-4A, 145 and No. 8-9A, 457 (1936). 
19. L. Young, Proc. R. Soc. London, Set. A, 258, 496 

(1960). 

Electrochemical and In Situ Laser Raman 
Spectroscopy Studies on Carbon-Supported 

Iron Phthalocyanine Electrodes 
C. A. Melendres* and F. A. Cafasso 

Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

Cyclic v o l t a m m e t r y  has been used to character ize  the  e lec t rochemical  be -  
havior  of i ron  ph tha locyan ine  (FePc)  films on glassy carbon electrodes in 
0.05M H2SO4 solution. The films were  found to catalyze oxygen reduct ion bu t  
deac t iva te  on cont inuous cyclic scans. F i lms  p repa red  by  evapora t ion  of 
a solut ion conta ining FePc  and organic solvents,  as wel l  as by  immers ion  in 
such a solution, showed signif icant ly h igher  ac t iv i ty  than  those p repa red  by  
vapor  deposit ion.  This difference was a t t r ibu ted  to the difference in the  po ly -  
morphic  forms of the  FePc  films. In situ laser  Raman  spectroscopy studies of 
this  film indica ted  coordinat ion of the FePc  wi th  wa te r  molecules in solution. 
The v ibra t iona l  spectra,  however,  appea r  to be independen t  of po ten t ia l  in the 
region of 0.4 to --0.9V vs. Hg/Hg2SO4. 

Considerable  in teres t  exists  in the use of t r ans i t ion-  
me ta l  macrocycl ic  compounds as a cata lys t  for the  
e lec t rochemical  reduct ion  of oxygen  (1). I ron  ph tha lo-  

* E lec t rochemica l  Society Active  Member.  
Key words:  e lectrocatalysis ,  iron phtha locyan ine ,  R a m a n  spec- 

troscopy,  

cyanine (FePc)  and its der ivat ives ,  suppor ted  on car- 
bon, appea r  to be among the most  promis ing  such 
catalysts.  A number  of e lec t rochemical  s tudies of this 
mate r i a l  both  as an adsorbed  l aye r  or th ick films on 
carbon have been repor ted  in the  l i t e r a tu re  (2-6).  
Spectroscopic s tudies  have also been unde r t a ken  to 
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character ize  the  physicochemical  proper t ies  of FePc  
(6-9). Despi te  these invest igat ions,  our  under s t and ing  

of the  mechanism of O~ elect rocata lys is  by  FePc  is far  
f rom complete.  For  example ,  l i t t le  informat ion  exists  
concerning the molecu la r  electronic s t ructure  of FePc  
on the electrode surface dur ing  electrolysis.  The e l e c -  
t r o c h e m i c a l  behavior  t oward  oxygen  reduct ion of FePc  
films p repa red  by  solution prec ip i ta t ion  (2) and those 
p repa red  b y  vapor  deposi t ion (3) is appa ren t ly  differ-  
ent; the reason for this is ye t  unexpla ined .  F u r t h e r -  
more, the na tu re  of the in terac t ion  of FePc  wi th  O2 
dur ing e lect rocata lys is  and the s t ruc ture  of a possible 
FePc-O2 complex (8) have not  been determined.  In  a 
p rogram of basic research  at  Argonne  Nat ional  L a bo ra -  
tory,  we are  seeking correlat ions be tween  the s t ruc-  
ture  and  L~termolecular in teract ions  of t r ans i t ion-  
meta l  macrocycl ic  compounds and the i r  e lec t rocata ly ic  
propert ies .  In  this communicat ion,  we r epor t  some re -  
sults on the in ter fac ia l  behavior  of ca rbon-suppor ted  
FePc  films in 0.05M H2SO4, as de te rmined  by  cyclic 
v o l t a m m e t r y  and laser  Raman  spectroscopy studies. 

Experimental _~ 
Glassy carbon rods (u in. diam, f rom Fluorocarbon  < z o +o.lo 

Corporation,  Anaheim,  Cal i fornia)  were  cut  a t  an e 
angle of 45~ ~ then ground and pol ished to a mi r ro r  ~ o 
finish. These rods were  then sheathed in heat  sh r ink-  
able  Teflon, leaving  exposed only the e l l ip t ica l -shaped,  ~ 
pol ished surface. FePc  was obta ined f rom Eas tman ~ - o . l o  
K o d a k  Company  (Rochester,  New York)  and used ~_ ~ 
wi thout  fur ther  purification. Sample  pur i ty  was es tab-  ~ -0,20 
l ished by  infrared,  MSssbauer, and atomic emission 
spectroscopy together  wi th  e lementa l  (carbon, hydro -  
gen, n i t rogen)  analysis.  The FePc  ma te r i a l  was sup-  -o.~o 
por ted  on the glassy carbon surface in a number  of 
ways:  (i) the carbon elect rode was d ipped in a solu- 
t ion of 0.25 weight  percent  (w/o)  FePc in pyr id ine  or  
0.1 w/o  FePc in d imethyl  fo rmamide  (DMF) for  30 
min to 4 hr, (ii) a por t ion of the  same solution was 
evapora ted  on the surface, and (iii) FePc  was vapor  
deposi ted onto the surface under  vacuum. In al l  cases, 0.2 
the resul t ing  e lect rode was washed thoroughly  with  
dis t i l led wate r  before use. The average  thickness  of 
the  FePc  l aye r  was de te rmined  f rom the amount  of 0J 
solut ion taken for  evapora t ion  or vapor i za t ion  a n d / o r  
by  the use of a Var ian  A-scope  In t e r f e romete r  Model  
980-4000. A Pr ince ton  Appl ied  Research Model  173 0 
Potent ios ta t  and 179 Universa l  P r o g r a m m e r  were  used "~ 

E 
for cyclic vo l tammet ry .  Electrode potent ia ls  were  mea -  ~ -0J 
sured agains t  an Hg/Hg2SO4 reference.  The 0.05m =" t~  
H2SO4 solut ion was p repa red  from t r ip ly  dis t i l led wa te r  = = 
and deaera ted  by  bubbl ing  th rough  i t  u l t r ah igh  pur i ty  ~ -0.Z 
He (which had less than 2 p p m  Oe ini t ia l ly ,  then 
passed th rough  molecular  sieves at  l iquid ni t rogen tem-  
pe ra tu re ) .  A special  H- type ,  t h r ee - compar tmen t  cell  -0.3 
fitted wi th  a quar tz  opt ical  window at an angle  of 60 ~ 
f rom hor izonta l  was constructed for in situ measu re -  -0.4 
ments  us ing laser  Raman spectroscopy. A Spex  Model 
1401 double  monoehromato r  wi th  a pho tomul t ip l i e r  
tube detector  was used for these Raman measurements .  
Sl i t  widths  of 150-250 ~m were  employed  wi th  spectra l  
resolut ion of 2-4 cm -1. The signal  was recorded fol-  
lowing the usual  d-c  amplification. The cell  and a 
d iag ram of the Raman  setup are  shown in Fig. 1. 
Sample  exci ta t ion was by  Ar  + a n d / o r  Kr  + lasers  (Co- 
herent  Radia t ion  Model 52G). 

Results and Discussion 
Electrochemical measurements.--Figure 2 shows ty -  

pical  cyclic vo l t ammograms  obta ined  from the pure  
gtassy carbon electrode (no FePc)  in 0.05M H2SO4 so- 
lution. F igure  3 shows a typical  cyclic vo l t ammogram 
in solution sa tu ra ted  wi th  he l ium obta ined for  glassy 
carbon electrodes wi th  FePc films p repared  b y  methods 
(i) and (ii) given in the exper imenta l  section. Three  
cathodic (Ic, IIc, and IIIc)  and th ree  anodic waves 
(Ia, IIa, and I I Ia)  were  observed in the vol tage  range  
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Fig. 1. Experimental setup 

_~POTENTIAL vs Hg/Hg2S04, VOLTS 

Fig. 2. Cyclic voltammograms of GC electrode: (1) - -  02 satu- 
rated, (2) - - - He saturated. 

A 
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T ~ -  Ic HglHgfS04 (V) l~~c 

Fig. 3. Cyclic voltammogram of GC with FePc film prepared by 
solution evaporation: He saturated, avg. film thickness = 11000A, 
apparent area = 0.57 cm 2, scan rate = 100 mV/sec. 

of 0.4 to -- 1.0V vs. Hg/Hg2SO4. F igure  4 shows a number  
of scans made on the FePc-C elect rode in oxyge n - sa tu -  
ra ted  solution. In  contras t  to Fig. 3, waves  I Ia  and I I Ia  
a re  not  evident,  whi le  waves Ic and  IIIc increase a n d  
become the dominant  waves. Vol tamet r ic  peak  IIIc  
appears  to coincide wi th  the posit ion of the cathodic 
peak  produced in the reduct ion of 02 on pure  glassy 
carbon electrodes (Fig. 2). This suggests that  this wave  
represents  the reduct ion of oxygen on bare  carbon 
surface in the FePc-coa ted  electrode.  Opt ical  and  
electron microscopic examinat ions  of the  electrodes 
showed the existence of bare  spots and a r a the r  non-  
uni form coating dis t r ibut ion for films p repa red  by  
evapora t ion  of FePc  solutions. Wave Ic appears  to be 
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0.I Ia 
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Fig. 4. Cyclic voltammograms of GC with FePc film: 02 satu- 
rated, avg. film thickness ,-~ 11000A, apparent area ---- 0.57 cm 2, 
scan rate - -  100 mV/sec. (1) - -  first scan, (2) . . . .  second scan, 
(3) - - - -  fifth scan, (4) . . . .  on stirring and bubbling Or; sixth 
scan. 

associated wi th  the  reduct ion  of oxygen  on the FePc  
film. The var ia t ion  of peak  cu r ren t  wi th  the square  
root  of scan ra te  for this wave  is l inear  (Fig. 5), ind i -  
cat ing tha t  the  process is diffusion controlled.  F u r t h e r -  
more,  the peak  potent ia l  of Ic shifts to more  cathodic 
values as the scan ra te  increases,  imply ing  a slow elec-  
t ron  t rans fe r  process. This wave  persis ts  even af ter  
bubb l ing  He th rough  the solut ion for  2-3 hr, and  we 
have been unable  to e l imina te  i t  completely.  P r e sum-  
ably,  some res idua l  oxygen  remains  in the solut ion or 
is adsorbed  on the FePc  surface. 

I t  is in te res t ing  to note here  tha t  the wel l -def ined  
vo l t ammet r i c  wave,  Ic, was obta ined  only on the first 
scan and its in tens i ty  is d iminished cons iderab ly  on 
continuous scanning (see Fig. 4). By wai t ing  for  about  
1 hr  at  open ci rcui t  unt i l  the  in i t ia l  open-c i rcu i t  po ten-  
t ia l  of about  0.15V vs.  Hg/Hg2SO4 is reestabl ished,  we 
are  able  to re t race  the or ig inal  wave  (solid l ine in 
Fig. 4). The t ime to rees tabl i sh  this open-c i rcu i t  po-  
ten t ia l  appea red  to be independen t  of whe the r  or not  
O2 was presen t  in the solution. This appa ren t  "deac-  
t iva t ion"  of the  e lec t rode  for  the  reduct ion  of o x y g e n  
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Fig. 5. Scan rate dependence of peak current for Ic 
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with  repea ted  scanning was first noted by  Kozawa  el; al. 
(2), who thought  that  i t  was due to high cathodic 
potent ia ls  (--0.8V vs. SCE in acid solut ions) .  Al though 
some loss in ac t iv i ty  occur red  in our  e lectrodes when 
cycled to about  - 1 . 1 V  vs.  Hg/Hg2SO4, this loss appears  
to be p r i m a r i l y  due to desorpt ion of the  ca ta lys t  a n d /  
or  b r eakdown  of the film, which  was b rought  about  by  
the onset of gas evolution.  Even under  this condit ion,  
wave  Ic r e a ppe a re d  when  the cell  was r e t a ined  on 
op~en circui t  for  ~ 1 hr. Our  e lectrodes deac t iva ted  
even when  switching potent ia ls  of --0.8V were  used. 
S t i r r ing  the solut ion or bubbl ing  02 th rough  it  dur ing  
subsequent  scans did  not  increase  the cathodic cur ren t  
for Ic, a l though i t  increased tha t  for  IIIc.  We are  con- 
duct ing fur ther  invest igat ions  to es tabl ish  the origin 
of this deac t iva t ion  phenomenon.  Some possible  causes 
are:  (i) deac t iva t ion  by  perox ide  e lec t rogenera ted  on 
the ba re  e lect rode surface, (i i)  blockage  of act ive sur -  
face sites on the electrodes,  or  ( i i i)  some l imi ta t ion  in 
the t ranspor t  of charge carr iers  wi th in  the  electrode.  
The th i rd  possible cause might  be expected  if, in l ine 
wi th  Fau lkne r ' s  hypotheses  (5), FePc  is considered a 
p - t y p e  semiconductor.  Deplet ion of e lectrons or l imi -  
ta t ion in thei r  t r anspor t  can lead  to s a tu ra t ion - type  
currents ,  which have been observed wi th  semiconduc-  
tor electrodes (10). 

Elect rochemical  behavior  s imi lar  to tha t  of e lec-  
t rodes p repa red  by  method (i i)  was observed  for  our  
electrodes p repa red  by  soaking the  glassy carbon in 
solutions of FePc  in pyr id ine  or DMF (method  i ) .  For  
such electrodes,  the  peak  cu r r en t  of wave  I I Ic  is, how-  
ever, often higher,  indica t ing  tha t  a l a rge r  a rea  of the  
carbon surface had been exposed. The intensi t ies  o f  
the waves  va ry  cons iderably  f rom elec t rode  to elec-  
trode, the  efficiency of the d ipping process for FePc  
a t t achment  being fac i l i ta ted  by  s l ight ly  roughening  
the glassy carbon surface. 

Some difference was observed in the e lect rochemical  
behavior  of the vapor -depos i t ed  FePc  films (method 
i i i ) .  Figure  6 shows the cyclic vo l t ammogram for an 
electrode wi th  30r00A th ick  FePc film vapor  deposi ted 
on glassy carbon (0.05M H2SO4 e lec t ro ly te  solut ion) .  
The absence of wave  IIIc  is notable  in this vo l t am-  
mogram. Coverage by  the vapor -depos i t ed  film on the 
e lec t rode  appea red  un i fo rm and no ba re  spots were  
vis ible  microscopical ly.  The absence of I I Ic  is thus e x -  
plained.  For  the  case of O2- sa tu ra ted  solution, waves  
I I Ia  and IIa also disappear ,  whi le  an increase in back-  
ground current  in the  region of IIc causes this wave  to 
increase. Only a smal l  peak  for Ic is observed.  The in-  
crease in res idual  cur ren t  at  --0.35V in the presence 
of oxygen is slight. This appears  to suppor t  Tach ikawa 
and Fau lkne r ' s  (5) c la im tha t  O2 is not  s ignif icant ly 
reduced  on the i r  vapor -depos i t ed  film electrodes.  
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Fig. 6. Cyclic voTtammograms of vapor-deposited FePc film on 
GC electrode: scan rate ~ 100 mV/sec, apparent area ---- 0.42 cm 2. 
(1) - -  He saturated; (2) . . . .  02 saturated, first scan; (3) - - ' - -  
02 saturated, second scan. 
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Table I. Oxygen reduction on FePc-glassy carbon electrodes 

Avg. film Cathodic 
thickness current * * 

Method of electrode preparation* (A) (~A/cm -~) 

1) Vapor deposited 3000 17 
2) Vapor deposited 15{}0 23 
3) Vapor deposited 500 21 
4) Evaporation of 0.1 w/o  FePc/DMF 2000 145 

solution 
5) Evaporation of 0.1 w/o  FePe/DMF 6000 192 

solution 
6) Same as (4) and (5) but on rough 11,000 354 

carbon substrate 
7) Soaking in 0.25 w/o  FePc/pyridine - -  95 

solution (roughened slightly) 
8) Soaking in 0.1 w/o  FePc/DMF solu- - -  296 

tion (roughened slightly) 

* Highly polished carbon substrate unless otherwise specified. 
** At - 0.35V; scan rate = 100 mV/sec.  

In Table  I, we p r e s e n t  t h e  oxygen reduct ion  cur ren ts  
a t  about  --0.35V for FePc  films on carbon p repa red  by  
t h e  t h r e e  methods.  I t  is ev ident  that ,  whi le  a l l  t h e  
films cata lyze O2 reduct ion,  the  ac t iv i ty  of vapo r -  
deposi ted FePc  films is significantly lower  than  that  of 
films p repa red  f rom pyr id ine  or  DMF. I t  also appears  
tha t  the  ac t iv i ty  of the  l a t t e r  film does not  depend  on 
t h e  solvent  used since the same cathodic cur ren t  has 
been observed  b y  Kozawa on f i l l s  p r epa red  bY p re -  
c ipi ta t ion of FePc  f rom concent ra ted  H2SO(soIu t ions  
(2). The difference in e lec t rocata ly t ic  ac t iv i ty  of t h e  
films is p robab ly  a t t r ibu tab le  to the i r  different  s t ruc-  
tures.  F i lms  p r e p a r e d  by  vapor  deposi t ion (or sub-  
l imat ion)  are  known to crys ta l l ize  in the ~-polymorphic  
form of FePc  while  those prec ip i ta ted  f rom solut ion 
take the ~- form (11). The former  is more  stable,  but  
t h e  l a t t e r  has h igher  e lect r ica l  conduct iv i ty  and is more  
act ive towards  the up take  of oxygen.  In  the  ~-poly-  
morph,  the  n i t rogen atoms of the ne ighbor ing  molecules 
a re  s i tuated ax ia l ly  above  and be low the centra l  meta l  
atoms at  about  3.38A. In the  ~-form, the  n i t rogen atoms 
of the  nea res t  molecules  a re  not  in ax ia l  positions, 
thereby,  a l lowing access of e lec t ronegat ive  l igands  
(e.g., O2) to the  i ron site (6). Our  Raman  spectroscopy 
results,  descr ibed in the  next  section, provide  concrete  
evidence for the difference in s t ruc ture  of the two 
types  of film. 

We feel confident about  the  ass ignment  of waves  
Ic and IIIc  for films p repa red  by  al l  3 methods.  Waves  
IIc, I l ia ,  and IIa  appear  to be character is t ic  of t h e  
FePc itself. F r o m  thei r  symmet r i ca l  shapes, they  ap-  
pear  to be surface processes (12). The in t eg ra ted  
charges under  each wave  indicate  tha t  the  bu lk  of 
t h e  FePc film is not  involved.  Wave Ia has been difficult 
to  character ize  owing to the  presence of a coincident  
wave on the pu re  carbon electrode.  This wave  m a y  be 
pa r t i a l l y  a t t r ibu tab le  to a surface process on the FePc,  
wi th  a component  also due to the anodic oxidat ion  o f  
t h e  carbon surface. A s imi lar  deact iva t ion  phenomenon 
zs observed  wi th  IIc as wi th  Ic. The poss ib i l i ty  tha t  
IIc has a component  which  is a consecutive reac t ion  to 
Ic cannot  be ru led  out  at this t ime. The possibi l i ty  tha t  
t h e  vol tammet r i c  waves  observed here  w e r e  d u e  to  
impur i t i es  has also been considered. We feel  this is 
unl ikely .  Analyses  of our  FePc  showed i n s i g n i f i c a n t  
organic  contaminants  and  only a fa in t  t race ( <  10 
ppm)  of a number  of metals .  Impur i t ies  tend  to g i v e  
r i s e  to a high background  res idual  cu r ren t  r a the r  than  
wel l -def ined waves. Moreover,  the same g e n e r a l  v o l t -  
a m m e t r i c  behavior  is observed wi th  different  sample  
p repa ra t ion  procedures  which should lead  to va ry ing  
impur i t y  levels in the  e lectrode and solution. F u r t h e r  
elect rochemical  invest igat ions  of the r edox  processes 
associated wi th  the above vo l t ammet r i c  waves  a r e  
n e e d e d .  To help  e lucidate  these phenomena,  spect ro-  
scopic m e a s u r e m e n t s  w e r e  under taken .  Some i n i t i a l  
r e s u l t s  a r e  p r e s e n t e d  in  t h e  f o l l o w i n g  s e c t i o n .  

In si tu laser Raman spectroscopy s tud ies . - -Raman 
spectroscopic measurements  f o r  t h e  FePc  films o n  
glassy carbon electrodes in 0.05M H2SO4 w e r e  c o n -  
d u c t e d  ex  si tu and in s i tu as a funct ion of appl ied  p o -  
t e n t i a l .  Laser  exci ta t ion  wi th  a Kr+  laser  a t  647.1 n m  
was p r inc ipa l ly  employed  to t ake  advan tage  of r e s o n -  
a n c e  enhancement  of the Raman  effect. (FePc has an 
electronic absorpt ion  band  in the  60.0-800 nm region.)  
Typical  spectroscopic resul ts  a re  shown in Fig. 7. Es-  
sen t ia l ly  the  same spect ra  a re  obta ined  ex  si tu for FePc  
films on glassy carbon p repa red  b y  method  (ii) ,  solu- 
t ion evaporat ion,  and  method  (i) ,  immers ion  in solu-  
tion. Some difference was observed  when the film 
was p repa red  by  method  (iii) ,  vapor  deposition. Bands 
at  1330 and 160.0 cm-1  due to the  carbon subs t ra te  
appear  for al l  the e lect rode specimens;  the i r  in tensi t ies  
re la t ive  to the FePc  bands  va ry  inverse ly  wi th  f i lm 
thickness.  The in si tu spec t ra  for f i l l s  p r epa red  f rom 
organic  solutions appear  to be the  same as the ex  si tu 
spect ra  wi th  the  fol lowing exceptions:  a new band  
appeared  at  1513 cm -1 and the 1526 cm - I  band  i n -  
c r e a s e d  in in tens i ty  fol lowing immers ion  of the  elec-  
t rode in the solut ion (Fig  8). To ascer ta in  the origin 
of the  1513 cm -1 band,  in  si tu spect ra  were  taken  i n  
pure  wa te r  both in the  presence and absence of oxy -  
gen. The 1513 cm-1  band  was observed in both cases, 
indica t ing  tha t  this band  is associated wi th  an in t e r -  
act ion of the  FePc  film wi th  water .  This band  appears  
to increase wi th  t ime fol lowing immers ion  of the elec-  
t rode in water ,  whi le  the  ad jacent  band at  1500 cm -~ 
decreases p ropor t iona te ly  wi th  time. Removal  of t h e  
electrode f rom wa te r  resul ts  in r eappearance  of the 
1500 cm-~ band and a p ropor t iona l  decrease in in tens i ty  
of the 1513 cm -1 band. Based ma in ly  on in f ra red  s p e c -  
t r a l  studies on meta l loporphins  (13,  14) and meta l  
phtha locyanines  (15-17) together  wi th  a no rma l  co- 
ord ina te  analysis  of the v ibra t iona l  spect ra  of meta l lo -  
porphins  (19), we have assigned the 1500 cm -1 band 
to the C-N s t re tching  mode. A shift  in the f requency  o f  
this band to 1515 cm-1  is consis tent  w i th  coordinat ion 
of wa te r  to the br idge  ni t rogen site in FePc. This as-  
s ignment  is suppor ted  by  the x - r a y  and u.v. p h o t o -  
e l e c t r o n  spectroscopy studies of Kawai  et al. (20) o n  
the adsorpt ion of wa te r  on meta l  phthalocyanines .  This 
last  s tudy  as wel l  as tha t  of Sidorov (18) indicate  
adsorpt ion  of a hydrogen  in the wa te r  molecule  o n t o  
the br idge  n i t rogen site. Fur the rmore ,  f rom the  in-  
tens i ty  of the 1530 cm-~ band,  i t  can be deduced t h a t  
the wa te r  is incorpora ted  into the bu lk  of the ph tha lo -  
cyanine film r a the r  than  jus t  on the surface layer .  

We are  as ye t  unable  to assign a mode for  the  1526 
cm-1  band;  its in tens i ty  change follows closely tha t  
of the 1513 cm - I  band  and can, to a large  extent,  be 
accounted for  b y  its pa r t i a l  over lap  wi th  this b a n d .  
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Fig. 7. Raman spectra of FePc film-on-glassy carbon electrode: 
(a) ex situ spectra, (b) in situ at E ---- 0.4V, (c) in situ at E 
--0.8V. Avg. film thickness ~ 500•, Kr + Laser, X ~ 647.1 nm, 
P = 140 mW. 
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Fig. 8. Ramon spectra of FePc-on-glassy carbon electrode (partial). 

Film prepared by evaporation of DMF solution (s-form). (a) Ex sit ,  
spectra, (b) in situ after 15 min following immersion of electrode in 
solution. Avg. film thickness ,~ 3500A, Kr + Laser, ~, ~- 647.1 nm, 
P ~ 95 mW. 

The difference in  ex situ spectra of vapor-deposited 
FePc film and films prepared by methods (i) or (ii) 
can be seen by comparison of Fig. 9 and Fig. 8a. In  
Fig. 9, strong bands at ,~ 1513 and ~ 1526 cm -1 are 
observed in addit ion to the 1500 cm -1 band. These two 
bands again increase in in tensi ty  on immersion of the 
electrode in water  or 0.05M H2SO4 solution, while the 
1500 cm -1 band  decreases. The appearance of the 1513 
cm -1 band  in the vapor-deposited films, even in the 
absence of water, can be rat ionalized in  terms of the 
s t ructure  of the E-form of FePc. As previously stated, 
in  this form, the i ron is coordinated above and below 
the bridge ni t rogen site, hence the spectrum is similar  
to that taken in situ for the a-form coordinated with 
water  molecules. As a result  of this coordination, the 
C-N stretching frequency shifts. We also find a weak 
band  at ,~ 278 cm - I  which is specific to the vapor-  
deposited FePc; this is in  addit ion to all ~ other bands 
observed for films prepared from solution. This weak 
band  probably involves an i ron- l igand  vibrat ional  
mode, which is expected to occur in  the region of 100- 
300 c m - L  

We have also studied the dependence of the v ibra-  
t ional  spectrum of FePc on the applied potential. Star t -  
ing at  an  open-ci rcui t  potent ial  of about  0.I5V vs. 
Hg/IIg2SO4, the potent ia l  was changed to the desired 
value and the spectrometer was scanned from 100 to 
2000 cm -1. Spectra were obtained at constant  pa ten-  
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Fig. 9. Raman spectra of vapor-deposited FePc film on GC: (8- 
form). Average thickness - -  3000A.. 

tials from -p 0.4 to -- 1.0V. Apar t  f rom a marked de-  
crease in  in tens i ty  of the bands with the passage of 
current,  the spectra were essentially the same as the 
one obtained at open circuit (Fig. 7a and 7b);  no sig- 
nificant shift in  f requency of the bands occurred and 
no new bands appeared. The 1513 and 1526 cm -1 
bands appear unaffected by the applied potential  and 
cycling. A continuous deteriorat ion of the spectra 
(poor s ignal- to-noise ratio),  however, occurs with time 
of cathodization and at the more negat ive potentials. 
The lat ter  is probably  associated wi th  the formation 
of gas bubbles,  which were observed on the electrode 
surface. 

The independence of the vibrat ional  spectra of FePc 
on applied potential  implies ei ther the s tructure of the 
FePc film is unaffected by potential  or the laser Raman 
spectroscopic technique is insensit ive to any  s t ructural  
changes that are occurring, or both. I t  is l ikely that  
no s t ructural  change occurs in the bu lk  of the FePc 
film as a funct ion of potential.  If the bu lk  of the film 
were ionized, f requency shifts of the bands and the 
appearance of new ones would be expected (22). The 
laser Raman technique is sensitive to bulk  s t ructural  
changes. Whether  it is able to monitor  electronic struc-  
tura l  changes of the surface layer  in the present  system 
was of interest  to us. The passage of cur ren t  cer ta inly 
indicates the occurrence of electrochemical reactions at 
the electrode surface. To see if we can follow the struc-  
tural  changes associated with these reactions, in situ 
spectra of FePc on glassy carbon prepared by dipping 
the electrode in a solution of FePc in pyridine,  to ob- 
tain monolayer  coverage, were obtained. The spectra 
were not  significantly different from those of the thick 
film as far as can be established. The signal- to-noise 
ratio, however, was ra ther  poor; in  m a n y  instances, 
only the most intense band  at about  1500 cm -1 was 
observed. Again, no potent ial  dependence was observed 
for this band. Ini t ial  at tempts to obtain spectra in situ 
for FePc adsorbed on high-surface-area  carbon elec- 
trodes have not  been successful. 

To recapitulate,  we have reported in  this publicat ion 
some results on the interracial  behavior  of carbon-  
supported FePc films in 0.05M H2SO4. Our cyclic volt-  
ammet ry  measurements  showed similar  electrochemical 
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behavior  of FePc  films p repa red  b y  solut ion evapora -  
t ion or  d ipping  and b y  vapor  deposition. The FePc films 
catalyze the e lec t rochemical  reduct ion  of oxygen  to 
va ry ing  degrees but  deac t iva te  on cont inued scanning. 
The mechanism for this deact iva t ion  process is not  
known; i t  is l ike ly  to be associated wi th  the slow t rans-  
por t  of charge  carr iers  wi th in  the semiconductor  film 
electrode. "In situ" laser  Raman  spectroscopy inves t i -  
gations indicate  coordinat ion of the  FePc wi th  wa te r  
molecules in solution. This finding should be considered 
in any a t t empt  to corre la te  e lec t rocata ly t ic  ac t iv i ty  of 
FePc  films wi th  s t ruc tura l  features.  The "in situ" laser  
Raman technique can moni tor  s t ruc tura l  changes in 
the bu lk  of the FePc  film; the ~ and ~ forms of FePc  
can be dist inguished.  The v ib ra t iona l  modes  of the 
bu lk  film, however,  appea r  independen t  of appl ied  po-  
tent ial .  
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Reactions of FeS Electrodes in LiCI-KCI Electrolyte 
Z. Tomczuk,* S. K. Preto,* and M. F. Roche* 

Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The react ions of FeS electrodes in LiC1-KC1 elect rolytes  of var ious  com- 
positions were  de te rmined  by  a combinat ion of phase studies, cyclic vo l t am-  
metry,  and emf measurements .  The effect of t empera ture ,  charge-cutoff  vol t -  
age, and e lec t ro ly te  composit ion on the phases present  in the  sulfide e lect rode 
were  determined.  Six e lect rochemical  and four chemical  react ions can occur. 
The emf's  of th ree  of the six e lec t rochemical  react ions were  measured  over  a 
t e m p e r a t u r e  range of 380~176 and were  computed  for  the o ther  th ree  elec-  
t rochemical  reactions.  The free energy  changes for  the  chemical  react ions 
were  also calculated.  

Since the ea r ly  1970's Argonne  Nat ional  L a b o r a t o r y  
has been developing h igh-pe r fo rmance  ba t te r ies  for use 
as power  sources for vehicle propuls ion and as energy  
s torage devices for e lectr ic  utili t ies.  In  the ongoing 
deve lopment  work, the  ba t t e ry  cells a re  opera ted  at  
400~176 and consist of mol ten  LiC1-KC1 electrolyte ,  
Li-A1 al loy negat ive  electrodes,  and FeS or FeS2 posi-  
t ive  electrodes.  The LiA1/FeS cell has received the 
greates t  at tent ion,  p r imar i l y  because  an inexpens ive  
cur ren t  collector ( i ron)  can be used in the  FeS elec-  
t rode and because the capaci ty  re tent ion  of this cell 
is super ior  to that  of the  LiA1/FeS2 cell  (1, 2). 

The electrochemical  p roper t ies  of the  Li-A1 al loy 
have been repor ted  in considerable  deta i l  (3-8).  The 

* Electrochemical Society Active Member. 
Key words; fused salts, free energy, voltammetry, emf. 

potent ia l  of this e lect rode in LiCIoKC1 e lec t ro ly te  at  
400~ is app rox ima te ly  300 mV less anodic than tha t  
of l iquid l i thium, and the electrode reac t ion  is s imply  

L iAl (~ -phase )  ~ L i  + ~ A l (~ -phase )  -1- e -  [1] 

Some proper t ies  of the FeS electrode,  which  has a 
vol tage of about  1.34V vs. Li-A1, have also been  r e -  
p o r t e d  (9-17). F ive  phases have been identif ied:  FeS, 
LiKsFe~4SesC1 ( ~ J - p h a s e ) ,  Li2FeSe ( ~ X - p h a s e ) ,  Li2S, 
and Fe. The FeS phase corresponds to a fu l ly  charged 
electrode,  the J -  and X-phases  are  presen t  at  in te r -  
media te  states of discharge or  charge,  and  the Fe  
and Lies  phases correspond to the  fu l ly  d ischarged 
electrode. Addi t iona l  phases a re  formed when cells a r e  
overcharged  (12). These h igher  vol tage  phases were  
usua l ly  avoided in the  present  study.  
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The object ives  of this s tudy  were:  (i)  to de te rmine  
the sequence of phase  t ransi t ions  tha t  occurs in  the  FeS  
e lec t rode  dur ing  discharge and charge, (it) to ob ta in  
informat ion  on the effects of e lec t ro ly te  composi t ion 
and cell t empe ra tu r e  on the e lect rode reactions,  and  
(iii) to de te rmine  the the rmodynamic  proper t ies  of the  

reactions.  

Thermodynamic preliminaries.--Because so m a n y  
phases a re  involved  in the FeS elect rode reactions,  some 
the rmodynamic  p re l iminar ies  a re  useful  to out l ine the  
re la t ionships  among them. The condensed phases in the  
posi t ive e lect rode consist of the l iquid electrolyte ,  iron, 
and  the sulfide phases.  Al l  of these phases can be p re -  
pa red  f rom five components :  LiC1, KC1, FeS, Li2S, 
and Fe. The Gibb 's  phase ru le  for  condensed systems, 
in which  pressure  and  the gas phase  a re  ignored,  s tates  
tha t  s ix condit ions (coexis t ing phases and defined in -  
tensive var iables)  mus t  be met  to define a f ive-com- 
ponent  condensed sys tem at  equ i l ib r ium (18). Four  
such condit ions for the e lec t rochemical  react ions of FeS 
are:  (i) i ron  is present ,  (it) l iquid e lec t ro ly te  is p res -  
ent, (iii) the  cell  has a known tempera ture ,  and (iv) 
the e lec t ro ly te  has a known rat io  of LiC1 to KC1. If  any  
two of the sulfide phases are  then present ,  an e lect rode 
of fixed potent ia l  is defined. Six such combinat ions of 
the four  known sulfides a re  possible as shown in Fig. 
1. The LiA1/FeS cell  d ischarge react ions tha t  cor re -  
spond to the ar rows in Fig. 1 are  as follows 

6LiA1 -5 26FeS + 6KC1 -> J + 2Fe + 5LiC1 -5 6A1 [2] 

20 LiA1-5 J" 4- 5LiCI --> 13X + l l F e  -5 6KC1-5 20 A1 [3] 

46LiA1 + J -5 5LiC1--> 26Li2S -5 24Fe -5 6KC1 + 46Al 

[4] 

2LiAI -5 2FeS --> X + Fe  -5 2AI [5] 

2LiA1 + FeS--> LieS + Fe  -5 2A1 [6] 

2LiA1 -5 X--> 2Li2S + Fe  + 2A1 [7] 

The ar rows in Fig. 1 are  labe led  wi th  the  free energy 
change of the e lec t rochemical  reac t ion  

~Gi : --niFEi [8] 

where  ni is the  Li-A1 coefficient in reac t ion  [i],  F is 
the  Fa raday ,  and E~ is the emf of react ion It]. For  in -  
stance, the  f ree  energy  change for reac t ion  [2] is g iven 
by a g e  : --6FEe. 

Certa in  combinat ions of three  Ei define the t h e r -  
modynamic  proper t ies :  any  th ree  Ei not  forming a t r i -  
angle  in Fig. 1 m a y  be selected independent ly .  For  in-  
stance, the  discharge pa th  consist ing of react ions [2], 
[3], and  [7] has the net  effect of reducing  FeS to Fe  
plus Lies and gives one set of three  independen t  vo l t -  

FeS+Fe 

. t  i 

X phase + Fe AG 3"" nsFE5 "% 

~%~, ~ /  / .  
Li2S + Fe 

Fig. I. Electrochemical reactions of the FeS electrode 

J phase ~Fe 

ages f rom which the o ther  three  voltages can be cal -  
culated.  

I t  wi l l  occasional ly  be necessary  to consider  mix tu res  
of three  sulfide phases wi th  iron. Such mix tures  can be 
at  equ i l ib r ium in a given e lec t ro ly te  at  only  one t em-  
perature .  At  o ther  t empera tu res  in the  same electrolyte ,  
the three  sulfide phases are  not  in equi l ibr ium,  and 
a chemical  react ion tends to consume one of them. 
These chemical  react ions are  der ived  by  e l imina t ing  
Li-A1 (and A1) be tween  any two of the  e lec t rochemi-  
cal react ions [2]-[7] .  Four  chemical  reactions, two of 
which are  independent ,  are  der ived  in this way. These 
a re  

23X + Fe  + 6KCI-> J + 20 Lies  + 5LiC1 [9] 

3X + 20 FeS + Fe  + 6KC1--> J + 5LiC1 [10] 

23FeS + 3Li2S + F e  -5 6KC1 -> J -5 5LiC1 [11] 

FeS + Lies  -> X [12] 

The free energy changes of these chemical  react ions 
(AG9 to AG12, respect ive ly)  a re  re la ted  to the e m f s  
of the e lect rochemical  react ions  as follows 

AG9 ---- - -46F(E7 --  E4) --  --20 F(E7 --  Es) 

~G1o -- --20 F(E5 -- Es) -- --6F(Ee -- E~) 

~Gn -- --46F(E6 -- E4) -- --6F(Ee -- E6) 

~G,2 -- --2F(E~ -- E6) = --F(E5 -- ET) 

[13] 

[14] 

[15] 

[16J 

Measuremen t  of two of these ~Gi vs. T and  one of the  
Ei vs. T is sufficient to descr ibe the sys tem's  t h e rmo-  
dynamic  propert ies .  For  example ,  Saboungi,  Marr ,  and 
Blander  (15) have obta ined the ~Gi at  severa l  t em-  
pera tu res  th rough  de te rmina t ion  of the sulf ide- ion 
act iv i ty  requ i red  to conver t  FeS to J -phase  or  J -phase  
to X-phase  in LiCI-KCI eutectic electrolyte .  These ~G's 
may  be combined wi th  Ei da ta  to define the system. In 
o ther  exper iments ,  Saboungi  and  Mar t in  (16) have 
conducted meta l lograph ie  studies to de te rmine  severa l  
combinat ions of t empera tu res  and L iC l - to -KCl  rat ios  
that  correspond to e i ther  ~G9 ---- 0 or ~Gz0 = 0. Under  
these hG ---- 0 conditions, three  sulfide phases coexist  
wi th  iron, and, according to Eq. [13] and [14], three  
of the Ei coincide. These da ta  may  also be combined  
wi th  Ei da ta  to der ive  the  sys tem's  t he rmodynamic  
propert ies .  Thus, a va r i e ty  of techniques may  be em-  
p loyed to de te rmine  the the rmodynamic  proper t ies  of 
the LiA1/FeS cell. 

In this study,  we began by  es tabl ishing the FeS elec-  
t rode phases under  var ious  cycl ing condit ions th rough  
meta l lographic  and x - r a y  examinat ions.  Cyclic vo l t am-  
me t ry  exper iments  were  then conducted to a id  in de-  
t e rmin ing  the dominant  react ion paths  in e lect rolytes  
of various composit ions and tempera tures .  F ina l ly  emf 
measurements  were  combined wi th  o ther  ava i lab le  
da ta  to obta in  the the rmodynamic  proper t ies  of the 
electrode.  

Experimental 
The LiCI-KC1 eutect ic  (mp 352~ was ob ta ined  

f rom Anderson  Physics L a b o r a t o r y  and was po la ro-  
graphic  grade.  I t  was analyzed  to confirm its compo-  
sit ion [58 mole  percent  (m/o)  LiC1]. Po la rographic  
grade  LiC1 was also obta ined  f rom the Anderson  
Physics  Labora tory .  The KC1 was r eagen t  grade  
(Baker)  and  had  been dr ied  at  100~ under  vacuum 
for about  1 hr. The i ron sulfide was s toichiometr ic  FeS, 
obta ined  f rom Grea t  Wes te rn  Inorganic,  tha t  was 
ground and sieved (e i ther  --80, +170 mesh, or --325 
mesh) .  Chemical  analysis  indica ted  tha t  the  pu r i ty  was 
>99% and x - r a y  diffract ion analysis  showed that  the  
ma te r i a l  was single phase. The iron and l i th ium sulfide 
powders  were  obta ined f rom Cerac /Pure ,  Incorpora ted  
and Foote  Minerals ,  respect ively .  The s ta ted  p u r i t y  of 
the  i ron was 99.9%, and the s ta ted  pu r i ty  of the  l i th ium 
sulfide was >97%. The pur i ty  of both  mate r ia l s  was 
verified by  chemical  analysis.  The Li-A1 al loy powder  
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was obta ined  f rom KBI, Incorpora ted  and contained 
48 a tom percent  (a /o )  l i thium. The a luminum powder  
was obta ined  f rom Alcoa A l u m i n u m  Company and was 
> 9 9 %  pure.  

The cell  design is shown in Fig. 2. The cells con-  
ta ined  an i ron  sulfide work ing  e lect rode and l i th ium-  
a luminum counter  and  reference  electrodes.  These were  
immersed  in about  80 ml  of e lec t ro ly te  contained in a 
250 ml  a lumina  crucible.  The L i -AI  reference  e lect rode 
was requ i red  only  for cyclic v o l t a m m e t r y  exper iments ;  
the Li-A1 countere lec t rode  served  as a re ference  elec-  
t rode  in the phase studies and emf measurements .  In  
some phase studies,  a l iquid l i th ium countere lec t rode  
(9) was used ins tead of Li-A1. We have conver ted  any 

vol tage da ta  f rom these cells to the  equiva len t  vol tage  
vs. Li-A1. Thus, al l  cell  vol tages are  given vs. an Li-A1 
reference  electrode.  

The FeS work ing  electrodes were  p repa red  b y  load-  
ing the  FeS (or an equiva len t  amount  of Fe  and Li2S) 
into the cavi ty  (5 cm 2 X 0.6 cm) of an ATJ  1 g raph i te  
cup. A disk of porous graphi te  (PG-60 I) was then 
g raph i t e -cemented  to the face of the cup to serve as a 
par t ic le  re ta iner .  Other  designs of work ing  e lec t rode  
were  employed in a few exper iments .  Fo r  example,  an  
i ron or  mo lybdenum cup (1 cm2 • 0.5 cm),  covered 
wi th  fine screens and containing FeS wi th  a f ive-fold 
excess of i ron powder ,  was used in some of the vo l t am-  
m e t r y  work. Molybdenum cups (2.5 cm diam • 0.6 
cm deep)  were  also subs t i tu ted  for  the g raph i te  cups 
in a few cel l  tests. The theore t ica l  capaci ty  of the  w o r k -  
ing electrodes was 0.5-1 A - h r  (0.8-1.6g FeS)  in the 
phase studies and emf measurements ,  but  was much 
smal le r  in the cyclic vo l t ammet ry  exper iments  (20-80 
m A - h r ) .  

The Li-A1 counterelect rodes  (42 a /o  Li)  were  p re -  
pared  by  v ib ra t ing  a mix tu re  of 6g Li-A1 powder  
( , -5  A - h r  Li)  and 1.Sg A1 powder  into a porous i ron  
Re t ime t  2 disk (2.5 cm d iam • 1.2 cm thick)  which 
was contained in an i ron  or  n ickel  cup. F ine  stainless 
steel  screens were  we lded  to the face of the cup to r e -  
tain the powders.  The Li-A1 reference  electrodes (42 
a /o  Li )  were  s imi lar  in construct ion to the counter -  
electrodes,  but  were  smal le r  (1 cm diam) and  con- 
ta ined  1.6g Li-A1 and 0.4g A1. These reference  elec-  
t rodes were  wrapped  in BN fabric  so they  could be  
placed close to the work ing  electrodes (wi th in  0.5 cm) 
wi thout  shorting.  

Procedures.--The cells were  opera ted  at  t e m p e r a -  
tures ranging  f rom 370 ~ to 520~ in a furnace  wel l  
(7.5 cm ID) which was a t tached to a he l i um-a tmo-  

sphere  glove box. The he l ium was cont inuously  purif ied 

A product of Union Carbide Corporation. 
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Fig. 2. Design of the LiAI/FeS cell 

(<3  ppm 02 and H20) by  a combinat ion  of molecu la r  
sieves and cold traps.  The furnace  cont ro l le r  m a i n -  
ta ined  the cell  t empera tu re  wi th in  1~ of the p r e -  
selected value  dur ing  cell  operat ion.  A sheathed Chro-  
m e l - A l u m e l  thermocouple  tha t  had been ca l ibra ted  
agains t  an NBS s tandard ized  thermocouple  was used 
to moni tor  the  t empera tu re  of the cell  vs. an ice point  
reference.3 Since the  thermocouple  was wi red  to the 
cell  exter ior ,  a correct ion was requ i red  for  the  t em-  
pe ra tu re  drop th rough  the a lumina  crucible.  In te r io r  
vs. exte r ior  t empera tu re  measurements  on one cell  
gave a l inear  t empera tu re  correct ion ranging  f rom 8 ~ 
to 13~ for in te r io r  t empera tu re s  of 370~176 In 
another  cell  (opera ted  in a different  furnace  wel l ) ,  the 
correct ion was 2~ over  the  same t empe ra tu r e  range.  
The repor ted  cell t empera tu res  include this type  of 
t empera tu re  correct ion and are  be l ieved to be wi th in  
0.5~ of the actual  ceil  t empera tu re .  

The cells used for phase studies were  cycled a t  con- 
s tant  charge and discharge cur ren t  densit ies of 10-50 
m A / c m  2. The cell t e m p e r a t u r e  employed  dur ing  this  
cycling ranged  f rom 400 ~ to 490~ The cycler  con- 
sisted of a H e w l e t t - P a c k a r d  Model 620B cons tant -  
cur rent  power  supp ly  equipped wi th  a vo l tme te r -  
control led  re lay  system tha t  reversed  the direct ion of 
cell cu r ren t  at  charge and discharge cutoff vol tages of 
about  1.6 and 1.0V, respect ively .  

For  the phase studies, some of cell tests were  s topped 
dur ing  the i r  in i t ia l  charge or  discharge,  and others  
were  s topped af ter  subject ing t hem to five or more  ful l  
cycles (general ly ,  the coulombic efficiency was g rea te r  
than  90% and the ut i l izat ion of the FeS elect rode ca ,  
paci fy  was g rea te r  than  80% in each of these cycles) .  
In  most of these tests, the e lectrodes were  removed  im-  
media te ly  af ter  in te r rup t ing  the current ,  and the elec-  
t rodes were cooled to ambien t  t empera tu re  in the glove 
box. However,  in some cases, the  cells were  a l lowed to 
approach  equi l ib r ium (ei ther  on open circuit  or  at  
some constant  vol tage)  for severa l  days pr io r  to re -  

moval  of the electrodes.  
The pos i t ive-e lec t rode  phases were  then examined  

by  me ta l log raphy  and x - r a y  diffraction. The pol ishing 
equipment  and microscopes for  the meta l lograph ic  
work  were  located in a he l ium-a tmosphe re  glove box 
to p reven t  react ions be tween  the e lec t rode  samples  and 
air. The glass capi l lar ies  for x - r a y  diffract ion work  
were  filled wi th  e lec t rode  samples  and were  t em-  
pora r i ly  sealed wi th  Apiezon grease pr io r  to r emova l  
f rom the glove box. Upon removal ,  a section of the  
cap i l l a ry  be tween  the sample  and grease was fused 
to form a pe rmanen t  seal. 

For  the cyclic v o l t a m m e t r y  studies,  the th ree -e lec -  
t rode  cells were  control led  by  a Wenk ing  Model  70HC3 
potent ios ta t  and  a Wenking  Model VG72 vol tage scan 
generator ,  and  the da ta  were  recorded on a t t e w l e t t -  
Pa c ka rd  Model  7045A X - Y  recorder .  The  procedure  
consisted of repea ted  cathodic and anodic sweeps to 
obta in  s t eady-s t a t e  vo l t ammograms  at  each e lec t ro ly te  
composit ion and tempera ture .  The tests were  conducted 
using LiC1-KC1 e lec t ro ly te  (52-75 m/0  LiC1) at  t em-  
pera tu res  of 389~176 To resolve the var ious  elec-  
t rode- reac t ion  peaks,  low scan ra tes  (about  0.02 m V /  
sec) were  usua l ly  employed;  a typ ica l  v o l t a m m e t r y  
cycle (120.0 mV) requ i red  ,-,17 hr. These cycl ing ra tes  
a re  comparable  to the rates  at  which  the LiA1/FeS 
cells were  cycled, and  thus  the  phase  da ta  f rom cells 
could be re la ted  to the v o l t a m m e t r y  data. The smal l  
capaci ty  and la rge  volume of the cyclic v o l t a m m e t r y  
electrodes prec luded  d i rec t  phase  de te rmina t ions  on 
them. 

For  the emf measurements ,  cells of high coulombic 
efficiency were  selected. These cells were  first  condi-  
t ioned by  cycling them for at  leas t  five ful l  cycles at  
a cur ren t  densi ty  of 15 m A / c m  2 and a t e m p e r a t u r e  of 
420~ In  these cycles, the coulombic efficiencies ex-  
ceeded 99%, and the ut i l iza t ion of the FeS electrode 

A product of J. Kaye Company, Cambridge, Massachusetts. 



VoL 128, No. 4 FeS ELECTRODES 763 

capaci ty  was g rea te r  than  80%. Af t e r  be ing  cycled, 
the cells were  e i ther  d ischarged or  charged to a se-  
lected f rac t ion of the i r  capaci ty  and were  p laced on 
open circuit.  The emf was then measured  at  the ope r -  
a t ing t e m p e r a t u r e  of the cell as wel l  as h igher  and  
lower  t empera tu res  wi th  a Dana  Model  5330 digi ta l  
vo l tmete r  (1010~). A n  emf was recorded  only  af ter  the  
open-c i rcu i t  vol tage  a t  each t e m p e r a t u r e  was s table  
wi th in  0.1 mV for  a t  leas t  4 hr. Most  of the  da ta  i n -  
cIudes a 16-20 h r  check of s tabi l i ty ,  a l though the  vo l t -  
age had  usua l ly  s tabi l ized wi thin  1-2 hr. In  some spe-  
cial cases, however ,  ve ry  long re l axa t ion  t imes  (in 
excess of 100 hr )  were  employed  to test  for the pos-  
sible effects of s low chemical  reactions.  

The cells for  the  emf measurements  employed  elec-  
t ro ly te  of eutectic composition. However ,  i t  was recog-  
nized tha t  the J -phase  react ions  would  shif t  the com- 
position. The m a x i m u m  shif t  in composi t ion was com- 
pu ted  f rom the known  weights  of cell  e lec t ro ly te  and 
FeS and the s toichiometr ies  of react ions  [2], [3], and  
[4]. I t  never  exceeded 0.3 m/o,  and  thus could be 

ignored.  
A the rmal  emf, which resul ted  f rom the use of dis-  

s imi lar  me ta l  leads  ( m o l y b d e n u m  on the posi t ive elec-  

t rode  and iron on the negat ive  e lec t rode) ,  was sub-  
t rac ted  f rom the cell  emf data. The the rmal  emf was 
measured  b y  shor t ing the  fu l ly  d ischarged electrodes 
to each other  wi th in  the  cell  and read ing  the res idual  
vol tage at  var ious  tempera tures .  The the rmal  emf 
var ied  l inear ly  f rom 3.3 mV at 370~ to 4.4 mV at 
520~ 

Results and Discussion 
E~ectrode phases.--In the  first d i scharge  of r e l a -  

t ive ly  la rge  FeS  par t ic les  (~160 #m d iam) ,  different  
surface react ions and core react ions  were  evident ,  as 
shown in Fig. 3. Wi th  an equiva len t  amount  of more  
finely d iv ided  FeS par t ic les  (<45 #m diam) in the  
electrode,  the surface react ions tended  to go to com-  
pletion, and the cores were  then absent  in a l l  bu t  a 
few la rge r  part icles .  This difference be tween  equiva-  
lent  amounts  of l a rge r  and smal le r  par t ic les  indicates  
tha t  the l ayer ing  effect in l a rge r  par t ic les  is caused by  
l imi ted  diffusion wi thin  the surface layer .  Since the  
FeS par t ic les  in we l l - cyc led  electrodes become ve ry  
fine (<20 ~m d iam) ,  the i r  d ischarge react ions are  
much s impler  than  those shown in Fig. 3. Nevertheless ,  
an examina t ion  of the first d ischarge  of la rge  par t ic les  
is of in te res t  because the l imi ta t ions  of some of the  

Fig. 3. Phases formed daring 
the first discharge of large FeS 
particles (matrix phase is elec- 
trolyte): (a) core is FeS and sur- 
face layer is J-phase plus fine 
iron particles, (b) core is X-phase 
(gray) plus iron (white) and sur- 
face layer is J-phase plus fine 
iron particles, (c) core is Li2S 
(gray) plus iron (white) and sur- 
face layer is J-phase plus fine 
iron particles, and (d) core and 
surface are Li2S and iron. 
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react ions are  r ead i ly  observed.  The first discharge of 
CueS-modified FeS electrodes (20 m/o  CueS) has been 
repor ted  (14). In  tha t  sys tem the first react ion was 
l ike tha t  shown in Fig. 3 (a) ,  bu t  subsequent  react ions 
also involved  the Cu~S and the dist inct  surfaces and 
cores were  not  as evident .  

The par t ic les  shown in Fig. 3 came from var ious  
electrodes that  were  20-100% discharged in eutectic 
e lec t ro ly te  at  409~176 and were  then  cooled i m -  
media te ly  to room tempera tu re .  The s tate  of discharge 
of each par t ic le  can be c rude ly  es t imated  f rom the 
re la t ive  areas  of the phases and the s to ichiometry  of 
discharge react ions [2], [4], [5], and  [7]; the par t ic les  
in Fig. 3 a re  d ischarged app rox ima te ly  (a) 8%, (b)  
25%, (c) 40%, and (d) 100%. A n y  one e lect rode usu-  
a l ly  contained a va r i e ty  of such par t ic le  types.  Fo r  
instance, an e lect rode s topped at  20% discharge con- 
ta ined  a mix tu re  of unreac ted  FeS, par t ic les  l ike  (a) 
and (b) ,  and  four -phase  par t ic les  tha t  combined fea-  
tures of (a) and (b) .  These four -phase  par t ic les  each 
had  a core of FeS, an in te rmedia te  l aye r  of X-phase  
and Fe, and a surface l aye r  of J -phase  and Fe. These 
mix tures  of par t ic le  types c lear ly  were  not  in equi-  
l ibr ium, but  the overa l l  react ion sequence could st i l l  
be deduced by  examining  the ind iv idua l  part icles .  

This examina t ion  showed tha t  the  first discharge of 
la rge  FeS par t ic les  proceeded in four  successive stages: 
I, FeS on the surface discharged to J -phase  and iron; 
II, FeS in the core discharged to X-phase  and iron; 
III, X-phase  in the core discharged to LieS and iron; 
and IV, J -phase  on the surface discharged to Lies  and 
iron. The core react ions (stages II  and  I I I )  only re -  
qui red Li + ions (and electrons) for  the i r  completion, 
while the surface react ion (s tage I) also r equ i red  K+ 
and C1- to sa t i s f ly  the s to ichiometry  of J -phase .  
P re fe ren t ia l  diffusion of Li + th rough  the J -phase  sur -  
face layer  was ev ident  f rom the occurrence of the  core 
reactions. I t  was also evident  that  the discharge of 
J -phase  (stage IV) had a r e l a t ive ly  low voltage;  stages 
II  and I I I  were  completed before  s tage IV occurred. 
Since the format ion  of J -phase  was diffusion l imi ted  
and the discharge of J -phase  was a lower  vol tage  re -  
action, suppress ing these reactions (and accentuat ing 
the X-phase  react ions)  seemed des i rable  for high elec-  
t rode performance.  

One possible method of suppress ing the J -phase  is 
to employ  an e lec t ro ly te  with a high LiCl- to-KC1 ratio,  
which tends to dr ive  chemical  react ions [9]-[11] to the 
lef t  (15, 16). A first discharge of FeS in L iCl - sa tu ra t ed  
(68 m/o  LiC1) e lec t ro ly te  at 425~ provided  an ini t ia l  
test  of this possibil i ty.  The J -phase  surface layers  
genera ted  under  these condit ions were  only one-fif th 
as th ick  as the surface layers  shown in Fig. 3. Subse-  
quent  cell tests (19) es tabl ished the beneficial effects 
of L iCl - r i ch  e lectrolytes  on cell performance,  and such 
e lect rolytes  a re  now rou t ine ly  used in h igh -pe r fo rm-  
ance L i - A I / F e S  cells (20). 

The phases in wel l -cyc led  FeS electrodes and their  
re la t ionship  to cell vol tage curves wil l  now be de-  
scribed. Voltage curves for a we l l - cyc led  FeS cell  a re  
shown in Fig. 4; two vol tage regions, A and B, a re  
apparent .  A charge cutoff vol tage of 1.78V, which is 
somewhat  h igher  than the normal  1.65V, was used to 
revea l  region A, which corresponds to the J --> FeS 
react ion on charge and the FeS -> J react ion on dis-  
charge. A reference  e lec t rode  showed tha t  the  h igher  
vol tage of region A was caused by  shifts in the poten-  
t ia l  of the  FeS electrode. The phase progression in 
regions A and B dur ing  discharge is s impler  than tha t  
during charge and wil l  be descr ibed first. 

As noted previously,  we l l -cyc led  FeS electrodes con- 
tain ve ry  fine par t ic les  (<209 m diam) which undergo 
ma in ly  the  surface discharge react ions of l a rger  pa r -  
ticles (i.e., stages I and IV).  Thus, at least  in terms 
of observed phases, the cell discharge presents  a simple, 
two-s tage  sequence tha t  can be represen ted  as FeS -> 
J ~ LieS. Ear ly  in the discharge (region A of Fig. 4), 
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Fig. 4. YOZtOrge curves for an LI-AI/FeS (0.45 A-hr) cell operated 
at 443~ using electrolyte of eutectic composition. 

the phases are FeS, J, and Fe, and, for the  r ema inde r  
of the discharge (region B of Fig. 4), the phases are  5, 
LieS, and Fe. Very  l i t t le  X-phase  can be found in wel l -  
cycled electrodes tha t  are  s topped dur ing  discharge at  
normal  cell t empera tu res  (450~ or  less).  These resul ts  
may  be compared  wi th  meta l lograph ic  s tudies  (16) of 
chemical  react ions [9] and [10]. These showed that  
mixtures  of FeS, J -phase ,  and Fe  were  more  s table 
than mix tures  of FeS, X-phase ,  and Fe at  t empera tu res  
up to 623~ in eutectic e lectrolyte .  S imi lar ly ,  mix tures  
of J -phase ,  Li2S, and Fe  were  more s table  than  mix -  
tures of X-phase ,  LieS, and Fe  at t empera tu res  up to 
455~ in eutectic e lectrolyte .  Thus the phase mix tures  
found in cycled cells that  are  d ischarged at  normal  
t empera tu res  are  the equi l ib r ium phase mixtures .  

The phase mix tures  found in we l l - cyc led  FeS  elec-  
trodes that  were  s topped on charge were  more com- 
p lex  than those on discharge. For  example ,  X-phase  
was a lways  found in cells s topped dur ing  charge any-  
where  in vol tage region B of Fig. 4. In  the first charge 
(5% theoret ical)  of fine Lies and Fe  powders  (--200 
mesh) at  430~ we found coexist ing mix tures  of X -  
phase, J -phase ,  LieS, and Fe. In fact, whenever  X-phase  
was present ,  J - p h a s e ,  LieS, and Fe were  also found in 
the electrode,  wi th  the rat io  of X-phase  to J -phase  
being dependent  on t empe ra tu r e  and s tate  of charge. 
In cells wi th  eutectic electrolyte ,  the X-phase  was more 
evident  at  h igher  t empera tu res  and lower  states of 
charge. 

In spite of the  complicated,  nonequi l ib r ium phase 
mixtures ,  the successive stages of the charge react ion 
could be out l ined by  examining  contiguous regions of 
electrodes that  were  at increas ing states of charge. 
Photomicrographs  that  i l lus t ra te  various phase mix -  
tures present  in smal l  regions of the electrodes,  and  
that  also represent  successively h igher  s tates  of charge, 
are  shown in Fig. 5. F rom such examinat ions ,  we be-  
l ieve that  the ma jo r  stages dur ing charge are  as fol-  
lows: I, LieS and Fe  charge ma in ly  to X-phase  and Fe 
(wi th  concurrent  format ion  of J -phase  tending to ob-  
scure this reac t ion) ;  II, X-phase  and Fe  charge to 
J -phase  and Fe; and III, J -phase  and Fe charge to FeS. 
These charge stages were  not  as wel l  defined as the 
discharge stages because of the involvement  of X-  
phase,  which is a nonequi l ib r ium phase  at  normal  cell  
tempera tures .  

Stages I and II  occurred in region B of the  charge 
curve in Fig. 4, while  stage I I I  occurred in region A. 
The vol tage of the charge curve in region A was h ighly  
t empera tu re  sensitive, ranging  from ~ l . 7 V  at 390~ to 
,-~1.45V at 480~ the other  port ions of the vol tage 
curves var ied  only s l ight ly  wi th  tempera ture .  The dif -  
ference be tween  the charge and the discharge voltages 
in region A suggests poorer  revers ib i l i ty  at  low t em-  
pera tu res  ( large difference) and be t te r  revers ib i l i ty  at  
high temperatures .  To confirm the indicat ions tha t  a 
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Fig. 5. Phases formed in well-cycled FeS electrodes during charge (matrix phase is electrolyte): (a) conversion of Li2S and Fe (gray and 
white particles, respectively, on the left) to X-phase and Fe (gray andwhite particles, respectively, on the right), (b) conversion of X-phase 
and Fe (gray and white particles, respectively, on the left) to J-phase and Fe (gray and white particles, respectively, on the right), and (c) 
conversion of J-phase (darker gray) and Fe to FeS (lighter gray). 

high cell  vol tage  is requ i red  to dr ive  the  stage I I I  
reaction,  we poten t ios ta ted  two we l l - cyc led  cells at  
1.50V for about  100 hr  at  a cell  t empe ra tu r e  of 400~ 
The posi t ive e lectrodes taken  f rom these cells contained 
only  J -phase  and Fe; no FeS was generated.  

F r o m  these phase studies,  i t  was ev ident  tha t  we l l -  
cycled FeS electrodes had a different  phase  sequence 
on charge  (Li2S ~ X --> J --> FeS)  than  on discharge 
(FeS --> J -> Li2S) when  eutect ic  e lec t ro ly te  and cell 
t empera tu res  less than  450~ were  employed.  However ,  
one o ther  fea tu re  of l o w - t e m p e r a t u r e  cell  operat ion 
needs to be considered.  In addi t ion to the  usual  solid 
phases, KCl  or  LiC1 crys ta ls  may  also be formed by  
cu r r en t - induced  shifts in sal t  composit ion (21, 22). We 
have  occasional ly  seen evidence tha t  such crysta ls  were  
formed in cells opera ted  at  high cur ren t  densi t ies  
(,~50 m A / c m  2) and low cell t empera tu res  (,.~430~ 
In qual i ta t ive  agreement  wi th  expectat ions,  excess KC1 
was found nea r  ful l  d ischarge and excess LiC1 near  
ful l  charge. Such shifts in e lec t ro ly te  composition, a l -  
though not  o rd ina r i ly  detected,  a re  in a direct ion tha t  
would  tend  to s tabi l ize  J - p h a s e  re la t ive  to X-phase  on 
discharge and, conversely,  s tabi l ize  X-phase  re la t ive  
to J -phase  on charge. Thus, e lec t ro ly te  composit ion 
shifts m a y  pa r t l y  account for the  X-phase  being more  
evident  on charge than discharge at  lower  cell t em-  
peratures .  However ,  the  e lec t rochemical  and chemical  
react ion sequences are  also a fac tor  in accentuat ing  
X-phase  on charge and suppress ing i t  on discharge,  as 
wil l  be seen in the analysis  of cyclic v o l t a m m e t r y  data. 

A few cells wi th  eutectic e lec t ro ly te  were  tes ted  at 
t empera tu res  of 480~176 dur ing the course of the 
phase studies. The resul ts  of these tests tend to suppor t  
the chemica l - reac t ion  studies (16) which  showed X-  
phase becomes an equi l ib r ium phase at h igh t empera -  
tures in eutectic e lectrolyte .  Fo r  example ,  we found 
that  X-phase  was appa ren t ly  in equ i l ib r ium wi th  
J -phase  and Fe  at  a t empe ra tu r e  of 500~ in a 20% 
discharged cell  that  had been placed on open circui t  
for 50 hr  p r io r  to remova l  of the electrodes.  In  another  
cell, opera ted  at .-.490~ and s topped at  43% charge, 
X-phase  and i ron were  dominant ;  only  t races of J -  
phase were  found. In a cell  opera ted  at  ..-490~ and 
stopped near  ful l  charge,  FeS, J -phase ,  and  Fe  were  
st i l l  the dominant  phases. Al though these studies of 
phases presen t  at  high t empera tu res  are  less ex tens ive  
than the studies of phases present  at  low tempera tures ,  
the phase sequence seems reasonab ly  certain.  Higher  
t empera tu re s  lead  to s imi la r  sequences of sulfide phases 
dur ing charge and discharge;  namely,  Li2S <--> X <--> J 
<---> FeS. However ,  the  cyclic v o l t a m m e t r y  studies ind i -  
cate  tha t  the  e lec t rode  react ions  are  not  qui te  as r e -  
vers ible  as this s imple sequence implies.  

I t  should be noted tha t  no significant var ia t ions  in 
e i ther  the x - r a y  diffract ion pa t te rns  or meta l lograph ic  
character is t ics  of the e lect rode phases were  detected in 
the above studies. Fur the rmore ,  there  were  a lways  at  
least  two coexist ing sulfides (e.g., FeS and J -phase )  
dur ing an e lec t rode  reaction.  Thus each of the react ions  
is expected  to have a fixed emf. 
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Al though  we have  sometimes used a shor thand  no ta -  
t ion (e.g., Li2S --> X) for  reactions,  we have purpose ly  
de layed  the ass ignment  of specific react ions ( f rom the 
l ist  of ten in the  first pa r t  of the  paper )  to the observed 
phase sequences. The p rob lem in mak ing  such assign-  
ments  is tha t  a va r i e ty  of p laus ib le  combinat ions of 
e lectrochemical  and chemical  steps can lead  to the  
same mixtures  of phases. More deta i led  reac t ion  as- 
s ignments are  given in the  discussion below. 

Cyclic voltammetry.--Cychc vo l t ammograms  a t  h igh 
scan ra tes  (5-50 mV/sec)  for i ron  immersed  in Li2S- 
sa tu ra ted  LiC1-KC1 eutectic e lec t ro ly te  have been  p re -  
sented (11, 17). Thei r  in te rp re ta t ion  is difficult because 
the peaks  m a y  reflect t r ans ien t  in te rmedia tes  r a the r  
than known elect rode phases. In  the  p resen t  study,  we 
concentra ted  on very  low scan rates  (0.01-0.02 m V /  
sec) that  were  comparable  to the  ce l l -cycl ing  rates 
used in the phase studies. This type of v o l t a m m e t r y  
is s imi la r  to coulomet ry  since the area  of a cu r r en t  
peak (in coulombs) is a p p r o x i m a t e l y  the theore t ica l  
peak  capaci ty  and each peak  can be reasonably  as- 
sociated with  known e lec t rode  phases. 

The effects of increas ing scan rates  a re  shown in 
Fig. 6 in which cyclic vo l t ammograms  at  scan ra tes  of 
0.015, 0.1, and 0.2 mV/sec  are  given. In  this case, the 
e lect rode consisted of 20 m A - h r  of lees (and a f ive-fold 
excess of i ron)  in a mo lybdenum housing (1 cm 2 • 
0.5 cm).  These vo l t ammograms  indicate  tha t  the  domi-  
nant  peaks  (one on discharge and two on charge)  are 
under  ohmic control  since the peak  currents  and peak  
potent ia ls  a re  bo th  propor t iona l  to the square  root  of 
the scan rate.  This type  of ohmic behavior  has been 
noted prev ious ly  for the  discharge peaks  (11). Each 
of the  peaks  in Fig. 6 seems to exhib i t  more  s t ruc ture  
as the  scan ra te  increases. Consequently,  we be l ieve  
tha t  our reac t ion  assignments,  which  wil l  be based  on 
the lower  rates, wil l  not  define al l  the  possible reac-  
tions at  h igher  rates.  

Figures  7 and 8 i l lus t ra te  some of the effects of 
changes in cell  t empera tu re  and e lec t ro ly te  composi-  
tion on vo l t ammograms  t aken  at  scan ra tes  of 0.01-0.02 
mV/sec.  The vo l t ammograms  in Fig. 7 are  for eutectic 
e lec t ro ly te  (58 m/o  LiC1) at  (a) 400~ and (b) 455~ 
whi le  those in Fig. 8 a re  for L iCl - r i ch  e lec t ro ly te  (67 
m/o  LiC1) at  (a) 453~ and (b) 481~ Since the mole  
ra t io  of e lec t ro ly te  to FeS was ve ry  high (100:1) wi th -  
in the e lect rode cavi ty  and a ve ry  la rge  excess of 
e lec t ro ly te  was presen t  in the  cell, the  effects shown in 
these figures a re  not  due to shifts in e lec t ro ly te  com- 
position. 

Two genera l  fea tures  of these vo l t ammograms  are  of 
interest .  First ,  the  vo l t ammograms  indicate  tha t  the  dis-  
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Fig. 6. Effects of increasing scan rates on cyclic voltammetry 
peaks of FeS electrode (20 mA-hr capacity) operated in eutectic 
electrolyte at 430~ 
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Fig. 7. Voltammograms for FeS electrodes operated in eutectic 
electrolyte (a) 400cC, 0.015 mV/sec, 18 mA-hr FeS and 90 mg Fe 
in molybdenum housing, and (b) 455~ 0.01 mV/sec, 80 mA-hr FeS 
in graphite housing. 

charge e lec t rochemis t ry  is more  complex than  the 
charge e lect rochemist ry .  The phase  studies showed an 
opposi te  effect, the phase sequences being more  com- 
p lex  dur ing  charge. To expla in  these contras t ing effects, 
a combinat ion of chemical  and e lec t rochemical  reac-  
tions is required.  Second, the vo l t ammograms  indicate  
that  many  of the react ions do not  have the sort  of 
ideal  revers ib i l i ty  that  is des i rable  for  emf  measu re -  
ments;  the discharge peaks  have different  areas  than 
the charge peaks and seem to be located at  different  
potentials .  

The majo r  react ion paths  were  de r ived  by  combining 
the da ta  f rom cyclic v o l t a m m e t r y  and the phase  studies. 
An  e lec t rochemical  react ion ( f rom the l ist  of six in 
the beginning of the paper)  was assigned to each vo l t -  
a m m e t r y  peak  on the basis of its size, location, and  
response to changes in e lec t ro ly te  composition, cell  
t empera ture ,  and charge-cutoff  voltage. These assign-  
ments  were  compared  wi th  the emf  of each react ion 
(given in the next  section) to ensure tha t  the discharge 
peak  was below the ernf and  the charge peak  was above 
the emf. The chemical  react ions were  then considered 
as r equ i red  to reconcile any  differences be tween  the 
e lec t rochemical  ass ignments  and  the  observed  e lec t rode  
phases. These chemical  react ion ass ignments  were  also 
compared  wi th  the emf data, using Eq. [13]-[16], to 
ensure tha t  the react ions were  capable  of proceeding 
in the  des i red  direction.  

The  e lec t rochemical  react ions assigned to charge 
peaks Ic and IIc in Fig. 7 and 8 are, respect ively,  Li2S 
--> X (ET) and X -> FeS (E~). These ass ignments  a re  
based p r imar i l y  on the observat ion  tha t  the  areas  of 
the two peaks  remain  nea r ly  equal  over  a wide range  
of condit ions (see Fig. 7 and 8). However ,  the  ass ign-  
ments  a re  also suppor ted  b y  an analysis  of the  response 
of the  peak  voltages to changes in e lec t ro ly te  compo- 
si t ion and tempera ture .  This analysis  is based  on the 
vol tage  at  the  lead ing  edge of each peak,  which ap- 
proximates the emf of each reaction.  The voltage,  
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Fig. 8. Voltammograms (0.02 mV/sec) for FeS electrode (40 mA- 
hr in graphite housing) operated in LiCI-rich electrolyte (67 m/o 
LiCI) at (a) 453~ and (b) 481~ 

V(Ic), was obtained by linear extrapolation of the left 
side of peak Ic to zero current, and the voltage, V(IIc), 
was obtained by adding the peak separation to V(Io). 
The voltages obtained in this way for a variety of elec- 
trolyte compositions and cell temperatures are pre- 
sented in Table I and Fig. 9. The voltages in Table I 
are independent of electrolyte composition, 'which is in 
accord with the assigned reactions and excludes J -  
phase reactions. Furthermore, the voltages have the 
same temperature dependence as the emf's of the 
assigned reactions, which are derived in the next sec- 
tion and are also presented in Fig. 9. The stight differ- 
ence (10-15 mV) in Fig. 9 between the voltages ob- 
tained from the voltammograms and the actual emf's 

Table I. Voltages of major charge reactions 

Electrolyte 
Temperature composition 

(~ (m/o LiC1) V(Ic) (V) V(IIc) (V) 

400 58 (eu tec t ic )  1.345 1.366 
425 58 1.339 1.364 
6.33 64 1,337 1,362 
433 67 1.335 1.360 
433 67 1.336 1.363 
440 67 1,336 1.366 
451 67 1.335 1.366 
451 67 1.334 1.365 
455 58 1.332 1.363 
455 52 1.332 1.363 
481 67 1.330 1.362 
481 75 1,326 1.359 
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Fig. 9. Comparison of the voltages of the major charge reactions, 
ie and Its, with the emf of the assigned reactions E~(X ~-> Li2'$) 
and Es(FeS ~-> X), respectively. 

is reasonable; the voltages obtained from the voltam- 
mograms may include overpotentials that are not re- 
moved by linear extrapolation techniques. Thus, the 
peak areas and the response of the peaks to changes in 
electrolyte composition and temperature all tend to 
support the reaction assignments. 

Peaks Ic and IIc are equivalent to charge region B 
of Fig. 4. According to the phase studies for this region, 
J-phase is formed to some extent during reaction 
Ie(Li2S -> X) and it is the final product of reaction 
IIs(X --> FeS). Thus, chemical reactions [9] (X ~ J + 
Li2S) and [10] (X + FeS --> J) are required to recon- 
cile the differences between the electrochemical assign- 
ments and phase studies. These reactions form J-phase 
at temperatures as high as 455 ~ and 623~ respectively, 
in eutectic electrolyte, according to Saboungi and 
Martin (16). Certain rate conditions are implicit in 
these assignments (namely, [9] is slow and [10] is 
fast), but the rates have not been measured. 

The J-phase that is formed in the above reactions is 
equivalent to approximately 90% charge. The remain- 
ing 10% of the charge reaction (J -~ FeS) occurred in 
cell tests on a poorly defined plateau (see Fig. 4) that 
was temperature sensitive (~l.7V at 390~ ~1.45V 
at 480~ In the cyclic voltammetry, we had great diffi- 
culty in locating a corresponding current peak. At low 
temperatures (400~ the peak may have been masked 
by the Fe --> Fe 2+ charge reaction, which is shown 
in Fig. 7(a). When this reaction was avoided by re- 
versing the charge scan at 1.7V instead of 1.8V, the 
leading discharge peak, ID, was only 50% as large. This 
indirect evidence suggests that the conversion of 
J-phase to FeS occurred in the neighborhood of 1.7V. 
At a higher temperature of 455~ a small peak (IIIc) 
was barely discernible above the background current 
in Fig. 7(b). This peak shifted from ~1.5 to ~l.SV 
when KC1 was added to the electrolyte (decreasing the 
LiC1 concentration from 58 to 52 m/o).  Such a shift is 
in the expected direction according to emf calculations 
which are discussed later. Therefore, we have tenta- 
tively assigned the reaction J --> FeS(E2) to peak IIIc. 

In the scans employing LiCI-rich electrolytes (Fig. 
8), no high-voltage charge peak for the J -~ FeS re- 
action could be detected above the background cur- 
rent, but indirect evidence again suggested that a rela- 
tively high voltage was required to complete the re- 
action. For instance, the discharge peak ID, IID shown 
in Fig. 8(a) was only half as large when the charge 
scan was reversed at 1.56V instead of 1.7V. A peak 
representing 10%-12% of the charge capacity in Fig. 7 
and 8 would have been readily detected if the reaction 
occurred over a narrow voltage range like peaks Is 
and IIr we believe therefore, that the IIIc peak was 
usually too broad to detect. 

In Fig. 8 (b), two poorly resolved peaks and much of 
the high-voltage region are labeled as background B. 
These features became noticeable only after high-tem- 
perature (,~450~ cycles. We concluded that the B-re- 
actions were not associated with the normal FeS re- 
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actions because they  did not  decline wi th  cycling as sul-  
fide was lost f rom the e lec t rode  (p robab ly  th rough  dis-  
solut ion of Li2S in the large  volume of cell e lec t ro ly te ) .  
Over a per iod  of ten cycles of the  type  shown in Fig. 
8 (b) ,  the FeS react ion peaks  al l  decl ined by  a factor  of 
three  while  the background  features  r emained  constant.  
The background  peaks and much of the  1-3 m A  back-  
ground cur ren t  at  h igh voltages m a y  have resul ted  f rom 
in te rca la t ion  of e lec t rode  mate r i a l  in the g raph i te  
housing; g raph i t e  Will in te rca la te  i ron chloride and 
i ron sulfides at  high t empera tu res  (23). The background  
prob lem is also present  in the scan shown in Fig. 8 (a) 
( the same electrode,  but  an ear l ie r  cycle) ,  and one of 
the background  peaks seems to be presen t  in Fig. 7 (b) 
to the r ight  of peak  IIc (this e lect rode also employed  
the g raph i te  housing) .  With  a mo lybdenum housing, the 
peaks  were  absent,  but  h igh-vol tage  background  cur-  
rents  were  st i l l  a problem.  

The discharge e lec t rochemis t ry  was ve ry  compl i -  
cated. For  example ,  five discharge peaks  are  noted in 
Fig. 7 (a) ,  ye t  only two phase mix tures  (FeS, J and Fe  
or J, Li2S and Fe)  are  found on discharge at  such low 
cell  t empera tu res  (400~ Thus, a t  low tempera tures ,  
the re  are  too many  e lec t rochemical  steps and not 
enough phase mix tures  to account for  them. Since 
X-phase  is present  in the charge react ions and in the 
h igher  t empera tu re  discharges,  we shal l  assume tha t  i t  
is also an in te rmedia te  in the  lower  t empe ra tu r e  dis-  
charges. This s i tuat ion is bas ica l ly  no different  than 
that  wi th  charge peak  IIc, where  the e lect rochemical  
evidence w a r r a n t e d  choosing FeS as a charge in t e r -  
media te  even though J -phase  was the final product .  
However,  the  p rob lem in choosing the in te rmedia te  is 
more obvious on discharge since X-phase  wil l  be 
requ i red  for th ree  of the five l o w - t e m p e r a t u r e  peaks.  

The discharge peaks  in Fig. 7 and 8 can be divided 
into two groups using the emf of the  J --> Li2S reac t ion  
(~1.32V f rom the emf measuremen t s ) .  F rom the known 
phase mixtures  above  and be low this emf, the 
two higher  vol tage  react ions conver t  FeS to J -phase  
and the three  lower  vol tage react ions convert  J -phase  
to Li2S. As the t empera tu re  and LiC1 concentra t ion 
were increased the separate peaks in each region 
tended to merge;  the mul t ip le  labels  on a peak  thus 
reflect the probable  occurrence of more  than  one re -  
action. 

The e lec t rochemical  react ions assigned to peaks  ID 
and liD are  FeS --> J(E2) and FeS ~ X(Es ) ,  respec-  
t ively.  As wi th  the charge peak  IIe (X -~ FeS) ,  we 
shall  requi re  chemical  react ion [10] (X + FeS  ~ J )  
to occur wi th  the discharge peak  IID (FeS ~ X) .  Thus 
the final p roduc t  of ID and IID is J -phase .  The .combined 
areas  of these two peaks are  consistent  wi th  the con- 
vers ion of FeS to J -phase  (,~10% of the  discharge ca- 
pacity).  At  high t empera tu res  and LiC1 concentrat ions,  
these peaks  tended  to merge  at the locat ion of the  IID 
peak  which is in accord wi th  the ass ignments  since the 
s tab i l i ty  of the X-phase  re la t ive  to J -phase  increases 
under these conditions. 

The e lec t rochemical  react ions assigned to peaks  
IIID, IVD, and V D a r e  J ~ X(Es ) ,  X --> Li2S(ET), and 
J--> Li2S(E4), respect ively.  These peaks merge  in a 
complex manner  as the LiC1 concentra t ion and t em-  
pe ra tu re  of the cell  a re  ra ised (compare  Fig. 7 and 
8). The las t  of the peaks,  VD, is assigned the J --> Li2S 
react ion because i t  is p resen t  under  condit ions of lowest  
X-phase  s tab i l i ty  re la t ive  to J -phase  ( lower  t e m p e r a -  
tures  and lower  LiC1 concentrat ions) .  The other  two 
peaks,  which are  poor ly  resolved,  a re  assigned the 
J --> X (IIID) and X --> Li2S (IVD) react ions mere ly  be -  
cause the J --> X t rans i t ion  has to precede the X --> Li2S 
transit ion.  The poor resolut ion implies  tha t  the reac-  
t ions tend to occur s imultaneously.  Consequently,  
X-phase ,  if it  is indeed the in te rmedia te  in this doublet ,  
need not  appear  as a ma jo r  phase dur ing the J --> X --> 
Li2S sequence. The IIID-IVD react ion assignments  are  
thus in accord with  the phase  studies. 

Wi th  a s toichiometr ic  FeS elect rode at  a t e m p e r a -  
ture  of 400~ peak  VD was much more p rominen t  than  
shown in Fig. 7 (a) .  Its a rea  was equiva lent  to ~50% 
of the discharge capacity,  and i t  was a more  definite, 
but  ve ry  broad  peak  tha t  was centered at  ~ l .19V and 
ex tended  f rom ~ I V  into the t ra i l ing  edge of the IIID- 
IVD peaks.  Wi th  a large  excess of Fe in the electrode 
[Fig. 7 ( a ) ] ,  this b road  VD peak  was pa r t i a l l y  sup-  
pressed and the IIID-IVD peaks  were  accentuated.  A 
more  efficient method of suppressing VD is to reverse  
the direct ion of chemical  react ion [9] (X -> J ~ Li2S) 
th rough  the use of h igher  t empera tu res  and h igher  
LiC1 concentrations.  These condit ions tend  to p ro -  
mote  the J --> X -> Li2S reac t ion  sequence (peaks IIID 
and IVD) and diminish  the cont r ibut ion  f rom the d i -  
rect  J --> Li2S react ion (peak  VD). However ,  f rom the 
w a y  in which the peaks merge  as the cell t e m p e r a -  
ture  and LiC1 concentra t ion are  increased,  we be l ieve  
all  three  react ions occur s imul taneous ly  and have 
labe led  the vo l t ammograms  in Fig. 8 accordingly.  The 
X-phase  wil l  tend  to appear  dur ing these s imul taneous  
react ions since it is an equi l ib r ium phase  at  h igher  
t empera tu res  and LiC1 concentrat ions.  

In  the above ass ignments  we have not employed  the 
FeS -> Li2S (E6) reaction. Al though this react ion wil l  
no doubt  be requi red  to expla in  h igh - scan - ra t e  data, i t  
does not r epresen t  an equi l ib r ium mix tu re  of cell  
phases under  any of our test conditions. 

The react ion assignments  are  summar ized  in Fig. 10 
for two genera l  cases, (a) lower  LiC1 concentrat ions  
and tempera tures ,  and (b) h igher  LiC1 concentra t ions  
and tempera tures .  The conne2ting l ines are  l abe led  
wi th  the  assigned peaks  ( ra the r  than  the Ei used in 
Fig. 1), and the broad  ar rows show the effects of the 
chemical  react ions [9] and  [10]. Note tha t  the X 
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Fig. 10. Summary of reaction assignments for two general cases 

(a) lower LiCI concentrations and temperatures and (to) higher 
LiCI concentrations and temperatures. Peak assignments from 
cyclic voltamm~try (roman numerals) and the directions of chemi- 
cal reactions [9] (X ~-~ J -I- Li2S) and [10"1 (X ~ FeS ~-~ J) are 
shown. 
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J(E3) and Li2S --> J(E4) lines have no peak assign- 
ments  on charge. The results of emf measurements  
show that E3 and E4 are reversible under  some condi- 
tions. ~ Consequently, these reactions must  occur, but  
may  be masked by the other reactions. The only not-  
able difference between cases (a) and (b) in  Fig. 10 
is that  reaction [9] tends to form J-phase in  (a) and 
X-phase in  (b).  This accentuation of X-phase at higher 
LiC1 concentrat ions and temperatures  leads to greatly 
improved cell performance (19, 20), without  completely 
e l iminat ing  J-phase  from the reaction scheme. 

Em~ measurements  and thermodynamic proper t ies .~  
Voltage vs. tempera ture  data are given in  Fig. 11 and 
12. The data in Fig. 11 are from one cell on which mea-  
surements  were made at 15%-30% discharge (squares) 
and at 20% charge (circles). The data in Fig. 12 are 
from a second cell on which measurements  were made 
at 80% charge. The lines E3, E4, and E7 in these figures 
are l inear  regression curves through selected data (the 
selection process is based on reversibi l i ty  tests, and is 
described below).  The dashed curves labeled ~, /~, and 

in the figures pass through data that  represent  mea-  
surements  on various nonequi l ib r ium mixtures  of elec- 
trode phases (see below);  the potentials of such mix-  
tures are often called "mixed" potentials. 

Other types of voltage vs. temperature  pat terns can be 
obtained depending on the cell operating temperature,  
the percent  of discharge or charge; and the direction of 
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Fig. 11. Voltage measurements on LiAI/FeS cells at 15%-30% 
discharge ('squares) and 20% charge (circles). Emf assignments and 
a nonequilibrium curve, ~, are also shown. Electrolyte is LiCI-KCI 
eutectic. 
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Fig. 12, Voltage measurements on LiAI/FeS cell at 80% charge. 
Emf assignments and three nonequilibrium curves (a,/~, 7) are also 
shown. Electrolyte is L, ICI-KCI eutectic. 

tempera ture  change dur ing the voltage measurements.  
For example, a cell was discharged aout 52% at a tem- 
perature of 400~ and the open-circui t  voltages were 
recorded as the temperature  was first increased to 
500~ and was subsequent ly  decreased to 400~ What  
is expected here is a pat tern  similar to the 15%-30% 
discharge data shown in Fig. 11, bu t  the high tempera-  
ture data should lie on the X <---> Li2S line instead of 
the J <---> X line because, beyond 50% discharge, the 
high temperature  equi l ibr ium phases are X, Li2S, and 
Fe. The results when increasing the temperature  were 
in accord with expectations; the data at temperatures  
below 470~ were near  the J <---> Li2S line, and, above 
470~ the data were near  the X <---> Li2S line. However, 
when the temperature  was then decreased in several  
stages from 500 ~ to 400~ in an at tempt  to retrace the 
X <---> Li2S and J <--> Li2S lines, the data were near  the 
X <---> Li2S and o-lines. Thus, the voltage pat terns can 
be extremely complex. 

An emf may be extracted from such data only when 
certain reversibi l i ty criteria are satisfied. For instance, 
the J <--> X(E~) data are obtained at both 20% dis- 
charge (Fig. 11) and 80% charge (Fig. 12) which are 
equivalent  states of charge approached from different 
directions. This is an indication of reversibil i ty.  In 
addition, we found the J, X, and Fe phases in apparent  
equi l ibr ium at this emf by  phase determinat ions on a 
cell that had been equil ibrated for 50 hr at 20% dis- 
charge and 500~ Thus, we consider the J <---> X(E3) 
line to be well established and have calculated E8 by a 
l inear-regression analysis of the 480~176 data near  
E~ in Fig. 1i and 12. This emf 4 is given by 

E 3 ( J  <-> X )  - -  1238.6 -{- 0.1753T [17]  

The J <---> LieS (E4) data in  Fig. 11 were collected in 
several experiments:  (i) The cell was discharged 
,,,15% at 486~ and measurements  were made on the 
J <--> X(E3) l ine prior  to lowering the temperature  to 
measure the J <---> Li2S (E4) line. (ii) The cell was dis- 
charged ,~20% at 400~ and measurements  were made 
on the J <--> Li2S(E4) line prior to increasing the tem- 
perature to measure the J <--> X(E3) line. The data from 
(i) and (ii) coincided, indicat ing reversibili ty.  (iii) 
The celt was discharged -~30% at  443~ and the pro-  
cedure described in (ii) was repeated, giving the same 
results. In this case, however, the tempera ture  was 
lowered again in an at tempt  to retrace the J <---> Li2S(E@ 
line; the data appeared instead on the a- l ine  (the two 
square symbols on this l ine in Fig. 11). 

From such measurements,  we have found that the 
J <---> Li2S(E4) l ine can be observed when the celI is 
discharged at low temperatures  to avoid large amounts  
of the X-phase. No data for this line were obtained dur-  
ing charge, where the X-phase interferes. Because of 
the difficulty in establishing reversible behavior, we 
consider this l ine to be less well  defined than the J <---> 
X(E~) line. A l inear  regression analysis  of the 400 ~ 
450~ data along E4 in  Fig. 11 gives 

E4(J <--> Li2S) ---- 1346.0 - -  0.0525T [18] 

The X <--> Li2S(E7) data shown in Fig. Ii  are for 20% 
charge; data near the E7 line have also been obtained 
at >50% discharge, indicat ing reversibil i ty.  The per-  
sistance of X-phase at low temperatures  leads to var i -  
ous nonequi l ib r ium extensions of the E7 l ine into the 
J-phase field. These extensions, which are labeled ~, 
/3, and "r in Fig. 11 and 12, would lie on the E4 line if 
X-phase were absent. Consider the ~-line data in Fig. 
11. The data, most of which were obtained at 20% 
charge, are as much as i0 mV above the J <---> Li2S data, 
which were obtained near  20% discharge. However, 
20% discharge is actual ly the higher state of charge, 
being equivalent  to 80% charge. Thus, the ~-data are 
definitely for a nonequi l ib r ium state; the emf at 20% 

All emf equations are given with the temperature  in degrees 
centigrade and the eraf in millivolts. 
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charge cannot exceed the emf at 20% discharge. De- 
spite the lack of equil ibrium, the a-l ine data represent  
quite stable voltages; the data at 398 ~ and 431~ 
showed less than 0.1 mV drift  in 100 hr open-circui t  
measurements.  The  colinear data along the e- l ine and 
E~ l ine  in  Fig. 11 give the following equation for E7 

ET(X<--> LieS) ---- 1405.8 -- 0.1781T [19] 

The data along the -y-line in Fig. 12 were obtained 
during an attempt to eliminate the X-phase by ex- 
tended open-circuit relaxations at a high state of 
charge. (At a high state of charge the ratio of J-phase 
to X-phase is high.) Eight measurements were made 
along the 7-1ine over a 300 hr period as the tempera- 
ture was lowered. It can be seen that data lying be- 
tween the lines E4 and a were obtained, suggesting 
that traces of X-phase were still affecting the results. 
The cell was then heated at ,-500~ to generate addi- 
tional X-phase, and two voltage measurements were 
n~ade over a 90 hr period at low temperatures. The data 
were on the E-line in Fig. 12, indicating a somewhat 
higher level of X-phase in these shorter time measure- 
ments. It was evident from the above tests that many 
hundreds of hours would be required to completely 
eliminate the X-phase at low temperatures. 
The J <-> Li2S, J <--> X, and X <--> LieS lines in Fig. Ii 

and 12 intersect at 473 ~ _ 20C and 1321.4 _ 0.2 inV. 
This is a point of four-phase equilibrium (J, X, LieS, 
Fe) at which ~G9 = 0 in Eq. [13]. Metallographic 
studies have indicated temperatures of 4550 • 4~ (16) 
and 465 ~ _+ 7~ (24) for this intersection. Considering 
the difference in  techniques, we believe the measure-  
ments are in  fair agreement.  

One test of the emf equations given for Ej, E4, and E7 
is provided by Eq. [13] which can be wr i t ten  as follows 

(E7 -- Es) : 2.30 (E7 -- E4) [20] 

This equation can be used to calculate E4* 5 from the 
measurements  of E3 (Eq. [17]) and E7 (Eq. [19]) 

E4* (J <-> Li2S) -- 1333.0 -- 0.0245T [21] 

The difference between E4 (Eq. [18] ) and E4* is only 
1.7 mV at 400~ In  view of the difficulties in establish- 
ing the E4 line, we consider the agreement  between E4 
and E4* to be acceptable. In fact, we prefer to use E4* 
in our subsequent  calculations since E4 is slightly 
above E4*, which may reflect the presence of some 
residual  X-phase dur ing the E4 measurements.  

Note that only two of the emf equations presented 
so far are independent ;  one addit ional  emf is needed 
to determine the thermodynamic properties of the FeS 
electrode. We at tempted to measure the emf of the 
FeS <--> J(Ee) transit ion,  bu t  could not obtain stable 
readings. For example, when a cell was charged at 
446~ to ,~95% of its theoretical capacity, where the 
FeS <--> J t ransi t ion is known to occur, the open-circui t  
voltage steadily declined from 1.49V at 1 hr to 1.42V 
at 24 hr. When the same cell was taken to full  charge 
and then discharged ~5%,  the open-circui t  voltage rose 
to 1.43V at 1 hr, but  then declined to 1.355V at 24 hr. 
We will  be able to compute the emf of the FeS <--> 
J (Ef)  reaction (assuming it  has a fixed emf),  bu t  we 
consider the calculated value to be uncer ta in  since di-  
rect measurement  was not  possible. 

To obtain the addit ional  emf equation that was re-  
quired for a complete description of the electrode, we 
calculated the emf of the FeS <-> LieS(E6) reaction 
from available thermodynamic  data (3, 25-27). This 
emf, which is probably  uncer ta in  by +_25 mV, is 

E~* (FeS <---> Li2S) ---- 1383 -- O.10T [22] 

The J <--> X, X <---> LieS, and FeS <--> Lies equations were 
then combined with Eq. [13]-[16] to calculate the emf 
of the FeS <--> X reaction and FeS <---> J reaction. These 

An as te r i sk  on an e m f  indicates  that  it has been  ca lculated  
f r o m  other  data. 

calculated emf equations are given by  

Es* (FeS <--> X) = 1361 - -  0.022T [23] 

E2* (FeS <---> J)  -- 1769 -- 0.68T [24] 

Five emf equations are plotted in  Fig. 13 to show 
the regions of s tabil i ty of the various electrode phases 
in eutectic electrolyte. The equation for E6*, which is 
simply the average of Es* and ET, is omitted. Note the 
location of an intersection between E2*, Ej*, and E8 at 
a temperature  of 621~ This tempera ture  is in ex- 
cellent~ agreement  with metallographic studies, which 
have located the intersection at 623 ~ +_ 7~ (16) and 
624 ~ +- 4~ (24); the four solid phases in equi l ibr ium 
here are FeS, J, X, and Fe. Because of the excellent 
agreement  with metallographic studies, we believe the 
Ej* line is accurate to wi thin  a few millivolts. It 
follows that the E6* equation must  have a similar ac- 
curacy, al though the thermodynamic  data from which 
E6* was calculated were not that precise. 

It will  be noted that the FeS <--> X(Ej* ) ,  J <-> X(E~*), 
and X <--> Li2S(E7) lines have been extended in  Fig. 
13 to low temperatures.  These extensions were re-  
quired to t reat  both the phase data and the cyclic- 
vol tammetry  peaks at lower cell temperatures.  

The FeS <--> J(E2*) line in Fig. 13 is located at a re la-  
t ively high voltage (,-~I.5V at 400~ ~1.46V at 450~ 
The cyclic vol tammetry  studies gave lower voltages 
than E~* on discharge (1.4V at 400~ 1.38V at 450~ 
but higher voltages on charge (,-~l.7V at 400~ ~I .5V 
at 455~ In  cells potentiostated at 1.50V for 100 hr 
at 400~ no FeS was formed from J-phase. Thus, the 
proposed emf for the J <---> FeS transi t ion is in accord 
with the exper imental  data. 

The emf's of reactions [2], [3], and [4] depend on the 
electrolyte composition. The changes in E~*, Ej, and 
E4* can be calculated from the reaction stoichiometry 
and the changes in the activity of LiC1 and KC1 with 
electrolyte composition (28). The calculated emf equa-  
tions for an LiCl-r ich electrolyte containing 67 m/o  
LiC1 are as follows 

E2*' = 1738 - -  O.71T [25] 

Ej' = 1247.8 -5 0.1843T [26] 

E4*' = 1.337.1 -- 0.0205T [27] 

These equations (and Es* and ET) are plotted in Fig. 
14 to show the effects of the LiCl-r ich electrolyte on 
the regions of stabili ty of the various electrode phases. 
The emf-intersect ion temperatures  decrease from 473 o 
and 621~ in eutectic electrolyte (Fig. 13) to 436 o and 
549~ respectively, in the LiCl-r ich electrolyte (Fig. 
14). These shifts cause the field of J -phase  stabil i ty to 
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Fig. 13. Regions of stability of FeS, J-phase, X-phase, and Li2S in 
LiCI-KCI electrolyte of eutectic composition. Extensions of the 
FeS <--> X(E5*), J <--> X(E~), and X <--'> LieS(E7) reactions into the 
law temperature region are indicated by dashed lines. An asterisk 
indicates a calculated emf. 
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Fig. 14. Regions of stability of FeS, J-phase, X-phase, and Li2S in 
LiCI-rich electrolyte (67 m/e LiCI). Extensions of the FeS <--> 
X(Es*), J <--> X(E3'), and X <--> Li2S(E7) reactions into the low 
temperature region are indicated by dashed lines. An asterisk in- 
dicates a calculated emf. Note that E2*', E3', and E~*' are shifted 
from their corresponding values in eutectic electrolyte (E2*, Es, E4*), 
and the field of J-phase stability is therefore much smaller. 

become much smaller. A cell temperature  of 460 ~ and 
an electrolyte containing ,-,67 m/o LiC1 are known to be 
sufficient to suppress the harmful  effects of the J-phase 
on electrode performance (19). According to Fig. 14, 
the reaction sequence under  these conditions is FeS <--> 
5 <--'> X <---> Li2S. 

Another  calculation that can be made from the emf 
equations and the activities of LiC1 and KC1 is the 
emf- intersect ion temperatures  in LiCl-sa tura ted elec- 
trolyte. For example, the intersection of E~*, Es*, and 
E3, which occurs at 621~ in eutectic electrolyte, is 
calculated to occur at 481~ in electrolyte saturated 
with LiC1 [75.2 m/o  LiC1 (29)]. This tempera ture  is in  
excellel~t agreement  with the metal lographical ly deter-  
mined temperaure  of 481 ~ • 5~ (16). Similar  calcula- 
tions for the intersection of Es, E4*, and E~ (which 
occurs at 473~ in eutectic electrolyte) give a value 
of 429~ in LiCl-saturated electrolyte [68.4 m/o  LiCI 
(29)], which is in  reasonable agreement  with the 
419 ~ • 2~ tempera ture  determined in the metal lo-  
graphic studies (16). The above temperature  calcula- 
tions rely on the reaction stoichiometries and certain 
emf differences, while the metallographic studies only 
require the presence or absence of phases. The good 
agreement  between these independent  methods tends 
to confirm the emf equations and the reaction stoichi- 
ometries. Therefore, the free energy changes of the 
chemical reactions can be calculated with a reason- 
able degree of confidence. 

The free energy changes of the chemical reactions 
[9]-[12] were calculated from the emf equations and 
Eq. [13]-[16]. For the calculations we selected the 
eutectic electrolyte as the s tandard  state and used the 
following relationships 

AG~ ---- --20 F ( E  7 - -  E 3) ---- - -322 .6  -}- 0.682T [28]  

~G~ ---- - - 2 0  F ( E ~ *  - -  E s )  ~ - -236  -+- 0.380T [29] 

~ ,G~  ~ - - 6 F ( E 2 *  - -  E 6 * )  - -  - -223  -}- 0.336T [30] 

~G~ ---- - -F(Es*  -- ET) -" 4.32 -- 0.015T [31] 

where the . temperatures  are in ~ and the f lee energy 
changes are in kJ. Calculated values are given in Table 
If for temperatures  ranging from 400 ~ to 600~ This 
table shows the decreasing stabil i ty of J-phase (first 
three reactions) and increasing stabil i ty of X-phase 
(last reaction) with increasing temperature.  

The AG~ values in Table II are in good agreement  
with an earlier study (15), which gave values of --1.38 
• 0.84 kJ at 450~ and --3.01 +_ 0.84 kJ at 500~ The 
AG~ values in Table II are more negative than those 
obtained in  the earlier study, which gave values of 

Table II. Standard free energy changes for the four chemical 
reactions 

Standard free energy change (kJ) 

~G'~ (reaction) 400~ 450~ 500~ 550~ 600~ 

AG~ (X-~ g + Li=S) -50 -16 18 52 87 
hG'~o (X + FeS-~ J) -94 -65 -46 --27 -8 
~G~ (Li~S + FeS-+ J) -89 --72 -55  -38  --21 
hG~ (Li2S + FeS ~ X) -13 --2.4 -3.2 -3.9 -4,7 

--25.9 +_ 7.5 kJ  a 400~ --25.5 _ 1.2 kJ  at 450~ a n d  
--28.9 • 2.5 kJ  at 500~ These values were obtained by  
determining the sulfide-ion activity required to c a u s e  
J-phase  formation from FeS in eutectie electrolyte. The 
method used was equivalent  to a cell discharge, and 
the location of the FeS <--> J (E2) discharge peak in the 
cyclic vol tammograms (Fig. 7) is indeed in accord with 
the earlier measurements.  However, we prefer the 
higher voltage calculated from Eq. [24] for the FeS <---> 
J (E2) reaction since it seems to be more representat ive 
of the combined data for discharge and charge. 

One measure of the uncer ta in ty  in  the AG~ v a l u e s  
given in Table II is provided by an a l ternat ive  calcu- 
lation. Note that  Eq. [15] gives two methods of calcu- 
lat ing ~G~ one based on E2 (which was used for 
Table II) and another  based on E4, which was both 
measured (Eq. [18]) and calculated (Eq. [21]). Of 
course, the value of 5G~ that  would be obtained from 
the calculated E4(E4*) would agree with the results 
given in  Table II. However, the equation that  results 
from the measured E4 is 

AG~ ---- --164 + 0.211T [32] 

This equation differs significantly from Eq. [30] a n d  
gives values ranging from --80 kJ at 400~ (vs. --89 
kJ in Table II) to --38 kJ at 600~ (vs. --21 kJ  in  
Table II) .  Clearly, a l ternat ive methods of measur ing 
this free energy change are needed. The problem is to 
find reversible conditions under  which the emf of the 
FeS <---) J(E2) reaction can be measured;  the use of 
LiCl-rich electrolytes for this par t icular  emf ~measure- 
men t  may be appropriate.  

Conclusions 
A reasonably complete description of the electro- 

chemistry and chemistry of the FeS electrode in LiC1- 
KC1 electrolytes at low cycling rates was obtained by 
combining phase studies, cyclic vol tammetry  data, and 
emf measurements.  In many  cases, the measurements  
are in excellent agreement  with other studies, but  in 
one par t icular  area, the thermodynamics of the J-phase 
(LiK6Fe24S26C1), more study is needed. The problem 
with the J-phase is the poor reversibi l i ty  of its elec- 
trochemical reactions, which leads to large uncer ta in-  
ties in the thermodynamic properties. 

In agreement  with other studies, high LiC1 concen- 
trations in the LiC1-KC1 electrolyte tend to improve 
the cell performance by suppressing th*e adverse effects 
of the J-phase. The required mole ratio of LiC1 to 
KC1 is approximately 2: 1. This electrolyte accentuates 
the reactions of X-phase  (Li2FeS2), which are m o r e  
reversible than the J-phase  reactions. 

To date, emf measurements  have been conducted only 
in the eutectic electrolyte. Measurements will also be 
needed in  LiCl-rich electrolytes and in  electrolytes 
co~l~ming only l i th ium salts (e.g., LiC1-LiBr-LiF) to 
more firmly establish the thermodynamics  of the six 
electrochemical and four chemical reactions that  are 
required to describe the FeS electrode. Methods of es- 
tablishing the ident i ty  of t ransient  intermediates in the  
electrode reactions are also desirable; at present, the 
reactions are understood only at low cycling rates. 

The very complex chemistry and electrochemistry of  
the FeS electrode has not prevented its use in  h igh-  
performance (>100 W - h r / k g ) ,  long-l ived (>300 
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cycles) Li-A1/FeS cells. The performance and cycle life 
of this cell may be even higher than they are at pres- 
ent once the FeS electrode reactions are fully under- 
stood. 
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Properties of LiAICI,-SOCI  Solutions for 
Li/SOCI  Battery 
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ABSTRACT 

Conductance  and viscosi ty of LiA1C14-SOC12 solut ions covering a wide 
range  of concentra t ion (10-4-2.0M) have  been  measured  at  25~ and for  
concent ra ted  solutions these measurements  have been made  at  severa l  t em-  
peratures .  Pa rame te r s  character is t ic  of ion- ion  and ion-so lven t  in teract ions  
and the energy  of ac t ivat ion for conductance and for viscous flow have been 
obtained.  Cyclic vo l t ammograms  of LiA1C14-SOC12 solutions at  severa l  concen- 
t ra t ions  have  been ob ta ined  and the effect of the addit ives,  such as $2C12, SC12, 
SO2, and SO2C12 on the reduct ion behav ior  of SOC12 has been s tudied as 
some of these are  reduct ion products  of SOCI2. The implicat ions  of these 
studies on the per formance  and safe ty  of the l i t h ium- th iony l  chlor ide b a t t e r y  
are  discussed. 

The l i t h ium- th iony l  chloride ba t t e ry  sys tem has be -  
come technologica l ly  impor t an t  as a h i g h - e n e r g y  den-  
s i ty  and h igh -power  dens i ty  ba t t e ry  wi th  po ten t ia l ly  
long shel f - l i fe  (1-4).  In  a l i t h ium- th iony l  chlor ide 
(Li/SOC12) ba t te ry ,  th ionyl  chlor ide  serves both  as a 
solvent  for  the  solute and a depolar izer  for the  cell. 
The common solute  used for  p r i m a r y  act ive cells is 
l i th ium a luminum chloride (LiA1C14) in SOC12 at  
fa i r ly  high concentra t ion  (1.5-1.8M). I t  is wel l  known 
tha t  the  t r anspor t  p roper t ies  and the s t ruc ture  of 
these solutions p l ay  an impor t an t  role in the pe r fo rm-  
ance of the ba t te ry .  The charge  t ransfer  ra te  is ve ry  
much influenced by  the na tu re  of the e lect r ica l  double 
l aye r  a t  the  phase  boundary ,  and the double  l ayer  
s t ruc ture  is dependen t  on the proper t ies  of the e lec t ro-  
ly te  solution. Recent ly  the  e lect r ica l  conductance, v is-  
cosity, dens i ty  of LiA1C14-SOC12 solutions, and diffu- 
sion coefficient of e lec t roact ive  species, namely,  SOC12, 
have been repor ted  (5). 

A be t te r  unders tand ing  of the overa l l  react ion mech-  
anism and the reac t ion  products  dur ing  the discharge 
of l i t h ium- th iony l  chlor ide ba t t e ry  is necessary  to 
improve  the pe r fo rmance  and safety of the bat tery .  
There  is no complete  ag reemen t  on the l i th ium thionyl  
chlor ide  cell react ion and severa l  cell  react ions have 
been proposed (1, 2, 6). I t  has been repor ted  that  the 
products  of e lectrolysis  of SOC12 above O~ are  SO2, 
$2C12, and Cl~ (7). This paper  repor ts  the resul ts  ob-  
ta ined  on conductance,  viscosity, and densi ty  of 
LiA1CI4-SOC12 solutions covering a wide range  of con- 
cen t ra t ion  (10-4-2.0M) and tempera ture .  Pa rame te r s  
character is t ic  of ion- ion  and ion-solvent  in teract ions  
and the energy  of ac t iva t ion  for conductance and for 
viscous flow have  been obtained.  Cyclic vo l t ammet r i c  
studies on LiA1C14-SOC12 solutions at  severa l  concen- 
t ra t ions  have been  obta ined and the effect of addi t ives  
such as $2C1~, SC12, SO2, and SOeCI~ on the reduct ion 
behavior  of LiA1C14-SOC12 solutions have been e x a m -  
ined. The impl ica t ions  of these studies on the pe r -  
formance  and safe ty  of l i t h ium- th iony l  chlor ide ba t -  
t e ry  are  discussed. 

Experimental 
Thionyl  chlor ide  (MC/B)  was mixed  wi th  t r ipheny l -  

phosphi te  (16% by  volume)  and dis t i l led  under  a posi-  
t ive pressure  of d ry  ni trogen.  The dis t i l la te  f rom the 
first d is t i l la t ion was redis t i l led  wi th  a cut-off  point  at  
8O~ and the middle  f rac t ion of the second dis t i l la t ion 
was used for  this study.  Anhydrous  LiA1C14 p repa red  
in  this l abo ra to ry  was used. Al l  chemicals  were  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r ,  
Key  w o r d s :  l i t h i u m  b a t t e r y ,  t h i o n y l  ch lo r ide ,  c o n d u c t a n c e ,  

viscosity, cyclic voltammetry. 

weighed to 0.1 mg inside the  d ry  box which  was 
purged  wi th  d ry  argon. Al l  solutions were  p repa red  in 
the glove bag under  a posi t ive pressure  of d ry  n i t ro -  
gen. Elec t rochemical  measurements  were  car r ied  out  
using different  batches of LiAIC14-SOC12 solutions and 
the expe r imen ta l  da ta  were  reproducible .  Conductance 
measurements  were  made  using a Jones br idge  with  
accessories and Jones and Bol l inger  type  conductance 
cells wi th  b r igh t  p la t inum disk e.ectrodes.  A constant  
t empera tu re  oil ba th  wi th  a control  of ~0.05~ at  15 ~ 
and 25~ and ~0.5~ at  40 ~ and 60~ was used. Vis-  
cosity was measured  using ca l ibra ted  Cannon-Fenske  
type  viscometer  wi th  guard  tube a t t achment  to min i -  
mize mois ture  contaminat ion.  Densit ies  were  measured  
using a ca l ibra ted  dens i ty  bottle.  Cyclic vo l t ammet r i c  
studies were  carr ied  out  using Pr ince ton  Appl ied  Re-  
search Corporat ion Model 173 po ten t ios ta t /ga lvanos ta t  
wi th  a Model 175 universa l  p rogrammer .  A th ree -e lec -  
t rode cell  wi th  compar tments  separa ted  by  a med ium 
porosi ty  f l i t t ed  disk was used. A glassy carbon elec-  
t rode was the work ing  electrode,  wi th  p l a t inum spira l  
counterelectrode,  and L i / L i  + wi th  a solut ion of LiA1C14 
of the same concentra t ion as in the  work ing  electrode 
compar tmen t  in SOC12 in a tube wi th  f r i t t ed  disk was 
used as a reference  electrode.  The glassy carbon elec-  
t rode was pol ished to a mi r ro r  finish wi th  a lumina  
powder,  washed wi th  O.05M H2SO4 and wi th  dist i l led 
water .  The cyclic vo l t ammograms  were  run  at  different  
scan rates  a f te r  c leaning the e lec t rode  and the vol-  
t ammograms  were  reproducible .  

Results and Discussion 
The basic conductance,  viscosity, and densi ty  da ta  

for LiA1C14 in SOC12 solutions covering a wide range  
of concentrat ions are  given in Tables I and II. The 
specific conductances of LiA1C14-SOC12 solutions mea-  
sured over  a range of concentra t ion  (3 • 10-4-2.0M) 
show that  the  conductance increases wi th  concentra-  
t ion and reaches a m a x i m u m  at  about  1.8M. A plot  of 
equiva lent  conductance (A) vs. C1/2 shows tha t  the  
value  of A is h igh at  low concentrat ion,  decreases r ap -  
id ly  wi th  increase of concentrat ion,  reaches  a m a x i -  
mum around 0.8M, and decreases again  (Fig. 1). This 
behavior  is character is t ic  of weak  e lect rolytes  in sol-  
vents  of low dielectr ic  constant  (8, 9). The da ta  for 
d i lu te  solutions ( <  0.00544M) were  t r ea ted  theore t i -  
cal ly  using an equat ion of a form s imi lar  to tha t  of 
Fuoss -Shed lovsky  (10) except  for the  funct ion S(Z) .  
The equat ion is 

1 1 CA 

A Ao Kd(ho)  2 

773 
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Table I. Conductance, viscosity, and density of LiAICI4-SOCI2 
solutions 

Equivalent 
Concentration conductance 

(mole / l i te r )  (cm s ~-z equiv._1 ) 

0.000313 13.51 
0.00052 13.40 
0.00104 11.94 
0.00313 8.089 
0.005218 7.025 
0.007824 6.264 
0.01043 5.228 
0.04 6.228 
0.09 7.134 
0.1448 8.758 
0.25 10.662 
0.4999 13.717 
0.7498 14.489 
O.9998 14.114 
1.25 13.69 
1.50 12.659 
1.75 11.487 
2.00 10.255 

Table II. Conductance, viscosity, and density of LiAICI4-SOCl2 
solutions 

Concentration Viscosity Density 
( mole/liter ) ( cp ) ( g / cm s ) 

0.00249 0.63684 1.6438 
0.00997 0.64506 1.6443 
0.03046 0.6522 1,6451 
0.04985 0.65583 1,64599 
0.0997 0.70841 1,64820 
0.200 0.7357 1.6525 
0.35 0.76133 1.659~3 
0.50 0.78731 1.66555 
0.65 0.88218 1.67206 
0.75 0.95589 1.6764 
0.90 1.11729 1.68293 
1.00 1.25061 1.88727 
1.50 1.7746 1.7090 

where  Ao is the l imit ing equivalent  conductance and 
Kd is the dissociation constant  for the ion-pairs.  A 
plot of 1/A vs. CA is l inear  (Fig. 2), the intercept  gives 
Ao = 16.51, and the slope gives Kd = 1.605 X 10 -8 �9 
The data for solutions in  the concentrat ion range of 
0.005M to about 0.5M were treated by Fuoss and Kraus  
method (8, 9). The equat ion is given by  

~ /  Kd -~KdC 
Ao3 = --~--~,o + 

k 

where k is the dissociation constant  for t r iple ions and 
Ao3 is the l imit ing equivalent  conductance for tr iple 
ions. A plot of AC'/2 vs. concentrat ion gives a l inear  
relationship from which the value of k/Ao3 = 1.21 X 
10 - s  is obtained. 

The low value for Ao and high value for Kd indi-  
cate appreciable amounts  of ion-solvent  and ion- ion 
interactions in  these solutions. For  concentrated solu- 
tions, the viscosity plays an  impor tan t  role which is 
evident  from the plot of conductance corrected f o r  

.3 

.2 
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.01 .02 .03 .04 .05  
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Fig. 2. 1 /A  vs. CA for LiAICLi in SOCI2 at 25~ 

I 
.06 

viscosity (Fig. I). The viscosity measurements have 
been carried out over the entire concentration range 
(Table II) and the data have been treated using Jones- 
Dole equation (11), n/~o -- 1 + AC I/2 -F BC for low 
concentrations and for high concentrations, an ex- 
tended form of this equation (12, 13), n/no = 1 + AC1/, 
-{- BC + DC 2 has been used. Here n is the viscosity of 
the solution, no is the viscosity of the solvent, C is the 
concentration in moles/liter, and the constants A and B 
are characteristic of ion- ion  and ion-solvent  in terac-  
tions. The data for dilute solutions can be represented 
by the equation n/~lo : 1 -[- 0.1326CV2 -- 0.632C and 
for concentrated solutions, the data can be represented 
by the equation ~I/no : 1 + 0.1326C'/2 -- 0.2759C + 
1.0887C 2. For concentrated solutions, both conductance 
and viscosity were measured at 25 ~ 40% and 60~ The 
plots of log A vs. I / T  and log ~l vs. i / T  were l inear  from 
which energies of activation for conductance and for 
viscous flow were obtained (Table I l l ) .  The large in -  
crease in the energy of activation for conductance and 
for viscous flow with increase of concentrat ion can be 
explained in terms of strong ion- ion and ion-solvent  
interactions giving rise to complex aggregates, par t icu-  
lar ly  at high concentrations. The cyclic vol tammetr ic  
studies have been carried out on 2.0, 1.8, 1.5, 1.0, and 
0.6M solutions of LiAICI4-SOCI2 solutions. The vol tam- 
mogram of the 1.5 LiAIC14-SOC12 solution shows a 
large reduction peak around 2.7V and two very small  
peaks around 1.8 and 1.4V vs. Li/Li  + (Fig. 3). In  the 
anodic direction, a very small, bu t  broad peak appears 
around +2.65V vs. Li/Li+.  Similar  cyclic vol tammo- 

L iALCL  4 "  SOCL 2 AT 25"C 

CORRECTED 
FOR VISCOSITY 

~o 

< 20  

10,0~ .2 4 6 8 LO I 2 I, 

, ( m /~  ) I /2  

Fig. 1. Equivalent conductance vs. the square root of concentra- 
tion of LiAICI4 in SOCle at 25~ 

Table III. Energy of activation for conductance 

Concentration 

(moles/liter) (kcal/mole) 

LiAICh-SOCI~ solutions 

0.5 0.144 
0.75 0.422 
1.0 0.588 
1.25 0.810 
1.50 0.949 
1.75 1.214 
2.0 1.383 

Energy of activation for vi6cous flow 

0.5 1.942 
1.0 2.041 
1.5 2.426 
2.0 8.270 
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Fig. 3. Cyclic voltammet~y of UAICI4-SOCb, solution at 25~ 

grams  were  observed  for  2.0, 1.8, 1.0, and 0.6M LiA1C14- 
SOCI~ solutions. The peak  currents  for  the  la rge  r e -  
d u c t i o n  peak  a round  2.7V' increased wi th  increas ing  
scan r a t e  and the peak  potent ia ls  shif ted to more  nega-  
t ive potent ia ls  indica t ing  tha t  the  reduct ion  involves 
an i r r evers ib le  charge  t rans fe r  process (14). The la rge  
reduct ion  peak  occurr ing  a round  2.7V vs. L i / L i  + can 
be a t t r i bu t ed  to the  e lec t rochemical  reduct ion  of thio-  
ny l  chlor ide  r ep resen ted  by  one of the  fol lowing re-  
duct ion react ions  in  l i t h ium- th iony l  chlor ide  cel l  (1, 
2, 6) 

4Li + + 2SOC12 + 4e --> 4LiCI + SO~ + S [I] 

8Li + + 3SOCI~ + 8e-> 6LiCI + Li~SOs + 2S [II]  

8Li + + 4SOC12 + 8e -> 6LiCl 4- Li2S204 4- $2C12 [III]  

I t  has been shown tha t  dur ing  the reduct ion  of th io-  
nyl  chlor ide  in  l i t h ium- th iony l  chlor ide  cell, p roducts  
such as su l fur  monochlor ide  (2, 4, 6) and sulfur  d i -  
chlor ide  (15) a re  formed.  Therefore,  the cyclic vo l t am-  
mograms  of 1.8M LiAIC14-SOC12 solut ion containing 
smal l  amounts  of sul fur  monochlor ide  ($2C12) were  
studied. The cells have a s l ight  increase  in open-c i rcu i t  
potent ial .  The main  peak  of SOC12 appear ing  a round  
2.7V v s .  L i / L i  + shows an increase  in  ampl i tude  (Fig. 
4) and  the remain ing  peaks  are  the  same as in LiAICl4- 
8OC12 solutions. The cyclic vo l t ammogram of 1.8M 
LiAICI4-SOC12 solut ion containing 2% (by  volume)  
of sul fur  d ichlor ide  (SC12) shows an  increased open-  
c i rcui t  potent ia l  (3.9V) and th ree  reduct ion  peaks  at  
about  3.65, 3.5, and 2.7V v s .  L i / L i  + (Fig. 5). Since 
SC12 is known  to undergo dissociat ion to S2C12 and 
CI~ (16) according to 

2SC12 ~--- $2C1~ + C12 

the peaks  observed  at  3.65 and 3.5V can be a t t r ibu ted  
to the  reduct ion  of chlorine.  When  a solut ion of 1.5M 
LiA1C14-SOC12 is ma in ta ined  for 5 min  at  4.5V vs. 
L i / L i  + using glassy carbon and p la t inum electrodes 
and the cyclic vo l t ammogram is run  in the  cathodic 
mode, two reduct ion  peaks  are  observed at  about  3.65 
and 3.5V v s .  L i / L i  + (Fig. 6). On bubbl ing  d ry  n i t rogen 
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SCAN RATE IOmV/SEC 

J 

I I 
+4  +3  +2 + I 
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Fig. 4. Cyclic voltammetry of LiAICI4-SOCI~ solution with 2~ 
(by volume) of $2C1~ 
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Fig. 5. Cyclic voltommetry of LiAICI4-SOCI2 solution with 2% 
(by volume) of SCI2. 

through this solut ion and then  runn ing  cyclic v o l t am-  
merry,  only  one peak  a round  3.5V v s .  L i / L i  + is ob-  
served. I t  is possible tha t  when  chlor ine  is genera ted  
anodica l ly  at  the glassy carbon electrode,  the re  is free 
chlor ine and chlor ine  combined wi th  SOC12. On bub -  
bl ing d ry  ni trogen,  the  free chlor ine  is r emoved  and 
the chlor ine in combinat ion  wi th  the  solvent  SOCI~ 
remains  in solut ion and undergoes  reduct ion  at  a b o u t  
3.5V. This in t e rp re t a t ion  is verif ied b y  bubbl ing  chlo-  
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Fig. 6. Cyclic voltammetry of LiAICI4-SOCl2 solution 

rine gas through a solution of 1.5M LiAlCl4-SOCl2 and 
running cyclic voltammetry. There are two small 
peaks at 3.65 and 3.4V vs. LI/Li + and a large peak at 
2.75V vs. Li/Li  + (Fig. 7). 

The cyclic voltammogram of 1.8M LiA1C14-SOC12 
solution saturated with sulfur dioxide (OCV ---- 3.6V) 
at 25~ shows a large reduction peak around 2.7V fol- 
lowed by two very small peaks at about 1.8 and 1.4V 
vs. Li/Li  + (Fig. 8). When the voltammogram for this 
solution was run at 0~ the amplitude of the main 
peak appearing around 2.7V decreases, whereas the 
small peaks at about 1.8 and 1.4V take a fair ly well-  
defined shape and a small and broad oxidation peak 
appears around 2.8V. The cyclic voltammograms of 

600  -- 

1.5M Li~tCI 4 - SOCI 2 ~- Cl 2 GAS BUBBLEO 

40C 

I 

20C 

of / 
h 4 I 

+4. § POTENTIAL E vs LI + 

Fig. 7, Cyclic voltammetry of LiAICI4-SOCI2 solution Jr CI2 gas 
bubbled. 
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Fig. 8. Cyclic voltammetry of LiAICI4-SOCI2 solution soturated 
with S0:2. 

1.8M LiA1C14-SOC12 solutions containing 5% and 13% 
(by volume) of sulfuryl chloride (SO2C12) (OCV ---- 
3.9) show a reduction peak around 3.45V followed 
by the major reduction peak for SOC12 at about 2.7V 
vs. Li/Li  + and small reduction peaks at about 1.8 and 
1.4V vs. Li/Li  + (Fig. 9). The peak around 3.45V can 
be at tr ibuted to the reduction of chlorine produced by 
the decomposition of SO~C12 (17), according to the 
equation 

~. 2 0 0  
I-. 

o 

4 0 0  - 

3 0 0  

IO0 - 

O 

ELECTROLYTE FROM 
DISCHARGED CELLS 

L 

i f i 
+4 +3 +2 +l 

POTENTIAL E vs L i / L~  + 

Fig. 9. Cyclic voltammetry of UAICI4-SOCI2 solution with 5% 
(by volume) of SO%Cl2. 
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SO2CI~-~ 802 + CI~ 

The cyclic voltammogram of LiAICI4-SOCI2 solution 
from a battery discharged to 0.0V shows a peak around 
3.35V, a large peak around 2.7V, and two small peaks 
around 1.8 and 1.4V vs. Li/Li + (Fig. I0). These results 
seem to suggest that the electrolyte solution from a 
discharged cell contains chlorine and sulfur dioxide. 
Chlorine can possibly result due to the dissociation of 
SC12 to $2C12 and C12. 

Sulfur monochloride, being a good solvent for sul- 
fur, may minimize lithium sulfur reaction which is 
highly exothermic (4). Chlorine evolved may interact 
with the oxidant giving rise to oxides of chlorine which 
are explosive in the presence of reducing agents (16, 
18). 

Conclusion 
The conductance and viscosity data indicate that the 

electrolyte LiA1C14 is highly associated in SOC12. The 
associated electrolyte can affect the mass transport and 
the charge transfer process during Li/SOC12 cell dis- 

4 0 0  

300 

~- ,200 
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ELECTROLYTE FROM 
DISCHARGED CELLS 

i I 

+ 3  + 2  

F~TENTIAI. E vs l . i / I . i  + 

I 
+ l  

Fig. 10. Cyclic voltammetry of LiAICI4-SOCI2 solution from cell 
discharged to O.OV. 

charge, particularly at low temperatures. The cyclic 
voltammetric studies show that chlorides of sulfur and 
chlorine are likely to be generated during the cell 
discharge. 
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Effects of Condensed Phases and 
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ABSTRACT 

T h e o r e t i c a l  analysis  of the cyclic equ i l ib r ia  

M ( g )  

MaXb(1) %:e MaXt, (g)< K~... II Ks + bX(g) 

d e f i n e s  the  condit ions leading  to (i) condensat ion of me ta l  M and (ii) sup-  
pression of  dissociat ion of hal ide  MaXb by  halogen X ( g ) .  The analysis  is ex-  
tended to include cases in which X is a common component  of severa l  coexist ing 
halides. The theore t ica l  conclusions are  app l ied  to the  sys tem M~Xb-SiO2-W 
where  M is react ive  toward  SiO~, It  is shown tha t  chemical  r eac t iv i ty  in this 
sys tem is de te rmined  by  the the rmodynamic  ac t iv i ty  o,f M in the  gas phase. 
This resul t  is appl ied  to a common type  of hal ide  discharge l amp  and leads  
d i rec t ly  to the proposal  of a mechanism of reac t ion  be tween  the halides,  the  
vi t reous  sil ica envelope, and the tungsten electrodes.  Expe r imen ta l  inves t iga-  
tions employing  both es tabl ished and new techniques confirm each step of the 
reac t ion  sequence and the reac t ion  sequence as a whole. I t  is concluded tha t  
outl ines a re  p rov ided  for: (i) a the rmodynamic  basis for e l ec t rode-a tmosphere  
cycles, (ii) an overa l l  mechanism for wa l l - a tmosphe re  interact ions,  (i/i) ex -  
pe r imen ta l  methods  for the s tudy  of chemical  reac t iv i ty  in discharges,  and 
(iv) an in te rp re t ive  basis for exper imen ta l  results.  

Introduction and Basic Concepts 
In  a previous  publ ica t ion  on molecular  arcs (1), the 

origin, consequences, and appl icat ions of a condensed 
phase of Sn in discharge envelopes containing t in 
hal ides  were  described.  Likewise,  the role of Sn vapor  
as a "common component"  be tween  SnIx and SnCly 
vapors  in the discharge a tmosphere  was elucidated.  I t  
was shown that  a condensed phase of "excess" Sn is 
necessary  in o rde r  to obta in  a chemical ly  s table  dis-  
charge system. 

This pape r  repor ts  invest igat ions of the occurrence 
and effects of condensed phases when the condensing 
metal ,  unl ike  Sn, is reac t ive  toward  the wal ls  and elec-  
t rodes of the discharge,  and the common component  is 
not a meta l  bu t  a halogen. Specifically, the factors 
de te rmin ing  chemical  r eac t iv i ty  in the system MaXb- 
SiQ~-W were  explored.  M~Xb is the hal ide  of meta l  M 
which is react ive  toward  SiO2. Examples  of such metals  
include A1, lan thanides  such as Dy, actinides such as 
Th, and the a lka l i  metals,  Zr, Sc, Ti, Si, etc. Of these, 
the  iodides  of Na, Sc, and Th were  chosen for study. 
The reason for  this choice is that  combinat ions of these 
iodides find appl icat ions  in discharge lamps  of wide-  
spread  use especia l ly  in outdoor l ight ing (2, 3). Thus, 
the  expe r imen ta l  pa r t  of this invest igat ion included 
actual  lamps  of var ious  configurations as, for example ,  
tha t  of Fig. 3 in Ref. (1) which  is of sub-cen t imete r  
dimensions. 

The common component  effect is comple te ly  analo-  
gous to the  w e l l - k n o w n  "common ion effect" in solu-  
t ion chemis t ry :  the  dissociation of hal ide  IV[aXb in the 
discharge a tmosphere  wil l  be suppressed by  the pres-  
ence of another  ha l ide  which has a common component,  
ha logen X or meta l  M, wi th  lYI~Xb. 

Key words: lamps (halide),  high temperature chemistry, trans- 
port of silicon and silica, tungsten silicides, electrodes. 

Of special  impor tance  is the fact  that  the dissociation 
wil l  be suppressed also if excess M or  X is in t roduced 
in the discharge e i ther  de l ibera te ly ,  as was the case 
wi th  the Sn system, or because of react ion be tween  the 
meta l  M of M~:b  and the wal ls  of the discharge device 
t he reby  l ibera t ing  unassociated or "excess" halogen X. 
The la t te r  is the case of in teres t  here. 

Condensed phases can occur because of supe r sa tu ra -  
t ion when the pa r t i a l  pressure  of M, PM, from the dis-  
sociation of MaXb is h igher  than the sa tura t ion  or 
equi l ib r ium pressure  of M, PM (satd.) ,  over  condensed 
M. Therefore,  i t  is not  sufficient to consider only  the 
dissociation 

K1 
MaXb(1) ~ M a X b ( g )  ~ a M ( g )  + b X ( g )  

because i t  is necessary to consider also the possibi l i ty  of 
condensation.  This is expressed here  by  the cyclic 
equi l ibr ia  

M ( g )  

iV.aXb ((I) ~ Ks + 

M(s,i) 

f rom w h i c h  i t  is read i ly  shown that  

K1 
PM : ~22 --  Ks : P (satd.)  [2] 

The unequal  sign refers  to condit ions under  which 
P ~  is not sufficiently large  to a t ta in  P ( sa td . ) ,  and 

7 7 8  
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there fore  condensat ion does not  occur. As can be seen 
f rom these relat ions,  examples  of such condit ions in-  
clude:  (i)  K s > > K 1  as is the case wi th  NaI, (ii) l imi ted  
amoun t  of MaXb in the  discharge envelope,  and (iii) 
excess of X which  suppresses dissociat ion of MaXb due 
to common component  effect. 

The  las t  case is of pa r t i cu la r  impor tance  because i t  
shows the in te r re la t ion  be tween  the effects of common 
components  and  condensed phases. 

F ina l ly ,  according to Eq. [1], the  gaseous and con- 
densed phases of a l l  species a re  in equ i l ib r ium at each 
locale. Therefore,  the  t endency  for  reac t ion  of each 
species is t h e r m o d y n a m i c a l l y  indis t inguishable  f rom 
tha t  of  another  species. For  example ,  reduct ion  of PM 
because  of  react ion of M (g) wi th  the wa l l  wil l  cause 
some M(s,  1) to evaporate ,  and deple t ion  of M(s,  1) 
because  of reac t ion  wi th  the wa l l  wil l  cause some 
M ( g )  to condense, a l l  phases  being rep len ished  by  
fu r the r  evapora t ion  of M~X~(1) and dissociat ion of 
MaXb(g) .  In  summary ,  wha t  counts is the t he rmody-  
namic  ac t iv i ty  of M in the gas phase.  

These concepts would be impl ic i t ly  included in com- 
prehens ive  free energy  minimiza t ion  Computations; 
however ,  the i r  expl ic i t  appl ica t ion  to the systems of Th 
and  Sc hal ides  in the  fol lowing section leads d i rec t ly  
to the  proposa l  in the sect ion on React ion Mechanism 
a n d  Exper imen ta l  Results  of a set of react ion mechan-  
isms be tween  the  halides,  the v i t reous  sil ica envelope,  
and tungsten electrodes and to expe r imen ta l  inves t iga-  
tions confirming each step of the reac t ion  sequence as a 
whole. 
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Theoretical Results and Confirming Experimental 
Evidence 

It  is poss ible  to obta in  a semiquant i ta t ive  descr ip t ion  
of the effects of common components  and condensed 
phases  by  mak ing  the fol lowing approximat ions :  

1. Local  t he rmodynamic  equi l ib r ium is assumed. 
2. The vapor  pressure  of the hal ides  is de te rmined  by  

the  t empe ra tu r e  of the  coldest  region in the discharge 
envelope. At  this reg ion  exists  a l iquid phase reservoi r  
of the  halides. 

3. Almost  ce r ta in ly  the l iquid  phase cannot  be con- 
s idered an ideal  solut ion since, for  example ,  molecular  
complexes of NaI-ScI3 are  known to exist  (4);  how-  
ever, since d isagreements  in repor ted  vapor  pressure  
da ta  seem difficult to reconci le  (4),  i t  m a y  be p re fe r -  
ab le  at  p resen t  to employ  ideal  solut ion relations.  

4. Lower  iodides such as ThI2 are  neglec ted  not  only  
because of pauc i ty  in the rmodynamic  da ta  bu t  also be-  
cause (i) the comple te  dissociat ion of the  iodides r ep -  
resents  the l imi t ing case of in teres t  here  and (ii) the 
p rocedure  of involv ing  the lower  iodides is the same 
except  for added  ma themat i ca l  complexi ty .  

Because of these approximat ions ,  it  is emphasized 
tha t  this analysis  forms only  a base l ine on which to 
"factor" the  effects of o ther  possible variables ,  pa r t i cu -  
l a r ly  molecu la r  complexing.  Conversely,  analysis  of the 
effects of o ther  var iables  must  take  into account the 
resul ts  given here. 

Es tabl ished procedures  (1, 3) a re  adap ted  to this set 
of constraints ,  see Appendix ,  to obta in  the  pa r t i a l  p res -  
sures of the  species as a funct ion of tempera ture .  These 
are  p lot ted  in Fig. 1 for the ScI3-NaI system and in 
Fig. 2 for  the ThI4-NaI system; in both cases the mole  
~fraction, N, of NaI  has been taken  as equal  to 0.9 for  
the sake of  correspondence to ac tual  systems. The 
l iquid phase reservoi r  t empe ra tu r e  has been taken  as 
equal  to 1100 K. 

Common component efIect.--In Fig. 1, the  dashed 
lines show the pa r t i a l  pressures  of Na, curve B, and Sc, 
curve C, ca lcula ted  wi thout  t ak ing  into account the 
common component  effect of iodine. When this effect 
is t aken  into account, the pa r t i a l  pressure  of Sc is 
seve re ly  suppressed as shown by the th in  solid line, 
curve  D. The pa r t i a l  p ressure  of  Na (not  p lo t ted)  is 
s u p p r e s s e d  to a l e s s e r  extent.  Likewise,  the suppression 

10-8 
I 0 0 0  1500 2 0 0 0  2 5 0 0  3000 

T ~ K 

Fig. 1. Partial pressures of Na and Sc over liquid phase reservoir 
at 1100K containing mole fractions NNaI = 0.9 and NscI = 0.1, 
A: equilibrium pressure of Sc(g) over condensed Sc(c). B and C: 
partial pressures of Na and So, respectively, calculated without 
taking into account the common component effect. D: calculated 
partial pressure of Sc taking into account the common component 
effect. 

of the  pa r t i a l  pressures  of Na and Th are  shown in Fig. 
2 and are  discussed below. 

These resul ts  show tha t  the effect of the iodine com- 
mon component  is to suppress  the vapor  pressures  of 
the meta l l ic  vapors;  consequently,  the in tens i ty  of 
meta l  a tom spect ra l  l ines should decrease.  

Expe r imen ta l  confirmation of this is seen in the 
spect ra  of Fig. 3A and 3B. 1 F igure  3A shows the spec- 
t rum of a discharge of NaI  and ScI~ of mole fract ions 
NNaI = 0.9 and NscI8 ---- 0.1 and containing in addi t ion  
Hg and A. F igure  3B shows the spec t rum of the same 
discharge,  but  to which a smal l  amount  of ThI4 (NWhI 
----0.01) has been added.  I t  is seen tha t  the l ines of Na 
and Sc are  suppressed as predicted.  The in tens i ty  of 
the Hg lines is essent ia l ly  unaffected, Hg being com- 
p le te ly  vapor ized in e i ther  case. 

I t  is concluded tha t  changes such as these in dis-  
charge spect ra  affecting severe ly  l amp color and effi- 
cacy ( lumens /wa t t )  can be accounted for, at  leas t  in 
par t ,  by  the  effect of common components.  

Condensed phase effects.--In Fig. 1, i t  is seen that  the 
pa r t i a l  pressure  of Sc, Psc, curve D, f rom the dissocia-  
t ion of ScI~ is h igher  than the equi l ib r ium vapor  pres-  
sure of Sc, Psc(satd.)  over  condensed Sc, curve A, up 
to app rox ima te ly  1650 I<. Therefore,  up to this t em-  
pe ra tu re  Sc should tend to condense. 

In  Fig. 2 is seen that  Pwh, c u r v e  E, is h igher  than  
Pwh(satd.), c u r v e  A, for  al l  t empera tu res  in the range of 
the figure and, therefore,  condensat ion of Th should 
l ikewise  be expected.  

Obtained by G. Kazek. 
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Fig. 2. Partial pressures of Na and Th over liquid phase reservoir 
at 1100 K containing mole fractions NNaI ---- 0.9 and Nrh[4 ---- 0.1. 
&: equilibrium pressure of Th(g) over condensed Th(c). B and C: 
partial pressures of Na and Sc, respectively, calculated without 
taking into account the common component effect. D and E: cal- 
culated partial pressures of Na and Th, respectively, taking into 
account the common component effect. F: partial pressure of Na 
when there is sufficient excess iodine to prevent condensation of 
Th. 

PNa(satd.) is of the order of 10 -1 atm al ready at 
1000 K, i.e., higher  than PNa and, therefore,  no conden- 
sation of Na should be expected. 

Elementa l  Sc and Th can be expected to come in 
contact with the SiO2 walls and the electrodes. In par-  
ticular, Th can be expected to condense even on the 
hottest  parts of the electrodes, i.e., at tempera tures  
often exceeding 2500 K. The earliest  published evidence 
for this is photograph 9.9, p. 248 of Ref. (2), which 
shows a hemispherical  deposit of Th on the W electrode 
of a lamp containing ThI4. Electron emission measure-  
ments f rom cathodes under  discharge conditions using 
the methods developed in this laboratory  (5) confirm 
that  electron emission is enhanced under  conditions 
conducive to Th deposition because Th reduces the 
work  function f rom the 4.5 eV of bare W to the 3.5 eV 
of Th. 

According to Fig. 1 and 2, condensation could take 
place in the gaseous phase provided nucleation condi- 
tions exist. Our observations confirm the s ta tement  in 
Ref. (2), p. 285 that  occasionally a fog of meta l  drop- 
lets is seen within the gaseous phase of the discharge. 

Finally, Fig. 1 and 2 indicate that  condensation could 
take place on the walls of the discharge envelope where  
reactions be tween Th and Sc species and SiO2 can be 
expected. This is the subject of the remainder  of the 
paper;  however ,  since excess iodine wil l  be formed as 

Fig. 3A. Spectrum of discharge of Ha| and Scl~ of mole fraction 
NNaZ ~ 0.9 and Ns~I ~ 0.1 (also involving Hg and A), 

Fig. 3B. Spectrum of same discharge as in Fig. 3A but also con- 
taining a small amount of Thl4 (NThI = 0.01). 

a result  of these reactions, an impor tant  effect of this 
excess iodine is t reated immedia te ly  below. 

Suppression of condensation by excess iodine.--The 
amount  of excess iodine, PI, is calculated (Appendix)  
which will  be sufficient to suppress the dissociation of 
the iodides, due to common component effect, unti l  Pwh 
and Psc are equal to their  respective P(satd.) .  In other 
terms, the values of PI are calculated which will  cause 
in Fig. 1 curve D to coincide with curve A up to 
1650 K; and in Fig. 2 curve E to coincide wi th  curve A 
at all tempera tures  shown. These then will  be the 
part ial  pressures of iodine which will  just  suffice to 
prevent  condensation of Th and Sc. 

The results are shown in Fig. 4: curve  A gives the 
part ial  pressures of excess iodine as a function of 
t empera ture  that  will  p revent  condensation of Th. 
Curve B is the equivalent  curve for the Sc case. This is 
compared to curve C which shows the iodine pressure 
f rom the normal  dissociation of the ScI~ and NaI, i.e., 
the  iodine pressure in the absence of excess iodine. I t  is 
seen that  above 1650 K this is sufficient to prevent  con- 
densation of Sc as a l ready deduced f rom Fig. 1. 

In addition to suppressing the dissociation of Th and 
Sc iodides, excess iodine wil l  also suppress the dissocia- 
tion of NaI. In Fig. 2, curve F shows the part ial  pres-  
sure of Na when there is sufficient iodine to cause PTh, 
curve  E, to coincide with Pwh (satd.), curve A. It  is seen 
that PNa is severe ly  suppressed and consequent ly the 
spectral lines of Na of discharges containing excess 
iodine should be severely  suppressed. This is an addi-  
t ional reason for the suppression of Na and Sc lines in 
the spectrum of Fig. 3B as confirmed by the fact that  an 
amount  of red HgI2, formed by the react ion be tween 
excess iodine and Hg, was visible on the walls of this 
lamp at room temperature.  In new lamps where  wall  
reactions have not p~ogressed sufficiently for excess 
iodine to form to the extent  that  HgI2 is visible, the 
suppression of Na lines is less but  nevertheless  occurs, 
demonstrat ing the common component  effect due only 
to iodide dissociation. 
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Reaction Mechanism and Experimental Results 
The considerat ions in the previous  sections indicate 

the condit ions under  which reac t iv i ty  should be ex-  
pec ted  be tween  discharge components.  These are  ap-  
p l ied  here  to the example  of a vi t reous  silica envelope 
containing a hal ide  reservoi r  wi th  a ThI4 or ScIz com- 
ponent  and tungsten electrodes. 

Table  I gives a s u m m a r y  of the unders tand ing  that  
seems to be emerg ing  of the overa l l  mechanism of re -  
act ion be tween  discharge a tmosphere  electrodes and 
walls  for  the case of ThI4. ScI3 gives comple te ly  analo-  
gous behavior .  

On the l e f t -hand  side of the table  a re  given the steps 
of the  react ion sequence. On the r i gh t -hand  side is 
g iven the k ind  of exper imen ta l  evidence obta ined  in 
suppor t  of each step. 

T he  effects of the  react ivi t ies  in Table  I are  in t r i -  
ca te ly  in te r re la ted  and cover the  range  f rom subt le  to 
obvious. Therefore,  i t  p roved  necessary to employ  not  
only  es tabl ished expe r imen ta l  procedures  but  also to 
devise  new ones. In  this paper  only the  bare  essentials  
of these  techniques are  given pending  thei r  ful l  de-  
scr ipt ion elsewhere,  pa r t i cu l a r ly  of the "closed system" 
high t empera tu re  x - r a y  diffraction, and nea r - i n f r a r ed  
spectroscopic detect ion of react ion products  in high 
in tens i ty  gas discharge lamps. At  the other  extreme,  in 
some cases confirming expe r imen ta l  resul ts  or  observa-  
tions a l r eady  exis ted such as the  appearance  of red  
HgI2 on the walls,  and the dis tor t ion of e lectrodes o f  
lamps  containing Th and Sc iodides. 

S tep  1: According  to Eq. [1], the  gaseous and con- 
densed phases of M~zXb, M and Ix are  at  equ i l ib r ium at 
each locale. This is expressed by  the equat ion of Step 

1 in the  table.  
Step A: According to the theore t ica l  and exper i -  

menta l  evidence, Th condenses on the electrodes en-  
hancing e lect ron emission. 

Step 2: This step postula tes  a t t ack  of the  SiO~ wal l  
b y  Th to produce  condensed products  such as in te r -  
oxides, "ThxOy-excess SiO2," (and poss ibly  oxyio-  
dides) ,  and volat i le  S iO(g ) .  Format ion  of S iO(g)  is 
pos tu la ted  because, as wi l l  be expla ined  in detai l  be-  
low, t r anspor t  of SiO2 is observed wi th in  the envelope. 

(a) Detect ion of wal l  a t tack:  Microscopic and scan- 
ning electron microscope (SEM) examina t ion  of SiO.2 
envelopes of discharges involving Th a n d / o r  Sc iodides 
revea led  tha t  these were  etched possibly  because of 
evolut ion of SiO. F igure  5 is an SEM photographs  of 
such an a t tacked  region. 

(b) Detect ion of condensed products :  Energy  dis-  
pers ive  mode SEM revea led  Th and Sc in these regions. 

(c) Detection of vola t i le  Si p roduc t ( s )  f rom the Th-  
SiO2 interact ion by  means  of ion sca t ter ing  spect ro-  
scopy. 3 

In o rder  to de te rmine  whe the r  any  volat i le  products  
such as SiO could resul t  f rom this interact ion,  a m ix -  
ture  of Th and vi t reous  SiO2 powders,  the l a t t e r  in 
grea t  excess, was placed in the vi t reous  sil ica sample  
container  of an Ainswor th  thermobalance ,  Fig. 6. 
Above the furnace  region of the thermobalance  tube 
was placed a p la t inum cyl inder  which had been cleaned 
wi th  25% HF solution. The sys tem was evacuated  to 
10 -6 Torr  and the sample  was heated be tween  900 and 
1000 K for 1 hr. A sl ight  decrease in weight  was indi -  
cated and a l ight  b rown deposi t  was obta ined on the 
p la t inum cylinder.  Examina t ion  of a smal l  piece of the 
P t  cy l inder  by  means of ion sca t ter ing  spectroscopy re -  
vealed that  the b rown deposi t  contained Si in a thin 
(--100A) layer.  

X - r a y  diffraction of the reac ted  mix ture  in the con- 
ta iner  gave the peaks  corresponding to ThO2 and a 
pa t t e rn  of broad  bands. These matched the bands ob-  
ta ined from a commercia l  (Union Carbide)  p r e p a r a -  
tion of "SiO." 

I t  is concluded that  these exper imen ta l  results  are 
consistent wi th  the .second step of the proposed mech-  
anism. 

Step 3:  This step postulates  t r anspor t  of SiO2. Exam-  
inat ion of the same discharge envelopes that  show 
etching also revea led  deposits in other  regions as seen 
in Fig. 7. These spheroida l  deposits proved to be pure  
SiO2 as de te rmined  by  e lect ron microprobe,  ion scat-  
te r ing  spectroscopic, and energy  dispers ive SEM 

2 Obtained by S. K. Gupta. 
8 In collaboration with S. K. Gupta. 

Fig. 5. Scanning electron microscope photograph showing wall 
attack. 
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Table l, Proposed reaction mechanism 

Step Reaction* Experimental evidence 

Electrode activation A. M + xsW--> M.xsW 
~ e l e c t r o d e  

2_ 
1. M~X~(g) ~- aM(g,c) + bX(g)< 

~ /z--- 

M(g,c) + xsSi02---,~ MxO~.xsSiO2(c) + SiO(g) 2. 

~ / 
3. 2SiO(g)-------~/ SiO~(s) + Si(s) 

/ 
~ T 

4. St(s) + X(g) --> Si~Xy(g) 
l 

W e l e c t r o d e  
5. Si~X~(g) - -  * WSi~(s,1) + yX(g) 

- T -  
6. y X ( g )  

Sections on Theoretical Results and Confirming Experimental Evidence and on 
Reaction Mechanisms and Experimental Results 

Observed e~ching of wall 
LS.S. identification of Si in brown deposit (T.G.A. experiments) 
X-ray diffraction identification of Th02 
Observed transport of SiO2 in envelope (identification by electron microprobe, 

etc. ) 

Spectroscopic identification in atmosphere 

Observed electrode distortion 
Identification of WSie product by closed-system high T x-ray diffraction 
Electron microprobe x-ray backscattering identification of Si on electrodes 
Formation of red HgI2 and changes in lamp characteristics 

* xs : excess, x , y :  stoichiometric parameters. 

ana lyses  w h i c h  w e r e  c o r r o b o r a t e d  b y  h i g h  t e m p e r a -  
tu re  mass  spec t roscopic  studies.  4 

This  e v i d e n c e  is cons i s ten t  w i t h  S tep  3 of  the  p r o -  
posed m e c h a n i s m  since SiO is k n o w n  (6) to d i sp ropor -  
t iona te  in to  SiO2 and St. The  absence  of e l e m e n t a l  Si in 
the  reg ions  of the  depos i t  is r e l a t ed  to t he  n e x t  process,  
S tep  4, of  the  m e c h a n i s m  ind ica t ing  r eac t ion  b e t w e e n  
this  Si  and  excess  iod ine  to f o r m  vo la t i l e  SiI4. 

S t ep  4: This  r eac t ion  re l ies  on the  ex i s t ence  of  excess  
iodine:  the  in i t i a t ion  of  the  cha in  of Steps  1-6 depends  
on  iod ine  f r o m  the  d issocia t ion  of  the  iodides  in S tep  1 
w h i c h  is l e f t  unassoc ia ted  by  the  i n t e r ac t i on  of Th  w i t h  
SiO~ in  S tep  2. Cha in  p r o p a g a t i o n  t h e n  is poss ib le  by  

In co l laborat ion w i t h  S. K. Gupta, 

SUSPENSION 

SiO 2 TUBE 

Pt CYLINDER 

excess iodine increasing with each reaction cycle, Steps 
I-6. 

Commonly used halide lamps contain large amounts 
of Hg w h i c h  is c o m p l e t e l y  vapor ized .  Ca lcu la t ions  (3) 
ind ica te  t ha t  the  r e su l t i ng  PHg can v a r y  f r o m  4 a t m  to 
in excess  of  10 a t m  d e p e n d i n g  on l a m p  type.  A cons id-  
e r a t i on  of the  S i - I - H g  sys t em shows that ,  s ince KsiI 
and  KHgI a re  w i t h i n  one  or  two  o rde r s  of  m a g n i t u d e  of 
each  o the r  

PsiI4 ~-~ 10-3 PHgi22 

for  PHg of the  o r d e r  of 10 arm. E v e n  for  PI  ~ 100 T o r r  
(see Fig. 4) PHgI ~ 10 -4  a r m  and,  t he re fo re ,  PsiI4 
10 -11 arm. Consequen t ly ,  t he  excess  iod ine  wi l l  be  
m a n i f e s t e d  in the  d i scharge  as H g - I  species  m u c h  m o r e  
than  as S i - I  species. 

This  was d e m o n s t r a t e d  by  m e a n s  of n e a r - i n f r a r e d  
spec t roscopy  us ing  a H i t ach i  340 R e c o r d i n g  S p e c t r o -  
p h o t o m e t e r  modif ied  s l igh t ly  in o r d e r  to ob t a in  emi s -  
s ion spec t ra  of h igh  i n t ens i t y  l amps  s i tua ted  e x t e r n a l l y  
to the  i n s t rumen t .  

F i g u r e  8 is the  s p e c t r u m  of  a d i scharge  l a m p  con ta in -  
ing  a sma l l  a m o u n t  of  SiI4 and  sufficient  Hg  to r e su l t  in 
PH~ of s eve ra l  a tmospheres ,  in add i t ion  to a p p r o x i -  
m a t e l y  100 T o r r  of  A (cold p r e s su re ) .  E x c e p t  for  m i n o r  
di f ferences ,  this s p e c t r u m  is the  same  as tha t  o b t a i n e d  
w h e n  the  SiI4 is r ep l aced  by  HgI2, These  spec t ra  show 
the  r e p o r t e d  Hg l ines  (7) and add i t iona l  l ines  m a r k e d  
U in  the  figure. B e t w e e n  800 and  1400 n m  a b road  band  
is p rominen t .  

FURNACE 

S / 
/ / 

/ 

' I /  

-" ~/~,--~ S i 02 CONTAINER 

; Th-Si02 
/ POWDER MIXTURE 

Fig. 6. Experimental arrangement for the detection of volatile $i 
compounds from the interaction between Th and SiO~. Fig. 7. Spheroidal deposits of pure Si02 on the discharge envelope 
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Fig. 8. Near-infrared spectrum of discharge lamp containing a 
small amount of Sil4 in addition to Hg vapor at several atmospheres 
and 100 Torr A (cold pressure). 

The U lines and the band are seen in lamps contain- 
ing Th and/or Sc iodides, Fig. 9. They do not occur in 
lamps containing only NaI, Fig. 10. 

These results are consistent with Step 4 with re- 
spect to formation of excess iodine, but proof of the 
coexistence of SiI4 is based on the evidence given for 
Step 5. 

Step 5: This step postulates attack of W electrodes by 
SiI4 to form silicides whose melting point is consider- 
ably lower than that of W. In addition, silicon solution- 
precipitation effects can be expected along the electrode 

Fig. 10. Near-infrared spectrum of discharge lamps containing 
only Hal and the same amounts of Hg and h as in Fig. 8 and 9. 

temperature gradient (8). The net effect will be dis- 
tortion of the electrode structure. Figure 11 is a photo- 
graph of an electrode, originally ending in a well- 
defined tip, after operation for a few hours in a dis- 
charge lamp containing ScI3. This type of distortion 
also occurs in lamps containing ThI4. 

A key check of the postulated mechanism is to con- 
firm that this distortion involves SiI4. 

(a) Direct evidence: Although the spectra of lamps 
containing HgI2 and SiI4 are essentially the same, the 
electrodes of the lamps containing HgI2 remained in- 
tact but the electrodes of lamps containing SiI4 were 
distorted during the short (minutes) time of spectro- 
scopic examination. The distorted appearance is very 
similar to that observed in lamps containing Th and/or 
Sc iodides, Fig. 11. 

(b) Electron microprobe identification of Si: Elec- 
trodes such as that of Fig. 11 were subjected to elec- 
tron microprobe x-ray backscattering examination. 

Fig. 9. Near-lnfrared spectrum of discharge lamps containing Th 
and/or Sc iodides and the same amounts of Hg and A as in Fig, 8. 

Fig. i l .  Photograph of electrode originally ending in o well- 
defined tip after operation in discharge containing Sr This dis- 
tortion also occurs in discharges containing Thl4. 
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Figure 12 shows that large amounts  of Si are associated 
with the distorted area (end-on view).  

(c) Scanning electron microscopy: SEM micrographs 
of distorted regions reveal peculiar growths, Fig. 13. 
These do not appear to be only the result  of a simple 
mel t ing process but  also of a complex interact ion to be 
discussed in the next  section. 

(d) Identification of WSi~ formation by means of 
"closed system" high tempera ture  x - r ay  diffraction: 
The interact ion between SiI4(g) and W(s)  to form 
Si-W condensed phases was proven by means of the 
experimental  a r rangement  shown in Fig. 14. 5 

The first column of Table II gives the d values of the 
W peaks (9) before and after heating the system. The 
second column gives the d values of new peaks ap- 
pearing after heating the silica envelope to approxi-  
mate ly  100~ (,~5 Torr  of SiI4(g) for 30 rain while 

6 This  method was  developed in col laboration with  J. R. Cooper 
of this laboratory. It is pointed out that result reproducibility 
is dependent on precise posit ioning of the sample in the x-ray 
beam (i.e., use of a micro-manipulator), secure coupling of re- 
action tube to support, and the geometry of the target. The op- 
tional lower electrode can be used for reactivity studies under  
discharge conditions and/or measurement (5) of changes of the  
work function of the target (upper electrode) as a result of  its 
interaction with the atmosphere .  The  attenuation of the x-ray 
beam by the walls of the reaction vessel did not  prove to he a 
ser ious  problem. Absorption measurements were in agreement 
with calculated values using the Victoreen procedure (1I); thus, 
for two 1 mm wall thicknesses of vitreous silica, the attenuation 
proved to be ~50%. 

FILAMENT HEATING = _ 
CURRENT LEADS 

RADIATION ENVELOP~ 
. . . .  _ _  

W,NOOW / (OPT,ONA', 

TO MICROMANIPULATOR 

Fig. 14. Experimental arrangement of "closed system" high tem- 
perature x-ray diffraction for the study of gas-solid interactions 
involving condensible, corrosive, or toxic gases. 

Fig. 12. DetecHon of ~ assocTated with the distorted area of the 
electrode of Fig. 11 by means of electron microprobe x-roy back- 
scattering. 

holding the W filament to an estimated temperature  of 
1400~ The d values of the new peaks correspond (10) 
to those of WSi~. 

These results are consistent with Step 5 of the mech- 
anism; i t  is concluded that electrode distortion involves 
SiI4. 

Step 6: Self-regulat ion of reaction mechanism: At 
low temperatures,  the excess iodine combines with Hg 
to form HgI2 which is observed as a red deposit on the 
discharge envelope. At higher temperatures  (>100 ~ 
200~ HgIe dissociates to Hg and gaseous iodine. The 
quant i ty  of excess iodine increases with each reaction 
cycle, Steps 1-6. Eventual ly  this provides the degree of 
self-regulat ion of the reaction mechanism described in 
the previous sections of this paper. 

One of the effects will be the suppression of conden- 
sation of Th on the electrodes (Step A) and discharge 
characteristics will begin to change also because of re- 
duction in electron emission from the electrodes, Such 
changes have been observed (5). 

Discussion and Conclusions 
Equations [1] and [2] and those in the Appendix out- 

line a thermodynamic  basis for electrode-atmosphere 
interactions. The exact predictions of this interaction, 
Fig. 1 and 2, will r e qu i r e  more exact thermodynamic 
data. For example, nonideal i ty  of solution between 
ThLt and the other species in the reservoir, or forma- 
tion of oxyiodides could reduce PTh, i.e., lower curve E 
in Fig. 2, by several orders of magnitude.  Reduction by 
three orders of magni tude  would result  in curve E 
intersecting curve A, i.e., the Th saturated pressure, at 
approximately 2500K. Consequently, Th would not 
condense at the electrode tip. Reduction by four orders 
of magni tude  would result  in  curve E intersecting 

Table II. X-ray diffraction data 

28 and d values  for W 
before and after heating 

28 and d values  for  
WSi~ after heating 

28 d 28 d 

Fig. 13. Scanning electron photomicrograph of distorted region of 
the electrode of Fig. I i. 

25.90 1.582 13.74 2.97 
31.60 1.29 20.80 1.96 
45.70 0.915 25.50 1.61 
49.46 0.849 28.0 1.47 
63.60 0.674 29.0 1.412 
69.60 0.622 38.1 1.09 
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curve A at  two points, one at  app rox ima te ly  2300 K 
and another  a t  a lower  t empera ture .  Then the deposi-  
t ion of Th would  occur on ly  at  a zone of the e lectrode 
be tween  these two tempera tures .  

F ina l ly  excess iodine, Fig. 4, would  p reven t  Th 
deposi t ion al together .  

The  exper imen ta l  evidence supports  the proposed 
mechanism for enve lope-a tmosphere  interact ions  in 
Table I. However ,  the mechanism does not  consider  
"sub-mechanisms"  i.e., ul t imate  react ions and species. 
For  example ,  i t  does not a t tack  the p rob lem of the 
mechanism of format ion  of the spheroida l  deposits  of 
SiO2 in Fig. 7, or of the  pecul ia r  growths  in Fi~. 13 
f rom the in terac t ion  of Si species wi th  W. The WxSiy 
phases formed m a y  be involved in the cyclic process 

~wxsiy (g)) 

- - ~ x W ( s )  ~- ySi  (1, g) 

causing not only  the growths  of Fig. 13 by  f rac t ional  
dis t i l la t ion of Si but  also wal l  blackening.  

F rom both the fundamenta l  and pract ica l  viewpoints ,  
i t  is impor t an t  to es tabl ish the kinet ic  ra tes  of the  steps 
of the  mechanism and especial ly  of the  r a t e - d e t e r m i n -  
ing step. This is difficult not only because of the in t r i -  
cacy of the mechanism but  also because  of the over -  
l apping  influence of ca taphore t ic  and other  effects. 

The  expe r imen ta l  methods  descr ibed here  could be 
useful  in such kinet ic  studies. With  the except ion of the 
n e a r - i n f r a r e d  spec t ra  for Hg lamps  given by  Elenbaas  
(8c), we are  not  aware  of previous  studies of gas dis-  
charge lamps  involving hal ides  by  means  of nea r -  
in f ra red  spectroscopy. The closed sys tem high t empera -  
tu re  x - r a y  diffract ion technique i l lus t ra ted  in Fig. 14 is 
r ecommended  for the s tudy of gas-sol id  i~teract ions 
involving condensable,  corrosive, or  toxic gases. 

I t  is concluded tha t  this work  provides  outl ines for: 
(i) a the rmodynamic  basis for e l ec t rode-a tmosphere  
cycles, (ii) an overa l l  mechanism of wa l l - a tmosphe re  
interact ions,  (iii) exper imen ta l  methods  for the detec-  
tion, monitoring,  and s tudy of chemical  reac t iv i ty  in 
discharges,  and  (iv) an in te rp re t ive  basis for exper i -  
men ta l  and test  results.  

These resul ts  supplement  those of previous inves t i -  
gat ions of the effects of oxygen containing impur i t ies  
(1, 3) and photoe lec t ron- induced  electrolysis  (2, 8) in 
ha l ide  discharges.  
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A P P E N D I X  

A complete  set of equat ions descr ib ing the a tmo-  
sphere  composit ion in discharge lamps  is given in Ref. 
(1). For  the set of constraints  given in  the section on 
Theore t ica l  Results  and Confirming Exper imen ta l  Evi-  
dence, these a re  simplif ied as fol lows 

PWMaXb ~ NMaXb " P*MaXb 

PWMaXb = PMaXb "~- aPM ~- bPx 

where  pw is the pressure  of MaXb over the  l iquid phase  
reservoir ,  P the pa r t i a l  pressure  of the  species ind i -  
cated by  the subscr ipts  anywhere  in the envelope,  NMx 
the mole f ract ion o~ the ha l ide  in the  l iquid  rese rvo i r  
and P*MX the vapor  pressure  of the pure  halide. 

In t roducing  these equations into the  expressions for  
the equ i l ib r ium constants  of the b ina ry  sys tem of ScIa 
and NaI resul ts  in 

PNa [PNa+3 Psc] 
g N a I  - -  

PWNaI --  2PNa 

Psc [PNa+3 Psc] 3 
KscI3 ---= 

PWscIs --  4Pso 

and equiva lent  expressions are  ob ta ined  for the NaI -  
ThI4 system. 

These expressions are  solved by  i t e ra t ion  to obta in  
PNa, Psc, PTh, and the pa r t i a l  pressures  of the undis -  
sociated hal ides  as a funct ion of t empera ture .  

The amount  of excess iodine, Pz, which wil l  be suf-  
ficient to suppress  PTh unt i l  i t  is equal  to PTh(Satd.), 
i.e., to suppress  the  t endency  of Th to condense, is cal -  
culated by  set t ing 

PI ---- MPTh 

P T h  - -  PTh(satd.) = Ks 
Then 

Ks [PNa-~- Ks(4 + M) ]  4 
gThI4 = 

PWThI4 --  5Ks 

PNa [PNa-~ Ks(4 + M) ]  
KNaI = 

PWNaI-  2PNa 

and analogous expressions are  obta ined for the ScI3- 
NaI system. These equations are  also solved by  i t e ra -  
t ion as a funct ion of t empera tu re .  

The Gibbs free energy,  Z~GT, adopted  for the disso- 
ciation of ThI4(s) to form Th(s )  and 212(g) in the  
range 298-839K is tha t  r epor ted  by  Fuger  and Brown 
(12). This was combined wi th  fusion and vapor iza t ion  
da ta  for for ThI4 (13) and Th (14) and wi th  dissocia-  
t ion da ta  for I2 (15) to a r r ive  at  the app rox ima te  re -  
la t ion 

hGw (ThI4) ---- 370,000 --  132T 

for ~Gr of dissociation above 839 K. 
The equiva lent  express ion for the  dissociation of 

ScI3 was also taken  to be a l inear  funct ion of t empera -  
ture and af ter  rev iew of the l i t e r a tu re  (13, 15-20) was 
es t imated  to be a pp rox ima te ly  

hGT (ScIs) ---- 144,000 --  21T 

~Gr data  for the dissociat ion of NaI  was t aken  f rom 
the J A N A F  compila t ion (15) and Ref. (13) and (19). 
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Comparison of Computer Curve-Fitting and 
Graphical Data Evaluations of the Galvanostatic 

Double Pulse Relaxation Technique for the 
Measurement of Kinetics of Electrode Reactions 

Z. Nagy ~ 

Argonne National Laboratory, ChemicaZ Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The fields of app l i cab i l i ty  of the g raph ica l  and  compute r  curve-f i t t ing  
methods  of da ta  analysis  for  the double  pulse galvanosta t ic  r e laxa t ion  tech-  
nique are  eva lua ted  and compared  using numer ica l  computer  s imulat ion.  The 
field of app l icab i l i ty  is eva lua ted  in terms of Tc, the t ime constant  of the  double  
l aye r  capac i tance- reac t ion  resis tance system, and Td, the t ime constant  of the 
diffusion impedance- reac t ion  resis tance system, and is g raph ica l ly  r ep re -  
sented on a log ~ vs. log Tc diagram, where  K, the  ra te  constant  parameter ,  is 
equal  to (~/4zd) 1/2. With in  the field of appl icabi l i ty ,  the technique can be used 
to obta in  the  exchange cur ren t  densi ty  wi th  an er ror  of less than  •  I t  is 
shown tha t  a modified graphica l  method of da ta  evalua t ion  can ex tend  the 
field of app l icab i l i ty  of the technique over  that  of the  graphica l  eva lua t ion  
method  genera l ly  used in the past.  The  modified technique overcomes the ex-  
pe r imen ta l  difficulty of measur ing  the overpotent ia l  immed ia t e ly  af te r  the 
prepulse  and also produces a ma themat i ca l ly  more  accurate  descr ipt ion of the 
overpo ten t i a t - t ime  curve. As a result ,  the field of app l icab i l i ty  is ex tended  
to react ions tha t  a re  about  0.5 to 2 orders  of magni tude  faster  than measurab le  
wi th  the  unmodif ied technique.  The cocnputer curve-f i t t ing  da ta -eva lua t ion  
method fu r the r  extends the field of appl icabi l i ty ,  beyond  that  of the modified 
technique, because i t  uses an exact  ove rpo ten t i a l - t ime  equat ion in the nu-  
mer ica l  evaluat ion;  the improvemen t  is about  one order  of magni tude  in the 
measurab le  rates of  reactions.  Fur the rmore ,  the computer  curve-f i t t ing method 
genera l ly  resul ts  in smal le r  errors  for  the de te rmina t ion  of the exchange cur-  
ren t  densi ty  than the graphica l  methods,  and, in most cases, the  values  of the 
diffusion p a r a m e t e r  and the double l aye r  capaci tance can also be obta ined 
f rom the same measurement .  A comparison of the fields of app l icab i l i ty  of the 
s ingle pulse  and double  pulse galvanosta t ic  techniques reveals  the genera l  
super io r i ty  of the l a t t e r  wi th  the improvemen t  being about  one o rde r  of mag-  
n i tude  in the  measurab le  ra tes  of reactions.  

Computer  curve-f i t t ing  da t a - eva lua t ion  methods 
have  been shown to be super ior  to graphica l  methods 
for the coulostat ic (1, 2) and galvanosta t ic  (3) r e l a xa -  
t ion techniques. The possible advantages  of curve-  
fitt ing da ta  evalua t ion  has not  been previous ly  ex-  
amined  for the galvanosta t ic  double pulse technique. 

The galvanosta t ic  double pulse technique was de-  
veloped by  Ger ischer  and Krause  (4) and Matsuda,  
Oka, and Delahay  (5) as an improved  galvanosta t ic  
r e laxa t ion  technique. A h igh-cur ren t ,  shor t -dura t ion  
prepulse  is applied,  before  the measur ing  pulse, to 
charge the  double  l aye r  of the electrode. As a conse- 
quence, the technique can be used to make  kinetic 
measurements  at  t imes shor t  enough to avoid the dis-  
tu rb ing  diffusional effects before they  become over -  
whelming.  The theory  of the or iginal  technique re-  
qui red  tha t  the  prepulse  be ad jus ted  to produce  a 

* Electrochemical Society Active Member. 
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sients. 

m in imum in the overpo ten t i a l - t ime  curve exac t ly  at  
the  end of the  prepulse.  A modified theory  of the  
technique has recen t ly  been developed (6) which 
takes into account the exper imenta l  fact  tha t  exact  
potent ia l  values cannot  be measured  dur ing a short  
t ime immed ia t e ly  af ter  the prepulse.  The theory  of the  
technique was ex tended  to the case in which the min i -  
mum in the overpoten t ia l  curve appears  at  some t ime 
af ter  the prepulse,  in a t ime region where  exact  poten-  
t ia l  measurements  are  possible. Two specific cases were  
invest igated:  tm ---- tl ~ At and tm ---- qtl where  At and q 
are  kep t  cons~tant wi th in  a series of measurements .  I t  
has also been shown that, for exper imen ta l  reasons, the 
ideal  case of tm ----- t, can never  be achieved and that  al l  
previous appl icat ions of the technique have p robab ly  
(a lbei t  tac i t ly)  used the case in which t m :  tz --~ At. 
This case wi l l  hencefor th  be cal led the unmodified 
technique, whereas  the case of t m :  qtl wil l  be cal led 
the modified technique. In  this communicat ion,  the 
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graphical  data evaluat ion for these two cases wil l  be 
compared to a computer  curve-fi t t ing data evaluation. 

Procedures 

Theory . - -The  theory of the galvanostatic double pulse 
technique has been described before and will not be 
repeated here. The full  overpotent ia l - t ime equation 
has been  described for the case of an ideal galvanostat, 
h a v i n g  zero risetime (5, 6), and also for the more 
realistic case of l inear ly  rising current  pulses (7). I t  is 
assumed that  all restrictions and assumptions leading 
to .these equations are fulfilled, including the assump- 
tiori that  the current  densi ty-overpotent ia l  relat ion can 
be l inearized if the total overpotential  (activation Jr 
concentrat ion) is less than  5 inV. There is some contro- 
versy in  the l i terature  about this point. Kooi jman et al. 
(8) showed that  l inearizat ion may be valid only for 
m u c h  smaller  overpotentials,  but  numer ica l  calcula- 
tions on the coulostatic (9) and galvanostatic (10) 
relaxat ion techniques indicated that they are appli-  
cable to overpotentials  as large as 20-25 mV, even 
though a l inear  current  densi ty-overpotent ia l  relat ion 
is assumed. 

The three quanti t ies that  are potent ia l ly  determin-  
able with this technique are (i) the ratio of the ex-  
change current  density to the stoichiometric number  
(io/~), (it) the diffusion parameter  (1/Doi/2Co Jr 
1/DR1/2Ca), and (iii) the capacitance of the double 
layer. The first one of these is usual ly  the main  objec- 
tive of the measurement ,  and its determinat ion will be 
emphasized in this communication. It is to=be:noted 
that, since the technique is l imited to the l inear  cur-  
ren t  densi ty-overpotent ia l  range, the value of the ex- 
change current  densi ty cannot be directly determined 
from a simple measurement .  The determinable  quant i ty  
is the ratio of the exchange current  density to the 
stoichiometric number .  For  the sake of simplicity, the 
term "exchange current  density" will  refer to the io/v 
ratio in the following, unless it is specifically stated to 
be to. 

The full  overpotent ia l - t ime equations are too com- 
plicated to be used in a simple graphical data evalua-  
tion, and, for this purpose, the zero risetime equation is 
simplified by some series expansion which is valid only 
for small  or for large arguments  (5, 6). A graphical 
evaluat ion method is not available for the case of 
l inear ly  rising pulses. Because of the inadequacies of 
the above-ment ioned simplifications, the graphical 
analysis introduces an error into the determinat ion of 
the exchange current  density that  can l imit  the appli-  
cabili ty of the method, as will be shown below. It is the 
purpose of the computer  curve-fi t t ing data evaluat ion 
to el iminate this error by using the full overpotent ial-  
t ime equation, ei ther in  the form that assumes ideal 
pulses or in  the extended form that  assumes a l inear  
rise for the pulses. 

Computational techniques.--In the computer  curve-  
fitting data evaluation, a numer ica l  calculation was 
carried out to determine the values of the exchange 
current  density, diffusion parameter,  and double layer  
capacitance that give the best fit between the measured 
and calculated overpotent ia l - t ime curves, using a mul -  
t idimensional,  nonl inear  least squares technique. The 
curve-f i t t ing subrout ine used in  this work was LMDER 
from the MINPACK-1 package developed by the Ap- 
plied Mathematics Division of Argonne National  Lab-  
oratory (11). A modified version of the driver  program 
LMDER1 was used to access LMDER. The modifications 
were made to avoid large ini t ial  changes of the esti- 
mate  of the solution vector by the program, in its 
search for the m i n i m u m  in the sum of squares. These 
modifications were needed, in  this par t icular  case, be- 
cause, in addit ion to the absolute m i n i m u m  to be de- 
termined, there seemed to exist several  local min ima 
which would have trapped the program had the solu- 
t ion vector come too close to any  of them. The changes 
in  LMDER1, as compared to the published version (11), 

were as follows. The s ta tement  LMR11310 was replaced 
by  

DATA FACTOR, ZERO/1.D-01, 0.0D0 

and the s ta tement  LMRl1450 was replaced by  the fol- 
lowing statements 

MODE -- 2 

DO 99 1 ---- 1, N 

99 WA ( I )  = 1 .D0/DABS(X(I ) )  

The value of TOL was always set to 10 -s, as recom- 
mended in  the documentat ion for LMDER1. The 
graphical evaluat ion was also carried out with the 
computer, using a l inear  least squares extrapolat ion of 
the overpotential  to tl ---- 0. 

During the computer calculations, the funct ion g (z) 
---- exp(z  2) erfc(z) has to be evaluated repeatedly, 
often for complex values of z. Several  algorithms were 
evaluated for this purpose, and their  claimed precision 
and relat ive computing times are summarized in Table 
I. The algorithms were compared for a large number  of 
values of the argument ,  and were found to agree among 
each other to at least their claimed precision and often 
to a precision that  was m a n y  orders of magni tude  
better. They were compared also by  use in the curve-  
fitting program. The first three algorithms in  Table I 
gave very similar  results, whereas Tacher 's a lgori thm 
resulted in  a somewhat larger range of applicabil i ty for 
the determinat ion of the exchange current  density. The 
Tacher algori thm was used for all final calculations. 
These results indicate that  the curve-fi t t ing is influ- 
enced by the accuracy of the evaluat ion of the function 
g(z)  and that  an algori thm is needed that approaches 
machine precision as closely as possible. (The ma-  
chine precision was sixteen significant digits in this 
work.) The basic algorithms calculate the funct ion 
w ( z )  ~_ e x p ( - - z  2) erfc(iz) in the first quadran t  only. 
But  g(z)  : w( i z ) ,  and the following symmet ry  re la-  
tions can be utilized to obtain the function in all four 
quadrants:  w ( - - z )  _-- 2 e x p ( - - z  2) -- w ( z ) ,  and 
w ( c o n j g ( z ) )  : c o n j g ( w ( - - z ) ) .  The algori thm is cor- 
rect for all values of the a rgument  but, because of com- 
puter  limitations, it could not be used when the real 
part  of the a rgument  was less than --13.1. It  should be 
noted that, while there is no physical meaning  attached 
to negative values of any of the three parameters  to be 
determined, the curve-fi t t ing program will occasionally 
assign negative values dur ing  its search for a minimum.  

Error analysis.--The errors of the determinat ion of 
the exchange current  density can be convenient ly  
divided into systematic and random errors. The syste- 
matic errors include those result ing from the inade-  
quacies of the mathematical  approximations used in the 
theory of the techniques and from the neglect of the 
finite risetime of the pulse generator. The random er-  
rors are caused by the uncertaint ies  of the measure-  
ments  of the current  density, the electrode potential,  
and the time. In  this discussion, the errors of the po- 
tent ial  and time will be combined; that  is, it will  be 
assumed that all the errors of a potent ia l - t ime data 
pair  are concentrated in the error of the potential  mea-  
surement.  This error also includes the error of the cor- 
rection or compensation for the IR drop between the 
working and reference electrodes. 

Table I. Comparison of precision and relative computing times of 
algorithms for the calculation of the complex exponen~al error 

function 

Relative 
computing 

Claimed time re- 
Author precision quirements Res No. 

Nagy 16 -6 3 (3) 
Gautschi 10 -lo 1 (12), (13) 
Gautschi 10- lo 1 (12) 
Tacher i0-~ 1.5 (14) 
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The following procedure was used to calculate the 
error of the exchange current  density using the differ- 
ent da ta-evaluat ion  methods. Synthetic  data were gen- 
erated using the full  overpotent la l - t ime equation. 
These data were then treated as exper imental  data and 
the exchange current  density was calculated with the 
appropriate method. ,The known and calculated ex- 
change current  densities were then compared to arrive 
at the relat ive error of the method. Both the data gen- 
eration and evaluat ion were carried out with a com- 
puter. 

The following general  conditions were used in  the 
calculations. It was assumed that  the r inging occurring 
after the prepulse will  subside in such a short time that 
the m i n i m u m  in the overpotent ia l - t ime curve will be 
observable in the time range of 50-100 nsec after the 
prepulse. The min imum prepulse length was set to 100 
nsec. The shallowness of the min imum in the overpo- 
tent ia l - t ime curve was also considered. The shallowest 
m in imum was required to have a po,tential change 
twice that  of the uncer ta in ty  of the potential  measure-  
ment  in a t ime durat ion not  longer than ten times the 
prepulse length. The prepulse length and the position 
of the min imum were then systematically varied, dur-  
ing the data generation, to find a data set with an ob- 
servable min imum.  To minimize the effect of diffusion, 
the min imum was set close to the end of the prepulse; 
usual ly At was equal to the shortest tl of the series and 
q was equal to 1.5. For the graphical data evaluation, a 
series of four data sets were used with tl vary ing  in 
proport ion to 1, 2, 3, 4. For the curve-fitting, the data 
set with the shortest t, was used with q = 1.3. The er-  
ror of the exchange current  density determinat ion was 
calculated for a large number  of conditions, syste- 
matical ly varying  T, and $d (see below). 

To determine the effect of the accuracy of the over-  
potential  measurements  on the error of the de*ermina- 
t ion of the exchange current  density, the synthetic data 
values were rounded off either to the nearest tenth of a 
mil l ivolt  or to the nearest  hundred th  of a millivolt, 
creating data sets with • and •  ~V random errors. 
A 50 ~V accuracy can be achieved by the best analog 
oscilloscopes and the 5 ~V accuracy is available with 
some digital oscilloscopes ( t ransient  recorders).  The 
effect of the error of the current  density was deter-  
mined by offsetting the values of the current  densities 
used in the data generat ion and those used in the data 
evaluation. 

The effect of the r iset ime of the galvanostat  was also 
investigated. For this purpose the synthetic data were 
generated with a full equation which takes into con- 
sideration the risetime (7). This equation assumes a 
l inear  rise of the current  (constant slew rate) to the 
desired value. 

The applicability diagram.--Although it  has been 
customary (I5, 16) to express the l imitat ion of a tech- 
nique as the largest measurable first-order heterogene- 
ous rate constant, an inspection of the theory of the 
technique will immediate ly  reveal that the determina-  
tion of the exchange current  density is influenced not 
only by the magni tude of ko but  also by many  other 
parameters.  Kooi jman and Sluyters (17) have sug- 
gested the use of certain dimensionless parameters  for 
the error analysis of the galvanostatic and coulostatic 
techniques. While this is a useful approach, it seems 
more appropriate, from the s tandpoint  of obtaining a 
clear physical picture, to express the errors as a func-  
tion of certain characteristic times of the electrode 
system and the length of the~ measuring pulse. This 
approach was found useful for previous error analyses 
of t ransient  techniques employing galvanostatic double 
pulse (6), potential  and voltage step (18), and galvano- 
static single pulse (3). 

A simple electrochemical reaction can be described 
by an electrical analog of series-coupled reaction re- 
sistance and diffusion impedance, both being shunted 
by the double layer capacitance. Neglecting one com- 
ponent  at a time, one can obtain three simple time 

constants. Only two of these are, of course, independent  
and it is convenient  to select 

vRTc 
�9 ~ = ~ [13 

nFio 
and 

~v2,n,~F'2 
�9 d = [ 2 ]  

4io 2 ~ + 
Do~/2Co DRI/2CR 

Here, *c is the wel l -known rc time constant  of the 
double layer-react ion resistance system (neglecting 
the diffusion impedance) and is defined by 

[ ( vR T~ -- "~c 
'~ = nFi------o- 1 -- exp [3] 

And, "~d is the time constant  of the reaction resistance- 
diffusion impedance system (neglecting the double 
layer capacitance) and is defined by (19) 

: nFi----~ 

As indicated by Eq. [4], at t = Td, the activation and 
diffusion parts of the total overpotential  are equal. To 
define the l imitat ions of a technique and to allow 
meaningful  comparison with other relaxat ion tech- 
niques, the errors of the measurement  should be evalu-  
ated as a function of these t ime constants and the 
length of the measur ing pulse. 

The exper imenter  has full  control over the pulse 
length although the values of ~ and Vd can also be 
varied somewhat through the control of concentrations 
and temperature.  It  is therefore practical to describe 
the limits of a technique as a funct ion of T c and T d while 
using reasonable values for the length of the measur ing 
pulse. It was found convenient  to use the parameter  K, 
called the rate constant parameter,  in place of Td. They 
are simply related 

= (:~/4rd)~/" = vnF DoV2Co t DRV2CR [5] 

The advantage of the rate constant parameter  is that it 
can be directly related, under  simplified conditions, to 
the first-order s tandard heterogeneous rate constant. 
If one assumes that Do = DR = D, Co = CR, and v = 1, 
then ~ = 2ko/x/D; and for D = 10 -~ cm 2 sec -1, ~ = 
632ko. 

Using the results of an error analysis, a diagram of 
vs. T c can be constructed on a log-log scale, and a 

field of applicabili ty of the technique is defined in such 
a way that if an electrode reaction system falls within 
the limits of this field, its exchange current  density is 
determinable  with less than a given errol'. The error 
l imit  was set to • in this work. For example, a 
diagram of log ~ vs. log Tc is shown in Fig. 1. A de- 
scription of some general  features of this type of rep- 
resentat ion is needed. The main  scales (log K and log T~) 
are exact and valid for any combinations of the param-  
eters they contain; under  general  conditions, only these 
scales can be used to define the position of an electrode 
system on the diagram. There are also three approxi-  
mate, auxi l iary scales shown (io, ko, and C). These are 
convenient  because they define a system with familiar  
parameters,  but  they are exact only under  restricted 
conditions. The io scale assumes that c = 20 ~F cm -2, 
T = 298 K, and n = v = 1. The concentrat ion scale 
fur ther  assumes the Do = DR = 10 -5 cm 2 sec-1 and 
Co -= Ca = C. All  these restrictions apply to the ko 
scale. 

Results 
Graphical data evaluation.--Error analyses of the 

method, considering the systematic errors only, have 
already been published (6, 7). To construct the appli- 
cabili ty diagrams, a systematic investigation of the 
random errors was also conducted. 



VoL 128, No. 4 K I N E T I C S  O F  E L E C T R O D E  R E A C T I O N S  789 
I I I I L ' I I ' ' , I I ' ' = I 

- ( C = l O  -== mol cm -3  ) 
1 5 ~  \ (10 -I0) \ \ 

- \ 
% \ 

- \ \ 
(10 - e  ) \ \ \ 

\ \ \ 
\ \ \ 

I0 ( I 0 - =  ) \ \ \ \ - \ \ \ \ - 
\ \ \ \ 

(10 - 4 )  \ \ X \ \ \ \ \ \ \ \ \ \ \ \ \ \ \  

\ \ \ \  \ \ \ \ \ \  \ \ \  - (10-=) \ \  \ 

-(iO0) \\ \\\ \\ \\ \\ \\ -- 

: . . ( l O )  \ ~.~ ~\ \\\ \\ 
:.. ( I ) \,~,*, "- 
:.-(lO-') ~'\ ~,. \\ 
=.. ( 1 0 - 2 }  ~ \ \ \ ? \ ~  

0 .-:-.. (10-~) 
-..  (10-4) ~ .  \ \  " \ \  \ 

=. -  ( I0 -s) 

="(ha= IO-S cm s-t)  

O 

~%.. �9 : . , , , . .  �9 .~.~ 
\ \ 

\ 
\ N 

% 

( i .  = 5 X l O  s Acm - z )  ( 5 X l O  - = )  (5~10- '  

, I , , i , l , l l l l l l l l l  \ 
-15 - I 0  - 5  0 

1oa  T c  

Fig. 1. Applicability diagram of the unmodified golvanostatic 
double pulse technique with graphical data evaluation (tin = t] -~- 
At). The solid line marks the field of applicability for measuring the 
exchange current density with o maximum error of •  
with on accuracy of overpotential measurement of •  #Y. The 
dotted line extends the field for the ___5/~Y accuracy case. 

The app l i cab i l i ty  d iag ram const ructed for  the un-  
modified method (tm -" t] + At) is shown in Fig. 1. The 
solid l ine demarca tes  the area  wi th in  which the ex -  
change cur rency  dens i ty  can be measured  wi th  an 
e r ror  of less than  •  if the overpoten t ia l  is mea-  
sured  wi th  an accuracy  of ___50 ~V. The dot ted  l ine 
extends  the field to the case of •  ~V accuracy.  The 
effects l imi t ing the app l icab i l i ty  of the method are  
different  on each section of the d iagram.  They  wil l  be 
discussed proceeding clockwise f rom the upper  lef t -  
hand  corner.  At  first, the appl icab i l i ty  is l imi ted  by  the 
mathemat ica l  approximat ions  tha t  a re  needed to p ro-  
duce the simplif ied equations used in the graphica l  
da ta  evaluat ion.  Proceeding  clockwise, the measurab le  
K increases as the system approaches  the va l id i ty  range 
of the s m a l l - a r g u m e n t  approximat ion .  This is because 
the er ror  caused by  the inadequacy  of the mathemat ica l  
approx imat ions  is l a rge r  for the l a r g e - a r g u m e n t  ex-  
pansion than for the sma l l - a rgumen t  expansion of the 
unmodified method (6). The fol lowing decl ine of the 
measurab le  K arises f rom a combinat ion  of two exper i -  
menta l  l imitat ions.  As the value  of z~ increases,  one 
needs l a rge r  tm values  to produce  an observable  min i -  
mum in the ove rpo ten t i a l - t ime  curve. Consequently,  
t h e  kinet ic  content  of the overpoten t ia l  (ra~io of the 
act ivat ion overpoCential to the total  overpotent ia l )  de-  
creases and this causes an increase in the er ror  of the 
de te rmina t ion  of the exchange cur ren t  density. Al l  the 
above l imi ta t ions  can be counterac ted  by  more  precise 
measurements  of the overpotent ia l ,  as indica ted  in Fig. 
1. The m a x i m u m  al lowed "CLC Was set to 10 see; at l a rge r  
values,  the measur ing  cur ren t  dens i ty  becomes small  
(less than nA cm -2) and difficult to measure  because of 
the smal l  signal  to noise ratio. If this l imi ta t ion  is re -  
moved, the range  of app l icab i l i ty  can be enlarged  by  
l inea r ly  ex tend ing  the upper  and lower  limits.  The 
l o w e r  l imi t  is also s e t  b y  exper imen ta l  effects. Below 

this l imit ,  the pulse lengths  requ i red  to produce an ob- 
servable min imum are  so long tha t  na tu ra l  convection 
of the solut ion wil l  in ter fere  wi th  the diffusional mass 
t ransport .  The onset of the convection was taken  to be 
about  1 min (20). Final ly ,  the  highest  usable  concen- 
t ra t ion  was set a t  10-2 mole  cm-8,  which, considering 
solubi l i ty  l imi ta t ions  and the r equ i remen t  of a large 
excess of suppor t ing  electrolyte ,  is p robab ly  as high as 
one wil l  ever  use. The approx ima te  na ture  of the con- 
cent ra t ion  scale should, however ,  be kep t  in mind. 

F igure  2 shows the appl icab i l i ty  d iag ram of the mod-  
ified technique (tin --  qtl).  The main  improvement ,  
compared  to the unmodif ied method, occurs a t  smal l  T~ 
values  at  the uppe r  l e f t -hand  corner  of the app l icab i l -  
i ty  field. As has been shown before (6), the l a rge -  and 
sma l l - a rgumen t  approximat ions  give equa l ly  good re -  
sults for the modified method and, therefore,  the l imi -  
ta t ion at  smal l  Tc values is due to the kinet ic  content  of 
the overpotent ia l ,  r a the r  than the b reakdown  of the  
l a rge -a rgumen t  approx imat ion . .P roceed ing  clockwise, 
the  m a x i m u m  measurab le  K goes th rough  a minimum,  
being l imi ted  by  the mathemat ica l  approximat ions  of 
the simplif ied equations,  since in this in te rmedia te  
range ne i ther  the la rge-  nor the sma l l - a rgumen t  ex-  
pansions are  good approximat ions .  The res t  of the l imi -  
tat ions are  the same as those for the unmodified tech-  
nique (Fig. 1). I t  is to be noted, however,  tha t  the 
measurab le  ~ levels a re  somewhat  l a rge r  for the  modi -  
fied method at  al l  values of ~.  The reason for this is 
the  genera l ly  smal ler  errors  of the  sma l l - a rgumen t  
approx imat ion  for the modified method (6). 

Another  expe r imen ta l  res t r ic t ion  which may, in 
principle,  l imi t  the field of app l icab i l i ty  is the la rges t  
p rac t i ca l ly  achievable  cur ren t  density. This has been 
shown (3) to be outside the  fields of app l icab i l i ty  de -  
fined by  Fig. 1 and 2. 
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Fig. 2. Applicability diagram of the modified galvonostatic double 
pulse technique with graphical data evaluation (tin = qt]) .  The 
solid line marks the field of applicability for measuring the ex- 
change current density with a maximum error of •  with an 
accuracy of overpotential measurement of + 5 0  #V. The dotted line 
extends the field for the ___5 #V accuracy case. 
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The effect of the error of the measur ing current  
density is not large. An error of the measur ing current  
density will  introduce a very near ly  equal error in the 
exchange current  density which will be approximately 
additive to the other errors. Figures 1 and 2 were cal- 
culated for a •  error of measur ing current  density. 
An increase of the error to ___5% will  decrease the field 
of applicabil i ty only slightly. 

The risetime of the galvanostat  was found to have 
only a small  effect, as has been shown previously (7). 
Figures 1 and 2 were calculated for a risetime of 15 
nsec, bu t  increasing the risetime to 50 nsec (and even 
to 0.5 ~sec, for prepulses of 1 ~sec or longer) will leave 
t h e  fields of applicabil i ty ~ practically unchanged. 

Computer curve-fitting data evaluation.--The curve- 
fitting method is expected to be superior to the graphi-  
cal data evaluat ion method because it uses the full  
overpotent ia l - t ime equa,tion and therefore the error 
introduced by the inadequacy of the simplified equa-  
tions is eliminated. Indeed, as indicated by Fig. 3, the 
range of applicabil i ty is improved in the area where 
the graphical method ls l imited by the simplified 
equations. No other improvements  were produced be- 
cause the l imit ing conditions (kinetic content of data, 
shallowness of minima, etc.) are equally applicable to 
both da ta-evalua t ion  methods. Therefore, the l imit ing 
effects of Fig. 3 are the same as those of Fig. 2, with the 
exception of the l imitat ion resul t ing from the use of 
simplified equations for the graphical data evaluation. 
On the other hand, a fur ther  benefit of the curve-fi t t ing 
evaluat ion method is the general ly  higher accuracy of 
the exchange current  density determination.  The error 
of the exchange current  density is equal to or less than 
that result ing from the graphical method everywhere 
wi thin  the field of applicability. The error of the curve- 
fitting method can be as much as one order of magni -  
tude less than that  of the graphical method. The field 
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Fig. 3. Applicability diagram of the galvanostatic double pulse 
technique with computer curve-fitting data evaluation. The solid 
line marks the field of applicability for measuring the exchange 
current density with a maximum error of ___20%, with an accuracy 
of overpotential measurement of ~ 5 0  ~V. The dotted line extends 
the field for the + 5  ~,Y accuracy case. 

of applicabil i ty shown on  Fig. 3 is, however, subject  to 
the following caveats. 

,In the computer curve-fi t t ing method, there is no 
need for a fixed relat ion between tl and tin, since only 
one measurement  is used ra ther  than the series of 
measurements  needed for the graphical case. Therefore, 
one cannot dist inguish between the cases of t m =  tl + 
a t  and tm = qtl. However, to assure that the double 
layer is precharged, the technique still requires that 
h < t m  and that the m i n i m u m  in the overpotent ia l- t ime 
curve be observable. 

The method was found to be very sensitive to the 
risetime of the galvanostat  when using the equation 
assuming ideal pulses; this effect can be diminished, 
however, by using an extended equation assuming 
l inear ly  rising pulses (7). To achieve the field of appli-  
cabili ty shown on Fig. 3, the extended equation was 
used; in this case, risetimes up to 50 nsec were ex- 
amined and were found to have no effect on the results. 
In these evaluations, the rise and fall of the prepulse 
were assumed to be l inear  (7), which is a good ap- 
proximation of the pulses produced by modern pulse 
generators. Any  deviation from this assumed l inear i ty  
will  introduce some error in the determinat ion of the 
exchange current  density; this error was not evaluated, 
but  is expected to be considerably less than the error 
caused by the complete neglect of the risetime. This 
lat ter  case is i l lustrated in Fig. 4. For this graph, the 
synthetic data were generated with the equation that 
takes into consideration the finite rise of the pulses (7), 
whereas the data evaluat ion was carried out with the 
equation assuming zero risetime (6). A comparison 
with Fig. 3 reveals that  a risetime even as short as 5 
nsec has a deleterious effect on the accuracy of the 
determinat ion of the exchange current  density and 
decreases the field of applicability. Of course, if zero 
rlsetime data had been used in conjunct ion with the 
zero risetime equation in the curve-fi t t ing program, 
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of 5, 15, and 50 nsec. 
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the  field of app l icab i l i ty  in Fig. 3 would have been 
dupl icated.  

The method  was also found to be sensi t ive to er rors  
of the measu remen t  of the overpoten t ia l  and cur ren t  
density.  S imi la r  accuracies  were  assumed for the two 
measurements ;  for  the case of the  50 ~V potent ia l  error ,  
the m a x i m u m  cur ren t  dens i ty  e r ror  was set to •  
and for the  5 #V case, the  cur ren t  e r ror  was l imi ted  to 
___0.1%. The combined effect of these er rors  is shown in 
Fig. 3. 

In  the calculat ions leading to Fig. 3 and 4, the number  
of da ta  points  was a lways  50, wi th  the  points being 
un i fo rmly  spaced dur ing  the measur ing  pulse. The first 
point  was a lways  taken  at  0.1 ~sec af ter  the  end of the 
prepulse  to assure  tha t  a l l  in i t ia l  dis tor t ions of the  po-  
t e n t i a l  due to induct ion effects and ringing,  a re  
avoided  in the data. F i f t y  is p robab ly  the m a x i m u m  
number  of points  ob ta inable  wi th  an analog oscil lo-  
scope, whi le  thousands could be obta ined  with  a digi ta l  
oscilloscope or  t rans ient  recorder .  Increas ing the num-  
ber  of da ta  points can decrease the e r ror  of the de te r -  
mina t ion  of the  exchange cur ren t  density,  at  the  price 
of longer  computa t ion  times, bu t  wi l l  not  Significantly 
change the field of appl icabi l i ty .  The use of as many  as 
2000 da ta  points  can decrease the e r ror  by  one order  of 
magni tude .  The computa t ion  t ime for  50 data  points 
averages  a round  30 sec, and it increases app rox ima te ly  
in propor t ion  to the number  of points. 

To s ta r t  the calculation,  the curve-f i t t ing  p rogram 
requi res  a set of in i t ia l  guesses for the three  p a r a m -  
eters  to be de termined,  (io/v, the  diffusion pa ramete r ,  
and  the double  l aye r  capaci tance) ,  i t  is des i rable  to 
s t a r t  wi th  guesses tha t  are  close to the ac tual  values. 
F igures  3 and 4 are  val id  for guesses that  do not devia te  
b y  more  than  a factor  of three  f rom the ac tual  values.  
A factor  of two wil l  produce  ve ry  s imi la r  results.  The 
field of app l i cab i l i ty  wil l  s ta r t  to shr ink  cons iderably  
when the factor  is four  or  larger.  This is not  a serious 
l imi t ing  effect since the in i t ia l  guess for the exchange  
cur ren t  dens i ty  can be obta ined  wi th in  the desired 
l imits  by  the g raph ica l  da ta  evalua t ion  method of the 
double  pulse  technique.  The requ i red  values of the 
diffusion p a r a m e t e r  and the double  l aye r  capaci tance 
can be obta ined wi th in  the des i red  l imits  f rom the 
long- t ime  and sho r t - t ime  slopes of  ga lvanosta t ic  
t ransients .  

The computer  curve-f i t t ing  da t a - eva lua t ion  method 
permi t s  one to calculate  the diffusion p a r a m e t e r  (1/ 
Dol/~Co + 1/DR1/2CR), and the capaci ty  of the double  
layer ,  in addi t ion  to the  exchange cur ren t  density.  The 
fields of appl icabi l i ty ,  of course, are  not necessar i ly  the 
same for these pa rame te r s  as for  the exchange cur ren t  
densi ty,  and  these l imi ts  were  not  examined  in this 
work. However ,  the fol lowing observat ions  a re  re le -  
vant.  The field of app l icab i l i ty  of the diffusion p a r a m -  
e ter  is l a rge r  than that  of the exchange cur ren t  density,  
and  its field of  app l icab i l i ty  comple te ly  over laps  tha t  of 
the  lat ter .  With in  the  field of app l icab i l i ty  shown on 
Fig. 3, the diffusion pa rame te r  can be de te rmined  with  
an er ror  that  is much less than  that  of the exchange 
cur ren t  density.  The fields of app l i cab i l i ty  for  the 
de te rmina t ion  of the capaci ty  of the double  l aye r  and 
the exchange  cur ren t  dens i ty  over lap  only par t ia l ly .  
The capaci ty  can be de te rmined  wi th  an e r ror  less than  
• on the r i gh t -hand  side of the field shown in Fig. 
3; bu t  on the l e f t -hand  side, the field is l imi ted  ap -  
p rox ima te ly  by  the rc : 10 - s  line. This is p robab ly  due 
to the fact  tha t  at  smal l  values of ~c the  usual  prepulse  
length  is much longer  than  To. 

Conclusions 
A comparison of the unmodif ied and modified tech-  

niques, coupled with  graphica l  evaluat ion,  reveals  the 
genera l  super io r i ty  of the modified technique. This is 
caused by  the fact  tha t  the simplif ied equat ion needed 
for the graphica l  evaluat ion  is a be t t e r  approx imat ion  
for  the modified case. In  general ,  the field of app l i -  
cabi l i ty  is en la rged  by  abou,t one -ha l f  o rder  of magn i -  

tude of ~, and for  ve ry  fast  react ions i t  is en la rged  b y  
about  two orders  of magni tude.  

The computer  curve-f i t t ing  da ta -ana lys i s  method 
fu r the r  extends  the field of app l icab i l i ty  of the tech-  
nique because this method uses the full  overpo ten t ia l -  
t ime equat ion as the basis of the  da ta  eva lua t ion  and 
the approx imat ion  errors  of the simplif ied equations 
are  e l iminated.  This extends the field of app l icab i l i ty  
b y  about  one o rde r  of magni tude  of K at  ~r values 
a round  10 -~. A t  smal le r  and la rger  ~c values,  the curve-  
fi t t ing method is a p p r o x i m a t e l y  equiva lent  to the 
modified graphica l  method  because they  are  both 
l imi ted  by  the  same exper imen ta l  factors. Fu r the r  ad-  
vantages  of the computer  curve-f i t t ing method  are  that  
the  e r ror  of the de te rmina t ion  of the  exchange cur ren t  
densi ty  wi l l  gene ra l ly  be smaller ,  and that,  in most 
cases, the values  of the diffusion p a r a m e t e r  and the 
double  l aye r  capaci tance can also be  obta ined f rom the 
same measurement .  

A comparison of the field of app l i cab i l i ty  of the  ga l -  
vanostat ic  single pulse technique  (3) wi th  tha t  of the 
double pulse technique shows tha t  at  la rge  ~ values  
(fast  react ions)  the exchange cur ren t  dens i ty  can be 
measured  wi th  smal le r  e r ro r  using the double  pulse 
technique, but  for s lower react ions on ly  the single pulse 
technique is applicable.  Compar ing  the graphica l  eva l -  
uat ion methods of both  techniques,  one can conclude 
tha t  the modified double pulse technique can be used 
to measure  the exchange cur ren t  dens i ty  of react ions  
tha t  a re  up to one and a half  o rder  of magni tude  fas ter  
than those measurab le  wi th  the single pulse technique.  
The unmodified double  pulse  technique is appl icab le  to 
react ions about  one order  of magni tude  fas ter  than  the 
single pulse technique at  ~c values l a rge r  than  10-6, but  
i t  is worse at  smal le r  Tc values.  Fur the rmore ,  using the 
cr i ter ion of m a x i m u m  measurab le  ~ at  any  ~ ,  the un-  
modified double pulse technique is indeed infer ior  to 
the single pulse technique,  as has been pred ic ted  by  
S luyte rs  and co-workers  (21-23). The appl ica t ion  of 
computer  curve-f i t t ing  da ta  evalua t ion  increases the 
field of app l i cab i l i ty  of both  the single pulse and the 
double  pulse techniques but  the double pulse technique 
remains  equal  to or be t te r  than  the single pulse tech-  
nique, wi th  the improvement  being up to one order  of 
magni tude  in measu rab le  ~. 
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LIST OF SYMBOLS 
c capaci ty  of the  double  l aye r  (F  cm -2) 
Cj concentra t ion of species j in  the bu lk  solut ion 

(mole cm -3)  
Dj ditIusion coefficient of species j (cm 2 sec -1)  
F F a r a d a y  constant  
i cu r ren t  densi ty  (A cm-2)  
io appa ren t  exchange cu r ren t  dens i ty  (A cm-~)  
ko apparen t  s t andard  heterogeneous  ra te  constant  

(cm sec-1) ,  ko -~ io/nFCo~a/nCi~c/n where  aa 
and ~c are  the  anodic and cathodic t ransfe r  co- 
efficients 

n total  number  of e lectrons t r ans fe r red  in  the  
overa l l  react ion 

O ( index)  ox idant  
R ( index)  reduc tan t  
R universa l  gas constant  (J  K - 1  m o l e - l )  
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q constant  ra t io  be tween  t l  and tm in the  modified 
technique ( sec)  

t t ime (sec) 
h end of the  prepulse  (sec) 
tm t ime of occurrence of m i n i m u m  in the  overpo-  

t en t i a l - t ime  curve (sec) 
ht  constant  difference be tween  tl and tm in the un-  

modified technique (sec) 
T t empe ra tu r e  (K) 
n overpotent ia l  (V) 
K ra te  constant  pa ramete r ,  defined by  Eq. [5] 
v s toichiometr ic  number  of the react ion mechanism 
Tc t ime constant  of the double  l aye r  capaci tance-  

react ion resistance sys tem (sec) 
;d t ime constant  of the diffusion impedance- reac t ion  

resistance sys tem ( sec )  
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Mass Transfer in a Porous Trielectrode Reactor 
under Steady-State and Recirculating Conditions 

Patrick K. Ng* 
GM Research Laboratories, Electrochemistry DepartmenL Warren, Michigan 48090 

ABSTRACT 

A porous e lec t rode  sandwiched  be tween  two countere lect rodes  was in-  
ves t iga ted  for the recovery  of s i lver  f rom dilute  s i lver  cyanide solution. Both 
s ingle-pass  s t eady-s ta te  and  rec i rcula t ing  exper iments  were  conducted wi th  
this t r ie lec t rode  reactor,  and the results  were  compared  wi th  those of a t r a -  
d i t ional  b ie lec t rode  reac tor  containing only  one counterelectrode.  A more  uni -  
form potent ia l  d is t r ibut ion  was observed in the cathode of the  t r ie lec t rode  re -  
actor, and a h igher  volumetr ic  react ion ra te  is thus possible. A model  was 
developed to der ive  an overa l l  mass t ransfer  coefficient (Km) from the resul ts  
of  rec i rcu la t ing  exper iments .  The corre la t ion is in good agreement  wi th  the  
one ca lcula ted  f rom s teady-s ta te  exper iments  and is bes t  r epresen ted  by  
Km "- 4.1 • 10 -4  Re 0.4s. 

F low- th rough  porous electrodes in which the flows 
of cur ren t  and solut ion are  pa ra l l e l  to each other  have  
been s tudied  to a g rea t  ex ten t  both expe r imen ta l l y  
and theoret ical ly .  The mer i t s  of such electrodes l ie in 
the  fact  tha t  they  can provide  a subs tant ia l  amount  of 
surface area  and a high mass t rans fe r  rate.  An  ex ten -  
sive l i t e ra tu re  survey  of porous electrodes can be found 
in rev iew p.apers by  Newman  and Tiedemann  (1, 2). 
Data  furn ished  by  Houghton and Kuhn  (3, 4) indica ted  
tha t  porous f low-through electrodes have the highest  
volumetr ic  react ion ra te  "among electrodes,  including 
planar ,  ro ta t ing  cyl inder ,  and fluidized bed. This high 
volumetr ic  react ion ra te  makes  porous electrodes a 
sui table  candidate ,  under  the presen t  s t r ingent  envi ron-  
menta l  regulat ions,  for t rea t ing  di lute  effluents f rom 
elec t ropla t ing  r ins ing waste  waters.  

* Electrochemical Society Active Member. 
Key words: cathode, current efficiency, mass transfer, transient. 

The performance of a porous electrode is considered 
at its optimum if the whole electrode is operated under 
diffusion control, or is limited by the transfer rate of re- 
actants to the e lect rode surface. This condit ion can be 
susta ined only wi th  a reasonably  un i form potent ia l  
d is t r ibut ion  in the electrode. The low conduct iv i ty  as-  
sociated wi th  di lute  e lec t ro ly tes  makes  this condit ion 
difficult to main ta in  and, as a result ,  the e lect rode is 
not per forming  up to its ful l  capacity.  A grea t  deal  of 
work  has been done on predic t ing  and measur ing  the  
potent ia l  d is t r ibut ion  (5-11), and the  mass t ransfe r  
character is t ics  of the e lectrode (12, 25, 26). In general ,  
an op t imum design involves an e lect rode tha t  is thin in 
the direct ion of cur ren t  flow to main ta in  the necessary 
di f fus ion- l imit ing condit ion in the electrode.  This de-  
sign has a very  short  contact  t ime for the solut ion and 
is not prac t ica l  for applicat ion.  One of the proposed 
remedies  for  the  p rob lem has been to flow the  e lec t ro-  
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lyte perpendicular  to the current  field (13-16), and this 
is best represented by  the "Swiss-rol r '  cell (14, 17). 
With this variation,  the electrode can be constructed 
such that  i t  is thin in the direction of cur ren t  flow and 
is long in the direction of solution flow. A separator, 
however, is n e c e s s a r y  and the fabrication of such 
an electrode can be cumbersome. 

To main ta in  a high recovery efficiency in  o n c e -  
t h r o u g h  systems, the electrolyte has to be pumped 
very slowly through the electrode. Sioda (18) gave 
an equation for the calculation of this critical velocity. 
Too low a flow rate, however, is also not practical 
when  thousands of gallons of effluents have to be 
treated. A recirculat ing operation is thus more applica- 
ble and its behavior has been investigated theoretically 
(19-21) by considering the porous electrode as the 
analog of a chemical reactor. Exper imenta l  work has 
also been carried out for t reat ing dilute solutions of 
copper (22, 23, 25) and an t imony (24). 

The purpose of this work was to develop an improved 
reactor design that  is easy to fabricate and, at the same 
time, ensures diffusion-control condit ion over the whole 
electrode. This design consists of a porous working 
electrode (cathode) sandwiched between two porous 
counterelectrodes (anodes),  and is referred to as the 
trielectrode reactor. With the current  penet ra t ing  from 
both sides of the working electrode, the potential  dis- 
t r ibut ion is more uniform, and a higher volumetric  re- 
action rate is possible. This reactor is useful when prod- 
ucts from the counterelectrodes would not interfere 
with reactions on the working electrode. The behavior  
of the trielectrode reactor was examined and its per-  
formance was compared with that  of a t radi t ional  bi-  
electrode reactor. Mass t ransfer  correlations were ob- 
ta ined and compared under  both steady-state a n d  
recirculat ing conditions. Recovery of silver from a di-  
lute alkal ine silver cyanide solution was chosen for 
s tudy because of the env i ronmenta l  toxicity and the 
escalating value of silver. 

Experimental 
Apparatus.--The reactor was fabricated from acrylic 

tubing (5.7 cm ID) and is shown schematically in  Fig. 
1. The cathode working electrode was constructed by 
pressing together s i lver-plated brass spheres (0.45 cm 
diam) to a height of 5 cm between two silver screens on 
which silver wire was welded for electrical contact. Its 
porosity and specific surface area (a) were calculated 
to be 0.39 and 8.05 ( c m ) - l ,  respectively. Each anode 
was made of stainless steel balls (0.3175 cm diam),  also 
packed between two stainless steel screens to a height 
of 5 cm. A stainless steel rod (0.635 cm diam) was in -  
serted into each anode for electrical contact. The cath- 
ode was insulated from each anode by a plastic screen. 
Glass beads (0.23 cm diam) were packed at both the 
entrance and exit regions to ensure uni form flow. 
Only the bottom anode was connected when experi-  
ments for the bielectrode reactor were conducted. The 
electrolyte was prepared by di lut ing the silver plat ing 
bath solution to a concentrat ion approximately  40 
g / l i te r  in KCN and 4 g/ l i ter  in KOH. Two init ial  si lver 
concentrations, 150 and 250 ppm, were used dur ing the 
experiments.  Table I i l lustrates the physical properties 
of the solution. Three mercuric oxide reference elec- 
trodes were used for measur ing the overpotential  of the 
cathode via a capil lary at three different positions, i.e., 
the inlet, the middle, and the outlet. 

Flow rates were controlled by a tubing  pump and 
were calibrated with electrolytes by precision ro tam-  
eters. The potential  between the working cathode and 
the inlet  reference electrode was kept  constant by a po- 

Table I. Physical properties of silver cyanide electrolyte 

Viscos i ty  (g)  1.036 • 10--~g/(cm.sec)  
Density (p) 1.033 g / c m  3 
Conductivity (K) 0.07 (~-cm) -1 

Fig. I. Schematic diagram of the reactor 

tentiostat. Current  flowing through each anode w a s  
obtained by measuring the potent ial  across a shunt  
(0.1a) connected in series with anode. A 4-pen re-  
corder was employed for continuous tracing of the 
currents,  and a data logger was used for recording mea-  
surements  on the cell voltage, the cathode overpoten-  
tials, and the anode overpotentials.  

Procedures.--For single-pass (steady-state)  experi-  
ments, the electrolyte was pumped from a 113.5 li ter 
reservoir upward  through the reactor. The electrolyte 
was deaerated for at least 4 hr before each exper iment  
with N2 gas at a flow rate of 1500 cm3/min. After  a 
constant  electrolyte flow rate was maintained,  the elec- 
trical circuit was then switched on. Steady state w a s  
usual ly  at ta ined in four to five residence times, and an 
outlet  sample was collected for Ag analysis by  a n  
atomic absorption spectrophotometer. The applied po- 
tential  was then increased and the procedures r e -  
p e a t e d .  Caution was taken not  to increase the applied 
potential  to a level where the undesired hydrogen gas 
starts evolving. Another  flow rate was then chosen and 
the entire process repeated. 

For the recirculat ing experiments,  the deaerated elec- 
trolyte was pumped from a solution volume of 1.5 liter. 
Samples from the reservoir were taken at predeter-  
mined time intervals.  In  order to minimize the effect of 
changing volume, only a small  amoun t  (2 or 3 ml)  of 
solution was sampled, keeping the overall  volume 
change at less than 2% for all experiments.  The applied 
potential  between cathode and inlet  reference electrode 
was kept at 1.2V, under  which l imit ing current  condi- 
tion prevailed over the whole cathode of the trielec- 
trode reactor. 

Results and Discussion 
Single-pass (steady-state) systems.---Polarization 

curves obtained from single-pass exper iments  a r e  
shown in Fig. 2 for both the trielectrode and bielec- 
trode reactors. Typical outlet  silver concentrat ions in 
ppm are also shown in  the parentheses. The t r i e l e c t r o d e  
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Fig. 2. Polarization curves at steady state. 

reactor shows a definite l imit ing current  plateau for all  
flow rates, indicat ing a mass t ransfer  l imit ing condition 
over the whole cathode. This plateau falls in the po- 
tent ial  range of 0.3 to 0.6V and shrinks with increasing 
flow rate. Hydrogen bubbles  have been observed at 
overpotentials higher than  0.6V. The bielectrode reac- 
tor, on the other hand, indicates no plateau even at 
slow flow rates. Limit ing current  condition is not  ma in -  
tained and the reacting zone is confined near  the inlet  
due to a highly nonuni form potential  distribution. Cur-  
rent  efficiencies for both reactors remained high (95- 
100%) unt i l  hydrogen gas started evolving. In  general, 
the trielectrode reactor has a higher volumetric  reac- 
t ion rate than  the bielectrode reactor, based on the out-  
Iet silver concentrations. Figure 3 shows typical po- 
tent ia l  distr ibutions wi thin  the cathode when the over-  
potent ial  be tween the cathode and the inle t  reference 
e l e c t r o d e  was main ta ined  at 0.hV. I t  must  be pointed 

I 
- -  Trielectrode C . -  ll2.Sppm 
. . . .  Bieloctrode i 

0.5 O (mL/min) 
�9 o 78.5 - 
�9 '~ 214 

~ \ \  �9 o 822 

X _." 0.3 

, , ) ,  / / 

02 ' / _ \ ",, 
�9 % \  o / 
' ,  ' ~  " . . . / _  

0.1 _ �9 ~.~......~ _" 
% %~L,. 

-. . '2::::::  
0 I 
INLET MI DDLE OUTLET 

LOCATI ON 

Fig. 3. Steady-state potential distribution in the cathode 

o u t  that  each curve is only an approximation of t h e  

actual potential  distribution. The overpotential  in  a 
bielectrode reactor is highest nea r  the inlet  and d e -  
c r e a s e s  rapidly, whereas the overpotential  is relat ively 
more uniform in the trielectrode reactor, par t icular ly  
at low flow rates. With the addit ional  anode, the po- 
tential  near  the outlet reaches about the same value 
as the inlet, and a m i n i m u m  in potent ia l  exists near  
the middle of the cathode. The gain in  overpotent ial  or 
volumetric  reaction rate, by  the trielectrode reactor is 
obvious. At high flow rates, even the trielectrode 
reactor cannot main ta in  a sufficiently high overpoten-  
tial near  the middle portion of the cathode. 

Since the electrode is l imited by mass transfer,  the 
measured current  is related to the mass t ransfer  co- 
efficient by the following equat ion 

I = nFaVwKmCi/lO a [1] 

Equation [1] assumes a flat velocity profile in  the elec- 
trode and a velocity such that  v > >  aKmL, where L is 
t h e  electrode length. A correlation between the calcu- 
lated Km and the Reynolds n u m b e r  (Re) is general ly  
in  the form of 

Km = B R e  m [ 2 a ]  

where B is a constant containing system parameters.  
Figure 4 shows the plot of Km vs. Re for both reactors. 
A least square fit to the trielectrode reactor gives the 
following correlation 

Km = 4.1 X 10-4Re ~ [2b] 

in which the exponent  is in reasonable agreement  with 
values obtained by other workers (10, 26). The bielec- 
trade reactor follows closely the same correlation but  
deviates significantly at large Reynolds numbers  where 
l imit ing current  condition cannot be maintained.  

The above polarization curve measurements  estab-  
lished the proper control potent ial  for the recirculat ing 
experiments.  A value of 1.2V was subsequent ly  chosen 
between the porous cathode and the inlet  reference 
electrode, and is equivalent  to a cathodic overpotential  
of about 0.45V. 

Recirculating sys tems . - -Prev ious  work (22-25) on 
recirculat ing experiments  has indicated that  the reser-  
voir concentrat ion varied exponent ial ly  with time. This 
work also suggested this simple relationship and typical 
results are shown in Fig. 5 and 6 for both reactors. Re- 
ferr ing to the flow circuit in Fig. 7, the reservoir silver 
concentrat ion can be represented by 
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Ci = C R e - m  [3] 

where H is the slope of the straight lines in  Fig. 5 and 6. 
The reservoir  can thus be considered as a reactor wi th  a 
first-order reaction, and H is the rate constant. For  in i -  
tial concentrations (150 and 250 ppm) studied in  this 
work, the trielectrode reactor gives only one slope, 
whereas the bielectrode reactor has two. This is con- 
sistent with the fact that  the trielectrode reactor has 
a more uni form potential  distribution. Figure  8 i l lus-  
trates a t ransient  var ia t ion of overpotent ial  at  differ- 
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ent  locations of the cathode. For the trielectrode re-  
actor, the middle position reaches the l imi t ing current  
condition (above 200 mV) in a very short t ime (about 
10 min) ,  and the whole cathode is recovering silver 
effectively. On the other hand, the cathode of the b i -  
electrode reactor has only the inle t  region reacting for 
as long as 40 min  before the middle and the outlet  
positions reach the same l imit ing condition. The reser-  
voir rate constant  is thus a measure of the performance 
of the reactor, and a close scrut iny of the rate constant  
would lead to the characterization of mass t ransport  in  
the porous cathode under  recirculat ing condition. 

Figures 5 and 6 can be used to obtain two volumetric  
reaction rates, namely,  an  instantaneous (Jt) and an 
overall  (Jw). Instantaneous volumetr ic  reaction rate 
is the rate at a par t icular  in le t  concentrat ion (Ci) and 
is best calculated by the following equat ion 
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VR dCt VR 
dt = --  - -  103 = 1 0 ~ C i H -  [4] 

VT dt VT 

At the beginning of exper iments ,  the t r ie lec t rode  re-  
actor  definitely has a much higher  J t  because of a h igher  
ra te  constant (H).  The b ie lec t rode  reactor  has the same 
ra te  constant  af ter  about  40 min and s tar ts  having a 
h igher  Jt  due to a h igher  C~ in the  reservoir .  However,  
the overa l l  volumetr ic  react ion ra te  ( J r ) ,  which is the 
overa l l  r a te  ca lcula ted  over  any  t ime in te rva l  s ta r t ing  
from t = 0, remains  high for the t r ie lec t rode  reactor,  
as i l lus t ra ted  in Fig. 9. The t r ie lec t rode  reac tor  can also 
reduce the problem of plugging by  ex tend ing  the reac t -  
ing zone over  the  whole cathode. 

Two cur ren t  efficiencies can be defined: ins tantaneous 
(~t) and overa l l  O1w). Ins tantaneous  cur ren t  efficiency 
is the efficiency at  a pa r t i cu la r  inlet  concentrat ion (Ci) 
and can be es t imated f rom exper imenta l  data. This was 
done by  calculat ing the current  efficiency be tween two 
sampl ing  points and assigning it as the ~t at  the mid-  
point. One of these results  is shown in Fig. 10 in terms 
of concentrat ion.  The er ror  of calculat ion is greates t  
at  the beginning of the  exper iment  where  ~t has to 
j u m p  from 0 to almost  100%, causing the scat ter ing of 
data. In  general ,  ~]t is high at  the beginning  when s i lver  
ions [in the form of A g ( C N ) 2 - ]  a re  plentiful .  As the 
s i lver  concentra t ion drops wi th  time, ~t decreases 
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drast ical ly,  and oxygen reduct ion becomes the ma jo r  
reaction. For  example,  ~t is only  50% when 90% of the 
s i lver  is deposited. The overa l l  cu r ren t  efficiency (~IT), 
which is the cur ren t  efficiency over  the per iod of each 
exper iment ,  remains  at about  60% due to a high ~t at 
the beginning. 

An overa l l  mass t ransfe r  coefficient (Kin) of the  t r i -  
electrode reactor  unde r  rec l rcula t ing  condi t ion can also 
be obta ined  by  mass ba lance  equations of the cathode 
and the reservoir .  The porous e lect rode is assumed to 
be pseudo-homogeneous  with  a un i form veloci ty  profile 
(plug flow). In the rec i rcula t ing  exper iments ,  the in le t  
s i lver  concentrat ion var ied  with  time, and dur ing  each 
passage of e lect rolyte  through the electrode, the s i lver  
concentrat ion changed only slightly. I t  is assumed that,  
at  any  par t i cu la r  time, the  bu lk  s i lver  concentrat ion 
in the e lect rode is uni form and equal  to the out le t  con- 
centra t ion (Co). The exper imen ta l  cur ren t  is then  re -  
la ted to Co by  an equat ion s imi lar  to Eq. [1], or  

~tI : nFaVwKmCo/lO a [5] 

where  ~lt is the ins tantaneous cur ren t  efficiency. The 
value of Co can be ca lcula ted  by  considering an overal l  
mass balance of the cathode, tha t  is 

Q (Ci --  Co) = 60KmaVTCo [6] 
Thus 

Q 
Co = Cl [7] 

Q q- 60KmaVT 

Subst i tu t ing  Eq. [7] into Eq. [5], one has 

anFVwKmCi Q 
lqtI - -  [8]  

103 Q + 60KmaVr 

A plot  of ~tI vs. Ci yie lds  a slope in which Kra can be 
calculated.  The effect of the reservoir ,  or  the  ra te  con- 
s tan t  H, is included in Ci which  va r i ed  according to 
Eq. [3]. The corre la t ion be tween Km and Reynolds 
number  is given in Fig. 11 and can be rep resen ted  b y  

K m =  4.0 X I0 -4 Re ~ [9] 

Equat ion [9] compares  r e m a r k a b l y  wel l  wi th  Eq. [2], 
considering the complexi ty  and uncer ta in ty  in ca lcula t -  
ing ~lt. This not only  justifies the assumptions of the  
model, but  also confirms the bel ief  that  Km obta ined  
f rom s teady-s ta te  condit ion can be confidently used in  
r ec i r cu l a t i ng  condition. Equat ion [2] is p robab ly  the  
be t te r  representa t ion  of the mass t ransfe r  in the ca th-  
ode. 
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Conclusions 
Porous electrodes, although they can provide high 

volumetric reaction rate, are vulnerable to potential 
variation due to high solution resistivity. An optimum 
design includes a very thin electrode and a very slow 
solution flow rate, neither of which is practical. A tri- 
electrode reactor can attenuate these drawbacks by 
placing the porous working electrode between two 
counterelectrodes. The additional counterelectrode 
greatly improves the uniformity of potential and ex- 
pands the diffusion-control regime over the whole 
working electrode. As a result, a substantial increase 
in volumetric reaction rate can be expected, and experi- 
mental results substantiate this advantage of the tri- 
electrode reactor. Furthermore, a more uniform re- 
action rate can extend the operating lifetime of the 
reactor, reducing maintenance requirements. This is 
particularly true when using the more practical con- 
tinuously recirculating system for treating a large 
amount of solution. 

Correlations for the overall mass transfer coefficient 
were obtained for the trielectrode reactor under recir- 
culating and steady-state conditions. The results indi- 
cate that both conditions provide the same correlation. 
Literature correlations from steady-state experiments 
can thus be confidently applied to recirculating pro- 
cesses. 

Manuscript submitted July 16, 1980; revised manu- 
script received Nov. 25, 1980. This was Paper 404 pre- 
sented at the St. Louis, Missouri, Meeting of the So- 
ciety, May 11-16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication co~ts of this article were assisted by 
General Motors Research Laboratories. 

LIST OF SYMBOLS 
English characters 
a specific surface area, cm2/cm 3 electrode volume 
Ci reactor inlet concentration, mole Ag/liter 
Co reactor outlet concentration, mole Ag/liter 
Ca initial reservoir concentration, mole Ag/liter 
dD cathode particle diameter, cm 
F Faraday's constant, C/g-equiv. 
H reservoir rate constant, 1/min 
I current, A 
Jt instantaneous volumetric reaction rate, mole Ag/ 

(m s .rain) 
JT overall volumetric reaction rate, mole Ag / (m 3- 

min) 
Km overall mass transfer coefficient, cm/sec 
L electrode length, cm 
n number of electrons 
Q volumetric flow rate, ml/min 

Re Reynolds number, (vdD/v), dimensionless 
t time, rain 
v superficial solution velocity, cm/sec 
Va reservoir volume, liter 
VT geometrical cathode volume, liter 

Greek characters 
nt instantaneous current efficiency 
~w overall current efficiency 
v kinematic viscosity, cm2/sec 

viscosity, g/(cm.sec) 
p solution density, g/cm 3 

solution conductivity, 1/(12-cm) 
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The Electrochemical Production of Organic 
Hypochlorite Compounds 

Ronald L. Dotson* and Richard W. Lynch 

Olin Corporation, Charleston Technology Center, Charleston, Tennessee 37310 

ABSTRACT 

The electrochemical synthesis of organic hypochlorite compounds is im-  
portant  as a process for direct production of reactive halofunctionalizat ion 
agents (1, 2). These materials  are useful as intermediates  which contain a 
halogen in  the plus one valence state, and applicable to the manufac ture  of 
industr ia l  chemicals such as propylene oxide (2) and calcium hypochlorite 
(3-5). This electroorganic synthesis requires a raw mater ia l  feed of aqueous 
brine, organic alcohol, and organic solvent in an undivided cell without  sepa- 
rator, and no solvent in a second mul t i -chambered  cell having a membrane.  
For example, ter t iary  bu ty l  hypochlorite can be prepared by the electrolysis of 
aqueous sodium chloride br ine  and ter t iary bu ty l  alcohol. High product yield, 
cur rent  density, and current  efficiency is achieved by the proper  choice of 
anode-cathode or anode-membrane  gap, proper control of the pH, and cell 
tempera ture  control. The addit ion of an organic solvent such as carbon te t ra-  
chloride can be used in the "gap-cell" to extract  the organic hypoch/orite 
formed within  the aqueous brine phase during or after the electrolysis step, 
according to the following overall  reaction 

NaCI + H20 + ROH ~ NaOH + H~ + ROCI 

The objectives of this research were: (i) to evaluate 
the use of electrochemical gap and membrane  type 
cells for the manufac ture  of ter t iary  butyl  hypochlorite 
from ter t iary butyl  alcohol and sodium chloride, and 
(ii) to optimize cell performance with respect to the 
operat ing conditions. This product  is useful as a source 
of pure hypochlorous acid and can be used fbr the 
preparat ion of propylene oxide and calcium hypo- 
chlorite (6-8). 

Experimental 
Tert iary  bu ty l  hypochlorite was produced electro- 

chemically in  bench scale gap and membrane  electro- 
chemical cells. 

Gap cell studies.--The test system used is shown in  
Fig. 1. All  tests were run  batchwise in a 2000 ml  glass 
reaction flask produced by  Tudor Scientific Glass Com- 
pany. To this cell were added 1500 ml of saturated 
sodium chloride solution, 50 ml  of t -bu ty l  alcohol, a n d  
350 ml of carbon tetrachloride. The cell contained an 
anode made up as a length  of 5/16 in. diam t i t an ium 
rod coated with ru then ium oxide at the s tandard firing 
temperatures.  These anodes were prepared by sequen-  
t ial ly paint ing on seven thin coatings from an aqueous 
solution of RuCI~ dissolved in acidified o-buty l  t i-  
tanate and butanol,  then fired in a muffle furnace for 
1 hr at 520~ after each coating. This 5/16 in. diam 
t i t an ium rod was masked down to an exposed length of  
3 in. in each case. The cathode of this cell was formed 
of 1/32 in. thick 316 stainless steel plate rounded in  a 
semi-circular  shape with an exposed length of 3 in., as  
seen in Fig. 1. 

All of the studies in the gap cell were made at a 
constant  current  of 3.4A, with a current  density of 
1.6 k A / m  e, based on the entire exposed anode area.  
The d-c power was supplied from two Heath SP-2730 
Power  Supplies. The cell voltage was measured with 
a digital  Weston Voltmeter. 

The exper imental  sequence is i l lustrated by the fol- 
lowing example. The cell had a % in. anode-cathode 
gap and subtended angle cathode concentric about the 
anode rod. To the cell was added a volume of 1500 ml 
of saturated br ine at a pH of 7.5. The br ine  was e l ec -  
t ro lyzed  and stirred for 1 hr  at ambient  temperature.  

* Electrochemical  Society  Act ive  M e m b e r .  
Key words: organic, industrial chemicals, electrolysis�9 

A 10 ml sample of the electrolyzed br ine  was then  a n a -  
l y z e d  for the available chlorine using 7.6 ml of 0.1N 
sodium thiosulfate in an iodometric titration. To the  
remaining  1490 ml  of electrolyzing br ine  was added 50 
ml  of t -bu ty l  alcohol and 350 ml of carbon tetrachlo-  
ride, and then electrolysis with mechanical  s t i rr ing 
resumed at room temperature.  The solution pH w a s  
constantly regulated to a pH of 7.5 by adding HC1 at  
regular  intervals.  A ni t rogen purge of the top sec t ion  
of the cell prevented the bui ldup of an explosive mix-  

N2, H2,(C12) out~ 
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ture  of hydrogen,  chlorine,  and oxygen.  Af te r  l ine -ou t  
at  a constant  load, the  cell  vol tage was observed to 
be about  3.2V in al l  cases. The e lec t ro ly te  mix tu re  in 
the cell  became progress ive ly  more ye l low in color as 
t ime passed unt i l  e lectrolysis  was t e rmina ted  af ter  the 
passage of 6.8 A - h r  of electr ici ty .  Af te r  mechanica l  
s t i r r ing was stopped, the e lect rolyte  was a l lowed to 
s tand and to phase separa te  into a dense ye l low 
organic  l ayer  and a clear  aqueous layer .  A 20 ml  sam-  
ple of the  total  370 ml organic l aye r  requi red  160.6 
ml of 0.1N sodium thiosulfate  for the to ta l  ava i lab le  
chlor ine  t i t rat ion.  A 10 ml sample  f rom the cor respond-  
ing 1500 ml  aqueous layer  requ i red  2.2 ml  of 0.1N so- 
d ium thiosulfa te  for  the avai lab le  chlor ine t i t rat ion.  
This typica l  resu l t  of 92% anode cur ren t  efficiency was 
de te rmined  af te r  considering the avai lab le  chlor ine 
control  of the ini t ia l  e lec t ro lyzed br ine  l aye r  and the 
final aqueous layer .  The ye l low-green  produc t  formed 
in the organic l aye r  was t - b u t y l  hypochlori te ,  
C4H~OC1 (9).  

Membrane cell studies.mA block d iag ram for the 
membrane  test cell is shown in Fig. 2. Al l  runs  were  
made  ba tch-wise  using a f low-through m e m b r a n e  cell 
constructed f rom du Pont  Teflon@. The glass anolyte  
vessel  was a 2000 ml react ion flask. The anolyte  volume 
was 2000 ml  and contained 1700 ml of b r ine  along wi th  
300 ml of alcohol. The anode of this cell was made  f rom 
a 2.75 • 5.75 in. sheet  of expanded  t i t an ium mesh 
coated wi th  ru then ium dioxide;  and the cathode was of 
the  same dimensions bu t  made  of stainless steel. The 
membranes  used were  composed of the 427 and 295 
du Pont  Nation@ fluorocarbon cation exchange ma te -  
rials. The cell  was designed to provide  ad jus tab le  elec-  
t r o d e - m e m b r a n e  gaps. The cell  vol tage var ied  wi th  
e l ec t rode -membrane  gaps, and also both anolyte  and 
ca tholy te  solutions were  c i rcula ted wi th  iner t  pumps.  

The membrane  cell  was no rma l ly  opera ted  at  con- 
s tant  cur ren t  of 20.5A, or 2 k A / m  2 cur ren t  density.  
The cell vol tage  var ied  wi th  e lec t ro ly te  gap be tween  
m e m b r a n e  and electrode,  and cur ren t  density.  

The expe r imen ta l  sequence is i l lus t ra ted  in the 
fol lowing example .  This example  uses an a n o d e - m e m -  
brane  gap of 1/2 in. a c a thode -membrane  gap of 1/s in., 
a Nation@ 427 membrane ,  a volume of 1700 ml of sa tu-  
r a t ed  br ine  at  a pH of 7.5, and  300 ml of t -bu tano l  
added  to the anoly te  s torage vessel. The e lec t ro ly te  
was c i rcula ted th rough  the anode chamber  of the cell  
and back  into the anolyte  s torage vessel by  an anoly te  
pump at a ra te  of 200 ml /min .  A 500 ml  volume of 
NaOH solut ion of 207 g / l i t e r  concentra t ion was added  
to the  ca tholyte  s torage vessel, and c i rcula ted  th rough  
the cathode chamber  of the cell  and  back  again to the 
ca tholyte  s torage vessel. I t  was s ta r ted  c i rculat ing 
th rough  the cathode chamber  of the  cell  and back to the  
ca tholy te  s torage vessel by  the c i rcula t ing pump at  a 
flow ra te  of 50 ml /min .  Electrolysis  was s ta r t ed  a n d  
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Fig. 2. Membrame cell system block diagram 

the cell  vol tage de te rmined  to be 5.2V throughout  t h e  
run. The anolyte  pH was he ld  at  7.5 b y  addi t ion  of 50% 
caustic at r egu la r  intervals ,  and  the anolyte  became 
progress ive ly  more  ye l low wi th  t ime  of run. Af te r  2 
hr, 41 A - h r  of charge passed, and then  the electrolysis  
was s topped and both  anolyte  and ca tholy te  so lu t ions  
collected in separa te  vessels. A volume of 750 ml  of 
carbon te t rachlor ide  was added  to the anolyte  in o r d e r  
to ease separa t ion  of the concent ra ted  t - b u t y l  hypochlo-  
r i te  p roduc t  a f te r  each run. The inclusion of this  s t e p  
is thought  to be safer, bu t  not  essential  (10, 11). 1 The 
anoly te  was separa ted  into a 750 ml  ye l low organic  
phase and 1670 ml clear  aqueous phase. A 10 ml  sam-  
ple  of the organic phase used 178 ml  of 0.1N thiosul-  
fate for the avai lab le  chlor ine  t i t rat ion,  whi le  a 20 ml  
sample  of the aqueous phase requ i red  0.8 ml  of 0.1N 
thiosulfate,  and  thus showed l i t t le  hypochlor i te  r e -  
maining. A total  volume of 570 ml  of NaOH coproduct  
was collected, and ana lyzed  as 257 g / l i t e r  or  21% 
caustic. 

A cu r ren t  efficiency of 85% was de te rmined  for t h e  
anode por t ion of the cell, t ak ing  into account  the 
small  amount  of ava i lab le  chlor ine presen t  in the  final 
aqueous phase. The cur ren t  efficiency for the cathode 
par t  of the cell  was de te rmined  to be 68%. A minor  
amount  of t -bu tano l  was found in the ca tholyte  solu-  
tion, about  0.1% plus a smal l  amount  of NaC1, of 0.1%. 

Results and Discussion 
These studies in this work  are  unique and p r e s e n t  

viable  commercia l  approaches  to direct  e l ec t ro - syn-  
thesis of hypochlor i te  compounds f rom alcohols in o n e  
step in an e lectrochemical  cell  (12, 13). 

Gap Cell Studies 
Organic solvent.--The kinetics  a t  the a n o d e  a r e  

thought  to be the same for the  m e m b r a n e  and gap cell  
studies. The ma jo r  difference becomes appa ren t  in the  
case of the gap cell  w h e r e  carbon te t rachlor ide  i s  
added  before electrolysis.  The cur ren t  efficiency of the  
gap cell expe r imen t  was improved  f rom 27 to 95% b y  
solvent  addition. This large  difference resul ts  f rom t h e  
ext rac t ion  of the very  organic-so luble  t - bu ty l  hypo-  
chlori te  moie ty  into the organic l iquid  phase  where  i t  
can become insula ted  from the cathode surface the reby  
prevent ing  its e lect rochemical  reduction.  

Electrode gap.--A series of ident ica l  exper iments  
were  run  vary ing  only cathode to anode gap distance. 
These runs showed the cell  cu r ren t  efficiency r e a c h e d  
a ma x imum of 93% at ~/s in. e lec t rode  gap. Note in 
Fig. 3, where  at  a gap of inches/16 vs. cell  voltage,  
the vol tage coefficient, V / k A / m  2, and the cur ren t  effi- 
ciency are  descr ibed and ca lcula ted  

% Cur ren t  Efficiency --  [m/EW/Q/F]  • 100 

where  m is the mass of the  produc t  in grams,  EW i s  
the equiva lent  weight  in grams per  equivalent ,  Q is  t h e  
quant i ty  of e lect r ic i ty  consumed, and  F is the F a r a d a y  

c o n s t a n t .  

Electrolyte p H . - - T h e  pH of the e lec t ro ly te  of t h e  g a p  
cell is impor tan t  in de te rmin ing  the cell  cu r ren t  effi- 
ciency and the resul t ing  yie ld  of t - b u t y l  hypochlor i te  
obtained.  The theore t ica l  op t imum point  of pH is 7.49, 
which is the pKa for  hypochlorous acid. F igure  4 p r o -  
v i d e s  the da ta  f rom a series of exper iments  run  a t  
different  pH's  and electrode gaps at  27~ in a gap cell. 
The op t imum pH is 7.5 and op t imum at an e l e c t r o d e  
g a p  of 1/s in. for  a 93% cur ren t  efficiency, in the pH 
range of 5.8-9.2 and e lect rode gaps of 1/16 to 1/2 in. 
Acidic conditions cause decomposi t ion of the t - b u t y l  
hypochlor i te  wi th  l ibera t ion  of chlor ine  in the  p r e s -  

1Bradshaw and Nechvatal (11) reported that during the prepa- 
ration of t-butyl hypochlorite an explosion occurred during the 
chlorination step of t-butyl alcohol due to lack of temperature 
control. They recommend that the temperature of the reaction 
never exceed 20~ however, our runs were  made at over 27"C 
with no problems in the electrochemical cells. 
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ence of chloride, while basic conditions cause the hy- 
drolysis of the t -butyl  hypochlorite to inorganic hypo- 
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chlorite. Both routes lead to undesirable by-products, 
such as chlorates and chlorinated organics. 

Membrane Cell Studies 
Anode-membrane gap.--The best anode current effi- 

ciency obtained with the membrane cell was found to 
be 85% for t -butyl  hypochlorite formation. During the 
membrane cell operation, the anode current efficiency 
depends on the anode-membrane gap, since efficiency 
increases with increasing gap and then levels as seen 
in Fig. 5. There appears to be an optimum gap at �89 in. 
giving maximum efficiency, and Fig. 6 shows the cell 
potential to rise more rapidly above u in. 

ELECTROCHEMICAL FORMATION OF t-BUTYL 
HYPOCHLORITE IN BENCH SCALE MEMBRANE CELL 

Fig. 5. 25~ Naf ion R 427 
membrane, anolyte pH - -  7.5, 
2 kA /m  2, DSA R anode, stainless 
steel cathode. 43 A-hr / run norm. 
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Cathode-membrane gap.--The cathode=membrane 
gaps have little effect on the anode current efficiency, 
and the plots are shown in Fig. 5 nearly the same for 
1/16 and 118 in. cathode-membrane gaps. Cathode cur- 
rent efficiencies do not have any clear-cut relationship 
to anode-membrane gaps or the cathode-membrane 
gaps, as seen from the large scatter of points in these 
cases. During the entire series of tests run producing 
t-butyl hypochlorite, cathode current efficiencies aver- 
aged 65-70% for the Nation@ 427 membranes. 

Membrane type.--An alternate membrane, Nation@ 
427, was used in some of these experiments and com- 
pared to the Nation| 295 membrane. The anode cur- 
rent efficiency for this membrane was dependent on 
gap as was the 295; however, the cathode current effi- 
ciency increased dramatically to 85-90% for the 295. 

The Nation@ 295 membrane appears to be the best 
membrane for this application. 

Conclusions 
In this study bench scale gap and membrane cells 

were operated to produce organic hypohalites safely, 
economically, and pollution-free in highly pure form. 
The gap cell synthesis of t-butyl hypochlorite requires 
an inert organic liquid to dissolve the product as it 
is formed, but the membrane cell does not require any 
solvent. 

The membrane cell production of t-butyl hypochlo- 
rite is safer than the gap cell production and in addition 
gives pure product. However, the explosive mixtures of 
hydrogen, chlorine, and oxygen must be purged from 
the gap cell system. 
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Electroreduction of 1-Methyl-2-, 3-, and 
4-Carbomethoxypyridinium ions 

S,. Kashti-Kaplan, J. Hermolin, and E. Kirowa-Eisner 
Department ol Chemistry, Tel-Aviv University, Ramat Aviv, Israe! 

ABSTRACT 

The character of both polarographic waves of the three isomers 1-methyl-  
2-, 3-, and  4-carbomethoxypyr id in ium ions (2 +, 3 +, and 4 +, respectively) 
has been studied in acetonitri le and in methanol.  The first wave is due to a 
one-electron reduct ion under  DC and normal  pulse polarographic (NPP) con- 
ditions. Whereas a stable free radical  4' is revers ibly formed in  the reduction 
of 4 + and a dimer  is i r revers ibly  formed in the reduct ion of 3 +, the 2+ re- 
versibly forms radical 2- at low concentrat ion and short pulse width and a 
dimer unde r  DC conditions. The equi l ibr ium constant and the rate constants 
for the dimerization reaction 2 ~ 1/2 dimer  have been determined by the 
reverse-pulse polarographic method (RPP).  The radicals 2' and 4" have been 
identified by  RPP, and the formal potentials of the couples 2+/2 �9 and  4+/4 �9 
are reported. The second reduction wave of the three compounds is diffusion 
controlled in protic media (methanol)  and yields dihydropyridine as a prod- 
uct. In  acetonitrite, the pyr id in ium salts (n + ) exhibi t  quite complicated be- 
havior, which is dependent  on the na ture  of the pyr id in ium ion (position of 
the carbomethoxy group on the r ing) and its concentration, the na ture  of the 
cations present  in the solution, and the t ime scale in which the electro- 
chemical method is applied. The 3 + isomer does not undergo a second reduc-  
tion step in this solvent. The anions 2 -  and 4 -  react with the cations to form 
nH (dihydropyridines) ,  nLi, nNa, or the corresponding dimers n - n  (reaction 
with the s tar t ing mater ial  n ~). The lat ter  reaction causes a decrease in  the 
ampli tude of the second wave and is the most favored reaction in  the pres-  
ence of the indifferent  bu lky  t e t r abu ty lammonium cation, under  which con- 
ditions the anions (2-  and 4 - )  are most stable and are easily detected. The 
formal potential  of the couples 2 ' / 2 -  and 4 ' / 4 -  are reported. 

The observation that  NAB + and NADH participate 
in  biological oxidat ion/reduct ion reactions was made 
quite long ago (1), bu t  the debate about the exact 
mechanism of this reaction, namely,  hydride t ransfer  
(2) vs. stepwise electron-proton t ransfer  (3), still 
continues (4, 5). The implication that  radicals may 
be involved in  this impor tant  reaction and also the 
search for the mechanism by  which paraquat ,  a com- 
mon and impor tant  herbicide, acts on the plants  (6) 
have given rise to considerable research on the prop- 
erties of pyr id inyl  radicals. Electrochemical techniques 
have been used in  the systematic invest igat ion of 
chemical phenomena involving NAD + and model mole- 
cules (7-9). Most pyr id inyl  radicals formed by elec- 
troreduction follow the reaction scheme (8-10) 

[I] 
I 

R R 

[2] 

However, Kosower and collaborators (11) were able 
to show that  wi thdrawing subst i tuent  groups on the 
v-position of the pyr id in ium ring may l imit  the above 
mechanism to the formation of the stable free radicals 
in  equi l ibr ium with the pyr id in ium ion (Eq. [1]), wi th  
no subsequent  chemical reaction (Eq. [2]). Reversible 
dimerizat ion processes are common features in  radical 
chemistry (12) and are usual ly  accompanied by 
marked changes in  color. Reversible ~-merizat ion 1 of 
Wurster 's  blue cation radical, which is usual ly re- 
vealed by the appearance of spectacular colors, was 

Key words:  po la rography ,  dimerization,  carbonethoxypyr idi -  
n ium salts. 

Denotes  a ~r-type charge t r a n s f e r  complex fo rmat ion  between 
two radicals. The products, ~r-mers, exhibit spectacular colors (6). 

detected by Hausser and Murrel l  (13) and later for 
pyr id inyl  radicals by  other investigators (14, 15). Re- 
versible dimerization of 1-tr imethyIsi lyl  and 1- t r i -  
me thy lgermyl -pyr id iny l  radicals (Eq. [3]),  which 
gave rise to a covalent bond be tween the reacted spe- 
cies has been reported by Neumann  and collaborators 
(16-18) 

�9 
R -- Si(CHd)~; Ge(CH3)~ [3] 

Earl ier  reports (19) on reversible dimerizat ion of py-  
ridinyl radicals based on color changes proved later  
to be incorrect (20). 

Recently Kosower and collaborators (21-28) were 
able to show that  l - a lky lpyr id iny l  radical, sui tably 
substituted, can also undergo reversible dimerization 
to form covalent dimers. The behavior  of 1-methyl-2-  
carbomethoxypyr id inyl  radical, 2", in  acetonitr i le and 
in  2-methyl te t rahydrofuran  indicated beyond any  
doubt that  reversible dimerizat ion to yield covalent  
dimers takes place in solution over a considerable tem- 
pera ture  range (21). =-reefs of 2- were obtained only 
under  special conditions, which were described in  de- 
tail (22). 

In  this article we would like to report  on the de- 
tailed electrochemical behavior  of l -me thy l -2 -ca rbo-  
methoxypyr id in ium salt (2 +) in  comparison to its two 
isomers, 1-methyl-3-  and 4-carbomethoxypyr id in ium 
salts (3 + and 4 + , respectively),  and also in  compari-  
son to results obtained previously (6-11, 21-24). Em-  
ploying DC, normal-pulse  (NP),  and reverse-pulse 
(RP) polarography it  was possible to detect in ter -  
mediate  stabili ty radical species and to determine some 
of their  thermodynamic  and kinetic constants 
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Vol. 128, No. 4 ELECTROREDUCTION 803 
0 /O~H 5 

0 ,x II 0.. 

C - ocM3 
Cg 3 Cw 3 ~-N 3 

Exper imenta l  
A modified PAR 174 polarographic analyzer  (25) 

wi th  pulse width 0.8-90 msec, sampling time 0.6 msec, 
and memory  time constant of 0.04 msec was used for 
DC, NP, and RP polarography. The current -potent ia l  
curves were recorded on a Yokagawa XY Recorder, 
Model 3077. A 3.5 digit vol tameter  was used for setting 
the ini t ial  potential. All  experiments  were performed 
at 22~ Potentials  were corrected for iR drop accord- 
ing to the spherical symmetry  calculations for a three-  
electrode system (26), where Vm = ip/4~ro (p, the spe- 
cific resist ivity of the solution; ro, the radius of the 
mercury  drop; and i, the current  at a given part  of the 
polarogram).  This correction is necessary for polaro- 
grams for which l imit ing currents  are larger than  10 
~A (p ~- 50 acm) .  The flow rate of the dropping mer-  
cury electrode was 1.08 mg/sec. 

An  Ag/Ag + (0.01M), LiC104 (0.25M), CH3CN ref- 
erence electrode (27) was used both in acetonitrile and 
in methanol.  The reference electrode compartment  was 
a glass tube on the end of which a "thirsty glass" plug 
(Corning Type 7930 glass) was sealed with epoxy glue. 
The solution in this compar tment  was renewed every 
day. The liquid junct ion  stabil i ty of this electrode in  
methanol  was very good (drifts smaller than 1 mV/day  
were observed).  

Mercury and nitroge n were purified by s tandard 
techniques. The ni t rogen was bubbled  through aceto- 
ni t r i le  or methanol  before enter ing the cell. 

Acetonitri le (Merck, Uvasol) and methanol  (Merck, 
proanalysi)  were used. Freshly purified 2 acetonitri le 
was used for comparison with the commercial grade; 
no difference in the electrochemical behavior was ob- 
served. LiC104 (anhydrous,  F l u k a - p u r u m )  and te t ra-  
b u t y l a m m o n i u m  perchlorate (G. Frederick Smith 
Chemical Company) were used as electrolytes. 1- 
Methyl 2-, 3-, and 4-carbomethoxypyr id in ium per-  
chlorates (mp = 112~176 88~176 l l 0 ~ 1 7 6  re-  
spectively) were prepared from the corresponding 
iodides by t rea tment  with AgC104 [in methanol,  fol- 
lowed by  crystall ization from methanol -e ther  (4)].  
1 - t -Buty l -4-carbomethoxypyr id in ium perchlorate w a s  
prepared according to Ref. (28). 

For large scale electrolytic preparat ion of the dimer, 
a mercury  pool cathode (A ~ 7 cm e) was used. Its 
potent ial  was controlled against  an  Ag/Ag + reference 
electrode. The p la t inum counterelectrode was sepa- 
rated by a Quickfit rotaflow stopcock. Dur ing  the elec- 
trolysis the solution was st irred with a magnetic  st irrer  
and deaerated with nitrogen. The electrochemical be-  
havior  of the dimer was tested with a DME inserted in  
the electrolysis cell itself. 

Results and Discussion 
We have investigated the electrochemical reductions 

of 1 -methylpyr id in ium salts subst i tuted with a carbo- 
methoxy group at position 2, 3, or 4. The subst i tuent  
is an e lec t ron-wi thdrawing group which stabilizes the 
radical  species in the order 4 > 2 > 3, thus giving rise 
to fundamenta l  differences in their chemical and elec- 
trochemical behavior. In  both acetonitri le and meth-  
anol, all isomers yield two polarographic waves except 

~ T h e  aee toni t r i le  wa s  dr ied  o v e r  a m o l e c u l a r  s ieve (4A) 24 h r  
and t h e n  s tored  ove r  Mg t u r n i n g s  and  1,1 ' t r imethylene-bis-(4-car-  
b o m e t h o x y p y r i d i n i u m ) i o d i d e ,  effiectively r e m o v i n g  oxygen  and 
o t h e r  r eac t i ve  impur i t ies .  Samples  of dist i l led s o l ven t  w e r e  
c o l l e c t e d  u n d e r  h i g h  v a c u u m  ( ~ 1 0  -~ m m  H g )  and  u s e d  i m m e -  
d iate ly .  

the 3-earbomethoxypyr id in ium ion in  acetonitri le 
which displays only wave (Fig. la-3a,  5a). 

The electrochemical studies were carried out by c o n -  
v e n t i o n a l  electrochemical methods, such as DC and  
normal-pulse  polarography (NPP) and the recent ly  
introduced reverse-pulse polarographic (RPP) tech- 
nique (29, 30). RPP is a pulse-polarographic technique 
that  has the quant i ta t ive  meri ts  of the double-poten-  
t ial-step method and the diagnostic s t rength of cyclic 
voltametry.  RPP has advantages over cyclic vol tame- 
try, since the capacitance currents  are much smaller  
and thus faster reactions can be studied; mathematical  
t rea tment  is easier and there are no complications due 
to simultaneous accumulat ion of products from differ- 
ent potential  regions. 

The principle of RPP is that dur ing  almost the entire 
life of the mercury  drop, T -- tp, (seconds) a constant  
potential  is applied at which the reaction of interest  
takes place. Products and intermediates  are accumu- 
lated in the diffusion layer  and their  electroactivity 
is displayed dur ing the application of a short anodic 
or cathodic potential  pulse (milliseconds) dur ing which 
the result ing current  is measured. Examples of uses 
of RPP in electrode kinetics have been given else- 
where (29, 30). 

First W a v e  
l -Methy l -3 -  and 4-carbomethoxypyridinium (3 + and 
4 +) ions . - -The electrochemical behavior  of the two 
isomers 3 + and 4 + at the first wave is well under -  
stood (9, 11). We only briefly describe our results to 
facilitate the comparison of their electrochemical be-  
havior with that of 1-methyl -2-carbomethoxypyr id in-  
ium (2 + ) ion. 

Reduction of 4 + under  polarographic conditions 
yields a one-electron reversible wave with the forma-  
tion of the corresponding radical 

4 + + e ~  4" [4] 

in  acetonitri le (Fig. la)  or in methanol  as solvents 
and LiC104 or TBAP as support ing electrolytes. The 
radical is directly observed by its oxidation wave in 
the RP mode (Fig. lc wave with El~2 : --1081 mV).  
The reversibi l i ty  of the charge t ransfer  was proved 
by the Nernst ian behavior  of the DC, NP, and RP 
waves. The half -wave potentials are a good estimate 
for the formal potential  E ~ of the redox couple 
4./4 + . 

j J , , 1 180 

I COOCH 5 CH3CN (a) ~ -160 / 
_ 6 0 f / ~ ~  t _ - 4 - 0  RP (d) - t' . . . .  020>_~ 

-1'/ t::: 
O!J C)-01.5-I'.0-['.5 21.0 ] : . ; :  

E/V vs Ag/Ag+(O.O}M),CH3CN 
Fig. 1. NPP and RPP (constant s mode) of 0.65 mM 4 + C I04 -  

in 0.25M LiCIO4-CH3CN. "~ = 1.1 sec, tp z 3.1 msec. Arrows 
indicate Ein. Ep is plotted on the X-axis. 
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RP measurements reveal that the radical is the 
on ly  p r o d u c t  a t  s h o r t  pu l se  d u r a t i o n  as w e l l  as in  
DC m e a s u r e m e n t s  (up  to 8 sec) in  b o t h  m e t h a n o l  
a n d  a c e t o n i t r i l e  (11).  Because  of t h e  s h o r t  t i m e s  i n -  
vo lved ,  t he  s low r e a c t i o n  of  4' w i t h  m e t h a n o l  (6) 
does  no t  i n t e r f e r e .  

T h e  r e d u c t i o n  of  3 + r e su l t s  in  a o n e - e l e c t r o n  wave ,  
t h e  l im i t i ng  c u r r e n t  o f  w h i c h  is d i f f u s i o n - c o n t r o l l e d  
u n d e r  DC a n d  N P  condi t ions .  The  s h a p e  o f  t h e  w a v e  
and  t h e  d e p e n d e n c e  of  Ei/~  on  t i m e  a n d  c o n c e n t r a t i o n  
(Table  I)  c o r r e s p o n d s  to a r e v e r s i b l e  o n e - e l e c t r o n  
s tep  f o l l o w e d  b y  i r r e v e r s i b l e  d i m e r i z a t i o n  (Eq. [5])  

ka 
3 + §  3 ' - *  u  [ 5 ]  

S e m i l o g a r i t h m i c  ana lys i s  (31) (Eq. [6 ] ) ,  c o r r e s p o n d -  
ing  to r e a c t i o n  s c h e m e  [5] 

R T  21/3 ( i N P  -- i )  
E = E1/~ § �9 In 

F i 2/~ �9 iNp 1/s 

R T  
E~/2 - -  E ~ § l n ( 4 . 2 k d t C 2 +  ) [6] 

3F 

was  ca r r i ed  ou t  w i t h  da ta  f r o m  DC p o l a r o g r a m s  ( d r o p  
t i m e  1-5 sec)  in  t he  p r e s e n c e  of  T r i t o n  X-100 ( r e -  
q u i r e d  fo r  t h e  s u p p r e s s i o n  a t  t he  m a x i m u m )  a n d  
y i e l d e d  the  e x p e c t e d  s lope  (Tab le  I ) .  The  d i m e r  
f o r m e d  d u r i n g  the  e ] e c t r o r e d u c t i o n  of 3 + was  d i r e c t l y  
o b s e r v e d  b y  the  R P  t echn ique .  R P  c a r r i e d  ou t  w i t h  an  
in i t ia l  p o t e n t i a l  in  t he  p l a t e a u  r e g i o n  of  the  first  w a v e  
d i sp lays  a w e l l - d e f i n e d  t w o - e l e c t r o n  w a v e  of  t he  
d i m e r  o x i d a t i o n  in  b o t h  a c e t o n i t r i l e  (Fig. 2c, E~/2 = 
--400 m V )  and  m e t h a n o l  (Fig.  3c, E~/~ = --330 m V ) .  

T h e  c h a r a c t e r i s t i c  e x p e r i m e n t a l  p a r a m e t e r s  a r e  r e -  
p o r t e d  in  Tab les  I, II, a n d  Fig.  1-4. 

I - M e t h y l - 2 - c a r b o m e t h o x y p y r i d i n i u m  (2  +) i o n . - - T h e  
b e h a v i o r  of  2 + is m o r e  c o m p l e x  t h a n  t h a t  r e p o r t e d  
p r e v i o u s l y  (24) a n d  offers  a spec ia l  case  in  w h i c h  b o t h  
the  p u r e  cha rge  t r a n s f e r  p roces s  

Table I. Characterization of first polarographic wave of 4 +,  2 +,  
and 3 + in acetonitrile and in methanol, 0.25M LiCI04* 

4+ DC 0.5 see < r < 8 sec; 10-~M < C~+ < 5 x 10-SM 
i~a - t 

8E/a log ~ = 59.0 • 0.6; aE1/2/aC~ + = 0; aEl12/a~- = 0; 

0 log ivc/O log r = 0.20 • 0.02 
NPP 1 msee < tp < 90 msec; 10-sM < C~+ < 5 • 10"~bI 

i.~P - t 
aE/O log - -  = 59.2 • 0.6; ~El/91~tp = 0; aEll2/OC~ + . =  0l 

0 log t~e/a log tp = -0.50 • 0.02 
RPP 1 msee < tp < 90 msec; 10-~M < C~* < 5 • 10-~M 

ioo - i 
a ~ l a  l o g  ~ = 59.0 • 0.5 

,; - ieP 
3+ DC r > 0.5 sec; C8+ > 0.3 mM, 2 x 10-8% Triton X-100 

/Do - i 
aE/a log - -  = 60 -- 1; aE~/Ja log c~+ = 20 • 2; aE~/.~/ 

i~/~ 
0 log r = 20 ----- 2; 0 log iVC/a log r = 0.20 • 0.02 

2 + DC 4 s e c < v < S s e c ; 0 . 2 m M  <C~+ < 3 r a m  
(iDa -- i )  ~ 

aE/a l o g  ~ = 29.6 • 1; ag~/~/O l o g  C~§ -- 29 - -  1; 
t 

OE~/~/a log ~" ~ 0; 0 log ivc/O log ~" = 0.20 • 0.01 
NPP tp < 1.8 msec; C~* < 17/zM; ~E~/~/0tp - 0; aE~/~/~CI + 

= 0  
NPP 10 msee < t~ < 90 msec; C~ + > 1 mM 

i~p  - 
OEla log - -  = 59.0 ----- 0.6 ( f o r  i < 0 .5 i~ ) ;  aE~/~la log tp 

i~/~ 
= 20 • 1 mV 

aE~I~/O log C~ § = 20 • 1; a log i~'ela log tp = 0.50 • 0.02 
RPP C2+ < 2 raM; for aeetonitrile; tp < 3 msec; for meth- 

anol t~ < 1 msee 
iDO -- i 

aE/O leg - -  = 59.2 • 0.5; aE~/2/O log C= + = 0; ~E~/s/atp 
i -- iRP 

= 0  

o 

- 2 0  

- 4 0  

* Semilogarithmie slopes are given in millivolts. 

/ 

I I I I I /~ 
OH,ON (a) / t  - 

c O a C H 3  . N P J  I 

, / t R P j  
CH3 /-fi.~ . . . . . . . .  

3 

I I I I I 
0 - 0 . 5  - I . 0  - I . 5  - 2 . 0  
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40 

20 

-- ---- 0 
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- 4 0  

E / V  vs Ag /Aq+ (O .O IM) ,  CHsCN 

Fig. 2. NPP and RPP (constant Ein mode) of 1.3 mM 3 + C l 0 4 -  
in 0.25M LiCIO4-CHsCN. T ~-- 0.55 sec, tp ---- 5.1 msec. Arrows 
indicate Ein. Ep is plotted on the X-axis. 

I I ] I 1 

 cooc.3 / 
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5 0  

2 0  
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E / V  vs Ag/Ag+(O.OIM),CH3CN 

Fig. 3. NPP and RPP (constant Ein mode) of 0.54 mM 3 + C I 0 4 -  
in 0.25M LiCIO4-CHsOH. "~ = 1.1 sec, tp = 3.1 msec. Arrows 
indicate Ein. Ep is plotted on the X-axis. 

2+ + e ~- 2" [7] 

and the dimer formation 

2 + § e ~ % dimer [8] 

can  be  o b s e r v e d  s e p a r a t e l y  b y  m e r e l y  choos ing  the  
p r o p e r  t i m e  scale.  In  t h e  m i l l i s e c o n d  r ange ,  o n l y  t h e  
r e v e r s i b l e  f o r m a t i o n  of  t h e  2" r ad i ca l  (Eq. [7])  is o b -  
se rved ,  w h i l e  a t  m u c h  l o n g e r  t imes  ( seconds )  t h e  r e -  
v e r s i b l e  d i m e r  f o r m a t i o n  (Eq. [ 8 ] ) t a k e s  place.  In  
a n  i n t e r m e d i a t e  t i m e  r a n g e  t h e  d i m e r i z a t i o n  p rocess  
of 2" r ad ica l  f o l l o w i n g  the  c h a r g e  t r a n s f e r  s t ep  (Eq. 
[9]) is i r r e v e r s i b l e  

2 + §  2"--> ~/2dimer [9] 

T h e  e x p e r i m e n t a l  da t a  c o n c e r n i n g  the  b e h a v i o r  d e -  

s c r i b e d  a b o v e  a re  s u m m a r i z e d  in  T a b l e  I. 
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Table II. Electrode reactions: first wave 

805  

Com- Electrode  
pound Conditions react ion Acetonitri le* Methanol* Rem~(rks 

Eo'~§ �9 = -1.08IV** Eo'~+/~ �9 = -1.019V** w; rev. at NP and DC; diff. contr.  
4+ NP and DC 4+ + e ~-4- limiting current; D(AN) ffi 1.7 

Eo'~+/c =-1.095V? x 10-~; D(MeOH) = 1.4 x 10 -~ 
cm~ see -~ 

NP (tv --~ 2 reset; 2 + + e~-2" E~ �9 = -1.166V** E~ �9 = -1.11iV** w; rev. at NP (t ~-- 2 msee); rev.  
C2+ ---- 2 x 10-~M) Eo'2+/2 �9 = --1.159V~ at DC (r > 4 sec); diff. contr.  

NP (10 msec ~-- t -~ limiting current; 2" detected;  
90 msec; C2+ _~ 2 D(AN) = 1.7 x 10-~; D(MeOH) 
x 10-aM) = 1.4 x 10-~ cm~ sec-~t 

DC (r  ~ 4 see; C~+ 
--~ 2 x 10-~M) 

2+ 

3§ NP and DC 

2 + + e ~ 2 "  
2" ~ V2 dimer 
2+ + e ~ 2 '  
2" .~ */z dlmer 
3 + + c~3"  

3" ~ ~/~ dimer 

kd = 1.3 X 10~M -1 sec-l**,$ 
E~ = -1.038V** 
Ka = 6.3 x 104M-1"*,'~ 

E,/2 = - 1.155V~ 

kd = 2.5 X 104 M-1 sec -1.* 
E ~  = - - 0 . 9 7 6 V * *  
Ka = 6.9 x 10~M -~** 

E~/~ = -1.101VO 
w; irr. at DC and NP; polarogr.  

maximum at DC; diff. contr.  
l imiting current; D(AN) = 1.7 
• 10-5; D(MeOH) = 1.4 x 10 -~ 
cm 2 sec-~* 

* Reference  electrode:  Ag/Ag§ 0.25M LiC104 in CHsCN. 
** Support ing  e lectrolyte:  0.25M LiC10~. 
t Supporting electrolyte: 0.25M TBAP. 

Calculated from NPP. 
Calculated for r = 1 sec and C~+ = 1M by extrapolat ion from short  t imes  and low concentrations.  

Pathway of Dimerization 
D i m e r i z a t i o n  can  p r o c e e d  in d i f f e r e n t  p a t h w a y s .  

Those  p r o p o s e d  b y  B a r d  et  aL (32) w i l l  be  d i scussed  

e kd 
I. 2 + ~ 2 ' ;  2" ~ u  [10] 

km 

e kd + 
II. 2 + ~ 2 " ;  2 " + 2 +  ~ d i m e r ' ;  

k~ 
+ e 

d i m e r "  ~ d i m e r  [11] 
2~e kd 

III. 2 + ~-- 2 - ;  2 - + 2  + .~  d i m e r  [12] 
km 

A t  s h o r t  t i m e / l o w  c o n c e n t r a t i o n  m e a s u r e m e n t s ,  t he  
c o n t r i b u t i o n  of t h e  d i m e r i z a t i o n  r e a c t i o n  is neg l i g ib l e  
( tC2+ < kd-1 ) .  One  e l e c t r o n  r e d u c t i o n  w a v e  w a s  o b -  
s e r v e d  (cf. Tab le  I) e x c l u d i n g  II  as a poss ib l e  m e c h -  
an ism.  

D i s t i n g u i s h i n g  b e t w e e n  m e c h a n i s m  I a n d  II  w a s  
b a s e d  on  m e a s u r e m e n t s  of t h e  ra t io  of  R P  c u r r e n t  of  
r ad i ca l  to R P  c u r r e n t  of  d i m e r  a t  v a r y i n g  in i t ia l  p o -  
t en t i a l s  a long  t h e  DC p o l a r o g r a p h i c  w a v e  of  2 +. This  
r a t i o  d e c r e a s e s  w i t h  i n c r e a s i n g  DC f o r  m e c h a n i s m  I 

1.3o i i i i i 

z 1.25 

I 
q 

1.2o o 

1.15 

> 
LU 

1.10 

- ~ CH3CN 

-- ~ 2 § 

4 + 

i.O5io.4 I [ 1 I I 
10-3 10-2 i0-)  i00 10 I io 2 

t / sec  

Fig. 4. Half-wave potential/tlme dependence for the first reduc- 
tion wave of 2.5 mM 2 + , 3 + , and 4 + in 0.25M LiCIO4-CH3CN. 
Data derived from NP, RP, and DC polarography. 

a n d  i n c r e a s e s  fo r  m e c h a n i s m  II. The  e x p e r i m e n t a l l y  
m e a s u r e d  ra t ios  i n d i c a t e  Unequ ivoca l ly  t h a t  m e c h a -  
n i s m  I is o p e r a t i v e  in  t h e  r e d u c t i o n  a t  t he  f i rs t  wave .  

I t  wi l l  be  s h o w n  l a t e r  i n  th is  w o r k  t h a t  m e c h a n i s m  
III  is o p e r a t i v e  a t  t he  s e c o n d - r e d u c t i o n  w a v e  and  m a y  
b e c o m e  d o m i n a n t  u n d e r  p r o p e r  condi t ions .  

The Reverse Pulse Method for Characterization at the 
Redax Couple 2"/2 + 

N P P  in a l i m i t i n g l y  l o w  c o n c e n t r a t i o n  r a n g e  of  2 + 
(8-17 ~M) and  s h o r t  t imes  (0.8-1.8 m s e c ) ,  c o r r e s p o n d s  
to a o n e - e l e c t r o n  r e v e r s i b l e  w a v e  ( w i t h o u t  d i m e r i z a -  
t ion)  as m a n i f e s t e d  b y  c o n s t a n c y  of  E1/2 (Tab le  I ) .  T h e  
r e v e r s i b i l i t y  u n d e r  t h e s e  cond i t i ons  cou ld  n o t  b e  s u p -  
p o r t e d  b y  a s e m i l o g a r i t h m i c  ana lys i s  of t h e  N P P  
w a v e  (because  of c h a r g i n g - c u r r e n t  d i s t o r t i o n ) ,  b u t  
was  u n a m b i g u o u s l y  p r o v e d  b y  a n a l y z i n g  the  R P P  
w a v e s  as wi l l  be  s h o w n  la te r .  

By  a p p l y i n g  R P P  ( p o t e n t i o s t a t i n g  t h e  DME a t  t he  
p l a t e a u  of  t h e  first  w a v e  fo r  �9 ---- 1 sec, and  s a m p l i n g  
the  c u r r e n t  a t  tp ~ 3 m s e c  and  C2+ --~ 2 m M ) ,  t he  fo l -  
l o w i n g  o b s e r v a t i o n s  w e r e  m a d e :  (i) t he  m i x e d  c a t h -  
o d i c - a n o d i c  w a v e  (E1/2 - -  --1.166V, Fig. 5c) has  
N e r n s t i a n  b e h a v i o r  fo r  a s i m p l e  o n e - e l e c t r o n  c h a r g e  
t r a n s f e r  p rocess ;  ( i i )  EI /~  i s - i n d e p e n d e n t  of  p u l s e  

,~ 0 
~L 

- 2 0  

- 4 0  

- 6 0  

- 8 0  

I I I I I 

CH3CN 

coo0.  
CH3 [ R P . ~  

. . . . . .  ~ 

(d)  

60 

4O 

2O 

0 
< 

~  

0 

- 2 0  

- 4 0  

- 6 0  

- 8 0  I I I I I 
0.5 0 -0 .5  - I . 0  - I .5 - 2 . 0  

E / V  vs Ag/Ag+(O.OtM),CHsCN 

Fig. 5. NPP and RPP (constant Ein mode) of 0.57 mM 2 + C l 0 4 -  
in 0.25M LiCIO4-CH3CN. T = 1.1 sec, tp = 3.1 msec. Arrows 
indicate Eia. Ep is plotted on the X-axis. 
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width and concentrat ion;  and (iii) iRp,D/iRP,R 2 is in -  
dependent  of pulse width. 

We thus conclude that  the chemical reactions (mono- 
merizat ion and dimerization) are frozen and the sim- 
ple charge transfer  [7] is observed. 

The main  difference be tween the NP and RP modes 
stems from the fact that  under  RPP, the radicals have 
been allowed to dimerize over a long enough time (z --~ 
1 sec), thus diminishing substant ia l ly  the contr ibut ion 
of the dimerization process dur ing the pulse. 

The observation that  at the same pulse width, mono-  
merizat ion is frozen at RPP, while dimerization is not 
frozen at NPP, indicates that  km ~ kdC2+ (0.1 mM --  
C2+ ----- 2 mM).  

The RP mixed cathodic-anodic wave is a good esti- 
mate  for the formal potent ial  of the couple 2"/2+: 

~ 2"/2 (MeOH) : E 2'/2+(AN) -- --1166 mV and E ~ + 
--1111 mV. 

Products of the Oimerization Process 
RPP proved to be a useful  tool to analyze the re-  

duction products of 2 + at  the electrode. The RPP of 
2 + (Fig. 5c) includes two waves, one with cathodic and 
anodic components (Ez/~ -~ --1.166 V, represents the 
reduct ion-oxidat ion process [7]) and the other, the 
anodic wave at --0.48V. The following facts indicate 
that  the anodic wave represents the oxidation of only 
one product  

~..OOCH 3 

~C00C~45 
(2-2) 

1, t ' -d imethyl-2 ,2 ' -dicarbomethoxy-4,4 ' - te t rahydro-  
bipyridine:  kmax(~) -- 332 nm(2000);  245 nm(10000)sh 
(i) The reduction products of 2 + in  CH3CN-LiC104 
[obtained by Na-Hg reduct ion or by macroscale re-  
duction on Pt  or Hg electrodes (21)] exhibit  the same 
oxidation wave at --0.48V. RPP of this solution indi -  
cates that  the 2 + is the product of the electrochemical 
process taking place at  --0.48V. (ii) Int roduct ion of 
oxygen into the system causes a decrease in the oxi- 
dation wave at --0.48V and a subsequent  increase in 
the reduction wave of the s tar t ing material,  (2+).  
The formation of 2 + is also revealed by the appearance 
of the absorption band at 270 nm and the disappear-  
ance of the absorption spectrum of the dimer, (2-2) 
[cf. (21)]. (iii) The photodissociation spectrum of the 
electroreduction products of 2 +, measured by RPP 
technique (33), corresponds very well to the ab-  
sorption spectrum of the dimer (2-2) in  this solution 
(21). A detailed discussion on the assignment of the 
structure of (2-2) is given elsewhere (21). 

Determination of Kd, kd, and km 

The progress of the reactior~ 

kd dimer 
2" ~- ~/zdimer K d - - - -  [13] 

km [2] 2 

can be followed by RPP. Under  conditions at which 
the dimerization and monomerizat ion processes are 
frozen, the RP l imit ing anodic currents  for the radical 
( iRP,R)  at --1.166V and of the dimer ( iRP,D) at ~0.48V 
are proport ional  to the concentrat ion of these species 
in  the diffusion layer  at t ime ~, pr ior  to the application 
of the pulse. The ratio iRP,D/i2RP,R reflects the progress 
of reaction [13] dur ing the t ime T at which Ein is ap- 
plied. Therefore we define a kinetic parameter  Kd' 

CD 1 iRP,D iNP,I  
Kd' [14] 

CR 2 2 i2Rp.R C2+ 

where C--'R and C-D are the average concentrations of 
the radical and the dimer, respectively, in the diffusion 
la:~er at the t ime of pulse application. 

A typical set of results obtained for 1.0 mM 2 + in 
0.25M LiC104-TBAP, 5 • 10-3% Tri ton X-10O, exem- 
plifies the dependence of Kd' on ~: 

log Kd' 3.42 3.57 3.78 3.99 4.12 4.16 

(sec) 0.36 0.57 1.12 2.24 3.35 5.47 

Since log Kd' approaches constancy at large T, the 
value 4.2 is a first approximat ion for the equi l ibr ium 
constant. A s imulat ion technique, t reat ing a second 
order following reactions with diffusion taken into ac- 
count, has been elaborated (30) and applied on the 
2+ reduction process, yielding values for Kd, kd, and 
km. 

The equi l ibr ium and rate constants in  acetonitri le 
were determined in  two different support ing electro- 
lyres, LiC104 and TBAP, in order  to examine the ef- 
fect of the cations on the dimerizat ion reaction. [The 
effect of cations on the stabil i ty of various pyr id inyl  
radicals has been discussed recent ly  (34).] No effect 
was observed in  the concentrat ion range of support ing 
electrolytes used (25-250 mM).  

To exclude the possibility of adsorption of the dimer 
at the electrode surface with subsequent  dissociation 
into radicals (33), measurements  were carried out 
also in  the presence of 0.01% Tri ton X-100, but  only 
a small increase (0.1 log units)  in  Ka was observed. In  
acetonitri le (with LiC104 or TBAP) :  log Kd : 4.8 -- 
0.1; log kd -- 4.1 _+ 0.1; log km -- --0.7 ~ 0.05. In  
methanol-0.25M LiC104: log Kd -- 4.8 +_ 0.1; log kd -- 
4.4 +_ 0.1; log km -- 0.4 --+ 0.05. 

A value of log Kd __- 5 in  acetonitrile, obtained by 
a t i t ra t ion method, is reported elsewhere (21). 

kd was also estimated from NPP carried out at in -  
termediate pulse widths, 10 msec < tp < 90 msec. As 
shown above, reversible electronation is observed at 
shorter pulse durations, while reversible electrodimer-  
ization is approached at z ~ 4 sec. At pulse widths 
ranging from 10-90 msec and C2+ > 1 mM, the cur-  
rent -potent ia l  relationship according to Eq. [6] is fol- 
lowed up to i N 1/~id.4 E1/2 is shifted in this t ime range 
by 20 mV per  decade of t ime (Fig. 4). Based on the 
value of E ~ obtained earlier, kd was calculated: log 
kd(AN) -~ 4.2 _+ 0.1; log kd(1VIeOH) --- 4.4 _+ 0.1; these 
values are in good agreement  with those obtained by 
the simulation method (30). 

Second Wave 
The second wave of 2 +, 3 +, and 4 + is strongly de- 

pendent  on the type of solvent (protic or aprotic),  the 
type of support ing electrolyte (size of cation),  the 
concentrat ion of depolarizer, and the t iming of the 
exper imental  measurement  (z, tp). 

In  methanol,  independent  of the type of electrolyte, 
the ampli tude of the second wave of the isomers equals 
that of the first wave, and its l imit ing current  is diffu- 
sion controlled (with the exception of a small devia-  
tion in the case of 3 + ). 

In  acetonitrile, with LiC104 as support ing electrolyte, 
the ampli tude of the second wave of 4 + is equal to that  
of the first wave, while with TBAP, the ampl i tude  of 
the DC, but  not the NP wave, is smaller  in  comparison 
of the first wave. The 2 + isomer exhibits a slightly 
decreased ampli tude in  the second wave ( in both DC 
and NP modes) in  LiCiO4 with a more pronounced 
decrease in  TBAP. No second wave for the 3+ isomer 
was detected up to --2.5V. 

Reacting Species of the Second Wave 
RPP has been used to identify the reacting species 

of the second wave. The principle is similar to that  
of exhaustive electrolysis at the plateau of the first 
wave, where the electroactivity of the products is tested 

8 At  v e r y  shor t  % Kd' wi l l  be  d e t e r m i n e d  main ly  by  kd; a t  v e r y  
long r, at  which  equ i l i b r ium cond i t i ons  are  approached ,  i t  wi l l  
be  d e t e r m i n e d  by  kd/km. 

4 S~mulated NPP curves  us ing  Kd and  kd va lues  o b t a i n e d  above  
ag reed  wi th  the  m e a s u r e d  curves  (35). 
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in the potential  region of the second wave. The dif- 
ference be tween the exhaust ive  electrolysis method 
and the RPP  method is that  in RPP the products of 
the first wave  are prepared  in the diffusion layer  only 
(1-5 sec electrolysis) so that  no separat ion is needed 
be tween  anode and cathode. The electroact ivi ty  of the 
products is displayed by applying short  potential  pulse 
(milliseconds) in the potential  region of the second 
wave. The advantages of the RP method are due to 
the short  t ime scale electrolysis in which even un-  
stable products of the first wave  can be detected as 
plausible reactants  of the electrode process at the 
second wave;  at long- te rm electrolysis the products 
may  undergo chemical changes and thus are not neces-  
sari ly identical  to ,those of DC or NP polarography.  

The diagnostics of the RPP display are based on 
the following: (i) If  the product  formed at the first 
wave  is the reactant  at the second wave, the l imit ing 
RP current  is identical to the l imit ing current  of the 
start ing mater ia l  under  NP conditions (in both cases 
the total amount  of species in the diffusion layer  able 
to react  is identical)  

ligp,2 -- iNP,2 [15] 

liRP,2 depends inverse ly  on the square root of pulse 
width. (ii) If the product  formed at the first wave  is 
not the reactant  of the second wave  the RP current  
I/RP,2 will  resul t  only f rom the re la t ive ly  small  amount  
of s tar t ing mater ia l  diffusing toward the electrode f rom 
the bulk of the solution. The ra te  of diffusion is equiv-  
alent  to the D C l imit ing current  at second wave. Thus 

liRP,2 : iDC~ [16] 

where  liRp,2 is independent  of pulse width. 
Such a test has been carr ied out on the compounds 

of interest  4 +, 3 +, and 2 + wi th  LiC104 as support ing 
e lect rolyte  (Fig. lb, 3b, 5b). 4 + behaves according to 
Eq. [15] in both acetonitr i le  and methanol  in the pulse 
width  range 1-90 msec. The conclusion is that  the 
product  of the first wave  (4") is fur ther  reduced along 
the second wave  and does not  undergo any chemical 
changes preceding the second charge transfer.  

3 + yields a second DC and NP wave  in methanol,  
but  not in acetonitrile.  The RP l imit ing current  liRP,2 in 
methanol  behaves according to Eq. [16] in the t ime 
range 1-90 msec. This indicates that  the dimer, which 
is the product  of the first wave  of 3 + , is not fur ther  
reduced at the potent ial  range of the second wave. 
The appearance of the second wave  under  DC and NP 
conditions, at potentials where  the d imer  is stable to 
reduction, indicates that  the second electron t ransfer  
is ve ry  rapid compared to the dimerizat ion react ion 
of radicals formed at the first wave. It  must  then be 
the radical  3' which  is reduced along the second wave. 
The same conclusion has been reached for the reduc-  
tion of NAD + and re la ted compounds (8, 9) on the 
basis of exhaust ive  electrolysis. 

The RPP of 2 + is somewhat  more  complicated than 
those of 4 + and 3 + (Fig. 5b). The value of the RP 
l imit ing current  is somewhere  be tween  iNp and iDC of 
the second wave  in both acetonitr i le  and methanol.  We 
have a l ready shown that  in the case of 2 + substantial  
fractions of both 2' and the d imer  exist as final prod-  
ucts of the first wave  on the t ime scale of the exper i -  
ment. If, as wi th  the two other  compounds, the radical  
is the react ing species, the l imit ing RP current  of 2 + 
should be h igher  than that  of 3 + and lower  than 4 + . 
The RP current  IiRP,2 for  such a case will  be the sum 
of (i) the reduct ion of 2' present  in the diffusion layer,  
which is expressed by the absolute value of the RP 
anodic current,  liRP(R) and (ii) the reduct ion of 2 + 
diffusing toward the electrode at the t ime of the pulse, 
which is expressed by iDC,2 

liRP,2 : iDC,2 ":{- [IiRP,R[ [17] 

T h e  RP polarograms at different pulse widths gave 

currents  in agreement  wi th  the calculated values f rom 
Eq. [17]. Thus the react ing species of the second wave  
is the radical. 

In conclusion, the react ing species of the three car-  
bomethoxypyr id in ium compounds at the second wave  
is the corresponding pyr idinyl  radical. 

Intermediate Species and Products at the Second Wave 
C H s C N - T B A P . - - I n  CHsCN containing TBAP the 

NPP and RPP waves of 4 + have  Nernst ian slopes ac- 
cording to Eq. [5] and [6] and the E1/2 is independent  
of pulse width  in the t ime range of 1-40 msec (Fig. 6). 
Thus, under  such conditions, simple charge t ransfer  is 
observed 

4" + e ~ 4 -  [18] 

wi th  a formal  potential  E~ �9 -- --1.910V. The E~/2 
of the DC wave  is shifted to more anodic potentials 
wi th  the increasing T, and the ratio of the l imit ing 
currents  iDC,2/iDC,1 is smal ler  than uni ty  (while under  
NP conditions it is equal  to uni ty) .  An explanat ion 
of this phenomena is given below in the discussion 
of dimerizat ion processes at the second wave. 

An a t tempt  was made to determine  the formal  po- 
tential  of the 2- /2"  couple at low concentrations of 2 + 
(necessary to avoid dimerization, Eq. [23]). However ,  
the re la t ive ly  low concentrat ion of 2 + and the large 
background currents  did not al low an accurate semi-  
logari thmic analysis of the wave. Thus, a rough esti-  
mate  of the formal  potential  yields a lower  l imit  of 
E~ �9 ,~ --1.83V. 

C H s C N - T B A P - L i + . - - A d d i t i o n  of Li + to CHsCN- 
TBAP solutions containing 2 + or 4 + has the fol low- 
ing effects on the second wave:  (i) At  molar  ratios 
[ L i + ] / [ 4  +] _-- 0-1 the wave  splits; a new wave at 
more anodic potentials is formed at the expense of 
the original wave, reaching full  height  at a molar  ratio 
of unity (Fig. 7). Fur the r  addit ion of Li + ( m o l a r  ratios 
10-100) shifts the E1/2 by 30 mV per decade of [Li+],  
and by 30 mV per  decade of t ime (in the t ime range of 
1-100 msec).  5 (ii) The addit ion of Li + restores the 
ampli tude of the second wave  to its full  diffusion con- 
trolled height. (iii) The ampli tude of the RP wave  (Ein 
set on the plateau of the second wave)  in the presence 
of Li + is considerably smaller  than that  measured with  
TBAP alone (Fig. 6). ( iv)  The reduct ion wave  of Li + 
at E1/2 = --2.3V makes its appearance only at molar  
ratios larger  than unity. Plots of the ampli tude of the 
Li + wave as function of [Li +] have  the shape of an 

5 For a EC scheme of reversible charge transfer followed by irre- 
RT ( ~o R u 

versible chemical reaction, E~/~ = E o" + In 0.89 CMkt ) , 
F 

where  CM is the concentration of the  metal  ion (31). 
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Fig. 7. Polarograms of 2.3 mM 4 + CIO4-  in 0.25M TBAP-CH3CN 
with additions of LiCIO4. The values of the molar ratio [hi + ] / [ 4  + ] 
are marked on bottom curves. �9 ---- 0.5 sec, tp ~ 10 msec. 

amperometric  t i t rat ion with an increase of current  
s tar t ing at the equivalent  point  (molar ratio uni ty) .  
(v) The electrochemical behavior  of the system is in-  
dependent  of the presence of TBAP, which acts as an 
indifferent electrolyte. The effect of t e t rabu ty lam-  
monium ion was tested in  acetonitrile, which contained 
no other electrolyte, under  conditions in which the 
current  ratio iDC,2/iDC,I is considerably smaller  than 
uni ty  (4 mM 4 +). A gradual  increase of TBAP con- 
centrat ion did not change the ratio and had the ex- 
pected effect of decreasing the iR drop and the mi-  
grat ion current.  (vi) In  solutions containing LiC104 
alone, the anions 2 -  and 4 -  were also detected, al- 
though to a much smaller  extent  than in TBAP. 

CHsCN-TBAP-Na+.- -Addi t ion  of Na + to CHsCN- 
TBAP solutions shifts the reduction wave to more posi- 
tive potentials and restores the ampli tude of the second 
wave to its full diffusion-controlled height. The shift 
of the wave is less pronounced than in the case of Li+ 
at the same molar  ratios, and the reduction wave of 
Na + (E1/2 ---- --2.2V) appears at molar ratios smaller  
than unity, depending on time (tp or T). 

CHsCN-TBAP-proton donor.--Addit ion of methanol  
as proton donor has an effect similar to that of Li +, 
with, however, molar ratios much larger than uni ty  
(,~5 • 103 in  the case of 4 +) being required for full  
development  of the new wave. 

In  the case of 1 methyl -4-cyanopyr id in ium ion, the 
behavior of which is similar to that of 4 +, acetic acid 
was used as proton donor. Only a 1:1 molar  ratio of. 
[HAc]/[4  +] was required for the new wave to reach 
full height. 

CHsOH.--The electrochemical behavior in methanol  
is s imilar  to that  of acetonitri le solutions containing 
at least 20% (V) of methanol.  The type of electrolyte 
does not affect the ampli tude of the second wave or its 
location (differences of few millivolts are related to 
l iquid junct ion  potential) .  

The above exper imental  facts undoubtedly  prove 
that the anions 2- ,  3- ,  and 4 -  are involved in a fast 
i rreversible reaction with cations (Li +, Na +, H +) 
present  in  solution. 

Dimerization Processes at the Plateau of the Second Wave 
The observation of a decrease of the current  ratio 

(iDC,2/iDC,1 o r  iNp,2/iNP,1) is concurrent  with the ap- 
pearance of a dimer oxidation wave in the RPP mode 

(Ein set on the plateau of the second wave).  In  CH3CN- 
TBAP solutions, the decrease is most pronounced with 
2 + (iDC,2/iDC,1 --> 0 for Cz+, 3 raM; iNp.s/iNP,1 < 1 and 
depends on tp). With 4 + only the DC ratio is decreased 
(i.e., /DC,S/iDC,1 '~ ~'z at  3 mM).  In  CI-~CN-LiC104 so-  
lutions only the 2 + exhibits this behavior  (Fig. 5d), 
but  a lesser degree than  in CHsCN-TBAP. 

The identification of the dimer of the 2 + isomer, 
formed at the plateau of the second wave, was made 
by comparing E1/~ of its oxidation wave (Fig. 5d) with 
that  of the dimer produced at the first wave (wave 
with E1/2 -- --0.48V in  Fig. 5c). Such comparison could 
not be carried out for the 4 + isomer, since no dimer 
formation takes place at the first wave. In  all cases in 
which the current  ratios were smaller  than un i ty  the 
following behavior  was observed: (i) The current  ratio 
increases with decreasing depolarizer concentration, 
reaching uni ty  at 10w concentrations. For example, the 
DC and NPP ratio for 2 + in  0.25M LiC104-CHsCN is: 

[2+],  mM 2.80 1.15 0.61 0.06 

Current  ratio 0.72 0.87 0.98 1.00 

(fi) For  a given isomer, the current  ratio in  aceto- 
ni t r i le  is lowest wi th  TBAP as electrolyte and in-  
creases with additions of equimolar  amounts  of small  
cations (H +, Li +, Na +, NIg + + ) or larger amounts  of a 
proton donor such as CH~OH. (iii) The second wave 
of 4 + recorded in a pulse mode wi th  Eln set on the 
plateau of the first wave has a considerably larger 
ampli tude than with Ein set at a potential  region in 
which no reduction takes place (NPP).  (iv) In  metha-  
nolic solutions (LiC104 or TBAP as electrolytes),  only 
3 + yields a small  amount  of dimer with the potential  
set on the plateau of the second wave (Fig. 3d) (this 
accounts for the small  decrease in the ampli tude of 
the second wave).  

Summary of the Electrode Processes at the Second Wave 
From the results described above we conclude that 

the anions n -  (2- ,  3- ,  or 4 - )  formed in a reversible 
charge transfer  reaction [19] (at the potential  region 
of the second wave) 

n" + e~-n- [19] 

react i r reversibly with cations or abstract protons from 
the solvent as follows 

n- + HB--> nH+ B- [20] 

n -  -5 Li + "-> nLi [21] 

n -  -5 Na + ~ nNa [22] 

n -  -5 n + -> dimer [23] 

The general  idea that pyr id in ium cations may react 
with anions has been extensively discussed in the l i ter-  
a ture [i.e., Ref. (36, 37)]. Dimerization of t ropyl ium 
cation with its anion, formed by electrochemical re-  
duction, (reaction similar  to [23]) was observed by 
Breslow and Drury  (38). 

Reaction [20] dominates in protic solvents. The 
product, dihydropyridine,  ni l ,  is revealed by the RPP 
oxidation waves at about 0V (i.e., see Fig. 3d for 3 +). 

In  acetonitri le solutions, ~ -  reacts with the cations 
of the electrolyte (reactions [21], [22]) or with the 
corresponding pyr id in ium cation, n + (reaction [23]). 

The rate of the reaction with Li + is higher than  
that with Na+. 

No reaction between n -  and the bu lky  te t rabuty l -  
ammonium cation takes place on the polarographic 
t ime scale. Thus, CI-I~CN-TBAP solutions offer the 
most favorable conditions for the observation of 
anions, n - ,  and dimers, n-n ,  formed according to 
reaction [23]. Whenever  the dimerization process takes 
place, the ampli tude of the second wave is decreased 
(as described above),  since the net number  of electrons 
involved in this wave is less than one, 
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The d imer  fo rmed  on the p la t eau  of the second wave  
resul ts  f rom a reac t ion  be tween  n -  and n + ( react ion 
[23]),  whi le  a long the  wave,  i ts fo rmat ion  f rom rad i -  
cals also takes  p lace  

n" ~ �89 d imer  [24] 

To exempl i fy  this point,  the  fo rma t ion  of the  d imer  
( 2 - 2 )  a t  the  second wave  is fol lowed b y  measur ing  
the RP cu r r en t  a t  a po ten t ia l  set  on the  p la t eau  of the  
oxida t ion  wave  of the  d imer  (--0.36V),  wi th  the  ini t ia l  
po ten t ia l  mak ing  excursions into the  range  of in te res t  
(Fig. 8c). The cont r ibut ion  of the  oxida t ion  currents  
of  2" and 2 -  a r e  eva lua ted  by  record ing  a reverse  
pulse  po la rog ram as above, bu t  the poten t ia l  of the  
pulse  is set  a t  the  p l a t eau  of the  oxida t ion  of the  
rad ica l  (,~ --0.80V) a t  which  2" and 2 - ,  bu t  not  the 
d imer  a re  oxidized (Fig. 8b).  Sub t rac t ion  of curve  8c 
f rom 8b yields  the oxida t ion  cur ren t  of the  dimer,  
which is p ropor t iona l  to i ts  amount  genera ted  a t  d i f -  
fe rent  in i t ia l  potent ials .  

The fo rmat ion  of (4-4) d imers  at  the  second wave  
(Eq. [23]),  is most  interest ing,  since no (4-4) d imers  
a re  fo rmed  under  the  condit ions of the polarographic  
first wave  (Eq. [24] ). Dimer iza t ion  of 4" radicals  has 
only been  observed  in th in  films (22b) or in the  case 
of 1 ,1 ' -d imethylene or t r ime thy lene -b i s  (4 -ca rbometh-  
oxypyr id iny l )  radicals  (84, 39). The  (4-4) d imers  a re  
ve ry  uns tab le  in  solut ions and dissociate immed ia t e ly  
into the  4" radicals .  On the po la rographic  t ime scale, 
d imers  a re  formed only  according to reac t ion  [28], 
but  not  according to reac t ion  [24], leading  us to the 
conclusion tha t  the  respect ive  d imer iza t ion  ra te  con- 
s tants  a re  subs tan t ia l ly  different.  

Exper iments  pe r fo rmed  wi th  1 - t - b u t y l - 4 - c a r b o m e t h -  
oxypyr id in ium ion gave rise to g rea te r  amount  of the 
respect ive  anion and smal le r  amount  of the  d imer  
compared  to 4 + under  s imi lar  conditions.  Considering 
ster ic  effect, we assume tha t  the d imer iza t ion  takes  
place  at  the  2-posi t ion of the ring, at least, for one of 
the par t ic ipants  of reac t ion  [23]. 

F r o m  the the rmodynamic  point  of view, i t  is of in-  
te res t  to calculate  the equ i l ib r ium constant  of reac t ion  
[25] 

4 -  + 4 + ~ 4' + 4. [25] 

log K = (E~ - -  E ~  --  13.8, was 
ca lcula ted  wi th  values  of E ~ de te rmined  in CH~CN- 
TBAP (Tables  II  and I I I ) .  React ion [25] has been dis-  
cussed by  Mohammad  et  aL (40). 

The processes along the second wave are  summar ized  
in Table  IIL 
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LIST OF SYMBOLS 
C2+ (CD) bu lk  concentra t ion of 2+ (d imer)  
CD (CR) average  concentra t ion  of d imer  ( rad i -  

cal) in the  diffusion l aye r  (8 = 
(~DtD) V~) at  the  t ime  of pulse appl i -  
cat ion 

D2+,DD, Do, DR diffusion coefficients of  2 +, dimer ,  
oxidized and reduced  form 

E ~ (E ~ s tandard  ( formal)  potent ia l  
Ein potent ia l  appl ied  f rom the beginning 

of the drop g rowth  up to t ime T --  tD. 
In the RPP mode, products  and in t e r -  
media tes  a re  genera ted  at  this po ten-  
t ia l  

ED pomnt ia l  of pulse  
iDC (iNp) DC (NP) l imi t ing  cur ren t  
iDC,1 ( iNP.1)  DC (NP) l imi t ing cur ren t  for the first 

wave  

Table IlL Electrode reactions: second wave 

C a m  o 
pound Conditions Electrode reactions Ae e ton i t r i l e  * Methanol*  

NP  (tp < 40 m s e c ) t  4. + e .~4 -  E o ' c n  - = --1.910Vt 
~4-  + e ~ 4 -  

4* NP,  DC** J 4- + M+-* 4M E1/2 -- -1.504V**,~ Ell.. = -1,412V**,$ 
) M+ = H§ Li~, Na-  
t 4- + 4~ -~ d imer$ ,  i 

NP  (t~ < 2 m s e c ) ?  2'  + e ~ 2 -  E ~  1.83V? 
( 2 "  + e ~ 2 -  

2 § NP,  DC** | 2- + M ~ ~ 2M E1/s = --1.505V**,." E1/o. = --1.371V**,* 
�9 ~ M + = H  ~ ,Li  §  ~ 
1 2 -  + 2~-~ d i m e r * * , t , i  
t. 2" + 2" ~ d i m e r * * , ~ , w  

No w a v e  in  A N  

BH--* 3H + B- EI/2 = --2.06V**,$ 
3+ NP,  DC -- + 3 * - ,  dhner**,~  

R e m a r k s  

w; diff. contr ,  l i m i t i n g  
c u r r e n t ; *  * ivc,2/ivc,1 
< 1;? 4- detected 

W; ~NP,2/iXP,1 ~ 1;$$'t 

iVC,~-/i~c,1 < 1;**'t 2- 
detected 

w; 3- de t ec t ed  

* R e f e r e n c e  e l ec t rode :  Ag /Ag*(0 .01M) ,  0.25M LiC10~ in  CI-hCN. 
* * S u p p o r t i n g  e l ec t ro ly t e :  0.25M LiCIO~. 

t S u p p o r t i n g  e l ec t ro ly t e :  0.25M TBAP.  
DC m e a s u r e m e n t s  a t  r = 1 sec.  

w R e a c t m n  t a k ~ l g  place  a long  the  w a v e  a n d  a t  t h e  l i m i t i n g  c u r r e n t  r e g i o n  ( in  ace ton i t r i l e  so lu t ions ) .  
~w Reac t i on  t a k i n g  place  a long  the  wave ,  b u t  no t  a t  t he  l i m i t i n g  c u r r e n t  r eg ion .  
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ivc,2 (iNP;2) DC (NP) limiting current for the sec- 
ond wave 

IiRp,D (liRP,R) reverse pulse limiting current of oxi- 
dation of dimer (radical) generated 
at an initial potential on the plateau 
of the first wave 

liRP.Z reverse pulse limiting current mea- 
sured at the potential of the second 
wave (postsubscript) with an initial 
potential on the plateau of the first 
wave (presubscript) 

Kd equilibrium constant of dimerization 
Kd' kinetic parameter,  defined by Eq. [14] 
k~ (kin) rate constant of dimerization (mono- 

merization) 
n + , n  ", n -  pyridinium cation, pyridinyl radical 

and anion of the 2, 3, and 4 carbo- 
methoxy isomers, respectively 

RPP (constant Ein mode) reverse pulse polarography 
with constant value of Ein and vari-  
able ED 

tD; �9 pulse auration; drop time 
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ABSTRACT 

Varying amounts  of metall ic Ag are detected by  x - r a y  di f f rac tometry  at  
the surface of Ag/Ag2S electrodes that have been exposed to alkal ine-ascorbic 
acid solutions. These electrodes give a vol tammetr ic  response to redox couples 
in solution and this response is in terpreted as providing fur ther  proof of the 
presence of Ag metal  at the electrode surface. The metall ic Ag accumulates 
at the electrode surface pr imar i ly  as a result  of redox reactions between the 
Ag2S and the ascorbic acid present  in the solution in which the electrode is 
used. 

Solid-state Ag2S membrane  electrodes that  have an 
in te rna l  silver metal  contact (Ag/Ag2S) may give rise 
to negative deviations from Nernst ian response (super- 
Nerns t ian  response) at sulfide concer~trations less than 
10 -6 mole / l i te r  in an alkaline-ascorbic acid solution 
(1). A deposit or film that  had appeared on the surface 
of one such electrode was previously studied in a scan- 
n ing electron microscope (SEM), and deposits that 
were rich in  silver but  depleted in sulfur  were ob- 
served; it was concluded that  these could be deposits of 
metall ic silver, thereby giving rise to the super-Ner-  
st ian response because of the measurement  of mixed 
potentials (1). The in te rna l  silver metal  contact was 
proposed to be the p r imary  source of the metallic sil- 
ver (1). This paper presents results from x - ray  diffrac- 
tometry  (XRD) studies that  show varying  amounts  of 
metall ic Ag to be present  at the outer Ag2S surface o f  
other Ag/AgzS electrodes that  had been exposed for 
varying  periods of time to alkaline-ascorbic acid solu- 
tions. 

However, the presence of metall ic s~lver at the 
electrode surface should not in itself cause interference 
with the Nerns t ian  response of the electrode to low 
levels of sulfide ion in solution; the solid-state Ag2S 
membrane  electrode can be regarded as an electrode of 
the second kind (2), and the potential  of the lat,ter 
electrode is not affected by the extent  of coverage of 
the silver wire by the silver salt (2, 3). The potential  of 
an electrode of the second kind may  be sensitive to the 
presence of redox couples in solution since bare silver 
metal  may be exposed to the solution either directly or 
through the pores in  the relat ively th in  layer  of salt 
deposited on its surface (2, 3); the potential  of the 
solid-state Ag2S membrane  electrode, however, is 
claimed to be insensit ive to the presence of redox 
couples (4-6), since the metall ic silver is isolated from 
the solution by a thick nonporous polycrystal l ine 
pressed pellet membrane.  Metallic silver present  at the 
outer  surface of the solid-state membrane  electrode 
may interfere with the Nerns,tian response of this elec- 
trode if the silver can al ter  sufficiently the electronic 
conductivi ty of the membrane  electrode such that  the 
la t ter  can respond to the presence of redox couples in 
solution, i.e., measure mixed potentials (1). 

At room temperature,  Ag2S is both an ionic and 
electronic conductor. The ionic conductivi ty is high, ~i 

0.36 • 10 -3 12 -1 cm -1, both in cell I, Ag/Ag+ ( a q ) /  
Ag~S/Ag + ( aq ) /Ag  and cell II, Ag/Ag2S/Ag + (aq) /Ag,  
and is a t t r ibuted  to the presence of Frenke l  defects, 
silver vacancies, and silver interst i t ials  (4). The elec- 

* Electrochemical Society Active Member. 
Key words: membrane, electrode, x-ray, voltammetry. 

tronic conductivi ty ~e, however, varies s trongly with 
the na ture  of the contact to the Ag2S membrane ;  for a 
l iquid contact as in  cell I, ~e ---- 0.004 • 10 -3 ~ -1  cm-1 
while for a silver metal  contact, cell II, ae = 2.5 X 10 -3 
~ - 1  cm-1 (4). The high electronic conductivi ty of an 
Ag2S electrode in contact with metallic Ag, Ag/Ag2S, 
is a t t r ibuted to the presence of excess silver in the 
crystal which acts as an electron donor (4); despite 
this, it has been claimed that  the presence of redox 
couples in solution has little or no effect on the mea-  
sured poter~tial at an Ag/Ag2S electrode because of the 
high resistance at the AgzS/solution interface to the 
t ransfer  of electrons to redox species in solution (4, 5). 
However, the results presented in  this paper show that 
our  used Ag/AgeS electrodes give a well-defined 
vol tammetr ic  response to redox couples in solution, 
similar to the response observed at an Ag wire elec- 
trode; these vol tammetr ic  results provide fur ther  in-  
direct evidence that  metall ic Ag is present  at the outer 
surface of these used Ag2S electrodes. I,t is proposed 
that the metallic Ag alters the electronic conductivi ty 
of the Ag2S membrane  to the extent  that  the electrode 
can measure mixed potentials. 

From the results of the vol tammetr ic  and surface 
studies, it is concluded that  the metallic silver accumu- 
lates at the electrode surface pr imar i ly  as a result  of 
the redox reaction between the AgeS and the ascorbic 
acid present  in  the solution in  which the electrode is 
used. 

Experimental 
All Ag2S membrane  electrodes were obtained from 

Orion Research Incorporated; metal-contacted (Ag/  
Ag2S) electrodes were purchased (Orion 94-16A) 
while the graphite-contacted (C/Ag2S) electrodes 
were kindly  provided by Orion. The Ag/Ag2S elec- 
trodes were labeled alphabetical ly to ident ify them 
dur ing  use. 

The surfaces of the Ag/Ag2S electrodes were exam- 
ined by x - r ay  diffractometry and scanning electron 
microscopy, using equipment  described previously (7). 
X- ray  reference data were obtained from Joint  Com- 
mittee for Powder Diffraction Standards (Swarthmore,  
Pennsylvania)  file cards 4-.0783 (Ag), 14-72 (Ag2S), 
and 12-793 (Ag20). 

The vol tammetr ic  studies were done at room tem-  
pera ture  in solutions prepared from reagent  grade 
chemicals using deionized-disti l led water  and deaerated 
with N2. Stock (0.1 mole/ l i ter)  iron solutions were pre-  
pared by  dissolving (NH4)2Fe2(SO4)3 in  0.1 mole / l i te r  
HC104, and FeC13 in distilled water;  microli ter  portions 
of these stock solutions were added to the deaerated 
electrolytes as required. A Pr inceton Applied Research 
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(PAR) Model 174 Polarographic Analyzer  was used, 
together with a conventional  s ingle-compar tment  celI 
(PAR Model K60). A P t  wire was used for the counter-  
electrode, while a saturated calomel electrode, sep- 
arated from the test solution by a 0.1 mole / l i te r  KNO~ 
solution, was used as the reference electrode. A Moseley 
Model 2D-2 X-Y recorder and an HP Moseley 7100B 
X- t  recorder were used to record the vol tammetr ic  and 
chronoamperometric  results, respectively. 

Results 
Surface analyses.--Init ial ly,  electrodes J and M were 

examined by XRD. Electrode M had failed to give 
Nernst ian response after continuous use for approxi-  
mate ly  one month  in an HaS-in-water  monitor  (8) ; on 
removing it from the monitor, a coarse crystall ine de- 
posit was present  on its surface. Electrode J had been 
used extensively in the laboratory to s tudy response to 
sulfide ions in alkaline-ascorbic acid solutions; it would 
rapidly acquire a surface film during use. After J had 
been stored for 3 weeks in  an alkaline-ascorbic acid 
solution, a coarse granular  deposit was present  on its 
surface. X- r ay  diffractometry showed that Ag metal  
w a s  the major  component of the surface deposits on 
both electrodes. After the deposit was scraped from 
the surface of M, the Ag2S counts were enhanced three-  
fold while the Ag counts were reduced by ~60% ; x - ray  
powder diffraction photographs showed that the 
scraped mater ia l  contained both Ag and AgeS. After  
electrode J was scraped, the Ag counts from the sur-  
face were reduced by ~20% and the Ages counts 
increased by ~50%; the scraped mater ia l  in this case 
w a s  essentially Ag with no detectable AgeS. Silver 
oxide, Ag20, was not detected at either electrode. 

Fu r the r  XRD and SEM analyses of other Ag/Ag~S 
electrodes are summarized in Table I. Electrode H, 
used and treated s imilar ly  to electrode J, also had ac- 
quired a thick coarse layer on its surface dur ing its 4 
week storage in an alkaline-ascorbic acid solution. This 
layer  was pitted and consisted almost ent i re ly  of Ag. 
The Ag layer  was removed by polishing the electrode 
on 60.0 grit  paper; the resul tant  exposed surface con- 
tained only Ag2S and was porous and pitted. Another  
layer  of Ag was subsequent ly  grown on the surface of 
electrode H on re-exposure to alkaline-ascorbic acid, 
and this again could be removed by polishing. Elec- 
trode D had also been used extensively in the labora-  
tory bu t  had been stored dry, in air. The surface of D 
contained numerous  large visible pits and consisted 
pr imar i ly  of Ag2,S with some Ag, bu t  Ag was not de- 
tected at electrode Z. 

It  had been previously presumed that the Ag diffused 
to the electrode surface from the in te rna l  silver metal  
contact (1); at tempts to observe this diffusion process 
by heating an Ag/Ag2S electrode in air were unsuccess- 
ful. Electrode T was a new electrode that gave Nern-  
st ian response to 3 • 10-7 mole / l i te r  sulfide; metall ic 
Ag was no.t detected by XRD at its surface nei ther  be- 
fore nor after heat ing for 102 hr at 371 K, nor  after a 

Table I. XRD, SEM study af Ag/Ag2S electrodes 

Electrode XRD* SEiYl Camxneats 

C - -  A g ,  A g 2 S  U s e d  i n  H=S monitor 
p i t t e d  

M A..Ag, Ag2S - -  Used in H~S monitor  
J _~, Ag2S - -  Lab use  

Stored in alkaline- 
aseorbic acid 

H Ag, Ages Pitted Lab use 
Stored in alkaline- 

ascorbic acid 
H Ag2S Porous  - -  

(pol ished)  
T AgeS Na Ag after heat ing 
Z Ag-oS Pi~'e d Lab use 

Air  storage 
D Ag, Ag2_S Pitted Lab use 

Air storage 

* Major surface component  underl ined,  

fur ther  380 hr at 398 K, despite a two-fold decrease in 
electrode thickness caused by polishing of the electrode 
during periodic examinat ion while being heated. 

Silver oxide was again not detected at any of the 
electrode surfaces. 

Electrochemical  Studies 
A g/A gzS  e lec trode . - -Numerous  Ag/Ag2S electrodes 

that  had undergone "normal  use" gave a vol tammetr ic  
response to electroactive species in  solutions. These 
electrodes had been used to measure sulfide in a lkal ine-  
ascorbic acid solutions, but  were stored in air between 
use and were polished occasionally. There were no 
visible deposits or films on their  surface. In  an oxalate 
electrolyte (pH 4) containing Fe( I I ) ,  a well-defined 
oxidation peak was observed at --50 mV as the elec- 
trode was scanned from negative to more positive po- 
tentials, Fig. 1A; a corresponding reduction peak for 
Fe( I I I )  was not observed on the reverse scan even in 
the presence of added Fe ( I I I ) ,  prior to the reduction 
of the Ag2S at potentials more negative than --500 mV. 
The anodic peak current  increased l inear ly  with Fe (II) 
concentrat ion over the range 0.1-4 • 10 -3 mole/l i ter ,  
Fig. 2, and also with the square root of the scan rate (v), 
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Fig. I. Voltammetric response of Ag/Ag2S electrode at 50 mV/ 
sec ta solutions of: (A) 2 X 10 -3  mole/liter Fe(ll) in 0.2 mole/ 
liter Na2C204 (pH ~ 4); (B) 2 X 10 -3  male/liter ascorbic acid 
in 1 mole~liter NaOH; . . . . .  electrolyte only, ~ electrolyte 
plus electraactive species. 
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Fig. 2. Variation of peak current at Ag/Ag2S electrode with 
Fe(ll) concentration at 50 mV/sec in a 0.2 mole/liter Na2C204 
(pH 4) solution. 
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Fig. 3; deviations from l inear  response were observed 
at Fe ( I I )  concentrat ions >4  • 10 - s  mole / l i te r  and at 
scan rates >50 mV/sec. At a given scan rate, the peak 
potential  for the oxidation of Fe( I I )  varied by  100-200 
mV from one electrode to another,  and with the condi- 
t ion of the electrode surface. The anodic peak potential  
also shifted to more positive values with increasing 
scan rate;  some electrodes appeared to follow an Ep- 
v 1/2 relat ionship while others appeared to follow an 
Ep-ln v relationship (1 ----- ~ ~ 200 mV/sec) .  Both in  the 
absence and in  the presence of Fe ( I I ) ,  large anodic 
currents  were observed at potentials more positive 
than +300 mV on the forward scan, and a correspond- 
ing reduct ion peak was observed on the reverse scan at 
+200 mV, Fig. 1A. 

S imi la r  results were observed in  alkal ine solutions 
containing ascorbic acid: an oxidation peak was ob- 
served at --100 mV on both the forward and reverse 
scans, Fig. lB. The anodic peak current  on the forward 
scan increased l inear ly  with ascorbic acid concentra-  
t ion over the range 0.1-1 X 10 -8 mole/ l i ter ;  the peak 
cur ren t  --v 1/~ dependence in  the ascorbic acid system 
was nonlinear ,  Fig. 3. 

If the Ag/Ag2S electrode was scanned to Potentials 
more negative than --800 mV in the alkal ine solution, 
t h e  cathodic current  increased markedly,  Fig. 4; a well-  
defined anodic peak was observed on the reverse scan 
and the anodic peak current  increased ei ther  as the 
switching potential  became more negative or as sulfide 
ions were added to the solution. When the electrode 
w a s  scanned to positive potentials, large oxidation 
curren.ts that  increased l inear ly  with time (voltage) 
were observed. The well-defined reduction peak ob- 
served at +100 mV on the reverse scan increased in 
height as the switching potential  for the forward scan 
w a s  made more positive. 

Potent ia l -s tep  chronoamperometry  provided fur ther  
informat ion on the na ture  of the processes occurring at 
the positive potentials in  the alkal ine solutions. The 
oxidation current  at +300 mV remained constant or 

200H o 

15C 

ip(~A) 
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50 

2 4 6 8 I0 12 14 

~�89 (mY/s) �89 
Fig. 3. Variation of peak current at Ag/AggS electrode with 

square root of scan rate; O ,  2 X 10 -3  mole/liter Fe(ll) in 0.2 
mole/liter Na~C204 (pH ,~ 4); A ,  2 • 10 -3  mole/liter ascorbic 
acid in 1 mole/liter NaOH. 
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Fig. 4. Voltammetrlc response of Ag/Ag2S electrode at 50 mV/ 
sec in 1 mole/liter NaOH. Electrode was scanned: from 
--500 to +300  to --400 mV; . . . . .  from --500 to --900 to 
+300  to --1000 to --600 mV. 

decreased only gradually,  Fig. 5; a dark deposit formed 
on some electrodes dur ing  this oxidation step. When the 
potential  was stepped to --300 mV, the reduction cur-  
rent  first increased with time, then decreased gradually,  
and finally decreased very rapidly;  the black deposit 
was removed from the electrode surface dur ing the 
reduct ion step. Equal  amounts  of charge were con- 
sumed by the anodic and cathodic processes. 

The vol tammetr ic  responses of numerous  Ag/Ag~S 
electrodes to the oxa la te -Fe( I I )  solution and to the 
alkaline-ascorbic acid solution were qual i ta t ively 
similar, regardless of whether  the electrodes gave good 
or poor Nernst ian response to low levels of sulfide. 

C/Ag2S electrode.--Voltammograms obtained with 
the C/Ag2S electrode, Fig. 6, were considerably differ- 
ent  from those obtained with the Ag/Ag2S electrode. 
Much lower background currents  were observed and  
the oxidation processes, when  Fe( I I )  was present, 

i I O,5mA lima 
t 

5 SECONDS 

CATHODIC l I I I 

/ 
ANODIC,I' 

t p.- 

/ ' \  

Fig. 5. Chronoamperometry at different Ag/Ag2S electrodes in 
1 mole/liter NaOH; anodic step at +300  mV, cathodic step at 
- -300 mV. 
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I 0.02 mA 
CATHODIC 

i J I I I , i I ] 
+200 0 -200 -400 

E (mV) 
Fig. 6. Voltammetric response of C/Ag2S electrode at 50 mV/ 

sec; . . . . .  0.2 mole/liter Na2C204 (pH ~ 4), - -  2 • 10 - ~  
mole/liter Fe(ll) added. 

occurred at considerably more positive potentials 
(+300 mV) and appeared to be ill-defined (hystere- 

sis). 

Ag electrode.--The voltammetr ic  response of an Ag 
electrode to the redox species studied was qual i tat ively 
similar to the response of the Ag/Ag2S electrode. A 
well-defined anodic peak for the oxidation of Fe (II) in 
the oxalate electrolyte was observed at --200 mV on 
the forward scan, and a corresponding reduction peak 
for the Fe( I I I )  formed at the electrode surface was 
observed on the reverse scan, Fig. 7A. An anodic peak 
for the oxidation of ascorbic acid in an alkal ine solu- 
tion was observed at  --300 mY, Fig. 7B. 

Discussion 
Surface studies.--The XRD results show that  metallic 

silver had accumulated at some Ag/Ag2S electrode 
surfaces. The layer of metall ic silver present  on the 
surface of electrodes H, J, and NI could be removed by 
polishing or scraping, thereby renewing the surface. In  
the case of the scraped electrodes, surface roughening 
may also par t ia l ly  account for the variat ion in the x-  
ray  counts. A small amount  of metall ic silver is de- 
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Fig. 7. Voltammetric response of Ag electrode at 50 mV/sec to 
solutions of: (A) 2 X 10 - 3  mole/liter Fe(ll) in 0.2 mole/liter 
Na2C204 (pH ~ 4); (B) 2 X 10 - 3  mole/liter ascorbic acid in 
1 mole/llter NaOH; . . . . .  electrolyte only, - -  electrolyte 
plus electraactive species. 

April 1981 

tected at the ,surface of electrode D, presumably  in the 
readily visible pits; metall ic Ag is not detected by XRD 
at the surface of electrodes Z and T, despite the fact 
that  the lat ter  has undergone prolonged heating. Be- 
cause the detection l imit  for XRD is ~5%, small  bu t  
significant amounts  of metall ic silver may nonetheless 
be present  at these electrode surfaces. These XRD re-  
sults confirm our previous proposal, which was based 
on SEM results (1), that metallic silver accumulates a t  
the Ag2S/solu t ion  interface. 

Electrochemical studies.--Further evidence that Ag 
metal  is present  a~ the surface of the Ag/Ag2S elec- 
trodes is provided by  the fact that  the voltammetric  
response of the Ag/Ag2S electrodes is qual i ta t ively 
similar  to the response of an Ag wire electrode, both in 
the presence and absence of electroactive species. In  the 
absence of electroactive species, both electrodes under -  
go oxidation at the same positive potentials and give 
rise to the same well-defined reduction peak on the 
reverse scan, Fig. I and 7. For  the Ag electrode in al- 
kal ine solutions, the anodic processes occurring at po- 
tentials more positive than +100 mV have been as- 
cribed to the formation and reduct ion of Ag2.O (9, 10) ; 
the reactions can be represented as 

Ag + O H -  -> Ag(OH)  + e [1] 

2Ag(OH) -> Ag20 + H~O [2] 

Ag20 + H~O + 2e -> 2Ag + 2 O H -  [3] 

These reactions can also be applied to explain the 
response of the Ag/Ag2S electrodes in alkal ine solu- 
tions, Fig. 4 and 5. The oxidation of metall ic silver, 
Eq. [1], gives rise to the large anodic currents  observed 
at potentials more positive than + 100 mV, while the 
cathodic peak present  on the reverse scan is due to the 
reduction of Ag20 to Ag, Eq. [3]. During the chrono- 
amperometr ic  measurements  at + 300 mV, the oxidation 
of metall ic Ag to Ag20, Eq. [1] and [2], gives rise to 
the black deposit of Ag20 on the electrode surface; 
dur ing the subsequent  reduction step at --300 mV, the 
black deposit is removed as the Ag20 is reduced to Ag, 
Eq. [3]. The electrodeposition of metall ic Ag is con- 
trolled by the rate of nucleat ion and growth of overlap-  
ping two-dimensional  centers of silver metal  on the 
electrode surface (11); this electrodeposition process is 
characterized by cur ren t - t ime  curves (11) that  are 
very similar  to the ones observed in the chronoamper-  
ometric reduction process at --300 mV, Fig. 5. 

Reduction of the Ag2S to metall ic Ag occurs at po- 
tentials more negative than --900 mV in alkal ine solu- 
tions, F~g. 4 

Ag2S + 2e-> 2Ag + S 2- [4] 

The sulfide ion released at the electrode surface is con- 
sumed dur ing the oxidation of Ag metal  to Ag2S in the 
reverse scan, giving rise to the anodic peak at --800 
mV. The same reaction occurs at --400 mV in the pH 4 
oxalate solution. 

Species such as Fe ( I I )  or ascorbic acid are oxidized 
at both the Ag and Ag/Ag2S electrodes; the oxidations 
occur at slightly more positive potentials (by 250 mV) 
at the lat ter  electrode, Fig. 1 and 7. At the Ag/Ag2S 
electrode, these oxidations are diffusion controlled over 
a l imited range of concentrations, Fig. 2, and scan rates, 
Fig. 3. The variat ion in the peak potential  with scan 
rate indicates that factors such as charge-transfer  
kinetics (12) and /o r  electrode membrane  resistance 
(13) are also l imit ing the current  at this e l e c t r o d e .  

The vol tammetr ic  behavior of ascorbic acid on Ag2S 
appears similar  to that observed at Pt  (14). The non-  
l inear  ip-v 1/2 behavior, Fig. 3, suggests adsorpiion of 
ascorbic acid while the increased anodic currents  ob- 
served on the reverse scan, Fig. 1, suggest that  the 
oxidized product, dehydroascorbic acid is being de- 
sorbed. The following overall  mechanism appears 
plausible (15) 

Ages + C6H6062- -> Ag2S-(C6H606)ads2- [5] 
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Ag2S- (C6H606)ads 2- + I't20--> 2Ag + S 2- + 

2H + + C6H6072- [6] 

Ascorbic acid is adsorbed at a silver ion site on the 
surface and electron transfer  is assumed to occur via 
the adsorbed complex; the desorption of the dehydro-  
ascorbic acid allows the nucleat ion and growth of the 
Ag centers on the electrode surface. 

Other workers  have previously concluded that  Ag /  
Ag2S eIectrodes do not  respond to the presence of redox 
couples in  solution (4-6), in  direct contrast to our 
results. The presence of Ag metal  on our electrode 
surfaces as a result  of their exposure to a lkal ine-as-  
corbic acid solutions may explain this discrepancy. 
Koebel et al. (4) measured the resistance to charge 
t ransfer  in  the cells Ag/Ag2S/Fee+-Fe~+/Pt  and P t /  
Fe2+-Fe3+/Ag2S/Fe2+-Fe3+/Pt  to be 4 • 1035t and 
1 X 106~, respectively, by using a 10-2 mole/ l i ter  
F e ( I I ) - 5  X 10 -8 mole/ l i ter  Fe( I I I ) -0 .5  mole/ l i ter  
I-I2SO4 solution and by applying a square wave current.  
They concluded that  this large resistance to electron 
transfer was located at the Ag2S/solution interface and 
a t t r ibuted  it to the semiconductor properties of Ag2S 
(4): a specific redox reaction usual ly  requires a larger 
overpotentiat  at a semiconductor electrode than at a 
metal  electrode [(4, 16) and references therein] .  Al-  
though the difference between the formal potentials of 
the redox couples used in our and Koebel 's work may  
have some influence on the electron transfer  kinetics 
at the semiconductor surface (16), we conclude that  
the facile electron transfer  observed at our electrodes 
is pr imar i ly  due to the Ag metal  on our  electrode sur-  
face, i.e., the surface is neterogenous. The Ag/Ag2S 
electrodes used by others (4, 5) presumably  had not 
been exposed to a reducing env i ronment  and thus did 
not have Ag at their  surface. 

Fur ther  support  for this conclusion of a heterogene- 
ous surface is provided by a comparison of our vol tam- 
metric  results with those of Van de Leest. Van  de 
Leest observed (17) the anodic dissolution of an Ag/  
Ag2S electrode in a ni t ra te  electrolyte only at poten- 
tials more positive than  +800 mV, while on the addi- 
tion of bromide ions a new anodic peak was observed 
at +650 mV and ascribed to AgBr formation. These 
potentials are considerably more positive than the 
s tandard potentials for Ag metal  and are also more 
positive than the potentials we observe at our Ag/Ag2S 
electrodes in a ni t ra te  electrolyte (anodic dissolution 
occurs at +400 mV as in the oxalate solution, Fig. 1A). 

Redox reactions at a heterogeneous surface.--If  the 
electrode surface is in  fact heterogeneous, the current  
a t t r ibuted to the redox couples can flow via different 
cells 

cell A Ag/Ag2S/Fe 2 + (aq)/Pt . 

cell B Ag/Ag2S/Ag/Fe  2 +(aq)/Pt 

cell C Ag/Fe  ~+ (aq)/Pt 

Cell B is considered to have isolated patches of Ag 
metal  at the electrode surface, while in cell C it is con- 
sidered that  there are continuous "threads" of metallic 
silver extending from the silver metal  contact at the 
back of the electrode through the Ag2S crystal to its 
outer  surface, i.e., a pure Ag electrode exposed to the 
solution. The current  flowing through each cell is gov- 
erned pr imar i ly  by the total interracial  area (Aj) of 
each cell and the exchange current  density at each 
surface, ij; the net  observed cur ren t  is the sum of the 
individual  cell currents.  On the basis of the XRD re- 
sults of "normal" electrodes, i.e., those that have not 
been stored or used for prolonged periods in an al- 
kaline-ascorbic acid solution, it can be assumed that 
AA > >  AB ~ Ac. Despite the larger surface area of 
cell A, the exchange current  density at a semiconduc- 
tor /solut ion interface is usual ly several orders of mag- 
ni tude smaller  than at a metal  electrode (16, 18, 19); 
we thus conclude that  the current  in  cell A will  be con- 
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siderably smaller  than cell B or cell C. The heterogene- 
ous rate constant  for the oxidation of Fe( I I )  ions in an 
oxalate electrolyte at an Ag electrode is 1 X 10 -8 cm/  
sec (20), and thus the exchange current  density at the 
Ag/Fe  2+ (aq) interface for both cell B and cell C 
should be large. 

Cell B, however, is expected to have a higher resist- 
ance than  cell C; the electrical conductivi ty of Ag/Ag2S 
at room temperature,  r --_ 2.5 X 10 -3 a -~ em -1 is 
orders of magni tude  smaller  than  that  of Ag metal, ee 
---- 6.25 X l0 s f~-I cm-1 (21). In  addition, cell B con- 
rains two separate solid/solid contacts and i t  has been 
concluded that  the Ag/Ag2S interface not only has a 
small  exchange current  density but  also becomes 
strongly polarized under  conditions of current  flow (5). 
Koebel et al. (4) also noted that  the na ture  of the Ag/  
AgeS contact was very important ,  as certain contacts 
were highly polarizable and irreproducible,  giving high 
resistances; Buck has recent ly  observed similar effects 
(22). The "patches" of metallic silver in cell B can 
arise because of redox interactions between the Ag2S 
membrane  and reducing agents in  solution (vide 
inlra) ; i t  is very  probable that these "patches" have a 
large contact resistance, as it has been shown that silver 
films, produced by the interact ion of various reducing 
agents with silver ions or complexes in solution, can 
have variable resistivities and compositions (23). We 
thus conclude that  the observed redox currents  are 
measured pr imar i ly  via cell C, i.e., the continuous 
"threads" of metallic Ag through the AgeS membrane.  

Ag accumulation at electrode surface.- -We had pre-  
viously proposed that the p r imary  means of metall ic 
Ag accumulat ion at the outer  Ag2S surface resulted 
from the diffusion of Ag from the silver metal  contact 
at the inner  membrane  surface (1). Attempts to ob- 
serve this diffusion process by heat ing an Ag/AgeS 
electrode and examining the Ag2S surface for the ap-  
pearance of Ag by XRD were unsuccessful, perhaps 
because of the detection l imit  of XRD or because the 
conditions of our experiment  were not  optimal. How- 
ever, it is well documented that Ag has a high in te r -  
diffusion coefficient in the system Ag/Ag2S (2, 5, 24, 25) 
and diffusion of metallic silver through the membrane  
to the outer surface should occur. 

We had also proposed previously that  Ag could be 
formed at the electrode surface as a consequence of 
redox interactions between the AgeS membrane  and 
reducing agents in solution (1). This mechanism now 
appears to be of p r imary  importance;  the XRD results 
show that those electrodes that had been either stored 
or used for a prolonged period in an alkaline-ascorbic 
acid solution had a surface deposit whose major  com- 
ponent  was metall ic silver, and that  the silver layer  
could be removed by polishing. The vol tammetr ic  re-  
sults support  this conclusion and provide a mechanism 
for this redox interaction;  the vol tammetr ic  results in -  
dicate that  ascorbic acid is adsorbed onto the Ag2S 
surface prior to the e lectron- t ransfer  step, Eq. [5], and 
that  after the electron transfer  the dehydroascorbic 
acid is desorbed from the surface, Eq. [6], to permit  the 
nucleat ion and growth of the Ag centers. The silver 
deposited in this manne r  would also tend to diffuse in -  
ward into the Ag2S membrane  and could thus meet the 
silver diffusing outward from the back :of the mem-  
brane to give rise to the continuous "threads" of metal -  
lic silver proposed in  ceil C. 

Potentiometric vs. vol tammetric  response.--We are 
puzzled by the fact that  there is no apparent  correla-  
tion between the potentiometric and vol tammetr ic  re-  
sponse of these electrodes; all Ag/Ag2S electrodes gave 
qual i tat ively the same vol tammetr ic  response, regard-  
less of whether  they gave good or poor Nernst ian re-  
sponse to low levels of sulfide. A possible explanat ion 
may be the fact that the potentiometric response is 
much more sensitive to electrode surface effects 
(changes in composition and conductivi ty of the sur-  
face) than the vol tammetr ic  response where  changes in 
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the electrode itself may have occurred, or are continu- 
ously occurring, because of the measurement process. 
Although the C/AgeS electrodes do not appear to give a 
well-defined voltammetric response to Fe 2+, we have 
observed (26) that on some occasions these electrodes 
give a Nernstian potentiometric response to varying 
concentration ratios of Fe3+/Fe 2+ in the oxalate elec- 
trolyte. The reproducibil i ty of this potentiometric re- 
sponse for the C/Ag2S electrodes is poor, however, as 
on other occasions they give no response; the repro- 
ducibility of the potentiometric response to varying 
ratios of Pe~+/Fe 8+ for the Ag/Ag2S electrodes is 
generally better, but also varies from one electrode to 
another, and from time to time. Further  work is re- 
quired to understand this response. 

Minimizing interference to Nernstian response.--On 
the basis of the foregoing results and discussion, it is 
evident that metallic Ag is present at the electrode 
surface and that the heterogeneous surface responds to, 
or senses, redox species in solution; the resulting mixed 
potentials interfere with the Nernstian response. Inter-  
ference from mixed potentials could be minimized by 
the following: 

1. Use of C/Ag2S electrodes. These electrodes do not 
appear to be as sensitive to redox couples as the Ag/  
Ag2S electrodes because of their  lower electronic con- 
ductivity (4, 25). However, the electronic conductivity 
(4) and the standard potential of these electrodes (25) 
varies with the stoichiometry of the Ag2S. Use of these 
electrodes in an alkaline-reducing environment would 
result in the deposition of metallic silver on the elec- 
trode surface, leading to gradual changes in the stoichi- 
ometry and hence conductivity and standard potential 
of the electrode. 

2. Elimination of reducing agents. Since the reducing 
agents in solution not only give rise to the metallic 
silver deposit on the electrode surface but also are 
sensed by the silver on the electrode, it may be ad- 
vantageous to eliminate them. Problems in the mea- 
surement of low concentrations of sulfide in alkaline 
solutions would result, because the reducing agents are 
required to maintain anaerobic conditions to prevent 
the rapid oxidation of sulfide in the alkaline solution by 
traces of dissolved oxygen; bubbling an inert gas 
through the solution is not sufficient to overcome this 
problem (27). 

3. Working in acidic media. The rate of oxidation of 
H2S by dissolved oxygen is much smaller in acidic than 
in highly alkaline solutions (28); by using acidic con- 
ditions to measure the dissolved sulfide, the reducing 
agents could be eliminated thus minimizing inter- 
ference. Due to the high volatili ty and toxicity of HeS, 
problems in sample handling and storage may be en- 
countered under acidic conditions; these problems, 
however, are not major. A new continuous H2S-in- 
water monitor is now commercially available wherein 
the H2S is measured in an acidic (pH 5) solution by a 
sulfide electrode/glass electrode system (29). This 
monitor has been evaluated and tested in a laboratory 
and is currently being tested in the field, where its 
performance over the pas~t 12 months has been excel- 
lent; electrode failure has not been observed. 

Summary 
On the basis of the XRD and voltammetric results, 

we conclude that Ag metal is present at the outer sur- 
face of Ag/Ag2S electrodes. The Ag metal accumulates 
a~ this outer surface as a result of redox reactions 
between the Ag2S membrane and the ascorbic acid 
present in solution, and perhaps also by diffusion from 
the Ag metal contact at the inner membrane surface. 
The Ag metal interferes with the Nernstian response of 
these electrodes to low sulfide concentrations in aI- 
kaline-ascorbic acid solutions, by responding to the 

redox couples present in solution and generating mixed 
potentials. This interference can be minimized by 
working in acidic solutions in the absence of reducing 
agents. 
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ABSTRACT 

The ro ta t ing  r ing -d i sk  e lect rode technique  was used to detect  the presence 
of soluble P b ( I V )  species genera ted  dur ing  the anodic charging of the  l ead  
d ioxide  e lec t rode  in H2SO4. By potent ios ta t t ing  a gold r ing  at  0.2V vs. 
Hg/HgfSO4 whi le  scanning the lead  disk be tween  0.8 and L7V, i t  was possible  
to observe  a smal l  cathodic r ing cur ren t  corresponding to the  anodic cu r ren t  
waves  on the PbO2 disk, and a t t r ibu tab le  to the  reduct ion of P b ( I V )  to 
P b ( I I ) .  This  pape r  presents  evidence for the genera t ion  of soluble P b ( I V )  as 
an uns table  in te rmedia te  dur ing  the charging of the  PbSO4/PbO2 electrode.  
The effect of addi t ion  of smal l  amounts  of H.~PO4 to the  H~SO4 e lec t ro ly te  is 
also i l lus t ra ted.  

The possible exis tence of soluble P b ( I V )  species 
in sulfur ic  acid solut ion is impor t an t  in the  l e ad -ac id  
ba t te ry ,  pa r t i cu l a r l y  wi th  regard  to the i r  effect on the  
pe r fo rmance  of the  posi t ive l ead  dioxide  electrode.  A l -  
though considerable  research  has been car r ied  out  in 
this  area,  there  s t i l l  remains  a number  of unsolved 
problems concerning the behavior  of this electrode.  
An  ea r ly  hypothesis  of Fe i tknech t  and  G a u m a n n  (1) 
assumed the format ion  of in t e rmed ia te  lead  (IV) 
compounds dur ing  the charging process which are  not  
s table  in the  acid, bu t  decompose spontaneous ly  or  a re  
hydro lyzed  

PbSO4 + SO4 ~- ~+ 2H20 

= [Pb(OH)2(SO4)2] ~- + 2H + + 2e [I] 
followed by 

[Pb(OH)2(S04)2] ~- = PbO~ + H2SO4 + SO4 ~- [2] 
or 

PbSO4/- SO42- ---- Pb(SO4)~ -b 2e [3] 
followed by 

Pb(SO4)2 + 2H20 -- PbO~ + 2H2SO4 [4] 

Another proposed mechanism assumes that at a cer- 
tain overpotential applied to the Pb/PbSO4 electrode, 
the pH of the solution in the pore volume will reach 
the value where the reaction 

Pb +2 + 2H20 = Pb(OH)2 + 2H + [5] 

becomes possible. The Pb (OH)2 formed is immediately 
oxidized further by solid-state reaction to PbO2 (2). 

fl-PbO2 has been reported to dissolve to the extent 
of app rox ima te ly  0.2 mM in 33 weight  percen t  (w /o )  
H2SO4; however ,  i t  is genera l ly  be l ieved tha t  soluble 
P b ( I V )  species a re  not detected in sulfur ic  acid solu-  
t ion (3). The exis tence of two r e l a t ive ly  s table  t e t r a -  
va len t  lead  phosphate  species, 2PbO2 �9 P205 �9 nH20 
and PbO2 �9 P205 �9 nH20, has been  r epor t ed  in phos-  
phoric  ac id-conta in ing  sulfur ic  acid solutions (4-7).  
Po la rograph ic  measurements  by  Aml ie  and Berger  (8) 
have confirmed the presence of soluble l e ad ( IV)  phos-  
pha te  species p roduced  both  chemica l ly  and e lec t ro-  
chemical ly  in su l fur ic /phosphor ic  acid solutions. They 
also developed an amperomet r i c  t i t ra t ion  technique to 
de te rmine  quan t i t a t ive ly  the P b ( I V )  species concen-  
t ra t ion  in these solutions. They  could not, however ,  gen-  
e ra te  e i ther  chemical ly  or e lect rochemical ly ,  any de -  
tectable  soluble P b ( I V )  species in pure  35% sulfuric  
acid  solutions. 

�9 Electrochemical Society Active Member. 
Key words: metals, potential, voltammetry. 

If  soluble P b ( ! V )  species are fo rmed  dur ing  the 
charging process in the  sulfur ic  acid ba t t e ry ,  t hey  
would be uns table  and decompose spontaneous ly  (3).  
Since a ro ta t ing  r ing -d i sk  e lect rode (RRDE) (9, 10) 
can be used for the detec t ion  at  the  r ing  of soluble  
species d ischarged by  the disk, such an e xpe r ime n t  was 
set up to s tudy  the genera t ion  of any  soluble  lead 
species at  the lead  dioxide electrode.  

This technique is pa r t i cu l a r ly  useful  in the  s tudy  of 
uns tab le  in te rmedia tes  of the  disk processes since i t  
provides  a v i r t ua l ly  ins tantaneous  quant i t a t ive  analysis  
of the disk p roduc t  (11). 

Experimental 
The RRDE construct ion and electronics employed  

here  have prev ious ly  been descr ibed  b y  Mil le r  (12). 
Ring disk measurements  were  made  on a ro ta t ing  Au  
r i ng -Pb  disk e lec t rode  (disk a rea  --  0.18 cm 2) which  
used lead  of 99.999% puri ty .  A t w o - c o m p a r t m e n t  P y r e x  
e lect rolyt ic  cell  was used in al l  exper imen t s  and  the 
countere lec t rode  consisted of l ead  rod, 99.999% pure.  

The  e lec t ro ly te  consisted of 29 w/o  H~SO4 which  was  
prepa red  f rom ana ly t i ca l -g rade  sulfuric  acid and de-  
ionized water .  Before use, the  solut ion was p ree lec t ro -  
lyzed (2 l i ters)  using two Pb electrodes wi th  a cur ren t  
of 100 mA for 48 hr. Al l  potent ia ls  were  measured  vs. 
an Hg/HgfSO4 reference  e lect rode containing the same 
e lec t ro ly te  as used in the electrolysis  cell. A thin  Lug-  
gin capi l la ry  was moun ted  a pp rox ima te ly  2-4 m m  b e -  
low the center  of the disk electrode.  

Unless otherwise  specified, a l l  measurements  were  
car r ied  out  at a ro ta t ion speed of 2500 r p m  and a po-  
ten t ia l  scan ra te  of 10 mV sec -1. Ni t rogen gas was  
passed th rough  the solut ion pr ior  to electrolysis ,  as 
wel l  as dur ing  the exper iments  to remove  any  O2 gen-  
e ra ted  at  the PbO~ electrode.  Al l  exper iments  were  
conducted at  room tempera ture .  

Results and Discussion 
The curves of Fig. 1 (a) show the typ ica l  behavior  of 

a Pb disk electrode in H2SO4, when the poten t ia l  is 
scanned be tween  0.8 and 1.7V vs. an Hg/Hg~SO4 re fe r -  
ence electrode.  The increase  in f a rada ic  cur ren t  ob-  
served in the first scan [curve 1 of Fig. l ( a ) ]  at  po-  
tent ia ls  g rea te r  than  1.5V, corresponds to the  coforma-  
tion of 02 and PbOf. Al though  no cu r ren t  a r res t  cor-  
responding to PbO2 format ion  is observed  on the in i t ia l  
scan, a definite b lack  deposit  corresponding to a PbO2 
film can be observed on the e lect rode surface. As suffi- 
cient PbO~ forms on subsequent  cycles to s tabi l ize 
the PbSO4/PbO2 revers ib le  electrode,  a definite peak 
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Fig. I. (a) Consecutive controlled potential sweep cycles at a 
0.18 cm 2 lead disk electrode in 29 w/o H2SO4. Potential range - -  
0.8 to 1.7V vs. Hg/Hg2SO4; sweep rate, ~ = 10 mV sec-1; ro- 
tation speed, m = 2500 rpm. Numbers on carves refer to the cycle 
number. (b) Ring current traces for lead disk scans of Fig. l(a). 
ER = 0.2V. 

corresponding to PbO2 format ion  can be dist inguished,  
as seen in curves 2-5 of Fig. l ( a ) .  Reversa l  of the  
potent ia l  scan gives r ise to the cathodic peak  corre-  
sponding to the  reduct ion  of PbO2 to PbSO4. 

If  soluble P b ( I V )  ions were  being formed at  the 
PbO2 disk dur ing  charge or  discharge,  by  potent io-  
s tar t ing the  gold r ing  at  the  appropr ia t e  potent ia l ,  i t  
should be possible to observe a cur ren t  a t  the r ing for 
the reduct ion of P b ( I V )  to Pb (II)  or  to Pb, depending 
on the potent ia l  of the r ing  electrode.  Thus, if the  
r ing is held  at a potent ia l  less than app rox ima te ly  
1.0V but  more  posi t ive than  tha t  requ i red  for Pb depo-  
sit ion a cur ren t  corresponding to the  react ion P b ( I V )  
+ 2e -~ P b ( I I )  would  be expected.  I t  is also necessary  
to select  a po ten t ia l  at  which reduct ion of 02 evolved 
at  the disk wil l  not  in te r fe re  with, or mask,  the reduc-  
tion of in teres t  at  the ring. The r ing  was therefore  
potent ios ta t ted  at  0.2V vs. Hg/Hg~SO~ whi le  the disk 
was scanned be tween  0.8 and 1.7V. The curves of Fig. 
1 (b) show the r ing  currents  corresponding to the disk 
cur ren ts  of Fig. l ( a ) .  A reduct ion peak  is indeed ob-  
served at  the  r ing e lect rode dur ing  PbO2 formation.  In  
fact  the r ing peak  closely follows the posi t ion of the  
PbO2 peak  as i t  moves to less posi t ive potent ia ls  on 
successive cycles. The r ing  cur ren t  decreases wi th  each 
cycle, due to the increas ing coverage of the  r ing  wi th  
the  insula t ing PbSO4 layers .  Fur the rmore ,  this r ing  
peak  is not p resen t  at  a gold r ing-go ld  disk e lect rode 
in the same solution, indica t ing  tha t  the  species de-  
tected is pecu l ia r  to the react ions t ak ing  place  at  the  
lead electrode,  and not  to the reduct ion  of oxygen  
evolved at  the disk. 

Reversa l  of the  disk poten t ia l  g~ves r ise to a second 
smal le r  cathodic r ing  peak  at  potent ia ls  corresponding 
to PbSO4 formation.  Since the  r ing  potent ia l  is too 
posi t ive to detect  Pb  2+ in solution, the cathodic peaks  
observed at  the r ing  e lec t rode  mus t  be due to the  re -  
duction of soluble  P b ( I V )  species fo rmed  at  the 
PbSO4/PbO2 e lec t rode  dur ing  charge and discharge.  

If P b ( I V )  ions are  indeed reduced at  the r ing elec-  
t rode at +0.2V, i t  should be possible to detect  the 
presence of PbSO4 on the surface  of the ring. Previous  
workers  (12) have shown, however ,  tha t  dur ing  re-  
duction of PbO2, Pb 2+ can also be detected at a gold 
ring. This is evidenced also b y  the considerable  increase 
in the r ing cur ren t  dur ing  PbSO4 formation,  when the 
r ing  is potent ios ta t ted  at  --1.1V (Fig. 2). The P b ( I V )  
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Fig. 2 (a) Controlled potential sweep cycle at a precycled lead 

disk electrode. Conditions as for Fig. 1. (b) Ring current traces at 
constant ring potential for the lead disk scan of Fig. 2(a). ER = 
--1.1V. 

r ing peak  at  d isk  potent ia ls  cor responding to PbO2 
formation,  however,  can no longer  be detected,  due to 
O2 interference.  Since Pb 2+ is genera ted  dur ing  the  
reac t ion  PbO2 -> PbSO4, i t  would  be expec ted  tha t  
Pb 2+ be p rec ip i t a ted  b y  SO42- and deposi t  on the  
ring. I t  is therefore  impor t an t  to ensure tha t  any  
PbSO4 on the r ing is due to the  reduct ion  of P b ( I V )  
ions and not  to prec ip i ta t ion  of Pb  2+ ions genera ted  
dur ing  the discharge reaction.  

The e lect rode was repol i shed  using 3 micron  a lumi -  
num oxide paper  to remove any PbSO4 which m a y  
have been presen t  f rom previous  exper iments .  Af te r  
immers ing  in the H2SO4, the  r ing  was scanned nega -  
t ive f rom +0.2V to the poten t ia l  for  H2 evolut ion 
and then reversed  to the ini t ia l  potential .  F igure  3 (a) 
shows the vo l t a mmogra m obtained.  No wave  corre-  
sponding to PbSO4 reduct ion  or  Pb reoxida t ion  can 
be detected on the gold. 
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Fig. 3. (a) Potential sweep cycle of gold ring between 0.2 and 
--1.1V. Lead disk not previously cycled. (b) Potential sweep cycle 
of gold ring which had been previously potentiostated at 0.2V, 
while lead disk scanned between 0.8 and 1.7V in H2SO4. 



VoL 128, No. 4 S U L F U R I C  A C I D  S O L U T I O N  819 

The r ing  was then  open-c i rcu i t ed  whi le  the disk 
was scanned f rom 0.8 to 1.7V and then  back  to 1.2V. 
Holding the disk at  1.2V and being careful  not  to 
a l low PbO2 reduct ion,  the r ing  was then cycled nega-  
t ive f rom zero volts. A vol tammogram,  s imi lar  to Fig. 
3(a)  was again  ob ta ined  showing tha t  no PbSO4 was 
presen t  on the ring. Thus, scanning the disk f rom 0.8 
to 1.TV does not  l ead  to deposi t ion of PbSO4 on the 
r ing  f rom prec ip i ta t ion  of Pb  2 +. 

The r ing  was then  potent ios ta t ted  at  +0.2V whi le  
the disk was scanned as above. When  the r ing  was 
subsequent ly  scanned negat ive  f rom 0.2V and re- 
versed af ter  H2 evolution,  the vo l t ammogram of Fig. 
3 (b) was obtained.  Al though no wave  corresponding to 
the  reduct ion of PbSO4 can be dis t inguished due to the  
coevolut ion of H2 on the gold, reversa l  of the  potent ia l  
gives r ise  to an anodic peak  at  a potent ia l  cor respond-  
ing to the react ion Pb --> PbSO4. Thus, as the r ing po-  
ten t ia l  was in i t ia l ly  scanned beyond  --1.2V, the  PbSO4 
on the r ing  was reduced  to Pb and on reversa l  a dis-  
t inct  peak  for  the reoxida t ion  of Pb  was obtained.  This 
may  be compared  to Fig. 4 which shows the charac-  
ter is t ic  behavior  of a lead  e lect rode in sulfur ic  acid. 
This expe r imen t  thus verifies the presence of PbSO4 
on the r ing  electrode,  the presence of which could 
only  be d u e  to the reduct ion of a Pb (IV) species gen-  
e ra ted  at  the disk dur ing  PbO2 formation.  

Previous  workers  (4-8) have demons t ra ted  tha t  the  
presence of H3PO4 increases the solubi l i ty  of P b ( I V )  
in H2SO4 due to the format ion  of r e l a t ive ly  s table  
P b ( I V )  phosphate  complexes.  Addi t ion  of 0.5 w/o  
H3PO4 to the sulfur ic  acid effects the pe r fo rmance  of 
the  PbSO4/PbO2 electrode,  as p rev ious ly  repor ted  
(13), and  as seen f rom Fig. 5(a) .  Thus, the addi t ion of 
smal l  amounts  of phosphoric  acid resul ts  in the r e -  
duct ion peak  shif t ing in the posi t ive di rect ion wi th  a 
s imul taneous  decrease in height,  as wel l  as the  appe a r -  
ance of a second more negat ive  peak.  The anodic peak  
is also seen to shif t  to a more  posi t ive potent ia l  in the  
presence of HsPO4, in agreement  wi th  o ther  inves t i -  
gators  (13, 14). The beneficial  effect of phosphoric  
acid has been repor ted  in the pa ten t  l i t e ra tu re  (15-19). 
However ,  h igher  concentrat ions can be de t r imen ta l  to 
ba t t e ry  performance,  as seen by  excessive mossing at  
h igher  phosphate  concentrat ions (16), p robab ly  re -  
la ted  to the increased so lubi l i ty  of lead  (IV) under  
these conditions. The r ing current  [Fig. 5 ( b ) ] ,  cor re-  
sponding to the disk scan of Fig. 5(a)  shows a m a r k e d  
increase  in the  soluble P b ( I V )  species on addi t ion of 
H3PO4, as expected,  again  suppor t ing  the presence of 
P b ( I V )  ions in solut ion dur ing  PbO2 formation.  This 
observat ion  also rules out  the  possibi l i ty  tha t  the r ing 
cur ren t  m a y  be due to colloidal  PbO2 par t ic les  which 
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Fig. 5. (a) Curve I:  Potential sweep cycle at lead disk in H2S04. 
Condition as for Fig. l(a). Curve 2: Effect of addition of 0.5 w/o 
H~P04 to H2S04 solution. (b) Ring current traces corresponding to 
lead disk voltammograms of Fig. 5(a). 

become detached f rom the e lect rode surface and are 
reduced at  the ring, since such a phenomenon should 
not be affected by  the presence of H3PO4 in the  elec-  
t rolyte .  

F u r t h e r  suppor t  for the exis tence of the soluble 
P b ( I V )  species m a y  also be obta ined by  compar ing  
the magni tude  of the  r ing currents  at  r ing potent ia ls  
of 0.2 and --1.1V. At  the  first potential ,  the P b ( I V )  
would be reduced to P b ( I I ) ,  whi le  at  the more  nega-  
t ive potent ial ,  Pb would be produced,  resul t ing  in 
an increase in the r ing cur ren t  by  a factor  of 2. 

Before per forming  such an expe r imen t  however ,  two 
problems had to be overcome. Firs t ly ,  and as previous ly  
mentioned,  at  a r ing potent ia l  of --1.1V, the P b ( I V )  
peak  would be hidden by  the oxygen reduct ion wave. 
To minimize this effect, the disk was precyc led  severa l  
t imes so as to stabil ize the PbSO4/PbO2 elect rode and 
increase the oxygen overpotent ia l .  The scans were  also 
per formed  at  lower  sweep rates  (2 mV/sec)  to fu r the r  
separa te  PbO2 format ion  f rom 02 evolution.  

The second difficulty arises f rom the low If2 over -  
potent ia l  at  a gold e lect rode which  means  tha t  a t  a 
potent ia l  of --I .1V, the high H2 evolut ion would  
prevent  detect ion of a dis t inct  wave  corresponding to 
the reduct ion of P b ( I V )  to Pb. This was overcome 
by first p la t ing  the gold r ing e lect rode in situ with  lead 
which has a much h igher  H2 overpotent ia l .  The lead 
pla t ing  was accomplished by  potent ios ta t t ing  the  r ing  
at  --1.1V whi le  sweeping the disk be tween  --0.8 and 
--1.4V. Dur ing  this cycle, the disk e lec t rode  is charged,  
(PbSO4 -> Pb)  and discharged (Pb --> PbSO4). Dur ing  
the discharge reaction,  Pb 2+ ions are  genera ted  at  the 
disk (20) and swept  across to the r ing  where  they  are 
reduced to Pb, thus p la t ing  the gold ring. As more  
and more Pb is deposi ted a t  the  r ing wi th  continuous 
cycling of the lead  electrode,  the  r ing cur ren t  decreased 
due to the increase  in H2 overpotent ia l .  

Using the l ead -p l a t ed  r ing  e lec t rode  which  was 
potent ios ta t ted  at 0.2V, the  disk was again  scanned 
be tween  0.8 and 1.7V, wi th  a sweep ra te  of 2 mV sec - I  
[Fig. 6 ( a ) ] .  Since this expe r imen t  r equ i red  the  use 
of a very  slow sweep rate,  a much lower  cu r ren t  would  
be expected at the ring. In o rde r  to improve  the sensi-  
t ivity,  therefore,  0.5 w /o  I~PO4 was added  to the  
sulfur ic  acid so as to increase the amount  of P b ( I V )  
genera ted  dur ing  the charge  reaction.  F igure  6 (b ) ,  
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Fig. 6. (a) Voltarnmagrnm of lead disk in H2SO4 for v = 2 mV 
sec -1.  Other conditions as for Fig. 5(a). (b) Ring current traces at 
constant ring potential for lead disk scans of Fig. 6(a). Curve 1: 
ER - -  0.2V; curve 2: ER - -  --1.1V. 

curve 1 shows the characteristic Pb(IV) wave ob- 
tained at the ring at ER ---- 0.2V. Setting the ring po- 
tential at --1.1V and sweeping the disk as above, gave 
rise to the wave seen in Fig. 6(b), curve 2. A compari- 
son of the ring currents at the two potentials does 
indicate that the ratio of the electrons transferred at 
--1.1 and 0.2V is approximately 2:1 as would be ex- 
pected if the ring currents were due to the reduction 
of Pb (IV). 

Conclusion 
In this study, evidence has been presented for the 

generation and detection of soluble Pb(IV) ions in 
sulfuric acid solution during charge and discharge of 
the PbO2 electrode. This was accomplished with the 
use of a rotating ring-disk electrode which is a par- 
ticularly useful technique for the study of unstable 
intermediates of the disk reaction, as would be ex- 
pected with Pb (IV) ions. This phenomenon could help 
to elucidate the mechanism of the reactions occurring 

at the positive electrode of the lead-acid battery which 
still presents a great deal of uncertainty and disagree- 
ment. 
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The Electrochemical Reduction of Molten 
Perchlorate and Chlorate Salts 

M. H. Miles* and A. N. Fletcher* 
Nava~ Weapons Center, Chemistry Division, China Lake, Caliiornia 93555 

ABSTRACT 

The e lec t rochemical  reduct ion  of mol ten  LiC104 occurs much more  readily  
on nickel  e lectrodes than on p l a t inum electrodes.  This is l ike ly  re la ted  to the  
ca ta ly t ic  effect of the n ickel  oxide tha t  forms on the  e lect rode surface in oxi-  
dizing electrolytes .  Both the  the rmal  decomposi t ion and the e lec t rochemical  r e -  
duct ion o f -mol t en  chlorates  and  perchlora tes  r equ i re  the rup tu re  of C1--O 
bonds. Such bond b reak ing  processes appea r  to be ca ta lyzed  b y  the posi t ive 
field of n e a r b y  cations and by p - t y p e  oxides. Cyclic vo l t ammet r i c  studies show 
that  LiC104 is more  r ead i ly  reduced than NaC10~ and tha t  both  form insoluble  
oxides as products .  Poten t ia l  vs. t e m p e r a t u r e  measurements  a t  a constant  cur -  
rent  dens i ty  show n e a r l y  l inear  behavior  be tween  about  260~176 for  the  
e lec t rochemical  reduct ion  of LiC104 on nickel. Kinet ic  pa rame te r s  ca lcula ted  
f rom these measurements  y ie ld  0.2 for  the t ransfer  coefficient, 15 kca l /mo le  for  
the ac t iva t ion  energy,  and  5 • 10 -4 A/cm2 for the  exchange cur ren t  dens i ty  a t  
350~ The t ransfe r  of the first e lec t ron accompanied  b y  b reakage  of the C1--O 
bond is pos tu la ted  to be the s low s tep in the reduct ion reaction.  

The mel t ing  points  of LiC103 (129~ NaC103 
(263~ KC108 (357~ and LiC104 (247~ are  wel l  
separa ted  f rom the i r  t he rma l  decomposit ions by  tem-  
pe ra tu re  ranges  of 100~176 (1). These mol ten  oxy-  
chlor ide  salts, therefore,  m a y  find use as oxidizing 
e lect rolytes  in ba t t e ry  systems somewhat  analogous to 
the use of th ionyl  chloride,  SOCI~ (2, 3). E lec t rochemi-  
cal s tudies of fused LiC104 and LiC103 have been r e -  
por ted  by  o ther  worke r s  (4, 5), and e lec t rochemical  
cells ut i l iz ing fused l i th ium chlora te  wi th  l i th ium 
anodes have  been  descr ibed  (6). Mix tures  of pe r -  
chlora te  salts  wi th  n i t ra te  salts  a re  also of in te res t  due 
to the i r  low mel t ing  t empera tu res  and wide ranges of 
the rmal  stabil i t ies.  For  example ,  an equ imolar  mix tu re  
of LiC104-LiNO3 mel ts  a t  about  160~ and appears  to 
resis t  t he rma l  decomposi t ion up to about  450~ 

Previous  s tudies  of the e lect rode reduct ion of mol ten  
n i t ra tes  show tha t  cat ions exe r t  a ma jo r  ca ta ly t ic  
effect on the react ion (7, 8). Overvol tages  for n i t r a te  
reduct ion  increase  wi th  increas ing size of the  me ta l  
cat ion present ,  and the oxide ions produced by  the 
reac t ion  become more  prone  to oxida t ion  to form pe r -  
oxides or superoxides  (8). Our  in teres t  in mol ten  
n i t r a t e  and  oxyhal ide  systems is re la ted  to the i r  pos-  
s ible use as oxidizing e lec t ro ly tes  in t he rma l  ba t t e ry  
cells (9). 

Experimental 
The e lec t rochemical  cell  used in the cyclic vo l t a m-  

metr ic  s tudies was const ructed from P y r e x  glass tub -  
ing wi th  dimensions s imi lar  to the cell used prev ious ly  
(10). Uncompensa ted  solut ion resis tance was min i -  
mized b y  using a smal l  work ing  e lec t rode  (A ,~ 0.01 
cm ~) posi t ioned close to a Luggin  cap i l l a ry  tip. The 
p l a t inum and nickel  work ing  electrodes were  con- 
s t ruc ted  f rom wires  sealed in glass wi th  one end 
pol ished smooth. Al l  potent ia ls  were  measured  against  
an Ag/AgNO3 (0.1m) re ference  e lec t rode  as descr ibed 
p rev ious ly  (10). The countere lec t rode  gene ra l ly  con- 
sisted of a p l a t inum wire  sp i ra l  conta ined in f r i t t ed  
glass tubing tha t  p r even ted  any gaseous products  f rom 
contact ing the work ing  electrode.  The e lec t rochemical  
cell  was also equipped wi th  a glass tube used for  bub -  
bl ing he l ium gas th rough  the mel t  to r emove  res idual  
water .  The he l ium was passed through tubes of an-  
hydrous  calcium sulfa te  ( indicat ing Dr ier i te )  and  
P~O5 pr io r  to en te r ing  the cell. Despi te  using anhy-  

* Electrochemical Society Active Member. 
Key words: catalysis, cathode, fused salts, v o l t a m m e t r y .  

drous LiC104 (J. T. Bake r  or  G. F. Smi th  Reagent )  
tha t  was dr ied  in a vacuum oven at  130~ for severa l  
days, considerable  wa te r  s t i l l  r emained  in the salt.  The 
w a t e r - w a v e  on p l a t i num in mol ten  LiCIO4, s imi lar  to 
that  observed in mol ten  LiNO3 (8), showed tha t  the  
bubbl ing  of d r ied  he l ium gas th rough  mol ten  LiC104 
at 300~176 for severa l  hours  was requ i red  to re- 
move the final traces of water .  The p rob lem of wa te r  
re tent ion  by  NaC103, in contrast ,  was ve ry  minor.  
Tempera tu re  control  was ma in ta ined  wi th in  __+ 5~ by  
the use of a fluidized sand ba th  (Tecam) .  

Potent ia l  vs. t e m p e r a t u r e  measurements  of the cath- 
odic react ion at  a selected constant  cur ren t  dens i ty  
were  made  on nickel  e lectrodes (A --  0.32 cm 2) using 
the e lec t rode  a r r angemen t  in an open pan  as described 
previous ly  (7). The only difference was tha t  a p l a t i -  
num pan was used in place of nickel  to minimize  both  
the ca ta ly t ic  decomposi t ion of mol ten  LiC104 and the 
corrosion of the pan. A fiberglass f i l ter  served as a 
separa to r  and contained most  of the  mol ten  sal t  in 
these th in  cells tha t  used calcium as the anode to ap -  
p rox ima te  condit ions in the rmal  b a t t e r y  cells. Ga l -  
vanostat ic  studies of the cathodic react ion at  a fixed 
t empera tu re  were  also made  in these same cells. 

Constant  cur ren t  measurements  were  ob ta ined  using 
a PAR Model 173 po ten t ios t a t /ga lvanos ta t  and resul ts  
were  p lot ted  using a s t r ip  char t  r ecorder  (HP 7100B). 
Fo r  cyclic vo l tammet r ic  measurements ,  a PAR Model  
175 p r o g r a m m e r  was also used and resul ts  were  dis-  
p layed  with  an X - Y  recorder  (HP 7047A). 

Results 
The e lect rochemical  reduct ion  of mol ten  LiClO4 

occurs much more  read i ly  on nickel  e lectrodes than  
on p la t inum electrodes.  This is in sharp  cont ras t  to 
the e lec t rochemical  reduct ion  of mol ten  n i t ra tes  tha t  
occurs at about  the same potent ia l  on both electrodes 
(7, 8). F igure  1 shows a cyclic vo l t ammet r i c  t race for 
the reduct ion of mol ten  LiC104 at  300~ on nickel.  
The cathodic react ion begins at  about  --0.5V on n icke l  
and at  about  --1.1V on p l a t i num (Fig. 2). Al though 
a reduct ion peak  was observed on both  metals,  the 
peak was usua l ly  r a the r  i r r egu la r  on n ickel  and  is not  
shown in Fig. 1. At  a potent ia l  sweep ra te  of 100 m V /  
sec, typical  peak  potent ia ls  were  about  --0.SV on 
nickel  and --1.5V on pla t inum.  By va ry ing  the ca th-  
odic sweep limit,  the  fol lowing anodic peak  was found 
to be d i rec t ly  re la ted  to the reduct ion reaction.  Com- 
parisons wi th  previous  resul ts  in mol ten  LiNOs ind i -  
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Fig. 1. Cyclic voltammetric study on nickel at 100 mV/sec. Re- 
sults are for molten LiCI04 at 300~ Potential sweep was begun at 
O.OV and swept first cathodically, then anodicolly, and finally 
cathodically to the starting potential. 

cates that the anodic peak is due to the oxidation of 
insoluble LifO to form LifO2 (8). Slight gas evolu- 
tion observed immediately following the anodic peak 
suggests the decomposition of the unstable peroxide 
formed. Similar gassing was also observed following 
the anodic peak on molten NaC1Oa (Fig. 2). 

Cyclic voltammetric studies of molten LiC104 at 
300~ on platinum are shown in Fig. 2 at four poten- 
t ial  sweep rates. For comparisons, a similar cyclic 
voltammetric trace at 100 mV/sec on platinum in 
molten NaC103 is also shown. Although molten LiC104 
reduction begins at quite different potentials on nickel 
and platinum electrodes, the Li20 oxidation peak re-  
mains at about the same potential. The water-wave 
on plat inum in molten LiC104 occurs prior  to the 
LiC104 reduction peak (4) and, as found in molten 
LiNO3 (8), is not detected on nickel electrodes. 

Figure 2 indicates that molten NaC108 is much more 
difficult to reduce than molten LiC104 and that in- 
soluble Na20 is produced by the electrode reaction. 
Oxidation of the Na20 to the peroxide apparent ly 
occurs on the anodic sweep similar to previous studies 
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Fig. 2. Cyclic voltommetric studies on platinum in molten LiCI04 
and NaCIO~ at 300~ The studies in LiCI04 (solid lines) were mode 
at potential sweep rates of 20, 50, 100, and 200 mV/sec. All po- 
tential sweeps began at O.OV and were swept first cothodically ~and 
then anodically. 

in molten NaNOs (8). The different areas of the r e -  
d u c t i o n  and oxidation peaks in Fig. 2 l ikely reflect 
the part ial  dissolution of the oxide product. The ex- 
tended cathodic sweep in molten NaC103 shows the 
reduction of sodium ions to metallic sodium at about 
--3.1V vs. Ag+/Ag.  This metallic sodium likely reacts 
quickly with molten NaC103 to form sodium oxide. 
The solubilities of both LieO and Na~O at 300~ as 
determined from acidimetric titrations, were 0.2 mole 
percent (m/o) in molten NaC1Oa and 0.8 m/o in 
molten LiC104. 

Studies of the LiC104 reduction peak were often 
complicated by rather  i rregular  traces caused by gas 
bubbles forming at  the working electrode. This effect 
was much greater  with nickel electrodes than with 
platinum electrodes and persisted even at open circuit, 
suggesting the catalytic decomposition of LiCIO4. Al-  
though smooth cyclic voltammetric traces were often 
difficult to obtain, the potential sweep studies of 
LiC104 reduction on both plat inum and nickel elec- 
trodes generally showed that  the peak current was 
proportional to the square root of the sweep rate while 
the peak potential becomes more negative with increas- 
ing rate of potential change. It should be noted, how- 
ever, that the peak currents are l ikely due to blockage 
of the electrode surface by insoluble oxides ra ther  
than by diffusion limitations of the reactants. Similar 
reduction peaks due to oxide blockage are obtained in 
molten LiNOa and NaNO~ (8, 11, 12). 

Figure 3 presents a cyclic voltammetric study of an 
equimolar mixture of LiC104-LiNOs. On platinum, re-  
duction of the LiNO~ occurs more readily than the re-  
duction of LiC104 and gives a peak potential of about 
-0.95V. The reduction of molten LiC104 beginning at 
about --1.1V (see Fig. 2) gives an unsymmetric shape 
to the reduction peak. Insoluble Lifo  is produced by the 
reduction of both LiNOa and LiC104, hence a single 
oxidation peak is observed on the following anodic 
sweep. Prel iminary studies of equimolar mixtures of 
KC103-LiNO3 and NaC104-LiNO~ at 350~ indicated 
less satisfactory performance than the LiC104-LiNO~ 
mixtures. In particular, gassing was a serious problem. 
Differential scanning calorimetry studies of the 
KC103-LiNO8 mixture gave thermal decomposition 
characteristics that related more closely to molten 
LiC103 than to KC1Os. Thermogravimetric experiments 
indicate that LiC10~ decomposes more readily than 
LiC104 (1). These results suggest that the use of 
molten LiClO8 as the oxidizing electrolyte might be 
less satisfactory than the use of LiC104 in the tem- 
perature range of 250~176 

The analyses of potential vs. temperature measure- 
ments at constant current densities can yield v a r i o u s  
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Fig. 3. Cyclic voltommetric study on platinum in equimolar 
LiCIO4-LiN03 at 300~ Potential sweep rote was 100 mV/sec. 
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kinet ic  pa rame te r s  since the  constants  in the  empi r i ca l  
equat ion 

Ec-" a + (bl + b2ln i )T  [1] 

can be theore t ica l ly  re la ted  to these pa rame te r s  (7). 
Typica l  resul ts  for such expe r imen ta l  measurements  
on nickel  e lectrodes in mol ten  LiC104 and LiNO3 are  
presented  in Fig. 4. Both studies show an approx i -  
ma te ly  l inear  potent ia l  change wi th  t empe ra tu r e  as 
p red ic ted  theore t ica l ly  (7);  however ,  for mol ten  
LiC104, the  l inear  range  is l imi ted  to about  280~176 
The upper  l imit  is l ike ly  re la ted  to the  t he rma l  de-  
composi t ion of mol ten  LiC104 tha t  begins  at  about  this 
t e m p e r a t u r e  (1). Table  I presents  the average  values  
for  the empi r ica l  constants  ob ta ined  f rom nine sepa-  
ra te  s tudies  in  mol ten  LiC104 as we l l  as the  k ine t ic  
pa rame te r s  ca lcula ted  f rom these constants. Fo r  com- 
parisons,  average  resul ts  f rom s imi lar  studies of mol ten  
LiNO3 reduct ion  are  also shown. Fo r  mol ten  LiC104 
reduct ion,  the  t rans fe r  coefficient (ar is ca lcula ted  
to be 0.20, the free energy of ac t ivat ion (hG~ is about  
15 kca l /mole ,  and  the exchange cur ren t  dens i ty  (io) is 
5 X 10 -4  A / c m  2. The calculat ions of the  aG~162 and io 
values  involved the assumption tha t  the  equ i l ib r ium 
potent ia l  a t  350~ is 0.2V for LiC104 reduct ion and 
0.0V vs. A g + / A g  for LiNO3 reduct ion  (7). These va l -  
ues a r e s u p p o r t e d  by  both thermochemica l  calculat ions 
and expe r imen ta l  observat ions.  The io values  presented  
are  based upon the apparen t  e lec t rode  area  tha t  may  
v a r y  f rom the real  surface a rea  depending  upon the 
r e l a t ive  effects of e lec t rode  b lockage  b y  insoluble  
Li20 and the roughness  of the e lec t rode  surface. S imi -  
la r  s tudies  on p l a t i num electrodes gave poor results;  
this could l ike ly  be due to in te r fe rence  f rom the w a t e r -  
wave  tha t  occurs on p l a t inum but  is not  detected on 
nickel  (8). 

Table  II  presents  average  Tafel  and  kinet ic  p a r a m -  
eters  obta ined ga lvanos ta t ica l ly  at  350~ from poten-  
t ia l  vs. cur ren t  dens i ty  measurements .  L inear  Tafel  
regions were  genera l ly  observed be tween  about  1-10 
m.A/cm 2. The ~r and io values  show reasonable  ag ree -  
men t  wi th  those ob ta ined  from the potent ia l  vs. t em-  
pe ra tu re  measurements  under  ga lvanos ta t ic  condit ions 
(Table  I) .  The pa rame te r s  for mol ten  LiNO3 reduct ion 
ob ta ined  in these thin cells containing a calc ium anode 
and exposed to the a tmosphere  also agree  f avorab ly  
wi th  previous  resul ts  obta ined  potent ios ta t ica l ly  in 
s t i r red  solutions under  a he l ium a tmosphere  (8). 
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Fig. 4. Potential vs. temperature measurements for the electro- 
chemical reduction of molten LiCI04 and LiN03 salts on nickel 
electrodes at a constant current density of |0  mA/cm 2. 

Table I. Average empirical constants and kinetic parameters br 
the electrochemical reduction of molten LiCI04 and LiN03 salts 
on nickel electrodes. These values were obtained from potential 

vs. temperature measurements at constant current densities in thin 
cells that used calcium as the anode 

AG~ 
a b l  b2 ( k c a l /  /o* ( A /  

S a l t  (V)  ( V / K )  ( V / K )  ~c m o l e )  c m  2) 

LiCI04 -2.84 1.57 x 10 -3 --0.43 • I0 -8 0.20 15 5 • 10 4 
LiNO8 - 2 . 7 8  1.99 X 10 -a --0.22 x 10 -~ 0.39 25 3 x 10 -~ 

* A t  T = 350*C. 

Table II. Average Tafel and kinetic parameters for the 
electrochemical reduction of molten LiCI04 and LiNO3 salts on 
nickel electrodes. These values were obtained from steady-state 

galvanostatic measurements at 350~ in thin cells that used calcium 
as the anode 

~o 
Salt b (V) ac (A/cm 2) 

Li CI O~  0 .45  0 .27  3 • 10 ,4 

L i N O s  0 .28  0 .44  4 • I 0  -~ 

Figure  4 and Tables I and I I  show tha t  on n ickel  
electrodes,  the  reduct ion of mol t en  LiClO4 occurs more  
read i ly  than the reduct ion of mol ten  LiNO3. This is 
reversed  f rom the observat ions  on p la t inum electrodes.  

The s tab i l i ty  l imi t  wi th  respect  to e lec t rochemical  
oxidat ion  was inves t iga ted  for  mol ten  NaC103 and 
LiCIO4 at  300~ on p la t inum electrodes,  and  the cyclic 
vo l t ammograms  (Fig. 5) show tha t  NaC103 oxidizes 
more read i ly  than  LiC104. The ma jo r  anodic wave  
begins at about  0.8V in NaCIO~ and at  about  1.7V in 
LiCIO4. On nickel  electrodes,  the  ma jo r  anodic wave  
begins at  about  0.7V in mol ten  NaCIOs and at  about  
1.5V in mol ten  LiC104 at  300~ The oxidat ion  reac-  
tions 

2 NaC103 -> 2 Na + ~ C12 + 3 O5 -P 2 e -  [2] 

2 LiCIO~ --> 2 Li + -p CI~ ~ 4 O2 + 2 e -  [3] 

l ike ly  involve the loss of an electron b y  the oxychlo-  
r ide anion fol lowed by  decomposi t ion of the  resul t ing  
radica l  (13). Mass spec t rometr ic  analysis  of the gases 
produced  at  the anode dur ing  electrolysis  of pu re  
LiC104 showed no f ragments  containing C1--O bonds 
(4). The s lowly r is ing anodic  cur ren t  in the mol ten  
LiC104 s tudy suggests the  presence of smal l  amounts  
of the more  read i ly  oxidized chlora te  compound. 
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Fig. 5. Cyclic voltammetric studies of the electrochemical oxi- 
dation of molten NaCIO3 and LiCIO4 at 300~ Potential sweeps 
began at 0.0V and were swept first anodically and then eathodically. 
Potential sweep rate was 100 mV/sec. 
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Discussion 
Anders and Plambeck (4) have presented evidence 

that the reduction peak observed in molten LiC104 is 
due to the net reaction 

LiC104 + 2 Li + + 2e-  ~ LiClOa 4- LifO $ [4] 

The expected electron:oxide ratio was obtained but  
not the expected electron:chlorate ratio. This is not 
surprising considering the various decomposition and 
disproportionation reactions that may occur in molten 
chlorates and perchlorates (1). The Li20 produced in 
the electrode reduction reaction can have a large cata- 
lytic effect on the decomposition reaction (1, 4). For 
example, we observed that 20g of molten LiClO4 at 
350~ in a quartz container was quite stable until 
0.1g of Li20 was added that produced immediate gas- 
sing and complete decomposition of the melt to a 
white solid (LiC1) within 30 min. The presence of 
LiC108 as an intermediate in the decomposition reac- 
tion or the reaction of chlorate with the oxygen pro- 
duced, LiC10:8 -}- 1/z 02 r LiC104, could account for 
variable electron:chlorate ratios. Constant current 
exhaustive electrolysis experiments involving small 
amounts of LiC104 and LiNOs added to LiC1-KC1 melts 
at 390~ indicated that both LiC1Os and LiNO2 reduc- 
tion products react readily with oxygen to regenerate 
the reactants. 

The chemistry of alkali metal  nitrates depends 
greatly upon the nature of the metal  cation that is 
present (7, 8). Increase of the electric field strength 
(polarizing power) of the cation results in a decrease 
in overvoltage for the electrochemical reduction. Al-  
though the rather high melting points of some of the 
alkali metal  chlorates and perchlorates prevented a 
systematic investigation of cation effects in these 
molten oxyhalides, cation effects similar to those ob- 
served for molten nitrate reductiOn are to be expected. 
For example, the observation that fused NaC10~ is 
more difficult to reduce than LiC104 (Fig. 2) may be 
largely due to the weaker electric field of the sodium 
ion since the electrochemical reduction of molten 
LiCIOs apparently occurs readily even at 140~ (5, 6). 

For alkali metal chlorates and perchlorates, it  is 
generally observed that  the greater the electric field 
strength of the cation, the lower the temperature at 
which the compounds begin to decompose ( t ) .  Both 
the thermal decomposition and the electrochemical re-  
duction of molten chlorates and perchlorates require 
the rupture of C1--O bonds; thus the positive electric 
field of a nearby cation apparently weakens such bonds 
via strong electron withdrawing effects. The equations 

LiCIO4 + Li~ 4- e -  ~ (CiO~)aas 4- Li20$ (slow) [5] 

(C103)ads + e - - >  C1Oa- ,(fast) [6] 

represent a mechanism for LiC104 reduction that is 
consistent with the kinetic parameters obtained (Tables 
I and II) and similar to the mechanism proposed for 
the reduction of molten LiNO~ (7). A possible mecha- 
nism for chlorate reduction similar to that for per-  
chlorate would involve formation of (C102)ads in the 
slow step followed by reduction to chlorite. Since any 
chlorite formed in the reduction process would tend to 
disproportionate with chloride being the final product 
(1) 

3MC102 ~ 2MClOs 4- MCI [7] 

the reduction of LiC104 could conceivably yield a 
total of eight electrons per molecule. A six electron 
reaction has been proposed for the reduction of LiC1Os 
(5). 

Various metal oxides in addition to Li20 are capable 
of increasing the rates of decomposition of chlorates 
and perchlorates to a considerable extent, and the 
p- type oxides (MnO2, CuO, and NiO) tend to be 
among the most effective catalysts (1, 14, 15). I t  has 
been proposed that the mechanism for the catalytic 

decomposition of oxyhalides on p- type  oxides involves 
the transfer of an electron from the adsorbed oxyhalide 
anion to a positive hole in the oxide (1). After rupture 
of the CI--O bonds to form oxygen, the electron is 
transformed back to the chlorine atom to form C1-. 
Nickel undergoes spontaneous passivation in nitrate 
melts due to formation of a nickel oxide film (16). 
Since nickel electrodes also form a dark oxide film in 
the molten oxyhalide salts (4), the observed gas bub-  
bles formed at the nickel electrode even at  open cir- 
cuit suggests the catalytic decomposition of molten 
LiC104 and NaC103 by nickel oxide. On platinum 
electrodes, the irregular  cyclic voltammetric traces 
produced by gas bubbles seemed to be related to the 
presence of insoluble Li20 since the removal of Li20 
from the electrode surface resulted in less gassing and 
smoother traces. 

The effectiveness of nickel electrodes in the electro- 
chemical reduction of molten LiC104 is l ikely related 
to the catalytic properties of nickel oxide. Both the 
positive hole of the nickel oxide and the positive elec- 
tric field of the Li + ion could contribute to the weaken- 
ing of the C1--O bond of the adsorbed perchlorate. 
The observation that plat inum electrodes are much 
less effective than nickel electrodes in catalyzing the 
reduction of molten LiC104 is l ikely related to the 
noble behavior of plat inum with respect to oxide film 
formation in fused LiC104 (4). Studies in condensed 
phosphates indicate a strong cation effect in the form 
o f - - P - - O - - P - -  bond weakening by induction (17, 18). 
The strong polarizing power of the l i thium ion prob-  
ably plays an important  role in the oxidation of nitrite 
ions in molten LiC104 (19). 

Explosive reactions may occur following the deposi- 
tion of lithium metal  at the cathode in molten LiC104 
(4, 20). In our studies, the deposition of lithium metal 
at a nickel electrode in molten LiC104 at 350~ re-  
sulted in a sharp explosion shortly after switching the 
cell to open circuit. However, no explosive reactions 
were observed in the use of calcium anodes in molten 
LiC104 over a variety of conditions. A passive oxide 
film offers protection to the solid calcium (rap = 
838~ and isolates it  from the molten LiC104, how- 
ever, stable film formation is not possible with the 
liquid lithium (mp ___ 181~ metal  and its contact 
with the molten perchlorate gives a very unstable con- 
dition. Explosion hazards in the handling of sodium 
chlorate should also be noted (21). 

Manuscript submitted Aug. 27, 1980; revised manu- 
script received Nov. 19, 1980. This was Paper 523 pre-  
sented at the St. Louis, Missouri, Meeting of the So- 
ciety, May 11-16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOUmVAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by the 
Naval Weapons Center. 
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Solid Electrolyte Interphase (SEI) Electrode 
II. The Formation and Properties of the SEI on Magnesium in 

SOCI2-Mg(AICI)~) ~ Solutions 

A. Meitav and E. Peled* 
Institute oJ Chemistry, Tel-Aviv University, Ramat Aviv, TeZ Av~v, Israe! 

ABSTRACT 

Magnesium metal  immersed in thionyl chloride solutions becomes covered 
by a passivating layer  which has properties of solid electrolyte. The buildup 
and the electrochemical properties of this layer were studied. Tafel slopes 
measured on freshly immersed Mg electrodes depend l inearly on the apparent  
thickness of the SEI. The reaction resistance and the differential capacitance, 
on Mg and W electrodes, were measured by several methods. Values of the 
electrochemical parameters depend on the bias potential. The metal/solution 
interracial capacitance of W electrode is higher by an order of magnitude 
than that of Mg electrode. This higher capacitance decreases markedly, under 
cathodic polarization. 

The alkali  and alkal ine-ear th  metals show no sig- 
nificant corrosion in many strong oxidizing solvents 
(1). This apparent  stabili ty is explained by the ex- 
istence of a passivating layer  (PL),  which is formed 
instantly by the contact of the metal with the solution. 
This layer  consists of some insoluble products of the 
reaction of the metal with the solution (2-13). It acts 
as an interphase between the metal and the solution 
and has the properties of solid electrolyte, through 
which electrons are not allowed to pass. Therefore, it 
is called "solid electrolyte interphase (SEI)" (8). The 
electrochemical behavior of SEI electrodes are pri-  
mari ly  governed by the properties of the SEI (8-13). 
Therefore an understanding of the SEI buildup and the 
conduction mechanism through it, is of practical and 
theoretical importance. 

It was found that the PL of lithium immersed in 
thionyl-chloride (TC) solutions consists of lithium 
chloride crystals (7). The electrochemical properties 
o f  lithium in TC were recently investigated (10-11). 
The resistivity of this layer was found to be ca. l0 s 
~cm and the apparent  resistance was proportional to 
the SEI thickness. In aged electrodes the l inear por-  
tion of the polarization ( / /V)  curves expanded up to 
0.SV, indicating Tafel slope greater  than 3V. On the 
basis of these and other results, it was concluded that 
the rate-determining step (rds) for the deposition- 
dissolution process of lithium in TC solutions is the 
migration of lithium cations through the SEI. 

The behavior of pure magnesium and magnesium al- 
loys has been reported in Ref. (6, 9, 12, 13). The in- 

* Elect rochemical  Society Active Member. 
Key words: thionyl  chloride, magnesium anode, solid electro- 

lyte formation. 

vestigations deal with TC solutions employing two 
electrolytes: A1CI~-MgC12 and FeCls-MgC12. It was 
found that magnesium rapidly corrodes in A1Cls-TC 
solution, being completely dissolved. However, in solu- 
tions saturated with MgC12 it practically does not 
corrode. Magnesium was eleetrodeposited on a nickel 
wire in Mg(FeC1D2 solution (12). However, the elec- 
trolysis does not occur according to a simple electro- 
deposition mechanism. The magnesium deposits only 
after the nickel cathode has been Coated by a PL. This 
layer is formed during the first period of the electrol- 
ysis by electroreduction of TC. The reduction products 
of TC precipitate on the cathode surface and inhibit 
the farther  electron transfer through the interface. 
In experiments employing magnesium alloys it was 
found that the alloying elements affect the growth 
rate of the SEI, but not the resistivity of the SEI (13). 

All these electrochemical measurements employing 
magnesium and magnesium alloys were taken near the 
OCP only. The pr imary goal of this work was to in- 
vestigate in more details the formation and properties 
of the PL on magnesium, at OCP and during anodic 
and cathodic polarization; as well, to study the in- 
fluence of the surface pretreatment  on the electro- 
chemical behavior of the magnesium metal in TC so- 
lutions. The second goal was to investigate the metal-  
solution interracial properties. As the PL on alkali and 
alkal ine-ear th  metals in TC forms spontaneously and 
immediately; the double layer (DL) capacitance of the 
metal-solution interface cannot be obtained. Therefore 
an inert tungsten electrode was used and its electro- 
chemical behavior, at OCP and under cathodic polar-  
ization, was studied. 
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Experimental 
All  solutions were  p repa red  and cells were  a s s e m -  

b l e d  inside an argon-f i l led  glove box. The Merck  zur 
synthesis  TC was twice dis t i l led under  vacuum. F luka  
pur iss  A1C13 was vacuum sub l imed  at  120~176 and 
dissolved in dis t i l led TC. Roc/Ric  MgC12 (98%) was 
vacuum dr ied  at  80~176 for 24 hr  and dissolved (in 
5% excess) in  the A1C13-TC solution. Then the TC was 
pumped  out  of the solut ion and another  vo lume of  
twice-d is t i l l ed  TC was added  to the res idual  e lec t ro-  
lyte,  to form 0.6M Mg (A1C14)~ solution. The exper i -  
men ta l  cell  was const ructed  of th ree  magnes ium elec-  
t rodes or  of a tungsten work ing  e lect rode and mag-  
nes ium reference  and counterelectrodes.  A de ta i led  
construct ion of the  cell is descr ibed in Ref. (12). The 
s tandard  p r e t r ea tmen t  of the  magnes ium consists of 
etching the me ta l  (for about  10 sec a t  room t e m p e r a -  
ture)  in 5% HNOs (A.R.) and r ins ing in dis t i l led 
water .  Then  the e lec t rode  is fi t ted into the  e lec t ro-  
chemical  cell,  which  is evacua ted  and t r ans fe r red  to 
the glove box. There, the cell  is filled wi th  the solut ion 
and the des i red  exper iments  a re  per formed.  Al l  ex -  
per iments ,  w i th  sa tu ra ted  solutions, were  car r ied  out  
in 0.6M Mg (A1C14) ~SOC12. 

The reac t ion  res is tance was ca lcula ted  f rom ga lvano-  
s tat ic  micropolar iza t ion  curves at  s teady  s tate  and 
f rom a-c  measurements .  The galvanosta t ic  measu re -  
ments  were  pe r fo rmed  by  a homemade  pulse ga lvano-  
star  wi th  a r ise t ime of about  1 #sec. The a -c  measu re -  
ments  were  pe r fo rmed  wi th  the use of a lock- in  ana -  
lyzer  (PAR Model  5204), a t tached  to a PAR Model 
173 potent iostat .  A n  IR correct ion was made  in  a l l  
exper iments .  Al l  exper imen t s  were  car r ied  out  at  room 
tempera ture .  

The different ia l  capaci tance  of the  magnes ium-so lu -  
t ion in te rphase  was de te rmined  by  an a-c  method  and 
f rom the ini t ia l  slope of the  ~1 vs. t t ransients ,  using 
the equat ion 

i 
C = [1] 

(dv /d t )  t -~ 0 

The min imum apparen t  thickness of the SEI (d) was 
ca lcula ted  according to the measured  different ia l  ca-  
pac i ty  wi th  the  use of the  equat ion for a pa ra l l e l -p l a t e  
capaci tor  and under  the assumpt ion tha t  the  dielectr ic  
constant  is 5 (12). The dielectr ic  constant  of many  
calc ium and magnes ium compounds is about  5-10. The 
dielectr ic  constant  (~) of MgCI~ was not  found in the  
l i te ra ture .  Moreover,  these values  of so l id-s ta te  die lec-  
tr ics a r e  p robab ly  correct  for single crystals .  The t rue  
e value  of the  po lycrys ta l l ine  MgC12 in the  SEI may  
differ f rom tha t  for  a single c rys ta l  and should depend 
on many  other  parameters .  As we have  no ways  to p r e -  
cisely de te rmine  e, i t  was assumed, as a first approx i -  
mation,  tha t  its va lue  is constant  in al l  expe r imen ta l  
conditions. Therefore  this ca lcula t ion gives the  mini -  
m u m  appa ren t  thickness of the SEI. 

Results 
Electrochemical Properties of Magnesium Electrode 

Unsaturated sotutio~z.--The reac t ion  resis tance (Rr)  
and  the ca lcula ted  thickness  of the  SEI (d) of a mag-  
nes ium elect rode immersed  in a solut ion unsa tu ra ted  
wi th  MgC12 are  presented  in  Fig. 1. The composit ion 
of the  solut ion was 1.2M A1CI~ + 0.3M MgCI~. A com- 
par i son  of the  ca lcula ted  res is t iv i ty  (Rr /d )  of a mag-  
nes ium elect rode in a sa tu ra t ed  and unsa tu ra ted  solu-  
t ion vs. the  immers ion  t ime is shown in Fig. 2. The  
magnes ium elect rode in the unsa tu ra ted  solut ion dis in-  
t egra ted  a lmost  comple te ly  af te r  about  70 hr  of im-  
mers ion  in  the  e lect rolyte .  

Surface pre t rea tmen t . - -Under  the descr ibed exper i -  
menta l  conditions, the  magnes ium electrode in t roduced 
into the  cell  is covered by  a th in  oxide film. In o rder  
to invest igate  the  possible dependence  of the e lec t ro-  
chemical  proper t ies  of the  magnes ium on the p r i m a r y  
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Fig. 1. Reaction resistance and calculated thickness of the SEI 
of magnesium electrode in acidic solution (1.2m AICIs-0.3m MgCI2- 
SOCI2) vs. the immersion time. A, Thickness; O ,  resistance. 

l aye r  which  coats i t  p r io r  to i ts immers ion  in  the TC 
solution, three  sets of di f ferent ly  p r e t r e a t e d  magne-  
s lum electrodes were  examined:  (i) s t andard  p re -  
t rea ted  electrodes,  (ii) electrodes p re t r ea t ed  as in ( i) ,  
fol lowed by  50 hr  of immers ion  in dis t i l led  water ,  (iii) 
electrodes degreased  only. Scanning  e lec t ron micro-  
graphs  of the three  magnes ium electrodes af ter  these 
p r e t r e a tme n t  p rocedures  a re  shown in Fig. 3-5. The 
whi te  zones seen in Fig. 4 are  the areas  f rom which 
the hydrogen  bubbles  were  evolved dur ing  immers ion  
in water .  The SEI re s i s t iv i ty - t ime  plot  of these elec-  
trodes, immersed  in 0.6M Mg(A1C14)~ solution, a re  
presented  in Fig. 6. 

A - C  measuremen t s . - -The  different ia l  capaci ty  of 
magnes ium elec t rode  was measured  as a function of 
t ime by  an a-c  technique,  whi le  constant  anodic or  
cathodic overvol tages  were  applied.  The a-c  f requency  
was 100 Hz and rms ampl i tude  was 30 mV. The d -c  
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Fig. 2. The resistivity of the SEI of magnesium in saturated and 

unsaturated (acidic) solutions vs. the immersion time. A, Saturated 
solution, 0.Gm Mg (AICI4) TC; Q,  unsaturated solution, 1.2m AICI3- 
0.3m Mg CI2-SOCI9. 
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TaSel plots.--With short current pulses it was possi- 
ble to obtain Tafel plots for electrodes which were ira- 

Fig. 3. SE mlcrograph of a magnesium electrode pretreated by 
standard procedure. Magnification 5 0 0 •  The line drawn on the 
picture presents length of 20 microns. 

current and the differential capacitance during anodic 
polarizations of 50, 100, 200, and 300 mV are presented 
in Fig. 7 and 8. Figure 9 shows a-c differential capacity 
and d-c currents for cathodic overvoltages of 100, 200, 
300, 800 mV. Passage of high cathodic currents is pos- 
sible only if the cathodic polarization follows a previ- 
ously applied anodic macropolarization. Under these 
experimental conditions the cathodic currents are 
much higher and a rapid gas evolution and a yellow 
precipitate on the cathode are observed. A marked 
increase in resistance and decrease in capacity are ob- 
served after such a polarization. 

Fig. 4. SE micrograph of a magnesium electrode held for 50 hr 
in distilled water, after the standard pretreatment. Magnification 
500X .  The line drawn an the picture presents length of 20 microns. 

Fig. 5. SE micrograph of a magnesium electrode degreased only. 
Magnification 300 •  The line drawn on the picture presents length 
of 100 microns. 
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Fig. 6. Resistivity of three different pretreated magnesium elec- 
trodes vs. immersion time in 0.6m Mg(AICI4)2 TC solution. Z~, 
Standard pretreated electrode; D ,  electrode immersed in distilled 
water for 50 hr, after standard pretreatment; O ,  electrode de- 
greased only. 
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Fig. 7. D-C current and differential capacitance during applica- 
tion of anodic overvoltages of 50, 100, and 200 mV on magnesium 
electrode. The electrode area is 2.2 cm 2. 
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Fig. 8. D-C current and differential capacitance during applica- 
tion of anodic overvoltage of 300 mV on a magnesium electrode. 
The electrode area is 2.2 cm 2. 

mersed  in 0.6M Mg(A1C14)2 solution, for  up to 40 hr. 
The  plots  a re  shown in Fig. 10. The plots  were  ob-  
ta ined  af te r  different  t imes of immersion:  1, 20, and 40 
hr. The Tafel  slopes are  280, 350, and 430 mV, respec-  
t ively.  On polar iz ing magnes ium electrodes immersed  
for longer  per iods  of time, the Tafel  plots devia te  f rom 
l inear i ty  (on a semi logar i thmic  scale) .  The l inear  por -  
tion of the ~1 vs. i curves measured  for e lectrodes im-  
mersed  for longer  periods of t ime reaches up to 300 __ 
100 mV. 

Elec t rochemica l  Propert ies of T u n g s t e n  Electrode 

The OCP of tungsten in 0.6M Mg(A1C14)2 TC solu-  
tions is about  1.9V vs. Mg reference  e lect rode (RE).  
The different ial  capaci tance and the react ion resis tance 
of the tungsten e lect rode were  measured  by  an a-c  
technique, in the f requency  range  of 40-1500 Hz. In 
this f requency  range  the dif ferent ia l  capaci tance d id  
not depend signif icantly on the frequency,  its va lue  at  
OCP being about  30 #F /cm 2. F igure  11 shows two suc-  
cessive cyclic vo l t ammograms  at  500 mV/sec  sweep 
rate.  I t  should be noted tha t  the cathodic cur ren t  
m a x i m u m  of the first sweep d isappears  on the succeed- 
ing one. However ,  a cur rent  m a x i m u m  does appear  on 
the succeeding sweep when  the sweep ra te  is decreased 
( smal le r  than  0.3 V/sec) .  

The  cur ren t  m a x i m u m  observed on the first poten-  
t ia l  sweep rises as the sweep ra te  is increased.  How-  
ever, when  the sweep ra te  is reduced a new cathodic 
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Fig. 9. D-C current and differential capacitance during applica- 
tion of cathodic overvoltages af ]00, 200, 300, and 800 mV on 
magnesium electrode. Electrode area 2.2 cm 2. 
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Fig. 10. Tafel plots of magnesium electrode immersed for 1, 20, 
and 40 hr in 0.6m Mg(AICI4)~ TC solution. O ,  I hr; A ,  20 hr; 
[ ] ,  40 hr. The electrode area is.2.2 cm 2. 

cur ren t  peak  is detected on the backward  potent ia l  
scan (i.e., going from 0 to 1.SV vs. MgRE).  This is 
peak  B in Fig. 12. F igure  12 shows cathodic d-c  cur-  
ren t  (dashed l ine) and the in ter rac ia l  capaci tance as 
a function of an appl ied  potent ia l  scanned at  a ra te  of 
2 mV/sec.  I t  should be noted in  Fig. 12 tha t  the  de-  
crease of the cathodic cur ren t  (af ter  passing the peak)  
is associated with  a sharp  decrease  of the  e lect rode 
capacitance.  

Supp lemen ta ry  to the a -c  technique,  the different ia l  
capacitance,  a t  the tungs ten-TC interface,  was calcu-  
la ted  f rom t h e / - V  plots which  were  obta ined  at  h igh 
sweep rates,  in the potent ia l  range  2.0-1.8V vs. Mg RE. 
In this range  the currents  a re  ma in ly  capaci tat ive,  
Fig. 13. 

The capaci ty  values obta ined at  different  sweep rates  
a re  presented  in  Table  L 

Discussion 
Formation and properties of the SEI . - - I t  should be 

emphasized tha t  the sys tem inves t iga ted  is t he rmody-  
namica l ly  uns table  and the appa ren t  s tab i l i ty  is due 
to the  kinet ic  proper t ies  of the  system. These p rope r -  
ties are  d i rec t ly  dependent  on the SEI fea tures  which 
are  de te rmined  by:  (i) thickness,  porosity,  and adhe-  
sion; (ii) electronic and ionic t ransference  numbers  
( re- ,  tcath., tanodic); and (iii) ionic mobil i ty.  The main  
factors de te rmin ing  the  ionic conduct iv i ty  a re  the  type  
of the  s t ruc tura l  defects (Frenkel ,  Schot tky)  and the i r  
concentrat ion.  

According  to this work  i t  seems tha t  i t  is possible 
to define two different  s tates  of the  magnes ium SEI 
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Fig. 11. Two successive voltammograms on tungsten electrode. 
Sweep rate 500 mV/sec. Electrode area 1.7 cm 2. 
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Fig. 12. Current and a-c capacitance vs. potential applied on 
tungsten electrode. Potential sweep rate 2 mV/sec. Electrode area, 
1.7 cm 2. ~ . ~ . - -  current, ~ a-c differential capacitance. 

electrode: (i) Electrodes that  are held under  OCP 
condit ion for sufficiently long durat ions (50 hr  or 
more) .  Under  these "steady-state" conditions, the SEI 
would have the relat ively highest integri ty  and com- 
pactness. Consequently,  the ionic and electronic con- 
ductivities will have the m i n i m u m  intr insic  value. (ii) 
Electrodes handled under  nonsteady-s ta te  conditions, 
such as: (a) acidic solutions, (b) freshly immersed 
electrodes, and (c) continuous heavy anodic polariza- 
tion. 

In  all these circumstances the SEI is relat ively th in-  
ner  and may have a highly disordered structure, 
which leads to high ionic and electronic conduction. 

In  acidic solutions (excess of A1C13), the corrosion 
rate of magnes ium is much higher than in neut ra l  so- 
lut ions (saturated with MgC12). Accordingly, the ap- 
parent  electrode resistance and the calculated resistiv- 
i ty (Fig. 2) are smaller  by an order of magni tude  than 
their  values in  neut ra l  solutions. This may result  from 
the continuous process of redissolving of the precipi-  
tated corrosion product  (MgC12). 

The behavior  of magnes ium in saturated solution 
dur ing  the first hours of immersion is very  similar  to 
its behavior  in  the unsa tura ted  solution. The resistivity, 
dur ing the first 3 hr, does not differ much from the 
values in the unsa tura ted  solution. It  seems that  in both 
cases the same process of dissolution of the PL estab- 
lishes these relat ively low values. It  is possible that  
these lower values are accompanied by a high rate of 
corrosion. Dur ing  this process there is a rear range ,  
ment  of the surface layer  on the immersed electrode. 
The oxide layer  dissolves and a new (most l ikely 
MgCI~) layer  is bui l t  up. The formation of the MgC12 
is thermodynamical ly  preferred over MgO by 35 kcal /  
mole (MgO + SOC12-> MgC12 + SOe -- 35 kcal /mole) .  
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Fig. 13. I - V  curve on tungsten electrode, obtained at sweep rate 
20 V/sec in the potential range 2-1.8V vs. MgRE (Recorded on 
oscilloscope,) 

Table I. The differential capcitance calculated from double layer 
charging currents, at different potential-sweep rates 

Sweeprate ( V / s e c )  0.2 20 100 200 500 Average 
Capacity ( ~ F / c m  ~) 24 29 26 24 24 25 - -  1 

This  exchange process causes a very  defective in t e r -  
phase, which has a highly disordered structure.  How- 
ever, with the growth of the MgC12 layer, the corro- 
sion ceases, the layer becomes more compact and or- 
dered, and the resist ivity reaches its s teady-state  
value. This proposed mechanism of film exchange, on 
freshly immersed electrodes, is also supported by sev- 
eral  other exper imental  results: 

1. The original  state and composition of the mag-  
nes ium surface film has no influence on the SEI prop-  
erties after 30-50 hr  of immersion.  

2. The resistivity of magnes ium electrodes which are 
covered by a thick oxide layer  (Fig. 4) falls by almost 
an order of magni tude  dur ing the first 2-5 hr of im- 
mersion. Then it passes through a m i n i m u m  and in-  
creases slowly for 40-60 hr, unt i l  it reaches an almost 
steady-state value of (1.8 _ 0.2) X 10 l~ ~lcm. 

3. The OCP of magnes ium vs. tungsten  increases by 
about 0.2V, wi thin  the first few days. The lower OCP 
dur ing this t ime may be caused by the high corrosion 
rate. 

Deposition-dissolution mechanism of the SEI mag- 
nesium electrode.--From the significantly different 
electrochemical behavior  of the magnes ium electrode 
dur ing cathodic and anodic macropolarization, it  ap-  
pears that  the anodic and cathodic processes are essen- 
t ial ly different. In  the anodic process, the dissolution 
of the metal  beneath  the PL causes a process of break-  
down and repair  of the SEI. This process becomes 
faster as the dissolution current  is increased. As a re-  
sult, a very disordered SEI is formed which has a high 
ionic (and probably electronic) conductivity. However 
the SEI cannot be completely removed by anodic dis- 
solution. It  was found that  a current  density of 5 m A /  
cm 2 passed for 1 hr (which removed about 13 microns 
of magnesium) did not have significant influence on 
the differential capacity. It  does not exceed 2 ~F/cm ~ 
during the anodic-dissolution and does not  exceed 4 
~F/cm 2 immediate ly  after tu rn ing  off the current .  The 
calculated thickness of the SEI dur ing this polarization 
was ca. 25A. These capacitance values are much lower 
in comparison with 25-30 #F /cm 2, the tungsten-solut ion 
interracial capacitance. 

As opposed to anodic-dissolution experiments,  under  
cathodic polarization, the d-c current  and the electrode 
capacitance remain  almost unchanged as the cathodic 
overvoltage is increased up to --800 mV vs. Mg RE. On 
stepping the potential  more cathodically there are 
some transient  phenomena which are not observed on 
anodic polarization (Fig. 9). These indicate that under  
prolonged cathodic polarizaton there is some kind of 
blocking mechanism. The relat ively low cathodic cur-  
rents measured prove that  the SEI remains  quite a 
good electronic insulator  even under  such high elec- 
tric fields (106 V/cm).  Only a previously applied an-  
odic macropolarization enables passage of relat ively 
high cathodic currents, which are accompanied by  a 
rapid gas evolution and a yellow precipitate (probably 
SO2 and S) on the electrode. A possible explanat ion for 
these phenomena is as follows: the pre-appl ied anodic 
macropolarization decreases markedly  the thickness of 
the SEI and enhances its electronic and ionic conduc- 
tivity. Under  these conditions, in  a subsequent  high 
cathodic polarization, a direct reduction of the TC sol- 
vent  can take place. Supplementary  to this, under  high 
electric field, the magnesium cations may be r,educed 
wi th in  the SEI, without  reaching the metal-sol id  elec- 
trolyte interface. The precipitated metall ic magnes ium 
may cause a short-circuit  through the SEI thus mark-  
edly enhancing the direct reduct ion of TC. 
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Tafel slopes.--High Tafel slopes are a we l l -known 
phenomena in  l i tera ture  dealing wi th  oxide films (14, 
15). The explanat ion for these phenomena involves 
the basic assumption that  a major  fraction of the ap- 
plied metal-solut ion overpotential  falls across the PL. 
The same may be expressed differently by saying that  
the rds of the redox reaction is the migrat ion of the 
ions through the SEI. Accordingly the current-vol tage  
relat ion should obey the law of migrat ion of ions in a 
solid electrolyte, while the Tafel slope (b) depends 
on thickness (d) of the SEI according to Eq. [2] 

2.3RT 
b - -  - -  �9 d [2] 

azF 

where 2a is the jump distance of the mobile ion and z 
is the valence of the mobile ion. 

In  this work it was found that  for aged magnes ium 
electrodes there is a l inear  relationship between the 
overpotential  and the current,  up to 300-400 inV. This 
indicates that  the Tafel slope is higher than  2V. How- 
ever to reach the Tafel region it  was possible only for 
freshly immersed electrodes. In these cases Tafel slopes 
depend on immers ion time. These results support  a 
previous conclusion that  the rds is the migrat ion of 
Mg 2+ ions in  the solid electrolyte. The SEI thickness 
calculated from the Tafel slopes correlated well  with 
the thickness calculated from the differential capacity 
[Table II) .  However, good correlation was observed 
only on freshly immersed electrodes. Tafel curves ob- 
tained on  electrodes immersed for longer times de- 
viate from lineari ty.  This occurs as a resul t  of the 
necessity to pass higher currents  in  order to reach the 
Tafel region. These currents  par t ia l ly  destroy the SEI 
structure.  

Tungsten Electrode 

The in terpre ta t ion  of the electrochemical measure-  
ments  performed on active metal  electrodes coated by 
a passivating layer, which is a poor electronic con- 
ductor, is based on the following assumptions: (i) the 
rds of charge transfer  is the ion migrat ion through the 
SEI and (ii) the double layer  capacities of the two in-  
terfaces, meta l -SE and SE-solution, are much higher 
than the SEI capacity. Only under  these conditions 
would the apparent  resistance and capacity represent  
the properties of the SEL 

The spontaneous formation of PL on a lka l ine-ear th  
metals prevents  the possibility of carrying out any 
electrochemical measurements  at the metal-solut ion in-  
terface. Employing the "inert" tungsten electrode per-  
mit ted the determinat ion of the DL capacitance of the 
meta l -TC interface. With the use of an a-c technique 
the differential capacity of the metal -solut ion in ter -  
face at OCP was found to be about 30 ~F/cm 2. The 
values of the DL capacity calculated from DL charging 
currents  are in  perfect agreement  with the values ob- 
tained in  the a-c measurements.  The small  increment  
of the capacity in  the first 200 mV of the cathodic over-  
voltage (Fig. 12) may result  from specific adsorption, 
since in  this potential  range the faradaic cur ren t  is 
negligible. Comparison of these values with the differ- 
ential  capacity measured for magnes ium (2-0.1 ~F 
cm -2) clearly indicates the existence of the PL on 
magnesium and under l ines  the basic difference be-  
tween the "bare" tungs ten  electrode and the "covered" 
magnesium. In  Mg(A1C14)2 solution saturated wi th  
MgC12, the chloride produced by the reduction of TC 

Table II. The SEI thickness calculated from Tafel and capacity data 

I m m e r s i o n  t i m e  (hr) 1 20 40 
T a f e l  s lope  (mV) 280 350 430 
T h i c k n e s s  [A]* b a s e d  on  T a f e l  data  19 23 29 
T h i c k n e s s  [A]** based on capacity data 17 24 30 

* T h e  t h i c k n e s s  w a s  c a l c u l a t e d  a c c o r d i n g  to Eq. [2], where it 
w a s  a s s u m e d  that  a = 2A and z = 2. 

** T h e  d ie l ec tr i c  c o n s t a n t  w a s  a s s u m e d  to b e  5. 

(2SOC12 -t- 4e -> SOs -f- 4C1- -I- S) may precipitate as 
MgC12 on the tungs ten  electrode and form a PL. This 
PL has a low electronic conduct ivi ty  and so it  slows 
fur ther  reduction of the solvent. The significant de- 
crease of the capacitance [to 1.6 ~F cm -2 (Fig. 12)] 
and the appearance of a current  max imum are due to 
the above-ment ioned process. When potential  re turns  
to the OCP, the capacitance rises to about  its ini t ia l ly  
high value (Fig. 12). It  would appear that  a slow 
chemical dissolution of the PL occurs in  paral lel  with 
the reduct ion of the solvent. These two opposing pro- 
cesses (formation and dissolution) determine the de- 
pendence of the reduction cur ren t  on the sweep rate. 
If two consecutive voi tammograms are performed a t  

high sweep rates, the PL formed is not dissolved at 
the end of the first sweep. Consequently, i t  completely 
inhibi ts  a fur ther  solvent reduct ion on the second 
sweep (Fig. 11). However, on slow scanning of the 
potential  the PL has enough t ime to dissolve, thus en-  
abling fur ther  solvent reduct ion in  the second sweep, 
or even in  the reverse direction of the first one. The 
small  cathodic cur ren t  peak on the reverse branch 
(Fig. 12) is due to this process. 

The apparent  resist ivity of the PL on tungsten  is 
(0.5-1) • 10 TM ~cm (assuming the same e as for mag-  
nesium electrode).  These values correlate quite well  
with the steady-state  resistivity of the SEI on mag-  
nesium (1-2) • 10 l~ ~cm. 

The thickness of the PL on tungsten  was calculated 
by two independent  methods: (i) from the reduct ion 
charge, passed dur ing  the cathodic sweep and  (ii) 
from the differential capacitance. 

Because of the chemical dissolution of the PL, the 
"efficiency" of the PL formation depends on the sweep 
rate. Figure  14 shows the thionyl  chloride reduction 
charge vs. the sweep rate. The two curves show the 
charge passed up to the peak of the reduct ion current  
and up to the plateau (0.5 vs. Mg RE). It  can be seen 
that  the charge reaches a constant value at high sweep 
rates. It  was found that  the solvent reduct ion is in -  
hibited by the formation of a PL of 30-40A thickness 
(1.5-2 mcoulomb/cma).  This value corresponds quite 
well with the e lec t ron- tunne l ing  path in  insulators 
(16), the thickness of passivating oxides (at Vp) 
in aqueous solutions (17), and with the m i n i m u m  
thickness of the SEI on magnesium. The reduct ion 
ceases almost completely as the thickness reaches 80- 
90A (4-4.5 mcoulomb/cm2).  

The thickness of the PL on tungs ten  electrode, which 
is calculated according to the interracial  capacitance 
assuming e ---- 5, do not differ significantly from that  
calculated according to the cathodic charge (Fig. 14). 
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Fig. 14. Reduction charge passed during cathodic potentia[ sweep 
vs. the sweep rate. @ Charge passed up to the peak of the reduc- 
tion current. �9 Charge passed up to the plateau. 
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The corresponding values are 30 and 80-90A, respec- 
tively. The discrepancy of these values is at t r ibuted to 
the two different experimental  methods. SEM studies 
pointed out that the surface of the PL on magnesium 
is very rough. The PL formed on tungsten may be 
rough too. The interracial capacitance is mainly con- 
tr ibuted by the thinner parts of the layer. Conse- 
quently, the calculated thickness, according to the in- 
terracial capacitance, is smaller than the geometric 
average value [for details see Ref. (11)], which is cal- 
culated from the passivating charge. So, the above- 
mentioned experimental  discrepancy seems quite rea- 
sonable. Moreover, in addition to the results of Tafel 
experiments, it points out that the assumed value o~ 
the dielectric constant is quite suitable for these sys- 
terns. 
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Ohmic Potential Drop in Flow-Through and 
Flow-By Porous Electrodes 

Peter S. Fedkiw* 
Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27650 

ABSTRACT 

The limiting current analysis has been applied to the flow-through and 
planar  flow-by porous electrodes using a recently developed low flow rate 
mass transfer coefficient correlation. At the limiting current, the maximum 
ohmic drop in the solution is developed. The flow-through electrode analysis is 
identical to that  first given by Bennion and Newman. In the flow-by electrode, 
the two-dimensional structure of the potential field is taken into account. I t  is 
shown that  given a maximum solution ohmic potential drop and reactant 
conversion, a flow-by electrode with an aspect ratio L / d >  5 is superior to a 
flow-through electrode in that the maximum processing rate will  always be 
higher for the range of parameters presented in this work. If the aspect ratio 
L/d ( length-to-width)  of the flow-by elect rode is large, it  is reasonable to 
assume that  the potential field is governed by a one-dimensional Laplace equa- 
tion. This simplifying assumption has been examined and shown to overesti- 
mate the maximum ohmic potential drop. Given the two constraints mentioned 
above, a flow-by electrode will have an optimum aspect ratio L/d which is 
determined by an economic balance between greater current-volume of the 
bed as L/d increases vs. greater pumping and separator  (if required) costs 
which also increase with L/d. 

Packed bed electrodes (three-dimensional) have the 
major  advantage of large surface area available for 
reaction per unit volume of the reactor in comparison 
to the more conventional flat (two-dimensional) elec- 
trode configurztion. The reaction distribution in packed 
beds can vary significantly, however, because of ohmic, 
geometric, and mass transfer effects; this can become 
an undesirable problem. The spatial variation in reac- 
tion rates is accompanied with a consequential var ia-  
tion in the potential difference between the electrode 

* E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
Key words: current, flow-by electrode, potential. 

and adjacent electrolyte. The reaction selectivity and 
and reactant conversion may become significantly 
affected in a multiple step (parallel  or series) reaction 
network (1-5). 

An upper bound can be determined on the solution 
phase potential variation by analyzing the current dis- 
tribution in a bed with a single reaction taking place 
under mass transfer controlled conditions. An upper 
bound is established because the rate of any reaction 
cannot exceed the rate of its reactant supply. 

The purpose of this paper is to examine the solution 
phase potential variation in a packed bed electrode 
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opera t ing  wi th  a single r eac tan t  under  mass t ransfer  
control led  conditions. Two configurations of the  pack -  
ing of the e lect rode are  considered and compared  (Fig. 
1): (i) the f low-through electrode where  the cur-  
rent  and fluid flow are para l l e l  (fluid flows through  
the cur ren t  collector)  and (ii) the f low-by elect rode 
configuration where  the  cur ren t  and fluid flow are  ap-  
p rox ima te ly  pe rpend icu la r  (fluid flows by  the cur ren t  
col lector) .  Focus is fixed on a single packed  bed elec-  
t rode in the cell, tha t  is, it  is assumed tha t  the counter -  
e lect rode effects can be ignored.  

The l imit ing cur ren t  analysis  as out l ined here  can-  
not, of course, de te rmine  absolute  e lect rochemical  
dr iv ing  potent ia ls  at any  posi t ion in the bed. Other in-  
format ion  such as the specific kinetics of the react ion 
(or react ion sequence) must  be known. To incorpora te  
such effects into an analysis  of the  e lect rode adds  com- 
p lex i ty  to the resul t ing  model  equations.  (A short  r e -  
v iew of previous  deta i led  analysis  is p resented  in the  
fol lowing paragraph . )  The l imit ing cur ren t  analysis  is 
useful  because of its s implici ty,  and i t  enables  a first- 
o rder  engineer ing  design of the reactor  to de te rmine  
m a x i m u m  permiss ib le  flow rate  and packing depth  
(para l le l  a n d / o r  pe rpend icu la r  to cur rent  flow) as was 
shown by  Newman  and T iedemann  (6) for the flow- 
through electrode.  

Bennion and Newman  (7) first ana lyzed  the flow- 
through configuration using the l imi t ing cur ren t  dep-  
osition of Cu + + as a test  reaction. They der ived  an 
ana ly t ica l  express ion (assuming convective t r anspor t  
of reac tan t  only)  which re la ted  the solut ion phase  
ohmic poten t ia l  drop to the physical  and  opera t iona l  
parameters .  [Other  workers  have reder ived  this resul t  
as rev iewed  in Ref. (6). In  this same reference,  New-  
man  and Tiedemann  expanded  the ear l ie r  work  to ac-  
count for  axia l  dispersion.] Alk i re  and Ng (8, 9) have 
s tudied ex tens ive ly  the f low-by elect rode configuration. 
These publ icat ions  were  most ly  concerned wi th  ca lcu-  
la t ing the spa t ia l  react ion dis t r ibut ion and reac tan t  
conversion wi th  a single e lect rode reaction.  Some a t -  
tent ion was d i rec ted  at  eva lua t ing  the m a x i m u m  po-  
tent ia l  var ia t ion  under  l imi t ing cur ren t  condit ions 
(9). However ,  it  was assumed that  the potent ia l  va r i ed  
s t rongly  in the direct ion pe rpend icu la r  to the fluid flow 
only. 

A recen t ly  developed corre la t ion  (10) for  low Reyn-  
olds number  mass t ransfer  coefficients wil l  be appl ied  
in the governing equations in this  work  in order  to 
calculate  the solut ion phase potent ia l  drop. The resul ts  

FLOW-THROUGH POROUS ELECTRODE 
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Fig. 1. Flow-through and planar flow-by electrode configuratdons 
with both packed bed working and counterelectrodes. 
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are  expressed in terms of the r e l evan t  dimensionless  
pa ramete r s  of the system. In addit ion,  the  t w o - d i m e n -  
sional  Laplace  equat ion is solved to describe the po ten -  
t ia l  var ia t ion  in the f low-by electrode.  The conditions 
under  which the one-d imens iona l  approx imat ion  used 
by  Alk i r e  and Ng is val id  is also examined.  I t  is shown 
that  neglect  of the two-d imens iona l  s t ructure  wi l l  
overes t imate  the solution phase poten t ia l  drop. 

Model Formulation 
It  is assumed that  the packed bed can be mode led  as 

a superposi t ion of two continuum. "The react ion ra te  
t e rm then appears  as a pseudo sink or source t e rm in 
the  species and charge conservat ion equations (11). I t  
is also assumed that  a single react ion takes place in a 
we l l - suppor t ed  e lec t ro ly te  at  the l imi t ing cur ren t  un-  
der  s t eady-s ta te  conditions. This react ion is wr i t t en  
in a genera l  form as 

Z s i M i  z' -'> h e -  [1] 

The react ive  species of molar  concentra t ion C is t r ans -  
por ted  through the e lect rode by  convective means  only. 
The dispers ive flux is assumed negligible.  Under  the  
above conditions the equations which govern  the con- 
cent ra t ion  and poten t ia l  are 

dc 
v ~ = --akmC [2] 

dy 

nF 
-- ~V2r = akmC [3] 

8R 

Both equations apply to the flow-through and flow-by 
electrodes. The conductivity ~ has been corrected from 
its free stream value co and is assumed to be much less 
than the matrix conductivity, thus the matrix is iso- 
potential. The mass-transfer coefficient km depends on 
the velocity v, the diffusivity of the reactive species, 
and the packing geometry. For both electrode geom- 
etries, we shall examine the solution to each of these 
equations under appropriate boundary conditions. 

Flow-Through Electrode 
The solutions to Eq. [2] and [3] for this geomet ry  

have been given by  Bennion and Newman.  They as-  
sumed tha t  the potent ia l  var ies  only in the  s t r eam-  
wise direct ion and hence, only  second-order  de r iva -  
t ives of the potent ia l  wi th  respect  to the s t reamwise  
coordinate  appear  on the l e f t -hand  side of Eq. [3]. 
The bounda ry  conditions on the potent ia l  depend  on 
the  p lacement  of the countere lec t rode  which  can be 
placed ups t ream or downs t ream of the fluid inlet  to the 
bed. Assume an ups t ream countere lec t rode  wi th  the  
reference  potent ia l  set  a t  the  solution phase ent rance  
to the bed;  the bounda ry  conditions become 

y --  0 (fluid inlet)  C = CF, r = V [4a] 

0~9 
y = L (fluid exi t )  = 0 [413] 

OU 

In  dimensionless  form the solut ion to Eq. [2], [3], and  
[4] for the concentra t ion and potent ia l  can be wr i t t en  

AcI,2 ---- 

c ( 
---- exp [5] 

CF , PeB 

--~nFDoCF -- ShB {- PeB 

KSR 

exp -- (I -- y/L) 
�9 PeB 

aL ShB y] PeB z 
exp -- [6] 

, PeR L ShB 
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In order  to calculate  accurate  conversions and potent ia l  
drops, i t  is necessary  to have accura te  values  for  the 
dimensionless  mass t ransfe r  coefficient ShB (bed She r -  
wood n u m b e r ) .  

Equat ion  [6] is a special  case of the more  genera l  
re la t ionship  der ived  by  Newman  and Tiedemann  (6) 
who did not neglect  the axia l  d ispers ive  t e rm for the 
reac tan t  in Eq. [2]. However  for  most  cases of prac t ica l  
impor tance ,  inclusion of dispers ion only adds  a minor  
correction. 

The concentra t ion profile (Eq. [5]) is independen t  of 
the  countere lec t rode  p lacement  at  the l imi t ing current .  
However ,  the solut ion phase poten t ia l  drop is h ighly  
sensi t ive to the countere lec t rode  placement .  When the 
countere lec t rode  is p laced downs t ream of the  fluid 
exit  a t  the l imi t ing current ,  i t  can be shown that  the  
potent ia l  drop  across the  solut ion f rom the f ron t  to the 
back  of the e lect rode asympto t ica l ly  increases l inea r ly  
wi th  the packing  depth  (6). [Tra inham and Newman  
(12) have  recen t ly  analyzed  the effect of countere lec-  
t rode  p lacement  on react ion ra te  d is t r ibut ion  below the 
l imi t ing  current . ]  Since the potent ia l  drop cont inual ly  
increases wi th  an increase  of bed length, we shal l  con- 
cen t ra te  on the f low-through electrode wi th  an up -  
s t r eam countere lec t rode  placement .  

Flow-By Electrode 
Because the fluid and cu r ren t  flow are  not  pa ra l l e l  

in this e lect rode configuration, the analysis  of the po-  
ten t ia l  field is more  complex than  tha t  in the flow- 
through electrode.  We shal l  assume that  L/d --~ 1 and 
fu r the rmore  that  the bed  shown in Fig. 1 is of infinite 
ex ten t  in the  direct ion which is mu tua l ly  pe rpend icu-  
la r  to the  cur ren t  and fluid flow. The potent ia l  wi l l  
v a r y  only  in the  x and y coordinates.  The concentra-  
t ion profile wi th in  the reac tor  wil l  be a function only 
of the s t reamwise  coordinate,  a direct  consequence of 
the  l imi t ing  cur ren t  assumption.  (Below the l imi t ing  
cur ren t  the concentra t ion wil l  va ry  in the x direct ion.)  
If  the dispers ive flux of reac tan t  is neglected,  the  con- 
cent ra t ion  profile is st i l l  given by  Eq. [5]. The potent ia l  
wil l  sa t i s fy  

akin 

,~2r ,02r ~lFakmCF v 
- -- = e [71 ~ 4 0y ~ sa~ 

subject  to the assumed bounda ry  conditions 

,~,/,s 
y = O, -, = 0 [8a] 

OY 

y = L, , = 0 [8b] 
OY 

= 0 [8c] 

x=d, r [8d] 

Any packing material must be physically supported at 
the bottom of the bed (y = 0). A compression-type 
support at the top of the bed (y ----- L) is usually used to 
restrain the bed from expanding under the stress of 
the flowing fluid and to ensure good interparticle 
contact. Both of these supports must he porous for 
the fluid to pass through. It assumed that the effective 
conduct iv i ty  of the  fluid in these porous supports  is 
much less than the effective conduct iv i ty  of the  fluid 
in the bed. Under  these circumstances,  l i t t le  cur ren t  can 
flow th rough  these supports  which accounts for  bound-  
a ry  conditions [Sa] and [8b]. No cur ren t  leaks out  the  
back  side ( far thes t  away  from the countere lec t rode)  
which gives Eq. [8c]. The final b o u n d a r y  condit ion 
[8d] assumes that  e i ther  the  conduct iv i ty  of the 
countere lec t rode  compar tmen t  is much l a rge r  than 
tha t  of the  work ing  electrode,  or tha t  the  countere lec-  
t rode is ve ry  nea r  the  separator .  Under  these condit ions 

the potent ia l  on the countere lec t rode  side of the elec-  
t rode wil l  be uniform. The A p p e n d i x  examines  this 
assumption in more  detail .  For  a bed  of large  aspect  
ra t ion L/d, i t  is shown tha t  the poten t ia l  at  x = d is 
not  constant  in  the s t reamwise  direction.  Since more  
cur ren t  flows to the region of the  bed  near  y --  0, the  
potent ia l  a long x = d must  be less than  V due to the  
ohmic drop. However ,  the solution poten t ia l  drop across 
the work ing  e lec t rode  is seen to be independen t  of the 
countere lec t rode separat ion.  

Equat ions [7] and  [8] have been solved b y  superpos i -  
t ion of a pa r t i cu l a r  solut ion and three  Four ie r - se r i e s  
type  homogeneous solutions. In  a dimensionless  form 
the potent ia l  can be wr i t t en  

o2- T2 r  

ShB (aL)2.~ --enFD~ ~ s R  . " -~  

where  

oo  

@2 b - - .  n~l= [ 

R2e--TRylL 

(~R) 2 
+- r  + r  b,+ cs  ~ [9] 

( - - 1 ) n 2 R  ] 
l cosh ~ . a ( Y - - R )  cos ~nX 

VRXn 2 sinh ~.nR J 

( - - 1 ) n + Z 2 R e - ~ R  ] 
"TRkn 2 sinh XnR ' cosh ~nY cos XnX 

2R2/(~R) ] 

.I (1 + 6n.o) cosh ln  

(--1)ne -vR -- i ] COS ]~nXCOS/~n ~ 
(vR)z + (n~)~ 

where  
, R =  ShB aL _ _  ( 1 )  

PeB e ' tn = n -  

~ D  "--" u 

R 
X =x/d 
Y -- y/d 

Alki re  and Ng solved Eq. [7] in the  l imi t  of R --> 
where  it is ant ic ipated  tha t  all  der iva t ives  of potent ia l  
wi th  respect  to the s t reamwise  direct ion wil l  be zero. 
Equat ion [7] wi th  the y der ivat ives  neglec ted  can be 
solved subjec t  to [8c] and [Sd] to yie ld  

r - -  V 
o ~ - -  " ~ -  

--  d~FDoCF 

8R~ 

eR 2 2 

Maximum Potential Drop 
Equat ions [6] eva lua ted  at y ---- L indicates  the m a x i -  

m u m  potent ia l  drop for the  f low-through electrode.  In  
the f low-by elect rode the m a x i m u m  potent ia l  drop 
will  occur at  the fluid in le t  to the bed where  the l a r g -  
est cur ren t  is flowing. Equat ion [9] eva lua ted  at  X --  0, 
Y ~ 0 gives the m a x i m u m  potent ia l  drop. One may  be 
suspicious of the appropr ia teness  of app ly ing  Eq. [10] 
near  the bed inlet  due to the va l id i ty  of its assump-  
tions. Near  y ---- 0 we ant ic ipate  the exis tence of a re -  
gion v-herein the s t reamwise  der iva t ives  cannot  be 
neglected,  bu t  this is exac t ly  the region in which we 
are  in teres ted  in calculat ing the poten t ia l  drop. Equa-  
tion [10] was der ived  by  neglect  of al l  y der ivat ives .  I t  
can be shown by a s ingular  pe r tu rba t ion  solut ion to 
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Eq. [7] and [8] that the max imum dimensionless po- 
tent ial  drop is given as 

in the l imit  of R -> oo which conforms to Eq. [10]. 
Three regions were delineated in  the singular  pe r tu r -  
bat ion analysis: two inner  regions, one near  the fluid 
inle t  and the other near  the fluid exit of the bed; and 
a common outer region which encompasses the re-  
mainder  of the bed. 

Mass-Transfer Coefficient 
The max imum potential  drop will depend on the 

mass- t ransfer  coefficient. It  is impor tant  to have an 
adequate estimate of this quant i ty  in order to calculate 
both the total reactant  consumption and the potential  
drop. 

Packed bed electrodes are usual ly  operated at low 
fluid velocities. This is par t icular ly  t rue  for the flow- 
through configuration. A recent  extensive review (10) 
of the chemical engineer ing l i terature for low velocity, 
l iquid phase mass t ransfer  coefficients showed a spar-  
city of data and a large var iat ion in  the few reported 
results. Sometimes even conflicting asymptotic trends 
of the data were reported. An exper imental  and theo- 
retical program was under taken  to develop a mass 
t ransfer  coefficient correlation which would be useful  
for the low Reynold's n u m b e r  regime. Figure 2 is a plot 
of the resul t ing correlation in comparison to experi-  
mental  data. The correlation related ShB at creeping 
flow to the P4clet number  and the dimensionless 
streamwise depth (aL) of the bed. The correlating 
equation and fur ther  details may be found in Ref. (10). 
This Sherwood n u m b e r  correlation was used in Eq. 
[6], [9], and [10] to generate the results given in this 
paper. 

Results and Discussion 
When comparing the performance of a flow-by elec- 

trode to a f low-through electrode, a common basis for 
the evaluat ion must  be established. Consider the two- 
electrode configurations with a given equal cross-sec- 
t ional flow area and volume. Under  these two con- 
straints, at a set flow rate, the consumption rate (con- 
version) of reactant  is identical in  both reactors. I t  
might  seem that the current  must  traverse a longer 
path in  the flow-through electrode than in the flow-by 
electrode (recall L/d  ~ 1), hence a larger  ohmic drop 
must  occur in the flow-through configuration. The re- 
sults of this work demonstrate quanti tat ively,  how- 
ever, that this is not  t rue for all L/d  values. There is a 
lower l imit to this ratio below which it  becomes more 

advantageous to use the flow-through configuration. 
Table I lists a comparison between the calculated solu- 
tion phase ohmic potent ial  drop in the f low-through 
and flow-by reactors at three values of conversion each 
at two P~clet numbers.  I t  is seen from this table that  
a lower l imit  for L/d  exists below which the ohmic 
potential  drop in the f low-through electrode is less 
than that  in the flow-by electrode. It  is also seen that  
this lower l imit  decreases as the conversion decreases 
at a given P~clet number .  However, for all  L/d  greater  
than five in  the range of parameters  var ied in  this 
study, the flow-by electrode was always the preferred 
choice over the flow-through electrode. This conclusion 
is expanded on below. 

Figure 3 is a plot of the ma x i mum dimensionless 
ohmic drop in a flow-through electrode as a funct ion of 
the conversion and P~clet number .  Figures 4a, 4b, and 
4c are similar  to Fig. 3, but  are for the flow-by elec- 
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Fig. 3. Maximum solution phase ohmic drop in a flow-through 
electrode at the limiting current. 

Fig. 2. Low Reynolds number 
mass transfer coefficient corre- 
lation. Taken from gef. (10). 
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Table I. Comparison of maximum ohmic potential drop in a 
flow-through porous electrode to that in a flow-by porous 

electrode at various aspect ratios 

Flow- 
t h r o u g h  L i d  -- 1 

- ACa  

2 3 4 5 

0 = 0.001 v/aDo = 10 245 1,170 
= lO0 10,200 49,000 

0 = O.O1 v/aDo = 10 157 478 
= 100 6,130 19,100 

$ = 0.1 v/aDo = 10 95.9 161 
= 100 3,360 6,290 

t rode of L/d rat io  5, 10, and  40, respect ively .  Also in -  
d ica ted  by  the dot ted  l ines on Fig. 4 is the  ohmic drop  
p red ic ted  b y  Eq. [10]. The lower  l imi t  of 10 for  the 
P.6clet number  was chosen so tha t  ax ia l  d ispers ion does 
not  become impor t an t  in any  of the calculations.  A 
compar ison  be tween  Fig. 3 and  4 shows tha t  a t  a g iven 
conversion and m a x i m u m  permiss ib le  vol tage drop, 
the  f low-by e lec t rode  wil l  pe rmi t  a l a rge r  P~clet  h u m -  

I O ~ l  I I I I I I I I I I I I I I I I 

I0' ,, s s ,, 

1 , , . .  t "  d / #  ' ' #  

IO t CL . " 

t ' / ~  ~"  / d = 5  

o ;X ;y 

IOIV-- 
I01 I0 z 103 

v/o D O 

446 256 170 122 
18,700 10,800 7,130 6,100 

170 94.1 60.6 42,4 
6,810 3,760 2,420 1,690 

50.6 26.0 15.9 10.7 
1,980 1,0.20 622 421 

ber  (processing ra te)  than  the f low-through electrode.  
The f low-by e lec t rode  is i nhe ren t ly  the  be t t e r  of the  
two a r rangements  f rom ohmic considerat ions  for  L / d  
~5.  We shall  focus our  a t ten t ion  in the  r ema inde r  of 
this paper  on the more  promis ing  f low-by electrode.  

The dimensionless  s t reamwise  dep th  of the packing  
wilI  va ry  along each curve of Fig. 3 and 4. The specifi- 
cation of the  conversion and P,6clet n u m b e r  pe rmi t s  
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Fig. 4a-c. Maximum solution phase ohmic drop in a planar flow- 
by electrode at the limiting current for various aspect ratios: (a) 
L / d  = 5, (b) L / d  - -  10, (c) L / d  = 40. Solid line: solution of two- 
dimensional Laplace equation. Dotted line: solution of one-dimen- 
sional Laplace equation. 
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the use of Eq. [5] (eva lua ted  at  y --  L) along wi th  I.o 
the  Sherwood number  corre la t ion to calculate  the re-  
sulting value of aL. Table  I I  lists these packing  depths 
for  selected values of conversion and Pdclet  number .  

F igure  4 is a log- log plot  and consequent ly  i t  is 
difficult to apprec ia te  the difference be tween  the po-  
tent ia l  drop pred ic ted  by  Eq. [9] and tha t  by  Eq. [10]. 
F igure  5 i l lus t ra tes  more c lear ly  the e r ro r  associated 
with  assuming tha t  a one-d imens iona l  approx ima t ion  
for the l imi t ing  cur ren t  po ten t ia l  field is val id.  This is 
a p lo t  of Eq. [9] and  the ord ina te  which is p ropor -  
t ional  to the  m a x i m u m  solut ion potent ia l  drop has ~ 
been normal ized  such tha t  it  is one when the one-  
d imensional  approx imat ion  is valid. The curves are  for ,:| 
three  different  Pdclet  numbers  (convers ions) .  As Lid  ~ o~ e~ 
-+ oo al l  l ines converge to the common ord ina te  va lue  
of one. We note, however ,  that  at  a given P.~clet 
number  and ident ica l  ordinate,  a l a rge r  value  of Lid  ~' 
is r equ i red  for the  deeper  bed (aL -- 100, Fig. 5b) than  
for  the sha l lower  bed (aL -- 30, Fig. 5a).  Also note 
that  the la rger  the P.~clet n u m b e r  (or equivalent ly ,  
CL/CF), a smal le r  Lid  ra t io  is requ i red  to ensure that 
the  one-d imens ional  approx imat ion  is valid.  These re-  
sults are  also reflected in Fig. 4 and they  can be in t e r -  
p re ted  phys ica l ly  As the CJCF rat io  increases,  the  
more  un i form will  be the  react ion d is t r ibut ion  in the  
s t reamwise  direction;  the scaled potent ia l  field wi l l  
consequent ly  va ry  weak ly  in the  y direct ion and more  o 
dominan t ly  in the  x direct ion which is the basis for  the 
one-d imens iona l  approximat ion.  Also, as aL increases 
for a given P.~clet n u m b e r  (or  equivalent ly ,  as CL/CF 
decreases) ,  the  react ion d is t r ibut ion  becomes h igh ly  ~.o 
nonuni form with  most  of the r eac t an t  consumed near 
the ent rance  of the  bed. However ,  i t  is prec ise ly  this 
region which is ignored  in the one-d imens iona l  ap- 
proximation.  Therefore,  the one-d imens iona l  s implif i-  
cat ion is not  a good approx imat ion  in this circumstance.  

In  al l  s i tuat ions i t  is seen that  Eq. [10] overes t imates  
the  m a x i m u m  potent ia l  drop. A des igner  who uti l izes 
Eq. [I0] wil l  construct  a conservat ive  design for a 
packed  bed electrode.  In the  p rope r  set of c i rcum- 
stances this conservat ive  design wil l  not  pe rmi t  the 

%. ful l  u t i l izat ion of the  bed. Consider  as an example  a 
f low-by e lec t rode  which is to have  an Lid  ra t io  of  10 �9 
(Fig. 4b) and  CL/CF equal  to 0.001. A typica l  va lue  for  ~ o.5 
the ord ina te  of Fig. 4 is 103. Equat ion  [10] (dot ted  ,~- 
l ine)  predicts  that  the m a x i m u m  permiss ib le  P.~clet 
number  is 55. However,  the ful l  solut ion to the  Laplace  ~ 
equat ion (solid l ine)  predic ts  a m a x i m u m  Pdclet  n u m -  
ber  of 72. For  the condit ions of this pa r t i cu la r  bed, a 
m a x i m u m  product ion ra te  31% la rger  is p red ic ted  
when no approx imat ions  a re  made  in solving Laplace ' s  
equation. 

In  order  tha t  Eq. [9] be a be t t e r  approx imat ion  than  
Eq. [10] to the actual  solut ion phase  potent ia l  d i s t r i -  
but ion in a f low-by electrode,  the no-cur ren t  b o u n d a r y  
conditions (Eq. [Sa], [Sb]) imposed at  the bot tom and 
top of the bed must  be a good approx imat ion  to real i ty .  
I f  the bed suppor t  at y ---- 0 does pe rmi t  an apprec iab le  
cur ren t  to en te r  through its bo t tom face f rom the 
countere lec t rode  compar tmen t  (and l ikewise  for the  
suppor t  a t  the top) ,  Eq. [8a] and [Sb] mus t  be re -  
placed with  a more  complex  bounda ry  condit ion that  

Table II. Dimensionless packing depth (aL) required to obtain the 
specified conversion at various P6clet numbers in a flow-by or 

flow-through porous electrode at the limiting current 

CL/CF 

v/aDo 0.O01 0.01 0.1 

10 62.7 29.5 12.2 
25 118 50.4 20.6 
50 182 76.9 31.2 

lO0 282 118 47,6 
250 510 212 84.5 
5 0 0  800 331 132 

1000 1260 519 206 

/ I0 

Pe B 

O L = 3 0  

( = 0 . 4  

I I I 

tO ZO 30 40  

, i i 0  3 , 

836  

I I I 
I0 ?.0 50 40 

Lid 

Fig. 5a-b. Normalized maximum solution phase ohmic potential 
drop in a flow-by electrode at the limiting current for (a) aL = 
30 and (b) aL = ]00. 

cannot  be s ta ted  independen t  of  consider ing the 
countere lec t rode p lacement  and total  cell  geometry.  
Truly,  this is a more  complex p rob lem and is not  con- 
s idered  quan t i t a t ive ly  here. However ,  qua l i t a t ive ly  we 
can ex t rapo la te  f rom the resul ts  obta ined  here  and 
state that  the m a x i m u m  solut ion phase  ohmic drop 
wi th  a given f low-ra te  wi l l  be less wi th  a " leaky"  
suppor t  than  wi th  an insulator .  Hence a h igher  m a x i -  
m u m  processing ra te  is possible for  a specified Ar 

The example  of two previous  pa rag raphs  a r b i t r a r i l y  
chose a value  for the Lid ratio. As pa r t  of the  cell  de-  
sign, however,  this n u m b e r  mus t  be determined f rom 
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a to ta l  sys tem economic analysis.  F r o m  ohmic consid-  
era t ions  it would  be beneficial  to make  L / d  as la rge  as 
possible. F igu re  4 indicates  tha t  the  m a x i m u m  B&clet 
number  wi l l  increase as L / d  increases.  However ,  in 
o rde r  to meet  the design cr i ter ia ,  o ther  var iables  mus t  
also change. In  the fol lowing discussion a s imple qual i -  
t a t ive  analysis  of the  factors  to be considered in de-  
te rmining  an L / d  ra t io  is presented.  As a specific 
example  suppose tha t  the conversion has been set a t  
99% and  the m a x i m u m  ohmic drop corresponds to an 
o rd ina te  va lue  on Fig. 4 of 108. Le t  us also assume 
tha t  the packing ma te r i a l  has been  chosen which  spe-  
cifies a and tha t  a bed of uni t  wid th  is under  cons idera-  
tion. A n  op t ima l  va lue  of L / d  can be found wi th  a cor-  
responding  m a x i m u m  product ion  ra te  as shown below. 

Table  I I I  presents  for se lec ted  L / d  rat ios t h e  P~clet  
n u m b e r  and corresponding aL value  ca lcula ted  f rom 
Eq. [5] and [9] which  satisfies the given conversion 
and ohmic constraints .  The bed  he ight  mus t  increase  
wi th  L / d  to ob ta in  a g iven convers ion (l ine 2), but  
the  m a x i m u m  processing ra te  wi l l  also increase (l ine 
1). The bed  he ight  can become so g rea t  tha t  a pu re ly  
mechanica l  const ra int  may  de te rmine  the m a x i m u m  
packing  depth. En t ry  3 of this table  is p ropor t iona l  to 
the  volume of the bed  which  increases  p ropor t iona l ly  
wi th  L/d .  The tota l  cu r ren t  th rough  the e lec t rode  is 
p ropor t iona l  to the e n t r y  of l ine 4. I t  also increases  
wi th  L / d  bu t  a t  a g rea te r  ra te  than  the volume such 
that  the cu r r en t / vo lume  (l ine 5) of the  bed  also in-  
creases wi th  L/d .  Since the cu r r en t / vo lume  is d i rec t ly  
p ropor t iona l  to the  amount  of p roduc t  p roduced  per  
capi ta l  cost of the reactor,  this ra t io  shoul4 '  be as 
la rge  as possible  for an  opera t ing  reactor .  As L / d  in -  
creases the pumping  cost wi l l  increase  because:0f~both 
the  h igher  flow ra te  and n a r r o w e r  flow a rea  and even-  
tua l ly  over take  the posi t ive benefi t  of a g rea te r  cu r -  
r e n t / v o l u m e  of the  reactor.  I f  a s epa ra to r  is required ,  
its cost wil l  also inc rease -wi th  L / d  and  must  also be 
considered.  The op t imum L / d  is thus seen to be de-  
t e rmined  by  minimizing the total  cost of runn ing  the 
e lec t rochemical  reac tor  which  is a sum of the de-  
p rec ia ted  capi ta l  equ ipment  costs which decrease wi th  
L / d  and the opera t ing  costs which increase  wi th  L/d .  I 

S u m m a r y  
The l imi t ing cur ren t  analysis  has been appl ied  to a 

f low- through and f low-by porous electrode.  The two-  
d imensional  na tu re  of the  potent ia l  d is t r ibut ion  wi th in  
the f low-by elect rode was taken  into considerat ion.  I t  
is shown tha t  the m a x i m u m  processing ra te  ob ta inable  
in a f low-by electrode (L /d  ~ 5) is a lways  g rea te r  
than  that  in a f low-through e lec t rode  given a con- 
vers ion and m a x i m u m  solut ion phase potent ia l  drop. 
The one-d imens iona l  approx ima t ion  to the solut ion of 
Laplace ' s  equat ion in a f low-by electrode was com- 
pa red  to the two-d imens iona l  solut ion and was found 
to give conservat ive  es t imates  for  the m a x i m u m  re -  
ac tan t  processing rates. A procedure  for  choosing an 

In the  rev iew process  of this  manuscript ,  it was  pointed out  
to the  author that an M.S. thesis  ex is ts  (13) which utilizes a simi- 
lar optimization procedure  as out l ined here.  

Table III. Various computed results from a limiting current analysis 
of a flow-by electrode with CL/CF - -  0.01, - -A~2 - -  103 

L i d  

5 I0 40 

1. v/aDo 70 150 740 
2. aL 93 150 420 

(aL) ~ 
3. 1700 2300 4400 

R 
v at, 

4. 1300 2300 7800 
aDo R 
v/aDo 

5. 0,75 1 1.8 
aL 

op t imum L / d  rat io  in a f low-by elect rode was qualita-  
t ively outl ined.  

A c k n o w l e d g m e n t  
My associat ion wi th  Professor  John Newman  was 

beneficial  in es tabl ishing the quan t i t a t ive  "tools" used 
in the  analysis.  

This work  was pa r t i a l l y  suppor ted  by  NSF  gran t  
CPE80-06703. 

Manuscr ip t  submi t t ed  Feb.  21, 1980; rev ised  manu-  
scr ipt  rece ived  ca. Oct. 15, 1980. 

Any  discussion of this p a p e r  wil l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1981 
JOURNAL. Al l  discussions for the  December  1981 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1981. 

A P P E N D I X  
Comments on the Potential Boundary Condition for a 

Flow-By Electrode 
Let  us consider  the  correct  bounda ry  condi t ion f6r  

the e lect r ica l  po ten t ia l  along the face x = d in a flow- 
by  e lect rode as shown in Fig. 1. 

Suppose tha:. the  countere lec t rode  (anode for  sake 
of a rgument )  is a p l ana r  e lect rode and is separa ted  a 
distance dA f rom the back face of the cathode. At  the 
l imi t ing current ,  the  potent ia l  in  the anode and cathode 
compar tments  obey, respect ive ly  

V2~b2 A -- 0 [ A - l ]  

nFakmC 
V ~  c = [A-2] 

8RX 

subject  to the bounda ry  condit ions 

~2 A - V  a t  X = d A  
0~ c 

- - 0  at  x - - 0  [A-3] 
Ox 
O~b2A(or C) 

- - 0  at  y - - O , L  
aY 

Here V is the  appl ied  cell  voltage. 
If the length  to wid th  rat io  L / d  is > >  1 Eq. [ A - l ]  

and [A-2J reduce to 

0~r c -- nFakmCF 
= �9 e-~Y [A-4] 

Ox 2 sa K 

0~r A 
- -  = 0 [A-5] ax~ 

Equation [A-4] and [A-5] can be solved subject to 
[A-3] and requiring the continuity of potential and 
current between the anode and cathode compartment 
a t x =  d, 

In  a nondimensional  form the two solutions may  be 
wr i t t en  

�9 2 c - - ~  ( X 2 - - 1  1 - - X A  ) 

/ a L  "~ 2 - -  "2 + "'r e--~RY/L 
~ / ~ -  / Sh~ 

[A-e l  

[A-7] 

a specific in te r fac ia l  a rea  of bed, cm2/cm a 
C concentrat ion,  mo le / c m 3 
d bed  dep th  pe rpend icu la r  to fluid flow direction,  

c m  
Do free s t r eam diffusion coefficient, cm2/sec 
F Fa radays  constant,  coulomb/equiv .  

~2 A --  T~ e-vRy/L 
= (X - XA) 

aL ~2 r 
( V R ' J  ShB 

where  r is the rat io  of the  anode compar tmen t  con- 
duct iv i ty  KA to tha t  of the cathode K and XA is dA/d. 
For  convenience sake, i t  has been  assumed tha t  the 
separa to r  is of negl ig ible  thickness and resistance.  
Equat ion [A-6] demons t ra tes  tha t  the  potent ia l  a long 
X _-- 1 is not  un i form unless XA is nea r  one or  r is 
large.  However  A~2 c is unaffected by  these parameters .  

LIST OF SYMBOLS 
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k m  

L 
n 
PeB 
R 
ShB 
SR 
V 
X, y 
x , Y  

7 

6 

mass t ransfer  coefficient, cm/sec  
bed dep th  in s t reamwise  direction,  cm 
number  of electrons t r ans fe r red  in reac t ion  
P~clet  number ,  v/aDo 
aspect  ratio,  L/d  
Sherwood number ,  etCm/aDo 
stoichiometr ic  coefficient of reac tan t  
superficial  fluid velocity,  cm/sec  
coordinates,  cm 
dimensionless  coordinates  x/d,  y /d  
dimensionless  appl ied  potent ia l  

V~ ( -- enFDoCs/sa~) 
(aL.ShB) / (e'R.PeB) 
Kronecke r  del ta  funct ion 
bed  poros i ty  
conduct ivi ty ,  (~  cm) -1 
solution potential ,  V 
dimensionless  solut ion potent ial ,  

r  enFDoCF/SR~) 

Subscripts 
F feed condit ion 
L exi t  c o n d i t i o n  
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Technical Notes 
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The Hydrogen Evolution Reaction on Electrodeposited 
Gold, Nickel, and Zinc Rotating Disk Electrodes 

P. C. Andricacos* and H. Y. Cheh* 

Department of Chemical Engineering and Applied Chemistry, Columbia University, New York 10027 

Consider  a f i r s t -o rder  i r revers ib le  cathodic react ion 
occurr ing on a ro ta t ing  disk electrode (RDE) to which 
a step potent ia l  has been applied.  The re la t ion  be tween  
t h e  s t eady- s t a t e  cur ren t  densi ty  under  mixed  diffusion- 
kinet ic  control,  i, and the ro ta t ion speed, w, of the RDE 
is g iven by  the fol lowing equat ion (1) 

i - 1  - -  ik - 1  -~- ( 0 . 6 2 0  nFcbD2/3~ -1/6) -1 ~-1/2 

"-- ik -I "~- i[ -I [I] 

where ik is the purely kinetic current density, ii is the 
diffusion-limiting current density, D is the diffusion 
coefficient of the reacting ion, v is the kinematic vis- 
cosity of the electrolyte, and c b is the bulk concentra- 
tion of the reacting ion. Equation [1] predicts that i -I 
is a linear function of w-I/~ for a fixed potential; the 
slope is proportional to D2/8, (cb)-i, and r-I/s, and the 
in tercept  is the reciprocal  of ik. I f  the  ~-1 vs. ~- i /2  l ine 
is p lo t ted  for var ious  values  of the potential ,  pa ra l l e l  
l ines should result .  The va lue  of the Tafel  slope can 
then be ex t rac ted  f rom the in tercepts  of these lines. 
Equat ion [1] was used by  F r u m k i n  and Tedoradze (2, 
3) for  the s tudy  of Cl~ reduct ion and by  Zur i l la  etal .  
(4) for O2 reduction.  I t  was augmented  by  Jahn  and 
Vielst ich (5) to include the reverse  (anodic)  reaction. 
The augmented  form was expe r imen ta l ly  verified by  
these authors  and l a t e r  by  Viswana than  and Cheh (6). 

In  the presen t  note, Eq. [1] is appl ied  to in te rp re t  
da ta  obtained for the hydrogen  evolut ion react ion 
(HER) on e lec t rodeposi ted  Au, Ni, and Zn RDE's. I t  
offers the advan tage  that  da ta  obta ined  at  high over -  
potent ia ls  a n d / o r  e lect rolytes  wi th  low H + concentra-  
tions can be t rea ted  despi te  diffusion l imitat ions.  Such 

* Electrochemical  Society  Act ive  Member.  
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exper imenta l  condit ions are  necessary if  the HER oc- 
curs on subst ra tes  which corrode in the electrolyte .  Its 
d i sadvantage  in the pa r t i cu la r  case of the HER is that  
i t  applies only  to those mechanisms which have a first- 
o rder  dependence on the surface concentra t ion of H +. 
Fur the rmore ,  the surface coverage wi th  adsorbed  h y -  
drogen mus t  be constant  over  the ent i re  potent ia l  and 
cur ren t  dens i ty  regions studied. Such mechanisms are  
those involving a charge t ransfe r  or  e lectrochemical  
desorpt ion steps as ra te  determining,  the fo rmer  p ro -  
ceeding at  low coverage and the l a t t e r  a t  high coverage 
(7). 

Exper iments  were  conducted on e lect rodeposi ted  Au, 
Ni, and Zn RDE's. Table  I summar izes  p la t ing  condi-  

Table I. Plating conditions 

g/  T, ~, Current 
Metal Bath l iter ~ rpm w a v e f o r m  

A u ( 8 , 9 )  KAu(CN)~ 20 55 2500 Single step pulse  
KCitrate 150 ip(1) --- 2.5,5~5,5,2.5 
KI-IePO4 40 m A / e m  2 

msec 
Ni(10) NiSOc6H20 330 60 2500 T w o  step pulse  

NiCle.6H~O 45 i~ (~) = 3,14,14,14 
H3BO~ 38 m A / c m  2 

/~(5) = 0.1 
#i = #~ = 1 msee 

Zn(lO) ZnO 25 25 1600 Single step pulse 
NaCN 50 i~ = I0.I0,I0,i0 
NaOH 80 mA/cm~ 
NasCO~ 60 01 = 02 = 1 msec 

(1) Peak current density; (~)duration os the  pulse  ON period; 
ca) duration of the pulse OFF period; (~)current density  during 
the first step; (5) ratio of the second to  first step current  densit ies .  
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t ions for  each metal .  S ingle  or  two step galvanosta t ic  
pulses were  used throughout .  A two step pulse  was em-  
p loyed  in the deposi t ion of  Ni to ca thodica l ly  pro tec t  
the deposi t  dur ing  the re laxa t ion  per iod  (11). Typica l ly  
4-5 layers  of deposi t  were  necessary  to produce  a sat is-  
fac tory  surface as judged  by  the me ta l  under  inves t i -  
gation. This was es tabl ished b y  separa te  cyclic vo l tam-  
met r ic  tests. The dura t ion  of  p la t ing  each l aye r  was 
app rox ima te ly  1 hr, fol lowed b y  mechanica l  pol ishing 
to produce  a m i r r o r - l i k e  surface. Curren t  densi t ies  
used a r e  shown in Table  I. The deposi t  thickness can-  
not  be ca lcula ted  because of the  pol ishing procedure.  

Measurements  were  conducted in a convent ional  
three  compar tmen t  cell. The countere lec t rode was a P t  
sp i ra l  and  the reference  e lect rode was an SCE. A glass 
e lec t rode  was also immersed  for  PH control  together  
wi th  the SCE. The e lec t ro ly te  was a 0.25M Na2SO4 
solu t ion  acidified to a pH of 3.2 by  the addi t ion  of 9.1 
ml  of a 1% (by volume)  solut ion of H2SO4. It  was p re -  
pa red  f rom t r i p ly  dis t i l led H20 and ana ly t ica l  grade  
reagents  wi thout  fu r the r  purification, and was cont in-  
uously  sa tu ra ted  wi th  H~. 

The i -1  vs. ~-1/2 plots  for the three  meta ls  a re  shown 
in Fig. 1-3. F igure  4 is a Tafel  plot, where  ik a re  the 
reciprocals  of  the in tercepts  in Fig. 1-3. The Tafel  
slopes in Fig. 4 and the exchange cur ren t  densit ies cal-  
cu la ted  b y  ex t rapo la t ion  to zero overpoten t ia l  a re  re -  
por ted  in Table  II, The equ i l ib r ium potent ia l  was cal-  
cula ted  f rom the measured  pH value. The four th  col- 
umn is the rec iprocal  of the  slope of the i -1  vs. ~ - t /2  
plots, which  is equal  to the slope of a Levich plot, i.e., 
il vs. ~1/2. I ts  va lue  depends on v, D, and c b. I f  the l a t t e r  
is not  known exact ly ,  one can sti l l  check for con- 
s is tency by  measur ing  l imi t ing cur ren t  densi t ies  di-  
rect ly,  construct ing a Levich plot, and  then  compar ing  
its slope wi th  the rec iprocal  of the i - t  vs. ~-112 slope. 
Such exper iments  were  pe r fo rmed  for the l imi t ing  cur-  
ren t  densi t ies  of the HER on a commercia l  (Pine In-  
s t ruments ,  DT6) Pt  RDE of a different  geometr ica l  a rea  
in the same solution. The slope of the  Levich plot  was 
3.78 X 10 -4  A/cm~ sec I/2, which is wi th in  11% of the 
values  r epor ted  in Table  II. The d iscrepancy might  be 
a t t r i bu ted  to surface area  var ia t ions  caused by  the pol-  
ishing procedure.  

The values  of  the Tafel  slope and the f i r s t -o rder  de-  
pendence on the surface concentra t ion  of H+ for both  
Au  and Ni a re  consistent  wi th  a mechanism in which 
the e lec t rochemical  desorpt ion step is ra te  de te rmin ing  
and  proceeds at  h igh coverages.  Since the H + concen- 
t r a t ion  is not  known exactly,  one cannot  compute  the 
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Table II. Data extracted from Fig. 1-4 

Exchange 
Tafel C.D. x IO s, (Slope) -1 • 10~, 

Metal slope, V A/cm~ A/era 2 sect/~ 

Au 0.113 2.2 3.38 ----. 0.08 
Ni 0.120 3.6 8.56 ~ 0.02 
Zn 0.172 14.2 -- 

e x c h a n g e  cur ren t  dens i ty  that  the  present  measure -  
ments  would predic t  for acid s t rengths  typ ica l ly  re -  
por ted  in the  l i te ra ture .  However ,  assuming complete  
dissociation of H2SO4, the pred ic ted  value  for 1M acid 
is about  10 ~A/cm 2, which  is in agreement  wi th  the 
l i t e ra tu re  values (12, 13). 

Results  in Fig. 8 and 4 indicate  that  the Tafel  slope of 
the HER on Zn is considerably  higher  than the one 
pred ic ted  for  a charge t ransfer  r a t e -de t e rmin ing  step 
(14) and consequently,  the  value  of the exchange cur-  
rent  dens i ty  is also abnorma l ly  high. Zn da ta  were  diffi- 
cul t  to reproduce;  however ,  the increase of the i -1 vs. 
~-1z2 slope with  decreasing cathodic potent ials  was a 
common fea ture  in al l  runs. If  one assumes a s imul-  
taneous anodic dissolution with  a f i r s t -order  overa l l  
dependence  on the concentra t ion of Zn +2, such dis-  
crepancies  a re  expected (5). However ,  they cannot be 
taken  into account quant i ta t ive ly ,  since both Zn +~ con- 
cent ra t ion  and anodic overpoten t ia l  are unknown. The 
possibi l i ty  of  subs t ra te  dissolution was also evidenced 
by  an increase in the net  cathodic cur ren t  f rom the 
ini t ia l  to the s t eady-s ta te  value,  as opposed to Au and 
Ni for which the ini t ia l  HER cur ren t  was h igher  than 
the s t eady-s ta te  value. Ini t ia l ly ,  there  is an infinite 
tendency for  Zn corrosion, since no Zn +2 ions exist  in 
the electrolyte .  As the Zn +2 concentrat ion increases, 
the  corrosion current  decreases, and the net  cur ren t  
increases. 

To summarize,  our resul ts  indicate  that  hydrogen  
evolut ion on Au and Ni in the e lectrolytes  s tudied 
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proceeds at  high coveragees of H+ wi th  e lect rochemical  
desorpt ion as the r a t e -de t e rmin ing  step, whereas  hy -  
drogen evolut ion and Zn dissolution occur s imul tane-  
ously. 

Manuscr ip t  submi t t ed  J u l y  9, 1980; revised m a n u -  
script  received Nov. 17, 1980. 

Any  discussion of this pape r  wil l  appea r  in  a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the  December  1981 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1981. 
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Electrochemical Reduction of 
4b,9b-Dihydroindeno[2,1-a]indene-S, lO-diones 

Stanley Wawzonek* 

Department o~ Chemistry, The University oS Iowa, Iowa City, Iowa 52242 

The electrochemical  reduct ion  of 4b ,9b-dihydroin-  
deno[2,1-a] indene-5,  10-dione ( l a )  in d ime thy l fo rma-  
mide  was inves t iga ted  as a possible method for s impl i -  
fy ing the p repara t ion  of 3,4,7,8-dibenzocycloocta-l ,5- 
dione which or ig ina l ly  was p repa red  (1) f rom this 
d iketone l a  by a lengthy  three  step synthesis  in a 30% 
overal l  yield.  This research  was pred ica ted  on 

l a  R _ - - R ' : H  

b R----CH~; R ' = H  2 

c R----R'----CH3 

the repor t  that  the e lectrochemical  reduct ion  of cyclo- 
hexan- l , 4 -d ione  gave a 1,4-diradical  which cleaved to 

* Electrochemical Society Active Member. 
Key words: pinacols, self-protonation, dlmethylformamide. 

hexane-2,5-dione.  The yie ld  of the l a t t e r  was only  6% 
but  63% of the s ta r t ing  mate r i a l  was recovered (2). 

In  the  present  work  it was hoped that  a 1,4-diradical  
would  be formed by  genera t ing  anion radica l  moieties 
at  each of the carbonyls  in l a  and that  c leavage would 
then  occur be tween  the 4b and 9b carbons and form 
3,4,7,8-dibenzocycloocta- 1,5-dione. 

The format ion  of such a 1,4-diradical  was p reven ted  
by  an unexpected  react ion which is descr ibed in the 
present  paper .  

Experimental 
Melt ing points a re  uncorrected.  In f ra red  spect ra  were  

recorded on a P e r k i n - E l m e r  Inf racord  Model  137B 
spectrophotometer .  NMR spect ra  were  obta ined  wi th  a 
Bruker  HX-90 Four ie r  t r ans form NMR spectrometer .  

Electrochemical reduction of 4b,gb-dihydroindeo[2, 
1-a]-indene-5,10-dione ( l a )  (5).--A solut ion of the 
diketone l a  (5) (4.68g, 0.02 mole)  in d ime thy l fo rm-  
amide  (320 ml)  containing t e t r a bu ty l a mmon ium bro-  
mide  (20.6g) was degassed for 1 hr  wi th  n i t rogen and 
then reduced  at a me rc u ry  cathode (area:63 cm 2) 
under  nitrogen.  The anode compar tmen t  was a porce-  
la in  cyl inder  (5 cm in d iameter  and 2 cm high)  a n d  



VoL I~8, No. 4 ELECTROCHEMICAL REDUCTION 841 

contained 0.2M t e t r a b u t y l a m m o n i u m  bromide  in di-  
m e thy l fo rmamide  and a p l a t i num gauze anode. The 
reference  e lec t rode  was m e r c u r y  in a d ime thy l fo rm-  
amide  solut ion containing 0.2M t e t r a b u t y l a m m o n i u m  
bromide  and was separa ted  f rom the cathode compar t -  
ment  wi th  a porous glass disk. The electrolysis  was 
car r ied  out  a t  a potent ia l  of --1.2V using a PAR Model 
371 Potent iostat .  Po la rograph ica l ly  l a  shows two one-  
e lec t ron waves  at  --1.03 and --1.88V (vs. Hg pool) .  The 
la rge  scale reduct ion  resul ts  were  s imi lar  to those ob- 
ta ined  at  --1.2V if  an appl ied  potent ia l  be tween  - 1 . 4  
and --1.7V was used in the electrolysis.  The ini t ia l  
cu r ren t  of 0.05A decreased to 0.01A af ter  11 hr. 
The resul t ing  solut ion which  contained a red solid was 
t rea ted  wi th  excess me thy l  iodide and s t i r red  unt i l  the 
red  color disappeared.  Remova l  of the d ime thy l fo rm-  
amide  under  reduced  pressure  was fol lowed b y  the 
addi t ion  of water .  The resul t ing  solid was dissolved in 
methy lene  chlor ide  and the solution was dr ied and the 
solvent  was removed.  Addi t ion  of e thyl  acetate  re -  
sul ted  in  the  prec ip i ta t ion  of the t e t r abu ty l ammon ium 
iodide fo rmed  in the reaction.  The f i l t rate gave an oil 
which was taken  up in benzene and chromatographed  
on a lumina  using benzene as an eluant.  The first f rac-  
t ion af te r  f rac t ional  crys ta l l iza t ion using pe t ro leum 
e ther  (bp 60 ~-68 ~ gave c i s -4b-methyl -4b ,  9b -d ihydro -  
indeno [2,1-a]indene-5,10-dione ( l b )  (1.74g) and the 
s ta r t ing  ma te r i a l  ( l a )  (0.08g). c i s -4b-Methyl -4b ,9b-  
d ihydroindeno[2 ,1-a] indeno-5 ,10-dione  ( l b ) m e l t e d  at 
93~ ~ af ter  two crysta l l izat ions  f rom pe t ro leum ether  
(bp 60~176 This compound ( l b )  has been  p repa red  
b y  the me thy la t ion  of l a  in e thanol ic  po~ass~}~m h y -  
d rox ide  and is r epo r t ed  to be a viscous oil (3). Repe t i -  
t ion of this method gave the same crys ta l l ine  solid. I t s  
spec t ra l  p roper t ies  were  ident ica l  to those repor ted  for 
the oil  (3). Anal. Calcd. for  CI~H1202: C, 82.26; H, 4.84. 
Found:  C, 82.30; H, 4.96. 

F u r t h e r  elut ion of the  a lumina  wi th  benzene and with  
chloroform gave a mix tu re  of pinacols (2) (1.14g) 
which could be s epa ra t ed  by f ract ional  crys ta l l iza t ion 
f rom benzene and f rom ethanol.  One isomer af ter  
crys ta l l iza t ion f rom benzene mel ted  at  180 ~ wi th  gas 
evolut ion;  IR(Nujo l )  2.91(OH), 5.88 ~(CO) ;  NMR 
(DCCls) 8 3.00(s, 2H, OH),  3.92(d, 2H, l l - H  (J = 6.65 
H z ) ) ,  4.14(s, 2H, 10-H (J  = 6.65 H z ) ) ,  7.11-7.88 (m, 
16H, a romat ic  Hs) .  Anal.  Calcd. for  C32H2204: C, 81.70; 
H, 4.68. Found:  C, 82.11; H, 4.99. 

The  second isomer  a f te r  crys ta l l iza t ion from benzene 
mel ted  at  240~ ~ wi th  decomposit ion;  IR(Nujo l )  
2.87(OH), 5.83 ~ (CO) ;  NMR(DCCI~) 8 2.83(s, 2H, 20 
Hs) ,  3.99(d, 2H, l l - H s  (J  = 6.59 H z ) ) ,  7.13-7.66(m, 
16H, aromat ic  Hs) .  Anal. Calcd. for  C~2H2204: C, 81.70; 
H, 4.68. Found:  C, 82.33; H, 5.07. 

F u r t h e r  e lut ion using e thyl  aceta te  gave a solid 
(0.4g) mel t ing  at  285~176 wi th  decomposi t ion and 
resembl ing  the high mel t ing  product  obta ined  from the 
diketone l a  wi th  a lka l i  (5). 

cis-4b,gb - D i m e t h y l -  4b,9b - dihydroindeno [2, I - a ] in-  
dene-9,10-dione ( l c )  . - -c i s -4b- .Methyl -4b ,9b-d ihydroin-  
deno[2 ,1-a] indene-9 ,10-dione  ( l b )  2.54g) was dis-  
solved in d ime thy l fo rmamide  (50 ml)  and t rea ted  suc- 
cessively wi th  0.1M t e t r abu ty l ammon ium hydrox ide  
(28 ml)  in methanol  and methy l  iodide (2 ml)  unt i l  
no more  red  color was produced b y  the base. The re -  
sul t ing pale  ye l low solut ion was t rea ted  with  wa te r  and 
the solvent  was removed  under  reduced  pressure.  The 
resul t ing  solid was taken  up in e thyl  aceta te  and the 
prec ip i ta ted  t e t r a b u t y l a m m o n i u m  iodide was filtered. 
The f i l t rate was evapora ted  to dryness  and the resu l t -  
ing solid was dissolved in benzene and the resul t ing 
solut ion was passed th rough  an a lumina  column. Re-  
moval  of the benzene gave lc  (1.78g) mel t ing  at  128 ~ 
30~ One crys ta l l iza t ion f rom pe t ro leum ether  (bp 
60~176 gave whi te  crysta ls  mel t ing  at  130~176 
[lit. 3) 126~176 The in f ra red  and NMR spect ra  

were  ident ica l  to those r epor t ed  (3). 

Electrochemical reduction o] c i s -4b-gb-d imethy l -  
4b,gb-dihydroindeno[2,1-a]indene-5,10-dione ( l c ) . - - A  
solut ion of l c  (1.57g) in d ime thy l fo rmamide  (10O ml)  
containing 0 .2M- te t rabu ty lammonium bromide  was 
e lect rolyzed under  n i t rogen at a me rc u ry  cathode at  a 
constant  potent ia l  of --1.8V. The anode was a p la t inum 
gauze electrode and the reference  electrode was mer -  
cury  in a d ime thy l fo rmamide  solution of 0.2M t e t r a -  
bu ty l a mmon ium bromide.  Po la rograph ica l ly  l c  shows 
two one-e lec t ron  waves  at  --1.09 and --1.65V (vs. Hg 
anode) in a d ime thy l fo rmamide  solut ion of 0.2M te t r a -  
bu ty l ammon ium bromide.  The cur ren t  observed  was 
0.2A which s lowly dropped  to 0.1A in the  course 
of 2 hr. The solut ion dur ing  the electrolysis  tu rned  a 
da rk  green. Acidif icat ion wi th  di lute  acetic acid gave a 
pa le  ye l low solution. Removal  of the solvent  gave a 
solid which  was dissolved in benzene and chromato-  
graphed  on silica. Using benzene as an e luant  gave as 
the first f ract ion the s ta r t ing  diketone ( l c )  (0.51g). 
The second fract ion (0.28g) gave 4 mel t ing  at  175 ~ 
180 ~ Recrys ta l l iza t ion  f rom benzene gave a sample  
mel t ing  at 179~ ~ IR(Nujo l )  2.79(OH), 5.89 ~(CO),  
NMR(DCC18) ~ 1.48(3, 3H, 10-CH4), 1.57(s, 3H, l l -  
CHs), 1.85(broad s, 1H, OH),  5.21 (broad  s, 1H, 9 - I t ) ,  
7.23-7.82 (m, 8H, a romat ic  H).  Addi t ion  of D20 sha rp -  
ened the s inglet  at  8 5.21 and e l iminated  the s inglet  at  
8 1.85. Anal. Calcd. for ClsH1602: C, 81.82; H, 6.06. 
Found:  C, 81.63; H, 6.03. 

Results 
The e lec t rochemical  reduc t ion  of l a  d id  not  proceed 

as p lanned  but  gave resul ts  which  were  considered to 
be impor tan t  enough to report .  

Reduct ion of l a  (under  n i t rogen)  in  d ime thy l fo rm-  
amide containing 0.2M t e t r a bu ty l a mmon ium bromide  
proceeded wi th  the format ion  of a deep red  colored 
compound. Acidification of the  solut ion caused decolor-  
izat ion and gave a mix tu re  of pinacols 2 and the s t a r t -  
ing rn~aterial ( l a ) .  Repet i t ion of the electrolysis  fol-  
lowed by  t r ea tmen t  wi th  me thy l  iodide ins tead of acid 
gave the same mix tu re  of pinacols  and c i s -4b -me thy l -  
4b ,9b-d ihydro- indeno [2 , l -a]  indene-5,10-dione ( l b )  
(3) in place of la .  

These resul ts  indicate  tha t  the anion rad ica l  formed 
from l a  is p ro tona ted  by  another  molecule  of l a  and 
dimerizes  to the  pinacols  2. The red  colored compound 
formed is therefore  the m o n o - t e t r a b u t y l a m m o n i u m  sal t  
of the enolate  (3). The d i - t e t r a b u t y l a m m o n i u m  sal t  
was e l imina ted  as a possible s t ruc ture  since 

3 4 

none of the  c i s -4b ,9b-d imethyl -4b ,9b-d ihydro indeno  
[2,1-a]indene-5,10-dione ( lc )  was isolated. This sa l t  
would  be expected  to react  s tepwise wi th  me thy l  iodide 
and form first the  enola te  of  l b  and then the d imethy l  
der iva t ive  lc. The p laus ib i l i ty  of the second step was 
demons t ra ted  chemical ly;  t r ea tmen t  of l b  in d ime thy l -  
fo rmamide  wi th  t e t r a bu ty l a mmon ium hydrox ide  and 
methy l  iodide gave Ic. 

The  possibi l i ty  of an an ion - rad ia l  s t ruc ture  for  3 was 
e l iminated  by  the react ion of the diketone l a  wi th  t e t -  
r a b u t y l a m m o n i u m  hydrox ide  in d imethy l fo rmamide ;  a 
s imi lar  colored species was formed. 

The unusual  pro ton  donor capabi l i ty  of l a  in di-  
me thy l fo rmamide  was verified by  its effect on the 
po la rographic  reduct ion of azobenzene in d ime thy l -  
fo rmamide  containing 0.2M t e t r a bu ty l a mmon ium bro -  
mide. In this medium azobenzene gave two reduct ion 
waves  at  --0.6 and --1.28V (vs. Hg pool) ,  wi th  a ra t io  
of wave  heights  of 1: 0.96. Addi t ion  of 1.11 mmoles  of l a  
to 0.66 mmoles  of azobenzene changed the rat io of the 
two waves to 1: 0.196. The decrease in height  of the  see- 
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ond wave indica ted  that  80% of the ini t ia l  anion rad i -  
cal formed from azobenzene is d ipro tona ted  by  a CEC 
mechanism and that  1.06 mmoles  of protons are  in-  
volved. Since 1.11 mmoles  of l a  were  added or iginal ly ,  
its ( l a )  ut i l izat ion as a pro ton  source is 95% efficient. 

The benzyl  ketone moie ty  present  must  be respons i -  
ble for the pro ton  capabi l i ty  of  l a  since d ibenzylke tone  
had the same effect upon the polarographic  behavior  of 
azobenzene in dimethylfor 'mamide.  Acetophenone and 
cyclohexanone which  do not  have this grouping,  had 
no effect on the polarographic  behavior  of e i ther  azo- 
benzene or  benzophenone in d imethy l formamide .  

To c i rcumvent  the poss ibi l i ty  of enol izat ion cis-4b- 
9b- d ime thy l -  4b, 9b-  d ihydroindeno [2,1 - a] indene-  5,10 - 
dione ( l e )  was e lect rolyzed in d ime thy l fo rmamide  
containing t e t r abu ty l ammon ium bromide  at  a mercu ry  
cathode at  a potent ia l  of --1.80V. The resul t ing deep 
green anion radica l  (3) p roduced  gave upon acidifica- 
t ion a mix tu re  Of the alcohol 4 and the s ta r t ing  mate r ia l  
( l e ) .  No products  corresponding to the  e igh t -mem-  
bered  .ring diketone or its reduct ion  products  were  
isolated. 

The alcohol 4 could be formed in two ways. The 
anion radica l  from ] c, which is a mixed  valence anion 
radical  (3), is an  in t e rmed ia te  in the  2-e lec t ron reduc-  

tion and could be formed under  the large  scale r educ-  
tion conditions used. T rea tmen t  wi th  d i lu te  acid would 
coaver t  this species into the alcohol 4 and the d iketone 
l c  in a s imi lar  fashion to tha t  repor ted  for the ke ty l  of 
benzophenone (4). The second poss ibi l i ty  is the reduc-  
tion of the anion radica l  to an unsymmet r i ca l  dianion 
which on pro tonat ion  forms 4. 

Manuscr ip t  submi t t ed  Aug. 20, 1980; rev ised  m a n u -  
script  received Nov. 17, 1980. This was Pape r  424 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the So-  
ciety, May  11-16, 1980. 

Any  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1981 
JOURNAL. Al l  discUssions for the  December  1981 Dis-  
cussion Section should be submi t t ed  by  Aug. t,  1981. 

REFERENCES 
1. S. Wawzonek,  J. Am. Chem. Soc., 62, 745 (1940). 
2. E. K a r i v  and B. J. Cohen, J. Chem. Soc. Perkin II, 

1972, 509 (1972). 
3. A. H. Schroeder  and S. Mazur,  J. Am. Chem. Soc., 

100, 7339 (1978). 
4. W. E. Bachmann,  ibid., 55, 355 (1933). 
5. W. Roser, Jus tus  Liebig Ann. Chem., 247, 152 (1888). 



J O U R N A L  r'lF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

A N D  T E C  H N 0 L O  
APRIL 

198i 

The Role of Defects in the Fracture of 
Oxide Films on Metals 

D. R. Arnott, 1 W .  J. Baxter, and S. R. Rouze 

Genera~ Motors Research Laboratories, Physics Department, Warren, M~chigan 48090 

ABSTRACT 

The extent  of f racture of anodic oxide films during tensile deformation of 
a l u m i n u m  is shown to be controlled by the density of defects in the oxide. The 
density of defects was monitored by the "leakage" resistance of the film, while 
the extent  of f racture of the oxide was obtained from measurements  of re-  
anodization current  transients.  Other experiments  in a photoelectron micro- 
scope showed that  these oxides are rup tured  at emerging slip steps. This pro- 
vided the basis of a simple model for oxide fracture, which requires the pres-  
ence of a defect in  the oxide at the site of an emerging slip step. A re la t ion-  
ship be tween the leakage resistance and fracture susceptibil i ty of the oxide 
was derived and confirmed by experiment ,  showing that  both properties are 
controlled by the same type of defect. The density of these defects may be 
controlled by the surface preparat ion prior to anodization. If the density of 
defects is greatly reduced, even a th in  (28 nm)  oxide becomes strong enough 
to suppress slip step formation dur ing tensile deformation. 

Various properties of oxide films on metals are often 
ascribed to the presence of imperfections or flaws. For 
example, defects in the oxide are held responsible for: 
(i) the finite conductivi ty (leakage currents)  of these 
oxide films (1, 2); (ii) the occurrence of pi t t ing in 
a corrosive env i ronment  (3) ; and (iii) the ini t ia t ion of 
mechanical  fai lure of the film dur ing  deformation (4, 
5). 

The precise na tu re  of the defects is usual ly  indeter -  
minate,  par t icular ly  for thin oxide films. However, the 
development  of pores in a l u m i n u m  oxide has been 
well  documented by electron microscopy and demon-  
strated to be responsible for an increase of leakage 
cur ren t  (1, 2, 6). On the other hand, defects are often 
a t t r ibuted  to surface contaminat ion of the metal  or the 
presence of inclusions in the metal. For example, it has 
been reported that  impuri t ies  decrease the ducti l i ty of 
anodic oxide films formed on the surface of t an ta lum 
(4). 

In  this s tudy of thin barr ier  layer  anodic oxide films 
on a luminum,  it is shown that  there is a systematic re-  
lationship between the conductivi ty and the s t rength 
of th in  (<30 nm)  anodic films, indicat ing that, in this 
case at least, the same defect controls both properties. 
These oxides are shown to rup ture  at emerging slip 
steps provided that defects are present  in the oxide. 
If the density of defects in the oxide is reduced suffi- 
ciently, even a very th in  oxide (28 nm)  becomes strong 
enough to suppress slip step formation dur ing tensile 
deformation of a luminum.  

Experimental 
The present  series of experiments  was centered upon 

the influence of chromic acid cleaning t rea tment  on 

Present address: Capricornia Institute of Advanced Education, 
Roekhampton, Queensland, Australia. 

Key words: defects, films, oxide fracture. 

the properties of anodic films formed on 1100-0 a lumi-  
num. 

Specimens of 1100 a luminum were degreased with 
acetone and cleaned fur ther  by immers ion for 10 mTfi 
or less in chromic acid solution 2 at 70~ After r insing 
with water  and alcohol, the oxide film was then grown 
by anodization in a solution of 3% tartar ic  acid, ad-  
justed to pH ---- 5 with NH~OH. To obtain oxides of 
well-control led thickness, the current  density dur ing  
anodization was l imited to ~1 m A / c m  2 unt i l  the re-  
quired voltage (V) was attained, and then allowed to 
decay for a period of 10 min. The specimens were then 
removed from the electrolyte, r insed with water  and 
alcohol, and blown dry. Auger sputter  profiling of a 
few samples confirmed that  the oxide thickness was 
essentially constant  and independent  of the preclean-  
ing treatment .  

The leakage currents  through the anodized film 
were measured by re immersing the anodized specimen 
in the tartaric acid solution, then applying a potential  
1/zV. This procedure ensured that the measured cur-  
ren t  was pr imar i ly  due to leakage processes and not  a 
continued growth in oxide thickness. 

The mechanical properties of the anodic films were 
examined with the following techniques. 

I. The extent of fracture of the oxide produced by 
known amounts of tensile deformation was measured 
quantitatively by the reanodization current transient 
method described previously by Baxter and Gifford 
(7). Briefly, after tensile deformation the microcracks 
produced in the 28 nm oxide (formed at 20V) were 
reanodized at a lower voltage (10V), and the current 
transient recorded on a digital oscilloscope. The decay 
time (T) of this current transient is directly propor- 
tional to the area of metal being reanodized, i.e., the 
total area of the microcracks produced in the 28 nm 

7g Cr20~, 20 ml HeSO4, 200 ml H~O. 
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oxide over  the deformed gauge section of the sample.  12 
The resul ts  are  expressed as z / A ,  where  A is the sur -  
face a rea  of the ent i re  specimen gauge section. A 

2. The mode of f rac ture  of the  oxide was observed ~ E  
d i rec t ly  and cont inuously dur ing  tensi le  deformat ion  ~ 10 
of small  samples in the photoelec t ron microscope 

t ~  
(PEM) (8). These samples  were  al l  mechan ica l ly  pol -  E 
ished, pr ior  to the chromic acid and anodizat ion p ro -  
cedure, to improve  the resolut ion of the  image  ob-  ---~ 8 
ra ined  in the  microscope. In  these exper iments ,  any  
microcracks  produced  in the oxide appear  as regions 
of much s t ronger  photoelect ron emission, often re -  z 
fe r red  to as photos t imula ted  exoelect ron emission (9, ~ 5 
10). Such observat ions  provide  both a measure  of the z 
s t ra in  requi red  to f rac tu re  the oxide as wel l  as defining o 

L9 the mode of fracture.  These specimens were  also ex -  
amined  subsequent ly  b y  convent ional  opt ical  and " '  
scanning e lec t ron  microscopy.  ~ 4 

I-= 

Leakage Current z o 
The leakage  cur ren t  through the oxide, a t  �89  af ter  

anodizing at V, decreases d rama t i ca l ly  wi th  increase of < 
prec leaning t ime in chromic acid. As shown in Fig. 1 
for a 14 nm oxide, a per iod  of 5 rain was sufficient to 
reduce the  leakage  cur ren t  by  two orders  of magni tude,  z < 0 Thus i t  may  be concluded tha t  the prec leaning  of the  
a luminum subs t ra te  in chromic acid g rea t ly  reduces c~ 0 
the  concentrat ion of flaws in the  subsequent ly  formed 
oxide film. This s imple resul t  p rovided  an oppor tun i ty  
to compare  the mechanica l  p roper t ies  of a luminum 
oxide films of the same thickness,  but  wi th  wideIy  dif -  
fe rent  concentrat ions of defects. 

Reanodization Current Transients 
Two sets of measurements  a re  shown in Fig. 2. One 

series of specimens Were deformed to a tensile s t ra in  
of 6 • 10 -2. The decay t ime of the cur ren t  t rans ien t  
for these specimens decreases r ap id ly  wi th  increas ing 
durat ion of the chromic acid t rea tment .  In  fact, the  
form of this curve provides  an in teres t ing comparison 
with  that  in Fig. 1, the reduct ion of both leakage  cur-  
ren t  and reanodiza t ion  t ime constant  being essent ia l ly  

lo -41 

e 
10 -5 

P~ 

10 -6 

10"7 

I I I I 

I I I I 
2 4 6 8 

CLEANING TIME IN CHROMIC ACID (rain) 

Fig. I .  Effect of duration of precleaning of aluminum in chromic 
acid on the leakage current density of a subsequently deposited 14 
nm anodic oxide film. Leakage current measured at 5V with 
specimen immersed in anodizing electrolyte. 

A p r i l  I 9 8 1  

_ 

I I I 
Calculated: Strain = 6 �9 10 -2 

) 

J 

Strain = 0 

2 4 6 8 10 

TIME IN CHROMIC ACID (min) 

Fig. 2. Effect of duration of precleaning of aluminum in chromic 
acid on the time constant for reanodlzation after tensile deforma- 
tion. Samples coated initially with 28 nm oxide (at 20V), and re- 
anodized at IOV. Tensile strain as indicated in figure. 

completed b y  a 5 min t rea tment .  By cont ras t  the decay 
t ime for undeformed specimens is ve ry  smal l  and 
independen t  of the chromic acid t rea tment .  This t r an -  
sient  is s imply  tha t  requi red  to charge up the oxide 
film and the t ime constant  is control led  by  the oxide 
thickness, which has a constant  va lue  for  al l  specimens. 

The calcula ted curve shown in Fig. 2 is for a pe r -  
fec t ly  br i t t l e  oxide film. This va lue  of ~ / A  was cal-  
culated on the fol lowing basis. 

1. A series of ca l ibra t ion  measurements  on small 
samples  of known  a rea  showed tha t  

-c - -  K S A  [1] 

where  8A is the area  of meta l  being anodized, and K, 
for our expe r imen ta l  a r rangement ,  had a va lue  of 300 
mse c /cm 2. 

2. F o r  a per fec t ly  br i t t l e  oxide, the a rea  of fresh 
meta l  revea led  by  the microcracks  is equal  to the 
geometr ical  increase of surface area  of the specimen 
(SA). The value of ~A m a y  be ca lcula ted  for  a given 
tensi le  s t ra in  (el) on the  basis of constant  specimen 
volume, i .e. 

where  el, ee, and es a re  the s t ra ins  in the  th ree  p r in -  
cipal  directions.  Also it is known empi r ica l ly  that  the 
changes in wid th  and thickness of the sample  are 
s imply  re la ted  by  

�9 ~ = Res [31 

where  R ~ 0.7 for this ma te r i a l  (11). F r o m  these re- 
lationships it  is eas i ly  shown tha t  for our  specimen 
geomet ry  

8A 
= 0.57 ex [4] 

A 

Combining Eq. [1] and [4], the value  of T / A  - -  170 
el msec /cm 2. Thus for a tensi le  s t ra in  of 6 X 10 -3  , 
�9 / A  = 10.2 msec /cm 2. This va lue  is only  s l ight ly  
g rea te r  than that  observed expe r imen ta l l y  for the  
oxide film formed wi thout  any  pr io r  chromic acid 
t rea tment .  The small  difference can be accounted for  
s imply  by  assuming tha t  the  oxide  behaves elastically 
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unt i l  a t ta ining a s t ra in of 6 X 10-~, whereupon frac- 
ture  is initiated. This value of the fracture strain is 
in fact in  the range of values reported by other in -  
vestigators (5, 10, 12-14). 

The difference between the calculated and the ex-  
per imenta l  curves for a tensile s train of 6 X 10 -3, 
may be regarded as a measure of the effective ducti l i ty 
of the oxide film. The precleaning in  the chromic acid 
can apparen t ly  reduce the concentrat ion of flaws in  
the oxide sufficiently to produce a fivefold reduct ion 
in  the extent  of rup tu r ing  of the oxide. For example, 
the saturat ion level of "~/A : -  2.2 msec/cm 2 could be 
in terpre ted in terms of most of the s t ra in (4.7 X 10 -2) 
being accommodated elastically by the oxide. This 
dramatic  difference in  the fracture resistance of these 
oxide films meri ted fur ther  invest igat ion on a more 
microscopic level as outl ined below. 

Photoe lect ron  Microscopy  
Two types of specimens were examined;  one was 

precleaned with chromic acid for 20 min  while the 
other received no chromic acid t reatment .  Both were 
anodized to form a 28 nm oxide. The tensile s t ra in re- 
quired to init iate the fracture of these oxides, as de- 
te rmined by the onset of exoelectron emission, was 
essentially the same irrespective of the chromic acid 
t reatment .  The onset of oxide rup ture  always occurred 
at s t ra in levels of 5 X 10 .8  to 1 X 10 -2 �9 By contrast, 
however, the total  extent  of cracking of these oxides 
differed markedly.  This is i l lustrated by the photoelec- 
t ron micrographs in  Fig. 3 which show the sources of 
exoelectron emission produced after a tensile s train of 
4 X 10 -2. The sample which was not precleaned with 

chromic acid has developed many  sources of exoelec- 
t ron emission, i .e . ,  microcracks in the oxide (Fig. 3a), 
while there are only a few in the oxide on the sample 
which had been treated with chromic acid (Fig. 3b). 
The mode of fracture appears to be the same in the 
two cases, namely  the microcracks are in grain con- 
fined arrays and are associated with slip step emer-  
gence. 

Thus the major  effect of precleaning with chromic 
acid is that  the subsequent ly  formed anodic oxide 
film is considerably more difficult to rupture.  A n u m -  
ber  of explanations could be proposed to account for 
this effect. For  example, it could be argued that the 
chromic acid t rea tment  actually etched away the work 
hardened layer  near  the surface, so that  dur ing sub-  
sequent deformation the slip steps would develop on a 
much finer scale and not  be large enough to rup ture  
the oxide. However an explanat ion along these lines 
is refuted by similar experiments  in the PEM, where 
only the very thin na tu ra l  oxide had been allowed to 
form after the ini t ia l  cleaning of the specimens. As 
shown by the photoelectron micrographs in Fig. 4, 
the na tura l  oxide develops numerous  arrays of micro- 
cracks irrespective of the chromic acid t reatment .  

Another  possible explanat ion could be formulated in 
terms of the chromic acid t rea tment  leaving a con- 
taminat ing  film, perhaps only a monolayer,  so that  
the anodic oxide film is not  as well bonded to the metal  
substrate. If this were the case, the oxide film might  
tend to peel ra ther  than rupture,  as out l ined ana ly t i -  
cally by Grosskreutz and McNeil (15) several years 
ago. Peel ing of thicker oxides dur ing  tensile deforma- 
tion has in fact been reported by several authors (4, 16, 

Fig. 3. Photoelectron micro- 
graphs of 1100 aluminum coated 
with 28 nm anodic oxide, showing 
sources of exoelectron emission 
after a tensile strain of 4 X 
10 -2. (a) Precleaned with ace- 
tone, (b) precleaned with chromic 
acid for 20 rain, prior to anodiza- 
tion. 

Fig. 4. Photoelectron micro- 
graphs of 1100 aluminum coated 
with thin natural oxide, showing 
sources of exoelectron emission 
after a tensile strain of 4 X 
10 -2.  (a) Precleaned with ace- 
tone, (b) precleaned with chromic 
acid. 
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17), but  in our experiments  we have not  detected any 
evidence of peeling even for oxides as thick as 200 
r i m .  

The 28 nm oxide formed after chromic acid t rea tment  
behaves quite differently from the oxides formed under  
the other three conditions considered above. Subse- 
quent  examinat ion of these specimens with an optical 
microscope showed that in the case of the three oxides 
exhibit ing a similar and high degree of susceptibil i ty 
to fracture, the specimens had developed the usual  
mul t i tudinous  arrays of slip lines. On the other hand 
hardly any slip lines were visible on specimens which 
had been coated with the more fracture resistant  28 
nm oxide. Closer examinat ion  of the latter, at higher 
magnification in a scanning electron microscope, did 
reveal  a few isolated arrays of what  appear to be 
microcracks in the surface oxide (Fig. 5a). But  these 
are quite different in character from the strongly de- 
fined slip steps which always develop on specimens 
with the other less fracture resistant  oxides (e.g., Fig. 
5b). 

Thus of the four surface oxides under  consideration 
here, the 28 n m  oxide with low leakage current  is 
unique in that it is apparent ly  strong enough to sup- 
press slip step development  dur ing tensile deforma- 
tion. The other three oxides are much weake r ,  are 
apparent ly  of similar  strength, and are much more 
easily rup tured  by the relat ively freely emerging slip 
steps. 

Flaw Controlled Fracture of Oxide Films 
The above experiments  show that  the extent  of frac- 

ture of surface oxides dur ing tensile deformation of 
the metal  substrate is closely related to the concentra-  
tion of flaws ini t ia l ly  present  in the oxide film. This 
conclusion is consistent with the observations of oxide 
fracture by photoelectron microscopy, as well as the 
quant i ta t ive  measurements  of the extent  of f racture 
by the reanodization current  t rans ient  technique. On 
the other hand, the experiments  in the PEM also 
showed that the tensile s train required to init iate oxide 
fracture was approximately independent  of the con- 
centrat ion of flaws in the oxide (as measured by the 
leakage current) .  Thus we conclude that the fracture 
process is a highly localized phenomenon and requires 
only the presence of a flaw at the site of an emerging 
slip step. 

Thus the following picture of the process emerges. 
During the early stages of tensile deformation slip 
steps are init iated over the entire surface of the sample, 
producing highly localized stress concentrat ions in the 
strongly bonded oxide film. In  the model of Grosskreutz 
and McNeil (15) the oxide film is regarded as having 
two choices, ei ther fracture or peel, depending upon 
the strength of the film and the s t rength of the bond 
to the substrate. In the metal-oxide system studied here 
~ve have never  observed peeling of the oxide. Instead 
the two al ternatives are that  ei ther the oxide fractures 
or the slip step is suppressed, i.e., the oxide acts as a 
barr ier  to slip step development.  This was clearly 

demonstrated for the 28 n m  oxide (Fig. 3 and 4), but  
was not observed for the much th inner  na tura l  oxide. 
The lat ter  may simply not be strong enough to wi th-  
s tand the stresses produced by an emerging slip step, 
so always fractures. On the other hand, the 28 n m  
oxide may either fracture or suppress the slip. The 
degree to which these two al ternat ives occur is de- 
pendent upon the s t rength of the oxide in  the im-  
mediate vicinity of the emerging slip steps, i.e., on the 
probabi l i ty  of the presence of a debil i tat ing flaw in 
the oxide. 

Let us consider in more detail the implications of 
this model for the more interest ing case of the 28 n m  
oxide. The na ture  of the flaws controll ing the leakage 
current  and the fracture s t rength of this oxide is not  
clear. Let us simply assume that they are point  defects 
when viewed perpendicular  to the surface, such as for 
example the pores which have been reported to form 
in similar  anodic films even dur ing the first 10 min  of 
anodization (6). The leakage current  density of such 
an oxide film will be 

I1 = aN [1] 

where N is the concentrat ion of defects and = is a 
constant. 

If these defects are randomly  distr ibuted with an 
average spacing d, then 

Nd 2 -- 1 [2] 

The occurrence of oxide fracture is determined by the 
probabil i ty  (P) of an emerging slip l ine of length D 
(and negligible bu t  finite width) encounter ing a de- 
fect. There are three regimes to consider. 

I. If D > >  d, P ,,, 1. This is the case of a high den-  
sity of defects so all slip steps will  rupture  the oxide 
with ease. The reanodization time constant  ( T / A )  for a 
given value of tensile s train will be independent  of Ii 

i.e., T /A  ---- constant  [3] 

II. D ~ d. In this regime of in termediate  flaw density 

D 
P ,~ ~ ,~ DNVa [4] 

d 

Thus the reanodization time constant (T/A) for a given 
tensile strain will depend upon Nv2, or 

T/A  ~ Ii'/g [5] 

III. If D < <  d, P ~ N. Thus for a low density of 
flaws 

�9 / A  ~ I1 [6] 

The experimental  relationship between I1 and T / A  
can be obtained from the results in Fig. 1 and 2. Values 
of I1 and z /A ,  for equal periods of cleaning time in 
chromic acid, were taken from the curves drawn 
through this original data. The relationship between 
these values of I1 and T/A  are shown in Fig. 6. The 
regimes of high defect density (I), and intermediate  
defect density (II) are clearly apparent  and  in good 

Fig. 5. Scanning electron 
micrographs of two samples of 
1100 aluminum coated with 28 
nm anodic oxide. Tensile strain 
4 X 10 -2. (a) Precleaned with 
chromic acid, (b) precleaned with 
acetone, prior to anodization. 
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Fig. 6. Relationship between leakage current density and re- 
anodizafion time constant after tensile strain of 6 • 10 -2.  Data 
obtained from Fig. 1 and 2 (see text). 

agreement with Eq. [3] and [5]. The third regime of 
low defect density was apparently not achieved in 
these experiments. 

This analysis, particularly the confirmation of Eq. 
[5], provides further support for our contention that 
the same defects control both the leakage current and 
the fracture strength of the oxide film. These defects 
were present in a high concentration since the analysis 
of Fig. 6 shows that d --~ D. The length of a slip line 
D approximates the average grain diameter, so the 
defects apparently reside in regions corresponding to 
the interior of the grains of the substrate metal. Pre- 
sumably they form around pre-existing defects in 
either the very thin initial natural oxide film and/or 
in the surface layers of the substrate metal. 

S u m m a r y  
During tensile deformation of aluminum, the extent 

of fracture of anodic oxide films on the surface is 
controlled by the density of defects initially present 
in the oxide. For oxide thicknesses --~30 nm, the frac- 
ture occurs at slip steps emerging from the underlying 
metal, provided that the oxide contains debilitating 
defects in the immediate vicinity of the step. In these 
experiments the same defects controlled both the sus- 
ceptibility to fracture as well as the leakage current, 
or effective resistivity, of the oxide film. In fact these 
two properties can be related in terms of a simple 
model involving only the probability of a defect in the 
oxide being located in the path of an emerging slip 
step. 

The density of defects in these thin barrier layer 
type of anodic oxides is determined by the condition of 
the aluminum surface prior to anodization. Thus the 
defects originate either from flaws in the initial natural 
oxide upon which the anodic film grows, or from im- 
purities or inclusions in the substrate metal. The den- 
sity of defects can be greatly reduced by cleaning the 
surface with chromic acid prior to anodization. This 
increases the strength of the oxide film, so that even 
a thin (28 nm) oxide suppresses slip step formation 
during tensile deformation. 

Manuscript received Sept. 10, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 
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ABSTRACT 

Epi tax ia l  layers  were  grown by  mel t ing  the surface of a polys i l icon/s i l icon 
s t ruc ture  wi th  a scanning cw argon laser  beam. Topographical  fea tures  and 
crys ta l l ine  perfect ion associated wi th  the  l ase r - induced  recrys ta l l iza t ion  were  
inves t iga ted  b y  t ransmiss ion e lec t ron microscopy (TEM) and opt ical  micros-  
copy. The reg rown layers  obta ined  were  r e l a t ive ly  f ree  of defects,  as r evea led  
by  TEM analysis.  Large  concentrat ions  of dislocation l ines and twinning  zones 
were  not  detected in these studies;  however,  dense dislocation ne tworks  were  
observed in the  subs t ra te  benea th  the ep i t ax ia l  layer .  

L a s e r  anneal ing,  pa r t i cu l a r ly  by  cw laser  scanning, 
has been  used in  a va r i e ty  of exper iments  to grow 
thin layers  of sil icon crystal .  Recrys ta l l iza t ion  of an 
ion - implan ted  amorphized  layer- (1-4),  gra in  growth  of 
both  poly  and single c rys ta l  sil icon on an insula t ing 
l aye r  (5, 6), and g raphoep i t axy  (7, 8) are  the  ma jo r  
achievements  obta ined  to date. 

However ,  ep i tax ia l  g rowth  f rom the polys i l icon/  
single crys ta l  sil icon s t ructure ,  ut i l iz ing cw laser  scan 
techniques has not  been repor ted,  a l though epi tax ia l  
g rowth  (9-12) and br idging  ep i tax ia l  g rowth  (13) a re  
known to occur by  mel t ing  the surface wi th  a high 
energy  dens i ty  (107 ,~ l0 s W / c m  2) laser  pulse. 

This pape r  describes the gra in  growth  obta ined  when  
a po ly -S i /S i  s t ruc ture  is scanned by  a separa ted  single 
beam of a cw A r  laser,  wi th  an energy  dens i ty  high 
enough to mel t  the surface. Under  appropr ia t e  con- 
ditions, ep i tax ia l  g rowth  of silicon is obtained.  

�9 Electrochemical Society Active Member. 
Key words: semiconductor, epitaxy. 

Experimental 
The scanning laser  setup has been descr ibed else-  

where  (14). I t  consists of a 25W cw Ar  laser  opera ted  
in a mul t i l ine  mode, an X-,  Y - b e a m  deflection sys tem 
implemented  wi th  galvanomirrors ,  a hea ted  vacuum-  
chuck sample  holder,  and control  electronics.  

The samples  were  p repa red  by  deposi t ing 2000A 
polysi l icon layers  on (100) Si wafers  using the hyd ro -  
gen reduct ion  of si lane at  630~ at 0.8 Torr  (LPCVD).  
The gra in  size was on the  order  of 500A or less as 
measured  by t ransmission e lect ron microscopy (TEM).  

The scanning speed of the laser  beam was 12 cm/sec.  
In  a rea  scan exper iments ,  the separa t ion  be tween  the 
two successive scanning l ines was set  to about  11 ~m 
so tha t  the mel ted  zones were  wel l  over lapped  to as-  
sure  the occurrence of uni form growth  over  the total  
a rea  scanned. This assures over lap  of more  than  50% 

Fig. I. Optical micrographs showing the surface topography in- 
duced after single line scans: (A) 10W, (B) 9W, (C) 8W, (D) 7W. Fig. 2. Laser traces on a beveled and etched sample 
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Fig. 3. A schematic diagram of a cross section of a laser an- 
nealed region (c) (not to scale) with transmission electron micro- 
graphs and selected area electron diffraction pattern obtained 
within the epitaxial region (a) and zone containing dislocation net- 
works beneath the epitaxial layer (b). 

SILICON SUBSTRATE 

It) 
of the laser traces. The substrate tempera ture  was 
350~ in  all anneal  experiments.  Bevel polishing was 
done at an angle of 1~ ' on a Plexiglas plate with 
Metadi grits. The etchant used to delineate the poly- 
si l icon/sil icon substrate  boundary  was a diluted Sirt l  
etch with the composition CrO~:H20:HF = 5g: 10 ml: 
1 ml. 

Results 
The samples were annealed under  various output  

powers in  the single l ine scan mode. The development  
of surface topographic features with the output  power 
of the cw laser is shown in  Fig. 1. At low power, the 
trace of a laser beam shows a dotted surface s tructure 
[Fig. 1D)], which was found to be a result  of the grain 
growth of polycrystal l ine silicon when examined by 
TEM. Increasing the laser power to a threshold value 
turned the center portion of the beam trace band into 
a r ipple pa t te rn  [Fig. 1 (C)].  Fur the r  increase in  laser 
power smeared out the ripples into a ra ther  coarse 
and i r regular  pa t te rn  [Fig. I (A)  and (B)].  Although 
the dotted and ripple structures have already been re-  
ported in  pulse experiments  (12), the lat ter  i r regular  
feature was not known. It  did not disappear even at an 
output  power,, level as high as 15W which is the maxi-  
mum output  of the cw laser used in this experiment.  
This can be associated with the longer melt  durat ion in  
the cw laser i r radia t ion than that in  the short pulse 
case. 

The bevel polish and etching show the existence of 
the polysil icon/single silicon substrate boundary  in  
samples annealed at low laser powers. However, the 
boundary  disappeared under  the ripple pa t te rn  indi -  
cating that  mel t ing occurred into the substrate and 
suggesting the epitaxial  regrowth of the polysilicon 
layer  (Fig. 2). The beveling also shows the minute  
var iat ion of the cross-sectional height of the beam 
trace as i l lustrated in Fig. 3(c).  TEM examinat ion  of 
these single l ine scanned samples was employed to 
s tudy the possible occurrence of epitaxial  growth. 

The change in the crystal s t ructure  brought  about by 
cw laser anneal  is shown in  Fig. 3(a)  for an 8W an-  
nealed sample with the ripple structure. The grain size 
of polycrystals increases from the edge toward the 
center of the laser beam trace and turns  into single 
crystal epitaxial  layer at the onset front  of the ripple 
structure. The qual i ty of the epitaxial  layer  is good 
as judged by the (100) transmission~ electron diffrac- 
tion pattern,  and by the absence of twin  boundaries  or 
dislocation lines. However, the electron micrograph of 
the epitaxial  layer  shows a periodic contrast  associ- 
ated with surface undulat ions,  thereby duplicat ing the 
characteristic ripples observed on the surface of the 
regrown layer. This periodic ripple (thickness) con- 
trast  can probably be ascribed to the periodic change 
of stress accompanying crystal regrowth. The regu-  
lar ly defined (thickness) contrast  variat ions disap- 
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peared in the sample annealed at 10W. The layer 
grown at 10W was also shown to be single crystal by 
diffraction, with no structural i r regular i ty  observed 
by TEM. 

Another feature revealed by the TEM observation 
is the dislocation network which appeared in the sub- 
strate crystal below the epitaxial layer [Fig. 3(b) ] .  
From micrographs obtained on a large number of 
samples, we observed that the dislocation lines extend 
from the epitaxial  layer to the transition region where 
polycrystals develop, depending on the laser energy 
they receive. Since no periodic variation in contrast is 
observed for long dislocation lines, with the foil ori-  
ented at the exact Bragg condition (Sg ___ 0), these 
lines are believed to lie on (100) planes extending in 
~110> directions. All  these results are summarized 
in Fig. 3(c),  which schematically shows the crystal-  
lographic changes when a surface of a polysilicon/ 
silicon structure is swept by a laser beam. 

Area scanning was used in an attempt to obtain 
large epitaxial layers. Scan conditions were chosen as 
stated in the Experimental  section, using the results 
obtained for single line scan experiments. The surfaces 
of the area scanned sample are seen to reflect the 
topographical features of single line scans. One exam- 
ple is shown in Fig. 4, which retains the ripple struc- 
ture observed in a single line sample. Electron diffrac- 
tion demonstrates that  the polysilicon layer was re-  
grown as an epitaxial  layer by area laser beam scan- 
ning. 

Discussion 
A lower bound on the propagation velocity of the 

recrystallization front along the direction of scan can 
be estimated, postulating that the ripples are generated 
by standing waves from interference of laser beam on 
crystal surface (12, 16, 17). 

This propagation velocity should be an order of 
magnitude faster than the scan speed, because the 
crystal growth pat tern (the ripples) caused by the 
variation of laser power distribution by interference 

Fig. 4. An optical micrograph showlng the surface topogrQphy of 
an epitaxial layer grown by overlapping laser scans (8W). 

is not smeared out by scanning. Therefore, the lower 
limit of this velocity is estimated to be around 1 m/sec 
in the ripple growth condition. This value is well 
within a reasonable range for the laser-induced liquid 
phase epitaxial growth, from the discussion on the 
crystal growth velocity in a previously published paper 
(15). 

Conclusion 
Liquid phase epitaxial growth from polysilicon/ 

single crystal structures utilizing a cw Ar laser was 
demonstrated. The epitaxial  layer was of relatively 
good crystal perfection in that the layer included few 
dislocations and twins. However periodic pile up of 
stress at some power levels, surface roughness, and 
high density dislocations under the epitaxial  layer in- 
dicate the need for further study. 
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ABSTRACT 

Etch rates of a luminum and "native a l u m i n u m  oxide" films were studied 
as a funct ion of substrate tempera ture  in a paral lel  plate plasma etcher using 
CC14 and BC13 plasmas. Differences in the inhibi t ion period for CC14 vs. BCI~ 
etching were a t t r ibuted to the relative abilities of these etchants to scavenge 
oxygen and water  vapor and to etch nat ive  a l u m i n u m  oxide. The tempera ture  
dependence of the etch rates suggested basic differences in the ra te-control l ing 
steps for CC14 vs. BC18 plasma etching. The surface chemistry of the electrode 
materials  played an impor tan t  role in the etch rates observed with CC14 a n d  
BCIs. 

Plasma or reactive ion etching of a luminum and a lu-  
m i n u m  alloys is vi tal ly impor tan t  to the VLSI effort. 
A n u m b e r  of papers have appeared recent ly describing 
the etching of a luminum films in carbon tetrachloride 
or boron trichloride plasmas using paral lel  plate plasma 
etch systems (1-10). However, these publications have 
not  directly compared etch rate r e su l t s  for carbon 
tetrachloride and boron trichloride in the same etch 
system. In  this paper we investigate the etch rates of 
a l u m i n u m  films in  carbon tetrachloride and boron tr i-  
chloride as functions of substrate tempera ture  in  a 
paral lel  plate plasma etcher. 

Experimental Procedure 
The detailed operation of the paral lel  plate plasma 

etcher used in this study has been described previ-  
ously (10), so only a brief  description will  be given 
here. F i lament -evapora ted  or S -gun  sputtered alu-  
m i n u m  films on either Pyrex cover slips or on oxidized 
2 in. diam silicon wafers were placed on the grounded 
lower electrode, which was tempera ture  controlled. 
Power  from a 13.56 MHz rf generator  was supplied to 
the upper  electrode, which was separated from the 
lower electrode by a distance of 2.5 cm. Etch gases 
entered the system through holes in  the hollow upper  
electrode, and were exhausted through the lower e l e c -  
t r o d e  support  column. 

The etch runs  described below were carried out at 
100W rf power (0.3 W/cm 2) and 13 Pa (0.1 Torr)  
pressure. Since etching proceeded from the substrate 
edge to the center, the etch t ime was taken as the t ime 
required to completely remove the a l u m i n u m  film. 

Results 
Many investigators have noted that the nat ive a lu-  

m inum oxide film present  on a luminum surfaces etches 
slowly (compared to a luminum)  in chlor ine-containing 
etch gases (2-6, 10, 11). By uti l izing both a th in  (30-40 
nm)  and a thick (>500 nm)  a luminum film dur ing 
each etch run,  an estimate of the etch rates of a lumi-  
n u m  and of nat ive a luminum oxide has been made as 
shown in Fig. 1 (10). Of course, this etch rate analysis 
assumes that the nat ive a l u m i n u m  oxide coating is 
the sole cause of the slow ini t iat ion step in a luminum 
etching. As indicated previously (10), this assumption 
is not  ent i rely correct, since water  vapor or oxygen 
in the etching chamber  also inhibi t  a luminum etch- 
ing (8, 9, 12). Nevertheless, such an analysis allows 
comparisons to be made between the abi l i ty  of differ- 
ent etch gases to minimize or control oxygen or water  
vapor effects, and to etch nat ive a luminum oxide. 

" Electrochemical Society Active Member. 
Key words: aluminum plasma etching, boron tr ichloride plasma, 

carbon tetrachloride plasma, oxygen scavenging, water vapor 
scavenging, 

CC14 etching.--Using anodized a l u m i n u m  e l e c t r o d e s  
(10), controllable a l u m i n u m  etching was achieved in 
pure CC14 plasmas as shown in  Fig. 1. However, Fig. 
1 indicates that a large discrepancy (approximately a 
factor of 100) is observed between the etch rate of 
the "oxide" (which is composed of oxygen and water  
vapor scavenging, and native a luminum oxide etching) 
and the etch rate of the a luminum.  

In  an at tempt to determine an order -of -magni tude  
estimate of the etch rate of nat ive a l u m i n u m  oxide, 
a l uminum oxide was sputtered onto silicon wafers 
using a Model 304 Randex rf  sput ter ing system. T h e  
sput ter ing atmosphere was 20% 02/80% Ar, at a pres-  
sure of 0.01 Torr, which resulted in an a luminum o x i d e  
film with a refractive index of 1.60. At 100~ sub-  
strate temperature,  the sputtered a luminum oxide etch 
rate was N0.1 nm/sec, which is approximately  a factor 
of two higher than that  indicated in Fig. 1 for "oxide." 
This difference is no doubt related to the fact t h a t  
native a luminum oxide has a different composition than  
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Fig. 1. Etch rate of alumimzm and "oxide" (composed of oxygen 
and water vapor scavenging plus native aluminum oxide etching) 
films in CCI4 as a function of electrode temperature on anodized 
aluminum electrodes. 
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sputtered aluminum oxide, since scavenging effects 
should be similar in both cases. 

The etch rate data of Fig~ 1 also indicate that the 
activation energies for aluminum and "oxide" etching 
are nearly equal (,-,0.2 eV/mole).  The meaning of the 
equality of the activation energies is not clear, since 
the "oxide" etch rate is composed of oxygen and water  
vapor scavenging, along with native aluminum oxide 
etching. All that can be said at present, is that under 
the conditions used in this study, the overall  inhibition 
period displays an activation energy of ,~0.2 eV/mole. 

A few comments can be made in regard to the por-  
tion of the inhibition period due to native aluminum 
oxide etching. Atomic chlorine appears to be the 
etchant for aluminum, while a chlorocarbon species is 
believed to be the pr imary etchant for aluminum oxide 
(2, 6). Indeed, this is in agreement with results in our 
system as well as others (2), that  demonstrate the 
inabili ty of C12 plasmas to effectively and uniformly 
etch aluminum. However, if substrate bombardment is 
enhanced, as in the case of RIE, aluminum oxide can 
be etched successfully in Ar/CI~ atmospheres (6, 13). 

BCI~ etching.--An Arrhenius plot of the etch rate 
of aluminum and "oxide" films in BC13 using anodized 
aluminum electrodes, is shown in Fig. 2. Unlike the 
results obtained with CC14, BCl~ displays little tem- 
perature dependence of the etch rates-activation en- 
ergy ,-,0.02 eV/mole for aluminum, and ~0.03 eV/mole 
for "oxide." These observations suggest basic differ- 
ences in the rate-controlling steps for BCls vs. CC14 
plasma etching of aluminum. 

BCI3 was also used ~6 etch sputtered aluminum ox-  
ide. At a substrate temperature of 100~ the etch rate 
was ,~0.01 nm/sec, which is a factor of two lower 
than that determined via our analysis on "oxide" films. 

Discussion 
One of the pr imary differences between CC14 and 

BCl~ etching of aluminum involves the abil i ty of CC14 
to form unsaturated chlorocarbons, and thus polymer 
films in a glow discharge. With CC14, and an active 
surface as stainless steel (SS), chlorine atom recom- 
bination, chlorocarbon recombination, and reaction of 
chlorine with the electrode material  are all l ikely 
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Fig. 2. Etch rate of aluminum and "oxide" (composed of oxygen 
and water vapor scavenging plus native aluminum oxide etching) 
films in BCI3 as a function of electrode temperature on anodized 
aluminum electrodes. 

processes, and contribute to the concentration of un- 
saturated chlorocarbons and thus to polymerization 
(10). Under the high pressure and low power condi- 
tions utilized in our previous study (i0),  polymeriza- 
tion of CCI4 on SS electrodes was difficult to avoid, 
although at lower pressures, where ion and electr0n 
energies are higher, polymerization can be minimized, 
and etching can proceed, even with low power densi- 
ties. For instance, at 0.I Tort, both BCI3 and CCI4 
exhibit aluminum etch rates approximately a factor of 
two lower with SS than with anodized aluminum 
electrodes. 

Since boron does not form the same type of polymer 
structures as does carbon, no polymer is observed on 
the samples or on the electrodes wi th  BCla using SS 
or anodized aluminum electrodes. Boron compounds 
(possibly a combination of BC18 and boron oxychlo- 
rides) do condense or adsorb on the bell  ja r  walls with 
anodized aluminum or SS electrodes, because when 
the etch chamber is vented to the atmosphere, a white 
deposit (B (OH)3) forms immediately. Such deposits 
are never observed with CCI4. 

Aluminum oxide etching and oxygen scavenging.-- 
Under the present plasma conditions, the etch rate of 
sputtered aluminum oxide is an order of magnitude 
higher with CC14 than with BCI~ as discussed pre-  
viously. Thus, if native aluminum oxide etching is the 
pr imary cause of the inhibition period for aluminum 
etching, the inhibition period should be shorter for 
CC14 than for BCls, at least to the extent that the etch 
rate of native aluminum oxide can be equated to that 
of sputtered aluminum oxide. Indeed, the inhibition 
period is slightly shorter for CC14 etching than for 
BCI8 etching, at higher temperatures (100~ but the 
difference is less than expected on the basis of sput- 
tered aluminum oxide etch rates. However, the inhi-  
bition period is always more variable with CC14 than 
with BC13. 

In order to compare the abilities of CC14 and BC1s 
to scavenge ox~]gen -and water vapor from the chamber 
atmosphere, and thereby to estimate the relative im- 
portance of scavenging in the inhibition period, the 
effluent gases from 1% mixtures of oxygen in CC14 
and in BC13 were monitored with a UTI Model 100 C 
quadrupole mass spectrometer. Figure 3a demonstrates 
that when a plasma is ignited in the O2/CC14 mixture, 
the intensity of the O2 + peak decreases as expected, 
due to the reaction of carbon-chlorine fragments with 
O2, but O2 is still present in the plasma effluent. How- 
ever, when an O2/BC13 plasma is struck, the intensity 
of the O2 + peak goes to zero, and remains there until 
the plasma is extinguished (Fig. 3b). Further, with 
BC18, the O2 + peak intensity is zero with an 02 con- 
tent in the inlet of approximately 5 volume percent. 

In addition, the H20 + peak intensity decreases when 
a plasma is ignited in either a BC18 or a CC14 plasma, 
but does not go to zero in either case. Nevertheless, 
the inhibition time is more reproducible in a BC1s than 
in a CC14 plasma. These results indicate that BCI~ is a 
more efficient oxygen and possibly water-vapor  
scavenger than is CC14. As a result, etch reproducibil i ty 
should be improved with BCls compared to CC14, since 
etching should not be as critically dependent upon 
residual oxygen and water  vapor in the etch chamber. 
Indeed, such conclusions have been demonstrated in 
our system, and these studies are consistent with the 
effects of oxygen and water  vapor on CC14 etching 
(8, 9, 12). 

Additional evidence for the scavenging differences 
between BC13 and CC14 arises from consideration of 
the reflected power observed in CC14 and BC18 plasmas. 
The reflected power for a CC14 plasma is shown as a 
function of time in Fig. 4. Approximately 1 rain is 
required from plasma ignition until the reflected power 
reaches a minimum value. However, only 15 sec is 
required when BC18 is used (Fig. 4). The exact  t ime 
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Fig. 3. (a) Relative 02 + peak intensity in a 1% 02/99% CCI4 
plasma as a function of discharge time. (b) Relative 02 + peak in- 
tensity in a 1% 02/99% BCI3 plasma as a function of discharge 
time. 

r equ i red  to reach a m i n i m u m  varies  s l ight ly  ( a ppa r -  
en t ly  due to wa te r  concent ra t ion) ;  however ,  the  t r end  
is a lways  the  same. Fur the r ,  the  m i n i m u m  reflected 
power  is less wi th  BC18 than  xvith CC14, and  this ob-  
serva t ion  appa ren t ly  depends upon wa te r  concent ra-  
t ion also. These resul ts  are  consistent  wi th  the  mass 
spec t romete r  s tudies shown in Fig. 3, in tha t  oxygen 
is s t i l l  p resen t  in the  p lasma effluent when a p lasma  
is igni ted  in a 1% OJCC14 mixture ,  but  is absent  wi th  
a 1% O2/BC13 mixture .  Also, Fig. 3 and 4 demons t ra te  
a more  r ap id  change in O2 + peak  in tens i ty  and r e -  
flected power,  respect ively ,  for  BCI8 as compared  to 
CCL~. Thus the  reflected power  m a y  indicate  th4 por t ion 
of the  inhibi t ion  per iod  due to oxygen and wa te r  vapor  
scavenging.  In  fact, in a luminum etch runs, the  a l u -  
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Fig. 4. Reflected power in BCI3 and CCI4 plasmas as a function 
of discharge time. 

minum has not begun to etch at  the  poin t  in t ime 
where  the reflected power  reaches a minimum. Rather ,  
i t  begins to etch af te r  a pp rox ima te ly  one addi t iona l  
minute  of p lasma  exposure.  

The above resul ts  are  consis tent  wi th  discharge im-  
pedance  moni tor ing of  CCl4 plasmas dur ing  a luminum 
etching using RIE (14). In  that  study,  a g radua l  de-  
crease (over  -~1 rain) of e lect rode vol tage  was ob-  
served  a f te r  igni t ion of the  CC14 plasma.  Thus, i t  is 
qui te  l ike ly  tha t  oxygen  o r  wa te r  vapor  scavenging 
was in par t  responsible  for the  impedance  changes ob-  
served at  the  s ta r t  of the  etch process. 

Since BC13 is a reasonably  efficient scavenger  of 
oxygen and wa te r  vapor,  one can assume tha t  the  
inhibi t ion per iod  for BC18 etching is p r i m a r i l y  due to 
na t ive  a luminum oxide etching. However ,  the  etch 
ra~e es t imate  f rom a luminum samples  is ~ 2  t i m e s  
higher  than tha t  observed  for spu t t e red  a luminum 
oxide. This d iscrepancy is no doubt  re la ted  to the  
heavi ly  hydra t ed  na tu re  of na t ive  a luminum oxide 
surfaces (15). Since BCls reacts  r ead i ly  wi th  water ,  
the nat ive  oxide is p robab ly  more  react ive  toward  
BCI~ than is spu t te red  a luminum oxide. 

CC14, on the o ther  hand, d isplays  an "oxide"  etch 
rate that  is ~2  t imes lower  than  that  of spu t te red  a lu -  
minum oxide. Again,  this is p robab ly  due to the high 
mois ture  content  of the na t ive  oxide surface, s ince  
CC14 plasmas are  not  efficient oxygen and wa te r  vapor  
scavengers,  and, in fact, these species tend  to inhib i t  
a luminum etching. Current ly ,  i t  is not  c lear  w h y  CC14 
plasmas can etch sput te red  a luminum oxide m o r e  
r ap id ly  than  BC18 plasmas.  However ,  such resul ts  m a y  
be re la ted  to differences in the p lasma and e lect rode 
potent ia ls  be tween  CC14 and BC13, or to different  con- 
centra t ions  of e tchant  species genera ted  by  the two 
etch gases. 

Chemistry Of BCls and CCI4 etching.--Etch ra te  
studies wi th  BCI8 and CCI~ have ind ica ted  tha t  the 
a luminum etch ra te  is h igher  on anodized a l u m i n u m  
than on S S  electrodes.  This difference may  be p a r t l y  
due to h igher  recombinat ion  a n d / o r  react ion ra te  of 
chlorine free radicals ,  which have been proposed to 
be the e tchant  species for a luminum,  on SS surfaces. 
Such conclusions are  consistent  wi th  studies of fluorine 
a tom recombinat ion  on steel  vs. a lumina  surfaces (16). 
These la t te r  studies have shown that  s teel  is a be t te r  
recombina t ion  surface for  fluorine atoms than  is a lu -  
mina. 

Another  considerat ion wi th  regard  to e lect rodes  in-  
volves the effect of oxygen  f rom the e lec t rode  ma te -  
r ia l  (10, 23). Oxygen could promote  the r emova l  of 
boron f rom the a luminum surface if boron oxychlo-  
rides are  formed, and in addi t ion can genera te  add i -  
t ional  chlor ine atoms by  react ion with  boron-ch lor ine  
fragments .  Thus, enhanced a luminum etch ra tes  m a y  
be expected.  

Comparison of Fig. 1 and 2 suggests tha t  under  the 
p lasma conditions inves t iga ted  in this study,  basic 
differences exist  in the  r a t e - l imi t i ng  steps for BC18 
vs. CC14 etching of a luminum.  A possible reac t ion  se -  
q u e n c e  for the etching of a luminum in BCI~ p l a s m a s  
can be wr i t t en  as follows 

BCl3(g) -5 e--> BCl2 (g )  -5 C l ( g )  -{- e [1] 

C1 (g) -* C1 (ads)  [2] 

Cl(ads) + AI ~ AlCl.(ads) [3] 

AlCl(ads) -~ AlCl(g) [4] 

The dissociation of BCI3 via electron collisions into 
BC12 has been indicated previously, since rf glow dis- 
charge dissociation of BCI3 represents a high yield 
pathway for the formation of B2CI4 (17). Also, the 
adsorption of chlorine gas and/or chlorine atoms onto 
clean aluminum surfaces has been reported (18). 
Clearly, gas phase species other than Cl2 or C1 might 
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adsorb onto a luminum surfaces (for instance, CClz or  
B C I j ,  bu t  for  the purpose  of the fol lowing discussion, 
these possibil i t ies need not  be considered. A1C1 has 
been observed by  emission spectroscopy of CCI~ 
p lasmas  (19). Of course, AICl (ads )  can fur ther  re -  
act on the a luminum surface, the e lect rode surface, 
or in the gas phase, to form A1CI~ a n d / o r  A1CI~ as the 
final react ion product .  The above mechanism (Eq. [1]-  
[4]) is in pr incip le  s imi lar  to tha t  proposed for the  
etching of silicon in CF4 p lasmas  (20). The presen t  
mechanism, however,  considers the adsorpt ion of C1 
atoms on the a luminum surface, as wel l  as the  possi-  
b i l i ty  of desorpt ion of various a luminum-ch lo r ine  
f ragments  in addi t ion  to A1Clz. Indeed,  f r agmen t  de-  
sorpt ion has been demons t ra ted  for the etching of 
silicon wi th  f luor ine-conta ining gases (21). 

Since react ions [2]-[4]  a re  surface reactions,  a t em-  
pe ra tu re  dependence  is expected for these steps. On 
the other  hand, react ion [1] represents  a gas phase 
generat ion of chlor ine free radicals,  which is inde -  
pendent  of subs t ra te  t empera tu re .  Thus, the r a t e -  
de te rmin ing  step for  BC18 etching of a luminum on 
anodized a luminum or stainless steel  e lectrodes is 
p robab ly  the gas phase genera t ion  of e tchant  species. 
Such conclusions are  consistent wi th  previous  a lu -  
minum etch studies using BC13 on stainless steel  
e lectrodes (2). 

A s imi lar  react ion sequence for CC14 etching can be 
wr i t t en  by  replac ing  react ion [1] wi th  [ la ]  

C C h ( g )  + e--> CCIs(g) + Cl(g)  § e [ l a ]  

Indeed,  mass spect rometr ic  studies have shown that  
CC13 is p reva len t  in CC14 discharges (22). Since a 
subs t ra te  t empera tu re  dependence  is observed for 
CC14, one (or more)  surface react ions of the  type 
[2]-[4]  control  the etch rate.  

Reactions s imi lar  to [1]-[4]  can be wr i t t en  for the 
etching of nat ive  a luminum oxide. However ,  the com- 
posi t ion of this layer  is uncer ta in ,  and so no specific 
reactions are  proposed. Nevertheless ,  if it  is assumed 
that  oxygen assists the remova l  of boron or carbon 
species, the chlor ine is left  to react  wi th  a luminum.  
Indeed, carbon oxides and oxychlor ides  are  wel l  
known, and gas-phase  oxychlor ides  of boron have  been 
repor ted  (24). These considerat ions are  consistent  
wi th  the  improved  etching character is t ic  of CC14 and 
BC13 on anodized a luminum electrodes compared  to 
stainless steel  electrodes.  On stainless steel, an efficient 
means of removing carbon and boron is not  ava i lab le  
af ter  the nat ive  a luminum oxide coating has been re-  
moved. However,  wi th  anodized a luminum electrodes,  
smal l  concentrat ions  of oxygen are  present  to assist 
removal  of carbon (23) or  boron species but  the con- 
centrat ions are  sufficiently low to p reven t  inhibi t ion of 
a luminum etching by a luminum oxide formation.  

The scavenging studies discussed above indicate  tha t  
the re la t ive  reac t iv i ty  of oxygen with  a luminum vs. 
CCI.~ or BCI~ is an impor t an t  aspect  of a luminum 
plasma etching. Apparen t ly ,  in the  compet i t ion for 
oxygen be tween BClx and AI, BCI~ is the p re fe r r ed  
reactant ,  whereas  wi th  CClz, a luminum m a y  be the 
be t t e r  scavenger.  Certainly,  the etch ra te  of a luminum 
samples decreased when oxygen was added to CC14 
(10), and our analysis  indica ted  that  both the "oxide" 
and the a luminum etch rates decreased.  However ,  
small  addi t ions ( ~ 1 % )  of oxygen to BC13 resul ted  in 
a decrease in the "oxide" etch rate,  but  an increase  in 
the a luminum etch rate,  such that  the overa l l  etch ra te  
increased.  Higher  oxygen concentrat ions resul t  in 
boron oxide deposition. These results  are  consistent 
wi th  previous studies which repor t  an increase in over -  
all  a luminum etch ra te  wi th  oxygen addi t ion to BC18 
plasmas (7). 

In  CCl~ etching, oxygen  reacts  wi th  a luminum or  
carbon species, whi le  wi th  BC13, oxygen reacts  p re fe r -  
en t ia l ly  wi th  boron to form oxides or oxychlorides,  
thus genera t ing  addi t iona l  chlor ine atoms, which en-  

hance the a luminum etch rate.  This l a t t e r  react ion 
is analogous to tha t  observed when oxygen is added  
to CF4 dur ing  silicon etching (25). 

If CC14 is a be t te r  e tchant  for  a luminum films than 
is BC13, and if BCI~ is a be t t e r  scavenger  for  oxygen 
and wate r  vapor  than is CC14, then an improved  e tch-  
an t  for a luminum m a y  be some mix tu re  of the two. 
Indeed, p re l imina ry  studies in our l abo ra to ry  indicate 
that  such mix tures  d isp lay  higher  etch rates and be t te r  
reproduc ib i l i ty  than  e i ther  CC14 or  BC13 individual ly .  
However ,  boron residues m a y  prec lude  thei r  useful-  
ness. 

Summary 
The etch rates  of a luminum and "nat ive  a luminum 

oxide" (composed of na t ive  a luminum oxide etching 
and oxygen and wa te r  vapor  scavenging)  in CC14 and 
BC13 plasmas were inves t iga ted  as functions of sub-  
s t ra te  t empera tu re  in a para l l e l  plate  p lasma etcher. 
Oxygen and wa te r  vapor  scavenging appeared  to be 
the most impor tan t  process in in i t ia t ing a luminum 
etching in CC14 plasmas, while  a luminum oxide e tch-  
ing was the p r i m a r y  factor  in the inhibi t ion per iod  
wi th  BC18 plasmas.  These resul ts  suggest  a chemical  
compet i t ion for oxygen or  wa te r  vapor  be tween  a lu-  
minum and e i ther  boron-chlor ine  or carbon-chlor ine  
fragments ,  wi th  boron compounds being the be t t e r  
scavengers.  

The etch rates of a luminum in CC14 plasmas  on 
anodized a luminum electrodes were  cr i t ica l ly  depend-  
ent  upon tempera ture ,  indica t ing  tha t  surface react ions 
were  ra te  controll ing.  However ,  BC13 etching on 
anodized a luminum or on SS electrodes showed l i t t le  
or no t empera tu re  dependence,  suggest ing that  the 
ra te -cont ro l l ing  s tep(s )  involved gas phase genera -  
t ion of etching species. 

The etch ra te  of a luminum using BC18 was de-  
pendent  upon the electrode mater ia l ,  wi th  the etch 
ra te  being grea te r  b y  a factor  of 2 wi th  anodized a lu -  
minum than wi th  SS electrodes.  The differences ob-  
served are  bel ieved to be due to increased chlor ine 
a tom recombinat ion  on SS electrodes a n d / o r  to the 
ease of surface boron remova l  and addi t iona l  chlor ine 
a tom genera t ion  when oxygen is ava i lab le  f rom the 
electrode mater ia l .  
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ABSTRACT 

Ind ium phosphide,  a direct  gap semiconductor  wi th  a room t empera tu r e  
energy  gap of 1.35 eV, is a promis ing  photovol ta ic  ma te r i a l  for th in  film de-  
vices. Thin films of ind ium phosphide  have been deposi ted on tungs ten-coa ted  
graph i te  subs t ra tes  by the react ion of indium, hydrogen  chloride, and  phos-  
phine in a gas flow system. Without  in tent ional  doping, the deposi ted films 
are  n - t y p e  wi th  a car r ie r  concentra t ion  of about  10 z7 cm -3. Schot tky  ba r r i e r s  
p repa red  f rom these films have been found to exhib i t  low rectif ication ratios, 
high da rk  currents ,  and poor photovol ta ic  response due to the shunt ing effects 
of g ra in  boundaries .  The gra in  bounda ry  effects can be pa r t i a l l y  reduced  by  
h e a t - t r e a t m e n t  in an ammonia  a tmosphere ,  conver t ing the surface of grains  
into ind ium nitr ide.  The format ion  of ind ium n i t r ide  has been verified by  
Auger  e lec t ron spectroscopy and x - r a y  photoelec t ron spectroscopy. 

Direct  gap semiconductors  wi th  bandgap  energy  of 
1.3-1.8 eV a re  most  promis ing mate r i a l s  for th in  film 
photovol ta ic  devices. Because of the i r  sharp optical  
absorpt ion  edges and large  absorpt ion coefficients, solar  
rad ia t ion  wi th  energy  in excess of the bandgap  energy  
are  essent ia l ly  al l  absorbed wi th in  2-3 #m of the sur-  
face. Thus, the  gra in  size and minor i ty  ca r r i e r  diffusion 
length  requ i rements  a re  less s t r ingent  than  those re -  
qui red  of ind i rec t -gap  mater ia ls .  Among I I I -V  com- 
pounds,  ga l l ium arsenide  wi th  a room t empera tu re  en-  
e rgy  gap of 1.43 eV and ind ium phosphide wi th  a 
bandgap  energy  of 1.35 eV a re  considered as most  
promising.  For  example ,  ga l l ium arsenide  films de-  
posi ted on graphi te  or tungs ten-coa ted  graphi te  sub-  
s t ra tes  by  the ha l ide  process have an average  gra in  
size of about  10 #m, and la rge  area  (10 cm 2) MOS solar  
cells have been fabr ica ted  f rom this type  of po lyc rys -  
ta l l ine  films (1, 2). The AM1 efficiency of thin film 
gal l ium arsenide  solar  cells is h igher  than  8%; while  

* Electrochemical Society Active Member. 
Key words: semiconductor,  photovoltaic,  thin films. 

thei r  shor t -c i rcu i t  cu r ren t  densi ty  is about  80% of tha t  
of single c rys ta l l ine  ga l l ium arsenide  solar  cells, thei r  
open-c i rcu i t  vol tage is cons iderably  lower.  Ind ium 
phosphide films have also been deposi ted on foreign 
subst ra tes  such as carbon and molybdenum,  and smal l  
area  (3 m m  2) thin film solar  cells of the configuration 
n - C d S / p - I n P / p  + - G a A s / c a r b o n  fabricated.  Al though 
the photocur ren t  f rom thin  film cells is s imi lar  to tha t  
from single c rys ta l l ine  CdS / InP  cells, th in  film cells 
have cons iderably  lower  open-c i rcu i t  vol tage and fill 
factor, resul t ing  in a conversion efficiency of about  
5.7%. 

The cons iderably  lower  open-c i rcu i t  vol tage in thin 
film cells is due p re sumab ly  to the high sa tura t ion  
current  which arises f rom the poor gra in  s t ruc ture  or  
grair~ bounda ry  effects. In  this work,  indium phosphide 
films have been deposi ted on tungs ten-coa ted  graphi te  
subst ra tes  by  the hal ide  process. Schot tky  ba r r i e r  de-  
vices p repa red  f rom these films exhibi t  excessive da rk  
currents  due to the shunt ing effects of gra in  bound-  
aries. The gra in  bounda ry  effects can be reduced  sub-  
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s tan t i a l ly  by  the h e a t - t r e a t m e n t  of indium phosphide 
films in an ammonia  a tmosphere ,  due to the format ion  
of ind ium ni t r ide  at  the gra in  surface. The expe r imen-  
tal  procedures  and resul ts  a re  discussed in this paper .  

Deposition of Indium Phosphide Films 
Graphi te  is an economical  subs t ra te  for  large  area  

solar  cells. Severa l  types of low-cos t  graphite ,  such as 
grade PLC graphi te  manufac tu red  by  POCO Graphi te  
Incorporated,  have  a l inear  the rmal  expans ion  coeffi- 
cient ve ry  s imi lar  to tha t  of ind ium phosphide (4.5 • 
10 -6 ~  Graphi te  is chemical ly  iner t  under  the 
condit ions used for  the deposi t ion of ind ium phosphide.  
Also, g raph i te  has high the rmal  and e lect r ica l  con- 
duct ivi t ies  and may  be  used as an ohmic contact  to the  
solar  cell. However ,  the dens i ty  of low-cost  g raphi te  
is 1.65-1.75 g /cm -8 ( theoret ica l  densi ty  of graphi te :  
2.2 g/cm3),  corresponding to a poros i ty  of 20-25%. 
Consequently,  the surface of g raph i te  has a high con- 
cent ra t ion  of pits, and un i fo rm nuclea t ion  of ind ium 
phosphide  cannot  be expected.  To provide  a homoge-  
neous surface, a th in  l aye r  (2-3 /~m) of tungsten,  an 
impervious  mater ia l ,  was deposi ted on graphi te  sub-  
s t ra tes  by  the reduct ion  of tungsten hexafluoride wi th  
hydrogen  at  500~ 

The deposi t ion of i n d i u m p h o s p h i d e  films on tung= 
s t en /g raph i t e  subs t ra tes  was car r ied  out  b y  the re -  
action be tween  indium, hydrogen  chloride, and phos-  
phine  using the appara tus  shown schemat ica l ly  in Fig. 
1. A typica l  t empera tu re  profile wi th  the  posit ions of 
ind ium and subs t ra te  are  also shown. The reac t ion  
tube  was made  of fused si l ica and was of 55 m m  ID; 
the  use of a r e l a t ive ly  la rge  d iamete r  react ion tube 
faci l i ta tes  the  p repa ra t ion  of la rge  area  ind ium phos-  
phide films of un i form propert ies .  The react ion tube 
is he ld  in a four-zone  furnace wi th  each zone sepa-  
r a te ly  hea ted  and controlled.  The t empera tu re  profile 
and  the composit ion and flow ra te  of the reac tan t  mix -  
ture  are  impor tan t  factors affecting the deposi t ion ra te  
of ind ium phosphide.  

To ca r ry  out the deposi t ion of ind ium phosphide,  an 
indium conta iner  and the subs t ra te  a re  p laced  in the 
appropr ia te  t empera tu re  zones. A hyd rogen -hyd rogen  
chloride mix tu re  is in t roduced into the react ion tube  
over  the  ind ium container ,  where  ind ium is conver ted  
into volat i le  ind ium monochloride.  At  the same time, 
phosphine  is in t roduced into the reac t ion  zone near  
the  subs t ra te  surface. The react ion be tween  ind ium 
monochlor ide  and phosphine on the subs t ra te  surface 
deposits  ind ium phosphide.  In  the deposi t ion exper i -  
ments, the  t empe ra tu r e  of ind ium was main ta ined  at  
745~176 and the flow rate  of hydrogen  was 0.5-1.5 
l i t e rs /min .  The subs t ra te  t empera tu re  was va r ied  in 
the range  of 500~176 and the flow ra tes  of hydro -  
gen chlor ide and phosphine  were  10-45 m l / m i n  and 
30-135 ml /min ,  respec t ive ly  (a P H J H C 1  molar  ra t io  

of 3 or h igher  was a lways  used to minimize any phos-  
phorus deficiency in the  deposi t ) .  The resul ts  of a 
number  of deposi t ion exper iments  indicate  tha t  the 
deposi t ion pa rame te r s  can only  be var ied  over  a l im-  
i ted range in o rder  to ob ta in  continuous films. Dur ing 
the ini t ia l  s tage of deposition, a high flux of r eac tan t  
mixture ,  by  using a r e l a t ive ly  high flow ra te  of hydro -  
gen th rough  indium, for example ,  must  be main ta ined  
at the subs t ra te  surface. Once a continuous film is 
formed,  the  deposi t ion ra te  of ind ium phosphide may  
be reduced by  reducing the  flow ra te  of hydrogen  
chloride.  

The micros t ruc ture  of i nd ium phosphide films on 
tungs ten /g raph i t e  subs t ra tes  were  examined  using op-  
t ical  microscope and scanning e lec t ron microscope on 
the as-depos i ted  and f rac tu red  cross-sect ion surfaces. 
One example  is shown in Fig. 2 where  the scanning 
e lect ron micrographs  of the a s -g rown  and f rac tu red  
cross-sect ion surfaces of an ind ium phosphide  film de-  
posi ted on a t ungs t en /g raph i t e  subs t ra te  a t  600~ 
using a hydrogen  chlor ide  flow ra te  Of 45 m l / m i n  are  
reproduced.  The crys ta l l i tes  in  these films are  of r an -  
dom shape and size; x - r a y  diffract ion examinat ions  
indicate  tha t  the films are  essent ia l ly  po lycrys ta l l ine  
wi th  no apprec iable  p re fe r r ed  orientat ions.  
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Fig. 1. Schematic diagram of the apparatus for the deposition 
of indium phosphide films and a typical temperature profile used 
in the deposition process. 

Fig. 2. Scanning electron micrographs of the as-grown and 
fractured cross-section surfaces of an indium phosphide film de- 
posited on a tungsten/graphite substrate. 
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Electrical Properties of Indium Phosphide Films 
Without  in tent iona l  doping, i nd ium phosphide f i lms 

deposi ted on tungs t en /g raph i t e  subs t ra tes  a re  a lways  
n- type.  The ca r r i e r  concentra t ion  in  ind ium phosphide 
films de te rmined  by  different ial  capaci tance method is 
in the  range  of (0.5-3) • 1017 cm-S;  lower  ca r r i e r  
concentrat ions were  obta ined  when  the ind ium source 
was s a tu ra t ed  wi th  phosphine  pr io r  to the  deposi t ion 
process. The n - I n P / W  in ter face  is ohmic wi th  an in-  
te r face . res is tance  of less than  10 -3  ~ - c m  2 a t  a cu r ren t  
dens i ty  of 10 m A / c m  2. 

The e lec t r ica l  p roper t ies  of ind ium phosphide  films 
on tungs t en /g raph i t e  subs t ra tes  were  eva lua ted  by  
measur ing  the da rk  cu r ren t -vo l t age  character is t ics  
of Schot tky  ba r r i e r s  p r epa red  f rom these films. 
Schot tky  ba r r i e r s  were  p repa red  by  the evapora t ion  
of s i lver  dots of 1-2 m m  2 a rea  onto the specimen sur -  
face th rough  a meta l  mask  under  a p ressure  of less 
than  10 -6 Tort ,  and  the i r  da rk  cu r ren t -vo l t age  charac-  
ter is t ics  measured  at  room tempera ture .  To evalua te  
the  photovol ta ic  proper t ies  of ind ium phosphide  films, 
Schot tky  ba r r i e r  solar  cells of 1 cm 2 area  were  p re -  
pa red  by  the evapora t ion  of a th in  s i lver  film (60-80A 
thickness)  and the grid contacts (10 lines per  cm) onto 
the  specimen surface, and the i r  i l lumina ted  cu r ren t -  
vol tage character is t ics  measured  under  AM1 condi-  
tions. Al l  Ag/n-InP/W/graphite devices were  found to 
show excessive da rk  currents  and poor rectif ication 
ratios.  As an example ,  Fig. 3 shows the character is t ics  
of an  Ag/n-InP/W/graphite s t ruc ture  of about  1 mm ~ 
area,  where  the fo rward  cur ren t  dens i ty  exceeds 1 
A / c m  2 at  0.3V, the diode qual i ty  factor  "n" is about  5, 
and the rect if icat ion rat io  is less than  10. However ,  
when a semispher ica l  gold pressure  contact  is used in-  
s tead  of the  evapora ted  contact,  the cu r ren t -vo l t age  
character is t ic  is of ten improved  significantly. F igure  4 
shows such a character is t ic ,  whe re  the diode qua l i ty  
fac tor  is less than  2 and the  rect if icat ion ra t io  at  0.3V 
exceeds 1000. This difference in character is t ics  b e t w e e n  
evapora ted  and pressure  contacts is due p r e s u m a b l y  to 
the fact  tha t  the  grains  in  ind ium phosphide films are  
not  t igh t ly  packed  and meta ls  pene t ra te  th rough  gra in  
boundar ies  dur ing  contact  formation,  causing shunt ing 
effects. Auge r  and SIMS studies on f rac tu red  cross 
sections have shown tha t  the segregat ion of impuri t ies ,  
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Fig. 3. Dark current-voltage characteristics of a silver Sehottky 
barrier of about 1 mm 2 area prepared from an n-type indium 
phosphide film on a tungsten/graphite substrate. 
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Fig. 4. Dark current-voltage characteristics of a semispherical 
gold pressure contact on an n-type indium phosphide film on a 
tungsten/graphite substrate. 

such as sulfur, at  gra in  boundar ies  is also a ma jo r  
factor  contr ibut ing  to the shunt ing effects. 

Because of the high da rk  current ,  Schot tky  ba r r i e r  
solar  cells of 1 cm 2 a rea  exhib i t  poor  photovol ta ic  
characteris t ics .  Under  AM1 conditions, the open -c i r -  
cuit  vol tage  and shor t -c i rcu i t  cu r ren t  dens i ty  a re  
usua l ly  in the  range  of 5- i0  mV and 1-3 m A / c m  2, re -  
spectively.  Sehot tky  ba r r i e r  solar  cells were  also p re -  
pa red  f rom n - t y p e  ind ium phosphide films deposi ted on 
a luminum-coa ted  graphi te  substrates;  the i r  cha rac te r -  
istics were  infer ior  to those on tungs ten-coa ted  g raph-  
i te substrates.  Auger  and SIMS studies on f rac tu red  
and cross section~ have shown that  a luminum f rom 
the subs t ra te  diffused into the ind ium phosphide film 
p re fe ren t i a l ly  along the gra in  boundaries .  The diffusion 
of a luminum inflo ind ium phosphide genera tes  phos-  
phorus vacancies,  t he reby  increas ing the donor concen- 
t ra t ion  in, and electr ical  conduct iv i ty  of, gra in  bound-  
aries. Thus, impur i t y  segregat ion  at  gra in  boundar ies  
is a ma jo r  factor  contr ibut ing  to the shunt ing effects. 

Reduction of Grain Boundary Effects by Nitridation 
The high da rk  cur ren t  in Schot tky  bar r ie rs  f rom in-  

d ium phosphide  films is cont r ibuted  by  the shunt ing 
effects of g ra in  boundar ies  in the films. The electr ical  
conduct iv i ty  of g ra in  boundar ies  dominates  over  that  
of the grains  due to at  least  two factors:  dopant  
segregat ion at g ra in  boundar ies  and the presence of 
minu te  voids be tween grains  in ind ium phosphide  
films. The shunt ing effects of g ra in  boundar ies  asso- 
ciated wi th  impur i t y  segregat ion may  be reduced by  
using a h igher  bandgap  mate r i a l  at  the  gra in  surface. 
I nd ium n i t r ide  wi th  a bandgap  energy  of about  3 eV 
appears  to be a promis ing  candidate ;  this ma te r i a l  has 
been p repa red  by  the reac t ion  of ind ium ( I I I )ox ide  
wi th  ammonia  and is s table  in a i r  at t empera tu re s  up 
to 300~ (4). 

Because of the grea te r  s tab i l i ty  of ind ium nitr ide,  
the surface of ind ium phosphide  can be conver ted  into 
ind ium n i t r ide  by  t r ea tmen t  wi th  ammonia  at  high 
tempera tures .  A number  of  ind ium phosphide films 
were  hea ted  in an ammonia  flow at  500~176 for a 
per iod of 15 min  to 2 hr. Subsequent ly ,  s i lver  contacts 
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were  evapora ted  onto the ammon ia - t r ea t ed  surface, 
and the da rk  cu r ren t -vo l t age  character is t ics  of the  
resul t ing MNS s t ructures  were  used to de te rmine  the  
effects of t empera tu re  and dura t ion  of the ammonia  
t rea tment .  At  t empera tu res  of 550~ and below, the  
conversion of ind ium phosphide  into ind ium ni t r ide  is 
negligible,  and the decomposi t ion of ind ium phosphide 
becomes appa ren t  at  650~ Ammonia  t r ea tment  at  
600~ for 20 rain appears  to be op t imum for reducing 
da rk  currents  wi thout  in t roducing  a l a rge  series re -  
sistance. The in situ ammonia  t r ea tmen t  of ind ium 
phosphide films immed ia t e ly  af ter  the deposi t ion p ro-  
cess has produced the same results.  

To de te rmine  the composi t ion and chemis t ry  of am-  
mon ia - t r ea t ed  ind ium phosphide films, h igh resolut ion 
scanning Auge r  e lec t ron spectroscopy (AES) and x -  
r ay  photoelect ron spectroscopy (XPS)  using a Phys ica l  
Electronics Indust r ies  Model  590 S A M / S I M S  and a 
Model 550 X P S / S A M  were  carr ied  out. For  AES, pulse 
counting wi th  10 nA currents  and 5 kV beam vol tages 
were  used. For  the XPS studies, the argon ion source 
was opera ted  at  10 kV wi th  a magnes ium anode; the  
pass energy  was 10 eV provid ing  a 0.3 eV ins t rument  
resolution. F igure  5 shows an  Auge r  dep th-compos i -  
t ional  profile for an ammon ia - t r e a t ed  ind ium phos-  
phide  film. The surface layer  of ind ium phosphide,  
about  50A thickness,  has been conver ted  into a ni tr ide,  
and an o rde r ly  t rans i t ion  f rom the ni t r ide  to the phos-  
phide  is observed.  To de te rmine  the chemical  composi-  
t ion of the ammon ia - t r e a t ed  ind ium phosphide films, 
XPS data  were  obta ined  at  two points, = and ~ shown 
in Fig. 5, dur ing the dep th  profile. The posit ions of the 
ind ium 3d3/2 and 3d5/2 peaks in the XPS spect ra  a re  
shown in Fig. 6. These peaks  were  compared  to the 
3d8/2 (451.2 eV) and 3d~/2 (443.6 eV) peaks  f rom an  in-  
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Fig. 5. AES depth-compositional profile from an ammonia-treated 
indium phosphide film on a tungsten/graphite substrate s.howing the 
indium nitride layer at the surface. 
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Fig. 6. XPS spectra taken at two points of the depth-composi- 
tional profile shown in Fig. 1: Dashed line--indium phosphide 
spectrum token at point fl in Fig. 1; Solid line--indium nitride 
spectrum taken at point a in Fig. 1. (Mg anode, 10 keV source; 
instrument resolution: 0.3 eY). 
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Fig. 7. Dark current-voltage characteristics of a Schottky barrier 
solar cell of 1 cm 2 area prepared from an ammonia-treated n-type 
indium phosphide film on a tungsten/graphite substrate. 

dium standard.  The spec t rum taken  at  point  /~ shows 
3d3/2 and 3d5/2 peaks at  451.6 and 444.0 eV, respect ively,  
which correspond to ind ium phosphide.  The spec t rum 
taken  at  point  = shows 3d~/2 and 3d5/2 peaks  at  452.6 
and 445.0 eV, respect ively,  which  correspond to ind ium 
nitr ide.  No o ther  signals over  this b inding energy 
range were  observed.  

Schot tky  bar r ie r s  p repa red  from a m m o n i a - t r e a t e d  
ind ium phosphide films show cons iderably  improved  
characterist ics.  F igure  7 shows the da rk  cu r r en t -vo l t -  
age character is t ics  of a solar  cell of 1 cm 2 area  wi th  
the configuration Ag/InN/n-InP/W/graphite.  The da rk  
current  is reduced  considerably  as compared  wi th  the 
Schot tky  ba r r i e r  s t ruc ture  (Fig. 3), and the rectif ica- 
t ion rat io is also improved.  However ,  the  da rk  cur ren t  
is st i l l  too high for efficient solar  cells. Under  AM1 con- 
ditions, the open-c i rcu i t  vol tage and shor t -c i rcu i t  cur -  
ren t  densi ty  a re  125 mV and 6.5 m A / c m  2, respect ively.  

S u m m a r y  and Conclus ion 
Ind ium phosphide films have been deposi ted on 

tungs ten-coa ted  graphi te  subst ra tes  by  the react ion of 
indium, hydrogen  chloride,  and phosphine.  The e lec t r i -  
cal proper t ies  of these films are de te rmined  p redomi -  
na te ly  by  the shunt ing effects of gra in  boundar ies  due 
to at  least  two factors: (i) the segregat ion  of dopants  
at  gra in  boundaries ,  and (ii) the loose packing of 
grains in the films. The shunt ing effects m a y  be re -  
duced to some ex ten t  by  conver t ing  the surface of in-  
d ium phosphide into ind ium ni t r ide;  however ,  more  
efficient pass ivat ion techniques are  necessary  in o rde r  
to produce efficient solar  cells. 
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In Situ Semiconductor Heterostructure Arrays: 
Ge-GaAs 

D. E. Holmes 1 

Hughes Research Laboratories, Malibu, CaI~lornia 90265 

ABSTRACT 

The exper imenta l ly  de termined microstructure  of the directionally solidi- 
fied Ge-GaAs eutectic, studied for the first time, was characterized as an 
aligned ar ray  of GaAs rods in a Ge matrix.  Al ignment  occurred wi th in  facetted 
grains on the order of 100 ~m wide. Possible causes of the grain s tructure a r e  
discussed. Based on these findings, the growth characteristics and properties 
of several  new in situ semiconductor heterostructure materials (direct ionally 
solidified composites) conta in ing  group IV, III-V, and II -VI compounds w e r e  
evaluated. 

The potential  for producing semiconductor hetero- 
structures in a one-step process has been vir tual ly  
overlooked. Heterostructures are convent ional ly  grown 
layer  by layer. Yet, al igned in situ composites of metals 
and oxides have been produced by techniques such as 
directional solidification of eutectics (1-4), eutectoid 
decomposition (5), and directional decomposition of 
noncrysta l l ine  solid single phase materials (6). Al-  
though a l imited number  of directionally solidified 
composites containing semiconductors have been grown 
(7-11), semiconductor-semiconductor  composites con- 
ta ining group IV, III-V, and II-VI compounds have not 
been studied systematically. 

This investigation concerned new in situ semiconduc- 
tor composites with emphasis on the s tructure and 
properties of the in terna l  phase boundaries.  At tent ion 
was focused on the directional solidification of eutectics 
(12). The Ge-GaAs system was chosen for experi-  
menta l  s tudy because (i) the pseudobinary phase dia- 
gram has been shown to contain a eutectic (13-15) and 
(ii) the difference between the lattice parameters  of 
Ge and GaAs is very small  (~0.004A), providing an 
excellent lattice match at the phase boundaries.  

Apparatus and Procedures 
Mixtures of GaAs and Ge of the approximate eutec- 

tic composition (75 atomic percent Ge) were melted in 
1-cm-diam graphite crucibles contained in  evacuated 
quartz ampuls. The melt  height was about 2 cm. The 
solution was solidified directionally in a vertical  
Bridgman apparatus by lowering the ampul  through a 
heater at  a rate of about 2 mm hr-1.  Although the 
measured vertical temperature  gradient  in the furnace 
was about 25~ cm -1, the actual gradient  in the melt  
dur ing  solidification could have been much lower be- 
cause of the heat- level ing effect of the ampul. The in-  
gots were cut paral lel  and perpendicular  to the solidifi- 
cation direction and polished using Linde A and B. 

The electrical properties of bulk samples were deter-  
mined by Hall effect measurements.  Compositional 
analyses and compositional microprofiles were obtained 
by energy dispersive x - ray  analysis (EDAX Model 5- 
150), electron spectroscopy for chemical analysis 
(Perk in -Elmer  ESCA-SAM Model 550), and scanning 
Auger microscopy (Perk in-Elmer  SAM Model 590). 
Microstructures were determined by examinat ion with 

z Present address: Rockwell Intez'national, Thousand Oaks, CA 
91360. 

the optical microscope and the SEM (Cambridge 
Stereoscan Model 150). 

Results and Discussion 
A characteristic feature of the microstructure of the 

material  is facetted grains, as shown in Fig. 1. The 
grains were delineated by plasma (LFE-PDE 100 CF4- 
O2) and chemical lAB etch, Ref. (16)] etching. The 
grain size ranged from about 10 to 300 #m, and the 
larger grains were distr ibuted toward the end of the 
ingot that  was last to solidify. 

A regular  in t ragranu la r  s t ructure characterized by 
continuous bands of two a l ternat ing phases was re-  
vealed in several grains in unetched samples, as shown 
in Fig. 2. The phase of lower volume fraction occurred 
in 0.1-0.4 ~m wide bands with an average separation of 
about 1.3 ~m. The delineation of the structure appar-  
ent ly  resulted from preferent ial  polishing. The average 
concentrat ion of Ga, Ge, and As in the regions depicted 
in Fig. 2, as determined by EDAX measurements,  cor- 
responded to the original composition of the melt. 
ESCA studies confirmed the presence of Ga and As in 
compound form and of e lemental  Ge (see Table I).  The 

Fig. 1. SEM photomicrograph of chemically etched sample show- 
ing facetted grain structure. 
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Fig. 2. SEM photomicrograph of polished sample showing alternat- 
ing light and dark bands of GaAs and Ge, respectively. 

spatial relationship between the structures revealed by 
the SEM (Fig. 2) and the actual distr ibution of the 
compounds was studied by making SAM compositional 
profiles across the aligned structures. The results (Fig. 
3) showed that the Ge and GaAs phases did indeed 
al ternate along the surface of the sample. Examinat ion  
of regions depicted in Fig. 2 before and after chemical 
etching for 1 sec revealed that  the regular  s tructure 
extended cont inuously only wi th in  one grain;  the re la-  
tive orientat ion of the regular  s t ructure from grain to 
grain appeared to be random. 

The in t ragranu la r  s t ructure of most of the grains in 
t h e  plasma-etched samples was characteristic of a rod- 
matr ix  structure, where bundles of aligned rods in the 
different grains intersected the surface of the sample at 
random angles. The rods appeared to be aligned close 
to perpendicular  to the sample's surface in several 
grains, as shown in Fig. 4. The projections corresponded 
in  diameter  and spacing to the GaAs phase depicted in 
Fig. 2. 

The results above show that the Ge-GaAs eutectic 
can be grown with a regular  s tructure over regions on 
the order of 100 ~m wide. However, the question arises 
as to the cause of the facetted grains. This issue is d i s -  
cussed below in the light of prevai l ing theoretical 
models (18-25). 

Hunt  and Jackson (22) have treated the general 
problem of the microstructure of two-phase materials 
by extending Jackson's (26) original work describing 
single-phase materials in which he correlated the 
growth kinetics and morphology of the solid-l iquid 
interface with the ~-factor.~ They found the following 
three guidelines to be general ly consistent with experi-  
ment:  (i) eutectics in which nei ther  phase forms a 
facet (a < 2 for both phases) have regular  rod-mat r ix  
or lamel lar  structures;  (ii) eutectics in which both 
p h a s e s  form facets (a > 2 for both phases) have irreg- 

a = eAS/R where ~S/R is the dimensionless entropy of melt- 
ing and �9 is the ratio of nearest neighbor coordination in the 
plane of the growth front to that In the bulk. 

Table I. Summav 

COMPOSITE 

GaAs STAN DA R D 

Ge STANDARD 17 

' of ESCA analysis of Ge-GaAs composite 

BINDING ENERGY, eV 

Ga 3d 

18.8 

18.7 

As 3d 

40.8 

40,7 

Ge 3d 

28.9 

28.9 

7 Ilii]llliIlili JllilliIJilillilillllli]il ]li'iiJillilliili i 6 

5 Ge 

~: 4 
< 

~3 

~2 

9 
0 2 4 6 8 10 " 12 

DISTANCE, #m 

Fig. 3. Scanning Auger compositional microprofile taken across 
aligned structures depicted in Fig. 2. The experimental resolution 
was about 2000A. As a result, the electron beam was always inci- 
dent on some region of the Ge matrix. 

ular  structures; (iii) eutectics in which one forms a 
facet (a > 2) and the other does not (a < 2) have 
complex-regular  structures (regular structures ex- 
tending over small distances). 

The Ge-GaAs eutectic is a borderl ine case according 
to the criteria above (see Table II) .  This is because Ge 
and GaAs crystallize in the zincblende structure, which 
has possible values of e ranging from 0.5 to 0.75. The 
precise value depends on the crystal lography of the 
phase boundaries, which is unknown.  As a result, the 
a-factor for compounds with entropies of melt ing be-  
tween 2.7 and 4 are close to the critical value of 2. 2 

The facetted na ture  of the grains, taken with the 
regular  s tructure within each grain, indicates complex- 
regular  behavior overall. However, this assignment is 
not definitive for three reasons. First, although a 
crystallographic relationship is often observed between 
grains in a complex-regular  s t ructure (22), the or ien-  
tat ion of sets of rods from grain to grain in Ge-GaAs 
appears to be random. Second, the exper imental ly  
determined average rod spacing is an order of magni -  
tude smaller  than expected. Atoms rejected into the 

2 More detailed calculations of the single-phase c~-factors taking 
into account the effects of compound formation and solid-solid 
miscibility (25, 26) could not be made because the phase diagram 
is not known in sufficient detail to obtain the necessary thermody- 
namic parameters. 

Fig. 4. SEM photomicrograph of plasma-etched sample indicative 
of a rod-matrix structure. 60 ~ tilt. 
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Table II. Survey of in situ semiconductor heterostructure materials 

861 

ENTROPY OF MICROSTRUCTURE MICROSTRUCTURE DIFFERENCE IN DIFFERENCE IN RESISTIVITY 
COMPOSITE MELTING BASED ON BASED ON BANOGAP REFRACTIVE INDEX RATIO 
MATERIALS (CAL g-ATOM -1 K -1) a-FACTOR a VOLUME FRICTION b l E1-E2J (eV)c I nl-n21 REFERENCES 

PHASE 1 PHASE 2 PHASE 1 PHASE 2 

R, C, B, I Ge GaAs 

Si GaAs 

Si GaP 

Si Ga AlAs d 

Be GaAIAs d 

Ge lnSb e 

GaAs CrAs f 

InP CrP f 

Ge ZnGeP 2 

CdTe InAs 

CdTe GaAs 

ZnTe GaSh 

3.3 3.5 

3.5 3.5 

3.5 

3.5 

3.3 

33 3.0 

3.5 

3.3 

2.0 3.3 

2.0 3.7 

2.2 3.7 

R, C,_B 

R(Z) 

L 

L 

R(1) 

R(2) 

R(2) 

a(2) 

L 

R(1) 

R(1) 

0.78 (tD) 

0.32 (ID) 

1.15(0) 

0.47 (tQ) 

1.6g (it) 

1.14 (DO) 

0.S0 (DO) 

1.50 (DO) 

0.7 

0.1 

0.2 

0.Z 

0.7 

1.0 

0.7 

> 106 

> 103 

13-15, 34, 35 

15, 34, 36-39 

36 

39 

35 

35, 40-47 

34 

34 

35, 53 

42, 43, 54, 55 

43-46, 55, 56 

43-46, 56, 57 

a. R-REGULAR, C-COMPLEX REGULAR, B-BROKEN REGULAR, I-IRREGULAR. THE SYMBOL OF MOST LIKELY MICROSTRUCTURE(s) 
IS UNDERLINED. 

b. L-LAMELLAR, R-ROD/MATRIX, ROD PHASE INDICATED BY NUMBER. 

c. t AND 0 ]NDICATE INDIRECT OR DIRECT BANOOAP OF PHASES 1 AND 2, RESPECTIVELY. 

d. EXPECTED TO FORM OVER SOME RANGE OF LIQUID COMPOSITIONS BUT PHASE DIAGRAM INFORMATION IS NOT AVAILABLE, 

e. MAY NOT BE A TRUE QUASI-BINARY. 

f. ALTHOUGH CrAs AND CrP O0 NOT FALL IN THE GENERAL SEMICONDUCTOR GROUPS CONSIDERED IN THIS PAPER, THESE 
COMPOSITES ARE OF INTEREST. 

melt  at the growth interface ahead of one phase diffuse 
lateral ly and incorporate with the adjoining phase. The 
size and spacing of the microstructural  features there-  
fore decrease as the growth rate increases and the 
diffusion coefficients decrease. For comparison, the 
lamel lar  spacing of P b - S n  (1) solidified at a rate cor- 
responding to the present  experiments  was about 7 ~m. 
Because the diffusion coefficients of Ga, Ge, and As are 
higher than Pb and Sn under  the respective growth 
conditions (29, 30), rod spacings of at least 10 ~m were 
anticipated for the Ge-GaAs system. Third, the grada- 
tion of the grain size along the ingots is inconsistent 
with a constant  solidification rate. 

One explanat ion consistent with these observations is 
that, in the present  experiments,  solidification occurred 
rapidly and uncont ro l lably  from an undercooled melt. 
This s i tuat ion was possible because the melts were not 
seeded. Solidification under  these conditions could 
account for the facetted grain structure. 

Fur ther  evaluat ion of the microstructure showed 
that, from a consideration of the surface energy of the 
phase boundaries  (23), a rod-mat r ix  s tructure is fav- 
ored over a Iamellar  s t ructure  when  the volume frac- 
tion of one phase is less than 1/=. On this basis, the 
direct ionally solidified Ge-GaAs eutectic would be pre-  
dicted to have a microstructure of GaAs rods in a Ge 
matr ix  (see Table II) ,  which is in agreement  with the 
present  exper imental  results. A lamel lar  s t ructure 
should be possible by adjust ing the melt  composition 
off the eutectic (1). 

Hall  measurements  indicated that  the Ge-GaAs com- 
posite is p- type with a free carrier concentrat ion 
greater than 8 • 1019 cm -8. The degenerate doping be- 
havior probably  results from mutua l  doping: Ge is an 
acceptor in GaAs; Ga, an acceptor in Ge with a dis- 
t r ibut ion coefficient of about 0.1, is incorporated at a 
higher concentrat ion than As, a donor with a dis t r ibu-  
tion coefficient of 0.02. 

Because our analysis of the directionally solidified 
Ge-GaAs eutectic showed that a regular  s t ructure  was 
possible, a survey was conducted to find other potential  

in  s i tu  semiconductor heterostructure materials. Sev- 
eral pseudobinary phase diagrams of group IV, III-V, 
and II -VI materials have a eutectic, as shown in  Table 
II. The microstructures predicted on the basis of vol- 
ume fraction and single phase ~-factor criteria are 
indicated. The properties of the composites were evalu-  
ated by comparing the relat ive properties of each 
phase: The application of heterostructures general ly  
depends on the proper ty  variat ions across the hetero- 
interface. The refractive index, optical bandgap, and 
electrical resist ivity were compared for i l lustrat ion 
(see Table II) .  The properties of the individual  phases 
were used for comparison, and the effects of mutua l  
doping could not be assessed quant i ta t ively  in the ab-  
sence of detailed phase diagrams. The property differ- 
ence, or property ratio, varied widely from composite 
to composite. Further,  in the case of the GaAs-CrAs 
and InP-CrP  composites, a high resistance ratio is 
anticipated because Cr, as a deep acceptor, would cause 
semi- insula t ing  behavior  in  these compounds (32, 33). 

Summary and Conclusions 
This invest igat ion shows that  a two-phase, aligned 

a r ray  of Ge and GaAs can be produced by directional 
solidification. Al ignment  was observed to extend in 
grains over distances of up to 300 ~m. We concluded 
that  the small  size of the microstructural  features 
wi thin  the grains and the formation of the grains 
themselves could have resulted from rapid and un-  
controlled solidification from a supersaturated melt. 
Future  work with Ge-GaAs will include seeded growth 
experiments  to prevent  supersaturat ion and to deter-  
mine whether  or not rod a l ignment  can be promoted 
over greater distances. An evaluat ion of potential  
in s i tu  heterostructure materials containing group IV, 
III-V, and II -VI compounds indicates that regular  
structures could be achieved in  m a n y  cases because the 
~-factors are similar  to that  of Ge and GaAs. Mutual  
doping was identified as a fundamenta l  l imitat ion to the 
control of the electrical and optical properties of some 
of these materials.  
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ABSTRACT 

Two different metal l izat ion schemes, A u G e / P t / A u  and S n / A g / N i  have 
been used to fabricate ohmic contacts to l ightly doped n- type  AlzGal-~-  
A s ~ S b l l  (x ~- 0.3, y ,~ 0.01). The electrical characteristics of each have been 
studied and the meta l lurgy  has been examined using Auger  electron spectros- 
copy (AES) sput ter  analysis. The results show that the A u G e / P t / A u  system 
is undesirable  owing to the rapid diffusion of Au and Ge into the A1GaAsSb, 
even at very  low temperatures  (275~176 The Sn /Ag /Ni  system, however, 
forms a satisfactory ohmic contact and all of the consti tuents remain  in a very 
shal low region near  the semiconductor surface. The lowest specific contact 
resistance for this system is 1.3 • 10 -3 ~ - e m  2 obtained at an alloy tempera-  
ture of ~425~ 

The qua te rnary  alloy A1GaAsSb is an impor tant  ma-  
terial  for the fabricat ion of optoelectronic devices. To 
date, lasers (1), detectors (2), and solar cells (3) 
have been fabricated using A1GaAsSb. More recently, 
the observat ion of charge transfer (4) in  this mater ia l  
has s t imulated work on the fabricat ion of a hetero- 
junct ion  CCD imager  to respond in  the 1-2 ~m spectral 
region. Ohmic contacts are an impor tant  component  of 
all of the above listed devices. In  order to optimize the 
device performance,  it  is necessary to fabricate con- 
tacts with the lowest possible contact resistance. The 
formation of ohmic contacts to a CCD channel  layer 
is par t icular ly  difficult because of the doping and layer 
thickness requirements  necessary for opt imum per-  
formance. Typical ly ~T D - -  ]V A ~ ,  1-3 • 1016 cm -~ and 
d -~ 1.0 ~m. The consti tuents of the contact must  form 
a shallow, heavily doped region. The use of a rapidly 
diffusing element  may  result  in the formation of ohmic 
contacts; however, the I-V characteristics of the under -  
lying p - n  heterojunct ion will be degraded. 

Ohmic contacts to p- and n - type  AIGaAsSb are usu-  
ally formed with Ag-Mn (I, 3) and Au (3), respec- 
tively. The contacts are made to relat ively thick (>  2 
~m, typically) layers of heavily doped material .  The 
fabrication of an ohmic contact to a thin, l ightly 
doped n- type  layer  using Au has been at tempted wi th-  
out success. Two new metallizations, A u G e / P t / A u  and 
Sn/Ag/Ni ,  have been used to form ohmic contacts to 
AIGaAsSb. The diffusion of the various elements into 
the epilayer after alloying has been measured using 
AES and  the electrical characteristics have been ex-  
amined. 

Experimental Procedure and Results 
AlxGal-xAsySbl-~ (x ~ 0~, y ,~ 0.01) layers were 

grown on n + and p+ GaSb substrates by LPE using a 
sl ider boat  apparatus  (5). The ini t ia l  growth temper-  
a ture  was 500~ and the cooling rate was 1.5~ 
Te was used as the dopant. Differential C-V analysis 
was used to determine the doping and layer  thickness. 
For all samples used in  these experiments,  ND -- NA 
2-5 • 1016 cm - s  and d ~ 0.5-1.0 ~m. Standard  photo- 
l i thographic techniques were used to define an ar ray  
of dots on each wafer. The contact metals were de- 
posited by E-beam evaporation at a pressure of 1-2 • 
10 -6 Torr. Pr ior  to deposition, the regions to be con- 
tacted were cleaned with solvents and etched with 10:1 
D I : H F  for 30 sec. After  deposition the samples were 
alloyed in  pal ladium-purif ied flowing H2. 

AuGe/Pt /Au Contacts 
The A u G e / P t / A u  metal l izat ion consists of 2000A 

AuGe (88% : 12%), 150A Pt, and 1000A Au evaporated 
sequentially.  Previous at tempts to fabricate ohmic con- 

Key words:  metallization, AES, semiconductor .  

facts to A1GaAsSb/GaSb n / p  + heterojunct ions using 
this system have indicated that for alloy temperatures  
greater than 330~ the under ly ing  heterojunct ion was 
no longer rectifying (6). The sample was, therefore, 
alloyed at 275~ for 2 rain. The I -V characteristics be- 
tween contact dots were measured using a curve tracer 
and found to be extremely nonlinear ,  as shown in Fig. 
1. A subsequent  hea t - t r ea tment  at 300~ for 2 min  re-  
sulted in  no significant improvement.  The nonl inear i ty  
of the I -V characteristics prevented a meaningfu l  de-  
te rminat ion  of the contact resistance. 

In  order to unders tand  the nonl inear  effects ob- 
served, the metallized regions were analyzed using 
AES sputter  profiling to determine the depth of pene-  
t ra t ion of the contact consti tuents into the epitaxial 
layer. The sput ter ing rate used was - - I  A/sec. The 
results of the analysis are shown in Fig. 2 where the 
Auger  signal ampli tude is plotted as a function of 
sputter ing time. The A1 peak defines the location of the 
epitaxial layer. A relat ively high concentrat ion of Ga 
is found at the surface. This behavior  is characteristic 
of Au-based ohmic contacts on GaAs (7). The low 
concentrat ion of Sb at the surface and its movement  
from the epilayer toward the surface indicates that  a 
significant amount  of Sb evolves from the surface dur-  
ing alloying. A similar  effect is observed dur ing Zn 
diffusion into GaSb (8). Both Au and Ge are present  
throughout  the epitaxial layer  and Au is found in the 
substrate as well. The Pt was contained in a region 

Fig. 1. I-V characteristics of AuGe/Pt/Au metallization after 
275~ alloy. Vert. scale: 1 mA/div., horiz, scale: 0.5 V/div. 
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Fig. 2. Depth composition profile for AuGe/Pt/Au metallization 
determined by AES. 

be tween  0 and 4000 sec and has been omit ted  f rom Fig. 
2 to preserve  clari ty.  

The la rge  Au  and Ge signals located in the range  
of 3000-5000 sec, where  a min imum in the Sb signal is 
located, p rovide  a possible explana t ion  for the ob-  
served behavior .  At  a l loy t empera tu res  below the 
AuGe eutectic t empe ra tu r e  ( T e u t  = 356~ significant 
movement  of the  const i tuents  is not expected (7). 
However ,  if a large  concentra t ion of vacancies exist,  
genera ted  by  the movement  of Sb towards  the surface, 
then in te rs t i t i a l - subs t i tu t iona l  diffusion due to the 
a tom size of Au and Ge is possible. The I -V data  shown 
in Fig. 1 are  character is t ic  of field emission tunnel ing 
(9), indica t ing  tha t  the  incorpora t ion  of Ge into the  
ma te r i a l  has produced  a heavi ly  doped region to which 
the A u / G a  surface layer  makes  contact. 

S n / A g / N i  Contacts 
Ohmic contacts  were  fo~med by  sequent ia l ly  evap-  

ora t ing  100A Sn/200A Ag/500A Ni. The sample  was 
c leaved into nine pieces and each piece was a l loyed 
for 5 min. An  a l loy t empera tu re  range of 275~176 
was inves t iga ted  in 25~ increments .  The I -V charac-  
ter is t ics  be tween  dots wi th  va ry ing  cen te r - to -cen te r  
spacings were  examined  on a curve tracer.  Samples  
that  were  a l loyed at  ~350~ had nonl inear  I -V char -  
acterist ics  and the resis tance uni formi ty  was ve ry  poor. 
For  al loy t empera tu res  ~375~ the un i fo rmi ty  and 
l inea r i ty  improved  signif icantly wi th  the best  resul ts  
in the 400~176 range. A typical  I -V character is t ic  
of S n / A g / N i  contacts  a l loyed a t  425~ is shown in Fig. 
3. The to ta l  resis tance measured  be tween  the contacts 
is independent  of contact  separa t ion  indicat ing tha t  the 
resistance of the contact  dominates  the measurement .  
Specific contact  resistance was calcula ted using the 
express ion Rc -- (RT/2)A, where  RT is the to ta l  mea -  
sured resis tance be tween  the contacts  and A is the con- 
tact  a rea  (10). The m i n i m u m  Ro was obta ined  for an 
al loy t empera tu re  of 425~ At  this tempera ture ,  Re 
1.3 X 10 -3 ~ - c m  2. 

The resul ts  of the AES analysis  of the contacts a l -  
loyed at  375 ~ and 475~ a re  shown in Fig. 4(a)  and 
(b) ,  respect ively.  I t  is impor t an t  to note that  the spu t -  
ter ing t imes are  10• less than  in Fig. 2. At  375~ Ag 
remains  local ized in a reg ion  ve ry  near  the  surface of 
the  semiconductor.  Only a smal l  amount  of Sn has 
pene t ra ted  into the  mater ia l .  The re la t ive  posit ions of 
the Ag and Sn peaks  indicate  tha t  at  this t empera tu re  
Sn is moving into the Ni cap layer .  Al loy ing  at  475~ 
produces a somewhat  b roader  in terface  region; how-  
ever, re la t ive  locations of Ag  and Sn and the depth  
of pene t ra t ion  of each into the semiconductor  is es-  
sent ia l ly  unchanged.  An  Ni cap was or ig ina l ly  chosen 

Fig. 3. I-V characteristics of Sn/Ag/Ni metaUizatlon after 425~ 
allay. Vert. scale" 20 mA/div., horiz, sea(e: 0.5 V/div. 

to p reven t  the contact  meta ls  f rom bal l ing up for T > 
229~ (eutect ic  t empe ra tu r e  of Ag-Sn) .  As shown in 
Fig. 4(a)  and (b) ,  it  effect ively stops the outdiffusion 
of Ga and Sb f rom the semiconductor .  Very  few va -  
cancy sites a re  therefore  ava i lab le  for  the  dopant  
atoms to occupy; consequent ly  the contact  resistance 
of this system is r e la t ive ly  high. 

Discussion 
As descr ibed by  Rideout,  a heav i ly  doped region of 

semiconductor  next  to the deposi ted meta l  is necessary 
to form low resis tance ohmic contacts  (9). The heavy  
doping in the semiconductor  al lows tunnel ing to occur 
through the th in  potent ia l  ba r r i e r  which exists at  the 
meta l - semiconduc tor  interface.  Forma t ion  of a low 
resistance contact  to l igh t ly  doped ma te r i a l  then p re -  
sents a problem.  One possible solut ion is to deposit  a 
eutectic m e t a l ( s )  which has a dopant  as one of its con- 
st i tuents.  Dur ing  the subsequent  a l loying process, the  
const i tuent  which acts as the  dopant  diffuses into the 
semiconductor,  thus a l lowing a select ive ohmic contact  
to be formed whi le  preserv ing  the l ight ly  doped mate -  
r ia l  elsewhere.  

Appl ica t ion  of this technique to the qua te rna ry  
A1GaAsSb requires  special  considerat ions.  Owing to the 
low growth  t empera tu re  (400~176 of  A1GaAsSb 
and hence lower  bond strength,  i t  is necessary to use 
al loys wi th  low eutectic tempera tures .  Both AuGe  and 
AgSn form low t empera tu r e  eutectics;  however ,  Ge is 
known  to be a p - t y p e  dopant  in solut ion grown A1GaSb 
(11) and A1GaAsSb (12), whi le  Sn can be  used to g row 
ei ther  p -  or n - t ype  GaSb (13). 

In  o rder  to form an n - t y p e  contact, outdiffusion of 
Sb from the semiconductor  must  be prevented.  This 
is not the case for the A u G e / P t / A u  contact, where  
the  outdiffusion of Sb th rough  the  P t  ba r r i e r  and the 
indiffusion of Au and Ge resul t  in a p - t y p e  region. In  
the case of the S n / A g / N i  contact,  severe  Sb outdiffu-  
sion is prevented.  The net  effect is to create  an n + - type  
region at  the  meta l - semiconduc tor  interface.  Since Sn 
is an amphoter ic  dopant  (13) and a la rge  Ga vacancy  
concentra t ion is not  r ead i ly  avai lable ,  a ve ry  heav i ly  
doped region cannot  be formed.  Therefore,  the contact  
resistance is r a the r  large.  

Conclusions 
In  conclusion, i t  has been shown tha t  S n / A g / N i  

ohmic contacts can be formed to l igh t ly  doped (ND --  
NA ~ 10 TM cm -3) n - t y p e  AlxGa l -xAs~Sb l -y  ~x ,~ 0.3, 
y ,~ 0.01) ep i tax ia l  layers .  Control  of the  column I I I  
and V vacancies must  be ma in ta ined  in o rder  to a l low 
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Fig. 4. Depth composition profile for Sn/Ag/Ni metallization determined by AES. The data for all elements is • 1. AI data has been de- 
leted for clarity. (a, left) 375~ alloy for 5 min; (b, right) 475~ alloy for 5 min. 

the desired substitution of the amphoteric doping such 
as Sn to occur in the proper vacancy. This can be 
achieved with the proper eutectic metals and alloying 
conditions, allowing either p- or n-type contacts to 
be made to A1GaAsSb. 
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Reduction of Defects in Ion Implanted 
Bipolar Transistors by Argon Back Side Damage 

James A. Topich* 
Tektronix, Incorporated, Beaverton, Oregon 97077 

ABSTRACT 

The effectiveness of argon backside  implan ts  on the reduct ion  of defects  in 
an imp lan ted  b ipo la r  process has been invest igated.  Inser t ion  of an argon  
backside  imp lan t  at  two places in the  processing sequence has been  found to 
be beneficial. A backside  implan t  before  in i t ia l  oxidat ion  of the wafers  wi l l  
minimize  the dens i ty  of ep i tax ia l  defects for  both  arsenic diffused or  im-  
p lan ted  bur ied  layers.  For  di t tused bur ied  layers ,  the backside  damage  offers 
on ly  m i n i m u m  improvemen t  in y ie ld  because of the  ge t te r ing  act ion of the 
diffused arsenic itself. For  imp lan ted  bur ied  layers ,  the  backside  d a m a g e  
al lows for h igher  arsenic doses and shor ter  HC1 e t ch -back  pr io r  to epi  growth,  
resu l t ing  in lower  sheet  res is tance whi le  st i l l  ma in ta in ing  accep tab ly  low 
defect  levels. Corre la t ion  of e lect r ica l  pa rame te r s  and  c rys ta l  defects showed 
that  smal l  defects in the emit ter ,  p robab ly  dislocations genera ted  by  the im-  
p lan ted  emi t t e r  process are  responsible  for  "piped" t ransis tors ,  l eaky  b a s e  
emi t t e r  junctions,  and  poor low cur ren t  beta. An argon backside  implan t  
jus t  p r io r  to emi t t e r  processing wil l  reduce the  dens i ty  of these smal l  defects 
and  improve  device yield.  

The reduct ion of emi t te r -co l lec to r  shorts  in b ipo la r  
in tegra ted  circui t  processing is of cr i t ical  impor tance  
as chip densit ies  and circui t  complex i ty  increase.  The 
shorts  or  "pipes" are  caused by  a number  of process ing-  
induced defects, among them epi tax ia l  defects, ox ida -  
t ion induced s tacking  faults,  slip lines, and  dislocations 
(1). I t  is a we l l -es tab l i shed  fact  tha t  backside  damage  
due to ion implan ta t ion  wil l  ge t ter  metal l ics  (2, 3) 
and tha t  both  MOS and b ipo la r  c i rcui t  y ie ld  (4, 5) is 
improved  by  the inclusion of such a step in the p ro -  
cessing sequence. The work  repor ted  here  focuses on 
(i) the effect of argon backside implan ts  on the re -  
duction of epi defects for  both  arsenic diffused and 
arsenic implan ted  bur ied  layers  and (ii) the use of a 
p r e - e m i t t e r  argon backside implan t  for  improving  
device yield.  

Experimental 
The test  vehicle  was a cur ren t  product ion process 

for  high f requency  b ipolar  in t eg ra ted  circuits.  The 
s tar t ing ma te r i a l  was commerc ia l ly  obta ined  2 in. 
silicon wafers,  Czochralski  grown, 10-50 ~ - c m  res is -  
t ivity,  boron doped, wi th  (111) surface orientat ion.  
The oxygen content  of the  wafers  was not  specified and 
the back  surface was chem-mechanica l  polished. The 
nominal  epi l aye r  thickness which was grown over  
e i ther  the diffused or  implan ted  bur ied  layers  was 3 
microns. The active base and emi t t e r  were  imp lan ted  
using boron and arsenic, respect ively.  Resul t ing junc-  
t ion depths are  app rox ima te ly  0.2 microns for the 
base -emi t t e r  junct ion  and 0.3 microns for  the base-  
collector  junction.  Max imum fW for the  devices is in 
the range  of 6-7 GHz. 

In o rder  to s tudy the effects of the  backside  argon 
implants ,  the wafers  were  pu l led  f rom the normal  
processing sequence at  various steps, s t r ipped  of a l l  
oxide and Wr igh t  e tched (6) to del ineate  c rys ta l  de -  
fects. Some of the wafers  were  e lec t r ica l ly  probed  
af ter  the contact  openings were  cut, and m a p p e d  for 
"piped" devices, l eaky  base-emi t te rs ,  and poor  low 
current  beta. These wafers  were  subsequent ly  Wright  
etched and observed defects cor re la ted  wi th  e lect r ica l  
measurements .  

No a t t empt  was made  to opt imize or improve  the 
overa l l  y ie ld  by  vary ing  any  of the  processing p a r a m -  
eters  o ther  than  the inser t ion of the backside argon 

* Electrochemical Society Active Member. 
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implan t  at  var ious  stages in the  fabr ica t ion  sequence .  
The only exceptions to this were  the implan t  dose and 
energy for  the implan ted  bur ied  layer ,  and the tIC1 
e tch-back  in the subsequent  ep i t ax ia l  g rowth  step. 
These changes, however,  were  made  in o rder  to see  
how far  the implan ted  bur ied  l aye r  process could be 
pushed to reduce the resul t ing sheet  resis tance whi le  
main ta in ing  an accep tab ly  low defect  density.  

Results and Discussion 
Buried layer and EPI gettering.--For the diffused 

bur ied  l aye r  process, a significant reduct ion in overa l l  
defect  dens i ty  af ter  epi g rowth  resul ted  f rom a backside 
argon implan t  when the imp lan t  was done before  ini t ia l  
oxidation.  F igure  1 shows a compar ison of two wafers  
processed ident ica l ly  except  tha t  wafer  (b) was im-  
p lan ted  on the backside  wi th  argon at  a dose of 1 X 
10 TM cm -2 and an energy  of 190 keV. Defect  reduct ion 
for wafer  (b) however ,  is p r i m a r i l y  in the field region 
and not  over  the bur ied  layer  regions where  the act ive 
devices wi l l  be subsequent ly  fabr icated.  The lack  of 
defects in the bur ied  l aye r  regions for  both  wafers  (a) 
and (b) can be a t t r ibu ted  to the ge t te r ing  effect of high 
arsenic concentra t ion diffusion which  annihi la tes  the 
smal l  s tacking faul ts  fo rmed dur ing  the in i t ia l  silicon 
oxidat ion (7). These s tacking faults,  which show up 
as smal l  saucer  or S-p i t s  when p re fe ren t i a l ly  etched, 
act as nucleat ion sites for defects in the ep i tax ia l  layer .  
With the backside argon implant ,  epi defects a re  also 
e l iminated  in the  field region due to dislocation ne t -  
works genera ted  in the backside  by  the implan ta t ion  
process. These dislocations ge t te r  metal l ics  (8) which 
can prec ip i ta te  and  form the  prev ious ly  ment ioned  
S-pits .  The TEM photo in Fig. 2 shows the in te r fe rence  
fringes of one of these smal l  s tacking faults  and resu l t -  
ing s t ra in  contras t  due to the  precipi ta tes .  

Dur ing  the ini t ia l  ge t ter ing  studies, r a the r  high doses 
and energies were  used for the backside  implant .  F u r -  
ther  tests showed tha t  these pa rame te r s  could be re -  
duced  subs tan t ia l ly  whi le  not only  main ta in ing  but  
improving  get ter ing  efficiency. The s tacking faul t  den-  
s i ty a f te r  epi g rowth  as a function of argon dose i m -  
p lan ted  at  100 keV is shown in Fig. 3. The t rans i t ion  
around a dose of 2 • 1014 cm -2 coincides qui te  closely 
wi th  the argon dose needed to produce  an amorphous  
l aye r  in silicon. The decrease in ge t te r ing  efficiency 
at  the h igher  doses is be l ieved to be due to prec ip i ta t ion  
of the imp lan ted  species a round  the dislocations,  thus 
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Fig. 1. Defect reduction for diffused buried layers (a, top) with- 
out backside damage, (h, bottom) with backside damage. 

reducing thei r  effectiveness in ge t te r ing  metal l ics  (8). 
A dose of 5 • 1014 cm -2 at  100 keV is sufficient for p ro -  
ducing the des i red  ge t te r ing  effect. Since most  of the  
expe r imen ta l  runs  were  s t a r t ed  before  the  m i n i m u m  
argon dose and energy  were  de termined,  the  resul ts  
p resented  here  are  for  h igher  doses and energies.  

Fig. 2. TEM photo of small stacking fault formed during initial 
oxidation. 
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Rg. 3. Stacking fault density after epi growth as a function of 
argon backside dose. 

For  arsenic implan ted  bur i ed  layers  the defect  p r o b -  
lem is of a different  na tu re  than  tha t  of diffused bur ied  
layers.  If  dr ive  cycles a f te r  a bur ied  l aye r  imp lan t  and 
HC1 e tch-back  pr ior  to epi  g rowth  are  not  optimized,  a 
large  number  of defects can be  genera ted  over  the  
bur ied  l aye r  regions. These defects,  d i rec t ly  in the  ac-  
t ive device areas, a re  e x t r e m e l y  de t r imen ta l  to device 
per formance  and circui t  yield.  

Approp r i a t e  d r ive  cycles for  the  imp lan t ed  bur i ed  
l aye r  and epi  g rowth  condit ions have  been r epor t ed  
prev ious ly  (9) and are  on ly  brief ly out l ined  below. 
Af te r  a bu r i ed  layer  implan t  of 5.5 • 10 ~5 arsenic  ions 
pe r  cm2 a t  ~3 keV, a two-s t ep  annea l  is used. The first 
is a 600~ soak in d r y  oxygen  for  1 hr. This is above the 
recrys ta l l iza t ion  t empera tu re  for  sil icon (550~ and 
allows for the so l id-s ta te  ep i tax ia l  r eg rowth  of the 
amorphous  layer .  The second is a 30 rain r amp  from 
1100 ~ to 1250~ a 1 h r  soak at  1250~ and slow r amp  
back to l l00~ This process serves  to fu l ly  act ivate  and 
dr ive  in the  imp lan ted  arsenic ions as wel l  as removing  
res idual  defects remain ing  af te r  the low t empera tu r e  
anneal.  This anneal ing  cycle is also done in a d ry  oxy -  
gen ambient .  A recent  pape r  (10) r epor t ed  tha t  a low 
defect  dens i ty  could not  be obta ined  for  arsenic  i m -  
p lan ted  bur ied  layers  if the d r ive - in  is done in an am-  
b ient  containing more  than  10% oxygen.  The anneals  
used in this work  were  conducted in 100% oxygen  and  
essent ia l ly  defec t - f ree  bu r i ed  layers  were  obtained.  

The dep th  of silicon r emoved  b y  the HC1 e t ch -back  
pr io r  to epi g rowth  was also found to be cr i t ical  for  
obtaining low defect  densit ies.  I t  was de te rmined  ex -  
pe r imen ta l l y  that  app rox ima te ly  0.4 microns of si l icon 
had to be etched away  in o rde r  to achieve an acceptable  
low defect  dens i ty  in the epi  layer .  

The above-men t ioned  processing can be used to ob-  
tain epi  layers  wi th  low defect  densi t ies  even wi thout  
the use of an argon backside  implant .  With  the implan t  
however,  some processing constraints  can be r e l axed  
resul t ing  in lower  sheet  resis tance for  the bu r i ed  l aye r  
whi le  st i l l  ma in ta in ing  at  low defect  density.  F igu re  4 
shows photomicrographs  of two wafers,  one wi th  a 
backs ide  implan t  and  one without .  The bur i ed  l a y e r  
implan t  and  epi pa rame te r s  were  not  op t imized  for  
these samples  in order  to demons t ra te  defect  reduct ion  
achieved wi th  a backside  argon implant .  A significant 
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Fig. 4. Defect reduction for implanted buried layers (a, top) 
without backside damage (b, bottom) with backside damage. 

improvemen t  is ev ident  wi th  the backside implant ,  but  
i t  does not  comple te ly  e l iminate  defects. F igure  5 
shows defect  densit ies observed af te r  epi growth for 
various arsenic bur ied  l aye r  dose -energy  products  
using opt imized anneal  and epi processing pa ramete r s  
and an argon backside implan t  of 1 • 10 TM at 190 keV 
before ini t ia l  oxidation.  A reasonable  corre la t ion is 
shown be tween  the bur ied  l aye r  dose -energy  p rod -  

uct  and the defect  density. Fo r  comparison,  a bur ied  
layer  implan t  wi th  a dose energy product  of 400 • 10 TM 

keV-cm -2  (50 keV • 8 • 1015 cm -2) and wi thout  the 
backside implan t  had a defect  of over  1600 cm -2  which 
is wel l  off the  figure. The imp lan t  pa ramete r s  used in 
the  product ion process ment ioned  prev ious ly  give a 
dose-energy  product  of 275 • 1015 keV-cm -2, resu l t -  
ing in a defect densi ty  on the o rde r  of i00 per  cm 2. 

The use of a backside  argon implan t  also permits  a 
decrease in HCI e tch-back  pr ior  to epi g rowth  whi le  
st i l l  main ta in ing  an accep tab ly  low defect  density.  
F igure  6 shows da ta  f rom a n u m b e r  of tests where  
pa ramete r s  such as HCI flow rate,  e t ch -back  time, and 
bur ied  l aye r  implan t  dose were  varied.  The two lines 
were  fitted to da ta  points  from samples  which  received 
a backside  argon implant ,  bu t  were  subjec ted  to d i f f e r -  
ent  HC1 e tch-back  conditions. The 0.1 mic ron /min  etch 
ra te  is used in our  lab for arsenic diffused bur i ed  
layers  while  the 0.4 mic ron /min  etch ra te  is used 
for arsenic implan ted  bur ied  layers.  A 1 rain etch 
t ime is typ ica l ly  used, bu t  in these tests t imes of 20, 
40, and 60 sec were  used. Fo r  a given implan t  dose 
there  were  only smal l  var ia t ions  in defect  densi -  
t ies for the three  different  etch t imes at  each etch 
rate.  These ~ar ia t ions  did not  a lways  corre la te  wi th  
the etch time, thus for the  sake of c la r i ty  only  the two 
solid lines corresponding to the da ta  a re  shown wi th -  
out  the da ta  points. I t  can be said however ,  that  an HCI 
e tch-back  which removes  app rox ima te ly  0.13 microns 
of silicon is sufficient for implan t  doses up to 7 • 1015 
cm -2 on wafers  which have prev ious ly  had a back -  
side argon implant ,  a s imi lar  set of HCI e tch-back  
tests were  conducted using the same bur ied  l aye r  im-  
p lan t  doses bu t  wi thout  the  backside  implant .  Results  
f rom these tests are  shown as the da ta  points  in Fig. 6. 
Again, there  was no corre la t ion be tween  the etch t ime 
used and the observed defect  densit ies,  but  the  data 
spread  was almost  three  orders  of magni tude.  I t  is ob-  
vious tha t  wi thout  the argon backside  implan t  the  de-  
fect densi ty  is quite unpredic table .  Some samples m a y  
have a ve ry  low defect  dens i ty  whi le  others  which  
underwent  s imi lar  processing have  unaccep tab ly  high 
defect  densities. 

The curves in Fig. 7 show the in te r re la t ionsh ip  be -  
tween  the arsenic  implan t  dose, HCI e tch-back  t ime 
(at an etch ra te  of 0.4 microns per  minu te ) ,  and  re -  
sul t ing bur ied  layer  sheet  resis tance pr io r  to epi 
growth. F ina l  sheet  resis tance is smal le r  than  the p r e -  
epi value due to increases in ca r r i e r  mobi l i ty  as the  
arsenic concentrat ion per  uni t  volume decreases due to 
diffusion. For  the implan ted  bur ied  l aye r  process as 
or ig ina l ly  developed, a dose of 5.5 • 1015 cm -2 and an 
HC1 e tch-back  of 60 sec were  used. This gives a sheet  
resistance of app rox ima te ly  18 ~ / squa re .  Wi th  the  
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argon backside implant, the buried layer  dose could 
be increased to 7 • 1015 cm-~ and the HCI etch-back 
time decreased to 20 sec, with a subsequent drop in the 
buried layer sheet resistance to 12 ~ per square. Lower 
sheet resistance can be used to improve the high fre-  
quency performance of the resulting transistors. 

When an argon backside implant  was incorporated 
into the complete bipolar processing sequence using 
either diffused or implanted buried layers, no signifi- 
cant yield improvement or change in yield distribution 
was observed and the percentage of test transistors 
with emitter-collector shorts remained essentially the 
same. Such results were not unexpected since the dif- 
fused buried layer acts as a getterer  itself, almost com- 
pletely eliminating epi defects in the active regions. 
The argon backside implant serves only to reduce the 
defect density in the field regions away from the active 
devices as was shown in Fig. 1. The implanted buried 
layer  process conditions (anneal, drive-in, and epi) 
had already been optimized for low defect levels (9), 
thus the argon backside implant  was not expected to 
offer significant improvement. 

Base and emitter gettering.--Poponiak, Nagasaki, and 
Yen (5) showed that an argon backside implant before 
emitted processing significantly reduced the number 
of "piped" devices. Because of that  work a number of 
gettering techniques were incorporated into the bipolar 
process previously mentioned, and the resulting de- 
fects were studied at various stages of the processing 
sequence. The gettering techniques employed were 
backside argon implants (i) before initial oxidation, 
(ii) before base processing, or (iii) before emitter  
processing and phosphorus backside diffusion. Also 
included for comparison were wafers where no in- 
tentional gettering was used. (Phosphorus backside 
diffusion was done during deep collector processing 
early in the fabrication sequence and is not as effective 
as that done during a phosphorus emitter  diffusion 
because of the many high temperatures processes still 
to be performed in which defects can be generated 
and impurities introduced.) 

When samples were stripped of all oxide and Wright 
etched after emitter processing was completed, two 
types of defects were observed. One was large epi 
stacking faults which occurred pr imari ly  in the field 
region of those wafers which did not receive a back- 
side implant before initial oxidation. The other was a 
small defect that occurred pr imari ly  in the P+ base 
contact and the emitter regions; these were called 
"shallow pits" because of their  appearance. From our 
observations, these defects are not formed until base 

P+ contacts or emitters are implanted. They are most 
likely dislocations generated by the implant process 
and decorated with metallics. 

Figure 8 shows defect densities for both epi stack- 
ing faults and shallow pits as observed after emitter 
processing, for each of the gettering techniques in-  
corporated into the diffused buried layer  process. The 
argon backside implant  before initial  oxidation is 
shown to be most effective in reducing epi stacking 
fault density; this is as expected considering the for- 
mation mechanism. The largest reduction in shallow 
pit  density occurred for an argon backside implant 
just  prior to emitter processing. This is most probably 
due to metallic contaminants being pulled to the back- 
side, having been introduced and/or  redistr ibuted dur-  
ing various high temperature processing steps. No 
other gettering technique studied came close to the 
backside implant before emitter  processing in reduc- 
ing shallow pittdefect density. 

In order to ~orrelate poor device performance with 
crystal defects in the silicon, a mask set was used which 
contained a 2000 ~m 2 emitter  test transistor on each 
chip. This large device area permitted electrical mea- 
surements to be made without the .need of metall iza- 
tion. Thus it was possible to map the wafers for 
"piped" transistors, leaky base-emit ter  junctions, and 
poor low current beta and then remap for defects after 
Wright etching. In this way a direct correlation be- 
tween electrical performance and crystal defects could 
be made. Many of the devices had both emitter-collec- 
tor shorts and leaky base-emit ter  junctions but were 
put only in the "piped" transistor category for the sta- 
tistical analysis. 

For the processing runs from which the data in Table 
I was collected, only one epi stacking fault  was found 
in any of the emitters after Wright etching. Shallow 
pits, however, were found in many of the emitter  re -  
gions. Those wafers which received an argon backside 
implant before emitter  processing had a much lower 
incidence of pits. The use of an argon backside im- 
plant before initial oxidation either alone or in con- 
junction with the pre-emit ter  backside implant did not 
of itself affect the shallow pit  density. 

Table I lists the results of the correlation between 
poor electrical performance and the presence of shallow 
pits in the emitter regions. It should be pointed out 
that when the term "gettered" is used in Table I it  re-  
fers only to pre-emit ter  argon backside implant get- 
tering. The results show that (i) Pro-emitter  argon 
backside implant reduces the incidence of shallow pits, 
(ii) piped transistors, leaky base-emit ter  junctions, and 
poor low current beta can be strongly correlated to the 

BACKSIDE ARGON 
IMPLANT BEFORE 
INITIAL OXIDATION 
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Fig. 8. Defect densities for both epi stacking faults and "shallow 
pits" for various gettering techniques observed after emitter pro- 
cessing. 
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Table I. Results of correlation between electrical parameters and 
"shallow pits" in the emitter 

Unget- 
Gettered tered 

Number of devices tested 418 380 
Number of devices with "shallow pits" 45 214 
Number of "piped" devices 9 38 
Number of "piped" devices with "shallow pits" 4 36 
Number of leaky base-emitter junctions 0 52 
Number of leaky base-emitter junctions with 0 52 

"shallow pits" 
Number of devices with poor low current beta 0 8 
Number of devices with poor low current beta 0 7 

and "shallow pits" 

presence of these shal low pits, (iii) a shal low pi t  in the 
emi t t e r  is not  a lways  de t r imen ta l  to pe r fo rmance  as 
the  82% good devices wi th  shal low pits indicates.  Ap-  
p rox ima te ly  1% of the  devices tes ted had  poor e lec t r i -  
cal performance,  but  no defects were  observed  in 
the emitters .  This m a y  have resul ted  f rom the Wr igh t  
etch washing out  a ve ry  smal l  p i t  since the  etch con- 
sumed a quan t i ty  of sil icon grea te r  than  the or iginal  
active device depth,  or  the re  m a y  in fact  not  have  been 
a defect  in those devices. 

Some wafers  which did not  receive  a p r e - e m i t t e r  
argon backside  implan t  were  probed  and mapped  for 
e lectr ical  performance.  There  were  apprec iab le  num-  
bers  of p iped  devices, l e aky  base -emi t t e r  junctions,  and  
devices wi th  poor  low cur ren t  beta. The wafers  then  
received a pos t - emi t t e r  argon backside implan t  and  a 3() 
min anneal  a t  900~ in argon. The the rma l  cycle would  
not  have a de t r imen ta l  effect on the i m p u r i t y  profiles. 
When the wafers  were  reprobed  af ter  the get ter ing  step 
only one spiked device remained.  Al l  o thers  had  nor -  
mal  t rans is tor  characterist ics.  When the wafers  were  
Wright  e tched only  5% of the devices had  shal low pits  
in the  emit ter .  The "piped" device that  r ema ined  had  
an epi defect  in the  emi t te r  which was not  affected by  
the pos t - emi t t e r  get ter ing.  These resul ts  a re  con t ra ry  
to the resul ts  of Barson, Klepner ,  and Seto (11) who 
found that  the "pipes" in the i r  r e l a t ive ly  deep s t ruc-  
tures  were  not  cured by  a pos t - emi t t e r  ge t ter ing  s tep 
even though the ge t te r ing  did reduce the number  of 
soft diodes. This apparen t  inconsis tency can be recon-  
ciled by  considering tha t  the devices of this s tudy  
were  fabr ica ted  wi th  very  shal low junctions,  and de-  
fects associated wi th  shal low pits can be in m a n y  in-  
stances sufficiently long so as to t raverse  the ent i re  
base width.  For  the deep devices used in Ref. (11) i t  
is qui te  possible tha t  two different  defects were  r e -  
sponsible for "piped"  devices and soft junctions,  and 
only  one was affected by  the pos t - emi t t e r  anneal ing.  
The fact  that  the  "piped" devices in this s tudy  could 
be cured by  a pos t - emi t t e r  argon backside implan t  
ge t te r ing  step indicates  tha t  co l lec to r -emi t te r  l eakage  
is not  due to enhanced diffusion of the arsenic f rom the 
emi t t e r  along the defect, bu t  most  l ike ly  i t  is due to 
metal l ic  precipi tates .  

Conclusions 
Use of an argon backside  implan t  in sil icon wafer  

processing can resul t  in a reduct ion  of c rys ta l  defects. 

The type of defect  minimized and the  u l t imate  effect on 
circuit  per formance  depends on when  the backside  i m -  
p lan t  is incorpora ted  into the  fabr ica t ion  sequence. A 
backside implan t  pr ior  to in i t ia l  oxida t ion  can r e -  
duce ep i tax ia l  defects  for  both  diffused and imp lan ted  
arsenic  bur ied  layers.  This wi l l  not  necessar i ly  im-  
prove circuit  yield since both  processes can be imple -  
mented  so as to minimize ep i t ax ia l  defects in the ac-  
t ive  device regions wi thout  a backside implant .  Fo r  
the  imp lan ted  bur ied  l aye r  process however ,  use of an 
argon backside  implan t  al lows for  an increase  in the 
arsenic  implan t  dose a n d / o r  a decrease  in the  HC1 e tch-  
back  pr io r  to epi growth.  Both of these changes p ro -  
vide lower  bur ied  l aye r  sheet  res is tance whi le  st i l l  
main ta in ing  low defect  levels.  

The defect  found to be p r i m a r i l y  responsible  for  the  
majo r i t y  or "piped" transistors ,  l e aky  base -emi t t e r  
junctions,  and  poor  low cur ren t  be ta  for  the  process 
descr ibed appears  as "shal low pits" when Wr igh t  
etched. These defects can be  g rea t ly  minimized  b y  an 
argon backside  implan t  immed ia t e ly  p r io r  to the  a r -  
senic emi t t e r  implant .  Resul t ing reduct ion in "shal low 
pi t"  dens i ty  corre la tes  wi th  the  reduct ion  in the  pe r -  
centage of "piped" transistors,  l e a k y  base -emi t t e r  
junctions,  and poor  low cur ren t  beta.  These defects,  
associated wi th  the implan ted  emit ter ,  can be cured  by  
a pos t - emi t t e r  ge t ter ing  step using a backside argon 
implant ,  bu t  the most  logical  p rocedure  is to incorpo-  
ra te  the  backside imp lan t  p r io r  to emi t t e r  processing 
and uti l ize the emi t t e r  d r ive  cycle to ac t iva te  the  get-  
ter ing action. 

Manuscr ip t  submi t ted  A p r i l  14, 1980; revised manu-  
scr ipt  received Nov. 14, 1980. 

Any  discussion of this paper  wil l  appea r  in  a Dis-  
cussion Sect ion to be publ i shed  in  the December  1981 
JOURNAL. Al l  discussions for  the  December  1981 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1981. 
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Conductivity Profiling of GaAs/(AIGa)As 
Multilayer Structures 

J. L. Zilko and P. J. Anthony 
Be~ Laborator{es, Murray Hff~, New Jersel/07974 

ABSTRACT 

A simple method for profiling the conductivity of GaAs/(A1Ga)As mult i -  
lay.er structures is presented. The technique consists of step etching the sample 
using a chemical etch while measuring sample resistance after each e tch  step. 
An annulus geometry is used for the electrical measurement with the contact 
metallization also serving as an etch mask. Sample preparation is simple so that  
the technique can be used as a routine process monitor. The results from pro-  
filing single and mult i layer  heterostructure (AlGa)As laser materials grown by 
liquid phase epitaxy (LPE) are presented. Of part icular  interest is the abil i ty 
of this technique to measure the resistivity of underlying layers. 

The electrical conductivity of the various layers of 
mult i layer  GaAs / (AIGa)As  structures, such as those 
that make up heterostructure lasers, can strongly affect 
the performance of the devices. For example, a high 
resistance P-(A1Ga)As confinement layer in hetero- 
structure lasers can significantly increase the lasing 
threshold current and its temperature dependence (1- 
3). However, several investigators (4, 5) have noted 
that the measured conductivity of a liquid phase epi- 
taxial  (LPE) Ge-doped A10.4Ga0.eAs layer in a multi-  
layer  structure can be substantially different from that  
of a similar single layer  grown on a semi-insulating 
substrate. Thus, the abili ty to measure the conductiv- 
i ty of the actual mult i layer  structures including under-  
lying epitaxial layers is of pr imary importance for 
the evaluation of crystal growth processes and device 
material. While the conductivity of single layers can 
be determined from capacitance (6) or Hall effect (7) 
techniques which are relatively straightforward and 
easily interpretable,  this is not the case for layers 
buried within mult i layer  structures. The conductivity 
of moderately or highly doped layers is part icular ly 
difficult to profile clue to the decrease in depletion 
layer  width with doping level. 

In this paper, we present a simple technique for 
measuring the conductance of mult i layer  structures as 
a function of depth using chemical etching of the 
layers. Several examples of the resulting conductance 
profiles are given for both single layer and mult i layer  
structures and the sources of error  in this measure- 
ment technique are discussed. 

Experimental 
Crystal growth was accomplished by conventional 

LPE techniques (8) using the source-seed method (9). 
The substrates were Si-doped n+-GaAs which were 
degreased and etched immediately prior to insertion 
into the LPE reactor. Single layer  (AlGa)As,  6-layer 
experimental  structures, and 4-layer laser structures 
were grown. The laser structures consist of N- 
Al0.4Gao.6As, p'-A10.0sGa0.92As, P-Al0.4Ga0.6As, and p+-  
GaAs layers grown sequentially on the n+-GaAs sub- 
strate. The layer thicknesses ranged from 1.50 to 2.50 
~m for the N layer, 0.1 to 0.2 #m for the p' layer, 0.8 to 
1.8 ~m for the P layer, and 0.4 to 0.8 #m for the p+ 
layer. 

The conductance profiling was carried out by incre- 
mentally chemically etching the sample, followed each 
time by a measurement of the sample resistance. The 
sample geometry consisted of an annulus as shown 
schematically in Fig. 1 with electrical contact made at 
the center and outer contact pads. This geometry was 
chosen in order to eliminate edge effects and minimize 

Key words: heterostructure,  resistivity, etching. 

the effects of misalignment of the contacts on the mea- 
surement (10). Junction isolation confined the current 
to the p- type layers close to the surface. The inner 
diameter of the annulus was 0.15 cm, the outer diam- 
eter 0.30 cm, and typical sample dimensions were 
0.4 by 0.4 cm. For a lateral ly homogeneous single layer 
with annular contacts, the measured resistance is 

In r2/rl 1 
R~ - - -  [I] 

2~ 5o t dx/p(m) 

where p (x) is the depth dependent resistivity and r2/rl 
is the ratio between the outer and inner radii  of the 
annulus. In this expression we assume that the effec- 
tive resistance of the layers under the contacts is negli- 
gible compared to the resistance between contacts. 
Equation [1] can be rewrit ten in a more useful form as 

d (llRs) 2~/p (x) 
- -  = - -  [2] 

dx In r~/rl 

The mult i layer  structures in general consist of a series 
of layers each with a constant value of resistivity so 
that, for example, as profiling is carried out through 
the p+-GaAs layer, Eq. [1] becomes 

d(1/Rp+) 2g/#p + 
i s ]  

dx In r2/rl  

Similar expressions can be written as etching proceeds 
through subsequent layers. In addition, for controlled 
etching conditions, the distance etched into the sample 

Au-Zn OR Au-Sn 
METALIZATION 

0.50 cm 

O.15cm 

J SAMPLE 
/ SURFACE 

Fig. I. Sample geometry for conductance profile measurements 
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is p ropor t iona l  to time. Thus, a plot  of 1/R$ vs. etch 
t ime for  the  ent i re  sample  should give a series of 
s t ra ight  l ines wi th  slopes inverse ly  p ropor t iona l  to 
the resis t ivi t ies  of each p - t y p e  layer .  

Ohmic contacts were  made  to the  P or  p+ surface 
by  evapora t ing  an A u - Z n  a l loy  th rough  a contact  
mask.  These contacts  also served  as the etch mask.  
S imple  press contacts  were  made  to the  metal l izat ion.  
The vol tage  appl ied  be tween  contacts was kep t  con- 
s tant  a~0.1V in o rde r  to ma in ta in  junct ion  isolat ion of 
the p - t y p e  layers  f rom the n - t y p e  layers,  and the cur -  
ren t  flowing through  the sample  was moni to red  at  each 
step. 

The samples  were  e tched wi th  vo l tage  app l ied  to 
the  sample  contacts using a solut ion consist ing of 
H2SO4, H2Oe, and H20 in vo lume rat ios of 40:1:1 or  
10:1:1 at  room tempera ture .  The 10:1:1 etch is fas ter  
than  the 40: 1:1 and proved useful  in profi l ing samples  
wi th  th ick  layers .  

A control led amount  of the etch was appl ied  to the 
sample  surface for a t ime of 5 _ 0.5 sec af te r  which 
the etch was washed away  b y  ,~106 l~-cm deionized 
water .  No evidence was found to suggest  e lec t rochem-  
ical  etching. I t  was noted tha t  careful  degreas ing of the  
samples  pr ior  to meta l l iza t ion  p reven ted  separa t ion  of 
the  meta l l iza t ion  f rom the semiconductor  surface du r -  
ing etching. 

The l aye r  thickness and etch ra te  of each sample  
was measured  af ter  resis tance profil ing using scanning 
e lect ron microscopy (SEM) of c leaved and s ta ined 
sample  edges. The etch ra te  of GaAs and ( A l G a ) A s  
was genera l ly  found to va ry  spa t ia l ly  by  less than 10%. 
In addit ion,  the etch ra te  of each layer  appea red  to be 
t ime independent .  Both the  smal l  l a t e ra l  dimensions 
of the  sample  and the short  t ime of each e tch ing  incre-  
men t  improve  the cont ro l lab i l i ty  of the etch. F igure  
2 is an SEM mic rograph  of the c leaved cross section 
of a profiled laser  s t ruc ture  showing the edge of the 
e tched region.  I n  o rde r  to improve  contrast ,  the  sam-  
ple was etched for 30 sec in a solut ion consist ing of 
H202 and NH4OH at  a pH of 7.5 which p re fe ren t i a l ly  
at tacks b ina ry  ma te r i a l  (11). The four ep i tax ia l  layers  
as well  as the  meta l l iza t ion  can be seen in this figure. 
Etching was carr ied  out in  this case th rough  the  p +, P, 
and p'  layers  to the  N - ( A l G a ) A s  layer .  

R e s u l t s  
Figure  3 is a plot  of sample  conductance,  G - 1/Rs,  

as a funct ion of etching t ime for  a p - t y p e  Ge-doped  
A10AGa0.6As single l aye r  grown on an  n + - G a A s  sub-  
strate.  The l aye r  thickness was 4.0 ~m. G var ies  ap-  
p rox ima te ly  l inea r ly  wi th  etching t ime indica t ing  a 
constant  va lue  of p. The va lue  of p ob ta ined  f rom the 

Fig. 2. SEM micrograph of the cleaved cross section of profiled 
heterostructure laser material. 
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Fig. 3. Sample conductance as a function of etching time for a 
p-type A|o.4Ga0.6As single layer grown on an n +-GaAs substrate. 

slope of the G vs. etch t ime curve in Fig. 3 and the 
layer  thickness was 0.87 ~-cm.  We have genera l ly  
found the va lue  of p measured  b y  the profi l ing tech-  
nique to be wi th in  20% of the  va lue  of p obta ined 
f rom Hai l  effect measurements .  

F igure  4 is a conductance profile of a typica l  laser  
s t ruc ture  obta ined using the 40:1:1 etch. Only the 
p + - G a A s  and P - ( A l G a ) A s  layers  can be dist inguished.  
The thin  (~1000A) p'  l aye r  bur ied  benea th  the  p+ 
and P layers  is pa r t i a l l y  inaccessible wi th in  the  junc-  
t ion deple t ion  wid th  and is not ident i f iable  in the m e a -  
surements .  Because most  of the cur ren t  is in i t ia l ly  
shunted  th rough  the  h igh  conduct iv i ty  p+-GaAs ,  the  
conductance decreases r ap id ly  as etching proceeds 
th rough  tha t  layer .  The  lower  conduct iv i ty  of the P -  
( A l G a ) A s  l aye r  results  in a less r ap id  decrease  in G 
with  etch time. The measured  res is t iv i ty  of the  p+ 
l aye r  is 1.5 X 10 -3 ~%-cm compared  to 0.24 ~ - c m  for 
the  P layer .  The measured  va lue  of pp + is thus a factor  
of 17 less than  tha t  of pp for  this sample.  The con- 
ductance profile of a second s imi lar  s t andard  laser  
s t ructure  is shown in Fig. 5. The profile in  Fig. 5 has 
the  same genera l  appearance  as the  profile in Fig. 4 
but  wi th  values  of pp+ and pp of 1.6 X 10 -2 ~ - c m  and 
0.55 ~-cm,  respect ively .  Conduct iv i ty  profil ing of a 
large  number  of wafers  has indica ted  tha t  the conduc-  
t iv i ty  of the  P l aye r  can be pe r tu rbed  by  over  a factor  
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Fig. 4. Sample conductance as a function of etching time for 
heterostructure laser material. 
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Fig. 5. Sample conductance as a function of etching time for 
heterostructure laser material from a second wafer. 

of 5 by  changes in LPE process var iables  and the p ro -  
filing technique  has been used as a p r i m a r y  ana ly t ica l  
tool for this study.  The resul ts  of this s tudy  wil l  be 
discussed in  de ta i l  in a fu ture  publicat ion.  

In  o rde r  to demons t ra te  the dep th  resolut ion tha t  
can be achieved using this technique, a 6 - layer  s t ruc-  
ture  consisting of N-A10.4Ga0.6As (2.5 #m),  p ' -  
A10.osGa0.92As (0.1 ~m),  P1-Alo.4Ga0.6As (1.1 ~m), 
p"-A10.i2Ga0.ssAs (0.15 #m),  P2-A10.4Ga0.6As (0.6 #m),  
and  p + - G a A s  (0.5 ~m) layers  was grown sequent ia l ly  
on an n + substrate .  The doping levels  for the  P~, P2, 
and p" layers  were  chosen such tha t  PP2 > PP1 > PP"' 
The conduct iv i ty  profile was obta ined  using 10:1:1 etch 
and is shown in Fig. 6. The p+ l aye r  has been e l im-  
ina ted  for clar i ty.  The profile indicates  tha t  PP2 > pP1 
pp,, as pred ic ted  f rom the doping levels.  More impor -  
tant ly,  the 0.15 ~m thick p" l aye r  is observable  in the 
profiles even at  a depth  of over  1 #m beneath  the  
surface and even using the r e l a t ive ly  fast  10:1:1 etch. 
This indicates  tha t  e tching proceeds un i fo rmly  th rough  
the l ayers  using the s tep e tching technique and tha t  
th in  layers  benea th  the  surface can be adequa te ly  
profiled. 

Discussion 
Using a s imple step etching ~ technique,  the conduc-  

t iv i ty  of a va r i e ty  of single and mu l t i l aye r  s t ruc tures  
can be measured.  Of pa r t i cu la r  in teres t  is the ab i l i ty  
to measure  the  conduct iv i ty  of bur ied  layers  tha t  are  
difficult to measure  using o ther  techniques.  A conduc-  
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Fig. 6. Sample conductance as a function of etching time for a 
6-layer structure. A 0.15 #m AIo.12Gao.ssAs layer was grown be- 
tween the two P-Alo.4Gao.6As layers 1.1 #m beneath the surface. 

t iv i ty  profile of a laser  s t ruc ture  can typ ica l ly  be done 
in 30-40 rain af te r  contact  fo rmat ion  so tha t  this tech-  
nique can be  used as a rout ine  process  moni to r  f o r  
device mater ia l .  

The pr inc ipa l  e r rors  of this measu remen t  are:  (i) 
spat ia l  var ia t ions  in  l aye r  thicknesses,  (ii) spat ia l  va r i -  
at ions in the  etch rate,  (iii) errors  in  the t ime of each 
etch step, (iv) var ia t ions  of the sample  t empera tu re  
dur ing measurement ,  and  (v) l a t e ra l  inhomogenei t ies  
in the  resist ivi ty.  I t  was found tha t  spat ia l  inhomoge-  
neit ies  in l aye r  thickness were  typ ica l ly  ~20% and 
that  etch ra te  var ia t ions  across a sample  were  typ ica l ly  
less than  10%. The p r i m a r y  effect of these er rors  is to 
make  the measu red  in ter face  be tween  the  p+ and P 
layers  more  diffuse. Errors  in the  length  of each etch 
increment  a re  es t imated  to be gene ra l ly  +--10% al -  
though the er ror  can be g rea te r  t han  tha t  for isolated 
da ta  points. The effect of this source of e r ro r  is distain - 
i shed by  the use of a l a rge  number  of da ta  points.  S a m -  
ple  t empera tu res  dur ing  the conductance measu re -  
ments  can have a la rge  effect on the  measured  value  
of Rs bu t  can be minimized  by  tak ing  care to provide  
a constant  t empe ra tu r e  env i ronment  dur ing  the mea -  
surement .  La t e ra l  inhomogenei t ies  in res is t iv i ty  
caused, for example ,  by  meta l l ic  inclusions in the semi-  
conductor  layers  affect both  the  accuracy of the re-  
s is t iv i ty  measuremen t  and the l a te ra l  un i fo rmi ty  of 
the etch rate.  

In  some ex t reme  cases, for example  in  h igh ly  res is -  
t ive layers ,  the  resis tance f rom the me ta l  contacts to the  
edges of the e tched region m a y  be ne i the r  negl ig ib le  
nor  constant.  The measured  res is t iv i ty  of such a l aye r  
would then overes t imate  the ac tual  l aye r  res is t ivi ty .  
We have thus far  s tudied no wafers  of this type. 

The p r i m a r y  advantages  of this  technique are:  s im-  
pl ic i ty  of expe r imen ta l  technique,  the speed wi th  
which rout ine profiles can be taken,  and the ab i l i ty  to 
measure  the conduct iv i ty  of bur ied  layers .  The p r i m a r y  
d isadvantages  are  tha t  no informat ion  about  ca r r i e r  
concentra t ion or mobi l i ty  separa te ly  can be ob ta ined  
and such expe r imen ta l  errors  as spat ia l  inhomoge-  
nei ty  of etch ra te  can in t roduce  errors  in the profile 
tha t  a re  difficult to sub t rac t  out. 

In  conclusion, we have demons t ra ted  that  useful  in-  
fo rmat ion  concerning the res is t iv i ty  of bur ied  layers  
in mu l t i l aye r  s t ruc tures  can be obta ined  b y  chemical ly  
etching the s t ruc ture  in  shor t  (5 sec) increments .  The 
technique has proved  to be useful  in the  eva lua t ion  of 
he te ros t ruc ture  laser  s t ructures  g rown by LPE. The 
majo r  er rors  in measuremen t  are  nonuni form laye r  
thicknesses and etching and er rors  in  the  etch incre-  
ment.  The technique is simple, the resul ts  eas i ly  in te r -  
pretable ,  and the informat ion  can be  obta ined only  
wi th  considerable  difficulty using other  techniques.  
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Localized GaAs Etching with 
Acidic Hydrogen Peroxide Solutions 

Don W. Shaw* 
Texas It~struments Incorporated, Dallas, Texas 75265 

ABSTRACT 

Control  of the  morphologies  or  profiles p roduced  b y  localized e tching of 
GaAs  s t ruc tures  has assumed increas ing impor tance  wi th  the  cu r ren t  emphasis  
be ing  placed on microdefini t ion and surface re l ief  opt imizat ion  for GaAs 
monoli thic  circuits. To obta in  a be t t e r  unders tand ing  of the  complex  aniso-  
t ropic  etching behav ior  observed  in GaAs, the  morphologies  produced  b y  
var ious  acidic hydrogen  peroxide  solutions were  evaluated.  The  degree  and 
na tu re  of the  aniso t ropy is shown to v a r y  ex tens ive ly  and sys temat ica l ly  wi th  
the e tchant  composition. Both h igh ly  anisotropic  and essent ia l ly  isotropic 
etching m a y  be  obta ined  by  selection of the appropr i a t e  e tchant  composition. 

Ga l l ium arsenide  semiconductor  technology is p ro -  
gressing toward  increasing levels of integrat ion.  Ana -  
log, monoli thic  in tegra ted  circuits  for microwave  ap-  
pl icat ions and digi ta l  circuits  for high speed logic are  
under  development .  However ,  in tegra ted  c i rcui t  deve l -  
opment  places new requ i rements  on GaAs processing 
technology, pa r t i cu l a r l y  wi th  respect  to chemical  e tch-  
ing. Unl ike  the  e lementa l  semiconductors,  GaAs has a 
noncent rosymmetr ic  c rys ta l  s t ructure,  which resul ts  in 
unusual  etching characteris t ics .  For  example ,  in de-  
fining a step on the usual  {100} GaAs wafer ,  chemical  
e tching genera l ly  produces  step profiles that  are  grossly 
nonequivalent  for steps running  in or thogonal  ~ 0 1 1 ~  
directions. An  etched mesa wi th  a rec tangu la r  shape 
and a l igned wi th  the cleavage direct ions wil l  have two 
sides wi th  g radua l ly  sloping walls, while  the o ther  two 
sides wil l  have obtuse-.angled wal ls  that  are  unsui table  
for meta l l iza t ion  steps or crossovers. This phenomenon 
g rea t ly  complicates  circui t  design and layout,  if  chemi-  
cal etching steps are  requ i red  in subsequent  processing. 

As GaAs technology develops it becomes increas ingly  
impor tan t  to unders tand,  control,  and exploi t  these 
unique etching characterist ics.  For  some device and 
circuit  applicat ions,  h ighly  anisotropic  etchants  are  
desirable,  e.g., format ion  of c rys ta l lograph ica l ly  de-  
fined "vee grooves." In o ther  cases, isotropic e~chants 
are  requi red  to obta in  symmet r i ca l  s t ructures  in spite 
of the noncent rosymmetr ic  na tu re  of the GaAs c rys ta l  
s t ructure.  This r epor t  describes one stage of a sys te-  
matic  evaluat ion  of GaAs etchants.  Included in the  
evaluat ion  is an assessment  of the profiles produced in 
etching, the degree  of undercut t ing  in the presence of 
an iner t  mask,  the re la t ive  anisotropy,  and the kinetics 
for room t empera tu re  etching. The resul ts  should p ro -  
vide guidance for efficient selection of requis i te  GaAs 
etchants  and etching processes. 

Etchants  a re  genera l ly  composed of an ox idant  and a 
solvent  or  solubil izing agent. The most common ox i -  
dants  for GaAs are  hydrogen  peroxide  and halogens, 
such as bromine.  However ,  o ther  agents such as 
K6Fe (CN) 6, Ce (SO4) 2, and KMnO4 are  also effective 
oxidants.  The oxides produced in GaAs oxida t ion  are  

* Electrochemical Society Active Member, 
Key words: etching, dissolution, semiconductor, topography, 

kinetics. 

amphoter ic  in na tu re  and m a y  be dissolved in e i ther  
acidic or  basic aqueous solut ions or, in some cases, in 
organic solvents  such as methanol .  As wil l  become 
evident,  the different  e tchant  compositions, a l though 
s imi lar  in principle,  produce wide ly  va ry ing  etching 
character is t ics .  

In  the l imi t ing cases the ra te  of etching may  be de-  
t e rmined  by  one of two basic events:  the chemical  
processes tha t  occur at  or  upon the  semiconductor  sur -  
face or the mass t r anspor t  processes tha t  occur wi th in  
the l iquid to supply  fresh e tchant  species to the etching 
surface or to remove the react ion products .  Etchants  
whose rates  are  l imi ted  p r i m a r i l y  by  mass t ranspor t  
a re  pa r t i cu l a r ly  useful  for  polishing. Surface  p ro t ru -  
sions have more  favorable  access to the incoming e tch-  
an t  species and tend to be etched more  r ap id ly  so that  
the surface becomes smoother.  Mass - t r anspor t - l imi t ed  
etchants  also tend to be more  isotropic wi th  respect  to 
c rys ta l lographic  orientat ion.  Conversely,  k ine t ica l ly  or 
su r face- l imi ted  etchants  tend to preserve  the or ig inal  
configurat ion of an in i t ia l ly  p l ana r  surface;  and, since 
the etch ra te  is de te rmined  p r inc ipa l ly  b y  the surface 
react ion rate,  the i r  etch rates  a re  r e la t ive ly  insensi t ive 
to the na tu re  and degree  of agitat ion.  Kine t ica l ty  l im-  
i ted etchants  are  often h ighly  anisotropic,  e.g., the 
o r i en ta t ion -dependen t  e tchants  that  a re  h igh ly  coveted 
for producing prec ise ly  defined shapes or cross sections 
in semiconductor  crystals .  As wil l  be subsequent ly  
shown, both types  of behavior  can be observed when 
etching ga l l ium arsenide  wi th  acidic hydrogen  pe rox-  
ide solutions. 

Experimental Approach 
For  each etchant  composit ion included in the presen t  

study,  the fol lowing pa ramete r s  were  eva lua ted :  etch 
rate,  cross-sect ional  morphology,  undercut t ing,  and 
re la t ive  aniso t ropy (as defined in a l a te r  sect ion) .  
Pa r t i cu la r  emphasis  was placed on identif icat ion of the  
pr inc ipa l  morpho logy-de te rmin ing  c rys ta l lographic  
orientat ions,  since procedures  a re  descr ibed in a re la ted  
publ ica t ion  (1) for using this da ta  to predic t  the shapes 
expected as a function of the wafer  surface or ienta t ion  
and mask  geometry.  

Al l  studies were  pe r fo rmed  on {100} GaAs slices, 
which were  not  in ten t iona l ly  doped. The measured  car-  
r ie r  dens i ty  was 1.5 • 1016 cm -z  (n - type ) .  Af te r  being 
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chemically polished on both sides, the slices were 
coated with a plasma-deposi ted silicon ni tr ide film, 
which served as an etch mask. The ni tr ide film was 
pat terned using photoli thography to expose GaAs in 
the stripe and circle configuration shown in Fig. 1. The 
stripes, which were visual ly aligned with respect to the 
<110> cleavage planes of the slice, were used to evalu-  
ate the etch rate and cross-sectional anisotropy. The 
circular regions or rings allowed evaluat ion of the azi- 
muthal  anisotropy, par t icular ly  with respect to under -  
cutting. In  practice, a pat terned slice would be incre-  
menta l ly  etched for sufficient total t ime in a given etch- 
ant  composition to produce a channel  depth within the 
stripes of ,-~10 #m. Typical ly the t ime increments  would 
be chosen to remove 2-3 #m in each stage; and, prior to 
beginning the next  etch stage or increment,  small pieces 
would be cleaved in each of the two fundamenta l  
<110> directions (two orthogonal directions).  The 
depths were measured on each of the cross sections; and 
by plott ing the depth as a funct ion of time, the etch 
rates were obtained. Any  variat ion in etch rate as a 
funct ion of time could also be detected. 

In  each exper iment  the etching was performed with 
the slice in a rotat ing (135 rpm) beaker, which was in-  
clined by  30 ~ from an upright  position. The rotat ion 
direction was reversed midway dur ing each time incre-  
ment.  Unless otherwise specified, all e tchant  composi- 
tions were freshly prepared from reagent-grade or 
semiconductor-grade s tar t ing materials,  and all etching 
exper iments  were performed at room temperature.  
When necessary, the etchant solutions were allowed to 
cool or warm to room temperature  prior to etching. 
This took no more than 2 hr after solution preparat ion 
in any  case. 

The extent  of undercut t ing  was assessed by the ratio, 
w/d, where w is the lateral  etch distance just  below the 
ni t r ide film measured paral lel  to the cleavage direction 
in question, and d is the channel  depth. Angular  mea-  
surements  were made on micrographs of the cleaved 
cross sections or by use of an optical microgoniometer.  

Results and Discussion 
The characteristics observed for the thir teen etchant 

compositions selected for invest igat ion are summarized 
in  Table I. The  compositions are expressed as volume 
ratios (of the concentrated reagents) and molar  con- 
centrations. Included in the tabulated exper imental  
data are the undercut  ratio as previously defined, the 
etch rate perpendicular  to the (100} surface, and the 
relat ive anisotropy. The lat ter  parameter  is chosen to 
provide some measure of the degree of anisotropy of 
the etch rate with respect to crystallographic or ienta-  
tion. The relat ive anisotropy 'is estimated from the ob- 
served azimuthal  variat ion in  undercut t ing  of the 
circular masked region on a {100} slice. It is arbi t rar i ly  

defined as the difference between the max imum and 
mi n i mum extents of undercu t t ing  (Um~x and Umin., re-  
spectively) normalized by the average of these two 
values, i.e. 

Um~ - Um~. 
relative anisotropy -- 

�89 ([/max + gm~.) 

Also shown in Table I are cross-sectional profiles for 
the two orthogonal cleavage sections. These profiles 
are drawn to scale from optical micrographs of the 
cross sections. The angles and relat ive dimensions ( in-  
cluding the degree of undercut t ing)  are correct as 
shown. To aid in comparison of the cross sections for 
various etchant compositions the sections have been 
drawn to the same etch depth (normalized with respect 
to depth).  

Sulfuric acid based compositions.--Sulfuric acid is 
the most widely employed reagent  for acidification of 
hydrogen peroxide based GaAs etchants. The nine 
H2SO4-H202 etchant compositions listed in T a b l e  I 
were chosen to represent  systematic compositional 
variat ions such as di lut ion at fixed HH2Oe/H~.SO4 con- 
centrat ion ratio, variations in  H2SO4 concentrat ion at 
constant I-I202 concentration, etc. 

Consider first the effects of di lut ing a basic 1: 8:1 
etchant as represented by the first five compositions in  
Table I. As expected, the etch rate decreases as both 
the acid and H202 concentrations are diminished, with 
a near ly  l inear  decrease in rate with dilution for the 
less concentrated solutions. However, the most interest-  
ing effect of di lut ion occurs with the cross-sectional 
profiles. Although the profiles produced by these etch- 
ants are given in Table I, it is instructive, at least with 
the first series, to refer to the actual micrographs of the 
orthogonal cross sections given in Fig. 2. 

Two cross-sectional micrographs, representing por- 
tions of cleaves through both of the different, orthog- 
onal cleavage directions ([011] and [01i~]) lying in  
the (100) plane, are shown for each composition. The 
(01T) sections I ( r ight -hand side of Fig. 2) reveal  flat 
bottoms in the etched channels between the stripes. 
Connecting the channel  bottoms with the upper  surface 
are acute-angled walls, which, in the sections etched 
with the more dilute compositions, are sharply defined 
p lanar  walls corresponding to {111} surfaces (55~ 
However, it is evident  on closer inspection that  the 
sidewalls of the two most concentrated compositions 
(1:8:40 and 1:8: 1) are not p lanar  but  curved. Indeed 
the walls from the 1:8:1 etched section appear to be 

1 Assignment of polarities to the two orthogonal sect ions  is 
made by assuming that the acute-angled walls, which make an 
angle of ~55 ~ with the {100} surface, are the {lll}A or {Ill}Ga 
orientation. These directions are genera l ly  k n o w n  to be the  slow- 
est  etching directions in GaAs. 

Fig. 1. Etch mask design and alignment configuration 
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Table I. Characteristics of addic hydrogen peroxide e/chants for GaAs 

VOLUME 

ACID RATOS 

H2SO 4 1:8:1 

H2SO 4 1:8:40 

CONCENTRATION RATIO OF UNDERCUT ETCH RATE RELATIVE 
(real/I) TO ETCHED DEPTH JANISOTROPY (100) 

ACID H202 <01T> <011> '<100> (pro rain -1) 

1.8 80 0.30 0.30 0.90 1.0 14.6 

0.36 1.6 0.89 0.68 1.2 0.55 1.2 

I 0.32 0.54 H2SO 4 1:8:80 0,20 0.90 0.62 0,62 0.86 

H2S04 1:8:160 0.10 0.47 0.71 0.71 0.93 

H2SO 4 1:8:1000 0.018 0,079 0.82 0.76 0.95 

H2SO 4 1:1:8 

H2SO 4 4:1:5 

0.27 0.26 

0.22 0.038 

H2SO 4 8:1:1 

H2SO 4 3:1:1 

HCI 1:4:40 

HCI 1:1:9 

1.8 1.0 0.77 0.53 1.0 0.61 1,3 

7.1 1.0 0.49 0.29 0.70 0.83 5.0 

14.0 1.0 0.52 0.43 0.61 0,35 1.2 

I 
11.0 2,0 0.44 0.44 -0.53 0.19 5.9 

0.27 0.87 0.51 0.28 0.97 1.1 0.22 

1.1 0,89 0.22 0,18 0.37 0.69 0,20 

HCI 40:4:1 10.6 0.87 0.54 0.54 0.54 ~ 0 >5.0 

HCI 80:4:1 11.2 0.46 0.7 0.7 0.7 ~ 0  1.1 

ACID (CONCENTRATED): H202(30%): H20 

composed of two basic surface orientations, making 
angles of 55 ~ ({111}) for the portion of the wall  nearest  
the upper  surface, and ,~40 ~ for that nearest  the chan- 
nel bottom. 

The effects of etchant  composition are even more 
pronounced with the profiles obtained with the (011) 
sections (left side of Fig. 2). The most concentrated 
etchant composition (1:8:1) yields a section with 
obtuse-angled walls. These walls are inclined with 
respect to the upper  surface by an angle of (90 ~ + 
65 ~ = 155~ Note that this does not correspond to a 
{111} surface (145 ~ even though this is the configura- 
tion where the {111} orientat ion would be expected 
based on the results of the (01i') sections. Later, this 
point will be discussed in detail, bu t  at present, note 
that at the extreme lower portion of the walls of the 
1"8:1 (011) section a small  acute-angled surface exists. 
The relat ive portion of the walls made up of this 
acute-angled surface in comparison with the obtuse 
one increases progressively as the etchant composition 
is successively diluted. The lower, acute-angled surface 
yields projected angle of ,.55 ~ on the micrographs. 
This then represents a {i 'll}As or { l l l}B which is of 
opposite polarity to the acute-angled {111} surfaces on 
the (01[) sections to the right. Evidently,  as the etch- 
ant  becomes more dilute the {[['5} etch rate decreases 
relative to the rate for the orientat ion that forms the 
obtuse-angled surface. 

As previously mentioned the noncentrosymmetr ic  
na ture  of GaAs crystals complicates fabrication of 
semiconductor devices. In  etching mesas on the usual  
{100} GaAs wafers, if the mesa mask pat tern is rec- 
tangular  with the sides aligned parallel  to the cleavage 
directions in the customary manner ,  then the mesa will 

CROSS-SECTIONAL PROFILES 

(011) SECTION (011") SECTION 

7 - - \  

\ 

v.____, \ 
7 , \ 

L - -  - - K  

have two opposing acute-angled sides with the other 
two sides being obtuse angled. The obtuse-angled sides 
are unsui table  for metal l izat ion and the device design 
is constrained. Silicon, on the other hand, yields equiv-  
alent  mesas, with all four sides having the desirable 
acute-angled walls. Since, the extent  of the lower, 
acute-angle wail increases with increasing dilution in 
the first four etchants in Table I (Fig. 2), it was hoped 
that even greater dilutions would result  in symmetrical  
mesas with acute-angled walls similar to those ob- 
tained with silicon. With the 1:8:1000 solut ion this 
si tuation was approached, with only a small  obtuse- 
angled wall at the top of the (011) section; however, at 
this di lut ion the etch rate had dropped to a very low 
value (0.038 ~m min -1 ) .  Thus, a completely symmetr i -  
cal acute-angled mesa etch solution was not obtained 
with etch rates comparable to those commonly em- 
ployed. 

The angles of the various p lanar  regions comprising 
the walls of these locally etched crystals may be 
analyzed using a graphical procedure ( I ) .  In this way 
the relative etch rates of the orientat ions yielding the 
various etched facets or portions of the etched walls 
may be ascertained and compared. The procedure 
yields the min imum permissible rates as a function of 
crystallographic orientat ion that are consistent with 
an observed cross-sectional morphology. Application 
to the cross sections shown in Fig. 2 yields the polar 
diagrams shown in Fig. 3 for each of the four etchants 
under  discussion. These diagrams are not to be con- 
sidered the actual rate vs. orientat ion diagrams, but  
ra ther  the mi n i mum rates as a function of orientation. 
Thus, minima present on these diagrams may r e s u l t i n  
etched facets; however, the intermediate  orientations 
(angles on the diagram) between min ima  are merely  
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Fig. 2. Micrographs of orthog. 
anal cross sections cleaved from 
slices etched in H2SO4:HsO2:H~O 
solutions. 

the minimum rates consistent with ~he observed cross 
sections, and the actual rates for intermediate angles 
will generally exceed these values. On the other hand, 
the etched morphologies are principally determined by 

-90 ~ 
[108] 

the minima. The diagrams were constructed on the 
basis of measurements of the extent of undercutting 
just beneath the etch mask, the measured intersection 
angles between the planar regions (or their geometrical 

130~ / / / ~  
\ \  

145 ~ 1:8:1 \ / 
' ~ \  1:8:4G ~ / 

155 ~ \1:8:80 "'I'L / ! 
�9 . .  \ i I \ ~  i 

"~" .... 1.8.150 - - i  I ~'! t 
\Jti \I 

[8,~? / Z , . "  -~. f / /  . - 

//~f / / /  

/ - 
/ 

/ 

, : , : ,  . \ \ \  \ 

215 ~ 

ioo] 
FIG. 3 

Fig, 3. Minlmam-rate pola~ 
diagrams for GaAs etching with 
H2SO4:H20~:H20 solutions of the 
designated compositions (by vol- 
ume of concentrated reagents). 
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extensions) and the upper  surface, and the etch rate or 
depth perpendicular  to the surface in regions signifi- 
cantly distant  from the mask  edge that  a p lanar  etch 
front  parallel  to the original surface is evident. 

The derived polar diagrams may be verified by  com- 
parison of the exper imental  cross sections in Fig. 2 
with predicted cross sections geometrically constructed 
from the diagrams. This construction, which is dis- 
cussed in detail in Ref. (1), consists of locating the 
origin of the polar diagram at a position represent ing 
the edge Of the etch mask with the correct or ientat ion 
normal  to the slice surface. Radius vectors are then ex- 
tended from the origin to their  intersection with the 
polar diagram. Normals are drawn to the ends of these 
radius vectors, and the predicted cross-sectional pro- 
file is defined by  an envelope-of-normals ,  which con- 
sists of all  normals  or portions of normals  that  may  be 

reached from the origin without  intersecting any 
others. The machine-drawn,  predicted cross-sectional 
profiles for the four l : 8 : X  etchants under  considera- 
t ion are shown in  Fig. 4 and 5. For  purposes of com- 
parison they are all normalized to a uniform etch 
depth.2 Comparison of the predicted profiles with the 
actual micrographs in Fig. 2 supports the val idi ty of 
the m i n i m u m - r a t e  polar diagrams. 

Consider the diagrams of Fig. 3. All four etchants 
have m i n i m u m  etch rates at ,~145 ~ which corresponds 
to the {11!} orientation.  As previously mentioned,  this 

2 It should be noted that if the relative etch rates do not vary 
with time, the polar diagrams and hence  the  basic cross-sectional 
profiles will be independent of the extent of etching. This was 
confirmed experimentally with each etchant by observing that  
the cross-sectional shapes did not  change with incremental  etch- 
ing. I~ other words with increased etching time the etched 
grooves or channels enlarged, but the  basic cross-sectional pro- 
files were  tnvariaat.  

Fig. 4. Predicted (011) cross- 
sectional morphologies based on 
the polar diagrams in Fig. 3 for 
H~S04 :H20~:H~O solutions. 

(011) SECTIONS 

' : ~ 1:8:40 

i 

Y 
J// 

1~6:60 

Fig. 5. Predicted (011") cross- 
sectional morphologies based on 
the polar diagrams in Fig. 3 for 
H~SO4:H20~:H20 solutions. 
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is assumed to be the { I l l}A,  since the e lect ron deficient, 
Ga - r i ch  { l l l } A  surface is res i s tan t  to chemical  ox ida -  
t ion and gene ra l ly  is the slowest  e tching or ienta t ion  for  
GaAs crystals .  The  { l l l } A  etch ra te  is responsible  for 
the acu te -s loped  facets near  the upper  surface of the 
(01T) sections. Three  o ther  min ima  direct ions also con- 
t r ibu te  to the resul t ing  shapes. F i r s t  among these  is the  
or ien ta t ion  occurr ing  at  215 ~ which corresponds to a 
{ l l l } B  or { l l l}As .  Obviously  the chemical  proper t ies  
of the  surface  atoms a re  not  the  sole factor  de t e rmin -  
ing etch rate,  because the e lec t ron- r ich  charac te r  of the 
{ l l l } B  surface should make  i t  one of the most  r ap id ly  
e tching orientat ions.  Most l ike ly  the  min imum at  
{ l l l } B  is due to the grea t  packing  dens i ty  of the close- 
packed  { l l l } B  surface re la t ive  to the  ad jacen t  o r ien ta -  
tions. The most  impor t an t  cr i te r ion  for facet ing is not  
the absolute  ra te  of a given orientat ion,  bu t  r a the r  
its ra te  re la t ive  to the ad jacent  orientat ions.  Thus, the 
{ l l l } B  produces  facet ing even though it  has a r e l a -  
t ive ly  high etch rate.  The r e l a t ive ly  minor  p e r t u r b a -  
t ion to the po la r  d iagrams  at  215 ~ results  in  the lower,  
acu te -ang led  facets that  appears  on the (011) cross 
sections (Fig. 2 and 4). 

The  or ienta t ions  corresponding to the other  two 
min ima  (130 ~ and 155 ~ are  somewhat  unexpec ted  be-  
cause no low index or ienta t ions  l ie a t  these angles. The 
angle, 155 ~ , corresponds to the {332} or ientat ion;  how-  
ever,  this r e l a t ive ly  high index or ienta t ion  has been 
p rev ious ly  (2) associated wi th  facet  format ion  with  a 
Br2 :CI~OH etchant  composition. The 130 ~ min imum 
appears  to be even more  complex.  Only  a ve ry  high in-  
dex surface would appea r  at  130 ~ in the [011] direct ion 
where  the facet  appears  to be located on the (01i-) 
sections ( lower  acute  facet  notable  in the sections for 
the 1:8:1 and 1:8:40 composit ions in Fig. 2). However ,  
ly ing  close to the [011] zone axis (wi th in  12 ~ are  two 
{332} or ienta t ions  whose apparen t  facet angles if p ro-  
jec ted  into the (01i') v iewing surface would be 130.3 ~ 
These {332} are  the only  l ike ly  or ientat ions  responsible  
for  the  c lear ly  defined lower  facets observed on some 
(01f) cross sections. 

F r o m  Fig. 3 i t  is ev ident  tha t  r e l a t ive ly  minor  local 
min ima or per turbat ions ,  such as those at  130 ~ and 
155 ~ , can be associated wi th  pronounced effects on the 
morphology,  p r i m a r i l y  because of the angles where  
they  occur. An  in teres t ing  quest ion concerns why  local 
ra te  min ima  are  found at  {332}, but  not  at  o ther  high 
index planes  ly ing  in the zone, e.g., {221}, {331}, {211}, 
etc. The o ther  or ienta t ions  in the  immedia te  vic ini ty  of 
{332} do not  contr ibute  signif icantly to the morphology  
or  otherwise  the sharp ly  defined obtuse facet near  the 
mask  surface  on the (011) sections would be more  
rounded  than  the ve ry  p l ana r  regions observed.  Thus 
we are  faced wi th  the conclusion that  {332} possesses 
unique character is t ics  that  tend  to resist  e tching by  the 
etchants  wi th  h igher  H202 concentrations.  Koszi and 
Rode (2) observed  precise ly  defined {332) etched facets 
wi th  a Br2:CH3OH etchant.  P re sumab ly  the etch ra te  
inhibi t ion is due to e i ther  the chemical  proper t ies  
a n d / o r  the geometr ica l  atomic a r r angemen t  of the {332} 
surfaces, surface steps, or  kinks.  

Since the po la r  etch ra te  d iagrams in Fig. 3 are  all  
normal ized  to the same [100] etch rate,  the effect of 
e tchant  composit ion on the etch ra te  anisot ropy is 
r ead i ly  apparent .  As the basic 1:8:1 e tchant  is suc- 
cessively d i lu ted  the etch ra te  becomes more  isotropic 
wi th  respect  to orientat ion.  This is evident  f rom 
Table  II  where  the re la t ive  rates  ( ra te  ra t ios)  of the 
two po la r  {111} rates a re  displayed.  I t  should be noted, 
however ,  tha t  the decrease ra te  rat ios in Table  II  re -  
sult  f rom a s imul taneous  increase  in the { l l l } A  etch 
ra te  and a decrease  in the { l l l } B  etch ra te  ( re la t ive  to 
{100}) wi th  dilution. Of course, a t ru ly  isotropic e tch :  
an t  would  exhibi t  an unper turbed ,  c i rcular  polar  d ia-  
gram. The decrease in aniso t ropy wi th  di lut ion is also 
appa ren t  in the  " re la t ive  anisot ropy"  column in Table 

Table II. Influence of etchant composition on etch rate 
onisotropy for polar (111} orientations 

Etch rate ratio 
Etchant composition R{111}B 

[conc. HsSO~:H2Os(30%) :H20] 
(by volume) R{111}A 

1:8:1 4.2 
1:8:40 2.6 
1:8:80 $3 
1:8:160 1.5 

I. Note, however,  tha t  even on di lut ion to 1: 8:1000 the 
aniso t ropy is s t i l l  significant, having  a va lue  of 0.22 as 
compared  wi th  zero for an isotropic etchant.  

Examina t ion  of the degree  of undercu t t ing  (rat io  of 
undercu t t ing  to e tched depth)  in Table  I shows that  
the greates t  undercu t t ing  occurs in the  <100>  azi-  
mutha l  direction.  Al though  only  th ree  direct ions are  
t abu la ted  in Table  I, examina t ion  of the pa t t e rned  
r ings on the etched slices confirmed tha t  the  <100>  
direct ion is, indeed, the most susceptable  to undercu t -  
ting. This is clue to the absence of s low-e tch ing  planes  
wi th  {111} charac te r  in the  <100>  zone. Other  t rends  
are  also evident  f rom Table I. Consider  the H2SO4- 
based series, 1: 8: 80, 1:1: 8, 4: 1: 5, and  8:1:1, where  the 
H2SO4 concentrat ion is increased at  nea r ly  constant  
H202 concentra t ion (,`1.0 mo le / l i t e r ) .  At  low concen- 
t ra t ions  the etch ra te  increases as the H~SO4 concen- 
t ra t ion  is raised, in a manner  s imi lar  to that  observed 
by  I ida and Ito (3). Accompanying  the increase in 
H2SO4 concentra t ion is an increase  in solut ion viscosity, 
which becomes pa r t i cu l a r ly  apparen t  wi th  H2SO4 con- 
centra t ions  above , ,4  mo le / l i t e r  (4). Thus, whereas  the 
H2SO4 may  in i t ia l ly  increase  the surface dissolution 
kinetics,  the high viscosities at  e levated  H2SO4 levels 
decrease the  mass t r anspor t  ra tes  in the  l iquid to the 
degree that  the overa l l  etch ra te  decreases. This hy -  
pothesis  is consistent  wi th  previous  observat ions  (3) 
tha t  at  high H2SO4 concentrat ions  the etch ra te  be -  
comes sensi t ive to s t i r r ing  effects and  the  appa ren t  
ac t ivat ion energy decreases,  effects genera l ly  associated 
wi th  mass t ransfe r  control  of the  etch rate.  

If  the etch ra te  becomes mass t r anspor t  l imited,  the 
etch ra te  anisot ropy should decrease.  This is ev ident  
f rom Table I where  the re la t ive  an iso t ropy  first in-  
creases and then decreases wi th  increas ing H2SO4 con- 
cent ra t ion  in the same manner  as the  etch ra te  for  the 
series 1:8:80, 1:1:8, 4:1:5, and 8:1:1. Note  also the 
rounded  profiles obta ined  with  the (011) cross sections 
for  the two highest  H2SO4 compositions,  8:1:1 and 
3:1:1. Of course, these etchants  a re  not  comple te ly  
isotropic because some angular  or  faceted behavior  is 
apparen t  near  the mask  surface on the (011) sections, 
and the (011) sections are  c lear ly  faceted. 

The 8: 1:1 and 3:1:1 composit ions also provide  a com- 
par ison of the effects of increasing H202 concentrat ions 
at  high H2SO4 levels. The etch ra te  increases s t rongly  
as the H202 concentra t ion is doubled  f rom 1.0 to 2.0 
moles / l i te r .  However,  the r e l a t ive ly  aniso t ropy ac tua l ly  
decreases, indica t ing  tha t  there  is no s imple re la t ion-  
ship be tween  the  (100) etch ra te  and the re la t ive  an-  
isotropy.  

Hydrochloric acid based compositions.--All of the 
H2SO4-based etchants  exhib i ted  to a g rea te r  or  lesser  
ex tent  an ob tused-ang led  facet on the (011) sections. 
Even etchants  wi th  apparen t  mass t ransfer  l imi ta t ions  
such as 8:1:1 and 3:1:1, [where  the (011) section 
showed rounded,  l e ss -angu la r  wal ls]  st i l l  r e ta ined  the 
smal l  obtuse facet  near  the mask surface. Obtuse-  
angled walls  are  undes i rab le  for many  electronic de-  
vice configurations. For tuna te ly ,  some HCl-based  
etchants  y ie ld  signif icantly different  profiles. 

The etching character is t ics  of four  HCl-based  com- 
positions are  presented  at  the bo t tom of Table I. A t  
high di lut ions a n d / o r  low HCI concentrations,  e tchants  
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Fig. 6. Micrographs of orthogonal cross sections cleaved from GaAs slice etched in HCI:H~O~:H~O-80:4:I solution 

exhibi t  o r i en ta t ion -dependen t  ra te  character is t ics  s im- 
i lar  to the H2SO4-based solutions, a l though the lower  
acu te -ang led  facet  previous ly  observed on the (01I) 
sections is not evident  wi th  the 1: 1:9 HCl:H202:H20 
solution. If, however,  the HC1 concentra t ion is in-  
creased to the neighborhood of 10 moles / l i te r ,  an un-  
expected effect is observed.  The etchants  become es-  
sent ia l ly  isotropic. This is appa ren t  f rom comparison 
of the (011) and (01i-) cross-sect ional  profiles for the 
last  two composit ions (40:4:1 and 80:4: 1) given in 
Table I. Here  the  cross-sect ional  profiles a re  smoothly  
rounded,  and essent ia l ly  ident ical  profiles are  obta ined  
for both or thogonal  cross sections. The actual  cross- 
sectional  micrographs  obta ined  from wafers  e tched in 
the 80: 4:1 solut ion are  shown in the  lower  pa r t  of Fig. 
6. Unl ike  previous  GaAs etchant  compositions, the 80: 
4:1 HCl:H202:H20 solution produces  v i r tua l ly  iden t i -  
cal (011) and (011") cross-sect ional  profiles. F u r t h e r -  
more, the degree of undercut t ing  was az imutha l ly  un i -  
form, both on the inside and outside per imeters  of the 
r ing  pat tern ,  as expected  for an isotropic etchant.  

More quant i ta t ive  assessment of the isotropic charac-  
ter  of some HCl-based  etchants  may  be obta ined  from 
the re la t ive  anisot ropy column of Table  I. For  low HC1 
concentrat ions the etchants  are  quite anisotropic.  In-  
deed, the 1:4:40 composit ion y ie lded  the highest  
an iso t ropy of al l  e tchants  t abu la ted  in Table I. How-  
ever, as the HC1 concentra t ion is increased,  the re la t ive  
anisot ropy falls  and becomes essent ia l ly  zero for the 
last  two composit ions wi th  HC1 concentrat ions in ex-  
cess of 1O moles / l i te r .  

The  isotropic, HCl-based  composit ions should be use-  
ful for any  appl ica t ion  where  uni form or ien ta t ion- in -  
dependent  etching is required.  However ,  thei r  isotropic 
ra te  character is t ics  a re  accompanied by  a mass t r ans -  
fer control led behavior ,  and the etch rates become 
pa r t i cu l a r ly  sensi t ive to the degree and na ture  of agi-  
ta t ion employed  dur ing  etching. The etch rates  given in 
Table  I for the 40:4:1 and 80:4:1 correspond to the 
pa r t i cu la r  agi ta t ion conditions employed,  and signifi- 
cant  deviat ions should be expected for o ther  conditions. 
Likewise,  i t  is necessary to provide  ve ry  uni form agi-  
ta t ion to obtain un i form morphologies.  

Another  in teres t ing  fea ture  is the low degree of 
mask  undercu t t ing  produced  by  the 1: 1:9 composition. 
The rat io  of undercu t  to etched depth  for each azi-  
mutha l  direct ion is lower  for the 1: 1:9 e tchant  than for 
any  o ther  composit ion in Table I. 

Summary and Conclusions 
The GaAs etch rates  and morphologies  produced by 

a wide range  of acidic hydrogen  peroxide  etchants  
have been examined.  Through analyses  of the cross- 
sectional  morphologies  obta ined  f rom local ly etched 
samples, the etch ra te  an iso t ropy wi th  respect  to 
c rys ta l lographic  or ienta t ion  can be assessed. The pr in -  
cipal s low-etching  and morpho logy-de te rmin ing  or ien-  
tat ions are  { l l l }Ga ,  {111}As, {332}Ga, and {100}. Sul -  
furic acid based etchants  a re  genera l ly  anisotropic 
wi th  respect  to or ientat ion;  but, the degree of anisot-  
ropy decreases wi th  high-H2SO4-concentrat ion etch-  
ants, where  mass t r anspor t  ra te  l imita t ions  are  en-  
countered.  Hydrochlor ic  acid based etchants  are  also 
anisotropic  if the HC1 concentra t ion is low. However ,  
at  h igher  HC1 concentrat ions (e.g., grea ter  than  10 
moles / l i t e r ) ,  the etchants  are  essent ia l ly  isotropic. 
Thus, HCl:H202:H20 composit ions are  identified, 
which, dur ing  localized etching, produce un i fo rmly  
rounded etched profiles independent  of the az imuthal  
c rys ta l lographic  direction. 
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Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A method has been developed for del ineating arsenic implanted  n + p  junc -  
tions in  silicon by selective etching in  0.5% HF in HNO3 and examinat ion  by 
t ransmission electron microscopy. This method is par t icular ly  applicable to 
shallow junct ion  6 < 0.1 ~m) devices where convent ional  methods are no 
longer applicable. The n+ region is selectively etched, and delineation occurs 
at a depth corresponding to a concentrat ion of 1 • 1019 As/cm 3. 

The t rend in silicon VLSI MOS technology is t o w a r d  
smaller  geometries with shallower junc t ion  depths and 
shorter gate lengths. As these dimensions approach 1 
~m and below, t radi t ional  methods for measur ing these 
distances are no longer useful. Angle lap-s ta in  methods 
as normal ly  applied are l imited by the spacing of in -  
terference lines, which is 0.275 ~m for Xe light. Samples 
cleaved through a junction,  selectively etched and ex- 
amined in the SEM offer an improvement  in  resolution 
as well  as informat ion on the lateral  extent  of the junc -  
tion (1), bu t  quant i ta t ive  informat ion is l imited by  
the resolution of the SEM a n d  uncer ta in ty  about the 
spatial relat ionship between the chemical del ineation 
and the junct ion.  Spreading resistance probing of a 
shallow angle- lapped surface (2) is l imited in  resolu- 
tion due to the probe tip size. Auger electron spectros- 
copy (3) and Rutherford backscat ter ing (4) methods 
are useful  for depth measurements  for shallow junc-  
tions, but  give no informat ion on the lateral  extent  of 
the junction.  

In  this paper  a method is described for accurately 
and reproducibly de termining junc t ion  profiles using 
transmission electron microscopy (TEM) on cross- 
section samples. This method has been demonstrated to 
provide a precision of __45A on a l180A junct ion  depth 
sample and gives sharp delineation in both vertical 
and lateral  directions. 

Experimental 
P-type, (100) oriented 6-8 ~ - c m  75 m m  diam silicon 

wafers were used as s tar t ing mater ia l  for these experi-  
ments. Two types of samples were processed as de- 
scribed in Table I. The test pa t t e rn  samples were fab-  
ricated from a two-level  mask set that  produced a 
repeti t ive array of 1.0, 2.0, and 4.0 ~m gates bounded 
by 2.0 ~m source/dra in  regions; adjacent  "IGFET's"  
were separated by 2.0 ~m field oxide regions. In  the 
orthogonal direction these features ran  the length of 
the wafer. A very large number  of cross-section prepa-  
rations for TEM study could be made from each wafer. 
These preparat ions were pr imar i ly  used to evaluate 
different chemical etchants to determine reproducibi l -  
i ty and accuracy and to determine the doping level 
which corresponded with the delineation;  most of the 
studies were performed on these test pa t te rn  samples. 
Unpat te rned  samples were also used to evaluate ac- 
curacy and to determine the location of the delineation. 

The method for prepar ing cross-section samples has 
been described elsewhere (5). Each preparat ion for 
TEM study contained four to six specimens, all  from 
the same wafer. In  a typical case (for the test pa t te rn  
samples) 5-10 gates could be examined in  one sample, 
so 20-60 gates in  one preparat ion could be examined 
by TEM. 

Key words: junction delineation, pn junction, VLSI technology,  
electron microscopy. 

Chemical etchants were examined in terms of their 
abil i ty to produce reproducible and accurate junct ion  
delineations. Reproducibil i ty was determined by using 
the following procedure: 

1. Prepare  TEM sample. 
2. 5-60 sec buffered HF [34.6 weight  percent  (w/o)  

NH4F, 6.8 w/o HF], rinse and dry, and treat  in  etchant. 
3. Deposit calibrated latex balls (6) over TENI prepa-  

rat ion for in terna l  magnification standard. 
4. TEM study and evaluation. 
5. Ion mill  (6.5 kV, 100 ~A Ar+ ions /gun)  5 min-2  

hr and repeat steps 2-4. 
The latex balls, nomina l ly  0.312 ~m diam, were cali- 

brated against a replica of a diffraction grat ing with a 
known period of 0.715 ~m. 

The accuracy of the method was found by  de termin-  
ing the doping level which corresponded to the etched 
delineation. This was done by comparing measure-  
ments  with junct ion  depths calculated from variat ion 
3 of the SUPREM II diffusion model (7) (with cluster-  
ing; M =- 4), which in tu rn  was calibrated against 
junct ion depths measured by Auger electron spectros- 
copy (3) and Rutherford backscat ter ing (4). 

The chemical etchants examined were a combinat ion 
of HF and HNO3 (8), and a copper plat ing solution 
(9), all at room temperature.  A var ie ty  of etch times 
and concentrations (for the HF-HNO8 system) w e r e  
studied, including an evaluat ion of the effect of i l -  
luminat ion.  Vapor etching was also studied. In  all  
cases the etching was preceded by 5-60 see t rea tment  
in buffered HF (BHF) followed by  a 1 sec rinse and 
qu ick  dry by blotting. The HF-poor  etchants produced 
very l i t t le th inning  of SIO2, and in order to produce a 
more uniform contrast  in micrographs the SiO~ was 
pre- thinned,  in these cases, by exposure to 60 sec of 
BHF. 

Table I. Description of samples 

A. Test pattern samples 

Source/drain doping: 
Arsenic implaut, 30 keV, 7 x l{Ps ions/crn ~, 900oC, 35 rain 

O3 drive-in 
Gate: 

35~0A undoped polysilicon on 250A SiO2. Gate length = 
1.0, 2.0, 4.0 ~m 

Field oxide: 
35uOA SIO2. Oxide length -- 2.0 ~m 

B. Unpatterned samples 

n+ doping: 
Arsemc implant, 30 keV, 7 x 10~ ions/cm 2, 9O0~ 35 rain. 

O3 drive-in 
Additional thermal treatments:  

15 rain 950~ Ar 
30 rain 950~ Ar 
60 min 950~ Ar 

120 rain 950~ Ar 
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Fig. 1. TEM photograph of a vertical section through test pattern 
structure containing n+p junction before (a) and after (b) copper 
plating. The copper grains plate preferentially on the n + region. 

Results 
A copper  p la t ing  t r e a t m e n t  has been reported to 

give clear  pn  junct ion  de l inea t ion  when examined  by  
optical  microscopy (9).J Baths  were  p r e p a r e d  using 8 

Fig. 2. TEM photographs of a vertical section through test pat- 
tern structure containing gate, source, and drain regions before 
etch (a) and after 9 sec etch in 0.5% HF-HNO3 solution (b). Tilting 
the sample revealed thickness contours in the n + region (c). 

Fig. 3. TEM photographs of a vertical section through test pat- 
tern structure containing field oxide, source, and drain regions he- 
fore etch (a) and after 9 sec 0.5% HF-HNO3 etch (b). Tilting the 
sample revealed thickness contours in the n + region (c). 

g / l i t e r  of CuSO4.5H20 and i0 m l / l i t e r  of concent ra ted  
HF. TEM test  pa t t e rn  p repara t ions  were  etched using 
pla t ing t imes of 5 sec. In  one case s~rong i l lumina t ion  
was used dur ing  pla t ing and in another  case p la t ing 
was pe r fo rmed  in the dark.  In  al l  exper iments  i t  was 
found that  n + m a t e r i a l  was p re fe ren t i a l ly  etched, b u t  
the p la t ing  over lay  on the n region contained grains  
too la rge  (,~0.1 ~m) to pe rmi t  c lear  delineation-. A 
micrograph  of such a sample  is shown in Fig. 1. 

Various  mix tures  of HNO3-HF were  examined.  A l -  
though HF- r i ch  solutions tend to remove  oxide at  a 
fast  ra te  thus des t roying  pa r t  of the s t ructure  of a 
sample  under  s tudy,  these solutions were  examined  
since they  are  typ ica l ly  used for rout ine  angle  l ap -  
s t ra in  procedures.  Solutions of 0.25, 0.5, 1.0, 1.5, 2.0, 
and 4.0% HNOs in HF were  used on TEM test  pa t t e rn  
p repara t ions  for t imes of 1-8 sec, both  wi th  and wi th -  
out s t rong i l luminat ion.  Results  were  var iable ,  r ang -  
ing f rom 1000 to 2400A, wi th  no clear  corre la t ion of 
measured  de l inea t ion  dep th  wi th  any  of the  above 
var iables .  

At tempts  have been made  to del ineate  junct ions  by  
holding the TEM prepa ra t ion  in the  vapor  f rom a 33% 
HNO3 in HF solut ion hea ted  to boiling. Al though junc-  
tions have been de l inea ted  by  this method (5), r ep ro -  
ducib i l i ty  is poor. 

The most  successful resul ts  were  obta ined wi th  
di lute  solutions of HF in HNO~. Al though  1% solutions 
gave del ineat ions whose depths increased wi th  increas -  
ing etching t ime, 0.5% solutions gave reproduc ib le  
depth  independent  of etch t ime as shown in Table II. 
TEM prepara t ions  1, 2, and 3 (Table  I I )  were  etched 
for 5, 9, and 7 sec, respect ively,  and each p repa ra t ion  
contained 4-6 specimens. The average del ineat ion depth  
measured  from the test  pa t t e rn  samples  (10 measure -  
ments  on two prepara t ions )  was 995A wi th  a s t andard  
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Table II. Junction delineation using 0.5% HF in HNO~ 
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TEM prep- 
Sample aration 

Calculated 
Etch t ime junction 

(sec) Delineation depth (A) depth (A) 

(Calculated depth)- {As} at deline- 
( delineated depth) ated depth 

(A) (atom/cm s) 

Test pattern 1 5 923 
1 5 933 
2 9 1035 
2 9 1040 
2 9 988 
2 9 937 
2 9 1055 
2 9 966 
2 9 1040 
2 9 1010 

Unpatterned 15m 8 7 1470 
Unpatterned 30m 3 7 1932 
Unpatterned 60m 3 7 2435 
Unpatterned 120m 3 7 8044 

Average : 99SA, 1180 
' ~ = 45A 

185 1.0 x I0~' 

178o 310 2.0 x 10 ~o 
2140 208 5.0 x 10 s 
9.700 265 4.0 x 10 ~8 
SSl0 466 1.3 x 101' 

deviation of 45A. Figures 2 and 3 show micrographs of 
TEM test pa t te rn  structures before (a) and after (b 
and c) etch in  0.5% HF in  HNO~. The micrographs in 
Fig. 2 and 3 are from polygate and field oxide regions, 
respectively. Delineations are sharp, and the magni -  
tude of lateral  junct ion  penetra t ion under  a gate can 
be easily measured. The ratio of la teral  to vert ical  
del ineation (c/a in Fig. 4, measured from the positions 
of the polysurface before reoxidation and the silicon 
surface after reoxidation) was found to range from 0.75 
to 0.95 ~m. 

Discussion 
The use of 0.5% HF in HNO~ as a junct ion  del inea-  

t ion etchant was found to give reproducible results, 
both for measurements  on a n u m b e r  of samples wi thin  
a preparation,  and for measurements  on different prep-  
arations. The determinat ion of accuracy is not quite as 
easy to evaluate. At  present  we assume variat ion 3 
of SUPREM II computat ion (with clustering; M ---- 4) 
to be correct, and Auger  electron spectroscopy (3) and 
Rutherford backscat ter ing (4) measurements  confirm 

that the model is correct to wi th in  ,~ 300A for shal-  
low junctions.  

The doping concentrations which correspond to the 
delineated depths measured from the TEM photo- 
graphs are calculated from the SUPREM II model and 
are shown in  the last column of Table II. A profile 
calculated for the test pa t te rn  samples is shown in  
Fig. 5. These data indicate that  the del ineat ion occurs 
at a concentrat ion of ,-, 1 • 1019/cm a. A plot of the 
measured delineation from the micrographs vs. t h e  
calculated depth which corresponds to 1.0 • 10 TM 

As/cm z for the unpa t te rned  samples is shown in  Fig. 
6. The curve passes through the origin and lends sup- 
port to the a rgument  that  del ineation corresponds to 
a concentrat ion level of -~ 1 • 1019 As/cm 8. 

The steepness of the profile for concentrations < 
1019/cm 3 for the test pa t te rn  samples (see Fig. 5) 
places the true junct ion  only a short distance deeper 
than the delineations. With increasing junct ion  depth 
the steepness of the concentrat ion profile diminishes 
slightly, and for the 120 min  unpa t t e rned  sample with 
a junct ion  depth of 3510A, the junct ion  would be 
-- 470A deeper than the delineation; this t rend  can 
be seen in the fifth column of Table II. Although the 
precise location of the junct ion is subject  to errors in  
the SUPREM II model, these errors are l ikely to h a v e  

Fig. 4. TEM photograph of vertical section through test pattern 
structure at edge of gate after 9 sec. etch in 0.5% HF-HNO3. The 
parameters a and c are, respectively, the junction depth and the 
lateral penetration of the junction from the position of the original 
edge of the implant (before reoxidation). 
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Fig. 5. Arsenic profile calculated for the test pattern samples 
using variation 3 of SUPREM II with clustering. The dotted line 
indicates the average depth measured from the TEM samples. 
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Fig. 6. Plot of delineation depth vs. calculated depth corre- 
sponding to {As} = I • 1019. Data obtained from the unpatterned 
samples using variation 3 of SUPREM II. 

no effect on the profile for the h igher  arsenic  levels 
where  Auge r  and Ruther fo rd  sca t ter ing  measurements  
show l i t t le  difference be tween  the two var ia t ions  of 
the  SUPREM model.  

I t  m a y  be inc iden ta l ly  noted tha t  oxide  thickness on 
the s idewalls  of the  poly  is 30-50% th inner  than  oxide 
on the poly surface. This is thought  to be due to the 
h igher  As doping of the poly surface (due to the normal  
direct ion of incidence of the implan ta t ion)  and  the 
known fas ter  oxida t ion  of implan ted  poly. The ex t reme  
th inning of oxide  sometimes seen at polycorners  is a 
different  phenomenon tha t  is discussed e lsewhere  (10). 

Conclusion 
A method has been found for  de l inea t ing  arsenic im-  

p lan ted  n+p  junct ions in silicon wi th  a r eproduc ib i l i ty  
and resolut ion tha t  has not been prev ious ly  realized.  
The del ineat ion  method uses 0.5% HF in HNO8 to 
se lect ively  remove  silicon wi th  an arsenic  concent ra -  
tion g rea te r  than 1 • 101~ the de l inea t ion  is ob-  

Apri l  1981 

served  in the  t ransmiss ion e lect ron microscope. Mea-  
surements  were  made on arsenic  implan ted  and an-  
nealed samples wi th  and wi thout  gate s tructures,  and 
del ineat ion da ta  were  cor re la ted  wi th  junct ion  profiles 
ca lcula ted f rom SUPREM II  model ing wi th  clustering.  
This method is pa r t i cu l a r ly  appl icable  to shal low junc-  
tion arsenic implan ted  source /d ra in  s t ructures  where  
the doping profile falls  off sha rp ly  for  concentrat ions 
below 1 • 1019/cm 8. Ten measurements  on samples  
which represen t  etch t ime of 5 and 9 sec gave an ave r -  
age del ineat ion  depth  of 995A wi th  a s t andard  devia -  
t ion of 45A. 
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ABSTRACT 

The r equ i r emen t  to fabr ica te  CCD imagers  free of defects br ings about  
the  need to ident i fy  the  origin of the  defects in an effort to improve  the imager  
technology. The fol lowing defects in the video d i sp lay  were  commonly  ob-  
served:  ver t ica l  and  hor izonta l  lines, localized spots, and  striations.  Their  
or igin was ana lyzed  using a combinat ion  of opt ical  microscopy,  chemical  
etching, and  EBIC. I t  was estab]ishd that  they  are  re la ted  to defects p resen t  
in the  oxide  and polysil icon, defects in t roduced  into the bu lk  sil icon by  p r o -  
cessing, and defects p resen t  in the s ta r t ing  mater ia l .  A de ta i led  discussion of 
the i r  re la t ion  to the  s ta r t ing  mater ia l ,  device processing steps, and  the i r  ap-  
pea rance  in the  d i sp layed  output  as a function of the device opera t ing  condi-  
t ions is given. 

One of the more  chal lenging prob lems  of VLSI  
technology is the fabr ica t ion  of large  a rea  devices free 
of localized defects. This is pa r t i cu l a r l y  impor t an t  for  
photosensi t ive  mosaics such as CCD imagers  in tended  
for  use as the  image  sensor of a te levis ion camera.  The 
h i s tory  of camera  tubes, which spans some fifty years,  
has been dominated  by  the efforts to improve  the image  
qua l i ty  of each successive genera t ion  of devices. S i l i -  
con technology is the  la tes t  to be app l ied  to this ap -  
plication,  first in the  diode a r r a y  of the sil icon vidicon 
and now in CCD's. 

As has been prev ious ly  r epor ted  (1-5),  there  are 
ample  oppor tuni t ies  for defects to be presen t  since a 
sensor a rea  of 1.5 cm 2 contains be tween  1 and 3 • 10 ~ 
p ic ture  e lements  (p ixe ls ) .  A n y  defect  p roduc ing  a 
video s ignal  anomaly  in the o rde r  of 1%-2% of the  
peak  signal, which  corresponds to a cur ren t  change 
in the o rde r  of lO-gA, is observable  in the video dis-  
p l ay  of the sensor output .  

A successful p rog ram to e l iminate  image  blemishes  
must  first ident i fy  the origin of each type  of e lec t r ica l ly  
ac t ive  defect  and then es tabl ish  a corre la t ion  be tween  
a pa r t i cu l a r  type  and  a specific pa r t  of the  fabr ica t ion  
process. With  this in format ion  the efforts to upgrade  
the device processing can proceed in a purposefu l  
manner .  

This pape r  repor ts  the resul ts  of our  inves t igat ion 
into the  origin of e lec t r ica l ly  active, defects found in 
the SID 52501 CCD imager  (6) manufac tu red  by  the 
Elect ro-Opt ics  Depa r tmen t  of the  RCA Solid State 
Division. We bel ieve tha t  the  resul ts  presented  here 
are  typical  of any  f rame t ransfe r  imager .  

The m a j o r i t y  of poin t  and  some l ine defects ob- 
served in the te levis ion d i sp lay  of  the  output  s ignal  
f rom these devices have  involved  the malfunct ion  of 
one or more  pixels,  fa i lures  which can be e l imina ted  
by  improved  control  over  processes such as mask  
fabricat ion,  photol i thography,  etching, and  ion imp la n -  
ta t ion that  a re  used in fabr ica t ing  the CCD structure .  
Other  defects ar ise  f rom inhomogenei t ies  and defects 
in the  single crys ta l  subs t ra te  which can or ig inate  
dur ing  processing, bu t  most f r equen t ly  are  presen t  in 
the  v i rgin  wafer.  Our  analysis  shows tha t  defect  den-  
sit ies can be min imized  and increased  yie lds  of cos- 
me t ica l ly  p leas ing  CCD irnagers a re  wi th in  the capa-  
b i l i ty  of present  in t eg ra ted  circuit  technology. Cost 
reduct ions  resul t ing  f rom improved  yie lds  wi l l  fol low 
f rom fu r the r  improvemen t  in the s t a t e -o f - the -a r t .  

* E l e c t r o c h e m i c a l  Soc ie ty  Active Member. 
K e y  w o r d s :  CCD imagers, process and crystallographic defects, 

device performanee. 

Experimental Approach 
The SID 52501 CCD imager  (Fig. 1) whose die size 

is 1.25 • 1.95 cm is f abr ica ted  on a 10 ~cm float zone 
p - t y p e  silicon wafer.  I t  uses a th ree -phase  single level  
polysfl icon gate s t ruc ture  and contains a pa ra l l e l  a r r a y  
of 320 surface channel  l inear  CCD's each having  512 
stages of 30 • 30 #m area. The a r r a y  is subdiv ided  
into two ident ical  areas  of 320 X 256 stages, one pa r t  
serving as the image  sensing register ,  the other  as a 
s torage register .  In  the no rma l  TV camera  sys tem the  
device is opera ted  in the f rame t rans fe r  mode. A n  
optical  image  is focused on the image  regis te r  
where  the photogenera ted  charges are  in tegra ted  
for 1/60 sec. The ent i re  charge image  is then t r ans -  
f e r r ed  into the s torage regis te r  dur ing  the 1.3 msec 
b lank ing  in te rva l  in o rder  that  the nex t  image  
in tegra t ion  cycle can be s tar ted.  S imul taneous ly ,  the  
first charge  image  is t r ans fe r red  one l ine  at  a t ime out  
of the  s torage regis te r  and into a 320 stage b u r i e d  
channel  CCD output  register .  Each successive l ine of 
charge is t r ans fe r red  through the output  regis ter  and 
read  ser ia l ly  by  a floating gate output  t rans i s to r  ampl i -  
fier. This readout  is cont inued unt i l  a complete  field 
has been removed from the s torage regis te r  a t  which 
t ime the  ent i re  cycle is repeated .  

(~:15 o . .  . 
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Fig. 7. Schematic diagram of a three-phase frame transfer CCD 
imager showing the image, storage, and output registers. In the 
diagram of the enlarged pixel the horizontal polysilicon gates are 
shown by the solid lines and the vertical channel stops by the 
dashed lines. 
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By forming the integrating wells under the r gates 
for  the odd numbered fields and under r for the even, 
a display of two interlaced fields on the TV monitor 
produces a 512 line image (7). In a fully operational 
device, defective pixels in any of the 320 parallel  CCD 
channels can introduce blemishes in the transduced 
image producing either a high signal (white) defect by 
the injection of spurious charge, or a low signal (black) 
defect because charge is lost before it reaches the out- 
put stage. Such a signal loss originates either from a 
localized region having low photosensitivity or a de- 
fective channel blocking the complete transfer of 
charge. 

Because the camera system used for this study has 
the capability to vary the number of clock cycles used 
during transfer of the charge image from the image 
to the storage register, a simple means is available for 
distinguishing between defects in these two sections of 
the device. If the apparent  location of the defect as 
observed in the displayed output changes as the num- 
ber of cycles of the transfer clocks is altered, then the 
defect is within the area of the imaging register. De- 
fects whose position is not al tered are in the storage 
register area. 

After having determined that a blemish seen in the 
displayed output was located in a part icular register 
and could be classified by its electrical and optical 
characteristics, the next step was to determine its 
origin. The exact position was established by observing 
in the video display of the output from the operating 
device the coincidence of its signal with that generated 
by a stationary 5 ~m diam light probe as the device was 
moved about on a microscope stage. A 500• micro- 
scope with a long focal length objective was used to 
examine the area surrounding the defect and also to 
guide the operator in scribing a square around the 
defective pixel using a micromanipulator probe as a 
stylus. As shown in Fig. 2 the CCD structure consists 
of a number of lamina formed on the silicon substrate. 
A defect can originate in any part  of the superstructure 
or in the substrate itself and can rarely be found by 
optical examination of the top surface. Using either 
KOH or HF etching to strip each successive layer, the 
newly exposed lamina was examined by Nomarski 
microscopy to determine its mechanical integri ty in  
the region of the defect. When the entire superstruc- 
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Fig. 2. Plan and cross-sectioned yiews of the CCD structure which 
was used far this study. 

ture had been removed, the substrate was given a Dash 
etch followed by microscopic examination to determine 
if microdefects such as edge dislocations, saucer pits, 
and mounds were present. In addition, EBIC (electron 
beam induced current) scans (8) were made in the 
defect region to determine whether crystallographic 
defects were electrically active. 

By repeating these analytical  procedures for each 
type of blemish on many samples, a classification was 
made of the various electrically active defects and 
common origins for each class were established. Fol- 
lowing each step of the fabrication process the presence 
or absence of the established origin for a part icular 
defect was used to assess the need for a process change 
and as the means by which to compare the results 
from modified procedures. In this manner  controls 
could be established over an improved processing 
schedule which either eliminates or reduces the number 
of electrically active defects of a part icular  class. 

Classification of Defects and Their Origin 
In the video display of the output signal from a 

CCD imager the contrast of a blemish can vary be- 
tween the extremes of the full well charge storage 
capacity (white signal) to a zero signal charge (black). 
Typical examples of the various CCD image defects are 
shown in Fig. 3. Blemishes have been observed whose 
contrast with respect to the surrounding background 
varies with operating voltage, rate of charge transfers, 
i l lumination intensity, and illumination wavelength. 
Some exhibit voltage or il lumination thresholds. Table 
I lists a variety of spurious signal defects along with 
their location and identifying characteristics. These 
are discussed more fully in the following paragraphs. 

Striations.--The r ing-type bands of varying contrast 
observed in the background of the displayed image 
produced by the SID imager are striations. Their con- 
trast increases with both increasing wavelength of the 
incident illumination and with a change of the barr ier  
gate bias from depletion (positive voltage) to ac- 
cumulation (negative voltage). Although the contrast 
variations in the image associated with the striations 
ordinari ly do not exceed 4% and are usually less than 
1%, their coherent nature makes  them cosmetically 
unacceptable (Fig. 3c). 

It was established by an extensive study (9) that  
striations are caused by a combination of inhomo- 
geneities in the distribution of recombination centers 
and localized resistivity variations in the as-grown 
wafers. These nonuniformities modulate the collection 
efficiency of photogenerated charges which must diffuse 
through a field-free region before reaching a charge 
storage well. Since material  inhomogeneities form con- 
centric rings in the wafer, the appearance of the stria- 

Table I. 

Stor -  Con- C o n t r a s t  
Image age t r a s t  C o n t r a s t  i l lumi-  

r eg -  r eg -  con- v o l t a g e  n a t i o n  
ister i s t e r  s t a n t  v a r i a b l e  v a r i a b l e  

Striations X X X (wave-  
l e n g t h )  

Slip X X 
X X 

B l a c k  v e r t i c a l  X X ( in ten-  
l ines  s i ty)  

X X ( in ten-  
s i ty)  

B l a c k  hor izon-  X X X ( in ten-  
t a l  l ines si ty)  

X X X ( in ten-  
s i ty)  

W h i t e  spo t s  X X X X (wave-  
l e n g t h )  

W h i t e  v e r t i c a l  X X X X (wave-  
l ines  l e n g t h )  

X X X (wave-  
l e n g t h )  

B l a c k  spo t s  X X X X (wave-  
l e n g t h )  

X X X 
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Fig. 3. An example of the defects observed in the video display. 
(a, top left) and (b, top right), White and black lines and spots; (c, 
bottom left), background striations. 

t ion pa t t e rn  in the  d i sp layed  image  wil l  depend  on the 
locat ion of a pa r t i cu l a r  device on the  wafer .  

Slip.--The clusters  of shor t  hor izonta l  and  ver t ica l  
l ine segments  in the  d i sp layed  CCD image  of Fig. 4a 
are  caused by  c rys ta l lographic  slip in tha t  a rea  of the  
subs t ra te  occupied by  the image  a n d / o r  s torage regis -  
ters of the SID device. The cont ras t  of these b r igh t  
l ines is enhanced by  increasing the vol tage appl ied  to 
the s torage gates in the  image  reg is te r  dur ing  the 
in tegra t ion  period.  F igure  4 is an example  of a device 
having  slip l ines in the  d i sp layed  ou tpu t  image  (Fig. 
4a) which exhib i t  a one - to -one  corre la t ion  wi th  the  
c rys ta l lographic  slip present  (Fig. 4b) in the  bu lk  
sil icon in the same pa r t  of the register .  These subs t ra te  
fea tures  were  revea led  by  a Dash etch. In  the p resen t  
work  i t  has been found that  in o rde r  for the  sl ip l ines 
to be observed  in the  d isp layed  image, the c rys ta l lo-  
graphic  slip has to be e lec t r ica l ly  active. The c rys ta l -  
lographic  slip observed af te r  chemical  etching, bu t  not  
revea led  by  EBIC, did not  give the sl ip lines in the  
d isp layed  image. Al though  the means by  which  the 
c rys ta l lographic  slip becomes decora ted  to  make  i t  
e lec t r ica l ly  act ive is not  c lear ly  understood,  i t  is known 
tha t  the p ropaga t ion  of slip f rom the edge of the  wafer  
into the cent ra l  a rea  occupied by  the devices occurs 
dur ing  processing. The slip is in t roduced  at the wafe r  
edge (10) and is spread  by  the combined effects of the  
s t ra in  genera ted  b y  fast  hea t ing  and cooling cycles 
(11) and by  the stresses p roduced  by  the fo rmat ion  of 
the sil icon dioxide  and polysi l icon layers  (12) of  the  

device supers t ructure .  Cont ro l  over  the  hea t ing  and 
cooling rates  dur ing  device processing and ad jus tmen t  
of the conditions under  which  the var ious  l amina  are  
formed so that  stress is min ima l  has been  shown to re -  
duce c rys ta l lographic  slip in the device areas  b y  a s ig-  
nificant amount.  

Black ver t ica l  lines.--Black ver t ica l  l ines in the dis-  
p layed  image f rom a f rame t ransfe r  CCD imager  
(Fig. 3) can or iginate  in e i ther  the  image  or  s torage 
regis ters  and are  the resul t  of a defect  which inhibi ts  
the  t ransfer  of charge along a channel.  I t  has  been  
de te rmined  tha t  the defects were  formed by  an un -  
in tent ional  diffusion of p + dopants  into the region be -  
tween  the channel  stops (Fig. 5). If a complete  br idge  
is formed be tween  a pa i r  of channel  stops, no charge 
wil l  be t rans fe r red  beyond the defect ive  pixel .  I f  a 
pa r t i a l  b lockage  occurs then only  a por t ion of the  
charge  wil l  be t ransfer red ,  pa r t i cu l a r ly  dur ing  the 
high speed t ransfe r  of the charge image  f rom the 
image  to the s torage register .  A few examples  have  
been observed where  there  is a combined blockage of 
a channel  and a b r e a k  in an ad jo in ing  channel  stop. 
In such a case charge packets  whose t r ans fe r  is b locked 
in one channel  can shif t  to the  ad jacen t  column and in 
the d isp layed image  a b lack  l ine is pa i r ed  wi th  a b r igh t  
l ine beyond the defect  site. 

Unintent ional  p+ diffusions are  the resul t  e i ther  of 
a poor qual i ty  masking  oxide or  problems encountered  
dur ing photo l i thographic  definit ion of the  channel  
stop lines. 
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Fig. 5. An example of a defective channel stop diffusion which 
blocks the CCD channel. (Nomarski micrograph of a Dash etched 
crystalline substrate.) 

Fig. 4. Comparison between (a) sffp (cross-hatched pattern) ob- 
served in the displayed image and (b) crystallographic slip in sili- 
con substrate revealed by Dash etch. Lower left corner in Fig. 4a 
corresponds to lower left corner in Fig. 4b. 

Black horizontal lines.--Black horizonta l  l ines such 
as seen in the Fig. 3 image d i sp lay  resul t  f rom a dis-  
cont inui ty  in a t ransfer  gate or a shor ted  pa i r  of gates 
located in e i ther  the image  or s torage register .  A gate 
in this  pa r t  of the device consists of a 6 ~m wide doped 
Iine in the  polysi l icon l aye r  which extends  across the 
ful l  wid th  of the device and is connected to a me ta l  

bus at  each end. F igure  6 is a mic rograph  of a typical 
discont inui ty  o r  b r e a k  in a gate line. 

P ixe ls  located along the defect ive l ine are  dr iven  
by  clock pulses f rom one end of the  l ine whereas  the 
pixels  in nondefect ive  lines a re  dr iven  f rom both ends 
so tha t  the  high f requency  clock pulse encounters  
different  a t t enua t ion  a long the open l ine than  along 
nondefect ive lines. This leads to the  dis tor t ion of the 
clock pulse shape and phase  appl ied  to those pixels  
s i tuated under  the  defect ive line, which  resul ts  in an 
incomplete  t ransfe r  of charge.  I t  has been es tabl ished 
tha t  the effect is the s t rongest  for  the breaks  located 
in the v ic in i ty  of me ta l  buses and tha t  for b reaks  
located in the center  of the  gate where  no pulse dis-  
tor t ion should t ake  place the  defect  in the  image  is of 
m i n i m u m  contrast .  I t  has been observed tha t  the  con-  
t ras t  of the defects is enhanced by  the increase  of 
t ransfe r  speed and high signal  level  (peak  i l l umina -  
tion in tens i ty) .  S imi la r  incomple te  charge t ransfe r  is 
also caused by  shorts  be tween  the gates. 

Shorts  or b reaks  in the  gate l ines of the  polysi l icon 
l aye r  are caused by  defects in the  pa t t e rned  oxide 
mask  which defines the regions to be doped b y  diffusion 
f rom a phosphorous glass over layer  and  are  the resul t  
of p roblems  re la ted  to the photo l i thographic  definition 
of the oxide pattern. 

White spots and lines.--A single p ixe l  size whi te  spot  
or one column wide whi te  ver t ica l  l ine is caused by  a 
charge inject ing defect  at  a given p ixe l  site (Fig. 3). 
The amount  of spurious charge added  to any  packe t  
of photogenera ted  charge wi l l  depend  on the amount  of 
t ime it occupies a defect ive pixel  site. In the  image 
regis ter  dur ing the in tegra t ion  per iod  this amounts  to 
15.5 msec and the resul t  is a single high signal  charge 
packet  which appears  as a discrete  spot  in the d i sp layed  
image. By comparison,  o ther  charge packets  t r ans fe r red  
th rough  this defect ive pixel  dur ing  the t ransfe r  f rom 
the image  to the s torage regis te r  wi l l  gene ra l ly  pick 
up an insignificant amount  of spurious charge dur ing  
the ~ 1 ~sec occupancy. 

Defect  sites in the image  regis ter  having  excep-  
t ional ly  high inject ion rates  are  capable  of genera t ing  
a low contras t  ver t ica l  l ine in the  d isp layed image 
because sufficient spurious charge is added  to each 
packe t  dur ing  the image- to - s to rage  reg is te r  t r ans fe r  
to produce a vis ible  image. In  the d i sp lay  the br igh t  
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Fig. 6. Typical defects observed in the polysilicon gate structure. Highly doped regions are the darker lines 

point  image, which wil l  have become en la rged  by  
blooming, is t ra i led  by  a low contras t  smear.  

In the  s torage regis te r  each charge packe t  spends one 
l ine t ime (64 ~sec) in each p ixe l  si te as i t  moves along 
a column on its way  to the ou tput  reg is te r  so there  is 
ample  t ime for a sufficient amount  of spurious charge  
to be added  to each packe t  t r ans fe r r ed  th rough  a de-  
fect ive p ixe l  to produce  a high cur ren t  ver t ica l  l ine 
in the d isp layed  image which extends  f rom the defect  
to the bo t tom edge of the display.  The ra te  a t  which  
charge is in jec ted  in the s torage reg i s te r  wel l  of a 
defect ive  p ixe l  de te rmines  the  contras t  of the  ver t ica l  
l ine seen in the  d isp layed  image.  

As shown in Table  II  six types  of charge  in jec t ing  
defects have been identif ied which differ in the i r  
character is t ic  behavior  as the resul t  of changes in 
s torage gate  po ten t ia l  and  i l lumina t ion  wavelength .  

An e lect r ica l  short  be tween  the polysi l icon gate 
l aye r  and  the  subs t ra te  through a pinhole  in the  chan-  
nel  oxide wil l  produce  a defect ive p ixe l  whose in jec ted  
charge ampl i tude  is s t rongly  dependen t  on both the 
m a x i m u m  vol tage app l ied  to the gate  and the ra te  of 
t ransfer .  Such shorts  form junct ions  be tween  the n -  
doped polysi l icon and the p -doped  subs t ra te  which 
exhibi t  a reverse  bias b r eakdown  threshold.  In  the 
image  reg is te r  the peak  gate  vol tage  is appl ied  dur ing 
the r ap id  t rans fe r  of the  charge image  f rom the  image  
to the s torage register .  Because the p - t y p e  subs t ra te  
is pa t t e rned  wi th  p+ channel  stops and the in t r ins ic  
polysi l icon l aye r  is pa t t e rned  wi th  n+ doped gate  
lines, the  makeup  of a subs t ra te  shor t  can va ry  de-  

Table II. Charge injecting defects 

Contras~ v a r i e d  by  changes  in 

Il lumi- 
na t ion  Inte-  B a r r i e r  
wave-  g r a t i n g  ga te  T r a n s f e r  

Type  of de fec t  l ength  vo l tage  vo l t age  vo l tage  

1. P inhole  No Yes, no No Yes, thres-  
hold 

2. n+ diffusion No Yes, thres-  No No 
hold 

3. Surface damago No No No No 
4. Channel  stop dis- No Yes  No No 

locat ion net-  
work  

5. Edge dislocation Yes Yes Yes No 
6. Microprec ip i ta tes  Yes, no Yes, no Yes, no No 

pending  on its location, ( p - i - n  + or  p + - n  +) and each 
var ian t  wil l  have a somewhat  different  threshold  and 
gate vol tage dependence.  

Ano the r  source of point  defects are  un in ten t iona l  
phosphorus diffusions th rough  pinholes in  the mask ing  
oxide used to define the sou rce /d r a in  sites. These can 
form smal l  n + - p  + junct ions  at  the edge of a channel  
stop. Such defects exhib i t  a b r eakdown  above a cr i t ical  
gate bias vol tage  (usua l ly  about  8V) which produces  
a high signal  point  defect  in the  d isp layed  image.  An  
n + diffusion which does not  contact  a p+ region  wil l  
not act as an in jec t ion  spot because the b r eakdbwn  
vol tage of an n + - p  junct ion  is much h igher  than  those 
used in the  CCD operat ion.  

Damage to the  wafer  surface which  can e i ther  be 
presen t  in the v i rg in  wafers  or be in t roduced  dur ing 
processing will produce high current generation sites 
whose injection rate is usually independent of operat- 
ing conditions. It should be noted that the residual 
surface damage responsible  for this type  of defect  
usua l ly  cannot  be seen by  opt ical  examina t ion  of the 
or ig inal  wafer  p r io r  to processing. The damage  sites 
are  revea led  on the surface of a wafer  only  af ter  e tch-  
ing or wi th  EBIC scanning. However ,  the damage  be -  
comes visible when the wafer  is oxidized because the 
oxide usua l ly  grows at  a different  ra te  in the  damaged  
area.  

The last  three  categories l is ted in Table II  are  crys-  
ta l lographic  defects in the subs t ra te  which  m a y  be 
present  in the a s -g rown crysta ls  or be in t roduced  dur -  
ing device processing. Dislocat ion ne tworks  in t roduced 
by  diffusion of the dopant  for the  channel  stops have 
been observed prev ious ly  (13) and are  caused b y  the 
s t ra in  resul t ing f rom the  la t t ice  mismatch  be tween  
the doped and undoped regions of the crystal .  The 
b lemishes  in the d isp layed  image which  a re  the  resu l t  
of this type of in jec t ing  defect  do va ry  in contras t  as 
the in tegra t ing  vol tages are  al tered.  These dislocat ion 
ne tworks  can be e l imina ted  by  decreas ing the dopant  
concentra t ion in the  channel  stop region be low a cr i t i -  
cal value.  

Other  c rys ta l lographic  defects are  the edge dis loca-  
tions which are  responsible  for low contras t  whi te  
spots in the d isp layed  image whose in tens i ty  is cr i t i -  
ca l ly  dependent  on the device opera t ing  conditions. A 
micrograph  of the e tch pits  fo rmed  a t  one of these  
dislocation sites is shown in Fig. 7. The data  on Table  
I I I  indicate  tha t  when such defects are  located in the  
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Fig. 7. Nomarskl micrograph of the etch pits (Dash etch) which are related to edge dislocations 

image register the contrast of the spots they produce in 
the displayed image can be changed by varying either 
or both the storage gate potential and the wavelength 
of the incident illumination. The mechanism of the 
edge dislocations formation during processing has been 
reviewed in Ref. (10). 

The last category of defect listed in Table II is re- 
lated to defects present in as-grown crystals and called 
here, for convenience, microprecipitates. They appear 
as hillocks [similar to those observed in CZ silicon 
(14)] when observed by Nomarski microscope exami- 
nation of the surface of an etched sample. They can 
also be seen without etching on the surface of an 
oxidized wafer as shown in Fig. 8. Some of the white 
spots in the displayed image resulting from charge 
injection by these microprecipitates were observed to 
be independent of device operating conditions, while 
others exhibited the same dependence as those spots 
arising from edge dislocations. Usually the contrast of 
the spots related to microprecipitates is greater than 
that associated with edge dislocations. 

Not all of the crystallographic defects in these last 
two categories are electrically active. Figure 9(a) 
shows an example of electrically active defects ob- 
served by EBIC scanning while Fig. 9(b) shows the 
edge dislocations present in the same area as revealed 
by a Dash etch. Only two of the four defects giving etch 
pits are electrically active. Similar data was obtained 
for microprecipitates. 

It must be pointed out that the fraction of crystallo- 
graphic defects which are electrically active increases 
during processing. For example, in a virgin wafer about 
10% of the microprecipitate sites are electrically active. 
After initial oxidation about 30% have become active 
and after complete processing of the device the active 
fraction has increased to about 50%. During wafer 
processing the probability for a crystallographic defect 
to be electrically active has been found to increase just 
as the average concentration of recombination centers 
increases. Table IV shows the relationship between the 
average value of diffusion length, as measured by 
surface photovoltage (15), and those white spots in the 

Table III. Dependence of edge dislocation related spots on the 
integrating gate voltage and illumination wavelength 

Inte- 
grat ing 

gate Red Infrared 
voltage Blue l ight  Green l ight  l ight  l ight  

8V High contrast  White Not vis- Black 
white  ible 

9V High contrast  High contrast  White Not vis- 
white white ible 

Fig. 8. Nomarski micrograph of hillock observed on the surface of 
a nonetched oxidized wafer. These hillocks are caused by micro- 
precipitates present in the as-grown wafer. 

image originating from edge dislocations. No correlation 
was claimed if there were no white spots in the dis- 
played image which could be associated with the edge 
dislocation sites located in the image register as re- 
vealed by Dash etching of the substrate. It was ob- 

Table IV. Relationship between diffusion length and white spots 
caused by edge dislocations 

Diffusion 
Sample length Correlation? 

1 70 Yes  
2 40 Yes  
3 65 Yes  
4 160 No 
5 180 No 
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Fig. 9. Comparison between (a) electrically active edge disloca- 
tions as observed by EBIC and (b) dislocations in the same area 
revealed by a Dash etch. 

served that only in those wafers with the shorter diffu- 
sion length (higher concentration of recombination 
centers) could a correlation be established between 
edge dislocations and white spots in the displayed 
image. These data indicate that changes in the density 
of recombination centers as small as a factor of four 
can lead to substantial differences in the percentage of 
electrically active crystallographic defects. 

Black spots.--Black spots in the displayed image fall 
into two categories, one being defects which cover 
several pixels, the other one pixel size blemishes of 
low contrast. The large spots were found to be associ- 
ated with anomalies in the polysilicon layer. Defects 
such as hillocks or voids can affect either the light 
transmission through the polysilicon or the charge 
transfer through a given pixel (in much the same 
manner as an open gate line). The small spots are 
caused by a low photosensitivity region in the sub- 
strate. These result from the presence of a crystallo- 
graphic defect under one pixel which produces a re-  
gion with a higher than average concentration of re-  
combination centers. The contrast of this type spot 
depends strongly on both the storage gate potential 
and the il lumination wavelength. 

As shown in Table III  the same defect which appears 
in the displayed image as a black spot when the de- 
fective pixel is i l luminated with infrared light can 
also appear  as a white spot under  short wavelength 

illumination. This is interpreted as indicating the pres- 
ence of an electrically active crystallographic defect 
which acts as a generation center when it is located in- 
side the depletion region and a recombination center 
when it is located outside the depletion region. Most of 
the charge generated by short wavelength light origi- 
nates within the depletion region and a defective pixel 
collects both the photogenerated and the injected 
carriers. Alternatively, most of the photogenerated 
charge resulting from long wavelength light originates 
outside the depletion region where it is subject to re-  
combination losses. The number of carriers which re-  
combine before reaching the depletion region can be  
greater  than the injected carriers with the result that 
the defective pixel will show a lower signal contrast 
than its neighbors. The depletion region contracts as the  
potential applied to the storage gate of a pixel is re-  
duced, therefore, one can account for the observed de- 
crease in the number of white spots and the increase in 
the number of black spots which occurs as the barr ier  
gate voltage is switched from shallow depletion to ac- 
cumulation (the anti-blooming mode of operation) 
(16). 

Summary and Conclusions 
The origin of cosmetic defects in CCD imagers a n d  

dependence of their contrast on operating conditions 
has been analyzed. It was established that all defects 
observed in the displayed image could be correlated 
with defects present in the superstructure (e.g., pin 
holes in the oxide layer, defects in polysilicon) or 
with defects present in the subs'trate. The substrate 
defects could be divided into three"categories: obvious 
defects introduced by processing such as noninten- 
tional n-b or p +  diffusions, process-induced crystallo- 
graphic defects such as dislocations networks, slip, or 
edge dislocations, and defects present in virgin wafers 
such as striations or microprecipitates. The process-de- 
pendent defects visible either in the superstructure or 
in the substrate are easily recognized and can be elimi- 
nated by attention to the techniques of LSI fabrication, 
Less well understood and more difficult to control are 
crystallographic defects, whether present in the virgin 
wafers or introduced by processing. Although process- 
ing steps responsible for the formation of crystallo- 
graphic defects have been identified, an important  un- 
resolved issue still remaining is how nucleation and 
propagation of crystallographic defects, especially edge 
dislocations, can be prevented. At the completion of 
processing only a fraction of the crystallographic de- 
fects have become electrically active, the requirement 
for their producing cosmetic defects in the displayed 
image. Therefore, the mechanisms by which crystallo- 
graphic defects become decorated should be investi- 
gated. The important  issue to be solved is related to the 
sources of contamination; are they introduced from 
outside during processing or rather  they are caused by 
redistribution and change of state of those defects 
which are already present in the original wafers (17, 
18)? Only detailed understanding of these problems will 
provide the basis for process changes which will re -  
sult in significant improvement of CCD imagers 
quality. 

Manuscript submitted Ju ly  28, 1980; revised manu- 
script received Nov. 21, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by RCA 
Laboratories. 
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Bulk Impurity Charge Trapping in Buried Channel 
Charge Coupled Devices 

M. J. McNutt* and W. E. Meyer 
R o c k w e l l  I n t e r n a t i o n a l ,  A n a h e i m ,  C a l i f o r n i a  92803 

ABSTRACT 

Buried  channel  charge  coupled devices are  pa r t i cu l a r ly  sensi t ive to the  
effects of bu lk  s ta te  impur i t ies  on such device character is t ics  as t he rma l  
leakage  current ,  charge t ransfer  efficiency, and noise. This paper  reviews the  
statist ics re levan t  to these effects and describes an improved  appl ica t ion  of 
the double pulse exper imen t  for probing bu lk  impuri t ies .  This expe r imen t  
found that  the dominant  impur i ty  in our  devices had  an energy  level  0.404 eV 
from one of the  bandedges  and de te rmined  a lower  l imi t  of 1013 cm-S for the  
concentrat ion.  A close match  wi th  prev ious ly  repor ted  resul ts  suggests that  
this energy  level  is re ferenced to the valence band and represents  iron. By 
e l iminat ing  the  corrosive HC1 gas used to get ter  sodium in the the rmal  
oxides,  the source of i ron was removed  and the affected device character is t ics  
improved  about  two orders  of magni tude.  

Bulk impuri t ies ,  especial ly  in  bur ied  channel  de-  
vices, give rise to severa l  undes i rable  charge  coupled 
device (CCD) characterist ics.  Among these are enhanced 
the rmal  leakage  current ,  bu lk  state t rapping,  and bu lk  
state t rapp ing  noise. Thermal  leakage  cur ren t  gen-  
erates  charge in te rna l ly  and l imits  the t ime dur ing 
which an empty  charge packet  can be stored. Bulk 
s tate  t rapping  and subsequent  emission smears  charge 
into t ra i l ing  charge packets,  thus degrading  the signal, 
and also gives rise to a pa r t i t i on - type  bulk  state t r ap -  
ping noise. The t rapp ing  noise can also dominate  as a 
genera t ion- recombina t ion  noise in the output  circuit  
due to the  p ropor t iona l i ty  of this noise power  to the  
square of the bias current .  

Mohsen and Tompset t  (1) discussed the effects of 
bu lk  t raps  on the  pe r fo rmance  of bur ied  channel  
CCD's and descr ibed  the double  pulse technique they  
used to de te rmine  the t rap  emission t ime constant. Our  
purpose  in this paper  is to review the t rapp ing  s ta -  
tistics that  include the effects of both  energy  bands 
and to descr ibe an efficient implementa t ion  of the dou-  
ble pulse measuremen t  .technique. We are  also in t e r -  
ested in ident i fy ing the appropr ia t e  impuri t ies ,  and, in 
our  example ,  we wil l  find a large  i ron d is t r ibut ion  and 
discuss its source and eventua l  el imination.  

�9 Electrochemical Society Active Member. 
Key words: iron, bulk impurities, charge coupled devices. 

Bulk Impurity Statistics 
Figure  1 is a band d i ag ram descr ibing the four possi-  

ble Shock ley -Read -Ha l l  (2) t r app ing  t ransi t ions as-  
sumed to dominate  in the device. (a) and (b) a re  
e lect ron capture  and emission rates,  and (c) and (d) 
a re  hole capture  and emission rates  at  a t r ap  with  
energy,  ET. Ec and Ev are  the conduction and valence 
band energies.  The re levan t  stat ist ics can be descr ibed 
by  three  ra te  equations 

d n / d t  : (b)  --  (a) --  ennT --  Cnnpw [1] 

d p / d t  ---- (d) --  (c) ---- epPT - -  CppnT [2] 

d n T / d t  = (a) --  (b)  --  (c) + (d) 

-:  cnnpT --  ennT - -  cDpnT + epPT [3] 

n and p are  the  e lec t ron and hole concentrat ions,  and  
nT and PT are  the filled and empty  e lect ron bu lk  s tate  
concentrations,  ca and Cp are  the  e lec t ron and hole 
capture  coefficients, and en and ep are  the e lect ron and 
hole emission coefficients. 

A t  equ i l ib r ium 

d n / d t  - :  0 

n = no ---- Nc exp [(EF --  E c ) / k T ]  

d p / d t  . :  0 

P : Po : Nv exp [ (Ev --  E F ) / k T ]  [4] 
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Fig. 1, Energy band diagram indicating bulk state trapping 
I~mcesses. 

where  Nc and Nv a r e  t h e  effective dens i ty  of s tates  at  
the two bandedges  and EF is the Fe rmi  energy.  Sub-  
s t i tu t ing  Eq. [4] into [1] and  [2] gives 

en = cnNc exp [ (ET --  Ec)/kT] 
[5] 

ep = cpNv exp [ (Ev --  ET)/kT] 

To obta in  this resul t  we used the Fe rmi  occupat ion 
factor  in  nw and PT such tha t  

•W = NTT/(1 + exp [(ET --  EF)/kT]) 

PT = NTT exp [ (ET -- EF)/kT]/ 

(i ~- exp [(ET -- EF)/kT]) [6] 

where NTT = nT + PT is the total bulk state concen- 
tration. Also in equiliSrium 

dnT/dt = 0 

•T : NIT (Cnno -~- %)/(cnno + ea + %Po + ep) [7] 

where  Eq. [3] was subs t i tu ted  along wi th  PT : NTT 
- -  nT. 

As noted by  Sah (3), Eq. [5] are  s t r ic t ly  va l id  only 
at  t he rmal  equ i l ib r ium where  they  are  der ived.  How-  
ever,  for smal l  deviat ions f rom equi l ib r ium we can as-  
sume tha t  the e lect r ic  fields a re  not large  enough to 
m a k e  the  cap ture  and emission coefficients field depen-  
dent.  Also, we wil l  be p r i m a r i l y  in teres ted  in the t em-  
pe ra tu re  dependence  of the emission cofficient r a the r  
than  its absolu te  value,  thus minimiz ing  the effects of 
nonequi l ib r ium on the measuremen t  accuracy.  

In  deplet ion,  we  have p : n : 0, so the emission 
t ransi t ions,  (b) and  (d) ,  dominate  the  capture  events,  
(a)  and (c) ,  in Eq. [3] giving 

dnT/dt  ~-~ -- ennT + epPT 

: -- (en + ep)'rt,r ~- epNwT [8] 

The solution to Eq. [8] is 

ST = AnT exp (-- t/z) ~- (T/Tp)NTT [9] 

where ~-i _: en ~- ep and Tp -I ---- ep. Let t ---- 0 be the 
time when the device is switched from equilibrium to 
depletion so that nT(0) is given by Eq. [7]. Then from 
[7] and  [9] at  t = 0 we get  

AnT = NTT [enCnno --  epcppo]/[ (On + ep)  

(Cnt%o + en -I- CpPo -'l- ep)] [I0] 

In  some cases, [10] can be g rea t ly  simplified. For  
example ,  in N - t y p e  ma te r i a l  no > >  Po, and, if  the 
impur i t y  level  is near  the middle  of the  bandgap,  Cnno 
> >  on, ep so tha t  AnT ~-~ NTTen/(en-}-ep). F u r t h e r -  
more,  if the energy  level  is in the  upper  half  of the  
bandgap,  we  should have en > >  ep and  z~nT ~ NTT. 

Depending  on the locat ion of the  impur i t y  energy  
level,  e i ther  en or  ep n o r m a l l y  dominates  in r. Fo r  ex-  
ample,  if ET is closer to Ec than  Ev, we  expect  en > >  
ep f rom Eq. [5] and  so 

_~ en -1 --  {enNc exp [ (ET -- Ec)/kT]} -1 [11] 

The cap ture  coefficient, Cn, is p ropor t iona l  to TY2 since 
i t  contains the t he rma l  veloci ty  factor,  and  the effec- 
t ive densi ty  of states, Nc, is p ropor t iona l  to T 3/2 (4). 
Thus, there  is a T ~ factor  bui l t  into the cnNc product .  
This factor  can be e l imina ted  by  mul t ip ly ing  Eq. I l l ]  
by  T ~. Then when  we take  the na tu ra l  logar i thm we 
get  

l n ( r T  2) - - l n ( T 2 / c n N c )  + ( E c -  ET)/kT [12] 

Now if ln(~T2) is p lo t ted  agains t  ( k T ) - l ,  the slope 
of the  s t ra ight  l ine is Ec --  ET which identifies the 
impur i t y  energy  level.  In  the  o ther  case, if  ep > >  en 
(e.g., ET closer to Ev),  then  

ln(~ T2) ---- ln(T2/%Nv) -t- (ET --  Ev) / kT  [13] 

and the da ta  slope gives ET --  Ev. 
Trapping  occurs when a charge packe t  in the CCD 

is t ranspor ted  into a cell tha t  has prev ious ly  been 
empty  or in depletion.  This means  that  the  exponent ia l  
t e rm in Eq. [9] has at  leas t  pa r t i a l l y  decayed. When 
the charge  packe t  arr ives,  e lectrons fill these empty  
impur i t y  states a lmost  ins tan taneous ly  due to the high 
capture  r a t e  caused by  the la rge  ca r r i e r  concentrat ion.  
However ,  when the charge  packet  is t r anspor ted  to the 
next  cell, these electrons s tay t r apped  in the impur i t y  
states. We are  back to a deple t ion  condit ion and these 
electrons are  only emi t ted  f rom the t raps  according to 
the exponent ia l  t ime t e rm  in Eq. [9]. As the electrons 
are  emi t ted  f rom the t raps  they  are  p icked up by  
t ra i l ing  charge packets.  This to ta l  process tends to 
smear  out  the  CCD signal  in time. 

The t rapp ing  process also gives r ise to par t i t ion  
noise in the CCD charge signal  due to the constant  
r eappor t ionment  of charge among ad jacen t  cells. Also, 
there  is subs tant ia l  genera t ion- recombina t ion  noise in 
any  currents  flowing in the device, pa r t i cu l a r ly  in the 
ou tput  circui t  where  the  currents  can be substant ia l .  
This noise is der ived  f rom the constant  emission and 
capture  of the cur ren t  car r ie rs  even in a nea r ly  equi-  
l ib r ium condit ion where  the total  concentra t ion is con- 
stant. 

Experimental Procedure 
In o rder  to obta in  some di rec t  quant i ta t ive  in forma-  

t ion on these bu lk  states, we pe r fo rmed  a double pulse 
charge t ransfer  expe r imen t  s imi lar  to tha t  of Mohsen 
and Tompset t  (1). This expe r imen t  is i l lus t ra ted  in 
Fig. 2. The device is encased in a control led  t empera -  
ture  environment ,  and the analog signal  charge t rans-  
fer is drircen by  a four -phase  clock driver .  The d r ive r  
also t r iggers  a double pulse genera tor  at  a p r ede t e r -  
mined  in te rva l  based on an in tegra l  number  of clock 
periods. The double pulse genera to r  puts  out  two 
pulses, one immed ia t e ly  fol lowing the t r igger  s ignal  
and a second pulse that  is de layed  f rom the t r igger  
signal. The de lay  is manua l ly  adjustable ,  and the 
wid th  of the two pulses is also adjustable ,  but  the 
wid th  is no rma l ly  at  least  two clock periods. The 
double  pulse ou tpu t  signal  f rom the pulse genera tor  is 
appl ied  to the shift  reg is te r  input,  which samples  the  
signal  every  clock per iod and converts  vol tage to p ro -  
por t iona l  charge. The sampled  signal  charge is t rans-  
f e r red  th rough  the shift  regis ter  where  it loses charge 
to empty  bu lk  state energy  levels.  Eventual ly ,  the 
d iminished signal  charge  reaches the ou tpu t  whe re  
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Fig. 2. Block diagram of CCD variable delay double pulse trap- 
ping experiment. 

i t  is p ropor t iona l ly  conver ted  back  to vol tage  and dis-  
p layed  on the oscilloscope. The oscilloscope uses the 
same t r igger  as the pulse  generator .  F igure  3 contains 
typica l  examples  of the  input  and  output  signals, 
where,  in this case, the  ou tput  s ignal  has been  t ime 
shif ted to e l imina te  the shift  reg is te r  de lay  tha t  would  
no rma l ly  occur. As shown in the figure, the pulses ap-  
p l ied  to the  CCD inpu t  ex tend  over  two clock periods.  
For  each input  s ignal  pulse, the  resul t ing  output  then 
gives two sample  pulses corresponding to the two 
Charge packets  tha t  each input  signal  pulse forms. A 
more  negat ive  output  corresponds to a l a rge r  charge 
packe t  of electrons.  

As seen in the output  c i rcui t  signal, the first charge 
packe t  or  cell  is g rea t ly  reduced  dur ing  t ransfe r  down 
the CCD channel.  This is due to t r app ing  of charge b y  
the bu lk  states. Since most  of the t raps  are  filled by  
the first charge packet ,  the second charge packe t  t r ans -  
fers th rough  the CCD wi th  ve ry  l i t t le  loss. There  is 
some loss, however ,  since the first charge packe t  is not  
exposed to all  the  t raps  in the  channel  because of de-  
creases in the  charge packe t  volume due to charge  loss. 

UNDELAYED 
PULSE 

DELAYED 
PULSE CCD I NPUT 

CCD OUTPUT 

FI RST CELL SATURATION 
~- t d ~- / / 

Tc= ~,.-Z E~CO.N ~ CELL SATURATION 

/ - I  I "  NOTRAPPING LOSS PERIOD/___....-- 

Fig. 3. Variable delay double pulse trapping experiment input and 
output signals. 

These remain ing  t raps  are  nea r ly  al l  fil led (in this ex-  
ample)  by  the second charge packe t  or  the second 
sample  of the first i npu t  signal  pulse. 

In  the  ex t reme  case of a ve ry  large  impur i t y  con- 
centrat ion,  more than  two charge  packets  m a y  be re -  
qui red  to fill the  t r app ing  levels.  This does not  sub-  
s tan t ia l ly  affect the measu remen t  technique as long 
as a sufficient number  of charge packets  is provided.  
This is accomplished by  ex tend ing  the signal  pulse 
wid th  over  addi t ional  clock periods.  

There  is a delay,  td, be tween  the second charge 
packe t  f rom the first inpu t  pulse  and the first charge  
packe t  f rom the second inpu t  pulse  as shown in the 
figure. Dur ing  this t ime electrons are  emi t ted  from 
the t raps  according to the  deple t ion  stat ist ics of Eq. 
[9]. Then when the nex t  charge packe t  comes along, 
i t  fills the recen t ly  empt ied  t raps  such that  i ts t r app ing  
loss is equal  to the emission that  occurred in the td 
in terval .  If the emission of t r apped  charge  is large,  
some of these t raps  m a y  be missed by  the reduced  
first de layed  charge packet .  These are  then filled by  
the second de layed charge packe t  or any  addi t ional  
charge  packets  tha t  m a y  be required.  

I f  td = O, no significant emission f rom the t raps  oc- 
curs be tween  the charge packe t  pairs  so tha t  no 
t r app ing  loss occurs in the  second pair .  At  the o ther  
extreme,  if ta > >  ~, where  �9 is the  t rap  emission t ime 
constant,  alI  the  t raps  e m p t y  dur ing  td and the second 
charge packe t  pa i r  exper iences  the same t rapp ing  loss 
as the  first pair .  For  values  of td in be tween  these ex-  
tremes,  the  second pa i r  t r app ing  loss follows the form 

Q(td) = Q(ao)  + [Q(0) - Q(~o)]  

[Q(ta)/Q(O)] e x p ( -  ta/T) [14] 

In Eq, [14], Q(td) is the remain ing  charge at  the CCD 
output  in a charge packet  de layed  by  ta, while  Q(O) 
and Q ( ~ ) a re  the remain ing  charge for charge  packets  
wi th  zero and infinite delays.  The quan t i ty  Q(0) - 
Q (oo) is the  charge po ten t ia l ly  subject  to t rapping,  and  
the exponent ia l  factor  is tha t  of the t rap  emission rate.  
As the charge  packe t  moves along the  CCD channel  
losing charge to t r app ing  centers, its volume is re -  
duced and i t  is exposed to a smal le r  volume of t rapp ing  
centers. In  a un i form bur i ed  channel,  this is r ep re -  
sented by  the  factor  Q(ta)/Q(O) where  the  charge 
packe t  volume is assumed propor t iona l  to the amount  
of charge. Final ly ,  we can isolate Q (td) in [14] to get  

Q(td)  - -  Q ( ~ ) / { 1  - [1 - Q(~)/Q(O)] e x p ( -  td/~)} 

[15] 

Of course the CCD output  vol tage  is p ropor t iona l  to 
Q(td) .  Thus, b y  va ry ing  td and observing the corre-  
sponding change in the  ou tpu t  voltage,  x can be de-  
duced. 

F r e que n t l y  if the  t rapp ing  effect is not  too large,  we 
have [ 1 -  Q(oo)/Q(O)] < <  1, and Eq. [15] can be 
approx ima ted  by  

Q(td) ~ Q ( ~ )  {1 + [1 --  Q(~)/Q(O)] e x p ( -  td/~)} 

[16] 

This approx imat ion  becomes more  accurate  as the ex-  
ponent ia l  factor  decays. Since we now have a pu re ly  
exponent ia l  t ime te rm in Eq. [16], the t ime constant,  
~, can be de te rmined  wi thout  r egard  to the absolute  
values  of Q ( ~ )  and Q (O). Somet imes  the first sample  
of the de layed  signal  pulse  exper iences  ve ry  la rge  
t r app ing  losses such tha t  Q ( ~ )  ~ 0 and [16] cannot 
be used. In  tha t  case, a second or  th i rd  sample  wi l l  
have less t rapping  loss and thus qual i fy  for using Eq. 
[16]. Since we have to t ake  as many  samples  of each 
signal  pulse (i.e., s t re tch  the signal pulse  over  more  
clock per iods)  as necessary to get  at  least  one und im-  
inished sample,  we can a lways  app ly  Eq. [16] to one 
of the sample  pulses. 



VoL 128, 17o. 4 B U L K  I M P U R I T Y  C H A R G E  T R A P P I N G  895 

Al though  the t ime de layed  t r app ing  da ta  can be 
t aken  in the  usual  p o i n t ' b y - p o i n t  manner ,  a more  effi- 
cient  technique gives a much  fas ter  resu l t  wi th  an  in -  
crease in  accuracy.  This technique  uses the  fact  tha t  
the sampl ing  na tu re  of the CCD provides  the same size 
charge  packets  a t  the  same sample  t imes even as the  
s ignal  pulse  is de layed  up to one ful l  clock period.  
However ,  when  the s ignal  pulse  edge passes th rough  
the sample  ape r tu re  t ime,  the charge  packe t  a b r u p t l y  
changes. Thus, when  the t ime de lay  be tween  pulses is 
cont inuously  varied,  the  CCD ou tpu t  pho tographed  
by  a t ime exposure  c lea r ly  indicates  the  corresponding 
charge loss variation in the de layed  charge  packets .  
Each of the t ime delayed  outputs  is d i sp layed  for  the  
t ime i t  takes to adjust the de lay  th rough  one CCD 
clock period.  If this  t ime is long enough to expose the 
film and the de lay  is va r i ed  in a roughly  un i fo rm 
fashion, a good pho tograph  wi l l  result .  In  pract ice,  
this typ ica l ly  requi res  opening  the camera  shutter for 
about  5 sec whi le  tu rn ing  the de lay  knob on a double  
pulse  generator .  

In  pe r fo rming  the exper iment ,  i t  is impor t an t  to 
choose a CCD clock per iod  tha t  is much  less than  T 
in o rde r  to get  many  samples  of the exponent ia l  decay 
to ma tch  wi th  Eq. [15]. Also, the t ime be tween  the 
end of the  de layed  signal  pulse  and the s ta r t  of the 
nex t  s ignal  pulse  pa i r  must  be long enough to a l low 
al l  the  t r apped  car r ie rs  to be emit ted.  In  other  words,  
the signal  pulse  pa i r  repe t i t ion  per iod  mus t  be many  

t ime constants  longer  than  the longest  de lay  be tween  
the two pulses. The first s ignal  pulse  then  provides  the 
Q (~o) re ference  values.  

The accuracy  of the  single pho tograph  method can 
be be t t e r  than  the technique of recording  each t ime 
de layed  sample  separate ly ,  even though the ind iv idua l  
sample  resolut ion  m a y  be less. This is because there  is 
much less oppor tun i ty  for ca l ibra t ion  or  t empe ra tu r e  
d r i f t  be tween  td readings.  Therefore,  the re la t ive  ac-  
curacy  be tween  da ta  points  is excellent ,  which is most  
impor t an t  in ob ta in ing  the t ime constant,  T, by  ma tch -  
ing expe r imen ta l  resul ts  wi th  Eq. [15]. I t  should also 
be noted tha t  this  technique of p robing  bu lk  impur i t ies  
by  using CCD's is po ten t i a l ly  more  sensi t ive than  nor -  
mal  capaci tance t rans ient  methods  (5) because the 
charge packe t  flows th rough  a number  of cells losing 
t r apped  charge  in  each one. In  more  t rad i t iona l  m e a -  
surements ,  only  the equivalent lof  one cell is used. Thus, 
sens i t iv i ty  is mul t ip l i ed  by  the number  of CCD cells. 
However ,  to t ake  advan tage  of this enhanced sensi t iv-  
i ty,  CCD noise Sources such as t ransfe r  efficiency noise 
and output  FET noise mus t  be minimized.  

Al though  the double pulse exper imen t  does not  by  
i tself  give the impur i t y  concentrat ion,  NTT, except  in 
the special  cases where  NIT ~ AnT, i t  can give the im-  
pu r i t y  energy  level  by  finding the slope of Eq. [12] or  
[13]. This can iden t i fy  the  impur i t y  involved.  Since 
the  technique d i rec t ly  measures  the adverse  CCD 
character is t ic ,  name ly  charge t ransfe r  t r app ing  loss, i t  
a l w a y s  identifies the impur i t y  that  is most  in jur ious  to 
the  device, and the  measu remen t  can be made  near  
the normal  opera t ing  tempera ture .  

Experimental  Result 
An example  of the de te rmina t ion  of the  t ime con- 

stant,  T, a t  a single t e m p e r a t u r e  is shown in the  oscil lo- 
scope photo of Fig. 4. This photo is a long t ime ex-  
posure  showing the  first charge  packe t  pa i r  and a 
sequence of second charge  packe t  pai rs  at  var ious  de-  
lays. The de lay  t ime was ad jus ted  cont inuously f rom 0 
to the edge of the oscil loscope scale while  the camera  
shut te r  was open. The resul t  is the two exponent ia l  
decays v iv id ly  d isp layed  for  the first and second de-  
l ayed  charge  packets.  The two unde layed  charge packe t  
signals a re  also shown, somewhat  b loomed due to the  
long exposure  time. They indicate  the long de lay  
values  of the de layed  charge  packets  so tha t  the t ime 
constant  can be de termined.  They  also define the ref -  

Fig. 4. Long exposure photo of CCD output during variable delay 
double pulse trapping experiment. Device 30338-1-4-37B; CCD 
Clock Rate = 50 KHz; Horizontal scale = 100 #sec/div.; Vertical 
scale = 0.1 V/div.; temperature = 55~ 

erence time. Since the t r app ing  loss is about  25% of 
the  total  first charge packe t  ( the zero charge  level  is 
wel l  above the top of the scope d isp lay) ,  Eq. [16] ap -  
p rox ima tes  [15], and a s imple  exponent ia l  decay  can 
be assumed. 

Fo r  example ,  let  0V be the top of the ver t ica l  scale 
as an a r b i t r a r y  reference.  The unde layed  first charge 
packe t  signal  is a t  --0.05V. The de layed  first charge  
packe t  when the de lay  is zero (i.e., no charge loss) is 
at  --0.60V, giving a m a x i m u m  charge  loss equiva lent  
to 0.55V. We see a charge loss equiva len t  to 0.20V at  a 
de lay  of 700 ~sec, so that  

0.55 -- 0.20 = 0.55 exp ( - -  700 • 10-6/T) 

"- 700 X 10 -6 / in  (0.55/0.35) 

= 1 5 5 0 ~ s e c  at T = 5 5 ~  

Natura l ly ,  curve-f i t t ing  techniques could be used wi th  
Eq. [15] to get  more  precise values  of T if required.  
By repea t ing  the expe r imen t  at  severa l  t empera tures ,  
we can plot  ln(~T 2) vs .  ( kT ) - l ,  and f rom Eq. [12] and 
[13], we expect  a s t ra ight  l ine of slope Ec --  ET or 
ET --  Ev. The expe r imen ta l  resul ts  a re  p lo t ted  for  a 
single CCD device in Fig. 5 and they  do in fact  fal l  on 
a least  squares fit s t ra igh t  l ine of s lope 0.404 eV --  
Ec --  ET or ET --  Ev. This is an energy  level  tha t  l ies 
near  the midgap  of silicon, where  we know it  can give 
rise to the  most the rmal  leakage  current .  The repor ted  
energy level  closest to this number  in sil icon is ET-- Ev 
= 0.40 eV for i ron (6-8). I ron  is known  to have one of 
the highest  diffusion coefficients of any  i m p u r i t y  in 
silicon, and its solid solubi l i ty  is l a rge r  than  101~ cm - s  
at our  lowest  furnace tempera tures .  A n  obvious source 
of i ron is the stainless steel  p lumbing  for the gas flow 
systems and the gas s torage tanks.  The po ten t ia l ly  
corrosive HC1 gas sys tem used to ge t te r  mobi le  sodium 
ions f rom the gate oxides was pa r t i cu l a r ly  suspect. 
By e l iminat ing  the HC1 gas flow and re ly ing on 
clean processing and get ter ing  of sodium by  our  
phosphorus-doped  polysi l icon gates, we obta ined  an  
immedia te  reduct ion  of about  two orders  of magni tude  
in the rmal  leakage  and charge t r app ing  in  finished de-  
vices. 

The concentra t ion of t rap states f rom which car r ie rs  
are  emi t ted  af ter  a cer ta in  t ime is given by  the first 
t e rm in Eq. [9], and the concentra t ion of empt ied  
t raps  af ter  s teady s tate  is achieved is r epresen ted  by  
the factor  AnT. As seen in Eq. [10], a n t  is only  a f rac -  
t ion of the to ta l  impur i ty  concentrat ion,  NTT, wi th  the 
fract ion de te rmined  by  the values of the emission and 
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capture  coefficients and the equi l ib r ium doping con- 
centrat ions.  

In  our  bu r i ed  N-channe l  device we have  cnno > >  
%Po, and, since the i m p u r i t y  level  is near  the midgap  
energy,  Cnno ~ en,ep by  compar ing  Eq. [4] and [5]. 
F inal ly ,  we have assumed tha t  the impur i ty  level  emits  
holes to the  valence band so tha t  ep > >  en. Combining 
these approximat ions  in Eq. [10], we get AnT ~ (ea/  
ep)NWT. We have  de t e rmined  ep ~ .~-1, bu t  en can only 
be found by another  measuremen t  technique.  How- 
ever, we have de te rmined  that  the concentra t ion of 
t r apped  and reemi t t ed  carr iers ,  AnT, is much less than 
the impur i ty  concentrat ion or  NTT ~'~ ( % / e , )  AnT > >  
AnT. 

Refer r ing  to Fig. 4, a f te r  the t raps  have empt ied  in 
a full  deple t ion  mode so tha t  the first t e rm in Eq. [9] 
is zero, a ful l  charge packet  loses charge represented  
by  a 0.55 drop in output  voltage. A second charge 
packe t  exper iences  a 0.13 vol tage drop and succeeding 
ful l  charge  packets  lose nothing because the  t raps  
have reached the equi l ibr ium condit ion of Eq. [7]. The 
ou tput  circui t  has a sensi t iv i ty  of about  10 TM V/C, so 
the 0.55V and 0.13V represen t  0.55 X 10 -12 C and 0.13 
X 10 -12 C or a combined to ta l  of 4.3 X 106 electrons.  
These electrons are  t r apped  in a CCD channel  that  is 
250 ~m wide  X 1540 #m long X 1 ~m deep for a to ta l  
volume of 3.8 X 10 -~ cm 3. Therefore,  the concen- 

t ra t ion  of t r apped  electrons tha t  can be r eemi t t ed  is 
Anw = 4.3 • 106/3.8 X 10 -7 ---- 1.1 X 1013 cm -a.  This 
represents  a lower  l imi t  on Nvr. 

Conclusions 
By e m p l o y i n g  the t empe ra tu r e  dependent  t ransfe r  

inefficiency of a CCD, we have been able  to ident i fy  
the i m p u r i t y  causing tha t  inefficiency as i ron with  an 
energy  level  0.40 eV above the sii icon valence band. 
We have  also been  able  to place  a lower  l imi t  on the  
i ron concentra t ion of 1.1 X 1018 cm -8. A simplified 
single pho tograph  var ia t ion  of the double  pulse method 
grea t ly  faci l i ta ted de te rmina t ion  of the requ i red  emis-  
sion t ime constants.  

This i m p u r i t y  ident i f icat ion immed ia t e ly  t h rew sus-  
picion on the furnace  p lumbing  for the  HC1 gas used 
to ge t te r  the threshold  shif t ing sodium ions in isolat ion 
oxides. This p lumbing  contains i ron  in  the stainless 
steel  tubing and the HC1 tanks.  By e l iminat ing  the 
HC1 gas system, an immedia te  reduct ion  of about  two 
orders  of magn i tude  in  t he rma l  leakage  cu r ren t  and  in 
charge t r app ing  was observed in finished devices. 
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High Temperature Oxidation Mechanism 
of CoO to Co O, 
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ABSTRACT 

Growth of Co~O4 layers on the (100) surface of single crystal  CoO was in -  
vestigated in air at 700 ~ and 800~ These layers were of duplex s t ructure  
due to s imultaneous inside and outside growth. Measurements on the position 
of iner t  gold markers  demonstrated that cobalt migrat ion outward  in Co304 
was the dominant  diffusion mechanism. The oxidation kinetics were parabolic; 
the parabolic rate constant  at 800~ was used to obtain an estimate of Dco -- 
3.0 X 10 -12 cm2/sec for the self-diffusion coefficient of cobalt in Co~04. 

The kinetics and mechanism of the growth of Co304 
on CoO have been studied only by a few investigators 
(1-6). This reaction was found to follow parabolic 
kinetics at temperatures  between 600 ~ and 714~ for 
exposures extending from 1 to 30 hr in oxygen at 1 
a tm pressure (1). Growth of Co804 layers on CoO in  
air between 700 ~ and 910~ followed cubic or parabolic 
relationships (2). The ini t ia l  oxidation rates dur ing  
0.05-1 sec between 500 ~ and 1000~ in oxygen at 1-5 
arm are much slower than those rates for extensive oxi- 
dation and they are s trongly influenced by oxygen 
pressure (3). Oxidation of s intered CoO samples in air  
at 600~176 for periods up to 12 hr have been re-  
ported to be determined by CosO4 nucleat ion processes 
(4). Attempts using iner t  gold marker  measurements  
to in terpre t  the reaction mechanism have been incon-  
clusive since inward  oxygen (5) and outward cobalt 
(6) migrat ion have been advanced to account for Co804 

layer  growth. 
A review of the published l i terature i l lustrates that  

there are many  discrepancies among the investigations 
and that  the oxidation kinetics and mechanisms for 
Co804 growth on CoO are not understood. It appears 
that the most impor tant  undefined source of errors is 
associated with the low density of the polycrystal l ine 
CoO specimens resul t ing from cracks and pores. To ex- 
plain the discrepancies in kinetics and proposed 
mechanisms, we decided to investigate the growth of 
Co~04 layers on the (100) surface of CoO single crys -  
tals.  

Experimental 
A crystal of CoO (99.92 weight percent  pure)  grown 

by the Verneui l  process was homogenized in air  at 
1200~ for 24 hr. It  was oriented by means of Laue 
x - r ay  back reflection and a typical diffraction pat tern  
of a (100) face is shown in Fig. 1. Rectangular  sheets, 
10 • 5 • 0.5 mm, were prepared from this crystal 
with the large lateral  surface at (100) orientation.  A 
suspension hole, 0.5 mm diam, was dril led u l t ra -  
sonically in each specimen after its surface was abraded 
by 800 grit  SiC. The crystal surfaces then were metal -  
lographically polished with kerosene as lubr icant  to a 
1 ~m diamond paste finish and they were cleaned u l t ra -  
sonically using acetone as solvent. 

These CoO specimens were subsequent ly  thermal ly  
homongenized and subjected to oxidation in air at 
atmospheric pressure at 700 ~ and 800~ In  the oxida- 
tion runs, several specimens were s imultaneously ex-  
posed from quartz rods using Pt  wire in a mull i te  re-  
action tube placed horizontal ly in an electric f urnace  
controlled to _2~ 

The schedules of the homogenizat ion and oxidation 
experiments  can be explained with reference to the 

* Electrochemical Society Active Member. 
1 Present address: Institute of Materials Science, Academy of 

Mining and Metallurgy, Krakow, Poland. 
Key words: semiconductor, kinetics, mass transport, diffusion. 

thermodynamics  of the CoO-Co804 system. A wide 
range of thermodynamic  data has been published, 
which has been discussed by Ingraham (7) who pro- 
poses that the equi l ibr ium oxygen pressure for CoO- 
Co304 coexistence is given by 

log Po2 (atm) ---- 12.809 -- 1.580 • 104/T (1086-1219 K) 

where Po2 is the oxygen pressure and T is the tem- 
perature. Par t  of the diagram for the compositions of 
cobalt oxides as a function of tempera ture  and oxygen 
pressure given by Holappa (6) based on results of 
two investigations (8, 9) is shown in  Fig. 2. Accord- 
ingly, the CoO crystal homogenized at 1200~ in air 
(Po2 ---- 0.21 atm) and quenched to room tempera ture  
would be expected to exhibit  Co~O4 precipitates. The 
degree of this precipitat ion is i l lustrated in the micro-  
graph of Fig. 3. The CoO matr ix  is probably near  stoi- 
chiometry, because Carter and Richardson (10) have 
shown that its lattice parameter  remains constant  inde-  
pendent  of thermal  pre t rea tment  and quenching 
method. Specimens of this invest igat ion were subjected 
to the following thermal  pre t reatments  to minimize 
Co304 precipitation. They were heated to 1200~ in  a 
flowing Ar-O2 atmosphere set at Po2 ---- 1.2 • 10 -2 atm 
(point A of Fig. 2), slowly cooled to 800~ and held in  
this atmosphere (point B of Fig. 2) for 2 weeks before 
quenching to room temperature.  Those specimens to be 

Fig. I. Laue back reflection x-ray diffraction pattern with in- 
cident beam perpendicular to the (100) CoO face. 
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by energy dispersive x-ray analysis (EDAX) and the 
(SEM) images, respectively. 

Results 
The microstructures of the Co804 layers formed at 

800~ during exposures extending from a few minutes 
to 672 hr are illustrated in the micrographs of Fig. 4.-7. 
A complete layer developed within 4 min (Fig. 4a) and 
an examination of its exterior surface showed that the 
uppermost region of this layer was composed of small 
grains (Fig. 4b). Although the CoO crystal was at (100) 
orientation (Fig. 4c), the thin Co804 layer was poly- 
crystalline (Fig. 4d). This layer during long exposure 
developed a distinct duplex structure composed of an 
inner layer of large columnar grains and an outer layer 
of smaller more equiaxed grains (Fig. 5, 6). Distinct 
voids occurred at the boundary between the inner and 
outer layers which lay parallel to the direction of the 

Fig. 2. Composition diagram of Co1-=0 between 700 ~ and 
1200~ showing its nonstoichiometry at several oxygen pressures. 

oxidized at 700~ were sealed in an evacuated quartz 
tube containing a CoO d- Co304 mixture and equili- 
brated at this temperature (Po2 ---- 3.7 X 10 -4 arm) for 
2 weeks before quenching to room temperature. 

It was confirmed by x-ray and reflection electron 
diffraction that Co804 was the only product upon oxi- 
dizing CoO. CocO4 layer thicknesses and distances 
within these layers were obtained from scanning 
electron microscopy (SEM) images of specimen cross 
sections prepared by metallographic polishing and by 
fracture. Experiments using inert markers were carried 
out to determine the predominant diffusion species in 
CocO4 during its growth. Gold markers, ,-~0.5-1 ~xn 
thick, were deposited by evaporation on several CoO 
specimens through masks made up of two microscope 
copper grids (20 X 200 ~m) tilted to obtain triangles 
,-~100 ~m long and 7-10 ~m wide at the base. The 
lateral size of these markers was reduced to 1-3 #m 
by careful mechanical removal of gold from the speci- 
men  mounted on the stage of an optical microscope. 
The gold markers and their positions in the Co~O4 
layer of a metallographically prepared oxidized CoO 
specimen cross section could be definitively identified 

Fig. 4. Co304 formed on (100) CoO oxidized at 800~ in air for 
4 min: (a) SEM image of fracture cross section, (b) SEM image of 
Co304 external surface, (c) reflection electron diffraction pattern 
from (100) CoO surface before oxidation, (d) reflection electron 
diffraction pattern from Ca304 surface. 

Fig. 3. The (100) CoO surface exhibiting Co304 precipitates after 
the specimen was annealed at 1200~ in air for 24 hr and subse- 
quently quenched in air. 

Fig. 5. SEM images of fracture cross sections of Co30~ formed on 
(100) CoO at 800~ in air after (a) 1 hr, (b) 24 hr, and (c) 24 hr. 
The image in (c) shows details of the boundary between the inner 
and outer layers of the duplex Co804 layer. 
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Table I. Summary of results for C0304 growth on CoO in air 
at 800~ 

Thickness  
Total Inner Outer ratio: Ratio of  
oxide layer layer outer marker  
thick- thick, thick- layer/ depth to 

Time ness  ness  ness  total total thick- 
(hr) (/~m) (/zm) (/~m) layer (%) ness (%) 

15 12.5 9.4 3.1 24.8 
24 15.2 11.5 3.7 24.3 
24 16.1 12.2 3.9 24.2 
24 14.5 11.1 3.4 23.4 
40 17.1 13 4.1 24 24.1 
40 18.2 13.9 4.3 23.6 
48 19.2 14.7 4.5 23.4 
72 22.2 16.9 5.3 23.9 
72 21.6 16.6 5.0 23.1 
96 25.3 19.4 5.9 23.3 
96 24.4 18.8 5.6 23 23.4 

120 26.7 20.3 6.4 24 
140 29.2 22.4 6.8 23.3 
140 28.8 22.2 6.6 22,9 
160 31.2 24.1 7.1 22.8 22.6 
160 31.6 24.3 7.3 23.1 
181 32.6 25 7.6 23.3 
181 33.1 25.3 7,8 23.6 
200 34.8 26.9 7.9 22.7 
218 36.2 28.6 7.6 21 
242 37.5 29.3 8.2 21.9 21.6 
242 38.1 30.1 8 21 
260 39.4 30.7 8.7 22.1 
260 38.9 30 8.9 22.9 
282 40.6 32.1 8.5 20.9 
305 41.8 32.9 8.9 21.3 
384 47.7 37.2 i0.5 22 22.8 

23 -- 2 22.9 • 1.5 

Fig. 6. SEM images of fracture cross sections of Co304 farmed on 
(100) CoO at 800~ in air after (a) 672 hr and (b) the outer layer 
of the duplex layer shown in (a). 

CoO surface a f t e r  24 h r  (Fig. 5b).  The n u m b e r  and  
size of these voids increased  wi th  t ime and at  ex -  
posures ex tend ing  longer  than  200 hr  voids of app rox i -  
ma te ly  the same size were  observable  at  gra in  bound-  
aries in the outer  l aye r  (Fig. 6, 7). The Co304 l aye r  
r e t a ined  in t imate  bonding to the  CoO surface;  voids 
were  not  observed at  this essent ia l ly  p l ana r  in ter face  as 
dep ic ted  in  the  specimen cross sections shown in 
Fig. 7. 

Thicknesses  of the total ,  inner,  and outer  Co304 
layers  were  eva lua ted  f rom meta l lograph ic  and f rac-  
ture  cross sections of CoO specimens oxdized at  800~ 
Eight  to ten l aye r  thickness  measurements  were  m a d e  
on each specimen and these resul ts  are  recorded  in 
Table  I. I t  was found tha t  g rowth  of these layers  fo l -  
lower  a parabol ic  ra te  equat ion 

X 2 = 2kpt Jr C [1] 

where  X represents  a l aye r  thickness a f te r  t ime t, kp 
is a parabol ic  ra te  constant,  and  C is a constant.  The  r e -  

Fig. 7. Optical images of meta[Iographic cross sections of Co304 
layers formed on (100) CoO at 800~ in air after (a) 15 hr and 
(b) 218 hr. 

sults f rom Table  I a re  p lo t ted  in Fig. 8 according to this  
relat ionship.  The values  for the  p a r a b o l i c  r a t e  c o n s t a n t s  
are  

kp ( to ta l  Co304 l aye r )  = (7.65 • 0.1) • 10 - 1 2  c m 2 / s e c  

kp ( inner  Co304 l ayer )  _-- (4.69 • 0 . 0 8 )  • 10 - i s  c r a 2 / s e c  

kp (outer  Co304 l ayer )  - -  (3.6 • 0.2) X 10 - 1 3  c m 2 / s e c  

An example  of resul ts  ob ta ined  using the iner t  gold 
marke r s  to de te rmine  the p redominan t  diffusion species 
dur ing  g rowth  of Co304 at  800~ is p re sen ted  in Fig. 9, 
The marke r s  were  found at  the  bounda ry  be tween  the 
inner  and outer  layers  which corresponds to the in i t ia l  
locat ion of the CoO surface. In  this specific example ,  
23 % of the  layer  thickness is outside the marker .  A v e r -  
age values  obta ined  by  measur ing  the posi t ions of four  
to five marke r s  on each CoO specimen subjec ted  to a 
different  exposure  per iod  are  recorded  in Table  I. The 
rat io  of the outer  to to ta l  Co~04 l a y e r  thickness ob-  
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Fig. 8. Co304 layer growth on (100) CoO at 800~ in air ac- 
cording to a parabolic rate relationship: (layer thickness) 2 vs. time. 
Plots are given for growth of outer, inner, and total Co304 layers. 
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Fig. 9. CosO4 layer formed on 
(100) CoO at 800~ in air after 
384 hr: (a) SEM image of frac- 
ture cross section, (b) SEM image 
Df metallographic cross section 
showing Au marker in Co804 
layer, and (c) EDAX spectra for 
An. 

ta ined  from direct  measurements  of l aye r  thicknesses 
and of m a r k e r  posit ions are  in agreement .  

These genera l  fea tures  of CocO4 laye r  growth  at  
800~ were  also found for  the g rowth  of the layers  
over  long t ime in terva ls  a t  700~ Five  exposure  tests 
ex tending  f rom 24 to 480 h r  were  completed.  Growth  of 
the ind iv idua l  and total  Co304 layers  fol lowed parabol ic  
kinetics. The micros t ruc tura l  fea tures  were  ident ica l  
and the posit ion of the gold marke r s  was at  the bound-  
a ry  be tween  the inner  and outer  layers  as shown in 
Fig. 10. 

Discussion 
The parabol ic  kinet ics  for g rowth  of the  C0304 layer ,  

the posit ion of the  iner t  meta l  m a r k e r  wi th in  this 
layer ,  and its morphologica l  deve lopment  to a duplex  
s t ructure  by  s imul taneous  inside and outside growth  
can be expla ined  by  ou tward  cobalt  diffusion. A model  
i l lus t ra t ing  growth  of the nea r  s toichiometr ic  Co804 
layer  is shown in Fig. 11. Ou tward  ambipo la r  diffusion 
of Co ions and electrons p r o b a b l y  via  posi t ive holes 
(6) across this l ayer  leads to format ion  of 1 mole  

of oxide at  the Co804/O2 interface  I by  the react ion 

3(Co n+ ~ 3he-) ~ 2 O~ = Co804 

upon format ion  s imul taneous ly  of the cobal t  r eac tan t  
by  the fol lowing displacement  react ion at  the CoO/ 
Co804 in ter face  I I I  

12COO ---- 3Co804 -F 3(Con+ + 3he-) 

In these reactions, n+ = 2.67 is the effective charge 
for the diffusing Co 2+ and Co s+ ions. The mass balance  

for these two react ions is 

12COO -~- 2 02 ~- 4CosO4 

where  1 and 3 moles of Co304 are  formed at  the 
Co304/O2 and CoO/Co304 interfaces,  respect ively.  An  
iner t  meta l  m a r k e r  p laced  in i t ia l ly  on the CoO surface, 
in terface  If, is therefore  posi t ioned at a f rac t ional  
depth  of 25% into the Co304 layer  when distances a re  
measured  f rom its ex te rna l  to in te r io r  surface. 

Ambipo la r  diffusion of cobal t  th rough  the Co304 
layer  leads to parabol ic  g rowth  kinet ics  descr ibed by  
the Wagner  theory  (11). The parabol ic  ra t iona l  ra te  
constant  kr can be expressed as 

fs ~ Zeo 
kr (equiv . /cm sec) ---- Cequiv. Dcod In ao [2] 

o' JZol 
where  Cequiv. is the cobalt  concentra t ion in equ iva len t s /  
cm~, the valencies Zco---- 2.67 and ]Zol ---- 2, Dco is the 
cobal t  self-diffusion coefficient and ao is the oxygen 
activi t ies having values  ao" and ao' a t  the Co804/O2 
and CoO/Co304 interfaces,  respect ively.  Upon express -  
ing this ra te  constant  in terms of kp f rom Eq. [1], one 
obtains 

4 Cequiv ~ ~ao" Zco Dcod in ao [3] kp (cm2/sec) _-- -~  �9 ao' IZol 

In this l a t t e r  equation,  ~ is the equiva len t  volume of 
Co304 and the factor  equal  to 4/3 occurs because only 
1/3 mole of Co304 is fo rmed b y  1 mole of cobal t  
diffusing across the  layer  to reac t  wi th  oxygen for 
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Fig. 10. Co~O4 layer forme# 
on (100) CoO at 700~ in air 
after 480 hr: (a) SEM image 
of metallograpMc cross section 
showing Au markers in this layer, 
(b) SEM image of fracture cross 
section, (c) fracture cross section 
of outer layer region, and (d) 
EDAX spectra for Au. 

each mole  of Co~O4 s imul taneous ly  formed at  the CoO/ 
CocO4 interface.  

Examina t ion  of the resul ts  in Table  I and Fig. 9 and 
1O shows that  the posi t ion of the  gold m a r k e r  in the 
Co304 layers  is in close agreement  wi th  the predic t ion  
f rom the g rowth  model  based  on cobal t  diffusion and 
a s imul taneous  d isp lacement  react ion at  the CoO/Co804 
interface.  This posi t ion at  a f rac t ional  depth  benea th  
the ex te rna l  surface of 22.9% _ 1.5% f rom the ex ten-  
sive measurements  a t  800~ and 23% from the m e a -  
surement  at  700~ compares  f avorab ly  with  the p re -  
dicted value  of 25%. Holappa  (6) also found tha t  gold 
marke r s  were  ~20% wi th in  the Co804 l aye r  upon oxi-  
dizing po lycrys ta l l ine  CoO at  860~ in a i r  for 366 hr. 
Alcock and Hocking (5) have  suggested, however ,  tha t  
Co804 grows by  i n w a r d  oxygen  diffusion since gold 
marke r s  were  posi t ioned at  the  Co304/O2 in ter face  

O• 
0 

L)  

o,,I 

b- 

CoO I 12Co0 - , , ~  

m 

Fig. 11. Schematic model for growth of the Co304 layer on CoO 
by oxidation. One mole of Co804 grows at the Co~O4/O2 interface 
by outward diffusion of cobalt to react with oxygen and 3 moles 
of C0304 are formed at the CoO/Co304 interface from the reac- 
tion of 12 moles of CoO. Designations are I, Co304/O2 interface; 
II, initial position of CoO surface; and III, C00/Co304 interface. 

upon oxidizing po lycrys ta l l ine  CoO for 168 and 72 h r  
at 688 ~ and 850~ respect ively.  The oxida t ion  expe r i -  
ments  of this invest igat ion car r ied  out  for  exposures  
up to 384 hr  on CoO single crystals  u t i l iz ing minute  
gold marke r s  have demonst ra ted ,  notwi ths tanding,  t ha t  
growth  of a Co304 layer  proceeds by  cobal t  diffusion. 
This type  of mechanism for Co304 layer  g rowth  is 
ident ica l  to the mechanism advanced  by  Davies ct aL 
(12) for the growth  of Fe~O4 layers  on FeO b y  i ron 

diffusion. 
Co304 is a member  of the  M804 t rans i t ion  meta l  

oxides of spinel  s t ruc ture  which exhib i t  cat ion va-  
cancies in oc tahedra l  and t e t r ahed ra l  posit ions and 
posi t ive holes as point  defects (13, 14). Its defect  
proper t ies  have not been invest igated,  bu t  i t  has  been  
shown that  the value  of the e lect r ica l  conduct iv i ty  at  
9O0~ remains  unchanged  over  the oxygen  pressure  
range  f rom 0.21 to 1 a tm (15). Moreover,  Co304 t rans-  
forms at  800~ to CoO at oxygen pressures  not  fa r  r e -  
moved from 1 arm as shown in Fig. 2. We have Ob- 
tained, therefore ,  an es t imate  of the self-diffusion co- 
efficient of cobalt  for Co~O4 at 800~ by  in tegra t ing  
the r i gh t -hand  side of Eq. [3] wi th  the assumpt ion tha t  
this diffusivi ty is not dependen t  on oxygen pressure  
over  the very  smal l  pressure  range  f rom 0.21 to 1.2 • 
10 -2 a tm which corresponds to the oxygen  pressures  
at  the Co304/O2 and CoO/Co804 interfaces,  respect ively.  
A value  of Dco = 3.0 >< 10 -12 cm2/sec is obta ined  
us ing the expe r imen ta l  va lue  of kp --  7.65 X 10 -1~ 

cm2/sec and ~ ---- 5.0 craB/equiv. The assumpt ion tha t  
cobal t  is the p redominan t  diffusion species is reason-  
able because the self-diffusion coefficient of oxygen in 
this polycrys taUine oxide is Do ---- 3.3 X 10 -14 cm2/sec 
(16) y ie ld ing  Dco/Do ~ 102. 

The gold marke r s  were  posi t ioned at  the bounda ry  
be tween  the columnar  and equiaxed  layers  of a dup lex  
Co804 layer .  A p p a r e n t l y  ou tward  growth  of Co804 b y  
cobalt  diffusion led to deve lopment  of a r ~ a t i v e l y  large 
number  of equiaxed  grains, whi le  i nward  pene t ra t ion  
of Co304 into CoO, resul t ing  f rom the s imul taneous  
d isplacement  reaction,  led  to deve lopment  of a r e l a -  
t ive ly  smal le r  number  of large,  co lumnar  grains.  These 
growth  features  and the voids observed at  this bound-  
a ry  be tween  the different  s t ruc tu ra l  layers  poss ibly  
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arose f rom imperfect ions  and impuri t ies ,  since the 
bounda ry  is s i tuated at  the posit ion of the  in i t ia l  me ta l -  
lograph ica l ly  p repa red  CoO surface. These voids a n d  
those observed at  g ra in  boundar ies  wi th in  the  outer  
l aye r  would enlarge  by  act ing as sinks for  cobal t  
vacancies migra t ing  ac ross  the  Co304 l aye r  dur ing  its 
growth. Thus, any  smal l  decrease of the cobal t  flux 
across the outer  layer ,  due to the migra t ion  of va -  
cancies to voids and the l a te ra l  a rea l  ba r r i e r  of these 
voids to cobalt  diffusion, can account for  the var ia t ion  
to s l ight ly  smal le r  values of the f rac t iona l  depth  o f  
the in te rna l  bounda ry  and m a r k e r  posi t ion wi th  in-  
creasing exposure  time. These f rac t ional  depths,  as 
shown in Table I, corresponded to the p red ic ted  va lue  
of 25% dur ing  ea r ly  per iods  up to 24 hr, but  they  
decreased slightly" to final values  of ,-, 22% as voids 
became dis t inc t ly  observable  at  and wi th in  the outer  
l aye r  of the duplex  Co304 layers  dur ing  long exposures.  

Conclusions 
Oxidat ion of (100) CoO single crysta ls  p roduced  

adherent ,  un i fo rmly  th ick CocO4 layers  of duplex  s t ruc-  
ture. Dur ing  oxidat ion,  voids developed at  the bound-  
a ry  be tween  the inner  and  outer  l ayers  and wi th in  the  
outer  layer .  Marke r  measurements  and t ex tu re  a n a l y -  
sis showed that  Co~O4 grew as a dup lex  l aye r  due to 
s imul taneous  inside and outside growth.  I t  was found 
tha t  the oxidat ion kinetics of CoO to C0304 obeyed a 
parabol ic  re la t ionship  resul t ing f rom the dominat ing  
mechanism of cobal t  ambipo la r  diffusion ou tward  
th rough  the Co~O4 layer .  An es t imate  of Dco ~- 3.0 • 
10 -12 cm2/sec was obta ined  at  800~ for the value  of 
the cobalt  self-diffusion coefficient of Co804. 
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The Sulfidation Kinetics of Nickel-Aluminum 
Alloys at 700~ in Hydrogen Sulfide-Hydrogen 

Atmospheres 
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ABSTRACT 

The sulfidation kinet ics  of Ni-A1 al loys conta ining 3-13 atomic percen t  A1 
were  inves t iga ted  at  700~ in H2S-H2 a tmospheres  at  su l fur  pressures  10 -8 
m_ Ps2 m_ 10-2 arm. The react ion product  was comprised  of th ree  regions:  an 
ex te rna l  NiS or Ni3S2 layer ,  an A12S3-Ni3S2 l ame l l a r  layer ,  and an innermos t  
A1-Ni-S l iquid layer .  S igmoidal  shaped react ion curves before onset of l inear  
kinet ics  resul ted  f rom the t empora l ly  pa r t i a l  p ro tec t ive  na tu re  of the  oxide  
films on the me ta l lograph ica l ly  pol ished specimens. The magni tudes  of the 
l inear  ra te  constant  for g rowth  of the  react ion product  layers  were  p redomi -  
nan t ly  de te rmined  by  in ter rac ia l  processes for t ransfe r  of reac tants  a t  the gas /  
scale and sca le /subscale  interfaces.  

A luminum is a commonly  used a l loying  e lement  in 
Ni-base  supera l loys  for improving  the i r  s t rength  and 
corrosion resistance.  These alloys, however ,  undergo 
severe  degrada t ion  by  sulfidation. The sulfidation k i -  

* Electrochemical Society Active Member. 
Present address: International Business Machines Corporation, 

San Jose, California, 95193. 
Key words: Nl-A1 alloys, sulfidation kinetics. 

netics of pure  nickel  have been s tudied by  severa l  in-  
vest igators  (1-6). At  t empera tu res  in the range  300 ~ 
600~ l inear  kinet ics  resul t ing f rom a gas /sca le  phase 
bounda ry  react ion are  observed in sulfur  pressures  
10-4 ~ Ps2 ~ 0.1 a tm and parabol ic  kinet ics  resul t ing  
f rom reac tan t  diffusion in the n ickel  sulfide scales are  
observed at h igher  sulfur  pressures.  I t  has also been  
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demons t ra ted  tha t  n ickel  conta ining 0.5 a tomic percent 
(a /o )  A1 sulfidizes at  620~ and 10 -4  arm sul fur  pres- 
sure by l inear  kinet ics  (2). Since there  is a pauc i ty  of 
resul ts  for sulfidation of Ni-A1 alloys,  we have  sys-  
t emat i ca l ly  inves t iga ted  the sulfidation proper t ies  of 
these al loys conta ining up to 13 a /o  A1 a t  700~ in 
H~S-H2 a tmospheres  conta in ing su l fur  at pressures 
10-s ~_ Ps2 -~ 10-2 arm. 

Experimental  
The composit ions of  the a l loys conta ining 3-13 a /o  

A1 p r e p a r e d  by  mel t ing  the  pure  meta ls  in an  argon 
arc furnace  are  given in Table I. Plates,  1.5 • 0.8 • 0.1 
cm, were  pol ished to 600 gr i t  si l icon carb ide  paper 
using w a t e r  as lubricant .  Fol lowing  a vacuum annea l  
at  800~ for 3 days, the specimens were  again  pol ished 
to 600 gr i t  si l icon carbide  p a p e r  and, in severa l  in-  
stances, pol ished to 1 ~m size d iamond using kerosene 
as lubr icant .  The specimens were  successively washed  
wi th  pe t ro l eum e ther  and  me thy l  alcohol, dried, and  
s tored  in acetone. 

Sulf idat ion kinet ics  using H2S-H2 a tmospheres  were  
de te rmined  g rav ime t r i ca l ly  at  700~ using a McBain 
ba lance  assembly  which  has been descr ibed  e l sewhere  
(7). The sul fur  pressures  in the  a tmospheres  at  700~ 
were  ca lcu la ted  f rom the equ i l ib r ium constant  K --  
5.29 X 10 -'3 for  the reac t ion  H2S --  H2 -t- �89 S~ (8-10).  
The oxygen  containing impur i t ies  in  the u l t r ah igh  
pu r i t y  hydrogen  were  O2 ---- 1 p p m  and H20 - -  5 ppm, 
and in the  99.5% chemical ly  pu re  hydrogen  sulfide 
SOs and CO2 equal  to 0.05 and 0.13 mole  percent .  The 
scales were  examined  using opt ical  and  scanning elec-  
t ron  microscopy.  The reac t ion  products  were  identif ied 
by  e lec t ron microprobe,  x - r a y  diffraction, and  differen-  
t ia l  t he rmal  analyses.  Severa l  125 #m d iam P t  m a r k e r s  
were  spo t -we lded  on a Ni-6 a /o  A1 al loy specimen be -  
fore its sulf idat ion at  10-5 arm sul fur  pressure .  

Results 
Sulfidation kinetics.--Results are  shown in Fig. 1 and 

2 for  the  al loys containing 6 and 13 a /o  A1 and wi th  
the  specimen surfaces subjec ted  to the fine me ta l lo -  
graphic  pol ish of 1 #m diamond.  The curves are  regres -  
sional  fits of the resul ts  to a s igmoida l - type  ra te  equa-  
tion for  which  the l inear  ra te  constants were  obta ined  
f rom observat ions  at  long t ime per iods  af te r  complete  
surface coverage of a specimen by  a sulfide scale. The 
i r r ep roduc ib le  in i t ia l  react ion rates  were  associated 
wi th  the presence of defect ive oxide films on these 
a l loy specimens. This character is t ic  behavior  was 
demons t ra ted  by  sulfidizing a Ni-13 a /o  A1 al loy speci-  
men  at  Ps~ ---- 10 - l ~  a tm for  10 hr. The weight  gain 
was less than 0.1 m g / c m  2 and a thin g r ay  film < 0.5 
~m th ick  was found to have  developed.  Its composi t ion 
was not  es tabl ished conclusively;  nevertheless ,  i t  con- 
sisted p r i m a r i l y  of oxide r a the r  than  A12S3 because i t  
d id  not  reac t  wi th  water .  I t  is t he rmodynamica l l y  fea-  
sible to form A120~ upon tak ing  into account  the im-  
pu r i ty  oxygen concentra t ion in the H2S-H2 gas s t ream. 
Resul ts  are  shown in Fig. 2 for this specimen wi th  the 
above p re fo rmed  film sulfidized in pure  H2S (Ps2 --  
1.9 X 10 -2 a tm) .  The more  pro tec t ive  na tu re  of this 
th icker  film emphasized the in i t ia l  s igmoidal  shape of 

Table I. Chemical analyses of the Ni-AI alloys 

(Composition in weight percent) 

A l l o y  A1 Co F e  Cu M n  N i  

Ni-3 a / o  AI*  ] 1.35 <0 .003  0.020 0.032 <0 .004  B a l  
[ 1.32 <0.003 0.021 0.030 <0.0,0'4 

Ni-6 a/o A1 3.14 0.28 0.037 0.011 0.012 
Ni-10 a/o Al* ~ 4.9 <0.003 0.057 0.048 <0.0@4 

l 5.1 <0.003 0.056 0.043 <0.004 
Ni-13 a/o Al 6.38 0.044 -0.164 0.042 0.04 

* T w o  b u t t o n s  o f  s a m e  n o m i n a l  c o m p o s i t i o n  w e r e  u s e d .  T h e r e  
w a s  no  significant difference i n  t h e i r  s u l f i d a t i o n  p r o p e r t i e s .  
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Fig. 1. S-lfidation kinetics at 700~ of the Hi-6 a/o AI alloy 
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Fig. 2. Sulfidation kinetics at 700~ of the Ni-13 a/o AI alloy 
subjected to 1 p~m diamond metallographic polish. The run marked 
with an asterisk refers to sulfidation of a specimen with preformed 
film. 

the reac t ion  curve. The t r ans i to ry  influence of an oxide  
film was g rea t ly  reduced  by  only coarse ly  pol ishing 
the a l loy surface to 15 ~m gr i t  si l icon carb ide  paper .  
This behav ior  is i l lus t ra ted  by  the sulf idat ion curves at 
various sulfur  pressures  for  the  al loys conta ining 3 
and 10 a /o  A1 shown in Fig. 3 and 4. Good rep roduc ib i l -  
i ty  of each sulfidation curve was obta ined  and the s ig-  
moida l  overtones were  s ignif icant ly r educed  in  the  
react ion curves. 

Morphologies of the reaction products.--An ex te rna l  
scale and subscale were  formed in al l  cases. Isola ted  
nickel  sulfide growths,  Fig. 5, g rew over  an a l loy  speci-  
men surface in the ve ry  ear ly  reac t ion  stages. Differ-  
ent ly  sized growths  appea red  in the  same topograph 
suggest ing that  they  did not  nucleate  s imul taneously .  
These growths merged  together  to form a compact  
scale, Fig. 6, wi th  increas ing exposure  t ime at  in te rva ls  
s ignif icantly longer  in  the case of the f inely pol ished 
specimens, which exh ib i ted  pronounced  s igmoida l -  
shaped sulfidation curves. The subscale,  which was 
in i t i a l ly  confined to regions benea th  the  isola ted nickel  
sulfide growths,  u l t ima te ly  pene t r a t ed  un i fo rmly  into 
the  a l loy when  surface coverage wi th  an  ex te rna l  
scale was complete.  

The subscale in a l l  instances was composed of two 
dist inct  regions involving a two-phase  l ame l l a r  solid 
l aye r  d i rec t ly  benea th  the ex te rna l  scale and an i nne r -  
most l iquid  l aye r  sandwiched  be tween  the solid l a m e l -  
lae and the alloy. These regions are  i l lus t ra ted  b y  the 
photomicrographs  in Fig. 7. Wi th  increas ing a l loy a lu -  
minum content,  the thickness of the  solid l amel l a r  
l aye r  increased at  the expense of the  l iquid  layer .  Thus, 
the l ame l l a r  l aye r  was only de tec table  on the Ni-3 a/o  
A1 alloy, but  became the p redominan t  l aye r  of the  
subscale in the Ni-13% A1 alloy. Marker observations, 
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Fig. 3. Sulfidation kinetics at 700~ of the Ni-3 a/o AI alloy 
subjected to 600 (15 ~m) grit silicon carbide metallographic polish. 

Fig. 7(a),  demonstrated that the Pt marker remained 
at the external scale/subscale interface consistent with 
scale growth by outward metal diffusion and subscale 
growth by inward sulfur diffusion. 

Fig. 5. Top view of Ni-13 a/o AI alloy after sulfidation at Ps~ = 
10 -~  atm and 700~ for 12 rain. 
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Fig. 4. Sulfidation kinetics at 700~ of the Ni-10 a/o AI alley 
subjected to 600 (15 ~m) grit silicon carbide metallographir 
polish. 

Fig. 6. Top view of a Ni-10 a/o AI specimen after sulfidation at 
Psg --" 10 -~  atm for 30 min. 
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Fig. 7. Cross sections of the 
sulfide layers formed on the Ni- 
A! alloys upon sMfidation. Re- 
gions 1, 2, 3, 4, refer to bulk 
allay, liquid AI-Ni-S layer, 
lamellar AI2S3-NisS2 layer, Ni2S~ 
external scale, respectively, and 
the black areas 5 refer to pene- 
trated plastic mounting material. 
(a) Ni-6 a/o AI specimen sul- 
fidized at Ps~ - -  10 - 5  arm for 
75 min illustrating Pt marker po- 
sitioned between external scale 
and subscale. (b) Hi-10 a/a AI 
specimen sulfidized at Ps2 
10 - ~  arm for 49 hr. (c) Hi-13 
a/o AI specimen sulfidized at 
Ps2 "- 10-zs arm for 34 hr. (d) 
Closeup of liquid/alloy interface 
in cross section (c). 

Identil~cation o] phases.--It was necessary to obtain 
samples of the external  scale and the two subscale 
layers. The scale was easily separated from the speci- 
men by mechanical  flaking. Samples of the lamel lar  
layer  were obtained by scraping a specimen denuded 
of the external  layer and discarding the ini t ial  and 
final portions of the easily scrapable material .  A sam- 
ple of the solidified liquid layer was obtained by fur ther  
filing of the specimen. In  order to confirm that  no 
under ly ing  alloy was mixed with this sample, it was 
necessary to cold mount  this stripped mater ial  and 
examine  its cross section. 

The x - ray  diffraction pat terns of the external  scales 
completely indexed as NiS (milleri te) when sulfida- 
tion was performed at Ps2 ~ 10-4 arm and as ~-Ni3S2 
at lower pressures. The solidified l iquid layer  was 
identified as ~-Ni3S2. The diffraction pa t te rn  of the 
mater ia l  from the two-phase lamel lar  layer  could be 
resolved into that of fl-Ni3S2 and an extraneous pat -  
tern. Although the line positions in this extraneous 
pa t te rn  matched that  of the s tandard A12S3 pat te rn  
(11), the l ine intensit ies did not  match. Attempts  to 
compare calculated and observed l ine intensit ies under  
the assumption of several rat ional  fiber textures were 
also unsuccessful. A12S~ readi ly  undergoes hydrolysis, 

but  at tempts to ident ify the extraneous pa t te rn  as 
hydrated  a lumina structures failed. Since the diffrac- 
tion pat tern  of NiA12S4 is not known,  the extraneous 
pa t te rn  was compared to s tandard diffraction pat terns 
of the double sulfides CrA12S4, ZnAI~S4 (cubic-spinel)  
and MnA12S4, FeA12S4, MgA12S4 (rhombohedral) ,  bu t  
without  success. Accordingly, x - r a y  diffraction demon-  
strated that Ni3S2 existed in the lamel lar  layer, bu t  it 
did not resolve a reasonable ambigui ty  whether  the 
second phase was A12S3 or NiA12S4. 

Figure 8 represents the differential thermal  analyses 
of the different sulfide layers carried out at a heat ing 
rate of 20~ Trace 1 was taken from the solidified 
liquid layer; the peak at 535~ results from the B'-B 
t ransformat ion of Ni3S2 and the peak at  637~ cor- 
responds to the mel t ing point  of the Ni~S2-Ni eutectic. 
Thus the innermost  sulfur  containing layer adjacent  
to the alloy was l iquid at the reaction tempera ture  of 
700~ Trace 2 was  obtained from a sample of the 
Ni3S2 external  scale; peaks at 540 ~ and 805~ corre- 
spond to ~'-~ and solid-l iquid transformations,  respec- 
t ively (12, 13). In the pre l iminary  analyses of the lam- 
ellar layer  samples, it was only possible to obtain the 
above peaks for t ransformat ion and mel t ing of NisS2. I t  
was therefore suspected that  the a luminum-r i ch  phase 
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[:ig. 8. Differential thermal analyses of the different sulfide 
layers with the abscissa mV scale corresponding to readings of the 
Pt-13% Rh thermocouple (the peaks at 1083~ correspond to the 
melting point of copper standard): curve 1, DTA trace of solidified 
liquid layer; curve 2, DTA trace of Ni3S~ external Scale; curves 3, 
4, 5, DTA traces of lamellar two-phase solid layer. 

w a s  decomposed by  hydrolys is  dur ing  handl ing  of th e  
mate r i a l  or  dur ing  the course of the  test. When  f reshly  
p repa red  samples  were  ana lyzed  under  u l t r ah igh  pu r i t y  
argon, an addi t ional  peak  at  1135oC was ob ta ined  as 
shown in t race  5. The l iquidus  t empe ra tu r e  of A12Ss 
varies  f rom 1100 ~ to 1200~ (10). I t  is r epor ted  tha t  
an ~-7 polymorphic  t ransformat ion  in A12S3 takes  place 
at t empera tu res  h igher  than  l l00~ and that  the  v-  
phase can be re ta ined  by  fast  Cooling (11). Upon con- 
ducting the analysis  using a t in r a the r  than  copper  
s tandard,  the mel t ing poin t  of which in ter feres  wi th  
the  t ransformat ion  peak,  an exothermic  peak  was ob-  
served pr ior  to the endothermic  mel t ing  peak  as shown 
in traces 3 and 4. The endothermic  peak  r eap pe a re d  
as an exothermic  peak  on cooling, bu t  the exothermic  
peak  did not  r eappea r  which can be exp la ined  by  as-  
suming tha t  the cooling rates  of 20~176 sup-  
pressed the above 7-a t ransformat ion.  Any  addi t iona l  
peak  which could be a t t r ibu ted  to the  decomposi t ion 
of a single phase into l ame l l a r  products  was not  ob-  
served be low 700~ Thus, these findings s t rongly  ind i -  
cate tha t  the a luminum- r i ch  phase is A12S3 and tha t  
the two-phase  l ame l l a r  solid l aye r  was formed dur ing  
the course of the react ion and not as a resul t  of quench-  
ing. 

A typical  microprobe  t race  across a sulfidized speci-  
men is shown in Fig. 9. The ex te rna l  scale composit ion 
corresponded to NiS at  Ps2 > 10-4 a tm and Ni3Ss at  
the lower  sul fur  pressures  invest igated.  A l u m i n u m  was 
not detected in these scales at  the lower  detect ion l imi t  
of 0.5 a/o.  Close examina t ion  of the trace in the l ame l -  
l a r  l aye r  reveals  that  the increases in A1 and S counts 
correspond to a decrease in the  Ni counts, and vice 
versa. This is t aken  as subs tan t ia t ing  evidence tha t  the 
phases consist of NisS2 and A12S3. I t  can be fu r the r  
observed f rom the t races that  the  composit ions change 
ve ry  sha rp ly  across interfaces  wi th  a la rge  segregat ion  
of a luminum concentra t ion in the l ame l l a r  layer .  A l -  
though the average  width  of ind iv idua l  da rk  and b r igh t  
l amel lae  was of the o rder  1-3/~m, a few lamel lae  were  
s l ight ly  l a rge r  than the 5 #m probe  diameter .  Spot  
probe analyses  proved tha t  the b r igh t  l amel lae  were  
composed of Ni3S~ whereas  the da rk  l amel lae  con- 
ta ined < 1 a /o  Ni. However ,  insufficiently intense S-k~ 
radia t ion  was obta ined  to es tabl ish tha t  they  con- 
sisted of AleS3. This l a t t e r  observat ion  is consistent  
wi th  the conclusion tha t  the ma te r i a l  is h y d r a t e d  
a lumina  which  resul ted  f rom hydrolys is  of A12S3 l ame l -  
lae dur ing  specimen p repa ra t ion  and analysis.  Sys -  
temat ic  gradients  in the average  composit ion of the  
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Fig. 9. Microprobe trace for AI, Ni, and S across a sulfidized 
Ni-6 a/o AI alloy specimen. 

innermost  so l id i fed  l iquid layer  were  not observed  but  
the composit ion va r ied  to a cer ta in  ex ten t  f rom region 
to region and al loy to alloy. Severa l  composit ions are  
l is ted in Table II. The var ia t ion  f rom an average  com- 
posit ion over  different  ana lyzed  areas  on the  same 
specimen arose f rom solidification of the l iquid phase 
upon cooling into a th ree -phase  s t ruc ture  containing 
Ni and A12S3 as prec ip i ta tes  in a ma t r i x  of Ni3S~. 

Discussion and Conclusions 
Sulfidat ion of the Ni-A1 alloys led to deve lopment  of 

NiS or  NisS2 scales and subscales of A12S3-Ni3S2 l ame l -  
lae and l iquid A1-Ni-S layers .  Scales g rew by  ou tward  
nickel  diffusion while  subscales pene t r a t ed  into the 
alloys by  sulfur  diffusion. S igmoida l - shaped  react ion 
curves occurred in severa l  instances as a resul{ of 
nucleat ion of n ickel  sulfide which grew l a t e ra l ly  and 
ou tward  with  concurrent  g rowth  of subscale f rom 
sites of imperfect ions  d i s t r ibu ted  in the  oxide films on 
the me ta l lograph ica l ly  pol ished a l loy surfaces. The 
sulfidation kinet ics  and  morphologica l  deve lopment  of 
the sulfide scales and subscales can be shown to ap -  
p rox ima te  most  closely to a model  for react ion control  
by  in ter rac ia l  processes. 

S igmoidal  react ion curves upon sulfidizing the  6 and 
13 a /o  A1 alloys subjec ted  to fine meta l lograph ic  pol-  

Table II. Observed compositions in the liquid region 

Alloy Ni S A1 

10 a /o  47 44 9 
67 27 6 
64 27 9 
47 39 14 
72 22 6 
60 28 12 

3 a /o  58 36 6 
66 24 10 
65 25 10 
65 27 8 
64 33 3 
63 24 13 
72 24 4 
72 23 5 
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ishing (Fig. 1 and 2) are analyzed by a rate equat ion 
in order to determine if the same rate constant  gov- 
erned growth of the isolated nickel sulfide nuclei  and 
the ful ly developed scales and subscales. An  equat ion 
of the form 

A w  
: [1 -- exp -- (~t) 3] [kietz/~ + kjtl/J] [1] 

A 

describes this sigmoidal characteristic if the nickel  sul-  
fide nuclei  are assumed to appear sporadically and the 
external  and in te rna l  sulfides grow at l inear  or para-  
bolic rates. The leading term in Eq. [1], which de- 
scribes the fractional surface coverage of nickel sul-  
fide, is based upon the derivation given by Evans (14) 
for nucleat ion of a phase taking place sporadically in 
t ime and position on a substrate and the nuclei sub-  
sequent ly spreading on the surface as expanding circles. 
Here, Aw/A, is the weight change per uni t  area of the 
reacting specimen, t is the time, 5 is a parameter  having 
dimension t - s  and characteristic of the ini t ial  oxide 
film, and ke, k s are the rate constants assigned to ver-  
tical growth of the scale and subscale, respectively, 
where the symbols i = 1, 2, j = 1, 2 refer to conditions 
of l inear  and parabolic sulfidation, respectively. 

It  can be concluded that  growth of the reaction 
products proceeded l inear ly  since comparison of the 
variances of the four possible fits of Eq. [1] to results 
in Fig. 1 and 2 using the x2 test proved that the variance 
was least at the 95% confidence level for i = j : 1. 
The overall  l inear  sulfidation rate constant is there-  
fore defined as kl = ke § k s. The calculated curves in 
Fig. 1 and 2 and the kinetic parameters  recorded in 
Table III summarize results of this regression analysis. 
Note that  the i r reproducibi l i ty  of the sulfidation ki-  
netics, which is best evident  for two Ni-6 a/o A1 soeci- 
mens sulfidized a t P s 2  : 3.5 • 10-7 arm, is reflected 
in the differences for the magni tudes  of f~ whereas the 
same l inear  rate constant  describes the kinetics. Also 
the presence of a thicker preformed oxide film, which 
retarded sulfidation significantly (Fig. 2), did so by 
affecting B and not by affecting the l inear  rate con- 
eant (Table III) .  

Occurrence of l inear  sulfidation kinetics has demon-  
strated that the sulfide layers were not sufficiently 
thick to act as ra te-control l ing diffusion barr iers  to 
the reacting species. The reaction rates showed a 
strong dependence on sulfur pressure but  s tagnant  gas 
films did not act as effective diffusion barr iers  since 
the highest observed reaction rate was lower by an 
order of magni tude  than expected by such calcu'lations 
(15). Consequently,  an a t temut  was made to determine 
if a surface reaction involving H2S dissociative ad- 
sorption and sulfur  incorporation into nickel su]fide 
would account for the effect of sulfur  pressure on the 
reaction kinetics. This could be examined because 
several reaction curves exhibi t ing l inear  kinetics were 
carried out under  conditions for urowth of NiqS2 scales 
at Ps2 < 10 -4 atm. Reactant  diffusion in the sulfide 
lay'ers, nevertheless,  p]a:cs a role in view of the nickel 
and sulfur  activity gradients which exist across the 
scales. According to the b ina ry  emfi l ibr ium diagram 
(12), NiaSf-NiS and liquid sulfide-Ni exist at PHfs/PH2 

Table III. Parameters of sigmoidal sulfidation equation (Eq. [1]) 

k~ (rag 
Alloy Pss (arm) fl (rain -s) ern-2 min-1) 

Ni-6 a /o  A1 2.8 • 10-z >1.02 • 103 2.07 
3.5 • 10-7 1 55 • 10-v 0.89 
3.5 • 10-~ 4.90 • 10-~ 0.89 

Ni-13 a /o  A1 1.9 • 10-3 >1.02 • 10 ~ 0AS 
1.9 • 10 -2 1.10 • 10 -7 0.45* 
2.8 • 10-5 >1.09 y 103 0.13 
3.4 • 10-~ 4.79 • i0 -2 0.09 
7.8 • -10-s >1.02 • 10 'a 0.03 

* Spec imen with preformed f i lm (Flg. 2). 

ratios of 0.9 and 5 • 10 -3, respectively, at 700~ It  
was observed that  scales consisted of NiaS2 when the 
alloys were sulfidized in atmospheres up to ratios 
PH2s/PH2 : 1.5. Thus, at best, 40% of the total  sulfur  
activity drop across a reaction path occurs at  the gas/  
scale interface. 

Detailed balancing of two surface reactions is made 
to obtain the funct ional  dependence of the l inear  sul -  
fidation rate constant  on gas composition 

HfS(g) = S(ads) + I-If(g) [2] 

S(ads) = S(Inc) ['q] 

where S(~ds) and S(inc) represent sulfur adsorbed and 
sulfur incorporated into NisS2 by nickel outward mi- 
gration. Forward and backward rate constants in 
this reaction scheme are represented by k and k'. Ac- 
cordingly, the linear reaction rate constant is 

kl = kaos _ ks ovas = ksov [ Os ka" ] ' - -  a s  [ 4 1  
0v ks 

where es and ~v are the fraction of surface sites covered 
with sulfur  and free of adsorbed species, respectively, 
and as is the sulfur  activity in the NiaS2 surface. Under 
steady-state sulfidation, dss/dt -- 0, and  

0s kfPHes -~ k3'as 
= IS) 

Ov kf'PH2 + k3 

At zero rates of reactions [2] and [3] for equi l ibr ium 

8s* k2PH2s* ka'as 
- -  - [ S ]  

P $ 
0v* k2  PH2 k3  

where asterisks assigned to parameters  of the adsorbed 
state and gas refer to equi l ibr ium values. The equi l ib-  
r ium gas ratio is defined by  

3 1 
--2 Ni -{- H2S ---- ~-  Ni3S~. + H~ [7] 

and its equi l ibr ium constant Kr ---- P~2*(aNiss2)l/2/ 
PH2S*(aNi) 3/2 where a is an activity. The sulfur  ac- 
tivity in the NiaS2 surface can be defined in terms of 
this equi l ibr ium gas ratio by the reaction 

1 
HfS = y S~ + H2 [8] 

from which as = KsPH2s*/PH2* where Ks is the equi-  
l ibr ium constant. Subst i tut ion of [5] and [6] into [4] 
using relations from [7] and [8] leads to 

k, = k2k30v [ as ] 
. 1 - -  ~ PHfS  [9] 

k2 'PH2  -~- k3 a s  (g) 

where as has been defined above and as (g) is the sulfur  
activity in the H2S-H2 atmosphere dur ing reaction. If 
k3 >> k2'PH2, Eq. [9] can be placed in the following 
form for analysis of the reaction kinetics 

k l  [ PH2S PH2S* ] PH2S 
= k2ev -- A ~ -- A';  

PH2 PH2 PH2* PH2 

.4' PHfs* 
-- = - -  [ I03 
A P~* 

Equation [10] describes the sulfur  pressure depen- 
dence of the l inear  su]fidation kinetics for the alloys 
containing 3, 10. and 13 a/o A1 as i l lustrated by the 
plots in Fig. 10. The intercepts on the abscissa are small  
and do not differ from zero at the 95% significance 
level in agreement  with the ext remely  low value for 
the dissociation pressure of Ni~Sf. This funct ional  de- 
pendence has arisen because dissociative adsorution of 
hydrogen sulfide par t ia l ly  de termined the reaction rate. 
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Fig. 10. Graphical representation of the linear sulfidation kinetics 
of the Ni-AI allays at 700~ according to Eq. [8] .  

Equat ion  [1] descr ibing the s igmoidal  shape of the  
react ion curves a n d  Eq. [10] descr ibing the sulfur  
pressure  dependence  of the  l inear  react ion ra te  constant  
have  led only to a cursory  descr ipt ion of the sulfidation 
kinetics.  The same l inear  ra te  constant  d id  define the 
growth  kinet ics  of the react ion products  as isolated 
growths Or as un i form scales. However,  the p a r a m e t e r  

in Eq. [1], which de te rmined  the nickel  sulfide f rac-  
t ional  surface coverage exhib i ted  a ve ry  large  var ia t ion  
of ~,1010 wi thout  any  corre la t ion to the a luminum a l loy  
contents or to the a tmospher ic  sulfur  composit ions 
(Table  I I I ) .  This large  var ia t ion  of ~ led e i ther  to long 
i r reproduc ib le  s igmoidal  overtones in the react ion 
curves or to p rac t ica l ly  immedia te  onset Of l inear  sul-  
fidation kinet ics  (Fig. 1 and 2). The model  for g rowth  
of the sulfide nuclei  as expanding  circles is only  a 
s imple approx imat ion  (Fig. 5 and 6). The p a r a m e t e r  8, 
notwi ths tanding,  does qua l i ta t ive ly  descr ibe the sur -  
face coverage of the a l loy b y  nickel  sulfide up  to ve ry  
large sulfur  uptakes  as i l lus t ra ted  by  the react ion curve 
for the 6 a /o  A1 al loy at  Ps2 : 3.5 X 10 -7 a tm (Fig. 1) 
where  the observed and calcula ted surface coverage 
was ,-,0.5 af ter  50 min exposure.  An a t t empt  could not  
be made to corre la te  the magni tudes  of the l inear  ra te  
constants to the a luminum contents of the alloys using 
Eq. [10] because of the i r reproduc ib le  influence of the 
ini t ia l  oxide films on subsequent  sulfidation behavior .  
For  example ,  the  react ion curves (Fig. 1 and 3) demon-  
s t ra te  that  the Ni-6 a /o  A1 al loy (1 ~m diamond polish) 
reac ted  by  l inear  kinet ics  at Ps2 = 10 -5 a tm five t imes 
more r ap id ly  than the Ni-3 a /o  A1 al loy (15 #m silicon 
carbide  pol ish) .  On the other  hand, the alloys contain-  
ing 3, 10, and 13 a /o  A1, which were  subjec ted  to differ-  
ent  meta l lographic  polishes, sulfidized at  ra tes  decreas-  
ing with  increas ing a l loy a luminum contents. I r r e p r o -  
ducible  proper t ies  of the ini t ia l  oxide films on the a l loy 
surfaces, accordingly,  influenced al l  s tages of the  sul-  
fidation kinetics.  

The presen t  findings and analysis  indicate  tha t  r e -  
act ion control  is l a rge ly  es tabl ished by  t ransfe r  of 
reactants  across at  least  two interfaces,  the gas / sca le  
and sca le /subscale  interfaces.  The same l inear  ra te  
constant  defined deve lopment  of the corrosion p r o d -  
ucts as isolated growths  or complete  scales, and the sul-  
fur  pressure  dependence  of the l inear  react ion kinetics 
was caused by  an in ter rac ia l  gas /sca le  reaction. The 
iner t  meta l  m a r k e r  measurements  also demons t ra ted  
that  ou tward  nickel  and  inward  sulfur  migra t ion  a c -  
c o u n t e d  for  scale and subscale  growth,  respect ively .  
An undefined fract ion of the sca le /subscale  interface,  
nevertheless,  r emained  pa r t i a l l y  dorman t  for t ransfer  
of reactants .  Al though  nickel  sulfide nuclei  spread  and 
grew from imperfect ions in the in i t ia l  oxide films on the 
alloys, oxide film remnan t s  due to incomplete  dissolu-  
t ion of oxide into the sulfides or a l loy acted as pa r t i a l  
diffusion bar r ie rs  to r eac tan t  t ransfe r  across the sca le /  
subscale interface.  This behavior  cannot  be quantif ied 
since the s igmoidal  overtones of the  react ion curves 
were  i r reproduc ib le  and the magni tudes  of the l inear  
ra te  constants did  not  exhib i t  a consistent  dependence  
o n  al loy composition. 
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ABSTRACT 

A computer  mode l  capable  of s imula t ing  ep i tax ia l  doping profiles resu l t ing  
f rom a va r i e ty  of deposi t ion conditions,  including t i m e - v a r y i n g  dopant  gas 
flows dur ing  growth,  is described.  The model  takes  into account gas-phase  
dynamics,  physicochemical  processes at the growing ep i tax ia l  surface, and 
the rma l  red i s t r ibu t ion  of impur i t ies  dur ing  ep i tax ia l  growth.  The techniques 
emplQyed to obta in  expe r imen ta l ly  the values of the pa rame te r s  in the com- 
pu te r  model  are  described.  The numer ica l  implementa t ion  of the model  in the 
process s imula t ion  p rog ram SUPREM is also described.  Final ly ,  numer ica l  
s imulat ions  using the model  are  compared  to ep i tax ia l  doping profiles ob-  
ta ined  exper imenta l ly .  

The opera t ion  of semiconductor  devices is dictated,  
p r imar i ly ,  by  the d is t r ibut ion  of impur i t ies  in the  
semiconductor .  Therefore,  computer  p rograms  tha t  
s imula te  the  d is t r ibut ion  of impur i t i es  af ter  a complete  
in tegra ted  circui t  fabr ica t ion  sequence are  a necessity.  
These p rograms  can be used to opt imize an IC fab-  
r ica t ion sequence by  s tudying  the effect of process 
var ia t ions  on the final i m p u r i t y  profile. 

One such computer  p rog ram is SUPREM ( t ) .  The 
S tanford  Univers i ty  Process Engineer ing  Models p ro -  
g r am is a computer  s imula tor  capable  of s imula t ing  
most  typ ica l  IC fabr ica t ion  steps. The inpu t  to the  
p rog ram is a set of process specifications for each fab-  
r icat ion step, and the output  is a one-d imens iona l  p ro-  
file of all  dopants  p resen t  in the  silicon and sil icon di-  
oxide. 

SUPREM's  capabi l i t ies  of s imula t ing  IC fabr ica t ion  
steps re ly  on the phys ica l  process models  tha t  a re  nu -  
mer ica l ly  implemented .  As of now, physical  models  for 
ion implanta t ion ,  chemical  predeposi t ion,  ox ida t ion /  
dr ive- in ,  epi taxy,  etching, and  oxide deposi t ion have 
been implemented .  Recently,  a new model  descr ibing 
the dopant  incorpora t ion  process in si l icon ep i t axy  
has been repor ted  (2, 3). This model  considers gas-  
phase dynamics  and the physicochemical  processes oc-  
cur r ing  in the gas phase and a t  the growing ep i tax ia l  
surface. By using this model  it  is possible to calculate  
the dep th -va r i a t i on  of the  ep i tax ia l  l aye r  dopant  con- 
cent ra t ion  that  resul ts  f rom any given t ime-va r i a t ion  of 
the gas-phase  dopant  pa r t i a l  pressure  dur ing  growth  
(3,4) .  

This paper  deals  p r i m a r i l y  wi th  this  new ep i tax ia l  
doping model, and its numer ica l  imp lemen ta t ion  in the 
computer  p rog ram SUPREM. Wi th  this new addit ion,  
SUPREM's  s imula t ion  capabi l i t ies  in the area  of silicon 
ep i t axy  are  cons iderab ly  enhanced,  and ep i tax ia l  im-  
pu r i ty  d is t r ibut ions  resul t ing  f rom e i ther  a t ime- inde -  
penden t  or t i m e - v a r y i n g  gas-phase  dopant  pa r t i a l  p res -  
sure can be read i ly  s imulated.  

I t  is impor t an t  to emphasize the re levance  of a com- 
pu te r  p rogram capable  of p red ic t ing  ep i t ax i a l - l a ye r  
doping profiles. Ep i t ax ia l  films wi th  un i fo rm impur i t y  
d is t r ibut ion  are  often requ i red  in IC fabricat ion.  How-  
ever, the d is t r ibut ion  of impur i t ies  near  the f i lm-sub-  
s t ra te  in terface  is, in general ,  nonuniform. Dur ing  the 
in i t ia l  stages of g rowth  the dopant  incorpora t ion  p ro -  
cess goes through a t rans ien t  period,  and 2-3 min are  
requ i red  (4) before  the s t eady-s t a t e  ep i tax ia l  doping 
level  is established.  As a result ,  a t rans i t ion  l aye r  cor-  

* Electrochemical Society Active Member. 
Key words: CVD, doping, integrated circuits, semiconductor. 

responding to this  in i t ia l  t rans ien t  develops,  and  the  
ep i tax ia l  dopant  concentra t ion wi th in  this l ayer  is 
e i ther  h igher  or lower  than expected,  depending  on 
the in i t ia l  condit ions pr ior  to the deposi t ion cycle (e.g., 
subs t ra te  surface concentrat ion,  p rebake  t ime, p rebake  
tempera ture ,  etc.) .  A special  case of this in i t ia l  t r a n -  
sient p rob lem is the commonly  known "autodoping"  
phenomena,  which  occurs when  l igh t ly  doped films are 
deposi ted on heavi ly  doped bu r i ed - l aye r s / subs t r a t e s .  
The ex ten t  of this t rans i t ion  layer  imposes severe  l imi -  
tat ions on the fabr ica t ion  of submicron ep i tax ia l  films, 
which wi l l  be requ i red  wi th  the deve lopment  of VLSI  
technology. 

Ep i tax ia t  films wi th  intent ional ,  nonuniform,  im-  
pu r i ty  dis t r ibut ions  are  sometimes also required.  These 
can be used to fabr ica te  special ized devices or to opt i -  
mize device characterist ics.  Examples  of these are  the 
h y p e r a b r u p t  ep i tax ia l  tuning  diodes (5), in which 
precisely  control led impur i t y  dis t r ibut ions  are  needed 
in o rder  to obta in  the specific C-V characterist ics.  Non-  
uniform doping profiles can be fabr ica ted  by  vary ing  
with  t ime the dopant  gas flow enter ing  the ep i tax ia l  
reac tor  dur ing deposition. 

In short, nonuni form epi tax ia l  doping profiles may  
occur in ten t iona l ly  (e.g., pa rame t r i c  diodes)  or  un in -  
ten t ional ly  (e.g., au todoping) .  The ava i l ab i l i ty  of a 
s imula tor  capable  of pred ic t ing  these nonuni form p ro -  
files wil l  a l low the in t eg ra ted -c i r cu i t  process engineer  
to assess the impor tance  of any  undes i red  t rans ien t  
phenomena,  to optimize the device fabr ica t ion  se- 
quence, and poten t ia l ly  to open up vistas in the design 
and fabr icat ion of in tegra ted  circuits. Langer  and 
Goldstein (6) have a l r eady  repor ted  a numer ica l  solu-  
tion for both front  and back  autodoping effects as wel l  
as for impur i ty  red is t r ibu t ion  dur ing ep i tax ia l  growth.  
As ment ioned earl ier ,  the autodoping p rob lem is 
t rea ted  in this work  as a special  case of a more  genera l  
" ini t ia l  t rans ient"  problem. This approach  has the ad-  
vantage that  the same ep i tax ia l  doping model  is used 
to descr ibe all  t rans ien t  phenomena  occurr ing dur ing  
ep i tax ia l  deposition, including autodoping.  

In  this paper ,  the ep i tax ia l  doping model  imple -  
mented  in SUPREM is descr ibed in detail .  I t  is based 
on the model  repor ted  ear l ie r  (2) wi th  p roper  modifi-  
cations to make  i t  sui table  for computer  imp lemen ta -  
t ion and to account for t he rma l  red is t r ibu t ion  dur ing 
ep i tax ia l  growth.  Fol lowing this, the techniques em-  
p loyed to de te rmine  expe r imen ta l ly  the  values  of the  
pa ramete r s  in the ep i tax ia l  doping model  are  dis-  
cussed. The numer ica l  imp lemen ta t ion  of the  model  in 
SUPREM is also brief ly described.  F ina l ly ,  several  
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comparisons be tween  SUPREM simulat ions  and ex -  
per iments  a re  presented,  

Equipment 
Unless otherwise stated,  the  ep i tax ia l  reac tor  used  

in this work  was a horizontal ,  r f - hea t ed  Unipak  
VI (Sola  Bas ic-Tempress)  t ha t  operates  a t  a tmo-  
spheric  pressure .  The quar tz  reac tor  tube  has an 
effective cross section of 26 cm ~ above the  susceptor.  
The silicon ca rb ide-coa ted  g raph i t e  su scep to r  has the 
dimensions 56 cm ( length)  • 11.4 cm (width)  and  is 
t i l ted  at  an angle  of 1.5 ~ . Hydrogen  was used as the 
car r ie r  gas at  a veloci ty  of 67 cm/sec  above the  sus-  
ceptor  (at  rooi~ t empera tu re ) .  Si lane was used as the 
source of silicon and ars ine  d i lu ted  in hydrogen  was 
used as the dopant  source. The correc ted  deposi t ion 
t empera tu re  at  the wafer  surface was app rox ima te ly  
1050~ The exper iments  shown in Fig. 7 were  car r ied  
out  in a commerc ia l ly  purchased  hor izonta l  reac tor  
(Hugle  Model HIER II)  descr ibed e lsewhere  (4). 

General Statement of the Problem 
The p rob lem being addressed in this work  is tha t  of 

de te rmin ing  a computer  model  capable  of s imula t ing  
the ep i tax ia l  doping profile resul t ing  f rom any  given 
t ime-vary ing ,  gas-phase  composit ion dur ing growth.  
The model  mus t  also account for the rmal  red i s t r ibu-  
tion of dopant  a toms in silicon dur ing  ep i tax ia l  deposi-  
tion. Because the red is t r ibu t ion  of impur i t ies  wi th in  the 
the solid is control led  b y  diffusion, the s ta r t ing  m a t h e -  
mat ica l  f r amework  is to solve Fick 's  Second Law 
throughout  the solid silicon, f rom a p lane  ve ry  deep 
inside the subs t ra te  up to the  silicon surface. That  is 
(see Fig. 1) 

~N (z,t) 82N (z,t) 
- - = D  ~ > z > z t  [1] 

5t ~z 2 

where  N is the dopant  concentra t ion in the  solid, D is 
the diffusion coefficient of the impur i ty  in solid silicon, 
and z and t are  the spat ia l  and t ime var iables ,  respec-  
t ively. As shown in Fig. 1, the z-d i rec t ion  goes 
pe rpend icu la r  to the silicon surface, and zf is defined 
as the locat ion of the  moving gas-sol id  interface.  

The solut ion to the diffusion equat ion dur ing  epi-  
taxia l  g rowth  must  sa t isfy  the fol lowing ini t ia l  and 
boundary  conditions. The ini t ia l  condit ion is given by  

N ( z ,  O) = ll(z) [2] 

where  f l ( z )  represents  the d is t r ibut ion  of impur i t ies  
in the subs t ra te  jus t  before  epi tax ia l  deposition. 

The bounda ry  condit ions are  

z=zf 

m 

Z = O 0  

GAS P H A S E  

EPI LAYER 

SUBSTRATE 

~ I 
D ,= 0 [3] 

~z 
Z,-~ =o 

~N 
D =/~(t)  [4] 

{~Z z=zf 

Equat ion [3] indicates  tha t  the  i m p u r i t y  diffusive 
flux a t  a p lane  ve ry  deep in the  sil icon subs t ra te  is 
zero. This is a reasonable  b o u n d a r y  condit ion because 
silicon wafer  thicknesses a re  much la rger  than diffu- 
sion lengths in bu lk  silicon. 

Equat ion [4] indicates tha t  the  i m p u r i t y  diffusive 
flux in the solid at  the gas-sol id  in terface  is, dur ing 
epi tax ia l  growth,  a function of time. As wil l  be shown 
later ,  an expression for $2(t) can be  der ived  f rom a 
basic unders tand ing  of the mechanisms control l ing the 
incorpora t ion  of impur i t ies  in the ep i tax ia l  silicon 
during growth.  The t ime-dependence  of Eq. [4] is r e -  
la ted  to (i) the t rans ients  associated wi th  the es tab-  
l i shment  of a s t eady-s ta te  deposi t ion process, and  (ii) 
the t ime-va r i a t ion  (if any)  of the gas-phase  composi-  
tion in the reactor.  Notice that  the autodoping p rob lem 
falls  in the first category.  The r i gh t -ha nd  side of Eq. 
[4] is a function of dopant  pa r t i a l  pressure,  ep i t ax ia l  
growth  rate,  deposi t ion tempera ture ,  and  to a lesser  
degree:  reactor  geometry,  hydrogen  velocity,  etc. 

In o rder  to solve Fick 's  Second Law dur ing  ep i tax ia l  
g rowth  an expression for f2(t) in Eq. [4] mus t  be ob-  
tained. This is accomplished by  using the ep i tax ia l  
doping model  descr ibed in the nex t  section. 

Epitaxial Doping Model 
In this section, the behavior  of dopant  species in  

each impor tan t  region of an ep i tax ia l  reactor  is s tudied 
in detail ,  both  in te rms of gas-f low dynamics  and 
chemical  kinetics.  F igu re  2 shows schemat ica l ly  a sec- 
t ion of the hor izonta l  reac tor  tube  along the length  of  
the  susceptor.  Three  ma in  regions are  indica ted  in 
Fig. 2: 1) main  gas stream, 2) bounda ry  layer ,  and  
3) adsorbed  layer.  The main  gas s t ream consists of 
hydrogen  mixed  with  si lane and arsine flowing 
by  forced convection. The bounda ry  layer  is a th in  
layer ,  about  5 m m  thick, th rough  which reactants  di f -  
fuse to the silicon surface. The adsorbed layer  consists 
of a popula t ion  of hydrogen,  sil icon-,  and dopan t -  
containing species tha t  occupy adsorpt ion sites and are  
capable  of moving on the solid surface. The behavior  
of dopant  species in each of these three  regions is now 
discussed, and equations descr ibing this behavior  wi l l  
be derived.  These equations wi l l  then be used to ob-  
tain an expression for  f2(t) in Eq. [4]. 

Main gas s t ream.- - In  most ep i tax ia l  reactors,  gas-  
phase  deplet ion of dopant  species in the main  gas 
s t ream is a lmost  negligib]e. Therefore,  the  pa r t i a l  
pressure  of dopant  species in the  main  gas s t ream 
region can be assumed to be independen t  of position, 
and ' n e a r l y  equal  to the pa r t i a l  pressure  of dopant  
species at the reactor  input. Moreover,  the t ime con- 
s tant  associated wi th  the t r anspor t  of dopant  species 

GAS 
FLOW 

t 
(~) MAIN GAS STREAM 

(~ BOUNDARY LAYER ( ( ~  ADSORBED LAYER 

Fig. I. Schematic cross section of a silicon wafer for the purpose Fig. 2. Schematic section of the horizontal reactor tube along the 
of solving Fick's Second Law. length of the susceptor. 
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in the main gas stream by forced convection is of the 
order of 1 sec (3), while the time constant of the over- 
all doping process in a horizontal reactor is of the 
order of 40 sec (4). Therefore, it can be assumed that 
any time-variation of the dopant partial pressure at 
the reactor input is transmitted "instantaneously" 
throughout the main gas stream. Consequently, the fol- 
lowing expression can be used to describe the behavior 
of dopant species in the main gas stream region 

PD (t) "~ PD ~ (t) ['5] 

in which PD is the partial pressure of dopant species 
in the main gas stream region, and PD ~ is the input 
dopant partial pressure. A more detailed discussion of 
the derivation of Eq. [5] is given in Appendix A. 

Boundary layer.--The time constant associated with 
the transport of dopant species through the boundary 
layer by diffusion is of the order of 0.1 sec (4), which 
is much shorter than that of the overall doping process. 
Therefore, i t  is reasonable to assume that the flux of 
dopant species leaving the boundary layer by adsorb- 
ing on the silicon surface (Fs) follows closely any 
time-variation of the dopant flux entering the bound- 
ary layer from the main gas stream [Fz(z), see Fig. 
12], i.e. 

Fs(t) ,-, F,(~, t) [6] 

A more detailed discussion of the derivation of Eq. 
[6] is presented in Appendix B. 

The two fluxes in Eq. [6] can be expressed in terms 
of deposition parameters. The flux of dopant species 
leaving the main gas stream toward the wafer surface 
[Fz (z) ] can be approximated by (2) 

F z ( Z )  = km[PD ~ -- PD*] [7] 

in which km is the boundary layer mass transport co- 
effficient of dopant species in hydrogen, and PD* is the 
dopant partial pressure just above the gas-solid inter- 
face. km is a function of reactor geometry, hydrogen 
velocity, gas-phase temperature, etc. An expression 
for Fs (t) is obtained in the next section. 

Adsorbed layer.--In order to determine Fs, the se- 
quence of steps taking part in the doping process and 
occurring at the silicon surface must be considered in 
detail. These steps are shown in Fig. 3 (2). When an 
arsine molecule in the gas phase is close to the silicon 
surface it undergoes a process of adsorption [step "(1)]. 
The arsine molecule, once adsorbed, decomposes chemi- 
cally yielding elemental arsenic [step (2)] which then 
diffuses on the surface until it finds an incorporation 
site and attaches to it [step (3)]. The arsenic atom, 
now incorporated in the silicon lattice, is quickly cov- 
ered by subsequently arriving silicon atoms [step (4)], 
and diffuses into (or out of) the bulk silicon. For the 
treatment presented here, it is sufficient to select one 
of the above steps as the rate-limiting step, leaving 
all other steps in the sequence near thermodynamic 
equilibrium (2). If step (1) above is assumed to be 
the slowest in the sequence, the surface steps can be 
summarized in the following two reactions 

(i) Arsine adsorption 
(0DN,) kF 

AsI~ (g) + s ~ AsH~-s K, = = - -  [8] 
PD* (0Ns) kR 

(ii) Chemical decomposition, site incorporation, and 
covering of arsenic by silicon 

8 
AsI-Is-s ~=~ As (ss) + s + ~- Hz(g) 

(kilN) ( ONs) PHs a/z 
Ks = [9] 

(0DNs) 

where s represents a vacant adsorption site on the 
surface, AsH3-s represents an arsine molecule occupy- 
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ing an adsorption site, K1 and K~ are equilibrium con- 
stants, eD is the fraction of adsorption sites occupied 
by arsine, Ns is the surface density of adsorption sites 
per unit area, k F  and kR are the forward and reverse 
reaction rate constants for arsine adsorption, e is the 
fraction of  adsorption sites which are vacant, kH is 
Henry's law constant, and PH2 is the hydrogen pres- 
sure (,~ 1 atm). An expression for Fs can now be ob- 
tained by using Eq. [8] and [9] (see Appendix C) 

F s  -"  k f [ P n *  - -  N / K p ]  [ 1 0 ]  

where kt - k F ( 0 N s )  is a kinetic constant associated 
with arsine adsorption, and Kp -- K1K2/kH is a thermo- 
dynamic constant relating dopant species in the gas 
phase and the solid silicon. Equations [7] and [10] 
can now be used to obtain the following expression 
relating Fs and the input dopant partial pressure P D  ~ 

Fs " -  k m f [ P D  ~ - -  N/Kp] [11] 

in which kmf - [1/km + 1/kf]-l .  
As discussed earlier, the times associated with gas- 

phase mass transport of dopant species are negligible 
as compared to the time constants measured for the 
overall doping process. Therefore, the only mecha- 
nisms that could be responsible for these long time 
constants ought to be associated with the adsorbed 
layer. This point will become evident in the following 
discussion of an expression describing the behavior of 
dopant species in the adsorbed layer. 

By considering mass balance of dopant species in the 
adsorbed layer the following equation is obtained 

8N- ~ d (0DNs) 

I Fs -- gN (zf) + D ~ z=zf dt [12] 

where g is the epitaxial growth rate. In Eq. [12], Fs 
represents the rate at which the adsorbed layer in- 
creases its population of dopant species. The second 
term in Eq. [12] represents the rate at which the ad- 
sorbed layer decreases its population of dopant species 
due to the silicon covering step (see Fig. 3), and the 
third term represents diffusive exchanges between 
dopant atoms in the adsorbed layer and the bulk sili- 
con. The right-hand side of Eq. [12] represents the 
rate of change of the density of dopant species per 
unit area in the adsorbed layer, and becomes zero 
when the overall doping process reaches steady state. 
By substituting Eq. [11] into Eq. [12], the following 
expression is obtained 

k m f [ P D  ~ - -  N(zf)/Kp] -- gN(zf) + D ~ -  z 
~ z f  

dN(zf) 
= KA - -  [13] 

dt 

in which Eq. [9] was used with KA ---- kH (#Ns)PH2~/~/K2. 
Equation [13] relates the epitaxial dopant concentra- 

GAS PHASE 

r AsH 3 

(1)1 Fs gN 

~ O  8N 

SOLID SILICON 

Fig. 3. Steps taking part in the doping process, and occurring at 
the silicon surface: (1) arsine adsorption, (2) arsine chemical de- 
composition, (3) arsenic surface diffusion and site incorporation, and 
(4) covering of incorporated arsenic by subsequently arriving silicon 
atoms. 
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tion at the silicon surface N (z~) and the input dopant 
part ial  pressure PD ~ It is clear from Eq. [12] and [13] 
that any abrupt variation of PD ~ with time during epi- 
taxial  growth is not transmitted "instantaneously" to 
N(zf)  because some time is required before the popu- 
lation of dopant species in the adsorbed layer 0DNa 
accommodates to the new steady-state condition. This 
storage-like behavior of the adsorbed layer is re-  
sponsible for the relat ively long time constants mea- 
sured experimentally for the overall doping process. 
Equation [13] can be rearranged to give the boundary 
condition f~(t) needed in Eq. [4], i.e. 

D ~ -- ]2(t) -- -- kmf[PD ~ -- N(zf)/Kp] 
6z z=zt 

dN (ZD 
+ gN(zD + K A - -  [14] 

dt  

Fick's Second Law (Eq. [1]) can now be solved 
subjected to the initial and boundary conditions given 
by Eq. [2], and [3] and [14], respectively. This will  
be carried out numerically in a manner analogous to 
that described by Langer and Goldstein (6). Before 
this numerical technique is described, however, values 
for the parameters in the doping model (i.e., kmf, Kp, 
KA) need to be determined. In the next  section the 
technique used to determine the values of kmf and Kp 
is discussed. 

Parameter Determination: kmf and Kp 
Numerical values for kmf, Kp, and KA were deter-  

mined experimentally. In this section, the technique 
employed to obtain values of kmf and Kp is described. 
It consists of comparing the predictions of the epitaxial  
doping model described in the previous section to ex- 
perimental  results. The values of kmf and Kp are ex- 
tracted by properly fitting theory to experiments. 

The epitaxial doping model is contained mathe- 
matically in Eq. [13], which relates N(zf) to PD~ 
This equation can be simplified, however, when only 
"steady-state" deposition conditions are considered. The 
term steady state is used here to describe deposition 
conditions for which the gas-phase composition in the 
reactor has remained unchanged for a time longer than 
several time constants of the epitaxial system. Under 
these conditions, the epitaxial  dopant concentration is 
uniform and Eq. [13] can be simplified to 

0 = kmf[Po ~ -- N/Kp] -- gN [15] 

in which N is the uniform epitaxial doping level, and 
PD ~ and g are time-independent. Equation [15] can 
be used to determine the uniform epitaxial dopant 
concentration that results from deposition conditions 
in which the total deposition time is much longer than 
the time constant of the system, and the gas flows 
entering the reactor are kept constant throughout the 
whole deposition cycle. Equation [15] can be rear-  
ranged as 

PD~ = 1/Kp + g/kmf [16] 

which indicates that a plot of PD~ vs. g generated 
experimentally under steady-state deposition condi- 
tions should yield a straight line from which values 
of k~f and Kp can be extracted. 

Figure 4 shows a plot of PD~ vs. g with the circles 
showing experimental results carried out under steady- 
state conditions. In these experiments the hydrogen, 
silane, and arsine flows were unchanged throughout 
the deposition cycle. The thicknesses of the epitaxial  
layers were between 7 and 9 ~m so as to neglect the 
influence of the initial transient period. The arsine 
partial  pressure was varied to produce, epitaxial dop- 
ing levels in the 10~5-101~ cm-3 range, and the silane 
part ial  pressure was varied to produce growth rates 
between 0.07 and 0.42 ~m/min. Higher growth rates 
were accompanied by a loss of growth rate and doping 
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Fig. 4. Plot of PD~ vs. silicon growth rate used to determine 
kmf and Kp. 

level uniformity along the length of the susceptor, with 
downstream wafers having lower growth rates and 
higher resistivities than upstream wafers. These non- 
uniformities were apparent ly caused by a parasitic 
homogeneous decomposition of silane in the gas phase. 
The substrates were (100)-oriented silicon wafers, 
boron-doped, with resistivities ranging from 1 to 4 
~2-cm. The epitaxial layer thicknesses were measured 
by a groove and stain technique, and the resistivity of 
the layers were determined by the four point probe 
technique. By fitting Eq. [16] to the experimental  data 
in Fig. 4 the following values were obtained: Kp = 
1.05 X 1026/cm3 arm and kmf = 4.85 • 1019/cm 2 sec 
atm, for the experimental  conditions described above. 

In this section, the technique used to obtain kmf and 
Kp for a given set of deposition conditions was de- 
scribed. In order to determine the value of KA a dif- 
ferent technique is required. In this case, Fick's Second 
Law (Eq. [1]) is solved to determine the epitaxial  
doping profile that results when PD ~ (t) is varied with 
time during epitaxial growth.  At this point, the pro-  
file depends on the value of KA (see Eq. [13]), and a 
family of profiles can be obtained by varying KA. Next, 
the deposition conditions simulated above are carried 
out experimentally, and the resulting epitaxial  doping 
profile is measured. The value of KA is now determined 
by selecting, from the family of calculated profiles, 
that which gives the best match to the measured pro- 
file. 

Before this exercise can be carried out, however, it 
is important  to describe the numerical method used to 
solve Fick's Second Law with the initial and bound- 
ary conditions given by Eq. [2], [3], and [14]. This is 
done in the next section. 

Numerical Implementation 
The built- in capabilities of the computer program 

SUPREM were employed in the implementation of the 
numerical technique used to solve Fick's Second Law 
with the boundary conditions dictated by the epitaxial 
deposition process. Because SUPREM is a program 
essentially capable of solving Fick's Second Law with 
the initial and boundary condition given by Eq. [2] 
and [3], respectively, the only remaining problem is 
to couple the surface boundary condition, i.e., Eq. [14], 
to the main body of SUPREM. This coupling is de- 
scribed in this section. Figure 5 shows the discretiza- 
tion of the simulation space as implemented in 
SUPREM (1). In Fig. 5a the solid line separates the 
gas phase and the solid phase. PD is the dopant part ial  
pressure in the gas phase which, according to Eq. [5], 
can be approximated by PD ~ The solid silicon is shown 
parti t ioned into discrete cells with broken lines de- 
lineating the cell boundaries. The dopant concentration 
within each cell (i.e., Ni, Ni+~, Ni+2:, etc) is considered 
uniform. The coupling between the surface boundary 
condition (Eq. [14]) and the main body of SUPREM 
is carried out in two steps, and is described below. 

Step / . - -At  time t = to (Fig. ha) the doping profile 
in the solid silicon is known. This profile is either the 
initial condition (Eq. [2] ) or the result of the simula- 
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Fig. 5. Implementation of the numerical technique used to solve 
Fick's Second Low with the surface boundary condition dictated by 
the epitaxial deposition process. For explanation see text. 

t ion up to the t ime to. The cycle now star ts  by  adding 
a new cell  zi-1 (Fig. 5b). In  order  to calculate  the 
dopant  concentra t ion Ni-1 of this  new cell a numer ica l  
rout ine  is used to solve Eq. [14] wi th  the l e f t -hand  
side of the equat ion set to zero, i.e. 

[ Ni-1 ] dNi-1 
- -  gNi-1 - -  K A ~  [17] 0 -" kmf PD~ -- _T-{~p'- 

This is equiva lent  to account ing only for dopant  in t ro-  
duct ion into the  newly  added  cell  wi thout  comput ing 
the s imul taneous  impur i t y  red i s t r ibu t ion  in the  solid 
silicon. This s tep is i l lus t ra ted  in Fig. 5b, wi th  the 
a r row represen t ing  the net  flux of dopant  a toms en-  
te r ing  the new cell. 

Step 2. - -The  the rmal  red is t r ibu t ion  of impur i t ies  
tha t  Occurs dur ing the growth  of cell  zi-1 is now com- 
puted.  This is done by enter ing  the  impur i ty  profile 
shown in Fig. 5b into SUPREM, which then computes  
the the rmal  red is t r ibu t ion  of impur i t ies  dur ing  the in-  
te rva l  At under  consideration.  This is i l lus t ra ted  in 
Fig. 5c. The ar rows in the figure represent  diffusive 
fluxes crossing cell boundaries .  Notice that  no flux is 
shown crossing the gas-sol id  interface.  This is because 
the net  in t roduct ion of impur i t ies  dur ing  this in te rva l  
nt  was a l r eady  considered in connection wi th  Fig. 5b 
and Eq. [17] when Ni-1 was first de termined.  Af te r  the 
dopant  concentra t ion in each cell is r ea r r anged  due to 
these diffusive fluxes, one t ime increment  nt  has been  
advanced  (Fig. 5d),  and the cycle of operat ions jus t  
descr ibed is repeated.  

Parameter Determination: KA 
Tn th is section, the techn ique  used to de te rm ine  KA 

is described.  As ment ioned above, it  consists of gener -  
a t ing a f ami ly  of doping profiles corresponding to a 
given PD ~ (t)  using SUPREM with  KA as a var iable ,  
and  then compar ing  these s imula ted  profiles to tha t  ob-  
ta ined  exper imenta l ly .  KA is obta ined  f rom the  s imu-  
la ted profile tha t  best  fits the measured  profile. 

F igure  6 shows the resul ts  of this exper iment ,  As 
indica ted  in the  inset, the ars ine  flow was kep t  con- 
s tant  for the first 10 min of silicon deposition, at  which 
poin t  i t  was a b r u p t l y  decrease d and then kep t  con-  
s tant  at  this lower  level  for the  rest  of the deposi t ion 
cycle which las ted  20 rain. The corresponding ars ine 
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Fig. 6. Measured and simulated doping profiles used to determine 
KA. 

par t ia l  pressures  were  7.5 and 2.4 X 10 -11 arm, respec-  
t ively. A silane par t i a l  pressure  of 8.4 X 10 -4 a tm w a s  

used to obta in  a growth  ra te  of 0.35 ~m/min.  In  this  
and the fol lowing exper iments  ep i tax ia l  layers  were  
deposi ted s imul taneous ly  on (100) phosphorus and 
boron-doped  substrates.  The layers  deposi ted on phos-  
phorus -doped  subst ra tes  were  used to measure  the epi-  
taxia l  doping profile, while  the layers  deposi ted on 
boron-doped  subs t ra tes  were  used to measure  the epi-  
tax ia l  l aye r  thickness by  a g roove -and- s t a in  tech-  
nique. The dot ted  line in Fig. 6 shows the doping p ro -  
file that  resul ts  in the  ep i tax ia l  film as measured  b y  the 
spreading  resistance technique and corrected using 
mul t i l aye r  correct ion factors (8). (Unless otherwise  
stated, all  measured  profiles in this work  were  de te r -  
mined  by  the spreading  resistance technique and p rop-  
e r ly  corrected.)  Capaci tance-vol tage  measurements  on 
p lana r  p -n  junct ions and deep-dep le t ion  MOS s t ruc-  
tures (9) confirmed the correc ted  spreading  resis tance 
profile shown in Fig. 6. The solid and b roken  lines in 
the figure correspond to s imulat ions  using SUPRE1V[ 
for three  different  values of KA. In o rder  to obta in  
these s imulat ions  the input  to SUPREM for the epi-  
tax ia l  step must  specify growth  rate,  deposi t ion time, 
deposit ion tempera ture ,  doping element,  and dopant  
pa r t i a l  pressure.  I t  is clear  f rom this exercise  that  the 
doping profile corresponding to KA ---- 5.7 X 10 .5  cm 
shows the best  fit to the measured  profile. 

The dip shown by the measured  profile at  the  epi-  
subs t ra te  interface and pred ic ted  by  the SUPREM 
simulat ions is not an ar t i fac t  of the measurement  tech-  
nique. I t  is caused by  a combinat ion  of phosphorus  
evapora t ion  from the subs t ra te  dur ing the high t em-  
p e r a t u r e b a k e  pr ior  to ep i tax ia l  g rowth  and the t r an -  
sient in the ep i tax ia l  l ayer  associated with  the es tab-  
l i shment  of the s t eady-s ta te  arsenic concentrat ion.  
Also, notice tha t  the full  t rans i t ion  be tween  the two 
uni form doping levels in the ep i tax ia l  film is of ap-  
p rox ima te ly  2 ~m. This g radua l  t ransi t ion is due to the  
t ime requi red  to remove the excess a rsenic-conta in ing  
species presen t  in the adsorbed layer  as a resul t  of the 
decreasing step change in the ars ine  flow. This remova l  
step occurs by  dopant  incorpora t ion  into the growing 
film and by  desorpt ion (see Eq. [12]). 

In this section, the technique used to de te rmine  KA 
was described.  I t  was also shown that  the numer ica l  
implementa t ion  of the ep i tax ia l  doping model  de-  
scr ibed here  enabled  SUPREM to s imulate  smal l  dop-  
ing level  changes dur ing  ep i tax ia l  deposit ion.  In  the  
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next  section, the  capabi l i t ies  of SUPREM to s imulate  
more complex doping profiles are  demonstra ted .  

Comparison of SUPREM Simulations and Experiments 
Figures  7a and 7b show measu red  and s imula ted  

doping profiles corresponding to the t ime -va ry ing  a r -  
sine flows indica ted  in the insets. In both  cases the 
input  to the ep i tax ia l  sys tem consisted of an increas-  
ing step in ars ine  flow fol lowed by  a decreas ing step, 
the combinat ion  s imula t ing  a pulse. The ep i tax ia t  l aye r  
in Fig. 7a was deposi ted at  0.33 #m/min,  and the pulse 
dura t ion was of 8.6 rain. The ep i tax ia l  l aye r  in Fig. 
7b was deposi ted at  0.59 #m/rain,  and the pulse d u r a -  
t ion was only 48 sec. The b roken  l ine shows the im-  
pu r i ty  profile s imula ted  by  SUPREM. The solid l ine 
shows the corresponding m a j o r i t y - c a r r i e r  d i s t r ibu t ion  
obta ined by  using the SUPREM output  and  calculat ing 
a one-d imens iona l  solut ion to the Poisson's  equation. 
The computer  p rogram SEDAN was used to obta in  
the Poisson solut ion (10). The circles indicate  the  
ep i tax ia l  doping profile as de te rmined  by  capaci tance 
vol tage measurements  on deep-dep le t ion  MOS s t ruc-  
tures (4, 9). The agreement  be tween  the s imula ted  
m a j o r i t y - c a r r i e r  profile and the measured  profile is 
be t te r  than that  be tween  the SUPREM output  and the 
measured  profile. This is because the profile measured  
by  the capac i tance-vol tage  technique is a closer r ep re -  
senta t ion of the m a j o r i t y - c a r r i e r  d is t r ibut ion  than it 
is of the impur i ty  d is t r ibut ion  (11). The exper iments  
shown in Fig. 7 were  carr ied  out in a hor izonta l  r e -  
actor  (Hugle  Model HIER II)  different  than the Uni-  
pak  sys tem descr ibed earl ier .  The equipment  detai ls  
are  r epor ted  e lsewhere  (4). The pa rame te r s  used to 
s imulate  the Hugle reac tor  were  obta ined f rom the da ta  
in Ref. (4), and are  shown in Table I together  wi th  
those corresponding to the Unipak  unit. Table  II  shows 
values of decay t ime T and decay length  L (3, 4) for 
each reactor  a t  different  silicon g rowth  rates, calcu-  
la ted  f rom 

/CA 
-- [18] 

kmf 
g+ - = 

K? 

L = g~ [19] 

I t  is in teres t ing  to observe that  T and L of each re -  
actor  (for a given growth  ra te )  are  r e m a r k a b l y  close, 
which indicates  tha t  the extent  of any  t rans ien t  phe-  
nomena ( including autodoping)  is independen t  of the  

Table I. Reactor parameters corresponding to the Unipak 
and the Hugle units 

Unipak Hugle 

Kp ( c m  -3 a t m  -1) 1.05 x 102e 3.8 x 10 ~ 
kmf ( c m  -e sec -z a r m  -z) 4.85 x 10 TM 5.26 x 1018 
K.~ ( cm)  5.7 x 10 -~ 4.1 x 10 4 

Table II. Decay time -~ and decay length L calculated for the 
Unipak and the Hugle reactors at different silicon growth rates 

Unipak Hugle 

r (sec) L (#m) r (sec) L (#m) 

0.3 ~ m / m i n  59 0.3 64 0.32 
0.45 # m / r a i n  47 0.35 46 0.35 
0.6 # m / m i n  39 0.39 36 0.36 

horizonta l  reactor  used. These exper iments  c lear ly  in -  
dicate that  SUPREM is capable  of s imula t ing  ep i t ax ia l  
doping profiles corresponding to different  t ime -va ry ing  
dopant  gas flows. Moreover,  these exper iments  demon-  
s t ra ted  tha t  the  s imulat ion capabi l i ty  of SUPREM is 
not res t r ic ted  to one single reactor.  

F igure  8 shows measured  (dot ted  l ine)  a n d  s i m u -  
l a t e d  (solid l ine)  doping profiles resu l t ing  f rom the 
decreas ing step change in ars ine flow indica ted  in the  
inset. There  are  three  ma jo r  differences be tween  this 
exper imen t  and tha t  descr ibed in connection wi th  Fig. 
6. These are:  (i) the doping level  change in the  epi -  
tax ia l  film of this exper iment ,  as shown in Fig. 8, is 
one order  of magni tude ,  in contras t  wi th  the 3:1 rat io  
shown in Fig. 6; (ii) the growth  ra te  in this exper i -  
ment  was 0.07 #m/rain,  much slower than 0.35 #m/min; 
and (iii) the total  deposi t ion t ime in this expe r imen t  
was 90 rain ins tead of 20 min, wi th  the  decreas ing 
step change occurr ing 40 min  af ter  the s ta r t  of the  
deposit ion cycle. The agreement  be tween  the  s imula ted  
and measured  profiles is excellent .  Notice tha t  the  ful l  
t rans i t ion  be tween  the two uni form doping levels 
in this exper imen t  is a pp rox ima te ly  1 #m, in c o n -  
trast  with  2 #m as shown in Fig. 6. The reason for  
this more  ab rup t  t rans i t ion  is r e la ted  to the ra te  at  
which silicon is deposi ted (3). The dip shown in Fig. 6 
at  the ep i - subs t ra te  in terface  is again presen t  in this 
exper iment .  On the other  hand, the measured  profile 
in Fig. 8 shows a pronounced peak  in the ep i tax ia l  
l aye r  side of the  ep i - subs t ra te  interface.  Careful  e x -  
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Fig. 8. Measured and simulated doping profiles resulting from the 
decreasing step change in ursine flow indicated in the inset. 

amina t ion  of the  spreading  res is tance da ta  indica ted  
tha t  this peak  is an ar t i fac t  c rea ted  by  the computer  
p rog ram used to reduce the spreading  resis tance profile. 
The l imi ta t ion  of the p rog ram to reduce spreading  re-  
sistance da ta  for ve ry  ab rup t  t ransi t ions  creates this 
ar t i fact .  Notice tha t  this peak  is also presen t  in Fig. 6, 
but  i t  is much  less ev ident  because the t rans i t ion  is 
more  gradual .  The conclusion f rom this expe r imen t  is 
that  SUPREM is also capable  of s imula t ing  large  dop-  
ing level  changes dur ing  ep i tax ia l  growth.  

F igure  9 shows another  comparison be tween  the 
doping profile s imula ted  by  SUPREM (solid l ine)  and 
tha t  measured  b y  the spread ing  resis tance technique 
(dot ted  l ine) .  In this exper iment ,  two independen t  and 
consecutive a r s e n i c - d o p e d  ep i tax ia l  films were  de-  
posited, as ind ica ted  in the inset. The ars ine flows cor-  
responding to the first and second layers  were  ad jus ted  
to produce  ep i tax ia l  doping levels of app rox ima te ly  
10 iv cm-~  and 101~ cm -3, respect ively.  The reactor  
was pu rged  wi th  hydrogen  for 8 min at  1050~ be-  
tween the end of the first deposi t ion cycle and the be -  
ginning of the second. The t rans i t ion  be tween  the 
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Fig. 9. Measured and simulated doping profiles corresponding to 
two consecutive epitaxial depositions (see text). 

high doping level  of l aye r  1 and the low doping level  
of l aye r  2 is typica l  of tha t  encountered  when a l ight ly  
doped ep i tax ia l  film is deposi ted on a heav i ly  doped 
subs t ra te  or bur ied  layer .  I t  consisted of a ve ry  ab rup t  
t ransi t ion fol lowed by  a more  g radua l  t rans i t ion  unt i l  
the  requ i red  impur i ty  concentra t ion is reached.  The 
g radua l  t rans i t ion  is caused by  the "autodoping"  phe -  
nomena. 

The agreement  be tween  the  s imula ted  and m e a -  
sured profiles in Fig. 9 is excellent .  However ,  in o rder  
to s imula te  this autodoping profile, another  p a r a m e t e r  
must  be defined, and its value  mus t  also be de te r -  
mined. This new p a r a m e t e r  is the concentra t ion of  
dopant  species presen t  in the adsorbed  l aye r  p r io r  to 
the epi tax ia l  deposit ion step, i.e., (~DNs) ~ (see A p -  
pendix  D).  As ment ioned  earl ier ,  the  ini t ia l  condit ion 
of the epi tax ia l  system is given b y  the d is t r ibut ion  of 
impur i t ies  in the solid silicon jus t  before  ep i tax ia l  dep-  
osition. However ,  in cases l ike that  shown in Fig. 9 
in which the subs t ra te  doping level  is much h igher  
than the requ i red  ep i tax ia l  doping level,  (~D]Vs) ~ iS 
not negl igible  and must  also be taken  into account. 
This is because the dopant  species p resen t  in the  a d -  
sorbed layer  pr ior  to ep i tax ia l  deposi t ion are  respon-  
sible for the autodoping phenomena  (12). 

The technique used to de te rmine  (0DNs) ~ is s imi la r  
to that  used to de te rmine  KA. Severa l  SUPREM simu-  
lations, each wi th  a different  value  of (SDNs) ~ were  
car r ied  out unt i l  a good fit was obta ined to the mea -  
sured profile. The s imula ted  doping profile in Fig. 9 
was obta ined  with  (eDNa) ~ ---- 4 • 1011 cm -2. Work  is 
under  way  to de te rmine  the dependence  of (SDNs) ~ on 
different  exper imen ta l  conditions,  such as subs t ra te  
impur i t y  concentrat ion,  p r e ba ke  time, p rebake  tem-  
pera ture ,  deposi t ion tempera ture ,  total  pressure,  etc. 

The mechanisms responsible  for the autodoping ta i l  
in Fig. 9 and for  the gradua l  t rans i t ion  be tween  the  
two uni form epi tax ia l  doping levels in Fig. 6 a re  the  
same. In both cases, the dopant  concentra t ion in the 
epi tax ia l  film reaches the  r equ i red  s t eady- s t a t e  doping 
level  slowly, because some t ime is requi red  to remove  
the excess dopant  species from the adsorbed  layer .  In  
Fig. 6, these excess species a re  produced by  the sud-  
den decrease in arsine flow, w h i l e  in Fig. 9 they  come 
from the evapora t ion  of dopant  a toms from the sub-  
s t ra te  pr ior  to ep i tax ia l  growth. P a r t  of the excess 
dopant  species in the adsorbed layer  is incorpora ted  
in the growing film and produces the g radua l  t ransi t ion 
shown in Fig. 6 and 9, and  the res t  is re leased  to the 
gas-phase  by  desorption.  

Final ly ,  Fig. 10 shows the measured  (dot ted  l ine)  
and s imula ted  (solid l ine)  profile of a more  typical  
autodoping case. In this expe r imen t  arsenic was im-  
p lan ted  (3 X 1015 cm -2, 100 keV) into a boron-doped,  
10 s  (100) silicon wafer,  and then red i s t r ibu ted  
for 2 hr  at  1250~ The subs t ra te  was vapor  etched wi th  
HC1 (0.5% by volume, 2 rain, 1200~ and then baked  
in hydrogen  (32 rain, 1200~ before  the ep i tax ia l  
depos igon step. The epi tax ia l  l aye r  deposi ted in this 
expe r imen t  was in tended to be intrinsic,  i.e., no ars ine  
flow was entered  into the reactor.  The epi tax ia l  g rowth  
ra te  was of app rox ima te ly  0.27 /~m/min, and the to ta l  
deposit ion t ime was of 6 rain. The s imula ted  profile 
was obta ined using (SDN's) ~ : 4 • 1011 cm -2  and 
agrees fa i r ly  wel l  wi th  the measured  profile. In ex-  
per iments  in which different  p reep i t ax ia l  bake  t imes 
and t empera tu res  were  used, the resul t ing  autodoping 
profile was only s l ight ly  affected (13), suggest ing tha t  
(6DNs) ~ is not  a s trong funct ion of the hydrogen  p re -  
ep i tax ia l  bake  cycle. The resul ts  shown in Fig. 9 and 
10 c lear ly  indicate  that  SUPREM simulat ions  can 
be used to es t imate  the  ex ten t  of the autodoping phe -  
nomena.  

Summary and Conclusions 

A computer  model  capable  of s imula t ing  ep i tax ia l  
doping profiles resul t ing  f rom a va r i e t y  of deposi t ion 



916 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  Apri l  198I 

1019 

10 ~e 
? 
E (9 

Z 
m 

~ 101G 

7 

0 
o 101~ 

SIMUL AT E O _ . ~ r 1 4 9  
�9 , , , , M E A S U R E D  (CORRECTED) ..4.1p ~ ' -  - 
GROWTH RATE = O,27/.Lm/min /"~e- ~ 
T= 1050~ ~ ' o  

o 

~= EPITAXIAL L A Y E R ~ ' - - - - - - B U R I E D  LAYER = I 
10141 I I I I [ 

0 0.5 1.O 1,5 2.0 2,5 3.0 
DEPTH (p.m) 

Fig. 10. Measured and simulated doping profiles corresponding to 
a typical autodoping situation. 

condit ions was described.  The model  consists of solving 
Fick 's  Second Law throughout  the solid silicon wi th  
the proper  set of in i t ia l  and b o u n d a r y  conditions. I t  is 
necessary to solve Fick 's  Second Law in order  to take  
into account the t he rma l  red i s t r ibu t ion  of impur i t ies  
dur ing  epi tax ia l  growth. On the other  hand, the bound-  
a ry  condit ion at  the growing silicon surface contains 
informat ion on the gas-phase  dynamics  and the phys i -  
cochemical  mechanisms tak ing  par t  in the doping pro-  
cess. In  o rder  to obtain an expression for the surface 
boundary  condition, the epi tax ia l  sys tem was separa ted  
into th ree  regions (main gas stream, bounda ry  layer ,  
and  adsorbed  layer )  and equations descr ibing the be-  
havior  of dopant  species in each of these regions were  
obtained. These equations were  then used to de te rmine  
the  surface bounda ry  condition. According to the 
model, three  pa rame te r s  a re  requi red  to complete ly  
character ize  an epi taxiaI  system: kmf, Kp, and /CA. 
kmf is a kinet ic  coefficient associated wi th  the mecha-  
nism dominat ing  the dopant  incorpora t ion  process. Kp 
and KA are  the rmodynamic  constants, and re la te  the  
ep i tax ia l  dopant  concentra t ion to the concentra t ion of 
dopant  species in the gas-phase  and the adsorbed layer ,  
respect ively.  A four th  parameter ,  ( 6 D N s )  ~ is also re -  
qui red  when heavi ly  doped subst ra tes  or bur ied  layers  
are  considered. (SDNs)o is the concentra t ion of dopant  
species pe r  uni t  area  in the adsorbed l aye r  pr ior  to the  
ep i tax ia l  deposi t ion step, and becomes apprec iab le  for 
heavi ly  doped substrates ,  domina t ing  the dopant  in-  
corporat ion process dur ing  the first few minutes  of 
growth. The techniques used to de te rmine  exper i -  
men ta l ly  the values  of these pa rame te r s  were  also de- 
scribed. Final ly ,  the computer  model  was numer ica l ly  
implemented  wi th  the aid of the computer  s imula tor  
SUPREM, and numer ica l  s imulat ions were  carr ied  out 
and compared  to ep i tax ia l  doping profiles obta ined  ex -  
per imenta l ly .  I t  was concluded tha t  the numer ica l  so- 
lution of Fick 's  Second Law as carr ied  out by  SUPREM 
using the surface bounda ry  condit ion descr ibed here  is 
capable  of s imula t ing  epi tax ia l  doping profiles corre-  
sponding to a va r ie ty  of deposi t ion conditions, inc lud-  
ing t ime-va ry ing  gas flows and the autodoping phe-  
nomena. 
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A P P E N D I X  A 

F igure  11 shows an en la rged  view of the ma in  gas 
s t ream region. The upper  tube  wal l  is a t  z = 0, and 
the bounda ry  be tween  the main  gas s t ream region and 
the bounda ry  layer  region is at z ---- z. In  the ma in  gas 
s t ream region dopant  species t rave l  by  forced convec- 
t ion in the x-di rec t ion ,  whi le  in the bounda ry  l aye r  
region dopant  species t rave l  by  diffusion in the z- 
direction. Fx and Fz wil l  be used to represen t  the flux 
of dopant  species in the main  gas s t r eam and the 
boundary  layer ,  respect ively.  Fx is assumed to be only 
a function of x, while Fz is assumed to be a function 
of x and z. By considering mass -ba lance  of dopant  spe-  
cies wi th in  an e lement  of length  Ax, height  z, and uni t  
width  in the main  gas s t ream (see ~ig. 11), the fol low- 
ing equat ion can be obta ined  

[ rx(xo)  --  Fx(xo + ~x) ]  z - -  F A  z )~x  = ~ C x a x  z 
At 

[ A - l ]  

in which Fx(xo) is the flux of dopant  species en ter ing  
the e lement  at  x = Xo, Fz(xo + Ax) is the flux of 
dopant  species leaving the e lement  at  x = xo + Ax, 
Fz(Z) is the average  flux of dopant  species leaving 
the e lement  at  z = z, and Cz is the average  concentra-  
t ion of dopant  species per  uni t  volume wi th in  the e le-  
ment  in the main  gas s t ream. C~ is assumed to be only 
a function of x. in  typica l  hor izonta l  reactors,  the  sus-  
ceptor  is t i l ted  to improve  the un i fo rmi ty  of silicon 
deposi t ion (7). Therefore,  s t r ic t ly  speaking,  the loca- 
tion of z is also a funct ion of x. This fact  has been ne-  
glected here. Equat ion [ A - l ]  is val id  only if (i) dopant  
species do not undergo chemical  react ions wi th in  the 
element,  and (if) there  is no in terchange  of dopant  
species be tween  the upper  tube wal l  and the element.  
By rea r rang ing  Eq. [ A - l ]  and le t t ing Ax --> 0, the fol-  
lowing equation is obta ined  

~F= Fz (z) 8C= 
- -  - -  - -  [ A - 2 ]  

8x z ~t 

Equat ion [A-2] describes the behavior  of dopant  spe-  
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Fig. 11. Enlarged view-of the main gas stream region 
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cies in the main gas stream. As is shown below, this 
equation can be simplified for most conventional epi- 
taxial reactors. 

The time constant associated with Eq. [A-2] is of 
the oraer oZ I sec <~). It has been reportea, however, 
that the time constant o~ me overal~ aopmg process 
in a horizontal reactor is of the orcler ox ~U sec (4). 
This means mat m a ~ransient mmauon [e.g., an abrupt 
variation in cLopant gas Ilow r epi~axmt growth) 
the aopant specms m the mare sas stream reaches 
steaay state rang before the new smaay-sta~e ep~mxial 
condition is established. By assuming that the main 
gas stream always reaches steauy-smte "instantane- 
ously," Eq. [A-ZJ can De mmpliaed to 

5F= F, ( Z ) 
- -  = 0 [A-S] 

6x 

for the epitaxial doping process. Also, for most epi- 
taxial reactors, the secona term in Eq. [A-3] may be 
neglected because gas-phase depletion of dopant spe- 
cies caused by Fz( z ) is very small, and Eq. [A-3] can 
be further simplified to 

___ 0 [A-4] 
8z 

Equation [A-4] indicates that F= varies only slightly 
with position in a conventional epitaxial system. Be- 
cause dopant species are transported by forced con- 
vection in the main gas stream, F= can be expressed as 

PD (X) 
F, = VHs(Z) - -  [A-5] 

kT 
in which VH2 is the carrier gas (hydrogen) velocity, k 
is the Boltzmann constant, and T the absolute tempera- 
ture. By using Eq. [A-5], Eq. [A-4] can be rewritten 
as 

5F= 1 b 
' - - "  - -  -- [VH2(X) PD(X)] - -  0 [A-6] 

8x kT 8x 
However, when the tilt of the susceptor is neglected, 
vn2(X) in Eq. [A-6] can be replaced by a position- 
independent effective velocity VH2, {.e. 

8F~ VH~ 8 
-- -- [PD (x) ] = 0 [A-7] 

5x kT ~x 

Equation [A.-7]. indicates that the partial pressure of 
dopant specms m the main gas stream (PD) is nearly 
independent of x. Consequently, because PD reaches 
steady state "instantaneously" and is nearly indepen- 
dent of position, then 

Pn (t) ____. PD ~ (t) [A-8] 

in which PD ~ (t) is the input dopant partial pressure. 
In other words, any time-variation of the dopant 
partial pressure at the reactor input is transmitted 
"instantaneously" throughout the main gas stream in 
the epitaxial reactor. Equation [A-8] is sufficient to 
describe the behavior of dopant species in the main gas 
stream of most epitaxial reactors. 

APPENDIX B 

Figure 12 shows an enlarged view of the boundary 
layer, with the main gas stream on top, and the solid 
silicon below. Fs in Fig. 12 is the net flux of dopant 
species leaving the boundary layer by adsorbing on 
the silicon surface. An expression describing the be- 
havior of dopant species in the boundary layer can be 
derived using the same technique employed in Ap- 
pendix A. By considering mass-balance of dopant spe- 
cies within an element of thickness hz, unit length, 
and unit width in the boundary layer (see Fig. 12), 
the following expression can be obtained 

8F, 8C, 
= [B-l] 

8z 8t 
where C~ is the concentration of dopant species per 
unit volume in the boundary layer. Equation [B-l] 
was obtained assuming that (i) dopant species are 

--'1% 
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Fig. 12. Enlarged view of the boundary layer region 
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neither formed nor consumed within the boundary 
layer, and (ii) dopant species in the boundary layer 
travel only in the z-direction. Cz is assumed to be only 
a function of z. 

Equation [B-1] can be simplified by considerations 
analogous to those discussed in Appendix A. The time 
constant associated with Eq. [B-l] is of the order of 
0.1 sec (4), which is much shorter than that of the 
overall doping process. Therefore, the dopant species 
in the boundary layer are essentially always at steady 
state, i.e. 

5F, 
~_ 0 [B-2] 

5z 

and Fz can be considered position-independent regard- 
less of whether the overall doping process is at steady 
state or undergoing a transient. This means that the 
dopant flux leaving the boundary layer due to surface 
adsorption always follows closely the time-variation 
of the dopant flux entering the boundary layer, i.e. 

Fs(t) _~ Fz(z, t) [B-B] 

and vice versa. Equation [B-3] is sufficient to describe 
the behavior of dopant species within the boundary 
layer. 

APPENDIX C 
From Eq. [8] 

Fs -- kF(ONs)PD * -- kR(SDNs) [C-l] 

which can be rearranged as 

[ kR (ODNs) ] 
Fs = kF(ONs) PD* kF (SNs) [C'2] 

By using Eq. [8] and [9], Eq. [C-2] can be rewritten as 

[ 1 kH P~,Z/SN] [ C'3] 
Fs -- kF(SNs) PD* K1 Ks 

or 

Fs = kt[Pn* -- N/Kp] [C-4] 

in which kf -- kF(ONs), Kp -- KIK~/kH, and PH~ --~ 1 
atm was omitted for simplicity. 

APPENDIX D 

As discussed in the section on Numerical Implemen- 
tation, the dopant concentration of each new cell is 
first computed by solving Eq. [17], i.e. 

0 = kmf PD ~ -- -- gN -- KA-~- [D-l] 

The initial condition of Eq. [D-I] is the dopant con- 
centration of the epitaxial film at t -- 0, which is given 
by 

N(0) = KA (SDNs) ~ [D-2] 
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Lift-Off Patterning of Sputtered Si02 Films 
Tadashi Serikawa and Toshiaki Yachi 

Nippon Telegraph and Telephone Public Corporation, 
Mu~ashino Electrical Communication Laboratory, Midori-cho, Musashino-shi, Tokyo, 180 Japan 

Sput te red  Si02 film is used as an in te rmedia te  insula-  
tor  in multilevel metallization and as a final passivator 
in large-scale integrated circuits, because good film 
characteristics ean be obtained at low temperature 
deposition (I, 2). SiO2 film is usually patterned by wet 
chemical etching or plasma etching using photoresist 
patterns as the etching mask. Wet chemical etching and 
plasma etching in a barrel reactor, however, have the 
disadvantage of side-etching due to lateral attack by 
the etchant. The plasma etching method usually called 
reactive ion sputter etching does not have this disad- 
vantage. In this method, the pattern sidewall taper is 
obta ined  only when many  factors, such as photoresis t  
s idewal l  angle, photoresis t  thickness,  and re la t ive  etch 
rates  of subs t ra te  and  photoresist ,  are  precisely con- 
t ro l led  (3). On the other  hand, l i f t -off  technique is �9 
promis ing for producing a fine pa t t e rn  in a la rge-sca le  
in tegra ted  circuit.  The l if t-off  method has been em-  
p loyed in a luminum meta l l iza t ion  (4), bu t  no s tudy 
has been repor ted  on sput te red  insulat ing films. In  this 
study, a l i f t-off  method for sput te red  S i Q  film is p ro-  
posed. An SlOe pa t t e rn  wi th  posi t ive slope s idewalls  
was successful ly produced wi thout  pa t t e rn  width  re -  
duct ion th rough  successively fol lowing the steps shown 
in Fig. 1: (i) photoresis t  pa t t e rn  formation,  (ii) S i Q  
film deposition, (iii) sl ight  etching wi th  buffered hy-  
drofluoric acid to remove SiO2 film deposi ted on photo-  
resis t  sidewalls,  and (iv) remova l  of the photoresist .  

Experimental 
Pat te rns  of pos i t ive- type  photoresis t  (AZ1370) were  

formed on a silicon subs t ra te  using convent ional  photo-  
l i thography.  Pos tbaking  was pe r fo rmed  at  140~ These 
pa t te rns  were  1 ~m thick and had 60 ~ slope sidewalls.  
SiO2 film was deposi ted on these substrates  wi th  a 
p lanar  r f  magne t ron  sput te r ing  apparatus .  The sub-  
s t ra tes  were  placed on a ro ta t ing  subs t ra te  holder  and / 
were e lect r ica l ly  at  floating potent ia l  dur ing  deposition. 
The smal les t  spacing be tween  the subs t ra te  and the 
ta rge t  was 50 mm. The ta rge t  was a 3 mm thick, 125 

Key words: intermediate insulator, magnetran sputtering, shad- 
owing effect. 

mm • 375 mm, 99.99% pure  SiO2 sheet. F i lm deposit ion 
was carried out at 0.3 Pa argon pressure, at a 4 nm/min 
deposition rate, and at temperatures less than 180~ 
SiO2 film on the photoresist sidewalls was removed by 
slight etching in buffered hydrofluoric acid [I00 ml 
(50% HF) + 860 ml (40% NH4F) ]. Unwanted SiO~ film 
was removed along with photoresist patterns by soak- 
ing the substrates in photoresist strip (J-100). After 
cleaving substrates at various steps, the fractured sec- 
tions were studied using scanning electron microscopy 
(SEM).  

PHOTORESIST (i) PHOTORESIST PATTERN 
FORMATION 

SILICON SUBSTRATE ~ 
) SiO 2 FILM 
DEPOSITION 

~ (iii) SLIGHT 
ETCHING 

~(iv)RISMOVAL OF THE 
PHOTORES[ST 

Fig. 1. A diagram of the successive steps for lift-off patterning 
of sputtered Si02 films. 
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Results 
A deposi ted sample  wi th  about  1 ~m thick SiOe film 

was l i f ted off according to the process in Fig. 1. F igure  
2 shows SEM photographs  at  the var ious  steps. The film 
thickness at  photores is t  s idewalls  is less than the th ick-  
ness elsewhere,  as shown in Fig. 2(a) .  However ,  as 
shown in Fig. 2 (b) ,  the film on the photores is t  s idewal l  
is comple te ly  removed when s l ight ly  e tched in buffered 
hydrofluoric  acid at  30~ for 30 sec. This is because the 

film at  the s idewal l  is porous and has about  a 2.0 ~m/  
min etching rate,  which is much h igher  than  the 0.1 
~m/min  etching ra te  elsewhere.  Consequently,  grooves 
were  formed having t e t ragona l  cross sections on the 
side of the photores is t  pa t t e rn  sidewall .  Soaking the 
sample  in a solut ion to dissolve photoresis t  ma te r i a l  
removed  unwanted  SiO2 film along with  the photo-  
resist  pa t tern .  Thus, an SiO2 film pa t t e rn  was formed, 
as shown in Fig. 2(c) .  SiO2 pa t te rns  a re  successful ly 
ob ta ined  wi thout  pa t t e rn  width  reduction,  because a 
bounda ry  be tween the porous film and  the dense film 
is formed along a l ine f rom the under  edge of photo-  
resis t  pa t t e rn  to the SiO2 film edge in the deposi ted 
sample.  In  addition, the  SiO2 l i f ted-off  pa t te rns  have 
sloped s idewalls  even when  s idewal ls  of photoresis t  
pa t t e rn  have posi t ive slopes as shown in Fig. 2. 

The porous s t ruc ture  near  the photores is t  pa t t e rn  
s idewal l  is the resul t  of shadowing of deposi ted SiO2 
ma te r i a l  in the photoresis t  pa t t e rn  step (5-7).  The 
subs t ra te  near  the step sees less of the ta rge t  area, 
hence i t  receives less incoming SiO2 mate r i a l  than the 
sur rounding  surface. Thus, i t  has a smal le r  deposi t ion 
rate.  Also, the SiO2 film deposi t ion ra te  on the photo-  
resis t  pa t t e rn  top is high enough to resul t  in g rea te r  
shadowing effect, causing the format ion  of a porous 
film structure.  Consequently,  spu t te red  SiO2 film pa t -  
terns  a re  easi ly l i f ted off. However,  the  deta i led  forma-  
tion mechanism of a dis t inct  bounda ry  be tween  the 
porous s t ructure  a rea  and the dense film area  near  the 
step is not  comple te ly  understood.  

In conclusion, spu t te red  SiO2 film pa t te rns  wi th  
s loped s idewalls  were  successful ly produced using a 
l if t-off technique wi thout  pa t t e rn  wid th  reduction.  
Therefore,  this method is ve ry  useful  for pa t t e rn ing  
SiO2 films in in tegra ted  semiconductor  device fabr ica -  
tion. 
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A High Resolution Etching Technique for 
Determining Epitaxial Layer Thickness 

C. W. Pearce* 

Western Electric Company, Allentown, Pennsylvania 18103 

This paper describes the use of Secco etching to de- 
velop the thickness topography of an epitaxial  layer. 
The technique is capable of 0.1 micron resolution and 
could be used as a test method in research or produc- 
tion. A potential  application would be the evaluat ion of 
mater ia l  used for bipolar device fabrication where the 
epitaxial  layer_thickness is a key parameter,  such as 
the  OXIL (1) (oxide isolated logic) technology. The 
etching method was more reliable in determining epi- 
taxial thickness var iat ion than infrared measurements  
in  the cases studied. 

Background 
Preferent ia l  etching of silicon to reveal defects (or 

junct ions)  has become a well-established investigative 
tool (2). It is widely used because of its convenient  and 
inexpensive na ture  in research and production applica- 
tions. A number  of etchants have been reported in the 
l i terature (3-5), each with part icular  characteristics. 
As a guide to potential  applications, there have been a 
number  of etchant  comparisons made (6, 7). Schimmel 
(8) in  part icular  examined the characteristics of the 
hydrofluoric acid, chromic acid, and water  etching sys- 
tem to develop an opt imum etch for heavily boron-  
doped silicon. Futagami (9) added a degree of sophisti- 
cation by distinguishing decorated from undecorated 
stacking faults using Sirtl  etch. 

This report  describes the application of silicon etch- 
ing in determining the radial  thickness variat ion in  an 
epitaxial  layer. Customarily, this parameter  is mea-  
sured using an infrared reflectance technique (10), 
al though the geometry of epitaxial  stacking faults (11) 
and junct ion  staining (12) have also been utilized. 
Evaluat ing radial  variat ion with such methods is cus- 
tomari ly l imited to a few measurement  points, which 
may  not adequately characterize the surface of a large 
diameter  wafer. Here, the s taining which occurs on a 
heavily boron-doped substrate when using Secco's etch 
(8), and the etch rate are used to measure epitaxial 
layer  thickness. Although destructive, since the whole 
wafer is etched, contours of constant thickness c a n  
easily be generated by step etching. 

Experimental 
Developing an accurate topography requires precise 

control of the etch rate, which entails control of etch 
temperature  and composition. These requirements  were 
accomplished for Secco's etch by using the following 
procedure. A 5.42g wafer was placed in 150 cm 3 of 
solution and left to etch unt i l  the reaction was com- 
plete, resul t ing in the dissolution of 0.23g of silicon. It  
was estimated that approximately 25,000 cm 3 of etchant 
for each gram of silicon to be removed would be of 
sufficient volume to keep both parameters  essentially 
fixed, yielding a constant  etch rate. This estimate was 
verified by etching 0.22g of silicon in 5300 cm 8 of solu- 
tion and checking the etch rate at the beginning and 
the end of etching. The silicon to be removed can be 
calculated from the nominal  layer thickness and wafer 
surface area. The value should be doubled if the rear  
surface is unmasked,  or adjusted if the substrate has a 
different etch rate from the layer. In the first example, 
the substrate etched 3.5• as fast as the layer  (7), 
hence we decided to mask the rear surface with wax to 
keep the etch volume reasonable. 

* E lec t rochemica l  Society Act ive  Member. 
Key words: silicon, etching, defects. 

The sensitivity of etch rate to temperature  was de- 
termined to be nominal ly  0.02 ~m/min /~  by measure-  
ments  at 32 ~ + 2~ and at 89 ~ • 4~ This parameter  is 
assumed l inear over the range of temperatures  studied. 

To develop a topograph, a 100 mm diam, P/P-t-,  
wafer was etched face up in 5300 cm~ of solution. The 
layer thickness was 11 ~m and the substrate resistivity 
0.008 ~2-cm. The wafer was first measured at five points 
by the infrared method using a DIGILAB FTG-12.1 
The init ial  etch rate was 0.45 #m/ra in  after etching for 
20 min  the substrate first appeared via the stain. At 
this point, the etch rate was rechecked and found to be 
the same. The wafer was then step-etched to develop 
contours represent ing 0.23 ~m, each step represent ing 
30 sec of etching. After  each etch, the outl ine of the 
stained region was traced onto paper to develop Fig. 
1A. There is some subject ivi ty in the tracing as the 
stain demarcation is not always abrupt.  Temperature  
was monitored throughout  the etching and found not to 
vary. 

A second example consisted of a 76 mm diam wafer 
etched in 150 cm 3 of etchant. The layer  thickness was 
nominal ly  2.3 microns and the rear  surface was masked 
with wax. The substrate was pat terned and diffused 
with ant imony and boron typical of OXIL processing. 
The etching time was varied for this wafer based on a 
visual observation of the developing pat tern  dur ing the 
etching. Figure 1B is the resul t ing topograph. 

Discussion 
In the case of Fig. 1A, the thickness var iat ion by 

etching was found to be 1.8 ~m, which is three times 
as great as the var iat ion seen by the five-point infrared 
measurements.  However, the diameter  of max imum 

1 T r a d e m a r k  of Digilab In co rp o ra t ed ,  Cambr idge ,  Massachuset ts .  
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Fig. I. Two topographs of epltaxlal layers by Secco etching 
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variat ion did not coincide with any diameter  defined 
by the IR measurements.  In  terms of absolute values, 
the center thickness was estimated to be 11.60 ~m by 
etching which compares favorably with the IR value of 
11.02 #m. 

T h e  second wafer had a topography (Fig. 1B) nom- 
inal ly  concentric about  the wafer center, but  offset 
from the center IR measurement  point. Star t ing at the 
first contour the thickness var iat ion was calculated as 
0.34 ~m. This is substant ia l ly  greater than the 0.08 #m 
derived from the IR measurements.  Furthermore,  the 
IR measurements  predicted the center to be the th in-  
nest region of the wafer. The IR results main ly  reflect 
the measurement  scatter of the FTG-12: 

The repeatabi l i ty  of the ins t rument  is nominal ly  
__+0.1 ~m (3 sigma). Thus, on a fairly uniform layer 
m e a s u r e m e n t  scatter is a dominant  effect. The etch 
method would in general  be correct with respect to the 
direction and shape of thickness variation. Changes in 
etch rate would lead to uncer ta in ty  in the position of 
a given contour, but  the correct sense of thickness 
var iat ion is main ta ined  between contours. In  terms of 
absolute thickness, the extreme edge cleared first at 3 
rain of etching, after 3�89 rain the edge near  the IR 
readings was cleared for a thickness of 1.6 ~m com- 
pared to the 2.4 ~m by IR. The difference is not unex-  
pected and is ascribed to the faster outdiffusion of the 
boron bur ied layer that stains, relat ive to the slower 
diffusing an t imony  buried layer, the lat ter  diffusion 
determining the position of the IR reading. SUPREM 
(Stanford Universi ty  Process Engineer ing Models) cal- 
culations show a difference of 1 #m between the peak 
concentrat ion points of the two diffusions. 

By using a sufficient volume of solution it  is possible 
to obtain an etching bath for silicon wafers having a 
constant  etch rate. This can be used to determine the 
total extent  of thickness variat ion in an epitaxial wafer 
provided the substrate shows some staining. In the 
e x a m p l e s  presented herein  five point IR measurements  

tended to underest imate  the thickness var iat ion for two 
reasons. The customary five-point measurement  often 
misses high and low points on the wafer and general ly 
excludes some edge variation. Given an etch rate of 
0.45 ~m/min  and etch times of 10 sec, the resolution 
achievable is on the order of 0.1 ~m. This would be use- 
ful for evaluat ing wafers where layer  thickness is a 
key parameter  such as in the OXIL device fabrication 
technology. Thus, an epitaxial  reactor could be profiled 
by wafer etching to determine the most meaningful  
places for IR measurements  to be made. 

Manuscript  submit ted Aug. 11, 1980; revised m a n u -  
scr ip t  received Nov. 7, 1980. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 
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Minority Carrier Diffusion Length EBIC 
Measurements in Cadmium Telluride 

P. Gaugash ~ and A. G. Milnes* 
Department o~ Electrical Engineering and Center for the Joining of MateriaZs, 

Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

Diffusion Lengths in CdTe 
CdTe is a direct-gap semiconductor (bandgap 1.45 

eV) that is used in nuclear  particle detectors and for 
optical modulat ion purposes. It is a II-VI compound 
semiconductor that can be doped both n and p- type 
and the carriers have acceptable mobilities (~n" ~ 500- 
1200 cm2/Vsec, ~p ~ 50 cm~/Vsec) (1). 

However, CdTe has potential  beyond its present 
uses. This potential  lies in the combinat ion of optical 
and electrical properties it offers. CdTe is a material  of 
high potential  for solar cells with possible efficiencies 
of npCdTe cells of up to 22-25%, matching that of 
GaAs. Even heterojunct ion cells of nCdS/pCdTe are 
considered to have the potential  for 17% efficiency. Ten 
to 12% efficiency has been achieved in the work of 
Yamaguchi et aI. (2) with cells prepared by vapor-  
phase epi taxy of n+CdS on single crystal pCdTe 
wafers Among those who have worked with this ma-  
terial there is optimism that  heterojunct ion CdTe/CdS 

* Electrochemical Society Active Member. 
1 Present address: Kishinev State University, Moldavia, USSR. 
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tron beam. 

or homojunct ion pnCdTe thin film cells offer impor tant  
al ternat ives to Cu2S/CdS and GaAs thin fi lm cells 
(3-6). 

One problem that limits the solar cell performance 
present ly obtained with CdTe is the tendency of the 
single crystal ingot mater ial  to have low minor i ty  
diffusion lengths. For instance, Bell et al. (3) report 
hole diffusion lengths between 0.4 and 0.8 ~m for n-  
type CdTe with C1, Br, or I doping in the range 2- 
6 • 1017 cm -8. Higher Lp diffusion lengths, such as 
1.75-3 ~m, may have been observed par t icular ly  with 
"undoped" or In-doped n-CdTe (7). The present  work 
documents such values from EBIC measurements  for 
several ingots and doping levels and reports some un -  
expected features of the measurements.  

Samples and Preparation of Schottky Barrier EBIC 
Specimens 

The specimens available were taken from four n-  
type ingots and four p- type ingots. All of the ingots, 
except C, were grown by a modified Bridgman method 
that used a molten Te zone so that the max imum tem- 
perature involved was about 750~ (8). This presum- 
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a b l y  r e s u l t s  in  less  p i c k - u p  of  i m p u r i t i e s  s u c h  as s i l i -  
con, oxygen ,  a n d  copper ,  f r o m  t h e  s y s t e m  a n d  q u a r t z  
g r o w t h  tube ,  t h a n  w h e n  a n o r m a l  B r i d g m a n  g r o w t h  is 
m a d e  a t  l l00~  

F o r  t h e  e l e c t r o n - b e a m - i n d u c e d  c u r r e n t  ( E B I C )  
m e a s u r e m e n t s ,  s l ices  a b o u t  0.030 in. t h i c k  w e r e  cu t  a n d  
p o l i s h e d  w i t h  M i r r o l u x  a n d  0.05 # m  A1203 g r i t  a n d  

p o l i s h - e t c h e d  i n  m e t h a n o l - b r o m i n e  (0 .5%)  so lu t ion .  
T h e  o h m i c  c o n t a c t  o n  t h e  r e v e r s e  s ide  of  n - t y p e  sl ices 
w a s  p r o v i d e d  b y  a n  i n d i u m  e v a p o r a t i o n  a n d  t h e  s u b -  
s t r a t e  r a i s e d  to a b o u t  200~ for  a f e w  m i n u t e s  to p r o -  
v ide  s o m e  a l l o y i n g  ac t ion .  G o l d  for  t h e  S c h o t t k y  b a r -  
r i e r  ( r  ~ 0.85 eV)  yeas t h e n  d e p o s i t e d  o n  one  s ide  b y  
go ld  e v a p o r a t i o n .  T h e  S c h o t t k y  b a r r i e r  a r e a  w as  a b o u t  
10-4  cm~. F o r  t h e  p - t y p e  sl ices t h e  p r o c e d u r e  was  to 
e v a p o r a t e  A u  for  t h e  o h m i c  c o n t a c t  w i t h  a s h o r t  200 ~ 
250~ h e a t - t r e a t m e n t ,  a n d  t h e n  A1 w as  e v a p o r a t e d  fo r  
t h e  S c h o t t k y  b a r r i e r .  

A n  h o u r  o r  so b e f o r e  i n s e r t i o n  in  t h e  s c a n n i n g  e lec -  
t r o n  m i c r o s c o p e  ( J S M - 3 5 )  t h e  s p e c i m e n s  to b e  m e a -  
s u r e d  w e r e  c l e a v e d  ac ross  t h e  S c h o t t k y  b a r r i e r ,  
m o u n t e d  in  a T05 h e a d e r ,  a n d  c h e c k e d  fo r  l e a k a g e  
c u r r e n t s  of  less t h a n  10 -9A a t  a r e v e r s e  v o l t a g e  of  1V. 
T h e  d i f fus ion  l e n g t h  m e a s u r e m e n t  p r o c e d u r e  w as  t h e n  
a s  d e s c r i b e d  b y  S e k e l a  e t  al. (10) or  o t h e r s  (11-14)  
w i t h  a b o u t  0.1V or  less  r e v e r s e  v o l t a g e  a p p l i e d  to t h e  
diode.  Mos t  of  t h e  m e a s u r e m e n t s  w e r e  m a d e  a t  a b e a m  
v o l t a g e  o f  25 k e V  a n d  a b e a m  c u r r e n t  in  t h e  l o w  
10-10A. (Th i s  c u r r e n t  v a r i e s  b y  f ac t o r s  of  s e v e r a l  t i m e s  

b e t w e e n  d i f f e r e n t  m e a s u r e m e n t s ,  d e p e n d i n g  o n  t he  
m i c r o s c o p e  focus  a n d  c o l l i m a t i o n  a d j u s t m e n t s . )  S o m e  
m e a s u r e m e n t s  w e r e  m a d e  w i t h  l a r g e r  b e a m  c u r r e n t s ,  
u p  to 10-~A,  a n d  in  t h e s e  t h e  effects  of s e r i e s - r e s i s t a n c e  
d r o p  in  t he  s e m i c o n d u c t o r  c a u s e d  b y  l a r g e r  b e a m -  
i n d u c e d  c u r r e n t s  r e q u i r e d  m o r e  r e v e r s e  v o l t a g e  across  
t h e  device .  A f e w  m e a s u r e m e n t s  w e r e  also m a d e  w i t h  
t h e  b e a m  v o l t a g e  v a r i e d  b e t w e e n  5 a n d  25 keV,  h o w -  
e v e r  no  w e l l - b e h a v e d  d a t a  w e r e  o b t a i n e d  f r o m  w h i c h  
t he  r e c o m b i n a t i o n  v e l o c i t y  of  t he  c l e a v e d  s u r f a c e  cou ld  
be  i n f e r r e d  (11) .  In  g e n e r a l ,  t h e  s u r f a c e  w as  f o u n d  to 
be  r a t h e r  i n s e n s i t i v e :  A f t e r  m a n y  w e e k s  of s t o r age  on  
a i r  t h e  s p e c i m e n s  g a v e  a l m o s t  t he  s a m e  d i f fus ion  
l e n g t h s  as j u s t  a f t e r  c l eav ing .  N e i t h e r  d id  w e  see a n y  
effects  of  c a r b o n  d e p o s i t i o n  f r o m  t h e  v a c u u m  c o l u m n  
or  of r e p e a t e d  s c a n n i n g  w i t h  t he  e l e c t r o n  b e a m  of  t he  
s u r f a c e  t r a c k  m e a s u r e d  (14) .  

Diffusion Length Results 
T a b l e  I s h o w s  the  r e s u l t s  for  some  of  t he  s p e c i m e n s  

m e a s u r e d .  The  c u r v e s  o b t a i n e d  for  s p e c i m e n s  No. 20 
a n d  22 a r e  s h o w n  i n  Fig. 1. T h e  d i f fus ion  l e n g t h  fo r  
s p e c i m e n  No. 20 is s e e n  to be  2.8 ~m. A s p e c i m e n  No. 22 
f r o m  t h e  s a m e  sl ice g i v e n  a h e a t - t r e a t m e n t  in  Cd v a p o r  
a t  750~ fo r  120 h r  in  a q u a r t z  a m p u l  s h o w e d  on ly  a 
s l i g h t l y  l o w e r  d i f fus ion  l e n g t h ,  2.4 ~m, e v e n  t h o u g h  
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Fig. 1. Diffusion length measurements, Lp, for n CdTe with evap- 
orated Au Schottky barrier. 

t h e r e  was  a v e r y  l a r g e  r e d u c t i o n  in  r e s i s t i v i ty .  The  
r e s u l t s  for  s p e c i m e n s  3, 23, a n d  49 s h o w  a s o m e w h a t  
l a r g e r  c h a n g e  a f t e r  Cd v a p o r  t r e a t m e n t .  

S p e c i m e n  No. 27 f r o m  a d i f f e r e n t  s l ice of t he  i n g o t  A 
was  a n o m a l o u s  s ince  i t  e x h i b i t e d  a n  a p p a r e n t  d i f fu -  
s ion  l e n g t h  of 4.4 ~m in  t h e  f irst  5 # m  f r o m  t h e  b a r r i e r  
sur face ,  f o l l o w e d  b y  1.3 ~rn in  t h e  n e x t  5 ~m. T h e  i m -  
p l i c a t i o n  is t h a t  l i f e t i m e  c o n t r o l l i n g  i m p u r i t i e s  or  de -  
fec t s  h a v e  e i t h e r  e n t e r e d  or  b e e n  t a k e n  f r o m  t h e  5 ~m 
s u r f a c e  reg ion .  A n n e a l i n g  of s i m i l a r  m a t e r i a l  in  Cd 
vapor ,  a t  750~ fo r  120 h r  as  be fo re ,  g a v e  for  s p e c i m e n  
30 s i m i l a r l y  a n o m a l o u s  r e s u l t s  w i t h  a n  i n i t i a l  L ,  of  
3.3 ~m c h a n g i n g  in to  1.6 ~m. I f  t h e  effect  is c a u s e d  b y  
a n  i m p u r i t y  e n t e r i n g  f r o m  t h e  s u r f a c e  d u r i n g  t he  h e a t -  
t r e a t m e n t ,  i t  s h o u l d  be  n o t e d  t h a t  a v e r y  s m a l l  s u r f a c e  
c o n c e n t r a t i o n  s u c h  as 101~ c m  -2  ( a b o u t  a h u n d r e d t h  of  
a m o n o l a y e r )  e n t e r i n g  to a d e p t h  of 5 ~m cou ld  cause  
a c o n c e n t r a t i o n  of  2 X 10 TM cm -3  i f  u n i f o r m l y  d i s -  
t r i b u t e d .  Th i s  d e n s i t y  of  de fec t s  cou ld  h a v e  a p r o f o u n d  
effec t  o n  t h e  d o p i n g  d e n s i t y  or  o n  t he  d e n s i t y  of a c t i v e  

Table I. Diffusion lengths and other data for the n and p CdTe specimens 

Majority 
I n g o t  carrier 

( g r o w t h  S p e c i m e n  Conductiv- density Resistivity Diffus ion 
type) * number ity type Dopant cm -~ ~-cm length/~m 

(i) (ii) (iii) (iv) (v) (vi) (vii) 
T r e a t m e n t  

(viii) 

A ( M B )  20 n In  7 x 1016 ~ 1 0  L~ = 2.8 
22 n In - -  10 -2 2.4 

27 n In 5 x 101~ ~10 Anomalous 
30 n In - -  1 0 - 2  Anomalous 

B ( M B )  13 n I 1 x 101~ ~10-~  1.05 
C(B) 3 n Undoped 2 x 10 tz ~10-~ 2.8 

23 n Undoped - -  10-~ 1.3 

49 n Undoped - -  10-= 1.5 

D(MB) 31 n Undoped 3 x 10~ 10 Lp = 1.6 ~m 
E(MB) 5 p Undoped 2 x 10 :~ 10-2 L, = 0.58 /~m 
F(MB) 44 p P 7 x 1015 ~5 x l0 t 0.74 
G(MB) 14 p Undoped 5 x 6 ~ 2-4 x I0 e 0.87 
H ( M B )  41 p U n d o p e d  2 x 101~ 10 ~ 0.6 

Grown w/750~ Te m e l t z o n e  
H e a t - t r e a t e d  in Cd vapor ,  

75u~ 120 hr 
Gro wn  w/750~ Te  m e l t z o n e  
H e a t - t r e a t e d  in Cd vapor ,  

750~ 120 h r  
Grow w / T e  mel tzone  
Gro wn  at  l l00~ 
Hea t - t r ea t ed  in Cd vapor ,  

750~ 120 hr  
Hea t - t r ea t ed  in Cd vapor ,  

75()~ 120 h r  
Goldfilm, 250~ 10 min  
Gro wn  w/750~ Te  mel tzone  
Gro wn  w/750~ Te  me l t zone  
G r o w n  w/750~ Te  mel tzone  
G r o w n  w/750~ Te  mel tzone  

* MB m e a n s  modi f i ed  B r i d g m a n  g r o w t h  w i t h  T e  m o l t e n  z o n e  (8 ) ,  
B m e a n s  n o r m a l  B r i d g m a n  g r o w t h .  
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recombinat ion centers. Al terna t ive ly  a very thin high- 
concentrat ion surface skin could develop that might  
have the effect of gettering recombinat ion defects from 
the bulk. Defect gettering appears to occur in GaAs as 
a result  of sub-monolayer  surface contaminat ion from 
various etches used, even though the chemicals are of 
semiconductor grade pur i ty  for Si processing (13-15). 
Fur the r  experiments  to establish whether  similar  
effects occur for CdTe need to be done. 

Cd vapor  t rea tment  as applied here cer ta inly did not 
improve the hole diffusion lengths. The large increase 
in n - type  conduction after such a t rea tment  is pre-  
sumably  a consequence of reduct ion of VCd o r  ~Tcd 2- or 
Vcd-donor complexes [see Table 3.4 of Ref. (1)].  

Comparison of the results for specimens 20 and 3 
suggest that  growth by the modified Br idgman method 
(8), involving a Te molten zone and a temperature  of 
about  750~ does not  automatical ly  result  in  a longer 
hole diffusion length than the normal  Bridgman 
method at  ll00~ However, the sample comparison is 
l imited and one cannot  help feeling that the lower 
temperature  process should allow less contaminat ion 
from the system (8, 16). Ge and Sn are considered to 
have adverse effects on lifetimes on CdTe but  little is 
reported about  the effects of Si. The iodine-doped 
specimen, No. 13, is seen to have a lower diffusion 
length than the indium-doped specimens 20 and 22. 
This is in  agreement  with the experience of other 
workers (3, 4). 

The results for Ln in p- type CdTe show low diffusion 
lengths in the range 0.5-0.9 #m, Fig. 2, again in agree- 
men t  with other reports (3). 

In  the course of the studies an at tempt was made to 
obtain an Au Schottky barrier ,  or thin p region, from 
a solution known as Goldfilm (manufactured by the 
Emulsi tone Company and described as forming a poly-  
mer  with gold atoms attached through suitable group- 
ings to a carbon-carbon backbone) .  This mater ia l  is 
supplied as a source of Au for use in lifetime control 
in  silicon. The company also states that  on Si wafers 
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Fig. 2. Diffusion length measurements, Ln, for p CdTe with evap- 
orated AI Schottky barrier. 

heated to 250~176 for 5-10 min, film decomposition 
occurs and a yellow film of 20-100A of gold is deposited. 
This Goldfilm was applied to a n u m b e r  of n CdTe 
specimens prior to the 250~ i0 rain hea t - t rea tment  for 
the In  ohmic contact. An EBIC curve typical of the re-  
sults is shown in Fig. 3. I t  appears that  the Au has 
doped the CdTe p- type  to a depth of about 4 #m and 
both hole and electron diffusion lengths are observed, 
Lp = 1.6 ~m and Ln ---- 1.5 ~m. The fiat response region 
between 4 and 8 #m presumably  represents a region of 
high resist ivity where field-aided collection of current  
occurs. Since the junct ion depth is deep, the diffusion 
of gold in CdTe must  be rapid at 250~ but  no informa-  
tion on this has been found in the l i terature  (17). 

Conclusions 
Hole diffusion lengths of greater  than 2.5 #m are ob- 

tainable in  n- type  CdTe ingot mater ia l  doped in the 
high l0 TM cm~ range. Electron diffusion lengths for p- 
type ingot mater ial  are normal ly  between 0.5 and 0.9 
#m. 

There is no reason to believe that  these represent  
l imit ing values that  cannot be improved by fur ther  
at tent ion to pur i ty  and crystal perfection and careful 
handl ing of the mater ia l  before heat - t rea tment .  
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Etching of Cadmium Telluride 
P. Gaugash ~ and A. G. Milnes* 

Eleetrica~ Engineering Department and Center for the Joining of Material8, 
Carnegie,Men,on University, Pittsburgh, Pennsylvania 15213 

Etching Procedure and Rates 
CdTe is a semiconductor of bandgap 1.45 eV that  can 

be doped both n and p- type  and also is avai lable in a 
semi- insulat ing form (1). It is used in nuclear  particle 
detection and for its e lectro-opt ical  properties. In ter -  
est is also growing in the potential  of this mater ia l  for 
solar cells. 

The slices selected for these etching studies came 
from ingots grown by a modified Br idgman method 
with  a Te mel t  zone at 750~ Details of the mater ia l  
will  be found in a companion paper  (2). The slices were  
cut wi th  a diamond saw and lapped with an A12O~ gri t  
and a Mirrolux solution. In general  the orientat ion was 
(111). 

About  ten etching solutions were  selected from the 
general  l i tera ture  of etching solutions for semiconduc- 
tors (4, 8, 9). The exper iments  were  made at room 
tempera tu re  with gent ly agitated solutions and the 

* Electrochemical Soc ie ty  Ac t ive  Member .  
1 P r e s e n t  address :  Kish inev  State  Univers i ty ,  Moldavia,  USSR. 
Key words:  s emiconductor ,  II-VI, Auger, oxide.  

etching rate determined by weight  loss. The etchant  
compositions are shown in column (i) of Table I and 
the etch rates in column (ii). The rates should be taken 
as a guide only, since repeated exper iments  were  not 
made to obtain average numbers  or to reveal  the effects 
of start ing surface conditions or slight differences in 
solution tempera ture  or agitat ion rate. Column (iii) 
comments on the appearances of the surfaces after  
etching. 

Auger Studies 
From previous work  it is known that  there is a 

tendency for Te rich layers to be formed on CdTe 
surfaces by some etches. Presumably  this is because 
the etches cause soluble Cd salts to form and do not 
react  wi th  the Te or form insoluble Te salts. 

To determine which of the etches studied produced 
Te rich layers, the surfaces were  examined with  a 
Perkin  Elmer  Physical  Electronics Auger  spectrometer.  
The ratio of the Cd signal peak (at 376 eV) to Te 
signal peak (at 483 eV) is 1.42 with an input  electron 
beam of 3000 eV according to the handbook supplied 

Table I. Results of etching and Auger measurements, for n CdTe 

Auger m e a s u r e m e n t s  
Approximate 

Compos i t ion  of e t ch ing  e t ch ing  ra te  Comments on the Ratio Estimated Te 
so lut ion  (by  v o l u m e ) *  (~300 K) appearance of sur face  Cdpeak/Tepeak layer thickness 

(i) (ii) (iii) (iv) (v) 

HC1 or H~SO~ None detected m _ _ 
HNOa 3.5 ~m/min Dark precipitate, easily re- --  -- 

moved m e c h a n i c a l l y  
NaOH 1.6 Produces bright surface -- w 
10% NaOH + Na~SO4 1.2 Produces bright surface 1.42 None  
2 HF, 1 HNOs, 1 CH3COOH 60 Pits  f o r m  1.42 None 
0.5% Bre in CH~OIt ( m e d i u m  red  2.8 Pi ts  f o r m  1.44 None 

in color)  
50 HNO~ + 10 CH3COOH + 1 HC1 8.0 Polishes 1.40 None  

+ 18 H~SO~ 
7g K2CreO7 + 3g H~SO~ 2.3 Polishes 0.9 50.100A 
0.5% Br~ + 10 mg AgNO3 + 2.2 Pits  form,  p-n junc t ion  1.1-1.2 --  

CH3OH (medium red  in color)  
2 H2Os, 3 HF, 1 I-I~O 3.4 Pol i shes  one  (111) face (5) 0.2 600-800A 
2 HNO3, 2 HC1, H20 12.5 Pits form 0.15 500-800A 
10 ml HNO3, 20 ml H20, 4g K~CrO~ 4.2 Mirror polish 0.08 300-600A 

* T h e  concent ra t ions  of so lut ions  used  in  m a k i n g  up these  e t c h a n t s  w e r e :  HCI 37%; HF 45%; HNO3 70%; H~SO~ 97%; H2Oz 30%; 
CH3COOH 100%; NaOH 50%. 
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Cd 

with the system (3). This was confirmed for our in-  
s t rument  by separate spectra for pure Cd and pure Te 
control specimens. Sl ight ly varied ratios, in the range 
1.36-1.48, were obtained for fresh CdTe surfaces in-  
serted in  the machine  short ly after cleaning. The 
Auger  spectrum obtained for such a specimen is shown 
in Fig. 1. After  etching for about 10 min in a solution 
of 2 H202 4- 3 HF + 1 H20 (by volume) the spectrum, 
Fig. 2, shows a ratio of Cd to Te peak of only  0.2 indi-  
cating a great enr ichment  of Te on the surface. The 
oxygen peak (at 510 eV) has developed in size a little 
but  is still quite minor. The carbon peak at 270 eV is 
quite small  compared with those seen on other semi- 
conductors, such as GaAs, after comparable handling. 

V o / .  128, No. 4 
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Fig. I. Auger spectrum for cleaved CdTe to show the normal 
pattern and Cd/Te peak ratio. (Taken at 3 keV electron input.) 

By Ar ion bombardment  at a pressure of 5 • 10 -6 Torr 
unt i l  the normal.  Cd/Te peak ratio was obtained, the 
thickness of the Te rich layer  was inferred to be 600- 
800A (assuming an ion sputter  etching rate of 60-80A 
per min) .  

The results for all  the etchants studied may be seen 
in columns (iv) and (v) of Table I, where the etchants 
have been listed roughly in order of tendency to form 
Te rich layers. It  is seen that  about 4 of the etchants 
produce no Te enr ichment  and three produce consider- 
able enrichment.  The HNOa etchant produces a dark 
poorly adhering precipitate and the etchant containing 
AgNO8 tends to form a p - n  junct ion  on n CdTe. No 
significant difference was observed for Cd and Te (111) 
faces in  these etching studies, except for the rate in 
Table I. 

One question of interest  to us was whether  the com- 
position of electrolytically grown oxides on the surface 
of CdTe would be markedly  affected by the presence of 
an ini t ial  Te layer produced by one of the Te-enhancing 
etchants. A number  of electrolytic solutions were tried, 
modeled on those used for nat ive oxide layers on GaAs 
(6, 7), but  the one that  was most effective was 1-2 parts 
of KOH in 100 parts of pure H20 for a pH value of 9.0. 
The CdTe specimen of area about 0.4 cm 2 was the 
anode and the cathode was p la t inum foil. The currents  
applied were 10-40 mA and the voltages were 100-250 
V. No at tempt  was made to regulate the temperature  of 
the solution which became moderately warm. The 
layers that were grown were estimated to be about 0.5- 
1.5 ~m thick and tended to be brown in color. They 
were well adhering and high in resist ivity (>106 
n - c m ) .  

Although it has been suggested that oxides on CdTe 
might be predominant ly  TeO2, this was not our experi-  
ence (9). As Fig. 3 shows, Auger  examinat ion of the 
top surface of our oxides always showed substant ial  
amounts  of Cd. Ar - ion  sput ter ing showed that  the 
proportion of Cd to Te to O did not greatly change 
through the thickness of the oxide. This seemed to be 
t rue whether  or not the ini t ial  etchant  was one that  
produced a Te rich surface or not. The formation of a 
tel lurate such as CdTeOa is one possible explanat ion 
(9). 

2 0 0  4 0 0  600  

eV 

Fig. 2. Auger spectrum of CdTe surface after an etch in 
2H2Os + 3HF + 1H20. This shows the Cd peak greatly reduced 
relative to the Te peak. 

Cd Vl 
Te 0 

I I I I lU I 
200  4 0 0  600  

eV - ~  

Fig. 3. Auger spectrum for an oxide anodically grown on CdTe. 
The grown layer is probably a mixture of Cd and Te oxides, possi- 
bly in the form of a tellurate such as CdTeO3. 
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Orientation and Implantation Effects on 
Stacking Faults during Silicon Buried Layer Processing 

McD. Robinson,* G. A. Rozgonyi,* T. E. Seidel,* and M. H. Read 

BeR Laboratories, Murray Hill, New Jersey 07974 

Bipolar integrated circuit processing requires several 
oxidation steps, any one of which is a potential source 
of oxidation-induced stacking faults (OSF). The OSF 
in turn are well known sources of diode leakage (1=5) 
and emitted=collector shorts (2, 6-8). Approaches 
which have been shown to reduce the size, density, and 
leakage current of OSF include preoxidation back 
side gettering (POGO) (9=12), preoxidation inert gas 
anneal (13), high temperature dry oxidation (14-18), 
processing in low oxygen (4, 5, 19-24) or chlorine= 
containing (17, 25-27) atmospheres, and deliberate 
misorientation from low index planes (16, 28, 29). 

Bipolar IC processing typically starts with the for- 
mation of a masking oxide, followed by implantation 
or diffusion of a buried collector through an etched 
pattern of windows in the oxide. An earl ier  paper (30) 
showed that surface OSF are prevented or annihilated 
if wafers with appropriate misorientation receive the 
initial oxidation in dry oxygen at 1150 ~ or 1200~ The 
experiments reported here extend the earl ier  study 
to show that properly misoriented wafers remain free 
of OSF through buried layer  processing, and that  the 
correct choice of buried layer drive-in temperature 
can annihilate preexisting OSF. 

Experiments 
The starting material  was 2 in. diam, 4-9 ~l-em, 

n- type Czochralski silicon grown by the Western Elec- 
tric Corporation. Two boules, nominally grown with 
(100) and (111) orientations, were cut to the misorien- 
tations shown in Table I. All  wafers were chemically 
etched to remove saw damage, followed by chore- 
mechanical polish on one side. 

The above lot received the processing sequence 
shown in Table II. After an initial clean, half of each 
wafer was given an implanted dose of 1E14 cm -2 
boron, in order to introduce a known source of OSF 
nuclei (4, 31, 32). Boron implantation was followed by 
1150~ dry oxidation (3800~_ of oxide). Following 
buried layer pat tern definition, the buried layer im- 
plant ion and drive-in temperature were split as shown 
in Tables I and IL 

Pieces were cleaved from the wafers and examined 
after each stage of processing, using Secco etching (33) 
and optical microscopy with Nomarski interference 
contrast. 

In a separate experiment a wafer oriented 5 ~ from 
the (100) plane toward the <011> direction was sub- 
jected to the first oxidation, then oxide stripped, Secco 
etched, and compared with the other orientations. 

Table I. Wafer orientations; buried layer ion; drive-in time and 
temperature 

Drive- in  

T e m p  T i m e  
W a f e r  O r i e n t a t i o n  * Ion  ( ~ C) (h r )  

00A-1 0.0 ~ (100) As  1200 5 
00A-2 0.0 ~ (100) As  1270 1 
00S-1 0.0 ~ (100) Sb 1200 5 
00S-2 0.0 ~ (100) Sb 1270 1 
05A-1 5.0 ~ (100) As  1200 5 
05A-2 5.0 ~ (100) As  1270 1 
05S-1 5,0 ~ (100) Sb 1200 5 
05S-2 5.0 ~ (100) Sb  1270 l 
12A-I 2.5" (IIi) As 1200 5 
12A-2 2,5 ~ (111) As  1270 1 
12S-1 2.5 ~ (111) Sb 1200 5 
12S-2 2.5" (111) Sb 1270 1 
19A-1 9.0 ~ (111) As  1200 5 
19A-2 9.0 ~ (111) As  1270 1 
19S-1 9.0 ~ ( I i i )  Sb 1200 5 
19S-2 9.0 ~ (111) Sb 1270 1 

* (100) w a f e r  m i s o r i e n t a t i o n  is t o w a r d  < 0 1 0 > .  (111) w a f e r  mis-  
o r i en ta t ion  is t o w a r d  < 1 1 2 > .  

Table II. Process sequence 

1. Clean 
2. Boron  i m p l a n t :  1El4 cm -~, 50 keV;  ha l f  of each  w a f e r  m a s k e d  

a g a i n s t  i m p l a n t  
3. Oxidme:  115~'C, d ry  oxygen ,  0 h r  
4. Pho to re s i s t ,  expose  p a t t e r n ,  e t ch  b u r i e d  l a y e r  w indows  
5. Clean 
6. I m p l a n t  b u r i e d  l aye r  

a. 4E15 cm-~ arsenic, or 
b. 4E15 cm-e antimony 

7. Buried layer drive-in 
a. 1200"C, 5 hr, or  
b. 1270~ 1 hr  
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Results and  Discussion 
The first (1150~ dry) oxidation introduced OSF 

on the boron- implan ted  sides of the 0 ~ (100) and 9 ~ 
(111) orientations. F igure  1A i l lustrates the boundary  
be tween the boron- implan ted  (left) and nonimplan ted  
(right) regions of a 0 ~ (100) wafer after the first oxi- 
dation. This piece was Secco etched for 3 min  after 
s tr ipping the oxide in  HF. F igure  1B of a cleaved and 
Secco etched cross section of the same wafer  shows the 
near-surface  origin of the boron implan t - induced  OSF 
(4, 30). The 5 ~ (100) and 2.5 ~ (111) wafers were 
completely free of OSF after  oxidation, confirming 
previous observation (16, 28-30). 

Figure 2A shows the wafer which was misoriented 
5 ~ from the (100) plane toward the <011> direction. 
This wafer and a 0 ~ (100) wafer (Fig. 2B) received 
the ini t ia l  1150~ dry oxide. They are shown in the 
figures following an  oxide strip and 30 sec Secco etch. 
OSF appear along surface scratches. On the 5 ~ (100) 
<011> wafer the OSF intersect  the surface in one 
<011> direction (Fig. 2A), whereas on the 0 ~ (100) 
wafer there are OSF in  two orthogonal <011> direc- 
tions. These results are consistent with the observations 
of Sugita et aL (28). 

After  bur ied layer  implan t  and drive-in,  no OSF 
were observed on any of the wafers which were dr iven 
in at 1270~ Figure 3 shows the 0 ~ (100) sample which 
received the arsenic bur ied  layer  implan t  and 1270~ 
drive-in,  followed b y  oxide strip and a 3 min Secco 
etch. The pairs of dislocation etch pits in Fig. 3 are 
believed to be the end points of dislocation loops 
which remained following annihi la t ion of the OSF by 
an unfau l t ing  reaction. 

Of those samples which received the 1200~ drive- in,  
the 5 ~ (100) and 2.5 ~ (111) wafers remained free of 
OSF. The boron- implan ted  side of the 0 ~ (100) and 
9 ~ (111) wafers re ta ined approximately the same den-  
sity of OSF (2-4E4 cm -2) before and after bur ied 
layer implant  and drive. These results correlate very  
well with recent work by Pearce and Rozgonyi (34) 
who found a large increase in device yield following a 
change from a 1200~ drive-in.  

The bur ied layer dr ive- in  affected the OSF density, 
but  the bur ied layer ion implants  did not. The OSF 
density on the 0 ~ (100) and 9 ~ (111) wafers after the 
1200~ dr ive- in  was the same inside and outside the 
buried layer regions, for both arsenic and an t imony  
implants.  Secco etching created one artifact, in  that  

Fig. 1. Wafer 00A1; (100) on- 
orientation wafer after 1150~ 
6 hr oxidation in 100% 02. (A) 
Oxide stripped; Secco etched 3 
min. The left half was implanted 
with IE14 em - 1  boron ions prior 
to oxidation. (B) Cleaved cross 
section of the boron-implanted 
side; Secco etched 15 sec. 

Fig. 2. (100) wafers after first 
oxidation; oxide stripped; Secco 
etched 30 sec. (A) Misoriented 
5 ~ in the < 0 1 1 >  direction. The 
OSF intersect the surface only in 
one < 0 1 1 >  direction. (B) No 
misorientation. The OSF intersect 
the surface in two orthogonal 
<01 ! > directions, 
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Fig. 3. Wafer 00A2; (100) on-orientation wafer after arsenic 
buried layer implant and 1270~ drive-in for 1 hr in 100% 02. 
Oxide stripped; Secco etched. The dislocation pairs are believed 
to be remnants of OSF which were annihilated during the 1270~ 
drive-in. Only the area to the left of the irregular vertical line re- 
ceived the initial boron implant. 

etching revealed OSF in all boron implant-nucleated 
regions except the 0 ~ (100) arsenic-implanted buried 
layer windows. TEM analysis (Fig. 4) showed, how- 
ever, that the OSF were present in these windows also. 

Conclusions 
Several of the results confirm that the proper choice 

of misorientation and/or  oxidation temperature pre-  
vents OSF formation during the dry oxidation of sili- 
con: 

Fig. 4. TEM photograph of a thinned section from wafer 00AI;  
(100) on-orientation after arsenic implant and 1200~ drive-in. The 
light region in the upper right half of the photograph is the arsenic- 
implanted buried layer window. An OSF crosses the boundary into 
the window. 

1. Misorientation of 5 o from the (10O) toward <001~ 
or 2.5 ~ from the (111) toward ~112~ prevents OSF 
formation during a 1150~ 100% oxygen, 6 hr oxida- 
tion, even after 1El4 cm -2 boron implant seeding. 

2. Wafers oriented on (100) (no deliberate mis- 
orientation),  and 9 o from (111) toward ~112~, are 
subject to OSF formation during the above implant 
and oxidation. 

3. The directional dependance of the misorientation 
effect is confirmed by the formation of stacking faults 
of only one orientation on a (100) wafer misoriented 
5 ~ toward ~011~. 

Additional results show that proper choice of buried 
layer drive-in temperature can annihilate already 
existing OSF: 

1. Drive-in at 1270~ (100% oxygen) eliminates all 
OSF. The unfaulting reaction leaves behind a disloca- 
tion loop. 

2. Drive-in at 1200~ (100% oxygen) leaves the 
OSF density essentially unchanged. 
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Electrical Conductivity of Tetragonal Zirconia 
below the Transformation Temperature 

T. K. Gupta and R. B. Grekila 
Westinghouse R&D Center, Pittsburgh, Pennsylvania 15235 

and E. C. Subbarao 
Indian Institute o[ Technology, Kanpur 208016, India 

Zirconia has three polymorphic modifications: mono- 
clinic up to ll7O~ tetragonal  from 1170 ~ to 2350~ 
and cubic from 2350~ to the mel t ing point. The 
te t ragonal-monocl inic  t ransformat ion is martensi t ic  in 
na ture  (1), and is accompanied by a large, disruptive 
volume change. As a result, the properites of the tetrag- 
onal phase could not be studied below the t ransforma-  
tion temperature.  Due to this difficulty of obtaining the 
tetragonal  zirconia at room temperature,  the electrical 
conductivi ty of te tragonal  zirconia has been measured 
only at high temperatures  (2, 3) or at ul t rahigh pres-  
sure (4) where the tetragonal  phase is stable. To con- 
duct measurements  below the t ransformat ion tem- 
perature,  the tetragonal  phase must  first be made 
stable at room temperature.  This has recent ly been 
accomplished (5, 6) by taking advantage of fine par -  
ticle technology and minor  doping with Y203. As a 
result  of this new development,  the oppor tuni ty  is 
now available to conduct electrical measurements  on 
tetragonal  zirconia below the t ransformat ion tempera-  
ture. This note presents the ini t ia l  data on the con- 
ductivi ty of tetragonal  zirconia from 200 ~ to 900~ The 
superior mechanical  properties of the tetragonal  zir- 
conia below the t ransformat ion temperature  have also 
been studied and reported elsewhere (7, 8). 

Experimental 
The detailed procedure for making tetragonal  zir-  

conia disks and their identification by x - ray  diffraction 
analysis have been reported (5, 6) previously. Briefly, 
the fabrication procedure is as follows. Fine powders 1 
(100-300A particle size) of zirconium oxide alloyed 
with 1.4 mole percent  (m/o)  Y203 were isostatically 
pressed into disks at a pressure of N200 MPa. The 
disks were sintered in air at 1300~176 for 5 hr to 
obtain specimens which were found to contain 97- 
98% tetragonal  phase as determined by  x - r ay  diffrac- 
tion, and completely crack-free as observed under  the 
microscope. The disk dimensions were ,-~2 cm diam 
and ,-~0.15 cm thick. The density of the specimens was 
,-~5.6 g /cm 8, grain size was about 0.25 ~m, and me-  
chanical s t rength was about 600 MPa (7). It  should 
be emphasized here that  there is a critical grain size 
of about 0.3 ~m above which the te tragonal  phase 
starts to convert  to the monoclinic phase (7) with the 

Key words: tetragonal, zirconia, electrical, conductivity, activa- 
tion, energy, electrolyte. 

1Zircar Incorporated, Florida, New York. 

appearance of microcracks on the surface of the speci- 
men. 

Electrical conductivi ty was measured using a Wayne 
Kerr  Universal  Bridge No. B221 at 20 kHz. P l a t inum 
electrodes were applied to the disks by coating the two 
surfaces with Pt paste and heating to 1000~ in air. The 
specimens were spring loaded between two p la t inum 
blocks to which Pt  lead wires were attached. The 
whole assembly was heated in a p l a t i num-wound  tube 
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Fig. 1. Temperature dependence of electrical conductivity of 9 8 %  
tetragonal zirconla. 
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furnace  at  a heat ing ra te  of app rox ima te ly  7~ pe r  
minute.  The e lec t r ica l  conduct iv i ty  was measured  up 
to 9O0~ in air. The da ta  were  collected dur ing  both  
hea t ing  and cooling, which  was accomplished b y  shu t -  
t ing off the  power.  Tests were  r epea ted  on severa l  
specimens to check the  reproduc ib i l i ty  of the  data.  

Results and Discussion 
The e lec t r ica l  conduct ivi t ies  of t e t r agona l  z irconia  

(97-98%) as a funct ion of t e m p e r a t u r e  a re  shown in 
Fig. 1 and 2 for three  different  specimens.  The re -  
sults are  presented  in two figures s imply  to avoid over -  
lapping of the data. For  the  da ta  in Fig. 1, the  specimen 
was held  at  900~ overnight  be tween  each run  and the  
conduct iv i ty  values are  seen to be s l ight ly  lower  at  the 
th i rd  run. F igure  2 shows s imi lar  lower ing  effect (for 
samples  No. 1) a t  th i rd  run  dur ing  hea t ing  (af ter  an 
overnight  hold at  800~ suggest ing perhaps  an  aging 
effect a t  high tempera ture .  Dur ing  cooling, the va lues  
a re  in close agreement  wi th  the o ther  two runs. Above 
about  400~ the da ta  in Fig. 1 fal ls  in the middle  of 
that  shown in Fig. 2, and be low about  400~ they  fal l  
s l ight ly  above tha t  shown in Fig. 2. This m a y  be due to 
sl ight  var ia t ion  in t e t ragona l  phase be tween  var ious  
specimens. The results  obta ined  f rom other  specimens 
containing 97-98% te t ragonal  zirconia show agreement  
wi th  above data, a l though they  are  not  r epor ted  here  
for redundancy.  

The act ivat ion energies  were  ca lcula ted  b y  assuming 
tha t  there  is a b reak  in the Ar rhen ius  plots (Fig. 1 
and 2) at about  300~ Actual ly ,  there  is a region of 
curva ture  near  this t empera tu re  which is, however ,  
ignored for  s impl ic i ty  of calculation.  The best  fit values 
for six sets of da ta  gave act ivat ion energies  be tween  
0.91 and 0.94 eV above 300~ and 0.50 and 0.58 eV be -  
low 300~ The s t andard  deviat ions are  0.03-0.06 eV in 
the  high t e m p e r a t u r e  region, and  0.04-0.06 eV in the  
low t empera tu r e  region.  There  also appears  to be a 

region of decreased act ivat ion energy  above 600~ 
which is again neglected in the  presen t  calculation.  

In  previous studies (2, 3) it  was shown tha t  the elec-  
t r ical  conduct iv i ty  of "pure"  t e t ragona l  z irconia  is 
p redominan t ly  ionic except  at  ve ry  low oxygen par t i a l  
p ressure  (~ lO -13 a tm)  or a t  ve ry  high t e m p e r a t u r e  
(,-~1400~ Based on these observat ions,  an ionic con- 
duct ion mechanism m a y  be suggested for  the  t e t r ag -  
onal  z i rconia  r epor ted  here,  a l though no t ransference  
n u m b e r  was measured  in the  presen t  study.  Wi th  the  
above assumption,  the high act ivat ion energy  m a y  be 
considered as due to t ranspor t  in the bu lk  and the low 
act ivat ion energy as tha t  in the  gra in  bounda ry  (gra in  
size ,-,0.25 ~m) or  as i m p u r i t y  control led.  

F igure  3 compares  the  conduct iv i ty  da ta  of "pure"  
and Y208 containing zirconia for t e t ragona l  and cubic 
structures.  The es t imated  act ivat ion energies a re  
shown in Table I. I t  is c lear  f rom the figure tha t  the 
present  s tudy  has ex tended  the range  of measuremen t  
to wel l  be low the t rans format ion  tempera ture .  I t  is 
also ins t ruct ive  to note tha t  the conduct iv i ty  tends to 
increase  wi th  increas ing concentrat ions  of Y203, pe r -  
haps due to increasing concentra t ion  of oxygen v a -  
c a n c y .  The act ivat ion energy,  however,  does not  show 
a s imi lar  trend. Fur the rmore ,  the re  is a la rge  dis-  
c repancy  in conduct iv i ty  and act ivat ion energy  for the  
two repor ted  studies (2, 3) on "pure"  zirconia. This 
d iscrepancy m a y  be exp la ined  pa r t l y  b y  the uncer -  
t a in ty  of calculat ion and p a r t l y  by  impuri t ies ,  gra in  
size, etc. Final ly ,  the conduct iv i ty  of z irconia  conta in-  
ing 1.4 m/o  u is wi th in  an order  of magni tude  o f  
tha t  of zirconia containing 5 and 10 m/o  Y208, a l though 
the s t ruc ture  var ied  f rom te t ragona l  to cubic. 

Summary 
In s u m m a r y  i t  can be s ta ted  tha t  the  conduct ivi ty  

of t e t r agona l  zirconia has been  measu red  at  t empera -  
tures  be low the  t r ans fo rmat ion  t e m p e r a t u r e  wi th in  
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Table I. Activation energies of zirconia ceramics 

Temperature Activation 
Material  Structure  ranges ~ energy, eV Ref. 

Pure  zro_~ Tetragonal 1000-1550 ~0.86 (3) 
Pure  ZrO2 Tetragonal 1227-1330 ~1.4 (2) 
ZrO~ + 1.4 m/o Y2Oa Tetragonal 300-900 0.91.0.94 Present work 
ZrO2 + 1.4 m/o Y~O8 Tetragonal 200-300 0.50-0.58 Present work 
ZrO~ + 5 m/o Y~O~ Cubic & mono- 600-1300 ~1.07 (9) 

clinic 
ZrO~ + 10 m / o  Y~O~ Cubic 6{}0-1300 ~0.79 (9) 

tha t  range. The conductivi ty has a high tempera ture  
region (300~176 wi th  an activation energy of 
about  0.9 eV and a low temperature  region (200 ~ 
300~ with an  activation energy of about 0.5 eV. The 
conductivi ty values are close to that  of Y~O8 sta- 
bilized cubic zirconia reported in the l i terature.  The 
high electrical conductivi ty and the suggestive high 
ionic t ranspor t  number  combined with high mechani -  
cal s t rength (7) of te tragonal  zirconia make it  an at-  
tractive candidate for solid electrolyte applications. 
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Any  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the December 1981 
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Lithium Closoboranes II. Stable Nonaqueous 
Electrolytes for Elevated Temperature Lithium Cells 

Jack W. Johnson and A. H. Thompson* 
Exxon Research and Engineering, Corporate Research, Linden, New Jersey 07036 

Nonaqueous electrolyte secondary 
l i thium cells are of interest for a variety 
of potential applications, ranging from such 
low rate applications as in cardiac pace- 
makers to the high rate systems needed for 
e lect r ic  vehicles and off-peak power storage. 
In part icular ,  Li cells with cathodes of  inter-  
calation and insert ion compounds have been 
shown to have highly desirable properties 
(1,2). A crucial component of Li battery sys- 
tems is the e lect ro ly te ,  which must have 
extraordinary chemical s t ab i l i t y  in order to 
allow long cycle l i f e  and have suf f ic ient  
conductivity to allow cell operation at the 
desired rates. We have previously reported 
(3) that Li closoborane/dioxolane/DME electro- 
lytes are stable in the presence of both Li 
metal and TiS 2 at 70~ for extended periods. 
Herein we report the results of Li-TiS 2 cell 
tests carried out at elevated temperatures. 

The intermediate temperature range 
(50-180~ in Li batteries has not yet been 
thoroughly explored because of the absence of 
suitable electrolytes,  although some plating 
tests have been reported in LiAsF6/THF in 
which improved eff ic iencies are observed over 
room temperature tests (4). One incentive for 
test ing cells in this regime is the poss ib i l i ty  
of achieving higher operating rates due to 
improved mass transport in both the electro- 
ly te and the cathode without requiring the 
expensive and d i f f i c u l t  to fabricate materials 
for separators and containers needed in high 
temperature cells (5). In addit ion, many 
ambient temperature applications of secondary 
Li cells such as protection of vo lat i le  
memory in computers wi l l  involve operation at 
temperatures higher than 25~ Operation at 
higher temperatures, near the melting point of 
the metal, may also improve Li plat ing. In 
this communication we report results on the 

Keywords: closoborane, l i thium, e lectro ly te,  
battery 
*Electrochemical Society Active Member. 

rate performance and cycling s tab i l i t y  Li-  
TiS 2 cells using a Li closoborane/DME/dio- 
xolane electrolyte at temperatures to IIO~ 

AC conductivity measurements 
showed an approximate doubling of the con- 
duct iv i ty  of Li2BIoCIIn and Li2BI2CII?~DME / 
dioxolane solut]ons upon heating from Lo 
to IO0~ (6). In order to test the effect of 
this conductivity improvement on the rate 
performance of actual cel ls ,  we measured 
signature curves in Li-TiS 2 cells at various 
temperatures. The cells contained 2 cm 2 
cathodes loaded with 70-90 mg of a 90% 
TiS2/IO% Teflon mixture hot pressed into a 
stainless steel grid and wrapped with poly- 
propylene separator. The anodes were excess 
Li sheet and the electrolyte was 0.61 molal 
Li2BloCllo.6DME/dioxolane. The data were 
obtained by discharging the cell at a given 
high rate unti l  the voltage dropped to 1.5 V, 
then allowing the cell to relax on open 
c i rcu i t  to constant potent ial ,  and repeating 
the discharge at a lower rate to the same 
cut-of f  voltage. By continuing this process 
unti l  the cell was to ta l l y  discharged a plot 
of cumulative capacity vs. current density 
was obtained. As can be seen in Figure I ,  
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a substantial improvement in the rate perfor- 
mance of TiS 2 cells is realized with increas- 
ing temperature. At 25~ the rate has to be 
lowered to 0.5 ma/cm2 in order to reach 60% 
discharge, while at lO0~ this level is 
reached at I0 ma/cm 2 and the cell is fu l l y  
discharged at 2.5 ma/cm 2. 

The s t a b i l i t y  of the e lect ro ly te 
system to continued operation at elevated 
temperatures was demonstrated in the fol lowing 
experiment. A Li-TiS 2 cell constructed l ike 
the above cel ls,  but with a cathode made of 
TiS 2 suspended in a stainless steel mesh bag, 
was discharged at 0.5 ma and recharged at 
0.2 ma at 70~ for 19 cycles with no sig- 
n i f icant  capacity fade (Figure 2). The 
temperature was then raised to IIO~ and the 
discharge rate to 1.0 ma and cycling contin- 

ued for 17 more cycles. During this 
~ r i o d ,  the capacity gradually faded by about 

J%. Autopsy of the cell showed a decline 
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par t icu lar ly  useful where conditions require 
operating temperatures above 25~ or where 
increased current densities are required. 
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in the e lectro ly te level,  so that the ent ire 
cathode was no longer immersed. The total  
duration of the experiment was ten weeks with 
the cell functioning the ent ire time at 
elevated temperatures, thus demonstrating the 
inherent s t a b i l i t y  of the Li closoborane 
electro ly te under these conditions. 

In summary, we have shown that Li 
closoborane electrolytes are stable to the 
operating conditions of a Li-TiS 2 cell at 
elevated temperatures, and that there are sub- 
s tant ia l  improvements in the rate performance 
of such cells operate d at increased tempera- 
tures. Cells using these electrolytes may be 



Promotion by Carbon of the Reactivity of Lithium 
with SOCI  and SOs ..... Effect on Lithium Battery Safety 

William P. Kilroy* and Stanley D. James* 
Naval Surface Weapons Center, EZectrochemistry Branch, Silver Spring, Maryland 209~0 

We wish to draw the attention of 
the battery community to what may be 
a pervasive source of dangerously high 
reactivity in lithium batteries. 
This is the strong catalytic power of 
carbon black which is the substrate 
for the positive electrodes of most 
lithium primaries. The presence of 
carbon causes an intense activation of 
the direct reaction between Li and 
the battery oxidant (I). This effect 
may be at the bottom of many of the 
dangerous incidents involving Li bat- 
teries which have occurred over the 
last few years since there are plausi- 
ble scenarios by which the lithium and 
carbon components can become intimate- 
ly mixed. 

Lithium is quite inert to LiAICI 4- 
SOCI 2 and LiAsF6-AN-SO 2 battery elec- 
trolytes at room temperature even 
under conditions of violent mechanical 
shock. However, prior grinding of the 
Li with fine carbon black changes this 
picture dramatically; spontaneous ig- 
nition on mixing and explosive energy 
release on shocking become common~ es- 
pecially with the SOCI 2 electrolyte~ 
We examined various parameters that inn 
fluence this reactivity~ nature and 
freshness of carbon; freshness, purity 
and conductive salt of the ele6tro~ 
lyte; degree of mixing of Li and cars 
bon; presence of Teflon and moisture; 
undervoltage deposition onto polariz- 
ed carbon. Both local cell action and 
Li dispersion contribute to our observ- 
ed carbon catalysis of the reaction of 
Li with battery oxidants, The forma- 
tion of reactive Li binary compounds 
with C, 0 or N does not seem to be a 
factor with the possible exception of 
a Li-graphite intercalate. 

*Electrochemical Society Active Member 

REACTIVITY OF PHYSICALLY pREPARED 
.... Li~C MIXTURES 

Reactivity was relatively low and 
quite variable if the Li and C were 
merely lightly pressed together. 
However, prior grinding of the Li-C 
mixture significantly raised both the 
level and reproducibility of the re- 
activity. Therefore, we routinely 
studied ground mixtures. Both grind- 
ing and addition of electrolyte were 
done in standard Pyrex Ignition Tubes. 
Relative reactivity was then assessed 
with a qualitative scale of numbers 
from one to ten. 

Traces of carbon are insufficient 
to activate the Li-oxidant reaction. 
Only when the carbon content of the 
Li-C mixes rose above i0 and 30% w/w 
for the. SOCl2 and. SO 2 electrolytes. . 
respectively dld reactlvlty commence. 
Figure i shows this trend and illus- 
trates the far higher reactivity of 
the SOCI 2 electrolyte. For both 
electrolytes an increase in Li/C mass 
ratio led to a fall in spontaneous 
flammability accompanied by a rise in 
shock-sensitivity. 

We studied a variety of carbons 
(blacks, graphites and charcoal) to 
correlate Li-C reactivity with the 
carbon's surface area, graphite crys- 
tallinity and purity. For Li-carbon 
black mixtures reacting with SOCI 2- 
LiAICI4, reactivity rose smoothly with 
carbon specifi~ surface. At a value 
of about I00 m~ reactivity had 
levelled off in the region of 9.5 
which means vigorous fires were con- 
sistently observed when electrolyte 
contacted the Li-C mix. Carbon sur- 
face area is the biggest factor af- 
fecting its ability to promote re- 
activity with external particle sur- 
face being much more active than 
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internal pore area, The purity and 
crystallinity of the carbon appear to 
be of no consequence. Shawinigan 
acetylene blac~ extensively used as 
the cathode substrate of Li batteries 
is one of the most reactive carbons we 
studied. 

REACTIVITY OF CARBON CATHODIZED 
BETWEEN +I.0 AND +0.1V VERSUS 

A Li REFERENCE ELECTRODE 

efficiency as cathodes. 
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Several workers have reported in- 
termediate voltage-time plateaus 
(above 0, V versus Li) when carbon is 
cathodized in aprotic solvents free of 
cathode depolarizer (2-5). These 
Plateaus are thought to involve the 
undervoltage deposition of Li to form 
Li-C intercalates. Since these Li-C 
compounds were shown to be much more 
reactive than pure Li(2) we prepared 
carbon that had been cathodized under 
these conditions and tested its re- 
activity to battery electrolytes. For 
various preparations involving differ- 
ent electrolytes and current densities, 
the undervoltage plateau occurred be- 
tween +1.2 and +0.2V, versus Li. We 
found that the most reactive prepara- 
tions were those formed at the high end 
of this voltage range. These materials 
were capable of boiling the SOCI 2 elec- 
trolyte but appeared to be inert to the 
SO 2 electrolyte. 

RELEVANCE TO LITHIUM BATTERY SAFETY 

We observed a very powerful cataly- 
sis by carbon of the lithium/battery- 
oxidant reaction. This effect is im- 
portant because, in polarized cathodes, 
Li and C may become intimately mixed 
(a) by undervoltage deposition to form 
reactive, Li-C intercalates which react 
continuously with the electrolyte accu- 
mulating heat ~ to possibly dangerous 
levels (b) by normal overvoltage depo- 
sition of passivated Li dendrites. Sub- 
sequent shear or shock could then grind 
dendrites and carbon together causing 
violent reactivity. Furthermore, 
severe mechanical distortion of fresh 
or normally discharged Li batteries 
could shear Li and C components togeth- 
er with the same dangerous result. 
With this in mind we are currently 
testing carbons that have the promise 
of combining a greatly reduced reac- 
tivity in Li-C mixes with unimpaired 
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Electron Trap-Free Low Dislocation Melt-Grown GaAs 
J. M. Parsey, Jr., Y. Nanishi,* J. Lagowski, and H. C. Gatos* 

Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Melt growth of electron trap-free GaAs 
was achieved for the first time, employing the 
Bridgman method under conditions permitting 
high precision control of the As vapor pres- 
sure over the melt and by doping the melt 
with minute amounts of Ga20 B. Stringent con- 
trol of both of these pargm~ters was found to 
be critical as neither alone leads to electron 
trap-free material. 

The availability of high quality bulk 
crystals is critical for realizing the full 
potential of GaAs in electronic applications. 
At present, high quality material can be pro- 
duced only in thin layer form by epitaxial 
techniques. Presently available bulk GaAs ex- 
hibits significant concentrations of struc- 
tural defects and deep states which act as 
trapping or recombination centers, precluding 
most of its direct applications as an active 
device material. GaAs of this quality when 
used as a substrate in epitaxial technology 
often has profound adverse effects on the 
structural and electronic characteristics of 
epilayers and devices. 

In this communication we report on a melt 
growth process which leads to significant ad- 
vancement in the electronic and structural 
characteristics of GaAs and yields reproducibly 
electron trap-free, very low dislocation 
material, which thus far is achieved only in 
thin layer form by epitaxial techniques. 

Growth was performed in a horizontal 
Bridgman apparatus into which two unique fea- 
tures were incorporated: i) a sodium heat pipe 
in the low temperature zone for the stabiliza- 
tion and precise control of the arsenic vapor 
pressure during growth; and 2) a multi-channel 
thermal monitoring system which makes seeding 
possible by thermal monitoring rather than by 
sight. Elimination of the viewing window leads 
to enhanced thermal symmetry in the high tem- 
perature region. Thus, convection in the melt 
is reduced and thermal stresses in the growing 
crystal are also reduced. Details of the 
growth apparatus and its operation will be 
presented elsewhere (i). 

*Electrochemical Society Aotive Member. 

The ampoule is a two-section quartz tube 
with a breakable seal between the sections as 
shown in Fig. I. A very critical step in the 
growth process is the surface treatment of 
the high purity quartz (sand blasting with 
50 ~m AI203 and cleaning with aqua regia). 

The section of ampoule containing 6N + 
polycrystalline arsenic is sealed (under 
vacuum) after a bake-out at 250~ for 2 hours 
at a pressure less than 10 -6 torr. The high 
temperature section contains a seal-breaking 
weight, a diffusion barrier (2), the boat with 
a seed crystal (<iii> B orientation) and 6N 
polycrystalline GaAs; it is baked under vacuum 
of about 3 x 10 -7 torr at 600~ for 2 hrs and 
then sealed off. The internal seal is broken 
magnetically completing the preparation for 
growth. 

The sealed growth ampoule is placed in a 
quartz tube over which a 4-zone furnace rides. 
To initiate growth, the preheated furnace is 
positioned over the quartz tube and stabilized 
at the desired thermal profile. A 5-hour 
equilibration takes place prior to growth. 
Typical macroscopic growth velocities of 5m m/ 
hr are achieved by controlled furnace motion. 

From a series of growth experiments in 
which the As source temperature was systema- 
tically varied it was established that the 
structural and electronic properties of GaAs 
depend critically on the arsenic source tem- 
perature and that they are optimized when the 
arsenic source temperature is maintained at 
616~ At this As source temperature (optimum 
As pressure) crystals with low dislocation den- 
sities (below 500 dislocations/cm 2) were repro- 
ducibly grown; in these crystals the deep 
level concentrations and compensation ratios 
were significantly decreased (3). It was fur- 
ther discovered that under these optimum ar- 
senic pressure conditions light doping of the 
melt with Ga203 (in the weight ratio 1 Ga20~: 
105 GaAs) yields GaAs with undetectable con = 
centrations of deep electron traps. 

As seen from typical DLTS spectra shown 
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in Fig. 2, the crystal doped with Ga203 grown 
under optimum As pressure exhibits two deep 
levels near the seed; as growth proceeds the 
concentrations of these levels decrease to 
below detectability limits (approximately 10 -4 
of free carrier concentration, 1013cm -3 in the 
present case). It should be noted that only 
two electron traps are initially present in 
this material (0.75 eV and 0.40 eV below the 
conduction band edge) in contrast to three to 
five deep states typically found in bulk 
GaAs (4), and also found in the GaAs grown 
under optimum As pressure without Ga203 dopin~ 
Recently it has been demonstrated that plastic 
deformation increases the concentration of 
these states at 0.75 eV suggesting that this 
level results from native point defects (5). 

Photocapacitance measurements confirmed 
the absence of electron traps. In addition, 
they revealed a single hole trap at about 
0.4 eV above the valence band with a concen- 
tration of about 3 x 1015cm -3 (i.e., on the 
order of 1% of carrier concentration). In 
contrast, high quality LPE GaAs often exhibits 
two hole traps of similar relative concentra • 
tions. 

The striking beneficial effect of Ga203 
doping is further evidenced in Table I where 
typical properties of GaAs crystals grown 
under optimum As pressure with and without 
Ga203 doping are shown. GaAs grown with 
Ga20 $ exhibits a much larger value of minority 
carrmer diffusion length (as determined from 
photovoltage (6) and SEM-EBIC measurements,(7~ 
and its minority carrier lifetime value is 
close to the radiative recombination limit(8). 
GaAs grown without Ga203 doping exhibits sig- 
nificant concentrations of deep states and 
its minority carrier lifetime is nearly 25 
times shorter than that of the electron trap- 
free GaAs. 

The remarkable decrease in dislocation 
density at the optimum As pressure suggests 
that under this pressure the density of vacan- 
cies is significantly reduced (near stoichi- 
ometric growth conditions). This conclusion 
is corroborated by the corresponding reduction 
of the densities of deep levels which are 
believed tO result from vacancy-vacancy (9) 
or vacancy-impurity interactions (lO) (the 
total level of impurity contamination was not 
affected by the As pressure). The role of 
oxygen (Ga203 doping of the melt) in elimina- 
ting deep levels (or in decreasing their con- 
centrations below the detection limits) is not 
understood at present. However, it is rea- 
sonable to speculate that oxygen-vacancy in- 
teractions are responsible for reducing the 

MATERIAL 

Ga203 added 

Ga203 free 

Table I. Materials Properties 

DISLOCATION CARRIER COMPENSATION 
DENSITY CONCENTRATION RATIO 
(cm -2) (cm -3) (NA/N D) 

(500 1.8xlO 17 0.58 

~500 6.2xi016 0.68 

MOBILITY MINORITY MINORITY 
CARRIER CARRIER 

(cm2/V-s) DIFFUSION LIFETIME 
LENGTH (sec) 

(um) 

Ga203 added 

Ga203 free 

2400 5 3.2xi0 -8 

3300 1 1.3xlO -9 

ELECTRON TRAP CONCENTRATION (cm -3) 
0.75 0.54 0.40 0.34 (eV) 

Ga203 added N/D N/D N/D N/D 

Ga203 free 2.3xi016 6.8x]014 3olxlO 15 6.6xi015 
N/D = Not Detected 

already low density of free vacancies. It 
should be pointed out that according to recent 
studies (ii) oxygen is not responsible for 
the deep level at ~0.8 eV in contrast to 
earlier prevailing views (9). 

In view of the present findings which 
demonstrate the critical role of the absolute 
value and control of the As pressure over the 
melt it is apparent that Czochralski growth, 
with liquid encapsulation, cannot yield high 
quality GaAs crystals. 

In summary, low dislocation electron 
trap-free melt-grown GaAs was achieved for the 
first time. The key contributing factors to 
the achievement are the addition of minute 
amounts of Ga203 in the melt and the ~recise 
control of the optimum arsenic vapor pressure 
attained by the use of a heat pipe (12). 

ACKNOWLEDGEMENT 

The authors would like to thank Ms. M. 
Kaminska and Ms. K. Isozumi for assistance in 
the measurements of our crystals. We are also 
grateful to the National Aeronautics and Space 
Administration for financial support of this 
project. 

REFERENCES 

i. J.M. Parsey, Y. Nanishi, J. Lagowski, and 
H.C. Gatos, to be published. 

2. J.M. Woodall, Trans. A.I.M.E. 239, 378 
(1967). 

3. Y. Nanishi, J.M. Parsey, J. Lagowski, and 
H.C. Gatos, to be published. 



938 J Electrochem Soc : ACCELERATED BRIEF COMMUNICATION April 1981 

4. G.M. Martin, A. Mitonneau, and A. Mircea, 
Elec. Lett. 13, 191 (1977). 

5. T. Ishida, K. Maeda, and S. Takeuchi, 
Appl. Phys. 21, 257 (1980). 

6. A.M. Goodman, J. Appl. Phys. 32, 2550 
(1961). 

7. C.J. Wu and D.B. Wittry, J. Appl. Phys. 
49, 2827 (1978). 

8. "GaAs Growth, Properties and Applica- 
tions," ed. F.P. Kesmanl and D.N. Nas- 
ledov, Nauka, Moscow, 1973, pp. 267. 

9. J. Blanc, R.H. Bube, and L.R. Weisberg, 
J. Phys. Chem. Sol. 25, 225 (1964). 

i0. D.T.J. Hurle, Inst. Phys. Conf. Ser. No. 
33a, 1977, Chap. 2, pp. 113. 

ii. A.M. Huber, N.T. Linh, M. Valladon, 
J.L. Debrun, G.M. Martin, A. Mitonneau, 
and A. Mircea, J. Appl. Phys. 50, 4022 
(1979). 

12. T.R. AuCoin, M.J. Wade, R.L. Ross, and 
R.O. Savage, Solid State Tech., Jan. 
1979, pp. 59. 

Manuscript received Jan. 19, 1981. 

Publication costs of this article were 
assisted by the Massachusetts Institute of 
Technology. 

[~THERMOCOUPLE QUARTZ--1 rDIFEUSION I=LOCATING 
AMPUL BARRIER • PIN WELL 

SEED BOAT 
SEAL 

~ CHARGE 

Fig. i. Cross section of growth apparatus 

~i0 '6 . = 

= 

~= 10,3. E 

Seeding 

Fig. 2. Deep level concentration and energy 
position vs. location in crystal, showing 
reduction of deep level concentration below 
detection limits 



JOURNAL 

R E V I E W S  

r'lF" 

A N D  

T H E  

N E W S  ,, 

ELEI TRO P.H E M  i P . A L  -el O P, ! E T Y  

1981 

Ernest Yeager 

John Yeager* 

I t  is wi th  a feeling of great  pleasure that I am speak- 
ing to you this af ternoon about  Ernest  Yeager, the re- 
cipient of the Edward Goodrich Acheson medal  and 
prize for 1980. I have had good reason to always be 
proud he is my "big" brother,  and thankful  to have 
him as such a close friend. 

Ernie was born  in  1924 in  Orange, New Jersey, and 
just  a few years later  my  lifelong relationship with him 
began. Our parents  were both Swiss that  had immi-  
grated to the United S ta tes - -our  father as a child and 
our mother  in  her late teens. They can be best de- 
scribed as dedicated, loving parents  committed to 
raising their  sons to the best of their ability. Both had 
a great  respect for the value of education, and from 
early on insti l led that  feeling in  their  sons. 

In  Ernie 's  years in the Orange Public Schools, he 
developed strong interest  in  the areas that  were to be 
his life's work - - t he  physical sciences and teaching. 
His choice of career wasn ' t  obvious, however, because 
he also excelled and had equal in teres t  in mathematics  
and music. After  much hard deliberation, Ernie made 
his choice, and selected a local college, New Jersey 
State Teachers College at Montclair, where he did his 
undergraduate  work as a_math major  wi th  chemistry 
and physics as minors. The idea of a musical  career, 
however, was very strongly considered. By the t ime he 
completed high school, his talent  and accomplishment 
as a classical pianist  were considerable, and he was 
recognized locally as a good dance band musician. The 
popular  music aspect was par t icular ly  for tunate  be- 
cause, besides the en joyment  he derived from playing, 
he was able to help pay for his college education work-  
ing with local dance bands. With the years, Ernie  is 
a little rus ty  in  his musical  skills, but  even now when 
the family is together Ernie 's  piano playing is a source 
of real en joyment  for us. 

Ernie completed his undergraduate  work at Mont-  
clair and received the B.A. (summa cum laude) in  
1945. Among the faculty there was Dr. Rufus Reed, a 
chemistry professor that  strongly encouraged Ernie 
to pursue his graduate studies in the Chemistry De- 
pa r tmen t  of Western Reserve University.  Still  in te r -  
ested in  math, the choice was difficult, but  Ernie elected 
to carry out his graduate work in physical chemistry 
and received his IVI.S. in  1946 and Ph.D. in 1948. At 
Western Reserve Univers i ty  his thesis professor for 
both degrees was Dr. F rank  Hovorka, an individual ,  
and now a close personal  friend, that  had a marked 
effect on development  of Ernie 's  technical career. Ernie 
was given considerable lat i tude in  selection of his work 
for his doctoral thesis and, in the course of searching a 
topic, he came upon an article in the first volume of the 
Journa l  of Chemical Physics by Dr. Peter  Debye. In it  
was predicted what  became known  as the Debye effect 
of ionic v ibra t ing potentials. The work, Ernie unde r -  
took and successfully completed in detection of the 
effect, developed in him a keen interest  in ultrasonics 

* Introductory remarks by John Yeager on the occasion of the 
presentation of the Acheson Medal Award to Ernest Yeager on 
October 7, 1980 at the Hollywood, Florida, Meeting. 

and its application to physical chemistry, par t icular ly  
its effects on electrolytes. His present ly  well-recog- 
nized interest  in  electrochemistry developed dur ing  
this period and blossomed after he remained upon 
graduat ion as a faculty member  at Western Reserve 
University.  Ernie 's  work with ultrasonics had led him 
to consider the effect it might  have on electrode pro- 
cesses, and from that  ent ry  he became immersed in the 
study of electrode processes themselves. Ultrasonics 
and acoustics were not abandoned,  however, as evi-  
denced by cont inuing publications, his being a past 
vice president and a fellow of the Acoustical Society 
of America, 14 years as a member  of the Committee on 
Undersea Warfare  of the National  Research Council, 
and the two years he served on the Underwater  Sound 
Advisory Committee of the U.S. Navy. 

Prior  to proceeding fur ther  with the technical side 
of Ernie 's  career, there are a few personal observations 
that I want  to make to round out your picture of him. I 
can state he is always busy, bu t  it i sn ' t  always in  the 
scientific field. He has a cont inuing long term involve-  
ment  with the church from his youth. He has been a 
Sunday school teacher, and in  more recent  years, an  
Elder of the United Presbyter ian  Church. Ernie  is a 
people person and t ru ly  involved with those he con- 
tacts. While he has never  married, his family is real 
and big. It  includes my wife and I, and our four chil- 
dren who consider h im more than  just  an Uncle; it 
includes numerous  relatives, mostly in Switzerland; 
and it includes the 54 graduate and 40 post doctoral 
students that  have worked with him and l i teral ly been 
brought  into his family over the 30 plus years at Case 
Western Reserve University.  Fortunately ,  Ernie loves 
the travel  aspect of his technical work, and derives 
great pleasure on trips visit ing with his "family." In  
fact, for the past twenty  or so years he has always 
managed at least year ly  visits to the family in  Switzer-  
land. Lastly, to round out the picture of Ernie, he is a 
very practical guy a n d  quite skilled as a do- i t -your -  
selfer around his home. He does v i r tua l ly  all his own 
plumbing,  painting,  gardening, electrical work, and 
carpentry;  and he does it  w e l l .  

Ernest  has been also strongly involved in  the nec- 
essary operational work at Case Western Reserve Uni-  
versity. He has served as Chai rman of the Chemistry 
Depar tment  and as Chai rman of the Univers i ty  Facul ty  
Senate at the t ime of the p lanning  and execution of the 
merger  of Case and Western Reserve University.  In  
1976 he became Director of the newly established Case 
Laboratories for Electrochemical Studies, a cooperative 
effort of six departments  which, as described by Ernie, 
is to "push" electrochemistry at Case. 

He is a Past President  and honorary member  of The 
Electrochemical Society; he has served as chai rman of 
the Theoretical Electrochemistry Division (now Phys-  
ical Electrochemistry Division) and as chai rman of the 
Cleveland Section of The Electrochemical Society. 
Fur ther ,  Ernie is also a past president  of the In te rna-  
t ional Society of Electrochemistry. 
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In  addi t ion to the prest igious award  he is now re-  
ceiving, he has received Alumni  Awards  f rom both 
Case Wes te rn  Reserve  and New Je r sey  S ta te  College 
a t  Montclair ,  the Biennial  A w a r d  of the  Acoust ical  
Society of America ,  the Navy  Certificate of Commen-  
dat ion t h e  Cleveland Technical  Society  of Amer ica  
Council  Award ,  and the Heise A w a r d  of the Cleveland 
Section of The Elect rochemical  Society.  

E r n i e  h a s  served as a m e m b e r  of the  IUPAC Com- 
mission on e lect rochemist ry ,  the A R P A  Technical  
Power  Panel,  and as a represen ta t ive  member  of the 
Nat ional  Research  Council. He is cu r ren t ly  serving on 
t h e  v i s i t i n g  c o m m i t t e e  for Brookhaven  Nat ional  Lab -  
oratories,  t h e  Advisory  Commit tee  on USSR and 

Europe of the Commission on In te rna t iona l  Relat ions 
of the Nat ional  Academy  of Sciences, and the Com- 
mi t tee  on Ba t t e ry  Mater ia ls  Technology of the Nat ional  
Mater ia l  Advisory  Board  of the Nat ional  Research 
Council. 

Ernie  is edi tor  and co-edi tor  of seven books and 154 
publ icat ions in e lect rochemist ry .  These publicat ions as 
wel l  as his present  research  emphasis  include e lect ro-  
chemical  kinetics, electrocatalysis ,  the e lect rochemis-  
t ry  of oxides, optical  studies of e lect rochemical  in te r -  
faces, and the re laxa t ion  proper t ies  of electrolytes.  

Pres ident  Pell,  i t  is wi th  the greates t  of p leasure  that  
I present  to you, Ernes t  Yeager,  the recipient  of the  
Edward  Goodrich Acheson Medal  and Pr ize  for 1980. 

Recent Advances in the Science of Electrocatalysis 

Ernest Yeager 1 

Case Laboratories for  Electrical Studies  and the Chemis try  Department ,  
Case Wes tern  Reserve  Universi ty ,  Cleveland, Ohio 44106 

Elec t rochemis t ry  is exper iencing  a renaissance. The 
m e e t i n g s  of The Elect rochemical  Society and its Jour -  
nal  p rovide  ample  evidence of this renaissance,  which 
has been s t imula ted  by  the energy  p rob lem and the 
i m p o r t a n c e  of e lec t rochemis t ry  conversion, and con- 
servation.  Equal ly  impor t an t  a re  indicat ions tha t  elec-  
t rochemis t ry  has reached a cri t ical  s tage where  espe-  
c ia l ly  r ap id  deve lopment  of the  science is l ike ly  to 
occur over  the  next  decade. 

A l r eady  ear ly  in this century,  much of the the rmo-  
dynamics  of e lec t rochemis t ry  was reasonably  wel l  in 
place but  e lec t rochemical  kinetics and electrocatalysis  
r emained  more  an a r t  than  a science. Reproducib i l i ty  
in kinet ic  studies has been a pa r t i cu la r  p rob lem but  in 
recent  years  e lectrochemists  have gained sufficient con- 
t rol  over  the various exper imenta l  factors, including 
impur i t y  effects, to achieve reproducib le  results  even 
wi th  surface demanding  reactions.  Subs tan t ia l  theo-  
re t ica l  deve lopments  have  also occurred over  the last  
.two decades in the areas  of e lect ron and proton charge 
t ransfer  at  e lectrochemical  interfaces.  Fur ther ,  the im-  
pact  of var ious  surface chemical  physics techniques, 
both  in si tu and ex  si tu to the e lectrochemical  envi ron-  
ment,  is s tar t ing to be fel t  in  e lectrocatalysis  studies. 

Adsorp t ion  on the e lect rode surface plays a key  role 
in electrocatalysis .  Li t t le  informat ion  is avai lable ,  how-  
ever, concerning the chemical  na ture  of the interact ions 
of adsorbed  species wi th  the electrode and the adsorp-  
t ion sites. This s i tuat ion has been de t r imenta l  to the 
deve lopment  of e lectrocatalysis  as a science. There  has 
been a genera l  lack of good molecular  level  techniques 
for examining  the chemical  s t ruc ture  of e lec t rochemi-  
cal interfaces,  analogous to the  var ious  spectroscopic 
techniques which  have had  such an impact  on the  
physics and chemis t ry  of bulk  phases. In most instances 
e lectrochemical  techniques provide  a sensit ive tool for 
the  detect ion of e lec t rosorpt ion but  lack the needed 
molecular  level  specificity. Even the charge on e lect ro-  
sorbed species cannot  be de te rmined  e lec t rochemical ly  
in most  instances because of the difficulty of resolving 
wha t  f ract ion of the  ex te rna l ly  provided  charge is 
t rans fe r red  to the adsorbed species r a the r  than  jus t  on 
the  meta l  surface and compensat ing  the charge of the 
e lect rosorbed species and the r e m a i n d e r  of the ionic 
double layer .  

In  this lec ture  I shall  first asess some of the more 
promis ing  in s i tu and ex  si tu techniques of a more  or  
less non t rad i t iona l  type  for obta in ing such informat ion  

1 Acheson  Medal Address  del ivered October 7, 1980 at the 
Hol lywood,  Florida, Meeting of The  Electrochemical  Society.  

and then consider the state of our unders tanding  of 
some impor tan t  e lec t rocata ly t ic  systems. 

In Situ Techniques for the Study of Electrochemical 
Interfaces 

Table I lists the ma jo r i ty  of the p resen t ly  used in 
situ spectroscopic techniques for the s tudy of e lec t ro-  
chemical  interfaces.  Various windows exists for elec- 
t romagnet ic  rad ia t ion  in solvents  such as water ;  i.e., for 
x - ray ,  u .v . -vis ible  and, for ve ry  short  pa th  lengths, cer-  
ta in par ts  of the infrared.  Consequent ly  optical  spec- 
t roscopy lends i tself  to in situ studies (1). The ma jo r i t y  
of the u.v.-vis ible  and in f ra red  studies make  use of 
in tensi ty  changes upon reflectance f rom the e lec t ro-  
chemical  interface in the ex te rna l  or in terna l  a t t enu-  
a ted total  reflectance modes, the l a t t e r  wi th  t r anspa r -  
ent electrodes.  With  the ex te rna l  mode, both specular  
and diffuse reflectance techniques have been used. 
Wi th  t r ansparen t  electrode,  t ransmiss ion techniques 
have also been  used. The opt ical  changes a t tending the 
change of e lec t rode  potent ia l  and the adsorpt ion of 
various species at mono-  and submonolayer  levels are 
smal l  but  st i l l  easi ly  measured  wi th  modern  signal  
detect ion-process ing techniques. El l ipsometr ic  spec- 
t roscopy (2-4), using automat ic  ins t rumenta t ion  (3), 
is a pa r t i cu l a r ly  powerfu l  technique for obta ining in-  
format ion  concerning the collective dielectr ic  p rope r -  
ties of the  interface and adsorbed  layers  as a function 
of wave length  and potential .  

The various u l t rav io le t -v i s ib le  opt ical  measurements  
have y ie lded  substant ia l  informat ion  concerning sur-  

Table I. Nontraditional techniques for the study of 
electrochemical interfaces and adsorption at such interfaces 

Present ly  used techniques  

1. Optical 
a. ultraviolet-visible and infrared spectroscopy 

- -  specular reflectance (external ,  internal)  
- -  diffuse reflectance 
- -  transmiss ion through optical ly transparent  e lectrodes  
- -  e l l ipsometry- -as  a spectroscopic  tool  

b. Raman spectroscopy 
c. ,photoass i s ted  processes ,  including photoemiss ion 

2. M~ssbauer spectroscopy 
3. acoustoelectrochemical  techniques  
4. e lectron spin resonance  

Promis ing techniques  

I. EXAFS 
2. NMR 

- -  broadl ine 
- -  high resolution 
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face charge,  adsorpt ion  isotherms,  s t ruc tu ra l  in fo rma-  
t ion for adsorbed  molecules,  the  s ta te  of wa te r  in  the  
compact  double  layer ,  s t ruc tu ra l  t ransi t ions  in unde r -  
potent ia l  deposi ted layers ,  surface  roughness,  and the 
electronic proper t ies  of anodic films and pass ivat ion  
layers  on metals .  For  the most  par t ,  however ,  these op-  
t ical  techniques have not  made  as g rea t  a fundamen ta l  
cont r ibut ion  to the  unders tand ing  of e lec t rochemical  
in terfaces  and adsorpt ion  at  such interfaces  as some of 
us expected  at  the s ta r t  of such work  in the mid 1960's. 
In  pa r t  this is because of l imi ta t ions  on the type  of in-  
fo rmat ion  which  can be gained wi th  only u l t r av io le t -  
v is ible  spectroscopy.  The  impac t  of these measu re -  
ments,  however ,  has been lessened by  the lack  of quan-  
t i t a t ive  theore t ica l  t r ea tmen t s  of the collective opt ical  
p roper t ies  of the me ta l - e l ec t ro ly t e  in ter face  and ad -  
sorbed species to provide  a quant i ta t ive  f r amework  
wi th in  which  to i n t e rp re t  such optical  measurements .  
Only  wi th  layers  much th icker  than  monolayer  d imen-  
sions [e.g., pass ivat ion  layers  on act ive meta ls  (5)]  is 
a s imple t h r e e - l a y e r  optical  model  involving two bu lk  
phases wi th  an in t e rmed ia t e  th in  l aye r  adequate.  

Vibra t iona l  da t a  for adsorbed  species can be ve ry  
useful. In situ i n f ra red  studies using in te rna l  reflec- 
tance have  been car r ied  out  wi th  semiconductor  t rans-  
pa ren t  electrode~. I t  has been possible  to detect  the 
C-H s t re tched f requency  for adsorbed  layers  of h igher  
molecu la r  weight  molecules  (6) using D20 as the sol-  
vent  to minimize  solvent  interference.  Wi th  semicon-  
ductor  e lect rodes  of sufficient t r anspa rency  in the in-  
f rared,  however ,  most  of the poten t ia l  drop  is in the  
space charge  region  in  the  e lec t rode  phase and re la -  
t ive ly  l i t t le  in format ion  is gained concerning the ad-  
sorpt ion process. Fur ther ,  solvent  absorpt ion  in the in-  
f r a r ed  imposes ve ry  severe  restr ict ions.  

Recent ly  Bewick and Pons (7) at  the Univers i ty  of 
Sou thampton  have used ex te rna l  in f ra red  reflectance 
spectroscopy wi th  v e r y  thin  e lec t ro ly te  layers  com- 
bined wi th  e lec t romodula t ion  techniques to s tudy 
the w a t e r  l aye r  ad jacen t  to the interface.  This ap-  
proach is ve ry  promis ing  a l though much care must  be 
exerc ised  to guard  agains t  a r t i fac ts  in the  measu re -  
ments.  

Pa r t i cu l a r ly  exci t ing deve lopments  have occurred 
over  the pas t  few yea r s  in  the appl ica t ion  of in situ 
R a m a n  spect roscopy to the s tudy of e lec t rochemical  in-  
terfaces. Since the  observat ion  of unusua l ly  s t rong 
Raman  signals for pyr id ine  adsorbed  on s i lver  by  
Fle ischmann,  Hindra,  and McQuil lan at  Sou thampton  
(8, 9) in the ea r ly  1970's, g rea t  in teres t  has developed 
in Raman  studies of adsorbed  species on e lect rode sur -  
faces. A la rge  number  of publ ica t ions  (10, 11) have ap-  
peared,  most ly  concerned wi th  expe r imen ta l  and theo-  
re t ica l  s tudies of possible mechanisms for the ex t r ao r -  
d ina r i ly  la rge  surface enhanced Raman  signals ob-  
served with  most  adsorbed molecules on s i lver  and, to 
a lesser  extent ,  copper.  

Severa l  explana t ions  have  been offered for the sur-  
face enhancement ;  i t  is l ike ly  tha t  more  than  one 
mechanism is involved.  Al though  the R a m a n  signals  
m a y  only be observable  wi th  cer ta in  e lect rode sur -  
faces, this technique is expected  to prove of g rea t  im-  
por tance  to e lec t rochemis t ry  in provid ing  much needed 
in situ vibra t iona l  data. Wi th  adsorbed  molecules ex-  
h ib i t ing  s t rong int r ins ic  resonance Raman,  s t rong 
R a m a n  signals can be obta ined  on o ther  e lectrodes 
besides s i lver  and copper  (13-15). For  example ,  in our 
labora tory ,  we have s tudied such species as pa ran i -  
t rosodimethyl  ani l ine (14) and the t rans i t ion  meta l  
phtha!ocyanines  (15) adsorbed  on p l a t inum as well  as 
silver.  Fur ther ,  R a m a n  spectroscopy has been used in 
our  l abo ra to ry  to examine, the pass ivat ion films on i ron 
(16) as wel l  as s i lver  (17). 

Aside f rom the  impl icat ions  of var ious  photoe lec t ro-  
chemical  processes for  solar  energy  conversion, t hey  
afford in teres t ing  informat ion  concerning band bend-  
ing in semiconductor  electrodes,  surface states, and 

o ther  electronic fea tures  of the  in ter face  of impor tance  
to e lec t rocata lys is  (11). Photoemiss ion f rom meta ls  
into e lect rolytes  also has been  s tudied by  e lec t rochem-  
ists [see, e.g., Ref. (18, 19)] but  so far  has not  proven 
ve ry  useful  for s tudies of adsorpt ion  and e lec t roca ta l -  
ysis. 

MSssbauer  spectroscopy has been appl ied  to in situ 
studies of var ious  layers  on e lec t rode  surfaces con- 
ta ining appropr i a t e  e lements  to serve as e i ther  emi t -  
ters or absorbers,  e.g., iron, cobalt.  F rom the MSss- 
bauer  spectra,  under  favorab le  condit ions i t  is possible 
to gMn insight  into spin  s tates  and  neares t  ne ighbor  in-  
teractions.  Pa r t i cu l a r ly  in teres t ing  resul ts  have been 
obta ined  for e lec t rochemical  pass iva t ion  layers  on i ron 
(20) and i ron  t rans i t ion  meta l  macrocycl ic  ca ta lys t  
layers  on e lec t rode  surfaces such as carbon (21, 22). 

When  the potent ia l  across an  e lec t rochemical  i n t e r -  
face is a -c  modulated,  bo th  shear  and compressional  
acoust ical  waves  are  generated.  The shear  waves  re -  
sult  f rom the modula t ion  of the a-c  in ter fac ia l  tension 
and are  detected in the  solid e lect rode phase wi th  a 
shear  sensi t ive t ransducer  a t tached  to the back  side of 
the e lec t rode  (23, 24). The compress ional  waves are  
r ead i ly  detected in the  e lec t ro ly te  phase wi th  a hyd ro -  
phone (25, 26). With  solid me ta l  electrodes,  these com- 
pressional  waves  are  produced  p r inc ipa l ly  by  the a -c  
modula t ion  of the volume of the ionic double l a y e r - -  
pa r t i cu l a r ly  the compact  double layer .  Wi th  semicon-  
ductor  electrodes,  in t r ins ic  and f ie ld- induced piezo-  
electr ic  proper t ies  m a y  resul t  in large  compress ional  
components  in  the  e lec t ro ly te  phase  and both  shear  and 
compress ional  components  in the solid e lect rode phase.  
Both the  shear  and compress ional  acous to-e lec t ro-  
chemical  effects a re  quite sensi t ive to adsorbed  species 
at  the e lectrode surface and can be used to fol low the 
adsorp t ion-desorp t ion  of such. Quant i t a t ive  measu re -  
ments  of the compress ional  effect on meta l  e lectrodes 
should y ie ld  dV/dE (where  V is the  volume, E is the  
appl ied  potent ia l )  and hence be of special  in teres t  in 
test ing double l aye r  models.  

Electron spin resonance has b e e n  used to detect  va r i -  
ous free radicals  in the  e lec t ro ly te  phase (27-29) and 
in pr inc ipa l  can be used to examine  radicals  adsorbed  
on electrode surfaces by  proper  locat ion and configu- 
ra t ion  of the e lect rode in the  mic rowave  cav i ty  of the  
spectrometer .  

Two techniques that  appear  promis ing  for in situ 
studies of e lec t rochemical  interfaces and pa r t i cu l a r ly  
ca ta lys t  and pass ivat ion  layers  are  ex tended  x - r a y  
absorpt ion  fine s t ruc ture  (EXAFS)  and nuclear  mag-  
netic resonance. In both instances i t  wil l  p robab ly  be 
necessary to use high a rea  electrodes such as dispersed 
u l t r a smal l  meta l  par t ic les  on a high area  carbon sup-  
por t  or  meta l  blacks. Wi th  the in situ EXAFS,  i t  is 
wor thwhi le  to consider  fluorescence yie ld  as wel l  as 
the more  convent ional  absorpt ion  measurements .  With  
the recent  developments  in NMR solids, using magic  
angle  spinning and var ious  spin decoupl ing techniques,  
i t  may  be possible to obta in  the fine line NMR spect ra  
of adsorbed species even at  the  monolayer  level  using 
ve ry  high surface area  d ispersed electrocatalysts .  

Ex Situ Techniques 
The e lec t ron and ion spectroscopies l is ted in Table  

II  can be used to character ize  e lect rode surfaces in-  
cluding single crys ta l  systems before  and af ter  elec-  
t rochemical  measurements .  The cri t ical  question is 
whe the r  the e lectrode surface can be t r ans fe r red  from 
the u l t rah igh  vacuum env i ronment  to the e lec t rochem-  
ical  env i ronment  and vice versa  wi thout  subs tant ia l  
r e s t ruc tu r ing  of the surface as wel l  as chemical  
changes and contaminat ion.  Severa l  research  groups 
(30-35) have  car r ied  out  e lect rochemical  measure -  
ments  such as hydrogen  e lec t rosorpt ion  and lead  un-  
derpoten t ia l  e lec t rodeposi t ion  on noble meta l  single 
crys ta l  surfaces which have  been p repa red  and char -  
acter ized with  LEED or  RHEAD in u l t r ah igh  vacuum. 
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Table II. Ex situ electron and ion techniques for the study 
of electrochemical interfaces 

Ex  s~tu 

Electron physics X-ray photoelectron spectroscopy (XPS) 
Ultraviolet photoelectron spectroscopy (UPS) Auger spectroscopy 
Electron energy loss spectroscopy Low energy electron diffraction (LEED) 
Reflection high energy electron diffraction (RHEED) 
Inelastic electron tunneling 
Transmission electron microscopy--diffraction 

Ion 

Ion scattering spectroscopy 
Secondary ion mass spectroscopy 

Special precautions have been used to minimize the 
possibility of res t ructur ing dur ing the t ransfer  into the 
electrolyte. The approach used in our laboratory for 
accomplishing such is as follows (30, 31, 36). Clean 
single crystal p la t inum or gold surface of known ori- 
enta t ion are prepared by repeated sput ter ing with 
argon and high tempera ture  anneal ing in  an u l t rahigh 
vacuum chamber  on the r ight  in  Fig. 1. The surfaces 
are examined with LEED and Auger  spectroscopy in  
ul t rahigh vacuum (10-10-10 -11 Torr) and then t rans-  
ferred into a second vacuum chamber  on the left in  
Fig. 1, also at ~10-1~ -11 T0rr  without  removal from 
the v a c u u m  env i ronment  by means of a magnet ical ly 
operated t ransfer  wand. Ul t rapure  argon is then ad- 
mit ted to this vacuum container. A second parallel  
electrode surface wi th  a drop of electrolyte on it  is 
next  brought  close to the single crystal surface to form 
a th in  layer  electrochemical cell with a gap of ,,10 -3 
cm. This second electrode is chosen so as to serve as a 
combined counter  and reference electrode. The use of 
the thin layer  cell technique results in  a high area- to-  
volume of electrolyte ratio and hence much less sensi- 
t ivity of the single crystal surface to impurit ies in  the 
electrolyte (e.g., 10-6m of a typical ionic impur i ty  cor- 
responds to 10 -8 of a monolayer  even if all adsorbed 
on the electrode surface).  Following the electrochem- 
ical measurements,  the electrodes are separated. With 
an electrolyte such as aqueous dilute HF, the electro- 
lyre can be completely vaporized a t  room temperature  
as the argon is pumped out. The single crystal elec- 
trode is then ret ransferred into the LEED-Auger  
chamber  and the surface is re-examined.  

This system has been used at Case with some success 
for studies of underpotent ia l  electrodeposition, hydro-  
gen electrosorption, a n d  anodic film formation on plat-  

inum and gold single crystal surfaces. The electro- 
chemical behavior  is highly dependent  on the par-  
t icular  surface crystal plane. Such informat ion is of 
critical importance to the unders tanding  of electro- 
catalysis on a microscopic level. 

Complementary Ex Situ Experiments 
The electrochemical interface cannot be simulated 

even approximately with sol id-vacuum interfaces. 
Nonethemss, studies of the adsorption of water, hy-  
drogen, oxygen, carbon monoxide, various organic 
molecules, and other species at  metal  and semicon- 
ductor interfaces can provide informat ion of help in 
unders tanding electrochemical interfaces. The interac-  
t ion of water  with such metals as gold and p la t inum 
is relat ively weak at electrochemical interfaces, and 
hence, some similari t ies are expected between the be- 
havior of various adsorbed neu t ra l  species such as hy-  
drogen atoms and CO on these metals in  the electro- 
chemical and vacuum environments .  Such comparisons 
are more l ikely to be valid when  the electrochemical 
interface is near  the potential  of zero charge and the 
potential  gradient  at the interface is small. 

Par t icular  types of exper imental  and theoretical in -  
formation which can prove useful to the electrochem- 
ist include the energetics of the adsorption process, 
types of adsorption sites, configuration, electronic and 
vibrat ional  properties of the adsorbed species, and 
chemical modifications of the adsorbate a t tending the 
adsorption process. Most electrochemists concerned 
with various electrocatalysis processes already pay 
considerable a t tent ion to solid-gas catalytic l i terature  
and this t rend is l ikely to increase. 

Specific Electrocatolytic Processes 
Some typical electrocatalytic processes are listed in 

Table III. By far the most research effort has been 
applied to the hydrogen and oxygen electrode reac- 
tions. The most exciting development  in  applied elec- 
trocatalysis in  recent years, however, has been the de- 
velopment  of the dimensional ly  stable anode as a re-  
placement  for the carbon electrode for the generat ion 
of chlorine in the chlor-alkali  industry.  The catalyst 
for this reaction is ru then ium oxide, perhaps with ad- 
ditives, on a t i t an ium substrate. In  contrast to carbon 
anodes, the RuOz/Ti electrode is not attacked at an 
appreciable rate and is d imensional ly  stable over 
years. Almost all  of the C12 produced electrochemically 
in  the United States is generated with this electrode 
with large savings in  energy because of the very low 
overpotential.  

Fig. I. LEED-Anger-thin layer 
electrochemical cell system with 
special transfer system (36). 
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Table III.  Typical electrocatalytic reactions 

i .  T h e  h y d r o g e n  e l e c t r o d e  reac t ion  
Ha ~ 2H + + 2e -  

2. T h e  o x y g e n  e l e c t r o d e  reac t ion  
O~ + H20 + 4 e - ~ - 4 O H -  

3. Chlor ine  g e n e r a t i o n  
2C1- ~ CI~ + 2e -  

4. Organic  ox idat ions  
CHsOH + H~O ~ CO~ + 6H § + 6e -  
CsI-Is + 6H20 ~ 3CO~ + 20H + + 20e-  

5. Organic  synthe t i c  reac t ions  
Kolbe  react ion:  R-CO~- -~ 2COl + RR + Be- 

Our l abo ra to ry  at  Case has d i rec ted  much  a t ten t ion  
t o  the  hydrogen  and oxygen  e lec t rode  react ions  and I 
shal l  emphasize  these  two areas  of e lec t rocata lys is  in 
t h e  r ema inde r  of this  lecture.  

The hydrogen electrode reaction.--Hydrogen gen-  
e ra t ion  on var ious  e lec t rode  surfaces is gene ra l ly  con- 
s idered to involve  the  fol lowing steps 

I. Discharge:  H + + e - ~ H a d s  [1] 

II. Recombinat ion:  2 Hads ~- H2 [2] 

III.  I on -p lus -a tom:  Hads + H + -~ (H--H)ads  + [3] 

o-E  1 

In recent  years  some genera l  ins ight  has been 
achieved into the  re la t ionship  of hydrogen  e lec t rode  
kinet ics  to hydrogen  adsorp t ion  energies.  Fo r  a given 
step the  exchange  cu r ren t  dens i ty  is re la ted  to the 
s t anda rd  f ree  energy  of adsorpt ion  of the  pa r t i cu la r  
type  of adsorbed  hydrogen  involved in this s tep (aG~ 
This dependence  is r epresen ted  by  the  fami l ia r  vol-  
cano-shaped  curves (37-39) shown i n F i g .  2 according 
to Parsons (37) for  the th ree  reac t ion  steps jus t  listed. 
The fiat por t ion  of the  curves  corresponds to the  Tern ~- 
k i n  region of the  adsorp t ion  isotherm. In  cons t ruc t ing  
the volcano curves,  the  cathodic and anodic t rans fe r  
coefficients have  been  t aken  to be 1/2. This m a y  be 
open to quest ion for  react ions II  and III. Arguments  
have been pu t  for th  (40), based on Bond's  model  of 
nonac t iva ted  adsorp t ion  of hydrogen  ( type  C) (41), 
that  the  free energy  of ac t iva t ion  for  react ion II  ap-  
proaches  the  free energy  change for this step on some 
metals .  Fur ther ,  i t  is l ike ly  tha t  the  ac t iva ted  s tate  
( H - - H )  + for  reac t ion  I I I  involves  the  d i rec t  in te rac -  
t ion of both  hydrogens  wi th  the  surface ra the r  than  an 
end -on  in te rac t ion  of an H - - H  in termedia te .  Conse- 
quent ly,  the  t ransfe r  coefficient a for react ion I I I  m a y  
also approach  un i ty  r a the r  than  1/2. Under  such c i r -  
cumstances,  the volcano curves  t ake  on the form (40) 
indica ted  in  Fig. 3, using a combinat ion  of Bre i te r ' s  

I I I I 
) 

~ H + + E- = HAD ~ A 

H++H +E-=H 

-1  

+60 +40 +20 0 -20 
/,, G~ 

Fig. 2. Volcano curves for the exchange current densities of the 
hydrogen electrode component steps vs. the standard free energy 
of adsorption of hydrogen (39). Transfer coefficient for each pro- 
cess: a - -  1/2.  

- 2  

o - 4  M 

-1 

- 5  
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- I j= HI 
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Fig. 3. Volcano curves (40) in 3m HCI with c~z = 1 /2  for the 
discharge reaction; aTI = 1 for the recombination reaction; and 
C~TZI = 1 for the ion-plus-atom reactions. 

da ta  (42) and Ludwig ' s  da ta  (40) as a few ca l ibra t ion  
points. 

The expe r imen ta l ly  observed  behav ior  of hydrogen  
overpoten t ia l  on var ious  meta ls  corre la tes  reasonably  
wel l  wi th  Fig. 3. Metals  such as Hg, T1, Zn, Cd, and 
Pb, which adsorb hydrogen  only  w e a k l y  ( large posi-  
t ive values  of ~G~ have low values  for the  appa ren t  
exchange cur ren t  density,  Tafel  slopes (dE/d log i) of 
--2.30 (2 RT/F), and reac t ion  I ra te  controll ing.  Met -  
als such as P t  and the Pt  fami ly  wi th  aG ~ values  close 
to 0 have high appa ren t  exchange cur ren t  densi t ies  and 
kinet ics  which  indicate  that  react ion II  follows reac t ion  
I and is ra te  controll ing.  Metals  such as Mo, Ta, and W, 
which s t rongly  adsorb  hydrogen  and have ve ry  nega-  
t ive values of hG ~ again  have  low exchange cu r ren t  
densit ies and kinet ics  which  indicate  region I I I  follows 
react ion I. 

A n  impor tan t  impl ica t ion  of the  volcano curves  is 
that  i t  is un l ike ly  a ca ta lys t  wil l  be found wi th  an 
overa l l  exchange cur ren t  dens i ty  h igher  than  that  for 
P t  since this meta l  has hG ~ close to 0. The main  th rus t  
of appl ied  research on h y d r o g e n  e lec t rocata lys ts  should 
be the  finding of cata lys ts  wi th  h igher  exchange  cur -  
rents  pe r  uni t  cost and resis tance to poisoning and to 
loss of a rea  when  used in high a rea  forms. 

Various authors  have  examined  the discharge step I 
theore t ica l ly  [for a review, see Ref. (44)].  Bockris,  
Matthews,  and Sr in ivasan  (45, 46) have proposed the 
model  in Fig. 4 in which the pro ton  is t r ans fe r red  over  
a ba r r i e r  represent ing  the in tersect ion of two Morse 
curves. The ver t ica l  t rans i t ion  hEo corresponds to the  
t ransfer  of an e lec t ron f rom the Fe rmi  level  of the  
meta l  to the  H~O + ion wi th  no change in the  reac t ion  
coordinate.  Radiat ionless  e lect ron t ransfe r  by  tunne l -  
ing occurs at  the in tersec t ion  of the two Morse curves,  
f rom the me ta l  to the v ib ra t iona l ly  exci ted  I-I~O +. 
The var ious  e lect ron energy  levels  in  the meta l  cor re-  
spond to t rans la t ion  ver t i ca l ly  of the Morse curve for  
the  ini t ia l  state. The pr inc ipa l  levels  cont r ibut ing  to 
the  discharge cur ren t  are  those wi th in  kT of the F e r m i  
level.  This model  yields  reasonable  predict ions  for the 
kinet ics  of the  discharge step. 

Various e lectrochemists  have considered pro ton  tun -  
nel ing th rough  the potent ia l  energy  ba r r i e r  r a the r  than  
t ransmiss ion over  the  bar r ie r .  These include Bockris  
and his co -workers  (45, 46) ; Chris tov (47-49) ; Conway 
and Salomon (50, 51); Dogonadze, Kuznetsov,  and 
Levich (52-54) ; Kha rka t s  and Uls t rup  (55). Al l  of the  
t r ea tments  involve  quest ionable  assumptions.  The ex -  
tent  to which  pro ton  tunnel ing  is involved in the dis-  
charge process is ve ry  sensi t ive to the ba r r i e r  thickness 
as wel l  as height.  Isotopic studies of hydrogen  dis-  
charge  on mercury ,  however ,  do provide  evidence 
that  proton tunnel ing is involved (21, 22). 
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Fig. 4. Potential energy surfaces in the Bockris-Matthews model 
for proton discharge (110). 

Hydrogen electrode kinetics are of special interest on 
Pt because of its high catalytic activity. Various work- 
ers have found a Tafel slope for the cathodic branch 
of --2.30(RT/2F) or --30 mV/decade and high ex- 
change current densities (e.g., ~ 10 -.2 A/cm2). Two 
explanations have been advanced for this behavior. 
Schuldiner ( 5 6 ) a n d  Bockris et aI. (57) have used a 
mechanism involving reactions I and II (discharge 
followed by atomic recombination) with reaction II 
rate controlling. Breiter has proposed pure diffusion 
control involving dissolved H2 (58). On the basis of 
ultrasonic and rotating disk-ring measurements, 
Yeager et al. (43, 59, 61) have proposed that the cath- 
odic process is controlled by combined Ha diffusion and  
recombination kinetics. Parsons (37) and Krishtal ik 
(60) have offered theoretical arguments for desorp- 
tion by reaction II as rate controlling. 

T h e  anodic oxidation of H~ exhibits first-order d e -  
p e n d e n c e  on H2 concentration, and most workers con- 
sider the dissociative-adsorption of H~ (the reverse of 
the recombination of reaction II) as rate controlling. 
Here again, however, the high exchange current den- 
sity makes it difficult to examine the kinetics without 
transport  of dissolved H~ to the electrode surface being 
the  predominant control, even with the rotating disk 
electrode technique, part icular ly with Pt electrodes 
which have relatively high area, and hence high ac- 
tivity, as a result of repeated cycling to anodic poten- 
tials prior to the H~ oxidation measurements. The cur- 
rent-potential  data from rotating disk data are very 
well fitted with equations involving combined kinetic 
and molecular H2 diffusion control with the atomic re-  
combination step rate controlling. With Langmuir be- 
havior, the current potential data for the anodic and 
cathodic  branches is 

2 4  
I n X  = - -  - -  + In Xe 

RT 

/( X = i 1 -- exp--~- / 

1 1 1 1 1 

[4]  

[4a]  

= - -  + - : -  = . + - -  [5]  
Xo io ~d ~o BX/~" 

w h e r e  ~ is the overpotential, id is the anodic limiting 
current density for H2 transport, io is the exchange 
current density, ~ is the rotation rate, B is a constant 
d e p e n d e n c e  on the H2 diffusion coefficient and concert- 

tration, and the other symbols have their usual mean- 
ing. Equation [5] has been tested for Pt by Ludwig 
et aL (43) using the rotating disk data and fits the  
data quite well (see Fig. 5). The slope is essentially 
--2.30(RT/2F) over seven decades. The rotation rate 
dependence of the function Xo indicates that io is of 
the same order as id under most circumstances. 

A problem associated with He formation with the ki-  
netics controlled by reaction II is that the Tafel l inear-  
i ty with a slope of --2.30(RT/2F) is to be expected 
only with low H(ads)  coverage. On the other hand, 
various electrochemical measurements, including im- 
pedance (66), l inear sweep vol tammetry (63, 64), and 
charging curves (66, 67) indicate that the total H(ads)  
coverage is already close to unity at the reversible po- 
tential. This p rob lem can be resolved by assuming 
that two types of H(ads)  are involved in the overall 
electrode process and that the adsorbed hydrogen in- 
volved in reaction II is at low coverage, as suggested 
by Schuldiner (62). 

The question remains open as to what type of ad- 
sorbed hydrogen is involved in the desorption reaction 
II on platinum. It is unlikely that the lower coverage 
H involved in this step corresponds to any of the hy- 
drogen peaks observed by linear sweep vol tammetry 
and other chemical techniques on Pt. Nonetheless, it  
will be helpful to understand the various factors con- 
tributing to up to several hydrogen peaks observed 
in the voltammetry curves (63). Figure 6 indicates 
some of the peaks found for Pt  in 0.1m HF and the 
effects of adding H2SO4 (64). Various explanations 
have been proposed for the several peaks including 
different adsorption sites on a given single crystal sur- 
face, a distribution of crystallographic surfaces, in- 
duced heterogeneity associated with hydrogen adsorp- 
tion itself and anion adsorption which induces hetero- 
geneity by blocking sites to varying degrees and per-  
turbing adjacent sites. The pronounced dependence of 
the hydrogen electrosorption on the type and concen- 
tration of anion (Fig. 6) indicates that hydrogen ad- 
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Fig. 5. Hydrogen electrode kinetics on Pt (43). Rotating disk 
electrode. Rotation rate: 187 Hz; T = 26~ 6.1m HCI (H2 satu- 
rated). 
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Fig. 6. Voltammograms for Pt in 0.1m HF with various_concen- 
trations of H2S04 added. 0.1m HF, - .  �9 HF -I- 5 • 
'10-5m H 2 S 0 4 , - ' - 0 . 1 m  HF -I- 5 • 10-4m H 2 S 0 4 , - - - 0 . 1 m  
HF + 5 X 10-:3m H~S04 . . . .  0.1m HF + 5 • 10-2m H2S04. 

sorp t ion-desorp t ion  are  coupled to anion desorpt ion-  
adsorpt ion.  

In  an a t t empt  to resolve this problem, var ious  elec-  
t rochemists  have examined  hydrogen  e lec t rosorpt ion 
on single crys ta l  Pt. Wil l  (65) examined  the low index 
planes  (100), (110), and (111) and found the same 
two majo r  peaks  on these th ree  or ientat ions  a l though 
the re la t ive  heights  depended  on the crys ta l  o r ien ta -  
tion. The single c rys ta l  P t  e lectrodes s tudied by  Wil l  
p robab ly  did not  expose a single c rys ta l lographic  sur-  
face. The d is t r ibut ion  of c rys ta l lographic  surface 
planes depends on the overa l l  o r ien ta t ion  and the ex-  
tent  to which  the surface has been cycled to anodic 
potentials . .  Wil l  a r r i ved  at  the  conclusion that  the 
s t rongly  adsorbed  hydrogen  peak  corresponding to IV, 
IV' in Fig. 6 is on the  (100) p lane  and the w e a k l y  
adsorbed  peaks I, I '  are  on the (110) plane. Ra ther  
analogous resul ts  have been repor ted  by  Bronel  et al. 
(68) for the  (100) and (111) P t  surfaces. These w o r k -  
ers used e lect ron microscopy to es tabl ish that  the sur -  
faces were  facet - f ree .  Kinoshi ta  and S tonehar t  (69) 
have examined  hydrogen  adsorpt ion  on dispersed Pt  
as a funct ion of crys ta l l i te  size and found a dependence  
which  they  in t e rp re t  as fu r the r  evidence that  the  mul -  
t iple  peaks  resul t  f rom different  surface c rys ta l logra -  
phic s t ructures .  

In contrast ,  Bagotzky  et al. (70) and Conway et aI. 
(63) have concluded f rom the i r  single crys ta l  P t  s tud-  
ies tha t  there  is l i t t le  difference in the  hydrogen  ad -  
sorpt ion on the (100), (110), and (111) planes.  Conway 
et at. (63) a t t r ibu ted  the mul t ip le  peaks  p r inc ipa l ly  
to induced he te rogenei ty  ar is ing f rom collective long 
range electronic interact ions.  

The p robab i l i t y  is high in all  of the single crys ta l  
studies jus t  cited tha t  the  surface preva i l ing  dur ing  

the e lect rochemical  measurements  does not  correspond 
to a single crys ta l  plane. Even if  the P t  c rys ta l  has 
only  one plane p redominan t  before the e lec t rosorpt ion 
measurements ,  these workers  genera l ly  cycled thei r  
e lectrodes to anodic potent ia ls  in the anodic film re -  
gion to oxidize or  desorb in te r fe r ing  surface contami-  
nants  and this p rocedure  is l i ke ly  to cause r e s t ruc tu r -  
ing. 

Recent ly  severa l  groups have  a t t empted  to devise 
techniques which  pe rmi t  the in t roduct ion  of a single 
crys ta l  surface of p r edominan t ly  one p lane  and free 
of impur i t ies  into an e lec t rochemical  env i ronment  wi th  
a m i n i m u m  poss ib i l i ty  of  r e s t ruc tu r ing  and contamina-  
tion. In  the  U S A  these include A. Hubba rd  (71, 72) 
a t  the Univers i ty  of Cal i fornia  at  San ta  Barbara ,  J. A. 
Joebst l  (73, 74) a t  Fo r t  Belvoir ,  P. Ross (75, 76) at 
the  Lawrence  Berke ley  Laborator ies ,  and our  group 
(30, 31, 77) a t  Case Weste rn  Reserve  Universi ty .  Each 
group has tu rned  its a t ten t ion  to the  (100), ( l l 0 ) ,  
and (111) p lanes  of P t  and first es tabl ished tha t  the 
surface is p r e d o m i n a n t l y  one p lane  using low energy  
e lec t ron diffraction (LEED) and free of surface im-  
pur i t ies  down to a few percent  of a monolayer  using 
Auger  e lec t ron spectroscopy. 

The key  fea tures  of the techniques used in our  l ab-  
o ra to ry  by  O 'Grady  et al. (30, 31, 77) wi th  the equip-  
men t  in Fig. 1 are  vacuum transfer ;  th in  l aye r  e lec t ro-  
chemical  cell  techniques to avoid contaminat ion;  and 
in t roduct ion  of the P t  single crys ta l  surfaces into the 
e lec t ro ly te  at  control led potent ia ls  in the hydrogen  ad-  
sorpt ion region. In  the cyclic v o l t a m m e t r y  studies of 
hydrogen  electrosorption,  the potent ia l  range  is r e -  
s t r ic ted to +0.05-0.50V vs. RHE to reduce any possible 
res t ructur ing.  The vo l t ammet ry  curves on the single 
c rys ta l  P t  surfaces r e t r ac t  wi th  repea ted  cycling, 
s tar t ing wi th  the very  first sweep. If  the  vol tage sweep 
is ex tended  into the anodic film format ion  region to 
~-- 1.4V vs. RHE, the  hydrogen  adsorpt ion  region 
changes signif icantly wi th  new peaks  appear ing  or 
ve ry  minor  peaks  becoming majo r  peaks,  depending 
on the or ig inal  surface. This is p robab ly  the resul t  of 
r e s t ruc tu r ing  a l though the poss ib i l i ty  exists  tha t  oxy-  
gen has been i r r eve r s ib ly  adsorbed  into sites wi th in  
the surface layer .  

On the (100) P t  surface, H ubba rd  et al. (72), Ross 
(75, 76), and our  group (30, 31) find one p redominan t  
peak  (Fig. 7) corresponding to the  s t rongly  adsorbed 
hydrogen  peak  on po lycrys ta l l ine  P t  in acid solutions. 
The LEED pa t t e rn  for the  P t  (100) indicates  a 5 X 20 
over layer .  This surface p robab ly  rever ts  to (1 X 1) in 
contract  wi th  the electrolyte .  On the (111) surface, 
our group finds only a minor  peak  corresponding to 
weak ly  adsorbed hydrogen  whi le  Ross and Hubba rd  
et al. r epor t  a major  peak. The source of this dis-  
c repancy is not fu l ly  clear  but  may  be caused by  the 
cycling of the  e lect rode to anodic potent ia ls  in the  case 
of Ross's work  and possibly  also tha t  of Hubba rd  et al. 
Al te rna t ive ly  our P t  (111) surface may  have some of 
the sites b locked by  an impur i ty  such as carbon. 

With  the sulfuric  acid electrolyte ,  i t  was not  possible 
to volat i l ize the res idual  e lec t ro ly te  off of the single 
crys ta l  surface wi thout  encounter ing an oxidizing 
range  of sulfur ic  acid concentrat ions.  More recently,  
A r t h u r  Homa, a g radua te  s tudent  in m y  group, has re -  
pea ted  these studies wi th  0.1m HF as the electrolyte .  
This acid is comple te ly  vola t i l izable  and does not  spe-  
cifically adsorb. Thus it has been possible to examine  
the LEED pa t te rns  and Auge r  spec t rum fol lowing the 
e lect rochemical  measurements .  The pos te lec t rochemi-  
cal LEED pa t te rns  a re  usua l ly  of reasonably  good 
qual i ty  wi th  the same s y m m e t r y  as for the  or iginal  
surfaces. Smal l  amounts  of carbon, up to 10%, are  
usual ly  found with  the Auger  examinat ion.  This carbon 
is be l ieved to or iginate  from CO- re l ea sed  f rom ion 
pumps dur ing the pumping  out  of the u l t r apu re  argon 
suppor t  gas fol lowing the  e lec t rochemical  measu re -  



166C J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  A p r i l  1981 

. - .  4 O  

< 
20 

B, 
0 

| 
C3 

c-  

- 2 0  L. 
L 

O 

-40 

I 1 I , I 
0.0 0.2 0.4 

Potential (V) vs RHE 

Fig. 7. Voltammogram for Pt (100) - -  (5 • 20) in O.05m H2S04. 
Sweep rate: 50 mV/sec. T = 25~ (30). 

ments  and not  to have been  presen t  dur ing  these mea -  
surements .  

The vo l t ammet ry  resul ts  in the  0.1m HF are  ve ry  
s imi lar  to those in the  0.05m H2SO4 on the (111) and 
(110) (1 X 2) surfaces wi th  only one H adsorpt ion  
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Fig. 8. Vohammogram for Pt (100) - -  (5 X 20) in 0.1m HF. 
Sweep rate: 50 mV/sec. T = 25~ 

peak on each surface and the H coverage much lower  
than  a monolayer .  The (100) (5 • 20) surface als0 
shows only one pr inc ipa l  peak  bu t  a sharp cathodic 
spike appears  in the anodic sweep (Fig. 8). This spike 
remains  to be expla ined  bu t  m a y  be caused by  surface 
res t ructur ing.  Repea ted  cycl ing of the three  low index 
surfaces to potent ia ls  wel l  in the anodic film region 
produces large  increments  in the  peaks  on these low 
index surfaces, d i sappearance  of t h e  cathodic spike on 
(100) surface, and  v o l t a m m e t r y  curves resembl ing  
those of Ross and the H ubba rd  group. We do not  be -  
l ieve tha t  these la rge  changes a re  the resu l t  of the 
s t r ipping  of a minor  carbon impur i t y  but  r a the r  are  
re la ted  to some special  role  of oxygen in the  hydrogen  
adsorpt ion  process. Ra ther  s imi la r  resul ts  wi th  cycling 
for po lycrys ta l l ine  p l a t i num t rea ted  in high vacuum 
have been repor ted  by  the Sovie t  A c a de my  Ins t i tu te  of 
E lec t rochemis t ry  in Moscow (78). 

Note is taken  of the  ve ry  unusual  resul ts  for  hyd ro -  
gen v o l t a m m e t r y  curves on P t  (111) found b y  J. Clavi -  
l ier  et al. (79, 80) and  descr ibed by  Roger  Parsons in 
his Pa l l ad ium A w a r d  address  before  this Society. This 
s t range  behavior  is difficult to expla in  e i ther  as the 
t rue  s i tuat ion or  as an art ifact .  

In perspect ive,  i t  appears  tha t  the  quest ion of h y -  
drogen adsorpt ion  on single c rys ta l  P t  surfaces is st i l l  
not  a se t t led issue exper imenta l ly .  S imi l a r  anomalous  
results  for hydrogen  adsorpt ion  on Pt  single c rys ta l  
surfaces a re  also to be found in the sol id-gas  phase 
l i tera ture .  

The oxygen electrode.--The oxygen  e lec t rode  reac -  
tions are  even less wel l  unders tood than for the hyd ro -  
gen electrode.  The pronounced  i r r eve r s ib i l i t y  of the  
oxygen elect rode react ions at  modera te  t empera tu res  
has compl ica ted  mechanist ic  studies. The exchange 
cur ren t  densi t ies  for the oxygen electrode are  ve ry  low 
- - t y p i c a l l y  10 -10 to 10 -11 A/cm2 on an effective cata-  
ly t ic  surface such as p l a t inum at  room tempera ture .  
Consequently,  the  current  densit ies near  the  revers ib le  
po ten t ia l  a re  genera l ly  too low to pe rmi t  measure -  
ments  under  condit ions where  the  kinetics are  sensi t ive 
to the reverse  as wel l  as fo rward  reactions. Fur ther ,  
the expe r imen ta l ly  accessible por t ions  of the cathodic 
and anodic branches  of the polar izat ion curves are  
sufficiently separa ted  in potent ia l  that  the surface con- 
ditions differ very  substant ia l ly .  Therefore,  the ca th-  
odic and anodic processes under  these condit ions are  
p robab ly  not  the reverse  of each other. To complicate  
the s i tuat ion fur ther ,  the oxygen elect rode react ions 
m a y  proceed through a large  n u m b e r  of pa thways .  
This explains  w h y  the mechanisms of 02 genera t ion  
and reduct ion are  st i l l  not  fu l ly  unders tood even on 
pla t inum,  the  most ex tens ive ly  used and most  s tudied 
02 e lec t roreduct ion  catalyst .  I shal l  address  only the 
quest ion of the catalysis  of the 02 reduct ion reactions.  

Oxygen reduct ion  is usua l ly  considered to proceed 
by  two pa thways :  

1. The peroxide pathway (the series process): 

2e-  
HOH + 02 \ HO~- (ads)  + O H -  

HO2- 4-~ OH- [0] 2e- 

The peroxide is then either eleetroredueed further to 
OH-  or catalyt ical ly decomposed; i.e. 

a. peroxide reduction 
HOH~+ H O ~ - ~ _ _  

, 2 e ' ~ ' , , a  
HOH ! HO~- (ads)-------~ 3 O H -  [7] 

b. peroxide catalytic decomposition 
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The overa l l  react ion is the 4-e lec t ron reduct ion  reac-  
t ion 

Oz + 2H20 + 4 e -  -* 4 O H -  [9] 

regard less  of whe the r  the pe rox ide  e l imina t ion  occurs 
via reac t ion  [7] or  [8] since the O2 resul t ing  f rom re -  
act ion [8] is recyc led  th rough  react ion [6]. 

2. The direct 4-electron pathway: 
This p a t h w a y  involves a series of steps in which  02 

is reduced  to O H -  or wa te r  wi thout  hydrogen  per -  
oxide being produced  in the solut ion phase.  This does 
not  mean  tha t  the reduct ion  process does not  involve 
an adsorbed peroxide  in te rmedia te  bu t  r a the r  tha t  the 
reduct ion does not  involve any  adsorbed  in te rmedia te  
which leads to apprec iab le  peroxide  in the solut ion 
phase. When  both pa thways  are  opera t ing  on a given 
e lec t rode  surface, the reduct ion  is r e fe r red  to as 
involv ing  pa ra l l e l  mechanisms.  

The dis t inct ion be tween  these two pa thways  mecha -  
n is t ica l ly  can be qui te  diffuse since the question of 
whe the r  a peroxide  adsorbed  in t e rmed ia te  desorbs or  
not  can depend  on var ious  impur i t ies  in the e lec t ro ly te  
as wel l  as e lect rode poten t ia l  and tempera ture .  An  ad-  
sorbed peroxide  s tate  is ve ry  l ike ly  involved in the  d i -  
rect  4-e lec t ron p a t h w a y  as wel l  as the  peroxide  pa th -  
way. The classification of the p a t h w a y  as "di rec t  
4-e lect ron"  then m a y  depend  on whe the r  the  peroxide  
desorpt ion  proceeds to a significant extent .  This m a y  
depend  on the type  of site. Two sets of sites m a y  each 
suppor t  the  react ion th rough  essent ia l ly  the same sur-  
face react ion p a t h w a y  but  differ in the ex ten t  to which  
the peroxide  desorbs f rom each. If  the  desorpt ion is 
ve ry  s low or  t he rmodynamica l ly  unfavorab le  f rom one 
set of sites but  not  another ,  the O~ reduct ion  wi l l  p ro -  
ceed by  the so-cal led  "para l le l"  pa thways .  

I l lus t ra t ions  of catalysts  on which  the peroxide  pa th -  
way  is c lear ly  p redominan t  include carbon, graphite ,  
and gold in a lka l ine  e lec t ro ly tes  whi le  the  d i rec t  
4-e lec t ron pa thway  is p redominan t  on clean p l a t inum 
surfaces and also cer ta in  t rans i t ion  meta l  macrocyclics.  
In  the  presence of impur i t i es  peroxide  p a t h w a y  a can 
become p redominan t  even on pla t inum.  

Under  some circumstances i t  is possible tha t  the  

superoxide  species 0 2 -  m a y  be formed in the outer  
Helmhol tz  p lane by  outer  sphere  e lec t ron transfer .  This 
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ion is fo rmed as a r easonab ly  s table  en t i ty  dur ing 02 
reduct ion in aprot ic  solvents  [see, e.g., Ref. (81-84)] 
and p robab ly  in carbonate  melts  (85). The superoxide  
ion also has been proposed  to be formed in aqueous 
solutions of Hg (85, 86), and  ama lgama ted  gold (87) 
and carbon paste  (88) cathodes in the  presence of sur -  
face active agents. In  the absence of adsorbed organic 
species, however ,  i t  does not  appea r  in a lka l ine  solu-  

tions tha t  an 0 2 -  species in the solut ion phase  con- 
t r ibutes  signif icantly to the observed cur ren t  (89). 

The specific adsorption o~ 02 molecules.--The search 
for  effective 4-e lec t ron catalysts  is guided b y  the 
models  in Fig. 9 for the in terac t ion  of 02 and re la ted  
oxygen species wi th  adsorpt ion  sites. O~ reduct ion  in 
aqueous solutions requires  a s t rong in terac t ion  with  
the e lect rode surface for  the react ion to proceed at  a 
reasonable  rate.  Three  types of in teract ions  have been 
proposed.  Pa r t i a l  charge t ransfer  is p robab ly  involved  
wi th  each of these models. The Griffiths model  (112) 
involves a l a te ra l  in terac t ion  of the ~-orbi ta l s  of the 02 
in terac t ing  with  empty  d~2 orbi ta ls  of a t rans i t ion  e le-  
ment,  ion, or meta l  a tom wi th  back bonding f rom 
at least  pa r t i a l l y  filled dxz orbi ta ls  of the t rans i t ion  ele-  
men t  to the =* orbi ta ls  of the O2. A s t rong m e t a l - t o -  
oxygen in terac t ion  resul ts  in a weaken ing  of the O-O 
bond and an increment  in the length  of this bond. 
Sufficiently s trong in terac t ion  of this type  may  lead  to 
the dissociative adsorpt ion of O2 wi th  p robab ly  s imul-  
taneous pro ton  addi t ion  and va lency change of the 
t rans i t ion  e lement  in the manne r  represen ted  b y  pa th -  
way  I in Fig. 9 fol lowed by  reduct ion  of the M(OH)2 
to regenera te  the ca ta lys t  site. Sands tede  et al. (91, 92) 
have a t t empted  to expla in  oxygen  reduct ion  wi th  
square p y r a m i d a l  Co( I I ) ,  F e ( I I ) ,  a n d  F e ( I I I )  com- 
plexes  as wel l  as on the thiospinels on the basis of such 

bonding.  
Wi th  most  t rans i t ion  meta l  catalysts ,  the most p rob -  

able s t ruc ture  for  02 adsorpt ion is the  Paul ing  model  
(93) in which the n* orbi ta ls  of 02 in terac t  wi th  d~2 
orbi ta ls  of the t rans i t ion  metal .  The square  p y r a m i d a l  
complexes of F e ( I I )  and Co( I I ) ,  which have good ac-  
t iv i ty  for O2 reduct ion in acid solutions, appear  to in-  
volve such an end-on  in terac t ion  on the basis of ESR 
and o ther  evidence (94). This adsorpt ion  of 02 is ex-  
pected to be accompanied by  at  leas t  a pa r t i a l  charge 

M z + 02 

0 / 
o = o  o - o  

+ \ /  12o ~ M M M 
A. Griff i ths B. Pauling 

model (111) model (93) 

OH 

/ i  ~ Mz+2/ 4e- ~ M z + 2H20 
MZ~ 2H + ~'OH 4H+ 

Pathway I 

Mz--O\o ' �9 MZ+l-- 0"~0" 

Pathway I I  

M~IO ~ MZ+I-oH 

~M ~0 2H+ MZ+LoH 

Pathway I I I  

0 - - 0  
/ \ 
M M 
C. Bridge 

model 

M z + H202 (IIA) 

Mz+2--O"O= , ~ M Z  + 2H20 ( l IB) 

4H + 

M Z 
4e- 

+2H20 
4H + M z 

Fig. 9. Reaction pathways for 
02 e[ectroreduction in acid elec- 
trolytes [Yeager(111)]. 
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t ransfe r  to y ie ld  a superoxide  and then pe rox ide  state, 
as represen ted  by  p a t h w a y  II  in Fig. 9. The adsorpt ion  
of the 02 on the square p y r a m i d a l  complexes of F e ( I I )  
and Co (II)  m a y  lead  d i rec t ly  to the superoxide  state. 
With  somewhat  s imi lar  oxyhemoglobin  complexes of 
iron, various workers  have proposed tha t  O2 binding 
to the i ron involves O2- or 02 = states wi th  Fe  in the 
I I I  va len t  s tate (95-97). The change in va lency s tate  
of the  t rans i t ion  meta l  coupled wi th  the change in 
02 oxidat ion  state dur ing  format ion  of the O2 adduct  
corresponds in pr incip le  to the redox e lec t rocata lys t  
concept proposed by  Beck et al. (98, 99). 

The fu r the r  reduct ion of the O2 beyond the peroxide  
state requires  rup tu re  of the O-O bond. Such can oc- 

cur  in  p a t h w a y  IIB through  the fo rmat ion  of O "- or 
HO" free radicals  in solut ion or  the s imultaneous re -  
duction bond cleavage (e lectrochemical  desorpt ion)  to 
yield H20 or O H - .  Nei ther  of these processes are  l ike ly  
to be sufficiently fast  at  prac t ica l  opera t ing  potent ia ls  
for O2 cathodes. The free energies  of fo rmat ion  of th e  

O T and HO" free radicals  in solut ion are  jus t  too high. 
Pa thway  I I I  in Fig. 9 provides  an a l t e rna te  m e a n s  

for b r ing ing  about  rup tu re  of the O-O bond through  
the format ion  of an O-O bridge.  Such a mechanism 
m a y  come into p l ay  wi th  the p roper  surface spacing of 
t ransi t ion meta l  a toms or  ions in a metal ,  oxide, or 
thiospinel  or in a b imeta l  complex such as a macro-  
cycle. The format ion  of the br idge  species also requires  
tha t  the  two meta l  species have  pa r t i a I Iy  filled d 
orbi ta ls  to par t ic ipa te  in bonding with  the ~* orbi ta ls  
of the 02. Bimeta l  macrocycl ic  complexes wi th  the 
p roper  M-M distance have been synthesized [e.g., see 
Ref. (100-103)] and appear  to occur na tu ra l ly  in 
hemeythr in .  

For  any  of the pa thways  in Fig. 9, considerable  
questions exist  as to the revers ib i l i ty  of the O2 adsorp-  
t ion step at  the ra the r  high rates  involved wi th  p rac -  
t ical  O2 cathodes. For  02 to bond to M ~ wil l  genera l ly  
requi re  the rep lacement  of a wa te r  molecule  or anion 
of the e l ec t ro ly t e - - a  s i tuat ion which would  no rma l ly  
be expected to be unfavorab le  to O2 unless the O2 ad -  
duct  has a pronounced dipolar  charac ter  (Mz+10-O - )  
(104, 105). 

Of the various possibil i t ies for  catalysts  which pro-  
mote the 4-e lect ron reduction,  the t rans i t ion  meta l  
macrocycl ics  appear  pa r t i cu l a r ly  promising.  In  the 
work  in our  l abo ra to ry  these are  adsorp t ive ly  a t tached 
to high area  conduct ing substrates,  as monolayers .  

so; 

N ~ =N 
, S O  3 
i 

N-- F~ --N 
I S 

N 

Fig. 10. The molecule: cobalt tetrasulfonated phthalocyanine 
(CoTSPc). 

The wa te r  soluble i ron te t rasu l fonated  ph tha locyanine  
(Fe -TSPc)  (Fig. 10) s t rongly  adsorbs on graphi te  and 
at  monolayer  levels has high act iv i ty  for the overa l l  
4-e lect ron reduct ion of 02 in neu t ra l  and di lute  a lka -  
l ine electrolytes.  The ca ta ly t ic  ac t iv i ty  per  uni t  sur -  
face area  is higher  than  for p la t inum.  Rotat ing disk-  
r ing electrode measurements  indicate  no detectable  
peroxide  over  a subs tant ia l  po ten t ia l  range (106). The 
pr incipal  p rob lem is the s tab i l i ty  of the i ron macro-  
cyclic in concentra ted  caustic and  acid solutions. In  
contras t  to the Fe-TSPc ,  the adsorbed Co-TSPc ca ta-  
lyzes the reduct ion of O2 to the perox ide  (106, 107). 

The in terac t ion  of the adsorbed  Co-TSPc and Fe -  
TSPc wi th  the subs t ra te  e lectrode surface (graphite ,  
Pt, and Au)  has been s tudied using vis ible  reflectance 
spectroscopy (108) (see Fig. 11). The reflectance 
spectra  of the adsorbed Fe -TSPc  and Co-TSPc mono-  
layers  undergo substant ia l  changes at  constant  po ten-  
t ial  wi th  the in t roduct ion of O2 into the electrolyte.  We 
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Fig. !1. Reflectance spectra of Fe(Ill)-TSPc in 0.1m NaOH ad- 
sorbed on (a) the'basal plane of stress annealed pyrolytic graphite 
electrode (SAPG) at 0.90V vs. RHE and (b) a Pt electrode at 0.70V 
with At( ) and O2 ( - - - )  saturated solutions. Perpendicular 
polarization (108). 
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for different electrode potentials in 0.05m H~SO4 4- 
CoTSPc; 514.5 nm; power at the sample 50 mW (15). 
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Fig. 12. Raman spectra of CoTSPc adsorbed on an Ag electrode 
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Fig. 13. Possible configurations 
for CoTSPc adsorbed on an elec- 
trode surface (15). 

bel ieve  this is caused by  the fo rmat ion  of an O2 ad -  
duct  w i th  the  adsorbed species. The R a m a n  spec t rum of 
the  Co-TSPc (Fig. 12) has also been obta ined  wi th  this 
complex  adsorbed  on si lver,  which provides  a la rge  
surface enhancement  of the  Raman  signal  (15). F u r -  
ther  work  is needed  to i n t e rp re t  the  Raman  spect ra  
and the i r  potent ia l  dependence.  On the basis of the  
s t rong adsorpt ion  and the Raman  data,  we be l ieve  
tha t  the Co-TSPc is adsorbed  on the s i lver  as shown b y  
model  C in Fig. 13 wi th  one of the  Co-TSPc units  in 
the Os br idge  d imer  in terac t ing  d i rec t ly  wi th  the  me ta l  
substrate.  We do not  ye t  have Raman  da ta  for  the  
F e - T S P c  bu t  suspect  tha t  the adsorpt ion  m a y  be in  a 
s imiIar  configuration. Dimer ic  - O - O -  complexes  
have been proposed in aqueous solutions for bo th  the  
Fe -TSPc  and Co-TSPc,  p r inc ipa l ly  on the basis of the 
u .v . -vis ible  absorpt ion  spectra.  The - O - O -  b r idged  
complex would  be a l ike ly  candida te  in the case of the 
adsorbed  Fe -TSPc  to expla in  the 4-e lec t ron reduction.  
The Co-TSPc appa ren t ly  also forms such a br idge  bu t  
because of its redox proper t ies  or some other  factors,  
does not  undergo reduct ion  via  a 4-e lec t ron  p a thw a y  
(107). 

Collman, Anson, and  the i r  co -workers  (109) have 
recen t ly  synthesized covalent ly  l inked  face- to - face  di-  
cobal t  p rophyr in  dimers  wi th  the p rope r  spacing to 
form a Co-O-O-Co bridge.  Wi th  r e l a t ive ly  th ick l ay -  
ers  of this complex  graphite ,  ro ta t ing  d i sk - r ing  e lec-  
t rode  measurements  also indicate  a 4-e lec t ron r educ -  
t ion in acid electrolytes ,  ver i fy ing  tha t  the  b r idged  
complex can promote  the overa l l  4-e lec t ron reduct ion.  
The complexes of Col lman et al., however,  a re  expen-  
sive to synthesize  wi th  m a n y  steps while  the  approach  
involving adsorbed solubil ized complexes is not. 

W h i l e  these are  encouraging fundamenta l  deve lop-  
ments  in O3 electrocatalysis ,  i t  is difficult to t rans la te  
them into prac t ica l  electrodes,  p r inc ipa l ly  because of 
ca ta lys t  s tab i l i ty  problems.  Research  is in progress  at  
Case to es tabl ish  whe the r  o ther  macrocycl ic  cata lys ts  
affording M - O - O - M  br idg ing  m a y  have  grea te r  s ta -  
bil i ty.  
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ABSTRACT 

The e lec t rochemical  and  chemical  behav io r  of copper  and copper  chlorides 
was s tudied  in 1.5M LiA1C14-SOCI~ solut ions using cyclic vol tammetr ic ,  con- 
t ro l led  po ten t ia l  electrolysis ,  and  x - r a y  techniques. I t  was shown tha t  copper 
meta l  reacts  wi th  th ionyl  chlor ide even at  ambien t  t empera tu re s  resul t ing  in 
the  fo rmat ion  of cuprous chlor ide and cupr ic  sulfide. In  LiA1C14-SOCls solu-  
tions, cuprous chlor ide  is fu r the r  oxidized, chemica l ly  as wel l  as e lec t ro-  
chemical ly ,  to cupric  chloride. Cupric chlor ide was found to be e lect roact ive  
in these solut ions and undergoes  reduct ion  in the  solid s ta te  to cuprous chlo-  
r ide  and copper,  respect ively .  I t  was also found tha t  due to the  presence of 
copper  chlor ide  films at  the copper me ta l  e lec t rode  in these solutions, the  elec-  
t rochemical  reduc t ion  of th ionyl  chlor ide  at  copper  e lectrodes occurs at  more  
nega t ive  potent ia ls  than  observed at  carbon electrodes.  

Copper  me ta l  has been recen t ly  used as a cathode 
addi t ive  (1) to enhance the pe r fo rmance  of l i th ium-  
th ionyl  chlor ide  bat ter ies .  Thionyl  chlor ide  is known 
(2, 3) to reac t  r ap id ly  wi th  a number  of meta ls  a t  
h igh  t empera tu re s  and  more  s lowly  at  ambien t  t em-  
pe ra tu res  bu t  the  chemical  l i t e r a tu re  is devoid  of any  
in format ion  on the react ion of copper  me ta l  wi th  
th iony l  chloride.  Fu r the r ,  to date, no studies have  
been  repor ted  on the e lec t rochemical  behavior  of cop-  
pe r  me ta l  in th ionyl  chlor ide  solutions. We have, 
therefore ,  inves t iga ted  the chemical  as wel l  as e lec t ro-  
chemical  behav ior  of copper  me ta l  in 1.5M LiA1C14- 
SOCI~ solutions using cyclic vo l t ammet r i c  technique  
and x - r a y  analysis.  This p a p e r  summar izes  our  re-  
sults. 

Experimental 
The p repa ra t ion  and purif icat ion (4) of th ionyl  

chlor ide  (SOCI~) and l i th ium te t rach lo roa lumina te  
(LiA1Cl4) and o the r  expe r imen t a l  deta i l s  (5-7) have 
been descr ibed previously.  A th ree  e lec t rode  sys tem 
was used for a l l  measurements .  The l i th ium reference  
e lec t rode  was separa ted  f rom the l i t h ium counter -  
e lec t rode  and copper  work ing  e lec t rode  by  use of a P y -  
r ex  tube  (10 m m  diam)  wi th  a coarse poros i ty  f r i t t ed  
glass bottom. The copper  e lec t rode  was fabr ica ted  by  
machin ing  a p iece  of pure  copper  rod  (m5N + pur i ty ;  
Alfa  Division, Vent ron  Corpora t ion)  to 4.064 m m  diam 
and  th read ing  i t  to another  copper  rod  of unknown 
pur i ty .  The e lec t rode  was then  hea t  sea led in a sh r ink -  
ab le  Teflon tub ing  and the end ground  flush wi th  the 
seal  so as to expose the  cross section of the  pure  
copper  rod. 

The  copper  e lect rodes  were  mechan ica l ly  pol ished 
on crocus cloth and soft paper  before  recording  each 
vo l tammogram.  The cross-sect ion a rea  of the copper  
e lec t rode  was 0.13 cm 2. F o r  contro l led  potent ia l  e lec-  

* Electrochemical Society Active Member. 
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t rolysis  exper iments ,  a s t r ip  of pure  copper  metal  
foil  (m5N pur i ty ;  Alfa  Division, Vent ron  Corporat ion,  
1 • 5 cm; 0.127 nun thick)  was used as the  work ing  
electrode.  

Al l  exper iments  were  pe r fo rmed  inside a d ry - t r a in ,  
d r y - l a b  (Vacuum Atmosphere  Corpora t ion)  in  a pure  
d r i ed  argon a tmosphere .  

Results and Discussion 
Thionyl  chlor ide  was found to reac t  wi th  copper 

meta l  (foil  or  wi re )  even at  room t e m p e r a t u r e  re-  
sulting first in the format ion  of a b lack  film on the 
copper  meta l  surface fo l lowed b y  its complete  d is in-  
tegra t ion  in a few days. The reac t ion  was also ac-  
companied  b y  gassing, p r e suma b ly  due to the fo rma-  
t ion of sul fur  d ioxide  (see Eq. [1] be low) .  X-ray  
analysis  of the  sohd produc t  indica ted  i t  to be ma in ly  
cuprous chlor ide  (CuC1). However ,  the  p roduc t  was 
only pa r t i a l l y  soluble  in hydrochlor ic  acid and lef t  
behind  a smal l  res idue  af ter  a number  of washings  
wi th  hydrochlor ic  acid. The hydrochlor ic  acid solu-  
t ion was ana lyzed  and gave posi t ive tests (8, 9) for  
cuprous chloride.  The b lack  res idue was identif ied b y  
x - r a y  analysis  to be cupric  sulfide (CuS) .  The react ion 
of copper  wi th  th ionyl  chlor ide at  ambien t  t e m p e r a -  
tures  may,  therefore,  be represen ted  by  the equat ion 

5Cu + 2SOC12-~ 4CuCl + CuS + SOz [i] 

Cupric sulfide is known (2, 10) to react with thionyl 
chloride at 150~ according to the equation 

CuS + 2SOC12 -> CuCl2 + S~C12 + SO2 [2] 

However ,  i t  appears  tha t  this reac t ion  (Eq. [2]) does 
not  occur at  ambien t  tempera tures .  

In  LiA1C14-SOCle solutions, a b lack  film is fo rmed  
on the copper  meta l  first bu t  i t  r a p id ly  t ransforms  into 
a ye l low film. Af te r  a few hours,  the  copper  me ta l  foil  
covered wi th  the  ye l low film was removed,  washed 
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with  th ionyl  chloride,  and vacuum dried.  The ye l low 
film was identif ied by  x - r a y  analysis  to be cupric  
chlor ide (CuC12). It, therefore,  appears  that  in LiA1C14- 
SOC12 solutions, both  cuprous chlor ide and cupric  sul-  
fide are  at  least  pa r t i a l l y  conver ted  to cupric  chloride. 
The react ions may  be represen ted  by  equations, 

4CuCI + 2SOCI~-~ 4CuC12 + S + SO2 [3] 

CuS + LiAICI4 -~ LiAISCI~ + CuCl~ [4] 

A reaction similar to Eq. [4] has been shown to 
occur (II) between lithium sulfide and lithium tetra- 
chloroaluminate in thionyl chloride solutions. Lithium 
thiochloroaluminate (LiAISCIs) is soluble in thionyl 
chloride and has been proposed (Ii) as a new electro- 
lyte for l i th ium th ionyl  chlor ide  bat ter ies .  

The react ions of cuprous chlor ide and cupric  sulfide 
in LiA1C14-SOC12 solutions were  independen t ly  con-  
f irmed by  t rea t ing  reagen t  grade  samples  wi th  1.5N[ 
solutions. While  the  cuprous chlor ide  sample  was 
comple te ly  conver ted  to b rown cupric  chlor ide  in a 
few hours, the  react ion of cupric  sulfide was m u c h  
s lower  and only a pa r t  of the b lack  cupric  sulfide 
sample  was conver ted  to b rown-cup r i c  chloride.  T h e  
specific role  of l i th ium te t rach loroa lumina te  in t h e s e  
reactions,  however ,  needs to be f u r t h e r  invest igated.  

Copper  meta l  also reac ted  wi th  A1Clz-SOC12 solu- 
tions to form an  outer  l aye r  of cupric  chlor ide  film. 
Since a luminum chloride is known (12) to ca ta lyze  t h e  
react ion of meta ls  wi th  th ionyl  chloride, cuprous chlo-  
r ide fo rmed  by  the react ion of copper  meta l  wi th  
th ionyl  chlor ide  is fu r the r  oxidized to cupric  chlor ide  
in A1CI~-SOC12 solutions. However ,  in cont ras t  to 
LiA1CI4-SOCI2 solutions, cupric  sulfide does not  reac t  
wi th  A1CI~-SOC12 solutions to form cupric  chloride.  

If  the ye l low cupric chlor ide film fo rmed  on copper 
electrodes in LiA1CI4-SOC12 or  A1C13-SOCls solutions 
is carefu l ly  scraped, a thin l aye r  of or iginal  ma in ly  
cuprous chlor ide  film is found intact  nex t  to the copper  
me ta l  surface and undernea th  the outer  cupric  chlo-  
r ide film. This is not  surpr is ing  since copper  meta l  
would be t he rmodynamica l ly  unstable  in contact  wi th  
cupric  chloride. 

Copper  meta l  e lect rode momen ta r i l y  exhibi ts  an 
open-c i rcu i t  potent ia l  1 of ,~2.85V when first in t roduced  
in 1.5M LiA1C14-SOC12 solution, bu t  the poten t ia l  
quickly  increases to ~3.36V. This increase  in open-  
c i rcui t  potent ia l  can be expla ined  by  the chemical  
t ransformat ion  of the or iginal  ma in ly  cuprous chlor ide  
film to cupric  chlor ide film as discussed above. Thus 
the copper e lec t rode  assumes the Cu (I) -Cu (O) couple 
potent ia l  when first in t roduced in LiA1CI4-SOC12 so- 
lut ion but  as some of the  cuprous chlor ide  film is 
chemical ly  conver ted  to cupric  chloride, the  e lect rode 
assumes a mixed  po ten t ia l  involving the two p ro -  
cesses. 

A typical  cyclic vo l t ammogram obta ined  at  the  
copper  e lect rode by  scanning i t  in the anodic direct ion 
f rom 3.3 to 5.8V at a scan ra te  of 0.09 V/sec  is shown 
in Fig. 1. The cyclic vo l t ammogram shows an increas-  
ing anodic cur ren t  as the potent ia l  becomes more  posi-  
t ive and exhibi ts  an anodic peak  at  ~,3.63V. Af te r  the 
anodic peak, the e lec t rode  is pass ivated  due to the  for -  
mat ion  of a ye l low film on the e lect rode surface. Thus, 
due to the pass ivat ion  of the electrode, the cyclic 
vo l t ammogram does not show the anodic peaks  for 
the oxidat ion  of LiA1C]4-SOC12 solutions which  are  
observed (6, 11) at  glassy carbon electrodes at  po ten-  
t ials above 4.0V. The  e lect rode remains  pass iva ted  
dur ing  the reverse  scan t i l l  the onset  of a reduct ion 
process at  ,-~3.55V. 

Cyclic vo l t ammograms  s imi lar  to those presented  in 
Fig. 1 were  obta ined  at  scan rates of 0.01-1.0 V/sec  and 
the anodic peak  height  increased wi th  increas ing scan 
rate .  

Z All potent ia l s  are  repor ted  w i t h  respect  to  the  l i th ium ref-  
e r e n c e  e lec trode .  

1.5 M LiAIClr - SOCI 2 

0 SCAN RATE 0.09 V/S / 

:1 

i I 
6 5 4 

ELECTRODE POIENTIAL VERSUS LITHIUM REFERENCE, VOLTS 

Fig. l. Typical cyclic voltammogram obtained by scanning the 
copper electrode between 3.3 and 5.8V. 

Control led potent ia l  e lectrolysis  of a s t r ip  of copper  
foil  at  4.0V for 16 hr  resul ted  in the format ion  of a 
th ick ye l low film. Af t e r  the electrolysis,  the copper 
foil  covered wi th  the ye l low film was removed,  re -  
pea ted ly  washed wi th  th ionyl  chloride,  and vacuum 
dried. The ye l low film was then identif ied by  x - r a y  
analysis  to be cupric  chlor ide (CuCl2). Again  a th in  
l aye r  of ma in ly  cuprous chlor ide  film was found in tac t  
nex t  to the  copper  meta l  surface and unde rnea th  the 
outer  cupric  chlor ide  film. 

Thus, the anodic peak  at  ~3.63V in the cyclic 
vo l t ammogram presented  in Fig. l m a y  be assigned to 
the  oxidat ion  of cuprous chlor ide to cupric  chlor ide 

CuCI + SOC12 + AICI4- ~ CuCl~ 

+ SOCI+AICI4 - + e [6] 

The anodic peak  height  in these vo l t ammograms  
was found to depend to a la rge  ex ten t  on the  t ime for 
which the electrode was held  at  open circui t  before  
recording the cyclic vol tammograms.  Thus as the t ime 
in te rva l  was increased,  a l a rger  pa r t  of the  cuprous 
ch lor ide-cupr ic  sulfide film conver ted  chemical ly  to 
cupric  chlor ide (Eq. [3] and [4]) so tha t  only  a smal l  
anodic peak, due to the e lect rochemical  oxida t ion  of 
cuprous chloride to cupric  chloride, was observed.  

In the nex t  series of exper iments ,  the copper  meta l  
e lec t rode  was held  at  4.0V for a few minutes  before  
recording  the cyclic vo l t ammograms  in the cathodic 
direction. A la rge  anodic cur ren t  is in i t ia l ly  observed 
at  4.0V due to the format ion  of cupric  chlor ide  bu t  i t  
qu ickly  decreases to a smal l  s t eady-s ta te  anodic cur-  
rent.  A typica l  cyclic vo l t a mmogra m obta ined by  
scanning the copper  e lec t rode  f rom 4.0 to 2.0V a t  a 
scan ra te  of 0.05 V/sec is shown in Fig. 2. The cyclic 
vo l t ammogram shows two reduct ion peaks  at  ~2.7 
and ~2.1V and corresponding anodic peaks  are  ob-  
served at  ~3.7 and ~2.9V, respect ively,  dur ing  the 
reverse  scan. If  the copper  e lec t rode  is scanned to 
2.5V, only the reduct ion peak  at  ~2.7V and the cor-  
responding  oxidat ion  peak  at  ~3.7V are  observed 
in the cyclic vo l tammograms.  S imi l a r  cyclic vo l t am-  
mograms were  obta ined  at  scan ra tes  of 0.01 to 0.I 
V/sec. A t  h igher  scan rates,  the  reduct ion peak  at  
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Fig. 2. Typical cyclic voltammogram obtained by scanning the 
copper electrode between 4.0 and 2.0V (solid curve); broken curve is 
obtained if the scan is reversed at 2.5V. 

~2.1V was indiscernible  and only  one la rge  anodic 
peak  was observed  dur ing  the reverse  scan. 

Control led  potent ia l  e lectrolysis  of a s t r ip  of pure  
meta l  foil at  2.75V for ,~16 h r  resul ted  in a l ight  b lue  
film on the e lec t rode  surface. The copper  me ta l  foil 
was removed,  washed wi th  th ionyl  chloride,  and vac-  
uum dried.  The l igh t  b lue  film was identif ied as 
cuprous chlor ide (CuC1) by  x - r a y  analysis.  Thus, the 
reduct ion  peak  in the cyclic vo l t ammograms  at  ,~2.7V 
(Fig. 2) m a y  be ascr ibed due to the reduct ion  of cupric  
chlor ide  to cuprous chlor ide  according to the  equa-  
tion 

CuClz + Li+ + e ~  CuCl + LiC1 [6] 

and the corresponding anodic at ,~3.7V to the oxida- 
tion of cuprous chloride to cupric chloride according 
to Eq. [5] as discussed above. 

The cell potential for the hypothetical solid-state 
cell, Li/LiCI/CuCI2,CuCI/C was calculated to be 
3.557V from the free energies of formation of lithium 
chloride (13a), cupric  chlor ide (13b), and cuprous 
chlor ide  (13b). I t  is seen tha t  the  e lec t rochemical  re-  
duction of cupric  chlor ide  to cuprous chlor ide  in 
LiA1C14-SOC12 solutions occurs at  potent ia ls  (,~3.5V) 
close to the theore t i ca l ly  p red ic ted  value.  

Dur ing  the course of these exper iments ,  i t  was 
not iced tha t  a thin l aye r  of meta l l ic  copper  deposi ted 
on the l i th ium counterelectrode.  Since cupric  chlor ide  
was found to have  negl igible  so lubi l i ty  in LiA1C14- 
SOC12 solutions, i t  appears  l ike ly  tha t  dur ing  the re -  
duct ion of cupric  chlor ide  to cuprous chloride, pa r t  of 
cupric  chlor ide  complexes wi th  chlor ide  ions and goes 
into solut ion as CuC14- -  ions. A s imi lar  exp lana t ion  
was offered by  Rao (14) to account for the increased 
solubi l i ty  of cuprous chlor ide dur ing  discharge in 
LiA1Cl4-propylene carbonate  solutions. Copper  me ta l  
is then p la ted  on the l i th ium countere lec t rode  by  the 
reac t ion  of l i th ium meta l  wi th  CuC14- -  ions in solu-  
tion. 

The reduct ion peak  at  ,~2.1V in the cyclic vo l t am-  
mograms (Fig. 2) may  be ascr ibed to the reduct ion of 
cuprous chlor ide to copper  me ta l  

CuC1 -k Li  + 4- e-> Cu 4- LiC1 [7] 

and the corresponding anodic peak  at  ,~2.9V to the 
oxidat ion  of copper  me ta l  to cuprous  chlor ide  ac-  
cording to the equat ion 

Cu + SOCI~. + A1C14- --, CuC1 + SOCl+AIC14 - + e 

[8] 

As soon as some cuprous chlor ide  is reduced  to 
copper metal ,  the  cathodic cur ren t  r ap id ly  increases 
at  ~2.0V due  to the  s imul taneous  reduct ion of th ionyl  
chlor ide at  the bare  copper  me ta l  surface. Thus, the 
cuprous chlor ide  reduct ion peak  at  ,~2.1V appears  only  
as a smal l  s tep to the l a rge r  reduct ion peak  at  ,~l.6V 
in the cyclic vo l t ammograms  (Fig. 3) a t  scan ra tes  
be low ~0.1 V/sec  and merges  wi th  the  l a rge r  r educ-  
tion peak  at  h igher  scan rates. 

Control led potent ia l  e lectrolysis  of a s t r ip  of copper  
meta l  foil  a t  1.5V resul ted  only in a l i th ium chlor ide  
film on the bare  copper meta l  surface. Thus, a t  po-  
tent ia ls  negat ive  to -~2.0V, the  copper  chlor ide  films 
as wel l  as any  unreac ted  cupric  sulfide on the e lec t rode  
surface are  al l  reduced to metal l ic  copper.  I t  is also 
seen tha t  the  presence of var ious  films on copper  elec-  
t rodes at  potent ia ls  posi t ive to ~2.0V block the r e -  
duct ion of th ionyl  chloride.  As soon as these films are  
reduced,  the copper  meta l  surface becomes ava i lab le  
for the reduct ion of th ionyl  chloride. Thus, the e lec t ro-  
chemical  reduct ion of th ionyl  chlor ide  at  copper  elec-  
t rodes occurs at  more negat ive  potent ia ls  than  ob-  
served at  carbon electrodes (6, 7, 11, 15, 16) and m a y  
be  represen ted  by  the gene ra l ly  accepted equat ion 
(6, 7, 11, 17-20) 

2SOC12 4- 4Li + -t- 4e-> 4LiC1 4- S 4- SO~ [9] 

Due to high background  currents  a t  copper  elec-  
t rodes in the potent ia l  region of l~2V, o ther  minor  
reduct ion peaks (6, 7, 11, 15) observed  at  carbon 
electrodes in this potent ia l  region are  not  discernible  
in the cyclic vo l tammograms.  At  more  negat ive  po-  
tent ia ls  (,-, --0.25V), a large  increase  in the cathodic 
cur ren t  is observed due to the deposi t ion of l i th ium 
metal .  On the reverse  scan, an anodic peak  for the  dis-  
solut ion of deposi ted l i th ium meta l  is observed a t  
~0.15V and at  more  posi t ive potent ials ,  a minor  oxi -  
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Fig. 3. Typical cyclic voltammogram obtained by scanning the 
copper electrode between 4.0 and --0.35V. 
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dation peak is observed at ,~l.9V followed by the 
anodic peaks for the oxidation of copper to cuprous 
chloride at -~2.95V and cuprous chloride to cupric chlo- 
ride at ~3.7V, ~respectively. 

From the results presented above, it is seen that 
the electrochemical reduction of cupric chloride to 
cuprous chloride in LiA1C14-SOCIz solutions occurs at 
about similar potentials as the electrochemical reduc- 
tion of thionyl chloride at Shawinigan black carbon 
electrodes (4). It is also seen that the cupric chloride/ 
cuprous chloride redox couple is catalytic in LiA1Cla- 
SOCls solutions and results in the regeneration of 
cupric chloride by the reaction of cuprous chloride 
with thionyl chloride. Cupric chloride, therefore, ap- 
pears to be a useful cathode additive for lithium- 
thionyl chloride batteries. Preliminary results (21) 
with Shawinigan black carbon cathodes containing 
about 21.7 weight percent of cupric chloride indicate 
that these electrodes show less polarization, particu- 
larly at high current densities, than the Shawinigan 
black carbon cathodes without the cupric chloride 
additive. 
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Effect of Sulfur Impurities on /i/TiS2 Cells 

B. M. L. Rao and J. A. Shropshire 
Exxon Research and Engineering Company, Advanced Energy Systems Laboratory, Linden, New Jersey 07036 

ABSTRACT 

Conditions leading to the generation of sulfur and hydrogen sulfide from 
TiS2 can occur with uncontrolled handling of the active material during the 
fabrication of Li/TiS2 cells. These impurities affect the storage behavior of 
the ambient temperatures rechargeable organic electrolyte cells. An in- 
crease in the lithium anode polarization and self-discharge of the cells is 
witnessed in the presence of these impurities. A mechanism of LisSn film for- 
mation and Sn-~/Sn-x -s  redox shuttle is discussed to account for the observed 
results. 

In previous work, operation of high energy density 
Li/TiS2 cells in organic electrolytes (1-3), molten 
salts (4-6), and solid electrolyte (7), has drawn at- 
tention to several important chemical reactions which 
influence the TiS2 half-cell performance in organic 
electrolyte cells. These include: (i) the effect of 
nonstoichiometry in the titanium and sulfur ratio 
in the active material, and (ii) the intercalation of 
solvents. The former, leading to the generation of 
Til+~Ss, results in diminished rate capability of the 
cells, due to a reduction of lithium diffusion rate in 

Key words: electrolyte cell, discharge, chelation. 

the host lattice (8). The latter, a phenomenon of 
solvent co-intercalation along with lithium, results in 
a large expansion of c-axis distance. This event occurs 
in the presence of trace amounts of water, which is a 
common impurity in organic electrolytes. For example, 
co-intercalation of electrolyte solvents, such as pro- 
pylene carbonate, dimethyl sulfoxide, and diglyme, 
result (6) in c-lattice expansion of 14-19A compared 
to 6.2A for the intercalation of lithium into TiSs. Such 
large lattice expansion causes an excessive volume 
change during the cell operation. In this study, we 
have observed that sulfur-based impurities also affect 
the rate capability and storage life of Li/TiS~ cells. 
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Background Information 
Origin of sulfur-based impurities, i.e., free elemental 

sulfur, or hydrogen sulfide in TiS~, may be traced to 
either of the following sources: (i) nonequilibrium 
conditions of production of TiS~ (from the elements, 
or by the reaction of H2S and TIC14), a n d  (ii) uncon- 
trolled treatments and handling of the active m a t e -  
rial .  

Solvent extraction procedures (9) are effective in 
the removal of impurit ies from the TiS~ samples. The 
purified TiS2 is stable in a dry, inert  environment, as 
the estimated equilibrium sulfur vapor pressure is 
~10 -6 atm at room temperature.  However, regenera-  
tion of these impurities occurs on contact with mois- 
ture and air. Moist air  (,~40% RH) reacts with ba t -  
tery grade, high surface area (,-~5 me/g) TiS2 powder 
and releases hydrogen sulfide. This reaction appears 
to be gradually retarded by the formation of a TiO~ 
surface film. Although TiS2 may be handled, to a 
l imited extent, in the dry  room (<1.5% RH), H~S 
monitoring systems need to be employed to take pre-  
cautions against an accumulation or release of toxic 
levels of the gas. Interaction of TiS~ with dry air  r e -  
su l t s  in the release of free elemental sulfur (7), with 
the formation of nonstoichiometric TiS~, i.e., Tix+~S2 
and TiOsy (y ,~ 1). This reaction is natural ly  a c -  
c e l e r a t e d  by an increase in temperature.  Combustion of 
TiS~ ensues at  >232~ init iated by the auto-ignition 
of l iberated sulfur. This reaction is of importance in 
controlling conditions of fabrication (9) of t h e r m a l  
bonded TiS~ electrodes with plastic binders. 

Based on the aforementioned reactions, regenera-  
tion of sulfur-based impurities may reoccur in puri-  
fied TiS2 during handling of the material  for the manu-  
facture of electrodes, cell assembly, and storage con- 
ditions. This paper discusses the effect of these im- 
purities on the storage behavior of Li/TiS~ cells in 
an organic electrolyte. 

Fig. 1. Anode polarization data on open-circuit stand in the 
presence of "S" and "H~S" in Li/TiS2 cells. 

Experimental 
Cells.--The Li/TiS~ test cells were of one anode, 

one cathode, paral lel  plate, prismatic configuration. 
The negative electrode was 0.025 cm thick, 6.45 cm 2 
l i thium foil pressed on copper grid. The positive elec- 
trode was a sintered porous cake (,~45% porosity) of 
,~0.99g TiS~ and 0.1g polytetrafluoroethylene, which 
was prepared using solvent-treated TiS2 and hot- 
pressed onto a (6.45 cm 2) tantalum grid in a helium 
dry box. The electrodes were individually enclosed in 
microporous polyethylene bags and were sandwiched 
across a 0.04 cm porous fiberglass mat  separator. A 
polyethylene bag served as the cell container. Stack 
pressure was realized by clamping the cell between 
metal  plates. The cells were assembled with l i thium 
reference electrodes in a dry room (<1.5% RH) and 
placed in suitable jars with leads to exclude atmo- 
spheric contamination. The cells were tested after 
addition of 2.5-3.5 ml of 2.5M LiSCN.1,3-dioxolane, 
an electrolyte previously developed for rechargeable 
Li/TiS2 cells (10). 

Tests.--Cells assembled,  as described above, served 
as controls for comparison of storage behavior in the 
presence of sulfur and hydrogen sulfide impurities. 
Current-potential  profiles and the open-circuit  voltage 
behavior were investigated as a function of room 
temperature storage duration in these experiments. 
The former was obtained in a galvanostatic polariza- 
tion for a period of 1 rain, measuring the li thium 
half-cell  behavior during the test. The spread in the 
data indicated in various sets of data in Fig. 1 cover 
the voltage excursions noted from the start  to the 
end of the polarization experiments. 

The effect of elemental sulfur was studied by as- 
sembling Li/TiS2 cells, as above, with deliberate con- 
tamination of the TiS2 electrode with the impuri ty  as 
different from the use of excess sulfur as cathode a c -  

tive material  with transition metal chalcogenide by 
Broadhead (11). For this purpose, TiS2 electrodes, 
similar to the ones used in control cells, were smeared 
with 0.06g of sulfur powder on the 6.45 em ~ area. Test 
cells were assembled with the sulfur-containing side 
facing the lithium electrode. The effect of hydrogen 
sulfide was examined by using TiS2 cathodes exposed to 
laboratory humidity (,-,40% RH). The formation of 
~200 ppm H2S under this condition was noted in ,-,20 
rain of exposure (5), by the tarnishing of lead acetate 
paper positioned 1 in. away from the electrode. 

In supplementary experiments, the solubility of sul- 
fur in l :3-dioxolane was measured to be 0.02g/100 ml 
solvent. Chemical analysis of electrode products of 
self-discharged cells indicated sulfur species in the 
anode film by x - r ay  fluorescence and Li~TiS2 was de- 
tected in the TiSg. cathode by x - ray  diffraction. 

Results 
Figure 1, set 1, provides the current-potential  be- 

havior of the lithium half-cell  of the Li/TiS2 cel l  ob- 
served during discharge of two control cells, at  1 hr  
and 18 days storage, after the addition of electrolyte. 
This set also represents the l i thium anode polarization 
data at 1 hr soak, for two cells containing sulfur im- 
purity. After 60 hr of stand, the l i thium anode ex- 
hibited the behavior represented in Fig. 1, set 2, in the 
presence of sulfur in the cell. Figure 1, set 3, i l lustrates 
lithium anode polarization for two cells, with cathodes 
containing H2S, after 1 hr and 18 days of open-circuit  
stand, at room temperature. 

Figure 2 provides a comparison of open-circuit  volt-  
age of Li/TiS2 control cells, with similar data over a 2 
month period at N23~ on cells containing sulfur and 
hydrogen sulfide impurities at levels of earl ier  de- 
scription. 
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Fig. 2. Open-circuit voltage of Li/TiS~ cells 

Discussion 
Data in Fig. 1 and 2 indicate an increase in l i thium 

anode polarization and a self-discharge of Li/TiS~ cells 
in the presence of sulfur and hydrogen sulfide. As these 
impurities originate at the TiS2 electrode, they are pre-  
sumably transported to the anode, as dissolved species, 
and interactions in Eq. [1]- [3] occur 

2Li 4- T s s  -~ Li2Sn [1] 

2Li 4- H2S -~ Li2S 4- I-Is [2] 

2Li + 2H2S -> 2IAHS -t- H~. [3] 

The formation of Li2Sn, Li2S, or LiHS films on the 
anode account for the increase in polarization voltage 
of the lithium half-cells in Fig. 1. This is plausible, as 
sulfur and H2S are observed to be soluble in the elec- 
trolyte and sulfur has been detected on the anode by 
x- ray  fluorescence analysis. The differences in the mag- 
nitude of the polarization voltage and the time effect 
variations between sulfur and H2S containing cells in 
Fig. 1, sets 1-3, are not only caused by the differences 
in the quantity of impurities, their solubility, diffusion 
transport, etc., but also by the film composition, com- 
pactness, and other parameters. 

Although the reactions in [1]-[3] may account for 
the increased polarization voltage of the lithium elec- 
trode on storage of Li/TiSz cells, these reactions alone 
cannot explain the self-discharge noted in Fig. 2. 

It is noted, in Fig. 2, that control cells exhibit formal 
potentials of Li/TiS2 cells above 2.42V measured for 
fully charged cycled cells. This initial behavior is due 
to the fact that the TiS2 half-cell  potential is not in 
equilibrium in the absence of small amounts of Li=TiS2. 
The formal potential is influenced by small quantities 
of other impurities, such as dissolved oxygen per-  
oxides, or (CNS)x in the LiSCN-l:3-dioxolane elec- 
trolyte. However, emf of the control cells stored in the 
dry room over a 60 day period do not drift below the 
expected 2.42V for the Li/TiS2 system. 

In comparison to the data of the control cells, the 
open-circuit voltage of Li/TiS2 shows a self-discharge 
behavior, in that the cell voltage drifts below 2A2V in 

the presence of sulfur and H2S impurities. I t  appears 
that  these impurities par t ia l ly  solubilize the films 
formed in reactions [1]-[3] to generate polysulfides of 
composition Sn-% If the emf of the TiS2 and LixTiS2 
half-cell is favorable for the oxidation of the polysul- 
fide species, then a soluble redox couple may result. 
Shuttling of these species between the lithium and 
TiS2 electrodes could cause the observed self-discharge. 
Equations [4]-[6] describe this phenomenon 

Li~S.-~ 2Li + 4- S~-2 [4] 

At Li ~ ( - r e )  electrode 

S.-s + zLi ~ -> zLi+ 4- S,_x-s + xe [~] 

At TiS2 (4-re)  electrode 

S._x-~ + xLi+ + TiS~ + ze-~ S. -24- 'I/xTiS~ [6] 

Conditions for the reoxidation of Sn-2/Sn-~ -2 couple 
is indicated by Rauh ctal. (12) to be 2.1V in electro- 
lytes with tetrahydrofuran, a cyclic ether solvent simi- 
lar to l :3-dioxolane.  This, indeed, is noted in Fig. 2, as 
the emf of the Li/TiS2 cells is >2.1V. The formation 
of LixTiS~, as evidenced by x - r ay  diffraction analysis 
of the cathode, represents the self-discharge reaction 
and the drop in cell voltage noted in the presence of 
the impurities in question. The initial fast drop in the 
open-circuit  voltage noted in Fig. 2 may correspond 
to a redox shuttle of Ss/Ss -2 to ,,~2.3V (12,13), and the 
remaining slower reactions to S , - 2 / S , - x - 2  (n = 8, 
x A= 2-4), as observed, to 2.1V in the previous work 
(12) on the study of the l i thium/dissolved sulfur bat-  
tery. Sulfur and H2S are l ikely to generate similar 
redox shuttles, in reactions [5} and [6] and, hence, 
the similarity in self-discharge in the presence of 
these impurities (Fig. 2). Lack of polysulfide formation 
indicated by Broadhead (11) in Li/NbSe2 and S cells, 
appears to be an effect of propylene carbonate medium. 

Based on the results of this study, it is indicated 
that exclusion of sulfur-based impurities is required to 
minimize the self-discharge of Li/TiS2 cells operating 
in cyclic ether solvents. 
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Semiconductor Electrodes 
XXXVI. Characteristics of n-MoSe s, n- and p-WSe 2 Electrodes in 

Aqueous Solution 

Fu-Ren F. Fan* and Allen J. Bard* 
Department oS Chemistry, The University of Texas at Austin, Austin, Texa~ 78713 

ABSTRACT 

Capacitance and voltammetric measurements were employed to investigate 
the electrochemical and photoelectrochemical (PEC) behavior of n-WSe2, 
p-WSe2, and n-MoSe2 single crystal electrodes in aqueous solutions contain- 
ing various redox couples (Br-/Br2, I-/Is-, Fe(CN)64-/Fe(CN)63-, Fe2+/ 

Fe 3+, HV+/HV 2+, and MV+/MV 2+, where HV is heptyl viologen and MV is 
methyl viologen). In supporting electrolyte (0.5M Na2SO4), the conduction 
bandedges of MoSes and WSe2, determined from the capacitance measure- 
ment, are at --0.14 and --0.44V vs. SCE, respectively, and the valence band- 
edge of WSe2 is at 0.93V vs. SCE. A bandgap of 1.4 eV for WSe2 was deter- 
mined either from the photocurrent action spectrum or from the capacitance 
measurement. The specific effects of iodide on the capacitance and voltam- 
metric behavior of layer-type compounds are compared. The characteristics 
of several PEC cells are also described. 

The appl ica t ion  of semiconductor  e lec t rode  photo-  
e lec t rochemical  (PEC) cells (1) for the  ut i l izat ion of 
solar  energy  for  the product ion of e lect r ic i ty  or chemi-  
cal species depends  on the  d iscovery  of inexpens ive  
and abundan t  mate r ia l s  wi th  an energy  gap which  
matches  the solar  spec t rum and which are  capable  of 
s table  operat ion.  Thus there  has been  an act ive search 
for  new semiconductor  mate r ia l s  for PEC cells which  
meet  these requirements .  

Tr ibutsch  (2) in t roduced  the concept  of using l a y e r -  
type  electrodes (e.g., MoS2, MoSe2, WSe2) for such ap-  
pl icat ions and a number  of recent  papers  (3-8)1 have 
descr ibed  PEC cells based on these mater ia ls .  These 
cells show quite good efficiencies and good s tabi l i ty  in 
aqueous and acetoni t r i le  solutions containing redox  
couples wi th  reasonab ly  posi t ive redox  potent ia ls  
(e.g., I - / I a - ) .  Wrighton  and co-workers  demons t ra ted  
that  MoSe2 and MoS2 can even photo-oxidize  chlor ide 
in h ighly  concent ra ted  aqueous LiC1 solutions (3). 

The behavior  and efficiencies of these cells depend 
s t rongly  on the na ture  of the e lect rode surface (4-8).  
A wide range  of scat ter  in the e lectrochemical  p a r a m -  
eters  (e.g., f la tband potent ial ,  VFB) and the PEC be -  
hav ior  is r epo r t ed  f rom different  laboratories .  These 
different  resul ts  are  appa ren t l y  due to the significant 
s ample - to - sample  var ia t ions  in the morphology of c rys-  
tals. For  example ,  the presence of exposed edges in the 
van  der  Waals  surface ( •  C-axis )  has been shown to 
lead  to significant da rk  anodic currents  at  n - t y p e  elec-  
t rodes and lower  pho tocur ren t  efficiencies (4c, 8b).  

In  this report ,  we  descr ibe  the vo l t ammet r i c  and 
impedance  measurements  of some care fu l ly  selected 
and we l l -behaved  n-MoSe2, n -  and p-WSe2 single 
crystals .  Some phys ica l  proper t ies ,  e.g., VF~ and the 
bandgap,  Eg, of WSe~, obta ined  b y  different  techniques 
are  compared.  The specific effect of iodide on the onset  

* E l e c t r o c h e m i c a i  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  c a u a c i t a n c e ,  v o l t a m m e t r y ,  i m p e d a n c e ,  pho toe l ec -  

t r o c h e m i c a l  behavior, solar ceils. 
1 A solar power conversion eff ic iency of  10.2% has  b e e n  reported 

for a cel l  b a s e d  on  n-WSe~ a n d  I-/I3- s y s t e m s  (5) .  

photopotent ia ls  of l a y e r - t y p e  compounds is compared  
wi th  VFB obta ined  by  capaci tance measurements .  We 
also discuss the per formance  of severa l  solar  cells com- 
posed of n-MoSe2 and (ha logen /ha l ide )  r edox  couples. 

Experimental 
The semiconductors  used, n-MoSes, n -  and p-WSe2, 

were  single crystals  generous ly  dona ted  by  Dr. B a r r y  
Mil ler  and Dr. F r a n k  DiSalvo, Bell  Laborator ies .  The 
deta i led  procedures  for selecting, mounting,  cleaning, 
and etching the single crystals  and  p r epa r ing  the 
ohmic contacts a re  s imi lar  to those prev ious ly  re -  
por ted  (4). The electrodes s tudied here  showed m i r r o r -  
l ike surfaces wi th  no obvious edges and pits  on the  
surfaces when examined  at  a magnificat ion of 100• 
They produced negl ig ib ly  smal l  da rk  oxidat ion  cu r -  
rents  ( <  1 #A cm -2) in 0.5M Na2SO4 be tween  --0.5 
and 1V vs. SCE. Typical ly,  the e lect rode areas of the 
semiconductors  were  0.03-0.2 cm 2. If  not  o therwise  
mentioned,  the exposed surface is the van der  Waals  
surface ( •  C-ax is ) .  

A convent ional  three-e lec t rode ,  s ing le -compar tmen t  
cell was used for all  exper iments .  The e lect rochemical  
cell (volume ,-~ 25 ml)  contained P t  disk and semicon-  
ductor  work ing  electrodes and was fi t ted wi th  a flat 
P y r e x  window for i l lumina t ion  of the semiconductor  
electrode. A p la t inum foil (N 40 cm 2) was used as the 
countere lec t rode  in the vo l tammet r ic  and i m p e d a n c e  
measurements .  An aqueous sa tu ra ted  calomel  elec-  
t rode (SCE) was used as the reference  electrode.  

The vo l t ammet r i c  exper iments  and the solar  cell  
measurements  were  pe r fo rmed  wi th  the  same apparatus 
and procedures  as repor ted  prev ious ly  (4). The l ight  
source used in the s tudy of the PEC effect was an Oriel  
Corpora t ion  (Stamford ,  Connect icut)  450W Xe 1amp. 
Exper iments  designed for specific wavelengths  em-  
p loyed an Oriel  7240 gra t ing  monochromator  wi th  a 
20 nm bandpass.  A red  fi l ter (590 nm cut -on)  was used 
with  the  Xe lamp. The rad ian t  in tens i ty  was m e a -  
sured wi th  an EG & G (Salem, Massachuset ts)  Model 
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550 Rad iomete r /Pho tomete r .  Neu t ra l  dens i ty  filters 
w e r e  used to v a r y  the  i n t e n s i t y  of  t h e  l ight.  

Al l  impedance  measurements  were  carr ied  out  wi th  
an aqueous 0.5M Na2SO4 solution, i f  not  o therwise  
mentioned.  The e lec t r ica l  c ircui t  a l lowed the appl ica-  
t ion of a var iab le  potent ia l  at  the semiconductor  e l ec -  
trode with respect  to the  reference  electrode.  The im-  
pedance  was measured  be tween  this work ing  e lec-  
t rode  and a large  ( ~  40 cm~) counterelect rode.  The  
appl ied  potent ia l  was cont ro l led  potent ios ta t ica l ly ,  and 
the  capaci tance was measured  as the  90 ~ quadra tu re  
s ignal  f rom a lock- in  amplif ier  (Pr ince ton  Appl ied  
Research, Model  HR-8)  wi th  exci ta t ion by  an ex te rna l  
a -c  genera to r  via  the  potent iostat .  The ampl i tude  of 
the s inusoidal  wave  super imposed  on the d-c  bias po-  
ten t ia l  was ~ 5 mV. The measured  capaci tances  w e r e  
ca l ib ra ted  by  rep lac ing  the e lec t rochemical  cell b y  a 
set  of s t andard  capacitors.  The quan t i ty  measured  was 
the equiva lent  series capacitance,  C, since the  diss ipa-  
t ion fac tor  ~RC, where  ~ is the  angu la r  f requency  a n d  
R is equ iva len t  series resistance,  was much s m a l l e r  
than  un i ty  for  al l  systems s tudied here,  as shown in 
the resul ts  below. The measured  impedance  values  
were  not  changed when  the countere lec t rode was 
pa r t i a l l y  l i f ted  out  of the solution; thus the  counter -  
e lec t rode  d id  not  contr ibute  signif icantly to the  re -  
por ted  capacitances.  Al l  impedance  measurements  w e r e  
per fo rmed  in the dark.  

Reagent  grade  chemicals  were  used wi thout  fu r the r  
purification. Al l  solutions were  p r e p a r e d  f rom t r ip ly  
dis t i l led wa te r  and were deoxygenated  for at  leas t  30 
min wi th  purified n i t rogen before  each exper iment .  Al l  
exper iments  were  car r ied  out  wi th  the  solut ion under  a 
n i t rogen atmosphere.  

Results 
Impedance measurements.~The capaci tance of an 

electrode as a function of f requency  and potent ia l  was 
a useful  indica tor  of the e lect rode quali ty.  The n-MoSe2 
and n-WSe2 electrodes were  subjec ted  to impedance  
measurements  in suppor t ing  e lec t ro ly te  solutions, if  
not  otherwise  ment ioned,  at  d-c  bias potent ia ls  where  
the  res idual  cur rents  were  negl ig ib ly  smal l  ( <  1 ~ k  
c m - 2 ) .  Thus the measured  value of C is the equiva len t  
different ia l  capaci tance of the interface,  wi th  no f a r a -  
daic contr ibut ion.  I f  the presence of the oxidized form 
of a r edox  couple was required,  i ts concentra t ion was 
kep t  as low as possible to p reven t  subs tant ia l  r educ-  
tion current ,  which might  d is tor t  the  Mot t -Scho t tky  
plots. 

The value  of the f la tband potent ial ,  VFB, was deter -  
m i n e d  f rom the in te rcept  of the  plot  of 1 /ce  vs. poten-  
t ia l  accord ing  to t he  Mot t -Scho t tky  equat ion (9) 

,.( ~- = - IV-V~l--- [i] 
eeo~e~ eo 

In this e q u a t i o n ,  is the  die lect r ic  constant  of the  semi-  
conductor,  co is the pe rmi t t iv i ty  of free space, n is the  
donor density,  riD, for n - t y p e  and the acceptor  density,  
hA, for p - t y p e  semiconductors,  eo is the absolute  va lue  
of the  charge  of the electron,  T is the  absolute  t em-  
perature ,  and k is the  Bol tzmann constant.  

n-MoSe~.--As shown in Fig. la ,  a t  f requencies  be -  
tween  1 and 10 kHz, a l inear  C -2  vs. V re la t ionship  
was observed over  a considerable  potent ia l  range.  
Since the  capaci tance a t  these potent ia ls  is f r equency  
independent ,  the in te rcept  of the Mot t -Scho t tky  plot  
gives the f latband potent ia l  a f te r  correct ion for the  
the rmal  t e rm in Eq. [1] and the poten t ia l  drop across 
the Helmhol tz  double  l aye r  (i.e., for  the contr ibut ion  
of capaci tance of the Helmhol tz  l aye r ) .  The f la tband 
potent ia l  of this  n-MoSe2 e lec t rode  was ~0.0V vs. SCE 
at  p H  4.5. 

,A 
w,, 

24 

16 

May 1981 

\ 
o\~ 

\% 

2 0.8 

Potent ial ,  
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0.4 0.0 -0.2 

V vs. SCE 

Fig. la. C -2  vs. V at different frequencies for n-MoSe2 electrode 
in aqueous solution of 0.5M Na2SO4 at pH 4.5: (['7) 1 kHz, ( O )  3 
kHz, (A)  10 kHz. Electrode area, 0.030 cm% 

If we take  the die lect r ic  constant  pe rpend icu la r  to 
the  C-axis,  ~_L' as 6.8 (10), 2 the  slope of the  Mot t -  

Schot tky  plot  yields nD ~, 1.2 • 10 17 cm -~. Wi th  this 
va lue  of the donor dens i ty  of the MoSe~ single crystal ,  
the locat ion of conduct ion bandedge,  Ec, was ca lcula ted  
f rom Eq. [2] (9), assuming tha t  the donor impur i t ies  
a re  comple te ly  ionized. Since Nc > >  nD (see below) 

nn = Nc exp [-- (Ee -- EF)/kT] [2] 

in which EF is the Fermi energy and Ne is the density 
of the effective states in the conduction band, which 
is given by 

( 2~rlVIe*kT ) ~/~ 
Ne = 2 h2 [3] 

where h is the Planck constant and Me* is the effective 
mass of electrons in the conduction band. With the 
assumption Me* ~ Mo (II), s in which Me is the mass 
of a free electron, Nc was estimated to be ~ 2.5 X 
10 TM cm -3. Thus, Ec was ,~ 0.14 eV above the VFB Fermi 
level energy, i.e., the conduction bandedge is located 
at a potential ,~ -- 0.14V vs. SCE. 

The frequency independence of the capacitance im- 
plies that no oxide layer was on the surface of MoSe2. 
The presence of an oxide layer often leads to frequency 
dispersion in the measured capacitance values because 
of dielectric relaxation in this layer. 

As shown in Fig. Ib, the flatband potential of the 
n-MoSe2 electrode was independent of pH, at least in 
the range studied (0-8). This finding further confirms 
the absence of an oxide layer on the electrode surface. 

The fiatband potential of the n-NIoSez electrode 
shifted to a more negative potential when iodide was 
present in the solution (Fig. 2a). Moreover, addition 
of a small amount of triiodide (0.25 mmole) shifted 
VFB to an even more negative potential. However, 
bromide had no effect on VFB (Fig. 2b). These results 
parallel those obtained by the voltammetric measure- 
ments which are described later. We can also estimate 
the resistivity, p, of this n-MoSe2 electrode from the 
mobility, ~e, of electrons and the free electron density, 
he, based on Eq. [4] 

p ~-- 1/(eon~e) [4] 

Here we neglect the contribution from the minority 

The e value os MoSe~ was assumed close to that of MoSm The 
_L 

e l  of MoS2 has been reported by Evans et aL (10). 
Here we assume that electrons in MoSe2 have similar effective 

mass to that in WSe~ (11). 
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Fig. lb. C - 2  vs. V at different pH for n-MoSe2 electrode in 
aqueous solution of 0.5M Na2SO4 at 2 kHz; (]-1) pH 0.5, ( O )  pH 
2.5, (L~) pH 4.5, ( O ) pH 8.0. 

charge carriers. With  #e = 10 ,~ 50 cm~ V-1  sec-~ 
(12) and the assumption that  the donors are completely 
ionized, p can be est imated to be 1 ,~ 5 s 

n - W S e z . - - T h e  general  behavior  for n-WSe2 elec- 
trodes was similar  to that  of the n-MoSe~ electrode 
described above. At frequencies be tween 0.2 and  2 kHz, 
a l inear  C - 2  vs .  V relationship was obtained over a 
considerable potential  range and the capacitance was 
essentially f requency independent  (see Fig. 3). Thus, 
Vfb of this n-WSe~ electrode was ~ --0.32V vs .  SCE. 
Assuming that  �9 ~ 10 for WSe~ (13), 4 we estimate 

J_ 
a donor densi ty of this electrode of ,~ 2.0 X 101~ cm-% 
According to Hicks (11), Me* -~ Mh* ~ Mo; hence N~ 
was ~ 2.5 • 1019 cm -a  and  Ec was ~ 0.12 eV beyond 
the VFB Fermi  level energy. With ~e ---- 100 ,,~ 150 
cm2 V-1 sec-~ for the n-WSe~ single crystals (12), 
the resist ivity of this n-WSe2~ is 0.1 ,~ 0.2 ~-cm.  

p - W S e 2 . - - A s  shown in Fig. 4a, p-WSe2 electrodes 
show quite different capaci tance-potent ial  curves from 
their  n-counterpar ts .  With potentials positive of 0.05V 
vs.  SCE, a l inear  C -2 vs.  V relat ionship was observed 
at frequencies of 1-10 kHz (Fig. 5a). For potentials 
more negat ive than  0.05V vs.  SCE, frequency dispersion 
of capacitance occurs. The capacitance at -- 0.2V vs .  

An approximate value was t a k e n  h e r e  s i n c e  the exact dielec- 
tric constant at t h e  f r e q u e n c y  r a n g e  s t u d i e d  i s  unknown (13). 

24 

% 

~j 
\ 

o * I i r ~ [] 
1.2 o.a 0.4 0 -0.4 

Potential, V vs. SCE 

Fig. 2a. C - 9  vs. V at 2 kHz far n-MoSe2 electrode in aqueous 
solution of 0.SM Na2S04 without containing iodide and triiodide 
(A) ,  in the presence of 1.0M diodide ( O ) ,  and in the presence of 
1.0M iodide and 0.25 mmoies triBdide (F-I). 
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Fig. 2b. The effect of bromide on the Mott-Schottky plots on n- 
MoSe2 in aqueous solution of 0.5M Ha2S04 at 2 kHz: (Z~) no 
bromide, ( O )  ].0M bromide. 
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Fig. 3. The Mott-Schottky plots at different frequencies for 
n-WSe2 electrode in nqueo"s solution of 0.SM Na2SO4 at pH 4.5: 
( O )  200 Hz, (1"1) 500 Hz, ( � 9  2 kHz. Electrode area, 0.049 
cm 2. 

r 

o 

SCE for p-WSe2 follows a ( f r equency) -2  dependence 
at frequencies > 2 kHz. The origin of this f requency 
dispersion is still  not  clear, bu t  might  involve the 
presence of interface states or the onset inversion 
coupled with a faradaic process. Fur the r  investigations 
are required to expla in  this behavior. 

o!Q V vs. SCE 
0.8 0.4 0 - 0.4 

Fig. 4a. The capacitance-potential curves for n- and p-WSe2 
electrodes at 5 kHz in aqueous solution of 0.5M Ha2SO4 at pH 
4.5. 
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Fig. 4b. Capacitance vs. potential plot for n-WS~ electrode, 
type E. The potential was scanned beginning at point "s" at 5 mV/ 
sec in the direction indicated by the arrows, f = 200 Hz. The 
dotted line indicates the expected capacitance for an electrode 
following the Mott-Schottky relation. 
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Fig. 5a. C -9  vs. V at different frequencies for p-WSe2 electrode 
in aqueous solution of 0.5M Ha2SO4 at pH 4.5: (A) 1 kHz, ( ~ )  
2 kHz, (r-f) 5 kHz, ( Q )  10 kHz. Electrode area, 0.050 cm ~. 

Since f requency  dispers ion is found on ly  at  po ten-  
t ials  negat ive  of 0.0V vs.  SCE which is wel l  negat ive  
of VFB, i t  has essent ia l ly  no effect on the Mot t -Scho t tky  
plots  as shown in Fig. 5a. VFB Of this p-WSe2 elect rode 
was thus ~ 0.72V vs. SCE. If  6 ~ 10 for  WSe2 (13), the 
acceptor  densi ty  of this e lect rode can be  es t imated  as 
~- 5 X 101~ cm-a .  The dens i ty  of effective states in the 
valence band  of WSe2, Nv, the  energy  of the valence  
bandedge,  E~, and the res is t iv i ty  of this p-WSe2 are  
shown in Table I. As found wi th  n-MoSe2, ~TFB of 
p-WSe2 is pH independen t  (Fig. 5b) in the pH range  
studied. 

The capac i tance-po ten t ia I  plots  which correspond 
wel l  to tha t  expected of the  semiconductor  space charge  
capaci tance (e.g., wel l -behaved  Mot t -Scho t tky  plots  

Table I. Impurity densities, bandedges, effective densities of states 
in the conduction, and valence bands and resistivities of MoSe2 

and WSe2 samples* 

n-MoSes WSes 

n ( c m  -3) 1.2 • 10 ~ 2.0 • 1017 ( n )  
5 x l ip  5 ( p )  

Ec ( V  v s .  S C E )  - 0 . 1 4  - 0 . 4 4  
Ev ( V  v s .  S C E )  1.26 0.93 
N~ (cm -s) -- 2.5 x 10 TM 

N .  (cm-~)  - -  2.5 • 101" 
p ( ~ - c m )  1 ~ 5 0.1 ~ 0.2 ( n )  

5 ~ 10 ( p )  

" In aqueous  so lut ion of  0.50M Na~SO~. 

"= 4 ~ A /  

0.8 O.6 O,4 0.2 0.O 
P o t e n t i a l ,  V vs. SCE 

Fig. 5b. The pH effect on the Mott-Schottky plots at 5 kHz for 
p-WSe2 electrode in aqueous solution of 0.SM Na2SO4: (O )  pH I, 
(A) pH 4.5, ( O )  pH 8. 

and f requency independence)  found wi th  edge- f ree  
e lect rode ma te r i a l  (e.g., Fig. 4a for n-WSe~) can be 
contras ted  wi th  tha t  found wi th  ma te r i a l  which con- 
tains some edges and discontinui t ies  on the surfaces 
[designated " type E" in previous  studies (4c)] .  For  
type  E n-WSe~ electrodes,  discontinuit ies  a re  seen in 
the  capaci tance plots (Fig. 4b) as wel l  as hysteresis  
effects and f requency  dispersion. Thus capaci tance plots  
a re  useful  in dis t inguishing e lec t rode  mate r ia l  which  
produces  low da rk  currents  and efficient PEC cells 
f rom less efficient ( type  E) mater ia l .  

V o l t a m m e t r i c  b e h a v i o ~ ' . - - E l e c t r o c h e m i c a l  and PEC 
behavior  of n -  and p-WSe2 electrodes have been re -  
por ted  prev ious ly  (4). The fol lowing resul ts  ma in ly  
involve  n-MoSeg, electrodes.  The vo l tammet r ic  behavior  
of iodide at  n-MoSe2 and P t  is shown in Fig. 6. Wi th  
or  wi thout  I -  in the  solution, in the da rk  a negl ig ib ly  
smal l  background  cu r ren t  was observed (curves a and 
b) .  Under  i l lumina t ion  with  s lowly  chopped red  l ight  
(wave length  - -  590 nm) ,  an anodic photocur ren t  com- 
mencing at  0.5V vs.  SCE (curve c) was observed in 
the suppor t ing  e lec t ro ly te  conta ining 0.50M H2SO4. No 
cathodic photocur ren t  was found, as expected for  an 
n - t y p e  mater ia l .  In  the presence of 1.0M NaI, the onset  
photopotent ia l ,  Von, shif ted to a much more  negat ive  
potential ,  --  0.26V vs.  SCE (curve d) .  The addi t ion of 
iodine (0.10M) to the  solut ion shif ted Von to s l ight ly  
more  negat ive  potent ia ls  (,,~ --0.30V vs.  SCE) (curve 
e) .  Note tha t  the specific effects of iodide and t r i iodide  
on Von para l l e l  the i r  effects on the VFB de te rmined  
from impedance  measurements .  The cur ren t -po ten t i a l  
curves on Pt  (curve f) and  n-MoSe2 in an I - / I 3 -  
solution y ie ld  a n  "underpoten t ia l "  for I -  pho to -ox ida -  
t ion at  n-MoSe2 Von - -  Vredox ,  O f  - -  0.59V. This value  
agrees fa i r ly  wel l  wi th  the expe r imen ta l  open-c i rcu i t  
voltage, Vow, of an n-MoSe2/I~, I - / P t  PEC cell de-  
scr ibed below. 

The vo l tammetr ic  da ta  and photopotent ia ls  of o ther  
redox couples on n-MoSe2 electrodes are  summar ized  
in Table II. For  redox couples wi th  s t andard  potent ials ,  
V o, much more  negat ive  than VFB, no photoeffect  was 
observed.  The Von for the redox couples wi th  VFB < 

V o < 0.29V VS. SCE (except  for I - / I s - )  are nea r ly  in  ~- 

dependent  of the redox  couples and are  close to ~TFB 

(--, 0.0V vs. SCE).  For  redox couples wi th  0.50V < V o 
1.0V vs. SCE, Von depended  on the  pa r t i cu la r  species 

and va r ied  f rom N 0.25V for B r -  to N 0.50V for 
background  oxidat ion.  The pho to-ox ida t ion  of com- 
pounds wi th  V o more  posit ive than  for  wa te r  oxida t ion  
is uncer ta in  because of the  background  photoreact ion.  
I t  is in teres t ing  to compare  the reduct ion of var ious  
oxidants  on n-MoSe2 electrodes in the  dark.  As shown 
in Fig. 7, reduct ion  of b romine  (curve a) and Fe  3+ 
(curve  b)  occurs at  potent ia ls  negat ive  of 0.SV vs.  SCE 
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Fig. 6. Voltammetric curves of n-MoSes and Pt in 0.5M No,SO4 
and 0.5M H2SO4. Scan rate, 10 mV/sec. Light source, 450W Xe 
lamp with a 590 nm cut-on filter. (a) Dark cyclic voltammogram 
on n-MoSes. (b) Dark cyclic voltammogram on n-MoSe2. Solution 
contained 1.0M Nal. (c) Voltammetrlc curve under illumination by 
chopped red light on n-MoSe2. No iodide or iodine in solution. (d) 
Current-potential curve under illumination by chopped red light on 
n-MoSes. Solution contained 1.0M Nal. (e) Same conditions as in 
(d) but solution contained 1.0M Nal and 0.10M iodine. (f) Cyclic 
voltammogram on Pt. Solution contained 0.10M Nal. Initial potential 
at --0.10V vs. SCE. 

(well positive of VFB). However, iodine reduction 
occurs only at potentials well negative of 0.1V vs. SCE 
(curve c). The reduction of ferricyanide (curve d) 
occurs at a potential ,-~ 0.25V vs. SCE. Under irradia- 
tion these significant cathodic currents would consti- 
tute a back-reaction of a photogenerated oxidant 
which can affect the performance of the solar cells, as 
described below. 

Photovo~taic cell measuremen t s .~Regenera t i ve  semi- 
conductor/liquid junction solar cells were fabricated 

ad i 
,d 

a ~ / ~  V vs. SCE 

0i2 (b) ~'A (c,d) (a) 

cathodk 

I" 00 1.2 0 "01,4 
anodlc 

Fig. 7. Voltammetric carves in the dark on n-MoSe~ electrode in 
0.50M Na2S04. Scan rate, 10 mV/sec. (a) Solution contained 1.0M 
NaBr and O.02M bromine. (b) Solution contained 0.10M Fe 2+, 
O.02M Fe 3+, and O.50M H2S04. (c) Solution contained I.OM Nal 
and 0.10M iodine. (d) Solution contained 0.1M Fe(CN)64- and 
O.1M Fe(CN)68-. 

by immersing the semiconductor electrode and a suit- 
able counterelectrode in an aqueous solution contain- 
ing the appropriate redox couple. 

The n-MoSe2/iodide,  t r i iodide/Pt  sys tem. - -Photovol ta ic  
cells were set up with an n-MoSe2 photoanode and a 
platinum foil cathode immersed in a solution contain- 
ing 1.01VI I - ,  0.025M I3-, and 1.0M H+. The action 
spectrum of the short-circuit photocurrent, iss, is shown 
in Fig. 8. The bandgap of WSe~ and MoSe2 can be de- 
termined from the (~h~) 2 vs. hv plot (for a direct 
transition) or the (~]hv)'/2 vs. hv plot (for an indirect 
transition) near the bandedge region (14). ~] here is 
the quantum efficiency (proportional to ~ss) and h~ 
is the photon energy. As shown in Fig. 9, both (~hv) 2 
vs. hv and (~hp)~/2 vs. hv plots give fairly good straight 
lines. The nature of the fundamental optical transition 
is thus ambiguous as simply determined from the 
action spectrum. However, the determination of E~ 
from the capacitance measurements, as discussed later, 
is helpful in deciding on the value of Eg. 

The i - V  characteristics of this cell under irradiation, 
shown in Fig. 10, yields a fill factor of 0.53. The light 
intensity dependence of the open-circuit photovoltage 
and the short-circuit photocurrent of the cell is shown 
in Fig. 11. Irradiation of the n-MoSes crystal with the 
full visible (longer than 590 nm and infrared filtered) 
output (150 mW/cm2) from a 450W Xe lamp focused 
onto the photoelectrode surface yielded a constant iss 
50 mA/cm 2 and an open-circuit photovoltage ~0.59V. 
The photocurrent and photovoltage were essentially 
the same and the electrode surface showed no apparent 
change during the experimental period (~8 hr). 

Table II. Voltammetrlc data, onset photopotential* and underpotential at n-MoSe2 

E x p e r i m e n t a l  T h e o r e t i c a l  
u n d e r p o t e n t i a l ,  unde rpo t en t i a l , *  * * 

Redox  couple  Vo (V v s .  SCE)** Von (V v s .  SCE) AV = Vo~ - V o (V) AV' = VFB -- V ~ (V) 

CI-/CI~ (pH = 0) 1.12 - -  --1.12 
H20/O2 (pH = 0) 0.99 0.50 -0-.49 --0.99 
Br- /Br2  (pH = 0) 0.82 0.25 - 0 . 5 7  -0 .82  
F e ( I I ) / F e ( I I I )  (1N H2SO~) 0.53 0.30 -0 .23  -0 .53  
I-/I2 (pH = 0) 0.29 - 0 . 3 0  -0 .59  -0 .59  
F e ( C N ) 6 4 - / F e ( C N ) 6  ~- ( p H  ffi 6) 0.22 0.02 -0 .20  --0.22 
F e ( I I ) - E D T A / F e ( I I I ) - E D T A  (pH = 5) --0.15 0.0 No No 
HV§ (pH = 5) -0 .48  NO pho toe f fec t  - -  - -  

MV+'IMV2+~ ( p H  = 2.5) --0.66 No pho toe f f ec t  - -  

* T h e  onse t  p h o t o p o t e n t i a l  Von here  is  defined as t he  p o t e n t i a l  at which  1% of the l i m i t i n g  or  m a x i m a l  p h o t o c u r r e n t  is observed.  
** Vo = s t a n d a r d  po ten t ia l .  

"** VFB is b a s e d  on t h a t  o b t a i n e d  f r o m  t h e  i m p e d a n c e  m e a s u r e m e n t .  I t  is - 0 . 3 V  vs. SCE for I-/Is-  and 0V f o r  o t h e r  r e d o x  couples.  
HV = h e p t y l  v lo logen  (1,1'-dlheptyl-4,4' b ipy r idy l ) .  
MV = m e t h y l  v io logen  (1,1'-dimethyl-4o~'-bipyridyl).  
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Fig. 8. Action spectrum of the short-circuit photocurrent for on 
n-MoSeg/1.0M Hal, 0.05M I /Pt solar cell. The spectrum has been 
corrected for tho solution absorbance. 

The n-MoSe~/bromide,  bromine/P$ 8ys tem. - -When  a 
solut ion containing 1.0M B r - ,  0.02M Br2, and 1.0M H + 
was used as the  e lectrolyte ,  a lower  open-c i rcu i t  photo-  
vol tage  (0.52V), and a lower  fill fac tor  (0.25) w e r e  
found (Fig. 10) (15). 5 However ,  the  shor t -c i rcu i t  
pho tocur ren t  was h igher  ( ,-60 mA/cm~) unde r  the  
same in tens i ty  i r rad ia t ion .  This difference is p robab ly  
a t t r ibu tab le  to the  lower  l ight  absorbance  b y  the B r - ,  

S o l a r  c e l l s  w i t h  h i g h e r  f i l l  factors but lower open-circuit 
v o l t a g e s  have been reported by A n g e t  aL (15 ) .  
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Fig. 9a. (xlh~) 2 vs. h~ in aqueous solution containing 0.SM 
Na2SO4, 1.0M Hal, and 0.05M iodine. Here ~ is the quantum effi- 
ciency and h~ is the photon energy. (a) n-MuSe2; (b) n-WSe2. Elec- 
trodes are biased at 0.2V vs. SCE. 
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Fig. 9b. (~lhv) I/~' vs. hv for (o) n-MoSes; (b) n-WSe2. Same condi- 
dions as in Fig. 9a. 

Br9 solution. The l ight  in tens i ty  dependence  of the 
shor t -c i rcu i t  pho tocur ren t  and  the open-c i rcu i t  photo-  
vol tage  is shown in Fig. 12. 

Discussion 
The (n-MoSe~/solution) inter]ace.--A model  for  the  

behavior  of the n-WSe2/so lu t ion  in ter face  in  aqueous 
e lec t ro ly te  has been discussed prev ious ly  (4). A s imi -  
la r  model,  i.e., the recombina t ive  model,  is appl icable  
to exp la in  the  vo l t ammet r i c  behavior  of n-MoSeg, in 
var ious  redox  electrolytes .  VFB of the  n-MoSe2 e lec-  
t rode  de te rmined  f rom the impedance  measu remen t  is 
,-~0.0V vs. SCE. When  no specific adsorp t ion  occurs, the 
expected  most  negat ive  Von value  was obta ined  for 
redox  couples wi th  0 --~ V o ~ 0.5V vs. SCE. (The I - / I a -  
couple involves adsorpt ion  effects and  is discussed 
later . )  Fo r  r edox  couples wi th  V o more  posi t ive than  
0.SV, however,  Von occurs at  more  posi t ive potent ials .  
This can be  ascr ibed to the  effects of da rk  reduct ion  
of the  oxidized form of redox  couples. Recal l  tha t  con- 
s iderable  da rk  reduct ion of  the  Fe  (CN)6 ~-  takes  p lace  
at  a potent ia l  ,-,0.3V posi t ive of  VFB (Fig. 7). The r e -  
duction of I3-  occurred at  more  nega t ive  potent ia ls  
p robab ly  because the  bandedges  shif t  w i th  specific ad -  
sorpt ion as suggested by  the impedance  measurements  
and  the vo l t ammet r i c  exper iments .  Fo r  the  couples 
wi th  Vo more  posi t ive than  0.SV vs. SCE, e.g., Fe2+/  
Fe  ~+ and B r - / B r 2 ,  the  reduct ion  occurred  at  a po ten -  
t ia l  ,~0.SV vs. SCE. This posi t ive shif t  of the  zero cur-  
ren t  or  onset  po ten t ia l  might  involve  induced posi t ive 
surface charges. The posi t ive shif t  of Von is a t t r ibu ted  
to the da rk  reduct ion of photogenera ted  species. There  
are  severa l  different  mechanisms by  which  such da rk  
reduct ion can occur at  an n - t y p e  ma te r i a l  at  potent ia ls  
s ignif icant ly posi t ive of tha t  for  VFB (i.e., of the energy  
of the conduction bandedge)  in  the  suppor t ing  e lec t ro-  
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Fig. 10. Performance characteristics of n-MoSe2 based PEC cells. 
450W Xe lamp fitted with a 590 nm+cut-on filter was used as the 
light source. (a) n-MoSe2/0.SOM Na2S04, 0.SOM H2S04, 1.0M Nal, 
0.05M I/Pt. (b) n-MoSe2/0.50M Na~SO4, 0.50M H~S04, 1.0M NaBr, 
0.02M Br/Pt. 

lyte solution. One involves a recombinat ion model and 
the existence of filled surface states or in termediate  
levels at energies wi thin  the bandgap which can be 
emptied by electron donation to solution oxidants (or 
by photogenerated holes in the valence band)  (16). 
The lack of detection of such states in the capacitance 
plots and the lack of significant dark anodic current  
implies that  such states are very "slow" with respect 
to emptying via the conduction band. An al ternat ive  
mechanism involves positive charge inject ion into the 
surface states (via solution species or photogenerated 
holes) causing a shift in the conduction bandedge 
toward more positive potentials and allowing electron 
t ransfer  directly from the conduction band. This la t ter  
mechanism should result  in  a shift in  VrB in  the pres-  
ence of the redox couple; determinat ion of such a shift 
by capacitance measurements  are made difficult by  
the interference of faradaic reactions in determinat ion 
of the actual  space charge capacitance. Invers ion could 
also cause such a shift in the bandedge (8); however, 
the location of the Fe~+/Fe 2+ couple is such that  in -  
version would not  occur at these potentials. A sche- 
matic representat ion of the energetic s i tuat ion at the 
n -MoSeJso lu t ion  interface, neglecting any  band  bend-  
ing and specific surface interactions, is shown in  Fig. 
13. A direct - t ransi t ion bandgap of 1.4 eV6 is taken 
here based on the agreement  of Eg determined from 
the action spectrum and the capacitance measurements  
for WSe2 electrodes, discussed later. 

Photovoltaic cells based on n-MoSe2 electrodes.--The 
n-MoSe2/ I - ,  I 3 - / P t  system shows a Vo~ of 0.59V which 
is identical  to the value predicted either from the ex-  
perimental ,  hV, or the theoretical, hV', underpotent ia l  
0.59V, as shown in Table II. For  the n -MoSea /Br - ,  

An indirect transitmn bandgap of 1.1 eV has been reported 
(8c). An Eg of 1.4 eV has also been reported (7). 
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as functions of light intensity. Same light source as in Fig. 10. 
Same solar cell as used in Fig. |0(a). 

Br2/Pt system, the Voc of 0.52V was close to AV, 0.57V; 
however, it was much smaller  than ~V', 0.82V. This 
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I:ig. i3. Schematic representa. 
tion of the energetic situation at 
the n-MoSe2/solution interface. 
Ec = conduction bandedge; Ef 
= Fermi energy corresponding to 
flatband potential; Ev -- valence 
bandedge; Eg = bandgap. 
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discrepancy can be attributed to the dark reduction 
processes or to a shift in the bandedges toward posi- 
tive potentials because of induced positive surface 
charges. Besides this striking difference in Voc between 
I - / I 3 -  and Br- /Br2 system, the fill factors for these 
two systems were also quite different, probably again 
because of the effects discussed above. 

Eg of WSe~.--As shown in Table I, Ev and E~ of WSe2 
in aqueous solution correspond to 0.93V and --0.44V 
vs. SCE, respectively. The uncertainty of Ev and Ec 
due to the uncertainties in the dielectric constant taken 
here is less than 20 meV. Thus Eg of WSe2 is ,-, (1.4 
___ 0.05) eV. This agrees fairly well with the direct 
transition bandgap determined from the action spec- 
trum of the photocurrent. 
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The Detection of Corrosion Phenomena with 
pH-Sensitive Fluorescent Dyes on Aluminum- 

and Gold-Metallized IC Devices 
L. K. White,* R. B. Comizzoli,* C. A. Deckert,* and G. L. Schnable* 

RCA, David SarnoJ~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

Corrosion sites on IC devices are often difficult to detect before a signifi- 
cant amount  of metal l izat ion deteriorat ion occurs. The identification of cor- 
rosion sites in their  early stages would be a powerful  tool in studies of 
metallized IC device rel iabil i ty and of corrosion processes themselves. Re- 
cently, this laboratory has been invest igat ing metal l izat ion corrosion phe-  
nomena  on IC devices. During these studies we explored the use of pH-sensi -  
tive fluorescent dyes to decorate the IC device surface. After application of 
pH-sensi t ive  fluorescent dye molecules to the surface of the IC test device, 
an externa l  d-c bias was applied to the device which activated or deactivated 
localized fluorescence on the device. We believe this observed behavior  relates 
to corrosion phenomena occurring on the metal l izat ion of the IC. Here w e  
report  the results of these exploratory experiments  conducted on a l umi num-  
and gold-metall ized IC test devices. 

Experimental Procedures 
Test devices used for these studies consisted of in -  

terdigitated combs of metal. The dielectric below the 
metal  was 6 kA of SiO2. Four  comb pairs were on each 
test chip. The passivation over each comb pair  varied; 
pair  A had continuous passivation over the entire 
comb, pair  B had 7 ~m diam openings over every 
metal  line, with the openings spaced 50 ~m; pair C had 
7 ~m diam openings over one comb and 7 #m wide slots 
over the other; pair  D had the passivation completely 
removed from the metal  combs. The passivating layer  
was 4.9% phosphorus by weight phosphosilicate glass. 
Electrical bias was applied to each comb pair throug h 
bond pads, causing each comb to act essentially like 
an electrode. The positive bias was applied to one 
comb, while the other comb of the pair  received the 
negative bias. Figure 1 displays the layout  of the two 
photomasks required to fabricate this test vehicle. The 
first-level mask is used to define the metallization. The 
second is used to etch in ten t ional  pinholes and vias 
into the passivating glass overcoat. Metallization con- 
sisted of E-beam deposited 99.999% pure a luminum.  
The l inewidth  of each tooth of the comb was nomina l ly  
12 #m. The gold-metall ized test devices consisted only 
of adjacent  positively and negat ively  bias lines with 
and without a passivation glass. 

Three pH-sensi t ive fluorescent dyes were used for 
our  experiments:  ~-methylumbell i ferone,  ~-naphthol,  
and fluorescein. These dyes were applied directly to 
the test device surface in a 1 to 2 X 10-4M solution 
consisting main ly  of ethan61. The ethanol evaporates 
rapidly, leaving the fluorescent dye molecules behind. 
V~e have achieved improved results (i.e., more intense 
fluorescence) when a small  amount  of a nonvolat i le  
solvent is added to the e thanol-dye solution. Typically, 
a 1% glycerol solution by volume was used, with a 
surfactant  added to insure that  the solution flowed 
evenly over the entire device surface. Apparently,  the 
residual  glycerol promotes the proton t ransfer  pro- 
cesses necessary to activate or deactivate the pH-sensi -  
tive dye molecules on the IC surface. 

If the same test device was to be treated with suc- 
cessive dye coatings, an acetone rinse t rea tment  proved 
adequate to remove the previous coating. The acetone 
t rea tment  can dry the surface of the IC, and often 

* Electrochemical Society Active Member. 
Key words: corrosion, aluminum metallization, gold metalliza. 

tion, fluorescence, integrated circuit. 

moisture has to be restored to the IC surface before 
the corrosion process can again be studied. We recom- 
mend that the test device be exposed to a humid am- 
bient (RH greater than 50%) before applying an ini- 
tial or Successive dye coating. 

Aluminum Metallization Test Results 
Several test devices w i th  a luminum metal l izat ion 

were coated in humid ambients w i t h  the pH-sensit ive 
fluorescent dyes. The application solvent  was allowed 
to evaporate and the device was inspected with and 
without  an external  d-c bias in the presence of a long-  
wavelength u.v. actinic radiat ion source. A fa int  fluo- 
rescence was detected on and above the a l u m i n u m  
metall izat ion of the ~-methylumbel l i ferone  treated d e -  

Fig. 1. Layout ot photomasks for test vehicle fabrication: Top: 
metallization level mask; bottom: passivation level mask. 
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vice without any d-c bias applied. When a d-c bias 
was applied to the comb pairs, an intense localized 
fluorescence was immediate ly  activated at several 
localized sites and tended to spread out from a central  
point as the bias was kept on. The site of the fluores- 
cence was not confined to metallized regions on the 
device, but  f requent ly  extended into dielectric regions 
between the metal  lines. After the localized fluorescent 
site reached a relat ively stable size, the per imeter  of 
the localized fluorescent sites continued to fluctuate 
as the d -c  bias remained on. When the d-c bias was 
turned off, the fluorescent in tensi ty  reverted very 
slowly to its original intensity.  In  addition, gas bubbles 
were observed to emana te  from the sites exhibit ing the 
localized fluorescence, while the bias was on and 
shortly after removal of the bias. Evidently,  the sur-  
face tension of the l iquid film on the moist substrate 
surface tended to trap the bubbles. A similar experi-  
men t  conducted with the ~-naphthol  dye yielded the 
same results, with the localized fluorescent sites occur- 
r ing in the same regions on each test device. As low 
as a 0.SV bias was sufficient to activate some localized 
fluorescence. Figures 2 and 3 display photos of ~- 
methylumbel l i ferone and /~-napthol decorated de- 
vices, respectively. 

Fluorescein, al though exhibi t ing a br ight  green fluo- 
rescence when applied to the aluminized IC test device 
(i.e., before the ethanol solvent evaporates) did 
not perform well. Its fluorescent in tensi ty  is quite 
sensitive to the amount  of solvent present  and d imin-  
ishes drastically with solvent evaporation. However, 
for a short period of t ime as the application solvent is 
evaporating, localized fluorescence can be activated by  
an external  bias. ~-methylumbel l i ferone  and ~-naph-  
thol apparent ly  exhibit  bet ter  proton t ransfer  proper-  
ties in relat ively dry environments .  Their  localized 
fluorescence can be observed in a humid ambient  for 
long periods of t ime after application and evaporat ion 
of the solvent. 

Fig. 2. fl-methylumbelliferone decoration of IC: Long-wave u.v. 
source, 20V bias, humid ambient, room temperature. The width of 
metal lines in the comb is nominally 12 ~m. Spacing between lines is 
a/so 12 #m. 
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Fig. 3. fl-napthol decoration of IC: Long-wave u.v. source, 20V 
bias, humid ambient, room temperature. The width of metal lines in 
the comb is nominally 12 ~m. Spacing between lines is also 12 #m. 

The reason for formation of the localized fluorescent 
sites was difficult to characterize from these prel imi-  
na ry  studies. Not all visual ly obvious defects in the 
passivation layer over the metal l izat ion fluoresced, and 
localized fluorescence was observed where no apparent  
defect was present. Fluorescence was observed in local- 
ized regions on the comb pairs with and without  the 
protective glass passivating layer. We did a t tempt  to 
correlate the localized fluorescent sites with intent ional  
defects in the passivating overcoat, bu t  localized fluo- 
rescence was observed only occasionally at in tent ional  
pinholes in the passivation glass. The localized fluo- 
rescence was not strictly confined to positively or nega-  
t ively biased lines. Some test devices had numerous  
fluorescent sites and others very few. 

The production of gas bubbles at fluorescent sites 
strongly suggests that  the pH-sensi t ive fluorescent dye 
is detecting corrosion sites o f  a cathodic nature.  The 
gas bubbles are presumably  hydrogen. Other invest iga-  
tors ( i -3)  have observed H2 gas bubbles from corro- 
sion on a luminum metal. Theoretical calculations of 
the corrosion reactions within pits show that  the cath- 
odic reaction site can spread outside a pit  or defect 
under  certain conditions (4, 5). The reduction of hy-  
dronium ion to hydrogen, 2I-IsO + + 2e -  -~ I'i2t + 2I-I20 
or H20 + 2e-  ~ H2~ + 2 O H -  is the most l ikely 
cathodic reaction accompanying A1 corrosion (6-8) and 
is also the cathodic reaction for the electrolysis of 
water. The production of hydrogen gas depletes the 
hydronium ion concentrat ion in regions near  the cath- 
odic reaction site. Our pH-sensi t ive fluorescent dyes 
have the property of releasing a proton (H+) with 
relat ive ease, (HNI --> H + + M - ) .  The deprotonated 
species (M-) exhibits fluorescence while the protonated 
species (HM) does not. The dye molecules can be ex-  
pected to supply protons for the cathodic reaction, and 
thus become active fluorescent species in the vicinity 
of the cathodic reaction site. Different degrees of sol- 
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vat ion (hydra t ion)  a re  r equ i red  to faci l i ta te  the  re-  
lease of the protons f rom cer ta in  dye molecules. Hence, 
some dyes  wi l l  fluoresce in dr ie r  ambients  than  others. 

Al though  the pH-sens i t ive  f luorescent dye  molecules  
are ac t iva ted  in specific pH ranges  in an aqueous solu-  
tion [i.e., pH ~ 7.6 for ~-methylumbel l i fe rone ,  pH 
8.4 for ~-napthol ,  and pH ,-, 4.5 for  fluorescein (9)] ,  
t he i r  behav ior  on surfaces and in presence  of ex t e rna l  
d -c  bias m a y  be somewhat  different.  Both the dye 
molecules  and wa te r  molecules bound to a surface can 
have signif icant ly different  proper t ies  than  unbound 
molecules.  The d-c  bias in t roduces  the poss ibi l i ty  of an 
e lec t rochemical  potent ia l  bias into the  env i ronment  
which  can affect the molecu la r  equi l ibr ia .  However ,  
the localized fluorescence at  a specific site does suggest  
tha t  the site has a lower  hydron ium ion concentrat ion 
than  tha t  of its surroundings.  

We bel ieve  that  the cathodic e lectrolysis  sites deco- 
r a t ed  b y  the pH-sens i t ive  dye  identifies a luminum 
corrosion sites for two re la ted  reasons. The region 
where  the  cathodic e lectrolysis  reac t ion  occurs shows 
an increased pH, according to our  pH-sens i t ive  fluo- 
rescent  dyes. A l u m i n u m - w a t e r  corrosion react ions are  
known  to be t he rmodynamica l ly  favorable  at  high pH 
(10, 11). The electrolysis  site identifies or m a y  produce 
a high pH region where  the  a luminum corrosion can 
occur. Also, the reduct ion  of hyd ron ium ion is thought  
to be a complemen ta ry  react ion to the oxidat ion of 
A1 metal .  The humid ambien t  (i.e., wate r  bound to the 
IC surface)  and the e lect r ica l  bias m a y  accelera te  and 
propaga te  smal l  corrosion sites a l r e ady  present .  

Gold Metallization Test Results 
Decora t ing  go ld-meta l l i zed  devices wi th  pH-sens i t ive  

dyes p roduced  subs tan t ia l ly  different  results.  Fo r  these 
exper iments ,  the pH-sens i t ive  f luorescent dye was de-  
ac t iva ted  ra the r  than act ivated.  This was observed by  
coating the device wi th  a f luorescein-e thanol  solut ion 
and then tu rn ing  on the u.v. actinic radia t ion  before  
the solvent  had comple te ly  dried. Under  these condi-  
tions, the ent i re  surface of the  device fluoresced under  
u.v. act inic radiat ion,  wi th  no appl ied  bias. When the 
bias was tu rned  on, fluorescence was quenched local ly  
on exposed meta l  l ines for only  the pos i t ive ly  biased 
lines. Revers ing  the po la r i ty  of the bias changed the 
l ines tha t  exh ib i ted  a quenched fluorescence at  ex -  
posed metal ,  accordingly.  A 12V d-c  bias was sufficient 
to quench the fluorescent dye coat ing on exposed meta l  
a t  the anodic lines. 

The observat ions  are  consistent  wi th  our corrosion 
tes t ing of go ld-meta l l i zed  IC's (12). Corrosion was 
observed  only at  the anodica l ly  biased lines. Recently,  
F r a n k e n t h a l  and Becke t  (13) have repor ted  gold cor-  
rosion products  on anodic port ions of IC devices. P r e -  
vious corrosion studies of gold me ta l  have  repor ted  
s imi la r  resul ts  (14). The quenching of fluorescence is 
the expected  resul t  af ter  ana lyz ing  the anodic corro-  
sion reaction. Gold hydrox ides  are  formed on the 
anodica l ly  b iased meta l  and these hydrox ides  genera l ly  
r e m a i n  bound to the meta l  surface. The hyd ron ium ion, 
(H80 + ) produced dur ing  this react ion is lef t  un -  
neu t ra l ized  in the wa te r  film; general ly ,  Au  + 3H20 
Au(OH)3$ + 3H + + 3e- .  A substant ia l  pH drop is ex-  
pected,  p rovided  tha t  the gold hydrox ide  corrosion 
products  r emain  re la t ive ly  insoluble.  The pH drop 
induces a quenching of the pH-sens i t ive  fluorescent 
dye molecules  at  the anodic corrosion site 6n the gold 
metal l izat ion.  

No localized fluorescence was ac t iva ted  dur ing  these 
exper iments ,  con t ra ry  to wha t  was observed for  the 
Al -me ta l l i zed  test  device. Al though  electrolysis  of 
wa te r  is cer ta in ly  possible at  these voltages, none was 
observed on the Au meta l l i za t ion  wi th  the pH-sens i -  
rive indicators.  This ohservat ion suggests  tha t  the  ca th -  
odic react ion (i.e., the reduct ion of hyd ron ium ion) 
detected on A1 meta l l iza t ion  is more re la ted  to an A1- 
induced  corrosion react ion ra the r  than  the e lectrolysis  

of water ,  per  se. Elect rochemical  bias studies (12) of 
test e lectrodes in aqueous solut ion showed that  a lumi -  
num meta l l iza t ion  produced main ly  cathodic react ions 
and gold meta l l i za t ion  only anodic reactions.  

Conclusions 
We have demons t ra ted  tha t  decora t ing  procedures  

employ ing  pH-sens i t ive  f luorescent dyes can provide  
va luable  informat ion  re la t ing  to IC device r e l i ab i l i ty  
and corrosion phenomenon in general .  The pH-sens i -  
t i r e  fluorescent dye decorat ion behaves  dif ferent ly  de-  
pending  on the meta l l iza t ion  of the  IC. Our  resul ts  
on a luminum meta l l iza t ion  suggest  tha t  the technique 
can be used to ident i fy  corrosion sites on IC devices 
before  much meta l  de te r iora t ion  has occurred.  The 
technique may  faci l i ta te  identif icat ion of specific de-  
fects that  produce  corrosion sites. The propaga t ion  of 
corrosion react ions may  be moni tored  dur ing  or a f te r  
s t ress-bias  re l i ab i l i ty  testing. The technique m a y  also 
offer a procedure  for eva lua t ing  device design, ma te -  
rials, and  processing var iables  tha t  cont r ibu te  to cor-  
ros ion / re l i ab i l i t y  problems.  Fo r  example ,  our test  de -  
vice showed that  ad jacen t  nega t ive ly  and  pos i t ive ly  
b iased l ines spaced nomina l ly  12 gm apar t  on an SiO~ 
dielectr ic  may  f requent ly  produce a cathodic elec-  
t rolysis  site in a humid  ambient .  

The decorat ion of gold meta l l iza t ion  wi th  pH-sens i -  
t i r e  dyes appears  to have different  re l i ab i l i ty  test ing 
applications.  Under  a sufficiently large  bias voltage,  a l l  
exposed port ions of the gold under  anodic bias deac-  
t iva ted  the pH-sens i t ive  fluorescent dye. This observa-  
t ion suggests tha t  the technique m a y  offer an inspec-  
t ion p rocedure  for detect ing pinholes  th rough  a pass i -  
vat ion glass over  a goId-meta l l i zed  surface. 

These studies have suppl ied informat ion  about  the  
corrosion phenomenon themselves,  most  no tab ly  pH 
differences in the vic ini ty  of a corrosion site. On a lu -  
minum metal l izat ion,  the pH-sens i t ive  fluorescent dyes 
show an increased effective pH in the v ic in i ty  of 
cathodic electrolysis  sites, while  on gold meta l l iza t ion  
the effective pH in the wa te r  film above anodic corro-  
sion sites was signif icantly decreased.  In  both cases, 
the pH-sens i t ive  fluorescent dye detects pH differences 
caused by  H30 + or  O H -  being effect ively removed  
from the moist  surface by  a corrosion reaction. Also, 
the pH-sens i t ive  fluorescent dye continues to be ac t i -  
vated or  deac t iva ted  af te r  the ex te rna l  bias is tu rned  
off. The slow re tu rn  of the fluorescent dye  to its p re -  
bias condit ion reflects proton t ransfe r  processes oc- 
curr ing on the surface of the IC. These processes are  
re la ted  to diffusion rates  of H~O + and O H -  on the 
moist  IC surface and the iner t ia  of the corrosion re -  
action af ter  the  bias is tu rned  off. Charac ter iza t ion  of 
these processes may  be possible wi th  the f luorescent 
dye  decorat ion technique.  

These exper iments  were  l a rge ly  of an exp lo ra to ry  
na tu re  to demons t ra te  the potent ia l  appl ica t ion  of this 
technique. More deta i led  studies using this technique 
could provide  addi t ional  informat ion  re la t ing  to IC 
device corrosion processes and re l iabi l i ty .  
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Hysteresis in Formation and Reduction of 
Submonolayer Quantities of Surface Oxide at 

Pt in an Almost Anhydrous Solvent 
B. E. Conway* and D. M. Novak *,l 

Chemistry Department, University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

Surface  oxidat ion  of P t  at  smal l  coverages b y  O-species has been inves t i -  
ga ted  in tr if luoroacetic acid as solvent  containing traces of wa te r  f rom which 
P t  surface oxide species a re  generated.  I t  is shown that  even at  quite low, 
submonolayer  coverages,  there  is a large  ex ten t  of hysteresis  be tween  the 
potent ia l  range for surface oxide fo rmat ion  and that  for reduction,  comparable  
wi th  tha t  found in wa te r  as solvent  only  when s t rong anodic oxidat ion has 
t aken  place. Also the re la t ions be tween  reduct ion peak  potent ia ls  in a cyclic-  
v o l t a m m e t r y  expe r imen t  and the surface oxide reduct ion charges are  s imi lar  
to those for ex tens ive ly  formed films in water ,  r a the r  than to those for sub-  
monolayers ,  The behavior  observed is a t t r ibu ted  main ly  to s t rong anion 
(CFaCOO-)  adsorpt ion  in the TFA solvent  but  the possibi l i ty  of the surface 
oxide exis t ing in 2-d phase-ox ide  islands, s tabi l ized by  l a te ra l  a t t rac t ive  
interact ions,  is also considered. 

In  previous  po ten t iodynamic  work  (1-4),  we have 
inves t iga ted  the  origin of hysteresis  effects in the sur-  
face oxidat ion  of noble meta ls  (5) and in te rp re ted  
them in terms of a p lace -exchange  process (6, 7) 
which takes  place  as an i r revers ib le  pos te lec t rochemi-  
ca1 step wi th  respect  to an in i t ia l  anodic e lec t rodepo-  
sit ion reaction, according to a reac t ion  and recons t ruc-  
t ion sequence of the  fol lowing schematic  kirid 

SCHEME I 

PL 

IV 

H + 

I 
+ H2 0 \ L~ PtOH + H + + e 

I l l  

OHPt 

Rearranged 
s t a t e  

I f '  

I I  
> PtO + H + + e 

i i i i '  
OPt + H + + e 

Rearranged 
s t a t e  

Step I, in the anodic direction,  is a fast  process (3) 
and  its reverse,  - -I ,  is also r ap id  bu t  can only be ob- 
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served at  high sweep rates  and low tempera tu res  (3) 
owing to the a l t e rna t ive  r ea r r angemen t  step III. Under  
such conditions, a cathodic cur ren t  component  in cyclic 
vo l t ammet ry  due to react ion ( - - I )  can be resolved  
(3) from the cathodic p a t h w a y  III, IV involving a 
r ea r r anged  s ta te  of OH on Pt, wr i t t en  as "OHPt," es- 
pecia l ly  at  low coverages by  chemisorbed OH de-  
posi ted in I. Steps IT, II',  and I I I '  r epresen t  pa thways  
for  format ion  of a more  h ighly  oxidized state of the 
Pt  surface, to "PtO" or  "OPt." 

In the  presen t  communicat ion,  we descr ibe s o m e  
in te res t ing  observat ions  on the surface oxida t ion  of 
P t  i tself  in anhydrous  and a lmost  anhydrous  t r i f luoro-  
acetic acid (TFA)  where  the degree of surface ox ida -  
t ion no rma l ly  a t ta ined  at  a g iven poten t ia l  (for a 
given sweep ra te)  is l imi ted  and can be control led  by  
the wa te r  content  of the T F A  solvent  as wel l  as by  
potent ial .  The point  of special  in teres t  in this pape r  is 
the observat ion  of a quite large  degree of hysteres is  
be tween  the processes of fo rmat ion  and reduct ion of  
Pt  surface oxide but  at  extents  of coverage far  l e ss  
than  a monolayer  where,  in o rd ina ry  aqueous solu-  
tions, the behavior  would  be a lmost  revers ib le  or  ex-  
h ibi t  only  smal l  hysteresis  (3). 

In  o ther  work  (8, 9), we have inves t iga ted  the be -  
havior  of P t  in e lec t rooxida t ion  react ions of formic  
acid (8) and He (9) also in a lmost  anhydrous  media  
wi th  the idea of d iminishing the inhibi t ion of  these  
react ions which sets in at  potent ia ls  where  surface 
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oxidat ion  of the me ta l  commences on account of the 
presence of wa te r  as solvent.  

Experimental 
General exper imenta l  procedure . - -Potent iodynamic  

exper iments  were  car r ied  out  using the p rog ramma b le  
sys tem prev ious ly  descr ibed (2, 3)  in which l inear  po-  
ten t ia l  sweeps could be appl ied  to the  e lec t rode  at  
var ious  sweep-ra tes ,  s, and af te r  various t imes of ho ld-  
ing the  potent ia l  constant  a t  cer ta in  des i red  values  (2). 
Electrodes and cells used were  as descr ibed prev ious ly  
(2, 3). A n  (~ -~ d) PdH elec t rode  was used as a r e f e r -  
ence e lect rode in al l  the work  and behaved  sat isfac-  
tor i ly  in the anhydrous  TFA solutions. I t  was checked 
per iod ica l ly  agains t  a p la t in ized  P t  hydrogen  e lec t rode  
in the same solut ion but  in an ex te rna l  compar tment .  
Al l  potent ia ls  are  re fe r red  to the He/H+ potent ia l  and 
denoted  by  EH. 

Choice of  solvent .--Tri f luoroacetic  acid (TFA)  was 
used as solvent  in this work  because (i) i t  can be made 
in i t ia l ly  a lmost  anhydrous  and m a y  be wel l  purif ied 
by  norma l  solvent  purif icat ion and dry ing  procedures;  
also i t  can be made  ve ry  anhydrous  (9, 10) by  "get-  
ter ing"  any  r ema in ing  traces of w a t e r  by  addi t ion of 
a t race of t r i f luoroacetic anhydr ide  t h rough  the reac-  
t ion CF3CO.O.COCF8 ~ H20( t races  ~ 2 CF2COOH); 
(ii) i t  can be made  "e lec t rochemical ly"  pure,  i.e., no 
spurious oxida t ion  or  reduct ion currents  arise f rom 
react ion of any  impur i t ies  over  a wide poten t ia l  range 
at  Pt;  and (iii) i t  is a good ionizing solvent  for  a n u m -  
ber  of salts including potass ium tr i f luoroacetate  
( KTFA) .  Also ( iv)  i t  is itself, wi th  K T F A  as e lec t ro-  
lyte, not  oxidizable  unt i l  about  -+-2.2V EH when i t  un-  
dergoes the Kolbe react ion (10). Thus, there  exists a 
la rge  anodic 2 poten t ia l  range  over  which the solvent  
is e lec t rochemica l ly  inactive.  Also, since TFA does not  
have ac t ive ly  ava i lab le  the "elements  of oxygen,"  
there  is no poss ib i l i ty  of oxidat ion  of the Pt  e lect rode 
surface by  species d ischarged f rom the solvent  i tself  
over  a wide potent ia l  range  unt i l  the ca rboxyla te  
funct ion is d ischarged (10). Hence, effects of con- 
t ro l led  t race addi t ions  of wa te r  which lead to l imi ted  
surface oxidat ion  of  the P t  and to underpo ten t i a l  depo-  
sit ion of H (see below) can convenien t ly  be examined.  

Chemicals and purification procedures . - -Al l  chemi-  
cals used were  ana ly t ica l  reagent  grade. F u r t h e r  pur i -  
fication procedures  were  pe r fo rmed  as descr ibed below: 

(a) TFA (Eas tman Kodak  Company)  was first 
gen t ly  ref luxed over  K1VInO4 (Fisher  Company,  L im-  
i ted)  for at  least  24 hr. The mix tu re  was then s lowly 
disti l led,  three  successive dis t i l la t ions being per formed.  
P r io r  to the th i rd  dist i l la t ion,  0.05% of tr if luoroacetic 
anhydr ide  was added  to e l iminate  any res idual  t races 
of wa te r  in the acid to be used immed ia t e ly  af ter  the 
dis t i l la t ion in the  ini t ia l  expe r imen ta l  runs  in com- 
p le te ly  anhydrous  T F A  (Fig. 1). 

(b) Trif luoroacetic  anhydr ide  (Eas tman Kodak  Com- 
pany)  was used to d iminish  wa te r  content  in the TFA, 
as ment ioned above. I t  was purif ied first by  dis t i l la t ion 
f rom KMnO4 fol lowed by  another  slow dis t i l la t ion at  
312.5 K pr io r  to use in a run. 

(c) KTFA,  the K + salt  of TFA, used as electrolyte ,  
was p repa red  by  neut ra l iza t ion  of prev ious ly  purif ied 
TFA wi th  5M potass ium carbonate  (F isher  ACS ana-  
ly t ica l  g rade) .  The mix tu re  was heated gen t ly  unt i l  
sa tu ra t ion  was achieved. The solution was then lef t  to 
crys ta l l ize  slowly.  The crys ta ls  were  washed wi th  the  
mothe r  l iquor  fol lowed by  some of the purif ied TFA 
and dr ied  under  vacuum at 373 K. 

(d)  Wate r  used for  contro l led  addi t ions  of wa te r  in 
the runs was obta ined by  the pyroca ta ly t i c  dis t i l la t ion 
p rocedure  prev ious ly  descr ibed (12). 

-"There  is ev idence  (I1) tha t ,  in aq. media ,  ca thodic  r educ t ion  
of T FA  can occur.  H o w e v e r ,  in the  p r e s e n t  work ,  the effects 
s tud ied  w e r e  mos t ly  a t  po ten t ia l s  wel l  posi t ive to those  w h e r e  
r educ t ion  of the  molecule  could occur.  

(e) H2 and N2 gases used for bubbl ing  in the  cell  
were  purif ied and dr ied  as descr ibed prev ious ly  (1-3).  

Solutions and solution pur i t y . - -The  solutions used 
consisted of 0.hM K T F A  dissolved in the pure  100% 
TFA liquid. The dryness  or  wetness  of each solut ion 
was control led wi th  addi t ions  of t r i f luoroacetic  anhy-  
dr ide  or of the pyrod is t i l l ed  water ,  respect ively,  as re -  
quired.  

Aqueous solutions of HCIO4 and H2SO4 were  made  
up f rom pyrodis t i l l ed  water ,  p r epa red  as p rev ious ly  
descr ibed (12), using the Ar i s t a r  (B.D.H.) h igh pu r i t y  
acids. The HC104 contained no de tec tab le  C1- ions. 

The cr i ter ia  for solut ion puri ty ,  fo rmula t ed  p rev i -  
ously (12), were  appl ied  to the exper iments  in the  
aqueous media.  F o r  the T F A  solutions, p u r i t y  was 
judged  acceptable  when a po ten t iodynamic  i - V  profile 
such as tha t  in Fig. la ,  showing v i r tua l ly  no diffusion- 
control led  res idual  oxidat ion  or reduct ion  currents ,  was 
observed. The cathodic and anodic cur ren t  profiles at  
the least  posi t ive potent ia ls  in the sweep are  associated 
with  underpo ten t i a l  deposi t ion of H in a revers ib le  
react ion CF~COOH + P t  + e ~ CF3COO- --]- PtHads, 
as in aqueous solutions, as indica ted  by  (a) l inear  
dependence  of peak  currents  on s and (b) independ-  
ence of peak  currents  on st i rr ing.  

Water  addi t ions . - -Af ter  establ ishing an i vs. V pro-  
file for the comple te ly  anhydrous  T F A  solution, such 
as shown in Fig. la,  the effects of addi t ion of contro l led  
traces of pyrodis t i l l ed  wa te r  were  invest igated.  

Integration of potent iodynamic  i - V  profi les.--Charges 
for surface oxide reduct ion or formation,  and for  H 
deposi t ion and ionization, were  eva lua ted  by  weighing  
the cu t -ou t  i -V profiles recorded on good qua l i ty  graph 
paper  of uni form thickness and prev ious ly  ca l ib ra ted  
weight  per  uni t  area. Charges thus eva lua ted  were  
accurate  to ca. 1%, i.e., much be t t e r  than  can be 
achieved using a p lan ime te r  for measur ing  smal l  areas. 
The doub le - l aye r  charge contr ibut ions  were  sub t rac ted  
using the base lines of i -V  profiles such as those in 
Fig. la.  

Results 
Aims  of the exper imen t s . - -The  aims of the  exper i -  

ments  were  to evalua te  the surface oxidat ion behavior  
of P t  which arises when smal l  coverages of surface 
oxide  [the genera l  t e rm is used here  since a va r i e ty  
of 2-dimensional  la t t ice states can be formed, leading  
to "PtOH," "PRO," and corresponding p lace-exchanged  
species "OHPt," "OPt"  ( 4 ) - - ( s e e  Scheme I ) ]  a re  
gene ra t ed  f rom traces of wa te r  in an excess of the 
in i t ia l ly  anhydrous  solvent. The i vs. V profiles for P t  
in TFA ~ K T F A  solutions, wi th  and wi thout  t races 
of wate r  present ,  wil l  be descr ibed first. 

The current  vs. potential  profiles for Pt  in anhydrous 
TFA and wi th  added traces ol  wa ter . - -Behav ior  in 
ul tradry and sl ightly aqueous solut ions . - -We show first 
the potent iodynamic  i vs. V profiles at  P t  for the most  
anhydrous  TFA solutions (Fig. l a )  and then  com- 
pa ra t ive ly  (Fig. lb,  lc)  those for the same solutions 
wi th  control led addi t ions  of water .  Effects of holding 
the potent ia l  at  the posi t ive l imi t  Va of the anodic 
sweep for various t imes are  also shown. 

If  the in i t ia l  p repa ra t ion  of dis t i l led TFA contains,  
as it  usual ly  does, a res idual  t race of water ,  this is 
indica ted  by  smal l  but  significant oxide film format ion  
currents  at  potent ia ls  more  posi t ive than  ca. 1.05V 
E H and a smal l  oxide reduct ion cur ren t  peak  in the 
cathodic sweep. An u l t r a d r y  solut ion can then be ob-  
ta ined by  adding  control led  t races of t r i f luoroacetic 
anhydr ide  unt i l  the i v s .  V profile takes  the form of 
Fig. l a  wi th  zero surface oxidat ion  c u r r e n t  and no 
oxide reduct ion peak  in the cathodic sweep. Confirma-  
tion of u l t r adryness  of the ini t ia l  solutions is given 
by  holding the potent ia l  at  the  posi t ive end of the  
sweep for 1-5 min and demons t ra t ing  (Fig. la,  curves 
2, 3) no deve lopment  (~1% coverage)  of any  signifi- 
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cant  P t  surface oxide  reduct ion peak  in  a fol lowing 
cathodic sweep. 

Surface oxidation behavior.--Three famil ies  of poten-  
t iodynamic  i vs. V profiles for a P t  e lect rode over  the 
potent ia l  range  0.0V to +1.86V EH electrode in the  
same solution, are  recorded  in Fig. 1. F igure  Ia  shows 
the behavior  in the most  anhydrous  TFA solution, 
ge t te red  by  addi t ion of a t race of t r i f luoroacetic anhy-  
dride.  No surface oxida t ion  currents  are detec table  but  
underpo ten t ia l  deposi t ion of H in two dis t inguishable  
s tates  is observed (region A) .  Addi t ion  of t races of 
wa te r  (Fig. lb,  lc)  causes  deve lopment  of surface 
oxide in the anodic sweeps, commencing de tec tab ly  at  
1.05V EH, and a cur ren t  profile for its reduct ion is ob-  
served a round  0.7-0.6V in the  s cathodic 
sweep. 

In  o rder  to fol low the t rans i t ion  towards  aqueous 
solution behavior  and to provide  comparisons wi th  
surface oxide format ion  and reduct ion  behavior  in 
l a rge ly  aqueous solutions, exper iments  were  pe r fo rmed  
in T F A  containing 0.2, 0.5, 0.98, 2.6, and  4.1 mole  

pe rcen t  (m/o)  H~O, in wa te r  0.1 and 1.0M in T F A  a n d  
in wa te r  0.1, 1.0, and 6.0M in HC104. 

In the  absence of significant quant i t ies  of water ,  i t  
is seen from the profiles of Fig. l a  tha t  i t  is possible 
to reach  quite high posi t ive potent ia ls  and  thus r e l a -  
t ive ly  high in te rphas ia l  fields wi thout  es tabl ishing 
currents  e i ther  for  surface oxidat ion  (as would  occur 
in regu la r  aqueous solutions) or  for dissolution of Pt. 
When  traces of wa te r  are  present ,  holding the poten t ia l  
for various t imes (curves 1, 2, 3, 4 in  Fig. lb,  lc )  
causes an increase in the extent  of surface oxidat ion  
as occurs (1, 2) under  aqueous solution condit ions bu t  
to much l a rge r  extents.  

I t  is found, somewhat  surpr is ingly,  tha t  the ex ten t  
of surface oxidat ion  a t ta ined  on holding or dur ing  a 
sweep is a lmost  independen t  of solut ion s t i r r ing  (Fig. 
l c ) .  This is p re sumab ly  because  the  oxide g rowth  
process is sufficiently slow and the quan t i ty  of H20 
molecules requi red  to produce the submonolayer  oxide 
film is sufficiently small ,  ca. 4 • 10 -10 mole  cm -~, 
in a fa i r ly  d ry  solution, tha t  the process of oxide film 
growth  is not  di f fusion-control led wi th  respect  to tt20. 
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The points of in te res t  to be discussed l a t e r  a re  (4) 
the re la t ion be tween  the charge Q for  reduct ion  of the  
surface  oxide formed up to var ious  potentials ,  Va, a t  
the posi t ive end of a previous  anodic sweep as shown 
in  Fig. 2; (ii) the re la t ion  be tween  the peak  potent ial ,  
Vp, of the cathodic i vs. V profile for  surface oxide 
reduct ion,  and the oxide reduct ion charge, Q, as shown 
in Fig. 3; (iii) the  hysteresis  tha t  arises typ ica l ly  in 
Fig. lb,  lc for  qui te  smal l  degrees of surface oxidat ion,  
down to a re la t ive  surface coverage 0OH --  0.023 (i.e., 
Q _~ 5 ~C c m - 2 ) ;  and ( iv)  the  difference of behav ior  
of surface oxide  reduct ion  at  P t  in aq. and TFA solu- 
tions shown in Fig. 2 and 3. 

I t  is to be noted that  the  poten t ia l  scales in Fig. 2 and 
3 for  the  resul ts  obta ined in aqueous and in the T F A  
solutions are, of course, different  on account  of the 
different  solvents.  However ,  the potent ia l  span be -  
tween  the revers ib le  Ha-potent ia l  in TFA and the onset  
of surface  oxidat ion of P t  f rom smal l  concentrat ions of 
wa te r  in T F A  is only  a l i t t le  longer  than tha t  f rom 
wa te r  i tself  containing smal l  quanti t ies  of HC104 or 
H2SO4. Also, for  a g iven solution, i t  is the re la t ion  be -  
tween  Q and Vp or  Va tha t  is of interest .  

H adsorption in anhydrous and almost anhydrous TFA. 
- - B e f o r e  proceeding to the discussion of the surface 
oxida t ion  behavior ,  i t  is in te res t ing  to note tha t  even in 
the  dr ies t  solution, cur ren t  peaks  for  adsorbed  H a tom 
deposi t ion and ionizat ion are  observed (Fig. l a )  ind i -  
cat ing tha t  underpo ten t ia l  deposi t ion of chemisorbed 
H in at  leas t  two states [ there are  4 or  5 observable  
in wa te r  (13)] on the P t  surface is possible in a sol-  
vent  o ther  than  water .  Compara t ive  exper iments  in 
0.1M aq. HC104 on the same electrodes (see below) 
showed tha t  the H-accommodat ion  at  P t  in anhydrous  
T F A  up to the  H2-revers ib le  potent ia l  is about  40% of 
tha t  in water .  This is p robab ly  due to d isp lacement  of 
the  H deposi t ion region to more  negat ive  potent ia ls  
due to anion adsorpt ion.  S imi la r  effects a re  seen in aq. 
K T F A  + TFA solutions where  CF~COO- modifies H 
adsorpt ion.  

HYSTERESIS 95g 

Absence of i m p u r i t y  effects in T F A  was demon-  
s t ra ted  by  showing tha t  the H charge a t ta ins  a we l l -  
defined value (Fig. lc)  of 109 • 10 ~C cm -2, indepen-  
dent  of the extents  of surface oxide genera ted  from 
traces of wa te r  (Fig. lb, lc)  by  the "holding" exper i -  
ments, at  2.090V vs. PdH. In 0.1M aq. HC104, the same 
elect rode gave 270 ~C cm -2 for the H charge. This 
charge was used as a s tandard  of reference  for com- 
pa ra t ive  evaluat ion  of extents  of surface oxidat ion  of 
the same Pt  e lect rode in the TFA solutions. 

Discussion 

The ex ten t  of surface oxidation as a funct ion of po- 
tent ia l . - -Several  over lapping  states  of surface ox ida -  
tion of P t  can be resolved (3, 17) in an anodic sweep 
up to ca. 1.1V EH; however,  the total  charge,  Q, for  
surface oxidat ion is an app rox ima te ly  l inear  function 
of Va, as found, e.g., in aqueous 0.IM HCIO4 or H2804, 
except  at  qui te  low coverages,  Q < 30 ~C cm -2. 

In TFA solutions containing traces of water ,  the  
Q vs. Va re la t ions have much lower  slopes (Fig. 2) 
than for the aqueous acid solutions, ind ica t ing  tha t  
surface oxidat ion is more  difficult in such a lmost  non-  
aqueous solutions than  in water .  The slopes give the  
average  e lec t rochemical  capacitance,  dQ/dVa, of the  
film over  var ious  potent ia l  ranges  for i ts formation.  
dQ/dVa values for aqueous 0.1M HC104 and H2SO4 are  
a lmost  the same (426 • 10 ~F cm-2 ) .  However ,  for t h e  
TFA solutions containing traces of water ,  dQ/dVa -- 91 
~F cm-2,  i.e., some 4.7 t imes smaller .  This l a t t e r  r e -  
sult  is not  due to res t r ic t ion  of the quan t i ty  of oxide  
tha t  can be grown b y  diffusion of water ,  as was shown 
by the s t i r r ing  exper iments  re fe r red  to earl ier .  

The low slope, dQ/dVa, for surface oxide  format ion  
in the TFA solutions may  be due (i) to difficulty in 
displacing s t rongly  adsorbed  TFA solvent  molecules  
and CFsCOO-  ions a n d / o r  (ii) absence of s tabi l iza t ion 
of the OH/O laye r  which can arise in the  wa te r  solvent  
th rough  H-bond  br idg ing  th rough  H20 molecules  at  
the  oxide  f i lm/solut ion interface.  
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Fig. 3. Oxide film reduction peak potential, Vp, as a function of oxide reduction charge Q for various concentrations of water in TFA, 
for aq. TFA and far aq. HCIO4. [The increasing Q values are achieved by holding the potential at various Va values for controlled periods of 
time [cf. Ref. (2, 3)]. Vp values are referred, in each solution, to the potential of the H~/H + electrode in that solution. 

Hysteresis  and irreversibi l i ty  in surface oxide for-  
mation and reduct ion. - -As  we have shown previously 
(2, 3), the state of the oxide film formed up to a given 
Va [and for a controlled time (1,2)] is conveniently 
characterized electrochemically by the peak potential, 
Vp, of the i vs. V reduction profile in a cathodic poten- 
tiodynamic sweep following an anodic sweep to some 
potential V=. Usually, with increasing extent of surface 
oxidation (Va and/or  time increasing), Vp becomes less 
positive and the peak narrower (2, 3). Thus, in dilute 
aqueous acid solutions, it is well known (2, 3, 14) that 
Vp becomes less positive with increasing extent of sur-  
face oxidation, measured by Q, but there is an in- 
flection in this relation with a section in which Vp is 
independent of Q (3). This corresponds approximately 
to a situation where the full OH monolayer at  Pt  
(completed at ca. 1.1V) is converted to O species by 
reaction II (or II '  from "OHPt") without change of 
geometrical coverage. Plots of Vp vs. Q are shown in 
Fig. 3 for water  in TFA and for several aqueous solu- 
tions of HC104 (lines with points marked E], O ,  A, 
and V). In sufficiently strong (6M) aqueous I-IC104, 
the region where Vp is independent of Q is much 
smaller than in dilute aq. acid solution (3) and an 
almost continuous linear relation (points marked �9 ) 
is seen between Vp and Q. 

In the plot of Vp for the reduction profile vs. Q 
(Fig. 3), these submonolayer quantities of oxide give 
only continuously decreasing (less positive) values of 
Vp with increasing Q or, at higher water contents (0.5- 
4.1 m/o H20), an initially flat region (Vp independent 
of Q) followed by a region where Vp decreases l inearly 
with Q. These regions look like the r ight-hand side 
parts of the Vp vs. Q relations for the dilute aqueous 
solutions [cf. Ref. (3)], also shown in Fig. 3 (results 
for aq. TFA and HC104), where much larger Q values 
are involved. 

Since Vp becomes, in general, less positive with in- 
creasing Va and Q, it is evident that the processes of 
formation and reduction of the surface oxide become 
progressively more irreversible with respect to one 
another, giving rise to the observed hysteresis (1, 2) 

between these processes. I t  is convenient to define this 
hysteresis arbi t rar i ly  as the difference, hV, in volts be- 
tween the potential for detectable onset of surface 
oxidation in the anodic sweep and the potential, Vp, at 
the maximum current in the reduction curve. 

The striking feature of the i vs. V profiles for small 
extents of surface oxidation of Pt  attained in TFA with 
traces of water present, is that  the hysteresis, ZlV, is 
much larger than is found for corresponding small Q 
values in ordinary aqueous media. This is i l lustrated in 
Fig. 4 where zlV is plotted against Q in the series of 
points for ~0-4.1 m/o H20 in init ially anhydrous TFA. 
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This figure also shows how AV depends  on Q for aque-  
ous T F A  (0.1 and 1.0M) and for  aqueous HC104 (0.1- 
6M). Compar ison be tween  the ~V values  for the oxide 
films formed in the var ious  solut ions indica ted  in Fig. 
4 shows tha t  there  is a large  difference be tween  the 
behavior  of the oxide  films fo rmed  f rom traces of wa te r  
in excess T F A  and tha t  for films formed in excess 
wa te r  in di lute  acid solutions. The smal l  submonolayer  
quant i t ies  of oxide, p roduced  under  the former  con- 
ditions, behave  [cf. Ref. (1, 2)]  l ike  full  oxide films, 
wi th  Q > 400 ;~C cm-~,  formed at  h igh  Va values  in 
aqueous solutions. 

The fact  tha t  the submonolaye r  films produced  in 
TFA wi th  t races o f  wa te r  are  reduced  at  less and less 
posi t ive potent ia ls  as more  surface oxide is genera ted  
(Fig. 3, l ines for H20 in T F A ) ,  indicates  tha t  there  is 
the usual  [cf. Ref. (1-3)]  progress ive  s tabi l izat ion of 
the  oxide film (p robab ly  in a r e a r r anged  "OPt" s ta te)  
wi th  increasing coverage, even at  low appa ren t  geo-  
me t r i ca l  coverages of the e lect rode surface. Such films, 
a t  low coverages,  seem a l r eady  to be in the so-ca l led  
"phase-ox ide"  s ta te  (6, 15). 

This is qui te  unl ike  the s i tuat ion for i r r evers ib le  re -  
duct ion of a r a n d o m l y  deposi ted film where  the reduc-  
tion peak  potential ,  we have shown (16), should be in -  
dependent  of the quan t i ty  of ma te r i a l  (below a mono-  
layer )  in i t i a l ly  exis t ing if in te rac t ion  effects a re  ab -  
sent. However ,  if a t t rac t ive  in teract ions  are  significant, 
then the reduct ion  peak  potent ia l  does become less 
posi t ive wi th  increas ing ini t ia l  coverage, depending  on 
the magn i tude  of the g factor  (4) charac ter iz ing  these 
interact ions.  

The resul ts  of the  p resen t  work  show tha t  exper i -  
ments  in T F A  containing traces of wa te r  a l low low 
coverages of surface oxide to be fo rmed  (Fig. 1 and 2) 
up to subs tan t ia l ly  h igher  Va values  than are  nor -  
ma l ly  possible in aqueous solutions where  the  wa te r  
ac t iv i ty  is invar ian t ,  i.e., where  a g iven coverage is 
de te rmined  only by  Va and t ime spent  a t  Va in tha t  
case [cf. Ref. (2)] .  Two elect ros ta t ic  factors can then 
tend to enhance the ex ten t  and veloci ty  of p l a c e - e x -  
change:  (i) the me ta l / so lu t ion  field wi l l  be grea te r  
for the condit ions (high Va) of surface oxide fo rmat ion  
in T F A  than for those for  surface oxidat ion  in water ;  
such condit ions wil l  p romote  more  rap id  and extens ive  
f ie ld-dependent  p lace-exchange ;  (ii) the local d ie lec-  
t r ic  constant  in the inner  region of the doub le - l aye r  
would  be smal le r  in TFA than in water ,  giving h igher  
surface fields for a given surface charge dens i ty  on the  
electrode.  

The use of a range of solvents wi th  wide ly  different  
would be requ i red  to test  the  role of factor  (ii). How-  

ever, pract ica l ly ,  this is difficult as there  are  few, if 
any, o ther  nonaqueous solvents tha t  can survive  s t rong 
anodic polar iza t ion  at  P t  wi thout  suffering oxidat ion;  
also, the va ry ing  solvat ing  power  of such solvents  for  
anions of the e lec t ro ly te  would cause a s imul taneous  
var ia t ion  of the s t rength  of compet i t ive  anion adsorp-  
t ion (see "Anion adsorpt ion  effects" be low) .  

Both the factors (i) and (ii) above tend to induce 
a r e l a t ive ly  more  facile p lace -exchange  since the 
p lace -exchange  process is field assisted (the PtOH or 
PtO surface dipole is p r e sumab ly  of opposi te  direct ion 
to tha t  of p lace -exchanged  OHPt or  OPt, so tha t  anodic 
fields assist  the process) .  

Commentary  on the state of the oxide f i lms.--The 
behavior  descr ibed above must  be examined  in the  
l ight  of previous  ideas (2-6) on surface oxida t ion  o f  
Pt  involv ing  p lace -exchange  and the role of anion 
adsorpt ion  (17, 18). The resul ts  p resented  above indi -  
cate that  the character is t ics  of the submonolayer  
quant i t ies  of surface oxide formed f rom traces of wa te r  
in excess TFA [as de te rmined  by  the V~ vs. Q behavior  
(Fig. 3) and the ~V values]  are  surpr i s ing ly  s imi lar  to 
those of oxide films formed to much grea te r  coverages,  
at  high Va values,  in excess water .  

The unusual  behavior  of the  submonolayer  oxide  
films formed in T F A  f rom traces of wa te r  can be con- 
s idered in terms of two possible effects: (i) the adsorp-  
t ion of the CFsCOO-  anion (cf. Fig. 5) m a y  promote  
i r r evers ib i l i ty  in the format ion  of the oxide  film in 
TFA solutions by  assist ing (18) the p l ace -exchange  
and leading  to deposi t ion of the film in a r ea r r anged  
state wi thout  observable  p r io r  deve lopment  of the 
revers ib i l i ty  e lec t rosorbed OH laye r  a t  significant cov- 
erage [ca. 15% in di lute  aqueous HCIO4 (3) or  30% 
in di lu te  KOH (17)] ;  and (ii) the  submonolayer  oxide 
films are  deposi ted as is lands wi th in  which a l a r g e  
degree of p lace -exchange  and conversion of e lec t rode-  
posi ted OH species to O species has t aken  place, giving 
rise to the observed i r revers ib i l i ty  and hysteres is  
shown in Fig. 4. This would  be fac i l i ta ted  by  the r e l a -  
t i v e l y  la rge  anodic potent ia ls  Va which  can be  r e a c h e d  
in the anhydrous  TFA (Fig. 1). 

Anion adsorption ef fects .--In connection wi th  ( i) ,  i t  is 
to be noted that  s imi la r  behav ior  is observed  when the  
Pt  surface oxide film is grown in d i lu te  aqueous H2SO4 
or  HC104 to which C1- ions ( tha t  are  s t rong ly  ad -  
sorbed)  are  added 8 (18) : For  C1- concentrat ions  > ca. 
10-4 M, P t  surface oxidat ion  occurs in a comple te ly  
i r revers ib le  manner  wi th  the three  pa r t i a l l y  revers ib le  
states (3, 17) no rma l ly  d is t inguishable  be tween  0.8 
and 1.1V EH, being e l imina ted  on account  of compet i -  
t ive adsorpt ion of C1- ions. F igure  5 shows tha t  the 
surface oxidat ion  of P t  in aqueous solut ions of T F A  at  
0.1 and 1.0M concentrat ions is much inhib i ted  in c o m -  
p a r i s o n  with  the behav ior  in aq. HCIO4. Also the  H 
region is changed in a w a y  character is t ic  of s t r o n g  
anion adsorpt ion,  e.g., as observed  wi th  C1-. The be-  
havior  observed confirms tha t  CF~COO- ( a n d / o r  
CF3COOH) can have a s t rong effect, l ike C I -  ion (18), 
on the format ion  and reduct ion behav ior  of the mono-  
l aye r  oxide film at  Pt. In  TFA, the  adsorpt ion  of  
CF~COO- is l ike ly  to be s t ronger  than  in w a t e r  due  
to i ts weake r  solvat ion than  in the l a t t e r  medium.  
However ,  there  are  difficulties in seeing how an anion 
effect alone could cause the  hysteresis  effects o b s e r v e d  
if the submonolayer  films fo rmed  in T F A  were  di lute  
r andom ar rays  of OH/O species. Hence r e a r r a ngemen t  
into 2-dimensional  condensed is land regions has also 
to be considered.  

Island format ion.- -Here we examine  to wha t  ex ten t  a 
2-dimensional  format ion  of islands of p lace -exchanged  
OH or O species could account for  the hysteres is  be-  
havior  as an addi t ional  effect to tha t  caused by  a n i o n  
adsorption,  indica ted  above. Two dimensional  is lands 
could arise if the' p lace -exchanged  OH or O species 
are  sufficiently s tabi l ized b y  a t t rac t ive  l a t e ra l  i n t e r -  
actions, i.e., with  a g- fac tor  [see Ref. (16)] in the a d -  

3 In the present work, there is no question of there being traces 
of C1- ion present that might lead to the effects observed: The 
TFA used was triply distilled and solutions gave no posiUve test 
for C1- by the sensitive nephelometric method. 
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Fig. 5. Cyclic-voltammetry i vs. V profiles for Pt in 0.1M oq. 
0.025 V sec -1  at 298 K and in 0.1M aq. HCIO4 with addition of 
CFaCOOH at concentrations of 0.1 and 1.0M causing blacking of 
surface oxide formation. 
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sorpt ion i so therm < --4. This would  follow if a r andom 
a r r a y  such as 

OH OH OH OH 

Pt  P t  P t  P t  P t  P t  P t  F t  

became res t ruc tured  into a 2-d phase such as 

OH P t  OH P t  

P t  P t  OH P t  OH P t  P t  

where  PtOH and OHPt dipoles are or ien ted  in a t t r ac -  
t ive configurations, leading  to s tabi l iza t ion# These rep-  
resenta t ions  are, of course, h ighly  schematic.  

The suggestion tha t  the behavior  observed wi th  the 
submonolayer  oxide films fo rmed  f rom water  in T F A  
is associated wi th  format ion  of is lands of the  p l a c e - e x -  
changed species is not  inconsis tent  wi th  the p ic ture  we 
have given prev ious ly  (3, 4) for the progress ive  deve l -  
oPment  of a monolayer  of surface oxide  on P t  and 
other  noble metals .  P l ace -exchanged  species, "OHPt"  
or "OPt," wi l l  tend to be most  s table when  ad jacen t  
to 'unexchanged"  adsorbed  OH or O species on the Pt  
surface, as shown schemat ica l ly  above (in fact, this 
is p robab ly  pa r t  of the dr iv ing  force for  p l ace -ex -  
change) ,  so tha t  the tendency for format ion  of is lands 
of the p lace -exchanged  species has to be included in 
mechanisms of surface oxidation.  Ini t ia l ly ,  format ion 
of lat t ices of e lec t rodeposi ted  OH species up to a mono-  
l aye r  (at  1.1V EH in wa te r )  seems to account (3) for 
the anodic i vs. V profile in water .  Hence, the u l t ima te  
format ion  of the surface oxide film in a state which is 
reduc ib le  only at  less posit ive potent ia ls  than  those r e -  
qui red  for its format ion  [the hysteresis  effect; Ref. 
(1-4) ] would  seem to requ i re  surface diffusion of the 
in i t ia l ly  deposi ted species coupled wi th  thei r  p lace-  
exchange.  At  any reasonably  significant coverage, say 
25%, surface diffusion, if involved,  would  need to be 
over  2 ,-, 3 la t t ice  sites only  and would  thus be difficult 
to dis t inguish f rom the la t t ice  reconstruct ion processes. 
These effects are  p r e sumab ly  those which give rise to 
the t ime-dependence  of oxide film format ion  (1-3) and  
the aging effects r epor ted  b y  Arv ia  (19). 

Al though the v iewpoint  examined  here  on the role of 
deve lopment  of submonolayer  is lands of surface oxide  
in the process of surface oxidat ion  of P t  f rom traces of 
wate r  in T F A  is re la ted  to the recent  t r ea tmen t  of Gi l -  
roy  (20) in which a nuclea t ion  and growth  mechanism 
is advanced for  exp la in ing  the logar i thmic  l aw of 
growth  (1, 15) for increasing degree of oxida t ion  at  
P t  at  constant  potential ,  it  must  be ment ioned that  the 
fol lowing type  of t rans ien t  expe r imen t  does not  in-  
dicate a nucleat ion and growth  mechanism tha t  could 
lead to is land format ion:  If  a rap id  potent ia l  sweep is 
made  to a pa r t i cu la r  potent ia l  Va in the potent ia l  range  
where  surface oxide format ion  occurs, and the resu l t -  
ing cu r ren t - t ime  t rans ien t  is recorded at  ( this con- 
s tant)  V~, then only a cont inuously  d iminish ing  i ( t )  
t rans ien t  is observed,  not  one in which  i at  first in -  
creases and then  decreases  wi th  t, which  would be 
character is t ic  of nucleat ion and growth  of the  oxide 
film. A s imilar  exper iment ,  made  in the reduct ion di-  
rect ion af ter  a monolayer  or submonolayer  of oxide has 
been formed anodically,  s imi la r ly  does not  indicate  

Island stability will be influenced by edge-to-area ratio. In 
square arrays of n 2 particles, for example, the number of parti- 
cles in the edges relative to the number inside the edges is 
given by In 2 -- (n -- 2)]2/(n -- 2) 2 , i.e., 4(n -- 1)/(n - 2) e. As 
n >> 1, this ratio approaches 4/n. Thus, e.g., 40 x 40 particle 
squares still contain 10% Of particles in their perimeters. 

"hole" nucleat ion and g rowth  as the  film reduct ion  
mechanism.  
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ABSTRACT 

The s t ructural  characteristics of CdS films cathodically electrodeposited 
from a dimethylsulfoxide solution containing cadmium chloride and elemental  
sulfur  have been studied. The thickness, continuity, smoothness, and the de- 
gree of substrate coverage of the CdS films have been examined using stylus-  
type surface profiling techniques, x - r ay  diffractometer patterns,  and scanning 
electron microscopy. The composition of the films was examined using Ruther -  
ford backscattering spectrometry. It  is concluded that  high qual i ty  films of CdS 
with a high degree of crystal s t ructure can be electrodeposited in this manne r  
and that  minor i ty  components may be easily incorporated in the films. 

Recently, there has been a great deal of interest  in 
the applications of n -CdS in the conversion of solar 
energy to electrical energy (1-3). The use of semicon- 
ductors in photovoltaic cells is well  known;  more re- 
cently, they have also been employed in photoelec- 
trochemical cells in which they are stabilized by hole 
consumption reactions involving redox couples in  the 
electrolyte (4, 5). Al though the major i ty  of CdS used 
in these devices is produced by vapor deposition tech- 
niques, recent work has described the electrochemical 
deposition of thin layers of CdS and other semicon- 
ductors (6-10). CdS and Bi2S3 films may be grown on 
Cd and Bi metal, respectively, by anodic oxidation of 
the parent  metal  in an electrolyte solution containing 
sulfide ion (6-8). CdSe (9) and CdTe (10) have been 
deposited cathodically from acidified aqueous solutions 
containing CdSO4 and either SeO~ or TeO2. The elec- 
trode process in which the chalcogen dioxide is reduced 
to its corresponding dianion is obviously complex since 
it involves six electrons. However, in  the case of CdTe 
where the s tructure of the resul t ing film has b e e n  
studied (10), the quali ty of the deposit is quite good. 
A third method of electrodepositing I I -VI  compounds 
involves a cathodic process in a solution containing the 
desired meta l  ion and soluble chalc0gen (11, 12), the 
overall  reaction being 

M ++ + X + 2e--> MX [1] 

where M + + is a divalent  cation and X, the chalcogen. 
Since the chalcogens are not  soluble in water  under  
normal  conditions, these reactions were carried out in 
a var ie ty  of nonaqueous solvents. 

In  the present  paper, the s t ructural  characteristics 
and  composition of CdS films electrodeposited from 
dimethylsulfoxide (DMSO) solutions containing cad- 
mium chloride and elemental  sulfur  are described for a 
variety of electrodeposition conditions. The electrical 
properties of the films and the mechanism of film for- 
mat ion will be discussed in future  papers. 

Experimental 
The CdS films were deposited on high pur i ty  plat i -  

n u m  foil (99.9999%) of thickness 0.05 m m  and  total 
exposed area of 2.00 cm ~. Electrical contact to the pla t i -  
n u m  squares was made with p la t inum wire arc-welded 
to the foil and mounted  in a glass tube. A p la t inum 

* Electrochemical Society Active Member. 
Key words: electrodeposition of semiconductors, CdS films, 

semiconductor films. 

counterelectrode of similar  geometry was used a n d  
oriented to provide uni form charge dis tr ibut ion (see 
Fig. 1). All  voltages were measured against  a C d /  
CdC12 reference electrode in DMSO held at the tem-  
perature  of the electrolyte solution. The electrolyte 
solution consisted of 0.055M CdC12 and 0.19M S in  re-  
agent  grade DMSO; i t  was held at constant  tempera-  
ture  by immersing the cell in  an oil ba th  whose tem-  
perature  was main ta ined  by a tempera ture  control ler /  
circulator. 

The Pt cathode was etched in concentrated HCI, then 
rinsed first with tr iply distilled water, followed by 
acetone. Electrolysis was carried out at constant  cur-  
rent  densi ty using a PAR Model 170 programmable  
potentiostat /galvanostat ,  the voltage across the cell 
being monitored on a strip chart  recorder. The solution 
was stirred with a magnetic  st irrer  dur ing deposition. 

| 

Fig. 1. Diagram of cell used for electrodeposition showing the 
counterelectrode (A), cathode (B), and reference electrode (C) with 
the isolating glass sleeve (D). The electrolyte solution (E) was 
stirred with a magnetic stirrer (F). 

963 
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The squares of Pt  coated with CdS were immediate ly  
removed from the electrolyte, r insed first with hot 
DMSO, then with acetone. For observation under  the 
scanning electron microscope (SEM), the samples were 
mounted with silver coagulant  on machined a luminum 
stubs (suitable for insert ion into the SEM). The CdS 
films were examined within  24 hr  of electrodeposition 
with an Etec Autoscan SEM using the backscattered 
electron technique. All micrographs were taken on 
Kodak FXP120 film with a Graphex lens and aper-  
ture. The procedure was repeated for a series of films 
varying  the t ime of deposition, the current  density, the 
temperature  of the electrolyte solution, the concentra-  
tion of additives in the electrolyte solution, such as 
thiourea, potassium iodide, and thal l ium chloride, and 
finally the na tu re  of the substrate conductor. In  the 
case that  the substrate was not Pt, the required metal  
(Au or Cd) was first electrodeposited from aqueous 

electrolytes using s tandard techniques. 
The structure of the CdS films was investigated using 

a General  Electric Model l lGN1 x- ray  diffractometer 
with a cobalt target. The films were also analyzed in a 
rotat ing crystal geometry. The stoichiometry and uni -  
formity of selected films were measured using back- 
scattering spectrometry (13) uti l izing a 3 MV Van der 
Graft accelerator. 

In order that thickness measurements  of the CdS 
films could be performed, the semiconductor layers 
were deposited on smooth substrates of Pt  sputtered on 
glass. The thickness of the film was measured with a 
Sloan Dektak, s tylus- type device. The sput ter ing of 
the Pt  was carried out with an Edwards S150A sput-  
ter  coater, the resul t ing metal  films being heated for 3 
min at 575~ after formation. After electrodeposition 
of the CdS film by the methods described above, the 
film was scratched away from the substrate and the 
thickness was measured at a m in imum of 5 positions on 
the surface. 

Results and Discussion 
Fi lm smoothness, continuity,  grain size, adhesion to 

substrate, and the percentage of substrate coverage 
were all considered to be criteria for determining film 
quality. 

Typical plots of v o l t a g e d u r i n g  deposition against  
time for varying current  densities are shown in  Fig. 
2. The ini t ial  sharp rise in voltage is a t t r ibuted to the 
charging of the double layer  and the init ial ization of 
the deposition process. This is followed by a 100-200 
sec film nucleat ion step, after which the semiconductor 
is deposited at a constant rate. F i lm "breakdown," in-  
ferred from the erratic fluctuation at high voltages, oc- 
curred independent  of current  density at ~SV. 
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Fig. 2. Plots of voltage against deposition time during the deposi- 
tion of CdS films at several current densities as indicated. 

Electron micrographs of CdS films grown for 50, 150, 
500, and 1500 sec at 110~ and a current  density of 2.5 
mA / c m 2 are shown in Fig. 3. It  is apparent  that  the 
films grown for longer than 250 sec at 2.5 mA/cm$, 
that is, for a celI voltage greater  than 5V, had signifi- 
cant cracking and defects. The defects, namely  undu -  
lations and outgrowths, are probably due to charge 
concentrat ion at the substrate surface caused by macro- 
scopic defects in the substrate. The ridges visible in 
Fig. 3a and 3b are due to scratches in the under ly ing  
Pt. The dependence of the cracking on deposition time, 
and hence voltage, consistent with the growth curves 
in Fig. 2, suggests that cracking occurs dur ing deposi- 
tion. 

The x - r ay  diffractometer pat tern  shown in  Fig. 4 is 
for a CdS film grown for 500 sec at l l0~ and a current  
density of 2.5 mA/cm2. The intense peak at 20 -- 31.5 ~ 
corresponds to an in terp lanar  distance of 3.34A. and 
compares well with the theoretical value of &36A for 
the <111> planes of /~-CdS. The minor  peaks in the 
pat tern  correspond to the Pt  substrate and reflect its 
l imited degree of orientation. It  is significant that  only 
one peak associated with CdS was observed. This re-  
sult indicates a high degree of symmet ry  along the 
axis perpendicular  to the substrate surface. Rotat ing-  
crystal x - r a y  pat terns were typical of single crystal 
CdS in the/~-CdS form. A typical Rutherford spectrum 
for a-particles backscattered from a CdS film deposited 
on Pt  is i l lustrated in Fig. 5. The spectrum is shown for 
the energy ranges where backscattering is due to S = 
and Cd ++ ions; the central  peak between 0.95 and 
11.8 MeV which is due to the P t  substrate has been 
left out for the sake of clarity. The rise in  backscattered 
in tensi ty  at the high energy side of the region corre- 
sponding to Cd + + at 139 MeV is quali tat ive confirma- 
tion of the presence of this atom and the yield at this 
energy permits  precise determinat ion of the relative 
amount  of Cd in  the film. The corresponding high en-  
ergy intensi ty  for the S peak is obscured by  the Pt  
peak. However, approximate analysis yields an S to Cd 
ratio of 0.9 _+ 0.1 to one. The shape of the Cd and S 
peaks provides evidence that the film composition is 
uni form as a function of depth (13). There is some 
evidence of a peak due to C1- ions at channel  numbers  
corresponding to lower energies but  the in tensi ty  was 
too low with respect to background noise for this ele- 
ment  to be positively identified from the Rutherford 
analysis. However, it  is probable that  C1- ions are in -  
corporated into the film to a minor  extent  during 
deposition. 

The cracking of the thicker film (see Fig. 3c and 3d) 
has been observed previously in CdS films grown by 
anodic polarization of Cd in an Nags solution (7) and 
was at t r ibuted to water  loss. Due to the strong solva- 
tion of the Cd 2+ ion in DMSO, there is probably  a 
small  amount  of solvent incorporated into the CdS 
films; however, the above results suggest a secondary, 
more complex cracking mechanism. Cracking may re-  
sult dur ing deposition due to tensile stress in the CdS 
crystal resul t ing from a strong, secondary piezoelectric 
effect (14) which is permit ted because the <111> axis 
has no center of symmetry.  Thus, the electric field 
applied during deposition in this direction may result  
in the di~olacement of deposited ions and hence the 
incorporation of stress dur ing growth. The nonequi l ib-  
r ium positions of the ions in the film would resfllt in 
stress causing the observed "breakdown" (cracking) 
when the force was of sufficient magnitude.  This con- 
clusion is consistent with the exper imenta l  observation 
of a constant  voltage at which "breakdown" occurred, 
independent  of applied current  density. I t  is also rea-  
sonable that  some cracking may occur after deposition 
caused by migrat ion of the ions to equi l ibr ium lattice 
positions. 

Figure 6 shows a micrograph of a CdS film grown 
by decreasing the current  density from 2.5 mA/cm 2 
(at t ---- 0 sec) to 0 (at t ---- 900 sec) in e q u a l i n c r e -  



VoI. 128, No. 5 C A T H O D I C  E L E C T R O D E P O S I T I O N  965 

Fig. 3. Electron micrographs of CdS films deposited on Pt at a current density of 2.5 mA/cm 2 for (a, top left) 50 sec (mag 3000X) ;  
(b, top right) 150 sec (mag 8300X) ;  (c, bottom left) 500 ser (mag 6100X) ;  (d, bottom right) 1500 sec (mag 6100X) .  The dust particle 
in (a) was used as a point of focus only. 

ments  eve ry  180 sec. Al though  there  a re  significant 
surface undula t ions  and i r regula r i t i es  in the  CdS film, 
character is t ic  of th icker  films, there  is a complete  ab -  
sence of cracks, 100% subs t ra te  coverage being 
achieved.  L imi t ing  the appl ied  field b y  decreas ing the 
cur ren t  dens i ty  dur ing  deposi t ion m a y  a l low a g radua l  
r e l axa t ion  and migra t ion  process to occur. One also 
notes tha t  in Fig. 6, the re  is evidence of over l app ing  

plates,  p robab ly  or iginat ing f rom the presence of di f -  
fe rent  nuclea t ing  sites on the subs t ra te  surface. 

A plot  of the  average  film thickness,  < d >  a g a i n s t  
deposi t ion t ime  is shown in Fig. 7. The dot ted  l ine  
corresponds to the  theore t ica l  re la t ionship  b e t w e e n  
thickness and t ime assuming tha t  the  only  e lec t rode  

I : ~5-  
5~rn- Cd S 

on Pt 

31.5 deg peak 

20 25 30 35 40 
2 e/deg. 

Fig. 4. X-ray diffractometer pattern of a 03  ~m CdS film on Pt 
(cobalt target). 
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Fig. 5. Rutherford spectrum of backscattered ~ particles from a 
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MeV corresponding to scattering from S and Cd atoms, respec- 
tively. 
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Fig. 6. Electron micrograph of a CdS film deposited on Pt by de- 
creasing the current density from 2.5 mA/cm -2  to zero during 
deposition in order to prevent the voltage across the cell to exceed 
5V (mag 6100•  

process is 
Cd 2+ + S + 2 e -  --> CdS [2] 

Accordingly  
jM 

d = . .. r [3]  
nlep 

where  j is the  cu r r en t  densi ty,  M the molecu la r  weight  
of CdS (144.46g), n the  n u m b e r  of electrons t r ans -  
ferred,  F the Fa raday ,  and  p the dens i ty  of the e lec t ro-  
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Fig. I. Average thickness of CdS films deposited on Pt againsf 
deposition time. Current density during deposition and electrolyte 
solution composition and temperature were held constant as indi- 
cated. 

deposi ted mater ia l ,  p was assumed to be tha t  for .8- 
CdS, namely,  4.82 g / c m  3 and n was assumed to be  2. 

The most notable  fea ture  of the  exper imen ta l  da ta  is 
the l inear  dependence  of film thickness on time. Com- 
par ison of the slope observed  (Fig. 7) wi th  tha t  p re -  
d ic ted  for  reac t ion  [2] according to Eq. [3] y ie lds  
an efficiency of 81% for the deposi t ion process. The 
discrepancy be tween  the exper imen ta l  and theoret ica l  
slopes m a y  be a t t r ibu ted  to severa l  factors. Fi rs t ly ,  i t  
may  resul t  f rom the presence in solut ion of sulfur  
compounds with  sulfur  in a h igher  oxidat ion  state. If  
sulfur  in these forms is involved in the deposit ion p ro-  
cess to a significant extent ,  the effective number  of 
e lectrons t rans fe r red  dur ing  the process would  be 
grea te r  than that  proposed by  the s impler  process in-  
volving e lementa l  sulfur.  Such sulfur  compounds are  
most sure ly  presen t  in DMSO at  l l0~  due to the 
oxidat ion  of e lementa l  sulfur  b y  a tmospher ic  oxygen.  
The presence of sulfur  containing impur i t ies  is s t rongly  
suggested by  the dis t inct ive  odor  of reagen t  grade 
DMSO, the pure  solvent  being odorless. Al te rna t ive ly ,  
th e  presence of oxygen and w a t e r  in the solvent  m a y  
resul t  in o ther  side reactions.  

A plot  of average  CdS film thickness < d >  agains t  
cur ren t  densi ty  j for a fixed deposi t ion t ime is shown 
in Fig. 8. Again, the re la t ionship  predic ted  by  Eq. [3] 
on the basis of F a r a d a y ' s  laws is p lo t ted  as a dot ted 
line. Below 3.0 m A / c m  2, the  plot  of expe r imen ta l  da ta  
is reasonably  l inear,  whereas  at  h igher  cur ren t  den-  
sities there  is significant devia t ion  f rom l inear i ty .  I t  is 
possible tha t  the discrepancies be tween  the expe r i -  
menta l  data  and the theoret ica l  re la t ionships  a re  due 
to va ry ing  composit ion of the film wi th  cur ren t  den-  
sity. At  high cur ren t  density,  the in ter face  be tween  
the P t  and the CdS was observed to be d a r k e r  in color 
than  the surface of the CdS l aye r  ( the P t  l aye r  was 
t rans lucent ) .  The da rken ing  m a y  indicate  an excess of 
cadmium in the in i t ia l  layers  of the semiconductor  
film. The var ia t ion  of the  film composit ion wi th  cur-  
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Fig. 9. CdS films deposited on (a, top) gold substrate (mag 4500X) and (b, bottom) from electrolyte solution containing 5 X 10-8M 
thiourea (mag IO00x).  

r en t  densi ty suggests that  the stoichiometry of the 
electrodeposited CdS, and hence its electrical proper-  
ties, may  be altered. 

Modifying the substrate surface, prior to depositing 
the CdS, by adding water  or thiourea to the electro- 
lyte solution or by predeposit ing gold or cadmium had 
a significant effect on the qual i ty  of the deposit. Figure 
9a i l lustrates a characteristic CdS film grown on a gold 
substrate and Fig. 9b shows a film grown from an 
electrolyte solution containing thiourea. The films 
grown on a cadmium substrate and from an electrolyte 
solution containing water  had similar  characteristics. 
These films were much smoother with fewer undu la -  
tions than films grown from electrolyte solution with 
no additives; however  as can be seen in  Fig. 9, such 
films exhibited poor adhesion to the substrate. The 
thiourea or water  in the DMSO solution is believed to 
be adsorbed at the electrode surface at sites of high 
energy (outgrowths).  This adsorption may retard film 
growth at these points and allow growth in "valleys," 
thus producing a smoother, more un i form deposit. The 
above results probably  i l lustrate  a reduct ion in the 
n u m b e r  of points of charge concentrat ion by a smooth- 
ing of the substrate surface. 

Voltage against  deposition t ime curves for CdS films 
deposited with T1C1 in the electrolyte solution are 
shown in Fig. 10. It  is noted that  the slope of voltage 
against t ime curves (after the nucleat ion step) de- 
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Fig. 10. Voltage against deposition time during deposition of CdS 
on l~ from electrolyte solution containing various concentrations of 
TICrl as indicated. 

creased with increasing concentrat ion of T1CI in  the 
solution, reflecting a decreased resist ivity of the de- 
posited CdS layer  due to possible incorporat ion of T1 + 
in the film. Selected CdS films deposited from the 
electrolyte solution containing T1C1 were analyzed 
using the Rutherford backscat ter ing technique. Figure 
11 shows a typical spectrum of 2 MeV alpha particles 
scattered from a CdS film grown for 500 sec f rom a 
solution containing 10-~M TICk The relat ive heights 
H1 and H2 due to scattering from Cd and T1 nuclei, 
respectively, are directly indicative of a 2% abundance  
of TI + in CdS. The shape of the spectrum suggests an 
even dis t r ibut ion of T1 + as a function of depth wi th in  
the film. 

In  conclusion, CdS films electrodeposited as described 
above from DMSO solution are of high qual i ty  based 
on their continuity,  adhesion to the substrate, substrate 
coverage, and degree of crystaUinity. The deposition 
process is technical ly simple, fast, and has numerous  
advantages over vapor deposition processes. The ob- 
served cracking due to piezoelectric and substrate sur-  
face effects is not  a serious problem and can be over-  
come in a s traightforward manner .  The possibili ty 
that minor  impuri t ies  may  be incorporated into the 
CdS film by electrodeposition is of great significance. 
This result  suggests that  CdS films of the desirable 
electrical properties may  be achieved mere ly  by dis- 
solving different doping ions in  the deposition solution 
in s u i t a b l e  concentrations. P re l imina ry  studies have 
indicated that  carr ier  concentrat ions on the order  of 
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1014 cm -3 and car r ie r  mobil i t ies  of app rox ima te ly  50 
c m  2 V -1 sec -1 can be achieved in this manner .  

Acknowledgments 
WRF and JRM acknowledge  the financial  suppor t  of 

the  Na tu ra l  Science and  Research  Council  of Canada  
(NSERC) th rough  opera t ing  and equ ipment  grants.  
ACM also acknowledges  the suppor t  of NSERC through  
the award  of a pos tgradua te  scholarship.  

Manuscr ip t  submi t ted  Ju ly  81, 1980; revised manu-  
script  received Dec. 11, 1980. 

A n y  discussion of this pape r  wi l l  appear  in a Dis :  
cussion Sect ion to be publ i shed  in the December  1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. I, 1981. 

Publication costs o] this article were assisted by the 
National Science and Engineering Research Council 
(NSERC), Ottawa. 

REFERENCES 

1. K. Rajeswar ,  P. Singh, and J. DuBow, Electrochim. 
Acta, 23, 1117 (1978). 

2. H. Gerischer,  J. Electroanal. Chem. Inter]acial Elee- 
trochem., 58, 263 (1975). 

3. T. S. 3ayadevaiah ,  Appl. Phys. Lett., 25, 399 (1974). 
4. A. B. Ellis, S. W. Kaiser ,  and M. S. Wrighton,  

J. Am. Chem. Soc., 98, 6855 (1976) ; ibid., 99, 2839 
(1977). 

5. T. Inoue, T. Watanabe ,  A. Fuj i sh ima,  and K. Honda,  
This Journal, 124, 719 (1977); Bull. Chem. Soc. 
Jpn., 52, 1243 (1979). 

6. B. Mil ler  and  A. Heller ,  Nature, 262, 680 (1976). 
7. L. M. Peter ,  Electrochim. Acta, 23, 165 (1978). 
8. L. M. Peter,  J. Electroanal. Chem. Interracial Elec- 

trochem., 98, 49 (1979). 
9. G. Hodes, J. Manassen, and D. Cahan, Nature, 261, 

403 (1976). 
10. M. P. R. P a n i c k e r ,  M. Knaster ,  and F. A. Kroger ,  

This Journal, 125, 566 (1978). 
11. A. S. Baransk i  and  W. R. Fawcet t ,  ibid., 127, 766 

(1980). 
12. W. R. Fawce t t  and A. S. Baranski ,  U.S. Pat.  4,192,- 

721 (1980). 
13. W. K. Chu, J. W. Mayer ,  and  M. A. Nicolet, "Back-  

Scattering Spec t romet ry ,"  Academic  Press,  New 
York  (1978). 

14. B. Ray, " I I -VI  Compounds,"  Chap. 1, 5, and 6, Pe r -  
gamon Press,  Oxford  (1969). 

An Admittance Study of the Copper Electrode 
S. H. Glarum* and J. H. Marshall 

Beff Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The admittance of a rotating-disk copper electrode in CuSO4/H2SO4 has 
been measured  as a function of frequency,  potential ,  and concentrat ion.  A 
theore t ica l  analysis  of the Mat tson-Bockr is  model  incorpora t ing  finite ex-  
change currents  for  the redox and crys ta l l iza t ion react ions and diffusion of 
both  cuprous and cupric  ions leads  to a s imple equiva lent  circui t  r ep resen ta -  
tion. Al though  this basic e lectrode model  provides  an adequate  explanat ion  
for resul ts  at  the  equ i l ib r ium potent ial ,  subs tant ia l  deviat ions occur at  anodic 
potent ia ls  due to dis l~roport ionat ion. /10-JM chlor ide  concentrat ions lead  to 
format ion  of a surface I monolayer  which a l ters  r e laxa t ion  at  both anodic and 
cathodic potent ials .  NO evidence was' found for the  convent ional  ada tom re -  
l axa t ion  process. 

The deposi t ion and dissolution of copper  in an elec- 
t rochemical  env i ronment  is a complex and chal lenging 
p rob lem for e lect rochemist ry .  Our presen t  unde r s t and -  
ing of copper  e lect rode kinetics has been recent ly  re -  
Viewed by  Bertocci and Turne r  (1, 2), and bears  l i t t le  
resemblance  to the complexi t ies  of prac t ica l  copper  
plat ing.  What  seems c lear ly  es tabl ished is the impor -  
tance of cuprous ions as in te rmedia tes  in the e lec t ro-  
chemical  react ions 

Cu + + ~ Cu + [1] 
I1 

a n d  
Cu + ~- Cu [2] 

r~ 

which we shall  refer  to as the redox and crys ta l l iza-  
t ion reactions.  As was first demons t ra ted  by  Mattson 
and Bockris (3), and confirmed by  others  (4, 5), the 
a s y m m e t r y  in cu r ren t -vo l t age  plots is expla ined  by  
the above react ions wi th  the redox step being ra te  
determining.  Given a Bu t l e r -Vo lmer  re la t ionship  be -  
tween  cur ren t  and  overpotent ia l ,  equat ing the s t eady-  
state cur rents  of both  reactions,  and assuming the ex-  
change current ,  I10 of [1] is much less than  tha t  of 
[2], one obtains  the Mat tson-Bockr is  resul ts  

I : 2110 [exp(2 --  al)en/kT -- e x p ( - - a e ~ l / k T ) ]  [3] 

* Electrochemical Society Active Member. 
Key words: circuits, relaxation, potential. 

[Cu +] = [Cu+]eqexp  (e~]/kT) [4] 

One puzzling aspect  of this model, as noted  b y  Bertocci  
and Turner  (1), is tha t  cu r ren t -vo l t age  response de-  
pends only  upon the pa rame te r s  of a redox reaction,  
making  i t  difficult to ra t ional ize  the range  of values  
repor ted  for these pa rame te r s  and thei r  sens i t iv i ty  to 
surface p repara t ion .  

Many studies have a t t empted  to probe more  deep ly  
into e lect rode kinetics using e i ther  pulse (3, 4, 6, 7) or 
a l t e rna t ing  cur ren t  modula t ions  (8-14). The fo rmer  
exper iments  have genera l ly  involved  la rge  potent ia l  
excursions (>10 mV),  and the in te rp re ta t ion  of non-  
l inear,  t ime -dependen t  phenomena  requi res  the a s -  
s u m p t i o n  of a specific model  uncompl ica ted  by  ins t ru -  
menta l  or chemical  side effects. A-C measurements ,  
a l though more  t ime consuming, are  more  r ead i ly  ana-  
lyzed by  reduct ion to an equiva len t  circuit  descr ipt ion 
wi thout  recourse to a specific model.  Complex-p lane  
analysis  provides a power fu l  tool for  unrave l ing  mul t i -  
e lement  circuits, and often the  shape alone of a com- 
p l ex -p lane  plot  can be a powerfu l  mechanis t ic  dis-  
cr iminator .  One might  note that ,  based  Ia rge ly  upon 
the in te rp re ta t ion  of pulse exper iments ,  ada tom dif-  
fusion had  been credi ted wi th  p lay ing  an impor t an t  
role in copper e lec t rocrys ta l l iza t ion  near  equ i l ib r ium 
(3, 6, 8, 10). Subsequent  a-c  work  revea led  that  this 
dispersion could also be exp la ined  b y  diffusion of 
cuprous ions from the e lect rode (11-14). 
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Clear ly  any analysis  of copper  e lec t rode  kinet ics  
mus t  consider  diffusion of both  cupric  and cuprous ions 

D 
Cu+ + (oo) ~ Cu+ + (0) [5] 

D 
Cu + (r162 ~ Cu + (O) [6] 

Al though  these steps const i tute  a s t r a igh t fo rward  addi -  
t ion to react ions  [1] and  [2] if a Nerns t  diffusion model  
is adopted,  a ful l  t r ea tmen t  has not  been prev ious ly  
given. One aspect  of this work  is the der iva t ion  of 
kinet ic  resul ts  for the  s teady  s tate  and the a-c  admi t -  
tance behav ior  for the  coupled react ions [1], [2], [5], 
and  [6]. This wil l  be r e fe r red  to as the basic e lect rode 
model  (BEM).  

The m a j o r i t y  of a - c  measurements  on copper  elec-  
t rodes have  been confined to equ i l ib r ium studies, a l -  
though Burrows,  Harrison,  and Thompson have re -  
cen t ly  published,  wi thout  in te rpre ta t ion ,  complex-  
p lane  plots a t  severa l  anodic and cathodic potent ia ls  
(14). A second objec t ive  of our  s tudy  is the de te r -  
mina t ion  of the a -c  admi t tance  for copper  electrodes 
over  a range  of f requencies  and potentials .  Two basic 
exper iments  a re  involved,  f r equency-sweep  measu re -  
ments  of admi t t ance  at  fixed potent ials ,  Y ,* (~ ) ,  and 
po ten t i a l - sweep  measurements  of admi t t ance  at  fixed 
frequencies,  Y~* (0). The fo rmer  exper iments  a re  more  
useful  for charac ter iz ing  the response function, whi le  
the l a t t e r  be t t e r  revea l  p a r a m e t e r  changes wi th  po ten-  
tial. The need for both exper iments  is p red ica ted  by  
the difficulty in ma in ta in ing  a reproduc ib le  e lec t rode  
surface over  long per iods  of time. Using newly  deve l -  
oped expe r imen ta l  techniques in conjunct ion with  com- 
pu t e r - con t ro l l ed  da ta  acquisi t ion and processing, es-  
sen t ia l ly  continuous measurements  of Y,*(~)  and 
Y~* (0) can be made,  and complex -p l ane  analyses  can 
be expedi t ious ly  carr ied  out  wi th  this large  da ta  base. 

Final ly ,  we are  especia l ly  in te res ted  in detect ing 
and under s t and ing  devia t ions  f rom the simplist ic  BEM, 
for  these "discrepancies"  m a y  revea l  the complexi t ies  
of copper  e lect rode kinetics.  As we shall  find, careful  
da ta  analysis  shows a va r i e ty  of differences f rom BEM 
predict ions.  Al though  definit ive in te rpre ta t ions  seem 
premature ,  accurate  and deta i led  admi t tance  studies 
can tel l  us cons iderab ly  more  about  e lec t rode  p ro -  
cesses than  has been observed in the past. 

Experimental 
Cupric  sulfa te  was recrys ta l l i zed  f rom the anhy-  

drous, ana ly t i ca l -g rade  compound. Solutions were  p re -  
pa red  wi th  Baker  Ul t r a t ex  sulfur ic  acid and wa te r  
f rom a Mil l ipore  Supe r -Q  system. A copper  wire  in- 
ser ted  th rough  r ig id  glass cap i l l a ry  tubing served  as 
a re ference  electrode. I t  was posi t ioned so tha t  the  
exposed tip lay  in the p lane  of the e lect rode about  1.5 
cm f rom its center.  Al l  expe r imen ta l  potent ia ls  r e -  
por ted  are  wi th  respect  to this reference.1 The cell was 
the rmos ta ted  at  25~ and degassed wi th  argon. 

The potent ios ta t  and admi t tance  measur ing  ap-  
pa ra tus  have been prev ious ly  descr ibed (15). Low 
f requency  sweep measurements  were  exped i ted  by  the 
addi t ion  of four  s a m p l e - a n d - h o l d  circuits  to the phase-  
de tec tor  outputs .  The in -phase  vol tage  was sampled  at  
90 ~ and 270 ~ , and the two signals added.  The ou t -of -  
phase  vol tage  was s imi la r ly  sampled  at 0 ~ and 180 ~ 
Prov ided  the response or  f i l ter ing functions for  both  
channels  are  identical ,  i t  m a y  be shown tha t  the 
complex rat io  of unknown and reference  input  vol t -  
ages to the  phase detector  is given b y  the rat io of the 
s a m p l e - a n d - h o l d  outputs.  Tests on R-C admit tances  

1 I f  t he  b u l k  Cu+ c o n c e n t r a t i o n  is no t  in e q u i l i b r i u m  w i t h  
copper  meta l ,  t he  r e f e r e n c e  adop t s  a m i x e d  potent ia l .  Th i s  
d i f f e r ence  m a y  be e s t i m a t e d  f r o m  the  BEM equa t ions  to be  
(RTDcu+A[Cu+]/4Ilo ,5) w h e r e  8 is t he  e f fec t ive  N e r n s t  l aye r  thick-  
ness .  F o r  the  r o t a t i n g  d i sk  e l ec t rode  6 ~ 10 -~ c m  and  the  e r r o r  
is  less  t h a n  1 inV. A t  t he  r e f e r e n c e  8 is no t  wel l  def ined,  bu t  i t  is 
c e r t a i n l y  l a r g e r  so t h a t  t he  offset  is neg l ig ib l e  f o r  our  purposes .  

confirmed the r e l i ab i l i ty  of this procedure.  In  this  
fashion the ou tput  s ignal  could be upda ted  four  t imes  
per  cycle, and 1 Hz measurements  were  possible  wi th  
a t ime constant  of I0 msec. 

P l a t i num disk electrodes wi th  d iamete rs  of I / 4  and 
1/16 in. were  pot ted  in thin epoxy  sheaths and sur -  
rounded  by  Teflon mantles.  The surface was mechan i -  
ca l ly  pol ished wi th  a lumina  powders.  The electrodes 
were p la ted  wi th  copper  f rom the solut ion under  in-  
vestigation,  e i ther  in a potent ia l  cycl ing mode or  b y  
s tepping to a set cathodic potential .  Deposi t  thicknesses 
were  es t imated  f rom coulometr ic  measurements .  Fo l -  
lowing a measurement ,  the deposi t  was s t r ipped  and 
then reformed.  Even 2000A deposits  showed responses 
dependent  upon p l a t inum pre t r ea tmen t .  The d-c  equi-  
l i b r ium admi t tance  of copper p la ted  on f resh ly  pol -  
ished p l a t inum decreased threefo ld  over  severa l  hours  
of continuous pla t ing and str ipping.  If  the e lec t rode  
was first cycled for severa l  minutes  to anodic potent ia ls  
so tha t  a surface oxide was formed and reduced,  this 
dr i f t  was e l imina ted  and the lower  admi t t ance  values  
could be main ta ined  for severa l  h o u r s .  

Af te r  cycling solutions of low chlor ide  concent ra -  
t ion for 30 rain, a narrow,  copper -co lored  band  was 
of ten observed adher ing  to the epoxy  insula t ion nea r  
the pe r iphe ry  of the electrode.  This band  could be 
seen to grow when the e lect rode was cathodic, but  i t  
was not  comple te ly  removed  at  anodic potent ials ,  
p re sumab ly  because of a b r e a k  in e lec t r ica l  contact.  
We could not  recrea te  this behavior  wi th  a copper  
electrode,  and surmise  tha t  chlor ide removes  p l a t inum 
from the e lect rode dur ing  anodic s t r ipping,  and this 
p la t inum in some manne r  sensitizes the epoxy  surface 
to the l a te ra l  g rowth  of a copper layer .  The work ing  
t ime of an e lect rode in 10-4M chlor ide  was about  20 
min before  results  became errat ic .  

P r io r  to each type  o f  measu remen t  i t  was necessary  
to find conditions which  opt imized reproducib i l i ty .  Fo r  
studies of Yeq* (~) app rox ima te ly  600A were  deposi ted 
at  --150 mV. Eight  t r i angu la r  f r equency-sweep  m e a -  
surements  were  then summed b y  signal  averaging,  r e -  
qui r ing about  160 sec. A storage oscilloscope moni to r  
ensured that  there  was no dr i f t  of the  input  da ta  du r -  
ing the measur ing  period. The deposi t  was then  s t r ip -  
ped, reformed,  and the reference  vol tage s imi la r ly  
determined.  The nonequi l ib r ium functions, Y ,* (~ ) ,  
had to be measured  in less t ime because of rap id  sur -  
face changes, and they  were  res t r ic ted  to frequencies  
above 200 Hz. Fo r  these s tudies  the e lect rode was 
cycled be tween  --300 and +200 mV. The cycle was 
ha l ted  at  a prese t  potent ial ,  a single sweep- f requency  
measuremen t  requi r ing  1 sec was taken,  and  cycl ing 
then resumed unt i l  e ight  such sweeps had been ac-  
cumulated.  For  Y~*(~) measurements  the  e lect rode 
was cont inuously cycled be tween  --250 and +170 mV 
at about  18 mV/sec,  da ta  s torage being t r iggered  at  
the s ta r t  of each anodic trace.  

For  al l  exper iments  i t  was most  impor t an t  to de-  
t e rmine  as accura te ly  as possible the high f requency  
cell resistance. Ext rapola t ions  of high f requency  da ta  
on copper  surfaces proved unrel iable .  Best  resul ts  
were  given by  a sweep- f requency  measu remen t  of an 
oxidized p la t inum surface, for its doub le - l aye r  capaci -  
tance is compara t ive ly  la rge  and shows only  a smal l  
f requency  dispersion (15). 

Cur ren t -vo l t age  curves were  also taken  to check 
reproduc ib i l i ty  and to pe rmi t  subsequent  potent ia l  
correct ions for  e lec t ro ly te  IR drop. Tafel  plot  da ta  
were  obta ined f rom cur ren t -vo l t age  .cycling curves 
wi th  in te rna l  IR compensat ion b y  the potent iostat .  

Results 
The ma jo r i t y  of exper iments  were  made  wi th  0.25M 

CuSOJ1.75M H2SO4 solutions. This composit ion is 
p resen t ly  used in commercia l  p la t ing  ba ths  designed 
for  high th rowing  power,  and its h igh conduct iv i ty  is 
especial ly  sui table  for high f requency  studies.  Al though 



970 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  May 198I 

we do not  in tend  to explore  here  addi t ive  effects in 
copper  plat ing,  the ubiqui tous role of chloride in 
copper  ba ths  p rompted  severa l  exper iments  which r e -  
vea led  marked  effects for concentrat ions in the 10-6M 
to 10-SM range. At  these low concentrat ions  p rec ip i t a -  
t ion of CuC1 or fo rmat ion  of soluble cuprous chlor ide 
complexes is unimpor tant .  Because the  changes in-  
duced by  t race  amounts  of chlor ide  a r e  he lpfu l  in un -  
ders tanding  the proper t ies  of ch lor ide- f ree  solutions, 
we include these resul ts  in this report .  

The procedures  for  a complex -p l ane  analysis  are  
fo rmal ly  s t ra igh t forward ,  but  we th ink  i t  beneficial  to 
i l lus t ra te  one such case in detail ,  in o rder  to expose 
the difficulties inheren t  in the  in te rp re ta t ion  of any  
l inear  exper iment ,  be i t  a.c. or  t rans ient  in nature .  
The da ta  we shal l  discuss were  obta ined  wi th  an 0.25M 
CuSO4/1.75M H2SO4 solut ion at  the  equ i l ib r ium po-  
tential .  640A of copper were  p l a t ed  at  --150 mV on a 
1/4 in. p l a t inum electrode ro ta t ing  200 rad/sec .  

The ini t ia l  s tage in our  analysis  is a correct ion for  
series lead resistance (0 .05n)and . induc tance  (0.28 #H).  
The la t te r  is not  a negl igible  value  for high frequencies  
in a 1s circuit.  Next, correct ion is made  for nonuni -  
form cur ren t  d is t r ibut ions  as discussed in a previous  
paper  (15), and complex admi t tance  plots examined.  
F igure  l a  shows such plots for an oxidized p l a t inum 
surface and a p la ted  copper surface. Because the p la t i -  
num data  more  closely app rox ima te  a semicircle  or  
series R-C circuit,  Y| was ob ta ined  wi th  ___0.5% ac- 
curacy f rom a numer ica l  analysis  of I /Y*.  Actua l ly  

, 6 t 5 

,r 
I I ] -  

0 t 2 3 

y' (mho/cm 2) 

Fig. la. Complex admittance plots after lead impedance and 
current distribution corrections for (A) Pt at -l-l .0V and (B) Cu at 
O.OV. Frequencies are given in kHz. 

4.4 
M -  

Fig. 5/ 
~ t O  22 

54 

~: I I I 
15 25 35 45 

C' (/J.F/Cm 2) 

Fig. lb. Complex capacitance plot of copper data in Fig. 1o after 
elimination of Y| The uncertainty in C= in a linear extrapolation 
appears on the real axis. 
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Fig. ld. Complex surface capacitance after eliminatio, of Y| and 
Go. 
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Fig. le. Complex surface admlttance at low frequencies (c.f. Fig. 
1c). Frequencies are given in Hz. 

this p a r a m e t e r  is needed  for  the  preceding  cur ren t  
d is t r ibut ion  corrections,  but  the  i te ra t ion  is r ap id ly  
convergent .  

Subsequent  analysis  was made  in t e rms  of the  c i r -  
cuit depic ted  in Fig. 2. F o r m a l l y  the  surface admi t -  
tance, Ye*, m a y  be resolved  into th ree  components  

Go = ~m Y,* 

[7] 
C| = l im (Y ,* I~ )  

fo-> oo 

and Y=* includes wha teve r  remains .  Given Y| a corn- 
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Fig. 2. Equivalent circuit defining deconvolution parameters 

plex-plane plot is next made of Ye*/iw, and C| evalu- 
ated by extrapolation to infinite frequency (Fig. lb). 
Assuming the plot retains its general form above oar 
experimental frequency range, C~ ---- 20.9 ___ 0.4 #F/cm% 
The greater scatter in high frequency points reflects 
the fact that these data are largely determined by Y| 

We then examine plots of Ye* -- i~C~ (Fig. lc), 
which will show the presence of time-dependent sur- 
face processes. Data are only plotted for frequencies 
below 35 kHz, for, although the curve continues its 
apparent course at higher frequencies, the measure- 
ment is dominated by Y~ and C~, and scatter is much 
greater. Subtraction of C~ is necessary to avoid a high 
frequency divergence in these plots. It is often desir- 
able to also plot Ce* -- (Ye* -- Go)/i~, (Fig. ld),  
and Go, obtained f rom a low frequency extrapolation 
of admittance plots, avoids an analogous low frequency 
divergence. Although the plots in Fig. lc and ld con- 
tain similar information, they are complementary in 
that admittance plots emphasize high frequency be- 
havior while capacitance plots exaggerate low fre- 
quency data. 

At low frequencies both Ye* and Ce* plots appear 
linear, indicating an admittance proportional to a 
power of the frequency, i.e., (i~) a, and from the slopes 

= 0.505. A separate 1-1400 Hz sweep measurement is 
shown in Fig. le. A new surface had been formed 
for this run, and, although comparison with the preced- 
ing data at overlapping frequencies shows 5% differ- 
ences, linear behavior persist~ down to 1 Hz. From the 
slope, ~ ---- 0.490. Evidently the low frequency response 
of a copper electrode is accurately given by an empiri- 
cal expression 

re*  = Go + ~/V~w [8] 

Above 5 kHz (Fig. lc), admittance plots show a slight 
negative curvature. Mention should also be made that, 
although not apparent in the data shown, Ye* plots 
sometimes showed a tailing off at low frequencies so 
that no unambiguous extrapolation to ~ ---- 0 was feasi- 
ble. Values for Go, if, and W are summarized in 
Table I. 

Solutions of CuSO4 with concentrations ranging 
0.001-1.0M in 1M H~SO4 were then examined. Deposi- 

Table I. Equilibrium relaxation parameters for 600A deposits from 
0.25M CuSO4/1.75M H2S04 solutions 

OM CI- IO~M CI- IO-~M CI- 

C| (/EF/crn 2) 20.9 22.6 23,7 
Go ( m h o / c m  e) 0.17 0.10 0.15 
W (m.ho-seeZ/r 2) 5.0 x 10 -a 4.7 x 10 -s 6.8 x 10 -8 

tions conditions were 600A at -150 mV. Complex- 
plane plots were similar to those already discussed, al- 
though at the highest and lowest concentrations the 
low frequency asymptotic behavior was not always a s  
close to 45 ~ Results for Go and W are plotted in Fig. 3. 
The error bars show the range of values calculated 
from data between 1 kHz and 50 Hz assuming Eq. [8] 
applies. The capacitances C| ranged 21-25 ~F/cm 2, 
with no evident concentration dependence. Although 
deposition conditions were chosen to minimize the 
effects of thickness and deposition potential upon re- 
sponse, the scatter in Fig. 3 indicates the importance of 
other uncontrolled parameters. 

Measurements of Y,* (~) were made with a 1/16 in. 
platinum disk electrode in 0.25M CuSO4/1.75M H2SO4. 
The electrode was cycled between --300 and +200 mV, 
with data taken at 25 mV intervals between --275 and 
+100 mV. Subsequently, potentials were recalculated 
to take into account electrolyte IR drop. The maximum 
deposit thickness was of order 1000A at ~] -- 0. High 
frequency capacitances varied between 26 and 30 ~F/ 
cm ~, with higher values found at higher overpotentials. 
Figure 4 shows several admittance plots obtained after 
elimination of Y| and C~. Low frequency intercepts, 
estimated by linear extrapolation, are comparable with 
the slope of the current-voltage curve at the corre- 
sponding potential. 

The dispersion increases with potential, and, above 
-{-50 mV, plots approach the real axis perpendicularly 
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Fig. 3. Concentration dependence of Go and W for CuS04 in IM 
H2S04. 
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Fig. 4. Complex surface admittance plots at various potentials. 
10 kHz points are shown. 
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at low frequencies.  Below --50 mV only  a smal l  d is -  
pers ion remains,  and  admi t tance  plots also near  the  
rea l  axis a t  an  angle  s ignif icant ly s teeper  than  45 ~ . 
Ce* plots  shown in Fig. 5 offer a capaci t ive i n t e rp re t a -  
t ion for the  res idual  r e laxa t ion  of magni tude  50-100 
~F /cm 2, wi th  the ampl i tude  and re laxa t ion  t ime de-  
creasing wi th  potential .  The dispers ion is not  tha t  of a 
s imple r e l axa t ion  process, but  appears  to be be t t e r  de- 
scribed by  a c i rcu la r -a rc  function. 

When 10-4M chlor ide  was added,  ~/i~ low f re-  
quency response was found at  a l l  potent ials .  The 
curva ture  in anodic plots  (Fig. 4) was suppressed,  and  
the cathodic capaci ta t ive  dispers ion was reduced to less 
than  5 ~F/cm2 be tween  --100 and --200 mV. The high 
f requency  capaci tance exh ib i ted  a grea te r  var ia t ion  
wi th  potent ial ,  changing f rom 20 # F / c m  2 at  --250 mV 
to 27 # F / c m  2 a t  equi l ibr ium,  and r is ing to over  60 
~F /cm 2 above -550 mV. These measurements  were  
compl ica ted  by  an increase  in e lect rode area  due to the  
spreading  of copper  f rom the e lec t rode  as ment ioned  
previously.  The resul t ing  uncer ta in t ies  in Y= were  r e -  
flected in dev ian t  h igh f requency  behavior .  

Studies  of Y~* (7) were  made  wi th  the 1/4 in. elec- 
trode and 0.25M CuSOJ1.75M H2SO4 solutions. Be-  
cause dispers ion analysis  had  shown a t endency  
towards  a A/iw var ia t ion  of Ye* (Eq. [8]),  we  show 
plots of Y~"(~)/~/~f in Fig. 6. These resul ts  were  cal -  
cu la ted  f rom expe r imen ta l  da ta  by  subt rac t ion  of Y| 
and a fixed value  for C~. One notes a p rominen t  peak  
at  -550 mV and a lesser  peak  at  --100 mV. Near  100 
Hz u dropped  reproduc ib ly  to negat ive  values  at  high 
anodic overpotent ia ls .  There  is also a definite d i sper -  
sion at  potent ia ls  more  than  +--25 mV from equi l ibr ium,  
indica t ing  the l imi ta t ions  of Eq. [8]. 

Upon addi t ion of 10-4M chloride these plots were  
d rama t i ca l l y  a l te red  (Fig. 7). The m a x i m a  d i sappeared  
and for frequencies 0.02-30 kHz no deviat ions f rom Eq. 
[8] are  ev ident  be tween  -575 and --100 mV. At  more 
cathodic potent ia ls  a new low f requency  dispers ion 
appears .  F igure  8 compares  low f requency  plots of 
Y~' (~) for  both  solutions. Chloride addi t ion  has shif ted 
the  min imum 25 mV anodica l ly  and ra ised subs tan-  
t ia l ly  the curve in the cathodic region. As expected,  
these plots are  comparable  to those found by  differ-  
ent ia t ing  cu r ren t -vo l t age  curves. 

Discuss ion  
The NIat tson-Bockris  resul ts  (Eq. [3] and [4]) fo l -  

low from severa l  specific assumptions  and i t  is des i r -  
able to test  the i r  va l id i ty  b y  a more  thorough analysis  
of the BEiVf. Bertocci has considered this question in 
some deta i l  (2), but  expl ic i t  calculat ions of cu r ren t -  
vol tage  or  Tafel  plots  have not  been offered. The 
But le r -Volmer  equations corresponding to react ions 
[1] and [2] a r e  
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Fig. 5. Complex surface capacitance plots at cathodic potentials. 
3.3 kHz points are shown. 
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Fig. 8. Variation of YJ(vl) at 15 Hz for chloride-free (A) and 
i 0 - 4 M  chloride (B) solutions. 

w h e r e  

xt  = [Cu + (O) ] / [Cu+]eq ;  

x9 = [ C u + + ( O ) ] / [ C u + + ] e q  [10] 

In the s t eady  state,  react ions  [5] and  [6] y ie ld  

0 = (FD~/82) [Cu++]eq(l -- a:2) + II 

0 = (FD1/81) [Cu+]eq(Zo -- Zs) - -  IS + IS 

X0 "-- [CU+]buLk/[CU+]eq [11] 

In these equations [ C u + ( O ) ]  and  [ C u + + ( O ) ]  a re  
concentra t ions  at  the e lect rode surface whi le  [Cu + ]bum 
and [Cu + +]eq are  ac tual  concentra t ions  in the bu lk  of 
the e lectrolyte .  [Cu+]eq is the concentra t ion  which  
would  exis t  in the  bu lk  if the solut ion were  in t he rmo-  
dynamic  equi l ib r ium wi th  copper  metal .  

The four  r e l evan t  l inear  equat ions m a y  now be  
solved for  the four  unknowns  Is, /2, xt, and x2. As we 
are  p r i m a r i l y  in te res ted  in ascer ta in ing  wha t  dev ia -  
t ions f rom s imple  Tafel  behavior  occur  when both ex -  
change currents  are  finite and concentra t ion  po la r -  
izat ion is present ,  i t  is exped ien t  to neglect  the differ-  
ence in diffusion coefficients, assume st - -  a2 ---- 0.5, 
and  in t roduce  the four reduced  pa rame te r s  

"n = FD [Cu + +]eq/6Is0 : Isnm/llo 

72 = [Cu++]eq/[CU+]eq ~-~ ([Cu+ +]eq/Keq) V" 

78 = I~o/Iso 

74 "-- [ C U + ] b u l k / [ C U + ] e q  [12] 

The calculat ions can be read i ly  hand led  b y  a pocket  
ca lcula tor  and  cu r ren t -vo l t age  behav ior  examined  for  
var ious  choices of the  7 parameters .  Keg fixes 72,.and, 
according to Tindal l  and  Bruckenste in ,  equals  5.6 X 
10-TM (16). Nonequ i l ib r ium cuprous bu lk  concent ra -  

tions, ~4 ~ 1, h a v e  the i r  pr inc ip le  effect when ~ _~ O, 
s l ight ly  shif t ing the open-c i rcu i t  po ten t ia l  (4). Chang-  
ing ~1, corresponding to va ry ing  the  ro ta t iona l  speed of  
a disk electrode,  shows up most  p rominen t ly  in  the  
l imi t ing cur ren t  reg ime at  la rge  cathodic  overpoten-  
tials. We are  pa r t i c u l a r l y  in te res ted  in the  kinet ics  of 
the  second e lec t rochemical  s tep which  are  reflected in 
"vs. Typical  plots  in Fig. 9 show tha t  the m a j o r  changes 
occur at  anodic potent ials .  When  the anodic cur ren t  
exceeds 12o by  an o rde r  of  magni tude ,  Tafel  slopes are  
reduced f rom 40 to 120 mV/decade .  As a prac t ica l  
mat te r ,  if  da ta  t aken  be low +100 mV show a 40-50 
mV/decade  slope, a lower  l imi t  to 73 of about  30 can 
be set. 

This more real is t ic  ca lcula t ion  also indicates  tha t  
good agreement  is expected  for  exchange cur ren ts  
found from Tafel  in tercepts  and  the equat ion 

Io = ( k T /2e )  (OI/~l)~=o [13] 

For  the pa rame te r s  used for Fig. 9, the  slope of the  
cu r ren t -vo l t age  curve near  ~] = 0 is i ndependen t  of ~4, 
a l though the open-c i rcu i t  po ten t ia l  shifts to --1 mV 
when 74 = 0. The separa te  cur rents  I1 and I2 agree  to 
wi th in  10%. Because of the s l ight  cu rva tu re  of the  
cathodic plot  in Fig. 9 for  ~3 ---- 104, the appa ren t  s lope 
is 135 mV/decade ,  leading  to ss - -  0.44, a l though 0.5 
was assumed in the calculations.  Gene ra l ly  we observe  
no ser ious pi t fal ls  in using Eq. [3] ins tead of a more  
precise  calculat ion unless unrea l i s t i ca l ly  high values  
a re  chosen for 71. Major  differences be tween  expe r i -  
ment  and the BEM mus t  be due to inadequacies  of the 
model,  not  to the s impl i fy ing  assumptions  made  in  the  
der iva t ion  of Eq. [3]. 

Our  Tafel  resul ts  for  0.25M CuSO4/1.75M H~SO4 
solutions show a 40 mV/decade  slope on the anodic  
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Fig. 9. Theoretical BEM Tafel plots for 7~ = !00, 72 = 663, 
and 74 = 1. Values for 7~ are shown. 
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side at 30-40 mV, but  the curve bends gradual ly  
with increasing potential, showing no t ru ly  l inear  re-  
gion (Fig. 10). A formal comparison with calculated 
plots for ~ = 0.5 can give a good fit if 7~ ~ 25 and 
I0 = 3.5 m A / c m  2. For the cathodic plot a well-defined 
l inear  region is fit by a = 0.33 and Io = 5.0 mA/cm~, 
while, from the slope at ~ : 0, Io = 2.2 mA/cm% The 
magni tude  of these currents  and their var iat ion with 
the manne r  of calculation are similar  to those reported 
by Mattson and Bockris for electrodes prepared by 
electrodeposition (3). 'These variat ions are not ex- 
plained by model calculations which consider diffu- 
sion and finite rates for both electrochemical steps. 

Tafel plots were significantly altered upon addition 
of 10-~M chloride (Fig. 11). The anodic curve remains 
[inear to beyond + 100 mV, with a 48 mV/decade slope 
and an intercept  giving Io = 1.5 mA/cm% The cathodic 
plots are no longer so nicely linear, bu t  show a slope 
at --I00 mV giving a : 0.56 and Io : 2.2 mA/cm% 

These Tafel results are consistent with earlier work 
(3,4), and .verify the equivalence of our  deposits 
with those of pr ior  studies. We believe it is impor tant  
to recognize that  traces of chloride can seriously in -  
fluence such measurements .  Bearing in  mind  that  we 
observed major  changes with a 10-~M concentrat ion on 
surfaces freshly formed during continuous potential  
cycling, much lower levels can affect measurements  on 
"aged" surfaces. The scavenging of chloride ions by a 
copper surface tends to shift Tafel slopes towards 
values yielding ~ -- 0.50. 

Several  authors have derived expressions for the 
a-c response of an electrode reaction equivalent  to 
that represented by Eq. [1], [2], [5], and [6], assuming 
an infinite diffusion layer  (17, 18). In  the advent  of a 
finite layer  of thickness ~, a Nernst  calculation for the 
gradient  of the concentrat ion modulat ion yields 
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Fig. |0.  Experimental Tafel  plots for chloride-free solutions 

For a disk rotat ing 200 rad/sec, 82/D ~__ 0.2 sec, and 
the high f requency approximat ion suffices above 1 Hz. 

When the results of Armstrong and F i rman  are ap- 
plied to the copper problem (18), one obtains 

O(Ii + _ N/~1(01101220~] ~1 2.0LlOIl ~I~'+ ~Il Ok2 O~l 

where 

l ( OIi OI, Oil) i OIl ~Z~ 

[15] 

~I = F~/DI [Cu+(O)] 

~ _-- Fv'D2 [Cu+ § (O)] [16] 

This rather formidable expression has a simple com- 
plex-plane representation, for it can be factored into 

Y* = YI/[I + (~TI)-V'] 

+ (Y2-- Y1)111+ ( ~ ) - ~ ]  [17] 

A complex-plane plot of Eq. [17] wil l  therefore con- 
sist,of the superposition of two 45 ~ circular arcs (32). 
How well resolved they will  appear depends upon the 
ratio ~/T2. The corresponding equivalent  circuit  is 
the parallel  combinat ion of two par t ia l  circuits, each 
composed of a resistance in  series with a Warburg  
admittance.  

For  copper kinetics I2o >> I10 and [ C u + + ] e  q > >  
[Cu+ ] eq, SO that  

OI~/O~l >> OI1/Oi~ [18] 

Under  this condition the dispersions are well  resolved 
and 
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1/A/Ti - -  -- Oil/Ok2 

1/~/'c2 = 0 (I1 - I'.) /0~1 
[19] 

y~ =2 ( Oh ah or2 ) / ( oI~ or,.) 

u = O(I1 + I2) /0~ 

Assuming the funct ional  relations of Eq. [9], with I~0 
> >  Ilo and zi  -- exp ( e ~ / k T )  

I/~/v, = (I,o/F~/D'. [Cu + + ] eq) e -~*e"/kv 

1/k/~-2 --" (I2o/Fk/D--1 [Cu + ] eq) e-,,~n/kT 
[9.0] 

Y~ = (e I ' .o /kT)e(*-~) ,~/kT 

Y1 = (2e I lo / kT)  [ (2 -- =2)e ( 2 - ~ ) ' / k r  + a le -~ , , /kT]  

It should be evident  that  Y1 is the derivative of Eq. [3]. 
Heurist ic estimates for a 1M solution at equi l ibr ium 

with I~0 : 2 m A / c m  2 and I2o/Ilo > 80 yield ~1 = 2 X 
104 sec and ~2 < 10 -5 sec. The low frequency disper- 
sion will  be quenched by a finite diffusion layer  thick- 
ness. At sufficiently cathodic potentials,  i.e., in the 
l imit ing current  region, ~1 wil l  decrease sufficiently for 
this dispersion to appear. It  should be possible to char-  
acterize the high f requency dispersion at n : 0 for 
the lowest est imate of I20, bu t  increasing Iz0 by an 
order of magni tude  shortens T2 by a factor of 100, 
shifting the high f requency dispersion beyond the 
accessible exper imenta l  range. Best chances for de- 
tecting T2 would be in  concentrated solutions at large 
anodic potentials. Thus, at +200 mV for T2 > 10 .6  
sec,/2o < 10 A / c m  2. When 1 / n  < <  ~ < <  l/r2, Eq. [17] 
reduces to 

_ _  e F  - -  
Y* = Y, + ~ / ~  ~ A/D1 [Cu + (O) ] [21] 

This expression is equivalent  to Eq. [8] which was 
found to provide a good description of low frequency 
data. 

Tu rn ing  now to our  exper imental  results, analyses 
of numerous  runs  gave high f requency capacitance 
values of 20-25 ~F/cm 2 for deposits grown at a fixed 
overpotential.  While slightly higher values appeared 
for surfaces formed dur ing potent ia l  cycling, no major  
reproducible dependence of C~ upon deposition condi-  
tions, deposit thickness, potential,  or chloride concen- 
t rat ion was apparent.  This l imit ing capacitance may 
be a t t r ibuted to the double layer, and our values are 
comparable with recent  data of S la iman and Lorenz 
(8). Variations can be rationalized by minor  surface 
roughness changes, al though the nar row range ob- 
served indicates that  roughness is probably  determined 
by the p la t inum substrate. 

Using Eq. [21] and the results of Tindal l  and 
Bruckenste in  for D1 and Keq (16), the BEM predicts 
W = 5.2 X 10-~ mho-sec ' / , /cm 2 at  equil ibrium, in ex- 
cellent agreement  wi th  our measurements  (Table I) .  
The values for Y1 are also commensurate  with Tafel 
results for I0, indicat ing the absence of major  addi-  
t ional low frequency dispersions. 

Equat ion [17] suggests that  the curvature  seen in 
Fig. lc may be due to a finite Y2. A plot of 1/(Ye* -- 
Y1) should then give a 45 ~ l ine with a high frequency 
intercept  l /Y2.  In  making  this plot (Fig. 12), it is ap-  
paren t  that  slight errors in Co lead to large errors in  
Y~. Given the uncer ta in ty  in finding C, by extrapola-  
t ion (Fig. lb ) ,  Y2 ---- 10-25 mho/cm 2, or I20 ----- 0.25-0.65 
A /cm 2. Corresponding values for ~2 are 4-30 X 10 -8 
sec and show that  even 100 kHz is too low a frequency 
to furnish  a rel iable estimate for/2o. 

No obvious explanat ion for the effects of chloride 
ions were evident  from these equi l ibr ium studies. The 
double- layer  capacitance showed no shift indicat ing 
large roughness changes. The BEM predicts that  W 

N, 

I - 

o I 
o ! 2 
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Fig. 12. Complex impedance plot for the estimation of Y9 (see 
text). Values for Co are (A) 20.4 F/cm ,2 and (B) 21.4 F/cm 2. 

depends upon equi l ibr ium ra ther  than  kinetic pa ram-  
eters, and changes in  W were indeed small. The de- 
crease in  Y1 for 10-4M chloride and subsequent  rise at  
10-3M were reproducible, and a BEM interpre ta t ion  
would suggest an influence upon the exchange current  
of the redox reaction. Complex capacitance plots were 
erratic at high frequencies in these solutions and esti- 
mates of Y2 were not  feasible. There was no indicat ion 
in admit tance plots, however, of a reduct ion in  ,Y~ b e -  
yond the uncertaint ies  in  its evaluation. 

One might  conclude from an equi l ibr ium analysis 
that  the BEM provides an excel lent  explanat ion for 
the electrode response function, with no need for the  
invocation of crystall ization or other processes. Such 
a conclusion was reached by Burrows, Harrison, and  
Thompson (14). Unfortunately,  the problem is not  so 
clear-cut. The equi l ibr ium cuprous ion concentrat ion 
should vary as [Cu++]I/2, yet  the var ia t ion of W is 
significantly less (Fig. 3). That  data for an 0.25M 
CuSO4 solution agree so Well wi th  the Tindal l -  
Bruckenstein  diffusion coefficient and equi l ibr ium con- 
s tant  values appears somewhat  fortuitous. Despite nu -  
merous at tempts involving var iously formed and a g e d  
copper surfaces, we have not  been able to obtain a W 
value greater  than 6 • 10-3 in  a 1M solution, although, 
by comparison with 0.25M results, 1 • 10 .2  is ex-  
pected. The intercept  Y1 also varies more as the 0.4 
power of concentrat ion than the 0.75 power predicted 
by the Mattson-Bockris  model for ~ = 0.50. This dis- 
crepancy has been found in other concentrat ion studies 
(4, 19). It  has been a t t r ibuted to surface differences for 
deposits formed under  different conditions (4), b u t  
what  these differences are remains unanswered.  They 
are not apparent  in the double- layer  capacitance. 

For 0.005-1.0M solutions complex admit tance plots 
were l inear  between 50 and 1500 Hz, making  angles of 
45 ~ _+ 2 ~ with the real axis. Often, but" not  reproducibly,  
a deviation with a positive curvature  was seen below 
50 Hz. This addit ional  dispersion was most evident  
with surfaces which had remained for some time near  

= 0. I t  was fur ther  noted that  current -vol tage  
cycling curves be tween + 5  and --20 mV concurrent ly  
developed a slight hysteresis loop with inflection points 
near  0 mV on anodic traces and --10 mV on cathodic 
traces. The loop was independent  of sweep rate for 
1-20 mV/sec rates. The details of the low frequency 
response changes could not  be determined from mea-  
surements  above 1 Hz, bu t  rough estimates suggest an 
admit tance magni tude  of 0.05 mho/cm 2 and a re laxa-  
tion t ime > 0.1 sec. Formal ly  a capacitance of 5 X 
10 -,8 F / c m  2 may be inferred, and, for un i t  charges, a 
surface densi ty of 1015 cm-~ (C = N e 2 / k T ) .  Values for 
W and Y1 obtained from data above 50 Hz indicated no 
significant changes as this added dispersion d e v e l o p e d .  



976 J. E lec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

10 "1 

E 

~1o -2 
to 

0 0 

-~00 

A A A 

0 

It  is t empt ing  to suppose that  this i r r egu la r  behav ior  
reflects morphological  or  crys ta l l iza t ion processes, for 
i t  is difficult to ra t ional ize  the  surface densi ty  es t imate  
and the na r row poten t ia l  range  cited in terms of im-  
pu r i ty  effects. The equiva len t  low f requency  circui t  
p red ic ted  by  the  BEM (Eq. [21] ) is the  pa ra l l e l  com- 
binat ion of res is t ive and W a r b u r g  admit tances .  The 
addi t ional  low f requency  dispers ion requires  the  in-  
sert ion of a complex admi t tance  in the resis t ive path,  
which is t an tamount  to a modification of the  redox 
reaction. One would  have ant ic ipa ted  a crys ta l l iza t ion 
impedance  to appear  in series wi th  the Warbu rg  path.  
We can not recrea te  the shape of the low f requency  
dispers ion by  adding  plaus ib le  e lements  in this path.  
The convent ional  ada tom model  m a y  be represen ted  b y  
a pa ra l l e l  R-C circuit  (20, 21), and  leads to devia t ions  
in the  wrong direction.  Previous  studies of s i lver  elec-  
t rocrys ta l l iza t ion  have found t h a t  an admi t tance  p ro -  
por t ional  to ~/i~ also character izes  equi l ib r ium re -  
sponse and is not  due to bu lk  diffusion (22, 23). If 
such an e lement  were  inser ted  in the deposi t ion po r -  
t ion of the circuit,  %/i~ dependence  would  be reta ined,  
but  W would be less than  pred ic ted  for cuprous ion 
diffusion. This could exp la in  why,  at  high concent ra-  
tions, W levels off ins tead of  increas ing as expected.  

Examina t ion  of e lec t rode  response as a funct ion of 
potent ia l  offers a more  cr i t ical  test  of the  BEM. Within  
___25 mV of equ i l ib r ium the response funct ion behaved  
as predicted,  approaching  the rea l  axis at  45 ~ at  low 
frequencies  (Fig. 4). Analys is  of the  curva tu re  in these 
plots a t  high frequencies  (c.f. Fig. 12) gave Y2 ---- 18 
mho/cme at  equi l ibr ium,  whi le  the var ia t ion  of Y2 wi th  
potent ia l  ind ica ted  ~ ,~ 0.4 (Eq. [20]). Use of the  
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smal le r  e lectrode lessened the impor tance  of e lec t ro ly te  
resis tance and increased the accuracy of high f requency  
results.  These are st i l l  quite sensi t ive to errors  in C| 
but  they  do suppor t  the hypothesis  tha t  the curva tu re  
in Y* plots is due to a finite Y2. 

The predict ions  of the  BEM are  not  fulfil led at  po-  
tent ia ls  f a r the r  f rom equi l ibr ium.  The low f requency  
curva ture  appear ing  at  the h igher  anodic potent ia ls  
can be s imula ted  by  inser t ion of a capacitance,  ,,~ 200 
#F /cm 2, in series wi th  the W a r b u r g  ad.mittance for 
cuprous ion diffusion. Below --75 mV a dispers ion r e -  
mains which is not  consistent  wi th  the BEM. A capaci -  
t ive in te rp re ta t ion  suggests a possible doub le - l aye r  
process, and the dispersion is not  unl ike  tha t  observed  
in the doub l e - l aye r  region of the Pt/H2SO4 in ter face  
(15). Both anodic and cathodic deviat ions f rom BEM 
behavior  were  suppressed upon addi t ion  of 10-4M 
chloride. 

Changes in re laxa t ion  pa rame te r s  wi th  potent ia l  a re  
seen more c lear ly  in Y~* (n) exper iments .  When cupric  
ion concentra t ion polar izat ion is negligible,  the BEM 
predicts  that  Y* varies  as ~/i~, a t  low frequencies  (Eq. 
[21]) and l inea r ly  wi th  the  surface cuprous ion con- 
centrat ion.  Hence plots of Y" /~ /n f  -- W should be in -  
dependent  of f requency  and increase exponen t ia l ly  
wi th  potential .  Wi th in  --+25 mV of equ i l ib r ium Fig. 6 
shows this to be the case. The anodic m a x i m u m  is 
c lear ly  inconsis tent  wi th  the BEM, while  the m a x i m u m  
seen at  --100 mV is also not  expla ined.  Comparison of 
a log plot  of W wi th  BE1V[ theory  based on the T inda l l -  
Bruckens te in  pa rame te r s  (Fig. 13) shows agreement  
only  in magni tude  nea r  ~1 _-- 0. 

The var ia t ion  of Ye' at  15 Hz is p lo t ted  in Tafel  
fashion in Fig. 14. Anodic  and cathodic slopes are  48 
and 160 mV/decade ,  values  s imi lar  to those found 
d i rec t ly  f rom cur ren t -vo l t age  measurements .  According 
to Eq. [20], f rom the min imum at --40 mV, ~ --  0.35, 
whi le  f rom the rat io Ym~n'/Yeq' one finds ~ m 0.45. 
These values are  consistent  wi th  the cathodic Tafel  
slope, a l though the agreement  is not  over ly  impressive,  
and Eq. [20] provides  only a rough descr ipt ion of this 
curve. 

Fig. 13. Log plot of W vs. potential for (A) chloride-free solu- 
tions, (B) 10-4M chloride solutions, and (C) a theoretical plot 
based on TindalI-Bruckenstein parameters. 

Addi t ion  of 10-4M chloride produces  s t r ik ing  
changes. A Tafel  p lot  of Ye' (Fig. 14) agree~ wi th  
cu r ren t -vo l t age  measurements  hav ing  cathodic and 
anod ic  slopes of 110 and 45 mV/decade .  F r o m  e i ther  
the potent ia l  for which Ye' is a m i n i m u m  or  the  ra t io  
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Fig. 14. Log plot of Yd(~l) for (A) chloride-free and (B) I 0 - 4 M  
chloride solutions for 15 Hz data. 
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Ymin ' /Yeq '  o n e  finds a = 0.53, in  accord wi th  the ca th-  
odic slope and Eq. [20]. 

Plots  of Ye"/k/~z:~ also agree  qui te  wel l  wi th  the BEM 
(Fig. 7). F r o m  17 Hz to 10 kHz they  are  independen t  
of f requency  above --100 mV. A log p lo t  vs. poten t ia l  
is l inea r  wi th  a 61 m V / d e c a d e  slope (Fig. 13) prec ise ly  
as expected  if the dispers ion is due to cuprous ion d i f -  
fusion. Below --100 mV the plots aga in  rise. For  f re -  
quencies be low 200 Hz the r ise var ies  as I/w, and m a y  
be quan t i t a t ive ly  exp la ined  b y  cupric  ion diffusion. 
The d -c  currents  a re  s ignif icant ly l a rge r  at  these 
cathodic potent ia ls  in chlor ide  solutions because of the  
increase  in ~, and  the r e l axa t ion  t ime, ~1, has decreased 
sufficiently for the  low f requency  dispers ion due to 
Cu + + to appear .  Above  200 Hz, however ,  the cathodic 
rise requi res  an  a l t e rna t ive  explanat ion .  

The ab i l i ty  of d i lu te  chlor ide  solutions to "clean up" 
t h e  r e l axa t ion  character is t ics  of copper  e lectrodes is 
most  ev ident  in measurement s  of this form. Vary ing  
chlor ide  concentra t ions  showed tha t  10-~M was a cr i t i -  
cal concentra t ion for  an  e l e c t r o d e  ro ta t iona l  speed of 
200 rad/sec .  Be tween  3 X 10 -5  and 10-SM, changes 
were  compara t ive ly  minor,  whi le  above this range  an 
addi t iona l  hump appea red  in YJ ' (~)  plots  which  was 
a t t r i bu ted  to prec ip i ta t ion  of CuC1. Sl ight  changes 
could be seen upon addi t ion  of 10-eM chloride,  but  
this level  c o u l d  be comparab le  to res idual  chlor ide  in 
solut ion (35 ppb) .  

A phys ica l  p ic ture  of the e lec t rode  processes is he lp -  
ful  for discussing changes in r e l axa t ion  behavior .  A t  
the  surface,  poss ib ly  a t  p re fe ren t i a l  sites, a r ap id  ex -  
change occurs be tween  the meta l  and  cuprous iofis. On 
our  shor tes t  t ime scale, 10 -e  sec, these  ions wi l l  diffuse 
about  250A, and a un i fo rm surface concentra t ion should 
then be  established.  With in  the  solut ion a diffuse cloud 
of cuprous ions extends  ou tward  th rough  the Nerns t  
layer ,  which is about  10-~ cm thick for our  exper i -  
ments.  Fo l lowing  a smal l  anodic change in e lec t rode  
potent ial ,  a new surface concentra t ion is quickly  es-  
tabl ished.  The added  ions diffuse f rom the  surface and 
a r e  rep laced  by  fu r the r  me ta l  dissolution. I t  is this 
t i m e - d e p e n d e n t  flux which is responsible  for the ex -  
pe r imen ta l  re laxat ion.  A s t eady-s t a t e  profile is es tab-  
l ished af te r  about  0.3 sec, and the re laxa t ion  ceases. 
In  this s ta te  the  cloud continues to be d ra ined  by  
diffusive escape th rough  the Nerns t  l aye r  and the sur -  
face redox reaction.  The l a t t e r  does not contr ibute  to 
a r e l axa t ion  if  cupric  ion concentra t ion polar iza t ion  
is negligible,  for  i t  depends  on ly  upon the  surface 
densi ty  of cuprous ions which ve ry  r ap id ly  adjusts  to 
this sink. 

The changes seen in ch lor ide- f ree  solutions at  high 
anodic overpotent ia l s  occur be low 1-3 kHz, or  a f te r  
about  10 -4  sec. This would  indicate  a change in those 
cuprous ions which have  been able  to diffuse ~3000A 
into solution. This dis tance is comparab le  wi th  surface 
roughness,  and one might  an t ic ipa te  a change in be -  
hav ior  as the  concentra t ion contours shif t  f rom the 
microscopic to the  geometr ic  surface. There  is no evi-  
dent  reason, however ,  why  ~/i~ response should not  
resume at  lower  frequencies,  wi th  W values  decreased 
b y  a surface  roughness  factor.  

I f  one postula tes  a reac t ive  decay  pa th  in solut ion 
such tha t  

d---~[Cu+(x)] = D  [Cu+ (x ) ]  - -  k [Cu+ ( x ) ]  [22] 
Ox ~ 

then Eq. [21] becomes 
eF  __  

Ye* ---- Y1 + A/i~ + k - - ~ - - ~ / D I [ C u  + (O) ]  [23] 

At  low frequencies  this express ion is equiva len t  to a 
pa ra l l e l  R-C circuit.  The shape of this funct ion in the 
complex p lane  is s imi lar  to tha t  observed at  la rge  
anodic overpotent ia ls ,  and  the capaci tances  measured  
are  in accord wi th  our es t imates  for  k and [Cu + (O) ] .  

Dispropor t iona t ion  

2Cu + -> Cu § + § Cu [24] 

is a possible exp lana t ion  for the  d i sappea rance  of 
cuprous ions under  anodic condit ions where  the i r  con- 
cent ra t ion  exceeds its equ i l ib r ium value. This reaction,  
however,  does not  occur homogeneously,  bu t  only  a t  
meta l l ic  copper  surfaces (24). Prac t ica l  exper ience  
has shown tha t  copper  par t ic les  are  formed a t  copper  
anodes (24, 25), and  we m a y  pos tu la te  tha t  a t  l a rge  
anodie overpotent ia l s  clusters  of copper  a toms b reak  
away  f rom the surface and  diffuse into the  Nerns t  
layer ,  provid ing  nuclei  for  the d i spropor t iona t ion  r e -  
a c t i o n .  The nuclei  wi l l  grow in size un t i l  the  local 
cuprous concentra t ion is r educed  to i ts equ i l ib r ium 
value, and then  they  m a y  e i ther  escape into the bu lk  
e lec t ro ly te  or, wi th  a g rea te r  probabi l i ty ,  diffuse back  
to the anode and dissolve e lect rolyt ica l ly .  Should  they  
b reak  away  before  the l a t t e r  process is completed,  a 
renewable  source of nuclei  would  be establ ished.  

upper  l imi t  can b e  set for  the ra te  constant  if  
d i spropor t iona t ion  is l imi ted  by  diffusive meet ings  of 
cuprous ions and spher ica l  clusters  

k -- 4~DRmNm [25] 

w h e r e  Rm is the c luster  rad ius  and Nm the i r  n u m b e r  
dens i ty  (26). Set t ing the  par t i c le  volume equal  to the i r  
accre te  atomic volume 

(4~/3)RmSNra = Ncu + v c u  [26] 

For  k _~ 104 sec-1, we obta in  R m  - -  34A and Nm  - -  
2 X 1014 cm-~.  These appea r  to be feas ible  va lues  for  
the 3000A solut ion l aye r  nea r  the  surface.  The diffu- 
sion coefficient for  a par t i c le  of this  size is , , 4 0 - s  
cm2/sec, and  re -encoun te r s  wi th  the e lec t rode  should  
occur in 10-s sec. There  is some indica t ion  in the ex -  
pe r imen ta l  da ta  (Fig. 6) tha t  the  nega t ive  or induct ive  
low f requency  response peaks  be tween  100-200 Hz, and  
this is consistent  wi th  sur face  fluctuations due to pa r -  
t icle re-encounters .  We t rus t  i t  appa ren t  tha t  these 
heurist ics  a re  not  a r igorous calculat ion.  A p rope r  
t r ea tmen t  considering the spa t ia l  and t empora l  changes 
in cuprous ion concent ra t ion  and par t ic le  size and d i f -  
fusion is beyond the scope of this discussion. 

The large change in low f requency  anodic response 
fol lowing chlor ide  ion addi t ion  provides  a means  to 
inves t iga te  thei r  role in copper  e lect rode kinetics.  The 
most sensi t ive expe r imen t  is a measu remen t  of YJ ' (~)  
near  100 Hz. When  the bu lk  chlor ide  concentra t ion is 
10-~M and cycl ing takes  place be tween  --300 and 
+200 mV at 20 mV/sec,  only  a smal l  effect is noted 
when the electrode 's  ro ta t ion is less than  10 rad/sec ,  
while  at  400 rad / sec  the changes a pp rox ima te ly  equal  
those in 10-4M to 10-SM solutions. The l a t t e r  response 
is seen if p la t ing  occurs at  400 rad/sec ,  the potent ia l  
scan is ha l t ed  for  15 sec at  ~] = 0 wi th  ro ta t ion  off, and  
the anodic scan then resumed  wi th  no rotat ion.  I t  also 
occurs if p la t ing  takes  place at  0 rad/sec ,  the  scan is 
ha l ted  at  ~ ---- 0 for  15 sec and ro ta t ion  s tepped to 400 
rad / sec  before  resuming the sweep. When  p la t ing  and 
s t r ipp ing  both occur at  0 rad/sec ,  bu t  dur ing  a hold at  
~] = 0 ro ta t ion is increased,  the anodic response de-  
pends upon both  the  holding t ime and the ro ta t iona l  
speed. At  400 rad / sec  op t imum changes fol low a 10-20 
sec pause, whi le  at  100 r a d / s e c  a 20-40 sec ha l t  is 
needed  for  an  equiva len t  response. These resul ts  show 
tha t  the chlor ide  effect is de te rmined  by  diffusion and 
tha t  1015 ions /cm 2 are  involved.  Because the  effect 
appears  in the absence of a hold wi th  p la t ing  at  400 
rad/sec ,  i t  appears  tha t  the accumula t ion  of surface 
chlor ide  is un impeded  by  deposit ion.  The large  n u m -  
bers  suggest  fo rmat ion  of a full  surface l aye r  of chlo-  
ride, not  jus t  p re fe ren t i a l  adsorpt ion  at  specific sites, 
and the l aye r  mus t  be sufficiently tenacious to r ide  out  
vigorous surface changes at  la rge  anodic and cathodic 
cur ren t  densities.  The e lec t ros ta t ic  energy  for  such a 
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high ionic coverage would prevent  its formation unless 
compensat ing cations are also present, and we suggest 
that  the surface is covered by a monolayer  of CuC1. 
Based on the solubil i ty product of CuC1, 10 -6, forma-  
t ion of a bulk  surface deposit is only  expected for 
chloride concentrations greater than 10-~M, and a t rue 
surface species must  be involved. 

The presence of a surface chloride layer could affect 
disproportionation by either impeding the flux of me- 
tallic nuclei  into solution or re ta rd ing  the reaction at 
cluster surfaces. The former explanat ion is more likely, 
for there are insufficient ions in solution to mask a 
growing surface, and the high exchange current  of the 
Cu + --> Cu reaction is not greatly reduced by  chloride. 
Whether  chloride additions are beneficial in control l ing 
anodic reactions in  plat ing baths is debatable, for 
while the rate of formation of fines may be reduced, 
there will  be an a t tendant  accumulat ion of Cu + in 
solution which may disproportionate at undesirable  
sites. 

Near equi l ibr ium and at cathodic potentials, as is 
evident  in  Fig. 13, the variat ion of W with potent ial  in  
chloride-free solutions is less than predicted by  the 
BEM. Either the apparent  surface concentrat ion of Cu + 
is "buffered" by kinetics or W is dependent  on other 
factors. One possible deposition path  would be the 
surface reduction_ of Cu ++ to Cu +, followed by the 
diffusion of Cu + to lattice incorporat ion sites. This 
might  create a bott leneck leading to an excess surface 
accumulat ion of Cu + at  cathodic potentials. 

We can estimate this effect in the following manne r  
(27). Assume that crystal growth occurs only at l inear  
steps of length L, and that  a hemicylindrical  diffusion 
zone exists along the step, with rapid equi l ibrat ion at 
a distance a of ,atomic dimensions. Then, withifl this 
zone the cuprous concentrat ion will  vary  as 

In  r /a  
c(r )  -- c(a)  = (c~--  ca) ~ [27] 

In ~/a 

where the distance ~ is a measure of the size of the 
zone, which we assume equals half  the step spacing. 
In  the steady state let  us equate the inward  flux at a 
with the redox flux which we assume to be generated 
uni formly  on the plane between steps. Making the 
crude approximation that the surface concentrat ion on 
this plane is equivalent  to cx 

:~DFL (c~ -- ca) 
- -  = 2~.LI10[ (cx -- ca) 

In ~./ a 

exp(1 -- a l ) e ~ / k T - -  e x p ( - - a l e ~ / k T ) ]  [28] 

Upon solving for cx and  I, with Ca = c, exp ( e~ /kT)  

exp (e~l/kT) + (Ilo/Ic) exp ( -- ale~]/kT ) 
C~./Ce - -  

1 + (Ilo/Ic) exp [ (1 --  az) e~ /kT)  
[29] 

exp (2 --  as) e ~ / k T  -- exp ( - -asen/kT)  
I : 2Iio 

1 + (I lo / Ic)exp[  (1 -- as) e~/kT] 
where 

~DFce 
Ic = [303 

2~. in  ~/a 

If for estimates we take ~. : 10 -6 cm and a : 2 • 
10 - s  cm, Ic : 200 mA/cm 2. 

Anodic Tafel plots will  show a negative curvature,  
shifting to a 60 mV/decade slope above 240 mV if 
as : 0.5, while the surface cuprous concentrat ion 
should rise at potentials below --90 inV. Provided the 
value chosen for k remains feasible under  high current  
densi ty conditions, this bott leneck could explain Tafel 
curvatures  and the f requency- independent  rise of W 
at cathodic potentials in chloride solutions. It  does not 
explain deviations near  equil ibrium, for the ratio 
Ilo/Ic is far too small. 

If a hemispherical  diffusion zone were postulated, 
corresponding to diffusion to kinks instead of steps, a 
similar  level of analysis yields 

Ic -- ~DFa Ce/2~. 2 [31] 

or Ic ~ 16 mA/cm% Even in this more restr ict ive model 
one cannot explain the behavior  near  ~ = 0, al though 
much larger changes are predicted at anodic and cath- 
odic potentials than are actual ly observed. 

An al ternat ive  possibility is that  an addit ional  
mechanism is inser t ing an admit tance also varying as 
~/i~ in  series with the Cu + diffusional admittance.  The 
required value is of order 10-~ mho-secl/2/cm 2. Studies 
of si lver deposition revealed such an admit tance with 
W : 0.03, and no apparent  concentrat ion dependence 
(23). If such an admit tance were present  in  our  cop- 
per studies it would explain both the constancy of W 
values at high cupric concentrat ions and the reduced 
potential  dependence of W. An analogy between si lver 
and Cu+ /Cu  deposition seems reasonable, but  un -  
for tunate ly  we lack a satisfying in terpre ta t ion  for the 
process responsible for the -~/io: re laxat ion behavior. It  
is not compatible with the adatom diffusion models 
which have been analyzed in  considerable detail. 

The frequency dispersion of W at potentials below 
--25 mV (Fig. 6) remains  unexplained.  Wo(~l) plots 
might  be in terpre ted as showing an adsorption maxima 
at --100 mV. F r o m  C* plots the equivalent  dispersion 
ampli tude is about 50 ~F/cm2, equivalent  to 1018 a toms/  
cm 2, and the response time is 10 .4 sec. A double- layer  
relaxat ion involving specific adsorption is the simplest 
explanation. The potential  of zero charge for copper is 
--240 mV with respect to the equi l ibr ium potential  
(28), and is not  correlated wi th  the --100 mV peak. 
Chloride adsorption appears to quench this dispersion, 
but  our exper imental  results are insufficient to just i fy  
an interpretat ion.  Morphological investigations have 
revealed considerable changes in  the growth habi t  of 
copper deposits between 0 and --200 mV (29-31). 
It is tempt ing to suppose that  these variat ions are in  
some m a n n e r  reflected in  our admit tance results, bu t  
no connection is obvious. The high frequency double-  
layer  capacitance is independent  of potential  in this 
region and offers no evidence for changes in the micro- 
scopic surface. 

Conclusions 
Near equil ibrium, the two-step model proposed by 

Mattson and Bockris for copper electrodes general ly 
agrees with admit tance measurements  if al lowance is 
made for the diffusion of cupric and cuprous ions and a 
finite exchange cur ren t  for the crystall ization reaction. 
Analysis of this model leads to an equivalent  circuit  
description with paral lel  contr ibutions from the redox 
and crystall ization reactions. The complex-plane re-  
duction of exper imental  data can reveal  which branch 
is affected when deviations from this model are en-  
countered. At anodic potentials the exponent ial  in -  
crease in cuprous ion concentrat ion is quenched, and 
this has been at t r ibuted to disproport ionation and the 
growth of metall ic clusters in solution. In  the cath- 
odic region only a comparat ively small  surface dis- 
persion was found, and this could be due to a double-  
layer  relaxation. The addition of low concentrat ions of 
chloride leads to the rapid formation of a surface 
monolayer  which increases the cathodic Tafel slope, 
el iminates anodic disproportionation at the electrode, 
and reduces the cathodic dispersion. 

No clear-cut  evidence for crystal l izat ion-controlled 
kinetics was found for freshly formed surfaces. Aged 
surfaces did exhibit  i rregulari t ies which might  be con- 
strued as due to cooperative processes. Other " incon- 
sistencies" begging fur ther  explanat ion are the con- 
centrat ion dependences of the re laxat ion parameters  YI 
and W, and the potent ia l  dependence of W. 



VoL 128, No. 5 C O P P E R  E L E C T R O D E  9 7 9  

Manuscr ip t  submi t t ed  Nov. 19, 1979; rev ised  m a n u -  
scr ip t  rece ived  Oct. 27, 1980. 

A n y  discussion of this paper  wi l l  appear  in  a Dis-  
cussion Sect ion to be publ i shed  in the  December  1981 
Joum~AL. Al l  discussions for the  December  1981 Dis-  
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1981. 
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LIST OF SYMBOLS 

Y* the complex admi t t ance  funct ion (Y' ~ iY") 
which is the  rec iprocal  of a complex  admi t -  
tance, Z* 

Y,* (~) measured  values  for Y* as a funct ion of f re -  
quency a t  the potent ia l  

Y~* (0) measured  values  for Y* as a funct ion of po-  
ten t ia l  a t  the f requency  

Yeq* (~) measured  values fo r  Y* (~) at the equi l ib-  
r ium potent ia l  

Y~ the : imi t ing high f requency  va lue  of  Y* (9) 
which is due to e lec t ro ly te  conduct iv i ty  

Ye* the e lect rode surface admi t tance  obtained 
a f te r  separa t ion  of e lec t ro ly te  conductance 
contr ibut ions  

C~ the l imi t ing high f requency  va lue  of Ye*/i~ 
Go the l imi t ing  low f requency  va lue  of Ye* 
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Experimental Study of the Gas Bubble Effects 
on the IR Drop at Inclined Electrodes 

G. Kreysa* and H.-J. KElps 
Deehema-Institute, 6000 Frankfurt/M. 97, Germany 

ABSTRACT 

The exis tence of a gas evolving e lect rode in indus t r ia l  e lectrolysis  c e l l s  
m a y  grea t ly  increase  the  cell vol tage  due to the  addi t ional  IR drop caused by  
the gas bubbles.  The main  area  of expanded  meta l  e lectrodes as they  are  used 
in the indus t ry  consists of incl ined planes.  I t  was therefore  considered of in te r -  
est to s tudy the influence of the incl inat ion angle  on the IR drop cauhed by  the 
gas l aye r  at  an incl ined hydrogen  evolving electrode.  Evalua t ion  qf IR drop 
measurement s  a t  var ious  cur ren t  densi t ies  shows tha t  s l ight ly  ' up - f ac ing  
or ien ted  electrodes (~ ---- --15 ~ have a gas l aye r  of an op t imum state in te rms 
of a m in imum IR drop. A s imple model  of the mot ion of gas bubbles  near  the 
e lec t rode  surface al lows the dependence  of the IR drop on the incl inat ion angle  
to be calculated.  Calculat ions based on this model  show good ag reemen t  wi th  
expe r imen t a l  results .  

In  prac t ica l  e lect rolys is  processes involv ing  gas 
evolving e lec t rode  react ions the effect of the gas bub -  
bles on the e lec t ro ly te  res is t iv i ty  is an impor t an t  fac-  
tor. Depending  on the magni tude  of the cur ren t  dens i ty  

* Electrochemical Society Active Member. 
Key words: gas evolution, theoretical model, optimization, elec- 

trolysis. 

this  bubble  effect cause~ an addi t iona l  IR drop in -  
creasing the cell  vol tage by  about  106-200 mV and 
thus the specific energy consumption of the  chemicals  
produced.  A number  of authors  have  a l r e a dy  inves t i -  
ga ted  the effects of gas bubbles  on the e lec t ro ly te  r e -  
s i s t i v i t y ,  cell  voltage, and  the cur ren t  dens i ty  d i s t r i -  
b u t i o n  both by  e xpe r ime n t a l  s tudies and  t h e o r e t i c a l  
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models. Most of these papers deal with gas bubble  IR 
effects in nar row flow channels with p lanar  electrodes 
(1-6) or the mass t ransfer  enhancement  due to the gas 
bubbles (6-14). However, in industr ia l  electrolysis 
cells p lanar  electrodes are relat ively rare and main ly  
machined block electrodes, mesh electrodes, and ex- 
panded metal  electrodes are being used. Investigations 
of bubble effects on industr ia l  electrodes have been 
ca r r i ed  out by Mfiller (15), Kuhn  (16), and Jorne  
(17). 

Expanded metal  electrodes, as recently studied by 
Jorne (17), are main ly  consisting of incl ined elec- 
trode planes, the incl inat ion angle being dependent  on 
the degree of expansion. In industr ia l  cells these elec- 
trodes are mounted  with an up-facing incl inat ion of 
the metal  bands. This configuration allows the evolv- 
ing gases to divert  main ly  on the back side of the 
electrode resul t ing in a lower IR drop. 

Many papers have dealt with mass and heat t ransfer  
as well as na tura l  convection at incl ined gas evolving 
electrodes (18, 19). Some authors (20-22) have studied 
also the influence of the incl inat ion angle more exten-  
sively. However, there is a lack of knowledge con- 
cerning the dependence of the IR drop caused by the 
gas bubbles on the incl inat ion angle. The present  work 
studies the IR drop due to the gas bubbles in the elec- 
trolyte and its dependence on the incl inat ion angle of 
the electrode. An at tempt was also under taken  to dis- 
cuss the results in terms of a simple theoretical model. 

In  the following the sign of the electrode incl inat ion 
angle is defined as shown in Fig. 1. Positive and nega-  
tive signs refer to down-facing and up-facing incl ina-  
tions of the electrode, respectively. Close to the elec- 
trode a gas layer with a finite thickness exists as was 
already assumed in a model proposed by Hine (3). If 
one considers the vectorial spli t t ing of the rising 
velocity (Uss) of the bubble  swarm into two compo- 
nents, parallel  (up) and normal  (un) to the electrode, 
respectively, it results in an expansion of the gas layer  
at negative incl inat ion angles and in a compression at 
positive ones. On one hand, the IR drop increases with 
increasing thickness of the gas layer; on the other 
hand, the decrease of the gas void fraction due to the 
gas layer expansion results in a decrease of the re-  
sistivity. Therefore, an opt imum incl inat ion angle cor- 
responding to a m i n i m u m  IR drop of the gas layer 
should exist. 

The experiments  described in this paper are aimed 
to verify the existence of an opt imum incl inat ion angle. 
The exper imental  conditions were chosen to allow a 
certain analogy to commercial expanded metal  elec- 
trodes and, furthermore,  to minimize the effect of the 
current  distr ibution on the exper imental  results. Of 
course, the hydrodynamic conditions in a nar row gap 
are not  the same as the undis turbed  free convection 
which we have investigated. 

Experimental 
As a model system of a gas evolving electrode the 

hydrogen evolution on a p lanar  p la t inum electrode 
was chosen. A 4m KOH solution with 0.5 g/ l i ter  iso- 
octanol (6) was used as an electrolyte. The addition 
of this surfactant  was impor tant  for obta ining repro-  
ducible results (6). The conductivi ty of the gas-free 
electrolyte was determined to 0.350 mho/cm and the 

~<0 = r �9 0 o r o 

Fig. L Angle definitions for inclined electrodes and deformation 
of the gas bubble layer (shaded area). 

kinematic  viscosity was 2.23 �9 10 -2 cm2/sec. The 1 • 1 
cm p la t inum foil electrodes were fixed to a Perspex 
support. The small  electrode size was chosen for two 
reasons. First, the dimensions of the metal  bands of 
expanded metal  electrodes should not be essentially 
exceeded. Second, the nonuni fo rm current  density dis- 
t r ibut ion due to the bubble  accumulat ion as studied by 
Tobias (1) should be almost avoided. 

An incl inat ion of the cathode alone would al ter  the 
potential  and current  densi ty distr ibutions due to the 
varying interelectrode gap. In order to avoid this com- 
plication the cathode and the anode were mounted  on a 
pivoted disk in a fixed parallel  position as shown in 
Fig. 2. Thus, the angle of the cathode could be varied 
by tu rn ing  the disk without  changing the relative posi- 
tion to the anode. The Luggin probe containing a sat- 
urated calomel electrode was mounted in a fixed posi- 
tion at a distance of 5 m m  from the electrode. The dis- 
tance from the electrode to the capil lary was always 
larger than the thickness of the bubble  layer. The elec- 
trolytic cell was controlled potentiostatically (Poten-  
tiostat LB 75M, Bank Elektronik, GStt ingen),  and be- 
tween the potentiostat  and the w o r k i n g  electrode an 
electronic in te r rup te r  un i t  (Model PU1, Forschungsin-  
sti tut Meinsberg) was applied to measure the IR drop 
between electrode and Luggin probe (23). Dur ing  each 
measurement  the electrode polarization was varied 
with a scan rate of 1 mV/sec from 0 to --1V and from 
--1 to 0V using a voltage scan generator  (Model VSG 
72, Bank Elektronik, GStt ingen).  During the scanning 
the IR drop between electrode and Luggin probe was 
plotted on a X-Y-Recorder  (Servogor XY, Type RE 
551, Metrawatt ,  Nfirnbezg) as a funct ion of the cur-  
rent  density. Since the shape of these curves was inde-  
pendent  of the the polarization direction, the equil ib-  
r ium of dissolution of hydrogen was established. A 
schematic diagram of the exper imental  equipment  is 
shown in Fig. 3. For a gas-free electrolyte the IR vs. i 
plot should result  in  a straight line. Due to the in-  

t.mlp, wDue 

perspsx support 

Ipl~lml disc 

electrodes 

Fig. 2. Schematic view of the electrolysis cell 

PU1 

~ xy recorder 

IR 

vso 7z I 

C,B. 

electrolysis cell 

Fig. 3. Schematic diagram of instrumentation (w.e., working elec- 
trode; r.e., reference electrode; c.e., counterelectrode). 
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creasing gas evolut ion wi th  increas ing cur ren t  dens i ty  
the expe r imen ta l l y  ob ta ined  IR drop devia tes  f rom a 
l inear  dependence  t oward  la rge  IR values,  e.g., as 
shown in Fig. 4. A second-orde r  regress ion po lyno-  
mia l  can be fitted to the e x p e r i m e n t a l l y  ob ta ined  IR-{ 
plots. 

The descr ibed  expe r imen t a l  technique for  measur ing  
the IR effects of the gas bubbles  offers the fol lowing 
advantages :  

1. The ac tua l  e lec t rode  poten t ia l  and the IR drop in 
the  gas -conta in ing  e lec t ro ly te  can be measu red  sepa- 
rately. 

2. A single potent iokine t ic  scanning yie lds  IR drop 
da ta  for  the  whole  cur ren t  dens i ty  range  app l ied  (up 
to 1 A/cm~).  

3. IR drop oscil lat ions due to the stat is t ics  of gas 
evolut ion can eas i ly  be equal ized b y  a regress ion 
polynom. 

4. The tangent  of the  IR vs. i curve at  i ---- 0 corre- 
sponds to the IR drop  for the gas - f ree  solution. A t  any  i 
va lue  the difference be tween  the overa l l  IR drop and 
this s t ra igh t  l ine thus represents  the  add i t iona l  IR drop 
caused by  the gas bubbles .  

I t  should be noted tha t  the  resul ts  given in the  fol-  
lowing do not  cover  al l  possibi l i t ies  offered b y  this 
technique.  F u r t h e r  invest igat ions  into this p rob lem are 
being car r ied  out. 

Results and Discussion 
In Fig. 5 the  add i t iona l  IR drop caused b y  the gas 

bubbles  has been p lo t ted  as a funct ion of the  cu r ren t  
density.  The IR drop  is obvious ly  s t rong ly  dependen t  
on the cu r ren t  dens i ty  and reaches  about  200 mV at  10 
kA/m% M'easurements  s imi la r  to those shown in Fig. 4 
were  ca r r i ed  out  a t  inc l ina t ion  angles  rang ing  f rom 
--60 to +60  ~ F igure  6 shows a pho tograph  of the gas-  
evolving e lec t rode  at  an incl inat ion angle  of --30 ~ . In  
this figure the expans ion  of the bubble  l aye r  as p rev i -  
ously  shown schemat ica l ly  in Fig. 1 is qui te  apparent .  
Measurements  of the  angu la r  dependence  of the  IR 
drop were  pe r fo rmed  at  cur ren t  densi t ies  of 1, 3, and 5 
k A / m  2 thus cover ing the range  usua l ly  app l i ed  in in -  
dus t r ia l  cells. Comparab le  resul ts  could be obta ined  for  
different  cur ren t  densi t ies  by  app ly ing  the normal i za -  
t ion 

AU -- IR(cO - -  IR(O) [1] 

The AU value  in [1] represents  the pa r t  of the IR 
drop which  is dependen t  on the incl inat ion angle.  In  
Fig. 7 the  angu la r  dependence  of AU values  is shown 
for var ious  cur ren t  densities.  F rom this figure i t  is ob-  
vious tha t  the IR drop has a m i n i m u m  at an e lec t rode  
inc l ina t ion  of about  --15 ~ independen t  of the cu r ren t  
density. I t  is in teres t ing  to note tha t  due to the  e x p a n -  
sion degree  t he  inc l ina t ion  of indus t r ia l  expanded  
meta l  e lectrodes is usua l ly  close to this value. F u r t h e r -  
more,  Fig. 7 shows tha t  the  angu la r  dependence  of the  
IR drop is c lear ly  asymmetr ic .  A compression of the 
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Fig. 5. IR drop due to the gas bu,bbles as a function of the cur- 
rent density (a = 0~ 

gas layer  thus resul ts  in a m a r k e d l y  higher  IR drop 
than  an expansion.  

In  the  fol lowing a theore t ica l  model  based  on we l l -  
known pr incip les  of the  gas bubb le  mot ion  is sug-  
gested. This model  reflects the  expe r imen ta l l y  ob ta ined  
angu la r  dependence  of the IR drop if  real is t ic  p a r a m -  
e ter  values are  assumed. The fo l lowing assumptions  
are  made:  

t .  The gas bubbles  have  a un i fo rm size, i.e., the i r  
ac tual  size d is t r ibut ion  is d is regarded.  

2. Ins tead  of the  rea l  gas l aye r  expans ion  and the 
gas accumula t ion  wi th  he igh t  the gas l aye r  is con-  
s idered  to have a defined mean  thickness and a mean  
uni form gas void f ract ion as a f i r s t -order  a p p r o x i m a -  
tion. 

3. Shape  changes of the bubbles  at  various angles 
are  ignored  as a reasonable  simplifmation of the rea l  
phys ica l  si tuation.  

1 1 0 0 .  

go0 '  

7(;0" 

500' 

300" 

100" 

100 300 500 700 900 

F;g. 4. Experimental plot of the IR drop vs. current density with Fig. 6. Photographic picture of the gas evolving electrode at 
the regression curve (~ = 0~ --30 o. 
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4. On ver t i ca l ly  posi t ioned electrodes the  bubble  
l ayer  thickness increases  wi th  increas ing  cu r ren t  den-  
sity, bu t  the gas void f rac t ion remains  constant.  

5. The gas flow veloci ty  wi th in  the  bubble  l aye r  is 
constant  and equal  to the sum of the e lec t ro ly te  flow 
veloci ty  due to na tu ra l  convection and the r i s ing 
veloci ty  of the swarm of bubbles.  

6. The e lec t ro ly te  flow veloci ty  due to convection 
depends on the incl inat ion angle  of the electrode.  

7. The expansion and the compression of the  bubble  
l ayer  resul ts  f rom the vec tor ia l  sp l i t t ing  of the ver t ica l  
r is ing veloci ty  of the swarm of bubbles.  

8. The cur ren t  dens i ty  d is t r ibut ion  at  the e lect rode 
is assumed to be uniform. 

As the observed bubble  d iamete r  is sma l l e r  than 0.2 
m m  the r is ing veloci ty  of a s ingle  bubble  can be calcu-  
la ted  using the Levich equat ion  (24) 

db2g 
Ub = ~ [21 

12v 

The r is ing veloci{y of the swarm of bubbles  is then 
given by  Marucci 's  equat ion (2.5) 

(1 -- e(O)) 2 
u~(0)  = ub [3] 

1 - -  ~(O)5/a 
Sigr is t  (6) has e x p e r i m e n t a l l y  demons t ra ted  tha t  at  

gas void fract ions up to 0.6 the conduct iv i ty  of the  
gas-conta in ing e lec t ro ly te  can be  ca lcula ted  by  the 
Maxwel l  equation. For  a ver t ica l  e lec t rode  this equa-  
t ion yie lds  

1 --  e(0) 
x (O) = Xo [4] 

1 + ~(0) /2  

F rom the gas flow velocity,  ug 

ug = ut + u~ [ 5 ]  

and F a r a d a y ' s  law the thickness  of the bubble  l aye r  
can be ca lcula ted  for a ver t ica l  e lectrode provided  tha t  
a constant  gas void f ract ion is assumed 

VMI 
d(O) = [6] 

zFbe (0) Ug (0) 

The e lec t ro ly te  flow velocity,  ul, resul ts  f rom n a t u r a l  
convection due to the  difference in hydros ta t ic  p res -  
sure. If  ho means the height  of the ver t i ca r  e lec t rode  
then 

Aph ~ ~(~) ho cos  ~ [7]  

If the bubble  l aye r  is assumed as a flow channel,  the 
pressure  drop must  fulfill  the re la t ion  

Ap ~ uz~ [8] 

In the s teady state the  difference in hydros ta t ic  p res -  
sure is equal  to the pressure  drop. Combinat ion  of Eq. 
[7] and [8] leads to the  re la t ion be tween  the e lec t ro-  
ly te  flow veloci ty  pa ra l l e l  to the e lec t rode  surface and 
the incl inat ion angle  

u l ( . )  = C ( ~ ( ~ )  cos ~) '/2 [9]  

For  a ver t ica l  e lectrode [9] c a n  be wr i t t en  

ud0)  = C~(0) v .  [10] 

Assuming real is t ic  values  for  e(0) and ul(0)  Eq. [10] 
can be appl ied  to calculate  the  constant  C. Due to the 
compression and expansion of the  bubb le  layer ,  respec-  
t ively,  an incl inat ion of the  e lect rode resul ts  in a 
change of the gas void f ract ion and the thickness of the 
bubble  layer .  S imi la r  to Eq. [3] the  r is ing veloci ty  of 
the  bubble  swarm at a gas void fract ion c(a) can be  
wr i t t en  as 

(1 - ~(~)  )2 
Uss(~) = ub [11] 

1 - -  e(a) 5/3 

The vector ia l  sp l i t t ing  of the bubble  swarm veloci ty  
(see Fig. 1) into two components,  one pa ra l l e l  (Uss 
cos ~) and one normal  (us~ sin a) to the e lec t rode  p lane  
and using Eq. [5] and [9] leads  to the  equat ion 

ug(a) = C(e(a)  cos a)'/2 + Uss(a) cos a [12] 

Using the normal  component  of the bubble  swarm ve-  
locity gives the mean thickness of the compressed or  
expanded  gas bubble  l aye r  

ho 
d(~)  = d(0)  - -  Uss(~) s i n s  [13] 

2u~(~) 

According to Eq. [6] the gas void fract ion of the  bubble  
l aye r  is given by  

VMI 
e(a) : [14] 

zFug (a) bd (a) 

Equat ions [11] and [14] define ~(a) and d(a) for 
each a and thus e(a) can be ca lcula ted  by  common nu-  
mer ica l  methods  (e.g., a un i fo rm search method) .  The 
value in t roduced in Eq. [11] mus t  be fitted in such a 
way  that  the va lue  resul t ing  f rom Eq. [14] yields  the 
same resul t  wi th in  the accuracy  l imits  given. The Max-  
wel l  equat ion is again appl ied  to obta in  the conduct iv-  
i ty  of the bubble  l aye r  

1 - -  e(~) 
x ( . )  = Xo , [15] 

1 + e(~) /2  

If  a is the distance be tween  elect rode and the Lug-  
gin probe  i t  follows f rom Ohm's law 

[ d(O) a--d(O) ] ~ [16] 
r e ( o )  = ~ +  Xo 

and 

[ dCa) a - - d C a )  ] i [17] 

.0 
By in t roducing Eq. [16] and [17] in Eq. [1] and s imple 
a lgebra ic  steps one obtains the angle  dependence  equa-  
tion of the normal ized  pa r t  of the  IR drop of the gas 
bubbles  

[ d ( ~ )  d ( 0 ) 1  ( d ( O ) _ d ( a ) )  ] [18] 
A~ = i x(~) x(0~ + x---/ 

In the  list  of symbols  the  p a r a m e t e r  values  defined 
by  the exper imen ta l  condit ions used for the calculation 
of the AU functions are  given. The theoretical model 
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contains three  fu r the r  pa rame te r s  which mus t  be  es t i -  
ma ted  by  assuming rea l i s t ic  values  

db --  0.012 cm 

�9 (0) - -  0.45 

ul(O) = 2.0 cm/sec  

The assumed bubb le  d iamete r  is in  close ag reemen t  
wi th  da ta  of o ther  authors  (2). Unfor tunate ly ,  the rea l  
bubb le '  d i ame te r  cannot  be taken  f rom Fig. 6 because 
la rge  adher ing  bubbles  on the edge of the  e lect rode 
hide the  smal l  bubbles  in f ront  of the  electrode.  How-  
ever,  these smal l  bubbles  a re  de tec table  in  the  r is ing 
swarm far  f rom the  electrode.  The  e lec t ro ly te  flow 
veloci ty  represents  the  main  pa r t  (about  90%) of the 
gas flow veloci ty  and can be es t imated  by  visual  ob-  
servations.  In t roducing  an es t imated  va lue  of the  bub-  
b le  l aye r  thickness  into Eq. [6J y ie lds  the  gas void 
f rac t ion given above for  a ver t ica l  electrode.  Theore t i -  
cal AU functions ca lcula ted  wi th  this model  using the 
above-men t ioned  da ta  a re  shown also in  Fig. 7. In  
ag reemen t  wi th  the  expe r imen ta l  da t a  the  theore t ica l  
curves also show the min imum at  --15 ~ and the a sym-  
met r ic  shape. Consider ing tha t  the  theore t ica l  model  
was based on severa l  s impl i fy ing  assumptions  the 
agreement  be tween  exper iments  and  theore t ica l  cal-  
culat ions m a y  be r ega rded  as sat isfactory.  Regard ing  
the 1R drop m i n i m u m  at  --15 ~ i t  should be ment ioned  
here  tha t  for  a na tu ra l  convection flow around  a pla te  
a t  nea r ly  the same angle L loyd  (20) has found a t r a n -  
sit ion f rom w a v e - t y p e  flow dis turbances  to long i tud ina l  
vortices. In  a mass t ransfe r  s tudy  at  inc l ined gas 
evolving electrodes Wragg  (22) also obta ined  a local 
m i n i m u m  of the  Sherwood number  in the same range  
of inc l ina t ion  angles.  A possible  re la t ion  be tween  these 
in teres t ing  observat ions  cannot  be clarif ied in  the 
presen t  state.  

Conclusions 
The presen t  inves t iga t ion  has shown tha t  a change of 

the s ta te  of the  gas bubble  l aye r  in f ront  of an incl ined 
e lec t rode  is accompanied  b y  a m a r k e d  change of the 
IR drop which  may  amount  u p  to 200 mV. This demon-  
s t ra tes  tha t  in indus t r ia l  e lectrolysis  cells the inc l ina-  
t ion of the  me ta l  bands  of the e lectrode is an impor t an t  
factor, especia l ly  if expanded  meta l  e lectrodes are  used. 
Independen t  of the cur ren t  density,  the gas bubb le  
l aye r  has an  op t imum s t ruc ture  in t e rms  of a m i n i m u m  
IR drop at  an incl inat ion angle of --15 ~ However ,  the 
IR drop min imum shows a flat range  be tween  15 ~ - -  a 
~-- --  45 ~ This means that  an angle  can be chosen wi th -  
in this range  r e l a t ive ly  f ree ly  tha t  is op t imum to mee t  
o ther  goals as, e.g., the divers ion of the gas bubbles  
which is also influenced b y  the hydrodynamic  condi-  
t ions in the e lect rode m e m b r a n e  gap. There  is a need of 
fu r the r  deta i led  invest igat ions.  The incl ined surfaces 
of commercia l  expanded  meta l  e lectrodes usua l ly  have 
an incl inat ion wi th in  the op t imum range.  Thus, i t  
seems reasonable  tha t  the ohmic drop saving of these 
e lec t rodes  is not  only  caused by  enabl ing  the d ivers ion 
of the  gas to the  r ea r  of the electrode, bu t  also due to 
an op t imum state  of the bubble  l aye r  a t  this inc l ina-  
t ion angle.  
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LIST OF SYMBOLS 
a dis tance be tween  the e lec t rode  and the Luggin  

probe (cm) 
b wia tn  of the e lec t rode  (cm) 
C propor t iona l i ty  constant  (cm sec -1)  
d (0)  thickness  of the  gas bubble  l aye r  a t  a = 0" 

(cm) 
d(a) taickness of the gas bubble layer at a ~ O" 

(cm) 
db d iamete r  of a single bubble  (cm) 
F F a r a d a y  number  (96,487 As mole  -1)  
g grav i ta t iona l  accelera t ion (980.66 cm sec -2) 
ho height  o of the  e lect rode in ver t ica l  posit ion 

(~ = 0 ) (cm) 
cur ren t  (A) 
cur ren t  densi ty  ( A c m  -~-) 
IR drop at  ~ = 0 ~ (V) 
IR drop at  a ~ 0 ~ (V) 
hydros ta t ic  pressure  drop ( g c m  -1 sec -2) 
ohmic resis tance (~t) 
r ising veloci ty  of a single bubble  (cm sec -1) 
gas flow veloci ty  (cm sec -1)  
gas flow veloci ty  at  a --  0 ~ (cm sec -1) 
gas flow veloci ty  at  a v~ 0 ~ (cm sec -1)  
e lec t ro ly te  flow veloci ty  (cm sec - 1) 
e lec t ro ly te  flow veloci ty  at  ~ --  0 ~ (cm sec - I )  
e lec t ro ly te  flow veloci ty  at  ~ ~ 0 ~ (cm s e c - D  
veloci ty  component  o~ Uss normal  to the elec-  
t rode plane (cm sec -1)  

up veloci ty  component  of Uss pa ra l l e l  to the elec-  
t rode p lane  (cm sec -1)  

Uss r is ing veloci ty  of the swarm of gas bubbles  
(cm sec -1) 

Uss(O) rising velocity of the swarm of gas bubbles at 
the vertical electrode (~ = 0 ~ (cm sec-D 

uss(~) rising velocity of the swarm of gas bubbles at 
an inclined electrode (a ~ 0 ~ (cm sec -I) 

~U difference be tween  IR(a) and IR(0 ) ,  see Eq. 
[1] (V) 

VM molar  volume of the  evolved gas (22,414 cm 3 
m o l e - l )  

z number  of e lectrons (1) 
angle  of the incl ined e lect rode (deg.) 

, gas void f ract ion (I) 
e(0) gas void f ract ion at  ~ --  0 ~ (1) 
e(~) gas void f ract ion at  a ~ 0 ~ (1) 
xo conduct iv i ty  of the gas free e lec t ro ly te  (0.350 

mho cm-1)  
x(0) conduct iv i ty  of the  gas containing e lec t ro ly te  

at  ~ _-- 0 ~ (mho cm -1) 
x(~) conduct ivi ty  of the gas containing e lec t ro ly te  

at  a ~ 0 ~ (mho cm -1)  
k inemat ic  viscosi ty (0.0223 cm 2 sec -1) 
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The Polarography of Vitamin in Acidic Media 

Ronald L. Birke* and S. Venkatesan* 
The City University o~ New York, Department of Chemistry, The City College, New York, New York 10031 

ABSTRACT 

The nature  of the polarographic reduction wave of v i tamin  B12a in acidic 
media (pH 1-5) has been investigated. The wave exhibits a region of nega-  
tive differential resistance which is due to the blockage of the electrode reac- 
tion by adsorption of a reduced species and by a double layer repulsion effect. 
A protonat ion step follows the electroreduction of v i tamin  B12a to v i tamin  
B12r and the protonated vi tamin B12r is adsorbed on the dropping mercury  
electrode. The PKa for this fol low-up protonat ion step has been measured,  
and the mechanism of the electrode process is discussed. 

Since the oxidat ion-reduct ion chemistry of v i tamin 
BI2 compounds plays a definite role in many  impor tant  
biochemical processes, there has been much interest  in  
the electrochemistry of these bioinorganic compounds 
( I ) .  There are many  forms of the v i tamin  which have 
the so-called Cob (III) a lamin structure with a cobalt 
ion in the 3+  oxidation state as the central  atom and 
various substi tuted axial ligands in the ~ position (2). 
We have studied the electrode processes of the aquo- 
subst i tuted Cob ( I I I )a lamin  complex, v i tamin  B12a, be-  
cause reduction of any other axial subst i tuted form of 
Cob( I I I ) a l amin  and subsequent  reoxidation usual ly  
gives aquocobalamin, i.e. vi tamin  B12a. Various features 
of the polarography and cyclic vo l tammetry  of v i tamin  
B12a have al ready been studied by several investigators 
using mercury  and other electrodes in acidic to neut ra l  
aqueous media (3-11). The reduction process is well  
established as two separate one-electron transfers 
yielding two well-separated polarographic waves. The 
second step represent ing the reduction of v i tamin  B12r 
(Co(I I ) )  to v i tamin  B12~ (Co(I ) )  is coupled to the 
opening of the nucleotide side chain in neut ra l  pH and 
becomes a simple reversible electron transfer  reaction 
if the support ing electrolyte is a strong acid. A good 
deal of at tent ion had been focused on this process (5, 
6). Less a t tent ion has been given to the reduction of 
v i tamin  B12a, Co(III ) ,  to Blur, Co(II) ,  because of its 
irreversible nature.  A recent investigation deals with 
the B12a/B12:r system electrode process on vitreous 
carbon and gold electrodes (12) over a wide pH range. 
The nature  of the adsorption of v i tamin B12a and B12r 
on mercury  has been studied by cyclic vol tammetry,  
chronopotentiometry,  and differential double layer 
measurements  (11). Spectroelectrochemical studies 
(13, 14) have also been made which involve de termin-  
ing the electrode potential  of the vi tamin B~2a/Bl~r 
couple, but  no at tempt  has been made to explain the 
electrode process in the polarographic wave for this 
couple in the concentrat ion range above 1 X 10-SM. 
This electrode process has a ra ther  unusua l  polaro- 
graphic behavior which warrants  fur ther  investigation. 
In  neut ra l  pH the first polarographic wave of v i tamin  
B12~ has a depression on the rising portion of the first 
wave as it slowly rises to a plateau while in more 
acidic media such as acetate buffer (pH 4.5 in 0.SM 
NaNOs) a max imum develops at ca. --O.IV vs. SCE 
followed by a m in imum at ca. --0.18V vs. SCE and then 
the wave slowly rises to a plateau at --O.4V vs. SCE 

* Electrochemical Society Active Member. 
Key words: vitamin B12 compounds, polarography, adsorption, 

electrode mechanism, 

(7). Imhoff (7) a t t r ibuted the depression to adsorption 
on the dropping mercury  electrode (DME). He also 
found from differential double layer capacity studies 
that  v i tamin Bl2r was  strongly adsorbed on the mercury  
surface in the region of the depression. These results 
have been confirmed recently ( l l ) .  

P re l iminary  investigations in this laboratory indi -  
cated that both pH and ionic s t rength greatly affect 
the behavior  of this polarographic wave. The present  
investigation is a more detailed study of the polaro- 
graphic electroreduction mechanism of v i tamin Bl2a 
in acidic media. 

Experimental 
Aquocobalamin samples were obtained from Sigma 

Chemical Company in the form of hydroxycobalamin 
hydrochloride and their percentage pur i ty  was deter-  
mined spectrophotometrically by calculating the con- 
centrat ion after conversion to dicyanocobalamin (5). 
For the differential pulse polarographic exper iments  
aquocobalamin samples free of chloride were prepared 
b y t h e  electrolysis of cyanocobalamin in NaNOa solu- 
tion. At sufficiently cathodic potentials it is well  known 
that  the cyanide group in the cyanocobalamin gets 
cleaved (7). The HCN formed was dr iven away by the 
current  of ni trogen and was absorbed into NaOH solu- 
tion. After  about l0 rain the current  of ni t rogen was 
replaced by a current  of air which was mainta ined 
for i0 rain. The solution changes to the characteristic 
red color of v i tamin B12~a. The Bl2a in the catholyte so- 
lut ion was extracted using the solvent extraction tech- 
nique described by Dolphin (15). The pur i ty  of the 
product was tested by paper chromatography in var i -  
ous aqueous-butanol  solvent systems. Only one spot 
showed up with some streaming. The polarograms ob- 
tained from this procedure were identical  to those of 
aquocobalamin obtained from Sigma Chemical Com- 
pany in contrast  to those made by the electrochemical 
procedure of Kenyhercz and Mark (16) which gave 
aquocobalamin polarograms of an unusua l  na ture  un -  
less Triton X-100 was added. 

All the other chemicals were Fischer A.C.S. certified 
grade chemicals. The Tri ton X-100 and Tri ton QS-30 
were obtained from Sigma Chemical Company. The 
decyl, octyl, hexyl, and butyl  sodium sulfate were ob- 
tained from Eastman Organic Chemicals. 

A Pr inceton Applied Research (PARC) Model 173 
potent iostat /galvanostat  in combinat ion with a PARC 
Model 175 Universal  Programmer  was used for polaro- 
graphic measurements.  A commercial  fiber plug type 
saturated calomel electrode (SCE) was used in  all 
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cases. T h u s  potentials quoted in this paper are a l w a y s  
with respect to an SCE. An MFE Model 815 Plotomatic 
X-Y recorder served for recording the polarograms. 
Pulse polarograms were obtained with a Tacussel 
Model PGR-5 pulse polarograph. Cells were of the 
commercial, Metrohm type with water  jacket  (EA-76) 
(Br inkmann  Instruments ,  Incorporated).  The temper  a-  
ture of the test solution was varied by circulating hot 
water  f rom a Haake Model F K  thermostat .  The accur-  
acy of tempera ture  main tenance  was _ 0.5~ The 
dropping mercury  electrode had a column height of 
86 cm and a mass flow rate of 2.05 mg sec-L 

Cyclic vol tammetry  experiments  were also performed 
using the PARC potent ios ta t /galvanosta t  universal  
programmer  combination. At low scan rates a recorder 
was used for recording voltammograms.  At high scan 
rates the voltammograms,  were recorded with Tek-  
t ronix 5403 oscilloscope and photographed with Tek-  
t ronix C12 camera at tachment.  

pH was measured with a Beckman Zeromatic SS-3 
pH meter  or an Orion Research digital pH meter  Model 
801A. In  both cases a combinat ion electrode system was 
used. The pH of the various electrolytes used was 
adjusted by additions of NaOH solution. 

A Metrohm microburet te  hanging mercury  drop ap-  
paratus (E410) was used to form drops which were 
collected in a small  glass holder and attached to an 
amalgamated Pt  recessed tip electrode which was then 
used as the hanging Hg drop electrode. The area of 
the hanging Hg drop was 0.0403 cm 2. 

The polarographic potential  variat ions were followed 
with a Keithley Model 160B digital voltmeter.  

All  solutions were deaerated in a s t ream of high 
pur i ty  ni t rogen gas. 

Results and Discussion 
N a t u r e  of c u r r e n t - p o t e n t i a l  c u r v e s . - - F i g u r e  1 shows 

a typical  d-c polarogram of 4.8 • 10-4M vi tamin  Bma 
in  0.1M H2SO4 at pH 1.2. This figure has a distinctive 
peak around 0.06V and a pronounced dip between 0.0 
and --0.4V similar to that  observed by Imhoff in ace- 
tate buffer (7). The bottom of the dip shows a nar row 
range of potentials a round --0.2V where the current  
vs. t ime oscillations are reminiscent  of an inhibi ted 
electrode reaction. Following the dip the current  
slowly rises to a first plateau at about --0.4V. Another  
wave with an El~2 value of ca. --0.75V follows the first 
one. As ment ioned above the diffusion current  on the 
first plateau represents the Co(III)  to Co(II)  reduc- 
t ion and on the second plateau the diffusion current  
represents the reduction of the diffusing Co (III) species 
to Co (II) and then to a Co (I) species. 

Figure 2 shows a representat ive cyclic vol tammo- 
gram (CV) of v i tamin  B12:a in 0.1M NaC104 at pH 3.8 
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Fig. i. Polarogram of 4.8 X 10 -4M vitamin B12a in O.IM H2S04, 
pH 1.2. 
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Fig. 2. Cyclic voltammogram of 1.6 X 10 -4  vitamin B12a in 
O.IM NaCI04, pH 3.8. 50 mY sec -j- scan rate. Temperature 29~ 

on a hanging drop mercury  electrode (HDME). The 
sharp decaying cathodic and anodic currents  at +0.2V 
are due to adsorption processes difficult to ascertain 
since they may  involve a mercurous chloride species. 
The cathodic peak at --0.08V is ma in ly  diffusion con- 
trolled at low scan rates since a plot of cathodic cur-  
rent  vs. the square root of scan rate is l inear  up to 
100 mV sec-]  and then the slope of the plot increases  
at higher scan rates. On the other hand, the sharp 
anodic current  peak at +0.04V is definitely due to the 
oxidation of adsorbed v i tamin  Blur since a plot of 
anodic peak current  vs. the first power of scan rate 
is l inear  over the entire range measured up to 200 mV 
sec -1. In  addit ion the near ly  reversible na tu re  of the 
v i tamin  Bl~r and B12s couple can also be seen in the 
--0.8V region of this figure. 

Figure 3 shows differential pulse (DP) polarograms 
of chloride-free v i tamin  Bna for a series of concentra-  
tions in 0.1M H2SO4, pH 1.07. The peak at ca. W0.2V 
grows l inear ly  as a funct ion of concentrat ion unt i l  
about 5 X 10-sM where it  levels off and then begins 
to decrease as the concentrat ion is increased further.  
The peak at ca. W0.02V is an impur i ty  in  background 
current  and appears in the DP polarogram of 0.1M 
H2SO4. It  is noteworthy that  the reduction is taking 
place at a potential  quite positive to that  of the re-  
versible B12a/Br2r couple (13) (--0.040V) and this 
reduct ion appears to involve the adsorption of the 
product  of the electrode reaction (11). Fur thermore,  
although in neut ra l  media the DP detection l imits  of 
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Fig. 3. Differential pulse polarograms of 2.2, 2.6, and 3.0 X 
10-5M vitamin B12a in 0.1M H2SO4, pH 1.1. Potential pu|se is 50 
mY, drop time is 1.0 sec, and pulse durotion 40 msec. 
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the v i tamin  B12a to B12r peak  negat ive  to zero volts vs. 
SCE is about  1.0 • 10-4M (17), the  detect ion l imi t  in 
acidic media  for this peak  as can be seen f rom Fig. 3 
is a round  1.0 • 10-6M. Indeed only  at  much higher  
concentra t ion of a round  10-4M does the -d i f fus ion -  
control led v i tamin  B12rH + to Bt~  peak  at  --0.73V 
appear  in DP po la rogram in 0.1M H2SO4. The DP 
polarographic  peaks  for  reduc t ion  of diffusing v i tamin  
B12a appea r  in the potent ia l  range of --0.1 to --0.3V 
and are  compl ica ted  due  to the dip p h e n o m e n o n  in 
the d -c  polarogram.  

Effect of ionic strength and the p H . - - F i g u r e  4 shows 
the effect of changing the pH on the v i tamin  B12a sys-  
tem in an H~PO4 medium.  Decreas ing the pH tends 
to increase the magni tude  of the dip  and be low pH 4.3 
decreas ing the pH causes a posit ive potent ia l  shif t  in 
the  peak  potent ia l  and the r is ing pa r t  of the wave. 
I t  can also be seen f rom Fig. 4 tha t  the second wave  
becomes more revers ib le  wi th  a decrease in pH (6). 
Al though  only the envelopes of the po la rograms  are  
shown in Fig. 4 an examina t ion  of the cu r ren t - t ime  
behavior  of ind iv idua l  drops in the region of the va l l ey  
of the dip  shows a cur ren t  which first decreases wi th  
t ime and then increases toward  the end of the drop- l i fe  
indica t ing  h ighly  inhib i ted  currents  wi th  possibly  a 
r e a r r angemen t  of the adsorbed species (7, 11). Iden t i -  
cal behav ior  was found wi th  an I-I2SO4 medium. 

Plots  of EDME VS. log ( ( iD - -  i ) / i )  were  made  in 
H2SO4 buffer media  and found to be s t ra ight  l ines for  
the in i t ia l  r is ing pa r t  of the curves (0.2 to ca. 0.0V). 
The slopes of these plots had close to a Nerns t  value  at  
lower  v i tamin  B12~ (4 X 10-4M) concentrat ions and 
short  drop times, but  were  not  Nerns t ian  at  h igher  
B~a (10-3M);  however ,  the cu r ren t -po ten t i a l  curves 
are  compl ica ted  by  the adsorpt ion process which ac-  
counts for the change in slope. The E~/~ values  obta ined  
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Fig. 4. Effect of pH on the polarographic wave of 1.6 X 10-4M 
vitamin Bz2a in 0.1M H~P04. The pH was adjusted by adding NaOH. 
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f rom the logar i thmic  analysis  were  p lo t ted  agains t  pH 
for a solut ion containing 1M Na2SO4. The AE~/2/hpPI 
v a l u e  was --56.7 mV/pH.  The crossing point  of the 
s t ra ight  l ine por t ions  in curve A of Fig. 5 is a t  2.7 
which corresponds to the pKa for  the pro tonat ion  of 
the 5 ,6-dimethylbenzimidazole  (DMB) nucleot ide  base-  
on form of v i tamin  B12r- The E1/~ value  of the  v i tamin  
B12.a/B12r couple found a t  values  above pH 3 on the 
flat pa r t  of the curve is --0.034V _+ 0.004V which is 
close to the revers ib le  value  measured  spect roelect ro-  
chemical ly  (13). The value of P~a  found lies be tween  
the value  found by  ESR measurements  (18) (PKa ---- 
2.5) and the value  found by  pH t i t ra t ion  (6) and 
cyclic vo l t ammet ry  (19) (pKa --  2.9). Since the slope 
of the plot  agrees wi th  theory  (59 mV) and the E ~ 
found is wi th in  6 mV of tha t  measured  spect roelect ro-  
chemical ly  (13), under  the condit ions of h igh  ionic 
s t reng th  the po la rographic  sys tem appears  revers ible .  

If the total  ionic s t rength  is reduced  by  s ta r t ing  
wi th  0,1M H2SO4 med ium the E1/2 vs. pH plot  using a 
3.0 sec drop t ime shows a slope of 59.7 m V / p H  wi th  a 
cross-over  po in t  of 2.8 for  the pKa and an E ~ --  
--0.017V. However ,  when the drop  t ime is lowered  to 
0.5 sec for  this media,  the slope becomes 34.4 m V / p H  
wi th  a cross-over  point  of 3.7 and an E ~ --  --0.003V 
(curve  B, Fig. 5). The slopes of the EDM E VB. log 
((/D --  i ) / i )  var ied  somewhat  wi th  pH, bu t  were  
a round  twice the  va lue  of the  slope of the Et/2 vs. pH 
plots. This fact  is consistent  wi th  an e lec t rode  process 
involving a fo l low-up pro tonat ion  step. Indeed,  on the  
r is ing pa r t  of the po la rographic  wave  at  potent ia ls  
be tween  0.04 and 0.10V in the pH range  be tween  1 and 
3, the cu r ren t  was found to be d i rec t ly  p ropor t iona l  to 
[H+] ~ which is close to [H+]0.5 which would  be ex -  
pected for a postkinet ic  current .  

The ionic s t rength  of the suppor t ing  e lec t ro ly te  was 
found to have  a d ramat ic  effect on the shape of the  
polarograms of v i tamin  B12a. When  the  ionic s t reng th  
is increased at  nea r ly  constant  pH, the  dip  in the po-  
l a rog ram begins to decrease and a lmost  comple te ly  dis-  
appears  at an ionic s t rength  of a round  1M in pH 3 to 4 
media.  

Effect of concentration, temperature, and mercury 
column parameters.--The re la t ionship  be tween  cur ren t  
and v i tamin  B12a concentra t ion was also inves t iga ted  
at  var ious  potentials .  F igure  6 shows these  resul ts  for  
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Fig. 5. Plot of Ell2 vs. pH for 2.0 X 10 -4  vitamin B~2a (A) 1M 
Na2S04, drop time of 3.0 sec. (B) 0.1M H2S04, drop time of 0.5 
s e e .  
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Fig. 6. Current vs. concentration of vitamin Bna at various values 
of potential: e - - e  diffusion limited potential, � 9 1 6 9  peak po- 
tential O.OV, ( D - - O  valley potential --0.15V. The electrolyte is 
0.1M H2S04, ,oH i.2. 

the potent ial  of the peak current ,  va l l ey  current ,  and 
diffusion plateau current.  The peak cur ren t  has a l inear  
increase with concentrat ion up to about  1.5 X 10-3M 
and then reaches a steady state. The val ley current  
(i.e., at the bottom of the dip) shows very similar  be-  
havior. At --0.5V which is on the diffusion plateau 
the current  increases l inear ly  with concentrat ion 
throughout  the entire concentrat ion range used. These 
results indicate that  the potent ia l  range from peak 
potential  through the val ley potent ial  and up the 
ascending branch  of the curve is a region of block- 
age of the  electrode reaction by the product  of the 
electrode reaction, v i tamin  B12r, and its protonated 
form. 

The effect of tempera ture  can be seen in Fig. 7 which 
shows a series of polarograms recorded from 27 ~ to 
75~ The inhibi ted na ture  of the current  in  the valley 
is clearly seen at 27 ~ and 40~ whereas at 56 ~ and 75~ 
the valley cur ren t - t ime  profiles lose their  inhibi ted 
nature.  As the tempera ture  increases .the peak becomes 
more of a plateau region and the dip or val ley becomes 
more pronounced. The most l ikely cause of the cur-  
ren t - t ime  profiles at low tempera ture  is an electrode 
process blocked by adsorption as concluded by Imhoff 
(7). The computed tempera ture  coefficients of the 
current  both at the peak and valley potentials are posi- 
tive (1.0%) so that  these currents  are not adsorption 
controlled which would be indicated by  a negative 
coefficient (20). 

Fur ther  informat ion on the na ture  of the electrode 
process was obtained from a s tudy of current  as a 
funct ion of the height of the mercury  column, h. This 
s tudy was made for different potentials on the d-c po- 
larogram of 4 • 10-3M vi tamin  B12a in 0.1M H~SO4 
solution, p i t  1.2. The slope of the log i vs.  log h plot 
was found in  the following regions of the polarograms: 
on the rising part  of the ini t ial  peak (+0.2 to 0.06V), 
near  the peak potential  (+0.00V),  on the descending 
branch of the cur ren t -poten t ia l  curve, in the val ley 
(--0.14V), on the ascending branch  of the curve 
(--0.18 to --0.3V), and finally on the diffusion plateau 
(--0.5V). The slope at the most positive potential  was 
close to zero showing the independence of the current  
on the column height and indicat ing kinetic control by  
the fol low-up chemical reaction. On the peak, descend- 
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Fig. 7. Polarograms of 1.6 X lO-4M vitamin B12a in O.01M 
Na2S04 (pH 3.0) at various values of temperature. 

ing branch, and the ascending curve, the exponent  
was between 0.37 and 0.16 so that  there is a mixed 
control most l ikely by slow electron t ransfer  and dif- 
fusion unt i l  diffusion control takes over on the plateau 
where the exponent  was 0.43. Figure 6 shows that  the 
i vs. c curve reaches a ma x i mum at the peak and 
v a l l e y  indicat ing a blocked electrode reaction, how- 
ever, the log i vs. log h plot shows that  these are not 
adsorption currents.  Thus reduction can take place 
even on a blocked surface (7). 

In addition to the independence of h on the polaro- 
graphic current  another  cri terion for a following chem- 
ical reaction (postkinetic current)  is the shift in E1/2 
with drop time. The E1/2 value should shift by ca. 30 
mV per decade of drop time for a postkinetic current.  
An irreversible electrode reaction also shows a shift 
of El~2 with drop time, however, in this case only if 
the charge t ransfer  coefficient, ~, is un i ty  would the 
shift be 30 mV and for a = 0.5 the El~2 shift is 
60 mV. Values of E1/2 were determined for six drop 
times in 0.5-4.5 sec range and the plot of E1/2 vs.  log t 
had a slope of 23 mV per log unit .  Again this value is 
addit ional  evidence for a postkinetic current.  

Another  mercury  column parameter  which was 
studied was the drop time as a funct ion of potential.  
These measurements  were performed at various p i t  
v a l u e s  and ionic strengths with the view that  the 
curves would qual i ta t ively resemble surface tension vs.  
potential  curves. Figures 8 and 9 show these drop times 
vs. potential  curves. As can be seen in the presence of 
v i tamin  Blea the total curve is lower than the pure 
support ing electrolyte curve indicat ing that  adsorption 
is present  at all pH values and ionic strengths over a 
wide potential  region. Almost identical  drop time vs.  
potential  curves were obtained in 0.1M Na~SO4 at var i -  
ous pH values from 2.0 to 8.0. 
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Fig. 8. Drop time vs. potential curves at various values of pH: 
� 9  pure electrolyte 0.1M HC2HsO2; I - I~[~ vitamin B12a in 
acetic acid buffer, pH 5.0; $ - - O  vitamin Bl~a in acetic acid 
buffer, pH 4.2; A - - &  vitamin B12a.in acetic acid buffer, pH 3.5. 
All vitamin B12a concentrations are 1.6 • 10-4M. 

Both figures show a peculiar  inflection from 0.0 to 
~0 . tV  which is in the same potent ial  region as the 
peak and dip in the polarographic curves. Also this 
inflection is found to decrease with an increase in  pH 
(Fig. 8) suggesting that  at low pH the protonated 
v i tamin  B12r which is the species present  at the elec- 
trode surface in the potential  region of the inflection is 
the cause of the inflection. This inflection is in terpre ted 
as caused by a rea r rangement  of the adsorbed molecule 
on the electrode surface. Similar  results and in terpre-  
tat ion have been recent ly obtained using differential 
double layer  capacity measurements  ( i l ) .  Fur the r -  
more as the pHdecreases ,  the drop time vs. potential  
max imum shifts in  a positive direction indicat ing cat- 
ionic adsorption, i.e., of the protonated v i tamin  B12r. 
It  is seen in  Fig. 9 that  increasing the ionic s t rength 
shifts the max imum to more negative potentials in an 
NaNO8 medium at pH 2.1. In  addition, the total pro-  
file of the curves drops with increasing ionic strength. 
Both these observations indicate that  these changes are 
due to anionic adsorption which is increasing with in -  
creasing electrolyte NaNO3 or Na2SO4 concentration. 
Although the polarographic dip near ly  disappears at 
high ionic s trength in pH 3-4 media the na ture  of the 
drop t ime-potent ia l  curve indicates that  the v i tamin  
B12r and B12H + are not  desorbed at high ionic strengths 
and that  specific anionic adsorption is taking place 
under  these conditions. The insert  in Fig. 9 shows 
the effect of tempera ture  on the drop time vs. potential  
curve. I t  is seen that  even at an  elevated tempera ture  
of 76~ the separation of the pure electrolyte curve 
from that  with B~2~ added is still present  indicat ing that  
al though adsorption decreases at higher temperatures,  
especially at the potential  extremities, it is still pres-  
ent. The curve in the potent ial  region of the inflection 
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Fig. 9. Drop time vs. potential curves at various va{ues of ionic 
strength of NoNO3: A - - A  vitamin B12a in 0.1M NaNO~, e - - e  
vitamin B12a in 0.3M NaNO3, i-Ira[] vitamin B12a in 0.SM NaNOs, 
~ - - t ~  vitamin B~2a in 0.7M HaNOs, V - - V  vitamin B12a in 
0.9M NaNO3. Room temperature. Insert: � 9  0.1M NaNO~ at 
76~ O- -O  vitamin B12a in 0.1M HallO8 at 75~ All vitamin 
B12a concentrations are 1.6 • 10-4M. 

still indicates that  this effect is present  al though it  is 
much less pronounced at the higher temperature.  

In  an effort to decrease adsorption of v i tamin  BI~ 
compounds, various surfactants were added. This tech- 
nique proved to be effective in  the s tudy of the Bl~r 
to B12s system (6). We have tested Tri ton X-100, a 
nonionic surfactant,  Tr i ton  QS30, an anionic surfactant,  
and several other anionic surfactants (decyl, octyl, 
hexyl, or butyl)  sodium sulfates. The Tri ton surfac- 
tants had no effect on the max imum which was origi- 
na l ly  taken as evidence that  the ma x i mum was not  a 
normal  polarographic maximum.  The effect of sulfate 
surfactant  on the polarographic wave of 2 • 10-4M 
Bl~a in 0.1M Na~SO4 (pH 4.0) did show some interes t -  
ing effects. At concentrations of the surfactants  up to 
5 X 10-3M the peak current  was completely sup- 
pressed and an irreversible wave developed s tar t ing 
at around 0.0V. On increasing the surfactant  concen- 
t rat ion the usual ly observed peak and val ley reap-  
peared, bu t  at more positive potentials and with higher 
concentrat ion the second diffusion current  plateau dis- 
appeared. Thus, the surfactant  which competes for 
adsorption sites with the protonated v i tamin  B12r ap-  
pears to either make the electrode simply irreversible 
at low surfactant  concentrations or produces a similar 
effect to the protonated v i tamin  B12r at higher surfac- 
tant  concentrations with the addit ional  effect of sup- 
pressing the second wave completely. 

Interpretat ion of the electrode process . - -The cyclic 
vol tammetry  and drop time vs. potential  curves indi -  
cate that  B12r and its protonated form are adsorbed on 
the electrode surface depending on the potential. Weak 
v i tamin  Bl2a adsorption is also indicated since the cath- 
odic peak current  rises above a square root depen-  
dence on scan rate at scan rates above 100 mV per  
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sec - l .  The na tu re  of the D P P  wave  at  ca. 0.2V, f u r t h e r -  
more, shows s~rong adsorpt ion  of the  e lectrode product  
and this wave  is p robab ly  re la ted  to the Brdicka  ad-  
sorpt ion waves  (21) of d-c  po larography.  

The inflection on the drop  t ime-po ten t i a l  curve, 
which mi r ro rs  the dip on the po la rographic  curve, is 
st i l l  p resen t  a t  e leva ted  tempera tures ,  but  d isappears  
at  pH values  above 5.0. We, therefore,  conclude tha t  
the p ro tona ted  v i t amin  B12r is the most  effective 
blocking species. While  v i t amin  B12a and Blur may  only  
differ in s t ruc ture  in a minor  way  (22), the pro tonat ion  
of the nucleot ide  base leads to the unfolding of this 
chain por t ion of the molecule. A model  of the com- 
pound  shows a doubl ing of the l inea r  dimensions of 
the molecule  and indicates  tha t  the adsorbed s tate  of 
the  p ro tona ted  molecule  would  cover much more  sur -  
face area  than the nonpro tona ted  molecule.  

The dependence  of the cur ren t  on the square  root  
of the  hydrogen  ion concentrat ion,  the posi t ive shif t  of 
E1/~ with  pH, and the independence  of the Current on 
the  column height  a t  the beginning  of the  po la ro-  
g raphic  curve a l l  indicate  tha t  a homogeneous post -  
kinet ic  chemical  pro tonat ion  react ion is k ine t ica l ly  
coupled to the e lect rode process. Also, there  is no evi -  
dence tha t  a pr ior  chemical  step involving the p ro tona-  
t ion of v i t amin  B12a is t ak ing  place at  the DME in the  
p}t range  inves t iga ted  (pH 1-3), the PKa of this reac-  
t ion is --2.4 (23). 

A cu r ren t -po ten t i a l  expression for the e lectrode p ro -  
cess in the potent ia l  region +0.2-0.0V c a n  be obta ined 
using the s t eady-s ta te  approach  as i l lus t ra ted  b y  
Guidel l i  (24). The e lect ron t ranMer  process is given 
by the express ion 

i 
"- CAk~ --  8Rk~ [1] 

nFA 

where  CA is the volume concentra t ion of v i tamin  Bl2a 
in the react ion layer  and 8R is the f ract ion of the sur -  
face occupied by v i tamin  B12r in the adsorbed  state, the 
other  var iables  have the i r  usual  significance. The 
volume concentra t ion of v i tamin  B12a has been used in 
Eq. [1] since the cyclic vo l t ammet ry  expe r imen t  indi -  
cates tha t  the cur ren t  is due to a diffusing species at  
slow sweep rates.  The anodic cur ren t  is c lear ly  due to 
adsorbed  species and thus ~R has been in t roduced in 
Eq. [1]. The fo l low-up chemical  react ion is considered 
to be in a s teady  s tate  wi th  the e lect rode reaction.  
This cur ren t  is r ep resen ted  by  

�9 - -  ~k~[H+]Ca [2] 
"nFA 

where  the backward  step in Eq. [2] has been ne-  
glected, k~ is a f i r s t -o rder  ra te  constant,  and ~ is the 
Brd icka -Wiesne r  react ion l aye r  thickness (24). The 
fo l low-up pro tonat ion  is defini tely a homogeneous 
chemical  step as shown by the dependence  of the cur-  
ren t  on the  square root  of the [H+].  Fo r  shor t  drop 
t imes (0.5 sec), a l inear  adsorpt ion  isotherm 0 --  ~C is 
assumed to hold wi th  ~ : ~Me--c~(E--E~D, where  ~ t  
is the  m a x i m u m  adsorpt ion  constant,  a is the adsorp-  
t ion coefficient, and  E ~  is the  potent ia l  of m a x i m u m  
adsorpt ion.  The l inear  form of the poten t ia l  depen-  
dence is taken  because of the ve ry  s t rong adsorpt ion  
(25) and because this form fits the da ta  as opposed to 
a quadra t ic  form. Use of Eq. [1], [2], the adsorpt ion 
isotherm, and ~ ---- .v/DR~k1 [H+ ] yields  

i klCA 
- ~_ , , ,  [3] 

nFA 1 + [ (k2~e-aC~-E~)) /~/D~k~[H+ ]] 

For  the  condit ion k2~ > ~ / D a k l [ H + ] ,  one obtains  a 
cur ren t  which is p ropor t iona l  to ~ ,  and b y  ap -  
p rox ima t ing  CA by  the I lkovic equation,  the final resul t  
is 

i ~ / ( 3 ~ )  DRkl[H+]$ 

~D --  ~ = - - ~  DA~ 

e x p  - ~-~ (E - N~ + a ( E  - EM) [41 

The factor  x/3~/7" will  be s l ight ly  in e r ro r  as shown by 
more  r igorous der ivat ions  in the absence of adsorpt ion  
(26, 27). Equat ion [4] when  p lo t ted  as EDME VS. log 
( i / ( iD --  i ) )  wil l  have  a slope l a rge r  than  the Nerns t  
factor. Also in ag reemen t  wi th  the  expe r imen ta l  data ,  
the slope f rom the E1/2 vs. pH plot  should be one-ha l f  
the slope f rom the EDME VS. log (i/(iD --  i)  ) plot .  

The condit ion k2~ > k /DRkl [H+]  indicates  tha t  the  
electron t ransfe r  ra te  constant  for v i t amin  B12a to B12r 
should be large,  but  the condit ion also depends  on 
which may  also be large.  A logar i thmic  plot  of EDYIE VS. 
log (i/iD ~ i ) )  as given by  Eq. [4] wi l l  be a s t ra igh t  

l ine wi th  a slope of --1 ~-~ --  a 2.3 which  wil l  

be la rger  than  the Nernst  factor, 59.2 mV, as w a s  
found exper imenta l ly .  The plot  of EI/~ vs. pH should 
have a posit ive slope one-ha l f  tha t  of the l a t t e r  value  
and this fact  was also verified expe r imen ta l l y  (Table  
I ) .  Calculat ion of kl  however ,  depends on knowing  
which must  be measured  independent ly .  The da ta  ap -  
pear  to be consistent  wi th  the cu r ren t -po ten t i a l  r e l a -  
t ionship derived.  

The e lect rode mechanism giving rise to Eq. [3] i n -  
v o l v e s  protonat ion  of a solut ion v i tamin  B12r spec ies .  
Thus the adsorp t ion-desorp t ion  equ i l ib r ium mus t  be 
reversible .  

In  o rder  for the protonat ion  to be the r a t e - d e t e r m i n -  
ing fo l low-up step i t  must  be fas ter  than  a pro tonat ion  
mechanism involving side chain opening and subse-  
quent  pro tonat ion  of free d imethylbenzimidozole .  The 
l a t t e r  step would be diffusion control led [the k for 
imidazole  pro tona t ion  (28) is 1.5 • 1010 M -1 s e c - i ] .  
Since the exper imen ta l  results  show tha t  a t  low pH the  
react ion is dependent  on [H +] we concluded tha t  the  
p a t h w a y  has an ini t ia l  a t t ack  of the pro ton  on the  
base-on species. If the ra te  constant  for this p ro tona-  
t ion is also ve ry  large a subsequent  step of side chain 
opening of the pro tonated  species would  be ra te  de te r -  
mining. 

As the potent ia l  is moved into the region of  the  d ip  
in the po la rographic  curve, the assumptions  of  l o w  
coverage and rap id  adsorpt ion equi l ib r ium for the  
various cobalamin moiet ies  b reak  down completely.  
F rom Fig. 8 the m a x i m u m  of the  drop t ime vs. poten-  
t ia l  curve comes at  --0.30V for p H  3.5 indica t ing  tha t  
the ma x imum coverage moves to more  posit ive po ten-  
t ials as the pH is decreased.  We also conclude tha t  
there  is h igh electrode coverage over  a b road  range  of  
potent ia ls  as i l lus t ra ted  by  the inflection and the  
rounded top of Fig. 8 (7, 11). The  fact  tha t  the  plot  of  
current  as a funct ion of v i tamin  ]31~a concentra t ion  in 
acidic media  reaches  a p la teau  for bo th  the  peak  and 
va l ley  potent ia ls  is in ag reemen t  wi th  the  concept  of 
e lect rode b lockage  at  sites covered b y  the p roduc t  of  
the e lect rode process, p ro tona ted  base-off  v i tamin  Bier. 
Since the polarographic  dip only occurs at  a low pH, 
this phenomenon mus t  be a t t r ibu ted  specifically to ad -  
sorpt ion of p ro tona ted  v i t amin  B12r. 

Table I. Comparison of the slopes of logarithm current vs. potential 
data and E1/2 vs. pH data 

AE/Alog 
( i / ( i D  --  i )  ) A E 1 / ~ / A p H  

Conditions mV) (mV) pK~ 

1.0M NaeSO4 (drop time 122 -56.7 2.7 
equals 3.05 sec) 

0.1M Na~SO~ (drop time 117 -59.7 2.8 
equals 3.05 see) 
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In the region of the peak  and va l ley  of the polaro-  
graphic  curve, the e lectrode poten t ia l  is at  least  0.1V 
posit ive to the point  of zero charge (ca. --0.3V) and 
the e lect rode should be pos i t ive ly  charged. Specifically 
adsorbed pro tona ted  B12r wil l  increase the posit ive 
surface charge a l though specifically adsorbed anions 
should decrease it. The drop t ime vs. potent ia ls  curves, 
indeed, show that  both  pro tona ted  v i tamin  Bl2r and 
NO~- can be s imul taneous ly  adsorbed.  However ,  a net  
posit ive surface charge would  account for r e t a rda t ion  
of the charge t ransfer  ra te  in the region of the dip due 
to charge repuls ion of the posi t ively  charged v i tamin  
B12a. An increase in ionic s t reng th  causes the dip to 
almost  comple te ly  disappear .  This resul t  can be ex -  
p la ined  by  three  phenomena:  (i) a decrease in the  
effective thickness of the diffuse double  layer ,  (ii) a 
decrease in the net  posi t ive surface charge due to in-  
creased specific anion adsorption,  and (iii) desorpt ion 
caused by  increased ionic strength.  

In the region of the dip a l inear  i sotherm can no 
longer  be used since the  e lec t rode  coverage is high. 
Once the potent ia l  reaches a value  where  v i tamin  
B12rH + is adsorbed we can envisage both  an e lec t ro-  
stat ic repuls ive  effect and a b lockage effect due to the 
adsorbed molecules so tha t  the ra te  constant  for elec-  
t ron t ransfer  on the covered electrode surface 
would  be much lower  than  tha t  for  the uncovered  
surface. Here  the react ion becomes to ta l ly  i r revers ible .  
The inflection on the d rop - t ime  vs. potent ia l  curves 
(Fig. 8-9) ends a round  --0.2V which  is in the va l ley  of 
the cur ren t  vs. potent ia l  curve. This inflection ind i -  
cates a r e a r r a n g e m e n t  of the adsorbed  molecules and  
the new configuration could al low electron t ransfe r  as 
the potent ia l  is moved negat ive  even though the surface 
is s t i l l  covered. As the cur ren t  rises to the first plateau,  
be tween  ca. --0.2 to --fl.4V the surface coverage has 
increased to a m a x i m u m  and then e lect ron t ransfer  
must  take  place on the covered surface. However ,  now 
the value of fo rward  heterogeneous ra te  constant  in-  
creases because the potent ia l  is negat ive  enough to 
overcome the ac t iva t ion  energy barr ier .  The e lect rode 
process in this region is then control led by  s low-e lec-  
t ron t ransfe r  and diffusion. 

Conclusion 
The invest igat ion of the e lec t roreduct ion  of v i tamin  

Bi~a on a dropping  mercu ry  e lect rode in acidic med ium 
(pH 1-5) has led to the  conclusion tha t  the s t ruc ture  
of the in terface  d rama t i ca l ly  influences the in t r ins ic  
ra te  of the reduct ion reaction. At  potent ia ls  posi t ive 
to the polarographic  dip the e lect rode react ion is e i ther  
revers ib le  or  quasi revers ible ;  whereas,  a t  potent ia ls  
negat ive  to the dip the react ion is comple te ly  i r r e -  
versible.  Recent ly  i t  was repor ted,  by  Tacconi, Lexa, 
and  Savean t  (12) f rom the resul ts  of a cyclic vo l t am-  
met ry  s tudy tha t  the ra te  of this e l ec t ron- t rans fe r  
r~action on a vi t reous carbon electrode is a lways  quite 
i r revers ib le  (ks ~ 10-5 cm s e c - i ) .  I t  would appear  
that  the s t ruc ture  of the interfaces of the mercu ry  and 
vi t reous  carbon electrodes are  qui te  different  which  
would  expla in  the discrepancy.  The l a t t e r  authors  did 
not  invest igate  the shift  in cathodic peak  potent ia l  
wi th  pH. In our  exper iments  the anodic shift  in E1/2 
with  decreas ing pH defini tely shows that  e lec t rode  
process must  depend on the reduced species Blur which 
is the only species that  can be pro tona ted  in this pH 
range.  

The theory  of e lectron t ransfer  processes (29) shows 
that  the in t r ins ic  ra te  constant  of charge t ransfer ,  
i.e., the electron t ransfer  probabi l i ty ,  depends on the 
distance of the molecule  f rom the e lec t rode  surface. 
Wi th  a large  molecule  l ike v i tamin  BI2a i t  is qui te  
reasonable  that  the e lect rode in ter face  s t ruc ture  wil l  
effect the or ienta t ion of the molecule  and the dis tance 
of closest approach.  Thus i t  is possible that  the in te r -  
facial  s t ruc ture  could effect the  e l ec t ron- t r ans fe r  p r o b -  

ab i l i ty  which depends on the molecule  having  a dis-  
tance of closest approach.  

The homogeneous exchange ra te  for  the v i t amin  
B12a/B12r couple has been measured  by  an NMR line 
broadening  technique (30) and was found to be around 
2.0 • 103 M -1 sec-1 and to be nea r ly  independen t  of 
pH. Also this couple has the fastest  exchange ra te  ye t  
rePorted for a C o ( I I I ) - C o ( I I )  couple. The e lect ron 
t ransfer  theory  of Marcus (31) can be used to find a 
heterogeneous charge t rans fe r  ra te  constant,  khet, f rom 
the homogeneous exchange ra te  constant,  kex. The 
values of khet for B12a/B12r couple turns  out  to be 
around 1 cm/sec. On the basis of this calculat ion one 
would expect  that  udder  cer ta in  condit ions the elec-  
t rode reduct ion of v i tamin  Bz2:a to B12r could be fast. 
The conditions under  which Eq. [4] reduces to Eq. [3] 
is only consistent  wi th  a fast e lectron t ransfer  react ion 
of v i tamin  B12a to B12r. Thus i t  can be concluded tha t  
when the Hg electrode is not  b locked by  adsorpt ion 
the electron t ransfer  ra te  for the Bz2a/Bi2r couple 
should be fast. The significance of these resul ts  for 
biochemical  s i tuat ions is tha t  the e lect ron t ransfe r  ra te  
is ve ry  sensi t ive to the env i ronment  of the molecules.  
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ABSTRACT 

A mol ten  carbonate  e lec t ro ly t ic  cell  of the Broers  and Ketalaar type was 
used to s tudy  the reac t ion  

CO2 + � 8 9  + 2e -  .~- CO~-- 

in an L i / K  carbonate  eutectic mel t  wi th  porous NiO electrodes.  A noble gas 
Au wire  reference  e lect rode was used to measure  anodie and cathodic polar iza-  
t ion dur ing  electrolysis.  S t eady - s t a t e  polar iza t ion  curves were  obta ined  at 
800-1000 K wi th  a m a t r i x  of fifteen CO2/O2 mixtures :  0.5, 1, 10, 20, 50% CO2/1, 
19, 50% 02. Kine t ic  analysis  in the  l inear  overpo ten t ia l  region ind ica ted  (~ log 
/o/0 log P)  is near  zero for  CO2 and 0.5 for  02. The kinet ic  Tafel  slope was 
measured  f rom cur ren t -po ten t i a l  curves for  cur ren t  densi t ies  wel l  be low the 
diffusion l imi t ing cur ren t  and  was found to be ca. RT/2F for cathodic po la r -  
izat ion and ca. 3RT/2F for anodic polarizat ion.  The react ion orders  a re  -5 ~'4 
in COs and + % in 02 in the cathodic direction,  and  --  8/4 in COs and + ~ in 
Os in the  anodic direction.  

The mol ten  carbonate  fuel  cell  is undergoing  ex ten -  
sive research  and deve lopment  (1-3) as a potent ia l  op-  
t ion for conver t ing  synthesis  gas to electr ic  power.  In  
these cells a fuel  gas containing p r inc ipa l ly  hydrogen  
and carbon monoxide  is e lec t rochemica l ly  oxidized in 
the  fuel cell anode 

Hs + CO~ ~- -~ H20 + COz + 2e- [I] 

CO + CO3 ~-  --> 2CO2 + 2 e -  

The carbon dioxide produced is recycled  t o  the a i r  
in take  for the cathode to form the gas mix tu re  tha t  is 
e lec t rochemica l ly  reduced 

COs -5 I/2 Os -5 2 e -  --> CO32- [2] 

This process is somewha t  s imi lar  to tha t  which  occurs 
in the  aqueous a lka l ine  electrolysis  cell used by  NASA 
as a CO2 concent ra tor  (4-6).  A m b i e n t  levels of COs 
are  removed  at  the cathode to be re jec ted  at  high con- 
cen t ra t ion  at  the anode. A mol ten  carbonate  e lec t ro ly te  
cell  also has the promise  of use as a CO2 concentrator ,  
e i ther  wi th  a reducing  gas at  the  anode or  in an elec-  
t rolys is  mode. In  the l a t t e r  case, appl ica t ion  of an 
ex te rna l  potent ia l  produces  a concentra t ion grad ien t  
across the cell, the cathodic react ion being the evolu-  
t ion of CO2 from the carbonate  mel t  

* Electrochemical Society Active Member. 
* Key words: cell, molten carbonate, polarization. 

CO82- -~ CO~ + �89 02 + 2e- 

Recent work on molten carbonate cells has focused 
on either the kinetics in free electrolyte on noble elec- 
trodes (7) or performance characteristics of subscale 
commercial cells with paste electrolyte and porous 
nickel electrodes (2, 3). Development of these cells as 
gas concentrators requires knowledge of the behavior 
under both anodic and cathodic polarization with very 
low CO2 partial pressures. Fundamentally, observation 
of the kinetic reaction orders is an essential step in 
the evaluation of mechanistic sequences proposed for 
the O2/CO2 reaction. 
The basic experimental approach we have used in 

this work is similar to that used in the classic experi- 
ments of Broers and Ketelaar (8). Here we employed 
paste electrolytes and in situ oxidized sintered nickel 
electrodes. For the purposes of measuring reaction ki- 
netics, free-electrolyte cells with either rotating disk 
electrodes or smooth (nonporous) foil electrodes are 
preferred, since the transport characteristics of re- 
actants (and products) can be carefully controlled. 
However, rotating disk electrodes for molten carbonate 
electrolytes have not yet been perfected even for gold 
electrodes. Nickel foils oxidized in situ are porous and 
thus present an uncontrolled (nonanalytic) electrode 
structure to the electrolyte. For kinetic studies of 
nickel oxide formed by in sitit oxidation, which is the 
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elec t rode  ma te r i a l  of in te res t  for  prac t ica l  devices, the 
Broers  and Ke te l aa r  type  cell appears  to be the  best  
avai lable .  Wi th  op t imal  exper imen ta l  design, the gas 
diffusion proper t ies  of cells of this t ype  are  such that  
the t r anspor t  l imi t ing  currents  a re  ve ry  high, and a 
region of polar iza t ion  exists  whe re  a k ine t ica l ly  con- 
t ro l led  cu r ren t -po ten t i a l  re la t ion  may  be observed if 
the  exchange  currents  a re  below ca. 1 m A / c m  2 (9). 

In  o rde r  to minimize  the possible effects of diffu- 
sion, we have used a two-s tep  approach  to the de te r -  
mina t ion  of reac t ion  orders.  First~ exchange currents  at  
var ious  Pco2 and Po2 were  measured  using the low 
polar iza t ion  method.  We assume a s t eady-s t a t e  cur -  
r en t -vo l t age  re la t ianship  of the form 

I = Io [exp(~+ Fn/RT)  -- e x p ( - -  ~- F~I/RT)] [3] 

where  ~q ---- E --  Eo, =+ is the anodic t ransfer  coefficient, 
a -  the cathodic t ransfer  coefficient (~+ + ~ -  --  2). 
For  n < <  aRT/F,  Eq. [3] simplifies to 

I -- (2FIo/RT) 

so tha t  Io = (RT/2F)  (0l/0~l)T,p. The react ion orders  
can be obtained from the pa r t i a l  pressure  dependence  
of Io and the values  of the t ransfer  coefficient a+ and 
a - .  Let  

( 81~176 ) = m  [4] 

0log Pco~ T 

( 01oglo ) 
= n [53 

olog Po2 r 

Then the react ion orders  for the anodic ( I+)  and ca th-  
odic ( I - )  pa r t i a l  currents ,  a f te r  accounting for the 
Nerns t  effect (10), a re  

( 01ogI• ) _ { : - - I - F  ( , - / 2 )  anodic 

0log Pco2 E,w Jr ( ~ - / 2 )  cathodic [6] 

( o l o g I •  = { n - - 1 / 2 J c  ( a - / 4 )  anodic 

alog Po~ E,T n -t- ( ~ - / 4 )  cathodic [7] 

Second, the t ransfe r  coefficients were  obta ined f rom 
the slope of the Al len -Hick l ing  plot  

In [ I /{exp (2F~I/RT) -- 1}] --  In Io -- (a-  F~]/RT) [8] 

for cur ren t  densit ies low enough so that  concentrat ion 
polar izat ion wi th in  the  e lec t rode  can be neglected.  

Apparatus and Procedure 
We assembled a mol ten  ca rbona te  test  cell using 

pas te  e lec t ro ly te  ti les and  porous nickel  e lectrodes 
typical  of those used in cur ren t  subscale mol ten  car -  
bonate  cells. The cell  was comprised of two housings 
of 316 stainless steel  which  hold the e lec t ro ly te  t i le  
be tween  them. The electrodes,  made  of porous nickel,  
were  0.07 cm in thickness and 1.9 cm in diameter .  
They fitted snugly  in the  center  of the cavity,  in firm 
contact  wi th  the gas d is t r ibutors  (see Fig. 1). The faces 
of the housings were  a luminized  to provide  a we t - sea l  
against  the t i le  upon mel t ing  of the carbonate.  The 
upper  housing had  a 0.5 cm hole dr i l led  th rough  for  
the  reference  electrode,  which  was a gold flag sus-  
pended in the  eutectic melt,  as in Fig. 2. The noble gas 
mix tu re  (67% COn, 33% 02) was bubb led  s lowly 
th rough  the inner  a lumina  tube pas t  the e lect rode and 
then out  through the center  tube. A smal l  hole in the 
bot tom of the  outer  tube  a l lowed communicat ion be-  
tween  the free e lec t ro ly te  in the tube and tha t  in 
the  tile. The uppe r  housing had  a wel l  in which  was 
placed an i ron-cons tan tan  thermocouple,  sheathed in 
a stainless steel  tube  and mounted  wi th  a s tandard  
fitting. When  assembled,  the cell was mounted  on a 
ceramic block, held in place wi th  steel  guides, and 
placed inside a furnace  made of two c lam-she l l  hea t -  
ers. The gas inlet  line, of stainless tubing,  passed 
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REFERENCE ELECTRODE 

Fig. 1. Schematic diagram of the electrolysis cell assembly 

around the outside of the hea te r  a l lowing the gas to 
be p rehea ted  before  en t ry  into the cell. The out le t  
line, also of stainless,  led s t ra ight  out of the furnace.  
The furnace was insu la ted  wi th  t rans i te  panels  and  
fibrous zirconia felt. The ent i re  appara tus  was moun ted  
in a steel f r ame  and a pneumat ic  cy l inder  appl ied  pres -  
sure to the top of the upper  housing to assure  firm 
contact  be tween  cell components.  

The gases were  ca l ibra ted  mix tures  purchased  f rom 
Matheson. F i f t een  b ina ry  combinat ions were  used f rom 
the m a t r i x  0.5, 1, 10, 20, 50% CO2; 1, 19, 50% O~, the 
balance  N2 in every  case. The noble gas m ix tu r e  67% 
CO2/33% O3 was used as the reference  gas. 

Hole for reference 
electrode 

Gas f l o w l  -Aluminized face 

~ Electrolyte tile 

~ Porous Ni electrode 

Gas port L 

Thermocouple well Gas distributor and 
current collector 

3~8J,.. 805-'/'t'7 
Fig. 2. Schematic diagram of the reference electrode 
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The experiments  were begun by assembling the cell 
with an  electrolyte tile supplied by Argonne National  
Laboratory. The composition by weight of this tile was 
25.6% Li2CO~, 29.4% K2COs, and 45.0% LiA102. The 
porous electrodes were fabricated by Gould for use 
in  mol ten carbonate fuel cells and were pure nickel 
when  the cell was assembled. The physical character-  
istics of these electrodes are given in  Table I. At  s tar t -  
up, the  ce l l  was heated slowly while oxidant  gases 
cont inual ly  flowed over both electrodes. About  5 hr 
were necessary to br ing the cell to 600~ The cell was 
left in this open-circui t  condition for 30-50 hr before 
experiments  were begun to assure complete conversion 
of the electrodes to NiO. 

Measurements  were made only of the s teady-state  
polarizat ion of the top electrode using a Pr inceton Ap-  
plied Research Potent ios ta t /Galvanosta t  (Model 371) 
in the galvanostatic mode. The gas flow to the top 
electrode was increased unt i l  no change in polarization 
was seen. The voltage reading was taken when appar-  
ent  steady state was reached although some fluctuation 
was still seen. A cur ren t - in te r rup t ion  technique was 
occasionally employed to measure the IR drop be- 
tween reference and top electrode. This loss averaged 
about 3 mV at 100 mA, as measured on an oscilloscope 
(Tektronix  5111) and was l inear  over the range stud-  
ied. This yields a specific conductivi ty of 2.1 ( ~ c m ) - z  
for the 0.18 cm thick tile. The cur ren t  was increased 
step-wise unt i l  the potential  was about --0.5V (all po- 
tentials are relat ive to the 67% CO2/33% O2 reference 
electrode).  Larger polarizations were avoided because, 
in  a sacrificial experiment,  cyclic vo l tammetry  dis- 
closed that  the reduct ion of NiO to Ni occur red  at 
about  --0.6V and cycling through this potential  region 
i r revers ibIy changed the electrolyte/porous electrode 
s t r u c t u r e .  

Results 
The use of very low polarizations and the l i n e a r  

form of Eq. [3] to measure exchange current  requires 
the absence of in terfer ing reactions near  the rest po- 
tent ia l  of the system, i.e., the observed rest potential  is 
not  a mixed potential. The rest  potentials we observed 
were wi th in  _+10 mV of the theoretical open-circui t  
calculated from the Nernst  equation 

RT 
E = Eo + 2F In Pco2 Po2 '/~ [9] 

After  anodic or cathodic polarization, the cell re turned  
quickly to the start ing rest potential. These observa-  
tions indicated the only faradaic process occurring at a 
measureable  rate near  the rest potential  is the O2/CO~ 
reaction. Typical current-vol tage  curves in the very 
low polarization region are shown in Fig. 3. These 
curves were reasonably l inear  and showed clearly that  
the COd part ial  pressure dependence of the exchange 
current,  which is proport ional  to the slope of these 
lines, is very near ly  zero. More than 100 sets of curves 
were obtained with varying  gas composition and tem- 
perature.  The correlat ion that  resulted from analysis 
of the current -potent ia l  curves at very low polariza- 
tion was 

Io --- (1.5 X I0 ~) Pco2 ~ Po2 ~ exp [-- 6 X lOS/ 

(T + 273)] [10] 

where  Io is in A / c m  2 for T ---- 550~176 and part ial  
pressures of 0.1-0.5 arm. We can report only the ex-  
change current  density per external  area of electrode, 

Table I. Physical characteris.tics of Ni sinter electrodes 

Mean pore size,/~m 9 
Pore size distribution (80%), ~m S to 16 
Porosity 77% 
BET surface area 0.15 ra-"/g 
BET area after oxidation 0.20 m~-/g 

since the in te rna l  area of the electrode contacted by 
electrolyte is not known. If all  of the in te rna l  area were 
contacted, then about 100 cm 2 of NiO is available per 
cm 2 external  area. At 700~ this would mean an io of 
about 1.4 mA / c m 2 for 20% CO2/20% 02, about the 
same as that  found by Appleby and Nicholson for 
smooth Au in  L i /K  eutectic melt  (11). 

The second step necessary for de termining reaction 
orders according to Eq. [6] and [7] is the measure-  
ment  of the cathodic t ransfer  coefficient, a - .  The cur-  
rent -vol tage  behavior  of these electrodes at polariza- 
tion ca. R T / F  was typically like those in  Fig. 4; no 
reaction l imit ing current  was observed either anodi-  
cally or cathodically, nor  was a cathodic diffusion l i m -  
i t ing  current  observed above --0.6V, where the NiO 
undergoes reduction to Ni. At  current  densities an  
order of magni tude  below the diffusion l imit ing cur-  
rent, the currents  are predominant ly  kinetical ly con- 
trolled. Typical Al len-Hickl ing plots for cathodic po- 
larizations to 2 R T / F  are shown in  Fig. 5. According 
to Eq. [8], the intercept is just  In Io, which Fig. 5 shows 
corresponds to Io ~ 150 mA (53.5 m A / c m  2 external) ,  
in good agreement  with the Fig. 3 values. The average 
values found from analysis of ca. 100 polarization 
curves were 0.5 _+ 0.1 for ~- ,  1.6 _+ 0.1 for ~+. Figure 5 
also shows the characteristic effect of CO2 part ial  pres- 
sure on both Io and a -  and, as in  Fig. 3, the exchange 
current  is essentially zero order in  CO2 pressure. From 
Eq. [6] and [7], the reaction orders are, therefore 

olog z+ { - 3 / 4  
( 01-~-g ~-co2/~,T = + 1/4 

( 0 1 o g I •  ~ { + 1 / 8  

0q ogTo2/ ,  = + 5/8 

anodic 
[113 

cathodic 

anodic 
[12] 

cathodic 

Discussion 
It should be emphasized that  the reaction orders 

given by Eq. [11] and [12] represent  only apparent  
reaction orders, and not  necessarily the true kinetic 
reaction orders. The distinction arises because the 
values of the t ransfer  coefficient ( a - )  were deter-  
mined using porous electrodes, and the possible effects 
of diffusion on the polarization behavior  of these e l e c -  
t rod es  must  either be accounted for or e l iminated ex- 
perimental ly.  Modeling studies (9) on Ni sinter e l e c -  
tro,des like those used here have indicated that  diffu- 
sion polarization is not significant for total polariza- 
tions ca. R T / F  if the carbonate mel t  wets the elec- 
trode in an optimal fashion. The very high l imit ing 
currents  observed with these electrodes (as in  Fig. 4) 
indicate that the ideal th in-meniscus  s tructure was 
approached with this cell configuration, and that  po- 
larization behavior observed here was essentially ki-  
net ical ly controlled. Independent  studies (12) ut i l izing 
nonporous electrodes and applying t rans ient  tech- 
niques have indicated the transfer  coefficient a -  is 0.6 
• 0.05, close to that  found here. However, while there 
is some support  for a claim that  the reaction orders 
found in this work are the kinetic orders, the deter-  
minat ion is certainly not definitive. More properly, one 
should regard these reaction orders as representat ive 
of the polarization behavior of the paste electrolyte-Ni 
sinter electrode technology represented by our ap- 
paratus. As such, they are useful for systems analysis 

a n d  for the design of large scale hardware  based on 
this representat ive technology. 

The cathodic reaction, of p r imary  interest  for fuel 
cell application, has a low bu t  finite order in  CO2 pres- 
sure and the power density of the cell at constant  
voltage will increase with increasing CO2 pressure. 
However, increasing COd par t ia l  pressure decreases O~ 
pressure, and since the react ion order for O2 is higher 
than that for CO2, this will  result  in  a power density 
funct ion that  has an opt imum CO2/O2 ratio, i.e., an 
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Fig. 3. Polar izat ion curves near  the rest potent ia l  as a funct ion of 
C 0 2  pressure. 

op t imum COs recycle  rat io  subjec t  to the cons t ra in t  of 
no net  ra te  of remova l  of carbonate  f rom the cell. 

The react ion orders  in CO2 are  idea l ly  sui ted to the 
opera t ion  of this cell as a gas concentrator .  In  this 
application,  CO2 is r emoved  f rom a CO2/O2 mix tu re  
wi th  ve ry  low (e.g., 0.005 a tm)  CO~ par t i a l  pressure  by  
cathodic reduct ion  to COs a - ,  and t ranspor ted  by  anodic 
evolut ion to a ca r r i e r  gas s t ream where  the COg pres -  
sure is r e l a t ive ly  high. The cathodic reac t ion  has a 
low order  in CO~, so tha t  the kinet ics  for CO2 reduc-  
t ion are  high even at  ve ry  low CO2 pa r t i a l  pressure.  

I t  is in te res t ing  to note  that  none of the react ion 
mechanisms ye t  proposed (7, 11) for  the  COJOa  re -  
act ion in a lkal i  carbonate  mel ts  a re  consistent  wi th  the 
react ion orders  we repor t  here. They  are  also ve ry  dif -  
fe rent  f rom the values  repor ted  by  App leby  and Nich-  
olson (7, 11) for Au, which m a y  be indicat ive of di f -  
ferences in kinetics be tween  Au and NiO electrodes.  
Since the  possible influence of diffusion on the react ion 
orders  has not  been e l iminated  in this work,  conclusive 
s ta tements  about  reac t ion  mechanisms cannot  be made.  
I t  is also possible tha t  the  NiO elect rode surface chem-  

i s t ry  changes as a funct ion of the  COJO2 rat io  b y  
v i r tue  of the Lux-F lood  ac id-base  proper t ies  of the 
carbonate  e lectrolyte ,  i.e., the equi l ib r ium concent ra-  
t ion of oxide ion in the  melt .  Fu tu re  mechanis t ic  s tud-  
ies of the CO2/O2 react ion should consider  the use of 
(specific) oxide  ion electrodes to moni tor  possible 
changes in mel t  bas ic i ty  wi th  gas composition. 
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ABSTRACT 

The electrocatalytic activity of cubic sodium tungsten  bronzes, including 
high pur i ty  and p la t inum-doped crystals, has been measured for oxygen re-  
duction before and after anodization in  both fresh and p la t inum pre-eleetro-  
lyzed acid solutions. The effects of p la t inum doping, anodization, and p la t inum 
pre-electrolysis have been separately studied for current  densities between 
10 - s  and 10 -.3 A/cm 2. A previously unrepor ted break in  the Tafel curve at 
4 X 10 -5 A /cm 2 was observed for all clean undoped bronze samples. Below 
this break the Tafel slope was --110 mV/decade while above i t  the Tafel 
slope was --200 mV/decade.  Anodization of a pure bronze electrode failed to 
produce any change in the Tafel curve. P la t inum pre-electrolysis of an an-  
odized, undoped bronze produced a general  increase in activity for all cur ren t  
densities. The break in the Tafel curve increased to 1 X 10 -4 A /cm 2 while the 
Tafel slopes above and below this current  density were unchanged. P la t inum 
doping to 130 ppm increased the electrode activity at current  densities below 
1 X 10 -8 A / c m  2, even when measured in p la t inum-f ree  solutions before an-  
odization of the electrode. The increased activity of an unanodized electrode in  
fresh solutions could be accounted for by the surface p la t inum concentrat ion 
expected from the bu lk  p la t inum doping. Anodization of a doped bronze elec- 
trode increased the l imit ing current  from 1 X 10 -6 to 5 X 10-6 A /cm 2 even in 
fresh solutions while subsequent  p la t inum pre-electrolysis increased the l imi t -  
ing current  to 5 X 10 -5 A/cm 2. Auger  analysis of the anodized, p l a t inum-  
doped electrode exposed to the p la t inum pre-electrolyzed solution revealed 
p la t inum on the surface of the bronze electrode at a coverage sufficient to ac- 
count for the increased electrode activity below 5 X 10-5 A/cm 2. A small  bu t  
reproducible increase in activity was found at high current  densities near  
10 -3 A /cm 2 after either a pure or p la t inum-doped bronze electrode was ex- 
posed to a p la t inum pre-electrolyzed solution that  lead to the research re-  
ported in the following paper  (II) .  

After Sepa et al. (1) reported the sodium tungsten 
bronzes to be excellent  electrocatalysts for oxygen 
reduction, several workers tried to confirm their re-  
sults. Exper iments  by Broyde (2) did not reproduce the 
spectacular results. He reported only l imited catalytic 
activity for oxygen reduction on powdered bronzes, 
including sodium, cerium, and nickel tungsten bronzes. 
A subsequent  paper by Fishman, Henry, and Tessore 
(3) observed that traces of p la t inum on the sodium 
tungsten bronze surface were needed to produce the 
high catalytic activity. In their experiments,  they 
found that p la t inum could be deposited on the bronze 
by dissolving minute  traces of p la t inum from a large 
p la t inum electrode in the test cell. Bockris and 
McHardy (4) then claimed that  only 400 ppm pla t inum 
doping of the bronze produced p la t inum- l ike  behavior  
for oxygen reduction. They assumed that  the surface 
concentrat ion of p la t inum was the same as the bulk 
concentration, which led them to suggest that  a syner-  
gistic effect for oxygen reduct ion existed in the plat i-  
num-bronze  system. However, the findings of Bockris 
and McHardy (4) on p la t inum-doped single crystals 
were disputed by  Randin  (5) and by Weber and 
Shanks (6). On the other hand, the results of Bockris 
and McHardy were reproduced by Appleby and Van 
Drunen  (7). P la t inum pre-electrolysis (PPE) was 
used to clean the solutions used in  their  experiments,  
as it was in  Bockris and McHardy's experiments,  but  
possibilities of p la t inum contaminat ion were not con- 
sidered by either group. Fredlein  (8) has recently re- 
ported on the effects of PPE on the activity of plat i-  
num-doped  as well as undoped NaxWO3. He observed 
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only a change in Tafel slope from --240 to --120 mV/  
decade after  his PPE t rea tment  of undoped bronzes. 
Upon doping he observed increased activity at low cur-  
rent  densities Of the type reported in Ref. (4 and 7). 
He concluded that his PPE treatment ,  which was 
identical to that  of Ref. (4), p r imar i ly  resulted in  the 
deposition of p la t inum onto the bronze surface. How- 
ever the type o f  increased activity associated with 
p la t inum doping was different from that observed after 
his PPE treatment.  The possibility that  the change in 
Tafel slope after his PPE t rea tment  was pr imar i ly  due 
to removal  of organic impurit ies from the bronze sur-  
face was not  eliminated. A number  of other papers 
have dealt with oxygen reduction on pure bronzes 
(9-11) and on pla t inum-coated bronze powders (12), 
bu t  not for p la t inum-doped single crystals. 

Bockris and McHardy (4) p la t inum pre-electrolyzed 
their solutions to reduce the organic contaminat ion so 
that measurements  could be made as low as 10 -9 A/  
cm 2. Their in terpre ta t ion of the enhanced activity as a 
synergistic effect failed to take into account the possi- 
bi l i ty  of addit ional p la t inum contaminat ion of their 
electrodes. On the other hand, Randin (5), who chose 
to avoid the possible contaminat ing effects of PPE, was 
forced to take measurements  above 10-5 A /cm 2 be- 
cause of the presence of other impuri t ies  in the elec- 
trolytes. Since near ly  all of the results reported by 
Bockris and McHardy (4) were taken below 10 -5 A /  
cm 2, a comparison of their  results with those of 
Randin  (5) necessarily involved extrapolat ion from one 
current  density to another. As we shall see this proved 
to be impossible since the Tafel plots are anyth ing  but  
straight lines from 10-~ to 10 -8 A /cm 2. 

Clearly, then, what  was required was the abil i ty to 
take Tafel data below 10 -5 A/cm 2 without  PPE. By 
careful a t tent ion to the possible sources of contamina-  
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t ion from the gases, the electrolyte, the cell itself, and 
the bronze crystals we have been able to make Tafel 
measurements  to current  densities below 10 -7 A /cm 2 
without  p la t inum pre-electrolysis. This system allowed 
reproducible data to be taken so that  the effects of 
bronze surface treatments,  anodization, bulk  p la t inum 
doping, and PPE could be separately studied from 
10 -7  to 10 -3 A/cm~. In  addit ion to the electrochemical 
studies, Auger  electron spectroscopy was used to ex- 
amine  the surface of the treated bronze samples with 
special regard to the incorporat ion of Pt  after various 
treatments.  This surface analyt ical  tool is espec}ally 
suited for studies of suspected irreversible contamina-  
t ion of an electrode surface and it  proved invaluable  in  
unrave l ing  the complex electrochemistry of the sodium 
tungsten  bronzes. 

The results of this investigation are reported in two 
parts. The first part, presented in this paper (I) ,  con- 
cerns the effects of bulk  Pt  doping, anodization, and 
p la t inum pre-electrolysis. The second part, given in the 
following paper (II) ,  concerns the activation of a pure 
bronze electrode by in tent ional ly  incorporating Pt  
onto its surface by  a variety of electrochemical tech- 
niques. 

Experimental 
Crystal growth.--All  measurements  in this study 

were done on single crystals of sodium tungsten 
bronze, which were prepared by the electrolysis of a 
fused salt of sodium tungstate  and tungsten trioxide as 
described by Shanks (13). By this method single 
crystals, approximately  2 cm or more on an edge, were 
obtained with a composition of Na0.TWO3. P la t inum 
doping was achieved by the use of a p la t inum anode in 
the melt. The doped crystal contained 800 ppm atomic 
p la t inum referred to tungsten  as determined by  mass 
spectrographic analysis. Referred to Na~WO3 this con- 
centrat ion of p la t inum becomes 130 ppm by  weight 
which is the form used in  Ref. (4 and 8). 

Sample preparation.--For the electrochemical studies 
the bronze crystals were either cleaved or cut on a high 
speed diamond saw into smaller  pieces, a typical sample 
size being 4 • 4 • 6 ram. The cleaved crystals were 
cleaned in boil ing conductivi ty water, but  the crystals 
cut on the d iamond saw required a more elaborate 
cleaning procedure. Contaminants  were removed first 
by boiling in  ethyl acetate, followed by hot concen- 
trated NaOH, and finally by  boiling in conductivi ty 
water. The samples cut on the diamond saw were then 
either polished, or one end was cleaved away to ensure 
a fresh, pure bronze surface. Polishing was performed 
after the crystal was mounted  in Teflon using the 
method described by  Nagy and McHardy (14). 

The samples were mechanical ly polished on micro- 
cloth with a lumina  powder down to 0.05 ~m particle 
size. Immedia te ly  before insert ion into the cell, all 
samples were washed with acetone, then with isopropyl 
alcohol. The final cleaning was done with an isopropyl 
alcohol vapor phase degreaser. The area of each sample 
was determined from a photograph of the mounted 
crystal, with no corrections being made for surface 
roughness. After  inser t ion into the cell, the potential  
on each electrode was cycled between --0.1 and 1.6V 
NHE for approximately  20 min  to fur ther  clean the 
surface. Only  small  changes in the cyclic vo l tammetry  
curves were observed dur ing  this time. 

Test cell and distillation unit.--Research in  many  
areas of electrochemistry requires ul t rahigh pur i ty  
exper imental  conditions before reliable informat ion 
can be obtained (15). The most notable problem area 
in  this regard is the electrochemistry of oxygen. The 
correct rest potential  of 1.23V HE for oxygen reduction 
in  acid solutions can be obtained only under  extremely 
s t r ingent  conditions of pur i ty  on carefully prepared 
electrodes (16-18). Fortunately,  a good Tafel plot, with 
the correct slope and exchange current,  can be obtained 
under  somewhat  less s t r ingent  conditions, al though the 
problems are still serious. 

A common practice is that  of "pre-electrolyzing" the 
solution, usual ly  with large p la t inum electrodes (19). 
However, it was suspected that trace amounts  of plat i-  
n u m  were dissolved from these electrodes (20) which 
could then plate out onto the test electrodes (6). If the 
electrode being studied is also plat inum, then no 
problem should result, bu t  such a si tuation limits the 
use of pre-electrolysis to a minor i ty  of experiments.  
Therefore, a cell of sufficiently high pur i ty  had to be 
constructed which permit ted studies of oxygen reduc- 
tion to be performed without  the use of pre-electrolysis. 
This cell was connected to a high pur i ty  water  distil la- 
tion uni t  that  permit ted the in situ disti l lation of water  
and solution preparation. Complete details of this elec- 
trochemical test apparatus are given in a separate re-  
port  (21). A brief  description is given here. 

T h e  electrochemical cell had three compartments  
each constructed ent i rely of quartz and Teflon. The 
counterelectrode was a gold foil with H2 gas bubbled 
over it. A pal ladium hydride electrode (22) was used 
as a reference electrode. The Pd -H  electrode was con- 
s tant ly  checked against a saturated calomel reference 
electrode since its potential  tended to drift  for long 
times after recharging with hydrogen. Thus all poten-  
tials given here are referenced to t h e n o r m a l  hydrogen 
electrode using the relat ion 

VN~E --" VSCE + 0.242V 

Since the effects of traces of p la t inum were being in-  
vestigated, no p la t inum electrodes touched the solu- 
tions used for studies on the bronzes, except for those 
solutions that  were Pt  pre-electrolyzed. 

Extensive efforts were made to pur i fy  the gases 
bubbled  into the cell. "Zero oxygen" with 0.2 ppm total 
hydrocarbons (THC) was passed through a quartz 
tube of platinized asbestos at 450~ then over moist 
KOH, and finally through two traps containing Linde 
13X molecular  sieve. When an iner t  atmosphere was 
needed "zero hel ium" (~0.5 ppm THC) was passed 
over hot copper turnings  and through two l iquid N2 
cooled cold traps also containing Linde 13X molecular  
sieve. Zero hydrogen (0.5 ppm THC) was passed 
through two traps of Linde 13X molecular  sieve when  
a hydrogen atmosphere was required. The gas handl ing  
system was constructed ent i re ly  of acid-etched stain-  
less steel and Pyrex tubing, wi th  Fischer and Por ter  
glass-Teflon valves and stainless steel Swagelock tub-  
ing connectors. 

P la t inum pre-electrolysis was done with a 20 cm2 
shiny p la t inum foil anode and a gold cathode carrying 
current  of 20 mA for 24 hr prior to the exposure of the 
bronze electrode to the PPE solution. 

The degree of cleanliness of the system is indicated 
in Fig. 1 by a cyclic voltage scan on a high pur i ty  plati-  
n u m  electrode. The p la t inum electrode was mounted  in  
Teflon and polished in the same manne r  as described 
above for the bronze samples. No PPE of the solution 
had been performed. Well-defined hydrogen adsorption 
and desorption peaks and p la t inum oxide formation 
and reduction peaks are observed. No impur i ty  oxida- 
tion peaks were observed at lower sweep rates or when  
the solution was stirred. Rest potentials on the plat i-  
n u m  test electrode in fresh solutions were normal ly  
near  0.98V NHE. The only solution used in the cell for 
this s tudy was 0.1N H2SO4 (pH 1.2) mixed in situ from 
Apache Chemical 99.9999% pure (distilled in Vycor) 
sulfuric acid. This pH value permit ted comparison to 
the work of other investigators, particularly,  Bockris 
and McHardy (4), and reduced corrosion currents  to a 
minimum. 

The catalytic activity of a sample for the oxygen or 
hydrogen reaction was determined from the Tafel plots 
of the current -potent ia l  data. The general  electrochem- 
ical properties of the bronzes were studied by l inear  
sweep cyclic vol tammetry  and these results were re- 
ported in a previous publicat ion (23). Chemical com- 
positional analysis of the electrode surfaces was per-  
formed by Auger electron spectroscopy. In  addition, 



998 J. EZectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 198I 

.~176 I 
IOO I 

I -I00 

-2oo I 
-3001 

I I I I I I I 

I I I I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
POTENTIAL V(NHE) 

Fig. 1. Cyclic voltammetric curve for Pt taken in high purity test 
cell without Pt pre-electrolysis of the acid solution. The well- 
defined H2 absorption and desorption peaks near O.OV and PtO 
oxidation and reduction peaks near 0.7V indicate very clean 
experimental conditions in the cell. 

scanning electron micrographs helped reveal the sur-  
face morphology of the samples: 

Data for the Tafel plots on all samples were obtained 
galvanostatically,  in the current  density range 10 -z -  
10-s A /cm 2. Currents  were generated with a very 
stable, constant  current  power supply (24). A Keithley 
Model 640 electrometer was used to measure the po- 
tentials, while its output  was read on a Dymec Model 
2401A five digit in tegrat ing DVM. All measurements  
were made at 25 ~ _+ 2~ All samples required from 2 
to 5 hr at  each data point  to reach a steady-state po- 
tential,  which was defined to be a potential  drif t  of less 
than 1 mV/10 min. True steady-state conditions were 
checked by allowing 9 hr for the steady-state condition 
to occur on approximately 1/6 of all data points. Also, 
the first point was allowed at least 8 hr to reach steady 
state. This procedure insured reproducible curves. 
Data were taken by start ing at high currents and de- 
creasing the current  by halving it for each succeeding 
point. No difference in the steady-state data was ob- 
served if the data were taken by  star t ing at low cur-  
rent  densities. However, the time to reach steady state 
was longer if the data were taken at low current  densi-  
ties first. A similar effect was reported in Ref. (4 and 
8). For a valid comparison to pure plat inum, the Tafel 
plot on the p la t inum sample was obtained in exactly 
the same manner .  For this reason, the Tafel plot shown 
for p la t inum is somewhat different than the data usu-  
al ly seen in the li terature. In  most figures shown here, 
a Tafel plot for O2 reduction in p la t inum is given for 
comparison with the bronzes. 

A var ie ty  of Tafel plots for the p la t inum can be 
found in the l i terature because of different measure-  
ment  procedures or different solution purities. Most 
steady-state data on p la t inum involves a 2-5 min wait  
between data points. Prolonged cathodic polarization 
for O2 reduction may result  in the bui ldup of hydrogen 
peroxide in the solution, which results in a lowering of 
the observed potentials (25). Each Tafel plot for the 
bronzes required 2 or 3 days because of a 3-4 hr wait  
for steady state to occur at each point. Comparison with 
the bronze electrodes becomes difficult because plat i-  
n u m  is more sensitive than the bronzes to the bui ldup 
of impurit ies in the cell dur ing a 2 day Tafel measure-  
ment.  Since the cell was rather  well sealed, and u l t ra -  
pure solutions could normal ly  be stored for several 
weeks in the storage flask, the impur i ty  was either hy-  
drogen peroxide, which was produced during oxygen 
reduction, or residual impurit ies from the gas and 
solution that  showed a preferent ial  adsorption on the 
p la t inum electrode. In  any  case, the high rest potentials 
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Fig. 2. Oxygen Tafel plots taken on a Pt electrode under the same 
experimental conditions as used for testing the bronze crystals. 
This data was taken without Pt pro-electrolysis of the solution. 

of 1.00V NIIE could not  be reproduced after 1 day of 
measurements,  and after 2 days of measurements,  large 
deviations in potential  occurred at the higher current  
densities on plat inum. Our Tafel data on p la t inum are 
shown in Fig. 2. The solutions were not pre-eleetro-  
lyzed, so the slope was less than the normal  100 mV/  
decade due to traces of impurit ies remaining in the 
solution. In  0.1N H2SO4, the theoretical rest potential  
of the oxygen reaction is 1.158V NHE and is --0.072V 
NHE for the hydrogen reaction. 

Auger analysis.--The Auger analysis of the bronze 
surfaces was performed using a Physical Electronics 
Model 10-155 cylindrical  mirror  analyzer  with a 5 kV- 
50 ~A. integral  electron gun. Typical ly a 4 kV-5 ~A 
electron beam, focused to 50 microns, was incident to 
the sample normal  at an angle of 60 ~ Figure 3 shows a 
typical Auger spectrum of a pure NaxWO~ crystal be- 
fore any  electrochemical t reatment.  The most im- 
portant  transit ions for each element were labeled by 
their electron energies. The carbon peak at 272 eV was 
always present  and is due to approximately one mono- 
layer coverage of hydrocarbons picked up by the 
sample as it was t ransferred from the electrochemical 
test station to the surface analysis chamber. Preferen-  
tial desorption of oxygen by the focused 5 ~A electron 
beam was observed and this resulted in an equi l ibr ium 
oxygen to tungsten ratio closer to two than the bulk  
value of three. However, the electron beam current  
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Fig. 3. Auger spectrum of an air cleaved single crystal of 
Noo.TWO8 prior to any electrochemical treatment showing the 
prominent Auger peaks of the tungsten bronze and the carbon 
peak due to the thin hydrocarbon overlayer. The peaks are labeled 
by their respective electron energies. 
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density could not be reduced any fur ther  without  
hamper ing  the detection of small  amounts  of p la t inum 
on the bronze surface. 

Results 
Undoped NaxWO~ e~ectrodes.--Figure 4 shows data 

for undoped NaxWO8 crystals before and after our PPE 
t rea tment  as well as results for pure p la t inum and an 
undoped bronze in a he l ium-sa tura ted  solution. Also 
shown in Fig. 4 are the data from Ref. (5, 6, 8) f o r  
undoped bronze electrodes. In  the complete absence of 
plat inum, from either bulk  doping or possible contam- 
inat ion by our PPE treatment ,  a pure NaxWOs elec- 
trode does exhibit  some activity for oxygen reduction 
when the results are compared to those taken in a 
he l ium-sa tura ted  solution. However, the exchange cur-  
ren t  density is estimated to be 10-~4 A/cm2 and the 
rest potential  is near  0.SV (NHE), both of which are 
very  low values. Not shown in Fig. 4 are the data on 
samples before anodization since the results are essen- 
t ial ly unchanged after anodization. Also not shown in 
Fig. 4 are the data for polished or cleaved samples 
since there is little difference from that  of the polished 
and NaOH etched sample used to take the data given in 
Fig. 4. 

Two features of the Tafel curve shown in Fig. 4 
taken prior to our PPE t rea tment  have not been pre-  
viously reported. First, we find a break in the Tafel 
curve at 4 X 10 -5 A/cm 2 which moves to 1 X 10 -4 A/  
cm~ after our  PPE treatment.  This break was observed 
on all samples that  had been thoroughly cleaned and 
measured in our test cell, but  it was not observed in our 
first report  on the bronze electrodes (6) where less 
s t r ingent  cell and sample cleanliness procedures were 
used. The second new feature is that  below 1 X 10-4 
A /cm 2 the Tafel slope is --110 mV/decade, close to --2 
RT/F. All previous measurements  in this current  
density range prior to any PPE t rea tment  produced 
ITafel slopes near  --4 RT/F, even our prior measure-  
ments  (6) performed in a less clean environment .  

After  our PPE t rea tment  of undoped bronzes s l i g h t l y  
higher potentials at all current  densities were observed 
with no change in Tafel slope at low current  densities 
.from the --2 RT/F value observed before:PPE:  The 
straight l ine Tafel behavior  below 4 X 10 -5 A/cm~ 
down to current  densities near  1 X 10-~ A/cm2 indi -  
cates very low corrosion rates for the bronze electrodes. 

Platinum doped Na~WOs etectrodes.--Figure 5 shows 
data on bronze electrodes doped with p la t inum as a 
function of anodization and our PPE treatment.  Prior  
to either anodization or PPE there is an increased ac- 
t ivity below 1 X 10 -6 A/cm 2, but  no change in the 
Tafel plot above this current  density when  compared 
to an undoped bronze (Fig. 4). The increased activity 
below 1 X 10 -6 A/cm2 can only come from the pres- 
ence of p la t inum atoms on the bronze surface due to 
the bulk  doping. 

Prolonged anodization of this sample at 1 mA/cm2 
to a potential 'of  9V prior to our PPE t rea tment  signifi- 
cantly improved its activity for current  densities be-  
tween 1 and 5 X 10 -6 A /cm 2. The rest potential  of the 
anodized, doped bronze electrode reached 0.72V (NHE). 
No change in the Tafel curve was detected above 
5 X 10-6 A/cm2. 

Our PPE t rea tment  of the anodized, doped bronze 
electrode shown in Fig, 5. resulted in fur ther  increases 
in potential  at all current  densities. The rest potential  
rose to 0.BV (NHE) while increased activity occurred 
from 5 X 10-6 to 4 X 10-s A/cm% Also there was an 
increase in potential  above 4 X 10-5 A /cm 2 similar  to 
that  observed for an undoped bronze. I t  is significant 
that our PPE t rea tment  of a p la t inum-doped  bronze 
electrode (Fig. 5) produced a qual i tat ively different 
increase in activity from 5 X 10 -6 to 4 X 10 -5 A/cm2 
when compared to its effect on an undoped electrode 
(Fig. 4). This anodized, doped bronze electrode after 
PPE produced the highest electrocatalytic activity for 
oxygen reduction of an~ sample reported in this study. 
Its overpotential  was only 0.1V larger than that  of bulk  
p la t inum at all current  densities below 1 X 10-5 A/  
cm 2. It was noted that if the doped samples were an-  
odized for longer periods of t ime in the PPE solutions 
their  activities would increase. 

Auger analysis.--Figure 6 shows the Auger spectrum 
o f  a Nao.rWO3 sample doped with 130 ppm Pt  after 
cleaving in air. Even at the highest possible gain no 
p la t inum signals were observed at 1967 and 2044 eV. 
It is est imated that  the mi n i mum detectable P t / W  
ratio, averaged over the 25A escape depth (26) ex- 
pected for these high energy Auger transitions, is 
about 0.003 which is higher than the bulk  P t / W  ratio 
of 0.0008. Figure 7 shows the Auger  spectra of an 
anodized sample after it had been measured in a Pt  
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to platinum pre-electrolysis. All previous results show no break and 
a Tafel slope of approximately - -4  RT/F. Tafel plot for pure 
platinum is also shown ( � 9  
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Fig. 5. Oxygen Tafel plots of a platinum-doped Na~WO3 elec- 
trode before anodization or platinum pre-electrolysis (I-I), after 
anodization but before platinum pre-electrolysis (O) ,  and after 
both anodization and platinum pre-electrolysis (V) .  Both anodiza- 
tion and platinum pre-electrolysis increase the electrode activity at 
lower current densities, while only platinum pre-electrolysis has any 
significant affect at high current densities. The increased activity 
below 10 _4 A/cm 2 is believed to be due to increased surface 
platinum produced by anodization and pre-electrolysis. A Tafel plot 
for pure platinum ( � 9  and that taken from Ref. (8) ( - - - )  for a 
doped NazW03 electrode before platinum pre-electrolysis but 
after anodization are also shown. 
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Fig. 6. Auger high energy spectra of a platinum-doped (Pt/W 
atomic ratio of 800 ppm) bronze crystal cleaved in air. No Pt 
(1967) Auger signal is evident. 
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Fig. 7. Auger high energy spectra of platinum-doped (Pt/W 
atomic ratio of 800 ppm) bronze crystal after anodization and 
platinum pre-electrolysis treatment resulting in the Tafel plot de- 
noted by ~ in Fig. 4. The platinum doublet is clearly evident. 

pre-electrolyzed solution which resulted in the en-  
hanced activity previously shown in Fig. 5. The pres- 
ence of p la t inum Auger signals at their  correct ener-  
gies and relative intensities confirms that combined 
anodization and Pt pre-electrolysis results in an in-  
crease surface p la t inum coverage of the bronze elec- 
trode over and above the presence due to bulk  Pt  
doping. From the relative sensit ivity factors for these 
tungs ten  and p la t inum Auger transitions, measured 
from bulk  metal  samples taken under  the same experi-  
mental  conditions, we estimate the P t /W ratio to be 1%. 
Assuming a WO8 surface composition for the bronze 
sample the Pt concentrat ion is 0.25% referenced to 
sodium, the most l ikely site to be occupied by the plati-  
num atoms. 

In  the Auger spectrum of clean, bulk  Pt  there is a 
very intense transi t ion at 64 eV. Because of a very 
small  escape depth of about 4A_ (26), this t ransi t ion 
proved to be very sensitive to small  changes in the 
surface carbon layer and could not be used to measure 
relial~ly the p la t inum surface coverage. Although con- 
siderably weaker  than  this 64 eV transition, the high 
energy peaks shown in Fig. 6 and 7 have escape depths 
of about 25A so that they were much less sensitive to 
variations in the thickness of the hydrocarbon layer. In  
addition, these high energy transitions have near ly  
the same escape depth so that their intensi ty  ratio is 
expected to be independent  of the thickness of the car- 
bon overlayer. The 0.25% Pt concentrat ion quoted 
above assumed that the p la t inum is uni formly dis- 
t r ibuted over the 25A escape depth of the Pt  and W 
transitions. If the p la t inum is confined to the top mono- 
layer  (~2.5A) of the bronze surface then the Pt cover- 
age would be approximately ten times larger or about 
3% for the Auger spectra shown in Fig. 7. 

Discussion 
Undoped NaxWO~ electrodes.--Referring to Fig. 4, 

all  three previous investigations (5, 6, 8) in the ab-  

sence of PPE have near ly  identical slopes of --4 RT/F 
while our data in the absence of PPE show a slope of 
--2 RT/F for current  densities below 4 • 10 -5 A/cm 2. 
Only above the break in our Tafel plot does the slope 
change to --4 RT/F. A slope of --2 RT/F was obtained 
even before any  PPE t rea tment  so that it cannot be 
associated with absorbed p la t inum on the bronze elec- 
trode as Fredlein  (8) has proposed. It is our contention 
that  the --4 RT/F slope is due to surface organic con- 
taminat ion of the bronze electrode whose source is 
either the electrode itself or the solution. Only by 
using str ingent  cell design and sample cleaning meth-  
ods were we able to produce the --2 RT/F in the 
absence of any PPE. Support  for this assumption comes 
from our prior observations (6) under  less s tr ingent  
conditions that produce a --4 RT/F slope and no break 
in the Tafel plot at 4 • 10 -5 A/cm 2. Also cyclic vol tam- 
mograms of undoped bronzes in p la t inum-f ree  solu- 
tions showed little change after the first sweep indicat-  
ing a very clean surface. Fredlein  (8) after PPE treat-  
ment  observed a --2 RT/F slope which suggests to us 
that the cause of this change in slope is the removal of 
organic contaminants  by PPE of the electrolyte. Fred-  
lein (8) ascribed this change in slope to adsorbed 
p la t inum released during PPE treatment.  We reject 
this in terpre ta t ion on two grounds. First  as just  dis- 
cussed we observed a --2 RT/F slope prior to any sur-  
face p la t inum contaminat ion of the electrode by either 
PPE or bulk  doping. Second, the type of changes in 
Tafel behavior observed after PPE by us, as well as 
Fredlein (8), is distinctly different than that observed 
on doped samples measured prior to PPE (see Fig. 4 
and 5). We conclude that our samples were near ly  free 
of organic contaminat ion in fresh electrolytes and that 
the Tafel behavior shown in Fig. 4 with the break at 
4 • 10 -5 A/cm2 is a test, along with the --2 RT/F 
slope, of the cleanliness of the bronze surface. This 
conclusion is supported by the fact that after our PPE 
t rea tment  no change in  the --2 RT/F slope is evident  
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below 4 • 10-5 A/cm2 while the break at 4 • 10-5 A /  
cm2 increased after our  PPE, both of which are readily 
explained as a fur ther  cleaning of the electrodes by the 
PPE treatment ,  if we interpret  this break as a l imit ing 
cur ren t  for oxygen reduct ion on a p la t inum-f ree  
bronze surface iL(B). 

It  is of some interest  to compare our results on un -  
doped bronze electrodes with those of Bockris and 
McHardy (4) and Randin  (5). The data of Ref. (4) 
(not shown for clari ty in Fig. 4) taken after PPE is 
identical to our  data taken after PPE over the com- 
plete range in  current  density from 1 • 10-~ to 
1 • 10-4 A/cm2 that is available from Ref. (4). The 
data of Ref. (4) did not  extend to cur ren t  densities 
above 1 • 10-4 A/cm2 where we observed a break in 
the Tafel slope. However below 1 • 10 -4  A/cm~ the 
slopes are identical  at --2 RT/F which we in terpre t  to 
mean  that  the samples used by  Bockris and McHardy 
(4) are near ly  free of organic contaminat ion as a 
result  of PPE treatment .  Our data above 4 • 10 -5 A /  
cm 2 taken prior to any  PPE also agree ve ry  well with 
those of Randin  (5) who did not use any PPE treat-  
ment. Our data showing a break in Tafel slope before 
and after PPE eliminates PPE as a source of the dif- 
ference between the results of Bockris and McHardy 
(4) and those of Randin  (5). Rather  this difference is 
due to an intr insic property of a clean bronze electrode, 
namely,  the break in Tafel slope we have observed. 

Platinum doped NaxW03 electrodes.--Results on a 
p la t inum-doped electrode prior to either anodization or 
any  PPE are shown in Fig. 5. The break at 1 • 10 -6 
A/cm2 presumably  represents a l imit ing current  for 
oxygen reduction due to surface p la t inum on the 
bronze surface, iL(BP),  which is about 10 -3 times 
smaller than the l imit ing current  for pure p la t inum 
iL(P) as measured in the same cell. The expected sur-  
face concentrat ion of p la t inum on the doped bronze 
electrodes is 0.0008 which is also about 10 -3 times 
smaller  than the surface p la t inum coverage of a pure 
p la t inum electrode. Thus our value of iL (BP) is readily 
accounted for by the expected surface p la t inum con- 
centrat ion of the doped Na~WO~ electrode if the activ- 
i ty  of a p la t inum atom is the same for both types of 
electrodes. This lat ter  point is discussed below. 

All previous investigations have reported enhanced 
activity of p la t inum-doped NazWO~ electrodes after 
anodization. We have shown the effects of prolonged 
anodization to 9.V in Fig. 5, prior to any PPE, where the 
increased activity is confined to current  densities be- 
low 10 -5 A /cm 2. In  par t icular  no change in iL(B) at 
10-4 A/cm2 or any  significant increage in potential  
above iL (BP) was observed after  anodization. This in -  
dicates that  the enhanced activity in the 10-~ A/cm 2 
current  densi ty region is not due to surface roughen-  
ing. The form of the increased activity after anodiza- 
t ion suggests addit ional  surface p la t inum on the bronze 
electrode that causes iL(BP) to increase from 1 • 10 -6 
A/cm2 to about 5 • 10-6 A /cm 2 and the rest potential  
to rise from 0.65 to 0.72V (NHE). It has been known 
for some time that anodization removes sodium from 
the surface of NazWO~. The heavy anodization used to 
produce the results shown in Fig. 5 is shown in Par t  II 
to produce a sodium depletion layer  approximately 
1000A thick. Having el iminated surface roughing and 
p la t inum absorption from the solution (i.e., data taken 
prior to any PPE) and accepting that  the form of the 
increased activity suggests increased p la t inum surface 
coverage, a possible source of the addit ional surface 
p la t inum is the electromigration of p la t inum atoms 
from the bulk  of the crystal. The empty sodium sites 
provide diffusion paths for the Pt  + + ions to migrate  to 
the surface under  the influence of the anodic potential  
applied dur ing anodization. In  addition, the ionic 
radius of Pt  + + is near ly  identical  to that of Na + at 
0.96A so that size effects would not inhibi t  electro- 
migration. Unfor tunate ly  the required fivefold increase 
in surface p la t inum coverage is just  below the detec- 
t ion l imit  of our  Auger  spectrometer, so our hypothesis 

of p la t inum electromigration could not  be directly 
verified. 

Our data for anodized, doped p la t inum bronzes as 
well as those of Fredle in  (8) both taken after PPE are 
shown in Fig. 5. Our data show increased activity for 
near ly  all cur rent  densities after PPE treatment .  The 
increases above 1 • 10-4 A/cm2 are similar  to those 
observed for undoped NaxWO3 shown in  Fig. 4 after 
PPE. This increase at high current  densities following 
PPE had not been previously reported and formed the 
basis for the studies reported in the next  paper. The 
increased activity below 1 • 10 -4  A /cm 2 is of the type 
associated with bulk  p la t inum doping, i.e., increased 
p la t inum on the surface of the bronze electrode. Indeed 
the surface p la t inum coverage required to explain the 
observed value of iL (BP) is very  close to that  found by 
Auger analysis. It  is proposed that the increased sur-  
face p la t inum on the bronze electrode after the PPE 
t rea tment  is due to p la t inum dissolved in the electro- 
lyte dur ing the PPE t rea tment  becoming attached to 
the bronze surface. Before this assumption can be ful ly  
accepted two results have to be explained. First, we did 
not observe any  significant activity for an undoped 
bronze electrode after PPE. Second, no effect due to 
PPE was observed by Fredle in  (8) on an anodized, 
doped bronze electrode and yet the act ivi ty of his 
electrode is very  similar to ours after PPE treatment .  

As shown in Fig. 4 for an undoped bronze electrode 
our PPE did not produce any significant increase in 
electrode activity of the type observed for a p la t inum-  
doped electrode which we have identified as surface 
plat inum. A clue to the different response of undoped 
and doped NaxWO3 to our PPE is provided by  the fact 
that at tempts to in tent ional ly  contaminate  the bronze 
surface (as described in II) were more successful at 
low p la t inum coverages when the bronze electrode was 
doped with plat inum. This suggests that  the p la t inum 
present  on the bronze surface by vir tue of bulk  doping 
provides nucleat ion sites for those p la t inum atoms 
present  in the electrolyte after PPE. In  the absence of 
these nucleat ion sites the activation energy for ab-  
sorption of p la t inum on a clean bronze surface is high 
enough to inhibi t  the incorporation of p la t inum onto 
the undoped bronze surface. Because of the low cover- 
ages involved we were unable  to verify by Auger  
analysis whether  p la t inum was present on an undoped 
bronze electrode after PIPE treatment.  As a result  it  is 
possible that p la t inum was present, but  in an inactive 
form. Of the two hypotheses presented above it is our 
judgment  that  the nucleat ion hypothesis seems more 
feasible than the inactive p la t inum model. 

If the nucleat ion model is accepted it remains  to ac- 
count for the absence of enhanced activity of an ano- 
dized, doped bronze electrode observed by Fredlein (8) 
after PPE treatment.  Before addressing this point let 
us consider the relat ive iL(BP) values before PPE of 
our electrode compared to Fredle in  (8). Our value of 
iL(BP) is about ten times less than that  of Fredlein.  
Certainly one source of this discrepancy is the three-  
fold increase in bulk  p la t inum used by Fredlein  (400 
ppm) compared to our  130 ppm p la t inum concentra-  
tion. In addition differences in surface roughness or 
types of anodizations used could be impor tan t  in ex- 
pla ining the relat ive difference in the reported activ- 
ities of the electrodes before any  PPE. However, none 
of these factors are re levant  to the fact that  Fredlein  
(8) did not observe any increase after PPE while we 
cer tainly did. The explanat ion lies in  the different 
types of PPE used by the two studies. Fredlein  (8) 
passed a 2 mA current  through a cell volume of 100 
cm 3 with a p la t inum gauze electrode with a geometric 
area of 50 cm2 for 12 hr. Our PPE t rea tment  passed a 
20 mA current  through a near ly  equal cell volume with 
a p la t inum foil of 20 cm 2 for 24 hr. In  addition, our PPE 
t rea tment  was continued using a 5 mA current  dur ing 
the several days it took to acquire the Tafel data. As- 
suming equal surface roughness for the p la t inum elec- 
trodes, it would appear that our PPE t rea tment  dis- 
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solved some twenty  times the amount  of p la t inum than 
the PPE t rea tment  used by Fredlein. This large, addi- 
t ional source of p la t inum in our solutions is believed 
to be responsible  for the increased activity of a doped, 
anodized bronze electrode after our PPE treatment.  

Since Bockris and,McHardy (4) used the same PPE 
t reatment  as Fredlein  (8) it is evident  that the effects 
they observed on anodized, p la t inum-doped bronzes 
were not dominated by adsorbed p la t inum from their 
PPE solutions. Rather  it appears from our results that  
the increase in  activity was due to anodization which 
produced an iL(BP) only two orders of magni tude  be-  
low iL(P).  It  was the approximately  three orders of 
magni tude lower p la t inum surface coverage, assumed 
by Ref. (4) to be present  due to bulk  p la t inum doping, 
that required a spillover model to increase the iL(BP) 
by a factor of ten. As explained above, before anodiza- 
t ion our iL(BP) was 10 -3 lower than in(P)  SO that  the 
extra  factor of ten must  come from the effects of 
anodization. We have proposed that  the pr imary  mech-  
anism is an increased surface coverage of p la t inum due 
to electromigration of bulk  p la t inum atoms to the 
bronze surface during anodization. Certainly no spill-  
over model was required to explain the combined 
effects of anodization and our PPE t rea tment  since the 
Auger results show a surface p la t inum coverage suffi- 
cient to explain the observed value of iL (BP). 

Our results and those of Randin (5) for current  
densities above 5 • 10 -5 A/cm2 are in  f u l l  agreement  
in  that  no effects due to p la t inum doping are evident  
(Fig. 4 and 5). However, in this current  density range 
our PPE t rea tment  did increase the potentials. 

Some comments on the ~ role of anodization are in 
order. Only in the presence of p la t inum did anodization 
enhance the bronze electrode activity. The removal  of 
sodium from the surface after anodization provides 
vacant  sites that  permit  the incorporation of addit ional 
p la t inum onto the bronze surface if there is a supply 
of p la t inum available from either the p la t inum pre-  
electrolyzed electrolytes or from bulk  p la t inum doping. 
At very  low coverages it seems that bulk p la t inum 
doping is required to induce p la t inum absorption from 
electrolytes containing plat inum. 

Simple bulk doping of the bronze crystal to a value 
of 800 ppm atomic referred to tungsten should result  
in atomically dispersed p la t inum atoms at a surface 
coverage of about 10 -8. Our data showing a value of 
iL(BP) about 10 -8 lower than iL(P),  prior to anodiza- 
tion or any  PPE treatment,  becomes unders tandable  
only if the presumably  isolated p la t inum atoms on the 
bronze surface are just  as active as they are when they 
are on the surface of a piece of p la t inum metal. It has 
been long suspected that a major  source of p la t inum's  
electrocatalytic activity is its electronic s tructure with 
its high density of States near  the Fermi energy. Re- 
cently a calculation of the density of states of PtzWO3 
with x -- 1 has been made (27) which also gives a very 
high density of states at is Fermi energy. In  a manne r  
analogous to Na+ i o n s  in  NazWO3, the Pt+ + ion in  
PtxWO8 donates its outer electrons to the conduction 
band formed by tungsten d orbitals. Thus although the 
p la t inum atoms at sodium sites on the surface of 
NaxWO3 are isolated from each other in a chemical 
bonding sense, they find themselves in an electronic 
envi ronment  very  similar to that of p la t inum metal. 
To the extent  that  electronic properties are impor tant  
for electrocatalytic activity it seems plausible that a 
surface coverage of 10 .3  on a doped bronze electrode 
would produce an iL(BP) some 10 -3 less than that  of 
p la t inum metal. Thus the role of the bronze electrode, 
besides providing a corrosion-free substrate, seems to 
extend to provide a very  favorable electronic envi ron-  
ment  for isolated p la t inum atoms. 

Summary and Conclusions 
In  agreement  with previous studies we find that pure 

cubic NazWO3 free of any surface p la t inum is a poor 
electrocatalyst for oxygen reduction in  acid solutions. 

Careful a t tent ion to cleanliness of the electrolyte and 
the bronze surface produced two new, reproducible 
features in the Tafel plot of an undoped bronze elec- 
trode measured in p la t inum-f ree  solutions. A l imit ing 
current  density, iL(B), of 4 • 10 -5 A/cm~ for oxygen 
reduction on an undoped bronze electrode was ob- 
served. Also for the first time, a Tafel slope very near  
--2 RT/F was measured for current  densities below 
4 • 10 -5 A/cm2 prior to any  PPE treatment.  All  previ-  
ous measurements  (5, 6, 8), including our own (6) 
done under  less s t r ingent  conditions of purity,  pro- 
duced a Tafel slope near --4 RT/F for a p la t inum-f ree  
bronze electrode. Our abi l i ty  to observe a --2 RT/F 
Tafel slope prior to any PPE t rea tment  rules out Fred-  
lein's (8) contention that this slope is due to incorpora- 
tion of p la t inum from p la t inum-contamina ted  solu- 
tions. The presence of the break in  the Tafel plot at 
4 • 10 -5 A/cm2 and the --2 RT/F Tafel slope below 
this current  density we believe is a test of the organic 
cleanliness of a bronze surface and therefore estab- 
lishes the need for any  PPE t rea tment  of the electro- 
lyte to remove this form of contamination.  

Anodization of an undoped bronze electrode in plat i-  
num-f ree  solutions produced little or no change in the 
Tafel plot of the electrode. 

Our p la t inum pre-electrolysis t rea tment  of an un-  
doped, anodized bronze electrode did not change the 
--2 RT/F Tafel slope at cur rent  densities below 
4 • 10 -5 A / c m  2, but  it did increase {L(B) from 4 • 
10 -5 to 1 X 10-4 A/cm 2. These effects along with the 
overall  increase in potential  at all current  densities are 
believed to be due pr imar i ly  to the fur ther  cleaning of 
the bronze electrode with respect to organic impuri t ies  
ra ther  than any  absorption of p la t inum from the PPE 
treated electrolyte. These changes are not of the same 
type observed by bulk  p la t inum doping of the bronze 
electrode. 

Prior  to either anodization or any PPE of the elec- 
trolyte, a bronze electrode doped with 800 ppm atomic 
p la t inum referenced to tungsten produced a significant 
increase in rest potential  and enhanced electrocatalytic 
activity. However, this enhanced act ivi ty was totally 
confined to current  densities below 1 • 10 -6 A/cm 2, 
which was taken to be a l imit ing current  density for 
oxygen reduction due to p la t inum on the surface of the 
bronze electrode, iL(BP). This magni tude  of iL(BP) 
could be accounted for if the surface p la t inum atoms 
on the doped electrode had an activity equal to that  of 
p la t inum atoms on a bu lk  p la t inum electrode. 

Anodization of a doped bronze electrode even in 
p la t inum-free  solutions produced increased electro- 
catalytic activity of the type found by  bulk  doping. 
The value of iL(BP) increased from 1 • 10 -6 to 
5 X 10 -6 A/cm2 after anodization of the p la t inum-  
doped bronze, but  no change in Tafel behavior  above 
5 • 10 -6 A/cm2 was observed. The lat ter  observation 
el iminated surface roughening as a source of the in-  
crease in iL(BP). Since this result  was found in plat i -  
num-f ree  solutions the only source of addit ional  sur-  
face p la t inum to account for the increase in  iL(BP) 
was p la t inum from the bulk  of the electrode. We pro- 
posed that electromigration of bulk  Pt  + + ions occurs 
to the surface of the bronze electrode dur ing anodiza- 
tion. The presence of empty sodium sites after anodiza- 
tion, the polari ty of the electrode during anodization, 
and the near ly  equal ionic radii of Pt  ++ and Na + 
formed the basis for proposing electromigration as a 
mechanism to explain the increase in  iL(BP). This 
mechanism also accounts for the fact that  anodization 
of an undoped bronze electrode does not produce in-  
creased activity of the type observed for doped bronze 
electrodes. The expected increase in surface p la t inum 
concentrat ion was below the detection l imit  of our 
Auger  spectrometer so that direct verification of plati-  
num electromigration in a doped bronze electrode 
after anodization could not be obtained. 

A fur ther  increase in  electrocatalytic activity of the 
type associated with surface p la t inum was observed 
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when a doped bronze electrode was anodized in a 
heavily platinum pre-electrolyzed solution. The value 
of iL(BP) increased to 4 • 10 -5 A/cm2. The source of 
this additional surface platinum was clearly the plati- 
num that had been dissolved into the electrolyte fol- 
lowing our PPE treatment. The magnitude of the sur- 
face concentration of platinum acquired to explain the 
observed value of iL(BP) was confirmed by Auger 
measurements. Previous measurements of Fredlein (8) 
who found no effect due to PPE of a doped, anodized 
bronze electrode was consistent with the much less 
contaminating PPE treatment he used when compared 
to ours. 

Since the PPE treatment used by Fredlein (8) was 
identical to that of Bockris and MeHardy (4) our inter- 
pretation of the effects of platinum doping, anodization, 
and the various PPE treatments has an important bear- 
ing on the understanding of their results. Bockris and 
McHardy (4), as well as Fredlein (8) and us, obtained 
~L(BP) about two orders of magnitude less than the 
limiting current of pure platinum iL(P) on anodized 
bronze electrodes doped with platinum when mea- 
sured in solutions that had been PPE. An iL(BP) of 
three orders of magnitude less than iL(P) could only 
be expected from bulk platinum doping of the bronze. 
Since Bockris and McHardy (4) did not consider that 
other sources of surface platinum might be responsible 
for the additional tenfold increase in iL(BP) they 
observed, they were forced to consider a spillover 
model that required a synergism between the surface 
platinum and the NaxWO8 lattice. We have shown that 
anodization of a doped bronze electrode prior to any 
PPE treatment can produce nearly an order of magni- 
tude increase in iL (BP), which we have interpretedas 
being due to electromigration of bulk platinum through 
the sodium depletion layer to the bronze surface. Also 
the absence of any effect due to the same PPE treat- 
ment used by both Fredlein (8) and Bockris and 
lYlcHardy (4) on a doped, anodized bronze eliminates 
PPE as a source of the increased iL(BP) required by 
the measurements of Bockris and McHardy (4). Thus 
we conclude that the additional tenfold increase in 
iL(BP), over and above that expected from bulk plati- 
num doping, is accounted for primarily by anodization 
rather than platinum pre-electrolysis of the electrolyte 
or a spillover mechanism. 

Finally, at current densities above 10 -5 A/cm2 our 
results are in agreement with those of Randin (4) and 
Weber and Shanks (6) in that no effect due to bulk 
platinum doping could be formed. However, our PPE 
treatment did affect the bronze activity even at current 
densities approaching 10 -8 A/cm 2. Although this pre- 
viously unreported effect was small and independent 
of bulk platinum doping no sign of a limiting current 
seemed evident. This result led to a study of various 
electrochemical schemes to intentionally increase the 
amount of platinum that could be incorporated onto 
the bronze surface .This study is reported in the fol- 
lowing paper where it is shown that certain platinized 
NaxWO3 electrodes gave overpotentials comparable to 
those for bulk platinum at current densities as high 
as 10 -8 A/cm 2. 
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Electrocatalytic Activity of Cubic Sodium Tungsten Bronze 
II. Effects of Intentional Platinization 

A. J. Bevolo, Michael Francis Weber, *'I H. R. Shanks, and G. C. Danielson 
Ames Laboratory-UBDOE and Department of Physics, Iowa State University, Ames, Iowa 500I 1 

ABSTRACT 

This paper is an extension of the work reported in the preceding paper (1) 
and concerns the effects of intentional platinization of sodium tungsten bronze 
electrodes on their electrocatalytic activity for oxygen reduction in an acid 
electrolyte. Some of these electrodes had activities and stabilities at 10 -8 
h / c m  2 bet ter  than those for bulk p la t inum electrodes measured in the same 
solutions. The samples were prepared by three separate techniques and were 
characterized by SEM, cyclic voltammetry,  x - ray  dispersive analysis ,  Auger  
surface measurements,  depth profiles, and microprobe analysis. Two types of 
p la t inum morphology were produced. The first type consisted of 1000-3000A 
p la t inum particles attached to a p la t inum-f ree  bronze surface. For  p la t inum 
coverages op less than a few percent  the activity of the electrodes was pro- 
port ional  to op. The apparent  activity per p la t inum atom was higher t han  that  
of bu lk  p la t inum although surface roughening effects made it  difficult to 
quant i fy  the specific activity of these electrodes. For op approaching 10% there 
was a large unexpla ined increase  in activity. The second type of p la t inum 
morphology is best viewed as layer  of PtWO3 on top of the bronze surface. 
These electrodes failed to exhibit  any P r o  reduction peak even though the 
Auger results indicated p la t inum atoms were present. In  some cases, it w a s  
found that the activity per atom was as good as that of bulk  p la t inum and 
that  these electrodes had better  long- term stabil i ty than bulk  plat inum. In  
all cases the bronze provided: (i) a corrosion resistance support, (ii) a good 
lattice matr ix  for ei ther the growth of p la t inum particles or the incorporation 
of PtWO3 layers, and (iii) an electronic env i ronment  comparable to bu lk  
p la t inum with its large density of states near  the Fermi level. Techniques used 
in  this study could provide the basis for construction of an economical fuel 
cell c a t h o d e .  

This paper is an extension of the research presented 
in the preceding article (referred to here as I) con- 
cerning the electrocatalytic activity of single crystal 
cubic sodium tungsten bronzes for oxygen reduction in 
acid electrolytes. As reported in I, a small  but  repro- 
ducible enhancement  of the electrode activity near  
10 .8 A/cm ~ was produced by p la t inum pre-electrolysis 
of the electrolyte. Based on this previously unrepor ted  
result, a series of platinized NaxWO~ electrodes were 
prepared by a var ie ty  of methods. The purpose of this 
experiment  was to compare the electrode activity with 
the surface p la t inum coverage as determined by SEM 
and Auger  analysis. A significant result  of this study 
was the enormously enhanced activity of the platinized 
NaxWO3 for oxygen reduction, as well  as hydrogen 
reduction and oxidation, when  activated by compara-  
t ively small  amounts  of plat inum. In  some cases ac- 
tivities as high as bulk  p la t inum and electrode stabil-  
i ty bet ter  than bulk  p la t inum were obtained at cur rent  
densities approaching 10 .8  A /cm 2. 

Experiment 
Three methods for incorporat ing p la t inum onto the 

NaxWO8 surface were attempted. In  all cases it was 
found that  p la t inum would not adhere to a fresh, 
thoroughly cleaned bronze surface unless it was first 
anodized to at least 2V (NHE). The first method, 
denoted as method A, involved p la t inum plat ing from 
a 0.3M HC1 solution containing 7.5 X 10-5M H2PtC16. 
Cleaved samples were not used because SEM micro- 
graphs revealed that  micron-sized p la t inum platelets 
had formed on the crystal surface. All of the A samples 
were first polished (see I) and then anodized to 9V 
(NHE). The bronze electrode was rotated at 900 rpm 
to insure uniform deposition. The effects of plat ing 
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time and potential  were investigated. For the second 
method, method B, a large 20 cm 2 shiny p la t inum elec- 
trode was used as a counterelectrode for cycling a 
preanodized bronze crystal from --012 to 1.8V (NHE) 
for approximately 12 hr using a sweep rate of 100 mV/  
sec. After  this t rea tment  the electrolyte was analyzed 
by an induct ively coupled plasma technique (1) and 
it was found to contain plat inum. The third method, 
method C, was a var iat ion of method B. The 20 cm 2 
p la t inum electrode itself was cycled between 0.0 and 
1.50V (NHE) for 3.5 hr using a gold counterelectrode. 
Oxygen was then passed into the cell and a bronze 
electrode was lowered into the electrolyte. An  anodic 
current  of 400 ~A/cm 2 was passed for 1.5 hr followed 
by an equal cathodic current.  Ini t ia l ly the cathodic 
potentials were low, but  after  several minutes  they 
increased. For both method B and C the plat inizing 
electrolyte was a he l ium-sa tura ted  0.1N H2SO4 solu- 
tion. All three methods resulted in  p la t inum deposi- 
t ion on the bronze electrode surfaces as verified by 
Auger analysis. 

Three analytical  tools were used to characterize the 
surfaces of the platinized bronze crystals. First, scan- 
n ing electron microscopy (SEM) with a 200A lateral  
resolution was used to examine the morphology of 
the p la t inum deposits. An x - ray  energy dispersive 
analyzer  on the SEM was used to probe the composi- 
tion of the surface features with a depth resolution of 
approximately one micron. Second, some samples were 
examined using cyclic voltammograms,  especially near 
the PrO reduction peak at 0.7V (NHE). Third, Auger 
spectroscopy was used to determine surface composi- 
tion and depth profiles were taken with a depth reso- 
lut ion of several monolayers.  In  addit ion to the Auger 
spectrometer and measurement  conditions as described 
in I, a Physical Electronics, Incorporated, Model 595 
scanning Auger microprobe was also used. This ins t ru-  
ment  has a lateral  resolution of only  500A compared 
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to the 40 microns obtained from the other Auger spec -  
t rometer  described in I, which was used to obtain sur- 
face P t /W ratios and compositional depth profiles. 

The electrochemical apparatus and preparat ion of 
the bronze electrodes were the same as described in I 
unless otherwise noted. None of the bronze electrodes 
had been doped with plat inum during their growth. 
Tafel plots were obtained as descr ibed  in I. 

Results 
ElectrochemicaL--Intent ional  platinum incorporation 

into the electrolyte could be used to activate the 
Na=WO8 crystals to a wide variety of electrocatalytic 
activities. The first such experiment demonstrated the 
vastly improved activity of an undoped bronze elec- 
trode after t reatment by method C. Oxygen reduction 
Tafel plots for sample 4C before and after platinum 
depositions are shown in Fig. 1, along with the Tafel 
plots of pure platinum and an 800 p p m  platinum-doped 
NaxWO8 taken earl ier  in a plat inum-free electrolyte. 
The overpotential of sample 4C near 10 -8 A/cme is 
only 0.1V below that of bulk platinum, indicating con- 
siderably enhanced activity over any of the bronze 
electrodes investigated in I. 

After this encouraging result, experiments were 
performed to determine if the increased activity could 
be quantitatively related to the platinum surface cov- 
erage. The three methods of platinizing the bronze 
samples, described in the experimental  section, were 
used to prepare a series of samples with a wide range 
of platinum coverages. A true steady-state condition, 
requiring several hours, was allowed to occur for all 
the data points presented here since considerably 
higher potentials, especially at high current densities, 
were obtained if fast (5 min) measurements were 
attempted. 

The data for six samples platinized by plating at 
0.120V (NHE) in chloroplatinic acid (method A) are 
shown in Fig. 2 along with the Tafel plots for bulk 
platinum and a pure NaxWOs sample. It is clear that  
for all current densities the activity of the plated 
bronze electrodes increases with plating time. Subse- 
quent Auger measurements show an increasing plat i -  
num coverage with increasing plating time, except for 
the slowest plating time which had a platinum cover- 
age below the Auger detection limit. Figure 3 shows 
the effect of changing the plating potential on the 
Tafel plots using sample 3A plated at  0.120V (NHE) 
and sample 8A plated at 0.040V (NHE). Although the 
activities of these two samples are clearly different the 
calculated platinum coverage was nearly identical at  
4%. 
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Figure 4 shows the results for methods B and C for 
two samples each. As was the case for method A, in- 
creasing the surface coverage of plat inum increased 
the electrocatalytic activity for oxygen reduction for 
all current densities, even those near 10 - s  A/cm% Of 
the three methods used, method B produced the high- 
est activity. In fact, these samples showed activities 
greater than that for bulk plat inum at the highest cur- 
rent densities. 

Encouraged by the effects of platinizing the bronze 
electrodes on the oxygen reduction reaction, we in- 
vestigated other electrochemical reactions using these 
electrodes. A Tafel plot for hydrogen evolution from 
an anodized, plat inum-free NaxWO8 is shown in Fig. 5. 
The exchange current density of this sample was about 
10 -7 A/cm 2, which is very low. Figure 6 shows the 
Tafel plots for hydrogen oxidation and reduction for 
samples 3A and 8A compared to bulk platinum. One 
should note the difference in overpotential scale be-  
tween Fig. 5 and Fig. 6. Figure 6 is a linear plot of 
overpotential vs. current and the exchange currents 
are calculated from the slopes. It is interesting that 
the hydrogen reaction exchange current densities for 
oxidation and reduction of sample 3A were nearly 
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mately 10 -~  A/cm 2. Such a low exchange current is very poor for a 
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twice as large  as those of 8A, while  the  cur ren t  densi ty  
for  oxygen  reduct ion at  0.5V (NILE) was twen ty  t imes 
lower  for  3A when compared  to 8A. 

Platinum morphology.--Vital informat ion  on the 
form of t h e  p l a t inum deposits  was p rov ided  by  SEM, 
AES, and PtO reduct ion peaks.  P l a t inum par t ic les  were  
observed by  SEM on al l  samples  p r epa red  by  method  
A. This is i l lus t ra ted  using sample  8A in Fig. 7 where  
the  l ight  areas  on the surface were  found to be p l a t i -  
num by  using the x - r a y  detect ion capabi l i ty  of the  
SEM. The average  par t ic le  in Fig. 7 is 1500A, un i -  
fo rmly  d i s t r ibu ted  over  the bronze surface. The p la t i -  
num par t ic les  on sample  8A covered app rox ima te ly  
10% of the bronze Surface. In  contras t  to method A, 
samples  p r epa red  by  methods  B and C did not  have  
p l a t inum par t ic les  vis ible  wi th in  the 200A la te ra l  reso-  
lut ion of the SEM. 

The  presence of the p l a t inum par t ic les  on the A sam-  
ples was a lways  de tec tab le  in situ by  moni tor ing  the  
PtO reduct ion  peak  at  0.7V (NHE) in the cyclic vol-  
tammograms.  As a resul t  the PtO reduct ion peak  was 
a good indica tor  of the metal l ic ,  bu lk l ike  na ture  of the 
p la t inum par t ic les  on the bronze surface. No P r o  re -  
duct ion peak  was observed on any  of the  C samples  
despi te  the  fact  tha t  the Auger  resul ts  indica ted  tha t  
sufficient p la t inum was presen t  on the  surface  of these 
samples  to have produced  a P tO peak. No cyclic vol-  
t ammograms  were  taken  of e i ther  of the two B sam-  
ples. However ,  the B samples  were  p r e p a r e d  in a 
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Fig. 6. Current-potential data for the hydrogen reduction and 
oxidation on two platinized NaxWOs electrodes, 3A and 8A. The 
exchange current io are in mA/cm 2 and show the large improve- 
ment obtained after platinization (see Fig. 5) with respect to bulk 
platinum. 

manner  ident ica l  to tha t  used b y  F i shman  et al. (2) to 
ac t ivate  NaxWO3 electrodes wi th  pla t inum.  They found 
no PtO reduct ion  peaks  on the i r  samples  which they  
a t t r ibu ted  to e i ther  the  absence of any  p l a t inum on the 
bronze surface or  to its presence in a chemical  s ta te  
different  f rom tha t  found on the surface of a bu lk  
p la t inum electrode.  

Auger experiments.--Two types  of Auge r  da ta  were  
available.  The first was an Auger  spec t rum of the sam-  
ple  surface, while  the second consisted of composi t ional  
dep th  profiles obta ined  dur ing ion bombardment .  
Near ly  al l  of the Auger  spect ra  of the first type  were  
taken  using the 40 micron e lec t ron beam of the  Phys i -  
cal Electronics Model 10-155 Auger  spectrometer .  The 
l a te ra l  d imension of the e lec t ron beam of this spec- 
t rome te r  was sufficient to provide  an average  com- 
posi t ion of the bronze surface. The 500A la te ra l  reso l -  

Fig. 7. SEM micrograph of sample 8A which was platinum plated 
at 0.040V (NHE) in 7.5 X 10-5M chloroplatinic acid. The plati- 
num particles visible in the photograph are about 1500A in diam- 
eter. 



VoL I28, No. 5 E L E C T R O C A T A L Y T I C  ACTIVITY 100'7 

ut ion of the  Physical  Elect ronic  Model  595 was used to 
probe  the  surface  composi t ion of the  A samples  be -  
tween  the  la rge  (>1000A) p l a t inum part icles .  Al l  of 
the  depth  profiles were  t aken  wi th  the  Model  10-155 
Auger  system. 

As exp la ined  in I, the Pt(1967) and W(1796) Auge r  
t ransi t ions  provided  the bes t  measure  of the  p la t inum 
concentra t ion on the surface of a bronze sample  before  
any ion bombardment .  The 25A escape depths  of these 
two t ransi t ions  (3) min imized  the a t t enua t ing  effects 
of the app rox ima te ly  one mono laye r  ove r l aye r  of 
carbon a lways  p resen t  on the  samples.  The effects of 
the carbon ove r l aye r  a re  nea r ly  comple te ly  e l imina ted  
when  the ra t io  R of the in tens i ty  of the  Pt(1967) 
t rans i t ion  to tha t  of the W(1796) t rans i t ion  are  used 
as a measure  of the  p l a t i num coverage  0p, since the  
a t t enua t ion  of each t rans i t ion  is n e a r l y  equal.  This 
effect is a direct  consequence of the  near  iden t i ty  of 
the  escape depths  of these two transi t ions.  The mea -  
sured  values  of R for al l  of the  bronze samples,  as 
de t e rmined  using the Model 10-155 A u g e r  system, are  
given in Table  I. The  d i sadvan tage  of using these two 
h igh  energy  Auge r  t ransi t ions  is tha t  subsurface p la t -  
inum atoms could cont r ibute  s ignif icant ly to the  in-  
tens i ty  of the Pt(1967) t rans i t ion  wi thout  effecting 0p 
which  depends  en t i re ly  on p l a t inum atoms present  on 
the top monotayer  of the electrode.  Auge r  microprobe,  
SEM, and Pt(64)  A u g e r  depth  profiles all  p rov ided  
vi ta l  in format ion  on the subsurface p l a t inum dis t r ibu-  
tion. 

A u g e r  dep th  profiles were  obta ined  in  the  usuaI 
manner  by  moni tor ing  the p e a k - t o - p e a k  Auge r  signals 
f rom a cont inuously spu t te red  surface. In  this case we 
used the Pt (64)  Auger  t ransi t ion,  which has an escape 
depth  of app rox ima te ly  two monolayers  (3), to p ro -  
vide  high surface sensit ivi ty.  To obta in  the exact  th ick-  
ness of the p l a t inum laye r  r equ i red  accurate  knowl -  
edge of the sput te r  r emova l  rate.  No da ta  on the 
sput te r  y ie ld  of NaxWOs or  pure  p l a t inum could be 
found tha t  would  pe rmi t  the exact  conversion of 
spu t te r  t ime to depth .  The ion beam consisted of 2.5 
keV Ar  + ions at  normal  incidence wi th  a cur ren t  of 
30 nA focused to a d iamete r  of 250 microns. The ion 
beam was ras t e red  over  a 2 • 2 m m  square  area  to 
avoid  c ra te r  edge effects. We have  assumed tha t  the  
sput te r  y ie ld  for  Na0.TWO3 is 2 a toms per  inc ident  ion 
so that  the  sput te r  r emova l  ra te  for Na0.TWO3 becomes 
1 A / m i n .  Fo r  bu lk  p la t inum,  Wehne r  (4) r epor t ed  a 
va lue  of 1.4 a toms / ion  for  0.5 keV Ar  + ions, whi le  
Alm~n and Bruce (5) find 12 a toms / ion  for 45 keV 
K r  + ions. Based on these values and knowledge  of 
the  genera l  dependence  of sput te r  yields  wi th  ion en-  

Table I. The measured ratio R of the intensities of the Pt(1967) 
and W(1796) Auger transitions, the calculated platinum coverages 

0p, and measured current density (/~./cm 2) at 0.SV (NHE) for 
oxygen reduction I of a series of cubic sodium tungsten bronze 

electrodes platinized by three (A, B, and C) different 
electrochemical techniques 

S a m p l e  R 8p I 

1A - -  0.0007= 0.47 
2A - -  0.003 a 3.1 
3A 0.15 0:039 17 
4A 0.03 0.008 23 
5A 0.14 0.038 50 
6A 0.30 0.076 120 
6A" 0.02 0.039 120 
7A 0.22 0.059 150 
0A 0.16 0.042 370 
9A 0.25 0.064 1,400 
1B 0.50 0.269 2,500 
2B 0.88 0.473 10,000 
1C 0.010 0.034 25 
2C 0.013 0.044 25 
3C 0.050 0.168 150 
4C 0.080 0.270 150 
P t  co 1.000 500 

Values determined by plating t ime.  

ergy  and mass (6), we es t imate  tha t  for  2.5 keV A r  + 
ions, p l a t i num would  have  a spu t te r  y ie ld  of app rox i -  
ma te ly  5 a toms/ ion.  Fo r  our ion beam flux we  calculate  
a spu t te r  r emova l  ra te  for pure  p l a t i num to be 3.5 
A/min .  As we shall  discover,  for p l a t i num layers  in 
the  monolayer  range  the presence of the carbon over -  
l aye r  makes  i t  ve ry  difficult to obta in  exact  values  for 
the  p l a t inum depth  d is t r ibut ion  even if  the sput te r  
yields  were  accura te ly  known. However ,  the Auger  
dep th  profiles were  ve ry  useful  in a compara t ive  
analysis  of the p l a t inum l aye r  thickness  and for mea-  
sur ing the  ex ten t  of the  sodium deplet ion l aye r  a f te r  
anodization.  

F igure  8 shows a depth  profile of pure  NaxWO3 
crys ta l  a f te r  mechanical  pol ishing bu t  before  any elec-  
t rochemical  t rea tment .  There  are  th ree  regions of in -  
te res t  in this figure. F o r  spu t te r  depths  be low 15A the  
profile is dominated  by  the remova l  of the ever  p resen t  
carbon over layer .  As the carbon is removed,  the Auger  
signals coming f rom the bronze crys ta l  increase  in in-  
tens i ty  because of the i r  finite escape depths.  The 
second region occurs f rom 15 to 150A and shows de-  
creasing oxygen  and sodium signals and an increasing 
tungs ten  signal. There  are  two possible explanat ions  
for  this behavior .  Firs t ,  the  concentrat ions  of these 
e lements  m a y  ac tua l ly  va ry  in  the manne r  shown in 
Fig. 8, that  is, oxygen  and sodium concentrat ions  are  
h igher  in the first 150A of the bronze surface. A l -  
te rnat ive ly ,  the  effect m a y  be due to p re fe ren t ia l  
sput te r ing  of oxygen  and sodium f rom the crys ta l  unt i l  
equ i l ib r ium is reached  at  I50A. In  this  case the  con-  
cent ra t ion  var ia t ions  are  ion induced. P re fe ren t i a l  
sput te r ing  of l ight  e lements  f rom a compound or  a l loy 
is not uncommon. Consider ing the cur ren t  s ta te  of our  
knowledge  of the sput te r ing  process for compound 
targets  i t  is difficult to judge  the impor tance  of p re f -  
e ren t ia l  sput te r ing  in Fig. 8. In  any  case, this profile 
represents  the s tandard  agains t  which  the dep th  p ro -  
files of e lec t rochemical ly  t r ea ted  bronzes wi l l  be  com- 
pared.  

F igure  9 shows the Auger  depth  profile of sample  7A, 
which had  been heav i ly  anodized to 9V (NHE) at  1 
m A / c m  2 pr io r  to p la t in iza t ion  by  method A. This sam-  
ple had  1500A p la t inum par t ic les  present  a t  a coverage 
of about  6% as confirmed by  PtO reduct ion  and SEM 
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Fig. 8. Auger depth profile of a pure sodium tungsten bronze 
before any electrochemical treatment, but after mechanical polish- 
ing through 0.05 ~m alumina. Assuming a sputter yield of 2 atoms/ 
ion the sputter removal rate is 1A/min. The enhanced oxygen and 
sodium signals for sputter depths less than 150A may represent 
preferential sputtering of the light elements from the nearly carbon- 
free NaxW03 surface. 
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Fig. 9. Auger depth profile of a platinum-plated NaxWO~ 
crystal (sample 7A) that had been heavily anodized prior to 
platinization. The sodium depletion layer extends nearly 2000A 
into the bronze surface. The Pt(64) signal represents the removal of 
the platinum particles known to be on the sample surface. As in 
Fig. 8 the assumed bronze s,putter rate is 1A/min. 

micrographs.  As a resul t  the  in te rp re ta t ion  of this  
depth  profile requires  some care. The Auge r  peaks  for  
sodium, oxygen, and tungsten are  the same as for a 
p l a t i num- f r ee  surface because it is shown la te r  that  no 
p l a t inum was present  be tween  the p la t inum part icles.  
The presence  of the sodium deple t ion  layer  is ev ident  
f rom the behavior  of the Na(990) signal  and extends 
about  1500A into the  sample. With  regard  to the 
Pt (64)  signal  i t  represents  the spu t te r  ion removal  
of the  essent ia l ly  pure  p la t inum part icles.  The 300 
min  requ i red  to remove the p l a t inum part icles ,  com- 
b ined  wi th  our  es t imated  3.5 A / m i n  sput te r  ra te  for 
pure  pla t inum,  gives about  1000A as the thickness of 
the p la t inum part icles.  This is reasonable  considering 
thei r  l a te ra l  d imension of 1500A. 

Before leaving Fig. 9 i t  is in teres t ing  to note tha t  the 
O(510) signal  para l le l s  that  of the Na (990) suggest ing 
tha t  heavi ly  anodized NaxWO~ also, loses some oxygen  
in the  sodium deple t ion  layer .  Al though the oxygen  
deplet ion depth  is the same as for sodium, the amount  
of oxygen  lost is much less than  that  of sodium. I t  
should be noted tha t  the decreased O(51'0) in tens i ty  
for depths less than 2000A is opposite to the behavior  
of the O(510) t rans i t ion  found in Fig. 8 for  an un-  
anodized bronze. This implies  that  the  reduced oxygen  
Auger  signal  does represen t  a reduced oxygen  concen- 
t ra t ion  in the sodium deple t ion  layer .  

F igure  10 shows a depth  prof i le  of sample  4C which 
had been in i t ia l ly  anodized to only 2V (NHE) before  
p la t inum deposit ion.  The depth  d is t r ibut ion  for  
O(510),  W(1736),  Na(990),  and C(272) are  nea r ly  
ident ical  to those found for a mechanica l ly  pol ished 
bronze surface shown in Fig. 8. In  par t icular ,  anodiza-  
t ion to 2V (NHE) did not  produce any  evidence of a 
sodium deple t ion  layer .  The depth  d is t r ibut ion  of the  
Pt (64)  t rans i t ion  is impor tan t  in the de te rmina t ion  of 
the p l a t inum morphology.  The ini t ia l  rise occurs be -  
cause of the removal  of the carbon over layer .  Dur ing  
the next  10A the Pt (64)  goes to zero. I t  is evident  tha t  
the p la t inum signal  comple te ly  d isappears  even before  
the  carbon coverage has reached its equ i l ib r ium value. 
This behavior  of the Pt (64)  s ignal  for sample  4C is 
in marked  contras t  to that  shown in Fig. 9 for sample  
7A which was known from SEM studies to contain 
1500A p la t inum par t ic les  over  6% of its surface. No 
p la t inum par t ic les  were  evident  in SEM micrographs  
of sample  4C. The presence of a significant carbon 
signal  dur ing the evolut ion of the Pt(64)  signal  com- 
pl icates the ex t rac t ion  of the  exact  depth  of the p la t i -  
num composition. Our  best  es t imate  is tha t  the p la t i -  
num is confined to the first few monolayers  of the 
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Fig. 10. Auger depth profile of sample 4C which was only lightly 
anodized to 2V (NHE) prior'~to platinizetion. No sodium depletion 
layer is found. The rapid disappearance of the Pt(64) signal even 
before the C(272) signal has reached its equilibrium value suggests 
a platinum coverage of approximately one monolayer. 

bronze surface. Auge r  depth  profiles of the other  C 
samples  were  s imi lar  to tha t  shown in Fig. 10 for sam-  
ple 4C. 

Auger  depth  profiles were  also pe r fo rmed  using the 
B samples,  which  l ike the C samples  did not  have any 
la rge  p l a t inum par t ic les  ev ident  in thei r  SEM micro-  
graphs. A dep th  profile of sample  1B produced a 
Pt (64)  depth  d is t r ibut ion  more  l ike that  of sample 
7A (Fig. 9) than  tha t  of sample  4C (Fig. 10) in that  
the Pt(64)  signal was st i l l  s t rong wel l  af ter  the carbon 
signal  had reached its low equi l ib r ium value. In  add i -  
tion, the oxygen  and tungsten Auge r  peaks were  evi-  
dent  even before  sput te r ing  began. These resul ts  sug-  
gest  that  the p la t inum-con ta in ing  l aye r  was hundreds  
of angstroms thick, bu t  tha t  i t  d id  not  consist of a pure  
p la t inum over layer ,  since any pure  p la t inum laye r  that  
th ick would  have comple te ly  suppressed  the oxygen 
and tungsten signals f rom the covered bronze surface. 
In  fact  in none of the Auger  depth  profiles was there  
any evidence tha t  a bronze surface was un i formly  
covered b y  a pure  p l a t inum laye r  th ick enough to sup-  
press the oxygen and tungsten signals f rom the bronze 
crystal .  

I t  was impor t an t  to know whether  any  p la t inum was 
deposi ted be tween  the p la t inum par t ic les  produced by 
method A. Al though the e lect ron microscope had x - r a y  
dispers ive analysis  capable  of chemical  identif icat ion 
and sufficient l a t e ra l  resolution, its depth  resolut ion  of 
about  one micron  was insufficient to detect  a mono-  
l ayer  coverage of p l a t inum be tween  the  p la t inum 
part icles.  Using the Model 595 scanning Auger  micro-  
probe,  an Auger  spec t rum was taken  on and off a 
p la t inum par t i c le  on the surface of sample  3A. No 
Pt(64)  peak  was evident  from the bronze matr ix .  No 
sput te r ing  was used, so that  even a smal l  f ract ion of a 
monolayer  of p la t inum was not  removed from the 
surface. As a result ,  Auger  spect ra  f rom the p la t inum 
par t ic le  and the bronze m a t r i x  did  have some carbon 
evident.  However  for the p la t inum part icle,  the Pt (64)  
l ine was c lear ly  evident,  whi le  the W(38) ,  W(48) ,  and 
W(150-180) lines wi th  thei r  cor respondingly  smal l  
escape depths  were  observed from the bronze matr ix .  
Correct ing for the carbon o.verlayer and the re la t ive  
Auger  sensi t ivi t ies  (7) we es t imate  tha t  no more  than  
1% of the top monolayer  of the bronze ma t r i x  was 
occupied by  plat inum. This resul t  implies  tha t  for  this 
sample, and p resumably  al l  samples  p repa red  by  
method A, all  of the p la t inum on the surface of these 
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bronze e lect rodes  resides in  the la rge  p l a t inum pa r t i -  
cles. 

Dependence of electrochemical activity on platinum 
morphology.--Although p la t inum par t ic les  were  ob-  
ser;ced on al l  of the samples  p r e p a r e d  by  method A, 
the e lec t roca ta ly t ic  ac t iv i ty  for oxygen reduct ion  was 
not  a lways  p ropor t iona l  to the number  of p la t inum 
par t ic les  observed  in the  SEM micrographs .  This was 
s t r ik ing ly  demons t ra ted  in the  fol lowing manner  using 
sample  6A. The p l a t inum par t ic les  could be removed  
f rom the bronze surface by  reanodizing the crys ta l  to 
10V (NHE).  The d isappearance  of the  p l a t inum pa r t i -  
cles was confirmed by  SEM measu remen t  and the ab-  
sence of the  PtO reduct ion  peak.  The oxygen  reduct ion 
Tafel  plots  of this  sample  before  (sample  6A) and 
a f te r  (sample  6A*) the par t ic les  were  removed  is 
shown in Fig. 11. Surp r i s ing ly  ve ry  l i t t le  change in the 
r e l a t ive ly  high ac t iv i ty  of the e lec t rode  was observed.  
A dep th  profile of sample  6A* (not shown) was pe r -  
fo rmed  and a ve ry  thin  p la t inum laye r  was found in-  
a ica t ing  tha t  the  p la t inum was confined to the top 
few monolayers  of the bronze electrode.  The observa-  
t ion tha t  the e lec t rocata ly t ic  ac t iv i ty  of samples  6A 
and 6A* was essent ia l ly  unchanged  even though the 
p l a t i num morphology  was dras t ica l ly  al tered,  r eg re -  
sents  one of the most  in teres t ing  observat ions made  
dur ing  this s tudy.  

Discussion 
Platinum coverage.~The ul t imate  a im of this s tudy  

is to compare  the e lec t roca ta ly t ic  ac t iv i ty  of p la t in ized 
NaxWOa electrodes to tha t  of bu lk  p l a t inum and to 
the  p l a t inum coverage ep on the bronze surface. Only 
b y  de te rmin ing  the  p l a t inum coverage on a bronze 
surface can the e lec t rocata ly t ic  ac t iv i ty  of a p la t inum 
a tom on the bronze surface be compared  to tha t  of a 
p la t inum a tom on a bu lk  p l a t inum surface. Once this 
is known, the role of the bronze in cata lyzing the oxy-  
gen reduct ion  reac t ion  in the presence of the surface 
p l a t inum can be c lear ly  elucidated.  In  I i t  was shown 
tha t  a pure  bronze surface is a ve ry  poor e lec t roca ta-  
lys t  for  oxygen  reduction.  Even when ac t iva ted  by  
surface p la t inum produced  by  anodizat ion or  p la t inum 
pre -e lec t ro lys l s  of the  e lec t ro ly te  no clear  evidence of 
synerg ism was found in I. However  the poss ib i l i ty  of 
a synergis t ic  re la t ion  be tween  the  p la t inum and the 
bronze surface m a y  exis t  for the more heav i ly  p la t -  
inized bronze electrodes p r e p a r e d  for this s tudy by  
techniques different  f rom those used in  I. 

We s t a r t  f rom the  assumpt ion  tha t  only  the  top 
monolayer  of any  electrode ac t ive ly  pa r t i c ipa tes  in the 
oxygen  reduct ion  process. This assumpt ion is based  on 
the fact  tha t  the  absorpt ion  of reac tants  and products  
occurs only on the top monolayer  of the e lect rode e v e n  

though e lec t ron exchange c a n  o c c u r  over severa l  mono-  
layers  by  e lec t ron tunnel ing.  For  bu lk  p la t inum foils 
the  number  of act ive sites is equal  to the sur face  den-  
s i ty  of p la t inum atoms. P l a t i num has a face-cen te red  
cubic s t ruc ture  (fcc) shown in Fig. 12A wi th  a la t t ice  
constant  aPt - ' -  3.916.&. Let  us assume tha t  the po ly -  
c rys ta l l ine  foils used in our  expe r imen t  had p redomi -  
nan t ly  (100) faces exposed to the  electrolyte .  Assum-  
ing no la t t ice  r ea r rangemen t s  at  the  surface,  the sur -  
face densi ty  of p la t inum atoms, ~Pt, is g iven by  

e f t  = 2 / a p t  ~ = 1.304 X 1015 /cm ~ [1] 

where  the factor  of two is the number  of p l a t inum 
atoms per  uni t  cell  on ,a (100) face of the fcc s t ruc-  
ture.  

Before the p l a t inum coverage ep for a bronze elec-  
t rode  can be calculated,  the  morpho logy  of the  p la t i -  
num layer  mus t  be known. The resul ts  we have ob-  
served on the presence of a PtO reduct ion  peak  on 
bu lk  p l a t inum and the A samples  as wel l  as the  
absence of such a peak  on the B, C, and  6A* samples  
are  significant. The Auge r  analysis  shows tha t  the  
absence of a PtO peak  on the B, C, and  6A* samples  
does not  occur because of the absence of any  pla t inum.  
The a l te rna t ive  is that ,  for those samples  which  did 
not  produce  a PtO reduct ion  peak,  the p l a t inum is on 
the bronze surface in a chemical  s ta te  different  f rom 
the p l a t inum on the surface of bu lk  p l a t i num or  the  A 
samples.  A n  appea l ing  hypothesis  is tha t  the  p l a t i num 
atoms on the surface of the  B, C, and 6A* samples  a r e  
located at  the empty  sodium sites of the anodized 
bronze electrodes,  forming a PtWO8 phase.  If  the  
p l a t inum atoms were  to res ide  at  the e m p t y  sodium 
sites, then one would  expect  tha t  t hey  would  give up  
thei r  two 6s electrons to the  conduction band  formed 
by  the tungs ten -oxygen  bands  forming  P t  2+, jus t  as 
sodium gives up its one 3s e lec t ron forming  Na +. The 
ionic radius  of Na + is 0.95A and that  of P t  2+ ions is 
0.96A, which  is a ve ry  good match.  In  addit ion,  the  
bronze la t t ice  provides  a ve ry  good la t t ice  ma tch  to 
tha t  of bu lk  p la t inum.  A uni t  cell  of the cubic pe r -  
ovski te  s t ruc ture  of NaWO~ is shown in Fig. 12B. The 
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Fig. 11. Oxygen Tafel plots of sample 6A before ( O )  and after 
(I-1) removal of platinum particles by anodizatlon to 10V (NHE). 
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la t t ice  constant  for x = 1 for NaWOs is aB = 3.876A 
(8), which  is wi th in  1.5% of tha t  for bu lk  pla t inum.  
The sublat t ice  of the empty  sodium sites provides  a 
ve ry  good m a t r i x  for  the  g rowth  of p l a t inum on the 
surface of the bronze crystal .  Depending  on the ex-  
pe r imenta l  conditions, there  a re  two possible fates 
for  the  a r r iv ing  p l a t inum atoms af te r  the top mono-  
l aye r  sodium sites of the  bronze surface have  been 
filled; e i ther  the  p la t inum atoms grow on top of the 
bronze forming pl,atinum islands as was found for 
the A samples, or  the p l a t inum atoms could diffuse 
into the  sodium deple t ion  region by  hopping among 
the e m p t y  sodium sites forming PtWOs. We propose 
tha t  the l a t t e r  mechanism has p robab ly  occurred for  
the B, C, and 6A* samples.  The format ion  of a PtWOs 
l aye r  would  exp la in  the  absence of a P tO reduct ion 
peak  associated wi th  the P t - - P t  bonds of bu lk  p l a t i -  
num. 

Given these two proposed models  for  the p l a t inum 
morphology,  0p can be defined for the  various p la t in -  
ized bronze electrodes.  F o r  the A samples,  which  have  
large,  d iscrete  p l a t inum part icles ,  0p is s imply  the  pe r -  
centage of the bronze surface a rea  covered b y  these 
p l a t inum part icles .  The Auge r  microprobe  resul ts  
ru led  out  any  cont r ibut ion  to 0p f rom the bronze sur -  
face not  covered by  the p la t inum part icles .  For  the 
o ther  bronze electrodes we assume is lands of PtWO8 
cover ing a% of the bronze surface. Neglect ing the 
smal l  difference in  la t t ice spacings (see Fig. 12A and 
12B), the  surface dens i ty  of potent ia l  p l a t inum sites 
on the bronze surface (i.e., sodium vacancies of the  
anodized bronze)  is one-ha l f  that  of the p la t inum sites 
on bu lk  p la t inum so tha t  

Op = ~ a [2] 

We can now calculate  op(R) for  the  var ious  types  of 
bronze electrodes using the w e l l - k n o w n  dependence  
of Auger  intensi t ies  on the concentra t ion vs. depth  and 
surface coverage (9). 

Consider  first the A samples.  Based on SEM, Auger  
microprobe,  and A u g e r  dep th  profiles we assume tha t  
a l l  of the  p l a t inum is confined to is lands m a n y  t imes 
th icker  than  the 25A escape dep th  of  the  Pt(1967) or 
W(1796) Auger  t ransi t ions.  As a resul t  the  only source 
of W(1796) Auger  electrons are  those f rom the bronze 
surface not  covered by  the p l a t inum islands,  whi le  the 
only  source of Pt(1967) Auger  e lectrons is the p la t i -  
num islands themselves  which cover 0p% of the elec-  
t rode surface. The in tens i ty  of the Pt(1967) t ransi t ion 
on the bronze surface Ip t (B)  can be w r i t t e n  in t e rms  
of the in tens i ty  of the same t rans i t ion  f rom a p l a t inum 
foil Ip t (P t )  as 

Ip t (B)  : 8p/Pt(Pt) [3] 

The in tens i ty  of the W(1796) t rans i t ion  f rom the 
1 -  ~p% of the bronze surface free of any  p l a t inum 
islands Iw(B)  can be given in te rms of the in tens i ty  
of the  same t rans i t ion  f rom a tungsten foil Iw(W)  as 
follows 

Iw(B)  = ( 1 -  ep)Iw(W)K1 [4] 

where  K1 is the rat io  of the  volume dens i ty  of tungsten 
atoms in the anodized bronze surface (~WOs)  to tha t  
in a tungsten foil. Tungsten has a bcc s t ruc ture  wi th  
two atoms per  uni t  cell  and a la t t ice  spacing of aw = 
3.159A so tha t  

K1 : = 0.27 [5] 

since as  = 3.876A. F rom the  definit ion of R we wr i te  

Ip t (B)  0plpt (Pt)  
R - -  = [6] 

Iw(B)  KI(1 --  0p)Iw(W) 

When  measured  under  the  same conditions used to ob-  
ta in  the  bronze Auger  spec t rum we find 

Ip t (P t )  = I w ( W )  [7] 

Solving Eq. [6] for 0p using Eq. [5] and  [7] we find 

0p(R) = R / ( 3 . 7  + R)  [8] 

for the A samples.  I t  is noted tha t  a measured  va lue  
of R provides  a unique va lue  for  op independent  of the 
thickness of the p l a t inum is lands assuming tha t  these 
p la t inum islands are  much th icker  than  the 25A escape 
depth  of the W(1796) and Pt(1967) Auge r  t ransi t ions 
used to calculate  0p(R). 

Consider  now the B samples.  The absence of a P tO 
reduct ion peak  implies  no metal l ic ,  bu lk l ike  p la t inum 
is p resen t  even be low the l a t e ra l  detect ion l imi t  
(200A) of  the SEM. The Auge r  dep th  profiles gave evi-  
dence of a p l a t i num dis t r ibut ion  many  t imes th icker  
than  the  25A escape depth.  These resul ts  lead  us to 
assume a model  where  a% of the bronze surface has 
been conver ted  to a PtWOs phase  ex tending  many  hun-  
dreds of angst roms benea th  the bronze surface. The 
appropr i a t e  connection be tween  a and 0p is given by  
Eq. [2]. The in tens i ty  of the  Pt(1967) t rans i t ion  f rom 
the  PtWOs phase  Ip t (B)  can be  wr i t t en  in te rms of 
Ipt (Pt)  as 

Ip t (B)  = aIpt(Pt)K2 [9] 

where  K2 is defined as the rat io  of the volume con- 
cent ra t ion  of p la t inum in PtWO8 to tha t  of metal l ic  
p l a t i num or  

K2 = ~ = 0.26 [10] 
aB 3 

The in tens i ty  of the W(1796) t rans i t ion  f rom the 
PtWOs and WOs phases  Iw(B)  is g iven by  

Iw(B)  = a lw(W)K1 + (1 --  a ) I w ( W ) K 1  [11] 

respect ively.  In Eq. [11] we have assumed no change 
in the  tungsten concentra t ion on going f rom the WO8 
to the  PtWOa phase  so tha t  Eq. [11] reduces to 

Iw(B)  = Kz lw(W)  [12] 

We find for the B samples  tha t  

Ip t (B)  20pK2 
R -- ~ = - -  [13] 

Iw (B) KI 

using Eq. [2], [7], [9], and [12]. Solving Eq. [13] for  
0p we get  

0p = 0.54R [14] 

using Eq. [5] and  [10]. Again  as for the A samples,  a 
given measured  va lue  os R produces  a unique value  of 
0p independent  of the exact  p l a t inum depth  d i s t r ibu-  
t ion as 10ng as i t  is assumed to be un i form for depths 
l a rge r  than  a few escape depths  as indica ted  b y  the 
Auger  depth  profiles. 

Consider  nex t  the  C samples.  Like  the  B samples  
the absence of a PtO reduct ion peak  al lows us to as-  
sume no metal l ic  p la t inum islands are  present .  How-  
ever,  in contras t  to the  B samples,  the  Auge r  depth  
profiles indicate  a p l a t i num dis t r ibu t ion  ve ry  local-  
ized near  the top monolayer  of the bronze surface (see 
Fig. 10). F o r  s impl ic i ty  i t  wi l l  be assumed tha t  al l  of 
the p l a t inum atoms of the PtWOs phase  on the  C sam-  
ples are  confined to the top monolayer  of the bronze 
surface covering a% of the bronze surface. We can 
then wr i te  

Ip t (B)  = alpt(Pt)K~(1/~) for  ~ > >  1 [15] 

where  I is the  escape depth  of the  Pt(1967) t rans i t ion  
in monolayers  and Ks is the rat io  of the surface con- 
cent ra t ion  of p la t inum sites for PtWOs to tha t  of p la t -  
inum metal .  Thus 

Ks = a - - ~  = 0.51 [16] 

referring to Fig. 12A and 12B. Since one monolayer of 
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PtWOs is very nearly equal to �89 aB we obtain 

l = 25A/I.94A ,-~ 13 monolayers [17] 

R~---" 

which reduces to 

For  the  tungsten Auge r  in tens i ty  f rom the bronze sur -  
face we can use Eq. [12]. F r o m  the definit ion o.f R we 
find 

I p t  ( B )  aK3Ipt (Pt) 
[18] 

Iw (B) lKllw (W) 

20~r~ 
R = [19] 

K1 

using Eq. [2] and  [7]. Solving Eq. [19] for  0p(R) we 
find for the  C samples  that  

Sp = 3.4R [20] 

using Eq. [5], [16], and [17]. Again given a measured 
value of R a unique 0p is determined if we assume all 
of the platinum atoms of the C samples are confined 
to the top monolayer of the bronze surface. 
Sample 6A* is unique since it was prepared by re- 

moving the platinum particles from sample 6A. From 
the measured value of R = 0.80 we find ep -- 0.076 for 
sample 6A using Eq. [8]. If we assume that the plati- 
num remaining on sample 6A* is in the PtWO3 phase 
as evidenced by the lack of a PtO reduction peak, then 
we envision the 6A* surface to be covered by  a PtWO3 
l aye r  covering 7.6% of the  bronze surface. This gives 
0p --  3.8% for 6A ~ since there  a re  half  as many  ava i l -  
ab le  p l a t i num sites (i.e., sodium vacancies)  for  PtWOs 
as for  bu lk  p la t inum.  Using 0 --  0.038 we find tha t  the 
thickness  of the  PtWO8 l aye r  on 6A* mus t  be about  
four  monolayers  to produce  the  measured  R value  of  
0.02 for 6A*. 

I t  should  be  noted tha t  for those samples  tha t  d id  
not  show any PtO reduc t ion  peaks  (B, C, and  6A* 
samples) ,  i t  has been assumed tha t  not  even one mono-  
l aye r  of bu lk  p l a t i num exists  on the surface of the  
bronze crystal .  I t  is not  c lear  how thin  a l aye r  of  
p l a t i num meta l  would  cont inue to produce a PtO re -  
duct ion peak  at  0.TV (NHE).  Let  us assume the wors t  
case so tha t  a single mono laye r  of p l a t i num meta l  
would not  produce  a P tO reduct ion  peak  a t  0.TV 
(NHE).  The effect of such a monolayer  on our  
ca lcula ted  0p depends  on the sample  type  consid-  
ered. For  the  A samples,  the Auge r  microprobe  
resul ts  ru le  out  any  monolayer  coverage by  p la t i -  
num in any  form. The B samples  have  sufficient total  
p l a t inum concentra t ion  as evidenced by  the Auger  
dep th  profiles and  R values  tha t  a p l a t i num mono laye r  
could be  present .  If  such a l aye r  exis ted  then  0p --  1 
for  these samples  ins tead  of 0.27 for  1B and 0.47 for 2B. 
Fo r  the  C samples  w e  p rev ious ly  had placed al l  of the  
p l a t inum on the top monolayer  of the bronze surface 
and st i l l  ca lcula ted  0p < 1. S imp ly  r ea r rang ing  the 
p l a t i num atoms into submono laye r  p l a t inum is lands 
would not  change ep at  all. However ,  if some of the 
p l a t i num atoms were  s tacked into is lands more  than  
mono laye r  th ick then 0p would  be reduced.  Thus the  
0p ca lcu la ted  for the  C samples  represents  the i r  m a x i -  
m u m  values.  For  sample  6A* we  ca lcula ted  a model  
where  the  p l a t inum atoms a re  d i s t r ibu ted  into PtWOs 
islands about  four  monolayers  thick, so that  roughly  
one- four th  of the p l a t inum atoms cont r ibute  to 0p. 
I f  al l  of the  p l a t inum atoms were  now placed on the 
top monolayer  of the bronze 0p would  be increased by  
a factor  of four. For  this to happen,  however ,  would  
requi re  tha t  dur ing  the 10V anodization,  used to re -  
move the p l a t i num par t ic les  f rom 6A, some of the 
p la t inum atoms had migra ted  f rom those p l a t inum 
par t ic les  onto the bronze matr ix .  We consider  tha t  
process to be unl ikely .  Summariz ing ,  the  0p values,  
ca lcula ted  assuming no meta l l ic  p l a t i num wheneve r  

no PtO reduction peak was observed, appear to be 
good approximations and they will be used to compare 
the electrocatalytic activity of the bronzes with bulk 
platinum and each other. 

Comparison of platinum coverage to electrocatalytic 
activity.--The elec t roca ta ly t ic  ac t iv i ty  of the p la t in ized 
bronze electrodes and bu lk  p l a t inum were  obta ined  
f rom s t eady-s t a t e  oxygen  reduct ion Tafel  plots  as 
presented  in the  Resul ts  section. Exchange  cu r ren t  
densi t ies  could not  be used to compare  the  re la t ive  
act ivi t ies  of these e lect rodes  because the i r  low Tafel  
slopes made  ex t rapo la t ion  to  zero overvol tage  ve ry  
unrel iable .  Ins tead  the cu r r en t  dens i ty  a t  0.5V (NHE) 
was used as a measure  of e lect rode ac t iv i ty  because 
most of the Tafel lines passed through this potential. 
For those Tafel lines which did not cross 0.5V (NHE) 
only short extrapolation was required. The values of 
Sp and oxygen reduction current density (~A/cm s) 
at 0.SV (NHE) are both plotted logarithmically in 
Fig. 13 for all of the bronze electrodes as well as bulk 
platinum. For bulk platinum {}p is of course equal 
to one. A straight line of slope one passing through the 
point for bulk platinum is shown in Fig. 13. This line, 
which we call the platinum line, divides the area in 
Fig. 13 into two regions, one above the line and one 
below the line. For a sample to be placed above the 
line implies that the electrode activity is due to more 
than just the platinum present on the electrode sur- 
face, i.e., the bronze matrix is directly participating in 
the oxygen reduction reaction. For a sample placed 
below the line the electrode activity per platinum 
atom is less than that of bulk platinum and it is very 
unlikely that the bronze matrix directly contributes 
to the reaction rate for oxygen reduction. The errors 
in placing a sample in the i -- 0p plane are of several 
types. We have discussed the effects of our assump- 
tions concerning the platinum morphology on the cal- 
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Fig. 13. Log-log plot of platinum coverage ep and electrocatalytic 
activity as measured by the current density at 0.SV (NHE) for all 
the platinized tungsten bronzes and for a bulk platinum electrode 
polished and measured in the same manner as the bronze elec- 
trodes. The solid line is a straight line of slope one passing through 
the bulk platinum point. The dashed line passes through those 
samples prepared by method A and it shows the sharp increase in 
activity as the platinum coverage approaches 10%. Sara'pie 1B and 
2B show anomalously high activity because of the considerably 
roughened surface they acquired during platinization. Samples 1-4C 
fall along o solid line of slope one. 



1012 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 1981 

culated values of ep for the various types of bronze 
electrodes. For the A and C samples no changes are 
necessary and for the B samples the 0p values in Table 
I are min imum ones while for 6A* 0p could be four 
times that plotted in Fig. 13. One other fact, not yet 
discussed, is surface roughness which could affect cur-  
rent  density through the effective surface area of the 
electrode. For the A samples the SEM micrographs of 
the p la t inum particles suggest a microroughness that  
could increase the atomically smooth surface assumed 
calculating 0p. This would have the effect of moving 
the data points for the A samples lower on the cur-  
ren t  density scale closer to the p la t inum line. A defi- 
nite surface roughening of the B samples, where the 
bronze electrode was swept in  potential, is evident  in 
their  SEM micrographs. An order of magni tude in-  
crease in  surface area is not unreasonable.  This would 
move the points for the 1B and 2B samples much closer 
to the p la t inum line. No evidence of surface roughen-  
ing was present  on the C samples which had the plat i -  
num counterelectrode swept in  potential. In fact the 
surface roughness of the C sample was comparable to 
that  of the bulk  p la t inum electrodes. As a result  no 
effects due to surface roughness are expected for the 
four C samples. Sample 6A* showed evidence of sur-  
face roughening after the second anodization was used 
to remove the p la t inum particles. With these qualifica- 
tions in  mind  we can now discuss the significance of 
the data presented in Fig. 13. 

The data for the A samples all fall above the plat i-  
num line. The activity is roughly proportional to plat-  
inum coverage except near  % ---- 0.10 where the ac- 
t ivity rises dramatical ly with l i t t le  change in %. The 
somewhat higher activity for Op < 0.05 with respect 
to the p la t inum l ine probably results from the micro- 
roughness of the p la t inum particles ra ther  than any 
active part icipation by the bronze matrix.  The rapid 
rise near  0p ---- 0.10 is not understood. 

The two B samples have the highest activity of any 
of the bronze samples and they have a specific activity 
near ly  an order of magni tude  better  than bulk  plat i-  
num. However the combined effects of surface rough-  
ness, which moves the data points toward lower activ- 
ity, and the possibility of a full monolayer  coverage of 
plat inum, which moves the data points toward higher 
ep, leave some doubt as to whether  the specific activity 
of these electrodes is any bet ter  than that of bu lk  
plat inum. Certainly no definite evidence for direct in-  
volvement  of the bronze electrode can be deduced 
from our data on the two B samples. 

The four C samples lie directly along the p la t inum 
line. As discussed above no significant corrections 
for surface roughness or p la t inum coverage are ex- 
pected for these samples. The results for the C samples 
suggest that  the p la t inum atoms on the surface of these 
bronze electrodes are as active per atom as those plat-  
inum atoms on the surface of bu lk  plat inum. This con- 
clusion is independent  of the location or a r rangement  
of the p la t inum atoms because the PtWO8 model used 
to calculate 0p had all of the available p la t inum atoms 
on the top monolayer  of the bronze. If any of the 
p la t inum atoms are below that top monolayer,  the 6p 
for these samples is decreased, moving them above 
the p la t inum line. This would lead to the conclusion 
that  either the bronze is an active par tner  to the plat i-  
num or that the top surface p la t inum atoms are more 
active than those of a bulk  p la t inum electrode. Sam- 
ples 1C and 2C have ep ~ 0.004 so that only one- ten th  
of the vacant  sodium sites are occupied. The nearest  
neighbor p la t inum distance for these samples is there-  
fore about 10A. In  spite of this, each of the p la t inum 
atoms on the surface of 1C and 2C is just  as active as a 
p la t inum atom on the surface of bulk pla• where 
the nearest  neighbor spacing is only 2A. Our conclu- 
sion is that  isolated p la t inum atoms, without  any 
P t - - P t  bonds, still are very active as oxygen reduction 
catalysts when present  on a properly prepared bronze 

surface. A similar conclusion was .reached in  I for a 
p la t inum-doped bronze after anodization and treat-  
ment  in  a p la t inum pre-electrolyzed solution where 
ep ~ 3%. 

One of the important  properties of pure p la t inum as 
a catalyst is the high densi ty  of electron states near  
the Fermi energy. The band s t ructure  of PtWO3 has 
been calculated (10) and a larger peak in  the density 
of states occurs at the Fermi level. This peak is due to 
the highly localized p la t inum 5d electrons, which are 
known to be impor tant  for the catalytic properties of 
plat inum. The role of the bronze matr ix  of the C sam- 
ples seems to extend beyond providing a good lattice 
match to p la t inum and a noncorrosive substrate to 
providing a favorable electronic env i ronment  for indi-  
vidual p la t inum atoms. The bronze matr ix  may also be 
involved in providing for the superior stabil i ty of these 
electrodes at high current  densities when compared ~o 
bulk  plat inum. It is well  known (11) that  H202 builds 
up in  an electrolyte after prolonged oxygen reduct ion 
and that  its presence contributes to the decreasing 
activity of a p la t inum electrode. Randin  (12) has 
shown that a pure bronze electrode is a good electro- 
catalyst for the reduction of H202. Thus a potential  
mechanism for the enhanced stabil i ty of the C sample 
is that the bronze surface is removing the H202 and 
thereby prevent ing  the poisoning of the submonolayer  
p la t inum layer. In  summary,  the samples prepared by  
method C could provide a basis for an economic fuel 
cell cathode for oxygen reduct ion in  an acid electrolyte 
with the activity of pure p la t inum and superior long- 
term stability. 

Sample 6A* lies above the p la t inum line in  Fig. 13. 
The surface roughening found after the 10V anodiza- 
t ion could result  in  a lower cur ren t  density. In  addi-  
tion, if all of the p la t inum atoms are placed on the 
surface of the bronze electrode, then 0p would be in-  
creased from 3.9% to about 14%. The combined effect 
of these two assumptions would move the 6A* much 
closer to the p la t inum line. Even so, the PtWO3 model 
is probably valid and the same conclusion reached for 
the C samples are valid except for the enhanced sta- 
bility. Clearly the method used to produce 6A* also is 
worthy of fur ther  invest igat ion as the basis for an 
economical oxygen reduction cathode. 

As described above one of the most interest ing and 
puzzling observations of this study was that  found 
for sample 6A. After  plat inizing by method A SEM 
revealed p la t inum particles present  on the surface, a 
PtO reduction peak was found, and the Auger mea-  
surements gave R ---- 0.30. The activity of the electrode 
was comparat ively high (see Fig. 11). After  anodiza- 
t ion to 10V no p la t inum particles were evident  by 
SEM, the P r o  reduction peak had disappeared while 
the Auger still gave evidence of p la t inum with R -- 
0.02. Despite this order of magni tude decrease in P t / W  
ratio after anodization to 10V the activity of the elec- 
trode, now denoted at 6A*, was essentially unchanged 
(see Fig. 11). 

Several possibilities presented themselves to explain 
these results. If there was a monolayer  of p la t inum 
on sample 6A that was responsible for its activity, then 
the removal  of the p la t inum particles covering only 
about 7% of the electrode would have li t t le effect on its 
activity. However the scanning Auger results con- 
vincingly showed that  all of the p la t inum on 6A re-  
sided in the p la t inum particles: A second possibility 
was that the anodization had left some p la t inum on 
the electrode despite the removal  of the p la t inum par-  
ticles and the absence of the PrO peak. This was con- 
firmed by the Auger P t / W  ratio measurement  of 6A*. 
Although the intensi ty of the Pt(1467) t ransi t ion was 
small it was consistent with the idea that after anodi-  
zation there remained a thin layer of p la t inum of 
equal surface area to that of the p la t inum particles at 
the former interface between the p la t inum particles 
at the bronze surface. The fact that  anodization failed 
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to remove  this p l a t inum suggested a different  chemi-  
cal env i ronment  as did the absence of a PrO peak. 
Real iz ing that  the surface p la t inum is the only p la t i -  
num tha t  contr ibutes  to the  e lec t rocata ly t ic  ac t iv i ty  
i t  became clear  that,  despi te  the order  of magni tude  
decrease  in R, the  surface  coverage of p l a t i num could 
be nea r ly  the same for 6A and 6A*. If  the ac t iv i ty  of 
the  isolated p l a t inum atoms on the surface of 6A* 
could be shown to be nea r ly  the same as for the p l a t i -  
num atoms of bu lk  p la t inum,  then  the near  equiva-  
lence of the e lect rode act iv i ty  of 6A and 6A* could be 
accounted for. Our  analysis  of the la t t ice  match  of 
p l a t i num of Na~WO~, the  ionic sizes of P t  + + and Na +, 
the role of anodizat ion,  and the expected electronic 
s t ruc ture  of PtWOa al l  gave suppor t  to the concept  of 
isolated p l a t inum atoms at  the e m p t y  sodium sites of 
an  anodized bronze e lect rode having a specific ac t iv i ty  
s imi lar  to tha t  of bu lk  p la t inum.  It  is fa i r  to s ta te  that  
the observat ion  of 6A and 6A* provided  a crucial  test  
for our unders tand ing  of the role of p l a t inum on the 
surface of a bronze electrode.  

Conclusions 
A large  number  of undoped  NaxWO3 crysta ls  were  

p la ted  wi th  p l a t inum by a va r ie ty  of techniques and 
tes ted as cathodes for oxygen reduction.  E lec t roca ta -  
lyt ic  act ivi t ies  equal  to and h igher  than  bu lk  p l a t i num 
elect rodes  were  ob ta ined  as wel l  as improved  s tabi l i ty  
for some bronze electrodes over  that  of bulk  pla t inum.  
Two types  of p l a t inum morphology  were  postulated.  
Firs t ,  the re  were  dist inct  p l a t i num islands whose mini -  
m u m  sizes were  la rger  than  200A as de te rmined  by  
SEM micrographs .  The act iv i ty  of these electrodes at  
low p la t inum coverages was d i rec t ly  p ropor t iona l  to 
the  p l a t inum coverage and no synergis t ic  effects of the  
bronze e lect rode was indicated.  Near  10% coverage 
there  was a dramat ic  increase in e lec t rode  ac t iv i ty  
tha t  has not  been expla ined.  The second type  of p la t i -  
num dis t r ibut ion  consisted of about  a monolayer  or  
less coverage over  the bronze surface. Because of the 
absence of a P tO peak  and the la t t ice  ma tch  be tween  
the crys ta l  s t ruc ture  of NaxWO~ and pla t inum,  we have 
proposed a PtWO~ l aye r  formed by  the diffusion of 
p l a t inum atoms from the e lec t ro ly te  into the empty  
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sodium sites of an anodized bronze surface. Depending 
on the p repa ra t ion  method,  the PtWO3 layer  was e i ther  
app rox ima te ly  one monolayer  thick or severa l  hundred  
angstroms thick. The act iv i ty  per  p la t inum atom, t ak-  
ing into account surface roughness and different  possi-  
b le  p l a t inum morphologies,  is about  the  same as tha t  
of bu lk  pla t inum.  I t  is the second form of p la t inum in-  
corpora t ion  tha t  provides  a basis for the fur ther  de-  
ve lopment  of an economical ly  compet i t ive  oxygen  r e -  
duct ion fuel cell  cathode. 
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Photoelectrochemical Reduction of 2-t-Butyl-9,10-Anthraquinone 
at Illuminated P-Type Si: An Approach to the 
Photochemical Synthesis of Hydrogen Peroxide 
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Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The electrochemical behavior of 2-t-butyl-9,10-anthraquinone, BAQ, has 
been investigated at i l luminated (632.8 nm, ,~50 mW/cm 2) p- type  semicon- 
ducting Si in CI-I~CN/0.1M [ n - B u ~ ]  C104 with and without added CHHsCOOH. 
In the absence of CH~COOH the BAQ is photoreducible at the photocathode 

to form BAQ-'.  Relative to E ~ (BAQ/BAQ'-)  = --0.95V vs. SCE the photo- 
voltage Ev, at open circuit is ~0.5V. An efficiency for a regenerative photo- 

electrochemical cell b,ased on the BAQ/BAQ-  is ~4% for the conversion of 
632.8 nm light. In the presence of 0.5M CH~COOH the BAQ is photoreducible 
to 2-t-butyl-9,10-dihydroxyanthracene, H2BAQ, with a measured current effi- 
ciency of >90% when the p- type Si photoeathode is held at --0.3V vs. SCE in a 
two-compartment cell. Preparative, controlled-potential  photoelectrochemical 
reduction of BAQ to H2BAQ in CH~CN/0.5M CH3COOH/0.1M [n-Bu4N]C104 
has been demonstrated for >90% conversion of 0.2M BAQ to H2BAQ. Reaction 
of the photoelectrochemically generated H~BAQ (>0.18M) with O2 from air  
yields solutions containing >0.18M H202. The BAQ -* H~BAQ has only. ~2% 
photoelectrochemical energy conversion efficiency. The low efficiency is ap- 
parent ly a consequence of sluggish electrode kinetics or adsorption problems 
that lead to a low Ev with respect to the E ~ (BAQ/tI2BAQ) ~ --0.35V vs. SCE 
in the presence of 0.SM CHsCOOH. 

Much effort has recently been directed toward the 
use of semiconductor-based photoelectrochemical cells 
for splitting H20 to I.i2 and O2 (1-3). While the photo- 
electrolysis of HeO is an important  objective, there are 
other worthwhile redox reactions that could, in prin-  
ciple, be photochemically driven by illumination of 
semiconductors immersed in liquid electrolytes (4). 
For solar driven processes, it  would seem that genera- 
tion of a reduced or oxidized reagent at the photo- 
electrode followed by its use in concentrated form at 
a remote reactor would have practical advantages. For 
example, rather  than direct I.i~ production from H~O 
in large area devices, it might be best to effect the 
direct generation of a reducing agent capable of effect- 
ing H20 reduction via a catalyzed process at a reaction 
remote from the solar device (5-7). 

With the long range objective of demonstrating 
photochemical routes to H2Oe, we have undertaken a 
study of the photoelectrochemical reduction of 2-t- 
butyl-9,10-anthraquinone, BAQ, according to Eq. [1]. 
The relationship to H20~ synthesis is established by  

~ . 2 H  +,2e_ 
l_ U I1 /J {;] ~ y  " ~  Solvent 

0 HO 

BAQ H2BAQ 

the known process represented by Eq. [2] (8). Indeed, 
catalytic 

H 

R~R+o z 
N~ 

O 

25~ + R ~ R  
NOnaqueo'~s H202 '~ Solvent 

0 

�9 E lec t rochemica l  Society S tuden t  Member .  
�9  E lec t rochemica l  Society Act ive  Member. 
Key words: solar energy,  oxygen reduc t ion ,  pho toreduc t ion .  

hydrogenation of BAQ-like molecules followed by re- 
action of 02 with the H2BAQ-like reduction product is 
an industrial  process for the production of H202. Our 
objective here is to demonstrate that reaction according 
to Eq. [1] can be sustained in a thermodynamically 
uphill  sense by illumination of a p- type semiconducting 
photocathode. Photogeneration of H2BAQ in an uphill 
sense is an example of the production of a useful redox 
reagent that can be used in concentrated form at a 
remote reactor. The BAQ/H2BAQ redox couple is trans- 
parent to the bulk of the visible spectrum and particu- 
lar ly at 632.8 nm, the wavelength employed in these 
studies. Chemical durabil i ty of the BAQ/H2BAQ couple 
is sufficiently good that >O.18M H202 can be generated 
photoelectrochemically (vide infra). 

Compared to the direct reduction of O2 to H202 in 
aqueous acid solution, Eq. [3], the cyclic pro~ess repre-  
sented by Eq. [1] and [2] 

2H +, 2e-  
02 ) I.i20~ [3] 

involving photogeneration of H2BAQ has a lower theo- 
retical efficiency for energy utilization because E ~ (O2/ 
H202) ~ +0.45V vs. SCE in acid solution (9), whereas 
E ~ (BAQ/I~2BAQ) ~ --0.35V vs. SCE. 1 While the quan- 
ti tative considerations are clouded by the differences 
in the media associated with these potentials, it  is very 
clear that H2BAQ is a far more powerful reductant 
than required thermodynamically. Thus, a low effi- 
ciency for energy utilization in the indirect process is 
to be expected. However, the indirect process may be 
desirable in practice on the basis of overall  current 
efficiency, since I-IeO2 is reducible to H20 at the same 

1 We find t h a t  the  potential for the BAQ/H~BAQ is acid s t r e n g t h  
dependent  as wou ld  he expected .  T h e  -0 .35V vs. SCE t h a t  we 
give h e r e  is the  va lue  we  d e t e r m i n e  f r o m  cyclic v o l t a m m e t r y  of 
BAQ in CHsCN/0.SM CH3COOH/0.1M [n-Bu4N]CIO4 at  an  Hg-drop 
working elec t rode .  9 ,10-Anthraquinone i tself  has  been  s tudied as 
a func t ion  of CHsCOOH concen t r a t i on  in d ime th y l fo rmanf ide /  
0.05M [Et4N]I. T h e  E1/e va lue  va r i e s  in a m a n n e r  s imilar  to t h a t  
which we find, cf. L. Y. Kheife ts .  V. D. Bezuglyi,  and  L. I. Dmi- 
t r i evskaya ,  Zh. Obshch.  Khim. ,  41, 68 (1971), and D. H. Evans,  
in "Encyc loped ia  of E l e c t r o c h e m i s t r y  of the  E l e m e n t s , "  Vol. 
XII, Chap. 1, A. J. Bard,  Edi tor ,  Marcel  Dek k e r ,  New York  (1973). 
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potent ia l  as 02 is reducib le  to H20~; E ~ (H202/H20) 
+1.54V vs. SCE (9). Fur the r ,  the reduct ion  of 02 to 
H20, Eq. [4], m a y  compete wi th  H20~ product ion  

4e - ,  4H + 
O ~  ' I > 2H20 [4] 

since E ~ (O2/H~O) ~ +I .00V vs. SCE (9). F ina l ly ,  the 
presence of H202 in high concent ra t ion  in the photo-  
e lec t rochemical  device might  prove  to be incompat ib le  
wi th  the cell  components,  especia l ly  the photocathode.  

Experimental 
Materials--Single crys ta l  p - t y p e  Si wafers  (0.35 m m  

thick, 111 face) doped wi th  B and wi th  a res is t iv i ty  of 
3-7 ~cm were  obta ined  f rom Monsanto Company,  
Electronics Division (Palo Alto, Cal i fornia) .  Ohmic 
contact  to the back side of the Si was made by  vapor  
deposi t ion of A1 fol lowed b y  s inter ing at  723 K under  
N2 for 5 rain. The A l - p l a t e d  surface was then  l ight ly  
scratched and secured to a coiled Cu wi re  wi th  con- 
duct ing  s i lver  epoxy. The Cu wi re  l ead  was passed 
th rough  a 4 m m  glass tubing.  Al l  surfaces were  then 
sealed wi th  o rd ina ry  epoxy  so as to leave  only the  
f ront  surface (111 face) of the p - t y p e  Si single c rys ta l  
exposed. 

Jus t  pr ior  to use, a l l  e lectrodes were  p re t r ea t ed  by  
etching at  25~ in concent ra ted  H F  for 60 sec, r insed 
wi th  dis t i l led wa te r  fo l lowed b y  acetone, and  ai r  dried.  

Chemicals.--Reagent grade CI~CN was dis t i l led f rom 
P~O5; [n-Bu4N]C104 (Southwes te rn  Ana ly t i ca l  Chemi-  
cals) was vacuum dr ied  at  700C for 24 hr;  r eagen t  
grade  glacial  acetic acid (Mal l inckrodt ) ,  NaC1, and 
2 - t -bu ty l -9 ,10-an th raqu inone  (Aldr ich)  were  a l l  used 
wi thout  fu r the r  purification. 

Equipment and procedures.--All exper iments  em-  
p loyed  solutions of CH3CN/0.1M [n-Bu4N]CIO4 tha t  
were  degassed wi th  Ar  or  N2. The A r  or  N2 was first 
passed th rough  an oxygen  scrubber  (acidic aqueous 
solut ion of ~0.4M Cr 2+) and then  over  P205 and 
CaSO4 to remove  H20. 

Cyclic vo l t ammograms  and s t eady-s t a t e  c u r r e n t -  
vol tage  curves were  obta ined  using a P A R  Model 173 
potent ios ta t  equipped wi th  a Model  175 p rogrammer .  
Data  were  recorded on a Houston Ins t ruments  XY re-  
corder,  or, for cur ren t  vs. t ime plots, on a Hewle t t -  
Packa rd  s t r ip  char t  recorder .  For  cyclic vo l t ammo-  
grams a s ing le -compar tmen t  cell was used employing  a 
s tandard  th ree -e lec t rode  configuration wi th  a p - t y p e  
Si, Hg, or P t  cathode, a P t  counterelectrode,  and r e f -  
erence electrodes being e i ther  a sa tu ra ted  calomel 
e lec t rode  (SCE) or  a s i lver  wire  ( A g / A g  +) immersed  
in 0.1M AgNOJ0 .1M [n-Bu4N]C104 in CI-IsCN (+0.35V 
vs. SCE).  Cur ren t  vs. t ime exper iments  were  car r ied  
out using the same type  of cell except  tha t  an Hg pool 
countere lec t rode was used in place of a P t  wire.  Cur-  
ren t  efficiency and exhaus t ive  e lectrolysis  exper iments  
were  car r ied  out  in t w o - c o m p a r t m e n t  cells in which 
the Pt  anode was isolated by  an ul t raf ine glass frit. 

Electrodes were  i l lumina ted  using a b e a m - e x p a n d e d  
632.8 nm He-Ne laser  (Coherent  Radia t ion)  provid ing  
~50 m W / c m  2. Laser  in tens i ty  was va r ied  using Corn-  
ing colored glass filters and moni tored  using a beam 
sp l i t t e r  and  a Tek t ron ix  J16 rad iomete r  equipped wi th  
a J6502 probe.  The laser  beam was masked  to match  
the size of the Si surface.  

Optical  dens i ty  measu remen t s  were  made  using 1.00 
cm path  optical  cells wi th  a Cary  17 spec t rophotometer  
tha t  operates  in the ul t raviolet ,  visible,  and near  in-  
f r a r ed  regions. 

Current efficiency determination.~The cur ren t  effi- 
ciency for the reduct ion of BAQ to H2BAQ at a p -S i  
photocathode was de te rmined  in CH3CN containing 
0.5M CHsCOOH, 0.01M BAQ, and 0.1M [n-Bu4N]C104. 
Firs t ,  a s imi lar  solut ion conta ining a prec ise ly  known 
concentra t ion of BAQ was exhaus t ive ly  e lec t ro lyzed in 
a t w o - c o m p a r t m e n t  cell  a t  a P t  e lec t rode  such tha t  no 
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fur ther  changes in the opt ical  dens i ty  of the  solut ion at  
380 nm (corresponding to H2BAQ) were  observed.  
Thus, a molar  ext inc t ion  coefficient of 9600 _+ 200 
lmole -1  cm -1 at  380 nm was ca lcula ted  for H2BAQ 
in CH3CN. 2 The re la t ive  cur ren t  efficiency at  i r r ad ia t ed  
p -S i  was then de te rmined  by  measur ing  changes i n  
opt ical  densi ty  at  380 nm of the  cathode compar tmen t  
of a t w o - c o m p a r t m e n t  cell  containing 20.0 cm 8 of the  
solut ion descr ibed above. The e lect rode potent ia l  of 
the p -S i  was fixed at  --0.3V vs. SCE. 

Analysis of H2Oz.--Small  volumes of CH~CN con- 
ta ining H20~ were  d i lu ted  wi th  H20 containing an 
excess of T i ( IV)  ions. The opt ica l  dens i ty  at  405 
nm corresponding to the  T i ( IV) -H20~  complex was 
used to de te rmine  H202 concentra t ions  (10). Control  
analyses  using authent ic  samples  of H20~ were  run  to 
insure  the re l i ab i l i ty  of the technique.  S t anda rd  solu-  
tions of H202 for p repara t ion  of ca l ibra t ion  curves for 
the T i ( IV)  analyses  were  p repa red  using reagent  
grade  H20~ and the i r  H202 concentra t ion was de te r -  
mined by  t i t ra t ion  wi th  s t anda rd  solutions of KMnO4. 

Results 
Cyclic voltammetry of BAQ in nonaqueous solution 

at illuminated p-type S i . - - P - t y p e  Si has been wel l  
charac ter ized  (5) in CH3CN/0.1M [n-Bu4N]C104 and 

the ( B A Q / B A Q - )  sys tem appears  to be wel l  behaved.  
F igure  l a  shows the cyclic vo l t ammet ry  corresponding 

to the revers ib le  BAQ ~--- BAQ sys tem at Hg, Pt,  and 

Si. The E ~ ( B A Q / B A Q - )  falls  in a potent ia l  regime 
where  the ou tput  photovol tage  of p - t y p e  Si is expected 
to be ~0.5V (5). Consistent  wi th  this  expecta t ion  we 
find tha t  the photocathodic  cu r ren t  peak  is ,-~0.45V 
more  posi t ive than  at  Hg or  Pt. The difference in the 
cathodic cur ren t  peak  positions is one measure  of the 
output  photovol tage  (5) for the photocathode with  
respect  to the E ~ of the solut ion couple. 

F igure  lb  shows the effect f rom adding  10 mM 
CH3COOH as a source of H +. The cathodic  cur ren t  
peak  in each case is more  posi t ive and is , , , twice tha t  
found in t h e a b s e n c e  of H +. These facts indicate  tha t  
the reduct ion cur ren t  corresponds to the two-e lec t ron  
reduct ion process to form H2BAQ. The  reoxida t ion  

- - 2 e - ,  - -2H + 
H2BAQ . . . . .  > BAQ appears  to be sluggish, 
and even the reduct ion peak  positions differ a t  P t  and 
Hg suggest ing kinet ic  difficulties there  as well .  A d d i -  
tion of CH~COOH to 0.5M gives somewhat  sharper  
cyclic waves and the cathodic cur ren t  peaks are some-  
wha t  more  posit ive,  Fig. lc. Use of P t  in 0.5M 
CH3COOH is not  useful, since H2 evolut ion cur ren t  
obscures the BAQ electroact ivi ty .  The presence of smal l  
amounts  of H20 does not  affect our  results.  The use of 
H20 as a solvent  is p rec luded  because the  BAQ/H.2BAQ 
couple is not  soluble. 

The E ~ (BAQ/H2BAQ) in CHsCN/0.5M CH3COOH/ 
0.1M [n-Bu4N]C104 would appear  to be about  --0.35V 
vs. SCE. This potent ia l  is again  in the reg ime where  
fast, one-e lec t ron redox systems can be reduced  wi th  
N0.5V output  photovol tage  at  p - t y p e  Si (5). Note, 
however ,  tha t  the peak  at  p - t ype  Si is only  0.2V more  
posit ive than  tha t  at  Hg. This indicates  tha t  the  ex ten t  
to which the BAQ --> H2BAQ reduct ion  can be dr iven  
uphi l l  at  i l lumina ted  p - type  Si wi l l  be l imi ted  to ~0.2V. 

The low output  photovol tage for the BAQ --> H2BAQ 
process is disappoint ing.  Previous  exper imen t s  (5) 
showing N0.SV output  for couples in the same poten t ia l  
regime were  done using CH3CN/0.1M [n-Bu4N]CIO4 
as the so lven t /e lec t ro ly te  system. We thus wondered  
whe ther  the 0.5M CHsCOOH could de le ter ious ly  affect 
the in terface  energetics.  We find this not  to be the 

2 A s imi l a r  m o l a r  a b s o r p t i v i t y  h a s  b e e n  f o u n d  f o r  9,10-dihy- 
d r o x y a n t h r a c e n e ,  c:~. R. M. W i g h t m a n ,  J .  R. Cockre l l ,  R. W. Mur ,  
r ay ,  J. N. B u r n e t t ,  a n d  S. B. Jones ,  J .  Am. Chem. Soc., 98, 2562 
(1976). 
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Fig. 2. Plot of increase of optical density at 380 nm associated 
with HgBAQ generation from BAQ at a p-St electrode illuminated 
with 632.8 nm light in a two-compartment cell. The current effi- 
ciency for this electrode is thus 100 + 5%. The photocurrent 
density was ,~5 mA/cm 9, 

photocurrent voltage curves for the reduction of BAQ 
to H2BAQ as a function of light intensity. As expected 
from the cyclic voltammetry results, Fig. 1, the output 
photovoltage with respect to the Ereaox (BAQ/H2BAQ) 
is rather modest. Table I summarizes the efficiency for 
the photoelectrochemical reduction of BAQ from the 
curves given in Fig. 2. The maximum energy conver- 

t ' I 
0 .01  - - - . - - - -  

DARK ~ 

116 M.W 

2 7 4  ~'V 

Fig. 1. Cyclic voltammetry at 200 mY/sec for Pt, Hg, and p-Si 
under the conditions shown. Illumination of the p-St was at 632.8 
nm, 50 mW/cm 9. The initial potential was the positive limit in all 
cases. 

case, since the output photovoltage (~0.SV) for the re- 
duction of N,N'-dimethyl-4,4'-bipyridinium (5, 11) is 
independent of whether the CHsCOOH is present. We 
thus conclude that the low photovoltage that can be 
achieved reflects relatively sluggish kinetics for the 
BAQ --> H2BAQ process. The data in Fig. lb show that 
Hg and Pt differ in their behavior with respect to re- 
duction and it is possible that Si has poor kinetics. 
Kinetics for reduction of quinones is known to be de- 
pendent on the electrode material (12). We thus con- 
clude that the poor photovoltage may be improved by 
altering the photocathode surface to improve the ki- 
netics. 

Current efficiency for BAQ ~ H2BAQ photoreduc- 
tion.--The current efficiency for the photoreduction of 
BAQ at illuminated p-type Si has been found to be 
quite high. The reduction product H~BAQ has unique 
visible near ultraviolet absorption spectral properties 
that allow its concentration to be monitored in a two- 
compartment cell. Figure 2 shows the results of a de- 
termination of moles of H2BAQ formed as a function of 
charge passed. Within experimental error the current 
efficiency is 100%, two moles of electrons passed per 
mole of H2BAQ formed. 

Steady-state photocurrent-voltage curves and dura- 
bility o] the photocathode.--Figure 3 shows steady-state 
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E 
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1 6 9 0  
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" 2 3 8 0 ~ w  
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P o t e n t i a l ,  V vs .  S C E  

Fig. 3. Representative steady-state current-voltage curves at 
|0 mV/sec for a 0.03 cm 9 p-St electrode in CH~CN containing 0.2M 
BAQ, , -1 mM H2BAQ, 0.SM CH~COOH, and 0.1M [n-Bu4N]CIO4. 
Incident 632.8 nm optical power is given in #W. The solution redox 
potential was measured at an Hg pool to be ~ - - 0 . 4 V  vs. SCE. 
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Table I. Output characteristics for a p-Si-based 
photoelectrochemical cell culled from the current-voltage curves 

in Fig. 3 

I n p u t  O p e n  
p o w e r  circuit  Ev a t  

a t  632.8 Ev, ~max, ~Tm,=, Fil l  
nm, m W  a ~e b mV~ %,1 m V  f a c t o r  

0.12 0.68 170 2.1 85 0.3 
0.28 0.79 210 2.6 90 0.3 
0.43 0.73 210 2.3 90 0.3 
1.27 0.50 230 1,6 100 0,3 
1.70 0.51 270 1.6 100 0.2 
2.37 0.55 270 1.6 100 0.2 

nificant quantities of H2BAQ can be prepared by photo- 
electrochemical reduction of BAQ in CH~CN/ 
CH~COOH. Irradiation (632.8 nm) of a p- type Si 
photocathode held at --0.3V vs. SCE in a two com- 
partment cell containing O.2M BAQ/0.5M CH3COOH in 
the CH~CN/0.1M [n-Bu4N] C104 solution results in the  
generation of H2BAQ. Spectrophotometric analysis re-  
veals >0.18M H2BAQ generated. The photocurrent in 
the stirred cathode compartment was constant to ~90% 
depletion of the BAQ. Exposure of the resulting H~BAQ 
solution to air resulted in the generation of a >0.18M 
H202 solution as determined by a spectrophotometric 
analysis by complexation with Ti(IV) (10). 

I Input  p o w e r  is  f rom a 632.8 n m  He-Ne l a se r .  F o r  power  
dens i ty  mult iply  by  ,,-32 e m  -~. 

b Q u a n t u m  y ie ld  for  e lectron f low a t  Zredox; t h i s  corresponds  to 
the s h o r t - c i r c u i t  q u a n t u m  y ie ld  m e a s u r e d  as  t h e  n u m b e r  of  elec- 
trons  p a s s e d  p e r  incident photon.  

c P h o t o v o l t a g e  a t  o p e n  c i r c u i t  r e l a t i v e  to  Eredox(BAQ/H~BAQ) 
= -0.4V vs. SCE. 

d Efficiency for  convers ion  of 632.8 n m  light to electricity.  

sion efficiency, ~, is given by Eq. [5], where Ev is the 
output voltage in volts at 

(Ev X i)max X 100% 
n = [5] 

Input  optical power 

the maximum power point; i is the photocurrent in 
amperes at the maximum power point and the input 
optical power is the power in watts from a 632.8 nm 
He-Ne laser source. Thus, we can realize an energy 
conversion efficiency of ~2% for the uphill reduction 
of BAQ. As Table I shows, the major  loss would appear  
to be associated with the low open-circuit  photovoltage. 
The quantum yield for electron flow is -----0.50 and 
much of the inefficiency is reflection loss from the 
polished Si. In the absence of CH~COOH we find ~4% 
efficiency for a photoelectrochemical cell based on 

BAQ/BAQ T converting 632.8 nm light to electricity. 
This doubled efficiency is about what is expected (5) 
for a fast, outer-sphere, one-electron redox couple. 

The behavior of the p- type Si photocathode is con- 
stant in time. Figure 4 shows the photocurrent against 
time for a BAQ/CH~CN/O.5M CHsCOOH/0.1M [n- 
Bu4N] C104 solution. As shown, the efficiency for a cell 
where the photocathode process is according to Eq. [1] 
and where the anode process is its reverse can be sus- 
tained for a 20 hr period. There is no evidence that  the 
photoelectrode undergoes any deterioration. Similar 
data have been published for the photoreduction of 
other species in nonaqueous media (5). 

Preparative, controlled-potential photoreduction of 
BAQ.--We have demonstrated that  synthetically sig- 
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Fig. 4. Plot  of  photocurrent  aga ins t  t ime for a 0.1 cm 2 p-Si e lec-  
trode irradiated with 632.8 nm (~50 mW/cm 2) light. The run was 
performed in 5.0 cm 3 of rigorously deoxygenated CH~CN containing 
0.2M BAQ, ~1  mM H2BAQ, 0.SM CH3COOH, and 0.1M [n-Bu4N] 
CIO4. The electrode was maintained at --0.3V vs. SCE. 

Discussion 
Our data establish that  p- type Si photocathodes can  

be used to sustain the uphill  generation of H2BAQ. 
Synthetically significant concentrations of H2BAQ and 
s u b s e q u e n t l y  H202 can be generated. However, there 
is a disappointingly low overall efficiency for the pro- 
cess with respect to the utilization of the light energy 
in the BAQ --> H2BAQ step. F i g u r e  3, for example, 
represents the photocurrent-voltage curves in what  
has been termed a regenerative photoelectrochemical 
cell for the conversion of light to electricity. "Regen- 
erative" refers to the fact that  the photoelectrode 
process is reversed at the counterelectrode. In the 
present case, the photocathode process is BAQ -> 
H~BAQ and the anode process is the reverse. The 632.8 
nm light is converted to electricity with an efficiency 
of ~2%, Table I. This efficiency also represents the 
efficiency for effecting the uphill  reduction of BAQ to 
H2BAQ. Such an efficiency is probably far too low to 
be useful inasmuch as the cost of electricity from con- 
ventional sources is significantly less than would be 
the cost of electricity generated photoelectrochemicaUy 
when the solar efficiency is <2%. It is widely believed 
that solar efficiencies for photovoltaic and photo- 
electrochemical processes must exceed ~10% in order 
to be practical, even if the cell is free (13). When 
a chemical such as H202 is the final product a lower 
efficiency might be allowable, except that conventional 
electricity can be generated at low cost. Thus, the 
photoelectrochemical approach to H202, though demon- 
strated to work, must be improved significantly with 
respect to efficiency. 

The problem of low efficiency for p- type Si-based 
cells for the BAQ -> H2BAQ is apparent ly  associated 
with a low value of Ev. The low fill factors for the 
photocurrent-voltage curves in Fig. 3 are misleading 
because the Ev at open circuit is so low. The low Ev 
for BAQ --> H2BAQ, compared to fast, outer-sphere, 
one-electron reagents like N.N'-dimethyl-4,4 '-bipyri-  
dinium, appears to be a consequence of sluggish ki-  
netics at the photoelectrode for the BAQ ~ H2BAQ 
process. The electrochemical behavior of quinones has 
been the object of many studies showing that  the 
mechanism is complicated and the interfacial k i -  
netics sluggish (12). Adsorption may contribute to the 
difficulties associated with the BAQ -> H2BAQ re-  
duction. 3 We conclude that favorable manipulation of 
the kinetics of the BAQ reduction in acid medium is an 
important  objective and our present research is di- 
rected toward this goal. 

It is gratifying that the p- type  Si/BAQ/H2BAQ sys- 
tem is durable. The direct reduction of 02 in the pres- 
ence of H+ to form H 2 0 2  in the photocathode com- 
partment would very l ikely lead to fast, chemical de- 
terioration of the p- type semiconductor, since H~O2 is 
a powerful oxidant. Further,  most of p- type semi- 
conductors that would be considered viable from the 
standpoint of solar efficiency are known to be unstable 
at very positive potentials or in the presence of strong 
oxidants (14). 

W e  no te  t h a t  a n  e a r l i e r  s t u d y  of 9 , 1 0 - a n t h r a q u i n o n e  i t se l f  a t  
i l l u m i n a t e d  p - type  Si s h o w e d  l i t t le  o r  n o  p h o t o v o l t a g e ,  c~. D. 
L a s e r  a n d  A. J .  B a r d ,  J. Phys .  Chem. ,  80, 6 (1976). 



1018 d. EZectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  May 1981 

A final p roblem area  concerns the overa l l  cell chem-  
istry.  In our two-compar tmen t  cell the photocathode 
compar tmen t  gives the BAQ --> H2BAQ. The BAQ can 
be regenera ted  in the H202 forming step, but  2H+ is 
consumed in the compar tmen t  pe r  H202 molecule  
formed. The anode compar tmen t  in our cell has not  
been deal t  with. Ideal ly ,  we would  l ike to effect the 
overa l l  chemis t ry  represen ted  b y  Eq. [6] where  the 
only  consumables  a re  

hv 
H20(1 )  .~_ 1~ 0 2 (g )  ' > H202(I) [6] 

t ru ly  abundan t  and inexpensive.  Fur ther ,  the free en-  
e rgy  change associated wi th  Eq. [6] is ~25 kca l /mole  of 
I.I20~ (9) and would in these terms represent  an ex-  
cel lent  match  to the solar  spectrum. But in o rder  to do 
the chemis t ry  represen ted  by  Eq. [6] the anode must  
effect the oxidat ion  of H20 to e i ther  H202 or  to 02. If  
the anode generates  H202 then 02 from air  could be 
photoreduced at  the cathode. I f  H20 is oxidized to O2 
then there  is no need for an ex te rna l  02 feed. There  
are  photoanode materials ,  e.g., SrTiO3, TiO2, Fe20~, 
etc., that  are  known to be able  to effect the photo-  
oxidat ion  of H20 (1-3, 15). These anodes give poor 
solar  efficiency for product ion of e i ther  O2 or HH202, 
f rom H20. More general ly,  H202 format ion  by  the 
chemis t ry  represen ted  by  Eq. [7] should be explored.  
For  example  

2HX + 02-> H~O2 + X2 [7] 
X -  ---- I - ,  B r - ,  etc. 

n - t y p e  CdS is known to be able  to effect pho to -ox ida-  
tion of I -  in nonaqueous media  to complete  the cycle 
for  the anode compar tment  (16). F u r t h e r  studies of 
such systems are  u n d e r w a y  in this labora tory .  
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The Variation of Supporting Electrolyte Concentration 
in Impedance Studies at a Rotating Disk Electrode 

Daniel A. Scherson and John Newman* 
Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

An analy t ic  expression for the flux of the e lec t ro ly te  cation at  the surface 
of a ro ta t ing  disk e lect rode subject  to a s inusoidal ly  vary ing  e lect r ica l  pe r -  
tu rba t ion  is presented.  The bounda ry  conditions to which this t r ea tmen t  is 
r e l evan t  as wel l  as some advantages  of the impedance  technique are  discussed 
briefly. 

The s tudy  of e lec t rode  kinetics in the presence of an 
excess of suppor t ing  e lect rolyte  is a common pract ice  
in expe r imen ta l  e lect rochemist ry .  Solut ion conduct iv-  
i t ies can in this way  be apprec iab ly  increased,  thus 
d iminishing the magni tude  of the electr ic  field. This 
represents  in cer ta in  cases a real  advan tage  in the 
sense tha t  migra t ion  of the react ive  species can effec- 

* Electrochemical  Society Active Member. 
Key words: convection, diffusion, mass transport. 

t ive ly  be ignored. However ,  the in terac t ion  between  
these and the ions of the iner t  e lec t ro ly te  cannot  be  
neglected, if double layer  effects are  to be considered. 
Mass t ransfer  equations account ing for  this coupling 
can be der ived  by  separa t ing  the flux into diffusion 
and migra t ion  contributions.  In  par t icu lar ,  if the ra t io  
of reac tan t  to e lec t ro ly te  concentra t ion i s  small ,  a 
l inear iza t ion procedure  can be applied,  t he r e by  re-  
ducing the complex i ty  of the governing laws.  Based 
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on the lat ter ,  Newman  (1) has obta ined  ana ly t ic  ex -  
pressions for  s t eady-s t a t e  concentra t ion profiles of a 
sys tem containing three  species, for a ro ta t ing  disk 
wi th  neglect  of rad ia l  variat ions.  This communicat ion  
wil l  examine  wi th in  the same f r amework  of app rox i -  
mat ions  the system reponse to s inusoidal ly  va ry ing  
boundary  condit ions [see also Ref. (2)] .  Fol lowing an 
analysis  prev ious ly  r epor ted  by  Scberson and Newman  
(3), a series expans ion  for  the f requency dependence  
of the  flux of the e lec t ro ly te  ions at  the surface wil l  
be presented.  Kry lov  and Babak  (4) have ear l ie r  s ta ted 
tha t  these series converge in the whole  domain;  how-  
ever, a numer ica l  eva lua t ion  of the expansion coeffi- 
cients (5) has given a s t rong indicat ion tha t  this is not  
the case. I t  is impor t an t  to note  tha t  a complete  nu-  
mer ica l  t r ea tmen t  of the  impedance  of a ro ta t ing  disk 
e lect rode inc luding rad ia l  convection and wi thout  an 
a priori separa t ion  of the cur ren t  has been recen t ly  
descr ibed by  Appe l  (6) [see also Ref. 7]. Al though this 
is a significant advancement  in a t t empt ing  to account 
adequa te ly  for double l ayer  effects, the t ime requ i red  
for computer  calculat ions makes  its genera l  use r a the r  
impract ical .  

Mathematical Formulation 
The l inear ized  form of the equat ion of convective 

diffusion to a ro ta t ing  disk for the e lec t ro ly te  cat ion is 
given, according to Newman  (1) by  

@t+ -- 3~'+'2 0~+ -- 0~+ 2- -}- "~e 6R 

( De ~ '2̀ 3 ,02cp 

where  ci is the concentra t ion of species i. The d imen-  
sionless var iables  %* and ~i are  re la ted  to the time, t, 
and ax ia l  distance, y, by  

=~ Dl ~ ~/~ a )  ~/~ 
,,' (=. ,, 

fi = Y \ ~ / ~-- i = + , R , P  [2] 

where  c~ss and ci are  the s t eady- s t a t e  and  t ime  depen-  
dent  solutions, respect ively.  A procedure  to de te rmine  
ci ss has been descr ibed by  Newman  (1) and wil l  not  be 
reproduced  here. Fur the rmore ,  because of the unique  
charac te r  of the pe r tu rb ing  signal, an expl ic i t  func-  

t ional  dependence  for ci can be established,  namely  

ci----~iexp (jKiti*) i - -  + , R , P  [5] 

where  ~ (i ---- + ,  R, P)  are  coordinate  dependen t  func-  
tions, and Ki are  dimensionless  f requencies  defined b y  

( 3Di ~2/3 / 
Ki = ~ \ ~ / llDi i = R, P, 

( 3De )~/~ / 
K+ = ~v ~-~-v tide [6] 

Upon substitution of Eq. [5] into Eq. [I], the following 
differential equation is obtained 

80+.=,02o+ 1 { <D.>~/8 O~OR 

( 
subjec t  to 

~+ =1 at ~+ =0, e+-~0 as ~+-> oo [8] 

As discussed in a previous communication (3), the 
functions oR and ~p can be determined by a Laplace 
transformation of the solution for the problem of tran- 
sient convective diffusion under unit concentration step 
conditions at the surface of the electrode. Krylov and 
Babak  (4) have analyzed  this last  p rob lem and a r r i ved  
at  a series expansion in terms of parabol ic  cy l inder  
functions, denoted  he rea f te r  by  Dk. Based on this pa r -  
t icular  solution, the  inverse  Laplace  t ransform of Eq. 
[7] and Eq. [8], r egard ing  jK+  _-- p as a complex 
pa ramete r ,  yie lds  a different ia l  equat ion in the r ea l  
space 

and the pa rame te r s  De and 6j are  defined as fol lows 

z+u+D-  -- z - u - D +  
De -- ., 

Z+U+ -- Z-%~- 

u+zj ( D -  -- Dj) 
5j= j=R,P [3] 

~+Z+ -- I/-z- 

The subscripts  -- ,  + ,  R, and  P re fe r  to the anion, ca t -  
ion, reactant ,  and product ,  respect ively ,  and o ther  
constants  a re  specified in the  List  of Symbols .  

As i t  becomes clear  f rom Eq. [1], a previous  knowl -  
edge of the  funct ional  dependence  of c~ and cp is nec-  
essary  in o rder  to solve the  different ia l  equation.  Ac-  
cording to this formalism,  the effect of migra t ion  on 
the reac t ive  species is ignored,  therefore  these func-  
tions can be obta ined by  solving independen t ly  the 
convective diffusion equat ion for r eac tan t  and produc t  
subjec t  to appropr ia t e  bounda ry  conditions. 

If  a s inusoidal  pe r tu rba t ion  is appl ied  to the surface 
of the electrode, a s tate wi l l  be reached in which all  
var iables  involved wil l  osci l late wi th  the same f re-  
quency prescr ibed  by  the ex te rna l  signal. However ,  
due to the  approx imat ions  in t roduced in this analysis,  
only  per tu rba t ions  of ve ry  smal l  ampl i tude  wil l  be 
considered.  

A solut ion for  the  t rans ien t  concentra t ion  profiles can 
be fo rmal ly  expressed  as 

el = ci Ss + ~i i : +,R,P [4] 

Or -- ~f~ b 3~ 2 ~  "~- I-4 al-n/22Sn-l~(Sn-2)/28I(n) 
0~ i=R,P n=0 

[9] 
where  

and 

~iai ei(~) -- 

Do 

~(~, ~) - s {e+ (~+, p)} 

exp 

[103 

Sn--I 

k= --3n--1 
bk<n)Dk+~.(~l'/21]k/2) [11] 

The s imi la r i ty  var iables  ~] and ai a re  defined by  

De 
= = D--I-- i = R, P [12 ]  

and the double as ter isk  in Eq. [11] indicates  tha t  k 
assumes odd values  for even n, or even values for odd 
n. The expansion coefficients bk (n) a r e  given in A p -  
pendix  A. 

Final ly ,  f rom Eq. [8] 

8 =  1, at ~ '=0, ; ' - ~ 0  as ~ '~  ~ 1"13] 

In t roduct ion  of a new var iab le  z = 2TI/~ into Eq. [9] 
yields  
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2Z ~ O~ r~ ~ 
,oz - n ~ (2 + ~z~n) = ~ ~ 

e~o 

i=R,P n='O 

= ( - i )  A - 3 n - 1  (n) - -  -- ~ ~ r  
2 

and a solution can therefore  be sought  in the fo rm 

7 ( ~ ] , Z ) - "  ~ 8n(?])Z 3n 
n=0 

o7 

[14] 

2n--1 

k=--Sn+l 

[15] 

8n--I 

T1/2(Zr~--I) 
~=0 n=O k= --Sn--I 

Subst i tu t ion  of Eq. [15] into Eq. [14], fol lowed by  a 
comparison of terms of ident ical  o rder  in z, generates  
a recurs ion re la t ionship  for the resul t ing  set of differ-  

61~1(1 ~n/2 
ai (n) : i = R,P [20] 

De(1 --  ai) 

Therefore,  for n grea te r  than  zero 

0n(n) = 0  at  ~ : 0 ,  and  0n(~) '->0 as ~1-~ ~ [21] 

The first re la t ionship  in Eq. [21] de te rmines  A-~n-~  (n) 

{Ak (n) + Bk (n) + Ck (n)} 
2(3a+k+ 1)/2 [22] 

r (  1 - k  --r-) 
and fur ther  subst i tut ion of Eq. [17] into Eq. [16] y ie lds  
af ter  extens ive  a lgebra ic  manipu la t ions  reeurs ion  
formulas  for  aI1 remain ing  coefficients. These are  given 
in Append ix  B. 

Based on Eq. [17], the der iva t ive  of '~(~) eva lua ted  
at  ~ = 0 is given by 

{Ak (n) + aRVfBk (n) + apVfCk(n)} 
23n + k/2;~/2 

k ,(-y) [23] 

which af ter  a Laplace t ransformat ion  yields  the de-  
r iva t ive  of the concentra t ion of the e lec t ro ly te  cation 
at the surface  of the electrode,  tha t  is 

E~ 
08+ 

0:+ ~+ =o 

8 n - - 1  

= r ( jK+) -l /2(sn-1) 
= 2 k= --Sn--I 

ent ia l  equat ions 

On" + 2~0n' - -  6n0n --  - -  3~12 0~-I' - -  2 ~ ai-n/20i(~]) 
i=R,P 

[16] 
Fur thermore ,  i t  can be shown that  a general ized ex-  
pression tha t  satisfies Eq. [16] is given by  

3n--1 

0n (•) = e -n  ~/2 Ak(n)Dk(~l-~/2) 
k= --3n--1 

8n--I 

+ e - ~ = / e  Bk(n)Dk (=RV.nA/2) 
k= -3n-1 

~n--I 

+ e -cIPns's Ck(n)Dk(=F'/,nk/2) [17] 
k= --3n--1 

In par t icular ,  for  n = 01 

0o(~) : ~- {A-1 (o) erfc (n) + B-1  (~ erfc (~R~I)  

+ C-1 (o) erfc (~P'/~n)} [18] 

Based on the assumption tha t  eo(~l) satisfies the 
boundary  conditions specified in Eq. [10], an expl ic i t  
form for the zeroth order  coefficient is es tabl ished by  
subst i tu t ion of Eq. [18] into Eq. [16] 

A - 1  (o) : --~ {1 --  ar~ (~ - -  ~ r  (~ 

. /  "~/-- A (o) B - l ( ~  : X / ~  AR(~ a n d  C-1 (~ : [19] 

where 

ZThe function #0(7) is obtained from Eq. [16] for n = 0 under 
the assumption 8-i'(~) = 0. 

23n + k/2~ I/2 

• {Ak (n) -l-~RY'Bk (n) + ~PV=Ck (n)} [24] 

The effect of the suppor t ing  e lect rolyte  on the over -  
al l  impedance  can be obta ined by  in t roducing this las t  
expression into the bounda ry  conditions which in tu rn  
are  to be equated to the specific l inear ized kinet ics  
that  p rescr ibe  the  system. 

Discussion and Conclusions 
The ind iv idua l  fluxes corresponding to the e lect ro-  

ly te  cation and anion can be reduced to a single equa-  
tion by  e l iminat ion  of the electr ic  field contr ibut ions  
and fur ther  use of the e lec t roneu t ra l i ty  condit ion 

( - - )  ZR OOR z+ z_ Oo+ + _ _ _ _  

z -  - ~  ~=o z -  0~ ~=o 

ZR 0@p + - - - -  = f ( r + , r _ )  [25] 
z -  0f ~--o 

where f ( r + , r - )  corresponds to a l inear ized form for 
the kinet ics  of the pa r t i cu la r  system unde r  analysis.  
Moreover  ri  (i - + , - - )  are  functions of a p rope r ly  
defined overpoten t ia l  and surface concentrat ions of all 
ions involved.  In addition, s imi lar  bounda ry  conditions 
can be es tabl ished for r eac tan t  and product  as out l ined 
e lsewhere  (6). 

The t r ea tmen t  presented  above al lows ind iv idua l  
fluxes of al l  ions to be expressed in terms of ana ly t ic  
functions,  which represents  an advan tage  over  s t r ic t ly  
numer ica l  techniques. The theore t ica l  in te rp re ta t ion  
of results  obta ined through the use of the impedance  
method will  be s t rongly  influenced by  the pa r t i cu la r  
model  chosen especial ly  in connection wi th  the  non 
a priori separa t ion  of the  cur ren t  in terms of double 
l aye r  charging and fa rada ic  reaction.  A de ta i led  de-  
scr ipt ion of these processes i nva r i ab ly  leads to the in-  
t roduct ion of cer ta in  quanti t ies  which may  not  be 
easi ly measured  independent ly .  I t  is prec ise ly  in this 
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respect  tha t  this t r ans ien t  technique could prove  ex -  
t r eme ly  useful  because  a la rge  set  of expe r imen ta l  
da t a  is obtained,  the re fore  a l lowing a s t r ic t  test  of a 
genera l  ma themat i ca l  model.  
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A P P E N D I X  A 
Based on the pa r t i cu la r  set of dimensionless  va r i -  

ables  chosen in this work  the bk (n) coefficients are  
s l ight ly  different  f rom those r epor t ed  by Kry lov  and 
Babak  (3),  namely  

b_~(0) = -- [A-I] 

b~i~ = - 4V=" b~ = - ~' 
b-~(~) = 0, b_~(o) = ~ [A-2] 

The values of bk (I) given in Eq. [A-2] serve as a 
basis to generate any higher order coefficients (u > 1), 
through the recursion formulas specified below 

bzn_l(n) -- -- b3n_4(n-1) [A-3] 
8n 

bzn_aCn) : __ {bsu-~ (n-l) 
8(3n -- 1) 

-{- (6~ - -  5) ban-4 (n-l)} [A-4] 

b_~n+l(n) -- - - ~  (3~- 2)(~- I) b-~n+2 (n) 

8 [A-S] 

s r  
b_~n+s(n) : . {(6n -- ?) b-~n+'~ (n- l )  

16 
- -  (3n -- 5) (3n --  4 )b-sn+~ (n-~)} 

bk(n) -- 

[A-6] 
- S~/~ 

{bk-s(n -z~ + (2k "t- 1)bk-~ n-~ 
4(3n + k "t- 1) 

Jr (k + 1) (~ Jr 2)bk+z(n-z)} [A-7] 
for--3nJr 5~k~3n--5 

and 

b_sn_l(n) - -  

2 E*" k= --a~+ 1 

2z/~(Sn+ k+ i) 
bk(n) r( i-~ -r-) [ A - 8 ]  

A P P E N D I X  B 
The first t e rm in the RHS of Eq. [17] can be  re -  

garded  as the solut ion for the  e lec t ro ly te  cat ion be -  
having as if i t  were  a minor  species. Therefore,  i t  is 
not  surpr is ing  tha t  the recursmn formulas  for  Ak (n) 
(n > 1) are  prec ise ly  those specified in Append ix  A, 
Eq. [A-8] th rough  Eq. [A-7].  Moreover ,  Ak ~ = bk (1) 
for k = 2, 0, --2, and A - ~  ~) is de te rmined  f rom Eq. 
[22], tha t  is 
A_4 (I) ~. 

3 ( 3 )  Z $ "  {nk(1) Jr Bk(1) JV Ck(1)} ~)H~(3 % k+ 1) 
~ - - r  it  

[ B - l ]  

where Bk (n) and Ck (") are l isted below. 

Defining 

ixk(~) : Bk(n) for  i = R ( =  Ck (n) for  i = P)  [B-2] 

the  governing re la t ionships  for  these coefficients a re  
given as follows 

1 (? -- 3~i) 
-- hi(~) ix2(1) = 4~V/~ hi(l) iX0(1) --  8"k/~(1 - -  al) 

[B-S] 

ix_2(1) --- Ai(1) 
x / ' ~ ( l  - " i ) s  

{16(I - -  ,n) a --  3} 
ix_4< 1) --  --  hi (1) [B-4] 

8x / '~ (1  - ~i) ~ 
and for n > 1 

ixs~-I (n) = al(n)b~n-1 (n) [B-5] 

iXSn_o(n) --- Ai(n)~)Sn_3(n) 
6n 

-- r (n-l) - iXZn--l(n) [B-6] 
( I  - -  a~) 

(6~ -- 2) 
iX3n_5(n) --  __ ~iiX3n_6(n -1) - -  ixsn_3(n) 

( I  - -  a l )  

- -  r -- 5) Ixs . - ,  ( " - I )  + ~i(n)bsn-~ (n> [B-7]  

iXk--2(n) --" -- r {iXk-S(n-1) -~- (2k Jr i) iXk-1(n-1) 

Jr (k  Jr 1) (k  Jr 2) IXk+l(n--l) } Jr Ai(n)bk-S (n) 

(3n Jr k Jr 1) 
-- iXk(n) for --3n Jr 5--~ k--~ 3n -- 5 

( 1  - 51) 
[B-S] 

4 
iX-3n+l(n) __ IX--Sn+8(n) 

( I  - -  ~ i )  

Jr @i(6n -- 7) iX--$n+'2(n--l) - -  r -- 5) 

(3n -- 4)IX-sn+4 ( " - I )  Jr Ai(n)b-an+1 (n) [B-9]  

2 
iX-3n-l(n) __ IX--~n+ l(n) 

( I  - -  ~ i )  

- -  r  -- 8) (3n -- 2)ix-~.+~. (n- l )  Jr Ai(n)b-~a-1 (") 

[B-10] 
where  

@i = ~i-~ [B-Ill 
4(I -- ,q) 

LIST OF SYMBOLS 

a 0.51023 
A, B, C coefficients in series for  0n(~)., Append ix  B 
b coefficients in series for minor  species, A p -  

pendix  A 
ct concentra t ion of species i /mo le  cm -8 
Dl diffusion coefficient of species i / c m  2 sec -1 
Dk parabol ic  cy l inder  funct ion of o rde r  k 
K dimensionless  frequency,  see Eq. [6] 
p complex p a r a m e t e r  
t t ime/sec  
u~ mobi l i ty  of species i / cm  2 mole  sec -~ 
y axia l  dis tance f rom d i sk / c m 
zl charge  of ion i 
z 2 T'I~, see Eq. [14] 
~i De/Di, see Eq. [12] 
rt dimensionless  surface concentra t ion of spe-  

cies i 
hi see Eq. [20] 

k inemat ic  v i scos i ty /cm 2 sec - I  
f requency of s igna l / r ad ians  sec -1 

~ rota t ion speed of d i sk / r ad i ans  sec-1  
r dimensionless  t ime 
~i dimensionless concentration of species i 
8i see Eq. [11] 

dimensionless  ax ia l  dis tance 
x see Eq_[B-3]  

~/2 ~/~, s imi la r i ty  var iable ,  see Eq. [12] 
~i see Eq. [B-2] 

Zu~xes 
§ elec t ro ly te  cat ion 

e lec t ro ly te  anion 
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e electrolyte 
P product 
R reactant  
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Method for Kinetic Analysis of a Recombination-Controlled 
Reaction over a Wide Range of Current-Densities from the 

Reversible Region up to the Limiting Current 

B. E. Conway* and D. M. Novak *,1 
Chemistry Department,  University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

Hitherto, the criterion for recombinat ion-control  in an e l e c t r o c h e m i c a l  re -  
ac t ion  sequence has been simply the observation of a Tafel slope of RT/2F  
but  applicable only to potent ial  ranges where the coverage of the in termediate  
concerned is low ( <  ca. 15%). A new general  method is proposed which en-  
ables recombinat ion kinetics to be tested over a full  range of coverages and 
corresponding current-densit ies,  up to the saturat ion l imit ing value, by means 
of l inear  plots of a function in il/2 and exp ~F/RT. If l inear  plots are found, 
both the recombinat ion ra te -cons tant  and the quas i -equi l ibr ium constant  for 
the prior ion discharge/chemisorption step can be calculated. The method is 
i l lustrated by application to data for C12-evolution kinetics. The steepness of 
approach of overpotential  vs. log [current]  curves to the saturat ion l imit ing 
current  is shown to be dependent  on interact ion effects in the ad-layer,  as 
s e e m s  to be indicated experimental ly.  

In  a number  of electrochemical gas evolut ion reac- 
tions (e.g., 02, H2, C12, C2F6, C2H6), the step of recom- 
binat ion of radicals derived from a prior init ial  dis- 
charge of ions has been suggested as the ra te-con-  
troll ing step in  the overall  reaction. Only at one or two 
metals, however, has such a step been indicated ex- 
perimentally,  e.g., for H2 on Pt  (1), bu t  then the evi- 
dence has been questioned (2). With the anodic C12 
evolution reaction, on the other hand, a number  of 
authors (3-9) have proposed the recombinat ion mech- 
anism with various kinds of support ing evidence, e.g., 
Tafel slope and reaction order information.  

At Pt  anodes in aq. C1- solutions, the general  curved 
shape of the log [current-densi ty  i] vs. potential  curves 
(3) is suggestive of a recombinat ion-control led mech- 
anism with coverage 0Cl. by the intermediate,  Cl" dis- 
charged from CI- ,  reaching values near  saturat ion cor- 
responding (1) to the approach of currents  to l imit ing 
recombinat ion-control led values as 0cl. --> 1. At  cata- 
lytically active electrodes, the curved approach of the 
Tafel relat ion towards the reversible potential, at low 
overpotentials, becomes exper imental ly  accessible and 
makes an added complication in the in terpre ta t ion of 
curved Tafel relations, so that corrections for the back- 
reaction current  component are then desirable. 

In  terms of analyses of consecutive reactions of 
heterogeneous mult is tep electrochemical processes (1, 
10), it  is well known that a ra te- l imi t ing  recombina-  
t ion step following an ionic discharge process, produc- 
ing a chemisorbed reactive intermediate,  can lead to 
a Tafel slope of the potential  vs. log [current-densi ty]  
relat ion equal to RT/2F  for "nonactivated" (11) ad- 
sorption or R T / F  for "activeted" adsorption (11). 

* Electrochemical Society Act~e Member. 
1Present address, Eldorado Nuclear Ltd., Research Labora- 

tories, Ottawa, Ontario, Canada. 

Observation of the lower value of RT/2F would 
usual ly be a clear indicat ion of a recombinat ion-con-  
trolled, 2-stage electrode process. However, such a 
Tafel slope is only predicted if the coverage 0 of the 
electro-active intermediate  has a low value, viz. 
0 < 0.1. The more general case, where o > 0.1, corre- 
sponds to a curved log i vs. overpotential,  ~, relat ion 
with i eventual ly  approaching a l imit ing value, il~m, 
as is observed in  the anodic C12 evolution reaction at 
certain electrodes, e.g., Pt, C (3, 8). This implies that 
0 is already > ca. 0.1 at potentials somewhat positive to 
the reversible potential, so that  diagnostic information 
from a Tafel slope cannot be obtained. 

We present  here a more general  way of examining 
the kinetics of a reaction, where recombinat ion control 
may apply, which is not l imited by any restrictive 
assumptions about coverage by the intermediate.  For 
convenience, the anodic Cle evolution reaction is con- 
sidered as it seems that this is one of the few cases 
where recombination-controlled kinetics might arise, 
so that our analysis may be applicable. 

A mechanism previously considered [cf. Ref. (3-9] 
for C12 evolution is 

kl 
Cl- + S .~ S CI" + e I 

k -1  

k2 
2 S C1' -> C12 II 

where kl and k-1 are the electrochemical rate con- 
stants of the forward and backward directions of step 
I, and k2 in  the heterogeneous chemical rate constant 
of step II. S represents surface sites on the electrode 
on which a CI" radical is discharged into a presumably  
chemisorbed state; 0 will represent  the fractional coy- 



VoL I28, No. 5 K I N E T I C  A N A L Y S I S  1023 

e r a g e  of such species on the electrode surface and 
1 -- o the free area site fraction. S can be an oxide-free 
metal  surface site or, more usual ly  in aqueous me-  
dium, S is a site on an oxidized or par t ia l ly  oxidized 
Pt  electrode surface. The degree of oxidation of the 
surface at the reversible potent ial  for CI~ evolut ion in  
H20 corresponds to about 2e per surface Pt  atom in the 
absence of adsorbed CI- ,  i.e., "PtO," but  due to com- 
petit ive C1- ion adsorption (12), CI2 evolution must  
usual ly  occur on an only par t ia l ly  oxide-covered sur-  
face. This aspect of the C12 electrode reaction will be 
considered elsewhere (13). Here we shall concentrate 
on the kinetics of step H, when  rate determining,  in  
relat ion to the kinetics of step I and its reverse, espe- 
cially as the cur ren t -dens i ty  ia (controlled by II) in -  
creases toward its l imit ing value i~.1~ corresponding to 
supposed saturat ion coverage by the intermediate.  

Experimental Data 
The exper imental  data to which the t rea tment  given 

in this paper is applied, were obtained in po in t -by-  
point  (30 sec at each potential)  potentiostatic mea-  
surements  at 298 K in aq. KC1 + 0.05M HC1 solutions 
made up from 3 • recrystallized KC1 and pyrodisti l led 
water  and in  0.5M RbC1 in  anhydrous trifluoroacetic 
acid. In  this solvent, C12 evolution can be established 
at an oxide-free surface over a wide potential  range, 
up to 2.1V, EH. More complete details of the experi-  
menta l  work, where C12 evolution kinetics are related 
to C1- ion adsorption and surface oxide coverage at 
Pt, are given elsewhere (13, 15). 

General Kinetic Analysis for the Recombination 
Mechanism I ,  I I  

The following method enables the kinetic behavior  
associated with pathways I, II to be represented over 
the whole range of 0c]. and corresponding currents  up 
to i2.1im, by means of a l inear  test plot. The procedure 
applies without any restriction to special conditions 
(cf,, 10, 11) that  may lead l imi t ingly  to a Tafel slope 
of RT/2F,  RT /F ,  or oQ (l imit ing cur rent ) .  

The cur ren t -dens i ty  for II is wr i t t en  as 

i2 = 2 Fk28Cl 2 [1] 

in the absence of in teract ion or heterogenei ty effects 
[see Ref. (11), (14), and below]. If II is rate con- 
trolling, 8Cl. may be represented as ](~) in the usual  
way (employing the quas i -equi l ibr ium hypothesis) 
approximately by the electrochemical (Langmuir)  ad- 
sorption isotherm as a first approach to the discussion 
of the cur ren t -poten t ia l  behavior  

/~1 Ccl-  exp[~lF/RT] 
0Cl. = [2] 

1 + K1 Ccl-  exp[~IF/RT] 

where K1 ( =  k l / k - i )  is the electrochemical quasi-  
equi l ibr ium constant  2 for step I and Cci-  is the chlo- 
ride ion concentration. Then  the i2 vs, ~ relat ion over 
any range of anodic overpotentials is 

[ KI Cci- exp[~F/~:~T] ] ~ 
i2 = 2Fk2 1 + K--1 Ccl-  exp[ni~/RT] [3] 

I t  is convenient  to rearrange Eq. [3] to the form 

exp [~F/RT] 1 exp [~F/RT] 
_-- + 

i~i '/= (2 Fk2) 1/= ~ Ccl-  (2 Fk2) 1/= 
[4] 

Hence, a plot of exp[~F/RT] / i2  v~ vs. exp[~lF/RT] 
should give a straight line of slope (2Fk2)-Y= and a n  

intercept  [ (2Fk2) - Y~/K1 Ccl-  ], and wil l  be applicable 
to any range of values of oCl.. Thus, both the quasi-  
equi l ibr ium constant  K1 and k2 the rate constant  of 

K'~ b e i n g  a n  e l e c t r o c h e m i c a l  e q u i l i b r i u m  c o n s t a n t  f o r  s t ep  I 
contains  the exp factor in  VrevF/~C~T w h e r e  Vrev r e f e r s  to  the 
reversible  potential  for  the  o v e r a l l  r e a c t i o n  on  w h i c h  the scale 
of y is based. 

the ra te-control l ing recombinat ion step II can b e  
quant i ta t ive ly  evaluated. 

An al ternat ive way of examining  exper imental  re-  
sults, which provides a more sensitive basis for ana-  
lyzing the kinetic behavior  at high eCl., follows by 
rear ranging  Eq. [3] to 

i2 -V= = (2Fk2)-1/= 

+ (2Fk2)-V4 (K1Ccl-) -1 exp [ - - ~ F / R T ]  [5] 

which enables again both k2 and K1 :to be evaluated, 
this t ime from the slope and intercept  of a plot of i~-'/~ 
vs. exp [--  ~F/RT].  

Application to Some Experimental Results 
In the course of examinat ion (13) of the role of 

surface oxidation of Pt  and specific adsorption of C1- 
ions on the kinetics of anodic C12 evolution at that  
metai, some results for C12-evolution currents  at 
closely spaced intervals  of potent ial  were obtained 
(15). The currents tended to approach a l imit ing value 
at high ~ suggesting recombinat ion control with 
0Cl. --> 1. Experimental ly ,  by working at a rotat ing Pt  
disk electrode, it was shown that the l imit ing Currents 
were not diffusion controlled, as may also be calcu- 
lated from the known concentrations and diffusion 
constant. I t  is therefore of interest  to apply the above 
analysis to these data. 

Application of Eq. [4] to the exper imental  results 
expressed as s teady-state  current-densi t ies  for C12 
evolution at various ~ values (Fig. l)  gives the plots 
shown in  Fig. 2. Good l inear i ty  evident ly  obtains over 
almost the whole range of n (except, because of t h e  
back-reaction,  as 11 --> 0; see below),  indicat ing applica- 
bi l i ty of the recombinat ion-control led mechanism. I t  
is of interest  that  the results of Yokoyama and Enyo 
(3), obtained from an enlarged photo of their pub-  
lished ~ vs. log i curves which show an approach to 
l imit ing currents  at Pt, also plot out in  a similar  way 
(based on Eq. [4]) and thus appear to indicate re-  
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Fig. 1. Overpotential-log[current-density] relations for anodic 
CI2 evolution at rotating Pt disk electrode from 0.5M RbCI in anhy- 
drous trifluoroacetic acid, 0.25M and 4.85M KCI in water at 298 K, 
showing approaches to kinetically controlled limiting currents. Plots 
shown are based on iR corrected data and are independent of 
electrode rotation rate. Back reaction corrections are also shown. 
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Pig. 2. Plots of the data in Fig. | occording to Eq. [4] 

combinat ion-control led kinetics. However, only a small  
number  of exper imenta l  points are available from 
that  work in order to make the test plot. In  the present  
work, many  more were obtained in  order to provide a 
good basis for test of l inear i ty  of the plots. ~ai ta  and 
Fiori 's work (9) also led to the conclusion that the 
recombinat ion reaction was rate controlling, but  on 
the basis of observation of an RT/2F Tafel slope. 

Plots according to Eq. [5] may also be made, as 
shown in  Fig. 3. In  this method of t reat ing the re-  
sults, there is some small but  significant curvature  in  
the resul t ing lines for the data at higher cur ren t -  
densities as i --> i2,1im or 8Cl. -> 1. The effect due to 
neglect of the back-react ion gives the curvature  at the 
other ends of the lines in Fig. 3. For high eCl., la teral  
interactions between adsorbed CI" should be taken 
into account [c]. (11)] and will  give rise to deviations 
from the behavior  expected according to Eq. [5]. 
Such effects may be treated as follows. 

When lateral  interactions are signficant, both the 
rate equation for recombinat ion and the electrochem- 

ical isotherms for Cl' adsorption must  be modified 
(11, 14) to include interact ion terms. Thus Eq. [1] 
becomes 

i,2 : 2Fk2Ocz. ~ e x p  [2gOcl.] [6]  

for "nonactivated" adsorption (11) and the isotherm 
corresponding to Eq. [2] would b e  of the form 

0cl. = / ~ i  e x p [ - -  g0cl.]" C c l -  e x p [ ~ F / R T ]  [7] 
1 -- ecz. 

In these equations, g is a lateral interaction parameter 
(14) which measures in uhits of "RT" the assumed 
linear (17) change of free energy of adsorption of CI' 
with coverage at the electrode surface according to a 
F r u m k i n  type isotherm. 

Following a procedure similar to that  for deriving 
Eq. [4] or [5] by subst i tut ing for ecz. from Eq. [7] into 
[6], we obtain 

h-l/= = (2Fk2)V= exp[ - -  gec~.] 

(2Fk2) -~= (K1Col-) -z  exp[ - -  ~F/RT] [8] 

This equation shows that  when  g ~ 0, i-'/= is no 
longer proport ional  to e x p [ - - ~ F / R T ]  as is indicated 
by Eq. [5] since there is an  addit ional  te rm involving 
gecl. in the funct ion for potential  dependence of ecl., 
now given by  Eq. [7] ra ther  than Eq. [2]. Equat ion 
[8] cannot be explicitly evaluated but  numerical  t reat-  
ment  for selected reasonable values of g ( =  0, 2, 4, 
and --2 uni ts  of RT) enables the form of Eq. [8] for 
the var iat ion of i2 V= with 6c1., and hence ~, to be ob- 
tained as shown in Fig. 4. The result ing behavior  to- 
wards ecl. = 1 may be compared with that  based on 
the exper imental  results shown in  Fig. 3. The evalu-  
ation of Eq. [8] is made by choosing a range of ec,. 
values up to ecl. --> 1 and taking a rb i t ra ry  values of ks 
= 1, K _-- 1, and Ccl-  = 1 so that  the scales of the 
plots are relative ones but  the four curves are self- 
consistent ones. The potentials in e x p [ - - ~ F / R T ]  are 
taken on an overpotential  scale relat ive to a reversi-  
ble potential, Vr, taken as zero, corresponding to K z  
_-- 1 e x p [ - - V ~ F / R T ]  _-- 1, where Vr is defined in 
footnote 2. 

It  will  be noted that  g-dependent  deviations from 
the (l inear) Langmui r  plot which arises when g is 
taken as zero in  Eq. [7] appear in a characteristic 
way, dependent  on the sign and magni tude of g ( =  0, 
2, 4, and --2 units of RT).  All  four curves in  Fig. 4 
become asymptotic to the g = 0 l ine for sufficiently 
low 'n, as expected. 

Fig. 3. Plots of the data of Fig. 
1 according to Eq. [5 ] .  
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Fig. 4. Simulation of the behavior of a recombination-controlled 
process according to Eq. [8] with various values of the g factor 
(g - -  4, 2, O, and --2).  Langmuir case-(g ---- O) gives a straight 
line. 

The plots of (Fig. 4) of i-'/~ vs. exp [--  n R / R T ]  de- 
r ived by  this numerica l  evaluat ion of Eq. [8] for 
values of g > 0 have similar  directions of curvature  
to those of Fig. 3, based on the exper imental  data, as 
#cl. -> 1, i.e., as {-~/2 -> O. The Langmui r  case (g = 0) 
is indicated as a reference and gives, of course, a l inear  
plot, as for Eq. [5]. A more realistic interact ion term 
for this case of metal-to-C1 surface dipoles would be 
wr i t ten  with an exp [--  g#ci. 's/2] term or a more com- 
plex one if dipole imaging were included (18). Such a 
term arises from surface dipole repulsion in  the near-  
est-neighbor approximation and gives a somewhat 
steeper curvature  of the plots near  #ci. -~ 1. A value 
of g ~ 2 is required to fit the observed exper imental  
behavior  in  aqueous solutions. 

The intercepts and slopes of the almost l inear  rela-  
tions of Fig. 2 or 3 give values of the rate constant k~ 
and the quas i -equi l ibr ium constant K1 (Table I) .  

It  should be ment ioned '8 that  any  exponent ial  rela-  
t ion of the form {, = io exp [ ~ F / R T ]  for a discharge- 
controlled process, or a more general  one including the 
back-reacUon component, {~/io = 2 sinh [~IF/2RT], 
where fl = 0.5 is the t ransfer  symmetry  factor, can give 
a plot of ({v)-v2 which is an exp funct ion of ~1; for 
example, in the above case for a simple single-stage 
process, {-~/~ would be l inear  in exp [-- ~ F / 2 R T ]  or 
sinh-'/~ [nF/2RT] .  However, for the present  type of 
case involving recombinat ion control, the l inear  test 
plot has to be made in terms of i , -v~ vs. exp [-- ~ F / R T ]  
and not  vs. exp [--  f~IF/2RT]. A more impor tant  point 
is that  a simple exp Tafel  relat ion for a discharge- 
controlled step cannot  give an intercept  as in  Eq. [5] 

a We are grateful to Professor M. Enyo for remarks in corre- 
spondence on this point. [See Ref. (19).] 

Table I. Values of ~ and k2 for the CI2 evolution process, I, II, in 
various solutions 

Solution 

K~ k2 
x 10 - a c r e  3 x l ff  ~ m o l  
mol-1 sec-I cm-2 

0.SM RbC1 in t r i f luor -  0.764 1.96 
acet ic  ac id  

0.25M KCI in  w a t e r  2,63 49.5 
4.85 KC1 in  w a t e r  0,12 290 

at higher ~ for the recombinat ion-control led process. 
Such a n  intercept  arises, of course, from the form of 
the adsorption Eq. [2] and hence [3], when  K1 Ccl-  exp 
(~F/RT) is nei ther  small  nor  large compared with 1. 
The results shown above demonstrate  that  tests of 
exper imenta l  data according to Eq. [4] or [5], corre- 
sponding to the mechanism I, II, do, in  fact, give (i) 
good l inear  relations over most (see above) of the 
potential  range and (ii) significant nonzero intercepts. 
These are critical aspects of the fit of the exper imental  
kinetic data to the recombinat ion type of mechanism 
according to Eq. [4] or [5], based on a large number  of 
exper imental  i, ~ points in  the original measurements.  

Role of  the  Back -Reac t ion  
When the exper imenta l  data are t reated in  terms 

of Eq. [4], e.g., as shown in  Fig. 2, the plots always 
show a sharp bend-up  at low values of ~. The CI~ 
evolution reaction is a relat ively reversible one at P t  
and the measured current -overpotent ia l  relations (in 
the presence of C12 at 1 a im pressure) are always 
asymptotic to the log r axis at low ~1, i.e., part icipat ion 
of the back-react ion sets in  at easily accessible current  
densities (Fig. 1). The bend-up  of the lines of Fig. 2 at 
low ~ can be accounted for s imply by  the increasing 
part icipation of the back-react ion as the condition 
~ 0 is approached, corresponding to the observed 
asymptotic approach of the log i vs. ~ curve to the 
cur rent -dens i ty  axis as ~ ~ 0. 

The above method for analysis of recombinat ion-  
controlled kinetics necessarily applies only to the 
anodic component, ia, of the net  cur ren t  density, i. 
Near the reversible potential,  ia differs from the 
measured net  current  i according to ia = i + lir where 
lir is the numerica l  value of the back-react ion com- 
ponent  of i. We can write for a general  case, with re-  
combinat ion control 

i : ia -- I/r : 2Fk20 ~ -- 2Fk-2(1 -- 0) 2 [9] 

At ~1 : 0, i = 0 and [ic[ = ia : io and # : 0r, the value 
of 8 at the reversible potential. Then i can be wr i t ten  
in terms of #r, with ia and I/el as 

~, ~ io  ~2/#r2  - -  ~o (1  - -  # ) 2 / ( 1  - -  #r )  2 [ 1 0 ]  

where io is defined by comparing the last equation 
with Eq. [9]. ~a is obtained from Eq. [10], after ele- 
menta ry  rearrangements ,  as 

o 2 (1 - #~) [11] 

Quasi -equi l ibr ium in  step I enables 0 and Or to be 
related to the reversibie potent ial  gr  and ~ as follows 

r VrF ] 
o ~  _ Klcc i -  exp [ - - ~ -  j ; 

1 -- Or 

# -- KICcl- exp[ vr+~] ] [12] 
1 -- # RT 

so that 

Hence 

o ,, 
_ - -  exp [13] 

1 -- 0 1 - -# r  

i a = i /  [ 1 - - e x p  I 2~FRT I ]  [14] 

Thus, near  the reversible potential,  the measured net 
current-densi t ies  have to be corrected by the factor 
[1 -- e x p ( - -  2 ~ F / R T ) ] - i  in  order to obtain the rele-  
van t  anodic current-densi t ies  controlled by the k ine t -  
ics of the recombinat ion step. Then Eq. [4] for testing 
the recombinat ion kinetics is wr i t t en  

exp [~F/RT]  �9 (1 -- exp[ - -  2~IF/RT)] 1/2 

i21/2 
1 exp [~F/RT]  

= ~ + [15] 
(2Fk2) ~/2 K1 Ccl-  (2 Fk~) V~ 
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which eliminates the hook at low ~] values in the plots 
of Fig. 2. It  should also be noted in relat ion to the 
recombinat ion-control led kinetics, indicated by the test 
plots according to Eq. [4] (or [15]), or [5], that  a 
direct plot of log i 2 / ( 1 -  exp[- -2~]F/RT)]  vs. ~] for 
the Pt  data does not (c~. Fig. 1) give a l inear  corrected 
Tafel plot as do corresponding plots for C12 evolution 
currents  on Ir  which then exhibit  a Tafel slope of 1 
R T / R F  for a variety of conditions. In the la t ter  case, 
for a process with potent ia l -dependent  exp factors in 
the component  currents  of ~ F / R T  and - - (1  -- a)~]F/ 
RT, the correction factor for back-react ion current  is 
1 / ( 1  - -  e x p  [~]F/RT]). 

Application of this correction causes the points in 
t h e  hook of the lines of Fig. 2 at their lower ends to be 
reduced in magni tude  so that  they all fall more or less 
on the line after correction. The hook is therefore due 
to part icipat ion of the back-react ion at low ~] values. 
The correspondence of the corrected points at low 
values with the l ine connecting points derived for 
higher ~1 shows, incidentally,  that the mechanism which 
applies at high ~], giving a l imit ing current,  persists 
down to the reversible potential  without  change. 

Form of ~ vs In i Curves: Steepness of Approach 
to the Limiting Current 

The rate of approach of the current  to its l imit ing 
value is an  easily observable and interest ing aspect 
of the exper imental  behavior. In  the Langmuir  case 
for the adsorption of the intermediate  according to Eq. 
[2], this is determined by the range of potentials over 
which 0Cl. increases from ca. 0.15 (below which a l inear  
Tafel relat ion is observed) to ca. 0.95, viz. 105 mV. 
When significant repulsive interact ion effects arise in 
the ad- layer  of the intermediate,  the adsorption iso- 
therm Eq. [7] applies and the range of potentials over 
which 0cl. increases from 0.15, for example, to 0.95 in-  
creases approximately in proport ion to g. Then the 
range of potentials over which the current  increases 
towards its l imit ing value (Eq. [6]) correspondingly 
increases but  the value of the l imit ing current  itself 
also increases with g when  g ~ 0 according to the 
factor exp 2g (Eq. [6]). Thus g has only to be 1.15 for 
the l imit ing current  to be increased by a factor of 10 
and when g > 0 in the general  case, the approach of 
the current  to its l imit ing value is less steep than in 
the Langmui r  case. This is the kind of behavior  ob- 
served exper imenta l ly  [Fig. 1 and Ref. (3) ]. 

Thus, by means of the general  rate Eq. [6] and the 
corresponding electrosorption isotherm (Eq. [7]), the 
reciprocal slope of the ~/ vs. In i relat ion at any point 
may be calculated from 

d In i/d~] = (d In i/do) (do/d~]) [15] 

where 0 h e r e  is wr i t ten  for any intermediate  in a 
mechanism of the type I, II. Thus 

d In i/do -- 2/0 -t- 2g [16] 
a n d  

RT [ 1 + g o ( 1  -- o) ] 
d~l/do---- F 0(1 -- 0) [17] 

Then 
RT [ l ~- go(1 -- o) ] 

d ~ / d l n i  -- 2F" (1 - 0) (1 ~ g o )  [18] 

which gives the required l imit ing values of the Tafel 
slope as RT/2F as o -~ 0 and oo as 0 --> 1, and the slope 
of the g-dependent  n vs. In i curve for any in termedi-  
ate 0 values. The corresponding changes of the l imit-  
ing current  itself when g > 0 can be expressed (c]. Eq. 
[6]) as 

ilim.g/ilim.g=o ~-- exp 2g [19] 

Thus, when g > 0, a quasi-catalytic effect arises in 
recombinat ion control due to lateral  interact ion effects. 

I l lustrat ive values of the gradients, d~l/d In i, of the 
overpotential  vs. In [current-densi ty]  curves near  the 

Table II. Some values of chl/d In i near the limiting current-de~ity 
for various g values 

RT 
Slope - -  

2F ~/iz L m 

Coverage g value/RT at 0 at 0 

[0 = 0] ~ -+1 < < 1 ]  
0 20 0.903 

0 = 0.95 1 10.4 0.817 
2 7.55 0.739 
0 100 0.990 

0 ~ 0.99 1 50.7 0.961 
2 32.9 0.942 

0 = 1 A n y  va lue  ~ 1 

l imit ing current  condition (i ~ i1~ as 0 ~ 1) are given 
in Table 1I as multiples of RT/2F for g ---- 0, 1, and 2, 
and show the t rend toward less steep approaches of i 
to into as g is larger than zero; the corresponding i/inm 
ratios are given. The slope is given as a mult iple  of 
the l imit ing value RT/2F at ta ined for all g values at 
sufficiently low 0 (Eq. [18J). The exper imental  be- 
havior in this work and that  of Ref. (3) is fitted by a 
value of g ~ 1.5 ,~ 2.0. 

Conclusion 
A new method for t reat ing electrode-kinetic d a t a  

for reactions where a recombinat ion-control led process 
may be occurring is proposed. It  gives l inear  test plots 
over the whole range of coverage of the intermediate  
involved, corresponding to a wide range of cur ren t -  
densities from low values up to the l imit ing value de- 
termined by saturat ion coverage by the intermediate.  
If l inear  behavior  is found in such test plots, quan-  
t i tat ive evaluat ion of the rate constant of the recom- 
binat ion step and the quas i -equi l ibr ium constant  of 
the prior discharge/deposit ion step can be made. In-  
teraction effects cause deviations from linearity.  

It is shown how the approach of the current  to the 
recombinat ion-control led l imit ing value, i.e., t h e  

steepness of the curved ~ vs. In i relation, depends on 
interactions between the ad-species in the recombina-  
t ion step. Exper imenta l  behavior  in  anodic CI~ evolu- 
t ion at Pt  corresponds to significant repulsive interac-  
tions between Pt-CI" surface dipoles, dependent  on 
coverage. 
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ABSTRACT 

Various meta ls  and e lect rolytes  were  used for potent ios ta t ic  e lect ropol ish-  
ing. When  measur ing  the cu r r en t - t ime  behavior  over  severa l  orders  of mag-  
n i tude  and for  the  different  tempera tures ,  three  stages were  observed:  (i) a 
short  s tage I, dur ing  which the cur ren t  dens i ty  was app rox ima te ly  constant;  
(ii) dur ing the fol lowing stage II  sa tu ra t ion  of the dissolved meta l  ions ( re-  
act ion products)  was obta ined  in the vic ini ty  of the  anode surface, and  the 
cur ren t  dens i ty  decreased with  the reciprocal  square root  of t ime; and (iii) 
af ter  sufficiently long times, dur ing  stage I I I  a s t eady-s t a t e  cur ren t  densi ty  
was approached  by  an exponent ia l  t ime law. The known theoret ica l  models, 
based on the work  of Elmore,  a re  able  to expla in  the  re la t ions  be tween  cur-  
ren t  density,  time, and t empera tu re  for s tage I and IL For  stage I I I  a new 
model  is p resented  which takes  convection wi thin  the e lec t ro ly te  into account. 
The possible format ion  of a solid film at  the t rans i t ion  f rom stage I to stage 
II  is thought  to be responsible  for character is t ic  deviat ions f rom the expected  
cu r r en t - t ime  behavior .  A mathemat i ca l  t r ea tmen t  of this format ion  yields  
film thicknesses of 3-30 rim. 

Electropol ishing is a we l l - known  method for anodic 
dissolut ion of meta ls  and for s imul taneous  smoothing 
of the meta l  surface. Since the first fundamenta l  work  
.of J aque t  (1), many  exper imen ta l  and theore t ica l  con- 
t r ibut ions  have been made  in o rder  to expla in  the p ro-  
cess of electropolishing.  

In  a ve ry  impor t an t  invest igat ion,  Elmore  (2) could 
show tha t  the diffusion of a species of the cell  react ion 
de termines  the ra te  of dissolution. Ko j ima  and Tobias 
(3) concluded f rom diffusion da ta  tha t  the diffusing 
species for copper /phosphor ic  acid is some copper  
phosphate.  This contradic ts  the concept  of Edwards  
(4),  who assumed wa te r  or phosphoric  acid diffusion 
to be ra te  controll ing.  

In  this  s tudy  the cu r ren t - t ime  behavior  is thoroughly  
examined  for different  meta ls  and electrolytes  wi th  
constant  cell voltage. The theore t ica l  t r ea tmen t  is ex-  
tended to descr ibe  the influence of na tu ra l  and forced 
convect ion and of the format ion  of a solid film on the 
cu r r en t - t ime  function. 

The occurrence of a solid film dur ing  e lect ropol ish-  
ing, its thickness and composition, and its role  in 
b r igh ten ing  are  not  fu l ly  unders tood  (5-9). Direc t  
exper imen ta l  evidence of the film is difficult to obtain,  
because the  film is dissolved in the e lec t ro ly te  a f te r  
switching off the cell vol tage (9). 

According  to theory  (2), the produc t  of in i t ia l  cur -  
ren t  dens i ty  and square  root  of t rans i t ion  t ime should 
be propor t iona l  to the  produc t  of so lubi l i ty  and square  
root  of diffusivity. This was checked for copper in 
phosphor ic  acid by  measur ing  the t empera tu re  depen-  
dence of a l l  quanti t ies .  

Experimental Procedure 
The cell and  the electr ic  circui t  used in this s tudy 

are  shown schemat ica l ly  in  Fig. 1. This a r r angemen t  

Key words: electrolyte, electrode, current density. 

has also been used in another  s tudy  to de te rmine  con- 
cen t ra t ion-dep th  profiles on microsect ioning specimens 
(10). 

The appa ren t  area  of the por t ion  of the anode ex-  
posed to the e lec t ro ly te  was 1.00 cm 2. The anodes were  
p repa red  f rom high pur i ty  po lycrys ta l l ine  mater ia l ,  
both  mechanica l ly  and e lec t ro ly t ica l ly  polished before 
they  were  mounted  in the cell. The cathode was made 
of a p l a t inum disk spot welded  on a steel  cylinder.  
Analy t ica l  grade acids were  d i lu ted  wi th  bidis t i l led  
wa te r  to the des i red  concentrat ion.  

Usual ly  the exper iments  were  run  with  constant  cell 
voltage. A vol tage s l ight ly  less than  necessary for oxy-  
gen evolution,  jus t  at  the end of the so-cal led polishing 
p la teau  (11), was applied.  In  some cases, a sa tu ra ted  
calomel reference e lect rode was used to achieve po-  
tent iostat ic  condit ions (12). For  measur ing  t emper -  
a ture  effects, the cell was placed into a the rmos ta ted  
bath.  

Theory 
The equations der ived  be low should descr ibe the 

t ime dependence of the cell cu r ren t  dur ing  potent io-  
stat ic electropolishing,  where  diffusion into the  elec-  

I 

I' - ]  potentiostat 

L ~  current 

~ -~ recorder 

Fig. 1. Schematic view of the experimental cell and the electric 
circuit, a, Cathode; b, sample (anode); c, Teflon cell body; d, 
electrolyte; e, reference electrode. 
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trolyte is the rate-controll ing step of the overall cell 
reaction. Three stages of the current- t ime function, 
schematically shown in Fig. 2, are distinguished due 
to changing boundary conditions. 

During stage I from t = 0 to t ---- ts the concentra-  
tion of dissolved metal  ions at the anode/electrolyte 
interface increases until the solubility limit is reached. 
Supersaturation can occur and may cause a solid film 
to be formed on the anode during stage IIa. Assuming 
local equilibrium between the solid film and the adja-  
cent electrolyte, the concentration of metal ions is kept  
constant at that  interface for the duration of stage II. 
I t  electropolishing times are long or if the electrolyte 
is stirred, natural  or forced convection must  be taken 
into account, thus giving rise to stage III. The diffusion 
of metal ions in the presence of excess supporting elec- 
trolyte obeys Fick's second law 

0c 0~c 
= D [ 1 1  

0t Oa ~ 

with a constant diffusion coefficient D. Because the 
boundary  conditions are different for each stage, it is 
convenient to discuss the stages separately. The fol- 
lowing mathematical  t reatment  is also applicable for 
the depletion of a so-called acceptor (4) where c (0, ts) 
= 0 instead of c(0, ts) = Cs has to be inserted. 

Diffusion during stage L - - A t  the onset of electropol- 
ishing, the concentration Cb of metal ions in the elec- 
trolyte, which is zero in this study, should be uniform. 
The current  density i is related to the ion flux if only 
one electrochemical reaction is taken into account. The 
initial and boundary  conditions on Eq. [1] are, there-  
fore, (2) 

CI(O0 , t )  "-" eb 

cx(x, 0) = Cb 

0Cl i I(t) 
- (0,  t )  - 

8x nFD 

giving the wel l -known solution (13) for stage I 

ci(x, t) = Cb 

1 ~ t' i ( t ' )  ( x2 ) 
+ nFk/~" ~ '=0 k / ~ Z ' ~  exp -- 4 D ( t -  t ~) dr' 

[2] 

For constant current  density to, the integration yields 

2io / t . ~ _ e x p  ( ~ )4--~ t) : + "-;V X/ - 

ioX erfc 
nFD [3] 

From the last equation a relation between diffusivity D 
and solubility limit ca and the measurable quantities i o  

t0-1 
io t~ 

polishing t i m e  , s 

Fig, 2. Double logarithmic plot of current vs. time 

and ts is easily obtained 

nF 
io~/ta = T (cs -- Cb) %/~D [4] 

where ts is the time necessary to reach the saturation 
concentration Ca at the electrode (x = 0). 

Diffusion during stage / / . - -For  t - -  ts the concentra- 
tion at the anode/electrolyte interface is Cs, and Eq. [1] 
has to be solved with the new boundary condition 

cn(0, t) : cs 

The new initial condition is the concentration profile 
built up in the electrolyte during stage I (Eq. L2] ) 

CII(X, 0)  --- CI(X, t s )  

For convenience a new zero point at t -- ts is used 
on the time scale during stage lI. Then the concentra-  
tion distribution is (14) 

~CII(X,t) -~-- Cb 

xcs ~ "e ( x2 ) 
+ 2k/'~- ~ ,/t'=o (t -- t ') -8/2 eXp 4D (t--  t ') dr' 

1 ~ [ 1 ~ .  t s i I ( t ' )  
+ , : o  + = o  

e x p  ( x'2 ) d t ' ]  �9 [ e x p  ( ( x - - x ' ) 2 )  
4D (ts -- t') 4Dr 

- -  exp ( (x + x') 2 ~ T  ) ]  dx'  [5] 

No at tempt is made to find an analytical solutio.n for 
cn (x, t). However, the current  density 

iII(t) = -- nFD 0ciI 
OX ~ = 0  

is readily calculated, especially after changing the 
sequence of integration in the third term of Eq. [5]. 

Substituting ts -- t' by r 2 one obtains 

in (t) = ~ =V~s t + r - - ' - ' - - 'T  dr 

[6] 

where in the first term cs -- cb and %/D can be substi- 
tuted by io and ts according to Eq. [4]. For a constant 
current  ii -- io during stage I, the analytical solution is 

- -  - -  arctan ts = 2 arccot [7] 
io ~ t ~ ~s 

As an asymptotic approximation for t > >  ta the fol- 
lowing form can be used 

iII (t) 2 g-~s 
= T T ts] 

which is independent of the history of stage I, because 
it is the solution for the initial condition c (x, 0) -- Cb 
as well. Using Heaviside-Carson operators, Elmore (2) 
obtained the same results as Eq. [7]. Nevertheless the 
mathematical  t reatment  of stage I and II was repeated, 
because the more general Eq. [2] and [6] are better 
descriptions of electropolishing with constant cell volt-  
age, where the current  density ii usually decreases 
more or less during stage I. With slight changes the 
mathematical  t reatment  presented in this section is 
applied in the following section to demonstrate pos- 
sible changes of the current  density ili caused by the 
formation of a solid film on the anode. 

Formation of a solid ~lm during stage IIa.--The ex- 
istence of a solid film on the anode is usually assumed 
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for e lectropol ishing,  and  there  a r e  some expe r imen ta l  
s tudies  (6-9) which  agree  on the th ickness  of the  film, 
bu t  d isagree  on the chemical  composition. 

The  necessary ma te r i a l  for the film might  be sup-  
p l ied  by  b a c k w a r d  diffusion f rom the supersa tu ra ted  
electrolyte .  This process is descr ibed b y  a model  which 
also has been  recen t ly  used by  Alk i r e  et al. (15) for 
the occurrence of sa l t  films dur ing  repassi.vation. In  
this model  the concentra t ion at  the anode is ra ised 
dur ing  s tage I f rom t - -  0 to t - -  tss to a supersa tu -  
ra ted  va lue  css. A t  t --  tss the  solid film appears  on the 
me ta l  surface, and the concentra t ion there  ins tan tane-  
ously drops f rom Css to the equ i l ib r ium value  Cs. The 
concentra t ion d is t r ibu t ion  fol lowing the onset  of p re -  
c ipi ta t ion is given by  Eq. [3] wi th  t ---- tss, except  at the 
surface  where  c - -  cs. Then the solut ion of Eq. [1] is 
given again  b y  Eq. [5] where  ts has to be  rep laced  by  
tss. Neglect ing  any  charge  consumption for  the film 
formation,  the  e lec t r ica l  cur ren t  dens i ty  i is given 
again  by  the concentra t ion grad ien t  in the e lec t ro-  
lyte,  and its eva lua t ion  follows the  l ines shown in the 
section before.  Inser t ing  tss in Eq. [6], the genera l  solu-  
t ion is obtained.  Fo r  constant  dens i ty  io dur ing stage I, 
the fol lowing solut ion is found by  using Eq. [4] wi th  Css 
and tss ins tead of cs and  ts 

iZIa (Cs --  c s s )nF \ /D  2 a r c c o t ~ / t _ _ .  [9] 

where  the  first t e rm wi th  Cs --  Css descr ibes  the amount  
of supersa tura t ion .  This ana ly t ica l  soIution is also ap -  
p l icable  to the w o r k  of A l k i r e  et ah, who used nume r i -  
cal solut ions of Eq. [5]. 

For  t > >  tss the pe r tu rba t ion  caused by  the film for-  
ma t ion  is negligible,  and the asymptot ic  solut ion of 
Eq. [8] can be  appl ied  again. Fo r  v e r y  smal l  times, 
however ,  ixIa deviates  r e m a r k a b l y  f rom in as shown in 
Fig. 3 schematical ly ,  where  solutions o~ Eq. [7] and 
[9] a re  presented.  According to the  ant ic ipated  back -  
w a r d  diffusion /Ha becomes negat ive  dur ing  the t ime 
in te rva l  0 - -  t ~-- tx, where  tz is the only solution of Eq. 
[9] wi th  inn -" O. A negat ive  cu r ren t  does not  flow 
through  the cell  in real i ty ,  but  i t  corresponds to an 
equiva len t  amount  of mat ter ,  which diffuses back  to 
the  anode to fo rm a solid film. Thus the  thickness  d of 
~the film can be  ca lcula ted  f rom the charge  flowing 
back  to the me ta l  surface be tween  t - -  0 and t ---- tx 

V ~t~ 
d '-- n F  --0 ~IIa d~ [10]  

where  V is the  mole  volume of the solid film. Usual ly  
the  re la t ion  tx ~ <  tss is valid,  and the fol lowing ap-  
p rox imat ion  can be used 

Sf 
d = --  V(c.~ --  e~s)2 nFD - -  

~o 

Diffusion and eonvectio~ during stage III.~For stage 
I and I I  diffusion in a semi- inf ini te  e lec t ro ly te  cor-  
responding  to the  b o u n d a r y  condit ion c ( ~ ,  t )  - -  Cb is 

o 
, 0,~I time scale ots tagek 

t s t~ time stole of stage I 

Fig. 3. Schematic current-time plot during stage I and I1 with 
and without solid film formation according to Eq. [7] and [9]. 
Solid lines without, dashed lines with film formation. 

considered,  and f rom Eq. [8] i t  can be concluded that  
i goes to zero if t goes to infinity. Expe r imen ta l  resul ts  
(Fig. 2), however ,  show tha t  a s t eady-s t a t e  va lue  ig 
is a t ta ined,  which is a t t r ibu ted  in e lec t rochemis t ry  
(16) to the  influence of convection. In  o rder  to t ake  
convect ion into account the  fol lowing model  is f re -  
quent ly  used (17). 

In  f ront  of the e lect rode an und i s tu rbed  l aye r  of 
thickness 5 is assumed in which on ly  diffusion occurs. 
Ad jacen t  to the layer  convect ion is the  ra te -con t ro l l ing  
phenomenon,  r ap id ly  t r anspor t ing  away  the ions sup-  
pl ied by  diffusion. Thus the concentra t ion  is kep t  a t  the  
ini t ia l  value  cb. The bounda ry  condit ions for this model  
are  

c(0, t) = c, 

c ( ~ , t )  = ch 

c(x,O) : Cb 

Here, the  s imple ini t ia l  condi t ion c(x ,  0) : Cb is used 
ins tead of the complex  concentra t ion profile caused b y  
stage I and descr ibed by  Eq. [3]. This is only  correct  
if convection appears  a long t ime af te r  the end of s tage 
I, o therwise  the concentra t ion changes caused by  s tage 
I have to be considered.  The ana ly t ica l  solut ion of Eq. 
[lJ wi th  the  bounda ry  and in i t ia l  condit ions above is 

ClII(X,  t )  - "  C b 

(5)] + = -~- l--exp -- sin 5 

where  the t ime constants  ~m are  defined as 

~s 
Vm = [11] 

m2~SD 

From eliZ(X~t) the cur ren t  dens i ty  inI can be calcu-  
lated,  and for t > *l a l l  exponent ia l  te rms except  the  
first one can be neglected.  Thus 

~in(t) = i g [ l + 2 e x p ( - - ~ ) ]  [12] 

wi th  the s t eady-s t a t e  cur ren t  dens i ty  

nF(cs -- Cb)k/D 2 io ~t-~ [13] 

This s t eady-s ta te  cur ren t  densi ty  is approached  by  the 
exponent ia l  t ime law in Eq. [12] and corresponds to a 
l inear  decrease of concentra t ion  f rom cs at  x = O to 
c b a t x  = 5. 

Experimental Results and Discussion 
Pure diffusion (stages I and II).--During stage I the 

cur ren t  dens i ty  ix depends  on the cell  vol tage  and 
the res is t iv i ty  of the cell  and, therefore,  i t  depends on 
a r b i t r a r y  quant i t ies  l ike  geometry,  polar iza t ion  of the 
cathode, etc. The assumpt ion  iz = io = const, f re -  
quent ly  made  in  the  theore t ica l  t r ea tmen t  before  is not  
fulfi l led for an appl ied  constant  cell  voltage. Wi th  the 
expe r imen ta l  setup of this s tudy  i,  decreased b y  about  
10-20% of its in i t ia l  value  from t = 0 to t = ts. I t  wil l  
be shown in the Append ix  tha t  the Eq. [4], [7], and  
[8] can be appl ied  to this case if the mean  va lue  of 
i ,  is inser ted  for io. Elmore  (2) avoided this complica-. 
t ion by  using galvanosta t ic  condit ions dur ing  stage I 
and switching to potent ios ta t ic  condit ions at  the  begin-  
ning of s tage II. In  this work  constant  cell  vol tage was 
appl ied  f rom the beginning  of the whole  e lec t ropol-  
ishing process because this is more  impor tan t  for p rac -  
t ical  applicat ions.  

Another  basic assumpt ion  necessary for the  va l id i ty  
of the der ived  equat ions is tha t  diffusion controls  the  
ra te  of the overa l l  cell  reaction,  especia l ly  dur ing  
stages I and II. This is fulfil led if the anode potent ia l  is 
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high enough to be wi th in  t h e  pol ishing region (12). 10 ' 
The potent ia l  drop at  the anode was measured  wi th  a 
calomel  reference  electrode. For  appropr ia t e  constant  
cell  voltages it increased,  and the necessary anode po-  9 
ten t ia l  was reached at  s tage II. In  some cases the o~ 
anode potent ia l  drop was held  constant  by  a potent io-  
s tat ic  device dur ing  the exper iment .  But even then the ,~, 8 
des i red  potent ia l  was not  achieved dur ing  s tage I, be -  
cause the cur ren t  l imit  of the potent ios ta t  (4A) was 
reached as shor t - t ime  measurements  wi th  an oscil lo-  , 7  
scope revealed.  With  the onset  of s tage II, however,  .,~ 
the anode potent ia l  approached the valve  set on the 
potent iostat ,  which  is p robab ly  due to the format ion  .~, 6 
of a solid film af ter  s tage I and its addi t ional  ohmic re -  
sistance. ~ 5 

Table  I shows resul ts  for  io, ts and iok/ts of s tage I 
for different  metals ,  e lectrolytes ,  and  tempera tures ,  Q 
where  ts is easi ly de te rmined  f rom the recorder  plot. 

4 

I t  is evident  as a large  change of the slope of the cur -  
r en t - t ime  curve. 3 

The cur ren t  dens i ty  io was then defined by  the equa-  
tion 

yt:s 2 iots = •o idt 

corresponding to the a r i thmet ic  average  dur ing  stage I 
(cf. Append ix ) .  F r o m  those values  for  io and ts the  
product  io-x/ts was calculated.  The cur ren t  dens i ty  du r -  
ing stage II  was plot ted  vs. t-Y~ and s t ra ight  l ines cut  
the origin in excel lent  agreement  wi th  Eq. [8]. A typ i -  
cal example  is shown in Fig. 4. F rom the slopes of the  
s t ra ight  lines which  are  2/~ {ok/ts, o the r  values of 
io~/ts were  obta ined and compi led  in Table  I. They 
were a lways  in good agreement  wi th  the less precise  
values eva lua ted  f rom stage I. F rom the va l id i ty  of 
Eq. [8] i t  can be concluded that  dur ing stage II  the 
current  dens i ty  only depends on t ime and on the p rod -  
uct  io~/t~, which is according to Eq. 4 a ma te r i a l  con- 
s tant  of the electrolyte .  Thus s ta r t ing  with  different  
io values dur ing  stage I, due to different  cell geomet ry  
for instance, the same cur ren t  densit ies are  obta ined 
dur ing stage II. Deviat ions from the s t ra ight  l ines in 
Fig. 4 for long t imes are  caused by  convection and are  
descr ibed below. 

I i 

o 

i 

. /  

/ 
o 

/ 
/ 

1 
inverse square root of time t-~, 

10-2 s-I/2 
Fig. 4. Current density vs. f -z /2  

The character is t ic  product  {o~/Fs of the e lec t ro ly te  
depends on the t empera tu re  and the composit ion of the  
electrolyte.  For  copper /phosphor ic  acid, the concentra-  
tion dependence at  20~ is descr ibed in the l i t e ra tu re  
(3), where  measurements  were  made  only for s tage I. 
A comparison with  the  resul ts  of this s tudy  is shown in 
Fig. 5. The dependence  on t empe ra tu r e  is discussed in 
a separa te  section. 

Deviat ions f rom the square  root  t ime law for stage 
II  also occur at  shor t  times, because  then Eq. [7] is 

Table I. Experimental data 

Cell S t a g e  I S t a g e  II S t a g e  III 
v o l t a g e  T e m p e r -  

Meta l  Electrolyte.* (V) a t u r e  (~ io ( A / c m  s) ts (sec)  ioX/~ io~/~ r l  (sec)  iF ( m A / e m  ~) 

Cu 14.8M H3P04 1.6 0 0.0071 67.8 0.058 0.069 275,000 0.033 
20 0.016 64.5 0.13 0.14 76,000 0.13 
40 0.047 24 0.23 0.22 9000 0.81 
60 0.047 66 0.38 0.35 2380 2.6 
80 0.071 56 0.53 0.50 2800 4.0 

12.3M HsPO~ 1.6 20 0.12 3.4 0.28 0.26 13,700 0.6 
9.8M I-I~P O~ 1.6 20 0.16 4.5 0.35 0.32 2400 1.8 
7.4M HaPO~ 1.6 - 18 0.071 - -  0.14 ~ - -  

0 0.19 "2-.4 0.29 0.37 
0.'~ 20 0.15 14 0.55 0.56 79,000 

40 0.051 208 0.74 0.67 5300 3 
60 0.076 218 1.12 

4.9M HsPO~ 1.6 20 0.185 19 0.80 0 . '~  ~ 0  9.0 
A 1.6 20 0.036 8.1 0.10 0.13 4600 1.0 
B 1.6 20 0.047 8.5 0.14 0.19 2800 1.5 
C 1.6 20 0.0091 36 0.055 0.052 10,700 0.13 

F o  14.8M H~PO~ 0.4 20 0.016 27 0.082 0.077 2600 0.55 
7.4M HsPO~ 0.4 20 0.050 61 0.039 0.040 

D 30 20 0.030 1.4 0.35 0.52 69 16.2 
Mo E 10 20 0.64 4.8 1.4 1.87 66 96 
A1 D 40 20 0.26 1.7 0.34 0.35 590 4.1 
Ti D 50 20 - -  0.72 5000 3.2 
V D 19 20 0 . ~ 5  59" 0.73 0.68 87 22.5 

D 10 20 0.046 111 0.48 0.53 320 9.8 
Zn  F 1.6 20 0.020 94 0.19 0.17 20,000 0.33 
Cu G 1.6 20 0.011 155 0.13 0.14 2350 0.93 

14.8M HsPO~ 2.0 20 0.11 1.1 0.13 - -  80 7.9 
7.4M HsPO~ 2.0 20 0.12 3 0.55 - -  5.5 84 

s t i r r i n g  

* Composition of e l e c t r o l y t e s :  ( v o l u m e  p a r t s )  A,  2 e t h a n o l  + 1 p h o s p h o r i c  ac id  (85%~; B, I b u t a n o l  + 1 phosphoric acid; C, 2 
glycerol  + 1 p h o s p h o r i c  ac id ;  D, 100 ace t i c  ac id  (99%) + 5 p e r c h l o r i e  ac id  (70%);  E, 67 m e t h a n o l  + 13 sulfuric acid (97%);  F,  1 eth- 
anol + 1 phosphoric acid; G, 14.8M p h o s p h o r i c  ac id ,  e l e c t r o d e  d i s t a n c e  100 ram. 
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Fig. 5. io~/ts plotted vs. concentration of phosphoric acid at 
room temperature for electropolishing of copper. 

the appropriate description of the cur ren t - t ime  be-  
havior. Neglecting per turbat ions  by a solid film forma- 
t ion after t -- ts, the arccot-funct ion of Eq. [7] was 
always in good agreement  with exper imental  data, as 
has been already proved by Elmore (2) for the special 
system Cu/H~PO4. If the cell voltage was chosen to be 
wi th in  the polishing region, no influence of the voltage 
on the measured product  io~/ts could be observed. At 
lower voltages some oscillations of the cell cur rent  
were seen, which may be due to the formation and 
solution of solid films (18). 

Solid film formation (stage IIa).--Figure 6 shows a 
typical recorder plot of the current  density dur ing 
stage I and II, which is s imilar  to the schematic plot 
in Fig. 3. The end of stage I is obvious by a sharp drop 
of the current.  The mathemat ical  solutions (i = io 
for t < ts) and Eq. [7] are presented as dashed lines. 
Deviations from the anticipated behavior  dur ing stage 
I are shown in  the Appendix  to be negligible for the 
solution of stage II. Therefore, solid film formation is 
assumed to be responsible for the difference between 
the solid and the  dashed line. This difference can be 
wr i t ten  as 

izz -- io - -  arccot 

If supersatura t ion of the electrolyte and subsequent  
precipi tat ion of a solid film is assumed, Eq. [9] should 
be valid according to the model used for that  process 
above. In  order to check Eq. [9] the difference between 
the two lines in  Fig. 6 was plotted in Fig. 7 vs. t-l/=. A 
straight  l ine is obtained, bu t  it does not go through 
the origin as predicted by Eq. [9]. F rom that  we may 
conclude that  the model is probably  too simple to ac- 
count for all the exper imental  effects. Nevertheless 
Eq. [10], derived wi th in  this model, was used to cal- 
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Fig. 6. Recorder plot of the current density for electropolishing of 
copper in HsP04 (85%)-glycerol (1 Jr" 2). Dashed line calculated 
from Eq. [7]. 

culate the thickness of the solid layer. If both the 
amount  of supersatura t ion from Eq. [9] and the slope 
of the straight l ine in  Fig. 7 are evaluated, all pa rame-  
ters of Eq. [9] are known, and Eq. [10] can be solved. 
Such calculations were carried out for various elec- 
tropolishing experiments  of copper in  different phos- 
phoric acids, and they gave always the same order of 
magni tude for the thickness d. A mean  value of d was 
3-30 nm corresponding to mole volumes of V ---- 10 
cm 3 for CuO and V -- 100 cm 8 estimated for some 
copper phosphate. Thicknesses reported in  the l i tera-  
ture for copper (6-9) are of the same order of magn i -  
tude. 

In  some cases (high temperatures  and /o r  low con- 
centrated phosphoric acids) a salt precipitated onto 
the electrode forming layers of about 1 mm thickness. 
The precipitat ion took place far away from the end 
of stage I, and it shows that  a supersaturated electro- 
lyte is still present  in  f ront  of the anode. If only a 
few crystallization nuclei  are present on the polishing 
area and if the crystals grow very  slowly, polishing 
goes on at the uncovered surface regions and is stopped 
at the covered regions. Therefore, hills are formed at 

~6 

~0 

/// 
0 0 (21 0,2 a3 O~ n5 

inverse square root of t ime, s -~ 

Fig. 7. Results of Fig, 6 plotted as i u  - -  io 2 / ~  arccot ~ / t / t s S  Ys. 
t--Z~2. 
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places where  the crys ta l l iza t ion star ts  and val leys  are  
lef t  a t  places where  growing crystals  from different  
nuclei  meet  each other. Thus the h is tory  of crys ta l  
g rowth  is sometimes beau t i fu l ly  impressed  on the sam-  
ple  surface, as can be seen in Fig. 8, where  dendri t ic  
growth  of the prec ip i ta ted  film mus t  have occurred. 

DiJ]usion and convection (stage III).--For the eva lu -  
a t ion of s tage I I I  the samples  were  polished unt i l  a 
constant  cur ren t  dens i ty  ig was obtained.  The loga-  
r i thm of the cu r ren t  inz minus  the s t eady-s ta te  value  
ig was then p lo t ted  vs. time. Always  s t ra ight  lines were  
obta ined which cut the  cur ren t  axis more or less ex-  
act ly  at  2ig as pred ic ted  by  Eq. [12]. A typical  resul t  
for i ron and ace t ic -perchlor ic  acid is shown in Fig. 9. 

F rom the slope of the s t ra igh t  lines ~1 was calcu-  
lated. Values of ig and T1 de te rmined  in this 'way  a r e  
compiled in Table  !. Usual ly  the reproduc ib i l i ty  of 
such measurements  was poor because na tu ra l  convec- 
t ion is s t rongly  influenced by  small  t empera tu re  fluc- 
tuat ions or  small  vibrat ions.  However ,  it  could be 
s ta ted tha t  T1 increases wi th  increasing viscosi ty ~ of 
the e lec t ro ly te  for na tu ra l  convection. 

This corresponds,  as pred ic ted  by  some models  (16), 
to an increase of 8 (cf. Eq. [11]) and a decrease of 
diffusivi ty D according to the Stokes-Eins te in  equat ion 

D = k T / 6 ~ r  

(wi th  k = Bol tzmann constant,  r ---- molecule  rad ius ) .  

Fig. 8. Copper surface showing the history of salt precipitation 
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Fig. 9. log(/ - -  /g) vs. time for stage III (cf. Eq. [12]) [Fe, 30V, 
100 volume ports acetic acid (99%) and 5 volume ports perchlorlc 
acid (70%)].  

If the e lect rolyte  was st irred,  ~z could be reduced by  
about  four  orders  of magni tude.  In  these cases s tage 
I was immedia te ly  fol lowed by  stage III. Increas ing 
s t i r r ing  veloci ty  wi l l  reduce 5 and ~1 even more, and 
for ~1 < ts ig becomes io before  the sa tura t ion  concen- 
t ra t ion Cs is reached.  

These are reasons why  e lect ropol ishing becomes in-  
effective wi th  increasing s t i r r ing  velocities (19), since 
one sufficient condit ion for pol ishing is tha t  roughness 
should be smal ler  than the thickness of the "viscous 
layer"  (20), which m a y  be defined as the layer  of 
thickness 6. Wi th  the resul ts  of this s tudy  6 can be 
calculated from ~1 and D. Fo r  copper /phosphor ic  acid 
values for D at  20~ are  avai lab le  (21, 22) which  give 
a thickness 5 of about  1 m m  under  na tu ra l  convection. 

F rom the va l id i ty  of an exponent ia l  t ime law only 
i t  cannot be concluded tha t  the model  proposed for 
s tage I I I  is useful  because diffusion th rough  a solid 
film yields the same t ime dependence.  The assumption 
of diffusion through a l iquid layer  is justified by  the 
good agreement  of exper imen ta l  and ca lcula ted  (Eq. 
[13]) values of ig over  four  orders  of magni tude  as 
shown in Fig. 10. 

Temperature dependence.--The t empe ra tu r e  depen-  
dence of the product  io~/ts can be pred ic ted  by  Eq. 
[4] f rom that  of the so lubi l i ty  Cs and that  of the dif-  
fus ivi ty  D. For  a comparison of the copper /phosphor ic  
acid results  i t  is assumed tha t  according to the S tokes-  
Einste in  equat ion the inverse  square  root  of viscosi ty 
sho.ws the same t empera tu re  dependence  as the square  
root  of diffusivity. Measured  values  (23) a re  shown in 
Fig. 11 in the form of an Ar rhen ius  plot, and s t ra ight  
lines are  best  fits to the exper imen ta l  values  accord-  
ing to the equations 

~o~/ts = 696 exp T A . s~, 

c, = 7.6 exp ( - -  8 4 0  ~ mo leAi t e r  
T / 

(1580) 
~i-�89 = 28 exp T cp-~'. 

F rom these re la t ionships  an act ivat ion energy  of 21 
k J /mo le  for  io~/ts was eva lua ted  in good agreement  
wi th  the value of 20 k J / m o l e  for Cs-v/D cc cs~/~ (Cb ---- 0). 

The t ime constant  T1, obta ined dur ing  stage I I I  for 
copper  and 14.8M I-~PO4 (cf. Tab le  I ) ,  decreases 

7o 2 

% 
I 0  J 

o o /  

f 
0 go , ~  

u o /  

~@ /~ 
22 1'oo 1'o, ;at 

ig experimental ,rnAcm -2 

Fig. 10. Comparison of experimental (Table I) and calculated 
(Eq. [13]) values of the steady-state current density ig. 
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Fig. 11. Arrhenius plot of io~/~s, solubility cs, and inverse square 
root of viscosity for Cu/14.8M H3PO4. 

s t rongly  wi th  increas ing t empe ra tu r e  corresponding to 
an ac t iva t ion  energy  of about  50 k J /mole .  For  a 
constant  thickness  5 of the diffusion layer ,  Eq. [11] 
predic ts  26 k J / m o l e  since ~l is p ropor t iona l  to D -1 and, 
therefore,  to ~l. The d i sagreement  of the act ivat ion en-  
ergies indicates  tha t  5 is t empera tu re  dependent ,  de-  
creasing wi th  increasing tempera ture .  

Concluding Remarks 
The resul ts  of this s tudy  show tha t  the cu r r en t - t ime  

behav ior  of potent ios ta t ic  e lectropol ishing can be com- 
p le te ly  descr ibed wi th  solutions of F ick ' s  second law, 
assuming tha t  diffusion in the e lec t ro ly te  is the r a t e -  
de te rmin ing  step and different  bounda ry  condit ions 
cause the occurrence of three  stages. Even the fo rma-  
t ion of a solid film on the anode and its influence on 
the cu r r en t  can be descr ibed  by  b a c k w a r d  diffusion 
f rom a supersa tu ra ted  e lec t ro ly te  consistent  wi th  ex-  
pe r imen ta l  findings. 

In  al l  th ree  s tages of e lec t ropol ishing the same t rans-  
por t  mechanism wi th in  the diffusion l aye r  is valid, 
since i t  depends in any  case on the character is t ic  pa -  
r ame te r  ioh/ts. The dura t ion  of the pa r t i cu la r  stages 
cannot  be ca lcula ted  for a cer ta in  ma te r i a l  system from 
first principles,  because i t  is influenced for s tage I by  
the geomet ry  and the cathodic process and for s tage II  
and I l I  by  na tu ra l  and forced convection wi th in  the 
e lectrolyte .  

Therefore,  the  t r anspor t  of a species th rough  the 
solid film cannot  be ra te  determining,  in contradic t ion 
to the  concept  of Hoar  et at. (6). Only  at  the t rans i t ion  
f rom stage I to II, can deviat ions f rom the s imple di f -  
fusional  concept be a t t r ibu ted  to sol id-f i lm formation.  

F r o m  the re la t ionships  der ived  i t  is possible to cal-  
cula te  the  thickness of the viscous layer .  This l ayer  
must  be th ick enough to reach  the sa tura t ion  concen- 
t ra t ion  and to smooth surface roughness.  

A P P E N D I X  
Variable Current Density during Stage I 

The var iab le  cu r ren t  dens i ty  is represented  by  a 
l inear  decrease  of i f rom a m a x i m u m  value  i~ a t  t = 0 
to i~ at  t - -  t= 

~(t) = io + ~ (t= - 2t) [A-l] 

where  i0 = � 8 9  ~-.i2) and ~i - -  h --  h. This is the  
s imples t  case for the solut ion of Eq. [2] and  [6], and 
it  is a good descr ipt ion of the  exper imen ta l  behavior  
of the  cell  used in this study.  

Then the increase  of concentra t ion  at  the anode (x 
= 0) is given b y  Eq. [2] 

1 ~ t  i ( t ' )  
ci(0, t) = cb + ~ ,=o ~ ~ '  [A-2] 

The sa tura t ion  cs is reached for  t - -  ts, and with  Eq. 
[ A - l ]  the  re la t ion  be tween  i0, ts, and Cs, D correspond-  
ing to Eq. [4] is obta ined  b y  in tegra t ing  Eq. [A-2] 

1 -- 6i'-~ = ~ -  (c, --  cb) ~/nD [A-S] 

The brackets on the lef t  side of Eq. [A-3]  contain a 
correct ion coefficient in  compar ison wi th  Eq. [4], 
which equals  app rox ima te ly  one in this s tudy  because 
the condit ion ~i/io --- 0.1 was fulfi l led th roughout  the  
exper iments .  

• o rder  to descr ibe  the  influence of a var iab le  cur-  
rent  dens i ty  dur ing  s tage I on s tage II, Eq. [6] has to 
be solved. This has been done b y  using Eq. [A-1] and 
[A-8].  The resul t  can be wr i t t en  in the  fol lowing fo rm 

i I I :  ~ L 1 arccot  

-F - arccot  - -  

For  t > >  ts the s imple fo rm 

iII iII 2 ~ / ts 

io I- 2i--o- 

is obta ined  

C 
Cb 
Cs 
Css 
CI~ CII~ VIII 
D 
d 
F 
i 
i0 
il ,  i2 

il, 

ig 
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LIST OF SYMBOLS 
concentra t ion (mole / l i t e r )  
in i t ia l  and  bu lk  concentra t ion  
sa tura t ion  concentra t ion 
supersa tu ra t ion  concentra t ion  
concentrat ions  dur ing  stages I, II, and  I I I  
diffusion coefficient (cm2/sec) 
thickness of the  solid film (rim) 
F a r a d a y  constant  
cur ren t  densi ty  ( A / c m  2) 
constant  cur ren t  dens i ty  dur ing  stage I 
cur ren t  densi t ies  a t  the beginning  and the 
end of s tage I 

ili, ilia, izn cur ren t  densit ies dur ing  stages I, II, IIa,  
and II I  
s t eady-s ta te  cur ren t  dens i ty  dur ing  stage  
I I I  
cur ren t  dens i ty  drop dur ing  s tage I 
Bol tzmann constant  
number  of o rder  
e lec t rochemical  va lence  number  
molecule  rad ius  
t e m p e r a t u r e  (K) 
polishing t ime (sec) 
t ime to form the solid f i lm 
t ime to reach cs 
t ime to reach  css 
mole  volume (cm3/mole)  
dis tance f rom the anode 
thickness of the diffusion l aye r  (ram) 
viscosity (cp) 
t ime constant  dur ing  s tage III, mth  order  
t ime constant  dur ing  s tage III,  first o rder  
(see) 
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The Sorer Effect in Molten Ag-Te Solutions 
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Oak Ridge National Laboratory, Metals and Ceramic8 Division, Oak Ridge, Tennessee 37830 

and W, O. Philbrook 
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ABSTRACT 

The Soret  effect was s tudied in l iquid Te solutions containing 17.5 to 69 a/o 
Ag. The measurements  ex tended  f rom close to the l iquidus t empera tu res  to 
1100-1200K. The factors affecting the expe r imen ta l  unce r t a in ty  were  ex-  
amined  and used to es t imate  the accuracy of the data.  The rmodynamic  da ta  
for  the l iquid solutions and solid AgaTe were  compiled and used to calculate  
expe r imen ta l  hea t  of t ranspor t ,  Q*, values. These Q* values were  found to 
have s t rong negat ive  t empera tu re  coefficients; this observat ion  can be ex-  
p la ined  on the basis of a corre la t ion  be tween  the Sore t  segregat ion  and the 
thermoelec t r ic  p roper t ies  of the melts.  

The resul ts  presented  in this paper  were  obta ined 
some years  ago, dur ing the course of a s tudy of the  
the rmal  conduct iv i ty  of a series of semiconducing 
Ag-Te  melts  (1). The Sorer  effect is impor tan t  for 
these measurements  because i t  can enhance na tu ra l  
convection (2) and must  be considered in analyz ing  ex-  
pe r imenta l  data.  At  the t ime i t  was appa ren t  tha t  the 
Soret  results  showed some unusua l  features,  but  we 
could not proceed wi th  an analysis  of the data  because 
the requi red  theoret ica l  background  had  not  been de-  
veloped and the rmodynamic  data  needed for  compu-  
ta t ion of the  heats  of t r anspor t  were  not  avai lable .  
Since tha t  t ime both of these deficiencies have been at  
least  pa r t i a l l y  e l imina ted  by  other  workers ,  and pub-  
l icat ion of our resul ts  now offer some improved  exper i -  
men ta l  evidence of the  connection be tween  mass flow 
and the electronic t r anspor t  propert ies .  

The pr inc ipa l  components  of this pape r  are:  (i) a 
br ie f  rev iew of the  informat ion avai lab le  on other  
proper t ies  of the melts;  (ii) descr ipt ion of the appa-  
ra tus  and an a t t empt  to define the exper imen ta l  errors;  
(iii) the expe r imen ta l  resul ts ;  and (iv) a discussion 
which also includes a rev iew of the the rmodynamic  
da ta  for  the system. 

Dancy (3) publ ished the first sys temat ic  s tudy  of the 
electronic t r anspor t  proper t ies  of Ag-Te  solutions. The 
e lect r ica l  conduct ivi ty,  ~e, and Seebeck  coefficient, S, 
da ta  showed semiconduct ing behav ior  over  a wide 

Key words: liquid, thermoelectricity, mass transport, activity 
coefficient, Sorer effect. 

range  of composit ions wi th  high S and low ae values  
associated with  composit ions nea r  Ag2Te. The data  
were  in t e rp re t ed  in terms of degenera te  semiconduc-  
tion and the possibi l i ty  tha t  a bandgap  could exist  a t  
some composit ion near  Ag2Te. The the rmal  conduct iv-  
i ty  s tudy (1), showed that  the  conductivi t ies  are  low 
and tha t  the  r e l a t ive ly  weak  electronic contr ibut ion  is 
roughly  consistent  wi th  degenera te  behavior .  Glazov 
et al. (4) showed tha t  the  viscosi ty exhibi ts  a sharp  
m a x i m u m  at Ag2Te and suggested tha t  the compound 
persists  as a s table  en t i ty  into the l iquid phase. Their  
work  also included Ce values, which  differ f rom those 
of Dancy for Ag- r i ch  compositions. The Russian data, 
if correct,  would indicate  that  the  the rmal  conduct ivi ty  
da ta  for  Ag r ich melts  (1) can be exp la ined  b y  the de- 
generate semiconductor  model.  Wobst  (5) showed tha t  
the curve of surface energy  vs. composit ion exhibi ts  an 
inflection near  the s toichiometr ic  rat io  whereas  the  
densi ty  does not  show any  unusua l  behavior .  Other  
re la ted,  though not  d i rec t ly  re levant ,  s tudies include 
the s tudy  of e lec t romigra t ion  in Cu2Te by  Glazov and 
Burkhanov  (6) and a s tudy  of the Sorer  effect in Te-Se  
solutions (7). 

Experimental Method 
To s tudy the Sore t  effect, a ver t ica l  column of l iquid 

was held  in a known, l inear  t empe ra tu r e  g rad ien t  unt i l  
the  s t eady-s t a t e  composi t ion d is t r ibut ion  had  been a t -  
tained. The l iquid was then r ap id ly  frozen, and the Ag 
content  of samples  taken  along the lengths  of the  ingots 
was determined.  The expe r imen ta l  observat ions  p ro -  
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vide  the  basic re la t ionship  be tween  the increments  of 
t empera tu re ,  AT, and composition, AX. Wi th  the smal l  
(15-30 deg /cm)  t e m p e r a t u r e  gradients  used, the com- 
position, X ,  vs. distance, Z, plots  could adequa te ly  be 
descr ibed by  s t ra igh t  lines, so the T - Z  and X - Z  da ta  
were  combined to y ie ld  the  two increments ,  and exper i -  
men ta l  Sore t  coefficients, ~, were  ca lcula ted  f rom the 
defining equat ion (8) 

AXAS 
- [1] 

.T~Ag.u ~ T 

Xi = a tom fract ion of component  i 

The samples  were  p r e p a r e d  by  mel t ing  99.999 pur i ty  
Ag  shot wi th  99.99 pur i ty  Te crysta ls  under  argon in a 
high pur i ty  g raph i t e  crucible.  The resul t ing  ingots were  
c rushed  and cast  in fused-s i l ica  tubes, p roducing  the 
t he rma l  diffusion samples  which were  6 m m  d iam 
cyl inders  and about  33 m m  long. Fused-s i l ica  tubing 
was also used for the  t he rmot ranspor t  runs  because i t  
is iner t  to the  melts.  The sample  capsules were  sealed 
off under  vacuum and a t tached to a long silica tube for 
pos i t ioning in the  furnace.  The composit ions s tudied 
a re  descr ibed  in Table I. 

The app rox ima te ly  (___5%) l inear  t empera tu re  g ra -  
d ients  were  produced  in a ver t ica l  furnace which  had  
two sets of windings.  Power  to the  outer ,  un i fo rm 
windings  was au tomat i ca l ly  controlled,  and a smal le r  
amount  of power  was also suppl ied  to an inner,  non-  
un i fo rm wind ing  f rom a m a n u a l l y  ad jus ted  Variac.  
A l l  of the  samples  were  posi t ioned so tha t  the top of 
the  l iquid  column would  be hotter,  thus minimizing 
convect ive  remixing.  

The t empe ra tu r e  differences were  obta ined  from two 
uncal ibra ted ,  0.13 m m  d iam Chrome l -P  vs. Alumel  
thermocouples  which were  a t tached to the  outside of 
the  sample  capsules.  The corrosive na tu re  of  the mel ts  
p rec luded  placing the the rmoelements  in direct  contact  
w i th  the l iquid, but  one test  wi th  thermocouples  inside 
and outs ide a capsule showed tha t  this p rocedure  did 
not  in t roduce  a serious error .  This was the  expected 
resu l t  because the the rmal  conductivi t ies  of the mel ts  
a r e  not  much  different  f rom fused silica (1). 

The  exper imen t s  were  begun by  posi t ioning the 
sample  capsules in the u n i f o r m - t e m p e r a t u r e  zone of 
the  furnace  to homogenize the melts.  Dur ing  this 1 hr  
per iod  the samples  were  50-200 K hot te r  than  the 
average  t empera tu re  dur ing  the run  and were  also 
ag i ta ted  to p romote  mix ing  and  remove bubbles .  
Table  I I  shows da ta  for  th ree  samples  which were  
w a t e r - q u e n c h e d  e i ther  a f te r  the  homogenizat ion t r ea t -  
men t  or  a f te r  a shor t  t ime in the t e m p e r a t u r e  gradient .  
These resul ts  indicate  tha t  the homogenizat ion t r ea t -  
men t  was effective. 

Homogenized samples  were  then  lowered  into the  
des i red  posi t ion in  the  t e m p e r a t u r e  g rad ien t  and  he ld  
there  unt i l  the  s t eady-s ta te  concentrat ion gradients  
had  been established.  Some tests wi th  the 32 atomic 
percen t  ( a /o )  Ag  me l t  at  740 K showed tha t  the  a 
va lues  did  not  change af ter  70-80 hr, and rl20-hr runs  
were  used at  lower  tempera tures .  The exper iments  

Table I. Compositions of melts used in this study 

Range 0s Range of 
Nominal mean sample mean sample 

composi t ion No. of temperatures compositions 
(a/o Ag) samples  a (K) (a/o Ag) 

69 2 1213-1239 0.2 
65.6 2 1295 0.2 
60.4 7 1012-1239 2.6 
48.4 9 790-1238 6.8 
32.4 11 687-1091 6.3 
24.3 6 741-1095 2.8 
17.6 1 900 - -  

a S t e a d y - s t a t e  s amples ,  excluding specimens used in a u x i l i a r y  
tes ts .  

Table II. Data on homogenization test samples 

Concentrat ion gradients  

A v e r a g e  T e m p e r -  A t  lndi-  S teady-  
c o m p o s i t i o n  a t u r e  T ime  c a t e d  t i m e  s t a t e  a 
( w / o  Ag)  (K) ( h r )  ( w / o - c m  -1) ( w / o - c m  -t) 

29.55 935 0 0.07 0.59 
30.16 743 0.33 0.18 1.48 
56.47 1117 0.25 0.09 0.34 

abased on overall  trends  of data and a 75 ~ t emperature  differ- 
ence. 

were  t e rmina ted  by  carefu l ly  l i f t ing  the  samples  f rom 
the furnace  and quenching them into an i ce -wa te r  
bath.  Wate r  and ice-br ine  quenches were  also used, 
but  the resul ts  did not  show any  sensi t iv i ty  to quench-  
ing rate.  

Af te r  quenching, the  thermoeouple  posi t ions w e r e  
rechecked, and the samples  were  removed  f rom the 
fused silica capsules,  identified, and measured .  Each 
sample  was then sawed into five equal  segments,  a n d  
the sections were  analyzed for Ag by  a s t andard  g rav i -  
metr ic  technique. Values of the  quan t i ty  AXAg/AZ were  
then computed f rom a l inear  leas t  square  analysis  a n d  
combined wi th  the  measured  t empera tu re  g rad ien t  to 
calcula te  ~. Two ex t r eme  examples  of the e xpe r imen t a l  
concentrat ion profiles are  shown in Fig. 1. 

Experimental Data 
For  three  of the  melts  (Table  I)  only  one Or two 

samples  were  run,  and these da ta  a re  shown in Table  
III. Data  for the o ther  four  composit ions are  shown in 
Fig. 2. The da ta  were  not  correc ted  for the  effects of 
different ia l  t he rmal  expans ion  and the  volumet r ic  
change on fusion. P r e s u m a b l y  (5) this correct ion would  
lower  al l  of the ~ values  b y  about  5%. Fo r  reasons ex -  
p la ined  in the  fol lowing section, the  overa l l  t r end  l ines 
for the da ta  shown in Fig. 2 are  d rawn  to favor  the  
h igher  da ta  points. The genera l  form of the composi -  
t ion dependence  is a g radua l  increase  in slope wi th  in-  
creasing Ag content,  bu t  the  resul ts  for  the 60 a /o  A g  
mel t  cannot  be d is t inguished f rom those for  the  48 a /o  
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Fig. I. Experimental camposition-temperature curves for the 48 
a/o Ag melt at two different average temperatures. 
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Table III. Experimental Sorer coefficients for three melts 
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Table IV. Estimates of the minimum uncertainty in the 
experimental Sorer coefficients 

M e l t  S o r e t  
e o m p o -  T e m p e r .  c o e f f i -  
s i t i o n  a t u r e  e i e n t ,  ~, Qezp* C o n t r i b u t i o n  t o  

u n c e r t a i n t y  
( a / o  A g )  (K)  (K-~) ( k J / g  at .)  Exper i -  ( _  %) 

m e n t a l  
q u a n t i t y  

17.5 899 -1 .03 x 10 -s 5,5 
65.6 1295 -0.27 x 10 -3 

1295 --0.40 x 10 -~ 
69 .0  1213 - 0 . 0 8  x 10 -8 

1239 -0.14 x 10 -a 

�9 Def ined  b y  Eq.  [1]. 

Ag composition. It  should be noted that  the ~ data do 
not  tend toward zero at infinite temperature.  

Exper imental  Uncer ta int ies  
A lower bound for the error can always be obtained 

from the individual  uncer ta in ty  limits for the various 
exper imenta l ly  determined quantities. This sort of 
analysis is summarized in  Table IV. This table is, in 
part, based on the assumptions that  o varies at  T -2 and 
XAg in the composition and tempera ture  ranges of in-  
terest. Uncertainties calculated in  this way  are shown 
with some of the data points in  Fig. 3. These estimates 
should be compared to the ~ variation, and this indi-  
cates that  the r var iat ion is not  obscured by  these 
uncertainties.  

A realistic assessment of the systematic experi-  
menta l  errors is general ly  much more difficult. In  the 
present  case, four major  possibilities have been con- 
sidered: (i) the times chosen might  have been insuffi- 
cient for the a t t a inment  of a t rue steady state, (it) the 
system might  be inherent ly  subject  to convective re-  
mixing errors, (ii i)  some runs might  have been spoiled 
through mechanical  agitation dur ing the final quench, 
and ( i v )  the h igher - tempera ture  data might  have been 
more affected by remixing dur ing quenching. 

Convective remixing occurs in a Soret exper iment  
when  the column is heated from the bottom and the 
Rayleigh number  exceeds some critical value (9). 
When the column is heated from the top, i t  is inher -  
ent ly  stable unless the Soret segregation causes the 
heavier  component  to migrate to the hot end, over-  
coming the density gradient  caused by differential 
thermal  expansion. In these experiments  the denser 
component,  Ag, migrates to the cold end and the test 
columns should always have fal len in Velarde and 
Schechter 's (9) inheren t ly  stable quadran t  II. The 
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Fig. 2. Sorer coefficient data for four Ag-Te melts. Note that the 
trend lines favor the larger values, 

800 K 1200 K Bas is  f o r  e s t i m a t i o n  

T 2 2 1% t e m p e r a t u r e  a c c u r a c y  
o f  C h r o m e l  P :  A l u m e l  
t h e r m o c o u p l e s  

AT 12.5 20.@ 75" temperature  differ. 
ence,  also includes some 
&Z uncertainty 

&X 10.9 24.4 Scatter in X vs. Z aver. 
ages about • 

XAg Xr,  6.4 6.4 Includes sample-to-sample 
composition variation 

Total ~30 --50 

normal  Rayleigh numbers  estimated for typical con- 
ditions varied from 1 • 107 for the 60 a/o Ag melt  to 
4 • 106 for the 24 a/o melt. 

Horizontal tempera ture  gradients can also produce 
convective remixing,  bu t  exper imenta l  data indicate 
that  this is not as serious a problem in a Sorer experi-  
men t  as it is in an isothermal mass diffusion experi -  
ment. Agar and Turne r  (10) who used a 10 m m  diam 
Soret cell showed that  horizontal tempera ture  gradients 
influenced their  results when the combined ( thermal  
plus Soret density gradients)  yielded Rayleigh n u m -  
bers less than about 106. The m i n i m u m  Rayleigh n u m -  
ber  for our experiments  was 4 X 106 and this takes 
no credit for the large enhancement  from the Soret 
effect. The data of Winter  and Dr ickamer  (11) on 
Pb-Sn,  Cd-Sn, and Zn - S n  solutions also support  this 
conclusion. These authors, who used 3 mm diam capil- 
laries, found that their results for the P b - S n  and Cd- 
Sn systems were in good agreement  with earlier data 
obtained with 10 m m  diam columns. Convective errors 
became significant for ~2% density differences (Zn- 
Sn) but  the density difference for Ag-Te is compar-  
able to that of Pb-Sn.  

It  has been shown that convection reduces the 
steady-state segregation and that  ~ values calculated 
from short- t ime data tend to exceed the apparent  
s teady-state  values (12). The usual  kinetic equation, 
which should fit data for times greater  than about 0.2 
o, is (12) 

m=l_--exp -- [21 
o'~ ~2 T 

where ~'t : apparent  value of ~ calculated from data, 
r = steady-state  value, t = time, 0 -- a2/~2D12, a = 
cell height, and D12 = effective diffusion coefficient 
for the solution. Figure 3 shows that  the test data for 
the 32.4 a/o Ag melt  taken at about 740 K fit the equa-  
tion reasonably well. The diffusivity derived from the 
data, ~ 1  X 10 -5 cm2/sec, also seems reasonable,  a u g -  
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Fig. 3. Variation of the apparent Soret coefficient at the 32 a/o 
Ag melt with time. 
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gest ing tha t  the t imes chosen were  sufficient for  a t -  
ta in ing  s t eady- s t a t e  conditions.  

Data  f rom two runs  on the 60 a /o  Ag composi t ion at  
1012 K also suppor t  this poin t  of view. The ~ values  
for 6.3 and 88 h r  indicate  a 0 of about  12 hr  and a diffu- 
s iv i ty  of 3.5 • 10 -5 cm2/sec. This is s imi lar  to the D 
der ived  by  Glazov and Burkhanov  for mol ten  Cu2Te 
(6). Other  da ta  (Fig. 2) on the 32 a /o  Ag  composit ion 
indicate  tha t  the two "s teady-s ta te"  ~ values  fal l  be low 
the genera l  expe r imen ta l  trend,  poss ibly  by  as much as 
30%. Also the  two points a t  5 and 36 hr  seem to show 
tha t  0 increases wi th  time. This suggests tha t  convec-  
t ion could have influenced some of the exper iments .  

I nadve r t en t  mechanica l  agi ta t ion of the sample  cap-  
sules dur ing  the final quench could lead to occasional 
low ~ values;  this p robab ly  happened  10-20% of the 
time. This in t e rmi t t en t  difficulty was compensated  by  
weighing  the h igher  ~ values  more  heav i ly  than  the 
lower  ones. A more  e labora te  expe r imen ta l  appara tus  
would  also have been useful  in this regard .  

A final point  is tha t  da ta  t aken  at  h igh t empera tu re s  
may  be more subjec t  to convective r emix ing  than  those 
f rom lower  tempera tures .  At  h igher  tempera tures ,  the  
t he rma l  diffusivi ty  increases, bu t  this is compensated  
by  the viscosi ty decrease and the net  effect should be 
to produce  a Rayle igh  number  which  does not  va ry  
s t rong ly  wi th  tempera ture .  On this basis,  the tes t  s am-  
ples should have remained  in Velarde  and Schechter ' s  
(9) s table  second quadrant ,  a l though moving closer to 
the uns table  th i rd  quadran t  because the  s tabi l iz ing in-  
fluence of the Sore t  effect is d iminished  at  e leva ted  
temperatures .  The much h igher  t he rma l  diffusivi ty 
(1, 3) of the low Ag mel ts  would lower  the i r  Rayle igh  
numbers  re la t ive  to the composit ions near  Ag2Te, and 
thus the low-Ag  melts  should be less stable.  The vis-  
cosity variat ion,  which  should be smal le r  than  the d i f -  
fus iv i ty  change, is unknown.  

D i s c u s s i o n  

In the  first pa r t  of this section, t he rmodynamic  da ta  
for the sys tem are  cr i t ica l ly  r ev iewed  and used to de-  
r ive d In v A J d l n  XA~ values  for ca lcula t ing the  ex -  
pe r imen ta l  hea t  of t ranspor t ,  QAg* (8) 

( 01n,. ) 
- �9 ~ [3] QAg* = R T  ~ 1-~ 01nXAg 

A fa i r ly  extens ive  examina t ion  was requ i red  be-  
cause the two sets of expe r imen ta l  ac t iv i ty  da ta  (13, 
14) are  in conflict. In the second pa r t  of the section, 
the QAg* values  are  compared  wi th  some theore t ica l  
formulas  to see how wel l  theory  can account for  the  
observed t empe ra tu r e  and composit ion variat ions.  

T h e r m o d y n a m i c  ] a c t o r . - - B o t h  Zaleska  (13) and 
Prede l  and Piehl  (14) ha#e repor ted  ac t iv i ty  da ta  for 
l iquid Ag-Te  solutions. Zaleska  (13) obta ined s i lver  
act ivi t ies  f rom emf measurements  on concentra t ion 
cells, while  P rede l  and  Piehl  (14) made  measurements  
of the Te pressure  over  the solutions and obta ined Ag 
act ivi t ies  f rom a G ibbs -Duhem integrat ion.  The agree-  
men t  is poor  for  s i lver  concentrat ions  grea te r  than  
about  1O a/o, and for  solutions containing more  than  
about  35 a /o  Ag the two sets of da ta  do not  even give 
the same sign for the deviat ions f rom Raoul t ' s  law. 
Calor imetr ic  da ta  for the sys tem suppor t  the Zaleska  
(13) values.  

Thermodynamic  da ta  for the  compound Ag2Te cover 
a wide  t empe ra tu r e  range,  appear  to be in t e rna l ly  
consistent,  and can be used as a va luab le  check on the 
measurements  f o r  l iquid solutions of o ther  composi-  
tions. The specific hea t  da ta  (15-17) cover  the  range  
16-1500 K, and the absolute  entropy,  $29s, given by  
Mills and Richardson (16) was used in the calculations.  
The high t empera tu re  specific hea t  da ta  of Blachnik  
and Gunia  (17), which are  in good agreement  wi th  the 
Mills and Richardson (16) resul ts  at  lower  t e m p e r a -  
tures,  were  employed  in ca lcula t ing  HT-H29s and 

ST-S29s. These calculat ions also requ i re  values  for the 
two-so l id - s ta te  en tha lpy  increments  for  the  (1 ~ i)  
and  (i ~ h) phase t ransi t ions  (18) and the en tha lpy  
of fusion. Three  values  for the (1 -~ i) AH are  ava i lab le  
(16-18) and an average,  2.96 k J / g  a tom of alloy, was 
used in the calculat ion.  Castanet  and Bergman  (19) 
have repor ted  AH for the (i -~ h) phase t rans i t ion  and 
the re  a re  two expe r imen ta l  va lues  for  the  en tha lpy  of 
fusion (17, 19). The average  of these two values,  3.41 
k J / g  a tom of alloy, was used in the calculations.  
Severa l  direct  measurements  of the hea t  of fo rmat ion  
of the low (20), in te rmedia te  (21, 22), and  high (19) 
t empe ra tu r e  forms of AgaTe have been  repor ted  and 
two values (14, 20) have been publ i shed  for  the en-  
t ha lpy  of  fo rmat ion  of the  Ag2Te l iquid solution. 
K iukko la  and Wagne r  (23) also obta ined values  for 
AGf ~ at  523 and 573 K, and Knudsen  cell  s tudies of the  
vapor iza t ion  of the  solid compound (24, 25) can be 
ex t rapo la t ed  to make  an es t imate  of the  t e l l u r ium ac-  
t iv i ty  at  the mel t ing  point,  

One convenient  w a y  to test  the  consis tency of these 
resul ts  is to use the Cp-T da ta  in  combinat ion wi th  the 
enthalpies  of the t ransi t ions  to conver t  a l l  of the ex -  
pe r imen ta l  heats  of format ion  to values  corresponding 
to lg  atomic weight  of the low t e m p e r a t u r e  phase.  
Values for  the two e lements  were  t aken  f rom the 
l i t e ra tu re  (26). Excluding  the P rede l  and Piehl  value,  
and inc luding the two values  der ived  f rom a S  ~ and AG ~ 
(23), the  AH29s values  ca lcula ted  for the  low t e m p e r a -  
ture  f o r m r a n g e  f rom --12.39 (22) to --11.28 k J / g  a tom 
(21) and the expe r imen ta l  value  (20) is --12.01 k J / g  
atom. The Prede l  and Piehl  (14) value  is about  --15.9 
k J / g  atom. 

The overa l l  compila t ion of da ta  for Ag2Te show at  
least  two in teres t ing  features.  Firs t ,  the specific hea t  
da ta  for  the  l iquid compound (17), when  combined 
wi th  l i t e ra tu re  da ta  for the  l iquid e lements  (26), ind i -  
cate tha t  the t empera tu re  coefficient of the hea t  of 
format ion  should be only about  1.5%/100 ~ . The resul ts  
of Castanet  and Bergman  (19) showed tha t  AH is ap-  
p rox ima te ly  independent  of t empera ture .  Second, the 
absolute  S values for Ag, Te, and Ag2Te indicate  tha t  
AS for format ion  of the l iquid  solution, 1.25 J / g  a tom 
deg, is much less than  the ideal  value.  This resul t  
seems to suppor t  the idea (19) tha t  this solut ion is not  
a r andom one. The ca lor imet r ic  AS fal ls  a long the  
t r end  of the Zaleska  (13) values  and is cons iderab ly  
grea te r  than  the AS given by P rede l  and Piehl  (14), 
--6.6 j / g  a tom deg. 

The ca lor imetr ic  data  for Ag2Te y ie ld  a value  for 
AG for format ion  of the l iquid solut ion f rom the two 
l iquid  components,  and  the magn i tude  of this AG is 
about  a factor  of 2 l a rge r  than  AG calcula ted  f rom 
aTe and aAg as given by  Prede l  and P ieh l  (14). The 
Zaleska (13) da ta  do not  ex tend  to the  Ag2Te compo-  
sition. The p rob lem wi th  the ac t iv i ty  da ta  (14) seems 
to arise most ly  because there  is on ly  one aTe da ta  
point  for t e l lu r ium contents less than  40 a/o,  and i t  
appears  to be too high. This conclusion is suppor ted  
by  Knudsen  cell da ta  (24, 25) which indicate  10 -3 < 
aTe ~ 10 -2 at  the mel t ing  poin t  of Ag2Te, and by  m a k -  
ing a rough es t imate  of aTe at  the misc ib i l i ty  gap. For  
the assumptions  tha t  in s i lver  rich, meta l l ic  solut ions 
aAg follows Raoul t ' s  l aw and ate obeys Henry ' s  law, 
the en t ropy  of mix ing  is ideal,  and us ing the  exper i -  
menta l  in tegra l  hea t  of mixing  (19), one obtains aTe 

4 • 10 -3 for  solutions containing be tween  9 and 30 
a /o  Te. The assumptions  employed  in this es t imate  are  
obviously  not  correct,  bu t  the in tent  is only  to demon-  
s t ra te  tha t  aTe must  be very  low in Ag- r i ch  melts.  
The Prede]  and  P ieh l  (14) da ta  indicate  aTe ~ -  0.2 for  
a 40 a /o  solution, and if these two resul ts  are  even 
app rox ima te ly  correct,  the  act ivi t ies  of both  compo- 
nents  must  v a r y  quite r ap id ly  nea r  the Ag2Te compo-  
sition. Blachnik  and Bolte (27) have noted tha t  this  
is the case in some selenide systems. This analysis  im-  
plies tha t  the the rmodynamic  factor  (Eq. [3]) is ve ry  
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large  near  the AgaTe composition, and  Q* values  de -  
r ived  for the two s i lve r - r i ch  melts  (Table  I I I )  are  thus 
subjec t  to large  uncertaint ies .  

The evidence showing that  the aAg values of P rede l  
and Piehl  (14) are  p robab ly  not  correct  does not  es-  
tabl ish  the va l id i ty  of  the Zaleska  (13) values,  but  
fu r the r  examina t ion  of the da ta  for  solutions in the 
0-60 a/o  Ag range at  least  shows tha t  the resul ts  are  
in te rna l ly  consistent.  This test  involved using the 
Prede l  and Piehl  (14) ate da ta  wi th  the expe r imen ta l  
heats of mix ing  (13, 19, 28) and aS values to calculate 
aAg. The te l lu r ium ac t iv i ty  da ta  are  consistent  wi th  
values calcula ted from the phase d i ag ram and should 
not va ry  much wi th  t empe ra tu r e  (14, 28, 29). The en-  
tha lpy  da ta  are  p r inc ipa l ly  due to Castanet  et al. (19, 
28) but  Maekawa (30) and Zaleska  (13) have repor ted  
resul ts  which suppor t  Castanet  et  al. The Predet  and 
Piehl  (14) en tha lpy  data, which appear  to be too large  
at  the Ag2Te composition, were  not  used. The aS va l -  
ues were  chosen by  plot t ing (i) the 5S values t abu -  
ia ted by  Zaleska  (13), (it) the aS computed  from SA~ 
(13) and S i c  ( 2 8 ) ,  and (iii)  the hS values computed 

f rom specific hea t  da ta  for Ag, Te, and Ag2Te. This 
produced a curve which is nea r ly  ideal  for  solutions 
containing less than  45 a /o  Ag. This expe r imen ta l  l ine 
then  falls we l l  be low the ideal  values  for more  s i lver -  
r ich compositions. The Prede l  and Piehl  (14) ~S values  
show this same general  var ia t ion,  but  the negat ive  de-  
par tu res  f rom idea l  mix ing  are  much larger .  

The two sets of ac t iv i ty  coefficient values  are  com- 
pa red  in Fig. 4. The hea t  of mix ing  da ta  were  used to 
ad jus t  the Zaleska (13) values  to 1281 K. The agree -  
ment  is excellent,  and both sets of values  were  used in 
defining the ~'Ag-XAg variat ion.  The devia t ive  (Eq. 
[3]) is smal l  ( ~  --0.2) for the  18, 24, and  32 a /o  Ag 
mel ts  and increases r ap id ly  (4-0.3 for 48 a /o  and 4-0.9 
for  60 a /o  Ag) at  h igher  s i lver  contents.  I t  should be 
noted  (Fig. 4) that  the ac t iv i ty  da ta  i m p l y  tha t  Henry ' s  
l aw is only  val id  for ve ry  low si lver  contents.  Also the  
increase which begins at  about  45 a /o  Ag  must  lead  
to a ve ry  rapid  ac t iv i ty  var ia t ion  in the v ic in i ty  of the 
Ag2Te composition. 

The efIects of composition and temperature on the 
heat of transport.--The data  presented  here  represen t  
a survey  of the Sorer  effect in Ag-Te  solutions over  an 
unusua l ly  large t empera tu re  range.  As shown in Fig. 
5, Q* tends to increase wi th  the Ag content  of the  
melts,  and the t empera tu re  dependence  is strong. Mea-  
surements  on the 26-60 a /o  Ag mel ts  show tha t  Qexp* 
decreases at  h igher  t empera tu res  and approaches  zero 
at  about  0.8 to 0.9 of the no rma l  boi l ing points. One 
measuremen t  (Fig. 1) also suggests tha t  Q* becomes 
negat ive  at  stil l  h igher  temperatures .  

These var ia t ions  can be discussed b y  using the theo-  
re t ical  f r amework  presented  by  Hunt ington  (31), In  
general ,  the hea t  of t r anspor t  should contain three  
terms,  two of which can be t empera tu re  dependen t  

Qexp* = Qint* + Q ~ *  + Qe,* [4] 

where  Qint*  : intrinsic,  t empera tu re  independen t  t e rm 
which would be present  in all  liquids, Qwh* ---~ contr i -  
but ion from the in terna l  Thompson field to the moti6n 
of a charged species, and Qel* -- component  due t o  

a tom-charge  car r ie r  interact ions.  Deta i led  calculat ions 
for l iquid meta ls  (8) show tha t  the electronic and in -  
t r insic terms are  usua l ly  both significant while  t h e  

Thomson contr ibut ion can be neglected.  This is not  
necessar i ly  the case for semiconduct ing solutions. The 
possible magni tudes  of the three terms for the semi-  
conduct ing Ag-Te  melts  are discussed in the  fol lowing 
paragraphs .  

Bhat  and Swal in  (32) ~have discussed appl icat ion of 
various models  for calculat ing Qint* for l iquid meta l  
solutions and concluded tha t  the theory  developed for  
dense gases is more successful than  the Wi r t z -Br ink -  
man model. There  does not seem to be any unique w a y  
to mak ing  this test  in the presen t  case, since diffusion 
and viscosity da ta  are  not  ava i lab le  and the dense gas 
theory  should not app ly  when the molar  volumes a r e  

grea t ly  different. An ear l ie r  t heo ry  (11) based on dif -  
ferences in the heats  of  vapor iza t ion  does give the sign 
of the heat  of t ransport ,  bu t  the ca lcula ted  Qint* values  
a re  too large.  This theory  was also modified to include 
the act ivat ion energies,  ~U -+, for  diffusion o r  viscous 
flow (11) 
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Qint* -" MAgVTe + MTeVAs2~ ( AUAs~'V--Ag AUT~ ) [5] 

w h e r e  V i  - -  partial molar volume of component i and 
Mi -- mass of component i. This formula, which is fairly 
successful for liquid metals, probably can explain the 
composition dependence of Qint, because the activation 
energy difference term should be different for Ag-rich 
and Te-rich solutions. The general trend of this varia- 
tion is similar to the liquidus curve for the system. 

The Thomson field contribution is given by (31) 

QTI~* - -  eZes~;TT [6] 

where e is the magnitude of the electronic charge, ~T 
the Thomson coefficient, and Zes is the effective charge 
number of the moving ion seen by the electrostatic 
field. The Seebeck coefficients, S, data of Dancy (3) 
can be described by equations of the form 

S = So - AT [7] 

so that with the Kelvin relationship Eq. [12] becomes 

Q T h  - -  - - 9 . 6  • 104 Zes~.T 2 J /g  atom [6a] 

The chief trouble is in deciding what value to assign 
to Zes. In a metallic solution, it ought to be positive 
and Huntington (81) has argued that it should be 
taken as the full ion charge. This is not so clearly the 
case for Ag-Te solutions, since one could imagine nega- 
tively charged Te ions playing a role. At any rate the 
potential importance of this term can be seen by as- 
suming that Zes is unity. For the eutectic (83% Ag) 
melt a is about 7 • 10 -s  #V/deg~, and this leads to a 
QTh* of about --6.7 kJ/mole at 1000 K. The experi- 
mental value at this temperature is about +4.8 kJ /  
mole deg, so this contribution is large enough to ex- 
plain the observed negative temperature coefficient. 

It is also possible that the third component, Qel*, 
could be responsible for the temperature dependence of 
Qexp*. For liquid alkali and noble metal solutions, 
Murarka et al. (8) have shown that Qel* is negative 
and proportional to temperature, and that the average 
of the temperature coefficients calculated for seven 
cases is about --8 J /g  atom deg. This kind of calcula- 
tion would not apply to an Ag-Te solution, but some 
general guidance can be gained by referring to the 
two-band treatment which Huntington applied to Pt 
(31). The analysis shows that Qel* is larger than for 
single-band metals and that the coefficient is propor- 
tional to, among other factors, the Seebeck coefficient. 
The sign of the contribution is governed by the See- 
beck coefficient and the ratio of elective masses of 
holes and electrons, and turns out to be positive for Pt. 
Then, since the transport property data indicate that 
the Ag-Te melts are hole conductors, Qel could have 
the sign and magnitude required to explain the ex- 
perimentally observed negative temperature coeffi- 
cients. 

To examine these possibilities in more detail, QTh 
was computed by assuming that Zes in Eq. [6a] was 
unity, and the remaining part of the heat of transport 
was plotted as a function of temperature. The quanti- 
ties (Qint* + Qel*) obtained in this fashion can be 
adequately described by a linear temperature variation 
and the calculation shows that QTh* probably is not 
responsible for all of the temperature dependence. The 
linear temperature coefficients obtained in this fashion 
are larger than those calculated by Murarka et al. (8) 
and increase with the Seebeck coefficients of the melts. 
This is roughly what was expected from the theory. 

The principal conclusion drawn from this work is, 
therefore, that there is a correlation between the tem- 
perature dependence of the Soret segregation and the 
electronic transport properties of the melts. This cor- 
relation involves one or both of the thermoelectric 
properties, S and ~T, and the dominant effect could be 

experimentally identified if the precision of the results 
could be improved. 
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Photoelectrochemical Properties of Polycrystalline TiO  
Doped with 3d Transition Metals 

Yasumichi Matsumoto,* Jun-ichi Kurimoto, Tateki Shimizu, and Ei-ichi Sato* 
Department of IndustriM Chemistry, Faculty o~ Engineering, 

Utsunomiya University, Ishi-icho 2753, Utsunomiya, Japan 

ABSTRACT 

The photoelectrochemical properties of the polyerystal l ine TiO2 doped with 
3d t ransi t ion metals (Cr, Mn, V, Cu, Ni, and Zn) have been investigated. The 
electrodes doped with Cr, Mn, V, and Cu show the visible l ight photore- 
sponses. It  is concluded that the visible light photoresponse is based on the 
impur i ty  band formed near  the =* conduction band  of the TiO2 in energy 
position, in analogy with the Co-doped T i Q  electrode reported previously. 
The cathodic photocurrent  of the 02 reduction was also observed for the doped 
and undoped electrodes. From the good agreement  of the spectral dependences 
of  the anodic and cathodic photocurrents,  it is judged that  both type photo- 
currents  are brought  about by the same photoexcitation process. The ob- 
served large cathodic photocurrents for the electrodes that give the visible 
l ight  photoresponse are a t t r ibutable  to the d-orbitals  of the doped metal  as 
the active site, by which the impur i ty  band is formed in the bulk. A mecha- 
nism for the photosynthesis is also suggested from the simultaneous appear-  
ance of the photo-oxidation and photoreduction currents  on an electrode. 

TiO2 is suitable for the anode material  of the photo- 
electrolysis of water from the point of view of the 
stabil i ty in aqueous solution, but  its large bandgap 
brings about only small efficiency in using the solar 
spectra. Recently, it has been reported that the TiO2 
electrode is improved by doping with various elements. 
Cr and Mn-doped TiO2 single crystals br ing about the 
visible l ight response, and the u.v. response increases 
by doping with AI(1, 2). Polycrystal l ine TiO2 doped 
with A1 and Be show the interest ing property that the 
quan tum efficiencies to the u.v. l ight increase like the 
TiO2 single crystal electrode doped with Al(3, 4). 
Moreover, there is a report that  Ni, Cr, Cd, and Zn- 
doped polycrystall ine TiO2 electrodes give the visible 
l ight response (5). 

In  our laboratory, it is found that the polycrystal-  
line TiO2 prepared at high temperature  and the Co- 
doped polycrystall ine TiO2 show the visible light re- 
sponse (6). The polycrystal l ine- type electrode is more 
suitable for the photoanode than the single crystal in 
preparat ion cost and in ease of the preparat ion process. 
In the present  paper, the photoelectrochemical prop- 
erties of the polycrystal l ine TiO2 doped with 3d transi-  
tion metals are studied. In  our results, the visible light 
response was observed for the Cr, Mn, V, and Cu- 
doped electrodes, but  not for the Zn-doped electrode, 
and was very small  for the Ni-doped electrode. Mere- 
over, the large cathodic photocurrent  was also observed 
for some electrodes. A mechanism for these phenomena 
is proposed and quali tat ively confirmed in the present  
paper. From the simultaneous appearance of the anodic 
and cathodic photocurrents,  a possible mechanism for 
the photosynthesis is also suggested. 

Experimental 
All the electrodes are prepared by the thermal  de- 

composition of the aqueous solutions of 3d metal  salts 
on the Ti metal  substrate (99.6%). The ni trates  were 
used for Mn, Cu, and Zn, and the oxide (CrO3) for Cr. 

* Electrochemical Society Active Member. 
Key words: photoelectrochemistry, semiconductor electrode, 

TiO~. 

VOCl2 dissolved in the diluted HNOs was used for V. 
The preparat ion method is the same as that described 
in a previous paper (6), but  H202 was not used in the 
present study. The samples were prepared at either 
500 ~ or 600~ as the final heat - t rea tment .  No oxide 
other than TiO2 was observed in x - ray  analysis for the 
electrodes with the coating concentrat ion less than 
about 2.5 • 10 -7 mole/cm~. As for the electrodes used 
in this study, almost all of the metals in the coating 
metal  salts will  be doped in the formed TiO2 layer. All 
the electrodes are denoted as T i O J M  in this paper. 

The electrolyte was pre-electrolyzed 1M KOH. An 
Hg/~IgO electrode was used as the reference electrode 
and electrode potentials cited in this paper are re- 
ferred to this electrode. The spectral dependence of 
the cathodic photocurrent  was measured in the 02 
saturated electrolyte, and that of the anodic photo- 
current  was done in air. Both photoresponses of the 
anodic and cathodic currents were fast (<0.3 sec) for 
all the electrodes used in the present  study, analogous 
to the Co-doped TiO2 electrode (6). The other mea-  
surements  were conducted in the same way as in the 
previous paper (6). The i r radiat ion intensi ty  is not 
corrected. However, a sequence of measurements  is 
done with the same exper imental  setup, so that  the 
irradiat ion intensi ty  has been kept constant  during the 
measurements.  

Results 
TiOz/Cr, TiOz/Mn, TiOz/V, and TiO2/Cu electrodes. 

- -The  potential  sweep vol tammograms for the TiO2/ 
Cr(2.5 • 10 -9 mole/cm2) and TiO2/Mn(2.5 • 10 -8 
mole/cm 2) electrodes are shown in Fig. 1 and 3, re- 
spectively. The spectral dependences of the photocur-  
rents for the TiO2/Cr and TiOs/Mn electrodes are 
shown in Fig. 2 and 4, respectively. The photocurrents 
were determined by the differences between the stable 
i l luminat ion current  and the dark current  as described 
in the previous paper (6). The u.v. photocurrents for 
both electrodes, as the figures show, are based on the 
original photoexcitation process of the TiOs. The ob- 
served large photocurrents due to the visible light for 
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Fig. 1. Potential sweep voltammogram of the TiO~/Cr(2.5 X 10 -9  
mole/cm ~) electrode prepared at 600~ 

the TiO~/Cr and TiO2/Mn electrodes are a t t r ibutable  
to the Cr and Mn impur i ty  bands formed in the TiO2 
lattice as described in a later  section. Relat ively 
large cathodic photocurrents  were also observed for 
both types of electrodes in the O2 saturated 1M KOH, 
but  not in  the Ar saturated one. The cathodic photoeur-  
rents, therefore, are based on the O~ reduction. This 
observed cathodic photocurrent  is not a t t r ibutable  to 
the inerease of the photoconductivi ty as described in 
a later  section. Good agreement  of the spectral de- 
pendences of the anodie and cathodic photocurrents 
show that  photoelectrochemieally reactive electrons 
and holes are produced by the same photoexcitation 
process. 

The spectral dependences of the photocurrents for 
the TiOJV and TiO2/Cu electrodes are shown in Fig. 
5 and 8, respectively. It is concluded that the photo- 

10 
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Fig. 2. Spectral dependences of the photocurrents at the T i O J  
Cr (2.5 X 10 - 9  mole/cm 2) electrodes. The cathodic and anodic 
photocurrents were measured at --0.8 and 0V, respectively. (a) 
Cathodic photocurrent at the electrode prepared at 600~ (b) 
anodic photocurrent at the electrode prepared at 600~ (c) anodic 
photocurrent at the electrode prepared at 500~ 
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Fig. 3. Potential sweep voltammogram of the TiO~/Mn (2.5 X 

10 - 8  mole/era 2) electrode prepared at 600~ 
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Fig. 4. Spectral dependences of the photocurrents at the TIC2/ 
Mn (2.5 X 10 - 8  mole/cm 2) electrodes. The cathodic and anodic 
photocurrents were measured at --0.8 and 0%', respectively. (a) 
Cathodic photocurrent at the electrode prepared at S00~ (b) 
anadic photocurrent at the electrode prepared at 500~ (c) cath- 
odic phatocurrent at the electrode prepared at 600~ (d) anodlc 
photocurrent at the electrode prepared at 600~ 
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Fig. 5. Spectral dependences of the photocurrents at the TiO2/V 
(2.5 X 10 - 8  mole/cm 2) electrode prepared at 600~ The cath- 
odic and the anodlc photocurrents were measured at - -0.9 and OV, 
respectively. (a) Cathodic photocurrent, (b) anodic photecurrent. 
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Fig. 6. Spectral dependences of the photocurrents at the TiO~/ 
Cu (2.5 X 10 -7  mole/cm 2) electrodes. The cathodic and anodic 
photocurrents were measured at --0.8 and 0V, respectively. (a) 
Cathodic photocurrent at the electrode prepared at 600~ (b) 
anodic photocurrent at the electrode prepared at 600~ (c) 
anodic photocurrent at the electrode prepared at 500~ 

currents  due to the vis ible  l ight  for the TiO2/V and 
TiO2/Cu electrodes are  based  on the V and Cu i mpur i -  
ties doped in the TiOe lattice,  respect ively.  The T i O J V  
electrode p repa red  at  500~ showed no vis ible  l ight  
photoresponse.  The u.v. l ight  responses for the  both 
electrodes are  due to the fact that  the photoexci ta t ion 
process in the or iginal  bandgap  of the TiO2 is the same 
as for the TiO2/Cr and T i O J M n  electrodes.  

TiOz/Ni, TiOz/Zn, and TiOJFe electrodes.--The 
TiO2/Ni e lect rode shows the ve ry  small  response to the 
visible l ight  near  the or iginal  TiO2 bandgap  energy  as 
wel l  as the var ia t ion  in the u.v. spect ra l  dependence  
of the photocurrent ,  but  the TiO2/Zn electrode shows 
no visible l ight  response. These resul ts  a re  different  
f rom those repor ted  b y  Monnier  et al. (5). These differ-  
ences are  p robab ly  due to the p repara t ion  method  of 
the electrode,  but  this is not clear. 

The vis ible  l ight  response was not observed for the 
TiO2/Fe e lect rode wi th  2.5 • 10 - s  Fe  mole/cme, but  
was observed for  the e lect rode wi th  2.5 • 10 - s  Fe  
mo le / cm 2 as shown in Fig. 7. I t  is judged  tha t  the vis i -  
ble l ight  photocurrents  of the l a t t e r  e lect rode are not 
due to the Fe impur i t ies  doped in the TiO2 latt ice,  bu t  
are  due to the Fe20~ formed on the top of the surface, 
since the spect ra l  dependences  of the photocur ren ts  
agree wi th  tha t  of the FeeO3 electrode repor ted  ear l ie r  
(7-11). The good a g r e e m e n t  of the spect ra l  depen-  
dences of the anodic and cathodic photocurrents  shows 
that  the photoproduced e lect ron in the conduction band 
and hole in the valence band of the Fe208 react  wi th  
the solut ion species under  the  cathodic and the anodic 
biases, respect ively.  

Discussion 
The la rge  cathodic pho tocur ren t  is not  a t t r ibu tab le  

to the increase  of the conduct ivi ty  by  the photon. This 
is confirmed by  the fol lowing result .  The TiO2 (single 
c r y s t a l ) / C r  e lect rode as descr ibed in a la te r  section, 
whose surface l aye r  is only  doped, also gives the la rge  
cathodic photocur ren t  as Fig. 11 shows, while  non-  
doped TiO2 (single crys ta l )  gives no cathodic photo-  
current .  If  the observed cathodic photocur ren t  is based 
o n  the photoconduct ivi ty ,  this doped electrode wil l  not 

( a )  
.{7~o.C'O O 'O 'o  ~ > O ' ~ 1 7 6  " 
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I I I .... 
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Fig. 7. Spectral dependences of the photocurrents at the Ti02/ 
Fe (2.5 X 10 -6  mole/cm 2) electrodes prepared at 600~ The 
cathodic end enodic photocurrents were measured at --0.5 and OV, 
respectively. (a) Cathodic photocurrent, (b) anodic photocurrent. 

give the cathodic photocurrent ,  because the impur i ty  
band  or  sites formed only in the  surface l aye r  do not  
affect the photoconduct ivi ty .  

The electrodes used in this s tudy  wil l  contain the 
surface states and the recombina t ion  centers  as wel l  as 
the formed impur i ty  band. The visible l ight  response of 
the Cr -doped  electrode used in this s tudy agrees wi th  
tha t  repor ted  b y  Ghosh et al. (1), in which Cr is doped 
in the bu lk  of the TiO2 single crystal .  This ag reement  
shows that  the vis ible  l ight  responses in the  doped 
electrodes used in this s tudy also are  main ly  based on 
the impur i ty  levels in the TiO2 bulk,  but  not the sur -  
face states. These formed impur i t y  levels are  b road  in 
thei r  energy  posit ions as the spect ra l  dependences  of 
the photocurrents  show, therefore  they  seem to form a 
band, i.e,, an impur i t y  band, The surface states wi l l  be 
ma in ly  formed on the surface b y  these impur i t y  level  
edges. These wi l l  act  in the e lec t ron t ransfer  f rom the 
e lect rode surface to the solut ion species. On the other  
hand, many  recombinat ion  centers  also wi l l  be formed 
by  the doping, but  wi l l  be s i tua ted  in the deep levels 
and not  par t ic ipa te  in the format ion  of the impur i t y  
band. These recombinat ion  centers  wi l l  br ing  about  the 
r e l a t ive ly  small  photocur ren ts  at  the doped electrodes 
used in this study.  

Table  I shows the onset potent ia ls  of the anodic 
photocurrents  in a i r  for the  var ious  e lect rodes  used in 
the present  study. The onset  potent ia ls  of the doped 
electrodes (except  for the T i O J F e  and T i O J M n  elec-  
t rodes)  are  a lmost  the same as that  of the undoped 
TiO2 electrode,  as the  table  shows. Therefore ,  the  elec-  
t rodes doped wi th  Cr, V, and Cu are  favorable  fo r  the 
anode in the photoelectrolysis  of wa te r  b y  sunl ight  
f rom the v iewpoin t  of the high visible l ight  response, 
bu t  some improvements  are  necessary  in order  to ob-  
tain the large photocurrent .  As s ta ted  above, the visible 
l ight  response is based on the formed impur i t y  band 
throughout  the  TiO2 layer ,  which is s i tuated near  the 

Table I. Onset potential of the anodic photocurrent 

Prepa- 
ration Onset 

Sample temp. potential 

TiO2 500% 600~ - 0.70 
T i O 2 / C r  (2.5 • 10 -9 m o l e / c m  2) 500~ - 0 . 6 5  

600~ --0.70 
T i O ~ / M n  (2.5 x 10- s m o l e / c m  2) 5O0~ - 0 . 5 0  

600~ --0.50 
T i O 2 / V  (2.5 x 10- s m o l e / c m ' - )  600~ - 0 . 7 0  
T i O 2 / C u  (2.5 x 10 -~ m o l e / c m ~ )  500~ - 0 . 6 5  

(2.5 x 10 -7 m o l e / c m  2) 600~ - 0 . 7 0  
T i O 2 / Z n  (2.5 x 10 -s  m o l e / c m  ~) 600~ - 0 . 7 0  
T i O 2 / N i  (2.5 x 10- s m o l e / c m  2) 6O0~ --0.70 
T i O 2 / F e  (2.5 x t 0  - s m e l e / c m  2) - 0 . 5 0  

(2.5 x 10 -8 m o l e / c m  2) 600~ --0.40 
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n* conduction band (6) in the energy position as d e -  
s c r i b e d  in detail in a later section. 

The spectral dependences of the cathodic and anodic 
photocurrents  for the polycrystal l ine TiO2 electrode 
heated at 6O0~ are shown in Fig. 8. The cathodic 
photocurrents for the TiO2/Zn and TiO2/Ni electrodes 
show similar  spectral dependences to the TiO2 elec- 
trode, but  these are very  small, as shown in Table II. 
The ratios of the max imum cathodic photocurrent  
(imc) to the max imum anodic photocurrent  (ima) ob- 
tained from the figures of the spectral dependences are 
listed in Table II for the various electrodes. These pho- 
tocurrents are brought  about by the u.v. light, and 
therefore based on the photoproduced electron in the ~* 
conduction band and the photoproduced hole in the 
valence band of the TiO2 (6). The high cathodic photo- 
currents  for the Cr, Mn, V, and Cu-doped electrodes 
a r e  noteworthy. The flatband potential  will give no 
effect on the cathodic photocurrent,  because the onset 
potentials of the TiO2, TiO2/Zn, and T i O J N i  electrodes 
are almost the same as those of the TiO2/Cr, T iOJCu ,  
and TiO2/V electrodes, but  very different in the above 
ratio. It  is concluded that the high 02 reduction photo- 
current  is a t t r ibutable  to many  surface states formed 
on the surface by the dopants, which easily reduces the 
O2 molecule. That  is, these surface states will be the 
active sites for the 02 reduction. The active site will be 
t h e d - o r b i t a l  of the dopant  (Cr, Mn, V, and Cu) as dis- 
cussed previously. The photoproduced electron in the 
~* conduction band of the TiO2 will flow to the 02 
molecule adsorbed at the active site through the im-  
pur i ty  band, if the impur i ty  band is formed near  the 
~* conduction band  in  the same energy position as the 
Co-doped TiO2 (6). This is a reasonable energy posi- 
t ion in a theory of electron transfer. Therefore, it is 
predictable that  the impur i ty  band is situated near  the 
n* conduction band  for all  the TiO2/M electrodes which 
show the visible light response. Figure 9 shows the 
model for the cathodic and anodic photocurrents  on the 
TiO2/IVI electrodes (M: Cr, Mn, V, and Cu). 
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Fig. 8. Spectral dependences of the photocurrents at the Ti02 
prepared at 600~ The cathodic and anodic photocurrents were 
measured at --0.8 and OV, respectively. (a) Cathodic photocurrent, 
(b) anodic photocarrent. 

Table II. Ratio of the maximum cathodic photecurrent to the 
maximum anodic photocurrent 

Prepa- Ratio 
ration imr (#A) / 

Sample temp. i~,  (~A) 

TiO2 600~ 0.6/16 = 0.04 
T i O 2 / C r  (2.5 x 1 0 - ~ m o l e / c m ~ )  6.8/4.2 = 1.6 

(2.5 • 10 -8 m o l e / e m  ~) 6OO~ 1.4/1.5 = 0.9 
TiO2/Mn (2.5 x 10- 8 mole/em 2) 50O~ 1.5/1.7 = 0.9 

(2.5 x l0  -s m 'o l e / em~)  600~ 0.8/1.6 = 0:5 
T i O s / V  (2.5 • 10 -s m o l e / c m  2) 600~ 3.4/3.6 = 0.9 
T i O ~ / C u  (2.5 x 1O -~ m o l e / c m  s) 600~ 5.8/13 = 0.4 
T i O 2 / Z n  (2.5 • 10 -o m o l e / c m  2) 600~ 0.09/16 = 0.006 
T i O 2 / N i  (2.5 x 10-- ~ m o l e / c m  ~) 600~ 0.24/2.6 = 0.09 

It is confirmed by the following exper iment  for the 
TiO2/Cr electrode that  the impur i ty  band  is situated 
near the ~* conduction band in energy position. In this 
experiment,  the TiO2 (single c rys ta l ) /Cr  electrode, 
which was prepared by coating the isopropyl alcohol 
solution with metal  oxide and then heating in the same 
way described in the exper imental  section, was used. 
The electrode was heated at 600~ in air as the final 
hea t - t r ea tmen t  If the impur i ty  band is si tuated near  
the ~* conduction band, the visible light photoresponse 
will  be observed for the cathodic current  but  not for 
anodic current  as i l lustrated in Fig. 10, because the 
impur i ty  band is formed only on the electrode surface 
region. The photoproduced electron by the visible l ight 
cannot flow into the bulk  finder the anodic bias, but  
into the solution under  the cathodic bias. The spectral 
dependences for this type of electrode are shown in 
Fig. 11. The clear cathodic photocurrent  due to the 
visible light was observed, bu t  only the small anodic 

x,* band J 

~ ~  _ ~J Cathodic photocurrent 

~ -  UV light 
]-- "-'-~'Visible light 

/ / / / / / / / / / /~ ,~  ) Anodic photocurrent 
band//  

Fig. 9. Model of the photoexcitation process at the electrode giv- 
ing the visible light photoresponse. 

x,* band e;,/ 

. . .  

Anodic process 

A 

.,.:.: 

Cathodic process 
Fig. 10. Cathodic and anodic photoprocess at the Ti02 (single 

crystal)/Cr. The larger visible light response for the cathodic 
photocurrent than the anodic photocurrent is brought about. 
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Fig. 11. Spectral dependences of the photocurrents at the Ti03 
(single crystal)/Cr(2.5 X 10 -9  mole/cm 2) electrode prepared at 
600~ (a) Cathodic photocurrent, (b) anodic photocurrent. 

photocur ren t  due to the  visible l ight  wi th  the wave -  
lengths  near  the bandgap  energy  of the TiO2 was ob-  
served. This resul t  agrees wi th  the  expecta t ions  as 
s ta ted above ve ry  well.  The smal l  visible l ight  response 
for  the anodic cur ren t  reflects that  the  impur i t y  band 
s l ight ly  in terac ts  wi th  the :~* conduct ion band. The 
same type  electrodes doped on the i r  surfaces wi th  the 
o ther  t rans i t ion  meta l  (Mn, V, Cu) also gave the s im- 
i la r  spect ra l  dependences  in which the visible l ight  
responses of the anodic photocurrents  are small,  bu t  
not stable. F rom the energy posi t ion of the impur i ty  
band, i t  is es t imated that  this band  wil l  consist ma in ly  
of t h e  d -o rb i t a l  of the impur i ty  t rans i t ion  metal .  
Therefore,  the d -o rb i t a l  on the top of the impur i ty  
band wil l  act as the active site for the 02 photoreduc-  
tion on the e lect rode surface. 

The s imul taneous  appearance  of the both  cathodic 
and anodic photocur ren ts  a t  the TiO3 electrodes re -  
flects tha t  the photoreduct ion  by  the photoproduced 
e lec t ron and the pho to-ox ida t ion  by  the photoproduced 
hole possibly proceed on the same surface at the same 
t ime in the potent ia l  region near  the f latband potential ,  
and give a photosynthet ic  mechanism. In par t icular ,  the 
above two react ions wil l  r ap id ly  proceed on the TiO2 
surface doped wi th  Cr, Mn, V, and Cu. This mechanism 
is essent ia l ly  different  f rom that  of the photosynthesis  
proposed on the p la t in ized TiO3 in which the reduct ion 
proceeds on Pt  and the oxidat ion  on the TiO2 (12, 13), 
bu t  s imi lar  to that  suggested by  Schrauzer  et al. (14) 
and Inoue et al. (15). 

Conclusions 
In  the electrodes used in the  presen t  work,  the  Cr, 

Mn, V, and Cu-doped  TiO3 electrodes show the visible 
l ight  response. F rom the resul ts  of the exper imen t  in 
which the single c rys ta l  TiO3 coated by  Cr was used, 
i t  is confirmed tha t  the i m p u r i t y  band  is formed near  
the =" conduction band of the TiO2. It  is found that  
TiO2 electrodes also give the 02 reduct ion photocur-  
rent,  and tha t  in pa r t i cu la r  the doped TiO3 electrodes 
which show the vis ible  l ight  response br ing  about  the 
large O3 reduct ion photocurrent .  The good agreement  
of the spectra l  dependences  of the anodic and cathodic 
photocurrents  show tha t  both  photocurrents  are 
brought  about  by  the same photoexci ta t ion process. The 
large  O3 reduct ion photocur ren t  is based on the d -o rb i -  
tal  of the impur i t y  meta l  by  which the impur i ty  band 
wil l  be formed in the bulk.  That  a photosynthes is  of 
the photoreduct ion by  the photoproduced e lect ron and 
the photo-ox ida t ion  by  the photoproduced hole s imul-  
taneous ly  proceed on the same surface is suggested 
f rom the s imul taneous  appearance  of the both cathodic 
and anodie  photocurrents .  

Manuscr ip t  submi t ted  Sept.  l l ,  1980; revised manu-  
scr ip t  received Nov. 15, 1980. 

Any  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs o~ this article were assisted by 
Utsunomiya University. 
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XXXIII. Photoelectrochernistry of n-Type WSe in Acetonitrile 

Henry S. White, Fu-Ren F. Fan, and Allen J. Bard* 
Department o5 Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoe lee t rochemica l  behavior  of n - t ype  WSe2 single c rys ta l  e lectrodes 
in acetoni t r i le  solut ions containing severa l  redox couples (I- /Is- ,  B r - / B r 2 ,  
C1-/Ct2, th i an th rene  ~ R u ( b p y ) 8  2+/a+ was invest igated.  Elect rodes  wi th  
discontinui t ies  in the van der  Waals '  surface show la rge  da rk  currents  a n d  
recombina t ion  of electrons wi th  photo-oxid ized  solution species. P r e t r e a t m e n t  
of such a surface wi th  C1- passivates  these d a r k  active sites and  increases  the  
pho tocur ren t  density.  The observed photopotent ia ls  a t  WSe2 for redox couples 
wi th  potent ials ,  Vredox, more  posi t ive than  0.5V vs. SCE show behavior  con-  
s is tent  wi th  F e r m i  level  pinning;  the  onset potent ia l  of photocur ren ts  in-  
creases l inea r ly  wi th  increas ing Vredox while  the  photopoten t ia l  remains  con- 
stant.  The energy  posi t ion at  which  pinning occurs depends  on the densi ty  of 
surface states and the concentra t ion of solut ion species. The  character is t ics  
of a photovol ta ie  cell  based on the n - W S e 2 / C l - ,  C12- /P t  sys tem is also d e -  
scr ibed .  

The per formance  of photoelec t rochemical  devices for 
conversion of solar  to chemical  and e lect r ica l  energy  
can be cr i t ica l ly  l imi ted  bY processes occurr ing via  
in te rmedia te  energy levels at  the semiconductor / l iqu id  
in ter face  (surface  s ta tes) .  Surface  recombina t ion  and 
Fe rmi  level  pinning are  two such processes tha t  gen-  
e ra l ly  are  de t r imen ta l  to efficient energy  conversion. 
In  e i ther  case the  photoelec t rochemical  resul ts  a re  
somewhat  different  f rom expecta t ions  based on the 
ideal ized model  (1) of the  semiconductor  e lec t rode /  
solut ion interface.  A number  of invest igat ions  of the 
dependence  of potent ia l  d i s t r ibu t ion  (2) and charge 
t ransfe r  kinet ics  (3) on surface s tates  have been car -  
r ied  out. The surface  p r e t r e a t m e n t  or modification 
procedures  can influence the d is t r ibut ion  and dens i ty  
of surface states a t  energies  located wi th in  the band-  
gap and thus cause changes in the  e lec t rochemical  
behavior  (4, 5). 

Recently,  Tr ibutsch  and co-workers  have in t roduced  
photoelec t rochemical  cells based on l a y e r - t y p e  t r an -  
si t ion meta l  dichalcogenides  (5). These and la te r  in-  
vest igat ions (6-11) have shown tha t  the  observed pho-  
topotent ia ls  in aqueous (5f, 9) and nonaqueous (6-8) 
solutions are  smal le r  than  the  expectat ions  based on 
the ideal  junc t ion  model.  Lewerenz  (~0) and Tr i -  
butsch  (11) and co-workers  have also recent ly  inves-  
t iga ted  the  role of surface morphology  on conversion 
efficiencies of l aye red  semiconductors  in aqueous so- 
lutions. We repor t  here  an inves t igat ion of n - t y p e  
WSe2 electrodes in acetoni t r i le  (MeCN) solutions. The 
effect of the  na ture  of the  surface and p r e t r e a tme n t  
procedures  on the e lec t rochemical  response and a pho-  
tovol ta ic  cell  based  on the photogenera t ion  of ch lor ine  
at  n - t y p e  WSe2 immersed  in an MeCN solut ion con- 
ta ining C1-/C12 is described.  

Experimental 
Semiconductor e~ectrodes.--N-type WSe2 single crys-  

tals  were  generous ly  dona ted  b y  Dr. Ba r ry  Mil ler  and 
Dr. F r a n k  DiSalvo of Bell  Laborator ies .  Elect r ica l  con- 
tacts were  made  to the back  of each crys ta l  by  rubb ing  
I n / G a  a l loy into the crys ta l  to which  a copper lead 
was contacted wi th  s i lver  epoxy cement  (Al l ied  P r o d -  
ucts Corporat ion,  New Haven, Connect icut) .  A clean 
new crys ta l  face ( •  C-axis)  was exposed b y  st icking 
adhesive  tape on the f ront  side and gent ly  pul l ing  off 
the  top surface layer .  To ob ta in  e lect rodes  wi th  only 

* Electrochemical Society Active Member. 
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the van  der  Waal ' s  surface ( • C-axis )  exposed,  a v e r y  
minute  surface area  was carefu l ly  chosen tha t  was f ree  
from any edges or face defects; these are  known  to 
provide  recombina t ion  centers  (10, 11). Such elec-  
t rodes are  des ignated  " type  S" in this  paper .  No e lec-  
t rodes were  p repa red  wi th  only the surface II C-ax is  
exposed, since the crysta ls  were  only  ~1-2  m m  thick 
along this p lane  and are  difficult to mount  wi thout  
leaking.  Electrodes were  p r e p a r e d  f rom severa l  c rys-  
tals  tha t  had vis ible  edges (discont inui t ies  in the  
otherwise  smooth van der  Waal ' s  p lane)  exposed to 
the  solution. These electrodes are  des ignated  " type  E." 
Scanning e lec t ron micrographs  of type  S and type  E 
WSe2 electrodes a re  shown in Fig. 1. The surface de -  
fects represen ted  roughly  5%-10% of the  to ta l  surface 
area  of type  E electrodes.  

The crys ta l  sides and back  and the copper lead were  
comple te ly  covered wi th  5 min epoxy  cement;  this 
was then  covered wi th  si l icone rubbe r  sealant  (Dow 
Corning Corporat ion,  Midland,  Michigan) .  For  long-  
t e rm s tab i l i ty  measurements  involving s t rong oxi -  
dants, such as C12, the  e lect rode was covered wi th  a 
p reac t iva ted  photo-cure  epoxy  cement  tha t  is used in 
den ta l  res tora t ive  work  (Caulk  Nuva-F i l ,  D.A., Mi l -  
ford, De laware ) .  The exposed areas  of the crys ta l  
faces in both types of e lectrodes were  be tween  0.010 
and 0.07'0 cm 2. 

Unless noted otherwise,  before  each expe r imen t  the  
electrodes were  etched in 12M HC1 for 15-30 sec, 
r insed thoroughly  w i th  dis t i l led water ,  and dr ied  un-  
der  vacuum for 1 hr. The electrodes were  then s tored 
inside an  He-fi l led d ry  box (Vacuum Atmospheres ,  
Hawthorne ,  Califo.rnia) and  used wi th in  one day.  

Chemicals.--All elect rochemical  grade t e t r a l k y l a m -  
monlum salts were  purchased  f rom Southwes te rn  
Chemical  Company (Austin,  Texas) .  T e t r a b u t y l a m -  
monium perch lora te  (TBAP) ,  t e t r a b u t y l a m m o n l u m  
bromide  (TBABr) ,  t e t r a m e t h y l a m m o n i u m  chloride 
(TMAC1), and t e t r a bu ty l a mmon ium iodide (TBAI)  
were  crys ta l l ized  at  least  twice f rom ace tone-e ther  
and dr ied  under  vacuum for 2 days. Te t r ae thy l ammo-  
n ium chlor ide  (TEAC) was recrys ta l l ized  f rom MeCN- 
e ther  and dr ied  as above. Thian threne  ( T h )  (Aldr ich  
Chemicals)  was e i ther  subl imed three  t imes  or rec rys -  
ta l l ized f rom benzene twice. R u ( b p y ) ~ ( C 1 0 0 2  was 
p repa red  and purif ied as prev ious ly  descr ibed (12). 
Af te r  purif icat ion the  reagents  were  s tored inside the 
d ry  box. I~ (F isher  Scientific Company) ,  Br2 (MCB),  
and CI~ (Matheson Gas Company)  were  used wi thout  

1045 
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Fig. 1. Scanning electron mi- 
crographs of WSe2 electrodes: 
(a) type E; (b) type S. Magnifica- 
tion 100•  

fu r the r  purification.  MeCN was purif ied and dr ied  as 
prev ious ly  descr ibed (13) and s tored inside the d ry  
box. 

Electrochemical apparatus.--Voltammetric measure -  
ments  were  made in a two-compar tmen t  cell (30 ml)  
equipped wi th  an opt ica l ly  fiat Py rex  window. The 
work ing  and reference  electrodes were  separa ted  f rom 
the aux i l i a ry  electrode,  a P t  flag (~8  cm2), by  a me-  
d ium-poros i ty  frit.  Along with  the semiconductor  e lec-  
trodes the ma in  compar tmen t  contained a P t  disk (0.025 
cm 2) sealed in glass tha t  was used to check the pur i ty  
of the e lec t ro ly te  and to locate the  potent ia l  of the 
reference  e lect rode wi th  respect  to the potent ia l  of a 
known  revers ib le  redox couple. The  reference  elec-  
t rode was a pol ished s i lver  wire  inside a glass cy l in-  
dr ical  compar tmen t  containing only the suppor t ing  
e lec t ro ly te  and separa ted  f rom the main  solut ion b y  a 
med ium-poros i ty  frit. Al l  potent ia ls  repor ted  here  are  
referenced to an aqueous sa tu ra ted  calomel e lect rode 
(SCE).  Single compar tment ,  two-e lec t rode  cells, also 
equipped wi th  opt ical ly  flat Py rex  windows, were  used 
as photovol ta ic  (solar)  cells. 

The electrochemical  cell  and solutions were  p re -  
pa red  before  each exper imen t  wi th in  the  d ry  box. Al l  
ground glass joints  were  sealed wi th  s i l icone-based 
vacuum grease to pe rmi t  the cell to be removed  from 
the iner t  a tmosphere  for study.  When  the exper iment  
requi red  opening of the  e lec t rochemical  ceil  outside of 
the  d r y  box, prepur i f ied  N2 was b lown  over  the  top of  
the solut ion unt i l  the cell was reclosed. 

The cyclic vo l t ammograms  were  obta ined wi th  a 
Pr ince ton  Appl ied  Research (PAR) Model 173 poten-  
t ios ta t  and PAR Model  175 Universa l  p rog rammer  and 
recorded on a Houston Ins t ruments  Model 2000 X-Y 
recorder .  Capaci tance measurements  were  made  using 
a PAR Model HR-8 lock- in  amplifier.  Solar  cell  cur -  
r en t -vo l t age  curves were  made by  measur ing  the vo l t -  
age across a var iab le  load resis tance wi th  a Kei th ley  
Model 179 TRMS digi ta l  mul t imeter .  

The l ight  source used for photoelec t rochemical  s tud-  
ies was an Oriel  Corpora t ion  (Stamford,  Connect icut)  
450W xenon lamp. A red  filter was used to e l iminate  
wavelengths  below 590 nm. Neut ra l  dens i ty  filters 
(Oriel  Corpora t ion)  were  used to v a r y  the l ight  in-  
tensity.  The full,  f i l tered xenon l amp  power  output  w a s  
,~150 m W / c m  2 as measured  with  an E. G. and G. 

(Salem, Massachuset ts)  Model  550 r a d i o m e t e r / p h o -  
tometer  and a Scientech 361 power  meter .  

Results 
Capacitance measurements and cyclic voltammetry 

in the absence of redox couple.--Capacitance measure -  
ments  on severa l  n-WSea electrodes in MeCN conta in-  
ing only TBAP (0.2M) resul ted  in two dis t inct  types  
of behavior .  The capaci tance vs. potent ia l  curve of a 
type  S electrode,  Fig. 2, closely resembles  behavior  
typical  of a fa i r ly  la rge  bandgap  n - t y p e  semiconductor ,  
where  at  potent ia ls  posi t ive of the  f la tband potent ial ,  
V F B ,  the space charge region is deple ted  of e lectrons 
and contains ionized donors at  some constant  concen- 
t r a t ion  (1). This region extends  up to potent ia ls  of 
1.3V vs. SCE. At  potent ia ls  more  negat ive  than  --0.4V, 
the capaci tance becomes constant  indica t ing  the onset  
of degeneracy.  The vo l tammet r ic  behav ior  of the same 
electrode in MeCN-0.2M TBAP is shown in Fig. 3. In  
the  da rk  a smal l  current ,  ~0.2 m A / c m  2, begins at  0.6V. 
Under  i l luminat ion,  the photocur ren t  begins at  ,~0.5V 
and increases s teadi ly  at  more  posit ive potentials .  At  
,~I.0V, the  pho tocur ren t  is ~1.0 mA/cm% On the reverse  

p / 
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I T y p e  E 5 . 2  - 1 0 " ; '  f a r a d s - ( m  2 / 

T y p e  S 2 . 9  - 1 0  "7 / 
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/ / / ~ ' ~ " "  Ty p e S 

/ 
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1, 2 O , 8  0 . 4  O.O - 0 . 4  - 0 . 8  
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Fig. 2. Differential capacitance curve for type E and type S WSe2 
electrodes in MeCN containing 0.2M TBAP. Scan rate, 5 mV/sec; 
applied a-c voltage, 5 mV rms. Frequency, 1000 Hz. 
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MeCN-0.2M TBAP. Scan rate, 100 mV/sec, except for chopped 
light scans, 10 mV/sec. 

scan, under  i l luminat ion,  a smal l  cathodic current ,  ,,,0.2 
m A / c m  2, begins at  0.0V. This same cathodic cur ren t  is 
observed if  the l ight  is tu rned  off on t h e ' r e v e r s e  scan 
and increases wi th  more  posi t ive switching potentials .  
The anodic pho tocur ren t  and induced da rk  cur ren t  are  
p robab ly  due to the  oxida t ion  and r e - r educ t ion  of the 
crys ta l  surface caused b y  traces of H20 in the ace toni -  

t r i le  (Se). F u r t h e r  purif icat ion of the solvent  by  add i -  
t ion of A1203 signif icantly reduced these currents .  

The capaci tance behavior  of a type  E WSe~ electrode,  
also shown in Fig. 2, is typical  of e lect rodes  wi th  dis-  
continuit ies  in the  van  der  Waal ' s  surface. The branch  
toward  negat ive  potent ia ls  is s imi lar  in shape to the  
type  S electrodes.  However ,  at  potent ia ls  more  posi-  
t ive than  0.7V, the capaci tance increases sharp ly  indi -  
cat ing e i ther  deep surface states, invers ion of the space 
charge region, or  the occurrence of a faradic  process. 
As Tr ibutsch has a l r eady  pointed out (Se), invers ion  of 
the space charge  region in  a semiconductor  wi th  a 
bandgap  of 1.4 eV is un l ike ly  wi th in  this potent ia l  
region. If  space charge invers ion due  to the rmal  act i -  
va t ion  of electrons into the conduct ion band  were  re-  
sponsible for  this increase  in capacitance,  both  t y p e  S 
and type  E electrodes should show this behavior .  The 
vo l t ammet r i c  behav ior  of the  same crys ta l  ( type  E) in 
a b lank  solut ion is shown in Fig. 3. A da rk  anodic cur -  
ren t  is observed tha t  is app rox ima te ly  five t imes l a rge r  
than on the type  S e lect rode (compare  at  1.0V). Under  
i l luminat ion,  a pho tocur ren t  begins at  --0.3V and is 
fa i r ly  constant  unt i l  0.TV where  a sharp  increase  in an-  
odic currents  begins.  The net  pho tocur ren t  dens i ty  at  
1.0V is ~0.6 m A / c m  2, which is ~60% the cur ren t  den-  
s i ty  at  the  type  S electrode.  The VFB values  and donor 
densit ies of these crys ta ls  -were es t imated  f rom the 
capaci tance measurements .  Mo t t -Scho t tky  plots for  
the two crysta ls  descr ibed above are  shown in Fig. 4a 
and 4b. The resul ts  for severa l  crysta ls  a re  s u m m a r -  
ized in Table  I. VFB, for  WSe2 in MeCN, es t imated  by  
ex t rapo la t ing  to the poten t ia l  where  1/Csc 2 ~ 0, was 
a lways  in  the  range  of --0.2 to --0.4V vs. SCE. The ap-  
pa ren t  donor  densities,  riD, for type  E electrodes were  
3-7 t imes la rger  than  for type  S electrodes.  As can be 
seen in the Mot t -Scho t tky  plots, the apparen t  capaci-  
tance values  were  h igh ly  dependent  on the f requency  
of the  appl ied  a l t e rna t ing  voltage.  F requency  d isper -  
sion of the  capaci tance due to die lect r ic  r e laxa t ion  
should be negl igible  in a cova len t - type  ma te r i a l  l ike  
WSe2. I t  is possible tha t  the  dispers ion observed here  
is due to smal l  changes in the effective e lec t rode  sur -  
face due to corrosion. The values  of •D l is ted in Table I 
are  f rom measurements  in the range 500-1000 Hz. A 
value  of 10 for the dielectr ic  constant  of WSe2 was 
used in all  calculat ions (14). 
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Table I. Estimates of flatband potentials and donor densities for 
n-WSe2 

VFB 
Crystal ,  WSe~ ( V  v s .  SCE) nD ( c m  -S) 

T y p e  S -0.22 1.3 • 10 is 
-0.36 2.0 • 10 TM 
-0.42 1.8 x 10 TM 

T y p e  E - 0 . 2 6  8.5 • 10 ~s 
--0.4* 5.6 • 1019 

* Measured vs. Ag q u a s i - r e f e r e n c e  e l e c t r o d e  and c o r r e c t e d  to  
SCE w i t h  a c c u r a c y  of  ------0.1V. 

Voltammetric behavior o] various redox couples at 
n-WSe2.--Types S and E electrodes showed distinctly 
different vol tammetr ic  behavior.  Recall  that  type E 
electrodes are "those that  have visible edges or discon- 
tinuities in the van der Waal 's plane exposed to the 
solution. These edges have been associated with  the 
face paral le l  to the main C-axis (11 C-axis)  (15) where  
empty  conduction band orbitals are exposed to the so- 
lution. The results are summarized in Tables II and III. 

Oxidation of I -  and B r - . - - T h e  type S electrode 
shows negligible dark current  in the vicini ty of I -  oxi-  
dation on Pt  (Fig. 5a). Upon il lumination, the poten-  
tial for onset of photocurrent ,  Von, was 0.0V and at-  
tains a saturat ion current  at ,,,0.2V. The chopped l ight  
vo l tammogram clearly indicates that  l i t t le  back- reac-  
tion (reduction of photo-oxidized products) occurs be- 
yond the onset potential. The dark current  at the type 
E electrode in the presence of I -  (Fig. 5b) was smaller  
(i.e., about one- ten th)  than in the blank solution 
(Fig. 3). Von was ,~0.07V more negat ive than the Von 
at the type S electrode. This difference in onset poten-  
tial is approximate ly  the difference in the measured 
flatband potentials for these crystals. The max im um  
photocurrent  densities were  about the same for both 
type S and type E electrodes. However ,  on scan re-  
versal, a much larger  reduct ion peak centered at 
--0.07V was found with the type E electrode. 

The oxidation of B r -  (as TBABr)  on WSe2 followed 
behavior  s imilar  to that  found for I -  (Fig. 6a and 6b). 

Table II. Voltammetric data for various redox couples at WSe2 

Pt* Type S** Type E? 

Couple Vp~ Vpc Yonset Ypc Vonset Ypc 

I-/I2 0.35 0.1 O.00 - -  - 0.07 - 0 . 0 8  
Br- /Br2  0.69 0.25 0.05 - 0.35 0.02 - 0.12 
C1-/CI~ 1.09 0.82 0.55 - -  0.21 - 0.0'2 
ThO/+ 1.26 1.20 0.60 0.76 0.67 0.75 
Ru (bpy)  $2/s+ 1.33 1.27 0.91 0.96 - -  - -  

* All  va lues  in V vs. SCE; Eonset = potential of photocurrent 
onset .  

** U n d e r  i l luminat ion;  n e g l i g i b l e  dark anodic  c u r r e n t s  at t y p e  
S e lec trodes .  

t Under illumination; no wel l -de f ined  peaks  in dark except 
for  t h i a n t h r e n e  ox idat ion ,  Vpa = 1.35V; Vpc = 1.15V. 

Table III. Comparison of current densities at type S and type E 
WSe2 electrodes in solutions containing various redox couples 

Current ,*  m A / c m e  

Type S Type E 

Redox Illumi- Illumi- 
couple Dark* nated Dark nated 

I- <0.1 0.66 <0.1 0.71 
B r -  <O.1 5.0 <0.1 1.1 
C1- <0.1 6.0 0.1 2.0 
T h  <0.1 3.2 2.4 2.4 

* Dark current m e a s u r e d  at p o t e n t i a l  of oxidation peak on Pt. 
Photocurrent measured at peak potential for type E electrodes. 
M e a s u r e d  at current plateau forfi_ype S electrode except for Br- 
w h e r e  9,photo WaS m e a s u r e d  at  0.8V. 

The V ~  for the type E electrode was about 30 mV 
more negat ive than for the type S electrode. A m u c h  

la rger  difference existed, however ,  in the total photo- 
current  densities. The current  density at the type S 
electrode was about 4-5 times larger  than that  at 
type E. 

Oxidation o] C1- . - -The  vo l tammetr ic  behavior  f o r  

the oxidat ion of C1- at the two WSe2 electrodes are 
shown in Fig. 7a and 7b. At  the type S electrode, Von 
is 0.55V. Again, no dark current  or back-react ion is 
seen at this electrode. The oxidation of C1- on the type 
E electrode is s t r ikingly different. Von was 0.34V more  
negat ive at this crystal. This difference in onse~ poten-  
tial cannot be accounted for by the small  difference in 
flatband potential  (,-,50 mV).  The cyclic vo l tammo-  
gram at the type E electrode shows a large reduction 
peak centered at 0.17V in ~he dark on scan reversal.  
This peak probably corresponds to the reduction of 
chlorine generated in the dark on the anodic scan. Un-  
der i l lumination, this reduct ion peak occurred at a po- 
tential  about 0.2V more negative.  No reverse  reduction 
peak was observed in the dark on the type S electrode 
since no dark anodic current  flowed. However ,  under  
i l lumination,  a similar  cathodic current  was observed 
at potentials more negat ive than 0.0V. 

Thianthrene.--The vol tammetr ic  behavior  for the 
oxidation of th ianthrene  (Th) at the two WSe2 crystals 
is shown in Fig. 8a and 8b. While under  i l lumination, 
the onset potential  and waveforms are almost identical  
at the two electrodes; in the dark a str iking difference 
exists. With the type E electrode, a large quas i - revers -  
ible peak is located at approximate ly  the same poten-  
tial as on Pt. The current  density in the dark is equal 
to the photocurrent  density. On the type S electrode, 
no dark anodic current  is observed. On scan reversal  
following an anodic scan under  i l lumination,  a cathodic 
peak is observed at both type E and S electrodes. 

Oxidation of thianthrene in the presence of hal ide.-  
The photo-oxidat ion of Th wi th  small amounts of hal-  
ide species (10-15 raM) added to the solution was 
studied to determine  the effect of halide ions on the 
photoelectrochemical  behavior  of WSe2. The cyclic 
vol tammograms obtained in the dark at the type E 
electrode in mixed Th/ha l ide  solutions is shown in Fig. 
9. The previously observed dark quasi - revers ib le  wave  

+ 
due to Th oxidation and T h '  reduct ion is noticeably 
absent in the presence of I - ,  B r - ,  or C1-. A compari-  
son of the cyclic vo l tammograms under  i l luminat ion of 
th ianthrene alone and wi th  ei ther  I -  or B r -  in solu- 
tion shows li t t le change in the peak potentials due to 
Th photo-oxidation.  In the presence of CI- ,  however ,  
these peaks, which were  centered around 0.75V vs. 
SCE, are absent (Fig. 10), and instead, a new pair  of 
oxidation and reduct ion waves centered at 0.52V ap- 
peared. These peaks were  not present  in solutions con- 
taining C1- alone and therefore  are assigned to the 
oxidation and reduct ion of Th. From these results, it 
appears that  C1- induces a 230 mV shift  in Von for the 
oxidation of thianthrene.  To demonstrate  that  this ef-  
fect results f rom the interact ion of C1- with the sur-  
face discontinuities, the exper iment  i l lustrated by Fig. 
11 was undertaken.  A fresh type E electrode was pre-  
pared and the dark and photo-oxidat ion of Th was 
observed (curves a, b).  The electrode was then re-  
moved and dipped into an MeCN solution of 7.0 
mmoles TEAC1 in the dark wi thout  any externa l  elec- 
trical connection. After  30 sec, the electrode was re-  
moved, rinsed thoroughly wi th  MeCN, and placed back 
into the original  Th-conta ining solution. The result ing 
cyclic vo l tammograms (curves c and d) showed an 
immedia te  decrease in the dark current  and a nega- 
t ive shift (~180 mV) of the onset potential for photo- 
current. The maximum photocurrent for Th oxidation 
increased by about 25% following this surface treat- 
ment. This improved photocurrent-potential curve re- 
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Fig. 5. Voltammetric behavior of iodide in MeCN containing 0.2M TBAP and TBAI. (a) Type S, [ I - ] ,  10 mmoles; (b) type E, [ I - ] ,  15 
mM. Scan rate, 100 mV/sec, except for chopped light scan at 10 mV/sec. 

mained unchanged for at least 30 rain of continuous 
cycling. When a similar experiment  was carried out 
with a type S electrode, no changes in  the dark oxida- 
tion current  (which was negligible) or the photocur-  
rent  was found by a C1- pretreatment .  Note that the 
decrease in dark current  for the type E electrode on 
t rea tment  with C1- takes place without  any possibility 
of photo-oxidation occurring dur ing the exposure of 
the electrode to C1- so that the formation of a l ight-  
induced complex between the electrode and C1- is un -  
likely. The observed effect can be ascribed to in ter -  
actions of the C1- with surface discontinuities leading 
to 'modification or passi:cation of these sites. 

Photovoltaic cell based on W S e J C I - ,  Clz, (MeCN)/ 
Pt . - -Schneemeyer  and Wrighton have previously re- 
ported photovoltaic cells based on the generat ion of 
CI~ at i l luminated  MoS2 (6) and MoSe2 (7) in MeCN. 
Similar  cells employing type S WSe2 photoanodes were 
constructed to test the efficiency and stabil i ty of this 
material .  The i-V characteristics for several electrodes 
in  cells saturated with TEAC1 and with C12 bubbled 
through the solution are shown in  Fig. 12. The open- 
circuit photovoltage, Vor and short-circuit  photocur- 
rents, isc, for several electrodes are listed in Table IV. 

At low photovoltages the photocurrents at several 
electrodes appear remarkab ly  high, represent ing quan-  
tum efficiencies of 1 (or even more) under  short-cir-  
cuited conditions. A sharp drop in  photocurrent  
(~30%-40%) is observed with increasing load resist- 
ance in the first 100 mV of the photo i-V curve (Fig. 
12). To de termine  if these unusua l ly  high c u r r e n t s a r e  
due to a photoinduced corrosion process, a WSe2 crys- 
tal (11.5 rag) was placed in contact with a Pt  electrode 
and immersed in  a 2.0M TEAC solution saturated with 
Cl2. After  60 hr under  i l luminat ion  (,-,80 mW/cm ~) the 
crystal remained unchanged with no weight loss (~0.1 

mg).  While this exper iment  may not reproduce the 
actual conditions of a PEC cell, photoinduced corrosion 
does not  appear to be the major  cause of the high 
short-circuit  currents. O~her causes for this., result, 
such as the focusing or scattering of the incident  radi-  
ation onto the very small  area electrode by the sur-  
rounding glass or sealant  to cause a higher effective 
light flux on the electrode, have been considered. Prob-  
ing experiments  with the small  beam of an He-Ne 
laser show that this is a small effect. At this time, the 
actual cause of these anomalous currents  is unclear.  

Voc depended strongly on the amount  of C12 bubbled 
through the solution. The highest Voc values listed for 
the 1.9M C1- solutions (Table IV) were produced by 
optimizing the C1-/C12 ratio. No at tempt was made to 
measure exactly the amount  of C12 dissolved in  the so- 
lution. As shown in  Fig. 13, Voo drops considerably as 
excess C12 is added to. the solution. In  a regenerat ive 
photocell with an iner t  metal  electrode and without  an 
external  power supply the photocurrent  can be l imited 
by either processes at the photoanode or at the metal  
cathode. Thus, at low concentrations of C12 the photo- 
current  was l imited by mass t ransfer  to. the p la t inum 
cathode, while at high C12/C1- ratios, the photovoltage 
was l imited by the solution redox potential  (as dis- 
cussed below). When the photocurrent  did not increase 
with higher concentrations of C1- or C12, addit ion of 
C1- to the solution increased Voo. The isc value in-  
creased steadily with C1- concentrat ion up to 1.6M. 
Addit ional  increases in C1- concentrat ion had no effect 
o n  i s c  o r  ] 7 o c ,  

In  a 1.gM CI -  solution, Voc approached a constant  
max imum value at light intensities --~30 mW/ c m 2. The 
short-Circuit photocurrent  increased l inear ly  with l ight  
intensi ty  up to 120 m W / c m  2, where it also reached a 
saturat ion value. 
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I r radia t ion of the WSe2 photoanode with the ful l  
output  from a 450W xenon lamp (>590 nm and inf ra-  
red filtered) focused onto the electrode surface yielded 
the isc and Voe values listed in  Table IV. Maximum 
power efficiencies under  these conditions were esti- 
mated to be 7%-10.5%. No atempts were made to cor- 
rect for solution absorption ov reflections at the cell 
windows or the electrode surface�9 However, since the 
same photocurrent  was found at ,~80% of this l ight 
intensity,  the power efficiencies at lower intensities 
would be ~2% higher. 

The stabil i ty of n-WSe2 (type S) against  possible 
attack by C12 generated at the surface was tested by 
allowing the photovoltaic cell to run  for several hours 
(Fig. 14). After  7 hr, the short-circuit  photocurrent  
had decreased by  --4% from its original stable value 
of 146 ~A. This corresponds to 3.7C of charge passed 
which represents an amount  of charge sufficient to con- 
sume an appreciable par t  of the 10 mg crystal, if cor- 
rosion were occurring. The electrode surface appeared 
unchanged after 7 hr. 

Table IV. Characteristics of several photovoltaic cells: n-WSe2 
(type S)/(MeCN), CI - ,  CI2/Pt* 

Fil l  P o w e r  isc 
Elec- Conc. f a c t o r  effi- ( m A /  Voc 

t r a d e* *  TEAC1 ( m a x )  c iency  cm 2) ( m V )  

A Said. 0.27 6.4 70 510 
A 1.9M 0.24 5.6 65 540 
B Satd. 0.26 10.4 125 480 
C Satd. 0.23 7.6 120 410 
C 1.9M 0.28 10.3 96 575 
D Satd. 0.20 7.3 90 544 

* I r r a d i a t e d  w i t h  l igh t  >500 rim. T h e  p o w e r  ou tpu t  of t h e  
l amp  w a s  150 m W / c m  ~. 

** E lec t rodes  A-D w e r e  d i f f e r e n t  type  S crys ta ls .  

Discussion 
Dark and photocurrents. - - T h e  large differences in  

dark currents  on the type S and type E electrode can 
be understood by a modified model used by Gerischer 
et al. for dark currents  on MoS2 (15). In  this model, 
the d-orbitals  paral lel  to the C-axis, in  addit ion to 
forming the conduction band  in  the bulk  material ,  are 
assumed to provide surface states at discontinuities of 
the type E electrode at energies in  the upper  par t  of 
the bandgap (11). Facile electron transfers can take 
place from the electroactive species into the conduc- 
t ion band  via these mediat ing d-orbitals.  When the 
exposed surface is free from edges, the layer  of Se 
atoms block overlap be tween  the conduction band  and 
molecular  orbitals of the species. In  this case, electron 
t ransfer  in  the dark via the conduction band  is allowed 
only by thermal  excitat ion or by tunnel ing.  This 
model seems to fit the behavior  found for the oxidation 
of Th at WSe2. In  the dark, a small  current  (<0.2 
m A / c m  2) is observed on the type S electrodes. This 
dark current  is no larger  than the current  observed 
for the same electrode in  a solution containing only 
support ing electrolyte (0.2M TBAP).  At the type E 
electrode, a large, mass t ransfer  limited, dark cur ren t  
is observed for Th oxidation indicat ing that  the current  
is not controlled by the number  of dark oxidation sites 
on the crystal surface. Under  i l luminat ion,  both elec- 
trodes show similar  vol tammetr ic  responses, with 
slightly higher photo.currents observed on the type S 
electrode. Thus for the type E electrode, the existence 
of the surface states allows Fermi  level p inning  and 
electron t ransfer  to occur at potentials close to the 
s tandard potential  of the redox couple. However, for 
a type S electrode, there are much lower densities of 
surface states near  the conduction band. Fast electron 
transfer  reactions do not occur in the dark for couples 
with potentials much more positive than the flatband 
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Fig. 9. Effect of bulk halide on dark currents at type E n-WSe2 
electrode. (a) 5 mmoles thianthrene (Th); (b) 5 tamales Th and 15 
mM TBAI; (c) 5 mM Th and 10 mM TBABr; (d) 5 and 10 mM 
TMACI. Scan rate 100 mV/sec. 0.2M TBAP as the supporting elec- 
trolyte. 
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Fig. 10. Effect of chloride on photo-oxidation of thianthrene; 5 
mmoles Th, 10 mM TEACI, and 0.2M TBAP in acetonitrile solu- 
tion. Solid lines indicate dark current; broken lines indicate photo- 
current; same conditions of Th and C I -  in mixed solution. 

potential. However, even with type S electrodes, Fermi 
level p inning  at the bottom part  of the bandgap may 
occur, as discussed later. 

The photo-oxidation of halide species shows a 
slightly more complicated behavior. At the type S elec- 
trode, the dark anodic current  in the presence of hal-  
ides is about the same as the small  dark current  ob- 
served in  a solution containing only support ing elec- 
trolyte. However, at the type E electrode, the dark 
current  in the presence of halides is much smaller  than 
that  in the b lank solution. Tributsch et al. have pre-  
viously proposed an interact ion of I -  with the surface 
in aqueous solutions (5f). The decrease in the dark 
oxidation currents  on the type E electrode on the addi-  
tion of halide ions s imilar ly  suggests a strong in ter -  
action of I - ,  B r - ,  and C1- with the surface states, 
composed of empty d-orbitals  along the exposed edges. 
deactivating these previously dark active sites. This 
is confirmed by the decrease in the dark currents  for 

+ 
Th oxidation (and Th" reduction) by the addit ion 
of I - ,  B r - ,  or C1-. 

The total photocurrent  densities for the oxidation 
of C1- or B r -  are 3-5 times larger at the type S elec- 
trode. Apparent ly  while the dark active sites at the 
exposed edges are ineffective for the dark oxidation 
of B r -  or CI- ,  they remain  rather  efficient at t rapping 
electrons and reducing photogenerated C12 and Br2. 
The total photocurrent-densi ty  for the oxidation of I -  
at the two electrodes was approximately the same. 

The difference in behavior  between B r -  or C1- and 
I -  probably reflects the stronger interact ion of I -  with 
the electrode surface. The decrease in background cur-  
ren t  after t rea tment  with halide (compare the dark 

currents  at type E electrode before and after addition 
of I - ,  B r - ,  C1-) is important,  since this current  is 
presumably  caused by oxidation of the surface lattice 
in  the presence of trace amounts  of H20 in the ace- 
tonitri le (5e). Suppression of the crystal oxidation is 
equivalent  to stabilization of these photoanodes and 
may be the reason for the stabili ty observed in  the 
aqueous iodide (5e, 9) and nonaqueous chloride (6, 7) 
cells employing layered materials.  Fur ther  experi-  
ments are necessary to demonstrate  if the halide pre-  
t reatments  are sufficient for long- term stability. 

Pho topo ten t i a l s . - -From differential capacitance mea-  
surements,  V~-B of n- type  WSe2 (both type S and E) in 
MeCN/TBAP alone was --0.3 _ 0.1V vs. SCE (Table 
IT). The bandgap of these samples, determined from 
the action spectrum, is N1.4 eV. After correction for 
the difference be tween Fermi level and the conduction 
bandedge, this places the edge of the valence band at 
,-~I.0V vs. SCE. This is in  good agreement  with the flat- 
band potential  of p- type WSe2, -~-I.0V vs. SCE, mea-  
sured in MeCN (16). 

The difference in potential  for oxidation at Pt  and 
i l luminated WSe2 (i.e., the photounderpotent ia l )  vs. 
the s tandard potential  for several redox couples is 
shown in Fig. 15. The s tandard potentials taken for I - ,  
B r - ,  and C1- are the average of the reduction and oxi- 
dation peak potentials at Pt. The Van for I -  and B r -  
is approximately 0.2-0.3V positive of the measured flat- 
band potential. This positive value of Van suggests re- 
combinat ion is occurring and this can be at t r ibuted to 
the band of surface states lying directly below the con- 
duction bandedge. 

For couples with s tandard potentials more pos- 
itive than 0.5V vs. SCE (C1-/C12, T h / T h  +, and 
Ru(bpy)82+/3+) the photopotential  (V ~ - - V a n )  b e -  
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Fig. !1. Effect of dipping type E n-WSe2 electrode into 7 mM 
TEACI solution. (a) Dark oxidation of 5 mM Th on untreated 
electrode. (b) Photo-oxidation of 5 mM Th on untreated elec- 
trade. (c) Dark oxidation of Th offer CI -  treatment. (d) Photocur- 
rent after C l -  treatment. 
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Fig. 13. Effect of CI-  and Cle concentration on olin-circuit 
photovoltage, Voc, and short-circuit photocurrent, isc. Electrode 
area, 0.011 cm 2. Light source as in Fig. 12. 

comes a lmost  constant  a t  a va lue  of ~0.4-0.5V. This 
l imit ing value  can best  be unders tood by  Fermi  level  
pinning (2a) a t  surface states located app rox ima te ly  
0.5 eV above the va lence  bandedge.  Von for redox 
couples wi th  V ~ more  posi t ive than  0.SV vs. SCE 
should increase l inea r ly  wi th  increas ing V ~ For  cou- 
ples wi th  V ~ at  potent ia ls  negat ive  of the sur face-s ta te  
level  (~0.SV),  Von is constant  and  the photopotent ia l  
should increase as V ~ becomes more  positive, as seen 
in Fig. 15. F u r t h e r  evidence for the  presence of sur -  
face states is the  h ighly  dependent  na tu re  of the photo-  
vol tage developed in the n -WSe2 /CI - ,  C12(MeCN)/Pt  
cell upon the C12/C1- ra t io  (Fig. 13). Based on the 
ideal  model  of the semiconductor -so lu t ion  interface  
(1), Von should be  at  VFB and the P t  e lect rode would  
be poised by  the redox couple so tha t  a h igher  photo-  
vol tage is expected wi th  h igher  C12/C1- ratios,  i.e., a 
higher  C1JC1-  shifts the s o l u t i o n  redox  potent ia l  to 
more  posit ive values  whi le  the bandedges  r e m a i n  
unaffected. However ,  the  exper imen ta l  resul ts  do not  
conform to this behavior .  Upon addi t ion  of C12, Voc 
ac tua l ly  decreases (see Fig. 13). This could be a t t r i b -  
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Fig. 14. Short-circuit photocurrent of WSe2/CI- (1.9M), CI2/Pt 
PEC cell as function of time. Electrode area, 0.015 cm 2. 
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MeCN. (b) Comparison of onset potential of photocurrent at type 
S ( � 9  and type E (L~) electrodes for several redox couples in 
MeCN. 

uted to a higher surface recombination rate at the 
higher CI2 concentration. 

The shift in onset potential for Th oxidation at the 
type E electrode in the presence of C1- can also be ex- 
plained by Fermi level pinning as shown in Scheme I 
(a). As the applied potential is biased in a positive 
direction, C12 is initially generated and the Fermi level 
is pinned at the redox potential of C12/C1- or, more 
likely, somewhat between the V~ of the two redox 
couples. The result should be a more negative onset po- 
tential for thianthrene oxidation as is observed in Fig. 
10. I - / I 2  does not affect the onset potential for thi- 
anthrene oxidation, since at the potential where the 
Fermi level is pinned, i.e., at the standard potential of 
I - / I2 ,  the valence bandedge and the bottom surface 

(a) (b) 

Ec 
E F J S.S. 

I S.S. 

CI-/CI 2 

ThlThC 

i_/i 2 

j ThlTh~ 

no photooxidation of Th 

facile photooxidation of Th 

Scheme I. Ec, conduction bondedge; EF, Fermi level; Ev, valence 
bandedge; S.S., surface state. 

+ 
states are well beyond the potential of T h / T h '  [see 
Scheme i (b) ]. 

Conclusion 
The results presented here indicate that the surface 

morphology of WSe2 single crystals is a critical factor 
in determining their performance characteristics in 
photoelectrochemical cells. Both the photocurrent and 
photovoltage are dependent on the discontinuities in 
the surface plane. The application of layer- type semi- 
conductors toward efficient solar conversion devices 
will depend on the abili ty to passivate recombination 
centers located at these surface discontinuities. Halide 
pretreatment can improve the photoresponse for the 
oxidation of thianthrene. Surface pretreatments with 
other electron-donating species may passivate recom- 
bination to a larger degree and is under investigation. 
The correlation of the density of surface states (surface 
discontinuities) with the observed photopotential lends 
support to the role of Fermi level pinning (2). Fur-  
ther results are required before an unambiguous re- 
lationship can be drawn between the density of surface 
states and the observed pho~opotential. 

The stabili ty and efficiency of the nonaqueous 
n-WSe2/CI-,  C12/Pt photovoltaic cell confirm the orig- 
inal predictions of Tributsch (Sa) on the performance 
of layered materials. 
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Semiconductor Electrodes 
XXXIV. Photoelectrochemistry of p-Type WSe in Acetonitrile 

2 

and the p-WSe -Nitrobenzene Cell 
2 

G. Nagasubramanian and Allen J. Bard* 
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoelectrochemical behavior  of p- type  WSe2 single crystal electrodes 
in acetonitri le solutions containing a number  of redox couples [e.g., N,N,N',N'- 
t e t r amethy l -p -pheny lene  diamine ( +  1/0), methyl  viologen ( +  2 / +  1), n i t ro-  
benzene (0 / - -  1), phthaloni t r i le  (0/ - -  1) ] was investigated. For couples with po- 
tentials in the bandgap region (ca. --0.4 to +I .0V vs. SCE), a l inear  increase 
of the photopotential  with V r e d o  x w a s  observed. Couples located at more nega-  
tive potentials (i.e., above the conduction bandedge) also showed a photoeffect, 
with the photopotential  p inned at ,-~ --0.95V; this was ascribed~ to surface state 
p inn ing  or inversion. A PEC cell of the form p-WSe2/PhNO2, MeCN/Pt  is de- 
scribed. Trea tment  of the p-WSe2 electrode with iodide was shown to improve 
the efficiency of such cells. 

In  the preceding paper, the behavior  of n- type  WSe2 
in acetonitri le (MeCN) solutions wasd i s cus sed  (1). 
WSe2 and other layer- type  semiconductor materials,  
first proposed by Tributsch for photoelectrochemical 
(PEC) applications (2), have been extensively invest i-  
gated recent ly (3-8). The results with n - W S e J M e C N  
were consistent with a flatband potential  of ,-, --0.3V 
vs. SCE and the existence of surface states which pro- 
vide sites for surface recombinat ion and lead to Fermi  
level pinning. Studies of p- type WSe2 in MeCN were 
under taken  to confirm the location of the bandedges in 
WSe2 and to ascertain if the behavior of a number  of 
redox couples at this mater ial  was consistent with a 
p inn ing  model. 

A second goal of this work was the construction of 
a PEC cell for conversion of solar to electrical energy 
uti l izing this material.  Past  research involving PEC 
cells in nonaqueous solvents such as MeCN have shown 
that  while high stabil i ty can often be at tained in such 
systems, the max imum light intensit ies that can be 
util ized are often l imited by the low concentrations of 
the electroactive materials  in  the solution (9). How- 
ever, n i t robenzene (PhNO2) is miscible in all propor- 
tions with MeCN and should be a reasonable oxidant  at 
a .p - type  semiconductor electrode. Cells with p-WSe2 
and PhNO2 which appear stable and show mono- 
chromatic efficiencies ~4% are described here. 

Experimental 
Chemicals.--Nitrobenzene (PhNO2) was purified fol- 

lowing the procedure of Marcoux et at. (10). PhNO2 
was first passed through an activated a lumina  column 
and then vacuum distilled. MeCN was purified as pre-  
viously described (11). The other redox couples were 
purified by recrystallization. All compounds were 
stored inside a helium-fil led Vacuum Atmosphere Cor- 

* Electrochemical  Society Act ive  Member. 
K e y  words: capacitance, vol tammetry,  solar cel l s .  

poration (Hawthorne, California) glove box. Polaro- 
graphic grade, t e t r a -n -bu ty l  ammonium perchlorate 
(TBAP),  dissolved and recrystallized from ethanol, 
thrice, and dried under  vacuum (~10 -5 Torr) for 3 
days was used as support ing electrolyte. The cell em- 
ployed was a conventional  single compar tment  cell of 
25 ml capacity containing the p-WSe2, a Pt  working 
and counterelectrode and a quasi-reference electrode, 
which was an Ag wire immersed inside the solution and 
separated from it by a medium-porosi ty  glass frit. The 
potential  of this electrode was checked against  an aque-  
ous saturated calomel electrode (SCE) at regular  in ter -  
vals and was found to be constant. All potentials, 
unless specified otherwise, are given in V vs. SCE. 

The p-WSe2 single crystal generously donated by 
Dr. B. Miller and Dr. F. DiSalvo, Bell Laboratories, was 
used as the electrode. This was selected, after carefully 
verifying under  microscope that the surface was quite 
free of exposed edges. A clean new crystal surface 
(•  C-axis) was produced by attaching adhesive tape 
and peeling off the surface layer. Gold was electro- 
plated on one side of the pellet and the contact was 
found to be ohmic. A copper wire lead for electrical 
contact was attached to the gold-coated side with silver 
epoxy cement (Allied Product  Corporation, New 
Haven, Connecticut) and was subsequent ly  covered 
with 5 rain epoxy cement. The assembly was mounted 
into 7 mm diam glass tubing and was held in position 
with silicone rubber  sealant (Dow Corning Corpora- 
tion, Midland, Michigan),  which also served as an effec- 
tive seal against the seepage of electrolyte solution to 
the rear of the semiconductor electrode. The exposed 
area of p-WSe2 was 0.05 cm 2. The surface of the elec- 
trode was etched before use with 12M HCI for 5-i0 sec 
and then rinsed thoroughly with distilled water  and 
dried. The area of the Pt  cylindrical  wire, used as a 
counterelectrode, was 0.15 cm 2. 
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A Princeton Applied Research (PAR) Model 173 
potentiostat  and PAR Model 175 Universal  programmer 
were used in all experiments,  wi th  positive feedback 
/R-compensation employed to compensate for solution 
resistance and in terna l  resistance of the electrode. The 
i-V curves were recorded on a Model 2000 X-Y re-  
corder (Houston Instruments ,  Austin, Texas).  In  solar 
cell experiments,  the photovoltage and photocurrent  
between the working electrode and counterelectrode as 
a function of load resistance were measured with a 
Keithley Model 179 TRMS Digital Multimeter.  The 
light sources were an Oriel Corporation (Stamford, 
Connecticut)  450W xenon lamp and a 2-mW spectro- 
physics Model 132 He-Ne laser. Differential capacitance 
was measured wi th  PAR Model HR8 lock-in amplifier. 
All of the solutions were prepared and sealed in the 
glove box and removed for the experiments.  

Results 
Capacitance pZots.--The location of the band  energies 

is often estimated from Schottky-Mott  plots of 1/C2 
vs. V, where C is the capacitance of the semiconductor 
electrode (assumed to be the space charge capacitance) 
and V is the electrode potential. A typical plot for 
p-WSe2 in a 0.1M TBAP/MeCN solution at 10 Hz and 
10 kHz is shown in Fig. 1. This behavior was essentially 
unaffected by the addition of PhNO2 to the solution. 
Analysis of the plot yields a flatband potential, VFB, of 
0.9V vs. SCE and a doping level of 4 • 10 TM cm -8. From 
this value and the bandgap energy, Eg of 1.4 eV, the 
location of the conduction and valence bandedge en-  
ergies can be estimated, as shown in Fig. 2. 

Cyclic voltammetry of various redox couples.--To 
study the effect of the redox couple in solution, on the 
behavior of p-WSee, the cyclic vol tammetr ic  (CV) re- 
sponse for a number  of redox couples, in the dark and 
under  i l luminat ion was investigated. The couples in-  
vestigated and their s tandard potentials are shown in 
Fig. 2. From the location of the energy levels of these 
couples with respect to the bandedges, one would 
predict that a photocurrent  for reduction could only be 
obtained for those with s tandard potentials in the range 

+ 
--0.4 to -J-I.0V vs. SCE (e.g., TMPD/TMPD �9 ), if the 
"ideal" model of the interface applied (12). With this 
model, dark oxidation of the reduced forms of the 
couples with potentials above the conduction bandedge 
( <  --0.4V vs. SCE), but  not those in the gap, is ex- 

pected. The exper imental  results for the different 
couples are summarized in Table I and details for some 
of these are discussed below. For TMPD (Fig. 3), a 
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Fig. 1. Mott-Schottky plot of p-WSe2 in MeCN containing 0.1M 

TBAP supporting electrolyte: (--F-~--I--i--) 10 kHz; ( - - V - - V - - )  
10 Hz. 
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Fig. 2. Schematic representation of the energetic situation at 
p-WSe2/solution interface along with Vredox of various redox 
couples investigated in this work. CB = conduction bandedge; EF 
= Fermi level; VB = valence bandedge. 

dark oxidation current ,  is observed beginning at 
,~ -t-0.2V vs. SCE. The onset of photocurrent  under  
chopped i l lumination,  Von, is -t-0.55V which is negative 
of VFB. Similar ly  for TPPD, a dark two-step oxidation 
at potentials only slightly more positive than at Pt  is 
observed and Von for the small  photocurrent  is -t-0.55V" 
While these results are consistent with the usual  semi- 
conductor electrode model, with the presence of some 
surface states in the gap region accounting for the dark 
oxidation at energies above Ev, the behavior  for 
couples above Ec requires the assumption of Fermi 
level p inn ing  (13) or inversion (14). Consider the be-  
havior of the PhNO2 couple at p-WSe2. The photoelec- 
trochemical behavior  was a funct ion of both the con- 

z 
uJ 

I .JTIIJI I ~  I ~ I rr" 

0 . 0  - ~  - ,  o b y  V, vs SCE /-m. L~ 

c a 

F A  

Fig. 3. Voltammetric carves on Pt and p-WSe2 in MeCN solution 
containing 2.0 mM TMPD, 0.1M TBAP (supporting electrolyte). 
Light source 450W Xe lamp. Scan rate 20 mV/sec. (a) Cyclic 
voltammogram at Pt. (h) Dark voltammetric curve on p-WSe2. (c) 
Voltamm~tric curve on p-WSe2 under continuous illumination. (d) 
Current-potential characteristics under chopped light on p-WSe2. 
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Table I. Voltammetric data and onset potential of photocurrent* 

V r e d o x  Yon Vl~h = . 
Redox couple-" (V vs.  SCE) (V vs. seE) ] V r e d o x  - -  ~fon I 

An ( 0 / -  1 ) - 1.90 - 0.95 - O ,95 
P h ( C N ) ~ ( 0 / - 1 )  -1.72 -0.85 -0.87 
PhNO~ ( 0 / - 1 ) - 1.33 - 0.40 - 0.93 
Ph2N~ ( 0 / -  1 ) - 1.28 - 0.34 - 0.94 
B Q ( - 1 / - 2 )  -1.40 -0.44 -0.96 
Ru ( b p y ) s ( + 2 / + 1 )  -1.30 -0.36 -0.95 
A Q ( 0 / - 1 )  -0 .96  0.00 -0 .96  
B Q ( 0 / - 1 )  -0 .53 + 0.33 -0 .91  
M V ( + 2 / + 1 )  -0 ,43 +0.52 -0 .95  
TCNQ ( 0 / -  1) - 0.23 + 0.54 - 0.77 
T M P D ( + 1 / 0 )  +O.ll  +0.53 -0.44 
TPPD ( + 1/0) + 0,58 + 0.55 - 0.03 

-0-2  

�9 yon is defined as the  potential  at which 1% of maximal  pho- 
tocurrerrt is observed. 

�9 * Abbreviations: An = anthracene; Ph(CN)2 = phthalonitrile; 
PhNO~ = nitrobenzene; PheN2 = azobenzene BQ = benzoquinone; 
Ru(bpy)s = ruthenium 2,2'-bipyridine; AQ = anthraquinone; MV 
= methyl viologen; TCNQ = tetracyanoqu~mone dimethane; 
TMPD = N,N,N',N'-tetramethyl-p-phenytene diamine; TPPD = 
N,N,N',N'-tetraphenyl-p-phenylene diamine. 

1 0 5 7  

t 
-1.2 

centrat ion of PhNO~ and that  of PhNO~ ?. A cyclic 
vo l t ammogram of PhNO2 (0.2M) in MeCN at a Pt  elec- 
trode (0.15 cm2 area) (Fig. 4) shows the wel l -known 
wave  for the reduct ion to the radical  anion at --1.33V 
v s .  SCE while  only a small  reduct ion current  is found 
in the dark at p-WSe2 (Fig. 4b) ; a small  photocurrent  
is observed during the first scan (Fig. 4c). This photo- 
cur ren t  grea t ly  increases during the second and subse- 
quent  scans under  continuous i l luminat ion (Fig. 4d). 

Clear ly  the presence of PhNO27 in the solution great ly  
enhances the photocurrent  for the reduct ion as i l lus- 
t ra ted in Fig. 5 where  the effect of chopped i l luminat ion 
in a solution in which anion radicals were  generated at 
the Pt  electrode by the passage of 0.27 and 2.3C, is 

demonstrated.  The effect of concentrat ion of PhNO2 "- 
(produced by electrogenerat ion)  on the l imit ing cath- 
odic photocurrent  is shown in Fig. 6a. The photocur-  

rent  rises sharply at PhNO27 concentrations up to 
0.019 mM and then essentially levels off. The con- 

centrat ion of PhN02- at whic5 this level ing off occurs 
depends somewhat  on the PhNO2 concentration. The 
magni tude  of the max imum photocurrent  at a given 
concentrat ion of radical anion depends on the PhNO~ 
concentrat ion as shown in Fig. 6b. At  low concentra-  
tions of P h N Q ,  the current  is l imited by mass t ransfer  
of PhNO2 to the electrode surface. At higher  concen- 
trations, the current  saturates at a level  governed by 
the l ight  intensity. For  i r radiat ion with the full  un-  
focused output  of the 450W xenon lamp, this sa tura-  
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V, vs ,SCE 
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Fig. 4. Voltammetric curves of Pt and p-WSe2 in MeCN solution 
containing 0.2M PhNO2 and 0.1M TBAP supporting electrolyte. 
Scan rate 50 mV/sec. Light source, 2.0 mW He-Ne laser. (a) Cyclic 
voltammogram of the reduction of PhNO2 at Pt. (b) Dark voltam- 
metric curve an p-WSe2. (c) Voltammetric curve on p-WSe2 under 
continuous illumination. (d) Scan in continuous illumination after 
(c). 

L 
00  

P o t e n t i a l ,  V , 

Fig. 5. Current-potential characteristics under chopped light on 
p-WSe2 in MeCN containing 0.2M PhNO2, 0.1M TBAP. Light source, 
2.0 mW He-No laser. Scan rate 50 mV/sec. (a) After generating 
PhNO2 ~ electrochemically by passing 0.27C. (b) After generating 
PhNO2 = electrochemically by passing 2.30C. 

tion occurred at ,-,0.2M PhNO2. With PhNO2 under  
these conditions, Vo~ was --0.4V v s .  SCE; this repre -  
sents reduct ion at potentials about 0.9V more posit ive 
than those at Pt. 

For  other  couples with s tandard potentials corre-  
sponding to energies above E e ,  similar  photoeffects and 
underpotent ials  are observed (Table I).  Note that  wi th  
these Yon shifts more  negative,  as the s tandard poten-  
tial becomes more  negat ive so that. the difference 
V r e d o x  - -  Y o n  is essentially constant at ~0.9V. Such be-  
havior  is characterist ic of Fermi  level  pinning or in-  
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0.0 0.04 0.08 

Fig. 6 a. Plot of photocurrent as a function of PhNO2 ~ in MeCN 
solution contaiMng 0.2M PhN02 and 0.1M TBAP. Light source, 2.0 
mW He-No laser. 
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Fig. 6 b. Plot of maximum photocurrent vs. the concentration of 
PhNO2 in MeCN. Light source 2.0 mW He-Ne laser. Supporting 
electrolyte, 0.1M TBAP. 

version (13, 14). However, recall that  couples at more 
positive potentials showed a relat ively constant  value 
for Von, or a value of Vredox - -  Yon which was a func-  
tion of Vredox. The behavior  for all the couples is i l lus- 
trated in Fig. 7 and discussed below. 

p-WSez/PhNOz, MeCN solar cells.--A number  of 
electrochemical photovoltaic cells based on nonaqueous 
electrolytes have been described (9). A general  prob- 
lem found with such cells for possible application to 

solar to electrical energy conversion is that the solu- 
bilities of the reduced or oxidized species in solution 
are low and mass t ransfer  to either the semiconductor 
or counterelectrode limits the current  at levels appre-  
ciably below those corresponding to the incident  radia-  
tion. Since PhNO2 can be mixed in all proportions, with 
MeCN, and as shown in Fig. 6, its concentrat ion can be 
adjusted so that  the saturat ion current  is controlled by 
the light flux, photoelectrochemical cells of PhNO2 and 
p- type semiconductors in nonaqueous solutions are 
par t icular ly  interesting. A two-electrode cell contain- 
ing a p-WSe2 photocathode and a l~ gauze (40 cmS 
area) counterelectrode immersed in an MeCN solution 

containing 0.2M lohNO2 and 0.019 mmoles PhNO2 �9 was 
fabricated. The i-V characteristics of such a cell ob- 
tained with different load resistances is shown in Fig. 
8a. The open-circui t  photovoltage was 0.56V and the 
short-circuit  photocurrent  was 0.11 mA. From this plot, 
the fill factor was computed to be 0.56. With this value 
of fill factor, the overall  optical to electrical energy 
conversion was ~2.0%. The photocurrent  as a function 
of time is shown in Fig. 9. The photocurrent  was fairly 
stable for at least 3 hr, at which time the exper iment  
was terminated.  The relat ively low efficiency of the 
cell suggests that  recombinat ion processes at the p- 
WSe2 surface (e.g., the oxidation of photogenerated 

PhNO~ 7) are important.  Previous studies of n-WSe2 
have shown that exposed edges on the van  der Waals 
surface of the electrode act as such recombination 
centers and that t rea tment  with I -  or other halide ions 
appears to passivate these edges (1). Such an iodide 
t rea tment  is also effective in improving the perform- 
ance of the p-WSe2 cell. If the p-WSe2 electrode is im- 
mersed for ~45 sec in MeCN solution of 4 mM 
t e t r a - n - bu t y l a mmon i um iodide (TBAI),  then removed, 
r insed with MeCN, and immersed into the solar cell 

containing 0.2M lohNO2 and 0.019 mM PhNO2-,  a 
much higher photocurrent  is observed (vide Fig. 8a). 
Although the Voc and fill factor are essentially un-  
changed, this increase in is~ increases the max imum 
power efficiency (monochromatic) to 4.1%. The effi- 
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Fig. 7. Plot of ]Vvedox - -  Vonl vs. Vredox for various redox 
couples employed in this study. 1 = Anthracene ( 0 / - - 1 ) ;  2 = 
phthalonitrile ( 0 / - - 1 ) ;  3 = nitrobenzene ( 0 / - - 1 ) ;  4 = ruthenium 
2,2'-bipyridine ( ,1,2/ ,1,1);  5 ~- azobenzene ( 0 / - - 1 ) ;  6 = anthra- 
quinone ( 0 / - - 1 ) ;  7 = benzoquinone ( 0 / - - 1 ) ; . 8  = methyl viologen 
( ,1,2/ ,1,1);  9 = tetracyanoquinone dlmethane ( - I - I / 0 ) ;  10 
N,N,N',N'-tetramethyl-p-phenylene diamine ( - I -1 /0 ) ;  11 
N,N,N'N-tetraph~nyl-p-ph~nytene" dlamine ( - I -1 /0) ;  12 ---- iodide/ 
iodine; 13 = bromide/bromine; 14 = chloride/chlorlne; 15 
thianthrene ( - I -1 /0 ) ;  16 = ruthenium 2,2'-bipyridine (.1.1.3/,1,2). 
The values of Vredox and Von for couples from 12 to 16 are taken 
from Ref. (1). 
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Fig. 8 a. Photocurrent-photovoltage characteristic of the cell 
p-WSes/MeCN, 0.2M PhNO2, 0.019 mM PhNOs=/Pt .  Irradia- 
tion source, 2.0 mW He-Ne laser. ( - - V - - ~ - - ) :  The electrode was 
pretreated with 4 mM I -  in MeCN.  ( - - � 9  Not pretreated 
with iodide. 
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Fig. 8 b. Photocurrent-photovoltage characteristic of the cell 
p-WSe2/MeCN, 0.2M PhN02, 0.02 mM PhNO2~/Pt. Irradiation 
sources: (1) 450W Xe lamp with 590 nm cut-on filter. ( ~ / - t ~ - - ) :  
The electrode treated with 4 mM I -  in MeCN. ( - -~A-- /k-- ) :  
nat treated with iodide. (ii) Direct sun: at Austin, Texas, around 
noon, in July 1980. ( ~ O ~ O - - ) :  Treated with 4 mM I -  in 
MeCN. 

ciency, is s imi la r ly  increased by  the d i rec t  addi t ion  of 
3 mM TBAI to the MeCN/PhNO2 solut ion in the cell. 

The behavior  of the PEC cell was also s tudied at  
h igher  l ight  intensi t ies  by  i r r ad ia t ion  wi th  the r ed -  
f i l tered l ight  of a 450W xenon lamp or by  direct  sun-  
light.  The var ia t ion  of photocur ren t  and photovol tage 
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Fig. 9. Plot of photocurrent-output of the cell, p-WSeyMeCN, 
0.2M PhNO2, 0.02 mM PhNO2~/Pt as a function of time. Irradia- 
tion source: 450W Xe lamp fitted with 590 nm cut-on filter. 

as a funct ion of l ight  in tens i ty  is p lo t ted  in Fig. 10 for a 
MeCN solut ion containing 0.2M PhNO2 and 0.02 mM 

PhNO2- .  The photovol tage  and pho tocur ren t  increased 
sha rp ly  at  low l i g h t  intensit ies,  bu t  became essent ia l ly  
sa tu ra ted  at  h igher  intensit ies.  Essential ly,  the same 
behav ior  was observed for  solut ion containing 2.0M 

PhNOJ0.02  mM PhNO2-  (Fig. 10) which suggests 
tha t  the sa tura t ion  of pho tocur ren t  at  h igher  l ight  in-  
tensit ies was not  caused b y  l imi t ed  mass t ransfe r  of 
PhNO2 to the electrode. Hence, the cause of the sa tu ra -  
t ion of shor t -c i rcu i t  cu r ren t  is p robab ly  recombinat ion  
at  the p-WSe2 surface. However ,  t r ea tmen t  wi th  iodide 
(as in the previous  case) produced h igher  photocur -  
rents  and removed  the sa tura t ion  effect. This t r ea tmen t  
caused l i t t le  change in the open-c i rcu i t  photovoltages.  
The overa l l  behav ior  of the in tens i ty  of the PEC cell 
at  m a x i m u m  red- f i l t e red  xenon lamp and in sunl ight  is 
shown in Fig. 8b. Note that  as wi th  i r r ad ia t ion  with  the 
He-Ne  laser,  t r ea tmen t  of the  p-WSe2 with  iodide p ro -  
duces a h igher  pho tocur ren t  wi th  only a marg ina l  in-  
crease of fill factor  and Voc. The overa l l  op t ica l - to -  
e lect r ica l  energy  efficiency in full  sun is ~2% wi th  the 
iod ide - t r ea t ed  electrode.  

Discussion 
The results  of the photoelec t rochemical  exper iments  

wi th  the var ious  redox couples, shown in Fig. 7, can be 
summar ized  as follows. The photopotent ia l ,  Vph, equal  
to V r e d o x  - -  "Von , increases l i nea r ly  wi th  a slope near  
one, and then, at a potent ia l  near  that  corresponding to 
the conduct ion bandedge  (,~ --0.4V v s .  SCE),  i t  levels 
off at  a constant  value  near  0.95V. Note tha t  this pa r a l -  
lels the behavior  found wi th  n-WSe2/IVIeCN (1), ex -  
cept  tha t  for the n - t y p e  ma te r i a l  the m a x i m u m  photo-  
potent ia l  was smal le r  (,~0.5V) and that  the level ing 
off occurred at  potent ia ls  about  0.5V negat ive  of the 
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Fig. 10. Plot of Voe and Jso as a function of light intensity. Ir- 
radiation source 450W Xe lamp fitted with 590 nm cut-on filter. 
( ~ / k - - ~ w ) :  0.2M PhNO2; 0.02 mM PhNO~ =. ( w O - - O m ) :  
2.0M PhNO~; 0.02 mM PhNO2 ~. ( C ) - C ) - ) :  Treated with 
4 mM I -  in MeCN. ( - - I - ] ~ D - - ) :  Not treated with iodide. 
(mO--O---~):  Treated with 4 mM I -  in MeCN. 
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valence bandedge.  The resul ts  wi th  n-WSe2 were con- 
sistent  wi th  the onset of Fermi  level  p inning (13) by  
surface states at  energies  about  0.5 eV above the 
valence band. The existence of such states as recombi-  
nat ion centers  could also expla in  the low values  of Vph 

found wi th  p-WSe2 for TPPD + (i.e., the fact  tha t  the 
l ine  Vvh VS. V in tersects  a t  +0.6V ra the r  than  at  VFB 
for p-WSe2).  The level ing at  negat ive  potent ia ls  for 
p-WSe2 could be ascr ibed to p inning  by  surface states 
jus t  be low the conduction bandedge,  Ec. Such states 
were  invoked  to expla in  recombinat ion  in n - W S e 2 /  
MeCN (1). However ,  because the onset of this pinning 
occurs at  a potent ia l  ve ry  close to the VFZ value  of 
n-WSe2 (i.e., the  conduction bandedge) ,  the invers ion 
model, proposed by  Kau tek  and Ger ischer  (14) for n-  
type  l aye red  compounds could also apply.  In  both 
cases, the inject ion of electrons, e i ther  into surface 
states or  at  the surface at  energies corresponding to Ec, 
causes the deve lopment  of a negat ive  surface charge 
which then causes changes in the potent ia l  drop across 
the  Helmhol tz  layer .  Thus, the p inning effect should 
occur in the presence of reductants  of energies  near  or 

above Ec. Recall  that  the addi t ion of PhNO2 grea t ly  
promoted  the photoreduct ion  of PhNO2 at WSe2, in 
agreement  wi th  this concept. The effect of the in t ro-  
duct ion of a reduced form with  a redox level  energy 
above Ec to shift  the bandedges  has been seen p rev i -  
ously, e.g., in solvated e lect ron product ion in l iquid 
ammonia  at  p -GaAs  (15), and with  a number  of 
couples at  p -GaAs  (16) and p-S t  (17). 
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Technical No es 

Moderate Temperature Na Cells 
II. Transition Metal Diselenide Cathodes 

K. M. Abraham* and L. Pitts 
EIC Laboratories, Incorporated, Newton, Massachusetts 02158 

Recent ly  we descr ibed (1) a modera te  t empera tu re  
rechargeab le  Na cell  which operates  at  ,--130~ and 
uti l izes a ~-A120~ solid e lec t ro ly te  in conjunct ion with  
a t rans i t ion  meta l  disulfide cathode. In tha t  study,  we 
inves t iga ted  the  cathodic cycl ing behavior  of TiS2, 
VS~, and Nbl.IS2. In  our  cont inuing search for sui table  
cathode mater ia l s  for  the modera te  t empera tu re  Na 
cell  (1-3), we have made  a p re l imina ry  evaluat ion  
of the su i tab i l i ty  of the  diselenides,  VSe2 and TiSe2 as 
rechargeab le  cathodes. Our  findings are  presented  in 

* Electrochemical Society Active Member. 
Key words: secondary cell, diselenide cathodes, sodium anode. 

this paper .  While  there  have been pr ior  studies deal ing 
with  the s t ruc tura l  chemis t ry  of the Na in terca la tes  of 
TiSe2 and VSe2 (4, 5), ve ry  l i t t le  is known about  the 
revers ib i l i ty  of the in te rca la t ion  reaction. The avai lab le  
da ta  on the s t ruc tura l  chemis t ry  of the Na in terca la tes  
of TiSe2 and VSe2 show that  s t ruc tura l  changes of the 
host la t t ice occur wi th  Na intercala t ion.  An under -  
s tanding of the effects of these s t ruc tura l  changes on 
cathode rechargeabi l i t ies  in Na cells is of both scientific 
and pract ica l  interest .  Vanad ium diselenide has been  
shown to be a h ighly  revers ib le  cathode in secondary  
Li cells ut i l izing nonaqueous solvents  (6, 7). 
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Experimental 

VSe~ (99.8%) and TiSe2 (99.8%), obtained f r o m  

Cerac, Incorporated, Milwaukee, Wisconsin, were used 
wi thout  fur ther  t reatment .  Their  x - r ay  powder pa t t e rn  
agreed quite well  wi th  l i terature  data (6). T h e  

electrochemical cell incorporat ing a #-A12Os tube was 
of t h e s a m e  type described previously (1, 2). The metal  
selenide cathodes were fabricated in  the form o f  
p~essed electrodes from a cathode mix  consisting o f  
-~50 weight percent  (w/o)  MSem 40 w/o Shawinigan 
carbon (50% compressed), and 10 w/o Teflon, as de- 
scribed previously (1). The electrolyte was a 1M solu- 
t ion of NaI in  1.2-Bis (2-methoxy-ethoxy)  ethane, ( t r i -  
glyme) (1). The assembled cell had the configuration 

Liquid Na/#-A12OJTriglyme-NaI /MSe~ 

The cells were cycled galvanostat ical l ly after the rmo-  
stat ing them at 130~ (1-3). 

Results and Discussion 
Na/VSe2 c e l l . ~ T h e  open-circui t  voltage (OCV) of 

the cell at 130~ was 2.32V. A cell was discharged 
slowly (0.5 m A / c m  2) to determine the capacity of the 
cathode and the shape of the discharge curve. Typical  
discharge curves are shown in Fig. 1. Init ial ly,  the cell 
rapidly polarized to 1.7V and the discharge proceeded 
with a voltage plateau at ~l .6V.  The discharge showed 
a somewhat  gradual  but  definite endpoint  to 1.2V when 
a capacity equivalent  to 1 Na/VSe2 has been achieved. 
The cell exhibited 100% rechargeabil i ty  in  the first 
charge performed also at 0.5 mA/cm2. With repeated 
cycling, the cathode uti l ization of ~1  Na/VSe2 was 
main ta ined  with 100% recharge efficiency. The cycling 
data for 24 cycles are shown in  Table I. The cycling 
current  from the fourth discharge onwards was ma in -  
tained at 8 mA (1.0 m A / c m  2) with very little effect on 
cathode utilization. In some discharges, when  the lower 
cutoff voltage was reduced to 1.0V, an addit ional  ca- 
pacity was obtained with a second voltage plateau at 
~1.15V. While the addit ional  capacity in  the lower 
plateau region was not recharged, the deep discharge 
did not effect the rechargeabil i ty of the capacity in the 
higher plateau region. Since the electrolyte does not 
reduce at this lower voltage plateau, the addit ional  ca- 
pacity may correspond to fur ther  discharge of VSe2 
as was observed in the lower voltage discharge of 
Li/VSe2 cells (6,7). We have not investigated this 
further.  

The x - r ay  powder pat tern  of the VSe2 cathode, 
cycled 24 times and terminated  at the end of discharge, 
exhibited, among others, ~ lines at 7.76 and 6.86A. These 
lines agree quite well with the c lattice parameters  of 
NaxVSe2 compositions described by Bloembergen et al. 
(5). These authors have identified two s t ructural  types 
in NaxVSe2 for 0 ( x --~ 1. In the type I rhombohedral  
structure,  found for 0.5 ----- x --~ 0.7, the lattice pa ram-  
eters, in the hexagonal  description, were a = 3.48.k 
and c ---- 3 • 7.41A. In  the type II  rhombohedral  s truc-  
ture, found in Nal.0VSe2, the lattice parameters  were 
a ---- 3.73A and c ---- 3 X 6.88A. In  NazVSe2 for 0.8 - -  x 

0.9 a mixture  of both type I and type II s tructures 
was found. In  the region 0 < x - -  0.5, a two phase 
mixture  of VSe2 and type I NaxVSe~ was present  to- 
gether. The x - ray  data of our  cycled cathode show 
the presence of NaxVSe2 compositions with both the 
type I and type II structures. The data indicate also 
that  the cycling reactions involve Na intercalat ion and 
deintercalat ion as shown in  Eq. [I] 

discharge 
VSe2 3- xNa + 3- x e -  , Na~VSe2 [1] 

charge 

Many of  the  expected liDes in the x-ray pattern were absent 
due  to interference from the carbon and Teflon present in the  
electrode. Other lines observed were at 3.41, 3.01, 2.66, 2.63~ 2.34, 
2.08, and 2.0A. 

o~ 

X in NaxVSe 2 

0,25 0.50 0.75 i ,0 
I I I I 

2.5 

2 , 0 ~  

I k - - ~ - ~ _ _ 1  ~ c i  
~ " ~ ' ~  

l ----'--'-'--- -~ - ~ . - - ~  ..... "k~ ~--zlO 

t I I I I I 
I0 20 30 40 50 

Cell Capacity, ~h 

Fig. 1. Galvanostatic discharge and charge curves of the cell, 
liquid Na/#-AI203/triglyme, Nal/VSe2 at 130~ Curves D1, D2, 
and D10 are the 1st, 2nd, and the 10th discharges and curves C1, 
C2, and C10 are the corresponding charges. Current: 4 mA for the 
1st and 2nd cycle; 8 mA for the 10th cycle. 

A break in  the discharge curve, which becomes 
more pronounced in  the second discharge and  there-  
after, is observed at Na0.4sVSe2. In  agreement  with 
the work of Bloembergen et al., the first plateau in 
the discharge may correspond to the two phase region 
of VSee and type I Na=VSe2. In  the second plateau 
then, the discharge involves fur ther  Na intercalat ion 
into the NaxVse2 phase(s)  and both type I and type 
II phases may coexist at high values of x. Unlike the 
VS2 cathode where the rechargeabil i ty  was l imited to 
the Na compositional range ,-0.3 < x -  1.0 (1), the 
VSe2 cathode is reversible for the entire range o f  
0 < x --~ 1.0. In  Na~VS~, the phase at x ~ 0.3, is a 
second state compound in which Na occupies every 
other layer. The Na in this phase becomes irreversible 
as cycling continues. Such a phase is absent in NaxVSe2 
and may explain the superior reversibi l i ty  of VSe2. 

P re l iminary  data on the rate capabil i ty of VSe2 was 
obtained from the potentiostatic discharge of a cathode 
held at 1.3V vs. Na+/Na.  A capacity of 0.72 Na/VSe2 
was obtained at cur rent  densities ~--5.0 mA / c m 2. Since 
the present  work was not aimed at optimization of 
cathode structure, rates considerably higher than these 
should be possible. The relat ively high rate capabil i ty 
of the VSe2 cathode in  Li cells has already been re-  
ported (6). 

Na/TiSez  ce lL- -The  cell had an OCV of 2.29V at 
130~ Some typical discharge curves are shown in Fig. 
2. To 1.1V cutoff, a capacity of 1 Na/TiSe2 was ob-  
tained in the first discharge. The discharge at 0.5 
mA / c m 2 proceeds in two distinct potential  plateaus at 
~1.75 and --1.40V. A definite endpoint  is reached 

Table I. Cycling data for Na/VSe2 cell at 130~ 

Discharge* capacity Charge capacity 

Cycle Utilization, % of 
No. mA-hr Na/VSe2 mA - h r  discharge 

1 51.0 1.0 50.5 100 
2 49.5 0.98 49.5 100 
3 49.0 0.97 49.0 100 
4 49.0 0.95 49.0 100 
5 49,0 0.95 49.0 102 
6 46.5 0.96 48.0 99 
7 48.5 0.96 48.0 99 
8 46.0 0.95 46.0 100 
9 48.0 0.95 48.0 100 

10 48.0 0.95 48.0 109 
15 48.0 0.95 48.0 100 
20 47.0 0.94 40.0 100 
23 46.0 0.93 46.0 100 
24 46.0 0.93 - -  - -  

* Current: 4 mA(0.5 mA/crn~) for cycles 1-3. 
: 6 mA(1.0 mA/cm 2) for  cyc l e s  4-24. 
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Fig. 2. Galvanostatic discharge and charge curves for the cell, 
liquid Na/fl-Al203/triglyme, Nal/TiSe.2 at 130~ Curves D1, D2, 
and D6 are the 1st, 2nd, and the 6th discharges and curves C1 and 
C2 are the 1st and 2nd charges. Current: 4 mA. 

af ter  a capaci ty  of 1 Na/TiSe2. The  recharge  at  0.5 
m A / c m  2 was 100% efficient in the first charge. The sec- 
ond and subsequent  discharges,  however,  proceeded at  
lower  potent ia ls  than  in the first discharge,  a l though 
the capaci ty  in the  s ixth discharge was st i l l  0.88 
Na/TiSe2 to 1.1V cutoff. Apparen t ly ,  a s t ruc tura l  
change of the TiSe2 host  la t t ice  occurs in the first cycle 
wi th  ve ry  l i t t le  change thereaf ter .  X - r a y  powder  pa t -  
tern of cycled cathodes showed only broad  pa t te rns  
and no useful  informat ion  regard ing  mechanisms of 
cycling react ions or  s t ruc tu ra l  changes dur ing  dis-  
charge was obta inable  this way. Nevertheless ,  the  

cycling data  have demons t ra ted  the revers ib i l i ty  of  
TiSe2 in Na cells. The discharge of the cathode is ac-  
companied by  phase  changes and a gross s t ruc tu ra l  
change of the host la t t ice  a ppa re n t l y  occurs a f te r  the 
first cycle. 

In conclusion, we find tha t  VSe2 is useful  as a re -  
chargeable  cathode for Na cells. I t  appears  to be sui t -  
able  for  modera te  ra te  applicat ions.  The specific energy  
of the Na/VSe2 couple based on the observed  cell 
vol tage (1.6V) and capaci ty  is 185 W - h r / k g .  The per -  
formance  of TiSe~ is somewhat  infer ior  to tha t  of V S e 2 .  
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Anodic Oxidation of Polysilicon 
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The e lect r ica l  character is t ics  of semiconductor  de-  
vices a re  p r i m a r i l y  de te rmined  by  the impur i t ies  in-  
corpora ted  into the body of the semiconductor  and by  
thei r  spat ia l  dis tr ibut ion.  The wides t  appl ied  method 
for de te rmin ing  impur i t y  profiles in semiconductor  in-  
volves successive measurements  fol lowing the removal  
of control led amounts  of semiconductor.  Rad io - t r ace r  
counting (1-2),  different ial  sheet  res is t iv i ty  measure -  
ments  (1, 3), or  chemical  methods  (4-5) can be used 
in conjunct ion wi th  the sectioning to de te rmine  the 
impur i ty  profile. 

Semiconductor  oxida t ion  fol lowed by  etching of the 
oxide is a ve ry  useful  technique for sectioning. Re-  
moval  by  anodic oxida t ion  is reproducible ,  p rac t ica l ly  
does not cause impur i t y  redis t r ibut ion,  and can be 
carr ied  out  in a s imple cell  wi thout  the necessi ty of 
~r~y expensive  facilities. Several  papers  appeared  dea l -  
ing wi th  the var iables  affecting anodic oxidat ion  of 
sil icon (6-8).  Due to increasing in teres t  in polysi l icon 

Key words; spectrophotometry,  analysis,  silicon, profiles. 

technology, this paper  makes a comparison be tween 
mono-  and polysi l icon anodic oxidation.  

Experimental 
Mechanical ly  polished n-  and p - type  silicon slices of 

different  res is t iv i ty  and or ienta t ion  were  used. In  o rder  
to obta in  a significant comparison be tween  mono-  and 
polysi l icon anodic oxidation,  a number  of slices having 
the same character is t ics  were  selected from each of the 
ingots. A number  of slices belonging to each selected 
group were  analyzed for monocrys ta l l ine  da ta  and on 
the remain ing  slices, polysi l icon was chemical  vapor  
deposi ted and analyzed.  Chemical  vapor  deposit ion 
was pe r fo rmed  at 650~ with  anhydrogen  flux of 62 
l i t e r s /min  and a silane flux (5% in hydrogen)  of 280 
ml /min ,  if measured  at  room tempera tu re  and a t -  
mospheric  pressure.  For  avoiding polysi l icon inhomo-  
geneities, 2000A layers  were  deposi ted and thei r  th ick-  
ness was checked by  masking  a smal l  side area  in or-  
der  to provide  a re ference  surface and then measur ing  
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the resul t ing step. Polysilicon grain size was found to 
be about 100A. 

The slices were carefully cleaned in tr ichloroethyl-  
ene-ace tone-methanol  (9), and just  before anodizing 
they were etched in 10% hydrofluoric acid for about 
10 min, r insed in r u n n i n g  doubly distilled water, and 
blown dry. A 3000A thick a luminum layer was evapo- 
rated onto the back of the wafer to ensure a good uni -  
form electrical contact. 

An Electronic Measurements,  Incorporated, Regatron 
C633CM power supply, capable of delivering 300 mA 
at 500V, was used to power the cell. A projection lamp 
was used to provide sufficient and uniform intensi ty  
of i l luminat ion  (15 mM cm -2) of the sample. The 
cathode was a stainless steel r ing situated as shown 
in Fig. 1 in order not to impede both the continual  
mixing of the solution and the i l lumination.  

Anodization was carried out at constant  current  
(corresponding to about  4 mA cm -2 of slice surface) 
and var iable  voltage in an electrolyte of ethylene gly- 
col containing 0.05M potassium ni t ra te  and 10% of 
water  (4, 8). The cell was kept at room temperature  
(20~176 The range of oxide layers grown were 
sufficient to consume 50-400A of silicon. 

After  the predetermined net  forming voltage was 
reached, the electrolyte was removed and the cell was 
rinsed in  runn ing  doubly distilled water.  The wafer 
surface was scrubbed l ightly dur ing the rinse to en-  
sure complete removal  of the ethylene glycol. Any  
ethylene glycol residues prevent  uni form removal  of 
the oxide. After  the oxide removal  as described below, 
the cell was again rinsed in  doubly distilled water  and 
b lown dry. Another  oxidation step could now take 
place. During mul t ip le  runs, the electrolyte was re-  

m 

O 

I I 

5 c m  

Fig. I. Anodization cell (a--clamps, b--insulator, c--silicon slice, 
d--silicone packing, e--Plexiglas upper part of variable size ac- 
cording to the oxidized area). 

jected after every oxidation in  order to avoid changes 
in the electrolyte characteristics. 

A method for accurately measur ing the thickness of 
silicon removed during anodization was previously re-  
ported (4). The method is based on the spectrophoto- 
metric determinat ion of silicomolybdic complex when 
reduced to molybdenum blue and in the described con- 
ditions it is not subject  to phosphates interference. 

Normal precautions for trace analysis were taken 
throughout  and polyethylene vessels and volumetr ic  
equipment  were exclusively used to avoid any  silica 
contamination. 

The oxide removal was obtained by pipett ing 1 mt of 
0.1M hydrofluoric acid onto the slice surface and after 
10 min  (in order to assure the complete dissolution of 
the oxide) 5 ml  of sulfuric acid solution, containing 
1.25 ml of concentrated sulfuric acid per 100 ml of so- 
lution, were added to the cell. The solution was then 
t ransferred to a polyethylene volumetric flask and the 
cell was washed 2-3 times with 5 ml of doubly distilled 
water each time, and these washings were t ransferred 
to the same flask. 5 ml  of ammonium heptamolybdate  
solution, containing 1.6g (NH4)6Mo7024"4H20 per 100 
ml H20, were added to the flask and after 6 min  (in 
order to assure a complete molybdosilicic acid forma- 
mation) 5 ml of a 10 mg Fe( I I )  m1-1 reducing solution 
[prepared by dissolving 70g of i ron( I I )  ammonium 
sulfate in 1000 ml of 1.25% sulfuric acid solution] and 
5 ml of sodium fluoride solution, containing 2.4g NaF 
per 100 ml H20, were also ~ added. After  di lut ing to 50 
ml  with doubly distilled water, the absorbance of this 
solution was read at 828 nm against water. Spectro- 
photometric measurements  were performed on a Per-  
k in -E lmer  Model 554 spectrophotometer. 

A calibration curve was prepared by adding aliquots 
of s tandard silicon solution to 1 ml  of 0.1M hydrofluoric 
acid solution and proceeding as above. The calibration 
curve is l inear  and reproducible from 10 #g Si l i ter -1 
to 800 ~g Si l i ter -1. The method permits  determi-  
nations as low at 10 ~g Si liter -1, with a s tandard 
deviation better  than •  When using a cell having 
an anodization area of about 5 cm 2 (i.e., 25 m m  
diam),  a thickness o.f 5A of silicon can be deter-  
mined. When using this method it is not necessary 
to remove the wafer from the cell, so it is possible to 
easily monitor  the progress of the anodization from 
run  to run. 

To check the uni formi ty  of oxidation and the re-  
moval of the surface layers, the physical profile of the 
treated surface was tested with a Talysurf  10 (Rank 
Precision Industries,  Leicester, England) ;  the obtained 
results agree within a few percent  with those obtained 
via the chemical method. 

Results and Discussion 
The different rates for monocrystal l ine silicon anodic 

oxidation as a function of dopant  type, resistivity, and 
crystal l ine or ientat ion are shown in Fig. 2. Every re-  
ported datum represents the mean  value with s tandard 
deviation of sixty analyses on each of 5-7 samples for 
net  forming voltages of 50, 100, and 150V. Data ob- 
tained on "reference" monocrystal l ine slices (Fig. 2) 
and those coming from the deep oxidation of the mono- 
crystall ine substrate of the polysilicon samples (not 
shown) were found equal. It can be seen that crystal-  
l ine orientat ion does not seem to influence the anodic 
oxidation, as previously reported (8), while  the con- 
ductivi ty type and resistivity (especially for the n-  
type) do influence anodic oxidation rate. 

Figure 3 shows a comparison between mono-  and 
polysilicon anodic oxidation rates. In  spite of the fact 
that  the polycrystal l ine silicon is undoped, the sub-  
strate seems to influence anodic oxidation especially 
at low dopant concentrations. Reported data do not 
take in account the mono-/polysi l icon interface zone, 
where the anodic oxidation shows intermediate  char-  
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Fig. 2. n- and Fr-type monocrystalline silicon anodic oxidation 
rates: �9 n-type Si(111), A n-type Si(100), �9 p-type Si (111), [ ]  
p-type Si(100). Conditions as reported in the text. 
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Fig. 3. n- and p-type monocrystalline and polycrystalllne silicon 
anodie oxidation rates: �9 n-type Si(111), A polysilicon on n-type 
Si(111), �9 p-type Si(111), [ ]  polysilicon on p-type Si(111). Condi- 
tions as reported in the text. 

acterist ics wi th  respect  to poly-  and monocrys ta l l ine  
regions. 

Another  in teres t ing feature,  especial ly  when pe r -  
forming automat ic  anodic oxidation,  is the behavior  of 
the ini t ia l  drop vol tage across the cell. Because the 
ini t ial  drop vol tage depends on the e l ec t ro ly te /wafe r  
contact  resistance,  i t  is expected to increase wi th  the 
wafer  resist ivi ty.  This fact is confirmed for monocrys-  
ta l l ine  silicon, whi le  polycrys ta l l ine  silicon is influ- 
enced by  the subs t ra te  res is t iv i ty  and moreover  shows 
the same behavior  both on p-  and n - type  substrate.  
F igure  4 shows the ini t ia l  vol tage drop var ia t ion  both 
for mono-  and for po lycrys ta l l ine  silicon as a function 
of sil icon resist ivi ty.  

10 2 101 10 o 10 ohm cm. 

Fig. 4. n- and p-type monocrystalline and polycrystalline silicon 
initial drop voltage: �9 n-type Si(111), A polysilicon on n-type 
Si(111), �9 p-type Si(111), [ ]  polysilicon on p-type Si(111). Condi- 
tions as reported in the text. 

Pre l imina ry  results  on amorphous  silicon layers,  ob-  
ta ined by  B + and P + ion implan ta t ion  at  h igh dose on 
monocrys ta l l ine  silicon, show a s imi lar  behavior  wi th  
respect  to polysil icon. 
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ABSTRACT 

Poly(methacryloni tr i le)  and related polymers have been found to be 
uniquely suited for all dry lithographic processes. The polymer patterns a r e  
generated by thermal treatment followed by oxygen plasma removal. Poly- 
(methacrylonitri le) and copolymer(acrylonitr i le-methacryl ic  acid) yield pat-  
terns with positive tone, while poly(~-chloroacrylonitr i le)  provides negative 
tone patterns. Oxygen plasma etch rate differs for the exposed and the un- 
exposed parts. The polymer patterns, after heat-treatment,  become highly 
CF4 plasma etch resistant, providing well-defined SiO2/Si patterns. Thus, 
with 2 #m thick films of poly(methacryloni t r i le)  exposed to electron dose of 
5 • 10 -6 C/cm 2, 1.5-1.8 #m deep SiO2/Si patterns are generated with high 
resolution by all dry processes; the resist patterns of 1.5 ~m width, depth, and 
spacing are obtained at 5 • 10 -6 C/cm 2 with the wall angle of 65 ~ Mechanistic 
studies including EPR, ESCA, and mass spectroscopic measurements were 
c a r r i e d  out to provide a mechanism. 

A dry development process for photoresists and 
electron beam resists may be an attractive al ternative 
to resists developed by wet methods from points of 
view including pollution, safety, high process yields, 
nigh throughput, and high resolution. Vapor develop- 
ment of poly(olefin sulfones) exposed to electron 
beams has been reported (1). It is also noted that 
even poly (methyl methacrylate)  showed very shallow 
troughs after electron beam exposures at a dose of 
10 -4 C/cm 2 (2). Poly (olefin sulfones) and poly (methyl 
methacrylate)  are, however, highly susceptible to 
plasma degradation and provide poor plasma etch r e -  
s i s t a n c e .  They are, therefore, not suitable for all dry 
processes. Thermal development of poly(~-cyanoethyl-  
acrylate) has been reported (3); at a dose of 10 -5 
C/cm~ remaining film thickness of developed areas was 
about 20% of original film thickness at  160~ Com- 
plete development by oxygen plasma was not a t -  
tempted, but  the wail angle obtained with poly(~-  
cyanoethylacrylate) was shallow, 35 ~ making it un- 
suitable for high resolution work. Recently, Smith and 
his co-workers reported a plasma developable negative 
tone photoresist (4). Similarly, Penn reported dry de- 
velopment of a negative tone photoresist (5). However, 
the nature of their plasma developable photoresists has 
not been disclosed. Dry development of x - ray  resists 
have also been reported recently (6). 

I wish to report  here that  poly(methacryloni t r i le) ,  
poly(a-chloroacrylonitr i le) ,  and related polymers pro- 
vide resist patterns, after electron beam exposure, with 
high sensitivity and high resolution upon dry develop- 
ment. The dry developed resist patterns are highly 
resistant to CF4 plasma etching to the same degree as 
cresol-formaldehyde novolac resin. They thus provide 
well-defined SiO2/Si patterns (7). Furthermore,  
poly(methacrylonitr i le)  and copolymer(acrylonitr i le-  
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methacrylic acid) can be made photosensitive to u.v. 
l ight by addition of photoactive compounds like 2,3,4- 
tr ihydroxybenzophenone-tr is-  [naphthoquinone- (1, 2)-  
diazide-(2)-5-sulfonate] .  Their photoimages can be de- 
veloped by dry methods, but they have only mediocre 
photosensitivity (8). EPR, ESCA, and mass spectro- 
scopic studies have been carried out to understand the 
dry development processes for these materials. 

Experimental 
Polymeric materials.mPoly ( methacrylonitrile ) w a s  

obtained from Polysciences, Incorporated. Po ly(a-  
chloroacrylonitrile) was prepared from the m o n o m e r  
using potassium persulfate as a catalyst (9). Copoly- 
mers of acrylonitr i le-methacrylic acid and of acrylo- 
ni t r i le-methyl  methacrylate were synthesized from the 
freshly distilled monomers using benzoyl peroxide as  
a catalyst. 

Resist film preparations.--The polymers were dis- 
solved in their suitable solvents; poly(methacrylo-  
nitrile) in cyclohexanone, the copolymers in 2-meth- 
oxymethanol, and poly(~-chloroacrylonitr i le)  in d i -  
m e t h y l f o r m a m i d e .  For lithographic studies, a photo- 
active compound like 2,3,4-trihydroxybenzophenone- 
tris- [naphthoquinone- (1, 2) -diazide- (2) -5-sulfonate], 
was added to the polymer solutions at concentrations 
up to about 20 weight percent (w/o) solid. The poly- 
mer films were spin-coated onto silicon wafers to a 
film thickness of 1-3 ~m. The resist films of poly(meth-  
acrylonitrile) and of copolymer (acryloni tr i le-meth-  
acrylic acid) were prebaked at 120~176 for 30 rain, 
wnile the resist films of poly(a-chloroacrylonitr i le)  and 
copolymer (acrylonitr i le-methyl  methacrylate) were 
prebaked at 90~ for 20 min. 

Electron beam exposures.--Electron beam exposures 
were carried out with a Vector Scan electron beam ex- 
posure system in our laboratory. For  prel iminary re-  
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suits exposures were conducted wi th  an ISI scanning 
electron microscope used in conjunct ion with a micro- 
microammeter  and a lab timer. For  the mass spectro- 
scopic studies a Var ian Auger  scanning electron gun 
was used at a current  level of 5 ~A; mass spectra were 
taken with a UTI quadrupole mass analyzer  (10). The 
gaseous products formed dur ing  the thermal  t reatments  
were studied with a Hi tachi -Perk in  Elmer  mass spec- 
trometer.  

U.V.-light exposures.--U.V.-light exposures for 
photoimage generat ion were carried out with a me-  
dium pressure mercury  lamp and a photomask which 
cuts off the shorter wavelength  l ight  below 3000A. 
The exposure times required for dry development  ap-  
pear to be 3-4 times longer than  for the conventional  
wet development.  

Thermal development.--Therrnal development  of the 
polymer pat terns was carried out both in vacuum and 
in  air at 150~176 for poly(methacryloni t r i le ) ,  and 
at 100~176 for copolymer(acryloni t r i le-methacryl ic  
acid). The copolymer required much shorter  times and 
lower tempera ture  for thermal  development  than 
poly(methacryloni t r i le ) .  The presence of air  dur ing  
the thermal  development  did not  influence the develop- 
ment  at temperatures  below 180~ At higher tempera-  
tures some deteriorat ion took place in unexposed parts 
of the resist films. The exposed samples were kept  in  
air wi thout  any  appreciable deteriorat ion for a few 
weeks at room temperature  prior  to thermal  develop- 
ment.  

Plasma development and etching.--The wafers with 
thermal ly  developed polymer pat terns were placed in 
oxygen or CF4 plasma; in the plasma the gas pressure 
was about  100 Pa, and the sample holder had a bias 
potential  of --45V. After  the plasma development,  
SEM pictures of polymer pat terns were taken with an  
ISI Super II scanning electron microscope. For SiO2/Si 
pat terns the wafers with resist pat terns were exposed 
to a CF4 plasma for several minutes;  then, the wafers 
were again exposed to an oxygen plasma to remove the 
remain ing  resist films. The S i O J S i  pat terns thus ob- 
tained were photographed with the SEM. 

EPR study.mPowders of the polymer  samples were 
sealed in a quartz tube in vacuum for EPR measure-  
ments. The electron beam exposures were carried out 
at l iquid ni t rogen tempera ture  through a thin a lumi-  
num window with a Febetron,  pulsed electron beam 
systems of Field Emission Corporation, which oper-  
ated at 600 keV. The EPR spectra were taken with a 
spectrometer operat ing in the X band. 

ESCA study.--ESCA measurements  were carried out 
at room temperature  under  a vacuum bet ter  than 4 • 
10 -7 Pa using a Hewlet t -Packard  5650B ESCA spec- 
trometer which had resolution bet ter  than  1 eV. The 
samples were flooded wi th  thermal  electrons during 
the data collection to neutral ize the charge effect. The 
reported binding energies were referenced to the 
Au4f7/2 t ransi t ion at 83.9 eV used to calibrate the in-  
s t rument .  

Results 

Lithographic Studies 
Poly(methacrylonitrile).--Typical results obtained 

with poly(methacryloni t r i le )  are presented in Fig.. 1. 
After  electron beam exposures at doses of 1 • 10 -5, 
5 • 10 -6, and 1 • 10 -6 C/cm 2, the wafers were heated 
at 155~176 for 20 rain to 3 hr. Figure l ( a )  shows 
the polymer pat terns developed by 3 hr heat ing at 
155~ and Fig. 1 (b) presents the polymer pat terns ob- 
tained by 20 rain heating at 200~ in both cases the 
electron beam dose was 5 • 10 -0 C/cm 2. These pic- 
tures demonstrate that the 1.5-2.8 ~m deep polymer 
pat terns were obtained from original film thicknesses 
of 2-3 ~m without  any appreciable thickness loss of the 
unexposed parts. Figure l ( a )  reveals l ine pat terns of 

Fig. 1. (a) Thermally developed polymer patterns of poly(metha- 
crylonitrile) after electron beam exposure at a dose of 5 X 10 - 6  
C/cm 2 and heat-treatment at 155~ for 3 hr in vacuum; (b) the 
same as in (a) except heat-treatment at 200~ for 20 min; (c) 
oxygen plasma developed polymer patterns of (b); (d) SiO~/Si 
patternsr obtained by CF4 plasma etching with (c). 

1.5 ~m width and depth. Although the lines are 6 /~m 
apart, this spacing may be reduced to about  1.5 ~'n. 
The wall  angle of the l ine pat terns in Fig. 1 (a) is 65 ~ 
while the wall  angle in Fig. 1 (b) is 45 ~ Clearly high 
temperature  development  loses resolution and wall  
angles. These wall  angles obtained with po ly (meth-  
acrylonitr i le)  in  dry  development  were steeper than  
those shown in the SEM pictures reported previously 
with poly(~-cyanoethylacryla te)  (3) and with the 
plasma developable negative working photoresist (4). 

Wafers with thermal ly  developed polymer pat terns 
were placed in the oxygen plasma for about 5 rain in  
order to completely develop the images. The resul t ing 
polymer  pat terns from the ones in Fig. 1 (b) are shown 
in Fig. 1 (c). The electron beam exposed area had 1.6 
times faster oxygen plasma etch rate  than the unex-  
posed area. A similar observation was reported previ-  
ously (11). The comparison of Fig. l ( b )  with Fig. l ( c )  
indicates that there is no change in the wall  angle after 
the oxygen plasma exposure. 
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In order to transfer polymer patterns to SiO~/Si 
substrate layers, the wafers with completely developed 
polymer patterns were placed in the CF4 plasma for 
about 20 rain. In order to remove remaining polymer 
layers, the wafers were placed again in the oxygen 
plasma for about 5 min. The SiO~/Si patterns thus 
obtained are shown in Fig. 1 (d). From the loss of the 
polymer film thickness and the depth of the substrate 
patterns obtained the relative etch rate of the silicon 
to the polymer layers in the CF4 plasma is calculated 
to be 1.3. In our CF4 reactive ion etching condition 
with --500V bias potential  the relative etch rate of the 
heat- t reated poly (methacrylonitri le)  to cresol-formal- 
dehyde novolac resin is 1.2. Vertical walls 'of  the SiO~/ 
Si patterns shown in Fig. l ( d )  indicate that the poly- 
mer becomes highly etch resistant during the CF4 
plasma exposure. 

With a higher dose of electron beams thermally de- 
veloped polymer patterns have a steeper wall  angle, 
as described in more detail  with r  
ni tr i le-methacrylic  acid). 

Poly(methacryloni tr i le)  yields positive acting poly- 
mer patterns upon conventional wet development after 
electron beam exposure and has a sensitivity of about 
1 • 10 -3 C/cm ~ (12). The wall profiles of the de- 
veloped polymer patterns of poly(methacryloni tr i le)  
were not vertical with either dry, or wet development. 
This is also apparent  in the x - ray  exposed films (12). 

With addition of a photoactive compound to 
poly (methacrylonitri le) the polymer films become u.v.- 
light sensitive. They can be developed in a completely 
dry process as shown in Fig. 2. Here, the photoactive 
compound used is a diester of dihydroxybenzophenone 
with 1,2-diazo-naphthoquinone-5-sulfonic acid. More 
recent experiments show that  the triester is the best 
suited for this dry development, followed by the 
diester; the monoester is the least sensitive for the dry 
development. The photoactive compound was admixed 
as 20 w/o solid, and the mixture was dissolved in cy- 
clohexanone. The dry developed photoresist is not very 
sensitive; it  took exposure times four times longer than 
a conventional wet development of AZ 13505.1 The 
thermal image development was carried out at 200~ 
for 20 min, resulting in 0.5 ~m deep patterns as shown 
in Fig. 2 (a). The resulting polymer patterns were com- 
pletely developed in an oxygen plasma, 

These experimental  results indicate that  the photo- 
sensitivity for dry development is derived from de- 
composition of the photoactive compounds exposed to 
u.v. light. Insofar as host resins do not thermally flow 
or decompose and are CF4 plasma etch resistant, any 
resin making uniform films with the photoactive com- 
pound may become a dry developable photoresist. 
AZ 1350J becomes a dry developable positive working 
photoresist when the resist films are heated at  180~ 
for 15 min. AZ 24001 did not develop polymer patterns 
even though the resist films were treated exactly in the 
same way as AZ 13505. The difference between AZ 
1350J and AZ 240'0 is clearly due to different photo- 
active compounds used. When copolymer (acrylonitri le-  
methacrylic acid) is admixed with 2,3,4-trihydroxy- 
benzophenone-tris- [naphthoquinone- (1,2) -diazide-(2)- 
5-sulfonate], the resist films become a dry developable 
positive tone photoresist like AZ 1350J and poly (meth- 
acrylonitri le) admixed with the photoactive compound. 

Copolymer ( acrylonitrile-methacrylic acid ) . --Three 
different monomer ratios were used for the copolymer 
synthesis; [acryloni tr i le] / [methacryl ic  acid] = 0.13/ 
0.37, 0.5/0.5, 0.65/0.35. The polymerization was carried 
out at 60~176 The polymer formed was dissolved in 
2-methoxymethanol, filtered, reprecipitated in cyclo- 
hexane. The resist films were spin-coated from a 2- 
methoxymethanol solution onto silicon wafers and pre-  
baked at 130~ for 30 min prior to electron beam ex- 
posures. 

Shipley Company Trademark. 

Fig. 2. All dry photolithography with a photo-sensitized poly- 
(methacrylonitrile) which contains a diester of dihydroxybenzo- 
phenone with 1,2-diazo-naphthoquinone-5-sulfonic acid; (a) poly- 
mer patterns, (b) SiO~/Si patterns obtained with (a). 

Among the copolymers with three different monomer 
ratios the equimolar copolymer is found to be the best 
suited for dry  developmen~t. The copolymer with the 
higher methacrylic acid fraction does not have sensi- 
t ivity for dry development, while the copolymer with 
the excess acrylonitri le fraction tends to have thermal  
flow in dry development at  100~ The polymer 
patterns of the equimolar copolymer shown in Fig. 3 
were developed by 10 rain heating at 200~ in vacuum. 
A steep wall angle can be obtained at  high electron 
beam dose but the angle decreases markedly with de- 
creasing dose; 73 ~ at 1 • 10 -5 C/cm~ [Fig. 3(a) ] ,  45 ~ 
at 5 • 10 -8 C/cm 2 [Fig. 3(b)] ,  15 ~ at 1 X 10 -6 C/cm 2 
[Fig. 3(c)] .  The SiO2/Si substrate patterns were gen- 
erated from these polymer patterns in the same way 
as described for 15oly (methacrylonitri le) .  

A copolymer of methyl methacrylate and acrylo- 
nitri le with the acrylonitrile content below 14% is re-  
ported to have a high electron beam sensitivity for 
conventional wet development (13). We observed that  
this copolymer (methyl methacrylate-acrylonitr i le)  was 
not suited for all dry processes because the resist films 
cannot stand in the CF4 plasma; besides, depth of the 
developed resist patterns was shallow, although the 
images were recognizable even at 1 X 10-6 C/cm 2 due 
to color change caused by thermal t reatment  at 150~ 

Poly(~-chloroacrylonitri le).--The resist films of 
poly(~-chloroacrylonitr i le)  gave negative working 
polymer patterns upon electron beam exposure and 
dry development. For a dose of 6 • 10 -8 C/cm 2 of 25 
keV electrons, this material  yielded relief images of 
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Fig. 3. Thermally developed polymer patterns of copolymer- 
(acrylonitrile-methacrylic acid) after heat-treatment at 200~ for 
10 min; electron beam doses: (a) 1 • 10 -5  C/cm 2, (b) 5 • 10 -6  
C/cm 2, (c) 1 • 10 - 6  C/cm 2. 

0.5 ~m height after post-baking at 150~ for 20 rain in 
vacuum. With this relief image of the resist film sub-  
sequent  CF4 plasma etching gave SiO2/Si pat terns of 
1.5 #m height, as shown in Fig. 4(a) .  This result  indi-  
cates either relat ively higher etch resistance in the ex-  
posed parts than  in the unexposed parts, or stronger 
etch resistance of the resist films over SiO2/Si sub-  
strates. 

We have already reported our ESCA studies of s truc-  
tural  changes of poly(a-chloroacryloni t r i le)  and 
poly(acryloni t r i le)  upon u.v.-light, heat, and electron 
beam exposures (14). In  unexposed areas both unzip-  
ping and hydrogen chloride e l iminat ion reactions took 
place in  the t h e r m a l  development,  while in the ex-  
posed areas the conjugated double bond polymer chains 
are already formed in electron beam induced reactions 
and unzipping reactions play only a minor  role in the 
development. This difference causes the negative tone 
resist pat terns in  the thermal  development  of poly(~-  
chloroacrylonitr i le) .  

Fig. 4. (a) All dry processed SiO~-Si patterns with poly(c~-chloro- 
acrylonitrile) after electron beam exposure at 6 • 10 - 6  C/cm 2, 
heat-treatment at 150~ for 20 rain in vacuum, and subsequent oxy- 
gen and CF4 plasma treatments; (b) polymer lines of poly(~-chloro- 
acrylonitrile) after baking at 800~ for 40 min in vacuum; patterns 
were generated by wet development in aqueous acetone. 

Poly(a-chloroacryloni t r i le)  also yields negative 
working images upon electron beam exposure and con- 
vent ional  wet development  (15). Once polymer pat-  
terns were formed and post-baked, the lines are ex- 
t remely stable upon thermal  t rea tment  because of the 
s t ructural  changes shown in the following 

C1 

I - c~CH .~c~CH~ 
~.~C__ CH2o~ e ,- ,'~ C~CH,~ ,~ 

t - .el I I I 
CN CN ~'~ C~- N /C~N ~.J 

Figure 4(b) demonstrates that the polymer lines thus 
formed ~rom poly (~-chloroaerylonitrile) are extremely 
stable even at 800~ Such high heat resistance and 
consequent high etch resistance are the result of the 
conjugated ladder-type structure formed ~rom 
poly(acrylonitrile) and related polymers (16). 

Mechanistic Studies 
In  order to unders tand  the chemical reactions in -  

volved in the dry  li thographic processes described in  
the preceding section, we have carried out some mecha-  
nistic studies using mass spectroscopy, EPR, and ESCA. 

Mass spectroscopic study.--The gaseous products 
formed dur ing  electron beam exposure were studied 
with a UTI quadrupole mass spectrometer. The m a s s  
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spectrum obtained with poly(methacrylonitr i le)  is 
shown in the upper line of Fig. 5, while the lower line 
of Fig. 5 is the background spectrum; mass peaks at 57, 
56, 55, 43, 41, 39 are contamination peaks due to cracked 
diffusion pump oil. Removal of H2, CHa, CN, and HCN 
have clearly been observed. A small amount of carbon 
dioxide formed may be due to contamination. The 
gaseous products formed from poly(~-chloroacrylo- 
nitrile) during electron beam exposure are 1-12, HC1, 
CN, and HCN, as already described in our previous 
report  (14). 

EPR studp.--The powder of poly(methacryloni tr i le)  
was irradiated in vacuum with 600 keY electron beam 
pulses through an aluminum window at 77 K. The 
free radicals generated were studied at 77 K with an 
EPR spectrometer. The EPR spectrum obtained with 
poly(methacrylonitr i le)  at 77 K is shown in Fig. 6(a) .  
The features of the spectrum can be simulated by 
superposition of a 6-line spectrum (10G bandwidth, 
20.5G coupling constant) and a broad singlet (13G 
bandwidth),  as shown in Fig. 6(b).  The 6-line spec- 
t rum belongs to a ter t iary free radical shown below 

�9 C ...... CH 2 "~ 
I 
CN 

which has an unpaired electron coupled to five hy- 
drogen atoms. The broad singlet spectrum is not due to 
trapped free electrons; the trapped electrons usually 
give a sharp singlet signal at G = 2.0023. Although 
its origin is not clear, it may belong to an unpaired 
electron attached to the cyano group. The electro- 
negativity of cyano groups is well known. Unlike 
poly(methyl methacrylate), methyl radicals were not 
observed, indicating that the CHs scission from the main 
chain may not be important; the CI-I~ peak found in 
the mass spectrum may be due to a fragmentation of 
monomerie products. As long as air was excluded from 
the sample, the free radicals having the EPR spectrum 
shown in Fig. 6(a) are fairly stable; the essential fea- 
tures of the spectrum did not change even if the 
sample were brought to room temperature. 

ESCA study.--ESCA measurements were carried out 
on thin films of poly(methacrylonitrile), which were 
exposed to electron beams, or u.v. light, and heat- 
treated. The core level signals of C1s and N1s are shown 
in Fig. 7 and 8, respectively. The exposure to u.v. light 
caused only small changes in the core level signals, as 
expected from the u.v.-absorption spectrum of the 
polymer. The u.v.-absorption spectra of the poly (meth- 
acrylonitrile) sensitized with the photoactive com- 
pounds show only the photo-bleaching of the sensitizer 
at 310-450 nm upon u.v.-light exposure. Electron beam 
exposures and heat-treatment, however, caused signifi- 
cant changes in both core level signals. Unexposed 
films of poly (methacrylonitrile) have two distinct C1s 
core level signals at 286.5 and 285 eV, which belong 
to the carbon atom of the cyano group and to the 
main chain carbons and methyl group carbon, respec- 
tively. The loss of the cyano group carbon signal upon 

electron beam exposure is clearly demonstrated by the 
C1s core level signals. This is in agreement with the 
loss of HCN as previously described in the mass spec- 
troscopy study. However, the "removal of the eyano 
group as HCN must be a minor part  of its total disap- 
pearance, based on the N1s core level signal observed. 

The displacement of the C1s core level signals to a 
lower binding energy indicates an increased electron 
density on the carbon atom. This is consistent with the 
formation of olefinic linkages. Electron beam exposure 
also caused a shift of the IW~s core level signal peak to a 
lower binding energy, although the whole spectrum. 
broadened. As was reported earlier for poly(acrylo- 
nitrile) and poly(~-chloroacrylonitrile) (14), the Nts 
core level signal is shifted to a higher binding energy 
by 1.8 eV upon cyclization through cyano groups to 
yield --C-~N-- linkages. The observed lower binding 
energy shifts of both core level signals of C1s and Nts 
indicate enriched electron density on the nitrogen as 
well as olefinic linkage formation. Subsequent heating 
of the exposed polymer films caused the shift of the N1s 
core level signal to higher binding energy as shown in 
Fig. 8, probably due to cyclization through the cyano 
groups, while little change of the Cls core level signal 
of the exposed samples was observed upon subsequent 
heat-treatment. The broadening of the N1s core level 
signal at higher energies "upon electron beam exposure 
may indicate an electron beam-induced cyelization to a 
small degree. 

Discussion 
The overall reactions of poly(methacryloni tr i le)  

upon electron beam exposure may be summarized 
below 

r-~C~ CH~ ~i~ 

/ / ~  ~C=CHe'~ 
f 
CN 

CH~ CH 3 
H3 ~ o CH I 

r..~ C /  2 " . -C  o..~ 
~C --CH2 r,~ - 

CN ~ o C ~ m ~ C  ~ 

oN 

DJ 

H 

CH2". . , ,  ~ �9 C--CH2 t,J [4] 
I 
CN 

Reaction [I], [2], and [3] may play only minor roles, 
and reaction [4] is probably the major reaction of 
poly(methacrylonitrile) upon electron beam exposure 
which would lead to an unzipping reaction upon heat- 
ing. Reactions [I], [2], and [3] result in some residual 
resist layer in the thermally developed polymer pat- 
terns. In Fig. 1 this is about 10%-20% of the original 
resist thickness. 
Different from poly(methacrylonitrile), electron 

beam exposure of poly(~-chloroacrylonitrile) causes 
elimination of hydrogen chloride from the main chain 

H 2 CH3 

I 
M/e=2 15 

CN %02 

I . 
30 45 60 

4 I O  "1 A - ~  16  8 A ..... D 

Fig. 5. Mass spectrum of gase- 
ous products formed during elec- 
tron beam exposure of poly- 
(methacrylonitrile); the upper 
line is for products, and the 
background is shown by the lower 
line. 
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Fig. 6. (a) The EPR spectrum obtained with poly(methacrylonitrile) 
after electron beam exposure at 77 K in vacuum; (b) the solid 6- 
line spectrum (10G bandwidth, 20.5G coupling constant) and the 
solid single-line spectrum (13G bandwidth) are combined together 
in the dashed line to simulate the experimental spectrum shown in 
(a). 

as the major reaction, resulting in a conjugated double 
bond main chain; here the main chain scission is a 
minor reaction. The conjugated main chain thus formed 
undergoes only cyclization to yield the conjugated 
ladder-type structure upon subsequent heating. In an 
unexposed area, however, thermal development causes 
both elimination of hydrogen chloride and the main 
chain scission. This difference of the reactions in 
electron beam exposed areas from unexposed areas 
causes relief images in the resist films upon thermal 
development. 

Copolymer(acrylonitrile-methacrylio acid) under- 
goes anhydride formation to a small degree in the pre- 
baking process, as evidenced by appearance of its new 
u.v.-absorption band at 240 nm. Upon electron beam 
exposure the main chain scission takes place in both 
acid and anhydride sections (10). The subsequent ther- 
mal development causes an unzipping reaction in elec- 
tron beam exposed areas, while in unexposed areas the 
cyclization suggested by Grassie (17) and anhydride 
formation may occur, resulting in the generation of 
polymer patterns as shown in Fig. 3. 

C1S Core Level Signal 

/ ~  " \  / E - b e a m  exposed 
/ \ //'II \ / , ~ / ' J  E - b e a r e r  / exposed & heated 
/ ~/  / /  \ ~(/ /Original specimen 

I I l I I 
288 286 284 282 280 

eV 

Fig. 7. The Cla core level signals of poly(methacrylonitrile) 

N1S Core Level Signal 
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J f ~ "  ,~'\,</~-- /E-beam exposed & h e a t e d  
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y,.>l / \ 
. . . . .  - . . . . . . . .  J 

I I [ I I 
403 401 399 397 395 

eV 

Fig. 8. The NIs core level signals of poly(methacrylonitrile) 
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With eopolymer (methyl methacrylate-acrylonitrile), 
the main chain scission takes place in the methyl 
methacrylate section in both electron beam exposed 
areas and unexposed areas upon ~eating. This results 
in only shallow polymer patterns in thermal develop- 
ment. Besides, the methyl methacrylate section suffers 
severe degradation in a CF4 plasma. 

Conclusions 
All dry processes for photo- and electron beam 

lithography are still in a stage of infancy, although all 
dry photolithography has been claimed to be in a pro- 
duction stage for specific applications (4). All dry 
processes are important not only because of possible 
economic advantages but also because of ecological and 
safety aspects. Poly(methacrylonitrile) and related 
polymers appear to have unique properties for use in 
dry development. After heat-treatment which causes 
chemical rearrangements of the main polymer chains, 
the polymer films become highly CF4 plasma etch re- 
sistant and hence are suitable for dry processes. The 
major problem appears to be the control of the wall 
profiles of polymer patterns. With high dose and low 
temperature development steep wall angles can be ob- 
tained. The resolution may be limited at present to 
polymer lines 1.5 ~m wide and deep w i t h  1.5-2 ~n 
spacings. 
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Optical Characterization of Tungsten Silicide Thin Films 
M. Delfino* and W. I. L.ehrer 
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ABSTRACT 

The optical constants of tungsten  silicide formed by thermal ly  react ing 
chemicaly vapor deposited tungsten  on <100>, <111>, and polycrystal l ine 
silicon substrates are reported. The substrate and thermal  anneal ing tem- 
perature,  unl ike the anneal ing  time, are shown to have a marked effect upon 
the optical properties of the silicide. The ellipsometric charts necessary for de- 
termining the thickness and refractive index of oxides grown or deposited on 
the silicides are constructed. 

Tungsten  disilicide (WSi2) shows considerable prom- 
ise as a low resistivity electrical in terconnect  and gate 
electrode mater ia l  in integrated circuit technologies. 
The refractory metal  silicide can be obtained by rf 
diode sput ter ing (1, 2), E-beam co-depositing (3), or 
chemically vapor depositing (CVD) (4) the metal  
onto silicon and its subsequent  conversion by thermal  
annealing.  For very  large scale integrated circuit 
(VLSI) applications, i t  is general ly  necessary to cover 
the silicide with an oxide layer  for s tabil i ty and con- 
t rol labi l i ty  requirements.  This necessitates that  non-  
destructive methods such as el l ipsometry be used for 
measur ing the oxide thickness and uniformity.  Conse- 
quently,  the optical constants of the silicide must  be 
known. 

This paper reports measurements  of the optical con- 
stants of WSi2 formed by  reacting CVD tungsten  on 
single crystal <100>,  and <11.1> substrates and poly- 
crystal l ine silicon films over the tempera ture  range of 
600~176 The dependence of the optical properties 
on the substrate and on the anneal ing times is invest i-  
gated. Finally,  the ellipsometric charts used in anneal -  
ing oxide thickness and refractive index are con- 
structed and are shown to be in excellent  agreement  
with thickness measurements  made by selective etch- 
ing and profilimetry. 

Experimental Procedures 
Studies were conducted on 3 in. diam wafers of 4-6 

~-cm,  n - type  <lOO>, and 1-5 ~-cm,  p- type <111> 
Czochralski grown silicon. The samples were etched in  
1:10 (HF:H20)  for 20 sec, r insed in deionized water, 
and blown dry with ni t rogen prior to tungsten deposi- 
tions. Polycrystal l ine silicon was deposited at 600~ 
at  a rate of 375A rain -1 to a thickness of 30O0A on 
2000A of thermal  oxide prepared by oxidizing the 
<111> mater ia l  in dry oxygen at 1000~ Tungsten  
films were deposited at a rate of 100A min -1 on all 
three different substrates main ta ined  at 600 ~ _ 5~ in a 
Unipak VIII CVD reactor at atmospheric pressure in 
80 li ter ra in-1 dry hydrogen. For the gaseous tungsten  
source, a hydrogen flow of 8 l i ter  min  -1 was passed 
over resubIimed WCl6 (Alfa) main ta ined  at 170 ~ • 5~ 
with a corresponding vapor pressure of 2.3 to 6.2 • 
10 -6 aim. The tungsten  depositions on the polycrystal-  
l ine silicon were performed in the same reactor im-  
mediately following the silicon deposition, thus min i -  
~mizing the effects of a nat ive oxide interface between 

* Electrochemical  Society Active Member. 
Key words: ell ipsometry, CVD, annealing, resistivity. 

the tungsten  and silicon. Thermal  anneal ing  of t h e  
films was done in  quartz tubes under  3 l i ter rain -1 of 
dry hydrogen for 30 min. 

Several  methods were employed for characterizing 
the films. Scanning electron micrographs (SEM) of t h e  
cleaved samples and profil imetry using a Dektak after 
etching were employd to estimate film thickness and 
to evaluate surface topography. Auger electron spec- 
troscopy (AES) depth profiles were used to establish 
chemical composition and to verify film thickness. 
Low-angle  x - ray  diffraction was done with CuKa 
radiat ion using a Phillips diffractometer in order to de- 
termine crystal structure.  Resistivity was measured by  
the usual  four-point  probe method. Ellipsometric mea-  
surements  were made with a Rudolph Model 436-200E 
ellipsometer at angles of incidence, r --_- 70.0 ~ and 75.0 ~ 
The light source was a 5 mW He-Ne laser (h = 6328A). 

Results and Discussion 
The 800A thick tungsten  films were found to form 

silicide layers which were approximately 2OO0A thick. 
The surfaces exhibited a metall ic luster and were free 
of cracks as examined by SEM. AES depth profiles 
showed a silicon to tungs ten  ratio of nomina l ly  2:1 
throughout  the film thickness. In  all samples, s o m e  

oxide <~ 20A was detected at the surface, presumably  
in the form of a na t ive  tungsten-s i l icon oxide. No other 
contaminants  were found. X - r a y  diffraction did not  
show any evidence of crystal l ini ty in  the 600~ films 
corresponding to either tungsten or silicide. At 900~ 
the silicides formed on all three substances were iden-  
tified as the tetragonal  phase of WSi2, space group 
I4 /mmm (D4h 7) with the lattice parameters  ao ---- 3.21, 
and co : 7.83A (5). The x - ray  diffraction results a r e  
summarized in Table I. The relative intensit ies have 

Table I. X-my diffraction data for tungsten silicides anneated at 
900~ for 30min in hydrogen 

I/Io* Polycrys- 
d (A) hkl Si<100> Si<111> talline Si 

3.92 002 20 15 80 
2.96 101 40 35 100 
2.03 103 40 40 95 
1.98 004, 112 60 
1.61 200 -~ -~ 20 

* Relative intensities are normalized to the (101) reflection of 
the silicide formed on the polycrystall ine silicon substrate. 
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been normal ized  to the most  in tense peak, i.e., the 
(101) reflection of the  si l icide formed on the po lycrys -  
ta l l ine  substance. Interes t ingly ,  the (004) reflection is 
absent  in the sil icides formed on the single crys ta l  
subs t ra tes  and the other  reflections are signif icantly 
less intense re la t ive  to tha t  of the  po lycrys ta l l ine  sub-  
strate.  Thus the na tu re  of the  c rys ta l l in i ty  of the si l i -  
cide depends on tha t  of the sil icon subs t ra te  a n d / o r  the 
in ter rac ia l  na t ive  oxide. 

The res is t iv i ty  as a funct ion of anneal ing  t empera -  
ture is shown in Fig. 1. The anneal ing  t ime is 30 min. 
At  800~ and below, the  res is t iv i ty  of the sil icides 
formed on the <100>  and <111>  silicon subs t ra tes  is 
essent ia l ly  identical ,  whereas  the  si l icide grown on  
polycrys ta l l ine  silicon has a lower  resist ivi ty.  As this  
t empera tu re  is increased,  a change in slope is noted in 
al l  three  samples  suggesting the onset  of a phase  
change resul t ing in s imi lar  resis t ivi t ies  a t  900~ In-  
creasing the the rmal  anneal ing  t ime to 120 rain had a 
negl igible  bu t  decreasing effect on the res is iv i ty  values.  
The res is t iv i ty  min ima of --,3 • 102 ~ - c m  at 900~ is 
s l ight ly  lower  than that  repor ted  for sput te red  WSi2 
annea led  at  975~ for 30 min in n i t rogen (2).  The 
lowest  res is t iv i ty  that  we have obta ined was 2.2 X 102 
~ - c m  for sil icide formed a t  900~ on the <100> 
sil icon substrate .  

The re f rac t ive  index n, and  the ext inct ion coeffi- 
cient k, were  ca lcula ted  f rom the e l l ipsometr ic  p a -  
ramters  ~ (az imuth  angle)  and A ( re la t ive  phase  di f -  
ference)  f rom the fol lowing equations (6) 

n2 -- k 2 = sin 2 r + sin ~ r tan~ r 

[ c o s ~ 2 ~ - - s i n ' 2 ~ s i n ' A  ] 

(1 + sin 2~ cos A) 2 [1] 

[ s i n 4 ~ s i n A  ] 
2nk = sin 2 r tan 2 r (1 + sin 2~ cos A) 2 [2] 

where  r is the  angle of incidence. These equations as-  
s u m e  an ox ide - f ree  surface, an air  ambient ,  and k > 1. 
Fo r  t r anspa ren t  surface films less than  ~20A these 
equations are  st i l l  val id  wi th in  exper imen ta l  uncer -  
tainties, if both  n > 1 and k > 1. The single surface 
reflect ivi ty is obta ined  from n and k by  the re la t ion 

(n - -  1 2 )  + k s 
]~ = [ s ]  

( n +  1 ) ~ +  k ~. 
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Fig. 1. Dependence of the resistivity, p, of tungsten silicide on the 
annealing temperature. 

The dependence of the measured  optical  constants  on 
anneal ing  t empera tu re  is showa in Fig. 2-4. The e r ro r  
bars  reflect the reproduc ib i l i ty  of a min imum of three  
measurements  at  two angles of incidence On a given 
sample. The measured  optical  constants of the as-  
depos i t ed  tungsten on the rma l  oxide  a re  shown for 
comparison. These values a re  different  than  those re -  
por ted  (7) for bu lk  single crys ta l  tungsten,  p re sumab ly  
because our measurements  were  done on thin amor -  
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Fig. 4. Dependence of the single surface reflectivity, R, of tung- 
sten silicide on the annealing temperature. 

phous films of tungsten. Based on our  data, and the 
value for the complex refract ive  index for single crys-  
tal silicon of 3.862-0.0335i (8), a silicide react ion ap- 
pears to have occurred at 600~ on all three substrates. 
The dependence of the optical constants of the <100> 
and <111> substrate silicides on anneal ing tempera ture  
is near ly  identical,  whereas  that  of the polycrystal l ine 
substrate silicide is markedly  different. A change in 
slope is observed as 800~ is exceeded in all three  sam- 
ples, but  of opposite sign in the polycrystal l ine sub- 
strate silicide. Increasing the anneal ing t ime to 120 
min had no effect on the ext inct ion coefficient, and a 
small  essential ly negligible decrease on the refract ive  
index. It  should be emphasized that  these measure-  
ments assume homogenei ty  throughout  the film thick-  
ness, and are most sensitive to the surface properties, 
i.e., the l ight  is v i r tua l ly  completely a t tenuated within 
the first 200A. Fur thermore ,  the measured optical con- 
stants are found to be essential ly invar ian t  wi th  re-  
spect to thickness for film thickness > 1000A. 

The el l ipsometric chart  necessary for determining 
the thickness and refract ive  index of t ransparent  films 
on WSi2 was constructed f rom the calculated values of 

~I, and A f rom the Leberkn ich t -Lus tman  relat ion (9) 
given as 

tan ~ e x p  (-i~) = tan ~ exp (iA) 

sin 2 r [4] 
~ -- ~-~ cos r ~ 

where n2 ~- n2 --  ik2 is the complex ref rac t ive  index of 
WSi2, shown in Fig. 2 and 3, as calculated f rom the 
measured el l ipsometric  parameters  ~ and A at the 
wave leng th  L The film proper ty  coefficient is 

d 2 n12d 2 d 2 
: d2 F - -  [5] 

nl 2 ~-~22 "~22 

where  d is the film thickness of ref rac t ive  index nl. 
If the film is absorbing, then nl is complex. 

Fig. 5. Dependence of ~, and A on the properties of thermal 
oxide ( ,  = 1.46) and vapox (n = 1.44 on WSi2) formed on 
<111 > silicon annealed at 900~ 

As an example,  the dependence of ~ and A on the 
propert ies of thermal  oxide (nl = 1.46) and vapox 
(1.44) on WSi~ annealed at 900~ is shown in Fig. 5. 
For  film thickness less than ~7O0A, it is v i r tua l ly  im-  
possible to distinguish be tween  the oxide refract ive 
indexes. The ell ipsometric chart  when applied to a 
var ie ty  of oxide film thickness was found to be in ex-  
cellent agreement  (___5%) with  thickness determinat ion  
done by selective removal  of the oxide fol lowed by 
profilimetry. In cases where  a large number  of samples 
of identical  silicide characterist ics are employed it  was 
found that  removal  of the oxide and subsequent  mea-  
surement  of the optical constants of the silicide re-  
sulted in accuracies as high as ___1% in film thickness. 

Summary 

It appears that  CVD tungsten on <100>,  <111>,  
and polycrystal l ine silicon substrates react  to form 
silicides at tempera tures  as low as 600~ On the basis 
of the AES and SEM data the ex ten t  of silicide film 
thickness is invar iant  wi th  respect to thermal  anneal-  
ing conditions. The silicides are amorphous t ransform-  
ing to crystal l ine WSi2. at tempera tures  exceeding 
800~ but the nature  of the crystal l ini ty appears to be 
enhanced for the silicides on the polycrystal l ine silicon 
substrate. This may be a result  of the absence of a 
nat ive oxide at the tungsten silicon interface, since the 
presence of oxide is known to inhibit  the silicide reac-  
tion kinetics. For  nat ive  oxide on <100> silicon, the 
reaction rate is ini t ia l ly  l imited to localized nucleat ion 
of WSi2, whereupon  formation of a continuous layer  of 
WSi2, the kinetics become diffusion l imited (1). An 
al ternate  explanat ion is that  the grain size of the 
silicon substrate plays an act ive role in the react ion 
kinetics. The electr ical  resist ivi ty and optical prop-  
erties of the silicides are found to depend s trongly on 
the substrate and thermal  anneal ing t empera tu re  but  
not the anneal ing time. Construction of the el l ipso:  
metr ic  charts proved useful for est imating the th ick-  
ness and refract ive  index of oxides on suicides by non- 
destruct ive means. 
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High Resolution Doping Profiles in 
Pbl_xSn Te Thin Film Structures 

D. L. Partin 
General Motors Research Laboratories, Physics Department, Warren, Michigan 48090 

ABSTRACT 

The fabrication of thin laser structures by molecular beam epitaxy has  
placed s t r ingent  demands upon the techniques for characterizing these struc-  
tures. An electrochemical etch originally developed by Norr is shown to be 
capable of well-control led etching of sub-micron  dimensions from Pbl -xSnxTe 
surfaces. This allows mater ial  parameters,  such as the doping level, to be mea-  
sured as a funct ion of depth. 

The application of molecular  beam epitaxy (MBE) 
techniques to the growth of lead-sal t  diode laser struc- 
tures has resulted in a t t a inment  of micron-dimensioned 
structures with improved performance (1, 2). How- 
ever, characterization of the grown layers becomes in-  
creasingly difficult as their dimensions become smaller. 
I t  is therefore useful to investigate a chemical etching 
system which has the capabili ty of removing thin lay-  
ers of these materials in a well-control led manner .  
When used successively, it would then enable depth 
profiles of a var ie ty  of mater ial  properties to be mea-  
sured, such as the doping level, defect density, etc. 

The etching system investigated in  this work was 
originally developed for use on PbTe by Norr (3). It  
consists of 45 ml H20, 20 ml ethanol, 35 ml glycerol, 
and 20g KOH. The sample is the anode and the cathode 
is plat inum. This solution does not attack the sample 
(<0.002 ~m/min)  with no applied potential. At rela-  
t ively low voltages ( ~ I V )  it  attacks the (100) surface 
preferent ial ly  at defects, and is therefore used to mea -~ 
sure dislocation density. At 10V the etching is uniform, 
producing a polished surface. 

This etching system was chosen because it appeared 
to offer potential  for controll ing the amount  of mate-  
rial  removed by controll ing the etching time. The 
other we l l -known polishing solution for Pbl-xSnxTe is 
a solution of Br2 in HBr. The mater ia l  removal  rate can 
be made small  (~0.1 #m/min)  by di lut ing the solu- 
tions with water. However, x - ray  photoelectron spec- 
tro.scopy (XPS) studies of PbTe polished with this di-  
lute solution showed that almost all t e l lur ium of the 
etched layer  remains on the surface (4). This makes 
this etching solution unsui table  for the present  purpose. 

Experimental Techniques 
In this work, 50 ml of Norr etching solution were 

used in a beaker which was magnetical ly st irred at 200 
rpm. The cell voltage wa~ 10.0V, and the solution tem- 
perature  was 25~ unless noted otherwise. The samples 

Key words: epitaxy, etch, laser, spectroscopy. 

were mechanical ly polished single crystals with a (100) 
orientation. After Norr etching to obtain damage-free 
surfaces, Apiezon wax was used to coat par t  of the 
sample surface. The sample was then etched for a con- 
trolled length of time. After  removing the wax, the 
result ing step height on the sample surface was mea-  
sured with a Sloan Dektak film thickness profiler. In 
a few cases an  interference microscope was used to 
check the Dektak results, and agreement  within 5% 
was obtained. 

Experimental Results 
Figure 1 shows the results of etching studies on PbTe 

doped p- type  with T1 to a level of 1 X 1019 cm -3. The 
init ial  etch rate is rapid followed by a relat ively slow, 
l inear  etch rate. The graph and the inset table show 
that  etched depths in the range 0.1-2.5 ~m are readily 
obtained, which covers the range of practical interest .  

When a voltage pulse is applied to the sample, a blue 
film appears in  a fraction of a second. This film disap- 
pears in roughly 1 sec after the cell potential  is re- 
duced to zero, indicat ing that  the film dissolves into 
the etching solution. However, if the sample is re- 
moved from the solution while etching and immedi-  
ately rinsed with deionized water, the film is still 
present. Examinat ion  of the film with Auger electron 
spectroscopy in combinat ion with At - ion  sput ter ing in-  
dicated that  the film consists of roughly equal amounts 
of Pb, Te, and O (Fig. 2). The atomic concentrations 
were obtained by normalizing the Auger signals by the 
elemental  sensitivity factors which is general ly  accu- 
rate wi thin  a factor of 2. The depth scale was approxi-  
mated by assuming that the sput ter ing rate in the ox- 
ide was the same as that in the PbTe substrate, which 
was separately determined. Some of the oxide may 
have dissolved before the etching solution was rinsed 
from the sample. Other elements were looked for in  
the film, such as potassium or carbon, but  none was 
found wi th in  the ins t rumenta l  sensit ivi ty (typically 
1%). 
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Fig. 1. Calibration curve for PbTe:TI etched with the Herr etch at 
25~ and 10V applied potential. 

Thus, when  a 10V potential  is applied to the film, 
there appears to be an ini t ial  period of rapid oxide 
film growth. After about 1 sec of film growth, the film 
interference color observed visual ly appears to re-  
ma in  constant, implying that the film thickness re-  
mains  constant. Therefore, growth of the oxide film at 
the f i lm/substrate  interface is occurring at the same 
rate as dissolution of the film at the f i lm/solution 
interface. 

Film Growth Model  
These observations can be made more quant i ta t ive 

wi th  a simple model. The total depth etched, D, after 
t ime t is given by  

D = T + Ct [1] 

where  T is the oxide thickness and C is the rate of 
dissolution of the oxide film at the fi lm/solution in te r -  
face (Fig. 3). Differentiating gives 

dD d T  
- -  - ~ c [ 2 ]  
dt dt 
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Fig. 2. Auger depth profile of oxide film formed by the Norr etch 
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Fig. 3. Schematic showing the total depth etched, D, as the sum 
of the oxide film thickness, T, and the depth of dis.solved material, 
Ct. 

As noted above, the oxide thickness becomes coastant  
after  about  1 sec, so that  

dD 
= C ,  t > l s e e  [3] 

dt 

Thus, using the l inear  port ion of the "depth etched" 
vs.  time curve in Fig. 1, the constant  C = 1.13 • 10-~ 
cm/sec. Using this value of C in  combinat ion with Eq. 
[1] and the "depth etched" curve of Fig. 1, the oxide 
film thickness can be calculated as a function of etch- 
ing time. This data is plotted in  Fig. 1, and shows rapid 
film gro:wth unt i l  the thickness stabilizes, as expected. 
The l imit ing thickness is 0.25 ~m, which is in good 
agreement  with the oxide thickness shown in  Fig. 2. 

The current  which flows through the etching solution 
is related to the depth etched into the substrate. The 
number  of substrate atoms oxidized per uni t  area and 
time is N s d D / t ,  where Ns is the number  density of 
atoms in PbTe (2.94 • 102:2 cm-3) .  Thus, the current  
density through the oxide, J, is given by 

dD 
J = q B N s .  [4] 

dt 

where B is the average n u m b e r  of electrons required 
to. oxidize PbTe atoms. The oxide species are known to 
be PbO and TeO2 (5, 6). Thus, Pb is formally in the 
-t-2 valence state in PbTe and PbO, bu t  Te changes 
from the --2 state to the + 4  state, which requires 6 
electrons. This implies a theoretical value of 3 for B. 
For comparison with experiment,  Eq. [4] may be ex- 
pressed in  integral  form 

s Q = Jar  = qBhr,D [B] 

where Q is the total charge per un i t  area which passed 
through the oxide in  t ime t. Using an oscilloscope, Q 
was :measured vs.  etching time t. From the known 
dependence of D on t (Fig. t ) ,  an  exper imental  value 
of B could be determined. Over the range of etching 
times from 0.1 to 20 sec, the value of B obtained was 
3.4 _ 0.2, which is in reasonably good agreement  with 
the theoretical value of 3 determined above. 

Sensitivity to Experimental Variables 
The etching results shown in  Fig. 2 are for PbTe 

doped p- type with T1 at a level of 1 X 1019 cm -a. 
The lead salts can also be doped n- type  o.r p- type  by 
making them meta l - r ich  or chaIcogenide-rich, respec-  
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tively. The e ~ h  rate for Pb-r ich  PbTe (n -- 6 X 10 zz 
cm -~) or Te-r ich Pb0.s6Sn0.14Te (p ---- 1.5 N 10 TM cm -8) 
was determined for several etching times, and always 
found to agree with the data for Tl-doped PbTe (p -- 
1.0 • 10 TM cm-~) (Fig. 1) wi th in  about  10%. This im-  
plies that  the etch rate remains  constant  through a 
heterojunct ion or p -n  junct ion in the Pbl-=Sn=Te sys- 
tem, at least for x in the range 0-0.14, which covers 
most of the range used in  practical devices. 

The sensit ivi ty of the etch rate to variat ions in  etch- 
ing solution composition or temperature  is shown in 
Table I. All data shown is for a 2 sec etch on Tl-doped 
PbTe. The addit ion of 20% extra ethanol or glycerol 
leaves the etch rate essentially unchanged,  while water  
and KOH change it  by ,~50%. This may imply that 
O H -  is the species that  conducts current  through the 
oxide film and supplies oxygen at the PbTe/oxide in-  
terface. It should be noted that  hydrogen cannot be 
observed with Auger electron spectroscopy. Therefore, 
its presence in  the oxide film (Fig. 2) could not be 
co.nfirmed. 

The potassium concentrat ion in the Norr etching 
solution is very high, and some of it  may be left be-  
hind on the etched surface. After etching, the samples 
are rinsed in ethanol, water, dilute nitr ic acid, and 
then water. The nitric acid is believed to be effective 
in  gettering the potassium from the surface. This was 
tested by studying the surface concentrat ion of potas- 
sium with secondary ion mass spectroscopy (SIMS), 
which is extremely sensitive to alkali metals. This 
technique yields only relative concentrations, bu t  it  
was found that  samples cleaned with the Norr etch 
and rinsed in  the above sequence of reagents had only 
2-5% as much potassium on their surfaces as samples 
which were rinsed in ethanol and water  only. This was 
so even when the sample was rinsed for 3 sec in nitric 
acid diluted to 0.1 volume percent  with water. 

The nitr ic acid rinse also affected the thermoelectric 
voltage measured on the etched surface of l ightly 
doped samples. PbTe samples (n ~ 6 X 101~ cm -8) 
which did not have a nitric acid rinse had thermo- 
electric voltages which were ~20% lower than samples 
r insed in 0.1-1% nitric acid. Since potassium is ex- 
pected to be an acceptor impur i ty  in  PbTe, this prob-  
ably means that it compensates donors near  the sur-  
face of PbTe. Thus, the removal  of potassium from 
the surface is necessary if the Norr etch is to be use- 
ful for depth profiling of carrier concentrations. 

Carr ier  Concentra t ion  Profile 
The carrier concentrat ion profile of a diode laser will 

be shown to i l lustrate  the usefulness of this etching 
system (Fig. 4). The substrate consisted of PbTe doped 
p- type with T1 at 2 >< 1019 cm -3. A 4.7 #m thick T1- 
doped PbTe active region was then grown by molecu- 
lar  beam epitaxy. This was followed by a 0.7 ~m thick 
Bi-doped region. The growth was carried out at 2 ~m/ 
hr  deposition rate and 350~ substrate temperature.  
Other aspects of the growth technique are being re- 
ported elsewhere (7). 
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Fig. 4. Thermal probe voltgae as a function of depth through a 

laser structure. 

The carrier  concentrat ion is determined from the 
thermoelectric vottage generated by a metal  probe 
held 9~ above a room temperature  contact at the back 
of the sample. The measurement  is repeated after each 
etching step to obtain the profile shown in Fig. 4. The 
thermoelectric voltage in the active region corresponds 
to a hole concentrat ion of ,~4 • 10 TM cm -3 at 77 K. The 
electron concentrat ion in  the Bi-doped region is 1 X 
1019 cm -~. Of part icular  interest  is the abrupt  change 
in  voltage between depths of 0.6 and 0.8 ~m. This im-  
plies that  the measurement  technique is capable of 0.2 
#m resolution or better, which is adequate to profile 
micron-dimensioned structures. 

Conclusions 
An electrochemical etch is shown to reproducibly re-  

move Pbl-xSn~Te to depths in the range 0.1-2.5 ~m. 
The etch rate as function of time can be well under -  
stood in  terms of the formation of an anodic oxide film 
which is soluble in the etching solution. The etch rate 
is not sensitive to conductivi ty type, doping level, or 
Sn concentrat ion in the range 0 --~ x --~ 0.14. Th i smakes  
this etching system useful for depth profiling the dop- 
ing level of MBE-grown heterostructure diode lasers. 
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Table I. Sensitivity of etch rate to variations 

Depth  in Normal i zed  
Var ia t ion  2 sec (~m)  d ep th  

S t a n d a r d  (25~ 0.47 1.00 
20% e x t r a  w a t e r  0.75 1.60 
20% ex t ra  e thano l  0.50 1.06 
20% e x t r a  g lycero l  0.48 1.02 
20% ex t ra  KOH 0.66 1.40 
35oc 0.77 1.64 
45.C 0.91 1.94 
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ABSTRACT 

We presen t  two deve lopments  in low energy  ion beam etching. Firs t ,  we 
have ex tended  the usable  ion energy range for b road  beam ion etching down 
to tens  of e lec t ron  volts by  using a single ex t rac t ion  gr id  of ve ry  fine ape r tu re  
size. High ion cur ren t  densit ies (up to 1.0 m A / c m  2) are  achieved below 100 eV 
ion energy  while  main ta in ing  a col l imated beam wi th  low energy  spread  
(about  10 eV).  Second, we have appl ied  this capabi l i ty  to react ive  ion beam 
etching (RIBE) of Si and  SiO2 and we in t roduce  a quant i t a t ive  p a r a m e t e r  
which character izes  the effectiveness of ion b o m b a r d m e n t  in enhancing chemi-  
cal etching. This pa r ame te r  is obta ined  f rom etch ra te  measurements  using Ar  
and CF4 gases over  the ion energy  range  20-1500 eV. Step edge profiles are  
also examined.  

In  this paper  we presen t  two deve lopments  in low 
e n e r g y  ion beam etching. Firs t ,  we  have  ex tended  the 
usable  ion energy range  for b road  beam ion etching 
down to tens of e lect ron volts by  replac ing  the conven-  
t ional  dual  gr id  ion ex t rac t ion  sys tem wi th  a single 
gr id  of ve ry  fine ape r tu re  size. High  ion cur ren t  den-  
sities (up to 1.0 m A / c m  e) are  achieved at  low ion en-  
ergies (down to 20 eV) while  ma in ta in ing  a col l imated 
beam wi th  low energy  spread  (about  10 eV).  Second, 
we int roduce a quant i t a t ive  p a r a m e t e r  which charac-  
terizes the effectiveness of ion b o m b a r d m e n t  in en-  
hancing chemical  etching, the basis of react ive  ion 
etching (RIE) .  The ion enhancement  p a r a m e t e r  is ob-  
ta ined f rom the energy dependence  of the etch ra tes  of 
a ma te r i a l  using react ive  and iner t  gases. We have 
measured  the etch rates  of Si and SiO2 wi th  Ar  and 
CF4 gases over  the energy range  20-1590 eV. We find, 
for example ,  tha t  in etching SiO2 wi th  CF4 at  an ion 
energy  of 200 eV, the ion enhancement  p a r a m e t e r  is 
about  3, indica t ing  that  for  each subs t ra te  a tom re -  
moved by  physical  sputter ing,  two addi t ional  a toms 
are  removed by  enhanced chemical  etching. Above an 
ion energy  of 500 eV this enhancement  p a r a m e t e r  de -  
creases to unity,  indicat ing tha t  ion enhancement  of 
chemical  e tching has reached its m a x i m u m  effective- 
ness. These measurements  may  be used to opt imize 
etch ra te  se lect iv i ty  in react ive  ion beam etching 
(RIBE) .  

We also compared  the step edge profiles obta ined  
using CF4 etching of SiO2 wi th  those obta ined  wi th  Ar  
ion etching. Iner t  gas ion etching usua l ly  leaves s lop-  
ing wal ls  and m a y  cause t renching and redeposi t ion 
on mask  edges. These problems  are  minimized by  us-  
ing a react ive  ion beam etching process at  an energy  
low enough to cause l i t t le  phys ica l  sput ter ing.  Ion 
beam systems opera te  at  two orders  of magni tude  
lower  pressure  than  a glow discharge RIE system, re -  
ducing the effect of neutrals .  The mean  free pa th  of 
ions and e tch products  exceeds the chamber  d imen-  
sions, minimizing loading effects, contaminat ion  by  
backscat ter ing,  and chemical  effects of the sample  
holder.  The ion energy spread is low, and the energy  
and cu r ren t  dens i ty  m a y  be independen t ly  control led  
and measured.  These advantages  provide  an incent ive  

Key words: r e a c t i v e  ion e tch ing ,  ion bombardment, etch rate 
ratio,  ion current ,  space  charge, extraction. 

to ex tend  the useful  energy range  to be low 100 eV and 
to take  advan tage  of the  se lec t iv i ty  ava i lab le  wi th  
chemical ly  react ive  species. These two topics a r e  
addressed here, beginning  with  the  l imits  encountered  
when the ion energy  is decreased.  

Theory--Limit on Ion Current Density at Low Energy 
Ion beam etching is usua l ly  car r ied  out using b road  

beam electron b o m b a r d m e n t  ion sources (1). F igure  1 
shows the genera l  configuration. This d i ag ram shows 
a single ext rac t ion  grid, whereas  typ ica l ly  a dual  grid 
sys tem is used. A low vol tage magne t ica l ly  enhanced 
discharge is ma in ta ined  be tween  the thermionic  ca th -  
ode and sur rounding  anode, and  ions are  ex t rac ted  
th rough  the grid sys tem to form a d i rec ted  beam_ The 
ion energy  is close to the anode potent ia l  Va. The beam 
is a imed  at  the ma te r i a l  to be etched, and  no rma l ly  a 
flow of electrons is suppl ied  from a neut ra l izer  fila- 
ment  to avoid surface charging effects (1). The con- 
vent ional  dual  grid configuration is shown in Fig. 2a. 
In this design the screen gr id  potent ia l  differs f rom the 
discharge p lasma  poten t ia l  by  the magni tude  of the  
discharge vol tage  Vd, and the accelera tor  grid is held  
negat ive  to p reven t  backs t r eaming  of e lect rons  into 
the discharge chamber.  F u r t h e r  detai ls  of opera t ion  are  
given in Ref. (1, 2). These ion sources easi ly  genera te  
ion cur ren t  densit ies of 0.5 m A / c m  2 at  500 eV, bu t  
such high ion energies may  cause device damage,  
knock-on  pene t ra t ion  of contaminants ,  or in te rmix ing  
of layers.  Lower  ion energies  a re  desirable,  bu t  be low 
about  100 eV the ion cur ren t  dens i ty  is space charge 
l imi ted  to only a few hundred ths  mi l l i amperes  per  
square cent imeter .  Since this cur ren t  dens i ty  corre-  
sponds to less than one ten th  monolayer  of b o m b a r d -  
men t  per  second, prac t ica l  ion etching cannot  be ca r -  
r ied out  below 100 eV wi th  a dual  gr id  system. 

The space charge l imi t  on cur ren t  flow may  be s ta ted 
as follows. The m a x i m u m  cur ren t  dens i ty  ob ta inable  
f rom an ion source (1) is r e l a t ed  to the  ion acce lera-  
t ion vol tage V and the accelera t ion dis tance d b y  

jmax cr V~i21d2 [1] 

In  a dua l  grid system (Fig. 2a) V is the  potent ia l  d i f -  
ference be tween  the discharge p lasma and the a c -  
c e l e r a t o r  grid, and d is app rox ima te ly  the distance be-  
tween the p lasma sheath  and  the accelera tor  grid. To 
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V g  . . . . . . . . . . . . . . . . .  

Fig. 1. Diagram of single grid ion source, showing cathode cur- 
rent ic, discharge voltage Va anode voltage Va, grid voltage Vg, 
neutralizer current im and sample on a grounded holder. 
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Fig. 2. Comparison of the extraction grid region of (a) dual grid 
ion source and (b) single ion source, showing the grid aperture di- 
ameter a, discharge sheath thickness Is, grid spacing Ig, and poten- 
tials typical for generating a 100 eV ion beam. 

generate a low energy ion beam, V must  be decreased, 
and since d is fixed by the grid spacing (typically 1 
m m  or greater) ,  jm~x decreases also. The relationship 
is shown in Fig. 3, in which the max imum current  den-  
sity obtained from a dual  grid ion source is plotted 
as a function of V 8/2. Therefore, while a current  den-  
sity of 3.0 m A / c m  2 is obtained at an ion energy of 1500 
eV (V 3/2 -~ 67,000), only 0.05 m A / c m  2 is obtained at 
100 eV (V ~/2 ---- 1153). This space charge l imitat ion on 
ion current  density is a ceiling above which a dual  grid 
source cannot operate, even by increasing the ion den-  
sity in the source. 

In  order to ma in ta in  high current  density at low ion 
energy, we use a single extraction grid (3) (Fig. 2b) 
which overcomes the space charge l imitat ion of a dual  
grid system. The single grid is formed from a mater ia l  
with a very fine aperture size a. The aperture size must  
be comparable to or less than  the thickness of the 
plasma sheath ls for effective operation. With this con- 
dition satisfied, ions leave the discharge plasma in al-  
most parallel  trajectories, with a certain fraction pass- 
ing through the grid as a collimated beam. Although 
the grid is bombarded by ions, sput ter ing damage is 
minimized by operating at low ion energy. 

The single grid differs markedly  from the dual 
grid system by main ta in ing  high current  density 
at low ion energy. The acceleration distance d is 
n o w  equivalent  to the sheath thickness 1s, which is 
on the order of 0.1 mm, As the ion energy is decreased, 
d is no longer fixed, and the sheath thickness Is de- 
creases to keep the ion current  density equal to the 
space charge limit. Therefore almost constant  current  
density is main ta ined  down to about 20 eV ion energy. 
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Fig. 3. Maximum current density obtained from a dual grid ion 
source as a function of Vt 3/2, illustrating the space charge limit on 
current density. Vt is the total potential difference between the 
discharge plasma and the accelerator grid. 

Exper imenta l  Procedure 
Single grid ion source . - -We  have tested the single 

grid design on two ion sources of 3.5 and 7.5 cm beam 
diameter  by simply replacing the grid system with a 
single grid of electroformed nickel mesh of 0.2 m m  
aperture si2e and 82% transparency (100 lines per 
inch). The 3.5 cm source is shown schematically in 
Fig. i. Cathode and neutralizer filaments are tungsten. 
Typical operating parameters which generate a i00 
eV argon beam are: sample chamber pressure ~ 10 -2 
Pa (8 • 10 -5 Torr), discharge voltage -- 40V, dis- 
charge current ---- 0.2A, anode voltage ---- 100V, grid 
voltage : --20V, grid current ---- 3 mA, beam current 
= 7 mA, current density at grid ~_ 0.73 mA/cm 2, cur- 
rent density 14 cm from grid ~ 0.32 mA/cm 2, and ion 
energy _-- 95 __+ 5 eV. 

The current density and energy distribution in the 
ion beam are measured using a retarding grid analyzer. 
The analyzer measures the ion current which reaches a 
collector plate after passing through a positively biased 
mesh grid. The voltage on this retarding grid is swept 
to trace out the energy distribution of the ions. An- 
other negatively biased grid is used to screen out elec- 
trons from the analyzer. Measurements confirm that 
current densities up to 1.0 mA/cm2 can be obtained at 
ion energies as low as 20 eV. This result demonstrates 
that the sheath thickness adusts itself to maintain 
the beam current density independent of ion energy. 
The ion current density is now determined by the ion 
density in the source and is not limited by grid geom- 
etry. Thus a wide range of operating conditions is 
available at low ion energy, as shown in Fig. 4. In this 
figure the operating range of the dual grid source is 
shown for ion energies up to 200 eV. This curve is the 
lo%v energy portion of Fig. 3. Also shown is the operat- 
ing range of the single grid. With the single grid, ion 
energies much higher than 200 eV are not suitable be- 
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Fig. 4. Comparison of the low energy operating range of the single 
grid and the dual grid ion source. 

cause of ion b o m b a r d m e n t  of the  grid. Cur ren t  den-  
sit ies above 1.0 m A / c m  2 can be  obtained,  bu t  are 
l imi ted  even tua l ly  by  overhea t ing  of the  grid. Ene rgy  
ana lyzer  measurements  indicate  an energy  spread  of  
about  10 eV, s imi lar  to tha t  obta ined  wi th  a dual  gr id  
source. We have  opera ted  the s ingle gr id  source as low 
as 20 eV ion energy,  bu t  be low this value  the  ion en-  
e rgy  spread  becomes comparab le  to the  average  ion 
energy,  and the beam can no longer  be considered a l -  
most  monoenerget ic .  Over  the  ent i re  opera t ing  range  
shown in Fig. 4, however ,  the energy  spread  remains  
far  smal le r  than  the b road  energy  dis t r ibut ions  found 
in rf  glow discharge  systems, and  the cur ren t  dens i ty  is 
much h igher  than  a dua l  gr id  sys tem can generate .  
Thus quant i ta t ive  measurements  of etch ra tes  can be 
car r ied  out  wi th  cu r ren t  densi t ies  on the o rde r  of 1.0 
m A / c m  2 over  a wide range  of low energies  b y  using 
the single gr id  design. 

A convenient  fea ture  of the  s ingle gr id  design i,s 
tha t  i t  m a y  be easi ly  used on an exis t ing dual  gr id  ion 
source. The discharge chamber  remains  unchanged,  
whi le  the  low energy  per fo rmance  of the  ion source 
is g rea t ly  improved.  F ine r  mesh  gr ids  up to 333 l ines 
pe r  inch were  also tested,  bu t  these deve loped  holes 
dur ing  operat ion.  Wi th  care, a 100 mesh gr id  can be 
used for  5-10 h r  opera t ion  inc luding  severa l  exposures  
t o  a i r .  

Etch rates of Si and Si02 with Ar and CF4.--We have  
measured  the etch ra tes  of Si and SiO2 using A r  and 
CF4 gases in the  ion source, over  an ion energy  range  
of 20-1500 eV. The 3.5 cm d iam single gr id  source was 
used for ion energies  be low about  200 eV, and the 
2.5 cm d iam dua l  grids were  used on the same ion 
source for  h igher  ion energies.  Ion source pa rame te r s  
were  s imi la r  to those l is ted above, except  tha t  wi th  
CF4 a d ischarge  vol tage  of 70V was used. The sample  
chamber  was evacua ted  to an in i t ia l  pressure  of t yp i -  
ca l ly  5 X 10-5 Pa  (4 • 10-~ To r r ) ,  then ra ised  to an 
A r  or  CF4 pressure  of 1-5 X 10 -2  Pa  (0.8-4 X 10 -4  
Torr)  for etching. Etch ra te  measurements  were  m a d e  
using a coated quar tz  c rys ta l  r a te  moni to r  located 14-20 
cm f rom the ion source and were  supp lemen ted  by  step 
measurements  on masked  Si and oxidized Si wafers.  
Severa l  measurements  were  also made  using a l a rge r  
d iamete r  (7.5 cm) single gr id  source. Ion cur ren t  
dens i ty  and energy  were  measured  above the sample  
using a r e t a rd ing  gr id  analyzer .  Cur ren t  densi t ies  of 
typ ica l ly  0.1 m A / c m  2 were  used, w i t h  e tch t imes of 
10-90 min. These measu remen t  t imes were  longer  than  

t ime constants  associated wi th  the  r a t e  moni to r  t em-  
pe ra tu re  or  the  es tab l i shment  of s t eady  etching condi-  
t ions (4).  

Etch ra tes  were  d iv ided  by  the ion cu r ren t  dens i ty  to 
calculate  the etching y ie ld  in a toms / ion  for  each ion /  
sample  combination.  Argon  ion cu r ren t  densi t ies  were  
correc ted  for the resonant  charge exchange  process 
(2, 5) which conver ts  a f ract ion of the  energet ic  beam 

ions to energet ic  neutrals .  This f rac t ion increases  wi th  
background  pressure  and causes the measured  ion cur-  
ren t  dens i ty  to underes t ima te  the  to ta l  energet ic  pa r -  
t icle flux s t r ik ing  the sample.  Correc t ing  for  this p ro -  
cess al lows measurements  a t  different  pressures  to be 
r e l i ab ly  compared.  Cur ren t  dens i ty  values  wi th  CF4 
were  not  correc ted  for  charge  exchange since this  p ro -  
cess should not  be significant for  CF8 + ions ( the domi-  
nan t  species)  passing th rough  mos t ly  CF4 gas. 

To examine  the s tep edge profiles genera ted  b y  low 
energy  RIBE, severa l  wafers  of oxidized Si were  
coated wi th  a 1 #m th ick  photores is t  pa t tern .  A f t e r  
e tching wi th  CF4 at  200 eV ion energy,  the  photores is t  
was removed  and the steps were  examined  b y  scan-  
ning e lec t ron microscopy. The step profiles were  then  
compared  wi th  s teps e tched using 500 eV argon ions. 

Results 
Etching yields  are  given in Fig. 5 as a funct ion of ion 

energy,  for Si and  SiO2 using A r  or  CF4. To conver t  
these yields to etch rates, in the  case of Si a y ie ld  of 1 
a tom/ ion  means  tha t  in an ion beam of cur ren t  dens i ty  
1.0 m A / c m  ~, the Si etch ra te  is 12.5 A/sec .  Fo r  SiO2, a 
y ie ld  of 1 a tom (e i ther  Si or O) per  ion means  tha t  in 
an ion beam of cur ren t  densi ty  1.0 m A / c m  2, the  SiO2 
etch ra te  is 9.5 A/sec .  For  reference,  the  as ter i sk  in 
Fig. 5 indicates  the m a x i m u m  chemical  e tching y ie ld  
of SiO2 by a single CF~ + ion to yie ld  SiF4 plus CO and 
CO2, according to the equat ion 

4CF8 + 3SIO2 ~, 2CO -t- 2CO2 + 3SiF4 

This m a x i m u m  yie ld  is 0.75 SiO2 molecules,  or  2.25 
atoms (Si or O) p e r  CF3 + ion. The significance of this 
value  is discussed in the  nex t  section. The da ta  ob-  
ta ined  wi th  the  single grid ion source are  shown as 
circles and those taken  wi th  the  dual  grid a re  shown 
as t r iangles.  These measurements  merge  smoothly  at  
200 eV in the case of Ar/SiO2, but  for  C F 4 / S i O 2  there 
is a significant difference in e tch  ra tes  measured  b y  
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CF41SiO ~ 

5.0 - - - - - - ' - � 9  
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Fig. 5. Etching yields (atoms/ion) as a function of ion energy for 
four ion/material combinations: CF4/SiO~, A r /S i02 ,  CF4/Si, and 
Ar/Si. Circles are measurements taken with the single grid ion 
source, and triangles are taken with the dual grid system. The 
asterisk indicates the maximum CF4/Si02 chemical etching yield of 
2.25 atoms/ion. 
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these two grid systems. This difference appears  to be 
caused by  a mild  rate  of deposi t ion of polymer ic  ma-  
ter ia l  f rom the CF4 discharge,  which competes wi th  
the etching process, especial ly at  low ion energy.  The 
mul t ip le  da ta  points showy at  the same ion energy  in 
Fig. 5 were  obta ined f rom different  samples, using 
various values of gas pressure  and ion cur ren t  dens i ty  
to assess the  overa l l  reproducib i l i ty  of the process. 

Step edge profiles are  shown in Fig. 6. The in i t ia l  
photoresis t  mask  shape is shown in Fig. 6a. A 1 ~m 
deep step in SiO2 etched wi th  CF4 at  200 eV is shown 
in Fig. 6b, and a 0.5 ~m deep step in SiO2 etched wi th  
Ar  at  500 eV is Shown in Fig. 6c. The step edge profile 
obta ined with  CF4 has almost  ver t ica l  wal ls  wi th  no 
evidence of trenching. This indicates  direct ional ,  aniso-  
tropic etching with  most ly  vola t i le  products.  The wal l  
is not quite ver t ical  because of the sloping mask  shape 
(Fig. 6a) and the sl ight  d ivergence  angle  of the ion 
beam (about  10~ Since the mask  is etched at  about  
1/5 the ra te  of the  SiO2, the l a te ra l  movement  of the 
step edge contr ibutes  to a s l ight ly  sloping wall .  The 
step edge profile obta ined  wi th  A r  (Fig. 6c) shows a 
s loping wal l  wi th  a shal low t rench formed by  reflected 

ions. This shape evolves when etching is by  pu re ly  
physical  sput ter ing,  causing par t i a l  redeposi t ion on the 
wal l  of the step. Al though  this redepos i ted  ma te r i a l  
m a y  be s imul taneous ly  removed  by  sputter ing,  i t  has 
the effect of decreasing the etch ra te  of the sloping 
wall,  contr ibut ing to a sha l lower  slope. Also wi th  Ar  
sput ter ing,  the photores is t  mask  and the SiO2 subst ra te  
etch at  s imi lar  rates. The mask  edge therefore  moves a 
grea te r  dis tance l a t e ra l ly  than in etching wi th  CF4 to 
the same depth,  again  contr ibut ing  t o  a sloping step 
edge. Trenching can be more  severe  than  shown in 
Fig. 6c, as shown in Ref. (6). Also redeposi t ion on 
mask edges can leave unwan ted  fr inges (7, 8). These 
ar t i facts  of iner t  gas ion etching are  minimized  by  
using low energy RIBE. 

A f r inge  is ev ident  in Fig. 6b, but  this is not  due to 
redeposi ted  sput te reu  mater ia l .  The deposi t  on the to~ 
of the step is the po lymer  coating obta ined when using 
CF4 in the ion source. The po lymer  coated the  side of 
the photoresis t  and then fel l  onto the top surface of 
the SiO2 when  the photores is t  was removed.  The for -  
mat ion  of this po lymer ic  coating on the sample  being 
etched caused wide var ia t ions  in the  measured  etch 

Fig. 6. Scanning electron micrographs showing: ((b upper left) i 
~m thick photoresist pattern on 1 #m thick SiO2, prior to ion beam 
etching. (b, lower left) Etched step in SiO~ after 200 eV CF4 etch 
to a depth of 1 ~m, after removal of photoresist, showing near- 
vertical walls and polymer residue. (c, above) Etched step in SiO2 
after 500 eV Ar etch to a depth of 0.5 ~m, after removal of photo- 
resist, showing sloping walls and shallow trench. 
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ra te  of CF4/SiO2 at  ion energies  be low 100 eV and 
p robab ly  accounts for the  roughness  of the e tched sur -  
face in Fig. 6b. Under  cer ta in  opera t ing  condit ions the 
deposi t ion process domina ted  and showed a posi t ive 
deposi t ion ra te  exceeding the etch rate.  Compet i t ion  
f rom this deposi t ion process was minimized  b y  oper -  
a t ing at  low gas pressure  (<10 -2  Pa)  and la rge  dis-  
tances f rom the ion source (>10 cm).  P r e l i m i n a r y  
etch ra te  measurements  using the l a rge r  d iamete r  (7.5 
cm) ion source were  inconclusive because ne t  deposi-  
t ion a lways  occurred be low 100 eV ion energy.  The 
la rger  d iamete r  source acts as a b road  a rea  vapor  
source for  deposi t ion on the sample.  When  CF4 was 
used in e i ther  ion source, an insula t ing coat ing also 
formed inside the  discharge chamber .  This coating 
g radua l ly  increased  the resis tance of the discharge 
circui t  and af te r  severa l  hours opera t ion  the  discharge 
would  be ext inguished.  Cleaning the  anode surface 
qu ick ly  res tored  norma l  operat ion.  The complicat ions 
which arise f rom the deposi t ion of po lymer ic  m a t e r i a l  
on both  the  sample  and the d ischarge  chamber  surfaces 
may  possibly  be  e l imina ted  b y  using a different  gas 
mixture .  However ,  above ion energies  of 200-300 eV, 
etch ra tes  wi th  CF4 did not  seem to be affected by  
po lymer  deposit ion.  Also, when  using argon the opera -  
t ion of the  ion source was s t ra igh t fo rward ,  and r e -  
producib le  etch ra tes  were  obta ined at  ion energies  as 
low as 20 eV (Fig. 5). 

The rat io  of e tching yields  be tween  CF4/SiO~ and 
Ar/SiO2 is p lo t ted  in Fig. 7. Also shown is the  ra t io  of 
the  slope of the CF4/SiO2 etch y ie ld  curve to the slope 
of the Ar/SiO2 curve. This rat io  is defined as the  ion 
enhancement  p a r a m e t e r  p, to be discussed in the  fol-  
lowing section. 

Discussion 
Comparison of etching results.--The etch ra te  mea -  

surements  (Fig. 5) over  the range  20'-1500 eV demon-  
s t ra te  severa l  points. The etch ra tes  of Ar/SiO2, CF4/Si, 
and A r / S i  a re  very  s imilar .  Etching of Si or  SiO2 by  
A r  is a pu re ly  phys ica l  sput te r ing  process, and e tching 
of Si by  CF~ + ions has been  shown to be a lmost  en-  
t i r e ly  b y  physical  sput te r ing  (4). These resul ts  also 
indicate  tha t  in RIBE there  is a low concentra t ion  of 

I0 - x  x ETCHING YIELD RATIO 

OF CF4/SiO 2 TO Ar/SiO 2 

6 t 4  t X  X" X'X,~, 
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E (eV) 
Fig. 7. Ratio of etching yields of CF4/Si02 to Ar/Si02 as a 

function of ion energy, obtained from data of Fig. 5, and the ion 
enhancement parameter p (the ratio of the slopes of the etching 
yields of CF4/Si02 to Ar/Si02), as a function of ion energy. The 
energy E1 is the energy at which the ion enhancement of chemical 
etching is saturated. 
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F radicals  involved in etching, in contras t  to glow dis-  
charge systems (9). We find, therefore,  tha t  when CF4 
is used in the ion source, the  dominant  etching species 
is CF3 + ions and tha t  etching by  neu t ra l  species is less 
impor tant .  This assumpt ion is reasonable  in a sys tem 
which exposes the sample  to a col l imated ion flux ex-  
tending far  f rom the ion source, whereas  neutra l  e tch-  
ing species are  spread  over  a wide solid angle  upon 
leaving the source. Since mean  free paths  are  long in  
the ion beam system, gas phase react ions and loading 
effects should be negligible.  

The CF4/SiO2 etch ra te  curve (Fig. 5) represents  the 
etch ra te  of SiO2 by CFs + ions, apa r t  f rom the undes i r -  
able effect of po lymer  deposit ion.  We can es t imate  the 
magni tude  of this deposi t ion effect by  compar ing the 
etch rates obta ined wi th  the s ingle grid (circles) and 
dual  grid sys tem ( t r iangles) .  Due to differences in open 
area  fract ion and beam diameter ,  the  single grid ex -  
poses more  than  three  t imes the area  of discharge 
p lasma  to subs t ra te  l ine of s ight  than  does the  dual  
gr id  system. Therefore  the  deposi t ion flUX should differ 
by  at  least  a factor  of three  for  these two measure -  
ments. With  this in mind, we can es t imate  that  if po ly -  
mer  deposi t ion were  comple te ly  absent,  the  CF4/SiO2 
etch ra te  should be only s l ight ly  h igher  than the curve 
obta ined  wi th  the dual  grids. 

In the fol lowing discussion we wi l l  consider  the 
CF4/SiO2 etch ra te  curve o b t a i n e d  wi th  the dual  grids 
to be an accurate  measu remen t  of the  SiO2 etch ra te  
by  CFs + ions. The CF4/SiO~ etch rates  measured  here  
are  consistent  wi th  SiO2 etch rates  obta ined in glow 
discharge RIE (9) when reasonable  assumptions are  
made for  ion energy  and cur ren t  density,  which a re  
not d i rec t ly  measurab le  in RIE. Also, recen t  etch ra te  
measurements  of SiO~ in ion beams of o ther  fluoro- 
carbon gases a re  in good agreement  wi th  the resul ts  
presented  here. Meusemann (8) repor ts  SiO2 etch rates 
in CHF8 and in CF4 + 4% 02 giving etching yields  of 
about  3.1 a toms / ion  at  1000 eV, in agreement  wi th  Fig. 
5. Hor i ike  et al. (10) r epor t  SiO2 etch ra tes  in C2F6 
over  a range  of ion energies,  bu t  give no values of ion 
cur ren t  density.  Using Eq. [1] we can es t imate  the 
values used and ar r ive  at  e tching yields  consistent  wi th  
Fig. 5. The genera l  ag reement  be tween  etching yie lds  
of SiO2 in different  f luorocarbon gases supports  our  
in te rpre ta t ion  tha t  the main  e tching species in these 
cases is the  CF3 + ion. Step edge profiles shown in Ref. 
(8, 1 0 ) a r e  also nea r ly  vert ical ,  wi th  no trenching.  

Model of ion enhanced chemical etching.raThe etch 
ra te  of SiO2 using CF4 is s ignif icantly h igher  than  with  
argon because of the combined effect of ion b o m b a r d -  
ment  and chemical  etching. In  RIE, much progress  has 
been made  in unders tand ing  the etching effects of 
neu t ra l  radicals  (F, CFs),  react ive  ions (CFs+) ,  and 
the role of ion b o m b a r d m e n t  (4, 9). However ,  exper i -  
ments  wi th  finely focused ion beams (4) a re  not  easi ly  
ex tended  to low ion energy  and large  sample  areas,  
and  studies in glow discharge RIE systems (9, 11) lack  
di rec t  measurements  of ion energy and cur ren t  dens i ty  
on which to base a model. Low energy  RIBE is a more  
wel l -def ined  process, in which  ion energy  and flux are  
easi ly  measured  and controlled,  a l lowing us to model  
the effects of ion b o m b a r d m e n t  in chemical  etching. 

In  this section we in t roduce  a quant i ta t ive  p a r a m e t e r  
which character izes  the effect of ion b o m b a r d m e n t  in 
enhancing chemical  etching. To descr ibe  this p a r a m -  
eter,  we focus on the CF4/SiO2 etching y ie ld  curve of 
Fig. 5. This curve is shown schemat ica l ly  in Fig. 8 as 
Yn, the net  e tching yield,  which is made  up of three  
components :  

1. A physical  spu t t e r ing  yield,  Ys: This component  is 
the etching yie ld  due to sput te r ing  by  CF~ + ions. Since 
the CF4/Si, Ar/SiO2, and A r / S i  y ie lds  a re  close, we 
expect  the sput te r ing  component  of  the CF4/SiO2 etch-  
ing yie ld  to be s imi la r  to these curves.  
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Fig. 8. Schematic diagram of the components involved in ILIBE. 
Ys is the physical sputtering yield, Yr is the residual chemical etch- 
ing yield, yi is the ion enhanced chemical etching component, y~ is 
the maximum chemical etching yield, and yn is the n~t etching 
yield. ~he energy Ez is indicated, at which point the ion enhance- 
ment of chemical etching is saturated. 

2. A res idual  chemical  e tching yield,  Yr: This com- 
ponent  requires  only low energy  ion impac t  ( <  20 eV) 
and not  sput ter ing.  Its magni tude  is given by  the e x -  
t r apo la ted  ze ro -energy  in te rcept  of the  CF4/SiO2 curve 
and equals app rox ima te ly  0.4 a toms/ ion.  Consider ing 
the F a tom content  of CF~+, the  m a x i m u m  etching 
yie ld  of SiO2 by  pure ly  chemical  e tching is 2.25 atoms 
per  CF3 + ion, as descr ibed earl ier .  This value  is l abe led  
by  an as ter isk  in Fig. 5 and is indica ted  by  Yc in Fig. 8. 
Therefore  the res idual  chemical  e tching y ie ld  Yr is wel l  
below its potent ia l  va lue  of Yc. If  the res idual  chemical  
etch ra te  were  a t  i ts  max imum,  the  sum of this va lue  
plus the physical  sput te r ing  yie ld  would  be the  curve 
(Ys ~- Yc) in Fig. 8. This curve represents  the m a x i m u m  

yie ld  possible due to both  sput te r ing  and chemical  e tch-  
ing, assuming no o ther  etching species are  present .  

3. An ion enhanced chemical  e tching yield,  Yi: Af te r  
subt rac t ing  the res idual  chemical  e tch ing  component  
Yr and the sput te r ing  component  Ys from the ne t  CF4/ 
SiO2 e t c h i n g  y ie ld  Yn, the re  remains  a component  
which is the ion enhanced chemical  e tching y ie ld  Yi. 
This component  increases wi th  energy  in a m a n n e r  
s imi lar  to the  sput te r ing  component  Ys and  is app rox i -  
ma te ly  a mul t ip le  of Ys at  low energy.  At  an energy  
El, Yi reaches a value  of (Yc --  Yr). Above El, yi r e -  
mains  constant,  indica t ing  tha t  ion enhancement  of the  
chemical  etching process has sa tura ted .  A t  high energy,  
therefore,  the  ne t  e tching y ie ld  follows the sum of the 
sput te r ing  y ie ld  Ys and the  m a x i m u m  chemical  e tching 
y ie ld  Yc. 

The energy dependence  of these etching yields  sug- 
gests the fol lowing in te rp re ta t ion  of ion enhanced  
chemical  etching. Ion impac t  increases  the  reac t iv i ty  
of the chemical  e tching process ~rom a low value  at  
low energy  ( <  20 eV) to i ts ful l  va lue  at  some high 
energy Ez. Above this ion energy  the CF4/SiO~ etching 
yield should fol low the curve (Ys ~- Yc). The da ta  of 
Fig. 5 show tha t  be low 500 eV the CF4/SiO2 etching 
y ie ld  rises r ap id ly  wi th  energy,  as does Yn in Fig. 8. 
Above 500 eV the CF4/SiO2 etching y ie ld  follows a 
s imi lar  slope to the Ar/SiO~ curve.  Al though the A t !  
SiO~ curve cannot  be equated d i rec t ly  to the spu t t e r ing  
component  Ys of CF4/SiO2 etching, they  are  expected  
to be ve ry  similar .  Therefore,  above  500 eV the CF4/ 
SiO2 etching yie ld  follows the sum of a sput te r ing  com- 
ponent  and the m a x i m u m  chemical  e tching y ie ld  ( the  
as ter isk  in Fig.  5). 

The phys ica l  pic ture  is tha t  in CF8 + etching of SiO~ 
the ra te  of format ion  of  vola t i le  etch products  is l imi ted  
by  the number  of act ive sites ava i lab le  on the SiO2 
surface. This point  is confirmed by  a low value  of the  
res idual  chemical  e tching yie ld  Yr. The creat ion of 
more  act ive sites adds to the chemical  e tching yield,  a 
contr ibut ion  p ropor t iona l  to the  number  of addi t ional  
sites. Phys ica l  spu t te r ing  creates  act ive surface  sites 
by  removing atoms and creat ing surface defects. We 
expect  the  number  of addi t ional  sites to be a~pproxi- 
ma te ly  p ropor t iona l  to the  sput te r ing  yield,  or  equi-  
va len t ly  to the spu t te r ing  component  of the  CF4/SiO~ 
etch rate,  Ys. I t  is the re fore  reasonable  tha t  the  ion 
enhanced chemical  e tching component  Yi be a mul t ip le  
of the spu t te r ing  component  Ys, a t  least  a t  low ion 
energy  where  the  enhancement  has  not  sa tura ted .  The  
mul t ip ly ing  factor  is the  ra t io  of the  slope of the  n e t  
etching y ie ld  curve Yn to the  slope of the  sput te r ing  
component  Ys. We define this ra t io  as the  ion enhance-  
men t  p a r a m e t e r  p. The p a r a m e t e r  p gives a quan t i t a -  
t ive measure  of the ion enhanced chemical  e tching 
process. F rom the CF4/SiO2 and Ar/SiO2 etching y ie ld  
curves of Fig. 5 we obta in  values  of the  p a r a m e t e r  p 
as a funct ion of energy.  These resul ts  are  shown in 
Fig. 7. A value  of p = 2 (a t  300 eV, for  example )  
means  tha t  in addi t ion  to res idual  chemical  etching, 
each depar t ing  spu t te red  a tom (Si or  O) leaves behind 
enough act ive sites to cause on th~ average  one add i -  
t ional  a tom to be removed  by  chemical  e tch ing  ( for -  
mat ion  of vola t i le  products ) .  The enhancement  p a -  
r ame te r  p shows a high value at  low energy,  decreasing 
to un i ty  above about  500 eV ion energy.  Since the  
shape of the low energy por t ion  of the  CF4/SiO~ e tch-  
ing y ie ld  curve is not  prec ise ly  known,  the  energy  de-  
pendence of p in Fig. 7 should be r ega rded  as a t rend.  
We find that  the enhancement  of chemical  e tching b y  
ion b o m b a r d m e n t  sa tura tes  a t  an ion energy  E1 of 
app rox ima te ly  500 eV. 

The energy  dependence  of the  ion enhancement  pa -  
r ame te r  p (Fig. 7) i l lus t ra tes  severa l  phenomena.  At  
ion energies  below El, ion impact  has a mul t ip l ica t ive  
effect on the  e tching yield.  Ions in the range  of 100-200 
eV are  effective at  s t imula t ing  addi t ional  chemical  
etching, and the rat io  of the net  e tching yie ld  to the 
spu t te r ing  yie ld  is high. Above  El, at  500-1000 eV, 
chemical  e tching has been increased to its m a x i m u m  
effectiveness, and ind iv idua l  ions do not  have as g rea t  
a mul t ip l ica t ive  effect on the etching yield.  The yie ld  
becomes the addi t ive  sum of spu t te r ing  plus m a x i m u m  
chemical  etching. The energy  E1 is consistent  wi th  
CF3 + ions pene t ra t ing  the  SiO2 surface,  dissociat ing 
and deposi t ing thei r  ene rgy  wi th in  the top few layers .  
This process generates  m a x i m u m  chemical  react ivi ty ,  
whereas  a t  lower  energies  the  molecu la r  ion would 
dissociate on the surface, bu t  act ive sites m a y  not  be 
avai lab le  to complete  the react ion wi th  the substrate .  

Having  measured  the enhancement  p a r a m e t e r  p for  
a given i on /ma te r i a l  combination,  we can now choose 
an energy  for  ion beam etching which  optimizes the  
rat io  be tween  chemical  e tching and sput ter ing.  For  
example ,  in e tching a ver t ica l  s t ruc ture  as shown in 
Fig. 6b, i t  is impor t an t  to minimize  the spu t te r ing  com- 
ponent  of etching to reduce mask  erosion and redepos i -  
t ion of spu t t e red  mater ia l .  S imul taneously ,  the chemi-  
cal etching component  should be max imized  to gain 
h ighly  anisotropic  etching. F r o m  Fig. 7 i t  looks most  
a t t rac t ive  to ca r ry  out  the etching at  the  lowest  ion 
energy,  where  the enhancement  p a r a m e t e r  p is m a x i -  
mized. However ,  at  ve ry  low energy  the net  e tching 
ra te  may  be too low for prac t ica l  appl icat ions  (Fig. 5). 
An op t imum etching energy  would  be closer to El, 
a round  300-500 eV for CF4/SiO2. Here  the net  e tching 
yie ld  is high, and the etching y ie ld  rat io  be tween  
chemical  e tching and sput te r ing  is st i l l  high. Li t t le  
would be gained by  increas ing the ion energy  above 
1000 eV, because the ne t  e tching y ie ld  does not  increase  
significantly, while  the sput te r ing  y ie ld  r ises  by  m o r e  
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than a factor of two. The ratio between the net  etching 
yield and the sputtering yield (Fig. 7) decreases grad- 
ually as the ion energy is increased above El. High ion 
energy sacrifices selectivity while generatin~ more 
substrate damage. Similar considerations apply to ap- 
plications in which a reactively etched film is to be 
removed down to an underlying nonreactive substrate. 
Here again, the sputtering yield should be minimized 
to avoid overetching, and an energy near E1 would be 
optimum for high selectivity combined with short 
etching time. 

We have demonstrated that low energy ion beam 
etch rate measurements give quantitative information 
on the process of reactive ion etching. From the energy 
dependence of etching yields, an ion enhancement pa- 
rameter p is obtained which characterizes the effec- 
tiveness of ion bombardment in stimulating chemical 
etching. This parameter guides the choice of the opti- 
mum ion energy for practical RIBE applications. 

For low energy ion beam etching, the single grid 
modification to a broad beam ion source can be used 
to obtain high ion current density at tQw ion energy. 
This capability extends practical ion beam etching 
down to tens of electron volts. In addition to the ap- 
plication to RIBE discussed in this paper, such low 
energy ion beam etching is appropriate for surface 
cleaning applications prior to thin film deposition, or 
in conjunction with analytical techniques where sur- 
face damage is to be minimized. 
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Amorphous Transparent Conductors: 
The CdO-SnO  System 

F. T. J. Smith and S. L. Lyu 
Eastman Kodak Company, Research Laboratories, Rochester, New York 14650 

ABSTRACT 

In the CdO-SnO2 system both end members and the phases Cd2SnO4 and 
CdSnO~ have been reported to be useful transparent conductors. The present 
report concerns amorphous sputtered films having compositions ranging from 
20 to 80 mole percent CdO in SnO2. We have determined the properties of 
both as-deposited and annealed films as functions of both film composition 
and sputtering conditions. From these results, the optical and electrical 
propertie~ of the films have been correlated with film structure and composi- 
tion. The optimum conditions for obtaining highly conductive and transparent 
films are described. Films having a transmission of 80%-90% in the visible 
and a sheet resistance of less than 5 o / sq  can be deposited under these 
conditions. 

Materials having both a high degree of transparency 
in the visible and a high electrical conductivity have 
found a wide variety of applications, usually in the 
form of thin films (1). The most commonly used ma- 
terials are based on oxides of Cd, In, Sn, and Sb, with 
most attention having been paid to SnO2 and the In~O3- 
SnO2 system. 

In the CdO-SnO2 system both end members have 
been reported to be useful transparent conductors. 
Films of CdO have been used, for example, as trans- 
parent electrodes on selenium photovoltaic cells (2), 
as heating elements (2), and as transparent electrodes 
on CdS (4). Films of SnO2 doped with various donors 
have been used even more widely (1). The phases 
Cd2SnO4 (5) and CdSnO~ (6) have also been reported 

Key words: films, conductance, transmittance. 

to be transparent conductors. Films of the intermediate 
phases exhibit the highest ratio of visible-wavelength 
transmission to sheet resistance, and properties su- 
perior to those of the best indium-tin oxide films have 
been reported for Cd2SnO4 films (7). It has been re- 
ported that sputtered films having compositions close 
to that of the phase Cd2SnO4 are amorphous when de- 
posited onto amorphous substrates at room tempera- 
ture and crystalline when deposited onto substrates 
heated to 400~176 (5). 

Most of the previous work has been concerned with 
the properties of crystalline films having compositions 
close to that of Cd2SnO4 (7, 8). About amorphous films, 
on the other hand, little information exists. Nozik (5) 
reported the properties of four as-deposited films ob- 
tained by using various power levels and oxygen con- 
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centrat ions in the sput ter ing gas. He found electron 
mobilities in the range 5.8-24 cm2/V sec and resistivi- 
ties of 2.6 • I0 -3 to 10 tl-cm. Haacke et al. (9) re-  
ported a mostly amorphous film to have a mobil i ty  of 
,~27 cm2/V sec and a resist ivity of ~6.2 • 10 -2 tl-cm. 
Such high mobilities are not general ly  observed in ma-  
terials which lack long-range  order. 

We report  in detaiI the properties of amorphous films 
and in  par t icular  the effects of target  composition and 
sput ter ing atmosphere on these properties. We will  also 
report  the results of post-deposition anneals  on film 
properties. We have observed a m in imum resistivity 
for as-deposited amorphous films of 3.3 X 10 -4 t l -cm 
compared with a lowest reported value of 4.8 • 10-~ 
t l -cm for as-deposited polycrystal l ine films (8). A 
resistivity of 1.5 • 10-4 t l -cm has been reported for 
polycrystal l ine Cd2SnO4 films annealed and reacted 
with CdS in  an argon atmosphere (9); however, the 
film composition resul t ing from this process was not 
reported. 

Experimental Methods 
The sput ter ing system consisted of an  rf diode with 

the target  placed horizontally below the substrates as 
shown in Fig. 1. So that  target  compositions could be 
changed easily, the sput ter ing target used was a shal- 
low dish 20 cm in diameter  filled with the powdered 
oxides mixed in  the appropriate ratio. Substrates were 
loaded through an airlock, thus avoiding exposure of 
the target  to the atmosphere. This avoided the prob- 
lems of absorption of moisture and oxygen which 
would have been expected as a result  of repeated ex- 
posure of a target  wi th  a large surface area to the 
atmosphere between runs. As a result  we observed a 
high degree of reproducibi l i ty  of film properties after 
ini t ial  outgassing and presput ter ing of new targets. 
For  example, over several series of 20 runs under  the 
same conditions, all sheet resistance values were 
within 8% of the mean  value. In  earlier experiments  
with i nd ium- t in  oxide in this system, we obtained es- 
sential ly identical  properties with films sputtered 
under  the same conditions from either a loose powder 
or a hot-pressed target. This confirms that  the physical 
form of the target  is not a major  concern with this 
equipment.  

The sput ter ing system was enclosed in  a stainless 
steel cylinder pumped by an oil diffusion pump with 
a cold trap. A pressure of 1 X 10 -7 to 5 X 10 - s  Tor t  
was measured in  this cyl inder between runs. During 
sputtering, a thrott le valve of fixed diameter  was used 
to l imit  pumping speed. Both argon and oxygen of 
high pur i ty  were introduced to the chamber through 
meter ing valves to form the sput ter ing atmosphere. A 
stainless steel cup could be rotated into position over 
the target  in  place of the substrates. Deposition onto 
this cup was always carried out for 30 min  to equil i-  
brate  the system before deposition onto the substrates. 

The substrates used were 5 cm diam disks of fused 
quartz 0.5 m m  thick and polished on both sides. They 
were cleaned with ammonia -hydrogen  peroxide and 
hydrochloric acid-hydrogen peroxide mixtures  before 
use. The substrates were clamped into recesses in a 

Gas In 

f Ar+O 

Diffusion rf _-- rf Roughing 
Pump Pump 

Target Dio. = 8" 

Fig. 1. P,F diode sputtering system 

L 
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massive a luminum and copper disk which was water 
cooled. The substrate surface did not exceed -~100~ 
during a typical deposition procedure. 

Optical measurements  were made at nea r -normal  
incidence by using a Cary 14 two-beam spectropho- 
tometer in  the visible and near - in f ra red  range, and a 
Beckman AR10 spectrometer in  the 2-10 #m range. 
Measurements were made with an uncoated substrate 
in the reference beam of the Cary 14 and were cor- 
rected for absorption due to the substrate in the case 
of measurements  made with the Beckman inst rument .  
Sheet resistance was measured using a four-point  
tungsten  probe, and both sheet resistance and Hall  co- 
efficient were measured by the van  der Pauw method. 
For the van der Pauw measurements  the films were 
etched into a cloverleaf pa t te rn  by masking them with 
photoresist and etching in  dilute hydrochloric acid. 
Silver paste or simple pressure contacts were used, 
and the measurements  were made using an a-c cur-  
rent  and a d-c magnetic  field of 4.3 kee. Fi lm thickness 
was measured with a mechanical  profilometer to de- 
termine the average height of an etched film edge. 

Results and Discussion 
A series of films 5-10,000A thick were deposited from 

a target  containing 67 mole percent  (m/o)  CdO and 
33 m/o SnO2 to find sput ter ing conditions giving a 
max imum ratio of t ransmission to sheet resistance. The 
sputter ing power, total gas pressure, oxygen-argon 
ratio, and target-subst ra te  spacing were systematically 
varied. For example, Fig. 2 shows the conductivity and 
transmission at 550 n m  as functions of the sput ter ing 
power for films deposited using an argon plus 1.2% 
oxygen atmosphere at a total pressure of 2 • 10 -2 
Torr. The target-subst ra te  spacing was 3.5 cm. The 
transmission shown was obtained by averaging in ter -  
ference fringes and is only weakly dependent  on sput-  
ter ing power, whereas the conductivity increases rap-  
idly with increasing power up to 400W and then levels 
off. Sput ter ing powers above 2 W/cm 2 were not used 
because they resulted in  arcing, powder levitation, 
and overheating at the target  surface. Similar  problems 
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Fig. 2. Dependence of conductivity and optical  transmission at  
550 nm on the sputtering power. Film thickness ~ 7 0 0 0 _ & ,  target  
:30 m/o SnO~, oxygen content of sputtering atmosphere 1.2%. 
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with  powder  targets  a t  high power  densit ies have  been 
repor ted  (9), and direct  evapora t ion  of CdO at h igher  
powers  has been  repor ted  to resul t  in changes in film 
composit ion (10). F rom this series of exper iments ,  we 
found the op t imum deposi t ion conditions to be a spu t -  
ter ing power  of 5O0W (1.6 W/cm2) ,  a t a rge t - subs t r a t e  
spacing of 3.5 cm, and a spu t te r ing  a tmosphere  of 
argon plus 0-10% oxygen  at  a to ta l  pressure  of 2 • 
1O-~ Torr.  Al l  fu r the r  exper iments  were  therefore  
car r ied  out  under  these conditions;  only  the composi-  
tions of the  ta rge t  and of the spu t te r ing  a tmosphere  
were  var ied.  

The deposi t ion ra te  decreased wi th  increases  in the 
amount  of SnO2 in the ta rge t  and showed a m a x i m u m  
at 2 %  oxygen  in the sput te r ing  atmosphere .  The re -  
sults for three  ta rge t  composit ions are  shown in Fig. 3. 
The deposi t ion ra te  increased wi th  the amount  of CdO 
in the  target ,  indica t ing  a h igher  sput te r ing  efficiency 
for CdO than  for SnO2. This difference appa ren t ly  in-  
creases wi th  oxygen  level  up to ~3%,  since the curves 
of Fig. 3 d iverge  up to this point. I t  would  therefore  
be expected tha t  the  t a rge t  surface would  change in 
composition, becoming deple ted  of cadmium oxide, 
dur ing  an ini t ia l  t a rge t  equi l ibra t ion  process. In  sup-  
por t  of this we observed tha t  the color of the ta rge t  
surface changed f rom r e d - b r o w n  to g ray  dur ing the 
first few hours  of use. Once a s teady  state has been 
reached,  Cd and Sn mus t  be removed  in the rat io in 
which they  are  present  in the target .  On the other  
hand, because of differences in s t icking coefficient be -  
tween  Cd and Sn on surfaces of var ious  types  and 
tempera tures ,  the  film composit ion need not  be  ident i -  
cal wi th  tha t  of the target .  Sput te r ing  was car r ied  out 
on a new ta rge t  for at leas t  8 hr  before the films, the 
proper t ies  of which  are  repor ted  here, were  deposited. 
Also, when changes were  made  in the oxygen level  in 
the  sput te r ing  atmosphere ,  p respu t t e r ing  was car r ied  
out  for at  least  2 hr  under  the new conditions. Af te r  
these condit ioning processes, film proper t ies  were  
h igh ly  reproducib le  over  a s e r i e s  of more  than  50 
deposi t ion runs including severa l  changes in sput te r ing  
gas composition. This confirms tha t  a s teady  state had 
been  reached in each case. 

To de te rmine  film compositions,  a series of deposits 
were  made  f rom targe ts  containing 25, 30, and 50 m/o  
SnO2 in sput te r ing  a tmospheres  containing 0-6% oxy-  
gen. These were  analyzed using an e lect ron micro-  
probe.  The resul ts  a re  shown in Fig. 4. F i lms  sput te red  
f rom the 30 and 50 m/o  SnO2 targets  contained sub-  
s tan t ia l ly  less Cd than  the target ,  whereas  films f rom 
the 25 m/o  SnO2 ta rge t  contained somewhat  more. In  
genera l  the  C d / S n  rat io  increased wi th  increases in 
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Fig. 3. Deposition rate at 500W power as a function of sputtering 
atmosphere for three target compositions. 
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Fig. 4, Results of microprobe analysis of films deposited at 500W 
from throe different target compositions, 

the oxygen content  of the sput te r ing  atmosphere .  These 
composit ions were  found to be ex t r eme ly  u n i f o r m  
across each sample. The composit ions shown in Fig. 4 
cover a range on both sides of the  phases CdSnO~ (50 
m/o  SnO2) and Cd2SnO4 (33 m/o  SnO~). 

With  po lycrys ta l l ine  films, significant var ia t ions  in 
proper t ies  such as conduct ivi ty  would be expected over  
such a wide range of compositions. In par t icular ,  i t  has 
been repor ted  tha t  good conduct ivi ty  is obta ined only 
from s ingle-phase  Cd~SnO4 films (7). Lloyd has ob-  
ta ined films having C d / S n  rat ios in the  range  0.7-3.5 
as a resul t  of heat ing the ta rge t  at  h igh powers  and 
thus d i rec t ly  evapora t ing  CdO. It  is not repor ted  
whe ther  these films were  amorphous  or  crysta l l ine;  
however,  at the  power  levels used, heat ing of the sub-  
s t ra te  would p robab ly  have  resul ted  in c rys ta l l ine  
films. A dist inct  downward  t rend in res is t iv i ty  was re-  
por ted  at h igh powers  and C d / S n  ratios. A s imi lar  
t rend  has been  repor ted  for i nd ium- t in  oxide films 
(11) and a t t r ibu ted  to effects of subs t ra te  heat ing on 
the film s t ruc ture  r a the r  than  composit ional  changes. 
At  a deposi t ion ra te  of 200 A / m i n  f rom argon -{- 20% 
oxygen and a Cd2SnO4 target ,  Lloyd obta ined Cd /Sn  
ratios of 1.2-2.3 and conduct ivi t ies  of 5-50 ( f l - c m ) - l .  
Because deposit ion rates  are  dependent  on geomet ry  
and even on substrate,  i t  is difficult to make  such a 
comparison;  however ,  by  ex t rapo la t ion  from our  re -  
sults we would expect  to ob ta in  a Cd /Sn  rat io of 0.5 
and a conduct ivi ty  of 2500 ( f l - c m ) - i  for amorphous  
films deposi ted f rom such a ta rge t  in an argon plus 
1.5% oxygen mixture .  The conduct iv i ty  is shown in 
Fig. 5 for films 5-8000A thick deposi ted from the th ree  
targets  at  various oxygen  levels. The conduct ivi ty  de-  
creases r ap id ly  at  oxygen  levels  above 2%, but  is not  
s t rongly  dependent  on the ta rge t  composit ion itself. 
Thus, in contras t  wi th  these resul ts  for polycrys ta l l ine  
films, the conduct iv i ty  for amorphous  films is de te r -  
mined  p r i m a r i l y  by  the oxygen level  in the  sput te r ing  
a tmosphere  r a the r  than  the C d / S n  rat io in the film. 
F i lms  deposi ted f rom the 50 m/o  SnO2 ta rge t  at  3% O2 
or f rom the  30 m/o  SnO~ targe t  at  1% O~ both contain 
~35 m / o  CdO; however ,  the i r  conduct ivi t ies  are  20 
and 2000 ( f l -cm) -1, respect ively.  

X - r a y  diffract ion pa t te rns  could not  be obta ined  
f rom any of these films even for film thicknesses of up 
to 2 ~m. This resul t  is consistent  wi th  previous  reports  
(9) tha t  films sput te red  onto amorphous  subst ra tes  at  
t empera tu res  be low 400~ are  amorphous.  In  a t tempts  
to crysta l l ize  the  films, they  were  annea led  in n i t rogen 
for 30 min  at  various tempera tures .  No crys ta l l iza t ion 
occurred for anneal  t empera tu res  up to 600~ At  
h igher  anneal  tempera tures ,  the  film spal led f rom the 
substrate.  Both 400~ annealed  and as-depos i ted  film 
surfaces were  examined  by  SEM. They appeared  to be  
smooth even at a magnif icat ion of 10,000 •  in contras t  
wi th  spu t te red  po lycrys ta l l ine  i nd ium- t in  oxide films 
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Fig. 5. The conductivity as a function of sputtering atmosphere 
for films 5-8000A thick deposited at 500W. 

on which  a rough d impled  surface could be seen under  
the  same conditions. 

Anneal ing  did resul t  in ma jo r  changes in both elec-  
t r ica l  and  opt ical  p roper t ies  of the  less-conduct ive  
films. Af te r  the  films were  annea led  in n i t rogen at  
300~176 the  conduct iv i ty  of films deposi ted at  the 
highest  oxygen  levels was dras t ica l ly  increased,  but  
films deposi ted at  be low 2% oxygen were  much less 
affected. At  400~ this increase was complete  in ,~15 
rain, and no fu r the r  change occurred wi th  longer  an-  
neals  of up to 10 hr. The conduct iv i ty  of films annealed  
at  400~ for 30 rain is shown in Fig. 6. These curves 
m a y  be compared  wi th  the da ta  for as -depos i ted  films 
shown in Fig. 5. The highest  conductivi t ies  before an-  
neal ing were  obta ined  for films spu t te red  from the 25 
m / o  SnO~ targe t  a t  ,~1.5% 03. A m a x i m u m  value  of 
3000 ( a - c m )  -1 was obta ined  compared  wi th  a p re -  

viously r epor ted  m a x i m u m  value  for as -depos i ted  
amorphous  films of 385 (~ -cm)  -1 (5). Af te r  annea l -  
ing, the  30 m/o  SnO~ targe t  also sput te red  at  1.5% 02 
gave the most conduct ive films. The  large  increase in 
conduct iv i ty  resul t ing  f rom n i t rogen  anneal ing speci-  
mens deposi ted at  a h igh oxygen level  was not  r e -  
vers ib le  b y  anneal ing  in oxygen.  Annea l ing  any  of 
the films in oxygen  at  400~ for  30 min af te r  a pr ior  
ni t rogen anneal  a t  the same t empera tu re  resul ted 
in only a 5%-10% reduct ion in conduct ivi ty.  Thus, i t  
is un l ike ly  tha t  these large  changes in conduct ivi ty  can 
be a t t r ibu ted  s imply  to changes in the  degree  of oxida-  
t ion of the film. 

Since the increase in conduct iv i ty  on anneal ing did 
not  resul t  f rom recrys ta l l iza t ion  of the films, i t  could 
be a t t r ibu ted  to an increase in mobi l i ty  resul t ing from 
some more  subt le  s t ruc tu ra l  change. Al te rna t ive ly ,  i t  
could be the resul t  of an increase  in ca r r i e r  concentra-  
t ion due to separa t ion  or  dissolution of an  amorphous  
second phase. For  c rys ta l l ine  films Haacke  repor ted  
tha t  750~ anneals  r educed  the CdO content  (9). To 
d iscr iminate  be tween  these two possibili t ies,  Ha l l -  
effect  measurements  were  made  on the  films both 
before  and af te r  annealing.  

A l l  of the  films were  found to be n- type .  The Hal l  
mobil i t ies  for films deposi ted at  var ious  oxygen levels 
a re  shown in Fig. 7. The most  unexpec ted  aspect  of 
the resul ts  is the r e l a t ive ly  high mobil i ty,  in the  range 
15-50 cm2/V sec. These mobil i t ies  a re  as high as or 
h igher  than  values  r epor ted  e l sewhere  for c rys ta l l ine  
films (9). Our  resul ts  are, however ,  comparab le  wi th  
those repor ted  by  the same authors  for thei r  amorphous  
films. Normal ly  e lect ron mobil i t ies  of much less than 
1 cm2/V sec are  measured  in amorphous  films (12), 
and the Hal l  effect is usua l ly  anomalous.  One possible 
explana t ion  is that  the  films are  not amorphous,  but  of 
ex t r eme ly  smal l  g ra in  size, too smal l  to give an ob-  
servable  x - r a y  diffraction pat tern .  The gra in  size 
would then, however ,  have to be less than  20A. The 
Hal l  mobi l i ty  a f te r  a 400~ 30-min anneal  in n i t rogen 
is shown in Fig. 8. The values  for films from the 25 
and 30 m/o  SnO2 targets  were  not  apprec iab ly  
changed. The shape of the curve for films f rom the 50 
m/o  SnO2 ta rge t  is, however ,  quite different. Poss ibly  
the changes in these t i n - r i ch  films resul t  f rom dissolu- 
t ion or prec ip i ta t ion  of c rys ta l l ine  SnO~, a l though no 
evidence for  this was seen in x - r a y  diffraction pat terns.  
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Fig. 6. The conductivity as a function of sputtering atmosphere 
for films 5-8000Jk thick deposited at 500W and annealed in nitro- 
gen at 400~ for 30 rain. 
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sphere for films 5-8000A thick deposited at 500W. 
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Fig. 8. The electron mobility as a function of sputtering 
atmosphere for films 5-8000A thick deposited at 500W and an- 
nealed in nitrogen at 400~ for 30 rain. 

The electron concentrations obtained from Hall mea- 
surements, assuming a Hall factor of unity, are shown 
in Fig. 9. A maximum value of 6.5 • 10~~ 3 was ob- 
tained for the as-deposited films. This is very close to 
the value 7 • 1020/cm ~ measured for t in-doped indium 
oxide films deposited in the same sputtering system. 
The effect of a 400~ anneal in nitrogen on the electron 
concentration in films deposited from the 30 m/o 
SnO2 target is also shown in Fig. 9. After annealing, 
the electron concentration was only weakly dependent 
on the oxygen level in the sputtering atmosphere. Sim- 
i lar  behavior was seen for films deposited from the 

3o%] 

other targets. Thus, the effect of annealing on the 
conductivity of films deposited at a high oxygen level 
results almost entirely from an increase in the electron 
concentration. As discussed above, this is apparently 
not simply due to a reduction in oxygen content of 
these films, since annealing in oxygen instead of nitro- 
gen has l i t t le effect. 

All  of the sputtered films were highly transparent. 
Their color varied with composition from pale yellow 
for films of high SnO2 content to reddish at high CdO 
level. Transmission spectra are shown in Fig. 10 for a 
6950A thick film sputtered from the 30 m/o SnO2 tar-  
get at 2.7% oxygen. This spectrum is similar to that 
reported previously for amorphous films (5) except 
that the absorption edge is shifted to somewhat shorter 
wavelengths. The transmission is 80%-90% throughout 
most of the visible range, ~10% higher than previously 
reported for amorphous films (5). Annealing this film 
in nitrogen at 400~ for 30 min raised its carr ier  con- 
centration from 8 X 1019 to 3 X 102~ 3. The spec- 
trum measured after this anneal is also shown in Fig. 
10. At short wavelengths the absorption edge is shifted 
to higher energies. A similar shift is observed with 
crystalline indium oxide films (13) and cadmium oxide 
films (14) and results from the Burstein mechanism. 
In amorphous materials, however, such shifts have 
usually been at tr ibuted to the effect of annealing in 
reducing the density of state tailing into the bandgap 
(15). 

Summary 
Our results can be summarized as follows. 
1. Highly transparent and conductive amorphous 

films can be deposited onto unheated amorphous sub- 
strates from targets consisting of powdered cadmium 
and tin oxides mixed together. Films having a trans- 
mission of 80%-90% in the visible region and a sheet 
resistance of less than 5 ~ / sq  can be deposited under 
appropriate conditions. These properties are compar- 
able to those achieved with as-deposited crystalline 
films in the CdO-SnO~ system. Control of the oxygen 
level in the sputtering atmosphere is critical to achiev- 
ing this result. 

2. Annealing in nitrogen increases the conductivity 
of films deposited at high oxygen levels, but does not 
greatly affect those deposited under optimum condi- 
tions. This increase is due to an .increase in electron 
concentration. 

3. The target composition is not critical for these 
amorphous films, but the optimum is 25%-30% SnO2 
in CdO. 
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Fig. 9. The electron concentration as a function of sputtering 
atmosphere for films 5-8000A thick deposited at 500W. The dashed 
curve refers to films from the 30 m/o SnO~ target annealed in ni- 
trogen at 400~ for 30 min. 
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Thermal Decomposition of InP and 
Its Influence on Iso-Epitaxy 

H. Temkin,* V. G. Keramidas,* and S. Mahajan* 
Be~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The effects of rapid thermal degradation of InP substrate on the quality of 
epitaxially grown layers are generally underestimated. Scanning photolumi- 
nescence, photocurrent, and etch pitting techniques have been used to evalu- 
ate the influence of InP substrate decomposition on the quality of epitaxially 
grown layers. Growth on substrates protected with an InP cover piece results 
in epitaxial layers with localized regions of low luminescence and high dis- 
location density. These are present even in layers with a very good surface 
morphology. The use of source-piece protection, in conjunction with a shallow 
In  me l tback  pr ior  to epi taxy,  e l iminates  the  deleter ious effects of the rmal  de -  
composition. The incorpora t ion  of these steps into the growth  of device wafers  
g rea t ly  improves  the yie ld  of I n P / I n G a A s P  l ight  emi t t ing  diodes. 

The a t t rac t iveness  of I n G a A s P / I n P  qua t e rna ry  a l loy 
for use in fiber communicat ions  is now well  es tab-  
lished. In  par t icular ,  l ight  emit t ing diodes (LED's)  
opera t ing  in the  region of zero dispers ion of si l ica 
fibers, i.e., be tween  1.27 and 1.32 ~m, can provide  much 
higher  da ta  capaci ty  than comparable  GaA1As devices 
(1). However ,  l iquid phase ep i t axy  of InP and InGaAsP  
is not  as wel l  es tabl ished as that  of GaAs and its alloys.  
The recent  research  effort in this  a rea  has been  di-  
rected main ly  towards  improvements  in the growth  of 
the qua te rna ry  al loy (2), wi thout  much a t tent ion  being 
given to problems re la ted  to InP  itself. 

The rap id  the rmal  degrada t ion  of the InP subs t ra te  
pr ior  to g rowth  appears  to be one of the  ma in  problems  
in the  reproduc ib le  p repa ra t ion  of high qual i ty  InP 
ep i tax ia l  layers  (3). Among the techniques commonly 
used to p reven t  or remove such damage are  the  use of 
a pol ished InP cover piece (4), which protects  the sub-  
s t ra te  be fo re  growth  and an in situ In  etch (5, 6). The 
comb/nat ion of the two methods,  labeled as "perhaps  
over  cautious," has also been repor ted  (7). 

In  this work,  the  appl ica t ion  of photoluminescence 
(PL) ,  photocur ren t  scanning, and etch p i t t ing  tech-  
niques to eva lua te  the effectiveness of subs t ra te  p ro-  

* Electrochemical Society Active Member, 
Key words: crystal growth, defects, photoluminescence. 

tect ion measures  is described.  The role of defects 
caused by  the the rmal  decomposi t ion of InP  in de-  
vice yie ld  and per formance  wil l  be discussed. We 
demons t ra te  tha t  the use of an InP cover  piece alone, 
whi le  assuring an excel lent  surface morphology  of ep i -  
tax ia l  layers,  results  in a large dens i ty  of macroscopic 
defects which are  not  visible by  Nomarsk i -con t ras t  
microscopy but  c lear ly  seen as areas  of lower  photo-  
luminescence efficiency. In  addit ion,  dis locat ion pi ts  
wi th  the dens i ty  exceeding tha t  of  the  unde r ly ing  
subst ra te  are  observed. Simi lar ly ,  i t  is difficult to 
achieve good growth  reproduc ib i l i ty  wi th  a pure  In  
me l tback  alone. 

Experimental Details 
Thermal  decomposi t ion studies and the l iquid  phase  

ep i t axy  were  carr ied out  on {100) or ien ted  InP sub-  
strates doped wi th  Sn (n ~. 1 • 1018 cm -3)  and  S 
(n ~ 1 • 1019 cm-3) .  The dislocation densit ies  in the  
respect ive  subs t ra tes  are  ~ 1 • 104 and < ~ 1 • 10 a 
cm -2. Al l  the subst ra tes  were  pol ished wi th  0.5% 
bromine -me thano l  to an opt ica l ly  smooth finish. Single  
layers  of InP and double he te ros t ruc ture  (DH) I n P /  
InGaAsP  wafers  were  p repa red  by  convent ional  tech-  
niques (8), wi th  the subs t ra te  pro tec ted  by  an In.P 
cover piece pr ior  to growth. The DH wafers  consisted 
of a 5 #m th ick  buffer l aye r  fol lowed by  a 0.8 ~nn th i ck  
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InGaAsP  act ive l aye r  (~p --  1.3 #m) and a 2 #m thick 
confining layer .  Af te r  the  growth,  the subs t ra te  side 
of the wafer  was th inned to ~100 #m by  Br -me thano l  
polishing. The contact  meta l l i za t ion  was subsequent ly  
appl ied  th rough  shadow masks. The scanning ap-  
pa ra tus  used is s imi lar  to tha t  recen t ly  descr ibed by  
Johns ton  et aI. (9) and  has a spa t ia l  resolut ion of 5-10 
~m, l imi ted  by  the laser  beam size. 

Results 
As demons t ra ted  in Fig. l ( a ) ,  i so -ep i t ax ia l  layers  

grown on subs t ra tes  pro tec ted  b y  an InP  cover piece 
show ve ry  good surface morpho logy  unde r  Nomarsk i -  
contras t  microscopy. Only  in some isola ted areas  very  
smal l  (<5  ~m diam)  dissociation pits  and associated 
In drople ts  wi th  local dens i ty  of less than  104/cm ~ can 
be seen. These shal low pits  are  p robab ly  fo rmed  dur ing  
the shor t  t ime when the wafer  is exposed to high 
t empe ra tu r e  fol lowing the t e rmina t ion  of growth.  
F igure  l ( b )  shows the same area, identif ied by  a 
"knee"  in the  lamel lae ,  subjec ted  to the Huber  etch for 
45 sec to revea l  dislocations. The etch pits  a re  e i ther  
isolated or form pairs,  ve ry  l ike ly  due to the  presence 
of smal l  dis locat ion half  loops. To ascer ta in  whe the r  
the dislocations observed  in Fig. 1 (b) resul t  f rom the 
repl ica t ion  of defects p resen t  in the  bu lk  of the unde r -  
ly ing substrate ,  the  ep i tax ia l  l ayer  and the por t ion  of 
the  subs t ra te  contiguous to the ep i - subs t ra te  interface 
have been removed.  The subsequent  Huber  etching 
of the subs t ra te  indicates  s ignif icant ly lower  dislocation 
dens i ty  and an absence of ve ry  smal l  dislocation half  
loops. 

In  addi t ion to the microscopic defects, the  P L  scan 
reveals  a n u m b e r  of r andomly  d i s t r ibu ted  da rk  spots. 
F igu re  2 shows a p ic ture  obta ined on a 5 ~ n  th ick  
ep i tax ia l  layer .  The scan covers an area  of 0.25 m m  2, 
equal  in size to a single LED. Whi le  the upper  r ight  
pa r t  of the scanned a rea  is un i fo rmly  bright,  a number  
of i r r egu l a r l y  shaped  da rk  regions can be seen in the 
r ema inde r  of the photograph.  The smal les t  imaged  
defects a re  app rox ima te ly  7-10 #m in d iamete r ,  thei r  
appa ren t  size l imi ted  by  the ex ten t  of the laser  beam. 
The la rges t  da rk  fea ture  is about  150 ~m long. The 
difference in P L  efficiency be tween  b r igh t  and da rk  
areas  is no more  than a factor  of 2. In  order  to inves t i -  
gate the effects of the rmal  t r ea tmen t  we have sub-  
jec ted  the  subs t ra te  (pro tec ted  wi th  InP  cover)  to a 
t empe ra tu r e  cycle corresponding to mel t  homogeniza-  
t ion pr ior  to the growth.  The cycle consists of a r ap id  
r ise to 675~ and holding this t empe ra tu r e  for 90 rain. 
Af te r  this the rmal  t r ea tmen t  the  surface remains  fiat 
and feature less  under  examina t ion  at  high magnif ica-  
tion (X700) wi th  a Nomarsk i -con t ras t  microscope. 
Morphological  changes can be seen on  in ten t iona l  
scratches,  in which fine In drople ts  appear .  The the rmal  
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Fig. 2. Photoluminescence scan of the epitaxial layer of InP grown 
with substrate cover and without In meltback. 

etch pits, ident ical  to those descr ibed by  Lum and  
Clawson (3), can be found only in a pa r t  of the  sub-  
s t ra te  not covered wi th  InP  dur ing the high t empera -  
ture  t rea tment .  The PL scan however ,  reveals  a n u m -  
ber  of da rk  areas, up to 150 ~m in diameter ,  wi thout  
corresponding morphologica l  features.  These defects, 
absent  in subs t ra te  wafers  not  subjected to an in ten-  
t ional  hea t - t r ea tmen t ,  are  s imi la r  to those shown in 
Fig. 2. In addition, the overa l l  PL  efficiency (band-  
edge emission) of the hea t - t r e a t ed  subs t ra te  decreases 
by  about  a factor  of 2. 

The effects of the rmal  dissociat ion on device per -  
formance were  inves t iga ted  on single diodes fabr ica ted  
f rom different  wafers.  Since in a DH wafe r  the buffer  
l aye r  is covered by  o ther  ep i tax ia l  layers ,  i t  cannot  be 
examined  by  a PL scan. The defects in the  buffer l aye r  
can, however,  be imaged by  a modified pho tocur ren t  
scan technique, schemat ica l ly  shown in Fig. 3. The 
photoluminescence genera ted  by  the scanning laser  
beam at  the surface of the InP subs t ra te  (top of the  
device)  is t r ansmi t t ed  th rough  the wafer  and  is de-  
tected by  the LED opera t ing  as a photodetector .  De-  
fects wi th in  the subs t ra te  and  the buffer  layer ,  i.e., in 
the region above the p - n  junction,  tha t  act as non-  
rad ia t ive  recombina t ion  centers, In  inclusions, etc., wi l l  
resul t  in regions of low photocurrent .  Unl ike  the  case 
of convent ional  pho tocur ren t  scan, direct  in jec t ion  of 
the scanning beam into the deple t ion  region is not  
required.  This pho tocur ren t  scan is s imi la r  in pr inc ip le  

Fig. I. Optical micrograph of an epi-layer grown with neither the 
source-piece protection nor the meltback. (a) As-grown surface, and 
(b) same area as in (a) except that the epi was Huber etched for 
45 sec to reveal dislocations. 

Fig. 3. Schematic diagram of a single chip photocurrent scan. 
Defects above the p-n junction can be imaged by this technique. 
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to the recently proposed technique of transmission 
cathodoluminescence (10). Similar, but  not identical, 
results can be also obtained with the electron beam 
excitation (11). 

Figure 4 shows the result of a photocurrent scan of 
an individual LED chosen for its low power output 
from a wafer grown with a cover piece and without In 
meltback. The bright key-shaped outline is defined by 
the top metallization. Inside its 200 ~m diam opening, 
in addition to a number of smaller defects, a large 
and not fully resolved dark feature can be seen. Their 
dimensions and density are very similar to the defects 
imaged by PL scan on epitaxial ly grown InP buffer 
layers and thermally treated substrates. Examination 
of the quaternary layer by the PL scan of the epi- 
side did not reveal any nonuniformities, suggesting 
that the observed defects are confined to the InP layers. 
A large density of defects can be invariably found in 
diodes with low electroluminescence output. Typically, 
the power output of these diodes is a factor of 2-5 
lower than the best devices obtained from the same 
wafer. 

If the substrate is not covered, a very deep In melt-  
back, up to 25 ~m, is required to remove thermal dam- 
age. In our experience, however, even with such a deep 
etch the density of In inclusions exceeds that  found in 
iso-epitaxial  layers grown with the substrate cover 
and a shallow meltback. Once a thermal etch pit 
which gives rise to an In inclusion is formed, as dis- 
cussed in Ref. (3), its removal by In etch is very diffi- 
cult. Furthermore,  since the In etch is crystallographic 
in nature, it  is equally difficult to retain the flat surface 
essential for the growth of uniform epitaxial  layers. 
Finally, the deep meltback frequently results in melt 
carryover and wipe-off problems. These difficulties of 
deep In etch become more severe for large area growth 
(--~ 1 cm~). 

The defects of the type described above can be 
eliminated by an in situ In meltback, 2-5 #m deep, 
of the covered InP substrate immediately before 
growth commences. The PL scan of InP buffer layer 
and laser-induced current scan of devices grown with 
this additional In etch do not show any large defects 
of the type shown in Fig. 2 and 4. In addition, great 
reduction in the dislocation density is achieved. Figure 
5(a) shows the surface of an epitaxial layer  grown on 
low dislocation density S: InP, using the two substrate 

protection measures. The surface morphology is some- 
what better than that shown in Fig. l (a). Figure 5 (b) 
shows the same area, indicated by black arrows, Huber 
etched for 45 sec. The evident microscopic perfection 
of this iso-epitaxial  layer is made possible by the 
combination of InP cover piece and shallow In melt-  
back. In the growth experiments in which only part  
of the protected substrate was subjected to a meltback, 
only that portion did not contain excess dislocations 
and dislocation loops. 

Implementation of these two growth procedures re-  
sulted in a large increase of device yields. In the device 
wafers grown with the substrate cover but without 
meltback, a very large variation of LED power output 
was observed, with only about 30% of the diodes 
clustered at the high power end of the distribution 
histogram. This percentage increased to 80-90% in 
devices obtained from wafers grown with the addition 
of the meltback procedure. 

Discussion 
The results presented here .can be rationalized if it  

is assumed that a shallow and discontinuous layer of 
degraded material  is formed at the surface of InP on 
heating. It has been observed that thermal t reatment  
at temperatures higher than 370~ readily degrades 
the stoichiometry of near-surface InP due to phos- 
phorous out-diffusion (12). When an epitaxial layer  is 
grown on such a surface without meltback, the forma- 
tion of a degraded layer is expected. The presence of 
such a thermally degraded layer near the substrate- 
epitaxial layer interface has been studied in n-GaAs, 
where the loss of As through thermal annealing has 
been accompanied by changes in the optical and elec- 
trical characteristics of the material. For  instance, a 
reduction in the electron concentration in Se- and Te- 
doped GaAs has been observed upon annealing (13). 
Furthermore, photoluminescence studies of thermally 
degraded layers show great reduction of near bandgap 
luminescence efficiency and spectral changes associated 
with formation of As vacancies (14). Since these 
layers were very shallow, from 0.1 to 0.8 ~m, their 
delineation by etching was not possible. The presence 
of a similar degraded layer on thermally treated InP 
is therefore plausible. 

Two possibilities exist regarding the origin of dis- 
locations observed in Fig. l ( b ) .  First, the condensa- 
tion of point defects inherited by an epi- layer  during 
growth may result in formation of dislocations and dis- 
locations loops. Second, thermal decomposition-induced 
defects in the substrate may aggregate to produce the 
observed shallow defects, which can then be replicated 
in the epi-layer.  The second mechanism is more l ikely 
since it is consistent with the PL scan results and 
growth experiments in which only a portion of the 
substrate was etched with In. 

Fig. 4. Photocurrent scan of an LED chip. Bright key-like shape 
is defined by the n-metallization, as discussed in the text. 

Fig. 5. Optical micrographs of an epi-layer which was protected 
by a source piece and the substrate melt-back. (a) As-grown sur- 
face, and (b) after Huber etching for 45 sec. 
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The use of subs t ra te  cover  and In me l tback  works  
best  when  employed  together .  The InP  cover  piece 
g rea t ly  reduces  the  t he rma l  decomposi t ion of the  sub-  
s t ra te ,  as shown by  the exce l len t  surface morphology,  
by  prov id ing  local  phosphorus  overpressure .  However ,  
in spi te  of good morphology,  the rmal  decomposi t ion is 
s t i l l  p resen t  as demons t ra t ed  b y  areas  of low lumines-  
cence in ep i t ax ia l  layers .  This res idual  shal low laye r  
of dissociated subs t ra te  ma te r i a l  is subsequent ly  r e -  
moved b y  a l ight  In  etch,  

Manuscr ip t  submi t t ed  Aug. 6, 1980; revised m a n u -  
scr ip t  rece ived  Nov. 26, 1980. 

A n y  discussion of this pape r  wil l  appea r  in  a Dis-  
cussion Sect ion to be publ ished in the December  1981 
JOURNAL. Al l  discussions for the  December  1981 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1981. 

Publication costs ol this article were assisted by Bell 
Laboratories. 
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Defect-Revealing Etches on GaAs: 
A Comparison of the AHA with the A/B 

and KOH Etches 
WUfried R. Wagner, L. I. Greene, and L. I. Koszi* 
BeLl Laboratories, Murray Hill, New J e r s e y  07974 

ABSTRACT 

AHA etch-revealed features on {i00} N + GaAs wafers were compared to 
defects revealed by the well-characterized A/B and molten KOH etches on the 
same sample areas. It was demonstrated that the AHA etch technique reveals 
dislocation line segments, growth striae, and microdefects as does the A/B 
etch. Unlike the A/B etch the AHA etch did not result in a "memory" effect. 
A i:I correlation between molten KOH-induced dislocation etch pits and 
AHA-revealed dislocation line segments was demonstrated. 

Today,  h igh ly  doped  Br idgeman-g rown  GaAs r ep re -  
sents  the most  commonly  ut i l ized subs t ra te  for 
GaA1As-GaAs LPE. In  this mate r ia l  only  l ine dis loca-  
tions can presen t ly  be character ized wi th  confidence 
us ing var ious  de fec t - revea l ing  etches. A defect  micro-  
s t ruc ture  is known to exis t  (1, 2) in this ma te r i a l  but  
has not  been charac ter ized  in any  detail .  Oscil lat ions 
in the  ra tes  of dopant  incorpora t ion  dur ing  growth  
ar is ing f rom const i tu t ional  supercool ing (3) a re  r e -  
vea led  as the e tched s t r iae  (4, 5) but  the defect  micro-  
s t ruc ture  often observed in combinat ion wi th  such 
s t r iae  (5) has not  been inves t iga ted  as well. Defect -  
revea l ing  etches are  useful  in de te rmin ing  subs t ra te  
quali ty,  eva lua t ing  the resul ts  of ep i tax ia l  growth,  and  
moni tor ing  processing steps. However ,  i t  is necessary  
to know and under s t and  the behavior  of each e tchant  
thoroughly.  Because of the  unique  character is t ics  of 
de fec t - revea l ing  etches they  can only be used wi th  
confidence if they  have been wel l  ca l ib ra ted  (5) and  
compared  wi th  other  etches. The  A / B  etch (6), now 
commonly  used in the GaAs industry ,  in i t i a l ly  y ie lded  
i r r ep roduc ib le  resul ts  unt i l  its "memory"  (7) charac -  

�9 Electrochemical Society Active Member. 
Key words: etching, "memory" effect, microdefects. 

ter is t ic  was understood.  This etch de te rmines  d e f e c t s /  
volume ra the r  than  de fec t s / a rea  as do most  o ther  
etches. 

One of us (LIG) repor ted  on a new defec t - revea l ing  
etch (8) effective on al l  or ientat ions  of conduct ing 
GaAs. A m m o n i u m - h y d r o x i d e  anodic (AHA) etching 
occurs by  anodic e lec t rochemical  dissolution in a solu-  
t ion consist ing of reagent  grade  ammonium hydrox ide  
added  to dis t i l led wa te r  in sufficient quant i t ies  to reach 
a pH level  be tween  10.6 and 13.4. Cur ren t  densit ies 
be tween  0.1 and 2 m A / c m  2 and etching t imes be tween  
1 and 5 min are  sufficient to de l inea te  defects. The 
A H A  etch is pa r t i cu l a r ly  sensi t ive to changes in the  
electronic proper t ies  of GaAs such as the  impur i ty  
a tmospheres  of dislocations and dopant  segregat ion in 
growth  striae.  The simplici ty,  safety,  and ease of use 
makes  this a des i rable  etching technique.  In  this paper  
we presen t  the  resul ts  of an e t ch - to -e t ch  ca l ibra t ion  
of the A H A  etch v i s -a -v i s  the  A / B  (5) and  mol ten  
KOH (9) etches. 

Procedures 
Ind iv idua l  defects were  mapped  by  etching a num-  

bered  gr id  on the back  of selected {100} subst ra tes  b y  
means  of a pho tomask  m a t r i x  grid. The  m a p  o n  t h e  
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back of the wafer and the etched wafer front were 
superimposed by uti l izing a Zeiss Universal  microscope 
equipped with a "Photochanger" coupled to an infra-  
red sensitive TV camera. The image on the TV monitor. 
shows the strong image of the t ransmit ted matr ix  
pa t te rn  on the bottom surface (Fig. 1) while the 
photographed image is due to the infrared filtered re- 
flected light from the etched top surface (Fig. 3a). 
Careful a l ignment  ensured that  identical wafer cross 
sections were viewed in both images. A specific wafer 
area could then be relocated easily by finding its grid 
position on the TV monitor. The use of Nomarski in ter -  
ference contrast  was found to be essential in resolving 
etch features. 

The etchants used were the AHA etch (8), the A/B 
etch (6), and the mol ten KOH (9) etch. All etched 
surfaces were of the {100} orientat ion from Si-doped 
ingots. AHA etching was done at room temperature  in 
an electrolyte consisting of DI water  and NH4OH, 
usual ly  at a pH of 11.5 and at 25 mA current  for 30 
sec. Following St i r land (2), A/B etching was done at 

Fig. i. The "IV monitor image of a section of a specimen corre- 
sponding to the photomicrograph of an AHA etched surface shown 
in Fig. 3a. 

Fig. 2. Photomicrographs of an AHA-A/B etching sequence: (a) 
the AHA-etched surface; (b) the repolished surface; (c) the A/B- 
etched surface. 

room temperature  for a few minutes only. A/B etching 
was stopped when the Nomarski interference contrast  
of the first-revealed dislocations was similar to that of 
the AHA etch-revealed dislocations. In  this manne r  
complications arising from the "memory effect" (7) are 
avoided. 

The molten KOH etch was utilized at 300~ for 
30 min. A fresh KOH solution was always used and the 
samples were dipped into the solution as soon as the 
temperature  set point  was reached, approximately 15 
min after the power was turned on. Experimental  
problems were common with this technique. Fre-  
quently, a solid crust would form over the solution; 
breaking this crust caused occasional samples to frac- 
ture. Defect-revealing etching did not take place on 
samples that were in contact with the precious metal  
crucible used to contain this corrosive etch. The exact 
composition of this etch is ill defined. KOH has a 
l i terature melt ing point  of 360~ yet the anhydrous, 
reagent-grade KOH we used was liquid already at 
250~ This chemical is extremely hygroscopic, there-  
fore we suspect that  this etch actually consists of a con- 
centrated aqueous solution where the water  is derived 
from atmospheric moisture, rDefect-revealing etching 
did not occur in a dry ni t rogen atmosphere. 

The different etches were successively used on the 
same samples. The ini t ial  surface preparat ion on each 
sample consisted of a Syton-Peroxide  (S-P) chemo- 
mechanical  polish which had been used satisfactorily 
for l iquid phase epitaxy applications. The subsequent  
polishing between each etch application was the same 
but  did not result  in as fine a surface because polishing 
was stopped as soon as the e tchant - induced morphol-  
ogy was no longer visible. 

The occurrence of a "memory" effect resul t ing from 
prolonged etching with the AHA etch was investigated 
by repeated sequential  etching on the same area. In i -  
t ial ly an array of dislocations was located on an AHA- 
etched surface by the technique described above. Then, 
to demonstrate the action of the A/B "memory" effect, 
the sample was A/B-e tched  wi thout  repolishing and 
the resul tant  morphology recorded after 5, 10, and 20 
min  of cumulat ive etching time. Next, again without  
repolishing the sample, the wafer was AHA-etched and 
the resul tant  morphology was recorded on the same 
area after 1, 3, 6, and 12 rain of cumulat ive etching 
time. 

Results 

Calibrating the AHA etch against the AB etch.-- 
Figures 2-4 demonstrate the correlation between the 
AHA and A/B etchant-revealed defects on three types 
of etch features, namely  dislocations, "growth" striae, 
and microdefects. In  Fig. 2a seven similar  line features 
resulted from AHA etching (Fig. 2c). In  Fig. 2c all 
seven defects mapped in Fig. 2a could be identified 
again. Both e tchant- induced defect morphologies are 
similar. In  Fig. 3 the etch features of interest  consist 
of the "growth" striae. Using the defect contrast  cali- 
brated in Fig. 2 as location markers,  in Fig. 3a the AHA 
etch reveals a stria superimposed on the sets of l ine 
defects at locations 1 and 2. Neither etch induced stria 
at location 3. 

The AHA etchant-revealed defects visible in Fig. 4a 
are especially complex. In Fig. 4a the AHA-revealed 
line defects and striae are par t ia l ly  obscured by the 
dense background of a "micro defect" structure. With 
this sample, as defect registration was not considered 
essential, near ly  2 mils of sample thickness were pol- 
ished off to achieve a specular surface before the A/B 
etch was applied. The results of the A/B etch are 
shown in Fig. 4b. A similar microdefect morphology of 
equivalent  density is again found to exist in the same 
area. 

Calibrating the AHA etch against the molten KOH 
etch.--An elegant correlation of the two etches is pre-  
sented in Fig. 5. A {100} surface that had been etched 
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Fig. 3. Photomicrographs of an AHA-A/B etching sequence: (a) 
the AHA-etched surface; (b) the repolished surface; (c) the A/B- 
etched surface. 

with mol ten  KOH was cleaved, exposing a { l l0)  c leav-  
age plane. Then the cleavage plane was etched with  
the AHA etch. To every  KOH-genera ted  etch pit  which 
was (substantial ly)  intersected by the cleavage plane, 
an AHA-revea l ed  line feature  was traced. No other  
AHA- induced  feature  could be correla ted with  the 
KOH etch. The KOH etch did not  reveal  striae or 
microdefects.  

Testing for the "memory" e:~ect.--The effects of a 
series of etch sequences on the same six dislocations 
are shown in Fig. 6. In Fig. 6a six dislocations that  were  
ini t ia l ly  identified with  the A H A  etch and subsequent ly  
etched for 5 min with  the A / B  etch are shown. In Fig. 
6b and c the etch morphology af ter  10 and 20 min of 
cumulat ive  room tempera tu re  A / B  etching is shown. 
The typical  A / B  dislocation traces can be seen to ex-  
tend as a function of total etching t ime f rom the A H A -  
induced pits. Upon changing back to the A H A  etch in 
Fig. 6d, e, and f, a pit  can be seen to appear  at the end 
of each A /B- induced  dislocation trace. As a function of 
time, these pits do not elongate as was seen to occur 
wi th  the A / B  etch traces, but  s imply become more  
pronounced. 

Fig. 5. A photo mosaic of a molten KOH-etched specimen with an 
AHA-etched cleavage face. 

Discussion 
It  is well  known that  the A / B - i n d u c e d  morphology 

shown in Fig. 2c is the resul t  of dislocations that  existed 
in the mater ia l  that  was removed  by the etch (1, 2, 
5, 7). AHA-induced  line features, as shown in Fig. 2a, 
were  previously correla ted wi th  exist ing dislocations 
wi th  an x - r a y  topograph (8). Molten KOH-induced  
etch pits, as are i l lustrated in Fig. 5, have been shown 
to result  f rom the intersect ion of a dislocation with  a 
free surface (10). We have demonst ra ted  here  that  
the use of the AHA etch results in a characterist ic 
morphology at the same locations at which the other  
etches revealed the existence of dislocation l ine seg- 
ments. The AHA- induced  etch pits that  begin to be 
visible in Fig. 6d prove that  the A H A  etch reveals  dis- 
locations intersect ing the surface at the actual  point of 
emergence.  Dislocations near  the surface are also re-  
vealed by the A H A  etch. Pits Y and Z in Fig. 5 both 
have the A H A -revea l ed  dislocations leading to the 
apex of the pit, but  this dislocation "contrast"  is differ- 
ent  f rom that  associated with  pits T-X. The weaker  re-  
l ief suggests dislocation line segments underneath.  The 
electrolytic etches are par t icular ly  sensitive to the im-  
pur i ty  a tmosphere  surrounding dislocations (11). Be-  
cause of this, a faint  defect trace can be resolved for  a 
"submerged"  dislocation. 

It  was demonstrated in Fig. 3 that  both the A H A  and 
the A / B  etch will  reveal  the same striae, but  the re l ief  
is not the same, a l though our sett ing of the Nomarski  
contrast  made it appear  so. Given the nature  of the two 

Fig. 4. Photomicrograph of an A HA-A/B etching sequence: (a, left) the AHA-etched surface; (b, right) the A/B etched surface 
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Fig. 6. Photomicrographs of an AHA-A/B-AHA etching sequence: 
(a) after 1 min AHA and 5 min A/B etching; (b) after 5 more 
minutes A/B etching; (c) after 10 more minutes A/B etching; (d) 
after 1 more minute AHA etching; (e) after 3 more minutes AHA 
etching. 

etches, i.e., tha t  the A / B  etch p re fe ren t i a l ly  removes  
perfect  ma te r i a l  (7) whi le  the A H A  etch is thought  to 
be p r imar i l y  sensi t ive to the electronic na tu re  of the 
ma te r i a l  (11), the s t r iae  re l ief  of both etches is op-  
posite, i.e., A H A - i n d u c e d  r idges were  cor re la ted  to 
A / B - i n d u c e d  troughs.  

Our  da ta  confirms that  the  KOH etch is only  effective 
in reveal ing  dislocations intersecUng the free surface. 
This suggests tha t  the KOH etch is p r inc ipa l ly  sen-  
si t ive to strain,  while  the A / B  etch is also sensi t ive to 
chemical  effects such as the  impur i t y  ~tmosphere  nea r  
dislocations and i m p u r i t y  segregat ion or var ia t ions  in 
s to ichiometry  at  striae.  S imi lar ly ,  the A H A  etch ap-  
pears  to be p r inc ipa l ly  sensi t ive to var ia t ions  in the 
electronic s t ruc ture  of the mater ia l .  Fo r  this reason, 
dislocations and s t r iae  are  revea led  by  the A / B  etch in 
semi- insu la t ing  GaAs whi le  this ma te r i a l  is not  nor -  
ma l ly  etched at  a l l  by  the A H A  etch, but  in N + GaAs 
s t r iae  a re  revea led  much s t ronger  wi th  the A H A  etch 
than wi th  the  A / B  etch. 

The na ture  of the defect  micros t ruc ture  revea led  b y  
the AHA etch in Fig. 4a and by  the A / B  etch in Fig. 4b 
is not  understood.  I t  may  be composed of smal l  dis-  
location loops or  s tacking faults .  We do not  bel ieve  
tha t  these microdefects  correspond to the "S" pi ts  de-  
scr ibed by  S t i r l and  and Augustus  (1) because ne i ther  
the observed defect  morpho logy  nor the wafer  doping 
level  correspond to thei r  findings. The large rec tan-  
gu la r  pits visible in Fig. 4a occur as a resul t  of local  
accelera ted  etching possibly  at  microdefect  sites and 
are found af ter  p ro longed  etching. These are  also not  
well  understood,  p re sumab ly  they are  in i t ia ted  by  lo-  
calized conduct iv i ty  fluctuations. Pro longed etching 
was necessary in "this pa r t i cu l a r  sample  to achieve 
resolut ion of both the dislocations and s t r iae  in add i -  
t ion to the microdefects.  

The growth  of the A / B  e tch- induced  dislocation 
traces as a function of t ime in Fig. 6a-c is a clear  i l lus -  

t ra t ion  of the A / B  "memory"  effect. I t  is not  unex -  
pected to observe such r e l a t ive ly  long dislocation 
traces because the A / B  etch removes  app rox ima te ly  
2.5 ~m/min  at  room tempera ture .  Eventual ly ,  these 
traces form a dense ne twork  of l ines across the ent i re  
sample.  With  the A H A  etch such a "memory"  effect 
does not  take  place. As A H A  etching is cont inued 
(Fig. 6e and f) the A H A  etch features  have become 
more  pronounced but  new etch fea tures  do not  occur. 
The A H A - i n d u c e d  dislocation etch morpho logy  vis ible  
in Fig. 6f is essent ia l ly  ident ica l  to the  or iginal  A H A -  
induced morphology  st i l l  vis ible  in Fig. 6a. (For  
brevi ty ,  a figure depict ing the original ,  AHA-e tched  
surface was omit ted.)  Af te r  12 rain of A H A  etching, 
areas  ad jacen t  to the  six dislocat ions shown had a l -  
r eady  degraded  into the la rge  r ec t angu la r  pits  dis-  
cussed above, indica t ing  that  the specimen was com- 
p le te ly  etched. Nevertheless ,  p ro longed  A H A  etching 
did not  resul t  in new dislocation traces and therefore  
a mis leading  defect  de terminat ion .  

The effect of the A H A  etch on p - t y p e  (Zn-doped  
2 • 101S/cm 8) GaAs is somewhat  different.  The ob-  
served defect  morpho logy  was ident ica l  to n - t y p e  ma-  
terial ;  dislocations, microdefects,  and s t r iae  were  re -  
vealed precise ly  the same, bu t  acce lera ted  etching 
effects were  never  observed on this type  of mater ia l .  
Etching could be cont inued appa ren t ly  indefini tely,  
therefore  new dislocation traces would even tua l ly  ap -  
pear.  This is, of course, a "memory"  effect. In pract ice,  
only  a prolonged etching, cont inued long af ter  d is-  
location traces were  r ead i ly  resolved,  would  resu l t  in 
an erroneous defect  de terminat ion .  

Conclus ion  

The AHA technique reveals  defects on GaAs such as 
dislocations, g rowth  str iae,  and microdefects.  The r e -  
su l tan t  defect  morpho logy  is s imi lar  to tha t  of the A / B  
etch but  the etch is r ead i ly  effective on conduct ing 
GaAs only. Al l  defects revea led  by  the mol ten  KOH or 
A / B  etches are  also revea led  by  the A H A  etch. There  
is no "memory"  effect associated wi th  the AHA etch 
but  prolonged etching m a y  resul t  in la rge  pits  a t  the 
sites of defects. 
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by Electrochemical Etching under Illumination 
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ABSTRACT 

An  exper imenta l  s tudy has been made of the detection of s t r u c t u r a l  d e -  
f e c t s  in  n - type  InP  crystals by electrochemical etching unde r  i l luminat ion.  Un-  
der i l luminat ion,  presence of s t ructural  defects such as mechanical  damage or 
g rown- in  defects on the crystal surface led to a decrease of dissolution rate of 
the surface. This enabled s t ructural  defects to be revealed as etch hillocks. 
Surface damage introduced dur ing  handl ing processes of the crystal was  de- 
tected with high sensitivity. By observing etch hillocks, detailed informat ion  
was obtained regarding fine s tructure and dis tr ibut ion of dislocations or 
dislocation clusters in  nomina l ly  undoped crystals. It  was found that  novel 
defects, which were not  involved in nomina l ly  undoped crystals (n = 1-5 X 
10 TM cm-3) ,  were involved in highly sulfur-doped crystals (n = 4 • 1018 
cm-a)  with low dislocation densities (EPD ~ 10 a cm-2) .  

The interest  in InP  has increased recent ly  since InP  
crystals have been used as substrates for I nGaA sP - I nP  
lasers emit t ing  in the 1.0-1.6 ~ wavelength  region. It  
is well  known that  a poor qual i ty substrate is a major  
source of imperfections in epilayers. Therefore, to en-  
hance the rel iabi l i ty  of InP-based  devices, it  is essen- 
tial to lower  defect content  in  InP  crystals. S imul -  
taneously, it  is desirable to evaluate InP  crystals a c -  
c u r a t e l y  by simple and convenient  methods. 

Chemical etching techniques have been widely used 
to detect s t ructural  defects in I I I -V compound crystals. 
For GaAs crystals, it has been found that  the chemical 
etching using the AB etchant  (1) or the photoetching 
using the modified AB etchant  (2) produce etch hi l -  
locks at defects. Such etch hillocks give us more use- 
ful informat ion with regard to the fine s t ructure  of de- 
fects than the "orthodox" etch pits (3). We have found 
previously (4) that, in the electrochemical etching of 
n - type  GaAs under  i l luminat ion,  etch hillocks can be 
produced by  employing suitable cur ren t  densi ty a n d  
incident  l ight intensity.  The detection of s t ruc tura l  
defects in n - type  GaAs by electrochemical etching h a s  
been studied by Factor and Stevenson (5). 

For  InP  crystals, on the other hand, chemical etch-  
ants that  produce etch hillocks have not been reported. 
Also, few studies have been made of anodic dissolution 
or electrochemical etching of InP. 

In  this work, we studied anodic dissolution of n - type  
InP  under  i l luminat ion  and, on the basis of that, de- 
tected s t ruc tura l  defects in  n - type  InP  crystals by 
electrochemical etching under  i l luminat ion.  As a re-  
sult, it was proved that electrochemical etching under  
i l luminat ion  was able to reveal  handl ing  damage or 
g rown- in  defects as etch hillocks with high sensi t ivi ty 
and high resolution. I t  was also found that  novel de- 
fects, which were hardly  detected by the conventional  
chemical etching technique, were involved in  highly 
sulfur-doped InP  crystals. 

Experimental 
The apparatus  used for the study of anodic dis- 

solution and electrochemical etching of n - type  I n P  
under  i l luminat ion  is schematically i l lustrated in Fig. 
1. The anodic current  was pulsed at a f requency of 30 
Hz and with a 10% duty cycle. Measurements  of p o t e n -  
t ia l  were made of InP electrodes against  a saturated 
calomel electrode (SCE). The InP  sample was i l lumi-  
nated with an incandescent  lamp of 60W, and the l ight 

Key words: InP, structural defect, anodic dissolution, electro- 
chemical etching. 

was introduced to the sample surface by  using a low- 
loss quartz rod. For the electrolyte, a solution of 1 
mole/ l i ter  NaOH (6) was employed. The electrolyte 
was kept at 25~ and dry N2 gas was slowly bubbled  
during experiments.  

Most of samples used were InP  single crystals w i t h  
~100~  or ~ l l l ~ P  orientat ion grown by the l iquid e n -  
c a p s u l a t i o n  Czochralski (LEC) method. The nomina l ly  
undoped crystals with carr ier  concentrat ion of 1-5 • 
1016 cm-3  were grown in our  laboratory.  The su l fur -  
doped crystals with carrier concentrat ion of 4 • 1018 
cm-~ were purchased from Var ian  Associates (USA). 
For the study of carr ier  concentrat ion dependence of 
dissolution rate, heavily sul fur-doped crystals (n -- 2 
• 1019 cm -3) grown by the synthesis solute-diffusion 
(SSD) method (7) were also used. The I nP  wafers 
of 0.5 m m  thickness were cut f rom the single c r y s t a l  
rods. They were mechanical ly  lapped with SiC s lur ry  

Pulse gen. Oscilloscope 
lUumination~ 

Quort-, lllll T T  
N 2 " 

Thermostat 25"C 

_J 

I ~ SCE 

Fig. 1. Apparatus used for the study of anodic dissolution and 
electrochemical etching of n-type InP under illumination. 
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(No. 4000) and then mechanical ly polished with f ine 
abrasive a lumina  (0.3 ~m particle size). After  being 
degreased and rinsed with deionized water, they were 
chemically polished in a 2% Br-methanol  solution. 

The sample was fixed by the sample holder shown 
in  Fig. 2. The InP  wafer was cemented with an ad-  
hesive wax to the Teflon electrode holder and coated 
with Apiezon wax. The exposed area of the InP  sur-  
face was 5-10 X 10 -2 cme. Ohmic contact to the wafer 
was made by rubb ing  Ga- In  eutectic on the rear  sur-  
face of the wafer. 

To calibrate etch hillocks produced by the electro- 
chemical etching, the sample surface was also chemi- 
cally etched with a solution of 2 H3PO4 + 1 HBr 
(Huber  etch) (8), which has been cur ren t ly  used to 
reveal dislocations in InP crystals. Etched patterns  
were examined by the Nomarski technique. Profiles of  
etched surface were determined by  Dektak (an in -  
s t rument  for mechanical  measurement  of roughness 
and waviness, manufac tured  by Sloan Ins t ruments  
Corporation).  

Resul ts  a n d  Discuss ion  

I.V Characteristics of n-Type InP Electrodes 
Current  densi ty-dissolut ion potential  (I-V) charac- 

teristics of n - type  InP  electrodes were studied to un -  
derstand the anodic behavior  and, furthermore,  to find 
conditions for preferential  etching for the detection of 
s t ructural  defects. Dissolution potentials of InP  elec- 
trodes under  the dark and i l luminat ion  conditions were 
measured as a function of current  density. By employ- 
ing a pulsed current  of 10% duty ratio, the potential  
became completely stable and was measured with high 
reproducibil i ty.  

Figure 3 shows the I-V curves for a chemically pol- 
ished InP  sample and a mechanical ly  polished one. 
The samples are nomina l ly  undoped (100) InP  crystals 
with carrier concentrat ion of 1 X 1016 cm -8. In  the 
dark, the surface damaged mechanical ly exhibits less 
noble dissolution potential  than the undamaged one. 
This fact indicates that  the presence of defects leads 
to an increase in reactivity of the InP  surface. This in -  
crease is due to the hole generation at defects intro-  
duced by mechanical  polishing. From this fact, it is ob- 
vious that etch pits are produced at defect sites on the 
surface when the electrochemical etching is carried out 
in the dark. By i l luminat ing  the surface, dissolution 
potential  of the undamaged surface is drastically 
shifted to a more active value, whereas that  of the 
damaged one is sl ightly changed. Under  i l luminat ion,  
consequently, the undamaged surface is more reactive 
than the damaged one. Such smaller  dissolution rates 
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Fig. 3. Dissolution potential-current density curves for < 1 0 0 > -  
oriented InP electrodes polished chemically or polished mechani- 
cally with abrasive alumina (0.3/~mr 

of the damaged surface under  i l lumina t ion  is due to 
lower hole concentrat ion at the surface, because de- 
fects introduced by mechanical  polishing act as recom- 
binat ion centers of holes generated by incident  light. 
This fact suggests that etch hillocks can be produced 
at defect sites by the electrochemical etching under  
i l lumination.  

Figure 4 shows the I -V curves for <100>-or ien ted  
InP  samples with different carrier concentrations. All  
samples were chemically polished in a Br -methanol  
solution before measurements.  In the dark, the sample 
with higher carrier concentrat ion shows less noble 
dissolution potential, i.e., higher dissolution rate. This 
result  is similar to those for other semiconductors 
(4, 9, 10) and cannot be explained by taking into ac-  
count  only the hole concentrat ion in  the bulk  of the 
sample. Under  i l luminat ion,  the sample with higher 
carrier concentrat ion shows lower dissolution rates 
because of its smaller  increase in dissolution rate by 
i l luminat ion.  Such a smaller  increase in  dissolution rate 
by i l lumination,  as well as the higher dissolution rate in 
the dark, for the sample with higher carrier concentra-  
tion may be explained by the decrease of contr ibut ion 
rate of hole to the anodic dissolution process (9). The 
sample with carrier concentrat ion of 2 X 1019 cm-8  is 
electrochemically polished even in  the dark, and the 
I-V curve for this sample is scarcely influenced by  the 
introduct ion of mechanical  damage. These facts show 
that the detection of defects by electrochemical etch- 
ing is impossible for such heavily doped samples. From 
the facts ment ioned above, it also seems that n - t y p e  
InP  with carrier  concentrat ions of about  10 TM cm -8 
needs no holes in the dissolution reaction (10). 

Fig. 2. Cross section of sample holder 
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I t  can be seen f rom the car r ie r  concentra t ion  depen-  
dence of the  dissolut ion ra te  shown in Fig. 4 tha t  
g rowth  s t r ia t ions in  the crys ta l  a re  de tec ted  as a 
rugged  fea ture  on the etched surface,  because they  are  
due to local  f luctuations of ca r r i e r  concentra t ion  in the 
crystal .  

Detection of Handling Damage and Grown-In Defects 
Handling damage.--Surface damage  in t roduced  dur -  

ing p repa ra t ion  or  handl ing  processes of the  samples  
must  be comple te ly  removed  in o rde r  to eva lua te  
g rown- in  defects accurate ly .  I t  is wel l  known  tha t  
damage  is in t roduced  by  cutt ing,  lapping,  or  mechan-  
ical  pol ishing of the  crys ta l  (p repa ra t ion  damage) .  
Such damage  can be removed  by  the chemical  pol ish-  
ing as a final p r epa ra t ion  process. Damage  is also in t ro -  
duced in the handl ing  process of the sample  a f te r  the 
chemical  pol ishing (handl ing  damage) .  The handl ing  
damage  is not  so heavy  as the p repa ra t ion  damage  and, 
therefore,  is cons iderab ly  difficult to detect.  In  this 
work, the detect ion of handl ing  damage  by  e lec t ro-  
chemical  e tching under  i l lumina t ion  was invest igated.  

F igures  5 and 6 show the handl ing  damage  revea led  
by e lec t rochemical  e tching under  i l luminat ion.  The 
samples  are  nomina l ly  undoped  crysta ls  (n ---- 1 X 10 i6 
cm-~)  wi th  ~100>  or ientat ion.  L inea r  and  do t - l ike  
fea tures  a re  produced  when  the surface was rubbed  
wi th  a fi l ter pape r  [Fig. 5 ( a ) ] .  These fea tures  consist  
of e levated  s t ructures  (etch hillocks~) as seen f rom Fig. 
5 (b) .  Band- l ike  hi l locks are  produced  when the sur -  
face was held  wi th  a Teflon tweezer,  as shown in Fig. 
6 (a )  and 6 (b ) .  Before the e lec t rochemical  etching, no 
fea tures  such as scratches  are  observed on the surface. 
As can be seen f rom the resul ts  in Fig. 5 and 6, how-  
ever,  the e lec t rochemical  dissolution ra te  a t  the d a m -  
aged por t ions  on the surface is r e m a r k a b l y  decreased.  
These resul ts  suggest  tha t  the recombina t ion  veloci ty  
of holes at  the damaged  por t ions  is ex t r eme ly  in-  

creased in spi te  of no changes in the surface  morpho l -  
ogy. On the other  hand, no fea tures  a re  p roduced  by  
the chemical  e tching wi th  the Hube r  etch or  a B r -  
methanol  solution. Therefore,  i t  is concluded tha t  the  
detect ion sensi t iv i ty  of e lec t rochemical  e tching to d e -  
f ec t s  is h igher  than  tha t  of chemical  etching. 

Detect ion of the  handl ing  damage  for the samples  of 
4 X l0 TM cm-~  is successful ly pe r fo rmed  as in the  case  
of the samples  of 1 X 1016 cm -3. For  the samples  of 
2 • 10 TM cm -3, on the  o ther  hand,  the  detec t ion  is un -  
successful, tha t  is, no etch hil locks are  formed and the 
samples  are e lec t rochemica l ly  polished.  Th is  resul t  
agrees wi th  tha t  expected  f rom the I-V curves. 

As descr ibed above, i t  is confirmed tha t  e tch hil locks 
can be produced  at  damaged  por t ions  on the n - t y p e  
InP surface by  the e lec t rochemical  etching unde r  
i l luminat ion,  and is also found tha t  l ight  damage  such 
as handl ing  damage  can be detected wi th  high sensi-  
t iv i ty  by  this technique.  

Grown-in de]ects.--Detection of g rown- in  d e f e c t s  
was car r ied  out  for the samples  p r epa red  carefu l ly  to 
el iminate  any surface damage.  The samples  inves t i -  
ga ted  are  nomina l ly  undoped  (n = 1-5 X 10 i6 c m - 3 )  
and su l fu r -doped  (n = 4 X 10 Is cm-~)  crys ta ls  g rown 
by the LEC method.  

Dejects in nominally undoped crystab.--A typ ica l  
e lec t rochemical ly  e tched pa t t e rn  produced  on the (100) 
surface is shown in Fig. 7 (a) .  Do t - l ike  fea tures  a re  ob-  
served and they  consist  of e leva ted  s t ruc tures  (etch 
hil locks) as shown in Fig. 7(b) .  The surface shown 
in Fig. 7(a)  was then chemica l ly  e tched wi th  the 
Huber  etch to revea l  etch pi t  pat terns .  The resu l t  
and the correspondence be tween  the etch hil locks and 
the etch pits a re  shown in Fig. 7(c) and 7(d) ,  respec-  
t ively. Good correspondence be tween  both  is evident .  
Therefore,  i t  is concluded tha t  the etch hi l locks are  
due to dislocations because the Huber  etch produces  
dislocation pits. The correspondence,  however ,  is not  
comple te ly  perfect .  A few pits  which  do not  cor respond 

Fig. 5. Surface damage introduced by rubbing with a filter paper: 
(a) electrochemically etched pattern; (b) profile of the etched 
surface. 

Fig. 6. Surface damage introduced by holding with a Teflon 
tweezer: (a) electrochemicaJly etched pattern; (b) profile of the 
etched surface. 

Fig. 7. Detection of dislocations on the (100) surface of nominally 
undoped crystal: (a) electrochemically etched pattern; (b) profile 
of the etched surface; (c) etch pit pattern revealed with the Huber 
etch; (d) correspondence between etch hillocks (a) and etch pits 
(c). 



1098 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  May 198I 

to the  etch hillocks, such as the pi t  denoted  b y  "A" 
in Fig. 7(c) ,  are observed. The numbers  of such pi t  
were found to increase wi th  increas ing the t ime of the  
chemical  etching. This fact  indicates tha t  these pits  are  
due to dislocations laid at deeper  port ions beneath  the 
or iginal  surface. Severa l  r ec t angu la r  pits a re  observed 
in Fig. 7(c) and each pi t  corresponds to two hi l locks 
ly ing ve ry  close to each o ther  as seen in Fig. 7 (d) .  One 
of the r ec t angu la r  pits, denoted  by  "B" in  Fig.  7 (c) ,  
has no apex  and resembles  a saucer -p i t  r a the r  than  a 
dis locat ion-pi t .  These facts suggest  tha t  the defects 
responsible  for  the r ec t angu la r  pits  are  not  l ine defects 
( l inear  dislocations)  but  isolated defects such as dis-  
locat ion loops. 

F igure  8 shows the e lec t rochemica l ly  e tched pa t t e rn  
produced on the (111)P surface. L inear  hillocks, which  
are  not  found on the (100) surface, are  observed on the 
( l l l ) P  surface  in addi t ion  to do t - l ike  hillocks. This is 
in contras t  wi th  the resul ts  for GaAs (2, 3) in which  
do t - l ike  hil locks main ly  exis t  on the ( l l l ) A s  surface 
and l inear  hi l locks on the (100) surface. The l inear  
hi l locks on the ( l l l ) P  surface show the exis tence of 
dislocations compara t ive ly  pa ra l l e l  to (111) p lanes  in 
InP crystals.  The s t ra igh t  l ine denoted  by  "S" in Fig. 8 
is a g rowth  str iat ion.  I t  should be noted tha t  the rev-  
elat ion of growth  s t r ia t ions  in the crysta ls  of such low 
doping levels (,~1016 cm-~)  shows the high detect ion 
sens i t iv i ty  of e lec t rochemical  e tching to inhomogenei ty  
in the crystal .  

In  some of the crystals  invest igated,  defects con- 
sisted of c lus tered  etch pits, i.e., clus tered  dislocations 
were  observed  when the surfaces were  etched wi th  the 
Huber  etch. A typ ica l  resu l t  is shown in Fig. 9 (a ) .  
F igure  9(b)  shows such defects r evea led  b y  e lec t ro-  
chemical  e tching under  i l luminat ion.  Al though these 
defects a re  observed as mere  clusters of pits  in Fig. 
9 (a ) ,  i t  can be seen f rom Fig. 9 (b)  tha t  they  consist of 
the fol lowing three  regions:  a ba l l - shaped  nucleus, a 
region of inseparab ly  concentra ted  dislocations a round  
the nucleus, and an outermost  region in which disloca-  
tions are  scat tered.  The nucleus is not  a lways  found in 
al l  cases. Defect  II  in Fig. 9 (b) is an example  in which 
the nucleus is not  found. The region of in sepa rab ly  
concent ra ted  dislocations is s t a r - l i ke  and is ex tended  
to [110] directions.  Seki  et al.1 have observed  this type  
of defect  in etch pi t  pa t te rns  and found from Auger  
analysis  of the etched surface that  the composit ion of  
the crys ta l  is In - r i ch  at  the por t ions  involving these 

M. Seki, Y. Kawamura, and H. Okamoto, Preprint of the 
40th Autumn Meeting of the Japan Society of Applied Physics, 
Sapporo, September, 1979, No. 30aG8 (in Japanese). 

Fig. 9. Clusters of dislocations observed in nominally undoped 
crystal: (a) chemically etched pattern; (h) electrochemically etched 
pattern. 

Fig. 8. Electrochemically etched pattern produced on the (111)P 
surface of nominally undoped crystal. 

defects. On the o ther  hand, s imi lar  defects to those  
revea led  here  have been observed  in GaP crystals  
pul led  f rom Ga- r i ch  melts  and  they  have  been  a t t r i b -  
uted to the defects caused by  Ga inclusions (11). F r o m  
these results,  i t  is reasonable  to i n t e rp re t  tha t  the de -  
fects shown in Fig. 9 a re  caused by  In  inclusions and 
the ba l l - shaped  nucleus is an In inclusion. The nucleus 
in the defect  II  in  Fig. 9 (b) is thought  to e i ther  have 
been a l r eady  removed  dur ing  the p repa ra t ion  process  
of the  sample  or have been bur ied  be low the surface. 

As descr ibed above, m a j o r  defects detected in nomi-  
na l ly  undoped  InP crysta ls  a re  dislocations and dis-  
locat ion clusters inc luding In inclusions. The observa-  
tions of etch hil locks produced  by  the e lec t rochemical  
e tching under  i l lumina t ion  give more  de ta i led  infor -  
mat ion  on the s t ruc tu re  and d i s t r ibu t ion  of these de -  
fects than  those of etch pits. 

Defects in S-doped crystals.--The samples  inves t iga ted  
were cut  f rom S-doped  wafers  having average  etch p i t  
dens i ty  (EPD) of < 103 cm -2. The d is t r ibu t ion  of EPD 
in the wafer  was not  uniform, tha t  is, EPD depended  
la rge ly  on the por t ion of the wafer .  The samples  hav -  
ing EPD from zero to more  than  104 cm -2 were  p r e -  
pared.  Sorts  or densit ies of defects  n e w l y  de tec ted  in  
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the samples  were  found to be different  depending  on 
EPD in the  sample.  

The resul ts  obta ined  for the  samples  hav ing  high 
EPD ( > 10 z cm -2)  a re  described.  F igure  10 (a) shows 
a typical  pa t t e rn  produced  e lec t rochemica l ly  on the 
(100) surface. Etch pits observed on the surface  were  
formed by  using the Huber  e tch before  the e lec t ro-  
chemical  etching. In  this sample,  no o ther  d e f e c t s  
are  observed  except  for  dislocat ions and  g rowth  
str iat ions.  F igure  10 (b) shows the surface profile of the  
p i t - f r ee  region in Fig. 10(a) t raced  pe rpend icu l a r l y  
to the striae.  Growth  s t r ia t ions  are  due to local f luctu-  
at ions of doping levels in the  crystal .  F rom the I -V  
curves in Fig. 4, i t  can be seen tha t  the dents  and  
bulges in Fig. 10(b) cor respond to the regions of 
lower  doping levels  and  of h igher  doping levels,  r e -  
spect ively.  

The resul ts  ob ta ined  for  the samples  hav ing  EPD of  
nea r ly  zero are  descr ibed and discussed. F igure  11(a) 
shows the e lec t rochemica l ly  etched pa t t e rn  p roduced  
on the (100) surface of the d is loca t ion-f ree  sample.  In  
cont ras t  to the resul t  for the h igher  EPD sample  [Fig. 
10(a) ] ,  e l l ipse -shaped  or  dash - l ike  fea tures  are  o b -  
s e r v e d  in this figure. The dens i ty  of these fea tures  w a s  
found to d ras t i ca l ly  decrease wi th  increas ing EPD in the  
sample.  The dens i ty  on the surface shown in Fig. 11 (a) 
is about  105 cm -2. These fea tures  a re  d i s t r ibu ted  
para l l e l  to ~ 1 1 0 ~  direction,  as seen f rom Fig. l l ( b ) .  
When  the ~urface shown in Fig. l l ( a )  is e tched wi th  
the Huber  etch (e tched depth  ~ 2 ~m), these fea tures  
d i sappear  leaving  the vest iges "A"'-"D"' only  for  the  
r e l a t ive ly  large  fea tures  "A"-"D"  as shown in Fig. 
11(c).  Maha jan  e ta l .  (12) have observed s imi lar  fea -  
tures to the  e l l ipse -shaped  ones in the  t ransmiss ion 
ca thodoluminescence  (TCL) images for  h igh ly  zinc- 
doped (100) crystals  and have in te rp re ted  them as 
impur i t y  clusters. In  the TCL images, however,  the  
fine s t ruc ture  of the e l l ipse -shaped  features  and the 
presence of the dash- l ike  fea tures  have not  been r e -  

Fig. 11. (100) surface of S-doped crystal (n : 4 X 10 TM cm-8),  
dislocation-free, after electrochemical etching: (a) electrochemi- 
cally etched pattern; (b) magnification of (a); (c) variation of the 
etched pattern (a) by chemical et~ing with the Huber etch 
(etched depth is about 2 #m). 

Fig. 10. (100) surface of S-doped crystal (n : 4 X 10 is cm -~) 
having dislocation density of about 104 cm - 2  after electrochemical 
etching: (a) electrochemically etched pattern; (b) surface profile 
of the pit-free region. The etch pits observed in (a) were produced 
with the Huber etch before electrochemical etching. 

vealed. This m a y  be due to the r e l a t ive ly  low r e s o l u -  
t ion of the TCL -image. 

F igure  12(a) shows the e lec t rochemica l ly  e t c h e d  
pa t t e rn  produced  on the ( l l l ) P  surface of dis loca-  
t ion- f ree  sample. Do t - l i ke  fea tures  of dens i ty  about  
104 cm -e  a re  observed.  F igure  12 (b) is a magnif icat ion 
of Fig. 12(a) .  In this figure, r e l a t ive ly  large  features  
denoted by  "A" and "B" and a smal l  one denoted  by  
"C" are  observed.  When  the surface in Fig. 12(b) is 
e tched wi th  the Huber  etch (e tched depth  ~ 2 ~m),  
saucer-p i t s  "A"'  and "B'" are  produced  at  the fea tures  
"A" and "B," respect ively,  and, on the other  hand, the  
fea ture  "C" d isappears  leaving  a fa int  vest ige "C'," as 
shown in Fig. 12 (c).  This resul t  suggests tha t  the  fea-  
tures "A" and "B" are  due to different  origins f rom tha t  
of the "C." The origin of fea ture  "C" seems to be s imi-  
la r  to that  of the f ea tu re  observed on the (100) sur -  
face [Fig. 11 (a ) ] ,  because both  fea tures  d i sappear  af ter  
the  chemical  etching. 

As descr ibed above, i t  was found, wi th  the assis tance 
of e lect rochemical  e tching under  i l luminat ion,  tha t  
novel  defects, which were  not  observed  in the  crysta ls  
wi th  high dislocation densities,  were  involved  in the  
d is locat ion-f ree  crysta ls  doped wi th  sulfur. Al though 
these defects a re  somewhat  l a rge r  in size than  the 
microdefects  observed in GaAs:  S or  GaAs:  Te (13), we 
bel ieve tha t  thei r  presence is closely re la ted  wi th  h igh-  
impur i t y  doping a n d / o r  wi th  reduct ion  of g rown- in  
dislocations. In te rp re ta t ion  of s t ruc tu ra l  defects by  
e lec t rochemical  e tching along is difficult, however .  
F u r t h e r  invest igat ions  to revea l  fine s t ructures  of the  
defects detected in this work  wi th  t ransmiss ion elec-  
t ron microscope (TEM),  in combinat ion  wi th  the de -  
tection of the defects by  the e lec t rochemical  etching, 
are  now in progres  s . 
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~< 10~ cm-2 ) ,  e l l ipse -shaped  or dash- l ike  defects were  
observed on the (100) surface and dot - l ike  defects on 
the (111)P surface. Such defects were  ha rd ly  detected 
by the chemical  e tching technique. The dens i ty  of 
these defects were  decreased dras t ica l ly  wi th  increas -  
ing dislocation densi ty  in the crystal .  The presence of 
these defects was thought  to be closely re la ted  wi th  
h igh - impur i t y  doping a n d / o r  reduct ion of g rown- in  
dislocations. 

Through these invest igat ions,  i t  was demons t ra ted  
that  e lect rochemical  etching under  i l lumina t ion  had 
the ab i l i ty  to r evea l  inhomogenei ty  in n - t y p e  InP crys-  
tals, including s t ruc tura l  defects, wi th  high sensit ivi ty  
and high resolution.  
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Fig. 12. (111)P surface of S-doped crystal (n _ 4 X 10 TM cm-8), 
dislocation-free, after electrochemical etching: (a) electrochemi- 
cally etched pattern; (b) magnification of (a); (c) variation of the 
etched pattern (a) by chemical etching with the Huber etch (etched 
depth is about 2 #m). 

Summary 
Anodic dissolution and e lec t rochemical  e tching of 

n - t y p e  InP under  i l lumina t ion  were  s tudied  in o rder  
to detect  s t ruc tu ra l  defects in n - t y p e  InP  crystals .  

The presence of s t ruc tura l  defects led to a decrease 
of dissolution rates  of the crys ta l  surface under  i l lumi-  
nation. This e n a b l e d  us to reveal  defects as etch h i l -  
locks. Surface damage  in t roduced dur ing  t rea tments  
wi th  a filter paper  or a tweezer  were  detected wi th  
high sensit ivi ty.  Major  g rown- in  defects detected in 
nomina l ly  undoped crystals  (n _-- 1-5 >< 1016 cm-8)  
were  dislocations and dislocation clusters caused by  In 
inclusions. By the observat ions  of the etch hillocks, 
more deta i led  informat ion  was provided  regard ing  the 
s t ructure  and d is t r ibut ion  of these defects than  by  
those of the etch pits. In su l fu r -doped  crystals  (n ---- 4 
X 10 is cm -3) wi th  low dislocation densit ies (EPD 
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Studies of Phosphorus Pile-Up at the Si-SiO, 
Interface Using Auger Sputter Profiling 
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ABSTRACT 

We have used Auger sputter  profiling to investigate in detail  the pi le-up 
of phosphorus at the Si-SiO2 interface, which occurs during thermal  oxidation 
of heavily doped silicon. We find that, in the early stages of oxidation, the 
interracial  region acts as a sink for phosphorus. As oxidat ion proceeds, the 
"pi le-up" wi th in  50A of the interface saturates and the phosphorus concentra-  
tion in  the silicon near  the interface begins to rise. High tempera ture  
ni t rogen anneals  had little effect on the pile-up, indicat ing that  existence of 
the pi le-up cannot  be explained by a simple diffusion mechanism. We also 
observed the pi le-up to be greatly diminished in a heavily boron-compen-  
sated sample. We discuss possible mechanisms which may  be responsible for 
this effect. 

During the thermal  oxidation of heavi ly  phosphorus-  
doped silicon, the phosphorus, which is relat ively in -  
soluble in SiO2, is rejected by the oxide and pushed 
into the silicon where it  diffuses away from the in te r -  
face. This process was first described in detail by 
Grove et al. (1). If oxide growth and diffusive t rans-  
port  are the only operative mechanisms in the process, 
the phosphorus concentrat ion near  the Si-SiO2 in ter -  
face should be no more than twice the bulk  concentra-  
tion for typical conditions, as i l lustrated in  Fig. 1. 
However, a magnified view of the interracial  region, 
obtained using Auger  sputter  profiling, shows an anom- 
alous bui ldup of phosphorus near  the interface as 
i l lustrated in the inset  in Fig. 1. This phosphorus 
pi le-up has been observed by several  groups (2-6) and 
is the subject of this paper. 

The pi le-up phenomenon has implications for device 
performance.  We will show that  the rapid uptake of 
phosphorus at the interface has a significant effect on 
the doping level near  the interface, especially dur ing  
the early stages of oxidation. This may be par t icular ly  
impor tant  for VLSI devices in which thin oxides, high 
doping levels, and shallow junct ions may  be present. 
The phosphorus pi le-up is also one of a class of related 
interfacial  phenomena which are of current  practical 
interest. Other phenomena include dopant -enhanced  
oxidation (7-9), oxidat ion-enhanced diffusion (10), 
and doped oxide-source diffusion (11). 

In this paper, we investigate the evolution of the 
phosph'orus pi le-up dur ing oxide growth for a variety 
of oxidation conditions. We also examine the effects 
of high temperature  N2 anneals  and boron compensa- 
tion. We find that  the driving force for phosphorus 
p i le -up  is an equi l ibr ium proper ty  of the interface, 
and is not  due to the oxidation process itself. The 
interface acts as a sink for phosphorus, which may  be 
represented as a sharp m i n i m u m  in the chemical po- 
tent ia l  for that region. A vacancy mechanism model is 
also presented which is consistent with our experi -  
menta l  results and also accounts, to some extent,  for 
the related phenomena ment ioned above. 

The paper  is organized as follows. We begin by  
describing the Auger  sputter  profiling (ASP) tech- 
nique. Exper imenta l  details and results appear next,  
and then we discuss these results and examine sev- 
eral physical mechanisms which could account for our 
observations. The thermodynamic  model is also dis- 
cussed. A Summary  follows. The vacancy mechanism 
model is discussed in the Appendix.  

* E l e c t r o c h e m i c a l  Socie ty  Ac t ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Belt  L a b o r a t o r i e s ,  M u r r a y  Hilt ,  New J e r s e y  

07974. 
Key words: interface, oxidation, anneal. 

Auger  Sputter Profil ing 
The Auger sputter  profiling (ASP) technique has 

been discussed in detail elsewhere (12). We briefly de-  
scribe here the details of the ASP technique as it ap- 
plies specifically to these studies. 

Our experiments  were performed in a Var ian 2730 
Spectrometer with a base pressure of ,~10 - ~  Torr. 
Electrons from the integral  gun of the va r i ab le lape r -  
lure  cylindrical  mir ror  analyzer  struck the sample 
at an angle of 30 ~ to the surface normal.  The 4.5 keV 
electron beam was operated at currents  less than  10 
~A rastered over a 200 • 200 #m square to minimize 
effects of e lectron-s t imulated desorption and electron 
beam-induced diffusion (2, 4, 13). Sput ter ing  was per-  
formed using a pseudorandom rastered ion beam at 
beam energies af 1 keV or less at an angle of incidence 
of 49 ~ Neon was used so that  a l iquid N2 cryopanel  
could be employed to minimize the par t ia l  pressure of 
contaminant  gases. We have previously shown that, 
with these exper imental  parameters,  the measured 
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Fig. 1. Illustration of the phosphorus pile-up effect at the Si-Si02 
interface for a bulk concentration of 102o cm 2 and a sample oxi- 
dized at 1150~ for 10 min. Except for the delta-function-like con- 
tribution near the interface, the profile shown has been calculated 
using traditional diffusion redistribution theory. Note, the falloff in 
phosphorus concentration at the surface of the oxide is due to 
evaporation of phosphorus. The insert shows an actual measurement 
from this work of the near interface region, indicating the anoma- 
lous pile-up observed. 
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width  of the in ter face  is not  ser iously  affected by  
e lect ron escape depth  b roaden ing  (5) or  ion knock-on  
mix ing  (14). 

A typica l  set of der iva t ive  spec t ra  obta ined dur ing  
profil ing of the phosphorus- r ich  Si-SiO2 in te r fac ia l  
region are  i l lus t ra ted  in Fig. 2. As we sput te r  th rough  
the oxide, two peaks  appea r  in the featureless  SiO2 
s p e c t r u m - - a  weak  e lementa l  Si peak  at  108 eV and the 
PLMM peak at  ,~120 eV. The phosphorus  peak  g r o w s  
r ap id ly  and then decreases to a s teady va lue  in the  
silicon bulk.  The phosphorus  peak  is observed to shif t  
g radua l ly  to h igher  energies  dur ing  the profile. The 
phosphorus peak  in P205 is genera l ly  found at  ~110 
eV. The 3 eV energy  shif t  shown in Fig. 2 could be at-  
tr ibuted  to a single phosphorus -oxygen  bond or  to a 
more  complex  in ter fac ia l  s t ructure .  

Although,  general ly ,  the Auger  spect roscopy tech-  
nique can be sensi t ive to e lements  in concentrat ions  
be low 1019 cm-8,  the prac t ica l  sens i t iv i ty  in these  
studies is l imi ted  by  the over lap  of the Si 108 eV and 
P 120 eV spectra.  Because the sil icon der iva t ive  spec -  
t r u m  has a smal l  posi t ive slope in the  v ic in i ty  of the  
P (LMM) spectrum, p e a k - t o - p e a k  measurements  of  
this spec t rum alone wil l  not  detect  phosphorus  be low 
4 • 1019 cm -,3 (as ca l ib ra ted  b y  ion implan ted  s tan-  
dards) .  In fact, a s s u m i n g  tha t  the silicon background  
remains  the same, al l  p e a k - t o - p e a k  de te rmina t ions  of 
phosphorus  concentra t ion wil l  be unde res t ima ted  b y  
the same amount ;  this is shown in Fig. 3. Most  mea -  
surements  presented  here, however ,  a re  for concentra-  
tions in excess of 10 ~~ cm -s ,  for which  the s loping 
background  wil l  add only a smal l  correct ion to the  
p e a k - t o - p e a k  concentrat ion.  

When the p e a k - t o - p e a k  height  of the Siavv (92 eV),  
PLMM (120 eV),  and  OKLL (502 eV) t ransi t ions  are 
plot ted  as a funct ion of depth,  a profile (5) s imi lar  
to tha t  of the inset  in Fig. 1 is obtained.  The dis tance 
over  which the SiLvv signal  rises from 10% to 90T of 
its final value  is t e rmed  the in terface  width.  In  l igh t ly  
doped samples, the in terface  width  is N25A and does 
not  va ry  wi th  the oxide thickness (15). In  heav i ly  
doped samples,  we have shown tha t  the in ter face  wid th  
increases signif icantly (5). 

I t  is in teres t ing  to compare  the Auge r  spu t te r  p ro -  
file of phosphorus  in Fig. 4 wi th  dep th  profiles of the 
same sample  obta ined  e lsewhere  using the SIMS (sec- 
ondary  ion mass spectroscopy) technique.  In  Fig. 4, we 
compare  the da ta  of Dobrot t  (16) (20 keV O2 + spu t -  
tered)  and Evans  (17) (8 keV Cs + spu t te red)  wi th  
our  own (1 keV Ar  + spu t te red) .  I t  is observed tha t  
the SIMS technique, as appl ied  in thei r  studies, has 
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Fig. 2. Oscilloscope photograph of Auger spectra being recorded 
during profile from an electron energy of 104-134 eV. For elemental 
silicon, there is a weak LVV peak that is present at ~108 eV, and 
the phosphorus LMM transition appears at 120 eV. The sloping 
background in the vicinity of the phosphorus peak causes errors in 
quantitative analysis that are illustrated in Fig. 3. 
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Fig. 3. Examples of phosphorus Auger spectra taken from an im- 
planted standard in silicon. (a) The solid line is the silicon spectrum 
for a sample without phosphorus, the dotted line is a spectrum for a 
sample with ] X 102o cm -3  phosphorus. (b) Auger spectrum for 
4.0 X 10 l~ cm -3  phosphorus. Due to the sloping background, a 
simple peak-to-peak measurement would erroneously indicate zero 
concentration. 

grea te r  sensi t iv i ty  to phosphorus  but  poorer  dep th  reso-  
lu t ion  due to the high ion sput te r ing  energies.  

Results 
Heavi ly  doped Si (111) and (100) samples  w e r e  

prepa red  by  the rmal  deposi t ion and d r ive - in  f rom a 
POC18 source. The resu l tan t  phosphorus  profiles were  
fiat to wi th in  10% to a dis tance of 1 ~m into the  si l i -  
con. Oxidat ions  were  pe r fo rmed  in d ry  02 at  900 ~ and 
1150~ wi th  30 sec push-pul l s  in O2. 

Three  sets of exper iments  were  per formed.  Firs t ,  the  
effect of oxidat ion  t ime and therefore  oxide  th ickness  
on the p i l e -up  was measured  at  an oxida t ion  t empera -  
ture  of 900~ for (100) o r ien ted  samples.  Second, the  
effect of subsequent  pos toxidat ion  N2 anneals  w a s  d e -  
t ermined .  Final ly ,  the effect of an  addi t ional  e lec -  
tr ica l ly  compensat ing  dopant,  boron,  on the  p i l e -up  
effect was measured.  

A series of exper iments  were  pe r fo rmed  to examine  
the evolut ion of the p i l e -up  dur ing oxidat ion.  Si (100) 
samples  wi th  bu lk  phosphorus doping 2 X 102~ cm-8  
(as measured  by ASP  cal ibra t ion  f rom ion - imp lan ted  
s tandards)  were  oxidized in d ry  02 at  900~ for v a r i -  
ous lengths of time. The oxidat ion t imes used in these  
exper iments  are  t abu la ted  in Table I. Oxide t h i ck -  
nesses were  de te rmined  f rom previous  cal ibrat ions  
(18) by  the t ime requ i red  to sput te r  to the in ter face  
and are  also l is ted in the table.  The resu l tan t  in terface  
widths, again the 10-90% width  of the SiLvv t rans i -  
tion, appea r  in the th i rd  column of the table.  As 
prev ious ly  reported,  the in terface  wid th  appears  to in-  
crease wi th  oxide  thickness.  This effect is not  observed 
in undoped samples  (17). 
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pile-up. Auger data are shown as the solid line; SIMS data from 
Dobrott (13) (20 keV 02 + sputtering) are shown as th~ short 
dashed line; SIMS data from Evans (14) (8 keV Cs § sputtering) are 
shown as the long dashed fine. The broadening observed in the 
SIMS experiments is due to the higher ion energies used. The SIMS 
technique does have higher sensitivity to phosphorus; the deviation 
in the phosphorus levels from the two SIMS profiles in the SiO2 
may be due to the presence of Sill which has the same mass as 
phosphorus. 

The phosphorus profiles from the samples of Table I 
are collectively i l lustrated in  Fig. 5. This figure shows 
the phosphorus profiles as a funct ion of depth mea-  
sured f r o m  the outside surface of each sample. Each 
phosphorus peak is si tuated at the Si/SiO2 interface 
as shown in Fig. 3. The sample oxidized for 90 rain, for 
example, has an oxide 550A thick and so shows the 
phosphorus peak at a depth of 550A. The peak heights 
shown were reproducible to wi th in  ~20%. 

We see in Fig. 5 that  a p i le-up is jus t  beginning  to 
form in the 1 rain oxide. The next  profile, for a 10 min  
oxidation, i l lustrates an impor tant  phenomenon.  Much 
more phosphorus is present  in the pi le-up region than 
can be accounted for by the displacement of phos- 
phorus from 70A of oxide. The concentrat ion of phos- 
phorus on the silicon side of the p i le -up  is observed 
to dip below the bu lk  doping level. Thus, we find that  
the interface is acting as a sink for phosphorus, with 
phosphorus diffusing from the bu lk  of the Si to the 
interface where it is immobilized. Succeeding profiles 
in  Fig. 5 show that, for oxide thicknesses greater than  

Table I. Data for 900~ dry oxidation of Si (100) samples with 
initial P doping of ,~2 X 102~ cm -3  

Oxide 
Oxidation thickness Interface 

time (min) (A) width* (A) 

1 22 21 
10 67 23 
20 121 34 
90 548 38 

200 750 40 
750 1760 51 

* 10-90% width os the SiLvv (92 eV) profile. 
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Fig. 5. Evolution of phosphorus pile-up for sampes of bulk con- 
,centration 2 • 1020 cm -3  oxidized at 900~ Depth is measured 
from the surface of the oxide in all cases. From right to left, each 
profile corresponds to oxidation times of 1, 10, 20, 90, 200, and 750 
min, respectively, with oxide thicknesses of 20, 70, 120, 550, 750, 
and 1760A, respectively (see Table I). The peak in phosphorus 
concentration occurs on the silicon side of the interface for each 
case. 

200A, the peak phosphorus concentrat ion is no longer 
increasing, i.e., the p i le-up has saturated. As the oxide 
thickness increases, the phosphorus level on the silicon 
side of the pi le-up rises above the bu lk  doping level. 
Thus, any  fur ther  phosphorus which is rejected by the 
growing oxide redistr ibutes in the silicon bu lk  in  a 
manne r  consistent with previous models (1) of phos- 
phorus accumulation. 

As a fur ther  check of the concentrat ion dip effect, 
we examined a less heavily doped sample (~5  X 10 -19 
cm -~) which was oxidized concurrent ly  with the 10 
rain heavily doped (2 X 1020 cm -3) sample of Fig. 8. 
A comparison of these two profiles is shown in Fig. 6. 
The oxide thickness of the heavily doped sample is 
slightly larger, consistent with the oxidation enhance-  
men t  model of H o e t  aL (8). In the less heavi ly  doped 
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Fig. 6. Illustration of the depletion of phosphorus that occurs in 
the near interface region for short oxidation times. Two curves are 
shown for samples of phosphorus concentration 2 X 102o cm -3  and 
8 X 10 TM cm -3,  with oxides grown at 900~ for 10 min. (The 
2 X 102o curve is identical to the curve with peak second from the 
left in Fig. 6.) An obvious depletion (dip) in the phosphorus is ob- 
served. 
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sample, we again observe a prominent  concentrat ion 
dip. 

In order to determine whether  or not the observed 
phosphorus dis tr ibut ion is related to the motion of the 
S i / S i Q  interface, or is instead an inherent  property of 
the interface, we measured the effect of N2 anneal ing  
on phosphorus pile-up. One sample with a bulk  doping 
level of 2 • 102o cm -~ was oxidized for 10 rain at 
1150~ (thickness of 450A) and later annealed for 14 
re_in at the same temperature.  Assuming conventional  
values for the phosphorus diffusion constant  (19), the 
phosphorus that is observed at the interface after 
oxidation should be able to diffuse back into the bulk  
of the silicon after only 0.1 sec at 1150~ As shown 
in Fig. 7, however, no significant change in the phos- 
phorus distr ibution was detected after the postoxida- 
tion anneal. The diffusion length of phosphorus under  
the conditions o f  the anneal  was 3300A. 

In a fur ther  test, a sample grown at 900~ for 10 rain 
(thickness of 48A) was annealed at 900~ for 8.75 hr. 
The sample prior to the anneal  showed a depletion of 
phosphorus on the silicon side of the phosphorus pile- 
up (see Fig. 5 and 6). After the anneal,  the phos- 
phorus pi le-up had grown to the height of that  in the 
sample oxidized for 20 min, and the depleted area had 
redistr ibuted itself into the bulk  so as to be undetect -  
able. The diffusion length for this anneal  was ~1500A. 

One of the heavily phosphorus doped (~6  • 102o 
cm -3) samples was fur ther  subjected to a 60 rain 
boron deposition at l l00~ from a diborane source. The 
residual oxide was etched, and the sample was oxidized 
in dry O2 for 4 hr at 900~ An Auger sputter  profile 
indicated a bulk  boron doping level of ~2  • 1021 cm -3 
(5 atomic percent) ,  well above the solid solubil i ty 
limit. The sputter  profile also indicated that the phos- 
phorus pi le-up had almost completely disappeared. The 
peak phosphorus concentrat ion was roughly 10% larger 
than the bulk concentration. The interface width, as 
measured by the 10-90% width of the Siavv profile, 
was ~80A, much broader than the typical width of a 
similar sample with no boron present. Ho (9) has 
reported that the oxidation rate of this sample is much 
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Fig. 7. Illustration of the effect on annealing on the pile-up 
effect for a sample of concentration 2 N 10 2o cm -3  oxidized for 
10 min at 1150~ in dry 0.2 and annealed at the same temperature 
for 14 min. The profile before annealing is shown in (a); after the 
anneal is shown in (b). The annealing has had very little effect on 
the pile-up. 

reduced by boron compensation. The possible implica-  
tions of these results will  be discussed in  the Appendix. 

Discussion 
As has been pointed out previously, the measured 

phosphorus profiles are not consistent with a simple 
diffusion-redistr ibution model, as these modelsowould 
predict a much smaller  peak concentrat ion with the 
pi le-up region extending much fur ther  into the silicon. 

A model put  forth in a previous paper from this lab-  
oratory suggested that the pi le-up may  be caused by  
the formation of a P + V = P  + complex that  would dif fuse  
slowly and therefore cause a high concentrat ion of  
phosphorus to bui ld up near  the interface. Our  presen t  
data is inconsistent with this model in two ways. First, 
the depletion of phosphorus in the silicon in the near  
interface region for short oxidation times (see Fig. 6) 
clearly cannot be explained by this mechanism. Second, 
these complexes would tend to diffuse back into the 
bulk  of the silicon dur ing  the N2 anneal ;  the pile-up, 
however, does not decrease during the annea l  and, in 
fact, increases for some init ial  cbnditions. This m e c h a -  
n i s m  therefore cannot account for the pi le-up observed. 

Our data can only be explained by considering the 
interface as a sink for phosphorus during both o x i d a -  
t ion and anneal. This behavior is therefore a property 
of the interface and not  a direct consequence of  the  
oxidation process itself. The behavior  of the Si-SiOs 
interface as a sink for phosphorus implies that  the  
chemical potential  for phosphorus has a sharp min i -  
mum at the interface. 

There are several mechanisms which can account  
for this chemical potential  sink at the interface. Since 
the phosphorus is positively charged in the silicon, i t  
might  be attracted to a negative electrical potential  at 
the interface. Since the phosphorus is a different size 
than silicon and will have, in general, a different bond-  
ing geometry, it might  reduce the interfacial  s train 
energy. The phosphorus might  also form a chemical 
species at the interface (an SiP or an SiPxO~) w h i c h  
is not observable in the bulk. And, finally, the phos- 
phorus might accumulate where vacancies, with w h i c h  
it is normal ly  paired, have been depleted. A vacancy 
mechanism model is described in the Appendix. 

Summary 
We have used Auger  sputter  profiling to inves t iga te  

the pi le-up of phosphorus at the Si-SiO2 in ter face  
which occurs dur ing the thermal  oxidation of heavi ly  
doped silicon. We find that, in the early stages of oxi- 
dation, the interfacial  region acts as a s ink for phos- 
phorus. As oxidation proceeds, the pi le-up saturates 
and the doping level in the silicon near  the in ter face  
begins to rise. High tempera ture  anneals  had li t t le 
effect on the pile-up, indicating that  the existence of 
the pi le-up cannot be explained by a simple diffusion 
mechanism. We also observed the pi le-up to be great ly  
diminished in a heavily boron compensated sample. A 
vacancy mechanism model is proposed which is con-  
s i s tent  with these results. 

A c k n o w l e d g m e n t  
We are grateful  to Professor Bill Spicer, in ".vhose 

laboratory these studies were performed, for useful 
discussions and financial support. This work was sup- 
ported by the Defense Advanced Research Projects  
Agency Contract  DAAB07-77-6-2684. 

Manuscript  submit ted Jan. 14, 1980; revised manu-  
script received Aug. 25, 1980. 

Any  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs o$ this article were  assisted by 
Stan$ord University.  



"CoL I28, No. 5 P H O S P H O R U S  P I L E - U P  1105 

APPENDIX 

A Vacancy Mechanism Model 

In  the recent work of Fair  and Tsai (19), H o e t  al. 
(7-9), and Ghoshtagore (11), in which heavily phos- 
phorus-doped samples were investigated, vacancy 
mechanism models were used in each case to expmin 
exper imental  results. These models will be considered 
briefly below. Phosphorus has long been known as a 
subst i tut ional  diffusant, indicat ing that the redis t r ibu-  
tion of phosphorus in  silicon will cer ta inly be affected 
by the concentrat ion of vacancies. We find that, given 
the known  pair ing tendency of phosphorus with 
charged vacancies, a localized pi le-up at the interface 
may result  if the interface acts as a sink for vacancies. 
In  this section, we first discuss the models just  men-  
tioned as they per ta in  to the phosphorus pile-up. We 
then describe our vacancy mecrmnism model and some 
of its implications. 

Recently, Fai r  and Tsai (19) examined the effect of 
the phosphorus doping level, or a l ternat ively  the Fermi  
level position, on the phosphorus diffusivity. An in-  
creased concentrat ion of vacancies is expected in 
heavily doped samples due to the production of charged 
vacancies. Fair  and Tsai demonstrated a significant 
change in  phosphorus diffusivity which occurs when 
the Fermi  level crosses a position 0.11 eV below the 
conduction bandedge. They surmised that this level 
corresponds with the production of doubly charged 
vacancies V =. 

H o e t  al. (7-9) investigated the effect of the phos- 
phorus doping level on the oxidation rate of silicon. 
They found that  the oxidation rate was significantly 
enhanced when the Fermi level rose above the 0.11 eV 
position. The oxidation rate correlated well with the 
expected concentrat ion of vacancies. On the assump- 
tion that oxygen moves into vacant  sites at the in ter -  
face, the interface may well be acting as a vacancy 
sink. As a fur ther  test of their  model, they compen- 
sated several heavily phosphorus doped samples with 
boron in order to br ing the Fermi  level down below 
the V = level. In  these samples, the oxidation rate was 
much reduced, as i l lustrated in  Fig. 8. The r ightmost  
compensated sample in  this figure was profiled using 
ASP, as discussed in the text. While the phosphorus 
pi le-up was absent, the extreme doping levels in this 
sample render  any in terpre ta t ion  suspect. 

Ghoshtagore (11) has investigated the redis t r ibut ion 
of phosphorus into silicon from a heavily doped oxide 
as a function of anneal ing  times and temperatures.  He 
showed that  the redis t r ibut ion process could be de- 
scribed using a surface bar r ie r  constant  K such that 
the diffusive flux of phosphorus at the interface is 
balanced by a factor KCB where CB is the bu lk  phos- 
phorus concentrat ion near  the interface. The factor K, 
when plotted as a funct ion of tempera ture  on an Ar-  
rhenius  plot (11), exhibits an activation energy of ,--3.8 
eV. The diffusion constant  of phosphorus exhibits the 
same activation energy wi th in  exper imental  error. 
These results indicate that  phosphorus enter ing the 
silicon from the oxide may be activated by a vacancy 
mechanism. 

1200 

8OO v 

40C 

900~ 4hr DRY 02 OXIDATION 

U N C O M P I ~  

. . . . . . . . . . . . . . . . .  ~ .... ~_~ 

COMPENSATED 

0 [ I I I I I I I I I I I I I 
1018 1019 102o 1021 

ELECTRICALLY ACTIVE PHOSPHORUS (cm -3) 

Fig. 8. Oxide thickness (oxidation rate) vs. phosphorus concen- 
tration of phosphorus-doped Si compensated and uncompensated 
by a constant boron diffusion [Ref. (9)]. 

We now propose a simple extension of these vacancy 
models which may provide a mechanism for the phos- 
phorus pile-up. Phosphorus atoms, positively charged 
in the silicon lattice, are expected to pair  up with 
negatively charged vacancies (19) due to coulombic 
attraction. These PV pairs then travel in tandem 
through the crystal. If the interface acts as a sink for 
vacancies or as a preferent ia l  b inding site for phos- 
phorus, PV pairs arr iving at the interface may lose 
their vacancy, thus immobiAzing the phosphorus atom. 
This could account for the concentrat ion dip effect 
(Fig. 6) which occurs dur ing the ini t ial  stages of oxi- 
dation. Immobilized phosphorus atoms at the interface 
may be activated, as in Ghoshtagore's work, by  a va-  
cancy mechanism and hence escape from the interface. 
In fact, activation may simply occur when an unpaired 
vacancy contacts the phosphorus atom. 

As the oxidation proceeds, a s teady-state  condition 
will be reached where the immobil izat ion of phos- 
phorus is balanced by its activation. A detailed calcu- 
lation would have to account for the immobil izat ion 
site density at the interface, the probabili t ies associ- 
ated with vacancy consumption and activation, the al-  
tered vacancy concentrations near  the interface, as 
well as any other chemical or field effects which may 
be operating. Thus, a generalized thermodynamic 
model (20) may provide a simpler description of these 
effects. However, the vacancy mechanism model may 
provide some qualitative insight into a variety of ex- 
perimental results. One implication of the model is 
that the pile-up should be greatly diminished when the 
Fermi level is a distance kT or grea~er belo.w the V = 
level. This could account for the absence o f t h e  pi le-up 
in  the boron compensated sample. In  a previous study 
by Johannessen etal.  (4), the pi le-up ratio was moni-  
tored as a function of the bulk doping level. This ratio 
showed an apparent  decrease as the Fermi  level 
dropped below the V = level. (This level crossing oc- 
curs at a phosphorus concentrat ion of ,-,1 • 1020 cm -3 
at 900~ according to Fair  and Tsai.) These results 
are somewhat questionable, however, as the low con- 
centrat ion data may have been  affected by the peak- 
peak height measurement  error discussed in  the text. 
Fur ther  anneal ing experiments  as well as invest iga-  
tions of other dopants will help to clarify the mech- 
anisms involved. 
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An X-Ray Lithography System 
W. D. Buckley and G. P. Hughes 

Perkin-Elmer Corporation, Norwalk, Connecticut 06856 

ABSTRACT 

A ful l  field, shor t  exposure  t ime x - r a y  l i t hography  sys tem which is capable  
of submicron l i t hography  on silicon wafers  is described.  The op t imum system 
configurat ion is de te rmined  and a new high flux x - r a y  l i thography  source is 
identified. The overa l l  system per formance  is summar ized  inc luding resolution,  
exposure  time, over lay  capabi l i ty ,  mask  s tab i l i ty  and technology,  exper i -  
men ta l  x - r a y  resis t  evaluat ion,  and eva lua t ion  of source rad ia t ion  effects on 
sil icon MOS in teg ra ted  circuits. 

X - r a y  l i t hog raphy  is a candida te  technology for  the  
fabr ica t ion  of sil icon in tegra ted  circuits  wi th  sub-  
micron  min imum fea ture  size. The l i thographic  per -  
formance of an x - r a y  l i t hography  sys tem is de te rmined  
by  the in te rac t ion  of the exposure  source, the al igner,  
the mask  technology, and the photores is t  (Fig. 1). This 
paper  discusses an approach  to one such sys tem and 
reports  its per formance  including eva lua t ion  of r ad ia -  
t ion damage.  

The sys tem is based  on a e lec t ron beam genera ted  
x - r a y  source wi th  a wa te r -coo led  ro ta t ing  anode. Since 
exposures  a re  pe r fo rmed  in he l ium at a tmospher ic  
pressure,  a thin Be window separa tes  the source vac-  
uum chamber  f rom the exposure  chamber.  A com- 
pa t ib le  mask  technology has been developed based on 
t i t an ium mask membranes  and gold absorbers.  The 
fabricat ion,  pat terning,  and s tab i l i ty  of these masks is 
descr ibed in Ref. (1). S imi lar ly ,  an opt ical  a l igner  has 

Key words: x-ray, lithography, tungsten source. 

been  developed compat ib le  wi th  opt ica l ly  opaque or  
t r anspa ren t  masks. The pr incip le  and per formance  of 
this a l igner  is descr ibed in Ref. (2). 

System Considerations 
In any l i thography  system, the pa rame te r s  of p rac -  

t ical  in teres t  a re  the resolution, l inewidth  control, ex -  
posure time, and  over lay  capabi l i ty .  In  an x - r a y  l i th -  
ography  sys tem the dependent  pa rame te r s  a re  con- 
t ro l led  by  the independen t  parameters ,  source d iame-  
te r  (s) ,  mask  to wafer  dis tance (d) ,  exposure  dis-  
tance (D),  and source power  (P) .  Sys tem design con- 
sists of opt imizing the geometr ic  factors to sat isfy  the 
conflicting requi rements  of high resolut ion and short  
exposure  time. 

Table  I lists typical  sys tem pa rame te r s  for a 3 in. 
wafer  exposure  system. The m a s k - t o - w a f e r  separa t ion  
of 50 ~m is chosen so as to minimize the poss ibi l i ty  of 
mask  damage  dur ing  exposure  and is large  enough to 
ensure an effect ively infinite mask  life. 

Fig. 1. X-ray lithography sys- 
tem (schematic). The mask and 
wafer are carried in a cartridge 
which fits in turn over the align- 
ment and exposure system. 
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Table I. System parameters: geometric limitations 

Parameter  Has impact  on Control  parameters  Limiting value  

d = Mask to wafer gap 
D = Wafer to source  distance 

8 = X-ray source  d iameter  

Mask life 
Exposure uniformity (-----5%) 
Minimum exposure  t ime 

Resolut ion (0.5 ~m) 

Linewidth  variat ion (>5%) 

S 
Variat ion in d (1 #m) -- h d 

D 
S 

Temperature  correct ions  (• -- h d 
D 

Wafer S 
Out of fiat 5 p~n - -  A d 

D 

50 ~m 
D --~ 3x wafer radius D -- 12 cm 
D, window thickness, resolution D = 15 cm 

S 
Penumbral  --  d S --~ 0.15 

D 

S -- 0.15 cm 

The opt imum exposure  distance (D ---- 15 cm) is de- 
te rmined by the considerat ion of exposure flux uni-  
formi ty  and the exposure time. Since the wafe r  is i l-  
luminated  by a quasi -point  source of x-rays,  the ex-  
posure flux at the wafer  decreases radially.  In order  
to ensure  an exposure  un i fo rmi ty  wi th in  _ 5% across 
the wafer,  i t  is necessary that  the exposure distance 
be grea ter  than three times the wafer  radius. For  the 
15 cm exposure distance used here, the flux uni formity  
is __ 3 % .  

The exposure  t ime is de te rmined  by the radiat ion 
flux and absorption in the vacuum window, mask 
membrane,  he l ium atmosphere,  and photoresist,  and by 
the photoresist  sensitivity. In addit ion two other  fac-  
tors are important .  

First, for a fixed wafer  diameter ,  as the exposure 
distance increases the d iameter  of the vacuum window 
can be reduced. In principle  a th inner  window can be 
used and, because of reduced absorption, the exposure 
t ime is decreased. 

Second, it  is usual to consider the effects of exposure 
distance variat ions at constant source power. However ,  
i t  is more useful  to examine  these effects at constant 
resolution. This perspect ive  has a major  effect on the 
permissible power  since the electron beam diameter  
can vary  wi th  exposure distance. 

The  exposure  t ime (T) relat ion can be wr i t t en  [Ref. 
(3)] 

D 2 
= 'to ~ exp (# l t  + # ~ D )  [1] 

where  t0 is independent  of PB and D. The absorption 
coefficients of the vacuum window and hel ium atmo-  
sphere are ~1 and #2, respectively,  and t is the thick-  
ness of the vacuum window. 

The requi red  thickness (t) of a vacuum window is 
re la ted  to its d iameter  (Y) by the re la t ion 

t = AV [2] 

where  A is a constant, characteris t ic  of the window 
material .  The d iameter  of a c ircular  window requi red  
to expose a circular  area of d iameter  W is g iven  by 

x 
(V - S) = ~ (W - S) [S] 

where  x is the source to window distance. Combining 
Eq. [2] and [3] we  may  subst i tute  

x 
t = - 5  ( w  - s )  + s [41 

in Eq. [I]. 
It is usual to consider the effects of variations in the 

source-to-wafer distance D while maintaining the 
beam power, PB, constant. It is more useful to examine 
the variation of exposure time at constant resolution. 
This innovation has a major effect on the permissible 

power  since the e lec t ron beam spot size can vary  with  
the exposure distance. 

The source d iameter  is re la ted to the resolut ion (p) 
by the re la t ion 

Bd 
p = - -  [5] 

D 

For  a high power  rota t ing anode x - r a y  source, the 
m a x i m u m  power  is re la ted to the spot d iameter  (s) by 
a re la t ion o,f the  fo rm [Ref. (5, 6) ] 

PB = BS8/2 [ 6 ]  

where  B is a constant, characteris t ic  of the anode m a -  
terial. 

Combining Eq. [1], [4], [5], and [6], it can be shown 
that  the exposure t ime is given by 

�9 ( ) " ~ : - ~ \ p l  D 1/~exp ~ I A ~ ' ( W - - S )  exp#2D 

[7] 
where  ~1 ---- to exp (~IAS). 

The si tuation is summarized in Fig. 2. In calculat ing 
these curves, use was made of the exper imenta l ly  de-  
te rmined exposure  t ime and sensit ivi ty for COP photo-  

I 0 0 0  . . . . . .  

fixed window / / 
ic 

"~oo~- 

~ I ~--/--']~ "x-constant resolution - 
/ / vp.ri0ble window 

/7 ~- constant power- 
/ / variable window 

I01 / thickness 

" ' 3 5  ' d o  ' 7 0  
EXPOSURE DISTANCE (cm) 

Fig. 2. Various relationships between exposure time and source-to- 
wafer distance. The conventional model assumes a constant window 
thickness and derives the exposure time for constant power. 
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resist. For all the curves, a 5 ~m Mylar  mask, a he l ium 
exposure atmosphere,  and a 5 cm source- to -vacuum 
window distance were  assumed. A source power of 10 
kW was used for constant power  calculations and a Be 
window of thickness 25 ~m for constant window thick-  
ness. Similarly,  1 #m resolution was assumed for the 
constant resolution curve. A value of 5 • 10 -4 was 
used for the constant A based on our exper imenta l  
data and a recent  publicat ion (5). The value of the 
constant B was based both upon theoret ical  considera-  
tions and upon the specifications of commercia l ly  
available rotat ing anode sources (Fig. 3). 

The constant power, constant window thickness 
curve is dominated by the inverse  square law term 
and, over  most of the range, the exposure t ime is pro-  
port ional  to D 2. This is the basis of the conventional  
exposure t ime curve. When the window thickness 
var ia t ion  is included, the square law term is signifi- 
cant ly  modified. Over most of the range i l lustrated,  
the exposure t ime is approximate ly  proport ional  to D. 
Finally, for the constant resolution curve, an ent i rely 
different conclusion is apparent.  An opt imum exposure 
distance exists for which the exposure t ime is at a 
minimum. Foi- greater  distances the exposure t ime is 
approximate ly  proport ional  to D 1/2 in agreement  wi th  
Eq. [7]. In addition, the exposure t ime is only a weak 
function of exposure distance and, over  the distance 
range il lustrated, the increase is less than 50% above 
the minimum. 

The opt imum exposure distance can be der ived from 
Eq. [7]. If  the effect of the hel ium atmosphere is 
ignored, the opt imum exposure distance (Dopt) is given 
by 

Dopt = 2 A a  ~a ( W  --  S )  [8] 

where  ~1 = a~- s and k is the exposure  wavelength.  
The min imum exposure time is obtained at the opti- 

mum exposure distance which, for an a luminum source 
and a 3 in. wafer,  is approximate ly  15 cm. 

Because the exposure t ime is insensit ive to exposure 
distance, other  system requi rements  wilI determine the 
distance. However ,  in general,  a shorter  distance is 
preferred in order to minimize power  requirements .  

The opt imum source spot d iameter  is de termined by 
the desired resolution and by the max imum permissi-  
ble l inewidth variation. In order to provide process 
la t i tude for 1 ~m li thography, and to have the capabil-  
i ty of extending to the sub-micron  regime, a penum-  
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O J  . . . . . . . .  I 

O.OI O. I I.O IO.O SPOT DIAMETER (cm)  

Fig. 3. Input power vs. spot diameter for water-cooled, rotating 
anode x-ray anodes. 

bral resolution l imit  of 0.5 ~m was selected. This re-  
quires a 1.5 mm spot diameter,  a 15 cm exposure dis- 
tance, and 50 ~m mask- to -wafe r  separation. 

Linewidth variat ions caza arise f rom variat ion in the 
wafer  surface and from uncontrol led or controlled 
variat ions in m a s k - t o : w a f e r  separation. For a 1.5 mm 
spot l inewidth  variat ions are 80A per ~m var ia t ion in 
gap. 

Del iberate  variat ions in the gap are par t  of the al ign-  
ment  procedure. These variations cause l inear  magnifi- 
cation changes at the image plane due to the inherent  
nature of point source imaging. The magni tude  of the 
change, at a radius R, is g iven by the relat ion A R / R  = 
Ad/D.  For the system geometry  chosen this results in 
a magnification change of about 0.25 ~m per ~m of gap 
var ia t ion at the per iphery  of a 3 in. wafer.  This effect 
can be used to compensate for l inear magnification 
changes in the mask or wafer  which can occur due to 
thermal  or  wafer  processing effects (4). It  can also 
compensate for l inear  magnification changes in the 
mask and, in so doing, considerably re lax  mask stabil-  
i ty requirements .  

Uncontrol led variations in the gap between expo-  
sures can result  in image distortions which will  l imit  
the over lay precision. The magni tude of these dis- 
tortions is g iven by the relat ion above and amounts to 
about 0.25 #m per #m of uncontrol led gap variat ion 
at the per iphery  of a 3 in. wafer.  In order  to minimize 
this effect a "bed of nails" wafer  chuck was used. This 
reduces the chance of part icle en t rapment  by s imul-  
taneously reducing the total contact area be tween the 
chuck and wafer  and distr ibuting this area over  an 
array of small studs. The chuck surface was polished 
fiat and served as a reference surface for the back of 
the wafer.  In this manner  the front surface profile of 
the wafer  was controlled. 

As a result  of the discussion above one defines the 
geometr ical  parameters  of the system as d = 50 ~m, 
D : 15 cm, and S : 0.15 cm. The source power is the 
only unspecified independent  parameter .  Its value is 
determined by the m ax im um  permissible power  input  
to the specified source size for the anode mater ia l  
chosen. 

The m ax im um  power dissipation P of a rotat ing 
anode can be expressed as a function of the m a x i m u m  
allowable tempera ture  rise, AT, (5, 6) by 

AT 
p -- ~2 (pCvKs3v) l /2  _ _  [9] 

16 

where  v is the surface veloci ty of the anode, K is the 
thermal  conductivity, Cv is the specific heat, p is the 
density, and s is the spot diameter.  The quant i ty  (AT) 
is l imited by mel t ing or by the fat igue fai lure limit. 

The equat ion predicts that  the m ax im um  power is 
proport ional  to the 3/2 power of the spot diameter.  
This relat ionship has been confirmed in the l i te ra ture  
and by commercia l ly  avai lable A1K rotat ing anode 
sources. In Fig. 3, the data points are for x - r a y  sources 
available f rom Rigaku. The line labeled Rigaku-A1 
obeys the theoret ical  power law. The highest power  
commercial  source uses a 250 mm diam A1 target  rota t -  
ing at 8000 rpm. A project ion for this source is also 
shown in Fig. 3. Also shown in Fig. 3 is the calcu- 
lated power  dissipation for a Pd anode (7). 

It  is apparent  (Fig. 3) that  the m a x i m u m  power  dis- 
sipation for an A1 source and a 0.15 cm spot diameter  
is about 3.5 kW. Reference to Fig. 2 indicates an ex-  
posure t ime of approximate ly  100 sec. This considera- 
tion led us to evaluate  a l ternate  anode mater ia ls  wi th  
the object ive of increasing the power  and reducing the 
exposure time. It  was confirmed exper imenta l ly  that  
a tungsten source is as efficient as a luminum in ex-  
posing both COP and PMMA resist. However ,  as shown 
in Fig. 3, the tungsten source can dissipate about  six 
times more power  than e i ther  the a luminum or pa l -  
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Rg. 4. X-ray lithography in PMMA [I  gm using a tungsten M- 
line (Win = 7A) ]  irradiation source. Resolution is not limited by 
photoelectron range. 

l ad ium source (for a constant  spot size) and results in 
a projected exposure t ime of less than  20 sec. 

The li thographic capabil i ty o~ a tungs ten  M line 
(7A) source is i l lustrated by Fig. 4, a scanning elec- 
t ron micrograph of resolution pat terns with 1 ~m thick 
PMMA film. One micron resolution in  COP was also 
demonstrated and reported previously (8). 

Table II summarizes the projected characteristics of 
an x - r ay  l i thography system based on a tungs ten  
source and a resist with the sensit ivi ty of COP. For 
this system exPosure t ime is not a l imit ing parameter.  
The table specifies a 3 in. wafer al though the per-  
formance parameters  are relat ively insensi t ive to wafer  
size, 

It  is informat ive  at this point  to compare this system 
with convent ional  l i thographic tools. It  is customary 
to describe the performance of l i thographic tools by 
the vague term resolution. However, King and Gold- 
rick (9) have shown that the modulat ion transfer  
funct ion (MTF) is a useful  concept in  describing the 
performance of photolithographic tools. MTF is a plot 
of the image modulat ion as a funct ion of the spatial 
f requency of the mask pattern.  Current  practice is to 
associate an MTF value of 60% with the m i n i m u m  fea- 
ture size achievable in  production. 

For an x - r ay  l i thography exposure system the modu-  
lat ion of the aerial image at the wafer plane is deter-  
mined by the system penumbra  and the mask contrast. 
The "system" MTF is the product  of the MTF of the 
imaging system and the MTF of the mask. 

Rao has shown how to calculate the MTF of an x - ray  
l i thography system (10). Figure  5 compares the MTF 
of an F3 project ion al igner  and the x - r ay  l i thography 
system described above. The large improvement  in  
MTF obtained with the x - r ay  system is apparent.  How- 
ever, it is impor tan t  to remember  that  the overall  
system MTF is determined by the product of the MTF 
of the imaging system and the MTF of the mask. F o r  
an optical system, with a high contrast  mask, the mask 
MTF is essentially 100% and the system MTF domi- 
nates. For the x - r ay  system the mask contrast  is less 
and dominates for features larger  than  about  0.5 #m. 

Figure 6 i l lustrates the measured mask contrast  and 
MTF for a gold absorber  and a tungs ten  source. As can 
be seen the contrast  depends on the accelerating volt-  
age of the electron beam x - r ay  source due to cont in-  
uum radiation. For 20 kV accelerating voltage the con- 
trast  is degraded by con t inuum radiat ion and WL 
radiat ion generated by  the source. Exper imenta l  mea-  

Table II. Theoretical performance characteristics of an optimized 
x-ray system 

W a f e r  d iameter  3 in. 
Exposure  distance 15 cm 
Exposure  t ime 17 sec 
P o w e r  20 kW 
Spot size 1.5 mm 
Resolution (penumbral) 0.5/~m 
Printing capability <1.0 /~m 
Linewidth variations 

Nonttatness (--5/tm) 0.04 ~m 
d Variation (-4-1 #m) 0.068 ~m 
Temperature  correct ion (-----1~ 0.000 /~m 

RESOLUTION (p.m) 
z .o i .o 0.5 0.25 

MINIMUM ACCEPTABLE 

. . . . . . . . .  6 C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

OPT,CA, SYSTEM 
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Fig. 5. A comparison of MTF of an optical lithography system 
(F3 projection aligner) with the MTF of the proposed x-ray lithog- 
raphy system. 

surements  indicate that  cont inuum radiat ion is t h e  
predominant  source of contrast  reduction. For an 8 kV 
source a gold thickness of 0.5 ~m results in an MTF of 
60% and at 20 kV 0.7 ~m of gold is necessary. For these 
masks, l inewidths of 0.5 #m and greater have an MTF 
of 60%, l imited by the absorber since the imaging sys- 
tem MTF is 100% (Fig. 4). Thicker gold increases the 
mask contrast and reduces the m i n i m u m  feature size 
toward 0.3 ~m. Clearly, the higher MTF possible with 
an x - r ay  system should result  in  bet ter  I inewidth con- 
trol in the presence of exposure nonuniformities.  In  
addition, the absence of the mult iple  reflections char-  
acteristic of optical systems (11) should also aid in 
l inewidth control. 

System Performance 
An exper imental  system has been constructed (Fig. 

7) consisting of a tungsten  anode x - ray  source with a 
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GOLD THICKNESS (KA) 
Fig. 6. The contrast of an x-ray mask using a gold absorber and a 

tungsten M line source. The lower energy excitation reduces 
bremstrahlung radiation and produces approximately theoretical 
contrast. 
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Fig. 7. An experimental x-ray lithography system. The alignment 
system with the removable cartridge is on the left and the exposure 
system on the right. 

r ing cathode electron gun. For this system the source 
power is l imited to 10 kW by a low anode rotat ional  
speed (2000 rpm).  This system has operated rel iably 
at Pe rk in -E lmer  for more than a year. A similar  sys- 
tem at a customer facility has experienced less than 
2% down time and has exhibited no evidence of flux 
output  degradation in this time period. The exposure 
time is longer than predicted since a nonopt imum sys- 
tem configuration was used. For COP resist an ex- 
posure time of about 1 rain is typical. 

The use of a tungsten  anode simplifies the electron 
gun design. Since tungsten  deposition on the anode 
from the gun fi lament is not an issue, direct line of 
sight from the filament to the anode is acceptable. 
Consequently, we have constructed a r ing cathode elec- 
t ron gun by adapting the design of a l inear  cathode 
gun from a conventional  x - r ay  tube. This configuration 
is not optimized for x - r ay  l i thography and is present ly 
l imited to a m i n i m u m  spot size of about 2.5-3 mm. Al-  
though larger than our ul t imate goal of 1.5 mm, this 
spot size results in  an overall  system MTF of 60% for 
l inewidths greater than  0.7 #m which is quite adequate 
for sub-micron  lithography. 

The PBS resist is somewhat  slower than COP but  
appears capable of developing finer features. Pat terns 
consisting of 0.75 ~m lines and spaces and isolated 0.5 
~m geometries of either polarity can be replicated 
(Fig. 8). A statistical comparison of 1 ~m features on 
a mask and pat terns pr inted on a wafer indicates a 

100% yield as measured at 50 locations. Extensive de- 
te rminat ion  of critical l inewidth  control has not yet  
been undertaken.  P re l iminary  measurements  on COP 
resist indicate a l inewidth s tandard deviation of about  
0.1 #m for a 2/~m feature. 

We have evaluated the exposure characteristics (Fig. 
9) of several conventional  u.v. and exper imental  pho- 
toresists. Exper imenta l  resist EK88 prepared by East-  
man  Kodak is attractive. This negative resist is almost 
twice as sensit ive as COP with better  resolution in  
thicker layers. The resist "v is about  1.25 compared to 
"v = 1 for COP. Figure 10 is a scanning electron micro- 
graph of 1 ~m lines and spaces in EK88. The ini t ial  re-  
sist thickness of i #m was exposed and developed to a 
final thickness of about  0.5 #m. 

Radiat ion damage evaluat ion has been performed by  
a major  semiconductor manufac tu re r  using both dis- 
crete MOS devices and MOS integrated circuits. X - r a y  
l i thography was s imulated by exposing completed MOS 
devices to 1, 3, and 10 times the PBS exposure dose. 
All devices exhibited parametr ic  changes bu t  the dif- 
ferences for the different doses were small. Discrete 
device results indicate that radiat ion effects are re- 
moved by a conventional  a luminum alloy process for 
all exposure doses. Similar  experiments  were per-  
formed on an integrated circuit chosen for its expected 
sensit ivi ty to radiat ion damage. Radiat ion effects were 
removed by an addit ional a luminum annea l  o.f the fin- 
ished circuits. No significant behavior  difference was 
observed between the i r radiated devices and a control 
group. 

The mask technology utilizes a t i tan ium membrane  
(1). Experiments  so far indicate that this mater ia l  is 
stable to bet ter  than  0.2 #m (the measurement  preci- 
sion) over at least 5 months. An optical al igner has 
been evaluated (2) using these masks. In  its present  
form this exper imenta l  system has achieved an  over-  
lay error s tandard deviation of less than  0.5 ~m. Data 
analysis indicates that 1/s ~m overlays are achievable 
in a reconfigurated system. 

Conclus ion  
An x- ray  proximity  l i thography system with a well-  

developed source, mask, and a l ignment  system has 
been described. The fundamenta l  problems of x - r ay  
l i thography have been addressed and shown to be 
tractable. The use of a high brightness x - r ay  source 
with conventional  E -beam resist has reduced exposure 
times to less than a minute.  Exper imental  resists result  
in  exposure times comparable to optical l i thography 
systems. The use of ductile t i t an ium mask substrates 
with gold absorber  layers has yielded high contrast, 
low distortion masks. The mask and bright  exposure 
source in conjunct ion with an optical a l ignment  system 
have been used to demonstrate  the feasibil i ty of x - r ay  
l i thography as a high resolution tool. 
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Fig. 8. X-ray lithography in PBS resist using a tungsten source 

Fig. 9. Exposure characteristics of a selection of commercial and 
experimental resists. The high gamma and sensitivity of Eastman 
Kodak experimental resist EK88 is notable. 
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Fig. 10. X-ray lithography in 
Eastman Kodak Experimental Re- 
sist EK88. The smallest features 
are 1 ~m lines and spaces. 

Manuscr ip t  submi t ted  Aug. 12, 1980; rev ised  m a n u -  
scr ipt  rece ived  Dec. 18, 1980. This was Pape r  276 p re -  
sented at  the  St. Louis, Missouri,  Meet ing of the So-  
ciety, May  11-16, 1980. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the December  1981 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1981. 

Publication co~ts of this article were assisted by The 
Perkin-Elmer Corporation. 
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An X-Ray Lithography Alignment System 
W. D. Buckley, M. P. Eisenberg, G. P. Hughes, D. H. Kittell, and J. L. Kreuzer 

The Perkin-Elmer Corporation, Norwalk, Connecticut 06856 

ABSTRACT 

The design, operat ion,  and per formance  of an expe r imen ta l  a l ignment  sys-  
tem which  is sui table  for  use wi th  an x - r a y  l i thography  exposure  sys tem 
wil l  be described.  The sys tem consists of optical,  mechanical ,  and electronic 
subsystems and permi ts  a l ignment  of e i ther  opaque or  t r anspa ren t  masks  by  
means  of an opt ical  a l ignment  detect ion and t ransfe r  system. A computer  
assisted p rocedure  permi ts  mask  to wafer  over lay  wi th  a mean  plus s t anda rd  
devia t ion  of less than 0.5 ~m. The a l ignment  a lgor i thm automatically,  com- 
pensates  for l inear  magnificat ion changes in the mask  or wafer  by  va ry ing  the 
mask  to wafer  separat ion.  A data  reduct ion scheme is descr ibed which iden-  
tifies the  ma jo r  sources of misa l ignment  and permi t s  the analysis  of wafer  
over lay  da ta  in terms of r igid body a l ignment  errors  in six degrees of freedom. 
The component  eva lua t ion  of the sys tem along wi th  the system da ta  analysis  
indicate  tha t  a second genera t ion  system should have over lays  of less 
than  one - th i rd  that  of the prototype.  

In  another  publ ica t ion  (1) we have descr ibed an 
x - r a y  l i thography  exposure  sys tem capable  of sub-  
micron l i thography.  In o rder  to fu l ly  exploi t  this 
capabi l i ty ,  an a l ignment  sys tem wi th  an over lay  ac-  

Key words: x-ray, lithography, alignment. 

curacy of one-ha l f  to one - th i rd  the min imum fea ture  
size is required.  In  addit ion,  the a l ignment  sys tem 
must  be compat ib le  wi th  the overa l l  l i thography  system 
and mask  technology. A mask  technology based  on 
t i t an ium membranes  has been descr ibed  (2).  The u s e  
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of this mask technology mandates  that  the al igner be 
capable of al igning optically opaque masks. 

Since x - ray  l i thography is based on point  source 
projection imaging, the gap between the mask and 
wafer results in a magnification of the mask pattern.  
T h e  image on the wafer is enlarged by an amount  h = 
Rd/D where d is the mask- to-wafer  gap, R is the radial  
distance from the wafer center, and D is the exposure 
distance. Consequently, in order to minimize magnifi-  
cation changes be tween consecutive exposures the 
mask- to-wafer  separation must  be controlled. 

The cumulat ive overlay error of one level to another  
will be influenced by in plane wafer distortions. How- 
ever, recent studies (3-6) have shown that these 
changes manifest  themselves pr incipal ly  as a l inear  
change in wafer dimensions. Similar  changes will result  
from thermal  differences between exposures. Con- 
sequently, the magnification of an x - r ay  system can 
be used to advantage if the proximity  gap can be fine- 
tuned to compensate these effects. 

A l i g n m e n t  System 
An al ignment  system based on optical detection and 

an optical a l ignment  t ransfer  s tandard can satisfy all 
of the requirements  defined above. 

The basis of the approach is i l lustrated in Fig. 1. 
The center of the wafer a l ignment  target is located in 
space on the axis of an optical a l ignment  channel  by 
means of precise lateral  and vertical  a l ignment  p o s i -  
tioners. The wafer is then displaced a known distance, 
typically 50 ~m, in order to provide the mask- to-wafer  
separation. Next the mask is inserted and the al ign- 
ment  procedure is repeated. Since the location of the 
wafer a l ignment  target  is retained in the t ransfer  
s tandard at the optical axis location, it is not necessary 
to view the wafer during mask al ignment.  Therefore 
either t ransparent  or opaque masks can be aligned. In  
order to locate the mask paral lel  to the wafer, three 
a l ignment  channels are used. 

The overall  a l ignment  system consists of an optical 
detection system, a mechanical  positioning system, a 
mensura t ion  system, and a computer assisted al ign-  
ment  algorithm. 

The optical system detects both lateral  and vertical  
position of the a l ignment  target s imultaneously by 
means of a combined interferometer  objective. A point 
in space is thus defined along the optic axis which 
serves as an a l ignment  transfer s tandard and permits 
the a l ignment  of opaque masks. 

Lateral  a l ignment  is accomplished by means of a 
microscope (NA = 0.60) and prism assembly. As shown 
in Fig. 2 the prism assembly includes a beamspli t ter  
and the overall effect is to generate two images rotated 
180 ~ relative to each other. When the center of the 
a l ignment  target is not coincident with the axis of the 
optical system, a double image is seen. If the a l ignment  
target  center is brought  into coincidence with the optic 
axis, the two images coincide and a single image is 

seen, as i l lustrated in Fig. 3. The subsequent  insert ion 
of an opaque mask prevents  viewing of the wafer 
a l ignment  target directly, however, mask- to-wafer  
a l ignment  is then accomplished by aligning the mask 
to the viewing optics. 

A white light in terferometer  is used to define the 
position of the a l ignment  mark  in the z direction, i.e., 
along the optic axis. The interferometer  is operated in  
a nul l  fringe mo.de in  which a single interference 
fringe fills the entire viewing field. This interferometer  
yields a unique signature, characteristic of the surface 
being viewed when the two path lengths are near ly  
equal, and a m i n i m u m  signal at the point  of precise 
equality. The axial location of the a l ignment  target 
can be determined to a small  fraction of a micron. 

In the exper imenta l  a l ignment  system a Leitz 
"Mirau" interference objective is used to implement  
the white light interferometer.  In this device the beam- 
split ter and reference mirror  are combined in an as- 
sembly that  mounts directly on the objective. Con- 
sequently, the same optical channel  can be used for 
both lateral  and vertical al ignment.  

In order to evaluate the a l ignment  scheme, a single 
channel  optical a l ignment  system was established using 
conventional  microscope components and interference 
objectives. Exper imental  repeatabi l i ty  tests were run  
for both a l ignment  axes. The test involved performing 
the appropriate al ignment,  then displacing the stage 
an unknown amount  and repeat ing the a l ignment  wi th-  
out viewing the position sensor readout. The p o s i t i o n  
of the stage after each a l ignment  was recorded and the 
a l ignment  procedure was repeated ten or more times. 
The mean and s tandard deviations were computed for 
each data set. This repeatabi l i ty  exper iment  was per-  
formed both on an x - ray  mask and on ten substrates 
which were supplied by a commercial  silicon device 
manufac turer  and represented different stages of cir- 
cuit fabrication. Each of the silicon devices was coated 
with 1.0 ~m of photoresist in order to simulate a real-  
istic a l ignment  situation. The results are shown in 
Table I. In all cases the precision of the system was 
0.25 ~m or better. 

The mechanical  positioning mechanism is capable of 
positioning the mask and wafer at the required point  
in space defined by the optical channel. It  is necessary 
to control both mask and wafer with six .degrees of 
freedom. The basic bui lding block of the mechanical  
positioning system is the lever reduction machine. It  
consists of a differential screw mechanism in conjunc-  
tion with a lever. The differential screw is loaded 
against the long side of the lever, which is mounted 
to a base by two rotary flexures. Fine ad jus tment  is 
obtained by directly tu rn ing  the differential screw, 
whereas coarse ad jus tment  is obtained by tu rn ing  a 
knob threaded about the screw. The threads are se- 
lected so that one complete tu rn  of the fine adjust-  
ment  results in a 25 ~m displacement at the short end 

TRANSFER ALIGNMENT PRINCIPLE 

A B C D 

s ALIGNMENT POINT (x,y,z) ~ R C E  
//ALIGNMENT TARGET ~MAS~ 

ALIGN WAFER DISPLACE WAFER ALIGN MASK EXPOSE PAIR 
Fig. I. Simplified single channel alignment procedure. Three 

,channels are needed to set the musk and wafer parallel as shown 
on the right. 

Table I. Single channel visual alignment repeatability 

Standard 
deviation (/~m) 

A--X-ray mask 0.10 0.06 
B--Resist-coated wafers  

1. Thick/ox ide /meta l* /protec t ive  
overcoat 0.12 0.26 

2. Thick ox ide /mul t i l eve l* /meta l  0.18 0.24 
3. Thick oxide/poly Si*/metal 0.17 0.16 
4. Gate oxide*/metal 0.14 0.18 
5. Resist oxide*/multilevel 0.08 0.15 
6. Gate oxide/poly Si*/multilevel 0.12 0.12 
7. Thick oxide*/multilevel 0.12 0.16 
8.  Thick oxide*/poly  Si 0.18 0.08 
9. Thick oxide*/gate oxide 0.20 0.11 

10. Thick oxide/poly Si*/poly Si 0.13 0.10 

* z target level.  
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VIEWING 8~ RELAY CHANNEL SEL 
OPTICS~7 ~ �9 

= �9 
/ 

FIBER OPTIC ILLUMIN~ 

Fig. 2. Mask-or-wafer aligner 
optical schematic. It uses an 
image shearing prism to define 
the optical axis for both mask 
and wafer levels atong with an 
interferometer to define the 
vertical plane of the alignment. 

INTERFEROME 

MASK OR ~. . . . . . . .  

of the lever.  The total range is about 600 ~m. The lever  
pivot  flexure bear ing was selected for its abil i ty to 
pivot with min imal  lost motion or stickslip effects. 
(The average backlash is less than 0.03 t~m.) At  the 

short  end of the lever  is a push rod. This assembly is 
axial ly  stiff but  flexible in all other  directions. It is 
designed to provide axial  motion with minimal  cross- 
coupling to other directions. 

A mensurat ion system is included in order  to permit  
full  character izat ion and control of the mask or wafer  
position. Each control axis has a corresponding position 
sensor. This is an eddy current,  noncontact ing p rox im-  
i ty-pos i t ioning-detec t ing  device, 1 which exhibits good 
l inear i ty  over  the design range of • 300 ~m. The com- 
bination of a lever  reduct ion machine and gauge per-  
mits del ibera te  movements  as small  as 0.01 ~m for 
each control axis. 

1 Kaman Proximity Gauge Model I.U., Kaman Sciences Corpo~ 
ration, Colorado Springs, Colorado. 

. . . . .  r 

The temporal  s tabil i ty of a single control  axis w a s  
measured at a fixed knob setting by recording the 
gauge reading as a function of time. The results ob- 
tained are i l lustrated in Fig. 4. The exper iment  was 
performed in a laboratory envi ronment  over  a period 
of about 30 min. The results obtained represent  cumu-  
lative drift  due to mechanical  and thermal  effects as 
wetl  as the stabil i ty of the gauge and gauge control and 
readout  circuits. Approximate ly  26 min elapsed before 
the accumulated drift  read 0.1 ~m. 

As a general  conclusion, the mechanical  positioning 
mechanism gauge combinat ion exhibi ted excel lent  
l inearity, back]ash, and temporal  stabili ty character is-  
tics and has been used for all the mechanical  motions 
required for alignment.  

The a l ignment  system was divided into an optical  
subsystem and a mechanical  subsystem as shown sche- 
mat ical ly  in Fig. 5. The mechanical  subsystem or cart-  
ridge mounts on top of the optical subsystem and is 
located by means of a ball  bear ing and groove ar-  
rangement.  

The optical assembly contains the three optical chan- 
nels requi red  to provide the overal l  a l ignment  capa- 
bility. This assembly, re fer red  to as the optical head, 
contains a total of six mechanical  positioning mecha-  
nisms. Three are used to move the optical channels in 
order to locate the individual  channels' over  their  re -  
spective a l ignment  targets. The other  three change the 
position of the cartr idge re la t ive  to the optical head 
by moving the mount ing  grooves in which the bear -  
ings rest. 

Fig. 3. An alignment target as seen through an optical channel. 
The left-hand side illustrates lateral alignment relative to the 
optic axis indicated by the dot. The right-hand target illustrat=s 
the axial alignment signal. CQrrect positioning along the optic axis 
is achieved when a minimum brightness fringe is observed. 

O,IC 

O.O~ 
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0.02 

t9 

. ~ . . ~ - ' . ~ ~  

, , . , i i , i i i i i i i i i ~ i i 1 0  i i J K 

5 I0 15 25 

ELAPSED TIME (rain.) 

Fig. 4. Temporal stability of the positioning mechanism as 
measured by an eddy current sensor. The drift is representative of 
the entire system including the gauges and thermal effects. 
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Fig. 5. Schematic diagram of the alignment cartridge. Mask and 
wafer are aligned separately to three optical channels (two of which 
are shown). In order to expose, the cartridge is removed together 
with the mask and wafer, and placed over the exposure source. 
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tions. In addit ion,  since the wafer  was not subject  to 
high t empera tu re  processing af ter  the oxide etch, wafer  
dis tort ions d~:d not  affect the results.  In o rder  to read  
the over lay  er rors  a ve rn ie r  mask  pa t t e rn  was used. 
Over lay  was achieved by  shif t ing the mask l a te ra l ly  
300 ~m to produce  an ove r l ay  image. The cent ra l  
ve rn ie r  pa t t e rn  had a resolut ion of 0.2 ~m. 

Figure  7 is an example  of a double  exposure  over lay  
on a 3 in. wafer.  The dots on the wafer  represent  the 
locat ion on the wafer  where  the ve rn ie r  pa t te rns  were  
read  and the vectors represen t  (to the scale d rawn)  
the magni tude  and direct ion of the measured  mis-  
al ignment .  In this example ,  the mask  was misal igned 
toward  the lower  left, however ,  the displacemer/ t  vec-  
tors lie on d iameters  wi th  a common center  to wi th in  
the measur ing  accuracy. This is an indicat ion that  the 
mask is undis tor ted  and stable.  F igure  8 summar izes  

The car t r idge  contains a fixed wafer  s tage and a 
mask  stage. The  mask  stage is mounted  on three  ve r t i -  
cal and three  hor izonta l  mechanica l  posi t ioning mecha-  
nisms and is k inemat i ca l ly  constrained.  Aux i l i a ry  
clamps are  not  requi red  to main ta in  the posi t ion of 
the mask a f te r  a l ignment .  

The a l ignment  procedure  requires  tha t  the opt ical  
head  be first a l igned to the wafer. Next,  the car t r idge  
is removed  to pe rmi t  ins ta l la t ion  of the mask,,  and  the 
mask is then al igned to the opt ical  channels.  Since the 
a l ignment  t ransfe r  s t andard  is the axis of the optical  
channels, they  are  not  d i s turbed  af te r  the first a l ign-  
ment.  Subsequent  a l ignments  a re  by  means of the 
mask  stage posi t ion controls. Successful  a l ignment  re -  
quires  accurate  r ep lacemen t  of the car t r idge  af ter  
l o a d i n g  the mask.  This can be done wi th in  an rms 
er ror  of less than  0.05 ~m. Exposures  are  pe r fo rmed  
by  placing the ca r t r idge  containing the mask  a n d  
wafer  over  the exposure  source. 

Al ignments  a re  pe r fo rmed  with calcula tor  assistance, 
The calculator  in ter rogates  the gauges and aids the 
opera tor  through the a l ignment  procedure.  The a l ign-  
ment  a lgor i thm compensates  for m a s k - t o - w a f e r  scale 
differences and determines  t h e  appropr ia t e  m a s k - t o -  
wafer  separat ion.  The system is designed so tha t  all  
a l ignment  steps consist of nul l ing a digi ta l  vo l tmete r  
readout .  F igure  6 is a photograph  of the complete  
a l ignment  system. 

Aligner Evaluation 
The a l igner  evaluat ion  was per formed  using oxidized 

silicon wafers  and a t i t an ium x - r a y  mask.  A double 
exposure  technique was used. The wafer  was "first 
coated with COP resis t  and the a l igner  was used to set 
the mask to wafer  spacing and center  the mask  over  
t h e  wafer.  Af te r  exposure  by  means of the x - r a y  
source, the resis t  image  was developed and the unde r -  
ly ing oxide was etched. The resis t  was then s t r ipped  
and the wafer  was recoated. In  subsequent  exper i -  
ments, the mask  was a l igned to the image defined in 
the oxide and then exposed. Af ter  development ,  the 
posit ion of the resis t  image re la t ive  to oxide image  
was used to de te rmine  the over lay  per formance  of the 
aligner.  

Since the same mask  was used for  the overlay,  the 
evaluat ion  was independen t  of m a s k - t o - m a s k  d is tor -  

Fig. 6. Mask/wafer aligner system 
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Fig. 7. Overlay performance using titanium mask. The arrows 

represent (to scale) the displacement vector at each location. The 
dashed lines are diameters with a common center. All the vectors 
lie in the lines indicating that the mask is stable, i.e., behaving as 
a rigid body. 
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Fig. 8. Composite of double exposure overlays for 9 wafers. The 
dots represent a single wafer. The boxes are consistent with an 
alignment error with a standard deviation of less than 0.5/~m. 
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the results for 8 wafers. The data points r~present the 
heads of all of the displacement  vectors. The boxes 
are  _+ 1.0 #m misal ignment  limits. 

The a l ignment  precision can be est imated f rom Fig. 
9 which is a his togram of the over lay  errors at 17 data 
points on each of nine wafers. The curve  i l lustrates 
the percentage of data points wi thin  a par t icular  over -  
lay error. 

Both the his togram and the curve indicate that  the 
a l ignment  accuracy has a s tandard deviat ion of about 
0.5 ~m. In these init ial  exper iments  no a t tempt  was 
made to control the t empera tu re  or to va ry  the mask-  
to -wafer  gap to compensate for scale changes. This 
simplification permi t ted  data analysis and over lay 
er ror  source determinat ion.  

Alignment Error Analysis 
X - r a y  l i thography a l ignment  consists of al igning a 

mask re la t ive  to a wafer  in six degrees of freedom. 
Assuming the mask and wafer  are rigid bodies, errors 
in a l ignment  can be represented by a set of r igid body 
a l ignment  er ror  terms as shown in Fig. 10. These errors 
include t ranslat ional  errors (eX, eY), mask- to -wafe r  
spacing error  (eZ), in -p lane  rotat ional  errors (eez), 
and mask - to -wafe r  ti l t  (eex, eey). The rigid body errors  
act in combinat ion to produce over lay  errors (~X, AY) 
on the wafer.  In order  to relate  the rigid body errors 
to the displacement  errors the coordinate system of 
Fig. 11 has been adopted. At  any coordinate (X, Y) 
the total displacement er ror  on the wafer  due to the 
rigid body er ror  terms is g iven by 

--5- ,o= 

+ + [1] 

and 
Y X Y  

% -  

+ ) ,o= + (x),o, [9.] 

Using these equations and the over lay  displacement  
errors, a best fit set of rigid body terms can be com- 
puted for each over lay  wafer.  Figure  12 represents  
the result  of subtract ing the vectors de termined  by 
the best fit over lay  data from the measured over lay  
er ror  vectors. The standard deviat ion of the X and Y 

,oo L , , _ _ _  J 
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~ I!1 IV OVERLAY RESULTS .~ 
~ 40~  H ~  5WAFERSCUMULATIQN 1 

 ~ l i l t ,  
0.2 0.4 0.6 O.8 I.O 1.2 

OVERLAY ERROR (~m) 

Fig. 9. Histogram of the alignment data. Alignment has been 
achieved with a 0.5 ~.m standard deviation in a nontemperature- 
controlled environment. 
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Fig. 10. Rigid body misolignment errors. These terms are used to 
evaluate a!igner performance. 

A < 

Fig. 11. The coordinate system used for overlay data reduction. 
Alignments are made by an optical channel located at each of 
point A, B, and C. 

components of these residuals is __ 0.1 ~m which is the 
reading error  of the vern ie r  targets. Thus the a l ign-  
ment  errors as shown i n  Fig. 7 can be represented,  
within our  measur ing accuracy, by the rigid body 
error  terms implying that  there is no measurable  wafe r  
or mask distortion. 

Another  measure of the a l ignment  per formance  can 
be represented by Table II which details the mean and 
standard deviat ion of the rigid body er ror  for the 
wafer  overlays in Fig. 8. The effect of these r igid body 

Table II. Alignment performance of nine wafers 

Rig id  b o d y  
error  t e r m s  

Mean S.D. 

Calculated error  
on w a f e r  at  

1.5 in. radius 
M e a n  S.D. 

Translation 
eX (/~m) -0.17 0.37 -0.17 0.37 
eY ( ~ m )  0.03 0.53 0.03 0.53 
eZ (~rn) -1.08 4.8 -0.12 0.53 ~ 

Rotational 
Ox (arc-sec) 0.74 8.6 0.01 0.15 
0y (arc-sec) 3.45 12.0 0.06 0.21 
0z (arc-sec) 0.55 1.6 0.08 0.26 

Includes temperature variat ion  contr ibut ion .  
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RESIDUAL OVERLAY DISPLACEMENTS 

| o . 5 ~ m  _ 
MEASUREMENT ERROR O.I/zm S.D. 
S.D. OF DISPLACEMENT DATA GRAPHED 

ABOVE O.I p.m 

Fig. 12. Residual misalignment vectors for one wafer after rigid 
body error compensation. These residuals have the same standard 
deviation as the measuring error indicating that there is no mea- 
surable mask instability. 

terms on the edge of a 3 in. wafer  is also included.  Note 
that  the mean values are  all  smal l  and thus represen t  
no sys temat ic  a l ignment  error.  The s tandard  devia t ion  
is consistent  wi th  the h is togram of Fig. 9. The s tandard  
devia t ion  of the ax ia l  a l ignment  t e rm (Ez) is a ma jo r  
cont r ibutor  to the overa l l  a l ignment  error.  This resul t  
is not  surpr is ing  since these da ta  were  obta ined wi th -  
out correct ing for magnificat ion changes which resu l t  

f rom the poor ly  control led  the rmal  environment .  The 
use of the l inear  scale change capabi l i ty  should sig- 
n i f icant ly  reduce this term.  

Conclusion 
The basic concept, approach,  a n d  e l e m e n t s  of  an 

optical  a l ignment  system sui table  for x - r a y  l i thography  
have been described.  An expe r imen ta l  a l ignment  sys-  
tem has demons t ra ted  ove r l ay  per formance  with  a 
s tandard  devia t ion  of less than 0.5 #m, using opt ica l ly  
opaque x - r a y  mask  and 3 in. silicon wafers.  This per -  
formance is l imi ted  by  the a l igner  and not  b y  mask  or 
wafer  s tabi l i ty.  Readi ly  implemen ted  improvements  in-  
cluding a t empera tu re  contro l led  environment ,  high 
resolut ion viewing optics, and l inear  magnif icat ion 
change compensat ion should resul t  in an ove r l ay  s t a n -  
dard  deviat ion of be t te r  than Vs #m. 

Manuscr ip t  submi t ted  Aug. 12, 1980 revised m a n u -  
script  received Dec. 18, 1980. This was Paper  277 p re -  
sented at  t h e  St. Louis, Missouri,  Meet ing of the So-  
ciety, May  11-16, 1980. 

A n y  discussion of this paper  wil l  appea r  in  a Dis-  
cussion Sect ion to be  publ i shed  in the December  1981 
JOURNAL. All  discussions for the December  1981 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1981. 

Publication costs o] this article were assisted by The 
Perkin-Elmer Corporation. 

REFERENCES 
1. W. D. Buckley  and G. P. Hughes, Paper  276 p re -  

sented at  The Elect rochemical  Society Meeting, 
St. Louis, Missouri,  May 11-16, 1980. 

2. W. D. Buckley,  J. F. Nester,  and H. Windischmann,  
Pape r  278 presented  at the Elec t rochemical  So- 
ciety Meeting, St. Louis, Missouri, May 11-16, 1980. 

3. N.-H. Tsai and C. N. Alquist ,  Semiconductor  Micro-  
l i thography,  V, San Jose, Cal i fornia  (1980). 

4. L. D. Yah, Appl. Phys. Lett., 33, 756 (1978). 
5. J. D. Cuthbert ,  "Microcircui t  Engineer ing 1979~" pp. 

190-197, Aachen, G e r m a n y  (1979). 
6. J. D. Cuthbert ,  Pape r  presented  at  the IEEE Solid 

Sta te  Technology Workshop on Scal ing & Micro-  
l i thography,  Apr i l  22, 1980, New York. 

X-Ray Lithography Mask Technology 
W. D. Buckley, J. F. Nester, and H. Windischmann 

The Perkin-Elmer Corporation, Norwalk, Connecticut 06856 

ABSTRACT 

A high yield process wil l  be descr ibed for fabr ica t ing  la rge  area  f r e e -  
s t a n d i n g  membranes  of thickness down to 0.5 ~m for use as an x - r a y  l i thog-  
r aphy  mask substrate.  The choice of mater ia l ,  method of prepara t ion ,  and 
technique for separa t ing  the membrane  f rom its: subs t ra te  will  be discussed. 
Techniques for genera t ing  x - r a y  absorber  pa t te rns  wi th  submicron fea ture  
size are  reported.  These :nethods resul t  in absorber  geometr ies  which are  
uniquely  sui ted to x - r a y  l i thography  mask  applications.  Measurements  of the 
mask  pa t t e rn ing  dis tor t ion a n d  the tempora l  d imensional  s tab i l i ty  of a com- 
p le ted  x - r a y  mask are  reported.  

X - r a y  l i thography  is a p rox imi ty  mask  repl icat ion 
technique that  permi ts  the definition of submicron 
fea tures  on silicon wafers  or other  substrates.  Like its 
counterpar t ,  u.v. p rox imi ty  print ing,  i t  uti l izes a pa t -  
te rned  photomask.  However,  because soft x - r a y s  are  
the exposing radia t ion  there  are  significant differences 
in the photomask  technology (1, 2). The ideal  x - r a y  
mask  suppor t  should meet  many  difficult, seemingly  

Key words: x-ray, titanium mask, electroplating. 

contradictory,  cri teria.  I t  should be r e l a t ive ly  thin, 
ye t  rugged, flat and d imens iona l ly  stable, have a low 
atomic number  and a favorab ly  located absorpt ion edge 
re la t ive  to the source wavelength;  be fabr icable  in 
large area  wi th  low defect  densi ty  and un i fo rmly  thin;  
have isotropic mechanical  propert ies ,  be opt ica l ly  
t ransparent ,  r e l a t ive ly  inexpensive,  and impervious  to 
process chemicals commonly  encountered  in the semi-  
conductor  industry.  In addi t ion  the absorber  mus t  be 
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deposited with low intr insic  stress so as not to induce 
pa t te rn  distortions. 

Since x - r ay  l i thography permits  the choice of a 
range of exposing wavelengths the mask technology 
must  be selected in the context of the overall  system 
selection. In  this paper  a mask technology is described 
which is compatible with the x - r ay  exposure system 
described in Ref. (3) and the a l ignment  approach de- 
scribed in Ref. (4). The x - ray  l i thography mask chosen 
consists of a thin ( ~  1 ~m) t i t an ium membrane  
stretched on a support  ring. The desired pa t te rn  is de- 
fined on the membrane  by a gold absorber. 

In  order to be useful  for submicron l i thography the 
membrane  must  be dimensional ly  stable in order to 
permit  overlay of sequential  mask patterns. In  addition, 
the membrane  must  have a smooth surface morphology 
to permi t  submicron absorber definition and to avoid 
defects. These requirements  constrain the choice of 
fabrication process and pa t te rn  definition technology. 
In the following discussion, m e m b r a n e  fabrication, 
tensioning, pat terning,  and dimensional  s tabil i ty are 
described. 

Membrane  Fabrication 
Ti tan ium membranes  are produced by electron beam 

evaporation onto a glass substrate. In  order t o  ensure 
membrane  dimensional  s tabil i ty the deposition condi- 
tions are chosen to produce bulk  s t rength films (5) of 
uni form thickness with isotropic physical characteris-  
tics, zero intrinsic stress, and smooth surface morphol-  
ogy. 

Films are deposited onto 12.5 cm diam photomask 
qual i ty soda lime glass. This glass is chosen because 
of the close match of its thermal  expansion coefficient 
with t i t an ium and because the high qual i ty  surface 
minimizes defects. The combinat ion of high rate (100 
A/sec) ,  high deposition tempera ture  (350~ and 
matched expansion coefficient produces large area bulk 
s t rength films with low intr insic stress. The evapora-  
tion system geometry is chosen to ensure membrane  
thickness variations of less than 2% across a 8.6 cm 
active diameter. 

A gold par t ing agent is used to facilitate separation 
of the t i t an ium membrane  from the glass substrate. 
The choice of par t ing agent, its thickness, and deposi- 
tion temperature  are critical to the membrane  fabrica-  
tion process and to the membrane  surface morphology. 
Because gold has a relat ively low recrystall ization 
temperature  (150~ it  must  be deposited at low 
temperature  to minimize grain growth which has a 
deleterious effect on the t i t an ium surface morphology. 
Similar ly  a thin gold film ( <  50OA) is used to minimize 
the effect of grain growth during t i t an ium deposition. 
A t i t an ium surface with features smaller  than 0.2 ~m 
is obtained by minimizing the heat  cycle. The lower 
l imit  of gold par t ing layer  thickness is determined by 
the interdiffusion kinetics of the Au-Ti  system. It has 
been observed (6, 7) that  the Au-Ti  system is sus- 
ceptible to significant in te rgranu la r  diffusion at tem- 
peratures above 300~ Furthermore,  the diffusion rate 
is ambient  dependent.  Faster diffusion occurs in vac- 
uum than in air possibly due to oxide formation at the 
t i t an ium grain boundaries  which act as interdiffusion 
barr iers  (8). Therefore, to assist peeling, it is necessary 
to  minimize the elapsed time in  vacuum after  the com- 
pletion of t i t an ium deposition. The use of a gold par t -  
ing layer results in a peeling yield of greater  than 
90% for 1 ~m thick t i t an ium films 12.5 cm in diameter.  
We have demonstrated that  films as th in  as 0.4 ~m can 
be peeled successfully by this technique. 

Table I presents a comparison of the t ransmission 
characteristics of various materials  for the tungs ten  
M-l ine  (6.983A). As can be seen the t i t an ium must  
be significantly th inner  than other materials  to t rans-  
mit  50% of the Wm radiation. On the other hand, t i ta-  
n ium is fabricable in large area, f ree-s tanding form 

Table I. Comparison of the x-roy trans~ssion of various membrane 
materials at the Wm line (6.983A) 

Thickness  required 
for 50% transmis- 

Membrane material  sion at Wm line (Rm) 

Titanium 1.1 
Beryllium 41.8 
Sihcon " 9.6 
SiO2 5.0 
SiaN4 5.7 
SiC 6.8 
BN 7.9 
Polyimide 9.0 
Mylar 8.6 

and can be tensioned to any desired value independent  
of the iabricat ion process parameters  and are tough. 

The t i t an ium 'film is removed from the glass by 
mechanical  peeling as i l lustrated in  Fig. 1. A thin 
flexible r ing is attached to the t i t an ium by means of 
double-sided adhesive tape. Peeling proceeds under  
water unt i l  the membrane  is f ree-s tanding on the flexi- 
ble ring. The water  acts as a surfactant  to reduce 
peeling forces at the film-glass interface. S e p a r a t i o n  
occurs at the weakly bonded gold glass interface and a 
t i tan ium-gold  film is obtained. The gold surface repl i -  
cates the original glass substrate and is featureless at 
10 KX magnification in an SEM. This surface is used 
for subsequent  l i thography and patterning.  After sepa- 
ration the membrane  is slack on its mount ing  ring, 
indicative of the absence of intr insic stress. 

The peeled membrane  is tensioned and attached 
to a support  ring. Figure 2 is a photograph of a 1 ~m 
thick tensioned membrane  and support r ing with an 8.6 
cm unsupported diameter  suitable for exposing 7.5 cm 
diam silicon wafers. Figure 3 i l lustrates schematically 
the tensioning procedure. The membrane  (M) mounted  
on its peeling r ing (P) is placed symmetr ical ly  over 
the smoothly machined r im (A). Weights (W) a r e  
added at the per iphery to apply a known tension to 
the membrane  and the pe rmanen t  support  r ing (T) 
is expoxied in place. Membranes  are typically ten-  
sioned to approximately 104 psi. The tension in the 
membrane  probably is not uni form since pinholes, a 
thickness nonuni formi ty  (of ,-,2%) from center to 
edge and differentially friction along the bear ing  edge, 
A in Fig. 3, would result in an anisotropic tension field. 

FLEXIBLE RING 7 
, /  

V/// /~ 

DOUBLESIDED TAPE ~ 

Y/////A r~////~ 

_/-• LIFT EDGE 
OF RING 

L . . . . . .  V / I [ J 

Fig. 1. Mechanical peeling of a titanium membrane from a glass 
substrote. 
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Fig. 2. 1 #m titanium membrane mounted on a rigid ring ready 
for patterning. 

W~ ;T l -A I w 
r/////A I~ /M ~,~ r/////A 

BASE / 
Fig. 3. Titanium membrane tensioning procedure. The support 

ring (T) is epoxied to the membrane (M). 

However, within a •  precision (which represents a 
nonl inear  in -p lane  distortion of <0.1 ~m), our long- 
term stabil i ty tension measurements  indicate that the 
dimensional  s tabil i ty does not appear to be compro- 
mised by these factors. 

Mask Patterning 
The tensioned membranes  described above serve as 

substrates for the subsequent  generat ion of a completed 
mask with the desired absorber pat tern.  Unl ike  
optical photomasks, the absorber in an x - r ay  mask 
may have significant transmission. The x - ray  t rans-  
mission may be minimized by increasing the absorber 
thickness. However, the pa t te rn ing  process becomes 
progressively more difficult as the absorber thickness 
increases. Therefore, a practical compromise is neces- 
sary between the conflicting requirements  of thick ab-  
sorbers to produce high contrast  and thin absorbers to 
facilitate high resolution pat terning.  

The choice of absorber thickness is influenced by 
the overall system configuration. For a tungsten-source  
M line (Win) l i thography system a contrast  of 4:1 (ana-  
logous to that achieved by an optical system operat ing 
at 60% MTF) mandates  a gold absorber thickness of at 
least 0.5 ~m as shown in Fig. 4. In practice, a gold 
thickness of about 8000A is used corresponding to an 
8:1 contrast. 

Submicron pa t t e rn i rg  of the absorber has been 
achieved by both additive and subtract ive processing. 
Both of these processes require a photoresist thickness 
comparable to the absorber thickness. Submicron resist 

pat tern  generat ion was achieved by electron beam 
l i thography using an MEBES inst rument .  

Since it is difficult to achieve submicron pat tern  fea- 
tures in  thick electron resist we have used t r i - level  
or stencil  processes. The additive stencil  process is 
shown in Fig. 5. The tr i - levels  consist of 1 ~m of 
PMMA on the membrane  which is coated by 0.1 ~m 
of evaporated Cr (or A1) on top of which is a 0.4 #m 
layer of electron resist (PBS).  The PBS is electron 
beam pat terned and the developed resist serves as an 

ELECTRON BEAM RESIST-~I 

THIN A I (Cr) FILM c ~ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / J  

UV RESiST~[~ / / / / / / / / / / / ' / / / / / / / / / / / / / ' / / / / /~  

GOLD(parting agent)/; 1 

ELECTRON-BEAM 
EXPOSE RESIST 

~-///////////~ ~///////////A ~/////////.////.////////////////~ DEVELOP RESIST 

~ ~  ETCH AI (Cr) 

~ USING Al(Cr) PATTERN 
I I AS MASK' EXPOSE uv 

RESIST, DEVo RESIST 

GOLD ABSORBER 7 
FT/  

I f I G~176 ELEcTs~ 
REMOVE RESIST(opt.) 

TITANIUM SUBSTRATE 

Fig. 5. Additive absorber definition process, The pattern is de- 
fined in the upper resist by electron beam lithography, This pat- 
tern is transferred to the thick lower resist by u.v. exposure. Sub- 
sequent absorber definition is by low stress gold plating. 
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etch mask for pa t tern ing the metal  layer. The PBS is 
then stripped in an oxygen plasma and the metal  s ten-  
cil is t ransferred to the PMMA by deep u.v. exposure. 
After  developing the PMMA in MIBK, and removing 
the masking metal  by etching, the gold absorber is 
electroplated onto the thin par t ing layer which is 
used as a plat ing base. The final process step is re-  
moval  of the PMMA in acetone. This process is a t t rac-  
tive when  Cr is used as the metal  stencil since the elec- 
t ron beam resist pa t te rn ing  and metal  etching use 
established photomask fabricat ion technology. 

The electroplating process takes advantage of the 
conductivi ty of the t i t an ium membrane.  The plat ing 
apparatus is shown schematically in Fig. 6. In  this 
scheme the entire mask is surrounded by an insulated 
housing with both surfaces of the membrane  exposed 
to a conducting l iquid solution. An in te rna l  electrode 
is placed in  close proximity  to the back-surface of the 
membrane.  In  this configuration gold plat ing occurs 
onto the front  surface of the membrane  through open- 
ings in the PMMA resist pattern.  Since the current  flow 
is perpendicular  to the membrane  plane, current  dis- 
t r ibut ion problems are avoided and uni form ab-  
sorber thickness is obtained independent  of position on 
the membrane  surface. Figure 7 is a scanning electron 
micrograph of 1 ~m lines and spaces produced by this 
process. 

For  an x - r ay  exposure system using a relat ively 
short source to mask distance and a thick absorber, 
geometrical shadowing effects may result  in l inewidth 
variations as i l lustrated in Fig. 8. However, in the pro- 
cess described above, if a point  deep u.v. source is 
located at the same source to mask distance as in the 
x - r ay  exposure system, then a leaning pa t te rn  is pro- 
duced in the PMMA. Electroplating fa i thful ly  repro-  
duces this profile in the absorber and eliminates the 
shadowing effects as i l lustrated in Fig. 8. 

Dur ing  exposure, x-rays  absorbed in ,the t i t an ium 
membrane  produce photoelectrons which can cause 
spurious exposure of the x - r ay  resist. In  order to min i -  
mize this effect of 1 #m thick coating of low atomic 
number  material,  such as PMMA, is applied to the un -  
pat terned surface of the membrane.  Figure 9 is a 
photomicrograph of a finished pat terned x - r ay  mask. 

PLATING 
SOLUTION - -  

-l- 
-ANODE 

~ 
-MEMBRANE SUPPORT 

STRUCTURE 

\ I / fT f - IRRADIATION POINT SOURCE ~ \ I /  

J-m/  m m n m  

(a) (b) 

VERTICAL ABSORBER WALLS INWARD LEANING ABSORBERS 

Fig. 8. Absorber definition technique which eliminates shadowing 
effects. 

D B m  m �9 �9 i I I  

The subtract ive version of the mask pa t te rn ing  pro-  
cess is s imilar  to that described above except that  a 
thick layer of absorber is deposited before stenciling 
layers are applied. Absorbed pa t te rn ing  proceeds by  
sput ter ing or ion etching. 

In its present  state of development  a finished mask 
has an optically visible defect density of less than 20 
cm-2 for defects greater than 0.5 ~m. Straightforward 
improvements  in cleanliness and process techniques 
are expected to lead to a notable improvement .  

Mask Dimensional Stability 
A practical x - ray  l i thography system mask must  per-  

mit  accurate overlay of successive mask layers. The 
dimensionless stabili ty of the overall  mask structure is 
thus critical. Dimensional  instabili t ies include distor- 
tions introduced by the mask pa t te rn ing  process as well 
as those associated with the membrane  itself. 

In  order to measure these distortions we have fab-  
ricated x - ray  masks with vern ie r  test patterns.  These 
masks were pat terned by means of a Micralign TM pro- 
jection pr in ter  using a quartz master  photoplate. The 
x - ray  mask was subsequent ly  compared with the origi- 
nal  photoplate by using the optomechanical a l ignment  
system of the projection pr in ter  to read the vernier  
patterns. A pat terned silicon wafer was also measured 
periodically to insure against  changes in the measure-  
ment  system. Using these methods the precision of our 
measurement  technique was estimated to be • ~m. 

The x - ray  a l ignment  system (4) permits  the detec- 
tion and compensation of small  l inear  scale changes 
in the x - r ay  mask by ad jus tment  of the mask- to -wafer  
distance. Therefore, our major  concern is with random 
or nonl inear  dimensionless changes remain ing  after a 
single l inear  magnification correction. We have a r i a -  

Fig. 6. Apparatus for electroplating a titanium mask membrane 

Fig. 7. I #m features X 1 #m thick electroplated gold test 
patterns on titanium x-ray mask. Fig. 9. Titanium x-ray mask with gold absorber pattern 
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lyzed our  d imens iona l  s tab i l i ty  da ta  in terms of l inear  
and nonl inear  dis tor t ions .  

F igure  10 i l lus t ra tes  the average l inear  scale change 
of a 7.5 cm d iam mask wi th  time. The da ta  indicates  a 
smal l  continuous shr inkage  of the mask  pa t t e rn  wi th  
time. However,  most  of the shr inkage occurs in the 
first 1000 hr. This suggests tha t  pa t t e rn ing  of the  
s t re tched m e m b r a n e  af te r  an in i t ia l  aging could r e -  
sult  in no fur ther  scale change (a l though the smal l  
scale change  i l lus t ra ted  in Fig. 10 is, in fact, well  
wi th in  the compensat ing  capabi l i ty  of the sys tem) .  

F igure  11 i l lus t ra tes  the t empora l  var ia t ion  of the 
res idual  nonl inear  dis tor t ion term. I t  can be seen tha t  
this r andom te rm is smal l  and wi thin  our  measur ing  
uncer ta in ty  a t  al l  times. I t  is impor t an t  to note tha t  
these da ta  include pa t t e rn  distort ions in t roduced b y  the 
fabr ica t ion  process. 

A n  x - r a y  mul t ip le  exposure  technique was also used 
to measure  the tempora l  s tab i l i ty  of the x - r a y  mask. 
The x - r a y  l i thography  system was used to expose a 
silicon wafer  and the pa t t e rn  was etched in silicon di-  
oxide. A second exposure  using the same mask created 
an image in a new resis t  coating. (Unlike the Micral ign 
measurement ,  these da ta  do not  include the pa t t e rn  
dis tor t ion since the mask  is compared  to i tself  r a the r  
than the master  mask  f rom which i t  was made.)  The 
second exposure  was offset f rom the first so tha t  a 
vern ie r  mask  pa t t e rn  could be used to measure  mis-  
regis t ra t ion.  The vern ie r  measurement  uncer ta in ty  was 
app rox ima te ly  0.1 ~m. Misregis t ra t ion was measured  
at  seventeen locations in the wafer.  The l inear  a l ign-  
ment  errors  were  removed  ma thema t i ca l l y  and the 
res idual  nonl inear  er rors  are  shown in Fig. 12. This 
figure summarizes  the da ta  for 8 wafers  wi th  an 
elapsed t ime of three  weeks be tween exposures.  The 
da ta  shows that  to wi th in  1 s t andard  devia t ion  there  
is no nonl inear  error ,  wi th in  the m e a s u r i n g  precision. 
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time for a 1 /xm thick titanium mask membrane. 
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Fig. 12. Nonlinear dimensional change after 3 weeks for 8 wafers 
and a single mask. The data scatter is of the same magnitude as 
the measuring uncertainty. 

Conclusion 
Using a unique combinat ion of mater ia l s  and novel  

processing techniques we have developed a ful l  field 
x - r a y  mask  fabr icat ion process. The masks are  rugged,  
have a r e la t ive ly  high x - r a y  t ransmit tance,  are  stable,  
and sufficiently b lemish- f ree  to be sui table  for de- 
vice fabricat ion.  

Manuscr ip t  submi t ted  Aug. 12, 1980; revised manu-  
script  received Dec. 18, 1980. This was Paper  278 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the So-  
ciety, May 11-16, 1980. 

A n y  discussion of this pape r  will  appea r  in  a Dis-  
cussion Section to be publ ished in the December  1981 
JOURNAL. All  discussions for the  December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs 05 thiz article were assisted by The 
Perkin-Elmer Corporation. 
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ABSTRACT 

A general  re la t ion for the growth and retrogrowth of oxidat ion- induced 
stacking faults (OSF) has been developed with three key observations from 
OSF experiments:  (i) the growth rate of OSF is independent  of their size 
and density, (it) the ambient,  pressure, and time dependences are explained 
by an oxidation rate dependence of the supersaturat ion of silicon sel f - inter-  
stitials in silicon which induces the fault  growth, and (iii) the shrinkage of 
the faults in iner t  or oxidizing ambients  is controlled by the same mechanism 
with activation energy of ,--4.8 eV. To explain the oxidation rate dependence of 
interst i t ial  supersaturat ion,  a two-step oxidation model is proposed. In  the 
first step, the lattice silicon atoms near  the Si-SiO2 interface oxidize to form 
SiO2, bu t  leave a substant ia l  n u m b e r  of silicon atoms as interst i t ials  near  the 
interface. In  the second step, these excess silicon atoms flow inters t i t ia l ly  mostly 
into the oxide where they react with oxygen atoms unt i l  the oxidation is essen- 
t ially complete, while a small  fraction flows into the bulk  silicon. The balance 
of ,the reactions in the two steps determines the silicon inters t i t ia l  super-  
saturat ion in silicon which controls the growth rate of OSF. The correlation 
between the OSF and other oxidat ion-induced phenomena,  e.g., oxidat ion-en-  
hanced diffusion (OED), and oxide fixed charge, Qf, formation is also discussed 
based on the model. The correlation supports the postulate that  these phenom- 
ena are caused by oxidation via the same point defect mechanism. 

Thermal  oxidation of silicon is known to induce 
growth of stacking faults in  silicon (1). The presence 
of stacking faults has been found to cause adverse ef- 
fects on the performance of integrated circuits, e.g., 
current  leakage in junct ion diodes and bipolar  transis-  
tors, storage time degradation in  MOS devices, dark 
current  nonuni formi ty  in  CCD's, etc. (2-4). There have 
been successful efforts to reduce the density and size 
of oxidat ion-induced stacking faults (OSF), result ing 
in significant improvement  in yield and performance 
of integrated circuits (5, 6). Unders tanding  the OSF 
growth kinetics and its relat ion to processing steps is 
fundamenta l  to fur ther  optimization of IC processes. 
More important ly,  since OSF growth is induced by 
the oxidation process, a detailed unders tanding  of OSF 
growth as well as of other oxidat ion-related process 
phenomena,  e.g., oxidat ion-enhanced diffusion (OED) 
and the formation of interface charges, may shed new 
light on oxidation kinetics. 

From the abundan t  exper imental  data reported in 
l i terature  (1), many  impor tant  characteristics of OSF 
growth can be inferred. The density of OSF is influ- 
enced strongly by imperfections in  the silicon wafer 
and is general ly not affected by the oxidation process, 
exceptions result  from the chlorine-assisted gettering 
oxidations (6). The size of OSF following oxidation, 
on the other hand, is essentially determined by the 
oxidat ion conditions. The growth of OSF consists of 
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two different regimes, commonly referred to as growth 
and retrogrowth regimes. In  the growth regime, in  
short oxidations at low temperatures,  OSF expand with 
time. In the r~trogrowth regime, in long oxidations at 
high temperatures,  OSF shrink. The shrinkage of OSF 
is also observed when the wafers with OSF are an-  
nealed in neut ra l  ambients  at high temperatures  (7, 8). 
It  is shown in  later  sections that  the shrinkage of OSF 
in both neutra l  and oxidizing ambients  is similar and 
appears to be controlled by the same mechanism. The 
growth of OSF follows a t ime dependence of t 0.s and 
an activation energy of 2.3 eV for most oxidation con- 
ditions (1). The OSF growth rate varies strongly with 
different oxidation ambients  including different oxygen 
and steam pressures as well as chlor ine-containing 
ambients  (6, 9, 10). 

This paper proposes a general  equat ion relat ing the 
growth/re t rogrowth of OSF to oxide growth rate. The 
basis of the general  relationship is a model of po~int 
defect generat ion at the Si-SiO2 interface dur ing oxi- 
dation. The general relationship is shown to explain 
experimental  results under  a wide range of oxidation 
conditions. In  later  sections, the details of the point 
defect generation model and its implications to other 
oxidat ion-induced phenomena,  e.g., oxidat ion-enhanced 
diffusion and the formation of oxide fixed charges, are 
discussed. 

Growth of Oxidation-Induced Stacking Faults 
TEM analysis shows that OSF are two-dimensional  

extrinsic defects lying in  <111> planes and are 
bounded by F rank  part ial  dislocations (11, 12). The 
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extr insic  na tu re  of OSF suggests that  the faul ts  grow 
by  the cl imb of F r a n k  par t ia l s  via emission of silicon 
vacancies or absorpt ion of silicon interst i t ials .  In a first 
a t t empt  to model  the growth  of OSF, Hu (13) pos tu-  
la ted that  the rmal  oxida t ion  of si l icon is not  a complete  
process and thus produces  excess in te rs t i t i a l  silicon 
atoms near  the Si-SiO~ interface.  More recent ly ,  Ti l ler  
(14-16) has shown tha t  oxida t ion  of silicon requires  
the crea t ion  of free volume at  the Si-SiO2 interface.  
The free volume can be genera ted  in  pa r t  by  the  flux 
of silicon in ters t i t ia ls  away  from the interface.  In  both  
cases, a supersa tu ra t ion  of silicon in ters t i t ia ls  occurs 
in the silicon subs t ra te  near  the Si-SiO2 in ter face  and 
OSF grow by absorbing these inters t i t ia ls .  The ra te  of 
absorpt ion  de termines  the growth  ra te  of OSF. In 
equat ion [13] of Ref. (13), Hu  gave the g rowth  ra te  as 

dr  
= ~ao2D1 (Cz - Cz*) [1] 

dt 

where  r is the radius  of the s tack ing  faults,  a0 the cap-  
ture  distance of in ters t i t ia ls  by  the faults,  D1 the diffu- 
s ivi ty  of se l f - in ters t i t ia l s  in silicon, and CI and CI* the 
extr ins ic  and intr insic  in te rs t i t i a l  concentrat ions  in 
silicon, respect ively.  

Equat ion [1] states tha t  a t  a given t empera tu re  the 
s tacking fau l t  g rowth  ra te  depends  only on the excess 
in te rs t i t i a l  concentrat ion.  S ince  i t  is reasonable  to as-  
sume tha t  ident ica l  oxida t ion  condit ions y ie ld  iden t i -  
cal excess in te rs t i t i a l  concentrat ion,  they  should also 
y ie ld  ident ical  s tacking faul t  g rowth  i r respect ive  of the 
ini t ia l  size of the faults.  This growth  behavior  of OSF 
is in agreement  wi th  Shi raki ' s  exper iments  (9) de-  
scr ibed below and wil l  prove  to be an impor t an t  differ-  
ence be tween  Hu's model  and a recent  model  proposed 
by  Mura rka  (1). 

In  Shi raki ' s  exper iments ,  si l icon wafers  were  oxi-  
dized in d ry  oxygen  ambient .  OSF of ~.,65 #m length  
were  observed on the wafers  af ter  oxidat ion.  The oxide 
was then  comple te ly  etched away  and t h e s e  wafers  
together  wi th  s imi lar  wafers,  which were  not  oxidized, 
thus having no visible OSF, were  oxidized in d ry  oxy-  
gen ambients  containing different  concentrat ions of 
HC1. The change in length  of OSF af ter  oxidat ion  is 
rep lo t ted  in Fig. 1 ( a -d ) .  As can be seen f rom the fig- 
ures, OSF of different  ini t ia l  lengths (0 and 65 #m) 
grow wi th  s imilar  ra tes  th roughout  the  same oxida t ion  
step, indicat ing tha t  the growth  ra te  of OSF is nea r ly  
independent  of size and is de te rmined  only b y  the 
oxidat ion  conditions as impl ied  by  Eq. [1]. This is 
pa r t i cu la r ly  t rue  dur ing the ea r ly  growth.  For  long 
oxidations,  there  appears  to be some size dependence,  
which is p robab ly  caused by  the over lapping  of la rge  
faul ts  or  other  secondary  factors not known  at  present .  

In his recent  model, Mura rka  (1) considered the OSF 
growth  analogous to the th ree -d imens iona l  c rys ta l l ine  
growth  at  the surface of kinks.  He adap ted  a model  de-  
veloped by  Kah lwe i t  (17) and  der ived  an expression 
for the  OSF growth  as a funct ion of time. 

4 
r = ~ (2~DACI)~/4t ~/~ [2] 

where  b is the magni tude  of the Burger ' s  vector  of the 
par t ia l s  bounding the faults,  ~ is the  atomic volume of 
silicon, D is the self-diffusion coefficient of silicon, and 
ACI is the  supersa tu ra t ion  of silicon in ters t i t ia ls  in 
silicon. 

Recently,  Leroy  (19) has cr i t icized Mura rka ' s  use of 
Kahlwei t ' s  model  t o  expla in  the growth  of OSF. We 
wil l  not r epea t  Leroy ' s  arguments ,  but  we would l ike 
to make  here  two addi t ional  points agains t  Mura rka ' s  
model. (i) In  Kahlwei t ' s  or iginal  model  the growth  
ra te  of the  th ree -d imens iona l  nuclei  is inverse ly  p ro -  
por t ional  to the d iamete r  of the growing nuclei. Fo l -  
lowing Mura rka ' s  adap ta t ion  of the model,  the  growth  
ra te  of OSF is expected  to va ry  wi th  size. This is in 

d isagreement  wi th  Shi rak i ' s  exper iments  described 
above. (ii) At  a given t empera tu re  and ambient ,  the 
supersa tura t ion  of inters t i t ia ls ,  AC~, is constant  ac-  
cording to Murarka ' s  or iginal  paper  (1), or varies  in-  
verse ly  wi th  oxida t ion  rate ,  fol lowing a power  law, 
according to a more  recent  p resen ta t ion  by  the same 
author  (20). Both of these a rguments  a re  contradic ted  
by  observat ions  of oxida t ion  enhanced diffusion, OED, 
which also resul ts  f rom in te rs t i t i a l  supersa tura t ion  (21, 
22). Indeed, OED exper iments  indicate  tha t  ACI varies 
p ropor t iona te ly  wi th  oxidat ion  rate,  fol lowing a power  
law, in agreement  wi th  the one proposed l a t e r  in the 
presen t  paper .  

Retrogrowth and Shrinkage of Oxidation-Induced 
Stacking Faults 

As ment ioned earl ier ,  OSF shr ink  dur ing  long oxida-  
tions (23) and neu t ra l  ambien t  anneal ing  (7, 8) at  high 
temperatures .  This sect ion wi l l  show tha t  in both_the 
neu t ra l  and oxidizing ambients ,  the shr inkage  is con- 
t ro l led  by the same mechanism.  

Sugi ta  et al. (7) have observed  tha t  OSF shr ink  
wi th  constant  ra te  when  the wafers  are  annea led  at  
high t empera tu res  in N2 ambient .  Claeys et al. (8) 
repor ted  s imi lar  shr inkage,  wi th  the  shr inkage  ra te  
s l ight ly  dependent  on anneal ing  ambien t  (N2, H2, or  
Ar ) .  These da ta  are  compared  to the resul ts  of 
Shi raki ' s  exper iments  shown in Fig. 1 ( a -d ) .  Shi raki ' s  
da ta  indicate tha t  the addi t ion  of HC1 to the oxida t ion  
ambien t  reduces  the  ra te  of OSF growth.  When  the 
added HC1 content  is high enough, the OSF growth  
is to ta ly  suppressed and the in i t ia l  faul ts  shr ink  wi th  
a ra te  s imilar  to tha t  of the shr inkage  in N2 ambients  
observed by  Sugi ta  et al. (7) .and Claeys et aL (8). 
The act ivat ion energy of the shr inkage is also ve ry  
s imi lar  for various cases and is independen t  of ambi -  
ent. In  fact, a l l  sh r inkage  da ta  follow an Ar rhen ius  
t empera tu re  dependence  wi th  an act ivat ion energy of 
app rox ima te ly  4.8 eV. This s t rongly  suggests tha t  the  
r e t rogrowth  of OSF for long oxidat ions and the sh r ink-  
age during neu t ra l  ambien t  anneal ing  are  control led 
by  the same ac t iva ted  process. 

A Model for the OSF Growth/Retrogrowth 
Fol lowing the discussion in the previous  two sections 

two impor t an t  character is t ics  of the  OSF growth  in 
silicon must  be emphasized:  (i) the growth  ra te  of the 
oxida t ion  s tacking faul ts  is nea r ly  independent  of thei r  
size and density,  and (ii) r e t rog rowth  o.f OSF dur ing  
oxidat ion is s imi lar  to shr inkage  dur ing  anneal ing  in 
neu t ra l  ambients .  

To expla in  both the growth  and re t rogrowth ,  we 
consider  that  the F r a n k  loop pa r t i a l  bounding the 
faults  act as a s ink or  a source of interst i t ia ls .  Dur ing 
oxidat ion,  silicon in ters t i t ia ls  a re  produced  at  the Si -  
SiO2 interface and diffuse quickly  into the bu lk  si l i -  
con, supersa tura t ing  the in te rs t i t i a l  concentra t ion to a 
level  h igher  than  the in te rs t i t i a l  concentra t ion in 
equi l ib r ium wi th  the faults,  CI s, which is defined as 
the concentra t ion at  which the faul ts  ne i ther  grow 
nor shrink.  The pa r t i a l  dislocation, act ing as a sink, 
captures  the in ters t i t ia ls  wi th in  a domain  of radius,  
a0, and causes the faul t  to grow (Fig. 2). For  neu t ra l  
ambients  or when  the oxida t ion  ra te  is smal l  and  the 
in ters t i t ia l  genera t ion  is negligible,  the in ters t i t ia l  con- 
cent ra t ion  in the  bu lk  re tu rns  to the equ i l ib r ium level,  
CI*, which is lower  than  CI s. The dislocation then 
acts as a source of in ters t i t ia ls  and the in ters t i t ia ls  
diffuse away  from the faults  causing the faul ts  to 
shrink. Al though the impor tance  o.f in ters t i t ia ls  in 
OSF g r o w t h / r e t r o g r o w t h  is wide ly  recognized, the 
deta i led  mechanism of the in ters t i t ia ls  absorpt ion  and 
emission is st i l l  controversial .  Le roy  (19) advocates a 
diffusion control led model, whi le  Hu (24) favors a r e -  
action control  model.  As the p resen t  paper  is focused 
on the general  macroscopic behavior  of OSF in differ-  
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Fig. 2. The silicon interstitial distribution near the partial dis- 
location bounding the stacking faults during the growth and 
shrinkage of OSF. 

ent processing ambients,  readers interested in more 
details on the microscopic models are referred to the 
above references. Both models, nevertheless, agree on 
the basic formulat ion of the OSF growth as follows 

dr 
= P(Cz - Ci s) [3] 

dt 

where P is a proport ionali ty factor, involving the dif- 
fusion of self-intersti t ials and the reaction energy bar-  
rier (19, 24). 

The growth of OSF and, thus by implication, the in-  
tersti t ial  supersaturat ion occurs only when the silicon 
is oxidized. In  a later section, we discuss the possible 
mechanisms leading to the generation of interstit ials 
at the Si-Si02 interface. It is also demonstrated later 
that the interstitial supersaturation can be related to 
the rate of oxide growth by the expression 

C I  - -  C i *  - -  \ - - ~ - -  [ 4 ]  

where K is a reaction constant related to the point 
defect generation process at the interface, and X is the 
oxide thickness. 

Combining Eq. [3] and [4] gives a general  relat ion-  
ship for the growth of OSF in silicon 

dl _ Kz -- K2 [5] 
_ _ _  (d 5o 
dt \ " - '~  / 

K1 = 2PK [Sa] 

K2 = 2P(C[ s -- CI*) [5b] 

where I = 2r is the diameter  of stacking fault, gen- 
erally taken as the length of the fault. 

A l inear  dependence (n ---- 1) in Eq. [4] was ini t ia l ly  
proposed by Hu (13) for OSF growth. However, as Hu 
pointed out later  (23), the predicted time dependence 
of OSF growth based on the l inear  dependence dis- 
agrees with experimental  results. Detailed comparison 
of Eq. [5] with exper imental  results shown in the next  
section gives the value of n to be 0.4. We believe that  
this subt inear  dependence results from a part icular  
point defect generat ion mechanism at the Si-SiO2 in-  
terface. A model for the generat ion mechanism is dis- 
cussed in  a later  section. 

Comparison with Experiments 
Figure 3 shows experimental  data from Hu (23) 

and Murarka  (25) for the OSF growth in dry oxygen 
at different temperatures in <100> silicon. At low 
temperatures  (1050~176 only growth is observed 

(n 100 . . . . .  , , , , ~ . _ §  , f  
I- 1OO% 02 OXIDATION . . . ~ ' - + ~  ' ' ' 

(n~L 10 At DATA 

I �9 1 1 O O  ~  

+ 1200 ~ 
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a, 1230 ~ 

[ / / + 1 � 9  IMURARKA(21)  
I / / a n o IHU (20) LU 

_1 1 1 /  , / , , , I , , , , , , , 

O.1 1 10 100 
OXIDATION TIME (hr) 

Fig. 3. Experimental data for OSF growth in 100% 02 oxidation 
and comparisons with the model. 

while at higher temperatures both growth and retro-  
growth occur. The length of OSF grown at low tem- 
perature shows a time dependence of t 0.s which gives a 
dependence of t -~ for OSF growth rate. The coeffi- 
cient/ '(2 is insignificant at these temperatures and OSF 
growth is governed by the oxide growth, following Eq. 
[5]. For the temperatures and times shown in Fig. 3, 
oxidation is in  the so-called parabo.]ic oxide growth 
regime where d X / d t  follows a t -~ dependence (18). 
Thus, Eq. [5] yields a value of n = 0.4. With the 
known oxidation rate at these temperatures,  K1 is 
directly obtained from the data in Fig. 3. At higher 
temperatures,  however, K2 becomes significant and 
retrogrowth occurs during oxidation. K1 and K2 are 
then s imultaneously obtained by a least squares fit. 
The extracted values for K1 and K2 are plotted in Fig. 
4 as a funct ion of temperature.  Both appear to follow 
an Arrhenius  temperature  dependence with different 
activation energies 

K1 ---- 1.58 • 10 l0 exp (--  2.4 e V / k T )  (~m/hr)  0.~ [6] 

K2 = 6.45 • 101~ exp (--  4.8 e V / k T )  (#m/hr)  [7] 

These data are for OSF growth in <100> silicon in 
dry 02 ambient  and will be different for other or ienta-  
tions. The calculations using Eq. [5] with the now 
known n, K1 and K2 show good agreement  wi th  the 
experimental  data in  the complete range of tempera-  
tures and times as demonstrated in Fig. 3. 

In  the absence of oxidation, the interst i t ial  concen- 
t rat ion re turns  to the equi l ibr ium level, CI*, and the 
stacking faults shrink with the rate 
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Fig. 4. The extracted data for the OSF growth constant K1 and 
retrogrowth constant K2 from the data in Fig. 3. Note the good 
agreement between the extracted K2 and the measured shrinkage 
rates in N2 from Rots. (7, 8). 
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dl 
- -  = - K~ [8]  
dt  

This al lows an independen t  calculat ion of K2. In Fig. 
4 the OSF shr inkage  rates  in N2 ambien t  f rom Sugi ta  
e ta l .  (7) and Claeys et al. (8), are  compared  wi th  the 
ca lcula ted  K~ f rom the d ry  O~ exper iments .  Claeys 
e ta l .  (8) also observed that  the OSF shr inkage  is dif-  
ferent  in different  neu t ra l  ambients  (A t  and H2 as 
compared  wi th  N2), which suggests that  CI* is af-  
fected by  the anneal ing  gas ambients .  They  a t t r ibu ted  
the effect to n i t r ida t ion  poss ibly  occurr ing at  the in-  
terface du r ing  the N2 annealing.  

The difference in the act ivat ion energies  of K1 and 
K2 is significant and can expla in  the s trong t empera -  
ture  dependence  of O SF re t rogrowth .  F igure  5 plots 
sepa ra te ly  the growth  and r e t rog rowth  rates. A t  low 
tempera tu re ,  the growth  ra te  is seen to dominate.  As 
the t empe ra tu r e  increases,  because of the l a rge r  act i -  
va t ion energy  of K2, the r e t rog rowth  ra te  increases 
more  r ap id ly  than  the growth  ra te  and, at  sufficiently 
high tempera tures ,  the r e t rog rowth  dominates.  This is 
in agreement  wi th  expe r imen ta l  findings (23, 25). 

The 2.4 eV act ivat ion energy  o.f K1 includes the en-  
e rgy  of in ters t i t ia l  genera t ion  at the Si-SiO2 interface 
and of in te rs t i t i a l  migra t ion  in silicon. Assuming an 
in te rs t i t i a l  self-diffusion mechanism for silicon Seeger  
et al. (26) obta ined 2.0 eV for the in te rs t i t i a l  mig ra -  
t ion energy  which leaves 0.4 eV for the act ivat ion en-  
e rgy  of in te rs t i t i a l  genera t ion  at the Si-SiO.~ interface.  

The act ivat ion energy  of K2 involves the format ion  
and migra t ion  of in ters t i t ia ls  near  the s tacking faults.  
The  ca lcula ted  4.8 eV act ivat ion energy of K2 is close 
to tha t  o~ sil icon self-diffusion, which lies be tween  
4.78 and 5.13 eV (27-29) and suggests the same for-  
mat ion  and migra t ion  energies of the in ters t i t ia l  near  
the faul ts  as in the bu lk  away  from the faults.  

Since K1 involves only the migra t ion  of in ters t i t ia ls  
and the in te rs t i t i a l  genera t ion  at  the Si-SiO2 interface,  
whereas  K~ involves only the format ion  and migra t ion  
o.f in ters t i t ia ls  near  the faults,  both  are  expected to 
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Fig. 5. At low temperatures, OSF growth rate is larger than retro- 
growth rate. As the temperature increases, because of its larger 
activation energy, retrogrowth rate increases more rapidly and be- 
comes dominant at high temperatures. 

be ra the r  independen t  of ox ida t ion  ambien ts#  Hence 
Eq. [5]-[7]  form a genera l  re la t ionship  and can be 
read i ly  appl ied  to OSF growth  under  any  different  
oxidat ion  conditions. In  the fol lowing subsections, we 
discuss the g r o w t h / r e t r o g r o w t h  of OSF for oxidat ions 
wi th  different  oxygen and s team pressures  and com- 
pare  the  proposed genera l  model  to the exper imen ta l  
results  ava i lab le  in the l i te ra ture .  

Oxygen  partial pressure oxidat ions . - -The growth  of 
OSF is found to va ry  wi th  different  pa r t i a l  pressures  
of oxygen for o therwise  s imi lar  oxidat ion conditions 
(25, 30). The pa r t i a l  pressure  of oxygen  resul ts  in 
different  oxida t ion  rates  whereas  the oxidizing species 
and interface  kinet ics  are  the same regardless  of the 
pressure.  Hence the different  OSF growth  at  different  
oxygen pressures  should provide  an impor t an t - t e s t  for 
the genera l i ty  of Eq. [5]. 

Fo r  long oxidations,  such as those used in OSF ex-  
periments ,  the oxide growth  is dominated  by  a p a r a -  
bolic growth  regime (18), in which the oxidat ion  ra te  
follows a t -0.5 t ime dependence  with  ac tual  value  de-  
t e rmined  by  the oxidant ' s  pa r t i a l  pressure.  The s tack-  
ing faul t  g rowth  ra te  at  different  oxygen  pressures  wil l  
then have a t -~ t ime dependence,  but  different  overa l l  
value, fol lowing Eq. [5] wi th  n --~ 0.4 and assuming K2 
is negl ig ib ly  small.  Thus the  length  of OSF grown in 
different  oxygen pressures  wi l l  vary,  bu t  the same t 0.s 
t ime dependence  wil l  a lways  be observed.  This is con- 
s is tent  wi th  expe r imen ta l  da ta  r epor ted  by  Mura rka  
(25) as shown in Fig. 6. The different  lengths are 
also expla ined  by  the specific dependence  of ox ida t ion  
ra te  on oxygen pressure.  F igures  7a, b, and c show 
more  comple te  comparisons wi th  da ta  of OSF growth  
and r e t rog rowth  dur ing  oxidat ions in different  pres-  
sures at various t empera tu res  and times. Calculat ions 
ut i l iz ing the present  model  show genera l ly  good agree-  
ment  wi th  these exper imen ta l  da ta  tha t  come from 
many  workers  (9, 23, 30). 

Atmospher ic  and high pressure s team o,xidations.-- 
OSF grow to a g rea te r  size in s team ambients  than  in 
dry  oxygen  ambients  for the  same oxida t ion  t empera -  
ture  and t ime (23, 31). F igure  8 shows a comparison 
be tween  exper imen ta l  da ta  f rom Ref. (23, 31) and 
calculat ions by  Eq. [5]. Since the values  of KI and K2 
used in Eq. [5] a re  obta ined f rom data  for d ry  ox ida -  
t ion only, the good agreement  be tween  exper imen ta l  
and calcula ted da ta  shown in Fig. 8 suggests that  the 
basic point  defect  process at  the  in terface  is the  same 
for d ry  and s team ambients  and is control led p r imar i l y  
by  the ra te  of oxide gro.wth as pos tu la ted  ear l ie r  in 
Eq. [4]. 

One exception is chlorine-containing oxidation in which C1 
atoms possibly affect the silicon point defect generation at the 
Si-SiO2 interface. 
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Fig. 6. The stacking faults growth in different O~ partial pres- 
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ing the same oxidation rate dependence of OSF growth. 
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Tsubouchi  et aL (32) r epor ted  tha t  much smal le r  
OSF resul t  when the same thickness of oxide is grown 
in high pressure  s team than in a tmospher ic  s team (Fig. 
9a and b) .  This supports  s t rongly  the subl inear  ox ida-  
t ion ra te  dependence in Eq. [5]. I t  is r a the r  obvious 
that  if the oxidat ion  rate  dependence was linear,  s imi-  
la r  sizes of OSF would grow for the same thickness of 
oxide regardless  of different  ambients  used at  the same 
tempera ture .  Calculat ions using the proposed model  
again show good agreement  wi th  exper imen ta l  data  
both at  a tmospher ic  and high pressures.  

Chlorine-containing oxidations.--The addi t ion  of 
HC1 in the oxidat ion  a tmosphere  suppresses the growth  
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Fig. 8. The OSF growth in steam ambient as compared to that in 
dry 02 ambient. The larger size of faults grown in steam ambients 
is explained by the oxidation rate dependence of OSF growth. 
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of OSF (Fig. 1). A s imi lar  effect has been  observed for 
oxidations wi th  other  ch lor ine-conta in ing  atmospheres ,  
e.g., TCE (33) and C33 (6). 

I t  can be seen from Fig. 1 that  the presence of 
chlor ine p r i m a r i l y  reduces the growth  ra te  of OSF 
while  leaving the r e t rog rowth  ra te  genera l ly  unaf -  
fected. This can be unders tood by  considering a reac-  
t ion of chlorine wi th  silicon in ters t i t ia ls  a t  the in te r -  
face ( forming silicon chlor ides) ,  which reduces the 
supersa tura t ion  of sil icon inters t i t ia ls  in silicon dur ing  
oxidation.  The react ion at the interface,  act ing as a 
s ink for both  chlor ine  and excess sil icon atoms, m a y  
pa r t l y  expla in  the expe r imen ta l ly  observed chlorine 
p i l e -up  at  the in terface  dur ing oxidat ion  (34). 

Retrogrowth t ime (tR) and temperature (TR).--As 
ment ioned in  the ear l ie r  sections, there  exists a t ime 
dur ing ox idauon  at cer ta in  t empe ra tu r e  when  OSF 
begin to shr ink  wi th  t ime ins tead  of growing;  this 
r e t rogrowth  t ime is denoted  as tm Also for a fixed 
dura t ion  of oxida t ion  there  exists a t empe ra tu r e  at  
which  OSF grow to a m a x i m u m  length, this t empera -  
ture  is defined as r e t rog rowth  tempera ture ,  Ta. I t  can 
be seen f rom Fig. 3 and 7 tha t  both  t a  and TR are  
s t rong functions of oxida t ion  tempera ture ,  t ime, and 
ambient .  

At  a given tempera ture ,  T, the r e t rog rowth  begins 
dur ing  oxida t ion  when the OSF growth  ra te  decreases 
to 0, i.e., Or/Otlr "- O. Hence tR can be ca lcula ted  f rom 
Eq. [5] by  der iv ing the oxide growth  ra te  at  which 
the above condit ion is obtained,  as follows 

dX = (K.~12)~/" 
dttt 

( K~. I ~.s 

-- 1.06 • 1019 exp ( - -  6.0 eV/kTR)  (~m/hr )  [9] 
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for <100> silicon. K1 and K2 are independent  of oxi- 
dation ambient  while  the oxidation rate is s trongly 
ambient  and t ime dependent.  Thus, from Eq. [9], tR is 
expected to vary  at different oxidizing ambients.  Equa-  
t ion [9] can also be used for the calculation of TR. An 
example graphical  solution of this equation, for a 1 
hr oxidation at different ambients,  is shown in  Fig. 10. 
While dX/d t  at a fixed t ime is s trongly ambient  de- 
pendent ,  K1 and K2 are not. Thus, the temperature  at 
which retrogrowth begins, defined by the intersection 
of the (K~/Kz) 2,~ and (dX/d t ) t  curves, increases with 
increasing (dX/dt) t .  A certain s imilar i ty  between Fig. 
10 in  the present  paper and Fig. 10 in  Ref. (25) should 
be noted here. The similarity,  however, is only super-  
ficial since the plotted quanti t ies and the theory behind 
them are different in  the two cases. Since we have dis- 
cussed our objections to Murarka 's  theory earl ier  in  
this paper, we will make no fur ther  comment  a t  this 
point. 

TR can also be calculated uti l izing Eq. [5] with the 
condition for m a x i m u m  OSF growth for a given oxi-  
dat ion time, Or/oTlt = 0. The calculations are com- 
pared in  Fig. 11 with exper imenta l  results f rom Ref. 
(23 and 25) with general ly  good agreement.  

Point Defec t  Generat ion  at  the Si-SiO2 In ter face  
From the fact that  stacking faults grow dur ing  oxi- 

dation, it is clear that  the oxidation reaction is a source 
of point  defects, assumed here to be self-intersti t ials,  
that  induce the fault  growth. While the Deal-Grove 
model (18) for oxidation explains very  well  the basic 
phenomenology of oxide growth, it provides l i t t le  
insight  into its relationship with point  defect genera-  
t ion process. In  this section we discuss a model for the 
generat ion of inters t i t ia l  point  defects near  the Si-SiOa 
interface and the subsequent  dis t r ibut ion of these de- 
fects. This model is based on two key postulated mech-  
anisms: (i) a two-step oxidation reaction and (ii) a 
segregation of excess silicon at the interface (16). 

Two-step oxidation.--The average spacing between 
silicon atoms in SiO2 is about  1-3 times the average 
spacing of silicon atoms in the Si lattice. If the Si- 

SiO2 interface moves ir~to the bu lk  Si with a velocity, 
V, dur ing oxidation, the oxide thickens at a ra te  of 
2.25V, which means that  free volume must  be created 
at a rate of 1.25V per un i t  area, otherwise the interface 
would be severely s t rained and oxidation would be 
retarded (14). The free volume may be supplied by a 
flux of vacancies from the bu lk  silicon to the in te r -  
face, a flux of silicon interst i t ials  from the interface 
to the bulk  oxide or silicon, or a viscous flow of the 
oxide. If the free volume is to be ent i re ly  supplied by 
point defect fluxes, extremely large fluxes would be 
needed, which is unlikely.  However, if less than 45% 
(1/1.25) of the silicon at the interface is oxidized and 
the rest of the silicon (55%) is placed at interst i t ial  
sites in the oxide, free volume would not  be immedi-  
ately needed. Since oxidation is exper imenta l ly  found 
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Fig. 10. The arrows indicate the temperature at which retro- 
growth will occur for 1 hr oxidation in different ambients, calcu- 
lated using Eq. [9]. The retrogrowth temperature increases for oxi- 
dations with increasing oxidation rates. 
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to be more than 99% complete (35), the major i ty  of 
these interst i t ial  silicon atoms have to be oxidized in 
other reactions. Hence, the postulated ini t ial  oxidation 
and boundary  motion reflect a localized intermediate  
mechanism for interst i t ial  generat ion rather  than a 
macroscopic observable fact. 

The formation of interst i t ials  at the interface can 
also be understood from the interface match between 
the Si and SiO2 phases. It  is pointed out by Tiller (16) 
that for low temperature  oxidation, ~-cristobalite is 
the preferred form for SiO~ to ini t ia l ly form during 
thermal  oxidation. The <100> a-cristobalite phase 
matches the <100> silicon quite well if 4 silicon atoms 
per uni t  cell (1/2 of total) become interst i t ials  and 
diffuse either into bulk silicon or into the oxide. Based 
on observed results of OSF growth and the near com- 
pleteness of oxidation, it seems most likely that the 
dominant fraction of these interstitials are consumed 
in subsequent oxidation rather than moving into bulk 
silicon. 

From both the consideration of free volume and 
interface match at the Si-SiO2 interface, it appears 
unlikely that the oxidation reaction immediately con- 
sumes all the siicon atoms in place at the interface. 
During oxidation, a substantial number of excess sili- 
con atoms move away from the interface and become 
excess Si atoms near the interface; the fraction in the 
oxide is not directly observable whereas those which 
flow into bulk silicon affect OSF growth. Subsequent 
reactions of excess silicon with oxygen in the oxide 
then determine the silicon point defect distribution 
both in the oxide and in the silicon near the interface. 
In essence, oxidation of silicon is visualized as a two- 
step reaction in which point defects play an important 
role. In the first step, lattice silicon atoms located at 
the interface react with oxygen and form SiO2 

SiT. + (I -- ~)O2-~ (I -- ~)SiO~ + ~Sil [I0] 

where Sit and Siz represent the lattice silicon and the 
excess silicon at the interface, respectively, and 7 in- 
dicates the fraction of excess silicon at the interface. 
We expect 7 to range between approximately 0 and 
0.55 based on considerations of free volume and inter- 
face mismatch. As oxidation proceeds, the concentration 
of excess silicon at the Si-SiO2 interface builds up 
rapidly; some atoms can escape into bulk silicon and 
become silicon self-interstitials while others flow into 
the bulk oxide and quickly react with incoming oxy- 
gen near the interface. To avoid continuous buildup 
of excess silicon at the interface, the total flux away 
from the interface should equal the rate of generation 
of excess silicon. Thus 

G = J l  q- J~ [ii] 

where G is the generat ion rate and J1 and J2 are the 
interst i t ial  fluxes into bulk  silicon and oxide, respec- 
tively. Based on the previously ment ioned physical 
observations it is expected that  G and J2 are consider- 
ably larger than J1 and the dimensions over which 
t h e  fluxes persist differ by orders of magnitude. Spe- 
cifically, J2 being the in termediate  reaction product 
persists only for a few monolayers.  On the other hand, 
J1 represents the flux which reaches deep into bulk  
silicon (Fig. 12). 

From the reaction [10], the rate of generat ion of 
interst i t ials  per un i t  area at the Si-SiO~ interface is 
proportional to the velocity of interface movement ,  V, 
as given b y  

~V 
G---- 

-.~-..) [z21 

where r~ is the uni t  volume of silicon. The interface 
velocity is related to the overall oxidation rate through 
the we l l -known ratio a ---- 0.44. 

The extrinsic silicon interst i t ials  in silicon may re-  
combine with vacancies or may be absorbed by stack- 
ing faults and other defect structures existing in  the 
silicon substrate. These effects are approximated by an 
infinite s ink of interst i t ials  at an effective distance Ls 
from the interface. 3 Then 

J1 = DI ( C I  - -  C I * )  C I  [ 1 3 ]  

Ls 

where DI is the diffusion coefficient of silicon in ters t i -  
tials in bulk  silicon and CI is the concentrat ion of sili- 
con intersti t ials near  the interface in bulk  silicon. 
C i ( d X / d t )  is the convective flux due to the interface 
movement  and is general ly negligible. Since the excess 
silicon that  flows from the interface into bulk  silicon 
would be lost for fur ther  oxidation, J1 should be much 
smaller than G and J2, because oxidation is experi-  
menta l ly  found to be more than 99% complete (35). 
This is fur ther  supported by the calculation of the flux 
of intersti t ials from the interface to the faults dur ing 
a typical growth of OSF. For 1 hr oxidation at 1200~ 
OSF grow with an average rate of ~,20 ~m/hr  and 
absorb intersti t ials at a rate of [ d ( N o = r 2 ) / d t ] / = r  ~ ,~ 
6 X 101~ a toms /h r -cm ~, for OSF of 10 ~m size. Here, 

3This distance Ls is of the order of 25 #m based on the work 
of Taniguchi et al. (36) on oxidation-enhanced diffusion. 

SiO 2 SiOx Si 
I 
+C 
I 
I 
I 

J3 ~ 0 

,, 
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I 
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C z 
- '  LS ---I 

Fig. 12. Interstitial fluxes at the Si-Si02 interface during oxida- 
tion. J1 reaches deep into bulk silicon, while J2 is determined by the 
re-oxidation of excess silicon in oxide and persists only for a few 
monolayers. 
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No --- 1.5 X 1015 cm -2 is the number  of atoms per un i t  
area o.f OSF. The oxidation rate, on the other hand, is 

2 ~m/hr,  which produces excess silicon atoms at the 
interface at a rate of ,~ 2.6 • 10 is a toms /hr -cm 2, from 
Eq. [12] with 7 = 0.55. The detailed form of J1 is. thus 
not impor tan t  for determining the interst i t ial  genera-  
tion at the Si-SiO~ interface. 

Experimental ly ,  excess silicon atoms are found in 
bulk  oxide only very  near  the interface (37, 38), 
which indicates that  the excess silicon atoms generated 
dur ing oxidation are quickly oxidized near  the in te r -  
face. This reaction determines the flux J2 into the bulk  
oxide. The oxidation of these excess silicon atoms in 
the oxide is impor tant  for determining the net  in ter-  
stitial generation. Without  it, the interst i t ial  super- 
saturat ion would be l inearly dependent  on oxidation 
rate as proposed by Hu (13). The existence of the 
second oxidation react ion reduces the exponent  of the 
power law dependence, as empirical ly found from the 
OSF data described in  earl ier  sections. The reaction of 
the excess silicon with oxygen in  the first layers of 
the oxide is assumed to follow a general  reaction of 
the form 

X 
Si + ~-02-~ SiOx [14] 

where x is a parameter  to. be determined and may 
represent  a mix ture  of several different SiOx-type re-  
actions. The postulated SiOx, if different from SiO2, is 
fur ther  oxidized later  to SiO2. J2 can now be expressed 
as 

J2 = k'[O2]x/2(Cf -- Cf*) [15] 

where k' is the SiOx reaction constant, (Cf -- CI'*) the 
concentrat ion of excess silicon intersti t ials in the oxide 
near  the interface and [0.2] the concentrat ion of oxy- 
gen at the interface. J2 can be directly related to the 
overall  oxidation rate through the exper imenta l ly  
observed relat ion involving the oxygen concentrat ion 
at the Si-SiO2 interface (18) 

dX 
--- k[O2] [16] 

dt 
where k is the overall  reaction coefficient of silicon 
oxidation at the interface. It then follows that  

k' ( dX ~ x/2 J2=-~'~\--~-/ (el' -- CI'*)" [17] 

Neglecting J1, Eq. [ii] is reduced to 

-6- q%- = k - - ~ \ - ~ - J  (c~' - ci '*) [16] 

and thus 
_ aTkx/2 ( dX ~1-x/2 

CF -- CI'* ~k------ U -  \ - ~ - - /  [19] 

Segregation of Excess Silicon at Si-Si02 Interface 
Equat ion [19] gives the concentrat ion of excess sili- 

con interst i t ials  in  the oxide immediate ly  adjacent  to 
the silicon-oxide interface. During oxidation, silicon 
interst i t ials  exist in both bu lk  oxide and silicon near  
the interface. Because of the different chemical poten- 
tial of silicon atoms in  the two. phases, segregation of 
excess silicon atoms should result, leading to different 
concentrat ions at the respective sides of the interface 
(16). Since oxidation is a relat ively slow process, the 
segregation is assumed to be near equi l ibr ium and the 
interst i t ial  concentrat ions are related by an equil ib-  
r ium segregation mi 

Ci -- C~* 
mi = [20] 

CI' - -  CI** 

Combining Eq. [19] and [20], the concentrat ion of 
extrinsic interst i t ials  in  bulk  silicon near  the Si-SiO2 
interface during oxidation is obtained as 

dX ~l-x/2 
CI -- CI* -- a~mIkx/2 ( - - ~ - /  [21] 

which is in the same form as Eq. [4]. In  an earlier sec- 
tion, the value of n was obtained from experiments  as 
0.4, which gives a value of x equal to 1.2. Then 

and 

c ~ -  c ~ * -  a~-~i~~ ( ~X ]o4 
ak' ~--~- / [22] 

c~' - ci'* =~o6 ( ~x ]o4 
= ak' \-~-J [23] 

SiOz represents several different possible phases in 
the transition region between Si and SiO2. The value 
of 1.2 determined here for x suggests that SiO is pos- 
sibly the more dominant phase in this region. 

Orientation dependence.--The growth of OSF de-  
pends strongly on the crystall ine or ientat ion of the 
silicon substrate surface. Under  the same oxidation 
conditions, OSF grow more than two times faster in  
<100> than in <111> silicon (23). A significant de- 
crease in OSF growth rate is also observed for off-axis 
orientat ion (39). 

In Eq. [21] we eXpect the segregation coefficient, mi, 
to vary  with different orientat ions (16), in a way simi- 
lar to impur i ty  segregation at 'the Si-SiO2 interface 
(40, 41) and thus be par t ly  responsible for the or ienta-  
tion dependence of OSF growth. Indeed, the OSF data 
imply that m > m , which is the same as 

<I00> <iii> 
that of measured impur i ty  segregation coefficient (40, 
41). 

Relation to Other Oxidation-Related Phenomena 
The diffusion of commonly used impurit ies in  sili- 

con, i.e., B, P, and As, is enhanced by oxidation (40, 
42, 43). Oxidat ion-enhanced diffusion (OED) of im-  
purities shows dependence on temperature  (40, 42, 
43), ambient  (43), and orientat ion (40), similar to 
that of the OSF growth and is believed to be also 
caused by the supersaturat ion of silicon interst i t ials  in  
bulk silicon. Assuming that  the enhancement  of im-  
pur i ty  diffusivity is proportional to the interst i t ial  su- 
persaturation,  in a separate paper (21), we demon-  
strate that  the enhancement  is directly related to 
oxidation rate in the manne r  expressed by  Eq. [22]. 
The oxidation rate dependence of OED also explains 
the var iat ion of OED in different ambients, tempera-  
tures, and times. The similar or ientat ion dependence 
o (OED and OSF fur ther  supports that both are caused 
by the same point defect mechanism. 

The formation of oxide-fixed charges, Qt, at the Si- 
SiO2 interface dur ing oxidation is mostly believed to 
be related to the excess unoxidized silicons in  the bulk  
oxide (44). From Eq. [23], it is then expected that  
even at the same temperature,  different Qf will  form 
in  different oxidation conditions. Murarka  (45) re-  
cently reported that  different Qf indeed result  from 
oxidations at different oxygen part ial  pressures at the 
same temperatures  (the higher the pressure, the larger 
the Qf). This is in quali tat ive agreement  with Eq. [23] 
which predicts higher concentrat ion of interst i t ials  in 
bulk oxide for oxidations with higher oxidation rates. 

Conclusion 
Thermal  oxidation of silicon induces growth of 

stacking faults in silicon. A general  relationship be-  
tween OSF growth rate and oxidation rate has been 
developed which quant i ta t ively  explains the different 
growth and retrogrowth Of oxidation stacking faults 
under  various oxidation conditions, nameIy, tempera-  
ture, time, ambient,  and orientation. 

The growth of oxidation stacking faults is caused by 
the supersaturat ion of silicon interst i t ials  in bu lk  sili- 
con during oxidation. The driving force for the genera-  
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tion of point defects at the Si-SiO2 interface is thought 
to be the free volume requirement and interface mis- 
match. A model has been proposed for the point defect 
generation at the Si-SiO2 interface in which oxidation 
is visualized as a two-step reaction involving genera- 
tion, re-oxidati0n, and segregation of excess silicon. 
This point defect generation model forms the physical 
basis for the general relationship between OSF growth 
and oxidation rates. 
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ABSTRACT 

Oxida t ion -enhanced  diffusion (OED) of boron and phosphorus  has  been  
found to va ry  wi th  oxida t ion  rate .  The  measu remen t  technique  uses a grat ing  
pa t t e rn  of pa ra l l e l  n i t r ide  and oxide s tr ipes on the silicon surIace,  which al lows 
three  different  d r ive - in  condit ions to be achieved on the same wafer ,  namely ,  
ine r t  and  oxidizing condit ions wi th  two different  ox ida t ion  rates.  Because of 
the  close p rox imi ty  of the profiles diffused under  different  condit ions on the  
wafers,  the  re la t ive  change in the  diffusivi ty of doPants could be accura te ly  d e -  
t e r m i n e d  b y  means  of spreading  resis tance measurements .  The resul ts  show 
tha t  i m p u r i t y  diffusion in  oxidizing ambients  is enhanced and the enhance-  
men t  c lear ly  depends  on oxidat ion  rates,  the h igher  the rate,  the l a rge r  the  
enhancement .  Ox ida t ion -enhanced  diffusion is caused by  the supe r sa tu ra t ion  of  
extr ins ic  poin t  defects genera ted  at  the  Si-SiO2 in ter face  dur ing  oxidat ion.  
The p resen t  work  indicates  tha t  the  supersa tu ra t ion  is d i rec t ly  re la ted  to 
oxidat ion  ra te  by  a sub l inear  p o w e r - l a w  dependence,  s imi la r  to tha t  ob-  
served for the growth  of ox ida t ion- induced  s tacking faults.  The oxida t ion  ra te  
dependence  is used as a basis to fo rmula te  a genera l  model  which  expla ins  the  
var ia t ion  of OED unde r  different  oxida t ion  conditions,  namely ,  t empera tu re ,  
time, ambient ,  and pressure.  

I t  has been wel l  es tabl ished (1, 2) tha t  diffusion of 
boron, phosphorus,  and arsenic is enhanced dur ing  
the rmal  ox ida t ion  of silicon. The ox ida t ion-enhanced  
diffusion (OED) has been shown to depend  on ox ida -  
t ion ambien t  (3) and t empe ra tu r e  (1) as wel l  as on 
or ienta t ion  of the silicon subs t ra te  (1). I t  is genera l ly  
accepted tha t  t he rma l  ox ida t ion  of silicon resul ts  in the 
genera t ion  o~ excess si l icon po in t  defects  in the  Si -  
SiO2 interface  dur ing  oxida t ion  (4, 5). Some of these 
extr ins ic  point  defects flow into the bu lk  sil icon and 
supersa tu ra te  the point  defect  popula t ion  there.  Since 
subs t i tu t ional  impur i t ies  are  known to diffuse by  in te r -  
actions wi th  la t t ice  point  defects (6), the supe r sa tu ra -  
t ion resul ts  in the enhancement  of impur i t y  diffusivity.  

Because the  supersa tu ra t ion  of poin t  defects  is a d i -  
rect  resul t  of oxidat ion,  the level  of supersa tu ra t ion  is 
expected  to va ry  unde r  different  oxida t ion  conditions,  
pa r t i cu l a r ly  wi th  the ra te  of oxidat ion.  In  the presen t  
paper ,  we repor t  expe r imen ta l  resul ts  on ox ida t ion-  
enhanced diffusion of boron and phosphorus  in d ry  
oxygen  ambien t  and demons t ra te  tha t  OED of both im-  
pur i t ies  var ies  wi th  oxida t ion  rate.  A quant i t a t ive  
model  is p resen ted  tha t  re la tes  OED to the ra te  of oxi -  
dat ion by  express ing the supersa tura t ion  point  defects  
as a power  law of oxida t ion  rate.  

The supersa tu ra t ion  of la t t ice  poin t  defects (se l f -  
in ters t i t ia l s )  was or ig ina l ly  suggested by  Hu (4) as 
also causing the g rowth  of oxida t ion  s tacking faul ts  
(OSF)  in sil icon dur ing  oxidat ion.  The OSF growth  
shows dependence  on oxidat ion  ambien t  and t empera -  
ture  as wel l  as subs t ra te  or ienta t ion  (7),  s imi lar  to tha t  
observed  for OED. In a separa te  pape r  (8), we demon-  
s t ra te  tha t  the  OSF dependence  can be exp la ined  by  an 
oxidat ion  ra te  dependence  of point  defect  supe r sa tu ra -  
tion, s imi la r  to tha t  repor ted  here.  

Experiments 
The s ta r t ing  mate r ia l s  for the exper iments  a re  p -  

and n - t y p e  2 in. wafers  of Czochralski  ~ 1 0 0 ~ - o r i e n t e d  
silicon wi th  a res i s t iv i ty  of 10-20 a - c m .  The wafers  

were  oxidized in s team at  100O~ for  27 min  to g r o w  
about  1900A of oxide. Boron and phosphorus  were  i m -  
p lan ted  th rough  the oxide  into p -  and  n - t y p e  sil icon 
wafers,  respect ively,  to avoid  the  format ion  of the  
junctions.  The dose for both  impur i t ies  was low (6 X 
1013 a toms /cm ~ at  60 keV for B and 8.5 • 10 is a t o m s /  
cm 2 a t  160 keV for P)  to avoid diffusion enhancement  
by high ca r r i e r  concent ra t ion  effects (9). The i m -  
p lan ted  wafers  were  annea led  at  900~ for 30 min to 
act ivate  the implan ted  dopants  and  500A of CVD si l i -  
con n i t r ide  was then deposi ted on the wafers  a t  l o w  
t empera ture .  Ano the r  l aye r  of CVD oxide w a s  u s e d  to 
pa t t e rn  the n i t r ide  and oxide  into pa ra l l e l  s t r ipes  (Fig. 
1), which define three  different  regions r epea ted  across  
the sil icon wafer :  (i)  the  first region l abe led  I w i th  
the n i t r ide  and oxide layers ,  ({i) the  second region 
labe led  II  wi th  only oxide, and  ({i{) the  final region 
labe led  I I I  wi th  the silicon surface d i rec t ly  exposed. 
Each of the  three  regions has a wid th  of 500 #m and 
extends along the ent i re  wafer .  When  the pa t t e rned  
wafers  a re  t he rma l ly  processed in d ry  oxygen  ambien t  
at high t empera tu res  (900~176 the surface  p a t -  
tern allows three  different  d r ive - in  condit ions to be 
achieved on the same wafer.  In  region I, because  of 
the ni tr ide,  the silicon surface is not  oxidized a n d  the  
impur i t ies  in the region diffuse under  nonoxidiz ing 
condit ions dur ing  the t he rma l  process. In  the  o ther  t w o  
regions, silicon is oxidized, but  the ra te  is different  b e -  
cause  of the presence of the in i t ia l  oxide in region II. 
The diffusion of impur i t ies  in both regions is enhanced,  
but  by  a different  magni tude  owing to the  different  
oxidat ion  rates. These different  diffusivities r e su l t  in 
different  i~npurity profiles in the  th ree  reg ions  on  t h e  
same wafer.  

Si3N4 ~ l i ' ~ ' . . : .  ::/71 

_NLP3 

Si N-(P-) 
I 17 m" 
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1Present address: Bell Laboratories, Allentown, Pennsylvania 

18103. 
2Present address: Massachusetts Institute of Technology, Cam- 

bridge, Massachusets 02139. 
Key words: point defects, interstitialcy, spreading resistance. 

Fig. i. The surface pattern of parallel nitride and oxide stripes 
that allows three different drive-in conditions on the same wafer; 
nonoxidizing in region I, and oxidizing in other regions with faster 
oxidation rate in region Ill. Each region has a width of 500/~m. 
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The impur i ty  profiles were characterized by  means 
of spreading resistance measurements.  Small  samples 
(5 X 5 mm) were cut from the processed wafers and 
beveled on a block of 16 or 34 min  angle so that  the 
bevel edge was perpendicular  to the surface stripes 
(Fig. 2). Because of the small  stripe width, each bevel 
contains all three regions and thus the different im-  
pur i ty  profiles are exposed side by  side on the same 
bevel surface. 

The probes used in the spreading resistance measure-  
ment  have a small  separation (25 #m) and thus the 
probe tracks can be located well  wi th in  each stripe. 
The accurate control of both the lateral  and transverse 
movement  of the probes (better than 3 ~m) allows one 
to match the three neighboring profiles measured on 
the same bevel surface to wi thin  150-300A, depending 
on the bevel angle. As a result, a small  difference in 
the diffusion of impuri t ies  can be accurately deter-  
mined. This measurement  technique has been suc- 
cessfully used to study the OED of phosphorus  and 
arsenic (2). 

Figure 3 shows a series of measured spreading re-  
sistance profiles in phosphorus- implanted silicon. The 
profiles in the two oxidized regions (II and III)  show 
different locations of the silicon surface which is ex-  
pected, because different oxide thickness has been 
grown in the two regions. Also shown in  the plots is 
the ini t ia l  profile measured on a separate sample. The 
difference between the ini t ia l  and diffused profiles in -  
dicates the extent  of the impur i ty  diffusion dur ing the 
thermal  oxidation. At all temperatures,  both profiles in 
the oxidized regions (II and III)  are far ther  apart  from 
the profile in  region I, clearly showing enhanced im-  
pur i ty  diffusion in  the oxidized regions. The data also 
indicate that the enhancement  increases with decreas- 
ing temperature,  consistent with the results of our pre-  
vious works (1, 2). 

At the two higher temperatures  (1100 ~ and 1200~ 
the diffusion enhancement  in the two oxidized regions 
is different, as evidenced f r o m  the different profiles 
in regions II and III. The difference becomes small  at 
1000~ and is almost nonexis tent  at  900~ This fol- 
lows closely the ratio of average oxidation rates in 
the two oxidized regions deduced in  Table I from the 
ratio of the oxide thickness grown in  these regions. 

Analysis 
Measured spreading resistance profiles have been 

analyzed by the process s imulat ion program SUPRE1V[ 
(10) and a computer  program (11) which converts im-  
pur i ty  profiles into spreading resistance profile~. The 
advantage of comparing directly spreading resistance 
profiles instead of extract ing impur i ty  profiles is dis- 
cussed elsewhere (2). The technique allows the ac-  
curate  determinat ion  of very small  differences in  diffu- 

s ivi ty .  Figure 4 shows the comparison between mea-  
sured and calculated spreading resistance for the ini t ial  
and diffused phosphorus profiles at 1100 ~ and 1200~ 
Because of the effects of probe penetra t ion and bevel 
edge rounding in  spreading resistance measurements  

S 

SisN 4 
SiO 2 

Si 

Fig. 2. The beveled spreading resistance measurement sample, 
which contains all three different regions. The close proximity of 
the profiles on the same bevel surface allows the relative depth of 
the neighboring profiles to be matched accurately. 

May I981 

Table I. The thickness of additional oxide grown during oxidation in 
oxidized regions II and III for phosphorus experiments 

900 ~ 1600~ 1100~ 1200 ~ 
22 hr 5 hr 45 rain 10 rain 

II, A* 1225 911 468 160 
IlI, A 1634 1632 1158 798 
Ratio 1.33 1.79 2.47 4.99 

* Region II has an initial oxide of thickness 1981A. 

(12), the agreement  near  the tail  and the surface of  
the profiles is ra ther  poor. However, to determine the 
relative change in the impur i ty  diffusivity, it  is ade- 
quate to match the profiles wi thin  the resistance win-  
dow, 1 • 104-13 • 104~2 shown in Fig. 4. 

Table II lists the extracted diffusivities and the en-  
hancement  factors for boron and phosphorus in  the 
three diffused regions for the processing temperatures,  
900~176 The extracted diffusivities in region I 
agree well with the general ly  accepted low concentra-  
tion (intrinsic) diffusivities in  neu t ra l  ambients  (13, 
14). The diffusivity in the two oxidized regions (II and  
III)  is enhanced with larger enhancement  in  region III  
where the oxidation rate was higher. 

Since the same ini t ial  oxide thickness (,~1900A) w a s  
used in  all experiments  to achieve two different oxida- 
t ion rates, the difference of oxidation rate in  the two 
regions is small  at low temperatures,  where oxidation 
is dominated by l inear  growth, and increases at high 
temperatures  where parabolic growth dominates. Re-  
sults presented in Fig. 3 and Table II for the difference 
of impur i ty  diffusivity in  the two regions suggest that  
the oxidat ion-induced diffusion enhancement  is related 
to the oxidation rate. 

The diffusion enhancement  dur ing oxidation of sili- 
con was original ly explained by Hu (4) by a dual dif- 
fusion mechanism in which impuri tes  are assumed to 
diffuse with vacancies and interstitials.  Thus an in -  
crease in the concentrat ion of either vacancies or in -  
terstitials would cause the enhancement  of impur i ty  
diffusion. For the purpose of this paper we assume that  
the impur i ty  diffusivity, D, is general ly given by direct 
superposition of the two mechanisms. Then 

D -- DAy -b DAI [1] 

where DAV and DAI are the vacancy and interst i t ialcy 
motivated impur i ty  diffusivities. These are respectively 
related to the concentrations of vacancies, Cv, and  
self-interstitials,  CI, by 

DAy = dAvCv 

DAI = dAICI [2] 

Denoting intr insic  values by "*," the proport ional i ty 
factors, d, can be related to the intrinsic diffusivities 
and point defect concentrations by 

DAv * 
day = 

Cv* 

DAz* 
d~ = [3] 

CI* 

The  above equations are valid only  if the intr insic  
point  defect concentrat ion is nonzero. However, Eq. 
[2] are always valid. 

Dur ing  oxidation, the silicon self - inters t i t ia l  con- 
centrat ion is supersaturated and impur i ty  diffusion is 
enhanced via the interst i t ialcy mechanism by a mag-  
ni tude proport ional  to the supersaturated interst i t ial  
concentration. Thus the total diffusivity of impur i ty  
dur ing oxidation is s imply 

D = D* "F- dAi(Ci -- CI*) [4] 
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Fig. 3. The matched spreading resistance profiles of phosphorus in silicon at (a, upper left) 900~ (b, upper right) 1000~ (c, lower 
left) 1100~ and (d, lower right) 1200~ measured on the same beveled sample. The initial profile is measured on a separate sample. 
The depth resolution of the measurements is ,~200A.. Only every other three measurement points are shown. 

where D is the total diffusion coefficient, and D* = 
D A v * +  DAI*, is the intr insic  diffusivity in the neut ra l  
ambient.  

In the absence of oxidation the inters t i t ia l  concen- 
t rat ion is probably  low and the impur i ty  diffusion is 
probably  dominated by the vacancy mechanism. Dur-  
ing oxidation excess silicon is produced at the Si-SiO2 
interface, part  of which flows into the bulk  silicon and 
raises the interst i t ial  concentrat ion above its equi l ib-  
r ium value, thus increasing the impur i ty  diffusivity. 
The generat ion of the excess silicon at the interface is 
a result  of the incompleteness of oxidation suggested 
by Hu (4), or of the free volume requ i rement  and Si- 
SiO2 interface mismatch suggested by  Til ler  (5). In  

both cases, the supersaturat ion of interst i t ials  in silicon 
is related to the oxidation rate. The re la t ion is assumed 
to be a power- law dependence of the form (15) 

( dX - 
C I  - -  C I *  " ~  K \ - - ~ /  [ 5 ]  

where dX/ d t  is the rate of oxide growth, and the r e -  

a c t i o n  constant, K, and the power exponent,  n, are re -  
lated to the point  defect generat ion process at the Si- 
SiO• interface. Combining Eq. [4] and [5], one obtains 

( dX " 
D = D* + dA:K \ - -~ - - /  [6] 

for the impur i ty  diffusivity dur ing  oxidation. 
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The above equation implies that  general ly  D will  be 
a function of t ime because dX/dt  is t ime dependent.  On 
the other  hand, our  exper iments  yield only an average 
diffusivity over the time of each experiment.  However, 
as is shown in the Appendix, an average diffusivity, 
<D> = 1/t fro D (~)dT produces exactly the same im- 

purity profile as a t ime-vary ing  D(T) over the same 
time period, if D(~) is independent  of impur i ty  con- 
centration. Thus, the extracted diffusivities can be re-  
lated to the oxidation rate by 

< D >  1_ dAiK ~ot I dX ~ 
D* D*t ' -~-] dz [7] 

Assuming that the growth of oxide can be described 
by the Deal-Grove equation (16) 

X 2-xo 2+A(X-xo) =St [8] 

where Xo is the initial oxide thickness, and B and B/A 
are the parabolic and linear growth rates, Eq. [7] gives 

<D> dAIK B n-1 
-- 1 = - -  [(2 + A) 2-~ 

D* D * t  2(2-- n) 
- (2Xo+A)~-- ]  [9] 

We define the diffusion enhancement ratio, DER, be- 
tween regions III and II by 

) / (<~ DER = D* I D* I [10] 
I I I  I I  

Then using Eq. [9] and [10] we obtain 

(2Xm + A)~-" -- A 2-" 
D~R = [hi 

( fXn  n u A )  2"-n -- (2Xo + A) s - "  

where Xin  and Xn  are the final thicknesses in regions 
III  and  II. Comparison of Eq. [7] wi th  the experi -  
menta l  results in Fig. 5 gives values of n between 0.4 
and 0.6. Although the data in Fig. 5 are considerably 
scattered and do not allow accurate determinat ion of 
n, the key fact that  the value of n is less than 1 is 
easily deduced. 

Recently, Tsukamoto et al. (17) reported that  if the 
same thickness of oxide is to be grown at a given t em-  
perature,  high pressure steam oxidation results in a 
much shorter impur i ty  diffusion length than a tmo- 
spheric pressure. At 950~ one of the temperatures  
used in  their  experiments,  the total  diffusion en-  
hancement  can be estimated from our work to be 
larger than 4 and the diffusion is thus dominated 
by the extrinsic diffusion component. At high 
pressure the oxidation rate increases and the time 
needed to grow the same amount  of oxide is reduced. 
But following Eq. [7], we expect the diffusion enhance-  
men t  to increase also. If the diffusion enhancement  was 
l inear ly  proport ional  to the oxidation rate, instead of 
exhibi t ing subl inear  dependence found in  the present  
work, the increase in diffusion enhancement  at high 
pressure would be the same as the reduct ion in  oxida- 
tion time. Hence, the resul tant  impur i ty  diffusion 
length would be almost independent  of the pressure 
used. The fact that  the impur i ty  diffusion length is 
significantly reduced in higher pressure oxidation fur -  
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Fig. 5. The correlation between diffusion enhancements and aver- 
age oxidation rates. The overage oxidation rate is defined as the 
oxide thickness grown divided by the oxidation time. 
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Table II. Diffusivities in cm2/sec for boron and phosphorus in regions I, II, and II I  

1 1 3 5  

900~ 22 hr  IO00~ 5 hr  llO0~ 45 min 1200~ 10 rain 

B I 1.5 x I0 -~ (i.0)* 1.5 x I0 -I' (i.0) 1.8 x i0 -~s (i.0) 
II 9.7 x 10 -z~ (6.4) 5.7 x 10 -I~ (3.7) 3.2 x 10 -m (1.7) 
III 1.1 x 10 - ~  (7.0) 6.1 • 10 -~4 (4.0) 4.4 x 10 - ~  (2,4) 

P I 6.7 • I0 -I~ (1.0) 1.3 x i0 -14 (i.0) 1.4 • 10-~ (I.0) 
II 4.7 x i0 -15 (7.0) 5.3 • i0 -14 (4.3) 2.8 • I0-~ (2.0) 
III 5.0 x 10 -~  (7.5) 5.8 x 10 -~  (4.7) 3.3 x 10 -ha (2.3) 

1.7 x 10 -~ (1.0) 
2.2 x 10-~ (1.2) 
3.0 x 10-~ (1.7) 
1.1 x 10 - ~  (1.0) 
1.3 x 10 -~, (1.1) 
1.5 x 10 -:~ (1.3) 

* The  data in parentheses  are the  diffusion enhancement  factors ,  <D>/D*, 

ther  suppor ts  the genera l i ty  of the  sub l inea r  depend-  
ence found here.  

Discussion 
The g rowth  of s tacking faul ts  dur ing  oxidat ion  var ies  

under  different  ox ida t ion  conditions, namely,  t em-  
pera ture ,  t ime, ambient ,  and subs t ra te  or ienta t ion  (18), 
in a manne r  s imi lar  to tha t  observed for ox ida t ion -  
enhanced  diffusion. This s t rongly  supports  the h y -  
pothesis  tha t  both  phenomena  are caused by  the same 
point  defect  mechanism (4, 19, 20). The OSF growth  
ra te  is p ropor t iona l  to the capture  ra te  of inters t i t ia ls ,  
which is de t e rmined  by  the excess in te rs t i t i a l  concen- 
t ra t ion  in the bu lk  sil icon dur ing  oxidat ion.  We have 
demons t ra ted  (8) that  the var ia t ion  of OSF  growth  
under  different  oxidat ion  condit ions can be exp la ined  
by  a dependence  of in te rs t i t i a l  supersa tu ra t ion  on oxi-  
dat ion ra te  of the same form as Eq. [5] wi th  the power  
exponent ,  n - -  0.4, which is consistent  wi th  the  ~r 
of n ob ta ined  f rom diffusion enhancements  in Fig. 5. 
This provides  another  s t rong indica t ion  of the  close 
corre la t ion  be tween  s tacking fau l t  g rowth  and ox ida -  
t ion-enhanced  diffusion. The va lue  of n, 0.4, is ob-  
ta ined  f rom expe r imen ta l  da ta  of OSF growth  in a E" 
wide range  of oxida t ion  condit ions ( 8 )  and wil l  be a: 
used to represen t  oxida t ion  ra te  dependence  of  OED 
for fu r the r  discussion, o 

Using n _.= 0.4, the  diffusion enhancement ,  <D>/D* '<' 
-- 1, in Eq. [7] becomes z o 

< D >  1 = -  d~ [12] 
D* D*t  --~-~ / c~ 

tU e~ 
The oxida t ion  ra te  decreases as ox ida t ion  t ime in -  

creases. I t  is thus expected  f rom Eq. [12] tha t  the dif-  
fusion enhancement  wil l  also decrease  wi th  oxidat ion  
time. Using the Dea l -Grove  oxida t ion  equat ion  (16) 
and assuming no in i t ia l  oxide, Eq. [12] can be ex -  
pressed as 

< D >  
1 = GEF(t) [13] 

D* 

dAxK ( B ~ ~ 
Gz= D* ' - ~ . /  [13a] ., 

~9 

F ( t )  - -  3.2Bt 1 + ~ - -  1 [13b] 
tU 

Here GE represents  the m a x i m u m  diffusion enhance-  z ~ 
ment  and F (t)  expresses  the reduct ion  wi th  t ime. < 1- 

F ( t )  is p lo t ted  in Fig. 6 to show the sens i t iv i ty  of z 
diffusion enhancement  to oxida t ion  t ime at  different  w 
tempera tures .  F r o m  the figure, the  reduct ion  of diffu- z o 
sion enhancement  for the  oxida t ion  t imes used in the  
exper iments  are  to 88%, 74%, 68%, and 66% for temo D u. 
pera tures ,  900 ~ 1000 ~ 1100 ~ and 1200~ respect ively,  u. 
The m a x i m u m  enhancement  fac tor  G~ can then  be 5 
de te rmined  b y  dividing the measured  enhancement  by  -J . J  
the reduct ion factor. The resul ts  a re  shown in Fig. 7 D 
which  indicates  essent ia l ly  the same OED for boron u_ 
and phosphorus,  suggest ing a s imi lar  diffusion mecha-  
nism for both  impuri t ies .  The da ta  also indicate  a 
nega t ive  act ivat ion energy  of ~-- --1.2 eV, which sug-  
gests a continuous increase  of diffusion enhancement  

at  low oxidat ion  tempera tures .  As the  t r end  o f  i n t e -  
g r a t e d  circui t  technology is t oward  lower  processing 
tempera tures ,  ox ida t ion-enhanced  diffusion should con- 
t inue to p l ay  an impor t an t  role in i m p u r i t y  profile 
control. 

An impl ica t ion  of the  oxida t ion  ra te  dependence  of 
diffusion enhancement  is tha t  oxidat ion  ambients  hav-  
ing different  oxida t ion  rates  resul t  in different  diffu- 
sion enhancements .  For  example,  oxida t ion  in we t  and 
s team ambien ts  is fas ter  than  in d r y  oxygen ambien t  
and thus impur i ty  diffusion is expected  to be enhanced 
more  in those ambients .  On the o ther  hand,  in pa r t i a l  
oxygen pressure  ambients ,  the oxida t ion  ra te  is r e -  
duced and diffusion enhancement  should  decrease  a c -  
c o r d i n g l y .  The ambien t  dependence  of OED has been 
expe r imen ta l l y  Observed (3, 21) wi th  the resul ts  in 
qual i ta t ive  agreement  wi th  Eq. [12]. Deta i led  quan t i -  
ta t ive  comparisons cannot  be made  at  present ,  pending  
more comprehensive  expe r imen ta l  data.  On the o t h e r  
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Rig. 6. The reduction factor F(t) is calculated as a function of 
oxidation time. Oxidations used in the calculations start without 
initial oxide. 
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Fig. 7. The maximum diffusion enhancement factors GE for boron 
and phosphorus at different oxidation temperatures. 
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hand, i t  has been demons t ra ted  (8) tha t  the subl inear  
oxidat ion  ra te  dependence  quan t i t a t ive ly  expla ins  the 
g rowth  of OSF in a wide range of oxidat ion  conditions. 
Thus, since ox ida t ion-enhanced  diffusion is closely re -  
la ted to OSF growth  by  the same point  defect  mecha-  
nism, we expect  Eq. [5] and hence Eq. [12] to also 
la rge ly  expla in  the OED under  different  oxidat ion  con- 
ditions. 

An Example of Appl icat ion 
Today's  in tegra ted  circuit  technology is ve ry  much 

into VLSI  (very  large  scale in tegra t ion)  where  the 
la te ra l  device dimensions are  r ap id ly  approaching  
micro-  or  submicromete r  range.  In  o rde r  to optimize 
devices, the ver t ica l  dimensions need to be scaled ac-  
cordingly.  The ver t ica l  dimensions are, in most  cases, 
domina ted  by  impur i t y  diffusion. This is pa r t i cu l a r ly  
t rue  in the format ion  of the oxide isolat ion commonly 
used in both the MOS and b ipolar  technologies,  where  
long oxidat ions are  used to produce sufficient oxide 
thickness to separa te  the  active devices. These ox ida-  
tions are  increas ingly  done at  low tempera tu res  and 
high pressures  to minimize the impur i t y  diffusion. At  
these conditions, the ox ida t ion-enhanced  diffusion is 
c lear ly  important .  

Consider a case where  5000A of oxide is to be grown.  
Equat ion [6] is used to calculate  the impur i t y  diffusion 
length, 2k/Dr, when the oxide is grown in d ry  oxygen,  
steam, or  high pressure  s team where  the oxidat ion 
ra te  is fu r the r  increased b y  a factor  of 6, at  different  
tempera tures .  The resul ts  p lo t ted  in Fig. 8 c lear ly  show 
the reduct ion of impur i ty  diffusion length  in the two 
fast  oxidizing s team ambients .  Also shown in the figure 
is the diffusion length  calcula ted wi th  only in t r ins ic  
diffusivity. A t  high t empera tu res  ( > l l 0 0 ~  the di f -  
fusion length  is dominated  by  intr insic  diffusion and 
the reduct ion in diffusion length  in the two s team 
ambients  is ma in ly  due to reduct ion in oxidat ion  time. 
At  low t empera tu res  (<1000~ , however,  extr insic  
diffusion dominates  and the reduct ion resul ts  f rom the 
subl inear  oxidat ion  ra te  dependence  of the diffusion 
enhancement .  I t  is impor t an t  to also note in Fig. 8 tha t  
the reduct ion of the diffusion length  toward  decreasing 
t empera tu res  is only  g radua l  at  low t empera tu res  as 
compared  to the r ap id  decrease when only intr insic  
diffusion is considered. This is a resul t  of the negat ive  
act ivat ion energy  of ox ida t ion-enhanced  diffusion and 
emphasizes the impor tance  of OED in impur i t y  profile 
control  at  these tempera tures .  

Conclusion 
The diffusion of i on - imp lan t ed  boron and phosphorus  

in nea r - in t r ins ic  <100>  silicon has been s tud ied  ex -  
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Fig. 8. Boron diffusion length during oxidation to grow 5000A of 
oxide in dry oxygen, steam, or high pressure steam ambients at 
different temperatures. 

per imen ta l ly  in nonoxidizing and oxidizing conditions. 
The measurement  technique uses a g ra t ing  pa t t e rn  of 
para l l e l  n i t r ide  and oxide s tr ipes on the silicon surface 
which allows three  different  diffusion conditions ( iner t  
and oxidizing wi th  two different  oxidat ion  ra tes)  to 
be achieved on the same wafer.  Because of the close 
p rox imi ty  of impur i t y  profiles diffused under  different  
condit ions on the same wafer ,  the  smal l  re la t ive  
change of impur i ty  diffusivi ty was accura te ly  de te r -  
mined by  means  of spreading resistance measurements .  
Resu~s indicate  tha t  impur i t y  diffusion is enhanced by  
oxidat ion and the enhancement  is d i rec t ly  re la ted  to 
oxidat ion  ra te  wi th  h igher  enhancements  at  h igher  
oxidat ion  rates.  The diffusion enhancement  has a nega-  
t ive act ivat ion energy and consequent ly  slows down 
the reduct ion of i m p u r i t y  diffusion length  at  low tem-  
pe ra tu re  processing. 

Oxida t ion-enhanced  diffusion is caused b y  super -  
sa tura t ion  of la t t ice  point  defects dur ing  oxidat ion.  
The presen t  work  indicates  tha t  the  poin t  defect  
supersa tura t ion  depends on oxidat ion  rate.  The de-  
pendence is approx imated  by  a p o w e r - l a w  re la t ion  
wi th  an exponent  ranging  be tween  0.4 and 0.6 which 
is consistent wi th  the oxida t ion  ra te  dependence  of 
the growth  of oxidat ion  s tacking faults.  The sub l inear  
oxidat ion ra te  dependence  of the diffusion enhance-  
ment  expla ins  the reduct ion of impur i t y  diffusion 
length  when growing the oxide in high pressure  s team 
oxidat ion at  low tempera tures .  I t  is also in qual i ta t ive  
agreement  wi th  the dependence  of ox ida t ion-enhanced  
diffusion in wet  oxidat ion  and reduced oxygen  pressure  
oxidations,  observed e lsewhere  (21). 
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A P P E N D I X  
In the present  exper iments ,  the impur i ty  concentra-  

t ion is kep t  below the in t r ins ic  ca r r i e r  concentrat ion 
at  the  processing tempera tures .  The impur i t y  diffusiv- 
i ty is thus independen t  of concentra t ion and the im-  
pur i ty  diffusion equat ion is 

OC(x, t) O~C (=, t) 
= D (t)  [A-Z] 

0t O~ 

wi th  bounda ry  conditions 

{~X x=O 
or  

D aC 
ax 

= 0 for  neu t ra l  ambien t  d r ive - in  [A-2] 

= 

x=O ] 

for oxidizing ambien t  d r ive - in  [A-3] 

w h e r e  C(x , t )  is the impur i t y  concentrat ion,  m the 
segregat ion coefficient, and a the rat io  of the consumed 
sil icon to the  thickness of oxide grown, dX/d t  is the 
oxide  growth  rate.  

Since D is a funct ion of t only, by  changing the  
var iab le  t to t '  = f ~ D ( t ) d t ,  the  above  equat ions are  

simplif ied to 
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with  

OC (x, t') 02C (x, t') 

0t' 0x 2 
[A-4]  

0C / 
I = 0 [ A - 5 ]  

Ox I ==0 
o r  ocj 

---- - -  ,~ [ A - 6 ]  
ax ==o it" 

The solut ion to the above equations is a function of x 
and t '  only. Hence the concentrat ion,  C, a t  a given x is 
de te rmined  by  the va lue  of t' = f~ D (~)d~ and is in-  

dependent  of the de ta i led  form of D(~) .  In  o ther  
words, a constant  diffusivity, < D >  = 1/t f t  ~ D (~) dv wil l  

produce  exac t ly  the same profile as the t ime -va ry ing  
D (~) over  the  same t ime period. 
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An Efficient Integration Technique 
for Use in the Multilayer Analysis 

of Spreading Resistance Profiles 
H. L. Berkowitz* and R. A. Lux 

U.S. Army Electronics Technology and Devices Laboratory, ERADCOM, Fort Monmouth, New Jersey 07703 

ABSTRACT 

The efficiency of mu l t i l aye r  analysis  in calculat ing res i s t iv i ty  profiles f rom 
spreading  resis tance measurements  depends  on the rap id  numer ica l  eva lua-  
t ion of the  we l l -known  correct ion factor  in tegra l  first in t roduced  by  Schu-  
mann  and Gardner .  We present  a new approx ima te  form for the correct ion 
factor  which allows its numer ica l  eva lua t ion  wi th  only 22 in tegrand  values  
for each evalua t ion  of the  integral .  When this technique is used in our mul t i -  
l ayer  analysis  program,  we unfold spreading  resistance profiles at  the rea l  
t ime ra te  of less than 3 sec /poin t  on a desktop computer .  I ts resul ts  match  
those of ana ly t ic  evaluat ions  of special  two layer  cases or wi th  more  e labora te  
numer ica l  evaluat ions  of g raded  s t ructures  to wi th in  1%. 

Two-probe  spreading  resistance measurement  has 
become a wide ly  used technique for de te rmin ing  im-  
pu r i ty  profiles in semiconductors  (1-4). The conduc-  
t iv i ty  of the ma te r i a l  contacted by  the probes is given 
by  

R = C/ (2ar  [1] 

where  R is the measured  spreading resistance, a is the 
contact  radius,  and C is a correct ion factor  which is a 
function of the conduct ivi ty  profile of the mater ia l .  The 
mu l t i l aye r  analysis  technique of eva lua t ing  this cor-  
rect ion factor  was or ig ina l ly  proposed by  Shumann 
and Gardner  (1) and la te r  developed in more easi ly 
ca lcula ted  forms (2-4) ; complete  der ivat ions  are given 
in Ref. (2, 3). In  this technique the correct ion factor  
is 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key words: resistivity profiles, spreading resistance measure- 

meats. 

I J r ( x )  J0(Dx)  ] i ( x ) F ( t x )  [2] 
C = I  " ~ d x .  x 2 - 

I is the total  cu r ren t  flowing be tween  the probes,  
where  J1 and J0 are  Bessel functions of the first kind,  
D and t are, respect ively,  the probe separa t ion  and 
layer  thickness measured  in probe radii ,  F (sometimes 
denoted b y  1 + 20) is a funct ion of a l l  conduct ivi t ies  
deeper  than  the  contacted layer ,  and I (x)  is the Hanke l  
t ransform of the normal  component  of the cur ren t  den-  
s i ty  I(r) at a probe. F can be expressed by  a recursion 
re la t ion  

F i o ' i + l  ~ o" i t a n h ( t x )  
F i + l  = [ 3 ]  

ai -]- Fir tanh  ( ix)  

which is equiva lent  to a form given by  Choo (3). I ( x )  
is given b y  
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s I(z) ---- Jo(xr/a)I(r)rdr 

Two forms of I (x) are found in  the l i terature 

I sin (x) 
I(x) = -  [43 
- 2 ~  

which was first used by  S h u m a n n  and Gardner  (1) and 

IJ1 (x) 
z (x) = - -  [53 

which was suggested by Severin (5) and used by Choo 
(6); the la t ter  is used in the remainder  of this paper. 
A complete discussion of the consequences of using 
either form is given in  Ref. (7). 

The calculation of a conductivi ty profile from a set 
of measured spreading resistances proceeds as follows. 
Start ing at the deepest point, the value of the conduc- 
t ivi ty (and the resul t ing correction factor) is adjusted 
unt i l  the calculated spreading resistance agrees with 
the measured spreading resistance to the required ac- 
curacy. When this is achieved, the process is repeated 
at the next  point, cont inuing unt i l  the entire set of 
measurements  has been exhausted. The trial  conduc- 
t ivi ty enters the calculation of the correction factor 
only through the funct ion F. Hence dur ing a numerical  
evaluat ion o] C only the function F need be recalcu- 
lated, the remainder  of the in tegrand in Eq. [2] hav-  
ing been  calculated once and stored as a numerica l  
array. 

Because the mul t i layer  analysis scheme may require 
several evaluations of the correction factor per point  
an efficient technique for its evaluat ion is desirable. In  
this paper we introduce an approximation to the cor- 
rection factor integral  which can be evaluated rapidly. 
We then develop a numer i ca l  method which evaluates 
the approximate integral  by sampling the in tegrand 
at only 22 points. We then compare this method wfth 
an analytic evaluat ion for special cases and with other 
numerical  methods for a full mul t i layer  case. 

Approximation of the Correction Factor 
The correction factor integral  in Eq. [2] contains a 

te rm proport ional  to Jo(Dx)/2 Which describes the 
voltage reduction at one probe due to the other probe. 
On physical grounds its effect can be significant only 
when the conductivi ty of the contacted layer  is very 
high or when  the spacing between probes is small, for 
which case Choo (3) showed that the pr imary  effect of 
the J0 term is to assure that  the in tegrand vanishes at 
x = 0, even when F is s ingular  at the origin. 

In  this section we show that  it is possible to ap- 
proximate the correction factor integral  by an integral  
without  a J0 term by integrat ing from a nonzero lower 
l imit  

C a - - 8  f d x (  Jl(x) ) 2 . ~  r(tx)  [6] 

w h e r e  L is g~ven by  
L = 2e-~/D [7] 

Here 7 is Euler 's  constant, 0.577 .... We demonstrate this 
by direct calculation of C and Ca in three cases which 
are amenable  to analyt ic  methods, namely  (a) a con- 
ducting layer  over an insulat ing substrate, (b) a con- 
ducting layer over a perfect conductor, and (c) a un i -  
form semi-infini te slab. The appropriate forms of F 
are, respectively 

FA = coth( tx) ,  FB = t anh ( tx ) ,  Fc = 1 

For  any mul t i layer  case F must  be wi thin  the en-  
velope coth(tx)  and t anh( tx ) .  The test cases therefore 
represent  the extreme cases and o,ne intermediate  case. 

F o r  th in  conducting layers (i.e., in  the l imit  t--> 0), 
the  f irst  t w o  f o r m s  c a n  be approximated by 

F A - - 1 / ( t x ) ,  F B - - t X  

allowing the integral  in  Eq. [2] to be evaluated ana-  
lytically. For case (a) the funct ion FA has a pole at 
x = 0; the lower l imit  L is chosen so as to minimize 
the difference be tween C and Ca for this case. Equa-  
tion L2] wr i t t en  as 

8 l i m ~  J,(x) [ J l ( x )  Jo(Dx) ] dx 
C = --~ ~o x x 2 x I-~ 

a special case of the Weber Schafheit l in in tegral  (8), 
yields 

2 
C = -- (in(D) + I/4) [8] 

nt 

The corresponding value ef Ca is ob$ained by evaluat- 
ing Eq. [6] 

Jl~(x) dx -- - -  dx 
xa-e ~ - e  

8 
Ca = - -  l im 

=t 
e-~0 

which yields 
2 

Ca = ~ [ l n ( 2e - v / L )  + 1/4 + L~/8... ] [9] 

where -~ is Euler 's  constant, 0.577 . . . .  
With L set at  

2e-Y/D _-- 1.12292/D 

the fractional  difference between C and Ca in  this case 
is minimized;  its magni tude  can be estimated by  evalu-  
ating the term of order L 2, namely  

C -- Ca 
= 0.14/( ( ln D + 0.25)D 2) [10] 

C 

Using this value of L, both C and Ca were evaluated 
for cases (b) and (c); results are shown in  Table I. 
These three cases represent  very different physical 
situations. The fact that  the errors introduced by using 
Ca rather  than C are smaller  than  1% when D is 
greater than  10 suggests that  the approximation is 
general ly useful: in most probe ar rangements  D is 
greater than  30. The numerica l  procedure for evalu-  
ating Ca is much simpler than  that  necessary to evalu-  
ate C. The lat ter  involves calculating the in tegrand at 
e n o u g h  points to follow the rapid oscillations of the 
funct ion Jo(Dx). For example, when  D is equal to 30, 
J0(Dx) has more than 30 zeros at values less than the 
first zero of J1 (x). 

The Numerical Integrator 
In  this section we describe a numerical  integrator  

which has been tailored to take advantage of the prop- 
erties of the in tegrand of [6] in  order to minimize the 
required evaluations of F. 

Our objective is to choose a set of numbers  xi and 
weights wi such that  Ca can be well  represented by  a 
numerica l  approximation.  

On -- ~ wiF(txi) [11] 

The appropriate numerical  integrat ion technique was 
selected so as to accommodate the most s ingular  case, 
F _-- coth (tx) taking care that  other cases were 
treated with sufficient accuracy. 

Based on properties of (J1/x)2, we divide the domain 
of integrat ion into four regions 

(A) L--~z~O.I 

(B) 0.1--~x--~l 

(C) 1 - - x - - j 1 , 1  

(D) ji.1 < x 

where Jl.i is the i th zero of the Bessel function J1 and 
Jl,0 ---- 0, j1,1 = 3.83171. In  cases of practical significance 
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Table I. Functional forms of correction factors with L - -  1.12292/D 
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F C C.  II --  C . / C  l 

2 2 (  /.,s ) 0.14 
- -  ( I n D  + 0.25) l n D  + 0.25 + - -  + . . .  

. ( ,  )) 8( ,  ,) 
% + , . .  

T 3',r 41) 8D s f 3~" 4 

1 / x t  

1 

x t  4tl~ t ( 4  - Ls)/T 

L is restricted to the domain 0.O01 ~ L ----- 0.1. In  each 
region we choose a numerica l  integrator  which will 
assure adequate convergence of the integrals. 

In  region (A) we replace (J1/x) 2 by 1/4. In  this 
region the most difficult in tegrand that  can arise will 
be proport ional  to coth ( tx),  which approaches 1 / ( tx )  
for small  x. To treat  the pole at x = O, we choose In x 
to be the integrat ion variable;  this segment  of Ca is 
then 

8 ~x=0.1 X 
- s  n =L - ~ F ( t x ) d ( i n x )  

We then apply a n ine  point  Newton-Cotes integrator  to 
the integrand.  The n ine  points, equal ly spaced in  In x, 
are given by  

xi  ---- L (0. l /L)  (~/s), 0 ~-- i ~ 8 

This segment  o~ Cn is 
8 

1 
ln(0 .1/L)  i.r wg,ixiF(txi) [12] 

4~ o 

The weights wg,i for a n ine  point  Newton-Cotes inte-  
grator are given in  Ref. (9). 

In  region (B) the slowly varying  (J1/x) ~ is explic- 
i t ly calculated. Again the most difficult in tegrand is 
proportion.al to 1/( tx) ,  and we make the same t rans-  
formation as in  region (A).  To achieve the same den-  
sity of points in (B) as in (A),  wi th  L = 0.001, we 
use  a five-point  Newton-Cotes integrat ion formula. 
This segment of Ca is then 

4 

---2 ln(10) ~ JlS(Xi)F(xi) w ~ j x i  [13] 
0 

The weights w~,i are given in Ref. (9) and xi = 
0.1 (10) a/4) . 

In  region (C), (J1/x) 2 is fall ing rapidly; a five-point 
Newton-Cotes integrator  in  x rather  than In x provides 
adequate coverage. This segment  of Cn is 

3 

(Jm -- 1) ~,~ (J1(xi)/xi)2F(xi)ws,l  [14] 
o 

Only four of the five points need be calculated, as 
J1 (j1,1) is by definition zero. 

In  region (D), the rapid decrease in  (J1/x) 2 guaran-  
tees that  the integral  beyond the first zero, Jl,1, wil l  
make only a small  contr ibut ion to the correction factor. 

Using the mean  value theorem 

S~J:--b F (x )  du(x)  = F (O  (u (b)  -- u(a))  [15] 
~ a  

where a ---- f ---- b and du = (J1/x)2dx, we approximate 
the integral  be tween successive zeros of J1 by choosing 

to be the centroid of (J1/x) 2 be tween  zeros 

S:  J12(x)dx/x 
-- [16] 

S : ( J l ( x ) / x ) ~ d x  

DS(In D + 0.25) 

0.072/D 

0.08/D~ 

The approximation is exact if F varies at most l inear ly  
with x. We took five subintervals  be tween successive 
zeros of J1 to' 3L6, x = 19.616, and found that  the in-  
tegral  t runcated at this point  was adequate for most 
integrands. [Albers (10) t runcates  at x = 20 and 'Choo 
(6) t runcates at x : 20.8.] However, in  cases where 
F is small  in  region (A) (for example when F = 
tanh ( tx) ) ,  an error of as much as 4% can be made 
due to this truncation. By using one addit ional  point  
at the centroid of (J1/x) ~ taken be tween 19.616 and 
infinity, this error can be reduced to below 1%. 

This segment  of Cn is then 

8 
- -  • WD.i  F ( ~ i )  [ 1 7 ]  

where the weights WD,i and h a~e shown in Table II. 
As the points at the region bour~daries need be calcu- 
lated only once, the complete in tegrat ion requires only 
22 evaluations of F. 

Test ing Procedures 

The integrat ion technique has been tested in  the 
range 0.001 ~-- t ~ 1 and 10 --~ D --~ 1000 for two layer  
cases where ana]ytic results can be obtained and for 
representat ive mul t i layer  distributions. We present  
the results of the two layer calculation and a sample 
mul t i layer  case. 

Test L - - I n  the first test we compared Cn calculated 
using the 22 po.int integrator  with Ca calculated ana-  
lytically in  the section Approximat ion of the Correc- 
t ion Factor. 

F(x)  is replaced by fx, 1, and 1 / ( tx )  in  the cases  
now under  consideration. 

We evaluated Cn at 12 values of D between D = 10 
and D = 1OO0 and list the ma x i mum deviations in  
Table IlL Maximum errors were found on comparing C 
with Ca and Ca with Cn. In  all cases the ma x imum 
error occurs at D = 10. 

In  all cases we find agreement  between the approxi-  
mat ion and the numerica l  integrator  to be bet ter  than 
0.3%. 

Table II. Centroids and weights used in region (D) 

Centroid Weight ~ 
i q = j l , l  b = ~hl+l  ~l WD, i 

1 3.83171 7.01558 5.23853 0.688546E-2 
2 7.01558 10.1735 8.48093 0.163592E-2 
3 10.1735 13.3237 11.6681 0.627777Eo3 
4 14.3237 16.4706 14.829 0.305139E-3 
5 16.4706 19.6159 17.9861 0.173318E-3 
6 19.6159 oo 39.3 0.4119E-3 

Table III. Maximum deviations 

Ic - c , t  Ic,  - c,I  

F C Ca 

tx 0.003 0.002 
1 0.007 0.0008 
lltx 0.0006 0.0009 
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Test 2.--To measure  the per formance  of our  22 point  
in tegra tor  for cases where  analyt ic  techniques were  
unava i lab le  we constructed a Simpson in tegra tor  of 
1 5 9 7  points  constructed as shown in Table  IV. 

This in tegra tor  was p rog rammed  in three  versions 
to accommodate  the various tests needed:  

SIM which numer ica l ly  in tegra tes  

S I M : - ~ - ~ o 8  f2~ ( Jl(x)x Jo(Dx) ) x F dx 

SINISG which evaluates  the Schumann and Gardne r  
correct ion factor  

4 s  ( J l ( x )  J0(D~) ) s in (x )  
SIMSG : - -  �9 F dx 

x 2 x 

SIMT which  corrects  SIM for t runcat ion  er ror  as 
descr ibed in the section The Numer ica l  Integrator .  

Trunca t ing  the  in tegra l  a t  x = 20 allows us to 
compare  our resul ts  wi th  those of Albers  (10), who 
genera ted  spreading  resis tance da ta  (MD in Table  V) 
f rom model  res is t iv i ty  profiles by  using the in tegra t ion  
scheme of D'Avanzo et aL (4) over  the in terva l  0 --~ x 

Table IV. The 1597 point integrator 

Number 
x, min. x, max Weights of points 

0 0 . 0 0 l  T r a p e z o i d a l  2 
0 ,01  0 .01  S i m p s o n  199 
0 .01  0 .1  S i m p s o n  199  
0 .1  1 S i m p s o n  199 
1 20  S i m p s o n  999  

Table V. Summary of results calculating resistance as a function 
of depth in a layered medium using the various integrators 

mentioned in text. All calculations are based on the conductivity 
profile plotted in Fig. 1 and excerpted in this table for the case 

a = 2/~m, D = 25, t = 0.015. 

A .  C o m p a r i s o n  o f  o u r  l a r g e  S i m p s o n  i n t e g r a t o r s  S I M  a n d  S I M S G  
w i t h  t h e  l n t e g r a U o n  s c h e m e  o f  D ' A v a n z o  

A .  

A l b e r ' s  m o d e l  d a t a  

M D  
C o n d u c -  s p r e a d i n g  F r a c t i o n a l  d e v i a t i o n  

L a y e r  t t v i t y  r e s i s t a n c e  
N o .  (~ho-em) (~) 1-SIMSG/MD 1-SIM/MD 

1 7 . 9 7 5 E  - 0 3  1 . 7 4 4 E  + 0 4  1 . 1 2 1 E -  05  - 1 . 1 5 3 E  - 51 
4 1 , 9 4 0 E  - 02  3 . 4 2 0 E  + 03 1 . 1 4 4 E  - 05  - 1 . 0 5 4 E  - 01  
7 7 . 0 5 0 E  - 01  3 . 8 9 5 E  + 02  1 . 3 1 0 E  - 0 4  - 4 . 6 9 1 E  - {)2 

10 9 . 7 7 5 E  + 00  3 . 0 4 4 E  + 02  1 . 7 8 0 E  - 0 4  - 2 . 7 6 9 E  - 02  
13 4 . 0 0 0 E  + 01  3 . 1 0 1 E  + 0 2  1 . 7 4 0 E  - 0 4  - 2 . 5 3 4 E  - 0 2  
16 1 . 0 1 0 E  + 02  3 . 6 3 0 E  + 02  1 . 9 2 4 E  - 0 4 -  - 2 . 4 7 8 E  - 02  
19 1 . 3 5 1 E  + 0 2  5 . 6 3 9 E  + 02  1 . 1 8 6 E  - 0 4  - 2 . 4 7 5 E  - 02  
2 2  8 . 5 4 7 E  + 01  1 , 3 3 1 E  + 03  9 . 7 3 9 E  - {)5 - 2 . 4 8 7 E  - 02  
25  3 . 0 4 0 E  + 01 4 . 7 5 6 E  + {)3 1 . 0 5 1 E  - -  0 4  - 2 , 5 5 7 E  - {)2 
2 8  6 . 2 0 3 E  + 0 0  2 . 7 3 7 E  + 0 4  5 . 8 9 5 E  - 05  - 2 . 9 8 2 E  - 02  
31  3 , 1 1 0 E  - -  01  1 , 8 4 0 E  + {)5 5 . 0 6 6 E  - 0 6  - 5 , 9 9 4 E  - 02  
3 4  1 . 1 7 7 E - - 0 3  3 . 0 2 2 E  + 0 5  - - 2 . 8 6 1 E -  0 6  - - 8 . 4 3 9 E - 0 2  
3 7  7 . 9 2 6 E  - 03  3 . 0 7 2 E  + 0 5  - 9 . 5 3 7 E  - 0 6  - 8 . 4 9 9 E  - 02  
4 0  7 . 9 0 8 E  - if3 3 . 0 7 2 E  + 0 5  - 2 . 2 8 9 E  - 05  - 8 .5{ ) lE  - {)2 

B .  C o m p a r i s o n  o f  t h e  r e s u l t s  o f  o u r  22  p o i n t  i n t e g r a t o r  a n d  t h e  
G a u s s  L a g u e r r e  i n t e g r a t o r  with SIMT and SIM, r e s p e c t i v e l y  

F r a c t i o n a l  d e v i a t i o n  

B .  

Layer 
No. SIMT-OHMS I.SIM/SIIYIT i-(22)/SIMT I-GL/SIM 

1 1 . 9 7 6 E  + 0 4  1 . 5 6 8 E  - 0 2  2 . 3 8 8 E  - 03  - -  6 . 9 3 9 E  - 02  
4 3 . 8 7 1 E  + 03  2 , 3 3 2 E  - 0~  2 . 2 2 5 E  - -  03 - -  6 . 7 9 8 E  - -  02  
7 4 . 1 0 3 E  + 02  6 . 2 4 7 E  - -  03  - 3 _48-1E - - 5 4  - - 4 . 6 4 0 E  - 02  

10 3 , 1 3 0 E  + 02  6 . 0 9 2 E  - 0 4  - -  1 . 2 5 9 E  - -  03  - -  3 . 8 9 1 E  - 02  
13 3.180E + 02 1.796E - 04 -- 1.3S0E - 03 - 3.802E - 02 
16 3 . 7 2 0 E  + 0 2  6 . 6 9 4 E  - - 0 5  - 1 . 4 5 7 E  - -  03 - -  3 . 7 8 2 E  - 0 2  
19  5 . 7 7 9 E  + 02  8 . 4 2 1 E  - -  ()5 - -  1 . 6 4 2 E  - - 0 3  - - 3 . 7 8 1 E  - 02  
2 2  1,364.E + 03 2 . 9 3 3 E  - {)5 - 2 . 2 2 0 E  - -  03  - -  3 . 7 9 6 E  - 02  
2 5  4 . 8 7 8 E  + 03 2 . 2 4 1 E  - 0 5  - 3 . 4 3 8 E  - 03  - 3 . 8 7 4 E  - 02  
2 8  2 . S 1 9 E  + 04  1 . 8 3 0 E  - -  0 5  - 7 . 9 0 6 E  - 0 4  - -  4 . 4 6 9 E  - 02  
31  1 . 9 5 1 E  + 0 5  6 . 1 8 7 E - 0 5  4 . 3 8 9 E - 0 3  - 6 . 8 0 7 E - 0 2  
3 4  3 , 2 7 9 E  + 05  7 . 5 2 6 E  - 04  3 , 5 9 5 E  - 03 - 7 . 0 9 6 E  - 02  
3 7  3 . 3 3 6 E  + 05  9 . 9 2 4 E  - 0 4  3 . 5 7 0 E  - -  0~ - 7 . 0 9 5 E  - 02  
4{) 3 , 3 3 6 E  + 05  g , 9 5 3 E  - -  0 4  3 . 5 7 3 E  - -  03  - -  7 . 0 9 5 E  - 02  

May lg81 

- -  20. Table  V and Fig. 1 show one such da ta  set c a l c u -  

l a t e d  to represent  the conduct ivi ty  profile of a silicon 
wafer  containing a Gauss ian  implant .  S imula ted  
spreading resistances were  calcula ted f rom these con- 
duct ivi t ies  for the case a = 2 ~m, D = 25, t = 0.015 
using SIMSG. We compared  these to. the set of res is t -  
ances suppl ied  by  Albers .  The larges t  f ract ional  de-  
via t ion found be tween  the two da ta  sets was less than 
2 par ts  in 104. Spread ing  resis tances were  then calcu-  
l a ted  for  the  same data  using the  22 point  in tegrator ,  
SIM, and SIMT. We find that  ag reement  be tween  the 
22 point  in tegra tor  and SIMT to be be t te r  than 5 par ts  
in 103. This represents  the to ta l  devia t ion  be tween  C 
and Cn for this case. A comparison be tween  SIM and 
SIMT resul ts  indicate  tha t  the  m a x i m u m  re la t ive  de-  
via t ion due to t runca t ing  at  x = 20 for this case is 
about  2%. 

T h e  Gauss Laguer re  I n t e g r a t o r  
To demons t ra te  the  va lue  of the lower  l imi t  cutoff 

approximat ion,  we repea ted  the tests pe r formed  on the 
22 point  in tegra tor  using another  sparse  point  numer i -  
cal in tegra tor  the  Gauss Lague r re  in tegra tor  (GL in 
Table V) of Choo et al. (11). This in tegra tor  re ta ins  
the t e rm in J0 (Dx) .  

In  Fig. 2 we plot  the f ract ional  devia t ion  be tween  C 
and the Gauss Laguer re  in tegra ted  correct ion factors 
in the cases of the section Test ing Procedures ,  Test  1. 

We find tha t  the deviat ions for these cases tend  to 
cIuster in a band  of +_ 5% wi th  occasional  excursions 
to 10% or 20%. This is due pr inc ipa l ly  to the fact  tha t  
for D grea te r  than  10, J0(Dx)  has more than  60 zeros 
in the  in te rva l  of 0 --~ x - -  20. The 33 points  used for  
the GL in tegra tor  cannot  hope to cover  i t  adequate ly .  

Discussion and Conclus ions 
We have  presented  a new approx ima te  form for t h e  

correct ion factor in tegra l  of Schumann and G a r d n e r  
which  faci l i ta tes  the r ap id  and  accura te  evalua t ion  of  
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Fig. 1. Displays data supplied to us by Albers (10) 

Fig. 1A. Plot of conductivity vs. depth for a model Gaussian 
implant. 
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Fig. lB. Plot of spreading vs. depth calculated by Albers using the 
integration scheme of D'Avanzo (4). The set shown here was cal- 
culated for a ~ 2 ~m, D ~ 25, t ~ 0.015. 

spreading  resistance correct ion factors. This has been 
accomplished by  e l iminat ing  the r ap id ly  va ry ing  
J0(Dx)  t e rm from the usual  correct ion factor  integral ,  
Eq. [2]. 

Al though  we have presented  the approx ima te  in-  
tegra l  of Eq. [2] only  for I (x )  sat isfying 

I J1 (x) 
I ( x )  - - -  

the approx imat ion  remains  val id  wi th  the lower  l imit ,  
L, given b y  Eq. [7] for  all  cu r ren t  densi ty  profiles 
whose Hankel  t r ans form satisfies Eq. [4b] of (5) 

I r ( u  H- 1)Ju(x)  
I (x)  = 
- 2~(x/2)v 

Al l  of the commonly  used forms of I(x)  are  special  
cases of the above. 

The in tegra tor  of the section The Numer ica l  In-  
t egra to r  was incorpora ted  into a mu l t i l aye r  analysis  
p rog ram descr ibed  e lsewhere  (12). The p rogram was 
wr i t t en  in BASIC for an HP system 9845. The t ime to 
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Fig. 2. Correction factors, GL, were calculated using the Gauss 
I.aguerre integrator (11) for the Shurnann and Gardner function, F, 
replaced by tx, 1, 1/tx and 10 ~ D ~ 1000. Figure 2 shows a plot 
of the fractional deviation of G/  from the analytically calculated 
correction factors, C of Table I. The squares, triangles, and circles 
refer to cases where F is set equal to tx, 1, 1/(tx), respectively. 

calcula te  one point  was genera l ly  less than  S sec. As 
the t ime to measure  a spreading  resis tance on modern  
equ ipment  (e.g., an ASR-100 probe)  is about  6 sec the 
complete  conduct iv i ty  profile can be corrected as mea-  
surements  are  made. 

Manuscr ip t  submi t ted  Apr i l  14, 1980; revised m a n u -  
scr ipt  received Nov. 6, 1980. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1981 
JOUr~NAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1981. 

Publication costs of this article were assisted by the 
U.S. Army Electronics Technology and Devices Labora- 
tory (ERADCOM). 
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Low Temperature CVD Growth of 
Epitaxial HgTe on CdTe 

T. F. Kuech* and J. O. McCaldint 
California Institute of Technology, Pasadena, California 91125 

ABSTRACT 

Epitaxial layers of HgTe on CdTe substrates have been grown by a low 
temperature metal organic CVD technique at temperatures of 325~176 Thin 
films of HgTe exhibiting good crystalline perfection were formed by the re- 
action of Hg vapor and dimethyl telluride. Similar techniques may provide 
an alternative growth method for the epitaxial growth of I.igzCd1-='re at low 
temperatures. 

The semiconduct ing a l loy  system, Hg~Cdl-~Te, is an 
impor tan t  ma te r i a l  for use in in f ra red  detectors  and 
imaging arrays.  The bandgap  of the ma te r i a l  may  be 
var ied  wi th  composit ion over  a wide spectra l  range 
f rom the vis ible  (x ~ 0) to over  30 ~m (x > 0.80). 
Since the  la t t ice  pa rame te r s  of HgTe and CdTe are 
nea r ly  equal  (Aa/a = 0.003), la t t ice  matched ep i tax ia l  
g rowth  of HgxCdl-xTe for al l  values  of x may  be ob-  
ta ined on CdTe substrates .  Epi tax ia l  layers  of 
HHgzCdI-xTe on CdTe subst ra tes  have  been grown by a 
va r ie ty  of methods including vacuum deposi t ion (1), 
sput te r  deposi t ion (2), ion implan ta t ion  (3), v a p o r  
deposi t ion (4-5), c lose-spaced t r anspor t  (6), and 
l iqu id -phase  ep i t axy  (LPE)  (7-9).  Overall ,  LPE has 
proved  to be the  most  useful  of these methods.  Ep i t ax -  
ia l  layers  have been grown by LPE from both Hg and 
Te solutions. Recently,  growth  f rom Te solutions has 
produced good ep i tax ia l  layers  wi th  a minor  amount  of 
composi t ional  var ia t ion  across the l aye r  (8). A change 
in composit ion can lead to undes i rable  var ia t ions  in the 
spectra l  response of the mate r ia l  pa r t i cu la r ly  in the 
long wave length  (high Hg content)  regime. The re l a -  
t ive ly  high t empera tu res  used in Te solut ion LPE 
growth  can also lead  to the interdiffusion of the g row-  
ing layer  wi th  the under ly ing  subs t ra te  causing a ve r t i -  
cal composit ional  grading  in the HIgxCdl-xTe layer .  The 
ex ten t  of the interdiffusion increases rap id ly  wi th  tem-  
pe ra tu re  mak ing  a low t empera tu r e  growth  technique 
desirable.  

The use of chemical  vapor  deposi t ion techniques, 
which have been ve ry  successful in silicon processing 
and the growth  of I I I -V  and some I I -VI  semiconduc-  
tors, has prev ious ly  not  been repor ted  in the case of 
t-IgxCd~-xTe. The CVD growth  of both  HgTe and 
I-IgzCdl-xTe is difficult due to the large  vapor  pressures  
of the const i tuent  elements,  in pa r t i cu la r  Hg, requ i red  
to be present  to p reven t  thermal  decomposi t ion of the  
growing layer .  In  the case of pure  HgTe at  500~ the 
vapor  pressure  of Hg must  r ema in  be tween  0.16 and 7.0 
a tm to p reven t  decomposi t ion or  two-phase  format ion  
(10). The high Hg pressures  r equ i red  a t  these t em-  
pe ra tu res  (500~ for  the  g rowth  and s tabi l i ty  of the 
deposi ted l aye r  have p reven ted  the use of convent ional  
open tube CVD reactors  which opera te  at  pressures  less 
than or  equal  to 1 atm. If  the subs t ra te  t empera tu re  is 
lowered,  however ,  the requ i red  Hg pressures  also de-  
crease such that  g rowth  of HgTe at  325~ requires  the 
Hg pressure  to r ema in  be tween  5 • 10-4 and 0.6 arm. 1 
These pressures  can be easi ly ma in ta ined  by  a source 
consisting of e lementa l  Hg held  at  an appropr ia te  t em-  
pera ture .  However ,  the use of e lementa l  Hg as a source 
does requ i re  the use of a hot  wal l  reactor  to prevent  Hg 
condensation. 

* Electrochemical  Soc ie ty  Student  Member,  
? Electrochemical  Society  Act ive  Member.  
Key words:  epitaxy, meta l  organic-chemical  vapor deposit ion,  

mercury  cadmium teUuride. 
These  values  are extrapolated from data given in Ref. (10). 
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We are  inves t iga t ing  CVD growth  in the  HgTe-CdTe 
system and present  here  the resul ts  for the CVD growth  
of ep i tax ia l  layers  of HgTe on CdTe substrates.  Epi-  
taxia l  layers  of HgTe were  formed by  the react ion of 
Hg vapor  and the organic compound d imethy l  te l lur ide  
(DMT) according to the reac t ion  

Hg + (CHs)2Te-I- H~ ~ HgTe -F 2CH4 

Dimethy l  te l lu r ide  has been used previously,  together  
wi th  o ther  me ta l -o rgan ic  compounds,  in the  fo rma-  
tion of CdTe, ZnTe, and a va r i e ty  IV-VI  compounds 
(11, 12). DMT has been used ins tead of H2Te, which  is 
a p re fe r r ed  source of Te. H~Te is commerc ia l ly  un-  
avai lab le  p robab ly  due to its uns table  nature .  The use 
of DMT may  int roduce carbon as an impur i t y  into the 
growing films. 

The crys ta l  g rowth  was unde r t aken  in a horizontal  
silica hot wal l  reactor ,  hea ted  in a two-zone resistance 
furnace.  This is shown schemat ica l ly  in Fig. 1. The lef t  
zone of the furnace was used to control  the t empera -  
ture of a boat  of e lementa l  Hg ( t r ip le  dis t i l led)  which 
served as the source of Hg vapor.  The Hg vapor  pres-  
sure in the reactor  was regu la ted  by  control l ing the Hg 
source tempera ture .  The r ight  zone control led the sub-  
s t ra te  tempera ture .  DMT vapor  was suppl ied by  bub-  
bl ing hydrogen  through l iquid DMT held at  room tem-  
perature .  The DMT vapor  was in t roduced downs t ream 
f rom the me rc u ry  source to p reven t  surface contamina-  
tion of the Hg. Typical  H2 flow ra tes  through the DMT 
were 10-40 cma/min. Quartz  baffles were  ins ta l led  in 
the reactor  to insure  good mixing  of the Hg and DMT 
vapors  pr ior  to reaction. The hydrogen  used as a car r ie r  
gas was purified in a Pd  purif ier  and passed th rough  a 
l iquid ni t rogen cold t rap  before  enter ing the reactor .  
The appara tus  opera ted  at  a tmospher ic  pressure  wi th  
to ta l  hydrogen  flow rates of 0.4-0.6 l i t e r /min .  

(CH3) 2 Te + Hg + H2-" HgTe + 2CH 4 

(CH3) 2 Te 
[ inlet 

t,. [ 
._1 

Hz, Ar l 
inlet 

~ ~ ~  Cd Te 
substrate 

Vent 

~Hg source ~'--Two zone furnace 

Fig. 1. A schematic diagram of the CVD reactor used in this 
study. The mercury source and substrate holder may be moved in- 
side the reactor. 
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Substrates of <II0> CdTe were prepared by cleav- 
ing bulk single crystals of CdTe in air. The <110> 
CdTe substrate was used in most of this study due to 
the ease of sample preparation. However, substrates of 
< l l l > A  CdTe etched in 1% bromine in methanol were 
also used. 

The CdTe substrate was annealed in the reactor 
under an H~ atmosphere for 30-60 min at 325~176 
prior to the growth of the HgTe. This step was found 
necessary to insure good epitaxial growth of the HgTe. 
The growth of the HgTe was initiated by heating the 
Hg source to 270~176 followed by the introduction 
of DMT into the reactor. The substrate temperature was 
typically 325~176 during the growth period which 
lasted 10-120 min. This procedure gave growth rates of 
0.3-0.6 ~m/hr. After the growth period, the sample was 
quickly pulled from the furnace hot zone to prevent 
thermal decomposition of the HgTe layer. The growth 
procedure used here should not be considered to be 
optimal without further experimentation. Higher 
growth rates may be possible. 

The growth morphology of the HgTe layers was ex- 
amined by scanning electron microscopy (SEM). A 
variety of growth morphologies were observed de- 
pending on substrate crystal orientation and growth 
conditions. A typical HgTe growth on a ~110~ cleaved 
CdTe surface is shown in Fig. 2. 

Figure 2(a) shows an HgTe layer grown over a tilt 
boundary in the CdTe substrate. This is evident in the 
surface morphology of the HgTe layer. Small terraces 
are found to be oriented along specific crystal direc- 
tions in the substrate. Figure 2 (b) shows an enlarged 
view of the HgTe surface. This reveals the faceting 

which occurs on the growing layer. This faeeting may 
imply that the cleaved crystal face may not be the pre- 
ferred growth direction. In LPE studies, the <111>A 
CdTe surface has been found to be the optimal surface 
for growth of HgxCd~-xTe (9), while previous vapor 
phase growth studies found the highest growth rate on 
the ~111>B CdTe surface (4). 

We have also obtained smoother growth morphologies 
than shown in Fig. 2 on the <110> cleaved surface as 
seen in Fig. 3. The HgTe layer shown growing over a 
cleavage step on the substrate surface is very smooth 
with little or no surface relief. The occurrence of differ- 
ent growth morphologies was found to be partly de- 
pendent on the quality of the substrate material. 

The growth morphology on the < l l l > A  surface of 
the CdTe is shown in Fig. 4. On this surface, the HgTe 
exhibits a triangular relief, characteristic of the sym- 
metry of the underlying substrate. The < l l l > B  face 
was not investigated. 

The HgTe layers were also examined by helium 
backscattering and channeling measurements and 
glancing angle x-ray diffraction. In the helium back- 
scattering experiment, a beam of 1.5 MeV helium ions 
impinges on the substrate and the energy distribution 
of the backscattered particles is measured at 170 ~ from 
the direction of the incident beam. A typical backscat- 
tering spectrum of an HgTe layer is shown in Fig. 5. 
The curve labeled random corresponds to the case 
where the substrate is randomly aligned with respect 
to the ion beam. The high energy peak in the spectrum 
is due to scattering off the HgTe layer while the broad 

Fig. 3. HgTe layer on a < 1 1 0 >  CdTe substrafe possessing a 
smooth growth morphology. This layer was grown over a cleavage 
step in the substrate surface. Growth morphology was found to be 
partly dependent on substrata quality. 

Fig. 2. HgTe layer grown on a < 1 1 0 >  cleaved CdTe surface. 
(a, top) HgTe layer grown over a tilt boundary in the substrate. 
(b, bottom) A higher magnification view reveals the feceting which 
occurs on the growing layer. The small terraces are orientated along 
specific crystal directions in the substrate. The SEM views are in- 
clined 60 ~ from the normal. 

Fig. 4. HgTe layer grown on a < 1 1 1 > A  CdTe substrate. The 
growing layer exhibits a triangular relief, characteristic of the 
underlying substrate. The polarity of the substrate was determined 
by chemical etching techniques. 
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Fig. 5. The 1.5 MeV He + backscattering spectra of epitaxial 
HgTe layers. The random spectrum was used to determine the 
thickness of the HgTe layer. The aligned < 1 1 0 >  spectrum indi- 
cates good epitaxial growth. 

low energy part of the spectrum corresponds to scat- 
tering off the CdTe substrate. The thickness of the 
HgTe layer is easily obtained from the energy width of 
the HgTe peak (13). The curve labeled "aligned 
<110>" in Fig. 5 is the channeling spectrum of the 
HgTe layer. In this case, the ion beam is aligned along 
the <110> axis of the CdTe substrate. The ratio of the 
height of the HgTe peak in the channeled spectrum to 
random spectrum (Xmin.) gives an indication of the 
crystal perfection of the HgTe layer which in this case 
is very good with Xmin. ---- 10%-15% and indicates epi- 
taxial growth. 

The thickness and hence the growth rate of the epi- 
layer can be monitored by this technique. In Fig. 6, the 
HgTe peak from the random spectrum taken on two 
different growths is shown. The thicker film was grown 
with twice the vapor pressure of DMT in the reactor 
tban in the case of the thinner layer. The growth rate 
was found to be proportional to the DMT pressure 
under the growth conditions used here. The variation of 
Hg pressure obtained by changing the Hg source tem- 
perature did not change the growth rate of the HgTe 
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Fig. 6. The HgTe peak of the random backscottering spectrum 
taken on two different growths. The growth rate was obtained from 
the energy width of the HgTe peak. 

for a given DMT pressure. The Hg source temperature 
was varied from 250~176 

HgTe grown at temperatures greater than 350~ 
yielded poor results. At these temperatures the Hg and 
DMT vapors begin to react in the gas phase leading to 
undesirable film growth. Many metal organic com- 
pounds react easily at low temperatures, a fact which 
has necessitated the use of cold wall CVD reactors. 
This gas phase reaction sets an upper limit on the tem- 
perature range used in a hot wall reactor. The lower 
limit on the substrate temperature was found in this 
case to be 325~ At temperatures below 325~ the re- 
action between Hg and DMT is very slow leading to 
little or no HgTe growth. 
In this study, we have demonstrated the use of a CVD 

technique for the low temperature growth of high 
quality HgTe epitaxial layers on CdTe substrates. 
However, the straightforward extension of this work to 
the growth of HgxCdz-zTe is not possible in the present 
arrangement. The reaction of dimethyl tellurium and 
dimethyl cadmium, the desired source of Cd, proceeds 
rapidly at low temperatures preventing the use of a 
hot wall reactor. The use of elemental mercury as a 
source of mercury vapor requires a hot wall arrange- 
ment. Dimethyl mercury could serve as an alternative 
source of mercury for use in a cold wall reactor. We 
are presently investigating the extension of this 
technique to the low temperature CVD growth of 
HgxCdz-xTe. 
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ABSTRACT 

The use of mol ten-sa l t  electrolytes in photoelectrochemical (PEC) de- 
vices is demonstrated by the n-GaAs]A1C18-BPC ( I : I M  ratio),  ferrocene/  
fer r icenium chloride]C system. Both single crystal  and polycrystal l ine n-GaAs 
electrodes were employed. The performance parameters  under  i l luminat ion  
with a tungs ten  halogen lamp at 100 m W / c m  ~ for PEC devices based on 
single crystal mater ia l  were: Short-circui t  cur rent  density (Jsc) ---- 4.9 m A /  
cm 2, open-ci rcui t  voltage (Voc) ~ 611 mV, fill factor (FF) ---- 0.39, and conver-  
sion efficiency (n) : 1.2%. The corresponding values for the polycrystal l ine 
devices were: Jsc --~ 3.8 m A / c m  2, Voc ---- 580 mV, FF ~ 0.33, and ~ : 0.7%. A 
marg ina l  improvement  in the performance parameters  was observed on addi-  
t ion of benzene and methylene  chloride. The factors l imit ing conversion effi- 
ciency in these PEC devices are Jsc and fill factor. The major  loss mechanisms 
leading to poo r Jsc and fill factors and thereby degrading cell output  are 
identified as surface-state assisted carrier  recombinat ion and sluggish charge 
t ransfer  at the n-GaAs/A1C13-BPC interface possibly arising from C1- ion 
adsorption on the n-GaAs electrode. Electrostatic means of minimizing surface 
state effects by inver t ing  the semiconductor surface are discussed with the 
aid of energy band diagrams. It  is shown that for n - type  GaAs, inversion may 
be achieved by choosing a redox system such that  its equi l ib r ium potent ial  
lies positive of 0.59V vs. NHE. The use of mol ten-sa l t  electrolytes and non-  
aqueous media in general,  offers a greater  flexibility in the choice of redox 
couples in this regard, since the onset potentials for electrode decomposition 
are more positive than values observed for aqueous media. The excellent  
PEC stabi l i ty  of n -GaAs electrodes in A1C13-BPC electrolytes is another  
manifes ta t ion of this effect. 

Much a t tent ion has been focused in recent years on 
the prospect of uti l izing photoelectrochemical (PEC) 
devices for conversion and storage of solar energy (1). 
An outs tanding problem in PEC research is the photo- 
corrosion undergone by the semiconductor  electrode. 
The tendency of small  bandgap semiconductors to 
undergo photocorrosion imposes severe l imitat ions on 
their  performance and lifetime in  a PEC cell. The 
use of nonaqueous electrolytes has offered an at t rac-  
tive a l ternat ive  in this regard (2). In a previous paper, 
we reported on the PEC characterization of n -GaAs  
electrodes in an aprotic room tempera ture  mol ten salt 
electrolyte consisting of a mix ture  of A1C18 and n - b u t y l  
pyr id in ium chloride (BPC) (3). Cyclic vol tammetry  
and capacitance-voltage measurements  revealed that  
the semiconductor bandedges are opt imally placed with 
respect to the stabil i ty limits of the electrolyte con- 
ta in ing A1C13 and BPC in the I : I M  ratio. Photogen-  
erated holes on n-GaAs electrodes were also seen to be 
utilized effectively in  the fe r rocene/ fer r icenium ion 
(Fe(Cp)2 /Fe(CP)2  +) redox reaction at the expense 
of the parasitic electrode dissolution process. 

In  the present  paper, we describe the performance 
parameters  of regenerat ive  PEC cells based on the 
n - G a A s l l : l  A1C13-BPC, F e ( C p ) J F e ( C p ) ~ O I I C  sys- 
tem. Both single crystal and polycrystal l ine n -GaAs  
electrodes were examined  in this study. Our results 
show that  the above PEC system is capable of genera t -  
ing significantly high open-circui t  potentials. Photo- 
potentials as high as 680 mV have been observed under 
i l luminat ion  with a tungs ten  halogen lamp at 100 
m W / c m  2. The cur ren t  densities (~2-7  mA/cm~), how- 
ever, were ra ther  low compared to values typical  of 
PEC cells based on aqueous electrolytes. 

* E l e c t r o c h e m i c a l  S o c i e t y  Student Member. 
** Electrochemical  Society Act ive  Member. 
K e y  words: surface states, specific ion adsorption, surface in-  

v e r s i o n .  

In  an effort to probe the origin of the low 
current  density, a systematic s tudy of the various 
loss mechanisms in the n - G a A s l l : l  A1C13-BPC, 
Fe (Cp) JFe (Cp)2 ]CI IC  cell was carried out. Factors 
relat ing to the effect of electrolyte conductivity, spe-  
cific ion adsorption, h indrance to charge t ransfer  at 
the semiconductor/electrolyte  interface, and surface 
states, were of par t icular  relevance in  this regard. 
The deleterious effect of surface states on the photo- 
voltaic performance was unequivocal ly  demonstrated 
by a comparison of the dark and i l luminated  cur ren t -  
voltage characteristics of the above PEC system. 

Finally,  conclusions based on the present  experi -  
menta l  data are extended to encompass aspects re-  
lated to the design and operation of PEC systems in  
general. Ways in which the relat ive positions of semi-  
conductor bandedges and redox couples may be opt im- 
ized and the deleterious influence of surface states 
minimized by electrostatic means, are discussed with 
the help of energy band diagrams. It  is proposed that  
carrier  recombinat ion via surface states, which is 
l ikely to be a major  loss mechanism in PEC devices, 
may be reduced considerably by inver t ing  the semi- 
conductor surface. 

Experimental 
PEC devices were fabricated using single crystal 

(Te-doped, <111> and <100> orientations) and poly-  
crystall ine (average grain size 0.1-0.5 ram) n -GaAs  
wafers obtained from commercial  sources. The wafers 
were degreased with xylene, r insed with methanol ,  
and dried unde r  nitrogen. They were then given a 
chemomechanical  polish with 1% solution of bromine 
in  methanol.  Individual  electrodes were scribed from 
these wafers after providing them with ohmic contacts 
consisting of thermal ly  evaporated Ge-Au alloy on the 
back surface which was subsequent ly  annealed in 
ni t rogen at 450~ for 15 rain. A Teflon-coated copper 
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wire was attached to the contacts using conducting 
silver epoxy. The entire back surface and the edges of 
the electrodes were covered with nonconduct ing epoxy 
resin. The electrodes were etched in 10% HC1 for 15 
min to remove any native oxide and the damaged sur-  
face layers. This was followed by etching in  
H2SO4:H202:H20 (3:1:1) for 15 sec. The electrodes 
were rinsed with deionized water  and etched for 30 
sec in 6M HC1. After r insing with deionized water  and 
ethyl alcohol the electrodes were dried under  vacuum 
and then t ransferred into the dry box. The geometric 
area of the electrodes was nomina l ly  0.10-0.25 cm 2. A 
vitreous carbon plate (nomina l  dimensions: 1.5 • 15 
• 30 mm) was used as the counterelectrode in  the PEC 
devices. 

Molten salt electrolytes consisting of A1C13-BPC in 
the 1:1M ratio were prepared according to procedures 
described elsewhere (3). Ferrocene (Fe(Cp)2)  was 
obtained from commercial sources and purified by  ex-  
traction with petroleum ether and subsequent  re-  
crystallization. Fer r icen ium chloride (Fe(Cp)2C1) was 
prepared using s tandard procedures (4). Nominal  con- 
centrat ions of Fe(Cp)~ and Fe(Cp)2C1 in  the electro- 
lyte were 0.2M and 20 raM, respectively. All man ipu la -  
tions with the electrolytes and redox chemicals were 
carried out in  a dry  box. 

A 300W tungsten  halogen lamp was used to i l lumi-  
nate  the n-GaAs electrodes. The in tens i ty  of the light 
source was calibrated using a radiometer /photometer .  
The light intensit ies reported herein  are not corrected 
for reflection and absorption losses in  the cell and in  
the electrolyte. 

Dark current-vol tage  measurements  were performed 
using a PAR 173 potentiostat  (Pr inceton Applied Re- 
search Corporation, Princeton,  New Jersey) equipped 
with PAR 179 coulometer accessory. Three-electrode 
geometry was employed for these measurements .  An 
a luminum wire immersed in the A1C13-BPC electrolyte 
(2: 1M ratio) and separated from the main  cell com- 
par tment  by a fine-porosity glass frit  was employed as 
the quasi-reference electrode. Photocurrent  vs. poten-  
tial data were obtained by using a Hewlet t -Paekard  
721 A power supply in  series with the PEC cell. The 
cell cur rent  was monitored by measur ing the potent ial  
drop across a 10 kG resistor in  series with the cell. 

R e s u l t s  
Illuminated current-voltage characteristics.--Figure 

1 il lustrates the i l luminated  current-vol tage  character-  
istics for n -GaAs (single crystal) I1:1 A1C13-BPC, 
Fe(Cp)2/Fe(Cp)2CIlC PEC cells. Corresponding data 
obtained on polycrystal l ine n-GaAs wafers are also 
illustrated. The re levant  performance parameters  for 
these cells are assembled in Table I. 

The relationship between short-circuit  cur rent  den-  
sity (Jsc) and light in tensi ty  is i l lustrated in Fig. 2a. A 
l inear  correlation is observed for l ight intensities up 
to approximately 1 sun (100 mW/cm2).  The variat ion 
of open-circui t  voltage (Voc) with l ight in tens i ty  is 
also shown in Fig. 2a. After  an ini t ial  sharp increase, 
the rate of increase of Vo~ with l ight in tensi ty  slows 
down in accordance with the behavior  predicted by the 
equation (5) 
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Voc = (n kT/q)  In [ (Jsc/Jo) + 1] [1] 

where n is the junct ion  "ideality factor," Jo is the re-  
verse saturat ion current  densi ty of the device, and the 
other terms assume their usual  significance. The re la-  
tionship between Voc and logari thm of l ight in tensi ty  
is i l lustrated in Fig. 2b. Values of n in  the range 1.8-3.0 

Table I. Photoelectrochemical behavior of n-GaAs of different doping and orientation in 
1:1 AICI3-BPC electrolyte containing ,~0.2M ferrocene and 20 mM ferricenium chloride 

under 100 mW/cm 2 illumination 

Efficiency 
Donor density Orientation Additive Voc (mV) Jsc (mA/cm 2) Fill factor (%) 

2.17 • l01~ (unetched) 111 None 680.0 1.9 0.44 0.60 
4.5 • 10 TM (unetched) 100 None 595.0 1.9 0.41 0.46 
5.13 • l01~ (unetched) 111 None, 493.0 2.2 0.38 0.41 
2.17 • 10 I~ (etched) 111 None 611.0 4.9 0.39 1.17 
2.5 • 1016 (etched) Poly None 580.0 3.8 0.33 0.70 
2.17 • 1017 (etched) 111 Benzene 625.0 6.7 0.40 1.70 
2.5 • 10 a6 (etched) Poly Benzene 608.0 4.9 0.38 1.13 
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were extracted from the slopes of such plots for the  
devices examined in this study. 

El~ect of organic additives.--The illuminated cur- 
rent-voltage characteristics of the n-GaAsll.1 AIC18- 
BPC, Fe (Cp) 2/Fe (Cp) 2Cll C system are shown in Fig. 3 
in the presence of benzene (5.0% by volume) in the 
electrolyte. A comparison of the data, with and without 
the presence of benzene, is presented in Table I for 
single crystal and polycrystalline material. A slight 
improvement in Jse values is apparent for the electro- 
lyte containing benzene, although these values are 
still below current levels in n-GaAs PEC cells based 
on aqueous electrolytes (6, 7). The enhancement of 
Jsc values in the presence of benzene is consistent with 
recent work which shows that addition of benzene to 
A1CI~-BPC molten salt electrolytes, results in an in- 
crease in the conductivity of the medium due to a 
sharp reduction in the viscosity (8). The slight im- 
provement in fill factors for the devices utilizing mix- 
tures of A1CI~-BPC and benzene (Table I) is again 
consistent with a reduction in the series resistance 
brought about by the above effect. 

Effects similar to those obtained with benzene were 
observed on addition of methylene chloride (50% by 
volume) to the 1:1 A1C13-BPC electrolyte. 

Cell stability.--Long-term irradiation of n-GaAs 
electrodes was carried out in the 1:1 A1C18-BPC elec- 
trolyte and the photocurrents were monitored under 
short-circuit conditions. Figure 4 illustrates typical 
results. The incident light intensity in this experiment 
was 57 mW/cm~. The constancy of the observed photo- 
currents indicates the excellent PEC stability of 
n-GaAs electrodes in the 1:1 A1Cls-BPC electrolyte. 
(The slight fluctuations in the photocurrent in Fig. 4 
are attributed to electrolyte stirring effects and varia- 
tions in light intensity as a function of time.) Further 
confirmation is provided by stoichiometric data. For 
example, in the results shown in Fig. 4, a total amount 
of charge of 7776 C/cm 2 was passed through the elec- 
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Fig. 4. Time dependence of short-circuit current density for n- 
GaAs (single crystal)IAICl3-BPC, Fe(Cp)2/Fe(Cp)2CIIC system. 
The light intensity was 57 mW/cm 2 and the 1:1 AICI3-BPC elec- 
trolyte contained 200 mM ferrocene and 20 mM ferricenium 
chJoride. 

trode. This corresponds to 3.9g of GaAs decomposed 
per unit area assuming a decomposition reaction in- 
volving the transfer of three electrons. Since the elec- 
trode mass in this experiment was ca. 20.3 rag, even 5% 
of the total current that was passed would have re- 
sulted in complete consumption of the electrode. The 
enhanced stability of n-GaAs electrodes in the aprotic 
A1C13-BPC system may be understood if we note that 
the onset potentials for photocorrosion currents lie sig- 
nificantly positive of the values observed in aqueous 
electrolytes (3). This point is further illustrated by a 
comparison of the two cases as shown in Fig. 5. 

Discussion 
The Voc values observed for the, n-GaAs]AICI3-BPC, 

Fe(Cp)JFe(Cp)2CllC system in the present study, 
compare favorably with those observed by previous 
authors for PEC devices based on the n-GaAs/aqueous 
electrolyte interface (6, 7). Even higher Voc values than 
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Fig. 3. Current voltage characteristics of n-GaAslAICI.~-BPC , 

Fe(Cp)2/Fe(Cp)2CltC system in the presence of benzene (50% by 
volume) in the electrolyte. (A)--single crystal, (Q)--polycrystal- 
line n-GaAs. The light intensity was 100 mW/em% 
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those shown in Table  I were  observed for some n - G a A s  
electrodes (750-800 mV) a l though difficulties were  ex-  
per ienced in consis tent ly  reproduc ing  this behavior .  The 
overal l  conclusion f rom the p resen t  da ta  is tha t  high 
Voc values  can be real ized wi th  n-GaAs]AlCl3-BPC,  
F e ( C p ) 2 / F e ( C p ) 2 C l l C  devices and the main  factors 
l imi t ing conversion efficiency are  fill factor  and shor t -  
c i rcui t  cu r ren t  density.  Mass t ransfe r  of e lec t roac t ive  
species [Fe  (Cp) ~ and  Fe (Cp) ~ + ] in  the bu lk  e lec t ro-  
ly te  does not  seem to be a l imi t ing  fac tor  in the  ob-  
served Jsc  values as indica ted  by  the l inear  corre la t ion  
observed for  Jsc  wi th  l ight  in tens i ty  (Fig. 3a). The 
re la t ive ly  minor  effects noted above on add i t ion  of 
organic addi t ives  also seem to suppor t  this i n t e rp re -  
tation. Therefore,  the  factors l imi t ing  the magni tude  
of Jsc  and fill factor  a re  to be sought  elsewhere.  The 
fol lowing pa rag raphs  ampl i fy  the possible role  of 
surface states and specific ion adsorpt ion  effects in  this 
regard .  

Surface states.--Surface states  have  been impl ica ted  
in previous  studies on the semiconduc tor /e lec t ro ly te  
in terface  (2a, 10). A br ief  examina t ion  of the i r  role  in 
impai r ing  PEC performance,  however,  would  be re l e -  
van t  to the fol lowing analysis  of the expe r imen ta l  data.  
Surface  states at  the semiconductor  e l ec t rode /e l ec t ro -  
ly te  interface,  mani fes t  themselves  in  the  fol lowing 
ways: 

(i) They act  as charge s torage centers  and  t he r e by  
modi fy  the  electrostat ics  (i.e., the  amount  of band  
bending)  and consequent ly  the  ba r r i e r  he igh t  in the 
system. In the ex t reme  case of high sur face-s ta te  den-  
sities, Fe rmi  level  p inning  ensues (11). 

(ii) Surface states provide  charge t rans fe r  paths  
be tween the charge carr iers  in the semiconductor  and 
the e lec t ro ly te  species in  cases where  there  is not  suffi- 
cient  over lap  be tween  the semiconductor  bandedges  
and  the redox  levels.  Fo r  an n - t y p e  semiconductor ,  
e lect ron t rans fe r  f rom the semiconductor  conduct ion 
band to the oxidized redox species represents  a l eakage  
cu r ren t  which detracts  f rom the overa l l  PEC p e r f o r m -  
ance of the electrode.  The net  resul t  is tha t  any  change 
in the occupancy of the surface states on i l luminat ion,  
m a y  resul t  in a reduced  anodic cur ren t  flow (for an 
n - t y p e  semiconductor ) .  

(iii) Surface s ta tes  act as r ecombina t ion-genera t ion  
centers  by in terac t ing  wi th  the valence and conduct ion 
bands of the semiconductor .  S luggish  charge t ransfe r  
at  the semiconduc tor /e lec t ro ly te  interface,  which leads 
to an accumulat ion  of charge carr iers  at  the surface 
(under  i l luminat iof l ) ,  may  cause recombina t ion  losses 
via surface states to be s ignif icant ly l a rge r  under  i l -  
lumina t ion  than  in the dark.  

I t  may  be noted tha t  in the  preceding  discussion no 
dist inct ion has been made  be tween  "intr insic"  surface 
states (e.g., dangl ing  bonds, Tamm levels)  and those 
brought  about  by  in terac t ion  of e lec t ro ly te  species wi th  
the semiconductor  surface (11). Le t  us now examine  
the data  in Fig. 6 in the l ight  of the above discussion. 
F igure  6 is a comparison of the da rk  cu r ren t -vo l t age  
character is t ics  and  the cu r ren t -vo l t age  curves ob ta ined  
by  subt rac t ing  Jsc from the i l lumina ted  cu r r en t -vo l t -  
age da ta  for the n - G a A s [ l : l  A1CI~-BPC, F e ( C p ) 2 /  
Fe(Cp)2CIIC system. Fo r  cases where  ca r r i e r  losses 
(for example ,  v ia  recombina t ion)  a re  unchanged  upon 
i l luminat ion,  the two curves  in Fig. 6 a re  expected  
to coincide (12). The la rge  separa t ion  of the  two 
curves in Fig. 6 is t aken  as direct  evidence for the ac-  
t ive par t ic ipa t ion  of surface states as l eakage  cur ren t  
paths and recombina t ion  centers  in the n-GaAs/A1CIs-  
BPC system [effects (ii) and (iii) noted above] .  Con- 
sequently,  the r a the r  poor shor t -c i rcu i t  cu r ren t  den-  
sities observed in the presen t  s tudy  for the n - G a A s  
IA1CI~-BPC, F e ( C p ) 2 / F e ( C p ) 2 C I l C  system may  be 
pa r t i a l l y  a t t r ibu ted  to the dele ter ious  effect of surface 
s tates  (vide infra). 
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Fig. 6. Comparison of the dark current-voltage characteristics 

(0) and current-voltage behavior obtained by subtracting Isc 
from illuminated current-voltage characteristics for the n-GaAs 
(single crystal) AICIs-BPC, Fe(Cp)2/Fe(Cp)2CI C system. The il- 
luminated current-voltage data were obtained at a light intensity 
of 100 mW/cm% 

Fur the r  evidence for the effect of surface s ta tes  on 
the photovol ta ic  per formance  of the n - G a A s l A l C l  8- 
BPC, Fe (Cp)2 /Fe (Cp)~CI [C  sys tem is found in the 
magni tude  of the slope of Voc vs. In I plots (Fig. 2b).  
Ideal  junct ions  wi th  n = 1 should y ie ld  a slope of 25 
mV (cf., Eq. [1]).  Slopes consis tent ly  g rea te r  than  this 
value  were  observed for  the  p resen t  PEC sys tem (the 
da ta  shown in Fig. 3b y ie ld  a slope of ~75  mV) .  This 
behavior  implies  an n -va lue  of g rea te r  than  un i ty  
which in turn  is indica t ive  of r ecombina t ion -gene ra t ion  
demina ted  cu r ren t -vo l t age  behavior  (13). 

Specific ion adsorption.--Specific adsorpt ion  of elec-  
t ro ly te  species on the semiconductor  surface often leads 
to ra the r  d ramat ic  effects on the electrostat ics  a t  the 
semiconduc tor /e lec t ro ly te  in ter face  (14). The negat ive  
shif t  observed in f la tband potent ia ls  w i th  increas ing 
pC1 (=--log [CI-]) for the n-GaAs/AICI3-BPC 
interface (3, 15) is consistent with specific adsorption 
of CI- ions on the n-GaAs surface. This adsorption 
effect could lead to sluggish charge transfer at the elec- 
trode/ electrolyte interface by partially blocking close 
approach of Fe (Cp)2 molecules to the n-GaAs surface. 
This in turn enhances the carrier recombination losses 
as discussed above. 

Adsorption of electronegative species on an n-type 
semiconductor surface, however, can also have a bene- 
ficial effect. For example, adsorbed C1 atoms may func- 
tion as efficient electron traps and thereby induce an 
effective positive charge on the semiconductor surface 
at equilibrium. In the extreme case, the semiconductor 
surface may  become inver ted  (vide infra) and the reby  
lead to an enhancement  of the ba r r i e r  height  in the  
system. Such effects a re  wel l  known in me ta l - in su la to r -  
semiconductor  (MIS) devices (16). I t  is doubtful ,  
however ,  whe the r  C I -  ion adsorpt ion  has such a 
favorab le  effect in the  n-GaAsIA1C13-BPC , F e ( C p ) 2 /  
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Fe(Cp)2C1]C system~ the Voc values  a re  only  65-75% 
of the  theore t ica l  m a x i m u m  ou tpu t  (3).  

In  the l ight  of the p resen t  expe r imen ta l  da ta  and 
recent  s tudies on PEC systems in genera l  (2a, 10), i t  
appears  tha t  a ma jo r  loss mechan i sm in these devices 
involves  surface states. How can the i r  effect be amel io-  
ra ted?  Previous  s tudies  on so l id-s ta te  devices (17) 
have shown tha t  for  an inver ted  semiconductor  i n t e r -  
face, the e lect ros ta t ic  effect of  surface states remains  
v i r t ua l ly  independen t  o f  the cell  potent ia l  (i.e., no 
change in sur face-s ta te  occupancy)  over  a wide range  
of app l ied  bias. This  contrasts  the s i tua t ion  obta in ing 
wi th  a dep le ted  semiconductor  surface.  The key  to 
minimiz ing  the dele ter ious  influence of surface states,  
then, is to ensure  the  presence of  an  invers ion  l aye r  
on the  semiconductor  surface. The condit ions to be 
fulfi l led b y  semiconductor /e lec t ro ly te ,  interfaces  in 
genera l  and by  n - G a A s / e l e c t r o l y t e  systems in pa r t i cu -  
lar,  for the format ion  of an invers ion  layer ,  a re  ana -  
lyzed be low wi th  the help  of energy  band  diagrams.  

F igure  7 i l lus t ra tes  the energy  band  d i ag ra m for 
an n - t y p e  semiconductor  in contac t  wi th  the  e lec t ro-  
lyte.  The vacuum level  is chosen as the  reference  in 
this diagram. Vredox is the redox (equilibrium) poten- 
tial of the redox couple in the PEC system with re- 
spect to the reference level. Vredox may be converted to 
normal hydrogen electrode (NHE) or saturated calo- 
mel electrode (SCE) electrochemical scale by the 
equations (18) 

Vredox = Vredox NHE "~- 4.70 [2] 

Vredox --" Vredox SCE JC 4.94 [3] 

The Helmholtz layer at the semiconductor/electrolyte 
in ter face  is nomina l ly  2-6A thick. Invers ion  layers  
cannot  usua l ly  be susta ined on the semiconductor  sur -  
face under  these condit ions which  accounts for the  
r e l a t ive ly  ra re  occurrence of invers ion l aye r  fo rmat ion  
by  effects s imi la r  to those noted above for  specific ion 
adsorpt ion  (19). Del ibera te  in t roduct ion  of an oxide 
l aye r  or  any  o ther  d ie lect r ic  of tunne lab le  dimensions 
(~15-30A depending on the semiconductor) is there- 
fore necessary to ensure inversion layer formation. 
The interphase region shown in Fig. 7, therefore, repre- 
sents a composite of the Helmholtz layer and the di- 
electric region. The total potential drop across the 
interphase, aV, then consists of two components: (i) 

VACUUM LEVEL 

VACUUM LEVEL 

AV 

I Xs/q Vredox 

' 2  
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Fig. 7. Energy band diagram for an n-type semiconductor in 
contact with the electrolyte. See text for description of symbols. 

aV1, potent ia l  drop across the  in te rphase  region of 
thickness,  d and  d ie lec t r ic  constant ,  ,i, and  (ii) AVe, 
potent ia l  drop across the in te rphase  s tates  and  any 
fixed charges in  the in te r rac ia l  layer ,  i.e. 

AV --  AV, + hVs 

q CQ~, + Ql)d 
= Esd + [4] 

el 

Es is the electr ic  field at  the semiconductor  surface,  
and Qss and Qi are the charge  densi t ies  in  the  surface  
s tates  and  in the  in te rphase  region,  respect ively .  

An  inspect ion of Fig. 7 leads to the  equat ion 

Vredo x --" AV -~- ;~S % ~s + ~ [5] 
q 

Xs is the e lec t ron affinity of the  semiconductor ,  ~s is the 
surface poten t ia l  of the semiconductor ,  and  Ca is the 
potent ia l  difference be tween  the F e r m i  level  and  the 
conduction bandedge.  Fo r  the semiconductor  surface to 
be under  inversion,  the fol lowing condi t ion mus t  be 
satisfied (20) 

kT ( N _ ~ )  
~, > 2 In [6] 

q 

ND is the donor densi ty  in the  semiconductor ,  nl is the 
in t r insic  car r ie r  concentrat ion,  and  T is the  t e m p e r a -  
ture  in ~ To ensure  invers ion at  the  semiconductor  
surface  

Vredox>AVjc x. ~r ( N~l ) 'J + Ca + 2 In [7] 
q q 

For  cases where  ~V is negligible,  the  condi t ion for  
invers ion at  the semiconductor  surface can be wr i t t en  
as 

. 
Vredox > -- ~- Cn -}- 2' 111 

q q 

> 2 in  ~- ~/FB [8] 
q 

VFB is the f la tband poten t ia l  of the n - t y p e  semicon-  
ductor.  

An  analogous t r ea tmen t  for  the  case of a p - t y p e  
semiconductor  yields  

x, E g 2 k T  (NA) 
Vredo x <~. ' ~- In -- ~ -- AV 

q q q 

< VFB -~- -- -- 2 In -- AV [9] 
q q 

NA is the aeceptor  dens i ty  and Cp is the  po ten t ia l  d i f -  
ference be tween  the  F e r m i  level  and the valence  b a n d -  
edge of the semiconductor .  

Fo r  the case of n -GaAs  wi th  a ca r r i e r  concentra t ion 
of 2 • 1017/cm ~ and an  e lec t ron affinity o f  4.06 eV 
(21), the  condi t ion expressed  in Eq. [8] reduces  to 

Vredox > 5.29V [10] 

Therefore  the  redox  poten t ia l  needed  to inver t  the 
n-GaAs  surface must  l ie more  posi t ive than  0.59V on 
the NHE scale, p rov ided  the  ne t  po ten t ia l  drop  across 
the in te rphase  region is zero. ( I t  m a y  be noted  in this  
r ega rd  tha t  Vredox NHE of the  F e ( C p ) ~ / F e ( C p ) 2  + sys-  
tem is only  0.42V.) Two effects m a y  impose  res t r i c -  
tions on the choice of condit ions for  the  fo rmat ion  of 
an invers ion layer :  (i) Vredox mus t  l ie  a t  potent ia ls  
more  negat ive  than  the decomposi t ion poten t ia l  of the  
semiconductor  (22) and  (ii) in the  presence of h igh  
sur face-s ta te  densi t ies  and  concomi tan t ly  h igh  po ten -  
t ia l  drops across the in te rphase  region  (14, 23), the  
Fe rmi  level  m a y  become pinned at  the in terphase .  I t  
m a y  not  be then possible to obta in  invers ion  on the 
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semiconductor surface. The first restriction is rather 
severe for aqueous electrolytes since the decomposition 
potentials tend to be rather negative. On the other 
hand, for nonaqueous electrolytes in general and for 
molten salt electrolytes in particular, a greater degree 
of flexibility is rendered in the choice of Vredox by the 
favorable location of decomposition potentials (c~. 
Fig. 5). 

Summary and Conclusions 
1. Open-circuit voltages as high as 680 mV have been 

obtained with the n-GaAs]A1C18-BPC, Fe(Cp)2/ 
Fe(Cp)~CIIC system. These values are close to the 
highest observed to date on PEC systems in general. 
The overall solar conversion efficiencies in this system 
are admittedly low (,-,2%) relative to values observed 
for PEC systems based on aqueous electrolytes. No 
attempts, however, were made towards optimizing cell 
design. It is also worth noting that the performance 
parameters of PEC cells based on molten salt electro- 
lytes are comparable to those observed for other non- 
aqueous electrolyte systems (24). 

2. The cells demonstrate good PEC stability under 
short-circuit conditions. The electrode decomposition 
potentials in A1CI~-BPC electrolytes lie significantly 
positive of values observed for aqueous media. 

3. The main factors currently limiting conversion 
efficiency in the n-GaAslA1Cla-BPC, Fe (Cp) 2/ 
Fe(Cp)2CI[C system are poor short-circuit current 
densities and fill factors. Addition of organic additives 
to the A1CI~-BPC electrolyte marginally improves Jsc 
and fill factors. 

4. The major loss mechanism leading to poor Jsc and 
fill factors have been identified as surface-state as- 
sisted recombination of charge carriers coupled with 
sluggish charge transfer at the n-GaAs/A1CI~-BPC 
interface, presumably because of C1- ion adsorption 
on the electrode surface. 

5. Electrostatic conditions for minimizing the dele- 
terious influence of surface states have been analyzed 
with the help of energy band diagrams. Recombination 
losses of photogenerated carriers may be reduced by 
inverting the semiconductor surface. For n-type GaAs, 
inversion may be achieved by choosing a redox couple 
such that its equilibrium potential lies more positive 
than 0.59V on the NHE scale. Similar considerations 
are presented for PEC systems in general, based on n- 
and p-type semiconductors. 

6. A wider range of redox potentials satisfying the 
above conditions for inversion layer formation would 
be available with nonaqueous electrolytes such a. ~ 
A1Cls-BPC molten salts because of (2) above. 
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ABSTRACT 

A scanning cw argon laser has been used to epi taxial ly  recrystall ize s i l i c o n  
films deposited over exposed regions of single crystal silicon substrates a n d  
cause the lateral  extension of these epitaxial  regions into the portions of the 
silicon film deposited over oxide-covered regions of the substrate. P l ana r  and 
cross-sectional t ransmission electron microscopy were used to investigate the 
microstructure,  which is consistent with mel t ing and l iquid-phase regrowth. 

In  a recent  report, Tamura  et a i  (1) have demon-  
strated the possibility of "bridging epitaxy" in which a 
single crystal silicon substrate is used as a seed for the 
laser recrystal l izat ion of a silicon film over silicon di- 
oxide. The regrowth of the deposited film starts where 
the film contacts the substrate and extends lateral ly 
into the port ion of the silicon film on top of the insula t -  
ing oxide layer. Such a single crystal film would find 
m a n y  applications in integrated circuit technology. 

In  their  experiments,  Tamura  et al. used a Q- 
switched ruby  laser to melt  the silicon layer deposited 
on the single crystal silicon wafer which was par t ia l ly  
covered with oxide stripes. Using p lanar  t ransmission 
electron microscopy, they observed the vert ical  epi- 
taxial  growth of the deposited silicon as it solidified 
over the exposed silicon substrate and some lateral  ex- 
tension of the single crystal mater ia l  over the oxide- 
coated areas. 

A pulsed laser, however, melts a large region of ma-  
terial which then solidifies in a m a n n e r  pr imar i ly  de- 
termined by heat  t ransfer  away from the mol ten areas. 
In  this manner ,  Tamura  et al. proposed that  the regions 
over the exposed single crystal substrate crystallized 
before the silicon over the oxide because the low 
thermal  conductivi ty of the oxide layer  kept the film in 
these regions above the mel t ing point for a longer time. 

The use of a scanning cw laser would appear to be an 
at tract ive a l ternat ive  to the pulsed laser for this appli-  
cation. The epitaxial  regrowth process could start  over 
the exposed silicon substrate, and then the molten zone 
could be moved into the film over the oxide-covered 
regions in a more controlled manner .  

In  this report  we describe the use of a cw argon laser 
to epi taxial ly recrystallize silicon films over exposed 
regions of a single crystal silicon substrate and the 
lateral  extension of these epitaxial  regions into the de- 
posited silicon film over oxide-covered regions of the 
substrate. P l ana r  and cross-sectional t ransmission 
electron microscopy were used to reveal  the s t ructure  
both in the plane of the film and perpendicular  to it. 

Sample Preparation 
Silicon wafers with (100) or ientat ion were oxidized 

at 1000~ in a TCE/O2 atmosphere to form a 1000A 
thick oxide layer. The oxide was then pat terned using 
a mask containing rectangles of vary ing  sizes from 
50 X 50 ~m to 150 X 300 ~m, and the oxide was re-  
moved from the orthogonal, 12 #m-wide grid lines 
separat ing the oxide rectangles. Silicon films were then 
deposited in  a low pressure, chemical vapor deposition 
reactor onto both exposed substrate and the oxide- 
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covered regions. (The wafers were cleaned with dilute 
HF no longer than 5 min  before insert ion into the 
LPCVD reactor.) Two different deposition tempera-  
tures were used: 550 ~ and 625~ Films deposited at 
625~ have been shown to have a columnar,  poly- 
crystal l ine structure, while those deposited at 550~ 
are in i t ia l ly  amorphous (2). Both types of film were 
deposited to a thickness of approximately 2000A. For 
comparison with the regrown structure  to be discussed 
below, Fig. 1 shows a cross-sectional TEM of an un re -  
crystallized area of 625~ polysilicon from one of the 
same wafers as the laser-recrystal l ized samples. The 
expected columnar,  ( l l 0 ) - o r i e n t e d  grains are apparent  
(2,3).  

In  an at tempt  to make the deposited layer and the 
surface region of the under ly ing  single crystal sub-  
strate amorphous and facilitate regrowth, some of the 
structures were then implanted  wi th  a dose of 3 X 1015 
cm-2  silicon ions while the substrate was held on a 
l iquid-ni t rogen-cooled support. The implant  energy of 
135 keV placed the peak of the implan t  close to the 
substrate-f i lm interface. 

After  implantat ion,  the deposited films were re-  
crystallized with a cw argon laser at Stanford (4)- The 
laser beam was moved by  galvanometer-control led 
mirrors. A 135 mm focal length lens was used, and the 
spot size on the wafer surface was 40 ~m. The retrace 
was blanked so that the trace of the laser beam on the 
wafer surface was always in one direction. The scan 
speed was 12 cm/sec, and a power of 9.5W was used. 
With the given scan speed and spot size, this power ap-  
pears to be opt imum. At significantly lower powers, the 

Fig. 1. Cross-sectional TEM of unrecrystallized polysilicon film 
deposited on silicon dioxide. 
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l a rge -g ra ined  regions do not overlap,  especial ly  over  
the  single crys ta l  silicon wi th  its high the rmal  conduc-  
t ivity.  A t  much h igher  laser  powers,  the silicon over  
the oxide tends to agglomerate ,  and the subs t ra te  may  
be damaged.  Other  sa t i s fac tory  combinat ions of laser  
pa ramete r s  are, of course, possible. 

Af te r  complet ion of the recrysta l l izat ion,  the wafers  
were  r e tu rned  to H e w l e t t - P a c k a r d  for analysis.  Sui t -  
able control  wafers  were  t he rma l ly  annealed  for com- 
par ison wi th  laser - recrys ta I l ized  samples.  These wafers  
were  inser ted  into a s tandard  diffusion furnace  at  
550~ and annea led  for 5 hr  before  the t empera tu re  
was r amped  to 650~ for 2 h r  and then to 950~ for 
1 hr. 

Af te r  p r e l im ina ry  observat ion  wi th  opt ical  and 
scanning e lect ron microscopes, p l ana r  and  cross- 
sect ional  samples  were  p repared  (5) f rom the various 
wafers  and examined  in a Siemens Model 101 t rans-  
mission electron microscope. Some samples  were  also 
chemical ly  e tched using Secco etch to reveal  gra in  
boundaries.  

Results and Discussion 
Optical  microscopy and SEM analysis  of the re-  

grown ma te r i a l  showed regions of  va ry ing  thickness 
over  the ox ide-covered  areas  of the subs t ra te  (deduced 
f rom in ter ference  colors) and also surface ripples,  
especial ly  over  the exposed substrate ,  p robab ly  due to 
opt ical  in ter ference  effects, as has been descr ibed 
prev ious ly  (6). The silicon film ex tend ing  into the 
ox ide-covered  regions in the direct ion of the laser  scan 
appeared  to be especia l ly  smooth. Etching to del ineate  
gra in  boundar ies  revea led  fewer  boundar ies  near  the 
oxide  step than fa r the r  onto the ox ide-coa ted  rec-  
tangles. These p r e l im ina ry  observat ions  suppor t  the 
more  deta i led  TEM analysis,  a l though they  cannot  be 
considered definitive. A scanning electron mic rograph  
of an unetched sample  is shown in Fig. 2 to place the 
t ransmission e lec t ron micrographs  to be discussed next  
in contex t .  The laser  scanned the sample  f rom lef t  to 
right.  Thickness nonuniformit ies  pe rpend icu la r  to the 
scan direct ion are  seen a t  the t ra i l ing  edge ( lef t  side of 
oxide cut) .  

Cross-sect ional  TEM's of one sample  are  shown in 
Fig. 3. This sample  contained a deposi ted layer  of in i -  
t ia l ly  polycrys ta l l ine  silicon and was implan ted  with  
silicon to d is rupt  any  ba r r i e r  to recrys ta l l iza t ion  at  the 
f i lm-subst ra te  interface.  The scan direct ion was again 
from lef t  to right.  F igure  3c shows the deposi ted film 
d i rec t ly  over  the exposed single c rys ta l  substrate,  and 

Fig. 2. Scanning electron micrograph of laser-recrystallized sili- 
con film deposited over exposed silicon lines and oxide-covered 
rectangles. The laser beam scanned the sample from left to right. 

the o ther  port ions of the figure show the silicon film 
extending  over  the oxide steps. (The speckled region 
above the deposi ted film is the epoxy used in p repa r ing  
the cross-sect ional  TEM's) .  F igure  3 and deta i led com- 
par ison of the re levan t  e lect ron diffraction pa t te rns  
confirm tha t  the  film di rec t ly  over  the single crysta l  
subs t ra te  has recrys ta l l ized  epi tax ia l ly ;  the crysta l  
or ienta t ion is the same in the film as in the substrate,  
and the film contains few defects. The p lana r  TEM of 
Fig. 3d reveals  that  the  defects  at  the subs t ra te , f i lm 
interface  seen in Fig. 3d are  an or thogonal  a r r a y  of 
misfit d is locat ions  p ropaga t ing  f rom the oxide  step. 
These misfit dislocations were  not  observed in al l  r e -  
gions, suggest ing tha t  they  can be avoided b y  proper  
processing conditions. Occasionally,  twins and incl ined 
dislocations were  seen ex tending  f rom the subs t ra te -  
film interface,  as schemat ica l ly  indica ted  in Fig. 3f. 

F igure  3e shows the sil icon film extending  onto the 
oxide layer .  Deta i led  examina t ion  in the TEM reveals  
that  the crys ta l  or ienta t ion of the film is the same as 
that  of the substrate,  a l though var ia t ion  of the th ick-  
ness of the  cross section makes  comparison of the 
orientat ions d i rec t ly  f rom the pho tomicrographs  diffi- 
cult. Al though some defects are  seen in the film, no 
gra in  boundar ies  a re  vis ible  wi th in  the por t ion of the 
film seen in the micrograph.  Since this is the leading 
edge of the laser  scan, where  the laser  moves f rom the 
par t  of the film over  the subs t ra te  onto that  over  the 
oxide, the scanning beam is expected to ex tend  the 
single crys ta l  region of the film signif icantly in the 
l a te ra l  direction. Optical  microscopy af ter  gra in  bound-  
a r y  e tching does, indeed, suggest  that  the single crysta l  
region extends  f a r the r  on this side of the oxide  cut  
than on the o ther  side, a l though the a s y m m e t r y  is not  
c lear ly  revea led  by  the cross-sect ional  TEM's, which 
sample  only one isolated area. This observat ion  sug- 
gests that  two different  mechanisms m a y  dominate  on 
the two sides of the oxide cut. 

These cross-sect ional  TEM's revea l  severa l  o ther  im-  
por tan t  features.  Most obvious is the mass t ranspor t  
caused by  the laser  recrysta l l izat ion.  Since the depos-  
i ted film in i t i a l ly  has a uni form thickness of app rox i -  
ma te ly  2000A, a 1000A-high step should appear  at  the 
top of the deposi ted film, repl ica t ing  the oxide step. 
This s tep is not  seen in Fig. 3e. On the t he rma l ly  an-  
nealed samples,  which remained  solid dur ing  the re-  
crystal l izat ion,  the expected  step of 1000A was ob-  
served.  

The  opposi te  side of the oxide cut is seen in Fig. 3a 
and b. As  on the r ight  side, the crys ta l  extends  con- 
t inuously  over  the oxide step. In this case the gra in  is 
seen to t e rmina te  at  the lef t  app rox ima te ly  0.5 ~m from 
the edge of the oxide step. Because the laser  beam 
approaches  this region f rom the a rea  which contains a 
bur ied  oxide layer ,  r a the r  than f rom the region with  
the exposed substrate,  the recrys ta l l iza t ion  mechanism 
may  be qui te  different  than on the opposite side. On the 
t ra i l ing  edge there  should be no m a r k e d  tendency of 
the laser  beam to "drag"  a single c rys ta l  region away  
from the oxide edge. The control l ing mechanism on 
this side could be s imi lar  to tha t  descr ibed in exper i -  
ments  wi th  the pulsed laser  (1) where  the low the rmal  
conduct iv i ty  of the oxide causes t h e  sil icon above i t  to 
r emain  mol ten  longer  than tha t  over  the exposed sub-  
strate.  If  the ma jo r  hea t  loss is by  l a te ra l  hea t  t ransfer  
toward  the oxide cut, the solid silicon would p ropa-  
gate  2rom the oxide  edge, and  l a t e ra l  single crys ta l  
g rowth  is possible. Al though  a step is seen at  the top 
of the sil icon film where  i t  crosses the edge of the ox-  
ide, the s tep is much  less ab rup t  and of less he ight  than  
the oxide step. For  comparison,  the shape seen on the 
t he rma l ly  annea led  sample  is shown by  the dashed l ine 
super imposed on Fig. 3a. The silicon film on top of the 
oxide is also seen to be much th inner  than  that  d i rec t ly  
over  the substrate,  indica t ing  significant mass t rans-  
port ,  as is shown by the SEIM of Fig. 2. 

Near  both  edges of the oxide cut, defects are seen in 
the substrate.  One might  speculate  that  these defects 
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Fig. 3. Cross-sectlonal and planar TEM's of laser recrystallized silicon film: (a) and (b) over oxide steps at left of oxide cut (b is a 
dark-field micrograph); (c) over exposed single-crystal substrate; (d) planar section, primarily over exposed substrate; (e) over oxide step 
at right. (f) Schematic representation of features observed. The scan direction was from left to right in all except (d). 

arise from relaxat ion of stress discontinuities caused by 
the different thermal  expansion coefficients of silicon 
and silicon dioxide (3 X 10 -6 compared to 0.5 X 10-6/ 
~ as well as by tempera ture  differences over silicon- 
and oxide-covered regions. Not only are defects ob- 
served extending into the substrate, but  slip disloca- 
tions paral lel  to the wafer surface have also been seen 
several  microns beneath  the surface of the substrate. 
These have been observed both under  the oxide and 
under  the oxide cuts. These deep-lying dislocations are 
probably  caused by thermal  stresses associated with 
scanned beam recrystallization. 

The regrowth of the ini t ia l ly  amorphous films was 
s imilar  to that  of polycrystal l ine films in the regions 
which were melted. Sur rounding  the melted regions, of 
course, were regions where the ini t ia l ly  amorphous 
film was converted to polycrystal l ine silicon, probably 
by solid-phase crystallization. 

Observat ion of laser-recrystal l ized samples with and 
without  the silicon implan t  showed little difference, 
with epitaxial  regrowth over the single crystal sub-  
strate and defects at the interface. This suggests that 
the implan ta t ion  is not needed in  the case of l iquid-  
phase recrystallization. The lack of epitaxial  regrowth 
in the case of the thermal ly  annealed sample indicates 

that the implant  dose was insufficient to disrupt  the 
interracial  layer  present  because of the deposition con- 
ditions and to allow solid-phase regrowth, even though 
the dose was sufficient to amorphize the surface regions 
of the silicon substrate beneath the interface. We spec- 
ulate that a close of 10 TM cm-~ might  produce the neces- 
sary disruption of the interracial  layer  to allow solid- 
phase regrowth. 

The different behavior  on the two sides of the oxide 
cut leads us to suggest the following modification of the 
exper imental  structure. If the polysilicon is etched 
from part  of the oxide cut and the laser scanning 
direction is such that  laser-assisted growth is started 
where the polysilicon contacts only  the under ly ing  
single crystal and proceeds over a gradual ly  beveled 
oxide step, superior results might be achieved, includ-  
ing the possibility of solid-phase regrowth. 

Conclusion 

A scanning cw argon laser has been used to epitaxi-  
ally regrow deposited silicon films over exposed regions 
of a single crystal  silicon substrate  and cause the lateral  
extension of these epitaxial  regions into the deposited 
silicon film over oxide-covered regions of the substrate. 
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This process occurred by  mel t ing and l iqu id -phase  re-  
growth.  
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Donor Densities in Ti02 Photoelectrodes 
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ABSTRACT 

Mechanical  pol ishing and etching in acids or  mol ten  NaOH of TiO~ e l e c -  
trodes  f requen t ly  lead  to non l inear  Mot t -Scho t tky  plots. These surface t r ea t -  
ments  are  discussed in re la t ion  to surface roughness  effects and the occurrence 
of nonuni form donor distr ibut ions.  Modified Mot t -Scho t tky  equations are  
presented  and discussed. They account quan t i t a t ive ly  for  surface roughness  
and nonuni form donor dis t r ibut ions,  which can be induced not  only  by  etching, 
but  also by  anodical  aging, surface doping, r eox ida t ion  effects, and cathodical  
loading wi th  hydrogen.  

Semiconduct ing TiO2. ( rut i le)  has a t t rac ted  wide-  
spread  a t tent ion  as photoanode for the photoe lec t ro ly-  
sis of water .  I ts surface proper t ies  are  of pa ramoun t  
impor tance  and the i r  de te rmina t ion  has rece ived  con- 
s iderable  effort. Usually,  k e y  pa rame te r s  such as flat-  
band potent ia l  VFB, and donor dens i ty  ND, are  obtained 
f rom capaci tance measurements ,  when the semiconduc-  
tor  in contact  wi th  an aqueous e lec t ro ly te  is in the de-  
ple t ion mode. The space-charge  capaci tance Csc then 
varies  wi th  the potent ia l  drop Csc over  the deplet ion 
l aye r  according to the Mot t -Scho t tky  equat ion (1, 2) 

( Cse -~ = r --  [1] 
eeoeNDA 2 e 

where  e is the re la t ive  dielectr ic  constant,  co the pe rmi t -  
t iv i ty  of free space, e the  electronic charge, ND the 
donor density,  and A the in ter rac ia l  surface area. The 
potent ia l  drop Cs~ can be expressed  as Csc = V --  VFB, 
V being the electrode potential ,  p rovided  that  the po-  
tent ia l  drop CH over the Helmhol tz  l ayer  at  the semi-  
conduc tor /e lec t ro ly te  in terface  is constant.  The flat-  
band potent ia l  and donor dens i ty  a re  then obta ined 
f rom a l inear  Mot t -Scho t tky  plot, Csc -2 vs. V. 

Nonl inear  Mot t -Scho t tky  plots for TiO2/electrolyte  
junct ions have been repor ted  f r equen t ly  (3-10). Non-  
l inea r i ty  can be a t t r ibu ted  to nonhomogeneous donor 
dis t r ibut ions  in the deplet ion layer,  or  to surface 
roughness effects. Surface  states on a TiO2 surface can 
change the potent ia l  of the Helmhol tz  layer ,  t he reby  
leading to nonl inear i ty .  The l a t t e r  model  has been de-  
scr ibed quant i ta t ive ly  by  Tomkiewicz (6). 

I t  has become qui te  apparen t  that  surface p r e p a r a -  
tions are  of crucial  impor tance  in the de te rmina t ion  of 
VFB and N D (7, 8, 10). I t  is the purpose  of the present  
paper  to discuss some effects which lead to nonl inear  
Mot t -Scho t tky  plots in re la t ion  to surface prepara t ions .  

* Electrochemical Society Active Member. 
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Polishing and Etching 
The plane pa ra l l e l  capaci tance approach  for the 

deplet ion l aye r  leads wi th  Eq. [1] to 

/' 2~e0 kT ) w 
L 

With  donor densi t ies  of the o rder  of 101S/cm s, and 
e ( / / - c  axis)  = 173, the wid th  LD of the  deple t ion  layer  
var ies  be tween 0.1 to 0.2 ~m for potent ia ls  ranging  f rom 
0.5 to 2.OV. La rge r  donor densi t ies  wi l l  fu r the r  decrease 
Lb. 

Vos and Kruseme i j e r  (4, 5) repor ted  a deformat ion  
l aye r  of 0.5 #m thickness  for  a TiO2 electrode wi th  a 
donor densi ty  of about  101S/cm 8 pol ished to 0.3 ~m 
finish. The recent  da ta  of Wilson et al. (7) a re  ve ry  
wel l  in l ine wi th  this observat ion.  Al though m i r r o r -  
l ike  surfaces are  obta ined  using 1-0.3 ~m grade  d ia-  
mond pastes  (4, 10), the  deformat ion  layer  m a y  extend 
far  beyond the deple t ion  l aye r  into the  bu lk  of the 
electrode. As reduct ion procedures  induce la rger  donor 
densi t ies  in the deformat ion  layer  (4, 5, 7), d i f ferent ia l  
capaci tance measurements  need to be pe r fo rmed  up to 
potent ia ls  of about  30V, i.e., much la rge r  than  usua l ly  
employed  in o rder  to es tabl ish  not  only  the thickness 
of the deformat ion  layer,  bu t  also the difference be-  
tween  the donor dens i ty  in the  bu lk  and in the defor -  
mat ion  layer .  In  addit ion,  LD values  of 0.1-0.2 #m com- 
pare  un favorab ly  wi th  1-0.3 ~m grade  pol ishing pastes. 
Hence, surface roughness needs to be taken  into con- 
s idera t ion in o rder  to obta in  the t rue  donor densi ty  in 
the deformat ion  l aye r  f rom Mot t -Scho t tky  plots. This 
wil l  be fu r the r  deal t  wi th  in deta i l  in the next  section. 

I t  is common pract ice to remove the deformat ion  
layer  by  etching pol ished nonconduct ing TiO2 crystals  
in mol ten  NaOH at about  500~ (4-6, 9, 11, 12), in 1:1 
mix tures  of ammonium sulfate  and sulfuric  acid at  
240~ (7), or  in concent ra ted  sulfur ic  acid at  250 ~ 
260~ (10). The amphoter ic  charac te r  of TiO2 is i l lus-  
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trated by these etchants, which lead to the formation 
of Na2Ti03 and Ti0S04, respectively (13). However, 
these etchants do not always lead to smooth surfaces 
(7, 9), and do not necessarily lead to linear Mott- 
Schottky plots (6-10). Nonlinearity for potentials up to 
3V has been ascribed to a change in the potential of the 
Helmholtz-layer due to surface states on the TiO~. 
crystal (6), or to different donor densities in individual 
areas of the surface region (9), or to donor densities 
which vary with depth (7, 8, 10). Side reactions during 
the etching process in molten NaOH may provide a 
rationale for varying donor densities. Usually, em- 
ployed etching times are 1 hr. Cardon (14) has ob- 
se.rved that under these circumstances a layer of 50 ~m 
is removed. For TiO2 surfaces polished to a 0.25 #m 
finish, etching periods of 2-5 min are sufficient. In our 
experience, etching for periods longer than 5 rain 
sometimes results in the formation of a white porous 
layer on parts of the crystal 's surface. This layer can 
be removed in boiling HC1, in which it does not dis- 
solve. However, the surface in contact with the layer 
reveals severe pitting after etching. The formation of 
the layer  is ascribed to a reaction between TiO2 and 
sodium peroxide (15), inherently present in sodium 
hydroxide melts 

4TIO2 + 2Na209. ~ 2Na2Ti205 + 03 [3] 

This reaction may also account for the white layer of 
colloidal titanates formed during etching as reported 
by Barber  and Farabough (16), and may have other 
implications for the surface region. Commercial Ver- 
neuil-grown crystals contain as residual impurities, 
among others, A1, Fe, and Sb (Me2Os). In addition, 
residual hydrogen is present in Verneuil-grown 
crystals (17-19). This hydrogen has been found to 
compensate for the residual impurities Me20~ (17). 
Following the defect notation of KrSger (20), and tak-  
ing into account that OH stretch vibrations have been 
recorded (19) we can write for such extrinsic crystals 

Me20~ ~ H2 ~ 2Mewi' + Vo x ~ Oo x + 2 OH0" [4] 

These crystals can loose hydrogen when heated in 02 at 
about 600~ (17, 19). If, in addition to etching, reaction 
[3] occurs the following interracial reaction would 
produce charged oxide ion vacancies 

1/2 O2 ~ 2 OH0" -b Vo x "-> H 2 0  --]- 2 O0 x -t- V0" [5] 

The OHo" centers can dissociate throughout the crystal, 
thereby producing regular lattice oxide ions Oo x and 
protons. As protons are more mobile than oxide ion 
vacancies the density of these vacancies will  increase 
towards the surface. A subsequent hydrogen reduction 
will introduce titanium interstitials as multiple donors 
(21), the reaction being 

2H~ -]- 2 O0 �9 ~ Tiri x ---> Tii n. ~ he' + 2H20 [6] 

where n is found to be 3 (22). Usually donor densities 
range from 10 is to 1020/cm 3 in reduced TiO2 electrodes. 
Residual impuri ty  contents (MemO3) can be as high as 
,~3 • 101S/cm 3 (,-~100 ppm) (17) in commercial crys- 
tals. The reduced crystals exhibit the characteristic 
blue-black color, while the crystals with Me203, even 
for concentrations greater than 100 ppm, remain light 
yellow. This indicates that the neutral vacancy Vo x as 
present in proton compensated crystals does not act as 
a donor. Von Hippel et al. (18) already indicated that 
charged oxide ion vacancies will readily trap two elec- 
trons. Hence, a surface layer with a lower conductivity 
may be present after surface treatments in the se- 
quence NaOH etching-reduction. In view of reaction 
[3], reversing the sequence can lead to reoxidation 
effects 

Tii 8. ~ 3e' ~ O ~  TiTi x ~ 20o ~ [7] 

Extensive reoxidation has been observed by Wilson 
et al. (7) and by Dare-Edwards and Hamnett  (10). In 
fact, reoxidation also takes place when the reduced 

crystal is stored in air  at ambient temperature. Again 
a 10w-c0nductive layer will result. 

The acidic etchants (7, 10) are preferential for sev- 
eral crystallographic planes (23-25). Dislocation 
densities and etch pits have been studied. The nonshiny 
faceted surfaces as reported by Wilson et al. (7) after 
etching in mixtures of ammonium sulfate and sulfuric 
acid generate nonlinear Mott-Schottky plots. However, 
their shape does not indicate surface roughness to be 
the cause, as will be shown in the next section. In- 
stead, donor densities seem to decrease towards the 
surface. This would be consistent with proposed reoxi- 
dation effects in acidic etchants (10). Moreover, when 
anodically aged under illumination, TiO2 electrodes 
show nonlinear Mott-Sch0ttky plots which closely re- 
semble in shape the plots obtained with acid-etched 
surfaces (7, 8). Butler (26) has established indeed that 
donor densities strongly decrease upon anodical aging, 
due to electromigration of the donors in the depletion 
layer. Besides the nonlinearity, an important  differ- 
ence is to be noted. The measured capacitances are 
much smaller for the aged electrodes, while acid t reat-  
ments lead to capacitance~ that are larger than the 
initial capacitances (6, 8). I t  should be mentioned in 
passing t ha t  the initial capacitances also lead to non- 
l inear Mott-Schottky plots, which indicate decreasing 
donor densities towards the surface (8). These initial 
capacitances were measured on NaOH-etched surfaces 
(8), of which defect chemical aspects have been dis- 
cussed above. It has been proposed that during acid 
treatments of NaOH-etched and subsequently H2-re- 
duced TiO2 electrodes protons cross the interface as 
hydrogen atoms. Once inside the crystal they donate 
their electron to the conduction band (8). As electrons 
in the conduction band at the surface are assumed to 
cause some reduction of the protons in the electrolyte, 
the net effect is the introduction of protons on inter-  
stitial sites in the crystal, leaving the net n- type semi- 
conductivity unaltered (8). This in fact violates the 
condition for electroneutrali ty for both the crystal and 
the electrolyte solution. It is known that the flatband 
potential of oxidic semiconductors varies with about 
60 mV/pH unit. This variation is to be related with 
chemically bonded OH-groups on the surface of the 
semiconductor in contact with an aqueous electrolyte. 
The dissociation of these surface hydroxyl  groups is pH 
dependent (6). This also indicates that the mechanism 
underlying the capacitance increase upon acid t reat-  
ment could be more complicated than proton injection 
from the electrolyte. Irrespective of the mechanism, 
acid treatment does not restore the l ineari ty to the 
Mott-Schottky plots in the studies reported by Harris 
and co-workers (7, 8), while it  does in the study re-  
ported by Tomkiewicz (6). This author ascribes the 
nonlinearity to a change in the potential of the Helm- 
holtz layer  due to the presence of surface states on a 
matte, NaOH-etched TiO2 surface. The smaller slope of 
the l inear Mott-Schottky plot, add consequently the 
larger capacitances after acid treatment, were ascribed 
to a different roughness factor due to mild etching 
effects. This approach suggests a relation between the 
density of the surface states, and the surface rough- 
ness, but this has not been explored in the reported 
study (6). Recently, Ullman (27) has shown that the 
surface-state model needs some revision. Instead, a 
plausible alternative would be a thin surface layer with 
a smaller donor density, thus bringing about a general 
concordance between the results reported by Wilson 
et al. (7) and Tomkiewicz (6). 

Modified Mott-Schottky Equations 
From the preceding section it is apparent  that rough 

surfaces and nonuniform donor densities may be in- 
herently related with chemical etching and mechanical 
polishing procedures. Even smooth TiO2 surfaces ap- 
peared matte after hydrogen reduction due to thermal 
etching (28). 
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Rough electrodes have ac tua l  in te r rac ia l  areas  (A _-- 
A0 W i A )  which are  g rea te r  than  the geomet r ica l ly  
de te rmined  surface areas  (A0). The edge of the deple -  
t ion l aye r  inside the crys ta l  fol lows the surface rough-  
ness for smal l  va lues  of the  e lec t rode  potent ia l .  Fo r  
~arge values the edge of the deple t ion  l aye r  wi l l  ap -  
proach A0. Fol lowing Goodman (29) i t  can be shown 
that  under  these c i rcumstances  the fol lowing Mot t -  
Schot tky  equat ion holds 

( 2 (1 - -2hA/A0)  0,~ e 

Csc-2 . -  
eeoeNvAo s 

4"(¢1,,,e kT  ) ~ 
e 4 [8] 

eeoeNDAo s 

where  ,o~ represents  [ d A / d ( ¢ s c -  kT/e)]V--VFB+kT/e. 
The Mot t -Seho t tky  plot  wi l l  be concave upward .  

However ,  for  smal l  (¢s~ -- kT/e)  values  the  plot  wi l l  
be l inear,  and  m a y  be used to de te rmine  VrB. A re l i -  
able  va lue  for ND wil l  be ha rd  to obtain.  Tomkiewicz  
(9) r epor ted  a p rac t ica l ly  l inear  Mot t -Scho t tky  plot  for 
a TiO2 e lec t rode  pol ished to 0 .3gm finish for potent ia ls  
up to 3V. With  Eq. [1] he obta ined  the va lue  5.9 × 
1019/em 3 for  ND. In this s i tuat ion LD <<0 .3  gm. Conse- 
quently,  the  surface roughness is considerable.  A smal l  
va lue  for  a, and dhA/d(¢~  -- kT/e)  ~ 0 are  reason-  
ab le  assumptions.  The Mot t -Scho t tky  plot  wil l  be 
v i r t u a l l y  l inea r  indeed wi th  a slope 2(1 --  2±A/Ao)/  
eeoeNDAo 2. The donor  dens i ty  as ca lcula ted  wi th  Eq. [1] 
need then be mul t ip l i ed  by  a fac tor  (1 --  2~A/Ao) in 
o rde r  to obta in  a correct  though smal le r  donor  density.  
This may,  as s ta ted  before,  not  be the e lectrode 's  bulk  
donor  dens i ty  as r educ t ion  induces a g rea te r  donor  
dens i ty  in the de format ion  l aye r  (4, 5, 7) Concave 
curves have also been  repor ted  (9).  

The aging expe r imen t s  r epor ted  b y  But le r  (26) re -  
veal  a r a the r  sha rp  edge to exis t  be tween  the surface 
l aye r  wi th  sma l l e r  donor  dens i ty  and the bu lk  of the  
electrode.  F igure  1 shows a schemat ic  represen ta t ion  of 

,'the nonuni form donor  d i s t r ibu t ion  in aged TiO2 (26). 
Here  ND,s is the donor dens i ty  in a surface  l aye r  wi th  
thickness  8~, whi le  ND,I iS the donor dens i ty  for x > 8~. 
I f  a deformat ion  l aye r  wi th  depth  82 (>6~) is present ,  
ND,1 wil l  not  be equal  to the bu lk  donor  dens i ty  ND.b, 
i.e., NDA ~ Nn,b. F o r  smal l  potent ia ls  LD < 81. Equat ion 
[1] can then  be used to calcula te  ND.s. F o r  8 f <  LD < 82 
the  fol lowing modified Mot t -Scho t tky  equat ion holds, 
where  the surface at  x ---- 0 is assumed to be  flat (30) 

Csc -2  "- eeoeND,1A2 Cse e 

ND.s-- ND.I ( 81 ~" ',-oA / [9] 
For  st i l l  l a rge r  potent ia ls  t he  s i tuat ion LD > 82 may '  
occur. The Mot t -Scho t tky  equat ion is then  given by  
(30) 

Csc -:2 "- eeOeND,bA2 Cse -- - - e  

-- 2~D'$ - /~D'I ( ee~A ) 2 , I~TD"- IVD'b ( ee0~.~ ) 2 
ND.b ND.b 

[10] 

The re la t ions  hold p rov ided  that  Helmhol tz  layer ,  and 
G o u y - l a y e r  effects, and  the capaci tance of the counter -  
e lec t rode  need not be t aken  into consideration.  

In  Fig. 2 we have  p lo t ted  ca lcula ted  Mot t -Scho t tky  
plots  using ND,s = 5 X 101S/em 3, ND,I = 2 X 1019/cm 3, 
Nn,b : 8 X 10tS/em 8, • : 173, co : 8.8542 X 10-~4 F /  
crn, 61 = 48 nm, and 82 ---- 70 nm. The lower  l inear  
curve in Fig. 2 has been  ca lcula ted  using Eq. [1], and 
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Fig. 1. Schematic nonuniform donor density in aged Ti02. See 
text. 

ND : ND,1 and represents  the un i form doping level  
si tuation.  The nonl inear  cu rve  in F ig .  2 (solid l ine)  has 
been ca lcula ted  using Eq. [1] wi th  ND : Nn,s for  LD 
61 and Eq. [9] for LD ~-- 51. If  the s i tuat ion as depic ted  
also in Fig. 1 were  to occur, i.e., ND,s < ND,I and ND,s < 
ND,b < ND,1 we find three  l inear  port ions in the curve, 
for  which the stopes are  governed wi th  increasing 
potent ia l  by  ND,s, ND,1, and ND,b, r e spec t ive ly  In this 
ease (LD --~ 6~); Eq. [10] was used to calculate  the 
(dot ted)  l ine in Fig. 2. 

Taking  into account Ul lman 's  (27) discussion on the 
low Csc values  r epor ted  b y  Tomkiewiez  (6), the solid 
l ines in Fig. 2 r epresen t  the TiO2 data  before  and af te r  

10 -10 C~2c (cm4/F 2) 
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51 0 2 , I 
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V I I I 
0 I 2 B 

Fig. 2. Mott-Schottky plot for uniform doping level (ND,fl, and 
for nonuniform doping level (ND,1 > ND;s; ND,~ < ND,b < ND,1). 
See text. 
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treatment with a mild etchant (6). Upon using ND : 
3.8 • 1019/cm s (6) and Eq. [2] we arrive at the re- 
moval of a surface layer of only 22 nm in order to 
account for the observed data (6) on the basis of the 
present nonuniform donor-density model. This model 
provides a reasonable alternative for the nonlinearity 
as being due to surface states, and linearity after acid 
treatment as being caused by different roughness fac- 
tors (6). In fact, Eq. [8] reveals that the surface rough- 
ness would have increased after the acid treatment in 
order to account for the larger Csc values, and this is 
not to be expected when TiO2 is washed with a mild 
acid etchant. 

Harris and co-workers (7, 8) obtained nonlinear 
Mott-Schottky plots as given by the solid line in Fig. 2 
only after prolonged etching in (NH4)eSO4:I-I2SO4 mix- 
tures at 240~ or after anodical aging, while other non- 
linear Mott-Schottky plots [Fig. 7 in Ref. (7)] indicate 
a situation ND,s > ND.b and ND.1 < ND,b. This latter 
situation leads to nonlinearity which is also observed 
in the Cs~ data reported by Tomkiewicz (9) for a 
smooth NaOH-etched TiO2 electrode [Fig. 9 in Ref. 
(9)], whereby it must be noted that side reactions 
during etching in molten NaOH as discussed in the 
preceding section do account for the opposite situation, 
i.e., ND,s < /~D,1. Nonlinearity which would be con- 
cordant with a situation ND,s > ND.b and ND.1 < ND,b 
can also be accounted for by assuming nonuniform sur- 
face potentials as already indicated by Vos and Kruse- 
meijer (4,5). This will be dealt with in more detail in a 
forthcoming paper (30). 

Nonlinearity indicating ND.s < ND.1, ND,b is fre- 
quently encountered. Although several of the discussed 
defect chemical aspects may provide a rationale for 
having these nonuniform donor densities it must be 
noted that, in general, experimenting with TiO2 photo- 
anodes will cause electromigration of the donors (26), 
thereby contributing to the situation ND.s < ND,1, ND.b. 
Equations [9] and [10] cannot only be used in clarify- 
ing anodical aging experiments quantitatively, they can 
also contribute to our insights into deformation layers 
having donor densities different from the bulk, reoxi- 
dation influences, cathodical loading of TiO2 electrodes 
with hydrogen (4, 5, 8, 19), or TiO2 electrodes modified 
by surface dopants (31). 

Acknowledgment 
The authors gratefully acknowledge Dr. A. Mackor 

for discussions and critically reading of the manuscript. 

Manuscript submitted Aug. 21, 1980; revised manu- 
script received Dec. 1, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 

JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs o] this article were assisted by the 
State University, Utrecht. 

REFERENCES 

1. W. Schottky, Z. Phys. Chem., 113, 367 (1939); 118, 
539 (1942). 

2. N. F. Mott., Proc. Roy. Soe. London, Set. A, 171, 27 
(1939). 

3. P. J. Boddy, This Journal, 115, 199 (1968). 
4. K. Vos, Thesis, State University, Utrecht (1976). 
5. K. Vos and H. J. Krusemeijer, J. Phys. C., 10, 3893 

(1977). 
6. M. Tomkiewicz, This Journal, 126, 1505 (1979). 
7. R. H. Wilson, L. A. Harris, and M. E. Gerstner, 

ibid., 126, 844 (1979). 
8. L. A. Harris, M. E. Gerstner, and R. H. Wilson, ibid., 

126, 850 (1979). 
9. M. Tomkiewicz, ibid., 126, 2220 (1979). 

10. M. P. Dare-Edwards and A. Hamnett, J. Electro- 
anal. Chem. Interracial Electrochem., 105, 283 
(1979). 

11. E. C. Dutoit, F. Cardon, and W. P. Gomes, Bet. 
Bunsenges. Phys. Chem., 80, 475 (1976). 

12. R. H. Wilson, J. Appl. Phys., 48, 4292 (1977). 
13. "Gmelin Handbuch der Anorganischen Chemie," 

Vol. 41, 8th ed., p. 391, Weinheim (1951). 
14. F. Cardon, J. Appl. Phys., 33, 3358 (1962). 
15. H. Lux, K. Renauwer, and L. Betz, Z. Anorg. Allg. 

Chem., 310, 306 (1961). 
16. D. J. Barber and E. N. Farabough, J. Appl. Phys., 

36, 9, 2803 (1965). 
17. G. J. Hill, Brit. J. Appl. Phys. (J. Phys. D.), 1, 1151 

(1968). 
18. A. yon Hippel, J. Kalnajs, and W. B. Westphal, J. 

Phys. Chem. Solids, 23, 779 (1962). 
19. D. S. Ginley and M. L. Knotek, This Journal, 126, 

2163 (1979). 
20. F. A. Kr6ger, "The Chemistry of Imperfect Crys- 

tals," North Holland, Amsterdam (1964). 
21. G.A. Acket and J. Volger, Physica, 32, 1680 (1966). 
22. P. F. Chester, J, Appl. Phys., 32, 2233 (1961). 
23. Y. Nakazumi, K. Suzuki, and T. Yagina, J. Phys. 

Soc. Jpn., 17, 1806 (1962). 
24. W. M. Hirthe and J. O. Brittain, J. Am. Ceram. Soc., 

45, 546 (1962). 
25. O. W. Johnson, J. Appl. Phys., 35, 3049 (1964). 
26. M. A. Butler, This Journal, 126, 339 (1979). 
27. D. L. Ullman, ibid., 127, 1321 (1980). 
28. :1t. U. E. 't Lam, J. Schoonman, and G. Blasse, Bet. 

Bunsenges. Phys. Chem., Submitted for publi- 
cation. 

29. A. M. Goodman, J. Appl. Phys., 34, 329 (1963). 
30. K. Vos and J. Schoonman, To be published. 
31. P. de Korte, R. U. E. 't Lam, J. Schoonman, and G. 

Blasse, J. Inorg. Nucl. Chem., In press. 

Technica]l Notes 

Luminescence of Silica Glasses Containing Copper 
J. M. Brownlow and I. F. Chang* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

This note reports the conditions under which mono- 
valent copper imparts photoluminescence to silica 
glass. A strong permanent luminescence is produced 

* Electrochemical  Society  Act ive  Member.  
Key words:  copper,  photo luminescence ,  dopants.  

by Cu paired with /%.1. Cu paired with OH imparts a 
moderate activity which fades with time of heating at 
1200~ The activity with Cu and Ga together is weak 
but permanent. No activity was found when each of 20 
other potentially active do.pants was paired with Cu. 
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Samples  for  a composi t ion su rvey  of the Cu-A1-Si  
oxide  sys tem were  made  .by mix ing  silicic acid wi th  Cu 
and A1 n i t ra tes  in water ,  drying,  and react ing at  
120O~ in wet  n i t rogen gas for 15 rain. The composi-  
tions wi th  the greates t  ac t iv i ty  were  near  0,5 mole  pe r -  
cent (m/o)  Cu20 and br idged  a r ange  of AI~O~ con- 
tent  f rom 1 to 10 m/o.  Hea t ing  beyond 1 hr  a t  1200~ 
did not cause in tens i ty  loss. The l ight  output  of the 
b r igh tes t  composit ions in this  t e rna ry  was enhanced by  
a fac tor  of 2 by  the addi t ion  of  10% B20~. 

The in tens i ty  of the emi t ted  l ight  under  254 nm 
exci ta t ion was comparab le  to tha t  of commercia l  P15 
(ZnO) phosphor.  The emission spec t rum is given in 
Fig. 1. This curve is s imi lar  to the resul ts  of Claffy and 
Schu lman  (1) who added  Cu, Na, and Ca oxides to 
severa l  a lumina-s i l i ca  mixtures .  They  suggested tha t  
c rys ta l l ine  phases m a y  be the  seat  of the luminescence.  
This was not  suppor ted  b y  exper iments  in which the 
b r igh t  luminescence of 1200~ react ion products  was 
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Fig. 1. Photoluminescence intensity (arbitrary units) vs. wave- 
length (A) for SiO2 glass containing 0.5 m/o Cu20, 10% AI203. 

found to be  p rese rved  when  they  were  mel ted  to a 
clear  glass in an o x y - p r o p a n e  flame. This glass has 
a b road  absorp t ion  band  at  250 nrn. 

The conjec ture  tha t  monova len t  copper is pa r t  of 
the  act ive center  was suppor ted  by  two findings. Firs t ,  
react ions car r ied  out under  neu t ra l  or  s l ight ly  reduc-  
ing condit ions (wet  N2 or wet  N2 wi th  1-2% H2) which  
minimize  d iva len t  copper  produced  b r igh te r  samples  
than  react ions  car r ied  out  in  air.  Second, a b r igh t  
phosphor  was p roduced  when  some of the  Na +1 in 
Vycor  1 b rand  glass (96% SiO~) was rep laced  by  Cu +1 
by  electrolysis  a t  730~ 

The cooperat ive  effect of bound wa te r  wi th  Cu +I 
was the focus of the fo l lowing  tr ials .  Products  of the 
in i t ia l  react ion be tween  silicic acid and cuprous oxide 
were  mode ra t e ly  luminescent .  However ,  this ac t iv i ty  
and that  of Cu-doped  Vycor  nea r ly  vanished a f te r  
holding one or  two days  at  1200~ Sil ica glass l abora -  
tory  w a r e  made  f rom na tu ra l  quar tz  exhibi ts  a s imi-  
l a r ly  fugi t ive  weak  blue luminescence which  could be 
imi ta t ed  in glasses synthesized f rom silicic acid wi th  
about  50 ppm Cu20. Anhydrous  si l ica and cuprous ox-  
ide did  not  p roduce  act ive products  wi th  or  wi thout  
addi t ion  of B208. 

I t  r emains  to be exp la ined  w h y  A1, Ga, or  OH ions 
mus t  be presen t  to enable  Cu +1 to impar t  luminescence 
to si l ica glass. 

Manuscr ip t  rece ived  Oct. 17, 1980. 

A n y  discussion of this pape r  wi l l  appear  in  a Dis-  
cussion Sect ion to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for  the  December  1981 Dis-  
cussion Sect ion should  be submi t t ed  by  Aug. 1, 1981. 
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A Method for Rapidly Screening Polymers as 
Electron Beam Resists 
Robert G. Brault* and Leroy J. Miller* 

Hughes Research Laboratories, Malibu, Calqornia 90265 

The search for  new, improved  e lec t ron resists  could 
be g rea t ly  faci l i ta ted by  having  methods avai lab le  for 
r ap id ly  de te rmin ing  sens i t iv i ty  (Q) and contras t  (7).  
Improved  sens i t iv i ty  is necessary  to obta in  des i rable  
throughput ,  and good contras t  is a necessary  (a l though 
not  a sufficient) condi t ion for achieving high resolut ion 
(1). Such a r ap id  test  would  be useful  not only  for  
screening candida te  resists, bu t  also for  accelera t ing  
subsequent  process development ,  such as the op t imiza-  
t ion of deve loper  composit ion,  deve lopment  t ime, and 
bake  conditions. To eva lua te  Q and 7 accurately,  i t  
would  be des i rab le  to have a large  number  of areas  
exposed at  different  doses, as many  as 50 per  decade, 
in the  dose range  of interest .  The exposed areas  should 
be as smal l  as prac t ica l  to minimize exposure  time. 
Final ly ,  a rapid,  accura te  method  for  measur ing  the 
thickness of each a rea  on the developed wafer  is 

�9 E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key words :  e l e c t r o n  res i s t s ,  sens i t iv i ty ,  contras t ,  pos i t ive  re- 

s ists ,  n e g a t i v e  res is ts ,  

needed. This paper  describes a test  method  in which  
wr i t ing  the test  pa t t e rn  takes about  30 rain and m a k -  
ing the requ i red  thickness measurements  takes about  
another  30 min. 

Test Method 
The test pa t t e rn  consists of a 10 • 1O m a t r i x  of 

squares each 25 ~m on a side (see Fig. 1) and sepa-  
r a t ed  f rom other  squares by  50 ~m. The dosage re -  
ceived b y  each square  is va r i ed  sys temat ica l ly  b y  in-  
creasing the dwel l  t ime l inear ly  along one axis of the 
ma t r ix  and increas ing the point  spacing l inea r ly  along 
the other. The squares a re  large  enough to e l iminate  
the p rox imi ty  effect as a var iab le  if the thickness 
measurement  is made  at  the center,  where  the losses 
due to e lec t ron sca t ter ing  are  compensa ted  for by  
scat ter ing contr ibut ions  f rom the sur rounding  area. 
Each ma t r i x  covers a range of dosages ex tending  over  
more  than  two orders  of magni tude.  By wr i t ing  two, 
three,  o r  four  such mat r ices  at  different  beam cur -  
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Fig. 1. Image of the test matrix in resist. At 3 X 1 0 - h A ,  the 
exposures range from 2.42 X 10 - 4  C/cm 2 at upper left to 9.05 X 
10 -~  C/cm 9 at lower right. 

rents, an ex t remely  wide range  of exposures can be 
obtained wi th  very  small  dose increments.  When 
different processing procedures are to be tested, sev- 
eral such sets of matrices can be exposed on a single 
wafer  wi th  a single pump-down  to achieve fur ther  
t ime savings. 

After  the exposed image has been developed, the 
sensi t ivi ty can be estimated by examining the matr ix  
unde r  a microscope. With positive resists, the squares 
that  are developed out cleanly can easily be identified, 
and the sensit ivi ty is est imated as the min imu m dose 
required to produce a c leaned-out  square. In  the case 
of negative resists, a dist inct  value for the sensit ivi ty 
cannot  be determined by simple visual examination,  
since the sensit ivi ty is general ly taken as the dose re-  
quired to produce an image with a thickness that  is 
some specific fract ion of the thickness of the undevel -  
oped resist. 

A plot of the normalized thickness (tN) VS. the log of 
the exposure (log E) is a more convenient  and ac- 
curate method for de termining both sensit ivi ty and 
contrast  of both positive and negative resists. This plot 
requires knowing the thickness of the residual resist in 
underexposed squares. But  since the squares are too 
small  to allow the thickness to be measured easily by a 
mechanical  stylus technique, we investigated using a 
l~anospec AFT microarea film thickness gauge for this 
purpose.* This in s t rumen t  measures thickness by  re-  
cording the spectrum of visible l ight reflected from the 
coated silicon wafer and comparing it  with s tandard  
data previously recorded for similar films and stored 
in  memory. Its unique  advantage is that i t  can mea-  
sure the thickness of ext remely  small  areas, the min i -  
m u m  spot size being 3.5 #m in diameter. For our pur -  
poses, a spot diameter  of 9 ~m was most suitable. 

Among the programs cur ren t ly  available with the 
Nanospec are some for measur ing the thickness of 
resist on both oxidized and unoxidized silicon surfaces. 
Since these programs had been prepared for positive 
photoresists, the val idi ty of applying them to the mea-  
surement  of other polymeric coatings was open to 
question. Therefore, 17 silicon wafers coated with poly- 
(methyl  methacryla te)  (PMMA) in thicknesses rang-  
ing from 150 to 19,500A were prepared and measured 
using the mechanical  stylus technique wi th  a Sloan 
Dektak surface profile measur ing system as well as 
with the Nanospec photoresist-on-si l icon program. As 
shown in  Fig. 2, the Nanospec values are l inear  with 
the Dektak thicknesses. The l inear-regress ion plot has 

1Available  from Nanometrics ,  Incorporated, S u n n y v a l e ,  C a l i -  
f o r n i a .  
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Fig. 2. Correlation of PMMA thickness measurements using the 
Sloan Dektak and the Nanospec AFT with the program for photo- 
resist on silicon. The anticipated error in Dektak measurements is 
about _+2.5%. 

a slope of 1.078 and a y intercept  of 83.4A. We a r e  i n -  
t e r e s t e d  pr imar i ly  in  the normalized thickness tN, 
which can be determined accurately from the formula 
tN ---- ( t  - -  b ) / ( t o  - -  b), where t and to are the thick- 
nesses obtained wi th  the Nanospec program for the 
exposed and unexposed resist, respectively, and b is 
the reading obtained in an area of the same wafer  
with no resist. 

To obtain the data reported in  this paper for posi- 
tive resists, we rout inely  determined to as the average 
value for the unexposed areas at the four corners of 
the developed image of the matrix.  Consequently, 
whenever  there was any th inn ing  of the unexposed 
resist during development,  t s  was based on the th inned 
resist. Values for b were the averages of about  four 
individual  measurements  on squares that  received sub-  
s tant ial ly  different, bu t  obviously excessive, doses and 
that  clearly were developed completely and cleanly. 
For negative resists, we used a to value obtained before 
the image was developed, and the values for b were 
the average of several readings on cleaned areas of the 
developed wafer. 

The surface of underexposed and par t ia l ly  developed 
resist coatings is often quite nonuniform,  being uneven  
in thickness or having a bubb ly  appearance. In  spite 
of this, the Nanospec general ly yields in te rna l ly  con- 
sistent data that can be plotted to form smooth curves. 
Occasionally there are some exceptions, however, 
where the Nanospec measurement  is obviously faulty. 
The overall  qual i ty  is i l lustrated by the plot of tN as a 
function of log E for po ly ( t e r t -bu ty l  methacrylate)  
(PtBMA) sho.wn in Fig. 3. In  most cases, it is a simple 
mat ter  to ignore the results that are clearly erroneous. 
Frequent ly,  other areas that  received approximately 
the same exposure to radiat ion are satisfactory for 
Nanospec measurements .  

Screening Results 
These methods were used to determine the electron 

beam sensit ivi ty and contrast for 10 polymethacrylate  
positive resists and 14 negative resists, half  of which 
were polystyrene derivatives. Many of the develop- 
men t  conditions used in  this s tudy were previously r e -  
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Fig. 3. Typical plot of normalized thickness as a function of the 
log of the exposure to 20 keV electrons. Resist is poly(tert-butyl 
methacrylate), 0.5 /~m thick on silicon, baked 4 hr at 147~ 
in vacuo, and developed with 33% methyl ethyl ketone: 67% ace- 
tonitrile for 30 sec. 

ported in  the l i terature.  In  the case of positive resists, 
conditions were chosen to produce a limited amount  of 
th inning  of the unexposed resist (about 5%, but  up to 
about 20% in one case). No at tempt was made to opti- 
mize the development  procedure. Tables I and II pro- 
vide per t inent  data on the polymethacrylates,  the 
methods of development,  and the results. Usually, the 
sigmoidal curves that were obtained from the tN v s .  

log E plots were similar to those of PMMA and PtBMA 
shown in  Fig. 4. No effort was made to el iminate the 
"toe" at the higher doses just  short of those result ing 
in clean development.  Addit ional  rinses with weak sol- 
vents, par t icular ly  spray rinses, are sometimes useful 
in minimizing the size of the toe. The sensit ivity (Q) 
determined by simple inspection of the matr ix  corre- 
sponded to the end of the toe. A second value for the 
sensit ivity (Qext) could be obtained by extrapolat ing 
the approximately linear, descending portion of the 
sigmoidal curve to the baseline. Qext may be assumed 
to be the l imit ing value for the sensit ivi ty if one is 
completely successful in removing the toe with appro- 
priate rinses or a light plasma etch. The size of the 
toe varied with the resist and the development method. 

Table I. Source and molecular weights of polymethacrylates 
evaluated as positive electron resists, [CH2CCCH3)(COOR)] 

RESIST 

CH 3 

C2H 5 

n -C3H 7 

i_--C3H 7 

n - C 4 H  9 

s_-C4H 9 

t_-C4H 9 

HIGH MW 

LOW MW 

c-C6H11 

C6H5CH 2 

C6H 5 

CF3CH 2 

SOURCE a 

DuP 

SPP 

Pos 

Pos 

HRL 

Pos 

HRL 

Pos 

HRL 

HRL 

HRL 

HRL 

b 
M w x 10 - 5  

4.00 

3.42 

13.0 

6.58 

2.52 

0.89 

30.7 

1.17 

6.81 

15.0 

13.9 

0.44 

b 
Mw/M N 

2.86 

2.05 

3.27 

3.12 

1.19 

2.47 

1.48 

2.05 

3.23 

3.04 

3.28 

1.68 

aAId = ALDRICH CHEMICAL CO., MILWAUKEE, Wl 
DuP = DUPONT CO., PLASTICS DEPT., WILMINGTON, DE 

HRL = SYNTHESIZED AT HUGHES RESEARCH LABORATORIES 

PoS = POLYSCIENCES, INC., WARRINGTON, PA 
SPP = SCIENTIFIC POLYMER PRODUCTS, INC., WEBSTER, NY 

bDETERMINED BY GEL PERMEATION CHROMATOGRAPHY ON 
MICROSTYRAGEL COLUMNS USING TETRAHYDROFURAN SOLUTIONS. 

Table II. Processing parameters, sensitivity, and contrast of 
polymethacrylate electron resists 

PREBAKE 

RESIST TIME, TEMP, DEVELOPER TIME 
hr ~ SOLVENT b sec 

CH 3 1/3 (AIR) 145 3:1 IPA: MIBK 30 

C2H 4 (VAC) 160 2:1 ]PA: MA 15 

e-C3H 7 4 (VACJ 160 2:1.tPA: MA 3B 

_i-C3H 7 4 (VAC) 160 2:1 IPA: MA 15 

_n-e4H 9 O.5(AIR) 110 30:1 IPA: MIBK 60 
(ON SiO 2) 

s--C4H9 4 (VAC) 160 MA 15 

t-C4H 9 
HIGH M W 15 (VAC) 160 CARB 180 

LOW MW 4 (VAC) 160 CARB 180 
(ON SiO 2) 

_c--C6Hll 4lAIR) 115 1:1 IPA: MIBK 60 
(ON SiO 2) 

! C6HsCH 2 4 (VAC} 155 2:1 MEK: IPA 30 

CBH 5 4 (VAC) 155 DIOXANE 30 

CF3CH 2 1 (AIR) 115 3.1 IPA: MIBK 15 
ON SiO 2) 

DEVELOPMENT 
PERCENTAGE 

THINNING 
(OR 

THICKENING 

0 

5 

2 

(6) 

21 

6 

(3) 

(3} 

4 

0 

2 

6 

~ENSfTIVITY 
#C/crn2 ~f 

Q QEXT 

196 184 7.59 

55.1 47.3 2.98 

49.5 24.2 11.6 

46.1 39.1 3.30 

2.9E 

Ig7 %34 ~,15 

31,6 22.0 11.3 

14.2 13.5 5.76 

45.5 40.5 1,68 

299 147 1.68 

38.0 36 .0  3.gl 

30.7 24 .0  1.34 

I 
aTESTED ON SI LICON OR, WHERE INDICATED, ON SiO2-COATED SI LICON WAFERS. 

bCARB = CARBITOL OR 2--(2-ETHOXYETHOXY)ETHANOL 
IPA = ISOPROPYL ALCOHOL 
MA = METHYL ALCOHOL 
MEK = METHYL ETHYL KETONE 
MIBK =METHYLISOBUTYL KETONE 

CSENSITIVlTY Q WAS OBTAINED BY INSPECTION OF THE MATRIX WITH THE OPTICAL 
MICROSCOPE; QEXT WAS OBTAINED BY EXTRAPOLATION OF THE LINEAR 
PORTION OF THE t N VERSUS LOG E CURVE TO THE BASELINE WHERE t N = 0. 

This is also i l lustrated in  Fig. 4 with the curves for 
poly( iso-propyl  methacrylate)  and poly(sec-buty l  
methacrylate) .  The par t icular ly  prominent  toe in the 
curve for the lat ter  resist was due to a discontinuous 
coating of polymer droplets that remained on the in- 
completely developed surface. The tendency to leave 
this type of residue was responsible for the large but 
poorly defined value for the contrast 7. 

Values for 7 were generally obtained as the absolute 
value of the slope of a least squares plot of "accept- 
able" data points. The subjective selection of the points 
that were acceptable was made from an examination of 
the graph, and it excluded the obviously erroneous 
readings previously discussed as well as those points 
clearly belonging to the regions in which the plot 
curves away from the straight-line, descending portion 
of the plot. Usually, the acceptable points were for tN 
values ranging from 0.I at the lower end to 0.4-0.8 at 
the upper end, depending on how quickly the curve 
deviated from a straight line at decreasing exposures. 

Data for four of the resists included in Table II were 
derived from coatings on oxidized silicon wafers. The 
Nanospec measurements on these wafers were made 
using a program designed fo.r photoresist on SiO2- 
coated silicon, where the thickness of the S i Q  was 
determined separate ly 'on a clean wafer and entered as 
a constant  into the memory. The procedure used and 
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Fig. 4. Illustrative plots of tN vs. log E for poly(alkyl methacryl- 
ates). The alkyl groups are: PtBMA, tert-C4Ho; PiPMA, iso-C~,HT; 
PsBMA, sec-C4Ho; and PMMA, CH3. 
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Table III. Source and molecular weights of polymers evaluated as 
negative electron resists 

RESIST MATERIAL  _ " 5 b 
SOURCE a M w x 1 0 -  MW/MN b 

POLY ( D I A L L Y L  PHTHALATE)  Pos 0.99 3.5 

POLY (METHYL V I N Y L  KETONE) SPP 2.05 2.50 

POLY ( V I N Y L  ACETATE) Pos 2.83 3.07 

POLY (VI N Y L  CI NNAMATE) Pos 1.42 2.77 

POLY (V~NYL CHLORIDE) UCC 0.60 1.66 

P O L Y V I N Y L P Y R R O L I D O N E  Pos (MN = 4 x 10 4 ) 

POLY ( G L Y C I D Y L  M E T H A C R Y L A T E -  Mead 

C O - E T H Y L  ACRYLATE)  

PO LYSTY R E N E Aid 3.21 3.80 

POLY ( 4 - C H  LOROSTYRENE Pos 2.90 2.97 

P O L Y V l N Y L T O L U E N E  Pos 2.77 4.76 

(MIXED ISOMERS) 

POLY ( V I N Y L B E N Z Y L  CHLORIDE) Aid 1.24 3.74 

(60/40 MIXTURE OF ORTHO/PARA)  

POLY (4 -BROMOSTYRENE)  Aid 5.34 2.01 

POLY (4 -1SO-PROPYLSTYR EN E) ALd 

POLY ( 4 - T E  R T -  6 U T Y L S T Y  R E N E) Pos 0.6 2.03 

aAId = ALDRICH CHEMICAL CO., MILWAUKEE,  Wl 

HRL = SYNTHESIZED AT HUGHES RESEARCH LABORATORIES 

Mead = MEAD CHEMICAL CO., ROLLA,  MO 

Pos = POLYSCIENCES, INC., WARRINGTON,  PA 

SPP = SCIENTIFIC POLYMER PRODUCTS, INC., WEBSTER, NY 

UCC = UNION CARBIDE CORP., NEW YORK,  NY 

bMOLECULAR WEIGHTS WERE DETERMINED BY 

GEL PERMEATION CHROMATOGRAPHY AT HUGHES, 

EXCEPT FOR THE VALUE IN PARENTHESIS, 

WHICH WAS THE VENDOR'S CHARACTERIZATION.  

Table IV. Processing parameters, sensitivity, and contrast of 
negative electron resists 

BAKE DEVELOPMENT 

RESIST TEMP, TIME, a TIME, 
~ hr SOLVENT sec 

POLY (DIALLYL PHTHALATE} 50 (VAC) i 16 1:1 CB:AA 30 

POLY (METHYL VINYL KETONE) 50 (VAC) 16 ivEBK 30 

POLY (VINYL ACETATE} 150 0.5 TOL 30 

POLY (VINYL CINNAMATE) 50 (VAC) 60 MEK 30 

POLY (VINYL CHLORIDE) 50 (VAC) 60 CB 30 

POLYVINYLPYRROLIDON E 150 0.5 WATER 30 

ROLY (GLYCIDYL METHACRYLATE 90 0.25 COP DEV 15 
CO-ETHYL ACRYLATE) 

POLYSTYRENE 60 (VAC) 16 CB 30 

POLY (4-CH LOROSTYREN E) 50 (VAC) 16 CB 30 

POLYVINYLTOLUENE 50 (VAC) 1 CB 30 

POLY (VlNYLBEN7YL CHLORIDE) 50 (VAC) 1 CB 30 

POLY I4-BROMOSTYREN E) 60 (VAC} 1 CB 15 

POLY (4-1SO--PROPYLSTYRENE) 90 (VAC) 1 TOL 5 

�9 POLY (4-TERT--BUTYLSTYRENE) .90 (VAC) 1 TOL 5 

aAA =AMYLACETATE 
C8 =CHLOROBENZENE 
COP DEV = COPDEVELOPER, INCLUDING2 RINSES 
MEK =METHYLETHYLKETONE 
MIBK -METHYLISOBUTYL KETONE 
TOL =TOLUENE 

SENSITIVITY 

C/cm 2 7 

(Q0.5) 

3.0 x 10 - 6  0.83 

1.7 x 10 - 4  1.29 

4.4 x 10 -6  0.94 

3.0x 10 -6  1.15 

7.4x 10 5 0.86 

4.1 x 10 -5  0.66 

4 2 x 1 0  -7  0.72 

4.6x 10 -5  1.43 

4.6 x 10 6 1.82 

4 .6x10  5 143 

2.0 x 10 -6  2.1 

1.7 x 10 -6  1.89 

8.1 x 10 -5  1.20 

2.9 x 10 - 4  2.88 

the results obtained w&re otherwise normal in all 
respects. 

One resist, p o l y ( n - b u t y l  methacrylate) ,  was so un-  
even after development  that we  could not obtain 

enough acceptable points to prepare a plot of tN VS. log 
E. This was true for tests on both oxidized and unoxi -  
dized silicon wafers. 

The results from screening a series of negative re- 
sists are presented in Tables III and IV. Some of the 
data in these tables were previously reported for com- 
parative purposes (2). In the case of negative resists, 
we report Qs0, the dose required to give a film thick-  
ness of 50% of to, as the sensitivity.  Al though other 
values have also been used to represent sensitivity,  this 
value seems reasonable to us for comparing experi-  
mental  resists since the contrast curve of some resists 
starts to turn over soon after that value.  The contrast is 
the m a x i m u m  slope of the ascending portion of the 
curve and is usual ly  the same as the tangent to the 
curve at t0.5. It is sometimes impossible to obtain as 
many closely spaced points at the low dose end of 
negative resist plots as one would desire, because these 
squares do not adhere and frequently  are removed 
during development.  

The test method described is a quick and convenient  
method for screening polymers as resist materials. It 
can also be used in the prel iminary stages of process 
development  to help establish reproducible conditions 
for such processing variables as baking t ime and 
temperature, developer composition, and development  
time. We have found that the reproducibil ity in mea-  
suring the thicknesses of individual  squares with the 
N&nospec AFT is about 5-20A. The measurements  of 
four different matrix sets of PMMA made over a pe-  
riod of a week gave sensit ivity measurements  that 
range from 1.84 to 1.91 • 10 -4  C/cm 2, and 7 values 
from 7.01 to 7.59. 
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Anodic Dissolution Technique for Preparing 
Large Area GaAs Samples for Transmission 

Electron Microscopy 
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This paper describes a novel technique that uses an- 
odic dissolution for thinning relatively large, selected 
areas of single crystal or polycrystahine GaAs to pre-  
pare self-supporting, uniformly thin foils for transmis- 
sion electron microscopy (TEM). Samples containing 
low-angle grain boundaries have been prepared by this 
technique from poly-GaAs grown by the horizontal 
Bridgman method. By TEM examination of these sam- 
ples we have obtained the first electron micrographs 
showing the structure of grain boundaries in bulk 
GaAs. 

Development of the new technique was motivated by 
our investigation of GaAs photovoltaic solar cells. Al- 
though we have achieved conversion efficiencies ex- 
ceeding 20% (AM1) for single crystal GaAs cells 
(1), these devices will be too costly for large-scale ap- 
plications unless much less expensive fabrication tech- 
niques are developed. Lower fabrication costs should 
be possible for cells utidzing polycrystalline GaAs thin 
films deposited on low cost substrates, but the efficien- 
cies so far obtained for such cells are too low to permit 
their practical use. Consequently, there is considerable 
interest in achieving a detailed understanding of the 
role piayed by grain boundaries in reducing photo- 
voltaic efficiency, with the objective of developing pas- 
sivation techniques for minimizing their adverse ef- 
fects on cell performance. While the electronic prop- 
erties of grain boundaries in GaAs have been investi- 
gated in some detail  (2), there has been litt le study of 
grain boundary microstructure, although this structure 
should have an important  influence on the electronic 
properties (3). Furthermore,  our investigations of elec- 
troluminescence and cathodoluminescence in poly- 
GaAs have shown variations in radiative recombina- 
tion emission from different grain boundaries and, in 
some cases, along a particumr boundary. Similar effects 
have been reported for polycrystalline Ge (4) and Si 
(5). 

For these reasons it is desirable to study the struc- 
ture of selected grain boundaries in conjunction with 
an analysis of their electronic properties. The new 
preparat ion technique was .developed to facilitate this 
type of investigation by permitt ing TEM observation 
of preselected areas containing the boundary regions 
of interest. Since foils produced by this technique ap- 
pear to be of uniform thickness over areas significantly 
greater than the boundary regions, they should also. be 
suitable for direct analysis of compositional variations 
among grain boundaries by high spatial resolution 
(,~50A) x - r ay  and electron-energy-loss spectroscopy 
(6). 

Before giving a detailed description of the foil prep-  
aration procedure, we will review the more conven- 
tional thinning techniques, chemical etching and ion- 
beam milling. Chemical (or electrochemical) etching, 
which is usually preformed by a jet  process (7-9), is 
very rapid, generally taking only a few minutes. How- 
ever, this technique yields a perforated foil with a 
tapered thickness profile. ~sual ly  only the region very 
close to the perforation is transparent to the electron 

�9 Electrochemical Society Student Member. 
�9 * Electrochemical Society Active Member. 
Key w o r d s :  a n o d i c  dissolution, grain boundaries, photovoltaics. 

beam, ami control of the lateral  position of this r e g i o n  

is very difficult. This combination of small sample area 
and poor lateral  positioning makes chemical etching 
unsatisfactory for the types of grain boundary studies 
described above. Chemical etching in conjunction with 
mechanical processing has produced small area foils at 
preselected locations in single crystal Si (10) but has 
not been applied to polycrystalline samples of bri t t le 
compound semiconductors. 

Ion milling (11) is generally performed at very slow 
rates to avoid sample heating and thermal dissociation. 
The systems generally available produce a small foil 
area in an uncontrolled location. These problems were 
encountered in preparing TEM samples of GaAsP (12). 
I t  might be possible to produce large area foils by ion 
mihing, but  this would .require elaborate equipment. 

In contrast to chemical etching and ion milling, the 
anodic dissolution technique is moderately fast, readily 
controlled, and capable of producing uniformly thin 
foils over large preselected areas. The method is simple 
to use with both single crystal and polycrystalline 
samples. 

To use the anodic dissolution technique, a GaAs 
wafer is first lapped with 2 ~m grit, mechanochemically 
polished in Clorox to a thickness of 80-100 #m, and 
diamond sawed into square samples 2.5 mm on a side. 
The wafers used in this investigation were doped with 
Zn at concentrations of --1018 cm -3. A sample selected 
for thinning is electroplated on one face (except for 
the region to be examined) with a layer of Au about 5 
#m thick, then heated to 300~ for 1 sec to. form an 
ohmic contact (1). A P t  wire is attached to the Au con- 
tact with conductive adhesive, and the sample i s  
mounted contact-side-down oa a glass slide with trans- 
parent wax. The area to be thinned is defined by cover- 
ing the exposed surface with wax except for a circle, 
typically about 0.5 mm in diameter, opposite the region 
not plated with Au. The sample configuration is shown 
schematically in Fig. 1. Dissolution proceeds from the 
exposed surface toward the contact surface. 

TRANSPARENT 
/ WAX 

~/ ~ / / ~ " ~ "  " ~ , / " ~  -~Au CONTACT 

/ /  " ~k~ GLASS SLIDE 
GRAIN 

BOUNDARI ES 
IN GaAs 
Fig. 1. Schematic diagram showing GaAs sample mounted for 

anodic dissolution. 

THIN FOIL 
- - ~ - ( 5 o o  - 2ooo~) 
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The sample  forms the anode of an e lec t rochemical  
cell  wi th  a la rge  a rea  P t - m e s h  cathode. The e lec t ro ly te  
is the  d i sodium sal t  of 0.1M 4 - 5 - d i h y d r o x y - m - b e n z e n e -  
disulfonic acid, which  is ve ry  s imi lar  in composit ion to 
the  Ti ron  solut ion used by  F a k t o r  and Stevenson (13) 
for  charac te r iza t ion  of GaAs by  anodic dissolution but  
is p r e f e r r ed  because of its lower  cost and be t te r  ava i l -  
abi l i ty.  Measured  polar iza t ion  curves for the two solu- 
tions a re  v i r t ua l ly  identical .  Dissolut ion is pe r formed  
at  a constant  cu r r en t  dens i ty  of 15 mA/cm~ wi th  an 
e tch r a t e  of app rox ima te ly  0.3 #m/ra in ,  so tha t  4-5 hr  
is usua l ly  requ i red  to achieve the des i red  sample  
thickness.  I t  was observed  tha t  lower  currents  del ine-  
ate c rys ta l  defects whi le  h igher  cur rents  tend to re -  
sul t  in nonuni form etching unre la ted  to such defects. 

The t ransmiss ion  of a low power  (2 mW) He-No 
(6328A) laser  t h rough  the foil  is moni to red  to de te r -  
mine  when  the dissolut ion process should be t e rmi -  
nated.  To reduce  background  noise the laser  beam is 
chopped mechan ica l ly  at  400 Hz, and the t r ansmi t t ed  
rad ia t ion  is de tec ted  by  using a lock- in  amplif ier  to 
measure  the ou tput  of an Si photodiode across a 1~ 
load  resistor.  The ci rcui t  of the  e lec t rochemical  cell  is 
i n t e r rup t ed  as soon as t ransmiss ion  is detected,  which  
occurs when  the foil  is about  2000A thick. The mea -  
surements  a re  made  in te rmi t t en t ly ,  and the laser  is 
shu t te red  be tween  measurements ,  since the dissolution 
ra te  is increased by  l ight  so~ tha t  cont inuous laser  ex-  
posure would  therefore  resul t  in  nonuni form thinning.  

Dur ing  the dissolut ion process the  GaAs surface be -  
comes coated wi th  a b r o w n - b l a c k  film, which has been 
shown b y  Auge r  analysis  to be composed of As and O 
wi thout  de tec table  Ga. Unl ike  films formed by  anodic 
oxida t ion  of GaAs, this coat ing is not  soluble in HCL 
To remove  the  coating, af ter  dissolut ion is comple te  
the  GaAs surface  is anodica l ly  oxid ized  in a %artaric 
ac id /p ropy lene  glycol  solut ion (1, 14) and  the oxide 
formed is dissolved in d i lu te  HC1. The sample  is then 
removed  f rom the glass s l ide  by  dissolving the wax  
and cleaned in successive acetone and methanol  baths.  

Se l f - suppor t ing  thin  foils of both  single c rys ta l  and 
po lyerys ta l l ine  GaAs have  been  p r e p a r e d  by  the p ro -  
cedure  described.  The  single c rys ta l  samples  usua l ly  
can be  th inned  un i fo rmly  wi thout  perforat ion.  F igure  2 
is an opt ica l  t ransmiss ion  mic rograph  of such an  un -  
pe r fo ra t ed  sample  wi th  a th in  region  app rox ima te ly  0.2 
m m  2 in a rea  and 20O0A thick. Al though  the t r ansmi t t ed  
in tens i ty  var ies  s t rongly  wi th in  this  region,  TEM ex-  
amina t ion  shows tha t  the foil  is essent ia l ly  un i form in 
thickness,  and Nomarsk i  contras t  microscopy of the  
e tched surface reveals  the same fea tures  as the  opt ical  
t ransmiss ion  micrograph.  Therefore ,  we a t t r ibu te  the  
observed  var ia t ion  in t r ansmi t t ed  l ight  in tens i ty  to 
sca t te r ing  resul t ing  f rom the roughness  of the foil  sur -  

face. Samples  given a be t t e r  pol ish before  anodic dis-  
solut ion do not  exhib i t  such scat ter ing.  

While  foils p r e p a r e d  by  anodic dissolut ion of po ly -  
c rys ta l l ine  GaAs a re  f requent ly  perfora ted ,  they  con- 
ta in  r e l a t ive ly  large,  un i fo rmly  th in  areas.  Micrographs  
of two gra in  boundar ies  in GaAs foils examined  b y  
TEM are  shown in Fig. 3 and  4. The micrographs  were  
t aken  using a t w o - b e a m  condi t ion and an accelera t ing  
potent ia l  of 125 kV. The s t ruc ture  of the gra in  bound-  
a ry  shown in Fig. 3, wi th  dislocations separa ted  by  ap -  
p r o x i m a t e l y  325A, is indica t ive  of a l ow-ang le  bound-  
a ry  wi th  a misor ien ta t ion  angle  of 0.7 ~ for  a Burgers  
vector  of a /2  <110>.  This s t ruc tu re  is s imi lar  to tha t  
of gra in  boundar ies  observed in cast Si (15). A gra in  
b o u n d a r y  wi th  a smal le r  misor ien ta t ion  angle  (<0.2 ~ 
is shown in Fig. 4. In  this case the  ind iv idua l  disloca-  
tions a re  separa ted  by  app rox ima te ly  1470A in a con- 
t inuous matr ix .  This type  of defect  s t ruc ture  has been  
observed  in he te roep i t ax ia l  G a A s / G a A 1 A s  films where  
there  is a la t t ice  mismatch  be tween  subs t ra te  and  
ep i layer  (lfi).  While  gra in  boundar ies  observed in the  
presen t  s tudy  were  formed dur ing  me l t  g rowth  of bu lk  
GaAs,  they  should  be s imi la r  in  s t ruc ture  to g ra in  
boundar ies  in GaAs ep i tax ia l  l ayers  grown on po ly -  
crys ta l l ine  GaAs substrates,  a class of ma te r i a l s  wi th  
potent ia l  appl ica t ion  in high efficiency/low, cost photo-  
voltaics. Po lycrys ta l l ine  GaAs solar  cells fabr ica ted  
f rom such layers  have  achieved efficiencies of 13"/o 
(AM1) (17). 

In  summary,  an anodic dissolut ion technique has 
been developed for the p repa ra t ion  of r e la t ive ly  la rge  
area, un i fo rmly  thin  foils of single c rys ta l  or po ly -  
c rys ta l l ine  bu lk  GaAs. Use of this  technique has made  

Fig. 2. Transmission optical micrograph of single crystal GaAs 
foil. 

Fig. 3. TEM micrographs (two beam condition) of GaAs grain 
boundary with misorientation angle of 0.7 ~ Discrete dislocations 
composing the boundary are evident in the lower micrograph, which 
was taken at higher magnification. 
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Fig. 4. TEM micrographs (two beam condition) of GaAs grain 
boundary with misorientation angle of <0.2 ~ 

it possible to carry out the first TEM observations of 
grain boundaries in GaAs. With appropriate modifica- 
tions, the technique should be applicable to other semi- 
conductors. Development of this technique is significant 
in that it permits TEM examination of selected grain 
boundaries, facilitating the investigation of relation- 
ships between the structural, compositional, and elec- 
tronic properties of grain boundaries in photovottaic 
materials. 
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The morphology of lead-dioxide 
prismatic crystallites in freshly 
"formed" positive plates of lead-acid 
batteries has been reported( 1 ) to 
evolve to a coralloid state and sub- 
sequently degrade during continued 
charge-discharge cycling. Since 
tetrabasicleadsulfate, 4PbO'PbS04, 
(TBLS) had been observed(2) to 
crystallize as large elongated prisms 
and undergo anodic conversion to a 
mechanically strong PbO 2 micro- 
structure, which maintains a crystal- 
lite form similar to the original, 
the suggestion was made(3) that the 
use of TBLS as the active material on 
positive plates may help increase the 
cycle life of lead-acid batteries. 

During electrolytic formation of 
TBLS-pasted lead plates in H2S04, 
concomitant chemical sulfation 
reactions are anticipated, since TBLS 
has been shown(4) to react readily 
with sulfuric acid. Therefore, the 
morphology of "formed" active 
material in such electrodes will 
depend directly on the continuously 
changing phase compositions of the 
sulfate active material as well as the 
kinetics of anodization reactions of 
the various single phase components 
If rapid chemical sulfation reactions 
result in the formation of lead- 
sulfate, PbS04, as a major component 
when the TBLS-pasted electrode is put 
in the electrolyte, the advantage of 
TBLS as a precursor of mechanically 
strong PbO 2 microstructure might be 
lost. A few experimental results 
identifying intermediates and products 

of the sulfation as well as anodic 
oxidation reaction are described in 
this communication. 

The surface-layer composition 
was monitored continuously in-situ(5) 
by laser Raman scattering during 
anodization and open circuit stand 
of tetrabasicleadsulfate electrodes 
in 0.1N H2SO 4 in a 3-compartment 
spectroelectrochemical cell, shown 
in Figure i. In order to suppress 
the interfering spectra due to H2SO 4 
and HSO 4 specie 0.1N sulfuric acid 
was used as the electrolyte Raman 
spectral transitions were observed 
ex-situ for 4PbO'PhSO 4 and a I:i 
mixture of 3PbO'PbSO4"H20 and 

These results and the 
PbO'PbS04( 5)published ~ data for PbSO 4 are given 

in Table 1 for use as references in 
the interpretation of the experi- 
mental in-situ spectral data. The 
spectra in all cases were reproduced 
in duplicate runs. Analysis of 
electrode surface layers by ex-situ 
techniques, such as scanning electron 
microscopy and X-ray diffraction, 
provided additional supporting 
evidence for characterizing the phase 
compositions. 
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Figure 1. Experimental Setup for In- 
Situ Laser Raman Spectro- 
scopy of Electrochemically 
Formed Surface Phases at 
Electrodes 
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Table 1 

Raman Spectrum* Observed Ex-Situ for Basic Leadsulfates 

Band Frequency, Relative 
Compound v(cm-l) Intensity Comment 

Tetrabasicleadsulfate, 132 W(sh) 
4PbO �9 PhSO 4 142 VS 

969 VS 
461 W(sh)  unresolved 
444 M 
435 M 

Tribasicleadsulfate 132 W 
Hydrate, 142 VS 

3PbO - PbS04 �9 H20 429 M 
444 M 
974 S 

Monobasicleadsulfate 132 W 
PbO �9 PbSO 4 142 S 

962 S 
444 M 
434 M 
420 VW(sh) unresolved 

Leadsulfate 977 VS 
434 M 
447 M 

Note: VS = Very Strong; S = Strong; M = Medium; W = Weak; VW - Very Weak 
Sh = Shoulder 

*The freqency recorded is average of observed frequencies extending over a 
range of t 2 cm-1 

The spectrometer parameters such 
as the intensity of exciting laser 
light, scattering angle, scan rate, 
sliC width, etc., were maintained at 
approximately the same level during 
each experimental run. In spite of 
these efforts the relative intensity 
of the Raman bands could not be used 
to estimate quantitatively the 
relative abundance of various phases 
in the surface layers. More 
sophisticated equipment would be 
required to obtain these estimates. 

In-situ Raman spectra recorded 
at different time intervals during 
the anodization of TBLS-pasted lead 
electrode in 0.1N H2SO 4 at 1.5 V vs. 
a Hg/Hg2SO 4 reference are shown in 
Figure 2. Tetrabasicleadsulfate, 
characterized by Raman bands at 132~ 
142, 435, 444, 461, and 969 ems 
(see Table i), was observed to be 
converted partially, through the 
sulfation reaction into PbS04, as 
shown by the a~pearance of a 
shoulder at 977 cm- on the 969 cm -I 
band in the spectra obtained at 18 
and 130 minutes (see Figure 2). 
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Figure 2. Laser Raman Scattering; In-Situ Spectra Observed on Tetrabasicleadsulfate Electrode 

During Anodization in O.IN H2SO 4 at 1.5 V vs. Hg/Hg2SO 4 
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When 
for 
(see 
observed 
at end 
suggest 
compounds 
the PbO 2 
blackened 
electrode 
served to 

compared with assigned spectra 
PbO'PbSO 4 and 3PbO'PbSO4"H20 
Table I), the Raman Bands 

at 142, 960, and 973 cm -I 
of 206 minutes strongly 
the presence of these 
in the surface layers of 
which was formed as a 

mass. The entire 
active material was ob- 
turn black by the end of 

213 minutes. In-situ Raman spectra 
recorded at this time showed very 
weak bands at 142 cm -I and 958 cm -I 
suggesting the presence of PbO-PbSO 4 
No PbSO 4 band was observed. The 
black mass was found to be 
S-PbO 2 by ex-situ X-ray 
In addition to providing 
biguous identification 
phases in the presence 
these investigations also 
indication of changes in 
of surface layers during 
The observed production 
during "formation" in 
(specific gravity = 1.002) contrasts 
with the previous observation 
that (6) ~-Pb02, was the major 
product from formation in 0.2N H2SO 4. 

primarily 
analysis 

an unam- 
of sulfate 
of B-Pb02, 
provided an 
composition 
anodization 
of ~-PbO 2 
O.IN H2SO 4 

Tribasicleadsulfate, 3PbO" 
PbSO4"H20, monobasicleadsulfate, 
PbO'PbSO 4 and leadsulfate, PbS04, 
were observed in electrode surface 
layers during anodizations. Lead- 
sulfate was- observed to be the major 
product while 3PbO.PbSO4.H20 and 
PbO'PbSO 4 were minor constituents 
Close examination of the spectral 
data also suggests that the various 
leadsulfates are oxidized at 
different rates, at least for the 
particular experimental conditions a 
tentative ranking being TBLS>PbO" 
PbSO4>PbSO 4 �9 

Any pre-soak proceeding the 
"formation" process must invariably 
involve the chemical sulfation 
process. Therefore, Raman bands 
were continuously observed for 
20 hours, during the open circuit 
acid-soaking of a tetrabasiclead- 
sulfate electrode. The continous 
generation of PbSO 4 in the electrode 
surface layers, was observed as shown 
(see Figure 3) by the growth of Raman 
bands in the region of 975-977 cm -I 
as well as at 436 and 444 cm-i 

Since the height of the TBLS band at 
the end of 20 hours is still ~50% of 
the original height a significant 
proportion of tetrabasicleadsulfate 
apparently remains unreacted 
Spectral representation of the 
dynamic sulfation process showing 
changes in composition over a period 
of time is shown in Figure 3. The 
spectrum recorded after 2 hours and 
20 hours, showed definite shoulders, 
at ~960 cm -I on the 975-977 cm -I 
band and at %420 cm -I on the un- 
resolved band in the region of 430- 
460 cm -I. It is likely that PbO" 
PbSO 4 phase is present along with 
TBLS. The presence of this compound 
was confirmed by ex-situ X-ray 
diffraction analysis. It is possible 
that tribasicleadsulfate, 3PbO- 
PbSO4"H20 , may be generated in 
the surface layers during the 
sulfation process. However, the 
spectral evidence for this inter- 
mediate is merely suggestive. 

$-- 
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Laser Raman Scattering; 
In-Situ Spectra, Observed 
on Tetrabasicleadsulfate 
Electrode Immersed in 
O.IN H2SO4; After 
(a) i hour, (b) 2 hours, 
and (c) 20 hours 

We have shown that tetrabasic- 
leadsulfate is partially transformed 
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through chemical sulfation reactions 
in 0.1N H2S0 4 into a mixture of 
PbS0 4 and Pb0"PbS04, in the surface i. 
layers. This sulfation process seems 
to stop within 2-3 hours. The 
generation of PbO'PbSO 4 as a 
reaction intermediate during electro- 2. 
lytic "formation", at 1.5 V vs. 

Hg/Hg2S04, of tetrabasicleadsulfate 
in O.IN H2SO 4 (specific gravity 3. 
1.002) is clearly established. The 
essential features of the spectra 
were found to be reproducible in 
replicate experiments. 4. 

The observance of PbO'PbSO 4 
and 3PhO'PbSO4"H20 reaction inter- 
mediates in the surface layers during 
chemical sulfation and potentiostatic 
anodization is consistent with the 
Pourbaix diagram(7) reported in 
literature only for conditions of 
high PH (PH > 8.0). Therefore, these 
conditions must prevail in the under- 
layers at the electrode and are due 
to electrolyte starvation. These 
results also show the multiphasic 
structure of the surface layer. This 
structure must be considered when 
studying the kinetics of "formation" 
and the microstructure of PbO 2 
active materials. The mechanisms of 
the conversion of the several 
sulfates into a PbO 2 matrix during 
plate "formation" should be under- 
stood to achieve durability for the 
positive plate active material during 
cycling, since it is likely that the 
PbO 2 microstructure depends upon 
the starting material. Further 
studies required to accomplish this 
work, are in progress. 
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Initiation of Single Corrosion Pits by 
Focused Laser Illumination 

Richard K. Ulrich* and Richard C. Alkire** 

Materials Research Laboratory and Department of Chemical Engineering, 
University o] Illinois, Urbana, Illinois 61801 

An experimental method has been developed 
for selective depassivation of small regions 
on an otherwise passive metal surface with use 
of focused laser radiation. Techniques for 
generating bare metal surfaces on passive 
metals have, to date, included scraping, 
straining, abrading, shearing, and fracturing 
(!). Each of these involves uncertainties in 
the initial active condition of the surface 
and/or gross mechanical disturbances. With 
the laser method, these uncertainities still 
exist but are confined to regions of time and/ 
or distance which are orders of magnitude 
smaller than other methods. 

Because the laser depassivation method 
allows generation of fresh metal surfaces 
under controlled and reproducible conditions, 
it should prove useful in fundamental studies 
on metal repassivation and localized cor- 
rosion. Preliminary results on pitting for 
example~ are presented below. 

While the corrosion behavior of laser 
modified surfaces has received some attention 
(2), no reports are knownwhich use focused 
lasers for localized depassivation, although 
similar applications have been made previously 
to promote rates of maskless pattern electro- 
plating (3). 

APPARATUS 

A tunable dye laser (Molectron DL-II, 
Exiton dye type BBQ, 390nm) was pumped by a 
pulsed nitrogen laser (Molectron UV-24) and 
provided a beam which was focused with an 
ordinary compound microscope lens (Bausch & 
Lomb) fitted with a 32 mm objective lens. The 
working distance between lens and (immersed) 
specimen was about 4 cm. 

The metal specimen was held under condi- 
tions of controlled potential vs. SCE (Prince- 
ton Applied Research, 173-175-176 system). 
Flow of current after laser illumination was 
recorded either on a storage oscilloscope 
(Tektronix, 5103) or an X-Y recorder (Houston, 
2000), depending upon the speed of the 
transient behavior under study. 

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

The electrolytic cell was fabricated 
from Plexiglas in a manner which avoided 
crevice corrosion at the edges (4). The only 
materials in contact with the electrolyte 
were the specimen and the Plexiglas cell. 

Post-electrolysis examinations were made 
with a scanning electron microscope (JEOL JSM- 
35C). 

PROCEDURE 

Iron specimens were cut from 2.54 cm 
stock (99.99%, Leico), polished with alumina 
down to 0.3 Bm powder, and rinsed with ace- 
tone. Electrodes were passivated in 

0. i M Na2B407 at 500 mV v_~s. SCE for one hour, 

whereupon the potential was changed to a value 
in the passive region (-300 to +860 mV v__ss. SCE) 
and sodium chloride solution was added to 
make [CI-] = 0.01 M. Under these conditions 
of potential and chloride concentration, the 
surface would remain passive for long periods 
(hours) unless otherwise disturbed. 

Pulsed laser radiation (15 ns duration, 
30 ~J energy, 20 hz repetition rate) was fo- 
cused to about 5 ~m diameter. Usually, a 
single pulse was sufficient to initiate a 
single pit. 

Pit growth could be arrested by inter- 
rupting the power supply. After a short time, 
the surface would repassivate, and a fresh pit 
could be initiated at a new site on the speci- 
men. 

Post-electrolysis examination of pits 
with an SEM included measurement of pit shape 
and volume. Pit depth was determined as a 
function of radial position by measurement of 
parallax movement of features inside the pit 
based on photomicrographs taken at 0 ~ and 30 ~ 
tilt. 

RESULTS AND DISCUSSION 

The diameter ascribed to a focused laser 
beam cannot be precisely defined, and depends 
on the gaussian energy profile across the beam 
(5). Also some pulse energy may be lost in 
focusing optics, by reflection from the metal 
surface, and from the plasma cloud which 
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develops. Based on a 5 P m  beam diameter, 

this system produced i0 I0 W/cm 2 for 15 ns, or 

150 J/cm 2. 
Preliminary laser-pulse experiments were 

carried out with a specimen immersed in 
chloride-free borate solution, and held at po- 
tentials where corrosion did not occur. SEM 
photomicrographs indicated that the damaged 
area was a smooth crater of 5 to I0 ~m 
diameter, and i to 2 pm depth. These obser- 
vations are in reasonable agreement with 
others (6) who studied laser damage of iron in 
air. 

Focused laser illumination causes locally 
chaotic events which include heating, melting, 
evaporation, and cavitation; these events may 
interfere with corrosion processes within 

�9 . ! 

mlcroenvlrons of time and space during repas- 
sivation. Also, the microscope lens eventually 
requires replacement owing to damage to the 
coating. 

In the pitting results reported below, 
the pit volumes were appreciably larger than 
the original cavity created by the laser pulse. 
For example, within two seconds after pulsing, 
the pit volume had increased by more than i00 
times the original laser cavity volume. 

By comparing measurements of pit volume 
with the coulombs which passed during pit 
growth, it was found that the current efficien- 
cy during the pitting was 130210% based on n=2. 

Figure i illustrates typical results for 
a series of six experiments repeated under 
identical conditions. The results indicate 
that data were reproducible to within a band- 
width of 5% of the average value. By using 
the least-squares method, thesedata were 
found to obey the empirical equation 

I = 18 t 0"53 

with an r2=0.998, where I is the measured 
current (~A) and t is the time since initia- 
tion (s). As seen in Fig. i, the above rela- 
tion was obtained over the range of 20 to 400 
seconds after pit initiation. 

CONCLUSIONS 

Focused laser illumination can trigger 
localized depassivation and subsequent pitting 
at pre-selected sites on an otherwise passive 
surface. The method creates damage in the 
vicinity of the beam impaction region, and 
creates chaotic events which briefly influence 
local events on a micro-scale. For corrosion 
processes which occur over large scales of 
time and distance in comparison with these 
initial events, the method gives highly re- 
producible results. 

The depassivated region has a well 

defined area which is orders of magnitude 
smaller than that produced by other depas- 
sivating techniques (i). The ohmic re- 
sistance associated with flow of current to 
the damaged region can be calculated accu- 
rately based on knowledge of the radius of 
the damaged region. The specimen remains 
immersed throughout an experiment, and there 
is ample working room in the vicinity of the 
specimen to place additional hardware nearby. 

Investigations based on this method are 
in progress on metal repassivation and local- 
ized corrosion, and will be reported in 
future publications. 
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A Modified Approach to Isothermal Growth of 
Ultrahigh Quality HgCdTe for Infrared Applications 

P. Becla,* J. Lagowski,* H. C. Gatos,* and H. Ruda* 
Department of Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Epitaxial layers of Hgl_xCd~Te on CdTe 
substrate were isothermally obtalned with 
mirror-like surface morphology, high radial 
compositional uniformity, and outstanding 
electronic characteristics (e.g., electron 
mobility of the value of 500,000 cm2/V-sec 
for x in the vicinity of 0.15). The novel 
feature of the growth process was the utili- 
zation of Te-rich HgCdTe as a source material 
rather than HgTe (or stoichiometric 
Hgl_xCdxTe ) previously employed. Desired 
values of x were obtained by varying the 
composition of the source material and the 
growth temperature�9 Temperature high preci- 
sion control and minimization of convection 
in the liquid (source) and vapor phases were 
achieved by employing a heat pipe. 

�9 �9 �9 �9 �9 

HgCdTe is ideally suited for infrared 
detection and imaging, particularly in mono- 
lithic systems, such as charge coupled 
devices. Because of its broad phase diagram 
this material cannot be obtained by the stan- 
dard growth techniques with a compositional 
uniformity and electronic properties required 
for high performance devices. This problem 
has to a great extent been resolved by the 
isothermal crystal growth method (i) also 
referred to as the "isothermal evaporation- 
condensation-diffusion" method. In this 
method CdTe is used as substrate and HgTe 
(or Hgl_xCdxTe ) as the source. Both substrate 
and source, in a closed ampul, are brought to 
an elevated temperature (but below the melting 
point of the source). Isothermal growth oc- 
curs because the equilibrium vapor pressure 
of Hg and Te over the source is higher than 
over the substrate (1-8). 

As discussed in a recent publication (9), 
upon stringent control of temperature and Hg 
pressure in the processing ampul, HgCdTe of a 
very good quality suitable for IR applications 
has been obtained by the standard isothermal 
growth method. In this communication a modi- 
fied approach to isothermal growth is reported 
in which (through the utilization of tellurium- 
rich solution as a source material) the 

�9 Electrochemical Society Active Member. 

control of the growth process and thus that 
of the composition, the morphology and elec- 
tronic properties of the grown layers is 
enhanced�9 

Single crystal CdTe substrates of (iii) 
orientation were polished and etched using 
standard procedures (5,6). Growth was car- 
ried out utilizing a spectral purity graphite 
boat with a rectangular well; the source 
material was placed at the bottom of the well 
on a sapphire plate, and the CdTe substrate on 
the top, closing the well. In this way, a 
confined space with the desired volume (typi- 
cally a few cm 3) is defined for the growth 
system and free volume is minimized. The as- 
sembled graphite boat was placed in a quartz 
ampul which was then evacuated (below 10 -5 
torr) and sealed off. The ampul was posi- 
tioned inside a heat pipe, which was placed 
in the constant temperature zone of a gold 
reflection-coated, resistance-heated furnace. 
The heat pipe maintained the temperature con- 
stant to within 0.02~ and the temperature 
gradients to within 10-2~ in the growth 
system. 

The source material utilized in the pre- 
sent study contained excess tellurium and 
varying amounts of Hg and Cd; thus, its com- 
position can be expressed by(Hgl_zCd ~ i Te 
where z and y vary between 0 and i. It-Ysho~id 
be noted that the source material utilized in 
previous studies (1-8) was characterized by 
y= 0.5. 

The source material of the desired com- 
position was prepared by carefully weighing 
the components and placing in a quartz ampul, 
which was evacuated to 10 -5 torr, sealed, and 
heated to a temperature 20~ above the melting 
point of the selected composition; after homo- 
genization at this temperature the solution 
was quenched rapidly to room temperature. The 
compositions employed were 0<z<0.2 and 
0.5<y<0.6, which correspond to an energy gap 
of the grown layer in the vicinity of 0.i eV, 
most desirable for IR applications (~i0 ~m). 
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Isotbermal growth on CdTe substrates was 
carried out at two temperatures, 530~ and 
575~ for a period ranging between 20 and 48 
hours. Typically the thickness of the grown 
layers ranged from 50 to 250 Dm (the highest 
value corresponding to 48 hours' growth at 
575~ The layers were characterized with 
respect to crystallographic orientation, com- 
position, compositional homogeneity, surface 
morphology, free carrier concentration, and 
mobility. 

It was found that the surface composition 
of the layers grown at a given temperature 
was determined by the composition of the 
source material. However, in contrast to 
earlier findings (1-4), the surface composi- 
tion of the grown layer was not identical to 
that of the source. The surface composition 
of the Hgl_xCd x Te layers grown with 
(Hgl_zCdz)l_yTe v sources is shown in Fig. la. 
Growth was perf6rmed at 575~ for 48 hours. 
The composition of the layers was determined 
with an Electron Microprobe and Energy Disper- 
sive X-ray Analyzer. 

Compositional profiles were determined on 
cross sections of the layers employing an elec- 
tron microprobe; the results are shown in 
Fig. lb. Consistent with the growth mechanism 
involving solid state diffusion, the grown 
layers exhibit composition gradients in the 
growth direction; however, no detectable 
compositional variations were found parallel to 
the surface. 

Growth from a Te-rich source resulted in 
monocrystalline epitaxial layers with the same 
orientation as the substrate. On precisely 
oriented (iii) substrates the layers exhibited 
high quality surfaces with a mirror-like 
appearance (Fig. 2). Deviations from (iii) 
orientation affect adversely surface quality. 
Some of the macro- and microscopic defects in 
the substrate (grain boundaries, inclusions) 
usually propagate into the grown layer, al- 
though the surface quality of the grown layer 
is invariably superior to that of the sub- 
strate. The reasons for the superior surface 
morphology of the layers grown with a source 
containing excess tellurium are not clearly 
understood at present. It should be noted, 
however, that excess tellurium leads to 
noticeably slower growth rates than stoichio- 
metric sources. Apparently, this change in 
growth kinetics has a highly beneficial effect 
on surface morphology. As seen from the Hall 
mobility data of Fig. 3, the as-grown layers 
with x values between 0.15 and 0.3 were in- 
trinsic at room temperature; however, they 
became p-type at lower temperatures. Their 

corresponding hole concentration (NA-ND) was 
between i017cm-3 and i016cm-3, and the hole 
mobility between 215 and 600 cm2/V-s at 77 K. 

In as-grown layers p-type conductivity is 
due to Hg vacancies which act as acceptor 
centers; their presence is unavoidable at 
growth temperatures exceeding 500~ Standard 
annealing in an Hg atmosphere at temperatures 
blow 300~ reduces vacancy concentration 
(NA-N D) and leads to n-type conduction. 
Typical carrier concentrations (ND-NA) at 77 K 
are as low as 1015cm -3 in annealed layers. 
The high quality of these annealed layers is 
manifested by their high electron mobility 
which was found to be routinely as high as 
500,000 V/cm2s at 77 K for x = 0.15; the 
temperature dependence of the Hall mobility 
for annealed layers of different compositions 
is shown in Fig. 3. Itshould be noted that 
HgCdTe layers grown by liquid phase epitaxy, 
now extensively employed, exhibit carrier 
mobilities about an order of magnitude smaller 
(10-12) than the isothermally grown layers 
with similar values of x. 

Advanced IR applications(e.g., detector 
arrays) require HgCdTe layers of uniform 
surface composition and with as large surface 
dimensions as possible, The heat pipe employed 
ensures a perfectly constant temperature over 
a distance of about 2 inches, which in prin- 
ciple makes possible isothermal growth of the 
layers exceeding 2 square inches. A practical 
limitation encountered in the present study 
was the unavailability of large area CdTe sub- 
strates. The available melt-grown CdTe sub- 
strates contain large amounts of twins. The 
largest single crystal twin-free substrates 
available for this study were 1 inch x 0.5 
inch; these dimensions defined the largest 
dimension of isothermally grown HgCdTe layers. 
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Hydrogen Generation from Glucose Depolarized 
Water Electrolysis 

Michael R. St. John,* Alan J. Furgala, and Anthony F. Sammells* 
Inst i tute  of Gas Technology, Chicago, Illinois ~0616 

With presently avai lable technology, the 
only non-fossi l  fuel method of hydrogen genera- 
t ion is water e lec t ro lys is .  Hydrogen produced 
by water e lec t ro lys is  is res t r i c ted  to spec i f ic  
appl icat ion where variable high-qual i ty hydrogen 
is required because i t s  cost is typ ica l ly  several 
times more expensive than hydrogen obtained us- 
ing foss i l  fue ls .  As is well known, the high 
cost of the e l ec t ro l y t i c  hydrogen is largely a 
consequence of the e lec t r i ca l  power requirements 
which provides an obvious incentive to reduce 
the e lec t ro lys is  cel l  voltage. Approaches for  
cel l  voltage reduction have been directed at 
e i ther  enhancing electrode kinet ics resul t ing 
in reduced overpotent ia l  losses, pa r t i cu la r l y  
at the oxygen electrode, or by "depolar iz ing" 
the oxygen evolution react ion. The l a t t e r  ap- 
proach involves substi tut ion of a react ion with 
a more cathodic reversible potential than that 
for  oxygen. 

Recent attempts exploring sui table depolar- 
iz ing reactions have concentrated on the oxida- 
t ion of fue l - l ike substances such as coal ( I - 4 ) ,  
SO 2 (5-7), and methanol (6). All such reactions 
can be represented by the general reaction - 

F + xH20 § FO x + (2x)H + + (2x)e- [ I ]  

where F is a f ue l - l i ke  molecule which becomes 
oxidized to FO x with the generation of hydrogen 
ions and electrons. The ox idat ion of a fue l -  
l i ke  molecule insures favorable thermodynamics 
in the form of a reversible potential more ne- 
gative than oxygen evolution. 

I t  is the purpose of this communication to 
suggest that mater ia ls  derivable from biomass 
possess at t ract ive propert ies as the depolar izer 
F in Equation 1 and to present cyc l i c  voltam- 
metric data on the biomass derivable mater ial ,  
glucose, which indicate i t s  potential as a de- 
polar izer .  Possible advantages that biomass 
derived materials have are renewabi l i ty and in 
many instances a v a i l a b i l i t y  as waste products. 

*Electrochemical Society Active Member 
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In the course of a program to survey biomass 
materials for their  depolarizing abi l i ty ,  glucose 
was chosen because of i t s  abundance in the bio- 
sphere. 

Cyclic voltammograms obtained in 12 w/o 
H2SO 4 with and without 0.51 molal glucose are 
compared in Figure 1 over the potential range 
available to the e lec t ro ly te ,  at 23~ A pla- 
t in ized platinum working ~ectrode was used with 
a sweep rate of 5 mV/s to approximate steady- 
state reaction condi t ions.  In the absence of 
glucose, the 12 w/o H2SO 4 e lec t ro ly te  exhibi ts 
the well-documented surface reactions occurring 
on a platinum electrode upon cycling between these 
voltage l im i ts  (8) When the 12 w/o H2SO 4 is 
made 0.51 molal in giucose, new anodic peaks were 
observed in the cyclic voltammogramsas design{ted 
by the sol id  l ine  in F igu re l .  At ambient ~emp- 
erature the pr incipal oxidation peaks observed 
in the anodic sweep are a sharp peak at +50 mV 
and large shoulder peak at around +510 mV, al l  
potent ials being measured versus Hg/Hg2SO 4 in 
12 w/o H2SO 4 (+670 mV versus the reversible hydro- 
gen electrode for  comparison). These features 
are essent ia l ly  the same as those reported for  
the oxidation of glucose on platinum fo i l  in 
IM H2SO 4(9) .  Not observed on the platinum fo i l  
was the broad anodic peak found upon sweeping 
cathodical ly ,  centered at -200 mV versus the 
Hg/Hg2SO 4 reference. 

Substantial changes in the cycl ic  voltam- 
mogram occur both qual i tat ively ~nd quantitat ively 
upon increasing the e lec t ro ly te  temperature. 
Figure 2 compares the cyclic voltammograms under 
the same condit ions as Figure I ,  but at 92~ 
The most s t r i k ing  qua l i ta t ive  change observed 
is transformation of the re la t i ve l y  sharp anodic 
peak at +50 mV found at 22~ into a broad band 
spanning the potent ial  range -50 mV to +200 mV 
at the higher temperature. In addition, ti~e oxi- 
dation observed in the cathodic sweep has effec- 
t i ve ly  coalesced with th is  band. The shoulder 
at +510mV versus Hg/Hg2SO 4 remains much the same 
at the higher temperature. 

The anodic peak or band near +50 mV versus 
Hg/Hg2SO 4 would, of course, be the most a t t rac-  
t ive for  lowering the overall cell  voltage for  
depolarized water e lec t ro l ys is .  Under ambient 
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conditions peak current densities of 15 mA/cm 2 
were found, whereas at 92~ peak current densi- 
t ies increased to 140 mA/cm ~. Correspondingly 
the shoulder at +510 mV versus Hg/Hg2SO 4 in- 
creased from 20 mA/cm 2 to 215 mA/cm 2 over this 
temperature range. 

Continued oxidation of glucose past the well 
known gluconic acid state (10-12) would be de- 
sirable for anode depolarization. To invest i -  
gate this property, cycl ic vol tammetry on the an- 
t ic ipated oxidation products, gluconic and glu- 
caric acids, was performed. Figure 3 compares the 
cyclic vol tammograms of glucose and gl uconic acid 
in H2SO 4 at 60~ The intensi ty  of the anodic 
bands centered around 0 mV versus Hg/Hg2SO 4 and 
are very s imi lar ,  but the shoulder current +510 
mV is substant ia l ly  reduced suggesting that i t  
arises from oxidation of glucose to gluconic acid. 

Cyclic voltammograms of glucaric acid and 
the H2SO 4 e lect ro ly te at 56~ are compared in 
Figure 4. Although there s t i l l  remains an oxi-  
dation centered around+50 mV versus Hg/Hg2SO a, 
i t  is substant ial ly reduced in in tens i ty  ~ron~ 
ei ther glucose or gluconic acid. These cycl ic 
voltammograms of gluconic and glucaric acids in- 
di cate that continued electrochemi cal degradati on 
of glucose occurs at potentials negative of the 
oxygen potent ia l .  The actual oxidation products 
formed are not known, and the possibi l i ty of the 
formation of useful organic compounds at the 
anode exists. In this event, the depolarizing 
scheme presented would become even more at t rac-  
t ive.  

In conclusion, i t  has been demonstrated that 
glucose and some of i ts oxidation products are 
possible candidates for depolarizing the water 
electrolysis reaction capable of affecting a 
large reduction in cell voltage. Compared to coal, 
water soluble biomass is logist ical ly more con- 
venient to introduce into an electrochemical cell. 
Equally significant is the short term renewable 
nature of biomass. Successful development of 
this approach could provide hydrogen at costs 
below those ava i I able with exi sting el ectrolyti c 
technol ogies. 

REFERENCES 

I. R.W. Coughlinand M. Farooque, Nature, 279, 
301 (1979). 

2. M. Farooque and R.W. Coughlin, Fuel, 59, 
705 (1979). 

3. R.W. Coughlin and M. Farooque, Ind. Eng. 
Chem. Process Res. Dev., 19, 211 (1980). 

4. R.W. Coughlin and M. Farooque, J. Appl. 
Electrochem., lO, 729 (1980). 

5. P.W.T. Lu and R.L. Ammon, Abs. No. 653, p. 
1639, Ext. Abs., Electrochem. Soc., Los 

Angeles, California, October 14-19, 1979. 

6. S. Srinivasan, et a l . ,  Abs. No. 348, Ext. 
Abs., Electrochem. Soc., St. Louis, Mo., 
May l l -16, 1980. 

7. A.J. Applebyand B. Pinchon, Int. J. Hydrogen 
Energy, 5, 253 (1980). 

8. S. Gilman, Electroanal. Chem., 2,111 (1967). 

9. E. Skou, Electrochim. Acta, 22, 313 (1977). 

lO. C.G. Finkand D.B. Summers, Trans. Electro- 
chem. Soc., 74, 625 (1938). 

I I .  H.S. Isbell, H.L. Frush and F.J. Bates, Ind. 
Eng. Chem., 24, 375 (1932). 

12. M. Fedoronko, Adv. Carbohyd. Chem. Biochem., 
2__9_9, I07 (1974). 

Manuscript submitted Feb. 5, 1981; 
revised manuscript received Feb. 26, 1981. 

Publication costs of this article 
were assisted by the Institute of Gas 
Technology. 

90 

SO 

70 - - - -  

60 

50 

w 
~ 3o  

J 2o 

Io 

0 

- I o  

- Z o  

- 3 0  

m 

- -  0 51MOLAL. GLUCOSE IN 12 w/0 H~SO 4 
- - - - -  12 w/o M~SO 4 

__  T=25~ 

ANO01C 

'i 

- cAT.o~c \ ! 

I I I I I I \J /  I I I I I i I 
- 7 0 0  -600 -SO0 - 4 0 0  -30O -200  - IO0 0 IO0 ZOO 300 400 300 600 700 SO0 ~OO 

WORKING ELECTRODE POTENTIAL vS. Hg/Hg  2 SO 4, mV 

Fig. i. Comparative cyclic voltammograms of 
12 w/o H2SO 4 and 0.51 molal glucose in 12 
w/o H.SO~. Sweep rate, 5 mV/sec; temperature, 

o ~ �9 2 �9 23 C; worklng electrode, 1 cm platlnlzed 
platinum flag. 



1 1 7 6  J.  Electrochem. Soc.: A C C E L E R A T E D  B R I E F  C O M M U N I C A T I O N  May 1981 

SOD 

700 

6oo  

500 

~ 4oe 

~ 30o 
J 

200 

LOO 

0 

m 

- -  o,Li MOLAL GLUCOSE IN 12 ~ H2SO 4 
- - -  IZ % H2SO 4 

T=9~oc  

~NODIC 

.... I ,l l!!l!!llll 
- 700  -600 -500  -400  -300  -EOO - t00 I 0 200 3 0 4 0 50D 600 700 600 900 

WORKING ELECTRODE POTENTIAL vs HQ/Hg2G04, mV 

Fig. 2. Comparative cyolic voltammograms 
of  12 w/o H2SO 4 and 0 .51 molal  g l u c o s e  in  
12 w/o H2SO 4. Sweep rate, 5 mV/sec; 
temperature,  92~ working e l e c t r o d e ,  1 
cm 2 platinizedplatinum flag. 

400  

350  

300  

t5,O 

EO0 

p" 
,.z, 15.o 

I0 0 
.J 
J 
~ s o  

o 

-5.o 

-ioo 

-15 .0  

/j - -  0.48 MOLAL MONO$ODIUM GLUCARATE IN 15% HZ$O 4 . . . . .  :.::::,o. 

CATHODIC " ~ / /  

- I i I I I I l l I l  I I I I I i I 
-600  -500 -400 - 3 ~  -zoo  -moo 0 moo 200 3~  400 500 600 700 800 soo ~000 

WORKING ELECTRODE POTENTIAL vs, Hg/H~2S04, mV 

Fig. 4. Comparative cyclic voltammograms 
of 15 w/o H2SO 4 and 0.48 molal monopotassium 
glucarate. Sweep rate, 5 mV/sec; temperature, 
56~ working electrode, 1 cm 2 platinized. 

31? 

ZS40 

<~[905 

g 

~,-~t 27 o 

J 
3635 

o 

- 635  

051 MOLAL GLUCOSE iN ;Z 7 w/0 H2SO 4 
0 50 MOLAL POTASSIUM GLUCONATE IN 15,3% H2SO 4 I I 

T : 6 o  oc / 

aNODIC 

- -  < C•THODIC 

I I ] I I I I J I I I 
- 635  - 508  -581 - 254  -127  0 127 254 381 508 655 7a2 

WORKING ELECTRODE POTENTIAL vs Hg/Hg2S04, mV 

Fig. 3. Comparative cyclic volta~nograms 
of 0.51 molal glucose in 12.7 w/o H2SO 4 
and 0.5 molal potassium gluconate in 
15.3 w/o H2SO 4. Sweep rate, 5 mV/sec; 
temperature, 60~ working electrode, 1 
cm 2 platinized platinum flag. 



J O U R N A L  OF 

REVIEWS A N D  

THE E L E C T R O C H E M I C A L  SOCIETY 

MAY 

N E W S  '" 1981 

The Physics and Chemistry of the Lithographic Process 

Murrae J. Bowden 
Be[[ Laboratories, Murray HiLl, New Jersey 07974 

ABSTRACT 

The object  of the l i thographic  process is to de l inea te  a pa t t e rn  in a res is t  b y  
means of some form of exposing radia t ion  and to subsequent ly  t ransfe r  tha t  
pa t t e rn  to the under ly ing  substrate.  The fa i thful  rep l ica t ion  of the pa t t e rn  
or ig ina l ly  descr ibed  by  the device designer  is l imi ted  by  the phys ica l  and  
chemical  processes involved in both  stages of pa t t e rn  t ransfer .  In  this r e -  
v iew discussion is confined to the first s tage of the  l i thographic  process, viz., 
pa t t e rn  del ineat ion  in the resis t  and in pa r t i cu la r  to the fundamen ta l  phys ica l  
and chemical  l imi ta t ions  of each of the exposure  technologies as they  re la te  
to sens i t iv i ty  and resolution. 

At  the hea r t  of the  ongoing revolu t ion  in the field 
of microelectronics  is the silicon in t eg ra ted  circuit.  This 
t iny  modula r  sil icon chip contains a l l  the act ive e le-  
ments  of an electronic circui t  such as transistors,  ca-  
paci tors  etc., i n sepa rab ly  associated and connected 
to each o ther  by  meta l l ic  in terconnects  on the surface 
of the chip. The packing  dens i ty  and complex i ty  of 
circui t  components  has increased enormously  wi th  the 
number  of components  per  circui t  app rox ima te ly  
doubl ing every  yea r  since 1959. This exponent ia l  
g rowth  of complex i ty  has been provided  by  increased 
chip size, decreased fea ture  size, and improved  device 
design (1). 

Circui t  fabr ica t ion  requires  the select ive diffusion of 
t iny  amounts  of impur i t ies  into specific regions of the 
silicon to produce the des i red  e lec t r ica l  character is t ics  
of the  circui t  (2). These regions are  defined by  l i tho-  
graphic  processes in which  the des i red  pa t t e rn  is de -  
fined in a res is t  l aye r  (usua l ly  a po lymer ic  film which 
is sp in-coa ted  onto a subs t ra te)  and then t rans fe r red  
via processes such as etching to the  under ly ing  sub-  
strafe.  Cur ren t ly  pho to l i thography  is used to de l inea te  
pa t te rns  in the resis t  bu t  fu ture  device designs wi l l  
demand  resolut ion beyond the capabi l i ty  of conven-  
t ional  photo l i thography.  

There  are  a number  of po ten t i a l ly  high resolut ion 
technologies being pursued,  viz., deep u.v. photo l i thog-  
raphy,  e lec t ron beam l i thography,  x - r a y  l i thography,  
and ion beam l i thography.  Each of these technologies 
involves the common fea tu re  of causing chemical  
changes in the res is t  sys tem which  enable  the exposed 
regions to be d i f ferent ia ted  f rom the unexposed regions 
e i ther  b y  solubi l i ty  differences or by  differences in 
p lasma etch rate.  The u l t imate  objec t ive  of these tech-  
nologies is the economic product ion of submicron de-  
vices. Hence i t  is impor t an t  to under s t and  the im-  
pl icat ion of physics and chemis t ry  to res is t  sensi t iv i ty  
and resolu t ion  for  each of these processes coupled With 
the i r  engineer ing l imi ta t ions  in o rder  to make  an ob-  
jec t ive  assessment  of  each technology. 

The l i thographic  process falls  into two dis t inct  areas:  
(i) definition of the pa t t e rn  in the resis t  l aye r  and (ii) 
t ransfer  of this pa t t e rn  to the under ly ing  substrate.  In  
this pape r  we wil l  confine our  discussion of the l i tho-  

Key words: l ithography, x-ray, E-beam. 

graphic  process to the former  and c o n c e r n  o u r s e l v e s  
with  the fundamenta l  phys ica l  and chemical  l imi t a -  
tions on pa t t e rn  definition for  each of the exposure  
technologies. I t  is impor t an t  to dis t inguish be tween  
the fundamenta l  l imi t  of resolut ion  of an exposure  
tool and its p rac t ica l  or  achievable  l imi t  in fabr ica t ing  
devices in a manufac tu r ing  envi ronment .  The l a t t e r  
takes into account the var ia t ions  in fea tu re  size due to 
errors  in the system. Factors  such as a l ignmen t  to le r -  
ances and resist  character is t ics  usua l ly  resul t  in p r a c -  
t ical  min imum fea ture  sizes somewhat  l a rge r  than  
theore t ica l ly  e x p e c t e d .  

Physical Limitations 
Photolithography.--There are  a va r i e ty  of methods  

for producing  photores is t  pa t t e rns  on semiconductor  
wafers.  These include contact  and  p rox imi ty  pr int ing,  
both  of which are  shadow pr in t ing  techniques and p ro -  
ject ion pr in t ing  which can be pe r fo rmed  on a t :1  
scale or  wi th  va ry ing  scales of reduct ion  such as 5:1 
or 10:1. With  shadow print ing,  on ly  1:1 repl icat ions  
are  possible. 

Historical ly,  shadow pr in t ing  techniques have been 
the ma ins tay  of device l i thography.  The p r i m a r y  fac tor  
l imit ing resolut ion is diffract ion of l ight  as i t  passes 
th rough  the clear areas  of the mask.  F igure  1 shows 
a typical  d is t r ibut ion  of the u.v. l ight  in tens i ty  incident  
on the photoresis t  surface for l ight  passing th rough  a 
mask  consist ing of a per iodic  gr id  of opaque and  
t r ansparen t  spaces wi th  equal  l inewidths  b. The per iod  
of the grid is 2b and u is its fundamen ta l  spa t ia l  
f requency v. If a gap of wid th  s is ma in ta ined  be tween  
the mask and the photores is t  surface, then f rom dif-  
f ract ion theory  and expe r imen ta l  evaluat ions,  the  
prac t ica l  m in imum per iod  2brain of the grid which can 
be repl ica ted  by  shadow pr in t ing  using col l imated 
l ight  for  exposure  is found to be (3) 

2brain : 3~f~.(s + d/2) [1] 

where  ~. is the  wave leng th  and d the photores is t  th ick-  
ness. Convent ional  photoresis ts  opera te  in the 0.4 r 
wave length  region for which the prac t ica l  m i n i m u m  
l inewid th  obta inable  in the contact  p r in t ing  m o d e  
(s = 0) is a round  0.7 #m for a 1 ~ra th ick  organic  r e -  

s is t  film. 
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The principal  drawback to these shadow pr in t ing  
techniques stems from practical considerations. Con- 
tact between mask and wafer transfers debris from the 
wafer to the mask result ing in  damage to both. A 
decrease in resolution in  contact p r in t ing  can also arise 
from lack of in t imate  contact between the mask and 
wafer due to such effects as process-induced wafer 
deformation, mask bowing, contamination,  etc. These 
problems are reduced in  the proximity  pr in t ing  mode 
but  only at the expense of resolution. A small constant  
spacing requires flatness of both mask and wafer to a 
combined tolerance which is less than the gap in order 
to avoid contact. Proximity  printers  general ly  operate 
with a gap width of ~ 10 ~m and are most useful  in 
the 2-4 ~m resolution range. Resolution at a fixed gap 
width can be improved by reducing the wavelength  
since resolution is proport ional  to ~1/2 (cf. Eq. [1]). 
Using light in the spectral range 2000-2600A, Lin  (4) 
has obtained 0.5 ~m Y-I  bars separated by 0.25 ~m 
gaps in 1.78 #m of photoresist. 

The major  development  thrust  in exposure hardware  
technology has been in the area of projection print ing.  
Modern projection printers  employ optics which are 
essentially diffraction limited. This implies that  the 
design and fabrication of the optical elements are per-  
fect enough that  their imaging characteristics are 
dominated by diffraction effects associated with fine 
apertures in the condenser and projection optics ra ther  
than by aberrations. 

The concept of a modulat ion t ransfer  funct ion (MTF) 
has been applied successfully to describe and predict 
the resolution capabil i ty of projection aligners. Con- 
sider the same mask pa t te rn  as before consisting of a 
periodic grid of opaque lines and t ransparen t  spaces 
with equal l inewidths b. Due to diffraction considera- 
tions, the light pa t te rn  projected onto the photoresist 
surface exhibits gradual  transit ions of the l ight i n t en -  
sity ( i l lustrated schematically in Fig. 2) instead of 
abrupt  transit ions from bright  to dark regions. Even 
in the center of the dark lines there is a considerable 
amount  of l ight when the width of b approaches I vm. 
If we denote the light in tens i ty  in the center of the 
dark l ine as Imin and in the center of the bright  l ine 
as /max, then we define modulat ion M of the image as 

/max -- Imin 
M -- [2] 

Im~ + Im~ 

The MTF is the ratio of the modulat ion in the image 
plane to that  in the object plane of an exposure sys- 
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tern. It  is a function of the f requency of the object to 
be imaged as well as the numer ica l  aper ture  (NA) of 
the optical system. The NA is given by n sin a where 
n is the refractive index in  image space and 2a is the 
ma x i mum cone angle of rays reaching an image point  
on the optic axis of the projection system. Thus the 
frequency dependence of the MTF characterizes the 
exposure system under  given conditions of i l lumina-  
tion, focus, and wavelength  of the exposing radia-  
tion and is a qual i ty  criterion for projection systems. 

The shape of the MTF vs. f requency curve depends 
on the spatial coherency of the i l luminat ing  system 
(5). Spatial coherency refers to the effective size of 
the source relat ive to the aper ture  of an  optical sys- 
tem. In  a projection system, KShler- type i l luminat ion  
is used which means that  the exposure source is 
imaged through a condenser in the entrance pupil  of 
the projection lens. This source image is the effective 
size source. The degree of coherency can be quantified 
by the ratio s ---- (NA)J(NA)o  where (NA)c and 
(NA)o are the numer ica l  apertures of the condenser 
and objective, respectively. This parameter  describes 
the degree of filling of the entrance pupil  of the lens by 
the source and specifically is the ratio of the diameter  
of the imaged source at the pupil  to the pupil  d iam- 
eter. An incoherent  source is rigorously a source of 
infinite extent  (s = ~ )  whereas a coherent source 
(s = 0) is a point  source. The ful ly incoherent  case is 
only of academic interest  because all light collected 
from the finite source is always del iberately imaged 
within  the entrance pupil  and hence s --~ 1. We refer to 
this case as part ial  coherence. 

An appreciation of how the degree of i l luminat ion  
coherence will  affect the MTF curve can be gained 
from Fig. S. The solid lines show a plane wave front  
(s --> 0) incident  normal ly  on a mask (object) which 
contains a grating pat tern  of f requency v equal to �89 
The undiffracted or (d-c) component of l ight  emerg-  
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ing f rom the mask  contains no informat ion  about  v. 
This in format ion  is contained only  in  the  diffracted 
light.  The direct ion of the  first diffract ion peak  is given 
by  the gra t ing  fo rmula  

no(2b)sin0 = N~ (N -- I) [3] 
so that  

v -- nosino/~ [4] 

Clearly if the light diffracted into direction # is to 
reach the image plane, then 0 must be "~ ~o where ao 
is defined by NAo -- no sinao, the numerical aperture 
of the projection optics. Therefore the highest grating 
frequency which can be imaged by an optical system 
with coherent illumination is 

vm~ = nosin~o/k : NA/~ [5] 

For incoherent illumination (shown by dotted lines 
in Fig. 2) incident at a general angle r the direction 
of the first maxima is given by 

no(2b) (sin~# + sin#) = 

In order for both the d-c beam and the first diffraction 
peak to reach the image plane, both ~ and 0 must be 

/)max = 2NAI~, [6] 

The MTF curve can be described mathematically in 
terms of these variables. For example, the MTF (H &) ) 
of a lens system employing incoherent illumination 
and a circular exit pupil is given by (6) 

2 
H (p) --~ -- [COS -1 (/,'/Ymax) -- ~/~max ~/1 -- (~/~nax) 2] 

[~] 
where vmax is 2NA/k (cJ. Eq. [6] ). 

The MTF vs. spatial frequency curves provide a con- 
venient description of the variation of image quality 
since the higher the value of the MTF for a given fre- 
quency, the  grea te r  the  contras t  in the p ro jec ted  image. 
F igure  4 shows plots of MTF vs. spat ia l  f requency  f o r  

different  degrees  of coherency s. The figure shows tha t  
the  MTF of a fu l ly  coherent  optical  sys tem has a spa t ia l  
f requency  cutoff which  is hal f  tha t  of an  incoherent  
sys tem (cf. Eq. [5] and [6]) .  Wi th  pa r t i a l l y  coherent  
i l lumina t ion  (0 < s < oo ) the MTF is h igher  for  spa t ia l  
f requencies  0 < ~ <u vo and lower  for ~ ~o < ~ < ~o 
where  vo ---- 2NA/L This cross-over  occurs at  an NITF 
of ,~ 0.4 for s ~ 1. F r o m  this we can conclude tha t  p a r -  
t ia l  coherence wil l  be beneficial  for recording media  
which requi re  an MTF > 0.4 as is typ ica l  of m o s t  

organ ic -based  posi t ive photoresists .  
The best  i l lumina t ion  for image  reproduct ion  is 

spa t ia l ly  pa r t i a l l y  coherent  w i th  s ~ 0.7 (5, 8). A t -  
though values  of s < 0.7 resul t  in even h igher  values  
of the MTF for a given frequency,  o ther  factors mus t  
be considered. Fo r  example  increased coherence is 
achieved by  na r rowing  the i l lumina t ion  slit  and hence 
is ob ta ined  at  the  expense  of longer  exposure  t imes. 
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The image  character is t ics  of isolated edge fea tures  also 
degrade  for values  of s be low 0.7 due to phenomena  
such as r inging  (8) shown in the in tens i ty  d is t r ibut ion  
curve in Fig. 5. Fo r  degrees  of coherency >0.7, i t  be -  
comes difficult to ma in ta in  l inewid th  control  in such 
fea tures  since the in tens i ty  of the  low por t ion  of the  
in tens i ty  d is t r ibut ion  curve increases wi th  increas ing  
s (cf. Fig. 5). There  is also decreased to lerance  to 
focus er ror  for s > 0.7 for focus er rors  < 4 ~-n (8). 
Thus a pa r t i a l  coherency of s = 0.7 represen ts  an  a c -  

c e p t a b l e  t rade-off  be tween  these var ious  factors.  
Resolut ion can be improved  by  using lenses wi th  

h igher  numer ica l  aper tu res  or  using shor te r  w a v e -  
lengths. For  example ,  Fig. 6 shows the  MTF curves for  
1X and 10X reduct ion  lenses for  exposure  at  4360A. I t  
is seen tha t  for a given spat ia l  f requency,  pro jec t ion  
wi th  the  10X reduct ion lens provides  a l a rger  modu la -  
t ion than  1:1 project ion,  the reason for  this being the 
l a rge r  numer ica l  ape r tu re  of the 10X reduct ion  lens 
(0.33 for 10X vs. 0.125 for IX) .  I t  wi l l  be no ted  how= 
ever  tha t  the image  field d iamete r  of the  10X reduc -  
t ion lens is ten t imes smal le r  than  tha t  for the  1X 
reduct ion lens. This reflects an impor t an t  cons t ra in t  in 
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at 4360A. with a lens of NA = 0.28 [from M. M. O'Toole and 
A. R. Neureather, SPIE Developments in Semiconductor Microlithog- 
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Fig. 6. Modulation tronsfier functions (MTF) for two different 

lenses. Lens 1: I •  reduction, NA--.0.125, image f ield~75 mm 
diam; lens 2: 10 •  reduction, NA~.33 ,  image field~7.5 mm 
diam; the wavelength X is 436 nm [from D. Widmann and K. U. 
Stein, Solid State Circuits, Proc., 2nd Eur. Solid State Circuits Conf., 
1976, pp. 29-47 (pub. 1977)]. 

lens design, viz., tha t  h igher  resolut ion via  h igher  N A  
is obta ined at  the expense  of image  field diameter .  The 
cur ren t  s t a t e - o f - t h e - a r t  in the  design of re f rac t ive  
microci rcui t  lenses permi t s  p lacement  of ~ l0 s resolved 
spots wi th in  the image  field (9). With  re f rac t ive  lenses, 
this number  depends  l i t t le  on field size or  resolution. 
Thus for a given N A  and ~., the l imi t ing resolut ion vmax 
will  be obta ined  over  a square field app rox ima te ly  
given by  108/vmax 2. For  example ,  a lens sys tem whose 
NA and k enable  resolut ion of  1 ~m lines and spaces 
&max = �89 ~m-1) ,  could only exhib i t  such resolut ion 
over  a square  field 4 • 10 s ~m 2, i.e., 2 cm on the side. 
Higher  resolut ion can only be obta ined  at  the expense  
of field in a manne r  which  keeps the  total  number  of 
resolved e lements  wi th in  the  field fixed. This r e la t ion-  
ship is shown in Fig. 7 as a l ine connecting points  r ep -  
resent ing  lenses of s imi la r  design and complexi ty.  
Such reduct ion  in field size requires  a s tep and repea t  
approach to pa t t e rn  an ent i re  wafer .  

The o ther  a l t e rna t ive  for  obta in ing higher  resolu-  
t ion for  a fixed N A  is to decrease  L Usual ly  mono-  
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Fig. 7. Limiting resolution vs. field size for state-of-the-art re- 
fractive lenses for photolithography. Points indicated by closed 
circles ere refractive designs which, for the same complexity hove 
e constant number of resolution elements as field is trailed for 
resolution. Open circles intlicote scaling of o BTL reflective design 
which yields more resolution elements at smaller fields. Zeiss, IOX 
lens, 0.28 NA, CERCO Lippia 5 X  [from J. Bruning, J. Vac. Sci. 
TechnoL, 17, 1147 (1980)]. 
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chromat ic  l ight  is used in re f rac t ive  pro jec t ion  sys-  
terns in order  to e l iminate  chromat ic  aber ra t ion  effects. 
Such ref rac t ive  lenses a re  designed to opera te  typ ica l ly  
at  L > 400OA. Shor te r  wavelengths  are  prec luded by  
difficulties in lens design resu l t ing  f rom high absorpt ion  
of optical  glasses. On the other  hand, resolution in an 
al l  reflecting opt ical  sys tem (10) can in pr inciple  be 
increased by  reducing  the wave leng th  provided  tha t  
wave aber ra t ions  are  su i tab ly  low at  the reduced  wave-  
length. For  example ,  b y  using a modified opt ical  de-  
sign of the 1:1 P e r k i n - E l m e r  p r in t e r  Bruning (7) 
demons t ra ted  significant resolut ion improvemen t  using 
S100A over  4000A for the exposure.  

There  are  severa l  o ther  impor t an t  physical  l imi ta -  
tions on image qual i ty  in pro jec t ion  systems. Clear ly  
one would  l ike  as la rge  a depth  of focus 8 as possible 
in o rder  to compensate  for aberrat ions ,  wafer  d is tor-  
tions, and  var iab le  resis t  thickness due to topography.  
The depth  of  focus in an opt ical  sys tem is given b y  

6 - ~I2NA2 C8] 

Thus improvements in resolution resulting from an 
increase  in N A  or a decrease in ~ provide  for  a smal le r  
depth  of focus or, put  another  way, less defocusing 
tolerance.  Fo r  example ,  the Lippia  5X reduct ion  lens 
of CERCO which achieves a 0.35 NA at  4047A over  a 
1 cm square  field provides  a depth  of focus of ,~1.5 #m. 
Such a shal low depth  of focus requires  focusing at  each 
chip dur ing  step and repea t  opera t ion  in order  to ma in -  
ta in  l inewid th  control. We m a y  note tha t  since resolu-  
t ion is p ropor t iona l  to ~/NA, the fal l-off  in dep th  of 
focus wil l  be less severe  for resolut ion improvemen t  
gained by  decreasing )~ since there  is only a first power  
dependence  of both pa rame te r s  on L 

Step and r epea t  exposure  systems use demagni fy ing  
optics to pro jec t  the image  of a re t ic le  onto a wafer.  
Reduct ion rat ios va ry  typ ica l ly  be tween  2X and 10X. 
The resolut ion capabi l i ty  of a lens depends only on its 
numer ica l  ape r tu re  and not  on its reduct ion rat io  a l -  
though a h igher  reduct ion  rat io  permi t s  a h igher  NA 
(11). Considerat ions of the  opt imal  reduct ion rat io  
appear  to revolve a round  prac t ica l  considerat ions such 
as defect  densit ies associated with  re t ic le  size (9). 

The other  major  factor  which l imits  resolut ion and 
l inewid th  control  is the  s tanding  wave  phenomenon.  
When photores is t  films are  exposed using monochro-  
mat ic  rad ia t ion  as in opt ical  p ro jec t ion  print ing,  s t and-  
ing waves are  formed in the res is t  (5~ 12). These are  
caused by  coherent  in ter ference  effects due to a reflect-  
ing subs t ra te  which resul t  in per iodic  in tens i ty  dis-  
t r ibut ions  in the di rect ion pe rpend icu la r  to the  p lane  
of the resis t  wi th  a per iod  ~r/2 ( typ ica l ly  1300A) where  
~r is the exposure  wave length  in the resist.  This 
p rob lem has been considered by  severa l  authors  wi th  
the work  of Dill  et al. (12, 13) being especia l ly  com- 
prehensive.  F igure  8 shows the image  in tens i ty  dis-  
t r ibut ion  as a funct ion of depth  in the  res is t  de te r -  
mined f rom the model  of Dil l  et al. using Four i e r  opt i -  
cal theory.  I t  is noted tha t  the average  in tens i ty  de- 
creases with  increasing depth. This is due to the s t rong 
opt ical  absorpt ion  of the res is t  which a t tenuates  the  
l ight  as i t  passes th rough  the film. This in tens i ty  pa t -  
tern  changes in magni tude  dur ing  exposure  due to 
changes in absorpt ion resul t ing  f rom photo bleaching 
but  the posit ions of the in te r fe rence  m a x i m a  and 
min ima do not  move. 

Exposure  of a posit ive photoresis t  under  this condi-  
tion dest roys  more  inhib i tor  a t  the  in tens i ty  max ima  
than  at  the  minima.  Thus the per iodic i ty  in the ex-  
posure profile as a function of depth  into the film r e -  
sults in a s imi lar  va r ia t ion  in the ra te  of deve lopment  
of exposed regions of the res is t  and produces  edge 
fr inges or  contours in the posi t ive  photores is t  wa l l  
profile. Such fr inges ca lcula ted  by  the Dil l  model  
which also takes  deve lopment  of the  res is t  in to  ar  
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Fig. 8. Plot of intensity of exposing light within a 630 nm AZ1350 
photoresist film on bare silicon at the beginning of exposure at a 
4047A wavelength [from F. H. Dill, IEEE Trans. Electron Devices, 
ed 22, 440 (1975)]. 

count a re  shown in Fig. 9 wi th  expe r imen ta l  verif ica-  
shown in Fig. 10. These fr inges give r ise  to var ia t ions  
in l inewidth  tha t  can obl i te ra te  l ines  or close up gaps 
at  the 1 #m level.  

A fu r the r  d i sadvan tage  of s tanding  wave  effects is 
the  l i newid th  var ia t ions  over  topography.  F igure  11 
shows the l inewid th  var ia t ion  of an AZ1350H photo-  
resis t  s t r ipe  running  across a 0.5 #m ver t ica l  step. 
These l inewid th  var ia t ions  s tem from the fact  tha t  the  
res is t  thickness  is not  un i fo rm across a step. Since re -  
f lect ivi ty maximizes  for  even qua r t e r  wave leng th  
mul t ip les  of res is t  thickness ( lower ing the energy  
coupled into the  resis t )  and  minimizes  for odd qua r t e r  
wave leng th  mul t ip les  (maximiz ing  energy  coupl ing) ,  
then the t ime to develop th rough  a photores is t  film 
becomes per iodic  wi th  resis t  thickness for a fixed ex -  
posure flux (12). Thus the exposure  var ia t ions  resu l t -  
ing f rom var ia t ions  in resis t  thickness in the  v ic in i ty  
of a s tep are  mani fes ted  as l i newid th  variat ions.  

S tand ing  wave  effects a re  more pronounced  in sys-  
tems employing  monochromat ic  rad ia t ion  than  in those 
employing  broad band  i l luminat ion.  The  l a t t e r  resul ts  
in a smoothing of the  d is t r ibut ion  of l ight  in tens i ty  
wi th in  the res is t  layer .  Correct ing the pro jec t ion  optics 
for exposure  at  two wavelengths  ra the r  than  a single 
wave leng th  appears  to reduce the s tanding wave  effect 
(16). This is seen in Fig. 12 which  compares  pa t t e rns  
in 1.2 ~m thick HPR204 photores is t  exposed using the 
CERCO 5X reduct ion lens designed for the Phi l ips  
wafe r  s t epper  at  4050 and 4360A (Fig. 12a and b)  wi th  
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Fig. 9. Edge profile for a nominal 1 Fm line in AZ1350 photo- 
resist developed for 85 sec in 1:1 AZ developer:water [from F. H. 
Dill, A. R. Neureuther, J. A. Tattle, and E. J. Walker, lEE[ Trans. 
Electron Devices, ed 22, 456 (1975)]. 

Fig. 10. Scanning electron micrograph of a 1.2 ~m line AZ13505 
photoresist exposed with a nominal I ~m image [from F. H. Dill, 
A. R. Neureuther, J. A. Turtle, and E. J. Walker, IEEE Trans. Elec- 
tron Devices, ed 22, 456 (1975)]. 

pa t te rns  obta ined by a single wave leng th  exposure  at  
4050A (Fig. 12c and d) .  

Other  approaches  to reducing s tanding  wave  effects 
include opt imizing resis t  and oxide thicknesses (5) 
as wel l  as pos texposure  bak ing  schedules (14) and 
using concentra ted  developers  (13). I t  should be noted 
tha t  the  l a t t e r  two approaches  do not  e l imina te  the  
sensi t iv i ty  of the l ine size to the resis t  and dielectr ic  
l aye r  thicknesses since the  exposure  is s t i l l  monchro-  
matic. Another  approach  uti l izes a t r i - l eve l  process 
(15) in which  a p ianar iz ing  po lymer ic  l ayer  is appl ied  
to the circui t  a t  a thickness sufficient to smooth out  al l  
the topography  (~1.5-2.5 ~m). Af te r  a bake  step at  
,~210~ to harden  the film and render  i t  opaque at  the  
exposure  wavelength ,  a l ayer  of p lasma-depos i t ed  SiO2 
,~1000A thick is appl ied  on top of the p lanar iz ing  l aye r  
fol lowed by  a thin l aye r  of the  des i red  photores is t  
(3000-5000A). This s t ruc ture  permi t s  the image to be  
recorded in a thin res is t  on a planar ,  reflectionless s u b -  
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Fig. 11. Scanning electron micrograph of an AZ1350H photoresist 
stripe running across a 0.5 #m vertical step showing line width 
variation-across the step [from D. W. Widmann and H. Binder, 
IEEE Trans. Electron Devices, ed 22, 467 (1975)]. 

strate.  Fol lowing  exposure  anr~ development ,  the  SiO2 
layer  is etched. The top photores is t  l aye r  thus only 

serves as an etch mask  for  the SiO2 l aye r  which in 
tu rn  serves as an etch mask  for reac t ive  etching of the 
under ly ing  thick po lymer  layer .  I t  is the  aniso t ropica l ly  
pa t t e rned  th ick  resis t  which serves as the "resist" l aye r  
for the under ly ing  circuit.  Since the  p r ima ry  l i tho-  
graphic  pa t t e rn ing  step is accomplished in thin res is t  
wi th  no reflection f rom the subs t ra te  excel len t  reso lu-  
t ion and l inewidth  control  can be main ta ined  even over  
topography.  

As was indica ted  earl ier ,  the  overa l l  prac t ica l  reso lu-  
t ion is de te rmined  by  a number  of factors such as 
regis t ra t ion,  al ignment,  and a l ignment  control  in add i -  
t ion to diffract ion considerat ions and given the ad -  
vances in l i thographic  technology and in design of 
photol i thographic  hardware ,  one is forced to speculate  
on the m a x i m u m  prac t ica l  resolut ion wi th  some degree 
of uncer ta in ty .  Mark le  (17) has suggested that  some 
combinat ion of NA, shor t  ~ ( summar ized  in Table I)  
combined with  a high contras t  res is t  m a y  pe rmi t  0.5 
~m resolut ion to be real izable.  Bruning  (9) also con- 
s iders  the end of the road  for  pho to l i thography  to l ie  
somewhere  be tween  0.4 and 0.8 ~m depending  on how 
fu l ly  deep u.v. and image par t i t ion ing  are  exploi ted.  

Electron beam lithography.--The pas t  10 years  have  
seen an enormous effort in develoPing e lect ron beam 
l i thography  as a v iable  technology. Al though elect ron 
projec t ion  (18, 19) and shadow pr in t ing  methods (20) 
have been developed for ful l  image  exposure,  these 
techniques have not  gained ma jo r  importance.  The 
fol lowing considerat ions are  therefore  l imi ted  to elec-  
t ron beam scanning (21-23) in which an e lect ron beam 
of defined shape is cont ro l lab ly  deflected in  o rder  to 

Fig. 12. Patterns in 1.2 #m 
thick photoresist (HPR 209) on 
silicon wafers. (a) and (b) ex- 
posed at 4050 and 4360A; (c) 
and (d) exposed at 4050A [from 
S. Wittekoek, Solid State Tech- 
nol., 23, 80 (1980)]. 
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Table I. Dependence of minimum feature size on NA and 1 (17) 

Minimum 
NA k(~m) feature (~m) 

0.164 (F3) 0.39 1.78 
0.164 0.26 1.14 
0.242 (F2) 0.9.5 0.775 

expose the des i red  areas  of the res is t  film. Since the 
wave leng th  of an e lec t ron is on ly  on the order  of a f e w  
tenths  of an angstrom, the resolut ion  l imi ta t ion  due to 
diffract ion considerat ions  is not  impor tant .  However ,  
a l though an e lec t ron beam can be focused to spot  sizes 
of 1000~k or  less, the  min imum fea ture  size may  be con- 
s ide rab ly  g rea te r  than  the beam d iamete r  because of 
e lec t ron  sca t te r ing  in the resist. When  an e lec t ron 
beam enters  a thin po lymer  film the electrons lose 
energy  by  elastic and inelast ic  coll is ional  processes 
known col lect ively  as e lect ron scat ter ing.  This resul ts  
in a t ransverse  or  l a t e ra l  e lect ron flux J(z,y) normal  
to the inc ident  beam di rec t ion  (see Fig. 13). The magn i -  
tude of this flux which has sca t ter ing  contr ibut ions  
f rom wi th in  the  res is t  ( fo rward  and la te ra l )  and f rom 
wi th in  the subs t ra te  (backsca t te r ing)  depends  upon 
the energy,  current ,  and  geomet ry  of the  beam, film 
thickness,  and the a tomic  n u m b e r  of the  po lymer  
and substrate .  The existence of this t ransverse  flux of 
electrons resul ts  in energy  diss ipat ion at  points  re -  
mote f rom the point  of en t ry  of the  beam and thus 
the developed contour  of the exposed area  in the  re -  
sist is reflective of the energy  diss ipated in tha t  region. 
In  pa r t i cu l a r  i t  may  be considered tha t  the developed 
contour  represents  a contour  of constant  absorbed  
energy  dens i ty  and measuremen t  of exposure  profiles 
can y ie ld  va luab le  in format ion  concerning energy dis-  
s ipat ion profiles of electrons in the resist. Thus elec-  
t ron  scat ter ing provides  the fundamenta l  l imi ta t ion  
to resolut ion  in e lect ron l i thography.  

In  the past,  the dose requ i red  to obta in  a g iven re -  
l ief  s t ruc ture  in the  resis t  has been de te rmined  ex -  
per imenta l ly .  While  an empir ica l  approach  permi ts  one 
to wr i te  pa t te rns  and fabr ica te  devices, i t  provides  
ne i ther  a basic  unders tand ing  of the phys ica l  mecha-  
nism involved in po lymer  film exposure  nor  a means  
for pred ic t ing  quan t i t a t ive ly  how changing a given 
p a r a m e t e r  wi l l  effect the po lymer  re l ief  s t ructure .  As 
i l lus t ra ted  in Fig. 14, when a posi t ive res is t  such as 
poly (methy l  me thac ry la t e )  PMMA is exposed in a l ine 
by  a scanned e lec t ron beam, developed in a solvent  to 
remove the exposed regions, and v iewed in cross sec- 
tion, undercu t  contours are  observed whose dimensions 
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Fig. 14. Schematic diagram illustrating the undercut contours 
typically obtained in PMMA film of thickness T on top of a sub- 
strafe after exposure by a scanned electron beam and developing 
[from R. J. Hawryluk, A. M. Hawryluk, and H. I. Smith, J. Appl. 
Phys., 45, 2551 (1974)]. 

depend on the l ine charge density.  S imi lar ly ,  if  the 
beam is held  at  a fixed posi t ion and tu rned  on for  a 
t ime in te rva l  ~, a r ad ia l ly  symmet r i c  contour  is ob-  
ta ined  which is t e rmed  a dot exposure.  These contours 
as a l r eady  ment ioned  are  identif ied as surfaces of equal  
energy dissipat ion per  uni t  volume. Quant i ta t ive ly ,  
the contour z ( r )  can be ob ta ined  f rom (24, 25) 

qi~I (r, z) = Dcrit ( e rg / cm 8) [9] 

where  r is the rad ia l  dis tance f rom the beam axis, z 
is the  depth  in the po lymer  film, and  Dcri t is the  en-  
e rgy  dissipated per  uni t  volume requ i red  to expose 
the po lymer  adequa te ly  for  development .  The azi-  
mutha l ly  symmet r i c  two-d imens iona l  funct ion I ( r , z )  
is the energy diss ipated per  uni t  volume per  electron.  
The te rm preceding  I(r,z) is the produc t  of the beam 
cur ren t  i, the exposure  t ime T, and the number  o f  
electrons pe r  coulomb q and is therefore  the to ta l  
number  of electrons inc ident  at  the surface. Thus by  
de te rmin ing  the locus in the resis t  of the  cr i t ical  va lue  
of absorbed  energy, we have in fact  de te rmined  the 
contour  of the developed line. 

In  s imi lar  fashion, the contour  z(y) of a l ine scan 
exposure  obta ined  by  scanning the beam along the x 
direct ion at  a veloci ty  x cm/sec  (Fig. 15) can also be 
obtained.  For  adequa te  exposure  the  contour  cor re-  
sponds to the  locus where  the energy  diss ipated per  
uni t  volume equals Dcrit 

'_' qiI(r, z)dt -" Dcrit [10] 
c o  

The input  l ine dose ( l inear  charge dens i ty )  DOx = i/~. 
Transposing var iables  we thus obta in  

- - -  - - f  - 
" -  BEAM 
i 

Fig. 13. Three dimensional electron scattering model for a poly- 
mer resist film on a substrate [from L. F. Thompson, Solid State 
Technol., 17, 27 (1974)]. 

Fig. 15. Electron beam scanned past a point with velocity ~" at a 
lateral displacement y viewed normal to the sample surface [from 
R. J. Hawryluk, A. M. Hawryluk, and H. I. Smith, J. Appl. Phys., 45, 
2551 (1974)]. 
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S : •  qZ(r, z ) d x  �9 D% = Derit [11] 

which may be abbrevia ted to 

E(y,  z)D~ = Dcrit [12] 
where 

S: E ( y , z ) =  q I ( r , z ) g x  and r 2 = x 2 + y  ~ 

E(y,z) is the energy dissipated per un i t  volume per 
coulomb per centimeter. Thus from E(y,z) and Dertt, 
one can calculate the l inear  charge density Dox re-  
quired to obtain a given contour. 

We should note that the proper exposure for an array 
of cIosely spaced Iines is different than that  for a single 
isolated line. This is because even a highly focused 
beam contributes to the exposure several micrometers 
away. This is referred to as the proximity  effect 
(26) and will be discussed later. A careful evaluat ion 
of E (y,z) for a single l ine permits one to calculate this 
cooperative exposure effect. 

Both analyt ic  (24, 27, 28) and Monte Carlo models 
(24,29-31) have been used to calculate I(r ,z)  and 
E(y,z) .  The Monte Carlo method attempts to simulate 
via a digital computer the trajectories of the incident  
electrons wi thin  the resis t /substrate  system. This in-  
volves following the electron t rajectory through a suc- 
cession of distinct scattering events. Most approaches 
employ a single scattering model. The angular  de- 
flections suffered by the incident  electrons are as- 
sumed to occur via elastic scattering with the target  
nuclei  with the angle of scattering for each event  being 
calculated in accordance with the differential scatter- 
ing cross section for a nucleus in a screened atomic 
field. In be tween elastic scattering events, the incident  
electrons are assumed to travel  in  straight lines (given 
by the mean-f ree  path) undergoing energy loss. This 
energy loss process is modeled via the continuous slow- 
ing down approximation in which the electron loses en-  
ergy continuously along each free flight segment ac- 
cording to the Bethe energy ross formula  (32) 

dE -- 2:~e4ne In [13] 
dx E 

where ne is the densi ty of atomic electrons and I the 
mean  excitation energy. Figure 16 shows 100 s imulated 
trajectories projected onto the x - y  plane for a 10 and 20 
kV point source. This figure qual i tat ively shows the 
degree of forward and lateral  scattering within the 
film as well as the degree and position of backscat ter-  
ing. We can also make a n u m b e r  of other qual i tat ive 
deductions from the results of these s imulated t ra-  
jectories. Clearly the range of a 20 kV electron is 
greater than that of a 10 kV electron. But al though 
scattering of 20 kV electrons occurs over a greater 
la teral  distance, it is apparent  that  the absorbed en-  
ergy density in regions transverse to the beam falls off 
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Fig. 16. Monte Carlo simulated trajectories of 100 electrons in 
PMMA resist on silicon [from D. Kyser and N. S. Viswanathan, 
J. Vac. Sci. Tecknol., 12, 1305 (1975)]. 

more rapidly in this case than for 10 kV electrons sug- 
gesting that higher resolution can be obtained at 20 
kV than at 10 kV. Of course for overexposure, the 
greater lateral  spread at 20 kV will eventual ly  result  in 
broader lines. Heidenreich et al. (33) used Monte Carlo 
methods to calculate the effects of film thickness and  
operating voltage on the contour width. Their  resttlts 
are summarized in Fig. 17. This figure also shows the 
computed range of electrons in the resist calculated 
from the Bethe expression for energy loss as a func-  
t ion of electron energy. The data indicates two clear 
trends. For a given resist thickness, the l inewidth, as 
expected, decreases with increasing incident  electron 
energy up to some electron energy beyond which there 
is no fur ther  significant reduction. The decrease in  
l inewidth continues over a wider  range of incident  
electron energy for thick films. Hatzakis and Broers 
(34) generated exper imental  profiles in thick PMMA 
(Fig. 18) which confirm this conclusion. I t  would be 
difficult to make a quant i ta t ive comparison between 
theory and exper iment  here since the calculations of 
Heidenreich et al. include the effects of substrate back- 
scattering while the data of Broers and Hatzakis do not. 
The second t rend shown by  the data indicates that  for 
a given operat ing voltage, the l inewidth  decreases with 
decreasing resist thickness. 

In  order to determine spatial profiles, the dis t r ibu-  
tion of electrons in the incident  beam has to be taken 
into account. I t  is usual ly  assumed that  the beam has a 
Gaussian profile 

J ( r )  = Joexp(--  r 2 / r  ~) [14] 

where Jo is the current  density at the spot center 
(r : -  0) and r is the Gaussian radius. If the total cur-  

ren t  of the incident  beam is in then 

in 
J ( r )  ---- ~ exp ( - -  r2 /7  ~) [15] 

Thus for a given exposure dose, one can calculate equi-  
energy density contours. Figure 19 shows a comparison 
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Fig. 18. Composite photomicro- 
graph of the cross sections of 
three lines exposed at 10 - 4  C/  
cm 2 at varying beam voltages: 
left to right 10, 15, and 25 kV 
[from M. Matzakis, C. H. Ting, 
and N. Viswanathan, in "Electron 
and Ion Beam Science and Tech- 
nology," R. Bakish, Editor, p. 542, 
The Electrochemical Society Soft- 
bound Proceedings Series, Prince- 
ton, N.J. (1974)]. 

of the Monte Carlo results obtained by  Kyser  and 
Murata  (30) with the exper imenta l  results of Wolf 
et al. (35) for thick PMMA at 10 kV. The Monte Carlo 
calculations were arb i t rar i ly  matched to the experi-  
menta l  contour for DOx = 0.3 • 10-s C/cm at x = 0, 
i.e., on axis. This was achieved wi th  a contour of 
Dcr i t  : 1.1 • 1022 eV/cm 3 and this same contour value 
was then calculated for the remain ing  values of 0.7, 1.0, 
and 2.0 D%. The agreement  between theory and experi-  
men t  shown in  Fig. 19 is general ly  good in  spite of the 
neglect in the theory of developer effects. T h e  most 
obvious discrepancy occurs at the surface where the 
exper iment  shows a significant width for the contour 
and theory predicts a small  width. This discrepancy 
may be due to (i) surface tension in the film after i r ra-  
diation or (ii) finite etching rate of the polymer in  
regions where D < Dcrit. 

The major  disadvantage of the Monte Carlo method 
is that it is necessary to calcu]ate the trajectories of 
several  thousand electrons in  order to obtain meaning-  
ful  results. This implies a great deal of computer  t ime 
and expenditure.  Thus for practical as well  as heuristic 
reasons analyt ic  models to predict  the energy dissipa- 
t ion are useful. 
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E/Z~V = 11 x 1022 ev/cm 3 MON TE CA R LO 

~,, I I ~ I "  t 1~,, A . '1 / I I / f  

_ , ,. 
0 . 2  ~ ," / x " 

0.4 _20q~,  Oq.~_ 

/ / /  ,' / / ;  I ~ \ \ \  \ \ \  
o. ,,'///,//;I Ii \'X,,",X', 

t .o  I ~ ',I ., r o ,3  ~./ I/ I ,  
E \ ,.ok I 

1.4 xx X \',X~. . . . . .  4 . . . . . .  J'~,/" / ," - 

t.8 "" J /  - 

2 0  I I I I I I I I I I 
1.0 0.8 0.6 0,4 0.2 0 0.2 0.4 0.6 0.8 t.0 

( F m )  

Fig. 19. Comparison of profiles calculated by Monte Carlo slmu|- 
latian with those determined by experiment for thick PMMA resist 
at 10 kV [from D. Kyser and K. Murata, in "Electron and Ion Beam 
Science and Technology," R. Bakish, Editor, p. 205, The Electro- 
chemical Society Softbound Proceedings Series, Princeton, N.J. 
(1974). 

In  the analyt ical  models, the energy dissipated by 
an electron beam is considered to be composed of three 
contributions,  (i) small  angle forward scattering of 
the incident  beam in the polymer, (ii) large angle 
backscattering from the substrate, and (iii) large angle 
backscattering of the incident  beam wi th in  the poly- 
mer. 

We have seen that  the cumulat ive effects of small  
angle scattering events determine the spatial  dis- 
t r ibut ion of electrons inside the resist film. By as- 
suming those scattering events to be elastic and small  
angle, the spatial probabi l i ty  distr ibution of scattered 
electrons can be expressed as (28) 

H( r , z )  : exp -- [16] 
4;~z 3 ~ z  3 

where r is the radial  distance from the axis of the in-  
coming electron, z is the vertical  distance along the 
axis of electron penetration,  and ~ is the t ranspor t  
mean-f ree  path which in the nonrelat ivist ic  approxi-  
mat ion is given by 

5.12 X' 10 -3 E2A 
h(A) = [17] 

pZ 2 in  (0.725EZ/2/Z1/a) 

where A = mass number ,  E -- electron energy, p = 
film density, and Z = atomic number .  

Equation [16] shows that  the spatial d is t r ibut ion of 
electrons is Gaussian at any  depth for an  impulse input  
function. When the impinging electrons have a Gaus-  
sion dis tr ibut ion J(r )  defined by  Eq. [15], then the 
resul t ing density distr ibution inside the solid will  be 
given by the convolution of the integral  of the input  
function J ( r )  and the response funct ion H(r~z) 

f 2 ~ f =  J ( r , z )  =*~o .so H ( r , z ) J ( r ) r d r d o  [18] 

This integrat ion cannot be carried out  r igorously in  
closed analytical  form and thus requires numer ica l  in -  
tegration. However, a very good approximation is ob- 
tained using the approximation that  in a Gaussian dis- 
t r ibut ion the value of r is the roo t -mean-square  u n -  
cer ta inty in the radial  position of an electron. If  
scattering now occurs, an addit ional  uncer ta in ty  is in -  
troduced [in this case (4z8/3~)~/2] and if the two u n -  
certainties are random or independent  they can be 
combined in quadra ture  to yield the m i n i m u m  disper- 
sion of the Gaussian. This dispersion s is the m i n i m u m  
uncer ta in ty  in electron radial position and is s imply 

s : ( ~ ~ ~ 4z3/3~) lZ:~ [19] 

for a spreading Gaussian profile. The Gaussian profile 
of the beam as it  penetrates  the resist is therefore g iven 
by 
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io r 
J (r) -- exp [ [20] - 

The energy loss per cma per  electron due to the for- 
ward scattered electrons can be calculated as 

dE J (r) 
z(r, z)I~s = ~ • io [21] 

The contributions of large angle backscattering from 
the substrate and polymer are obtained by  following 
the approach of Everhar t  (36) which assumes that  
electrons undergo only one large-angle  Rutherford 
scattering. The reflection coefficient is calculated on 
this basis and one parameter  in the model is adjusted 
to obtain a good fit to experimental  reflection coeffi- 
cient data for atomic numbers  Z < 50. Alternat ively,  
the backscatter contr ibut ion may  be calculated em- 
pirically. Heidenreich (37), for example, has developed 
an empirical  backscatter model for th in  resist films 
based on the direct observat ion of chemical change pro- 
duced by backscattered electrons at different accelerat- 
ing voltages on several substrates. The model is inde-  
pendent  of scattering, trajectory, and energy dissipa- 
tion calculations and is essentially a radial  exponent ia l  
decay of backscatter current  density out to the back- 
scatter radius determined by  electron range. 

The total electron flux per un i t  area at a given point  
is calculated as the sum of the indiv idual  components. 
One can then determine the totaI energy absorption 
from the integral  over all space of the product of elec- 
t ron flux and the rate of energy loss. Figure 20 shows 
a comparison of developed profiles for l ine dose charges 
of 0.3 • 108 and 1.0 X 10 - s  C/cm for PMMA on an 
a luminum substrate at different accelerating voltages. 
Comparison of the theoretical contours calculated from 
the model of Greeneich and V a n  Duzer (27) with the 
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Fig. 20. Comparison of developed profiles for charges per unit 
length of 0.3 X 10 -8  C/cm and 1.0 X 10 - s  C/cm for PMMA on 
an aluminum substrate. The solid lines are from theory; the broken 
lines are the experimental contours of Wolf et al. [from J. S. 
Greeneich and T. Van Duzer, IEEE Trans. Electron Devices, ed 21, 
286 (1974)]. 

experimental  contours of Wolf et al (35) also s h o w s  
reasonable agreement  except at 5 kV. Greeneich a n d  
Van Duzer a t t r ibute  this to a lack of val idi ty of the 
plural  scattering theory for p r imary  electrons at 5 kV. 

Heidenreich et al (33, 38) developed an empirical or 
phenomenological  model for de termining  gel energies 
and profiles in negative resists. For the case of a un i -  
form large area exposure such as one encounters  in the  
determinat ion  of the contrast  curve, the incident  elec- 
t ron energy dissipation density depends only on the 
depth z into the resist. The rate of energy deposition 
at penetra t ion depth z is given by 

dE Jo OV 
- -  -- - -  eV/cmS/sec [22] 
dt  e Oz 

where Jo is the incident  current  density and OV/Oz the 
specific energy dissipation in eV/cm. The specific dis- 
sipation can be wr i t ten  as 

Va 
OV/Oz -- • (I) eV/cm [23] 

RG 

for beam voltage Va with Ro, the Grfin range, given by 

RG = (0.046/p) Va 1"~ #m [24] 

and h (~) the depth dose funct ion in terms of normal -  
ized penetra t ion (~ = z /RG) .  The densi ty is p and is 
approximately un i ty  for polymeric resists. From Eq. 
[22] it is seen that the mi n i mum electron dose D~ = 

Jo~ for exposure time T required to gel the resist at 
the substrate interface is related to the gel energy Elg 
by 

E l, = D' ,  "( 0V } eV/cm-~ [25] 
% 

e - ~ - / i  
The value of (OV/az)i the energy dissipation at the 
interface, is obtained from Eq. [23] for a resist of in i -  
tial thickness z~. Heidenreich incorporated backscatter 
from the substrate  by means of a backscattered coeffi- 
cient n which is used to modify the forward scat tered  
beam density as Jo(1 + ~). 

The effects of backscatter are readily seen when we 
examine the lithographic response curves for negative 
resists supported on a variety of substrates. Figure 21 
shows the response curves for ,-~6600A COP on three 
different substrates. In this figure curves i and 2 are 
for a thin SigN4 substrate (~1000A thick) and the 
same Si3N4 film supported by a bu lk  silicon substrate, 
respectively. Curve 3 pertains to a substrate consisting 
of a layer of gold approximately 4000A thick on top of 
a silicon wafer. The backscatter coefficient from SisN4 
is less than 3% so that the contrast  curve for the thin 
SisN4 substrate can be considered to be an acceptable 
approximation of that  corresponding to an unsupported 
resist film. Such experiments  provide a means  of  
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Fig. 21. Measured contrast curves for COP on three different sub- 
strates. Exposure conditions are as given in the figure [from M. C. 
Chung and K. L. Toi, in "Electron and Ion Beam Science end Tech- 
nology," R. Bakish, Editor, p. 242, The Electrochemical Society 
Softbound Proceedings Series, Princeton, N.J. (1978)]. 
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eva lua t ing  the backsca t te red  coefficient (39). We con- 
s ider  OV/Oz to be the  sum of two terms,  i.e. 

OV/Oz -- (OV/OZ)FS + (OV/Oz)BS [26] 

where  (0F/OZ)FS is the energy  diss ipat ion due to for -  
ward  sca t ter ing  and (OV/OZ)BS is the  energy  diss ipa-  
t ion due to e lectrons backsca t te red  f rom the unde r -  
ly ing  subs t ra te  mater ia l .  Equat ion  [26] can be  r e w r i t -  
ten as 

OV/Oz = (oV/OZ)Fs (1 + (OV/OZ)BS/(OV/OZ)FS} [27] 

= (OV/OZ)Fs {I + ~]} [28] 

where ~] is defined as the backscatter coefficient. For 
the case of the thin SiaN4 substrate, ~] -- 0 so that from 
Eq. [25] we have 

(D~i)o ( OV ~i 
Eig -- e \ ~/FS [29] 

where (DgJ)o is the incident interface gel dose for the 
zero backscatter contribution. For any other substrate 

Thus f rom Eq. [29] and [30] we obta in  

(D,i)o/D, i = I + n i [31] 

where n i is the effective backscattering coefficient 
evaluated at the interface. 

The depth dose model thus allows the gel energy Eig 
of a resist to be calculated from an observed interface 
dose Dig and predicts a dependence of Dig on accelerat- 
ing voltage going as Va (-~ which agrees reasonably 
well with experiments. 

The depth-dose model can also be used to determine 
energy profiles in the resist when convolved with the 
spreading Gaussian treatment of Nosker described 
earlier (28). Heidenreich et al. (33) simplified this 
even more by convolving the spreading Gaussian beam 
treatment with the experimentally determined rela- 
tionship between resist thickness remaining after de- 
velopment and input electron dose (see Fig. 37). Back- 
scat ter ing  was again inc luded as Jo(1 + n), i.e., as a 
modification of the inc ident  current .  For  a beam scan-  
ning along the x di rect ion at  l ine speed x, the  dose at  
d is tance y f rom the l ine center  a t  pene t ra t ion  z is given 
by 

(I + ll)D~ 
D (y) --  e x p ( - -  yz/~ ~) C/cm s [32] 

where  D~ --  io/X. The area  inpu t  dose at  the l ine  cen-  
te r  y = 0 is thus 

(1 + ~)Do. 
D (0) = C/cm~ [38] 

I t  should be noted tha t  Eq. [32] is a quas i -mono-  
energet ic  approx imat ion  app ly ing  only for pene t ra t ion  
z such tha t  the  loss in e lect ron energy  is about  0.1 Va. 

The significant amount  of swel l ing tha t  accompanies  
the r emova l  of uncross - l inked  po lymer  dur ing  de- 
velopment of a negat ive  resis t  renders  the  deve lop-  
men t  process in these resists  much more  difficult to 
t reat .  In  par t icu lar ,  the  su r face - l imi t ed  e tching h y -  
pothesis  tha t  has been  found sui table  for posi t ive re -  
sists l ike PMMA (40) is comple te ly  inappl icab le  to 
negat ive  po lymer  resists  in general .  Nevertheless ,  con- 
volut ion of the  input  Gauss ian  wi th  the res is t  response 
curve (Fig. 37) yields  single l ine profiles which agree  
wel l  wi th  expe r imen ta l  profiles for widths  down to 
about  0.18 ~m below which  interface  dis tor t ion of the 
gel  becomes dominant .  Discrepancies  can be a t t r ibu ted  
to the lack of mechanica l  in tegr i ty  of the  gel. Gel 
in terac t ions  can take  place  be tween  ne ighbor ing  fea-  
tures leading  to dis tor t ion and errors  in the exper i -  

men ta l ly  developed profiles. Such resul ts  show the 
impor tance  of good gel  r i g id i ty  and high cont ras t  for  
negat ive  resists  used in high resolut ion applicat ions.  

The simplif ied phenomenologica l  model  of He iden-  
reich was also used by  Hatzakis  et al. (41) to de te r -  
mine resis t  profiles in PMMA. These authors  also took 
into account the effect of the developing  process. The 
assumpt ion  tha t  the  deve loped  profiles can be app rox i -  
ma ted  by  contours of equal  absorbed  energy  dens i ty  is 
a good approx imat ion  at  h igh-exposure  densit ies  whore  
deve lopment  is t ime independent .  As pointed out  by  
Hatzakis  et al: and Greene ich  (42), such a model  is not  
adequate  for t ime-dependen t  developers .  Using the 
phenomenological  model,  Hatzakis  et al. ob ta ined  con- 
tour l ines for equal  absorbed  energy  in the  resis t  and 
expressed  i t  as an energy ma t r i x  E (r, z) f rom the p rod -  
uct  of the electron in tens i ty  d is t r ibut ion  and the energy  
dissipation function. Knowing  the change in molecular  
weight  for a g iven exposure  level  and the dependence  
of so lubi l i ty  ra te  on f r agmented  molecu la r  weight ,  they  
were  able  to t ransform the two-d imens iona l  energy 
dens i ty  m a t r i x  into a so lubi l i ty  ra te  mat r ix .  Greeneich  
(42) used a s imi la r  model  based on a more  r igorous 
ana ly t ica l  analysis  of absorbed energy  density.  He used 
an empi r ica l ly  de te rmined  fo rmula  for  solubi l i ty  ra te  
in the form 

P 
R = Ro + [34] 

Mf" 

where  R0, 8, and = are  constants  for a given developer .  
Hatzakis  et al. concluded tha t  the deve loped  resis t  
profiles are  dominated  by  the developing process at  
low-exposure  densities,  but  at  h igh-exposure  densities,  
the developed resis t  profiles are  dominated  by  scat -  
ter ing inside the resist.  Their  resul ts  a re  summar ized  
in Fig. 22. Expe r imen ta l  verif icat ion of these three  
profiles was presented  by  Hatzakis  (43) using PMMA 
resist. The resul t ing  resis t  profiles are  shown in Fig. 
23. By careful  control  of exposure  conditions, Hatzakis  
was able to obta in  a 2500A wide l ine  in 1 #m of resist 
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Fig. 22. Positive resist profiles for (a) high charge density (de- 

veloped resist profile dominated by the electron penetration pro- 
file); (b) medium charge density (developed resist line shape 
results from combination of electron penetration profile and de- 
velopment process); (c) low charge density (developed resist line 
shape dominated by development process) [from M. Hatzakis, 
J. Vac. Sci. Technol., 12, 1276 (1975)]. 
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I:ig. 23. Actual PMMA resist profiles at an incident charge density 
of (a) 10 - 4  C/cm ~, (b) 8 X 10 -5  C/cm2, and (c) S X 10 -5  
C/cm 2 [from M. Hatzakis, J. Vac. Sci. Technol., 12, 1276 (1975)]. 

with  ver t ica l  wal ls  using a 1000A d iam beam at  20 kV. 
Greeneich  presen ted  his resul ts  in te rms of t ime evolu-  
t ion of developed contours. He also found the inc ident  
dose to be pa r t i cu l a r ly  impor tant ,  as was the pa r t i cu la r  
developer  chosen. A typica l  t ime-deve loped  profile 
observed for  a low- inc iden t  dose is shown in Fig. 24. 
Overal l ,  the resul ts  a re  qua l i t a t ive ly  s imi lar  to those 
of Hatzakis  et al. 

In  summary ,  both  analy t ic  and  Monte Carlo methods  
calculate  the spat ia l  d is t r ibut ion  of energy diss ipat ion 
in a po lymer  film. Since the  deve lopment  of the 
image  can be re la ted  to energy  dissipation, such cal-  
culat ions provide  a means  of de te rmin ing  l ine profiles. 
In  genera l  the Monte Carlo model  is more  precise 
whereas  the  analy t ic  models  do show some dis-  
crepancies wi th  exper iment .  Both methods  have sev-  
era l  disadvantages.  The  Monte Carlo approach  in-  
volves a grea t  dea l  of computer  t ime and the resul ts  
a re  difficult to adap t  for  var ious  expe r imen ta l  con- 
ditions. The ana ly t ic  models  a re  ma themat i ca l ly  com- 
plex, even with  s impl i fy ing  assumptions.  The phe-  
nomenological  model  of He iden re i ch - i s  the s imples t  
approach  and has been  used to de te rmine  profiles of 
both  posit ive and negat ive  resists. 

F igu re  25 represents  an impor t an t  resu l t  of the 
e lect ron scat ter ing effect. Al though the inc ident  charge 
dens i ty  is the same for each of the  five l ines in Fig. 
25, the  outer  two lines are  underexposed  because these 
two lines have only  one ne ighbor ing  l ine whi le  each of 
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Fig. 24. Time evolutlon of developed contours in PMMA deYel- 
aped in MIBK at 22.8~ V z 10 kV, D ---- 5 • 10 -1~ C/cm, and 
M• "-  2 X 105 [from J. Greeneich, J. AppL Phys., 45, 5264 
(1974)]. 

Fig. 25. Scanning electron microgroph of a line pattern in 0.8 ~m 
PMMA on SiO2. The incident charge density was 10 - 4  C/cm 2 for 
each of the five lines. The incomplete development of the outer two 
lines is due to the smaller number of electrons scattered during 
exposure of neighboring lines [from D. Widmann and K. U. Stein, 
Solid State Circuits, Proc., 2nd Eur. Solid State Circuits Conf., 1976, 
29-47 (pub. 1977)]. 

the inner  three  lines has two ne ighbor ing  l ines from 
which electrons are  scattered.  This p rox imi ty  effect 
which  was a l luded  to ear l ie r  may  be pa r t i a l l y  com- 
pensa ted  by  p roper  control  of the  beam scanning 
speed. However  the l a t e ra l  sp read  of the  diss ipated 
energy  at  the line edges remains  and both the res is t  
pa rame te r s  and the deve lopment  condit ions mus t  be 
carefu l ly  control led  in order  to a r r ive  at  the desired 
l inewidths.  

If we define resolut ion as the smal les t  l ine-space  
pa t t e rn  we can genera te  (as opposed to the  wid th  of 
an isolated l ine) we find tha t  posi t ive resists  give 
much h igher  resolut ion than  negat ive  resists. Fur the r ,  
i t  is found tha t  the ca lcula ted  values of m in imum 
gra t ing  spacing for a r igid negat ive  resis t  a re  2-5 t imes 
be t te r  than  can be obta ined expe r imen ta l l y  (44). The 
gra t ings  fai l  p r e m a t u r e l y  because the cross- l inked l ines 
swell  and deform in the developer .  The exact  shape 
of a free s tanding l ine is de te rmined  also b y  the 
s t rength  of the solvent  used to develop it. 

Thus the  fa i thful  product ion in the resis t  of a fea-  
ture  wr i t t en  by  the e lec t ron beam does not  depend  
exclus ively  on electron sca t ter ing  and molecular  p a -  
ramete rs  of the  po lymer  bu t  also on factors such as 
so lven t - induced  swelling, compet i t ive  wet t ing  of the 
subs t ra te  by  the solvent  and  the polymer ,  and  gel 
rup tu re  by  fo rced-deve lopment  (45). So lven t - induced  
swel l ing l imits  l ine  space resolut ion  in nega t ive  resists  
to about  1 ~rn for  about  0.5 #m res idual  film thickness 
and a beam d iamete r  of 0.5 #m. Somewhat  h igher  reso-  
lut ion could be obta ined  for smal le r  res idua l  film 
thickness ( lower  exposure  dose) .  The developing  p ro -  
cess in cer ta in  posit ive resists such as PMMA is ak in  
to a surface etching in which there  is negl igible  swel l -  
ing (46). Min imum line space resolut ion is therefore  
de te rmined  more  d i rec t ly  by  absorbed energy  densi ty  
and using the same 0.5 ~m diam beam as above, one 
can easi ly  resolve the beam address  s tructure.  

Another  impor tan t  physical  l imi ta t ion  follows f rom 
the statist ics of e lec t ron beam exposure  (47). If  we 
divide the e lec t ron resist  surface to be exposed into a 
configuration of densely  packed ident ical  square e le-  
ments  of wid th  a ~m, then the average  number  of 
p r i m a r y  electrons pe r  e lement  n is given by  
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- -  a~D 
n = [aS] 

ql0 s 

where D is the exposure dose in  C/cm2 and q is the 
electronic charge. The actual  number  n of electrons 
per  resolution e lement  has a Poisson dis t r ibut ion a n d  
if we assume that  a resolution element  is exposed i f  
it receives an exposure at or above a fraction r of the 
average dose n', then a certain fraction (1 -- r) of t h e  
resolut ion elements will  receive a dose which is below 
the exposure dose and hence wil l  p r in t  as a defect. 
The statistics of the exposure can be treated mathe-  
matical ly  and the results are summarized as a set of 
curves in Fig. 26. The figure shows as a funct ion of 
resolution e lement  size the exposure flux in C/cm~ 
required to achieve a fixed average n u m b e r  of de- 
fective elements per cm 2. There are three pairs of 
curves. One pair  pertains to si tuations in which an 
e lement  is regarded as defective if it  receives an ex-  
posure that  is not wi th in  ___25% of the nomina l  level; 
the second pair  applies if an exposure error is defined 
as a deviation of __+50% or more from the nomina l  
level; the third pair  considers exposure errors of 
exactly 100%, i.e., elements which receive no electron 
hits at all. Within  each pair, one curve pertains to a 
fixed average defective e lement  rate of 1 defect /cm 2 
and the other to a rate of 100 defective e lements /cm 2. 
In  Fig. 26 we see that  by going from the upper  to the 
lower curve of any  pair, the defect rate increases by 
a factor of 100 with a flux decrease of only about 30%. 
Given that  resist sensitivities are on the order of 10 - s  
C/cm 2, we are not  yet  in a regime where  we are be- 
coming statistically limited. 

We have seen t ha t  the fundamenta l  l imit  to resolu- 
t ion is due to electron scattering considerations. The 
extent  of scattering is in t u rn  determined by a var ie ty  
of parameters  discussed previously which determine 
the max imum resolution. The opt imum resolution for 
a given resist thickness is best determined in those 
positive resists which do not  swell dur ing  development,  
e.g., PMMA, and whose profile is thus pr imar i ly  de- 
termined by scattering considerations. The resolution 
can be obtained by exposing lines wi th  a single beam 
spot of very small  diameter  and varying  the exposure 
density. Figure 27 shows a plot of the ratio of beam 
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Fig. 26. Minimum required exposure to obtain a given defect 
probability as a function of element size (from M. Feldman, Private 
communication). 
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Fig. 27. Curves of normalized linewidth vs. linear exposure 
charge density for PMMA at 1.0, 0.5, and 0.3 #m [from M. Hat- 
zakis, J. Vac. Sci. Technol., 12, 1276 (1975)]. 

spot size to developed l inewidth  in  PMMA at t h e  
point  of complete l ine development  vs. the l inear  ex- 
posure charge density. The figure shows the results for 
resist thickness of 0.3, 0.5, and 1.0 ~m, respectively, for 
a 1000A diam beam. We can see that  for thin films on 
the order of 0.3 #m, it  is possible to obtain l inewidth  
comparable to the beam diameter  at l inear  charge 
densities of about 2 • 10 -9 C/cm. Of course at higher 
charge densities the l ine starts to broaden considerably. 
Figure 28 is a scanning micrograph of one sample on 
the curve which exhibits an aspect ratio of 4. It  shows 
a 2500~k wide l ine in 1 ~xa thickness resist with vert ical  
walls and represents the opt imum resolution that  can 
be obtained in PMMA 1 ~ thick exposed with a 
1000A wide beam (43). 

In order to obtain even finer resolution, one has to 
resort to special techniques to minimize electron scat- 
ter ing effects. Two main  approaches (48) have been 
used. Firs t ly  the sample substrate  is made so th in  t h a t  
electron backscattering is minimized. Secondly, the 
electron resist in which the pa t te rn  is in i t ia l ly  formed 
is made so thin that  forward scattering is also reduced. 
Broers et al. (49) for example have defined 250A wide 
lines and spaces in 225A thick films of Pd40Au60 using 
PMMA resist. The ini t ial  resist thickness was l l00A 
and the resist was exposed in a high resolution scan- 
n ing transmission electron microscope (STEM) at a 
charge density of 5 • 10 -4 C/cm 2, a beam potential  
of 56 kV, and a beam diameter  of 10A. Thus 200-300A 
would appear to be the range of the secondary elec- 
trons produced by passage through the resist of the 
p r imary  electron. Using contaminat ion techniques (a 
technique in  which a l ine is bui l t  up by in s i tu poly-  

Fig. 28. Profile of a 2500• wide line exposed and developed in 1 
~m thick PMMA at 4 • 10 - 9  C/cm at 20 kV [from M. Hatzakis 
J. Vac. Scl. Technol., 12, 1276 (1975)]. 
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merizat ion of mobile monomers adsorbed on the sub-  
strate surface), Broers et al. (50) have fabricated 
80A wide and 100A thick Pd40Au00 lines. In  this case 
resolution was not l imited by electron scattering but  
by the grain size of the metal  films. 

X - r a y  l i thography . - -X-ray  l i thography was estab- 
lished as a viable fabricat ion technique by Spears and 
Smith in 1972 (51). The essential ingredients  of this 
process include:  (i) a mask consisting of a device 
pa t te rn  made of x - r ay  absorbing mater ia l  on a thin 
membrane  of x - ray  t ransmit t ing  material,  (it) an 
x - r ay  source of sufficient brightness in  the soft x - r a y  
region to expose the resist through the mask, and (iii) 
an x - r ay  resist. 

For  all practical purposes, x- rays  travel in  s traight  
lines through mat ter  wi~h resolution being pr imar i ly  
determined by the effective range 5 of the photo- 
electrons produced in  the resist following absorption 
of an x - ray  photon (52). Energy absorption follows 
an exponent ial  dependence on ~n the mass absorption 
coefficient, on p the density, and on z the thickness of 
the absorbing film according to 

I : Ioe-~mpz [36] 

where Io and I are the intensit ies of x-rays  before and 
after passage through the absorbing film. Photo-elec-  
trons lose energy by the same elastic and inelastic 
collisional processes discussed earl ier  producing sec- 
ondary electrons which are responsible for near ly  all 
changes in the resist. Each location of an absorption 
event  is therefore surrounded by a small  volume of 
dimension 5 where the resist has been modified. The 
energy of photo-electrons ejected during absorption 
of 4A x-rays  for example is on the order of 3 keV for 
which the range is on the order of 0.3 ~m. The range 
will be smaller  [~50A for CK x-rays  (~. : 44.8A)] 
and hence potential  resolution will be higher for 
longer wavelength x-rays.  

Resolution is fur ther  l imited by two types of geo- 
metrical  d i s t o r t i on  (Fig. 29). The opaque parts of the 
mask cast shadows onto the wafer below. The edge of 
the shadow is not absolutely sharp because of the 
finite extent  of the x - r ay  source (diameter  of focal 
spot of electrons on the anode) at distance D from the 
mask. I f  the gap between mask and wafer is g, this 
effect which is referred to as penumbra l  b lu r  O-p, l imits 
resolution to 
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~p = g (cZ,/D) [37] 
The angle of incidence of the x- rays  on the wafer  
varies from 90 ~ at the center  of the wafer to tan -z  
(D/R) at the edge of a wafer of radius R. The shadows 
are slightly longer at the edge by an amount  A which 
is given by 

A -- g ( R / D )  [38 ]  

This small  magnification is general ly  of no concern 
but  for mult i level  devices it must  have the same value 
for each level or at least its variat ion must  be wi thin  
the registration tolerance. This implies s t r ingent  con- 
trol of the gap g. These geometric distortions can be 
reduced by increasing the distance between mask and 
source bu t  since the in tens i ty  is inversely dependent  
on the square of the distance, the exposure times be-  
come too long. One way out of this di lemma is to use 
synchrotron radiat ion (53, 54). Synchrotron radiat ion 
arises as the major  loss mechanism from electrons in  
motion at relativistic energies. The radiat ion consists 
of an intense continuous spectral distr ibution from the 
infrared out to x - ray  wavelengths. I t  is highly col- 
l imated and is confined near  the orbital  p lane of the 
circulating electrons thereby requir ing spreading in 
the vertical direction or moving the mask wafer com- 
binat ion with constant  speed through the fan of syn-  
chrotron radiat ion to expose the entire wafer surface. 
The high power output  offers the advantage of rea-  
sonable resist exposure times and the fact that  the 
radiat ion is produced over a few mil l i radians diverg- 
ence means that  r un - ou t  error and penumbra l  dis- 
tort ion are significantly reduced. 

A fur ther  factor which can degrade resolution is 
mask contrast. Figure 30 shows the l inear  absorption 
coefficient a of some of the most absorbing and some of 
the most t ransparent  materials available. Except for 
discontinuities at absorption edges, the absorption in -  
creases with increasing wavelength. It  should be noted 
that the most absorbing materials are only about a 
factor of 50 higher in their  absorption coefficient than 
the most t ransparent  materials.  Thus mask substrates 
have to be relat ively thin to have sufficient t ransmis-  
sion and the absorber pa t te rn  has to be re la t ively  thick 
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Fig. 29. Schematic diagam of an x-ray exposure system showing 
the types of geometric distortion encountered. 
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most transparent materials for soft x-rays. 
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to a t tenuate  x- rays  sufficiently. Contrast  is the ratio 
of the t ransmission of the "clear" area to the t rans -  
mission of the "opaque" area. A low contrast  mask ~ 
will  give rise to some addit ional  spurious exposure of 
the resist (55) as shown in Fig. 31. The addit ional  ex-  
posure is caused by (i) continuous x-rays,  (ii) second- 
ary electrons and Auger  electrons ejected from the 
x- ray  mask, and (iii) secondary electrons ejected from 
the resist substrate. As an example of the effect of 
continuous radiation, for an 8:1 contrast  ratio in  an 
x - r ay  resist exposed with a Pd x - r ay  source, 7000A 
of gold is required for the absorber pa t te rn  on the 
mask. In  comparison, if the exposure were done by  
4.4A characteristic radiat ion only, 4500A of gold would 
give the same contrast  ratio. Likewise the secondary 
electrons and  Auger  electrons contr ibute  to the ex -  
posure of the resist in  the regions undernea th  the gold 
layers and therefore decrease the resolution and con- 
trast  of the exposed pat tern.  

The fact that  absorption coefficients for x - rays  vary  
roughly as r~ 3 between absorption edges favors the use 
of short wavelengths to penetrate  the mask substrate 
and long wavelengths to be absorbed by the pat terned 
areas. The selected wavelength  is therefore a com- 
promise between the desire to obta in  as much t rans-  
mission as possible and as much contrast  as possible. 
For pat terns with dimensions around 1 #m, the wave-  
length region between 4 and 50A represents an accept- 
able compromise. 

Mask contrast  is also impor tan t  in de termining the 
shot noise l imi ta t ion for the sensit ivi ty of the resist 
(56). The shot noise in the absorption of photons de- 
fines a l imita t ion for the sensit ivi ty of any detector. 
Consider the average number  n of x - r ay  photons ab-  
sorbed in  a small  volume of resist (Fig. 32) to be 
given by 

E 
n = -- A52 [39] 

hv 

where E is the incident  exposure density, hv is the 
energy of each x - r ay  photon, and A is the fraction of 
the incident  energy which is absorbed in the resolu- 
tion e lement  of resist with lateral  dimension ~ and a 
thickness d. I t  is assumed that  the resist is ideal, i.e., 
there are no other l imitat ions on its performance;  the 
resist contrast  is infinite. The absorption is given by 

A : 1 -- e -ad [40] 

A ~ d  for a < < l  [41] 

where ~ is the l inear  absorption coefficient. Since 
photons actual ly arrive at random, the actual n u m b e r  
of photons absorbed in different resolution elements 
will deviate from the average value. These deviations 
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Fig, 31. Schematic representation of spurious exposure effects 
affecting the x-ray exposure [from J. R. Maldonado, G. A. Coquin, 
D. Maydan, and S. Somekh, J. Vac. Scl. Technol., 12, 1329 (1975)]. 
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from the average value are responsible for the per-  
formance l imitat ions of an ideal resist. The probabi l i ty  
of absorbing photons in  one resolution e lement  for 
which the average n u m b e r  of absorbed photons per 
resolution e lement  is n is determined by  the Poisson 
distr ibut ion 

9% a 
p ( n ,  n ) = - -  e-f~ [ 4 2 ]  

n! 

Which for large ~ can be approximated by 

1 [ --(n--n') '~'] 
p (n, n ) ~ ~ exp 2 ~ [431 

The Poisson dis t r ibut ion has a width defined by  its 
s tandard deviation 

a = ~/~ [44] 

Let us now assume that  the "clear" areas of the x - r ay  
mask have a t ransmission of 1 and that  the "opaque" 
areas have a t ransmission of T. The average exposure 
in  the "opaque" area is then reduced to n--T -- Tn  as 
compared to the value ~ in the "clear" parts of the 
mask. 

The probabi l i ty  p(n)  of observing n photons in  a 
resolution element  is plotted in  Fig. 33 for areas under  
the clear and opaque parts of the mask for an  ex-  
posure in  which n -- 15 in  the clear pa r t  and  nT 
---- 7.5 in the opaque par t  (T -- 0.5). I t  can be seen 
from Fig. 33 that  the two distr ibutions overlap. 
Thus there is no way of knowing from the exposed 
resist copy whether  the mask was t ransparen t  or 
opaque in  a special area for observed photon ab-  
sorptions which are in the overlap region. For  an  
ideal resist we might  define an opt imum threshold 
value hop t such that  all elements which received 

~ nopt photons are developing as if not  exposed and 
all resist areas with n ~-- nopt are recognized as exposed 
areas and then choose nopt in  such a way as to min i -  
mize the probabi l i ty  for an error. Whenever  we ob- 
serve n ~ nopt photons in  the clear sections of the 
mask or n > nopt photons in  the opaque sections, we 
have made an error and produced a defect. The prob-  
abil i ty Pdef for such a defect is 
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Fig. 33. Poisson distribution for an exposure n = 15 in the clear 
and n - -  7.5 in the opaque areas of the mask (T ~ 0.5). The 
shaded area represents the probability for a defect which occurs 
when more than nopt = 11 photons are observed in opaque areas or 
nopt = 11 or less photons for the clear areas of the mask [from 
E. Spil)er and R. Feder, Topics in Applied Physics, Val. 22, "X-Ray 
Optics, Applications to Solids," Chap. 3, H. J. Queisser, Editor, 
Springer Verlag, Berlin (1977)]. 

noPt 

P d ~ =  ~ p ( n , ~ ) §  p ( n , T . ~ )  [45] 
n = O  n=nopt 

In Fig. 33, Pdef is r epresen ted  b y  the shaded  a rea  
under  the two Poisson distr ibut ions.  The defect  p r o b -  
ab i l i ty  becomes smal le r  for a l a rge r  separa t ion  of the 
two Poisson dis t r ibut ions  which can be achieved b y  
increas ing the exposure  a n d / o r  b y  increas ing  the con- 
t ras t  of the mask.  

F igure  34 is a plot  of Pd~f as a funct ion of exposure  
for various t ransmiss ion values  of the absorber  pa t -  
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Fig. 34. Probability for a defect Pde~ as a function of exposure in 
the clear areas of a mask for an ideal resist for different trans- 
mission values in the opaque areas of the mask [from E. Spiller and 
R. Feder, Topics in Applied Physics, Vol. 22, "X-Ray Optics, Appli- 
cations to Solids," Chap. 3, H. J. Queisser, Editor, Springer Verlag, 
Berlin (1977)]. 

tern. For  high contras t  masks  (T < 0.02) p rac t ica l ly  
defec t - f ree  resis t  copies (Pder < 10 -8)  can be obta ined  
wi th  exposures  n > 30. Fo r  masks  of low contras t  
(T ~ 1) the exposure  has to be increased  dras t ica l ly  
to obta in  a s imi lar  performance.  The 3r cr i ter ion is a 
wide ly  used measure  for  an acceptable  low e r ro r  p rob -  
abil i ty.  This requi res  tha t  the  over lap  of the two 
Poisson dis t r ibut ions  should on ly  occur outside the  
l imi t  of each dis t r ibut ion.  The separa t ion  of the two 
dis t r ibut ions  should be three  t imes the s t andard  de-  
viat ion of each d is t r ibu t ion  

~ ' -  T �9 ~, = 3r + 3r [46 ]  

combining Eq. [44] and [46] we obta in  for  the  requ i red  
exposure  

= g / (1  --  ' k /T )  �9 [47] 

Thus, low contras t  masks  requ i re  h igher  exposures,  
i.e., less sensi t ive resists, to obta in  a p rede t e rmined  
defect  density.  The m i n i m u m  va lue  of n r equ i red  to ex -  
pose the res is t  is given by  Eq. [39]. Equat ion  [47] then  
gives the mask cont ras t  r equ i red  to meet  the  3r defect  
l imit .  

As ment ioned a l ready,  the in t r ins ic  resolut ion  a t t a in -  
ab le  wi th  x - r a y  l i thography  is de te rmined  by  the effec- 
t ive range  of the p r i m a r y  photo-e lec t rons  and is as low 
as 50A for a CK x - r a y  (~ : 44.7A). In  o rde r  to test  the  
resolut ion capabi l i ty  of x - r a y  l i thography,  one needs 
a mask. High-reso lu t ion  test  masks  have  been  fabr i -  
cated by  e lect ron beam l i thography  and have a l lowed 
repl ica t ion  of 0.1 ~m geometr ies  wi th  x - r a y  l i thog-  
r a p h y  (52). The technique al lows sha rp  ver t ica l  s ide-  
wal ls  and large  aspect  ra t ios  to be obtained.  F igu re  35 
shows a scanning electron mic rograph  of  the  cross 
section of a 1600A l inewid th  gra t ing  pa t t e rn  exposed 
in an 8500A thick PMMA film on an SiO2/Si subs t ra te  
using CUL x - r a y  rad ia t ion  at  13.3A. The s l ight  curva-  
ture  of the gra t ing  lines are  be l ieved caused by  over -  
deve lopment  which led to sof tening of the PMMA. 

Ion beam lithography.--Resolution in ion beam l i -  
thography  is de te rmined  b y  ion sca t te r ing  and scat-  
ter ing of the resu l t an t  secondary  e lect rons  (57). The 
contr ibut ion  of each to the overa l l  t r ansverse  energy  
d is t r ibut ion  is a funct ion  of the  energy  and atomic 
number  Z of the ions. F o r  ions of high Z and high en-  
e rgy  for  which the range m a y  be cons iderab ly  g rea te r  
than  the res is t  thickness,  resolut ion is p r i m a r i l y  de te r -  
mined  by the range  of the  secondary  electrons.  For  a 
large  Z ion, e.g., O+ at  1.5 MeV, the  veloci ty  of the 
sca t tered  e lec t ron  is r e l a t ive ly  smal l  and so they  have  
a r e l a t i ve ly  shor t  range.  In  addit ion,  the  cross section 
for  e lect ron scat ter ing f rom a heavy  ion is g rea te r  so 

Fig. 35. Scanning electron micrograph of the cross section of a 
1600A. linewidth grating pattern exposed in 8500.~ thick PMMA 
an an Si/SiO~ substrate using CuL x-rays at t3 .3A [from D. C. 
Flanders, H. I. Smith, H. W. Lehmansi, R. Widmer, and D. C. 
Shaver, Appl. Phys. Left., 32, 112 (1978)]. 
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the deposi ted energy  dens i ty  is high in the  cen te r  of 
the  par t ic le  t r ack  ex tend ing  out  to perhaps  100A. Fo r  a 
l igh te r  pa r t i c le  a t  the same energy,  the secondaries  
have much h igher  veloci t ies  and  hence a l a rge r  range.  
This s i tuat ion is schemat ica l ly  r ep resen ted  in Fig. 36 
which  shows the r ad ia l  d i s t r ibu t ion  of deposi ted  en-  
e rgy  by  secondary  electrons for 1.5 MeV O +, He +, 
and H +. 

On the o ther  hand, the range  of secondary  electrons 
for ions of low Z and energy,  e.g., 50 keV H + is v e r y  
smal l  (--~50A) and resolut ion  is p r i m a r i l y  de te rmined  
by  ion scat ter ing.  Thus the  prac t ica l  resolut ion  can be  
va r ied  depending  on choice and  energy  of the  ion. 

The amount  of energy  deposi ted b y  an ion per  uni t  
t r ack  l eng th  (dE/dx)  as i t  passes th rough  a res is t  is 
cons iderab ly  g rea te r  than  for electrons.  The diss ipat ion 
for  1.5 MeV O + is about  800 eV/nm,  for  1.5 MeV He + 
is about  200 eV/nm,  and for 1.5 MeV H + is about  20 
eV/nm.  The diss ipat ion for 10 keV electrons is about  4 
e V / n m  and for  20 kV electrons is about  2 eV/nm.  Thus 
the resis t  sens i t iv i ty  in te rms of inc ident  dose (C /cm s) 
is cons iderab ly  g rea te r  [about  one to two orders  of 
magni tude  (58)] for an ion b e a m  exposure  t han  for an 
e lec t ron beam exposure.  One might  expect  tha t  on the  
basis of absorbed  energy,  resists  would  have  the same 
sensi t ivi ty.  P r e l i m i n a r y  resul ts  indicate  however  tha t  
the  amount  of deposi ted energy  to achieve the  same 
degree  of exposure  is not  constant  as one goes f rom 
electrons th rough  l ight  ions to heavy  ions (57). Thus 
the  res is t  chemis t ry  is a funct ion of the energy  t rans fe r  
function, i.e., dose rate.  

Chemical Limitations 
We have  seen tha t  severa l  factors  con t r ibu te  to in -  

he ren t  loss of resolut ion depending  on the pa r t i cu l a r  
exposure  technology. Diffract ion of l ight,  sca t ter ing  of 

p r imary ,  secondary,  and  photo electrons,  sca t te r ing  of 
ions, and m a s k - r e l a t e d  p rob lems  al l  cont r ibute  to 
energy deposi t ion in a reas  remote  f rom the po in t  of 
e n t r y  of the  impinging  radia t ion.  The sca t te red  en-  
e rgy  can cause chemical  changes in the  res is t  thereby 
l ead ing  to resolu t ion  loss. Thus an  under s t and ing  of 
resis t  response, which  has  common e lements  for  a l l  
exposure  technologies,  is impor t an t  in de te rmin ing  the 
m a x i m u m  resolut ion  a t t a inab le  wi th  a g iven  set  of  
process conditions. The res is t  response funct ion which 
p r i m a r i l y  de te rmines  resolu t ion  is the  cont ras t  (~).  
Contras t  in the  case of negat ive  res is t  is r e l a t ed  to the  
ra te  of c ross - l inked  ne twork  (gel)  fo rmat ion  and m a y  
be  convenien t ly  measured  b y  expos ing  pads  of k n o w n  
a rea  to va ry ing  rad ia t ion  doses. Gel  is not  formed 
unt i l  a cer ta in  dose, t e rmed  the in te r face  ge l  dose 
(Dig), has been  reached.  Thereaf te r ,  the  gel  content  

increases  wi th  increas ing dose; consequent ly  the th ick-  
ness r ema in ing  af te r  deve lopment  increases  unti l ,  
u l t imate ly ,  the  thickness  of the deve loped  p a d  is equal 
to the or ig inal  film thickness  ( in pract ice  i t  is s l igh t ly  
less due to volume contrac t ion  dur ing  c ross - l ink ing) .  
This s i tuat ion is shown schemat ica l l ly  in Fig. 37a. Re -  
sist  contras t  (Tn) is then defined as  (59) 

'>',, = 1 / ( log  D,Og- log Dig = F log D %  ] [48] 
L Dig J 

where  DOg is the dose requ i red  to produce  100% ini t ia l  
film thickness and i t  is de t e rmined  by  ex t r apo la t ing  the  
l inear  por t ion  of the  th ickness  vs. dose plot to a 
value  of 1.0 normal ized  film thickness.  We m a y  also 
note here  tha t  the  sens i t iv i ty  of  a negat ive  res i s t  is 
usua l ly  t aken  as the dose (D0.~g) requ i red  to cross- 
link the film so tha t  50% of the  in i t ia l  fi lm thickness 
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4,0 remains after development. A residual film thickness 
50% of the original film thickness is chosen somewhat 
arbitrarily as representing that thickness required for 
the resist to serve as a lithographically useful etch 
mask (60). Other considerations may dictate different 
thicknesses. 

For a positive resist, the film thickness of the ir- 
radiated region remaining after development decreases, 
until eventually a dose De is reached, which results 
in complete removal of the film on development (Fig. 
37b). This value also represents the sensitivity of a 
positive resist. Contrast (Tp) is related to the rate of 
degradation of molecular weight and is defined as 

.t~=l/(logDa--lo,gDo) = [ l o g - ~  ] [49] 

where Do is the dose at which the developer begins to 
attack the irradiated film and is determined by ex- 
trapolating the linear portion of the film thickness re- 
maining vs. dose plot to a value of 1.0 normalized ini- 
tial film thickness. 

Most negative resists operate on a cross-linking 
principle and most positive resists operate on a chain 
scission principle to achieve differential solubility. 
These mechanisms will be assumed for the purpose of 
the following discussion although it is recognized that 
other-mechanisms like those operative in positive re- 
sists for photolithography at conventional wavelengths 
do exist. The reader is referred to the pertinent refer- 
ences for discussion of these mechanistic differences 
(61, 62). 

Regardless of mechanism, it is the resist contrast 
which determines the response of the resist in regions 
remote from the point of entry of the exposing radia- 
tion. The contrast of positive resists such as PMMA or 
poly(butene-1 sulfone) PBS, is greater than 2 and is 
much higher than that of negative resists whose con- 
trasts lie in the range between 0.5 exemplified by 
epoxidized polybutadiene to about 2 for monodisperse 
polystyrene. Positive resists accordingly show a higher 
resolution than negative resists although as we have 
already noted, resolution in negative resists is also de- 
termined by other factors such as swelling. Within 
negative resists, resolution is directly proportional to 
contrast. 

Optical projection printing provides an excellent 
example of the importance of contrast. We saw earlier 
that the modulation transfer function provides a con- 
venient measure of the range of exposure or light in- 
tensity levels achievable with a given pattern. Al- 
though the cut-off frequency of the MTF curve (cf. 
Fig. 4) indicates the resolution limit for the exposure 
tool, it is the resist contrast which determines the 
minimum MTF for acceptable imaging. For a given 
resist system, image development requires that the 
optically determined MTF exceeds some critical value 
related to the contrast characteristic of the resist ma- 
terial. This critical value has been defined as (63) 

I~oo - -  Io 
(CMTF) res is t  "-- [ 5 0 ]  

I100 + I0 

where I10o is the minimum exposure energy for 100% 
exposure and Io is the maximum exposure energy for 
zero exposure (Ilo0 is equivalent to DOg or Dc in Eq. 
[48] and [49]; likewise I0 is equivalent to Dig or D~). 
The contrast of the resist is related to the (CMTF) 
resist as shown in Fig. 38. The minimum sized printable 
feature using any combination of resist and lens is then 
determined by the condition (MT]/'~)optical ~ (CMTF)reslst. 
The (CMTF)resist for polymer resists is commonly 
quoted to be 0.6. Some newly developed negative in- 
organic resists exhibit contrasts three to four times 
greater than that of polymeric resists thereby facilitat- 
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Fig. 38. (CMTF)resist as a function of resist contrast [from K. L. 
Tai R. G. Yodimsky, C. T. Kemmerer, J. $. Wagner, Y. E. Larnberti, 
and A. G. Timko, J. Vac. ScL Technol., | 7 ,  1169 (]980)]. 

ing imaging at higher frequencies than is possible with 
polymer-based resists (63). 

There is very little quantitative information on those 
factors which determine resist contrast. Attempts (64) 
have been made to describe the lithographic response 
curves in terms of physical-chemical processes particu- 
larly those accompanying cross-linking in sol-gel be- 
havior in bulk samples. These processes include: (i) 
changes in molecular weight distribution; (ii) competi- 
tion between cross-linking and degradation of poly- 
mer chains, and (iii) chemical amplification of the 
cross-linking process. In general though, theoretical 
arguments have only guided discussions of contrast 
(65). 

The other major factor timiting resolution, particu- 
larly in negative resists, is swelling of the exposed 
areas during developing. Neighboring exposed areas 
swell during the development process and when those 
areas are close together, the swollen regions can fuse 
giving rise to "stringers" between exposed regions 
(Fig. 39). Swelling can also occur in positive resists 
such as poly(isobutylene) giving rise to poor resolu- 
tion (61). 

Nevertheless, in spite of the lack of a quantitative 
understanding of-many of these factors, there is con- 
siderable body of information which can be applied 
to resist design in order to maximize sensitivity and 
contrast. Clearly, positive resists which operate on the 
chain scission principle should possess a high suscepti- 
bility to degradation (high G-value for scission) with 
negligible concurrent cross-linking (low G-value for 
cross-linking). [The G-value is a measure of radiation 
sensitivity and is the number of events (scission on 
cross-linking in this case) per i00 eV of energy ab- 
sorbed]. Optimum sensitivity and contrast for a given 
system usually requires high molecular weight and 
narrow molecular weight distribution. Negative re- 
sists operating on the cross-linking principle should 
possess high G (cross-linking) and negligible G 
(scission), high initial molecular weight, and narrow 
molecular weight distribution. The implications of 
these design features to actual polymeric resist sys- 
tems have been extensively reviewed (59, 61). 

Polymers generally dissolve by first imbibing sol- 
vent to produce a swollen gel followed by disintegra- 
tion of the gel into a true solution (54). In the case of 
negative resists, the swollen gel is insoluble and de- 
velopment involves leaching the soluble uncross- 
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Fig. 39. Photomicrograph show- 
ing bridging between adjacent 
features caused by swelling dur- 
ing development [from D. W. 
Johnson, SPIE Vol. 174, Develop- 
ments in Semiconductor Micro- 
lithography IV, 108 (1979)]. 

l~.ked maeerial from the gel. Positive resists form a 
swollen gel layer between the solvent and virgin poly- 
mer. Development involves dissolution of the gel por- 
tion as the solvent front moves through the polymer. 
The degree of swelling in both cases can be minimized 
by choice of developer (66, 67). Also, the glass transi- 
tion temperature of the polymer should be greater 
than the dissolution temperature. PMMA appears 
unique among the positive resists (indeed among poly- 
mers in general) in that its dissolution mechanism 
effectively does not involve the formation of a swollen 
gel layer (54). By proper choice of solvent and tem- 
perature, swelling can be minimized in other positive 
resists such as PBS but unfortunately there is no clear 
cut understanding of just why PMMA exhibits this 
unique dissolution mode over the normal room tem- 
perature range. 

Conclusions 
For the near future, it appears that advanced optical 

lithography systems will be adequate to produce most 
of the next generation of microcircuits, but below 
0.4-0.8 #m some alternative exposure technology will 
be required. Each of the other technologies is capable 
of submicron resolution with electron beam and x-ray 
systems being most advanced with respect to tech- 
nological development. Electron beam lithography on 
thin substrates has opened up a new regime of dimen- 
sions below 100 nm that is of particular scientific rather 
than technological interest. The major driving force 
though in today's electronic industry is cost rather than 
performance so smaller and smaller dimensions are 
only desirable if they can be obtained without a large 
increase in cost. Thus, although the resolution capa- 
bility of each technology is sufficient for the foresee- 
able future, the particular technology chosen will be 
on the basis of cost effectiveness. 

Manuscript submitted Aug. 21, 1980; revised manu- 
script received Dec. 4, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication co~ts o:f this article were assisted by Bell 
Laboratories. 
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A B S T R A C T  

The s t ructural  changes of electrolytic solutions of LiC104 in  te t rahydro-  
fu ran  (THF) ,  caused by addit ion of HCOOH at 298.15 K, have been studied. 
The conductance data at different solvent composition showed the presence 
of ion pairs, triple ions, and quadrupoles in the solution. The measured vis- 
cosity, dielectric constant, electric conductance, and densi ty values were used 
to calculate the equivalent  conductivi ty at infinite di lut ion for simple ions 
A ~, the association constant  for the ion pairs, Ka, and the formation constant  
for the tr iple ions, Kt. 

Interest  in  s tudying the physical properties of or-  
g a n i c  electrolytic solutions arises main ly  from the 
l ikely application of the results to the improvement  of 
l i th ium batteries in  organic solvents. The knowledge 
of the physical parameters  such as A, e, ~1, p, and the 
constants of ionic association Ka, Kt, and Kq, becomes 
par t icular ly  impor tant  in  connection to l i th ium ba t -  
teries in  organic solvents that  use l iquid catholytes 
such as H20, HCOOH, CI-I3OH, etc., owing to the s t ruc-  
tural  effect of those cathodic reactants  in  the organic 
electrolytic solution itself, e.g., a solution of LiCIO4 in 
te t rahydrofuran  or propylene carbonate (1-3). The re- 
sults obtained in the present  work may help the l i th ium 
cell manufac turers  to choose opt imum composition of 
the electrolyte in  order to get m i n i m u m  in te rna i  
ohmic drop, using a m i n i m u m  amount  of the rather  ex- 
pensive electrolyte (LiC1OD, and max imum energetic 
capacity of the cell. This paper  deals with the re-  
sults obtained for HCOOH in an electrolytic solution 
Of LiC104 in  THF. 

Experimental 
A Leeds and Northrup bridge (Cat. No. 4866-60), and 

a Beckman pipet te- type conductivi ty cell were used in 
all  the conductance measurements .  The cell constant  L 
was obtained according to Jones and Bradshaw (4), 
with 0.01D solutions of KC1. A mean value of L ---- 1.013 
___ 0.003 cm -1 was found for 5 measurements .  A Sar-  
gent  oscillometer Model V, calibrated wi th  s tandards 
of known dielectric constant, was used. The expression, 
e ---- 2.107 ~- 2.646 10-4S, obtained by the least squares 
method, relates the dielectric constant c, with the scale 
reading of the ins t rument  S. Two Ostwald viscosime- 
ters were used, cal ibrated with conductivi ty water  
~H2O = 0.8903 cp (5) and THF, ~THF = 0.4583 cp (6), 
as s tandards and uti l izing the Jones and Stauffer equa-  
t ion (7), ~ ---- Apt-B (p/ t) .  All calibrations and mea-  
surements  were carried out  at 298.15 (___0.02) K. The 

* Electrochemical Society Active Member. 
Key words: formic acid, electrolytic solutions, organic solvents, 

tetrahydrofuran, lithium perchlorate. 

chemicals used were: te t rahydrofuran  (THF),  Merck 
p.a., density at  298.15 K, pTHF = 0.8820 (+__.0.001) g 
cm -3, measured with a 25 cm -~ picnometer  and a 
Metler balance Model H20-T, compares well  with the 
values found in the l i terature:  0.880 and 0.883 (8, 9). 
The measured dielectric constant  oWl:IF = 7.39 also 
agreed with the values found in the l i tera ture  (8, 9). 
Critchfield (10), by measur ing the dielectric constant  
of THF as a funct ion of water  concentration, reported 
a value ~THF ~ -  7.39 for 100% THF. The NMR and in-  
frared spectra did not show the presence of water  and 
consequently, it was used without  any fur ther  purifica- 
tion. Anhydrous  l i th ium perchlorate (LiC104) used was 
FLUKA, A.G., pure grade. The product  showed no 
weight loss in an oven test after being heated at 463.15 
K for 2-3 days. The reagent  was carefully stored in a 
desiccator over CaC12. While prepar ing the solutions 
the bott le was left opened for the shortest possible 
time. In  this way, the water  content  was always main-  
tained below the l imit  of sensibil i ty of the physical 
constants to be measured (A, ~, e, p), and therefore its 
influence in the exper imental  results cannot be sig- 
nificant. Formic acid (HCOOH), Merck p.a., was used 
without  fur ther  purification. Potassium chlorite (KC1), 
Merck p.a., was dried at 443.15 K and low pressure 
in an oil bath to constant  weight and stored in a 
desiccator over CaC12. Conductivi ty water  was prepared 
according to Morita (11) using a boro~ilicate glass con- 
denser. The mixtures  of THF and HCOOH and the 
solutions of LiClO4 in these mixtures,  were prepared 
separately by weighing, and were used wi thin  4 hr after 
being prepared. 

Results and Discussion 
Table I shows some physical properties of the THF 

-b HCOOH mixtures.  The density of 6-8 solutions of 
LiC104 in this mixture,  at constant  composition, was 
measured and the results fit a quadrat ic  equation, of 
the type p = a -b bm ~- cm 2. A plot of this equation 
was employed to get the density of any  other solution 
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Table I. Physical properties of the solvent (THF -]- HCOOH) 

Mass  
percent p/kg 
H C O O H  d m  ~ e/D "0/ep k /S  c m  -~ 

Table III. Conductance of the LiCl04 solutions in THF -{- HCOOH 

Mass 
percent n / S  
H C O O H  c~mo~/mo~ d,a ~ k / S  c m  -~ crn z m o l  -~ 

0.0 0.8820 7.39 0.4583 - -  
1.5 0.8885 7.60 0.4696 4.6 x 10-,~ 
3.0 0.8907 7.80 0.4906 2.9 x 10 ~ 
5.0 0.8970 8.00 0.4857 I . i  x 14}- ~ 

10.0 0.9046 8.90 0.5270 7.1 x 10 -~ 
15.0 0.9196 9.75 0.5526 2.1 x 10-: 

of the same solvent  composition, Table II. In  the equa-  
tion above m is the molality, a, b, and c are constants. 

The viscosity of the solutions becomes greater as the 
concentrat ion of the HCOOH increases, because ~IHCOOH 
= 1.61 cp (5) is greater than ~lT~ = 0.4583 cp (6). For 
each solvent composition the viscosity becomes greater  
too, as the concentrat ion of LiC10~ increases. The re la-  
tive viscosity, n/,Io, ~1 and ~lo being the viscosity of the 
solution and of the solvent, respectively, fit a curve, 
whose analyt ical  expression was found to be ,l/% = 
1 - -  0.5776 xr ~ 1.590c. 

It  was also found that  the logari thm of the electri-  
cal specific conductivi ty for solvent mixtures  of THF 
and HCOOH log k, is a l inear  funct ion of the logari thm 
of the mass percent  of HCOOH, log (100w), according 
to the equation log k = 2.65 log (100w) -- 9.80; this 
expression was used to extrapolate the values of k 
for low values of the mass percent  of HCOOH, when k 
went  out of the scale of the conductance bridge. Figure 
1 shows plots of log A vs. the logari thm of the concen- 
t ra t ion of the electrolyte (LiC104) in  the solvent mix-  
ture, log c. The electrical conductance of the solutions 
increases with the percentage of the HCOOH (w/w)  
in the solvent mixture,  Table III. This can be ex-  
plained, partly,  by  the increase of the dielectric con- 
stant. With the increase in dielectric constant  the ionic 
interactions become weaker  and the ionic dissociation 
easier. 

Table |1. Physical properties o~ the electrolytic solutions 

Mass 
percent p/kg 
H C O O H  CLICl04/mol  d,n -a d m  -~ ~;/ep ,;/~;o 

0 0.8820 0.4583 1.0000 
0.0400 0.8865 0.4809 1.0493 
0.0967 0.8920 0.4929 1.0755 

0 0.2342 0.9022 0.5405 1.1794 
0.3323 0.9123 0.5796 1.2647 
0.4952 0.9245 0.6549 1.4290 
0.5882 0.9317 0.7007 1.5289 
0.9304 0.9604 0.9254 2,0192 

0 0.8855 0.4696 1.OOO0 
0.1549 0.8972 0.5090 1.0839 

1.5 0.3322 0.9127 0.5786 1.2321 
0.6756 0.9424 0.8125 1.7302 
0.8639 0.9577 0.8780 1.8696 
1.0801 0.9762 1.0419 2.2187 
0 0.8907 0.4806 1.0000 
0.0648 0.8958 0.5008 1.0420 
0.1587 0.9045 0.5365 1.1163 

3.0 0.2983 0.9151 0.5923 1.2324 
0.5038 0.9339 0.6935 1.4430 
0.7171 0.9502 0,8085 1.6767 
0.9347 0.9664 0.9516 1.9798 

0 0.8970 0.4857 1.0000 
0.0862 0.9530 0.5110 1.0521 
0.2180 0.9144 0.5633 1.1598 

5.0 0.3354 0.9237 9.6116 1.2592 
0.5191 0.9377 0.7006 1.4425 
0.7089 0.9541 0.8143 1.6795 
0.9224 0.9706 0.9651 1.9870 
O 0.9046 0.5270 1.0000 
0.0859 0.9139 0.5638 1.0698 
0.1780 0.9227 0.6065 1.1509 

I0.0 0.2624 0.9288 0.6472 1.2281 
0.4546 0.9445 0.7458 1,4152 
0.7027 0.9643 0.9078 1.7226 
0.9765 0.9853 1.1363 2.1562 

0 0.9196 0.5526 1.0000 
0,0932 0.9277 0.5959 1.0784 

15.00 0.1749 0.9344 0.6304 1.1408 
0.2252 0.9468 0.6727 1.2173 
0.4446 0.9560 0.7792 1.4101 
0.6457 0.9734 0.9177 1.6607 
0.9628 0.9977 1.1828 2.1404 

9.304 x i0  -~ 8.16 • 10 -8 3.40 
5.882 x 10 -I 1.67 • 10 ~ 2.84 
4.952 x 10 -I 1.25 x i 0  ~3 2.52 
3.323 • i0  -~ 6.34 x 100 4 1.91 
2.842 x 10 -I 3,42 x 100~ 1.46 
9.669 x 10 -~ 7.99 x 100 5 0.827 
3.999 x 10 -2 2.38 x 10 -5 0.595 
1.987 x 10 -2 1.20 x 100~ 0.633 

0 1.551 • I0 -~ 1.03 x 10- ~ 0.664 
9.164 x 10 -3 6.96 • I0 -~ 0.759 
6.639 x 10 -~ 5.17 x 10 -6 0.779 
3.916 x 10 -a 3.87 • I0 -~ 0.988 
2.458 x I0 -~ 2.89 x I0 -~ 1.18 
1.884 • 10 -.~ 2.47 • 10 -6 1.31 
1.278 • 10 -3 1.91 • I0 -e 1.49 
9.738 x 10 -~ 1.69 x 10 -6 1.74 

1.080 4.03 • 10 -s 3.73 
8.639 • 10 -I 3.14 • I0 -a 3.63 
6.758 x i0  -~ 2.31 • IO-~ 3.42 
3.822 x 100 ~ 7.58 • 10 -4 2.28 
1.459 • i0  -~ 1.91 x i0-~ 1.31 
5.729 • 10- ~ 4.09 • 10-~ 0.715 

1.5 2.183 • I0 -c 1.64 x I0 -~ 0.751 
5.411 x 10 -3 5.66 x 10 -3 1.05 
5.278 x 100 a 5.55 X 100" 1.05 
3.416 x 10 -3 4.47 • 10 -6 1.31 
1.762 x i0 -~ 2.76 x 10 -6 1.57 
6.355 • iO -~ 1.48 • 100 6 2.33 
3.397 • I0-~ 9.62 x I0 -7 2.83 

9.347 • 10- ~ 3.83 • 10 -3 4.10 
7.171 • 10 -~ 2.83 x 10 -a 3.95 
5.038 x 10 -~ 1.98 • 10 -3 3.93 
2.983 • 10 -~ 8.47 • 10-~ 2.84 

3.0 1.587 • 10- ~ 3.19 x I0 -~ 2.01 
6.479 x 10 -~ 7.97 x 10 ~ 1.23 
5.440 • I0 -~ 6.23 • I0 ~ 1.15 
2.435 • 10 -z 2.99 • 10 -5 1.23 
1.040 • 10 -~ 1.45 x I0 -5 1.39 
5.865 • 10-~ 9.88 x 10- ~ 1.68 
3.804 x 10 ~ 6.94 • 10-o 1.82 
1.728 x 100a 4.40 x 10-~ 2.55 
1.075 x 10 -3 3.06 • 10-Q 2.85 
5.149 x 100~ 2.63 x 100~ 5.11 
2.684 • I0-~ 1.86 • 100 3 6.93 

9.224 • I0-~ 4.30 • i0  -3 4.66 
7.089 x i 0  -~ 3.15 x 10 -3 4.44 
5.191 x 10- z 2.19 • 100 a 4.22 
3.354 • 100 ~ 1.14 x 10 -3 3.40 
2.180 x 10 -1 5.96 x 10 ~ 2.73 
4.034 x I0 -~ 1.52 x lO-i 1.51 
8.618 x 10 -3 6,10 x 10 -~ 1.76 

5.0 2.922 x 10 -3 4.35 x I0 --~ 1.49 
1.790 x 1002 2.85 x 100 s 1.60 
1.335 x iO ~ 2.30 x 10 ~ 1.72 
9.219 • 10 -3 1.77 x 100 s 1.92 
4.233 x I0 -~ 9.92 • i0 -~ 2.34 
2.224 x IO -S 6.60 x 100~ 2,97 
1.431 x 10 -~ 4.91 x 100 0 3.43 
8.915 x 10 -~ 4.23 x 100 3 4.74 
3.523 x 10 -4 2.09 x 100" 5.93 

9.765 x 10 -~ 5.88 x 10 -3 6.02 
7.027 x 10- ~ 4.39 x 10 -~ 6.24 
4.546 x 10 -~ 2.76 x 10 -~ 6.07 
2.624 x 10 -a 1.45 x 10 -a 5.53 
1.780 x 10 -~ 8.96 x 10 -~ 5.03 
1.075 x 10-~ 4.97 x 100~ 4.02 

10.0 8.589 x 100 ~ 3.78 x t0  -~ 4A0 
0.128 x 100 3 2.52 x I0-~ 4.11 
3.993 x I0 ,-~ 1.62 • 10 -4 4.15 
2.303 x 10 -~ 9.83 x 10 -~ 4.27 
1.587 x 10 -~ 7.29 x 10 ~ 4.59 
5.755 x 10 ~ 2.82 x 10 -~ 4.90 
3.096 x 10 -3 2.00 x 100~ 6,46 
2.141 X 10 -~ 1.52 X 10 -~ 7.10 
1.489 X lO s LIB x 15 -5 8.20 
8.537 x 10-~ 8.42 x 10 -~ 9,86 
4.725 x 19-~ 5.51 x 10 -0 11.66 

9.628 x 10 -~ 6.87 x 10 -a 7.13 
6.457 x 10 -~ 4.92 x 10 -s 7.62 
4.446 x I0 -~ 3.41 x 100 a 7.67 
2.252 x 10- ~ 1.79 x 10 -a 7.95 
1.749 x i0  -~ 1.18 x i0 -a 6.72 
9.317 x 10 -~ 6.10 x 10 -* 6.55 
6.580 x 10 -~ 3.92 x i0-* 5.96 

15.0 5.351 • 10 -~ 3.20 x 100 ~ 5.98 
4.600 x 10 -~ 2.78 x 10- ~ 6.04 
3,666 x i 0  -~ 2.22 x 10 -4 6.06 
2.061 x 100-" 1.36 x i0  -~ 6.60 
1.342 x 10 -3 9.34 X iO "~ 6.96 
8.631 x 100 ~ 6.75 x 10 -5 7.82 
4.640 x I0 -~ 4.33 X 100 ~ 9.33 
2.402 x i0  -s 2.76 x IO "~ 11.49 
9.473 x IO-~ 1.57 • I0 -~ 16.57 
5.202 x 19 -4 1.08 x 10 -~ 20.76 
2.893 • 10 -4 6.00 x 10 -~ 20.74 

Equivalent conductivity at infinite dilution (A ~ ) . ~  
The equivalent  conductivi ty at infinite di lut ion A~ 
cannot  be obtained by extrapolat ing t h e  c u r v e s  k ---- 
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Fig. 1. Logarithm of the equivalent conductivity of LIClO4 in 
THF ~- HCOOH (log A), vs. logarithm of the concentration of 
LiCIO4 (log c) at 298.15 K and different solvent composition 
(mass percent HCOOH). 

,~ (V~),  by Onsager's method (12), because Onsager's 
equation is not  obeyed at the low concentrat ions at 
which the measurements  were carried out. The plots 
of F/~t against  cA?2+_/F, which are straight lines with 
intercept  1/~_ ~ and slope 1/K~ h ~ for concentrat ions 
less than  3 �9 10 -7 c 3, cannot  be used either, because the 
concentrat ions here were much higher (12, 14). The 
expression 

Ka = 4A~V (c~ 2) m~. [1] 

obtained from the condit ion for a m i n i m u m  of X = 
A(~v/~) (I5),  cannot  be used ei ther  because the mass 
action constant  Kd, for the equ i l ib r ium 

k - I  
A + + B -  ~=~ AB [2] 

kl 

is unknown.  Therefore, the Walden's  rule a ~  "~1o = 
const., must  be tried, where no is the viscosity of the 
solvent. If the dielectric constant  ~ does not  vary  much 
and one of the components of the b inary  mixture  is 
predominant ,  this rule  is accurate enough as to be ap-  
plied. In  the present  work, the concentrat ion of 
HCOOH in the THF did not exceed 15%, and the value 
of the dielectric constant  laid between 7.39 and 9.75. 
The ionic equivalent  conductivi ty for Li + and C104- 
are known from the l i terature:  ~aCLi+ = 36.6 S cm 2 
eq - I  (17) and ~,~clo4- ---- 119.5 S cm 2 eq -1 (18), giv- 
ing A~LiC~O4 = 156.1 S cm2 eq-1, in TH'F (6). The re -  
sults in Table IV were obtained with this value for 
A OoLiC104. Out of this value ~+ ~ and ~ - ~ ,  were calcu- 
lated assuming that  the t ransport  n u m b e r  at infinite 
di lut ion does not vary  too much wi th  the concentrat ion 
of formic acid. 

Ionic association.--The shape of the plots log A vs. 
log c (Fig. 1) shows the existence of different types 
of ionic association in  the electrolytic solution. At low 
concentrat ion of LiC104, the slope of the curves, d log 
A/d log c ~_ -- �89 wi th  small  Ka -1 = kl/k-~, is char-  

acteristic for ion association in strong electrolytes (17- 
19). As log c increases, the slope d log Md log c tends 
to zero, taking this value at the mi n i mum of the 
curves. This m i n i m u m  shows the existence of triple 
ions, which are electrically charged and therefore con- 
t r ibute  to the electrical conduction. At some distance 
after the m i n i m u m  d log A/d log c diminish and the 
curves tend to a maximum.  This shows the existence of 
quadrupoles,  that  being electrically neutral ,  cause the 
decrease of the electrical conductance. As the concen- 
t rat ion of the HCOOH in the solution increases, a shift 
of the max imum of the curves toward lower values of 
log c is noted. For concentrat ions of HCOOH higher 
than 10%, the ma x i mum of the curves is found at con- 
centrat ions of the electrolyte lower than 1 eq dm-8.  
The electrolyte concentrat ion at the mi n i mum of the 
curves obeys the empirical  rule of Walden, e3 /Cmin .  = 

constant, wherein  e is the dielectric constant  of the 
solvent (Table V). The main  source of error in calcu- 
lat ing the constant  is perhaps the difficulty in localizing 
the m i n i m u m  of the curve. 

Ion pair association.--The plot of F / •  against  
c.~/2• ~+_ being the mean ionic activity coefficient 
and F a continued fraction, gives, according to Fuoss 
and Kraus, good straight lines at low concentrat ions 
(Fig. 2), but  the values of a ~ obtained from the in ter -  
cept (1/-.t ~) are too low (5-7 S cm 2 mol -1) .  This 
shows the influence of ion associations of higher order, 
as it is expected at concentrations larger than 3.2 10 -7 

at 298.15 K (14). The presence of triple ions ra ther  
than the slope of a Fuoss-Kraus  plot seems to affect the 
intercept  and therefore the determinat ion of A~ (6). 
With the values of h o0 obtained by using Walden's  rule, 
the association constant  K~ can be obtained from the 
slope (Table VIA).  Only the first value in  this table 
can be compared with those values known  from the 
l i terature.  It  is ra ther  low when compared with K~ = 

4.84 107 mo1-1 dm 3 found by Jagodzinski and Petrucci  
(6), with Ka = 3.60 10 -7 mo1-1 dm 3 given by  Nicolas 
and Reich at 293.15 K (20) and with Ka ---- 1.56 10 -7 
mo1-1 dm 3, obtained here using Eq. [1] (Table VIB). 
Consequently,  it may be postulated that the K~ values 
in  column B of Table VI are more rel iable than those 
in column A, at least up to a concentrat ion of 5% 
HCOOH in the solvent  mixture,  since the first value 
(mass pe rcen t  HCOOH _-- 0) compares well  with the 
one reported in Ref. (6) and (20). After  a concentra-  
t ion of 5% HCOOH the error in localizing the m i n i m u m  
of the curves in Fig. 1 becomes greater. In both cases 
the Ka values decrease with increasing HCOOH con- 
centrat ion or with the permit t iv i ty  of the medium, 
which is quite reasonable. 

Table V. Minima of the curves log • vs. log c and the Walden's 
rule e3/Cmim = const. 

M a s s  
p e r c e n t  102 emin . /  Amln . /S  10 - i  
H C O O H  el D m o l  d m  -3 c m  ~ r e a l  -I  e~/cmin. 

0.0 7.39 2.5 0.50 1.61 
1.5 7.60 2.9 0.70 1.51 
3.0 7.80 3.2 1.10 1.48 
5.0 8.00 3.3 1.50 1.55 

10.0 8.90 4.6 4.05 1.53 
15,0 9.75 6.0 5.95 1.55 

Table IV. Equivalent conductivity at infinite dilution (A ~) 

Mass 
percent A| A+~/S X-~/S 
H C O O H  ~ / c p  c m  ~ m o l  -~ c m  2 mol-~  c m  ~ t o o l  -1 

Table VI. Triple ion analysis 

M a s s  K a / d m  ~ mol -1  
p e r c e n t  K t / d m  3 
H C O O H  A B C m o l e  -~ 

0.0 0.4583 156.1 36.6 119.5 
1.5 0.4696 152.6 35.7 116.6 
3.0 0.4806 148.9 34.9 114.0 
5.0 0.4857 147.3 84.5 112.8 

1O.0 0.5270 135.8 31.8 103.9 
15.0 0.5526 129.5 30.4 99.1 

0.0 7.25 106 1.56 107 1.06 l0 T 0.73 10 ~ 
1.5 4.30 10 ~ 6.56 108 8.64 108 1.02 10 ~ 
3.0 1.36 10 e 2.29 108 3.29 I0 ~ 1.33 102 
5.0 8.47 I0 ~ 1.16 I0 ~ 2.01 108 1.52 102 

10.9 1.99 10 ~ 9.78 104 3.55 10 ~ 2.83 i0 ~ 
16.0 6.89 I0 ~ 3.16 I~ 1.58 i0 ~ 14.50 I0 ~ 
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Fig. 2. Ion pair analysis, according to Fuoss and Kraas 

Triple ion analysis.--The min imum of the  curves 
in Fig. 1 shows the presence of t r ip le  ions in the elec-  
t ro lyt ic  solution. The shape of the same curves at  
h igher  e lec t ro ly t ic  concentrat ions  shows the presence 
of quadrupoles  too. If  the influence of these quadru -  
poles could be neglected,  a p lo t  of h %/c g (c) aga ins t  
(1 --  A / A ~ ) c  should give a s t ra igh t  line. Except  for  
low concentrat ions  (Fig. 3a and b)  this is not  so and 
this m a y  be due to the  influence of the quadrupoles .  
Using A = f rom Table IV and tak ing  At/A ~ = 1/3 (15, 
2t), /Ca and Kt can be ca lcula ted  f rom the plots 
of Fig. 3b (Table VIC) .  The Ks value  of this table  
f rom 0.0% HCOOH, is now of the  same order  of m a g -  
n i tude  as those known from the l i t e ra tu re  and of tha t  
obta ined  here  using Eq. [I] .  I t  can be assumed tha t  the  
Ka values  for the concentrat ions  1.5, 3.0, 5.0, 10.0, and 
15% HCOOH have also the  correct  o rde r  of magni tude  
and they  are perhaps  more  re l iab le  than those of Table  
VIB consider ing the concentra t ion at  which the min i -  
mum appears.  This is especia l ly  so at  h igher  concen-  
t ra t ion  because of the difficulty in  local izing the min i -  
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Fig. 3. (a) Triple ion analysis, according to Fuoss and Kraus. 
b) Amplification of (a) at law concentrations. 

m u m  of the curves in Fig. 1. Al though  these Ka values  
were  obta ined  us ing a ma thema t i ca l  analys is  for  the  
case where  aggregates  up to the  th i rd  o rde r  exis ted 
whi le  the expe r imen ta l  resul ts  showed the presence of 
aggregates  of h igher  order,  this fact  does not  inva l ida te  
them at  all, because they  were  ca lcula ted  tak ing  on ly  
the e lec t ro ly te  concentra t ions  where  the  influence of 
quadrupoles  is not  decisive. 

The  change of the Kt values wi th  increas ing pe r -  
centage of HCOOH, tha t  in our  opinion cannot  be a t -  
t r ibu ted  to the  e r ror  f rom apply ing  Walden ' s  rule, is 
r a the r  surpris ing.  As a ma t t e r  of fact, an increase  of 
dielectr ic  constant  would  h inder  the  t r ip le  ion fo rma-  
tion, bu t  the expe r imen ta l  resul ts  showed tha t  the con- 
t r a r y  was t rue:  The constant  for the  t r ip le  ion fo rma-  
tion Kt had  a value  of 73 dm 8 mo1-1 for LiC104 in 
THF + 0% HCOOH, and reaches 1,450 dms mo1-1 in 
THF + 15% HCOOH. This fact  leads to the  assump-  
tion tha t  the formic acid shares  the  t r ip le  ion fo rma-  
tion. I t  seems tha t  the dissociation of the formic acid 
is favored  by  the presence of ionic species in the solu-  
tion. The H + and HCOO ions seem to associate wi th  
the perch lora te  ion pairs  to give rise to t r ip le  ions. 
The apparen t  equiva lent  conduct iv i ty  at  infinite d i lu-  
t ion (A~176 would be the sum of  the ac tua l  
equiva lent  conduct iv i ty  at  infinite d i lu t ion (A~176 act 
plus the equiva lent  conduct iv i ty  of the t r ip le  ions At: 
(A oo LiC104) app "-- (A ~r LiCIO4 ) act  -~ At. 

Conclusion 
The expe r imen ta l  resul ts  discussed above showed 

tha t  the addi t ion of HCOOH to the e lec t ro ly t ic  solut ion 
of LiC104 in THF changes thei r  phys ica l  p roper t ies  and  
microscopic s t ruc ture  as well.  The increase of the 
HCOOH concentra t ion  is not  favorable  to the ion pa i r  
format ion  (the Ka values decrease)  but  is favorable  to 
the t r ip le  ion format ion  (Kt increases) .  The quadrupole  
association becomes impor t an t  at lower  LiCIO4 con- 
centra t ions  as the HCOOH concentra t ion in the so lvent  
mix tu re  increases. 
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Thermodynamic Study of the Lithium-Tin System 
C. John Wen *,1 and R. A. Hugglns* 
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ABSTRACT 

A the rmodynamic  s tudy  of the l i th ium- t in  sys tem was made  using galvanic  
cells of the type  

A1, "LiAI"/LiC1-KC1 ( e u t . ) / L i - S n  

over  the t empera tu re  range  f rom 360 ~ to 590~ The composit ion of the  alloy 
was va r ied  f rom pure  tin to 86 a /o  Li using the coulometr ic  t i t ra t ion  tech-  
nique. Coulometr ic  t i t ra t ion  curves showed tha t  six in te rmedia te  phases 
exist,  wi th  nomina l  s toichiometr ic  composit ions LiSn, Li;Sn3, LihSn2, LilsSnh, 
LiTSn~, and Li22Sn~. At  low l i th ium concentrat ions,  the ac t iv i ty  of l i th ium 
in mol ten  l i t h ium- t in  al loys follows Henry ' s  law behavior .  The pa r t i a l  and 
in tegra l  molar  the rmodynamic  proper t ies  of the l i t h ium- t in  sys tem were  
eva lua ted  as a funct ion of composit ion from emf measurements  at  415~ The 
t empe ra tu r e  dependence  of the s t andard  Gibbs free energies  of fo rmat ion  
for the six in te rmedia te  phases was also determined.  The expe r imen ta l  resul ts  
were  used to map out  par ts  of the phase d iag ram of the l i t h ium- t in  system. 
The homogenei ty  ranges of the six solid phases are  al l  quite narrow.  The 
phase LiSn congruent ly  melts  at  about  488~ and the phase Li;Sn3 per i tec t i -  
ca l ly  decomposes at  500~ These two phases form an eutectic mix tu re  of 57 
a /o  Li at  470~ The l iquidus line on the t in - r i ch  side of the b i n a r y  phase 
d i ag ram was found to agree  wi th  da ta  repor ted  in l i te ra ture .  

Sol id l i t h i u m - a l u m i n u m  (1, 2) and l i th ium-s i l icon  
(3-5) al loys are  cur ren t ly  being ut i l ized instead of 
pure  l i th ium as anode mate r ia l s  in high per formance  
rechargeab le  l i th ium bat ter ies  being developed for use 
as power  sources for electr ic vehicles and as energy  
s torage devices for electr ic  u t i l i ty  load leveling. As 
they  are  solid at  the opera t ing  t empera tu res  (400 ~ 
500~ the re ta in ing  problems encountered  wi th  
mol ten  Li are  avoided. Also, since they  have lower  Li 
activit ies,  the solubi l i ty  of Li in the mol ten  sal t  e lec-  
t rolytes ,  which causes se l f -d ischarge  due to increased 
electronic conduct ion and diffusion of Li to the o ther  
electrode,  is s ignif icant ly reduced.  Fur the rmore ,  cor-  
rosion problems associated wi th  mol ten  l i th ium are  
avoided, resul t ing  in less difficult mate r ia l s  selection 
and cell  design problems.  

The deve lopment  of o ther  new l i th ium ba t t e ry  sys-  
tems should be a ided by  the invest igat ion of o ther  solid 
l i th ium al loys which might  pe r fo rm be t te r  than  the 
l i t h i u m - a l u m i n u m  and l i th ium-s i l icon  alloys p resen t ly  
used as anode mater ia ls .  In  order  to eva lua te  the sui t -  
ab i l i t y  of o ther  al loys as act ive mate r i a l s  for  use in  
negat ive  electrodes,  the composi t ional  var ia t ions  of 
the  l i th ium ac t iv i ty  and the chemical  diffusion coeffi- 
cient  wi th in  them is required.  The former  p a r a m e t e r  
de te rmines  both the potent ia l  and the capaci ty  of an 
a l loy anode, and thus influences the  specific energy  
when  coupled wi th  an appropr ia t e  cathode. The elec-  
t rode potent ia l  range must  also lie wi th in  the s tab i l i ty  
window of the e lec t ro ly te  in o rde r  to avoid in ter face  
reactions.  The power  is re la ted  to the ra te  processes in-  
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volved in the electrode reaction. The charge  t ransfe r  
react ion at  the e lec t rode-e lec t ro ly te  in terface  is gen-  
e ra l ly  ve ry  rapid  in e levated  t empera tu re  mol ten  sal t  
cells, and is seldom ra te  l imit ing.  On the other  hand, 
mass t ranspor t  of the e lect roact ive  species wi th in  solid 
e lect rode phases by  chemical  diffusion is of ten qui te  
important .  

The proper t ies  of l i t h ium- t in  al loys re la t ing  to the i r  
possible use as anode mate r ia l s  have been examined.  
The results  of the the rmodynamic  studies a re  repor ted  
here. Informat ion  about  kinet ic  proper t ies  wil l  be re-  
por ted  in a separa te  publicat ion.  

The l i t h ium- t in  sys tem was first inves t iga ted  by  
Masing and T a mma nn  (6) using the rmal  and micro-  
scopic analysis,  and the existence of the compounds 
Li~Sn, Li3Sn2, and Li2Sn~ was claimed. Later ,  ca re -  
ful thermores i s tomet r ic  and the rmal  analysis  exper i -  
ments  on 58 alloys by  Grube  and Meyer  (7) revea led  
a r a the r  more complicated phase diagram. In 1964, 
s t ruc tura l  work  (8) showed that  the phase or ig ina l ly  
thought to be Li4Sn is ac tua l ly  Li22Snh. La te r  s t ruc-  
tu ra l  invest igat ions  b y  Hansen  and Chang (9) showed 
tha t  the  most  t i n - r i ch  phase is Li.~Sn~. Recently,  the  
exis tence of the phases L iSn  (10), LihSn2 (11), and 
LiTSn2 (12), which  also appear  in Hansen 's  d iagram,  
was confirmed by  x - r a y  diffract ion studies. In  addit ion,  
new phases wi th  nomina l  composit ions of LiTSn3 (13) 
and LilzSn5 (14) have also been repor ted .  

The the rmodynamic  proper t ies  of l iquid l i t h ium- t in  
al loys were  measured  by  severa l  invest igators  at e le-  
va ted  t empera tu res  (15-17). Foster,  Crouthamel ,  and 
Wood (15) car r ied  out emf measurements  on cells of 
the  type  

Bi ,LiaBi/LiC1-LiF (30 m / o ) / L i - S n  (1) 
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where the ahoy composition varied from 10 atomic 
percent  (a/o) Li to t in  saturated with the phase 
LisSn2. The temperature  range was 800-1050 K. The 
s tandard Gibbs free energies of formation for solid 
Li~Sn2 at 800, 850, 900, 950, and 1000 K were deter-  
mined to be --61.4, --59.8, --57.9, --55.3, and --52.4 
kcal/mole,  respectively, with an estimated error of 1 
kcal/mole.  EMF measurements  were also made on cells 
of the type 

Li (1) /LiC1-LiF/Li-Sn (1) 

at 550~ by Morachevskii and co-workers (17), who 
calculated the part ial  and integral  molar  Gibbs free 
energies from 4 to 50 a/o Li. Liquid-vapor  equi l ibr ium 
data for the mol ten l i th ium- t in  system were obtained 
from vapor pressure measurements  using the t rans-  
pirat ion technique by Fischer and Johnson (16). 

The thermodynamic properties of the liquid l i th ium-  
t in alloys show negative deviations from ideal behavior. 
However, there is no informat ion  about the thermo-  
dynamic properties of the other phases in  the l i th ium-  
t in system. Since this type of informat ion is necessary 
to evaluate the potential  use of materials  in this sys- 
tem as electrode reactants, experiments  were under -  
taken using techniques developed earl ier  for such pur -  
poses (18-22). 

Experimental Details 
Coulometric t i trat ions and emf measurements  were 

made using galvanic cells of the type 

'A1, "LiAr'/IAC1-KC1 (eu t . ) /L i -Sn  

where LiC1-KC1 (cut.) represents the l iquid electro- 
lyte, which was the eutectic mixture  of LiC1 [58.8 mole 
percent  (m/o ) ]  and KC1 (41.2 m/o)  with a melt ing 
point  of 352~ The above cell was in a three-electrode 
configuration and it  was set up in a controlled atmo- 
sphere glove box filled with high pur i ty  he l ium gas. 
Both counter  and reference electrodes were made of 
two-phase mixtures  of the a and fl phases, Li-saturated 
A1 and "LiAI," with an overall  composition of 40 a/o 
Li. Pure  t in (99.9% Baker Reagent Grade) was used as 
the star t ing mater ial  for coulometric t i t rat ion and was 
placed in  a small  molybdenum bucket  because it  is 
mol ten at the exper imental  temperatures  (from 360 ~ 
to 590~ Alumina  crucibles were used to contain the 
molten salt electrolyte. Molybdenum was earlier shown 
to be suitable as an electrical lead mater ia l  at all 
l i th ium activities (18-22). Furthermore,  the solubili ty 
of l i th ium in  molybdenum is negligibly small  in  the 
tempera ture  range used in  these experiments  (23). 

The LiC1-KC1 eutectic salts were purchased from 
Lithcoa (Li thium Corporation of America) .  They were 
heated in  an a lumina  crucible at 420~ in  the glove box 
for 12 hr before use. Without  fur ther  purification, these 
mol ten salts were clear and colorless. 

The reference electrodes were made of cold-pressed 
pellets of two-phase l i t h i u m - a l u m i n u m  alloy powder 
(40 a/o)  and were held in molybdenum holders. They 
were prepared by mel t ing preweighed l i thium ribbons 
(99.9% Foote Mineral)  and a l u m i n u m  wires (99.9999% 
Cominco) together in a molybdenum cup with a cover 
at 750~ The tempera ture  was then slowly reduced to 
about 500~ and main ta ined  there for 12 hr. The re- 
sul tant  solid alloys were crushed and ground to fine 
powder in a porcelain mortar  and pestle. The powder 
was then cold-pressed into pellets of 3/8 in. diam at a 
pressure about  8 X 104 psi under  a hel ium atmosphere. 
The emf of these two-phase reference electrodes rela-  
tive to pure l i th ium may be expressed as a function of 
temperature  as (1, 4, 20, 24) 

EA1, " L i A I "  "--" 451 -- 0.220 T (K) mV 

The counterelectrodes were prepared either by cast- 
ing into molybdenum buckets under  the conditions 
described above or by an electrochemical method. In 

the lat ter  case, l i th ium was t i trated into pure a lumi-  
num wires up to a composition of 40 a/o Li using 
molten l i thium as the anode and the same eutectic 
molten salt as an electrolyte. 

The use of these two-phase l i t h ium-a luminum al-  
loys as both reference and counterelectrodes offers 
several advantages over mol ten li thium. Because they 
have a lower l i th ium activity than pure li thium, the 
solubil i ty of l i th ium (whose magni tude is not quant i ta-  
t ively known)  in  the LiC1-KC1 eutectic salt is sig- 
nificantly reduced, thus decreasing the electronic leak-  
age current  through the electrolyte (25). The displace- 
ment  reaction to produce potassium vapor (26) is also 
reduced. 

In  addit ion to the m a n y  (over 150) compositions 
produced by the coulometric t i t rat ion technique, mea-  
surements  were also made on 31 individual ly  prepared 
l i th ium- t in  alloys. These alloys were synthesized by 
use of the fusion technique in the glove box. EMF mea-  
surements  were made after the synthetic alloys had 
been equil ibrated in cells for at least 24 hr. 

The electrochemical measurements  were made using 
a PAR potent iostat /galvanostat  (Model 173) with a 
p lug- in  digital coulometer (Model 179). The cell tem- 
perature  was determined by means of two Chromel-  
Alumel  thermocouples sheathed with 304 stainless 
steel. 

Results and Discussion 

Figure 1 shows the measured coulometric t i t rat ion 
curve for the l i t h ium- t in  system at 415~ The data 
are depicted by a solid line, as the resolution in such 
a figure is not sufficient to show the actual points from 
the more than  150 individual  measurements.  The 
emf measurements  made on the 31 alloys of various 
compositions that were individual ly  prepared are also 
included, as shown by the data points in Fig. 1, for 
comparison. It  is seen that  the results for composi- 
tions prepared in  these two ways show excellent agree- 
ment. At that temperature,  the solubil i ty of l i th ium in 
liquid t in is 36.4 a/o Li, and on the l i th ium-r ich  side 
of this composition there are six intermediate  phases 
wi thin  which the voltage varies with composition, and 
seven two-phase voltage plateaus at which the emf 
is independent  of composition. The homogeneity ranges 
of the intermediate  phases are all quite narrow, and 
their nominal  compositions are LiSn, LiTSn~, LisSn2, 
LitsSns, LiTSn2, and Li22Sns. The ranges of stoichiom- 
etry and data on the (very high) chemical diffusion 
coefficients wi th in  these six phases will  be presented 
in a separate publicat ion (27). Due to the high chemi- 
cal diffusion coefficients in these phases, equi l ibr ium 
could be reached easily in minutes  to a few hours for 
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Fig. 1. Coulometric titration curve for the lithium-tin system at 
415~ 
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al l  compositions.  Data  t aken  by  both adding  and de le t -  
ing l i t h ium gave consis tent  results .  

I t  was found tha t  the  ac t iv i ty  of l i th ium,  aL~, in  the 
l iquid l i t h ium- t i n  a l loy  obeyed Henry ' s  law, so tha t  
the  emf  can be expressed  by  

RT R T  
�9 ~ "-' - -  ( T ) l n a L i  = - -  ( y )  1D.")'LIXLi [ 1 ]  

where  the ac t iv i ty  coefficient of l i t h ium ~'Li is constant  
a t  a specific t empera tu re .  XLi is the  mole  f rac t ion Li. 
The expe r imen ta l  resul ts  a t  415~ are  shown in Fig. 
2. I t  is seen tha t  E var ies  l i nea r ly  wi th  the logar i thm 
of XLI to a composi t ion of about  10 a/o. Li. The  slope, 
expressed  as dE/d ln XLi, is 5.92 • 10-2V, which  is 
equal  to the  numer ica l  va lue  of (RT/F)  at  415~ The 
ac t iv i ty  coefficient of l i thium, "YLi, in this range  is 6.44 
X 10 -5. The l iquid  a l loys  of l i t h i u m - c a d m i u m  (28), 
l i t h ium-ga l l i um (29), l i t h ium- ind ium (30), l i t h ium-  
lead  (31), and l i t h ium-b i smu th  (32) al l  exh ib i t  Henry ' s  
l aw behav ior  at  low l i th ium compositions,  and expe r i -  
men ta l  resul ts  for these systems a re  summar ized  in 
Table  I. In  al l  cases, the ac t iv i ty  coefficients of l i t h ium 
in these l iquid  al loys are  ve ry  low, showing nega t ive  
deviat ions f rom Raoul t ' s  law. 

Al though  the ac t iv i ty  coefficient of l i th ium in the  
l iquid  al loys is independen t  of composi t ion at  low 
l i th ium concentra t ions  at  a constant  t empera ture ,  i t  
var ies  wi th  t empe ra tu r e  at  a fixed composition. The 
emf a t  a constant  composi t ion var ies  app rox ima te ly  
l inea r ly  wi th  t empera ture .  At  the composit ion of 0.9 
a /o  Li, the  ac t iv i ty  coefficient of l i th ium was found 
to increase  f rom 3.23 X 10 -5 at  372~ to 4.70 X 10 -4  
at  589~ 

Figures  3 and 4 presen t  typica l  emf measurements  as 
a funct ion of t e m p e r a t u r e  at  a n u m b e r  of  compositions.  
The composit ions were  fixed by  coulometr ic  t i t rat ion.  
Over  the  t e m p e r a t u r e  range  of 360~176 the mea -  
sured  emf was a l inear  funct ion of t empe ra tu r e  as 
long as no phase t rans i t ions  occurred.  For  those cam-  
posi t ions where  phase  t ransformat ions  took place as  
the  t e m p e r a t u r e  was var ied,  the  emf curves have  
changes in  slope. 

F igure  5 shows the de r iva t ive  of  the emf across th e  
l i t h i u m - t i n  sys tem wi th  respect  to t empera tu re .  T h e  
par t i a l  molar  en t ropy  of l i thium, hSLi, is also shown in 
the  same plot,  bu t  wi th  a different  scale, since 

~L~ = F ~ -  [21 

The par t i a l  mola r  en t ropy  of l i th ium is seen to va ry  
wi th  composit ion in the  s ing le -phase  regions and to be 
independen t  of composi t ion in two-phase  regions. 

Both  the re la t ionship  be tween  the emf and the t em-  
pe ra tu re  in the  two-phase  regions of the  l i t h ium- t in  
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Fig. 2. Semi-logarithmic plot of the emf vs .  mole fraction of 
lithium at 415~ 

Table I. Activity coefficients of lithium in various liquid lithium 
alloys 

S y s t e m  T (K) 'yLI Compos i t i on  Ref.  

Li-Cd 688 6.85 x 10 .4 XL1 ~ 0.077 (27) 
Li-Ga 688 4.49 x 10 ''~ XLI --~ 0.083 (28) 
Li-In 688 7.12 x 10.4 XLI ~ 0.071 (29) 
Li-Sn 688 6.44 x l0  s XLi - -  0.190 T h i s  w o r k  
Li-Pb 8{~ 7.80 x 10 -~ XLI ~ 0.117 (31) 
Li-Bi 800 3.20 x 10 -5 XLI -----0.144 (32) 

sys tem and the re la ted  values  of the  pa r t i a l  molar  en-  
t ropy  of l i th ium are  p resen ted  in Table  II. 

The par t i a l  molar  en tha lp ies  of l i thium, hHLi, in 
the l i t h ium- t in  al loys re la t ive  to pure  l i th ium were  
calcula ted f rom the express ion 

- [ 'AHLi --" F -- E '4- T - ~  [3] 

The ,compositional var ia t ion  of the pa r t i a l  molar  en-  
tha lpy  of l i th ium in the l i t h ium- t in  sys tem at  415~ is 
shown in Fig. 6. Up to the composi t ion 85.7 a /o  Li, 
the  pa r t i a l  molar  en tha lpy  of l i t h ium is negat ive.  This 
is no longer  t rue  for  the two-phase  mix tu re  of the 
most  l i t h ium- r i ch  phase  Li~2Sn5 and the l iquid al loy 
of l i t h ium sa tu ra t ed  wi th  tin. The  pa r t i a l  mo la r  en-  
t ha lpy  of l i th ium in the s ing le -phase  l i t h ium- t in  l iq-  
uid alloys was found to be essent ia l ly  composi t ion-  
independent .  Values of the  pa r t i a l  mola r  en tha lpy  of 
l i th ium in the two-phase  regions at  415~ are  p re -  
sented in Table  III. 

The act ivi ty,  ash, and  the chemical  potent ia l  or the 
pa r t i a l  mola r  Gibbs f ree  energy,  hGsn, of t in  were  
ca lcula ted  as a funct ion of composi t ion for  the l i t h ium-  
t in  sys tem according to the re la t ion  (20) 

( L ) -~Gs, = RT In as], = F yE -- Edy [4] 
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Fig. 3. Temperature variation of the emf at various compositlon~ 
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where y is the composition parameter in LiySn. The 
results at 415~ are shown in Fig. 7. It is seen that the 
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Fig. 6. Compositional variation of the partial molar enthalpy of 
lithium at 415~ 

activity of tin in the lithium-tin alloy system initially 
follows Raoult's law, i.e., ash = Xsn or (1 - -  Xu),  and 
then has a negative deviation as more lithium is added. 
The values of the activity of tin in the two-phase re- 
gions at 415~ are included in Table IIL 

The partial molar entropies of tin, ASsn, were evalu- 
ated from the expression 

The partial molar entropy of tin is positive and slowly 
increases to a value of 5.6 J/deg mole with increasing 
lithium concentration in the tin-rich terminal liquid 
phase. The values of ~ s n  in the two-phase regions are 
included in Table H. 

The partial molar enthalpies of tin, AHsn, were cal- 
culated from the definitional expression 

AHsn = ~ s o  + T ~ 8 n  [6], 

It was found that AHsn is essentially zero in tin-rich 
molten lithium-tin alloys. The values of aHsn in the 
two-phase regions at 415~ are included in Table III. 

The integral molar Gibbs free energy of mixing, 
~Gm, was  determined by graphically evaluating the 
area under the eoulometric titration curve using the 
equation (20) 

F y ~ ' 
A G m  = - -  - - " - - - - -  Edy [ 7 ]  

1+g 

The results at 415~ are shown in Fig. 8. It is seen that 
the values are negative over the entire range of com- 
position, with a minimum (--35.7 k J/mole) at approxi- 
mately the nominal composition of the phase Li13Sn5. 
In the two-phase regions, AGm is, of course, a linear 
function of the mole fraction of lithium, as expected. 

Table II. Temperature dependence of the emf and the partial molar entropy of lithium and 
tin in two-phase lithium-tin alloys 

P h a s e s  present 

P a r t i a l  m o l a r  P a r t i a l  m o l a r  
T e m p e r a t u r e  d e p e n d e n c e  e n t r o p y  o f  L i  e n t r o p y  os Sn  T e m p e r a t u r e  

o f  t h e  ernf  ( m V )  ( J / d e g  m o l e )  ( J / d e g  m o l e )  r a n g e  (~  

L iq .  + L i S n  g = 1978 -- 0.740 T (K)  --71.4 +45.6 360-489 
L i S n  + Li~Sr~ E = 573 -- 0.170 T (K)  --16.4 --9.4 360-480 
LiTSn3 + L i ~ r ~  E = 517 -- 0.120 T (K)  - 1 1 . 6  --19.5 360-500 
Li~Sm + LimSns E = 616 -- 0.330 T (K)  - 3 1 . 8  +29.9 360.590 
LhaSn5 + LiTSn-~ E = 365 - -0 .1100 T (K)  - 1 0 . 6  - 2 3 . 4  360-590 
Li~Srm + Li=Sn~ E = 268 -- 0.145 T (K)  --14,0 - 1 4 . 1  360-590 
Lh~Sns + L iq .  E = --46 + 0 .085T (K)  +8.2 --112.0 360-590 
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Table IlL Thermodynamic data for two-phase equilibria in the lithium-tin system at 415~ 

Partial molar Partial molar 
EMF vs . .L i  Activity enthalpy of Li Activity enthatpy of Sn 

P h a s e s  p r e s e n t  (mY) of Li (kJ/mole) of Sn (kJ/mole) 

Liq .  + L i S n  569 6.79 x 10 4 - 1 0 4 . 0  4.67 x 10 -~ + 2 7 . 0  
L i S n  + LiTSns 456 4.57 x 10 -t  - 5 5 . 3  6.94 x 1O -a - 2 1 . 7  
LiTSr~ + LisSn~ 430 7.08 x 10 4 - -49.8  2.49 x 10 -~ - 3 4 . 5  
Li~Sn~ + L i ~ S n 5  390 1.39 x 10 -~ --59.3 4.06 x 10 -a - -10.9  
Lh~Sr~ + LiTSrm 284 8.31 x 10 4 - 3 5 . 4  4.85 x 10 -~ - 7 2 . 9  
Li:Sn~ + Li2~Sn~ 170 5.88 x 10 -~ - 2 5 . 8  4.57 x 10 -s - 1 0 6 , 0  
L i ~ n ~  + L iq .  I 0  8.40 x 1O -I + 4 . 4  4.61 x I 0  - ~  - 2 3 9 . 0  

The integral molar entropy of mixing, ASm, was cal- 
culated from the relation (20) 

F s ~E 
= 1 +----T Jo du [8] 

The results given in Fig. 9 were obtained by graphical 
integration. ~Sm is positive at low lithium composi- 
tions and becomes negative for lithium concentrations 
greater than 39 a/o Li, and thus for all the interme- 
diate phases, in the temperature range investigated. It 
has a maximum value (4.2 J/deg mole) near the corn- 
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position of 36 alo Li and a minimum (--14.7 Jldeg 
m o l e )  a t  t h e  c o m p o s i t i o n  of 72.2 a l o  Li. 

T h e  i n t e g r a l  m o l a r  e n t h a l p y  of m i x i n g ,  AHm was  ca l -  
c u l a t e d  f r o m  t h e  e x p r e s s i o n  

AHm : AGm -~- T ASm [9] 

and the experimental results at 415~ are shown in 
Fig. 10. Like AGm, AHm iS negative over the whole 
composition range studied and it has a maximum 
negative value (--45.8 kJ/mole) near the stoichiome- 
tric composition of the phase Li18Sns. 

The standard molar Gibbs free energy of formation, 
AGf ~ (LiySn), for the intermediate phases per mole of 
tin were obtained from the relation (20) 

s AGf (Li~Sn) =- F Edy [I0] 

and the results are shown as functions of temperature 
in Fig. Ii. For all phases, AGf ~ (LiuSn) shows a linear 
dependence upon temperature. The standard entropies 
of formation, ASf ~ (LiySn), were obtained from the 
slopes of best-fit straight lines, and the values are 
tabulated in Table IV. 

The corresponding standard enthalpies of formation, 
AHf ~ (LiySn), were evaluated from the extrapolated 
intercepts at T : 0. Those values are also included in 
Table IV. 

Two types of emf measurements were undertaken to 
provide an independent check on portions of the 
binary phase diagram of the lithium-tin system re- 
ported by Grube and Meyer (7). The first kind was 
carried out at fixed alloy compositions, varying the 
temperature. Representative results were shown in 
Fig. 3. The temperatures at which phase transitions 
occur are evidenced by changes of slopes in the emf 
vs. temperature plots. The second set of measurements 
was made at constant temperatures, with the composi- 
tion varied by use of the coulometric titration tech- 
nique. Since the lithium activity is independent of 
composition in two-phase regions and varies with corn- 
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Fig. 9. Compositional variation of the integral molar entropy of 
mixing at 415~ 
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Table IV. Thermodynamic data for the intermediate phases 
(LiuSn) in the lithium-tin system at 415~ 

S t a n d a r d  e n t r o p y  Standard enthalpy 
of f o r m a t i o n  of formation 

y in LI~Sn ( J / d e g  mole)  ( k J / m o l e )  

1 -25 .8  - 7 0  
713 --47.7 - 1 5 1  
2.5 - 49.7 - 159 
2.6 - -  52.8 - 165 
3.5 --63.1 --197 
4.4 - 75.6 - 220 

-50 

-75 

0 

E 

position in single-phase regions, coulometric titration " 
curves such as. that in Fig. 1 can be used to locate ---100 
phase boundaries. 

On the basis of these results, a part ly revised phase c 
diagram has been deduced for the li thium-tin system. ~. 
The results are shown in Fig. 12. The liquidus line is 
in good agreement with that determined by Grube and t 
Meyer (7). The eutectic composition and temperature ," 
were found to be 57 a/o Li and 470~ respectively, t~-125 

§ 

The phase LiSn melts congruently at about 488~ 
close to the value reported by Grube and Meyer 
(485~ In the present work, however, it was found 
that the phase LiTSn3, rather than Li2Sn, peritecti- or 
cally decomposes at about 50O~ 

The new phase Li~Sns, first discovered by Frank 
and Muller (14), was confirmed in this work by use of -150 
the coulometric titration technique as well as x - ray  
diffraction analysis. The equilibrium conditions for 
the existence of the phase Li~3Sn5 have been recently 
examined by Balley, Skelton, and Smith (33) using 
thermal analysis and metallography. They reported 
that the peritectic melting of LisSn2 at 716% or 720~ 
as reported by Grube and Mayer (7), is in fact the 
peritectic melting of Li~sSn5, and that LisSn~ melts 
peritectically at a temperature about 18 degrees lower, 
i.e., 698~ That the most lithium-rich phase is Li22SnB, 
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instead of Li4Sn, was also substantiated in the current 
investigation. 
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A Point Defect Model for Anodic Passive Films 
I. Film Growth Kinetics 

C. Y. Chao,* L. F. Lin,** and D. D. Macdonald* 
Department of Metallurgical Engineering, The O h i o  State University, Columbus, Ohio 43210 

ABSTRACT 

A model based on the movement of point defects in an electrostatic f i e l d  
is proposed to interpret the growth behavior of a passive film on a metal 
surface. This model results in a logarithmic growth law. The theoretical 
equations derived from the model readily account for experimental data for 
the growth of a passive film on iron. It is found that the field strength of the 
film is 1.11 • 108 V/cm. The dependence of film/solution interface potential 
difference on the applied potential (=) was found to be 0.743, and is in- 
dependent of the identity of the anion in solution. However, the dependence 
of the potential difference across the film/solution interface on the solu- 
tion pH (~) is strongly dependent on the identity of the solution anion. 

It is generally believed that passivity is due to the 
formation of a three-dimensional film (usually an 
oxide film) on a metal surface. Experimentally, it is 
found that the film growth kinetics may follow one 
of the two following laws 

L = A + B In t (logarithmic law) [1] 

1/L "- C -- DIn  t (inverse logarithmic law) [2] 

where L is the film thickness and t is time. A, B, C, 
and D are constants. However, many cases are known 

* Electrochemical  Society Act ive  Member. 
* * Electrochemical  Society Student Member. 
Key words: metals,  passivity, films, growth. 

where the experimental data may fit both laws equally 
well (1-3). This dual behavior is not unexpected, s i n c e  
the logarithmic law and inverse-logarithmic law are 
almost mathematically equivalent when the change in 
thickness is small, as illustrated by Lukac et al. (2). 

Over the last forty years, several models have been 
proposed to explain the form of either Eq. [1] or Eq. 
[2] (see the next section). However, as shown in the 
following section, none of the existing models are 
completely satisfactory from a physical viewpoint, 
nor are they in complete agreement with the experi- 
mental data. Accordingly, it is necessary to develop an 
alternative model that can account for all of the ex- 
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[4] 

c -  } 
[51 

and 

pe r imenta l  observations.  The purpose  of the  presen t  
paper  is to develop such a model  and to demons t ra te  
tha t  the model  is in subs tant ia l  ag reement  wi th  the 
da ta  tha t  a re  cu r r en t ly  avai lable .  

Review of the Existing Models 
Mott-Cabrera modeL--One of the  ear l ies t  models  for 

the growth  kinet ics  of passive films was proposed b y  
Mott  (4) in  1947 and was l a t e r  ex tended  b y  Cabre ra  
and Mott  (5) in 1948. This model  assumes:  (i) F i lm  
growth  is due to the t ranspor t  of meta l  cations across 
the oxide  film to the f i lm/solut ion in ter face  where  
they  reac t  wi th  the e lectrolyte ;  (ii) the  pene t ra t ion  
of cations th rough  film is assisted by  the high elec-  
t r ic  field s t reng th  which is assumed to exis t  wi th in  
the oxide (field s trength,  �9 ---- - -  dr where  ~ is 
the e lec t r ica l  potent ia l  and x is the  distance)  ; (iii) the 
field s t reng th  is constant  th roughout  the film, i.e., ~ : 
-- dr : ~f/L, where  Cf is the total  potent ia l  drop 
across the film of thickness L; (iv) Cf is a constant  
and hence is independen t  of fi lm thickness;  (v) the 
r a t e - l imi t i ng  step for film g rowth  is the emission of 
meta l  cations f rom meta l  into film at the  meta l / f i lm 
interface.  

These assumptions  lead  to the  fol lowing ra te  l aw for 
film growth  

where  N is the number  of mobile  ions pe r  uni t  surface 
area, a is the  molecu la r  volume per  cation, v is the 
v ibra t iona l  f requency,  W is the ac t iva t ion  energy for 
the ra te -cont ro l l ing  step, q is the  eharge  tha t  the 
cat ion carries,  a is the j ump  distance, and kT is the 
the rmal  energy.  

An  approx ima te  solut ion to Eq. [3] can be obta ined  
by  in tegra t ing  by  par t s  and neglect ing h igher  terms in 
2LkT/qa~f. This approx imat ion  yields  an inverse  loga-  
r i thmic  ra te  l aw  

1/L = C - -  D l n t  
where  

2 { W _ k T l n  [2(W--39kT)2Nl%v ] 
qact r 

D = 2kT/qacf [6] 

Sato and Cohen's modeL--From the i r  s tudy  of i ron 
in pH 8.4 bora te  buffer solution, Sato and Cohen (6) 
found tha t  the  re la t ionship  be tween  ex te rna l  current ,  
i, the appl ied  potent ial ,  Vapp, and the accumula ted  
charge in the oxide film, QT, c a n  be expressed  by  the 
fol lowing empir ica l  equat ion  

i : k'  exp (mVapp --  QT/n) [7] 

where  k', m, and n are  parameters .  
The authors  then used the so-cal led  "p lace -ex-  

change" mechanism to exp la in  the i r  results.  Accord-  
ing to this model, a l aye r  of oxygen  is adsorbed  onto 
the surface which  then  exchanges  places (possibly 
by  ro ta t ion)  wi th  under ly ing  meta l  atoms. A second 
l aye r  of oxygen  is then  adsorbed  and the two NI--O 
pairs  ro ta te  s imul taneously .  This process is repea ted  
and resul ts  in oxide  film thickening.  A schematic  r ep -  
resenta t ion  of this mechanism is given in Fig. 1. 

F r o m  the "p lace-exchange"  mechanism model, Sato 
and Cohen obta ined  ana ly t ica l  expressions for  the pa -  
ramete rs  in Eq. [7] 

2FkT [ qEoF 
k' = �9 ~/Ns q/v (0NFe) 2/v exp t 2~RT 

h 
W M - - W o + O . 5 q W s  ] 

- vRT - [8] 

qF 
m = [9] 2~RT 

0 0 0 0 0  MMMM M 
0 0 0 0 0  MMMMM MMMMM 0 0 0 0 0  

~/IM MMM MMMMM 0 0 0 0 0  0 0 0 0 0  MMMMM 
MMMMM MMMMM MMMMM MMMMM 0 0 0 0 0  

({) (2) (3) (4) (5) 

Fig. I. Oxide film growth by the "place-exchange" mechanism. 
M and 0 represent metal and oxygen atoms, respectively. The 
dashed line is the solid-electrolyte interface. (1) A film-free metal; 
(2) oxygen adsorption on the metal surface; (3) "place-exchange" 
between oxygen and metal; (4) second oxygen layer is adsorbed; 
(5) "place-exchange" between two M-O pairs simultaneously. 

n - i  : 12Wo/4qRT [10] 

where  F is Fa raday ' s  constant,  h is Planck 's  constant,  v 
is defined as the number  of t imes tha t  a r a t e -con t ro l -  
ling step occurs when the overa l l  reac t ion  occurs once, 
Ns is the  total  number  of adsorpt ion  sites, and 0NFe is 
the number  of i ron  ions pe r  uni t  a rea  of oxide  at  
the meta l  surface, and Eo is a constant.  W~ is the 
chemical  ac t ivat ion energy  for the format ion  of the  
first l ayer  of oxide, Wo is the  chemical  ac t iva t ion  en-  
e rgy  of subsequent  layers ,  and  Ws is the chemical  
ac t ivat ion energy  for  the incorpora t ion  of adsorbed  
oxygen  into the growing film. R, T, and q have  thei r  
usual  meanings.  

Later ,  Sato and Notoya (7) poin ted  out  tha t  under  
potent ios ta t ic  conditions, the  in tegra t ion  of Eq. [7] 
resul ts  in the logar i thmic  l aw  

L = A -}- B In (t  -t- to) [11] 
wi th  

A IvRT[lnWO~T ~ J  lvFVap, 
wo L~R----T + -#" + 2 W ~  [12] 

and 
IvRT 

V [13] 
Wo 

Fehlner and Mott's modeL--As ea r ly  as 1960, Eley  
and Wi lk inson  (8) pointed out  tha t  the  logar i thmic  
growth  law could be ob ta ined  by  assuming any  
mechanism whose ac t iva t ion  energy  increased l inear ly  
wi th  film thickness.  Based on this a rgument ,  they  p r e -  
fe r red  the "p lace-exchange"  model,  since i t  is the 
only model  that  gives a l inear  dependence  of the  act i -  
va t ion  energy  on film thickness.  The theory  was fu l ly  
developed by  Sato and Cohen four years  l a t e r  (see 
"Sato and Cohen's model"  above) .  

However ,  the "p lace-exchange"  mechanism does not  
p rovide  a very  convincing descr ipt ion of the growth  
of a film whose thickness is more  than  one or  two 
monolayers .  Thus, in 1970, Feh lne r  and Mort  (9), 
modified the ear l ie r  M o t t -Ca b re r a  model  to provide  
an a l t e rna t ive  to the "p lace-exchange"  mechanism. 
The modifications involve the fol lowing assumptions:  
(i) Anion diffusion is responsible  for film growth;  (ii) 
the  r a t e - l imi t i ng  step (r ls)  is the emission of an  anion 
f rom the envi ronment  into the film at  the f i lm/en-  
v i ronment  interface;  (iii) the field s t reng th  in the film 
is independen t  of thickness,  i.e., e = cf /L :_ constant;  
(iv) the ac t iva t ion  energy,  W, of the rls increases 
l inea r ly  wi th  thickness by, as the authors  stated, 
"wha tever  the mechanism is." (Feh lne r  and Mort  did 
not provide  detai ls  of how this might  occur.) Accord-  
ingly  

W = W ~ + ~L [14] 

where  W o and ~ are  constants.  
Based on these new assumptions,  Eq. [3] becomes 

dL qa~ l / kT ] 
dt : N ' ~ v e x p [ (  - W ~  2 ,' 

[15] 
This yields another  logar i thmic  l aw 

L = A' + B' In (t + to) [16] 
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with 

A ' = ~  In + l n N , Q v - - - - +  [17] 
k T -2-~ d 

and 
B' = kT/~ [18] 

Several continents regarding existbtg growth ~,mdels. 
- -Ove r  the past four decades, the growth models re- 
viewed above have been used to in terpre t  experi-  
menta l  data with only minor  challenges [e.g., see Ref: 
(10-12) ]. Recently, Lukac et aI. (2) used ell ipsometry 
to systematically investigate the growth kinetics of 
the passive film on iron in  pH 8.6 borate buffer solu- 
tion over a range of temperatures  and potentials. 
Their  data largely dispute some of the predictions of 
the existing models. Thus, the authors concluded "none 
of the existing models for film growth were found to 
be completely consistent with the tempera ture  and po- 
tential  dependence of the growth constants." Macdon- 
ald and Roberts (13) also found that  none of the exist- 
ing models are able to account for the potentiostatic 
t ransients  observed dur ing the growth of anodic films 
on iron in sodium hydroxide solution. 

Further ,  there are a number  of fundamenta l  argu-  
ments  that  tend to discredit the existing models. (i) 
The inverse logari thmic growth law has been ob- 
served for solutions of low pH (14-17), where passive 
film dissolution is significant. The Mott -Cabrera  model, 
however, does not take this phenomenon into consider- 
ation. (it) Recent studies at the Chalk River  Nuclear 
Laboratories (18-21) have used radioactive markers  
to identify mobile species in  anodic films. These 
studies showed that, for all the metals investigated 
(A1, Nb, Ta, W, Zr, Hf, U, St),  an ion t ranspor ta t ion  is 
largely, if not exclusively, responsible for film growth. 
This observation tends to discredit the Mott -Cabrera  
model, which assumes that metal  cation diffusion is 
responsible for film growth. ( i i i )Trans ien t  phenomena 
resul t ing from sudden changes of the applied poten-  
tial or the pH of the solution have been investigated 
(14, 15). The results showed that  at the f i lm/solution 
interface, the following equi l ibr ium is established rap-  
idly 

O(oxide) "~ 2H+(aQ> + 2e -  = H20 [19] 

This observation contradicts the Fehlner -Mot t  model 
which assumes that  the ra te - l imi t ing  step is located at 
the fi lm/solution interface. 

A New Model for the Growth of Passive Films 
under Anodic Polarization 

In  this section, a new model is presen~_ed to account 
for the growth kinetics of a passive film on a metal  
surface. Initially,  the assumptions involved are clearly 
stated and the growth law is derived. Subsequently,  
it is demonstrated that  the new model is in substant ia l  
agreement  with many  exper imental  observations that  
have been  reported in  the l i terature.  

Basic Seatures of the model . --This  model is based 
on the following assumptions:  (i) Whenever  the ex-  
te rna l  potential, Vext ,  is more noble than the Flade 
potential,  a continuous passive film will form on the 
surface of a metal. For the present  purpose, the film 
is assumed to be an oxide of composition MO• 
However, the model developed below is perfectly 
general  and can be applied to other (oxide and non-  
oxide) films as well. (it) I t  is assumed that  the passive 
film contains a high concentrat ion of point  defects. 
High temperature  studies indicate that the major  point  
defects that exist in  an oxide film are VM • Vo", e', 
and h ' )  The same species are expected to be present  

~ T h e  K r o g e r - V i n k  no ta t ion  is adopted  h e r e  for  des ignat ing  
poin t  de fec t  species .  A c c o r d i n g  to the  notat ion,  X~ m e a n s  t h a t  a 
spec ie s  X occupies  a u lat t ice  s i te  (e.g., V~ m e a n s  a v a c a n c y  
occup ies  a m e t a l  s i te  in th e  ox ide ,  i.e., a m e t a l  v a c a n c y ) ;  e and 
h are  e l ec t rons  and holes .  Th e  superscr ipt  g ives  the  n u m b e r  and 
the  s ign  o f  the  charge .  Thus ,  ", ."  m e a n s  t w o  pos i t ive  charges .  
"X"" m e a n s  x negat ive  c h a r g e s  (e,g. V~tx' m e a n s  a m e t a l  v a c a n c y  
wh i ch  carr ies  X nega t ive  c h a r g e ) .  

in a passive film. (i~i) I t  is well known  that passive 
films are characterized by high electrical fields (~, 106 
V/cm) and we assume that the field s t rength is of the 
same order as that required for dielectric breakdown. 2 
Accordingly, the passive film behaves as an "incipient 
semiconductor" because it exists on the verge of di- 
electric breakdown. Consequently, the field s trength 
is a function of the chemical and electrical character-  
istics of the film and therefore is independent  of thick- 
ness even for potentiostatic conditions. (iv) Since 
passive films are regarded to be "incipient  semicon- 
ductors," it is assumed that electrons (e') and elec- 
t ron holes (h ' )  in  the film matr ix  are in their equi l ib-  
r ium states, and that the electrochemical reactions in-  
volving electrons (or electron holes) are rate con- 
trolled at either the metal / f i lm (m/f)  or the fi lm/ 
solution (f/s) interfaces. On the other hand, the rate-  
controlling step for those processes which involve 
metal  vacancies (VM • and oxide vacancies (Vo"),  
(i.e., film growth) is assumed to be the t ransport  of 
the vacancies across the film. This assumption implies 
that metal  and oxide vacancies are in  their equi l ibr ium 
states at the m/ f  and the f/s  interfaces. 

Addit ional  assumptions wil l  be given later, as 
necessary. 

Kinetic growth l aw. - -F igure  2 shows schematically 
the relationship between the working electrode and 
reference electrode in an electrochemical cell, and the 
corresponding potent ia l -posi t ion relationships. The pa-  
rameters emit, el/s, and Ca represent  the potential  
drops at the metal/f i lm, film/solution, and solut ion/  
reference electrode interfaces, respectively. Cr is the 
potential  drop across the film and Vext is the external  
position. The potential  drops in the solution as well as 
that in the external  circuit are neglected in the pres- 
ent t reatment.  From Fig. 2 we obtain 

Vext + ~a : Cm,'f + ~f + Cf,,'s [20] 

Two reactions occur at the metal / f i lm (m/f)  in te r -  
face 

m ~-  M~ + x/2 Vo'" + xe' [21] 
and 

m + VM • ~ M~i + xe' [22] 

where m represents the metal  atom in the metal,  and 
M~I is metal  cation in  the film. Since equi l ibr ium is 
established at the m/ f  interface, then 

X 
#m = /~MM + -~ ~Vo" + xFcpf' + X#e, -- xFCm [23] 

where el' and ~bm are the fiatband potentials for the 
film and metal  at the m/ f  interface, respectively, and 
~i is the chemical potential  of species i. Furthermore,  
the s tandard Gibbs energy of reaction [21], AG21 ~ is 
defined as 

X 
AG21 o : ~ i ~  ~ + .~-~,vo .-~ + x~e, ~ -- #m ~ [24] 

By selecting appropriate s tandard states 3 

~m ~ /Xm% ~MM ~ ~MM ~ Pc, ~ Pe '~  C m - -  Cf ~ e m i t  

[25] 
and 

#vo" ~- #vo ''~ + R T  in  avo" r [26] 

2 V e r y  l i t t le die lectr ic  b r e a k d o w n  data  for  oxides  h a v e  b e e n  
r e p o r t e d .  F u r t h e r m o r e ,  w ide  v a r i a t i o n s  ex i s t  in these  va lues  
wh ich  h a v e  b e e n  reported.  For  impure  s in tered  A1K)- 3 p la tes  (25),  
b r e a k d o w n  has  b e e n  r e p o r t e d  to  occur  at  50 k V / c m .  F o r  h i g h e r  
p u r i t y  AlcOa, b r e a k d o w n  w a s  r e p o r t e d  at 200 k V / c m .  I t  s e e m s  
r easonb le  to  e x p e c t  that  t h e  "intrinsic" b r e a k d o w n  fo r  p u r e  
A1~O3 is of the  order  of  10~ V / c m .  Recen t ly ,  a va lue  of 1.1 • 10 e 
V / c m  h a s  b e e n  r e p o r t e d  fo r  SiO~ (26). 

~ T h e  s t a n d a r d  s ta te  for  each  spec ie s  is def ined as fo l lows:  
m = a m e t a l  w h i c h  is in e q u i l i b r i u m  w i t h  the  m e t a l  oxide;  M~ 

m e t a l  ca t ion  w h i c h  occupies  a n o r m a l  ca t ion  s i te  in  t he  oxide  
l a t t i ce  wh ich  is in e q u i l i b r i u m  w i t h  the  meta l :  e '  = e lec tron  in 
the  meta l ;  and Vo-. = h y p o t h e t i c a l  " p u r e "  Vo. .  which  posses se s  
the  s a m e  propert i e s  as i f  t h e y  w e r e  the  spec ies  that  are  p r e s e n t  
in the  m e t a l  ox ide  that  is in e q u i l i b r i u m  w i t h  meta l .  
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Fig. 2. Schematic of the working and reference electrodes in a 
typical electrochemical cell (upper figure), and the corresponding 
potential-distance relationships (lower figure). M represents metal, 
F represents film, and R represents reference electrode. 

where  avo" (m/o represents  the  ac t iv i ty  of Vo'" a t  the 
m / f  interface.  

Combining Eq. [23] and [24] yields  

( 2Fern~f-- (2/x)AG21 ~ ) 
avo'" (m/f) = exp , RT [27] 

S imi la r  t r ea tmen t  for Eq. [22J wi l l  resu l t  in 

G22 - -  XFCm/f  
aVMX' (m/f)  = exp RT ' [28] 

where  AG29 ~ is the s t andard  Gibbs energy  of react ion 
[22]. 

A t  this t ime, i t  is necessary  to assume that  the in-  
teract ion be tween  poin t  defects is negligible,  i.e., the 
point  defects behave  as an ideal  solution. Accordingly,  
the  ac t iv i ty  coefficient is un i ty  and we es t imate  the  
number  of Vo'" and  VM x' at  the m / f  interface as 

Nv 
C vo ' "  (m/D ~ - - -  ~ a v o "  

42 

( 2Fr  ) Nv exp [29] 
42 RT 

Nv ( ~G22 ~ -- zFCm/f ) 
CVM• (m/f)  = - -  exp [30] 

RT 

where  Nv is Avogadro ' s  number  and ~ is the molecu-  
la r  volume of oxide. Ci is the concentra t ion of species i 
in units of No. of spec ies /cm 3. At  the f i lm/solut ion 
( f / s )  interface,  two other  react ions occur 

Vo'" + H20 ~ 2H + (aq) + Oo [31] 
and 

MM ~- VlvI • -}- M• (aq) [32] 

where  M• (aq) is the hydra t ed  meta l  cation in the  
e lec t ro ly te  solution. Because of local equ i l ib r ium at 
the f / s  interface,  the number  of oxide vacancies at  
this interface,  Cvo. . (f /s) ,  can be calcula ted easi ly  by  
equat ing  the e lect rochemical  potent ia ls  on both sides 
of Eq. [31] 

#vo" + 2Fcf" + ]ZH20 = 2~H+ + 2FCs + ~oo [33] 

where  r and Cs are  f la tband potent ia ls  for the film 
and solut ion at  the f / s  interface,  respect ively.  F u r -  
thermore,  the change in  s tandard  Gibb 's  energy for re -  
act ion [31] is given b y  

AGS1 ~ - -  2#H +~  -~ /ZOo ~ - -  /~Vo "'~ - -  ~H20 ~ [34] 
where  

/~H~.O - -  ~H20 ~ /~00 - -  #00% r  - - ' r  = r  [35]  

~vo" --  #vo ''~ -b RT In avo'" (~,'s) [36] 

~H+ --#H +~ --2.303 RT X pH [37] 

T h e s e  re la t ionships  l ead  to 

: N_ . !exp[ (  AG31~162 
Cvo"(f/s) 42 ~-~ ) - -  4 . 6 0 6 p H ]  

[38] 

The number  of VM x' a t  the  f / s  interface,  CVM• ( f / s ) ,  
c a n  be calcula ted f rom the Sc ho t t ky -pa i r  reac t ion  

X 

Nutl  ~ VM • + ~. Vo'" [39] 

T h e r e f o r e  
[Nv]'~:x/S(AGs~ 

CVM• " [Cvo"] x/2 = ~ exp RT [40] 

where AGs ~ is the standard Gibbs energy change for 
the Schottky-pair reaction and the multiplier on the 
right-hand side arises because of the use of concentra- 
tions rather than activities. From Eq. [38] and [40], 
i t  is possible to obta in  CvMx' (f/s) 

CVM• Cf/s) 

Nv exp [ xFCf/s- AGs~ - x/2AG31~ ] 
: e RT ~- 2.303 x pH 

[41] 

I t  is apparen t  (see Eq. [21] and [31]),  tha t  oxide  
ion vacancies a re  produced  at  the  m / f  in terface  bu t  
are  consumed at  the f /s  interface.  As a result ,  oxide ion 
vacancies diffuse f rom the m / f  to the f /s  interfaces.  
S imi la r  a rguments  show that  VM • diffuses f rom the f /s  
to the m / f  interfaces or equivalent ly ,  meta l  cations dif-  
fuse f rom the m / f  to the f /s  interfaces.  The net  resul t  
of Vo" migra t ion  can be seen by  combining reactions 
[21] and [31] to y ie ld  

2 
- - m  + H20 ~ -  2/ZMM + Oo + 2H + (aq) + 2e' [42] 
x 

Similar ly ,  combining Eq. [22] and [32] shows tha t  the 
net  resul t  of VM• migra t ion  can be expressed as 

m ~_. M• + xe' [43] 

I t  is clear  that  the diffusion of Vo" (or equivalent ly ,  
oxygen  anion) resul ts  in oxide  growth,  whereas  the 
diffusion of V~.I • (or equivalent ly ,  me ta l  cation) r e -  
sults in meta l  dissolution only. This conclusion is op-  
posed to the  assumpt ion of accepted theories tha t  
cation diffusion is responsible  for oxide growth  (4, 5, 
22, 23). However ,  this conclusion is subject  to exper i -  
menta l  verif icat ion (18-21). 

Since Vo" diffusion resul ts  in film growth,  the p rob-  
lem of calculat ing film growth  kinet ics  is equiva lent  
to calculat ing the Vo'" diffusional rate.  Thus 

dL G 
Jvo'" [44] 

dt  Nv 

where  dL/dt is the film growth  rate,  ~ is the molar  
volume per  cation, and Jvo" is the flux of Vo" per  uni t  
area  per  uni t  time. In the Appendix ,  we show that  i t  is 
possible to calculate  the diffusional ra te  of a charged 
species in the presence of bo~h concentra t ion and po-  
tent ia l  gradients, The result is given by 

Cvo"(m/o exp (2KL) -- Cvo"(f/s) 
Jvo" = 2KDvo"* 

exp (2KL) --  1 
[45] 

where  K, as defined in Appendix ,  is equal  to Fe/RT. 
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New,  i t  is necessary  to in t roduce  an addi t iona l  as-  
sumpt ion  tha t  the  potent ia l  drop at  the f i lm/solut ion 
interface,  Of/s, is a funct ion of appl ied  poten t ia l  and  
solut ion pH, bu t  is i ndependen t  ot anodic film th ick-  
ness. Accordingly ,  we m a y  express  ~ / s  in the form 

~bf/s ~- aVext ~- ~pH ~ ~ / s  ~ [46] 

The assumpt ion  tha t  r is independen t  of thickness  
seems reasonable ,  because  the  film g rowth  resul ts  f rom 
a reac t ion  at  the  m / f  in te r face  (i.e., oxygen  anions di f -  
fuse to the m / f  in ter face  and reac t  wi th  me ta l ) .  The 
po ten t i a l -  and p H - d e p e n d e n t  assumptions  for ~f/s also 
seem justified, since the f / s  in ter face  is polar izable .  

F r o m  Eq. [20j and  [46], i t  is possible  to der ive  an  
express ion for  ~bm/f 

~m/f  - -  (1 - -  a ) V e x t  - -  ~ p H  - -  ~bf/s ~ -~- ~bR ~ ~bf [47] 

According  to the assumpt ion  [4], ~ --  eL, so tha t  

Cm/f - -  (1 --  =)Vext - -  ~pH --  r ~ ~- CR --  EL [48] 

where  CR is t rea ted  as a constant  because the reference  
e lec t rode  is nonpolar izable .  Subs t i tu t ing  Eq. [29J, L38], 
[45J, [46], and L48] into Eq. L44J yie lds  

dL A (B - -  1) 
- -  [ 4 9 ]  

dt e x p ( 2 K L )  --  1 
w h e r e  [ ,.F 
A = 2KDvo"* exp -- --~ (aVext ~- ~pH + r ~ 

AG31 ~ 
--1l 

4.606 pH / [50] + ~ - - T  
J 

and 

B ~- exp 
2F 

(V�9 + CR) 

2hG21 ~ AG3t ~ ] 
- -  xRT R T  ~- 4.606pH [51] 

Note tha t  A and B are  functions of ex t e rna l  potential ,  
Vext. When  exper imen t s  a re  conducted po ten t ios ta t i -  
c a l l y ,  r~/ext is equal  to the appl ied  potent ia l  (Vapp)  and 
is independen t  of the film thickness  (L) .  Thus Eq. [49] 
can be in tegra ted  d i rec t ly  since 

[exp (2KL) --  1] d (2KL)  = 2 KA (B -- 1) dt 

[52] 
which therefore  y ie lds  

exp (2KL) --  2KL --  1 = 2 K A ( B  -- 1)t  [53] 

Fo r  most  anodic  films, the  field s t r eng th  (�9 is of the  
o rde r  of 106 V / c m  (or 10 -2 V / A )  at room t empera -  
ture. Thus, 2KL = 2Fe/RT L ~ 0.76L. This means  tha t  
wheneve r  L ~ 5A, e x p ( 2 K L )  > >  2KL > >  1 and Eq. 
[53] can be simplif ied to 

exp 2KL ---- 2 K A ( B  --  1) t  [54] 
o r  

1 
L = [ln 2 K A  (B -- 1) + In t] [55] 

2K 

Equat ion  [55] has the fo rm of  the  logar i thmic  
g rowth  ]aw. F u r t h e r m o r e  since current ,  i, is equal  to 

2 F  "'~"v --,dL Eq. [55] gives 
n dt  

F N v  
i = t - I  [56] 

K a  

On the o ther  hand, when the film thickness is small ,  
Eq. [53] can be expanded  using 

4 
__ KSL s Jr . . .  exp (2KL) - -  1 -t- 2KL -]- 2KSL s -I- 3 

[571 
to y ie ld  

4 
- - K 3 L  3 + . . . .  = 2 K A ( B  -- 1) t  [58] 2K2L2 + 3 

For  ve ry  smal l  values for L (des ignated  by  subscr ip t  
"s") the  th i rd  and h igher  o rder  terms m a y  be ne-  
glected so tha t  Eq. [53] reduces  to 

A ( B  - -  1) t [591 
Ls ---- K 

This gives a cu r ren t  t rans ient  of 

dLs [ A ( B - - 1 )  ]'/, 
is ~ i t .H= w ~ t-'/= [60] 

where  Ls and is represen t  the  film thickness and cur-  
rent,  respect ively,  for ex t r eme ly  thin films. 

Nv dL 
Under  galvanosta t ic  conditions,  i = 2F 

dt  
constant,  and  Eq. [49] becomes 

13 
i [exp (2KL) --  1] --  A ( B  -- 1) [61] 

2FNv 

Whenever  L ~ 5A and hence exp (2KL) > >  I Eq. 
[61] becomes 

i exp (2KL) ---- A ( B  -- 1) [62] 
2FNv 

Just i f ication of the  new  m o d e l . - - T h e  newly  deve l -  
oped model  contains four  unknow n  pa ramete r s :  ~ ( the 
potent ia l  dependence  of el/s),/~ ( the pH dependence  of 
el/s), Ct/s ~ (an int r ins ic  cons tant ) ,  and �9 ( the field 
s t reng th) .  The best  w a y  to ver i fy  the model  would  be 
to de te rmine  (by  some independen t  means)  these 
parameters ,  and  then  to subs t i tu te  the  values  into Eq. 
[55], [59], [60], and [62] for d i rec t  comparison wi th  
exper iment .  Unfor tunate ly ,  i t  does not  seem possible 
to de te rmine  values  for these pa rame te r s  by  com- 
p le te ly  independen t  means. Accordingly ,  we wil l  a t -  
t empt  to jus t i fy  the model  in a reverse  manner ,  i.e., 
b y  de te rmin ing  numer ica l  values  of these pa rame te r s  
f rom exper imenta l  da ta  and demons t ra t ing  that  the  
values  obta ined are  phys ica l ly  reasonable.  This ana ly -  
sis wil l  be pe r fo rmed  using expe r imen ta l  da ta  for iron. 

Before doing this, i t  is impor t an t  to note that  Eq. 
[49], [54], and  [55] and Eq. [59], [60], and  [62] in-  
.volve a " ( B -  1)" term. The equations should become 
much s impler  if  one can prove  that  B is much l a rge r  
than  1 so tha t  B --  1 ~ B. Since 

I- "2F 
B ---- exp L--R-T-- (Vext "t- Ca) 

2AG2I ~ AG31 ~ ] 
- -  xRT  R----T-- -t- 4.606 pH [63] 

the cr i te r ion  for B > >  1 is tha t  

2F 2AC~1 ~ hGst ~ 
(Vext + CR) ~- 4.606 pH > 4 

R T  x R T  R T  
[64] 

Fur the r ,  2/• hG~1 ~ ~ 5G31 ~ is equal  to the  s t anda rd  
Gibbs energy  for react ion [42], which  is --2.33 kcal  for  
Fe/~, --  Fe208. Thus, wheneve r  Vext > --0.06 pH --  
CR, B is much l a rge r  than  1. Unfor tunate ly ,  we do not  
know the exact  va lue  for CR, SO tha t  i t  is not  possible  
to specify  the Vext va lue  which wil l  ensure  tha t  B > >  
1. Nevertheless ,  we m a y  conclude tha t  at  no t - t oo -neg -  
at ive potent ials ,  B --  1 ~ B. In the  fol lowing t r ea t -  
ments, i t  is a lways  assumed tha t  B > >  1 unless o the r -  
wise specified. Thus, under  potent ios ta t ic  condi t ion 

dL C 
- -  = [ 6 5 ]  
dt  exp  (2KL) --  1 
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exp (2KL) -- 2KL -- 1 = 2KCt [66] 

1 
L - -  2K [ l n 2 K C + i n t ]  [67 ]  

Ls =(C) ~ tv= [68] 

,(c I, 
i,=%- ~-] t- '~ [69] 

under galvanostatic condition 
a 

i , exp (2KL) _-- C [70] 
2FNv 

where 

C = 2KDvo"* exp ~ [(1 -- ~)gext 

2aG~2~ ~ } 
-- ~pH -- r ~ + Ca] xR----T-- [71] 

Calculation of ~ and , . - -Equat ion  [67] shows that  in 
a given solution (i.e., fixed pH and r ~ the film 
thickness is proport ional  to Vext and In t .  Therefore 

dL ) l --a 

dVext t, pH, ~ f / S  ~ ' [72] 
a n d  

dL ) RT 
= [73] 

d In  t Vext, ~H, ~t/s" 2Fe  

Goswami and Staehle (1) have determined the 
growth kinetics of the passive film on iron in  pH 8.4 
borate buffer solution over a wide range of potential  
(0 .05Vshe  ~ ViText ~ 1 .05Vshe ) .  They found that  their  
data could be fitted to both logari thmic and inverse-  
logarithmic functions equal ly  well. Disregarding this 
dual  nature,  G-S 's  data yield 

 ln,d' ext, rH,,f/sO--" 1.16 (A) [74] 
and 

) dVext t,~H, *t/s ~ -- 28.1 (A/V) [75] 

Subst i tut ion of these exper imental  values into Eq. [72] 
and [73] yields �9 ---- 1.11 X 10-~ V / A  (or, equivalently,  
1.11 X 106 V/cm) and a -- 0.69. The calculated value 
for �9 is of the correct order. 

Lukac, Lumsden, Smialowska, and Staeb_le (2) con- 
ducted a systematic invest igat ion of the effects of t em-  
perature  and potent ial  on the growth kinetics of t h e  
passive film on iron in borate buffer solution (pH 8.6 
at room temperature) .  The calculated a and , values 4 
at various temperatures  are shown in Table I. It  can 
be seen that the field strength, ,, and a decrease and 
increase, respectively, with increasing temperature.  

Calculation o] ~ and of the egect of anion type on a 
and ~.--Sato, Noda, and Kudo (24) studied the forma-  
tion of anodic films on iron in  borate and phosphate so- 
lutions over a range of pH. Their  data provide an ex- 
cellent opportuni ty  to evaluate /~ and /or  the anion ef- 
fect on a and fl (assuming e is independent  of solution 
pH).  

S -N-K ' s  results are reproduced in  Fig. 3 and 4. Fig-  
ure 3 shows the film thickness after 1 hr  of polariza- 
tion in  borate solution as a funct ion of applied poten-  
tial and pH. Figure 4 shows the film thickness for i ron 
after polarization for 1 hr in phosphate solution. 

From Fig. 3 and Eq. [72], one finds that for borate 
buffer solution 

dL h 1 -- a 
) 23.33 (A/v) [76] 

d Vext  t, pH, ~f/s  ~ e 

The small  pH changes due to the variation in temperature 
were not taken into consideration in the calculation, 

Table I. Calculated ~ and e values at various temperatures using 
L-L-S-S's data (2) for the growth of passive films on iron in 

borate solution 

Temper- Calculated Calculated e 
ature (~ ~ (V/A) 

O 0.747 1.12 x 10 -~ 
20 0.728 1.10 x 10 --~ 
35 0.812 9.37 x 10 -~ 
50 0.841 8.10 x 10 ~ 
80 0.853 7.57 x 10 ~ 

for all  pH values. If one assumes t h a t ,  is independent  
of pH, and is equal to 1.11 X 10 -2 V/A,  then a is equal  
to 0.743 for all  pH values. This value for a agrees with 
G-S's  result  wi thin  exper imental  error. 

From Fig. 4, i t  is found that  for the high pH range 
(pH ~-- 6.15), 1 -- a/~ is also equal to 23.33 for i ron in  
phosphate solutions. These data suggest that  a is in -  
dependent  of pH and ident i ty  o~ anion. Figure 4 also 
shows that  when pH --~ 3.02, 1 -  a / ,  deviates from 
23.33. However, at such low pH's, it  is very possible 
that phosphate anions are incorporated into the pas- 
sive film (the we l l -known Parker  Process utilizes this 
fact to produce a conversion coating). Accordingly, 
the calculated a values no  longer refer to a pure oxide 
film. 

S-N-K's  result  can also be used to calculate a value 
for ft. From Eq. [67], one obtains 

dL 
I : -- fl/, [77] 

d pH /Vext, t, ells ~ 

The data plotted in  Fig. 3 demonstrate  that  (dL/d pH) 
: 0 for all  potentials. This indicates that  fl is equal to 
zero in  borate buffer solution. On the other hand, Fig. 
4 also shows that, whenever  pH ~ 6.15, (dL/d pH) = 
1.3 at constant  Vext. This indicates that 13 - :  -- (1.3 • 
~) : --1.44 • 10 -2 and suggests that  fl depends on the 
ident i ty  of the anion in  the solution. 

Current-voltage characteristics under gaIvanostatic 
conditions.--Equation [70] shows that, under  galvano- 
static conditions 

]} i ---- k' exp 2K ~ Vext -- L [78] 

60 
Borate Solution (0.15N) 

o pH 7,45 
A pH 8.42 

50 [] pH 9.65 

v pH 11.50 o ~ X  ~" 

40 

~ 30 
c 

~- ~ ' o  ~ Temp: 25~ 
20 Polor izot ion t i m e  

(I hr.) 

10 

0 I I I I I I I I I / I J I 

-0  4 -O.Z 0 0.3 0.4 O.6 0.8 

Potential (Vsc E} 

Fig. 3. Film thickness as a function of potential for iron that was 
polarized at passive potentials for 1 hr in borate solutions. [Figure 
2 of Ref. (24)]. 
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Fig. 4. Film thicknesses as a function of potential for iron that 
was polarized at passive potentials for 1 hr in phosphate solutions. 
[Figure 4 of Ref. (24).] 

According  to the previous  calculat ion ~ ---- 0.743 and 
e --  1.11 • 10 -2 V/A.  Subs t i tu t ion  of these values  into 
Eq. [78] y ie lds  

i = k' e x p  [19.97 Vext - -  0.86 L]  �9 [79]  

Sato and  Cohen (6) have  shown that,  a t  constant  
anodie cur ren ts  ranging  f rom 0.3 to 23 ;~A/cm 2, i oc 
exp {~ Vext} at  any  given thickness.  Fur the rmore ,  t hey  
f o u n d  tha t  ~ --  19.19 which  is in  excel len t  ag reement  
wi th  the va lue  (8 = 19.97) pred ic ted  by  the model  
d e v e l o p e d  in this paper .  

Current- t ime transients for  extremely  thin f i l m . -  
Equat ion  [69j shows tha t  for e x t r e m e l y  thin  films 

AC~I o 
- -  ~ p H  - -  q~/s ~ + O'S] [80]  

xRT 

t-Va 

or  

f F (1 --  a)Vext t [81] is = k" exp R T  

Since ~ = 0.743, as de te rmined  prev ious ly  

{ O.257FVext} 
is = k" exp RT t - l / 2  [82] 

Usually,  an  ex t r eme ly  thin  film is formed dur ing  
the  first  f ew tenths  of a second (i.e., the  t rans ien t  
per iod)  dur ing  a potent ia l  j u m p  be tween  cathodic 
and passive potentials .  Recently,  Macdonald  and Rob-  
er ts  (13) publ i shed  a s tudy  of the  potent ios ta t ic  t r an -  
s ient  behavior  of carbon s teel  in 1M NaOH solution. 
They  demons t ra ted  tha t  the t rans ien t  cu r r en t - t ime  
re la t ionships  fol low an empi r ica l  equat ion of the  form 

{ FVext } 
i = k'" exp  m R T  t - "  [83] 

where  n and m depend  on the in i t ia l  and the  final 
potent ia ls  of the jump.  Thei r  da ta  at  h igh anodic po-  
tentials,  where  7-Fe2Os is expected to form (note 
tha t  a refers  to this  ox ide) ,  indica te  tha t  n - -  0.5 and 
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m is equal  to 0.21-0.23; this l a t t e r  va lue  is close to 
th e  va lue  of 0.257 pred ic ted  b y  the new growth  m o d e l  
The success of the p resen t  model  in in te rp re t ing  the 
t rans ien t  per iod g rowth  kinet ics  should not  be overem-  
phasized, however ,  because the thickness of the "film" 
formed dur ing  this per iod is f r equen t ly  sma l l e r  than 
the la t t ice  p a r a m e t e r  of film latt ice.  Therefore,  a t -  
tempts  to model  the  film as a compact,  continuous 
med ium appears  should be t rea ted  wi th  caution. 

Film growth due to reprecipitation o] the cations 
]rom solut ion.- -We have assumed tha t  meta l  cations 
at  the  f i lm/solut ion in ter face  are  in  the i r  equi l ib r ium 
state. That  i s ,  the meta l  cations in the solut ion are  in 
equ i l ib r ium wi th  the meta l  cations in the h igh ly  de-  
fected film. Since the  defected film has  a more  posi -  
t ive free energy  of fo rmat ion  than  a per fec t ly  c rys ta l -  
l ine film, the  concentra t ion of meta l  cations in solut ion 
is g rea te r  than  that  for the per fec t ly  c rys ta l l ine  oxide 
(or  even hydrox ide ) .  Accordingly ,  me ta l  cations wil l  
tend to reprec ip i ta te  back  onto the  surface to form a 
h ighly  crys ta l l ine  oxide  (or hydrox ide )  upper  layer .  I t  
should be pointed out  that  this deposit,  or  "secondary"  
layer ,  m a y  not  r ead i ly  fo rm because of the  difficulties 
associated wi th  the nuclea t ion  of a h igh ly  crys ta l l ine  
( low defect)  phase. However ,  once i t  is formed, its 
thickness should be potent ia l  independent ,  as observed 
by  Sato (27), p rovided  that  no change in oxidat ion  
s tate  occurs dur ing  the deposi t ion process and its s t ruc-  
ture  m a y  be porous. Final ly ,  the format ion  of a sec- 
ondary  layer  expla ins  why  rad ioac t ive  m a r k e r  ex -  
per iments  (18-21) indicate  tha t  the  t r anspor t  number  
of oxygen  in a growing anodic passive film is less than  
one. Conclusions 

A point  defect  model  has been developed to account 
for the kinetics of g rowth  of passive films on meta l  
surfaces. The model  leads to a number  of impor t an t  
general iza t ions  concerning the kinet ics  of film growth.  

1. The  migra t ion  of oxygen  anions or  oxide ion 
vacancies (Vo")  is essent ial  for passive film growth.  
On the o ther  hand, the diffusion of meta l  cations or  
cation vacancies (VM x') resul ts  only  in meta l  dissolu-  
tion. 

2. The in tegra ted  ra te  law for film growth  is of the  
form 

exp  (2KL) --  2KL -- 1 = 2 K A ( B  -- 1) t  

For  th ick films, this express ion reduces  to a logar i thmic  
expression and yields  a cur ren t  t rans ient  which var ies  
inverse ly  wi th  time. Fo r  ve ry  thin  films, a cur ren t  
t rans ien t  which var ies  inverse ly  wi th  the square  root  
of t ime is indicated.  

3. The va l id i ty  of the model  has been demons t ra ted  
by  use of exper imen ta l  da ta  f rom the  l i t e r a tu re  for  
the  g rowth  of anodic films on iron. 

4. I t  is found tha t  for the  fo rmat ion  of 7 --  Fe2Os on 
iron, the  dependence  of the  potent ia l  difference across 
the f i lm-solut ion interface  on the appl ied  potent ia l  
(~) is equal  to 0.743 and is independen t  of the iden t i ty  
of the anion in solution. On the other  hand, the  depen-  
dence of this potent ia l  difference on the pH of the 
solut ion (8) is a s t rong funct ion of the iden t i ty  of  
the  anionic species in  solution. 
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APPENDIX 

Calculation of the Diffusional Rate of a Charged Species 

The ra te  of diffusion of a charged species i under  
the influence o~ concentra t ion  and poten t ia l  g rad ien ts  
can be ca lcula ted  f rom tae  general ized ~'ick's tirst law 

8Cl Ci O~ 
Jl : --  Di* Ox -- Di* - ~ q i F ~ -  [ A - l ]  

where  OCi/Ox is the  concentra t ion gradient ,  Or is 
the potent ia l  gradient ,  Di* is the e lect rochemical  d i f -  
fus iv i ty  of  i, ql is the charge  of the species under  con- 
siderat ion,  anct F is Fa raday ' s  constant.  

According  to assumpt ion [4J in the text,  the field 
strength,  e, is indepencient of dis tance so tha t  

, "- - -  : -- - -  -- ein [A-2] 
L Oz 

where ein is the induced electrical field due to the 
presence of space charge.  Since e is of the o rde r  of 
10 6 V/cm, we m a y  assume tha t  �9 > >  ein and thus e = 
~f/L -- --Or 

Subst i tu t ing  this resul t  into Eq. [ A - l ]  yields  

dCt Jl Cl Ji 
d---x- --  Di ~ -t- ~ -  qi Fe -- Di* ~ qiKCi 

where  K is defined as Fe/RT. Therefore  

Ci f/s) dCl : SO L 
i (m/f) qiKCi - -  J'JDi* dx [A-3] 

Here  Ci(f/s) and C i ( m / f )  a r e  the concentrat ions of i at  
the f / s  and m / f  interfaces,  respect ively.  

Under  s t eady-s t a t e  conditions, Ji  is a constant  
throughout  the  film. The in tegra t ion  of Eq. [A-3J then 
becomes 

Cicm/f) exp (q~KL) -- Ci~f/s) 
Jl = qiKDi* [A-4] 

exp (qiKL) -- 1 
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A Point Defect Model for Anodic Passive Films 

II. Chemical Breakdown and Pit Initiation 

I.. F. Lin,* C. Y. Chao,* and D. D. Macdonald** 
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The point  defect  model  tha t  was p rev ious ly  developed (1) to expla in  the 
growth  kinet ics  of a passive film has been ex tended  to account for chemical  
breakdown.  This model  provides  quant i ta t ive  explanat ions  of the depen-  
dence of b r eakdown  potent ia l  on ha l ide  concentrat ion,  and  of  the incubat ion 
t i m e - b r e a k d o w n  overpoten t ia l  re la t ionships  tha t  have been observed  for i ron 
and nickel  in aqueous solutions. Limi ta t ions  of the  model  a re  identif ied and 
discussed. 

It  is genera l ly  recognized tha t  pass iv i ty  is due to the 
format ion  of a thin film on the me ta l  surface. Four  
basic questions ar ise  as to the  na tu re  of the  film: (6) 
What  is the composit ion of the film? (ii) How fast  does 
i t  grow? (iii) Why do some specific anions (e.g., CI- ,  
B r - ,  etc) resul t  in local b reakdown  and hence in the  
ini t ia t ion of pi t t ing? (iv) What  is the ionic and elec-  
t ronic s t ruc ture  of the film? Any  reasonable  model  for 

* E l e c t r o c h e m i c a l  S o c i e t y  Student Member. 
* * Electrochemical  Society Active Member. 
Key words: metals,  passivity, corrosion, films. 

the film should provide  sa t i s fac tory  answers  to these 
four questions. 

RecentIy, Chao, Lin, and Macdonald  ( i )  proposed  a 
point  defect  model  for the g rowth  of a passive film. 
This model  read i ly  provides  answers  to the first two 
questions:  (i) The passive film is a crys ta l l ine  com- 
pound (e.g., an oxide)  which contains a high concen-  
t ra t ion  of point  defects (note tha t  in an ex t reme  case, 
where  the concentra t ion of point  defects is large 
enough, the passive film m a y  be r ega rded  as a m o r -  
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phous in s t ruc tu re ) ,  and (ii) the  kinet ics  of film 
growth  can be  descr ibed by  a l i nea r  logar i thmic  l aw 
of the form 

e x p ( 2 K L )  --  2KL -- 1 -- 2 K A ( B  -- 1)t  

where  L is the film thickness  and t is t ime. The o ther  
pa rame te r s  a re  defined in Ref. (1). 

The p resen t  paper  provides  an answer  to the th i rd  
question. A c lea r -cu t  exp lana t ion  of the film b r e a k -  
down phenomenon not  only  makes  the model  more  
acceptable,  bu t  also unifies two impor t an t  processes in 
corrosion sc ience- -pass iva t ion  and localized corrosion. 

Experimental Observations and Existing Models 
Due to extens ive  studies over  the  las t  five decades, a 

g rea t  dea l  of expe r imen ta l  da ta  now exists  concerning 
film b reakdown  and subsequent  corrosion (e.g., p i t -  
t ing) .  Al though  not  al l  of the  expe r imen ta l  da ta  a re  in 
agreement ,  i t  is genera l ly  recognized that :  

1. F i l m  b reakdown  occurs only  above  some cr i t ical  
potential ,  Vc (the cr i t ical  b r e a k d o w n  po ten t ia l ) .  

2. For  a given mater ia l ,  Vc is a funct ion of ha l ide  
ac t iv i ty  (e.g., C1- or some other  hal ide)  of the  form 

Vc = A --  B log a x -  [1] 

where  A, B are  constants  and a x -  is the ac t iv i ty  of the  
ha logen anion. 

3. Breakdown occurs at  h igh ly  localized sites. 
4. There  exists  an incubat ion  t ime be tween  the add i -  

t ion of ha l ide  and the appearance  of pits  on the sur -  
face. This incubat ion t ime is potent ia l  dependent .  

5. EUipsometr ic  work  by  K r u g e r  et al. (3) reveals  
tha t  dur ing the incubat ion  per iod the e l l ipsometr ic  
readings  for  the  passive film undergo a sudden change 
which migh t  be a t t r i bu ted  to the  incorpora t ion  of C1- 
anion into the oxide film. 

Severa l  models  have  been proposed to account  for 
the b r eakdown  of the passive film. The more  popula r  
models  a re  briefly discussed below. 

Competitive ion adsorption theory.--Uhlig (4) and  
Ko lo ty rk in  (5) proposed  tha t  both  O = and C1- anions 
can be adsorbed  onto me ta l  surfaces. When  O = is ad-  
sorbed, the meta l  pass ivates  whereas  adsorpt ion  of 
chlor ide does not  produce  a passive surface. Thus, 
above a cr i t ical  potent ia l ,  where  C1- adsorpt ion  is 
favored  over  O = adsorption,  b r eakdown  of pass iv i ty  
occurs. 

Complex ion formation theory.--Hoar and Jacob (6) 
assumed tha t  a smal l  number  of C1- ions jo in t ly  ad-  
sorb a round  a cation in the film surface to form a high 
energy  complex.  Once formed,  this complex wil l  r ead i ly  
dissolve into the solution. The film is thus made  th inner  
locally. The s t ronger  anodic field at  this site wi l l  
r ap id ly  t ransfe r  ano ther  cation to the  surface where  i t  
wi l l  meet  more  CI - ,  complex wi th  them, and the reby  
en te r  the solution. This process wi l l  resu l t  in "auto-  
accelera ted"  breakdown.  

Ion penetration theory.--This theory  suggests  that  
C1- incorporates  into and migra tes  through the passive 
film, and, upon reaching the meta l / f i lm interface,  r e -  
sults in film breakdown.  This theory  has s t rong suppor t  
f rom the e l l ipsometr ic  work  of K r u g e r  et al. (3). How-  
ever,  theore t ica l  calculat ions (7) r evea l  tha t  the  t ime 
requ i red  for  C1- to pene t ra te  th rough  a film is much 
longer  than  the induct ion t ime measu red  e x p e r i m e n -  
tal ly.  

Chemico-mechanica~ theory.--Hoar (8) pos tu la ted  
tha t  the adsorpt ion  of C1- onto the f i lm/solut ion in t e r -  
face resul ts  in "pept iza t ion"  due to the  mutua l  r epu l -  
sion of the adsorbed charged  species. When the re -  
puls ive forces are  sufficiently high, the film cracks. 
Later ,  Sato (9) suggested tha t  thin films a lways  con= 
ta in  a "film pressure"  

~ ( 8 -  1)~ 
P = Po + - .~IL [2] 

8:~ 

where  P is the film pressure,  Po is the  a tmospher ic  
pressure,  8 is the film dielectr ic  c o n s t a n t , ,  is the e lec-  
tr ic field, 7 is the surface tension, and L is the film 
thickness.  Sato proposed tha t  adsorpt ion  of chlor ide ion 
g rea t ly  reduces the surface tension 7 which  in turn,  
increases P. When P exceeds some cr i t ical  value,  the 
film breaks  down. 

Although,  these models  can account for  most  of the 
expe r imen ta l  da ta  qual i ta t ive ly ,  no quant i ta t ive  t r ea t -  
ment  has been developed so far. A quant i ta t ive  model  
for  film b reakdown  is p resen ted  below. 

Mechanism for the Breakdown of a Passive Film 
This section is d iv ided  into two parts .  The first pa r t  

describes the basic concepts behind  the model  and the 
second pa r t  presents  a ma themat i ca l  t r e a tmen t  which  
yields  ana ly t i ca l  express ion for  the  cr i t ica l  b r e a k d o w n  
poten t ia l  and the incubat ion  time. 

Basic concepts.--In a previous  s tudy  (1), the  authors  
proposed a model  for the g rowth  of a passive film 
which involves t ranspor t  of both  anions (oxygen ion) 
and cations (meta l  ion) or  the i r  respect ive  vacancies.  
Fur the rmore ,  the model  concludes tha t  anions diffuse 
f rom the f i lm/solut ion ( f /s )  in ter face  to the m e t a l /  
film (m/ f )  interface and subsequent ly  resul t  in film 
thickening.  On the o ther  hand, cat ion diffusion, whi le  
not  excluded,  resul ts  only  in dissolut ion and not  in 
the growth  of the p r i m a r y  passive film. This model  has 
successful ly accounted for a n u m b e r  of prev ious ly  un-  
exp la ined  expe r imen ta l  observat ions  (1). 

One consequence of the diffusion of me ta l  cations 
f rom the m / f  to the  f / s  interfaces is tha t  meta l  va -  
cancies (or "meta l  holes")  1 are  c rea ted  at  the  m e t a l /  
film interface.  These meta l  "holes" wi l l  tend to sub-  
merge  into the bu lk  of the  meta l  and hence to "dis-  
appear ."  However,  when the cation diffusion ra te  (i.e., 
the meta l  hole product ion ra te)  is h igher  than  the ra te  
of "meta l  hole" submergence  into the  bulk,  the  me ta l  
holes wi l l  s ta r t  pi l ing up and hence wil l  form a void 
at  the meta l / f i lm interface  (this is the process of p i t  
incubat ion) .  When  the void grows to a cer ta in  cr i t ical  
size, the passive film suffers local  col lapse which then 
marks  the  end of pi t  incubat ion period. Subsequent ly ,  
the col lapsed site dissolves much faster  than  any o ther  
place on the surface the reby  leading  to pi t  growth.  
According to this argument ,  the cr i te r ion  for pi t  in i t ia -  
tion can be expressed as fol lows 

(Jca -- Jm) • ( t - -  ~) ~ ~ [3] 

where  Jca is the cat ion diffusion ra te  in the  film, Jm is 
the ra te  of submergence  of the me ta l  holes into the 
bulk  metal ,  t is the t ime requi red  for meta l  holes to 
accumulate  to a cri t ical  amount ,  ~, (i.e., t is the incuba-  
tion t ime) ,  and �9 is a constant  whose meaning  wil l  
become clear  in the fol lowing discussion. 

Up to this point,  we have descr ibed a process for 
film b reakdown  wi thout  incorpora t ing  a specific role  
for hal ide  ion in the b r eakdown  phenomenon.  In the 
nex t  pa r t  of this section, we wil l  demons t ra te  that  the  
presence of ha l ide  ions wi l l  g rea t ly  enhance Jca and 
hence wil l  accelera te  film breakdown.  

Mathematical expression 5or the critical breakdown 
potential and incubation t ime. - - In  the  A p p e n d i x  of 
Ref. (1), i t  was demons t ra ted  tha t  Jca is given by  
J c a  

___ xKDvMx., [ C v M •  CvM• ] 
e x p ( - - x K L ) -  1 

where,  as defined in Ref. [1], x is the  charge on a 

1 T h e  m e t a l  v a c a n c y  t h a t  is  r e f e r r e d  to  h e r e  is  a v a c a n c y  t h a t  
is  in  t h e  m e t a l .  In  o r d e r  t o  dist inguish  this  f r o m  t h e  m e t a l  va-  
cancy  t h a t  i s  in  t h e  f i lm,  w e  shal l  des ignate  the  f o r m e r  v a c a n c y  
as a " m e t a l  h o l e . "  
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cation, K is equal  to Fe/RT, e is the  field s t r eng th  in the 
film, DVM• is the diffusivi ty  of the cat ion vacancy,  L 
is the film thickness,  and CvM• ( m / f )  and CvM• ( f / s )  
are  the  concentrat ions of cation vacancies at  the  m e t a l /  
film and f i lm/solut ion interfaces,  respect ively.  Cat ion 
vacancies in the film a re  produced at  the f / s  in terface  
but  a re  consumed at  the m / f  in ter face  so tha t  one 
should expect  CVM• ( f / s )  > Cv•• ( m / f ) .  Moreover,  
since the passive films on m a n y  meta ls  and al loys are  
of the order  of 10 ,~ 40A thick, then  exp ( - - x K L )  
< <  !, and the above equat ion can be simplif ied to 

Jca = xKDvMx'*CvM• ( f /s )  [4] 

If  the f / s  in terface  achieves local equi l ibr ium,  con- 
s idera t ion of the S c h o t t k y - p a i r - r e a c t i o n  leads to the 
fol lowing re la t ionship  

[Cvo" ( f / s )  ] • [CvMx' ( f / s )  ] 

'+' ':. ~ exp( AGs~ ) [5] 
where  Nv is Avogadro ' s  number ,  ~ is the molecular  
volume per  cation, and AGs ~ is the change in Gibbs 
energy  for the Scho t t ky -pa i r  reaction. Combining Eq. 
[4] and [5], one obtains  

Jca = J~ [Cvo'" ( f / s )  ] -• [6] 

where  jo = xKDvMx,* [Nv/ft] l+x/2 exp ( - -  AGs~ 
Equat ion [6] shows tha t  Jea can be enhanced by  de -  

creasing Cvo ' . ( f / s ) .  K r u g e r  et al. (3) have shown tha t  
C1- ions are  capable  of being incorpora ted  into passive 
films. I t  is reasonable  to assume tha t  this is due to the 
occupat ion by  C1- ions of oxygen vacancies,  2 that  is 

Vo'" + Cl-(aql  = Clo" [7] 

where  Vo'" is an oxygen vacancy in the film, and Clo' 
is a chlor ide anion occupying an oxygen  lat t ice site. 
Thus, as the concentra t ion of chlor ide is increased,  the 
n u m b e r  of vacancies that  a re  occupied also increases. 
This gives r ise to a concomitant  decrease  in the  Vo'" 
concentra t ion at  the  f /s  interface.  Quant i ta t ive ly ,  Eq. 
[7] leads to the fol lowing express ion (see der iva t ion  
in the Append ix )  

Cvo..(vs) X acl- -- u exp ( FaV.pp ) 
RT [8] 

Substitution of Eq. [6] and [8] into Eq. [8] yields 
the cr i ter ion for  p i t  in i t ia t ion as 

[J~215  xF~va'p ) 2 R T  (acl-)X/S - -  Jm ] 

x (t--~)~--~ [9] 

Equation [9] shows that pit initiation will not occur if 

jou-• ( xF~Vapp ) (aci-)x/2 < Jm 
2RT 

and that the critical pitting potential, Vc, is given by 
the equality 

( x F a V c )  (acl-)X/2=Jm [10] J~215 exp 2RT 

Equat ion [10] is eas i ly  r ea r r anged  to y ie ld  

4.606RT Jm 2.303RT 
Ve = - -  log - - l o g  a c l -  [11] 

xFa J~215 aF 

The form of Eq. [11] coincides wi th  expe r imen ta l  
observat ion s (Eq. [1] ) wi th  

K r u g e r  has proposed  a s l i g h t l y  di f ferent  react ion  f r o m  reac- 
t ion [7].  

3 Jm is the  rate  os s u b m e r g e n c e  of  m e t a l  ho les  into  the  meta l .  
According ly ,  i t  can be  re la ted  to  the  bulk diffusion rate  for  ho les  
in the metal and is independent of applied potential, 

4.606RT J=  
A -- - - l o g  

x F a  J ~  - x / 2  

and 
B = 2.808RT/c~F 

In Ref. (1), we have demons t ra ted  tha t  ~ is equal  to 
0.743 for i ron and Ref. (10) reveals  tha t  a = 0.878 for 
Ni at  25~ These da ta  enable  us to calcula te  the  
theore t ica l  value  for  constant  B in Eq. [1], i.e., B = 
2.303RT/aF = 0.080 (V) for  iron, and B = 0.067 (V) 
for nickel. The calculat ion for constant  A in Eq. [1] 
is not  possible at  the  presen t  t ime because i t  involves 
a number  of unknown parameters .  

Table  I lists the expe r imen ta l  values  for B as com- 
pi led by  Galvele  (11). I t  can be seen tha t  the exper i -  
men ta l  value  for Ni (0.071V) agrees ve ry  wel l  wi th  
the theoret ical  va lue  (0.067V) computed  above. The 
expe r imen ta l  da ta  for i ron are  bad ly  scat tered,  indi -  
cat ing tha t  the  expe r imen ta l  de t e rmina t ion  of B is 
anyth ing  but  easy. Nevertheless ,  the expe r imen ta l  da ta  
scat ter  a round the theore t ica l  va lue  of 0.080V. Thus, i t  
is concluded tha t  the theore t ica l  values  a re  phys ica l ly  
reasonable.  

Al though  Eq. [11] was der ived  for  C l - - c o n t a i n i n g  
solutions, the same arguments  can be ex tended  to 
B r - -  and I - - c o n t a i n i n g  systems. For  brevi ty ,  the 
der iva t ion  is omitted.  In te res ted  readers  can do i t  
themselves  by  fol lowing the same steps f rom Eq. [7] 
to Eq. [11]. The ex tended  t r ea tmen t  leads to two con- 
clusions: (i) The constant  B is independen t  of  the 
iden t i ty  of the anion which is present  in the sys tem 
and (ii) constant  A increases wi th  the energy  of in-  
corporat ion of an anion into an oxygen vacancy.  Ac-  
cordingly,  values for A are  expected  to lie in the order  
I -  > B r -  > C1-. 

F igure  1 shows the e xpe r ime n t a l  resul t  of J a n i k -  
Czachor (14) for the cri t ical  p i t t ing  potent ia l  for i ron 
in iodide, bromide,  and chlor ide-conta in ing  solutions. 
I t  can be seen that  the expe r imen ta l  da ta  are in ex-  
cel lent  ag reement  wi th  the theoret ica l  predict ions.  

The analysis  presented  above also yie lds  an ana -  
ly t ica l  funct ion for  another  impor t an t  p a r a m e t e r  in 
p i t t ing  cor ros ion- - the  incubat ion time. Subst i tu t ion  of 
Eq. [10] into Eq. [9] therefore  gives 

Jou-x/2(acl-)x/2[exp( xFaVapp ) 
2RT 

- - e x p  2RT ( t - - ~ ) ~  [12] 

o r  

] J~ x/2 exp \ ~ /  

[ ] exp 2RT --I (t--~)~--~ [13] 

where  ,AV = V a p  p -- V c  is the b r e a k d o w n  overpoten-  
tial. 

Equat ion [13] shows tha t  when the chlor ide  concen-  
t ra t ion  in the solut ion is fixed (i.e., a c l -  and Ve are  
eolls tants) ,  the  incubat ion t ime, t, is a funct ion of the  

Table I. Values for constant B in Eq. [1] for iron and nickel 
[Reproduced from Ref. (11)] 

Meta l  Buf f e r  Va lue  of B (V) Ref, 

Fe  None  (pH 10) 0.058 (12) 
Fe  B o r a t e  (pH 8) 0.13 (13) 
Fe  P h t h a l a t e  ( p H  5) 0.08 (13) 
Fe  B o r a t e  ( p H  8.4) 0.i0 (14) 
Fe  B o r a t e  ( p H  8.4) 0.15-9.20 (15) 
F e  V a r i o u s  0.03-0.08 (2) 

Mean  0.10 • 0.05 
Ni None 0.071 (16) 
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Fig. I. Critical pitting potential Ve, vs. halide concentration (14). 

b r e a k d o w n  overpotent ia l .  Mathemat ica l ly ,  this can be 
expressed as 

[ ], 
t - - ~ '  exp  2RT - - 1  + T  [14] 

where  
( xFaV~ ) [15] 

~' -- ~/J~ 2RT 

Fur the rmore ,  when  hV --~ 0.05V, exp (xF~hV/2RT) 
> >  1, so tha t  Eq. [14] can be simplified to y ie ld  

[ ( t = ,~' exp 2RT + T [16] 

At  this point  i t  is necessary  to digress  somewhat  to 
discuss the  significance of T. Equat ions  [9] and [12] 
were  ob ta ined  b y  subst i tu t ing  Eq. [4] into Eq. [3]. 
However ,  Eq. [4] is va l id  only for  s t eady-s ta te  diffu- 
sion, so tha t  diffusion tha t  takes  place dur ing  the ini t ia l  
t r ans ien t  per iod  is not  p rope r ly  included.  The p a r a m -  
e ter  T is therefore  in t roduced  to account for diffusion 
dur ing  the  t rans ien t  per iod  and i t  is a measure  of the  
t ime over  which t rans ien t  diffusion is significant com- 
pa red  with  s t eady-s t a t e  diffusion. 

Equat ion  [16] shows tha t  for  ve ry  large  values  for 
hV, the incubat ion time, t, is dominated  by  the t r an -  
s ient  t ime,  ~. On the other  hand,  for  smal l  va lues  for  
hV (but  that  a re  st i l l  l a rge r  than  0.05V), t is p ropor -  
t ional  to exp ( - -  xF~hV/2RT). I t  is in teres t ing  to note 
tha t  Heus ler  and Fischer  (2) obta ined an empir ica l  
equat ion for the re la t ionship  be tween  t and aV of 
the  fo rm 

log t/to = Vo/~V [17] 

where to and Vo are constants. 
Figure 2 shows the experimental data of Heusler and 

Fischer plotted in accordance with Eq. [17]. Replotting 
of the same data as log t vs. AV (Fig. 3), however, 
shows that Eq. [16] is also valid. Thus, for large values 
for AV, t approaches the value for the constant (T), 
which is apparently of the order of a few seconds. How- 
ever, for small values for AV, iog t is inversely pro- 
portional to ~V with a slope of --18.5. This value is 
in excellent agreement with the theoretical value of 

xFc, 

grad ien t  ---- - -  -- --18.8V-* 

4.606RT 

which is obta ined  f rom Eq. [16] wi th  x _-- 3 and ~ = 
0.743 for  i ron [see Ref. (1)] .  

Discussion 
The analyses  p resen ted  above demons t ra te  tha t  the  

model  developed in this paper  for  ha l ide  (in pa r t i cu la r  
chlor ide)  induced b r e a k d o w n  of  passive films is in 

�9 p H  7..5 0 . 1 M  N o C I  

�9 p H  7 5 0 . 0 1 M  N a C I  

�9 DH 8 . . 5 0 . O I M  N a C I  

/ 

. 

I I I I I I I I I I I 
2 4 6 8 I0 12 14 16 18 2 0  

I / A V  (V -~ ) 

Fig. 2. Times ti incubation for pitting of passive iron in borate 
buffer solution, 25~ as a function of the reciprocal value of the 
potential difference, AV ~ V - -  Vc vs. the critical pitting poten- 
tial, Vc. A :  pH 7.3, 0.1M NaCI; II1: pH 7.3, 0.01M NaCI; O: pH 
8.3, O.01M NaCI (17). 

quant i ta t ive  agreement  wi th  expe r imen ta l  da ta  for  the 
p i t t ing  of i ron and n ickel  in ha l ide -con ta in ing  aqueous 
solutions. To our knowledge,  no other  model  has dem-  
ons t ra ted  the same level  of p rec i s ion- - in  terms of both  
the  funct ional  and ana ly t ica l  dependencies  of the cr i t i -  
cal p i t t ing  potent ia l  on hal ide  concentrat ion,  and of the 
incubat ion t ime on b r e a k d o w n  overpotent ia ls .  

A l imi ta t ion  of the model  in its p resen t  s tage of de-  
ve lopment  is tha t  no surface "s t ruc ture"  (e.g., inc lu-  
sions, gra in  boundaries ,  etc.) is specifically t aken  into 
account, a l though we bel ieve tha t  the model  is r ead i ly  
ex tended  to the heterogeneous case. Fo r  example ,  be -  
cause heterogenei t ies  in the passive film are  also l ike ly  
to be sites of h igh defect  concentrat ion,  the model  
presented  here  provides  a qua l i ta t ive  exp lana t ion  for 
the tendency  for  pits to nucleate  at  inclusions, gra in  
boundaries ,  and other  macroscopic defects. Also, the 
model  may  not  be d i rec t ly  appl icable  to those cases 
in which the anion in solut ion forms s t rong soluble 
cation complexes,  r a the r  than  incorpora t ing  into the 
outer  l a y e r ( s )  of the film. Final ly ,  to our  knowledge  
no di rec t  observat ions  of void format ion  have been  
made, a l though it is possible tha t  this is due to a lack  
of incent ive  in the pas t  to examine  in deta i l  the na ture  
of the meta l / f i lm interface  pr ior  to format ion  of a pit.  
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A P P E N D I X  
The react ion tha t  is proposed to occur at the f i lm/  

solut ion interface  is 

Vo'" + Cl-(aq) ----- Clo" [A-1] 

Since local equilibrium is established at this interface, 
the sum of the electrochemical potentials of the re- 
actants should be equal to the electrochemical poten- 
tial of the product. Therefore 
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Fig. 3. Plot of log t vs. AV in accordance with Eq. [16]. Data 
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#c l -  - -  F~bs + ~vo.. + 2FCf = #clo. + F,~ [A-2] 

where  ~ is the  chemical  potent ial ,  r and  r a re  the 
f la tband potent ia ls  of the solut ion and film, respec-  
t ively.  F u r t h e r m o r e  

Cr -- Cs ---- r 

and Eq. [A-2] becomes 

~cl-  + #vo.. - -  #ao. + F~f/s = 0 [A-2']  

The s t andard  Gibbs energy  of reac t ion  [ A - l ]  is 

/~Clo .~ -- #Ci -~ -- #vo.. ~ = AGA-I ~ [A-3] 

where ~cio .~ is the standard chemical potential of Clo" 
and AGA-I ~ is the standard Gibbs energy of reaction 
[A-l]. Since 

~cl -  -" #cx - ~  + RTlnac l -  

~Clo. "-" #cIo .~ + RT In aclo. 
and 

~vo.. - -  #vo ..~ -t- RT In avo.. 

then  combining Eq. [A-2']  and  [A-3] resul ts  in 

[ AGA-,~ -- Fr ] avo.. a c l -  _ exp [A-4]  
aclo. RT 

Now, in  most  of me t a l -oxyge n -c h lo r i de  t e rna ry  sys-  
tems, the mutua l  dissolution of MO-MC1 is ve ry  small,  
so that  once a "Clo'"  species is formed,  i t  can be re -  
ga rded  as a prec ip i ta te  of MC1 in the MO matr ix .  Ac-  
cordingly  aclo. ---- 1 in all  cases and Eq. [A-4] becomes 

Cvo..acl_ = exp [ AGA-l~ -- F~f/s ] 
avo.acl- = N,,  ~ 

[A-S] 

In Ref. (1), the authors have demonstrated that 

Cf/s = aVapp + 0pH + ~/s ~ 

Thus, for a given solution, Eq. [A-5] becomes 

(FaVapp) 
Cvo..(t/s) • acl- -- u exp RT [A-6] 

where 

Nv ( "GA-~" --  F ~ , H  --  F~ ) 
u ---- -- exp 

RT 
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ABSTRACT 

A p a l l a d i u m - h y d r i d e  e lect rode (Pd b lack  on P t )  was used for  the  m e a -  
su remen t  of pH in high t empe ra tu r e  aqueous systems (25~176 The elec-  
t rode po ten t ia l  was ca l ibra ted  agains t  boric  ac id / l i t h ium hydrox ide  buffer 
solutions, whose PHT vs. t empe ra tu r e  profiles have been ca lcula ted  (1) using 
known  dissociation constants  for the components.  The p la teau  poten t ia l  for 
the ~ ~- ~ phase was observed up to 150~ bu t  was not  observed above 
200~ The potent ia l  measured  above 200~ was identif ied to be the redox  
potent ia l  and to correspond to the hydrogen  e lect rode potent ia l  in the case 
of a hydrogena ted  system. The redox poten t ia l  measured  in hydrogena ted  
systems were  found to exhib i t  l inear  Nerns t ian  responses t o  t empera tu res  
up to 275~ but  deviat ions of the  measured  potent ia ls  f rom equi l ib r ium 
values  were  de tec ted  at  t empera tu res  above 200~ The devia t ions  are  most  
p robab ly  due to uncer ta in t ies  in the the rmal  and i so thermal  l iquid junct ion  
potent ia ls  associated wi th  the ex t e rna l  reference  electrode,  and to uncer -  
ta int ies  in the the rmodynamic  proper t ies  of h igh t empe ra tu r e  aqueous solu-  
tions. 

The impor tance  of pH and  r e d o x  potent ia l  measu re -  
ments  in high t empera tu re  aqueous systems, such as 
BWR and PWR (pr imary ,  secondary)  nuc lear  systems,  
geo thermal  brines,  chemical  indust r ies  process waters ,  
and for  charac ter iz ing  the solutions which have been  
used ex tens ive ly  in h igh  t empe ra tu r e  e lec t rochemical  
studies, is wide ly  recognized. A ma jo r  obstacle  to the  
measu remen t  of pH at  e levated  t empera tu re s  is the 
lack  of a re l iab le  and genera l ly  appl icab le  method for 
measur ing  the ac t iv i ty  of hydrogen  ion in these hosti le 
environments .  The precise  pH measurements  using 
concentra t ion  cells, which  have been  descr ibed b y  
Mesmer  et al. (2-5) and  Macdonald  and co-workers  
(6-8),  and  the use of single hydrogen  electrodes,  r e -  
qui re  the presence of molecu la r  hydrogen  in the sys-  
tem. Accordingly,  these techniques are  appl icable  only 
to those systems tha t  are  s table  to reduct ion  by  mo-  
l ecu la r  hydrogen.  Many  me ta l  ions and anions are  
s table  in hydrogena ted  systems and hydrogen  e lec-  
t rodes  have  been  shown to funct ion at  e leva ted  t em-  
peratures .  However ,  the  problems involved with  these 
electrodes are  the  precise de te rmina t ion  of hydrogen  
fugac i ty  and the difficulty of appl ica t ion  for in situ pH 
measurements .  

The poten t ia l  decay of p a l l a d i u m - h y d r i d e  electrodes 
has been used for the  measu remen t  of pH in high 
t empe ra tu r e  aqueous systems b y  a n u m b e r  of workers  
(1, 9-12). The work  of Dobson and co-workers  (9-12) 
on this system has indica ted  tha t  p a l l a d i u m - h y d r i d e  
e lect rodes  exhib i t  Nerns t ian  responses up to 195~ 
However ,  the i r  work  was res t r ic ted  to h ighly  acidic or  
basic solutions, and  no data  were  obta ined for the  
technological ly  impor t an t  pH range  f rom 5 to 13. Re-  
cently,  the  p a l l a d i u m - h y d r i d e  e lec t rode  has been used 
by  Macdona ld  et al. (1) for the measu remen t  of pH in 
var ious  boric  ac id / l i t h ium hydrox ide  buffer solutions 
ranging  in pH (25~ be tween  5 and 13 at  t empera tu res  
to 275~ Al though l inea r  po ten t ia l  vs. pH correlat ions 
were  observed for  al l  t empera tu res  studied,  the m e a -  
sured  potent ia ls  devia ted  signif icant ly f rom the equi -  
l i b r ium values  ca lcula ted  on the assumpt ion tha t  t h e  

* Electrochemical Society Active Member. 
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solution, elevated temperature. 
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potent ia l  de te rmin ing  react ion is H + ~ e -  = H (Pd, 
~ ~). In this report ,  we discuss the  app l i cab i l i ty  of  

the p a l l a d i u m - h y d r i d e  e lect rode for  pH measurements  
at  t empera tu res  above 200~ 

Experimental 
The high t empera tu re  rec i rcula t ing  loop used for  

this s tudy is shown in Fig. 1. Briefly, the  aqueous so- 
lut ion was pumped  from a reservoi r  th rough  a hea t  
exchanger  and into the autoclave  using a posi t ive dis-  
p lacement  d i aphragm pump. The exi t ing solut ion was 
hea t  exchanged with  the input  solut ion and then dis-  
charged back to the reservoi r  via a back pressure  r egu -  
lator.  The pressure  in the circui t  was main ta ined  at  
10 k g / c m  2 above the sa tu ra ted  vapor  pressure  in o rder  
to main ta in  a single l iquid phase.  

Schemat ic  d iagrams of the measu remen t  cell  and the 
ex te rna l  re ference  e lec t rode  are  shown in Fig. 2 and 3, 
respect ively.  Detai ls  of the  construction,  operat ion,  and  
ca l ibra t ion  of the  ex t e rna l  re ference  e lec t rode  have  
been recent ly  given by Macdonald,  Scott, and Went rcek  
(6). 

Pa l lad i sed  p la t inum electrodes were  employed.  The 
P d / P t  e lect rode was pa l lad i sed  ca thodica l ly  in  acidified 

Back pressure 
regulator Pre - heater 

Cool reference .I. 

Type 316 SS J~Acc~lat~ l 
storage tank 

Pump Type 316 SS 
autoclave 

Fig. 1. Schematic diagram of recirculating loop 
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Reference electrode 
assembly (see Fig.:5) 

[-1 

Solution F _ _  

o u t l ~  PTFE tubing 
- -  - ( b ' 4 "  ID, 1/64"WT)" 

/ Porous zirconia 
PI counter electrode l / 

4- 

- - ~ _ _  ~ 3 0 4  electrode 

Ther?ocou . Type SS potential 
- measurement cell 

i Solution inlet 

Fig. 2. Design of cell for the measurement of pH in aqueous solu- 
lion at elevated temperatures (25~176 

PdC12 solution (2 weight percent PdC12 in IN HC1) at 
a current density of 160 mA/cm 2 for 2 min. 

The solution in the reservoir was purged with pre-  
purified argon or with hydrogen-nitrogen mixtures to 
remove oxygen and to maintain the desired concentra- 
tion of hydrogen in the system. At  all temperatures 
from 25 ~ to 275~ the P d / P t  electrodes were cath- 
odically charged at a current density of 12 mA/cm 2 for 
6 rain, prior to measurement of the potential decay. 

=TFE 

&g/AgCI electrode 

ubing 
lir cooling 

1ype 516 reference 

:omportment 
PTFE 

Insulated 
support straps 

/4"AIz 0:~ tube 

=TFE tubing 

3onax fitting 

Results and Discussion 
Potential  decay . - -Typical  potential decay curves for 

t h e  Pd/P t  electrode in 0.01m LiOH at 25~ (pH 12.0) 
deaerated by argon or hydrogen are shown in Fig. 4. 
The a + ~ phase plateau potential  (--659 mV vs. SHE) 
was observed in argon deaerated solution, and the pH 
was calculated as 12.01 using known data for Pn2,~a 
(0.0194 atm) (1). Since the measured steady-state po- 
tential (--710 mV vs. SHE) in the hydrogen deaerated 
solution was 51 mV more negative than the ~ + ~ phase 
plateau potential, it  was suspected that  the Pd /P t  elec- 
trode was acting as a normal hydrogen electrode in this 
system (i.e., one which involves equilibrium between 
H + and dissolved H~ in the aqueous phase). This w a s  
confirmed by briefly anodizing the electrode as shown 
in Fig. 4. After brief anodization the potential decayed 
rapidly to the plateau at --659 mV, but  then later  de- 
cayed to the redox potential at --710 mV. It  is apparent  
that anodization is necessary in order to observe the  
pal ladium-hydride plateau potential in highly hydro- 
genated systems, even at ambient temperature.  

Potential decay curves for the Pd /P t  electrode in 
0.01m LiOH over the temperature range 25~176 are 
shown in Fig. 5 and 6. The a + # phase plateau po- 
tentials were observed up to 150~ in argon deaerated 
solutions and those saturated with 5% I-I 2 in nitrogen, 
but not in the case of those systems purged with pure 
hydrogen. In this lat ter  case, the stable potential was 
found to be several tens of millivolts more negative 
than the pal ladium-hydride plateau potentials and is 
at tr ibuted to equilibrium between H+ and H2, both 
in the aqueous phase (i.e., the normal hydrogen elec- 
trode reaction). At higher temperatures (>200~ no 
pal ladium-hydride plateau potentials were observed 
even for argon deaerated systems. This behavior is 
at tr ibuted to the rapid decrease in plateau lifetime with 
temperature, a trend which is well i l lustrated by the 
data at lower temperatures (~150~ Fig. 5). Since 
the thickness of the plated Pd layer on Pt employed in 
these measurements was thought to be insufficient to 
maintain the ~ + ~ phase for a significant time above 
200~ the potential decay measurements were re-  
peated at 150 ~ and 200~ using a thickly plated Pd /P t  
electrode (160 mA/cm" • 30 min) and a palladium 
wire electrode (0.5 mm diam, bright and palladised 
conditions). However, an improvement of plateau life- 
time was observed only at 1500C and no plateau poten- 
tial was exhibited at 200~ with either electrode. 

The phase diagram for the palladium hydrogen sys- 
tem has been extensively studied by many workers 
(9-16), and the average of their data is shown in Fig. 7 
together with the diffusion coefficients for hydrogen in 

~ -0.9 
"1" 
o0 -0.7 
> 

> -0.5 

-0.:3 

E 
a~ -0.1 

I"I 

+O,i 

x 2mA/cm 2 x $Omin 
Cathodic charging 

- 7 1 0  mV 100%H z 

~ " ~ ' , ~  ~ " "  - -  -659  mV Ar 

i 

~ 8 mA/cm 2 anodizatlon i n i t i a t e d  

• i / .  Anodization terminated 

i I I I I I I 
20 40 60 80 

Time ( rnin ) 

Fig. 4. Potential decay curves for a palladised platinum electrode 
Fig. 3. External reference electrode assembly in 0.01m LiOH deaerated by Ar or H2 at 25~ 
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Fig. 5. Potential decay curves for palladised platinum electrodes 
in 0.01m LiOH. Cathodic charging: 12 mA/cm 2 X 6 min. - . . . .  
100% H2; - 5 %  H2; At. 

a-Pd, as calculated using the following expression 
(17) 

D = 4.5 • lO-3exp(--5750/RT) (cm2/sec) [1] 
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Fig. 6. Potential decay curves for palladised platinum electrodes 
in 0.01m LiOH. Cathodic charging: 12 mA/cm 2 X 6 min. - . . . .  
100% He; - 5% H2; . . . . .  Ar. 
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I I I I I I I (cm~l see) I 
0 0.2 0.4 0,6 0.8 

H / P d  a tomic  ra t i o  

Fig. 7. Phase diagram for the palladium-hydrogen system 

According to the data shown in Fig. 7, the width of the 
+ ~ phase region decreases moderately, but the dif- 

fusion coefficients for hydrogen in a-Pd increase 
rapidly, with increasing temperature. Therefore, it is 
apparent that the reason that no plateau is observed 
above 200~ is that hydrogen escapes so rapidly from 
the surface that the a + /9 phase cannot be maintained 
at the interface. A drastic decrease in plateau lifetime 
is also reported by Dobson and co-workers (12) who 
showed that unless the entry of hydrogen to Pd is re-  
stricted, the plateau lifetime observed during absorp- 
tion of hydrogen from solution (i.e., the reverse of the 
present case) is very short. 

A second factor which must be considered in assess- 
ing the viabili ty of the pal ladium-hydride electrode is 
the relative magnitude of the part ial  pressure of hy- 
drogen in the aqueous phase and the dissociation pres- 
sure of palladium-hydride.  For example, if the part ial  
pressure of hydrogen in the aqueous phase is greater  
than the dissociation pressure of palladium-hydride,  
the potential will decay only as far as the normal hy- 
drogen electrode potential and no plateau potential 
will be observed (unless anodization is employed, see 
Fig. 4). This is apparent ly the ease at 25~ since the 
part ial  pressures of hydrogen for both the 5% and 
100% H2 systems are greater than the dissociation pres-  
sure of PdzH as indicated in Fig. 7. At higher tempera-  
tures (60~176 however, the dissociation pressure 
of pal ladium-hydride is greater than the partial  pres- 
sure of hydrogen for the argon deaerated and 5% H2 
spurged systems so that pal ladium-hydride plateau po- 
tentials are observed. It is not until a temperature of 
150~ is attained that the dissociation pressure of 
pal ladium-hydride exceeds the part ial  pressure of 
hydrogen in the 100% H2 spurged environment. In 
principle, therefore, plateau potentials should be ob- 
served in this system at high temperatures. However, 
the plateau lifetime decreases so rapidly with tem- 
perature that no distinct plateaus were observed in 
these experiments at 200~ and above. 

Redox potential measurement.--It was argued from 
the data presented in Fig. 4-6 that the measured redox 
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potentials in hydrogenated systems correspond to the 
normal hydrogen electrode potentials. This view w a s  
confirmed by calculation, in that the redox potentials 
at elevated temperatures were found to correspond 
approximately to the hydrogen electrode potentials. 
Since the hydrogen electrode is an effective means for 
measuring the pH of the solution (at least under am- 
bient conditions), the redox and plateau potentials 
were measured in various boric acid/l i thium hydroxide 
buffer solutions, whose pHT vs. temperature profiles 
have been computed by Macdonald and co-workers 
( I ) .  

Corrections for the liquid junction potential and the 
part ial  pressure of hydrogen were made in order to 
compare the measured potentials with the theoretical 
values for the hydrogen electrode. Approximate values 
for the liquid junction potential between the internal  
KC1 solution of the reference electrode and the 
B ( O H ) J L i O H  buffer systems at each composition and 
temperature have been given by Macdonald et al. (1) 
and are used in this analysis. The hypothetical part ia l  
pressure of hydrogen in the high temperature solution 
has been also calculated by Macdonald et al. (18) from 
the known concentration of hydrogen in the reservoir 
at 25~ and the Henry's law constants (19) up to 275~ 
Briefly, the equivalent part ial  pressure of hydrogen at 
the operating temperature for x ppm H2 in the reser-  
voir at 25~ is 

PH2 ""  x/IOOOMH~ �9 BH2,T [2]  

where MH2 is the molecular weight of hydrogen and 
BH2.T is the Henry's law constant at temperature T. 

The observed difference between the measured a n d  
calculated hydrogen electrode potentials (both the pal-  
ladium-hydride and redox electrodes) in boric acid/  
lithium hydroxide buffer solutions are sl~own in Fig. 8 
as a function of temperature. The measured normal hy-  
drogen (redox) electrode potentials in 0.01m B(OH)a/  
10-"-lO-4m LiOH buffer solutions were in good agree- 
ment with the calculated values (within 5 mV up to 
200~ and 15 mV at 275~ and in all cases the devia- 
tions at elevated temperatures (T > 200~ were posi- 
tive. 

The results of the hydrogen electrode potential mea- 
surements are summarized in Fig. 9 and 1O together 
with the theoretical Nernstian responses calculated us- 
ing the estimated pH values (1) for boric acid/l i thium 
hydroxide systems. Linear Nernstian responses were 
observed over the temperature range between 25 ~ and 

I00 I 0.01 m B(OH) 3 + 0.0001 m LiOH 

/ 

E 

I00 / - 0.01 m B(OH) 3 + O.O01m LiOH 

L 
o ~ O l :  : - -  - -~  .,:, bJ 

I I00 I 0,01 m B(OH) 3 -I- 0.01 m LiOH 

LU 
I00 [ 0,01 m LiOH 

I 
I I  , , , ~ , , ~, 
25 60 I00 150 2 0 5 

Teml~rature ( ~ ) 

0 .___.0.-----0-" 

Fig. 8. Difference between calculated and measured potentials 
for hydrogen electrodes as a function of temperature. - - - - -  Pd/H 
plateau potential (palladium hydride electrode); - - 0 - -  Pd/Pt 
hydrogen electrodes (redox potential). 
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Fig. 9. Potential/pH correlations for the Pd/Pt hydrogen elec- 
trode, theoretical; 0 measured. 
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275~ However, the positive deviations of the mea- 
sured values from the calculated potentials above 
200~ are again apparent. 

The origin of this error  has not been established 
unequivocally. Three sources are possible: (i) uncer- 
tainty in the isothermal liquid junction potential, (ii) 
error  in the calculated pH values, and (iii) uncertainty 
in the calculated equilibrium potential for the H2/H + 
couple. Because the error between the measured and 
calculated equilibrium potentials amounts to no more 
than 10-15 mV, it is difficult to assess which of the 
possible sources of error  dominates. However, it  should 
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be noted  tha t  the  chemical  po ten t ia l  of the hydrogen  
ion at  e leva ted  t empera tu re s  was computed  using es t i -  
ma ted  en t ropy  values  (19) and tha t  uncer ta in t ies  f rom 
this source alone could easi ly  account for the  observed 
deviations. 

Conclusions 
1. A necessary  condi t ion for  the  appearance  of a 

p la teau  in the cathodic po ten t ia l  decay for  a pa l l ad ium-  
hydr ide  e lec t rode  in aqueous solut ion is tha t  the  pa r t i a l  
pressure  of hydrogen  in the aqueous phase be  less than  
the dissociat ion pressure  of the hydr ide  phase. I f  this 
condit ion is not  satisfied, the s table  po ten t ia l  cor re-  
sponds to tha t  for  the no rma l  hydrogen  electrode.  How-  
ever,  this l imi ta t ion  may  be overcome by br ie f  anodiza-  
t ion immed ia t e ly  a f te r  ca thodica l ly  deposi t ing hyd ro -  
gen into the me ta l  phase.  

2. The l i fe t ime of the  poten t ia l  p la teau  for a pa l l a -  
d i u m - h y d r i d e  e lec t rode  was found to decrease  sha rp ly  
wi th  increas ing t empera tu re ,  such tha t  a t  200~ and 
above no p la teau  could be d iscerned in the  poten t ia l  
decay curves obta ined  in these studies even though the 
necessary  condit ion s ta ted  in (1) above was satisfied. 

3. Posi t ive  devia t ions  of the measured  hydrogen  
e lec t rode  potent ia ls  f rom the  t rue  equ i l ib r ium values  
were  observed at  t empera tu re s  above 200~ The de-  
viat ions are  poss ibly  due to uncer ta in t ies  in the  iso- 
the rmal  l iquid junc t ion  potential ,  the .ca lcula ted pH 
values  for the buffer solut ion at  e leva ted  tempera tures ,  
and  in the ca lcula ted  equi l ib r ium poten t ia l  for  the 
H J H +  couple at  e leva ted  tempera tures .  This l a t t e r  
source arises because the chemical  po ten t ia l  of the 
hydrogen  ion at  e levated  t empera tu re s  is es t imated  
using an en t ropy  ex t rapo la t ion  technique.  
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Thin Platinum Films on Silicon 

L. A. Harris and J. A. Hugo 
General Electric Corpora te  Research and Development, Schenectady, New York 12301 

ABSTRACT 

Smooth  continuous films of p la t inum,  as l i t t le  as 20A thick, m a y  be sput te r  
deposi ted on si l icon tha t  is sufficiently ion etched beforehand.  The n -S i  con- 
tact  wi th  P t  is ohmic, but  on p -S i  there  is a smal l  e lectronic bar r ie r .  The films 
d i sp lay  the e lec t rochemical  character is t ics  of p l a t i n u m  meta l  and  a re  ve ry  
s table  u n d e r  s t rong ly  oxidizing conditions.  

Recent  proposals  for  a new type  of solar  col lector  
and e lec t ro lyzer  have  s t imula ted  in te res t  in the  p r o p -  
er t ies  of silicon as an e lec t rode  in aqueous media  (1).  
I t  is wel l  known tha t  silicon is uns table  under  these 
condit ions owing to its t endency  to fo rm an insula t ing  
l aye r  of SiO2 on its surface (2, 3). Modification and 
pro tec t ion  of the  Si surface by  addi t ion  of a t r ans -  
parent ,  s table  e lec t rode  ma te r i a l  is necessary  if  the 
use of Si as the  active l ight  absorbe r  wi th in  the elec-  
t rochemical  cell is to be re ta ined.  

Key words: catalyst,  thin films, semiconductor  metallization, 
oxygen electrodes,  plat inum. 

While examin ing  the proper t ies  of p l a t inum coatings, 
chosen for  the ca ta ly t ic  proper t ies  of this mater ia l ,  i t  
was discovered that,  if p rope r ly  deposited,  r e m a r k a b l y  
thin continuous layers  of P t  on Si could be formed and 
that  these films had in teres t ing  propert ies .  The films 
were  character ized b y  t ransmiss ion e lec t ron microscopy 
and by  e lect rochemical  measurements ,  p r i m a r i l y  by  
cyclic vo l t ammet ry  and photoresponse.  These measu re -  
ments  were  useful  in provid ing  some informat ion  r e -  
ga rd ing  the e lect r ica l  na tu re  of the in ter face  be tween  
the p l a t i n u m  film and its si l icon substrate .  In  this pape r  
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we repor t  and discuss some of the observat ions  m a d e  
in this s tudy.  

Exper imenta l  Procedures 

The samples  used were  pol ished s ingle-crys ta l ,  semi- 
conductor  g rade  wafers  of silicon. Both n -  and p - t y p e  
wafers,  having resis t ivi t ies  f rom 1 or  2 to about  50 
~-cm,  and wi th  (100) or (111) faces exposed, were  used.  
The wafers  were  degreased  in  acetone and  methanol ,  
then r insed  in d is t i l led  water ,  and  f inal ly  c leaned in  
di lute  HF to remove much of thei r  na t ive  oxide coat-  
ings before  they  were  moun ted  in  a vacuum sys tem for 
fu r the r  t rea tment .  

The crucial  s teps in p repa ra t ion  of the th in  P t  films 
were  ion cleaning of the  Si subs t ra te  and spu t te r  depo-  
si t ion of the  Pt. In  some ini t ia l  w o r k  these s teps were  
done in an  rf  spu t te r ing  system, bu t  al l  l a te r  work  
repor ted  here  was done, wi th  s imi la r  results,  in a 
Veeco Microetch sys tem I (4) owing to the lower  base 
pressure  and more  reproduc ib le  condit ions achievable  
in this system. 

The vacuum sys tem was pumped  to about  2 • 10-6 
Tor r  before argon gas was admi t ted  to a pressure  of 
about  8 X 10 -5 Torr.  A t  this pressure  an argon p lasma  
could be ma in ta ined  in the  i on -beam source and  a 
b e a m  of ions wi th  a cur ren t  densi ty  of about  0.95 m A /  
cm 2 at  500V accelera t ion was produced.  The argon i on  
beam could be in te rcep ted  b y  a m a n u a l l y  contro l led  
shutter .  

To ion etch (backsput te r )  the  Si surface, the w a f e r  
was placed in the pa th  of the  beam under  the  closed 
shut te r  and then exposed to the  beam for specific p e -  
riods of time. The wafer  was then immed ia t e ly  moved  
throug-h a 90 ~ arc so tha t  i t  was no longer  in the beam 
path,  but  was placed to receive P t  a toms spu t t e red  
f rom a d iagonal ly  mounted  P t  t a rge t  placed in the 
beam path.  The shu t te r  was then opened unt i l  the de -  
s i red amount  of P t  was deposited,  as indica ted  by  a 
quar tz  c rys ta l  thickness moni tor  moun ted  beside the  
sample  holder .  

The accuracy  of the crys ta l  thickness  moni to r  was 
checked for  ind ica ted  film thicknesses up to 1000A by 
means  of e l ec t ron-backsca t t e r  (Betascope)  measu re -  
ments  2 (5), x - r a y  absorpt ion  measurements ,  and by  
color imetr ic  analysis  of p l a t inum films dissolved in 
aqua regia. The Betascope measurements  showed ex-  
cel lent  p ropor t iona l i ty  wi th  the thickness  moni tor  
readings,  wi th in  a few percent ,  whi le  the o ther  methods  
agreed wi th in  about  20%. We have therefore  assumed 
that  the thickness moni to r  readings  are  re l iab le  ind i -  
cations of the mass of P t  deposited.  This assumption 
may  not  be en t i r e ly  val id  for  the e x t r e m e l y  thin films 
discussed here  because of possible  ini t ia l  differences in 
s t icking coefficients on the sample  and monitor.  These 
differences would  tend to d i sappear  as the  coatings 
become thicker .  

Af t e r  r emova l  f rom the vacuum system, the  com- 
p le ted  wafers  were  cut into pieces sui table  for  e lec t ro-  
chemical  tests o r  for  examina t ion  of the  films in  a 
t ransmission e lect ron microscope. Those pieces to be  
used e lec t rochemical ly  had ohmic contacts of a G a - A g  
paste  appl ied  to the back  (uncoated)  side a f te r  a loca l  
etch wi th  a drop of H F  to remove any SiO2 (6).  

The e lec t rochemical  tests were  done in a specia l ly  
constructed,  t h r e e - c o m p a r t m e n t  P y r e x  cell  shown in 
Fig. 1. The sample  was pressed against  a Viton gas-  
ke ted  opening in the centra l  work ing  compar tment ,  
opposite a flat window through  which the sample  could 
be i l luminated .  This a r r angemen t  defines the exposed  
area  (1/~ cm 2) of  the e lect rode and permi t s  quick a n d  
easy r ep lacemen t  of test  e lectrodes (6). 

To provide  for  effective s t i r r ing  of the  e lec t ro ly te  
and  to p reven t  bubble  accumula t ion  at  the  e l ec trode  

Veeeo Instruments Incorporated, Plainfield, New York 11803. 
= Twin City Testing Corporation, North Tonawanda, New York 

14120. 

Fig. I. The electrochemical test cell showing the pump at the 
bottom, the sample pressed against the black gasket by the screw 
clamp on the left, and the curved jot aimed at the sample recess. 

surface a cent r i fugal  pump,  shown in Fig. 2, was in -  
corpora ted  a t  the  base  of  the  work ing  compar tmen t  
(7). This pump d i rec ted  a s t ream of e lec t ro ly te  th rough  
a glass j e t  a imed  across the work ing  e lect rode face. 
The pump consists of a Teflon po lymer  S t a r - H e a d  TM 

st i r rers  enclosed in a Teflon po lymer  housing and is 
d r iven  by  a convent ional  magnet ic  s t i r rer .  

The r ema inde r  of the cell was of convent ional  design, 
wi th  a Luggin  cap i l l a ry  connect ing the reference  (hy-  
drogen)  e lect rode chamber  to the  e lec t ro ly te  nea r  the  
work ing  e lect rode and a fine cap i l l a ry  diffusion ba r r i e r  
connecting the countere lec t rode  chamber  to the  w o r k -  
ing e lect rode chamber.  

Most of the tests were  done wi th  1N H2SO4 made  
f rom ana ly t ica l  r eagen t  (J. T. Bake r  Chemical  Corn- 

8 Nalge Company. 

Fig. 2. Top view of the centrifugal pump. Stirrer is centered by a 
circumferential step on the bottom of the housing. 
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pany)  d i lu ted  wi th  quar tz -d i s t i l l ed  water .  Purif ied H2 
or  He could be bubb led  th rough  each chamber  of the 
cell  or  ma in ta ined  as an a tmosphere  over  the e lec t ro-  
lyte.  Before each expe r imen t  the e lec t ro ly te  was pu rged  
by  bubbl ing  H2 gas in a l l  three  compar tments  of the  
cell, and  then He was flowed over  the e lec t ro ly te  in the 
work ing  and countere lec t rode  compar tments ,  whi le  
H2 cont inued to bubb le  over  the  re fe rence  electrode.  
Elec t rochemical  character is t ics  were  measu red  wi th  a 
po ten t ios ta t  (P ine  In s t rumen t  Company  RDE 3) and 
recorded  wi th  an X - Y  recorder  ( H e w l e t t - P a c k a r d  
7046A). 

Fo r  e lec t ron microscopic examinat ion,  the  films, in 
some cases coated wi th  carbon and in others  uncoated,  
were  separa ted  f rom the Si subs t ra tes  b y  exposure  to 
a mix tu re  of HNO~ and HF or  to the i r  vapors  and then  
floated off on quadrup le -d i s t i l l ed  water .  They were  
p icked up on fine lacey  carbon suppor t ing  films for  in -  
ser t ion in the microscope. 4 The  in s t rumen t  used was a 
Siemens Elmiskop  101, opera ted  at  120 kV. 

Any  pa r t i cu la r  expe r imen t a l  procedures  associated 
wi th  ind iv idua l  tests are  given wi th  the resul ts  in the 
nex t  section. 

Results 
The tendency  of Si to oxidize in aqueous e lect rolytes  

is c lear ly  demons t ra ted  in the  vo l t ammograms  of Fig. 
3. The curves r ep resen t  a series of single sweeps. Each 
run,  d i sp layed  be low its predecessor,  car r ied  the Si 
e lec t rode  to an increas ingly  p.ositive vol tage before  the 
nega t ive  excurs ion and the  final r e tu rn  to the  s ta r t ing  
voltage. Results  for  n - t y p e  Si only  are  shown, bu t  
s imi la r  resul ts  differing only  in deta i l  were  obta ined  
wi th  p-Si .  

As l i t t le  as 20A of P t  on Si r ad ica l ly  a l ters  the elec-  
t rochemical  proper t ies  of the substrate .  On n -S i  wi th  
Pt, the hydrogen  overvol tage  is e x t r e m e l y  low, charac-  
ter is t ic  of Pt, and  qui te  insensi t ive to opera t ion  of the  

EH Fullam Incorporated Catalog item 1457, Schenectady, New 
York 12301. 
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Fig. 3. Illustrating the oxidation of n-Si during single sweeps to 
positive voltages while illuminated. The pattern of successive 
sweeps is indicated at the top left. 
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elect rode at  posi t ive voltages. The cyclic vo l t ammo-  
grams are also unaffected by  i l lumina t ion  wi th  photons 
having  energy exceeding  the bandgap  of Si. F igure  4 
shows stable cyclic vo l t ammograms  for  the th in  P t  film 
on n -S i  and for P t  meta l  sheet  tested under  s imi lar  
conditions. Al though  the s imi la r i ty  of these vo l t ammo-  
grams is str iking,  there  are  some notable  differences. 
The character is t ic  ox ida t ion  and reduct ion  peaks  are  
more  p rominen t  wi th  the bulk  P t  than  with  the th in-  
film specimen. On the th in-f i lm vo l t ammogram the 
p l a t inum oxide reduct ion peak  is shi f ted  nega t ive ly  by  
about  50 mV from tha t  ob ta ined  on bu lk  Pt, and the 
oxygen evolut ion cur ren t  at  the m a x i m u m  vol tage 
(1.65V) is smal le r  in re la t ion  to the oxide reduct ion 

peak  than i t  is for  bulk  Pt. 
If  the subs t ra te  is p - t y p e  Si the  vo l tammograms,  

though stable toward  oxidat ion,  are  quite different  
for the  da rk  and i l lumina ted  cases, as Fig. 5 shows. 
Apprec iab]e  reduct ion currents  a re  not  ob ta ined  in the 
dark,  but  under  i l luminat ion  the P t - l i ke  character is t ics  
a re  again obtained,  though shif ted pos i t ive ly  in vol t -  
age, and the cathodic cur ren t  due to hydrogen  evolu-  
t ion is l imi ted  by  the l ight  intensi ty.  The ex ten t  of the 
posi t ive shif t  is somewhat  var iab le  wi th  different  sam-  
ples, but  i t  is genera l ly  ~rom 0.1 to 03.V in magni tude .  

The s tab i l i ty  of these thin films under  s t rongly  
oxidizing conditions is shown in Fig. 6 which displays  

~ ~ - ~ S H E E T  

~ ~ 2 5 A  pt ON Si 

1 I I I 
0 0.5 1.0 1.5 2.0 

V (RHE) 

Fig, 4. Comparison of cyclic voltammograms from Pt sheet and 
from 25A Pt on n-Si, The electrolyte was 1N H2S04 and the sweep 
rate was 100 mV/see. 
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Fig. 5. Single-sweep voltammograms of 20A Pt en p-Si shewing 
different behavior in the clark and under illumination. Sweep rate 
was 100 mV/sec. 
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Fig. 6. Cyclic voltamrnograms of 20A Pt on n-Si showing stability 
to oxidation. Sweep rote was 100 mV/see, a, Initial response; b, 
after 24 hr at 1.75V, c, after 168 hr at 1.75V. 

cyclic vol tammograms of a 20A Pt  film on n-Si  taken 
before, during, and after operation at 1.75V. The 
changes evident  in the first 24 hr  of operation were 
complete after 48 hr, when  the vo l tammogram (not 
shown) was identical  to the final one shown. 

Despite this stabil i ty to oxidation, the films do not 
re ta in  their catalytic activity when  subjected to re-  
peated cycling. Earl ier  tests, s imilar  to those of Fig. 6, 
showed the characteristic peaks of the vol tammogram 
reduced to less than half of their  original  value after 
2900 cycles between 50 and 1605 mV, though there was 
no evidence of increasing overvoltages like those shown 
for uncoated Si. 

Transmiss ion electron micrographs of films taken 
from wafers similar to the samples used for Fig. 4-6, 
and some others, are shown in Fig. 7. The large circular 
features in these pictures are due to the lacey carbon 
films on which the Pt  films rest. The micrographs show 
that the 20A films are continuous and vi r tual ly  free of 
detectable pinholes, while the 1OA films have many  
pinholes, but  nevertheless are continuous, conducting 
films. 

Electron diffraction pat terns from these films, not  
shown here, are characteristic of Pt  with a very  fine- 
grain polycrystal l ine structure. This s tructure is also 
revealed by the part ial  dark-field micrograph of Fig. 
8, where only those crystallites of suitable or ientat ion 
show up as bright spots in  the image. 

Figure 9 is a micrograph of a film, like that  used for 
Fig. 6, after it  had been repeatedly cycled to degrade 
its catalytic performance. It  is evident  that the appar-  
ent ly  smooth continuous film indicated by Fig. 7 has 
been seriously affected by the electrochemical cycling, 
probably due to dissolution and rearrangement .  

In order to assess the importance of the ion-etching 
step before Pt  deposition, a series of 20A films was de- 
posited on n-Si  substrates after differing exposures to 
the argon ion beam. Figure 10 shows the cyclic vol tam- 
mograms obtained from these specimens. The Pt- l ike  
behavior  is not well  established un t i l  at least 10 sec of 
ion etching are used, though there is still fur ther  im-  
provement  if this t ime is increased to 20 see or more. 
For comparison, the 25A film used in Fig. 4 was sputter  
deposited on a silicon surface ion etched for 30 sec, 
while that  used for Fig. 6 was 20A with  the same ion- 
etch time. 

The electron micrographs of comparison pieces taken 
from the same wafers as those used for the tests of Fig. 
10 are shown in Fig. 11. They show that  with little or 
no ion etching the film growth is in  the famil iar  island 
structure, and that film cont inui ty  increases with the 
durat ion of ion etching. Even with 10 see of ion etching, 
the film is not ent i re ly  continuous as are the films of 
Fig. 7a and b which were deposited after 30 sec of ion 
etching. 

I t  is also of interest  to determine how thick the de- 
posited film has to be to obtain the effective catalytic 
properties of the metal, assuming that  sufficient ion 
etching has been used to prepare the substrate. A series 
of films of increasing thickness was deposited on n -S i  
substrates, after 20 sec of ion etching, by  passing the 
ion beam through a rotat ing shutter. Exposure for each 
film was controlled by al lowing the opening of the 
shut ter  (90 ~ ) to pass the ion beam different in tegral  
numbers  of times. 

Figure 12 shows a series of vol tammograms obtained 
from some of the members  of this series. They indi-  
cate that  the t ransi t ion occurs between 16 and 20A of 
deposited material.  Those substrates with th inner  films 
display some instability toward oxidation and rela- 
tively large hydrogen and oxygen overvoltages, with 
few of the features characteristic of platinum. It is 
important to note that these last results are not en- 
tirely consistent with earlier good results obtained 
with films only 10A thick, but deposited in one con- 
tinuous exposure. Furthermore the electron micro- 
graphs of these films (not shown) indicated persistent 
island structures even in films more than 20A thick. 
Indeed one film 21~_ thick removed from its Si sub- 
strate, without a carbon coating, retained its integrity 
as a continuous film, but displayed an island structure 
of Pt particles on an unidentified continuous back- 
ground film. 

These results call for further investigation, but they 
show nevertheless that some critical thickness of Pt, 
perhaps determined by vacuum conditions and sput- 
tering rates, is necessary to achieve the useful catalytic 
properties of this metal.  

In these experiments one is led to consider the pos- 
sible formation of p la t inum silicides, so it  was con- 
sidered desirable to observe the electrochemical be-  
havior of such silicide films. The compound was de- 
l iberately formed by heating n-Si  samples with ap- 
proximately 15A of deposited Pt  in argon at 350~ for 
15 rain. Comparison samples from the same wafer, with-  
out heat - t rea tment ,  had been previously shown to give 
results comparable to those of the 25A films shown in 
Fig. 4. Figure 13 shows the single-sweep vol tammo- 
grams obtained from the Pt -Si  surface in the manne r  
described in connection with the tests of Fig. 3. The 
final (lowest) curve was essential ly unchanged when 
swept cyclically and no effects of i l luminat ion  could be 
observed. 

Although these samples were qui te  stable to oxygen 
or hydrogen generat ion for periods of several minutes,  
they did not  display any of the electrochemical charac- 
teristics of p la t inum metal. 
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Fig. 7. Transmission electron 
micrographs of thin Pt films re- 
moved from Si substrates, a, 20A 
film from n-Si; b, 20A film from 
p-Si; c, 10A film from n-Si; d, 
10A film from p-Si. 

Discussion 
The e lec t rochemical  behav io r  of ba re  Si  in the  d a r k  

is expl icab le  in te rms of the  la rge  nega t ive  flatba:ad 
vo l tage  (high e lec t ron  energy)  of this ma te r i a l  w i th  
respect  to the  H + / H s  poten t ia l  in the  e lec t ro ly te  (3, 8). 
This condit ion impl ies  tha t  the  energy  bands  of n -S i  
are  ben t  up  s t rong ly  nea r  the  e lec t ro ly te  in ter face  so 
tha t  there  is n o r m a l l y  an apprec iab le  energy  ba r r i e r  for  
the  t rans fe r  of e lect rons  into or  out  of the  conduct ion 
band  (9). The la rge  hydrogen  overvol tage  resul ts  
f rom the need to f la t ten the  bands  (by  app ly ing  nega -  

r ive vol tage  to the  Si) so tha t  conduct ion band  elec- 
trons can reach  the surface  where  H+ ions can be r e -  
duced. 

This s i tuat ion is unaffected b y  posi t ive vol tage  e x -  
cursions because oxidat ion  of the e lec t ro ly te  is p r e -  
ven ted  by  the energy  barr ier .  A t  ve ry  high posi t ive 
voltage~s the  bands  are  ben t  so s t rong ly  tha t  e lectrons 
can tunnel  f rom the e lec t ro ly te  th rough  the th inned  
ba r r i e r  and a l low the oxida t ion  of w a t e r  wi th  the  ac-  
companying  fo rmat ion  of SiO2 (10). This th in  insu la t -  
ing l aye r  serves to increase  the  hydrogen  overvol tage,  
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Fig. 8. Dark-field micrograph corresponding to Fig. 7c 

an effect j u s t  v is ib le  in  the  lowest  curves  of the  top 
pa r t  of Fig. 3 .  

When  l ight  shines upon the Si, oxida t ion  is much  
more  r ead i ly  accomplished b y  the  holes c rea ted  in the  
valence band  and moved  toward  the in ter face  b y  the 
surface field (9).  The r e su l t an t  g rowth  of a barrier 
l aye r  (anodizat ion)  is c lea r ly  shown b y  the  rapid 
suppression of posi t ive oxida t ion  cu r ren t  wi th in  a 

Fig. 9. Electron micrograph of film after prolonged cycling 
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Fig. 10. Cyclic voltammograms from 20A Pt films deposited on 
n-Si after varying degrees of ion etching. Sweep rate was 100 mV/ 
sec. 

single sweep and by  the cor responding  increase  of h y -  
drogen overvol tage  to ex t r eme ly  high values.  

The appropr i a t e  deposi t ion of P t  on n -S i  rad ica l ly  
a l ters  the s i tuat ion descr ibed above. The vol tage  cor-  
respondence  in the  cyclic vo l t ammograms  for the  test  
sample  and the P t  sheet, shown in Fig. 4, indicates  tha t  
the  P t  film effectively makes  an ohmic contact  wi th  its 
semiconduct ing substrate ,  a conclusion confirmed by  
the absence of any observed  photoeffect. The more  
p rominen t  character is t ic  fea tures  obta ined  on the bu lk  
p la t inum,  noted earl ier ,  m a y  fa i r ly  be a t t r ibu ted  to its 
l a rger  effective surface a rea  (11), since the th in  films 
are  deposi ted on e x t r e m e l y  smooth single c rys ta l  sub-  
strates.  On the thin films the more negat ive  potent ia l  
of the p l a t inum oxide reduct ion peak  and the lower  
oxygen evolut ion cur ren t  at  m a x i m u m  posi t ive voltage, 
also noted earl ier ,  suggest  tha t  oxygen atoms are  bound 
more s t rongly  to these films which mus t  be thin enough 
to s t i l l  show some effect of the subs t ra te  under ly ing  
the meta l l ic  p l a t i n u m  surface. 

The photoeffects and vol tage  shif t  observed when P t  
is deposi ted on p - t y p e  Si (Fig. 5) indicate  the presence 
of an electronic bar r ie r ,  shown schemat ica l ly  in Fig. 
14. In  this case, reduct ion  of H+ can occur only  if 
electrons are p romoted  to the no rma l ly  empty  conduc-  
t ion band  of p -S i  b y  i l lumina t ion  wi th  photons of 
sufficient energy.  Fo r  this reason, the hydrogen  reduc-  
t ion cur ren t  is l imi ted  by  l ight  intensi ty.  

The vol tage  shift  wi th  i l lumina t ion  allows H2 to be  
genera ted  at  a vol tage more  posi t ive than i t  would  be 
on a bu lk  P t  electrode.  S imi la r  shifts have been ob-  
served  on Si and o ther  p - t y p e  semiconductors  wi th  
e lec t rodeposi ted  meta l  layers  (12). This undervol tage  
for reduct ion is accompanied by  an overvol tage  for  al l  
oxida t ion  processes, though not  necessar i ly  of the same 
magni tude.  When  the p -S i  is pa r t  of a photoexci ted  
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Fig. 11. Electron roicrographs 
of the films of Fig. 10 untested 
electrochemically, a, No ion etch- 
ing; b, 1 sec ion etching; c, 3 
sec ion etching; d, 10 sec ion 
etching. 

n - p  junc t ion  device used to d r ive  e lec t rochemica l  r e -  
actions, i t  is the  p - t y p e  surface at  which oxidat ions  
should occur (1). The vol tage  shif t  due to the Scho t tky  
ba r r i e r  can r ep resen t  a significant loss of ava i lab le  
e lec t rochemical  potent ia l .  

The impor tance  of ion e tching in obta in ing  the ex -  
t r eme ly  thin  meta l l ic  films is demons t ra ted  b y  the  
effects shown in Fig. 10 and 11. Insufficient ion etching 
resul ts  in the i s land s t ruc ture  more  usua l ly  observed  
wi th  such thin films (13). The  smoothness and un i -  

for tu i ty  of  p rope r ly  deposi ted  P t  films m a y  be  a t t r i b -  
u ted to the immobi l i ty  of the first P t  a toms a r r iv ing  a t  
the chemical ly  clean and act ive Si surface. Since P t  
and  Si in te rac t  to form dis t inct  compounds (14, 15), the  
in i t ia l  P t  a toms are  l ike ly  to be chemisorbed wi th  suffi- 
cient b inding  energy  to p reven t  the i r  subsequent  mi -  
gra t ion  over  the  surface. 

In  addi t ion to removing  any  res idua l  contaminants ,  
some ex t ra  ion etching m a y  be necessary  to in t roduce  
sufficient d i sorder  (16, 17), and  even t igh te r  b ind ing  
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Fig. 12. Cyclic voltammograms of Pt films of various thicknesses 
deposited on n-Si after 20 sec ion etching. Sweep rate was 100 mV/ 
sec. 

sites, in the  Si surface. The ra te  a t  which SiO2 is r e -  
moved  f rom the surface m a y  be es t imated  f rom the ion 
cu r ren t  density,  ion voltage,  and  spu t te r ing  ra te  of  Si  
b y  argon ions, assuming the ra te  for  SiO2 app rox i -  
mates  tha t  for Si (18). The es t imated  r a t e  is 5 . 3 5  A/see  
so 4 sec of ion e tching should be  sufficient to remove  

j 
v 

-o. ,'.o ,'.5 2'.0 2'.5 
V (RHE) 

Fig. 13. Single-sweep voltammograms from approximately 15A 
Pt on n-Si after heating in argon at 350~ for 15 rain. 

.Ef H+/H2 

VB. ~ ~ _ _ 0 . 1 -  0.3 eV 

p- Si ~l ELECTROLYTE 

PLATINUM 

Fig. 14. Suggested energy diagram of pSi coated with Pt in con- 
tact with acid electrolyte, showing Schottky barrier at Pt-Si inter- 
face. 

an assumed 20A of SiO~. But  in  prac t ice  we find tha t  
about  20 sec of ion e tching are  r equ i r ed  for  good re -  
sults. I t  is thus reasonable  to assume tha t  the surface 
d isorder  in the  subs t ra te  is also an impor t an t  factor  in 
the  adhesion and s tab i l i ty  of the deposi ted  films. This 
assumption is consistent  w i th  recen t  observat ions  of 
the g rowth  of th in  P t  films on single crys ta l  and on 
amorphous  Si done unde r  u l t r ah igh  vacuum condit ions 
(19). 

I f  one th inks  of app ly ing  these resul ts  to me ta l l i za -  
t ion of semiconductor  devices, as in in t eg ra ted  circuits,  
this need for surface  disorder,  if  i t  exists, would  be  a 
serious drawback .  Fo r  e lec t rochemical  applicat ions,  
however ,  where  ca ta ly t ic  coatings wi th  e x t r e m e l y  l ight  
loading of the expensive  ca ta lys t  is desired,  cons idera-  
tions of surface  d i sorder  a re  not  so serious. Of course, 
in these appl icat ions  i t  is also unnecessary  tha t  the  
ca ta lys t  m e t a l  be disposed in a continuous film, bu t  i t  
mus t  make  in t ima te  e lec t r ica l  contact  wi th  the sub-  
strafe.  I t  appears ,  however,  tha t  the condit ions which 
promote  this good contact  also promote  the cont inui ty  
of the film. 

The chemisorpt ion  v iew of  P t  film deposi t ion implies  
the format ion  of a l aye r  of P t - S i  compound,  perhaps  
only 1 or  2 monolayers  th ick fol lowed by  the addi t ion  
of P t  metal .  The resul ts  of Fig. 13 show tha t  de l iber -  
a te ly  formed p l a t i num silicide is a s table  electrode,  
bu t  has r e l a t ive ly  poor  ca ta ly t ic  proper t ies .  When in-  
sufficient P t  is deposited,  as in the  series of Fig. 12, 
most  of the deposi ted ma te r i a l  m a y  have  been con- 
sumed in format ion  of the  compound in te r layer ,  l eav-  
ing l i t t le  metal l ic  p l a t i num to funct ion as a good ca ta-  
lyst. The continuous unident if ied film on which is lands 
of P t  were  observed  m a y  indeed be evidence of this  
compound.  Such considerat ions mus t  p l ay  a pa r t  in 
de te rmin ing  the leas t  amount  of ca ta lys t  tha t  can be 
used to obta in  effective cata lyt ic  propert ies .  The resul ts  
of Fig. 12 show tha t  such a m in imum amount  exists, 
but, as noted earl ier ,  the  quant i ta t ive  aspects  a re  p res -  
en t ly  in doubt  because the  resul ts  a re  influenced by  
ra tes  of deposi t ion and by  vacuum conditions. 

The ins tab i l i ty  of an in i t ia l ly  act ive p l a t i num film 
to r epea ted  cycling is shown b y  Fig. 9 to be  re la ted  to 
d ramat ic  s t ruc tura l  changes in the film. Aside f rom 
its re la t ive  smoothness,  the re  would  a p p e a r  to be  no 
reason why  these th in  films should not  be subjec t  to 
the  same forces of dissolution tha t  affect o the r  ca ta -  
ly t ic  deposits  (20, 2I ) .  A l though  some of  the  P t  tha t  
dissolves in one pa r t  of the  e lec t rochemical  cycle m a y  
be redeposi ted  in another ,  the redepos i ted  ma te r i a l  m a y  
lose its in t imate  contact  wi th  the subs t ra te  and  thus 
much of its ca ta ly t ic  activity.  

The s tab i l i ty  of the films toward  oxida t ion  must  be 
due to the passivat ion of  any  exposed  areas  of Si b y  
format ion  of SiO2 which  is chemical ly  s table  and p r e -  
vents  any  undercu t t ing  of the in t imate  m e t a l - s e m i -  
conductor  contact.  
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Conclusions 
The work reported here is not intended to throw 

any new light on the processes of catalysis. It is well 
known that minute deposits of Pt on other substrates 
impart the catalytic properties of the metal to the 
combination (22). The electrochemical measurements 
reported here serve merely to characterize the nature 
of the Pt films on Si and the nature of the electrical 
contact at the Pt-Si interface. 

The continuity of the metal films in such low thick- 
ness ranges is of unusual interest, however, as is the 
effective ohmic contact with the n-type substrate. It  is 
hoped that these observations may contribute to the 
understanding of the nature of some substrate-deposit 
interactions. 

The ultimate utility of deposits of this sort for 
electrocatalysis remains to be seen. In view of the 
excellent material utilization already reported with 
other methods, the motivation for using this more 
complex and costly process may depend on whether 
improved stability can be achieved with it. This, along 
with other aspects of the problem needs more study at 
present. 

If our present ideas about the film formation are 
correct, it seems likely tbat there are many material 
variations on this theme. Silicon, because it reacts with 
so many different metals, should be a useful substrate 
for a variety of catalytic metals. The high purity, 
electronic grade, single crystal silicon used in these 
experiments should not be necessary; the cheaper 
technological grades of polycrystallin e Si, provided it 
is n-type, should serve well as a conducting catalyst 
support. 

Conversely, many of the noble metals might equally 
well be supported by other materials with which they 
form compounds and that form stable, chemically re- 
sistant oxides. Examples of such supports are the valve 
metals, Ti, Ta, Nb, and others. Indeed, preliminary ex- 
periments show that Pt can be deposited in 20A 
amounts onto ion-etched Ti to impart its catalytic 
properties as it does on n-Si. 
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Volume Changes Induced by the Electrochromic 
Process in Sputtered Iridium Oxide Films 

S. Hackwood,* W. C. Dautremont-Smith,* G. Beni,* 
L. M. Schiavone,* and J. L. Shay* 

Be~  Laboratories, HolmdeZ, N e w  Jersey  07733 

ABSTRACT 

We report volume changes induced by the electrochromic process in 
sputtered iridium oxide films (SIROF's). We show that SI'ROF's expand on 
incorporation of water. The rate of water uptake is greatly increased by 
initial potential cycling, i.e., coloring and bleaching. Hydration increases the 
kinetics of eleetrochromism by about an order of magnitude. We show also 
that electrochromic coloring and bleaching reversibly modulates the thick- 
ness of partially hydrated SIROF's. As-deposited SIROF's significantly con- 
tract upon initial cathodic bleaching which supports the anion mechanism of 
electrochromism in iridium oxide films. 

S e v e r a l  recent papers have described the properties 
of electrochromic i r idium oxide films (1-12). Ini t ia l  
studies were based on iridi,am oxide films anodically 
grown on a metall ic i r id ium substrate (AIROF's) .  It 
has  recently been reported (5) that electrochromic 
i r i d i u m  oxide films can be prepared by sputter ing from 
an  i r idium target  in a reactive oxygen discharge. Such 
sputtered i r id ium oxide films (S!ROF's) have the fast 
coloring and bleaching kinetics previously reported 
for AIROF's, and are considerably more resistant to 
degradation. Operation for more than 107 cycles in 0.5M 
H2SO4 leads to no detectable deterioration. Prototype 
seven-segment  digit display cells with --~100 msec 
response t ime have recently been demonstrated (12). 

The mechanism of the electrochromic reaction has 
been extensively studied. Early speculations (13) were 
based on a proton extract ion- inser t ion mechanism, as 
proposed for ru then ium oxide, and similar  to the 
cation inser t ion-extract ion process of tungstic oxide 
(14-16). There is evidence, however, that the electro- 
chromism of i r id ium oxide films is fundamenta l ly  
different (7-9) from that of WO~. For i r idium oxide an 
a n i o n  mechanism has been proposed which is supported 
by considerable exper imental  evidence (7-9). 

The purpose of this paper is fourfold: (i) to demon-  
strate that  SIROF's consist of a structure, which ex- 
pands on incorporation of water;  (it) to show that the 
rate of incorporation of water  into an as-deposited 
SIROF can be increased greatly by a few init ial  color/ 
b l e a c h  cyc l e s ;  (iii) to show that the uptake of water  
increases the kinetics of electrochromism by about an 
order  of magni tude;  and (iv) to show that, unt i l  fully 
hydrated, electrochemical coloring and bleaching re- 
versibly modulates the film thickness. An as-prepared 
SIROF undergoes a contraction upon ini t ia l  bleaching, 
which s trongly supports the anion mechanism of elec- 
trochromism. 

Experimental 
To investigate the volume changes induced by the 

electrochromic process in SIROF's we have measured 
the  thickness of the i r idium oxide film on quartz sub-  
strates, (i) as deposited, (it) after immersion in 0.5M 
H~SO4, (iii) after successive coloring and bleaching, 
and  (iv) on fur ther  immersion after two color/bleach 
cycles. 

A seven-segment  digit of SIROF was deposited 
through a 2 ~m thick photoresist mask. Dissolution of 
the  photoresist in acetone removed the SIROF from 
surrounding  areas leaving each segment with well-  
defined sharp edges along its length. The data reported 

"Electrochemical Society Active Member. 
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are average segment thicknesses measured over many 
up and down steps. Thickness was measured ex  situ 
using a stylus ins t rument ,  ei ther an Alpha-step or a 
Talysurf. The electrode was rinsed in distilled water 
and blown dry with ni t rogen before each measurement.  

Both the colored and bleached states of SIROF's 
show significant electronic conductivity. Contact was 
made to a corner of a segment with silver paint, which 
was then covered with insulat ing varnish. Coloring or 
bleaching of each segment was accomplished by ap- 
plying -}-IV or 0V, respectively (vs. SCE reference 
electrode) to the SIROF in the 0.5M H2SO4 electrolyte. 
The coloring or bleaching result ing from anodic or 
cathodic voltages was monitored by measuring the 
charge transferred. As previously demonstrated (10), 
the induced optical density change is essentially l inear 
in the charge transferred.  

SIROF's deposited on t an ta lum were used to measure 
the electrochromic response time, since in this case the 
rate of response is not  l imited by the low sheet con- 
ductivi ty of the i r idium oxide film. Bleach/color cycles 
were performed by applying 1 sec pulses of 1V ampli-  
tude (vs. SCE), with compensation to the applied 
potential  for IR drop in the electrolyte using a Pr ince-  
ton Applied Research potentiostat  and programmer.  
The charge t ransferred was monitored by a digital 
coulometer, with the analog output  recorded on a strip 
chart  recorder or photographically from an oscillo- 
scope. 

Results and Discussion 
We show in Fig. l ( a )  the time dependence of the 

thickness of a SIROF having an init ial  thickness of 
700A upon immersion in 0.5M H2SO~. There is negligi-  
ble change in  thickness in 5 hr. On the other hand, if a 
fiIm is first subjected to two color/bleach cycles, and 
subsequent ly  kept immersed in the same electrolyte, 
it  rapidly increases in thickness to a max imum of 
950A in 2 hr as shown in Fig. 1 (b). 

No change in coloration results from this increase in 
thickness, suggesting that the expansion is solely due 
to water  uptake wi thin  the SIROF. It is surprising that 
two init ial  color/bleach cycles condition the SIROF to 
take up large amounts  of water. Although we have not 
rigorously demonstrated the porous na ture  of SIROF's, 
a porous s tructure is probable since the electrochromic 
kinetics are similar to those of AIROF's, which are 
known to be porous films (11) with a high water  con- 
tent. Throughout  this work "pores" is used in a gener-  
alized sense which includes microscopic channels. Pre-  
l iminary  thermogravimetr ic  analysis (TGA) and 
evolved gas analysis (EGA) of SIROF's show (17) that  
these films, as prepared, contain some unbound  (pore) 
water. In addition, it may  be noted that the final thick- 
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Fig. 1. Increase in thickness of a SIROF, initial thickness 700A, 
(a) on immersion in 0.5M H2S04, and (b) on immersion after two 
color/bleach cycles. 

hess of a ful ly  hydrated SIROF is approximately the 
same as that  of an AIROF having the same charge 
densi ty for the same potential  step. For example, for a 
SIROF of final thickness 1800A, coloration charge 
t ransfer  (for 0-1V potential  step vs .  SCE) is ~30 mC/  
cm 2, and that for an equal thickness AIROF is ~27 
mC/cm% 

We have also investigated the electrochromic re-  
sponse t ime of SIROF's as a function of hydration.  We 
show in Fig. 2 the electrochromic response of a SIROF 
for 1 sec voltage pulses stepping between 0 and 1V 
(vs. SCE) in an aqueous 0.5M H2SO4 electrolyte. The 
data in  Fig. 2(a) and (b) were measured wi thin  the 
first I 0  sec and after 40 min, respectively, of continuous 
cycling. Taken together, the data in  Fig. 1 and 2 sug- 
gest that  the film expands from the progressive incor- 
poration of water  into the film pores, and the speed of 
response increases due to the faster diffusion of ions 
along the pores. The total charge t ransferred dur ing 
coloration and bleaching increases from 11.0 mC/cm 2 
[Fig. 2 (a ) ]  to 12.6 mC/cm~ [Fig. 2 (b ) ]  possibly due to 
a slight increase in  the number  of accessible i r idium 
sites. The increase is not a kinetic effect; equi l ibr ium 
values show the same charge increase. 

For  AIROF's which are known to be highly hydrated, 
a model of porous films wi th  most of the oxide sites 

accessible to the electrolyte has been postulated (18) 
and exper imenta l ly  verified (11). Such a model is in 
agreement  with the observations reported here for 
SIROF's. The lat ter  may thus be regarded as porous 
structures which can expand on water  uptake. How- 
ever, as shown in Fig. 1, expansion is only possible 
after the film has been subjected to a few color/bleach 
cycles. Apparent ly,  as-prepared SIROF's have a 
"closed" structure,  i .e. ,  impervious to water, which can 
be "opened" by  potential  cycling. 

The effect of potential  cycling on the s tructure of a 
SIROF is more clearly seen from the data in Fig. 3. 
We find that  electrochemical coloring or bleaching pro- 
duces a significant increase or decrease, respectively, in 
the film thickness. Data are shown for two different 
sets of SIROF samples deposited on quartz in an oxy- 
gen part ial  pressure of 20 ~m. The data represented by 
squares refer to thick samples (~1500A as prepared) ;  
the circles refer to th inner  samples (~-410A as pre-  
pared) .  Ful l  and open symbols designate completely 
colored and completely bleached SIROF's, respectively. 
The ini t ial  data (half-open symbols) represent  mea-  
surements  on as-deposited, par t ia l ly  colored samples 
before immersion in the 0.5M H2SO4 electrolyte. 

It  is evident  from Fig. 3 that dur ing the first few 
cycles the films contract upon bleaching and expand 
upon coloring. This effect has been observed not only 
for the two sets of samples reported in  Fig. 3 but  also 
for other samples of various thicknesses. Par t icular ly  
significant is the contraction following the first cath- 
odic (i .e. ,  bleaching) voltage pulse. Although not shown 
in Fig. 3, if the first applied pulse is anodic (i .e. ,  color- 
ing),  then the film expands. Since expansion of the film 
results also from immersion in the electrolyte [Fig. 
1 (b) ], it is difficult to separate the effect of the voltage 
pulse from that of hydration.  Nonetheless, the ini t ial  
contraction observed upon bleaching clearly shows 
that  the eleetrochromie effect p e t  s e  causes a significant 
modulat ion in film thickness. Following the first few 
potential  cycles in  Fig. 3, the thickness modulat ion as- 
sociated with coloring and bleaching diminishes. The 
SIROF's continue to expand unt i l  they reach their 
max imum thickness, approximately following the same 
behavior as shown in Fig. 1 (b). Thus Fig. 3 shows that 
SIROF's can change their thickness because of two 
distinct effects: (i) a continuous uptake of water  dur-  
ing immersion following a few color/bleach cycles 
[Fig. l ( b ) ] ,  and ( i i )  a thickness modulat ion directly 
related to the electrochromic process, which decreases 
as the film hydrat ion increases. 

Conclusions 
As previously noted, the porous na ture  of anodic 

i r id ium oxide films has been recognized for some time. 
The necessity of "pore" water  wi thin  the s tructure for 
fast response times has also been postulated (1, 4). We 

Fig. 2. SIROF electrochromic response (6.8 mC/cm~/div) for 1 
sec voltage pulses stepping between 0 and IV vs. SCE in an aque- 
ous 0.5M H2S04 electrolyte; (a) recorded within the first 10 sec, 
and (b) after 40 min of color/bleach cycling. 
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Fig. 3. Initial thickness (0) of SIROF films, and after successive 
bleaching (B) and coloring (C) for two films of different initial 
thicknesses. 
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have shown here  tha t  SIROF's  have an expandable ,  
porous s t ruc ture  and tha t  wate r  up take  expands  the 
s t ructure .  More impor t an t ly  we have also shown that, 
for as -depos i ted  films, an expansion occurs upon color-  
ing, and a contract ion upon bleaching. The l a t t e r  ob-  
servat ion  provides considerable  insight  into the na ture  
of the mechanism of ion- inser t ion  in e lect rochromic 
i r id ium oxide. 

I t  is now accepted tha t  the colorat ion react ion in i r id -  
ium oxide films proceeds by  anodic removal  of e lec-  
t rons coupled wi th  charge neut ra l iza t ion  via  ion t rans-  
fer  be tween  the film and the electrolyte .  For  charge 
neu t ra l i ty  in aqueous electrolytes ,  models  based on 
proton ex t rac t ion  or  hyd rox ide  ion inject ion have  been 
postulated.  Which of these models  is opera t ive  is st i l l  
controversial .  Our  results,  however ,  suggest  tha t  a 
hydrox ide  ion mechanism is operative.  Contract ion of 
the film upon bleaching indicates  removal  of ions from 
the film, and thus prec ludes  a model  based on H + 
insertion. 

Al though the da ta  in Fig. 3 provide  convincing evi -  
dence that  the ion exchange at  the S I R O F / b u l k - e l e c -  
t ro ly te  in ter face  involves exchange of O H - ,  in p r in -  
ciple i t  is possible that  the ion exchange at  the i r id ium 
oxide g ra in /po re  in ter face  wi thin  the SIROF involves 
H + exchange. However ,  were  H + to dominate  the 
charge  t r anspor t  a t  the i r id ium oxide g r a in /po re  in t e r -  
face, i t  is difficult to unders tand  why  O H -  would be 
inser ted  into the film from the bulk  e lec t ro ly te  in view 
of (i) the super ior  mobi l i ty  of H+ over  O H -  in the 
pores, and  (ii) the abundance  of H + avai lable  f rom 
the aaidic bu lk  electrolyte .  

Exchange  of O H -  at  the  i r id ium oxide  g ra in /po re  
interface provides  an explana t ion  for the d iminishing 
ampl i tude  of the thickness modula t ion  observed in Fig. 
3 wi th  increas ing hydra t ion .  In  an as -depos i ted  d ry  
film, coloring causes expansion by  ion- inser t ion  into 
the grains  d i rec t ly  f rom the bulk  e lect rolyte ;  this can 
only be in a direct ion normal  to the substrate ,  o the r -  
wise loss of adhesion of the S IROF would occur. Once 
the film has become hydra t ed  and swollen to a volume 
in excess of tha t  of the colored state in the first colora-  
t ion of the d ry  film, expansion of a gra in  on colorat ion 
is no longer  constra ined to be normal  to the film but  
can also occur l a t e ra l ly  by  expansion f rom the pores. 
I t  should be noted tha t  there  is evidence (19) tha t  
AIROF's  show a 10-15% thickness increase, measured  
by  in situ el l ipsometry,  dur ing  electrochemical  colora-  
t ion in 0.SM H2804. The l a t t e r  observa t ion  suggests 
that  anion inser t ion is also responsible  for the e lec t ro-  
chromic proper t ies  of AIROF's.  However ,  our  observa-  
t ion tha t  a thickness modula t ion  no longer  occurs in 
SIROF's  a f te r  full  hydra t ion  could expla in  the super ior  
cycle l i fe t ime of SIROF's  re la t ive  to AIROF's ,  and be 
indicat ive of a different  micros t ruc ture  or H20 dis-  
t r ibut ion  wi th in  the films. 

In  summary ,  we have measured  volume changes in 
SIROF's  and shown that  these films" (i) have a 
sponge- l ike  s t ruc ture  which expands  b y  incorporat ing 
large  amounts  of wa te r  fol lowing electrochromic 
cycling; (ii) have electrochromic response t imes that  
decrease by  an order  of magni tude  as more wate r  is 
incorpora ted  wi th in  thei r  pores and their  s t ructure  has 
expanded;  and (iii) as-deposi ted,  expand  upon color-  
ing and contract  upon bleaching thus suppor t ing  the 
anion mechanism of e lec t rochromism in i r id ium oxide. 
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ABSTRACT 

Structura l  studies of copper electrodepositions from pyrophosphate, chlo- 
ride, cyanide, and citrate solutions were carried out on highly polished 
(001) copper surfaces at a wide range of current  densities under  galvanostatic 
conditions. The study was performed by means of x - r ay  diffraction. The dep- 
osition morphology was observed with a scanning electron microscope. Cor- 
relat ion among in terna l  structure,  surface morphology, solution composition, 
and plat ing conditions were examined. The results were compared with 
previous studies from sulfate solutions. Epitaxial  growth was observed in the 
ear ly  stage of deposition. The effect of the anion on the change from single 
crystal l ine to polycrystal t ine growth at fur ther  stage was analyzed. A specific 
adsorption of the different anions in  relat ion to their  ionic size was considered 
as a critical feature. As a comparat ive study the action of an  addition agent  
w a s  a l so  cons idered .  

Copper electrodeposition from sulfate solutions has 
been studied from different points of view and a con- 
siderable amount  of data on its properties are now 
available. Electrodeposition of copper from other types 
of solutions, however, has been less extensively studied 
and the general  picture of the anion effect on the 
growth mude is not clear. A knowledge of the magni -  
tude of the influence of the anion on the different steps 
of the electrocrystall ization process is desirable for the 
fundamenta l  unders tanding  of electrodeposition. 

In  studies on the mechanism and kinetics of copper 
deposition, Bockris and Enyo (1) assumed that  one of 
the  factors which influences growth is the blocking of 
deposition sites by adsorption of anions. Studies of the 
surface morphologies (2-3) and of the physical and 
mechanical  properties of electrodeposited copper from 
different electrolytes were made by various workers 
(4-5). 

Previous studies in  this laboratory (6-9) dealt  with 
t h e  effect of the base metal  characteristics of single 
c r y s t a l l i n e  surfaces on epitaxial  growth of copper de- 
posits from sulfate solutions. Most of the epitaxial  
growth features are explained in the l i terature  (10-23). 
The change to nonepitaxial  growth and a mechanism 
for the formation of polycrystal l ine deposits (7-9, 23) 
is less clearly understood and it is with this purpose 
that  the present  contr ibut ion was made. The work is a 
cont inuat ion of that  ment ioned in preceding studies, 
the s t ructural  aspects of deposition having been dis- 
cussed with the aim of emphasizing how the growth is 
affected by the anion of the solution. 

Experimental 
Electrodeposition was carried out on as-grown OFHC 

(99.98%) copper single crystals of (O01) orientation. 
Exper imenta l  details are given in previous communi-  
cations (7-9) ; the preparat ion of the surfaces was con- 
sidered as one of the very impor tant  factors. A 99.999% 
copper sheet was used as an anode. Depositions of cop- 
per were performed from copper solutions of the fol- 
lowing anions: pyrophosphate, cyanide, chloride, and 
citrate, the chemicals being of "Analar"  grade and the 
water  tr iple distilled. Some depositions from sulfate 
solution, and others from amine-sulfate  solution, were 
also made. The composition of _the solutions is specified 
in  Table I. A rout ine procedure for pur i fying the solu- 
tions (15) was used. Gentle s t i rr ing of the solutions 
w a s  mainta ined  by  a glass-coated st i rr ing magnet.  In 

Key words: copper electrodeposition, anion effect, x-ray study. 

some cases s t i rr ing was made by slight bubbl ing  with 
high pur i ty  nitrogen. Under  these conditions the de- 
posits under  s tudy usual ly had an optically smooth 
appearance and a good adherence to the substrate. The 
experiments  were carried out  galvanostatically be-  
tween 5 and 90 mA / c m 2, while the potential  was re-  
corded cont inuously on a Honeywell  X- t  recorder. 
Each deposition was performed without  any  in te r rup-  
tion to a predetermined thickness. The deposit thick- 
nesses were calculated as detailed elsewhere (7). After 
a desired t ime of deposition, the cell was disassembled 
and the working electrode washed first with doubly 
distilled water  and then with ethyl alcohol. After 
necessary studies the deposit was removed by mechan-  
ical polishing and electropolishing before plat ing again. 

The s t ructural  studies were carried out with Philips 
x - ray  equipment  (P.W. 1140/00). Laue backreflection 
method with white chromium radiat ion was used in  
order to get a low penetra t ion of the beam. Morpho- 
logical observations were made, some by  optical mi-  
croscopy of low magnification (Reichart  MeF Micro- 
scope), but  most with a scanning electron microscope 
(JSM-U3 JEOLCO Japan)  because of a high resolu-  
t ion required. 

Results and Discussion 
Structural  results by x - r ay  diffraction of the copper 

deposits from pyrophosphate, cyanide, chloride, and 
citrate solutions are plotted in Fig. 1, deposit thickness 
vs. current  density, where each curve defines the in i -  
t iat ion of the polycrystal l ine s tructure from the cor- 
responding electrolyte. Previous results of copper de- 
posits from sulfate copper solution on (001) OFHC 
copper surfaces (9) were also included. Details of the 
results from the citrate solution were plotted separately 
in Fig. 2. The characteristic surface morphologies are 
shown in Fig. 3-7 and are summarized in Table II. 

It  is observed in Fig. 1 that  the s t ructural  results 
point to an essential difference in the action of the 
different copper solutions on the process of electro- 
deposition of copper. In  the early stage of deposi- 
tion, the structure from all the solutions used is single 
crystalline, that is, the copper deposits grew parallel  to 
the substrate, but  at fur ther  deposition, a polycrystal-  
l ine s t ructure  was developed at a thickness depending 
on the type of the solution and the current  density 
applied. Thus a critical thickness at which the break-  
down of epitaxy occurs is different for the type of solu- 
t ion used. 

It is known that  during the process of electrodeposi- 
t ion of a metal, certain inevi table  foreign species 
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Table I. Composition of the deposition solutions 

Sulfate solution Chloride solution Citrate solution 

CuSO~,5H.~0 
I-I~SO~ 

0.5 mol Cu2CI2 0.5 mol Copper citrate 
0.5 reel HCI 0.5 mol Citric acid 

0,5 reel 
0.5 mol 

Pyrophosphat e solution Cyanide solution 

CuSO~-5H~O 30 g/liter CuCN 32 g/liter 
Na4P207.10 I-I~O 120 g/liter NaCN 24 g/liter 
Nae.HPO,.12It~O 90 g/liter Na~COs 15 g/liter 

Amine-sulfate solution 

CuSO~.SH~O 0.5 reel 
(NH4) ~SO4 0.5 reel 
Ethylenediamine 80 ml/liter 
NHs conc 4 ml/liter 

genera l ly  present  in an electrolyte  as well  as the anion 
may  be codeposited or adsorbed at the cathode (1-5, 
10-23). The growth during the process of e lectro-  
deposition can be seriously affected by these code- 
posited materials  and may  eventua l ly  influence the 
physical and mechanical  propert ies  of the deposits. On 
a re la t ive ly  pure electrolyte,  however,  the anion must  
be considered as the main  impor tant  component  of the 
solution, owing to its large quantity.  Codeposition of 
anions has been repor ted  in the ear ly  studies of e lectro-  
deposition (24). Some workers  (1) assumed that  the 
specific adsorption of the anions may  influence the 
electrochemical  kinetic parameters .  

If  an adsorption mechanism of the anion is consid- 
ered, all the evidence in the present  exper iments  points 
to a possible correlat ion be tween the breakdown of the 
epi taxy of the deposits and some proper ty  of the anion, 
t h e  size or spatial  content  of the anion being a re levant  
one. A remarkable  relat ionship be tween the anion size 
and the deposit thickness at which the polycrystal l ine 
s t ructure  starts in each solution is stressed in Table HI. 
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Fig. I .  Initial stage of polycrystalline structure of copper electro- 
deposit on single crystal substrate surfaces from: a, pyrophosphate 
solution; b, sulfate solution; c, cyanide solution; d, citrate solu- 
tion; e, chloride solution. Plots of thickness of copper deposits vs. 
C.D. An x-ray diffraction study. 

Table II. Morphological observations of copper deposits 
from different solutions 

Sulfate: layers, square base pyramids (truncated or stepped), 
dendrites, cauliflower 

Chloride: square base stepped pyramids, stepped boulders 
Citrate: square base pyramids, balls, cauliflowers 
Fyrophosphate: balls, cauliflowers, dendrites 
Cyanide: small nuclei without any characteristic shape 
Amine-sulfate (T = 25~C) : spheres or balls, cauliflowers 
Amine-sulfate (T = 55~ approx, stepped pyramids 

The size of the anions of the solutions is taken to be 
the values of the anion radius (interionic distances) 
(25), as well  as the specific volumes of the anions. 
These last have been calculated f rom the molecular  
volumes (me1 weight/p)  found for copper salts by 
subtract ing the space increment  of the cation. The 
molecular  volumes of the anions given by Hiickel (26) 
were also listed. Al though the figures represent  ap- 
proximate  values only, they provide a clear compara-  
t ive picture of the spatial relat ionship between the 
anions. The correlat ion observed between the spatial 
content of the anion and the deposit thickness is quite 
significant: the grea ter  the size of the anion, the lower 
is the thickness of the deposit at which the change to 
polycrystal l ine s t ructure  occurs. This fact is observed 
at all current  densities f rom approximate ly  10 m A /  
cm 2. At lower C.D.'s the number  of anions and other  
part icles adsorbed at the cathode is in a ve ry  small 

20 

5 

C 

F--" 

5 

A �9 �9 

A �9 �9 �9 

�9 �9 lid B �9 �9 

I I [ t ] I I I 9tO 
10 20 30 40 50 60 70 50 

Current Density ( m A c m  -2) 

Fig. 2. Initial stage of pelycrystalline structure of copper eJec- 
trodeposits from copper citrate solution. Detailed structural results 
by x-ray diffraction: �9 single crystalline, �9 polycrystolline. Thick- 
ness of copper deposits vs. C.D. 
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Fig. 3. SEM pictures of copper 
depositions from sulfate solution. 
A, 5 mA/cm2; 2 #m thickness. 
B, 20 mA/cm~; 6 #m thickness. 
C, 60 mA/cm2; 2 #m thickness. 
D, 80 mA/cm~; 2 ~m thickness. 

Fig. 4. SEM pictures of copper 
depositions from chloride solu- 
tion. A, 20 mA/cm~; 5 ~m thick- 
sess. B, 30 mA/cm2; 12 #m 
thickness. C, 50 mA/cm2; 10 #m 
thickness. 



1218 J .  E~ecSrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June I981 

Fig. 5. Optical and $EM 
pictures of copper depositions 
from citrate solution. A, 10 mA/ 
cm2; 4/~m thickness. B, 20 mA/ 
cm~; 8 #m thickness. C, 50 mA/ 
cm=; 10 #m thickness. The 
marks represent 30 #m. 

amount  and thus the i r  influence in the  s t ruc tura l  re -  
sults is less noticeable,  as is observed in Fig. 1. 

The values  t aken  into account in Table  I I I  a re  at  50 
m A / c m  2 C.D. An  outs tanding evidence of the effect of 

Fig. 6. SEM pictures of copper 
depositions from pyrnphnsphate 
solution. A, 5 mA/cm2; 2 Fm 
thickness. B, 10 mA/cm2; 2 ~m 
thickness. C, 30 mA/cm~; I /~m 
thickness. 
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Fig. 7. SEM picture of copper deposition from cyanide solution. 
10 mA/cm2; 8 #m thickness. 

t h e  s i z e  o f  the anion on the results is the comparison of 
t h e  values obtained from sulfate and chloride solutions. 
These solutions are the most representat ives of the 
p r e s e n t  experiments,  where only copper, the respective 
anion, and  the inevi table  adventi t ious impuri t ies  are 
present. It  is observed that the C1- ion volume is quite 
reasonably smaller  than  that  of the SO4 = ion (Table 
I I I ) ,  and thus the electrodeposited copper from the C1- 
bath grows in epitaxial  form unt i l  very high thick- 
nesses (Fig. le)  in  relat ion to that  from the SO4 = 
solution (Fig. lb ) .  Therefore the assumption that 
very  small  components may be bur ied into the deposit 
i s  implicit  here. 

The s t ructural  results of copper deposits from pyro-  
phosphate and from cyanide solutions are also of in ter -  
est to compare. In  addition to their respective anion, 
both solutions have Na cations as the main  extra com- 
ponents  which may also codeposit (Table I).  The 
differences in  the results observed at all C.D.'s (Fig. 1) 
give evidence of the effect of the anion, the difference 
in size is quite p rominent  (Table III) .  

With the purpose of extending this s tudy to deposits 
of copper from an organic solution, a copper citrate 
bath  was used (Table I).  The results are presented in 
Fig. 1 and detailed in Fig. 2 which show an epitaxial  
growth unt i l  very  high thicknesses at all C.D.'s. As is 
seen in Fig. 1, the ini t iat ion of the polycrystal l ine 
s t ructure  occurs at deposit thicknesses very close to 
that  from chloride solution. It  seems that the anions 
from both solutions must  have some characteristics in  
c o m m o n  that if adsorbed on the copper cathodes they 
produce similar  effects on the surface structure.  Both 
solutions are simple acidic solutions (Table I) ,  but  
nei ther  the anion size, nor the shape, solubilities of 
salts, etc. are similar. However, it  is probable that  the 
citric anion is decomposed before or dur ing  copper 
deposition, because of its carboxylic acid groups, giving 
radicals (C-H) of low radius, approximately 0.94-1.06A 
(25). These values are in effect of the order of the C1- 
anion radius 0.99A. Copper is able to form strain-free 
at tachments  with such small  components due to the 
octahedral  interstices of approximately  1.06A in  its 

lattice. On the other hand, a low effect of carboxyl  
groups was also observed, s tudying the cathode over-  
potential  of copper deposits from solutions with addi-  
tives having this kind of groups (27). 

As a result  it  may be assumed that  the basic action of 
an anion is similar to that  of an addit ion agent which 
arises from the adsorption on the surface electrode 
(21, 27, 28) and affects somehow the e lementary  pro-  

cesses of electrocrystallization. 
In  order to observe the effect of an addition agent on 

the mode of growth, copper was deposited from an 
amine-sulfate  solution. The solution contains together 
with the SO4 = anion (Table I) ,  a more complex com- 
ponent  (e thylendiamine)  which may also be adsorbed. 
The exper imental  results were represented in Fig. 8. 
I t  is observed that the copper polycrystal l ine s t ructure  
starts at lower thickness (Fig. 8b) than in copper 
deposits from the CuSO4-H2SO4 solution (Fig. 8a). I t  
seems that  the amino groups play an important  effect 
in the crystall ine growth, in the sense that they "in-  
hibit" the free mode of the single crystall ine growth. A 
remarkable  effect of these groups was observed also in 
copper deposition, from the electrochemical point of 
view by  certain investigators (27). 

However by heating the amine-sul fa te  solution at 
55~ the deposition of copper follows the single 
crystal l ine s tructure of the substrate up to higher 
thicknesses even than that from the CuSO4-H2SO4 
solution (Fig. 8c). P resumably  e thylendiamine and the 
ammonium salt of the solution hydrolyze by heating, 
giving smaller  components, some of which are evap- 
orated or adsorbed and others may have the abil i ty to 
make difficult the t ransport  of the SO4 = ions to the 
cathode and thus allow the growth in single crystal l ine 
form. A pH effect could also be involved in the results. 
These changes observed in the s t ructural  aspect have 
certain similarities with the morphological observa-  
tions. A square pyramidal  growth was observed mostly 
at low C.D. in  copper deposits from the CuSO4-H2SO4 
solution (Fig. 3), but  if the solution contained also 
e thylendiamine and ammonium salt, no pyramids were 
observed, but  rounded forms and cauliflowers (Fig. 
9A and B). By heating the solution dur ing deposition, 
near ly  stepped pyramids appeared again (Fig. 9C). 

Relating the habit  of the crystal growth, the mor-  
phologies observed in the present  experiments  from 
the simple acidic copper solutions: sulfate, chloride, 
and citrate, are of a similar  overall  shape at low C.D.'s 
and under  conditions which allow epitaxial  growth to 
occur. They are main ly  square pyramids or square 
blocks, with slight differences from one solution to the 
other, as observed in  Fig. 3A, 4A, and 5A. As the size 
and geometry of the anions and most of the properties 
of their salts are different, these results confirm at first 
the strong influence of the atomic configuration of the 
substrate in  copper deposits at low C.D. or low overpo- 
tential, as was observed in previous investigations from 
sulfate solutions (7-10, 15-19). 

The differences of the surface topographies are more 
remarkable  at increasing C.D.'s and thicknesses, i.e., at 

5 0  m A / c m  2 and under  single crystall inity,  the forms 

Table III. Relation between the size of the anion and the 
thickness of the initial stage of polycrystalline structure 

of the electrodeposited copper 

Radius of the  anion 
( interionic  distance) 

(A)  
Anion  (approx.  values)  Calculated 

Specific vo lume of the anion 
(cmS/mol)  

Given by 
Huckel (26) 

Thickness to 
initiate polycrys- 
talline structure~ 

(#m) 

CI- 0.99 20.873 20 11.4 
CN- 1.30 23.553 23 7.0 
SO, ~ 1.70 37.177 39 3.0 
PO, "4 1.76 37.560 39 
P~Ov "4" 3.52 75.120 - -  1.5 

* The  va lues  calculated of  P~O~' w e r e  cons idered  as twice  the  values  of PO, -~. 
i The  va lues  cons idered  here  are  at 50 m A / c m  2. 
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Fig. 8. Comparison between the initial polyc~stalline structure 
of copper deposits from sulfate solution and amine-sulfate solution. 
a, Amine-sulfate solution at room temperature; 6, sulfate solution 
at room temperature; c, amine-sulfate solution at 55~ Plots of 
thickness of copper deposits vs. C.D. An x-ray diffraction study. 

observed from CI-  anion solutions are boulders of cer- 
tain geometrical shape, Fig. 4B. On the other hand, a 
cauliflower growth is observed from the sulfate and 
citrate solutions: Fig. 3B and 5B. A dendrit ic growth 
was observed also from the sulfate solution, but  not 
from the other anion solutions. When the x - r ay  obser- 
vat ion was polycrystalline, no defined forms were 
observed. Nevertheless, how the anion affects the sur-  
face morphology is difficult to elucidate due to the high 
sensi t ivi ty of the crystal habit  with respect to very 
small  amounts  of adsorbed materials. Damjanovic, 
Paunovic, and Bockris (18) have found that amounts  
of certain organic substances in solution, as low as 
10 -12 mol /cm 2 produce visible changes in  the morphol-  
ogy of the growing crystal. Taking into account that 
water  molecules and adventi t ious impurit ies are al-  
ways present  and may also be adsorbed, the explana-  
tion of the different morphologies observed from one 
solution to the other is much more difficult than that of 
the crystallographic aspect where the x - r ay  observa- 
tions involve a statistical result  of the total geometrical 
area. So when deposition was carried out from more 
complex solutions, that  is, pyrophosphate, cyanide, and 
aminosulfate, where together with the anion, the other 
components are present  also in  great quanti ty,  pyra-  
midal  forms were not observed even at low C.D., but  
spheres or balls, cauliflowers, dendrites, and nuclei 
without any  characteristic shape: Fig. 6 and 9, indicat-  
ing a predominant  influence of the adsorbed compo- 
nents. 

Conclusions 
1. The x - r ay  diffraction study of copper deposition 

shows a critical thickness of breakdown of epitaxy with 
C.D. This thickness is different for the type of the anion 
solution used. 

2. A correlation between the anion size and deposit 
thickness at which the polycrystal l ine s tructure starts 
is observed: the greater the anion size, the lower is the 
thickness of b reakdown of epitaxy. 

Fig. 9. SEM pictures of coppee 
depositions from amine-sulfate 
solution; A and B at room tem- 
perature; C at 55~ A, 10 mA/ 
cm2; 4/~m thickness; B, 20 mA/ 
cm~; 10 #m thickne:." ~ ~n . A ;  
cm~; 10 #m thickne~ 
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3. The basic action of an anion is similar to that of an 
addition agent. 

4. The morphologies from simple acidic copper solu- 
tions at low C.D. and thickness are of a similar overall  
shape, the differences are more remarkable at increas- 
ing C.D.'s and thicknesses and in deposits from com- 
plex solutions. No specific evidence of an anion effect 
is observed. 
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Cathodic Deposition of Amorphous Silicon from 
Tetraethylorthosilicate in Organic Solvents 
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Department of Chemistry, Faculty of Engineering, Mie University, Tsu, 5/4, Japan 

and T. R. Rama Mohan, Chia-Hao Lee, and F. A. KrSger* 
Department of Materials Science, University of Southern California, Los Angeles, California 90007 

ABSTRACT 

A blue thin film of amorphous silicon has been deposited on a nickel 
cathode by the electrolysis of a solution of tetraethylorthosilicate in acetic 
acid. The maximum thickness of the film obtained was about 0.5 ~m. The de- 
posit was confirmed to be amorphous silicon by IR reflection spectra, RHEED, 
and nondispersive x - ray  analysis in the scanning electron microscope. 

Amorphous silicon containing hydrogen, a-Si, is a 
promising material  for the manufacture of low-cost 
large area solar cells with medium efficiency. Amor-  
phous materials not containing hydrogen appear to 
have large concentrations of dangling bonds, produc- 
ing levels in the forbidden gap which give the material  
a high resistance and make a change of the semicon- 
ducting properties by doping vir tual ly  impossible (1). 
In materials made in a glow discharge in silane, how- 

* Electrochemical Society Active Member. 
Key words: amorphous silicon, electrodeposition, tetraethyl- 

orthosllicate, nonaqueous electrolyte. 

ever, these bonds are saturated by hydrogen, the 
levels disappear, and doping to n- and p- type with 
appreciable conductivity becomes possible (2, 3). Con- 
version efficiencies as high as 6% have been measured 
in sunlight (4). The theoretical l imit  for the efficiency 
of a thin film a-Si solar cell is estimated to be around 
15% (5). 

Materials made in different ways have different 
properties. Amounts of H larger  than required to 
saturate the dangling bonds lead to (SiH)n polymer 
formation with less favorable electrical properties. I t  
is, therefore, important  to regulate the hydrogen 
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content  of the material .  Electrodeposition as a method 
of preparat ion is at tractive for various reasons: It is 
easy to regulate the hydrogen content  of a-Si; it  does 
not involve vacuum equipment  or furnaces and is 
therefore convenient ;  doped mater ia l  can be made by  
adding compounds of the dopant  to the electrolyte. It  
is therefore at tract ive to apply this method to amor-  
phous silicon. However, the strong affinity of silicon 
for oxygen makes electrodeposition from aqueous elec- 
trolytes impossible. The use of organic solvents re-  
moves this difficulty. 

Amorphous ge rman ium (together with hydrogen)  
was plated from ethylene glycol (6). There are a few 
indications in the l i terature  for a-Si  electrodeposition. 
Warren  reported electrodeposition of Si on t tg from 
a solution of SiF4 in  alcohol (7). Zyazev and Ezrielev 
described the cathodic deposition of Si on Pt  (but  not  
on Cu) from a solution of SIC14 or SiF4 and KI  in  
propylene glycol (8). Recently, Aust in  reported the 
electrodeposition of a-Si  from SiX4 (X: halogen) in  
various organic solvents (9). 

In  this study, cathodic deposition of a-Si  from 
tetraethylorthosil icate (Si(OC2H5)4) in acetic acid is 
presented. 

E x p e r i m e n t a l  

Commercial grade organic solvents and te t rae thyl-  
orthosilicate (TEOS) were used without  fur ther  pur i -  
fication. 

The electrodeposition was carried out in  an H-shaped 
vessel. The anode and cathode compartments  were 
separated by a diaphragm of porous polytetraftuoro- 
ethylene. The solution of tetraethylorthosil icate in the 
organic solvents investigated in this study has a high 
resistance; reduct ion of the resistivity is achieved by 
adding t e t ramethy lammonium chloride (TMAC) or 
t e t rae thy lammonium chloride (TEAC), a usual  addi-  
tive for such purpose. TMAC and TEAC were dried 
under  vacuum at 100~ A cylindrical  graphite rod 
was used as the anode and a nickel plate (99.99% pure) 
as the cathode. The effective area of the cathode was 
2.3 cm 2. D-C current  of 0.2 mA/cm 2 ~ 20 m A / c m  2 was 
supplied by a constant  current  power supply. In  some 
cases, power was provided by a potentiostat,  cathodic 
potential  being measured relative to a s i lver-si lver  
chloride electrode, which consisted of a mixture  of 
silver powder and silver chloride powder in acetic acid 
with TMAC: Ag, AgC1/CH~COOH, TMAC (0.12 mole /  
l i ter) .  

The electrode potential  was 0.22V vs. SCE at 22~ 
All experiments  were carried out in flowing dry ni t ro-  
gen. The deposits were investigated by  reflection IR  
analysis, reflection h igh-energy electron diffraction 
(RHEED), and dispersive x - r ay  analysis in the scan-  
ning electron microscope. 

R e s u l t s  a n d  D i s c u s s i o n  

Cathodic deposits were obtained on a nickel  cathode 
from solutions of TEOS in acetic acid, propylene car- 
bonate, and 1-chloropropane. 

Table I shows typical exper imental  results of the 
electrodeposition from TEOS in acetic acid with TMAC 
at room temperature  at a current  density of 1 mA/cm~. 
From this solution, br ight  blue deposits were obtained, 

which were tightly adhering to the nickel cathode. 
Acetone is effective to make the deposit homogeneous 
and also to decrease the resistivity of the solution. As 
shown in  Table I, about a 20 % increase in  conductivi ty 
was observed by adding 2 cm~ acetone to the solution 
of 60 cm a acetic acid, 4 cm 3 TEOS, and 2g TMAC. No 
deposit, however, was obtained from a solution with 
concentrations of acetone above 20 volume percent  
(v/o) .  A white precipitate became noticeable in the 
solution after passing a current  for about 15 min. The 
formation of the precipitate was re~arded by using 
d/stilled acetic acid. The white precipitate may  be a 
product of hydrolysis of TEOS; IR  spectra showed it  
to be a silica gel-l ike material .  Table I indicates that  
the electrolysis from the solutions with higher concen- 
t rat ion of TEOS gives lower weight gain (low current  
efficiency) (see 1st, 2nd, and 3rd l ines).  These solutions 
had the largest amounts  of white precipitate, which 
adhered to the nickel cathode, prevent ing  silicon depo- 
sition. The concentrat ion of the support ing electrolyte 
affects the weight gain of the nickel cathode: There is 
an opt imum concentrat ion of TMAC to obtain the 
highest current  efficiency (see 4th, 5th, and 6th l ines).  
The highest cur rent  efficiency of about  60% calculated 
on the basis of a four-electron change was obtained 
from the solution consisting of 60 cm 3 acetic acid, 4 
cm 3 TEOS, 2 cm 3 acetone, and 2g TMAC. The current  
efficiency decreases with increasing temperature;  above 
50~ no precipitate is formed in the solution and no 
deposit on the cathode is obtained; the evolution of 
hydrogen was observed. 

Relations between the weight gain of the nickel  
cathode and coulombs passed at various current  den-  
sities are shown in Fig. 1 for solutions containing 60 
cm "~ acetic acid, 4 cm~ TEOS, 2 cm 3 acetone, and 2g 
TMAC. As shown in this figure, the cathode increases 
its weight initially, bu t  no change in weight is ob- 
served with fur ther  electrolysis. The weight gain and 
saturat ion by electrolysis were also observed on an 
n- type  single crystal silicon cathode with relat ively 
low resistivity. The saturat ion of the weight gain of 
nickel cathodes may be due to the low current  efficiency 
on the pure silicon layer  bui l t  on the nickel cathode. 
As can be seen from Fig. 1, the current  efficiency de- 
creases with increasing current  density. Maximum 
weight gain of around 0.5 mg, which corresponds to 
0.5 ~m in thickness, is obtained at lower current  den-  
sity. No appreciable deposition was observed at cur-  
rent  densities of 0.35 mA/cme or less. Current  vs. po- 
tential  curves shown in Fig. 2 suggest that in this ex- 
per imental  condition hydrogen evolution begins to 
occur at 0.4 mA/cm 2. The potentials plotted were mea-  
sured at the end of a 30 sec period of supplying the 
constant  cathodic current.  The electrode potential  at 
0.4 mA/cm 2 measured against  the Ag/AgC1, acetic 
acid, TMAC reference electrode, was --0.85V vs. NHE. 
Therefore, hydrogen evolution on the cathode may play 
an impor tant  role for the cathodic deposition on nickel. 
Low current  efficiencies at higher current  densities may  
be due to the co-evolution of hydrogen. 

Nondispersive x - r ay  analysis in the scanning elec- 
t ron microscope showed that the deposits contain 
larger concentrat ion of silicon. The in tens i ty  ratio of 

Table I. Electrodeposition from solutions of Si(OEt)4 in acetic acid 

Conductivity Current Current 
Acet ic  S i ( O E t ) ~  (CI~)~NCI Acetone of the solu- density Coulombs Weight efficiency 

acid (cm a) (cm s) (g) (cm ~) tion (S crn -z) (mA/cm 2) passed gain (mg) (%) 

60 1 2 2 1.2 x 10 "--s 1 11 0.5 6 • 10 
60 4 2 2 1.0 x 10 -a 1 11 0.5 6 • 10 
60 10 2 2 0.7 • 10 .-8 1 11 0.2 3 • 10 
60 4 0.5 2 0.9 x 10 "-a 1 15 0.1 1 • 10 
60 4 2 2 1.0 • 10 "-a 1 lS 0.5 5 • 10 
60 4 4 2 2.3 • 10 "-,s 1 15 0.2 2 • 10 
SO 4 2 0 0.8 • l 0  s 1 11 0.4 5 x 10 
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Fig. 1. The relation between the weight gain of the nickel cath- 

ode and coulombs passed for a solution containing 60 cm 3 acetic 
acid, 4 cm 8 $i(OEt)4, 2 cm 8 acetone, and 2g (CHa)4NCI at room 
temperature. 

SiK~ and NiK~, ISi/INi, of the  n ickel  coated wi th  s i l i -  
con of about  0.5 ~m thickness  was 3.5. As shown in 
Fig. 3 (A) ,  IR reflection spec t ra  of the deposits  exhib i t  
no absorpt ion  in the  wave  number  range  of 4000-600 
cm -~. X - r a y  diffraction pa t te rns  showed only  those 
due to the  n ickel  substrate .  A RHEED inves t iga t ion  
using Hi tachi  HU-12 A showed no reflection r ing  or  
spot  f rom crystal l izat ion.  I t  can be concluded f rom 
these resul ts  tha t  the  deposi ts  consist  of amorphous  
silicon. 

As shown in Table I, the weight  gain (cur ren t  effi- 
ciency) on the cathode depends  s t rong ly  on the con-  
cen t ra t ion  of TMAC in the solution. A t t empt s  were  
made  to p la te  sil icon f rom a solut ion wi th  a different  
suppor t ing  electrolyte ,  t e t r a b u t y l a m m o n i u m  chlor ide  
and t e t r a b u t y l a m m o n i u m  perchlorate .  The resul ts  were  
s imi lar  to those obta ined  wi th  TMAC. The conduct iv i ty  
of the solut ion of TEOS in acetic acid is m a r k e d l y  in-  
creased by  the addi t ion  of pyr id ine .  Py r id ine  reacts  
wi th  acetic acid to produce a q u a t e r n a r y  amine, which 
is effective as the suppor t ing  electrolyte .  F rom the 
solut ion of TEOS, acetic acid, pyr id ine ,  and  acetone, a 
wh i t i sh -g ray  deposi t  was obta ined  on the nickel  ca th-  
ode. A typica l  re la t ion  be tween  the weight  gain of the  
n ickel  cathode and coulombs passed at  room t e m p e r a -  
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E 
< 
E 

v 

1.0 

0 -o2  -0.4 -0.6 -0.8 
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Fig. 2. Current density, I ,  vs. potential, L:, (vs. Ag/AgCI, 

CH3COOH, TMAC (0.12 mole/liter) curve for the solution contain- 
ing 60 cm 3 acetic acid, 4 cm 3 Si(OEt)4, 2 cm 3 acetone, and 2g 
(CH3)4NCI at room temperature. 

+~ 

(A) 

O-H ~ -OHSi 

Si-O 
I I I i l I I l I I I 

4000 2600 2000 1600 1200 800 
wave number (cm -I) 

Fig. 3. IR reflection spectra. (A) Blue deposit obtained tram the 
solution containing 4 cm 3 Si(OEt)4, 60 cm 3 acetic acid, 2g TMAC, 
and 2 cm 3 acetone at a current density of I mA/cm 2. The thick- 
ness of the film is about 0.5 ~m. (B) White deposit obtained from 
the solution containing 30 cm 3 acetic acid, 2 cm 3 Si(OEt)4, 10 cm 3 
acetone, and 0.05 cm 3 pyridine at a current density of 4 mA/cm 2. 
The thickness of the film is about 0.7 ~m. 

ture  is shown in Fig. 4. The composit ion of the solut ion 
was 30 cm 3 acetic acid, 10 em~ acetone, 0.05 cm 8 p y r i -  
dine, and 2 cm ~ TEOS, and the cur ren t  dens i ty  was 
about  4 m A / c m  2. In  this case, the weight  gain of the  
cathode increases  app rox ima te ly  l inea r ly  wi th  the  
number  of coulombs passed. The cur ren t  efficiency de-  
creased wi th  increas ing cur ren t  densi ty;  efficiencies of 
about  20 and 5% were obta ined  at  0.8 and 10 mA/cm2, 
respect ively.  

Nondispers ive  x - r a y  analysis  showed the deposi ts  to 
contain silicon. The ratio, Isi/INi, of the sample  0.5 ~m 
in thickness was 0.8. IR reflection spect ra  of the de-  
posits were  s imi lar  to those of si l ica gel and of the 
whi te  prec ip i ta te  in the  solution as shown in Fig. 3 (B) .  
A deposi t  of s i l ica gel should lose its weight  upon an-  
neal ing in iner t  gas at  400~ However ,  no weight  
change was observed af ter  heat ing the  sample  at  
400~ for 2 hr  in flowing argon. These resul ts  suggest  
tha t  the deposits  f rom the solut ion wi th  pyr id ine  con- 
ta in  only a smal l  amount  of si l ica ge l - l ike  mater ia ls .  

A wh i t e  deposi t  was obta ined  on the n ickel  cathode 
f rom the solutions of  TEOS in 1-chloropropane  wi th  
TMAC as the suppor t ing  e lect rolyte .  In  a d r y  a tmo-  

2.0 

~ 1 . 5  
v 

._c 

~ 1 . 0  

o~ 

0.5 

| 

0 100 200 300 400 500 

Coulombs 

Fig. 4. The relation between the weight gain of the nickel cath- 
ode and coulombs passed for a solution containing 30 cm 8 acetic 
acid, 2 cm 3 Si(OEt)4, 10 cm 3 acetone, and 0.05 cm~ pyridine at 
room temperature. 
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sphere, no deposit was observed; in  a wet atmosphere, 
a white precipitate was formed in the solution and a 
white deposit was obtained, with a max imum weight 
gain of about 0.5 rag. Nondispersive x - ray  analysis 
showed that  the deposit contained silicon, and Isi/INi 
of the sample 0.5 ~m in thickness was 0.56. The IR 
reflection spectra exhibited peaks of Si-O modes; evi- 
dently, the white deposits contained si l icon-oxygen 
compounds. Similar  white deposits were obtained from 
a solution of TEOS in propylene carbonate. 

In all cases of electrodeposition from solutions con- 
ta ining TEOS as a silicon source, the deposits were ob- 
served after the white  precipitate of a silica gel-l ike 
mater ial  appeared in the solution. Yet the deposit on 
the cathode is only par t ly  SiO2. It  is possible that hy-  
drogen evolved on the cathode breaks S i - -O bonds in  
the silica gel-l ike mater ia l  and some ions containing 
silicon are reduced electrochemically on the nickel 
cathode. No deposit was obtained on copper, goId, and 
p la t inum used as cathodes. Clarification of the electro- 
deposition mechanism requires fur ther  study. 

Summary 
White, whi t ish-gray and blue deposits were obtained 

on the nickel cathode by the electrolysis of the solu- 
tion of TEOS in organic solvents. Nondispersive x - r ay  
analysis showed the deposits to contain silicon. How- 
ever, it is doubtful  whether  the white and whi t ish-gray 
deposits are amorphous silicon or a si l icon-oxygen 
compound, because IR spectra of. these deposits were 
similar to those of silica gel, and the in tensi ty  ratios 
of SiK~ to NiK~ of these deposits were considerably 
lower than the ratio for the blue deposit. On the other 
hand, the blue deposits, which were obtained from the 
solution of TEOS in acetic acid, did not show the ab-  
sorption due to Si - -O and O- -H  modes, and had a 
high in tensi ty  ratio of SiK~ to NiK~. The electrodeposi- 

tion of thin films of amorphous silicon from the solution 
of TEOS in acetic acid seems promising, but  problems 
such as the control of hydrogen content  and the doping 
with donors or acceptors remain  to be investigated be- 
fore it can be put in  practical use. 
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Photoactivation of CdSe Films for 
Photoelectrochemical Cells 
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ABSTRACT 

The efficiency of photoelectrochemical cells with thin-f i lm CdSe electrodes 
can be enhanced by i l luminat ing  the semiconductor electrode in salt solution 
under  closed-circuit  condition. The photoactivation mechanism involves 
the photooxidation of CdSe to elemental  selenium with concomitant  release 
of cadmium ions into the salt solution and subsequent  reductive dissolution 
of the result ing layer of elemental  selenium. This method can be controlled 
more precisely than acid etching and hence is more sui table for l a r g e  s c a l e  
application. 

The conversion of solar to electrical energy with 
moderate efficiency has been demonstrated by  means 
of photoelectrochemicaI (PEC) cells with CdSe photo- 
anodes (1-4). The performance of these semiconductor 
electrodes can often be greatly improved by l imited 
acid etching. Heller et al. (2) showed an inverse cor- 
relat ion between the presence of surface states within 
the forbidden gap of the semiconductor and the effi- 
ciency of PEC cells. They suggested that  acid etching 
of single crystals of CdSe removes the surface states 
which act as barr ier  traps and recombinat ion centers. 

* Electrochemical Society Active Member. 
Key words: semiconductor, photovoltaic, cell. 

A more easily controlled act ivat ion method par t icu-  
lar ly  suitable for th in-f i lm I I -VI  semiconductor elec- 
trodes is a photoactivation process developed in our 
work on PEC cells (5). In  this process, the th in-f i lm 
CdSe electrode was immersed together with a p l a t inum 
counterelectrode in a salt solution (e.g., NaC1) and 
i l luminated under  closed-circuit condition. When the 
photoactivated CdSe thin-fi lm electrode was subse- 
quent ly  used as the photoanode in a photoelectro- 
chemical cell with polysulfide solution, both the photo- 
current  and the fill factor were enhanced. Recently 
Hodes (6) reported a "photoetching" effect of 0.1M 
H~SO~ on CdSe0.6~Te0.35 electrodes which could be of 
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similar  nature.  The present  paper  presents some results 
of our  recent  studies on the molecular  mechanism of 
this photoactivation process. 

Experimental 
CdSe film was prepared by  spray pyrolysis on tita- 

n ium substrate (0.25 m m  thick, Alfa Division, Vent ron  
Corporation).  The substrate  was put  on a hot-plate  
main ta ined  at 235~ and a mixture  of aqueous solutions 
of CdC12 (0.01M) and N,N-dimethylselenourea (0.01M), 
respectively, was sprayed onto the heated substrate 
through a chromatographic spray nozzle with a flow 
rate of 1-2 ml of the l iquid mix ture  per  minute  at a 
constant  excess air  pressure of 5 psi. The spray ap-  
paratus was enclosed in a chamber  and the spray 
nozzle was kept  in reciprocating motion dur ing the 
spraying to assure film uniformity.  The CdSe film 
thus formed was subsequent ly  annealed  in the air  at  
400~176 for 20 min, and epoxy resin was applied to 
insulate  the exposed t i t an ium surface. 

Photoactivation was conducted by immers ing the 
CdSe electrode together with a platinized p l a t inum 
counterelectrode in a neut ra l  or weakly acidic salt solu- 
tion and i l lumina t ing  the CdSe electrode under  closed- 
circuit condition for a few minutes  with a projector 
light. The CdSe electrode was subsequent ly  rinsed with 
deionized water  and dried in a s tream of nitrogen. In 
a few cases, the CdSe electrode and Pt  counterelectrode 
were immersed in separate cell compartments  con- 
nected by  a salt bridge so that  the pH of each cell com- 
pa r tmen t  could be varied independently.  The current  
passed through the system dur ing  photoactivation was 
measured with a Bausch and Lomb VOM-7 chart  re-  
corder. 

The current -vol tage  characteristics of the resul t ing 
CdSe/polysulfide so lu t ion/Pt  PEC cells were measured 
in the s tandard way. The composition of the polysulfide 
solution was 1M NaOH ~- IM Na2S ~- 1M S. A I2 cm -~ 
piece of platinized p la t inum was used as the counter-  
electrode in  all  the I - V  measurements.  The cell was 
made of Pyrex glass with a flat window. Light was ad- 
mit ted through this window and passed through a 1-2 
mm layer  of the polysulfide solution to reach the CdSe 
surface. A projector (Kodak Carousel 750 H) was used 
as the l ight source, and the in tensi ty  of l ight was 
measured with a YSI-Ket te r ing  Model 65A radiometer.  
The electrical measurements  were made by means of an 
operat ional  amplifier I - V  plotter. 

The photoactivated CdSe electrodes were analyzed 
by constant  current  cathodic reduct ion with a Pt  wire 
as the anode and a saturated calomel electrode as the 
reference electrode. The current  densi ty was set at 
about  2 mA �9 cm -2, and the progress of cathodic reduc-  
tion was monitored by recording the potential  of the 
CdSe electrode as a function of time. 

The concentrat ion of Cd 2+ ions released into the 
solution dur ing  photoactivation was determined by 
atomic absorption by means of a Pe rk in -E lmer  303 
Atomic Absorption Spectrometer  with an HGA-2100 
graphite furnace. 

Results and Discussion 
The effect of photoactivation of CdSe electrode on 

the current-vol tage  characteristics of the result ing PEC 
cell is shown in Fig. 1. While the photoactivation pro- 
cess did not affect the open-circui t  voltage (Voc), it 
increased the short-circuit  cur rent  density (Jsc) from 
8.88 to 16.50 mA/ cm 2 and the fill factor (FF) from 
0.27 to 0.40, resul t ing in  a substant ia l  improvement  in 
energy conversion efficiency. The CdSe surface tu rned  
from dark gray to b lue  as a result  of photoactivation. 
But the blue color disappeared after the electrode was 
immersed in polysulfide solution, and the surface be-  
came darker  and less reflective. Hodes (6) pointed out 
that the increase in Jsc he observed could not be ful ly 
accounted for by the lowering of reflectivity. 

( CdSe/Polysulfide/Pt ) 

15 

E 

Z 

Photcx~ctivated 
in 1M NaCI 

- -  Before 
Photoactivation 

O I f 
0.2 0.4 0.6 

VOLTAGE (V) 

Fig. |. Effect of photoactivaffon of the thin-film CdSe photo- 
anode on the current-voltage characteristics of a CdSe/1M NaOH, 
1M NaOH, 1M Na2S, 1M S/Pt photoelectrochemical cell. The 
CdSe electrode was photoactlvated in a 1M NaCI solution at pH 
2.85. The light intensity for I-V measurements was 71 mW/cm 2. 

Table I shows that photoactivation process is effec- 
tive only when the CdSe electrode is i l luminated  under  
closed-circuit condition. These observations suggest 
that  the CdSe electrode could be oxidized anodically 
during the photoactivation process. This possibility is 
also supported by the data in Fig. 2 which show that  
the observed enhancement  in Jsc of the resul t ing PEC 
cell increases with the total amount  of electricity 
passed through the CdSe electrode dur ing photoactiva- 
tion unt i l  saturat ion values are reached when the 
pH of the electrolyte solution was between 1.6 and 11.6. 
However at pH = 12.1, the CdSe electrode deteriorated 
as a result  of the same treatment .  

Figure 3 shows that the photoactivation process does 
not require specific anions in the electrolyte solution, 
and hence the observed increase in Jse cannot be due to 
the adsorption or incorporation of those anions in the 
semiconductor. Figure 4 shows the dependence of 
photoactivation on electrolyte concentration. The ob- 
served higher Js~ values for CdSe electrodes photo- 
activated in more concentrated NaC1 solutions are ap- 
paren t ly  due to ionic s trength effect ra ther  than due to 
the direct involvement  of chloride ions. 

In  order to study the molecular  mechanism of this 
photoactivation process, we measured the current  dur -  
ing photoactivation under  different exper imental  con- 
ditions instead of the characteristics of the finished 
PEC cells. Consistent with the data in finished PEC 
cells, Fig. 5 shows that  between pH 1 and 10, the 

Table I. Effect of various treatments of CdSe electrodes in 
1M NaCI solution on their performance as photoanode 

J ~  (mA/cm-~) t 

Be fo re  A f t e r  
T r e a t m e n t *  t r e a t m e n t  t r e a t m e n t  

In  the  da rk  7.2 7.2 
I l l umina ted  u n d e r  open-circui t  condi t ion  8.2 8.5 
I l l umina ted  u n d e r  closed-circuit  condit ion 7.7 18.7 

* The  CdSe e lec t rode  was  i m m e r s e d  in 1M NaC1 solution at  pH 
6 u n d e r  the  var ious  ind ica ted  condit ions fo r  45 sec at about  20~ 

Measured  in the  PEC cell CdSe/1M NaOH, 1M Na~S, 1M S /P t  
u n d e r  a p ro j ec to r  l ight  of in tens i ty  71 m W / c m  2. 
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Fig. 2. Effect of pH and extent of electrode reaction during 
photoactivation on the short-circuit current of the resulting PEC 
cell CdSe/1M NaOH, 1M Na.~S, 1M S/Pt. Photoactivation was 
conducted in 1M NaCI solution. The Jsc measurements were made 
under white light intensity of 71 mW/cm 2. 

photoact ivat ion cur ren t  increases wi th  t ime to a s t eady-  
s ta te  value. But  a t  pH 12, drops r ap id ly  f rom an ini t ia l  
value to a much  lower  s t eady-s ta te  value.  

In Fig. 6a, the observed s t eady-s ta te  act ivat ion cur -  
rent  is p lot ted agains t  the pH of the NaC1 solution. 
Comparison wi th  Fig. 2 shows tha t  the photoact iva t ion  
cur ren t  and the Jsc of the finished PEC cell  depend in 
the same w a y  on the pH of the NaC1 solut ion dur ing  
the photoaet iva t ion  process. In  o rde r  to decide whe the r  
this observed pH dependence  is due to tha t  of the 
anodic reac t ion  or  cathodic reaction,  the same photo-  
act ivat ion process was repea ted  wi th  the CdSe photo-  
anode and P t  cathode immersed  in separa te  cell com- 
p a r t m e n ~  connected by  an  aga r  sa l t  br idge.  F igure  6b 
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Fig. 3. Photoactivation in different electrolyte solutions 
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Fig. 4. Effect of NaCI concentration on photoactivation 

shows the dependence  of photoac t iva t ion  cur ren t  on 
the pH of anolyte  (1M NaCI in the  CdSe elect rode 
compar tment )  when the ca tholyte  (1M NaC1 in the P t -  
e lect rode compar tmen t )  was ma in ta ined  at pH 2 wi th  
HCI. F igure  6c shows the dependence  of the  photo-  
act ivat ion cur ren t  on the pH of the ca tholy te  when  the 
anolyte  (1M NaCI) was ma in ta ined  at  pH 2. The s imi-  
l a r i ty  of pH dependence  shown in Fig. 6a and 6b indi -  
cates tha t  the r a t e - l imi t ing  step in the photoact iva t ion  
process is the photooxidat ion  at  the CdSe e]ectrode. 
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Fig. 5. Photooctlvation current in a single-compartment cell 
containing 1M NaCI solution at different pH values. 
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Fig. 6. (a) Photoactivation current as a function of pH in a one- 
compartment cell. (b) Photoactivation current as a function of 
pH of the anolyte in a two-compartment cell. (c) Photoactivation 
current as a function of pH of the catholyte in a two-compartment 
cell. The principal electrolyte in all three cases was 1M NaCI. 
These are all three separate series of experiments the slight 
differences in absolute photoactivation current densities between 
Fig. 6b and 6c are due to different illumination conditions em- 
ployed. 

But wha t  is oxidized at the pho toanode- - the  e lectro-  
lyte  in solution or the semiconductor  film? Figure  7a 
shows that  af ter  the CdSe electrode has been photoac-  
t iva ted  in 1M NaC1 solution at pH 6 and subsequent ly  
reduced electrolyt ical ly  at constant current  density of 
1.9 m A / c m  2 in the dark, the fol lowing constant current  
reduct ion curves are obtained: (i) The first V-t  curve  
at constant current,  which showed electrode react ion (s) 
occurr ing at fa i r ly  low applied voltage, is the same 
whether  the reduct ion is conducted in the solution used 
for photoact ivat ion or a f resh solution of the same com- 
position. ( i0  Immedia te ly  af ter  the first reduction, a 
second V-t  scan at the same cur ren t  density shows no 
reduct ion wave. These observations show that  the prod-  
uct of photoact ivat ion is a reducible substance on the 
semiconductor  electrode, not  in the e lect rolyte  solu- 
tion. The photoact ivat ion react ion is probably 

CdSe + 2h + --> Cd 2+ + S e  ~ 

where  h + represents  a photogenerated  hole in the semi-  
conductor.  The release of Cd u+ ions into solution by 
this react ion is confirmed by the data in Table II which 
show that  two electrons are ext rac ted  f rom the CdSe 
electrode for every  Cd2. + ion re leased into solution by 
the photoact ivat ion process. 

The two plateau regions of the first e lectrolyt ic  re -  
duction curve in Fig. 7a at --0.98 and --1.16V, respec-  
tively, appear to have the same length on the t ime scale, 
an observat ion which suggests that  the blue se lenium 
layer  may be formed by two one-e lec t ron  oxidat ion 
steps during the photoact ivat ion process. 

When the photoact ivated CdSe electrode was im-  
mersed  in polysulfide solution, the blue color due to the 
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Rg. 7. Constant current cathodic reduction curves in the dark. 
(a) CdSe electrode was photoactivated in 1M NaCI solution at 
pH 6 and subsequently reduced electrolytically in the dark at con- 
stant current density. Solid curve, first reduction; broken curve, 
second reduction. (b) An identical photoactivated CdSe electrode 
was immersed in ]M NaOH -k IM Na2S -f- 1M S solution for a 
few minutes and subsequently reduced electrolytically in the dark 
in 1M NaCI solution at pH 6. Solid curve, first reduction; broken 
curve, second reduction. 

thin layer  of selenium disappeared.  Figure  7b shows 
that  subsequent  electrolyt ic  reduct ion of this t rea ted 
CdSe electrode at constant current  densi ty in NaC1 
solution in the clark did not show a s imilar  reduct ion 
wave. 

These observations show that  the photoact ivat ion 
process takes place in two steps. In the first step, the 
photogenerated holes in the semiconductor  oxidize 
CdSe to e lementa ry  Se wi th  the concomitant  release 
of Cd 2 + ions into solution. The observed sharp drop in 
current  density at the ear ly  stage of the photoact ivat ion 
process as shown in Fig. 5 and Fig. 8a at high pH is 
probably  due to the format ion of an insoluble thin coat-  
ing of cadn~ium hydroxide  which retards  fur ther  oxi-  
dation of Se 2-  to Se o wi th  concomitant  release of Cd 2+ 
into solution. As expected, Fig. 8b shows that  the addi-  
tion of ammonia  facilitates the release of Cd 2+ at the 
same pH and consequent ly restores normal  cur ren t  
density during photoactivation.  

In the second step, immersion of the photoact ivated 
electrode in Na2S + Na2S2 + NaOH solution removes 
the selenium layer  f rom the surface of the electrode 

Table II. Correlation between quantities of electricity passed and 
the amounts of Cd ~+ ions released into solution during 

photoactivation 

Moles of Cd~+ 
Faradays released into ( c- ) / ( Cd 2.) 
passed* solutiont ratio 

0 (dark control} 0.07 • 10 .7 -- 
2.03 • 10 -7 1.05 • 10 -7 2.07 
3.93 • 10- v 1.91 • 10- ~ 2.14 

* Photoactivation was conducted in 0.2M NaCI solution at pH 
8.5. 

t Samples were assayed by atomic absorption. The amount o f  
Cd-~* released in the dark control was independent of i m m e r s i o n  
time and this value was subtracted from the total assayed amount 
of Cd ~* in  t h e  p h o t o a c t i v a t i o n  s a m p l e s ,  
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Fig. 8. Photoactivation current observed in (a) 1M NaCI solu- 
tion at pH 12, (b) 1M NaCI -1- 6.4M NH40H solution at pH 12. 

and exposes a new surface of the semiconductor  wi th  
higher  e lec t rochemical  activity.  

Since the above descr ibed photoact iva t ion  process can 
be prec ise ly  controlled,  i t  can be safely appl ied  to en-  
hance the efficiency of sp rayed  th in-f i lm CdSe photo-  
anodes on a large  scale. A deta i led  s tudy  of the  photo-  
act ivat ion mechanism m a y  help  to improve  fu r the r  

the photoelec t rochemical  p roper t ies  of semiconductor  
th in-f i lm electrodes and increase  the  efficiency of t h e  
resul t ing  PEC cells. 
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On the Mechanism of Sodium Chlorate Formation 
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ABSTRACT 

Sodium chlorate is formed from the chemical combination of HOCl and 
OCl- ions. It is reported to be a third-order reaction involving 2 moles of 
HOC1 and 1 mole of OC1-. Contrast ing l i t e ra tu re  da ta  depic t  this react ion as  
bimolecular ,  involving 2 moles of HOC1 only. Exper imen ta l  resul ts  p re -  
sented here  c lear ly  resolve the C10~- format ion  react ion to be appa ren t  th i rd  
order. Dichromate,  added in concentrat ions of 2-5 g/1 dur ing br ine  e lec t ro l -  
ysis to achieve high cur ren t  efficiency, fulfills two key  functions:  (i) en-  
hancement  of buffer action in the pH region of 5-7; and  (ii) prevent ion  of 
adverse  OC1- and C108- e lectrochemical  reduct ion reactions.  Expe r imen ta l  
evidence is p resented  e lucidat ing the above observat ions.  

In  an e lectrolyt ic  chlorate  cell, the key chemical  
const i tuents  are  hypochlorous acid and hypochlor i te  
ions. These species react  chemical ly  to form chlorate.  
However,  the reac tants  and products  involved in this 
reaction, namely  HOC1, OCI- ,  and  ClOd-,  are the rmo-  
dynamica l ly  favored  to react  at  the  electrodes,  resu l t -  
ing in inefficient opera t ion  of the cells. Nevertheless ,  
indus t r ia l  cells opera te  at  h igh efficiencies (e.g., >93% ) 
by  adept  choice of opera t ing  var iables  and addit ives,  
e.g., Na2Cr2OT (commonly called "chrome" in the in-  
dus t ry ) .  

The purpose  of this communicat ion is to e lucidate  
the in teract ion of hypochlorous acid and hypochlor i te  
ion, and to define the purpose  of addi t ion of "chrome" 
dur ing  electrolysis.  

* Electrochemical Society Active Member. 
Key words: chlorate, limiting currents, rotating disk electrodes. 

A Brief Literature Survey 
Two mechanisms are proposed in the l i t e ra tu re  to 

descr ibe the format ion  of chlorate.  The react ion se- 
quence proposed by Foers te r  (1) and confirmed by  
many  others  (2-4) is a t h i rd -o rde r  react ion involving 
2 moles of HOCI and 1 mole of OCI- as 

2HOCI + OCI- --> CiOs- + 2HCI [I] 

However, according to Lister (5), who examined the 
decomposition kinetics of hypochlorite in alkaline 
solutions, chlorate formation follows a bimolecular 
sequence 

2HOC1 ~ HC1 -}- HC102 (Ionized) [2] 

HOC1 + C102- --> C1- + HClO~ (Ionized) [3] 

Eq. [2] being the s lower of the above reactions. 
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Sodium dichromate is a conventional  and mul t i func-  
t ional additive used rout inely  in the commercial pro- 
duction of sodium chlorate. Several  roles are a t t r ibuted 
to chrome which include: (i) suppressing the corro- 
sion of the Fe cathode (6-9), ( i t)  buffering (2, 10) the 
electrolyte in the pH range of 5-7 where the chlorate 
formation rate is optimum, (i i i)  prevent ing  the cath- 
odic reduction of OC1- and C103- ions by  the "Cr20~" 
film formed by  chromate reduct ion (11, 12), and ( i v )  
inhibi t ing the O2 evolution reaction at the anode (13, 
14). It  is of interest  to note that  the fluoride ion (15) is 
believed to play a similar role as dichromate during 
chlorate electrolysis with PbO2 anodes. 

Experimental 
All the solutions stated here were prepared from 

Analar  grade chemicals and distilled water. The re- 
quired hypochlorite concentrat ion was achieved by 
passing chlorine through the solution (mainta ined al-  
kal ine)  and br inging the pH to the desired value. 

Titrations were performed with an accuracy of _0.01 
craB--the pH being measured using a Corning pH meter  
at  an accuracy of ___0.05 units, t-Iypochtorite and chlor- 
ate concentrat ions were analyzed by s tandard analy t i -  
cal procedures (16) involving sodium arsenite and 
iodine. Experiments  were conducted by main ta in ing  
pH wi th in  ___0.02 units  by dropwise addition of 10N 
NaOH. 

Polarizat ion studies were carried out using conven-  
tional (17) potentiostatic (Wenking ST72 potentiostat) 
and galvanostatic techniques. The rotat ing Pt  disk 
electrode assembly by Pine Ins t ruments  Company was 
also used in this investigation. 

Kinet ic  studies were performed in a b~tch reactor at 
about 25~ in 4M NaC1 solutions at various pH values. 
Care was taken to exclude interact ion of light during 
the course of the reaction. Electrochemical studies were 
conducted in solutions containing 450 g/1 NaC1Q and 
150 g/1 NaC1 unless otherwise stated. 

Results and Discussion 
In  a typical chlorate cell, the principal  electrochemi- 

cal reactions are as follows 

6C1- --> 3Cls (aq) -{- 6e (at the anode) [4] 

6H20 -{- 6e -> 3H2 -t- 6 O H -  (at the cathode) 

[5] 

In  the bulk the following reactions take place, resul t ing 
in  the formation of chlorate either by pathways de- 
scribed earlier by Eq. [1] or a l ternate ly  by Eq. [2] 

3C1~ (aq) -b 3H20 ~ 3HCI -t- 3HOC1 [6] 

HOCl ~ H+ -t- OC1- [7] 

However, the species involved in chlorate formation 
and the product formed, i.e., C108-, may get reduced 
at the cathode as described by reactions [8]-[10] 

HOC1 q- H+ ~ 2e--> C1- q- H20 [8] 

OC1- -~ 2H + -I- 2e--> C1- ~ H20 [9] 

C1Os- + 6H+ + 6e-> C1- + 3H20 [10] 

Current  efficiency losses result  from any or all of the 
above reduct ion reactions. In this section, exper imental  
results relat ing to the mechanism of chlorate formation 
and to the role of dichromate in suppressing the rates 
of reactions [8]-[10] are stated and discussed. 

M e c h a n i s m  of  Chlorate Formation 
Two reaction pathways are described in the l i terature 

for the chemical formation of chlorate: one proposed 
by Foerster (reaction [1]) and the other by Lister 
(reaction [2]). If the kinetics are controlled by reac- 
t ion [1], then the integrated form of the rate expression 
may be shown to be 

1 I 
= 6kzt X (I -{- x)-3 [II] 

Co 2 (t) Co 9 (O) 

whereas the corresponding expression for reaction [2] 
would be 

1 1 
- -  = 3k2t(1 -I- x ) - ~  [12] 

Co(t) Co(O) 

In the above equations k~ and k2 refer to third order 
and second order rate constants for reactions [I] and 
[2], respectively, the units for kl being liter'--m01-2 
sec -I, and k2 being liter.too1 -I sec -I. Co(t) refers to 
the total hypo concentration (i.e., concentration of 
HOCI ~b OCI-) at time, t, expressed in g.mol/liter. 
Co(O) refers to the initial hypo concentration, x to the 
ratio of K/IO -pH (i.e., ratio of the concentrat ion of 
OC1- to HOC1) and K to the "conditional" equi l ibr ium 
constant for reaction [7]. 

Thus, the diagnostic criterion for dist inguishing be- 
tween the reaction pathways 1 and 2 would be the 
constancy of kt and k2 with pH. Values of kl and k2 
can be obtained from the slopes of the l inear  plots (see 
Fig. 1 and 2) of 1/Co2(t)  and 1/Co(t) vs.  t using a K 
value of 10 -7.1s. This value of K for reaction [7] was 
determined in 4M NaC1 solutions at ~25~ Under  these 
conditions H + ions are generated only by reaction [7] 
and not by the chlorate formation reac t ion--be  it Eq. 
[1] or Eq. [2]. It must  be stressed here that  the K 
values published in the l i terature (18) for reaction [7], 
especially those obtained at high temperature  (>40~ 
and at high OC1- concentrations, are not precise be-  
cause of neglect of the H + contr ibut ion from Eq. [1] 
or Eq. [2]. 

Values of reaction rate constants presented in Table 
I show that while kl is constant  over a wide range of 
pH values, k2 varies significantly with pH. This con- 
firms that the chlorate formation reaction is apparent  
third order involving 2 moles of HOC1 and 1 mole of 
O C l - - - t h e  third order rate constant being 0.025 
l i ter2.mol-2-sec -1 at 25~ in 4M NaC1 solutions. This 
conclusion is supported by the results of Taniguchi 
and Sekine (2) in which an al ternate third order reac- 
tion mechanism, involving 2 moles of OC1- and 1 mole 
of HOC], was shown to be of negligible importance. 

The present results raise questions regarding Lister's 
mechanism, as opposed to Foerster 's  mechanism, which 
was accepted by several investigators. The discrepancy 

0,019- 

0,018 - 

0,017~ 

CC 

~ .  0.010- 

# 
0,015 - 

0.014 ~ 

0.013 [ I I I I I 
5 10 15 20 25 30 35 

TiME (MIN) 

Fig. 1. Plot of Co-2(t) with time. Curve 1 : oH ~ 6; temp: 24~ 
kl = 0.0275 liter2/g-mole2-sec. Curve 2: pH = 6.5; temp: 23~ 
kl ~-- 0.0230 liter2/g �9 mole 2- sec. 
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Fig. 2. Plot  of  Co-2(t) with t ime (pH - -  8 ,5) ;  t emp:  2 5 ~  k l  - -  

0.0244 liter2/g .mole2.sec). 

may  be t raced  to the method of de te rmina t ion  of 
HOC1 concentrat ion descr ibed by  Lis ter  (5), which was 
subsequent ly  used in the es t imat ion of the ra te  con- 
stant. The concentra t ion of HOC1 was de te rmined  by  
solving the ma te r i a l  balance equat ion 

[HOC1] -}- [HCO3-]  " -  acid -~ unneut ra l ized  NaOH 

[13] 

This re la t ionship  is val id  only for short  per iods  when 
the H+ genera ted  from chemical  chlorate  format ion  is 
insignificant. However ,  Lis ter  appl ied  the above 
method to exper iments  where in  the chemical  chlorate  
format ion  was significant and where  the appropr ia te  
mate r ia l  ba lance  equat ion is represented  as follows 

[HOCI] ~- [HCO3-]  - - a c i d  ~- 

unneut ra l ized  NaOH + acid genera ted  due to 

hypo decay to chlorate  [14] 

Thus Lis ter ' s  method  of calculat ing the hypochlorous  
acid concentrat ion,  and hence the mechanism of 
chlorate  formation,  seems to be in error.  F rom the 
present  work  i t  is evident  tha t  the ra te  of chlorate  
format ion  is p ropor t iona l  to the produc t  of the square 
of the  hypochlorous  acid concentra t ion and the hypo-  
chlori te  concentrat ion,  and at ta ins  a m a x i m u m  at a 
pH equal  to (pK- log  2). This resul t  has been exper i -  
men ta l ly  verified by  Jaks ic  (19). I t  m a y  be noted that  
if Lis ter ' s  mechanism were  to hold, one would  not  an-  
t ic ipate  a m a x i m u m  ra te  in the pH range of 5-7. The 
r eade r  is r e fe r red  to Ref. (3) for a discussion of o ther  
possible mechanisms of chlorate  format ion  of overa l l  
th i rd  order  character .  

Role of Dichromate during Chlorate Electrolysis 
The functions a t t r ibu ted  to d ichromate  tha t  is added  

dur ing  chlora te  e lectrolysis  were  noted earl ier ,  and the 

Table I. Rote constants for chlorate formation reactions [1] and 
[2] as a function of pH 

kl (liter=.g �9 k2 (liter2-g - 
/~H mole -~-sec -~ ) mole -I-sec -1 ) 

6.0 2.75 x I0 -r 1.93 • 10 -4 

6.5 2.30 x I0 -~ 4.15 x I0 -4 

7.0 2.76 x 10 -r 1.06 • I0 -a 

7.5 2.20 x 10 -2 1.39 x 10 -a 

8 . 5  2 . 4 4  x 1 0  -~ 1 . 5 3  x 1 0  -2 

re la t ive  impor tance  of these roles a re  cr i t ica l ly  dis-  
cussed and eva lua ted  in this section. 

Inhibition of corrosion of steel cathode.--Cathodes 
made  of steel  are  genera l ly  used in e lect rolyt ic  chlo- 
ra te  ce l l s - - the  e lec t ro ly te  under  opera t ing  conditions 
analyzing 450 g/1 NaC10~, 150 g/1 NaCI, 4-7 g/1 OCI- ,  
and 2-6 g / l  Na2Cr207 at  70~ (pH ,~ 5-6).  If  the role of 
d ichromate  is indeed one of suppressing the corrosion 
of steel  under  open-c i rcu i t  conditions, then the open-  
circui t  potent ia l  (Eocp) should show significant differ-  
ences in the presence and absence of dichromate.  How- 
ever, expe r imen ta l  measurements  in the above solu- 
tions show the Eocp to be --0.30 to --0.32V vs. SCE in 
the  presence and absence of d ichromate ,  suggest ing 
that  the ma jo r  role of C r 2 0 7 - -  is not  one of offering 
protect ion to s tee l  f rom corrosion. 

Enhancement of buffer capacity.Nit was ment ioned  
ea r l i e r  tha t  the p re fe r r ed  pi.i range  of opera t ion  of a 
typical  chlorate  cell is in the range of 5.75-6.75 to 
achieve op t imal  conversion of hypochlor i te  to chlorate.  
The sys tem has a na tu ra l  buffer capaci ty  in this range 
due to HOC1/OC1- equi l ib r ium represen ted  by  Eq. [7]. 
Taniguchi  and Sekine (2) ment ioned that  chrome ad-  
di t ion enhances the buffer capaci ty  in this cr i t ical  pH 
range due to the equi l ib r ium react ion 

C r 2 0 ~ - -  + 2 O H -  ~ 2CRO4--  + H20 [15] 

F igure  3 shows the pH t i t ra t ion  da ta  obta ined  in the 
presence of d ichromate  in solutions containing 150 g/1 
NaC1 and 450 g/1 NaC1Os at  70~ in the absence of 
hypo. I t  is obvious f rom these resul ts  that  d ichromate  
indeed buffers in the pH range of 5.75-6.75. Dur ing 
chlorate  electrolysis,  OC1- and Cr2OT--  are  present  
in  the electrolyte .  Hence pH t i t ra t ions  were  carr ied  out  
in  mix tures  containing va ry ing  amounts  of hypochlo-  
r i te  and dichromate.  The resul ts  indicate  tha t  the buffer 
capaci ty  is d i rec t ly  p ropor t iona l  to the concentrat ion 
of OC1- and Cr207-  - and that  the buffer capaci ty  of 
solutions containing OC1- and C r 2 0 7 - -  is a sum of the 
ind iv idua l  contr ibut ions f rom OC1- and C r 2 0 7 - - .  
Thus, i t  is defini t ively es tabl ished that  d ichromate  en-  
hances the buffer capaci ty  in the pH region of 5-7. 
However ,  the exact  buffer requ i rements  of a chlorate  
sys tem are ye t  to be quantif ied especial ly  for cases 
where  chlorate  format ion  is a t t empted  by  react ing C12 
and NaOt-I in the pH range of 5-7. 

Suppression of parasitic cathodic reactions.--In an 
e lect rolyt ic  chlorate  cell, there  are  two paras i t ic  ca th-  
odic reactions (Eq. [9] and [10]) ar is ing from the 
cathodic reduct ion  of nega t ive ly  charged ions- -OC1-  
and C103-. If these nega t ive ly  charged ions are  to be 
reduced  cathodically,  t hey  have  to approach  -the cath-  
ode b y  diffusion and convect ion agains t  an adverse  

7 

pH 6 
/ 
// 

I l I i I lJ 

Na2Cr207 (g/l) ] / 
, ~  4.0 

I I t I I I 0.25 0.5 0.75 1 1,25 1.5 
VOLUME OF 1.967 N NaOH (ml} 

Fig. 3. pH titration curves in solutions containing 450 g/I 
NoCIO3 and 150 g/I NoCI (volume: 100 ml; temp: 70~ 
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potent ia l  gradient.  If  the solution contains a large 
excess of support ing electrolyte, the adverse potential  
g r a d i e n t  is small  and the t ranspor t  of anions is affected 
o n l y  slightly. However, if an iner t  porous diaphragm 
is  formed on the cathode that  greatly counteracts the 
effect  of convection, the approximate mater ia l  balance 
e q u a t i o n  for  the  species may  be wr i t ten  as (20) 

Ni = --ZiUiFCi Vr -- Di VCi [16] 

w h e r e  Ni  refers  to the  flux of species i, Zi to the valence 
of the species, Ui to mobility, Ci to concentration, Vr 
to the  p o t e n t i a l  gradient ,  and Di to the diffusivity of 
spec ies  i. 

The first t erm on the  r igh t -hand  side of Eq. [16] ac- 
counts for t ranspor t  by migrat ion (away from the 
ca thode  surface for anions) and the second term to the 
contr ibut ion from diffusion. If the potent ial  gradient  
t erm is increased by increasing the local current  
density, then the t ransport  of anions to a cathode can 
be  completely suppressed. This may be achieved by 
forming an iner t  film with low porosity on the cathode. 
T h e s e  facts were clearly expounded in an excellent 
paper by Wagner  (12). 

Dichromate is known to be cathodically reduced to 
form a "Cr2Os" film on the cathode surface, which 
creates an adverse potential  gradient  that  prevents  the 
reduct ion of OC1- and C103- ions. Polarization studies 
were performed in the presence and absence of di- 
chromate to examine the influence on the electrochemi- 
cal behavior of a steel cathode and the results are 
presented in  Fig. 4. In  the absence of dichromate, H.~ 
evolution was not observed even at a current  density 
at  200 mA/cm 2 in solutions containing 450 g/1 NaC1Oz, 
150 g/1 NaC1, and ,,~2 g/1 NaOC1. In  addition, the sur-  
face was covered by a tenacious brown film (Fe2Oz??). 
This is suggestive of chlorate reduct ion as such high 
currents  cannot  be sustained by either O2 or OCI-  
reduction. In  the absence of hypochlorite and dichro- 
mate, the cathode assumed high potential  values and 
H2 evolution was moderate on a "patchy" brown film 
on the cathode surface. However in the presence of 
dichromate, the film disengaged followed by vigorous 
H2 evolution. 

To contest Wagner 's  hypothesis, fur ther  studies were 
carr ied  out using 100 g/1 NaC1Q solution as electrolyte 
a n d  steel cathodes coated with Kalgard ~ and Cr20~ 
films. If C103- is indeed reduced according to Eq. [17] 

C108- -5 6H+ -5 6e--> C l -  -5 3H20 [17] 

then the product of the reaction would be C1- ions. 
The chlorate and chloride concentrations were deter-  
mined using s tandard  volumetric  procedures and the 
results are presented in  Table II. It is clear from this 
data that  the iner t  film on the steel cathode almost 
completely suppressed the chlorate reduction reaction. 

The results presented above have impor tant  implica- 
tions for the chlorate indus t ry  as they would provide a 
potential  means of e l iminat ing "chrome" from the 

Kalgard is a Teflon-based polymer composite obtained from 
Heany Industry. 

- 1 . 4  - 1 3 

- l . 2 -  

~ - l O _  

~ ~ . e -  

-0.4 _ 

, l o  l e o  

Fig. 4. Cathodic polarization behavior of A-36 steel in solutions 
containing 450 g/I NaCIO~ and 150 g/I NoCI at 70~ (pH ~4-5).  
Curve 1: In the absence of NoOCI and No2Cr207; curve 2: in the 
presence of 1.8 g/I NaOCI; curve 3: in the presence of 1.8 g/I 
NaOCI and 2 g/I Na~Cr207. 

product l iquor stream which is pr imar i ly  used as a raw 
mater ia l  for CIO2 generation. 

HCC patent  application (21) describes the "perman-  
ent film" concept described above. Studies on the 
optimization of the thickness and porosity of the film 
required for minimizing ohmic drops across the film 
are in progress. 

According to Wagner  (12), cathodic reduct ion of 
anions is suppressed by the adverse potential  gradient  
generated by the surface film, whereas the cathodic 
reduction of cations is unh indered  under  the same 
conditions. These predictions were verified by l imit ing 
current  measurements  using the ferro-ferr icyanide 
system (0.1N of each) in 1M KC1 using a p la t inum 
rotating disk electrode. Results in Fig. 5 show that ad- 
dition of as little as 0.1 g/1 of Na2Cr207 lowers the 
l imit ing current  values to an insignificant level. This 
result  fur ther  s t rengthens the "film concept" which 
effectively serves to repel the anion away from the 
cathode. Figure 6 shows similar experiments  conducted 
in 1M KCl containing 0.1N FeCl2 and 0.1N FeC13. It  is 
seen that  chromate has li t t le effect on the l imit ing 
current  for Fe 8+ reduct ion which is in accordance with 
Wagner 's  theory (12). 

These results conclusively demonstrate  that the 
pr imary  role of dichromate is in the suppression of the 
cathodic reduction of OC1- and C103-. Fur ther  studies 
are required to characterize the compositional and 
s t ructural  features of the dynamical ly  formed "Cr20,~" 
film. 

Inhibition of oxygen evolution.--One of the parasitic 
anodic reactions during chlorate electrolysis is oxygen 
evolution from either the discharge of H20 molecules 
(Eq. [18]) or oxidation of OC1- to C103- (Eq. [19]) 

2H20-> 02 -5 4H + -5 4e [18] 

Table II. Reduction of C I03 -  on "permanent film" cathodes 

NaC1Os (g/l)* NaC1 (g/l) 

Cathode Initial Final Initial Final Remarks 

Steel cathode 98.5 80.5 0 11.47 

Steel (electrolyte contained 2.5 g/l 106.3 104.1 0 <0.5 
NmCr~O~) 

Steel coated with Kalgard (10 mils) 101.4 100.3 0 <0.5 
Steel coated with Cr20~ (10 mils) 102.0 100.6 0 <0.5 

80% current efficiency assuming reaction 
[1]*" 

0% current efficiency for chlorate reduc- 
tion reaction (Eq. [10]); based on NeCl 
analysis 

Conditions: temp: 70~ pH ~ 6.5 (adjusted with HCIOD; duration of experiment: 4 hr; current density: 1.67 ASI; anode: Pt/Ir 
anode; volume: 1.5 liters. 

" Accuracy: • g/l. 
~ Reaction [11: C1Os- -t- 6H + + 6e -~ C1- + 3H~0 [10] 
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Fig. 5. Influence of Na2Cr207 on the polarization data on plati- 
num rotating disk electrode in 1M KCI + 0.1M g4Fe(CN)6 Jr- 0.1M 
K3Fe(CN)6 at 20~ (electrode area: 0.46 cm2; rpm: 1600). 
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Fig. 6. Influence of Na2Cr207 on the polarization data on plati- 
num rotating disk electrode in IM KCI + 0.1M FeCI2 + 0.1M 
FeCI3 at 20~ (electrode area: 0.46 cm2; rpm: 1600). 

6 0 C 1 -  + 3H20--> 2C103- + 6H + 

+ 4 C I -  + 3 / 2 0 2 + 6 e  [19] 

It  is s ta ted in the l i t e ra tu re  (13, 14) that  Cr2OT--  
suppresses the amount  of oxygen genera ted  dur ing  
chlorate  electrolysis.  While  one m a y  rat ional ize  this 
observat ion in terms of blocking of sites for oxygen 
evolut ion by  d ichromate  a n d / o r  complexat ion  of hypo-  
chlor i te -decomposing catalysts  (e.g., Fe, Co, Ni) by 
C r 2 0 7 - -  ( and /o r  C r O 4 - - )  fu r the r  invest igat ions are  
needed to unders tand  the mechanis t ic  aspects involved 
in this phenomenon.  

Conclusions 
1. Sodium chlorate  format ion  is an apparen t  th i rd  

order  react ion involving 2 moles of HOC1 and one mole 
of OC1-. The "second order"  mechanism proposed by  
Lis ter  appears  to be incorrect  because of errors  in-  
volved in his method of de te rmin ing  the HOC1 con- 
centrat ion.  

2. The p r i m a r y  function of d ichromate  added  dur ing  
chlorate  electrolysis  is the format ion  of an iner t  film 
which suppresses the C 1 Q -  and OC1- reduct ion reac-  
tions via the es tab l i shment  of an adverse  potent ia l  

gradient .  Wagner ' s  film theory  is fu r the r  substant ia ted  
using steel cathodes coated with  K a lga rd  and Cr2Os 
films in chlorate  solutions, and b y  ro ta t ing  disk elec- 
t rode studies where in  Fe (CN)63-  reduct ion was hin-  
dered  by  0.1 g/1 C r 2 0 7 - - ,  while  Fe 8+ reduct ion was 
unaffected. Secondary  functions which chrome per-  
forms include enhanced buffer capaci ty  in the cri t ical  
pH range  of 5.75 and 6.75 and suppression of the un-  
desi rable  oxygen  evolut ion reaction. 
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The Electrochemical Activity Determination of 
Trypsin-Like Enzymes 

V. A Comparative Study of the Electrochemical Oxidation of the 

Marker, p-aminodiphenylamine, and of Electrogenic Substrates in 

Human Plasma, Whole Blood, and Aqueous Solutions 

M. Daraio de Peuriot, J. M. Nigretto,* and M. Jozefowicz 
Department oi Chemistry, Universitd Paris-Nord, 93430 Villetaneuse, France 

ABSTRACT 

Easily oxidizable aromatic amines can be convenient ly  used as electrogenic 
markers  for the evaluat ion of enzymatic activities in whole blood and huma n  
plasma dilution. The analyt ical  procedure is based on the cyclic vol tammetr ic  
detection of the a m i n e  released by thrombin  (the tested blood coagulation 
factor) through an amidolytic cleavage from specific substrates. The relevance 
of parameters  susceptible of in terfer ing with the electrochemical signal have 
been reviewed using carbon paste and smooth p la t inum disk electrodes. 
Results obtained in  blood and plasma dilutions are compared wi th  aqueous 
solutions of the enzyme. 

Since the early seventies, the use of chromogenic 
substrates started a rapid development  in the field of 
the assay of t ryps in- l ike  enzymes and of their  na tura l  
inhibitors. Several  enzymes of this type are involved 
along the overall  blood coagulation process. The final 
step in  the blood clott ing cascade is the conversion of 
fibrinogen to fibrin, which leads to the formation of the 
thrombus.  The la t ter  catalytic decomposition is medi-  
ated by a protease, thrombin.  While thrombin  in-  
duces the thrombosis, it is normal ly  only present  in  the 
precursor  form, prothrombin.  Beside the clotting en-  
zymes, plasma carries components fated to inhibi t  their  
action; thus, the most potent  antiprotease associated 
with th rombin  is an t i th rombin  III, which has been 
definitely shown to play a role in the body's defence 
against  thrombosis. 

Therefore the quant i ta t ive  evaluat ion of ant ipro-  
tease levels in  physiological media is de te rminan t  for 
clinical purposes. From that  point  of view, the avail-  
abi l i ty  of chromogenic substrates provides an access 
to th rombin  and an t i th rombin  activity assay. The pr in-  
ciple of the photometric procedure lies in  the following: 
the enzyme is added to a mixture  containing the syn-  
thetic substrate. Since its chemical s t ructure more or 
less mimics the C- te rmina l  part  of the fibrinopeptide A 
at the sequence preceding the fibrinogen bond cleaved, 
th rombin  catalyzes the spht t ing of the chromogenic 
moiety. The activity of thrombin,  or remain ing  throm-  
bin when an t i th rombin  III  levels are assayed, is then 
proport ional  to a photometric var iable  (1). 

Most substrates commercial ly avaiIable are designed 
to release p -n i t roan i l ine  (pNA) through amidolytic di-  
gestion, which is convenient ly  monitored photometr i -  
cally in the visible spectrum region at 405 rim. How- 
ever, severe l imitat ions restrict  the scope of the proced- 
ure to colorless, diluted, and homogeneous solutions. 
Human  plasma dilutions fulfill these requirements ,  
bu t  not  whole blood; accordingly, ant i thrombic  as- 
says need to be achieved following a centr i fugat ion 
procedure. 

In order to avoid such a more or less t raumat ic  
handl ing  of the samples, an electrochemical technique 
has been recent ly proposed, so as to permit  the assay 

�9 E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key words: e lectrochemistry,  t r yps in - l i ke  e n z y m e s ,  t h r o m b i n ,  

b lood,  p l a sma .  

of t ryps in- l ike  enzymes (e.g., trypsin, factors IXa, Xa, 
kallikrein,  thrombin,  plasmin, and their inhibitors)  in 
human  whole blood. This technique involves the elec- 
t roanalytical  detection of electroactive markers  in  
place of the chromogenic pNA. Several  substrates of 
various specificity have been tested (Fig. 2). D,L 
benzoylarginyl  p -aminodiphenylamide  (D,L BAPADA) 
has been conceived for the assay of trypsin, S-2421, 
and S-2497 for thrombin  and, accordingly, an t i th rom-  
bin IIL Each of these substrates bears an easily oxi- 
dizable amine, p -aminodiphenylamine  (pADA) (2-5). 

While the electroanalytical  detection of pADA in 
physiological media can be speculatively thought to be 
per turbed  with respect to aqueous solutions, the aim of 
this paper is to investigate the influence of parameters  
which may mediate the electrochemical redox signal 
in  the conditions for an actual assay. Therefore, the re-  
sults obtained in whole blood and plasma are com- 
pared with those of aqueous solutions exempted from 
physiological fluids. The following variables of po- 
tent ial  relevance are examined in the l ight of the shape 
and the position of the cyclic vol tammogram of the 
amine: electroactivity of the substrates that  have been 
tested, redox character of the enzymes, pH, and the '  
effect of plasma and blood levels. 

Experimental 
Instrumentation, cells, and electrodes.--The ins t ru-  

men t  used for the electroanalytical  studies was a s tan-  
dard amplifier-based potent iosta t /galvanostat  PAR 
Model 173 (Princeton Applied Research) provided with 
a three electrode configuration. Current -vol tage  and 
cur ren t - t ime  curves were monitored with a Sefram 
TGM X-Y recorder and generated with a funct ion gen- 
erator PAR Model 175. For electroanalytical  experi-  
ments, a one-compar tment  cell containing a carbon 
paste electrode (CPE),  p la t inum wire auxil iary,  and 
aqueous SCE reference was employed. Before each in-  
dividual  run, the carbon paste surface was renewed. 
The working electrode circuitry was buffered with a 
high impedance electrometer PAR Model 178. The 
smooth p la t inum disk electrode was embedded in 
Teflon (area: 0.0314 cm2). Its p re t rea tment  is detailed 
in the next  section. Coulometric n values were obtained 
with a PAR Model 179 digital coulometer. The vessel 
consisted of a two-compar tment  cell in which the 
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p la t i num wire  aux i l i a ry  e lect rode was in one compar t -  
men t  and the p la t inum gauze work ing  e lect rode and 
aqueous SCE reference were  in the  other;  the  two 
were separa ted  by  a porous glass f l i t .  Exper iments  
were  conducted in 0.2-7N H2SO4 aqueous solutions, in 
the presence of 5% added  methanol  or  in buffered solu-  
tions. These condit ions proved  to faci l i ta te  the  dissolu-  
t ion of the reactants .  The ana ly t ica l  concentra t ion  
range  for  p A D A  was in  a l l  cases 0.1-0.4 mmol.  

Solvents and reagents.--Aqueous solut ions were  p r e -  
pa red  f rom doubly  d is t i l led  w a t e r  and reagen t  grade 
H2SO4 or  s t andard  buffer reagents.  The p - a m i n o d i -  
pheny lamine  (pADA)  was a commercia l  p roduc t  f rom 
F luka  (Swi tze r l and) ,  puriss,  p.a., which was purif ied 
by  successive recrystaUizat ions f rom wa te r / e t ha no l  
mixtures.  The amine  was s tored unde r  vacuum in the  
da rk  and was no longer  used af te r  one week  storage.  
Al l  o ther  mate r ia l s  were  reagen t  grade  and  were  used 
wi thout  fu r the r  purification. 

Enzymes, plasma, and blood samplmg.--Lyophilized 
t h rombin  (51 NIH-U/mg ,  Lot  No. A 3133) was p u r -  
chased f rom Hoffman-LaRoche,  Basel, Swi tzer land,  
and  s tored in the freezer.  Its ac t iv i ty  was measured  
e i ther  wi th  chromogenic  subs t ra tes  or  wi th  the  clot t ing 
t ime method.  Before use, aliquots of th rombin  were  
dissolved in tr is/NaC1 buffer pH 7.45 to a concentra t ion 
of about  50 N I H - U / m l  and p re incuba ted  for  30 rain in 
an ice bath.  Stock solutions were  no longer  ut i l ized 
af te r  60 min fol lowing dissolution. Pipet tes  and sy-  
r inges were  sa tu ra ted  wi th  the th rombin  solut ion be -  
fore use. Whole blood was taken  f rom a donor under  
usual  condit ions at  the  Centre Nat ional  de Trans -  
fusion Sanguine  (Paris,  F r a n c e ) :  92 ml blood and 25 
ml  of a ci tr ic ac id /monosod ium phospha te /g lucose  
solut ion (3.27g citr ic acid monohydra te ,  2.63g t r i sodium 
ci t ra te  d ihydra te ,  1.93g anhydrous  monosodium phos-  
phate,  and 2.32g anhydrous  glucose in 100 ml ) .  The. 
haematocr i t  was 0.48. Human  p lasma  was p repa red  b y  
cent r i fugat ion  at  2000g for 20 min  at  4~ and kep t  
frozen at  --20~ before  use. 

Results and Discussion 
The e lec t rochemical  behavior  of pADA in aqueous 

solutions and in di lut ions of p lasma and whole blood 
has been inves t iga ted  wi th  two kinds  of electrodes.  
Mechanist ic  informat ion  has been collected using the 
carbon paste  e lectrode for  the  range  of potent ia ls  a t -  
ta inable  wi th  i t  is f a i r ly  ex tended  anodically.  I t  also 
provides  a lmost  zero res idual  currents .  For  opt imizing 
the p rac t ica l  purposes,  the use of smooth p l a t inum 
electrodes was studied. 

Aqueous Solutions (Results Obtained with the Carbon Paste 
Electrode) 

Influence of pH.--In the  modera te  pH range,  f rom 
2 to 10, the  cyclic vo l t ammogram shows a m a r k e d  
pH dependence.  The var ia t ion  of the  peak  po ten t ia l  is 
is given by  the re la t ion  

Ep a "-" 0.06 pH -t- 0.53V vs. SCE at  20~ 

which holds up to pH 7.5. The slope accounts for the 
global  t ransfer  of an equal  number  of e lectrons and 
protons. The vo l tammet r ic  analysis  of the s ignal  shows 
the pADA molecule  yields the parabenzoquinonedi -  
imine form (6). Whereas  it is p rac t ica l ly  constant  be -  
low pH 7.5, the anodic- to-ca thodic  peak  separa t ion  in-  
creases as a resul t  of increasing i r r evers ib i l i ty  (Fig. 1). 
In coincidence, the cur ren t  ra t io  ipC/ip a decreases.  I t  
must  be noted that  the b r e a k  occurr ing in the po-  
t e n t i a l / pH  re la t ionship  does not  arise at  the p K  for 
ac id-base  dissociation of pADA (ca. 5), but  two units  
above, instead. This indicates  that  the na ture  of the  
diffusing species (the pro tona ted  pADA)  differs f rom 
those undergoing  the e lec t rochemical  oxidat ion  at  the 
e lec t rode  surface ( the neu t ra l  amine) .  The appa ren t  p K  

EpA.C 

0,5 

0.0 

5 10 
PH 

Fig. !. Anodic and cathodic peak-pH relationship of the pADA 
redox couple at the carbon paste electrode. (Scan rate = 0.2 V/ 
see.) 
Anodic Cathodic Aqueous solutions NaCI 0.12/tris 0.025M/ 

O Q Gly 0.05 M/DMSO 5% 
[]  �9 1/10 plasma dilutions 
Z~ �9 i/10 whole blood dilutions 
O O Undiluted whole blood 

involved would be tha t  of the  adsorbed  form. Since the 
i r revers ib i l i ty  more  m a r k e d l y  affects the cathodic run  
than the anodic half-cycle ,  as shown on Fig. 1, i t  is 
suggested tha t  the oxidant  anodica l ly  formed unde r -  
goes a chemical  conversion becoming p reponde ran t  
above pH 7.5. The hydrolys is  of the  di imine may  rea -  
sonably  account for this t r end  (7). 

The increas ing i r r evers ib i l i ty  of the e lect rochemical  
signal, however ,  does not  p reven t  ut i l iz ing i t  as a 
m a r k e r  for enzymat ic  ac t iv i ty  de terminat ions ;  this was 
checked wi th  amperomet r i c  t i t ra t ions  of the amine  in 
solutions covering the pH range ment ioned  above. As a 
result,  the endpoint  p rocedure  can be  applied,  for  
example ,  af ter  b locking the enzymat ic  kinet ic  wi th  the 
addi t ion of acid (5). 

Influence of the sweep rate.--Simplest vol tammet r i c  
curves were  obta ined when scanning rates  of 0.2 V/sec  
were used. At  this scanning rate,  the peak  cur ren t  
(ip) was found to be a l inear  function of p - a minod i -  
pheny lamine  concentra t ion with  an accuracy of ___5% 
between 10 -6 and 10-aM. At  lower  scanning rates,  
fa radaic  and adsorpt ion  oxidat ion peaks  of decom- 
posit ion products  of the radicals  formed in the first 
e lect ron up take  (6) were  observed at  potent ia ls  more  
posit ive than the oxida t ion  peak  of the  pa ren t  com- 
pound. 

Influence of the substrate.--Adequate subst ra tes  for 
e lec t rochemical  de te rmina t ions  should not  be e lec t ro-  
active, at  least  in the potent ia l  span where  the 
m a r k e r  i tself  is detected. Three  pept ides  were  tested:  
D,L benzoyla rg iny l  p -aminod ipheny lamide ,  S-2497, 
and  S-2421. The benzoy la rg iny I -p -aminod ipheny lamide  
and S-2497 y ie lded  p - aminod ipheny lamine  and S-2421 
y ie lded  4 -me thoxy -2 -na ph ty l a mine  (Fig. 2). The first 
pept ide  differed f rom S-2497 and S-2421 by  bear ing  
a benzoylarg inyl  group ins tead of the phe ny l a l any l -  
p ipeco ly la rg iny l  group of the l a t t e r  two. 

The results  of the e lec t rochemical  behavior  of these 
subst ra tes  are  presented  in Fig. 3 and Table  I. The 
s tudy was pe r fo rmed  in tris/NaC1 buffered solutions at  
pH 7.45. The cyclic vo l t ammograms  of the three  sub-  
s t rates  are  s imilar;  they  show two anodic peaks for  
the 10-6M level, which g radua l ly  merge  into one 
unique symmet r i ca l  peak  above the 10-SM range  of 
concentrations.  The associated cathodic peaks are  not  
present  in each case. Otherwise,  the anodic peak  cur-  
rent  ampl i tudes  are not  l inear ly  re la ted  to the con- 
centra t ions  of the depolar izer  in the s tudied range.  
Rough calculat ion of the apparen t  diffusion coefficients 
leads to values above five t imes l a rge r  than tha t  of 
the re leased amine. As concerns a re la t ive  insight,  the 
da ta  suggest  that  the rat io  lpa/C for  the three  sub-  
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Bz-D,L-ARG--PADA. HCL TPYpSIN 

tO,L- BAPADA) ROBS # 

Bz-D,L-ARG-0H + PADA 

H-D-PHE-L-PIF-L-ARG--P#DA.2HCL THROMBI'~H-D-PHE-L-PIP-L-ARG-OH-- + PADA 
KOBS 

(S-2497) 

H-D-PnE-L-PIP-L-ARG--4-1iE0-~-NA,2HCL THR~ + g-I4E0-~-NA 
(S-2421) %BS " 

BZ: BENXOYL ARG: ARGINYL 

PADA: P-AMINODiPHENYLAMiNE PHE: PHENYLALAflYL 

PIP : PIPECOL~L 4-MaO-B-NA;ZI-r!~THOX~-B-NAPHTYLAMINE i [ 

Fig. 2. Reaction schemes for the amidolytic decomposition of the 
specific substrates by proteases. 

strafes v a r y  in the o rde r  of increas ing  molecular  
weight  a n d / o r  adsorpt ion  abi l i ty ,  inasmuch  as n a p h t y l  
groups are  more  capable  of adsorbing  than  p - d i p h e n y l -  
amine  groups (8). 

These observat ions  indicate  tha t  p r e p o n d e r a n t  ad- 
sorption control led  processes accompany the i r r eve r s -  
ible charge t ransfe r  reaction,  in such a w a y  tha t  the 
whole  peak  only  reflects a minor  cont r ibut ion  of the  
faradaic  component .  This is bes t  shown at  low con- 
cent ra t ions  where  the second peak  ascr ibed to the 
fa rada ic  react ion is g r adua l ly  ove r l apped  in favor  of 
the preceding adsorpt ion  peak,  in p ropor t ion  the con- 
cen t ra t ion  is increased.  

The potent ia ls  of the  fa rada ic  peaks  were  compared  
to those of the respect ive  amines, in solut ions of iden-  
t ical  composition. The resul ts  are  r epor ted  in Table  I. 
The constant  differences which  ave ob ta ined  provide  
the indicat ion that  the loss of the e lectrons is in each 
case p romoted  b y  the  amine l inked  up wi th  the pept ide  
chain. I t  m a y  be  concluded tha t  the  e lec t ron wi th -  
d rawing  ab i l i ty  of the  l a t t e r  is essent ia l ly  equiva len t  
for  the three  substrates,  whichever  group subst i tu tes  
the a rg iny l  radical .  

Due to the final levels a t  which the subs t ra te  is r e -  
qui red  to a l low a pseudo first order  kinet ic  to proceed 
(at  least  10-4M),  adsorpt ion  affects the  e lec t rochemi-  
cal s ignal  of the amine when the potent ia l  exp lora t ion  
is pursed  pas t  the oxida t ion  peak.  This holds especia l ly  
when consecutive sweeps are  effectuated with  the same 
elect rode surface. In  the case of the carbon paste  elec-  
trode, however ,  the surface is r enewed  before each run.  
Therefore,  a l though wide poten t ia l  spans are  a t t a inab le  
wi th  this k ind  of electrodes,  m a n y  de te rmina t ions  are  
exc luded  wi th in  the dura t ion  of the kinetic.  Actual ly ,  
this technique is essent ia l ly  res t r ic ted  to endpoint  
procedures.  F r o m  this poin t  of view, solid e lectrodes 
such as p l a t i num electrodes provide  a more  sui table  
tool for continuous determinat ions .  This point  is ex-  
amined  below. 

Influence of dimethFlsulfoxide and of glycine.-- 
DMSO has to be incorpora ted  wi th  the solutions to en-  
sure  a sufficient dissolution of the substrates,  even at  
the  10-4M level. Glycine,  which is known to s tabi l ize 
pro te in  solutions, was also used at  the 0.05M concen-  

Table I. Observed oxidation peak potentials of various electrogenic 
substrates compared to those of the corresponding free amines in 
aqueous solutions (tris/NaCI pH 7.45 buffer). Concentrations fall 

in the 0.1 mm range. Mean deviation ___5 mV. 

E ~  (V) E,~ (V) 
S u b s t r a t e s  s u b s t r a t e  f r e e  a m i n e  E,~ (S) - Ep," (f .a)  

D,L B A P A D A  0.44 0.I0 0.34 
S-2497 0.46 0.I0 0.86 
S-2421 0.97 0.62 0.35 

] an B A P A D A~ an i 

\ c a t u  I \ c a t  

Cl.4 "-' 0.0 0.4 C t,0 

S-2~!97 

' ~  ca t  }JA 

3,10-6~ 
0,4 C~O 0,4 0:0 

S-2421 

5,5 ,10 -6 M 1.1 ,10-SM 
1,0 0.6 1.0 0,5 

E(V) vs SCE 

Fig. 3. Cyclic voltammograms of the substrates at the carbon 
paste electrode (scan rate: 0.2 V/sec; in tris/NaCI/Gly/DMSO 
solutions at pH 7.45). 

t rat ion.  The effects of these compounds are  descr ibed 
in l ight  of the fea tures  of the amine  oxida t ion  signal:  
Ep a --  Epa (1/2) ,  the  peak  to h a l f - p e a k  poten t ia l  
difference, Epa, the peak  potent ial ,  and the ip~/C ra t io  
(Table I I ) .  

The addi t ion  of DMSO m a r k e d l y  reduces  the  {pa/C 
rat io and hinders  the revers ib i l i ty  of the charge t rans-  
fer, as i l lus t ra ted  by  increas ing Epa --  Epa (1/2) values.  
As the  increase  in the viscosity of the solutions cannot  
i tself  expla in  the impor tance  of the observed effect, i t  
is envisaged tha t  DMSO combines to dissolve super -  
ficially the paraffin used to e labora te  the  e lec t rode  
mater ia l .  Thus, the increas ing i r r eve r s ib i l i t y  would 
account for ,an etching phenomenon of the e lec t rode  
surface by  d iminishing its cata lyt ic  proper t ies  r a the r  
than for an e lec t rokinet ic  effect occurr ing in the  double  
layer .  

Pe r  se, glycine does not  inh ib i t  the revers ib i l i ty  of 
the vo l t ammet r i c  peak  since the Ep a --  Ep a (1/2) va r i a -  
t ion remains  the same as for  acidic solutions;  the ob-  
served 40 mV correspond to a n u m b e r  of exchanged  
electrons in te rmedia te  be tween  one and two, which is 
compat ib le  wi th  the mechanism descr ibed e lsewhere  
for the ac tua l  sweep ra te  (6). Al though glycine shows 
no significant effect on the revers ib i l i ty  of the elec-  
t ronic t ransfer ,  i t  never theless  affects the  posi t ion of 
the peak  potent ial ,  r ender ing  it more  anodic. Inc reas -  
ing the amount  of DMSO acts l ikewise.  In  the case of 
glycine instead, i t  is p robab le  tha t  the amino acid 
modifies the s t ruc ture  of the so lven t -e lec t rode  in t e r -  
face, p r e sumab ly  th rough  local  adsorpt ion.  Hence, the  
t ransfer  of the electrons l ike ly  occurs under  different  
local pH condit ions which would  be responsible  for  
the  anodic shift. On the other  hand,  adsorpt ion  of 
glycine molecules  might  also res t r ic t  the  effectiveness 
of the e lect rode surface. I t  is thus not  surpr i s ing  to 
note a cor re la t ive  decrease  in the  {pa/C values.  

F rom these pa r t i a l  results,  i t  can be concluded tha t  
accurate  de te rmina t ions  of  peak  heights  requi re  p re -  
cise expe r imen ta l  conditions. The poten t ia l  shif t  is un -  
impor t an t  wi th  r ega rd  to amperomet r i c  procedures  
unless a fixed poten t ia l  detect ion is used. The cu r ren t  
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Table II. Electroanalytical data for the cyclic voltammograms of pADA in aqueous 
tris/NaCI pH 7.45 solutions. Influence of the glycine and dlmethylsulfoxide content on the 

anodic peak function, the peak potential, and the peak-to-peak differences. Concentration 
of the depolarizer: 0.4 mmol. Mean deviation •  mV. 

Ionic I p a / C  Ep a -- Ep ~ (1/2) E p  a - -  Ep e 
strength (M) Glycine (M) DMSO ( w / w % )  (A.1./mol) Ep, (V) (V) (V) 

0.15 0 0 0.163 0.100 0.040 0.060 
0.15 0 5 0.138 0.150 0.060 0.200 
0.15 0 10 0.115 0.180 0.080 0.280 
0.15 0.05 0 0.144 0.100 0.040 - -  
0.15 0.05 5 0.127 0.100 0.040 - -  

function ipa/C, however, reflects the additive influences 
of the DMSO and glycine content. A calibration curve 
must  therefore be assessed prior to the t i tration. In  
the following, the results wil l  be referred to 5% v / v  
DMSO and 0.05M glycine solutions. 

Inf luence of t h r o m b i n . - - S i m i l a r l y ,  the influence of 
the thrombin content  is studied through the modifica- 
tion of the anodic half-cycle of pADA oxidation. 
Results are presented in Table III  for p,H 7.45 and 8.47. 

Proteins, especially thrombin  (9) and albumin,  are 
known to readily adsorb on synthetic surfaces. The 
anodic shift shown by the peaks in proportion to the 
added amount  of protein probably accounts for that  
phenomenon,  in the same way as glycine does. In the 
activity range in which the electrochemical assay is 
monitored, ca. 0.1 NIH unit,  the disturbance caused by 
thrombin  can be neglected. The electrochemical char-  
acteristics of the vol tammograms are not drastically 
modified by the adsorption of proteins, provided that  
the concentrations fall below a given l imit  (Table III) .  
For example, the reversibi l i ty of the charge t ransfer  
rate depicted by the Ep a -- Ep a (1/2) values is ma in -  
tained in aqueous solutions along the range for the 
activity determinat ion of thrombin.  Although the 
icp/ip a ratio offers no analyt ical  exploitation, it can be 
remarked that it does not vary  past a given amount  of 
thrombin.  This should be re levant  for a protein cover- 
age of the electrode surface reaching saturation. After  
its occurrence, it will l ikely slow down the chemical 
reversibi l i ty of the cycle, without  affecting the electro- 
chemical kinetic. 

Human Plasma and Whole Blood Dilutions 
S t u d y  w i t h  the carbon paste e Iec t rode . - -Resu l t s  are 

presented in Fig. 4 and 5 and Table III. 
The comparison with vol tammogram a of Fig. 4 

traced at the reference pH 7.45 (the enzymatic assays 
are actual ly conducted at the lat ter  pH) leads to the 
following remarks:  

The dependence of the peak potentials wi th  the pH 
of the solution is i l lustrated by vol tammograms f, e, 
and a in Fig. 4, traced in  H2SO4 0.7N, pH 3.29 and 7.45, 
respectively. The cathodic shift  wi th  increasing pH is 
re levant  to the thermodynamics.  

The background vol tammograms of blood solutions 
up to 50% dilutions show no evolution electrochemi- 
cally detectable up to at least 30 min. At  the la t ter  
concentration, the anodic width of potent ial  reaches 
0.4V vs. SCE. This indicates that  the protein  content  
remains electrochemically inactive at the carbon paste 
electrode, at least with respect to charge t ransfer  r e -  
a c t i o n s .  

It is worthy to note that  as much as a 10% p l a s m a  
or blood content  reduces the peak current  funct ion 
ipa/C by less than 10%, see Table III  and vol tammo- 
grams b, c, and d in Fig. 4. This result  is of g r e a t  
interest,  keeping in mind that  the an t i th rombin  III  ( o r  
thrombin)  content  usual ly  estimated this way is in -  
cluded in few micro]iters of pure sample; therefore, 
there is no need to set up accurate cal ibrat ion curves 
with respect to the final amount  of proteins, prior to  
the assay. 

Lowering the di lut ion of blood or plasma still m a i n -  

t a i n s  l inear  relationships in the amperometric  deter-  
minat ion of pADA. Figure 5 gives the ipa/C values a s  

a function of the plasma or blood dilution. Once t h e  

data are corrected by taking into account the viscosity 
changes, there is no significant difference between 
these biological fluids. In part icular ,  the presence of a 
heterogeneous phase brought  by the figurative e l e m e n t s  

of blood (the haematocri t  is about 45%) does not a f f e c t  

the applicabili ty of the method. When undi lu ted  blood 
or plasma samples are tested, it  is just  necessary to  

adjust  the calibration curve to the conditions for t h e  

actual  assay. This feature definitely marks the a d -  

v a n t a g e  of the electrochemical assay over the photo- 
metric one for t rypsin- l ike  enzymes in heterogeneous 

Table III. Electroanalytical data from the cyclic voltammograms of pADA solutions in the 
presence of thrombin, plasma, and blood dilutions. 

Ep a - -  g p  e Ep a - -  E v  a (1/2) I v a / C  
Ep a (V) (V) (V) Ipe/lpa (A.l./mol) 

pH 8.47 0 NIH-U/ml 
1 NIH-U/ml 

pH 7.45 0 NIH-U/ml 
0.1 N-IH-U/ml 
1 NIH.U/ml 

Plasma 0% 
10% 
20% 
4O% 

10aT,, 
Blood 0% 

10% 
20% 

100% 

0.070 0.210 0.050 0.74 0.165* 
0.090 0.240 0.060 0.75 0.149* 
0.100 0.060 0.040 0.91 0.162 �9 
0,I00 0.070 0.040 0.74 0.162* 
0.130 0.100 0.050 0.74 0.136" 
0.100 0.040 0.144"* 
0.299 0.060 0.135" �9 
0.220 0.070 0.110* �9 
0.230 0.070 0.091 �9 �9 
0.290 0.110 0.061" * 
0.1O0 0.040 0.127t 
0,230 0.060 0.121t 
0.220 0.060 0.103t 
0.280 0.080 0.074t 

�9 Without glycine and without DMSO. 
*�9 With 5% DMSO. 
t With 5% D~iSO and glycine 0.05M. 

Concentration of the depolarizer 0.4 raM. Mean deviation ~5 inV. 
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Fig. 4. Cyclic voltammograms of pADA at the carbon paste elec- 
trode (scan rate 0.2 V/sec, pADA ---- 0.26 mM). a, Tris/NaCI/Gly/ 
DMSO pH 7.45; b, 1/10 human plasma (tris/NaCI/Gly/DMSO; 
pH 7.45); c, 1/10 whole blood (tris/NaCI/Gly/DMSO; pH 7.45); d, 
1/5 whole blood (tris/NaCI/Gly/DMSO; pH 7.45); e, Britton-Robln- 
son buffer pH 3.29 (NaCI/Gly/DMSO); f, 0.70N H2SO4. 

fluids such as blood, wi thout  tu rn ing  to p r e l i m i n a r y  
centr i fugat ion.  

In  concent ra ted  fluids and immed ia t e ly  fol lowing the 
mixing,  the  peak  ampl i tude  for p A D A  oxida t ion  de-  
creases up to ca. 50% of the or ig ina l  ampl i tude.  Be-  
cause the  decrease  is in  re la t ion  to the di lut ion of the 
fluid and not  to the  ana ly t ica l  concentra t ion  of pADA,  
this t r end  cannot  be a t t r i bu t ab l e  to macrophag ic  ac -  
t ivity.  I t  more  p robab ly  concerns a modification of the  
e lec t rode  surface. This poin t  wi l l  be discussed fur ther ,  
in l ight  of the resul ts  obta ined  wt ih  the  p l a t i num elec-  
trode. The da ta  presented  here  account for vo l t ammo-  
grams t raced  passed this t r ans ien t  evolut ion.  

Study with the smooth platinum disk electrode.--For 
prac t ica l  purposes,  i t  is obvious tha t  solid e lectrodes 
po ten t i a l ly  provide  a ve ry  useful  tool, eas i ly  appl icab le  
to au tomated  or s emi -au toma ted  ana ly t i ca l  t i t rat ions,  
p rov ided  tha t  severa l  requisi tes  a re  fulfi l led: 

1. The act ive surface of the e lec t rode  shal l  be sensi-  
t ive enough and show evidence for reproduc ib le  peak  
currents ,  inc luding constant  background  currents .  
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Fig. 5. Peak amplitudes vs. blood or plasma dilution relationships 
(with viscosity correction; scan rate 0.2 V/sec). 
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2. To a t ta in  this purpose,  i t  m a y  be  essent ia l  to 
e labora te  a precise protocol  of p re t r ea tmen t .  

3. The amperomet r i c  t i t ra t ion  shah  be  effectuated as 
f r equen t ly  as possible  dur ing  the  course of the  amido-  
lyric hydro lys i s  of the  substrate .  Thus, the  same e lec-  
t rode surface shal l  opera te  severa l  t imes whi le  the  
poten t ia l  is mult icycled,  wi thout  showing hysteresis ,  
i.e., the weaken ing  of i ts cata lyt ic  proper t ies  and wi th -  
out  res t r ic t ion of its effective a rea  (wi th  respect  to 
adsorbed  species, for example ) .  

The fol lowing resul ts  have been  ob ta ined  in aqueous 
t r i s /NaC1/g lyc ine /DMSO solutions buffered at  pH ?.45. 
Blood and p lasma  di lut ions were  p r e p a r e d  jus t  b y  
mix ing  the biological  fluids wi th  the  aqueous buffer. 

Pretreatment procedure.--The background  t race  of 
metal l ic  e lectrodes in aqueous solutions is qui te  sensi-  
t ive to the chemical  s ta te  of the  surface and to ad -  
sorbed oxides. Therefore,  the e lectrodes a re  of ten sub -  
jec ted  to r a the r  cumbersome prepolar izat ions ,  des t ined  
to obta in  reproducib le  background  vo l t ammograms  of 
the solvent .  Inasmuch  as the  po ten t ia l  region of  the  
amine  undergoing  oxida t ion  is res t r ic ted  to few hun -  
d red  mi]livolts,  i t  would  be  sui table  to app ly  a p re -  
t r ea tmen t  p rocedure  inside of this span. Results  show 
that  an i n t e r rup t ed  t r i angu la r  sweep of potent ia l  be -  
tween --0.1 and +0.4V promotes  the  r ise of a s t eady-  
s ta te  background  cycle, w h a t e v e r  solvent  is used, 
aqueous or  biological.  In  the  l a t t e r  case, the  dura t ion  
of the p r e t r e a t m e n t  is even shortened.  The in t eg ra ted  
currents  of the  l imi t ing  vo l t a mmogra m is a lways  
smal le r  than  the in i t ia l  trace.  I t  is assumed tha t  the 
g radua l  charging of the double  l aye r  is responsible  for 
the decrease.  Af te r  the appl ica t ion  of the descr ibed 
prepolar izat ion,  the  background  currents  superpose  
qui te  reproducib ly ,  wi th in  a 10 -2 #A dispersion. In  
par t icu lar ,  no cur ren t  increase or  decrease  develops on 
pro longed cycl ing over  a per iod  of t ime of at  least  30 
min. Here, the nar rowness  of the exp lo red  potent ia ls  
and  the g radua l  abras ion  of the  oxide peaks  avoid some 
t ime-dependen t  effects r e la ted  to the  presence of  p r o -  
teins in the solut ion (9). 

Refinements ]or  the detection of pADA.--The op t imum 
anodic and cathodic l imits  for the  t r i angu la r  sweep 
were  analyzed  in the l ight  of the shape of the resu l t -  
ing anodic half-cycle .  Results  showed the re la t ive  
un impor tance  of the  potent ia l  bounds provided  that  
the p r e t r e a tme n t  procedure  is appl ied  before  and p ro -  
v ided tha t  the l imits  coincide wi th  those of the  p r e -  
cycling. Of some impor tance  ins tead is the  res t  t ime 
separa t ing  two consecutive runs, for  the adsorbed ma-  
ter ia l  fo rmed dur ing  the e lec t rochemical  conversion 
somewhat  reduces the  ampl i tude  of the consecutive 
:~oltammograms. The op t imum res t  t ime could not  be 
less than  45 sec. 

E lec t roca ta ly t i ca l ly  speaking toward  a romat ic  h y -  
drocarbons  or  amines, p l a t i num surfaces a re  known  to 
behave  poorly,  in any  event  less than  the  carbon pas te  
mater ia l .  I t  is the re fore  not  surpr is ing  tha t  the pADA 
vo l t ammograms  show i r revers ib le  profiles. Al though  
the cr i ter ia  for e lec t rochemical  r evers ib i l i ty  are  fa r  
f rom being met,  the amperomet r i c  detect ion gives 
never theless  s t ra ight  and propor t iona l  ipa/C �9 p A D A  
relat ionships,  in any  point  comparable  to those ob-  
ta ined using the carbon paste  electrode.  The ampl i tudes  
are  in correspondence wi th  the respect ive  geometr ica l  
a reas  (Fig. 5). 

Calibration of the platinum electrode in plasma and 
blood dilutions.--As was observed wi th  the carbon 
paste  electrode,  the peak  ampl i tudes  recorded wi th  the 
p l a t inum electrode show l i t t le  weaken ing  in blood and 
p lasma  di lut ions (vo l t ammograms  b and c, Fig. 6) up 
to 10%, if compared  agains t  a vo l t ammogram on the 
re ference  (vo t t ammogram a) in aqueous medium.  I t  is 
also typica l  to note  tha t  the peak  separa t ion  Ep ~ - -  Ep c 
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Fig. 6. Cyclic voltammograms of pADA at the pretreated smooth 
platinum electrode. (Scan rate 0.2 V/sec; tris/NaCI/Gly/DMSO pH 
7.45). a, Aqueous solution; b, 1/10 diluted whole blood; c, 1/10 
diluted plasma; d, undiluted whole blood. 

decreases wi th  the biological  mixtures .  Probably ,  the 
occurrence of the coated prote ins  favors the chemical  
revers ib i l i ty  of the redox couple by  slowing down the 
propens i ty  to migra te  away  (as might  occur wi th  more  
effective adsorpt ion  in the  presence of coated pro te ins) ,  
a l though wi thout  in ter fer ing  with  the diffusion ra te  
toward  the e lect rode surface. 

The more  in teres t ing  resul t  concerns the peak  
height  for pADA oxidat ion  which fa i r ly  well  compares  
in aqueous buffers wi th  even pure  blood (vo l t ammo-  
g r am d in Fig. 6). These findings give rise to the  da ta  
p lot ted  in Fig. 5 for  the p l a t i num electrode in corre-  
spondence with  those re fe r r ing  to the carbon paste  
electrode. The comparison is quite a t t rac t ive  inasmuch 
as i t  shows the neglec table  influence of the  blood or  
p lasma  content  of the  solution onto the cal ibrat ion.  In  
turn, these resul ts  indicate  that  the t rans ient  decrease 
of the peaks t raced  wi th  the  carbon paste  e lect rode 

are  to be re la ted  to surface effects, b u t  not  to the con- 
sumpt ion of the depolar izer  by  the biological  fluids. 

I t  is obvious that  the insens i t iv i ty  to the biological  
env i ronment  confers to the  p re t r ea t ed  p l a t inum elec- 
t rode a definite advan tage  over  the o ther  e lectrode 
systems. I t  also affords a subs tant ia l  re l ief  in the p rac -  
t ical  p rocedure  preceding the enzymat ic  assay. 

On the o ther  hand, ca l ibra t ion  curves proving tha t  
the measured  signal  is a l inear  function of concentra-  
tion have been publ ished in other  papers  of this series 
(3); the  funct ion is essent ia l ly  ident ica l  for aqueous 
solutions, h u m a n  plasma,  and  whole  blood dilutions.  

Conclusion 
An e lec t roanaly t ica l  method for  the  s tudy  of en-  

zymatic  kinetics is proposed.  The use of modified elec-  
trode surfaces through the adsorpt ion  of prote ins  a f -  
fords a new insight  into the behav ior  of clot t ing en-  
zymes in the presence of insoluble  mate r ia l s  or  into 
whole  blood dilutions.  

Manuscr ip t  submi t t ed  Sept .  18, 1980; rev ised  manu-  
scr ipt  received Jan.  5, 1981. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1981 
JOURNAL. All  discussions for  the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs of this article were assisted by the 
Universitd Paris-Nord. 
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ABSTRACT 

The electrochemical oxidation of p -aminodiphenylamine  w a s  i n v e s t i g a t e d  
in the 0.1 mmol  concentrat ion range and in H2804 aqueous solutions. Cyclic 
vo l tammetry  with slow scan rates at the carbon paste electrode and controlled 
potent ial  step electrolysis were the techniques followed. Results suggest that  
the ini t ia l  oxidation stage produces p-quinodi imine  via an ECE process. This 
two-electron oxidat ion product  fur ther  undergoes addit ion reactions involving 
the depolarizer. The hydrolysis of the adduct is assumed to yield a quinoidal  
derivative, ani l ine and ammonia,  as deduced from step coulometry a n d  
visible spectroscopy experiments.  The sequence of the decomposition which 
is proposed integrates most of the results available elsewhere. No polymeriza-  
t ion of the s tar t ing mater ia l  occurs in the used working conditions. 

p -Aminod ipheny lamine  (pADA) appears to be a con- 
venient  marker  for the electrochemical de terminat ion 
of enzymatic  activities. The electroanalytical  procedure 
is based on the periodical detection of the amine con- 
centrat ion level in the assay solution using its oxida- 
tion signal. The amine  is released through a hydrolytic 
cleavage from a specific substrate by the enzyme (1-4). 

This paper  is aimed at gathering some mechanist ic 
informat ion  on the electrochemical behavior  of the 
marker .  The electroanalyt ical  data available in  the 
l i te ra ture  are more concerned with the pADA as an 
in termedia te  in the general  oxidation pa t te rn  of ani l ine 
and its related derivatives than per se. In  the proposed 
reaction pathways, pADA is generated from the head- 
to- tai l  coupling of ani l ine with the an i l in ium radical 
after  it  has been formed at the electrode surface. 
Strong acid solutions favor this reaction scheme, 
whereas weaker  acidities favor the al ternate  formation 
of ta i l - to- ta i l  products, the benzidines (5, 6). The 
pADA oxidation was described as producing N-phenyl  
p-benzoquinonedi imine,  via the t ransfer  of two elec- 
trons. Compounds of this series are known to undergo 
readi ly  a hydrolyt ic  decomposition reaction leading to 
p -qu inone  formation with ani l ine as side product. The 
in termediate  for the proposed pathways, N-phenyl  
p -qu inone imine  has, however, never  been character-  
ized, nei ther  in the solution following macroscale 
electrolysis nor  vol tammetr ica l ly  at the electrode sur-  
face (7). 

Product  isolation work in aqueous solution met  only 
with mixed success. Leedy and Adams (8) have iso- 
lated and ful ly identified p-benzoquinone  as the u l t i -  
mate  product  of the decomposition stages. Hand and 
Nelson (6) have terminated the preparat ive  electrolysis 
of pADA at 1.0V with n values of 6. Cyclic vol tam- 
met ry  runs on the solution showed that  essentially all  
the parent  mater ia l  had been consumed. The I-E curves 
were identical  with those obtained from a solution of 
hydroquinone.  No other peak was observed. In other 
studies, various coupling derivatives, such as Wil l -  
stutter blue and Willst~tter red imines as the inter- 
mediates, have been evidenced electrochemically. On 
the other hand, the final product of the oxidation of 
aniline in aqueous solutions was depicted, nearly a 
century ago, as being an oligomer of aniline, called 
aniline black, usually supposed in the form of a linear 

* Electrochemical Society Active Member. 
Key words: p-aminodiphenylamine, aromatic amines. 

octamer named emeraldine.  Isolation experiments  indi -  
cated that at least a major  const i tuent  of this precipi-  
tate is a qu inone-hydroquinone  mixture,  al though the 
full  composition thereof has not  been completely elu-  
cidated. Results show that  it is actual ly composed of 
many  adducts of unspecified structure,  depending on 
the electrolysis parameters:  parent  to in termedia te  
ratio, concentrat ion range, current  density, etc. 

The aim of this work is to provide addit ional  insights 
into the mechanism of the pADA oxidation in  solutions 
ini t ia l ly  exempted from the parent  ani l ine molecule 
and in the tenth mil l imolar  concentrat ion range. In  
order to detect the possible intermediates  issued from 
the decomposition reactions, slow scan cyclic vol tam-  
merry and step coulometry experiments  have been 
used. The results reported herein show that  addit ional 
features ought to be taken into account to describe 
the electrochemical behavior  of pADA. Also some 
new indications are given with respect to the redox 
content  of the solution following part ial  electrolysis. 

Experimental 

I~strumentation, cells, and electrodes.--The ins t ru-  
men t  used for the electroanalytical  studies was a s tan-  
dard amplif ier-based potent ios ta t /galvanosta t  PAR 
Model 173 (Princeton Applied Research) provided 
with a three electrode configuration. Current -vol tage  
and cur ren t - t ime  curves were monitored with a Sefram 
TGM X-Y recorder and generated with a function gen-  
erator PAR Model 175. For electroanalytical  experi-  
ments, a one-compar tment  cell containing a carbon 
paste electrode (CPE),  p la t inum wire auxiliary, and 
aqueous SCE reference was employed. Before each 
run, the carbon paste surface was renewed. The work-  
ing electrode circuitry was buffered with a high im-  
pedance electrometer PAR Model 178. 

Coulometric n values were obtained with a PAR 
Model 175 coulometer. The vessel consisted of a two- 
compar tment  cell in  which the p la t inum wire auxi l iary  
electrode was in one compar tment  and the p l a t inum 
gauze working electrode and aqueous SCE reference 
were in the other; the two were separated by a glass 
flit. In aqueous H2SO4 solutions, experiments  were 
conducted in the presence of 5% added methanol;  these 
conditions proved to facilitate the dissolution of t h e  
reactants. The analyt ical  concentrat ion range for pADA 
was in all cases 0.1-0.4 retool. 
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So l ven t s  and r e a g e n t s . - - A q u e o u s  solutions were pre-  
pared from doubly distilled water  and reagent  grade 
H2SO4 or s tandard buffer reagents. The pADA was a 
commercial  product from Fluka  (Switzer land) ,  puriss. 
p.a., which was purified by successive recrystal l izations 
from water /e thanol  mixtures.  The amine was stored in 
the dark and was not  used after  one week storage. All  
other materials  were reagent  grade and  were used 
without  fur ther  purification. 

Results 
The electrochemistry of this compound in aqueous 

H2SO4 solutions can be broadly characterized as in -  
volving an ini t ial  reversible charge t ransfer  followed 
by a series of hydrolysis reactions including the parent  
material.  A typical cyclic vol tammogram is repre-  
sented in Fig. 1. At low scan rates, a m a x i m u m  n u m b e r  
of three anodic peaks and four major  cathodic peaks 
can be detected. In  order to avoid confusion, since some 
couples behave i r revers ibly (when the cathodic 
counterpar t  of the half-cycle is missing or shifted),  
the half-cycles are numbered  separately. Anodically, 
they will  convenient ly  be labeled in  the order of ap-  
pearance from the r ight  to the left: ip a~, ip a2, and ipas; 
with respect to the cathodic peaks, ip c~ is assigned to 
the reversible redox couple and associated to ip a~. The 
others are referenced as indicated in the figures. In  the 
following, the label ip indifferently refers to the na ture  
of the couple or to the peak height. The decomposi- 
tion sequence can be revealed by  cyclic vo l tammetry  
by applying different pH and sweep rate conditions for 
the kinetics are pH dependent.  

Thermodynamic Features 
In buffered aqueous solutions from pH 8 to H2SO4 

5.6N, the cyclic vol tammogram of pADA, restricted to 
the first system, exhibits a reversible redox couple, 
ip ~ -- ip c~ (Fig. 1), followed by other i rreversible sys- 
tems. The features of this couple are markedly  de- 
pendent  on the acidity level and on the scan rate. 

The position of the first anodic peak lies in pH de- 
pendence according to the relat ion (1) 

Ep a~ ~-- -- 0.06 pH + 0.53V vs. SCE [1] 

At 0.2 V/sec sweep rate, the anodic-to-cathodic peak 
separation is close to 60 mV up to ca. pH 7.5, where-  
upon the peaks separate and the system behaves i r re-  
versibly. Variations in absolute ip a~ values resul t  in  
increases in the viscosity of the solutions as the tt2SO4 
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Fig. 1. CPE cyclic voltammograms of pADA in aqueous H2SO4 
2.64N solutions, pADA 0.24 mmol; v 0.075 V/see. 

content  is increased. Except for s trong acid solutions 
for which the pH definition is meaningless,  no break 
occurs in coincidence with the acid-base constant for 
pADA dissociation (PKa'(pADA, H+/pADA)  : 5). 
With respect to the Nernst  equation, that  slope pre-  
dicts that an equal number  of electrons and protons 
are globally lost by the species undergoing the elec- 
trochemical oxidation. 

Electroanalytical Features 
T h e  revers ib le  ip~I/ip cl coup~e . - -The  electrochemical 

behavior of the first couple is described by the data 
reported in Table I. The extent  to which filming effects 
affect the electroanalytical  data is unknown;  however, 
the data presented are reproducible wi th in  the 5% 
dispersion normal ly  a t t r ibuted to the reproducibi l i ty  
of the CPE. I t  is found that  Ep a~ values are constant  
with slow sweep rates. A slight t rend to shift anodically 
becomes apparent  with increasing scan rates, the mag-  
ni tude thereof being globally inferior to 20 mV with 
a tenfold increase in the rate of the potential  sweep. 
On the other hand, the anodic peak- to-ha l f -peak  po- 
tent ia l  differences show that  the slowing down of the 
potent ial  sweep favors a reversible two-electron 
transfer, as indicated by values close to the theoreti-  
cally predicted 28 inV. With slow scan rates, the S- 
shaped cathodic cycle and the l imit ing value at tained 
by the ipcl/ip al ratio at a given acidity level show evi- 
dence for a reversible conversion. That  l imit ing value 
cannot be lowered by using scan rates slower than 0.050 
V/sec in strong acid solutions. It remains  likewise con- 
s tant  by varying the switching potent ial  E~ up to the 
foot of peak ipaa at 0.9V. The reversibi l i ty  of the follow- 
up reaction is also corroborated by applying mult iple  
potential  scans at 0.010 V/sec scan rate to the first 
peak, i.e., from 0.0V up to 80 mV past the peak maxi -  
mum:  the cathodic ampli tude ip cl remains unchanged 
whereas the anodic one decreases slightly, but  tends 
to a s teady-state  profile after few runs;  it  is probably  
originated from minor  side-reactions and cannot  be 
ascribed to filming effects since in that  case the global 
ampli tudes are expected to decrease gradual ly  and 
significantly. Increasing the sweep rate v, the system 
apparent ly  evolves to show a monoelectronic charge 
transfer  as indicated by larger Ep at -- Ep al (1/2) po- 
tential  separations. Increasing the acidity of the solu- 
tion acts likewise. These data are corroborated by the 
plot of the funct ion (2) for increasing scan rates and 
acidities ranging from H2SO4 5.6N to pH 8 

ipa~/C, v'/~ = f(~'~) [2] 

where C and v are the analyt ical  concentrat ion of the 
depolarizer and the sweep rate, respectively. Results 
show decreasing slopes in a m a n n e r  similar  to that  
described by Nicholson and Shain for a fol low-up r e -  
ac t i on  after the p r imary  electron t ransfer  (9). This 
suggests a classic ECE mechanism, in which the species 
formed after the ini t ial  oxidation step undergo a 
chemical reaction and lead to more oxidizable species. 

The test for chemical revers ibi l i ty  is best  demon-  
strated by the current  ratio ipCl/ip a~ (Table I).  Results 
show the faster the sweep rate and the lower the 
proton avai labi l i ty  (below pH 8), the best the re-  
versibi l i ty is achieved. In  contrast, more anodic switch- 
ing potentials reinforce this trend. Thus, ipCl/ip at ratios 
vary  from 0.52 to 0.97 with v ranging  from 0.01 to 1.0 
V/sec in H2SO4 5.6N solutions and from 0.52 to 0.94 if 
the acidity decreases from I-I2SO4 5.6N to pH 3.17 at a 
constant  0.010 V/sec sweep rate. On the other hand, 
with a given H2SO4 2.64N level and slow sweep rates, 
the ipeI/ip al ratio remains  constant  at 0.52 when Ex 
keeps inferior to 0.gv; beyond the potent ial  of ip a" at  
1.0V, ipCVip ~ increases significantly. 

The  i r revers ib le  ip a~ r e d o x  p e a k s . - - T h e  i l l-defined 
peaks ip a-+ can only be detected vol tammetr icaUy with 
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Table I. Cyclic voltammetric data of the first reversible redox couple ipa~lip c~ as o function of the 
acidity, scan rate v and the switching potential E~ 
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I~SO, or Ep R1 - Ev a: (1/2) Ep a - -  Ep e 
pH level ~ (V/sec) (V) (V) Ex (V) ipJ/ip a: gp = I (V) ~'pJ" (V) 

0.1N 

0.67N 

2.64N 

0.010 0.030 0.030 
0.020 0.030 0.030 
0.050 0.032 0.032 
0.100 0.034 0.037 
0.200 0.037 0.040 
0.400 0.039 0.046 
0.600 0.045 0.050 
0,800 0.052 0,060 

0.010 0.030 0.032 
0.100 0,032 0,032 
0.500 0.035 0.035 

0.010 0.028 0.026 
0,020 0.028 0.025 
0.050 0,030 0.032 
0.100 0.032 0.032 
0.200 0,030 0.036 
0.400 0.038 0.037 
0.600 0.037 0.037 
0.800 0.044 0.040 
0,010 

0.020 

0,050 

O.I00 

5,60N 

0.17 

4.62 

0,010 0,025 
0,100 0,032 0,030 
1,000 0,046 0,039 

0.010 0,032 0,032 
0.020 0.033 0.035 
0.050 0.033 0.035 
0.100 0.036 0.043 
0.200 0.039 0.049 
0.400 0.046 0,050 
0,600 0,044 0.059 
0.800 0.048 0.062 

0.010 0.033 0.035 
0.020 0.034 0.040 
0.050 0.038 0.046 
0.100 0.037 0.051 
0.200 0,039 0.059 
0.400 0.045 0.070 
0,600 0.051 0.083 
0.800 0.051 0.084 

s low s w e e p  ra t e s  i f  the  ac id  c o n t e n t  of  t he  so lu t ion  e x -  
ceeds 2N. In  these  condi t ions ,  the  a m p l i t u d e  r e m a i n s  
i n f e r i o r  to 15% i f  c o m p a r e d  to ip a*. ip a, shou ld  a c t u a l l y  
be cons ide red  as a c o m p l e x  s y s t e m  s ince  i t  is composed  
of  t w o  bumps .  

The  irrevers ible  i F r e d o x  p e a k . ~ T h e  c o r r e s p o n d i n g  
v o l t a m m e t r i c  da t a  a r e  compi l ed  in Tab l e  II.  A t  p o t e n -  
t ia ls  ca. 0.5V m o r e  anodic  t h a n  the  first  ipa~/ip c~, the  a n -  
odic r u n  g ives  a second m a j o r  r e d o x  p e a k  ip a~ w h i c h  has  
a p p a r e n t l y  n o t  b e e n  t a k e n  in to  accoun t  in  t he  l i t e r a t u r e  
so far.  S l o w  s w e e p  ra tes  and  s t rong  acid  l eve l s  c o n t r i b -  
u t e  to i nc r ea s ing  the  p e a k  h e i g h t  ipa~ ( i t  is h a r d l y  d e -  
t ec ted  above  0.1 V / s e c ;  c o m p a r e  fo r  e x a m p l e  Fig. 1 a n d  
2). A n  i nd i ca t i ve  p lo t  of ip a~ as a f unc t i on  of  the  p H  v a r -  
i a t ion  g ives  an  S - s h a p e d  t rend ,  the  l a r g e r  v a r i a t i o n  b e -  
ing  c e n t e r e d  a round  p H  0.3. Thus,  the  ip a8 p e a k  a m p l i -  
tudes  a re  no l o n g e r  af fec ted  by  ac id i ty  changes  above  
H2SO4 1M, at  cons tan t  v. Resu l t s  also s h o w  t h a t  the  p e a k  

Table II. Cothodic-to-onodic current ratios as a function of the 
acidity and the scan rote for the half-cycles ipa~ and ipa~ 

H~SO~ v (V/sec) ip~s/ip "~ i pa~ / ip  a l  

0.10N 

0.67N 

2.64N 

0.010 0.06 - -  
0.I00 0.05 - -  
0.500 0.03 - -  
0.010 0.40 - -  
0.100 0.06 
0.500 0.05 
0.010 0.50 0~'5 
0.100 0.28 0.09 
0.500 0,080 
0.010 m 0.16 
0.050 - -  0.05 

0.75 0.78 0.450 0.420 
0.89 0.452 0.422 
0.97 0.452 0.420 
0.98 0.432 0.415 
1.00 0.455 0.415 
1.00 0.458 0.412 
1.00 0.480 0.410 
1.00 0.470 0.410 

0.75 0.88 
0.83 
0.92 

0.75 0.52 0.500 0,485 
0.50 0.508 0.485 
0.52 0.510 0.485 
0.60 0.512 0.480 
0.78 0.512 0.480 
0,89 0.516 0.480 
0.94 0.517 0.480 
0.95 0.517 0.480 

0.60 0.60 
1.10 0.85 
0.60 0.50 
1.10 0.83 
0.60 0.50 
1.10 0.74 
0.60 0.78 
1.1o 0,83 

0.75 0.52 0.532 
0.66 0.542 0.512 
0.97 0.546 0.505 

0.50 0.94 0.327 0.295 
0,98 0.330 0.295 
0.97 0.330 0.295 
1.00 0.335 0.292 
1.00 0.339 0.290 
1.00 0.343 0.287 
1.00 0.344 0.283 
1.00 0.345 0.280 

0.50 0.91 0.245 0.210 
0.94 0.250 0.210 
0.95 0.251 0.205 
0.96 0.254 0.203 
0.96 0.255 0.196 
0.95 0.266 0.196 
0.96 0.269 0.186 
0.94 0.272 0.188 

h e i g h t  ip a3 increases  l i n e a r l y  w i t h  t h e  ana ly t i ca l  p A D A  
level .  The  f u n c t i o n  i n t e r sec t s  t he  axis  o r ig in  w h e r e b y  
the  f a r ada i c  n a t u r e  of t he  p e a k  can  be  assessed.  O t h e r -  
wise,  in g i v e n  so lu t ion  condi t ions ,  ip a8 is also l i n e a r l y  
r e l a t e d  to t he  t i m e  ga te  m e a s u r e d  pas t  p e a k  iv al as  
shown  by  the  s t r a igh t  func t ion  i n t e r s ec t i ng  the  o r ig in  
of  the  l i t  axis.  This  holds  w i t h  t i m e  ga tes  s h o r t e r  t h a n  
ca. 30 sec, t h e r e a f t e r  a s a tu r a t i on  prof i le  t akes  place.  

Cathodic p e a k s . - - T h e  ca thod ic  f e a t u r e s  a r e  r e l a t e d  
to t he  pos i t ion  of the  s w i t c h i n g  p o t e n t i a l  E~. W h e n  
Ex p recedes  peaks  ip a'-', one  u n i q u e  ca thod ic  peak  ip cl 
r ises  up,  t he  charac te r i s t i c s  of  w h i c h  a re  c o m p a r e d  to 
those  of  the" assoc ia ted  ip az in  T a b l e  I. As  soon as E~ is 
r e v e r s e d  pas t  ip a-~, the  ca thod ic  h a l f - c y c l e  is d i sp laced  
anod icaUy by  abou t  30 m V  and  the  r e su l t i ng  p e a k  ip c~ 
is s ign i f ican t ly  i nc rea sed  if  c o m p a r e d  to the  p r ev ious  
ip cl (Fig.  1). F ina l ly ,  the  effect  of  se t t ing  the  Ex p o t e n -  
t ia l  back  a t  1.2V, i.e., a f t e r  ip as, is to p r o m o t e  n e w  ca th -  
odic peaks  of  m i n o r  impor t ance ,  on each  side of  ip c~, 
ip c3 at  0.65V, and the  s h o u l d e r e d - p e a k  ip c3 a t  0.43V, t h e  
l a t t e r  b e a r i n g  some  i m p o r t a n c e  as is m e n t i o n e d  l a t e r  
on in the  s tep c o u l o m e t r y  studies.  I t  m u s t  be  no t i ced  
tha t  in the  s a m e  condi t ions  a u t h e n t i c  an i l i ne  samples  
ox id i zed  v o l t a m m e t r i c a l l y  a t  1.0V e x h i b i t  t h r ee  ca th -  
odic peaks  loca ted  at  0.65, 0.51, and  0.43V, m a t c h i n g  up  
in  pos i t ion  and  a m p l i t u d e  w i t h  ip c3, ip c', and  ip c~, r e -  
spec t ive ly .  I t  m a y  be  conc luded  tha t  these  add i t i ona l  
sys tems  are, at  l eas t  pa r t i a l ly ,  p r o m o t e d  b y  the  species  
i s sued  f r o m  the  ip a~ ox ida t ion  peak.  

Step Coulometry Exper;ments with the Platinum Anode 
The  p A D A  o x i d a t i o n  m e c h a n i s m  was  i n v e s t i g a t e d  

us ing  s tep  c o u l o m e t r y  at  t he  0.8V con t ro l l ed  p o t e n t i a l  
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Fig. 2. CPE cyclic voltammograms of pADA in H2SO4 0.67N 
aqueous solutions, pADA 0.39 mmol; ~ 0.100 V/sac. 

in o rder  to avoid in te r fe rence  wi th  the ~pas system. Our 
resul ts  thus complete  the da ta  publ i shed  prev ious ly  in 
the l i t e r a tu re  and concerned wi th  the exhaus t ive  elec-  
t rolysis  of p A D A  at  1.0V for which  n --  6 values  have  
been collected. The da ta  a re  repor ted  on the d i ag ram 
in Fig. 4; the vo l t ammet r i c  curves account ing for  p a r -  
t ia l ly  e lec t ro lyzed solutions up  to one e lec t ron pe r  
pADA molecule  are  r ep resen ted  in Fig. 3; those for  
beyond tha t  amount  in Fig. 5. 

I)A. 

1.0 

|CAT E 

Fig. 5. CPE cyclic voltammograms of pADA in H2SO4 2.64N 
aqueous solutions partially electrolyzed at 0.8V. pADA 0.4 mmol; 
=, = 0.010 V/sac. a, 1.0; b, 1.15; c, 1.50 Cb/pADA. 

1.0 0.0 

J, I c2 

lCAT 

Fig. 3. CPE cyclic voltammograms of pADA in H2SO4 2.64N 
aqueous solutions partially electrolyzed at 0.SV. pADA 0.4 mmol; 
v 0.010 V/sac. a, 0.25; b, 0.54; c, 0.85; d, 1.0 Cb/pADA. 

Ip 

\ 

EI~LYSIS ~ 0.8 V 

1.0 2.0 3.0 4.0 5.0 

C b / p a d a  
Fig. 4. Voltammetric peak amplitude variations as a function of 

the transferred coulombs. CPE electrode in H2SO4 2.64N at ~. 
0.010 V/sac. [ ]  ipa~; I I  ipa2; ~ ipa,; AipC-~; �9 ipC~. 

One electron step co~lometric oxidat ion.mA break  in 
the cha rge / t ime  curve indicates  first a fast  t ransfe r  
of 1.00 _ 0.05 e lec t ron  per  depolar izer  molecule.  A 
t rans ien t  deep-b lue  colorat ion resul ts  before  the solu-  
t ion turns  g radua l ly  deep-green .  Vo l t ammograms  
t raced  whi le  the e lectrolysis  is pe r fo rmed  show a 
corre la t ive  decrease  of peak  ipal. This peak  vanishes 
when the fa rada ic  equiva lency  is a t ta ined,  whereas  the 
associated cathodic t race remains  una l t e red  (if  com- 
pa red  to the unelec t ro lyzed  solution) if  Ex is reversed  
pas t  ipa2. When  E~ is reversed  jus t  a f te r  ip al, the de-  
crease of ipcl para l le l s  tha t  of ipa~. The l imi ta t ion  of the  
anodic exp lora t ion  to pas t  the first peak  ip al also resul ts  
in constant  ipcVip al values. As shown in Fig. 3 and 4, 
/~a'~ increases whi le /pc ,  remains  constant  wi th  increas-  
ing  electrolysis.  This suggests tha t  ipa~ is r e l evan t  for  
the oxida t ion  of r e l a t ive ly  s table  products  be ing  formed 
dur ing  the in i t ia l  step of the e lec t rochemical  oxidat ion,  
while  ip c~ is p romoted  by  the reduct ion  of products  gen-  
e ra ted  via  ip a~ and ip a~. 

Over one-electron step coulometry oxidat ion.--At  
this t ime, the vo l t ammograms  have to be s ta r ted  f rom 
the rest  potent ia l  of the  solut ion located in the region 
of the d i sappeared  first peak. Af te r  the t ransfe r  of the 
first electron, two addi t ional  charges are  necessary  to 
ensure the consummat ion  of peaks ipa2; meanwhi le ,  a 
g radua l  l ightening of the deep -g reen  colorat ion can be 
observed  in the solution. At  the end of the exper iment ,  
the  only remain ing  anodic fea ture  is r ep resen ted  b y  the 
peak  ip a~, not concerned wi th  the e lectrolysis  conducted 
at  0.8V; when the used scan ra tes  are  slow, the  peak  
ampl i tude  remains  constant  and  reflects the sum of 
the bu lk  and e lec t rode  concentrat ions  of the species 
undergoing  oxidat ion  at  1.0V. 

The ma jo r  change in the cathodic fea tures  rises up 
with  the extension of peak  ipc~ at  0.43V, which  g radu-  
a l ly  over laps  ipc, (Fig. 5). I t  must  be noted that  peak  
/pC-" or ig ina l ly  exists  as a shoulder  p romoted  by  the p r e -  
cursor  oxidat ion at  ip a~ (Fig. 1) or by  the  use of in -  
sufficiently purif ied (a tmospher ica l ly  oxidized)  pADA 
samples. The decrease  of peak  ipc~ (ipc" merges  wi th  ip c~ 
on the cathodic back  runs t raced  f rom 1.2V) occurs in 
propor t ion  to the increase  of peak  ip c'~ (Fig. 4.). 
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Fig. 6. CPE cyclic voltammograms of pADA in H2SO4 2.64N 
aqueous solutions partially electrolyzed, pADA 0.30 mmol; v ~- 
0.010 V/see. a, Initial solution; b, following 3 Cb/pADA electroly- 
sis at 0.8V; c, after the 2 Cb/pADA electrolysis at 0.0V following b. 

These observed changes opera te  wi th in  the two-e lec -  
t ron  coulometr ic  t ransfe r  in p ropor t ion  to the charge 
ba lance  exceeding  one equivalent ;  thereaf ter ,  the solu-  
t ion is no longer  oxid izable  at  0.8V and the cathodic 
peak  heights  r ema in  constant .  

Reverse  s t ep  cou lome t ry  at  O.OV fo l l ow ing  tha t  con- 
duc ted  at  0 . 8 V . - - A f t e r  the exhaus t ive  th ree -e lec t ron  
electrolysis  ca r r ied  out  at  0.8V, the contro l led  potent ia l  
was set at  0.0V in order  to in tegra te  the ox ida t ive  ca-  
pac i ty  of the resul t ing  solution. The Q/ t ime  funct ion 
indicates  the r ap id  proceeding of a two-e lec t ron  reduc-  
tion per  or ig inal  pADA molecule.  The final vo l t ammo-  
g r am consists in an anodic peak  ip a~ (Fig. 6) at  Ep a~ = 
0.53V (s l ight ly  more  anodic than  the  d i sappeared  ip al 
peak) ,  exempted  f rom the ip a~ peaks  character is t ic  of 
the  pADA basic sys tem and preceding  the st i l l  r e ma in -  
ing and unchanged  ipa8 peak.  Thus, the reverse  elec-  
t rolysis  conducted a l t e rna t ive ly  at  0.8 and 0.0V ap -  
p a r e n t l y  operates  the i r r evers ib le  change f rom the 
or ig inal  pADA reducer  to a mix tu re  composed of two 
e lec t roact ive  reducers  able  to undergo two oxidat ions,  
a t  0.53V ( revers ib le)  and at  1.0V ( to ta l ly  i r r eve r s ib l e ) ,  
respect ively .  

Visible Spectroscopy 
Visible spect ra l  curves recorded  for pa r t i a l l y  elec-  

t ro lyzed  solutions of p A D A  in 2.64N H2SO4 are  shown 
in Fig. 7 a-b.  Whereas  the  in i t ia l  curve and the final 

.+ 

& B 
N H  ~ ~ N H  - I  L N H  

O-e-O 0 
(i) 

t ion band  in the p A D A  region  a round  750 n m  (6) and  
a weak  band  at  420 nm, in the  quinone absorpt ion  r e -  
gion; another  t rans ien t  absorpt ion  band,  not  a t t r ibu ted ,  
occurs at  500 nm. The increase  of the ma jo r  absorpt ion  
band,  r e la ted  to the number  of t r ans fe r r ing  coulombs, 
reaches  a m a x i m u m  value  for  one equivalent ,  t he re -  
af ter  i t  decreases g radua l ly  as shown in Fig. 7b. 

Discussion 
Electroanalytical Results 

Since no appa ren t  b reak  produces  on the Ep ~ vs. p H  
plots and since the ipa~ values  a re  med ia ted  by  viscosi ty 
changes r a the r  than  by  changes in the diffusion coeffi- 
cients, i t  can be pos tu la ted  tha t  in the  s tudied  pH 
range  the same react ing species undergo oxidat ion  at  
the e lect rode surface. I t  follows tha t  fast  depro tona -  
t ion reac t ion(s )  ought  to precede the e lec t ron t r ans -  
fer, wi th  rates  unable  to compete  wi th  the po ten t ia l  
sweeps tha t  have  been  used. Such a conclusion is in 
agreement  wi th  compara t ive  chronopotent iometr ic  (10) 
and vo l tammet r ic  (11) studies pe r fo rmed  wi th  nu -  
merous aromat ic  amines in aqueous H2SO4 solutions. 
Fo r  example ,  as opposed to N ,N-d ime thy l  p - p h e n y l e n e -  
d iamine  and p -pheny lened iamine ,  the  oxida t ion  p a t h -  
w a y  of pADA and of d ipheny lamine  were  found to be -  
have qui te  differently.  In par t icu lar ,  no region of k i -  
net ic  control  occurred in the s tudied pH range.  L ike -  
wise, the mechanism for the  e lec t rochemical  ox ida t ion  
of an i l in ium solutions involved a fast  p recursor  depro-  
tonat ion step fol lowing adsorpt ion  onto the e lect rode 
(12). I t  wil l  therefore  be pos tu la ted  tha t  the oxida t ion  
peak  ipa~ involves the same form, wha teve r  ac id i ty  
level  condit ion prevai ls .  This form is supposed to be  
the uncharged  depolar izer  molecule, for  another  as-  
sumpt ion would less easi ly  expla in  the ease of the oxi-  
dat ive  a t tack  and the s tab i l i ty  of the mul t i charged  
species tha t  would  resul t  f rom the  oxidat ion  as well .  
Above pH 7.5-8, the  anodic - to -ca thodic  peak  separa t ion  
splits, as a resul t  of a hydrolys is  react ion affecting the 
oxidized species under  mi ld  a lka l ine  condit ions (13a). 

To keep constancy wi th  the coulometr ic  results,  i t  is 
necessary to envisage tha t  two neu t r a l  molecules of the 
depolar izer  par t i c ipa te  g lobal ly  in the oxidat ion  step, 
thus t rans fe r r ing  an equal  n u m b e r  of electrons.  These 
two charge t ransfers  are  separa ted  by  a chemical  con- 
version, as indica ted  by  the slope of the  ipal/C �9 v'/g --  
f(~'/2) function.  S low scan ra tes  a l low the  reac t ion  to 
proceed wi thout  in te r fe r ing  wi th  the second charge 
transfer .  Accordingly,  wi th  reference  to the Ep a~ --  Ep r 
and Ep a~ --  Ep al (1/2) values,  two electrons are  k i -  
ne t ica l ly  exchanged successively.  Conversely,  appl ica-  
tions of fas ter  scan rates  show only the t ransfe r  of one 
electron, owing to the compet i t ive  chemical  reaction.  
Hence, jus t  one pa ren t  molecule  loses appa ren t ly  one 
electron, the second species mere ly  serves as a neu-  
t ra l iz ing organic base,  a l l  the  more  effect ively as i t  
would exis t  under  the uncharged  form. 

In the f r amework  of the a forement ioned  assumptions,  
i t  is obvious tha t  the  cation radica l  I is fo rmed af ter  the 
p r i m a r y  e lect ron t ransfe r  (scheme 3) 

+ + + 

NH 3 NH NH 2 NH 3 

+ ~ ~ + 

0 6-- 6 6 
(II) 

curve fo l lowing the exhaus t ive  3 C b / p A D A  electrolysis  
are  charac te r i s t i ca l ly  weak  and i l l -defined,  i n t e rmed i -  
ate solut ions exh ib i t  one in tense  and  t r ans ien t  abso rp -  

The involvement  of radicals  in the fo l low-up  react ion 
was ind i rec t ly  assessed. Hydroquinone  is no rma l ly  
oxidized at  0.65V using the same solut ion conditions.  
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Fig. 7. o. Visible absorption spectre of partially electrolyzed 
pADA solutions in H2SO4 2.64N. a, Initial solution; b, after the 
transfer of 0.25; c, 0.50; d, 1.0; e, 2.0; f, 3.0 Cb/pADA. b. Varia- 
tion of the absorption maximum at 780 nm as a function of the 
extent of the electrolysis. 

Since it is known to form stable  radicals  in acid solu-  
tions, mixtures  wi th  pADA solutions were  prepared .  
The cyclic vo l t ammograms  resul ted  in the enhance-  
ment  of the first peak  in propor t ion  to the  added  
amount  of hydroquinone.  Otherwise,  another  evidence 
is b rought  by the involvement  of free radica l  steps in 
the oxidat ion mechanism of re la ted  compounds wi th  
peroxidase  (14). 

The fate  of the cat ion radica l  wi l l  depend  both on 
the ac idi ty  condit ions close to the e lectrode surface 
and on the scan rate.  Since low acidit ies  prove to 
faci l i ta te  the  pro ton  loss in favor  of another  pa ren t  
molecule, the  t rans ien t  fo rmat ion  of the  neu t ra l  semi-  
quinone rad ica l  must  be postulated.  The l a t t e r  species 
is p r e sumab ly  much more  oxidizable  than  the or ig inal  
reducer  or than  its p ro tona ted  form. This would  ex-  
plain the occurrence of the second elect ron t ransfer  at  
the same work ing  potent ia l ,  accounting for an ECE- 
type  sequence. 

In fact, the s tab i l i ty  of the semiquinone radica l  cation 
I is media ted  by  the d ispropor t iona t ion  react ion (4), 
which is p H - d e p e n d e n t  

+ 4- + 
NH 2 NH2 NH3 

�9 - �9 0 
(I) (II) 

Spect rophotometr ic  de te rmina t ions  conducted on  
p-pheny lened i amine  confirm the involvement  of this 
charged  radica l  in the  solut ion on mix ing  solutions of 
the amine with  chemical  oxidants ,  such as b romine  
(15) or fe r r i cyan ide  (13b). In  acid solutions at  pH < 4, 
the equ i l ib r ium is a lmost  comple te ly  d isplaced to the 
left, as was shown in the bulk.  

Turn ing  back to the pADA system, i t  is c lear  tha t  an 
analogous qual i ta t ive  conclusion, ru l ing  out  the the r -  
modynamics  of these species, m a y  be d rawn out. A l -  
though pADA shows a less symmet r ica l  s tructure,  its 
resonance abi l i ty  wi l l  expec tab ly  be enhanced due to 
the presence of the addi t ional  aromat ic  ring. At  the 
e lectrode surface, however ,  where  depro tona t ion  con- 

ditions are  loca l ly  operat ing,  the  s tab i l i ty  of this 
charged radical  would  be h indered  and its existence 
media ted  by  an ac id-base  conversion involving,  as de-  
duced above, the depro tona ted  p A D A  act ing as a 
s trong base. Therefore,  the a l te rna te  mechanism set-  
t ing into p l ay  the d ispropor t ionat ion  reac t ion  of the 
radica l  cation as the fo l low-up react ion wil l  not  be p re -  
ferred.  As a result ,  two monopro tona ted  species are  
k ine t i ca l ly  assumed to form at  the  e lec t rode  surface, 
in two l imi t  ox ida t ion  levels,  the  acid pADA form, 
on the one hand, and the charged p -qu inoned i imine  II  
(pQDI) ,  on the ether .  

Follow-up Reactions 
I t  has been prev ious ly  deduced f rom chemical  o x i d a -  

t ion exper iments  conducted wi th  s imi lar  compounds 
that  the d i imine forms offer a weak  resis tance to i r r e -  
vers ible  changes when exposed to solvents  such as 
wa te r  (16) or acetic acid (15). However ,  the react ions  
are  not  known for cer ta in  to be hydrolyses  in any case. 
The resul ts  presented  here in  show tha t  a fast  e lec t ro-  
ana ly t ica l  technique, such as cyclic v o l t a m m e t r y  com- 
bined wi th  step coulometry  at  control led  potent ial ,  wi l l  
give some insight  into the p r e l i m i n a r y  stages of the 
hydrolysis .  

There  is no quest ion as to the possible occurrence of 
1,4 addi t ion react ions in the oxidat ion  of a romat ic  
amines, as out l ined in Feiser ' s  s tudy (17). The 1,4 add i -  
tion (Michael)  react ion of a nucleophi le  wi th  quinoidal  
systems is wel l  es tabl ished and is assumed to p l ay  a 
p redomina te  role in the fo l low-up reactions. The rates  
of these react ions are pH dependent ,  since they  in-  
volve react ions of the free base forms of the  a t tacking  
nucleophile  on the pa r t i a l l y  posi t ively  charged 2 posi-  
tion of the quinoid. Results  presented  e lsewhere  
(13c,d) have shown tha t  the  chemical  oxida t ion  of 
p -pheny lened iamine ,  a model  compound for pADA, 
gives Bandrowski  bases as ma jo r  product  under  mi ld  
p.H conditions. The mechanism accounting for  the  for -  
mat ion  involves the 2,5 coupling of two pro tona ted  di-  
imine molecules to the unoxidized amine, fol lowed by  
the oxidat ion  of the resul t ing t r ime r  in the 2,5 p - d i -  
imine p -pheny lened iamine  form. Al though  the p ro-  
posed kinetic scheme could not  be ex tended  to acid 
solutions, i t  was never theless  c lear ly  indica ted  that  the 
addi t ion products  requi re  monopro tona ted  reac t ing  
species to be formed, even in the used mild  pH condi-  
tions. Keeping  in mind  that  the  oxida t ive  coupling of  
p-an is id ine  has been s imi la r ly  real ized in hyd ro -  
chloric solutions (14), the v iab i l i ty  of such coupling re -  
actions in acidic media  cannot  be disregarded,  i r respec-  
t ive of the charge status of the reac t ing  species. F rom 
tha t  point  of view, the pa r t i a l  posi t ive charge a t  the  2 
site should be more fac i l i ta ted  in the  p -qu inone  form 
than in pQDI, and in the pro tona ted  di imine form than  
in the neu t ra l  pQDI (18). 

Another  mechanism has been proposed  to account for 
the oxidat ion of ani l ine  in acidic solutions, based on the 
l inear  coupling (d imer iza t ion)  of one pQDI and one 
pADA molecule  to form an adduct  cal led Wil ls t~t ter  
blue imine (WBI) .  Through severa l  oxidat ion  steps 
combined with fur ther  addi t ions of the pa ren t  mole-  
cule, the sequences are  assumed to expla in  the fo rma-  
tion of the octamer,  emeraldine .  Wil ls t~t ter  r ed  imine 
(WRI) ,  the oxidized coun te rpar t  of WBI, has been 
in t e rmed ia t e ly  postulated.  Under  mi ld  p H  conditions, 
addit ions of the ini t ia l  ma te r i a l  in the 2,5 posit ion on 
the pQDI have also been envisaged and character ized 
using thin layer  ch romatography  analysis  at  the  p r e -  
pa ra t ive  scale (19). 

First redox couple.--Our resul ts  out l ine the re la t ive  
chemical  resistance of the first redox coup]e, as shown 
by the constancy of the ipcl / ip al ratio,  regardless  of the 
number  of consecutive cycles when they  are  s t r ic t ly  
appl ied  to the  first oxida t ion  peak. Upon step e lec t ro l -  
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ysis, the wave  height  ip al is a lways  p ropor t iona l  to the  
ana ly t ica l  amount  of the depola r ize r  s t i l l  r emain ing  in 
the solution and the reverse  ha l f -cyc le  corresponds 
only to the reducib le  pQDI diffusing in the  v ic in i ty  of 
the electrode.  Thus, wi th in  the potent ia l  span ru l ing  
out  the first redox couple, no ma te r i a l  consuming i r r e -  
vers ible  conversion of significant impor tance  can be 
e lec t rochemica l ly  detected.  This suggests tha t  in tu rn  
the  oxidized pQDI product ,  o r ig ina ted  b y  the pa r t i a l  
e lectrolysis  and escaped in the  bulk,  is i r r eve r s ib ly  in-  
volved in a fo l low-up  reaction, y ie ld ing  species tha t  
undergo a fu r the r  oxidat ion  at  the ip a~ potent ial .  

Second redox couples i y . - - T h e  potent ia l  control led  
electrolysis  cannot  be c i rcumscr ibed  about  the first 
peak  for ip al is only separa ted  by  few tenths  of a vol t  
f rom ip a~. Therefore,  the vo l tammet r ic  fea tures  fol-  
lowing the pa r t i a l  e lectrolysis  of the  solut ion at  0.8V 
ac tua l ly  in tegra te  the react ions occurr ing at  peak  ip a~- 
too. Wi th  respect  to the magni tude  of the peak  heights,  
ip a~ appears  r a the r  as a s ide-sys tem if compared  to the 
ampl i tudes  of the ma jo r  redox couples ip a~ and ip a". As 
indica ted  previously,  the kinet ic  requi res  s t rong acid 
condit ions and develops i r r eve r s ib ly  for be ing  solely 
de tec table  wi th  scan rates  s lower  than 0.05 V/sec.  For  
these reasons, the  vo l t ammet r i c  cont r ibut ion  of this 
sys tem remains  minor.  In  contrast ,  this sys tem becomes 
p reponde ran t  in the e lectrolysis  balance,  i.e., under  
long t e rm conditions. In  a s imi lar  manner ,  when the 
potent ia l  is mul t icyc led  over  the  span including {paS, the 

sated by  the increase of new reduc ib le  species, the 
sum of the cathodic peaks remain ing  constant.  

The occurrence of the peaks/pa2 marks  the existence 
of new species p resen t  at  the e lect rode surface in an 
in te rmedia te  level  of oxidat ion,  obvious ly  comprised 
be tween those of pADA and pQDI, since both are  no 
longer  oxidizable  at  this potent ial .  This m a y  suggest  
that  the charged pQDI and p A D A  molecules,  being 
ac tua l ly  p resen t  s imul taneous ly  at  the  e lec t rode  sur -  
face, in te rac t  to form an oxidizable  adduct,  in p ropor -  
tion of increasing ip a2 values.  Of in te res t  in these ex -  
per iments  are  the colors of the solutions. In  the case of 
the d imethy lan i l ine  sys tem (11), the solut ions con- 
taining only the di imine form are  green,  whereas  the 
solutions of the di imine plus the amine appeared  pale  
blue. This observat ion has been a t t r ibu ted  to addi t ion  
compounds of the amine  with  oxida t ion  products .  

Inasmuch  as an addi t ion  react ion is envisaged be -  
tween the pQDI and the pADA species wi th  the  sup-  
por t  of the aforement ioned features,  severa l  mecha-  
nisms can be t en ta t ive ly  fo rmula ted  to descr ibe the 
fate of the adduct.  Among those proposed in the l i t e r -  
a ture  so far, the fo l lowing ones are  re ta ined  for  they  
in tegra te  the coulometr ic  resul ts  obta ined  in this study.  
The data  repor ted  in Fig. 4 indicate  tha t  two elec-  
trons per  molecule  are  fu r the r  t ransfer red .  These e x -  
changes fol low the precursor  react ion producing  pQDI 
and the chemical  conversion of the lat ter .  The mecha-  
nisms differ f rom each o ther  in the na tu re  of tha t  i r r e -  
vers ible  react ion (scheme 5) 

[ 2 pADA-'~ 2 e- + 2 H+ + pQDI + pADA } 
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cyclic vo l t ammograms  show an increase of peak/pa2. In  
the cathodic part ,  the g lobal  content  of reducib le  ma-  
te r ia l  remains  constant  when  the poten t ia l  is swi tched 
beyond peak  ip~-% This can be i n t e rp re t ed  in the fol-  
lowing manner :  the reduct ion of the ma te r i a l  p roduced  
in the ip ~-~ steps occurs i r r eve r s ib ly  at  0.51V (ipc4), close 
before  the t rue  reduct ion peak  of the pQDI produced at  
the e lect rode surface at  Ep cl : 0.48V; as a result ,  the 
loss of reducib le  pQDI is g r adua l l y  and fu l ly  compen-  

P a t h w a y  A: the addi t ion  of one pQDI onto one 
pADA molecule  in the ortho posi t ion leads to a dimeric  
Band rowsk i - t ype  reduced  base  ( I I IA) .  

Pa thw a y  B: the bu lk  hydrolys is  of pQDI produces  
the o - h y d r o x y  pADA form ( I I IB) .  

In each case, the resul t ing produc t  being eas i ly  oxi -  
dized would release electrons at  the potent ia l  ascr ibed 
to ipa2 
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Third anodic redox system.rain s tudying  the acid 
hydrolys is  of the Bandrowski  bases, ammonia,  aniline, 
and  the or ig inal  amine  have  been identified, aside f rom 
a quinoidal  der ivat ive,  the  s t ruc ture  of which is r e -  
la ted  to that  of the s ta r t ing  a m i n e ( 1 3 c ) .  The ex ten -  
sion of tha t  behavior  to e i ther  possible p a t h w a y  A or  
B would y ie ld  the same compound, the 2 hyd roxy  p -  
quinone (VA ~- VB), as depicted in scheme 5. The fit 
wi th  the coulometr ic  da ta  implies  tha t  two depolar izer  
molecules reac t  wi th in  the g lobal  k inet ic  sequence. 
Thereby,  the typical  1,4 addi t ion  react ion can be pos tu-  
la ted again involving the resul t ing  p -qu inone  wi th  
aromat ic  amines,  i.e., the s ta r t ing  mater ia l .  The p rod -  
ucts of these react ions are  now subst i tu ted  h y d r o x y -  
quinones, which  are  also oxidizable  below 0.SV, species 
VI. 

The fol lowing a rguments  have suppor ted  the p ro -  
posed mechanisms:  

1. Since the 1,4 addi t ion involves the  nucleophi l ic  
na ture  of the a t tack ing  molecule,  subst i tu t ion react ions 
of nucleophi l ic  groups by  the hyd roxy l  moie ty  wi l l  not  
be assumed to occur, especia l ly  under  mi ld  e lectrolysis  
and  pH conditions.  

2. Al l  the  mechanisms,  even those sugges ted  else-  
where,  resu l t  in the  format ion  of anil ine,  in a ~/z theo-  
re t ica l  ra t io  wi th  the  pADA concentrat ion.  This leads 
us to discuss the na ture  of the  th i rd  ma jo r  redox peak  
ip a~ detected at  1.0V. The oxida t ion  of species exist ing 
in the  solution, in ini t ia l  t he rmodynamic  equ i l ib r ium 
wi th  the depolar izer ,  can be d i s regarded  for in tha t  
case the redox  couple would  not  be observable  at  a l l  
af ter  the coulometr ic  consummat ion  of the first. Ac-  
cordingly,  the i r revers ib le  system ipa~ mus t  account for 
the  oxidat ion  of s table  ( the corresponding wave  appears  
a f te r  the e lectrolysis  and on the vo l t ammogram t raced  
at  0.01 V/sec  wi th  the same in tens i ty)  species issued 
f rom the first stages. The hypothesis  tha t  peak  ipaa re -  
sults f rom the oxida t ion  of new species issued f rom 
i r revers ib le  conversions is suppor ted  by  the  fol lowing 
observat ion:  the  ampl i tude  of peak  ip a3 is p ropor t ion-  
a l ly  re la ted  to the peak  he ight  ip al and only depends  on 
the t ime gate (or on the scan r a t e ) ;  this holds for a 
given acidi ty  level.  There  is no doubt  tha t  the posi t ion 
and the shape of peak  ip a3 match  those of ani l ine  in the 
same work ing  conditions. This was shown on the cyclic 
vo l t ammogram on mix ing  authent ic  samples.  If  this 
compound is supposed to form upon a p ro ton-ca ta lyzed  
decomposi t ion of the adducts,  i t  follows that  the ca th-  
odic ha l f -cyc le  in i t ia ted  once the ani l ine oxida t ion  has 
been achieved should in tegra te  the behav ior  of both  
the oxidized ani l ine and the remain ing  pADA. Inspec-  
t ion of the da ta  for the ipCl/ip al rat io  as a function of Ex 
indicates  an increase in the amount  of reducible  m a t e -  
r i a l  a t  the e lect rode wi th  increas ing Ex (Table  I ) .  This 
is due to an accumula t ion  of reduc ib le  pQDI provoked  
by  di rec t  pADA oxidat ion  at  the  work ing  poten t ia l  and 
ind i rec t ly  a f te r  the head - to - t a i l  coupling of the ani l ine  
oxidat ion  products .  Moreover,  the peak  ipc8 also matches  
in posi t ion wi th  that  of oxidized benzidine,  the a l t e r -  
na te  t a i l - t o - t a i l  coupl ing produc t  of the ani l ine  cat ion 
radicals  (6). This is confirmed by  the appearance  of 
peak  ip c3 solely when the potent ia l  is r eversed  af te r  the  
ani l ine  oxidat ion  peak  (Fig. 2). On this basis, the est i -  
mat ion  of the decomposi t ion ra te  in ani l ine  leads to the 
value  kl ---- 0.0027 sec -1 in H2SO4 0.1N in agreement  
wi th  values eva lua ted  for  model  compounds (8). Thus, 
postula t ing the hydro ly t ic  genera t ion  of ani l ine  and 
quinones supports  the fact  tha t  no significant decrease 
in magni tude  affects peak  ip c~, a l though ip a" reaches in 
op t imal  condit ions up to 50% of peak  ip al. As a resu l t  
i t  seems tha t  the  appearance  of ip "~ is ne i the r  de te r -  
mined  by  the charge status of the species [as observed 
in acidic acetoni t r i le  solutions (20)],  nor  b y  the ox ida -  
t ion levels. The ampl i tude  of peak  ip a" reflects the fu l l  
ex ten t  of the decomposi t ion reac t ion  in the solut ion or, 

wi th  slow scan rates,  at  the e lect rode surface, instead;  
in the l a t t e r  case, the measuremen t  of the  final anil ine 
concentra t ion level  gives in any  case a ~/2 es t imate  in 
good agreement  wi th  wha t  might  be expected  from 
the pa thways  proposed.  The conversion of ipa~/ip al 
values  in terms of concentrat ions was effectuated with  
the aid of ani l ine  ca l ibra t ion  curves.  

3. pADA possesses a more  pronounced  nucleophi l ic  
charac te r  than  anil ine.  Therefore,  the chemical  add i -  
t ion of pADA to the hypothe t ica l  quinone wil l  a lways  
be p re fe r red  to that  of anil ine.  This assumption is 
ac tua l ly  suppor ted  expe r imen ta l l y  by  the constancy of 
peak  ipa8 ascr ibed to the amount  of ani l ine  (not affected 
in tha t  expe r imen t )  issued f rom the preceding  decom- 
posit ion reactions.  

4. The addi t ion  of two pQDI molecules  on the in i t ia l  
pa ren t  molecule  ins tead of one as is f igured in pa thway  
A would disagree  wi th  the coulometr ic  data.  

5. In accordance wi th  these da ta  instead,  three  elec-  
t rons are  g lobal ly  exchanged  in pa thways  A and B, if 
the th i rd  i r revers ib le  stage is l imi ted  to the addi t ion of 
one pa ren t  molecule  onto the quinone (this may  r ea -  
sonably  be envisaged with  respect  to the sa tura t ion  of 
the  quinone) .  

6. According to the hypothesis  of a l inear  d imer  for-  
ma t ion  involving the he a d - to - t a i l  d imer iza t ion  of 
pADA wi th  pQDI, the net  effect of the hydrolys is  r e -  
act ion would, a f te r  the oxida t ion  of the  products,  gen-  
era te  p -pheny lened i amine  (pPD) (see pa thw a y  C in 
scheme 5). However ,  the mul t icyc l ing  of the potent ia l  
does not  show evidence for the super imposi t ion  of a 
new depolar izer  sys tem on the ini t ia l  pADA system. 
On the other  hand, the coupl ing react ion fol lowed by  
oxidat ion  would  form another  imine form able  to 
couple again wi th  the s ta r t ing  mater ia l .  This was the 
basis of the proposed  mechanism accounting for the 
format ion  of emera ld ine  (19). As a result ,  the number  
of exchanged electrons would  p robab ly  be odd and 
not reproduc ib le  expe r imen ta l l y  speaking,  as might  
be expected  f rom an  ol igomerizat ion react ion p roduc-  
ing insoluble  products,  which ought  to depose on the 
electrode.  We ac tua l ly  did not  observe such an e lec t ro-  
chemical  behavior  nor  the occurrence of red  color for -  
mat ion  dur ing  the electrolysis  expe r imen t  which  would  
be due to WRI formation.  The divergence  in the ex-  
pe r imen ta l  observat ions  may  account  for the  differ-  
ences in the ana ly t ica l  concentrat ions  used. This effect 
shal l  be de t e rminan t  in the produc t  dis t r ibut ion;  low 
levels inhibi t ing  the po lymer iza t ion  pa thway.  There -  
fore, the  l a t t e r  pa thw a y  C wil l  not  be prefer red .  In  
fact, insoluble  green po lymers  have been observed in 
more  concent ra ted  depola r ize r  solutions. 

The ass ignment  of the pathways '  A and B for the 
possible mechanism would  be fu l ly  suppor ted  by  the 
identif icat ion of the  subs t i tu ted  2 h y d r o x y  3 p A D A  
p-quinone.  However ,  the  voI tammetr ic  behavior  in the 
cathodic pa r t  does not  a l low d rawing  unambiguous  
conclusions wi th  respect  to this point.  Indeed,  the 
cathodic behavior  of quinones appears  to be severe ly  
modified when the reduct ion  is ca r r ied  out  in the p res -  
ence of oxidized amines. For  example ,  wi th  mix tures  of 
authent ic  ani l ine and p-quinone,  the potent ia l  of the  
p-quinone  reduct ion peak  is shif ted ca. 0.15V anodica l ly  
when it is preceded by  the oxida t ion  of aniline. The 
apparen t  increase in the revers ib i l i ty  of the e lec t ro-  
chemical  t ransfer  would be induced by  the format ion  
of amine  radicals  dur ing  the cathodic half-cycle .  There-  
fore, quinones in mix ture  wi th  oxidized amines cannot  
be vo l t ammet r i ca l ly  identif ied on the s imple basis of 
the match ing  of the peak  potent ials .  This observa t ion  
indicates  tha t  the e lect rochemical  behav ior  of quinones  
and of quinoneimines  exhibi ts  some resemblance,  es-  
pec ia l ly  in the  presence of unoxid ized  amine,  thus 
jus t i fy ing  a posteriori the v iab i l i ty  of the  qu inone /  
amine and pQ D I / a mine  coupl ing reaction.  
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However, an experimental  indication evidencing 
these pathways is brought by the result of reverse 
electrolysis. The experiment was conducted discontinu- 
ously in two steps: first at 0.8V until  three electrons 
have transferred, then back at 0.0V. The voltammo- 
grams indicated the gradual  increase of an oxidation 
peak ipa4 associated with the decrease of the reduction 
peak produced upon the three electron oxidation, {pc, 
(Fig. 4). The found balance of two additional electrons 
per pADA molecule is compatible with the reduction 
of the last reducible product remaining in the solution 
after the exhaustive electrolysis at 0.8V, the hypo- 
thetical 2 hydroxy 3 pADA p-quinone, according to the 
following reaction scheme 

the strong resonating species I I IA and IVA and for 
the existence of the pADA radical  substituting the 
quinone VII, respectively, rather  than for the detection 
of species IIIB and IVB, of much less resonating ability. 
The development of the la t ter  absorption band is 
clearly related to the blue coloration affecting par -  
t ially electrolyzed pADA solutions. By analogy with 
studies concerned with model compounds (11), i t  may 
account for the formation of disproportionation prod-  
ucts (IIIA or IVA), derived from the pQDI/pADA 
coupling. It must be emphasized that the reconstituted 
aniline and p-quinone mixtures are pale yellow, as 
also are the pADA solutions fully electrolyzed at 0.8V 
upon standing overnight; while the solutions freshly 

O 

(VII) 

2e , 2H + 

C 4 
(Ep) 

OH 

OH 

-- H2o + 

o 

O 
2 e- 

The first two-electron reduction would produce the 3 
substituted 2 hydroxyhydroquinone, which in turn is 
known to undergo a second reduction step following the 
abstraction of one water  molecule (7). At this time, 
the voltammogram indicates that the intermediate 
chemical reaction operates the removal of water ra ther  
than pADA as shown by the unaffected ip a" peak height, 
which would increase instead, in proportion to the 
reductive electrolysis. This il lustrates again the nucleo- 
philic character of the addition reaction, neutral  pADA 
being a base much weaker than the hydroxyl  anion. 

Qualitatively, the effect of the reverse electrolysis is 
to denature the chemical nature of the initial reducer, 
pADA, since the final and unique reduction half-cycle 
only reflects the presence of one species, probably the 
2 hydoxy 3 pADA p-quinone and the remaining ani-  
line. In particular, peaks ip a~ no longer appear  on the 
resulting voltammograms (Fig. 6). Thus, the free 
pADA, abstracted from the solution through the elec- 
trolysis, ought to substitute one species, for example 
the quinoidal VII or VIII. As a result of the three- 
electron electrolysis conducted at 0.8V, the final redox 
couple ought to involve a substituted quinone/hydro-  
quinone system, aside from aniline, and not an unsub- 
sti tuted one, not compatible with the two-electron re-  
oxidation data. 

Visible spectroscopy experiments were performed 
during the step electrolysis to furnish some support 
for discriminating between the proposed mechanisms. 
Results showed that unsubstituted p-quinone samples 
absorb negligibly and that aniline does not absorb at 
all in the used conditions. However, the large increase 
affecting the broad band for pADA absorption (around 
780 nm) following the first one-electron transfer and 
the residual maximum at the same position after the 
extensive three-electron electrolysis may testify for 

,2H + ~ 
(vIII) 

-0 
oxidized electrochemically are pale green. This shows, 
at least qualitatively, that the product distribution re-  
sulting from short- term experiments differs somewhat 
from that obtained with other duration conditions or 
with at~mospheric oxygen as the oxidant. Another fact 
may account for pathway A. During the one-electron 
step electrolysis experiment, the position of the peak 
maximum ip a-~, if projected onto the ordinates, remains 
constant whereas the global peak height increases. 
When it reaches its maximum value, ipa~ is about half 
ip al (Fig. 3). Inasmuch as peak amplitudes are corre- 
lated to concentrations, this observation might indi-  
cate, through the changes of the diffusion coefficients, 
the oligomeric structure of the diffusing species, i.e., 
IIIA rather  than IIIB. Unaffected two-electron peak 
amplitudes in the cathodic half-cycle would also cor- 
roborate the aforementioned assumptions. 

Conclusion 
The proposed mechanism A for the pADA first stages 

of oxidation has been distilled from the electroanalyti-  
cal and spectroscopic data discussed in the preceding 
section. It must however be emphasized that  mutual  
exclusion cannot be claimed in the proposed pathways. 
For example, free radical formation with sufficient 
lifetime should indeed be possible in the solution. As 
suggested by slow scan cyclic vol tammetry and step 
coulometry experiments, the electrolysis at 0.8V ap- 
pears to convert the pADA system into a mixture of 
aniline and of the proposed quinoidal derivative, via 
the hydrolysis of the intermediate species. Under the 
employed working conditions, any loss of the global 
redox content of the initial material  has not been ob- 
served in the solution phase, indicating thus that the 
formation of insoluble (nonelectroactive) heavy mo- 
lecular weight compounds would not be favored, at 
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least  in the low concentra t ion range  and in the ea r l i e r  
stages of the oxidat ion.  Thereby,  the e lec t roana ly t ica l  
behavior  of pADA appears  to differ f rom tha t  being 
descr ibed  in more concent ra ted  solutions (as in the 
p repa ra t ive  scale, for example ) ,  in which insoluble  
products  result .  

The two techniques employed  do not  suppor t  pa th -  
way  A unequivocal ly .  In  par t icu la r ,  the  coulometr ic  
da ta  jus t  furn ish  a g lobal  ba lance  of the  charges t r ans -  
ferred,  regardless  of the  s t ruc ture  of the species being 
formed. Thus, species VII, aside f rom ani l ine  as the 
possible product ,  convenien t ly  t rans la tes  the redox 
content of the  solution under  a unique and concise 
form, although several  other  tau tomer ic  forms can be  
formulated.  

This depicted mechanism lacks f rom more  convincing 
evidence as might  be p rov ided  by  di rec t  p roduc t  iden-  
tification. However ,  the complex i ty  of the  system, wi th  
the  involvement  of the or iginal  species and the diffi- 
cul ty  of character iz ing products  in the 0.1 mmol  con- 
cent ra t ion  range,  p revents  the somewhat  specula t ive  
a rguments  presented  in the discussion. F rom this point  
of view, however,  i t  is typica l  to notice tha t  the  afore-  
going a t tempts  descr ibed in the l i t e ra tu re  fa i led to 
isolate the possible in te rmedia tes  and even to detect  
them in the e lec t ro lyzed solutions. The resul ts  p re -  
sented in this work  ye t  give an indica t ive  new insight  
in the na tu re  of the hydro ly t i c  sequence. 

Manuscr ip t  submi t ted  Sept.  18, 1980; revised manu-  
scr ipt  received Jan. 5, 1981. 

A n y  discussion of this pape r  wii l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the  December  1981 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs o5 this articZe were assisted by the 
Universitd Paris-Nord. 
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Spectroelectrochemistry of N-Retinylidene-n-butylamine 
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ABSTRACT 

The e lec t roreduct ion  of N - r e t i n y l i d e n e - n - b u t y l a m i n e  (NRBA) has been 
examined  in acetoni t r i le  and d ime thy l fo rmamide  solvents wi th  t e t r a - n - b u t y l -  
ammonium perch lora te  as the suppor t ing  electrolyte .  In  d ime thy l fo rmamide  
with  smal l  amounts  of wa te r  and in acetonitr i le ,  NRBA is reduced  in a two-  
e lect ron process to form the enamine  of 5 ,6-dihydro-NRBA. In d ime thy l fo rma-  
m/de  dr ied  wi th  alumina,  the  radica l  anion O~max = 615 nm)  and dianion 
0~max : 550 nm) of NRBA can be observed in an opt ica l ly  t r anspa ren t  thin l ayer  
e lect rochemical  cell. The pro tona ted  form of NRBA is reduced in acetoni t r i le  
a t  a potent ia l  1080 mV posit ive of NRBA in a one-e lec t ron  process. Radica l  
in te rmedia tes  have not  been spec t ra l ly  observed in this reduct ion,  since the 
e lectrogenerated products dimerize  rapidly. 

N - r e t i n y l i d e n e - n - b u t y l a m i n e  (NRBA) has been 
wide ly  employed  as a model  for the  chromophore  of 
rhodopsin  (1-11). In  the protein,  the  a ldehyde  of v i ta -  
min  A is thought  to form a pro tona ted  Schiff 's base 
l inkage  with  lysine (12, 13) and is responsible  for the 
first stage of the visual  t ransduct ion process. The ini-  
t ia l  photochemical  exci ta t ion of rhodopsin  has been 
ex tens ive ly  s tudied and severa l  theories including 
photoreduct ion  (2, 7, 14-20) have been considered to 
expla in  the observed spectroscopic changes. However ,  
the reduct ive  e lec t rochemis t ry  of NRBA has not been 

Key words: visionj aprotic solvents, radicals. 

prev ious ly  r epor ted  a l though an ESR act ive species 
has been observed fol lowing uncont ro l led  potent ia l  
e lectrolysis  (2). 

Elect rochemical  studies of ret inal ,  the a ldehyde  of 
v i tamin  A, have been numerous  (20-23). Recently,  we 
showed that  an opt ica l ly  t r ansparen t  thin l aye r  e lect ro-  
chemical  cell  is an ideal  tool for examining  the spectra  
of the reduct ion in te rmedia tes  of re t ina l  and for de te r -  
mining  the react ion pa thways  of the re t ina l  radical  
anion (23). In this paper  we repor t  a spect roelec t ro-  
chemical  s tudy  of the reduct ion in te rmedia tes  and 
products  of NRBA in its neu t ra l  and pro tona ted  form. 
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Experimental 
Chemicals.--All-trans ret inal  (Eastman) was used 

as received and was stored in the dark in a desiccator 
under  ni t rogen at 5~ N-bu ty lamine  (Matheson Cole- 
man and Bell)  was distil led immedia te ly  prior  to use. 
Acetoni t r i le  (Burdick and Jackson)  was dried over  
4.A molecular  sieves (Fisher)  beneath a ni t rogen at-  
mosphere. N ,N-d imethy l fo rmamide  (DMF, Matheson 
Coleman and Bell) was v a c u u m  distil led onto 4A 
molecular  sieves. Subsequent  drying was accomplished 
by passing this solvent through a column containing 
neutra l  a luminum oxide (Woelm, act ivi ty grade 1) 
which had been dried at 450~ for at least 10 hr  (24, 
25). Te t r a -n -bu ty l ammon ium perchlorate  (TBAP, G. F. 
Smith)  and t e t r ae thy lammonium perchlorate  (TEAP, 
G. F. Smith)  were  dried at 60~ in a vacuum oven for 
several  hours. Rhodamine 6G (Matheson Coleman and 
Bell) and anthraquinone (Eastman) were  recrysta l -  
lized f rom ethanol. Perchloric  acid (70%, Mall inckrodt)  
and acetic acid (Mall inckrodt)  were  used as received, 
and stock solutions of the acids were  prepared in the 
appropriate  solvents. The perchloric  acid stock solution 
was standardized vs. 0.2N sodium hydroxide  (Certified, 
Fisher) .  Phenol  (Liquified, Fisher)  was vacuum 
pumped to dryness and then fract ional ly distilled. (The 
liquified form was uti l ized as it contains no HjPO2 
preservat ive. )  A stock solution in acetonitr i le  was then 
made by the appropriate  dilution and stored over  4A 
molecular  sieves at 5~ in darkness. Diethyl  malonate  
(DEM, Fisher)  was distil led pr ior  to use. Deoxygena-  
tion of all solutions was accomplished with  a ni trogen 
or argon purge. 

Synthesis.--All-trans-NRBA was synthesized by a 
method similar  to that  of Nakanishi  et al. (26). Ap- 
p rox imate ly  0.5g of re t inal  was dissolved in 20 ml 
n -bu ty lamine  (containing 4A molecular  sieves) which 
had been cooled to --41~ in an acetonitr i le  slush bath. 
The react ion was al lowed to proceed for approximate ly  
2 hr  af ter  which the mix tu re  was filtered and the excess 
n -bu ty lamine  removed via vacuum. The pale yel low 
crystals were  three t imes dissolved in hexane and 
pumped to dr~'ness. The product  absorbed at 358 nm in 
acetonitr i le  (364 nm in ethanol)  with a molar  ab- 
sorpt ivi ty  of 57,600 _ 1,200 l i ter  m o l - l c m  -1. The mel t -  
ing point of 61~ was sl ightly lower than that  previ -  
ously repor ted  for NRBA (3). IR, NMR, and mass 
spectra of the product  were  consistent wi th  the s truc-  
ture of NRBA. Due to the ex t reme sensi t ivi ty of this 
and similar  compounds to CO2 (1), 02 (27), light, and 
H20 (11, 28b) the above synthesis was carr ied out in a 
glove bag containing iN2 in semi-darkness.  NRBA was 
stored under  N2 in the dark at --20~ 

Polarography and cyclic voltammetry.---Polarography 
was carried out wi th  a polarographic analyzer  (Model 
174A, Princeton Applied Research Corporation) using a 
drop timer. A locally constructed three-e lec t rode  
potentiostat  and a Universa l  P rog rammer  (Model 175, 
Pr inceton Applied Research Corporation) were  utilized 
in conjunction with  ei ther a hanging mercury  drop 
electrode (HMDE, Metrohm) (geometric  area : 
0.0136 cm 2) or a gold-disk electrode (geometric  area _-- 
0.0208 cm 2) for cyclic vol tammetr ic  experiments.  The 
gold-disk electrode was fabricated by polishing the end 
of a flush-cut, 14-gauge gold wire  wi th  emery  cloth and 
then with  5.0, 0.3, and 0.05 micron polishing aluminas 
(Buehler)  in succession. Heat  shr inkable Teflon (Small  
Parts, Incorporated,  Miami, Florida)  encased the wire 
and extended approximate ly  1 mm past the end of the 
disk to decrease convect ive effects. Convection was 
fu r the r  minimized by support ing the electrochemical  
cell on a p la t form suspended from rubber  tubing. 

The electrochemical  cell (~20 ml in volume)  con- 
tained a coiled Pt  wire  auxi l ia ry  electrode concentric 
to the working electrode. A ground-glass  joint  was 
sealed to the top of the cell to accommodate  the HMDE 
or the gold-wire  electrode. An aqueous SCE reference 
electrode (saturated with  NaC1 ra ther  than KC1) 

probed through a Luggin capil lary and all potentials 
herein  are reported vs. this electrode. The SCE was 
immersed in solution separated f rom the working elec- 
trode compar tment  by a fine fr i t  to minimize water  
contamination. 

Acetoni t r i le  and DMF solutions were  0.1M or 0.5M in 
support ing electrolyte.  IR compensation was used to 
decrease the effects of ohmic drop in the cell. During 
detailed studies of Ep as a function of sweep rate  fur -  
ther  correction for i-R effects was made using an thra-  
quinone as a standard revers ible  compound (29, 30). A 
30 sec pre-electrolysis  at the base of the electrochemi-  
cal wave  was per formed while  bubbling the solution 
with N2 to minimize adsorpt ive effects. 

Large-scale electroZysis.--Large-scale electrolyses 
employed a mercury  pool cathode (area ,-~3 cm 2) 
polarized at a potential  300 mV negat ive of the hal f -  
wave potential  using the polarographic analyzer as the 
potentiostat.  An SCE reference electrode was separated 
f rom the solution by a fine frit  and the Pt  auxi l ia ry  
was isolated in similar fashion. Magnetic s t i rr ing and 
bubbling with  N2 accompanied the electrolysis. Polaro-  
graphic monitor ing of the electrolysis was per formed 
at a DME in quiescent solution under  N2. 

Approximate ly  85 ml of acetonitr i le  containing 0.1M 
TBAP was pre-e lec t ro lyzed at the potent ial  at which 
the NRBA electrolysis was to be performed. DEM 
(100-500 ~mol) was added before pre-electrolysis  when 
a modera te ly  weak proton donor was desired. Typical ly 
50 ~mol NRBA would then be added to the solution and 
electrolyzed. 

Thin layer spectroelectrochemistry.--Two of the 
optically t ransparent  thin layer  electrochemical  cells 
(OTTLE's)  employed were of similar  design to that  
described previously (23). One of the OTTLE's was 
0.0109 cm thick with an electroact ive volume of 3.34 ~1 
and the other  possessed corresponding dimensions of 
0.00475 cm and 2.52 ~1. A third OTTLE was modified 
especially for application at low temperatures.  The 
sandwiched quartz  plates forming the walls of the 
thin layer  cavity were  mil led out wi th  a diamond-  
tipped bit so that  a cavi ty 0.25 cm wide extended to 
within 0.05 cm of the nearest  edge of the gold foil. This 
modification of the previous design improves current  
distribution to the working electrode; however  poten-  
tial gradients across the working electrode are still 
apparent  wi th  the 0.5M T B A P / D M F  solvent system 
employed in this work. A ground-glass top with inlet  
and outlet  ports for argon bubbling was incorporated 
in the auxi l ia ry  compar tment  of the OTTLE. The cell 
was immersed in an acetoni t r i le-s lush bath (--41~ 
which was contained in a T-shaped, insulated, copper 
shell designed to fit into a Cary 14 spectrophotometer .  
Onto this shell were  attached two quartz windows al-  
lowing spectral  observation through the narrow 
(approximate ly  1 in.) arm of the acetonitr i le  bath en-  
compassing the minigr id  port ion of the OTTLE. No 
serious absorptive, dispersive, or reflective problems 
occurred with this mode of observation. Frost ing of the 
outer  quartz  windows was prevented  with  a gaseous 
ni t rogen jet. The optical pa th length  of this OTTLE 
was 0.00493 cm and its electroact ive volume 1.95 ~1. 

Pathlengths  of all OTTLE's were  determined by the 
ratio of the absorption of solutions of rhodamine 6G in 
the OTTLE to that  in a 1 cm cell. The one-e lec t ron  
reduction of a known concentrat ion of anthraquinone 
to the radical anion was used to determine  the electro-  
act ive volume of the cells. Other exper imenta l  pro-  
cedures are as previously described (23). 

Results 
PoIarography and cyclic voltammetry.--The polarog-  

raphy of NRBA at a DME in acetonitr i le  containing 
0.1M TBAP exhibits a reduct ion wave  at --1.68V. The 
height  of the diffusion-l imited current  is 1.81 __ 0.19 
times that  of the first wave  of retinal, a known one-  
electron reduct ion (21, 23). A second wave  of var iable  
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height is seen at --2.6V, near the breakdown of sup- 
porting electrolyte. Addit ion of a 1:1 stoichiometry of 
HC10~ results in a new polarographic wave at --0.60V 
which is one-half  the height of the wave produced by 
NRBA alone. A second wave (of equal height to the 
first) and a third wave (of variable height) are ob- 
served at potentials equal  to the first and second half-  
wave potentials of unprotonated NRBA. A change in 
the absorption max imum from 358 to 445 nm (~ = 
43,200 • 3,600 l i ter  m o l - l c m  -1) through an isosbestic 
point evidences the protonat ion of NRBA upon the 
addition of I-IC10~. Addit ion of a 2: 1M excess of HC10~ 
reveals the sustained existence of the monoprotonated 
species al though other workers (8) have noted the de- 
composition of NRBA upon addition of excess acid. 

Cyclic vo l tammetry  of NRBA at an HMDE at 0.1 
Vsec -1 in acetonitri le solution containing 0.5M TBAP 
also reveals two reduction waves (1 and 2, Fig. 1). An 
oxidation wave at --0.95V (wave 3) is observed follow- 
ing scan reversal  after the first wave. This wave is 
associated with a small  reductive wave (Ep ---- --1.01V) 
which is only apparent  dur ing the second scan (not 
shown).  At 1.00 Vsec -1 a new oxidation wave appears 
with a peak potential  approximately 100 mV positive 
of that  for the pr imary  reduction (wave 1). The ratio 
of ipa//pc for this couple increases at higher sweep rates 
while the relat ive size of the oxidation wave at --0.95V 
decreases. Addit ion of small  amounts  of water  to the 
solution causes only minor  changes in the observed 
electrochemistry-- the  reduction wave moves to slightly 
more positive potentials (vide inSra) and the two oxi- 
dation waves diminish in  height. In  the presence of 
weak acids (water  or DEM) a small  prewave (~5% of 
the diffusion-limited current  of NRBA) at approxi-  
mately  --1.4V is occasionally observed and is believed 
to be re t inal  formed by hydrolysis. Spectral evidence 
for hydrolysis was noted only at high (1000-fold molar 
excess) concentrations of water or DEM. 

The reduction potential  for 1:1 I-IC104 protonated 
Schiff's base under  the above solution conditions and 
s c a n  rate (0.1 Vsec -1) is --0.60V (wave 4, Fig. 1). At 
50 Vsec -1 a very slight oxidation wave was noticed 
approximately 90 mV positive of the peak reduction 
potential. At 500 Vsec -1 a significant oxidation wave 
was observed for the reduction product al though the 
waves were badly skewed. Two addit ional irreversible 
reduction waves (not shown) are located at potentials 
equivalent  to those of the first and second waves of 
NRBA, respectively. The first of these is equal in height 
to wave 4 (Fig. 1) while the second is approximately 
2.8 times this height ( indicat ing twice the number  of 
electrons t ransferred) .  

Greater  than stoichiometric amounts  of phenol or 
a c e t i c  a c i d  a r e  required to completely protonate the 
Schiff's base. Spectral  t i t ra t ion curves for NRBA in 

acetonitri le containing 0.1M TEAP with phenol or ace- 
tic acid are best in terpreted by assuming that the t i t ra-  
tion product  is a complex of NRBA and the acid rather 
than assuming proton transfer. For phenol the associa- 
tion constant  with NRBA is 0.27 ___ 0.05M -1, and for 
acetic acid it is 16.8 • 2.5M -1. Reduction of NRBA in 
the presence of a tenfold molar excess of acetic acid or 
phenol results in a larger reduct ion current  for pro- 
tonated NRBA than expected from equi l ibr ium con- 
siderations; apparent ly  the greatly enhanced current  
results from the formation of addit ional protonated 
NRBA prior to reduction (a classical CE reaction). 
Protonat ion with large excesses of acetic acid or 
phenol results in cyclic vol tammograms similar to 
those o f  NRBA protonated with HC104, but  the back- 
ground current  obscures the second and thi rd  reduc- 
tion waves. 

In DMF containing 100 mM water  and 0.1M TBAP, 
cyclic vol tammetry  at an HMDE at 0.1 Vsec -1 gives 
qual i tat ively identical results to those observed in 
acetonitrile. The two-electron reduction wave corre- 
sponding to wave 1, Fig. 1, has a peak potential  of 
--1.55V in DMF and the only oxidation wave observed 
corresponds to wave 3, Fig. 1. However, in dry  DMF 
with 0.1M TBAP the two-electron cyclic voltammetric  
wave separates into two distinct waves both with gold 
(Fig. 2) and mercury electrodes. Scan reversal after 
the first wave (Ep _-- --1.79V) results in a spike- 
shaped oxidation wave at mercury  electrodes. This 
oxidation wave (Ep _-- --1.69V) is well  defined at gold 
electrodes, and the peak current  ratio for this couple 
approaches un i ty  (ip~lipc = 0.8) at 0.1 Vsec -1. The 
normalized current  for the first wave increases as 
the scan rate is decreased with a concurrent  d iminut ion  
in the second wave. The apparent  peak potential  
difference for these two waves also decreases with de- 
creasing scan rate in dry DMF. A slight oxidation wave 
coupled with the second reduction wave is observed at 
50 Vsec -1 at a gold electrode. At slow scan rates, re- 
duction past the second wave results in an increase in 
oxidation current  at --1.06V. 

The shift in the observed peak potential  as a function 
of various parameters  was investigated in an effort to 
elucidate viable reaction pathways. For NRBA in ace- 
tonitri le with 0.5M TBAP the observed 5E,/5 log V is 
--19 mV/decade. A positive slope of 99 mV/decade is 
obtained for 5Ep/5 log [H20]. In DMF with 0.5M TBAP 
and added water  the corresponding values were --21 
mV/decade and 58 mV/decade. A 0.1 Vsec -1 scan rate 
was used in the water  addition studies. 

These cyclic vol tammetr ic  results are consistent with 
the following schemes for the ini t ial  reduction process 
of NRBA. In  acetonitri le or moist DMF the first reduc- 
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Fig. 1. Cyclic voltammograms of 2.i8 mM NRBA in acetonltrile 
containing 0.1M TBAP at a hanging mercury drop electrode (wave 
1, 2, and 3). Wave 4 is a cyclic of the same solution to which a 1:1 
stoichiometry of HCIO4:NRBA has been added. The scan rate is 
0.1 Vsec - z .  
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Fig. 2. Cyclic voltammogram of 1.66 mM NRBA in dry DMF con- 
taining 0.1M TBAP at a gold-disk electrode. The scan rate is 0.05 
Vsec- 1. 



Vol. 128, No. 6 S P E C T R O E L E C T R O C H E M I S T R Y  1251 

tion wave generates a two-electron reduction product. 
The dependence of the peak potent ial  on sweep rate 
indicates  that either of two reduct ion-protonat ion 

mechanisms involving the radical anion ( R - )  and a 
proton donor (HA) may be apparent  following the 
ini t ia l  electron t ransfer  (28a and b) 

2 R - ~ R + R - 2  

R - ~  4- H A - *  R H -  4- A -  

[I] 

or 

R'-  + HA-~ RH" + A -  

' k  
RH' + R - - ~  R H -  + R 

[n ]  

where k indicates the ra te -de te rmin ing  step and R H -  
is the assumed product  (vide infra). The dependence 
of the peak potential  on water  concentrat ion indicates 
the importance of solvation (in the case of scheme [I] ) 
or protonat ion (in the case of scheme [II])  on the 
overall  rate of formation of the two-electron product. 
The appearance of two distinct waves in dry DMF, both 
of which are reversible at sufficiently high sweep rates, 
confirms that  the radical anion is an in termediate  in the 
reaction. The formation of dianion from radical anion is 
p resumably  the electrochemical process occurring 
dur ing the second reduction as will be shown. However, 
the dependence of the cyclic vol tammetr ic  peak height 
(first reduct ion wave, Fig. 2) and potential  on scan rate 
demonstrate  that, even under  dry  conditions, subse- 
quent  reactions are occurring. To determine the prod- 
ucts and mechanism of this reduction, we have em- 
ployed large scale electrolysis and thin layer spectro- 
electrochemistry. We have also examined the reduction 
of the protonated Schiff's base with these techniques; 
however, as is apparent  from the cyclic voltammetry,  
its reduction intermediates  are far less stable. 

Large sca~e e~ectrolysis.--Large scale electrolysis of 
NRBA at a mercury  pool electrode in acetonitri le solu- 
tions with 0.1M TBAP as support ing electrolyte con- 
sumes 1.97 • 0.08 electrons/molecule.  In polarograms 
of the reduced solutions, the reduction wave at --2.6V 
is still present. Fol lowing two-electron electrolysis 
with DEM, a well-defined polarographic wave is ob- 
served for the oxidation of diethyl malonate anion at 
--0.36V. The height of this polarographic wave and 
t i t rat ion with s tandard HCIO4 indicate that 1.93 ~ 0.11 
diethyl malonate anions are formed per NRBA mole- 
cule reduced. Attempts to isolate the product for fur-  
ther characterization have not been successful. The 
product rapidly decomposes when removed from the 
electrolysis cell to a mix ture  of products as determined 
by u.v.-visible spectroscopy and subsequent  polarog- 
raphy. Notable, however, is that the products obtained 
from the reduction of NRBA in the presence or ab-  
sence of DEM have absorption bands at 350 and 328 nm 
in  the visible region while the main  absorption occurs 
at wavelengths less than 300 nm. 

Thin layer spectroelectrochemistry.--Reduction of 
NRBA (0.5M TBAP/acetoni t r i le)  at --2.00V in an 
OTTLE produces an n -va lue  of approximately 1.6. The 
low result  arises because of inadequate  potential  con- 
trol in an OTTLE (23). The slow electrode-solution 
polarization leads to a condition where the homogene- 
ous coupling rate exceeds the rate of heterogeneous 
reduct ion to dianion. Dur ing  electrolysis at this poten-  
tial the 358 nm absorption band for NRBA decreases 
and the predominant  product of the electrolysis absorbs 
at 352 nm (Fig. 3). Spectra taken dur ing the electroly- 
sis (dashed l ine) indicate the presence of an in termedi-  
ate (~max ~ 500 nm)  which decays with an increase of 

~ .1 A 

J q ~ 1 
300 Alnm 600  

Fig. 3. Spectra of the reduction of 2.05 mM NRBA at - -2 .0V in 
acetonitrile containing 0.5M TBAP in an OTTLE. e - - e - - e - - o  
Prior to electrolysis; daring electrolysis (scan started 
at 650 nm concurrent with onset of reduction); ~ immediately 
following electrolysis (scan started at 650 nm approximately 250 
sac after onset of reduction); O - - O - - O  blank (0.5M TBAP/ 
acetonitrile). Spectral scan rate was 2.5 nm sac -1 .  

the final product. The product which absorbs at 352 nm 
is also formed via reduction in the presence of diethyl 
malonate with a concurrent  increase in the strong ab-  
sorbance (255 nm)  of the anion of DEM. 

In dry DMF (0.5M TBAP) only one reduction wave 
(Ep = --1.80V) is observed for the reduction of NRBA 
at the 0.005 Vsec -1 scan rate employed with the 
OTTLE. We at t r ibute  this to the decreased potential  
resolution of the OTTLE, as well  as the chemical reac- 
tions outl ined in schemes [I] and [II]. The reduction 
corresponds to 1.5-1.8 electrons/molecule of NRBA. 
(The low n-va lue  can be explained as above.) There is 
no electrochemical evidence for stable reduction in ter -  
mediates under  these conditions. Electrolysis results in 
a relat ively stable product absorbing at 498 nm with an 
absorbance 1.16 • 0.08 times that of NRBA (Fig. 4). 
This species disappears slowly (minutes)  with a s imul-  
taneous increase in the 350 nm region either with the 
applied potential  300 mV past the peak potential  for the 
reduction of NRBA, or when the working electrode is 
disconnected, indicat ing a purely  chemical decay 
mechanism. The 498 nm absorption band decays rapidly 
following a step positive of the --1.0V oxidation wave 
and the oxidation product absorbs at approximately 
290 nm. The charge on oxidation is 0.48 _ 0.07 times 
that obtained dur ing reduction. 

300 A/nm 600 

Fig. 4. Spectra of the reduction of 1.53 mM NRBA at --2.0V in 
dry DMF containing 0.SM TBAP in an OTTLE. O - - O - - O - - e  
Prior to electrolysis; ~ during electrolysis (scan startad at 600 
nm concurrent with onset of reduction); during elec- 
trolysis (scan started at 650 nm concurrent with onset of reduction); 
C ) - - O - - O  blank (0.5M TBAP/DMF). Spectral scan rate was 
2.5 nm sac - I .  
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Two t rans ient  absorption bands (615 and 550 nm)  
were first noted when wavelength scanning began at 
the same time as the potential  step (dashed and solid 
lines, Fig. 4). By util izing the temperature  controlled 
OTTLE described in the exper imental  section and 
moni tor ing  individual  wavelengths dur ing  the poten-  
tial step, absorbance vs. t ime curves such as those 
shown in Fig. 5 were obtained. During a reductive po- 
tent ial  step at ambient  temperature  (,-,25~ nei ther  
the rate of growth nor the rate of decay of the 550 nm 
band is significantly different from the corresponding 
rates of the 615 nm band when the 0.9 sec/full-scale 
t ime constant  of the Cary 14 is considered (traces C and 
D, Fig. 5, upper  half) .  However, when the working 
electrode is disconnected after production of these 
intermediates,  it  is found that  the 550 nm moiety is less 
stable and the 615 nm species more stable than when 
the potential  is left on. 

At --41~ (traces C and D, Fig. 5, lower half) ,  the 
550 nm species rate of growth is 1.45 times slower than 
that of the 615 nm species and the absorbance at 550 nm 
is greatly increased with respect to that at 615 nm. The 
increase in absorbance at 498 nm (trace A) correlates 
in time with the decay of the 550 nm transient  and 
follows first-order kinetics. The half-l ife of the 550 nm 
transient  is 1.75 times longer than that  of the 615 nm 
species with the potential  on. Disconnecting the work-  
ing electrode after production of these species at --41~ 
again decreases the half-l ife of the 550 nm intermediate  
and increases that  of the 615 n m  intermediate.  A poten- 
tial dependence is also noted when the voltage is 
stepped fur ther  negative. Under these conditions, the 
550 nm species has a longer half-l ife and greater 
amounts  are produced. The 615 nm intermediate 's  half- 
life decreases only  slightly with increasing overpoten-  
tial with no noticeable changes in the amount  formed. 

Thin  layer  reduct ion of 1:1 HC104 protonated Schiff's 
base (0.5M TBAP/acetoni t r i le)  consumes 0.91 elec- 
t rons/molecule following a potential  step over the first 

i r reversible wave. The ini t ia l  absorbance at 445 nm 
decreases rapidly with a concomitant  increase in the 
absorbance in the 270 nm region. No intermediates are 
apparent  even at low temperatures.  A potential  step 
over both waves yields significantly less 270 nm ab- 
sorbance with the main  absorption band occurring at 
352 nm. 

Discussion of Results 
Reduction products.--Both polarographie and coulo- 

metric  results indicate that  NRBA is reduced with two 
electrons in CH3CN containing 0.5M TBAP as is typical 
of imines (28b). Large-scale electrolysis and thin layer 
spectroelectrochemical results where DEM is present 
demonstrate that  two protons per NRBA molecule are 
consumed in  the reduction. From these results we de- 
note the final product RH2. The fact that we have not 
been able to isolate RH2 is not surpr i s ing-- the  insta-  
bi l i ty of the reduced forms of NRBA as well as the 
molecule itself is well documented (1, 11, 27, 28b, 31). 
However, the spectra of several of these reduced forms 
have been reported (4, 31-34) and those per t inent  to 
this work are summarized in Fig. 6. Of the previously 
reported compounds, our spectral data best agree with 
the reduction of the 5,6-double bond (structure B). 
In  a l l - t rans-NRBA the r ing is out of the plane of the 
remainder  of the conjugated system (4, 35) and thus 
its contr ibut ion to the absorbance max imum location 
is minimized. However, if 5,6-dihydro-NRBA was the 
product, remain ing  an imine, we would expect it to be 
reduced at approximately --2.0V. Instead the observed 
product is reduced at much more negative potentials 
(--2.6V). The most l ikely candidate for RH2 is the 
enamine of 5,6-dihydro-NRBA (structure C). While 
HMO calculations of the ~-electron density predict that  
the first electron should reduce either the 13-14 double 
bond or the imine bond (8), apparent ly  the electron 
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b. 

B 

�9 g 

_41~ 

m A  
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Fig. 5. Absorbance-time measurements of the reduction of 1.23 
mM NRBA at --2.0V in dry DMF containing 0.5M TBAP in a 
jacketed OTTLE at 25~ (upper) and --41~ (lower). (A) 498 nm; 
(B) 362 nm; (C) 550 rim; (D) 615 nm. 
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Fig. 6. Absorption maxima of various dihydroretinals and the 
corresponding n-butyl Schiff's bases obtained from: (a) Ref (4); 
(b) Ref. (32); (c) Eel. (33). Spectra were recorded in methanol or 
ethanol with the exception of C which was obtained in acetonitrile. 
Although maxima are tabulated for various geometric isomers 
(trans, i l  eis, and 9 cis) the differences in )~ma• between these 
have been shown to be small (34) with respect to those between 
different dihydroretinals. 
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density of the radical  anion (or protonated radical 
anion)  formed electrochemically favors the second 
electron reduct ion in the r ing under  our solution con- 
ditions. 

The one-electron reduct ion of the protonated Schiff's 
base leads to a mixture  of dimeric products as observed 
spectroscopically. The expected shift in the reduction 
product  d is t r ibut ion from the dimeric form to the di-  
reduced form (29) is found upon reduct ion past the 
second wave. 

Reduct ion {ntermediates . - -The  spectroelectrochemi- 
cal observation of a 500 nm t ransient  dur ing  the reduc-  
tion of NRBA in CH3CN which chemically decays to 
produce the final product, RH2, indicates that  this in ter -  
mediate is R H - .  The enhanced stabilization of the 
anion in DMF reflects that  water  is a much poorer 
proton donor in this medium (28b) and that  DMF is a 
weaker  acid than acetonitrile. The observation of de- 
creased anodic current  for the oxidation of this species 
and the decreased absorbance at 500 nm in  the presence 
of the weak acid DEM or H20 and at higher scan rates 
is fur ther  confirmation of this hypothesis. The one- 
electron oxidation of R H -  leads to an increase in ab-  
sorbance at 270 nm and implies that a dimerization of 
the electrogenerated free radical  species (RH-) occurs. 
This species has not been observed spectrally though 
there is some electrochemical evidence for its exist- 
ence: Sweep reversal  after oxidation of R H -  produces 
a small  reduction wave separated 60 mV from the 
anodic counterpar t  at scan rates as slow at 0.1 Vsec -1 
in acetonitrile. 

The 615 nm t ransient  seen for NRBA reduction in 
DMF is the ini t ial  reduct ion product as shown by  ab-  
sorbance vs. t ime studies. Since a reversible couple is 
observed in  cyclic vo l tammet ry  under  these conditions 

we assign this in termediate  as the radical anion ( R - ) .  
The increased half-l ife at --41~ is in agreement  with 
the measurements  of Lang et at. (2) who have observed 
an ESR signal for this species in  te t rahydrofuran.  Since 
only one two-electron wave is present  in the OTTLE, 

the observation of R-" is fortuitous; it can undergo 
protonat ion and homogeneous electron transfer  (dis- 
proport ionation) as well as obtaining a second electron 
from the gold-minigrid.  The radical  anion can be ob- 
served as a t rans ient  because of the imperfect  charac- 
teristics of the OTTLE. Both the finite thickness, allow- 

ing R -  to diffuse away from the electrode before be- 
ing reduced, and the nonuni form potent ia l -gradient  
across the face of the OTTLE contr ibute to this anom- 
aly. The increased half- l i fe  of this t rans ient  when the 
working electrode is disconnected is most plausibly 
explained by the e l iminat ion of one of the "decay" 
mechanisms, specifically that of heterogeneous electron 
transfer  from the electrode. 

The 550 nm moiety observed in dry  DMF is ten ta-  
t ively assigned to the dianion of NRBA rather  than the 
protonated radical anion. Although one would predict 
R -2 to be very unstable  with respect to protonat ion 
(only in very fast cyclic vol tammetry  experiments  have 
we evidence for an oxidation wave for this species) 
there are several facts which lead to this designation. 
The decay of the 550 n m  intermediate  coincides with 
the growth of R H -  which could be true for both R -2 
and RH'. However, the half- l ives of the 615 and 550 nm 
species are dist inctly different and therefore obviate 
the possibility of scheme [II]. The first-order decay of 
the 550 nm species at low temperatures  is indicative of 
the protonat ion of the dianion. The t rans ient  is longer 
lived at more reducing potentials, which is in agree- 
ment  with the assignment  of dianion since RH" should 
be easily reduced. The dianion appears to be more 
stable with the working electrode at reducing poten- 
tials than when disconnected because in the former 
case its consumption by protonat ion is accompanied by 
its formation at  the electrode. Fur thermore ,  this species 

Table I. Spectroelectrochemical comparison of results for retinal, 
NRBA, and protonated-NRBA (p-NRBA). p-NRBA results are }n 

0.5M TBAP/acetonitrile. All other results are in 0.5M TBAP/DMF. 
E1/2 values for RH- are for oxidation. 

Retinal N R B A  p - N R B A  

Exl21V kr.axlnm EIIo-IV kmaxlnm Exl~ km,xlnm 

R - 1.28 381 - 1.68 362 - 0.60 445 
R ~ - 1 . 7 1  526 - 1 . 8 3  615 - -  - -  
R H -  - 0.68 418 - 1.02 498 - -  
RH~ - -  -- -- 352 -- 3 ~  

exhibits no ESR signal (2). All  of this evidence sup- 
ports scheme [I] as the pr imary  reductive pathway for 
NRBA. (For dry conditions the ra te -de te rmin ing  step 
is the protonat ion of dianion.) 

Comparison of the spectroelectrochemistry  of  retinal 
and N R B A . - - O u r  results demonstrate  that  the proton-  
ated form of NRBA is much more easily reduced than 
ret inal  or NRBA. In  fact, protonated NRBA is reduced 
at a potential  s imilar  to that of quinones, compounds 
known to be involved in biological redox processes. 
Therefore, protonated NRBA is a bet ter  model for the 
visual chromophore than ret inal  or NRBA when 
theories concerning photoinduced reduction are con- 
sidered. However, we have not been able to determine 
the spectrum of the key in termediate  for the photore- 
duct ion-visual  t ransduct ion theory- - the  protonated 
radical anion. 

The spectroelectrochemical data obtained dur ing  the 
reduct ion of NRBA are compared to results from ret-  
inal  in Table I. The two-electron reduct ion product of 
re t inal  has only been observed as the anion, while R H -  
for NRBA is more readily protonated to form the 
neut ra l  RH2. However, for both ret inal  and NRBA, the 
two-electron reduction product in acetoni t r i le /TBAP 
solutions is not the corresponding alcohol or amine. 
Electrolysis in the presence of weak proton donors re-  
sults in dimer formation in the case of retinal,  and a 
two-electron reduction for NRBA. While this presum- 
ably reflects differences in the equi l ibr ium constants for 
disproportionation of these two compounds, a measure-  
ment  of these constants is not possible since the dianion 
of both of these compounds is a very strong base and 
exhibits a short lifetime. For re t inal  reduction, we have 
demonstrated that the addit ion of weak oxygen acids 
results in a solvated or hydrogen bonded radical anion 
which subsequent ly  dimerizes (36). Here, we have 
demonstrated that the oxygen acid, water, promotes 
disproportionation of the radical anion of NRBA 
through a solvated (ra ther  than protonated)  in te r -  
mediate since the dianion is a distinct in termediate  
under  conditions of very low water  concentration. The 
dimeric products found after electroreduction of NRBA 
in the presence of strong proton donors exhibit  u.v. 
spectroscopic features that are similar  to those found 
following dimerization of ret inal  induced by oxygen 
acids. Since the reduction of protonated Schiff's base 
results in a neut ra l  radical which dimerizes very  
quickly, disproportionation is disfavored. These re-  
sults support the proposal of S a y , a n t  (28b)- - the  gen- 
eral  features of imine reduction in  aprotic solvents par-  
allel those of carbonyl  compounds. 
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U.V.-Visible and Electron Spin Resonance 
Spectroelectrochemical Studies of Sulfur Oxidation in 

AICI -NaCI (63/37 m/o) Melt 
V. E. Norvell,* K. Tanemoto, G. Mamantov,* and L. N. Klatt 

Department of Chemistry, University o~ Tennessee, Knoxville, Tennessee 37916, 
and Oak Ridge National Laboratory, Analytical Chemistry Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

The electrooxidation of sulfur in molten AICI2-NaCI (63-37 mole percent) 
has been investigated by means of u.v.-visible and electron spin resonance 
spectroelectrochemistry in the temperature range 132~176 The electrode 
reaction sequence for the oxidation of Ss to SC13 + that was proposed pre- 
viously based solely on electrochemical results has been modified to include 
several other intermediates, such as S192 +, $5 +, $42 +, and S (I1). 

Tetravalent sulfur is a promising positive electrode 
in a secondary molten salt battery using chloroalumi- 
nates (mixtures of A1CI~ and alkali halides) as sol- 
vents (1-3). The electrochemistry of sulfur in A1Cla- 
NaC1 melts has been studied by this group (4-7) as 
well as by others (8). In acidic [>50 reel percent (m/o) 
A1C13] chloroaluminate melts, it has been shown (7) 
that elemental sulfur can be electrochemically oxidized 
in three steps. Coulometric (7) and spectroelectro- 
chemical (9) studies indicate that at least two species 
are  formed during the first oxidation step, and a pre- 
liminary mechanism involving the formation of $162+ 

* Electrochemical Society Active Member. 
Key words: electrooxidation, spectroelectroehemistry, oxida- 

tion. 

and Ss 2+ was proposed (7, 9). The second and third 
oxidation steps yield S(1) and S (IV), respectively, as 
products. 

Fehrmann et aS. (10) and Bjerrum (11) have per- 
formed constant current oxidation of sulfur in A1C13- 
NaC1 (63-37 m/o),  followed by spectral measurements. 
A number of absorption bands due to oxidized sulfur 
species were observed in the 200-2000 nm s p e c t r a l  
region. Evidence for the existence of $1~ 2+, Ss 2+, S~ 2+, 
S(II) ,  and S(IV) at various stages of the electrolysis 
was presented by these authors. 

Preliminary ESR experiments with melts containing 
either chemically or electrochemically oxidized sulfur 
(12) indicated that free radicals are present both in 
the molten and frozen solutions. Sulfur radical cations 
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have  previously been studied in  several inorganic 
media (13-15), but  the presence of such species in  
molten chloroaluminates has not  been reported. 

In  order to obta in  a bet ter  unders tand ing  of the 
na ture  of these sulfur  species and the reactions by  
which they are formed, we chose to employ the tech- 
nique of spectroelectrochemistry using an optically 
t ransparen t  elect-rode (OTE). This technique has been 
successfully coupled to several spectroscopic techniques 
in both aqueous and nonaqueous solvents (16). We 
have recent ly  reported the use of OTE's in  mol ten 
chloroaluminates (9). In  this paper, an extensive s tudy 
of sulfur  spectroelectrochemistry in A1C13-NaC1 (63-37 
m/o)  is reported for the tempera ture  range 132~176 

Experimental 
The mel t  preparat ion and related exper imenta l  pro-  

cedures have been published (17, 13). Elementa l  sul fur  
(Alfa Inorganics, t5N5 grade) was used without  fur-  
ther purification. Sul fur  monochloride (Pfaltz and 
Bauer, Incorporated) was purified by repeated vacuum 
distillations in  the presence of sulfur  and activated 
charcoal (19). Sulfur  dichloride (Pfaltz and Bauer, 
Incorporated) was purified by repeated vacuum dis- 
t i l lations in the presence of PCI~ (20). The purit ies of 
the distilled SC12 and 82C12 w e r e  checked by  Raman  
spectroscopy. SC12 or $2C12 was added to the spectro- 
scopic cell by vacuum distillation. SCI~A1C14 was pre-  
pared as previously described (21). 

U.V.-visible absorption spectroelectrochemical ex-  
periments  were carried out at Oak Ridge National  
Laboratory with a Tektronix  Model J20 sil icon-based 
vidicon rapid-scanning  spectrometer interfaced to a 
PDP-8 / I  computer. The noise level for these measure-  
ments  is in the range 0.003-0.005 absorbance units. The 
accuracy of the wavelength  axis is -+- 4 nrm Details of 
the spectrometer operat ion and the computer  interface 
have been published (22). An ORNL Model Q-2943B 
control led-potent ia l  and cont ro l led-current  cyclic volt-  
ammeter  (23) was also interfaced to the system en- 
abling electrochemical experiments  to be synchronized 
with the acquisition of spectral data. A xenon arc 
lamp or a deuter ium lamp served as u.v. l ight sources, 
and a tungsten  lamp was used for the visible region. 
Some u.v.-visible measurements  were made using a 
Cary 17 spectrophotometer. 

The cell and furnace designs used for u.v.-visible 
spectroelectrochemistry have been previously de- 
scribed (9). Optically t ransparen t  working electrodes 
were prepared either from 80 mesh p la t inum screen or 
from 80 or 100 pore per inch ret iculated vitreous carbon 
(RVC-4, The Fluorocarbon Company, Anaheim, Cali-  
fornia)  (24) which was cut into th in  slices (1-2 m m  
thick) of appropriate dimensions. The RVC was pre-  
cleaned by soaking in  6M HC1, then r insed and dried 
before use. Electrical contact to the RVC was made 
by pressing a cleaned 0.5 mm diam tungsten  wire into 
the RVC to a depth of about  1 cm after the RVC had 
been inser ted into the optical cell. 

ESR spectroelectrochemical experiments  were car-  
r ied out at the Univers i ty  of Tennessee with a Var ian 
E-Line Model E-109 spectrometer equipped wi th  a 
Model E-257 Variable Tempera ture  Accessory. The 
cell design is s imilar  to that  used for u.v.-visible 
spectroelectrochemistry. A p la t inum screen OTE was 
used inside a quartz ESR cell with a pa th length  of 
approximately  1 ram. An  auxi l iary  furnace consisting 
of a Pyrex tube wrapped with heat ing tape was used 
above the ESR cavity to ma in ta in  the solution mol ten  
and to prevent  A1CI3 condensat ion in  the top of the 
cell. The electrode potent ial  was controlled by  a 
Pr inceton Applied Research, Model 173/179 potentio-  
s tat /coulometer .  

The magnet ic  field was calibrated by using a sample 
of 2 ,2-d iphenyl - l -p ic ry lhydrazyl  (DPPH, g _-- 2.0036) 

inside the microwave cavity bu t  outside the electro- 
chemical cell. A modulat ion ampli tude of 4G and a 
modulat ion frequency of 100 kHz were employed. The 
microwave frequency was approximately  9.12 GHz and 
the microwave power was 3.5 roW. The scan speed 
was 200 G rain -1. 

The melt  used was A1C13-NaC1 (63-37 m/o  -- 63/37) 
in  all cases, and potentials are reported vs. the A I ( I I I ) /  
A1 reference electrode in  this melt. 

Results 
E S R  s p e c t r o e l e c t r o c h e m i s t r y . - - I n  pre l iminary  ex-  

per iments  (12), sulfur  was dissolved in the 63/37 
chloroaluminate  melt  and then oxidized to formal oxi- 
dation states ranging from + Ys to + 1  either electro- 
chemically or chemically using stoichiometric amounts  
of SCI~A1C14. Most of these solutions produced ESR 
spectra consisting of two, and sometimes three, signals, 
both in the molten and in the frozen state. The strong- 
est l ine in most cases had a g-value of ~ 2.0275, and 
weaker lines were observed at g ~ 2.016, g ~ 2.013- 
2.014, and g ~., 2.0075. These spectra were obtained at 
132o-136~ 

ESR spectra were also obtained for pure Ss, $2C12, 
SC12, and SCI3A1C14 dissolved in the melt  at 132~ 
These represent  sulfur  with formal  oxidation states of 
0, +1,  +2, and +4,  respectively. The la t ter  two solu- 
tions produced no signal. 82C12 produced a weak signal 
at g = 2.0277 and stronger signals at g ---- 2.0155 and 
g = 2.013. Sulfur  dissolved in  the melt  produced only 
a weak signal at g = 2.0155. 

In  order to study these radicals as a funct ion of 
potential, a solution of 8.20 • 10-Sm sulfur  was oxi- 
dized at a p la t inum OTE at potentials ranging from 
1.3 to 1.9V. Figure 1 summarizes the resuIting spectra 
at 132~ Four  lines are observed, labeled A, B, C, and 
D; the g-values and l inewidths are summarized in 
Table I. Signal  D was shown to be due to the quartz 
ESR cell. 

A plot of relat ive signal in tens i ty  vs.  potential  for 
lines A, B, and C (Fig. 2) shows that  signal A is ob- 
served at potentials less positive than signal C and that  
it reaches a ma x i mum around 1.60V, whereas C reaches 
a ma x i mum at 1.70-1.75V. It is reasonable to conclude 
from these results that radical A is due to a sulfur  
species in a lower formal oxidation state than radical 
C. The intensit ies shown in Fig. 2 were calculated 
from the first derivat ive spectra by  correcting for the 
signal linewidths. Since l ine B is very  nar row com- 
pared to A or C, its in tensi ty  is low. These corrected 
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Fig. 1. ESR spectra of sulfur oxidation products in the 63/37 
melt at 132~ Sulfur concentration (as monomer): 8.20 X 10-3m. 
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Table I. Observed g-values and linewidths, for sulfur radicals 
produced in the 63/37 melt at 132~ 

Signal g-value~ -~Hm s ~ g 

A 2.0277 • 0.0005 9.6 
B 2.0155 ---- 0.0005 3.4 
C (2.013 • 0.001) $ (I6) $ 
D* 2.0007 +-- 0.00u5 2.4 

* Due to quartz cell. 
r Uncertam~ies represent the limit of confidence in reading 

line positions from the recorded spectra. 
$ Estimated due to overlap w,th signal B. 

intensities should be direct ly  proport ional  to the con- 
centrations of the respect ive radicals in the melt, how-  
ever, the actual concentrations cannot be calculated 
since the values of the parameters  involved in the 
proport ional i ty  constants are unknown.  

An increase in t empera tu re  to 150 ~ produced a loss 
in intensi ty for all the lines, but  the intensi ty  vs. po- 
tential  curves remained unchanged. When the t em-  
pera ture  was increased to 225~ the intensities of all 
signals decreased considerably. Lines A and C became 
broader, and A was only bare ly  detectable due to 
overlap with B. The l inewidth  of B remained the same 
at the higher  tempera ture .  

The behavior  of species B differs f rom that  of A and 
C in several  ways. The fact that  it is present  over  the 
entire potential  range is unexpected  assuming that  it is 
due to a species containing sulfur in a formal  oxidation 
state between 0 and 4. In fact, it is present  at the open-  
circuit  potent ial  (~ l . 3V)  where  only S(O)  should be 
present. Fur thermore ,  the same signal was observed 
when e lementa l  sulfur  was dissolved in the melt. The 
line width  of B is small  and remains unchanged with  
temperature ,  whereas  lines A and C are broadened at 
h igher  temperatures .  A Iineshape analysis of signals 
A, B, and C indicates that  signals A and C approxi -  
mate  the Lorentz ian function, but  B is closer to the 
Gaussian function. 

An exper iment  was carried out using 8~S enriched 
e lementa l  sulfur  as the solute in an a t tempt  to obtain 
hyperfine spli t t ing of the radical  lines. We were  un-  
able to observe the hyperfine splitt ing; thus, the nature  
of these radicals can only be inferred by comparison 
with  sulfur  radicals previously studied in other media  
(13-15) and by correlat ion with  the u.v.-visible spec- 
t roelectrochemical  data which are discussed below. 

U.V.-visible spec troe lec trochemis try . - -The  various 
sulfur cations have several  absorption bands in the 
250-1100 nm region which are useful for de termining 
which species are present  in solution. In a previous 
paper  (9) we reported some pre l iminary  results con- 
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Fig. 2. Potential dependence plot for radicals A, B, and C 

cerning the oxidation of sulfur at OTE's, covering the 
potential  range f rom 1.3 to 1.85V and the 250-1100 nm 
spectral  region. In order to obtain a be t te r  unders tand-  
ing of the effects of temperature ,  potential ,  and con- 
centrat ion on the sulfur  species produced in the melt, 
a more comprehensive  invest igat ion has been con- 
ducted. 

The first oxidat ion step for su l fur  has not been com- 
pletely characterized,  p r imar i ly  because the oxidation 
involves a small  number  of electrons resul t ing in a 
broad cyclic vo l tammetr ic  oxidat ion wave  (7). This 
step covers the potent ial  region f rom 1.3 to -- 1.7V. 
Figure  3 i l lustrates spectra acquired at an RVC-OTE 
for four potentials at tempera tures  of 150 ~ and 250~ 
As previously reported (9), three absorption bands 
appear  at ~ 600, -- 730, and ~ 960 nm for potentials 
be tween  1.5 and 1.7V. In addition, a shoulder is ob- 
served around 450 nm. Al though not shown in this 
figure, a shoulder is also seen in the ~ 330-350 nm 
region. The 600 nm band has previously been a t t r ibuted 
to Ss 2+ and the la t te r  two bands to S16 2+ (9-11). The 
absorbance vs. potent ia l  behavior  for these bands, 
shown in Fig. 4, supports the assignment  of the 600 nm 
band to the species of a h igher  formal  oxidat ion state. 

Similar  absorption bands have been observed when 
sulfur was oxidized in HSO3F and oleum (13). Af te r  
the complet ion of the present  work, a paper  by Burns, 
Gillespie, and Sawyer  (15) appeared describing the 
oxidation of sulfur  by AsF~ in SO2. Visible spectra 
similar to those described above were  obtained, and a 
band at 585 nm was at t r ibuted to S~ e species. The two 
longer wave length  bands were  assigned to an unknown 
sulfur radical  cation which was previously  identified 
as Ss + (13). A somewhat  different in terpre ta t ion  of 
these absorption bands is given in the Discussion sec- 
tion. 

The 730 and 960 nm bands have  approximate ly  equal  
absorbances, in agreement  wi th  o ther  published spectra 
(11, 15), however ,  at potent ials  g rea te r  than  ~1.55V, 
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Fig. 3. Absorption spectra of the products of the first sulfur 
oxidation step for two temperatures. Applied potentials: 1.30V 
( - - - - - - ) ,  1.50V ( . . . .  ), 1.60V ( ), 1.70V ( . . . . . . .  ). 
Sulfur concentration: 1.50 • 10 -2m.  
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Pig. 4. Potential dependence plot for the absorption bands shown 
in Fig. 3 at 150~ O ,  600 nm; 0 ,  730 nm; Z~, 960 nm. 

the absorbance at 730 n m  becomes greater than  that  at o I I } 
960 nm. The cause apparent ly  lies in the overlap of the 
600 and  730 n m  bands, such that, as the 600 n m  band  
begins to increase, it contributes to the observed ab-  
sorbance at 730 nm. This effect is also evident  in the 
spectra of Gillespie and co-workers (15). The 960 nm 
band  is sufficiently separated from the other bands to 
avoid this problem. 

The tempera ture  dependence of these bands, as 
shown in Fig. 3, indicates that  the higher oxidation 
state species is favored at higher  temperatures.  This 
tempera ture  effect is also evident  in bu lk  coulometric 
results (7) and is fur ther  supported by  the th in - l ayer  
coulometric exper iments  summarized in Table II. 
These data were  obtained by in tegra t ing  the cur ren t -  
time curve produced by exhaust ively electrolyzing a 
sulfur  solution at a p la t inum OTE. The increasing 
napp value at higher temperatures  indicates a shift in 
the equi l ibr ium ratio favoring the higher oxidation 
state. 

Absorbance vs. t ime profiles for the three absorption 
bands were obtained by stepping the potential  of an 
OTE from 1.3V (rest potential)  to various potentials 
on the cur ren t - l imi ted  region of the first oxidation 
wave. Figure 5 i l lustrates the results for the 600 and 
730 nm bands at potentials of 1.6OV (middle of cur ren t -  
l imited plateau) and 1.70V (near  the beginning  of sec- 
ond oxidation wave) at 150~ The higher potential  
results in a greater rate of increase in absorbance vs.  
time for both wavelengths,  and a greater  absorbance 
plateau value for the 600 nm band. The max imu m and 
subsequent  decrease in  the absorbance at 730 nm at 
1.70V is expected ba~ed on the absorbance vs.  potent ial  
relationships shown in Fig. 4. 

In  the spectroelectrochemical experiments  described 
thus far the sulfur  concentrat ion ranged from 1.3 to 1.5 

Table II. Thin-layer coulometric napp obtained at a plnHnum 
OTE for the first sulfur oxidation step. Potential was stepped from 

1.30 to !.65V. 

t (~ napp* 

150 0.157 • 0.094 
200 0.167 -4- 0.002 
250 0.181 -~ 0.006 

* Uncertainties  represent  standard deviation of m e a s u r e m e n t s .  

O 2 4 6 8 t0 
TIME (rnin) 

Fig. 5. Absorbanee-time profiles for the 600 and 730 nm absorp- 
tion bands following potential steps from 1.30 to 1.60V ( ) 
and 1.70V ( . . . .  ). Sulfur concentration: 1.50 • 10-2m. 

X 10-'~m (as monomeric sulfur) .  To s tudy the effect  
of sulfur  concentration, a 1.75 X 10-1m sulfur  solu- 
tion was examined at a p la t inum OTE. Temperatures  
--~200~ were necessary to avoid precipitat ion of mol ten 
sulfur  from the melt, therefore, these spectra were ac- 
quired at 250~ 

The absorbance vs.  potent ial  relationships for the 
600 and 730 n m  bands for the higher sul fur  concen- 
t ra t ion show a substant ia l  increase in the concentra-  
t ion of the lower oxidation state species relat ive to the 
higher oxidation state species. The absorbance value 
at 730 nm now is greater  than that  at 600 nm for po- 
tentials as positive as 1.70V. This may be contrasted 
with the lower concentrat ion case where the 600 n m  
absorbance predominates at 1.70V even at 150~ (Fig. 
4), and to an even greater  extent  at 250~ Attempts  
to analyze th in- layer  coulometric data for this solu- 
tion were unsuccessful due to the i l l-defined na ture  of 
the charge vs.  t ime curves. This is due to the large 
continuous faradaic current  resul t ing from diffusion 
of sulfur  from the bu lk  solution to the OTE contact 
region. 

The potential  region of interest  for the second sulfur  
oxidation step extends from about 1.70 to 1.85V. This 
oxidation step was also studied spectroelectrochemi- 
cally using a 1.35 X 10-2m sulfur  solution. As shown 
by previous coulometric results (7), the product  of 
this oxidation is S (I). A spectrum of S (I) was obtained 
by dissolving $2C12 in the 63/37 melt. The resul t ing 
spectrum shows a strong band  at 263 n m  and two weak 
shoulders a round 320-330 nm and 375-380 nm. Figure 
6 i l lustrates spectra obtained at a p la t inum OTE for 
several potentials in  this region. The correlat ion be-  
tween the final spectrum (at 1.85V) and that obtained 
for $2C12 is good. Feh rmann  et al. (10) have published a 
"calculated" spectrum for S ( I )  (as $22+), indicat ing 
bands at 262 and 376 nm. There is also some indica-  
tion of a shoulder near  320 nm, bu t  this is more pre-  
dominant  in  the calculated spectrum for the S~ 2+ 
species, and it appears that  this band  is more properly 
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Fig. 6. Absorption spectra of the products of the second sulfur 
oxidation step at 250~ Applied potentials: 1.70V ( - - - - - - ) ,  
|.775V ( - - - - - - ) ,  1.825V ( . . . . . .  ), 1.85V ( ). Sulfur 
concentration: i.35 • 10-2m. 

assigned to $42+. The position of the major  band in 
the spectroelectrochemical exper iment  was approxi-  
mately  265 nm, and the molar  absorptivi ty was calcu- 
lated to be ~3200. Fehrmann ' s  calculated spectrum for 
S( I )  has a molar  absorpt ivi ty  of ~3700 at the 262 n m  
band maximum.  

An increase of the potent ial  of the OTE past 1.85- 
1.95V results in the eventual  disappearance of all  ab-  
sorption bands at wavelengths longer thon ~260 nm. 
There is an  indicat ion of a s trong absorption at wave-  
lengths less than  260 nm, bu t  this was beyond the dy-  
namic  range of our  ins t rumenta t ion .  At potentials be-  
tween 1.85 and 1.90V, there is evidence that  the band 
at ,~325 n m  disappears at a faster rate than the band  
at ,,,377 nm. This would require the presence of at 
least two species in  this potential  region. Since S( I )  
is known to be a product of the second oxidation 
step, S( I I )  might  be expected to exist upon oxidation 
at potentials be tween the second and third oxidation 
steps. F e h r m a n n  et al. (10) have proposed the  exist- 
ence of S(I I )  in the melt  and have calculated an ab-  
sorption spectrum showing a single band  at 380 nm. 
The observation that  the bands at ,-,325 and ~377 
n m  are seen at 1.85V, and only the ~377 nm band is 
seen at 1.90V supports the existence of an oxidation 
state between S( I )  and S( IV) ,  and S( I I )  is reason-  
able. 

Discussion 

The spectroelectrochemical results support  the com- 
plexity of the first oxidation step indicated by the 
electrochemical results previously reported (7). These 
data also suggest a more complex oxidation path than 
previously proposed for the second and third oxidation 
steps. In  the following discussion these three steps 
will  be discussed separately. 

First oxidation step (I.30-1.70V).--A reaction sequence 
was previously proposed (7) for the first oxidation 
step based on electrochemical results and some pre-  
l iminary  spectroscopic data. This is summarized by  
reactions [ l a ] -  [2b] 

and 

Ss  = Ss  + + e 

2 S s  + ~ Sz6 ~+ 

Ss  + = Ss  2 + -4- e 

S s  = Ss  2+ -F 2e  

Ss  2+ + S s  = Sz6 ~+ 

[ la]  

[ lb]  

[lc] 

[2a] 

[2b] 

Reactions [13 and [23 assume that  both Ss + and Ss 2+ 
are formed at approximately the same potentials. This 
reaction sequence, however, is not adequate to ac- 
count for the presence of at least one other species 
which has  been observed by us in  this potent ia l  r e -  
g i o n .  

Sulfur  radical cations have been studied in  HSOsF, 
oleum, and SO2 by several  invest igators (13-15), and, 
in  most cases, two radical  species, Rz and R2, were 
observed with g-values of approximate ly  2.013 and 
2.027, respectively. Gillespie and co-workers (15) have 
observed an addit ional  su l fur  radical, Rs, with a 
g-value  of 2.008. The radicals R2 and R1 appear to 
correspond to radicals A and C, respectively, in  the 
present  work. The l inewidths of the ESR signals for 
these radicals in chloroaluminate  melts  (see Table I) 
are about a factor of two greater  than  those observed 
by Gillespie and co-workers (15), bu t  this may be at-  
t r ibuted to the difference in  solvents and the higher 
temperatures  of the chloroaluminate  studies. Volkov 
et al. (25) have reported radicals giving similar  ESR 
signals in A1C13-S2CI~, however, their  in terpre ta t ion  
of the na ture  of species in  these media is highly ques- 
tionable. 

The radical denoted as R3 by Gillespie et al. w a s  
not observed when sulfur  was oxidized in chloro- 
a luminate  melts at the OTE; however, its g-value of 
2.008 is in good agreement  with the signal at g = 
2.0075 which was observed in p re l iminary  nonelectro-  
chemical experiments  (12). In most cases, this signal 
was observed in  solutions in i t ia l ly  containing only 
elemental  sulfur or very slightly oxidized sulfur. Also, 
whenever  this signal was present, radical A was pres-  
ent. The relative in tensi ty  of signal A with respect to 
the signal at g = 2.0075 was approximately  constant  
and equal to ~9. Gillespie and  co-workers (15) also 
note a relationship be tween this radical  (R~) and radi -  
cal R2, al though the ratio of the intensi t ies  appears 
to be greater  than 9 in  their case. I t  seems l ikely that  
this radical  contains sulfur  in a very low oxidation 
state since it is seen p redominan t ly  in  weakly oxidized 
solutions. This observation is in agreement  with Gil-  
lespie and co-workers (15) who propose the possibility 
of S~2 + for this species. It  is not clear as to why this 
radical was not observed at the OTE. Fur the r  studies 
will be required to characterize this species as well as 
radical B; therefore, they will not be considered in 
the proposed reaction sequence. 

Radicals R1 (C) and R2 (A) were earl ier  believed to 
be S~ + and Ss +, respectively (13), and monomer-  
dimer equil ibria were introduced to account for their 
presence as shown below 

2S8 + v ~  $16 ~+ [ l b ]  

2S4 + ~ Ss 2+ [3] 

The existence of Ss 2 + was confirmed by x - r ay  diffrac- 
tion (13), however, no such data were available for 
Sz62+. The stoichiometries of the radical  cations were 
not proved, but  ra ther  proposed on the basis of above 
equilibria. 

Gillespie and co-workers (15) have recent ly  ob- 
tained x - ray  diffraction data for a salt thought to con- 
tain $1~2+; the cation $192+ was found instead. The 
s t ructure  of this species was shown to consist of two 
different seven-membered  rings l inked by  a f ive-mem- 
bered bridge. Ear l ier  Low and Beaudet  (14) deter-  
mined that  radical Rz, which was thought to be $4 +, 
is S~ + based on analysis of hyperfine spli t t ing data. 
The na ture  of radical R2 has not been definitely estab- 
lished. Clearly it is impor tant  to consider this infor-  
mat ion along with the spectroelectrochemical data in  
order to arr ive at a reasonable reaction sequence for 
the oxidation of sulfur in chloroaluminate melts. 

A comparison of the spectroelectrochemical data 
shown in Fig. 2 and 4 suggests a relat ionship be tween 
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the radica l  species A and C and species p roduc ing  the 
absorpt ion  bands  at  600, 730, and  960 nm. Both the 730 
and 960 nm absorbances  and s ignal  A reach  the i r  
m a x i m u m  values  a round  1.60V; this is also t rue  for 
the 600 nm band  and signal  C a round  1.70-1.75V. The 
t empe ra tu r e  dependence  da ta  y ie ld  fu r the r  informat ion  
on this relat ionship.  An  examina t ion  of the  absorpt ion  
bands in Fig. 3 for a po ten t ia l  of 1.60V shows tha t  the 
600 n m  band increases at  h igher  t empera ture ,  whereas  
the 730 and 960 nm bands decrease.  For  the same po-  
ten t ia l  and a t empe ra tu r e  increase  f rom 132 ~ to 225 ~ 
the ESR signals A and C bo th  decrease  considerably.  
The re la t ive  differences in the amount  of change in  the 
absorpt ion  bands  as compared  to the ESR signals indi -  
cate tha t  the absorpt ion  bands  a r e  due, a t  least  p r i -  
mar i ly ,  to d iamagnet ic  species which  are  p robab ly  in 
equ i l ib r ium with  the radica l  cat ion species. Cont r ibu-  
tions to the absorpt ion  bands  by  the radicals  cannot  
be ru led  out  comple te ly  based on the da ta  avai lable .  

The 600 nm absorpt ion  band  m a y  be a t t r ibu ted  to 
Ss 2+ (9, 11, 13), which is r e la ted  to radica l  C through 
one or  more  chemical  reactions.  Radical  C is p robab ly  
$5 + based on the s tudy  b y  Low and Beaudet  (14). 
The format ion  of Ss + by  a one-e lec t ron  oxida t ion  of 
Ss ( react ion  [ l a ] )  is suppor ted  by  e lec t rochemical  da ta  
(7) and  r easonab ly  accounts for  rad ica l  A. I t  also 
provides  a s imple  p a t h w a y  to the format ion  of Ss 2+ 
by  an addi t ional  one-e lec t ron  step. The or ig ina l ly  p ro -  
posed react ion [ lb]  appears  to best  expla in  the pres-  
ence of the d iamagnet ic  species in equi l ib r ium with  
this radical .  B j e r r u m  (11) has presented  po ten t io -  
met r ic  evidence for the exis tence of S162+ in chloro-  
a lumina te  melts,  and  the 730 and 960 nm absorpt ion  
bands have prev ious ly  been a t t r ibu ted  to this species 
(9, 11). The exis tence of $192+ in these mel ts  has not  
been prev ious ly  considered, however ,  the  spec t roe lee-  
t rochemical  da ta  show a shoulder  in the region ~330-  
350 nm for the ea r ly  stages of sul fur  oxidat ion.  This 
m a y  be a t t r i bu ted  to $192+ on the basis of the  ass ign-  
men t  by  Gil lespie  and co-workers  (15). I t  was not  
possible  to s tudy  this shoulder  quan t i t a t ive ly  by  spec-  
t roe lec t rochemis t ry  due to over lapping  absorpt ion  
bands a t t r ibu ted  to h igher  oxidat ion s tate  sul fur  species 
(see be low) .  

One set of react ions which  may  account  for the re -  
la t ionships be tween  these var ious  species is shown b e -  
low 

2Ss + ~ $162+ [ lb]  

Ss + + S16 2+ ~ - $ 5  + + $192+ [4] 

4Ss ~+ + Ss ~ -  8S5 + [5] 

Ss 2+ + Ss ~ $1~ 2+ [2b] 

Reactions ~lb] and  [4] provide  a p a t h w a y  for the for -  
mat ion  of S~ + and $192+ using Ss + as the s ta r t ing  
mater ia l .  React ion [5] is based on a s imi lar  reac t ion  
proposed by  Low and Beaudet  (14), bu t  modified to 
take  into account the presence of Ss as the  l ike ly  form 
of e lementa l  sul fur  in ch loroa lumina te  mel ts  (26). 
These react ions  can also be used to exp la in  the domi-  
nance of the lower  oxidat ion  s tate  species (i.e., fo r -  
mal  su l fur  oxidat ion  s tate  -~0.20) at  h igher  sul fur  
concentra t ion as observed f rom the absorpt ion  spectra.  
This effect was also reflected in bu lk  coulometr ic  
measurements  (7). I t  should be noted  tha t  these equa-  
tions only a t t empt  to r ep resen t  the reac t ion  sequence 
and should not  be construed to be ac tua l  mechanisms.  

Addi t iona l  in format ion  concerning the e lec t rochem-  
ical  react ions involved in the first su l fur  oxida t ion  step 
can be obta ined  f rom the absorbance - t ime  plots shown 
in Fig. 5. These  da ta  indicate  tha t  the ini t ia l  r a t e  
of fo rmat ion  of the lower  oxidat ion  state species (i.e., 
$162+ formed through  react ion [ l b ] )  is fas te r  than  tha t  
for  the h igher  oxida t ion  s tate  species (i.e., Ss 2+). This 
resul t  favors  an e lec t ron t rans fe r  sequence y ie ld ing  

Ss + ini t ial ly,  which is oxidized fu r the r  to Ss 2+. Thus 
the or ig ina l ly  proposed react ion [2a] is considered less 
l ikely.  

Bulk coulomet ry  da ta  (7) as wel l  as t h in - l aye r  
coulomet ry  (Table  II)  and spect roelec t rochemical  m e a -  
surements  indicate  tha t  the h igher  oxida t ion  s ta te  of 
sulfur  is favored  at  h igher  tempera tures .  This effect 
has been observed for other  systems in ch loroa lumi-  
nate  melts  (27) and is p robab ly  caused by  the increase  
in chlor ide ion ac t iv i ty  as the t e m p e r a t u r e  is in-  
creased (28), which, in turn,  favors  the  h igher  ox ida -  
tion s tate  (29). 

An overa l l  react ion sequence for  the first su l fur  oxi-  
dat ion step unde r  the  expe r imen ta l  condit ions s tudied 
(e.g., highly  acidic ch loroa luminate  mel ts )  can be 

summar ized  as fol lows 

Ss = Ss + + e [ la ]  

2Ss + ~=~ 8162+ [ lb]  

Ss + = 882+ + e [ lc ]  

Ss 2+ 4- Ss ~ Sle 2+ [2b] 

Sx62+ + Ss + ~-$5 + + $192+ [43 

4Ss 2+ + Ss ~=~ 8S5 + [5] 

Second oxidation step (1.70-I.85V).wThe spec t rum 
of the  oxidat ion  product  of the second oxida t ion  step 
agrees wel l  wi th  tha t  expected for S ( I )  based  on the 
spec t rum of chemical ly  p r e p a r e d  $2C12 dissolved in 
the melt.  By assuming that  the oxidat ion  was com- 
plete  at  1.85V and tha t  no oxidat ion  to S ( I )  had  p ro -  
ceeded at 1.65V, the concentrat ions of the reduced  
form, [R], and the oxidized form, [O], were  ca lcula ted  
f rom the absorbance  spect ra  at  each appl ied  potential .  
This was possible by  using the known bu lk  sul fur  con- 
centrat ion.  There  oxidat ion  react ions  have been con- 
s idered  for  this s tep 

285 + ~ 5822+ + 8e [6] 

Ss2+ -* 4822+ + 6e [7] 

Ss + -> 4S22+ + 7e [8] 

Nernst  plots for these react ions are  shown in Fig. 7; 
essent ia l ly  s t ra igh t  l ines a re  observed  in both  cases. 
The l ine for react ion [6] has a slope of 14.1 mV, giving 
an n -va lue  of 7.36. Reactions [7] and [8] have a s ingle 
Nerns t  plot, and i t  y ie lds  a slope of 18.6 mV and an 
n -va lue  of 5.58. This n -va lue  is closer to tha t  expected  
for reac t ion  [7] than  for  reac t ion  [8] suggest ing tha t  
react ion [7] is more  l ikely.  The n-va lues  calcula ted 
from these slopes suggest  that,  under  .the expe r imen ta l  
conditions, most of the sulfur  in the  R form is p resen t  
as S +1/4 or S +1/5 r a the r  than  S +~/s. Since these mea-  
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Fig. 7. Nernst plots for reactions [6 ] - [8 ]  based on the spec- 
troelectrochemical data shown in Fig. 6. Log term. @, [015/ [R]2;  
� 9  [O]4 / [R] .  
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surements were carried out at  250 ~ this result  is in 
agreement with spectroelectrochemical data indicat- 
ing a shift in the A(600 nm)/A(730 nm) ratio to 
larger  values with increasing temperature. Since the 
spectroelectrochemical data indicate that both Ss s+ 
and $5 + are present at 1.65V, reactions [7] and [6] 
may be occurring simultaneously. 

Fehrmann et al. (10) have postulated the existence 
of $4 ~ + in the melt. Gillespie and Passmore and others 
(13) have studied this species in oleum and superacid 
solvents. Some correspondence with bands at tr ibuted 
to $42+ by Fehrmann et al. has been observed at 
OTE's in the 1.70-1.85V potential range, but  some of the 
proposed bands overlap bands at tr ibuted to S( I )  and 
a proposed S (II) species (see below) making a clear 
assignment of $42+ difficult. If $42+ does exist, it is 
l ikely that it is formed as an intermediate product be- 
tween S +1/4 and S (I). 

The second oxidation step is clearly more complex 
than originally proposed based solely on electrochem- 
ical data. These earl ier  measurements did not indicate 
the presence of $42+, so it was not considered in the 
mechanism. Two sets of proposed reactions may now 
be formulated for this oxidation depending on whether 
$42+ is included in the sequence. If it is not included, 
reactions [7] and [6] are possible. A more complex 
reaction sequence involving an $4 ~+ intermediate prod- 
uct is given below 

$82+ --> 2S42+ ~- 2e [9] 

4S~ + ~ 5S4 ~+ + 6e [I0] 

S4 s+ --> 2S~ 2+ + 2e [ii] 

Third oxidation step (1.S5-2.0V).--The final product 
of this oxidation has been shown (7) to be S(IV) ,  
present as SC13 +. Assuming that S~ ~+ is the major 
product of the second oxidation, the most l ikely pos- 
sible intermediate product in the oxidation to S (IV) 
would be S( I I ) .  Fehrmann et al. (10) have proposed 
the existence of S( I I )  in chloroaluminate mel.ts with 
a single absorption band around 380 nm. Spectroelec- 
trochemical results indicate the presence of more than 
one species in the potential  region between 1.85 and 
1.90V, based on absorbance bands at ,.~325 and ,~377 
nm. Since S(IV) is known to have no bands in this 
spectral region, then S(I I )  is a possible candidate 
for the unknown species. This, however, is in disagree- 
ment with spectrum of pure SC12 dissolved in the melt, 
which does not possess any absorption bands at wave- 
lengths longer than 300 nm and has a sharply increasing 
absorbance at wavelengths shorter than 300 nm. A 
Raman spectrum of this solution showed the pres- 
ence of SCI~+, indicating disproportionation of S( I I )  
to S(IV) and some unidentified lower oxidation state. 
Fur ther  study is required to address this problem, 
therefore we can only tentatively assign S( I I )  as an 
intermediate product in the oxidation to S( IV) .  The 
originally proposed reaction [7], then, can be modified 
to 

--2e --4e 
S~ s+ > 2S(II) > 2S(IV) [12] 

Conclusions 
The oxidation of sulfur in chloroaluminate melts is 

clearly very complex, more so than originally thought 
based solely on electrochemical measurements. I t  is 
convenient to picture this oxidation in terms of a de- 
creasing number of S-S bonds and increasing C1- 
complexation as the formal sulfur oxidation state in- 
creases. Each sulfur oxidation wave, then, probably 
consists of a series o2 closely spaced sequential oxida- 
tion steps rather  than single multi-electron steps. 

At this point we cannot propose a detailed overall  
mechanism, but we have demonstrated the value of 

spectroelectrochemical techniques in enabling us to 
better  understand the sulfur oxidation in these melts. 
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Photoelectrochemistry of Layer-Type Zirconium Disulfide 
Helmut Tributsch 

Laborato~re d'Electrochimie Interfaeia~e du C.N.R.B., I, Place A. Briand, 92190 Meudon-Bellevue, France 

ABSTRACT 

Semiconduct ing  z i rconium compounds have never  before  been c o n s i d e r e d  
for  solar  energy  applicat ions,  a l though Zr  is more  abundan t  than  most  com-  
merc ia l ly  in teres t ing  meta ls  and, as opposed to Cd, nontoxic.  Reasonably  high 
pho tocur ren t  densi t ies  ( m A / c m  "~) which were  observed in ZrS2 (Eg = 1.68 eV) 
suggest  tha t  i t  could poss ibly  be developed as a ma te r i a l  for so l id-s ta te  solar  
cells. I ts photoe lec t rochemical  behavior  is especia l ly  in teres t ing  f rom theo-  
re t ica l  points  of view. Al though ZrS2 has a I a y e r - t y p e  s t ruc ture  ve ry  s imi la r  
to tha t  of MoS2 or  WS2, its anodic photoproducts  are  very  different. Su l fur  and 
not  sulfate  is fo rmed and there  is no specific photoinduced surface in t e r -  
act ion wi th  iodide. Since photoreac t ive  holes a re  genera ted  on an energy  
band der ived  f rom sulfur  p -o rb i t a l s  (as in CdS) and not  f rom d-orb i t a l s  
( l ike MoS2), the resul ts  are  considered as fu r the r  evidence for the  ad-  
van tage  of d -bands  for the  photoreact ion of wa te r  wi th  vis ible  l ight.  Possible  
molecu la r  reasons are  discussed and a model  is proposed which  emphasizes 
the  impor tance  of kinet ic  factors for photoelec t rochemical  s tab i l i ty  of e lec-  
t rodes and the i r  reac t iv i ty  wi th  water .  ZrS2 does not  seem to provide  any ad-  
van tage  as a photoelect rode in regenera t ive  redox solar  cells, bu t  some of i ts 
pecul ia r  p roper t ies  such as its high ab i l i ty  to form energy  s tor ing in te rca la t ion  
compounds st i l l  have to be evaluated.  

ZrS2 is a semiconductor  wi th  a l aye r  s t ruc ture  of the 
cadmium iodide type. I t  consists of s tacked composite 
layers  compris ing single sheets of meta l  cations sand-  
wiched on e i ther  side by  sheets of anions (Fig. 1). 
Since p r i m a r y  va lency  is l imi ted  wi th in  each mul t ip le  
sandwich,  ad jacen t  Iayers  are  he ld  toge ther  only  by  
r e l a t ive ly  weak  van der  Waals  forces. The resul t ing  
s t ruc ture  is m a r k e d l y  anisotropic,  exhib i t ing  p ro -  
nounced c leavage pe rpend icu la r  to the c-axis  of the  
oc tahedra l ly  coordina ted  crystals .  Crys ta l -chemical ,  
optical,  and e lec t r ica l  proper t ies  of ZrS2 have been 
s tudied  (1-5) and rev iewed  (6). Optical  measurements  
(3-5),  photoemiss ion studies (7), and band s t ruc ture  
calculat ions (8, 9) have shown that  the Io.west d -band  
of ZrS~ (and HfS2) is empty  and separa ted  f rom a 
bonding p - l i ke  valence band by  about  2 eV. The theo-  
re t ica l  values  for the bandgap,  1.74 and 1.84 eV (8), 
a re  in good ag reemen t  wi th  the  expe r imen ta l  resu l t  
(1.68 eV) (1). The electronic t rans i t ion  was found to 
be indirect .  Calculat ions wi th  the empir ica l  t ight  b ind -  
ing (ETP) method (8, 10) indicate  tha t  the  d - b a n d  
which  is act ing as the conduct ion band is be tween  1.74 
eV (3) and 2.25 eV (8) wide  and might  be v iewed as 
an ant ibonding band,  formed by  the t2~ t r ip le t  of d-  
bands.  The band  configurat ion indicates  considerable  
ionic charac te r  in the bonding. The f rac t ional  ionic 
bond charac te r  of ZrS2 has been  es t imated  to be 0.26, 
as compared  wi th  0.12 in 2H-MoS2. When  the appl ied  
electr ic  field is pe rpend icu la r  to the c-axis ,  the effec- 
t ive charge for a po la r  la t t ice  v ib ra t ion  in ZrS2 is 
found to be  eT*/e = 4.6 (e :e lec t r ic  charge)  as co.m- 
pa red  to eT*/e = 0.78 in 2H-MoS2. The force constants  

Key words: photoeleetroehemistry, oxygen evolution, photo- 
corrosion. 

with in  the layers  for 1V~oS2 is, on the o ther  hand, con- 
s ide rab ly  b igger  (cw = 1.7 105 dyne cm -1) than  tha t  
for ZrS2 (cw = 0.36' 105 dyne cm -1) (11). When ZrS2 
is g rown by  iodine vapor  t ranspor t  f rom a charge  in 
which the rat io  S : Z r  = 2:1, a crys ta l  composit ion 
ZrS1.gs• results.  When  the charge  composi t ion is 
var ied  be tween  the l imits  Z r : S  = 1"3 to 3:1, the  d i -  
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Fig. 1. Crystal structure and schematic arrangement of layers 
in Zr~ .  
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sulfide phase is found to shift wi th in  a nar row homo- 
geneity range between ZrSl.gs+_0.02 to ZRS1.94__0.03 (12). 
Zirconium is thus always present  in excess. It  can 
easily be taken up into vacant  sites in the van  der 
Waals gap. Nonintent ional ly  doped ZrS.~ will therefore 
always show n- type  character. 

Since only weak van  der Waals forces act between 
layers of ZrS2, it is possible to intercalate a wide 
variety of atoms and molecules. The resul t ing ZrMyS2 
(0 < y --~ 1) intercalat ion compounds exhibi t  markedly  
altered solid-state properties. Interest ingly,  they seem 
to remain  semiconducting when  the intercalated spe- 
cies are Cu or Fe with 0 < y ~ 0.22 (13). Since in ter -  
calation compounds of ZrS2 can readily be formed 
electrochemically (14, 15), a certain knowledge of their 
properties (16, 19) will be essential for unders tanding  
electrochemical and photoelectrochemical mechanisms. 

There were three reasons which motivated us to 
start  an invest igat ion of the photoelectrochemical 
properties of ZrS2, which has not yet  been considered 
as a possible solar energy material.  These are: 

1. Zirconium is the eleventh most abundan t  element 
on earth, more abundan t  than Zn, Cu, or Pb. In addi- 
tion it is, which is most important ,  practically nontoxic 
(20). Since zirconium has tu rned  out to be a very 
valuable s t ructural  mater ia l  for nuclear  reacto.rs, its 
technology is rapidly developing and it is becoming 
commercial ly interest ing for other applications. 

2. ZrS2 is a l ayer - type  t ransi t ion metal  compound 
with a crystal lattice almost identical with that  of 
MoS2. The only difference is that the cations have an 
octahedral a r rangement  (Fig. 1) and not a tr igonal 
prismatic one. The MoS2 structure can be obtained 
from that of ZrS2 by just  replacing the dashed octa- 
hedrons by prisms in  Fig. 1. This close similari ty of 
the crystal structures in combinat ion with a similar 
chemical behavior  of Zr and Mo is especially interest-  
ing with respect to a pronounced difference of the elec- 
tronic structure found in MoS2 as compared to ZrS2 
(Fig. 2). The trigonal prismatic symmetry in MoS2 
causes the t2g triplet of d-bands found in layer com- 
pounds of octahedral symmetry (ZrS2) to split into a 
10wer dz2 band and a higher dxu' dx2.~2 energy band. 
The consequence is that the valence band of ZrS2 is 
an energy band derived from sulfur 3p orbitals and the 
"valence band" of MoS,2, which is a group VI transition 
metal compound, is the lower dz2 energy band. Light 
absorbed in ZrS2 will therefore produce holes in a 
sulfur 3p energy band as in CdS while light absorbed 
in MoS2 will generate holes in the dz2 energy band. 
Since layer-type molybdenum- and tungsten-dichalco- 
genides which permit photoreactions over d-bands 
have been shown to provide reasonably stable photo- 
electrodes for regenerative electrochemical solar cells 
and are able to photoreact with water (21, 22), corn- 
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Fig. 2. Energy schemes and approximate relative energetic posi- 
tions of ZrS2 and MoS2. 

parison of ZrS2 and MoS2 will allow interest ing con- 
clusions with respect to the influence of the electronic 
state of a reactive hole on the qual i ty of photoelectro- 
chemical reactions. Figure 2 represents the approxi- 
mate relative energetic position of these two com- 
pounds (see later) which also shows that  the reactive 
holes have comparable energies. I t  should, however, 
also be pointed out that the energy scheme in  Fig. 2 
con{ains some degree of arbitrariness.  For ZrS2 the 
exper imenta l ly  determined indirect  gap of 1.68 eV 
(1) is, as alrea$ty mentioned,  well  in  agreement  with 
theoretical results. The theoretical values for the in-  
direct energy gap of MoS2, however, scatter between 
0.25 and 1.23 eV according to the theoretical model 
used (10). A weak t ransi t ion corresponding to hE ---- 
0.2 eV has also been a t t r ibuted to the d-d gap (3). 
The main  optical transit ions start  to occur at 1.75 
eV. Photopotentials as high as 420 mV, which were 
found when MoS2 was in  contact with an iodide so- 
lution, suggest a photoelectrochemically effective en-  
ergy gap of at least 1 eV. Exper imenta l  values for the 
indirect  energy gap of MoS2 vary  from 1.13 eV [optical 
measurements  (23)] to 1.6 eV [conductivity measure-  
ments  (24) ]. As long as the actual value of the indirect  
energy gap in MoS2 and its significance for photoelec- 
trochemistry is not established we prefer to use the 
largest exper imental  value for the indirect  (E~ = 1.6 
eV) transition. The actual ly effective gap might  be 
somewhat smaller, placing the "valence band" edge of 
MoS2 to somewhat more negative potentials. 

3. A third reason for us to start  an invest igat ion of 
the photoelectrochemical properties of ZrS2 was the 
possible uti l ization of layer - type  dichalcogenides of 
group IV.B as electrodes for energy storing batteries 
(25). Energy densities of up to 480 W - h r / k g  and ex- 
cellent reversibi l i ty were obtained with the Li-TiS2 
bat tery  system. Semiconductors of group IV.B such as 
ZrSm ZrSe2, HfS2, and HrSe2 offer the potent ial i ty  of 
cathodic photoreactions suitable for a combined con- 
version and storage of solar energy. A detailed analysis 
of this possibility has been provided in a separate pub-  
lication (26). 

Experimental and Materials 
Single crystals of ZrS~ with dimensions between a 

few mm 2 and 50 m m  2 were available for the invest iga-  
tion. 1 Their appearance was violet arid metallic. As 
very thin sheets and viewed against the light they 
were reddish and transparent .  Electrical contacts were 
made with copper wires attached to the semiconduct-  
ing crysIals (I I c) by means of p la t inum paint  (Eme- 
tron, Hanau) .  The crystals were embedded into a 
Teflon mount ing  exposing a van der Waals surface 
( l  c) to the electrolyte. The renewal  of the interface 
was achieved by removing an attached adhesive tape. 
Microscopic analysis of the cleaved surface regular ly  
showed a considerable concentrat ion of step sites (1 I c) 
and crystall ine imperfections. Electrochemical experi-  
ments  were performed in  a s tandard glass cell con- 
ta ining the semiconductor electrode, a Pt  counter-  
electrode, and a saturated calomel electrode. A potent i -  
ostatic circuit and a wave generator  for dynamic re-  
cordings were used. The light source was a 150W XB0 
xenon lamp, the monochromator  a Jobin Yvon HRS 2 
model. For phase sensit ive ( lock-in)  measurements  a 
PAR 121 lock- in  amplifier and a PAR 125 A chopper 
were employed. 

Experimental Results 
When undoped ZrS2 is used as an electrode in  an 

electrochemical cell it behaves like an n- type  mater ial  
exhibi t ing rectifying behavior and photoeffects in  the 
anodic potential  region. Figure 3 shows the anodic 
photo- and dark-currents  of ZrS2 for two different pH 
values (1 and 13). It  can be seen that  the l imit ing cur-  
ren t  behavior of the mater ia l  in  the clark is not very  

1 W e  w o u l d  l i k e  to  t h a n k  P r o f e s s o r  N i e t s c h e ,  F r e i b u r g ,  f o r  t h e  
samples. 
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pronounced. The magni tude  of dark  currents  depends 
on the crystal l ine qual i ty  of the ZrS.2 interface and, 
like in  layer - type  t ransi t ion metal  dichalcogenides of 
group VI (Mo, W) (27), appears to depend on the frac- 
t ion of surface areas I] c. It increases after anodic 
polarization of the electrode (corrosion of the surface) 
or addition of reducing agents (e.g., I - ) .  In  the visible 
spectral region, the ma in  contr ibut ion to the photo- 
current  comes from photons with wavelengths between 
400 and 600 rim. The photocurrent  spectrum is in rea-  
sonable agreement  wi th  the absorption spectrum of 
the mater ia l  (Fig. 4). I t  appears that  the M1- --> M1 + 
t ransi t ion near  hE ---_ 2.73 eV, which is theoretically 
(8) and exper imenta l ly  (1, 4) well  established, can be 
distinguished. When photocurrents  are separated from 
dark currents  by means of a lock-in  technique, their 
characteristic voltage dependence and l imit ing current  
behavior  can be recognized (Fig. 5). Limit ing photo- 
cur ren t  densities of several m A / c m  2 have been ob- 
served (150W xenon, 400 ~ k < 600 nm) .  Their  de- 
pendence on the l ight in tensi ty  is linear, but  reaches a 
sa turat ion value at high photon densities (Fig. 6). 
Cyclic cur ren t  voltage dependencies of ZrS2 in ab-  
sence and dur ing  i l lumina t ion  are reproduced in  Fig. 
7 (sweep rate 40 mV/sec) .  It can be observed that  a 
higher anodic photooxidation is followed by an en-  
hanced cathodic reduction. 

ZrS2 shows considerable electrochemical react ivi ty 
both anodically and cathodically. As a consequence of 
an anodic (photo) current  flow, the ZrS2 electrode 
loses its metallic brightness and a layer of molecular  
sulfur  is formed on its surface. The principal  mech- 
anism of the anodic photoreaction has been determined 
by our exper iments  to b e  
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4hv 
ZrS2 + 4p(hv)  -> Zr ( IV)  + 2S [ l ]  

In  absence of light the same reaction products are 
formed at a lower rate. In  this case, holes are gen- 
erated by a still unde te rmined  potential  dependent  
surface reaction in the dark. As a consequence of the 
formation of a sulfur  layer  on the ZrS2 surface, the 
anodic photocurrents are unstable  and, depending on 
the l ight intensity,  decrease more or less rapidly with 
time. Cathodically, three electrode mechanisms are 
possible: in tercalat ion of positive ions (e.g., H+) ,  at 
somewhat more negative potentials their  deposition 
(e.g., evolution of H2), and reduct ion of ZrS2 leading 
to lower valent  zirconium and H2S. These electrode 
reactions cause profound changes of the electrode ma-  
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terial. Polarizat ion of ZrS2 at --2V in  1M HC1 for 30 sec  
leads, for example, to the formation of a gold-yellow 
surface dotted with m a n y  t iny crystal scales, which no 
longer shows an anodic photoeffect, Cathodic polar-  
ization in  the presence of NH4Fe(SO4)2, pyr id in ium 
ions (in ethanol) ,  Cu 2+, or Li + (in acetonitrile) simi- 
lar ly  affects the electrode mater ia l  in  a way charac- 
teristic for intercalat ion reactions (changes of optical 
properties, volume changes, al terat ion of the-crys ta l -  
l ine macros t ruc ture- -smal l  crystal fragments appear 
on the surface).  

The different anodic (photo) behavior of ZrS2 as 
compared to MoS2 which reacts with water  to form 
molybdenum sulfate is also evident  from its electro- 
chemical behavior  i n  contact with acetonitrile. While 
the anodic dark and photocurrents of MoS2 are drast i-  
cally reduced in  the presence of acetordtrile as com- 
pared to an aqueous electrolyte and are dependent  on 
traces of water  or other oxidizable species, those of 
ZrS2 re ta in  a comparable order of magnitude.  In  this 
respect the behavior of ZrS2 is more similar  to that  of 
CdS than that of MoS2 or WS2. In  order to detect fur-  
ther  differences between the photoelectrochemistry of 
ZrS2 and MoS~ we studied the effect of reducing agents 
on the voltage dependence of the photocurrent  across 
the l ayer - type  interface. As reported in  some detail 
in  preceding publicat ions (21c, d, e) the presence of 
reducing agents (e.g., I - ,  B r - ,  Fe~+, hydroquinone)  
in  the electrolyte considerably shifts the photocurrent  
across molybdenum and tungsten dichalcogenides in 
the negative direction. The largest shift was observed 
in  the presence of I - .  It  amounts  to approximately 
0.6V in  the case of MoS.~ (Fig. 8). This very pro-  
nounced effect of I - ,  which is essential for the opera-  
t ion of reasonably stable regenerat ive solar cells based 
on Mo- and W-dichalcogenides, is absent  with ZrS2 
in spite of the very  similar  crystal s t ructure and chem- 
istry of layer  compounds of group IV.B and VI.B 
transi t ion metals (Fig. 8). Shifts of the current  voltage 
characteristic were not  observed, but  only changes in  
the magni tude  of the currents.  

We made some efforts to unders tand  the photocur- 
rent  characteristic of ZrS2. Figure 4 shows that  be-  
tween 400 and 600 n m  the absorption coefficient of ZrSu 
changes by  a factor of approximately 30. Since the 
depth of the space charge layer, in  which holes are 
collected and drawn toward the electrode surface, de- 
pends on the applied electrode potential, the voltage 
dependence of photocurrents should therefore change 
characteristically with the wavelength of the incident  
light. The photocurrent  under  reverse bias in a semi- 
conductor electrolyte junct ion  has been calculated to 
be (28) 
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I e-aW 1 Iph ---- eAIL 1 1 -{- aLp [2] 

where e = electronic charge, A ---- constant  factor, 
[a = light intensity,  a ---- absorption coefficient, Lp = 
diffusion length, and W ---- the depth of the space 
charge, which depends on the electrode potential  ac- 
cording to 

( ~ A V  ~ I/, 
W = \ 2~-2-~-N-/ - B ( ~ V ) , / 2  [3 ]  

where e ---- dielectric constant, N ---- density of donors, 
AV : V -- VFB ---- potential  drop in the electrode sur-  
face (VFB = flatband potent ial) .  At the beginning it  
seemed to be reasonable to assume that the diffusion 
length L,  of holes perpendicular  to the electrode sur-  
face ( ] ] c )  is small  since their t ransport  across the 
layers will depend on some hopping mechanism. (A 
mobil i ty  for electrons of only 4.3 cm2/Vsec has been 
reported for ZrSe paral lel  to the layers (2) where 
the carrier mobil i ty should be 2-3 orders of magni tude 
higher than perpendicular  to the layers.) 

Assuming that  a lp  ~ 1, which should be expected 
for smaller  values of ~, and ~W >_ ~Lp, relat ion [2] can 
be simplified and the exponential  te rm expanded. With 
e A IL ---- Iph-lim ( =  l imit ing photocurrent)  and consid- 
ering [3] it can be rewr i t ten  as 

( Iph/Iph.lim) 2 = B2a2,~ V [4] 
If we plot the square of the normalized photocurrent  
as a function of the electrode potential  we should (at 
least in  certain potential  regions) expect straight lines 
with inclinations proport ional  to a 2, the absorption 
coefficient for the incident  light. The results of such 
plots obtained with light of wavelengths between 400 
and 600 nm (corresponding to a change of ~ by a factor 
of 30) are shown in Fig. 9 for two different pH values 
of the electrolyte. Although their incl inat ion would 
be expected to vary  by a large factor, all curves are 
actually found to be quite similar. Suspicions that  
the observed l imit ing cur ren t s  are masked by con- 
curring anodic electrode reactions have been dis- 
carded due to reasonable agreement  between the spec- 
tral  dependence of l imit ing photocurrents and absorp- 
t ion in  ZrS~ (Fig. 4). In  order to unders tand the ob- 
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served contradict ion we have to conclude that the 
diffusion length of holes Lp in  ZrS2 is much bigger 
than  the depth of the space charge layer W. 

In  this s i tuat ion a relat ion of the type 

eAIL 1 
+ 1 [5] 

Iph =Lp 

should be expected, which seems to be approximately 
satisfied. More  work will be needed to unders tand  the 
surpr is ingly  high diffusion length of holes in ZrS2 and 
to exclude possible contr ibutions by other energy 
t ransfer  mechanisms (e.g., exciton migrat ion) .  

Capacity measurements  have been at tempted with 
ZrS2, bu t  simple and interpretable  Mott-Schot tky plots 
have not been obtained, possibly because of complica- 
tions arising from intercalation.  A pre l iminary  est ima- 
tion of the flatband potential  has therefore been made 
by examining  the potent ial  region of the photocurrent  
onset. Exper imenta l  evidence indicates that (in the 
absence of redox systems),  the flatband potential  de- 
termined by capacity measurements  in  layer  com- 
pounds (MoS2, MoSe2, WS2, WSe2) is usual ly  si tu-  
ated a few hundred  millivolts more negative than the 
photocurrent  onset [compare also data in  Ref. (28)]. 
We have accordingly shifted the flatband position of 
ZrS2 into the negative direction so as to be able to 
explain complementary  data on electron t ransfer  re-  
actions (Fig. 2). 

Discussion 
Experimental differences between ZrSz and MoSs.m 

The most impor tant  result  of our invest igat ion of ZrS2 
is that  its photoelectrochemical reaction behavior is 
ent i re ly  different from that  of lYloS~ (or WS.,) in  spite 
of a very  similar  chemical reactivi ty of its consti tuents 
and a largely identical  crystal structure.  I l luminated  
and anodically polarized ZrS2 shows nei ther  the abi l i ty  
to photoreact with water  nor  the proper ty  of specifi- 
cally interact ing with electron donors (e.g., I - )  in the 
electrolyte. Since bandgaps of ZrS2 and MoS2 and the 
position of energy bands are comparable (Fig. 2) there 
is l i t t le doubt that  the reason for the different photo- 
electrochemical behavior originates f rom the different 
electronic na ture  of photogenerated holes. When com- 
par ing  the anodic l ight- induced l iberat ion of molecu- 
lar  su l fur  which occurs at ZrS2 with the l ight - induced 
formation of sulfate or molecular  oxygen, which was 
found with MoS2 (30) we must  conclude that the lat ter  
reaction is energetical ly much more demanding.  At the 
energetic position at which holes are available in  MoS2 
for electrochemical reactions, the oxidation of water  
cannot  be ini t ia ted by a one-elect ron t ransfer  reaction. 
Such a reaction would produce a radical and needs an 
Gxidation potential  near  2.85V (NHE). The upper  edge 
of the Mo-d~a-energy band, however, might  even be 

more negative than depicted in  Fig. 2 since the indirect  
energy gap of this compound, which is effective for 
photoelectrochemical reactions, could be smaller  than  
the value assumed [an indirect  gap of AE _-- 1.6 eV 
has more recent ly  been derived from high temperature  
conductivi ty in  MoS2 (24), one of AE ---- 1.13 eV from 
optical measurements  (25); earl ier  work places it be-  
tween AE = 1.4 eV (31) and 1.7 eV (32)]. A photo- 
electrochemical reaction with water  can therefore only 
proceed if electron t ransfer  is coupled with the forma- 
t ion of a suitable chemical bond to the electrode sur-  
face which avoids the formation of a radical. The 
problem of unders tanding  the difference in the photo- 
electrochemical reaction behavior  with water  at MoS2 
and ZrS2 is therefore reduced to the question why 
O H -  ions are able to form a bond suitable for electron 
t ransfer  wi th  a layer  type semiconductor in  the pres-  
ence of a hole on a d~2-energy band, bu t  not  in  the 
presence of a hole on a p -energy  band.  Remarkably,  
a surface hole on a Mo-d~2 orbital  of MoS2 which is 
centered at Mo atoms pro t ruding  perpendicular  to the 
monolayer  of sulfur  that  forms the van  der Waals 
surface bu t  does not penetrate  it, is less exposed to 
reactive species in  the electrolyte than  a hole on a 
sulfur  p -band  in the top-most sulfur  monolayer  of 
ZrS.~ (Fig. 10). A steric h indrance  for the photore- 
action of holes with O H -  or I -  on ZrS2 electrodes can 
therefore not  be made responsible for the different 
mechanism. 

Considerations on energetic conditions for water o x i -  
dation.--In order to estimate what  kind of chemical 
or electrochemical interact ion on an electrode surface 
is sufficient for the electrochemical reaction of O H -  or 
water on semiconductor electrodes, we must  extend 
our energetic considerations on the reactivi ty of these 
reactants. Since the thermodynamic  redox potentials 
of water  Ereaox(O2/H20) : 1.23V in  an acid electrolyte 
and that of O H -  ions E r e d o x ( O 2 / O H - )  = 0.40V in  a 
basic electrolyte are only defined for a s imultaneous 
t ransfer  of more than one electron, they do not  de- 
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scribe the actual energetic conditions which have to 
be met  dur ing the experiment.  The distr ibution func-  
tions of the electronic states of O H -  and H20 from 
which electrons have actual ly to be t ransferred to the 
electrode during the oxidation reaction are situated at 
much more positive energies (electrochemical energy 
scale). They center  around 2.0V for the oxidation of 
O H -  to OH radicals (33) and around 2.85V (vs. NHE) 
for the oxidation of water  to OH radicals (34). The 
most easily oxidizable species are therefore O H -  ions. 
When there is a chemical bonding interact ion between 
O H -  in  an electrolyte and an electrode surface, O H -  
ions will adsorb and, as a consequence, their dis tr ibu-  
tion funct ion of electronic states will considerably 
change due to the interact ion of the manifold elec- 
tronic states of the solid and the electronic states of 
the adsorbate. It  should be emphasized here that these 
adsorbed states of O H -  which form on the surface of 
oxides which are suitable for water  photoelectrolysis 
(e.g., TiO~, SrTiO3, Fe203, K T a Q ,  SnO2) would still 
largely be situated above the edge of the valence band 
of these large-gap semiconductors. If O H -  ions be-  
haved like B r -  ions or other simple negative ions they 
could be readily oxidized. From water  electrolysis on 
metallic electrodes we know, however, that  water  can 
be oxidized with electrode potentials which exceed 
its thermodynamic redox potential  by only a few 
hundred  millivolts (e.g., RuO2). This catalyt ical ly fa- 
vorable behavior  has been ascribed to the specific 
chemical interact ion between O H -  ions and the elec- 
trode surface but  few details are known about the 
molecular  energetic conditions which have to be met. 

On both photoconductors, ZrS2 and MoS2, O H -  ions 
can adsorb. This is evident  from the fact that  the 
current  voltage curves are pH-dependent  for each 
system and from the fact that  a photoreaction with 
water  actual ly occurs in the case of MoS2. However, 
only in  the case of MoS2 is the interact ion sufficiently 
strong or specific to provide electronic states at rea-  
sonably positive energy levels for electron transfer. 
Several  questions arise. What  is the difference be-  
tween a kinet ical ly favorable and an unfavorable  
chemisorption of OH- ,  or its reaction product? What 
is the contr ibut ion of the electrical field in the elec- 
trode-electrolyte interface? Is there a m in imum  in ter -  
action energy needed to t ransform a merely  adsorbed 
O H -  ion into a t ransi t ion complex which can provide 
electrons at a considerabIy more negat ive redox po- 
tential? 

Theoretical criteria for stability and reactiv~ty.-- 
Thermodynamic  cri teria for the stabil i ty or instabi l i ty  
of photoelectrodes have been developed by Gerischer 
(35) and Bard (36). According to Gerischer, the en-  
ergy positions of the redox Fermi levels for decomposi- 
tion with respect to the position of the bandedges and 
the Fermi  levels of competing redox reactions deter-  
mine  the susceptibili ty of a semiconductor for decom- 
position. The same author has already emphasized the 
possibility that kinetic parameters  modify thermo- 
dynamic conclusions. The difference in the photoelec- 
trochemical reactivi ty of ZrS2 and MoS2 can only be 
understood in terms of kinetic parameters.  There is no 
thermodynamic reason why i l luminated MoS2 should 
react with water  and ZrS2 should not. Figure 2 shows 
that the valence bandedge of ZrS2 is situated at more 
positive redox potentials than  that  of IV~oS2. Such an 
energy position is also indicated by the experimental  
threshold for photoemission. It  is bigger for ZrS2 ( ~  6 
eV) than for MoSs ( ~  5 eV) (37). More energy to 
extract  electrons from water  would therefore be avail-  
able at i l luminated  ZrS2. MoS2 would be thermody-  
namical ly  unstable  against electrochemical decomposi- 
tion but  does not decompose into molybdenum ions 
and molecular sulfur. ZrS2 would also be thermo- 
dynamical ly  unstable, but is photooxidized to zir- 
conium ions and molecular  sulfur, al though it has a 

similar layer s tructure as MoSs and even a higher 
molar  enthalpy of formation (AH ~ ---- --138 kcal. 
mo1-1) than that of MoS2 [AH ~ ~ --65.8 kcal.mo1-1 
(38)]. 

It  seems that most semiconductors which absorb 
visible light are thermodynamical ly  unstable  and ki-  
netic quanti t ies will therefore finally decide on 
whether  a mater ial  will be useful for regenerat ive or 
fuel producing solar cells. The unders tanding  of their 
role appears therefore to be of fundamenta l  importance 
for the fur ther  development  of photoelectrode systems. 
The pronounced difference of photoelectrochemical be- 
havior between layer - type  ZrS2 and MoS2 could help 
us to find clues to the parameters  which have to be 
considered. 

Research on oxygen evolution on metal  electrodes 
[see the summary  in (39, 40) ] is much older and much 
more developed than research on oxygen evolution on 
i l luminated  semiconductor electrodes (41). In teres t -  
ingly, l i t t le at tempt has been made to evaluate and 
transfer  valuable informat ion on kinetic and catalytic 
parameters involved in the discharge of O H -  ions or 
water  molecules. It  is, for example, well known that 
the na ture  of electrode mater ial  has a profound in-  
fluence on the kinetics of oxygen evolution from water. 
The oxygen overvoltage of different metals can vary 
by as much as 1V depending on their  chemical in ter -  
action with O H -  ions (39). If the chemical bonding is 
weak, a higher potential  drop in  the Helmholtz layel" 
can make up for the difference. It  generates an elec- 
tric field (107 V/cm) which facilitates the discharge 
of O H -  ions. Now it has to be considered that the 
electrode potential  applied to a metal  electrode prac- 
tically drops ent i rely in  the Helmholtz layer where it 
can affect the energy factor of the electron transfer  
reaction. In contrast, there is little variat ion of the 
electric field s t rength in the Helmholtz layer of a 
semiconductor since the ma in  potential  drop will  occur 
in  the space charge layer. A potential  applied to a 
semiconductor will  therefore control the ent ropy fac- 
tor of a reaction by controll ing the concentrat ion of 
electronic carriers ra ther  than the energy factor. A 
high field will therefore not be present  to assist the 
discharge of O H -  ions. The question arises to what  
extent  other quanti t ies can compensate for this dis- 
advantage. 

In order to get a quali tat ive unders tanding  of those 
factors which are critical for the discharge of O H -  
ions at i l luminated semiconductor electrodes, we can 
start  a calculation from a kinetic equation derived for 
metals, correct it for the smaller potential  drop in the 
Helmholtz layer, and supplement  it by considering 
the addit ional  overpotential  arising from the genera-  
tion of reactive holes in the valence band. According 
to Riletschi and Delahay (39), Frumkin ,  and others 
who treated the discharge of protons (42), the over-  
voltage for oxygen evolution on metals can be wri t ten  
in  the form 

R T . . l n ~ + _ _ _  1 - - ~  ~o [6] 
~l = aF ~zF az 

In  this relation ~ is the t ransfer  coefficient for the dis- 
charge process, z is the number  of charges discharged 
during the ra te -de te rmin ing  reaction, AH$ is the energy 
of activation for the discharge process, r the differ- 
ence of potential  across the diffuse par t  of the double 
layer, and $ represents a group of terms, which in-  
cludes she entropy of activation for the discharge pro- 
cess. The explicit form of ~ will not be needed here. 

The overpotential  ~1 needed to drive the discharge 
of O H -  ions at metal  electrodes (relat ion [6]) would 
now have to be substi tuted by a modified function in 
order to account for the si tuation at an i l luminated 
semiconductor electrode. The first thing to be consid- 
ered is that the electrical potential  drop at the semi- 
conductor-electrolyte interface (in the double layer)  
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6PSE is much smaller  than the electrode potential  which 
is applied. The second is that an  addit ional  source 
of a potential  difference will  arise at the interface due 
to the photogenerat ion of energetical ly favorable holes. 
As proposed by Gerischer (35) a reasonable function 
which describes their free energy would be their quasi 
Fermi  level (pEF*) ra ther  than the position of the 
valence bandedge which would provide no measure of 
the entropy. The l ight - induced contr ibut ion to the 
overpotential,  for which they are responsible, %Er*, 
should correspond to the difference between the quasi 
Fermi  level for holes and the s tandard redox potential  
for the hydroxyl  ion discharge. 

pEF* --  ~ pEF* -- EF 

TIpEF* : Z F  - -  zF 

+ EF -- ~176 - - z F  kTzF "In( 1 -~- '%p* )po 

EF --  ~ 
+ [7] 

zF 
In this relation ,-%p* represents the change of the hole 
concentration when the semiconductor is illuminated 
and EF is the Fermi level in the bulk. po, which is the 
equilibrium concentration of holes, can be expressed 
in terms of the bandgap of the semiconductor (n-type) 

NcNv 
P o  " -  - -  " e x p  - E G / k T  [8] 

ND 

(N~, Nv are the densities of states in the conduction 
and valence band, respectively, ND is the donor concen- 
tration, and EG the energy gap.) 

For larger energy gaps (Er > 1 eV) which corre- 
sponds to a s i tuat ion in  which :Xp* > >  Po, relation [7] 
can be rewri t ten  with relat ion [8] to give 

kT Ap*ND EG EF --  ~ 
I n -  - -  -~ [9] 

~pEF* - -  zF NcNv zF zF 

In  order to get a kinetic equation for the photoinduced 
discharge of hydroxyl  ions on semiconductor elec- 
trodes, we subst i tute in  Eq. [6] (eo is an  energy de- 
pending on the work function) 

go 
T] = ~SE -l- -~ ; eo --> eo -- F I]pEF* 

We obtain the equation 

-~H$ EG EF- -  ~ 
4PSE 

azF zF zF 

RT  ( 1 ) e o k T  
= a~" ln  ~ -- 1 - - - -  q~o In ap*ND 

az F zF NcNv 
[10] 

We can simplify it  by comparing electrodes with simi- 
lar  work functions (contained in eo), s imilar  densities 
of states, and similar donor concentrations, in which 
light produces a comparable concentrat ion of holes 
which may init iate an equivalent  photoelectrochemical 
reaction (r and z can be assumed to be 1). In  this 
case the right side of Eq. [10] becomes a constant 
which is characteristic for a specific reaction (different 
for OH-  oxidation and photocorrosion) and a criterion 
for the photodischarge of hydroxyl  ions or the onset 
of another  photooxidation may be seen in the condition 

F4~SE -- '..%H$ -I- EG -- (EF -- ~ > Const [II] 

with 
RT 

Const ---- In  
r 

1 I kT  Ap*ND 
- -  1 - -  F ~ o  - -  e o  - -  in  

6~z z NcNv 

It is interest ing that this relates the potential  depen-  
dent electrical energy which is provided at the in te r -  
face F~SE, and the potent ial  dependent  difference be-  
tween Fermi  level and redox potential  (EF -- ~ 
with the energy of activation of an oxidation reaction 
(AH:) and the energy gap (EG). It  should therefore 
be possible to utilize it for the discussion of kinetic 
factors affecting an electrode's photoelectrochemical 
stabil i ty and reactivi ty with water. A comparison of 
magnitudes which are to be expected for the different 
quantit ies in relat ion [11] is instructive. The energy 
gap of photoelectrodes may vary  between 4 and l eV. 
The difference between the Fermi level and the redox 
level is between ,~1.5 eV (photoelectrolysis) and 0 eV 
(photoassisted electrolysis). The energy of activation 
for the discharge of O H -  ions or water molecules is 
more difficult to estimate. For p la t inum surfaces which 
show a relat ively high overpotential,  the activation 
energies obtained in  acid solutions vary  between 0.53 
and 0.61 eV, in alkal ine solutions between 0.36 and 
1.1 eV (40). They are much lower for catalytically 
very  active ru then ium- ,  osmium-,  or i r id ium-elec-  
trodes. We estimate a practical var iabi l i ty  of AH* be- 
tween 0.1 and 1.2 eV. The potential  drop in the semi- 
conductor-electrolyte interface CSE in [11] may be 
expressed by the simplified relat ion (43) 

~SE ~-" ~H ~ [12] eH S -  Xdip~ 

~H is the thickness of the Helmholtz double layer, 
and e~ are the effective dielectric constants of the 
semiconductor and of the Helmholtz double layer, re-  
spectively; Xdlpole is the contr ibut ion of oriented dipoles 
in the Helmholtz layer  and of the electric momentum 
in the surface of the semiconductor, and (d~ /dx)s  is 
the field s t rength at the semiconductor surface. The 
lat ter  can be wri t ten  down in terms of the potential  
drop A~ in the space charge region and the Debye 
length L (no is the bulk  concentrat ion of electrons) 
(44) 

( d ~ )  ~ ~V/4~e2no 
-~x s = - 'L  = A~ ekT [13] 

The electrical energy F~sE, which is available at the 
semiconductor electrolyte interface for the support  of 
electrochemical reactions, is thus composed of a largely 
potential  independent  term due to the dipole or ienta-  
tion and a potential  dependent  one which is strongly 
affected by the Debye length and the dielectric con- 
stant  of the semiconducting material.  Between intr insic 
semiconductors (no ~ 1024 cm -3) and metallic solids 
(no ~-~ 1022 cm -3) the Debye length varies from L 
10 -4 to L ~ 10 - s  cm. For moderately doped semicon- 
ductors (no < 10 +is cm-S) ,  the electrical field (13) in 
the surface ( ~  _-- 1V) will stay below 10 +0 V/cm 
(43) but  it could reach 10; V/cm in degenerate semi- 
conductors (no ~ 102~ cm-3) .  At suitable photoelec- 
trodes the contr ibut ion F~SE may thus be systemati-  
cally increased by  controll ing solid state parameters.  
Layer- type  t ransi t ion metal  compounds which have 
very high absorption coefficients and apparent ly  also 
high diffusion lengths for holes could, for example, be 
made highly conducting (provided surface recombina-  
tion does not become a problem).  If photodecomposi- 
tion is kinetically inhibi ted (holes on d-energy bands) 
an electrical field could bui ld up at the interface unt i l  
water  molecules can participate in  the photoreaction. 
We estimate the possible contr ibut ion of F~SE between 
0 and 0.4 eV. If these values are inserted into relat ion 
[11] 

(0 to 0.4) -- (0.1 to 1.2) 

-}- (1 to 4) -- (0 to 1.23) > Const 

one immediate ly  realizes the importance of the energy 
gap. If the gap is between 3 and 4 eV as in  u.v.- 
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absorbing  oxides  used for photoelectrolysis  of wate r  
(41), contr ibut ions f rom the electr ic  energy  in the 
in ter face  and from the act ivat ion energy are  of sec- 
onda ry  importance.  As long as the discharge of O H -  
ions can efficiently compete wi th  the photocorrosion 
there  is no difficulty in obta in ing  oxygen  evolution.  If 
one, however ,  in tends  to ut i l ize vis ible  l ight  (EG <~ 2 
eV) the  first two terms become important .  In o rder  
to accomplish an oxidat ion  of water ,  one wil l  have 
to choose systems which are  especial ly  catalytic,  thus 
requi r ing  a low act ivat ion ene rgy  hil t .  If  possible, a 
reasonably  high e lect r ica l  field should be crea ted  at  
the semiconductor  surface. S imul taneous ly  the ac t iva-  
t ion energy  for the  photodecomposi t ion of the semicon-  
ductor  i tsel f  should be made  as high as possible to sup-  
press corrosion. 

I t  seems to be possible to unders tand  the different  
e lect rochemical  behavior  of MoS2 and ZrS2 in terms of 
re la t ion  (11). Since bandgaps  and f la tband potent ia ls  
of these systems are  comparable ,  the first two quant i -  
ties become decisive for the pa th  of the photoe lec t ro-  
chemical  reaction. Since the genera t ion  of  holes does 
not  mean  a d i s rupt ion  of chemical  bonds  in MoS2, the 
act ivat ion energy for photocorrosion into mo lybdenum 
ions and sulfur  is so high tha t  an e lect r ica l  field may  
bui ld  up at  the  e lec t rode  surface (a posi t ive displace-  
men t  of the  photocur ren t  onset  f rom the f la tband po-  
tent ia l  could be an indicat ion) .  A low act ivat ion energy  
for the  discharge of hyd roxy l  ions m a y  cooperate  to 
accomplish a photoreact ion  wi th  water .  A t  ZrS~ in t e r -  
faces, where  holes are  equ iva len t  to b reak ing  essent ia l  
bonds, a low act ivat ion energy  for  the photodecomposi-  
t ion into z i rconium ions and molecular  sul fur  de te r -  
mines the overa l l  reaction. 

Some words  might  be  added  to fur ther  expla in  the 
complete  Eq. [10] from which  the simplif ied re la t ion 
[11] has been derived.  Like  Eq. [6] for metals  i t  is a 
re la t ion defining the overpoten t ia l  needed for the dis-  
charge  of O H -  ions at  semiconductor  e lectrodes and 
could also be used for  the discharge of o ther  species, 
including the oxidat ion  of the surface itself. I t  can be 
seen that  i t  depends on a la rger  number  of quanti t ies,  
including the en t ropy  of activation,  the  t ransfer  co- 
efficient for  the discharge process, the work  function 
of the mater ia l ,  and its dens i ty  of states. Most p rob-  
ab ly  i t  could fur ther  be e laborated.  The photoinduced 
discharge" of  O H -  ions (or  photocorrosion)  wi l l  p ro-  
ceed when the overpoten t ia l  is t respassed,  this is when 
condit ion [11] is met. In  the genera l  case the quant i ty  
taken as "Const" wil l  va ry  f rom system to system, but  
could have a comparable  value  for the same react ion 
proceeding at  different  semiconductors  wi th  a s imi lar  
dens i ty  of states and work  function. If  one intends to 
l ea rn  about  condit ions which have to be met  dur ing  
l igh t - induced  oxygen evolution,  such a re la t ion could 
be  an in teres t ing subject  for test ing and improving.  

Conclusions 
The analysis  of the  photoelec t rochemical  behavior  

of ZrS2 and its comparison wi th  tha t  of MoS2 have em-  
phasized the impor tance  of considering kinet ic  quant i -  
ties when  searching for l ow-gap  photoelect rodes  which 
should be s table  or react  wi th  water .  Differences in the  
act ivat ion energies for e lect rochemical  react ions can 
dras t ica l ly  change the react ion mechanism. In  add i -  
tion, the s tudy  suggests an energet ic  advantage  of p ro-  
viding an e lect r ica l  field at  the semiconductor -e lec t ro-  
ly te  in terface  for the purpose  of s t imula t ing  photoelec-  
t rochemical  reac t iv i ty  wi th  water .  A t  ZrS2 interfaces  
there  is, in contras t  to MoS-2, ne i ther  a specific pho-  
toelect rochemical  in terac t ion  be tween  the crys ta l l ine  
solid and O H -  or  I -  ions which  decreases the act i -  
va t ion energy  for oxidat ion,  nor is there  a kinet ic  in-  
h ibi t ion for the anodic release of meta l  ions which 
leads to the corrosion of the mater ia l .  ZrS.~ behaves  
s imi la r ly  to CdS and appears  not  to be an especia l ly  

in teres t ing  ma te r i a l  for  convent ional  electrochemical  
solar  cells. However ,  as discussed e lsewhere  (26), i t  
might  be possible to exploi t  its e lectrochemical  p rop-  
e r ty  of forming energy stor ing in te rca la t ion  com- 
pounds at  low electrode potent ia ls  and to develop solar 
powered  in te rca la t ion  bat ter ies .  The comparison of 
ZrS~ wi th  MoS2 has c lear ly  under l ined  the pecul iar  
na ture  of photoelec t rochemical  mechanisms involving 
holes on d-orb i ta l s  of t rans i t ion  meta l  compounds and 
thei r  advan tage  in accomplishing energe t ica l ly  de-  
manding  oxidat ion reactions. 

Rela t ion [11] suggests two different  s t rategies  for 
achieving a photodecomposi t ion of wa te r  wi th  elec- 
trodes absorbing vis ible  light.  One is to make  AH$ for 
the  photocorrosion mechanism high (holes on d-bands ,  
semiconductors  containing insoluble  cat ions) ,  the other  
one is to make  AHt for the  discharge of hydroxy l  ions 
as low as possible (semiconductors  containing catalyt ic  
metals  such as Ru, Os, I r ) .  Any  possibi l i ty  for c rea t ing  
a suppor t ing  electr ic  field at  the site of O H -  discharge 
should be exploited.  I t  might  be more  reasonable  to 
accomplish photoelectrolysis  wi th  a smal l  suppor t ing  
e lect r ica l  potent ia l  than  to do i t  wi thout  ex te rna l ly  
suppl ied  e lect r ica l  energy  at  a much lower  efficiency. 
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Current Limited by Transport Through the 
Space-Charge Region of a Semiconductor Electrode 

David L. UIIman* 
Littleton, Colorado 80161 

ABSTRACT 

Recently, work was published in This Journal on the observation of cath- 
odic current saturation with respect to oxidant species concentration, on the 
wide-gap, low mobility, n-type semiconducting oxides TiO2 and SrTiO3. These 
results were interpreted in terms of a kinetic model involving electron trans- 
fer through surface states. In the present paper, an alternative explanation 
is put forward, as suggested by the title, and a detailed comparison made with 
the  trapping, kinetic model. The transport-limited model is quantitatively de- 
veloped, using the simple depletion-region approximation, and to the 
extent the published data allow, comparison made with the experimental 
results. The relative strengths and weaknesses of the two competing theories 
are  clearly shown. A quantitative test for distinguishing between the t w o  
mechanisn~ is suggested. 

Recently, an experimental study was published in 
This Journal concerning the mechanism of faradaic 
reaction at semiconductor electrodes by Vandermolen 
et al. (1). These authors observed that, at constant pH 
and electrode potential, the cathodic current through 
TiO~ and SrTiO3 electrodes would initially rise with 
increasing concentration of solution oxidant species, 
and then reach a limiting value. From this, they in- 
ferred the presence of a discrete energy level in the 
bandgap on the surfaces, mediating charge transfer to 
solution species. This is a quite rational mechanism, and 
one yielding a solid fit to the experimental data. How- 
ever, these results seem to be unique, in that such cur- 
rent saturation with respect to reactant solution species 
concentration has not, to our knowledge, been ob- 
served before. 

There is considerable indication from experiments, 
both electrochemical (2, 3) and high vacuum (4), that 

* Electrochemical  Society Act ive  Member. 
Key words: photoelectrochemical  cells, semiconductor elec- 

trode, space-charge region, SrTiOs, TiOr 

surface states occur on semiconductors and may play a 
role in faradaic reaction. However, while discrete levels 
apparently can mediate current flow at "reverse biased" 
semiconductor-electrolyte Schottky barriers (5), Van- 
dermolen's results are apparently the first indication 
that they might also govern "forward" faradaic cur- 
rents. 

For this and other reasons to be discussed below, it 
seems worthwhile to test this interpretation against 
an alternative hypothesis that seems able to explain 
the experimental results at least equally as well. This 
hypothesis is that the actual faradaic kinetids are 
simple first order (6), and current limitation is due 
to transport resistance in the space-charge region. This 
possibility seems all the more likely when we recall 
that TiO2 and SrTiO8 are characterized by quite low 
carrier mobilities, while nearly every other material 
so investigated has charge carriers with mobilities of 
at least 100 cm2/Vsec, and no such saturation is ob- 
served. In fact, this possibility did occur independently 
to Vandermolen, and was also suggested by a reviewer 
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when the paper was submit ted for publication, but  this 
in terpre ta t ion  was rejected for the reason to be de- 
scribed la ter  (7). In  the present  paper, we provide an 
analyt ic  technique for dist inguishing between the two 
mechanisms, and provide a possible, testable solution 
to the objection that led originally to reject ion of the 
t ranspor t - l imi ted  model. 

The Models 
The central  result  of Vandermolen 's  analysis is (1) 

klnsCox - ( k -  l k - 2 / k s )  cred 
- -  j -- eoNts [1] 

( k - 1  + klns + k-sCrea) / k s  + Cox 

which may  be restated a s  

= JsatCox/(A + Cox) [2] 
where 

-- Jsat -- eoNtsklns = eoNtsklNDe-~' [3] 

A = [kl (nl + ns) + k-sCred]/k2 [4] 

In Eq. [4], we have wri t ten  nl  for k - d k l .  For brevity,  
all  terms are defined in the List of Symbols. We use 
the convention that cathodic current  is negative. 

It was also noted that experimental ly,  ~sat  had the 
following potential  d e p e n d e n c e  

in  ]Jsat[ = {ln ]~sa t ]}V=0 - -  a F V / R T  [5] 

with ~ close to unity.  
For the t ranspor t - l imi ted  model, we begin with a 

fa ir ly  general  expression for simple first-order faradaic 
kinetics 

- -  j = eo(kccoxns -- kaCred) [6] 

Then ,  wri t ing the equation for electron flux in a 
semiconductor, and using the simple depletion ap- 
proximat ion for potential  in the space-charge region, 
as suggested in  MacDonald (8), we find the expres- 
sion for net  current  at the interface, including t rans-  
port  resistance 

- - J =  (e -~  -- e -~~  + Daw (N/~)) [7] 

where, again, terms are defined in the List of Symbols. 
Details of the derivat ion and definition of the Daw 
funct ion are given in the Appendix, where, for gen- 
erality, dimensionless variables are used. Since it in-  
volves the depletion region approximation, we term 
this analysis depletion region t ransport  theory, or 
DRTT. 

Inspection of tabulated values of Dawson's integral  
shows that it may be well approximated by (9) 

Daw(-v/~) = (0.500 + 0.40/r162 [8] 

with an error of no more than 3% for r ~ 2.50. 
Equations [1] and [7] may be wri t ten  in the same 

form, showing the rather  strong mathematical  s imilar-  
i ty between these two physically very different models. 
Since they play no significant role, we neglect any 
terms involving Cred or anodic current  

k l N t s N D e  -r " kSCox 
- -  j / e o  = [ 9 ]  

k i (n i  + NDe -e~) + kscox 

(DnNDe-~/~. Daw(-x/~) )-  kr 
- j / e o  = [io] 

Dn/~, Daw(vr~)  + k~Cox 

where we have wr i t ten  ND exp (- -~)  for n~ and kin1 
for k-1 in the t rapping model, and used dimensional  
variables in the DRTT expression. Upon comuarison of 
Eq. [10] with Eq. [2], we may  write for the DRTT 

- -  J sa t  = (eoDnND/X) ( e - ~ / D a w ( ~ / ~ ) )  [11] 

A = Dn/ (kc~Daw(~/r  ) [12] 

It  is seen that each model may be represented a s  
two resistances in series, which may be approximately 
described as a conduction band- to-surface  resistance, 
followed by a surface-to-solut ion resistance. In  the 
models, the la t ter  are practically identical;  to dis- 
t inguish the mechanisms, it is necessary to determine 
observable differences in  predicted behavior  of the 
former resistances. 

We may use Eq. [11] to find ~ for this case, -- - -d  
In rJsa t l /d~  

= 1~ x/~Daw (~/~) [13] 

We see that, at constant  potential, the j vs. Cox be-  
havior predicted by both models is essentially identical 
and also that jsat depends only on space-charge poten- 
tial and not on the ident i ty  of the redox species, as w a s  
seen experimen{ally. That  the t rapping kinetic model  
predicts ~ equal to un i ty  is seen immediate ly  from Eq. 
[3]. Comparison of Eq. [8] and [13] shows that  the 
DRTT yields values of ~ slightly less than un i ty  for 
large r From Eq. [3] and [11] we see that  there 
should be no dependence of ~sat  o n  pH, other than 
through the variat ion of ~ result ing from pH-induced 
changes in VFm Since the dependence of Jsat on q~ is 
qual i ta t ively quite similar  for the models, the 3sat  VS. 
pH behavior  should be indistinguishable.  

For nonadsorbed solution species, charge exchange 
must  occur across the Helmholtz layer, so we expect 
pH-induced Helmholtz potential  variat ions (manifest-  
ing as variat ion in VFB) to influence the process, as 
But ler -Volmer  type behavior on metallic electrodes is 
a t t r ibuted to changes in Helmholtz potential. Then, 
using the same reasoning as is used to derive the 
But ler-Volmer  equation (10), we find 

kc ---- kc ~ exp (--  (1 -- all) (r -- CH ~ ) [14] 

Myamlin  and Pleskov (11) arrive at a similar conclu- 
sion. An essentially identical  expression may be 
wri t ten  for k2, which in the t rapping kinetic model also 
describes electron transfer  directly to solution species. 

Comparing Eq. [4] and [12], we see that  the depen-  
dence of A on kc in the DRTT is identical to its de- 
pendence on k2 in the t rapping kinetic mode l  Thus, at 
least at constant space-charge potential  (constant  V -- 
VFB), the models predict identical dependence of A 
on pH; that is, plots of log A at constant  ~ against VFB 
or pH should test the val idi ty of Eq. [14], regardless 
of which mechanism is the actual one. 

Contrasts Between the Models 
In  contrast to the t rapping kinetic model, the DRTT 

yields an expression for Jsat having no adjustable pa-  
rameters, and is thus fairly readily tested in this re-  
spect, provided that reasonably reliable values of the 
input  can be measured independently.  As we shall see 
below, this may be a problem with respect to VFB. 

If nl  is not too large, the t rapping kinetic model pre-  
dicts that current  sa turat ian with respect to ns (like 
that observed with Cox) should be observed at suffi- 
ciently negative electrode potentials. That such be- 
havior was not reported suggests that the surface states 
must  be taken as energetical ly ra ther  close to the con- 
duction band, that is, that  ns < <  n l  at all  invest igated 
potentials. This is because if the ratio nJn~ was at 
any  given potential  even a few percent, making  the 
electrode only a fraction of a volt  more negat ive would 
induce the condition ns > >  nl,  which, at low Cox, 
would give current  saturation. 

This poses no problem for the DRTT, which predicts 
that no such saturat ion should be observed. But this 
makes the observed potential  dependence of A rather  
difficult to account for by the t rapping model, since we 
have ruled out as insignificant the only explicit ly po- 
tential  dependent  term appearing in the expression 
for A, Eq. [4]. It is still conceivable, admittedly,  that  
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the t r app ing  pa rame te r s  m a y  change as a resul t  of in-  
te rac t ion  wi th  the charge carr iers ,  whose concentra t ion  
var ies  wi th  potent ia l .  

On the o ther  hand, the po ten t ia l  dependence  of A 
is qui te  expl ic i t  in the DRTT express ion Eq. [12], and  
r ead i ly  lends i tself  to e x p e r i m e n t a l  test  even in the  
face of unce r t a in ty  in  VFB, b y  the fo l lowing r e a r r a n g e -  
men t  

[A-v/~Daw(~/~)]2 = (Dn/i, k c )2 (eo /kT)  (9" -- VFB) [15] 

This fo rm is of  in te res t  to us because,  as seen f rom 
Eq. [8 ]A/~Daw(~ /~ )  is r a the r  insensi t ive  to the va lue  
of r for r ~> 10. I t  is appa ren t  tha t  plots  of lhs aga ins t  
V (at  constant  p H  and constant  iden t i ty  of ox idant  
species) should y ie ld  a s t ra igh t  line, f rom whose slope 
and in te rcep t  we ex t rac t  kc and  a new value  of VFS. 
This i t e r a t ive  process u l t ima t e ly  y ie lds  an op t imum 
va lue  of VFB. Because of the  r a t h e r  weak  dependence  
of lhs on VFB, convergence  should be fa i r ly  rapid.  De-  
pend ing  on the accuracy  war ran ted ,  app rox ima t ion  [8] 
or in te rpola t ions  f rom t abu la t ed  values  of Dawson 's  
in teg ra l  (9) m a y  be used. 

There  a re  o ther  impl ica t ions  of the  DRTT in t e rp re -  
ta t ion tha t  a re  of interest .  One of  these is the  clear  im-  
p l ica t ion  of f i r s t -o rder  fa radaic  kinetics,  which is 
demons t r a t ed  as follows. If  we neglect  the t e rm in Cred 
of Eq. [6], and use this as the  definit ion of kc 

kc : --j/eoCoxns [16] 

then the ma thema t i ca l  deve lopment  leading  to Eq. 
[7] is jus t  as valid, only  now kr is dependent  on ns 
a n d / o r  Cox if  the react ion is not  s imple first order.  In  
par t icu la r ,  we see f rom Eq. [12] and [16] 

A oc nsl-a,Coxl-ao [17] 

whe re  an and ao are  the t rue  react ion orders.  Thus, 
plots such as the authors '  Fig. 4 (1) c lear ly  demon-  
s t ra te  tha t  ao = 1, since o therwise  the  slope could not  
be constant .  Since ns depends  on j as wel l  as on ~ (Eq. 
[A-5] ),  the a p p a r e n t  va lue  of A would  have  to change 
(as ns changes)  unless an also equals  1. 

Such s imple  f i r s t -o rder  react ions have been observed,  
as noted  by  the authors,  on ZnO (12). We note here  
tha t  the  e lec t ron mobi l i ty  of ZnO is about  180 cm2/Vsec 
(13), about  30 t imes tha t  for SrTiOs, and at  least  102 
t imes that  for TiO~ (be low) ,  thus re lega t ing  t r anspor t  
res is tance in this  case to insignificance. 

Another ,  and for  us a more  cri t ical  impl ica t ion  of the 
model,  is tha t  jsat is ac tua l ly  a l imi t ing  current ,  cor re-  
sponding to zero ns (Eq. [A-5] ) or infinite kccox (Eq. 
[7]) ,  and, being analogous to the  Levich l imi t ing  cur -  
ren t  for a ro ta t ing  d isk  electrode,  cannot  under  any  c i r -  
cumstances of fixed space-charge  poten t ia l  be ex-  
ceeded, regardless  of the assumed kinet ic  model.  Thus, 
observed  values of cur ren t  g rea te r  than  the computed  
Jsat mus t  imp ly  some e r ro r  in the inpu t  data,  or  some 
violat ion of the  assumptions  under  which  the model  
is der ived.  

Comparison of DRTT Values of jsat with Experiment 
We find sufficient da ta  in the  ar t ic le  to a l low at  leas t  

app rox ima te  compar ison be tween  theore t ica l  and ex-  
pe r imen ta l  va lues  of jsat. We begin  wi th  the case for 
TiO2 in Fig. 3 and 4 of Vandermolen  et al. 

VFB at  pH 0 is r epor ted  as --0.30V vs. SHE; this was 
p r o b a b l y  ex t r apo la t ed  f rom a measu remen t  at  pH 2 at  
the ra te  of 60 mV/pH.  Thus VFB at pH 2 is p robab ly  
close to --0.42V. We have shown, theoret ica l ly ,  that  a 
r a t e  of f la tband po ten t ia l  var ia t ion  wi th  pH less than  59 
m V / p H  is more  reasonable  than  o therwise  (14); pub -  
l ished da ta  f rom the Gent  l abo ra to ry  (15) f a i r ly  c lear ly  
i m p l y  a ra te  of va r ia t ion  close to 50 m V / p H  for h y -  
d rogen-doped  TiO2. Using this slope, we es t imate  a 
VFB at pH 4.7 of --0.555V vs. SHE. With  V = 0.056, 
Vsc = O.611V and ~ = 23.9. 

For  the  (001) of TiO2, e ---- 173 (16). ND is r epor t ed  
to l ie in the  range  1016-1019 cm -3. Wilson (3) quotes a 
value  of ~n for TiO2 of about  1 cm2/Vsec; a more  r e -  
cent measuremen t  y ie lds  a Hal l  mobi l i ty  of 0.24 cm2/ 
Vsec (17). 

With  this data, we m a y  calculate  m a x i m u m  and 
m i n i m u m  values  for  the  l imi t ing  current ,  us ing Eq. 
[A-2],  [A-3],  [8], and [11]. We find 2.4 • 10 -5 and 1.8 
• 10 -7 A / c m  2, cor responding  to the high and low 
values of ND and #n, respect ively.  These compare  wi th  
the va lue  in  Fig. 8 of 2.0 • 10 -6 A / c m  2 (1).  

For  SrTiOa, VrB at  pH 0 was de t e rmined  to be 
-0 .60V vs. SHE, a l though cons iderable  unce r t a in ty  in 
this va lue  is admi t t ed  to. We infer  a VrB at  p H  2 of 
about  --0.72V. For  V = 0, Vsc = 0.72 and r = 28.1. 

Aga in  ND is in the range  1018-10 TM cm-~;  l i t e r a tu re  
values  for e and  #n are  307 (18) and 6 cm~/Vsec (19), 
respect ively.  These inputs  imply  high and low values  
for  Jsat of 1.7 • 10 -6 and 5.2 • 10 -8 A / c m  2, for  
which the common logar i thms are  --5.8 and --7.3, r e -  
spectively.  Compar ing  these wi th  points  1 and 2 on 
curve b of the authors '  Fig. 5, we see tha t  even the 
high computat ion appears  wel l  over  an o rde r  of mag-  
n i tude  be low the curve. Recal l ing tha t  cur ren t  cannot  
exceed the DRTT value  of jsat, this  resu l t  seems to 
corrobora te  the unre l i ab i l i ty  of the  measured  VFB. 

Acknowledging  this uncer ta in ty ,  we recalcula te  
using a VFB 0.20V more  posi t ive than  the above, as 
r ecommended  by  the authors  both in the ar t ic le  under  
discussion and in Ref. (18). We obta in  va lues  of log 
[Jsat[ be tween  --2.5 and --4.0, and this time, the smal le r  
value  appears  to l ie qui te  close to curve b of Fig. 5. 

While  we cannot  d raw hard  conclusions f rom these 
calculations,  i t  is nonetheless  in te res t ing  tha t  the  
expe r imen ta l  values  of Jsat lie wi th in  the range  com- 
pu ted  with  DRTT. It  is of course needless to point  out  
the des i rab i l i ty  of calculat ions using more  accurate  
input,  but  we point  out tha t  i t  m a y  be more  consistent  
to use VFB values  found f rom Eq. [15]. 

The Weakness of the DRTT 
The l imi t ing -cu r ren t  concept br ings  us, finally, to a 

fundamen ta l  d iscrepancy be tween  the DRTT and ex -  
per iment ,  ev ident  pa r t i cu la r ly  in Vandermolen ' s  Fig. 1, 
curve a. According to the DRTT, when the cur ren t  is 
n e a r  jsat, i t  mus t  change wi th  e lec t rode  potent ia l  a t  a 
ra te  close to 1 decade/60 mV, and this is p r e sumab ly  
the ra te  in the h igh -cu r ren t  por t ion of the curve. How- 
ever,  the lower  por t ion has a ra te  of change obviously  
much sha l lower  than  this. 

I t  is s ta ted that  the curve was obta ined  in "suffi- 
c ient ly  concentra ted"  oxidant ,  imply ing  tha t  the  uppe r  
por t ion is in fact  reasonably  close to jsat; but  if the 
upper  por t ion is ex t rapo la t ed  a t  1 decade/60 mV to 
more  posi t ive potent ials ,  it  is immed ia t e ly  appa ren t  
tha t  the e xpe r ime n t a l  points  are  at  leas t  an order  of 
magni tude  above the ext rapola t ion .  As we pointed out, 
this is impossible  for the case of t r anspor t  l imitat ion.  
But  since these currents  are  observed,  a logical  in fe r -  
ence is that  all  currents  observed are  below the i r  
t r anspo r t - l im i t ed  values,  and i t  is another  effect, t r a p -  
ping kinetics,  tha t  yields  the observed sa tu ra t ion  wi th  
respect  to Cox. 

Because of the lack of data, and the  hazard  of ex -  
t rapola t ion  values  of VFB over  severa l  units  of pH, any 
a t t empt  to quant i ta t ive  comparison seems ra the r  futile.  
But  the qua l i t a t ive  evidence seems sufficient to make  
the point. These curves were  ra the r  h ighly  reproduc ib le  
on severa l  different  samples  (7), and, consider ing also 
the  long exper ience  of the  Gent  group in making  these 
measurements ,  this would  seem to rule  out a r t i fac tua l  
origins of the lower  pa r t  of the curve. 

Ano the r  exp lana t ion  for the lower  pa r t  of the  curve 
suggested by  the authors  (1), besides surface states, 
was hole in ject ion b y  the  ox idan t  species. However ,  i t  
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may  be shown tha t  the  sur face  hole concentra t ion in  
TiO2 in equ i l ib r ium wi th  an equimolar  solut ion of each 
of these  redox  couples is qui te  small ,  and  in the case of 
the F e ( C N ) s  3 - /4 - ,  vanishing.  This would  appea r  to 
rule  out  significant par t ic ipa t ion  by  holes. 

However ,  an in teres t ing  poss ib i l i ty  p u t  f o rw a rd  b y  
Tomkiewicz  (20) involves  a mechanism of f la tband po-  
ten t ia l  change due to a high concentra t ion of surface  
states,  which  capture  e lect rons  as the  e lec t rode  is 
made  more  negat ive ,  thus changing the i r  charge.  This 
causes a change in the  Helmhol tz  potent ial ,  mani fes t ing  
as a shif t  in  VFB. 

We cri t icized Tomkiewicz 's  work  on the basis of the 
fact  tha t  when this shif t  occurred,  there  were  p rac t i -  
cal ly  no electrons a t  the  surface  in his case (21). In  
the p resen t  case, the  surface e lec t ron  concentra t ion  is 
much more  substant ia l .  These states, of course, do not  
d i rec t ly  par t i c ipa te  in fa rada ic  react ion.  

I f  such a shif t  does occur, i t  should be apparent 
in Mot t -Scho t tky  measurements .  We see tha t  Mot t -  
Schot tky  plots r epor t ed  by  the Gent  l a b o r a t o r y  on 
TiOs (22) and SrTiO8 (18) are  shown only  for  po-  
tent ia ls  1V or  more  posi t ive of  appa ren t  VFB; on the 
o the r  hand, values  of Vsc involved  here  in the  compu-  
ta t ion of jsat are  less than  1V. I t  is possible tha t  i m -  
pedance  measurements  made  at  more  negat ive  po ten-  
t ials  than  prev ious ly  would  revea l  such a shift.  

Summary 
In summary ,  we find four  reasons tha t  we feel  mer i t  

the  inves t igat ion of possible t r anspor t  (as opposed to 
kinet ic)  l imi ta t ion  of the cu r ren t  on TiO2 and SrTiO3, 
as observed by  Vandermolen  et  al: ( i )  Absence of 
s imi lar  observat ions  on other, and in par t icu la r ,  h igh-  
mobi l i ty  mater ia l s ;  ( i i )  absence of cur ren t  sa tura t ion  
wi th  respect  to ns; ( i i i )  expe r imen ta l  values  of ~sat 
tha t  l ie wi th in  the  range  es t imated  using the DRTT; 
and (iv) the dependence  of A on potent ia l .  In short ,  
wi th  the except ion of the  lower  por t ion of the j - V  
curves, the publ i shed  da ta  imply  e lect rode behavior  
h ighly  consistent  wi th  the  predict ions  of the DRTT. We 
feel  tha t  a good fit of the  da ta  to Eq. [15], y ie ld ing  
values  of VFB reasonab ly  close to those obta ined b y  
impedance  measurements ,  would  a lmost  conclusively 
prove the t r anspor t - l imi t ed  mechanism,  since i t  would  
r ea l ly  be expect ing  too much of coincidence for  a 
myster ious  potent ia l  dependence  of t rap  behav ior  to 
occur in such a m a n n e r  tha t  i t  mimics  t r anspor t  l imi t a -  
tion. 

Clearly,  we welcome discussion and cri t icism from 
these workers ,  and hope they  see fit to inves t iga te  our  
in te rp re ta t ion  wi th  a r easonab ly  open mind.  We are  
not  insensi t ive to the amount  of l abor  involved  in 
measur ing  even a single va lue  of A, bu t  i t  was r e -  
m a r k e d  tha t  severa l  of these had a l r e a d y  been  com-  
puted,  and consider ing the nove l ty  of these results,  
i t  m a y  be wor thwhi le  to expend  the  necessary  effort  
to compute  more,  if  needed. 

Whichever  theory  proves  correct,  i t  is c lear  tha t  
these are  ex t r eme ly  novel  resul ts  wi th  impor t an t  im-  
pl icat ions for the theory  of opera t ion  of semiconductor  
photoelec t rochemical  cells. Final ly ,  we wish to r e m a r k  
tha t  this episode should demons t ra te  the wisdom of 
en te r ta in ing  al l  reasonable  in te rpre ta t ions  of exper i -  
men ta l  work  when publ ishing,  even if a pa r t i cu la r  one 
is favored  over  the others.  
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A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in  the December  1981 

JOURNAL. Al l  discussions for the  December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

A P P E N D I X  
Current Flow Through a Space-Charge Region 

From the s imple dep le t ion- reg ion  approx imat ion  
(23.), we find the  potent ia l  profile in the space-charge  
regmn 

~ :  - -  y~eoND[2~o 

where  we choose y = 0 at  the  bounda ry  be tween  the 
space-charge  region  and the quas i -neu t ra l  bulk.  In 
dimensionless  form 

r = _ (y/~)2 = _ x2 [A-1] 

7. 2 : 2e,okT/eo~ND [A-2] 

The one-d imens iona l  equat ion for e lec t ron cur ren t  is 

j/Co : D n d n / d y  --  # n n d r  

This may, wi th  the a id  of the  Nerns t -Eins te in  re la t ion-  
ship 

#n = Dneo/kT [A-3] 

also be wr i t t en  in dimensionless  form 

J = d N / d x  - -  N d ~ / d x  

Using the in tegra t ing  factor  e x p ( - - r  for rhs, this 
becomes 

J e - ~ d x  --- d (Ne-~)  [A-4] 

Subs t i tu t ing  [A-1] into [A-4],  and in tegra t ing  wi th  
the bounda ry  conditions 

N = I ,  ~ = 0  at  x - - 0  

N:Ns, ~:--r at x:~/~ 

and recalling that J is constant, we find, after rear- 
rangement 

J = (Ns --  e - e ,o ) /Daw(x /~sc )  [A-S] 

where  Dawson's  in tegra l  

Daw (x) = e -x~ e t~ dt  

is t abu la ted  in Ref. (9). 
Equat ion  [6] of the tex t  may  be res ta ted  as 

- - j  : eokccox(ns - -  nso) 
and wr i t t en  in dimensionless  form 

--J : at(Ns -- e-~o) 

since clearly Nso ---- e-~o. We may use this to eliminate 
Ns in [A-5], and obtain Eq. [7] of the text. We have 
dropped the subscript on ~sc for brevity. 

Upon examining the mathematical properties of the 
Daw function, we uncover some rather interesting im- 
plications of the model. First, we note that the func- 
tion has a maximum of about 0.54 occurring at about 

: 0.85, and rather slowly, but monotonically, de- 
creases from this point, approaching zero as ~b ap- 
proaches infinity. At rather large s_pace charge poten- 
tial, ~ : 60 (Vsc ~ 1.5V), D a w ( ~ / ~ )  : 0.065. I t  is ap -  
parent ,  then, tha t  the D a w  funct ion is r a the r  s lowly  
varying,  much more  so than  exp ( - - r  which expla ins  
the resul t  ~ ~ 1 (Eq. [11] and [13]). 

We see f rom Eq. [7] that  three  basic regimes are  
implied,  namely,  t r anspor t  l imi ted  (1/r < <  Daw) ,  
k ine t ica l ly  l imi ted  (1/~t >:> Daw, by  far  the most  
common case),  and in termedia te ,  in which the terms 
are  roughly  equal.  

We have tested Eq. [7] against  exact  numer ica l  solu-  
tion of the t ranspor t  equat ions (24) and found, not  
surpr is ingly,  that  the la rges t  er rors  occur for  t r anspor t  
l imitat ion.  For  1/~t : 0, Eq. [7] predic ts  J about  45% 
too la rge  at  r : 4, bu t  this e r ror  decreases to 7% for 

: 9, and decreases wi th  increas ing r Since we deal  
wi th  9 on a logar i thmic  basis, we shall  r a the r  a rb i -  
t r a r i l y  t ake  ~b > 4 (Vsc > 0.10V) as the condi t ion for 
model  val idi ty .  In this domain,  D a w ( ~ / ~ )  has a m a x i -  
mum of 0.30 at  ~ = 4. 

Because of this slow var ia t ion  of the Daw func-  
tion, i t  is appa ren t  that, for the case of s imple first-  
o rder  kinetics,  t rans i t ion  from one regime to another  
solely as a resul t  of e lec t rode  potent ia l  var ia t ion  is 
quite unl ikely.  In  fact, if  we take  0.15 as a r ep resen ta -  
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tive value of the Daw function, we can compare 1/~t 
with this value to determine the approximate extent 
to which an electrode is transport limited. 

If the kinetics are not simple first order, 1/vt must 
be evaluated as 

1/~t = eoDnns/~ljl [A-6] 

In most such cases, IJl oc n ~ ,  with O < ~n < 1. This 
means that transport limitation is more likely at low 
current densities, and can undergo a transition to ki- 
netic limitation at higher currents. This should mani- 
fest as a Tafel slope variation from about 60 mV/ 
decade at low C.D.'s to some higher value at high 
C.D.'s. 

It is apparent that it is chiefly the quantity #nns/Ijl 
that determines whether a particular case will be 
transport limited or otherwise. Unfortunately, because 
of the difficulty of placing an upper limit on [j]/ns, it 
is not possible to determine a value for #n, above which 
transport limitation cannot occur. However, it appears 
from experience that significant transport effects are 
at least unlikely for materials with carrier mobilities 
of at least 100 cm2/Vsec. For example, our examination 
of Morrison's (12) data for first-order cathodic reac- 
tion on ZnO (~n = 180 cm~/Vsec) intimates that, even 
if the Daw function takes on its maximum value 
( =  0.54), the maximum error incurred by neglect of 
transport effects is 3%, for the case of smallest 1/vt. 

A similar investigation of transport in illuminated 
electrodes is under way. 

LIST OF SYMBOLS 
Terms not defined here or in the text have their 

usual meaning. 
A emplmcal parameter appearing in j vs. Cox plot; 

se~ Eq. [2], tool/liter 
Cox concentration of oxidizing species of redox 

couple, tool/liter 
Cred concentration of reducing species of redox cou- 

ple, mol/liter 
eo elementary charge, 1.602 • 10-~9C 
j current density, negative when cathodic, A/cm 2 
Jsat limiting value that current reaches as cox in- 

creases indefinitely; see Eq. [2], A/cm 2 
J dimensionless current, : ~j/eoDnNv 
kT]eo : RT/F ---- 0.0256V 
k, electron capture rate constant for surface states, 

cm3/sec 
k - t  rate of electron emission by traps, sec-1 
k2 parameter for transfer of electrons from oc- 

cupied surface states to solution oxidant spe- 
cies, 1/mol sec 

k-~ parameter for oxidation of reduced solution 
species by vacant surface states, l/tool sec 

ka anodic rate constant, l/tool cm 2 sec 
kc cathodic rate constant, cm l/tool sec 
nl trap parameter, : Nc exp ((Et -- Ec)/kT).  In 

the present case, it equals k-l/k1.  See Ref. 
(23), p. 129-134, cm -s  

nso surface equilibrium electron concentration at 
zero current flow, -- kaCred/kceox, am -3 

N dimensionless electron concentration, : n/ND 
Nu density of surface states, cm -2 
V~c space-charge potential, = V - -  7&YFB, volts 
a empirical parameter governing the experimen- 

tal current-voltage behavior, Eq. [5], dimen- 
sionless 

aH Butler-Volmer coefficient, having a value be- 
tween 0 and 1, governing variation of faradaic 
reaction kinetic parameters due to change in 
Helmholtz potential, dimensionless 
dimensionless space-charge potential, : eoV~c/ 
kT, text; dimensionless electrostatic potential in 
space-charge region, = eor Appendix 

~o dimensionless space-charge potential corre- 
sponding to zero current flow, ---- ln(n~o/ND) 

~K dimensionless Helmholtz potential; en -- ~H ~ : 
eo(VFB- VFB~ the superscript o denotes 
arbitrary reference 

r electrostatic potential in space-charge region, 
volts 
space-charge region Debye length, Eq. [A-2], 
cm 

~t dimensionless electron transfer coefficient, -- 
~kcCox/D, 
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Transient Natural Convection near a Plane 
Vertical Electrode Surface after Reversing the 

Electrolytic Current 
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Department oS Metallurgy, Kyoto University, Sakyo-ku,  Kyoto 606 Japan 

ABSTRACT 

Time variat ions of the concentrat ion profile of CuSO4 and of the velocity 
profile of l amina r  na tu ra l  convective flow were measured near  the electrode 
surface dur ing the t rans ient  electrolysis after reversing the current .  A sym-  
metrical  t rans ient  variat ion of na tura l  convection was observed after anodic 
and cathodic cur ren t  reversions. It was found that  the concentrat ion profile 
possesses an extreme value, and the inver ted flow appears near  the electrode 
surface. The effects of current  density and vertical location on the na tu ra l  con- 
vection were discussed. Based on the exper imental  results, the space-time 
s t ructure  of the t rans ient  na tu ra l  convection was considered. 

Among numerous  works (1-3) in the past  on the 
na tu ra l  convective flow along the surface of a plane 
vertical  electrode instal led in  uns t i r red  electrolyte, 
only a few works concerned the t rans ient  na tu ra l  con- 
vection encountered in  the uns teady electrolysis. This 
is in  spite of its importance in the practical operation 
of unsteady electrolysis, such as periodic current  re-  
versal  in  copper refining, as well as in  the study of 
the na ture  of t rans ient  na tu ra l  convective flow itself. 

Tvarusko et al. (4, 5) studied the t ransient  na tu ra l  
convection at the start  of electrolysis by applying a 
technique of Mach-Zehnder  in ter ferometry  and showed 
that both the concentrat ion difference of CuSO4 be-  
tween bulk  electrolyte and cathode surface and the 
thickness of the cathodic diffusion layer  increase in 
proport ion to the square root of t ime elapsed from the 
start. However, they were not successful in photograph- 
ing the concentrat ion profile of CuSO4 in the diffusion 
layer  which develops downstream. This is supposed to 
be due to the severe optical restr ict ion in two-beam 
interferometry.  

Only after the application of a technique of holo- 
graphic interferometry,  it became possible to precisely 
measure the concentrat ion profile in the diffusion layer  
near  the electrode surface, and the t ransient  cathodic 
diffusion layer  (6, 7) was studied by applying this tech- 
nique. In  addition, the corresponding t rans ient  velocity 
profile was measured by recording the motion of colo- 
phonium particles suspended in  the cathodic hydrody-  
namic boundary  layer  (7, 8). 

Following these studies, it is in tended in the present  
work to s tudy the t rans ient  na tu ra l  convection after 
the direction of eIectrolytic current  is reversed. Time 
variat ions of the concentrat ion profile of CuSO4 a n d  
of the velocity profile of na tu ra l  convective flow are 
measured dur ing the t ime period from reversing the 
current  unt i l  the steady na tu ra l  convection in reversed 
direction is established. 

Experimental Procedures 
The inner  dimensions of the glass electrolytic cell 

were 0.6 cm (thickness),  7.5 cm (width) ,  and 19.7 cm 
(height).  Both tough pitch copper electrodes were 0.5 
cm square and 26 cm long. They were insulated with 
PVC resin except for the working surface of 0.5 • 8.0 
cm 2 between the vertical  distance of 4 and 12 cm from 
the lower edge. Each electrode was vert ical ly installed 
in the electrolytic cell at a distance of 4.8 cm. Ana-  

* Electrochemical  Society Active Member. 
Key words: natural  convection, laminar flow, mass transfer, 

holographic Interferometry,  CuS04. 

lytical reagent grade CuSO4 and deionized water  w e r e  
used to make up aqueous 0.6M CuSO4 solution. The 
solution was poured into the electrolytic cell unt i l  its 
surface was positioned at a height of 16 cm from the 
lower edge of electrodes. With this configuration, equal  
vertical lengths of insulated surface of 4 cm were 
main ta ined  on the lower and upper  sides of each work-  
ing electrode, respectively, and the effect of circulat-  
ing flow of electrolyte was avoided dur ing the measure-  
ment.  The distance of the electrode surface traversed 
by the incident  beam was 0.5 cm. 

The electrolysis was carried out at 23 ~ • I~ at the 
current  densities of 1.0, 2.0, and 4.0 mA / c m 2, respec- 
tively. The electrolytic current  was supplied by a 
galvanostat. The applied current  densities were far 
lower than the cathodic l imit ing current  which was 
measured at about 45 mA/cm2 from the cur ren t -po ten-  
tial curve. Thus the uni form distr ibut ion of current  
density along the electrode height was ensured (9). 
The measur ing positions of concentrat ion and velocity 
profiles at the working electrode surface were, respec- 
tively, 2, 4, and 6 cm from the lower edge. 

After  it  was confirmed that  the bu lk  electrolyte w a s  
at rest, the electrolysis was started and continued for 
10 min  to at ta in  the steady state. Then the current  w a s  
reversed to the same absolute value, and the measure-  
ments of concentrat ion and velocity profiles were 
started. They were made at appropriate time in ter -  
vals unt i l  the reverse steady state was attained. 

A technique of holographic in ter ferometry  was used 
for measur ing  the concentrat ion profile (3). The focal 
plane was set at the center of the electrode. When the 
cathodic current  was reversed, the interference fringes 
started to shift upward  as shown in Fig. 1, and an ex- 
treme value of concentrat ion appeared adjacent  to the 
electrode surface. The steady anodic concentrat ion pro- 
file was gradual ly  at tained in which the interference 
fringes were deflected upward. 

The horizontal interference fringes in  the bulk  elec- 
trolyte were extended to the electrode surface, and the 
n u m b e r  of intersecting points with the shifted fringes, 
N, was counted. The concentrat ion was calculated by 
the following equations 

(n* -- n)d : N~ [1] 

n : 1.3332 W 27.89c (0.19M ~ c ~ 0.72M at 23~ [2] 

The la t ter  Eq. [2] is the regression of the refractive 
index upon CuSO4 concentrat ion in the above con- 
centrat ion region. The deflection of the incident  beam 
in the boundary  layer was corrected by the procedure 
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Fig. 1. Holographic interferograms. (a) t ---- 0 sec, (b) t ---- 20 
sec, (c) t - -  60 sec, (d) t ~- 600 sec elapsed after reversing the 
direction of current (cathodic to anodic) (0.6M CuSO~ solution, i 
2 mA/cm 2, x --_ 4 cm). 

ment ioned before (10). The reproducibi l i ty  in the mea-  
surement  of concentrat ion profile at the same height 
was excellent  because of the same optical configura- 
tion. On the other hand, due to a slight difference in the 
configuration which was inevi table  in the ad jus tment  
of electrode surface paral lel  to the incident  beam, the 
reproducibi l i ty  in the measurement  at various heights 
was slightly lower. However, this error was less than 
about  8% to the total  var iat ion and was negligible as 
far as the t rans ient  behavior  of the concentrat ion 
profile was concerned. 

The measurement  of velocity profile was described 
in  a previous paper  (11). An  aqueous suspension of 
colophonium particles of 5-10 ~m size was prepared by  
sedimentat ion and poured into the electrolyte. Before 
recording the motion of colophonium particles dragged 
along with the na tu ra l  convective flow, a thin ny lon  
fiber was vert ical ly hung along the center  of the work-  
ing electrode, on which the incident  beam was focused. 
The electrode was adjusted to be paral le l  to the beam 
by rotat ing it around the vert ical  axis. The drift  of 
colophonium particles on the cinefilm was measured 
by using a NAC DF-1613/MB film motion analyzer.  

Results and Discussion 
The t rans ient  concentrat ion profile at x ~ 4 cm 

after reversing the cathodic current  of 2 mA/ c m 2 is 
shown in Fig. 2. As seen in this figure, an extreme 
value appeared adjacent  to the anode surface after the 
current  was reversed and moved toward the bulk  elec- 
trolyte. The remaining  cathodic diffusion layer  almost 
disappeared at 90 sec from the cur ren t  reversal, and the 
anodic concentrat ion profile gradual ly  grew to the 
steady profile. 
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Fig. 2. Concentration profiles during the unsteady process after 
reversing the direction of current (cathodic to anodic). 

Time variat ion of velocity profile of na tu ra l  con- 
vective flow is shown in Fig. 3. The exper imenta l  con- 
ditions were the same as above. I t  is seen that  the 
velocity of na tura l  convection uni formly  decreased in 
the whole region of hydrodynamic  boundary  layer  
during the ini t ia l  60 sec. A downward flow appeared in  
the vicinity of anode surface at 90 sec, while the re-  
maining  flow was still upward  in the region apart  
from the surface. Along with fur ther  elapsed time, it 
gradual ly  converged to the downward steady velocity 
profile. 

In order to represent  the t ime variat ion of concen- 
t rat ion and velocity profiles, several parameters  were 
used. They are as follows: the concentrat ion difference 
between the electrode surface and bulk  electrolyte, 
-ics; the thickness of concentrat ion boundary  layer, 5; 
the concentrat ion difference between the extreme 
value and bulk  electrolyte, Ac~; the distance between 
the electrode surface and the position of the extreme 
value, ~; the maximal  velocity of na tu ra l  convection, 
Um; and the horizontal  distance be tween the electrode 
surface and the position of urn, ~. 

They are schematically i l lustrated in Fig. 4. Dual  
Um and r values were observed in the so-called in -  
verted flow which appeared at 90 sec from the cur ren t  
reversal  as shown in Fig. 3. 

In  the first place, the t rans ient  na tu ra l  convection 
after the cathodic current  reversal  was compared with 
that  after the anodic cur ren t  reversal.  An excellent  
symmetry  is seen in Fig. 5 between the t ime variat ions 
of ACs after  the cathodic cur ren t  reversal  at x ~ 6 cm 
and after the current  reversal  in the opposite direction 
at x : 2 cm. Both vertical  positions correspond to 2 
cm from the leading edge of anodic and cathodic 
na tura l  convective flow, respectively. Similar  sym- 
met ry  was also observed in the t ime variat ion of urn. 
Based on this symmetr ical  na ture  of the na tu ra l  con- 
vection, the following discussion is concentrated on 
the cathodic cur ren t  reversal.  
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Fig. 3. Time variation of veloc- 
ity profile (cathodic to anodic). 
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Time variation of concentration profi~e.--The t ime 
var ia t ion  of  Acs at  different  cu r ren t  densi t ies  is shown 
in Fig. 6. Al l  measurements  were  made  at  x = 4 cm. 
I t  is seen tha t  the  r a t e  of change of hes is affected b y  
the appl ied  cur ren t  density" the requ i red  t ime before  
hCs diminishes to zero is shor te r  a t  h igher  cur ren t  
densities,  and Acs a t ta ins  the  s teady  value  more  r ap id ly  
at  h igher  cur ren t  densit ies.  This is due to the  combined 
effect of h igher  dissolution r a t e  of Cu 2+ ion on the  
anode surface and the b roader  range  of concentra t ion 
be tween  in i t ia l  and  final s t eady  hcs values.  

In  v iew of the decrease  in veloci ty  of na tu r a l  con- 
vect ion af te r  the cur ren t  reversa l  shown in Fig. 3, i t  
is supposed tha t  the effect of convective mass t rans fe r  
of Cu 2+ ion is reduced.  Presuming  tha t  the  effect of 
convective mass t r ans fe r  is minor  (12), the fol lowing 
diffusional equat ions app rox ima te ly  hold 

Oc 02c 
- - = D  ( 0 - - < y <  ~ )  [3] 
01; Oy s 

at  

C 

C o n c e n t r a t i o n  Profile 

,Y 

u~ 

u n. 

uff 
~ r "  r 

Velocity P r o f i l e  

Fig. 4. Schematic illustration of concentration and velocity pro- 
files. 

densi ty  is ve ry  similar ,  though the ca lcula ted  t ime is 
shor ter  than  the measuremen t  due to the assumption 
of neglect ing convective mass t r ans fe r  in Eq. [6]. I t  is 
also in teres t ing  to note tha t  these cu r ren t  dens i ty  de- 

t--0, car(y)  f f ( y ) - - c * +  (c*-cs)(1--y/6)~ ( 0 ~ v ~ 8 )  [4] 
\ f (y )  c* (y > 6) 

0c i (1  -- t l*)  
y - - 0 ,  - - D m - -  [5] 

OY z~F 

F r o m  these equations,  we have 

1 [ 2i(1 --  t l*)  t 
Acs = ~/~Dt ZlF 

w h e r e  

e - -  1.49 

~ 

e(-n~/4m)d~l ] [6] 

(1 - - t l * ) f z~FvDS}u~ '~415"x l /S 'Dz iF  g=(1 -- tz*) 

[7] 

Equat ion [6] was used to calcula te  the  r equ i r ed  t ime 
f rom cur ren t  reversa l  to a moment  where  the concen-  
t ra t ion  at  the anode surface becomes equal  to bu lk  
e lec t ro ly te  (Acs ----- 0) and the t ime from cur ren t  r e -  
versa l  to anodic s teady s tate  (Acs --  - - 0 ) ,  respect ively.  
The ca lcula ted  t ime was compared  wi th  the measu re -  
ment.  As seen in Fig. 7(a)  and (b),  the  var ia t ion  of 
the calcula ted and  measured  t imes before  a t ta in ing  
ACs ---- 0 and Acs = --e due to the applied current 

pendences are  roughly  approx ima ted  to a power  of 
--0.4 under  the presen t  expe r imen ta l  conditions. 

The theory  of t rans ien t  na tu ra l  convection was de-  
veloped in the  field of hea t  t ransfe r  where  the ra te  of 
hea t  t ransfer  on the  surface of a ver t ica l  p la te  was 
s tudied (13, 14). G e bha r t  (14) obta ined  the resul t  
that  the  r ise of a dimensionless  t empe ra tu r e  which is 
defined as the rise of the mean  t empe ra tu r e  along the 
height  d iv ided  by  the total  r ise of t empe ra tu r e  up to 
the s t eady  value  is descr ibed by  a funct ion of the  di-  
mensionless  t ime of 

T = ='t /~s ca] 

I t  is also clarif ied in a wide  range  of  P rand t I  n u m b e r  
tha t  the  effect of t r ans ien t  na tu r a l  convect ion can be  
neglec ted  unt i l  a lmost  80% of the  s t eady  va lue  is 
reached and the s t eady  state is v i r t ua l ly  rea l ized at  0.4 
of the dimensionless  time. 

F rom the analogy be tween  hea t  and mass t ransfer ,  
the requi red  t ime before the  s teady  na tu ra l  convection 
is a t ta ined  in the presen t  uns t eady  electrolysis  is given 
by  

t = 0.4 ~ / D  [9] 
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i-1/5 at  the  s t eady  s ta te  (3).  Then  the re la t ionship  of 

t = i -=is [10] 

is obtained,  which was shown in Fig. 7. 
I t  should also be not iced tha t  Eq. [8] was de r ived  

f rom the considera t ion  of a ve r t i ca l  p la te  which  is 
p laced in a s t agnan t  fluid and is sudden ly  hea ted  up 
with a un i fo rm hea t  flux along the ver t ica l  p la t e  and 
tha t  the  analys is  was  ca r r i ed  out  b y  app ly ing  the 
s imi la r i ty  of veloci ty  and t e m p e r a t u r e  profiles in the 
ver t ica l  direction,  respect ively .  Though these condi-  
tions are  not  d i rec t ly  appl ied  to the p resen t  sys tem of  
cu r ren t  reversa l  as seen in Fig. 2 and 3, the  same de-  
pendence  on the d r iv ing  force was shown in both  
cases of hea t  and  mass t ransfer .  This m a y  be  re la ted  
to the insensi t iveness  of  the  adopted  profiles in  the 
analysis  using the in teg ra l  method.  

The na tu ra l  convect ive flow develops downs t ream.  
The t ime var ia t ion  of Acs a t  dif ferent  ve r t i ca l  locat ions 
is shown in Fig. 8. When  the in i t ia l  and  final Acs values  
at  var ious  ver t ica l  locat ions are  compared,  i t  is seen 
tha t  they  are  the same at  x = 4 cm and tha t  the  in i -  
t ia l  ~cs va lue  at  x = 2 and 6 cm is equal  to the  final 
va lue  at  x = 6 and 2 cm, respect ively .  I t  is due to the  
symmet r i ca l  charac te r  of na tu r a l  convection ment ioned  
before.  

No significant difference was  found among the 
elapsed  t ime before  a t ta in ing  the anodie  s t eady  state.  
The in i t ia l  acs va lue  a t  lower  ver t ica l  locat ions is 
smal le r  (3), and  the anodic na tu r a l  convect ion affects 
ea r l i e r  because of  the un i fo rm dissolution ra te  of Cu 2+ 
ion. On the o ther  hand, the anodic  na tu r a l  convect ion 
develops downward  f rom the uppe r  edge, and the 
above-men t ioned  ea r l i e r  effect of anodic  n a t u r a l  con- 
vection is compensated.  

This exp lana t ion  is fu r the r  suppor ted  by  the t ime 
va r ia t ion  of ~ shown in Fig. 9. I t  is seen tha t  ~ a d -  
vances t o w a r d  the bu lk  e lec t ro ly te  and tha t  no evi-  
dent difference was found among the  ver t ica l  locations 
dur ing  the in i t ia l  100 sec. The effect of na tu r a l  con- 
vect ion is minor  near  the  anode surface du r ing  the 
invers ion of na tu ra l  convect ive flow; diffusion and 
migra t ion  are  the p reva i l ing  mechanisms of Cu~+ ion 
transfer .  Due to the v i r t ua l l y  un i fo rm dissolution ra te  
of Cu 2+ ion in the  ver t ica l  d i rect ion on the e lec t rode  
surface, ~ has no significant dependence  on ver t ica l  
location. 

Time variation of veZocity proJ~le.--The t ime v a r i a -  
t ion of um at different  cur ren t  densi t ies  is shown in 
Fig. 10. Af t e r  the  cu r ren t  reversal ,  i t  l i nea r ly  changes 
unt i l  the anodic s teady  va lue  is a t ta ined.  Cor respond-  
ing to the  t ime var ia t ion  of ~cs shown in Fig. 6, the 
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On the other hand, i t  is known t h a t  the  th ickness  of  Fig. 8. Time variation of Acs along the elapsed time at a current 
the  concent ra t ion  b o u n d a r y  l a y e r  is p ropor t iona l  to density of 2 mA/cm 9. 
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value.  Af te r  a t ta in ing  the m a x i m a l  value,  i t  suddenly  
falls  to the min imal  value.  Then i t  again  increases to 
the anodic s teady  value. This appa ren t ly  s t range  va r i a -  
t ion of T is s imply  due to the appearance  of inver ted  
na tu ra l  convective flow dur ing  the t ransi t ion;  the  
newly  formed anoclic n a t u r a l  convect ive flow star ts  to 
develop f rom the anode surface, whi le  the remain ing  
cathodic flow is pushed away  to the bu lk  e lec t ro ly te  
where  i t  disappears .  

Space-time structure of transient natura~ convective 
flow.--We have t r ied  to visualize the t rans ien t  var ia -  
t ion of na tu r a l  convect ion af te r  the cu r ren t  reversal .  
Firs t ,  the t rans ien t  concentra t ion profile near  the 
lower  edge of work ing  e lect rode is shown in Fig. 12. 
Before the cur ren t  is reversed,  the cathodic diffusion 
l aye r  is observed on the work ing  cathode surface, 
whi le  no concentra t ion  g rad ien t  is observed on the 
insula ted  surface be low the  lower  edge. An  ex t reme  
value  appears  a t  10 sec af ter  the cur ren t  reversal ,  bu t  
no change is observed  on the insu la ted  surface:  i t  is 
indica ted  tha t  the direct ion of na tu ra l  convection is 
s t i l l  upward .  Af te r  more  than  30 sec are  passed, a 
concentra t ion grad ien t  is c lear ly  observed on the sur -  
faces of the work ing  anode and the insula ted  port ion;  
i t  is shown tha t  the anodic na tu r a l  convection s tar ts  
to flow downward .  

Next,  the t rans ien t  concentra t ion profile nea r  the 
upper  edge of the work ing  e lect rode is shown in Fig. 
13. Even before  cur ren t  reversal ,  a concentra t ion gra -  
d ien t  is observed on the upper  insu la ted  surface. I t  is 
due to the convective mass t ransfe r  of Cu ~+ ion b y  the 
upward  na tu r a l  convective flow. A f t e r  the  cur ren t  is 
reversed,  an ex t reme  va lue  appears  on bo th  the sur -  

ra te  of change of um is h igher  a t  h igher  current den- 
sities. 

Time var ia t ion  of  T at  different  cu r ren t  densi t ies  is 
shown in Fig. 11. Dur ing  the in i t ia l  per iod  immed ia t e ly  
a f t e r  the  cu r ren t  reversa l ,  t is ma in t a ined  a t  the in i t i a l  
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Fig. 12. Holographic interferograms (cathodic to anodic) (a) t = 
0 sec, (b) t = 10 sec, (c) t = 20 sec, (d) t = 30 sec, (e) t = 
45 sec, (f) t = 600 sec elapsed after reversing the electrolytic 
current (0.6M CuS04, i = 2.0 mA/cm 2, X = 0 cm). 
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Fig. 13. Holographic interferograms (cathodic to anodic) (a) t = 
0 sec, (b) t = 20 sec, (c) t = 45 sec, (d) t = 90 sec, (e) t ~_ 
120 sec, (f) t ---- 600 sec elapsed after reversing the electrolytic 
current (0.6M CuS04, i = 2.0 mA/cm 2, x = 8 cm). 

faces of the  work ing  anode and the insu la ted  portion. 
One may  also note that  the l a t t e r  concentra t ion profile 
has zero g rad ien t  at  the surface. The ex t r eme  value  
moves toward  the bu lk  e lectrolyte ,  and  the anodic 
na tu r a l  convect ion develops.  A t  600 sec the s teady  
anodic convect ive flow is established.  I t  is seen tha t  
the  na tu r a l  convect ion or iginates  f rom the uppe r  edge 
of the work ing  anode, and no concentra t ion  grad ien t  
is observed  on the insu la ted  surface. 

The foregoing observat ions  and considerat ion lead  
to a p resen ta t ion  of the space- t ime  s t ruc ture  of t r an -  
sient  na tu r a l  convective flow. I t  is shown in Fig. 14. 
In  this d iagram,  the  t ime var ia t ion  of the  veloci ty  
profi le  a t  dif ferent  ver t ica l  locations is shown in the  
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Fig. 14, Transient behavior of natural convection at various 
heights of electrode (cathodic to anodic). 

uppe r  par t ,  and the corresponding t ime var ia t ion  of 
the concentra t ion profile is i l lus t ra ted  in the lower  
part .  The ar rows shown in the  d i ag ram demons t ra te  
the  direct ion of cathodic  n a t u r a l  convective flow. 

Af t e r  30 sec are  passed f rom the cur ren t  reversal ,  
an anodic diffusion l aye r  has formed at  the lower  po r -  
t ion of anode. I t  continues to grow, though the d i rec-  
t ion of convective flow is st i l l  upward .  At  60 sec, this 
anodic diffusion l aye r  ex tends  to a height  of 6 cm 
from the lower  edge, and the d i rec t ion  of  na tu ra l  con- 
vect ive flow star ts  to tu rn  downward  at  a he ight  of 
2 cm. Along wi th  fu r the r  e lapsed  t ime, this downward  
na tu ra l  convection covers the whole  surface of the  
work ing  anode  and pushes the r ema in ing  u p w a r d  
convective flow away  to the  bu lk  electrolyte .  At  120 
sec, the  whole  na tu r a l  convect ive flow is downward ,  
and  the anodic s t eady  s ta te  is a t t a ined  a t  600 sec. 

S u m m a r y  
Trans ien t  n a t u r a l  convect ion a f t e r  revers ing  the  

e lect rolyt ic  cu r ren t  was s tudied b y  measur ing  the 
concentra t ion and veloci ty  profiles a t  var ious  ver t ica l  
locations on the e lec t rode  surface. The  appl ied  cu r ren t  
dens i ty  was also varied.  

When the cu r ren t  is reversed,  the concentra t ion 
profile s tar ts  to shif t  f rom its or ig inal  s teady,  app rox i -  
ma te ly  parabolic ,  shape:  an ex t reme  value  appears ,  
and i t  moves f rom the e lec t rode  surface to the bu lk  
electrolyte .  Thus the concentra t ion profile evolves to 
the s teady state. Momentum t ransfe r  is caused by  the 
convective mass t ransfe r  of e lectrolyte ,  and  thus the 
veloci ty  of convective flow is decelerated.  A new 
na tu r a l  convective flow is fo rmed  in the reverse  d i -  
rection. I t  develops in the hor izonta l  d i rect ion f rom 
the elec t rode  surface toward  the bu lk  electrolyte ,  un t i l  
the s teady  veloci ty  profile is establ ished.  

S y m m e t r y  be tween  anodic and cathodic t rans ien t  
na tu ra l  convection was observed.  The ra te  of change 
of both the concentratior~ at  the e lect rode surface and 
the max ima l  veloci ty  of na tu r a l  convection are  h igher  
at  h igher  cur ren t  densities.  The fo rmer  effect was ex-  
p la ined  by  a simplif ied mass balance  calculat ion of 
Cu 2+ ion near  the e lect rode surface assuming tha t  the  
convective mass t ransfe r  is neglected;  whi le  the in-  
vers ion  of na tu ra l  convection is occurring,  the  con- 
vect ive mass t ransfe r  of Cu 2+ ion is minor  nea r  the 
e lec t rode  surface, and diffusion and migra t ion  are  the  
preva i l ing  mechanism of Cu 2+ ion transfer .  I t  was 
shown that  the requ i red  t ime before  a t ta in ing  the 
s t eady  state is p ropor t iona l  to a power  of --0.4 of the 
appl ied  cur ren t  density.  

F rom these observat ions,  a d i ag ram of the space-  
t ime s t ruc ture  of t rans ien t  na tu ra l  convection was de- 
veloped. 
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LIST  OF SYMBOLS 
c concentra t ion (mol/cm~) 
c 5 concent ra t ion  at  e lec t rode  surface ( m o l / c m  3) 
c* concentra t ion in bu lk  e lec t ro ly te  (mol/cm~) 
Ac~ concentra t ion difference at  ex t r eme  va lue  point  

f rom c* (mo l / cm ~) 
• concentra t ion difference at  e lect rode surface 

f rom c* (mo l / cm s) 



1280 $. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY June 1981 

D diffusivity of CuSO4 (cm2/sec) 
d width of electrode (cm) 
F Faraday constant ( =  96,500 C/g-equiv.) 
.tl gravitational acceleration (=980 cm/sec 2) 
i current density (A/cm 2) 
N number of shifted interference fringe 
n refractive index 
n* refractive index of bulk electrolyte 
T dimensionless time defined by Eq. [8] 
t elapsed time (sec) 
tl* transference number of Cu s+ ion in the bulk 

electrolyte 
u velocity (cm/sec) 
Um maximal velocity (cm/sec) 
x vertical location from lower edge of electrode 

(cm) 
y distance from electrode surface (cm) 
zl valency of Cu 2+ ion ( =  2g-equiv./mole) 

Greek Letters 
densification coefficient of CuSO4, 

8 

1/p (0p/0c) 
(craB/tool) 
thermal diffusivity (cm2/sec) 
concentration boundary layer thickness (cm) 
averaged value of steady concentration boundary 
layer thickness along vertical plate (cm) 
concentration difference (c -- c*) (moI/cm~) 
concentration difference at electrode surface 
(mol/cm 3) 
numerical parameter  

wavelength (A) 
v kinematic viscosity (cm2/sec) 

distance between electrode surface and the posi- 
tion of the extreme value (cm) 

r distance between electrode surface, and maximal 
velocity point (cm) 
numerical parameter  
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Electroactive Coatings of Tris(bipyridyl)- and 
Tris(o-phenanthroline)-Ruthenium(ll) Attached to 

Electrodes via Hydrosilylation or Electropolymerization of 
Vinyl Derivatives 
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ABSTRACT 

Synthe t i c  methods  are  given for the in t roduct ion  of a v i n y l  group into 
a ,a -b ipyr id ine  (b ipy)  and o -phenan th ro l ine  (phen) .  These groups have  been  
employed  to a t t ach  Ru(bipy)82+ and Ru(phen )~  ~+ to P t  e lect rodes  by  ( i)  
hydros i ly la t ion  fol lowed by  polycondensa t ion  wi th  the  electrode,  or  (ii) cy-  
cling the  e lec t rode  to nega t ive  potent ia ls  to induce  anionic po lymer i za -  
t ion a t  the surface. The thickness  of s i lanized films increased  l i nea r ly  wi th  
contact  t ime, a f te r  an induct ion period,  and also increased wi th  increas ing 
t empera tu re .  Ru(b ipy)~  2+ coatings p repa red  in this w a y  showed revers ib le  
cyclic vo l t ammograms  up  to about  20 layers.  For  th icker  films the e lec t rode  
kinet ics  became increas ingly  slow, and the amount  of e lec t roact ive  ma te r i a l  
ac tua l ly  decreased.  Si lanized Ru(phen)32+ coatings showed sluggish behavior  
even at  lower  coverages.  The films were  s table  upon anaerobic  s torage (ex-  
posure  to a i r  r educed  s t ab i l i ty ) ,  bu t  showed e lec t rochemical  instabi l i t ies .  
Scanning  to potent ia ls  sufficiently negat ive  to reduce Ru a+ produced  im-  
med ia te  loss of e lect roact iv i ty .  Holding the e lec t rode  at  a po ten t i a l  suffi- 
c ient ly  posit ive to produce  Ru 8+ led to a slow loss of e lec t roact iv i ty ,  whi le  
cont inuous scanning of the  Ru 3 +/2+ wave  led to much fas ter  losses ( t ime scale 
of minu tes ) ,  the ra te  increas ing  wi th  scan rate.  A st i l l  more  r ap id  loss was 
observed  af te r  scanning the redox  wave  of fer rocene dissolved in the  elec-  
t rolyte ,  a l though the ampl i tude  of the fer rocene wave  was nea r ly  und i -  
min i shed  wi th  respect  to tha t  observed  a t  an  uncoated  electrode.  Thus the  
s i lanized film is pe rmeab le  to counterions and solut ion redox  species, bu t  is 
also fragile ,  and suscept ible  to d is rupt ion  b y  the ion fluxes. E lec t ropo lymer iza -  
t ion gave a R u ( p h e n ) s  a+ coating which was much more  stable,  showing ve ry  
l i t t le  loss upon continuous cycling. However  the cathodic peak,  bu t  not  the  
anodic  peak,  g r adua l l y  became less revers ible .  A slow conformat ion change 
resu l t ing  in inh ib i ted  counter ion effiux f rom the film upon reduct ion  is sug-  
gested. When e lec t ropolymer ized  at  a TiO~ electrode,  the Ru(phen).~ a+ film, 
in  contact  w i th  an  aqueous solut ion conta ining hydroqu inone  as media tor ,  
suppor ts  a s t eady  pho toeur ren t  which  is s table  for a t  leas t  15 hr. 

We have  prev ious ly  shown (1) tha t  a t t achmen t  of 
Ru(bipy)32+ (b ipy  --  a ,=-bipyr id ine)  to SnO2 elec-  
t rodes  can be  accompl ished v ia  hydros i ly la t ion  of a 
v iny l  group on one of the  b ipy  rings. Contact  wi th  the  
SnO2 e lec t rode  produces  a wa t e r - s t ab l e  coat ing tha t  
shows both e lec t roac t iv i ty  and photoelec t roact iv i ty ,  
a lbe i t  wi th  low quan tum efficiency. In  o rde r  to be t t e r  
define the  character is t ics  of this a t t achmen t  method,  
we have inves t iga ted  the e lec t rochemis t ry  of coated 
p l a t i num electrodes under  a va r i e ty  of conditions.  (To 
avoid  complicat ions  due to the  H~O oxida t ion  and r e -  
duct ion waves,  the measurement s  were  car r ied  out  in 
acetonitr i le .)  The studies were  ex tended  to Ru(phen)82+ 
(phen ---- o -phenan th ro l ine )  v ia  a v iny l  group a t -  
tached to phen  b y  a new synthet ic  route.  F ina l l y  we 
have exp lo red  the use of e lec t ropolymeriza t ion ,  fol-  
lowing the recent  r epor t  b y  M u r r a y  and co-workers  
(2) t ha t  this me thod  also produces  s tab le  coatings 
when app l ied  to complexes  wi th  pendan t  v iny l  groups. 

Experiment 
Synthesis.--The syntheses  of 4 ,4 ' -d imethyl -2 ,2 ' -b i -  

pyr id ine  (I)  and  4 -hyd roxye thy l -4 'me thy l -2 ,2 ' b ipy r i -  
d i n e ( I I )  as wel l  as the synthesis  of 4 -v iny t -4 'me thy l -  
2 ,2 ' -b ipyr id ine ( I I I )  f rom (I) via  the alcohol  ( I I )  
(Fig. 1A) have  been  descr ibed p rev ious ly  (1). The 
p repa ra t ion  of ( I ID employ ing  the  reac t ion  sequence 
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r epor ted  be low for the synthesis  of 4 -v iny l - l , 10 -phen -  
an thro l ine  (Fig. 1B) was also t r ied,  bu t  gave a lower  
yield.  

4-Formy~--l, lO-phenanthro~ine (IV)I .--3.68g (3.31 X 
10-~ mol) SeOe in 35 ml dioxane (4% H20) was placed 
in a 500 ml  flask and the t empe ra tu r e  g r adua l l y  ra ised 
unt i l  al l  the SeO2 dissolved (50~ 4.5g (2.32 X 10 -2  
mol) of 4 - m e t h y l - - l , 1 0 - p h e n a n t h r o l i n e  (G. F. Smi th  
Chemical  Company)  in  180 m l  d ioxane was s lowly  
added  to the SeO2 solut ion whi le  its t e m p e r a t u r e  was 
s teadi ly  ra ised to reflux (25 min ) .  Vigorous  s t i r r ing  
was ma in ta ined  dur ing  the reaction.  Af t e r  an add i -  
t ional  20 rain of refluxing, the solut ion tu rned  c lear  
and the bo t tom of the flasks was coated wi th  meta l l ic  
selenium. The solut ion was f i l tered hot  and on re -  
moval  of solvent  y ie lded  a solid compound which was 
laced wi th  colloidal  selenium. By redissolving the solid 
in  chloroform, cent r i fuging  to remove  the selenium, 
and subsequent ly  s t r ipping  off the  solvent  ( this p ro -  
cedure was r epea ted  four  t imes) ,  al l  of the  unwan ted  
se lenium was separa ted  out. 

Weight  of p roduc t  _-- 3.45g (yie ld  71%),  1R: 1710 
cm -1 (carbonyl  stretch);  NMR (60 MHz, CDC13): 10.558 
(s, 1H, - -CHO) ,  9.55 --  7.455 (7H, a romat ic  pro tons) .  

4-Viny~--I,IO-phenanthroline (V) . - -2g  (9.6 • 10 -8 
mol) of (IV) in 450 ml  d r y  t e t r a hyd ro fu ra n  (THF)  

1 The use  of se lenium dioxide in t h e  p r e p a r a t i o n  of quinoltne 
aldehydes has been previously reported (3) .  
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Fig. !. Synthetic schemes for 
the preparation of (A) 4-vinyl- 
4'-methyl-2,2'-blpyridine and (B) 
4-vinyl-l,| O-phenanthroline. 

I) LDA/THF ) 
A 2) HCHO, I eqv. 

(I) 

CH3 CH2CH~,OH ~'CH2 
~ - ' ~  ~- - - -~  p.Os/xylen. 

(11) (111) 

CH 3 CliO CH=CHz 

B > THF ) 

(IV) [V) 

was placed in  a predr ied 1000 mI th ree-neck  flask 
equipped with a st irr ing bar. One neck was closed with 
a septum and the other two were used for flushing 
with nitrogen. 3.42g (9.6 • 10 -3 mol) of dry  (methyl)  
t r iphenyl  phosphonium bromide (Aldrich) suspended 
in  10 ml  of THF was placed in  a separate airless flask 
and to this was added a solution of n -bu ty !  l i th ium 
(9.6 • 10 -3 mol).  An orange solution resulted almost 
immediate ly  and this was then syringed into the flask 
containing (IV). The solution slowly turned  milky;  
after s t i rr ing for ~5  hr the reaction was quenched 
with 30 ml  of cold water. The resul t ing t ransparent  
solution was extracted three times with a total of 
~900 ml  ether. The ether solution was washed once 
with 100 ml  water  and then extracted with 350 ml  of 
1M HC1. The aqueous layer  was neutral ized (pH 8-10) 
and extracted with ,~750 ml ether. The ether layer  was 
washed once with 100 ml  water  and  dried with an -  
hydrous sodium sulfate. The olefin was recovered from 
the ether layer. 

Weight of product, 1.08g (yield 54%); NMR (60 
MHz, CDCI~): 9.15 (m, 2H, aromatic) ,  8.2-7.358 (SH, 
aromatic),  7.6-5.45 (3H, vinylic, AMX spin system).  
Ru(2,2'-bipy)2 (4-vinyl--4'-methyl--2,2~ z+ (VI) 
was prepared as reported previously (1) from Ru (2,2'- 
bipy)2Cl~ �9 2H20. Ru(1,10-phen)~Clz �9 2HzO (VII) was 
prepared by a procedure analogous to that  for Ru (2,2'- 
bipy) 2C12. 
Ru(4-vinyl-l,lO-phen) (1,10-phen)z ~ + (PF6-)z (VIII) 
was prepared by heating a solution of e thanol /water  
(1:1) containing (V) (6 • 10 -4 mol) and (VII) 
(5 X 10 -4 mol) for 8 hr at reflux under  nitrogen. The 
hot solution was filtered and the complex was precipi-  
tated by the addition of a saturated solution of NI-I4PFs. 
The solid was collected, washed first with a total  of 
25 ml  H~O and then with 20 mI ether. Yield 80%. ~. 
max ,,,450 nm;  NMR indicat ive of both  vinylic  and 
aromatic protons. 

Hydrosilylation o] (VI) and (VIII) to give (IX) and 
(X), respectively.--A typical procedure is as follows: 
1.12 • 10 -4 mol of (VI) 1.12 • 10 -4 mol of tr ichloro- 
silane (HSiC13), and 2.5 • 10 -6 mol of t r ie thylamine 
(Et3N) were dissolved in a total of 3 ml  acetonitri le 
(si lylation grade, Pierce Chemicals) and was syringed 
into a flame dried Pyrex  tube. The tube was sealed 
and then heated for 5 hr in an oil ba th  main ta ined  at 
155~176 It was then stored in  a refr igerator  unt i l  
ready for use. 

Preparation of modified electrodes.--Electrode 
mounting.--Pt electrodes were prepared by spot-weld-  
ing a foil of Pt  o n t o  o n e  end of a short piece of P t  wire, 
the other end of which was sealed into a 6 m m  OD 
soft glass tubing. The seal was covered with silicone 
rubber  (Dow) to avoid th in - l aye r  effects. Contact to 

the external  circuit  was made wi th  the help of a mer -  
cury pool. TiO~ electrodes~ were mounted  by at taching 
a Cu wire onto the back side of the electrode a n d  
passing the wire through Pyrex tubing. The contact 
was first fastened with a drop of epoxy cement  and 
then all exposed metal  was insulated with silicone 
rubber .  

Pretreatment.--Pt electrodes were anodized in 0.5M 
H2SO4 by holding the potent ial  at  1.9V vs. SCE for 5 
min, cycling between 1.23 and --0.25V for 2 hr  (100 
mV/sec) and then let t ing the dark current  decay to 
<1 ~A/cm~ at 1.1V. The electrodes were then rinsed 
successively with distilled water  and methanol  and 
finally dried under  vacuum. The true surface area of 
Pt  electrodes was estimated from the area under  the 
hydrogen adsorption waves in the vol tammetr ic  scans. 
TiO2 electrodes were etched for 30 sec in  conc HC1 and 
r insed wi th  distilled water  before being dried unde r  
vacuun% 

Silanization.--The electrodes were placed in air- t ight  
tubes main ta ined  under  iner t  atmosphere and con- 
ta ining 2-3 ml of (IX) or (X) (10-2M) in acetonitrile. 
The reaction tempera ture  was main ta ined  between 25 ~ 
and 70~ and the reaction t ime varied from a few 
hours to a few days. The electrodes were then removed 
from solution, r insed several times with dry aceto- 
nitrile, dried, and stored under  vacuum. 

Electrochemical polymerization.--Clean Pt  foils and 
etched TiO2 electrodes were cycled between 0 and 
- 1 .6V  vs. SCE in an acetonitri le solution containing 5 
• 10-4M (VIII) and 0.1M t e t r abu ty l - ammonium per-  
chlorate (TBAP, MC/B). After  cycling for 30 rain at 200 
mV/sec, the electrode was removed, r insed with 
acetonitrile, and dried under  vacuum. Polymer  dep- 
osition was evident  from the yel lowish-orange appear-  
ance of the electrodes. 

Electrochemical and photoelectrochemical measure-  
ments  were made in an a i r - t ight  cell constructed with 
O-r ing joints. The reference electrode (saturated calo- 
mel) was placed in a side a rm extending into a Luggin 
capillary. The working electrode and counterelectrode 
(Pt) were placed in a paral lel  configuration in the 
same solution. Two stopcocks allowed the cell to be 
flushed wi th  ni trogen and light was focused onto the 
working electrode through an optical window glued 
o n t o  o n e  side of the cell. The volume of solution 
in  the cell was ,--50 ml. 

All nonaqueous electrochemistry was carried out 
using 0.1M TBAP as electrolyte. Cyclic vol tammetry  
was carried out wi th  a PAR Model 175 Programmer ,  
Model 173 Potentiostat,  and Model 179 coulometer. 
Voltammograms were recorded on an X-Y recorder. 

2The electrode, which was a TiO2 coating on a titanium metal 
substrate, was a gift from Pacific Northwest  Laboratories. 
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Photocurrents were generated with a chopped (PAR 
125A) Ar+ laser (Spectra Physics 166) and were mea- 
sured with a lock-in amplifier (PAR 124). 

Results and Discussion 
Vinyl groups on heterocyclic ligands.--A vinyl group 

attached to a heterocyclic ligand provides a convenient 
functionality for relatively stable attachment of transi- 
tion metal complexes to electrode surfaces. We found 
previously (1) that hydrosilylation of vinyl-bipy 
bound to Ru(bipy)2 '+,  and subsequent condensation 
with an SnO2 electrode, produced a water-stable coat- 
ing, whereas ester or amide links to the electrode were 
rapidly hydrolyzed. Murray and co-workers (2) have 
recently shown that this complex, and others that con- 
tain vinyl heterocycles, can form stable coatings at 
electrodes which are simply scanned to potentials nega- 
tive enough to induce anionic polymerization of the 
vinyl groups. 

In our procedure the ethylene group was introduced 
(scheme A of Fig. 1) by lithiating 4,4'-dimethyl-bipy, 
condensing with formaldehyde, and dehydrating the 
resulting alcohol. The same procedure fails with 
o-phenanthroline, however, possibly because the Li+ 
ions are chelated by the N atoms of phen more effec- 
tively than bipy. An alternative rotate (scheme B, Fig. 
1) involving SeO2 oxidation of 4-methyl-phen, fol- 
lowed by a Wittig reaction, was found to be effective. 
This procedure did not, however, work as well with 

bipy, for which scheme A remains the preferred syn- 
thetic route. 

Hydrosilylation of coordinated vinyl-bipy or vinyl- 
phen proceeded smoothly to products which formed 
durable multilayer coatings on anodized Pt electrodes 
upon prolonged contact in dilute solution. The thick- 
ness of the coating could be controlled via the time and 
temperature of contact, and the results were repro- 
ducible, provided the electrodes were anodized by the 
same procedure. We also found that stable coatings 
with either species could be obtained by the electro- 
polymerization method. 

SiIanized film characterization.--Figures 2 and 3 
show cyclic voltammograms at the RUB+/2+ redox 
step for Pt electrodes coated with Ru(bipy)8 ~+ and 
Ru(phen)32+, respectively, via the silanization pro- 
cedure. The amount of electroactive material is given 
by the area under the voltammograms and corresponds 
to 21 and 16 equivalent layers for Ru(bipy)3 ~+ and 
Ru(phen)32+, respectively, assuming that a monolayer 
contains 9 • 10-11 mol/cm 2, the maximum concentra- 
tion estimated from space-filling models (4). The 
Ru(bipy)32+ electrode behaved nearly ideally, with 
small peak-to-peak separations, 34 mV, and a linear 
response of the peak current to sweep rate (5). The 
Ru (phen) 32 + electrode gave significantly larger peak- 
to-peak separations and negative deviations from cur- 
rent linearity at higher sweep rates. Increased re -  
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Fig. 2. Voltammograms for a 
platinum electrode silanized with 
Ru(bipy)a 2+ and cycled at vari- 
ous scan rates (electroactive 
coverage is ,~21 equivalent lay- 
ers); also shown is the corre- 
sponding plot of peak current vs. 

scan rate. The electrolyte was 
0.1M TBAP in acetonitrile. 
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Fig. 3. Voltammograms for a 
platinum electrode silanized with 
Ru(phen)3 ~+ and cycled at vari- 
ous scan rates (electroactive 
coverage is ,~16 equivalent 
layers); also shown is the corre- 
sponding plot of peak current vs. 
scan rate. The electrolyte was 
0.1M TBAP in acetonitrile. 
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sistance to counterion movements (6) by the bulkier 
and more rigid Ru(phen)32+ complexes might be a 
factor. 

The Ru(bipy)32+ film is quite porous, as evidenced 
by Fig. 4. The peak current density for the redox wave 
of ferrocene in solution is only 15% smaller for a 
coated than for an uncoated Pt electrode. Ru(bipy)a =+ 
cannot mediate electron transfer from ferrocene, since 
the redox waves do not overlap. Consequently ferro- 
cene must find its way to the electrode surface to be 
oxidized. Either the coating, estimated in this experi- 
ment to be 14 equivalent layers thick, contains pin- 
holes, or the molecular framework is flexible enough 
that diffusion of ferrocene to the electrode surface is 
unimpeded on the voltammetric time scale. This be- 
havior is reminescent of that observed for polyvinyl 
ferrocene films on Pt electrodes (6, 7). 
The thickness of the silanized Ru(bipy)3 s+ film in- 

creases with the length of time the electrode is ex- 
posed to the silylated complex, and with increasing 
temperature, as illustrated by the data in Table I. At 
a given temperature the amount of electroactive mate- 
rial in the coating increases linearly with time, as 
shown in Fig. 5. There is, however, an induction period, 
of about 5 hr at 25 ~ indicating a preliminary reaction 
preceding the process. This might involve prereaction 
of the silylated complex, perhaps oligomerization, re= 
quired for effective coating. 

The linearity of Fig. 5 requires that all of the 
Ru(bipy)32+ in the coating is electroactive, or, less 
plausibly, that the fraction of electroactive material 
is constant with increasing thickness. For films thicker 
than about 20 equivalent layers, the electroactivity 
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Fig. 5. Electroactive coverage, c (in equivalent layers), of 
Ru(bipy)8 s+ on anodized platinum electrodes vs. the time of con- 
tact, at 25~ of the electrodes with a solution (8 • 10-8M)  of 
the silylated complex. 

(measured at a given scan rate) begins to decrease, 
and indeed the absolute amount of electroactive mate- 
rial decreases at higher temperatures and longer con- 
tact times, as illustrated in the last three lines of Table 
I, although the films continue to thicken as evl- 

CYCLIC VOLTAMMOGRAMS OF FERROCENE 
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Fig. 4. (o) Cyclic vohammograms for ferrocene in solution with anodized platinum electrodes, 1, unmodified and 2, modified through 
silanizotion with Ru(bipy)32+. (b) Voltammograms of the modified electrode in inert electrolyte (0.1M TBAP/acetonitrile) before and 
after voltammetry (2 cyclic scans) with ferrocene. 
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Table I. Cyclic voltammetric parameters of silyleted Ru(blpy)3 2+ films on Pt for different coating 
times and temperatures 

Film v Eo' iv 
t (hr), T (~ b description (mV/sec)~ (vs. SCE) d (/LA/cra~) �9 AEp (mV)~ ~ (mV)S e h 

7 25 Not visible 2(}0 1.23 14.5 35 137 ~1 
16 25 Not visible 200 1.23 41.3 22 140 3.7 
2B 25 Not visible 200 1.23 71,8 31 i26 8.5 
47 25 Not visible 200 1.23 156.0 38 128 17.4 
2B 65 Faint yellow 5 1.23 18.2 43 130 35 
28 65 Faint yellow 200 1.23 365 76 154 35 
38 70 P a l e  y e l l o w  200 1.23 270 105 162 30 
64 75 Bright yellow 200 1.23 158 140 196 22 

�9 T i m e  of  e l e c t r o d e  e x p o s u r e  to  hydros l l y la t ed  R u ( b i p y ) z  ~+ (IO-~M) in  ace ton i tr i l e .  
b So lut ion  t e m p e r a t u r e .  
e Scan  rate .  
d RuS+/~ potent ia l .  
�9 Cathodic  p e a k  current .  
t P e a k - p e a k  separat ion .  

Cathodic  hal f -width .  
h E l e c t r o a c t i v e  c o v e r a g e :  area  u n d e r  the  v o l t a m m o g r a m ,  e x p r e s s e d  in e q u i v a l e n t  l ayers ,  a s s u m i n g  1 l a y e r  = 9 x 10-~ m o I / c m  2. 

denced qual i ta t ively by the deepening color of the 
electrode surface. For  these thick films the 
electrode kinetics are slow, as shown by  the great ly 
increased peak separations (AEp) and widths (5). Pre-  
sumably  the movement  of counterions across the in -  
creasingly thick films is slowed to the extent  that  the 
total n u m b e r  of electrons t ransferred at a given sweep 
rate actual ly decreases. This t rend might  account for 
the fact that  the ~-1000 layer  thick coatings deposited 
on SnO2 were found to show electroactivity corre- 
sponding only  to a few layers (1). Since in  tha t  case 
the redox wave appeared to be reversible, this r em-  
n a n t  electroaetivity might  have been  due to film het-  
erogeneity, al lowing a few counterions rapid access 
to the electrode. 

Table I also shows that  the electrode kinetics actual ly  
improve somewhat  with increasing coverage for the 
first ten or so equivalent  layers (4) contrary to theo- 
ret ical  expectation (8). The electrode wi th  about a 
monolayer  showed significantly broader  peaks, and 
larger peak- to-peak  separation, suggesting some het -  
erogeneity at this low coverage. 

Fi~m instabiHties.--While the silanized films were 
stable indefinitely under  anaerobic storage (exposure 
to air  produced irregulari t ies  in  the subsequent  vol t-  
ammograms) ,  they were subject  to electrochemically 
induced losses. Figure  6 shows that  scanning cathodi- 
cally past the Ru(bipy)32+/1+ and Ru(bipy)31+/~ 
waves of the silanized Ru(bipy)82+ films leads to im-  
mediate  loss of the Ru(bipy)~ a+/2+ wave. Similar  re-  
sults were observed wi th  Ru (phen)3 s + films. Evident ly,  

the reduced forms of the complex are unstable. On the 
hypothesis that  the resul t ing electrode surface might  
still contain bound but  uncoordinated bipy, we tr ied 
reconst i tut ing the film with Ru (bipy) 2 (DME) 2 + (DME 
= dimethoxyethane)  which reacts with bipy in solu- 
t ion to form Ru(bipy)32+ (9). The film was no t  re-  
generated by this procedure, however. The source of 
the reductive instabi l i ty  is not  present ly  understood. 

For the silanized Ru(b ipy ) s  2+ films, moderately  
rapid loss of electroactive mater ia l  was also observed 
on repeated scans of the Ru(bipy)~+/~+ wave, the rate  
increasing with the scan rate, as shown in  Fig. 7. The 
curves are not first order, bu t  show a continuous 
slowing of the loss rate with time. While reactive 
species might  have been generated in  the course of the 
scans, their  effect should have been the same for a 
given exposure time, independent  of the sweep rate. A 
plausible hypothesis to account for the dependence on 
sweep rate is that  the film is disrupted by  the move-  
men t  of counterions accompanying the flow of cur-  
rent, the rate being proport ional  to the total counterion 
flux. The flux increases with scan rate, and the slopes 
of the curves in  Fig. 7, at  a given coverage, are roughly 
proport ional  to the scan rate. On this model the loss of 
the first 20% of the film electroactivity is accounted 
for by the disruption of one Ru(bipy)32+ center per 
145 counterion transits  (round tr ip) ,  while the cor- 
responding number  for the first 45% of loss is N190. 
The slowing of the loss rate is expected if there is a 
dis t r ibut ion of Ru(bipy)~2+ a t tachment  modes in  the 
film, with varying  susceptibil i ty to disrupt ion induced 

.scan rote =SrnV/sec 

i8/~amps crn -2 

(b) 

(a) 

t 80Farnps cm -2 

scan rate = IOOmV/sec 

Fig. 6. (a) Single scan of the 
Ru(bipy)3 3 + / +  wove of a mod- 
erately thick silanized film on 
platinum. (b) Successive scans of 
the same electrode extended to 
the region of the Ru(bipy)3 2+ 
reduction waves. ( ) First 
scan ( . . . . .  ) fourth scan. 
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Fig. 7. Electroactive coverage, as percent of original electroac- 
tivity, vs. total cycling time, for different values of the scan rate. 
All three electrodes were identically prepared and had initial cov- 
erages of ,-~5 equivalent layers~ They were continuously cycled 
between 0.5 and 1.75V. 

by the passage of ions. Space filling models suggest that  
the silyated Ru(b ipy) s  ̀2+ (1X) cannot form highly 
cross-l inked polysiloxane networks due to steric crowd- 
ing. Weak interactions, susceptible to ion induced dis- 
rupt ion may be involved in mul t i layer  film formation. 

An addit ional observation support ing this model is 
that when the electrode was placed in contact with a 
ferrocene (Fc) solution and cycled over the Fc +/0 
wave, a rapid loss of Ru(b ipy)38+n+ activity was 
again noted (see Fig. 4), even though no electrons 
passed from Ru (bipy) 32+ dur ing the cycling. While the 
film did not impede the diffusion of Fc to the elec- 
trode surface on the vol tammetr ic  time scale (see 
above),  this diffusion, or more probably the outward 
diffusion of Fc +, did damage the film. The disruption 
rate was one Ru(bipy)3  ̀2+ per  ~20 Fc +/0 transits over 
the first 10% of electroactivity loss. 

A slower loss of electroactivity was observed when 
the film was main ta ined  in the Ru 8+ state. Figure 8 
shows that  holding the coated electrode at -{-1.5V led 
to two successive first-order decay processes, as mea-  
sured by  the Ru 3 +/,2 + vol tammetr ic  peak area, sampled 
periodically. The fast process, with tt/2 -- 72 rain cor- 
responds to a 15% loss of electroactivity; the slower 
process has tl/2 = 296 min. Similar  decays have been 
seen for Ru(bipy)32+ films by Murray  and co-workers 
(4) and a t t r ibuted to the chemical instabi l i ty  of 
Ru (bipy)33+, which has been demonstrated in aqueous 
solution (10). In view of the present  results, however, 
an a l ternate  explanat ion is that the slow decay at 
+ I .5V might be due to ion t ransport  associated with 
the significant background currents observed at this 
potential. In  l ine with this hypothesis, we observed 
that  the loss of electroactivity is qual i ta t ively higher 
when the electrode was held at +1.75V, where the oxi-  
dation state is still Ru(bipy)33+ but  the background 
current  is higher than at + 1.5V. 

Electropolymerized Ru(phen)3~ + l~Ims.--Pursuant to 
the demonstrat ion by Murray  and co-workers (2) 
that  stable electrode films could be prepared by elec- 
t ropolymerizat ion of Ru(bipy)32+ with attached vinyl  
groups, we were able to obta in  s imilar  results wi th  

20'8 I 
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;'0'5 

20-4 
i 

20'5 
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20'1 i I I J r J I 1 I 
25 50 75 I00 125 150 175 200 225 

time (minutes) 

Fig. 8. First-order decw plots (decreasing electroactivity) for a 
platinum electrode silanized with Ru(bipy)3 ̀ 2+ (,~15 equivalent 
layers) and potentiostated at +1 .5V (except to obtain sample 
voltammograms at various times). (~ ---- mols/cm 2 of electr-oactive 
material.) 

Ru(phen)32+. In our hands the method worked in 
acetonitrile, but not in dimethylsulfoxide (DMSO). 
Since vinyl pyridine is subject to anionic polymeriza- 
tion in DMSO (II) we presume that eleetropolymeriza- 
tion of vinyl-Ru(phen)s 2+ may have taken place, but 
that the resulting polymer was soluble enough in 
DMSO not to adhere to the electrode. On the other 
hand, we found that the electropolymerized coating, 
once formed in acetonitrile, did not subsequently wash 
off in DIV[SO. 

Like the silanized film, the electropolymerized coat- 
ing was unstable when the voltage was scanned to 
sufficiently negative values to reduce the Ru (phen) s2+. 
Repeated cycling of the l%u(phen)8 s+/2+ wave pro- 
duced a small initial loss in electroactivity (10% dur- 
ing the first 20-30 scans), but very little loss there- 
after, in contrast to the silanized films (Fig. 7). The 
repeated scanning did, however, produce a curious 
asymmetry in the voltammetrie waves, as shown in 
Fig. 9. The cathodic peak gradually broadened and 
shifted to less negative potentials, although the anodic 
peak remained essentially unchanged. Thus there was 
a progressive slowing of electron transfer from the 
electrode to the Ru 3+, but not from the Ru 2+ to the 
electrode. The likeliest explanation is that under the 
influence of repeated counterion movements the film 
underwent a slow change of molecular conformation, 
to a framework appropriate for Ru(phen)3 s+. The 
mobility of anions out of, but not into, the film might 
thereby have been reduced. It is possible that a similar 
rearrangement took place in the silanized films, de- 
scribed above, but that the resulting molecular confor- 
mation strained the framework too much, producing 
the observed loss of electroactive material. 

Films with >35 equivalent layers of electroactive 
material imparted a distinct yellow color to the elec- 
trodes, which decolorized when the voltage was 
stepped to values sufficient to oxidize Ru(phen)s 2+ to 
Ru (phen) 33 + (which has much weaker visible absorp- 
tion). Films of this character might find use in elec- 
trooptic devices. 

Photostability.--We have previously shown (1) that 
the silanized Ru(bipy)32+ coating on n - type  SnO.2 
supported a steady, albeit  low efficiency, photoanodic 
current  when i l luminated  in the Ru(b ipy) s  2+ visible 
absorption band. A gradual  (~25% in 2 hr) decay in 
the photocurrent  was observed with continuous i l lumi-  



VoE. I28, No. 6 E L E C T R O A C T I V E  C O A T I N G S  1287 

(O) ~ -- "45 mA 

I , I ~ I , I I , I , I = I 
2-0 I 5 I '0 0 5  2 0  1"5 I 0 0"5 

V is SCE V v s  SCE 

(o) ~ I  ~176 (d) 
0 3 4  mA cm-e 

I = I , I , I , I , I 
2 0  15 IO 0 5  2 0  1"5 I'O 0 5  

V vs SCE V vs SCE 

Fig. 9 .  Tiime evolution of the shapes of the anodic and cathodic 
voltammetr ic waves for electropolymerized Ru(phen)s 2+  on plat i -  
num, cycled between 0.5 and 1.9V. The voltammograms were re- 
corded at  a scan rate of 200 mV/sec;  init ial  electroactive coverage 
was -~80  equivalent layers. 

nation. In  v iew of the presen t  results,  a cont r ibu t ing  
factor  might  have been reduct ive  quenching of 
Ru(bipy)32+ via  back  e lec t ron t rans fe r  f rom the 
heav i ly  doped SnO2, to produce  uns tab le  R u ( b i p y ) s  + 
( I ) .  

As shown in Fig. 10, a v e r y  s table  pho tocur ren t  is 
observed  for  Ru (phen)  32+ e lec t ropo lymer ized  at  
n - t y p e  TiO2. In  this case hydroqu inone  was added  
to the  e lec t ro ly te  to discharge the  R u ( b i p y ) 3  S+ fo rmed  
on photooxidat ion.  The 476.5 nm A r  + laser  w a v e -  
length  is close to the R u ( p h e n ) s  2+ absorpt ion  m a x i -  
mum, 452 nm. As in the  SnO2 exper iments ,  quan tum 
efficiency was ve ry  low (calcula ted as ~ 1 %  if a mono-  
l aye r  was photoac t ive) ,  bu t  the pho tocur ren t  shows no 
decay dur ing  15 h r  of s teady  i l luminat ion.  Thus the 
coat ing shows no int r ins ic  photoins tabi l i ty .  

Conclusion 
A new synthet ic  approach  to in t roducing  a v iny l  

group into a heterocycl ic  l igand has been deve loped  
and appl ied  to phen. Both R u ( b i p y ) s  2+ and Ru-  
(phen)s  2+, wi th  a pendan t  v iny l  group, can be a t -  
tached t o  anodized P t  or  TiO2 in films of control led  
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k = 4765 J, 

I : 55 mW cm "2 
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Fig. 10. Anodic photocurrent vs. t ime for a T iO~ electrode coated 
with electropolymerized Ru(phen)s 2 + ,  in contact  with 0 . 1 M  hydro- 
quinone in 0 .SM H2SO4. 

thickness,  v ia  hydros i ly la t ion  or  e lee t ropo lymer iza -  
tion. The films are  s table  on s torage or  to i l luminat ion,  
and suppor t  steady, low level  photoanodic  currents  
on TiO2. They show nea r ly  revers ib le  Ru 3+/2+ redox  
behavior ,  but  decay s lowly upon repea ted  cycling, 
and  sometimes show evidence of slow conformat ion 
change. Immedia te  decay  occurs upon reduct ion  of 
Ru 2+. I t  can be concluded tha t  whi le  Ru (b ipy)s  ~+ a n d  
R u ( p h e n ) s  2+ can be s t ab ly  a t tached  to electrodes,  
the films r ema in  s table  only if  the ru then ium is ma in -  
ta ined  in the 2 +  state, through rap id  regenera t ion  wi th  
solut ion redox  agents. 
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Kinetics of Color Reversal in Lutetium Diphthalocyanine 
Oxidation Products Formed with Different Anions 

F. A. Pizzarello and M. M. Nicholson* 
Rockwell International, Anaheim, California 92803 

Lanthanide  diphthalocyanines are of increasing 
interest  as multicolor electrochromic display materials  
(1). Recent work in this laboratory has shown that the 
anodic oxidation of a lu te t ium diphthalocyanine film in 
contact with an aqueous electrolyte occurs with fast 
migrat ion of anions from the solution into the organic 
solid to compensate for the loss of electrons (2-4). Re- 
action I 

Lu l l (Pc )2  + yA-* -~  LuH(Pc)2"yA + ne (n = yz)  

G r e e n  Red [I] 

is accompanied by a color change of the film from green 
to red. Exper imental  n values of approximately 2 were 
found with chloride and sulfate electrolytes. Measure- 
ments  on moving color boundaries  in a lumina-sup-  
ported dye films led to the suggestion of predominant  
charge t ransport  by the corresponding anions in the 
oxidation products (2). A radiotracer study then con- 
firmed that stoichiometric quanti t ies of chlorine and 
sulfur  were incorporated in the red forms of the dye 
(3). Galvanostatic t ransients  in lu te t ium diphthalo- 
cyanine films on t in oxide were interpreted with the 
same moving-boundary  model, al though the direction 
of current  flow was then perpendicular,  ra ther  than 
parallel,  to the surface of the film (4). The ra te-con-  
troll ing factor for the t ransients  was a space charge in 
the red phase. Meanwhile, the anion reaction mechan-  
ism was proposed independent ly  by Yamana to ac- 
count for anodically induced color changes in erb ium 
diphthalocyanine films (5). 

Red colors persist in oxidized films of lu te t ium di- 
phthalocyanine for minutes to days, depending on ex- 
per imental  conditions. It was observed in the tracer 
s tudy that the chloride product on a lumina  gradual ly  
lost its red color and its chlorine content  while in con- 
tact with ambient  air (3). The sulfate film remained 
red, however, and lost no sulfur  in a month. On a t in  
oxide substrate, the bright  red is easily regenerated by 
application of anodic potentials, and electrical cycling 
between the red and green states has been repeated 
many  thousands of times (1). 

This paper reports a spectrophotometric investigation 
of the anodic oxidation products formed by lu te t ium 
diphthalocyanine films with seven different anions in 
aqueous solutions. These products differed chemically 
and spectroscopically from the oxidized diphthalocy- 
anines PcLnPcox of lanthanide  elements (Ln) isolated 
by Moskalev et al. at a p la t inum anode in a dimethyl-  
formamide-hydrazine  hydrate  solution (6). 

Experimental 
Green films of lu te t ium diphthalocyanine were vac- 

uum-sub l imed  onto 1.25 • 6 cm strips of single 
crystal sapphire or Mylar  plastic. Details of the speci- 
men  preparat ion were described previously (2). The 

* Electrochemical  Society Act ive  Member. 
Key words: diphthalocyanines,  oxidation, anions, kinetics. 

electrolytes were a i r -sa turated 1M solutions of NaOAc 
(sodium acetate), KF, KC1, NaBr, KI, Na2SO~, and 
NaOOCr (sodium benzoate).  

The dye films were converted to red forms by the 
boundary-propagat ion  technique used earlier (2, 3). 
For  the present  study, however, the cell was mounted 
in a Pe rk in -E lmer  Model 202 dua l -beam spectrometer 
instead of a viewing device. The reference and counter-  
electrodes were silver foil anodized in samples of the 
cell electrolytes; lead foil was used in Na2SO4. The 
first absorption spectrum was recorded on the green 
film with no liquid present. Electrolyte was then added 
to immerse the lower end of the film, and the red color 
was propagated upward  from the meniscus by applica- 
tion of a constant anodic current  through a gold con- 
tact at the top of the specimen. When the red area in-  
tercepted all of the incident  l ight beam, the current  
was turned off, and spectra were recorded at intervals  
for about 24 hr. Since the red film extended only sev- 
eral mil l imeters  above the liquid, it was in contact with 
moist air throughout  the experiment.  

Results and Discussion 
Yamana noted spectral differences in anodic oxidation 

products of e rb ium diphthalocyanine films obtained 
with various anions on a glass substrate but  did not 
report  these differences in detail (5). We observed no 
significant differences in the ini t ial  absorption spectra 
from 350 to 750 nm for lu te t ium diphthalocyanine oxi- 
dation products containing different anions. The rates 
of spectral changes that  occurred on standing in moist 
air were dependent  on the anion, however, and so 
were the voltages required to propagate the red color. 
Three types of behavior that  were distinguished are 
discussed below. 

Low propagation voltage and re lat ive ly  fast reversal  
f rom red to green . - -These  characteristics were ob- 
served with acetate and fluoride solutions. Representa-  
tive absorption spectra for the acetate are shown in  Fig. 
1, where isosbestic points are clearly evident  at 571 and 
686 nm. Such common intersection points are a neces- 
sary, but  not a sufficient, condition for a two-com- 
ponent  absorption system (7).1 As a first approach, it 
was appropriate to examine the results in terms of a 
first-order reaction with respect to the red dye species 

ln(C/Co)  = - - k t  [1] 

In  Eq. [1], C represents the concentrat ion of the red 
species in the film at a time t, Co is its init ial  concentra-  
tion, and k is the first-order rate constant  for the red- 
to-green chemical reaction. The data were analyzed for 
reactant  and product components from the film ab-  
sorbances at 645 and 690 nm. It was assumed that 
Beer's law held; that the ini t ial  spectrum recorded after 
boundary  propagation was that of the oxidation prod- 

1 Isosbestie points would occur, for example,  with A ~ B, A 
2B, or A - ~  B + C. 
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Fig. 1. Absorption spectra of lutetium diphthalocyanine film 
anodically oxidized in IM NaOAc. Green denotes original dye film 
on sapphire; red denotes freshly oxidized film. 

Table I. Reaction rates of red films containing different anlons a 

Amax Cur- 
Elee.  ( ini- rent  

trolyte  b tial) e (/zA) (hr  -1 ) Comments  

NaOAc 1.01 2 0.16 
NaOAc 1.37 4 0.09 Mylar substrate  
KF 0.86 5 0.12 
KCI 1.00 3 - -  Red form stable  

>18  h r  
KCI 1.00 1 0.0039 Propagated  from 

0.011M KC1; rate  
measured  in am.  
bient  air w i th  
tracer  (3) 

NaBr 0.83 2 0.00~ Est imated at 18 hr  
KI 0.88 5 - -  No propagat ion 

above liquid 
N a ~ O i  1.11 143 - -  Red form stable 

>20 hr in this  
study; stable >30  
days in ambient  
air (3) 

NaOOC~ 0.64 ~ - -  Slight propagation 
above l iquid 

u c t  only; and that  a completely reversed film would 
have the same spectrum as the ini t ial  green at the 
selected wavelengths.  Figure 2 includes plots of log10 
(C/Co) vs. t for the acetate and fluoride films. The 
relationships are linear, in conformity with Eq. [I]. 
Rate constants evaluated from the slopes are given in 
Table I. The propagation of the red areas with acetate 
and fluoride solutions began at about 10V with applied 
currents  of a few microamperes. The final voltage, at a 
propagation distance of approximately 1 cm, was some 
60-70V. Thus, the propagat ing field was of the order of 
50  V/cm. 

Low to moderate propagation voltage and stable red 
film.--Propagation of the red color from chloride, 
bromide, and sulfate solutions also required fields be-  
low 100 V/cm. The oxidation products were much more 
stable than those containing acetate or fluoride ion, 
however. The absorption spectrum of the sulfate prod- 
uct in moist air was constant  for 20 hr. The spectral 
changes of the chloride films were too small  to deter-  
mine  a rate constant  in  the 24 hr  spectrophotometric 
experiments,  but  a value of 0.0039 h r -1  was evaluated 
from the earlier tracer data for films in ambient  air 
(3). With bromide ion, the absorption spectrum 
changed enough in 18 hr that  a rate constant  of 0.003 
hr -1 could be estimated from a large-scale l inear  plot. 

High applied voltage and insufficient color propaga- 
t ion.--With iodide and benzoate ions, the color bound-  
ary was again ini t iated at about 10V, bu t  it required 
near ly  100V to t ravel  1 mm. Hence, the applied field 
was of the order of 1000 V/cm, and it  was impractical  
to obtain absorption spectra of red areas propagated in 
contact with the gas phase. The very large size of the 
benzoate ion probably  hindered the anodic color 

Ac (MYLAR) 0.8 

 o.o_ 
NaOAc ~ 

0 . 4 -  

I I 

0 100 200 300 

T IME (min)  

Fig. 2. Plots for determination of first-order rate constants for 
oxidized films containing different anions. Ordinate is on log- 
arithmic scale. 

a D y e  f i lm on sapphire  un le s s  noted.  
b 1M u n l e s s  noted.  
e M a x i m u m  absorbanee  of  init ial  g r e e n  film. 

propagation, and this may have occurred with iodide. 
It  is of interest  in this context that Moskalev and 
Kir ina  were able to extract  iodine anodically from an 
aqueous iodide solution with a lu te t ium diphthalocy- 
an ine / t i n  oxide electrode (8). The current  flow was 
then perpendicular  to the dye film, however, and with 
a thickness of 3000A a field of 1000 V/cm would have 
caused an overvoltage of only 0.03V. 

From the spectral changes such as those in Fig. 1, it 
is inferred that the organic product of the color re- 
versal was the original green dye or a closely related 
form such as a hydrate  of that compound. Therefore, 
an oxidized species such as a halogen or oxygen also 
must  have been produced. For the red film containing 
fluoride, the color change was relative fast, and forma-  
t ion of the elemental  halogen may  be ruled out ther-  
modynamically.  Slow oxidation of water  by the organic 
cation is plausible, however 

LuH(Pc)~ + + . 2F -  4- H20--> Lu l l (Pc )2  4- 2HF 4- 1/2 02 

[II] 

Corresponding reactions may be suggested to account 
for the red- to-green  color changes that  occurred in the 
cases of other anions on standing in moist air. 

Factors that  may determine the rate of color reversal  
include volati l i ty of the acid formed, mobil i ty of the 
anion in the organic solid, and the morphology of the 
film in the red and green states. Red films containing 
halide and acetate ions, which form volatile acids, 
were found to be less stable than those containing 
sulfate. However, the chloride film was more stable 
than the acetate, even though HC1 is more volatile than 
HOAc. Although the mobil i ty  of the anion should de- 
pend on its size, the paths available for ionic or molecu- 
lar t ransport  wi th in  the organic solids are also influ- 
enced by water  and oxygen. We have found, for 
example, that  oxygen is required to propagate the red 
color from a sulfate solution but  not from chloride, 
while ambient  water  vapor is needed in both cases (9). 
Fur ther  investigations of these systems are in progress. 
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An Improved Electrochromic Display 
Using An Asymmetrical Viologen 

Gabriel G. Barna* and John G. Fish* 

T e z a ~  Instruments Incorporated, Dallas, Tezas T5265 

During  the past  decade there  has been a concen- 
t r a ted  effort (1-7) to develop a passive e lect rochromic 
d i sp lay  (ECD) based upon the revers ib le  reduct ion and 
oxida t ion  of viologens. The basic s t ruc ture  of these 
4 ,4 ' -d ipyr id in ium salts is shown below 

where  X -  is typ ica l ly  b romide  or d ihydrogen  phos-  
phate.  While  there  has been an invest igat ion of a va r i -  
e ty  of these compounds wi th  symmetr ica l  a lky l  end 
groups, the  ma jo r i t y  of the deve lopment  work  has been 
wi th  salts  of 1 ,1 ' -d iheptyI-4 ,4 ' -d ipyr idinium,  tha t  is, 
where  R1 ---- R2 --  (n --  C7H15). The ab i l i ty  to deposi t  
a uni form purp le  film onto a t r ansparen t  e lectrode 
(SnO~) by  the one e lect ron reduct ion of this diposi t ive 
cation, has been well  es tabl ished (6). However ,  i t  has 
been demons t ra ted  (3, 7) that  while  this crys ta l l ine  
film is on open circuit,  it  reor ients  into a phase wi th  a 
h igher  degree of ordering.  This reor ienta t ion  is pos tu-  
la ted to be the cause of the u l t imate  fa i lure  of the 
display,  which  is the format ion  of a visible res idue on 
the segments.  The proposed mechanism of this fa i lure  
mode is tha t  the reor iented  film does not  complete ly  
erase, hence leaving  a vis ible  deposit  af ter  a cer ta in  
number  of cycles. 

The dr iv ing  force for this open-c i rcu i t  reor ien ta t ion  
of the deposi ted film has been pos tu la ted  (7) to be the 
in te rmolecuIar  in terac t ion  be tween  ad jacen t  viologen 
molecules. I t  was therefore  assumed tha t  b y  work ing  
with  an asymmet r i ca l  viologen, wi th  at  least  one bu lky  
end group, the dr iv ing  force for the in te rmolecula r  
s tacking would be decreased.  This should thus decrease 
the open-c i rcu i t  reor ien ta t ion  of the deposi ted film and 
hence improve  the erase characterist ics.  While  there  
have been other  a t tempts  to develop modified viologens 
(3),  a l l  these species were  st i l l  symmetr ica l ,  i.e., R1 ---- 
R2. This difference is not s imply  fortui tous;  i t  is more  
difficult to synthesize an a symmet r i ca l  viologen mole-  
cule. This paper  wil l  descr ibe  the p repa ra t ion  of one 
such molecule,  benzy l -hep ty l -v io logen  (BHV),  its 
e lec t ro-opt ica l  propert ies ,  and the improved  device 
per formance  that  i t  provides.  

Synthesis 
An equimolar  amount  of 1 -bromoheptane  dissolved 

in acetoni t r i le  (ACN) was added  to a --10~ solution 
of 4,4 ' -dipyridyl .  This mix tu re  was refluxed at  85~ 
for 2 hr, then  cooled to room tempera ture .  The solvent  

�9 Electrochemical Society Active Member. 
Key words: crystallization, organic, electrode. 

was evapora ted  off, and the res idue washed wi th  cold 
xylenes.  I t  was then dissolved in chloroform and the 
1-heptyl-4,  4 ' -d ipyr id in ium bromide  was recrys ta l l ized  
by  the addi t ion  of xylenes.  The product  was a pale  
ye l low powder  wi th  a y ie ld  of 51%. This in te rmedia te  
was redissolved in ACN, and was s lowly combined wi th  
an  equimolar  amount  of ~-bromotolune,  also dissolved 
in ACN. This solution was purged  wi th  N~ then s t i r red  
over  the  weekend  at  room tempera ture .  The br igh t  
ye l low prec ip i ta te  was filtered, washed with  ACN and 
CHC13 (to e l iminate  any  reac tan ts ) ,  and dr ied  in a 
vacuum dessicator.  The pur i ty  of the product  was 
es tabl ished by  the single peak  seen in a l iquid chro-  
matogram.  The y ie ld  for this second react ion was 79% 
provid ing  an overa l l  y ie ld  of 40% for the  synthesis  of  
the BHV. 

The s t ruc ture  of the produc t  was confirmed by  both 
proton and C 18 NMR, obta ined on a JEOL FX60Q 
FTNMR, with  the sample  dissolved in D20. The peak  
posit ions are  referenced to the 2.040 ppm H peak and 
the 206.00 ppm C 13 peak  of acetone. The peak  positions 
are  l is ted in Table I, wi th  assignments  made where  
possible. I t  should be noted tha t  the  4.569 ppm proton 
peak  is pa r t i a l l y  h idden under  the H20 (in the D20) 
peak. Its identif icat ion was made possible only by  

Table I. Proton and C 13 NMR peaks and assignments 

H 
Cla 

Assig~;ed 
No. to  H on  In ten-  

p p m  of  H C No. p p m  s i ty  C NO. 

0.645 J 4.544 1835 i 
1.122 ~ 13 1-6 12.986 2160 2 
1.910 16.362 3131 3 

18.894 3018 4 
4.569(t)  2 7 21.686 4063 5 

21.881 3077 6 
5.773 2 14 53.373 1641 7 

55.905 1978 14 
7.361 5 15-18 118.174 7749 (a) 

120.444 5657 } 
8.354) 120.833 5576 16, 17, 18 
8.432 ; 8 8-13 121.290 2831 
8.917 123.368 581 15 

136.547 3336 (~) 
140.769 419 } 
141.351 568 i0, II 

(a) Th i s  p e a k  is a s s i g n e d  to  o n e  o r  m o r e  of t h e  p y r i d i n e  r i n g  C 
a t o m s  n u m b e r  8, 9, 12, o r  13. 

+ + 

C C C C C C C N C ,8 

8 9 12 13 16 17 
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selectively decoupling the protons while observing the 
carbon spectrum. The assignment of the carbon peaks 
to the benzene and pyr idine rings was also achieved 
through selective decoupling of the protons on the 
benzene ring. 

Experimental 
The benzyl-heptyl -v iologen bromide was ion ex- 

changed with NaH~PO4, as previously described (6). A 
saturated solution of ,,-0.045M BHV phosphate/1M 
dihydrogenphosphate was then prepared under  ni t ro-  
gen. 

Sealed cells were fabricated as before (7). Electro- 
optical tests were run  in these pat terned cells, in the 
potentiostatic mode, under  crossed polarizers (7). A 
given electrode was first tu rned  on by applying --1 
VDC between it and the counterelectrode. This seg- 
ment  was then employed as the in terna l  reference 
electrode for the subsequent  experiments.  The electri-  
cal and optical response of segments to potentiostatic 
cycling is shown in  Fig. 1, where the mechanical  offset 
between the two pens has been left unchanged. In  
addit ion to these photometric measurements ,  the films 
were also examined visually. This was done with the 
cell between 80 ~ crossed polarizers. This configuration 
allowed enough light to leak through to be able to see 
the amorphous phase (as dark spots), while it was 
polarizing enough to resolve the crystall ine phase (as 
br ight  areas).  

Exper iments  to check the residue problem were per-  
formed both wi th in  the sealed cells as well as in a 
typical  3-necked flask inside an N2 purged glove box. 
In  the lat ter  case, the working electrode was a cleaned 
and treated (6) piece of Nesatron 20 (PPG Industr ies) ,  
identical  to the electrodes wi th in  the sealed cells; the 
counter  and reference electrodes were a Pt -disk  and a 
double junct ion Ag/AgCI (10% KNO3 outer solution) 
electrode, respectively. 

6O 

40 

2O 

0 

0 

0.2 

0.4 

0.6 

"•(A) (B) h__ 

Fig. 1. Electro-optical response of a BHV film, under crossed 
polarizers, during cycling and open-circuit (O.C.) conditions: (A) 
--25/-t-400 mV and (B) --100/-I-400 mV pulsing at 0.1 Hz. 

Results and Discussion 
A cyclic vol tammogram of the BHV solution shows 

the typical one electron reversible waves seen with all 
viologens. The open-circui t  potent ial  of the BHV solu- 
tion is --50 mV from that  of the diheptyl  viologen 
(n-CT) solution; the reduction and oxidation peaks are 
at n ---- --45/-t-45 mV, respectively, at a 5 mV/sec scan 
rate. The deposited film is violet. 

Visual examination,  under  80 ~ crossed polarizers, of 
a film deposited at --50 mV, shows it to be significantly 
different from that  of an n-C7 film. While the n-C7 
film deposits in a birefr ingent ,  crystall ine form, the 
BHV deposit is a mixture  of amorphous and crystall ine 
phases. When placed on open circuit, these is a brief 
period of ~-3 sec (see next  paragraph) when some of 
the amorphous form continues to reorient  into the 
crystalline, optically anisotropic form. The '"particle" 
size of both forms is in the 5-10 ~m range with an 
,~10:1 ratio between amounts  of the amorphous and 
crystal l ine phases. Upon the application of a positive 
erase potential, both forms seem to erase at the same 
rate. 

Photometric measurements ,  under  90 ~ crossed polar-  
izers, were also performed. The electrical and optical 
response of a single segment, to potentiostatic pulsing, 
is shown in  Fig. 1. In  contrast  to the behavior of the 
n-C7 film, the BHV film (i) increases in crystal l ini ty 
for only ,-,3 sec after being put  on open circuit, and (ii) 
after this time, there is no subsequent,  continuous re-  
orientation of the deposit into a more crystall ine form, 
for films formed at any potential.  

The effect of the stable morphology of the open- 
circuited film, on the subsequent  erasure of this film, 
was tested both in sealed pat terned cells as well as 
with unpa t te rned  Nesatron 20 inside the glove box. In  
this lat ter  configuration, a t ransparent  electrode was 
cycled between n ---- - -75/+400 mV, at 10 sec/cycle. 
After 41,500 cycles, there was absolutely no visible 
residue on the electrode. The electrode was then rinsed 
off and replaced in an identical setup containing the 
0.1M diheptylviologen/1M dihydrogenphosphate solu- 
tion. After  less than 50 cycles, a portion of the deposit 
would not erase at all. This phenomenon was confirmed 
in the opposite sense also. A freshly cleaned and treated 
piece of Nesatron 20 was placed in the n-C7 solution. 
After  1000 cycles, a large number  of residual spots 
were formed on the electrode. This electrode was then 
cleaned ul trasonical ly in the phosphate buffer solution 
and placed into a solution of BHV. It was then cycled 
6100 times, with no visible deposit formed. 

Similar  improvements  were observed in sealed pat-  
terned cells. All segments of an "1888" display were 
driven, in a constant voltage driving mode, in a 
WRITE/HOLD/ERASE cycle at 5 cycles/min. The first 
visible residue was seen only after 11,400 cycles. An  
identical cell filled with the n-C7 viologen solution, 
cycled in a similar fashion, gave rise to a greater  
amount  of residue after only 375 cycles. In  both cases, 
the bui ldup of the residue was at the edges of the seg- 
ments, i.e., where the current  density is the greatest. 

To summarize, several assumptions have been proven. 
First, looking at the viologen film reorientat ion prob-  
lem from the viewpoint  of in termolecular  interact ion is 
valid. The large major i ty  of the asymmetrical  BHV 
film is deposited in an amorphous phase, in contrast to 
the complete crystal l ini ty of the symmetrical  n-C7 film. 
After  a brief (3 sec) rea r rangement  on open circuit, 
nei ther  the amorphous phase, nor the small  amotint  in 
the crystall ine phase, undergoes a subsequent  cont inu-  
ing reorientation.  This must  be a consequence of the 
decreased intermolecular  forces, i.e., the greater steric 
h indrance caused by the bulky end group. Second, the 
data confirm what  previously was only a hypothesis, 
that  the open-circui t  reorientat ioa of the deposited 
film is a cause of the subsequent  erasure problems, 
since the stable, nonreor ienta t ing  BHV is much easier 
to erase. It is anticipated that fur ther  developments 
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along these lines might  yield displays with even longer 
practical lifetimes. 
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Cli f ton A.  Young:  z In  this paper  the authors have re-  

ported on the electrochemical reduction of thionyl 
chloride in the support ing organic solvents, N,N-di-  
methylformamide and dimethyl  sulfoxide. This paper  
is one of a series of l i th ium-th ionyl  chloride batteries 
by Dey.2 The work in N,N-dimethylformamide has 
been previously reported in  This  Journal8 and else- 
where. 4 The studies in dimethyl  sulfoxide have also 
been reported elsewhere. ~ It was reported that  these 
and other results suggested a new approach to solving 
the explosion problem in  l i th ium-th ionyl  chloride bat -  
teries. 6 

Thionyl  chloride, along with phosgene and phos- 
phorus oxychloridel reacts with N,N-dimethylform- 
amide to form the Vilsmeier-Haack reagent  which has 
been identified to be [(CHs).2N----CHC1]+C1-J ,s Di- 
methyl  sulfoxide reacts with thionyl chloride to form 
chloromethyl methyl  sulfide. 9 This compound was iso- 
lated. 9 Dimethyl  sulfoxide has been reported to de- 
compose violently when in contact with thionyl  chlo- 
ride and acid chlorides, 10 The reaction of thionyl  chlo- 
ride with dimethyl  sulfoxide has also been reported in 
the bat tery  l i terature.  11 

In  my opinion as a result  of these reported reactions 
the electrochemical reduction of thionyl  chloride in 
N,N-dimethylformamide and dimethyl  sulfoxide can- 
not  be used as a model of the electrochemical reduc-  
t ion of thionyl chloride at an electrode or in a l i th ium-  
thionyl  chloride battery.  Furtherfore,  the reported re-  
sults TM may apply to the reaction products 7,9 instead 
of  to thionyl  chloride. 
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W. L. B o w d e n  a n d  A. N. Dey: i3 We have proposed a 
mechanism for reduction of thionyl  chloride, SOC12, 
in dilute solution with a support ing electrolyte. Since 
numerous  aspects of this mechanism mirror  the be-  
havior of LiSOC12 cells, we have extended this reduc-  
tion mechanism to the discharge of Li/SOC12 cells. 

Dur ing  our investigations we were par t icular ly  con- 
cerned with the possibility of reactions between thionyl  
chloride and the support ing solvent. Accordingly we 
tried a wide variety of solvents of widely different 
characteristics, such as CH2C12, CH~CN, HCON(CH~)2 
(dimethylformamide,  DMF), SO (CHs) 2 (dimethylsulf-  
oxide, DMSO). We found similar reduction behavior  in 
these four solvents, of widely different s t ructure  and 
reactivity. The techniques we used, cyclic vol tammetry  
and constant potent ial  coulometry, are both techniques 
which operate on bulk  of the sample and are thus insen-  
sitive to relat ively small  amounts  of impurit ies so that 
a substant ial  amount  of reaction must  occur to have a 
noticeable effect on results. Both CH~CN and CH2C12 
are unreact ive to SOCI~. 14-16 Although both DMSO and 
DMF are known to react wi th  SOC12, the reactions 
were run  in refluxing solvent for substant ia l  periods z4,1s 
and gave rather  disparate products. While the results 
in DMF and DMSO are by no means central  to our 
conclusions, the s imilar i ty  to behavior  in CH2C12 and 
CHsCN demonstrates the val idi ty of the results. As 
stated in our paper, we also took samples of par t ly  
discharged SOC12 electrolytes and examined them by 
cyclic vol tammetry  in dilute solution. These vol tammo- 
grams were identical to vol tammogrvms of par t ly  re-  
duced dilute SOCle solutions, which also demonstrates 
that reaction of SOCI~ with solvent was not  a serious 
problem in this work. 
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(pp. 1461-1467, Vol. 127, No. 7) 

M. H. Miles: 17 This paper shows that the position of 
the methyl  group greatly affects the stabil i ty of  
methylated te t rahydrofurans  toward corrosion reac- 
tions with l i th ium metal. Al though te t rahydrofuran  
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(THF)  and  3 -me thy l  THF in contac t  w i th  Li  show 
observable  corrosion wi th in  a few days  at  71~ i t  was 
found tha t  2 -methy l  THF was s table  for over  10 months  
under  s imi la r  conditions.  The authors  pos tu la te  a r e -  
duct ion mechanism involving an in i t ia l  e lec t ron t r ans -  
fer  f rom Li to the  lowest  unfi l led molecu la r  o rb i ta l  
centered  on the oxygen  a tom of THF. They  suggest  
tha t  the locat ion of an e lec t ron donat ing me thy l  group 
in the 2-posi t ion ad jacen t  to the oxygen  a tom raises 
the  act ivat ion energy  b y  local izing addi t ional  e lec t ron 
dens i ty  on tha t  oxygen  atom. A n  a l t e rna t ive  exp lana -  
t ion tha t  should be considered i n v o l v e s  the  qu a n tum 
mechanica l  tunnel  effect for the  t rans fe r  of the e lect ron 
in this reaction. Tunnel ing  th rough  the ba r r i e r  is gen-  
e ra l ly  much more  p robab le  than  the overcoming of the  
act ivat ion energy  ba r r i e r  for such e lec t ron t ransfe r  
reactions.~S,~9 For  the s imples t  assumpt ion  of a rec-  
t angu la r  energy  bar r ie r ,  the  p robab i l i t y  of e lect ron 
t ransfe r  

W ~ exp  [ - - 4 ~ a h - 1  (2m(ga  --  Eo) ) ~ ]  [1] 

is more  sensi t ive to changes in the  tunnel ing  d is tance  
(a) than  to changes in the  ac t iva t ion  energy  (Ea). 
Assuming Ea = 20 kca l /mo l  and a = 5A, then  a de-  
crease in the tunnel ing  p robab i l i ty  b y  a factor  of about  
100 would  requi re  a fourfold  increase in Ea while  the  
tunnel ing  dis tance would  only  need to increase by  a 
factor  of two to give the same effect. Electron tun -  
nel ing f rom l i th ium meta l  cannot  occur unt i l  the 
s t ruc ture  of the THF molecule  is modified in such a 
way  tha t  the t ransfe r  of the e lect ron leaves the to ta l  
ene rgy  unchanged.  The reac t ion  ra te  wi l l  be de te r -  
mined  by  a compromise  be tween  the tunnel ing  p r o b -  
abil i ty,  W, and the free energy  of r ea r rangement ,  2~ 
AGr#, thus the ra te  constant,  kr, for  the e lect ron t r ans -  
fer  s tep is g iven by  

kr  - k T h  - I  " W " e - a G ~ / R T  

- -  k T h  - 1  �9 W �9 e zls~/a �9 e -aB,~/ar  [2] 

The expe r imen ta l  hea t  of ac t ivat ion measures  only the 
r e a r r a n g e m e n t  energy  requ i red  for  tunnel ing  to occur, 
i.e., ~Hrr In  general ,  ~Hr~ is cons iderably  smal le r  
than  the ac tual  height  of the energy  ba r r i e r  (Ea) for  
react ions involving tunneling.  I t  is therefore  doubt fu l  
tha t  the  change in the act ivat ion energy  produced  by  
a me thy l  group ad jacen t  to the oxygen atom is the 
ma jo r  factor  for  the corrosion reac t ion  of 2 -methy l  
THF wi th  l i th ium being much s lower than  the THF or  
3 -me thy l  THF react ions wi th  this metal .  The locat ion 
of the methy l  group in the 2-posit ion,  however ,  m a y  
signif icant ly increase the tunnel ing  dis tance be tween  
the ad jacen t  oxygen  a tom and  the e lec t ron in the  
l i th ium metal .  Adsorp t ion  of the me thy la t ed  THF 
molecule  could be the key  factor  de te rmin ing  the ra te  
of this corrosion reaction, and this adsorpt ion  at  the 
l i th ium surface might  be h indered  by  steric effects of 
the me thy l  group when it  is ad jacen t  to the oxygen 
atom. In accord wi th  a corrosion model  proposed else-  
where,  22,23 the po la r  oxygen atom end of the THF 
molecule  would be a t t rac ted  to the f i lm/solut ion in te r -  
face by  excess posi t ive ions p resen t  wi th in  the  passi-  
r a t i n g  film. 

Regard ing  the mechanis t ic  role  of Li  +, the  s t rong 
electr ic  field of this ion exer ts  ma jo r  effects on m a n y  
react ions such as the  e lect rode reduct ion  of mol ten  
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19 j .  O'M. Bock r i s  a n d  A. K. N. R e d d y ,  " M o d e r n  E l e c t r o c h e m -  
i s t r y , "  Vol. 2, pp.  947-990, P l e n u m  Pre s s ,  N e w  Y o r k  (1970). 

'~ R. J. Marcus ,  B. J .  Zwol insk i ,  a n d  H. E y r i n g ,  J. Phys. Chem., 
58, 432 (1954). 

'~M. H. Miles a n d  W. S. H a r r i s ,  This Journal, 121, 459 (1974). 
M. H. Miles, P a p e r  36 p r e s e n t e d  a t  T h e  E l e c t r o c h e m i c a l  So- 

c ie ty  Mee t ing ,  St. Louis ,  Missour i ,  M a y  11-16, 1980. 
M. H. Miles,  J .  Appl. E~ectroche~n., T o  b e  pub l i shed .  

ni t ra tes ,  -~4,25 the decomposi t ion of oxyhal ides ,  26 the  
degrada t ion  of pyrophosphate ,  27 and the reduct ion  of 
p ropy lene  carbonate  by  l i thium. 2s The associat ion of 
Li+ wi th  e lec t ronegat ive  e lements  in a reac t ing  mole-  
cule or  ion faci l i ta tes  e lect ron t ransfe r  and  bond  b r e a k -  
ing processes. For  the THF molecule,  however ,  the 
affinity of Li + for  the sole e lec t ronegat ive  oxygen  a tom 
is compet i t ive  wi th  the a t t rac t ion  and adsorpt ion  of 
this molecule  at  the pos i t ive ly  charged f i l m .  With  
p ropy lene  carbonate,  l i th ium ions can in te rac t  wi th  the  
two oxygen  atoms in the r ing  in addi t ion  to the  t e rmi -  
na l  oxygen  a tom tha t  is the  l i ke ly  adsorpt ion  site. In  
fact, the r ing  oxygen atoms in p ropy lene  carbonate  
are  appa ren t ly  involved in the bond b reak ing  process 
in the react ion wi th  l i th ium judg ing  f rom the react ion 
products  of p ropylene  gas and carbonate  ions. In  a l l  of 
the react ions cited above tha t  show s t rong Li + effects, 
there  is more  than one oxygen  a tom presen t  in the 
react ing molecule  or  ion. Perhaps  Li + effects a re  
d iminished in heterogeneous  react ions  involv ing  a d -  
sorpt ion when  only one e lec t ronegat ive  e lement  is 
p resen t  in the molecule.  Adsorp t ion  involving tha t  
lone e lec t ronegat ive  e l emen t  would  l ike ly  resul t  in a 
reduced affinity for l i th ium ions in the  solution. 

V. R. Koch:29We thank M. H. Miles for br inging  the 
quan tum mechanical  tunnel ing  a rgumen t  to our  a t t en -  
tion. Without  doubt, the energet ics  of heterogeneous  
e lec t ron t ransfer  mechanisms include contr ibut ions  
from adsorpt ion and tunnel ing phenomena  in addi t ion  
to the act ivat ion energy  of the solvent  molecule  itself. 
Weight ing these contr ibut ions  in te rms of re la t ive  im-  
por tance  is a difficult task given the reac t iv i ty  and  
nonuni form charac ter  of the L i -e l ec t ro ly t e  interface.  

With  regard  to the poss ibi l i ty  tha t  methyl  groups 
to the oxygen  a tom of THF increase  the tunnel ing  
dis tance be tween  the lowest  unfil led molecu la r  orb i ta l  
(LUMO) and Li, we r epor t  on the fol lowing recent  
s tabi l i ty  exper iments .  A 50:50 mix tu re  of c / s / t rans  
2 ,5 -d imethy l t e t r ahydrofu ran  (2 ,5-d i -Me-THF)  (Al -  
dr ich)  was f rac t iona l ly  dist i l led unt i l  two fract ions en-  
r iched (80:20) in each isomer were  obtained.  When  
these solvents  were  s tored wi th  Li foil  at  71~ the c i s -  
f ract ion mani fes ted  super ior  s tab i l i ty  over the t r a n s -  
fraction. Elect rolytes  of each f ract ion were  p repa red  
1.SM in LiAsF6. When  subjec ted  to our  usual  Li on Li 
cycling regime 30 at  1 m A / c m  2, the c i s - e n r i c h e d  elec-  
t ro lyte  afforded 56 "100%" cycles while  the  t r a n s - e n -  
r iched e lec t ro ly te  gave 35 "100%" cycles. The 50:50 c i s -  
t r a n s  mixture  p repa red  under  ident ica l  condit ions gave 
47 "100%" cycles. 

Space filling models  of the  cis  and t r a n s  isomers 
show that  the oxygen atom of the cis  i somer may  more  
closely approach  and the reby  more  r ead i ly  in te rac t  
wi th  a solid surface. Were  the  e lect ron tunnel ing  a rgu-  
men t  operat ional ,  one would  expect  the  c/s i somer  to 
react  fas ter  than  the t r a n s  isomer. In  the 2,5-di-Me- 
THF system, however,  the reverse  is observed. 

That  there  is a difference in reac t iv i ty  be tween  two 
e lec t ronica l ly  equiva lent  LUMO's is of g rea t  interest .  
The resul ts  suggest  tha t  those molecules which in te rac t  
s t rongly  with  Li + are  more s table toward  Li metal .  
Since we have shown f rom 18C NMR measurements  
that  2 -me thy l t e t r ahydro fu ran  and 2 ,5 -d i -Me-THF 
( c i s / t r a n s  mix tu re )  in te rac t  more  s t rongly  wi th  Li  + 
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than  THF, a0 Dr. Miles '  speculat ion regard ing  a solvent 's  
IA+ affinity compet ing wi th  adsorpt ion  is pa r t i cu l a r ly  
noteworthy.  

Impedance Measurements of the Anodic Iron 
Dissolution 

H. Schweickert, W. J. Lorenz, and H. Friedburg 
(pp. 1693-1701, Vol. 127, No. 8) 

M. Keddam, O. R. Mattes, and H. Takenouti:81 
Schweicker t  et al. ment ioned  ex tens ive ly  our  studies 
on the anodic dissolution of iron. Most  of the author ' s  
cri t icisms a re  answered  in our  recent  paper .  32 We note 
wi th  sat isfact ion that,  according to an opinion we have 
been claiming for the las t  ten years,  a -c  da ta  are  now 
recognized as more  select ive than  d -c  ones for 
e labora t ing  and tes t ing in t r ica te  kinet ic  models.  As a 
ve ry  i l lus t ra t ive  example ,  the  in t e rp re t a t ion  of resul ts  
on the  basis of impedance  measurement s  is in en t i re  
contradic t ion wi th  previous  and  even para l l e l  3~ papers  
by  one of them (W.J.L.) :  The authors  w i t h d r a w  the 
two-s tep  consecutive mechanism which has been  con- 
s idered  for years  as unques t ionab ly  proven  by  the 
40 mV Tafel  slope. As shown below, essent ia l ly  be -  
cause of a number  of self- inconsistencies,  expe r imen ta l  
da ta  excepted,  i t  seems difficult to acquiesce is conclu-  
sions d rawn  in this paper .  In par t icular ,  the meaning  
of  surface  r e l axa t ion  is not  clarified, and no or ig ina l  
a rgumen t  is b rought  in favor  of a de l imi ta t ion  be tween  
kinet ic  and  surface effects. 

1. On p. 1695, i t  is s ta ted  tha t  a t  s t eady  state, a 
p la teau  is found in the t rans i t ion  range  in contras t  
wi th  a m a x i m u m  in ea r l i e r  findings under  po ten t iody-  
namic conditions.  This is not  compat ib le  wi th  the  
negat ive  rea l  pa r t  of the impedance  in the  t rans i t ion  
range  ment ioned  [p. 1696 (iii) and Fig. 5] since as 
s t ressed b y  the authors  themselves,  the  low f r e -  
quency l imi t  of the impedance  is ident ica l  to the po la r -  
izat ion resis tance (the slope of the s t eady- s t a t e  po la r i -  
zation curve about  which the e lec t rode  impedance  is 
measured) .  In solutions of pH ----- 5, the reproduc ib i l i ty  
of resul ts  is decl ined even if i t  can be improved  by  the 
buffering effect of a la rge  volume of e lectrolyte .  34 In 
fact, the difference be tween  a p la teau  and a m a x i m u m  
is of poor significance. 

2. The assumpt ion v0~3 ~ v0.4 E4 (Eq. [4]) is a 
violat ion of Table  II, in which the s tep [3] is p resen ted  
at  equi l ib r ium and the step [4] ra te  determining.  Un-  
de r  the condit ions of Eq. [4], the step [3] is no longer  
in pseudo-equi l ib r ium.  

3. On p. 1639, the authors  claim, "A complete  cor-  
respondence of al l  expe r imen ta l  resul ts  wi th  the model  
p roposed  can be achieved for this set of pa r ame te r s  
only." Not only is this correspondence far  f rom being 
complete  (see be low) ,  but  also such a s ta tement  is, at  
least,  nonsense. In  fact, even if  a fi t t ing p rog ram (not  
ment ioned  for this pa r t i cu la r  purpose)  were  appl ied  
for nonl inear  equation, a min ima l  dis tance be tween  
model  and exper iments  cannot  prove  to be absolute  
bu t  only  local. In  the presen t  case, the set of p a r a m -  
eters  is the best  one among those tes ted on a t r i a l -  
a n d - e r r o r  procedure,  nothing more. s~ 

4. According to the  conclusion, "The impedance  
measurements  show c lear ly  tha t  the impedance  be -  
hav ior  is d e t e r m i n e d . . ,  also b y  the  influence of e lec-  
t rocrys ta l l iza t ion  step and surface re laxa t ion  phe -  
nomena." It  seems to us that  such a v iewpoin t  is ser i -  
ously mis leading wi th  respect  to the  very  na tu re  of 
the  informat ion provided  by  impedance  or  b y  any 

~t G r o u p e  de  R e c h e r c h e  No. 4 d u  CNRS " P h y s i q u e  des  L iqu ides  
et E l e c t r o c h i m i e , "  associ~ ~ l 'Un ive r s i t~  P & M Cur ie ,  4, P l a c e  
Juss i eu ,  75230 P a r i s  Cedex  05, F r a n c e .  
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other  expe r imen ta l  approach.  Sur face  and k ink  sites 
contr ibut ion to the impedance  is a theore t ica l  possi-  
b i l i ty  which cannot  by  any  means be borne out  f rom 
the looking of an impedance  loci on its own. As a rule,  
the va lue  of this in te rp re ta t ion  should have been 
founded on its compat ib i l i ty  wi th  commonly accepted 
phys ico-chemical  laws (e.g., a c rys ta l lographic  balance 
for k ink  sites) and its ab i l i ty  to expla in  exper imen ta l  
findings. Con t ra ry  to the  authors '  s t a tement  on p. 1699, 
fitting pa rame te r s  are  not  res t r ic ted  to Eq. [19]-[26], 
but  are  needed also in the descr ip t ion  of surface re -  
laxation.  In o ther  words,  the authors  in t roduced a 
hypothesis  of surface re laxa t ion  wi th  a formal  model  
in such a manne r  to show an induct ive  loop in low 
f requency range.  No expe r imen ta l  proof  was made  in 
the paper  under  discussion and thus tha t  remains  a 
pure  assumption.  

5. Al l  t h rough  this paper  i t  is assumed tha t  the 
high f requency  capaci t ive  loop contains two capaci t ive  
contr ibut ions:  The double  l ayer  at  h igher  f requencies  
and a fa radaic  pseudo-capac i tance  at  lower  f re-  
quencies. This assumption is ve ry  cent ra l  to the  paper  
since i t  leads to the value  of the charge t ransfe r  r e -  
sistance, crucial  in the subsequent  deductions,  lower  
than the in tercept  of this loop on the rea l  axis. More-  
over, i t  br ings up to five the number  of t ime constants  
in the system. This in te rp re ta t ion  is ce r ta in ly  sup-  
po r t ed  by  the ser iously  depressed shape of this semi-  
circle wi th  respect  to the t rue  one corresponding to a 
single R-C circuit. According to the paper ,  this v iew 
is also cor robora ted  by  a fi t t ing of the expe r imen ta l  
impedance  to a fifth o rder  b roke n - r a t i ona l  function.  
Unfor tunate ly ,  Fig. 3 is e r roneous ly  ment ioned,  and 
no fitting da ta  are  p rov ided  to subs tant ia te  ser iously  
this resul t  of outs tanding importance.  Can the authors  
supply  fur ther  informat ion such as es t imated  s t andard  
devia t ion  and stat is t ic  pa rame te r s  showing the ab -  
sence of  sys temat ic  deviations,  and proving  tha t  h igher  
order  function does not  resul t  in be t t e r  fitt ing as usual  
wi th  d is t r ibu ted  impedance?  A-C measurements  being 
l imi ted  to l0 kHz, an accurate  fi t t ing in the high f re -  
quency domains is r a the r  doubtful .  In  the  authors '  
mind, addi t ional  a rgumen t  is given by  the GDP tech-  
nique. We have recen t ly  established~5 tha t  this tech-  
nique cannot be used for resolving an appa ren t ly  dis-  
t r ibuted  impedance  into over lapping  R-C t ime con- 
s tants  except  in those cases where  the  impedance  is 
independen t ly  proved to obey such a circuit.  This can 
be performed,  for instance, by  a fi t t ing calculat ion,  
which provides  the values  of R and C components.  The 
GDP is thus fu l ly  redundant .  Even though not  c lear ly  
understood,  f requency  d is t r ibut ion  is a genera l  fea ture  
of solid electrodes.  36 That  holds for the whole  f re -  
quency spec t rum as cIearly shown by  exper iments ,  but  
surpr is ingly,  only  the high f requency  range  is con- 
s idered b y  the authors.  Dis t r ibu t ion  of the surface 
proper t ies  at  a microscale  ment ioned  in the course of 
the paper  is able to give rise to this effect. Is the theo-  
re t ica l  meaning  of s tep [1] (Table  I I )  a t  equ i l ib r ium 
so s t rong as to requi re  such an effort to find a lower  
Rt value? I t  can be remarked ,  fu thermore ,  that  the 
Rt value,  ca lcula ted according to the  model  (see Fig. 
10), is of the same order  of magni tude  as the size of 
the capaci t ive loop. Thus no e lec t rochemical  step 
seems to be at  fast  equi l ibr ium.  

6. Though the p a p e r  is a p p a r e n t l y  devoted to i m -  
pedance, d-c  a rguments  a re  of p redominan t  va lue  in 
the more cri t ical  mechanis t ic  considerations,  in p a r -  
t icular  for t ransi t ion and prepass ive  ranges. Dynamic  
behaviors ,  in terms of Rtls and bt, based on the pos tu-  
la ted  processing of high f requency  da ta  (see 5 above)  
are  favored  compared  to obvious and undoubt fu l  low 
f requency results.  F ive  t ime constants  exist,  in the 
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v iew of the  authors,  bu t  only  three  of them are  con- 
s idered  in the  s imulat ion,  i.e., a pseudo-capac i tance  
at  high f requency  ( f rom 01), an  induct ive  loop about  
t00 Hz ( f rom 0kl), and finally, one more  induct ive  
loop about  160 mHz ( f rom r = 1 sec) .  The l a t t e r  is 
s imula ted  b y  dropping  a convenient  va lue  for r ep re -  
sent ing the so-ca l led  surface  r e l axa t ion  (Eq. [43]).  
The s imula t ion  concerns only p,H 0 solution, and the 
impedance  d i ag ram in Fig. 6 is d i s regarded  since its 
exp lana t ion  is comple te ly  beyond  the poss ibi l i ty  of 
the model :  A capaci t ive  loop is observed  about  160 
mHz in Fig. 6. The process lead ing  to this loop is r e -  
vea led  by  an induct ive  loop in the  active range,  82 un-  
for tunate ly ,  in spite  of the  formal  pa rame te r s  in-  
vo lved  (a$ and ~ can be va r i ed  a t  wi l l )  i t  cannot  p re -  
dict  capaci t ive  effects, a fortiori the change of induct ive  
to capaci t ive  behav ior  or vice versa. In t r i ca te  behaviors  
ev idenced in pH 3-5 z2 are  also not  exp la ined  by  the 
model.  Can the authors  propose an in t e rp re t a t ion  of 
the  d i a g r a m  in Fig. 6? 

7. Equat ions  [33] and [39] a re  proposed  as val id  in 
the  whole  poten t ia l  range.  (Equat ion [39] is erroneous:  
r e ad  + ins tead  of --  a t  the  numera to r ,  and  ~,o.6W4 in-  
s tead of v0,6 in the denominator . )  Subsequent ly ,  these 
equat ions are  simplif ied in Eq. [41] and [42] for  the  
act ive range,  and the same for Eq. [44]. Wi th  the  set of 
pa rame te r s  used [values of some of them b y  Ref. (31) 
of the pape r  under  discussion],  this p rocedure  is not  
correct.  F igu re  1 shows the d iagrams  obta ined  when  
the s imula t ions  (Fig. 10) a re  r epea ted  by  using the 
complete  impedance  express ion in 01, o.2, akl, 0k2, and  ~. 
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Fig. I. Simulated transfer loci of the faradaic impedance with 
complete impedance expression: (a) ~ = 0.33V, (b) ~ = 0.37V, 
and (c) ~1 = 0.44V. For details see Fig. 10 of the paper under dis- 
cussion. 

By comparison wi th  Fig. 4 and 10 of the paper ,  i t  can 
be seen tha t  in addi t ion  to the preceding  remarks ,  the 
model  is not  sat isfactory,  since an addi t iona l  t ime 
constant  ( f rom 0k2) ar is ing f rom the prepass ive  dis- 
solution path,  contr ibutes  to the impedance  in the 
act ive range  at  the  low f requency  e x t r e m i t y  of the  
diagrams.  Inequa l i ty  ~o,~a > ~,o,Tb E~ assumed in the  
paper  makes  this contr ibut ion capaci t ive  in con- 
t radic t ion  wi th  the inductance  shown by  exper iments ,  
Can the authors  expla in  the i r  in t e rp re ta t ion  of this  
inductance  in te rms of "cosorpt ion?" 

We l imi ted  our discussion to the basic  aspects of 
thei r  contr ibut ion,  and t r ied  to keep  our  quest ions 
precise. We hope the authors  wi l l  r ep ly  to each i tem. 

H. Schweickert,  37 W. J. Lorenz, 37 and H. Friedburg: 3s 
Fi rs t  of all, we agree  wi th  K e d d a m  e t a l .  tha t  a -c  
impedance  measurements  r epresen t  a power fu l  tool 
for de te rmin ing  the kinet ics  and  mechanisms of e lec-  
t rode reactions.  However ,  this exper ience  is much 
older  than the work  of Epe lboin  et al. dur ing  the las t  
decade. I t  is en t i re ly  due to the  impor t an t  work  of 
the  F rench  group tha t  a -c  impedance  measurement s  
down to ve ry  low frequencies  have  been  in t roduced  
in this field. Many  compl ica ted  e lect rochemical  systems 
can be analyzed in more  deta i l  using this modern  tech-  
nique. This has been a t t empted  in the  paper  under  
discussion as wel l  as in the ve ry  recen t ly  publ i shed  
papers  b y  the authors  39 concerning the i ron dissolu-  
t ion mechanism. Most of the discussion r e ma rks  and 
quest ions of the authors  dea l  wi th  the  in t e rp re t a t ion  of 
ve ry  s imi lar  expe r imen ta l  resul ts  in both  papers .  
Therefore,  the different  basic concepts of i n t e rp re t a t ion  
should be considered first. 

In  both  papers,  the common idea is tha t  the  i ron dis-  
solut ion at  the corrosion poten t ia l  and in the  active, 
t ransi t ion,  and prepass ive  polar iza t ion  ranges  occurs 
via  different  in te rmedia tes  cal led Fe(I )ad ,  Fe*(I )ad ,  
Fe ( I I )aa ,  and  Fe*(I I )ad ,  where  Fe* stands for  an ad- 
sorbed in te rmedia te  at  an act ive surface site. However ,  
different  assumptions  lead  to different  in te rpre ta t ions  
of the expe r imen ta l  da ta  in te rms of models.  

In  both papers,  a basic assumpt ion  was made  tha t  
i ron dissolution can occur in consecutive a n d / o r  p a r a l -  
lel  paths  including "cata lyzed"  charge  t ransfe r  p ro -  
cesses wi th  a two-e lec t ron  exchange.  I t  is v e r y  in -  
teres t ing to note that  the concept of such a ca ta lyzed  
charge t ransfer  of iron, which  was or ig ina l ly  es tab-  
l ished by  Heusler,40 has been  re jec ted  by  the F rench  
group for a long period, in cont ras t  to our  previous  
in terpre ta t ions .  4~ Fur the rmore ,  in both  papers  i t  is 
proposed  as a first approx imat ion  tha t  the  adsorbed  
in te rmedia tes  follow L a n g m u i r  isotherms.  

Only  one addi t iona l  assumpt ion  was made  in  the  
paper  under  discussion, name ly  tha t  the  surface con- 
cen t ra t ion  of act ive sites is s t rongly  po t en t i a l -depen -  
dent  and leads to surface re laxa t ion  phenomena.  This 
assumption seems to be just if ied by  severa l  inves t iga-  
tions 42-48 even by  the F rench  group. 49 

~ I n s t i t u t e  of  P h y s i c a l  C h e m i s t r y  a n d  E l e c t r o c h e m i s t r y ,  Uni-  
v e r s i t y  of  K a r l s r u h e ,  K a r l s r u h e ,  G e r m a n y .  

~s I n s t i t u t e  of M i c r o w a v e - - T e c h n i c s  a n d  E l ec t ron i c s ,  U n i v e r s i t y  
of K a r l s r u h e ,  K a r l s r u h e ,  G e r m a n y .  

s9 M. K e d d a m ,  O. R. Mat tos ,  a n d  H.  T a k e n o u t i ,  This Journal, 
128, 257 a n d  266 (1981). 

to K. E. H e u s l e r ,  Z. EIektrochem., Bet. Bunsenoes. Phys. Chem., 
62, 582 (1958). 

~ F. HUber t ,  Y. Miyoshi ,  G. E i c h k o r n ,  a n d  W. J .  Lorenz ,  This 
Journal, 118, 1919 a n d  1927 (1971). 

~ W .  Al lga i e r ,  D o c t o r a l  Thesis, University of  C l a u s t h a l  (1975). 
~ W .  A l l g a i e r  a n d  K. E. H e u s l e r ,  Z. Phys. Chem. NF, 98, 161 

(1975). 
~ W .  A H g a i e r  a n d  K. E. H e u s l e r ,  Z. Me~allk., 67, 766 (1976). 
~ W. A l l g a i e r  a n d  K. E. H e u s l e r ,  J .  AppL E i e c t v o c h e ~ . ,  9, 155 

(1979). 
~o I. R. B u r r o w s ,  J. A. H a r r i s o n ,  a n d  J.  T h o m p s o n ,  J. Electro. 

anal. Chem. Interracial E[ectrochem., 58, 241 (1975). 
4v I. R. B u r r o w s ,  J .  A. H a r r i s o n ,  a n d  J.  T h o m p s o n ,  ibid., 53, 283 

(1974). 
4s j .  A. H a r r i s o n  a n d  W. J. Lo renz ,  Electrochim. Acta, 22, 205 

(1977). 
4~ C. Cache t ,  I. Epe lbo in ,  M. K e d d a m ,  a n d  R. W i a r t ,  J. Electvo. 

armL Chem. Interracial Electrochem., 1O0, 745 (1979). 
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On the other hand, the authors introduce the follow- 
ing a priori  assumptions for the in terpre ta t ion of a-c  
impedance results: 

(i) The hydrogen evolution reaction on the iron 
electrode follows a Volmer-Heyrovski  mechanism with 
the Heyrovski reaction as the ra te -de te rmin ing  
step. 5~ The degree of coverage of adsorbed hydro-  
gen is assumed to be near ly  un i ty  at the corrosion 
potential  and is supposed to be responsible for an 
inductive loop in the a-c impedance diagram which 
can be observed at this potential  as wel l  as at low 
anodic polarization. This induct ive loop is completely 
discarded in the mechanist ic in terpre ta t ion  of i ron dis- 
solution. 

This assumption seems to be in contradiction to hY- 
drogen permeat ion experiments  on iron electrodes 
(footnote 52 and previous papers cited therein)  which 
show that the Volmer reaction is always rate deter-  
min ing  and the degree of coverage of adsorbed hy-  
drogen should be very small. This discrepancy is also 
very impor tant  for different interpretat ions of a-c im-  
pedance results at the corrosion potent ia l  in terms of 
corrosion rates. 53 

(ii) The steady-state  behavior  of the i ron electrode 
in the active range is assumed to be strongly influenced 
by a slow adsorption-desorption process of hydrogen 
surface coverage. Only a "real" steady-state Tafel 
slope of +60 mV at T -- 298 K is accepted in the 
m o d e l  of the authors. 

The steady-state Tafel slope of the active iron dis- 
solution reaction is well known from many  studies 
under  different conditions and values either W40 or 
-}-30 mV have been measured independent  of the po- 
larization direction and of the rotat ion speed in  disk 
experiments.  

(iii) The deviation of the high frequency capacitive 
loop in complex a-c impedance diagrams from a true 
semicircle is assumed to be caused by f requency-  
dispersion of the system studied. The arguments  of 
the  authors 39 in order to exclude pseudo-faradaic 
parts in this high frequency capacitive loou are based 
on both a rough estimation of the adsorption capaci- 
tance and the constancy of the product of the so-called 
charge-transfer  resistance (which should correspond 
to the intercept  of the extrapolated capacitve loop with 
the real axis) and the steady-state current  density. 

It  can easily be shown that the first a rgument  does 
not hold for a decision on frequency-dispers ion or 
pseudo-faradaic contributions. On the other hand, 
the constancy of the product R t  �9 is has not been ob- 
served in our experiments  up to is ~ 30 mA �9 cm-2.54 

( iv)  The authors accept electrochemical charge- 
t ransfer  coefficients very close to zero or un i ty  in 
order to explain the exper imental  results by their pro- 
posed model. Furthermore,  nonelectrochemical  steps 
are assumed to be potential  dependent.  

Although not in contradiction with quan tum me-  
chanical t reatment,  strong deviations from the usual 
value of 0.5 for the electrochemical charge- t ransfer  co- 
efficients have been measured only in few systems 
under  extreme conditions. 

Using these addit ional  assumptions [ ( i ) -  (iv) ], the 
authors were able to in terpret  the a-c impedance data 
measured over wide potential  and pH ranges. This 
impressive work seems to be more complete and self- 
consistent than the paper under  discussion which tried 
only to explain the d-c and a=c behavior in the active 
range and the d-c behavior  in the t ransi t ion and pre-  

eo L Epelboin, Intertlnish 1972, Forster-Verlag, Z't~rich, 1973, p. 84. 
~ A. Caprani, I. Epelboin, P. Morel, and H. Takenouti, 4th Euro- 

pean Symposium on Corrosion Inhibitors, Ferrara, 1975, Pro- 
ceedings, III, p. 517 (1975). 

6-~E. G. Dafft, K. Bohnenkamp, and H. J. Engell, Corros. Sci., 
19, 591 (1979). 

W. J. Lorenz and F. Mansfeld, ibid., In press. 
5~H. Schweickert, Doctoral Thesis, University of Karlsruhe 

(1978). 

passive ranges but  by using less crucial assumptions in 
comparison to the paper of the authors. ~9 

Now we would like to answer with respect to the  
points of the authors as follows: 

1. There is no contradiction between the results 
shown in Fig. 1 and 5 because of the extremely slow 
a t ta inment  of the steady state at the current  density 
plateau. 

2. As can be seen from Table II, step [4] becomes 
faster with increasing potential  while step [3] is po- 
tent ia l - independent .  According to Eq. [40], it is as- 
sumed that  step [3] will be rate de termining  in the ac-  
t ive  iron dissolution range studied instead of step [4]. 
However, the reaction scheme in Table II holds for 
lower anodic potentials or at the Fe /Fee+-equ i l ib r ium 
potential  in strong acid solutions because vo,JVo,4 has  
been calculated to be about 102 at pH ~ 0. 54 

3. The ~i values calculated from exper imental  data 
and using the proposed model seem to be quite rea-  
sonable (p. 1699). 

4. Measurements on iron single crystal faces  h a v e  
been interpreted in terms of a physical model with a 
very similar analytic expression for the concentrat ion 
dependence of k ink sites. 42,44,45 

5. There is no physical background for assuming 
a frequency dispersion to such an extent  as observed 
in the iron system. In  the paper  under  discussion, only 
one additional time constant was sufficient to obtain 
a statistically significant fit of the distorted high fre- 
quency capacitive loop. Therefore, it seems to us more 
reasonable to include this behavior  into the kinetic 
model of the system studied. 

From the value of Rt ,  it cannot  be concluded that  
step [1] must  be irreversible because in the proposed 
model (Table II) this step is in parallel  with the iron 
dissolution reaction steps [3], [4], and [5]. Under  
steady-state conditions it follows that  vl : 0, i.e., 
step [1] is in pseudo-equil ibr ium. 

6. Figure 6 has only been analyzed with respect to 
the d=c behavior of the system studied because of the 
absence of an explicit surface relaxat ion model. 

7. The simulat ion carried out by the authors does not  
allow any decision on the val idi ty or nonval id i ty  of the 
proposed model, because the appearance of very  small  
capacitative loops at extremely low frequencies are 
outside of exper imental  reproducibil i ty.  

We thank the authors for the indication of typing 
errors in Eq. [39] where -}- instead of -- should read in 
the numerator ,  and Vo,6" W4 instead of v0,8 in the 
denominator.  Furthermore,  in footnote 6 on p. 1699 i t  
should read aFe  2+ ~ 10 -4 instead of 10-L 

Finally,  at the present  state of knowledge one should 
ask for sufficient exper imental  and theoretical criteria 
for or against the different assumptions made in the 
paper under  discussion and in the papers of the au-  
thors. 39 It seems to be more rel iable to study simpler 
systems than the complicated iron dissolution process 
in order to check the basic assumptions for the in ter -  
pretat ion of a-c impedance measurements .  

Ellipsometry and Auger Analysis of Chromium 
Surfaces Passivated in Acidic and Neutral 

Aqueous Solutions 

M. Seo, R. Saito, and N. Sato (pp. 1909-1912, Vol. 127, No. 9) 
G. Dubpernell:55 This is a noteworthy communica- 

tion on an impor tant  subject. The authors report  their 
electrode potential  measurements  a s  "EHESS"  (re-  
ferred to a hydrogen electrode in the same solution).  
It  is indicated that they make their measurements  
with a saturated calomel electrode. Since several dif- 
erent  methods of convert ing from one electrode poten-  
tial scale to another have been used in the past, i t  
wou]d be helpful if they would give the exact method 

13366 Wales Avenue, Huntington Woods, Michigan 48070. 
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used in  calculating the electrode potentials at each 
of the four pH's studied. 

M. Seo:56 The electrode potential,  EHESS, referred to 
a hydrogen electrode in the same solution was con- 
verted from the electrode potential,  ESCE, actual ly mea-  
sured with a saturated calomel electrode by using the 
following equat ion 

EHESS (Volt) ---- ESCE (Volt) + 0.241 

0.059 pH (at 25~ 

The electrode potential  scale expressed in terms of 
EHESS iS convenient  in dealing with electrochemical 
behavior  of metal  electrodes covered wi th  th in  oxide 
films in different pH solutions, as the equi l ibr ium 
electrode potent ial  of me ta l /me ta l  oxide systems 
changes by 0.059V for a un i t  pH change of solution. 

Electrical Conductivity of the LiI-H20-AI~O3 System 

s. Pack, B. Owens, and J. B. Wagner, Jr. 
(pp. 2177-2179, Vol. 127, No. 10) 

J. Bradley  Phipps  and D. H. Whitmore: 5~ The gen- 
eral  t rends reported in the paper by Pack, Owens, and 
Wagner  are in agreement  with those observed by us 
in a recent  study 5s of the LiI-H20 system; however, we 
do not  agree with several  of their conclusions. Those 
points made by the author.4 with which we take some 
issue are discussed below. 

1. The authors of this paper  suggested that the sud- 
den increase in conductivi ty at 130~ was due to the 
formation of a highly conductive solid phase, possibly 
the half-hydrate ,  L i I .  %/2 H20. We found that  the 
sharp increase in  conductivi ty at 130 ~ was simply 
due to the formation of a l iquid phase (arising from a 
eutectic reaction at that  temperature)  which, not sur-  
prisingly, has an ionic conductivi ty many  orders of 
magni tude  greater  than the solid-state mater ia l  that  
exists below 130~ In  addition, our Li I /H20 phase 
diagram work suggests that the compound LiI �9 ~ H20 
does not  actual ly exist. 

2. Pack, Owens, and Wagner  state that  " ( the i r )  
results suggest that  the presence of a few mole percent  
of the hydrate-phase  in the LiI-A1203 mater ia l  in -  
creases the conductivity by one to two orders of mag-  
nitude." Our work on hydrated  l i th ium iodide, in con- 
trast, suggests that  the presence of a few mole per-  
cent of the hydrated phase increases the conductivi ty 
by only a few percent. In  fact, for overall  water  con- 
tents ranging be tween the compositions LiI and LiI �9 
H20, the observed conductivi ty was closely approxi-  
mated by that  predicted with the aid of the effective- 
medium theory (developed by Landauer ) ,  59 if it was 
assumed that  the microstructure  consisted of randomly  
distr ibuted grains of anhydrous  l i th ium iodide and the 
monohydrate .  

One might  argue that  the monohydra te  phase, i n -  
stead of existing as isolated grains, may actual ly 
form an interconnected network in LiI(A12Os) com- 
posites due to the influence of the a lumina  particles. 
For such a case, the monohydrate  phase would act as 
a highly conductive, paral lel  path for ion t ransport  
and the overall  conductivity, r would be given by  

O'c "-- X m ~  Jc  Xao'a 

where Xm and Xa represent  the volume fractions of 
the monohydra te  and anhydrous  phases and Cm and ~a 
are the corresponding conductivities. However, even 

Corrosion Research G r o u p ,  F a c u l t y  of E n g i n e e r i n g ,  H o k k a i d o  
University, S a p p o r o ,  060 J a p a n .  

,7 D e p a r t m e n t  of  Ma te r i a l s  Sc i ence  a n d  E n g i n e e r i n g ,  N o r t h w e s t -  
e r n  U n i v e r s i t y ,  E v a n s t o n ,  Ulionis  60201. 

,s j .  B. P h i p p s  a n d  D. H.  W h i t m o r e ,  P a p e r  371 p r e s e n t e d  a t  
T h e  E l e c t r o c h e m i c a l  Soc i e ty  Mee t ing ,  H o l l y w o o d ,  F l o r i d a ,  Oct .  
5-10, 1980. T o  b e  p u b l i s h e d .  

69 R. L a n d a u e r ,  J .  App , .  Phys., 23, 779 (1952). 
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for this si tuation (which would optimize the composite  
conductivity) the presence of, say, 2 mole percent  
(m/o)  of the monohydrate  would only resul t  in a com- 
posite conductivi ty about  three t imes larger  than  the 
conductivity of an anhydrous  LiI(A12Os) composite 
and not the one or two orders of magni tude  increase 
suggested by Pack, Owens, and Wagner. It  should be 
stressed that we do not disagree with the general  con- 
clusion of the authors of this paper  that the presence 
of water  in l i th ium iodide is an impor tan t  considera- 
tion. However, we do disagree with their contention 
that a s m a l l  a m o u n t  of water, as may be present  on 
the surface of a lumina  particles, can increase the ionic 
conductivity of the composite sample by two orders of 
magnitude.  

3. Liang et al.6o reported that  the room tempera ture  
conductivity of l i th ium iodide containing about  50 m/o  
a lumina  particles was about  500 times larger  than that  
found for l i th ium iodide alone. Liang also noted that  
the activation energy for l i th ium ion migrat ion in  the 
LiI(A1203) composite was 0.4 eV which is equal  to 
the activation energy for extr insic conduction in  
l i th ium iodide. Pack and co-workers suggest that  "it  is 
possible that  some moisture in (Liang e t  a/.'s) samples 
affected their  results." It  is worthwhile in this con- 
nection to point  out that Pack, Owens, and Wagner  ob- 
served (as did we) that  the activation energy in -  
creased substant ia l ly  when  water  was present  in 
LiI(A1203) composites. We found that  as water  was 
added to anhydrous l i th ium iodide, the activation en-  
ergy increased from the anhydrous value of 0.39 eV to 
0.68 eV for the monohydrate.  More specifically, we 
found that  the presence of about 5 m/o  of the mono-  
hydrate  phase caused the activation energy to in -  
crease by 20%. Even if only a small  amount  of moisture 
was present  in Liang's samples, the activation energy 
should have been greater  than 0.4 eV. 

In  summary,  we have suggested that  a small  amount  
of monohydrate  phase, even if present  as an in te r -  
connected network, cannot  cause an increase of two to 
three orders of magni tude  in the conductivi ty reported 
for some LiI(A1203) composites. We also found that 
the presence of even a small  amount  of the monohy-  
drate phase substant ia l ly  increased the activation en-  
ergy. In contrast, no increase in the activation energy 
was observed by Liang for LiI(AleO3) nor  by us for 
LiI(SiO2) composites which suggests that  the en-  
hanced conductivity observed for these materials is 
not due to the presence of the monohydrate  phase. We 
have evidence that  fast ionic t ranspor t  along micro- 
s t ructural  imperfections, arising from the presence of 
the iner t  particles, may account for a substant ia l  
amount  of the enhancement  in conductivi ty observed 
for LiI (A12Oa) and LiI (SIO2) electrolytes. 61 

S. Pack,62 B. Owens,  68 and J. B. Wagner, Jr.: ~2 We 
thank the discussors for their contribution and reply 
as follows. Point  1: Our paper  stated (page 2178), 
" . . .  that a highly conducting solid L i I .  %/z H20 phase 
is formed or  a fusion process occurs. Fur ther  study of 
the phase diagram is needed." The phase diagram 
cited in footnote 58 was unavailable.  We are pleased 
that the behavior  has been shown to be a fusion pro- 
cess, i.e., a eutectic, thus rul ing out one of our  two 
suggested possible mechanisms. 

Po in t  2: We showed that  the introduct ion of moisture 
increased the conductivi ty of ini t ia l ly anhydrous LiI 
regardless of whether  the source of moisture was from 
a hydrate  or from moisture sorbed on the A1203 par -  

s0 C. C. L i ang ,  A. V. Josh i ,  a n d  N. E. H a m i l t o n ,  J. Appl. Elec- 
trochem., 8, 445 (1978). 

6~ j .  B. P h i p p s  a n d  D. H. W h i t m o r e ,  P a p e r  4-JII-89 p r e s e n t e d  at 
t he  A m e r i c a n  C e r a m i c  Soc ie ty  Mee t ing ,  Chicago ,  I l l inois,  A p r i l  
27-30, 1980. To b e  pub l i shed .  

~ C e n t e r  f o r  Sol id  S t a t e  Sc ience ,  A r i z o n a  S t a t e  U n i v e r s i t y ,  
T e m p e ,  A r i z o n a  B5281. 

M e d t r o n i c s ,  Incorporated, Minneapolis, Minnesota 55418. 
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ticles. The  work  of Skarstad, Merrit t ,  and Owens e4 
on l i th ium halides containing dispersions of SiO2 or 
A1~O3 show that  a l though the monohydra te  is more 
conductive than the anhydrous LiI by a factor of about  
102 , this alone does not  account for the highest con- 
ductivit ies observed in the LiI-Al~O~-H20 systems. 
The wate r  contents corresponding to each conduc- 
t iv i ty  are  presented  in that  paper  which  also appeared 
af ter  our  ear l ie r  one. In  o ther  systems ~5-~7 such as 
AgI  and HgI2 in which hydrates  do not form, the in-  
t roduction of moist A1203 part icles enhances the con- 
duct ivi ty  more than the introduction of predr ied  A1203 
particles of the same part ic le  size and vo lume fraction. 

The discussors' equat ion 

0. c - -  ~gm~. m ~- Xaa'a 

is apparent ly  not  applicable to the t e rnary  systems 
containing the dispersion. 

Point  3: We agree that  the act ivation energies re-  
ported by Liang did not change and this is evidence 
against our suggestion that  "some moisture in (Liang's  
e t  al . ' s )  samples affected their  results." Our  data show 
that  the introduct ion of predried, 0.3 micron AleO3 
particles to anhydrous LiI did not  enhance the con- 
duct ivi ty  (See Fig. 1 and 2 of Pack, Owens, and 
Wagner) .  

To their  summary,  we reply  that  our paper  re-  
ported a one to two orders of magni tude  increase not a 
two to three  orders of magni tude  change. 

We appreciate  the interest  of the discussors and look 
forward  to reading thei r  work cited in footnotes 58 
and 61. 

Simultaneous Discharge of Two Reacting Species 
under Pulsed Current Conditions 

K. Viswanathan, M. A. Farrell Epstein, and H. Y. Cheh 
(pp. 2383-2385, Vol. 127, No. i l )  

Richard Haynes:6S Severa l  points should be men- 
tioned regarding the paper  under  discussion and related 
works, 69,70 namely:  

1. There is a need for a more quant i ta t ive  description 
of both the thermodynamics  and the electrode ki-  
netics of the model, otherwise apparent  contradictions 
may arise f rom the conditions imposed by the model  
for i r revers ible  reactions, diffusion control, and the 
requ i rement  that  the total  current  is zero dur ing the 
off time. It  is difficult to conceive, wi thout  fur ther  
quant i ta t ive  limits, that  the cur ren t  would be zero 
during the off t ime for all values of 5, D, T1, io, Eo, ~. 
A mixed potent ia l  may  be reached, thus polarizing 
react ion [1] cathodically and reaction [2] anodically. 
The re laxat ion of the processes may not occur during 
the off t ime for all parameters .  Therefore,  this model  
may not allow the use of calculated values of (ip)t,1 
and (iint)z,1 by Cheh 69 and Viswanathan e t  aL 70 since 
boundary condition for mass t ransport  may  not be met  
during the off time. 

2. The efficiencies of the reactions under  certain 
conditions are a function of the on and off t imes (see 
Haynes )~  and are restr icted by t ime constants for 
the processes. This concept shou]d be incorporated in 
a complete  model  and its l imits defined. 

e~ p. M. Skarstad, D. M. Merritt, and B. B. Owens, Abstract C-217 
in "Third International Meeting on Solid Electrolytes--Solid State 
Ionics and Galvanic Cells," September 15-19, 1989, Tokyo, Japan; 
in press in Solid State Ionics. 

a; K. Shahi and J. B_ Wagner, Jr., Paper 369 presented at The 
Electrochemical Society Meeting, Boston, Massachusetts, May 6-11, 
1979; This Journal, 128, 6 (1981). 

S. P a c k ,  P a p e r  133 presented at The  Electrochemical  Society  
Meet ing ,  Los  Ange le s ,  Ca l i fo rn ia ,  Oct .  14-19, 1979. 

c7 j .  B r u c e  W a g n e r ,  J r . ,  Mater. Res. Bul l ,  15, 1691 (1980). 
eSWeste rn  E lec t r i c ,  E n g i n e e r i n g  R e s e a r c h  Cen t e r ,  P r i n c e t o n ,  

New J e r s e y  08540. 
~ H .  Y. Cheh ,  This Journal, 118, 551 (1971). 
7oK. V i s w a n a t h a n ,  H. Y. Cheh, and G. L. S t a n d a r t ,  J. Appl. 

Eiectrochem., 10, 37 (1980}. 
~ R .  H a y n e s ,  This Journal, 126, 881 (1979). 

3. The calculations of Cheh e9 and Viswanathan 
e t  aIyO have not incorporated influences of the pulse 
on diffusion layer  thickness a l though increased l imi t -  
ing current  densities 72-74 have been observed in mag-  
nitudes grea ter  than predictable  by the present  au- 
thors (but see Haynes75). 

A theory of pulse plat ing should be able to, when 
necessary, incorporate  the effects of the products of 
the react ion (such as gas bubbles) on diffusion layer  
thickness. Such effects have been invest igated in direct 
current  electrolysis.~6 If  such an enhancement  of mass 
t ransport  occurs dur ing the pulse due to the field 
effects, 7~'74 bubble formation, TM etc., then the rates and 
quant i ty  of meta l  deposited in pulse plat ing can be 
grea ter  than in direct  current  plating. The re la t ive  
effects of gas bubbling on diffusion layer  thickness in 
the pulse and direct  current  cycles are impor tan t  wi th  
respect to the re la t ive  rates. The quant i ty  of the meta l  
deposited is seen to be effected by this enhanced effi- 
c iency in the model  of HaynesY 1 In this model  the 
effect of gas bubbling is e l iminated in the pulse cycle 
but not necessari ly in the direct  current  cycle. If  field 
effects in the pulse cycle enhance the mass t ransport  
rates more than gas bubbling in the d-c cycle than 
Ep > ED-C and Qp > QD-C- 

K. Viswanathan,  T7 M. A. Farrell  Epstein,TS and H. Y. 
Cheh: TM We agree with  Haynes that  there  is a need 
for a more quant i ta t ive  description for simultaneous 
reactions under  pulsed current  conditions. Our calcu- 
lations are str ict ly val id under  the assumption stated 
in our note, The situation is approached in pract ice 
when the exchange current  densi ty for react ion [2] is 
much smaller  than that  for reaction [1]. 

The s ta tement  that  our work  has not incorporated 
influences of the pulse on diffusion layer  thickness is 
not valid. A quant i ta t ive  analysis on this effect has 
been presented thoroughly in a paper  by usY 9 

An Investigation of Electrode Materials for the 
Anodic Oxidation of Sulfur Dioxide in 

Concentrated Sulfuric Acid 
P. W. T. Lu and R. L. Amman (pp. 2610-2616, Vol. 127, No. 12) 
Hassane Saab and Robert Spotnitz: so The authors 

claim that the reversible  potent ial  for the anodic oxi-  
dation of sulfur dioxide cannot be determined unam-  
biguously because it is "highly uncer ta in  whe ther  the 
overal l  e lectrochemical  reaction for SO2 oxidation is 
represented by" 

SO2 + 2H~O --> SO4 -2 -k 4H+ -t- 2e -  [1] 
or 

SO2 ~ 2H20 ~ HSO4- -}- 3H + ~ 2 e -  [2] 

However,  at the revers ible  potential,  the  fol lowing 
chemical equi l ibr ium can be assumed to take place 

HSO4- ~ H + -~ SO4 -2, AGrxn equil = 0.0 [3] 

Therefore  calculation of the revers ible  potent ial  using 
ei ther  reaction [1] or reaction [2] leads to the same 
value, al though reactions [1] and [2] do lead to dif- 
ferent  values of the s t a n d a r d  s t a t e  potentials.  

~2 E. Z. Gak, E'Kh. Rokhinson, and N. F. Bondarenko, E'lektron. 
naya Obvabotka Materialov, 6, 24 (1973). 

~aE. Z, Gak, E'Kh. Rokhinson, and N. F. Bondavenko, Ete~- 
trokhimiya, 11, 535 (1975). 

v~ R. Sunderman and T. Z. Fahidy, J. Appl. ElecSrochem., 6, 89 
(1976). 

~ R. Haynes, Paper 79 presented at The Electrochemical Society 
Meeting, Las Vegas, Nevada, Oct. 17-22, 1976. 

7OFor example: (a) L. J. J. Janssen and E. Barendrecht, Elec- 
trochem. Acta., 24, 693 (1979); (b) N. Ibl, Chem. Ing. Tech., 43, 
292 (1971); (c) S. Mohanta and T. Z. Fahidy, J. Appl. Electro- 
chem., 7, 235 (1977). 

=: Hooker Development Center, Niagara Fells, New York 14302. 
7s Department of Chemical Engineering and Applied Chemistry, 

Columbia University, New York, New York 10027. 
:D K. Viswanathan, M. A. Farrell Epstein, and H. Y. Cheh, This 

Journal, 125, 1772 (1978). 
so Department of Chemical Engineering, University of Wiscon- 

sin, Madison, Wisconsin 53706. 
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The difficulty in determining the reversible potential 
stems, not from the ambiguity of the overall reaction, 
but rather from the lack of thermodynamic data for 
the system SO2-H2SO4-H20. The authors reference the 
paper of Appleby and PichonSl in which it is stated 

~a A .  J .  A p p l e b y  a n d  B .  P i c h o n ,  J .  ElectroanaL Chem. Inter]aciaI 
EZectroehem., 95 ,  59 ( 1 9 7 9 ) .  

~ R .  S .  N i e h o l s o n  a n d  I .  S h a i n ,  Anal  Chem., 36, 7 0 6  (1964) .  

that there was little possibility of extracting rate con- 
stants from linear potential sweep data because of 
the difficulties in defining the reversible potential, 
since analysis of linear potential sweep data re- 
quires knowledge of the standard state potential [e.g., 
footnote 82]. Appleby and Pichon81 did report an ap- 
proximate exchange current density based on their 
steady-state potentiostatie data. 

Erratum 
In the paper "Properties of LiA1C]4-SOC12 Solutions for Li/SOC12 Battery" by H. V. Vankatasetty and D. J. 

Saathoff which appeared on pp. 773-777 of the Apri l  1981 JOURNAL, Vol. 128, No. 4, Fig. 8, 9, and 10 should ap- 
pear as follows: 
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Fig. 8. Cyclic voltammetry of LiAICI4-SOCI2 solution saturated 
with SO~. 
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Surface Intermediates of an n-Type Gallium 
Phosphide Electrode as Related with the Shifts 

of the Surface Band Energy Induced by 
Oxidants in Solution 

Yoshihiro Nakato, Akira Tsumura, and Hiroshi Tsubomura* 
Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan 

ABSTRACT 

The energy of the electronic band at the surface of an n - G a P  electrode 
shifts downward,  that  is to say, to more negative, by the addit ion of 
oxidizing agents. Al though the surface band energy of GaP for the ( I l l ) -  
face changes l inear ly  with pH, it stays constant  in an in termediate  pH range in 
the presence of the [Fe (CN)6]4 - / [Fe (CN)6]  ~- couple. This result  is ex- 
plained by assuming a "surface-trapped hole" formed by oxidative interact ion 
with the solute. It is also assumed that this surface-trapped hole is acting as 
an electronic surface state in electronic equi l ibr ium with the redox couple 
in solution, its energy being estimated to lie about  0.5 eV above the valence 
bandedge. At higher pH, or in  the case of the ( l l l ) - f a c e ,  the surface band  
energy interact ing with the redox couple increases with pH. The shift in this 
case is mainly  a t t r ibuted to the accumulat ion of oxide- or hydroxide- type 
surface intermediates.  It is suggested that  these surface intermediates  effec- 
t ively mediate the electron t ransfer  from the conduction band to the oxidiz- 
ing agents in solution. 

It is well known that  the energy of the semiconductor 
electronic band at the surface measured as the potential  
at m in imum capacitance is changed by adsorption of 
ions in electrolyte solutions onto the electrode surface 
(1-5). It is also known that it changes sometimes with 
t h e  electrode potential  by the change in the chemical 
structures at the electrode surfaces, e.g., from an oxi- 
dized structure to a reduced one (2). 

We have reported in a previous paper (5) that the 
surface band energy of an n -GaP  electrode is shifted 
by electrode i l luminat ion  under  anodic polarization. 
The shift was explained from the accumulated surface 
intermediates formed by photogenerated holes. Similar  
shifts are therefore expected to occur at dark when 
holes are injected by oxidizing agents in solutions. 
Several reports were published on the hole injection 
from redox couples into the GaP electrode (6-9). In  the 
present paper we report and discuss the shift of the 
surface band energy caused by interact ion with the 
redox couple. 

Experimental 
Single crystals of n - type  GaP from Yamanaka 

Chemical Industries,  Limited were used as electrodes. 
The ( l l l ) - f a c e  (Ga-face) and the ( l l l ) - f a c e  (P-  
face) were dist inguishable by microscopic inspection of 
the etched surface (5). The current -potent ia l  curve 
w a s  obtained by use of a Hokutodenko HA 101 poten- 
tiostat. The differential capacitance was measured with 

* Electrochemical  Society Act ive  Member. 
Key words: semiconductor,  hole  injection, surface state, sur- 

face-trapped hole. 

a Yokogawa-Hewlet t -Packard Universal  Bridge 4265B, 
together with a function generator. The solutions were 
deaerated by ni t rogen bubbl ing  and were st irred mag- 
net ical ly dur ing the measurements.  Fur ther  experi-  
menta l  details were described elsewhere (5). The 
concentrat ion unit,  mo l /dm 8, is abbreviated as M in the 
present paper. 

Results 
Figure 1 shows current -potent ia l  (i-U) curves for 

the ( l l l ) - f a c e  of an n - G a P  electrode at dark. It is seen 
that the onset potential  of the cathodic current  (Uc) is 
shifted largely to the positive by the addition of the 
[Fe(CN)6]4- / [Fe(CN)6]  3- couple. A similar  result  
was obtained with heavily etched electrodes. This cur-  
rent -potent ia l  behavior is therefore independent  of de- 
fects or dislocations at the surface produced by me- 
chanical polishing. Similar  shifts were reported by 
some authors for other semiconductor-redox systems 
(6, 10, 11). 

Figure 2 shows examples of Mott-Schottky plots for 
the ( l l l ) - f a c e  of the n - G a P  electrode in the presence 
of the [Fe(CN)6]4- / [Fe(CN)6]8  - couple. Very good 
straight lines are obtained, like those in the absence of 
the redox couple (5). In solutions of high pH, relat ively 
high dark anodic currents, of the order of 1-10 ~A/ 
cm 2, were observed, increasing with pH and the redox 
concentration, in agreement  with the results reported 
previously (6, 10). In spite of such currents, the 
capacitance measurements  could be done independ-  
ently. The Us value was determined from the intercept  
of the Mott-Schottky plot with the abscissa. As de- 
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Fig. 1. Cu,ent-potential curves for the (111)-face of an n-GaP 
electrode in a 0.1N NaOH solution, in the absence (o) and the 
presence (b) of 0.05M K4[Fe(CN)6] and 0.05M K3[Fe(CN)6]. The 
scan rate is 120 sec/V. 
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Fig. 2. Mott-Schottky plots for the (111)-face of an n-GaP 
electrode in solutions containing 0.05M IQ[Fe(CN)6] and 0.05M 
K~ [Fe(CN)6]. 

scr ibed p rev ious ly  (5),  the  Us value  is re la ted  to the 
lower  energy  l imi t  of the conduct ion band at  the sur -  
face, EeL as shown below 

if Ee s and --eUs are measured with respect to the same 
reference electrode. A refers to a small energy differ- 
ence between the Fermi level and the lower energy 
limit of the conduction band in the interior of the 
semiconductor. 

The Us values for the (lll)-face of the n-GaP elec- 
trode thus obtained, together with those of Uc, which 
has been taken as a potential at which the dark ca- 
thodic current exceeds 4 p.A/cm 2, are shown in Fig. 3, 
where Us and Uc designate the values for solution lack- 
ing the redox couple (5) and Us (redox) and Ue 
(redox) designate those in the presence of the 
[Fe (CN) 6] 4-/[Fe (CN) 6] 3- couple. It is seen that the 
Us ( redox)  is kep t  close to the Us in the range of pH =< 
4, but  deviates  more  to the posi t ive at  p H  > 4. I t  is also 
seen tha t  the U~ ( redox)  changes wi th  pH, nea r ly  in 
pa ra l l e l  wi th  Us ( redox) .  This indicates  the va l id i ty  of 
the Us ( redox)  values  obta ined  from the Ylo t t -Scho t tky  
plots. I t  is to be noted tha t  Us ( redox)  is kep t  nea r ly  
constant,  in pa ra l l e l  wi th  the redox poten t ia l  of the 
redox  couple (eredox) in the range  of pH 5-10, whi le  it  
moves u p w a r d  wi th  pH in the  range  of pH > 10. 

F igure  4 shows the pH dependence  of Us ( redox)  
for  the ( l l l ) - f a c e  at  var ious  concentrat ions  of the  re -  
dox couple. The concentra t ions  of [Fe(CN)6]  4 -  and 
[Fe (CN)6]~ -  were  made  equal  so as to keep the redox 
potent ia l  unchanged.  I t  is seen tha t  the Us ( redox)  
va lue  remains  nea r ly  constant  a t  the  in t e rmed ia te  pH 
region. The constancy of Us ( redox)  was ma in ta ined  in 
a wider  pH range,  as the redox concentra t ion increases. 

F igure  5 shows the effect of the redox  concentra t ion 
on Us ( redox)  and Uc ( redox)  a t  pPI 6.8 and lB. The 
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Fig. 3. Us and Uc for the ( l l l ) - face of an n-GaP electrode, 
measured in the presence and the absence of 0.05M IQ[Fe(CN)6] 
and 0.05M Y~[Fe(CN)6]. eredox is the redox potential of the redo:( 
couple determined by the cyclic voltammetry. Us p is the Us of a 
p-GaP electrode (5). 

concentrat ions of [Fe (CN) 6] 4-  and [Fe (CN) 6] s -  were  
kep t  equal  also in this case. I t  is seen that  the Us ( re -  
dox) and Uc ( redox)  curves are  again  para l l e l  to each 
other. The Us ( redox)  va lue  for pH 6.8 remains  nea r ly  
constant  at  least  in the range of the redox  concent ra-  
t ion h igher  than  3 X 10 -3 m o l / d m  3, whereas  Us ( re -  
dox)  for pH 13 shifts to the posi t ive wi th  the concen- 
t rat ion.  

F igure  6 shows the Us values  for the ( l l l ) - f a c e  in 
the  presence and absence of the [ F e ( C N ) 6 ] 4 - /  
[Fe(CN)6]  8-  couple. In  contras t  to the case of the 
(111)-face (Fig. S), the  Us ( redox)  va lue  for  the  
( l l l ) - f a c e  changed wi th  pH throughout  tn~ pH range  
measured.  

S imi la r  exper iments  were  made  for o ther  redox 
couples. As shown in Fig. 7, the  shifts of Us a n d  Uc 
were  observed by  addi t ion of an Fe2+ /Fe  8+ couple and 
[Cu(NI4_~)4]2+. In the l a t t e r  case the reduced  form, 
[Cu(NH3)2] +, is uns table  in solut ions and was not  
added  in the  solutions. The redox  poten t ia l  for  
[Cu(NH3)4] 2+ was de te rmined  by  cyclic vo l tammetry .  
By adding a V 2 + /V 3 + couple at pH =< 3, the Us shif ted 
ve ry  l i t t le  and the Uc only s l ight ly  shifted. The redox 
potent ia l  for  this  couple is h igh ly  negat ive,  about  
--0.5V v s .  SCE. 

t I [ i L I I I I I I 1 t 

O 

- z.o u ~ -  

U (redox) 
S 

- 1 . 0  ~ - -  I I I I I I I I I I I I I 

l 3 5 7 g 11 13 
pH 

Fig. 4. pH dependences of Us (redox) for the (111)-face of an 
n-GaP electrode at various concentrations of the [Fe(CN)6]4- /  
[Fe(CN)6] 3 -  couple (equal concentrations): 0 0 M ,  • O.OOSM, 

0.05M, A 0.4M. 



1302 J .  E l e c t r o c h e m .  S oc . :  S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  J u n e  1981  

, I f  , , , + 

-2.0 - % C  Us(redox) at pH 13 

I f .  Uc(redox) at pH 13 

"o  . . . . . . . . .  o . . . . . .  -o _ Uc(redox) at pH 6.8 

I i f  I i ~ I 
0 i0 -4 I0 -3 I0-2 I0-I 

c I mol dm -3 

Fig. 5. Effects of the concentration, c, af the [Fe(CN)e]4-/ 
[Fe(CN)6] s -  couple (equal concentrations) on Us (redox) and 
Ue (redox) for the (11])-face of an n-GaP electrode. 
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Fig. 6. Us for the (111)-faee of an n-GaP electrode in the 
presence and the absence of O.05M [Fe(CN)8] 4 -  and O.05M 
[Fe(CN6] s - .  

F igure  8 shows da rk  cathodic currents  observed 
at  a p - t y p e  GaP  electrode in the presence of a 
[Fe (CN) 614- / [Fe  (CN) 613- couple. S imi la r  cathodic 
currents  were  observed for [Cu(NH3)4] 2+ or  Fe2+/  
Fe  8+. Almost  no cathodic cur ren t  was observed in the 
absence of these redox couples. 
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Fig. 7. Shifts in Us and U~ for the (111)-face of an n-GaP elec- 
trode by redox couples. Electrolyte: (a) 0.05M FeSO4 + 0.05M 
Fe2(SO4)3 + 0.005 ,~ 0.SM H2SO4, and (b) 0.05M [Cu(NH3)41 
(NO3)2, including 0.]M (NH4)2SO4 -]- ammonia for pH 8-11 and 
0.1M NaOH for pH ,~ 13. 
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Fig. 8. Dark cathodic currents at a p-GaP electrode in solutions 
containing 0.05M [Fe(CN)6] 4 -  and 0.05M [Fe(CN)6] s - .  The scan 
rate is 120 sec/V. 

Discussion 
The da rk  cathodic currents  observed at  the p - G a P  

elect rode (Fig. 8) show that  holes can be injected into 
the GaP electrode by  the redox couples used in the 
present  work, except  V2+/VS+. The  redox potent ia ls  of 
these redox couples are  a l i t t le  h igher  than the Us of 
the  p - G a P  elect rode (UsP), as is seen f rom Fig. 3 and 
7. This means tha t  the holes a re  in jec ted  by  the rma l ly  
ac t iva ted  oxidizing agents. 

The shift  of Us of the n - G a P  elect rode caused by the 
addi t ion of the redox couples is expla ined  most p rob-  
ab ly  by  in jec ted  holes, s imi]ar  to the in te rpre ta t ion  
given prev ious ly  for the  shifts in Us by  e lec t rode  i l -  
lumina t ion  (5).  The Mot t -Scho t tky  plots  for  solutions 
containing the redox couples show good s t ra ight  lines 
in the potent ia l  range where  the band bending  is large  
(Fig. 2), indica t ing  that  Us is kep t  nea r ly  constant  in 
this potent ia l  range. The electrode surface in contact  
wi th  the redox  solutions is thought  to be in a s ta t ionary  
state in a range of potent ia l  where  the band bending  is 
large. 

As ment ioned before, the Us for the ( l l l ) - f a c e  of the 
n - G a P  electrode in the presence of the [ F e ( C N ) 6 ] 4 - /  
[Fe(CN)6]  8-  couple remains  nea r ly  constant  in the 
in te rmedia te  pH range  (pH 5 ,,, 10), if  the redox con- 
cent ra t ion  is sufficiently high (Fig. 3, 4, and 5). In  
analogy to the Bardeen ba r r i e r  in meta l - semiconduc tor  
contacts (12, 13), these resul ts  suggest  that  the Us 
value  in such a pH range is de te rmined  by  an e lect ron 
t ransfer  equi l ib r ium be tween  the redox couple in solu-  
t ion and electronic surface states at  the electrode. We 
m a y  assume that  such surface states imply  electron 
deficient surface G a - P  bonds. These species, which can 
be cal led a " su r face - t r apped  hole," m a y  be s tabi l ized 
by  the dis tor t ion of the surface G a - P  f r a m e w o r k  and 
also by  the or ientat ion of electr ic  dipoles of solvent  
(water )  molecules, thei r  energy being a l i t t le  above 
the valence bandedge  at the surface (Evs). The nucleo-  
phil ic a t tack  of bases such as H20 on these species leads 
to the e lectrode decomposi t ion (5, 14). Such species 
can also accept  electrons f rom reduc ing  agents  in solu-  
tion, recover ing to the  normal  G a - P  bonds. Hence, 
these species, together  wi th  the  surface  G a - P  bonds, 
can be regarded  as making  up a surface redox system, 
when the nucleophil ic  a t tack  of H20 is slow. 

The above-ment ioned  constancy of Us in the in te r -  
media te  pH range can be expla ined  as follows. The re-  
dox potent ia l  for the su r face - t r apped  hole, ~1, wi th  
respect  to a cer ta in  reference  electrode,  can be de-  
scr ibed app rox ima te ly  in a form 

eh = eh ~ -}- ( k T / e ) l n  eh -t- ~ "-~ const [2] 

where  ca means the densi ty  of the su r face - t rapped  hole, 
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which is assumed to be much less than the density of 
the surface Ga-P  bonds. ~ is the surface potential  at the 
electrode. The electronic equi l ibr ium between the sur-  
face redox system and the redox couple in  solution is 
established at ea = eredox, ~redox being the redox poten-  
tial of the redox couple in solutions (Fig. 9). 

It  is to be noted that  eh shifts with ch through both 
the second and the thi rd  term on the r igh t -hand  side of 
Eq. [2], since the change in  ~ arises from the electrical 
double layer  due to the surface- t rapped hole and there-  
fore varies with ca. The shift in ~ by the surface- 
trapped hole, • can be expressed approximately  as 
~ : ech/C, where C is the capacitance for the electri-  
cal double layer  at the interface. Accordingly, by dif- 
ferent ia t ing the second and third term of Eq. [2] with 
respect to Ch, we can see that the third term changes 
with ca much more steeply than the second in the 
range of Ca > (CkT/e2).  Let us define Ch ~ _-- (CkT/e2).  
It  is calculated to be 5 X 1012 cm -2 when C is assumed 
to be of the order of 30 ~F/cm 2, as general ly done (15). 
This concentrat ion corresponds to about  one surface- 
trapped hole per two hundred  outermost Ga-P  bonds. 
The condition, ca > Ch ~ can therefore be achieved 
rather  easily. 

With this condition, the energy difference between 
--e~h and the conduction or the valence bandedge at 
the surface (E~s or E~ s in Fig. 9) is kept near ly  con- 
stant, since E~ S and E~s also change with r in the same 
m a n n e r  as (--eeh). We can therefore see that, when 
Ch : eredox, E c  s (or Us) is determined solely by eredox 
in such a case, in agreement  with the exper imenta l  
results (Fig. 3 and 4). 

The shift in ~ (or U~) may also be caused par t ly  by 
the hydroxide-  or oxide-type surface intermediates  
(5) formed by the nucleophilic attack of H20 on the 
surface- t rapped hole. Even in such a case, the same 
conclusion as above can be derived as far as the elec- 
tronic equi l ibr ium (~h _-- eredox) is established under  
the condit ion of Ca > Ch ~ 

Based on the above in terpre ta t ion  and the results of 
Fig. 3, the electronic equi l ibr ium in the intermediate  
pH range is accomplished when Us is about --1.45V vs. 
SCE, that  is, about 1.65V above eredox. By est imating ,~ 
in Eq. [1] to be ca. 0.1 eV and from the bandgap of 
GaP (2.26 eV), we can see that ~h is about 0.5 eV above 
Ev s, as is shown in Fig. 9. This value, called aE, reason- 
ably corresponds to the stabilization energy for the 
surface-trapped hole due to the distortion of the sur-  
face Ga-P  f ramework  and the solvation, ment ioned 
before. 

It  is to be pointed out here that an electrolumines-  
cence is observed when the n - G a P  electrode is under  a 

E s A ~-0.1 eV 
1 , / c  ~ /  

A ...... ~---~-'-'--------~--U s(-145VvsSeE, 

E F 

  \ E s  
1t 

n-GaP Electrolyte 

Fig. 9. k model of an electronic equilibrium at am n-GaP/ 
electrolyte interface. For simplicity, the energy such as Ec s, Ev s, 
etc. and the potential such as Us, Eh, etc. are both used. These can 
be compared with each other by using a relation, (energy) = 
( - -e )  X (potential), if they are measured with respect to the same 
reference electrode. 

slightly cathodic potential  in solutions containing the 
[Fe(CN) 614-/[Fe (CN) 6] 3- couple (16). The lumines-  
cence spectrum ranges from 1.9 to 1.3 eV, with a peak 
at about 1.6 eV. The similar  luminescence was reported 
in the l i terature (7, 9) and interpreted to be due to the 
hole inject ion by the oxidizing agents in solution. Since 
a sum of the energy of the luminescence peak and the 
bE value above is 2.1 eV, very close to the bandgap of 
GaP, it  is highly probable that  the electroluminescence 
is caused by a recombinat ion between the surface- 
t r a ppe dho l e  and the electron in the conduction band. 

In  the discussion made so far, we assumed that the 
rate of the nucleophilic at tack of H20 on the surface- 
trapped hole (R3) can be neglected as compared to the 
rates of the hole inject ion (R1) and the reverse process 
(R2). The very small R3 value assumed here implies the 
presence of a fairly large activation energy for the 
nucleophilic attack of H20, which may  be understood 
from three dimensional ly  bound surface Ga-P  bonds of 
a high covalent character (17), since the attack of H20 
on one Ga-P  bond must  induce large steric s t ra in in the 
sur rounding  Ga-P  bonds. 

Figures 3 and 4 show that  a paral lel  relat ion be-  
tween Us (redox) and eredox is broken at pH higher 
than a certain value. The break point becomes higher, 
the higher the redox concentration. These results can 
be explained by assuming that the rate of the nucleo- 
philic attack of H20, Rs, increases with p i t  and exceeds 
R2 at a certain pH value. In  that case, the electronic 
equi l ibr ium is broken and ,h is no longer equal to 
eredox at a high pH region. Figure 5 shows that the con- 
stancy of Us (redox) at pH 6.8 is also broken when the 
redox concentrat ion is too low. This can be explained 
by taking into account the low rate R2 at a low redox 
concentration. 

In  both cases, namely,  in the range of high pH and in 
the case of low redox concentrat ion at pH ~> 5, the elec- 
trode dissolution occurs p redominant ly  by the hole in -  
jection (RI ~ Rs > >  R2). The density of the surface- 
trapped hole (ca) must  be very  small  in such cases. The 
observed shift in Us can then be a t t r ibuted main ly  to 
the accumulat ion of highly polar Ga-O or P-O bonds 
present  in the oxide- or hydroxide- type surface in ter-  
mediates ment ioned before. 

The Us (redox) value for the (111)-face of the n-  
GaP electrode does not show any paral lel ism with 
eredox throughout  the pH range measured (Fig. 6). 
This suggests that the surface- t rapped hole at this face 
is less stable than that  at the ( l l l ) - f a c e .  

It  may be pointed out here that  the difference be- 
tween Us (redox) and Uc (redox) is considerably 
larger than that between Us and Uc in  the absence of 
the redox couple (Fig. 3, 5, and 7). This can be ex- 
plained by assuming that the capture of electrons in 
the conduction band  by the surface intermediates is 
very efficient. It  was reported previously (5) that a 
potential  at which the photoanodic current  deviates 
from the saturat ion value (Usat a) shifts largely from 
Us under  i l luminat ion  [Us ( i l lum.)] .  The shift was at-  
tributed, in the same way as above, to the effective 
capture of the electrons by photoanodically formed 
surface intermediates  (5). 

Manuscript  received Apri l  28, 1980. 

A ny  discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All  discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs of this article were assisted by 
Osaka University. 
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A Sensitive Novolac-Based Positive Electron Resist 
M. J. Bowden, L. F. Thompson, S. R. Fahrenholtz, and E. M. Doerries 

Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A posi t ive  electron resist  has been developed which appears  to opera te  on a 
different  mechanism from convent ional  posi t ive e lect ron resists. Resists in the 
l a t t e r  ca tegory such as PBS or  PMMA achieve dif ferent ia l  so lubi l i ty  p r i -  
mar i ly  as a resul t  of scission of the main  chain. In  the case of the new resist,  
d i f ferent ia l  so lubi l i ty  appears  to be achieved by  the removal  of a po lymer ic  
dissolution inhibi tor .  The resis t  is a composite sys tem consist ing of a novolac 
resin s imi lar  to tha t  used in most posi t ive photoresis ts  in solid solut ion wi th  
p o l y ( 2 - m e t h y l - l - p e n t e n e  sulfone) which functions as a dissolut ion inhib i tor  
of the novolac resin in aqueous base. The process opera tes  by  spontaneous 
depolymer iza t ion  of the  po lymer ic  dissolut ion inhibi tor ,  a process which  is 
in i t ia ted  by  electron i r radia t ion.  The sens i t iv i ty  of this res is t  (cal led NPR)  is 
3 #C cm -2 at  20 kV and the contras t  is 1.0. Submicron  fea tures  have been 
de l inea ted  in 1.0 #m resis t  films. The resis t  wi ths tands  A1, poly-Si ,  SIO2, doped 
SiO~, and SixNu p lasma etching envi ronments  and has been used as a p lasma  
etch mask  to t ransfe r  submicron fea tures  into these film substrates .  

Posi t ive  resists are  character ized by  increased solu- 
b i l i ty  of the resis t  film af ter  exposure  to radiat ion.  
This increase  in so lubi l i ty  is achieved by  one of two 
mechanisms,  viz., s imple chain scission of ind iv idua l  
bonds in the main  chain (1, 2) or  decomposi t ion of a 
dissolution inhibi tor  (3, 4). Resists of the former  type 
are  high molecu la r  weight  po lymers  which undergo 
main  chain scission under  i r r ad ia t ion  resul t ing  in a 
decrease in molecu la r  weight.  This process leads to 
enhanced solubi l i ty  of the i r r ad ia t ed  region which m a y  
be developed by  f ract ional  solution. Resists which 
opera te  on the second pr inc ip le  consist of a m ix tu r e  of 
a low molecular  weight  polymer ,  e.g., a novolac resin,  
which is soluble in a given solvent  (usua l ly  an aqueous 
base)  and a ma te r i a l  which  inhibi ts  the dissolution of 
the composite film in tha t  solvent.  The dissolution in -  
hibi tor  is conver ted  to an acidic species dur ing  i r r a d i a -  
tion and as a resul t  of this chemical  change, the com- 
posite becomes soluble in the aqueous base. 

Most posit ive e lec t ron resists  are  of the first type  (5). 
For  example ,  poly  (bu t ene - l - su l fone )  (2) and  
p o l y ( m e t h y l  me thac ry l a t e )  (6) are  chain degrad ing  
po lymers  which are  used p r i m a r i l y  as resists  for l iquid 
etching. However,  these po lymers  are  t h e r m a l l y  un -  
s table and are  also unstable  to o ther  forms of ionizing 
radiat ion;  hence they  are  not  ve ry  res is tan t  to dry 
etching envi ronments  such as found in p lasma  etching, 
ion beam mill ing,  and spu t te r  etching. 

The next  genera t ion  of e lectron exposure  machines  
wil l  have h igh- th roughpu t  for d i rec t  exposure  of VLSI  
silicon devices wi th  submicron features.  The high reso-  
lut ion r equ i r emen t  wilt  aImost  ce r ta in ly  necessitate 

Key words: films, etching, radiation. 

d r y  etching processes for  pa t t e rn  t ransfer .  This re -  
qu i rement  places an addi t ional  cons t ra in t  on the resis t  
o ther  than the sens i t iv i ty  and resolut ion r equ i r e -  
ments  commensura te  wi th  machine  design. 

Clear ly  the etch resistance requ i rements  would ap-  
pear  to prec lude  the posi t ive e lec t ron resists  which are  
cur ren t ly  avai lable .  Posi t ive photoresists ,  on the o ther  
hand, exhibi t  exce l len t  resolut ion  and d ry  etch r e -  
sistance pa r t i cu l a r ly  those posi t ive photoresis ts  based 
on novolac resins. These resists  opera te  by  the second 
mechanism a l luded  to ea r l i e r  and a more  deta i led  
descr ipt ion of this mechanism wil l  be  he lpfu l  in un -  
ders tand ing  the new concept  to be proposed  in this 
paper .  

Pos i t ive-ac t ing  photoresis ts  are  composed of three 
components:  a resin, a photoact ive  compound (dissolu-  
t ion inh ib i tor ) ,  and a solvent  system. Al l  posi t ive 
photoresis ts  ut i l ize the same basic  photochemica l  
mechanism, bu t  they  m a y  be spl i t  into two families on 
the basis of the resin systems employed.  The Ship ley  
and Hunt  resis t  formulat ions  employ  low molecular  
weight  novolac resins (I)  of this genera l  fo rmula  

OH I-OH -I 
2<__n<15 

CH 3 

I 
A novolac resin (in connection wi th  nomenclature,  the 
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t e rm novolak  is sometimes used; fol lowing more  popu-  
l a r  usage and the recommendat ions  of the "Encyclo-  
pedia  of Po lymer  Science and Technology," (7) we use 
the  t e rm  novolac)  is an ac id -ca ta lyzed  condensat ion 
p roduc t  of a phenol  and an a ldehyde  (usua l ly  for -  
ma ldehyde ) .  The resins have n u m b e r  average  molecu-  
l a r  weights  in the range  600-2000 and are  soluble  in 
organic  solvents  and basic aqueous solutions. The 
proper t ies  of a novolac depend  on the s t ruc ture  of the 
phenols a n d / o r  a ldehydes  used as wel l  as the molecu-  
l a r  weight  and degree  of b ranch ing  (7, 8). 

These resis t  formula t ions  employ  subst i tu ted  naph-  
thoquinone diazides (II)  as the photosensi t ive  dissolu-  
t ion inh ib i tor  

0 

N2 0 

S02 

OH OH 
1I 

the  solvents  a re  mix tures  of cel losolve acetate,  xylene,  
and  n - b u t y l  ace ta te  (9).  

The G A F  posi t ive resists  (10) ut i l ize a I e rp o lyme r  
of e thyI  acryla te ,  s tyrene,  and methacry l i c  acid in the 
app rox ima te  rat io  10:5:2 as the resin. Their  photo-  
act ive component  is also a subs t i tu ted  naphthoquinone  
diazide  (HI)  

0 

SO 2 NH, CH 2 

CH3 

CH CH 3 
I 
CH 3 

]]I 

The photoact ive  componen t : res in  ra t io  is app rox i -  
ma te ly  1:1 and the solvent  sys tem is a mix tu re  of 
xy lene  and me thy l  e thyl  ketone (9). This pa r t i cu la r  
system wil l  not  be discussed fu r the r  since the d ry  etch 
resis tance of these resins is infer ior  to tha t  of novolac-  
type  resins. 

The posi t ive  work ing  photores is t  systems become 
soluble  in aqueous a lka l ine  developers  af ter  exposure  
to u.v. light. This change in solubi l i ty  depends  on the 
photochemical  decomposi t ion of the  diazide fol lowed 
b y  r e a r r a n g e m e n t  and hydro lys i s  

0 0 C--O___~ 

N2+ ~ H2 0 

R R R R 

There  is a synergis t ic  so lubi l i ty  effect be tween  the de -  
composed diazide and the novolac since the solubi l i ty  
of an exposed resist  is g rea te r  than tha t  of the pure  
novolac (11). This is an impor t an t  point  of comparison 
to the new elect ron resis t  and is discussed later .  

The resis tance of these resists  to d ry  e tching pro-  
cesses is due to the excel len t  rad ia t ion  and the rmal  
s tab i l i ty  of the novolac resin. The diazide dissolution 
inhib i tor  p robab ly  has no effect or  even a de t r imen ta l  
effect on resis tance to d r y  etching. 

Electron Resist Considerations 

I t  has been shown by  severa l  worke r s  tha t  posi t ive  
photoresis ts  can also be exposed by  an e lect ron beam 
(12, 13). The sens i t iv i ty  is repor ted  to be ~100 ~C 
cm -2 at  20 kV. Resolut ion and processing charac te r i s -  
tics a re  excellent .  The sensi t iv i ty  is low compared  wi th  
o ther  resists such as PBS and is a t t r ibu ted  to the fact  
tha t  the resis t  contains 20-30% of the low molecu la r  
weight  quinone diazide dissolution inh ib i tor  which 
must  be l a rge ly  decomposed in o rde r  to achieve com- 
ple te  d i f ferent ia l  solubil i ty.  The high percentage  of 
funct ional  groups necessi tates a large  number  of photon 
(electron)  interact ions  pe r  uni t  volume. 

The sens i t iv i ty  of these systems is more  than an  
order  of magni tude  too low for d i rec t  wafer  exposure.  
Ia  o rder  to enhance the sensi t ivi ty,  i t  would  be neces-  
sary  to incorpora te  some chemical  amplif icat ion into 
the dissolution inhib i tor  decomposit ion.  An a l t e rna t ive  
and somewhat  novel  approach  would  be to use a po ly -  
meric  dissolution inhib i tor  which  undergoes  spon-  
taneous depolymer iza t ion  (unzipping)  dur ing  i r r a d i a -  
t ion (14). This can occur when a po lymer  exists  above 
its ceiling t empe ra tu r e  To, the l a t t e r  be ing  the highest  
t empe ra tu r e  at  which  po lymer iza t ion  is possible  for 
the p reva i l ing  conditions of monomer  concentra t ion 
and pressure.  Above Tc the po lymer  is t h e r m o d y n a m i -  
ca l ly  uns table  but  k ine t i ca l ly  stable.  Rad ia t ion - induced  
c leavage of a single bond in the  main  chain resul ts  in 
the product ion of p r o p a g a t i n g - t y p e  radicals  wi th  con-  
comitant  extens ive  depolymer iza t ion  along the po lymer  
chain. The volat i le  monomers  produced  b y  depo ly-  
mer iza t ion  evapora te  f rom the film, a process we have 
cal led vapor  deg-elopment (15). A dissolution inh ib i tor  
of this type  would thus be vaporized,  i.e., removed,  r e -  
sul t ing in an increase  in so lubi l i ty  of the  remain ing  
film. The polymer ic  dissolut ion inhib i tor  should have  
the fol lowing proper t ies :  (~) phase compat ib i l i ty  wi th  
the novolac to a l low uni form film formation,  (ii) k i -  
net ic  s tab i l i ty  (as opposed to t he rmodynamic  s tab i l i ty)  
a t  no rma l  ambien t  condit ions both  in  solution and in  
bulk,  (iii) r ap id  ra te  of depolymer iza t ion  dur ing  i r -  
rad ia t ion  at  room t empera tu r e  resul t ing  in adequa te  
e lec t ron sensi t iv i ty  (<10 #C cm:  -2 at  20 kV) ,  and 
( iv)  dissolution inhibi t ion of novolacs wi th  concen- 
t ra t ions of less than 30 weight  percent  (w /o ) .  

Cer ta in  poly(olef in  sulfones) are  known  to mee t  the 
above requirements .  Factors  tha t  affect the ra te  of 
depolymer iza t ion  are  dose rate,  t empera ture ,  olefin 
s t ructure,  molecular  weight,  and molecu la r  weight  
d is t r ibut ion  wi th  the best  combinat ion of p roper t ies  
being shown by p o l y ( 2 - m e t h y l - l - p e n t e n e  sulfone) 
( IV).  This ma te r i a l  has been  ex tens ive ly  s tudied  b y  
Bowden and Thompson (16-18). These po lymers  do 
not  absorb above 2000A and can be hand led  wi thout  
special  care  
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The use of a degrading polymer  as a dissolution i n -  
hibitor represents a clear difference be tween this resist 
system and positive photoresist systems. The dissolu- 
tion inhibi tor  in  the photoresist is converted to a 
carboxylic acid whereas the polysulfone dissolution 
inhibi tor  in  the resist described here is removed. 
There is no synergistic solubil i ty effect wi th  the poly-  
sulfone/novolac system. 

The physical and chemical properties of the novolac 
are also impor tan t  to resist performance. Not only 
must  the solubil i ty be wi th in  a certain range, but  also 
the thermal  and radiat ion stabil i ty and the adhesion 
must  be op t imum since the novolac will  determine 
final resist performance. The desired properties are 
summarized as follows: (~) phase compatibi l i ty wi th  
the polysulfone to allow uniform film formation, (ii) 
solubil i ty in aqueous alkal ine solutions at pH 9-13, 
(iii) thermal  and radiat ion stabil i ty sufficient for dry  
etching techniques and process bakes, and (iv) adhe- 
sion to film substrates used in device and mask fabr i -  
cation. 

Experimental 
Novolac preparation.--An exper imenta l  novolac 1 

(N64C) was evaluated as the base polymer. The poly- 
mer  was prepared by an acid catalyzed condensation 
of subst i tuted phenols with formaldehyde (7, 8). 

PMPS preparation.--The dissolution inhibi tor  used 
in  this work was p o l y ( 2 - m e t h y l - l - p e n t e n e  sulfone) 
PMPS. This is an a l te rnat ing  copolymer of sulfur  di- 
oxide and 2 -me thy l - l - pen t ene  and was prepared by 
free radical polymerizat ion in  excess SO~ using t -bu ty l  
hydroperoxide as the initiator. The procedure has been 
reported elsewhere (15). The polymer is quite stable 
(up to ~130~ (18) as the ends are "capped" (pro- 
tected from degradation) by ini t ia tor  f ragments  a n d /  
or fragments  resul t ing from transfer  reactions. 

Resist preparation.--Resist solutions were prepared 
by dissolving the novolac with PMPS in a solution of 
methyl  cellosolve acetate (60%) and cyclohexanone 
(20%). The solutions were then filtered several times 

through a 0.2 #m Teflon filter. 

Spin coating.--Films were spin-coated using a Head- 
way EC-101 spinner  equipped with a 15 in. bowl. The 
novolac spun good uni form films from methyl  cello- 
solve acetate. Difficulties were sometimes encountered, 
however, in spinning uni form films from resist solu- 
tions containing PMPS. First, phase separation tended 
to occur with some novolacs in  films spun from pure  
methoxyethyl  acetate. This problem was el iminated 
by the addition of 10-20% cyclohexanone to the resist 
solution. Second, the excess liquid which is spun off 
the substrate dur ing spin coating had a tendency to 
form fibers (cotton candy) that  deposited on the wafer 
resul t ing in poor qual i ty  films. This problem was 
reduced by covering the sample with a large beaker  
dur ing the first 10-20 sec of spinning, then removing 
the beaker  for the final 50 sec drying period. This 
problem could also have been el iminated by using a 
different exhaust  configuration on the spinner.  

1 T h e  novo lac  w a s  p r e p a r e d  b y  P o l y c h r o m e  C o r p o r a t i o n  to  Bell  
L a b o r a t o r i e s  spec i f ica t ions .  

Baking.--The resist and novolac films were prebaked 
either in  vacuum or a forced air  oven in  a conventional  
manner .  

Developing.--The developer used in this study w a s  

Shipley AZ developer. This is an aqueous alkaline so- 
lu t ion with a pH of 12.9. Tempera ture  has a strong 
influence on dissolution rate and  was controlled at 
21 ~ _ 0.1~ Developing was carried out by immersion 
in a ba th  without  agitation. Samples were removed 
after a given time, r insed with deionized water, and 
dried. Developer s t rength was varied by  dilution with 
distilled water, the proper s t rength being that  which 
did not  th in  or at tack the un i r rad ia ted  film. 

Exposure.--Electron beam exposure was carried out 
using either a modified Cambridge Mark II  scanning 
electron microscope or EBES-I. Relevent  exposure 
conditions are given in the discussion. 

Plasma etching.--Films spun from a resist solution 
containing a weight  ratio of PMPS to novolac of 1:10 
(9% PMPS) were evaluated as plasma etching masks 
for SiO2, polysilicon, and a luminum.  The resist thick- 
ness removed during plasma etching was measured 
with a Dectack. 

Image evaluation.--The qual i ty  of images in both 
resist pat terns and etched pat terns were evaluated 
with an ETEC Autoscan scanning electron microscope. 

Results and Discussion 
Solubility characteristics oS the novolae resin.-  

Positive resist action depends on a differential  solu- 
bi l i ty between exposed and unexposed regions. The 
electron resist principle described in  this paper  re -  
quires that the dissolution inhibi tor  be removed by  i r -  
radiation; hence, solubil i ty of the i r radiated film can- 
not be greater than that  of the pure novolac. Accord- 
ingly, it is impor tant  to de termine  the solubil i ty rate 
of the pure novolac. 

The rate of dissolution of a novolac resin in aqueous 
alkaline solution is dependent  on molecular  s t ructure  
and molecular  weight of the novolac, base s t rength 
(pH),  dissolution temperature,  and prebake tempera-  
ture and conditions. Some representat ive dissolution 
curves for the par t icular  novolac studied are shown 
in Fig. 1. In i t ia l ly  we chose a developing temperature  
of 21 ~ • 0.1~ and a prebake t r ea tment  consisting of 
2 hr in  an air oven at 120~ It  was observed, however, 
that  the dissolution rate at constant  pH decreased with 
increasing prebake t ime (Fig. 2) un t i l  u l t imate ly  the 
film became totally insoluble, even in organic solvents. 
The infrared spectrum of a film prior to baking is 
shown in Fig. 3 (spectrum a) together with the spec- 
t rum of the same film after 24 hr  at 120~ in air (spec- 
t rum b) .  The infrared spectra of another  film which 
had been baked at 120~ in vacuum for (a) 2.5 hr 
and (b) 24 hr are shown in Fig. 4. Whereas there is 
no difference between the spectra before and after 
heat ing in vacuum, there is a significant change in the 
case of the film heated in air. A carbonyl  band  appears 
at 1650 cm -1 whose in tens i ty  increases with t ime 
indicat ing oxidative degradation. This process appears 
to give rise to cross-l inking so that eventua l ly  the 
film becomes insoluble. The absence of spectral changes 
for the film heated in vacuum suggests that  the dis- 
solution rate should be unaffected. Figure 5 shows 
that the dissolution rate for films baked 1 hr and 4 
hr  in vacuum is identical. The slight induct ion period 
for the sample prebaked for 4 hr  may be due to a 
small  amount  of surface degradation resul t ing from 
trace oxygen, or removal of unreacted monomer  from 
the film. 

Solubility characteristics of novolac/PMPS films.-- 
Not all novolacs appeared to spin uni form films with 
PMPS. Quali tat ive observations of the cosmetic ap- 
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Fig. 2. Effect of varying prebaking time in air on the dissolution 
rate of N64C. The developer was 1 part AZ: 1 part H.~O. 
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Fig. 5. Dissolution rate for novolac films baked 1 and 4 hr at 
120~ in vacuum. The developer was 1 part AZ: |  part H~O. 

pearance of spun films indicated that novolacs based on 
phenol - formaldehyde are incompatible  with  PMPS 
(Fig. 6A).  Novolacs  based on substituted phenols 
usually appear to be compatible with  PMPS (Fig. 6C) 
although in some circumstances,  depending on the par- 
ticular substituent and spinning solvent,  partial phase 
separation may  be observed (Fig. 6B).  

The novolac used in the present study gave uniform, 
single phase films wi th  PMPS. The presence of PMPS 
in the novolac film greatly  increased the pH required 
to affect the film. Unl ike  the films containing quinone 
diazide dissolution inhibitors which do dissolve at mea-  
surable rates in high pH solutions, novolac /polysul fone  
(NPS)  films often do not dissolve uniformly,  but 
rather become ex tremely  pitted (Fig. 7). However,  this 
type of surface attack only occurs at a pH greater than 
that required for deve lopment  of the resist so that 
within the pH range of interest, PMPS does totally in-  
hibit dissolution. The actual pH such films can wi th-  
stand before pitting depends on the amount  of PMPS 
in the film. Table I shows  the m a x i m u m  pH which  the 
film wil l  withstand for 5 min without  pitting as a func-  
tion of PMPS content. 

Exposure characteristics of pure PMPS. - -The  e x -  
posure characteristics of pure PMPS films have been 
extens ive ly  studied (16, 17). A typical plot of the frac- 
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Fig. 6. Optical micrographs (S00X) showing the ettect or novolac 
structure on the phase structure of NPR films containing 9 w/o 
PMPS. A. Phenol-formaldehyde novolac, B, A cresol-formaldehyde 
novolac supplied by Philip A. Hunt Company, C. N64C. 

t ion  of f i lm r e m a i n i n g  aga in s t  dose  is s h o w n  in  Fig.  8. 
The  e x p o s u r e  was  c a r r i e d  ou t  a t  20 kV. The  fi lm r e -  
m o v a l  r a t e  is an  e x p o n e n t i a l  f u n c t i o n  of  dose:  Clear ly ,  
i f  i t  w e r e  r e q u i r e d  to r e m o v e  al l  t h e  P M P S ,  i.e., r e -  

Fig. 7. Optlcal micrographs CSOOX) showing pitting of NPR films 
caused by too strong a developer solution. A. Interference contrast 
micrograph. B. Normal reHection image. 

duce  the  r e s i d u a l  f i lm t h i c k n e s s  to zero,  a v e r y  l a r g e  
close w o u l d  be  r e q u i r e d .  I t  is also a p p a r e n t  f r o m  Fig.  8 
t h a t  the  con t ras t ,  as d e t e r m i n e d  f r o m  the  s lope  of  t he  
l ine,  is e x t r e m e l y  low,  b e i n g  on ly  0.3. One  m i g h t  b e  
l ed  to conc lude ,  a priori, t h a t  t he  l o w  c o n t r a s t  o f  t he  

Table I. Developer resistance (pH) as a function of the 
weight ratio of PMPS to novolac 

P I P S  :novolac Developer 
(wt ratio) concentration* pH 

0.5:10 1 part AZ: 2 parts H20 12.58 
1:10 1 part AZ: 1 part H.-O 12.70 
2:10 AZ 12.93 

* Denotes developer concentration which the film will with- 
stand for at least 5 rain without pitting at 21 ° -~ 0.1°C. 
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vapor  deve lopmen t  process would  resu l t  in poor  resolu-  
tion. However ,  the contras t  of impor tance  is that  ob-  
ta ined  on deve lopment  of the  res is t  and as we shal l  see, 
i t  is s ignif icant ly higher.  Also shown in Fig. 8 is the 
vapor  deve lopment  curve for a PMPS sample  of 
lower  molecu la r  weight.  As expected,  the  dose to r e -  
move a given f rac t ion of the film is h igher  ( lower  
sens i t iv i ty) ,  bu t  the contras t  is unchanged.  

Fig. 9. Developed NPR resist film thickness as a function of elec- 
tron dose at 20 kV. ( 0 )  NPR film as exposed. ([-1) NPR film ex- 
posed and baked at 120~ for 15 min prior to developing. 

Exposure characteristics of NPR f / m s . - - T h e  exposure  
character is t ics  of NPR films were  de t e rmined  by e x -  
posing known areas  to va ry ing  e lec t ron doses at  20 
kV fol lowed 5y deve lopment  in  a s t anda rd  deve lop-  

Fig. 10. SEM micrograph of 
developed pattern in NPK resist. 
Exposed at ]0 kV on EBES I with 
a dose of 3 #C cm-2. 
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Fig. 11. SEM micrograph of 
plasma-etched SiO~ (0.5 #m) 
patterns without the resist re- 
Ifloved, 

ing solution of sufficient s t rength to develop the pa t te rn  
in a reasonable period of t ime (--~5 min) .  A typical 
contrast curve generated for the resist containing 9 
w/o PMPS is shown in Fig. 9 from which a con- 
trast  of 1.0 is obtained. The sensit ivi ty is 16 #C cm -~ 
at 20 kV. 

The sensi t ivi ty can be increased to 3 #C cm-"- by 
subject ing the i r radiated resist to a postexposure bake 
at 120~ for 15 min  prior to development  as shown in 
Fig. 9. We have a t t r ibuted  this result  to addit ional  de- 
polymerization dur ing  postexposure baking. Under  
normal  i rradiat ion conditions at room temperature,  
active radicals becomes trapped thus hal t ing depolym- 
erization. By subject ing the sample to elevated tem- 
peratures following exposure, the radicals acquire 
sufficient energy to escape from the trap giving rise to 
addit ional  depolymerization, i.e., mater ia l  loss. Studies 
on the na tu re  of the t rapped radicals are in progress. 

Infrared studies (19) have shown that the depolym- 
erization kinetics of PhCPS in solid solution with novo- 
lac are the same as in a film of pure PMPS. Thus the 
development  dose of 3 ~m cm -2 at 20 kV reflects a loss 
of about 60% of the PMPS leaving about 3.6 w/o PMPS 
in the NPR film. This residue still has an inhibi t ing  
effect on the dissolution rate so that  the developer 

s t rength required to develop the image is greater  than 
would be necessary to dissolve the pure novolac in  a 
comparable period of time. 

The contrast  for the resist system of 1.0 is improved 
by a factor of three over that  of the vapor develop- 
ment  process. This higher contrast  presumably  
reflects the abil i ty of the developer to dist inguish small  
differences in the amount  of PMPS remain ing  in  the 
film. 

We speculate that the increase in solubil i ty results 
directly from the removal of the dissolution inhibitor.  
Admit tedly  the depolymerization process produces 
large amounts  of gaseous by-product  with subsequent  
void formation which in tu rn  would enhance the solu- 
bil i ty rate ratio between exposed and unexposed film 
(20, 21). We have noted however that postexposure 
baking above the glass t ransi t ion tempera ture  of the 
novolac results in an increase in sensitivity. Under  
these conditions one would expect the voids to 
collapse and this is indeed observed in practice as a 
surface relief caused by reduction in the film thickness 
in the exposed areas dur ing  postexposure baking. Since 
void collapse would, on the above premise, result  in a 
decrease in  sensit ivity it  seems reasonable then to a t -  
t r ibute the increase in solubil i ty solely to the removal  
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Fig. 12. SEM mlcrograph of 
plasma etched polysilicon (0.75 
#m) patterns without the resist 
removed. 

of the PMPS. Fur the r  evidence is needed to corroborate 
this point. 

Image quality and resolution.--A n u m b e r  of factors 
such as mater ia l  and processing parameters  determine 
the reproducibi l i ty  of image qual i ty  obtained. Not all  
of these are completely understood and fur ther  work 
is required to elucidate these effects. Nevertheless we 
have been able to obtain pat terns with excellent  image 
quality.  There is no pat tern  distortion due to swelling. 
Line width control is, however, ext remely  susceptible 
to overdevelopment  and /o r  overexposure and these 
difficulties are fur ther  compounded by poor adhesion. 
Nevertheless, with careful development,  we have been 
able to develop 0.5 ~m lines and spaces in  0.8 /~m re-  
sist. The high resolution of this resist system is also re -  
flected in  the EBES address s t ructure  which is re -  
solved on all oblique lines. Some micrographs showing 
the pa t te rn  qual i ty  and resolution are shown in  Fig. 10. 

Plasma etching resistance.--Test pat terns were 
wr i t ten  on a var ie ty  of resist-coated substrates with 
EBES-I.  The substrates and the various plasma etching 
conditions for those substrates are listed in  Table II. 
The resist withstood all plasma environments ,  even the 
A1 etch which is considered to be the most reactive of 
all. Photomicrographs of test pat terns  plasma etched in  

SiO2, poly-Si, and A1 are shown in Fig. 11, 12, and 13, 
respectively. 

Conclusions 
1. We have described a new resist system in which 

differential solubil i ty appears due to the removal  of a 
polymeric dissolution inhibitor.  

2. The sensit ivi ty of this resist system is approxi-  
mately  3 ~C cm -2 at 20 kV with a contrast  of 1.0. 

3. Submicron features have been del ineated in  1 #m 
thick resist films. 

4. The resist system withstands A1, poly-Si,  SiO~, 
p-SiO2, and SizNy plasma etching env i ronments  and 

TabTe [I. Substrates and plasma etching conditions used to 
evaluate etch resistance of NPS films 

Substrate SlOe p-glass Poly-Si A1 

Plasma C~_Fs (60%) C...FG (60%) CF3CI CC14 
CHFa (40%) CHF3 (40%) BCI~ 

H e  
Substrate 

etch rate 
(A/min) 600-804) 1200 1000 ~i000 

Resist 
etch rate 
(A/rain) .~0 100 ~100 ...300 



1312 J. EIeetrochem. S oc.: SOLID-STATE SCIENCE AND TECHNOLOGY June 1981 

Fig. 13. SEM micmgraphs of 
plasma etched AI (1.0 #m) 
patterns without the resist re- 
moved. 

has been used to delineate submicron features in the 
above substrates. 
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Electrical Properties and Stability of Supersaturated 
Phosphorus-Doped Silicon Layers 

M. Finetti, P. Negrini, S. Solmi, and D. Nobili 
CNR-ts~ituto LAMEL, Via CastagnoIi, 1, 40126 Bologna, Italy 

ABSTRACT 

Supersaturated solutions of phosphorus in silicon were obtained by ion 
implantation and pulsed ruby laser annealing. The dependence of electron 
mobility and electrical resistivity on carrier density was accurately deter- 
mined by Hall effect and resistivity measurements. Maximum dopant con- 
centration was 5 X 1021 atom/cm s, corresponding to a resistivity of 110 ~ �9 cm 
and to an electron mobility of Ii cm2/V �9 The stability of these alloys was 
analyzed by isochronal and isothermal annealing. In the more heavily doped 
samples a remarkable deactivation of the dopant was verified also for 
thermal treatments of i hr at 300~ TEM examinations showed a large amount 
of precipitates with density and size depending on supersaturation. Finally it 
was observed that the electron mobility depends only on the carrier density 
and is unaffected by the electrically inactive phosphorus, even when presen% 
at very high concentrations. 

Many recent  papers have indicated laser i r radiat ion 
as an interest ing technique for the recovery of radia-  
tion damage in implanted layers (1-8). It  was also ob- 
served by some authors (6-8) that dopant concentra-  
tions in excess of the solid solubili ty values can be 
dissolved in silicon by these techniques. The possibil- 
i ty of obtaining higher conductivities, both in  mono-  
crystal l ine silicon slices and in polysilicon films, is of 
great importance in microelectronics in order to fur%her 
reduce device geometries as required by the very large 
scale integration.  

In  this paper supersaturated silicon layers obtained 
by Q-switched ruby  laser anneal ing  after heavy phos- 
phorus implanta t ion  were accurately characterized and 
the dependence of resist ivity and electron mobil i ty  on 
carrier  concentrat ion was determined. In  addition, the 
stabil i ty of these metastable alloys was studied by iso- 
chronal and isothermal anneal ing;  these experiments  
provided informat ion on the precipi tat ion phenomena 
of excess dopant. 

Experimental 
For our exper iment  we used p-type,  <100> ori-  

ented, CZ pulled, dislocation-free silicon slices of 
nomina l ly  1 ~2 �9 cm resistivity. Wafers were about  300 
gm thick and mirror  finished on one side. 

The crystals were phosphorus implanted  in a r andom 
direction with an energy of 100 keV and at doses rang-  
ing be tween 2 X 10 t5 and 5 X 10 TM a toms/cm ~. 

Before anneal ing  a th in  silicon layer, about  400A 
thick, was removed by anodic oxidation to el iminate  the 
contaminat ion  of carbon atoms int roduced by  the im-  
planta t ion process. 

Laser anneal ing was carried out by a 20 nsec single 
pulse delivered by a Q-switched r u b y  oscillator (~. -- 
0.69 ~m) operat ing in  mul t imode regime. An optical 
guide was used to yield a uni form 14 m m  diam light 
spot with an energy densi ty of 1.8 J / c m  2. 

Key words: phosphorus implantation, laser annealing, electron 
mobility in silicon, stability of supersaturated layers, phosphorus 
precipitation. 

For the determinat ion of the electrical profile, t h e  
van  der Pauw geometry was etched on the specimen's 
surface by a photolithographic process, or a l ternat ively  
by using an ultrasonic drill. Sheet resistance and Hall  
effect measurements  were performed after anodic 
oxidation in steps of 200A and oxide stripping. 

The stabil i ty of these metastable layers was analyzed 
by isothermal anneal ing at 450 ~ and 550~ from 15 
min  to 1500 hr, and by 1 hr isochronal heating in steps 
of 25 ~ from 300 ~ to 750~ The processes were carried 
out in an open tube furnace in ni t rogen atmosphere. 

After each t rea tment  resistivity and Hall effect mea-  
surements  were performed to determine the to ta l  
amount  of carrier concentrat ion and the average mo-  
bility. 

The recovery of the radiat ion damage and the effects 
of the successive hea t - t rea tments  were checked by  
transmission electron microscopy (TEM) observations 
and Rutherford backscattering (RBS) analysis. 

Results and Discussion 
Electrical characterization of the supersaturated lay- 

ers,--In Fig. 1 are reported the carrier concentrat ion 
profiles obtained on samples implanted  at 100 keV 
with doses of about 5, 0.8, and 0.3 X 1018 atoms/cm ~ and 
successively laser annealed. In  any  case the total 
amount  of implanted  phosphorus was electrically a c -  
t ive .  At the highest dose a carr ier  concentrat ion of 
about  5 X 10 ~1 cm -~ (corresponding to 10 atomic per-  
cent) was obtained, more than one order of magni tude  
higher than the ma x i mum value of phosphorus solid 
solubil i ty in silicon (9). 

TEM and RBS examinat ions  showed that  the above- 
defined laser anneal ing  completely restored the crystal 
lattice which was found free of observable defects. This 
behavior  was confirmed also for the most heavi ly  
doped specimens. 

The  dopant  was localized in an ext remely  shallow 
surface region and the typical high diffusivity tail  
associated with phosphorus profiles was not  present  
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Fig. 1. Carrier concentration profiles of phosphorus-implanted 

laser annealed samples. 

(9-10). The  junc t ion  dep th  was lower  than  0.3 #m and 
the corresponding sheet  resis tance was about  8 Q/[:]. 
The qua l i ty  factor  (q.f. --  (ps �9 x j ) - 1 )  of this l aye r  is 
about  0.45 ~m -1 �9 ~ -1 ,  h igher  by  a factor  of four  than  
the one obta inable  b y  the t r ad i t iona l  furnace  process-  
ing. 

In  l~ig. 2 we repor t  the e lect ron mobi l i ty  vs. car r i e r  
concentra t ion as de te rmined  by  res is t iv i ty  and Hal l  
effect measurements .  The expe r imen ta l  points  re fer  not  
o n l y  to the profiles repor ted  in Fig. 1, but  also to 
o ther  implan ted  doses annea led  in the same conditions. 
The dot ted curve represents  the behavior  fol lowed b y  
t he rma l ly  diffused samples  (11). I t  stops at  about  
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Fig. 2. Electron mobility vs .  carrier concentration. The dotted 
curve represents the behavior of mobility in diffused samples (11). 

4 X 1020 em-S, corresponding to the  h ighes t  concentra-  
t ion obta inable  by  the t r ad i t iona l  techniques.  

The curve of mobi l i ty  in laser  annea led  samples joins 
to the Mase t t i -So lmi  da ta  (11) and decreases  wi th  in-  
creasing car r ie r  concentrat ion,  down to values  of 11 
em2/V.sec corresponding to an e lect ron concentra t ion 
of 5 • 10 m c m  -~. 

A t  ca r r i e r  densi t ies  lower  than  3 X 1020 c m - 8  the 
laser  annea led  samples  presen t  mobi l i ty  values  about  
10-20% lower  than in  diffused samples.  This effect 
was a t t r ibu ted  to a high concentra t ion of e lec t r ica l ly  
active point  defects in t roduced in the c rys ta l  by  the 
laser  t r ea tmen t  (12-13). The influence of these defects 
on mobi l i ty  is significant only  at  r e l a t ive ly  h igh  # 
values ( >  50 cm2/V.sec) and becomes g radua l ly  neg-  
l ig ib le  wi th  decreasing mobil i ty .  I t  has been  observed 
that  a f te r  a t he rma l  t r ea tmen t  a t  700~ these defects 
a re  comple te ly  annea led  (12). This behavior  is con- 
f irmed by  our resul ts  obta ined on supersa tu ra ted  sam-  
ples t he rma l ly  annea led  at  850~ for  30 rain (open 
circles in Fig. 2); in this case the  mobi l i ty  values fa l l  
on the  Mase t t i -So lmi  curve (11). 

The  da ta  f rom laser  annea led  samples,  r epor ted  in 
Fig. 3, a l low the empi r ica l  res i s t iv i ty  vs. car r i e r  den-  
s i ty  curve of n - t y p e  silicon to be ex tended  to h igher  
concentrations.  By this technique it is possible to obta in  
resis t ivi t ies  as low as 110 ~ . c m ,  a fac tor  of th ree  
lower  than  the m i n i m u m  values  p resen ted  b y  the r -  
ma l ly  p redepos i ted  samples  and comparable  to those 
character is t ic  of the t rans i t ion  meta l  (Mo, W . . . .  ) 
sil icides (14). In  this figure we have  also shown, for 
comparison,  two exper imen ta l  curves (dot ted  l ines) of 
p vs. n a l r eady  repor ted  in the l i t e ra tu re  (9, 15). I rv in  
da ta  have not  been considered here  because,  as the 
au thor  himself  points  out  (16), for  concentrat ions  in 
excess of 2 • 1020 cm-Z they  a re  not  re l iab le  due  to 
the possible differences be tween  dopant  and  e lec t ron 
concentrations.  

Stabil i ty  oJ the supersaturated layers . - -These  highly  
supersa tu ra ted  solutions are  far  f rom the equi l ib r ium 
conditions, therefore  thei r  t he rmal  s tabi l i ty ,  a neces-  
sary  condit ion for prac t ica l  applicat ions,  depends  on 
the kinetics of prec ip i ta t ion  of the sil icon phosphide 
phase. 

The occurrence of p rec ip i ta t ion  was ex tens ive ly  
s tudied in a companion pape r  (17). Here  we repor t  
the resul ts  of the observat ions  of the  s tab i l i ty  as a 
function of the implan ted  dose. 

I so thermal  anneal ing  of four  different  composit ions 
was per formed  at  450~ for 1500 h r  and at  550~ for  
1000 hr. The ini t ia l  ca r r ie r  concentra t ion in the top of 
the  profile w a s 5  • 102,, 2 • 10 ~1,5 • 1020, a n d 2  • 

' ' ' ' 1  , / ' ' ' ' ' ' 1  , , , , , ,  i ,  

. . . . . .  M a s e t h  - S o l m l  [11] 

limit o f  t h e  _ _ _  E s a k i - M i y a h a r a  [15] \ ,, 

' , " ,  t h e r m a l  p r o c e s s e s  
10-" -- \", 

\ . . ~  
0 " ' . ~  

1 0  , , ,  , I  , , , , , ,  , I  , , , , , , ,  

s 1 d o  2 4 e a l d l  2 4 6's 10z2 

n [cm-~ 

Fig. 3. Resistlvhy vs. carrier concentration in phosphorus-doped 
silicon. 
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1020 cm -8, respect ively .  In  Tables  I and  II  we report ,  
at  increas ing anneal ing  times, the  phosphorus  p rec ip i -  
ta ted f rac t ion f, as defined b y  

I = [Cl - -  C ( t ) ] / [ C t  - -  C.]  

where Ci is the implanted dose, C(t) the time de- 
pendent electrically active dose as determined by 
Hall measurements, and Ce the equilibrium dose. 

The calculations of Ce were performed by using 
phosphorus solubilities of 2.2 • 10 t9 atoms, cm-S at 
450~ and 3.8 X 1019 atoms �9 cm -~ at 550~ These data 
were determined by Ekstrom et  al. (18) by analy- 
sis of the kinetics of P precipitation in Sio.TGeo.9 ther- 
moelectric alloys and are significant in our case as 
silicon and germanium form ideal solutions. Moreover, 
they are in very good agreement with the solubility 
values, that we will discuss in a subsequent paper, 
deduced by  the concent ra t ion  profiles a t  the  end of our  
i so thermal  t rea tments .  

Examina t ion  of these resul ts  puts  in evidence the  
m a r k e d  dependence  of the ex ten t  of prec ip i ta t ion  on 
the in i t ia l  supersa tura t ion ;  this behav ior  is foreseen 
by  the models  of the prec ip i ta t ion  kinet ics  (18-20). For  
low concentra t ions  (2 • 1020 cm-S) ,  comparab le  to 
the ones obta ined  by  the rmal  processes, an apprec iable  
prec ip i ta t ion  is observed only  af te r  significant annea l -  
ing t imes (t > 100 hr  a t  450~ and t > 1 hr  a t  550~ 
The ex ten t  of the process increases r ap id ly  wi th  super -  
sa tura t ion  and at  5 • 1020 cm-3  we obta ined  a s ig-  
nificative prec ip i ta t ion  jus t  a f te r  15 min. 

TEM observat ions  of the samples  showed a ve ry  high 
densi ty  of p rec ip i t a ted  part icles ,  which is connected to 
a ve ry  high nucleat ion frequency.  Prec ip i ta te  size de- 
creases with  increas ing concentrat ion;  this is in agree -  
men t  wi th  the  classical  model  of nuclea t ion  (21) 

In " -  A exp - -  B/[RT(ln i) ]s 

where  In is the nucleat ion frequency,  A and B are  con- 
s tants  at  constant  tempera ture ,  and i is the  supersa tu -  
ra t ion defined as the rat io  of the ac tua l  and  the equi -  
l i b r ium solute concentrat ion.  

In  Fig. 4 are  repor ted  two examples  of TEM micro-  
graphs  taken  on specimens phosphorus implan ted  wi th  
dose of 2 • 10 i~ a toms /cm 2 (Fig. 4a) and 8 X 1015 
a toms /cm 2 (Fig. 4b) af ter  1500 hr  anneal ing  at  450~ 

The less doped sample,  which corresponds to an' in i -  
t ia l  concentra t ion of 2 X 1020 a toms /cm 2, presents  p re -  
cipi tates  of about  200A in d iamete r  wi th  a dens i ty  of 
about  102~ cm -2. Converse ly  in the more  doped speci-  
men ( in i t ia l  concentra t ion 5 • 1020 atoms/cm3) the 

Table I. 

Prec ip i t a t ed  f rac t ion ,  f (%)  
I s o t h e r m a l  

450~ 5 • i ~  2 • 16 ~ 5 • i0 ~~ 2 • IC e~ 
annealing ( atoms/ ( atoms/ ( atoms/ ( atoms/ 
t ime  (h r )  cm 3) cm ~) c m  3) cma) 

0.25 82.4 45.4 28.7 6.1 
1 86.6 54.1 40.0 6.8 

10 92.3 69.5 55,9 6.7 
100 95.5 80.7 71.8 12.2 

1500 97.2 88.9 83.7 36.5 

Table II. 

Prec ip i t a t ed  f rac t ion ,  f (%) 
I s o t h e r m a l  

550~ 5 • 10 -~ 2 x 1~  1 5 x 10 ~ 2 • 10 ~~ 
annea l ing  ( a toms /  ( a t o m s /  ( .atoms/ ( a toms /  
t ime  (h r )  c m  s) c m  s) cm3) cm~) 

0.25 89.3 60.0 41.5 8.9 
1 91.6 69.5 53.9 13.3 

10 94.3 81.5 70.7 22.1 
100 96.4 88.3 81.2 39.8 

1000 96.1 94.4 89.7 92.9 

Fig. 4. Weak-beam (g, - -g)  TEM micrographs of 2 X 1015 atom] 
crn 2 (a) and 8 • 10 i5 atom/cm2 (b) phosphorus-irnplanted, laser 
annealed specimens successively treated at 450~ for 1500 hr (g ~- 
220). Magnification • 

size of the prec ip i ta tes  is smal le r  (50-80A in d i ame te r ) ,  
and the i r  dens i ty  is h igher  (1012 cm-2 ) .  The micro-  
graphs were  taken  in the weak  beam geomet ry  in 
o rder  to have  image widths  ve ry  close to the t rue  
par t ic les  size. F rom the dens i ty  of prec ip i ta tes  (per  
uni t  volume) ,  which was obta ined  by  tak ing  into ae-  
count the geometr ica l  effect of the over lapping  (22), 
and f rom thei r  average  d iameters  we deduced tha t  
the amount  of the silicon phosphide  phase is consis tent  
wi th  tha t  of the e lec t r ica l ly  inact ive  dopant .  

Thermal  s tab i l i ty  as a funct ion of t empe ra tu r e  was 
inves t iga ted  by  isochronal  anneal ing  in the  range  
300~176 in steps of 25~ Heat ing  t ime per  s tep was 
1 h r .  We repor t  in Fig. 5 and 6, respect ively ,  the elec-  
trically active dose C and the average  mobi l i ty  # vs. 
t empera tu re  for th ree  different  imp lan ted  doses. As 
expected the s tab i l i ty  decreases wi th  increas ing super -  
saturat ion,  in pa r t i cu la r  a r e m a r k a b l e  decrease in C 
is observed in the most heavi ly  doped specimens where  
about  40% of the dopant  is p rec ip i t a ted  af ter  1 h r  a t  
300~ The less doped composi t ion is f a i r ly  s table  and 
shows a monotonic  t rend,  whi le  those more  heav i ly  
doped presen t  a m in imum act ive concentra t ion fo l -  
lowed  b y  redissolution.  The t e m p e r a t u r e  for  reverse  
annea l ing  decreases wi th  increas ing  in i t ia l  dopant  con- 
centrat ion.  

As we discussed in deta i l  (17), this r everse  annea l -  
ing phenomenon is due to the Gibbs-Thomson  effect 
(21). The solubi l i ty  of the dopant  increases  wi th  de- 
creasing size of the precipi ta tes ;  this enhancement  is 
impor tan t  only  for  prec ip i ta tes  of ve ry  smal l  size. 
When t empe ra tu r e  is ra ised enough, smal l  par t ic les  
redissolve and the process takes place  at  lower  t em-  
pera tu res  and h igher  dopant  concentrat ions,  the 
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Fig. 5. Electrically active dose vs. 1 hr isochronal annealing tem- 
perature for three different implanted doses. 

smaller the particle size. This is clearly shown in Fig. 
5 where, as it was observed previously, the higher the 
initial supersaturation the smaller is the particle size. 

Finally we point out that this large density of small 
particles does not influence the carrier mobility. In 
fact, the average mobility data (Fig. 6) show a be- 
havior depending essentially on the electrically active 
concentration and lie on the same curve when plotted 
vs. C. 

This phenomenon is demonstrated clearly by mea- 
surements performed on specimens implanted at doses 
of 4 • 1016 atoms/cm 2 (profile a in Fig. 1), laser an- 
nealed, and successively thermally treated at 850~ 
for 30 min. The mobility values (open circles in Fig. 
2), in spite of the large amount of inactive phosphorus, 
fit very well with the experimental curve reported in 
the literature (11). This experiment excludes the 
formation of a significant amount of point defects 
which compensate or make the excess dopant elec- 
trically inactive (10, 23), since their presence would 
considerably affect carrier mobility. 

Conclusions 
The following conclusions can be drawn from this 

study: 
1. Silicon n + layers with electron concentration up 

to 5 X 1021 cm -3 can be obtained by high dose phos- 
phorus implantation and pulsed laser annealing. 
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Fig. 6. Average electron mobility vs. 1 hr isochronal annealing 
temperature for three different implanted doses. 

2. Electron mobility decreases monotonically with 
increasing dopant concentration from ~ 45 cm2/V-sec 
at 3 • 1020 to ,~ 11 cm~/V.sec at 5 • 1021 atoms/cm 3. 
Silicon resistivities as low as 110 /~Lt.cm, comparable 
to those presented by the refractory metals silicides, 
can be obtained. 

3. The thermal stability of these alloys, determined 
by isochronal and isothermal annealing, is strongly 
dependent on the supersaturation. Even short processes 
at low temperature, such as metal sintering or die 
bonding or packaging, can produce a marked precipi- 
tation of dopant in the more heavily doped samples. 

4. The electrically inactive phosphorus is present in 
the form of small precipitates, with densities and mean 
diameter depending on supersaturation. 

5. The electrically inactive phosphorus, even when 
present in concentration about 15 times higher than 
the carrier density, does not affect the electron mo- 
bility, which depends only on carrier concentration. 
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Anomalous Arsenic Diffusion in Silicon Dioxide 

Yasuo Wada*,* and Dimitri A. Antoniadis* 
Department o~ Electrical Engineering and Computer Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The diffusion of ion- implan ted  arsenic in thermal ly  grown silicon dioxide 
is examined as a funct ion of temperature,  arsenic concentration,  and  ambient .  
Diffusion coefficients are calculated from profiles obtained by  secondary 
ion mass spectroscopy (SIMS) analysis. At relat ively low concent ra t ions- -  
below approximate ly  5 X 1020 cm-~- - the  activation energy of the diffusion 
coefficient in ni t rogen atmosphere between 1000 ~ and 1200~ is 4,7 eV. At 
high concent ra t ions- -above  5 X 1020 cm-3---it  is found that  arsenic practically 
does not diffuse under  the above conditions. This phenomenon might  be 
a t t r ibuted  to arsenic-s i l icon-oxygen complex formation. However, if annealed  
in a dry  oxygen atmosphere, arsenic diffuses at both high and low concen- 
trat ions with an activation energy of 3.7 eV. It  is determined that  it  is neces- 
sary that  oxidation of under ly ing  silicon must  be taking place for such an en-  
hanced diffusion to occur. The mere presence of oxygen in  the annea l ing  
ambient,  wi thout  silicon oxidation, does not have any effect. 

Large-scale in tegrat ion of silicon MOS circuits is 
par t ly  accomplished via the scaling principle (1), in 
which vert ical  as well  as horizontal  dimensions of 
MOSFET's are reduced simultaneously.  Because of its 
low diffusivity, arsenic is thus becoming increasingly 
impor tan t  as an n - type  dopant. Arsenic ion implan ta -  
tion has become a key process for fabricat ing seIf- 
aligned shallow source and drain regions (2) in scaled 
polysilicon gate circuits. The diffusion coefficient of 
arsenic (As), in silicon (Si), has been determined 
accurately (3), and clustering models have been pro- 
posed (4), so that chemical and electrically active pro- 
files of arsenic, as well  as residual defect penetra t ion 
(5), result ing from a wide var ie ty  of ion implanta t ion  
based processes are quite predictable. However, diffu- 
sion coefficients in  silicon dioxide (SiO2), reported to 
date, are scattered by more than an order of magni tude  
(6-8). As SiO2 layers become thinner,  control of im-  
pur i ty  profiles increasingly requires bet ter  knowledge 
of impur i ty  diffusion characteristics in SIO2. 

The present  work presents a s tudy of As diffusion in 
thermal ly  grown SiO2 at temperatures  between 1000 ~ 
and 1200~ in ine r t -n i t rogen-  and oxidizing-dry oxy-  
gen-ambients .  Arsenic was ion implanted into SiO2 at 
two doses, 1015 cm -2 for relat ively low concentrat ion 
s tudy and 10 t6 cm -2 for high concentrat ion study. 
Diffusion coefficients were calculated directly from the 
as- implanted and diffused profiles in SiO2 observed by  
secondary ion mass spectroscopy. This direct observa- 
tion of profiles el iminates uncertaint ies  introduced by 
assumed models when  As diffusion is extracted by 
electrical characterization of Si doped via the SiO2. 

Electrochemical  Society Active Member. 
Present  address: Central  Research Laboratory, Hitachi, Lim- 

ited, Kokubunji, Tokyo 185 Japan. 
Key words: dielectrics,  integrated circuits, ion implantation,  

SIMS. 

SIMS is a very  powerful  tool in de termining impur i ty  
profiles both in Si and in SiO2 (9, 10). However, in 
analysis of SiO2 or insulat ing materials  in general, a 
major  problem is the electrostatic charge-up of the 
sample dur ing sputtering. Another  problem, of lesser 
importance, is the redeposition effect from the high 
concentrat ion edges of the sputtered crater. Here a 
new sample s tructure is introduced to avoid these two 
problems, and is used to analyze the As-doped SIO2. 
The results of this study indicate that in inert  ambi-  
ents detectable diffusion takes place at arsenic concen- 
trations less than about 5 • 1020 cm -3. At higher con- 
centrat ions diffusion appears to stop, suggesting some 
form of As complexing. In oxidizing ambients,  diffu- 
sivity is enhanced and the complexing effect is not ob- 
served. Fur ther  it  is determined that  the enhancement  
results from the oxidation of under ly ing  silicon, which 
clearly suggests an oxidation enhanced diffusion 
(OED), ra ther  than oxygen enhanced diffusion. In ter -  
estingly, the change of activation energy of diffusivity 
under  OED in SiO2 is similar  to that  observed under  
OED in silicon (13). 

Experimental Procedures 
Sample preparation and SIMS measurements.--A 

0.5 ~m thick SiO2 layer  was thermal ly  grown on a p- 
type, <100> oriented silicon wafer. As ions were im-  
planted into the oxide layer  at 120 keV to doses of 
between 1015 and 1016 cm -2. The samples thus pre-  
pared were annealed in either dry  ni t rogen or dry 
oxygen atmosphere at temperatures  between 1000 ~ and 
1200~ for times between 15 min  and 64 hr. Then the 
SiO2 layer was etched to define mesas of 500 ~m diam. 

SIMS analysis was carried out to measure the As 
profile in SIO2. The mesa s t ructure  avoids not  only the 
charge-up of the SiO2 layer  bu t  also the redeposition of 
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spu t te red  a toms f rom the high i m p u r i t y  concentra t ion 
edge of the convent ional  crater ,  as schemat ica l ly  shown 
in Fig. 1. Thus, i t  makes  possible to obta in  accurate  
depth  profiles by  SIMS analysis.  The detect ion l imi t  
was around 10 is cm -3, which is sensi t ive enough to 
a l low de te rmina t ion  of the diffusion coefficient in more 
than 1019 cm -3 arsenic concentrations.  The possible 
e r ror  of the concentra t ion de te rmina t ion  was -+30%. 
Residual  oxide thickness was measured  by  laser  e l l ip-  
somet ry  and by  surface prof i lometer  (Dek tak) ,  and the 
possible e r ror  in this thickness measurement  was 
a round  _ 5 % .  The sput te r ing  ra te  was ca lcula ted  f rom 
the thickness measuremen t  and was typ ica l ly  1.5-3.5 
nm/min .  Ion cur ren t  s ignal  of Si + was quite s table 
dur ing  the measurement ,  and the var ia t ion  was typ i -  
ca l ly  less than 10% in 6 hr. 

Typical  sample  s t ructures  before and af te r  SIMS 
analysis  measured  b y  Dektak  are  shown in Fig. 2. The 
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Fig. 2. Typical example of the sample structure (A) before and 

(B) after SIMS analysis, measured by Dektak. 
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protrusion represents the mesa-etched SiO2 region. 
Negative oxygen (O-) ions were used as the primary 
ion beam, and were scanned over more than a 700 /~m 
square region. Data acquisition area was 150 ~m square 
at the center of the primary ion beam scanned area, 
and the raggedness of this area was less than 2.5 nm. 
The rate of sputtering ratio between Si and SiO2 is 
approximately 1: 2, as depicted in Fig. 2 (b). 

DifIus{on coefficient determination.--The concentra-  
t ion of As atoms in SiO2 was de te rmined  from the sig- 
nal  rat io be tween  ~As  + and 2sSi+. The As concentra-  
t ion of  the a s - implan ted  sample  was de termined 
quan t i t a t ive ly  f rom the expe r imen ta l ly  obta ined signal 
rat io by  ad jus t ing  the in tegra l  of the concentra t ion to 
the ac tual  implan ted  dose. The sput te red  depth,  mea-  
sured by  the prev ious ly  ment ioned method, was used 
to de te rmine  the distance of the peak  posit ion from the 
surface. The diffusion coefficient of As in SiO2 was de-  
r ived  by  fi t t ing ca lcula ted  profiles to the obta ined  As 
profiles by  SIMS. S imple  gauss ian- type  diffusion was 
assumed. 

Results and Discussion 
AnomaZous di#usion o# arsenic in silicon d iox ide . -  

Typica l  As profiles in SiO2 af ter  anneal ing  at  l l00~ 
for 16 hr  in n i t rogen are  shown in Fig. 3 by  broken  
lines. The fluctuation of 2ssi+ signal, shown by a chain 
line, was less than  --+10% dur ing  the analysis,  which 
usua l ly  took 2 hr. In  the figure, a s - implan ted  As pro-  
files in SiO2 are  also shown by  solid lines to indicate  the 
differences be tween  different  As concentrations.  The 
pro jec ted  range  der ived  from these as - implan ted  pro-  
files coincide wel l  wi th  the theoret ica l  value  (11) 
wi th in  expe r imen ta l  error.  

I t  was found tha t  if  the As concentra t ion exceeds 
about  5 • 1030 cm -3, arsenic atoms prac t i ca l ly  do not  
diffuse even af ter  this high t empera tu re  t rea tment .  On 
the other  hand, As atoms diffuse wi th  a diffusion co- 
efficient of 3.9 X 10 - i s  cm'2/sec at  l l00~ if the con- 
cent ra t ion  is lower  than  this value.  In Fig. 3, the sur-  
face low concentra t ion region which appears  af ter  an-  
neal ing is p robab ly  due to the evapora t ion  of As atoms 
from the SiO2 surface. As can be seen, As atoms have 
diffused signif icantly deep into the layer  under  both 
low and high concentra t ion implan ta t ion  conditions. 

The cause of the nondiffusing high As concentration 
region could be complexing of As-Si-O to form a 
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s table  phase. The expe r imen ta l l y  obta ined  cr i t ical  As 
concentra t ion is a round  1 atomic percent  (5 • 1020 
c m - 8 ) ,  which is p robab ly  low enough to form solid 
solutions for SiO2-As203. However ,  the segregat ion 
effect (s inusoidal  decomposi t ion)  of the i m p u r i t y  in 
the  m a t r i x  (12) could cause the format ion  of a com- 
plex. A more  de ta i led  unders tand ing  of the SiO2-As203 
sys tem is requ i red  before  this issue can be set t led.  

Temperature dependence o] difIusion coefficient in 
inert ambient.--Annealing t empera tu re  dependence  of 
the diffusion coefficient was measured  in the t empera -  
ture  range  of 1000~176 in d r y  nitrogen.  Diffusivity 
of As in SiO2 was ca lcula ted  in the low As concentra-  
t ion region, and the resul ts  a re  shown in Fig. 4. The 
ac t iva t ion  energy  der ived  f rom the Ar rhen ius  plot  is 
4.7 eV, and is in genera l  ag reement  wi th  former  re-  
sults (6-8).  

Regions wi th  more  than  a 5 • 10 "~o cm-S  As concen-  
t ra t ion  y ie ld  a diffusion coefficient of a t  least  two 
orders  of magni tude  smal le r  than  that  of low concen- 
t ra t ion regions in the same t empe ra tu r e  range.  In other  
words, the S i -As -O  complex of the high concentrat ion 
arsenic region is s table  up to 12O0~ 

Ambient dependence of diffusion coe~cient.--The 
preceding exper imen t s  were  pe r fo rmed  in a d ry  n i t ro-  
gen atmosphere.  I t  has been repor ted  that  anneal ing  in 
a d r y  oxygen  a tmosphere  re ta rds  the  As diffusion in 
SiO2 (7, 13). Therefore,  the samples  were  annea led  in 
a d ry  oxygen a tmosphere  in o rder  to examine  the 
ambien t  effect on the nondiffusing high concentra t ion 
As region as wel l  as on the low concentra t ion regions. 

The samples  implan ted  wi th  1016 c m - e  arsenic ions 
were  annea led  in a d r y  oxygen  ambient .  The resul t ing  
As profile is shown by  a dot ted  l ine in Fig. 5, toge ther  
wi th  the resul ts  of anneal ing  in n i t rogen a tmosphere  at  
12OO~ for 4 hr. The ambien t  dependence  of As diffu- 
sion is c lea r ly  shown. The high concentra t ion As re -  
gion exhib i ted  a m a r k e d  diffusion in the oxygen  
atmosphere ,  which contrasts  the nondiffusing As re-  
gion annea led  in n i t rogen atmosphere .  Also, in the low 
concentra t ion region, As atoms diffuse fas ter  in SiO., 
under  oxygen ambien t  (1 • 10-15 cm2/sec at  l l00~ 
than in a n i t rogen a tmosphere  (3.9 • 10-~6 cm2/sec at  
l lO0~ as shown in Fig. 6. The diffusion coefficient 
of As in SiO2 in the high concentra t ion region was a l -  
most  the same as that  of the low concentra t ion regions. 

The t e m p e r a t u r e  dependence  of the  diffusion coeffi- 
cient shown in Fig. 7 indicates  tha t  the  act ivat ion 
energy  of As diffusion in SiO2 in oxygen a tmosphere  is 
3.7 eV, which is 1 eV less than  tha t  in n i t rogen a t -  
mosphere.  Therefore,  the As diffusion mechanism is 
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poss ibly  different,  or  a t  least  is affected b y  some ex -  
tr insic phenomena.  In the figure, the r epor ted  values of 
diffusion coefficient (6-8) a re  also shown, and are  
genera l ly  in agreement  wi th  the presen t  results,  con- 
s ider ing  the differences in sample  p repa ra t ion  and m e a -  
sur ing  method. 

The act ivat ion energy  as wel l  as the re la t ive  en-  
hancement  of the oxida t ion  enhanced diffusion (OED),  
repor ted  here  are  s imi lar  to those repor ted  for low 
concentra t ion arsenic, phosphorus,  and  boron diffusion 
in Si by  Antoniadis  et al. (14). The mechanism of OED 
in Si has been proposed as in te r s t i t i a lcy  diffusion (15), 
and the degree of OED has been re la ted  to the ra te  of 
oxidat ion  (16). In  the case of the As-SiO2 system, 
there  a re  three  possible causes of OED. One is the  
presence of excess oxygen  ions in the SiO2 network.  
Another  is the t ranspor t  of oxygen  th rough  SiO2 and 
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the last is excess point defect generat ion (perhaps 
vacancy),  at the SiO2-Si interface during oxidation. 

The following exper iment  was carried out to shed 
some light on the mechanism of OED of As in SIO2. 
Anneal ing  of As-doped thermal  SiO2 in oxygen ambi-  
ent  without  a t tendant  oxidation of under ly ing  silicon 
was achieved by  using samples prepared by completely 
oxidizing 250 um of polysilicon deposited on SijN4. 
These samples were implanted with As and were an-  
nealed as described previously in both oxygen and 
nitrogen. Typical results of SIMS analysis have re- 
vealed no ambient  related difference in the diffused 
profiles. I t  can thus be concluded that the presence of 
excess oxygen in SIO2, which would be present  at solid 
solubil i ty levels dur ing oxygen ambient  annealing,  is 
not the reason for OED. However, on the basis of the 
present  experiments  it is not possible to discriminate 
between the remaining  two possible causes of OED. If 
t ransport  of oxygen is indeed responsible, one would 
expect some form of nonuni form diffusivity with the 
profile shape skewing towards the deep end. Such an 
effect cannot be concluded from the present  data. 

The results shown here suggest that it might  be diffi- 
cult to control high concentrat ion arsenic layer diffu- 
sion from a doped oxide source. Doped oxide source 
concentrat ion above 5 • 102o cm -3 is ineffective if the 
anneal ing atmosphere is nitrogen. Oxygen atmosphere 
would increase the diffusivity of higher concentrat ion 
As in SIO2, however, the SiO2 layer  formed between 
doped oxide and silicon dur ing  anneal ing (oxidation) 
would hinder  the diffusion of As into Si. Such an effect 
has been observed by Reindl (13), who noted that a 
doped oxide source is more effective at 100% 02 than 

100% N2, but  an opt imum efficiency, bet ter  than at 
100% 02, is achieved for a 60-40% mixture  of O2 -- N2. 

Conclusions 
Anomalous diffusion phenomena of As in SiO2 were 

studied by SIMS using mesa s tructured samples, which 
eliminates charge-up and peripheral  effect of insulator  
sample and enables accurate measurements.  The results 
are summarized as follows. 

I. At more than  a 5 • 1020 cm -3 concentration 
arsenic does not  diffuse between 1000 ~ and 1200~ 
probably because of complex formation in SIO2. 

2. The activation energies of low concentrat ion (<5 
• 102o cm-3) ,  As diffusion in SiO2 are 4.7 and 3.7 eV 
in dry ni t rogen and dry oxygen atmosphere, respec- 
tively. 

3. In  dry oxygen atmosphere, the high As concen- 
t rat ion region does diffuse. The cause of the oxidation 
enhancement  is the oxidation of the under ly ing  silicon. 
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The Nature and Rate of Creepage of 
Copper Sulfide Tarnish Films over Gold 

V. Tierney* 
BeL~ Laboratories, Murray Hiff, New Jersey 07974 

ABSTRACT 

Tarnish films that  form on copper surfaces at high humidi ty  can creep 
over adjoining gold surfaces, causing increases in the contact resistance of the 
gold. In  m a n y  cases, however, when gold-plated contacts having exposed 
areas of copper are removed from equipment  used for extended periods of 
t ime in envi ronments  known to contain sulfiding compounds, there has been 
little or no evidence of creepage. This protection against  tarnish is caused 
by a na tu ra l ly  formed oxide and has been duplicated in the laboratory.  When 
copper sulfide tarnish films do creep over gold surfaces, distinctive periodic 
bands are formed. The humidi ty  dependence of the rate and m a x i m u m  dis- 
tance of the creepage have been studied. 

When freshly cleaned copper is exposed to an en-  
v i ronment  containing sulfur, a tarnish film comoosed of 
copper oxide and copper sulfide forms. This film can 
migrate  over gold surfaces with which the copper is in 
contact, causing increases in the contact resistance of 
the gold. This phenomenon  is f requent ly  called creep 
in  .the l i terature.  

Gold-plated copper or copper alloy electrical con- 
tacts having exposed areas of copper are f requent ly  
used in  electronic equipment  that  may  be stored, 
shipped, or used in envi ronments  where sulfiding com- 
pounds are present. 

Pla t ing smaller  areas of gold with th inner  layers of 
gold is the resul t  of today's soaring gold prices, in-  
creasing the importance of creep as a contact failure 
mechanism. Since gold contact is now dependent  on 
smaller  contact areas, even a slight amount  of creep- 
age from pores, which are more l ikely on thin films, or 
from the edges of the plating, which are now closer to 
the contact point, can cause failure. 

Since the diffusion of copper through the gold to the 
gold/a i r  interface is too slow at the temperatures  and 
gold thicknesses under  consideration, the degradation 
of the surface due to the tarnishing of copper is not a 
l ikely fai lure mechanism (1). 

In  harsh indoor environments ,  migrat ion of base 
metal  corrosion products over gold can proceed at 
significant rates (2). Indeed, Ant ler  has observed 
creepage in an envi ronment  that contained both sulfur 
and chlorine compounds, where a 1.27 cm (0.5 in.) 
wide gold stripe on CDA 725 was completely covered 
with tarnish products from the base metal  in only 35 
days (3). Not surprisingly,  this formation of tarnish 
films, followed by their creepage over adjoining gold 
surfaces, can result  in contact resistance failures. On 
the other hand, Grau (4) has reported that there is 
little or no evidence of creepage when gold-plated 
contacts, having exposed areas of copper, were removed 
from equipment  that had been used for extended 
periods of t ime in telephone offices. Thus, we began 
our s tudy by invest igat ing the reasons for this differ- 
ence. 

In 1926 Vernon (5, 6) showed that an oxidized 
copper surface tarnishes at a much slower rate than a 
freshly cleaned surface. More recently, Tierney (2) 
found that small amounts of cupric oxide (CuO) were 
responsible for low tarnish rates. Frankenthal has ob- 
served that in dry atmospheres, the oxide films on 
copper protect the copper from sulfidation in flowers 
of sulfur environments (7). Chessari and B1essington 
(8) showed that thermal aging could prevent tarnish- 
ing in pores. 

* Electrochemical Society Active Member. 
Key words: contact resistance, humidity, oxidation. 

Copper oxide is thermodynamical ly  more stable than 
Cu2S or CuS [the s tandard free energies of formation 
at 25~ for Cu20, Cu2S, and CuS are --34.98, --20.6, 
and --11.7 kcal/mole,  respectively (9)] and therefore 
forms more readi ly on a copper surface. We suspected 
that  the lack of tarnish film creepage in operating 
equipment  is due to the na tura l  formation of a pro- 
tective oxide that  is present on copper before exposure 
to the sulfiding environment .  To test this hypothesis, a 
thermal ly  produced oxide was investigated to deter-  
mine if it acted as the na tura l  oxide produced with t ime 
and served as a protection against growth of sulfide/ 
oxide films and inhibi ted their creepage across adjoin-  
ing gold-plated surfaces. 

Experimental 
Since Vernon (5) had reported that the tarnish rate 

could be affected by variat ion of the surface condition, 
we paid careful a t tent ion to sample preparation. Our 
samples were 2.54 • 1.27 cm (1 • 0.5 in.) OFHC cop- 
per coupons cut from rolled copper strip. The coupons 
were immersed in 1:1 HNO3 at room temperature  for 
about 45 sec to remove sufficient copper to el iminate 
the surface defects caused by rolling operations. To 
obtain relat ively smooth reproducible surfaces, the 
coupons were then immersed for 2 rain in a chemical 
etch. 1 

Tarnish film thicknesses were determined by  electro- 
lytic reduction. In  this method the amount  of each 
species present  is determined from the durat ions of the 
potential  plateaus exhibited dur ing a constant current  
reduction. To minimize the problem of film solubil i ty 
in the electrolyte, 0.1N KCI was used. The reduct ion of 
sulfide occurs at a potential  between that for the re-  
duction of oxide and that  for hydrogen evolution. The 
reduction potential  is a function of the current  density 
as well as the reference electrode. The reference elec- 
trode used in these investigations was s i lver /s i lver  
chloride and most of the work was done at a current  
density of 0.25 m A / c m  2. 

Under these conditions, copper oxide is reduced at 
about --0.9V and copper sulfide at --1.2V. In  KC1, 
cupric and cuprous oxides are reduced at the same 
potential. In NH4C1, the two oxide reduction potentials 
are far enough apart  that the separate species can be 
determined, but  this electrolyte was not considered 
because of its solvent action on copper oxide. Oxygen 
was excluded from the system by purging  the electro- 
lyte with nitrogen both prior to and dur ing reduction 
in order to minimize errors due to the reduction of 
dissolved oxygen. Iner t  p la t inum anodes completed the 
cell components. 

1 T h e  chemica l  e t ch  w a s  100 m l  n i t r ic ,  275 ml  phosphoric, and 
125 m[ ace t ic  acids at 75~ 
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Since Vernon's  earlier work did not  contain suffic/ent 
data to relate copper oxide thickness to a decrease in 
tarnish rates, the thermal  oxidation rate of copper at 
100~ and 125~ was first investigated (10). This re- 
sulted in the development of reproducible cuprous 
oxide tarnish films, which were then evaluated for their 
abil i ty to protect the under ly ing  surface from fur ther  
attack. It  was found that the 225A. cuprous oxide film 
that formed dur ing an 18 hr exposure to air at 125~ 
significantly inhibi ted the formation of sulfide films 
dur ing subsequent  exposures, and this was therefore 
established as a s tandard preoxidizing treatment.  

Copper coupons having this s tandard oxide and 
freshly cleaned coupons were exposed to flowers of 
sulfur  at 50~ under  humidi ty  conditions that were 
controlled using saturated salt solutions. The resul t ing 
concentrat ion of sulfur  vapor was much higher than is 
normal ly  found in most service environments .  

Several  investigators have discussed the significance 
of relat ive humidity.  Baker (10) has studied the 
migrat ion of corrosion products over gold surfaces and 
shown that  the rate of migrat ion increases with in -  
creasing relat ive humidity.  Sigsbee (11) has reported 
that relative humidit ies in excess of 35% are necessary 
for appreciable sulfide creepage to occur. Sharma (12) 
has reported that  relat ive humidi ty  is one of the im- 
portant  parameters  in the atmospheric corrosion of 
copper. He found that copper oxide grown in air 
(several hundred  angstroms thick) provided good pro- 
tection against  H_~S at low relat ive humidi ty  but  l i t t le 
protection at high relat ive humidity.  

The relationship between relat ive humidi ty  and the 
degree of protection is shown in Fig. 1. The high 
humidi ty  tests were carried out at 75% RH. At 25~ 
saturated air contains 24 g/m3 of water. At 50~ air at 
75% RH contains 61 g /m  s of water, which is equivalent  
to a relat ive humidi ty  well in excess of 100% at room 
temperature.  In this extremely severe test environment ,  
the thermal ly  produced oxide did not protect copper 
from sulfiding. After  71 hr of exposure, 750A of 
cuprous sulfide was found in the Cu20/Cu2S tarnish 
films on both the preoxidized sample and the control. 

To test a more realistic humidity,  addit ional  samples 
were exposed to sulfur  at 17% RH and 50~ (This is 
14 g /m  3 of water, which would be equivalent  to 58% 
RH at 25~ While 300A. of cuprous sulfide was found 
in the tarnish film on the freshly cleaned copper after 
the 24 hr exposure, less than 25A formed on the pre-  
oxidized copper in the same period. During more ex- 
tended exposures the amount  of sulfide increased on 
both the preoxidized copper and the control, but  the 
growth rate on the preoxidized surface was much 
slower at 71 hr, 100A compared to 700A and at 168 hr, 

900A compared to more than 2000A. This last film, with 
more than  2000A of sulfide, was nonadheren t  and much 
of it flaked off during cathodic reduction, so that accu- 
rate thicknesses could not be determined.  

For tests under  dry conditions, the saturated salt 
solution used for humidi ty  control was replaced by a 
desiccant. After  24 hr exposure under  this condition, 
there was no measurable  amount  of Cu2S formed on 
the preoxidized copper, while 500A of Cu2S was pres- 
ent on the control. This difference can be seen in Fig. 
2, which shows the samples after 10 weeks exposure in 
this moisture-free sulfiding environment .  The copper 
surface that was not preoxidized, on the left, is com- 
pletely blackened indicat ing a very thick Cu2S film, 
but  the preoxidized copper surface, on the right, shows 
only a slight trace of darkening.  Subsequent  analysis 
by Auger  electron spectroscopy showed the amount  of 
sulfide on the preoxidized surface to be about 25A. 

From this work, we conclude that  a thermal ly  pro- 
duced cuprous oxide film, 225A thick, greatly reduces 
the rate of copper oxide/sulfide tarnish at low relative 
humidit ies even when the sulfur  vapor level is much 
higher than found in some of the worst field envi ron-  
ments. Long time protection is achieved in the absence 
of moisture. No appreciable protection occurs under  
conditions of extremely high relat ive humidity.  

These results confirm Vernon's  earlier observations 
and appear to explain why sulfide tarnish formation on 
copper surfaces and subsequent  creepage over adjoin-  
ing gold surfaces has not been a problem in  field en-  
vironments.  The na tura l  oxide formed with the passage 
of time appears, like the laboratory produced thermal  
oxide, to provide surface protection. 

The samples for creepage studies were prepared on 
fiat ceramic substrates. After  vapor deposition of Pd, 
Ti, and Au, i0 microns of copper followed by 3 microns 
of gold were plated over the entire surface. A photo- 
resist mask was applied, and portions of the gold de- 
posit were etched away, leaving a sample that had 
straight boundaries between the gold and copper. Fig- 
ure 3 shows such a sample. Just  before testing, the 
gold-copper specimens were dipped into a 1:1 HC1 
solution to remove the small  amount  of oxide that 
na tura l ly  forms on the copper surface. These samples 
were then exposed to flowers of sulfur at various 
humidities at 50~ The distance the tarnish crept over 
the gold surface was measured at 12 identifiable points 
along the Cu /Au  interface after various exposure 
times. 

The uppermost  picture in Fig. 4 shows four distinct 
bands in the tarnish film that had crept over the gold 
dur ing a 22 hr exposure to sulfur  at 75% RH and 50~ 
The average creepage distance was 0.47 ram, giving an 
average rate of 0.021 m m / h r  (0.00082 in . /hr ) .  After  
measurement  the sample was re turned to the test en-  
v i ronment  and subsequent ly  removed for addit ional 
read/ngs at 46, 113, 229, and 536 hr. The three r emain -  

Fig. 1. Effect of protective oxide and relative humidity on sulfide 
tarnish film growth. Time of exposure to sulfiding environment given 
at bottom. 

Fig. 2. Copper panels exposed to a moisture-free sulfiding en- 
vironment for 10 weeks. Panel on the right was preoxidized; panel 
on the left was not. 
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Table I. Copper sulfide creepage over gold for extended exposure 
(50~ 75% RH) 

Average  Average  Average  
Time rate distance No. of 
(hr) (mm/hr)  (mm) bands 

22 0.020 0.44 4 
46 0.013 0,61 5 

113 0.0080 0.90 6 
229 0.0046 1.06 7 
836 0.0018 0.98 * 

�9 Too dark to be clear. 

Table II. Copper sulfide creepage over gold for short exposure 
(50~ 75% RH) 

Average Average Average 
Time rate distance No. o f  
(hr) (mm/hr)  (mm ) bands 

Fig. 3. Gold-copper specimens used for the creepage study. 
Narrow bands are copper. 

ing pictures show that  each time the sample was re-  
moved, new bands had been formed but  the existing 
bands had not changed either their width or the shape 
of their  leading edges. The bands did, however, darken 
with increasing exposure time, indicat ing vertical  as 
well  as horizontal  growth. In  the second picture in Fig. 
4, five distinct bands are seen after 46 hr. The next  two 
pictures show six bands after 113 hr and seven bands 
after 229 hr. At the final reading of 536 hr, the bands 
were so dark that  it was difficult to see them. Table I 
summarizes the numerica l  results. 

To establish the ini t ia l  growth rate, measurements  
were made at shorter times, with the results shown in 
Table II. After 4 hr  most of the gold at the Au /Cu  in-  

4 0.055 0.22 1-2 
8 0.034 0.27 2-3 

22 0.020 0.43 8-4 

terface had one distinct band  of tarnish present, with a 
second band  just  beginning  to form. 

The creepage distance increased l inear ly  with the 
square root of time for approximately the first 100 hr 
of exposure. After 229 hr, as shown in Fig. 5, the creep- 
age stopped and the tarnish product grew only in thick- 
ness. To be sure that the  removal of the samples from 
the test env i ronment  for measurement  had no effect on 
the creepage rate, one sample was run  continuously for 
68 hr. As shown in Fig. 5, the creepage distance for this 
sample lies just  slightly above the previously deter-  
mined curve. 

Each data point on the curve represents the average 
of the 12 identifiable sites that  were measured. The 
number  is large enough to make the average significant. 
No at tempt was made to evaluate the reproducibi l i ty  of 
the 12 measurements  since creepage can be inhibi ted 
by random impurit ies on the surface. Our purpose was 
to i l lustrate that creepage can cause failure. 

There were, on the average, six bands, bu t  at four 
of the twelve measur ing points, there were only  five 

Fig. 4. Copper sulfide creep over gold. Each picture shows same 
area after different exposure times to sulfur at 75% RH and 50~ 
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Fig. 5. Creepage distance of copper sulfide over gold as a func- 
tion of time of exposure to sulfur at 50~C and 75% RH. 
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bands while at one point there  were  seven. These 
results show that  the banding effect is not a function 
of the f requency with  which the sample is removed 
f rom the test chamber.  The bands are discussed la ter  in 
more detail. 

Under  the conditions of 17% RH at 50~ tarnish film 
creepage was still observed af ter  only 4 hr  of exposure. 

However ,  as shown by samples 1 and 2 in Fig. 6, the 
m ax imum creep distance was reached after  only a 
short time. Sample  3 shows again that  there  is no sig- 
nificant difference when the sample is not continuously 
removed from the oven for testing. Sample  4 on Fig. 6 
shows the effect of temperature .  When the sample was 
kept  at 17% RH and 70~ a creep asymptote was 
reached similar  to that  for the 50~ samples. However ,  
the creepage film on this 70~ was much darker  than 
that  on the 50~ samples, indicating a thicker  tarnish 
film. Cathodic reduction of a copper coupon exposed to 
these conditions confirmed this. 

It  was shown above that  thermal ly  produced oxide 
prevents  the formation of copper sulfide tarnish film 
under humidi ty  conditions that  might  be reasonably 
expected in a controlled indoor envi ronment  and re-  
duces the rate  of sulfiding even under  severe conditions 
of re la t ive  humidity.  Figure  7 shows that a protect ive 
oxide significantly reduces creepage. The sample on the 
left  shows tarnish creepage over  gold f rom a freshly 
cleaned copper surface t h a t  had been exposed to flow- 
ers of suIfur for 75 hr  at 17% RH and 50~ The sample 
on the r ight  received a thermal  oxide before being ex-  
posed to these conditions. 

Both a f reshly cleaned sample and a preoxidized 
sample were  exposed to flowers of sulfur for 68 hr  at 
50~ and 75% RH. Copper sulfide f rom the freshly 

CREEPAGE OF COPPER SULFIDE OVER GOLD 
|7% RH 

!t 0.8 

I 
0.4~ ~ n 

O.2 

I 
o 5 

n 

w 

�9 SAMPLE ! 50~ 
o SAMPLE 2 50% 

o SAMPLE 3 50*C 

SAMPLE 4 70"C 

I I I I 
K) 15 20 25 

TIMEI/:'(HOURS) 
Fig. 6. Creepage distance of copper sulfide over gold as a func- 

tion of time of exposure to sulfur at 17% RH at both S0~ and 
70~ 

cleaned copper crept over  the gold at an average rate 
of 0.013 m m / h r  (0.0005 in . /h r ) ,  while the average rate 
of creepage f rom the preoxidized sample was only 
0.005 m m / h r  (0.0002 in . /h r ) ,  as shown in Table III. 
This is a significant decrease in creepage rate under  
severe humidi ty  conditions. Another  preoxidized 
sample showed no sign of creepage after  255 hr  of 
exposure to flowers of sulfur at 50~ and 17% RH, 
while an average creepage rate  of 0.02 m m / h r  (0.0008 
in . /hr)  over  total  distance of 0.62 mm (0.0244 in.) was 
observed after  a 28 hr  exposure under  the same condi- 
tions, as shown in Table IV. 

There is some question as to whe the r  creepage can 
take place in the absence of moisture. When the satu- 
rated salt solution used for humidi ty  control was re-  
placed by a desiccant, no creepage occurred for the 
first 100 hr. However ,  creepage to a distance of 0.33 mm 
0.0130 in.) was observed at 215 hr, which gives an 
average rate of 0.0015 m m / h r  (0.00006 in . /hr ) .  Al-  
though this is a low rate, i t  shows that  creepage is, in 
fact, possible in the absence of moisture.  

All  of the studies described thus far have been at 
e levated temperatures.  To invest igate  the importance 
of temperature,  a test sample was exposed to flowers 
of sulfur at 80% RH at room temperature .  Af ter  5 
weeks (over 800 hr) ,  the first signs of creepage were  
observed (0.01 mm or 0.0004 in.). This is in sharp 
contrast  to the 0.23 mm (0.0091 in.) of creepage mea-  
sured af ter  only 4 hr  at 50~ and 75% RH. 

A freshly cleaned copper sample was put in a sulfur-  
free envi ronment  under  the most severe test conditions 
(i.e., 50~ and 75% RH) to determine  whether  a C'u20 
tarnish film, in the absence of CufS, would creep. After  
1750 hr, the exposed copper had darkened due to the 
formation of Cu20, but  there was no creepage of the 
oxide film over  the gold surface. It  therefore  appears 
that  Cu._,S must  be present  in the tarnish film in order  
for creepage to occur. 

In all of the creepage studies discussed above, the 
source of sulfur was flowers of sulfur. Exper iments  
have also been carried out using hydrogen sulfide as the 
sulfur source. The first such exper iment  was run at 
22~ and 88% RH, with air containing 4 ppm HfS 
passed through the test chamber  in a gas generat ion 
system described by Franey  (13). Copper coupons 
exposed to this envi ronment  for 24 hr  were  cathodically 
reduced and found to have tarnish consisting of 4000A 
of Cu2S and 225A of Cu20. With 4 ppm HfS, measured 
in the manner  described by Franey  (13), at 50~ and 
16% RH, the tarnish consisted of 7500A of CufS and 
140A of Cu20. At a more realistic concentrat ion of H2S, 
8 _+ 2 ppb, at 25~ and 81% RH, only 24A of CufS and 
50A of CufO were  found. Table V shows these results 
compared to those for the tarnish formed from flowers 
of sulfur during a 24 hr exposure. 

An even more str iking difference in the tarnish films 
generated by the two sulfur sources was found in the 

Table III. Effect of preoxidation on copper sulfide creepage over 
gold (50~C 75~ RH) 

Average  Average  
Time  rate distance 
(hr) (mm/hr) (ram) 

No oxide  68 0.013 0.87 
Preoxidized 68 0.005 0.35 

Fig. 7. Effect of preoxldafion on copper sulfide creepage after 
75 hr exposure to sulfur at 17% RH and 50~ Specimen on right 
was preoxidized. 

Table IV. Effect of preoxidation on copper sulfide creepage over 
gold (S0~ 17o,/o RH) 

Average  Average  
T ime  rate distance 
(hr) (mm/hr) (ram) 

No oxide 28 0.17 0.48 
Preoxidized 255 0 0 
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Table V. Composition of tarnish product after 24 hr 

Source of 
%RH T ('C) A Cu~O A Cu2S sulfur 

88 22 225 4000 4 p p m  H-.S 
16 50 140 7500 4 p p m  HeS 
81 23 50 24 8 ppb H2S 
75 50 530  200 F lowers  of 

su l fu r  
17 50 300 290 F lowers  of  

sulfur 

Table VI. Creepage distance 

Creepage  
Time  Source  of dis tance 
(h r )  RH (%) T (~C) su l fu r  (ram) 

49 88 22 4 p p m  HsS 0.I 
24 16 50 4 p p m  H2S 0.5 
24 81 23 8 ppb H2S 0 
24 17 50 Flowers of 0.5 

sulfur 

na ture  of the creepage. When viewed with an optical 
microscope, the film creepage due to an H~S sulfur 
source appeared to have bands like those observed 
with creepage films formed in  the flowers of sulfur  
environment .  However, scanning electron microscopy 
revealed that  this creepage was a very  thin film, with 
no indications of raised bands. Thus, the bands seen in 
the H2S test are only an optical phenomenon.  The 
creepage distances from these two sulfide sources are 
shown in  Table VI. 

The banded creepage that  resulted when flowers of 
sulfur  was the sulfur  source was examined in detail. It  
w a s  hoped that  this would reveal the mechanism re-  
sponsible for l imit ing the creepage distance at various 
humidities.  Figure 4 shows that  each of the bands is 
te rminated  by a dark edge. As previously discussed, 
after  536 hr at 75% RH, the tarnish product  was too 
thick to dist inguish the bands optically. However, 
when  this sample was examined with the SEM, it was 
found that  the bandedges were actually vert ical  
growth of the tarnish product, as can be seen in Fig. 8. 
In  this picture, the copper surface is on the r ight  and 
the bands of creepage have grown to the left. The first 
three bands are shown in Fig. 9a at higher magnifica- 
tion. Figure 9b is an x - r ay  l ine scan for copper 

Fig. 9. (a) Higher magnification of the three bands at the left of 
Fig. 8. (b) X-ray line scan for copper across bands. 

through the area shown in  Fig. 9a. The scan over the 
gold is at background level, showing that no copper is 
seen through the gold. The copper x - r ay  in tensi ty  in -  
creases greatly at each bandedge and falls to a plateau 
along the main  body of each band, and the copper sig- 
nals from the individual  bands increase as they ap- 
proach the copper-gold interface. 

To fur ther  i l lustrate this phenomenon,  copper x - r ay  
counts in  50 micron windows were taken in a l ine 
across the width of the tarnish creepage. The results 
are plotted in  Fig. 10. The bandedges are copper rich 

Fig. 8. Vertical copper sulfide growth at bandedges during ex- 
posure to sulfur at 50~ and 75% RH. 
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and the p la teaus  of the bands increase in copper toward  
the meta l l ic  copper.  

F igure  11 shows two magnifications of the most 
p rominen t  edge, which was the  second from the un -  
ta rn ished  gold surface. The smal l  bumps shown near  
the bands in Fig. 11 are  shown in en la rgement  in Fig. 
12. The copper  counts wi th in  the areas  of the bumps 
were  found to be no h igher  than in the areas  su r round-  
ing them, showing tha t  the bumps are  not  ver t ica l  
copper  tarnish  film growth  but  r a the r  the normal  th ick-  
ness of tarnish  produc t  fol lowing a contour  of the 
under ly ing  gold surface. 

Al l  of the bands  near  the  copper /go ld  in terface  have 
about  the same width.  At  present  we have no sat is-  
fac tory  explana t ion  for the  per iodic  increase  in ver t ica l  
growth.  However ,  the  ver t ica l  g rowth  does exp la in  
why  the band, when formed, does not move across the 
gold surface. Al l  of the bands p ic tured  were  grown at  
75% RH. Al though  creepage was observed at  lower  
humidi t ies ,  the films never  became thick enough to 

Fig. 11. Two magnifications of most prominent edge--second 
from untarnished gold surface. 

Fig. 12. Small bumps near bands in Fig. 11 

form bands. More recent  work  has shown tha t  bands  
form at 17% RH if the t empera tu re  is 70~ because 
under  these conditions the thickness of the  creepage is 
increased.  

Conclusions 
1. The rma l ly  produced Cu20 films can grea t ly  reduce 

fur ther  ta rn ish  of copper surfaces under  real is t ic  
humid i ty  and t empera tu re  conditions. 

2. Cu2S/Cu20 tarnish  products  creep over  adjoining 
gold surfaces in a dis t inct  band structure,  the edges of 
which are  charac ter ized  by  ver t ica l  growth.  

3. On exposure  to flowers of sul fur  a t  75% RH and 
50~ tarnish  creepage increases wi th  the square root  
of t ime but  reaches a l imi t  of 1.1 m m  (0.0433 in.) in 229 
hr. 

4. With  flowers of sul fur  a t  17% RH and 50~ 
creepage did not continue af te r  samples  were  t empor -  
a r i ly  removed  for measurement ,  but  at  a t empera tu re  
of 70~ the creepage continues and its behavior  is more 
l ike  that  a t  h igh humidi ty .  

5. When H2S is the source of sulfur, the ta rn ish  p rod -  
uct  is r icher  in Cu2S, but  the creepage at o rd ina ry  
t empera tu res  does not  exhib i t  per iodic  ver t ica l  growth.  
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ABSTRACT 

The luminescence properties of the Bi z+ ion as an act ivator  i n  the  ser i e s  
of compounds LiLnO2 and NaLnO2 (Ln = Sc, Y, La, Gd, Lu) vary  consider- 
ably with the host lattice composition. The Stokes shift of the emission 
varies from 1500 cm -~ in the case of NaScO2-Bi ~+ to 12,800 cm -1 in the case  
of LiYO.~-Bi ~+. The large variat ion of the position of the emission band is 
ascribed to a Jahn-Te l l e r  effect in the excited state of the Bi ~+ ion result ing 
in  different kinds of min ima  on the ~P APES. The in te rna l  pressure on the 
Bi ~+ ion, caused by the differences in the ionic radii  of the t r iva lent  cations, 
can explain the var ia t ion in the relat ive depths of the minima.  The Stokes 
shift of the emission is inversely proport ional  to the energy difference be-  
tween the sP~ and the sP0 excited levels. For small  Stokes shifts we ob- 
served vibra t ional  s t ructure  in the spectra. The vibrat ional  modes involved 
are ascribed to more or less localized modes of the B i O ~ -  o c t a h e d r o n .  

The luminescence properties of the BiB+ ion (6s 2) 
as an activator in oxidic host lattices have been re-  
ported by m a n y  investigators (1-7). Excitat ion occurs 
f rom the ~S0 ground state to the 3P1 or ~P1 excited 
state. The emission t ransi t ion ~Pt -* 1So yields, usually, 
a s ingle  broad band  without  structure. At relat ively 
low temperatures,  however, the lower- ly ing 3Po level 
acts as an optical t rap and the sP0 --> ~S0 t ransi t ion is 
observed (5). This la t ter  t ransi t ion is s trongly for- 
bidden. The tempera ture  dependence of the decay time 
of the zp1, sP0 -* ~S0 t ransi t ion can, therefore, deliver 
the energy difference (~E) between the 3pt and zPo 
levels. This energy difference can va ry  considerably: 
e.g., LaPO~-Bi~+: AE --  16.5 cm -~ (8, 9) and MgO- 
Bi~+: h E -  1380 cm-~ (6). 

A relat ion was found be tween the trap depth • 
and the Stokes shift of the emission transition. A 
small  Stokes shift corresponds to a large energy differ- 
ence be tween the sP~ and ~P0 levels and vice versa (8). 
Consequently,  v ibra t ional  s t ructure  is observed in the 
Bi ~+ spectra of those compounds where the trap depth 
is relat ively large: MO-Bi ~+ (M ---- Mg, Ca, Sr) : -~E = 
1030-1380 cm-~ (6, 7); YAI~B40~2-Bi3+: aE = 1080 
cm-1 (10); Cs2NaYC16-Bi~+: ~E = 1150 cm -~ (11), and 
CaS-Bi~+: ,~E = 880 cm -~ (12). In almost all of these 
cases the Bi ~+ ion is six coordinated and replaces a 
smaller  cation. This suggests a relat ively small  Bi~+- 
anion separation. In the case of MO-Bi ~+ and CaS-Bi ~+ 
this is probably even more reduced by the effective 
charge of the Bi~ + ion in the lattices. 

The luminescence spectra of Tl+(6s2)-act ivated  
alkali  halides can show two emission bands (AT and 
Ax) due to a combined effect of sp in-orbi t  coupling 
and electron-lat t ice interact ion (Jab_n-Teller effect). 
The interact ion with the ~g and ~2g vibra t ional  modes 
of the T1X6 ~- octahedron (X = C1, Br, I) results in 
different kinds of min ima  on the adiabatic potent ial  en-  
ergy surface (APES) of the ~Ttu ( =  ~P~) relaxed ex-  
cited state (RES) of the T1 + ion (13). 

In this paper we report  on the luminescence prop-  
erties of the Bi ~+ ion in  NaLnO~ and LiLn02 (Ln = 
Sc, Y, La, Gd, Lu). In these compounds the Bi ~+ ion 
is substituted for the trivalent cation. These compounds 
are very suitable for varying the space available for 
the Bi 3 + ion without changing the site symmetry. Ex- 
cept for LiGdO2 these compounds have crystal struc- 
tures which can he described as ordered variants of the 
rocksalt structure. The Ln ~+ ion is octahedrally co- 

Key words: inorganic, luminescence, synthesis. 

ordinated by oxygen ions and the s i t e  s y m m e t r y  is 
determined by the ordering of the monovalent  and  
t r ivalent  cations (Table I). The a-LiFeO2 and ~-NaFeO2 
structures are presented in Fig. 1. The ~-LiFeO2 struc-  
ture has two different sites for the Ln 3+ ion. 

In  these series of compounds the bands in  the Bi 8+ 
luminescence spectra are ei ther structureless or con- 
tain vibrat ional  s t ructure depending on the chemical 
composition. Also an indication is found for a J ahn -  
Teller effect in the RES of the Bi3+ ion. The Gd 8+ com- 
pounds behave anomalously in certain aspects .  

Experimental 
Sample preparat~on.~Starting materials  were: Na202 

(Merck, p.a.), Li~_CO3 (Merck, p.a.), Sc.oOs (Highways, 
99.99%), Y.20~ (Fluka  AG, puriss. C), La20~ (High- 
ways, 99.999%), Gd2Os (Highways, 99.999%), Lu2Os 
(Highways, 99.999%), and Bi208 ("Baker Analyzed" 

reagent) .  
NaLn0.995Bi0.o0~O2 powders were prepared by firing 

int imate  mixtures  of Ln203, Na202 (40% excess), and 
Bi203 in a dry ni trogen atmosphere for 3-4 hr at 850~ 
Samples LiLn0.99~Bio.00~O2 were prepared by firing in t i -  
mate mixtures  of Li~CO8 (10-20% excess), Ln.203, and  
Bi203 for about 3 hr at 900~ in a ni t rogen atmosphere. 
The alkal ine excess is added to compensate for the  
subl imat ion losses from the reaction sample. The sam- 
ples were checked by x - r a y  diffraction using CuKa 
radiat ion and were kept in a desiccator because they 
are slightly hygroscopic. We abandoned a s tudy of  
LiLaO.~-Bi~ + in view of the marked hygroscopic charac- 
ter of the host lattice. Those samples which, according 
to their luminescence spectra, contained a small  amount  

Table I. Crystallographic data of the compounds studied 

Site Radius*. * * 
Corn- Crystal symmetry Ln ~ ion Refer- 
pound structure Ln 8+ ion (pro) ences 

LiScO2 ~-LiFeO2 D~d 75 (15) 
LtYO~ a-LiFeOst D~d 9{) (15) 
LiGdO~ ~-HAIO_~ Cs 94 (16) 
LiLuO2 cz-LiFeO~ D~a S6 ( 15 ) 
NaScOs c~-NaFeO.., D~d 75 ( 17} 
NaYOe ~-LiFeO~ Ded + Dsd 90 (18) 
NaLaO2 ~-LiFeO2 D~d 103 ( 15 ) 
NaGdO~ ~-LiFeO_~ D~d 94 ( 19 ) 
NaLuOs ~-NaFeO~ Dsd 86 (17) 

* The effective ionic radius in six coordination, see Ref. (14). 
** The radius of the Bi 3+ ion is 103 pm (14). 
Slightly distorted. 

1327  



1328 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

o F e  

o LI, Na Oo 

a - LIgeO 2 

o 

ct - NaFeO 2 

Fig. !. The --LiFeO~ and ~-NaFeO2 crystal structures (sche- 
matic). To make the relation between the two structures clear, the 
unit cell of the rocksalt structure is drawn. Deviations from the 
ideal structure are not represented. 

of Bi~+-ac t iva ted  sesquioxide were  discarded.  Accord -  
ing to our exper ience  luminescence is more  sensi t ive 
in this aspect  than x - r a y  diffraction. High pur i ty  Ln203 
is needed, because the luminescence of o ther  ra re  
ea r th  ions (e.g., P r  3+, Tb 3+, and Eu 3+) wi l l  o therwise  
d is turb  the measurements  (20). Subsequent  hea t ing  of 
the samples  did not  improve  the i r  quali ty.  I t  is rea l ized 
tha t  samples  m a y  be somewhat  inhomogeneous  due to 
the single firing procedure.  

Apparatus.--The spect ra  wi thout  v ib ra t iona l  s t ruc-  
ture were  recorded  on a P e r k i n - E l m e r  spectrof luor im- 
e ter  (MPF-3L)  equipped wi th  an Oxford Ins t ruments  
CF 100 l iquid he l ium flow cryosta t  and Hamamat su  
R928 photomul t ip l ie rs  ( spec t ra l  resolut ion ,~1 rim).  
The spec t ra  wi th  v ib ra t iona l  s t ruc ture  were  recorded 
on equipment  descr ibed in Ref. (11) (spect ra l  resolu-  
tion 0.1-0.2 nm) .  The decay exper iments  were  pe r -  
fo rmed  using an EG&G 108AU Xe flash l amp  (pulse 
width  ~1  ~sec). The detect ion appara tus  has been de-  
scr ibed in detai l  e l sewhere  (21). Emission spect ra  were  
corrected for  pho tomul t ip l i e r  sensit ivity.  The exci ta t ion 
spectra  were  correc ted  for the in tens i ty  d is t r ibut ion  of 
the exci ta t ion source and the t ransmi t tance  of the ex -  
c i ta t ion monochromator ,  using lumogen as a s tandard  
(22). For  the emission spectra,  the photon flux per  con- 
s tant  energy  in te rva l  (r  is obta ined by  mul t ip ly ing  
the r ad ian t  power  pe r  constant  wave leng th  in te rva l  
by ~3. 

Results 
NaLnOz-Bi a +.--The Bi3 +-ac t iva ted  NaLnO2 com- 
pounds emit  in the u l t rav io le t  and b lue  spec t ra l  region,  
except  for NaLaO2-Bi 3+ which has a red  emission. The 
luminescence has a med ium to high intensi ty.  The cor-  
responding exci ta t ion spec t ra  consist of two bands  wi th  
max ima  at  about  39,000 cm - t  and about  28,400 cm-*  
(Table  I I ) .  I t  is assumed that  the former  is the C ab -  
sorpt ion band and the l a t t e r  the A absorpt ion  band of  
the  Bi 3+ ion. These cor respond to the 1S 0 -+ *PI and 

Table II. Maxima of the excitation and emission bands (cm-*)  of 
the luminescence of NaLnO2-Bi 3+ and LiLnO,2-Bi 3+ at room 

temperature 

Host  Stokes 
lattice Excitation Emission shift 

LiSeO= --39,50~ 31,600 24,700 6,900 
LiLuO~ 30,300 19,500 10,800 
LiYO2 30,800 18,000 12,800 
LiGdO~ ~38,900 30,200 21,700 8,500 

29,800 
NaSeO~ ~38,700 27,700 

26,200 1,500 
NaLuO~ ~39,100 28,400* 26,100 2,300 
NaYO2 ~39,400 28,300" 26,000 2,300 
NaGdO2 --,39,500 29,100 26,000 3,100 
NaLaO~ 28,500 18,000 10,50,0 

* Asymmetric. 
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the 1S0 -> 3P1 transi t ion,  respect ively.  In  this pape r  we  
only consider  A band  excitat ion.  The emission spectra  
under  C band  exci ta t ion do not  differ f rom those under  
A band  excitat ion.  At  low t empera tu re s  v ibra t iona l  
s t ruc ture  is observed in al l  spec t ra  except  those of 
NaLaO2-Bi 3+ (Fig. 2 and 3). 

The in tens i ty  of the l ow -e ne rgy  pa r t  of the  emission 
of NaGdO2-Bi 3+ is sample  dependent .  For  tha t  reason 
this pa r t  of the emission curve is dashed  in Fig. 3. 
Analys is  of the spect ra  excludes the  presence of 
Gd203-Bi3+. Pe rhaps  this pa r t  of the emission is due to 
Bi3 + pairs  or to Bi3 + centers  in inhomogeneous par ts  of 
the samples.  At  h igher  t empera tu re s  this p a r t  of the l~176 
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Fig. 2. The emission and excitation spectra of the luminescence 
of NaScO2-Bi 3+ (a), NaLuO2-Bi 3+ (b), and NaYO2-Bi 3+ (c) at 
5 K. The emission spectra are recorded upon excitation into the 
maximum of the A band. The excitation spectra are obtained by 
recording the maximum intensity of the emission band. The peak 
intensities are normalized to unity. The progressions in the mode 
va upon the electronic origins (in excitation) and upon the one- 
phonon origin (in emission) are indicated. { denotes the photon 
flux per constant energy interval in arbitrary units, qr denotes the 
relative quantum output in arbitrary units. 
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Fig. 3. The emission and exc#atJon spectra of the luminescence 
of NaGdO2-Bi3+ (a) and NaLaO2-Bi 3+ (b) at 5K. Note the change 
in energy scale. See also Fig. 2. 
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s p e c t r u m  ga ins  i n t e n s i t y  s u g g e s t i n g  e n e r g y  t r ans f e r .  
This  w a s  n o t  s t u d i e d  a n y  f u r t h e r .  

A t  l ow e n o u g h  t e m p e r a t u r e s  t h e  A e x c i t a t i o n  b a n d  of  
NaYO2-Bi  ~+, NaLuO2-Bia+ ,  a n d  NaScO2-Bi  3+ cons is t s  
of  two  c o m p o n e n t s .  The  e n e r g y  d i f f e r ence  b e t w e e n  t h e  
e l e c t r o n i c  o r ig ins  of  b o t h  b a n d s  i n c r e a s e s  in  t h e  o r d e r  
Y < Lu  < Sc. A t  5 K th is  d i f f e r ence  is 1558, 1710, 
a n d  2606 cm-1, respectively. 

T h e  e l ec t ron i c  o r ig in  in  t h e  emi s s ion  s p e c t r u m  is 
v e r y  w e a k  in  t h e  case of N a L n O 2 - B i  ~+ ( L n  ---- Sc, Y, 
Lu;  see Fig.  2). The  e l ec t ron i c  o r ig in  of  t h e  e m i s s i o n  
t r a n s i t i o n  a n d  t h a t  of  t he  l o w e s t  e x c i t a t i o n  t r a n s i t i o n  
do no t  co inc ide ;  t h e i r  e n e r g y  d i f f e r ence  is t a b u l a t e d  in  
Tab le  III. No i n d i c a t i o n  fo r  an  o r ig in  w i t h  a v e r y  low 
i n t e n s i t y  has  b e e n  f o u n d  in  t he  emi s s ion  s p e c t r u m  of 
NaGdO~-Bi  3+. The  i n t e r p r e t a t i o n  of  t he  m o r e  i n t e n s e  
v i b r o n i c  f e a t u r e s  in  t he  s p e c t r a  is g i v e n  in  Tab les  IV 
a n d  V and  a re  d i scussed  la te r .  The  emis s ion  i n t e n s i t y  
of  a l l  c o m p o u n d s  s t a r t s  to q u e n c h  a b o v e  r o o m  t e m -  
p e r a t u r e ,  e x c e p t  fo r  t he  e m i s s i o n  of  NaLuO2-Bi  3+ 
w h i c h  q u e n c h e s  a b o v e  200 K. 

L i L n O z - B i 3 + . - - T h e  emis s ion  i n t e n s i t y  of  a l l  c o m -  
p o u n d s  LiLnO2-Bi~+ is m e d i u m  to h igh  a n d  does  n o t  

Table III. Parameters deduced from the fit of the 
temperature-dependent dec~y times to Eq. [1 ]  

"r2/nsec 
Host 

lattice n//mec g hE / cm-~ AEs*/cm-t 

LiScO= 380 45 520 
LiLuO~ 750 240 280 
LiGdO= 19 200 300 
NaScO~ 210 25 610 635 
NaLuO, 650 15 760 827 
NaYO~ 730 20 740 830 
NaGdOa 7? ~1(~0 ~600 
NaLaO= 750 150 320 

* hE s denotes the energy difference between the origins of the 
emission and the lowest excitation transition. 

t The decay time changes below --16 K from 7 to 5.5 5sec. 

Table V. The vibronic features in the emission spectrum of 
NaGdO2-Bi 3+ 

p/cm-~ ~p/cm-Z* Assignment~ 

27,233 0 0'4) 
27,163 70 v~ 
27,091 142 ~5 
26,909 324 ~= 
26.827 406 p= + :n 
26,731 502 pz 
26,584 147 ~5 + px 
26,401 330 p~ + p~ 
26,226 505 2pz 
26,o81 145 p~ + 2pi 
25,906 320 p2 + 2y* 
25,733 493 3 pl 
25,591 142 w + 3pl 

* :~, = (0'-0) - v - i~I. 
? The electronic origin is denoted by 0'4). The phonon symbols 

are discussed in the text. 

q u e n c h  b e l o w  300 K. The  pos i t ions  of  t he  e x c i t a t i o n  a n d  
emis s ion  b a n d s  a re  g i v e n  in  Tab le  II. T h e s e  s p e c t r a  do 
n o t  s h o w  v i b r a t i o n a l  s t r u c t u r e ,  n o t  e v e n  at  l o w  t e m -  
p e r a t u r e s  (Fig. 4 a n d  5). L iScOz-Bi  3+ e m i t s  i n  t he  
blue,  w h e r e a s  LiYO2-Bi3+ has  a g r e e n  emiss ion .  Two  
emis s ion  b a n d s  a r e  o b s e r v e d  fo r  L iLuO2-Bi  3+ ( g r e e n  
a n d  b l u e ) .  The  i n t e n s i t y  ra t io  of  t he  b l u e  a n d  g r e e n  
emiss ion  va r i e s  w i t h  t e m p e r a t u r e .  The  r e l a t i v e  i n t e n -  
s i ty  of t he  b lue  emi s s i o n  has  d e c r e a s e d  to 50% of  t h e  
l ow t e m p e r a t u r e  v a l u e  a t  a b o u t  70 K a n d  v a n i s h e s  a t  
a b o u t  100 K. The  e x c i t a t i o n  s p e c t r u m  of  L iLuO2-Bi  a+ 
d e p e n d s  on the  emis s ion  en e rg y .  T h e  e x c i t a t i o n  b a n d  
of LiScO2-Bi3 + is sp l i t  in to  t h r e e  c o m p o n e n t s .  

Decay  t i m e s . - - F o r  all  c o m p o u n d s  t h e  d e c a y  t i m e  of  
t he  emis s ion  is t e m p e r a t u r e  d e p e n d e n t  as is i l l u s t r a t e d  
for  two  cases  in  Fig. 6. The  d e c a y  cu rves  w e r e  e x p o -  
n e n t i a l  w i t h i n  t he  l im i t a t i ons  of t he  a p p a r a t u s .  

This  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  d e c a y  t i m e  can  
be t r e a t e d  w i t h i n  t he  f r a m e w o r k  of  a t h r e e - l e v e l  

Table IV. The vibronic features in the excitation and emission spectra of NaLnO2-Bi s+ (Ln = Sc, Lu, Y) 

NaScO= NaLuO= NaYO= 

•/cm-l* A~/cm-l* * p/cm-Z* Ap/cm-Z* * ~/cm-~* 5z,/cm-~* * ASS.# 

27,330 0 27,832 
27,427 97 
27,544 214 27,988 
27,632 302 
27,774 444 
27,847 517 28,280 448 
28,054 207 28,409 129 

28,317 (br) 470 28,699 (br) 419 
29,936 0 29,542 0 
30,202 266 
30,404 468 29,940 398 
30,637 233 
30,836 432 29,320 (br) 380 

30,684 (br) 364 
31,048 (br) 364 

Excitation 1So -~ zp, 

0 

156 

27,755 O 04) 

27,933 178 pb 

28,094 (sh) 339 
28,200 445 ~ 
27,852 148 v~ + ~= 
28,555 (br) 355 

2ya 
29,813 o 04)' 

29,682 369 P~' 

30,057 375 2p~' 
30,395 ( b r )  338 3pa' 

4va' 

E m i s s i o n  *Po -* ~So 

26,695 0 27,005 0 26,92,5 
26,274 421 26,638 367 26,578 
26,040 234 26,483 155 26,389 
25,940 (sh) 334 26,219 (sh) 
25,747 527 26,147 491 26,103 
25,487 260 25,994 153 25,917 

25,733 (sh) 
25,230 (br) 517 25,664 483 25,621 
24,960 (br) 270 25,510 154 25,440 

25,275 
25,200 (br) 464 25,157 

24,959 

0 04) 
347 ~ 
189 p~ + ~b 
369 
475 pc + p, 
186 ~ + Pb + P, 
370 
482 pc + 2p~ 
181 pc + ~b + 2p= 
346 
464 pc + 3~= 
198 pc + pb + 3v= 

* sh, shoulder, br, broad. 

,, Em[sslon transition: Av = (0-0) -- "~ - ip,. Excitation transition: ~p = p - (04)) -- {pa. 
% The electronic origins are denoted by 0-9 and 64)'. The phonon symbols are discussed in the text. 
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Fig. 4. The emission and excitation spectra of the lumlnescence 
of LiScO2-Bi 3§ (a), LiLuO2-Bi 3+ (b), and LiYO2-Bi 3+ (c) at 5 K. 
For LiLuO2-Bi 8+ the excitation spectra refer to an emission energy 
of 18,200, curve 1, and 22,600, curve 2, cm -z.  Excitation occurs at 
31,000 cm -1.  See also Fig. 2. 
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scheme (see inser t  Fig. 6) (5, 23, 24). Levels 0, 1, and 2 
correspond to the ~S0, ~P0, and ~P1 electronic states o f  
the Bi3+ ion. Excitat ion takes place into level 2. 
Emission is observed from both levels 1 and 2 to level 
0 with probabili t ies kl : T1-1 and k2 -- ~2-L Further ,  
gk12 and k21 denote the nonradia t ive  t ransi t ion prob-  
abilities between levels 1 and 2, klz ---- k21 exp (--hE/ 
kT). The degeneracy of level 2 is called g. In  this model 
two decay times are found. The long decay t ime can be 
expressed as follows, assuming k2 + k21 > >  kl + kl~ 

1 _ kl + g - -  exp (--AE/kT) [1] 
"~" - -  k21 + 

We fitted our exper imental  results to Eq. [1] with the 
parameters k2 and ~E. kl is obtained from the low 
tempera ture  l imit  of the decay time and k2t -1 is as- 
sumed to be negligible compared to k~.-L The tem- 
pera ture  dependence of the radiat ive t ransi t ion prob-  
abilities and the temperature  dependence of the non-  
radiat ive transit ions have been neglected in this model. 
The parameters  deduced from these fits are presented 
in Table III. The decay parameters  of LiLuO2-Bi 8+ 
relate to the green emission, the b]ue emission being 
too weak to measure its decay time. The decay time 
of LiGdO2-Bi 3 + and NaGdO2-Bi 8 + was relat ively short, 
even at 10 K. 
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Fig. 5. The emission and excitation spectra of the luminescence 
of LiGdO2-Bi 3§ at 5 K. See also Fig. 2. 

T/K = 
Fig. 6. The decay times of the emission of I.iLuO~.-Bi 8+, curve 1, 

and blaScO2-Bi 3§ curve 2, as a function of temperature. The solid 
lines give the best fit to the experimental data with Eq. [1]. The 
schematic representation of the three-level scheme (insert) is dis- 
cussed in the text. 

Discussion 
~-NaFeOz structured compounds.--There are t w o  

different sites available for the Bi 8+ ion in  NaYO~ 
(/~-LiFeO2 structure, see Table I).  The resemblance be-  
tween the spectra of NaLuO2-Bi s+ and NaYO2-Bi s+ 
suggests that the Bi 3+ ion is main ly  subst i tuted on 
the site with Dad symmetry  in the p-LiFeO2 structure.  
For this reason we discuss the optical properties of 
NaYO2-Bi3+ together with those of NaScO2-Bi s+ and 
NaLuO2-Bi 3 +. 

Comparison with other work on the Bi ~+ lumines-  
cence in oxidic host lattices confirms that  the higher 
energy excitation band (~39,000 cm -1) corresponds to 
the iS0 --> 1P1 transi t ion and the lower energy excita- 
tion band (~28,400 cm -1) to the 1So -* 8P1 t ransi t ion 
(2, 4). The two components of the 1S0 --> sP1 excitation 
band are due to the crystal-field spl i t t ing of the 3'Pt 
excited state. The layered ~-NaFeO2 structure  causes a 
tr igonal crystal  field on the Bi s+ ion which splits the 
3P1 (STlu) level in  an orbital  doublet  (aEu) a n d  a n  
orbital singlet  (3A2u). The in tens i ty  ratio of the two 
excitation bands suggests that  the doublet  lies lower 
in energy than the singlet. In  a simple model this cor- 
responds to a s i tuat ion in which two 6p orbitals are 
situated in the layer of t r iva lent  cations. They point  to 
the Ln 8+ ions, whereas the third orbital  points to the 
Na + ions which results in a less favorable energy for 
the latter. The increase of the crystal-field spli t t ing in  
the sequence NaYO~ < NaLuO2 < NaScO2 can be re-  
lated to the decrease of the radius of the Ln  s+ ion. 

The long decay time indicates that  the emission 
transi t ion at low temperatures  is the forbidden 3P0 -~ 
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1S0 transition. In  spite of the forbidden character of 
this t ransi t ion the zero-phonon line is observed in the 
emission spectrum. At elevated temperatures  the 3P1 
(SEa) level is also populated and the 8P1 ~ 1S0 t rans i -  
tion is observed. The agreement  between the 5E val -  
ues derived from the tempera ture  dependence of the 
decay time of the emission t ransi t ion 8Po, sP1 -> 1So 
and those obtained from the excitation and emission 
spectra is reasonable (Table III) .  

a-LiFe02 structured compounds . - -The  position of 
the 1So -~ 3P1 excitat ion band does not depend on the 
crystal structure,  bu t  on the monovalent  cation. All  
sodium compounds (with a-LiFeO2 and  a-NaFeO~. 
s t ructure)  have their  1So --> 3P1 excitat ion band  at 
about  28,400 cm -1 and all l i th ium compounds at about 
31,000 cm-1.  This agrees with the higher polarizing 
power of the Li + ion (3). No crystal-field spl i t t ing is 
observed in the excitation spectra of NaGdO2-Bi s+ 
and NaLaOz-Bi 3+. In  the l i th ium series of compounds 
a spli t t ing of the excitation band  is only observed in 
the case of LiScO2-Bi s+, viz., 680 cm -1 (compare 
NaScO2-Bi 3+ 2600 cm-1) .  From this we conclude that  
the magni tude  of the noncubic crystal-field component  
is much smaller  in the a-LiFeO~ than in the a-NaFeO2 
st ructured compounds. This is confirmed by the crystal-  
field spl i t t ing of the ~F1 energy level of the Eu 3+ 
ion in these lattices (25). Thh small  spl i t t ing of the 
higher energy component  in the excitat ion spectrum 
of LiScO2-Bi 3+ (Fig. 4) is not  discussed here. 

The emission spectra of the a-LiFeO~ st ructured 
compounds can be interpreted assuming a Jahn-Te l l e r  
effect in the excited state of the Bi ~+- ion (26). Fukuda  
pointed out that  an s 2 ion in  cubic site symmet ry  can 
show two emission bands due to a Jahn-Te l l e r  in te r -  
action in  the RES of the ion (13). The noncubic crystal 
field in  the a-NaFeO2 structured compounds is too large 
to expect such a Jahn-Te l l e r  distortion (27). However, 
the noncubic crystal field in the ~-LiFeO2 s t ructured 
compounds is much smaller. In  that  case, the Jahn-  
Teller  effect may exceed the effect of the noncubic 
crystal field. This suggests that: (i) the ul t raviolet  
emission of NaGdO2-Bi 3 + originates from another  kind 
of m i n i m u m  (AT) on the 3p~ APES than  the.red emis- 
sion of NaLaO~-Bi 3+ (Ax). This seems to be the only 
way to unders tand  the pronounced difference between 
the position of the emission band of the BiS+ ion in 
NaGdO~. and NaLaO2; (ii) the blue emission of LiScO~- 
BiS + originates from a T min imum,  the green emission 
of LiYO~.-Bi ~+ from an X min imum;  both emissions 
(AT -{- Ax, blue -{- green) can be observed in the 

spectra of LiLuO~.-Bi~ +. 
Dr ickamer  et al. showed that  in  the case of s ~ ion 

activated alkali halides, the occurrence of AT and /o r  
Ax emission depends also on the external  pressure on 
the crystal (28). An increase of the pressure on the 
crystal  destabilizes the X m i n i m u m  and favors the 
emission from the T min imum.  The change of external  
pressure can be compared with a change of the "in- 
ternal  pressure" on the Bi ~+ ion in our series of com- 
pounds. The Bi s+ ion has to experience a larger in -  
te rna l  pressure in NaGdO2 than  in NaLaO.2, since the 
ionic radius of the subst i tuted Gd ~+ ion is smaller  than 
the ionic radius of the La g+ ion. The larger in te rna l  
pressure in the case of NaGdO2-BiS+ results in  an 
ul t raviole t  emission (AT), contrary  to the red emission 
(Ax) in the case of NaLaO2-Bi ~+, with a relat ively 
low in terna l  pressure. The same observations hold for 
the l i th ium series of compounds. The Aw emission is 
observed when the Bi s+ ion is subst i tuted for the 
smallest  ion (blue emission of LiScO2-Bi s+) and the 
Ax emission is observed when the BiS+ ion replaces 
the Y~+ ion (green emission of LiYO~-BiS+). An in-  
termediate case is LiLuO2-Bi 3+ where both emissions 
can be observed at low enough temperatures.  The 
excitation spectra of LiLuO~.-Bi ~+ (Fig. 4), however,  

do not  agree with this model. We have no explanat ion 
for this discrepancy. We tried to find the green emis- 
sion for LiScO2-Bi3+ at higher temperatures,  but  at 
room temperature  only the blue emission is present. 
The in te rna l  pressure on the Bi 8+ ion is obviously 
lower in the l i th ium compounds than in the sodium 
compounds, because the variat ion of the Ln  s+ ionic 
radius alone cannot  explain the differences between 
cases (i) and (ii) ment ioned above. Probably  the Li + 
ions have a stronger polarizing action on the oxygen 
anions than the Na + ions. This results in  a lower 
pressure on the Bi ~+ ion in  the l i th ium compounds 
and explains why the Ax emission is observed in  the 
l i th ium compounds for smaller  Li ~+ ions than in the 
sodium compounds. 

The in terpre ta t ion of the emission bands as origi- 
na t ing  from different kinds of min ima  on the sP1 
APES is supported by the decay experiments.  The 
radiat ive decay t ime of the Ax emission has to be 
longer than that  of the AT emission because the sP2 
wavefunct ions are mixed with the" 3PI wavefunct ions 
near  the X mi n i mum (13). The decay time of the 
~P1 -> 1S0 emission (re in Table III)  in the case of 
LiScO2-Bi 8+ (AT emission) is substant ia l ly  shorter 
than the corresponding decay times of LiLuO2-Bi s+ 
and NaLaO2.-Bi 3+ (Ax emission).  

Our in terpre ta t ion is in l ine with model calculations 
by Masunaga et al. for tetragonal  and tr igonal  dis- 
tortions of the 3p1 and 3P0 APES of an s 2 ion on a 
cubic lattice site (29). If we consider the normalized 
configurational coordinates bQs/h (cQJ,A) [b(c) is 
the l inear  coupling constant  with the eg (T2g) mode 
and ,A : Ec -- EA] to be proport ional  to the Stokes 
shift of the emission, their  results can be reformulated 
as follows: (i) the Stokes shift is inversely  proport ional  
to the trap depth of the 3Po level [Fig. 9 of Ref. (29) ] ; 
(ii) the Stokes shift is proport ional  to the radiat ive 
decay time of the 8P1 level [Fig. 10 of Ref. (29)]. The 
first relat ion has already been shown to be valid (8). 
Both relations are in accordance with our observations 
on the luminescence properties of the BiS+ ion in 
a-LiFeO2 and a-NaFeO2 st ructured compounds (see 
Tables II and III) .  The fact that  NaScO2-Bi a+ with 
the smallest Stokes shift does not have the largest  
trap depth must  be due to the large crystal-field split-  
ting in this case. This lowers one of the 8P1 components 
considerably and shows at the same time that  the 
relat ion between Stokes shift and trap depth can only 
be used as a rule of thumb. The val idi ty  of the re la-  
tions is another  indication that, especially in the 
~-LiFeO~ structured compounds, we can consider a 
Jahn-Te l l e r  interact ion in the ~P RES of the Bi s+ 
ion to be effective. This is the first observat ion of such 
an effect in oxidic host lattices as far as we are aware. 

There is some resemblance between the optical 
spectra of the Bi~+-activated a-LiFeO2 s t ructured 
compounds and those of 6s 2 ion activated alkali  halides. 
In the lat ter  compounds the position of the excitat ion 
band also does not vary with the monovalent  cation, 
while the position of the emission band  can vary  
considerably [see e.g., Ref. (30)]. Recent ly a similar  
phenomenon has been observed for the Pb2+-act ivated 
fluorites MF2 [IV[ : Ca, Sr, Ba; Ref. (31)]. In  view of 
the emission data it cannot  be excluded that  BaF2-Pb 2+ 
shows Ax and CaF2-Pb 2+ and SrF2-Pb 2+ AT emission. 

BiS +-activated LiGdO~ and NaGdOz.- -The compound 
LiGdO2 has a different structure,  viz., the a-HA1Og. 
structure (16). The Gd ~+ ions occupy octahedral  sites. 
In  fact the spectral properties of LiGdO2-Bi 3+ are not  
s t r ikingly different from the other l i th ium compounds 
(see Table II and Fig. 5), a l though they do not  fit in 
the Sc, Lu, Y series (note the re la t ively small  Stokes 
shift). The most s tr iking property of LiGdO2-Bi3+ and 
NaGdO2-Bi 3+ is the short decay time at low tempera-  
tures (Table I l l ) .  The tempera ture  dependence of 
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the d e c a y  t i m e  can  be  described with a three- level  
scheme. The fitted parameters  are similar  to those  
f o u n d  for the other compounds. Recently a similar 
short  decay time was observed for monoclinic Gd~Os- 
Bi 3+ (32). For cubic Gd203-Bi ~+ Boulon has reported 
the  (normal)  long decay times (5), bu t  this could not  
be confirmed in our laboratory (32). 

There seems to be no special reason why in  the  
Gd 3+ compounds either the 8Po level would not  be the 
lowest level or 3p~ ._> 3p0 relaxat ion would be very  
slow. An  obvious possibility may  be the following. 
The Gd s+ ions sur rounding  the Bi s+ ion may cause a 
magnetic field at the Bi~+ ion site. As a consequence 
the  8P1 and 3Po levels will be mixed (33). This results 
in an increase of the sP0 --> 1S0 transi t ion probabi l i ty  
and a shorter decay time. Fur ther  investigations are 
necessary to check the feasibili ty of this possibility. 

Vibrational structure.--The vibra t ional  s t ructure  in  
the luminescence spectra of the Bi ~+ ion in cub ic  
symmetry  has been interpreted several times (6, 11, 
34, 35). Recently, one of us has analyzed successfully 
the  vibra t ional  s t ructure in the luminescence spectra 
of Cs2NaYCI6-Bi a+ by comparing the frequencies found 
in these spectra with those found from the Raman 
spectrum of Cs2NaYC16. The following coupling mecha-  
nism, using the k = 0 in terna l  modes of the BiC163- 
octahedron was proposed (11). The electric dipole 
allowed STlu ~ 1A1~ (~P1 ~ ~S0) t ransi t ion can be 
electric dipole vibronical ly  allowed with the enabl ing  
vibrat ions of E~ and T2g symmet ry  (v2 and vs). The 
STlu ~ 1Alg emission and excitat ion bands consist, 
therefore, of a progression involving the totally sym- 
metric mode (A~, v~) based on the electronic orig in  
(0-0) and on two vibronic origins (v~ and vs). The 
emission t ransi t ion 8A~u --> 1A~ (~P0 ~ ~S0) is electric 
dipole forbidden, but  vibronical ly allowed by  v ibra-  
tions of T ~  symmetry.  The ~ mode is not  an in terna l  
vibrat ion of the BiC16 ~- octahedron. Vibrat ional  cou- 
pling to modes of A~, E~, and Te~ symmetry,  based on 
the vibronic origin due to coupling with the ~ mode, is 
observed. 

We realize that this approach will be less successful 
for the NaLnO2-Bi ~+ compounds. The BiO~ octahedra 
share edges with LnO~ octahedra, there is possibly 
more than one type of Bi ~+ center and the site sym- 
met ry  of the Bi ~+ ion is lower than cubic. In the fol- 
lowing discussion we nevertheless analyze the main  
vibronic features of the spectra on the basis of 
a B i O ~ -  octahedron assuming that  the symmetry  of 
the BiO69- group is the same as for the LnO~ 9- group 
and restr ict ing ourselves to those features which are 
common to all compounds considered. 

The excitat ion t ransi t ion has two electronic origins 
(0-0 and O-0') corresponding to the 1A~ ~ ~Eu and 
1Alg ---> ~A2u electronic transitions, respectively (Table 
IV). The former t ransi t ion couples with two modes: 
va and ~b. A progression occurs in the mode va, whereas 
~b is an enabl ing vibrat ion (the modes can be com- 
pared with the ~ and ~ vibrat ional  modes in the octa- 
hedral  case). A progression (~ ' )  is also observed for 
the lat ter  transition, but  the frequency is less than in 
the former case. 

The zero-phonon l ine of the forbidden emission 
transi t ion 3A~u ~ ~A~ has a very  weak intensi ty  (Table 
IV, Fig. 2). The first intense l ine corresponds to cou- 
pl ing with a mode ~ (compare the ~g mode in octa- 
hedral  symmetry) .  The remainder  of the vibrat ional  
s tructure is based on this one-phonon line. Coupling 
with the vibrat ional  modes as found in the excitation 
spectra occurs: a progression involving the ~a mode 
is observed on two vibronic origins (~  and ~ -b ~b). 
The vibrat ional  frequencies are summarized in Table 
VI. The frequency of the ~a mode increases in  the order 
NaYO~ ~ NaLuO~ ~ NaScO2, which is in l ine with the 
expectation that  a smaller  bond length results in a 

Table VI. The phonon frequencies (cm -1) as observed in the 
excitation and emission spectra of NaL.nO~-Bi 3+ 

(Ln = Sc, I.u, Y, Gd) 

Excitation Emission 

Sc Lu Y Sc Lu Y Gd 
~a 515 450 445 525 490 475 500 
vb 210 155 175 240 155 185 145 
vr 420 367 347 --  

higher frequency for the v ibra t ional  mode. The fre-  
quency of the va' mode which couples with the 1A1 s -~ 
3A2u t ransi t ion is lower than that  of the va mode which 
couples with the 1Alg --> 3Eu transit ion.  This reflects the 
stronger bonding in the doublet. 

Let us now turn  to the Raman spectra of the hos t  
lattices. A factor-group analysis of the ~-NaFeO~ struc-  
ture (D~d 5, R3m) shows that  there are two modes of  
even symmetry,  viz., AI~ -~ Eg (36). Both modes are 
Raman active. Our Raman spectra of these compounds 
contain two intense features at about 90 cm -1 and 
about 380 cm -1 (NaScO2:390  cm-1;  N a L u O 2 : 3 8 5  
cm-1; NaYO2:370 cm-1) .  A broader  and weaker s truc-  
ture is observed at about 530 em -1. 

From these data it  is hard to assign the vibra t ional  
modes with certainty. The 90 cm -1 feature can be 
recognized in the vibrat ional  pa t te rn  of NaScO2-Bi 8+, 
but  is not general. If we consider the variat ion of the 
frequency of the va mode, it  seems probable  that  a 
model considering more or less localized modes will  
account for the features observed. The va mode is  
then the totally symmetric  v ibra t ion of the BiO89- 
octahedron. The vibrat ional  mode vc which makes the  
emission transi t ion par t ia l ly  allowed will  be more d e -  
loca l ized  and may be correlated to the 380 cm -1 fea- 
ture in  the Raman spectra. 

Due to the par t ia l ly  3P1 character of the  sP0 level, 
the electronic origin is the most intense l ine in the 
emission spectrum of NaGdO~-Bi s +. The in terpre ta t ion  
of the vibronic features (Table V) is very much like 
the 3P1 ~ 1S0 transi t ion in the octahedral  case of 
Cs2NaYC1-Bi 3+ (11). This suggests that  the t rea tment  
of the BiO6 9- group as an isolated octahedron is more 
successful in the ~-LiFeO2 s t ructure  than  in  the 
~-NaFeO2 structure. 

Acknowledgments 
The authors wish to thank Professor Dr. G. Blasse 

for s t imulat ing this work and for the valuable  crit i-  
cism during the preparat ion of the manuscript .  The 
investigations were performed as a par t  of the re-  
search program of the "Stichting voor Fundamentee l  
Onderzoek der Materie" (FOM) with financial sup- 
port from the "Nederlandse Organisatie voor Zuiver  
Wetenschappeli jk Onderzoek" (ZWO). 

Manuscript  submit ted Sept. 16, 1980; revised m a n u -  
script received Jan. 19, 1981. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All discussio.ns for the December 1981 Dis- 
cussion Section should be submit ted by  Aug. 1, 1981. 

PubZication costs of this article were assisted by the 
State University. 

REFERENCES 
1. F. A. KrSger, J. Th. G. Overbeek, J. Goorissen, and 

J. van den Boomgaard, J. (and Trans.) Electro- 
chem. Soc., 96, 132 (1949). 

2. G. Blasse and A. Bril, J. Chem. Phys., 48, 217 
(1968). 

3. G. Blasse, J. Solid State Chem., 4, 52 (1972). 
4. G. Boulon, J. Physique, 32, 333 (1971). 
5. G. Bou]on, C. Pedrini,  M. Guidoni, and Ch. Pannel ,  

ibid., 36, 267 (1975). 
6. A. E. Hughes and G. P. Pells, Phys. Status Solidi B, 

71, 707 (1975). 



VoL 128, No. 6 L U M I N E S C E N C E  1333 

7. A. F. Ellervee,  ibid., 82, 91 (1977). 
8. G. Blasse and A. C. van  der  Steen, Solid State 

Commun., 31, 993 (1979). 
9. R. Moncorg~, G. Boulon, and J. Denis, J. Phys. C: 

Solid State Phys., 12, 1165 (1979). 
10. F. Kel lendonk,  M. A. van  Os, and G. Blasse, Chem. 

Phys. Lett., 61, 239 (1979). 
11. A. C. van  der  Steen,  Phys. Status Solidi B, 100, 603 

(1980). 
12. N. Yamashi ta  and  S. Asano, J. Phys. Soc. Jpn., 40, 

144 (1976). 
13. A. Fukuda ,  Phys. Rev. B, 1, 4161 (1970). 
14. R. D. Shannon, Acta Crystallogr., Sect. A, 32, 751 

(1976). 
15. LandbSl t -BSrns te in ,  "Numer ica l  Data  and Func-  

t ional  Relat ionships  in Science and Technology,"  
New Series, Group III, Volume 7, Crys ta l  s t ruc-  
ture  da ta  of inorganic  compounds (1976). 

16. M. Gondrand  and E. F. Ber taut ,  Bull. Soc. Ft. 
Mineral. CristaIlogr., LXXXVI,  301 (1963). 

17. H. Brunn  and R. Hoppe, Z. Anorg. Altg. Chem., 430, 
144 (1977). 

18. M. Gondrand,  M. Brunel ,  and F. de Bergevin,  Acta 
Crystallogr., Sect. B, 28, 722 (1972). 

19. R. Hoppe and L. Hoffmann, Rev. Chim. Miner., 10, 
215 (1973). 

20. G. Blasse, A. Roos, and A. C. van  der  Steen, J. Solid 
State Chem., 24, 233 (1978). 

21. W. van Loo and D. J. Wol ter ink ,  Phys. Lett. A, 47, 

83 (1974). 
22. A. Bril  and A. W. de Jager-Venis ,  This Journal, 

123, 396 (1976). 
23. Le Si Dang, R. Romestain,  D. Simkin,  and A. 

Fukuda ,  Phys. Rev. B, 18, 2989 (1978). 
24. B. di Bartolo,  in "Optical  In teract ions  in Solids," p. 

442, John Wi ley  & Sons, Inc., New York  (1968). 
25. G. Blasse and A. Bril,  J. Chem. Phys., 45, 3327 

(1966). 
26. A. C. van  der  Steen, J. J. A. van  Hesteren,  and A. 

Roos, J. Lumin., 18/19, 235 (1979). 
27. W. D. Drotning and H. G. Dr ickamer ,  Phys. Rev. B, 13, 4576 (1976). 
28. D. Kl ick  and H. G. Dr ickamer ,  ibid., 17, 952 (1978). 
29. S. Masunaga,  N. Goto, A. Matsushima,  and A. F u -  

kuda,  J. Phys. Soc. Jpn., 43, 2013 (1977). 
30. S. Masunaga  and R. Takaue,  ibid., 43, 1929 (1977). 
31. V. A. Arkhange l skaya ,  N. E. Lushchik,  V. M. 

Reiterov,  Kh. A. Soovik, and L. M. Trofimova, 
Opt. Spectrosk., 47, 393 (1979). 

32. O Boen Ho and G. BIasse, J. Lumin., In  press. 
33. W. A. Runciman,  N. B. Manson, and  M. Marshal l ,  

J. Lumin., 12/13, 413 (1976). 
34. G. S. Zavt  and A. F. El lervee,  Phys. Status Solidi B, 

94, 757 (1979). 
35. A. C. van der  Steen and L. T. F. Dijcks, ibid., 104, 

283 (1981). 
36. R. K. Moore and W. B. White,  J. Am. Ceram. Soc., 

53, 679 (1970). 

A Self-Aligned Contact MOS Process 
for Fabricating VLSI Circuits 
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Rockwell International, Microelectronics Division, Newport Beach, California 92663 

ABSTRACT 

A novel  technique is descr ibed for fabr ica t ing  silicon gate N1VIOSFET's 
having  se l f -a l igned  contacts to source, drain,  gate, polysi l icon line, and dif -  
fused line. By employing  silicon n i t r ide  as a mask in var ious  steps of the 
process, contact  holes were  formed by  select ive oxidat ion  ins tead of the con- 
vent iona l  technique of etching contacts. Diffusion techniques were  employed  
for doping the conduct ive regions. Elect r ica l  proper t ies  of the devices are  de -  
scribed. The reduct ion  obta ined  in the size of the ind iv idua l  FET's  and the 
chip area  of VLSI  circuits by  employing  this technique are  i l lus t ra ted.  

The MOS/VLSI  technology requires  h igher  packing 
densi ty  of both  tl;ansistor e lements  and in terconnect  
lines. The common approach  to achieve higher  packing  
dens i ty  is to scale down the t rans is tor  size and in te r -  
connect lines, however ,  the ma jo r  l imi ta t ion  to the 
scal ing approach  is the mask a l ignment  tolerances  
which cannot  be easi ly  scaled down. The wide ly  used 
1:1 projec t ion  al igners  have an a l ignment  to lerance  of 
typ ica l ly  1 #m per  layer .  Because of this l imi ta t ion  and 
etch tolerance requirements ,  i t  is ex t r eme ly  difficult to 
keep the contact  regions less than 3.5 ~m away  from the 
neares t  act ive e lements  in a typical  HMOS design as 
i l lus t ra ted  in Fig. 1. 

Tanigaki  et al. (1) developed a se l f -a l igned  contact  
technique for the  source and d ra in  of a sil icon gate 
MOSFET, however ,  thei r  approach  does not  aIlow for 
se l f -a l igned  contacts to the  polysi l icon gates or  to the  
in terconnect  lines. 

In  r ea l i ty  the in terconnect  lines wi th  the associated 
contact  regions occupy majo r  port ions of the  chip area  
and there  has been a tendency  to waste  contact  a rea  to 
the diffused and polysi l icon interconnects  because of 
the  above-men t ioned  mask  a l ignment  and etching 
to lerance  requirements .  A process has been  developed 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key words:  oxide-ni tr ide  d ie lec tr ic ,  s e l ec t ive  oxidation, poly- 

silicon i n t e r c o n n e c t s ,  h igh  dens i ty  circuitry. 

to form se l f -a l igned contacts (SACMOS) to source, 
drain, gates, polysi l icon lines, and diffused lines to 
achieve h igher  packing dens i ty  of both  active devices 
and interconnect  circuitry.  

-~ 3.5 ~ 1.5 

~3.5 

[ ]  POLYSILICON 
[ ]  DIFFUSED REGION 

[ ]  PRE-OHMIC CONTACT REGION 

Fig. 1. Design rules for contact mask in a typical HMOS process, 
All dimensions ore in microns, 
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Process Description 
The process utilizes silicon nitride in various steps of 

the process to form self-al igned contact regions. By a 
combinat ion of selective oxidation and etch techniques, 
contact holes are formed in the oxide grown s imul tane-  
ously over polysilicon and diffused regions. In  this re-  
spect, the process is different from the conventional  
method of etching contact holes in the thermal  or de- 
posited oxides. 

The basic process steps and the cross-section of a 
device and interconnect  poly and diffused lines are 
i l lustrated in Fig. 2 (a ) -2  (i). The star t ing wafers were 
15 ~2cm, (100) oriented, p- type  silicon. An init ial  oxide 
of 500A was thermal ly  grown and a silicon ni tr ide film 
500A thick was deposited by low pressure CVD tech- 
nique. The active area was pat terned with photoresist 
and the silicon ni tr ide was etched off the field region. 
After  a boron implant  in the field region, a 9000A oxide 
was grown over field regions. The ini t ial  oxide and 
nitr ide were retained as the gate dielectric [Fig. 2 (a)] .  
Next, a V500A polysilicon film was deposited by low 
pressure CVD technique. A 500A oxide layer  was 
grown on polysilicon followed by deposition of a sec- 
ond layer  of 600A silicon nitride. Another  300A of 
polysilicon film was deposited over the nitr ide I[ layer  
and thermal ly  converted to oxide. The intended con- 
tact regions to polysilicon (PC) were delineated by 
photoresist masking as shown in Fig. 2 (b) The top ox- 
ide and nitr ide were etched using wet techniques [Fig. 
2(c)] .  Note that the PC mask (and later  NC mask) 
have enlarged contact areas to allow for noncrit ical  
a l ignment  tolerance and insure overlap on polysilicon 
lines. Next, the gate mask (G) was delineated and the 
overlapping oxide and silicon nitr ide edges of the PC 
region were etched off followed by selective etching of 
polysilicon. Thus the PC and G mask combinat ion 
were used to define self-aligned contacts to poly lines 

[Fig. 2(e)] .  A similar technique was used to define a 
self-aligned contact region directly on the top of the 
gate where required. Next, a noncri t ical  NC masking 
was performed to define self-aligned contact regions to 
the source, drains, and the N-lines [Fig. 2(f)] .  The 
silicon nitr ide and under ly ing  oxide was etched off 
from the N-lines. The poly oxide over poly lines and 
gates was also etched off s imul taneously  with the 
oxide over N-lines. During the NC mask etching, the 
PC nitr ide was protected by poly oxide II. At this step, 
all contact regions were covered by self-aligned 
ni tr ide buttons whereas the polysilicon lines and N- 
lines were exposed for phosphorus diffusion or ion 
implantat ion.  In this work, the phosphorus deposition 
was done using POC13 at 900~ to dope the polysilicon 
and N-lines [Fig. 2(g)] .  Next, the s tructure was oxi- 
dized to grow an isolation oxide of 5000 and 6000A over 
polysilicon and N-lines, respectively. During the oxida- 
tion, the SAC regions are protected by silicon nitr ide 
buttons. The silicon nitr ide but tons were next  removed 
by a plasma etch technique and the under ly ing  500A 
of oxide was etched off in buffered HF. Finally,  phos- 
phorus was diffused into the source, drain, NC, and PC 
contact regions [Fig. 2 (h) ]. 

To enhance metal  step coverage and reduce crossover 
capacitance, a phosphorus-doped CVD SiO2 layer was 
deposited on the top of the s tructure and a non-cri t ical  
contact mask was used to etch vias to the under ly ing  
SAC's. The process was completed by sput ter ing A1- 
1% Si film followed by conventional  masking and 
metal  etching [Fig. 2 (i) ]. 

Device Characteristics 
Using the foregoing process MOSFET devices having 

two and three-micron electrical channel  lengths have 
been manufactured  and characterized. The electrical 
parameters  for a typical MOSFET are given in Table I. 
As the gate dielectric in these devices consists of silicon 
dioxide and silicon nitr ide sandwich, they were tested 
for threshold voltage stability. Several devices from 
different lots were packaged and subjected to extensive 
bias temperature  tests at 125~ 10V for 2000 hr. The 
threshold voltage shift as a funct ion of B-T stress time 
is shown in Fig. 3 which indicates that  the threshold 
voltage shift is about 40 __ 15 mV for the total time of 
2000 hr. Furthermore,  the slope of the curve indicates 
that the major  shift occurs wi thin  600 hr of the B-T 
stress. The formation of oxynitr ide film over the silicon 
nitr ide during the high temperature  field oxidation was 
found to be an impor tant  factor in achieving the 
threshold stability. 

Gain in Circuit Density 
By vi r tua l ly  el iminat ing the contact to gate spacing 

of 3.5 ~ in a typical HMOS process, the length of a 

Table 1, Typical device parameters 

Equivalent Gate Oxide 800 ~, 

Field Oxide 8000 ,~, 

Gate Width 4.0 ~um 

Gate Length 4.5 Jum 

Effective Channel Length 3.0 ~um 

Threshold Voltage 0.4V 

Conduction Factor 30 uA;V ~ 

Body Effect Coefficient 0 5V ',2 

Drams to Source Breakdown 10V 

Gate Dielectric Breakdown 80V 

Field Inversion Voltage 8.0V 

Junction Depths 0.7 to 0.9,urn 

Fig. 2. SAC process flow 
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Fig. 3. Bias-temperature stability of a typical 4 N 4 ;~m 
MOSFET's fabricated with SACMOS process. 

MOSFET is reduced  by  8.0 ~m in the SACMOS process 
as shown in Fig. 4. The SAC's  to in terconnect  polysi l i -  
con and N- l ines  provide  addi t ional  savings in in tercon-  
nect  area. A 32K ROM was designed and fabr ica ted  
using the SACMOS process which had a chip a rea  of 
18,800 rai l  2. Compared  to a 32K ROM chip designed to 
typica l  I-IMOS design rules, the SACMOS process chip 
was about  30% smaller ,  thus giving a packing dens i ty  
rat io of 1.3: 1. I t  is, therefore,  concluded that  SACMOS 

p-35--4 

o.5-1 F-o5 
12.5 

-t2o] 
[ ]  POLYSILICON 

[ ]  DIFFUSED REGION 

[ ]  PRE-OHMIC CONTACT REGION 

Fig. 4. Layout of a transistor and interconnect lines designed to 
the SACMOS process. All dimensions are in microns. 

process is ve ry  effective for achieving h igher  packing 
dens i ty  requ i red  for  VLSL 

Discussion 
During  the course of this work  i t  was discovered that  

re ten t ion  of the thin ~125A, oxide layer  grown on top 
of the silicon n i t r ide  dur ing  the field oxidat ion  process 
was o~ pa ramoun t  impor tance  in achieving gate  s tab i l -  
i ty  as shown in Fig. 3. Devices made  wi thout  this thin 
oxide  l aye r  on the top n i t r ide -ox ide  gates exh ib i ted  
la rge  threshold  shifts due to charge t rapping.  An ana ly -  
sis of this l aye r  by  compute r - a ided  e l l ipsomet ry  indi -  
cated a re f rac t ive  index of 1.46. F rom this da ta  we con- 
clude that  the film was sil icon dioxide ra the r  than oxy-  
n i t r ide  as thought  earl ier .  We th ink  that  the thin oxide 
l aye r  on the top of n i t r ide  prevents  charge  inject ion 
f rom polysi l icon gate into the nitr ide,  whi le  the charge 
inject ion f rom the subs t ra te  is inhib i ted  b y  the the rmal  
oxide be low the ni t r ide.  

I t  is recognized that  the SACMOS process descr ibed 
above is more complex than  convent ional  NMOS bu t  
the  a t t endan t  advantages  of se l f -a l igned contacts to 
achieve h igher  circuit  densi ty  wi th  re laxed  a l ignment  
to lerance  requ i rements  offsets this trade-off .  For  
example ,  a 4 ~m NMOS process wi th  se l f -a l igned con- 
facts is equivalent  to a 3 ~m process as far  as circuit  
dens i ty  is concerned. However ,  the SACMOS process 
has some l imi ta t ions  as far  as sca labi l i ty  of the devices 
a re  concerned. The scal ing pr incip le  requires  th inning 
of gate dielectr ic  in propor t ion  to the hor izonta l  sh r ink-  
ing of the device. As the ox ide /n i t r i de  gate dielectr ic  
is made  th inner  the device wil l  be more  suscept ible  to 
charge t rapp ing  at  ox ide /n i t r ide  interface.  Some pre -  
l im ina ry  work  indicates  tha t  300A oxide and 400A 
ni t r ide  gate s t ructures  could be made  s table  using the 
technique of oxidat ion  of n i t r ide  descr ibed above. 

Meta l  s tep coverage ,was  in i t ia l ly  a ma jo r  p rob lem 
unt i l  spu t te r  meta l l iza t ion  was in t roduced and oxide  
e tch process was optimized.  Severa l  complex and large  
circuits  having  app rox ima te ly  6 m m  on the side have 
been fabr ica ted  using this technology. 
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Optical and Electrical Characterization of 
Chemical Defects in GaAs Layers Grown by MBE 

W. H. Koschel, R. S. Smith, and P. Hiesinger 

Fraunhofer-Institut fi~r Angewandte FestkSrperphysik, D-7800 Freiburg, West Germany 

ABSTRACT 

Careful control of UHV conditions dur ing  molecular  beam epitaxial  growth 
of thin crystal l ine gal l ium arsenide layers has to be accomplished to avoid 
undesired incorporat ion of chemical defects. Residual acceptor impurit ies in 
the MBE GaAs films were detected through their  characteristic photolumi-  
nescence spectra, and the effect of these compensating acceptor centers on 
electron mobil i ty in n - type  MBE GaAs was analyzed. A useful procedure 
for an accurate de terminat ion  of the residual  acceptor concentrat ion in  MBE 
GaAs is p r e s e n t e d .  

Thin gal l ium arsenide layers grown by  molecular  
beam epitaxy (MBE) have the advantage of controlled 
thickness, composition, and doping profile (1). In  par-  
ticular, very thin layers (<0.3 #m) can be prepared 
by MBE, and successful experiments  to obtain abrupt  
changes in  doping profiles have been reported (2, 3). 
However, the qual i ty  of MBE layers depends strongly 
on the conditions of the UHV system used (4-6). Sen-  
sitive methods are required to characterize the elec- 
trical and optical properties of the residual chemical 
defect levels (1018-10 TM cm -a)  in MBE GaAs. The ob- 
jective of such a characterization is to gain bet ter  con- 
trol of the MBE growth process and to obtain a bet ter  
unders tanding  of the effect of compensating acceptor 
centers on electron mobi l i ty  in n - type  MBE GaAs. 

This paper  reports on the luminescence properties 
of MBE GaAs layers containing residual  acceptor 
centers, as well as on the informat ion that can be 
provided on compensation and total impur i ty  concen- 
trat ion by analysis of mobil i ty values as a funct ion 
of charge carrier  concentration. A useful procedure 
for an accurate determinat ion of the residual acceptor 
concentration in n - type  MBE GaAs is developed. 

Experimental 
Substrates used for the growth of the MBE G a A s  

layers were doped with either Cr (semi- insula t ing) ,  Si, 
or Te (n +). The substrates were lapped, then polished 
using a sodium hypochloride solution, and finally 
etched for 2 min  in hot H2SO~:H202:H20 (7:1:1) im-  
mediately prior  to transfer to the MBE growth cham- 
ber. The MBE system used was a modified commer-  
cial RIBER system with a quadrupole mass spectrom- 
eter for residual gas analysis and RHEED and Auger  
for surface analysis. The base pressure of the sys- 
tem after bakeout  and with cryopanel  cooling was in  
the 10 .20 Torr  range and dur ing  growth the pressure 
increased to about 10-~ Tort.  

Etching the substrates left the surface covered with 
an oxide layer  which was removed in the growth 
chamber  by heating for a few minutes  at 560~ in an 
arsenic atmosphere. The complete removal of the oxide 
layer  was monitored by  observing the development  of a 
streaked RHEED pat te rn  due to an As-stabilized, re-  
constructed (2 • 4) surface. After the removal  of the 
oxide, the substrate tempera ture  was reduced to 540~ 
and growth was started by opening the shut ter  cover- 
ing the gal l ium oven. The gal l ium tempera ture  w a s  
adjusted to give a gal l ium flux of about  6 • 1014 
atoms/cm 2 sec which resulted in a growth rate of about 
1 ~m/hr.  The typical growth conditions corresponded 
to a high As4/Ga flux ratio. Temperatures  were 900 ~  

Key words: defects, photoluminescence, MBE. 

10O0~ for the gal l ium oven, 350~ for the  a r s e n i c  
oven, and 640~176 for the t in oven which was used 
for n - type  doping of the MBE GaAs films. A var ie ty  
of characterization methods were applied to assess the 
effect of residual chemical defect levels on the elec- 
trical and optical properties of the MBE GaAs layers. 
Photoluminescence was measured with krypton laser 
excitation and a McPherson lm  spectrometer using a 
cooled S1 photocathode for detection of the near  band-  
edge infrared emission of the MBE GaAs films. Cath- 
odoluminescence was recorded using a commercial 
SEM at electron energies from 5 to 30 keV. Electrical 
properties of the MBE GaAs films were obtained by 
s tandard Hall  effect techniques. The free electron mo-  
bilities were analyzed in  n- type  MBE GaAs with re -  
spect to the effect of compensating acceptor scattering 
centers. 

Results and Discussion 
MBE GaAs layers were grown with thicknesses from 

1 to 10 ~m. A surface cleaved perpendicular  to the  
growth direction was analyzed using an SEM in the  
cathodoluminescence mode. A considerable lumines-  
cence contrast is obtained at infrared wavelength 865 
n m  using an 8 n m  bandpass (Fig. 1). The increased 

Fig. 1. SEM micrograph and cathode luminescence of an MBE 
GaAs layer on a GaAs:Cr substrate. (a) Cathodoluminescence (Y- 
mode); (b) cathodoluminescence (image). 
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luminescence efficiency in the MBE GaAs layer  is due 
to the doping level of 1015-1018 cm -3 in  contrast  to 
to the low efficiency of the heavily compensated Cr- 
doped substrate. Thickness of the layers was obtained 
either directly from the cathodoluminescence image or 
by etching the cleaved surface and inspection with an  
optical microscope. 

The residual  impur i ty  concentrat ion of GaAs layers 
of the first MBE exper iments  in a newly instal led sys- 
tem usual ly  ranges from 1 X 1015 to 5 X 1016 cm -a. A 
sensitive method to assess impuri tes  in this concentra-  
tion range is low tempera ture  photoluminescence (PL).  
Figure 2 shows typical luminescence spectra of an n + 
GaAs substrate and an MBE GaAs layer. The MBE 
layer  exhibits the PL lines of the optically active 
shallow C and deeper Mn acceptors (C: EA -- 26 meV 
(7), Mn: EA = 110 meV (8, 9), and of the bound ex- 
citon (BE) recombination.  The acceptor band  of car- 
bon, as the dominan t  residual  impuri ty,  is always 
present  in the PL spectra of MBE GaAs films since 
for the small  growth rate of 1 #m/h r  a very  low par -  
tial pressure (dependent  on the sticking coefficient) 
of carbon compounds would be required in  the UHV 
system to obtain an  impur i ty  concentrat ion below 
1018 cm -8 (4). 

Hot steel parts in the original  MBE system have been 
found to be the origin of the Mn contamination.  After  
rebui lding the system with all hot stainless steel parts 
replaced by  molybdenum ones, the Mn contaminat ion 
was reduced to a value below the detection l imit  of 
the 'PL exper iments  (<lO i4 cm -3, Fig. 3). One of 
the main  requirements  for obtaining high qual i ty 
n - type  MBE layers is the avoidance of such unde-  
sired acceptors, which compensate shallow donor im-  
purit ies and reduce the electron mobil i ty  by ionized 
impur i ty  scattering. At  1.479 eV (838 nm) ,  a fur ther  
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typical PL emission in  MBE GaAs mater ia l  appears 
in Fig. 3 between the carbon l ine (C) and its phonon 
replica (C-LO). Usually, this s t ructure is ascribed 
to band-acceptor  recombinat ion at  GeAs acceptors 
(EA ---- 40 meV) (7). Since Ge is an amphoteric 
dopant (10, 11) it can also occupy Ga sites in the GaAs 
lattice (Geca) and become a shallow donor level. This 
behavior has been demonstrated in in tent ional ly  Ge- 
doped MBE GaAs where the donor or acceptor character 
of the Ge dopant  was controlled through the As4/Ga 
flux ratio or the substrate tempera ture  (10, 11). 

Reducing the A s J G a  flux ratio in our MBE experi-  
ments  indeed resulted in an increase of the 838 n m  
PL emission (Fig. 4). However, the source of the 
possible Ge contaminat ion in  the growth chamber  
could not be located. 

Therefore, there is still some doubt whether  or not  
the 1.479 eV PL emission in our MBE GaAs samples 
is due to Ge. The PL emission could also be due to 
another  defect center (simple vacancy VAs or vacancy-  
related defect). The assignment  to such an intr insic  de- 
fect center is supported by the fact that  this PL emis- 
sion has been found in most of our NIBE GaAs samples 
and also in control samples of other laboratories inde-  
pendent  of the As and Ga source materials  and the 
evaporation cells (graphite, pyrolytic boron ni t r ide)  
used. Since the shallow C acceptor was identified in 
the same MBE GaAs samples, the 1.479 eV PL emission 
could also be due to another  C related defect center 
which occurs in addition to the simple C acceptor. 

Electrical properties of the MBE GaAs samples were 
de termined by van d e r - P a u w  measurements.  Results 
for 300 K are shown in Fig. 5, where the electron too- 
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bili ty values in n - type  MBE GaAs are plotted together 
with the f requent ly  used esti.mate of the upper  mo- 
bil i ty l imit  given by Rode and Knight  (12). In  the 
carr ier  concentrat ion range from 1 • 101~ to 1 • 10 TM 

cm-8, the samples were not in ten t ional ly  doped, in -  
dicating the presence of donor impuri t ies  originat ing 
from the growth system. If Ge is assumed to be one of 
the contaminants  as discussed above, GeGa could be 
the donor impuri ty.  Another  possibility would be the 
presence of Te or Se donors in our MBE GaAs samples. 
However, a chemical identification of donor centers in 
GaAs requires the application of far infrared spec- 
troscopy techniques (13). It is not possible to ident ify 
the donors through near  infrared PL donor-acceptor 
spectra since the chemical shifts of the donor levels are 
too small to be detected. 

Addit ional  doping with Sn donors resulted in elec- 
t ron concentrat ions from 1016-10 TM cm -3. The 300 K 
electron mobil i ty  values of Fig. 5 are lower than the 
theoretical limit, indicat ing a considerable degree of 
compensation in the n - type  MBE GaAs samples. In  
order to assess the effect of compensating acceptor 
scattering centers, a careful analysis of the mobil i ty  
data was performed at a sample tempera ture  of 77 K 
where the influence of polar optical phonon scattering 
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is small. The mobil i ty  data (77 K) of Fig. 6 allow an 
estimate of the total acceptor concentrat ion for each 
individual  sample. Theoretical curves given in Fig. 6 
are different f rom the usual ly  used t rea tment  by Rode 
and Knight  (12). For  higher  electron concentrations 
(>10 TM cm-~) we give a physically more realistic es- 
t imate of electron mobil | t ies and include the pair  cor- 
relat ion between donors and acceptors in the calcu- 
lation of the scattering factors of compensated semi- 
conductors. Therefore, our determinat ion of low tem- 
perature mobil i ty values according to the number  of 
ionized impur i ty  scattering centers is s imilar  to the 
theoretical t rea tment  by Falicov and Cuevas (14). 

The exper imenta l  mobil i ty  data of Fig. 6 can be 
evaluated wi th  respect to the total n u m b e r  of ac-  
ceptor  centers (NA). At low electron concentrat ion NA 
approaches a value of 5 • l0 ts cm-3. The n u m b e r  of 
donor centers ND is easily obtained since the ne t  
charge carrier  concentrat ion is n ---- ND -- NA. For  
ND < NA = 5 X 1015 cm -8 we therefore expect a 
change from n- type  to p- type  which was indeed ob- 
served experimental ly.  In  Fig. 7 the net  charge carrier 
concentrat ion is plotted vs. the donor concentrat ion ND. 

From the PL experiments  the dominant  shallow ac-  
ceptor  was identified as CAs. Our evaluat ion gives an 
accurate value of the n u m b e r  of these shallow C ac-  
ceptors namely  5 X 101~ cm -8 for the series of growth 
experiments  considered here. More recent  series of 
growth experiments  with improved vacuum conditions 
and increased area of the liquid ni t rogen shroud made 
it possible to reduce the C contaminat ion to a value 
below 1015 cm-~. Indeed, the C concentrat ion in the 
MBE GaAs layers was found to be dependent  on the 
vacuum conditions. In recent experiments  a more 
quant i ta t ive  correlation of the CO part ial  pressure 
dur ing growth, the CA~ acceptor PL intensity,  and the 
number  of compensating C~  scattering centers in MBE 
GaAs has been established (15). 

Conclus ion 
Residual shallow acceptor centers were identified 

in n- type  MBE GaAs. The dominant  shallow acceptor 
was found to be CAs in concentrations between 5 X 
10 t4 and 5 X 10 ~5 cm-~. The CA~ concentrat ion was 
found to be correlated with the CO part ial  pressure 
during MBE growth. CAs was also identified as the 
dominant  species of compensating acceptor scatter- 
ing, and is responsible for the reduced electron mo- 
bi l i ty in n - type  MBE GaAs. Contaminat ion with deeper 
Mn acceptors during MBE growth of GaAs was easily 
avoided by replacing hot stainless steel parts in the 
MBE system by molybdenum ones. 
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Improved Electrochromic Behavior of 
Reactively Sputtered Iridium Oxide Films 

L. M .  Schiavone,* W .  C. Dautremont -Smi th , *  G. Beni,*  and J. L. Shay* 

Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

We repor t  deposi t ion pa rame te r s  for improved  e lec t rochromie  behav ior  
of reac t ive ly  spu t t e red  i r id ium oxide films (SIROF's ) .  When  opera ted  in 
0.5M H2SO4 electrolyte ,  SIROF's  deposi ted under  these condit ions m a y  be 
bleached to a s ta te  exhibi t ing,  to wi th in  expe r imen ta l  e r ro r  (<0 .4%) ,  zero 
t ransmiss ion loss in the visible. SIROF's  which can be ful ly  colored to an opt i -  
cal dens i ty  (OD) of 0.45 (single pass) ,  show a response t ime for coloring 
or  b leaching ( through a • of 0.3) of 40 msec under  constant  vol tage address.  
This m a y  be reduced  to 20 msec in each direct ion if IR compensat ion is em-  
ployed.  P r e l i m i n a r y  data  show no difference in co lor /b leach  cycle l i fe t ime 
f rom tha t  of SIROF's  deposi ted under  s l ight ly  different  conditions. No change 
in contras t  is perce ivab le  a f te r  2 • 107 cycles at  room tempera ture .  

I r i d ium oxide films, anodica l ly  grown,  (AIROF's )  
have  received much recent  a t tent ion  (1-4) by  v i r tue  of 
the i r  many  des i rable  e lec t rochromic  proper t ies ,  in 
pa r t i cu la r  thei r  short  response t ime and good corrosion 
resis tance in the appropr ia t e  aqueous e lec t ro ly te  (3). I t  
is accepted that  e lec t rochromism in i r id ium oxide thin 
films occurs by  a revers ib le  ion inser t ion mechanism, 
a l though the na tu re  of the ion responsible  for charge 
t ranspor t  across the i r id ium oxide /aqueous  e lec t ro ly te  

* Electrochemical Society Active Member. 
Key words: electrochromism, ion-insertion electrode, passive 

displays. 

in terface  is not agreed upon. Colorat ion occurs anodi -  
ca l ly  by  e lec t ron ex t rac t ion  accompanied  e i ther  by  H + 
ex t rac t ion  (3) or  O H -  inser t ion (4). Fo r  d isp lay  ap-  
pl icat ions we have p repa red  AIROF's  on t ransparent ,  
e lec t ronica l ly  conduct ing subst ra tes  by  complete  anodi-  
zation of a p rev ious ly  evapora ted  thin film of I r  (5). 
We have repor ted  the fabr ica t ion  and per formance  of 
a so l id-s ta te  cell ut i l iz ing such a d i sp lay  electrode (6). 
However ,  the na ture  of the anodic g rowth  process re -  
s t r ic ted the choice of employable  solid e lec t ro ly te  to a 
ma te r i a l  which could be compressed be tween  prev i -  
ously grown i r id ium oxide films, i.e., an i r id ium film 
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deposited on an electronically insulat ing solid electro- 
lyte cannot be completely converted to i r idium oxide. 

A fur ther  l imitat ion of the anodic growth process is 
the difficulty encountered in obta ining a uni form 
growth rate for all  display elements, even in a simple 
seven-segment  digit. Thirdly,  AIROF's may only be 
grown from a thin film of Ir deposited on a highly con- 
ducting substrate, thus prevent ing  measurement  of 
their fundamenta l  electronic t ranspor t  properties. 

All  of the above l imitat ions are overcome by a direct 
deposition technique, and therefore, we at tempted to 
deposit the electrochromic i r idium oxide film by re- 
active sput ter ing from an i r id ium target. Since 
AIROF's are known to be highly hydrated (7), and it 
was believed that their  rapid electrochromic kinetics 
were dependent  on this high degree of hydration,  init ial  
attempts utilized a humidified oxygen plasma (8). 
However, it was determined that the electrochromic 
response t ime on subsequent  immersion in aqueous 
electrolytes was independent  of the part ial  pressure of 
H20 in the sput ter ing atmosphere dur ing  deposition. 
Ini t ial  results (8) were very encouraging in that  these 
reactively sputtered i r id ium oxide films (SIROF's) 
were found to have the same rapid response time as 
AIROF's. Furthermore,  these films were found to have 
superior s tabil i ty against both chemical and electro- 
chemical corrosion. In  fact, these films (deposited on 
Ta substrates) have been operated at high oxygen 
evolution overpotentials,  i.e., potentials much higher 
than those applied for electrochromic behavior, for 
long periods of time without detectable co r ros ion (9 ) .  
SIROF's exhibit  the same low oxygen evolution over- 
potential  behavior  as do AIROF's, which however, 
corrode rapidly  at these potentials, and are therefore 
being investigated for use as the anode in water 
electrolyzers (9). It  may be noted that the cyclic 
vol tammograms recorded for these early SIROF's were 
somewhat different from that  of an AIROF, in  par t icu-  
lar, in their lack of distinct features and their greater 
current  densities at  low potentials ( in the range 0- 
+0.5V vs.  RHE). From the electrochromic viewpoint, 
the major  disadvantage of these SIROF's was a per-  
ceivable residual coloration which could not be elec- 
trochemically bleached. 

In  this paper we report the film deposition param-  
eters we have successfully utilized to deposit films 
which could be completely electrochemically bleached 
to a state exhibi t ing effectively zero visible t ransmis-  
sion loss. Equi l ibr ium and kinetic behavior of these 
electrodes is described. 

Experimental 
I r id ium oxide films were deposited by reactive rf 

sput ter ing in  a commercial, conventional  diode rf 
sput ter ing system (Cooke Vacuum Company).  The 7.6 
cm diam Ir  target was presputtered for 20 min at an 
rf  power density of 0.7 W cm -2 in pure O2 at 20 ~m 
pressure. O2 pressure was reduced to 2 ~m and deposi- 
tion commenced. A target power density of 0.7 W cm -2 
was again utilized, with a corresponding target bias of 
,~700V. Of importance was that the substrates were 
mainta ined in good thermal  contact with the water-  
cooled platform. A minia ture  thermocouple attached to 
the substrate surface indicated that the substrate sur-  
face temperature  did not exceed 40~ dur ing deposi- 
tion. However, in the absence of good thermal  contact, 
or in the absence of water  cooling, the substrate surface 
tempera ture  achieved a max imum value of 10O~ 
which was found to impar t  some degree of haze to the 
as-deposited film and to reduce adhesion of at least the 
upper  layer of the film. A deposition rate of approxi-  
mately 10 A rain-1 was obtained, requir ing a deposition 
time of 90 min  for a film with an available single pass 
optical density modulat ion (~OD) in the visible of 
,~0.4. As deposited, the SIROF is in a close to fully 
colored state. 

The overall  display electrode fabricat ion was as fol- 
lows. Glass substrates previously coated with a t rans-  

parent,  electronically conducting film of either ind ium-  
t in oxide (ITO) or t in oxide, in which the appropriate 
pat tern (10) has been etched if a seven-segment  digit 
was being fabricated, were cleaned with detergent and 
rinsed in hot water, followed by ultrasonic cleaning in 
distilled water  and isopropyl alcohol, and a final vapor 
degrease in isopropyl alcohol. Photoresist (AZ 1350J) 
was spun on, dried, exposed, developed, well rinsed in 
distilled water, and again dried, to leave t ransparent  
conductor exposed in  the required display electrode 
pattern. Since this exposed surface could not  be cleaned 
with organic solvents before SIROF deposition, a dry 
etch process was used to clean this surface of photo- 
resist residue. Preferably,  sputter etching of the sub- 
strate in s i tu  in the rf sput ter ing system prior to SIROF 
deposition was performed, but  it was found that  when 
ion beam etching was performed in a different vacuum 
system, short exposure to atmosphere was not detr i-  
menta l  to subsequent  SIROF adhesion. The extent  of 
etching of the t ransparent  conductor coating was 
general ly ~300A. A fur ther  advantage of etching the 
t ransparent  conductor is that  the depth of etching may 
be chosen so that the combined optical thickness of the 
bleached SIROF on top of the etched t ransparent  con- 
ductor is equal to, or ~./2 greater than (~. _-- wavelength 
---- 550 nm) ,  the unetched t ransparent  conductor, whose 
thickness has general ly  already been chosen for mini -  
mum reflection. Thus, interference contrast between a 
bleached display segment and its surrounding is el im- 
inated, and display brightness is maximized. Dry etch- 
ing is followed by deposition of the SIROF as de- 
scribed, and SIROF removed from the areas in which it 
is not required by dissolution in acetone of the under -  
lying photoresist. An al ternat ive technique has been to 
cause the SIROF deposited onto the photoresist to lose 
adhesion tr the photoresist by immersion in an aqueous 
electrolyte combined with potential  pulsing between 
the potential  limits used for the electrochromic effect. 
This technique leaves an insulating,  protective photo- 
resist film over the exposed t ransparent  conductor. 

Electrochemical measurements  were performed in 
0.5M H2SO4 electrolyte, and the potential  applied to the 
SIROF electrode relative to a saturated calomel elec- 
trode (SCE) controlled by a PAR potentiostat, incorpo- 
rat ing a coulometer, and programmer.  Transmission 
through the electrode of an He/Ne (633 nm) laser beam 
was measured using an Si photodiode. Transmission 
and charge inserted into the electrode were monitored 
s imultaneously on an oscilloscope and recorded photo- 
graphically. Current  vs. electrode potential  during elec- 
trode potential  t r iangular  sweeping (cyclic vol tammo- 
grams) were recorded s imultaneously to t ransmission 
on a 2-pen X-Y recorder. 

Results 
Figure l ( a )  shows a cyclic vol tammogram and cor- 

responding transmission variat ion of a typical SIROF/  
ITO electrode, recorded in 0.5M H2SO~ electrolyte at 
10 mV sec -1 scan rate. The data shown is quasi- 
equil ibrium, i.e., is not a function of the potential  scan 
rate (except for the current  density scale). The t rans-  
mission of the SIROF/ITO electrode at --0.2V vs. SCE 
can be seen to be 92%, equal to that  of the surrounding 
ITO alone immersed in the aqueous electrolyte. Sweep- 
ing the potential  to + l .05V continuously reduces the 
electrode transmission to 31% as shown, giving a 3:1 
contrast ratio between the bleached and colored 
states equivalent  to a 9:1 ratio in a device double pass 
configuration. In  comparison to those of our early 
SIROF depositions (8), the vol tammogram has more 
structure, tending towards the shape of an AIROF 
vol tammogram (1) with, however, the major  peak 
occurring at a potential  ~0.23V less anodic than that 
for an AIROF. Figure 1 (b) reshows this vol tammogram 
with those of SIROF's from two other depositions. 
Each SIROF is of approximately the same thickness 
but  of different area, so that for clari ty of presentat ion 
absolute current,  ra ther  than current  density (which 
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Fig. I. (a, top) Voltammograrn with simultaneous variation in 
optical transmission of a SIP, OF, ITO electrode. (b, bottom) Voltarn- 
mograrn of the same SIROF (middle curve) and of SIRO,F's for two 
other depositions. All as-deposffed film thicknesses were ~900/~.  
The voltarnmagram of the largest area sample (with the highest 
absolute current) was an initial cycle, recorded within a few 
minutes after immersion. The other two voltarnmogrorns were re- 
corded after a number (>30)  of color/bleach cycles. 

is almost the same in  each case), has been plotted. In  
alI cases the main  peak occurs at about W0.44V (vs. 
SCE), and a higher potential  peak can be observed at 
,~0.84V as well  as a lower potential  shoulder around 
0.0V. However, the shape of the largest ampli tude 
vol tammogram is characteristic of the ini t ia l  color/  
bleach cycles of an as-deposited SIROF, whereas the 
other two are the "steady-state" vol tammograms 
achieved in  this case after a number  (>30) of color/ 
bleach cycles. The difference is due to hydrat ion of the 
as-deposited film (11). 

The relationship between the SIROF electrode po- 
tential  E, the charge density inserted AQ, and the re-  
sul tant  optical density change AOD (633 rim) for a 
SIROF deposited as described is shown in  Fig. 2. The 
thickness of this SIROF as deposited is ~900A; the 
number  of electrons extracted and ions inserted (31 
mC cm -2) when the electrode potential  is stepped 
from --0.200 to +l .050V (vs. SCE) corresponds to 
N0.80/Ir atom. The informat ion displayed in  the E vs. 
AQ curve, al though recorded as a number  of discrete 
points a t  equil ibrium, may be obtained by integrat ion 
of the vol tammogram of Fig. l ( a ) .  The r igh t -hand  
curve shows an almost l inear  increase in optical density 
with inserted charge density, with an optical efficiency 
(0 :- AOD/AQ) of 17.9 cm2C -z at low inser t ion levels. 
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Fig. 2. Relationship between electrode potential E, inserted 
charge density AQ, and induced optical density ~OD at 633 nm, 
for the SIROF of Fig. l(a). 

Over the overall  voltage range of --0.200--t-1.000V, an 
average optical efficiency of 15.5 cm2C -1 is exhibited. 
This is the same as the effective optical efficiency of an 
A.IROF (10). The absorption spectrum of the induced 
coloration is featureless over the visible range, other 
than for interference effects, i.e., the colored state is 
black, and therefore, this optical efficiency curve, al-  
though recorded at 633 nm, applies equal ly to any  
visible wavelength.  

The kinetics of the electrochromic response of a 
SIROF are shown in Fig. 3. The SIROF has been de- 
posited on ITO coated glass, to facilitate the t rans-  
mission measurement  recorded in the upper  trace, but  
in a geometry such that the rate of response to a po- 
tentiostatic pulse is not restricted by the sheet re- 
sistance of the t ransparent  conductor. The lower trace 
records the charge insert ion and extraction from the 
SIROF electrode, in response to an applied 1.0 Hz 
square wave potential  with limits of --0.250 and 

1.050V vs. SCE. A AOD of 0.45 between the bleached 
state (of zero absorbance) and the colored state, equiv-  
alent  to 0.9 in a device configuration uti l izing a diffuse 
backscatterer, is indicated. If one arbi t rar i ly  defines 
the response t ime of the process as that  dur ing which 
the first two-thirds  of the total (equi l ibr ium) ~OD 
occurs, in this case the first 0.3, a reasonable practical 
value equivalent  to a 2:1 contrast, then both the colora- 
tion and bleaching process have a response time of 40 

Fig. 3. Optical (%T) and electrical (AQ) response of a SIROF 
electrode (900A. as-deposited thickness) to a 1.0 Hz square wave 
potential with values of --0.250 and ~ i . 0 5 V  (vs. SCE) in 0.SM 
H2SO~. 
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msec. However, complete (to within 1% of the final 
t ransmission) coloration and bleaching occur within 150 
and 280 msec, respectively. From a perceived contrast 
point  of view for a b lack-on-whi te  display, coloration 
and bleaching times are about 50 and 200 msec, respec- 
tively. It  should be noted that the response shown is 
not  obtained immediate ly  on operation of a freshly 
deposited SIROF, but  only after the film has swelled by 
hydrat ion (I1). The temperature  dependence of the 
response time of a SIROF, deposited under  slightly 
different conditions from those described here, has been 
reported elsewhere (12). 

Conclusions 
Electrochromic i r id ium oxide films have been de- 

posited by reactive sput ter ing from an Ir target  in a 
pure O2 plasma. Under  the deposition conditions de- 
scribed here, films which could be completely bleached 
to zero absorbance (at --0.2V vs. SCE in  0.5M H~SO4) 
have been prepared. The colored state of these films is 
black, and a continuous charge or voltage selectable 
gray scale is available. These films could be switched 
through an optical density change of 0.3 in either 
direction in 40 msec under  potentiostatic address; use 
of IR compensated potentiostatic address (10) can re- 
duce this response time to 20 msec in either direction. 
Useful low temperature  response times are also shown, 
e.g., 0.25 sec at --10~ when IR compensation is used to 
el iminate the effect of increased electrolyte resistivity. 
The energy requi rement  per color/bleach cycle for 
films as described here which show a single pass ~OD 
of 0.48 (0.96, or a contrast ratio of 9: 1, in a device 
configuration) is 38 m$ cm -2 cycle -1 at a response time 
down to 40 msec. Although this energy requi rement  is 
20% greater than that  for an AIROF (due to the 20% 
larger voltage window utilized with the same charge 
density for the same contrast) ,  it is close to the require-  
ment  of a stable (nonaqueous) WO3 half-cell  for the 
same contrast but  at a slower response t ime (~0.3 sec). 
Of course, in many  applications a lower contrast is ac- 
ceptable, permit t ing the use of a th inner  film, with the 
energy requi rement  l inear ly  dependent  on the re- 
quired AOD. SIROF's deposited under  conditions close, 
but  not identical, to those described here have under -  
gone cycle lifetime testing both at room temperature  
and at elevated temperature  in 0.5M H.~SO4 electrolyte. 
At room temperature  2 X 103 full color/bleach cycles 
(with approximately 50% of that time with the SIROF 

having reached either the fully colored or fully 
bleached state) were obtained without perceived 
change in contrast, al though a decrease in • and AOD 
of about 3% was recorded. Under the same conditions 
at 73~ 2.5 • 105 cycles were obtained with a 5% 
decrease in _~Q and AOD. Although similar l ife-testing 
of SIROF's deposited exactly as described in this work 
has not been performed, pre l iminary  data show no sig- 
nificant difference. 
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Chemical Etching Characteristics of (O01)lnP 
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ABSTRACT 

The chemical etching characteristics of (001)InP are studied through an 
SiO2 mask in the solutions of various etching systems: (i) HC1, (it) HCI: HNO~, 
(iii) HBr, (iv) H2SO~:H202:H20, and (v) Br2:CH3OH. The etched depth is 
evaluated by using a calibrated optical microscope. The etching profiles 
are examined by cleaving the wafer in orthogonal directions along the (110) 
and (]10) planes. Various etching profiles, such as V-shaped, reverse mesa-  
shaped ones, and near ly  vertical walls, are formed by stripes being etched on 
the (001) planes. The indexes of the etch-revealed planes are identified by 
making a comparison with the calculated angle between the (001) surface 
and etch-side plane. The ut i l i ty  of these etching solutions is also discussed for 
a variety of InP device applications. 

Chemical etching of single crystal semiconductors 
plays an essential role in microelectronic solid-state 

Key words: chemical etching, InP, etching profile. 

device technology. Of the compound semiconductors, 
GaAs is most widely used in solid-state devices for 
specialized applications. Most of the data on etching of 
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GaAs that one can find in the literature (1) involve 
studies of the mechanisms and kinetics of the dissolu- 
tion processes. Tarui et al. (2) have reported in detail 
preferential etching characteristics of GaAs in the 
Br2:CI~OH system and have then demonstrated geo- 
metrically etched profiles produced in the {001} and 
(111} planes by employing this system. They have also 
reported a few examples of practical applications of 
preferential etching (etching profile) for the device- 
structure design and fabrication. 

InP and its related compounds, such as InGaAsP, 
are thought to be promising materials for high-speed 
transistors (IC's) and electrooptical devices. There 
have been a few reports on the etching characteristics 
of InP (3-7). Tuck and Baker (4) have studied etch- 
ing characteristics of InP from crystallographic as- 
pects, e.g., orientation effects on etching rates, shapes 
of pits and hillocks, and dissolution processes. Huber 
and Linh (5) have studied defect delineation in InP 
by using specific etchants. However, to our knowledge, 
there has been no report on device shaping for InP 
using preferential etching. 

In the present paper, we report chemical etching 
characteristics of the (001) surface of InP in the so- 
lutions of various systems: (i) HC1, (ii) HCI:HNO~, 
(iii) HBr, (iv) H2SO4:H202:H20, and (v) Br2:CH3OH 
systems. The etching profiles are examined by cleaving 
the (001) InP wafer in orthogonal directions along the 
(110) and (1-10) planes and are discussed in detail 
from a crystallographic aspect. The profiles applicable 
to device-structure design and fabrication are also 
discussed. 

Experimental 
Samp,le.--The InP crystals employed were undoped 

single crystals grown by the liquid encapsulated 
Czochralski method. All wafers used were of (001) 
surface orientation with an uncertainty of 1 ~ or less. 
These wafers were lapped and polished with fine abra- 
sive alumina (0.05 ~m particle size). After being de- 
greased and rinsed in deionized water, they were 
chemically polished to a mirrorlike finish in a 
Bre: CI-I3OH solution at room temperature. The thick- 
ness of these wafers was about 100 ~xn to permit 
cleavage for the observation of etching profiles. 

Masking pattern.bEtching studies were performed 
for the etching-selected regions of (001) surface InP 
through windows in an SiO2 mask (see Fig. 1). The 
SiO2 masks used were approximately 2000A thick and 
were prepared with conventional sputtering equip- 
ment. The desired geometries, in this case the window 
width of 30 ~m wide, were defined by standard photo- 
lithography technique using AZ-I350 and an SiO2 
etchant of the HF: NH4F: H.~O system. 

Etching soIution.--The etching solutions employed 
can be classified into the following five groups: (i) 
HCI system (HC1, HCI: CH3COOH, etc), (ii) HCI:HNO3 
system, (iii) HBr system (HBr, HBr:CI~COOH, etc), 

(iv) H2SO~:H202:H20 system, and (v) Brz:CH3OH 
system. The chemicals used were all of reagent grade. 
They were as follows: HC1 (12N), H202 (30%), 
CHsCOOH (17N), HsPO4 (15N), HNO8 (14.5N), HBr 
(9N), H2SO4 (36N), K2Cr207 (purity ~ 99.8%), Br2 
(purity --~ 99%), CH3OH (purity 99.5%), and H20 
(deionized water). A large quantity of solution was 
prepared to prevent the etching temperature from ris- 
ing and the etch-solution composition from varying 
during the experiments. Etching was carried out in 
a temperature-controlled water vessel without illumi- 
nation. The etchant was freshly mixed prior to each 
experiment. Etching experiments were done by stir- 
ring by hand. 

Etched depth and etching prol~le.--After etching, 
removing the SiO2 mask, and rinsing in deionized 
water, the {110} plane perpendicular to the etched one 
was cleaved with a razor blade and the etched depths 
of samples were measured with a calibrated optical 
microscope. The etched depths were also measured 
from a step height between the etched and unetched 
surfaces using an interference microscope. Etching 
profiles were observed on the (110) and (il0) cleav- 
age planes perpendicular to the wafer surface under 
an optical microscope. 

Etching Profile 
Etch figure.--Figure 2 includes a photograph of etch 

figures developed on the (001) plane of InP in the 
H2SO4:H202:H20 system, where the etch figures were 

/~teove 

~100pm 

�9 (11o) I/ 

Fig. 1. An SIO2 masking pattern on (001)lnP wafer for chemical 
etching. The etching profiles are obtained by cleaving the wafer in 
orthogonal directions along the (i10) and (]10) planes. 

Fig. 2. Etching figures produced on the (001) plane of InP and 
schematic diagram of the individual etch figures. 
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produced by etching in the solution through pin-hole 
windows in an SiO2 mask. A schematic diagram of the 
individual etch figures is also shown in the figure. 
The etch figures exhibit a rectangle-l ike (elongated) 
shape. 

An important  aspect of the arrangement of zinc- 
blende type crystals such as InP is the absence of a 
center of symmetry or inversion. Let the two sub- 
lattices of I I I-V compounds be labeled A III and B v. 
The Am-B v layers have unique orientations along the 
<111> crystal direction. The opposed (111) and (111) 
faces and opposed [111] and [111] directions may have 
different physical and chemical properties. Such dif- 
ferent properties are known to arise from crystallo- 
graphic polarity. If a unit  cell is chosen such that the 
B v atoms are situated at its corner, then the B{l l l}  
planes may be referred to as (111), (111-), (111), and 
(111), while the A{l l l}  planes will be the correspond- . . . . . .  
ing negatives, i.e., (111), (111), (111), and (111). The 
pit figures can be successfully interpreted by a geom- 
etry constructed from the {111} planes, as shown in 
the middle and lower parts of Fig. 2. The elongated 
pits, similar to those of Fig. 2, have also been found 
in III-V compounds such as GaAs (2, 8), InSb (9), 
and InP (4). Gatos and Lavine (9) have revealed 
after geometric examination that  the etch figures on 
(001)InSb are truncated (flat-bottomed) tetragonal 
pyramid structures, the four sides being {111} planes. 
The top plane of the truncated pyramid is either flat 
{100} or has higher order planes ({411}) forming a 
shallow angle with the <100> direction (--~ 19~ 
Olsen et al. (8) have also observed in SEM photo- 
graphs the truncated tetragonal pyramid etch figures 
on(100) GaAs. Tuck and Baker (4), on the other hand, 
have observed untruncated tetragonal pyramid etch 
pits on (100)InP, where the (111) and (1]~) planes 
meet in a ridge at the bottom of the pit. From careful 
inspection using a differential interference microscope, 
we have also found that the pit figures on (001)InP 
have untruncated tetragonal pyramid structures, as 
shown schematically in the middle part  of Fig. 2. The 
elongated etch figures demonstrate the nonequivalence 
of <110> and <110> type directions lying in a {001} 
plane in the III-V intermetall ic compounds. As men- 
tioned before, this nonequivalence is known to arise 
from the <111> crystallographic polarity of zinc- 
blende type crystal. Elongated etch figures, thus, pro- 
vide us a means for the unique determination of crys- 
tallographic directions between the <110> and <110> 
type directions. 

HCI system.raThe etching profiles of (001)InP etched 
in the solutions of the HC1 system are shown in Fig. 
3: (a) HCl (25~ 1 min),  (b) 1HCI:IH202 (25~ 1 
min), (c) IHChlCH3COOH (25~ 1 min),  (d) 
1HCl:lH3PO4 (25~ 1 rain), (e) 1HCh 1CHsCOOH: 
1H202 (25~ 1 min), and (f) 1HCI:lHsPO4:lH202 
(25~ 1 min). The cross sections are obtained by 
cleaving the wafers in orthogonal directions along the 
(110) and (110) planes (see Fig. 1). The determination 
of crystallographic directions was made by means of 
the above-mentioned etch-figure test. It is clear from 
the figure that the etching profiles change in shape with 
a crystallographic rotation of 90 ~ about the [001] axis 
and that they exhibit crystal habits. In the case of 
the (110) cleavage planes, the etching profiles indi-  
cate planes are nearly perpendicular to the (001) 
surface and inclined planes slope downward away 
from the SiO2 mask. In the case of the (110) cleavage 
planes, the profiles indicate only the inclined planes 
whose sides form angles of about 35 ~ [(a) ,  (c), and 
(d)]  or 55 ~ [(b) ,  (e), and (f)] with respect to the 
(001) surface. Consequently, the etching profile of the 
(110) cleavage plane [Fig. 3(a)]  clearly shows a V- 

Fig. 3. Etching profiles of (001)lnP etched in the solutions of the 
HCI system: (a) HCI (25~ I min), (b) 1HCI:1H202 (25~ 1 min), 
(c) IHChICH3COOH (25~ 1 min), (d) 1HChlH3PO~ (25~ 1 
min), (e) 1HCI:iCH3COOH:iH202 (25~ 1 min), and (f) 1HCI: 
IH~PO4:IH~O2 (25~ 1 min). 

shaped groove profile forming a V-groove angle of 
110 ~ (angle between two inclines). If the etching time 
is properly chosen according to the V-groove width, 
depth, and corresponding etching rate, one can also 
easily fabricate the V-shaped groove in the <110> 
direction on (001)InP by chemical etching in solutions 
such as 1HCh 1H202 and 1HCI: ICH~COOH: 1H202 (V- 
groove angle of 70~ 

HCl: HN08 system.--The etching profiles of (001)InP 
etched in the solutions of the HChHNO3 system are 
shown in Fig. 4: (a) 1HCI: 1HNO3 (25~ 1 rain), (b) 
1HCh2HNO~ (25~ 1 rain), (c) 2HCl:IHNO3 (25~ 
1 rain), (d) l (1HCl:1HNO3):lH20 (25~ 1 min), (e) 
1 (1HCh 1HNO3) : 1H202 (25~ 1 min), and (f) 1 (1HCl: 
1HNO3) :lCHsCOOH (25~C, 1 min). The etching pro- 
files of the (110) cleavage planes [Fig. 4(a) ,  (b), (c), 
and (f)]  indicate the planes are nearly perpendicular 
to the (001) surface, similar to those of the HCl sys- 
tem. The profile of the (110) cleavage plane [Fig. 
4(c)]  indicates the inclined planes forming an angle 
of 35 ~ with respect to the (001) surface, but those of 
Fig. 4(a) and (b) do not exhibit clear crystal habits. 
If one chooses proper etching time, the 2HCh 1HNO3 
solution also makes it possible to fabricate a V-shaped 
groove whose sides form an angle of l l0  ~ (i.e., an 
angle of V-shaped groove). As one can see in Fig. 4(d),  
(e), and (f), the etching rate reduced abruptly with 
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an addit ion of H20, H202, or CH3COOH in the solution 
of the HCh HNO3 system [see also Table I]. 

HBr system.--The etching profiles of (001)InP etched 
in  the solutions of the HBr system are shown in Fig. 
5: (a) HBr (25~ 1 min) ,  (b) 1HBr:lH202 (25~ 
1 min) ,  (c) 1HBr:ICH3COOH (25~ 1 min) ,  (d) 
1HBr:IH3PO4 (25~ 1 rain),  (e) 1HBr:IHNO3 (250C, 
1 rain),  and (f) 1HBr: 1HNO3:5H.~O (25~ 1 min) .  
The profiles of Fig. 5(a) indicate the incl ined planes 
for both the (110) and (~10) cleavage planes forming 
an angle of 55 ~ wi th  respect to the (001) surface. The 
side-etch speed of the (110) cleavage plane is faster 
than that  of the (1-10) cleavage plane. The cross sec- 
tions demonstrated in  Fig. 5(b) exhibit  a reverse 
rnesa-shaped and  mesa-shaped profiles for the (110) 
and (110) cleavage planes, respectively. The etched 
sides for the (110) and (110) cleavage planes form 
angles of 125 ~ and 55 ~ , respectively, with respect to 
the (001) surface. Such profiles are quite s imilar  to 
those on (001) GaAs etched with H2SO4: H20~: H20 (10) 
and Br2:CHzOH solutions (2). The profile shown in  
Fig. 5(c) [(110) cleavage plane] exhibits the reverse 
mesa-shaped and mesa-shaped structures in  addit ion 
to the fiat-bottomed plane. The reverse mesa-shaped 
and mesa-shaped planes form angles of 110 ~ and 55 ~ 
respectively, with respect to the (001) surface. The 
profile of the (110) cleavage plane [Fig. 5(c)] ,  on the 
o%her hand, exhibits only the incl ined planes form-  
ing an angle of 55 ~ with respect to the (001) surface. 
Similar  etching profiles have also been obtained by 
Otsubo et al. (11) on (001)GaAs with etching in a 
solution of the C.~H~(OH)(COOH).~.H20:H202:H20 
system. The etching profiles of Fig. 5(d) are the same 
as those of Fig. 5(a) .  The profiles of Fig. 5(e) and (f) 
are also quite s imilar  to those of Fig. 5(b) ,  bu t  they 
do not reveal  clear crystallographic planes. 

HzSO4:H202:H20 system.--The etching profiles of 
(001)InP etched in  the solutions of the H.2SO4 system 
are shown in Fig. 6: (a) 1H~SO~: 1H202 (60~ 20 rain) ,  
(b) 3H2SO4:lH202:1H20 (60~ 20 min) ,  (c) 1H2SO4: 
1H202:1H20 (60~ 20 min) ,  and (d) 3(2N-K2Cr2OT): 
1H2SO4:1HC1 (60~ 20 min) .  The profiles of the (110) 
cleavage planes [Fig. 6 ( a ) - ( c ) ]  indicate the planes 
are near ly  perpendicular  to the (001) surface, w h i l e  

those of the (110) cleavage planes indicate the in -  
clined sides that  slope downward away from the SiO2 
mask. The profiles of the (110) cleavage planes [Fig. 
6(a) and (b)]  exhibit  the mesa-shaped structure,  bu t  
they do not indicate clear crystal habits, in contrast  
to that of Fig. 6 (c). 

The H2SO4:H202:tt~O system is know n  to be o n e  
of the most commonly employed etchants for GaAs 
(11). Chemical polishing by using this system a l s o  
gives high-qual i ty  GaAs surfaces of low-index or ien-  
tations except for the G a ( l l l }  surface. However, the 
etching rates of this system for InP  are two or three 
orders smaller  than those for GaAs. The system, more-  
over, sometimes produces elliptical etch pits on the 
(001) surface of InP. The photograph of the elliptical 
etch pits are demonstrated in the lower par t  of Fig. 
6 (c). The Iong- and short-axis directions of the el l ip-  
soid correspond to the [110] and [110] directions, re-  
spectively. The profile of the (110) cleavage plane of 
(001)InP etched in the solution of 3(2N-K2Cr207): 
1H_~SO4:1HC1 [Fig. 6 (d) ] exhibits the mesa-shaped 
structure, in contrast  to those of the H2SO4:H202:H20 
systems. The profile of the (i-10) cleavage plane also 
exhibits the mesa-shaped s t ructure  (reveal ing clear 
crystal habits) ,  as similar  to those found in Fig. 6 
( a ) - ( c ) .  This etchant  system produces etch-pi t  free 
surfaces and moreover provides h igh-qual i ty  InP  sur-  
faces. It  was found that the etching rates of this system 
were increased by increasing HC1 at a constant  ratio of 

Table I. The composition of the etchants in parts by volume, etching condition, etched depth, and identified crystallographic 
planes revealed by etching 

Etching condition 
Identified planes  

T e m p e r a t u r e  Etched  depth  
Et chant  Time (min) (~ (~m) (110) (110) 

HC1 i 25 12.0 {~10},(~11} {112} 
IHCI: lI-~O 1 25 0.07 
1HCl: lmO~ 1 25 2.3 {ilO!,{ill ) ~1} 
1HCh ICmCOOH 1 25 6.0 {110} {112) 
IHCI:IH3PO4 1 25 4.0 {110},{111} {112} 
1HCI:IH--O2:IH20 1 25 0.1 
1HCI:ICH~COOH:IHeO~ 1 25 4.0 {110},(~11} {-111} 
IHCI: 1H~PO~: 1H.~0~ i 25 2.0 ? {111} 
1HC1:1HNO3 1 25 6.5 {~I0} ? 
IHCh2HNO~ i 25 7.0 - ~10_} _- t 
2HCI:IHNOa 1 25 8.5 {110},{111} {112} 
1 ( 1HCh 1HNO8 } : 1H20 1 25 0.15 _ _ 
I(1HCh 1HNO3) :1H20~ 1 25 0.5 t {111} 
1 ( HCI: 1HNO~ ) :ICH3COOH 1 25 1.0 {~ 10} {112} 
HBr 1 25 6.5 {~11} __ {-111 } __ 
1HBr: 1H.~O~ 1 25 23 {111} {ill} 
1HBr: 1CH3COOH 1 25 3.0 (111},{22~} {011} 
IHBr:IH~PO~ 1 25 2.0 ~11}  {111} 
IHBr: 1HNOs 1 25 11.0 t {111} 
1HBr: 1HNOa: 5H20 1 25 9.0 t ? 
1H.~SO4:1H~O: 20 60 4.0 {-110} ? 
3H~SO~: 1H.~O2:1H.~O 20 60 3.5 {110} t 
IH~SO~: IH-~O~: IH20 20 60 2.5 ~i0} {~11}__ 
3 ( 2N-KcCr20~ ) : 1H2SO~: 1HCI 20 60 2.0 . . . .  t {I 11 } 
4% Br~: CHaOH 1 25 25 {111}__ {111}__ 
2% Br~:CH~OH t 25 18 {111}__ {_111} 
1% Br~:CH~OH 1 25 12 {111} {111} 
0.2% Br~:CHsOH 2 25 7.0 {1il}__ {]~1} 
0.1% Br2:CHsOH 4 25 8.0 {111} {111} 

l E tch ing  profi le  does  n o t  exh ib i t  c l ear  crys ta l  habits .  
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Fig. 4. Etching profiles of (001)lnP etched in the solutions of the 
HChHNO3 system: (a) 1HCh1HNO8 (25~ 1 rain), (b) 1HCI: 
2HNO3 (25~C, i rain), (c) 2HChlHNO~ (25~ 1 min), (d) 
i (1HChlHNO3): IH20 (25~ 1 rain), (e) I (1HChlHNO3):IH202 
(25~ 1 rain), and (f) i(1HCI:IHNO3):ICH3COOH (25~ 1 mink 

2N-K2Cr2Or and H~SO4 wi thout  any  change of the 
surfaces states;  ~0.1  ~m/min  [3(2N-K2Cr2OT) : 
tHzSO4: 1HC1], ~1 .0  #m/ ra in  [3(2N-K2Cr2Or): 1H2SO4: 
2HC1], and ~2.0  ~m/min  [3(2N-K2Cr2OT):lH~SO4: 
3HC1] at  60r Detai ls  of these etching solutions wil l  
be presented  in the nea r  future.  

Bre:CH30H system.--It is wel l  known tha t  the 
Br2:CH3OH systems give good resul ts  for p re fe ren t i a l  
e tching of GaAs(2 ) .  The etching rates  can be easi ly 
control led  by  va ry ing  the Br2 concentrat ions  in 
CH3OH. These systems are  also usua l ly  employed  as 
the etchants,  capable  of producing  h igh ly  polished 
surfaces on GaAs. F igure  7 shows the etching profiles 
of (001)InP etched in the solutions of the Br2:CH3OH 
system: (a) 4% by volume Br2:CH3OH (25~ 1 rain) ,  
(b) 2% by volume Br2:CH:~OI-I (25~ 1 min) ,  (c) 1% 
by  volume Br2:CH~OH (25~ 1 min) ,  (d) 0.2% by 
volume Br2:CH~OH (25~ 2 min) ,  and (e) 0.1% b y  
volume Br2:CH3OH (25~ 4 min) .  The profiles of the 
(110) c leavage planes  exhib i t  the  reverse  mesa - shaped  
s t ructure  forming an angle of 125" wi th  respect  to the 
(001) surface, while  those of the (110) c leavage planes  
exhib i t  the mesa - shaped  s t ruc ture  forming an angle of 
55 ~ with  respect  to the (001) surface. Such fea tures  
a.re quite s imi lar  to those of (001)GaAs etched wi th  
the Br2:CH3OH (2) and H2SO~:H202:H20 systems 
(10). The profiles a re  also the same as those of InP  
etched with  the 1HBr: 1H202: solut ion [see Fig. 5 (b ) ] .  

Fig. 5. Etching profiles of (001)lnP etched in the solutions of the 
HBr system: (a) HBr (25~ 1 min), (b) 1HBr:IH202 (25~ 1 m[n), 
(c) IHBr:ICH~COOH (25cC, 1 rain), (d) IHBr:IH3PO4 (25~ 1 min), 
(e) 1HBr:IHNO3 (25~ 1 min), and (f) 1HBr:IHNO3:SHeO (25~ 
1 mink 

The etching rates  are  found to v a r y  f rom 2 ~m/min  
(0.1% by volume)  to 25 ~m/min  (4% by volume)  wi th  

the Br2 concentrat ions in CH2OH. 

Crystallographic aspect.--In this subsection, we dis-  
cuss the etching profiles of (001)InP demons t ra ted  in 
Fig. 3-7 f rom a c rys ta l lographic  aspect. F igure  8 
shows two-d imens iona l  schemat ic  representa t ions  of 
two or thogonal  (110) and (110) planes  of a (001)InP 
layer.  The open and solid circles indicate  the In and 
P atoms, respect ively.  The (110) and (110) planes,  
thus, r ep resen t  the in te rchange  of I n - P  atomic species 
of the z inc-b lende  type  c rys ta l  InP upon a ro ta t ion  
of 90 ~ about  the [001] axis. The {001} surfaces, in p r in -  
ciple, consist e i ther  of the In or  P atoms. However ,  
ne i ther  is p re fe r r ed  since both types are  doubly  bonded  
to the crys ta l  la t t ice at  the  surface, and rea l  {001} 
surfaces consist of a mix tu re  of the In and P atoms. 
On the other  hand, the in te rmeta l l i c  compound InP 
has two types  of {111} surfaces, i.e., I n { l l l }  and P { l l l }  
surfaces, resu l t ing  f rom the c rys ta l lographic  po la r i ty  
of the {111} directions.  The outermost  a tom laye r  in 
each surface consists of e i ther  In or  P atoms which are  
t r ip ly  bonded to the crys ta l  latt ice.  The In and P atoms 
have three  and five bonding electrons pe r  atom, re -  
spectively.  The {111} surface In atoms have no spare  
electrons because they  are  al l  used up in hanging on 
to the crys ta l  lat t ice.  The (111} surface P atoms, on 
the other  hand, have two electrons per  a tom avai lab le  
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Fig. 6. Etching profiles of (001)lnP etched in the solutions of the 
H~.SO4 system: (a) 1H2SO4:1H202 (60~ 20 rain), (b) 3H2SO~: 
1H202:iH20 (60~ 20 min), (c) 1H2SO4:lH202:1H20 (60~ 20 
min), and (el) 3(2N-K2Cr2OT):1H2SO4:1HCI (60~C, 20 min). 

Fig. 7. Etching prof|les of (001)lnP etched in the solutions of the 
Br~:CHsOH system: (a) 4% by volume Br~:CH.3OH (25~ I rain), 
(b) 2% by volume Br2"CH~OH (25~ 1 min), (c) 1% by volume 
Br2:CH80H (25cC, 1 min), (d) 0.2% by volume Br2:CH3OH (25~ 
2 min), and 0.1% by volume Br2:CH~OH (25~ 4 min). 

to take part in a reaction. Thus, the P{lll} planes are  
very reactive compared with the In{lll} planes. 

From a viewpoint of crystallography, we can classify 
the etching profiles shown in Fig. 3-7 into the four 
individual groups, as demonstrated in Fig. 9. Details 
of two-dimensional schematic diagrams correspond- 
ing to Fig. 9(d) are also shown in Fig. 8. The etch- 
revealed walls perpendicular to the (001) surface, ob- 
served on the (110) cleavage plane in the solutions 
of the HC1, HCI: HNO3, and H2SO~: H202:H20 systems, 
correspond to the {1"10} crystallographic planes. The in- 
clined planes forming an angle of 55 ~ with respect to 
the (001) surface [see, e.g., Fig. 5(a)] correspond to 
the In( l l l}  [ (110) cleavage plane] and In{lll} crystal- 
lographic planes [(110) cleavage plane], where the 
{111} or {1~1} planes, in principle, form an angle of 
54o44 ' with respect to the {001} planes. The inclined 
plane forming an angle of 35 ~ with respect to__the 
(001), shown in Fig. 9(a), correspond to the In{ll2}__ 
crystallographic planes [see, e.g., Fig. 3 (a)]. The {112} 
planes, in principle, form an angle of 35016 ' with re- 
spect to the {001} planes. The etching profile of the 
(110) cleavage plane, shown in Fig. 5(c), is composed 
of two individual planes, forming angles of 109 o and 
55 o with respect to the (001) surface, while that of the 
(11-0) cleavage plane exhibits only the mesa-shaped 
structure forming an angle of 45 ~ with respect to the 
(001) surface. As shown in Fig. 9(c), the most prob- 
able planes deduced from these angles are In{221} and 
In{lll} planes for the (110) cleavage plane and {0i'l} 
planes for the (110) cleavage plane. The reverse mesa- 
shaped and V-shaped groove structures were formed on 

the (110) and (~10) cleavage planes, respectively, with 
etchants such as 1HBr:lH202 [Fig. 5(b)] and Br2: 
CH3OH solutions (Fig. 7). These structures form angles 
of 125 ~ (reverse mesa-shaped) and 55 ~ (mesa-shaped) 
with respect to the (001) surface [Fig. 9(d)], which 
agree reasonably with angles between the {001} and 
(1-1-1} planes. The etch-side planes can, thus, be iden- 
tified to be the In{lll} planes (see Fig. 8). The etching 
proceeds up to the In{lll} planes, because the P{111} 
planes are very reactive compared with the In{ll l} 
planes. Consequently, the reverse mesa-shaped and 
V-shaped groove structures are formed on the (110) 
and (110) cleavage planes, respectively, whose side3 
in principle form angles of 125o16 ' and 54~ ' with re- 
spect to the (001) surface. 

The dissolution process under consideration is far 
too complex and the available information rather 
limited to allow a quantitative development of the 
dissolution mechanism. Moreover, it is difficult to 
obtain a complete explanation of the difference in the 
etching profiles with various etching solutions. How- 
ever, we suggest that this difference is due to the dif- 
ferences of the etching rates in the various crystallo- 
graphic planes (i.e., the slowest-etching-rate planes 
will play an important role on the etching profiles. The 
etch-side planes identified are summarized in Table I 
along with the etching time, temperature, and etched 
depth. 

Proposed Device Application 
The etching profiles obtained here should be very 

useful for the design and fabrication of electron and 
electrooptical devices. Comerford and Zory (12) have 
used selective etching techniques to fabricate V-groove 
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, J Fig. 8. Two-dimensional sche- ~ n I 

matic representations of two ~ ~ ~  ~ ~  
orthogonal (110) and (110) 
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open and solid circles indicate 
the ln and P atoms, respectively. I ~ ~ ~  I ~ 
The round hole bottom on the 
left side is not necessarily the \ 
precise atomic configuration. 

\ 

[|11] [111] {111 
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diffraction grating on the (001) surfaces of OaAs using 
the Br2:CH3OH solution as the preferential  etchant. 
Tsang and Wang (13) have also fabricated the diffrac- 
tion grating on the (001) surface of GaAs, where the 
H2SO~:H202:H~O system has been used as the prefer-  
ential etchant. The results demonstrated in this paper 
also indicate that the V-groove diffraction grating on 
the (001) surface of InP should be fabricated by chem- 
ical etching with proper  choice of direction of grat-  
ing-mask groove openings and controlling the width 
of the groove openings and/or  etching time. 

Gannon and Nuese (14) have discussed the uti l i ty of 
the NH4OH: H~Oe preferential  etchant for GaAs device 
preparation and have demonstrated its application to 
the fabrication of integrated GaAs bipolar transistors. 
The NH4Ott:H202 etchant has been found to provide a 
flat etching bottom and a slow etching rate for 
{00I}GaAs, which led to the success of the transistor 
fabrication procedure. The etchants, such as the l t tCI:  
1CH3COOH [Fig. 3(c)] ,  1HCI:IH3PO4 [Fig. 3(d)] ,  

(a) 

(110) PLANE (|10) PLANE 
Fig. 9. Schematic diagrams of the etching profiles produced in 

the (001) planes of InP by the various etching solutions (see text). 

/ 

//~54"44' 

(TIO) PLANE 

SiO 2 

1HBr: ICH3COOH [Fig. 5 (c) ], and 1HBr: IH3PO4 solu- 
tions [Fig. 5(d)] ,  also provide a flat etching bottom 
and a relat ively slow etching rate for {001)InP. These 
etchants should, therefore, be useful for producing 
high-quali ty InP transistors and IC's. The lateral  defi- 
nition, which is especially required and important  in a 
number of passive optical components such as wave- 
guides and directional couplers, can also be achieved 
by a chemical etching technique employing these solu- 
tions as the etchant. 

Realization of monolithic integration of optical cir- 
cuits will require a conventional means of routing 
optical signals on integrated chips (15). The fabrica- 
tion of double heterostructure lasers, which incorporate 
chemically etched mirrors, has been reported to realize 
the monolithic fabrication of integrated optical devices 
(16, 17). In such works, much attention has been paid 
to produce smooth-mirror Fabry-Pero t  resonator by 
chemical etching because it improves the characteristics 
of laser diodes such as threshold current density, 
quantum efficiencies, and lasing modes. Therefore, in 
the fabrication of etched-mirror  laser diodes, it is im- 
portant to produce the vertical walls which give a high 
value of the mirror  reflectivity. The etching solutions, 
such as the HCI (Fig. 3) and H2SO4:H202:H20 systems 
(Fig. 6), are thought to be useful for the monolithic 
fabrication of etched-mirror  laser diodes. Recently, 
Miller and Iga (17) have successfully fabricated 
InGaAs/In'P laser diodes emitting at 1.3 ~m by wet 
chemical etching with a solution of 1HCI: 2CH~COOH: 
1H202 [see Fig. 3 (e)] .  The geometric profiles are also 
applicable to the fabrication of lateral-confinement 
laser diodes such as the buried-heterostructure laser 
and channeled-substrate laser diodes (18). 

Conclusion 
In summary, we have studied chemical etching char- acteristics of (001)InP in the solutions of various sys- 

tems: (i) HC1, (ii) HCI:HNO.~, (iii) HBr, (iv) H2SO4: 
H202:I-I20, and (v) Br2:CH3OH systems. The etch 
figures developed on (001)InP have indicated that it 
has untruncated tetragonal pyramid structure, in con- 
trast to that on (001)GaAs or (001)InSb [truncated 
(flat-bottomed) tetragonal pyramid structure]. The 
etching profiles exhibiting crystal habits, e.g., V-shaped 
groove, reverse mesa-shaped ones, and nearly vert i -  
cal walls, have been found to be formed by stripes 
parallel  to the [110] and [1-10] directions being etched 
on the (001) planes. The indexes of the etch-revealed 
planes have been identified by making a comparison 
with the calculated angle between the (001) surface 
and etch-side plane. The etching profiles applicable to 
the device-structure design and fabrication have also 
been discussed. 
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Auger Depth Profile Studies of Diffusion 
at Iron Phthalocyanine/Copper Phthalocyanine Interfaces 
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ABSTRACT 

Elementa l  dep th  profiles of thin molecular  films have been obta ined  using 
Auge r  e lec t ron spectroscopy in conjunct ion wi th  ion etching by  reducing the 
average  e lect ron cur ren t  dens i ty  and using a conduct ing substrate .  The min i -  
mum observed  in ter face  wid th  of CuPc (800A t h i c k ) / F e P c  (800A thick)  in 
unannea led  samples  was app rox ima te ly  300-400A. Evidence is p resen ted  
tha t  this broad  interface  is due to the microcrys ta l l ine  morphology  of these 
phys ica l ly  vapor -depos i t ed  molecular  solids. Annea l ing  under  var ious  con- 
di t ions has provided  insight  into the diffusion and consequent  degrada t ion  
of these assemblies,  appa ren t l y  th rough  a gra in  b o u n d a r y  mechanism.  

Thin molecular  films have been ut i l ized recent ly  as 
m e a n s  for organiz ing a va r i e ty  of chemical  systems, 
inc luding modified electrodes and photoelec t rochemical  
devices (1-8). Al though  surface analysis  techniques 
such as x - r a y  photoelect ron spectroscopy (XPS or 
ESCA) have been used effectively to character ize  the 
surfaces of such systems (5, 7, 9, 10), there  is a c r ip-  
p l ing  lack  of knowledge  about  the va l id i ty  of methods  
for  charac te r iz ing  them as a funct ion of depth.  Auger  
e lect ron spectroscopy,  wi th  i on -beam etching, and  sec- 
onda ry  ion mass  spec t romet ry  have  been wide ly  em-  
p loyed for tha t  purpose  in deal ing wi th  mu l t i l aye r  as-  
semblies  of thin films of convent ional  mater ia ls ,  such 
as meta ls  and  semiconductors  (11, 12). However,  wi th  
molecu la r  mater ia l s  there  is added concern over  a r t i -  
facts resul t ing  from molecular  degrada t ion  (13) and 
diffusional mix ing  (14) under  the beams of charged 
part icles.  

In  this paper ,  we communicate  the successful Auger  
depth  profi l ing of ph tha locyanine  (Pc) thin films, 
which are  in teres t ing  for  thei r  e lec t roca ta ly t ic  (15-18) 
and photovol ta ic  (6, 19, 20) propert ies .  The resul ts  
suggest  tha t  accurate  profiles, wi thout  ar t i facts  f rom 
beam damage,  can be obtained.  Data  f rom annealed  
samples  provide  informat ion  about  diffusional degrada-  
t ion of the film assemblies~ 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
Key words: analysis, organic, films, sputtering. 

Experimental 
The samples were  p repared  by  physical  vapor  depo-  

sit ion in a vacuum of less than  10 -6 Torr  using a com- 
merc ia l ly  avai lab le  bel l  j a r  (Var ian  Model 3117). Firs t ,  
s i lver  (3000A) was deposi ted onto 1 • 1 in. microscope 
cover glasses (Corning No. 2) held  at  room t empera -  
ture. This l aye r  was in tended  to provide  for the rmal  
and e lect r ica l  conduct ion away  from the semiconduct-  
ing thin layers  (--800A each) of two different  meta l  
phthalocyanines ,  which were  vapor  deposi ted nex t  at  
ra tes  from 0.5 to 1 A-sec  -1 from quar tz  or a lumina  
crucibles  heated to --400 ~ . Changing of the deposi t ion 
source necessi tated exposure  of the samples  to the 
a tmosphere  be tween each step. F i lm thickness and 
deposi t ion ra te  were  moni tored  by  a quar tz  crys ta l  
balance  (Sloan DTM-200) and verified by in te r fe rom-  
e t ry  (Var ian  A-scope) .  

Analys is  was done at a typical  background  pressure  
of 2 • 10 -9 Torr  wi th  a scanning Auger  microprobe  
(Physical  Electronics Model 545). Exci ta t ion  was by  a 
coaxial  3 keV elect ron beam, typ ica l ly  of 2.0 ~A. The 
e lect ron beam of 20-40 ~m diam) was ras tered  over  an 
area  app rox ima te ly  167 • 167 #m to reduce the average  
cur ren t  density. Ion etching was obta ined  with  60 #A/  
cm 2 of 1 keV argon from a single, 20.7 ~ off-normal  ion 
gun at a ra te  of app rox ima te ly  20 A/min .  We wil l  use 
the  t e rm sput te r ing  with  caution in the cur ren t  context  
of molecular  solids. Argon ion etching of polymers  has 
been shown to be a ve ry  complex process, involving 



1350 J. Electrochem. Sac.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June 1981 

mechanisms o f  fragmentat ion,  cross-linking, and de- 
sorption (13), in addition to hard-sphere collisions. 

Results and Discussion 
A typical depth profile of a freshly prepared, un -  

annealed sample is shown in Fig. 1, without  smooth- 
ing or background subtraction. (The ni t rogen profile 
w a s  omitted from Fig. 1-4 for clarity.) The ini-  
tial ratio of the ni trogen peak- to-peak ampli tude to 
that  for carbon was 0.30 _ 0.05, averaged over several 
samples. This figure is equivalent  to the value of 0.29 
__.0.015 reported ealier  by Buchholz (21) for oxygen-  
saturated CoPc films with a 2 keV pr imary  beam. He 
predicted an ampli tude ratio of 0.254 for an atomic 
ratio of 8/32 on the basis of relat ive cross sections at 
2 keV and the estimated electron escape depths. 
Buchholz vapor-deposited and Auger-analyzed his 
samples in situ, whereas ours had to be exposed to air. 

No iron is detected at the surface of the unannea led  
sample (Fig. 1), and there is no addit ional broadening 
of the CuPc/FePc interface for samples stored at room 
temperature  for over a week, compared to samples 
stored below --20 ~ A similar FePc/CuPc  sample does, 
however, show traces of copper on the surface after 53 
days at room temperature.  For several CuPc/FePc 
samples ( including that of Fig. 1), the surface Cu/C 
ampli tude ratio is 0.078 • 0.011, while unannea led  
FePc/CuPc or FePc-only  samples have surface Fe/C 
ratios of 0.060 _+ 0.005. I ron and copper become detect- 
able at meta l /carbon ampli tude ratios just  below 0.01. 
While oxygen is observed in relat ively large amounts 
at the surface (O/C peak- to-peak ampli tude ratios as 
high as 0.4) and, to a much lesser extent  (typically 
O/C ratios of 0.015) evenly throughout  both Pc layers, 
there is no oxygen excess at the CuPc/FePc interface. 
Since the FePc was exposed to air between depositions, 
such an excess might  be expected. Its absence may be 
due to desorption by the impinging, thermal ly  excited 
CuPc during vapor deposition, or to a leveling of the 
oxygen concentrat ion by diffusion after assembly. Us- 
ing Buchholz's values for a 2 keV pr imary  beam, one 
can calculate an O/C ampli tude ratio of approximately 
0.18 for a monolayer  coverage of oxygen on phthalo- 
cyanine. The min imum detectable amount  of oxygen 
corresponds to an O/C ratio less than 0.005. 

Figure 2 shows data for an equivalent  CuPe/FePc 
sample that was annealed at 200~ for 24 hr in a ro-  
t a ry -pumped  vacuum oven; it offers clear evidence of 
mass t ransport  between the two phthalocyanine layers. 

Artifacts of the Auger depth profiling technique 
were not found to be severe. In  every case the carbon 

. D  

~: 4 

_ A iron xlO ~ ~. 
n o copper x I0 /'R~ A I~ 

o I I I I I I I I I I I I I I I I 
500 I000 1500 

depth (A) 

Fig. 1. Auger depth profile of a CuPc (800,~)/FePc (800~)/Ag 
(3000A)/gloss sample with no annealing, other than storage for 5 
days at room temperature. Etching was obtained with 55 ~A/cm'~ of 
1 keV Ar +. Traces connect consecutive data points. Symbols are 
inserted only at every fourth point. 
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Fig. 2. Auger depth profile of a CuPc/FePc/Ag sample equivalent 

to that of Fig. 1, but annealed in vacua for 24 hr at 200~ (in 
addition to storage for 11 days at room temperature). 

signal shows a very rapid initial decrease followed by 
gradual recovery to a steady value, which is main- 
tained through the Pc/Pc interface. The initial de- 
crease in carbon signal may be due to adsorbed hydro- 
carbon contaminants. During the subsequent increase 
in carbon signal, the nitrogen signal (not shown) de- 
creases, and the N/C ratio reaches an average steady- 
state value of 0.2. This coincidence leads us to suspect 
what  might be described loosely as a "preferential  
sputtering" mechanism, involving molecular  degrada- 
tion. We cannot rule out changes in  the Auger l ine 
shape of carbon as contr ibut ing to the fluctuations in  
the peak- to-peak signal, since the negative dN/dE peak 
of carbon near  265 eV initially, is shifted by ~3  eV to 
higher energy by ion bombardment .  At the same time 
the positive peak remains unshifted. Broadening of  
peaks in the integral  N(E) spectrum would lead di- 
rectly to decreases in peak- to-peak  height in the 
dN/ dE spectrum. 

Electron beam damage is not a severe problem for 
these studies, although some chemical damage un -  
doubtedly occurs, as evidenced by changes in the sec- 
ondary and backscattered electron emission and the 
optical properties of the assemblies. The net  absorbed 
sample current,  when used to obtain an SEM-like 
picture, reveals the Auger-analyzed area to be slightly 
darkened, due to increased secondary and backscat- 
tered electron yields, which have been demonstrated 
to be a sensitive criterion for beam damage (22). Also, 
visual examinat ion of the sample after exposure to 
electron and /or  ion beam reveals qual i ta t ively changes  
from the init ial  blue or b lue-green  to green. However, 
under  the conditions described above (min imum cur-  
ren t  density, ma x i mum sampIe s tabi l i ty) ,  the Auger  
spectrum remains constant  for well  over 1000 sec, 
without an ini t ial  transient,  in the absence of ion 
etching. Furthermore,  the electron beam does not a p -  
pear  to contr ibute to interface broadening, since the 
mi n i mum interface width is approximately constant  
over a wide range of electron current  densities and  
dosages (Table I).  In addition, compared to other or- 
ganic compounds such as aliphatic hydrocarbons, CuPc 
has been shown to be greater than two orders of mag- 
n i tude  more stable to electron radiat ion damage (23). 

Contr ibut ions to the observed width of the CuPc/  
FePc interface were expected from many  sources. 
Several  factors, whose contr ibut ion is expected to vary  
with the depth of the interface and the electron and 
ion beam parameters,  may properly be considered 
artifacts in that  they do not reflect the true composition 
of the sample before analysis. First, the phenomenon 
of cascade or atomic mixing  has been shown to cause 
interface broadening due to penetra t ion and resul t ing 
collision cascades by the ions (24, 25). B a s e d  on  the  
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Table I. Typical interface widths for unannealed samples 

1351 

Sample (thickness A) 

P r i m a r y  elee- 
I n t e r f a c e  width, tron current Etch rate 

I0-90% (A) (#A) (A/min) Ion 

ZnPc (17O)IMnPc (670) 
ZnPc (670)/MnPc (670) 
FePe (670)/CuPc (>2000) 
FePe (670)/CuPc (>2000) 
FePc (670)/CuPc (>2000) 
FePe (670)/CuPc ( > 2000) 
FePc (800)/CuPc (800) 
FePc (800)/CuPc (800) 
FePe (800)/CuPc (800) 
H~Pc (800)/FePc (800) 
CuPc ( 8 0 0 ) / F e P c  (800) 

275 2.0 22 1 k e V  Ar+ a t  41/xA/cm~ 
270 1.0 15 1 keV A r  + at  38/~A/em ~ 
350 1.0 28 1 k e V  Ar+ at  45 ~ A / c m  2 
390 1.0 24 1 keV A r  § at  45 ~ A / c m  2 
310 1.0 25 1 k e V  A r  + at  45 ~A/c rn  2 
390 2.0 20 1 keV A r  § at  41 ~ A / c m  2 
220 2.0 15 1 keV A r  + at  61 # A / c m  ~ 
230 2.0 23 3 keV A r  + at  61 ; ~ . / c m  ~ 
230 2.0 23 1 keY Ar+ at  51 ~ A / c m  ~ 
210 2.0 18 1 k e Y  A r  § at  51 ~ A / c m  ~ 
260 2.0 21 I keV Ar + at 55/~A/em ~ 

ava i lab le  da ta  on ion implan ta t ion  ranges  (26), o n e  
would  expec t  pene t ra t ion  by  the r e l a t ive ly  low energy  
1 keV argon beam to be subs tan t i a l ly  less than  the 
observed  C u P c / F e P c  in ter face  width.  This expec ta -  
t ion was confirmed b y  dep th  profi l ing equiva len t  sam-  
ples wi th  1 and  3 keV argon  beam energy,  w i th  no 
observable  changes o ther  than  sput te r  ra te  (Fig. 3 
a n d  4). 

Spu t t e r - i nduced  roughness  has also been known  to 
degrade  in ter face  resolution.  However ,  if  this were  the  
case one would  expect  the  in ter face  wid th  to increase  
a p p r o x i m a t e l y  as the  squa re - roo t  of dep th  (27). 
C lea r ly  this is not  observed expe r imen ta l l y  in Fig. 1, 
where  the  C u P c / F e P c  in te r face  is b roader  than  the 
deeper  F e P c / A g  interface.  

Elect ron and ion beams have also been  observed to 
cause mass t r anspor t  via  t he rma l  diffusion (28) or  
e lec t ros ta t ic  migra t ion  (29). However ,  these observa-  
tions were  unde r  r a the r  ex t r eme  conditions, such as 
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Fig. 3. Auger depth profile of FePc (800A)/CuPc (800A)/Ag 
(3000A), after storage at room temperature for 18 days, etched with 
61 ~A/cm 2 of 1 keV Ar + ions. 
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Fig. 4. Auger depth profile of a sample equivalent to that in Fig. 
3, etched with 61 ~A/cm 2 of 3 keV Ar § ions. 

low the rmal  or  e lec t r ica l  conduct iv i ty  samples,  h igh 
power  and cur ren t  densit ies,  and h igh ly  mobile  species. 
For  the samples  tha t  we have  constructed a n d  the 
beam pa rame te r s  tha t  we use, we have  seen no evi -  
dence of this type  of t r anspor t  phenomenon.  Poor  
e lect r ica l  conduct iv i ty  would  be mani fes ted  by  charg-  
ing and subsequent  shif t ing of the Auge r  e lec t ron 
energies.  Beam heat ing  would  cause the bo t tom l aye r  
to diffuse to the surface wi th  long e lec t ron beam ex -  
posure.  

The inelast ic  mean - f r ee  pa th  ( IMFP)  of e lectrons 
also contr ibutes  to the observed in ter face  wid th  of 
Auger  depth  profiles, bu t  in a m a n n e r  which is inde -  
penden t  of beam pa ra me te r s  or sample  his tory,  and  
depends p r inc ipa l ly  on the character is t ic  e lect ron en-  
e rgy  and, to a g rea te r  or lesser  extent ,  the sample  
matr ix .  The value  of the inelast ic  mean- f r ee  pa th  for  
molecu la r  ma te r i a l s  has been  the subjec t  of deba te  
(30, 31). We can conclude f rom the lower  F e P c / A g  
in ter face  width  of a pp rox ima te ly  100A (measured  
f rom 90% to 10%) of the carbon signal, tha t  for  e lec-  
t rons of 271 eV energy t rave l ing  th rough  FePc  (a lbe i t  
damaged  by  e lect ron and ion b a m b a r d m e n t ) ,  the IMFP 
is less than 50A, since a dis tance twice the  m e a n - f r e e  
pa th  would cause a t tenua t ion  b y  86%. 

Another  factor  con t r ibu t ing  to the CuPc /FePc  in-  
terface wid th  in Fig. 1, independen t  of analysis  condi-  
t ions or sample  history,  is expected  to be the micro-  
crys ta l l ine  dimensions of the vapor -depos i t ed  ph tha lo -  
cyanines.  Elect ron microscopic examina t ion  of Pc films 
evapora ted  under  s imi lar  condit ions indicate  tha t  the  
microcrys ta l l ine  dimensions are  typ ica l ly  on the order  
of 200A (32, 33). This evidence,  coupled wi th  our  
observat ion  of the  re la t ive  sharpness  of the  F e P c / A g  
interface  leads us to conclude tha t  the unannea led  
CuPc /FePc  in ter face  wid th  is dominated  by  this mic ro -  
crys ta l l in i ty .  

The or iginal  goal  of this research  was to develop the 
capabi l i ty  of d i rec t ly  moni tor ing  the in tegr i ty  of i n t e r -  
faces in these organic  thin film assemblies,  as a function 
of sample  history.  Thus, we were  encouraged to find 
that  when sample  prepara t ion ,  his tory,  and  analysis  
pa rame te r s  were  he ld  constant,  the in ter face  depth  
profiles were  reproducible .  When  these samples  were  
compared  to ident ica l ly  p repa red  samples  tha t  received 
different  anneal ing  t rea tments ,  d ramat ic  changes r e -  
sul ted f rom chemical,  as wel l  as physical ,  phenomena.  
The chemical  changes, which took place dur ing an-  
neal ing in air, have  been repor ted  o ra l ly  (34), and  
will  be descr ibed in deta i l  at  a l a t e r  data.  The physical  
changes, which were  observed fol lowing anneal ing  in 
a vacuum oven tha t  was r epea t ed ly  pu rged  wi th  argon 
and r o t a r y - p u m p e d  before  heating,  ev ident  in Fig. 2, 
can be expla ined  b y  diffusion and changes in m o r -  
phology. 

These morphology  changes m a y  take  place  in e i ther  
the molecu la r  or  meta l l ic  layers  of these assemblies.  
Phtha locyanines  a re  known  to vapor  deposi t  onto a 
room t empera tu r e  subs t ra te  in the  a - ( " t i l e " )  form. 
The t rans i t ion  to the ~- ( "her r ingbone")  form has  been  
repor ted  to occur at  t empera tu re s  as low at  60~ (35). 
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Consequently, any detailed explanation of the mecha- 
nism of mass transport during annealing may need to 
involve morphology. It was our intention in this pre- 
liminary report to use higher temperatures and longer 
times, such that any mass transport due to morphologi- 
cal change is small in comparison to that due to dif- 
fusion. 

Figure 2 clearly shows degradation of the FePe/Ag, 
as well as the CuPc/FePc, interface, although the 
Pc/Ag interface of comparable samples annealed for 
14 hr at 175~ show no degradation. This observation, 
coupled with the absence of any detectable Ag a c -  
cumulat ion  at any MPc/MPc interface or at the surface 
of any Pc layer is strongly indicative of a change in 
the topography of the Ag layer. This change may be 
the result of a variety of mechanisms. The silver 
microcrystals could coalesce into larger crystallites, 
or the silver might migrate to fill voids occurring in 
the Pc layers. Filaments of metal, observed by electron 
microscopy of sectioned, vapor-deposited metal /Pc/  
metal assemblies have been ascribed to this mecha- 
nism (32). Scanning electron microscopy of the craters 
remaining after the Auger depth profiles reveals the 
sputtered silver surface of an annealed sample to be 
anisotropically irregular (Fig. 5), while an unannealed 
sample had a flat-bottomed crater (Fig. 6). This ob- 
servat ion  leads  us to assume that both thermal and 
ion beam effects are involved in these changes in the 
silver surface and the consequent Pc/Ag interface 
broadening. 

The nature of the mass transport of FePc through 
the CuPc was expected to be by a grain boundary 
mechanism, due to the microcrystalline nature of the 
Pc. The surface excess of FePc could be accounted for 
either by a predominantly grain boundary mechanism, 
or by a bulk diffusion mechanism coupled with a ther- 
modynamic preference for FePc over CuPc at the re- 
sidual vacuum/Pc interface or surface. This latter pos- 
sibility is ruled out, since comparably annealed FePc/ 
CuPc samples show a surface excess of CuPc. 

Further details of the diffusion mechanism are at 
this point not completely clear. Two possibilities are 
molecular diffusion of intact metal phthalocyanines 
or demetallation and atomic diffusion of the metal 
atoms from molecule to molecule. A comparison of 
H2Pc/FePc samples to CuPc/FePc samples shows 
roughly comparable diffusion upon identical anneal- 
ing conditions, which supports, but does not prove, the 
former hypothesis. Further experiments utilizing sec- 
ondary ion mass spectrometry are underway to resolve 
this question. 

In conclusion, we have described the successful use 
of Auger depth profiling, traditionally an atomic anal- 

Fig. 6. Scanning electron micrograph of the crater remaining 
after the profile of Fig. I, showing (left to right) the masked, un- 
etched sample (M), the crater wall (W), and the flat-bottomed 
crater (C), over-coated with 500.~ of silver. Note the absence of 
features other than cbarglng dust particles (white), compared to 
Fig. 5. 

ysis technique, applied nontraditionally to molecular 
thin solid films to investigate diffusion. We have clearly 
demonstrated that any future applications of such 
molecular solid assemblies intended for long-term or 
high temperature use must give careful consideration 
to grain boundary diffusion as a mechanism of aging 
or failure. 
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Fig. 5. Scanning electron micrograph of the crater bottom re- 
maining after an Auger depth profile of an air-annealed sample, 
comparable to the sample of Fig. 2. The sample was over-coated 
with S00A of vapor-deposited silver, to improve contrast. 
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The Nucleation of CVD Silicon on Si02 and 
Si3N  Substrates 

III. The SiHjHCI-H System at Low Temperatures 

W. A. P. Claassen and J. Bloem* 
Philips Research Laboratories, Eindhoven, The NetherZands 

ABSTRACT 

The growth  of po lycrys ta l l ine  sil icon layers  on SiO2 and Si3N4 subst ra tes  
c a n  be h a m p e r e d  in the ea r ly  stages of g rowth  by the presence of different  
species adsorbed  on the surface. In this ar t ic le  nucleat ion exper iments  wi th  
sil icon on SiO2 and Si3N4 are  descr ibed in the SiH4-H2-HC1 system at t em-  
pera tu res  be tween  600 ~ and 900~ In this t empera tu re  regime (and wi thout  
HCI addi t ion)  the sa tura t ion  nucleus densi ty  of silicon clusters on SiO2 sub-  
strafes shows a decrease  in dens i ty  wi th  decreas ing tempera ture ,  whereas  
on Si3N4 subst ra tes  the  opposite occurs. Exper iments  wi th  n i t rogen as a 
car r ie r  gas, however,  give almost  the same sa tura t ion  nucleus densit ies of 
sil icon clusters on SiO2 and Si3N4 substrates.  Addi t ions  of HC1 to the SiH4-H2 
system produce a decrease in the nucleus sa tura t ion  dens i ty  on SiO2 and Si3N4 
substrates ,  and the dens i ty  also decreases wi th  decreas ing t empera tu re s  
be low 900~ I t  is fu r the r  shown that  select ive g rowth  of silicon on pa r t l y  
coated sil icon subst ra tes  becomes more difficult at lower  growth  t e m p e r a -  
tures. Adsorp t ion  of different  surface species (H, CI, SIC12, and Sill2) on SiO2 
and Si3N4 subst ra tes  is discussed and i t  is concluded tha t  a s trong adsorpt ion 
of a tomic hydrogen,  no tab ly  on SiO2 surfaces, m a y  expla in  the difference 
in nucleus densit ies on SiO2 and Si3N4 subst ra tes  at  t empera tu res  be low 
900~ 

In two preceding  papers  (1, 2) ( re fe r red  to in the  
fol lowing as Pa r t  I and  P a r t  I I )  nucleat ion exper i -  
ments  a re  descr ibed on SiO2 and Si3N4 substrates.  P a r t  
I contains expe r imen ta l  da ta  on the SiH~-HC1-H2 sys-  
tem at t empera tu res  be tween  925 ~ and 1200~ whi le  
P a r t  I I  describes the  nuclea t ion  behav ior  in the  
SiH2C12-H2-N2 sys tem at  t empera tu res  be tween  800 ~ 

* Electrochemical Society Active Member. 
Key words: semiconductor, CVD, masking, chemisorption. 

and llO0~ In Pa r t s  I and II  i t  was demons t ra ted  
that  nucleat ion of sil icon on a foreign subs t ra te  in-  
volves the  presence of free sil icon adatoms,  act ing 
as nucleat ion centers, whereas  on a silicon subs t ra te  
growth  proceeds via  the incorpora t ion  of adsorbed 
species (SiH2, SIC12) at  surface steps. As long as this  
l ayer  g rowth  is possible there  is no need for separa te  
nucleat ion be tween  the steps, and therefore  growth  
can proceed at  low supersatura t ions .  This effect also 
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expla ins  the  select ive g rowth  found under  conditions 
of low supersa tura t ions  (3, 4). I t  is not  known in wha t  
w a y  the nucleat ion of sil icon proceeds at lower  t em-  
peratures ,  whe re  an increased surface  adsorpt ion could 
change the nucleat ion behavior .  For  this reason nu-  Ns(cm 2] 
cleation and growth  exper iments  were  pe r fo rmed  for 
the SiH4-H2-HC1 sys tem at  t empera tu res  be tween  600" 
and 900~ on SiO2 and Si3N4 substrates .  / 

Exper imental  and Exper imental  Results 10 lo 
The nucleat ion exper iments  were  pe r fo rmed  in a 

horizontal  air-cooled,  r f  hea ted  reactor.  The exper i -  
menta l  condit ions have been  descr ibed in Par t s  I and 
II, but  some addi t iona l  informat ion  is given below. 
The ca r r i e r  gases hydrogen  and n i t rogen were  purif ied 
to wa te r  and  oxygen  concentrat ions be low 1 ppm. The 
flow rates  of the ca r r i e r  gases, si lane (5% in hydro -  
gen) and hydrogen  chloride,  both  electronic grade,  109 
were  control led by  means  of au tomat ic  mass-f low con- 
trol lers .  The t empe ra tu r e  was measured  wi th  the aid 
of a ca l ibra ted  rad ia t ion  py rome te r  on an uncoated 
sil icon slice. Sil icon slices covered wi th  an amorphous  
1500A thick LPCVD layer  of SiO2 or  SisN4 were  used 
as substrates.  Because of the r e l a t ive ly  high t empera -  
tures used and the smal l  pa r t i a l  pressures  of oxygen 
and wa te r  present  i t  can be assumed that  the SisN4 
surface is free of oxygen  in contras t  wi th  Si3N4 which 108 
is exposed to a i r  (5). Af te r  the nucleat ion exper iments  
SEM and TEM photomicrographs  were  used to count 
the dens i ty  of the  nuclei  formed.  

Jus t  as in the SiH4-HCI-H~ sys tem at high tem-  
pera tu res  (Pa r t  I ) ,  i t  is found tha t  af ter  an incuba-  
tion per iod the concentra t ion of s table  clusters very  
quickly  reaches a sa tura t ion  dens i ty  wi th  respect  to 
exposure  time. This incubat ion per iod  becomes longer 
wi th  decreasing t empera tu re  and high hydrogen  chlo- 
r ide concentrat ions combined wi th  low silane concen- 
trations.  Fur the rmore ,  these per iods  are  longer  for 
SiO2 subst ra tes  than for Si3N4 substrates,  no tab ly  when 
hydrogen  is the car r ie r  gas. F igure  1 shows TEM pho-  
tomicrographs  for an input  of 0.1 volume percent  
(v /o)  si lane in hydrogen  as a car r ie r  gas at 800~ on 
SiO2 subst ra tes  and different  exposure  times. As noted 
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\ 
\ 

\ 
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Fig. 2. The saturation density of silicon clusters (Ns) as a func- 
tion of temperature for an input of 0.1 v/o silane in hydrogen as a 
carrier gas on Si02 and Si3N4 substrates. 

before,  the nucleus densi ty  of sil icon clusters, a f te r  
the incubat ion period, remains  a lmost  constant  unt i l  
coalescence occurs. In the following, therefore,  only  
sa tura t ion  nucleus densities of silicon clusters ( re -  
fe r red  to as Ns) will  be used. F igure  2 gives Ns values  
as a funct ion of t empera tu re  on SiO2 and Si3N4 sub- 

Fig. 1. TEM photomicrographs of the nucleus density on an Si02 substrate for an input of 0.1 v/o silane in hydrogen at 800~ as a 
function of the exposure time. 
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s t ra tes  and  an input  of 0.1 v /o  si lane in a hydrogen  
ambient .  The expe r imen ta l  da ta  at  t empera tu res  above 
925~ are  discussed in P a r t  I and are  only  given here  
for  comparison.  As wil l  be noticed, Ns decreases wi th  
decreas ing t empe ra tu r e  on SiO2 subst ra tes  at  t empera -  
tures  be low 900~ whi le  a t  t empera tu re s  above 900~ 
the opposi te  occurs. On Si3N4 subst ra tes  Ns var ies  only 
s l ight ly  wi th  t empera tu re ;  in the  t empe ra tu r e  region 
under  discussion no m a x i m u m  in Ns is observed.  I t  
was expected  tha t  hydrogen  adsorpt ion  would  s t rongly  
reduce the sa tura t ion  nucleus dens i ty  of sil icon 
clusters,  no tab ly  for SiO2 substrates,  in  ana logy wi th  
the SiH2CI~-H2-N2 sys tem (Pa r t  I I ) .  Such an effect 
is indeed  observed:  for 0.01 v /o  Sill4 in hyd rogen  at  
700~ the nucleus dens i ty  is ex t r eme ly  low and is es t i -  
ma ted  at  2 X 107/cm 2, whereas  when  n i t rogen is the  
ca r r i e r  gas (0.2 v/o H2 is p resen t  f rom the si lane 
source, being 5 v /o  Sill4 in H2) the nucleus densi ty  
rises to 1.2 X 10n/cm 2. The corresponding TEM photo-  
mic rograph  for  the  SiO2 subs t ra te  af ter  an exposure  
t ime of 30 sec is shown in Fig. 3. F r o m  the Ns values  
in hydrogen  and n i t rogen a var ia t ion  of Ns p ropor -  
t ional  to pH2 -8/2 can be deduced.  F igure  4 shows the 
influence of hydrogen  pressure  on Ns for SisN4 sub-  
s t ra tes  and an input  o.f 0.01 v /o  Sill4. I t  can be ob-  
served  tha t  Ns decreases wi th  increas ing hydrogen  
pressure:  b y  plot t ing Ns -~ vs. PH2 a l inear  re la t ionship  
c a n  be obtained.  F igu re  5 gives Ns values  on SiO2 and 
SisN4 subst ra tes  at  700~ as a funct ion of input  con- 
centra t ions  of silane. For  the input  concentrat ions used 
in these exper iments ,  Ns is l i nea r ly  p ropor t iona l  to the 
si lane input  p ressure  in a first approximat ion .  Addi t ion  
of HCI to the SiH4-H2 mix tu res  g rea t ly  reduces the 
number  of s table  sil icon clusters  as can be seen f rom 
Fig. 6. In  this  figure Ns is p lo t ted  as a funct ion of the 
input  concentra t ion of HC1 at  800~ on SiO2 sub-  
s t ra tes  and for  an input  of 0.1 v /o  SiH~. For  h igher  
input  concentrat ions of hydrogen  chloride than those 
given in Fig. 6 no nucleat ion is observed.  F igure  7 
shows the influence of the addi t ion of var ious  amounts  
of HC1 to the SiH4-H2 mix tu re  on the dens i ty  of nuclei  
as a funct ion of t empera ture ,  bo th  for  SiO2 and for  
SisN4 substrates .  At  900~ Ns shows a dis t inct  m a x i -  
mum, for  both  SiO.2 and Si3N4 substrates .  

Ano the r  poin t  appears  f rom the observa t ion  tha t  
sil icon layers  can be grown select ively  on p a r t l y  ox ide-  
coated or n i t r ide -coa ted  sil icon slices (3, 4). The selec- 
t iv i ty  is exp la ined  on the basis of a more  difficult 
nuclea t ion  o a  fore ign substrates .  In  Fig. 8 this  selec-  
t iv i ty  is shown as a funct ion of t empe ra tu r e  for the  

Fig. 3. TEM picture of the nucleus density for an input of 0.01 
v/o silane and 0.2 v/o hydrogen in nitrogen as a carrier gas on an 
Si02 substrote at 700~ 
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Fig. 4. The saturation density of silicon clusters (Ns) for 0.01 
v/o silane and some hydrogen-nitrogen mixtures on Si3N4 substrates 
at 700~ 

SiH~-HC1-H2 system in which the rat io  psi~4/PHcl 2 is 
used as a measure  of the  supersa tura t ion .  Three  re -  
gions can be dis t inguished:  I, no select ive growth;  II, 
select ive growth;  and III, e tching of the silicon slices. 
I t  wil l  be seen that  wi th  decreas ing t empera tu res  the 
region where  select ive g rowth  can take  place  becomes 
smaller ,  and  at  t empera tu res  be low 800~ the selec-  
t iv i ty  be tween  si l icon and SiO2 or  Si3N4 has d i sap-  
peared.  
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Fig. 5. The saturation nucleus density on $iO2 and SigN4 sub- 
strates at 700~ as a function of the input concentration of silane 
in a hydrogen ambient. 
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Fig. 6. Ns far Si(>2 s,bstrates for an input of 0.1 v/o silane and 
different input concentrations of hydrogen chlorine in hydrogen as 
a carrier gas at 800~ 

Discussion 
In  Part I i t  was concluded that an expression given 

b y  Venables (6) could be used  to character ize  the 
sa tura t ion  dens i ty  of sil icon clusters (Ns) in the  pres -  
en t  case w h e r e  incomple te  condensat ion has to be as-  
sumed. Venable ' s  express ion  fnr  the  case of mobi le  
clu~ters can be r ewr i t t en  as 

.-- ~--~-)  exp [ (Et + Em -- Ed)/2kT] [1] 
R 0  

where  i is the  number  of a toms in the  ini t ia l  cluster,  
El the  hea t  of fo rmat ion  of a c luster  consisting of i 
atoms, Em is the ac t iva t ion  energy  for  surface  diffusion 
of mobi le  clusters,  Ed the act ivat ion energy for surface 
diffusion of adatoms,  nt  the concentra t ion of ada toms 
per  uni t  area, and no the to ta l  number  of surface sites 
pe r  uni t  area. If  only  smal l  c lusters  a re  mobile  at  low 
tempera tu res  Eq. [1] has to be rep laced  by  

noN-~" ( n~o ) eXp [ (Em_ Ed) /2kT ] [2] 

In the Appendix we give reaction schemes in order to 
arrive at expressions for nl/no. 

Interpretation of the resu~ts.--The expression as ob- 
tained by  Venables  (Eq. [1]) for  the  sa tura t ion  nu-  
cleus densi ty  of sil icon clusters can be compared  wi th  
the  expe r imen ta l  da ta  in the SiH4-H2 sys tem on SiO~ 
and Si3N4 subst ra tes  in the  t empe ra tu r e  range  under  
discussion. In  the  Append ix  an express ion has been 
f~und for the concentra t ion of SiH.~ monomers  (Eq. 
[A-12] ), wi th  Eq. [1] this then leads to 

Ns / K1K3pmH4 "~(~.+ i)/2 
n0 -- / , ,  ~ ) exp  [ (El + E m  -- Ea) /2kT]  

[3] 

In  o rde r  to a r r ive  a t  an express ion descr ibing the ex-  
pe r imen ta l  data,  the fol lowing r emarks  can be made:  

j o \  
\ 

Si on . ~ .  \ 
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Fig. 7. The saturation nucleus density (Ns) as a function of tem- 
perature for two SiH4-HCI mixtures in hydrogen on SiO2 and 
Si3N4 suhstrates ( O ,  �9 0.1 v/o Sill4 and 0.2 v/o HCh Z~, �9 0.1 
v/o Sill4 and 0.4 v/a HCI). 

1. Ns is a lmost  equal  for  SiO2 and Si3N4 subst ra tes  in 
the SiH4-N2 sys tem at 700~ as discussed before. Be-  
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Fig. 8. The temperature dependence of selective growth of sili- 
con on silicon slices partly coated with oxide or nitride as a func- 
tion of temperature and supersaturation, expressed as psiH4/PHC~ 2 
in hydrogen as a carrier gas. 
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tween 8000 and l l00~ the SiH~C12-N~ system showed 
the same behavior  (Par t  II) ,  giving comparable results 
on SiO2 and SisN4 substrates. 

2. The saturat ion nucleus density of silicon clusters 
on SigN4 substrates is in  a first approximation in-  
versely proport ional  to PI-I2 (N~ cc pH2-1) (Fig. 4). In  
the case of SiO2 substrates the hydrogen pressure is 
observed to have a stronger influence on Ns (Ns cr 
pH2-3/2). In  Pa r t  II  it  was concluded that  adsorption 
of atomic hydrogen could expla in  the differences in  
Ns between SiOz and SigN4 in  the SiH2C12-He system 

3. The saturat ion density of silicon clusters on SiO2 
and Si3N4 substrates is in a first approximation l inear ly  
proport ional  to the input  concentrat ion of silane (Fig. 
5). 

The remarks made above lead to the conclusion that  
the exper imental  data on Si3N4 substrates (Ns cc Psi~4/ 
PH2) can be described by Eq. [3], leading to a critical[ 
cluster with i = 1 and Sill2 as the predominant  surface 
species. The differences in nucleat ion behavior  between 
SiO2 and SigN4 substrates at temperatures  below 900~ 
can be explained by a strong hydrogen adsorption on 
SiO2 substrates. As is discussed in the section on ad- 
sorption, this is due to a large difference in  the bond 
strength between the NH and the OH bonds, tn  that  
case a competit ion between" the adsorption of atomic 
hydrogen and Sill2 monomers occurs and the simpli-  
fication made in  Eq. [A-10] of the Appendix is no 
longer  valid. For K4PH2 V2 ~ (1 + K1KePSiH4/PH.2) (Eq. 
[A-8]) this then leads to a decrease in  the saturat ion 
density proport ional  to pH23/2 in agreement  with the 
exper imenta l  data on SlOe below 900~ 

If HC1 is introduced to the SiH~-H~_ system Sill2 
will  be converted to SIC12 (7, 8) and the Sill2 mono- 
mer  concentrat ion decreases with increasing HC1 con- 
centrat ions 

n l  = [SiH~*] cc psiI_i4/PHcl ~ [4] 

In  Par t  I an extensive discussion is devoted to experi-  
menta l  data on the SiH~-HC1-Hg_ system on SiO.2 and 
Si3N~ substrates at temperatures  above 925~ From 
plots of log Ns vs. log PsiH4/PHCl 2 it was shown that, 
if the input  concentrations of hydrogen chloride are 
not too high Ns is l inear ly  proport ional  to PSlH4/PHCl 2, 
indicat ing that  i ---- 1 and [*] is constant at those tem- 
peratures. At higher HC1 concentrat ions the ini t ial  
cluster size changes from i ---- 1 to i _-- 4. At tempera-  
tures below 925~ Ns decreases with decreasing tem- 
peratures in  contrast  to the si tuat ion at higher tem- 
peratures where the opposite occurs (Fig. 7). In order 
to in te rpre t  the exper imental  data below 900~ growth 
rate measurements  for silicon on silicon in the SiH~- 
HCI-H2 system are helpful  (7). At temperatures  above 
900~ the growth rate is gas phase diffusion-controlled 
and is re la t ively high compared with the etch rate 
given by the presence of HC1 for not  too high input  
concentrat ion of HC1. As discussed in Par t  I, Ns is 
l inear ly  proport ional  to PSiH4/PHCl 2 (i "- 1) for p ~ l  
PHc12 ~ 50 (p in bars)  at temperatures  above 925"C. 
At lower values of PSiH4/PI-ICI 2 the critical cluster size 
increases and for pSIH4/PHCl ~ <:. 8 no nucleat ion is ob- 
served at these temperatures.  At temperatures  below 
900~ the growth rate of silicon on silicon is kinetical ly 
or surface-control led in  the SiH~-H2 system and a 
strong decrease in  the growth rate wi th  decreasing 
temperatures  is apparent .  Addit ion of HCI to this sys- 
tem at temperatures  below 900~ leads to an addit ional  
lowering of the growth rate as measured in the SiH4- 
He system, due to the conversion of Sill2 into SIC12 
which easily desorbs (7, 8). At 800~ no nucleat ion is 
observed on SiO.~ and Si3N~ substrates for PSiH4/PHCl 2 
< 30 (Fig. 7 and 8) as is discussed later  in connec- 
t ion with selective growth. In  the regime where the 
growth of silicon on silicon is surface-controlled (T < 
900~ Ns is l inear ly  proport ional  to PSiH4/PHC~ (i = 
1) only  for relat ively high values of this parameter  

(>  100 as obtained from Fig. 6). Or, in  other words, 
when hydrogen chloride is added to a certain amount  
of silane the critical c luster  size deviates from { -- 1 
for much smaller  hydrogen chloride concentrations at 
800~ than at temperatures  above 900~ This leads to 
a decrease in Ns, the term between the brackets in  Eq. 
[3] being smaller than un i ty  (nl/no).  A second possi- 
bil i ty which could explain the decrease in  Ns below 
900~ as shown in  Fig. 7 for the SiH4-HCI-H2 system 
is given by  a strong adsorption of atomic chlorine. 
As is discussed in  the section on adsorption, chlorine 
will be preferent ia l ly  adsorbed on the silicon surface 
atoms of the SiO2 and SizN4 substrates, but  there is 
evidence that  above 700~ the interact ion between 
chlorine and the silicon surface atoms is only weak, 
leading to a small  concer~tration of chlorine surface 
atoms ([CI*] < <  no). 

According to Fig. 8 silicon can be grown selectively 
on silicon slices par t ly  coated with oxide or ni tr ide at 
temperatures  above 800~ As the growth of silicon on 
silicon in the SiH4-HC1-H2 system can be given by 
R = kaPSiH4 - -  kbPHC12 leading to R = 0 for PsiH4/ 
PHCl 2 ---- kb/ka, this relat ion is used as a parameter  in  
Fig. 8. In  the gas phase diffusion-controlled regime of 
the growth of silicon on silicon above 900~ as dis- 
cussed above, surface diffusion and incorporation of 
silicon at the atomic steps are relat ively fast compared 
to the diffusion of reactants toward the surface. In  
the same temperature  regime the nucleat ion of silicon 
on silicon is surface controlled (Par t  I),  leading to de- 
sorption of SiCle if no growth centers are present. Con- 
sequently a selective growth can become apparent.  At 
temperatures  below 900~ the growth of silicon on 
silicon becomes surface controlled, the reduction of 
SiCI2 at the atomic steps being rate l imit ing (8). 
Nucleation of silicon on SiO2 and Si3N4 in the SiH4-H2- 
HC1 system below 900~ is also surface controlled, as 
discussed before. At  low temperatures,  therefore, n u -  
cleation and growth are both l imited by  the reduction 
of SIC12 by hydrogen. This explains the loss of selec- 
t ivi ty at lower temperatures  i n  the Si-H-C1 system. 
According to Fig. 2 some selectivity in  the growth of 
silicon on SiO2 and Si3N4 can be expected in the SiH4- 
He system at low temperatures  and low input  concen- 
trations of silane. 

Adsorption on SiOe and Si3N4 substrates.--In this 
section we discuss adsorption of H, C1, Sill2, and SiCI~ 
in connection with the nucleat ion exper iments  on SiO2 
and Si3N4 substrates. We also give a comparison with 
adsorptions of the same compounds on silicon. The 
concentrat ion of free surface sites on a SiO2 substrate, 
[*] ---- [*o.~] + [*si] (where the subscripts ox and si 
refer to the surface atoms oxygen and silicon), can be 
given by 

[*ox] = n o x -  [H*ox] -- [SiH'2,ox] 

- -  [Cl*ox] -- [Sial*~,ox] [5] 

[*sd = n s i -  [H*si] -- [SiH*2,si] 

- -  [Cl'si] -- [SiCl*~,si] [6] 

where no ---- nox + nsi is the total number  of surface 
sites per un i t  area. The concentrat ion of free surface 
sites on Si3N4 can be given in  a similar  way. Making 
use of the equi l ibr ium part ial  pressures of the various 
species in  the gas phase, one can calculate the surface 
concentrations of the different compounds if values for 
the adsorption energies of these species are known  (8). 
If no direct measurements  are available, an upper  l imit  
of these adsorption energies (Ea) can best be given 
by the dissociation energy (D) of the corresponding 
diatomic molecules. Table I gives accepted values for 
D, according to the JANAF tables (9) for most of the 
bonds. D values for Si--O, O--Cl,  and N--C1 have been 
reported by Roberts and Caserio (10), who give aver-  
age values for polyatomic molecules. Since, as far as 
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Table I. Accepted adsorption energies in kcal/mol (9, 10) 

Substrate atoms 
Adsorbed 

atoms Si O N 

Si 73 108 92 
H 70 102 83 
C1 90 52 46 

t h e  a u t h o r s  a r e  aware, no dissociation energy for the 
single bond of S i - -N is known, an estimate of DSiN can 
be given by equating Dsi-N/Dsl-o -~- Dc.N/Dc.o. Using 
values for the single bonds derived from measurements  
on polyatomic molecules (10), this yields DSi-N : 92 
kcal /mol  (Table I).  

Adsorption of mo~noatomic hydrogen.~As discussed 
before, the nucleat ion experiments  on SiO2 and SisN4 
substrates indicate a strong adsorption of atomic hy-  
drogen on SiO2 and a weak hydrogen adsorption on 
SisN4. According to Table I this could be due to the 
differences in  bond strengths between OH and NH. It 
is therefore also to be expected that adsorption of 
atomic hydrogen on silicon will be relat ively weak, 
leading to a small  coverage with hydrogen atoms (8). 
More evidence of a strong hydrogen adsorption on 
SiO2 comes from the work of Morterra and Low (11) 
and of Lawrenko et al. (I2). Morterra and Low studied 
the reaction between porous silica and molecular hy-  
drogen. They found that this silica reacts with molecu- 
lar hydrogen. Infrared studies have shown that if mo- 
lecular hydrogen reacts with porous SiO2 at tempera-  
tures above 650~ silanols (Si--OH) are formed while 
Si l l  groups are totally absent. Lawrenko et al. studied 
the adsorption of hydrogen on monocrystal l ine SiO2. 
Measuring the weight changes of the samples by 
means of a microbalance they found that  at tempera-  
tures below 900~ measurable quanti t ies of hydrogen 
are adsorbed on the Si02 substrates, indicating the 
formation of SiOH groups. They also observed that 
the adsorption is reversible. Stein and Wegener (13) 
found that CVD SiaN4 contains chemically bonded 
hydrogen. 

Annea l ing  experiments  showed that  the Si l l  bonds 
are annealed out more easily than the NH bonds. It  
can therefore be concluded that adsorption of atomic 
hydrogen on SiO2 substrates blocks adsorption sites, 
leading to a decrease in the saturat ion density of sili- 
con clusters, whereas in the case of SigN4 and silicon 
surfaces this adsorption is only weak at temperatures  
exceeding 600~ 

Adsorption o,f atomic chIorine.--According to Table 
I, chlorine does not adsorb preferent ial ly  on oxygen o r  
nitrogen, and it may therefore be assumed that ad- 
sorption of chlorine on SiO2 and Si3N4 can be treated 
as adsorption on the silicon surface atoms. Adsorption 
of atomic chlorine on silicon has been discussed previ-  
ously in connection with growth rate measurements  of 
silicon on silicon (8). It  was concluded there that at 
temperature  above 700~ the fractional su r face  con- 
centrat ion of atomic chlorine is much sma]ler than 
unity, in agreement  with evolution measurements  re- 
ported by Miyamura  et al. (14). 

Adsorption of SiHe and SiCIe.~Because of the rela-  
t ively high values of DS~-N and Dsi-o in  contrast  to 
Dsi-si (Table I) it can be assumed that  the surface 
species Sill2 and SiCle adsorb predominant ly  on top of 
oxygen or ni t rogen atoms of the SiO2 or Si3N4 sub- 
strates. After adsorption of the first monolayer  of sili- 
con the surface mobil i ty  of fur ther  Sill2 or SIC12 mono- 
mers will be enhanced. This postulat ion could explain 
the similari ty in nucleat ion densities on SiO2 and Si.~N4 
with sapphire and spinel substrates as observed by Cul- 
len and co-workers (15). As discussed before, Ns is l in-  
early proport ional  to the input  concentrat ion of silane 
on SiO~ and SiaN4 substrates, indicating a small  cover- 

age of Sill2 monomers. As discussed previously, the sur-  
face concentrations of SIC12 on silicon in  the SiH4- 
HC1-H2 systems are considered to be small (8). A 
strong adsorption of SIC12 on SiO2 or Si3N4 substrates 
cannot be ruled out completely, but  according to the 
exper imental  data as described in Par t  II (the 
SiH2C12-H2 system) the surface coverage of SIC12 is 
much smaller  than that of atomic hydrogen, notably  
for SiO2 substrates. 

Conclusions 
In our study of the nucleat ion of silicon on SiO2 and 

Si3N4 substrates at temperatures  between 600 ~ and 
900~ in the SiH~-HC1-H2 system, it was observed that  
the saturat ion nucleus density on SiO2 substrates in 
the SiH4-H2 system shows a max imum at approxi-  
mately  900~ whereas for SisN4 substrates this density 
increases slightly with decreasing temperatures.  Addi-  
t ion of ni trogen to the SiH4-H2 systems produces a 
strong increase in the saturat ion density of silicon 
clusters, notably on SiO2 substrates. Analysis of the 
experimental  data suggests that atomic hydrogen is 
strongly adsorbed on SiO2 because of the formation of 
OH bonds, whereas on Si3N4 substrates adsorption of 
atomic hydrogen leads to only small  coverages. The 
introduct ion of HC1 strongly reduces the nucleus den-  
sity, notably at temperatures  below 900~ It is con- 
cluded that this addit ional reduct ion at temperatures 
below 900~ is comparable to the decrease in growth 
rate in the case of silicon on silicon. The adsorption of 
H, C1, SIC12, and Sill2 on SiO2 and Si3N4 substrates 
is discussed and compared with the adsorption of these 
species on silicon surfaces. It is concluded that  only 
adsorption of atomic hydrogen on SiO2 is needed to 
explain the exper imental  results: this adsorption 
blocks the adsorption sites, leading to a decrease in 
the saturat ion density of silicon clusters. 
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Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 
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APPENDIX 
In order to describe the nucleat ion experiments  in 

the SiH~-HC1-H2 system at temperatures  below 900~ 
it is necessary to consider a number  of possible reac- 
tions that can take place at or near  the surface. The 
reaction scheme as proposed for the SiH4-HC1-H2 sys- 
tem at temperatures  above 925~ (Par t  I) can be used 
with some additional assumptions concerning the spe- 
cies present  on the surface. The reaction between sili- 
con adatoms and SiO2 to give volatile SiO can be neg- 
lected below 1000~ (16). 

If no HC1 is present  in  the gas phase the following 
reaction scheme will be used: 

a. Gas phase dissociation of SiI-I~ near  the surface 
(17) 

kl 
SiH~(g) ~ SiH2(g) - t -Hf(g)  [A-1] 

k-1  

b. Adsorption of Sill2 on a free surface site (the 
la t ter  denoted by *). On an SiO2 or Si3N4 substrate, 
[*] : [~] -t- [%i], where the subscripts z and si refer 
to the surface atoms oxygen (or ni trogen) and silicon, 
respectively 

k2 
SiHf(g) -b ~ ~ Sill2 ~ [A-2] 

k - 2  

k3 
SiHf(g) ~ *si ~ Sill2 *B' [A-3] 

k-3  

c. Adsorption of atomic hydrogen 

k4 
�89 Ha(g) + *z ~ H ~ [A-4] 

k -4  
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k5 
�89 H2(g) + *si ~ H'.' 

k - 5  
[A-5] 

The concentra t ion  of free surface sites on SiO2 and 
SigN4 subs t ra tes  [*~] and [*si] can be given by  

[*~] = n z -  [H*,] --  [SiH2*,] [A-6] 

[*si] = n s i -  [H*si] - -  [Sill2 "si] [A-7] 

where  no = nz -t- nsi is the to ta l  number  of surface sites 
per  uni t  area. The concentrat ions  of the surface species 
[SiI-I4*], [SiI-I3*], [Sill*J, and [Si*] are  assumed to be 
smal l  compared  with  the concentra t ion of [SiH2*], 
according to the  expe r imen ta l  da ta  concerning the 
g rowth  of si l icon on sil icon in the SiH4-H2-N2 sys tem 
at  700~ (8). In  a s t eady-s t a t e  s i tuat ion the concen-  
t ra t ion  of Sill2 admolecules  reaches a constant  value,  
which before  the onset of sil icon c lus ter  format ion  
can be expressed by  

K1K2Psi~ 
[SiH2"'] = 

prig. 

nz 
• [A-8] 

(1 -t- K4pH2 '/2 + K1K2Psm4/PH~) 

K1/~PSiH4 
[SiH2",i] = 

PH2 

~s! 
• [A-9] 

( i  + KspH2 '/2 + KIK3PsiH4/PH2) 

As the SiO and SiN bonds are  s t rong compared  wi th  
the  S i -S i  bond (Table I ) ,  i t  is l ike ly  that  nucleat ion 
on SiO2 and Si3N4 subst ra tes  s tar ts  wi th  the adsorpt ion 
of Sill2 on oxygen  and n i t rogen atoms of the  sub-  
strate.  For  an adsorpt ion  of Sill2 exceeding  that  of 
atomic hydrogen,  i.e. 

KIK2PsiH4/PH2 ~ (1 -~- K4PH~ y2) 

this then  leads to 
[SiH2",] = nz [A-10] 

Af te r  adsorpt ion  of this monolayer  of silicon the sur -  
face mobi l i ty  of fu r the r  Sill2 monomers  wil l  be en-  
hanced and silicon clusters  can be formed, according to 

k6 
Sill2* + Sill2* --~ Si2H2*" + H2 (g) 

[ A - I l l  
k7 

Si2H2** + Sill2* --~ Si3H2*** + H2(g) ,  etc. 

The mobi le  Sill2 concentra t ion  is then  given by  Eq. 
[A-9] in which nsi is now equal  to the total  number  of 
surface sites (nsi = no). Fo r  a smal l  surface coverage 
we have 

K~K3PsiH4 �9 no 
nl = [SiH2*] = [A-12] 

PH~ 
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Oxidation, Impurity Diffusion, and Defect Growth 
in Silicon--An Overview 
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Beff Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

As a resul t  of a l a rge  body of l i t e r a tu re  on oxidat ion,  i m p u r i t y  diffusion, 
and defect  g rowth  in silicon, a consistent  pic ture  has emerged  of ox ida t ion-  
enhanced diffusion (OED) and ox ida t ion- induced  s tacking faul t  g rowth  
(OISF) .  I t  is be l ieved tha t  sil icon se l f - in te rs t i t i a l s  can be genera ted  a t  an 
oxidizing Si/SiO2 in ter face  as a resu l t  of an incomplete  ha l f -ce l l  reac t ion  
involving sil icon and oxygen.  Those in ters t i t ia ls  that  do not  pa r t i c ipa te  in 
surface reg rowth  par t ic ipa te  in rais ing the s t eady-s ta te  concentra t ion of self-  
in ters t i t ia ls  in the surface region. OED can be expla ined  in te rms of a pa r t i a l  
in te rs t i t i a lcy  mechanism involving the su r face -genera ted  sel f - in ters t i t ia ls .  
The growth  of OISF  wi l l  occur if the  re la t ive  s t eady-s t a t e  se l f - in te r s t i t i a l  
concentra t ion a round  the faul t  exceeds the emi t ted  concentra t ion  of in te r -  
s t i t iais  f rom the faul t  line. I t  is shown tha t  this model  predic ts  tha t  OISF  
growth  is l imi ted  by  the product ion ra te  of se l f - in te rs t i t i a l s  at  the Si/SiO~ 
interface.  The re t rogrowth,  of OISF and the reduct ion of OED both occur when 
the concentra t ion of genera ted  se l f - in te rs t i t i a l s  decreases.  The in t roduct ion  of 
ch lo r ine -bear ing  compounds into the oxidat ion  tube can also cause r e t ro -  
growth.  The react ion of chlor ine wi th  silicon at  the in ter face  creates vacancies 
which  can recombine  with  genera ted  se l f - in ters t i t ia l s  and  reduce the i r  con- 
centrat ion.  Calculat ions show that  the chlor ine compound fo rmed  at  the inter= 
face is SIC1. 

Thermal  ox ida t ion  of silicon is known to p romote  
the growth  of s tack ing  faul ts  (1-18) and dislocations 
(19). The s tacking faul ts  m a y  be ext r ins ic  or in-  
trinsic. Extr ins ic  faul ts  are  formed by  the inser t ion of 
an addi t ional  l aye r  of a toms in the a tom plane s tacking 
sequence and are  the type no rma l ly  observed  in oxi-  
dized sil icon (6, 8).  S tack ing  faul t  nuclei  l ie in the 
wafer  pr ior  to oxidat ion.  Severa l  causes of the nuclei  
have been observed,  including mechanica l  damage,  
impur i t y  centers,  c rys ta l  g rowth  defects, and ion im-  
p lan ta t ion  damage.  Dur ing  oxidat ion the s tacking 
faul ts  grow as two-d imens iona l  s t ruc tures  ly ing  on 
incl ined (111) p lanes  bounded by  par t i a l  dislocations. 

Also occurr ing dur ing  oxidat ion  is the enhanced dif-  
fusion of dopant  impur i t ies  in silicon (20-25). The 
g rowth  of s tacking faul ts  and  the enhancement  of im-  
pu r i ty  diffusion dur ing  oxida t ion  have some s imi la r i -  
ties: 

1. Both the  growth  of ox ida t ion- induced  s tacking 
faul ts  (OISF)  and ox ida t ion-enhanced  diffusion 
(OED) depend upon  c rys ta l  or ienta t ion  of surface 
planes. The rates  of these effects increase in the order  
of (111), (110), and (100) (7, 20, 23, 26). 

2. Both phenomena  occur more  r ap id ly  in  s team 
than  in d ry  oxygen  (5, 9, 23). This corre la tes  wi th  the  
h igher  oxida t ion  ra te  in steam. 

3. Both phenomena  are  the consequences of a long-  
range  process. The densi ty  of bulk  OISF decreases 
wi th  increasing depth  f rom the Si/SiO2 interface (27). 
The effect of OED has been  observed  to reach  ~10 ~m 
below the in terface  (23). 

4. Both OED and OISF phenomena  are  suppressed 
in the  presence of HC1 gas dur ing  oxidat ion  (28). 

5. Mechanical  damage  on the back  side of a wafer  
e l iminates  s tacking faul ts  bu t  does not  affect OED 
(29). 

Severa l  models  have been proposed to expla in  these 
results  (2, 30, 31). Leroy  (30) has shown that  s tacking 
faul t  g rowth  models  involving e i ther  the absorpt ion  of 
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se l f - in ters t i t ia l s  or  emission of vacancies favor  the 
model  of in ters t i t ia l  absorption.  I t  wil l  be shown in 
this  pape r  tha t  b y  considering OED, OISF, oxidat ion  
and its doping dependence,  r e t rog rowth  of s tacking 
faults,  and the role of HC1 gas in OED and OISF, a 
s imi lar  conclusion can be drawn.  The model  we favor  
is tha t  of a supe r - sa tu ra t ion  of sil icon se l f - in te rs t i t i a l s  
genera ted  at  the oxidizing Si/SiO2 interface  as a r e -  
sult  of incomplete  oxida t ion  (2). The w a y  in which 
these in ters t i t ia ls  a re  genera ted  and contr ibute  to OED 
and OISF are  descr ibed in the fol lowing sections. The 
rote of chlor ine  in these phenomena  is also discussed. 

Oxidation 
During  silicon oxidat ion  two types  of react ions can 

occur at  the  Si /S iOs  in te r face  involving the diffusing 
ox idant  species (p resumab ly  Ol = - -  in ters t i t ia l  oxygen 
ions).  One involves O~ = and silicon, and this react ion 
dominates  in l ight ly  doped mate r i a l  (31) 

Oi-- ~- Si-> S i i - - O  -{- 2e-  [ la] 

OI = -~ Sit--O-~ SiO2 -{- 2e- lib] 

201 = + Si--> SiO~ + 4e- [Ic] 

Ionized oxygen reacts with lattice-bound silicon and 
displaces the silicon to an interstitial position (reaction 
[la]) to form Sil--O. Presumably, reaction lib] occurs 
a short time later. The net result is reaction [lc]. 
These reactions involving interstitial silicon are con- 
sistent with the results of Feldman eta/. (32) who 
found from backscattering-channeling studies that the 
silicon atoms in the interface layer have a displace- 
ment from the bulk position between 0.1 and 1.0A. 

The possibility of creating a free self-interstitial 
would be greatest for the Sil--O pair, were it to disso- 
ciate before SiO2 is formed. It has been estimated that 
such an incomplete oxidation step occurs for I silicon 
atom out of 1000 (2). 

The other reaction occurring at the Si/SiO2 interface 
involves vacancies and O1 =. Ho and Plummer (33, 34) 
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have  modeled  the enhanced oxida t ion  of heav i ly  doped 
silicon b y  cor re la t ing  oxida t ion  ra te  wi th  the vacancy  
concentra t ion  dependence  on doping. For  vacancies 
genera ted  at  the  in ter face  in the  r th charge  state, Vsi r, 
the p r i m a r y  react ions  are  (31) (see Fig. 1) 

2 Oi = -~- 2 V s i  r -"> 2 0  + (4 -- 2l) e -  [2a] 

Si  + 2 0 -> SiOs [2b] 

2Oz = + S i ~  SiO~ + (4 -- 2 l ) e -  [2c] 

In these react ions  the  charge s tate  mul t ip l i c i ty  of the 
vacancy  is l, where  I : --2, --1, 0, or  + 1  ( + 2 )  corre-  
sponding to V =, V - ,  V% or  V + (V ++) vacancies.  
Since there  are  no sil icon in ters t i t ia ls  genera ted  in 
these reactions,  one would  not  expect  any  concent ra-  
t ion dependence  in the phenomena  of ox ida t ion -en -  
hanced diffusion. This agrees wi th  in i t ia l  expe r imen ta l  
evidence (26), bu t  addi t iona l  da t a  a re  needed for 
verification.  

Sil icon Se l f - In te rs t i t i a l  G e n e r a t i o n  
F r o m  the in ter face  reac t ion  [ l a ]  we see tha t  the  

concentra t ion  of S i I - -O pai rs  c rea ted  is p ropor t iona l  
to [OI=].  F r o m  the  ionizat ion reac t ion  a t  the  SiOs 
surface (see Fig. 1), [OI = ] a Pos~/% where  Po2 is the  O2 
pa r t i a l  p ressure  in the gas phase (14, 30). Since the 
oxida t ion  ra te  is p ropor t iona l  to Po2, then, assuming a 
parabol ic  oxida t ion  rate,  the genera t ion  ra te  of silicon 
se l f - in te rs t i t i a l s  is 

( B'I, ~ 'I, 
Rgen = 8 K s i ( T )  \ 2-~m / t-V4 

= Kgen t -V ,  [3"] 

where  Ks i (T)  is a complex equ i l ib r ium and p ropor -  
t iona l i ty  constant,  B is the  parabol ic  r a t e  constant,  Vm 
is the  molecu la r  volume of SiO2, and 0 is the f ract ion 
of S i i - -O  bonds which dissociate to form se l f - in te r s t i -  
tials, Six. Equat ion [3] differs f rom the assumpt ion of 
Hu  (2) tha t  the  genera t ion  ra te  of Si~ was d i rec t ly  
p ropor t iona l  to the  oxidat ion  rate.  Hu's  assumption 
leads to Rgen a t-V2 and s tacking faul t  length  atv2. This 
assumpt ion has also been cr i t ic ized by  Leroy  (30). 

Si l icon in ters t i t ia ls  m a y  be cap tured  at  surface k ink  
sites and  cont r ibute  to surface r eg rowth  at  a ra te  (2) 

Rreg --= 0tpaoDISi) (CI --  CI ~ 

--  Kreg (CI - -  C i  O) [4] 

02 

? 
! 

D i +  Si - " " S i I -  0 +2e- 

O+Si I - 0 --."-SiO 2 

iSi + 20 --"SiO 2 

SiO 2 SJ/SiO, 

--~-(INTERSTITIAL 
FLUX) 

~ (VACANCY 
GENERATION) 

Si 

Fig. 1. Detailed reactions in the linear-parabolic oxidation model. 
Oxygen reacts at the oxide surface to create interstitial oxygen, 
0 I %  and holes. Ol = ions drift to the Si/Si02 interface to react 
with either (i) silicon to form interstitial silicon and atomic oxygen 
which can combine to form Si02, or (ii) a silicon vacancy to form 
bound atomic oxygen which can react with silicon to form Si02. In 
the former process a silicon interstitial flux can occur if all of the 
interstitial silicon does not combine to form Si02. The latter process 
will only be significant if sufficient numbers of vacancies are present 
in the silicon (heavy doping case). 

where  p is the  dens i ty  of surface kinks  ( , ,10 TM cm-~) ,  
Dmi is the silicon in te rs t i t i a l  diffusivity,  CI = [Sii] is 
the  concentra t ion  of se l f - in ters t i t ia ls ,  CI ~ is the  equi-  
l i b r ium concentrat ion,  and ao is the  cap ture  radius  of 
in ters t i t ia ls  by  kinks.  

Fol lowing  the a rguments  of Hu (2) and knowing  
tha t  the r a t e  of se l f - in te rs t i t i a l  fo rmat ion  is 

dCz 
ht  -" Rgen - -  Rres [5] 

dt  

where  ht is the wafer  thickness,  i t  can be shown tha t  
for t > 6/Kreg (t  ---~ 0.1 sec for typica l  numbers )  

~o t 4Kgen 
(CI --  Cl~ : t 3/" [6] 

3Kreg 
The ra te  of g rowth  of s tacking faul ts  is g iven by  

d r  
-- : ~ao2Dlsi (CI -- CI ~ [7] 
dt 

and the t ime-dependen t  s tacking fau l t  length  becomes 

4ao Kgen t 3A 
r = [8] 

3p 

Equat ion [8] predic ts  a t ~ growth  of s tacking faults.  
Most of the repor ted  da ta  on s tacking faul t  g rowth  
show a t~ dependence  wi th  n va ry ing  be tween  0.62 
and 0.9 (4, 5, 7, 9, 16, 35). 

In  Eq. [8] the  only t e m p e r a t u r e - d e p e n d e n t  p a r a m e -  
ter  is Kgen. Contained in Kgen is ( f rom Eq. [3]) Ks i (T)  
which has the exponent ia l  of the  S i I - -O  binding en-  
ergy, and B 1/4. The parabol ic  ra te  constant  has an act i -  
va t ion  energy,  Epar, (36), so the  to ta l  ac t ivat ion en-  
e rgy  for s tacking faul t  g rowth  is 

Epar 
QSF = Eb (S i i - -O)  + - -  [9] 

4 

Equat ion  [4] predic ts  tha t  s tacking  faul t  g rowth  is 
only  l imi ted  by  the genera t ion  of se l f - in te rs t i t i a l s  at  
the  oxidizing Si/SiO~ interface,  and is not  diffusion 
l imi ted  as assumed by  Leroy  (30). The energy  of the 
s i l icon-oxygen bond is ,,2.2 eV (37). However,  a large  
s t ra in  is l ike ly  to exis t  a t  the  in ter face  as a resul t  of 
the  molecular  size mismatch.  This s t ra in  should influ- 
ence se l f - in te rs t i t i a l  production.  Ti l ler  (38) has p ro -  
posed that  in the ini t ia l  stages of oxidat ion  silicon 
atoms form SiO bonds which are  h ighly  strained.  He 
est imates  tha t  < 2.6 eV elastic energy  is s tored in  the  
in terface  which dr ives  the  flux of sil icon se l f - in te r s t i -  
rials so as to provide  the free volume space for the 
SIO2. Therefore,  if we take  Eb(Si I - -O)  _~ 2.2 eV and 
Epar = 1.23 eV for d r y  O2 oxida t ion  and Epar "- 0.78 
eV for wet  O2 oxida t ion  (36), we  find f rom Eq. [9] 

QSF (d ry  oxida t ion)  = 2.51 eV 

QSF (wet  oxida t ion)  = 2.4 eV 

This resul t  agrees wel l  wi th  the measurements  of 
M u r a r k a  and Quintana  (16) who found QSF (d ry  ox i -  
dat ion)  = 2.55 eV and Qsf  (wet  oxidat ion)  = 2.37 eV. 

Stack ing  Fau l t  Re t rogrowth  
A n  anomalous  t empe ra tu r e  effect has been observed 

in the g rowth  of OISF (35). For  a given oxida t ion  t ime 
the size of the OISF first increases wi th  t empera tu re  
wi th  an act ivat ion energy  of ,-,2.5 eV, reaches a peak  
length  at  some tempera ture ,  and then decreases wi th  
tempera ture .  The t empera tu re  above which re t ro -  
g rowth  occurs is dependent  upon the crys ta l  o r ien ta -  
t ion as wel l  as oxidat ion  ambients .  Examples  of the  
g rowth  vs. t empe ra tu r e  of OISF  in d ry  oxygen  for 3 
hr  (35) are  shown in Fig. 2. 

In  order  to account for g rowth  and re t rogrowth,  Eq. 
[7] needs to be modified. If  we define C I  L a s  the con- 
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Fig. 2. The growth vs. temperature of oxidation-induced stacking 
faults in dry 02 for 3 hr. 

cent ra t ion  of se l f - in ters t i t ia l s  a t  the dislocat ion line, 
then a s tacking faul t  wil l  grow if the  s t eady-s ta te  in-  
te rs t i t ia l  concentra t ion sur rounding  the dislocation is 
g rea te r  than  C~L. F igure  3 represents  the bounda ry  
conditions of this model. Thus 

d r  
= ~ao 2 DIs i  (CI - -  CI L) [i0] 

dt 

Referencing these concentrations to C~ ~ the equilib- 
rium concentration, then (39, 40) 

CI L 
= exp (AFL/kT) [11] 

Ci o 

where  AFL is the change in dislocation loop free energy  
per  addi t ional  incorpora ted  atom. The silicon in te r s t i -  
t ia l  supersa tura t ion ,  C~/C~ o, can be es t imated  by  in te-  
gra t ing Eq. [6]. The resul t  is 

C~ 0Ks~ (T) B'/, 
--  1 + [12] 

CI ~ ~/~'=Vm ~pC~o DIsi CI ~ t ~ 

Li t t le  is known  about  the t e rm (DisiCzo). Therefore  
it wil l  be assumed that  the flux of se l f - in ters t i t ia l s  is 
some fract ion of the flux of silicon atoms diffusing via 
the vacancy mode of self-diffusion (24, 31) 

DIsiCI ~ = f I  nH Dsi [13] 

where fx is the fractional interstitial contribution, n~ 
is the number of host lattice sites, and Dsi is the self- 
diffusion coefficient of silicon. Finally, Eq. [10] be- 
comes 

--=;~ao 2 - - n ~ D s i f z  expl--t--1 
dt 

#Ksi(T) B~, ] 
+ X/'fv~ ~pao tv, [14] 

By using the re la t ions above  we have  separa ted  the 
growth  ra te  expression into two parts.  The first te rm in 
brackets  is a lways  negat ive  since AFL ~ 0. This t e rm 
is re la ted  to the emission of in ters t i t ia ls  from the faul t  
l ine (or absorpt ion  of vacancies) .  The second te rm is 
the re la t ive  s t eady-s ta te  concentra t ion of genera ted  
inters t i t ia ls  under  oxidizing conditions. The re la t ive  
magni tudes  of these two te rms wil l  de te rmine  whe the r  
dr/dt  is posit ive (growth)  or negat ive  ( re t rogrowth) .  

Equat ion [14] has been  fitted to OISF growth  data  
in o rder  to es t imate  f~ and 0. The surface k ink  densi ty  
for <100> silicon was taken  to be p ~ 10 TM cm -2 and 
the atomic volume is vm --~ 2 • 10 -2s cm 8. Hu (2) 
es t imated  the capture  cross section of a k ink  for an 
in te rs t i t i a l  to be ~ nao 2, where  ~o is on the o rde r  of 
the surface step height  (3.85 • 10 - s  cm).  AFL is the  
sum of the dislocation l ine energy and the s tacking 
faul t  energy,  7. Since the l ine energy var ies  inverse ly  
wi th  the line length,  we consider  only  large  in te rs t i -  
t i a l - t ype  s tacking faul ts  in which the l ine energy  can 
be neglected.  Fo r  silicon, ~ --~ 3 X 10 TM eV/cm s (40). 
For  an atomic cross section in the (111) p lane  of 12.77 
X 10 -16 cm 2 (39), AFL --" 0.04 eV. It  wil l  be  shown 
la t e r  tha t  a be t te r  fit to OISF shr inkage  da ta  occurs 
when  ~Fn = 0.15 eV, so that  this value  wil l  be used 
in our  calculations.  

The two terms in Eq. [14] a re  p lo t ted  vs. t empera -  
ture  in Fig. 4. I t  can be seen that  a t  T ~  1210~ dr/dt  
= 0. Above this t empera tu re  the emission of silicon 
inters t i t ia ls  exceeds thei r  genera t ion  at  the silicon sur -  
face, and dr/dr < 0. This resul t  is also shown in Fig. 2 
where  at  T ~ 1210~ s tacking faul t  g rowth  has 
s topped for <100>  silicon. 

By in tegra t ing  Eq. [14] we can obta in  the t ime de-  
pendence of OISF growth.  Thus, subst i tu t ing in the 
appropr ia te  numbers  for <100> silicon we find for d ry  
O2 oxidat ion in 100% O~ 

( - - ~ . . 5 1 e V )  
r = 4017t ~,~ exp kT 

_ 3 . 6 X l 0 1 0 t e x p (  - - 5 " 0 2 e V ) [ e x p ( 0 " 1 5 e V ) _ l ]  
kT  kT  

[lS] 

This equat ion is s imi lar  to the resul t  obta ined by  
Leroy (30), even though some of his assumptions  and 
analyses  were  different. Also, L i n e t  al. (41) a r r ived  
at  a s imilar  resul t  empir ical ly .  The majo r  differences 
be tween the model  descr ibed here  and Leroy ' s  model  
are: (i) we assume OISF growth  is l imi ted  by  the gen- 
erat ion of se l f - in ters t i t ia l s  at  the Si/SiO2 interface,  
r a the r  than l imi ted  by  diffusion, (ii) we calculate  C~ L 
from the dislocation free energy,  (iii) we assume si l i -  
con self-diffusion occurs via  a f ract ional  in te rs t i t i a lcy  
mechanism as proposed by  Antoniadis  e t a l .  (24). 

Equat ion [15] is p lo t ted  in Fig. 2 for 3 h r  ox ida -  
tions per formed  at  var ious  t empera tu res  in d ry  O~. 
(35). An excel lent  fit to the  da ta  is obtained.  The 
calculat ion for  <111> silicon was made by  increasing 
the k ink  density, p, 1.5 t imes over  the <100> case. 
This reduces the growth  te rm in Eq. [14] and [15]. 
F rom the fitted coefficients in Eq. [15] we  find fi = 
0.19 and 0 ---- 0.043. 

D o p i n g  D e p e n d e n c e  o f  O I S F  S h r i n k a g e  

In the r e t rogrowth  term, Dsi is doping dependent ,  
The shr inkage of s tacking faul ts  in doped layers  an-  
nealed in d ry  N2 becomes (31, 42) 

[ d'--~ "= -- na~ DsiZ + Dsi -  

+ - [16] 
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Fig. 3. A model of self-interstitial diffusion from the bulk to the 
partial dislocation bounding a stacking fault. Under nonoxidizing 
conditions, the concentration of self-interstitials at the fault line, 
C1 L, is greater than the equilibrium bulk interstitial concentration 
Ci ~ Under oxidizing conditions, Cz ~ Cz L until the retrogrowth 
temperature is reached. 

where  Dsi is the  sil icon diffusivi ty via  vacancies in 
the rth charge state. Using the empi r ica l ly  de te rmined  
values  of Dsi x, Ds i - ,  and Dsi +, (42), dr~dr is shown 
plo t ted  in Fig. 5 vs.  n and p at  1100~ For  this cal -  
cula t ion do = 3.85 • 10 - s  cm -2, fT = 0.19, and ~FL -- 
0.04 eV. Also shown are  l l00~ es t imated  OISF sh r ink-  
age rates  f rom the da ta  of Hashimoto et al. (43) for 
bo th  n and p - t y p e  silicon. The calcula ted curves show 
a s imi la r  dependence  on doping for both n and p - t y p e  
silicon. By set t ing hFL ~ 0.15 eV we can make  the  
da ta  and calculat ions agree  wel l  (dashed curves in 
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Fig. 5). However ,  the da ta  are  not  sufficiently ac-  
cura te  in absolute  va lue  to decide if this l a rger  s tack-  
ing faul t  energy is real.  

The impl ica t ion  here  is tha t  the  emission of silicon 
atoms from a s tacking faul t  is enhanced at  la rge  dop-  
ing concentrat ions by  the presence of addi t ional  va -  
cancies, as proposed  b y  Hashimoto  et al. (43). I t  has  
been shown how addi t ional  vacancies genera ted  near  
the  surface can account for  the  doping-enhanced  oxi-  
dat ion ra te  ( l inear  ra te  constant  only)  (33, 34). L ike-  
wise, in a heav i ly  doped l aye r  tha t  is not  being oxi -  
dized, the increase in the  equ i l ib r ium vacancy concen- 
t r a t ion  wi th  doping can account for the  enhanced 
migra t ion  of silicon atoms away  f rom the s tacking 
faul t  or for increased absorpt ion of vacancies b y  the 
fault.  

Effect of Chlorine on OISF Growth 
I t  has been repor ted  that  the in t roduct ion  of smal l  

amounts  of chlorine or ch lor ine-conta in ing  compounds 
dur ing  silicon oxida t ion  in d ry  02 causes the r e t a rded  
growth  or annih i la t ion  of OISF  (44-47). The  h igher  
the chlor ine concentrat ion,  the more  rap id  is the OISF 
re t rogrowth.  Also, the t empe ra tu r e  at  which  r e t ro -  
g rowth  occurs decreases wi th  increas ing chlor ine  con- 
centrat ion.  

Because chlorine atoms localize at  the Si/SiO2 in-  
terface,  M u r a r k a  (48) has proposed  a two-s tep  mech-  
anism that  can reduce the number  of silicon in te rs t i -  
t ia ls  tha t  flow into the  silicon substrate .  In  the first 
step, chlor ine reacts  wi th  silicon atoms on la t t ice  sites 
to form SiClu by  the reac t ion  

u 
Si  -l- "~- C12 ~=~ SiClu + VSl [17] 

In the process a silicon vacancy  is generated.  This va -  
cancy then is ava i lab le  to recombine  wi th  a silicon in-  
te rs t i t ia l  produced due to oxida t ion  

SiI + Vsi ~=~ Si [18] 

The condit ion for r e t rog rowth  would  then depend 
upon whe the r  the chlor ine  concentra t ion was sufficient 
to produce enough vacancies to cause d r / d t  - -  O. 

React ion [17] is consistent  wi th  the observat ion tha t  
the presence of HC1 dur ing  d ry  02 oxidat ion  increases 
the l inea r  ra te  constant,  B / A  (49-51). The doping 
dependence  of B / A  has also been descr ibed as a va -  
cancy enhancement  effect. 
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In  te rms of Eq. [14] then, the effect of chlor ine at  
the Si/SiOe interface is to increase B, but  also to de-  
crease 0. F r o m  publ i shed  da ta  (50) B - PHCl ~',. F rom 
Eq. [17] and [18], (48) 

[Sil] ~ pci2 -u/2 [19] 

Thus, since 0 a [SiI] we have  

8 BY, a pcl~ am-u/2~ [20] 

since PHCl a PC12 (48). Subs t i tu t ing  Eq. [20] into Eq. 
[14] and in tegra t ing  for s tacking faul t  length  for a 2 
hr, l l00~ d ry  OJHC1 oxida t ion  we find for Pc12 > 0 

r = KcPcl~ (1/32-u/2) (#m) [21] 

At  Pcle --  1%, r = 6.0 ~m af te r  2 hr. Using this bound-  
a r y  condition, Eq. [21] is p lo t ted  wi th  u = 1 in Fig. 6 
vs. percent  HC1 in oxygen.  Also p lo t ted  a re  da ta  of 
Sh i rak i  (46) ob ta ined  under  these same conditions.  
The ag reemen t  is quite good. This resu l t  impl ies  tha t  
only  one chlor ine  a tom is involved in the  react ion at  
the Si/SiO2 interface  which genera tes  a vacancy. On 
the other  hand, Mura rka ' s  analysis  (48) yields  u --  2, 
imply ing  that  a Cle molecule  is involved.  The differ-  
ence is a resul t  of our  assumption tha t  the generat ion 
of se l f - in ters t i t ia l s  is p ropor t iona l  to Poe '/~ ra the r  than 
Poe as Mura rka  assumed. 

We can conclude that  the model  of chlorine com- 
bining wi th  silicon to Iorm SiC1 and a vacancy is 
consistent  wi th  the observed increase in the l inear  ra te  
constant,  B/A .  Also, the subsequent  reduct ion in s tack-  
ing faul t  g rowth  ra te  is consistent  wi th  the reduct ion 
in the number  of silicon inters t i t ia ls  which are  gen-  
e ra ted  dur ing  oxidat ion.  Th~s reduct ion is brought  
about  by  the t r app ing  of in ters t i t ia ls  by  excess vacan-  
cies c rea ted  when SiC1 is fo rmed (48). 

O x i d a t i o n - E n h a n c e d  Di f fus ion  
A model  expla in ing  o r i en ta t ion -dependen t  diffusion 

has been proposed by  Hu (2). Briefly, this model  is 
based upon the supe r - sa tu ra t ion  of silicon inters t i t ia ls  
at  concentrat ions dependent  on the oxide growth  ra te  
and silicon orientat ion.  These in ters t i t ia ls  a re  responsi-  
ble  for the growth  of s tacking faults,  and by  invoking 
a pa r t i a l  in te rs t i t i a lcy  diffusion mechanism, also in-  
fluence impur i ty  diffusion enhancement .  

To show how the enhancement  of impur i t y  diffusion 
by  se l f - in ters t i t ia l s  can act whi le  the dominant  diffu- 
sion mechanism is a vacancy-ass is ted  process (31, 42), 
i t  wil l  be assumed tha t  exchanges can take  place be -  
tween the various species in the silicon la t t ice  (vacan-  
cies, se l f - inters t i t ia ls ,  in ters t i t ia l  impuri t ies ,  and sub-  
s t i tu t ional  impur i t i es ) .  In te rs t i t i a l  impuri t ies ,  Ii, can 
be created by  the exchange  be tween  a se l f - in ters t i t ia l ,  
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Fig. 6.  Length of an oxidation-induced stacking fault formed in 
HCI-O~ oxidations as a function of HCI concentration in the ambi- 
ent. 

Sii, and a subst i tu t ional  impur i ty ,  Is ( the Watk ins  
rep lacement  mechanism) (52) 

ksi 
Six + Is --> Ii [22] 

In te rs t i t i a l  impur i t ies  can r e tu rn  to subst i tu t ional  sites 
p r imar i l y  by  recombina t ion  wi th  vacancies 

kvs 
I, + Vsi ---> Is [23] 

These processes are  i l lus t ra ted  in Fig. 7. If  i t  is as- 
sumed that  vacancies and se l f - in ters t i t ia l s  are  very  
mobile  compared  to impuri t ies ,  and if we assume a 
s t eady-s ta te  concentra t ion of these point  defects, then 
we can wr i te  down a set of coupled equations fo l low- 
ing the work  of Baruch  (53) 

OClI O2CII Cn 
�9 = D n  

0t 0x 2 ~I 

f]CsI 02CsI CII 

- - -  + ksICICsI [24] 

-- ksiCxCsi [25] 

In  the  above  equations Cn is the concentra t ion of in-  
te rs t i t ia l  impuri t ies ,  Csi is the concentra t ion of sub-  
s t i tu t ional  impuri t ies ,  CI is the se l f - in te rs t i t i a l  concen- 
t rat ion,  ks1 and kvs are  the ra te  constants  of react ions 
[22] and [23], respect ively,  and 

�9 i -1 = kvs Cv [26] 

If we define the total  impur i t y  concentrat ion as CT = 
Cn + Csi, then i t  can be shown tha t  by  adding Eq. 
[24] and [25], the  resul t ing  cont inui ty  equat ion is (31) 

----- ( C ~  02csI [27] 
OCTot Dsi 1 + Iii ~ / Ox e 

where  CI ~ is the  equ i l ib r ium se l f - in te rs t i t i a l  concen- 
trat ion,  ]ii is the f ract ional  pa r t i a l - in t e r s t i t i a l cy  con- 
t r ibut ion  to impur i t y  diffusion, and CI/CI ~ is the self-  
in ters t i t ia l  supersa tura t ion  given by  Eq. [12]. 

In  Eq. [27] we have defined an effective diffusivi ty 
of doping impur i t ies  for the  case where  vacancy-domi -  
na ted  diffusion is supp lemented  by  a pa r t i a l  in te rs t i -  
t ia lcy  diffusion process. The f ract ion of the subs t i tu-  
t ional  flux tha t  occurs by  this l a t t e r  mechanism is In. 
Values of ]ii for boron, phosphorus,  and arsenic have 
been obta ined by  fitting the effective diffusivi ty to 
OED data  (31). For  example ,  the diffusivity of boron 
in <100> silicon in d ry  O2 is shown plot ted  in Fig. 8 
(54). Also shown is the diffusivi ty of boron, D = Dsi, 
under  a nonoxidizing surface. Good agreement  wi th  
the measured  da ta  occurs when ~ii = 0.17 in the equa-  
tion for effective diffusivi ty (Eq. [27]). Thus, under  
nonoxidizing conditions, CI/CI ~ = 1 and ,-,17% of the 
flux of boron is due to the proposed pa r t i a l  in ters t i -  
t ia lcy process dr iven  by  the equi l ib r ium se l f - in te r s t i -  

0 0 0 0 0  

0 0 0  

0 
0 
0 

Fig. 7. Schematic diagram of the partial interstitialcy diffusion 
model (Watkin's replacement mechanism). A silicon self-interstitial 
replaces a substitutional impurity atom. The interstitial impurity 
migrates until it combines with a vacancy. 
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Fig. 8. Boron diffusivity in < 1 0 0 >  silicon in nonoxidizing and 
dry 0.~ oxidizing ambients. The solid and dashed curves were mea- 
sured [Ref. (54)], and the points are calculated from Eq. [27]. 

tial concentration. For phosphorus, ] I I  -:- 0.12 and for 
arsenic, ]n  ---- 0.09. These factors correlate with the 
energy required to create an interst i t ial  impur i ty  (31). 

An addit ional  observation of OED was recent ly  
made by Taniguchi  et al. (55). They found that  OED 
decreased as the concentrat ion of the diffusing impur -  
i ty  increased beyond the point  where normal  concen- 
t rat ion dependent  diffusion occurs. This effect was ex- 
plained in terms of the reduct ion of oxidat ion-pro-  
duced self- interst i t ials  by recombinat ion with the in -  
creasing concentrat ion of vacancies. If we assume that  
the equi l ibr ium vacancy concentrat ion is unaffected 
by the self- interst i t ials  generated at the interface, bu t  
that  the quasi-s teady-sta te  value of CI/CI o is inversely 
proport ional  to the vacancy concentration, then the 
effective diffusivity in Eq. [27] can be wr i t ten  gen- 
erally as 

De --~ Dn + aDo 

\ Cv / [28] 

where (C~/Cz~ is the self- interst i t ia l  supersaturat ion 
under  intr insic  doping conditions, and C~/Cv i is the 
vacancy enhancement  that  occurs when  n > ni or 
p > n~. Equat ion [28] has been divided into the con- 
t r ibut ion to diffusion under  nonoxidizing conditions, 
Dn, and the OED enhanced contribution.  

The data of Taniguchi  et al. (55) are shown in Fig. 
9 for OED of phosphorus and boron vs. the total n u m -  
ber of impur i t ies /cm 2, QT. For the boron data in Fig. 
9a, Dn becomes concentrat ion dependent  at QT --~ 4 X 
10 ~5 cm -2, corresponding to prediffused layers (X~ _-- 
3.2 #m) which were subsequent ly  diffused at l l00~ 
in  wet O.~. According to Eq. [28], ADo should decrease 
when  Cv > Cv i o r  when  p > hi. For extrinsic boron 
diffusion we know that  QT ~ C s  3/2 ( 5 6 ) ,  where Cs ,~-- Ps 
is the surface concentration. Thus, we expect that ado 
a QT -2/3 for ps > ni. Similarly,  since Dn ~ p /nb  then 

~ 3.OxlO -o . . . .  ._15 

N 
g 

~_. 1.0 

N O 
10~4 

3.OxlO -z~ 
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DATA FROM TANiGUCHI etal ''o-_ 

Fig. 9. Diffusivitles of (a) boron and (b) phosphorus during wet 
O~ oxidation at 1100~ vs. the total amount of impurity. 

Dn ~ QT 2/3 for ps > nt. These results are plotted in  Fig. 
9a, and the agreement  with the data is reasonable. 

For  the phosphorus case diffusion is controlled pr i -  
mar i ly  by  V = vacancies which form P+V = pairs in the  
high concentrat ion region, and which subsequent ly  
dissociate and flood the bulk. This increase in  the 
steady-state vacancy concentrat ion raises the dif- 
fusivi ty of phosphorus and creates a tail on the pro- 
file (57). If it  is assumed that diffusion in  the tail 
dominates, then Dn ----- Di x -~- DTAIL, where Di = is the 
intrinsic phosphorus diffusivity via neut ra l  vacancies. 
It  can be shown (58) that  since ns a QT I/2, where ns is 
the surface electron concentration, then 

Dn ~ Di = + Ki(T)  QT 8/2 [29] 

Ki(T) is a collection of terms f rom the Fair -Tsai  
model (57) that  can be directly calculated. Equat ion 
[29] is shown plotted in Fig. 9b and agrees well  with 
the Dn data (55) for phosphorus. It  can also be shown 
then that  for n >> ni this model predicts 

aDo ~ Qv -1 [30] 

This result  is also plotted in  Fig. 9b s tar t ing at  QT = 
6 X 10 [5 cm -2. This total doping corresponds to ns ~_ 
6 • 1019 cm -8. I t  is know n  (57) that  at ll00~ DTAIL 
begins to show a strong concentrat ion dependence at 
this surface concentration. 

In summary  it has been  shown that  Taniguchi 's  
model (55) of self- interst i t ia l  recombinat ion with 
vacancies is consistent with the high concentrat ion 
diffusion models for boron and phosphorus. In addition, 
the observed decrease in OED with increasing con- 
centrat ion lends support  to the not ion of two separate 
bu t  in te rdependent  diffusion mechanisms operating 
dur ing  oxidation. 

The  Effect  of Chlor ine  on OED 
If chlorine or chlor ine-bear ing compounds are added 

to oxygen in sufficient concentrat ions that  the resul t-  
ing mixture  in  a furnace wil l  cause stacking fault  
retrogrowth in silicon, oxidat ion-enhanced diffusion 
will  also become negligible (28). In  order to under -  
stand the effect of chlorine compounds on OED, recall 
that  the concentrat ion of generated silicon interst i t ials  
depends on the part ial  pressure of HC1 through the 
relat ion (from Eq. [19]) 

CI ~ (PHCl) -V~ [31] 

Thus, the effective impur i ty  diffusivity dur ing HC1 
oxidation is 

Deft  ~ = D s I  (1 -5 KH (PHCl) --'/2) [32] 

where KH is tempera ture  and or ientat ion dependent.  
This equation has been adjusted through K s  to fit the 



1366 3. E~ectrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY June 198I 

M , J  

10-13  
IJ.. 

Z 

10-12 BORON DATA-NABETA, eta_/I 

. . . ~  F GROWTH (1150~ 

CALCULATED 

NO SF GROWTH (1100~ 

- CALCULATED ~ 
- -  �9 1 1 0 0 ~  

- �9 �9 (100) IN N 2 
a r  

^ ~ ^ (100) "" r -  eL  

_ -'r- 
Q .  

1 0 - 1 2  PHOSPHORUS DATA.NABETA, etal 

�9 11s0r 
(111) 

o CAL. IN N 2 
(100) 

~ O  �9 IlOOOC 
(100) IN N 2 

10-13 _ 

~ _ ~  " "(111) 

c ~ (100) 

�9 lO00~ 
IN N 2 

I z %  
10 

m 

10 -14  J 1 I ) I ) I I 10 -14  I I I [ I I I I ) I %  
0 2 4 6 8 0 2 4 6 8 10 

HCI/O 2 (VOLUME %) HCI/O 2 (VOLUME ~ 

(a)  (b)  

Fig, 10. Diffusivities of (a) boron and (b) phosphorus during HCI-O~ oxidations vs. HCI concentration in the ambient 

�9 lO00~ 
IN N 2 

data of Nabeta et al. (28) shown in Fig. 10. The agree- 
ment  with the data is reasonable for the case of boron. 

The OED of phosphorus shown in Fig. 10b has some 
anomalies which appear to contradict the model pre-  
sented here. I t  can be seen that at 1150~ phosphorus 
diffuses more rapidly in  <100> silicon as compared 
to <111> when the HC1 volume ratio is <2%. At 
higher HC1 flow the diffusivity in <111> silicon is 
greater. At 1000~ the OED of phosphorus is greater  
in <111> than <100> for HCl volume ratios >0%. 
However, the reduction of OED to the neut ra l  ambient  
case does not occur over the range  of HCl flows in-  
vestigated. 

In  order to unders tand  these results we need to be 
aware of the concentrat ion of phosphorus used in the 
experiments  as well as the diffusion times and tem- 
peratures. Nabeta et al. (28) whose data are shown in  
Fig. 10b started with prediffused phosphorus layers 
whose surface concentrations were greater  than 2 X 
1020 cm -3. Masetti et aL (59) who also saw significant 
OED in <111> silicon at 1000~ prediffused their 
wafers with highly doped phosphorus (final Cs after 
OED dr ive- in  was ,,-5 • 1019 cm -3 and Xj  ~ 5 ~m). 
Similar  results were obtained by Francis and Dobson 
(60) who observed OED in <111> silicon epitaxial  
layers doped to ~5  • 1017 cm -3. However, their re- 
sults have been put  into question because the OED en-  
hancement  was referenced to diffusion under  an Si3N4 
mask deposited directly on the silicon surface. It  has 
been shown that  the compressive stress in the silicon 
due to the Si3N4 overlayer  can reduce the diffusion 
of low concentrat ion pro,files (61). 

It  has been shown that phosphorus diffusion at high 
concentrat ions in  nonoxidizing ambients  is greater  in  
<111> silicon than in  <100> (62). An example is 
shown in  Fig. 11 where measured profiles are plotted 
of 60 min  900~ POC13 diffusions. At lo.w concentra-  
tions the diffusivities in  <100> and <111~ silicon 
are the same with nonoxidizing furnace ambients.  

The effective diffusivities plotted by Nabeta et el. 
(28) can be estimated as (c,' 

De = Dn + PHCI,/z P \ Cv / [33] 

where  p is the surface k ink  density and  KH' 
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Fig. ]].  Measured (62) and calculated profiles of phosphorus 
diffused for 60 rain at 900~ in ~ 1 1 1 ~  and ~ 1 0 0 ~  silicon in a 
POCI3 in N 2 furnace ambient. Calculations are based on the Foir- 
Tsai model (57) with orientation-dependent strain distribution. 
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exp (2.5 eV/kT)  Dsi. At high phosphorus concentra-  
tions [ns > ne where ne increases from 102o cm -8 at 
900~ to 2 >< 102o cm -~ at 1150~ (57)] diffusion in  
oxidizing ambients  is such that  De ~'~ Dn (see Fig. 9b). 
Then 

D e ( l l l )  D n ( l l l )  

De(100) Dn(100) 

and D e ( l l l )  > De(100). From Fig. 11 this ratio is 
___1.4. From Fig. 10b the 1000~ data show D ~ ( l l l ) /  
Do(100) ~_ 1.3.  At low phosphorus concentrations 
(ns < ni) and 0% HC1/O~ 

D e ( l l l )  p(1O0) 2 

De(100) p ( l l l )  3 

From Fig. 10b the 1150~ data show De( l l l ) /De (100)  
_~ 2/3 at PHCl ---- 0. As PHCI increases the OED term in 
Eq. [33] becomes smaller  relat ive to Dn. And De(111)/ 
De(100) ---- > Dn( l l l ) /Dn(1O0)  __ 1.4. This reversal  
in the relat ive enhancement  of D e ( l l l )  to De(100) can 
be seen to occur at 1150~ in Fig. 10b as PHCl increases. 
However, fur ther  discussion of these data would re- 
quire more complete knowledge of the diffusion pro- 
files. 

The only remaining  question regarding the or ienta-  
tion dependence of phosphorus diffusion concerns the 
question of why D n ( l l l )  > Dn(100) at high doping 
levels. This has not been observed for other dopants, 
and it is believed to be due to the unusual  way in 
which phosphorus diffuses in the presence of its own 
strain distribution. It  has been observed that the misfit 
tensile stress of phosphorus at Cs > 3 X 1020 cm -8 is 
sufficient to retard diffusion significantly due to na r -  
rowing of  the silicon bandgap (63). Bandgap nar row-  
ing can reduce the number  of P+V = pairs which domi- 
nate  diffusion at high doping levels (57). Fukuhara  
et al. (64) have calculated the s t ra in distr ibutions of 
diffused phosphorus layers in <100> and <111> sili- 
con. They have shown that the strain component par-  
allel to the <100> surface is 1.23 times larger than 
the corresponding s t rain in <111> silicon. As a result, 
the amount  of bandgap nar rowing in <100> is also 
1.23 times as large as in <111>. Then, the ratio of dif- 
fusivities in the phosphorus tail region can be wri t ten  
as (63) 

D r A m ( I l l )  3 ( b E g ( i l l )  -- ,..XEg(100)) 
- -  exp [34] 

DTAIL (100) kT 

Using • ---- 1.23 •  and for tensile stress 
(63) 

~ E g ( l l l )  : --0.7 X 10-22Cs [35] 

we find that for Cs : 5 X 102o cm -8 and T : 900~ 

DTAIL(III) 
_ _  1 . 3  

DTAm (100) 

This result is in good agreement with the data in Fig. 
11. Further illustration that the strain effect can ac- 
count for high concentration, orientation-dependent 
diffusion is shown in Fig. i i  where computer-generated 
profiles are compared with the data. The agreement is 
good. 

We can conclude then that  studies of the effect of 
HC1 on OED of phosphorus should be conducted with 
Cs < ne in order to avoid complications in  in te rpre t -  
ing the results. However, from the preceding analysis 
it is believed that the phosphorus data in Fig. 10b are 
consistent with the proposed model of HCl reducing 
the extent  of (DED. 

Summary and Conclusions 
We have presented a consistent picture which ties 

together numerous  observations and models of the 
oxidation process, the growth of stacking faults, en-  

hanced diffusion, and the effects of chlorine compounds 
on these processes. Silicon self-intersti t ials generated 
at the Si/SiO2 interface as a result  of incomplete oxi- 
dation (Hu's model) (2) raise the concentrat ion of 
self-intersti t ials in  the silicon surface region. Some of 
these interst i t ials  participate in  surface regrowth 
which is orientat ion dependent.  The number  of surface 
kinks or regrowth sink sites increases with the order 
(100), (110), and (111). Thus, the number  of self- 
intersti t ials that  are available for OED and OISF 
growth decreases in the same order. OED can be ex- 
plained in  terms of a part ial  interst i t ialcy mechanism 
which kicks impurit ies into the silicon interstices so 
that interst i t ial  diffusion occurs unt i l  recombinat ion of 
the impur i ty  with a vacancy takes place (Watkin 's  
replacement  model) (52). 

Retrogrowth of stacking faults and reduced OED 
both occur when the concentrat ion of generated self- 
interst i t ials  decreases. We view OISF growth as a 
dynamic process whereby growth will occur if the 
relat ive steady-state self- interst i t ial  concentrat ion 
around the faul t  exceeds the emitted concentrat ion of 
interstit ials from the fault  line. Retrogrowth occurs 
when the reverse is true. The introduct ion of chlorine- 
bearing compounds into the oxidation tube can br ing 
about retrogrowth and reduced OED if the chlorine 
concentrat ion is large enough. The reaction of chlorine 
with silicon at the interface creates vacancies which 
can combine with generated self- interst i t ials  and re-  
duce their concentrat ion (Murarka 's  model) (48). 

Manuscript  received Dec. 1, 1980. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Interaction of CVD Silicon with Molybdenum Substrates 
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ABSTRACT 

The in terac t ion  of CVD silicon wi th  bu lk  mo lybde num subs t ra tes  w a s  
s tudied as pa r t  of a pro jec t  to grow thin sheets of polysilicon. Deposi ted silicon 
sheets separa te  f rom the subs t ra te  by  the the rmal  expans ion  shear  separa t ion  
(TESS)  technique.  The silicide format ion  was found to p l ay  an essent ia l  role 
in the shear  separa t ion  mechanism. Two sil icide phases were  formed and 
identif ied as MoSi2 and M05Si~. The diffusive processes were  s tudied  and 
growth  ra tes  of MoSi2 determined.  Void format ion  was observed and concluded 
to be necessary  for  shear  separa t ion  to occur. Silicon was the p r i m a r y  diffuser 
in MoSi2 leading to the void format ion  at  the Si-MoSi2 interface.  The pres -  
ence of oxygen  in the process gases decreased  the growth  ra te  of MoSi2. I t  is 
pos tu la ted  that  oxygen inhibi ts  sil icon diffusion which in tu rn  affects void  
format ion  and re l iab le  shear  separat ion.  Silicon nucleat ion character is t ics  wi th  
var ious  subs t ra te  surface p repa ra t ions  were  invest igated.  

The format ion  of t rans i t ion  meta l  si l icides has been  
the subject  of many  papers  and  symposia  in recent  
years  (1-3). The grea t  in teres t  has been genera ted  
f rom the use of t rans i t ion  meta ls  for ohmic or rec t i fy -  
ing contacts to single crys ta l  sil icon for  electronic 
applications.  Ano the r  a rea  of in teres t  has been the 
format ion  of sil icides on r e f rac to ry  meta ls  to protect  
the meta l  against  high t empera tu re  oxida t ion  (4-6). 
Whether  deal ing wi th  a thin meta l  film on a silicon 
subs t ra te  or  bu lk  meta l  subst ra tes  react ing wi th  si l i -  
con, i t  is impor t an t  to unders tand  the diffusive p ro -  
cesses tak ing  place dur ing  silicide formation.  The 
presen t  s tudy  is concerned wi th  the  in terac t ion  of 
chemical  vapor  deposi ted sil icon wi th  bu lk  m o l y b -  

* E lec t rochemica l  Society Ac t ive  Member. 
Key words: diffusion, in te r faces ,  nucleation,  semiconductor.  

denum. This work  was  par t  of a pro jec t  to grow si l i -  
con in the  form of thin sheets for low-cos t  solar  cells. 

The process for  producing se l f - suppor t ing  polysi l icon 
films consists of deposi t ing sil icon on t e m p o r a r y  sub-  
s t rates  and separa t ing  the sil icon f rom the subs t ra te  
by  the the rmal  expansion shear  separa t ion  (TESS) 
technique (7). The sil icon is deposi ted f rom a silicon 
bear ing  gas at  a high tempera ture ,  1000~176 Sub-  
sequent  cooling of the subs t ra te  and silicon film re -  
leases the deposi ted sil icon f rom the substrate .  The 
shear  stresses genera ted  at  the subs t ra te -s i l icon  in te r -  
face due to differences in  the i r  the rmal  expans ion  co- 
efficients, coupled wi th  a weak  bond across the  in• 
face, make  the  separa t ion  process feasible.  I t  wi l l  be  
shown tha t  void format ion  plays  an impor tan t  role in 
the separat ion.  Molybdenum,  as well  as the chemical ly  
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s imi la r  tungsten,  have  p roven  to be re l iab le  and re -  
usable  t e m p o r a r y  substrates .  

The sil icide fo rmat ion  was found to p l ay  an  essential  
role  in the  shear  sepa ra t ion  mechanism of sil icon f rom 
m o lybdenum substra tes .  The diffusive processes were  
s tudied  and pic tures  of K i r k e n d a l l  voids (9) were  
obtained.  They  a re  not  on ly  necessary  for  the  shear  
separa t ion  observed  in this work  bu t  could have  sig-  
nificance in th in  film contact  adhesion on silicon. Si l i -  
con nuclea t ion  character is t ics  wi th  var ious  subs t ra te  
surface p repara t ions  and g rowth  condit ions were  also 
invest igated.  

Experimental 
Molybdenum subs t ra tes  were  cut  f rom 0.040 in. 

th ick  sheets wi th  a class 300 finish. Typica l  analyses  
showed <15 p p m  Fe  and Ca and o ther  impur i t i e s  <10 
ppm. The subs t ra tes  were  c leaned b y  washing  in  a 
de te rgen t  solution, r insed in DI water ,  and  degreased  
in organic solvents  unless o therwise  noted. 

Deposi t ions were  car r ied  out  in a conventional ,  hor i -  
zontal, induct ion hea ted  CVD reac tor  using SIC14 and 
H2 process gases. The hydrogen  was w i t h d r a w n  f rom 
a l iquid source and contained <2 ppm H20 and <1 
p p m  O2. The SIC14 was semiconductor  grade  used in 
ep i tax ia l  growth.  Tempera tu res  were  measured  wi th  a 
d i sappear ing  f i lament p y r o m e t e r  which  had  been cal i -  
b ra t ed  to account for emissivi ty,  absorpt ion  by  the 
quar tz  reac t ion  tube,  and the mi r ro r  used to v iew the 
susceptor  and substrate .  Subs t ra tes  were  p laced on a 
sil icon ca rb ide -coa ted  graphi te  susceptor,  and a mask  
cut  f rom 0.015 in. th ick mo lybdenum was placed on top 
to mask  the edges so tha t  sil icon did not  deposi t  over  
the edges of the  substrate .  In  this way  a rec tangu la r  
shee t  of  si l icon would  shear  f rom the subs t ra te  wi thout  
cracking.  Af t e r  purg ing  the furnace  wi th  ni trogen,  the 
subs t ra te  was hea ted  to the deposi t ion t empera tu re  
(1150~ in hydrogen  and the t empera tu re  a l lowed to 
s tabi l ize  for 15 rain. SIC14 was then added  to the gas 
s t r eam as wel l  as dopant  gas, B2H6 or PH3. Microcrys-  
ta l l ine  si l icon sheets  150-250 #m thick were  grown in 
90 rain wi th  areas  f rom 75 to 210 em 2. Upon complet ion 
of the  deposit ion,  the  rf  power  was tu rned  down so 
tha t  the  cooling ra te  was about  30~ Under  these 
conditions,  the  silicon separa ted  f rom the MoSi2 l aye r  
on the subs t ra te  in the  range  of 700~176 Specia l  
exper iments  were  car r ied  out  in s imi lar  fashion except  
for  subs t ra te  size, cooling rate,  deposi t ion t empera tu re ,  
or  process gases as noted in the resul ts  and discussion. 
SUicide l aye r  thicknesses were  measured  microscopi-  
ca l ly  by  averaging  ten  observat ions.  Samples  were  
moun ted  and pol ished by  s tandard  meta l lograph ic  
techniques.  I t  was found tha t  s ta ining the samples  wi th  
an  FeCls solut ion (10g FeCIs, 2 ml  HC1, 95 mI H20) 
for  a few seconds a ided  in ident i fy ing  phase boundar ies  
and  var ious  layers.  

R e s . f f s  
In  Fig. 1 and 2 are  presented  the da ta  for  the  g rowth  

of MoSi2. The plot  of the thickness squared  vs. t ime in 
Fig. 1 indicates  tha t  the  kinet ics  follow a parabol ic  l aw 
for long t imes bu t  not  in the in i t ia l  por t ion  of the re-  
act ion since the  ex t rapo la t ed  curve does not  pass 
th rough  the origin. The expe r imen ta l  points for shor t  
t imes are  high because i t  was not  pos s ib l e  to quench 
the samples  in the appara tus  used and the smal l  
amount  of g rowth  which cont inued dur ing  cool-down 
would  be a significant amount  of the to ta l  g rowth  for  
shor t  times. I t  should be pointed out tha t  the da ta  for  
t imes longer  than  90 min  are  the resul t  of repea ted  
90 min  runs  on the  same substrates .  A no rma l  run  to 
produce  sil icon sheets was 90 min  so~ tha t  cross sections 
were  made  on  subst ra tes  used for consecutive deposi -  
tions, wi th  the sil icon shear ing off a f te r  each run. The 
da ta  of Gage and Bar t l e t t  (8) a re  shown in Fig. 2, 
wi th  the i r  g rowth  rates  cons iderab ly  higher.  However ,  
they  packed  mo lybdenum rods in sil icon and N a F  to 
form MoSi~ at  h igh t empera tu res  and obta ined only 
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Fig. I .  Growth rate of MoSi2 layer as a function of time at 
1150~ indicating parabolic behavior. 

the disi l icide phase. In  the CVD method,  two si l icide 
phases were  a lways  found, a l though the m o l y b d e n u m -  
r ich si l icide was ve ry  thin, on the  o rde r  of 2-4 ~m. The 
thin  layer  appeared  to g row to a m a x i m u m  thickness 
of app rox ima te ly  4 #m and s tay  at  tha t  thickness.  F ig -  
ure  3 shows a typica l  cross section wi th  a th ick MoSi2 
l aye r  and a thin m o l y b d e n u m - r i c h  silicide. Samples  of 
mo lybdenum wi th  an adhe ren t  sil icon l aye r  were  p re -  
pared  by  deposi t ion at  1000~ for short  times. Af t e r  a 
fu r the r  annea l  at  1150~ in argon for 1 hr, ha l f  the  
samples  were  quenched b y  wi thd rawing  f rom the fu r -  
nace and dropping  them into water .  The o ther  half  
were  lef t  in the furnace  and cooled at  a ra te  of 10~ 
rain. In  each case two suicide phases were  presen t  wi th  
the th in  mo lybdenum rich sil icide s l ight ly  th icker  in 
the slow cooled samples. 
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Fig. 2. Effect of temperature on the growth rate of MoSi2. layer. 
Note the difference in the growth rate from our measurements and 
the ones from Gage and Bartlett (8). 
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Fig. 3. Cross-sectional view of a substrate showing the interfacial 
layers; Mo-rich silicide and MoSi2." 

The effect of impurities,  par t icular ly  oxygen, in the 
process gases was studied. Small  amounts  of oxygen 
were  added to the process gas stream. The growth rate 
of MoSi~ was marked ly  decreased by the addition of 
oxygen, as shown in Fig. 4. It has been found that  thin 
layers (1000-2000A thick) of SiO2 deposited on the 
substrate prior  to deposition impede silicon diffusion 
so that  MoSi2 format ion is drast ical ly decreased. It  
is possible that  the thin layers  were  not continuous, 
with many pinholes, and therefore  did not act as a 
barrier .  Thick layers of SiO2 (5000-10,000A thickness) 
acted as a bar r ie r  prevent ing  interdiffusion. The SiO2 
layers were  deposited on the substrates in the CVD 
furnace by react ion of O2 with  SIC14 in I-t2 at 1000~ 
Then the silicon deposition was carr ied out wi thout  
having to remove  the substrate from the furnace. 
F igure  5 shows a bar r ie r  layer  in cross section with  
no evidence of silicide formation. 
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Fig. 4. Effect of presence of oxygen in the process gases during 
silicon film deposition on the growth ra~e of MoSi2. 

Fig. 5. Cross-sectional view of an Si02 coated Mo substrate with 
an adherent silicon film. Absence of silicide interfacial layers indi- 
cates the effectiveness of Si02 as a diffusion barrier, 4 0 0 •  

An electron probe x - r a y  microanalysis of the thick 
silicide layer  indicated a i: 2 a tom ratio for Mo: Si and 
approximate ly  1:1 for the thin mo lybdenum-r i ch  sili-  
cide layer. To confirm this observation, an x - r ay  dif- 
fraction scan was taken of the thin silicide layer. The 
sample was prepared by etching the molybdenum 
substrate away from the silicide layers with solution B 
(5% HNO3, 5% CH3COOH, 80% H3PO4, 10% H20, 
60~ In this way the x-ray beam could be directed 
onto the thin silicide layer. Table I shows the results 
of the diffractometer scan obtained from this sample. 
All peaks could be attributed to be due to MoSi2 or 
MosSi3, thus identifying the thin molybdenum-rich 
silicide as MosSi3, and thick silicon rich silicide as 
MoSi2. 

Discussion 
G r o w t h  r a t e . - - T h e  growth rate for MoSi2 obtained 

in this invest igat ion is lower  than that  observed by 
Gage and Bart le t t  (8) who used a pack cementat ion 
method for silicide formation. In their  method, molyb-  
denum rods were  packed in a mix tu re  of NaF and sili- 
con held at t empera ture  for varying periods of time. 
By this method, the only silicide observed was MoSi2 
and a parabolic growth rate  was obtained. This was 
in te rpre ted  as indicating a diffusion-controlled reac-  

Table I. X-ray diffraction patterns of Mo-silicides 

Observed MoSi~ (11) Mo~Si3 (12) 

d I/Io d I/Io hkl d I/Io hk~ 

3.92 12 3.92 45 002 

2.96 20 2.96 95 lO1 
2A5 100 

2.26 88 2.26 70 110 

2.02 8 2.02 100 103 
1.96 21 1.96 40 004, 112 
1.60 8 1.60 30 200 

1.48 13 1.49 20 114, 202 
1.44 11 
1.41 7 1.41 25 105, 211 

1.31 7 1.308 16 006 
1.26 25 1.257 45 213 

1.241 10 204 

3.23 20 211 
3.04 20 310 

2.443 I0 0O2 
2.406 10 400 
2.342 110 

2.174 20 202 
2.149 60 420 
2.102 50 411 

1.986 100 222 

1.522 I0 620 
1.491 10 512 
1,437 7 541 

1.395 10 323 
1.376 10 631 
1.363 10 532 
1.339 20 602, 413 

1.169 10 642 
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tion wi th  the. diffusion of silicon through the silicide 
the ra te-control l ing factor. In  the present  work a 
parabolic growth rate  for MoSi2 was obtained for re- 
action times of more than a few minutes.  The ini t ial  
stage of the reaction is controlled by the nucleat ion 
of silicon, island formation, and surface coverage be-  
fore the diffusion of silicon becomes the ra te -de te rmin-  
ing factor. Figure  6 shows the ini t ia l  stage of nuclea-  
t ion and island formation on several surfaces. In  the 
surfaces studied, MoSi2 showed complete coverage 
while Mo, SiO2, and SigN4 were not completely covered 
in the first 5 rain. Nuclei were counted from the 100 • 
SEM photographs with the results listed in  Table II. 

Two effects were observed when oxygen was added 
to the reactant  gases; the rate of formation of MoSi2 
was reduced and the silicon did not  shear from the 
substrate on cooling when greater  than 100 ppm of 
oxygen was added. This indicates that  silicide forma-  
tion is a necessary part  of the shear separation mecha-  
nism. It is posulated that  oxygen impeded silicon diffu- 
sion through the MoSi2 layer. The addit ion of oxygen 
for the first 2-5 min  of deposition also very significantly 
reduced the rate of MoSi.2 formation. 

Separation mechanism.--It is essential to have an 
accurate unders tand ing  of the shear separat ion mecha-  
n i sm for re l iably  producing th in  polysilicon sheets 
using temporary  and reusable Mo substrates. Several  
factors are found to contr ibute to the shear separation 
mechanism as discussed below. 

The thermal  expansion of silicon and molybdenum 
are significantly different (18) as shown in  Fig. 7 which 

Table I I .  

S u r f a c e  N ( N o . / c m  2 sec) 

SiO2 19 
MO (v i rg in )  34 
SisN~ 111 
Mo (N2 a d d e d  to  gas )  283 
MoSh  G e n e r a l  c o v e r a g e  

can generate large stresses upon  cooling from the dep- 
osition temperature.  Calculated values (13) of the 
stresses developed in  a simple s i l icon-molybdenum 
couple on cooling from 1100 ~ to 700~ are shown in  
Fig. 8. The stresses in the silicon film and the molyb-  
denum substrate were calculated using a computer  
program, LAMIN 1, which is based on l inear  composite 
theory (14). The following assumptions were made 
in the analysis. 

1. The silicon film and temporary  substrate adhere 
to each other and comprise a laminated composite with 
no slip at their  interface. 

2. A zero stress state exists at the deposition tem-  
perature and cooling of the composite is uniform. 

3. The strain variat ion through the thickness of the 
composite is linear. 

4. The materiaI  properties are isotropic. 
5. While the mater ia l  properties are tempera ture  de-  

pendent,  the computations were made using the aver-  
age values over the tempera ture  range. 

The stresses were found to vary  strongly with the 
thicknesses of the silicon and the substrate,  bu t  the 

Fig. 6. Silicon nucleation char- 
acteristics. (a, top left) Regular 
Mo substrate, (b, top right) 
Si02 coated Mo substrate, (c, 
bottom left) SigN4 coated Mo 
substrate, (d, bottom right) 
MoSi2 coated Mo substrate. 
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Fig. 7. Thermal expa.sion of Si, Mo, and MoSi~ (18) 

example shown serves to i l lustrate  the very  high 
stresses developed. This in  itself is found not  to be 
sufficient to cause shear separation. Silicon films de- 
posited at 1000~ tended to adhere while deposition 
temperatures  higher than 1100~ always resulted in  
shear separation. Even when higher stresses were d e -  
v e l o p e d  in  "stuck" r ibbons deposited at 1000~ by  
cooling them to liquid ni t rogen temperature,  no shear-  
ing took place. As expected, the calculated stress 
levels were found to increase as the composite is cooled 
to lower temperatures  from deposition tempera ture  
(13). Also, while the calculated stresses in  the com- 
posite were found to be dependent  on the relat ive 
thicknesses of the Mo substrate and the silicon ribbon, 
they were not  found to correlate well with the shear 
separation observations. Polysilicon r ibbons of very 
large (>100 cm 2) areas with thickness in the range of 
0.003-0.020 in. have been separated from Mo substrates 
with thickness in the range of 0.005-0.050 in. (How- 
ever, Mo substrates with a thickness greater  than  0.030 
in. were found to be desirable, since they are less 
flexible and re ta in  their  flatness with repeated silicon 
deposit ion-separat ion cycles.) We believe that, while 
the stresses generated in the composite are necessary 
for shear separation, they are not  sufficient. A second 
condition for shear separation was found to be the 
creation of discontinuities (voids) at the substrate-  
silicon interface which act as stress raisers as dis- 
cussed below. 

An impor tan t  factor involved in  shear separation is 
found to be the formation of Kirkendal l  voids in the 
silicon adjacent  to the MoSi2 layer. An SEM photograph 
of such a void is shown in Fig. 9. The formation of 

.010" (~ 

"030' l 

Si 

Mo 

" -10,259 PSI 

t - 14,454 PSI 

+ 20,361 PSI 

-12,123 PSI 

Fig. 8. Calculated stress levels in an Si (0.010 in. thick)/Mo 
(0.030 in. thick) couple due to cooling from silicon deposition 
temperature (1100~ to a temperature of 700~ --  compression, 

tension. 

Fig. 9. SEM photographs of a cross-sectional view of the MoSi2-Si 
interface showing a Kirkendall void. 18000• 

these voids can be explained if Si is the major  diffus- 
ing species in IV[oSi2, forming vacancies in the silicon 
which aggolmerate to form voids. Borders and S w e e t  
(15) also observed such voids in Si-Ge alloys and W 
couples where Si was the diffusing species. In  a mate-  
rial under  stress, any  hole or discont inui ty  acts as a 
stress concentrator  (16) with stress at the edge of t he  
hole many  times greater than the average stress. Thus 
very high stress regions result  in the silicon adjacent  to 
the MoSi2 layer  due to the presence of voids. T h e  
shear separation appears to occur in  this region. En-  
ergy dispersive x - r ay  analysis in  an SEM of the 
separated silicon films in this region showed no Mo. A 
SIMS analysis (7) of the separated silicon film showed 
Mo present  only in  ppm levels while Auger analysis of 
the MoSi2 surface after shear separation showed Si in  a 
thin layer of about a few hundred  angstroms. Thus i t  
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is clear that the shear separation occurs in the de- 
posited silicon film and the formation of the silicide, 
in which Si is a faster diffuser than the metal, and 
formation of Kirkendal l  voids is essential for reliable 
shear separation. Further  experiments were performed 
to confirm that  silicon diffusion and Kirkendal l  void 
formation are essential for reliable shear separation 
by testing the t ime-temperature  dependence of shear 
separation. It was found that shear separation occurred 
when a 1000~ deposition for 90 rain was carried out 
followed by an anneal at 12O0~ for 20-30 rain. Fur -  
ther, when a "stuck" ribbon on the substrate was an- 
nealed for 80 hr at 800 ~ and cooled, over 8A of the 
silicon ribbon separated. After  40 hr of additional 
annealing at  800~ the remainder of the silicon sepa- 
rated from the substrate. 

Experiments carried out using SiO2 diffusion barriers  
clearly indicate the requirement of silicon diffusion 
and Kirkendal l  void formation for shear separation to 
occur. With SiO2 diffusion barriers, silicon strongly 
adhered to the substrate and resulted in a sharply 
bent bimetallic couple of silicon and molybdenum. 

From these results, one would predict that  as a 
substrate is used again and again the MoSi2 growth 
becomes less and less with each succeeding run. A 
point would be reached where silicon diffusion be- 
comes less and insufficient voids are formed so that 
shear separation does not occur. This is actually ob- 
served in practice so that substrates can only be used 
a few times. Then the MoSi2 layer  must be removed or 
the time at deposition temperature extended to allow 
sufficient silicon diffusion to occur, to ensure shear 
separation. 

I t  has indeed been found that substrates can be used 
for repeated deposition cycles until the increasing 
thickness of the silicide layer limits the layer  growth 
to 9 ~m during one cycle. Thus, for the growth con- 
ditions being used, the MoSi2 must be removed after 
seven cycles. Considering a safety factor and assuming 
substrate resurfacing following every six depositions 
a 1O0 ~m layer of MoSi~ must be removed. This cor- 
reponds to 30 #m of consumed Mo. Allowing for 
grinding tolerances and cost of grinding, the Mo sub- 
strate cost contribution was estimated to be about 
$0.08/peak watt  (in 1980 dollars) as an upper limit. 
The continued shear separation from a given substrate 
with periodic substrate resurfacing has been observed 
experimentally.  

Conclusions 
The interaction of molybdenum and silicon has been 

investigated by depositing silicon on molybdenum sub- 
strafes at 1O0O~176 Upon cooling the thin silicon 
sheets sheared from the substrates. Several  factors 
were found to be important  in the shear separation 
mechanism: (i) The thermal expansion mismatch of 
silicon and molybdenum (or tungsten) generates large 
stresses upon cooling; (ii) Kirkendall  void formation 
occurs because silicon is the pr imary  diffuser in MoSi2; 
and (iii) Voids formed in the silicon film at the 
MoSi2-Si interface act as stress raisers. 

Two silicides were formed, a thick layer  of MoSi2 
and a thin layer of M05Si3. The growth rate of MoSi2 
was found to be parabolic, after an initial  nucleation 
period, indicating a diffusion-controlled reaction. 

Oxygen in the reactant gases, at  levels greater than 
100 ppm, decreased the growth rate of MoSi2 and void 
formation, which caused failure of the shear sepa- 
ration mechanism. 
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ABSTRACT 

The electr ical  res is t ivi ty  and thermoelectr ic  power  of  the europ ium (If)  
niobium bronzes, EuxNbO3, were  measured as a function of europium 
concentrat ion f rom x = 0.51-0.92 over  tempera tures  of 4.2-373 K. All  
samples in te t ragonal  form (x = 0.51-0.65) showed semieonducting con- 
duction, while  the samples in cubic form (x = 0.65-0.92) exhibi ted metal l ic  
conduction. A Goodenough model  for the tungsten bronze, NaxWOs, was em-  
ployed for the difference in the electr ical  conduction behavior  be tween  the 
two bronzes. Residual  drif t  mobil i ty  for the cubic bronze decreased wi th  x 
except  for x = 0.76 and on this point  an i r regular ly  high value  was obtained. 
The t empera tu re -dependen t  part  of the drift  mobil i ty  for the cubic one w a s  
found to be describable by the per turbat ion  theory of Howar th  and Sond-  
heimer.  An effective mass of the electron for each cubic bronze was about 
2too (too is the electronic rest  mass),  and the quas i - f ree  electron model  w a s  
roughly  a p p l i c a b l e .  

Only a few metal  oxide systems have metal l ic  prop-  
erties. Most of them are lower  oxides of transi t ion 
metals, e.g., ReOz, NbO, and VO (1). Some of the 
tungsten bronze type oxides, their  general  formula  
AzBO3, also exhibi t  metal l ic  conduction (1). Espe- 
cially, a number  of exper imenta l  and theoret ical  works 
were  done to describe the electr ical  propert ies of the 
cubic sodium tungsten bronze. A s t ront ium niobium 
bronze, which was first prepared by Ridgley et al. 
(2), also has the cubic s t ructure  and has a metal l ic  
character  (1). The ionic radius of Eu 2+ ion is analo- 
gous to that  of Sr  2+ ion (3), and the analogy leads to 
preparat ion of Eu 2+ compounds which are isostruc- 
tura l  wi th  Sr 2+ compounds (4). Fayolle  et al. (5) first 
repor ted  the preparat ion of a europium niobium oxide 
EuzNbO3 and showed that  this oxide was isostructural  
wi th  SrzNbOs. Studer  et al. (6) reported the electrical 
propert ies of the bronzes, a l though their  study was 
l imited to the semiconducting te tragonal  bronzes (x = 
0.5 and 0.6). Work covering a wider  range of x is de- 
sirable. In this paper, the electr ical  resistivit ies and the 
Seebeck coefficients of EuxNbO3 are repor ted  as a 
function of europium concentrat ion f rom x = 0.51- 
0.92 over  a t empera ture  range of 4.2-373 K. 

Experimental 
Preparation and Analysis.--A mixture  of Eu203, 

Nb20~, and Nb powder  was ground together  in an 
agate mor ta r  and pressed into pellets and then heated 
in vacuo (10 -'2 Pa) at 1173 K for 2 hr. Af te r  cooling, 
the pellets were  ground and again pressed into pellets. 
They were  packed into an Mo box, sealed under  vac-  
uum (10 -3 Pa) in a silica capsule, and heated at 1473 K 
for 48 hr. The react ion was completed during the pro-  
cedure and was assumed to occur according to reaction 
[1] 

5xEu2Oa -~ a(6x -- 2)Nb -I- (5 ~ a -- 3ax)Nb205 

--> 10EuxNbOs-y [1] 

Niobium metal  was used "a" times the amount  needed 
to prepare  EuxNbO3 in order  to compensate for a slight 
oxidat ion loss of the bronzes during the course of 
synthesis, and a = 1.05 was adopted for all samples. 
The deviat ion of oxygen content f rom O/Nb = 3 was 
represented by "y," and the actual value of 3 -- y used 
for each sample is given in Table I. The electr ical  

Key words: niobates, electrical resistivity, thermoelectric power. 

measurements  were  per formed on sintered polycrys-  
tall ine pellets. The pellets were  prepared by pressing 
the powder  sample and then sintering them at 1473 K 
for 10 hr  in sealed silica capsules. 

The phase purit ies and s t ructural  type of the sin- 
tered sample were  characterized by x - r a y  powder  
analysis, using a Rigaku Denki Rotor-f lex diffractome- 
ter. The atomic ratios (Eu:Nb)  were  de termined  with 
a Rigaku Denki energy dispersion type x - ray  fluores- 
cent spectrograph unit, ul tra  trace systems, and the 
oxygen compositional states were  determined by a 
gravimetr ic  technique. The magnet ic  moments  were  
obtained with  a Shimadzu MB-11 magnet ic  balance. 
The pycnometr ic  densities of the pellets were  also 
obtained. 

Electrical resistivity measurements.--The electrical 
resist ivi ty measurements  for the sintered samples were  
carried out in a hel ium atmosphere  from 4.2 to 373 K. 
A simple four-probe d-c method was employed for 
the resist ivi ty measurements  of the samples. Rectangu-  
lar  samples of about 2 m m  2 in cross section and 8-12 
mm long were  taken for the measurements  with the 
four-probe method. The samples were  cut f rom the 
sintered pellets of 13 mm in diameter  and 1 mm in 
thickness, and the surfaces of the samples were  fin- 
ished with  No. 1000 carborundum paper. Electr ical  
leads were  attached to the faces of each sample with 
Ag paste. The resist ivi ty measurements  were  per -  
formed in the potential  region in which the samples 
behaved ohmically. Fur thermore ,  to avoid any con- 
tributions to the measured potent ial  f rom thermal ly  
generated emf's, readings were  taken in both forward 
and reverse  directions and the averaged values were  
recorded. 

Thermoelectric power measurements.--Thermoelec- 
tric power  measurements  were  carr ied out in a hel ium 
atmosphere f rom 100 to 373 K. A rectangular  sample 
of about 2 mm 2 in cross section and about 4 mm long 
was attached to two copper blocks wi th  Ag paste. A 
thermal  gradient  was produced across the sample by 
small  heaters at tached to the copper blocks, and the 
t empera tu re  difference across the sample was regu-  
lated so as to fall wi thin  10 K. The Seebeck coefficient 
of the sample was determined according to the relat ion 

S = Scu -- AV/AT [2] 
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Table I. Lattice constants, magnetic moments, and activation 
energy of conduction for EuzNbOs-y 

Magnetic 
momentst Ea 

Eu~NbOs-~ Lattice constants* (300 K) t 
- Obs/ Vale/ 

3 - y a(e)/A a(t)/A e(t)/A p,s ,aB Ea/eV 

0.51 3.02 12.355 3.901 5.47 5.67 
0.58 3.02 12.363 3.892 5.89 6.07 
0.60 3.03 12.361 3.885 6.04 6.18 
0.68 3.05 3.979 6.46 6.61 
0.70 3.09 3.980 6.34 6.69 
0.76 3.03 3.985 6.80 7.03 
0.82 3.03 4.002 7.16 7.31 
0.88 3.03 4.009 7.36 7.58 
0.90 3.10 4.012 7.42 7.65 
9.92 3.13 4.013 7.58 7.75 

0.099 
0.084 
0.033 

* a, cubic; t, tetragonal .  
t/~e~t(theoretical) = x/x~2(Eu =+) + (Nb4+/Nb)~(Nb4+) 

/L(Eu =+) = 7.94 /~B ~(Nb4+) = 1.73 ~,B. - 
$ Activat ion energ ies  of conduction are determined  from the 

equation,  p = poexp(Ea/kT). 

where  Sen is the absolute Seebeck coefficient of copper 
(7), ~V is the thermoelectr ic  voltage of  the sample, 
and aT is the tempera ture  difference across the sam-  
ple. 

Results and Discussion 
The compositional, crystal, and magnet ic  data for 

the sintered samples are given in Table I. It  is seen 
that  the samples ranging in europium concentrat ion 
f rom x --0.51-0.65 have a te t ragonal  form, while the 
samples ranging f rom x = 0.65-0.92 have a cubic 
form. Each of the observed magnet ic  moments  is close 
to the calculated value, and most of the europium in 
the sample is considered to be in a 2+  state. 

Results of the resis t ivi ty measurements  are shown 
in Fig. I and 2. The resist ivit ies are found to decrease 
wi th  decreasing reciprocal  t empera tu re  for the sam- 
ples of low europium concentrat ion (x = 0.51-0.65) 
(Fig. 1), and the changes are expressed by the wel l -  

known equat ion 
--  po e x p ( E a / k T )  [3] 

where  Ea is re la ted to the act ivation energy for con- 
duction. The act ivat ion energy  of each sample is tabu-  
lated in Table I. Thermoelect r ic  power  measurements  
revea l  that  the samples are n - type  semiconductors. 
However ,  the resistivit ies are found to decrease on 
decreasing the t empera tu re  for the samples of high 
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Fig. I. Specific tesisfivities of EuzNbO3. A, Euo.60NbO.~.o~; B, 
Euo.ssNbO,~.02; C, Euo.51NbO3 03. 
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Fig. 2. Specific resistivities of EuxNbO8. A, Euo,9oNbO3.lo; B, 
Euo.~oNbOs.09; C, Euo.6sNbO3.05; D, Euo.s2NbO~.03; E, Euo.ss- 
NbO3.03; F, Euo.76NbO3.03. 

europium concentrat ion (x = 0.65-0.92). In other  
words, the te t ragonal  samples are n - type  semiconduc- 
tors and the cubic samples are metall ic conductors. An 
interpreta t ion of the electr ical  resist ivi ty data for the 
tetragonal  and cubic samples is given on the basis of 
Goodenough's model  (1) for the tungsten bronze. The 
schematic band models for both cubic and te t ragonal  
phases are illustrated in Fig. 3. The conduction bands 
are formed by the 4d orbitals of niobium and the 2p 
orbitals of oxygen. All the 4d(t2g) orbitals of niobium 
are considered to be degenerate for the cubic samples 
[Fig. 3(a)], and the number of conduction electrons 
is the same as the number of Nb 4+ in this case. The 
number of Nb 4+ in the general formula EuzNbO3-, 
can be provided by the relation 

n=2(x+y) -- 1 [4] 

The equation suggests that some conduction electrons 
exist in the conduction band of the cubic samples 
(x > 0.65), giving all the cubic samples metallic prop- 
erties. On the other hand, the 4d(t.~g) orbitals of nio- 
bium in the tetragonal phase split into two states [Fig. 
3(b)] and a localized nonbonding level (4dxy) is 
formed below the bottom of the conduction band. The 
conduction electrons are considered to be trapped by 
the level, and the tetragonal bronzes exhibit semi- 
conducting properties. From the analysis of the re- 
sistivity curve, the level is determined to be 0.i eV 
below the bottom of the conduction band. 

The resistivity of a metallic compound can be sep- 
arated into two components. One of them is a residual 

0 Nb 0 

EF - -  t-~t~tT.:~;.:- dYZ d ~ z / / ~  

Cubic form Tetragonal form 

(a) (b) 

Fig. 3. Energy-level diagram for EuzNbO3 
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component  po which  is ascr ibed to e lec t ron scat ter ing 
by  impur i t i es  and  the sca t ter ing  is t empera tu re  inde-  
pendent .  The o ther  one, PT, is t empe ra tu r e  dependent  
and is due to e lec t ron sca t ter ing  b y  la t t ice  vibrat ions.  
The to ta l  res i s t iv i ty  is therefore  the sum of  the  t em-  
pe ra tu re - independen t ,  or  residual ,  and t empera tu re -  
dependent ,  or  thermal ,  components  

p = po + pT [5 ]  

Figure  4 shows the  dr i f t  res idua l  mobil i t ies  as a 
funct ion of europium concentra t ion  for  the cubic 
samples. On de te rmina t ion  of  the dr i f t  mobil i ty,  the  
car r ie r  concentra t ion is assumed to be equal  to the 
Nb 4+ concentra t ion  and is der ived  f rom the fol lowing 
re la t ion  

dL 
N = [2 (x  + t / )  - 1] [6] 

M 

where d is the  pycnomet r i c  dens i ty  of the sample,  L is 
Avogadro ' s  number ,  M is the  fo rmula  weight  of the  
sample, and x and y are  defined b y  the fo rmula  
Eu=NbOs-~. The dr i f t  mobi l i ty  is ca lcula ted  f rom the 
fol lowing re la t ion  

- -  1/Nepo [7] 

The  dr i f t  res idual  mobi l i ty  decreased  wi th  increas ing 
europium concentra t ion of x ---- 0.68-0.92 except  for a 
range  a round  x : 0.75. At  x ---- 0.75 an i r r egu l a r l y  
high value  was found. The values  of mobi l i ty  for these 
samples  a re  cons iderab ly  lower  than  the va lue  for 
single crys ta ls  of o the r  meta l l ic  compounds, e.g., 
NazWO3 (8-10). A degree  of s inter ing wil l  be a domi-  
nan t  factor  for  de t e rmin ing  the value,  and  the de -  
gree is considered to decrease wi th  europ ium concen- 
t rat ion.  A n  i r r e g u l a r l y  high mobi l i ty  at  x : 0.7 was 
also found in the  studies of NaxWO8 (11, 12). E l l e r -  
beck et al. (13) pointed out  tha t  the e lect r ica l  homo-  
genei ty  of the  sample  was an influential  factor  in the 
va lue  of mobi l i ty  and showed tha t  there  was no min i -  
m u m  in res i s t iv i ty  near  x ----: 0.7 for  e lec t r ica l ly  homo-  
geneous NaxWO3. The homogenei ty  of the  sample  is 
an impor t an t  factor  for  de te rmin ing  the  value  of re -  
sist ivity,  and the homogene i ty  should be m a x i m u m  at 
x = 0.76. 

F igure  5 shows the t empe ra tu r e  dependence  of the  
the rmal  pa r t  for  Eu0.76NbO3.03. The the rmal  par t  of the  
res is t iv i ty  is p ropor t iona l  to T 3.5 be low 49 K, indi -  
cat ing tha t  the mobi l i ty  of electrons increases p ro-  
por t ional  to T -8.5. Bardeen  and Shockley  (14) have 
proved tha t  the mobi l i ty  follows T -1.5 dependence  
when the conduct ion electrons are  sca t tered  by  the l a t -  
tice v ibra t ions  for  an acoustic mode. On the other  
hand, Greener  et al. (15) suggest  tha t  a mobi l i ty  of 
a po la r  semiconductor ,  in which  the conduct ion elec-  
t rons are  sca t tered  by  the opt ical  mode la t t ice  v ib ra -  
tions, can be  app rox ima ted  b y  the re la t ion  at  low 
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Fig. 5. Temperature dependence of the thermal part of resistivity 
for Euo.76NbO3.08. 

t empe ra tu r e  
= T - "  [8 ]  

w h e r e  n is a cons tan t  o f  m a g n i t u d e  2-3.5. I t  is a p p a r e n t  
tha t  the  conduct ion electrons of the  n iobium bronze 
are  sca t tered  by  the opt ical  mode la t t ice  vibrat ions.  
The in terac t ion  be tween  elect ron and phonon is de -  
scr ibable  b y  the pe r t u rba t i on  theory  of Howar th  and 
Sondhe imer  (16) in which the conduct ion electrons 
were  assumed to degenera te  and to be sca t te red  by  
polar izat ion waves  in the crystal .  Crowder  and Sienko 
(17) successful ly appl ied  the pe r tu rba t ion  theory  to 
the tungsten bronze. The the rmal  pa r t  of the  e lect r ica l  
res i s t iv i ty  for the meta l l ic  compound is g iven  in the 
re la t ion  

PT = A T  -1 sinh -~ (0/2T) [9] 

where  A is a constant  and 0 is the  Debye  factor.  The  
Debye t empe ra tu r e  is convent ional ly  es t imated  b y  a 
method proposed by  Kunde r  and Sienko (18). That  is 
the t rans i t ion  t empe ra tu r e  of res is t iv i ty  f rom T n to T 1 
dependence  in the res is t iv i ty  curve (Fig. 5) is approx i -  
ma te ly  e/7. The constant  A is eva lua ted  f rom the mea -  
sured va lue  of the the rmal  pa r t  at  250 K and f rom an 
es t imated  e. The Debye t empe ra tu r e  and the constant  
are  eva lua ted  as 343 K and 1.41 X 10 -2 12K, respec-  
t ively. F igure  6 shows the results.  The agreement  be -  
tween the observed and ca lcu la ted  values is sat isfac-  
tory. 

The Seebeck coefficients of the cubic samples  a re  
given as a funct ion of the t empe ra tu r e  in Fig. 7. Fo r  
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the free-electron approximation, the Seebeck coeffi- 
cient is given by the relation 

2 ( ~ ]~/~ m*k2r N-~/8 [10] 
S = ~- \ -~- /  e(h/2~)2 

An almost linear dependence o.f the Seebeck coefficient 
with temperature (Fig. 7) suggests that the conduc- 
tion electrons are close to free electrons. The Seebeck 
coefficients at 300 K are plotted in Fig. 8 as a function 
of the carrier concentration given by Eq. [6]. The 
Seebeck coefficients vary as N-O.?l and this is close to 
N -0.67 predicated by the free-electron model (Eq. 
[10]). Therefore, the conduction electrons of the cubic 
samples are considered to be close to free electrons. 
An effective electronic mass for each cubic sample is 
also evaluated by comparison of the observed Seebeck 
coefficients with the calculated values (m* = too). The 
effective mass is about 2mo for each sample. 

Manuscript submitted June 24, 1980; revised manu- 
script received ca. Dec. 1, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submitted by Aug. 1, 1981. 

Publication costs o] this article were assisted by 
Osaka University. 
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Technical 

Characterization of Films Formed by Pyrolysis 
of Borazine 

A. C. Adams* 
Bel~ Laboratories, Murray Hill, New Jersey 0?974 

A previous publicat ion describes the deposition and 
characterization of films containing boron, nitrogen, 
and hydrogen formed by the reaction of diborane and 
ammonia at 300~176 and at about 0.4 Torr  (1). The 
films, which have a composition of approximately 
B6NH= with 7 < x < 10 (2), are used in the fabrication 
of masks for x - r ay  l i thography (3). The film deposi- 
tion rate is related to the concentrat ion of the reactants 
and is l imited by the concentrat ion of the diborane 
star t ing mater ia l  that  is readi ly usable, about  15% dibo- 
rane in  an iner t  carrier  gas. Pure  diborane is available 
and has been used for the deposition of boron coatings 
(4), but  requires refr igerated storage at temperatures  
below --20~ to prevent  decomposition. Pure boron 
trichloride has been investigated .as the s tar t ing mate-  
rial  for the reaction with ammonia,  but  the resul t ing 
films react with atmospheric moisture to form crystal-  
line boron oxide, possibly by hydrolysis of residual  
chlorine in  the film (1). 

An al ternate  s tar t ing mater ial  which may provide a 
high deposition rate is borazine, B3N3H6. Borazine, a 
l iquid at room temperature  with a vapor pressure 
given by log P (mm) = 7.714-1609/T (5), is prepared 
by the controlled reaction between diborane and am-  
monia or by the thermal  decomposition of the solid 
ammonia  borane, NHaBH3 (6). Borazine is known to 
thermal ly  decompose by condensation reactions to pro- 
duce less volatile products (7). In  this note, the films 
formed by the pyrolysis of borazine are compared to 
the mater ial  produced by react ing diborane and am- 
monia. 

The depositions occur in  the hot wall, low pressure 
CVD reactor described previously (I) .  The substrates 
a r e  75 mm diam silicon wafers. Borazine, obtained 
from Callery Chemical Company, Callery, Pennsyl -  
vania, is stored and used in a constant  temparature  
bath at 0~ The pressure in  the reactor is controlled 
by a needle valve be tween the borazine container and 
the reactor. All depositions use pure borazine to obtain 
high deposition rates; no di luent  gas or reactive gases 
are present. Pressures and temperatures  are varied 
from 0.I to 0.8 Torr and 300~176 

The deposition rate and refractive index (measured 
at a wavelength  of 0.5461 #m) are shown for different 
deposition temperatures  in  Fig. 1. Data for films 
formed from the reaction of diborane and ammonia  are 
shown for comparison (1). The deposition rate for the 
borazine reaction is low at all temperatures  in spite of 
the relat ively high pressure of borazine. The deposition 
rate increases with increasing temperature  and goes 
through a max imum followed by a rapid decrease 
caused by depletion due to reaction on the hot reactor 
walls. This is similar to the behavior observed with di- 
borane and ammonia  except the max imum occurs at 
about 550~ instead of 450~ The apparent  activation 

�9 E l e c t r o c h e m i c a l  Socie ty  A c t i v e  M e m b e r .  
Key  w o r d s :  d e p o s i t i o n ,  f i lms,  masks .  

energy at the lower temperatures  is 9.6 kcal/mole,  
much lower than the values measured for the diborane 
and ammonia reaction, 20-25 kcal /mole (I) .  The depo- 
sition rate increases with increasing part ial  pressure 
of borazine and appears to follow a square-root  de- 
pendence. 

At deposition temperatures  greater than 550~ the 
refractive index is the same as observed for films de- 
posited from diborane and ammonia.  However, at 
lower deposition temperatures  the refractive index is 
much lower. This is a strong indicat ion that  the films 
formed at low tempera ture  from the two reactions are 
not the same. The refractive index increases l inear ly  
with borazine pressure at 500~ ranging from 1.75 at 
0.1 Torr  to 2.15 at 0.8 Tort.  

Films deposited at temperatures  greater than 550~ 
have infrared spectra that are similar  to those ob- 
served for the d iborane-ammonia  reaction. However, 
at lower deposition temperatures,  there are consider- 
able differences. Films deposited from borazine still 
have B-N adsorptions at about 1360, 900, and 750 cm -1, 
and a B-H absorption at 2520 cm -1. However, the 
strong NH2 absorptions previously observed at 3220 
and 1540 cm -1 have been replaced by a single N-H 
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stretching mode at 3420 cm -1. The replacement  of the 
NH., groups by NH shows that  large differences in  the 
chemical bonding exist between the films from the two 
reactions. 

These differences are also indicate~d by the in-  
creased reactivi ty of the mater ia l  formed by pyroly-  
sis of borazine. The films formed from diborane and 
ammonia  at 300~176 do not change after long times 
at room ambient,  and the films are iner t  towards water  
and aqueous solutions (1). In  contrast, the films 
formed by  borazine pyrolysis at 300~176 react with 
atmospheric moisture. After  a few weeks, the in tensi ty  
of the B-N absorption at 1360 cm -1 has decreased by 
at least 50%, a b road  absorption appears at about 3400 
cm -1, probably  OH, and a H9_O absorption at 1630 cm -1 
is observed. In  addition a B-O absorption at 1410 cm -1 
is observed in many  samples. These changes are prob- 
ably caused by hydrolysis of the B-N bond to form 
B-OH. The films formed from borazine also dissolve in  
water  wi th  dissolution rates at room temperature  of 
100-500 A/min .  

In  conclusion, significant differences in the films 
formed by  reacting diborane and ammonia  and by  
pyrolyses of borazine at 300~176 have been ob- 
served. The films formed from borazine have NH 
groups instead of NH2, have a lower refractive index, 
and are more reactive. The low deposition rate and 
the reaction with water  make these films unsui table  
for fabrication of masks for x - ray  lithography. The 
films formed by pyrolysis of borazine at temperatures  
greater than  500~ have not been thoroughly invest i-  
gated, pr imar i ly  due to the low deposition rate caused 
by the reactions on the hot walls. The l imited amount  

of data avai lable indicate that  these films are ident i -  
cal to the films formed at similar temperatures  by 
reacting diborane and ammonia.  However, a complete 
invest igat ion of these high tempera ture  films will re-  
quire depositions in a cold wall reactor. 

Manuscript  submit ted Oct. 15, 1980; revised manu-  
script received Dec. 9, 1980. 

Any  discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in  the December 1981 
JOURNAL. All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Evaluation of the Pinhole Density 
in Si02 Film by Plasma Etching 
Takashi Meguro, Hidekazu Kurita, and Tadatsugu Itoh 

School o:f Science and Engineering, Wased~ University, Shinjuku-ku, Tokyo 160, Japan 

It has been reported that various radicals are gene- 
rated in the case of CF~ plasma etching. Among them, 
fluorine radical F* and fluorocarbon ion such as CF3 + 
selectively etch silicon and silicon dioxide, respectively 
(1). Also it has been observed that the addition of 
oxygen to CF4 causes the etch rate of silicon to in-  
crease because of the increase of F* (2). We obtained 
the high Si-to-SiO2 etch rate ratio of 130 using a CF4 
+ 02 mix ture  gas in  rf plasma etching and applied 
this technique to the detection of the pinhole dens i ty  
in the SiO2 film by the etching of under ly ing  Si sub-  
strate with F*. 

To detect pinholes in SiO2 films, the Cu-decorat ion 
method and the PAW(pyroca thecoa l -amine-wate r )  
method are most commonly used. In  the Cu-decorat ion 
method (3) an electroplat ing technique is utilized. If 
there are pinholes in the SiO film, dissolved Cu from 
the anode in  the form of oxysalts precipitates on the 
pinhole. In  this method, a localization of decorated Cu 
can be seen when a nonuni fo rm electric field is ap-  
plied to the SiOz film, and a dissolved Cu precipitates 
on the contaminat ion when the SiO2 film surface is 
not clean. 

In  the case of the PAW method (4), a solution of 
pyrocathecoal and amine can etch Si but  not SIO2. If 
a sample is kept  in the solution at 110~176 for 1-2 

Key words: etching, Cu-decoration method, radicals. 

hr, Si is etched through pinholes in the SiO2 film. 
After the removal of SiO2 film, the pinhole density can 
be measured by counting the number of etch pits 
formed on Si substrate. The disadvantages of this 
method are as follows: (i) ventilation is necessary to 
exhaust H2 gas generated from the solution, and (it) 
N2 ambient is necessary to prevent oxidation of amine. 

The plasma etching method acts the same as the 
PAW method in principle. The fluorine radical in the 

Vorial:We R.E Generotor 
Leok Valve & Mc~ching BOX 

CF/., 0 2 i_~ ~ Plasma 
~=~==~ Screening 

Gauge ' FO -~ System 

Fig. i. Schematic diagram of the plasma etching apparatus 
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CF4 ~- 0,2 p lasma  etches the  Si surface. F igure  1 shows 
a schematic  d i ag ram of the  p lasma etching appara tus  
used in this exper iment .  The reac tor  is made  of a 
quar tz  tube 100 m m  in d i ame te r  and 150 m m  in height.  
The dis tance be tween  the bo t tom of the  discharge col-  
urnn and the sur face  of the sample  is 70 mm, where  the  
p lasma screening mesh is set up  to confine the 
plasma. This reactor  is s imi la r  to the  downst ream=type  
reac tor  (2). R F  power  of 13.56 MHz is coupled capaci -  
t a t ive ly  b y  electrodes a round  the quar tz  tube. The 
etching gas, a mix tu re  of CF4 and O.2, is in t roduced  
into the  discharge column th rough  var iab le  l eak  valves  
a f te r  evacua t ing  the chamber  be low 5 X 10-6 Torr.  

Firs t ,  we  s tudied the etching condit ions so as to 
maximize  the  Si- to-SiO2 etch ra te  rat io  by  va ry ing  
the gas pressure ,  r f  power,  and the  f rac t ion  of O2 in 
the  etching gas. Unless the  rat io  is large,  the  SiO2 film 
is also etched off before  etch pits  become of measu r -  
ab le  size. The m a x i m u m  value  of the ra t io  was ob-  
ta ined at  total  p ressure  of  0.25 Torr ,  r f  power  of  50W, 
and the O2 fract ion of 10% in volume. In  these con- 
ditions, the  etch ra tes  of Si and  SiO2 a re  400 and 3 
am/rain, respect ively;  therefore,  the Si- to-SiO~ e tch  
ra te  ra t io  reaches  130. The reason for the  so la rge  rat io  
is considered as follows: (i) the increase of F* by  oxy-  
gen re leased  f rom the etching of the  quar tz  wal l  and 
addi t ional  02 (ii) the etching of an ex t r eme ly  smal l  
a r e a  of Si subs t ra te  masked  b y  the SiO~ film which has 
m a n y  pinholes.  

To measure  the  pinhole  density,  the  SiO2 film on 
(100) Si subs t ra te  was formed b y  rf  spu t te r ing  with  
200-700 nm and the films wi th  a large  number  of p in-  
holes were  especia l ly  p r epa red  for  the comparison be-  
tween the p lasma  etching method  and the P A W  
method.  The number  of etch pits measured  by  these 
methods  decreases wi th  increasing the thickness  of the 
SiO2 film, as shown in Fig. 2. I t  also shows tha t  the  
number  of  etch pits  detected by  the p lasma etching 
method is 10-15% less than  those by  the P A W  
method.  I t  is considered tha t  act ive species recombine  
to s table  gases such as CF4 and COF2 because of the 
smal l  conductance of pinholes.  On the  o ther  hand, p in-  
hole dens i ty  detected b y  the Cu-decora t ion  method  was 
about  50% less than  those by  the P A W  method.  The 
decorat ions g row in size as a funct ion of time, bu t  do 
not  increase  in number ,  because excessive decorat ions 
give rise to the coalescence of Cu. 
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Fig. 3. Figures of etch pits formed by plasma etching method 
and PAW method. 

The present  etch ra te  ra t io  of 130 is not large  enough 
compared  wi th  the rat io  of 1000 in the P A W  method.  
Therefore  the SiO~ films th inner  than 100 nm are  
etched off before  the etch pits  grow to a measurab le  
size in the p lasma etching method.  The p lasma etching 
method  is, however ,  ve ry  useful  for  the pinhole  de tec-  
t ion of the SiO2 film even under  the presen t  conditions. 
The advantages  of this method are  as follows: (i)  
identif icat ion of pinholes is ve ry  easy because of c lear  
etch pits  as shown in Fig. 3, (i i)  the  process is v e r y  
simple, and (iii) etching t ime of about  45 min is less 
than  tha t  by  the P A W  method.  

In conclusion, the p inhole  detect ion in SiO2 films de-  
posi ted on Si can be car r ied  out  r ap id ly  by  the CF4 + 
O2 plasma etching, and the measured  value  of the p in-  
hole dens i ty  is considered to be rel iable.  The p lasma 
etching method is also profi table for eva lua t ing  SiO., 
films because of its s implici ty.  

Manuscr ip t  submi t ted  Aug. 22, 1980; rev ised  m a n u -  
scr ipt  received Dec. 16, 1980. 

A n y  discussion of this pape r  wi l l  appear  in  a Dis-  
cuss'ion Section to be publ i shed  in the December  1981 
JOURNAL. Al l  discussions for the December  1981 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1981. 

Publication costs of this article were assisted by 
Waseda University. 
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The Quenching of Y O :Eu Luminescence by Cerium 
Martin J. Fuller 

Thorn Lighting Limited, Enfield, Middlesex, ENI I UL, Eng~an~ 

The effect on plaque br ightness  of doping al l  the 
na tu r a l l y  occurr ing lan than ide  e lements  into Y203:Eu 
phosphor  is shown in Fig. 1. Al l  these and subsequent ly  
descr ibed r a r e - e a r t h  doped Y203 prepara t ions  were  
obta ined by  oxa la te  coprecipi ta t ion f rom neut ra l  n i t r a t e  
solutions fol lowed b y  ai r  firing at  1550~ The p r epa -  
rat ions shown in Fig. 1 were  whi te  a f te r  this  t rea tment ,  
w i th  the  except ion of  the p ra seodymium and t e r b i u m -  
doped samples,  which  r equ i r ed  subsequent  t r e a tmen t  
a t  1000~ in 10% H2 in N2 to remove  a pa le  ye l low 
body  color. This t rea tment ,  which  has no significant 
effect on e i ther  the  luminescence in tens i ty  or emission 
spec t rum of undoped Y203: Eu, p re sumab ly  reduces the 
P r  and Tb species f rom oxida t ion  states >3  to the t r i -  
va len t  state. 

The exis tence of significant quenching b y  the t r i -  
va len t  ions praseodymium,  neodymium,  dysprosium,  

K e y  w o r d s :  inorganic, luminescence, e n e r g y  t r a n s f e r .  

holmium, erbium, and thu l ium can be qua l i ta t ive ly  re -  
la ted to the presence of a t  least  one 4f-4f t rans i t ion  
in the quenching ion at  an energy  above ground state 
a pp rox ima te ly  resonant  wi th  a ~D0 --> 7Fn (n _-- 0-6) 
t rans i t ion  in Eu 3 + (1). This suggests nonrad ia t ive  mul -  
t ipotar  energy  t ransfe r  f rom the 5D0 level  of the Eu 3 + 
to the  k i l l e r  ion as be ing  the process responsible  for  
quenching by  these ions. 

The  extensive quenching of Y20~:Eu luminescence 
by  cerium, which  has also been  repor ted  b y  o ther  
worke r s  (2), can obvious ly  not  be ascr ibed  to a s imi -  
l a r  4f-4f energy t ransfe r  scheme. However ,  the effect 
does have pa r t i cu la r  indus t r ia l  re levance  to the com- 
bined p repara t ion  and use of Y203: Eu wi th  cer ium and 
te rb ium coact ivated phosphors  as the respect ive  red  
and green components  in the  mul t iphosphor  approach 
to whi te  l ight  product ion  in f luorescent lamps  (3). For  
this reason i t  would  be beneficial  to gain more  insight  
into the  k i l l e r  mechanism of cer ium. 

An in teres t ing  aspect  of the quenching of Y203:Eu 
luminescence by  cer ium is a t ime-dependen t  and c e -  
r i u m  concen t ra t ion-dependen t  photolyt ic  quenching as 
shown in Fig. 2. In  this expe r imen t  the samples  were  
exposed in a double monochromator  spec t rophotometer  
(Pe rk in -E lme r  MPF-44A)  to the 250-270 nm rad ia t ion  
f rom a 150W high pressure  xenon discharge,  and the 
red  luminescence moni tored  as a funct ion of exposure  
time. In  addi t ion  to the  in i t ia l  quenching there  is, pa r -  
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rat ions shown in Fig. 1 were  whi te  a f te r  this  t rea tment ,  
w i th  the  except ion of  the p ra seodymium and t e r b i u m -  
doped samples,  which  r equ i r ed  subsequent  t r e a tmen t  
a t  1000~ in 10% H2 in N2 to remove  a pa le  ye l low 
body  color. This t rea tment ,  which  has no significant 
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t ipotar  energy  t ransfe r  f rom the 5D0 level  of the Eu 3 + 
to the  k i l l e r  ion as be ing  the process responsible  for  
quenching by  these ions. 
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by  cerium, which  has also been  repor ted  b y  o ther  
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bined p repara t ion  and use of Y203: Eu wi th  cer ium and 
te rb ium coact ivated phosphors  as the respect ive  red  
and green components  in the  mul t iphosphor  approach 
to whi te  l ight  product ion  in f luorescent lamps  (3). For  
this reason i t  would  be beneficial  to gain more  insight  
into the  k i l l e r  mechanism of cer ium. 

An in teres t ing  aspect  of the quenching of Y203:Eu 
luminescence by  cer ium is a t ime-dependen t  and c e -  
r i u m  concen t ra t ion-dependen t  photolyt ic  quenching as 
shown in Fig. 2. In  this expe r imen t  the samples  were  
exposed in a double monochromator  spec t rophotometer  
(Pe rk in -E lme r  MPF-44A)  to the 250-270 nm rad ia t ion  
f rom a 150W high pressure  xenon discharge,  and the 
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t icular ly  at the intermediate  cerium concentrations 
investigated, a significant additional t ime-dependent  
quenching effect accompanied by a proportionate pho- 
tochromic darkening of the ini t ia l ly  white phosphor to 
a pinkish color. This u.v. photochromism is only slowly 
reversible on removal from the u.v. i r radiat ion and ex- 
posure to ambient  light, bu t  is rapidly bleached by 
high in tensi ty  visible light. An  indication of the contri-  
but ion of this photochromic quenching is shown in the 
solid curves of Fig. 3, where the overall equi l ibr ium 
quenching has been resolved into its init ial  and t ime- 
dependent  photochromic components. This clearly 
shows the photochromic effect to peak at about 0.1 
mole percent  (m/o)  cerium. 

Thermal  reduction of the cer ium-containing phos- 
phors at 1000~ in N2-10% H2 results in an increasing 
darkening to a ye l low-brown color with increasing ce- 
r ium concentration. At cerium concentrations below 
about 0.1 m/o, where this discoloration is relat ively 
weak, there is no evidence of fur ther  darkening by 
photochromism, which is consistent with the fact that 
no t ime-dependent  quenching is observed in  these re-  
duced samples. The quenching characteristics of these 
reduced samples, together with the corresponding 
curve for Y2Os:Eu doped with neodymium are shown 
in the dotted curves of Fig. 3. These S-shaped quench- 
ing curves obtained on these axes and over these con- 
centrat ion ranges are typical for t r iva lent  lanthanide 
ion quenching of Eu 3+ luminescence in Y208 (4, 5) 
and can be correlated with the r -n  (n = 6-10) de- 
pendence expected for nonradiat ive mult ipolar  energy 
t ransfer  from the excited Eu 8+ center over a distance 
r to the kil ler  ion (5). The curves obtained both for 
the init ial  and the overall quenching effect of cerium 
in the nonreduced samples are not characteristic, sug- 
gesting the possibility that  an al ternat ive kil ler  mech- 
anism is coming into play. 

Insight  into this is given by diffuse reflectance spec- 
tra obtained on Y203:Ce samples without Eu 3+, as 
shown in  Fig. 4. These clearly show that in the non-  
reduced samples the cer ium species present  give rise 
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to a very strong u.v. absorption band at <230-300 nm. 
This absorption, which is not accompanied by any de- 
tectable luminescence, causes photochromic darkening 
to about the same extent  as in  europium-conta ining 
samples with the same amount  of cerium. Thus the 
photochromism is not a t t r ibutable  to redox interac-  
tions between the cerium and europium species. Fur -  
ther evidence for the nonpart ic ipat ion of Eu~+ in redox 
reactions in the systems investigated in  this work is the 
fact that in no case was Eu 2+ band emission observed. 

In contrast to the nonreduced cer ium-conta in ing 
samples, the reduced samples show relat ively much 
less strong absorption of 230-300 nm radiation, but  do 
show an absorption band beginning at about 350 nm 
and extending up to about 500 nm, which can fairly 
confidently be assigned to a 4f-5d t ransi t ion in  tr i -  
valent  cerium. This obviously accounts for the yellow- 
brown color of the reduced samples. There is no evi- 
dence of this band in the nonreduced samples, and the 
inference must  be that the cerium exists in the te t ra-  
valent  form in these samples. 

The presence of this te t ravalent  cerium causes a 
very strong absorption band at <230-300 nm, and it is 
this absorption competing with the O-Eu charge t rans-  
fer absorption (Fig. 4) responsible for europium ex- 
citation in Y203:Eu (6), which accounts for the ini t ial  
quenching. We have found no evidence to suggest that  
a mult ipolar  quenching mechanism between excited 
europium and "tetravalent" cerium occurs. For ex- 
ample, if the europium in the nonreduced Y2Os;Eu,Ce 
samples is directly excited into its 5Dr (535 nm) a n d  
5D2 (466 nm) levels, then no quenching of the 5D0 Eu 
luminescence occurs over the range of cerium concen- 
trations investigated. Excitat ion into the 5D3 (395 nm) 
level does give rise to slight quenching, bu t  this can be 
a t t r ibuted to some residual competitive absorption at 
this wavelength, as shown in Fig. 4. Direct excitation 
into these europium ~D levels does not result  in photo- 
chromism. 

The addit ional t ime-dependent  and cer ium-concen-  
trat ion dependent  quenching, however, is not due to 
fur ther  competitive absorption of the u.v. radiat ion 
since the onset of photochromism has been found not 
to be accompanied by more extensive u.v. absorption. 
Thus the photochromic quenching occurs by a different 
mechanism. 

Subst i tut ion of te t ravalent  cerium into y t t r ium sites 
in a Y~O3 lattice would be expected to produce a defect 
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structure  in order to main ta in  electroneutrali ty.  The 
most l ikely defect is an y t t r ium vacancy, i.e., for every 
three subst i tut ional  Ce 4+ ions introduced a cation va-  
cancy is produced. Cation vacancies are not normal ly  
color centers, which is consistent with the fact that the 
nonreduced cerium samples are white. In  addition, 
these defects are not traps for luminescence from the 
~D manifold of europium since no quenching by cerium 
is observed upon direct excitation into this manifold. 
However, if it is assumed that  upon u.v. i r radiat ion the 
Ce 4+ in the defect lattice shows a tendency to photo- 
chemically reduce, then the creation of other defect 
sites such as anion vacancies, O -  sites, or F centers 
could be envisaged. Defects of this type are well-  
recognized color centers and luminescence traps and 
could thus account for the photochromism and its ac- 
companying quenching. The cerium concentrat ion de- 
pendence of this photochromism is presumably  due to 
the fact that the Y203 lattice will only tolerate a l imited 
concentrat ion of defects before s t ructural  rear range-  
ment  occurs in  order to el iminate these. 
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Achievement of High Lifetime by a Combination of 
HCI Oxidation and POGO Gettering Techniques 

Jacobus W. Swart* and E. Charry** 
Microeleetronics Laboratory, University of Sao Paulo, 05508 Sao Paulo, Brazff 

Many devices or integrated circuits such as CCD's 
and MOS dynamic circuits require, for bet ter  perform- 
ance, that  their crystal presents, after  completion of 
the fabricat ion process, a high lifetime. This means 
that  the crystal must  have a very low density of de- 
fects, e.g., dislocations, stacking faults, and metal  im- 
purities. These crystal defects can also reduce device 
yield dramatical ly  in  bipolar  and MOS devices. To re- 
duce or el iminate them, m a n y  methods have been de- 
scribed, known as gettering techniques, which promote 
an increase in  l ifet ime due to the capture of metal  
impurit ies and nat ive  defects and the suppression of 
stacking faults. The most usual  techniques are: phos- 
phorus get ter ing (1), back-side abrasion (2), ion im-  
planta t ion damage gettering (3), POGO by misfit dis- 
locations due to phosphorus diffusion (4), POGO by 
s t rain gradient  due to a silicon ni tr ide layer  deposited 
directly on the silicon substrate 's  back side (5), and 
oxidation in an atmosphere of oxygen added by an 
appropriate amount  of chlorine (6-8). The POGO 
technique by misfit dislocations has been shown (4, 9) 
to be very efficient in suppressing nucleat ion centers 
for stacking faults in  addit ion to captur ing impuri t ies  
introduced in  the wafer before and dur ing processing. 
In  addition, the get tering technique by HC1 oxidation 
at high temperature  is very efficient in  removing stack- 
ing faul t  nucleat ion centers (8) and metallic impur i -  
ties (10). 

We present  in  this article an exper imental  work 
uti l izing a combinat ion of the gettering techniques by  
HC1 oxidation together with POGO by misfit disloca- 
tions and also uti l izing them separately for the purpose 
of comparison. For practical reasons the get tering by 
oxidation is done before the POGO, since an oxide 
( thermal  -5 silox) on the frontal  side of the wafer is 

* Electrochemical  Society Student Member. 
** Electrochemical  Society Act ive  Member. 
Key words: si l icon defects,  S.F. nucleation centers,  silicon sur- 

face etching,  thermal  stress. 

needed for masking against  the phosphorus diffusion, 
and in addition thermal  oxide is very  clean and passi- 
vated. 

It  has been shown that  at 1200~ there is a get tering 
effect of the S.F. nucleat ion centers without  etching the 
silicon surface, deper~ding on the HC1/O2 ratio and the 
oxidation time (8). We used 1200~ 0.6% as the HC1/ 
02 ratio, and 3 hr  as the oxidation time. With these 
oxidation parameters,  etching of the silicon will  not 
occur and we are clearly wi th in  the conditions where 
get tering occurs. 

With reference to the conditions necessary to in t ro-  
duce misfit dislocations by phosphorus diffusion, Roz- 
gongi et al. (4) have shown that  the deposition tem-  
perature  has to be higher than  1050~ and suggest 
times longer than 1 hr be used. We choose the temper-  
ature of 1150~ and time varying from 90 to 150 rain. 

For  the wafers which were processed by POGO only  
as the gettering step, the ini t ial  oxidation was done at 
1000~ for 4 hr in  an atmosphere of 02 plus 5% HC1, 
since dur ing this oxidation S.F.'s do not grow and a 
gettering effect does not occur (8). 

Besides the study of these two gettering techniques 
we investigated the influence on the lifetime of thermal  
processes after the get tering steps. We also present  the 
effect of a steam atmosphere thermal  t rea tment  on the 
wafers submit ted to the HC1 oxidation gettering pro- 
cess. 

Experimental Procedures 
To study and "evaluate the gettering techniques, we 

performed three different runs fabricat ing MOS ca- 
pacitors using the sequence described below. 

1. Oxidation at 1200~ in  02 -5 0.6% HCI for 3 hr  
or at 1000~ in  O.2 -5 5% HC1 for 4 hr. 

2. Silox deposition at 410~ on the water 's  f ront  side 
to achieve 1 ~m thickness oxide. 

3. Silox densification at 1000~ 20 min, in  dry  O2 or 
in steam. 
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4. Back-side oxide etching. 
5. Phosphorus deposition at 1150~ for 90, 130, or 150 

man, using POCl~ as the doping source. 
6. 1 #m thickness si]ox deposition on the wafer's 

back side. 
7. High tempera ture  t rea tment  in  a dry O.2 atmo- 

sphere. 
8. Fronta l  oxide etching by "buffered HF." 
9. Oxidation at 1000~ in 02 ~ 3% HC1, obta ining 

a 100/~m oxide l aye r .  
10. PSG deposition for Al-gate  wafers only. 
1I. Annea l ing  at 1000~ 30 min  in an argon at-  

mosphere. 
12. A l u m i n u m  deposition using a tungsten crucible 

or a polysilicon deposition followed by a phosphorus 
deposition. 

13. Definition by photoli thography of circular ca- 
pacitors with 1.32 • 10 -3 cm 2 area and guard r ing as 
shown in  Fig. 1. 

14. Back-side oxide etching. 
15. A l u m i n u m  deposition on the wafers back side. 
16. Annea l ing  at 450~ 30 rain in  forming gas. 

The fabrication process parameters  and variables of 
the three runs  are outl ined in Tables I, II, and III. The 
objectives of each run  and the description of the 
wafers used are as follows. 

First  run:  This r un  had as its objective to compare, 
by means o.f wafers wi th  the silox densified in a steam 
atmosphere, the get tering by the combinat ion of the 
two techniques with the gettering by HC1 oxidation 
alone. The second objection was to investigate the dif- 
ference on the interface qual i ty by obta in ing the gate 
oxide by  str ipping off the init ial  oxide and reoxidizing, 
or by chemically th inn ing  the ini t ial  oxide. The wafers 
used were n-type,  (100), 1.5 .~2cm, CZ, and made at our 
laboratory. They were cut in  halves and numbered  
Nsr, NsI to Nsr, NSl. 

Second run:  The objectives of this r un  were to ob- 
serve the influence of the phosphorus deposition t ime 
(POGO) ; high tempera ture  t rea tment  after  the get ter-  
ing stages; and the silox densification atmosphere. The 
wafers were n-type,  (100), 4.5 Qcm, CZ, and made at 
our laboratory. They were also cut in halves and n u m -  
bered N9r, N91 to  N13r, N131. 

Third run:  This r u n  had the same objectives as the 
second run  as well as to s tudy in  a comparat ive form 
the two get ter ing steps separately and the combinat ion 
of the two. The wafers were p-type,  (100), CZ. Two 
wafers with p ___ 25 ~2cm and  3 in. diam made by 
Wacker were used. They  were cut into four pieces each 
and numbered  Wt to W4 and W5 to Ws. Two other 
wafers made at our laboratory, with p ~ 12 Qcm were 
cut in halves and numbered  Lrl, Llb L2r, and Lm. 

In  the first and second runs  the electrode mater ia l  
used was a luminum while in the third run  it was poly- 
silicon. 

With reference to the third run, in all the thermal  
stages the entrance and exit of the wafers were done 
with the furnace at 800~ The heating of the furnace 
and wafers from 8000C to the desired temperature  was 
done at  a rate of 10~ and the cooling down to 
800~ was done at a rate of 3~ 
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Fig. 1. Sketch of the MOS capacitor 

During the third run  (initial  oxidation),  the wafers 
marked with W were laid horizontally on a quartz sus- 
ceptor and were supported only at their edges by the 
quartz bars of the susceptor, while the wafers marked 
with L were placed vert ical ly on the susceptor. 

Measurements.--Storage time, tf, was measured (at 
least on ten samples per wafer)  by the C-t technique 
using pulses with 6V ampli tude and going from the in-  
version region into stronger inversion. During these 
measurements,  the guard r ing was polarized in the 
strong accumulat ion region. For some representat ive 
samples, relat ive to the wafer 's mean  t~ value, we 
plotted the C-t curve and using the Zerbst  method we 
got the shielded surface recombinat ion velocity, s, and 
the generat ion lifetime, zg, where Tg is twice the value 
of the bulk lifetime, to (11). 

After these measurements,  the electrode mater ia l  
and the oxide were stripped off and the crystallo- 
graphic defects were revealed by  a 5 min etching with 
Wright  solution (12). 

Results and Discussion 
The exper imental  results of the three runs are 

shown in  Tables I, II, and III. In these tables we have 
also specified a classification in  accordance with the 
results obtained by the capacitors' C-t measurements,  
with a lower n u m b e r  represent ing a higher qual i ty 
structure. 

The wafers marked W and having the ini t ial  oxida- 
tion at 1200~ showed many  s t ructural  defects due to 
bending caused by the m a n n e r  in  which they were 
supported dur ing  the ini t ia l  oxidation. We arr ived at  
this conclusion by  co.mparing the results of group L 
with M or O1 with 02. We can see from our results that 
al though W7 was wi thin  the gettering condition, the 
result  was worse than for Ws which was not treated 
wi thin  these conditions. The comparison of O~ with 02 
indicates the same tendency using the same parameters  
for the two groups. These defects, produced by stress 
and strain, were substant ia l ly  el iminated dur ing  the 
POGO stage as the comparison of the results of the 
group M with 02 indicates. 

Comparing the results of group A with B or C with 
D, we observe that the combinat ion of the two getter-  
ing techniques presents a more powerful  gettering ac- 
tion than the HC1 oxidation gettering alone. Analo-  
gously, comparing group O with N, we observe the same 
relat ion be tween the gettering action of the combina-  
tion of the two techniques and gettering by POGO 
alone. These facts indicate that  the two techniques 
have gettering actions at least par t ia l ly  distinct. This 
means that  they complement  each other. 

Another  fact we observed was that  the final qual i ty  
of the wafers was adversely affected by increasing the 
n u m b e r  of thermal  steps after  the get tering steps. This 
can be seen comparing the results of group F with G, 
H, and I; O with Q; or R wi th  S. Also, longer phos- 
phoru~ deposition times decrease t h e  crystal quality. 
This appears to be similar to the former situation, since 
after a certain t ime the charge deposition rate or the 
misfit-dislocation generat ion rate becomes very small  
and in this way the process is t ransformed into an an-  
neal ing process. To see this, compare the results of 
group F with J, O with R, or Q with S. These observa-  
tions suggest that  the device fabricat ion processes, 
after  the get tering stages, have to be as cool as pos- 
sible. 

The wafers with their  silox densified in  a steam at-  
mosphere presented a grainy appearance. This phenom- 
enon is caused by the silicon etching due to the reac- 
tion of the steam with the high amount  of chlorine con- 
tained in the ini t ial  oxide. This event  is in  accordance 
with the observations of Claeys et al. (13). These 
wafers also gave worse results than  the wafers which 
had their  silox densified in  a dry Os atmosphere, where 
this phenomenon did not occur. To see this, compare 
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Table I. First ran wafers' process parameters and variables and 
experimental results 

Group Wafer 

Main thermal treatments 

Initial Silox Time High tem- 
oxidation densifi- of perature Gate 
temper- cation at- P O G O  treatment oxida- 

ature (~ mosphere (rain) in O~ tion 

Experimental results 

Average 
total etch 

pit density 
~t • ~ (I0~ em -~) 

Classifi- 
cation 

NTr 
A Nsr 1200 Steam 90 No Yes  

NTi B Ns~ 1200 Steam No No Y e s  

Nsr C Ne~ 1200 Steam 90 No No 
Nsl D N6t 1200 Steam No No No 

5'i0" • 1'20" <0.5 
4'20" • 1'20" <0.5 I 
I'50" • 20" <0.5 
2"40" • 3"00" < 0 . 5  III 
3'20" • 1'10 ~ <0 .5  
4'50" • 1'10" <0 .5  II 

20" • 29" <0 .5  
I0" "+" 6" <0 .5  IV 

Table II. Second run wafers" process parameters and variables and 
experimental results 

Group Wafer 

Main thermal treatments Experimental results 

Initial Silox Time High tern- Average 
oxidation densifi- of perature S total etch 
temper- cation at- P O G O  treatment r~ (cm/ pit density Classifi- 

ature (~ mosphere (rain) in O~ "tt ttM~ x (/~sec) see) (10' cm -~-) cat ion 

N~r 1'20 ~ 1'30" 98 1.10 <1 
E Nlsr 1200 Steam 90 No 50" 1'10" 103 1.13 <1 V 

N~oz 4'30 ~ 5'00" 312 0.10 <i 
F N~l 1200 0~ 90 NO 4'00 ~ 4'10 ~ 266 0.14 <1 I 

N~l 5'50 ~ 7'30" 332 0.II <i 
G Nzor 1200 Os 90 5 hr, 1000~ 3'50" 4'00" 240 0.11 <1 II 
H N~l 1200 O~ 90 2 hr, 1150~ 3'10 ~ 3'30 ~ 222 0.13 < 1  III 

I Nm 1200 0~ 90 5 hr, 1090~ + 2 hr, 1150~ 2'10" 2'40" 134 0.34 <1 IV 
Ngr 3'20 ~ 3'40" 214 0.18 <1 

J Nnr 1200 O~ 150 NO 3'0~" 4'00 ~ 228 0.i0 <I III 

Table III. Third run wafers' process parameters and variables 
experimental results 

and 

Group Wafer 

Main thermal treatments 

Initial Silox Time High tern- 
oxidation densifi- of perature 
temper- cation at- P O G O  treatment 
ature (~ mosphere (min) in O~ "-tt tr~A x 

Experimental results 

Average 
S total e tch  

rg (cm/ pit density Classifi. 
(msee) sec )  ( 104 cm -~) cation 

Lll  
L Ws 1000 02 No NO 
M W~ 1200 O~ No No 
N W6 1000 O~ 90 No 

Llr  
O1 L~r 

W~ 1200 O~ 90 NO 
O~ W, 
P Lsl 1200 S t e a m  90 No 
Q W8 1200 Os 90 5 hr, 1000~ 
R W~ 1200 Os 150 No 
S W~ 1200 0~ 150 5 hr, 1000~ 

t h e  r e su l t s  of  g r o u p  E w i t h  F or  O w i t h  P. T h e  SiO2/Si  
i n t e r f a c e  t h a t  h a d  b e e n  e t c h e d  d u e  to t he  c h l o r i n e  h a d  
i ts  qua l i t y  i m p r o v e d  by  r e m o v i n g  the  f i rs t  o x i d e  a n d  
ox id i z ing  again ,  th is  f ac t  b e i n g  m o r e  e v i d e n t  in  t h e  
case  w h e r e  a P O G O  s tep  w a s  no t  done.  This  o b s e r v a -  
t ion  can  be  s e e n  b y  c o m p a r i n g  t h e  r e su l t s  of g r o u p  A 
w i t h  C or  B w i t h  D. 

C o m p a r i n g  the  r e su l t s  of  t h e  s econd  r u n  w i t h  t he  
t h i r d  run ,  one  o b s e r v e s  t h a t  t h e  las t  ones  a re  be t t e r .  
The  fac to r s  t h a t  m u s t  h a v e  c o n t r i b u t e d  to th is  are:  (i) 
t h e  m e t h o d  u s e d  fo r  t he  w a f e r ' s  e n t r a n c e  a n d  ex i t  f r o m  
t h e  f u r n a c e  in  t h e  t h e r m a l  s teps ,  (ii) t h e  u se  of  p o l y -  
s i l icon as an  e l e c t r o d e  m a t e r i a l  w h i c h  b r i n g s  a b o u t  a 
c l e a n e r  process ,  as can  b e  s e e n  b y  the  a v e r a g e  i n t e r -  
face  charge ,  QsJq, of  t he  two  runs ,  w h i c h  a re  6 X 10 TM 

a n d  1 • 1010 c m  -~, r e spec t i ve ly ,  (iii) the  n - t y p e  w a f -  
ers  u sed  m a y  h a v e  a l o w e r  in i t i a l  qual i ty .  

As to t h e  to ta l  n u m b e r  of  e t c h  pits ,  it  is i n t e r e s t i n g  
to no te  t h a t  t h e  t h i r d  r u n  w a f e r s  p r e s e n t e d  the  l o w e s t  
n u m b e r s ,  e x c e p t  w a f e r  W7 w h i c h  m a i n t a i n e d  the  d e -  
fec t s  a c q u i r e d  b y  the  b e n d i n g  d u r i n g  the  HC1 o x i d a t i o n  

6' 17' - -  0.4 
11' 17' 2.6 0.'~2 0.3 IV 
2' 5' 0.2 0.10 1.4 VI  

16' 19' 3.2 0.10 0.2 III 
35' 46' - -  0.4 
38' 45' 7.2 0~'~ 0.4 
17' 23' 4.4 0.07 0.3 I 
20' 26' 4.2 0.07 0.2 

4" 7 ~ - -  ~ 0.4 VII 
15' 22' 3.4 0.09 0.1 II 
13' 25' 3.2 0.12 0.2 III 

6' 10' 2.6 0.12 0.2 V 

at  1200~ Also,  t h e  r e v e a l i n g  of e t ch  p i t s  s h o w s  t h e  
a b s e n c e  of  s t ack ing  faul ts ,  as w a s  e x p e c t e d  b y  the  
o x i d a t i o n s  e m p l o y e d .  

Conclusion 
We o b t a i n e d  a m i n o r i t y  c a r r i e r  g e n e r a t i o n  l i f e t i m e  

of  s o m e  mi l i s econds  (4-8 msec )  on  s i l icon s u b s t r a t e s  i n  
l a r g e - a r e a  s t r u c t u r e s  u s ing  a bas ic  p r o c e d u r e  d e s c r i b e d  
in  th is  work .  Bes ides  th is  fact ,  t he  c o n t r i b u t i o n s  t h a t  
th is  w o r k  adds  to th is  s u b j e c t  a re  t he  fo l lowing .  

1. T h e  c o m b i n a t i o n  of  t he  t w o  g e t t e r i n g  t e c h n i q u e s  
g ives  b e t t e r  r e s u l t s  t h a n  o n e  alone,  w h i c h  i nd i ca t e s  
t h a t  t he  g e t t e r i n g  ac t ion  of  t he  two  t e c h n i q u e s  c o m -  
p l e m e n t  each  o the r .  

2. In  t he  f a b r i c a t i o n  of dev ices  or  IC's  w i t h  h i g h  
y ie ld  and  good p e r f o r m a n c e ,  the  t h e r m a l  p roces ses  
a f t e r  t he  g e t t e r i n g  s t ages  h a v e  to be  as cool as poss ible .  

3. A f t e r  c a r r y i n g  ou t  t h e  in i t ia l  o x i d a t i o n  a t  1200~ 
for  t h e  cond i t ions  desc r ibed ,  a n y  t h e r m a l  t r e a t m e n t  
in  a s t e a m  a t m o s p h e r e  s h o u l d  no t  be  done  w i t h o u t  t he  
r e m o v a l  of th is  f i rs t  o x i d e  layer .  
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4. It is impor tant  not to inflict mechanical  damage 
or contaminat ion in the wafer. In  addition, precautions 
should be taken to not introduce defects caused by the 
m a n n e r  in  which the wafers are supported dur ing  
thermal  t rea tment  or due to thermal  stresses. 

Manuscript  submit ted Ju ly  22, 1980; revised m a n u -  
script received ca. Jan. 2, 1981. This was Paper  684 RNP 
presented at the Hollywood, Florida, Meeting of the 
Society, Oct. 5-10, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1981 
JOURNAL All discussions for the December 1981 Dis- 
cussion Section should be submit ted by Aug. 1, 1981. 

Publication costs of this article were assisted by the 
University of Sao Paulo. 
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D I S C U S S I O N  

S E C T I O N  II "" 

This  Discuss ion Sect ion includes  discussion of papers appearing 
in the Journal of The Electrochemical Society, Vol. 127, No. 6, 
and 11, June and N o v e m b e r  1980. 

GaAs Oxidation and the Ga-As-O Equilibrium 
Phase Diagram 

C. D. Thurmond, G. P. Schwartz, G. W. Kammlott, and B. Schwartz 
(pp. 1366-1371, Vol. 127, No. 6) 

V. I. Belyi ,  A. N. Golubenko, T. P. Smirnova, and 
K. P. Lelkin:  1 The paper  under  discussion concerns an 
impor tant  problem: The invest igat ion of phase com- 
position of GaAs oxide films. 

The investigation deals with the exper imental  data 
obtained by modern  analyt ical  techniques and with 
theoretical consideration by taking into account Ga- 
As-O te rnary  phase diagram. In  our  invest igat ion ~ we 
also came to the conclusion that  such a combined ap- 
proach is the most informat ive one and allows us to 
clear up the layer by layer  dis t r ibut ion of the oxide 
phases in the oxide films on InSb, which is the same 
type of chemical formation as the oxide films on GaAs. 

But from our point of view there are some uncer-  
tainties in the paper in question which may ul t imate ly  
lead to some wrong conclusions. 

The authors of the paper have taken into account 
seven individual  phases of the Ga-As-O system: 
Ga(1,s), Ga203(s), GaAs(s),  As(s), As203(s), As2Os(s), 
GaAsO4(s) bu t  for some unaccountable  reason they 
have not considered the individual  susbtance arsenic 
tetroxide, As204. According to Long and Sackman, 
arsenic tetroxide may be obtained from a mixture  of 
As203 -b As205 and does exist at room tempera ture  up 
to 400~ 3 

l Inst i tute  of Inorganic Chemistry,  Siberian Branch of the 
Academy  of Sciences  os the USSR, 3, Novosibirsk, 630090, USSR. 

s T. P. Smirnova, A. N. Golubenko, N. F. Zaeharehuk, V. I. Belyi, 
G. A. Kokovin, and N. A. Valisheva, Ref. Zh. Chim., 9, 1008 (1980) 
(Russ.). 

8 L. H. Long and J. E. Sackman, J. Inorg. Nucl. Chem., 25, 79 
(1963), 

The enthalpy of formation change of As204 from in-  
dividual  elements by the reaction 

2As(s) -t- 2 O2(g) = AS204(s)  [1]  

is equal  to ~H29s ~ = --191.1 kcal �9 tool-1 according to 
footnote 4 or AH29s ~ = --189.7 kcal �9 mol-1 according 
to footnote 5. The calculated s tandard entha lpy  change 
of As2Oa for the reaction 

As2Oacs) -f- As2Os(s) = 2AssO4cs) [2] 

according to 4 is equal to AH29s o = --3.3 kcal wi th  
As203-claudetit  and AH29s ~ = --2.5 kcal with As203- 
arsenolite. 

As a rule for solid-state chemical processes, the 
change of entropy ~S is close to zero and hence it is 
possible to judge a process taking in  consideration the 
change of  enthalpy only. However, the lack of the en-  
tropy meaning does not  allow us to calculate the 
change in the Gibbs energy and to make an absolutely 
correct conclusion. 

On the base of the change en tha lpy  for reaction 
[2], we suggest the phase equi l ibr ium diagram which 
is shown in our Fig. 1. In  this diagram the two new 
phase fields are plotted in. 

In the paper  under  discussion, the mix ture  of As205 
and GaAs in the mole ratio 2:1 was heated at 600~ 
dur ing 48 hr and by means of Raman  scattering i t  
was shown that  the products of the reaction are 
GaAsO4 and As2D3. But the mole ratio of the ini t ia l  
substances equal to 2:1 does not  give the possibility of 
gett ing into the phase field As~O3-As2Os-GaAsO4 of 
the diagram (see Fig. 2 in the paper  under  discussion). 
In  order to reach that  field and to have the possibility 
of detecting arsenic tetroxide, the ini t ia l  mole ratio 
of As205 and GaAs has to be --~4:1. We have to point  
out that  arsenic tetroxide is uns table  above 400~ s 

~V. P. Glushko, Editor, "Termicheskie  Constanti  Ve~chestv,  
Spravochnik," Vol. HI, AN SSSR, Moskva (1968) (Russ.). 

s"Se lec ted  Values  of Chemical  Thermodynamic  Properties ," 
NBS Technical  Note,  270-3, Washington,  D.C. (1968). 



Vol. 128, No. 6 D I S C U S S I O N  SE CT IO N  1387 

1/2 0 2 

GaAs04 ~ A s 2 0 5  

o%o \ , 

/ \ \  ",\ 
/ 

l \."" "k 
Ga GaAs As 

Fig. 1. The Ga-As-O ternary diagram in 25~-400~ temperature 
region and Po2 ---- 1.01 • 103 hPa. 

We repeated the exper iment  according to footnote 3 
wi th  the mix tu re  of As203 -}- As205 taken in mole ratio 
1: 1, and by means of x - r a y  diffraction technique de-  
tected the As204 phase. 

In our works 2,6,7 we showed that  in the case of 
oxygen oxidat ion of the InSb process the spatial  dis- 
t r ibut ion of indium and an t imony oxides and e lemen-  
tal  an t imony in oxide film corresponds to the theo-  
ret ical  distr ibution which may  be obtained f rom In-  
Sb-O equi l ibr ium diagram. By the exper imenta l  
method developed in our Institute,  6 we also found that  
oxide films on InSb have  mul t i l ayer  composition. For  
example,  when the mole ratio In :Sb  is equal  to 1:1, 
we detected the fol lowing phase complexes a l ternat ing 
f rom the InSb-oxide  film interface up to the top of 
the film: InSb, InSb + In203 + Sb, In,203 + Sb203 -I- 
Sb, In20~ -I- 8b203 -}- Sb204, In203 ~- Sb204 -~- 
InSbO45 

It seems to us that on the basis of the ternary dia- 
gram it is possible to reach more varied conclusions 
than were offered in the paper under discussion. For 
instance, it is possible to predict the alternating phase 
composition when the Ga:As ratio differs from I:I. 
When an oxidation of GaAs process takes place in the 
As2Os ~- Oz mixture, the Ga:As ratio is ~ 1 and the 
phase composition change along the route given in 
Fig. 1 by a dotted line (the line is drawn arbitrarily) 
is: GaAs, GaAs + Ga2Oa + As, Ga2Os + As203 + As, 
Ga203 + As203 + GaAsOd, As203 + As204 + GaAsO4, 
As204 + As205 + GaAs04. 

In conclusion, we should like to emphasize that the 
good agreement between the final results of the paper 
under discussion on the Ga-As-O system and our re- 
sults on In-Sb-O system makes it possible to claim 
that there exists some general approach to the under- 
standing of the mechanism of AraB v semiconductor 
compounds oxidation processes. 

C. D. T h u r m o n d  a n d  G. P. Schwartz:  s The authors of 
the comment  have pointed out that  As204 as evidenced 
by the investigations of Long and Sackman 9-n was not 

N. F. Zacharchuk, N. A. Valisheva, K. P. Lelkin, T. P. Smir- 
nova, I. G. Judelevich, V. I. Belyi, and G. A. Zenkovets, Ivz. SO 
AN SSSR, set. chim. nauk., vipusk 2, 39 (1980) (Russ.). 

~T. P, Smirnova, A. N. Golubenko, N. F. Zacharchuk, V. I. 
Belyi, G. A. Kokovin, and N. A. Valisheva, Thin Solid Films, 76, 
11 (1981). 

s Bell Laboratories, Murray Hill, New Jersey 07974. 
9 L. H. Long and J. F. Sackman, J. Inorg. NucL Chem., 25, 79 

(1963). 
~OL. H. Long and J. F. Sackman, ibid., 25, 89 (1963). 

L. ~I. Long and J. F. Sackman, ibid., 25, 93 (1963). 

included in an article on the Ga-As-O phase diagram 
which entai led the specification of the condensed 
phases in that  system. Al though we were  aware  of 
some ear l ier  (1933) data by Brityke,  Kapustinskii ,  and 
Chentzova, 12 we must  acknowledge having over looked 
the more cur ren t  references by Long et  al. and fa i lure  
to comment  on our reservat ions concerning the exist-  
ence of As204 as a stable oxide phase. 

Whereas the data by Long and Sackman TM clarifies 
many of the inconsistencies present  in the ear l ier  l i t -  
era ture  on As204, we remain  cautious in our acceptance 
of their  conclusion concerning the existence of this 
compound. The  fol lowing comments  express the basis 
for our concern. 

1. The authors use a thermodynamic  a rgument  in 
support  of their  conclusion that  As204 is stable. The 
Gibbs energy change of the react ion As203 + As2Os = 
2 As204 is obtained f rom the entha lpy  change. The 
entropy contr ibution was assumed to be negligible 
since, in general, the ent ropy change for  a react ion 
among solids is small. However ,  when the enthalpy 
change is small, as it is for this reaction, the sign of 
AG ~ wil l  be sensit ive to small  values of AS ~ (i.e., 
TA S ~  Thus the use of AH ~ for aG ~ does not  provide 
significant support  for the conclusion that  As204 i s  
stable wi th  respect  to As203 and As~O~. 

A re la ted aspect of this problem also suggests that  
the stabil i ty of As204 is not yet  known. The authors 
do not give uncertaint ies  for the enthalpies of forma-  
tion used in their  calculation. If we use the uncer -  
tainties recommended  by Kubaschewski,  Evans, and 
Alcock, 13 --+0.8 kca l /mol  for both forms of As203 and 
-+1.5 kca l /mol  for As2Os, and assume no uncer ta in ty  in 
the entha tpy  of format ion of AS2Od, a lower  l imi t  to the 
magni tude  of the reaction enthalpy uncer ta in ty  can be 
estimated. The uncer ta in ty  is --+2.3 kcal  and is seen to 
be very  close to the two calculated enthalpies of --3.3 
kcal (claudeti te)  and --2.5 kcal (arsenoli te) .  With  the 
inclusion of an uncer ta in ty  in the enthalpy of fo rma-  
tion of As.~Od, the possibility arises that  the react ion 
enthalpy,  and, wi th  the authors assumption, the Gibbs 
energy, may be posit ive ra ther  than negative.  It  is 
possible, then, that  As204 is not  stable. 

2. Long and Sackman demonstra ted that  As204 could 
not be produced as a pure, single phase product  f rom 
an anhydrous react ion of As203 --~ hs2Os. Some wa te r  
is evidentIy necessary in order to produce the assigned 
product  in high yield. However ,  i t  was stated in foot-  
note 9 that  the hydra ted  form of the te t roxide of for -  
mula  6As204 �9 5H20 produced the same diffraction 
lines as anhydrous As2Od. By "anhydrous"  the authors 
mean dried to constant weight. One might  reasonably 
ask if the diffraction technique is in fact sensit ive to 
distinguishing be tween  As204 and mater ia ls  of t h e  
fo rm As2OdHz, where  x might  take on values of 1-4 
for hydroxides or oxy-hydroxides ,  or h igher  values for 
incomplete ly  hydra ted  products. These compounds, 
of course, would not be par t  of the Ga-As-O te rnary  
phase diagram. 

3. Rather  complete synthet ic  and s t ructural  data  
exist  for the formation of two claudeti te  modifications 
of AS203.14-17 These structures are layer  l ike and quite  
distinct in their  x - r a y  diffraction pat terns  f rom octa-  
hedra l  As203 (arsenoli te) .  T h e y  are also d i s t inc t ive  in  
tha t  they  require  a p p r o x i m a t e l y  1% 0I H20  in  order  $0 
stabil ize.  Although Long and Sackman demonstra ted 
that  the diffraction pa t te rn  of As~O4 did not repl icate  

E. V. Britzke, A. ,F. Kapustinskii, and L. G. Chentzova, Z. 
Anorg. Chem., 213, 58 (1933). 
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Chem., 266, 293 (1951). 
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44, S1 (1965). 
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the lines of either As20~ (octahedral) or As.~Os, they 
do not  appear to have excluded the possibility that  
the compound generated involved a claudetite modi- 
fication of As203. 

4. The question of whether  claudetite or some other 
hydrogen-bear ing  compound might  be involved de- 
serves careful consideration. We in tend to s tudy these 
questions in more detail  using infrared and Raman 
scattering. The lat ter  technique has a l ready been used 
to characterize claudetite. 17 Unt i l  those studies are 
complete, we remain  cautiously skeptical of the exist-  
ence of AszO4. 

The authors make several points about  the in terpre-  
tation of the Ga-As-O phase diagram with the phase 
As~O4 included. One of these points, however, is in-  
correct, namely  that  to form As204 the ini t ial  mole 
ratio of As205 to GaAs must  be ~ 4. This s ta tement  
overlooks the As204-As203-GaAsO~ field.  The proper 
criterion for the formation of As_904 from ratios of 
As203 to GaAs is that  the ratio be ~ 2. 

Finally,  we wish to concur in the conclusions of 
Belyi et al. that  the phase diagram approach is a use-  
ful tool in s tudying the oxidation and reaction pat terns  
of certain semiconductors. We would point  out for the 
readers, however, that  the form of the In -Sb-O dia-  
gram clearly differs f rom that of Ga-As-O as indicated 
by the observed phase fields listed by the authors of 
the comment. The "good agreement"  ment ioned by 
these authors should not  be construed to mean that  
the form of the phase fields is identical  for the two 
systems. 

On High Temperature Oxidation of Chromium 
I. Oxidation of Annealed, Thermally Etched Chromium 

at 800~176 

II. Properties of Cr~O3 and the Oxidation Mechanism 
of Chromium 

K. P. I-illerud and P. Kofstad (pp. 2397-2410 and 2410-2419, 
Vol. 127, No. 11) 

D. Caplan and G. I. Sproule: 10 In  these two papers 
on the oxidation of Cr, Lil lerud and Kofstad examine 
the effect of temperature  and pressure, the properties 
of Cr203, and the oxidation mechanism. We would like 
to comment on the following points. 

1. In comparing the parabolic rate constants ob- 
tained with their thermal-e tch  oxidation procedure to 
our results 2~ for monocrystal l ine Cr203 scales, the 
authors indicate that  our  much lower values are in 
error because no correction was made for volatil iza- 
tion of CrO3. In  fact, we guarded against oxide evapo- 
ration by providing a Cr2Oa crucible in the hot zone 
so that the specimens hung in  essentially s tagnant  
oxygen saturated with Cr oxide vapor.2O Addit ional  
evidence that  our low values of Kp are not caused by 
oxide volati l ization is that, as the authors show in  
their  Fig. 1 (page 2398), our results for polycrystal-  
line scales, similar in s tructure to their  blistered and 
wrinkled scales, show comparably high K ,  values. 

2. In  the oxidation procedure used by the authors, 
hot, oxide-free Cr is exposed abrupt ly  to oxygen gas. 
As a result, very  many  randomly  oriented oxide 
nuclei  form on the metal  and produce a f ine-grained 
scale with m a n y  oxide grain boundaries  to act as pref-  
erential  diffusion paths. The consequent rapid oxida- 
t ion rate and high rate of stress generat ion within the 
oxide promote separation of the scale from the metal  
and the wr ink l ing  and lateral  growth seen in the 
authors '  i l lustrations. Values of Kp calculated for such 
scales are too high because (i) the effective specimen 
area is larger than the geometric area used to calculate 

lSE. J. Flynn and S. A, Solin, Phys. Rev. B., 13, 1752 (1976). 
l~National Research Council oE Canada, Division of Chemistry, 

Ottawa, Canada K1A OR9. 
~OD. Caplan and G. I. Sproule, Oxid. Metal., 9, 459 (1975). 

the weight gain; (ii) the larger area means that  the 
real thickness of the layer is less and diffusion is 
therefore faster; and (iii) in mul t i layered  scaling, the 
oxide formed before the failure of a layer  by perfora- 
tion is no longer par t  of the protective diffusion layer. 
The authors'  assumption that the ini t ia l  scale is dense, 
plane-paral lel ,  uniform, and adherent  is not supported 
by the photomicrographs. Previous work would indi-  
cate that  separation and buckl ing begin early [Ref. 
(1), Fig. 5] when the vacancy flux is highest. 

Hot-bare oxidation also maximizes the over tem- 
perature  effect 21 which fur ther  increases the ini t ia l  
flux of cation vacancies and the compressive stress. 
Comparable oxidation conditions were found in our 
experiments  with electropolished Cr on which fine- 
grained, blistered scale also developed. 20 When this 
separated layer  failed by cracking, oxygen gas rushed 
into the vacuum gap between scale and metal,  con- 
tacted the hot, bare Cr (equivalent  to the authors '  
thermal-e tch conditions),  and formed a second 
blistered layer. Electropolishing was judged to be an 
unsui table  preparat ion method for Cr oxidation be-  
cause of these defects in scale structure.  Because of 
fine oxide grain size, hot -bare  oxidation was also 
found to have a large effect on Ni oxidation; 2~ oxida- 
tion constants were as much as 10,000 times higher 
than for oxidation procedures which formed coarse- 
grained NiO scales. 

3. The authors compare the exper imenta l ly  deter-  
mined parabolic rate constants with Kp values calcu- 
lated from diffusion data for Cr in Cr208. They con- 
sider the approximate agreement  between the two 
sets of data to be evidence of the val idi ty of their high 
measured Kp values. Such correspondence is to be 
expected, however, since the diffusion coefficients 
used for the comparison are themselves high, having 
been measured on polycrystal l ine specimens of hot-  
pressed Cr203 (Fig. 5, page 2413). I t  seems probable 
that the true oxidation constants and diffusion con- 
stants are both orders of magni tude  lower. 

4. When oxidation runs were discontinued by pump-  
ing off the oxygen, the specimens were found to lose 
weight for as long as they were held at tempera ture  in 
vacuum. The authors conclude that  the weight loss 
is due to the loss of Cr metal  which "may penetrate  
the scale by lattice diffusion and by t ranspor t  along 
grain boundaries,  easy diffusion paths, and micro- 
cracks." Weight loss via microcracks is probable since 
Cr evaporat ing from the bare metal  surface could 
migrate through pores or cracks in the separated 
scale as Cr vapor. In  the absence of an oxygen atmo- 
sphere, however, there will  be no concentrat ion gra-  
dient  as a driving force for cation diffusion through 
the oxide whether  by lattice or other diffusion paths. 

5. The authors observe that oxygen pressure has a 
major  effect on oxidation rate and on whether  "log- 
arithmic," "parabolic," or "l inear" kinetics are fol- 
lowed. Because of the s t ructural  i rregulari t ies  in the 
scales the probabil i ty  is that  these changes are from 
the effect of pressure on the physical s t ructure of 
the scale. With dense un i form adherent  scale the ef- 
fect of pressure would be minor.  

6. The authors observe apparen t ly  cubic crystal-  
lites of oxide under  the blistered scale and at t r ibute  
them to CrO. Elsewhere they report  cubic crystallites 
of Cr metal  under  the scale. Perhaps the "cubic" oxide 
crystals are Cr crystals (formed by evaporat ion and 
condensation in the gap be tween scale and metal) ,  
which oxidized to Cr203 while preserving their  former 
topography. 

To conclude, in our view specimen preparat ions 
such as the authors '  thermal-e tch  and our electro- 
polishing technique are unsatisfactory for s tudying the 

~D. Caplan, This Journal, 107, 359 (1960). 
M. J. Graham, G. I. Sproule, D. Caplan, and M. Cohen, ~bid., 

119, 883 (1972). 
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oxidation of Cr in  that  they produce f ine-grained 
oxide and promote loss of adhesion and blistering. 
The major  s t ructural  i rregulari t ies  in the scale in-  
validate the oxidation constants deduced and the 
subsequent  in terpre ta t ion  of oxidation mechanisms. 
We believe that the Caplan-Sproule  parabolic rate 
constants, which the authors refer to as "extremely 
low," re l iably  describe the growth of monocrystal l ine 
Cr203 scales on Cr. Theoretical modeling, such as the 
mechanism of Cr t ranspor t  through Cr20~, should be 
based on "ideal" scales of this type ra ther  than on 
s t ructural ly  i r regular  scales. 

P. Kofstad and K. P. Lil lerud: ~ We appreciate the 
interest  by D. Caplan and G. I. Sproule on our paper. 

Chromium exhibits a complex oxidation behavior. 
Large growth stresses develop in  the scale and cause 
cracking, plastic deformation, and detachment  of the 
scales. Depending upon the microstructures of the 
scales impor tan t  t ransport  processes comprise lattice, 
grain boundary,  and "easy" diffusion and vapor t rans-  
port  in microcracks. Other aspects to be considered 
are CrO3 evaporat ion (at high oxygen pressures and 
temperatures) ,  vapor t ranspor t  of chromium from the 
under ly ing  metal  to the detached scale, etc. In  view of 
the complexity i t  is not  surpris ing that  the reaction 
kinetics and behavior  may  vary  considerably with ex-  
per imenta l  conditions. 

Previous work has demonstra ted that  the behavior  
of chromium is highly dependent  on specimen, and 
part icularly,  surface pre!caration. In our opinion the 
reason for these large differences has not  been ade- 
quately  explained. In  our  work the chromium was 
thermal ly  etched. This gives an oxide-free surface at 
the start  of the reaction and a reproducible reaction 
behavior  under  the various conditions. It  is not  sur -  
prising that  this surface preparat ion may, at least 
init ially,  exhibi t  different reaction behavior  compared 
to surface preparat ions or exper imental  procedures 
whereby an  oxide film is established on the metal  
surface at lower tempera ture  prior to the recorded 
experiments.  No method of surface preparat ion is 
more "correct" than other ones. The impor tant  point  
is to demonstrate  what  takes place under  different 
conditions and to obtain an overall  consistent in te r -  
pretation. We believe that  our work has provided 
addit ional  informat ion on the reaction behavior  of 
chromium. 

In our  work we have found that  specimens lose 
weight when oxidation runs  at high temperatures  are 
discontinued by pumping  high vacuum on the system. 
This has been concluded to be due to loss of Cr metal  
through the scale. Caplan and Sproule claim that  
such loss can only take place by  Cr vapor t ransport  
via microcracks and state that  there can be no loss by 
solid-state chromium diffusion through Cr20~ scales 
in  high vacuum as there wil l  be no concentrat ion 
gradient  as a dr iving force. Let us analyze their com- 
ments. The dr iving force for chromium transpor t  can, 
for instance, be considered in terms of the chromium 
potent ia l  gradient  through the scale. Dur ing  oxida- 
tion or the high vacuum treatments  of oxidized speci- 
mens there is a chromium potential  gradient  through 
the scale: At  the inner  scale surface the chromium 
vapor pressure can be considered equal to that  of the 
vapor pressure of chromium metal;  at the outer  sur-  
face the chromium vapor pressure is smaller. This 
chromium potent ial  gradient  (which will depend upon 
the chromium potent ia l  at the inner  and outer  surface 
and the thickness of the scale) is the dr iv ing force 
for the chromium transport  regardless of whether  this 
takes place by vapor t ranspor t  or solid-state diffusion 
processes. Caplan and Sproule apparen t ly  agree that  

-~ Department  of Chemistry, University of Oslo, Blindern, Oslo 
3j Norway. 

such a driving force is present  when chromium is 
t ransported as vapor species through the scale, bu t  
claim that this dr iving force is no longer present  if the 
t ransport  takes place by solid-state diffusion. We fail 
to unders tand  the consistency in their  comment. The 
other impor tant  point  to consider as regards chromium 
transport  is the mobil i ty (i.e., the diffusion coefficients) 
involved in the different t ranspor t  processes. The 
mobil i ty of the chromium atoms is considerably higher 
for vapor transport,  but  chromium is also t ransported 
outward through solid-state diffusion processes. If 
there is no oxygen available at the outer  surface to 
react with the outwardly  moving chromium, chromium 
will evaporate. 

Ideal, diffusion-controlled growth of Cr203 can be 
correlated with the proper self-diffusion coefficients 
of the reactants  in Cr203. For ideal parabolic oxida- 
tion of metals, it is always of interest  to correlate the 
transl~ort processes with other defect-dependent  prop-  
erties of Cr20~. One should be able to correlate these 
properties in an overall  consistent model for the sys- 
tem. In our work we have a t tempted to do so by 
evaluat ing available data on Cr208. In  this respect 
there is, however, a very large inconsistency as re-  
gards the measured self-diffusion coefficients and the 
lowest reported values for the apparent  parabolic rate 
constant  for oxidation of chromium. These rate con- 
stants were estimated from the oxide thickness on 
some single grains in oxidized Cr specimens. Caplan 
and Sproule believe that  the true self-diffusion coeffi- 
cients are "orders of magni tude  lower" than the mea-  
sured values. Their  reason is that  the tracer diffusion 
studies were clone on polycrystal l ine Cr203 (hot- 
pressed specimens, Hagel and Seybolt) .  However, they 
fail to quote that  Hagel and Seybolt 's results are in  
essential agreement  with those of Walters and  Grace 
on single crystal  Cr203 at 1300~ (see our  paper II) .  
Furthermore,  if grain boundary  diffusion were the 
impor tant  process for the hot-pressed specimens, this 
would be expected to be noted in the tracer pene t ra -  
tion profiles. 

We believe there is need for fur ther  studies. But  in  
general:  Polycrystal l ine mater ia l  should not neces- 
sarily be disqualified for studies of lattice diffusion; 
the relat ive importance of lattice and grain  boundary  
diffusion will be a funct ion of grain size, temperature,  
and ambient  part ial  pressure of oxygen (i.e., bulk  de- 
fect concentrat ion in  the oxide samples).  

In our publicat ion we speculated if the large dis- 
crepancy between the diffusion data and oxide thick- 
nesses measured in  local areas on some oxidized Cr 
specimens could be due to CrO3 evaporat ion or that  
diffusion in Cr203 is highly dependent  on crystal 
orientation. We do not  have an explanat ion for the 
discrepancy at this stage. But  in an a t tempt  to con- 
t r ibute  to a clarification of the mat ter  we are present ly  
s tudying chromium transpor t  through dense Cr2Oa 
scales with the aim of del ineat ing the contr ibut ion due 
to lattice diffusion. This work will be submit ted for 
publicat ion in the near  future. 

We would like to emphasize that  from our  analysis 
of defect-dependent  properties of Cr20~ it seems most 
probable that  the impor tan t  defects in Cr~Os at low 
par t ia l  pressures of oxygen are chromium interstit ials.  
Correspondingly we do not  believe that  chromium 
diffuses by the vacancy mechanism and that  there are 
vacancy fluxes as suggested by Caplan and Sproule. 
Also, if chromium interst i t ials  are important ,  the ideal 
parabolic rate constant should be independent  of the 
ambient  part ial  pressure of oxygen. This is not  the 
case if vacancy diffusion predominates (see paper  II) .  

In our work we have demonstrated large differences 
in  oxidation behavior when  individual  runs  are made 
at different oxygen pressures. We conclude that  this 
is related to the microstructures of the scale, and that  
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t r anspor t  can take  place both by  so l id-s ta te  diffusion 
and vapor  t r anspor t  th rough  microcracks.  As we point  
out  in our  publ ica t ion  (II)  the la rger  ac t ivat ion en-  
e rgy  of our  work  compared  to severa l  ea r l i e r  studies 
is p r e sumab ly  " re la ted  to a h igher  amount  of easy 
diffusion paths  and microcracks  in the C r 2 0 3  scales 
when specimens are  p r e t r ea t ed  th rough  the rmal  e tch-  
ing." 

Caplan  and Sproule  suggest  tha t  ove r t empera tu r e  
effects may  be impor t an t  in our  work. Fo r  the  r e l a -  
t ive ly  slow rate  of reaction, specimens wi th  a th ick-  
ness of 1 mm, and high t empera tu res  employed  in our  
work  any such effects are  of no or  but  minor  signifi- 
cance as regards  the overa l l  ox ida t ion  behavior .  

In  conclusion we m a y  ment ion  tha t  we are  also 
cu r ren t ly  s tudying  o ther  aspects of oxida t ion  of  
chromium such as the effect of co ld -work  and ox ida -  
t ion of p re -ox id ized  Cr wi th  dense C r 2 0 3  scales. These 
resul ts  wi l l  be publ i shed  in due t ime. 

Electrochromism in Solid Phosphotungstic Acid 

B. Tell (pp. 2451-2454, Vol. 127, Ho. 11) 
P. G. Dickens and R. H, $arman:  24 In this discussion 

we propose a s imple e lec t rochemical  exp lana t ion  for 
the sal ient  phenomena  observed by  Tell  in his recent 
invest igat ion of H3PO4"W1203e-29H20 (PWA)  as a 
se l f -conta ined  e lec t rochromic  cell. Schemat ica l ly  the 
cell  consists of 

glass, SnOs ]PWA[ graph i te  

Both the ShOe coated glass and graph i te  e lect rodes  are 
good electronic conductors.  The P W A  is a fast  p ro ton  
conductor  in which acid dissociation occurs 

HA �9 nHsO = H30 + + [A �9 (n --  1 ) H 2 0 ] -  

and the presence of a connected p a t h w a y  of H20 mole-  
cules faci l i ta tes  pro ton  t r ans fe r  th rough  a Gro t thus -  
type  mechanism 

H30 + + H s O . . . H ~ O . . . H ~ O  

-- H20... H20... H~O --~ H30 + 

(Here  and subsequent ly  the symbols  H30 + and H20 
imply  hydron ium and H20 molecules  in a mobi le  phase 
of the solid hydra te . )  The cathodic reac t ion  (colora-  
t ion process)  which occurs a t  the  SnO2/PWA i n t e r -  
face is 

HaD + -{- e = H20 + H(so l )  [1] 

where  H(so l )  represents  H chemical ly  a t tached  to a 
po ly tungs ta te  anion (most  p robab ly  as - - O H ) .  This 
chemical  a t t achment  is associated wi th  the creat ion of 
a formal  W(V)  oxida t ion  s ta te  and  a blue colorat ion 

u Inorganic Chemistry Laboratory, Oxford OXl 3QR, England. 

(c.f., HxWO3-hydrogen tungsten bronze~5). By analogy 
with  the values measured  for HzWO3 and he teropoly  
" b l u e s ,  ''26,27 w e  es t imate  a s t andard  e lect rode poten-  
t ia l  for react ion [1] in the range  0.1-0.4V. This is 
effectively the same colorat ion process as descr ibed 
by Tell. 

At  the g r a p h i t e / P W A  interface,  a ba lancing proton 
inject ion react ion is necessary.  Possible  candidates  for  
this, which would occur at  increas ing anodic potentials,  
are  

2H20 --  e --  H30 + + O H (a ds )  [2] 

3/2H20 --  e - -  H~O+ + 1/4 02 [3] 

where  OH(ads)  represents  hyd roxy l  groups a t tached  
to the  carbon surface Al te rna t ive ly ,  oxidizable  surface 

OH 
/ 

groups such as C could be involved as suggested 
\ 

H 
b y  TelDS 

OH 
\ /  

C + 2H20 -- 2e = > C--O -I- 2H30 + [4] 
/\ 

H 

The overall cell reaction 

I/2H20 ---- H(sol) + oxidized products 

will  c lear ly  be associated wi th  a posi t ive free energy  
change, since react ions [2]-[4]  will,  so far  as can be 
reasonab ly  est imated,  have  s t anda rd  e lect rode po ten-  
t ials in excess of 0.SV. 29 The observed  bleaching of 
the cells wi th  graphi te  electrodes unde r  shor t -c i rcu i t  
condit ions confirms this (see paper  under  discussion).  

Moreover,  for each proposed  anodic react ion there  
is a s trong poss ibi l i ty  that  free oxygen wil l  be evolved, 
e i ther  by  di rec t  react ion [3] or  by  subsequent  chemical  
recombinat ion  of - - O H  or  - - O  groups. This wi l l  cer -  
t a in ly  be so if h igh coloring vol tages  are  employed.  
This in tu rn  could lead  to a slow bleaching effect on 
open circuit,  even wi th in  a to ta l ly  encapsu la ted  cell, 
when oxygen  evolved at  the anode dur ing  colorat ion 
subsequent ly  diffuses to and reacts  wi th  r educed  P W A  
in the  cathode region 

H (sol) -{- 1/4 02 --  HsO 

~-~P. G. Dickens and R. J. Hurditch, Nature, 215, 1266 (1967). 
-"~ R. S. Crandall, P. J. Wojtowicz, and B. W. Faughnan, Solid 

State Commun., 18, 1409 (1976). 
~v p. Stonehart,  J. C. Koren, and J. S. Brinen, Anal Chim. Acta., 

40, 65 (1968). 
~8 B. Tell  and F. Wudl, J. AppL Phys., 50, 5944 (1979). 

J. P. Hoare, "The Electrochemistry of Oxygen," New York 
(1966). 
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Laser-surface alloying is a relatively 
new technique for modifying the chemical 
composition of metal surfaces (I-4). In 
this process, a metallic coating and the 
underlying metal substrate are rapidly 
melted using a high power, continuous wave 
CO 2 laser. This rapid melting and concomit- 
ant mixing followed by rapid resolidificat- 
ion serves to alloy the metals contained in 
the coating and the substrate. The depth of 
the laser-surface alloyed region is typi- 
cally 10 to 100 ~m. 

The manufacture of chromium sleet 
surface alloys has been previously reported 
(1-4). These surface alloys have been 
characterized by metallography, microprobe 
analysis and hardness tests, but to our 
knowledge, the electrochemical behavior 
of such alloys has rot yet been published. 
The purpose of this communication is to 
describe brlefty the preparation of iron/ 
chromium surface alloys, and to report 
initial results regarding their electro- 
chemical behavior. 

PROGRESS 

Specimens of AISI 1018 steel (0.18% C, 
0.8% Mn) were coated with electroplated or 
sputter deposited chromium layers ranging in 
thickness from 10 to 20 ,m. These specimens 
were i r rad ia ted  with a CO 2 continuous 
laser ( i  = 10.6 #m) at power outputs up to 
7.5 kw. The laser was focused to a spot 
approximately 0.15 mm in diameter, so that 
power d e n s i t i e s  as high as 107 w/cm 2 
were obtained. The specimens were mounted 
on a turntable and were swept into the laser 
beam at l inear  ve loc i t i es  of 10 to 375 
cm/see. The depth of melting, and hence the 
alloy composition, was controlled by varying 
the sweep velocity. Samples were laser-proc- 
essed in a helium gas shield to minimize 
oxidation of the metal surface. 

*Electrochemical Society Active Member 
Key words: Lasers, surfaces, alloy, passivity 
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For a typical processing speed of 
50 cm/see, a point on the surface is illumi- 
nated by the laser for less than 0.5 msec. 
and the metal remains molten for less than 
about I msee. At the edge of the melt where 
only the fringe of the beam is seen, these 
times approach zero while near the center 
of the molten zone the times are longer. 
The molten metal is quenched by the cold 
substrate at cooling rates of 10 6 -10 7 
K/see. This rapid resolidification is the 
central feature of laser processing. 

Figure I shows a micrograph of a 
cross section through an Fe/Cr surface 
alloy produced by a single pass of the 

Fig. I. A t ransverse  cross sec t ion  o f  an 
Fe/Cr  l a s e r - s u r f a c e  a l l o y  w i t h  
average Cr content o f  20% shown at 
the top.  Below i s  a chromium x - ray  
d i sp l ay  o f  the same mel t .  
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laser. The cross sectioned sample has been 
etched with Nital. This etchant attacks the 
steel substrate but does not bring out the 
metallurgical structure of the surface 
alloy. Figure 1 also shows a Cr x-ray 
display of the melt as determined with an 
electron microprobe. As is evident from the 
x-ray display, substantial mixing has taken 
place throughoqt the depth of the melt even 
though the laser interaction time was only 
0.5 msec and the material was molten for 
less than I msec. The effects of surface 
tension gradients and fluid flow in the 
mixing process have been considered by 
various investigators (5,6). To produce a 
surface alloy over an extensive area, 
successive laser passes, spaced a fraction 
of a melt width apart, have been employed. 
A cross section of such a surface alloy is 
shown in Fig. 2. Electron microprobe analy- 
sis indicates that the distribution of 
components is similar to that observed for 
individual melts. 

Figure 3 shows anodic polarization 
curves for 1018 steel and three different 
Fe/Cr laser-surface alloys in deaerated 
0.1M Na 2 SO 4. Each sample was immersed 
for 30 minutes and then held cathodically 
at -1.0V vs. S.C.E. for 5 minutes. Following 
this cathodic treatment, steady state open 
circuit corrosion potentials were attained 
by each sample after an additional 30 minute 

immersion period. Anodic polarization 
curves were determined potentiodynamically 
at a scan rate of 10 mV/min. 

As seen in Fig. 3, 1018 steel undergoes 
extensive dissolution at all anodic poten- 
tials, but the Fe/Cr surface alloys passiv- 
ate. With increasing Cr content, there are 
decreases in both the critical current 
density for passivation and the current 
density in the passive region. The laser 
surface alloy with the highest Cr content 
passivates without undergoing an active- 
passive transition. However, it should be 
noted that the current densities in the 
passive region are higher than those usually 
observed for the corresponding Fe/Cr bulk 
alloys. For example, the passive current 
density for the 20% Cr surface alloy is 
about 5 times that observed by Lumsden (6) 
for bulk Fe-18 Cr and about 50 times the 
value observed by Lislovs and Bond (7) 
for bulk Fe-25 Cr in IN sulfuric acid. 

SUMMARY 

Laser-surface alloys containing chro- 
mium passivate in 0.1M Na2SO &, with the 
ease of passivation increasing wzth increas- 
ing Cr content. Optical microscopy and 
electron microprobe analysis show that 
chromium is dispersed uniformly through the 
melt region. 

Fig. 2. Transverse cross section of a laser 
surface alloy, with average Cr 
content of 16%, produced by success- 
ive, overlapping laser passes. 
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Positive photoresists for photolitho- 
graphy divide roughly into, (I) an alkaline- 
soluble UV resist composed of phenolic novo- 
lac - quinonediazide type and, (II) ketone 
polymers such as poly methyl isopropenyl 
ketone (PMIPK) and poly methyl methacrylate 
(PMMA) for deep UV lithography. One problem 
with a positive alkaline-soluble UV resist 
is lack of resistance to chemical agents. 
On the other hand, positive deep UV resists 
are excellent in resistance to chemical 
agents, but are not suf~ient in photo- 
sensitivity to achieve practical photolitho- 
graphy. In this paper, highly photo-sensi- 
tive positive resists consisting of poly p- 
substituted phenyl isopropenyl ketones, 
which are excellent in resistance to chemi- 
cal agents, are reported. 

Ketone polymers undergo severe degrada- 
tion when exposed to ultraviolet light, and 
it is shown that the photolysis could be 
explained on the basis of the Norrish type I 
and type II reactions (i). PMIPK is a 
ketone polymer which is highly photo-sensi- 
tive to deep UV radiation, having a wave- 
length for maximum absorption of 285 nm (2). 
In this paper, the photolysis of the copoly- 
mers of p-substituted phenyl isopropenyl 
ketone (p-X-PhlPK, X=H, CH3, and CH~0), 
which has an aromatic ring conjugated to a 
carbonyl group in order to shift the absorp- 
tion of copolymers to the longer wavelength 
region, and MMA, is discussed. 

The monomers were synthesized by ordi- 
nary methods, and identified by nuclear mag- 
netic resonance spectra. The copolymers 
were prepared by free-radical polymerization 
in sealed tubes under vacuum using azobisiso- 
butyronitrile as an initiator. The purified 
copolymers were dissolved to 15 weight per- 
cent in methyl isobutyl ketone. The resist 
films were coated using a spinner on silicon 

wafers with a thickness of about i ~m, and 
prebaked at 150 ~ for 30 minutes. All 
exposures were carried out with a Xe - Hg 
lamp. After exposure, the resist films were 
developed by dipping them in a mixture of 
methyl isobutyl ketone - xylene ( 70 : 30 by 
vol. % ) for 2 minutes at 23 ~ and then 
rinsing them in xylene - isopropyl alcohol 
( 50 : 50 by vol. % ) for i minute, 

The sensitivity and the spectral sensi- 
tivity of P(p-X-PhlPK - MMA) are shown in 
Table I and Figure i, respectively, compared 
with PMIPK and P~A. The spectral sensi- 
tivity was measured using Koana's apparatus, 
whose UV source consisted of a Xe lamp (3). 
As shown in Table, the resists consisting of 
P(p-X-PhlPK -MMA) have a higher sensitivity 
than those of PMIPK and PMMA, and the sensi- 
tivity of P(p-X-PhlPK - MMA) greatly depends 
on the molecular weight and the initial 

Table I. Sensitivity of Positive Photoresists 

Sensi- Polymer* MW t0**(~m) 
tivity*** 

4 
A P(PhlPK(6.4)-~vH~A) 7.6~i0 0.6 600 
B P(PhlPK(16)-I~A) 3.2 0.9 550 
C P(PhlPK(24)-~A) 2.0 0.9 250 
D P(PhlPK(28)-MMA) 1.4 0.6 i00 
E P(p-Me-PhlPK(34)-MMA) 0.5 0.4 150 
F P(p-MeO-PhIPK(10)-~) 4.6 1.4 33O 
G P(p-Me0-PhlPK(15)-MMA) 2.6 1.2 66 
H P(p-MeO-PhlPK(B0)-MMA) i.i i.i 80 

PMIPK 9.3 1.2 i000 
PMMA 9.4 0.6 ii000 

* ( ) : Content of p-X-PhIPK in copolymer, 
mol %. 

** t O : Initial thickness of resist. 

*** Minimum irradiation dose ( mJ/cm 2 ) 
required for no resist film to remain. 

Key words: Positive photoresist, Ketone poly- 
mer. UVlithography 
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thickness of resist films. P(p-MeO-PhIPK - 
MMA) has a higher sensitivity than other 
polymers. As shown in Figure, it is obvious 
that P(p-X-PhlPK - MMA) undergoes photo- 
degradation in a longer wavelength region 
compared with deep UV resists, and the sen- 
sitivity at a longer wavelength increases 
with the content of p-X-PhlPK in copolymers. 

those containing aliphatic carbonyl groups 
in the polymer backbone. 

The detailed photolithographic perfor- 
mance and the characteristics of electron 
beam exposure of poly p- substituted phenyl 
isopropenyl ketones will be described in a 
subsequent paper. 
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Spectral sensitivity of positive 
photoresists. 
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It was ascertained by gel permeation 
chromatography that the molecular weight of 
these resists decreased with UV radiation, 
in analogy with PMIPK and PMMA. Infrared ( 
IR ) evidence showed that_~he peak of the 
carbonyl group at 1720 cm decreased in the 
case of PMIPK with UV radiation. But a change 
in IR spectrum was hardly visible in the case 
of P(p-X-PhlPK - ~s It was ascertained 
that the Norrish type I reaction occurred in 
the photolysis of PMIPK (4, 5), and that the 
polymer containing pendant chromophoric 
groups of C6H5C(=0)- behaved differently from 
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ABSTRACT 

A simple method is p resen ted  for 
estimating series resis tance losses and ideal 
fill factors for a given photoelectrochemical 
device from cur ren t -vol tage  measurements at 
varying light intensi ty.  This method is 
demonstrated on a model PEC device compris- 
ing the n -GaA s ]A s  Pyridinium 
Chloride, Fer rocene/  F~rricenium ion couple 
[C system. The extent  to which the photo- 
voltaic output  is degraded by  high series 
resis tance losses can be directly estimated 
using the p resen t  approach. 

INTRODUCTION 

There has been much discussion in 
recent  years  on photoelectrochemical (PEC) 
methods of solar energy conversion (1 ,2) .  
Two key factors  which may dictate the 
feasibility of PEC devices for te r res t r ia l  
applications are electrode stabili ty and energy  
conversion efficiency. The problem with 
photoanodic dissolution of n - type  small band-  
gap semiconductors in contact with aqueous 
electrolytes ,  has been effectively tackled by 
the use of aprotic,  nonaqueous solvents 
(3-5).  On the other  hand, fabrication of 
efficient devices based on nonaqueous elec- 
t rolytes ,  requires  minimization of the series 
resis tance losses in the system. The manner 
in which a high series resis tance degrades 
PEC performance may be unders tood with 
reference to Fig. 1 which shows a simplified 
equivalent circuit  for a PEC cell under  oper-  
ating conditions. The photocurrent ,  Jph is 

r epresen ted  by a constant  cur ren t  generator  
(6) opposite in direction to the dark cur ren t ,  
Jdark  of the device. The faradaic res is tance,  

Rf denotes the resis tance associated with 
leakage cur ren ts  flowing across the semicon- 
ductor /e lec t ro ly te  interface and in an ideal 
device should be infinitely large. R L is the 

external  load res is tor  and Jout  and Vou t 

r epresen t  the cur ren t  and voltage output  

* Electrochemical Society Student Member. 
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ipresent address: Energy Conversion Devices, 
Troy, Michigan 48084 
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generated by the device. The series 
resis tance,  R comprises the contributions s 
from the back metal contact,  semiconductor 
bulk and the interfacial and bulk resis tances 
of the electrolyte.  R s should be minimized 

to obtain a high device efficiency. 

In this paper, we present a simple 
method whereby the magnitude of R s and 

the maximum fill factor may be estimated for 
a given PEC device from current-voltage 
measurements at varying light intensity. A 
model system comprising the n-GaAs/ 
Aluminum Chloride-n Butyl Pyridinium 
Chloride (BPC) molten salt electrolyte inter- 
face, was chosen for the present analyses. 
The Ferrocene/Ferricenium ion couple was 
used as the redox system. 

EXPERIMENTAL 

Electrodes were fabricated from single- ___ 
crys ta l  n-GaAs (<111> orientation, donor 

densi ty:  2.17 x 1017/cm 3) obtained from 
commercial sources .  Details on electrode 
preparat ion and electrolyte handling are 
given elsewhere (5 ,7) .  The electrolyte was 
adjusted to be slightly basic of the neutral  
1:1 (relative molar ratio of As163 3 and BPC) 

composition for the p resen t  measurements.  
Nominal concentrations of ferrocene and 
ferricenium chloride were 200 mM and 20 mM 
respect ively .  Short-circui t  cur ren ts  (Ise)  

and open-circui t  voltages (Voc) were 

measured under  illumination with a tungs ten-  
halogen lamp using instrumentation pre-  
viously descr ibed (5 ,7) .  

RESULTS AND DISCUSSION 

The equivalent circuit shown in Fig. 1 
leads to the following relationship between 
the output current, Jout and voltage output, 
You t (6): 

Key words: equivalent circuits, open-circuit 
voltage, short-circuit current density. 
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Jout  ( l+Rs /Rf)  = Jph-  ( V o u t / R f ) - J d a r k  [ 1 ] 

The dark  c u r r e n t  is given by the equation:  

Jdark  = Jo [exp (qVj /nkT)  - 1] [2] 

where J is the reverse  sa turat ion c u r r e n t  o 
dens i ty ,  V~ is the voltage appear ing  across 
the  junctiofl and n is the junct ion ideality 
factor .  If we assume a device such that  Rf 
is ve ry  large ( i . e . ,  Vout /R f ~_ 0 and Rs/R f 

<< 1), we get  on subs t i tu t ing  Eq. [2] in Eq. 
[1]: 

Jout  = Jph - Jo [exp (qVj /nkT)  - 1] [3] 

In the above express ion ,  note that  V. 
is given by (Vou t + JoutRs ) (cf. F igure  1)! 

For small Rs, however ,  Vj N Vout" The 

maximum power ou tpu t ,  Pm (Pro = JmVm = 

(JoutVout)max)  may be found by di f ferent ia t -  

ing the p roduc t  Jout  x Vou t and se t t ing  it 

equal to zero. The f i l l - factor ,  FF which is 
equal  to the ratio JmVm/JscVoc is given by 
the express ion  (8): 

Vm { [exp (q V / n k T )  -1]}  

FF - ~ooc 1 - [exp (q Voc/nkT - 1] [4] 

According to Eq. [4], FF should improve 
with increas ing  values of V and with 
decreas ing  values of n (n = ~Cfor an ideal 
device,  Ref. 7). 

In the p resence  of high R s and low 

Rf, the approximations leading to Eq. [3] 

break  down. The cu r ren t -vo l t age  relat ionship 
in the p resence  of a h igh R may be wri t ten 
as (9) s 

q(Vout +JoutRs) 
Jout = Jph-Jo {exp( nkT )-i} [5] 

The fi l l-factor now is decreased  below 
the value given by Eq. [4] and is equal to 
(9)" 

FF = 
(VoutJout)max 

V J 
OC SC 

Jout  Jout Jsc Rs 
= j {(1 Z ~ ) + - -  

SC SC OC 

x i n [ l -  -- 
J out q Vc J scRs 
J x(1- exp (--n-KT- ( V  

SO OC 

nkT 
q V  

OC 

-1))]}ma x 

[6] 

The deleter ious inf luence of high R 
on cell performance manifests  in the  effect  oSn 
FF (Eq. [6]) and overr ides  the influence on 
Jsc as given by the express ion:  

q %c Rs 
Jsc = Jph  - Jo (exp ( nkT ) - 1) [7] 

Equation [6] may be used  to calculate 
the ideal FF for a par t icu lar  device in the 
absence of any series res is tances .  Jou t / J sc  

is var ied  to f ind the maximum value for the 
ratio VoutJout /VocJsc .  The ideal FF thus  

determined should co r respond  to those 
est imated direct ly from J ve r sus  V 

SC OC 

plots for the par t icu la r  device at va ry ing  
l ight in tens i ty .  Figure  2 i l lus t ra tes  a typical  
plot for the n-GaAslA~CI3-BPC , Fe r rocene /  

Ferr icenium I C system. An ideal FF of 
0.74 was calculated from the data in Fig. 2. 
This calculation follows the usul  p rocedure  of 
est imating FF from J-V plots (once the 
values on the cu r r en t  axis in Fig. 2 are 
t r ansposed  so that  the maximum V value oc 
cor responds  to the "cu r r en t  zero") and is 
cons is tent  with the value obtained by i tera-  
t ive p rocedures  us ing  Eq. 6. 

To obtain Rs, the ratio VoutJout /VocJsc  

is calculated for var ious values of Jou t / J sc  

us ing  R as a variable parameter  in Eq. 
[6]. TheSmaximum value of VoutJout /VocJsc  
is then  compared with the experimental ly 
obse rved  FF values.  For the model PEC 
system in the p r e s e n t  s t udy ,  the  ratio 
VoutJout /VocJsc  was found to peak at 0.43 
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for Jou t / Jsc  = 0.75 when a series resistance 

of 225 Q was assumed. The experimental FF 
values (0.44) and the cu r ren t  ratio Jout / Jsc  

at an incident light intensi ty of 100 mW/cm 2 
for the n- GaAs I As Ferrocene/  

Ferricenium ion I C (7) are in good agreement 
with the above values. The R value 

s 
computed above may be compared with that  
repor ted for the resist ivi ty of the A~Cs 

electrolyte by previous authors (125 Q-cm,  
Ref. 10). For the electrode spacing employed 
in the present  case (~ 0.5 cm) and within the 
limits of e r ror  in t roduced by neglecting the 
influence of redox species on electrolyte 
resis t ivi ty and the other  contributions to the 
R s term ( e . g . ,  Ohmic contact resis tance,  

semiconductor bulk resis tance,  interfacial 
ef fec ts) ,  agreement between the two values is 
considered sat isfactory.  

To summarize, the present  method 
enables an estimation of series resis tance 
losses and the maximum fill-factor for a given 
PEC device from measurement of J and  
Voc at vary ing  light intensi ty,  sc 
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Fig. i. Simplified equivalent circuit for 
a PEC cell for conversion of sunlight into 
electricity. See text for description of 
symbols. 
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open-circuit voltage at various light 
intensities for the n-GaAs~AICI3-BPC , 
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ABSTRACT 

By electrochemical oxidation of NaCrS2 in Li cells, phases of the type 
NazCrS2 (x --~ 0.I) have been prepared, which provide host structures for 
Li + intercalation. More than I eq. Li+/mole INaCrS2 may be reversibly inter- 
calated at sufficiently high rates. The three-dimensional layered structure of 
these phases proves to be particularly rugged, thus allowing repeated 
cycling with minor performance losses. The high potentials of Li/NaxCrS2 
couples allow high energy densities to be obtained. Starting from a theo- 
retical value of 518 W-hr/kg, a calculation based on the performance at 1.0 
mA/cm 2 and on the real battery weight still gives a value of 142 W-hr/kg 
for an 8 hr discharge rate. Values of the Li + chemical potential in NaxCrS2 and 
of the free energy of intercalation have large negative values typical of effi- 
cient ehalcogenide cathodes. Nonlinearly and continuously decreasing E-z 
plots seem to indicate the formation of a single phase through Li + occupa- 
tion of energetically different lattice sites. 

Among the group IVb to VIb t rans i t ion  metals ,  Cr  
is the only  one which cannot  form the corresponding 
CrS2 or  CrSe2 s table  chalcogenides.  SchSl lhorn (1) has 
r epor t ed  on the poss ib i l i ty  of oxidizing t e r n a r y  phases 
ACrX2 (A ---- Li, Na, K; X ---- S, Se) in  aqueous solu-  
tions, thus obta in ing A x + ( t t 2 0 ) y ( C r X 2 ) - x  phases 
which could be r eve r s ib ly  ox id ized / reduced  in the 
range  0.1 < x < 0.5. Fo r  x < 0.1 the  me tas t ab le  CrX~ 
could be formed.  

The  closest approach  to CrS2 was ob ta ined  b y  
Murphy  (2, 3) who was able  to p repa re  Cr0.75V0.25S2 
by  pa r t i a l  subs t i tu t ion  of  V b y  Cr in VS2. This mixed  
chalcogenide has fa i r ly  high vol tages and improved  
capaci ty  over  VS2. However ,  as also poin ted  out  b y  
Whi t t ingham (4), both  its capaci ty  and cur ren t  capa-  
b i l i ty  are  st i l l  unsa t i s fac tory  and undergo  fur ther  de-  
crease on cycling. 

A t t empt s  to p repa re  CrS2 b y  oxida t ion  of LiCrS2 
wi th  I2 in CH3CN solutions only  a l lowed the format ion  
of Li0.7CrS2 (2). Indeed,  Is al lows one to obta in  VS2 
f rom LiVS2 but  is not  s t rong enough to oxidize LiCrS2 
to CrSe (3). Efforts to synthesize  CrS2 wi th  the s t ronger  
ox idan t  Br2 gave a subs tant ia l  amount  of chromium 
dissolut ion (3). The use of LiCrS2 as a cathode in an 
Li cell  assembled  in the  d ischarged s tate  (4), only  
pe rmi t t ed  20-30% Li r emova l  a t  C.D. ~-- 1 m A / c m  2, 

Key words: NaCrS2, Li secondary batteries, Li+ intercalation in 
host structures. 

this matching  the resul t  obta ined by  chemical  o x i d a -  
t ion.  

LiCrS2 is a hexagona l  compound wi th  Li  + o c t a -  
hed ra l l y  coordinated by  S atoms a r r anged  in hexag -  
onal ly  c lose-packed layers  (5). I t  is i sos t ruc tura l  
wi th  LiTiS2 but, un l ike  the lat ter ,  is character ized b y  
high ionici ty  (4, 5). Indeed,  its pa ramagne t i c  moment ,  
3.83 magnetons,  corresponds to a number  of unpa i r ed  
electrons of 2.96, i.e., the  degree  of  ionizat ion of Cr +8 
is 99%. The L i - S  dis tance is 2.62A. (5). 

NaCrS2 has a rhombohedra l  s t ruc ture  formed by  
ORS2- layers  wi th  Na + layers  in te rca la ted  in be tween  
(5, 6) (Fig. 1). The succession of layers  is tha t  of a 
cubic c lose-packing and leads  to an oc tahedra l  coor-  
d ina t ion  for both Cr and Na. This s t ruc ture  can be 
considered as a l aye red  th ree -d imens iona l  one (7). 
F r o m  Rfidorff's da ta  (6) a va lue  of 3.63 magnetons  
was calcula ted for  the pa ramagne t i c  moment ,  thus  
g iving 2.81 for the number  of unpa i red  electrons. This 
means that  NaCrS2 is s t i l l  charac te r ized  b y  high ion-  
ic i ty  bu t  shows, un l i ke  LiCrS2, weak  covalent  bonds as 
also m a y  be in fe r red  by  the Cr -Cr  dis tance of 3.53A. 
(8) vs. 3.46A in LiCrS2 (5). The Na -S  d i s t a n c e  is  

2.77A (6). 
As pointed out  by  Whi t t i ngham (4), a r educed  ion-  

ic i ty  of the la t t ice  is beneficial  for chemical  ion diffu- 
sion due to charge shielding. The c/a rat io  in NaCrS~ 
is h igher  than  in LiCrS2 [1.84A (6) vs. 1.74A (5)]  

1399 
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Fig. i. Crystal structure of NaCr$2 [Ref. (6)] 

due to increased ionic distances along the c-axis.  This 
al lows one to foresee w i d e r  pa thways  th rough  which  
a lkal i  ions can move. 

Fur ther ,  as noted by  M u r p h y  et  al. (3) the emf's  of 
Li/MX2 cells a re  expec ted  to increase  in the  o rde r  
Ti < V < Cr, based  on the oxidat ion  potent ia ls  of the  
respec t ive  Mox/Mred couples, l ead ing  to a cor respond-  
ing increase of the theore t ica l  energy density.  This as-  
sumpt ion was cor robora ted  by  the finding of the  same 
authors  (3) tha t  the emf's  at  x ---- 0.5 eq. of Li are:  
2.30V for Li/Li0.sVS2 and 2.65V for IA/Li0.sCro.75V0.2~S~, 
whi le  i t  is only 2.10V for Li/Li0.sTiSf. 

P r e l i m i n a r y  tests wi th  Li/LiC104-PC/NaCrS.2 cells 
have indeed shown the poss ibi l i ty  of removing  con- 
sistent  amounts  of Na + (,~70% at  1 m A / c m f ) .  On the 
subsequent  cycling, i t  was seen that  a lka l i  ions could 
e n t e r / l e a v e  the CrS2-  layers  wi th  high efficiency, thus 
encouraging a more  ex tended  invest igat ion.  

In  the p r e l im ina ry  repor ts  of Basu and Worre l l  (9) 
on Li/Na0.1sTS2 cells (T = Ta or  Ti) ,  i t  was shown 
tha t  these cathodes could in te rca la te  up  to 3 eq. Li  
as a resul t  of an increased  c la t t ice  p a r a m e t e r  over  
tha t  of TiS2 or TaS2. This resul t  suppor ts  our  expec ta -  
t ion of good per formance  b y  NaCrSf.  

Experimental 
NaCrS2 was in i t ia l ly  p r epa red  according to a method  

descr ibed by  Rfidorff (6). Basically,  K2CrO4 was mixed  
wi th  NafCO8 and S in 1: 30:30 weight  rat io and hea ted  
in an a lumina  crucible  a t  650~176 for  30-60 min. 
The synthesized ma te r i a l  was verif ied to be  single 
phase b y  x - r a y  diffractometry.  Chemical  analyses  
showed composit ions close to the stoichiometric,  and 
emission spectra l  analysis  revea led  no apprec iable  
amounts  of potass ium in the product .  The b r i c k - r e d  
c rys ta l  powder  had 1.0-1.6 me/g  specific surface a rea  
(BET) and the SEM pictures  exhib i ted  the typica l  

hexagonal  p la te le ts  (Fig. 2). 
In i t ia l  e lec t rochemical  exper iments  showed, how-  

ever,  tha t  cathodes p repa red  f rom this p roduc t  have 
low coulombic efficiencies which were  assigned to the 
low specific surface area.  Indeed,  a m a r k e d  improve-  

F|g. 2. SEM picture of NaCrSz crystals 

ment  was achieved wi th  NaCrS~ samples  hav ing  h igher  
specific surface a rea .  The h igh ly  d ispersed N aCrSz 
powder  was synthesized by  a modif icat ion of Rfidorff 's 
method  (to be disclosed in a subsequent  pape r ) ,  
whe reby  NaCrS2 powder  wi th  a specific surface area 
up to 20 m f / g  could be obtained.  

Since NaCrS2 is not  a good electronic conductor  
(p ~ 105 Fvcm) i t  appea red  necessary  to use cathode 
formulat ions  wi th  conduct ive  addit ives.  Good resul ts  
were  obta ined by  adding  to NaCrS2 a 2:1 carbon b lack  
Teflon mix tu re  (30%) and then in t ima te ly  d r y  mix ing  
these components.  The cathodes (exposed geometr ic  
a rea  1-5 cm~), p r epa red  b y  press ing  the mix tu re  on 
an Ni exmet  gr id  at  500 k g / c m  2, had  a mean  poros i ty  
of 30%. 

The cathode thickness was va r ied  f rom 0.3 to 2.5 ram 
corresponding to 50-400 m g / c m  2 of the cathode mix -  
ture. 

In  the expe r imen ta l  cells the Li anode, wrapped  in 
a po lypropy lene  nonwoven separator ,  had a surface 
area  exceeding tha t  of the cathode by  a fac tor  of 5-8. 
The e lec t ro ly te  solution, 1M LiC104 in PC wi th  a w a t e r  
content  less than  60 ppm (as de t e rmined  wi th  the 
Fischer  me thod) ,  was also in a g rea t  excess. Al l  opera -  
tions for the cell  assembly  were  pe r fo rmed  in a d r y  
box (H20 < 50 ppm, moni tored  by  an e lect rochemical  
sensor based  on phosphor ic  acid as a hygroscopic  sub-  
s tance) .  

In  the cyclic vo l t ammet ry  exper iments  and the p re -  
l im ina ry  diffusion coefficient exper iments ,  NaCrSz 
wi thout  addi t ives  was used. In  the first case this was 
just if ied b y  the observat ion  tha t  be t t e r  shaped curves 
wi th  ve ry  l imi ted  background  currents  were  obtained.  
In the second case, this a l lowed us to obta in  cathodes 
which, by  v i r tue  of the high compact ing pressure  
(8500 kg/cm2) ,  had  a rea l  surface area  close to the  
geometr ic  one. D values are  cur ren t ly  being inves t i -  
gated as a function of cathode composit ion using the 
cur ren t  pulse  technique descr ibed b y  Wor re l l  (10, 
11). 

The E-x plot  was obta ined  wi th  a ga]vanosta t ic  
technique which  a l lowed the de te rmina t ion  of quas i -  
t he rmodynamic  E values.  A thin NaCrS2 cathode (50 
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mg/crn2) was charged  at  low ra te  (0.1 m A / c m  2) 
unt i l  the Na0.1CrS2 composit ion was reached.  A f t e r  
OCV stabil izat ion,  the cathode was d ischarged at  0.1 
mA/cm~ down to 1V and then recharged  at  the  same 
C.D. The average  of the E values  dur ing  second charge 
and discharge  for  a given composit ion was taken.  
This technique,  which  al lows a fas ter  de te rmina t ion  
of the  E-x  character is t ics  in compar ison  wi th  rea l  
OCV determinat ion ,  is in a w a y  s imi la r  to the poten t io-  
stat ic technique descr ibed  by  Thompson (12). 

Af te r  assembling,  the Li /NaCrS~ cells ( in i t ia l  OCV, 
2.8-2.9V) were  charged  to 3.5V, at  0.5 m A / c m  2, w h e r e -  
by  oxidat ion  degrees corresponding to formulas  in the 
range  Nao.2CrS2-Nao.zCrS2 were  a t t a ined .  

Results of Discussion 
Quasi- thermodynamic s tudies .--By oxidizing a thin 

cathode (50 m g / c m  2) up to 3.5V at  a low ra te  (0.1 
mA/cme)  we were  able  to reach  Na0.1CrS2. This ma-  
terial ,  r epresen t ing  so far  the  closest approach  to 
CrS2, was used to obta in  the quas i - t he rmodynamic  
E-x  plot  in Fig. 3. In  spite of the low vol tage  at  the  
end of discharge (1.15V at x = 1.1) the hysteres is  
dur ing  the subsequent  charge was l imi ted  and a l lowed 
us to put  some confidence on the E-x  curve thus 
plot ted.  P r e l i m i n a r y  OCV-x  measurements  wi th  
NaCrS2 charged up to Na0.3CrS2 have  a l lowed us to 
ascer ta in  that  the quas i - t he rmodynamic  plot  coincides 
wel l  wi th  the OCV-x  plot. 

I t  is seen in Fig. 3 tha t  the emf of Li/LixNae.xCrS2 
wi th  x up to 0.75 is h igher  than  tha t  of TiS2. I t  ex -  
ceeds also that  of VS2 as an t ic ipa ted  in the in t roduc-  
tion. 

The r i gh t -hand  ord ina te  in Fig. 3 presents  the va l -  
ues of #ai+, i.e., the chemical  po ten t ia l  of the in t e r -  
ca la ted  cat ion in k J /mo le .  

The da ta  in Fig. 3 can also be used to es t imate  t h e  
free energy  of in te rca la t ion  a G  by  the  express ion 

g AG -- --F Edx 

as recen t ly  proposed by  Nage lberg  and Wor re l l  (13). 
The value  of /,G for  Lil.0Nao.lCrS2 is --56.0 kca l /mo le  
which compares  wel l  wi th  those of o ther  Li d ichalco-  
genides:  --57.4 for Li~.0TiS2, --53.1 for  Lil.0VS2, and 
--50.5 for  LiLoTaS2 (13).1 

As found for TiS2 (see Fig. 3) and o ther  l aye red  
dichalcogenides  (4) the E-x  plot  of Li~Nao.lCrS2 falls  
non l inea r ly  wi th  the increase  of x. The absence of 
t rue  vol tage  p la teaus  is indica t ive  of the format ion  of 

~Whittingham (4) reports -49.3 kcal/mole for TiS2. 

~'~ 30o 

~176176176 ~ Li~Na0~CrS 2 
2 5 ' ~  ~. 
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E 
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X i I I 100 Q25 05 G75 I x,eq Li 
Fig. 3. E-x plot of an Li/LixNao.lCrS2 cell [curve for TiS2 from 

(Ref. 12). 
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a single phase al l  over  the  in te rca la t ion  range.  P r e -  
l iminary  x - r a y  da ta  subs tant ia te  this assumption.  
Both upon charge (Na+ removal )  and  upon d ischarge  
(Li + in te rca la t ion)  no new peaks  appear ,  thus e x -  

c l u d i n g  the nucleat ion of new phases. Instead,  NaCrS2 
peaks a re  s l ight ly  shifted, so indica t ing  minor  la t t ice  
pa rame te r s  variat ions.  

In the crys ta l  la t t ice  of NaCrS2 (Fig: 1) (6) t h e  
oc tahedra l  posit ions of the a lka l i  me ta l  a t o m s  are  not  
equivalent .  The top and bot tom Na layers  a re  made  
each of 3 Na atoms which are  be low 3 and above 6 S 
atoms. The middle  Na l aye r  is made  of 6 Na a toms 
placed be tween  two layers  of S a toms each compris-  
ing 3 atoms. I t  might  be supposed tha t  the occupancy 
of the middle  Na l aye r  would  requ i re  different  energy  
than the 2 remain ing  Na l aye r  s. This could be  the 
reason for  the changes in the slope of the  E-x  curve. 
Rouxel  (14) had expla ined  s imi la r ly  a knee found in 
the E - x  curve of NiPSs. 

There is l i t t le  doubt  tha t  Li+ ions occupy the  va -  
cant  oc tahedra l  sites in Na~CrS2. However ,  t e t r a -  
hedra l  sites are  also avai lable .  I t  is known tha t  in 
TiS2 Li + is inser ted  in oc tahedra l  posit ions which are  
energe t ica l ly  more  favorable  than  the t e t r ahed ra l  
ones (4). Indeed,  the radi i  of the  two sites are  0.89A 
and 0.64A, respect ive ly  ( radius  of Li  +, 0.7A). How-  
ever, as Li+ diffuses in TiS2 on its w a y  be tween  two 
oc tahedra l  sites, it  has to pass th rough  a t e t r ahedra l  
one (4, 14). NaS6 oc tahedra  are  l a rge r  than  LiS6 octa-  
hedra  (L i -S  distance, 2.57A; Na -S  distance, 2.77A) so  
tha t  the corresponding t e t r ahed ra  are  also larger .  
This is to say  tha t  t empora ry  occupat ion of t e t r a -  
hedra l  sites by Li + in Na~CrS2 is even more  p rob -  
able than  in LixTiS2. 

Fur the rmore ,  as the rat io  be tween  in te rca la ted  Li  + 
and de in te rca la ted  Na + may  wel l  exceed one, i t  is 
h ighly  p robab le  that,  a t  high x, some reorganiza t ion  of 
Li + coordinat ion might  take  place, i.e., t e t r ahed ra l  
sites could also b e  p e r m a n e n t l y  occupied. The sum 
of ionic radi i  of Li and S (2.49A) ~ does not  exclude 
the existence of Li+ in t e t r ahed ra l  sites. The L i -S  
distance is shor tened b y  about  0.3A. when passing 
f rom octahedra l  to t e t r ahedra l  coordinat ion (4, 15). 
I f  we suppose tha t  a s imi la r  decrease occurs for  
Na~CrS2, the t e t r ahedra l  L i -S  dis tance should be 
near  to 2.45A, which is not  too far  f rom 2.49A. Te t r a -  
hed ra l  coordinat ion has a l r e a dy  been  found for  Cu + 
and Ag + in CuCrS2 and AgCrS~ (5). 

Li+ m a y  occupy the empty  posi t ions in the  la t t i ce  
of NaCrSe in an o rdered  way. The fo rmat ion  of an 
ordered  Li + super la t t ice  in t rans i t ion  meta l  d ichalco-  
genides has been a l r eady  observed  (12-14). Thompson 
(12) has inves t iga ted  this phenomenon in TiS2 in 
depth,  reaching  the conclusion tha t  Li + occupies 
p re fe ren t i a l  posi t ions in the layers  as a funct ion of m 
in LizTiS2. According to this author,  the  E-m plot  
and the re la ted  ( - -  Ax/~V)  vs. x plot  a re  indica t ive  
of such ordering.  In  par t icu lar ,  the " inc rementa l  c a -  
p a c i t y "  ( - -  Ax/AV)  would  show m a x i m a  at  composi-  
tions corresponding to ordered  structures.  This v iew 
was s t rongly  cri t icized by  Ber l insky  (15) who, on t h e  
basis of s ta t is t ica l  mechanics considerat ions,  has con- 
c luded tha t  minima,  r a the r  than  maxima,  should be 
found at  the composition, corresponding to order ing.  

The " inc rementa l  capaci ty"  vs. x plot  (Fig. 4) o f  
LizNal-~CrS2 reveals  two m a x i m a  at  x ,~ 0.25 a n d  
x ~, 0.5 and two min ima  at  x ~ 0.3 and x --, 0.9. 
Present ly ,  we are  not  in a posi t ion to i n t e rp re t  more  
closely the significance of the  m a x i m a  and minima.  
We can only observe that,  since the  s t ruc ture  o f  
NaCrS2 is an o rdered  one, Li0.9Nao.lCrS~ is e x p e c t e d  
also to be ordered.  The m i n i m u m  at x ,,, 0.9, a l though 
ra the r  flat, could be re la ted  to this si tuation.  

2 Average of best literature values. 
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We have  been  supposing th roughout  this discussion 
on Li+ in te rca la t ion  tha t  the  s t ruc tu re  and la t t ice  
pa rame te r s  of NaxCrS2 do not  differ s ignif icant ly 
f rom those of NaCrS2. Our  first resul ts  f rom x - r a y  
analysis  confirm tha t  the NaCrS2 s t ruc ture  is m a i n -  
ta ined  and l imi ted  var ia t ions  (few uni t  percen t )  of 
the a and c pa rame te r s  occur dur ing  both charge and 
discharge.  This was in a w a y  expected  on the basis 
of the r ig id  crys ta l  s t ruc ture  of NaCrS2 brought  about  
by  its high ionicity.  

Initial performance of Na=CrSz cathodes.--Prelimi- 
n a r y  exper iments  proved tha t  pe r fo rmance  of Na=CrS2 
cathodes can be s ignif icant ly improved  by  increas ing 
the specific surface a rea  of the in i t ia l  NaCrS2 mater ia l .  
The resul ts  of a more  sys temat ic  s tudy in this respect  
is shown in Fig. 5, where  the  spec i f ic  capaci ty  of 
compara t ive ly  thick electrodes (2.5 mm, 400 m g / c m  2) 
obta ined  at  three  C.D.'s and 1.5V cutoff is p lo t ted  
vs. the surface area  (BET) of NaCrS2. At  the lower  
and med ium C.D. there  is an ini t ia l  s teep rise of the 
specific capacity,  wherea f t e r  a sa tura t ion  is at tained.  
The almost  l inear  plot  a t  the  h igher  C.D. (2.0 m A / c m  2) 
suggests tha t  a fu r the r  improvemen t  could be expected  
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Fig. 5. Effect of specific surface area (BET) on the specific ca- 
pacity of Li/LixNao.2CrS2 cells at various C.D. 

in cathodes prepa red  wi th  a higher  d i spers i ty  ( >  12 
m2/g) NaCrS2. Samples  wi th  BET area  h igher  than  
20 m2/g are  now avai lab le  and wil l  be  shor t ly  in-  
vest igated.  

The effect of par t ic le  size on per fo rmance  of chalco-  
genide cathodes has been poin ted  out  b y  var ious  
authors.  Chianel l i  ( 1 6 )  has shown tha t  in  a smal l  
TiS2 crys ta l  (5.6 #m be tween  opposi te  edges in the  
hexagonal  l ayers )  the  in te rca la t ion  flux of Li  + i s  
18 • i0 - s  g / c m  2 sec, whereas  in  a l a rge r  c rys ta l  (40 
#m) i t  is only  1.3 • I0 - s  g / c m  2 sec. This behavior  
was re la ted  to the  h igher  s t ra in  induced b y  i n t e r -  
calat ion of Li + in  the l a rge r  c rys ta l  due to the r e -  
d u c e d  l aye r  f lexibil i ty.  Whi t t i ngham (17) has shown 
tha t  2.7 m2/g TiS2 has a h igher  capaci ty  and discharge 
vol tage in  compar ison wi th  0.3 m~/g TiS2. A t lung  
(18) has r e l a t ed  the cathode efficiency of porous 
cathodes to the radius  r of the  par t ic les  th rough  t h e  
character is t ic  rat io  Q = TD/r2, where  T is the s toi-  
chiometr ic  discharge t ime and D the Chemical diffu- 
sion coefficient. I t  is obvious f rom the above r a t i o  
that  a low r can offset low diffusion coefficients. 

We have ascer ta ined  the  re la t ion  be tween  cathode 
per formance  and thickness at  var ious  C.D.'s. F igure  6 
shows tha t  wi th  12 m2/g NaCrS2, good specific ca-  
pacit ies are  obta ined also wi th  th ick cathodes. We a r e  
inc l ined to re la te  the fiat m a x i m a  observed a round  
1.8 m m  (more evident  a t  h igher  C.D.) to the compe-  
t i t ion be tween  two opposi te  effects. By increas ing the 
thickness of the porous e lect rode the t rue  vo lumet r i c  
C.D. decreases. On the other  hand, the e lec t ro ly te  
diffusion resistance grows, due to the increased  length  
of the pores in the th icker  cathode and the cutoff 
vol tage is a t ta ined  ear l ier .  

The cell  discharge vol tage is p lo t ted  in Fig. 7 as a 
funct ion of composit ion at  var ious  cu r ren t  drains.  
The pa t t e rn  observed at  the lower  load (0.5 m A / c m  2) 
al lows some considerations.  Firs t ,  the  poten t ia l  de-  
creases be low the va lue  one would  expect  if NaCrS2 
were  formed again  upon discharge.  Sec@ndly, 1 eq. 
Li+ may  be in terca la ted ,  a l though the cathode com- 
posit ion at  the beginning  of discharge,  i.e., Na0.2CrS2- 
Na0.3CrS2, would lead one to expect  no more than 
0.7-0.8 eq. Li  + in terca la ted .  The first resu l t  indicates  
that  the  a lka l i  ion en te r ing  the e m p t y  posi t ions 
crea ted  in the  NaCrS2 la t t ice  by  Na + removal  is es- 
sen t ia l ly  Li +. In  view of the considerable  e lec t ro ly te  
excess in the expe r imen ta l  cells, the p robab i l i ty  of 
Na + reen te r ing  the NazCrS2 la t t ice  is ve ry  small.  

F r o m  the second resul t  i t  is ev ident  tha t  the com- 
pound Li l -xNaxCrS2 m a y  be fu r the r  reduced.  Whi t -  
t ingham (4) has observed the same behavior  wi th  an 
LiCrS2 cathode. As Li l -=Na=arS2 can be  reoxid ized  
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Fig. 7. Discharge voltage of Li/Li=Na0.~CrS~ cells as a function 
of composition (x) at various C.D. 

after accepting more than  1 eq. Li+, we suppose that  
even excess Li+ could enter  lattice positions without  
causing s t ructural  degradation. 

Figure 7 shows the moderate abi l i ty  of Li/NaCrS2 
cells to sustain high cur ren t  drains. Power densi ty in  
chalcogenide cathodes pr imar i ly  depends on the dif- 
fusion coefficient of the alkali  ion in  the host lattice 
and on the possibility of accommodating an electron 
in  the conduction band. As is well  known, TiS2 fulfills 
both these requirements,  thus explaining its very  
high rate  capabil i ty (4). Our p re l iminary  measure-  
ments  of Li + diffusion in  NaxCrS2 gave D values in  
the range  10-10-10 - n  cm2/sec [for TiS2 D ---- 1-2 . 
10 - s  (19, 20) -- 5.6 �9 10 -9 (11)]. This is sufficient to 
explain the modest  performance of Na=CrS2 at  high 
C.D. 

This is also evident  from the curves of Fig. 8, where 
the cathodic volumetr ic  energy density is seen to decay 
with volumetric  C.D. This decay, more pronounced 
for thick cathodes, does not  h inder  achieving com- 
parat ively  good energy values, as wil l  be later  con- 
firmed. 

The high tempera ture  performance of NaCrS2 as a 
cathode mater ia l  was exhibited in a p re l iminary  ex-  
per iment  in  an Li, A1/LiC1, KC1/Na=CrS2 cell at 430~ 
A coulombic efficiency of ca. 20% was achieved at a 
high C.D., 0.2 A / c m  2. 

Cycling per]ormance.--The intr insic  reversibi l i ty  of 
the phases NazCrS2 obtained by  electrochemical oxi- 
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Fig. 9. Cyclic voltammetry of a thin film NaCrS2 cathode. Scan 

rate 25 mV/min. 

dative deintercalat ion of NaCrS2 is demonstrated by 
the typical vol tammetr ic  curve in Fig. 9. A thin film 
cathode prepared by pressing NaCrS2 powder without  
carbon black on an Ni grid was used for this measure-  
ment.  Both the small  peak-voltage separat ion and the 
equal i ty  of the cathodic and anodic area are charac- 
teristic of a reversible cathode material .  Repeated 
cycling did not  exhibit  any  appreciable al terat ions in  
the curves. 

The cycling capabil i ty of NaCrS2 was explored also 
in exper imental  cells with porous cathodes. The first 
exper iment  was carried out wi th  cathodes (1.5 m m) 
prepared with the low dispersity NaCrS2 (1.5 m2/g).  
The charge and discharge C.D. was 0.5 mA/cmS pro-  
vided by a galvanostat.  The cycles were t ime l imited 
(3 hr for each half-cycle) so that  the d.o.d, was 22% 
in all cycles (Fig. 10). The ini t ia l  decay of the aver-  
age discharge voltage up to 200 cycles was stronger, 
whereafter  it  diminished at a lower rate. The overall  
decrease in  the discharge voltage dur ing the 500 cycles 
in over 4 months was 0.22V. This resul t  provided the 
first evidence for the good cycling capabi l i ty  of 
Li/NazCrS2 cell; 

The next  experiments  were carried out with cath- 
odes prepared with a more dispersed NaCrSs (12 
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m2/g) synthesized by the improved technique. Figure 
11 presents the 1st and 100th cycle of a cell with a 
cathode 1.25 mm thick cycled at 2 mA/cm 2 between 
1.1 and 3.5V with the aid of automatic equipment with 
voltage control. The initial practical energy density 
(referred to the weight of anode and cathode only) 
of 134 W-hr /kg  decreased to 120 W-hr /kg  after 100 
cycles, i.e., by only 10%. The cycling was terminated 
due to failure in the equipment. 

The comparison between the discharge curves in 
Fig. 10 and 11 reveals the beneficial effect of the in- 
creased surface area of the NaCrS2 cathodes on the 
energy and power capabilities under cycling conditions 
as well. Indeed, the discharge curves of the 1st and the 
100th cycles in Fig. 11 are only slightly lower than the 
respective curves in Fig. 10 in spite of the fact that  
they are obtained at a C.D. 4 times higher and at a 
d.o.d. 13% larger  than those in Fig. 10. 

The energy storage capabilities of the Li/NaxCrS2 
cell are reviewed in Table I in comparison with those 
of well-known ambient temperature Li secondary 
cells with dichalcogenide cathodes: TiS2 and 
Vo.25Cro.75S2. The semi-theoretical energy densities for 
the Li/NaxCrS2 cell, estimated from the data in Fig. 
7, are referred to weights of the active materials only. 
The energy densities of real cells can be acquired by 
multiplying this figure by the packaging coefficient 
(18), which represents the ratio of the weight of the 

Table I. 

TiS2 Vo.2~Cro .75S-o  Na0.1CrSe 

AG i n t e r c a l a t i o n  
( k c a l / m o l e )  - 49.3 - -  - 56.0 

I n i t i a l  e m f  ( V )  2.47 2.8 3.15 
e m f  a t  x = 1 ( V )  1.87 2.4 1.35 
T h e o r e t i c a l  e n e r g y  

d e n s i t y  ( W - h r / k g )  481 550 518 
S e m i - t h e o r e t i c a l  en -  

e r g y  d e n s i t y  (W-  
h r / k g )  ( l s t  c y c l e )  420~/350 b 360~ 410/315/190 d 

1.0 m A / c m  ~, 1.5V c u t o f f  [Ref .  ( 17 ) ] .  
b 2.5 m A / c m  2, 1.5V c u t o f f  [Ref .  ( 21 ) ] .  

0.4 m A / c m  2, 2.0V c u t o f f  [Ref .  ( 2 ) ] .  
d 0.5, 1.0, a n d  2.0 m A / c m  ~, 1.SV c u t o f f  ( T h i s  p a p e r ) .  

active materials to the weight of all materials in the 
ceil. A realistic evaluation for the packaging coeffi- 
cient yields 0.50, from which a 10% reduction is made 
for the container and terminals. The expected energy 
density of a real Li cell with an NaxCrS2 cathode 0.7 
mm thick at a C.D. of 1 mA/cm 2 (8 hr discharge rate) 
will be 142 W-hr/kg.  This compares well with the 
evaluation of Gaines (22) for an Li/TiS2 cell at the 
1-6 discharge rate, 1.34 W-hr/kg.  

In view of the promising energy storage character- 
istics of the NazCrS2 cathode in Li secondary cells, 
further work is in progress aimed to improving its 
energy and power density mainly by using high dis- 
persity NaCrS2 material. 

Other areas of research include: compositional var i-  
ation of the diffusion coefficient, structural  investiga- 
tion of Lil-zNaxCrS~ phases by SEM and x - r ay  analy-  
sis, cycling at high rates, and temperature dependence 
of cell performance. 

Further  investigation on NaCrS2 is justified not only 
by the reported performance of Li/NaxCrS2 cells s but 
al~C by economic considerations. Indeed, NaCrS2 is 
prepared in the air  from very cheap chemicals unlike 
other transition metal dichalcogenides which have to be 
prepared in evacuated quartz ampuls from very pure 
elements. 
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Current Density and Electrolyte Distribution in 
Motive Power Lead-Acid Cells 

Won G. Sunu* and Brian W. Burrows * 

Gould Incorporated, Gould Laboratories, Rolling Meadows, I~linoi~ 60008 

ABSTRACT 

Cur ren t  dens i ty  and e lec t ro ly te  d is t r ibut ions  were  inves t iga ted  in a lead- 
acid cell  of the  indus t r i a l  mot ive  power  type.  The cur ren t  dens i ty  d i s t r ibu-  
t ion was ca lcula ted  f rom the measured  potent ia l  d i s t r ibu t ion  using a 
t r e a tmen t  based on the t e rmina l  effect. Results  show tha t  the cur ren t  dens i ty  
is s t rongly  nonuni form and dependent  on p la te  height. The acid dens i ty  dis-  
t r ibut ion  was measured  d i rec t ly  under  both  s ta t ionary  and c i rcula t ing elec-  
t ro ly te  condit ions over  a range of discharge rates.  Analys is  of the da ta  con- 
firms that,  under  s ta t ionary  conditions,  s trat i f icat ion develops due to na tu ra l  
convect ion and shows tha t  the e lect rode capaci ty  is l imi ted  by  the ava i lab i l i ty  
of e lec t ro ly te  wi th in  the  e lec t rode  pores.  

Lead -ac id  cells designed for  indus t r ia l  mot ive  
power  use a re  r e l a t ive ly  ta l l  (400-800 mm) wi th  a 
smal l  cross-sect ional  area. This design is d ic ta ted  by  
the need to assemble  cells into ba t te r ies  of a va r i e ty  of 
vol tages  and capaci t ies  in a res t r i c ted  a rea  as in fork-  
l if t  t rucks,  unde rg round  mining  vehicles, and diesel-  
electr ic  submarines .  

For  some t ime it  has been  recognized tha t  ta l l  cells 
of this type  wi l l  have a nonun i fo rm dis t r ibut ion  of 
cur ren t  densi ty  in the ver t ica l  direct ion dur ing cycl ing 
(1-3). At  the beginning of discharge,  the cur ren t  den-  
s i ty  in the  upper  pa r t  of the electrodes,  near  the cur -  
ren t  collecting tab, wi l l  be h igher  than  in the low'er 
part .  The d is t r ibut ion  wil l  va ry  wi th  t ime depending 
on the factors tha t  l imi t  the ut i l izat ion of active ma te -  
rial. '  As Bagshaw et al. (4) have  shown, increas ing the 
grid conduct iv i ty  in ta l l  plates,  whi le  keeping  the 
c u r r e n t  dens i ty  constant,  resul ts  in an increase  in 
capaci ty  and in energy  per  plate.  This effect is espe-  
c ia l ly  m a r k e d  at  high d ischarge  rates.  

The influence of e lect rode resistance on cur ren t  den-  
s i ty d i s t r ibu t ion  is cal led the t e rmina l  effect. This 
effect describes the nonequipoten t ia l  condit ion of the 
e lec t rode  resul t ing  f rom ohmic poten t ia l  drops in the 
e lec t rode  (1). Tobias and Wi j sman  (2) developed a 
theore t ica l  t r ea tmen t  of the  t e rmina l  effect and showed 
tha t  for  p lane  pa ra l l e l  e lect rode systems wi th  smal l  
in te re lec t rode-e lec t rode  length  ratios, pa ra l l e l  cur rent  
flow can be assumed, resul t ing  in an express ion in 
closed form for cur ren t  dens i ty  dis t r ibut ion.  Despi te  
the  ava i l ab i l i ty  of the theore t ica l  tools, no exper i -  
men ta l  measurements  of po ten t ia l  d i s t r ibu t ion  in  
l ead -ac id  cells have prev ious ly  been r epor t ed  wi th  the 
a im of using the  theory  to calculate  cur ren t  dens i ty  
dis t r ibut ion.  

Not only is the  cur ren t  dens i ty  in ta l l  cells nonuni -  
form dur ing  cycling, the e lec t ro ly te  concentra t ion is 
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cation. 

also nonuni formly  dis t r ibuted.  This ver t ica l  g rad ien t  
of concentrat ion,  or  s trat i f icat ion as i t  is commonly  
called, is a w e l l - know n  phenomenon  in l ead -ac id  
b~tteries.  The authors  recen t ly  repor ted  some deta i led  
measurements  of acid strat i f icat ion in 400 A - h r  mot ive  
power  cells (5). In the presen t  work,  the inves t iga-  
tion of ac,:d dens i ty  gradients  was ex tended  to cover 
severa l  d ischarge rates  and the effect of e lec t ro ly te  
circulation. The aim was to e lucidate  fu r the r  the in -  
fluence of acid dens i ty  gradients  on active ma te r i a l  
uti l ization,  and hence on capacity,  and to determine,  
if possible, the effect of nonuni form cur ren t  densi ty  
d is t r ibut ion  on the extent  of stratif ication. 

Our in teres t  in obta in ing  a be t t e r  in te rna l  char -  
ac ter izat ion of motive power  l ead-ac id  cells arose f rom 
our i nvo lvemen t  in the deve lopment  of and  exper ience  
with  semi- indus t r i a l  cells used in b a t t e r y - p o w e r e d  
vans in the U.S. Pos ta l  Service  fleet (6). I t  was rec-  
ognized tha t  the cur ren t  dens i ty  and e lec t ro ly te  d is t r i -  
but ion  would  be nonuni form over  the he ight  of the  
cells dur ing  discharge and that  this nonun i fo rmi ty  
would  influence the cell  per formance;  however ,  no 
da ta  were  avai lable .  Thus, the a im of this work  was 
to de te rmine  the cur ren t  dens i ty  d is t r ibut ion  and elec-  
t ro ly te  d is t r ibut ion as a funct ion of dis tance f rom the 
top of the electrodes.  To this end we measured,  dur ing  
cycling, (i) the ohmic potent ia l  losses in the grids 
and the electrode polarizat ion,  and (ii) the var ia t ion  
of acid densi ty  (and capaci ty)  both wi thout  and  wi th  
e lec t ro ly te  circulat ion.  

Experimental 
A f ive-pla te  cell was bu i l t  for  this work  using p ro -  

duct ion pla tes  (Gould  66E type)  and a cIear  PVC 
container.  The two posit ives and three  negat ives  were  
separa ted  by  microporous rubbe r  separators .  The posi-  
t ive and negat ive  grids were  3.8 a n d  3.0 m m  thick, 
respect ively.  Both grids were  142 m m  wide and 432 m m  
long. The p la te  separa t ion  was 4.1 m m  compared  to 3.5 
m m  in the product ion cell. The posi t ives were  wrapped 
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with  the usual  fiberglass mat  and pe r fo ra ted  PVC re -  
ta iner  to minimize  the shedding of act ive mater ia l .  

Measurements  of ohmic potent ia l  losses, e lectrode 
polarizat ion,  and acid dens i ty  were  made via probes 
p laced equid is tan t ly  along the length  of the cell. The 
locat ion of these probes is indica ted  in Fig. 1. Ohmic 
potent ia l  losses in the cur ren t  col lector  were  measured  
via  insula ted  lead  wires  soldered to the grids at  five, 
equa l ly  spaced, ver t ica l  locations. F ive  wires  were  
soldered to the  surface of the posi t ive gr id  and five 
to the nega t ive  grid. In  addit ion,  wires  were  a t tached 
to the tops of the t e rmina l  posts. P la te  polar izat ion 
dur ing  cycling was measured  using ten Luggin  capi l -  
l a ry  probes f rom ind iv idua l  Hg/Hg2SO4 reference 
electrodes.  The capi l lar ies  were  posi t ioned on e i ther  
side of a separa to r  a t  the same five ver t ica l  locations as 
the wires a t tached to the grids. Acid dens i ty  was mea -  
sured via five sampl ing  tubes p laced  ve r t i ca l ly  be -  
tween  the separa to r  and the wrapp ing  of one of the 
posi t ive plates.  The tubes were  of flexible po lye thy l -  
ene of 0.9 m m  in te rna l  d iameter .  

The test  cell  was equipped with  a pump for e lec t ro-  
ly te  c i rculat ion wi th  remova l  of e lec t ro ly te  at  the 
base of the cell and  addi t ion at  the top. The cell  e le -  
men t  fitted snugly  into the cell  case wi th  a c learance  
of 1 mm be tween  the outside negat ives  and the con- 
tainer.  The cured plates  were  fo rmed  in convent ional  
fashion and the final acid dens i ty  ad jus ted  to 1.290 
g -cm-3 .  The total  volume of acid in the cell  was 1800 
cm 3 . 

The ra t ed  capac i ty  of the posi t ives is 66 A - h r  per 
pla te  at  the C/6 rate.  In  the  tes t  cell  containing two 
positives, the ac tua l  capaci ty  was 140 A - h r  at  +,he 
C/5.5 rate.  This increase  was due to the fact  tha t  the 
acid was c i rcula ted  pr io r  to each ha l f -cycle  to ensure  
an in i t ia l ly  un i form acid d is t r ibut ion  f rom top to 
bo t tom of the cell. Fur the rmore ,  to provide  sufficient 
space for  the probes, the p la te  separa t ion  was s l ight ly  
g rea te r  than normal .  

Discharges were  run  m a n u a l l y  at  th ree  different 
currents,  namely;  26, 50, and 100A, corresponding to 

~egatlve I I "  4 
:']ectrodeJ I ' . ' ]  

m 
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Electrode 

~ i  parat~ 

discharge t imes of 5.5, 2.5, and I hr, respect ively.  A 
two-step,  cons tan t -cur rent ,  charge regime was used. 
A 30A cur ren t  was appl ied  unt i l  a b o u t  85% of the dis-  
charged capacity,  had  been replaced,  fol lowed b y  a 
finishing ra te  of 10A wi th  an overcharge  of be tween  
10 and 20%. Al l  exper iments  were  car r ied  out  a t  room 
tempera ture .  

Dur ing cycling, values  of grid potent ia ls  and  elec-  
tro.de potent ia ls  were  moni to red  by  a da ta  logger  
(F luke  2240B). At  in terva ls  smal l  volumes of acid 
(1 cm ~) were  w i t h d r a w n  f rom each of the  five posi-  
tions wi th  syr inges for  measu remen t  of dens i ty  wi th  a 
d igi ta l  densi ty  me te r  ( M e t t l e r / P A R ) .  Af te r  each  den-  
s i ty measurement ,  the w i t h d r a w n  acid was r e tu rned  to 
the cell. 

Results 
Potential distribution.--The in te rna l  potent ia l  losses 

were  first measured  along a cur ren t  pa th  th rough  the 
center  of the cell. The cur ren t  pa th  is shown sche- 
mat ica l ly  in Fig. 1 as a resis tance ne tw ork  and the 
measured  values a re  p lo t ted  in Fig. 2. The fol lowing 
potent ia l  differences were  measured  dur ing  a dis-  
charge-charge  cycle: cell polar iza t ion  (Eo); posit ive 
e lec t rode  polar izat ion (Ep); negat ive  e lect rode po-  
la r iza t ion  (En); sum of ohmic drops be tween  the 
te rmina ls  and the grid centers  (Eg + + Eg-  ~- F.t+ 
-J~ E t - ) .  The potent ia l  drop across the  separa to r  (Es) 
was ca lcula ted  as a res idual  on the assumpt ion tha t  
the sum of the in te rna l  po ten t ia l  differences must  
equal  the potent ia l  difference at  the  terminals .  The 
t e rm "po la r iza t ion"  as used here  refers  to the differ-  
ence be tween  the measured  vol tage  dur ing  discharge 
or charge and the ini t ia l  open-c i rcu i t  voltage. 

F igure  2 shows tha t  the cell was pos i t ive - l imi ted  on 
d i scha rge  wi th  the posi t ive e lect rode polar iza t ion  be -  
ing 70% of the total  cell polar izat ion at  the  vol tage  
cutoff (1.7V per  cell) .  The combined posi t ive and 
negat ive  e lect rode polar iza t ion  accounted for 94% of 
the  polar izat ion at  the end of discharge.  On charge, 
the polar izat ion losses at  the  posi t ive again  account 
for  most of the cell polar iza t ion  except  t oward  the 
end of the charge steps (near  4 and 7 hr)  where  the 
negat ive  e lect rode polar iza t ion  increases sharply .  This 
sharp increase  corresponds to the onset  of hydrogen  
evolution,  indica t ing  tha t  the  negat ive  e lec t rode  is 
almost  fu l ly  charged.  

A more complete  charac ter iza t ion  of the in te rna l  
potent ia l  losses is shown in Fig. 3 and 4 for  discharge 
and charge, respect ively.  The cur ren t  pa ths  be tween  

a) View from Top of Cell 
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Fig. 1. Schematic diagram showing the location of potential- 
measuring probes between the plates ( Q )  and on the grids (O)  
and a representation of the potential drops and polarization losses 
as a resistance network. ~ indicates location of probes for 
measurement of acid density. 
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Fig. 2. Polarization and potential drops measured in a five-plate 
motive power cell; (a) during discharge at 26A and (b) during 
charge at 30A for 4 hr followed by 3 hr at 10A. 
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Fig. 3. Polarization and potential drops (in mV) measured in a 
five-plate motive power cell during a 26A discharge; (a) at the 
start of discharge, (b) after 4 hr. Electrolyte distribution was uni- 
form prior to start of discharge. 
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Fig. 4. Polarization and potential drops (in mV) measured in a 
five-plate motive power cell during charge at  30A; (a) at the start 
of charge, (b) after 4 hr. Electrolyte distribution was uniform 
prior to start of charge. 

the probes are indicated as a resistance network with 
the potential  differences between the probe locations 
indicated in millivolts. The potential differences across 
the separator are residuals and the experimental  un- 
certainty was such that these values cannot be con- 
sidered meaningful due to the errors in the electrode 
polarization measurements. 

Figure 3 shows that at  the start  of discharge, the 
electrodes are more polarized at the top, near the 
terminal, than at the bottom. This nonuniform po- 
larization and, hence current distribution, is due to the 
terminal  effect as there was no vertical gradient of 
acid concentration or of temperature at the start  of 
discharge. After 4 hr, the nonuniformity of the poten- 
tial distribution is reduced. On charge, Fig. 4 shows 
that the terminal effect is still evident at the negative, 
even after 4 hr of charge, but  the positive electrode was 
more uniformly polarized both init ial ly and after 
charging for 4 hr. 

For both discharge and charge, the negative elec- 
trode polarization was always less than that  at the 
positive. This was due to the three negative/two posi- 
tive electrode arrangement which results in  a lower 
apparent  current  density at the central negative 
plate. It is also clear that  the ohmic drops in the grid 
were smaller for the negative even though the nega- 
tives were  thinner and contained less lead than the 
positive grids (380 vs. 510g). This observation can be 
at tr ibuted in part  to the electrode arrangement, as 
discussed above, and par t ly  to the role that  the nega- 
tive active material  plays as an electronic conductor. 
Fur ther  evidence of this lat ter  effect is clearly shown 
in Fig. 5 w h e r e  the grid potentials at different loca- 
tions, measured with respect to the top of the plate, 
are plotted as a function of the discharge time. The 
potential loss of the negative plate increases with time; 
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Fig. 5. Potential drops in grids of motive power cell vs. position 
on grid for various times during a discharge at 26A. 

namely, from 7.2 mV initially (at the bottom) to 9.7 
mV at the end of discharge, due to the increasing de- 
gree of conversion of Pb into PbS04. On the other 
hand, potential losses in the positive grid essentially 
remained constant during discharge, indicating that the 
positive active mass, Pb02, has no significant effect on 
the grid resistance. 

Electrolyte distribution anc~ capacity .--The acid 
stratification that developed during discharge at the 
C/5.5, C/2.5, and C/1 rates is shown in Fig. 6. The 
extent of the stratification, i.e., difference between the 
density at the bottom and top of the cell, a t  the end 
of the discharge was not strongly dependent on the 
discharge rate being 0.08 g-cm -~ at the end of the 5.5 
hr discharge and 0.06 g-cm -3 at  the end of the 1 hr 
discharge. On the other hand, the absolute values of 
the acid densities increase wi th  increase in the dis- 
charge rates from 1.13 to 1.21 g-cm - s  at  the top of the 
cell at the end of the 5.5 and the 1 hr discharges, re-  
spectively. This behavior is expected i n  view of the 
decreasing utilization of active material, and hence, 
decreasing consumption of H2SO4, as the discharge 
rate increases. On open-circuit  stand, following the 
end of discharge, it should be noted that  the absolute 
values of acid dens i ty  continue to decline for several 
hours before stabilizing, while the extent of stratifica- 
tion remains relat ively constant. The continued decline 
on open-circuit  stand is due to the diffusion of more 
concentrated acid between the plates into the acid- 
depleted pores of the electrodes. 
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Fig. 6. Acid density vs. discharge time for three discharge rotes 
as measured in a motive power cell. 
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The effect of e lec t ro ly te  c i rcula t ion  on the d i s t r ibu-  
t ion of acid dens i ty  a t  the  5.5, 2.5, and  1 h r  ra tes  is 
shown in Fig. 7. I t  should be noted tha t  the  acid den-  
sities measured  at  five different  heights, a t  any  given 
time, formed s ingle  da t a  points.  In  o ther  words,  c i r -  
culat ion resul ted in a un i fo rm mix ing  of the  acid wi th  
the  e l iminat ion of stratif ication. Two cases a re  shown 
in Fig. 7, viz., circula t ion wi th  and wi thout  an ex te rna l  
1400 ml reservoi r  of acid. As expected,  the acid dens i ty  
at  the end of discharge was h igher  wi th  an ex te rna l  
reservoir  except  a t  the 1 h r  ra te  where  no difference 
was observed.  This h i g h - r a t e  behav ior  suggests  tha t  
only the acid in the pores of the e lectrodes is effec- 
t ive ly  ut i l ized dur ing  discharge.  

The  effect of e lec t ro ly te  c i rcula t ion on cell  capaci ty  
at  the 5.5, 2.5, and  1 hr  ra tes  is shown in Fig. 8. Elec-  
t ro ly te  c i rcula t ion wi thout  an ex te rna l  reservoi r  had  
only  a smal l  effect on capacity,  increasing i t  b y  about  
4% over  the  range  of ra tes  f rom 5.5 to 1 hr.  This in-  
crease is a t t r ibu ted  to the absence of acid strat i f icat ion 
(see Fig. 7). The inclusion of an ex te rna l  reservoi r  of 
1400 ml  fu r the r  increased the capac i ty  by  15% at the 
5.5 h r  ra te  and by  9% at  the  2.5 and 1 h r  rates.  The 
l a r g e r  increase  in capaci ty  at  the 5.5 h r  ra te  can be 
a t t r ibu ted  to the increased t ime dur ing  which h igher  
densi ty  acid  is ava i lab le  in re la t ion  to the ra te  of acid 
consumption dur ing  discharge.  A t  h igher  discharge 
rates, t h e  denser  acid is s t i l l  ava i lab le  be tween  the 
plates,  bu t  the imbalance  be tween  the fas ter  ra te  of 
consumption of acid and the ra te  of mass t r ans fe r  of 
acid through the pla te  w r a p p i n g  into the pores of the 
e lectrodes l imits  the increase  in capaci ty  to only 9%. 
A n  increase  in  capaci ty  beyond wha t  was observed 
could be achieved by  forcing e lec t ro ly te  to flow 
through the porous electrode.  

Discussion 
Current density distribution.~The ver t ica l  va r ia t ion  

in potent ia l  as measu red  dur ing  discharge and charge 
(see Fig. 3 and 4) indicates  tha t  the  cur ren t  dens i ty  
d is t r ibut ion  is nonuni form over  the height  of the 
plates. Poten t ia l  da ta  were  also obta ined  for dis-  
charges at  50 and 100A (see Table  I ) .  This nonuni -  
form dis t r ibut ion  of cur ren t  dens i ty  can be caused by  
the t e rmina l  effect and, to some extent ,  by  the  de -  
ve lopment  of acid stratif ication. 

The theore t ica l  t r ea tmen t  of the t e rmina l  effect de-  
veloped b y  Tobias and Wi j sman  (2) was simplif ied by  
Shepherd  (7). We have used a var ia t ion  of Shepherd ' s  
t r ea tmen t  to analyze  our  potent ia l  d is t r ibut ion  da ta  to 
calculate  cur ren t  dens i ty  dis tr ibut ion.  

Fol lowing  the previous  authors  (2, 7), we  assume 
(i) l inear  polar iza t ion  and (ii) tha t  cur ren t  flow in 
the  e lec t ro ly te  is pe rpend icu la r  to the electrodes.  
Both of these assumptions  are  rea~onable since the  
appa ren t  cur ren t  densi t ies  were  r e l a t ive ly  low and  the 
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Fig. 8. Capacity vs. discharge current for three electrolyte circu- 
lation conditions. Circulation rate was 92 ml/min. 

smal l  separa t ion  be tween  the plates  was signif icantly 
less than  their  height.  Other  assumptions  are  discussed 
by  Shepherd  (7). 

The second assumpt ion g rea t ly  simplifies the  ana ly -  
sis as i t  assumes tha t  the cur ren t  dens i ty  d is t r ibut ion  
is the  same in both  nega t ive  and posi t ive electrodes.  
Under  this condition, the appa ren t  cur ren t  density,  
i ( y ) ,  the potent ia l  drops across the nega t ive  and 
posit ive grids, Eg ~- (y)  and ~g+ (y) ,  and  those across 
the  hor izonta l  component,  E(y),  can be wr i t t en  as a 
function of the ver t ica l  dis tance y as shown be low 

dEg- (y) 
= R~-i s (y) [1] 

dy 

dEg + (y ) 
= -Rg+ig(y) 121 

dy 

1 di~(y) 
/ , (y)  = [3 ]  

W d y  

E ( y )  = E~ + (y) - -  E~-  (y)  = (Rs + Rn + Rp)~(y') [4] 

where  y is the d is tance  f rom the top of the p la te  in 
cent imeters ,  i~(y) is the ver t ica l  cur ren t  across the 
e lec t rode  sect ion of one -ha l f  the  thickness of the  
ac tual  e lectrodes in amperes ,  Rs is the res is tance across 
the  e lec t ro ly te  and separa to r  in  the  in t e rp la t e  space 
in ~ - c m  2, Rn and Rp a re  the  polar iza t ion  resis tances 
of the  nega t ive  and posi t ive e lectrodes in ~ - c m  2, r e -  
spectively,  R~ + and Rg-  are  the  resistances,  measured  
vert ical ly ,  of the posi t ive and nega t ive  e lec t rode  sec- 
tions of un i t  length  and one-ha l f  the thickness of the 
ac tual  e lectrodes in ~ - c m  -z,  respect ively ,  and W is 
the width  of the electrode.  

The b o u n d a r y  condi t ions  a r e  y = 0, ig = I, Eg-  _-- 0, 
E~+ _-- Eo, Y = H, ig _-- 0 where  H is the height  of the 
p la te  in cm, Eo is the vol tage loss at  the top of the posi-  
t ive pla te  when tha t  of the nega t ive  is t aken  as zero, 
and I is one-ha l f  of the appl ied  cur ren t  per  p la te  in 
amperes.  The to ta l  discharge cur ren t  is 2NI amperes  
where  N is the number  of the posi t ive plates  pe r  cell. 
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Table I. Calculated (observed) potentials in mV as a function of dimensionless distance from top of plato for 
various discharge and charge rates. 

1409 

Dimensionless distance from top os plate 
Discharge and 

charge rate 0 0.25 0.50 0.75 1.00 

Discharge, 26A 
E=- 0(0) 3.2(2.6) 5.4(5.3) 6.7(6.7) 7.2(7.2) 
Eg+ 0(0) 5.3(5.6) 9.1(9.2) 11.2(11.3) 11.9(11.7) 
E,  + Ep + E5 or E (92.0) (92.0) 83.5(83.8) 77.6(77.6) 74.1(74.0) 72.9(73.0) 

Charge, 30.% 
Ez- 0(0) 4.3(3.6) 7.3(7.5) 9.1(9.3) 9.7(9.8) 
E=+ 0 (0) 5.6 ( 6.1 ) 9.5 (9.8) 11.9 ( 11.9 ) 12.6 (12.3) 
Ea + Er + E, or E 149.9(149.7) 140.0(140.0) 133.1(132.4) 129.0(128.8) 127.8(127.6) 

Discharge, 50A 
E=- 0(0) 6.7(5.5) 11.3(11.1) 13.9(13.9) 14.8(15.1) 
Er 0(0) 10.5(11.0) 17.7 (17.9) 21.9 (22.3) 23.3 (23.3) 
E,  + Ep + Ea or E 160.2(160.2) 143.1(143.7) 131.3(131.2) 124.4(124.1) 122.2(121.9) 

Discharge, 1O0A 
E=- 0 ( 0 ) 12.0 ( 10.7 ) 20.2 ( 19.6 ) 24.9 ( 24.5 ) 26.5 ( 26.4 ) 
E=+ 0(0) 20.0(20.6) 33.7(34.3) 44.7(42.0) 44.3(43.6) 
En + Ep + Es or E 259.0(258.9) 227.1(227.5) 205.2(205.0) 192.4(192.4) 188.3(188.9) 

The solutions of Eq. [1] to [4] are as follows 

Y 
Q coshQ ( 1 - - - ~ )  I 

i ( ~ / )  [ 5 3  
;, --" ; iavg - "  WH Sav e sinh Q 

Es-(~)  = - ~ e  o- ~- [i(~) - i ( o ) ]  [61 

Ee+ (y) = _Re,+ [i(y) -- i(O)] + E(O) [7] 

~(y) = (R~ + R. + R~)i.~e ~ -  

[8] 
with 

~/ Re* + "t- Re*- 
Q -- H Rs ~- Rn -F Rp 

[9] 

where Re *+ and Rg*- are resistances of the positive 
and negative electrode sections of unit length, unit 
width, and one-half the thickness of the actual elec- 
trodes; namely, Rg *+ ---- Rg+W and Re*- ---- Re-W. The 
parameter Q above depends on the ratio of the sum 
of grid resistances to the resistance of the horizontal 
components and on the height of the plates. 

To avoid the complications that arise from the de- 
velopment of electrolyte stratification during discharge 
(see Fig. 6), the analysis can only be applied to t h e  
data at the start of discharge, or of charge, for t h e  
case where there is no stratification. 

The values of the resistances in Eq. [5]-[9] w e r e  
selected to give the best fit between measured poten- 
tials and the calculated values of Ee-(Y), Eg+(U), 
and E(y)  (see Table I). These best fit values w e r e  
used in Eq. [5] to predict the current density distri- 
bution as a function of distance from the top of t h e  
plates. Figure 9 shows the normalized current d e n s i t y  
distribution for discharge at 26, 50, and 100A and f o r  
charge at 30A. As expected, the current density dis- 
tribution becomes more nonuniform with increase in 
the discharge rate. For discharge at 100A, the initial 
current density at the top of the plates is 22% higher 
than the average current density whereas near the 
bottom it is 11% lower than the average. For discharge 
at 26A, the current density at the top is 16% higher 
and at the bottom it is 9% lower than the average. 
Thus, the nonuniformity is skewed toward the top of 
the plates where current is entering or leaving via 
the current-collecting tabs. The current density dis- 
tribution on charge at 30A is more uniform c o m p a r e d  

to that on discharge at 26A. This is due to the l a r g e  
horizontal polarization loss on charge, especially at the 
positive electrode, which results in a smaller value 
of Q. 

The dimensionless parameter, Q, depends on the 
plate height as shown in Eq. [9]. As the plate height 
increases so does Q and hence, the nonuniformity of 
current density distribution. In view of this, it was 
of interest to compare the current density distribution 
for three plate heights. To facilitate the comparison, 
the grid resistances and plate thicknesses were kept 
constant. Figure 10 shows the normalized current 
density distribution for (i) motive power plates used 
in this work (H -- 432 ram), (ii) a tall plate such 
as is used in submarine propulsion or in standby 
power applications (H -- 800 mm), and (iii) a short 
plate of similar height to automotive battery plates 
(H -- 120 mm). Examination of Fig. 10 shows the 
effect of plate height on current density distribution. 
Increasing the plate height to 800 mm results in t h e  
current density at the top of the plate being 50% 
higher than average at 10.4 mA cm -2 and 70% higher 
than average at 40 inA cm -2. At the plate bottom, t h e  
current density is 25% less than the average at 10.4 mA 
cm -2 and 35% less at 40 m A c m  -2. In the case of t h e  
short plate, the current density distribution is essen- 
tially uniform. Cells with plates of 120 mm in height 
are used in automotive batteries. Such plates are very 
much thinner than motive power plates and are dis- 
charged at very high rates (100C) during engine 
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starting. In these plates, the terminal effect can be 
expected to be significant. In order to retain a given 
or acceptable degree of nonuniformity in the current 
density distribution, the scale-up or scale-down from 
a particular plate design should be made by varying 
the value of (Rg *+ -I- Rg*-)/(Rn ~- Rp ~ Rs) such 
that Q remains constant. 

Electrolyte distribution.--The acid density distribu- 
tion was measured' directly and is shown for various 
times, as a function of distance from the top of the 
plates in Fig. 11. During discharge, a nonuniform 
distribution develops that is heavily skewed toward 
the bottom of the plates. On charge (with an initially 
uniform acid density), a nonuniform distribution de- 
velops but, in contrast to the discharge case, is skewed 
toward the top of the plates. Near the end of charge, 
the nonuniformity is markedly reduced by gas evolu- 
tion at the electrodes. 

The development of a nonuniform acid density 
distribution in the vertical direction can be qualita- 
tively explained in terms of a natural convection 
mechanism (5): during discharge, the dilute acid in 
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Fig. 11. Acid density distribution in the y-direction for various 
times during (a) discharge at 26A and (b) charge (4 hr at 30A 
followed by 3 hr at 10A). Electrolyte distribution was made uniform 
through circulation prior to charging or discharging. 

the pores of the positive and negative plates flows to  
the  top  o f  t he  ce l l  w h i l e  t h e  d e n s e r  ac id  i n  t he  i n t e r -  
p l a t e  space f l ows  to the  b o t t o m .  

In addition to the natural tendency of t he  acid to 
stratify on discharge due to gravitational forces, the 
nonuniform current density distribution (see Fig. 9) 
will favor a rapid consumption, and hence dilution, 
of acid at the top of the cell. This will amplify the 
tendency for stratification to develop and Fig. 11 
shows that the rate of decrease of acid density is 
higher at the top of the cell than at the bottom. 

On charge, the situation is reversed with the m o r e  
dense acid that is formed in the pores flowing toward 
the cell bottom and displacing the more dilute acid 
in the space between the plates to the top of the cell. 
On the other hand, the nonuniform current density 
distribution present during charge (due to the terminal 
effect) will minimize this tendency for stratification as 
the plates will be accepting more ampere hours and 
producing denser acid at the top than at the bottom. 
The observation that the acid density increases more 
rapidly at the bottom than at the top during charge 
(see Fig. 11) indicates that stratification develops 
primarily due to natural convection: the counter- 
effect of a nonuniform current density distribution is 
dominated by convection. Near the end of charge, gas 
evolution at the plates stirs the electrolyte and causes 
a rapid rise in the acid density at the top of the plates. 

During discharge with circulation, the acid density 
is uniformly distributed over the height of the plates 
independent of the discharge rate (see Fig. 7). On 
open-circuit stand, the acid density continues to de- 
cline (see Fig. 6 and 7), indicating that dilute acid in 
the electrode pores is mixing with the denser acid 
between the plates. Thus, at the end of discharge, 
there must be a large, horizontal gradient of acid 
density from the interior of the porous electrodes to 
the bulk electrolyte. To better understand this phe- 
nomenon, the acid density distribution under uniform 
circulating electrolyte conditions (as shown in Fig. 
7) was analyzed further. 

In Fig. 12, three acid density distributions are 
plotted: the observed acid density, the theoretical acid 
density, and the density in the pores of the electrodes. 
The experimental data are taken from Fig. 7. The 
theoretical acid density was estimated from the actual 
ampere hours discharged and is the average density of 
the total 1800 ml of acid within the cell, Clearly, the 
acid density as measured in the interplate space 
(1300 ml volume) was higher than the theoretical 
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Fig. 12. VariatioR in acid density during discharge at three dis- 
charge rates, O ~ Q ,  measured value in the interplate space; - - -  
calculated average v~ue; ~ predicted value in the pores 
assuming a 500 ml pare volume; . . . .  predicted value in the 
pores assuming a 400 ml pore volume (arrows indicate end of dis- 
charge). 



Vol. 128, No. 7 L E A D - A C I D  C E L L S  1411 

average  density.  Based on these two curves, acid den-  
sities in the e lec t rode  pores were  es t imated  b y  as-  
suming tha t  the densi t ies  were  un i form over  the length  
of the plates.  

Two cases were  considered;  namely,  pore  volumes 
of 500 and 400 cmZ. These pore  volumes were  chosen 
to represen t  a range  of l ike ly  pore  volumes. Using da ta  
on p la te  porosi t ies  and a l lowing for  the volumes oc-  
cupied by  the grids, i t  was es t imated  tha t  the  to ta l  
pore  volume of both  nega t ive  and posi t ive electrodes 
was 610 cm 3 while  tha t  of the posi t ives was 250 cm 3. 

F igure  12 shows tha t  the  acid densi t ies  in the pores  
decreased to 1.01, 1.00, and 1.00 g=cm-~ at  the end 
of discharge at  26, 50, and 100A, respec t ive ly  for  a 
volume of pore solut ion of 400 ml. A t  al l  three  rates,  
the densit ies in the  pores were  much lower  than the 
measured  values  of 1.17, 1.20, and 1.23 g -cm -8. These 
resul ts  suggest  tha t  p la te  capaci ty  is l imi ted  b y  the 
deple t ion  of e lec t ro ly te  in the porous e lec t rode  s t ruc-  
ture. The d iscrepancy  be tween  the observed densit ies  
and the es t imated  pore  densit ies become la rge r  wi th  
increas ing ra te  of discharge.  At  high rates,  the t ime 
for  r ep len i shment  of e lec t ro ly te  in the  pores  by  diffu- 
sion is reduced  and the capaci ty  decl ines accordingly  
as shown by  the resul ts  in Fig. 8. In pract ice,  e lec t ro-  
ly te  diffusion is also impeded  by  the wrapp ing  a round  
the posi t ive plates.  The l imi ted  ra te  of diffusion of 
e lec t ro ly te  into the porous electrodes expla ins  the 
resul ts  in Fig. 7 and 8. In  Fig. 7, for  example ,  the  
difference in acid densi ty  for discharge wi th  and wi th -  
out  an ex te rna l  rese rvo i r  is negl ig ible  at the 100A 
rate,  since at  this h igh ra te  only  the acid in the pores  
is being util ized. In  Fig. 8, the  capacit ies corresponding 
to the discharges in Fig. 7 were  not  of the magni tude  
expected f rom the measured  acid densities.  Only  b y  
forcing e lec t ro ly te  th rough  the porous s t ruc ture  would  
the capac i ty  be increased.  

The deduct ion tha t  capaci ty  is l imi ted  by  the ava i l a -  
b i l i ty  of e lec t ro ly te  in the pores  was subsequent ly  
verified expe r imen ta l l y  and a model  developed tha t  
predic ts  posi t ive pla te  capaci ty  as a function of dis-  
charge  rate,  acid concentrat ion,  t empera ture ,  p la te  
thickness,  p la te  porosity,  in te rp la te  space, and the 
character is t ics  of the wrapp ing  ma te r i a l  (8). 

Conclusions 
Discharge  or charge of a mot ive  power  cell, i.e., a 

cell wi th  r e l a t ive ly  tall,  n a r r o w  plates  is accompanied 
by  the deve lopment  of a nonuni form cur ren t  dens i ty  
and e lec t ro ly te  d is t r ibut ion  in the ver t ica l  direction.  

The cur ren t  dens i ty  d i s t r ibu t ion  was de te rmined  in-  
d i rec t ly  f rom measuremen t  of gr id  potent ia ls  and 
e lect rode polar izat ion.  A t r ea tmen t  based  on the t e r -  
minal  effect was used. Calcula t ion showed tha t  the 
cur ren t  densi ty  was s ignif icant ly h igher  at  the top 
of the e lect rode than  at  the bot tom and tha t  the  
overa l l  nonuni formi ty  was s t rongly  dependen t  on the 
pla te  height.  

Elec t ro ly te  or acid dens i ty  d is t r ibut ion  is also non-  
uni form over  the he ight  of the c e l l  Dur ing  discharge 
under  s ta t ionary  e lec t ro ly te  conditions, s trat i f icat ion 
develops due to na tu r a l  convection and is not  no tab ly  
influenced by  the nonuni form dis t r ibut ion  of cur ren t  
density.  Under  c i rcula t ing  e lec t ro ly te  condit ions 
strat i f icat ion is e l imina ted  and capaci ty  is increased.  
Analys is  of the da ta  shows tha t  capaci ty  is l imi ted  
by  the ava i l ab i l i ty  of e lec t ro ly te  wi th in  the pores 
and that  a s t rong hor izonta l  g rad ien t  of acid dens i ty  
must  exis t  at  the end of discharge wi th  the acid den-  
s i ty  in the pores approaching  1.00 g - cm -8. 

Manuscr ip t  submi t ted  Jan.  21, 1981; revised m a n u -  
script  received Feb.  23, 1981. This was Pape r  59 p re -  
sented at  the  Los Angeles,  California,  Meet ing of the 
Society, Oct. 14-19, 1979. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1982 JOUR- 
NAL. All  discussions for the June  1982 Discussion Sec-  
t ion should be submi t ted  by  Feb.  1, 1982. 

Publication costs of this article were  assisted by 
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The Behavior of the Zinc Electrode in Alkaline Solutions 

V. Supersaturated Zincate Solutions 
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ABSTRACT 

Light scattering, density, and viscosity data are presented for eleetrolyti- 
eally prepared supersaturated zincate solutions that were allowed to decay 
naturally. The results indicate that the solute species in the supersaturated 
solutions are not completely different from those in saturated or unsaturated 
zincate solutions. An explanation for the formation and behavior of the 
supersaturated solutions is given based on various solute species that are 
formed by the reaction of OH- ions and H20 molecules with Zn(OH)2 and 
the subsequent formation of polynuclear zincate species. The rate and extent 
to which these are formed depends on the availability of OH- ions and un- 
bound 1-120 molecules at the electrode surface. 

When zinc is treated anodically in KOH solutions, 
the product of the charge t ransfer  reaction is Zn (OH)2 
(1). This substance then dissolves in the electrolyte, 
and if the anodic process is cont inued long enough 
the electrolyte eventual ly  becomes turbid  and solid 
ZnO begins to precipitate from it. The extent  to which 
the Zn(OH)2 can dissolve in the electrolyte, however, 
is far greater  than  the equi l ibr ium solubil i ty of ZnO 
in the KOH solutions (2). These solutions have a fair 
degree of stabil i ty bu t  the excess zincate is eventua l ly  
precipitated as ZnO. While the solutions do not have 
the characteristics of supersaturated solutions (seed- 
ing with a crystal does not  produce a rapid precipi-  
tation of the ZnO in excess of the equi l ibr ium value) 
they will  be referred to as "supersaturated" solutions. 
The term zincate will be used to refer to any  dissolved 
zinc species. 

A few attempts have been made to characterize the 
solute species in  the "supersaturated" solutions bu t  
the mat ter  has not yet been resolved. The suggestion 
that some of this excess zincate is present  as colloidal 
mater ia l  (3, 4) has not been conclusively disproved, 
nor  has positive evidence been presented for this con- 
clusion. In fact, some work has indicated the absence 
of colloidal mater ia l  (5,6).  

One general  approach that  can be used to deter-  
mine whether  the "supersaturated" zincate species are 
the same as those found in unsatura ted  solutions of 
ZnO in  KOH, i.e., Z n ( O H ) 3 -  or Zn(OH)4 ~- ,  is to 
measure some property of these solutions as a funct ion 
of zincate concentration. If discontinuities are ob- 
served in the property studied, then the indications 
are strong that  a new species has replaced the others 
in the solution. Some work along this l ine using NMR 
as the property studied has been reported (5). No dis- 
continuit ies were observed, suggesting that  the zincate 
species in "supersaturated" solutions were not differ- 
ent  from those in  unsa tura ted  solutions. However, the 
"supersaturated" solutions used in that  work were 
synthet ical ly prepared by di lut ion of a stock "super-  
saturated" solution that  had been prepared electro- 
lytically. This is a mat ter  of expediency because the 
"supersaturated" zincate solutions precipitate out ZnO 
very slowly. 

The work reported here was carried out in order to 
obtain more informat ion about these "supersaturated" 
solutions. Furthermore,  the "supersaturated" solutions 
studied were all prepared by  na tu ra l  decay of an 
electrolytically prepared "supersaturated" solution 
ra ther  than being prepared by  dilution. Again, the 

* Electrochemical Society Active Member. 
Key words: electrolyte, battery, discharge, solvation. 

purpose was to observe whether  or not  discontinuities 
appeared in certain properties measured at various 
zincate concentrations. 

Experimental 
The solutions of KOH + ZnO were prepared from 

reagent  grade solids and doubly distil led deionized 
water. The "supersaturated" solutions were prepared 
by t reat ing zinc electrodes anodically in a solution of 
KOH that  had been  saturated with ZnO and then 
filtered through a Pyrex  glass fr i t  to remove undis-  
solved ZnO. To do this, two sheet zinc (99.999%) 
electrodes were placed on either side of a commercial 
nickel oxide electrode in the saturated solution and 
a low current  rate was passed through the electrodes 
unt i l  the solution became turbid. At  this t ime the 
electrolyte was removed, filtered through a Pyrex 
glass frit, and analyzed for zincate content. The solu- 
tions were then set aside and from time to t ime sam- 
ples were removed, filtered, and used for analysis or 
other measurements.  All the work was carried out 
at room temperature,  about 20~ 

The zincate content  was determined by  t i t rat ion 
with EDTA using Calmagite as indicator. Densities 
were measured in a 5 ml  pycnometer  at 25 ~ _+ 0.1~ 
and viscosities were measured in an Ostwald viscom- 
eter also at 25 ~ • 0.1~ Turbid i ty  or light scattering 
data were obtained with a Coleman Model 14 Spectro- 
photometer having a nephelometr ic  a t tachment  and 
using radiat ion of 560 nm. 

Results 
Numerous results indicate that  there is no one 

solubili ty value for the "supersaturated" solutions 
(2). The zincate content  can be varied easily by 
changing the current  rate and the t ime allowed for 
the process. For example, in one cell in which the 
electrolyte was a 40% KOH solution the zincate con- 
tent  was 13.9% when the solution became t~urbid. The 
current  was continued and 5 hr la ter  the zincate 
content  had risen to 15.1%. Apparent ly,  the concen- 
t rat ion at any one t ime is more like a s teady-state  
value than an equi l ibr ium value (6). 

This is i l lustrated by some pre l iminary  work. Three 
separate series of "supersaturated" solutions (each 
series consisted of five different s tar t ing KOH con- 
centrations) were prepared and allowed to decay 
normally.  A typical set of data is shown on Fig. 1. 
The dashed line represents the zincate concentrat ion 
of that  KOH solution saturated with ZnO. The zincate 
content  in each of the three series is different at the 
beginning of each r u n  (when turb id i ty  first appeared).  

1412 
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Fig. 1. Decomposition of "supersaturated" zincate solutions in 
20% KOH at room temperature. The different symbols refer to 
separate runs beginning with different extents of supersaturation. 

In each instance it required about a y e a r  for the 
zincate content to decrease to that  of the equilibrium 
value. The initial rate of decay depends, in part,  on 
the initial zincate concentration. The greater  this is, 
the faster the rate of decay. Results similar to those 
on Fig. 1 were obtained for  KOH concentrations 
ranging from 20 to 45 weight  percent (w/o)  KOH. 

Figure 2 illustrates the decay of 6.15M KOH (~30% 
KOH) solution "supersaturated" with zincate. Figure 
3 shows the density and the viscosity of the solutions 
on Fig. 2. Also included on Fig. 3 are unsaturated 
solutions that  were prepared by diluting with 6.15M 
KOH a 6.15M KOH solution which had previously 
been saturated with ZnO. 

Some of the solutions represented on Fig. 2 and 3 
were also subjected to light scattering measurements  
to determine whether  there was evidence for  the 
presence of colloidal material, especially in the "super-  
saturated" solutions. The inst rument  was calibrated 
by setting the percent light scattering to zero when 
doubly distilled deionized water  was placed in the 
cuvette. Table I summarizes the results of the physical 
measurements  of these solutions. The results of light 
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Fig. 2. Decay of "supersaturated" zincate solution in 6.15M KOH 
at room temperature. 
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Fig. 3. Density and viscosity of zincate solutions in 6.15M KOH 
at 25~ Open circles, relative viscosity, left-hand scale; closed 
circles, density, right-hand scale. The arrow indicates the com- 
position of a saturated solution of ZnO in 6.15M KOH. 

scattering measurements  show no indication of the 
presence of colloidal material. The lines on Fig. 3 
show no evidence of discontinuities, suggesting that  
similar zincate species are present at all concentra-  
tions, and are not completely replaced by  other species. 

The three solutions represented by arrows on Fig. 
3 w e r e  prepared, about a year  after the series was 
begun, by dilution of the electrolytically "supersatu-  
rated" solution. The viscosity and density of these 
solutions show no significant deviation from the values 
of "supersaturated" solutions that  had decayed during 
stand. This indicates that  the work  reported earlier 
and based on synthetically prepared "supersaturated" 
solutions (5) does give a fair representat ion of "super-  
saturated" zincate solutions, i.e., dilution of these 
solutions does not alter the properties of the solution 
compared to solutions which decay on stand. 

Discussion 
The lack of discontinuities on Fig. 3 argues against  

the assumption that  the zincate species in the "super-  
saturated" region are completely different f rom those 
in saturated or unsaturated zincate solutions. However,  
there is other evidence that different species are pres- 
ent. Hampson et al. (7) found that  the emf of a zinc 
electrode became insensitive to zincate concentration 
in the "supersaturated" region. They concluded, there-  
fore, that  some electroinactive zincate species must  be 
present instead of, or in addition to, the Zn(OH)4 ~- 
ion. Also Jackovitz and Langer,  using Raman spectros- 
copy, observed that  the concentration of Zn(OH)4 ~- 
did not increase in the "supersaturated" region (8). 
Later  work with Raman spectroscopy (9) was inter-  
preted to indicate the existence of Zn(OH)2(H20)~,  
Z n ( O H ) 8 ( H 2 0 ) - ,  and Zn(OH)4~-  in concentrated 
zincate solutions but  that  only small amounts of 

Table I. Characteristics of various KOH and zincate solutions 

Molar- Molar- Percent 
Solu- i ty of i ty os Densi ty ,  Re la t ive  l ight  scat- 
t ion KOH ZnO g ml-~ viscosi ty  t e r i n g  

A 6.15 0 1.2768 2.33 0 
B* 6.15 0.65 1.3152 2.59 0 
C ~  6,15 1.94 1.4178 3.86 0 

* 6.15M KOH saturated wi th  ZnO. 
6.15M KOtt  " s u p e r s a t u r a t e d "  wi th  zincate. 
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Zn(OH)42-  are  presen t  in solutions conta ining 1.bM 
ZnO in 15M KOH. This is in contras t  to ear l ie r  r e -  
por ted  work  where  the concentra t ion of Zn(OH)42-  
was sa id  to increase  wi th  increas ing KOH concentra-  
tion while  tha t  of Z n ( O H ) 3 -  decreased (10). 

The above resul ts  indicate  that  the " supersa tu ra ted"  
region does not  r epresen t  the r ep lacement  of the  
zincate species presen t  a t  concentrat ions less than  that  
of sa tu ra ted  solutions. Rather ,  the zincate species 
present  in sa tu ra t ed  and unsa tu ra ted  solutions are  also 
present  in the "supersa tura ted"  region but  in this 
region other  zincate  species also begin to appear .  This 
in te rpre ta t ion  is consis tent  wi th  the  absence of dis-  
continuit ies such as in Fig. 3 and wi th  the w o r k  
ment ioned  ear l ie r  (7, 8). Thus the p rob lem s ta ted  
ear l ie r  amounts  to ident i fy ing  the o ther  zincate species 
that  appear  in the "supersa tura ted"  region as sug-  
gested b y  others  (7, 8). 

Some a t tempts  have been made  to character ize  
these zincate species by  the use of Raman  spect ra  
(7, 9). However ,  there  is d i sagreement  as to wha t  the 

in te rp re ta t ion  is. The work  of Sha rma  and Reed (9) 
does offer a resolut ion to the p rob lem of in te rp re t ing  
the da ta  for "supersa tura ted"  zincate  solutions. They 
suggest  that  both O H -  and H~O serve as l igands for  
the zinc a tom in Zn(OH)2.  Therefore,  three  solute 
species are  possible  if one assumes a coordinat ion 
number  of 4 for  the zinc atom: Zn(OH)2:(H20)2,  
Z n ( O H ) 8 ( H 2 0 ) - ,  and Zn(OH)42- .  Some have also 
suggested the presence of Z n ( O H ) ( H 2 0 ) 3 +  (11). As 
the Zn(OH)2 is produced by  the charge t ransfer  
react ion at  the e lect rode any  of these species may  
form. Which pa r t i cu l a r  one is fo rmed wil l  depend  on 
the ava i lab i l i ty  of the l igands O H -  and H20 at  the 
e lectrode surface. If  one assumes a hydra t ion  n u m b e r  
of 4 for  the K + ion (12) and of 3 for  the O H -  ion 
(13), then  the amount  of unbound w a t e r  molecules in 
the KOH solutions is shown in Table  II. In solutions 
more concentra ted  than  about  33 w / o  KOH there  is 
insufficient wa te r  to hydra te  the K + and O H -  ions 
normal ly .  Thus, in these solutions the in i t ia l  dissolu-  
t ion of the Zn(OH)2  is l imi ted  to react ion [1] 

Zn(OH)2 + 2 OH- -> Zn(OH)42- [I] 

However, as the OH- ions combine with the Zn(OH)2 
they release their water of hydration and at the elec- 
trode surface the following two reactions may then 
occur in addi t ion t o  tha t  of Eq.[ 1] 

Zn(OH)2  + O H -  + H20--> Z n ( O H ) 8 ( H 2 0 ) -  [2] 

Zn(OH)2  + 2H20--> Zn(OH)2(H~O)~ [3] 

For  KOH solutions less concent ra ted  than  33 w/o  
(about  7M), al l  three  react ions may  occur immed ia t e ly  
fol lowing the fo rmat ion  of Zn(OH)2 at  the e lect rode 
surface. Thus all  three  possible zincate species may  
form at the zinc e lect rode dur ing  anodization,  and 
the amount  of O H -  and H20 at  the e lect rode surface 
wil l  de te rmine  in which m a n n e r  the Zn(OH)2  wil l  
dissolve in the electrolyte .  Of these species only the 
Zn(OH)4 ~-  appears  to be the e lec t roact ive  one for 
de te rmin ing  the emf of the  zinc e lec t rode  (14). 

Analys is  of sa tu ra ted  solutions of ZnO in aqueous 
KOH indicate  tha t  the  amount  of Zn(OH)42-  in  t h e s e  

Table II. Amount of solute ions and unbound water molecules in 
1 liter of aqueous KOH solutions 

Moles of 
w / o  Moles Moles unbound 
KOH of K+ of OH- water 

22 4.7 4.7 23 
28 6.5 6.5 12 
33 8.0 8.0 0 
40 10.1 10.1 0 

solutions is limited by equilibrium considerations. The 
equilibrium constant expression for Eq. [i] is 

a, Zn(OH)4 2- 
K = [4] 

azn(OH)2 " (aOH--)2 

Assuming the Zn(OH)2  to be  a pure  solid, the  above 
expression becomes 

K = azn(OH)42--/(aOH-- )2 [5] 

The activi t ies of the two species in Eq. [5] a re  not  
known for these solutions but  if molar i t ies  are  subst i -  
tu ted for  them, and if  the assumption is made  tha t  
Zn(OH)42-  is the dissolved zincate species, then the 
expe r imen ta l l y  de te rmined  ra t io  shown in Eq. [5] 
is 0.026 _ 0.002 for sa tu ra ted  solutions of ZnO in aque-  
ous KOH ranging  f rom 20 to 40 w/o  KOH. 

On the basis of the above information,  a possible 
explana t ion  for the " supersa tu ra ted"  zincate solutions 
is the following. As Zn (OH)2 is fo rmed  at  the e lect rode 
i t  first dissolves according to Eq. [1] and this con- 
t inues unt i l  the zincate content  reaches the equi l ib-  
r ium value for ZnO in aqueous KOH. By this t ime 
even a 40 w/o  solut ion wil l  have some unbound  wa te r  
molecules in i t  because of the w a t e r  of hydra t ion  re -  
leased by  the O H -  ions as they  reac t  according to Eq. 
[1]. If  the  zinc e lect rode is to b e  oxidized beyond 
this, the Zn(OH)~ mus t  dissolve some a l t e rna te  way,  
Eq. [2] or [3], or else the e lectrode surface wi l l  be -  
come covered wi th  solid Zn(OH)~ and be passivated.  
E i ther  the Z n ( O H ) 8 ( H 2 0 ) -  or  the  Zn(OH)2(H~O)2 
then is uns table  wi th  respect  to ZnO and the fol lowing 
react ions occur s lowly  

Zn (OH)s(H~O) - -> ZnO + OH- + 2H~D [6] 

Zn (OH)s(H20)2-> ZnO + 3H20 [7] 

The ZnO precipitates out of the solution. Reaction [6] 
can occur only as water becomes available to hydrate 
the released OH- ions. This scenario is summarized 
in Fig, 4. 

The scheme out l ined on Fig. 4 is consistent  wi th  the 
publ ished informat ion  concerning "supersa tura ted"  
zincate solutions. I t  expla ins  the  fact tha t  whi le  t h e  
dissolved zincate concentra t ion increases in the "super -  
sa tura ted"  solutions, the  Zn(OH)42-  concentra t ion 
does not  increase  (8). I t  also accounts for the insensi-  
t iv i ty  of the emf of the zinc e lec t rode  to increas ing 
zincate concentrat ions in the  "supersa tura ted"  region 
(7). The fact  tha t  no discont inui t ies  are  observed on 
Fig. 3 nor  were  observed in ea r l i e r  NMR work  (5) can 
be expla ined  by  not ing tha t  the Zn(OH)42-  ions a r e  
presen t  at  al l  concentrat ions a n d  do not  d i sappear  in 
the "supersa tura ted"  region. In  fact, i t  is qui te  l i ke ly  
tha t  severa l  of the z incate  species a re  presen t  a t  a l l  
t imes wi th  the Zn (OH)42- form being the most abun-  
dant  up to the equi l ib r ium concentra t ion  of ZnO. There  
is emf evidence for this (3). In  that  work  the emf o f  
the  zinc electrode,  when  p lo t ted  to conform to the 

electrode 
reaction 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . . . . . . .  s o l u t i o n  
reactions Zn(OH) z 

Zn(OH):", ~ ZnlOH)= (H201",;' " Zn(OH)2 (H20)2 

ZnO precipi ate 

Fig. 4. Summary of reactions to form zincates 
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Nerns t  equat ion,  showed discontinuit ies .  The first pa r t  
cor responded  to Eq. [1], the  second p a r t  to Eq. [2], 
and the th i rd  pa r t  to Eq. [3]. 

A l inear  po ten t iodynamic  s tudy  of the pass ivat ion  of 
the zinc e lect rode in KOH solutions showed the pres -  
ence of two peaks  at  a slow scan ra te  (15). These 
peaks  were  at  tha t  t ime in t e rp re t ed  as corresponding 
to react ions  [1] and  [2] and re fe r r ing  to the  dissolu-  
t ion processes of the charge t rans fe r  product .  A t  fas ter  
scan ra tes  the charge  t rans fe r  p roduc t  is produced 
fas ter  than  i t  can be dissolved and the e lec t rode  then 
becomes covered wi th  a l aye r  of the reac t ion  p r o d -  
uct  resu l t ing  in t e m p o r a r y  pass ivat ion of the electrode.  

Thus, the in te rp re ta t ion  presen ted  here  for the  com- 
posi t ion and fo rmat ion  of " supersa tu ra ted"  zincate  
solut ions is consistent  wi th  p rev ious ly  r e p o r t e d  da ta  
and provides  a r e a d y  exp lana t ion  of them. I t  is bas i -  
ca l ly  the  in te rp re ta t ion  tha t  has been repor ted  ear l ie r  
(3). Which  of the three  zincate  species is p roduced  at  
any  one t ime wil l  depend on the ava i l ab i l i ty  of O H -  
and H20 l igands at  the  e lect rode surface. In the more  
concent ra ted  KOH solutions, react ion [1] is favored  
up to the sa tura t ion  concentra t ion of ZnO in KOH 
whi le  react ions  [2] and [3] wi l l  not  take  place unt i l  
sufficient H20 has been re leased  by  the O H -  ions in 
forming Zn (OH)42-.  In  the more  di lute  KOH solutions, 
react ions [1], [2], and [3] a re  equa l ly  l ike ly  except  
tha t  react ions [2] and [3] appear  to proceed much 
more  s lowly  than  does reac t ion  [1]. 

However ,  there  is an a l t e rna te  scheme tha t  should 
also be considered.  This involves the format ion  of 
po lynuc lea r  zincate species in the "supersa tura ted"  
region. This has been suggested in the case of a lumi -  
na te  ions (16). The common zincate ion, Zn(OH)42- ,  
is considered to have a t e t r ahed ra l  configuration. The 
loss of H20 be tween  zincate  ions could give rise to 
po lynuc lea r  species of the type  shown on Fig. 5. The 
br idg ing  e lements  in these species may  be OH groups 
as wel l  as the  O atoms shown on Fig. 5. Po lynuc lea r  
species of types  II  and III, Fig. 5, are  p robab ly  less 
l ike ly  because the bond angles in the cyclic par t s  of 
the s t ructures  would  be under  some strain.  Thus, if  the  

Z HO 
i I .  I 
Z n ~ O - - Z n - - O  Zn . . . . . .  
I t 
o b o 
H H H 

"rr 

.%. .o\  .% . "  
Zn ~ Zn / ~n"" " 

Ho 7 ~ o  ~ ~ o " *  "'-.. 

-n'r 

0 

H O _ _ Z n A O ~ Z n  . . . . . . . .  

Fig. 5. Polynuclear zincate species 

polynuc lear  species do form they  would  most  l ike ly  
be of the  type  I var ie ty .  

As these po lynuc lea r  species  form and grow they  
wil l  even tua l ly  become large  enough to form colloidal  
or  suspended part icles ,  leading  to tu rb id i ty  and the 
format ion  of a precipi ta te .  In  o rde r  to prec ip i ta te  ZnO 
these po lynuc lea r  species would  first re lease  O H -  ions 
and H20 molceules.  

Conclusion 
The solute species in the "supersa tura ted"  zineate 

solutions m a y  to a l a rge  ex ten t  be e i ther  of those 
shown on Fig. 4 or the type  I shown on Fig. 5. A t  
presen t  there  is no di rec t  expe r imen ta l  method  read i ly  
avai lab le  to iden t i fy  any  of these species posi t ively.  
Even the 1R and NMR da ta  tha t  are  ava i lab le  have 
been the subjec t  of some d i sagreement  and the in t e r -  
p re ta t ion  of these da ta  even more  so, as noted above. 
However,  the existence of any  of these solute species is 
dependent  on the ava i l ab i l i ty  of O H -  ions and unbound  
H20 molecules in the e lectrolyte .  In a l l  l ikel ihood,  
such solutions consist of a va r ie ty  of the species ind i -  
cated. 
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ABSTRACT 

The efficacy of the  microe lec t rode  cycle life index in p red ic t ing  the in-  
fluence of e x p a n d e r  on the pas ted  e lect rode per formance  was car r ied  out  f rom 
the s imul taneous  test ing of four  l ignosulfonate  expanders  by  the microelec-  
tro de and pas ted  electrode.  Expande r  was inc luded in the test  solut ion for the  
microelec t rode  and in the paste  for  the pas ted  electrode.  The studies of the 
effect of expande r  concentra t ion on both the microe lec t rode  cycle l ife index  
and 90% DOD cycle life of negat ive  l imi ted  98 A - h r  test  cells were  identical ,  
showing an op t imum expande r  concentra t ion for  a m a x i m u m  cyclic pe r fo rm-  
ance. Test ing of three  expander  mater ia l s  ob ta ined  f rom the process var ia t ions  
of the same source ma te r i a l  also showed a corre la t ion be tween  the microe lec-  
t rode cycle life index and the specific capaci ty  of the  pas ted  electrode.  Ex-  
pande r  ac t iv i ty  on the lead e lect rode per formance  was observed to va ry  wi th  
the qual i ty  and concentra t ion  of expander .  The appl ica t ion  of the microe lec-  
t rode technique  as a qua l i ty  control  tool of the e x p a n d e r  ma te r i a l  was es tab-  
lished. 

The word  "expander"  is used here  to mean the l ignin 
const i tuent  of the  convent ional  lead acid ba t t e ry  ex-  
pander ,  which is a composite of a sulfonate  der iva t ive  
of lignin, ba r ium sulfate,  and carbon black. Expande r  
presen t  in the test  sys tem ei ther  in the paste  o r  in the  
test  e lec t ro ly te  influences the  lead  e lect rode pe r -  
formance,  pa r t i cu l a r ly  its d i schargeabi l i ty  and its ca-  
pac i ty  main tenance  behav ior  dur ing cycling. The de te r -  
minat ion  of e x p a n d e r  ac t iv i ty  outside the test  ba t t e ry  
was proposed by  Mahato (1) f rom the re la t ive  change 
in the microe lec t rode  capaci ty  tha t  occurs when a 
microe lec t rode  is potent ios ta t ica l ly  cycled be tween  
--1160 and --860 mV (vs. Hg/Hg2SOjmH2SO4)  at  
0.5 mV/sec  in 1.250 sp gr  sulfuric  acid solution wi th  
expande r  for a per iod of 48 hr. This e x p a n d e r  ac t iv i ty  
was t e rmed  as the cycle life index (0) and  defined as 
n ---- (Qf - Qo)/Qo where  Qo and Qf are  in i t ia l  and  
final capaci ty  of the  electrode, respect ively .  The 
majo r  advantages  of this technique are  the s t r a igh t -  
fo rward  measurement ,  the e l iminat ion  of the com- 
plexi t ies  of the  pas ted  electrode,  and  the capabi l i ty  
the technique provides  for  eva lua t ing  the expande r  
ma te r i a l  outside the test  ba t tery ,  which has to date  
been the only vehicle  in de te rmin ing  the efficacy of the 
expande r  mater ia l .  However ,  appl ica t ion  of this cycle 
l ife index in p red ic t ing  the expander ' s  influence On the 
pas ted  e lect rode per formance  has r emained  ambiguous .  
This is p r i m a r i l y  due to the difference in the mode of 
inclusion of expande r  in the two systems;  i t  is in -  
cluded in the test  solut ion for  the microelec t rode  
sys tem and in the pas te  for  the pas ted  e lect rode sys-  
tem. The object ive  of the p resen t  work  is to cor-  
re la te  the microe lec t rode  cycle l i fe  index  and the 
pas ted  e lect rode performance,  i.e., the d ischarge-  
ab i l i ty  of the lead  active mass and its capac i ty  ma in -  
tenance behav ior  dur ing  deep discharge cycling. 

Experimental 
Materials . - -Four l ignosul fonate  compounds des ig-  

nated A, B, B', and B" were obta ined  f rom Amer ican  
Can Company, Rothschild,  Wisconsin. The type  A com- 
pound which is ve ry  s imi lar  to "Marace l l -XC"  is a 
b rown color ma te r i a l  wi th  0.8% total  sulfur,  0.1% in-  
organic sulfur,  0.3% Ca, 6.5% Na, 0.2% reducing sugar,  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r ,  
K e y  w o r d s :  l ead  e l e c t r o d e ,  v o l t a m m e t r y ,  additive. 

and 13.9%-OCH8. The B, B', and B" we re  modified 
versions of A and the i r  composit ions were  not  known. 
The u l t r av io le t  absorpt ion  spect ra  of a l l  four  samples  
at  pH 7.0 were  ident ica l  showing a weak  peak  at  320 
nm, modera te  peak  at 280 nm, and a shoulder  a t  235 
nm. In all  cases the  different ia l  spect ra  at  pH 11.8 vs. 
1.7 showed strong peaks  at  355 and at  250 nm and a 
shoulder  a t  295 nm wavelength .  Al l  these mate r i a l s  
were  comple te ly  soluble  in water ,  bu t  the i r  so lubi l i ty  
decreased wi th  increas ing acid concentrat ion.  

The test  and countere lec t rodes  of the  microe lec t rode  
system were  p repa red  out  of 99.999% Pb  (Cominco).  
The test  e lec t rode  was 2 m m  d iamete r  and 2 cm long. 
The counter  was a 1.27 cm diam cast  rod. 

The cu r r en t  col lector  grids of the pas ted  negat ive  
and posi t ive electrodes were  made out of Pb-0.13Sr-  
0.04AI-I.00Sn and Pb-4.67Sb-0.20As-0.19Sn alloy, r e -  
spectively.  The convent ional  ba l l  mi l l  oxide  wi th  33 • 
5% free lead, b a r i u m  sulfate,  and carbon black,  all  
ava i lab le  at  the labora tory ,  were  used for the l eady  
oxide  pas te  prepara t ion .  Test  solut ions were  made  out 
of the reagent  grade chemicals  and l abora to ry  dis t i l led 
water .  

Microelectrode technique . - -The  microe lec t rode  tech-  
nique uses a test cell  wi th  a 2 cm long, 2 m m  d iam 
lead electrode,  an oversized lead  counterelectrode,  and 
an Hg/Hg2SOJmHeSO4 reference  electrode,  al l  im-  
mersed  in 50 ml  sulfuric  acid test  e lectrolyte .  The 
p repa ra t ion  of a porous e lec t rode  out  of the  w e l l - d e -  
fined microelec t rode  was car r ied  out  by  l inear  po ten-  
t ia l  sweep cycl ing of the microe lec t rode  be tween  
--1160 and --860 mV (vs. Hg/Hg2SO4) at  0.5 mV/sec  
in 1.050 sp gr  H2SO4 solut ion for  a 2 day  period. The 
expe r imen ta l  detai ls  along wi th  the  automat ic  da ta  
collection sys tem are  descr ibed e lsewhere  (1). 

Pasted electrode evaluat ion . - -Two types of pas ted  
negat ive  electrodes were  p repa red  out  of expe r imen ta l  
pas te  made  f rom the d ry  b lended mix tu re  of ba l l  mi l l  
oxide, ba r ium sulfate,  carbon black,  l ignin compound,  
and dynel  fiber wi th  110 ml  1.325 sp gr  sulfur ic  acid 
and 110-130 ml wa te r  pe r  k i l og ram oxide. The concen-  
t ra t ion of ba r ium sulfate,  carbon black,  and dyne l  
fiber in the b lend were  0.3, 0.15, and 0.06%, respec-  
t ively,  based on the weight  of oxide. The pas ted  elec-  
t rodes were  convent ional ly  cured and dried.  The d ry  
pas te  dens i ty  was 4.25 • 0.05 g / c m  s. 
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The type  I test  e lectrodes had  dimensions of 18.92 X 
22.66 X 0.152 cm in which the concentra t ion of type  A 
expande r  va r ied  f rom 0 to 0.5% based on the weight  of 
oxide. The test  e lectrodes thus p repa red  were  assem- 
b led  wi th  match ing  18.92 X 22.66 X 0.203 cm size posi-  
t ive e lect rodes  and microporous  PVC separa tors  to 
p repa re  th i r teen  pla te  e lement  negat ive  l imi ted  test  
cells. The posit ive e lec t rodes  were  overpas ted  to ob-  
ta in  a theore t ica l  capaci ty  in excess of 3.5 t imes tha t  
of the negatives.  The par t i cu la rs  of the  negat ive  l imi ted  
test  cell  series in terms of d r y  pas te  weight  and ex -  
pander  concentra t ion in the test  negat ives  a re  given in 
T a b l e  I. The average  theore t ica l  capaci ty  of these test  
cells based on 0.93g meta l l ic  lead  per  g ram of pas te  
and 53% coulombic efficiency at  the 3 h r  discharge ra te  
was 98 A-hr .  These test  cells were  e lec t roformed in 
t r ip l ica te  in 1.100 sp gr  H2SO4 under  2.50V constant  
vol tage  wi th  40A m a x i m u m  cur ren t  for  a 40 hr  period.  
This was fol lowed by  the ad jus tmen t  of acid concen- 
t r a t ion  to 1.290 -+- 0.010 sp gr, in i t ia l  capaci ty  test ing 
at  40A, and the continuous deep discharge cycl ing of 
the test  cells. The deep discharge cycle was a rb i t r a r i l y  
selected as a 6 h r  cycle wi th  132 min discharge at  40A 
fol lowed by  228 rain constant  vol tage  (2.50V) charge 
wi th  33A cur ren t  max imum.  The 132 rain discharge at  
40A (88 A - h r )  corresponds to 90% depth  of discharge 
of the 98 A - h r  test  cells. The cycl ing of the  test  cells 
was cont inued to the  point  a t  which they  could not  
sustain 90% DOD. The capac i ty  checks of test  cells 
were  car r ied  out at  different  points  of  cycling. Fo l low-  
ing the capaci ty  test  the cells were  recharged  approx i -  
ma te ly  10% excess of the amount  of discharge.  At  no 
t ime was ex t r a  charge or  boost ing a l lowed outside 
the test  mode descr ibed dur ing  cycle l ife test. 

The type  II  e lectrodes had gr id  dimensions of 19.30 
X 33.17 X 0.191 cm and were  p repa red  using a nega-  
t ive paste  ident ica l  wi th  type  I except  for  the type  of 
e x p a n d e r  included.  The expande r  formula t ions  used 
in p repa r ing  this new series of pas t e s  a re  given in  
Table  II. The objec t ive  of test ing this new series of 
e lect rodes  was to de te rmine  the efficacy of type  B ex -  
p a n d e r  wi th  and wi thou t  type  A expander .  The fol-  
l ow-up  e lec t rode  prepara t ion ,  i.e., curing and d ry ing  of 
the electrodes,  was ident ica l  to the  type  I electrodes.  
The type  II  e lect rode thus p repa red  was then  assem- 
b led  wi th  two counter  p re fo rmed  posit ives and  mic ro-  

Table I. Active material distribution ~n 98 A=hr negative 
limited test cells (6:7 ---- neg:pos per cell) as function of 

type A expander concentration in negative paste 

porous PVC separa tors  in be tween  to compose a t e s t  
cell. This was fol lowed by  constant  vol tage  e lec t rofor -  
marion in 1.100 sp gr H2SO4 at  260 • 2~ a t  2.60V 
wi th  15A cur ren t  m a x i m u m  and subsequent  ad jus t -  
ment  of e lec t ro ly te  concentra t ion  at  1.300 ___ 0.005 s p  
gr H2SO4. Fo rma t ion  was fo l lowed b y  tes t ing the 
cells in dupl ica te  for the s teady  state ma te r i a l  u t i l iza-  
t ion of the active mass at  16.6 A/p la te ,  which corre-  
sponds to the 3 hr  d ischarge  rate.  In  eve ry  case the  
test  e lect rode Was discharged up to --0.500V (vs, H g /  
Hg2SO4). The s t eady-s t a t e  capac i ty  was achieved be -  
tween the 10th and 15th discharge.  At  the end of the 
test, the e lectrode was washed wi th  w a t e r  fol lowed 
by  r insing wi th  acetone and d ry ing  under  a vacuum 
at 70 ~ _+ 2~ This was fol lowed b y  active m a t e r i a l  
analysis  for specific surface area  and microst ructure .  
The specific surface area  was de te rmined  b y  BET 
ni t rogen adsorpt ion  using a Quantasorb  ana lyze r  a n d  
the morphology  of the f reshly  f rac tu red  cross section 
was examined  by  JEOL U3 Scanning Elec t ron  Micro-  
scope. 

Results and Discussion 

Evaluation of type A expander. - -Figure 1 shows the 
effect of type  A expande r  concentra t ion in 1.250 s p  
gr tt2SO4 on the microe lec t rode  cycle l ife index (CLI) .  
The presence of an op t imum concentra t ion for  a m a x i -  
m u m  cycle life index is evident .  I t  suggests tha t  the 
cyclic behavior  of the l ead  e lect rode is sensi t ive to  e x -  
p a n d e r  concentra t ion  in  the test  solution. The i n -  
f l u e n c e  of expander  on the discharge as wel l  as charge 
kinet ics  of the lead e lect rode is wel l  known  and its 
possible role on the react ion mechanism and e lec t rode  
s t ruc ture  have recen t ly  been discussed (1). In  acidic 
env i ronment  i t  remains  wi th in  the  e lec t rode  m a t r i x  
as surface adsorbed  a n d / o r  suspended mater ia l .  Dur ing  
discharge as the ac id i ty  of the reac t ion  in ter face  
changes i t  desorbs f rom the lead  sites, forms a t r a n -  
s ient  Pb- l ign in  complex,  and adsorbs  on the f resh ly  
prec ip i ta ted  lead sulfate,  al l  of which  are  responsible  
in de lay ing  the e lect rode pass ivat ion  process. A t  the  
end of discharge as the  ac idi ty  of  the react ion produc t  
phase approaches  tha t  of the bu lk  concentra t ion t h e  
expande r  s tays wi th in  the lead  sulfate m a t r i x  wi th  a 
s t rong tendency of being adsorbed  on the metal l ic  lead  
sites. This in turn  br ings charge inhibi t ion  which  is 
most ly  due to lack of deposi t ion sites for e lec t ro-  
chemical ly  reduced  lead  adatoms and to a smal l  ex ten t  
due to r e t a rda t ion  in the lead  sulfa te  dissolut ion p ro -  
cess. However ,  this charge inhibit ion,  if  not  excessive,  

Type A expander Theoretical ca- 
concentration in Dry nega- Dry posi- pacify ratio of 

negat ive  based on tive paste tire paste positive and 
weight  of oxide per cell per cell negat ive  active 

( w / o )  (g) (g) mass per cell* 

0 768 2902 3.66 
0.02 764 2876 3.64 
0.10 760 2918 3.72 
0.30 760 2910 3.58 
0.50 765 2903 3.68 

* Calculation based on 0.93g lead per  gram of negat ive  paste 
and 1.64g lead dioxide per gram of positive paste. 

Table II. Expander formulations in type II electrodes 

W e i g h t  percent  based on t h e  w e i g h t  o f  oxide 

Test series Type A Type B T y p e  B '  T y p e  B" 

32 0.30 
34 0.30 0,30 
LDT-12* 0.30 0.30 
LDT-34 0.30 0.30 
LDT-5 0.30 0.30 

* No barium sulfate in the  paste. 
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Expander concentration in 1.250 sp gr H2S04, ppm (rag/liter solution) 

Fig. I. Effect of type A expander concentration in the test solu- 
tion on the lead microelectrode cycle life index values. 
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helps to improve  a n d / o r  to main ta in  the surface area  
of the e lectrode mat r ix .  

In the absence of expande r  in the test  solut ion the 
CLI va lue  of the e lect rode takes  a negat ive  va lue  
(Fig. 1). This is indicat ive  of the gradua l  loss of e lec-  
t rode capaci ty  or the effective surface area  on repea ted  
charge-d ischarge  cycling, in agreement  wi th  the  re -  
por ted  agglomera t ion  of the  lead  act ive mass dur ing 
cycl ing (2). 

Expander  in the  test  solut ion al ters  the e lect rode 
kinetics by  physical  adsorpt ion  on the e lect rode surface 
whe ther  or not i t  takes pa r t  in the cyclic e lect rode re -  
actions. Presence of an op t imum expande r  concent ra-  
tion for a m a x i m u m  cycle  life index  (Fig. 1) suggests 
that  the modi fy ing  influence of expande r  on the cyclic 
e lect rode react ion m a y  be contro l led  by  two diverse  
processes:  (i) physical  adsorpt ion  on the e lect rode 
surface and (ii) the s ens i t i v i t y  of the ionic adsorbed 
mate r ia l  to desorb, to migra te  to the high energy  sur -  
face, to dissolve o r  reprec ip i ta te  in the in te r fac ia l  e lec-  
t ro ly te  depending on the pH, and to form a t rans ien t  
compound with  the opposi te  ionic species. At  h igher  
expande r  concentra t ion adsorpt ion continues on the 
e lect rode surface unt i l  i t  suppresses the rates  of the 
cyclic e lect rode reactions.  This is pa r t ly  i l lus t ra ted  
in Fig. 2d f rom the vo l t ammogram of the test  e lec-  
t rode taken  wi th  40 ppm expande r  concentra t ion in 
the test  solution. 

F igure  2d also shows a significant charge inhibi t ing  
influence of the expander .  The expande r  affects the 
charge kinet ics  by  blocking coverage of the deposi t ion 
sites for lead  ada tom and by  res t r ic t ing  the dissolution 
ra te  o f  lead  sulfate  precipi ta tes .  The microcrys ta l l ine  
s t ruc ture  of the lead  dendr i tes  observed in the test  
e lect rode when cycled in the test  e lec t ro ly te  wi th  40 
ppm expande r  (Fig. 3d) indicates  tha t  the charge 
kinet ics  are  most ly  contro l led  by  the blocking cover-  
age of the deposi t ion site and not  by  the dissolution 
behavior  of the  lead sulfate  layer .  This is apparen t  
f rom the low elect rode capaci ty  (Fig. 2d) in spite of 
the e x t r e m e l y  fine na tu re  of the e lec t rodeposi t  (Fig. 
3d).  

The charge inhibi t ing  influence of the e x p a n d e r  m a y  
also be re la ted  to the physical  na tu re  of the expande r  
and its pH dependent  adsorpt ion behavior  on the 
electrode surface. The convent ional  l ignosulfonate  ex-  
pander  is an anionic po lymer  wi th  coiled s t ruc ture  
(3). Dur ing  discharge as the pH of the  react ion in t e r -  
phase increases  the coile d s t ruc ture  of the  l ignin 

stretches and to some ex ten t  dissolves and takes pa r t  
in the e lect rode react ions wi th  ava i lab le  Pb 2+ ions. 
Dur ing  discharge as the pH of the react ion in te rphase  
increases the coiled s t ruc ture  of the l ignin shr inks  or  
moves to high energy sites provid ing  a chance for 
format ion of high surface a rea  electrodeposit .  How-  
ever, a t  a h igher  expande r  concentrat ion,  as adsorpt ion 
continues, the adsorbed  molecule  m a y  become or ien ted  
more and more pe rpend icu la r  to the surface wi th  its 
hydrophi l ic  head  or iented  toward  the bu lk  solut ion 
(4), causing the not iceable  charge inhibi t ion  shown in 

the vo l t ammogram in Fig. 2d. 
At expande r  concentrat ions  lower  than the op t imum 

(Fig. 1), the cyclic e lec t rode  reac t ion  is f avorab ly  in-  
fluenced by  increasing e x p a n d e r  concentra t ion in the 
test  solut ion as noted by  the increas ing CLI values 
(Fig. 1) as well  as by  the vo l t ammograms  (Fig. 2) 
and the e lect rode surface morphology  as observed by  
SEM (Fig. 3). 

F igure  2 demonst ra tes  the effect of e x p a n d e r  con- 
cent ra t ion  in the test  solut ion on the l ead  electrode 
vol tammograms.  The increased charge inhibi t ion  of 
the lead e lect rode wi th  increas ing expande r  concen- 
t ra t ion  is appa ren t  from these vo l tammograms .  This is 
noted f rom the g radua l  reduct ion in the ca thodic  peak  
cur ren t  wi th  increas ing expande r  concentra t ion in the 
test  solution. The reduct ion in the cathodic peak  cur -  
ren t  is accompanied by  broadening  of the peak  area  
and increased cur ren t  acceptance at  the end of the 
cathodic sweep. This in tu rn  resul ts  in an overa l l  in-  
crease in charge input  wi th  increas ing expande r  con- 
cent ra t ion  in the test  solut ion up to 20 ppm. T h e a n o d i c  
port ions of the vol tammograms,  which show a cor-  
responding  increase  in e lec t rode  capaci ty  up to 20 
ppm, indicate  tha t  the g rea te r  charge input  to the sys-  
tem is associated wi th  the e lect rode qual i ty  improve -  
ment  (i.e., surface area)  r a the r  than  any secondary  
e lect rochemical  reaction.  At  an expande r  concent ra-  
t ion g rea te r  than  20 ppm in the test  e lectrolyte ,  a 
decline in e lectrode CLI (Fig. 1) is associa'ted wi th  the 
excess ive  charge inhib i t ion  a ppa re n t l y  caused b y  
mu l t i l a ye r  surface adsorpt ion  of e x p a n d e r  ma te r i a l  
a n d / o r  its or ienta t ion  on the e lect rode surface. 

The effect of expande r  concentra t ion on the cycled 
lead e lect rode morpology  is shown in Fig. 3. An ag-  
g lomera ted  nodular  mass wi th  large  voids was typica l  
for the test  e lectrode cycled in pure  sulfuric  acid 
solution. This e lect rode morphology,  however ,  was a l -  
te red  in presence of expande r  in the  test  solut ion and 

Fig. 2. Effect of type A ex- 
pander concentration (ppm, mg/ 
liter) in 1.250 sp gr H2S04 on 
the lead microelectrode voltam- 
mograms at 145th cycle. Figures 
within parenthesis are charge in 
coulombs. 
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Fig. 3. The influence of ex- 
pander concentration in the test 
solution on lead microelectrode 
surface morphology at 145th 
cycle; (a, top left) 0 (b, top 
right) 5 ppm (c, bottom left) 20 
ppm and (d, bottom right) 40 
ppm. Magnification 3000 X .  

became increasingly finer with increasing expander 
concentration in the test solution. The morphology of 
the test electrode cycled in test solution with 40 ppm 
expander was basically v e r y  fine (Fig. 3d) and close 
to the structure obtained after the development cycle. 
The retention of this fine structure after 48 hr cycling 
was caused by the protective coverage of expander 
as evident by the highly suppressed electrode kinetics 
(Fig. 2d). 

Figure 4 is a plot of 90% DOD cycle life of 98 A-hr  
negative limited test cell vs. the type A expander 
concentration in the negative paste. Each test cell had 
760g of negative paste in which the concentration of 
expander was varied from 0 to 0.5 weight percent 
(w/o) based on the weight of oxide. The average ca-  
pacity of these test cells based on f ive identical dis- 
charges immediately after electroformation and ad- 
justment of acid concentration to 1.290 _ 0.010 sp gr 
were 77.0, 91.8, 99.1, 104.5, and 106.7 A-hr  for 0, 0.02, 
0.10, 0,30, and 0.50 expander  concentration in the nega- 
tive paste, respectively. The nominal capacity of these 
test cells was considered to be 98 A-hr  at the 40A rate. 
These test cells cycled with 90% DOD per cycle. The 
cycle mode was arbi t rar i ly  selected as 132 rain dis- 
charge at 40A followed by 228 min charge with 2.50V 
constant voltage charging with 33A maximum current 
per cycle. The test cells which had no expander in the 
negative paste had initial capacities less than that  re-  
quired to sustain 90% DOD cycling and hence were 
not cycled. In the test the capacity of the negative 
electrode was always limiting. This was checked by 
the half-cell  potential  measurement during test cycling 
and periodic capacity measurement. 

The presence of an optimum expander concentration 
in the paste for a maximum 90% DOD cycle life of the 
negative limited test cells is evident from Fig. 4. The 
optimum concentration of type A expander  in the 
paste was 0.3 w/o. The 90% DOD cycle !ires of the 
test cells with 0.3 w/o expander in the  negative paste 
were 65 and 106% superior to the test cells with 0.1 
and 0.5 w/o expander in the negative paste. The effect 
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Fig. 4. Effect of type A expander concentration in the negative 
paste on the cycle life of negative limited test cells with 90% DOD 
per cycle. 
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of type  A expande r  concentra t ion on the e lect rode 
morphology af te r  format ion  is shown in Fig. 5. A 
highly  s in tered nodula r  s t ruc ture  l ead  active mass 
wi th  large  voids was dominan t  in absence of expande r  
in the paste  matr ix .  This s t ruc ture  was modified in the 
presence of O.1 w/o  expande r  in  the paste  to fo rm a 
coherent  porous act ive mass consist ing of we l l -d i s -  
t r ibu ted  acicular  dendr i tes  covered wi th  nodula r  de -  
posits. Upon increas ing expande r  concentra t ion to 0.3 
w/o  the deposits  became finer and  wel l  separa ted  f rom 
each o ther  to cause a h ighly  microporous  ma t r i x  (Fig. 
5c). At  0.5 w /o  expande r  the deposi t  s t ruc ture  became 
ex t r eme ly  fine and dense and the pore  size appea red  to 
have reached a submicron size. The phys ica l  examina -  
tion of these micrographs  (Fig. 5a, b, c, and d) did  in-  
dicate the seemingly  be t t e r  s t ruc ture  of Fig. 5c com- 
pa red  to Fig. 5a, b, and d and expla ins  the super ior  
per formance  of the  test  cells wi th  0.3 w / o  e x p a n d e r  
in the negat ive  paste. The specific surface area  of the 
test  negat ives were  0.37, 0.50, 0.65, and 0.69 m2/g for  
e lectrodes wi th  e x p a n d e r  concentra t ion  0, 0.1, 0.3, and 
0.5 w/o,  respect ively.  

A s t rong s imi la r i ty  exists  be tween  the effect of ex -  
pander  concentra t ion on the microe lec t rode  cycle life 
index  (Fig. 1) and the 90% DOD cycle l ife of the 
pas ted  e lect rode (Fig. 4). This is t rue  in spite  of the 
fact tha t  the e x p a n d e r  is inc luded in the e lec t ro ly te  
for  the microe lec t rode  sys tem and in the  pas te  for  the  
pas ted  e lec t rode  system. The a lmost  ident ical  influence 
of expande r  concentra t ion on the microe lec t rode  cycle 
l ife index  and the 90% DOD cycle life of the  pas ted  
e lect rode suggests tha t  the  microe lec t rode  cycle l i fe  
index  (CLI)  could be used to de te rmine  e i ther  the 
op t imum expande r  concentra t ion o r  the  deep discharge 

cycle l i fe  of the pas ted  electrode or  both. This also r e -  
veals  tha t  this technique could be economical ly  used 
for select ive evalua t ion  of expande r  candidate  m a t e -  
r ia ls  for app l ica t ion-or ien ted  lead acid ba t t e ry  test  
cells. This is h ighly  a t t rac t ive  since the expande r  se-  
lection is usua l ly  based on its eva lua t ion  in a l ead  acid 
ba t te ry ,  which is often t ime consuming and costly. 
The analogous behavior  of Fig. 1 and 4 points  out  tha t  
the 20 ppm type  A e x p a n d e r  concentra t ion in the 
microelec t rode  sys tem is equiva len t  to 0.3 w /o  in the 
pas ted  e lect rode sys tem based on the weight  of the 
oxide. 

A comparison of Fig. 3 and 5 indicates  tha t  the ex -  
pander ' s  influence on the l ead  electrode morpho logy  
is ve ry  s imi la r  for the microe lec t rode  sys tem in which  
i t  is included in the test  solut ion and for  the  pas ted  
electrode in which i t  is incorpora ted  in the paste. 
This s imi la r i ty  of expande r  act ion on the electrode 
morpho logy  suggests tha t  the mechanism of expande r  
act ion must  in the case of the pas ted  e lec t rode  involve 
dissolution f rom the pas te  m a t r i x  fol lowed b y  the 
adsorpt ion  on the e lect rode surface. 

Comparison of type A and B expanders.~The micro-  
e lect rode test  da ta  of type A and B expanders  at  60 ppm 
concentra t ion in 1.250 sp gr  H2SO4 are  given in Table  
III. Type B mate r i a l  is noted to be signif icantly d i f -  
fe ren t  and super ior  to type  A, p a r t i c u l a r l y  a t  60 p p m  
concentrat ion.  The in fe r ior  cycle life index of type  A 
is the resul t  of its excessive charge inhibi t ion as noted 
in Fig. 6 f rom the cyclic vo l t ammograms  taken  at  the  
end of the test. Due to this wide difference in thei r  
cycle life index values,  the  type  A and B expanders  
were  chosen to tes t  the efficacy of the  rnicroelectrode 

Fig. 5. Structure of fresMy 
formed fractured negative as 
affected by type A expander con- 
centration in the paste: (a, top 
left) no expander, (b, top right) 
0.1 w/o, (c, bottom left) 0.3 w/o 
and (d, bottom right) 0.5 w/o. 
Micrographs were taken close to 
the edge. Magnification 3000• 
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Table III. Microelectrode evaluation of type A and B expanders 
at 60 ppm (mg/liter) in 1.250 sp gr H2SO~ 

Expander 
material Qln (C) Qt (C) Qln 

Cycle life index, 
Q~ - Qtn 

T y p e  A 1.354 1.131 - 0.17 
T y p e  B 1.293 2.463 0.91 

technique in predicting the influence of expander 
quality on the deep discharge cycle life of the pasted 
electrode. The 60 ppm concentration in the microelec- 
trode system was assumed to be equivalent to close ~o 
0.5 w/o in the pasted electrode. The test electrodes 
with 0.5 w/o type A and B were prepared according to 
the procedures given in the experimental section. 
These test electrodes were assembled with the heavily 
pasted counter positives to f o r m  98 A-hr  negative 
limited test cells. 

Type B expander 
60  ppm 

Type A expander 
60 ppm 

5 mA 

l_ltOOmV , ,, _tloomv  
o - -  L -  . . . . . .  _ _ l m  V 

o 

--3 
- 6 6 0 m Y  

Fig. 6. Lead microelectrode voltammograms taken at 145th cycle 
demonstrate a strong charge inhibition of type A expander com- 
pared to type B in 1.250 sp gr H2504 solution. 

Specific discharge capacity at 43.5 A/kg, Ah/kg 
0 20  4 0  6 0  8 0  100  120  140  160  

! 1 I 1 1 I [ I I 

The capacity maintenance behavior of these two 
test series during cycle life testing with 90% DOD p e r  
cycle are given in Fig. 7. Test cells with type B ex- 
pander had relatively low initial capacity which, how- 
ever, did gradually build up to an equivalent level to 
that of the previous series within 30 cycles and showed 
a 90% DOD cycle life close to 330. This demonstrates 
that the type B expander is superior to type A in im- 
proving the deep discharge cycle life of the pasted 
electrode system (Fig. 7), in agreement with the 
microelectrode observation (Fig. 6). 

Relation between CLI and electrode capacity.--The 
expander present in the test solution alters the lead 
matrix morphology during linear potential sweep 
cycling of the microelectrode. Thus the cycle life in- 
dex reflects the expander's influence on the steady- 
state capacity of t h e  microelectrode. Analogous to 
this, expander present in the pasted electrode matrix 
is expected to alter the lead matrix morphology during 
formation and subsequently to help the electrode at- 
tain a steady-state capacity on repeated deep dis- 
charge cycling. Thus a correlation between the ex- 
pander's influence on the microelectrode cycle life 
index and the dischargeability or the specific capacity 
of the pasted electrode (A-hr/kg active mass) is 
anticipated. This was carried out with the simultane- 
ous evaluation of three B-type expanders by the 
microelectrode and the pasted electrode. 

The B, B', and B" type expanders were experimental 
lignosulfonate samples prepared by American C a n  

1 2 0 ~  I I I I I I f I I 

lOO 

9 0 |  ~ o.5 Weight % type 8 
/ 

~ ' ~ O  0,5 Weight % type A 

80|i- I t I I q I I I I 
0 70 140 210 280 350 

Cycle number 

Fig. 7. Effect of expander type in the negative paste on the ca- 
pacity maintenance behavior of 98 A-hr negative limited test cells. 

.3% Type B 

.3% Type B + .3% Type A 

.3% Type B I + .3% Type A 

.3% Type B"+ .3% Type A 

Fig. 8. The effect of three 
type B expanders on the specific 
discharge capacity of lead elec- 
trode with and without type A 
expander and BaSO4 at 52.7 A /  
kg and 25 ~ ___ 1~ in 1.300 4- 
0.005 sp gr H2504 solution. 
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Cycle life index at 6 0  ppm concentrat ion in 1 .250  sp gr H2S04 

Fig. 9. Correlation between the effect of three B-type expanders 
on the lead alectrode specific capacity and the microelectrode 
cycle life index. 

Company, Rothschild, Wisconsin, for this test. All  
these materials  were prepared from the same source 
material  with some unknown change in processing 
conditions. The variation of these samples was not 
detected by u.v. and infrared spectroscopy. However, 
the microelectrode testing of these materials had shown 
the CLI values to be 0.91, 0.36, and 0.59 for B, B', and 
B", respectively, at 60 ppm concentration in 1.250 sp gr 
H~SO4 solution. 

The efficacy of these expanders on the steady-state 
capacity development was tested on type II  elec- 
trodes prepared out of conventional paste in which 
the type B, B', and B" expanders were included with 
and without type A expander. The test plates were 
conventionally formed and tested in duplicate in a 
three-plate  element test cell. 

The summary results of the five test series mea- 
sured in duplicate are shown in Fig. 8 in the form 
of a bar  diagram. This diagram indicates t ha t  the 
material  utilization of the lead active mass is not 
significantly influenced by the 0.3 w/o type A lignin in 
the presence of 0.3 w/o type B lignin; second, the 
influence of BaSO4 in promoting the material  util iza- 
tion of the active mass under this composition range 
is heavily controlled by the type B lignin. The mate-  
rial  utilization shows that the expander activity o f  B, 
B", and B' are in the decreasing order in agreement 
with the cycle life index value of these materials at 
60 ppm mentioned earlier. 

Figure 9 is a plot of steady-state capacity of the 
pasted electrode and the microelectrode cycle life 

index for B, B', and B" expanders. It shows a l inear 
correlation between the cycle life index and the 
specific capacity of the pasted electrode and further 
demonstrates the predictabil i ty of the microelectrode 
technique in determining the efficacy of expander on 
the lead electrode performance. 

C o n c l u s i o n s  
Microelectrode cycle life index is shown to have an 

acceptable correlation with the expander's influence 
on the deep discharge cycle life and the mater ia l  ut i l i-  
zation of the pasted type lead electrode. An optimum 
concentration of expander exists both in the paste 
matr ix  and in the test solution for a maximum deep 
discharge cycle life. The prediction of this optimum 
concentration in the pasted electrode is possible from 
the microelectrode test data. However, it  is highly 
likely that this optimum concentration may vary with 
the nature of the material. The microelectrode cycle life 
index has been noted to be sensitive to the quality of 
expander prepared from the same source material  and 
has proved to be useful as a quali ty control tool. The 
fundamental reasons for an optimum expander con- 
centration for a maximum deep discharge cycle life, 
whether they are related to physical properties or to 
the chemical structure and associated reactions, are 
not clear. More work is needed to elaborate the ex- 
pander activity as function of the chemical structure 
and the physicochemical properties of the expander. 
The microelectrode technique as an economic screen- 
ing technique of candidate expanders appears to be 
extremely helpful in finding a bet ter  material  which 
in turn could improve the energy density and cycle 
life of the lead electrode or the whole lead acid bat-  
tery. 
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Composite Cell Testing of Corrosion-Resistant 
Pasted Lead-Acid Battery Grids 

I. Weight Loss and Grid Integrity of Low Antimony and 

Antimony-Free Grids 
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ABSTRACT 

A comprehens ive  s e t  o f  long dura t ion  corrosion tests was car r ied  out  unde r  
condit ions closely approach ing  those in a l ead -ac id  ba t t e ry  to cor~pare the  
corrosion character is t ics  of twelve  different  mater ia ls ,  inc luding  expanded  
mesh grids produced  f rom cast s t r ip  and ro l led  s t r ip  as wel l  as book-mold  
cast  grids. Seven l ead -ca l c ium- t i n  grids, one l ead-ca lc ium grid, one l ead-  
s t ron t ium- t in  grid, and two l e a d -a n t imony  grids were  inc luded as pas ted  
plates  in each composite  cell, a long wi th  a coupon sample  of unexpanded ,  
unpasted,  cast l e ad -ca l c ium- t in  strip.  Tests were  conducted under  wel l -def ined  
condit ions of t e m p e r a t u r e  and e lect rode po ten t i a l ,  s imula t ing  conditions of 
SLI  service  in a vehicle. Weight  loss and gr id  in t eg r i ty  measurements  w e r e  
supp lemen ted  by  meta l lograph ic  examinat ions .  Rate  laws ind ica ted  a change 
in corrosion mode for  l e ad -ca l c ium- t in  al loys as test  condit ions were  m a d e  
more  severe.  A semi -quan t i t a t ive  model  was developed indica t ing  tha t  this 
change in corrosion mode was associated wi th  more  deeply  pene t r a t ing  c o r -  
rosion.  This behavior  cont ras ted  to tha t  for  an t imonia l  and s t ron t ium- lead  
al loys and for a l ow-ca l c ium- l ead  al loy for which  the same form of ra te  l aw 
was observed  under  al l  conditions. The corrosion character is t ics  of two pa r t i c -  
u la r  expanded  grids were  outstanding.  One of these was an expanded  cast s t r ip  
gr id  of composit ion Pb-0.09Ca-0.3Sn; the  o ther  was a soft expanded  c a s t -  
s t r ip  gr id  of composi t ion Pb-0.007Ca. 

Dur ing  the 1970% the l ead -ac id  ba t t e ry  indus t ry  
exper ienced  a ma jo r  processing change t oward  high 
volume pla te  manufac tu r ing  technology based  on the 
fabr ica t ion  of cont inuous s t r ip  and conversion to gr id  
mesh. Coincidenta l  wi th  this change was the  in t ro -  
duct ion of b a t t e r y  al loys which  reduce w a t e r  loss, 
thus a l lowing ba t te r ies  to be pa r t i a l l y  sealed and 
pe rmi t t i ng  ma in t enance - f r ee  operat ion.  Cer ta in  of 
the contending al loys have  sufficiently n a r r o w  freez-  
ing ranges  to be cast cont inuously  as s t r ip  by  solidifi- 
cat ion on a ro ta t ing  d r u m  cas ter  (1-4).  

These, as wel l  as o ther  alloys, m a y  also be ro l led  
into s t r ip  form or cast by  the  convent ional  book-mold  
process. The most  impor t an t  commerc ia l ly  a re  the  
l e a d - c a l c i u m - t i n  alloys,  which  are  cu r r en t ly  p ro -  
duced both as discrete  cast  grids and as ro l led  or  
cast  str ip.  The s t r ip  can be conver ted  into grids by  
punching  or by  me ta l  expans ion  methods.  

Fo r  severa l  years,  sealed cy l indr ica l  l e ad -ac id  cells 
have been produced  commerc ia l ly  wi th  grids punched  
f rom cast strip.  On an even l a rge r  scale, au tomot ive  
s t a r t i ng - l igh t ing - ign i t i on  (SLI)  ba t te r ies  a re  p ro -  
duced wi th  book-mold -cas t  grids or  wi th  grids made  
by  expand ing  heav i ly  ro l led  (wrought )  str ip.  Book-  
mold  cast ing involves  a ba tch  process which  is h igh ly  
l abor  in tens ive  and sk i l l  demanding.  Expans ion  in -  
volves the pa r t i a l  s l i t t ing and separa t ion  of s t r ip  to 
form a ne twork  of diamonds.  

Expanded  diamonds are  fo rmed  by  three  dis t inct  
actions:  sl i t t ing,  s t retching,  and expanding.  S l i t t ing  
creates  a pa t t e rn  of i n t e r rup t ed  cuts in the  mater ia l .  
Nodes are  located in the a rea  where  no s l i t t ing occurs 
while  the  sli t  sections become the strands.  In  o rde r  to 
main ta in  the r equ i red  node - to -node  length  the s t rands  
are  s t re tched  or  e longated  to p reven t  the  contract ion 
of the  d iamond dur ing  the final expansion step. E i the r  

* Electrochemical Society Active Member. 
Key words: alloy, battery, potential, corrosion. 

a ro ta ry  or  a r ec ip roca t ing - type  act ion can  be appl ied  
to me ta l  expansion.  The rec iprocat ing  method  has 
h i ther to  been most  wide ly  used commercia l ly .  Pa ten ts  
for the ro t a ry  equ ipment  a re  pending  o r  g ran ted  (5). 
T h e  Cominco r o t a r y  method  carr ies  out  the th ree  
operat ions in two steps: first a s imul taneous  s l i t t ing 
and s t re tching action, fol lowed immed ia t e ly  by  the e x -  
p a n s i o n  or pul l ing  apa r t  of the d iamond components  to 
produce a mesh. The rec iprocat ing  method  combines 
a l l  three  actions by  means  of an u p - a n d - d o w n  punch 
press opera t ion  w he re by  the s t r ip  ma te r i a l  is indexed  
r ap id ly  th rough  the expande r  where  the tool ing 
slits, stretches,  and expands  one row of s t rands  and  
nodes dur ing  each stroke.  

In spite of r ap id ly  growing indus t r ia l  acceptance of  
both cast and wrough t  t e rna ry  l e ad -ca l c ium- t i n  grid 
alloys, v e r y  few resul ts  of corrosion tes t ing of these 
al loys have been publ ished (6-13).  Even fewer  resul ts  
are  avai lab le  for corrosion of expanded  grids (11) and 
none for  r o t a r y - e x p a n d e d  grids. Since the  m e t a l  
deformat ion  which occurs dur ing  s t r ip  expans ion  or  
ro l l ing resul ts  in subs tan t ia l  changes of me ta l lu rg ica l  
s t ructure ,  and  thus to possible changes in  e lec t ro-  
chemical  character is t ics ,  i t  is des i rable  to test  a l loys 
in thei r  final form, i.e. as expanded  grids. The re su l t s  
of bare  meta l  corrosion tests m a y  also not  be d i -  
rec t ly  re la tab le  to pas ted  p l a t e / b a t t e r y  gr id  pe r fo rm-  
ance (7). I t  has been  shown tha t  s imi la r  ra tes  of  
corrosion are  ob ta ined  for  pas ted  and unpas ted  halves  
of a grid unde r  float charge  condit ions (11). However ,  
this might  not  hold  if per iodic  discharges  are  ex -  
per ienced (as occurs in ba t t e ry  service) because of  
the  mass t ransfer  character is t ics  of the  porous active 
mass in a pas ted  p la te  in comparison to tha t  of the  
free e lec t ro ly te  at  the surface of the corrosion film 
on ba re  metal .  Thus, i t  is des i rable  to tes t  pas ted  
plates  in a b a t t e r y  env i ronment  u n d e r  w e l l - d e f i n e d  
conditions r e l evan t  to the  i n t e n d e d  applicat ion.  
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This paper  describes corrosion test ing of gr id  m a t e -  
r ials  r e la ted  to ma in tenance- f ree  SLI  ba t t e ry  appl ica-  
tions. Al loys  were  se lected having  calcium and t i n  

contents wi th in  the range no rma l ly  used b y  the SLI  
ba t t e ry  industry.  In addit ion,  a composit ion typical  
of  cy l indr ica l  sea led  cells (Pb-0.007Ca) was chosen 
as wel l  as a s t ron t ium al loy and two l ow-an t imony  
alloys. Cast  str ip,  ro l led  strip, and book-mold  grids 
were  fabr ica ted  into test  cells as descr ibed below. 

The tests were  carr ied  out  unde r  constant  potent ia l  
charging conditions, i n t e r rup ted  per iod ica l ly  b y  sha l -  
low discharges,  or  under  open-c i rcu i t  s tand  conditions. 
Tight ly  suppor ted  pas ted  grids, contained in composite 
cells (i.e., each cell  contained al l  of the  twelve  t e s t  

mater ia l s  selected for this inves t iga t ion) ,  were  tested 
at  var ious  t empera tu res  and overpotent ia ls .  The cells 
were  constructed so as to be as s imi lar  as possible to 
cells in SLI  ba t te r ies  except  for  the unusua l  mu l t i -  
component  posi t ive p la te  a r rangement .  Weight  loss, 
g ra in  size, dep th  of penet ra t ion ,  tensi le  s trength,  a n d  

various  o ther  physical  measurements  were  made  for 
grids before  and af te r  the corrosion test. The weight  
loss and gr id  in tegr i ty  resul ts  a re  discussed below. 

E x p e r i m e n t a l  

Thi r ty - seven  expe r imen ta l  cells, each containing the 
twelve test mate r ia l s  were  const ructed in cell  con- 
ta iners  made  by  cut t ing up group 24 b a t t e r y  cases 
and covers. Norma l ly  sized expanded  grids were  h a n d -  
pas ted  for negat ives  wi th  a l e a d y  oxide  mix  having  a 
wet  paste  dens i ty  of 4.7 _ 0.1 g-cm-S.  A f t e r  curing,  
the negat ive  plates  were  enveloped and post  s t raps  
were  cast on to produce  a no rma l  negat ive  pla te  
group. Expanded  mesh for  posi t ive min i -g r id s  was 
made  by  ro t a ry  expans ion  of 0.9 m m  th ick  s t r ip  fol -  
lowed by  the  punching  out  of min i -g r id s  5 cm wide 
and 10 cm high (excluding tab)  f rom the expanded  
mesh. The gr id  mate r i a l s  and fabr ica t ion  methods  a r e  

shown in Table  I. The  cast  s t r ip  l e ad -ca l c ium- t i n  
al loys were  expanded  8 weeks  a f te r  cast ing the  strip.  
Al loys  K and R were  ro l led  wi th in  one day  of casting. 
Al loy  S was expanded  the same day  as i t  was c a s t .  

Alloy B was wel l  aged (~6  months)  a f te r  rol l ing and 
expanding.  Commercia l  book-mold  grids, having  wires  
wi th  cross sections comparab le  in size to the expanded  
grids, were  cut to the same p la te  dimensions.  One of 
the posi t ive p la te  test  mate r ia l s  (Lab code A)  was 
unexpanded  strip, 2.5 cm wide • 10 cm high, which 
was to r ema in  unpasted.  The o ther  e leven min i -g r ids  
were  hand -pas t ed  using a posi t ive mix  of we t  dens i ty  
4.27 ___ 0.07 g -cm -~, w h i c h  was cured in the same 
manne r  as the negatives,  i.e., 40~ 100% RH for  
~3  days. The e lementa l  composit ions of ma jo r  a l loying  
agents, as de t e rmined  b y  A A  spectroscopy, are  given 
in Table  I. For  the first nine alloys, the  first d igi t  of 
the mnemonic  code indicates  the nomina l  calcium 
content  in hundred ths  of a percent ,  and the nex t  t w o  

digits  indicate  the  nomina l  t in contents  in tenths  of a 
percent .  The por t ion  of the mnemonic  code fol lowing 

the hyphen  indicates  fabr ica t ion  method,  as expla ined  
by the entr ies  in the final column of Table  I. 

For  each cell  two posi t ive mini -groups ,  conta ining 
six pla te  types  each, were  assembled  by  cast ing on a 
s t r ap -pos t  to each mini -group.  Before pasting, each 
of the 444 (37 • 12) gr ids  was ind iv idua l ly  coded, 
de ta i led  meta l lograph ic  and d imens iona l  measu re -  
ments  were  made,  grid surface area  was est imated,  
and the grids were  s t r ipped  in an a lka l ine  hydraz ine -  
manni to l  s t r ipping  solut ion (14) at  60~176 The 
s t r ipping  solut ion contained a p p r o x i m a t e l y  10% so- 
d ium hydroxide ,  1% hydraz ine  dihydrochlor ide ,  and 
2% mannitol .  The rat ios of t a b / g r i d  weights  were  
de te rmined  for s imi lar  gr ids  p repa red  at  the same 
t ime since it would  be necessary  to de tach  the tab  
(by cut t ing a long the top of the uppe r  grid ba r )  a f t e r  

exposure  to the corrosion test, in o rde r  to de te rmine  
final weights  and corresponding weight  loss. The 
s tandard  deviat ion of  this ra t io  was ,--2% for each 
gr id  type. 

The two posi t ive min i -g roups  and t h e  n e g a t i v e  

group were  sandwiched  toge ther  to form assembled 
elements,  as shown schemat ica l ly  in Fig. 1. The two 
posi t ive posts (shown as one in Fig. 1) were  bu rn t  
toge ther  and appropr i a t e  leads  were  soldered to each 
of the t e rmina l  posts. A l l  cells were  given a 24 h r  
format ion  in 1.115 sp gr  forming  acid, in i t i a l ly  at  
10A (8.4 m A / c m  e) for  16 h r  by  which  t ime the cell  
vol tage  reached the l imi t  set of 2.67 V/cel l .  This cor-  
responded  to a posi t ive p la te  po ten t ia l  (E+)  of 1.40V 
with  respect  to an Hg/Hg~SO4/1.30 sp gr  H2SO4 
reference  electrode,  to which al l  e lect rode potent ia ls  
in this work  are  refer red .  Forma t ion  cont inued for 
another  8 h r  a t  the  constant  vol tage  l imi t  of 2.67 
V/cel l ,  dur ing  which t ime E+ decreased to 1.35V, 
cur ren t  decreased to a final va lue  of 2.5A (2.1 m A /  
cm~), and t empe ra tu r e  also decreased.  Elec t ro ly te  
t empera tu re  above the p la tes  was 32~176 dur ing  the 
ent i re  format ion  period,  reach ing  a m a x i m u m  3 h r  
af ter  format ion  began and a t ta in ing  a lesser  m a x i m u m  
at the t ime when the cell  vol tage  l imi t  was reached.  
The forming acid was then rep laced  by  1.30 sp gr  sul-  
furic acid and the cells were  fu r the r  charged over -  
n ight  a t  2.67 V/cell  (E+ .= 1.37V). The specific g rav i ty  
in the test  cells was 1.2'7 • 0.02 at  25~ W a t e r  w a s  

r egu la r ly  added  to a re fe rence  m a r k  in  t h e  c e l l s  
undergoing  testing. 

Af te r  format ion  and Charging, one cell  was d i s -  
man t l ed  and, a f te r  r emova l  of act ive ma te r i a l  a n d  

chemical  s tr ipping,  weight  losses were  de te rmined  
before  meta l lograph ic  examina t ion  began. The r e -  
main ing  t h i r t y - s ix  cells were  d iv ided  into six equal  
groups. Each group was main ta ined  under  the f o l l o w -  

i n g  condit ions for  the test  dura t ions  indicated,  With 
per iodic  cell removals  for weight  loss and o ther  mea -  
surements :  (i) 40 ~ • 2~ open-c i rcu i t  (OC) stand, 
E+ decreased f rom 1.18 to 1.10V dur ing  the 18 week  
durat ion;  (ii) 50 ~ • 3~ OC, E+ decreased f rom 1.18 
to 1.11V dur ing  the 15 week  dura t ion;  (iii) 50 ~ • 3~ 

Table h Grid alloys and fabrication methods for composite pasted plate cell test 

% E l e m e n t a l  c o m p o s i t i o n  
M n e m o n i c  

Lab code  c o d e  Sn  Ca Sr Sb O t h e r s  Fabr ica t ion  m e t h o d  

A 606-CS 0.57 0.058 ~ ~ 
C 600-CX 0.56 0.058 - -  - -  
K 606-C3X 0.58 0.05s ~ - -  
R 606-C6X 0.67 0.058 ~ - -  N 
B 606-R9X 0.69 0.062 ~ - -  

D 903-CX 0.33 0.087 - -  - -  
P 906-Bl~I 0.62 0.1(h ~ m 
E 909-CX 0.89 0.066 ~ m 

L 100-CX - -  0.007 ~ 
S 2Sr-CX 0.91 - -  0.18 ~ 0.008 (AI) 
V 1Sb-BM 0.09 ~ ~ 1.4 0.03 ( S e )  
w 2Sb-BM o.Ii -- ~ 2.8 0.02 ( S e )  

Cast s tr ip  
Cast, expanded (X) 
Cast, 30% rolled, X 
Cast, 60% ro l led ,  X 
R o l l e d  ~ 9 0 % ,  X 

Cast, X 
B o o k  m o l d  
Cast, X 
Cast, X 
Cast, X 
B o o k  m o l d  
B o o k  m o l d  
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and f rame  dimensions wi th  an  accuracy  of abou t  8% 
for expanded  me ta l  gr ids  (48 cm2), 6% for  book-mold  
grids (60 cm2), and 1.5% for the  ba re  coupon sample  
(55 cm2). Weight  losses were  expressed  pe r  un i t  a rea  
of meta l  immersed  in the  e lec t ro ly te  in  the  test  cell. 
Measurements  were  made  to de te rmine  bo th  ver t ica l  
and  hor izonta l  g rowth  of the  gr ids  for  each cell  on 
test. However ,  because of the uncer ta in  effects of 
handl ing  the expanded  grids on the i r  d imensions  and 
the b reakage  of m a n y  grids  due to wi re  severance,  
these da ta  appea red  unre l i ab le  and have  not  been  
repor ted.  Al l  grids were  examined  closely  and ra ted  
with  respect  to in tegr i ty  on a scale of 1 (best:  no 
b roken  wires)  to 5 (d i s in tegra ted  into m a n y  f r ag -  
men ted  wires)  before being moun ted  for  me ta l l o -  
graphic  examina t ion  and  measurements .  

Fig. 1. Artist's schematic illustration of composite pasted plate 
test cell, indicating positions of test alloys. 

E+ _-- 1.280 • 0.014V (n ---- I00 mV) ,  15 weeks;  (iv) 
40 ~ __. 2~ E+ --  1.382 • 0.011V 01 = 200 mV) ,  I0 
weeks;  (v) 50 ~ • 3~ E+ ---- 1.381 • 0.015V (n --  200 
mV) ,  46 days;  and  (v{) 65 ~ • 1~ E+ ---- 1.380 _ 
0.014V (n --  200 mV) ,  27 days.  

The e lec t rode  potent ia ls  were  control led  b y  manua l  
ad jus tmen t  of cell  vol tage  using power  supplies.  They  
r ema ined  wi th in  the  indica ted  e r ro r  l imits  for  cells 
ma in ta ined  a t  constant  po ten t ia l  except  for  the  ap -  
p r o x i m a t e l y  I hr  r equ i red  for  ceils contro l led  at  200 
mV overpo ten t i a l  to recover  f rom a discharge of 100 
A- ra in  each work ing  day  and the a p p r o x i m a t e l y  3 
h r  r equ i red  for  recovery  of the 100 mV overpo ten t i a l  
cells. 

As cells were  pe r iod ica l ly  removed  f rom test, the  
posi t ive min i -p la t e s  were  ind iv idua l ly  s t r ipped,  the 
tab  was removed  along a l ine coincident  wi th  the  top 
of  the  u p p e r  gr id  bar,  and  the grids were  weighed.  
Metal  s u r f a c e  areas  were  ca lcu la ted  f rom gr id  wi re  

Results 
Weight  loss resul ts  a re  shown in Fig.  2 for  cells 

tested at  50~ and a t  an overpotent ia l ,  % of 200 inV. 
Expe r imen ta l  points  a re  indica ted  using the lab  code 
given in Table I to indicate  gr id  and a l loy  type  and 
both lab and mnemonic  codes are  shown on the figure. 
High corre la t ion  coefficients, r,  were  ob ta ined  for  
a l inear  leas t  squares  fit of the weight  loss (w) da ta  
wi th  t ime ( t)  

w = a -t- bt [1] 

for  a l lo ts  V ( r  ---- 0.966), W(0.996), S(0.997), L(0.984), 
A(0.983), D(0.983), and C(0.962). The la t te r  four, 
however,  had  comparable  and usua l ly  somewhat  h igher  
corre la t ion coefficients, L(0.983), A(0.989),  D(0.993), 
C(0.965), when fi t ted to an exponent ia l  funct ion 

w = a e x p ( b t )  [2] 

For  the remain ing  grids, the exponent ia l  funct ion 
c lear ly  gave the bes t  fit: K(0.9998), B(0.998), P(0.994), 
R(0.993), and E(0.936). The grids best  descr ibed  by  
exponent ia l  ra te  laws have  been included in Fig. 2 
and have been rep lo t ted  on a semi logar i thmic  scale in 
Fig. 3. The s t andard  e r ror  of the  fit is ind ica ted  only  
for the fit of the da ta  having  the h ighest  corre la t ion  
coefficient in each figure. Power  (w ---- a~ b) and loga-  
r i thmic  (w _-- a -5 b log t) two p a r a m e t e r  r a t e  laws  
were  also tes ted bu t  gave r e l a t i ve ly  poor  correla t ions  
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Fig. 2. Weight loss time-de- 
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50~ and 1.38V. Circled letters 
are experimental points and refer 
to the alloys of Table I. Error 
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dependen~-es. Carves are expo- 
nential fits~ Some points have 
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sake of clarity. 

Time (days) At 50~ l~=2OOmv 

O I0 20 3 



1426 3. EZectrochem. Sot.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY JuZy 198I 

200 

90 
8G 

70 

6(~ 

~ 5o 

~ 4o 
i 
_1 

3O  
.ic 

2 0  

| 

0 I0 20  30 4 0  50  

Time (days) At 50=C,11. ,,zOOmv 

Fig. 3. Data of Fig. 2, for lead-ealelum alloys, replotted on a 
logarithmic scale to indicate exponential dependence on time. Error 
bars ore given for the eight ternary alloys best fitted by on ex- 
ponential rate low. 

in  almost all cases for these and  the other  data de-  
scribed in  this paper. In  most cases where the ex-  
ponent ial  fit was best of all  the two paramete r  rate 
laws tested, a higher correlation could be obtained 
with a second-order  polynomial.  However, often a 
fourth, or  even higher, order polynomial  was required 
to match the goodness of fit of the exponent ia l  func-  
tion. "Paired- t"  statistical analysis of the correlation 
coefficients for l inear  and exponent ial  fits indicated, 
with a high level of confidence (>97.5%), that  the 
exponent ial  function described the data for the lead-  
calcium grids bet ter  than a l inear  function. 

For these eight grids the correlation coefficients 
were 0.98 • 0.02 s.d. For the other four grids, it could 
not be stated at the 90% confidence level that  the 
l inear  fit was superior, because of the l imited data 
under  these conditions. When considered in association 
with the data obtained under  other exper imenta l  
conditions, it  was possible to state, at the 99% con- 
fidence level  (c.1.) that  V, W, and S were best de- 
scribed by the l inear  function. The apparent  prefer-  
ence for the l inear  fit with alloy L, however, could 
have occurred by  chance with at least 10% probabil i ty.  

The weight loss results for cells tested at 50~ 
~ 100 mV, are shown in  Fig. 4. Under  these condi- 

tions, all of the grids, with two possible exceptions 
(B and D), appeared to be best described by a l inear  
rate law. For the alloys containing calcium, however, 
correlation coefficients for the l inear  fits were re la-  
t ively low (r ---- 0.86 • 0.05 s.d.). Even though higher  
values of r were obtained, for the an t imony  and s t ron-  
t ium alloys, comparable to those at 50~ ~ -- 200 mV, 
it  was still impossible (using the 50~ ~1 ---- 100 mV 
data only)  to show at the 90% c.1. that  the l inear  
funct ion gave a bet ter  fit than  the exponent ial  for 
either the calcium or the noncalc ium groups. 

The cell removed at 28 days had accepted a sub-  
s tant ia l ly  higher cur ren t  (2.15 • 0.26A for the last 21 
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Fig. 4. Dependence of weight loss on time for test materials 
anodized at 50~ 1.28V positive potential. Both the marginally 
better exponential fit (solid curve) and linear fit (broken line) are 
given for alloy D. Error bars are given only for linear fits. 

days) than the other  cells (0.32 • 0.08A for the 
same period) dur ing  the entire dura t ion of the test, 
suggesting an  in te rna l ly  shorted cell. When dis- 
mantled,  visual  inspection revealed that  a short had 
developed between electrode A and the negative strap. 
The weight loss for A was very high due to loss of 
lead through fusion caused by  the short. Weight 
losses for most of the grids from this cell seemed 
somewhat high, but  since the electrode potentials 
were main ta ined  at acceptable values (1.260 • 0.015V) 
in  a potent ial  region where corrosion is re la t ively in -  
sensitive to potential,  the results were not  discarded 
(except for one damaged grid, S). Other cells which 
developed shorts were removed from test as soon as 
possible after shorts were discovered and confirmed, 

Under  open-circui t  s tand conditions at  40 ~ and 50~ 
(see Fig. 5), all of the alloys were best  described by  
l inear  rate laws at the 95% c.1. However, the prefer-  
ence for a l inear  fit was not  large. The difference in  
r values (hr) between the two functions was 0.05 ___ 
0.07 s.d. All  bu t  two alloys gave r values ~0.92 at 
40~ and all but  one gave r - -  0.95 at 50~ for the 
l inear  fit. 

At 200 mV overpotential,  the results at 40~ were 
very similar to those at 50~ (Fig. 3), apart  from the 
t ime scale, with all eight l ead-ca lc ium-t in  alloys 
being well  described by exponent ia l  rate laws (r  -- 
0.98 • 0.01 at 40~ and r ---- 0.98 • 0.02 at 50~ at 
the 99% c.1. and the other four alloys being well  de- 
scribed by l inear  rate laws (90% c.1.). The ratio of 
the b parameter  of the exponent ia l  law at  50~ (slope 
in Fig. 3) to that  at 40~ was 1.98 -*- 0.24 for the 
eight alloys. The corresponding b parameter  ratio for 
the l inear  laws was 1.75 • 0.13 for alloys V, W, and  S 
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Fig. 5. Dependence of weight loss on time on open circuit at 
40~ (lower) and 50~ (upper). Many points have been omitted or 
offset for clarity. 

and 1.30 for  a l loy L. A t  65~ the pa t t e rn  was not ice-  
ab ly  different.  Whe the r  the  da ta  were  grouped  as 
before  or  t aken  al l  together ,  i t  was impossible  at  the 
90% c.1. to show tha t  one funct ion fi t ted the  da ta  
be t t e r  than  the other. The weight  losses a r e  shown as 
a l inear  funct ion of t ime in Fig. 6. L inea r  fits for  the  
th ree  al loys (C, D, and  L) ,  which  gave (insignifi-  
cant ly)  h igher  r values  for  the  exponen t ia l  law, a re  
shown wi th  b roken  e r ror  bars.  F u r t h e r  expe r imen t s  
were  car r ied  out  wi th  unpas ted  unexpanded  cast s t r ip  
coupons of alIoys C, D, and two o ther  composit ions 
at  50~ and ~ = 200 mV. A poten t ios ta t  was used to 
control  the potent ia l  much  more  accura te ly  than  was 
possible  for  the composite  pas ted  p la te  cells. The 
cu r ren t  was observed to increase  exponen t i a l ly  wi th  
t ime for  as long as 70 days  before  reaching  a constant  
value.  

The da ta  for  B, C, and  P a t  65~ shown in Fig. 6, 
have  been rep lo t ted  on a semi logar i thmic  scale in 
Fig. 7 for compar ison wi th  ea r l i e r  r e s u l t s  ob ta ined  
in a n o t h e r  expe r imen t  using unpas ted  grids f rom 
the same lots, B', C', and P'. The da ta  for the un -  
pas ted  grids appea red  to fit exponen t ia l  r a te  laws  
be t t e r  than  l inea r  ra te  laws, a l though the preference  
was not  significant, even  a t  t h e  75% e.l., and  da ta  have  
been p lo t t ed  on the semi logar i thmic  scale only  for  
convenience.  Weight  losses for the expanded  heav i ly  
ro l led  s t r ip  grids were  g rea te r  than  those for  expanded  
cast s t r ip  grids by  factors of 1.3-2.2. The resul ts  for  
a l loy C were  s imi la r  for  pas ted  and unpas ted  expanded  
grids  except  tha t  the  unpas t ed  grids r equ i red  2 weeks  
more  to a t ta in  the  same weight  losses. A somewhat  
shor te r  de lay  was observed  for  a l loy  B ( app rox i -  
m a t e l y  1 week  at  m i d - e x p e r i m e n t )  and  the slopes of 
the  fi t ted l ine for  B and B'  were  s ignif icant ly differ-  
ent. Fo r  a l loy  P, as for  a l loy C, the same slopes were  
ob ta ined  for pas ted  grids as for  ba re  grids;  however ,  
the  weight  losses were  ve ry  much l a rge r  for  the pas ted  
gr ids  than  for  the  ba re  grids, cor responding to a 3 week  
de lay  in reaching  a s imi la r  weight  loss for  unpas ted  
grids. Of even more  consequence is the  appa ren t  r e -  
versa l  of the o rde r  of corrosion ra te  for  a l loy P, in  corn- 
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Fig. 6. Linear fit of weight loss data at 65~ 1.38V positive po- 
tential. 

par ison to B and C, wi th  P being the most  corrosion 
res is tan t  of the three  mate r i a l s  for  most  of the  l ife of 
the bare  grids, bu t  the  least  corrosion res i s tan t  when  
compared  as pas ted  grids. Al loy  P '  also had  a much  
h igher  slope than  the o ther  bare  grids B'  and  C', in -  
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Fig. 7. Dependence of weight loss on time at 65~ and 1.38V 
potential for unpasted grids (B', C', and P') from same lots as 
pasted grids B, C, and P. 
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dicat ing a possible change of corrosion resis tance for 
the P'  grids dur ing  the expe r imen ta l  run. In  fact, 
s imi la r  tests on other  we l l - aged  book-mold  grids of 
somewhat  different  composit ions (Pb-0.03Ca-0.6Sn and 
Pb-0.09Ca-l .0Sn)  f rom a different  source gave a lower  
slope, s imilar  to those for  B', C', and  to other  expanded  
grids of s imi lar  composition. The expanded  mesh was 
tested as bare  grids wi th in  a few weeks  of expanding  
from strip. The cast s t r ip  was expanded  2 months 
af ter  casting. The commercia l  heav i ly  ro l led  s t r ip  was 
aged at  least  6 months a f te r  rol l ing and before  ex -  
pansion. The book-mold  grids were  cast app rox ima te ly  
1 month  before  being tes ted as bare  grids. However ,  
these same mate r ia l s  were  not  tested as pas ted  plates  
for an addi t ional  4-6 months.  The h igh  slopes for P '  
and possibly P m a y  have been due to an aging process, 
tak ing  place at  an acce lera ted  ra te  dur ing  the 65~ 
test, and possibly  at  room t empera tu r e  in the in te rva l  
be tween bare  grid and pas ted  gr id  testing. Meta l lo -  
graphic  resul ts  and tensi le  test ing indica ted  tha t  
changes in meta l lu rg ica l  s t ruc ture  and strength,  due to 
e leva ted  t empera tu re  of the test, does occur for B grids 
(15). These resul ts  wi l l  be discussed in a l a te r  pub l i -  
cat ion (16). Such changes m a y  have also caused the 
increase  in slope for B in comparison to B', a l though 
this seems less l ike ly  since this ma te r i a l  was a l r e ady  
wel l  aged before  e i ther  test. No significant difference 
in slopes was obta ined for C in comparison to C'. 

The weight  loss results,  while  impor tant ,  a re  not  
sufficient to evalua te  the usefulness of these al loys for 
an in tended applicat ion.  Accordingly,  such me ta l -  
lurgical  and dimensional  pa rame te r s  as gra in  size, 
dep th  of corrosion penet ra t ion ,  and grid growth  were  
also measured.  This work  is s t i l l  in progress  a n d  is 
not  presented  here. However ,  a macroscopic assess- 
men t  of grid in tegr i ty  has been completed for al l  
cells. F igure  8 shows the s t r ipped  (and in some cases ,  
recons t ruc ted)  grids of a cell, which  had  been  con- 

t ro l led  at  50~ and 200 mV overpoten t ia l  for 35 days.  
The weight  losses (mg /cm 2) a re  given be low each 
grid, a long with  the lab and mnemonic  codes. In Fig. 9, 
a s imi lar  comparison is p resented  for grids t aken  f rom 
another  cell  af ter  46 days at  50~ and ~1 ---- 200 mV. 
As is apparent ,  grids having ve ry  s imi lar  weight  losses 
of ten suffered m a r k e d l y  different  losses of grid in -  
t egr i ty  as judged  by  b roken  wires.  Loss of gr id  in-  
t egr i ty  was quantif ied on a scale f rom 1 to 5, wi th  1 
indicat ing excel len t  re ten t ion  of grid in tegr i ty ,  wi th  

"no b roken  wires  and l i t t l e  th inning (e.g., grids D and 
L in Fig. 8 and 9) and 5 indica t ing  complete  d i s in te -  
gra t ion  (gr id  S) .  In t e rmed ia te  figures of mer i t  were  
assigned, according to the number  of b roken  wires  and 
degree of gr id  f ragmenta t ion .  The resul ts  of this 
assessment  are  d i sp layed  for  the da ta  obta ined at  
200 mV posit ive overpo ten t ia l  and at  40 ~ 50 ~ and 65~ 
in Fig. 10. Ranking of grid in tegr i ty ,  as based on such 
assessments, is given in Table II for  0, 100, and 200 mV 
overpotent ia ls .  Grids  should only  be compared  wi th in  
a column since comparison be tween  columns is depen-  
dent  on the dura t ion  of the tests at each overpotent ia l .  
Grids  in the same row wi th in  a column are  app rox i -  
ma te ly  equal  but  super io r  to grids in  lower  rows. 
Where  more  than one test  t e m p e r a t u r e  was used, the 
r ank ing  was averaged  over  a l l  tempera tures .  A sl ight  
r e a r r angemen t  of o rde r  is possible if r ank ing  at  only  
one t empera tu re  is of interest .  

Discussion 
Examina t ion  of the corrosion (we igh t - l o s s ) - t ime  

dependences  observed indica ted  that,  wi th  a high de-  
gree of confidence (99% c.1.) the an t imonia l  a l loy 
grids (V and W) and the s t ron t i um- t i n  al loy grids (S) 
had  l inear ly  increas ing weight  losses (i.e., constant  
corrosion ra te)  .at all  the t empera tu re s  and potent ia ls  
invest igated.  The t in-free,  low calcium grids (L) also 
appea red  to show l inear ly  increas ing weight  losses ,  

Fig. 8. Stripped grids and coupon from composite ceil after anodization at 50~ 1.38V (~1 = 200 mV) potential for 35 days. Codes identi- 
fying alloys and weight losses (mg/cm 2) are indicated below each grid. 
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Fig. 9. Stripped grids and coupon from composite cell after anodizatlon at 50~ i.38V (~1 ~ 200 mV) potential for 46 days. Identifying 
codes and weight losses (mg/cm 2) are indicated in the figure. 

but  the slopes and corresponding correlation coeffi- 
cients were low (due to the high corrosion resistance 
of this alloy) and there was a probabi l i ty  of over 10% 
that  the preference for the l inear  fit was only  due to 
chance. 

For the lead-ca lc ium-t in  grids, however, the pa t te rn  
was more complicated. At  ~ ---- 200 mV a tempera ture  
dependence appeared such that  all the lead-ca lc ium-t in  
alloys clearly best fit exponent ial  rate laws at 40 ~ and 
50~ However, the preference for an exponent ial  over 
a l inear  t ime dependence was reduced from the 99.5% 
c.1. at 40~ to the 97.5% c.1. at 50~ At 65~ the lead- 
ca lc ium-t in  grids showed no clear preference for ex-  
ponent ia l  or l inear  behavior.  As the potent ia l  was re-  
duced from ~ _-- 200 mV at 50~ the preference for 
exponent ial  behavior  again disappeared. At  ,1 ---- 100 
mV, it was impossible to support  one dependence over 
the other at the 90% c.1. At  ~ -- O, the same was t rue 
if the lead-ca lc ium-t in  alloys were considered alone 
as a group. However, if all 12 alloys were grouped to- 
gether at 50~ (or at 40~ a l inear  dependence was 
preferred at the 95% c.1. 

Thus, it  appears that  a change in the mode of cor- 
rosion must  occur as overpotential  is increased from 
the range of normal  SLI operat ing conditions (~ : 0- 

Table II. Grid integrity ranking 

0 mV i00 mV 200 mV 

E+ OCV 1,28 V 1.38 V 

Best L, D, V D, C, V, R L 
W, P, C Eo K, P, B D 

- -  L ,  W V ,  W ,  R 
E P, C 

K, R -S" B 
B,S K,E 

W o r s t  S 

100 mV) to the more severe charging conditions (~ 
---- 200 mV) corresponding to ,~2.8 V/cell  for a battery.  
In  addition, as the temperature  of the test is in -  
creased, the mode of corrosion either reverts to that  
under  the milder  conditions or else a third mode ap-  
pears, which also follows a l inear  increase of weight 
loss. For the grids which did not contain calcium and 
tin, however, l inear  behavior  was observed under  all 
conditions. In  the la t ter  case, the more severe condi- 
tions appear to accelerate the re levant  corrosion modes 
bu t  for lead-ca lc ium-t in  alloys, i t  is possible that  
other corrosion modes i r re levant  to the application may 
be induced if inappropria te  choices of temperature  
and potential  are made. 

In  the case of alloy B, p re l iminary  metal lography 
and tensile measurements  (16) indicated that  this 
mater ia l  was undergoing metal lurgical  changes under  
the elevated temperatures  of the experiment.  For  the 
other alloys, the reason for the complicated behavior  
was less obvious. However, it  is possible to propose 
a model, consistent with most of the data. At least two 
obvious modes of corrosion were observed with these 
alloys. One was a n  apparent ly  un i form corrosion, 
which would be expected to result  in a constant  cor- 
rosion cur ren t  and, therefore, a l inear  increase of 
weight loss. The other was an in tergranular ,  more 
penetrat ing,  corrosion which would be expected to 
result  in an increasing corrosion current,  due to the 
generat ion of new electroactive area with time. If 
the current,  i, is assumed to increase with t ime due 
to an increase of electrochemical area, A, then  the rate  
of current  increase can be expressed as 

di dA 
dt = J dt [3] 

where j is the real  cur rent  density. In  the case of 
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Fig. 10. Variation of grid integrity (see text) with time for grids 
corroded at 1.38V potential at three temperatures. Uncircled letters 
identify lines joining circled experimental points. Some points have 
been offset for clarity. 

pure ly  pene t ra t ing  corrosion, if  the  increase  of e lec-  
t rochemical  a rea  is ]A cm 2 C-Z, then 

dA = ~Adq = fAidt [4] 
Upon in tegra t ion  

= i0 exp (bt)  [5] 

where  b = (iOfA/Ao)s -z  and i0 and A0 are  the  in i t ia l  
cu r ren t  and e lec t rochemical  area,  respect ively .  To 
exempl i fy  the meaning  of ]A, consider  a model  r ep re -  
sent ing the lead  la t t ice  by  an a r r a y  of cubes having 
faces of a rea  a0. Fo r  r emova l  of one cube (atom) f rom 
a pa r t i a l l y  cor roded surface layer ,  no new area  is 
genera ted  and ]A = 0; if a cube is r emoved  from a 
new layer ,  however ,  four  addi t ional  cube faces are  
exposed and YA ~- 4ao N / n F  where  N is Avogadro ' s  
constant  and nF is the number  of equivalents  pe r  mole  
of charge passed. 

In tegra t ion  of Eq. [5] to obta in  the  weight  loss due 
to pure  pene t ra t ing  corrosion, wp, gives 

Mio 
wp --  ~ [exp (bt)  - -  1] [6] 

where  M is the atomic weight  of lead. In  addi t ion a 
constant  cur ren t  component ,  iu, and a l i nea r ly  in-  
creasing weight  loss, wu, wi l l  also occur due to un i -  
form corrosion. The re la t ive  contr ibut ions  of wp and 

wu to the  to ta l  weight  loss wi l l  change wi th  t ime 
since the currents  in Eq. [3] and [4] are  only iden t i -  
cal if the cur ren t  is solely due to one mode of pene-  
t ra t ing  corrosion. Fo r  la rge  enough values of bt, the  
second t e rm in Eq. [6] can be neglec ted  as an ap-  
proximat ion.  For  very  smal l  values  of bt, exp (bt)  - -  
1 ~-. bt and Eq. [6] becomes l inea r  in  t ime. 

Unfor tuna te ly  the va lue  of b and the re la t ive  con- 
t r ibut ions  of ip and iu cannot  be obta ined  a prior~ or 
t r ea ted  exact ly .  Fur the rmore ,  using values  of b ob-  
ta ined  f rom the fits of Eq. [2], values  of bt  were 
found to be ,~ 1-2 at  the  end of al l  exper iments .  I t e r a -  
t ion methods might  have been  a t t empted  to obta in  
an improved  exponen t ia l  fit using Eq, [6], r a the r  
than the more  app rox ima te  Eq. [2], However ,  this 
was not  considered wor thwhi le  in view of the  o ther  
approx imat ions  involved and since only  p a r t  of the 
total  weight  loss consists of wp, Thus the  degree of 
exponent ia l  behav ior  can only  be taken  as an ind i -  
cat ion of the re la t ive  ex ten t  of pene t r a t ing  corrosion. 
Deve lopment  and test ing of a more  de ta i led  or exac t  
model  requires  addi t iona l  meta l lograph ic  or  o ther  
data.  

Comparison of Fig. 2-6 indicates  tha t  r ank ing  of 
the corrosion res is tance of the al loys changes accord-  
ing to the appl ied  potent ial .  Thus at  ~ = 200 mV, the 
lowest  corrosion r a t e  a t  the end of the test  was found 
for  L and the highest  for  V and W, fo l lowed by  S, P, 
and B. This r ank ing  was also t rue  at  ~1 --  100 mV ex-  
cept tha t  a l loy S suffered r e l a t ive ly  more  corrosion 
and P re la t ive ly  less in compar ison to the  rank ing  at  
200 mV. Under  open-c i rcu i t  condit ions (Fig. 5), L 
corroded re l a t ive ly  r ap id ly  and an t imonia l  grids (V 
and W) were  r e l a t ive ly  much more  corrosion resis tant .  
In  the absence of an appl ied  potent ial ,  a corrosion 
cell  exists be tween  the al loys wi th  this expe r imen ta l  
a r r angemen t  so tha t  the  differences in corrosion rate 
will  be reduced  in comparison to the resul ts  expected 
with  isolated grids. However ,  the o rde r  of corrosion 
ra tes  should not  be affected. The cast l e a d - c a l c i u m - t i n  
grids r emained  slow to corrode, wi th  the book-mold  
gr ids  behaving  much more  l ike  the  expanded  grids 
than  they  had  at  the  h igher  overpotent ia ls .  The grids 
made  f rom expanded  rol led  s t r ip  (B, R, and  K)  cor-  
roded re l a t ive ly  r ap id ly  on open circuit,  the  corrosion 
ra te  increas ing wi th  degree of rol l ing at  al l  potentials .  
However ,  as is ev ident  f rom Fig. 8, a l ight  ro l l ing 
appea red  to give rise to more  localized a t tack  a t  ~ = 
200 mV than e i ther  a reduct ion of a t  leas t  60% or no 
rol l ing at  all. Such an increase  in macroscopica l ly  
observable  localized a t tack  (i.e., broken  wires)  was 
also seen for the cast grids hav ing  h igher  ca lc ium 
and tin levels (E and P)  a t , i  = 0 and 200 mV, and 
for the rol led grids under  open-c i rcu i t  conditions.  

The p r e l im ina ry  me ta l l og raphy  genera l ly  suppor ted  
these observat ions and the model  discussed above. 
However ,  r a the r  than  the sharp pene t ra t ion  observed  
for some of the cast alloys, B (and R) appea red  to 
suffer a b roader  local ized a t tack  wi th  the  fo rmat ion  
of hemispher ica l  pits of about  200 ~m d iam (see Fig. 
11, top).  The merg ing  of these pits  genera ted  localized 
thinning.  L also suffered localized thinning,  bu t  in 
this case, the a t t ack  at  the corroding surface was un i -  
form and the th inned areas  ex tended  over  macro -  
scopic dimensions,  not iceable  wi th  the una ided  eye. 
Grids  S, E (Fig. 11, center ) ,  and K tended to exhib i t  
a ve ry  sha rp ly  localized pene t ra t ing  corrosion ap -  
pa ren t ly  e i ther  intergz 'anular  in na tu re  or  due to 
crack propagat ion.  The o ther  cast l e a d - c a l c i u m - t i n  
grids (C, P, and  D) show a l imi ted  i n t e rg ranu l a r  
a t tack  ranging  f rom modera te  for  C and P to s l ight  
for D (Fig. 11, bo t tom) .  This was combined wi th  
hemispher ica l  p i t t ing  for  the s ignif icant ly rol led grids 
(B and R) .  The in t e rg ranu la r  na tu re  of the at tack,  
even for heav i ly  rolled,  fine gra ined  l ead -ca l c ium- t in  
can be seen in the  high magnif icat ion photomicro-  
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Fig. 11. Photomicrographs of 
longitudinally sectioned stripped 
grid samples after an open- 
circuit stand (following forma- 
tion) of 105 days at 50~ A 
transverse section is als0 shown 
for D, which showed the best 
corrosion characteristics of all 
the SLI grids tested. 

graphs of Fig. I1, The an t imonia l  grids, V and W, 
corroded very un i formly  with minor  surface pi t t ing 
except for a few deep, highly localized penetrations,  
par t icular ly  near  the wire intersections, believed to 
b e  due to casting defects. The results shown in Fig. 
11 are similar  to the metal lography obtained for two 
cells at 200 mV overpotential ,  one at 50~ for 35 days 
and the other at 65~ for 13 days. 

The exponent ia l  increase in  weight loss with t ime 
is a t t r ibutable  to an increase in surface area as dis- 
cussed above, whereas a l inear  increase indicates 
constant  corrosion cur ren t  (and thus area) with time. 
The increase in  the rate constant  for the exPonent ia l  
growth law from its ini t ia l  value can be used to 
estimate this area increase. For the l inear  law, the 
rate constant  is equal  to the slope of the fitted l ine 
by differentiation of equation (1) 

dw 
- - = b  [7] 
d$ 

For the exponent ia l  fit 

dw 
- -  = a b  e x p  ( b t )  [8 ]  
dt 

and the rate constant  increases with t ime due to the 
increasing area available for corrosion. The ini t ia l  
grid area and the rate constant  eb, referred to this 
ini t ia l  area, were determined;  the factor exp (bt) 
represents the dependence of electrode area on time 
dur ing  the course of each experiment.  This factor 
ranged from 5 to 8 for the lead-ca lc ium-t in  grids 
which behaved exponent ia l ly  at ~ ~ 200 inV. Grid B 
may  have obeyed an exponent ia l  dependence for the 
tests at 0 and ]00 inV. However. this can be confirmed 
only at the 75% c.1. and tensile testing and meta l -  
lography indicated weakening  and recrystal l izat ion 
occurr ing at the elevated temPerature  of the test (16). 
Recrystall ization results in  a thermal ly  induced grain 
growth which may resul t  in  an  increase in  weight  
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lOSS and in depth  of pene t ra t ion  (7-10). Such a de -  
pendence on gra in  size has only been  shown to exis t  
for gra ins  grown f rom wrought  samples  by  hea t -  
t r ea tmen t  (10). Thus, the exponent ia l  increase  in 
weight  loss for  the B grids may  indicate  an increas ing 
suscept ib i l i ty  to corrosion with  t ime as the  uns tab le  
wrought  s t ructure  recrystal l izes ,  r a the r  than  solely 
an increase  in area, as is p robab ly  the case for  the 
cast l e ad -ca l c ium- t in  grids. Af te r  modera te  lengths  
of t ime (2-7 weeks)  at  0 and 100 mV, r e l a t i ve ly  un i -  
form corrosion (not as un i form as for  the an t imonia l  
gr ids)  wi th  some shal low pi t t ing  was observed.  This 
is in agreement  wi th  p rev ious ly  r epor t ed  resul ts  
unde r  s imi lar  condit ions (10). However ,  a f te r  longer  
t imes or under  more  severe  conditions, p i t t ing  effects 
became increas ing ly  apparent .  

In an effort to obta in  fu r the r  in format ion  about  the 
corrosion kinetics,  ac t iva t ion  energies were  de te r -  
mined  f rom Ar rhen ius  plots for  the da ta  ob ta ined  at  

--  200 mV and 40 ~ 50 ~ , and 65~ Plots  of In b vs. 
1 /T and In (ab) vs. 1/T were  const ructed for al loys 
wi th  l inear  and exponen t ia l  weight  loss charac te r i s -  
tics, respect ively.  Fo r  the e ight  l e ad -ca l c ium- t in  a l loy 
samples  obeying an exponent ia l  ra te  law, ac t iva t ion  
energies  of 12.4 _+ 1.0 kca l /mo l  1 were  obtained.  Fo r  
the  o ther  four  al loys (L, S, V, and W) corroding at  
constant  rate,  ac t ivat ion energies were  10.7 _+ 0.6 
kca l /mo l  at  ~ ---- 200 mV. A t  ~ ---- 0 (less re l i ab le  be -  
cause only  two da ta  points  could be used for  the 
Ar rhen ius  plot  and because of possible e lec t rochemi-  
cal in terac t ion  be tween  the coupled gr ids)  ac t ivat ion 
energies  were  17.2 ___ 8 and 15.6 ___ 7 k c a l / m o l  for  the 
eight  l e ad -ca l c ium- t in  and four  o ther  alloys, respec-  
t ively.  These values  a re  s imiIar  to one of two sets of 
values  r epor ted  ea r l i e r  for  ve ry  low t empera tu res  
(i.e., --50~ to 0~ of app rox ima te ly  10 kca l /mo l  
(17, 18) and  13 kca l /mo l  (19) for  cer ta in  stages of 
the  anodic oxidat ion,  der ived  f rom exper imen t s  of 
much br ie fe r  dura t ion  ( ~  minutes  or  hours) .  Such 
values  suggest  tha t  the r a t e - l imi t ing  process is e i ther  
so l id-s ta te  diffusion or a surface diffusion process 
th rough  pa r t i a l l y  b locked pores. Pav lov  repor ted  
act ivat ion energies  of 7-11.5 kca l /mo l  which he as-  
cr ibed (20) to so l id-s ta te  diffusion of 0 2 -  ions th rough  
a PbO l aye r  at  potent ia ls  be low the open-c i rcu i t  
value,  and va lues  of 10-17 k c a l / m o l  have been r e -  
por ted  (21-23) for  open-c i rcu i t  sel f -discharge.  Re-  
gardless  of the exac t  na tu re  of the act ivat ion process, 
i t  is appa ren t ly  the same at  a given potent ia l  for al l  
the a l loys tes ted and so the ac t iva t ion  energies  give 
no informat ion  r e l evan t  to the differences in corrosion 
modes among the alloys. T h e  act ivat ion energies  at  
--  0 were  not sufficiently accurate  to indicate  a di f -  
ference  in corrosion mode f rom tha t  at  ~ ,~ 200 mV, 
a l though it  is l ike ly  tha t  such a difference exists  in 
view of the min imum in the corrosion ra te  a t  over -  
potent ia ls  of ,~ 100 mV (23-26). 

The exponen t ia l  dependence  of the  weight  loss r e -  
sults obta ined for  l ead-ca lc ium grids appea r  to be 
expla ined  b y  the genera t ion  of addi t ional  e lec t ro-  
chemical ly  accessible surface due to i n t e rg ranu l a r  
pene t ra t ion  under  the  m o d e r a t e l y  severe  (40 ~ and 
50~ ~] : 200 mV) test  conditions.  Under  mi lde r  
conditions, more  un i fo rm and t i m e - i n d e p e n d e n t  cor-  
rosion occurs. Changes of the meta l lu rg ica l  s t ruc tures  
wi th  t ime for  heav i ly  worked  mate r i a l s  or  the  emerg -  
ence of an addit ional ,  as ye t  unknown,  factor  at  h igher  
t empera tu res  in t roduce  new variables ,  which requi re  
fu r the r  invest igat ion.  

This exp lana t ion  is consis tent  wi th  the l inea r  weight  
loss increases observed  for al loys V, W, and p r o b a b l y  
L and the meta l lograph ic  results  which  indicate  ve ry  
un i fo rm corrosion modes. I t  is not  consistent  wi th  the 
resul ts  for  the  s t ron t i um- t i n  a l loy (S) ,  however ,  

z 1 kcal -- 4.18 kJ. 

which also fol lowed a l inear  weight  loss law, bu t  e x -  
hibi ted a very  nonuniform, i n t e rg ranu l a r  or i n t e r -  
dendr i t ic  mode of corrosion, in agreement  wi th  ob-  
servat ions by  Bagshaw (27) under  corrosion condi-  
tions which were  much more  severe  bu t  of shor ter  
dura t ion  than  those used in the p resen t  work.  Whi le  
the  A1 content  in the mel t  of the  a l loy tested here  
(0.03%) was s imi la r  to that  of the cast al loys tested 
e lsewhere  (26, 27), the a luminum content  of our  
cast expanded  gr id  was much lower  (0.003% A1), 
indica t ing  tha t  most  of the a luminum in the  me l t  
was not  incorpora ted  into the s t r ip  dur ing  casting. 
Test  condit ions comparab le  to those repor ted  here  
(but  of shor ter  dura t ion)  have also been appl ied  to 
the s tudy  of l e a d - s t r o n t i u m - t i n - a l u m i n u m  coupons 
(26) and no evidence was found for  in te rdendr i t i c  
pene t ra t ion  at  the potent ia ls  invest igated.  I t  is hoped 
tha t  fu r the r  meta l lograph ic  resul ts  and  addi t ional  ex -  
pe r imen ta l  work  cu r r en t ly  in  progress  wi l l  resolve 
the  inconsis tency of i n t e rp re t a t ion  ra i sed  by  the re -  
sults for a l loy S. 

Notwi ths tand ing  this one possible  anomaly,  the 
weight  loss and p r e l im ina ry  me ta l l og raphy  suggest  
that  the corrosion resul ts  obta ined at  h igher  po ten-  
t ials (o ~ 200 mV) are  indica t ive  of those which 
would occur under  charging condit ions corresponding 
to normal  service (i.e., ~ ~ 0 and 100 mV) for the 
low an t imony  alloys tes ted (V and W) and the b ina ry  
al loy (L) wi th  very  low calcium content.  The same 
conclusion might  t en ta t ive ly  be reached  based on the 
weight  loss da ta  alone for the l e a d - s t r o n t i u m - t i n  
alloy. However ,  for  l e ad -ca l c ium- t in  alloys, whe the r  
p roduced  as cast grids, or  as expanded  wrought  or  
cast strip,  corrosion modes at  ~1 = 200 mV m a y  be 
more  pene t ra t ing  than  those at  lower  potent ia ls  and 
fu r the r  differences may  appea r  at  h igh tempera tures .  
Thus, the predic t ive  value  of acce lera ted  corrosion 
test ing has not  been c lear ly  es tabl ished for l ead-  
ca lc ium- t in  al loys and wil l  depend  on the a p p r o p r i -  
ateness of the acce lera t ing  conditions chosen. 

In  par t icular ,  constant  cur ren t  overcharge  tests cur -  
r en t ly  prescr ibed,  such as the overcharge  l ife test  in  
SAE J-537j (28), are  unsui tab le  for l e ad -ca l c ium- t i n  
ba t te r ies  unless modified to l imi t  the vo l tage  to values  
tha t  accelera te  the no rma l  corrosion modes (or ac tua l  
fa i lure  modes if not  cor ros ion- re la ted)  and do not  
induce or accelera te  i r r e l evan t  modes. There  are  also 
some indicat ions that  e levated  t empera tu re s  mus t  be 
s imi la r ly  l imi ted  and i t  is hoped to c lar i fy  this by  
work  in progress.  

Conclusions 
Comparisons of corrosion ra tes  for  pas ted  l ead-  

ca lc ium- t in  and l e a d - s t ron t i um- t i n  ro t a ry  expanded  
grids made  f rom cast a n d / o r  ro l led  s t r ip  and book-  
mold  l ead -ca l c ium- t in  and low an t imony  grids indi -  
ca ted tha t  al l  had acceptable  weight  losses under  
env i ronmenta l  and e lect r ica l  condit ions corresponding 
to no rma l  vehicle  service. However ,  there  were  ap -  
prec iable  differences in weight  loss and grid in t eg r i ty  
be tween  the alloys. The an t imonia l  and s t ron t ium 
grids gave the highest  weight  loss unde r  charging 
conditions. Weight  loss of the cast l e a d - c a l c i u m - t i n  
al loys increased wi th  degree  of roll ing.  Resul ts  for  
pas ted  book-mold  grids appea red  anomalous ly  high. 
A t in - f ree  low-ca lc ium soft gr id suffered the lowest  
weight  losses under  charging conditions bu t  r e l a t ive ly  
high weight  loss a f te r  long per iods  on open circuit.  
The an t imonia l  grids gave r e l a t ive ly  low weight  loss 
on open circuit.  

Changes of the ra te  laws for  the l ead -ca l c ium- t in  
grids wi th  increases in potent ia l  and t empe ra tu r e  
suggest  changes in corrosion mode wi th  these pa -  
rameters .  This indicates  the need for f u r t he r  defini-  
t ion of the condit ions which acce lera te  the r e l evan t  
corrosion modes wi thout  inducing  n e w  modes, and  
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reassessment of standard corrosion or failure-ac- 
celerating tests in terms of their applicability to non- 
antimonial batteries. No change in corrosion mode 
with temperature or potential could be deduced from 
the weight loss data for the antimonial or the tin-free 
grids within the limits investigated. This was also 
true for the strontium-tin alloy, although preliminary 
metallographic data were in conflict with interpre- 
tations of the rate laws observed in this case. 

Consideration of macroscopically observable grid 
integrity indicated wide variations in degrees of sus- 
ceptibility to a penetrating corrosion attack. The 
lightly rolled (3.0%) Pb-0.06Ca-0.6Sn grids, the lead- 
strontium-tin grids, and the Pb-0.09Ca-0.gSn grids 
showed a high vulnerability to such attack, which 
preliminary metallography indicated was intergranu- 
lar and/or due to the wedging action of corrosion 
products on preexisting cracks (29), generated during 
fabrication. For all of the lead-calcium-tin grids, re- 
gardless of whether or not they had been rolled be- 
fore expansion, the attack appeared to be inter- 
granular. This attack eventually led to nonuniform 
corrosion or to localized penetration for all SLI com- 
positions (including the uniformly corroding anti- 
monial alloys) except Pb-0.09Ca-0.3Sn. The latter 
alloy exhibited no broken wires under any of the 
test conditions, except at the end of the most severe 
test (65~ ~ -- 200 mV). Almost all other SLI com- 
positions showed some wire breakage half-way 
through the test. For rolled materials in comparison 
to cast, the localized corrosion tended to appear 
more as hemispherical pits, as a result of grain under- 
cutting. On the basis of observations of grid integrity, 
the Pb-0.09Ca-O.3Sn expanded cast strip clearly 
showed the best corrosion resistance of the SLI com- 
positions; its performance was exceeded only by the 
soft Pb-0.007Ca binary alloy grid. 

Further work is planned or in progress to clarify 
some of the new questions raised by the results dis- 
cussed, including quantitative metallography on sam- 
ples of the grids reported and new corrosion testing 
of further compositions of interest. 
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ABSTRACT 

In  o r d e r  to e lucidate  the  physical  and chemical  character is t ics  of  the anode 
pass ivat ing  film in secondary  l i th ium bat ter ies ,  we have conducted ESCA 
(elect ron spectroscopy for chemical  analysis)  and SEM (scanning e lec t ron  
microscopy)  studies of l i th ium elec t rode  surfaces. The samples  inc lude  
l i th ium meta l  a s - rece ived  f rom the vendor  ~, and  l i t h ium electrodes which  
were  cycled in a 1.5M l i th ium arsenic h e x a f i u o r i d e / t w o - m e t h y l  t e t r a h y d r o -  
fu ran  (L iAsF6/2 -Me-THF)  electrolyte .  The resul ts  of s tudies of the  a s - r e -  
ceived l i th ium indicate  tha t  the surface is covered by  a film containing only 
carbon, oxygen,  and l i thium. Binding energy  analysis  and  model  compound 
studies indicate  tha t  th is  "nat ive"  film has a p robab le  t w o - l a y e r  s t ruc ture  
consist ing of Li20 covered by an outer  L i s O - C O 2  adduct ,  a t  a to ta l  thickness of 
100-200A. No evidence of Li~N was found. ESCA/SEM studies of cycled l i th -  
ium electrodes reveals  the presence of a second film formed in the e lec t ro-  
chemical  environment .  This film appears  to consist, in some part ,  of deg rada -  
t ion products  and impur i t ies  associated with  the L i A s F s / 2 - M e - T H F  electrolyte ,  
poss ibly  in  the fo rm of l i t h ium arsenic  oxyfluorides.  

The b a t t e r y  sys tem consist ing of a l i th ium anode, 
a l i th ium arsenic  hexa f luo r ide / two-me thy l  t e t r ahy -  
drofuran  (L iAsFs /2 -Me-THF)  electrolyte ,  and a t i t a -  
n ium disulfide (TiSs) in te rca la tab le  cathode shows 
promise  of y ie ld ing  high ene rgy  dens i ty  and  cycle 
life (1). However ,  the  organic  e lec t ro ly te  is uns tab le  
in the Presence of l i thium. Cells of this type  funct ion 
only because a react ion occurs at  the l i th ium anode /  
organic  e lec t ro ly te  in terface  which resul ts  in the  
fo rmat ion  of a pass iva t ing  film on the anode  surface 
(2-4). This film, in turn,  impar t s  some degree  of 
kinet ic  s tab i l i ty  to the system. In o rder  to evaluate ,  
and hopefu l ly  exploit ,  the beneficial  character is t ics  of 
these ambien t  t empera tu re  l i t h i u m  cells, a funda -  
menta l  under s t and ing  of the basic physical  and chem-  
ical processes which occur  in this film and re la te  to 
ba t t e ry  per formance  is required.  Surface  spec t ros-  
copy studies involv ing  the  use of ESCA (electron 
spectroscopy for  chemical  analysis)  and SEM (scan-  
ning e lect ron microscopy)  offer the  oppor tun i ty  to 
d i rec t ly  de te rmine  and corre la te  the chemical  and  
morphologica l  character is t ics  of the pass lva t ing  film. 
We r e p o r t  the  resul ts  oi  our: ESCA and SEM studies 
of l i t h iu r~e l ec t rodes  both before  and a f te r  exposure  
to an-e lec t rochemica l  environment .  

Experimental 
The ESCA spec t romete r  used in this work  is a 

modified HP 5950A system (5). A l u m i n u m  K~ r a d i a -  
t ion (1486.6 eV) is used and al l  da ta  a re  re ferenced 
to the Fe rmi  level  of gold. Samples  were  loaded into 
dessicators whi le  in an argon glove box. Upon evacu-  
ation, the dessicators were  t r anspor ted  to the spec-  
t romete r  whe re  the  samples  were  mounted  whi le  in 
a high pur i ty  argon a tmosphere  ma in ta ined  in a 
stainless s tee l  d ry  box connected to the  ins t rument .  
Spect ra  were  accumula ted  a~ pressures  not exceeding 
5 • 10 -10 Torr  and a resolut ion of 0.4 eV. The spec-  
t romete r  senses a sample  a rea  of 1 • 5 mm wi th  an 
observat ion  depth,  for  these studies, of ~100A. The 
ESCA spect ra  give informat ion  on e lementa l  compo- 
sition, bu t  more  impor tan t ly ,  pe rmi t s  ass ignment  of 
the  chemical  s ta te  of var ious  surface  species. The 

* Electrochemical Society Active Member. 
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pa~ivation, degradation, organic electrolyte. 

SEM studies were  car r ied  out  using in-house  faci l i -  
ties. The scanning e lec t ron  microscope is a Cambr idge  
$4-10 Stereoscan ins t rument  equipped wi th  an energy  
d ispers ive  spec t romete r  (EDS) which permi t s  de- 
tect ion of a l l  e lements  of a tomic  number  greater 
than  nine, wi th in  the  field of view. The spec t rom-  
e ter  uti l izes energy  dispers ive  analysis  b y  x - r a y s  
(EDAX) for e lement  detection.  The l i th ium samples 
were  s tudied using a 20 kV beam vol tage  which yields  
an observat ion  dep th  of ~20 #m and an e l emen t  
de tec t iv i ty  of a pp rox ima te ly  1% b y  weight .  

Two types of l i th ium samples  were  examined:  (~) 
l i th ium meta l  as - rece ived  f rom the vendor  (Foote 
Minera l  Company) ;  and  (ii) l i th ium e lec t rode  sur -  
faces which have undergone  s t r ipping and p la t ing  in 
a 1.5M LiAsF~/2 -Me-THF electrolyte .  For  this ex -  
per iment ,  a cell containing two l i th ium electrodes 
(3 cm s area  per  e lect rode)  was used. L i th ium was 
s t r ipped  and p la ted  at  constant  vol tage (0.8 and 2.1V) 
corresponding to cur ren t  densi t ies  of ~ 3  and  8 m A /  
cmS, respect ively,  at  room tempera tu re .  

The e lec t ro ly te  salt,  LiAsF6, ( f rom U.S. Steel  C0rpo-  
ra t ion)  was outgassed at  75~ for  12 hr  to remove  
any  vola t i le  impur i t ies  (6). The e lec t ro ly te  solvent,  
2-Me-THF,  was purif ied by  column dis t i l la t ion (~40 
theore t ica l  p la te  numbe r )  a f te r  being s t i r red  wi th  
CaH~ for three  days. The solvent  was then vacuum 
dist i l led f rom a sod ium-potass ium (NaK)  nap tha l ide  
solut ion to fu r the r  remove t race amounts  of HsO and 
act ive hydrogen  containing compounds,  e.g., alcohols. 
A final vacuum dis t i l la t ion f rom a l i th ium nap tha l ide  
solution was car r ied  out to remove  l i th ium-sens i t ive  
impuri t ies ,  i.e., THF. The solvent  was ana lyzed  by  
gas chromatography,  high pressure  l iquid chromatog-  
raphy,  and gas ch roma tog raphy /mass  spectroscopy 
(GC/MS) .  The resul ts  of these analyses  indica ted  
tha t  commercia l  2 -Me-THF (as rece ived)  is qui te  
impure,  containing me thy l - fu ran ,  h igher  alcohols, and  
an inhibi tor .  Column and vacuum dis t i l la t ion p ro -  
cedures successful ly remove  most  of these impuri t ies ,  
bu t  m e t h y l - f u r a n  remains  at  a significant level  
(~0.4% by  weight ) .  Thus, the presence and possible 
contr ibut ion  of this compound mus t  be considered 
when  inves t iga t ing  e lec t rochemical  degrada t ion  
mechanisms.  
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Two model compounds, Li20 which was del iberately 
exposed to air  and Li2CO~, were also examined by 
ESCA in order to assist the interpretat ion of the 
ESCA chemical shift data taken on li thium electrode 
surfaces. These compounds were outgassed at 200~ 
for 2 hr prior  to study. Special techniques were used 
to transfer all  of the samples from the glove box to 
the ESCA and SEM facilities in order to insure that  
they were never exposed to any atmosphere other 
than argon or high vacuum during the duration of 
this investigation. 

Results and Discussion 
ESCA/SEM s~udies o~ as-received l~thium.--A typi-  

cal ESCA spectra of the surface of as-received l i th-  
ium metal  is shown in Fig. 1. The spectra is a 0-1280 
eV binding energy scan of the kinetic energy distr i-  
bution. The ordinate reflects the number of photo- 
electrons and the abscissa shows the binding energy 
(eV) increasing from right to left. Since it is often 
necessary to take spectra under different conditions, 
only the relative intensities are important. The im- 
portant  feature to notice is that  only carbon, oxygen, 
and li thium were detected. Figure 2(a) ,  (b),  and 
(c) show expanded (high resolution) views of the 
spectra associated with each of these elements. Two 
types of carbon, two types of oxygen, and two types 
of l i thium are observed. Based on binding energy 
analysis, we find: (a) one type of carbon is associated 
with hydrocarbons (from the pumping facility and 
hydraulic press in the dry box) adsorbed on the 
li thium surface while the other carbon indicates polar 
bonding, e.g., C-O; (b) one type of oxygen is as- 
sociated with li thium as Li20 while the other oxygen 
appears bonded to carbon and also associated with 
lithium; and (c) both types of l i thium present are 
ionic. It was init ial ly thought that the second type 
of oxygen and li thium were combined in the form 
of Li2CO~. However, measurement of binding energy 
differences, a measure of charge transfer (5), for the 
model compounds, Li20 exposed to air and Li2COs, 
indicate that pure Li2COs is not present on the sur-  
face of as-received lithium, instead, it  is an LifO/CO2 
adduct. This adduct occurs upon exposure of the Li20 
to air  which contains moisture and CO2. The hydro-  
gen bonding associated with the moisture encourages 
the adduct formation. Note that  l i thium metal, Li ~ 
was not observed. Thus, it  appears that the surface 
of as-received li thium is covered by a "native" film 
consisting of LifO and an Li20/CO2 adduct. 

In order to assess the abil i ty to remove this native 
film, the l i thium surface was etched with an argon 
ion beam (! mA for as long as  90 min) while in the 
ESCA facility. Initial etching removes the hydro-  
carbons. Continued etching results in the increase of 
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Fig. 2. As-received l i thium: (a) smoothed carbon Is spectrum; 
(b) smoothed oxygen ls spectrum; and (c) deconvolved lithium ls 
spectrum. 

the oxygen component associated with l i thium only 
(i.e., Li20) compared to that associated with the 
Li20/CO2 adduct [compare Fig. 3(a) with Fig. 2(b) ] .  
This could indicate removal of CO2 from the adduct 
or removal of the Li20/CO2 adduct layer. Prolonged 
etching reveals the emergence of the underlying bulk 
li thium metal, Li ~ [compare Fig. 3(b) with Fig. 
2(c)] .  No evidence of l i thium nitride was observed, 
reflecting the absence of moisture in the environment 
in which the metal  was prepared and handled. The 
etching experiments also revealed the presence of 
Si, in the form of l i thium silicate [Fig. 3 (a) and (b)]  
as well as fluorine, possibly in the form of LiF. Note 
that neither silicon nor fluorine were observed by 
ESCA on the surface of as-received lithium prior to 
etching. The source of the fluorine is at tr ibuted to 
previous etching experiments using HF in the ESCA 
facility. The silicate is a bulk impuri ty  in lithium. 
These results indicate that the surface of as-received 
li thium is covered by an Li20 film which is then 
covered by an outer Li20/CO~ adduct film. The 
thickness of this native film was determined to be 
between ,~100-200A from the etching experiments.  
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SEM studies  of the surface  of as - rece ived  l i th ium 
revea l  the presence of sizable defects, pinholes,  and 
r idges on the scale of 1-10 microns. In  addit ion,  the 
surface does not  appea r  dense and flat, bu t  r a the r  
exhibi ts  a r ipp led  appearance .  Argon  e tching (to 
remove  the oxide and adduct  films) does not  appea r  
to fu r the r  degrade  the surface. Energy  dispers ive  
spectroscopy (EDS) studies also show Si to be p res -  
ent  in the bu lk  of the sample,  in ag reemen t  wi th  the  
ESCA resul ts  on etched samples. No b lack  spots were  
observed on the l i th ium surface (7). 

ESCA/SEM studies of cycled lithium electrode sur- 
faces.--Initial ESCA/SEM studies were  car r ied  out  on 
l i th ium elec t rode  surfaces which  had  undergone  one 
s t r ipp ing  or  p la t ing  hal f -cycle .  

Stripped electrode surfaces.~Upon s t r ipping  (dis-  
charge) ,  examina t ion  of the surface by  ESCA re -  
vea led  the  presence of As, F, Si, and  Mg in addi t ion  
to t h e  usual  Li, O, and C elements,  Fig. 4 (a) and (b) .  
ESCA studies were  also car r ied  out  on LiAsF6. The 
resul ts  of this work  confirm tha t  LiAsF6 is not  ab -  
sorbed on the l i th ium elec t rode  surface and, thus, 
indicate  tha t  the presence of As and F are  the re -  
sults of e lec t ro ly te  degradat ion .  Al though Si was 
found in the  bu lk  of a s - rece ived  l i th ium by  EDS, the  
Si. observed on the surface b y  ESCA, as wel l  as Mg, 
a re  bel ieved to or ig inate  f rom the LiAsF6 sal t  where  
they  are  p resen t  as t race  impur i t ies  (6). A careful  
analysis  of the b inding  energies  of the observed 
peaks  plus the absence of any  high b ind ing  ene rgy  
peak  which  would  be associated wi th  L iF  indicates  
tha t  ne i the r  L i F  nor  arsenic  oxides are  present .  Whi le  
the  ac tua l  chemical  form of the  e lements  observed b y  
ESCA on the s t r ipped  e lec t rode  surface is uncer ta in  
at  present ,  the most l ike ly  candidates  appea r  to be 
l i th ium arsenic  oxyfluorides and, possibly,  l i th ium 
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Fig. 4. ESCA spectra of a lithium electrode surface which has 
undergone one stripping half-cycle: (a) wide scan; and (b) smoothed 
lithium ls, magnesium 21), and arsenic 3d spectra. The arsenic 
Auger and 3p peaks are also observed. The narrow, well-defined 
arsenic 3d peak has been sing|ed out for study. 

fluorosilicates, e.g., Li2SiF6. This suggest ion is based 
on two facts:  (i)  the  b inding  energy  of the  fluorine 
peak  is shif ted upward  re la t ive  to tha t  observed in 
LiAsF6, indicat ive  of f luor ine-oxygen  binding;  and  
(ii) the LiAsF6 sal t  is uns table  in the presence of 
2 -Me-THF degrada t ion  products ,  in which  case l i th -  
ium arsenic oxyfiuorides m a y  be  fo rmed  (6, 8). In  
addit ion,  dur ing  synthesis,  LiAsF6 may  be hydrolyzed,  
in the presence of silica [e.g., 100 ppm Si i m p u r i t y  in 
the LiAsF8 sal t  (6)] ,  to y ie ld  f luorosil icate impuri t ies .  
Upon cycling, the f luorosil icate anions m a y  reac t  
wi th  l i th ium to form insoluble  l i th ium fluorosil icates 
on the e lect rode surface. 

SEM studies of the  s t r ipped  e lect rode surface revea l  
the presence of b lack  spots fo rmed  r a n d o m l y  on the 
surface (Fig. 5). As ment ioned  above, no b lack  spots 
were  observed pr io r  to p lac ing  the l i th ium elec t rode  
into the cell. EDS analysis  indicates  tha t  these spots 
contain As and Si. I t  should be stressed tha t  unl ike  
ESCA, EDS cannot  de tec t  fluorine or  d i scr imina te  
be tween  Mg and As due to s imilar i t ies  in the i r  b ind-  
ing energies.  A "whi te"  fluffy compound is also ob-  
served over  many  of the  b l ack  spots (Fig. 5). Mea-  
surements  of the count  ra te  of x - r a y  emi t t ed  dur ing  
EDS measurements  suggests tha t  the  whi te  fluffy 
ma te r i a l  m a y  be more  e lec t r ica l ly  conduct ive than  
the b lack  spots or the  Li~O/CO~ adduct  substrate .  
The whi te  ma te r i a l  contains As and Si. Studies  of the  
s t r ipped surface which had  been  exposed to a 2 -Me-  
THF vapor  env i ronment  revea led  the  fo l lowing r e -  
sults:  (i) the  whi te  compound has l imi t ed  so lubi l i ty  
in this solvent;  and  (ii) upon pro longed  exposure  to 
the solvent  vapor  and subsequent  drying,  the whi te  
compound dissolves and recrys ta l l izes  as smal l  cubic-  
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Fig. S. Scanning electron micrograph of a lithium electrode sur- 
face which has undergone one stripping half-cycle. 

shaped crystals, thereby revealing the presence of 
pits in the stripped lithium electrode surface which 
were formerly covered by the fluffy compound [see 
Fig. 6(a) and (b)]. 

Studies of a stripped electrode surface which had 
previously undergone three complete cycles gave 
similar results except that the white fluffy compound 
covered the entire surface uniformly [Fig. 7(a) and 
(b)] at a thickness of ~-8-10 ~m [Fig. 7(b)].  Another 
exception was the absence of any evidence of lithium 
fluorosilicates on the stripped lithium surface as in- 
dicated by the absence of Si and F (associated with 
lithium fluorosilicates). As mentioned above, the lith- 
ium fluorosilicate formation may be catalyzed by the 
silicates present as impurities in the LiAsF6 salt. The 
absence of these compounds on stripped cycled lith- 

Fig. 7. Scanning electron micrographs of a stripped lithium elec- 
trode surface which has undergone three complete cycles. In (b), the 

sample has been tilted ,~90 ~ with respect to the substrate in order 
to estimate film thickness. 

ium surfaces suggests that the silicate impurities were 
depleted in the lithium fluorosilicate formation during 
the initial cycling. 

Plated electrode surSaces.--ESCA studies of lithium 
surfaces which have undergone one plating half-cycle 
indicate the presence of the same elements as ob- 
served on stripped surfaces except that the fluorine 
content (shown full scale, Fig. 8) increased relative 
to that observed on stripped surfaces, Fig. 5. This 
reflects the fact that the newly deposited lithium 
metal is in a highly exposed, or unprotected, state 
and can more readily react with the electrolyte. T h e  
observation of Si on the plated surface supports the 

Fig. 6. Scanning electron micrographs of a stripped l ithium 
electron surface which has been exposed to a 2-Me-THF vapor 
environment (see text). (a) and (b) are at different magnifications. 

t I I I I I I 

w m 

< ~ o 
v 

>- o "~ 

I I I I 
1200 I O00 800 600 400 200 

BINDING ENERGY (eV) 

Fig. 8. ESCA spectra (widescan) of a lithium electrode which has 
undergone one plating half-cycle. 
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contention that the source of this element is the LiAsF~ 
salt and not the bulk li thium metal. High resolution 
ESCA data clearly indicate a greater concentration of 
silicon on plated electrodes compared to stripped 
electrodes. The concentration of silicon on both e lec -  
trodes  decreases with cycling and is below the de- 
tection l imit  of the instrument after three cycles. 
This suggests that  cycling a l i thium electrode in an 
LiAsF6/2-Me-THF electrolyte may be an effective 
way of purifying the electrolyte of the silicate im- 
purities prior to actual use in a cell. SEM studies 
show that  the white fluffy compound forms preferen-  
t ially along grain boundaries and surface defects, Fig. 
9. In contrast to the stripped electrode surface, no 
pits or black spots are observed. EDS analysis of the 
white compound indicates the presence of As and Si 
in agreement with the ESCA results. In all of the 
measurements mentioned above, no evidence of LijN 
was found. 

The Li + transport  process through this native film 
and the channel formation mechanism must be estab-  
lished. The above results suggest the following sce- 
nario. Upon stripping (discharge), l i thium ions mi- 
grate through the native film creating channels, or 
pathways, through which the electrolyte, electrolyte 
degradation products, or impurities can react with 
the bare Li ~ surface. The black spots may reflect the 
chemical diffusion and associated chemical reactions 
which can occur in the reducing environment of the 
anode, The pits in the surface reflect these reaction 
processes. When these processes give rise to larger 
channels, and thereby expose the li thium metal  to 
more electrolyte, the white fluffy compound forms, 
normahy in the vicinity of the black spots. U p o n  
charge, the Lio substrate is protected and the black 
spots and pits do not form. The increase in the fluo- 
rine content reflects the reaction between the sal t /  
solvent and the newly plated lithium. Another pos- 
sibility involves the native passivating film ini t ial ly 
having Small, undetectable channels filled with elec- 
trolyte. Then large inhomogeneous electric fields (and, 
hence, a larg~ local current  density) could develop a~ 
the li thium metal /electrolyte  interface. This could 
lead to breakdown of the native film and to the growth 
of larger channels, or pathways, as reflected by the 
black spots. 

Conclusions 
The surface of the as-recieved li thium metal  is 

found to be already covered by  a "native" f i l m c o m -  
posed of LiO2 and an Li20/CO2 adduct. This film is 
between ,-d00-200A thick, although its actual thick- 
ness is unknown. This film can be removed via ion 
beam etching (i.e., sputtering) but the effectiveness 
of this procedure remains to be determined. No evi- 

Fig. 9. Scanning electron micrographs of a lithium electrode sur- 
face which ha~ undergone one plating half-cycle. 

dence of LisN was found. Upon exposure of the l i thium 
electrode (covered by the native passivating film) to 
a 1.5M LiAsF6/2-Me-THF electrochemical environ- 
ment, a second film is observed to form on the surface. 
This film consists pr imari ly  of As, Si, and F, possibly 
in the form of l i thium arsenic oxyfluorides or l i th ium 
fluorosilicates. The film does appear to have a slight 
solubility in 2-Me-THF. There is a question whether 
this film forms instantly upon exposure to the elec- 
trolyte or requires electrochemical action. It does ap- 
pear that the LiAsF6 salt degrades to some extent, 
with its degradation products combining, or reacting, 
with its impurities to contribute to the film formation. 
I t  is l ikely that electrochemical action encourages this 
effect. It will be useful to carry out surface studies of 
l i thium electrodes exposed to the electrolyte, but 
without undergoing the stripping and plating process. 
I t  should also be realized that  the chemical composi- 
tion of the film formed upon prolonged cycling (8) 
may be somewhat different from that reported here, 
since modest cycling may yield films which represent 
precursor, or intermediate, compounds. 

The results of this work have provided some in- 
sight into the nature of the passivating films on Iith- 
ium electrodes exposed to a 1.JM LiAsF6/2-Me-THF 
electrochemical environment. I t  has also raised nu- 
merous new questions, e.g., what is the actual chemi- 
cal composition of the second film, which film is most 
important to the passivating action, how do processes in 
the two films couple, etc. It is hoped that  this work will  
stimulate fur ther  efforts towards answering these 
and similar questions. 
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ABSTRACT 

A study has been made of the effect of alternating current (a.c.) on the 
behavior of a rotating zinc hemispherical electrode in an acid zinc-chloride 
solution. It was found that a.c. shifted the rest potential of the zinc electrode 
toward the negative direction and caused a change in the shape of the cathodic 
polarization curve. Visual observation under a scanning electron microscope 
revealed that a.c. initiated pitting corrosion when the electrode was polarized 
in the anodic direction. For the cathodic deposition reaction, a.c. greatly 
increased the rate of nucleation and produced a more uniform deposit on the 
zinc electrode. The result was substantiated with the numerical computation 
of a three-dimensional nucleation model. 

The zinc e lect rode p lays  an impor t an t  role in elec-  
t rochemical  energy  conversion systems. The zinc- 
chlor ine  cell  is one of the  systems that  has a t t rac ted  
in teres t  r ecen t ly  (1). The zinc e lec t rode  in this sys tem 
dissolves into the  c i rculat ing zinc chlor ide e lec t ro ly te  
dur ing  discharge and is p la ted  out  as a porous deposi t  
f rom the flowing e lec t ro ly te  dur ing  charge. A s ta te -of -  
t h e - a r t  rev iew of the zinc e lec t rode  has been given by  
McBreen and Cairns (2), 

Gaiser  and Heus ler  (3) r epor ted  tha t  the  zinc depo-  
si t ion is a f i r s t -order  reaction. Hur l en  et aI. (4, 5) 
examined  the kinet ics  of the  Zn, Zn ( H g ) / Z n  2§ in ac id-  
ified chlor ide  solutions. The effect of a lkal i  cations 
and hal ides  on the Zn ( H g ) / Z n  2+ reac t ion  was s tudied 
by  Er iksu rd  (6). S ie r ra  Alcazar  and Harr i son  (7) p ro-  
posed a two-e lec t ron  t ransfe r  s tep for the cathodic 
reduct ion  of zinc ions in chlor ide  solutions wi th  the 
Zn 2+/Zn + step being the ra te -con t ro l l ing  step. A com- 
p lex  react ion scheme was suggested by  Epelboin  and 
co-workers  (8-11). Weber  and Tomassi  (12) inves t i -  
ga ted  the  e lec t rodeposi t ion of zinc in sulfa te  and chlo-  
r ide  solutions. Hur l en  and Bre iv ik  (13) r epor ted  the 
act ivi t ies  of Zn2+ in aqueous sulfate  solutions. Kim 
and Jorne  (14) s tudied the t r anspor t  p roper t ies  and 
the kinet ics  of zinc e lec t rode  in acidic chlor ide  solu-  
tions. 

One m a j o r  p rob lem in the  deve lopment  of the zinc 
e lect rode is the  dendr i te  g rowth  and the electrode 
shape  changes caused by  nonuni form zinc depos i t ion  
dur ing  the charge cycles. In  the e lec t ropla t ing  indus-  
try,  super imposed  a l te rna t ing  cur ren t  (a.c.) has been 
used to increase  the ra te  of e lec t ropla t ing  (15). I t  ap -  
pears  tha t  a.c. gives more  compact  deposi t  wi th  be t t e r  
adhesion to the substrate.  Car l in  (16) demons t ra ted  
tha t  super imposed  a.c. a l t e red  the na tu re  of anodic dis-  
solut ion of n ickel  in a n ickel  p la t ing e lec t ro ly te  and 
e l imina ted  sponge format ion  and undes i red  residues at  
cer ta in  pH levels.  J eney  and Lengyel  (17) have s tud-  
led the effects of super imposed  a.c. on nickel  deposits  
p roduced  f rom a su l famate  solution. They found tha t  
the deposi ts  had a h igh ly  d isor iented  texture ,  h igh 
hardness,  and low in te rna l  stress. Rec tangula r  a.c. (18) 
has been  used to inhib i t  the polar iza t ion  of a base 
meta l  and to improve  the cur ren t  d is t r ibut ion  on the 
e lec t ropla t ing  of cy l indr ica l  surfaces. The influence of 
s inusoidal  a.c. on the p la t ing  of cadmium, nickel,  and 
t in  was considered by  Rehim et aL (19-21). K r o n d r a -  
shin et al. (22) have  examined  the kinet ics  of an oxide 
coating prodt iced b y  a.c. Super imposed  a.c. has  been 
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found to improve  the ep i t axy  in zinc, cadmium, tin, 
and lead  electrodeposi ts  (23-24). Ahrned et aL (25) 
s tudied the e lec t rocrys ta l l iza t ion  of zinc on single cop- 
pe r  crys ta l  planes  under  the influence Of a.c. Sheshadr i  
(26) examined  the copper deposits  under  the influence 
of a.c. and concluded that  a.c. reduced  grain  size and 
produced more  leveled and smoother  deposits.  Enchev 
(27) used a.c. in the e lec t rowinning  of nonferrous  a l -  
loys; he obta ined h igher  qua l i ty  deposi t  and h igher  
cur ren t  efficiency. The e lect rodeposi t ion of zinc on 
nickel  e lectrodes has been  s tudied  by  Jovieevie et aL 
(28) wi th  a potent ia l  pulse technique.  They found tha t  
the morphology  of the zinc deposi t  va r i ed  wi th  the  
ampl i tude  Of the pulses. 

In  view of the  foregoing background,  i t  seems tha t  
super imposed  a.c. might  help to p reven t  the dendr i te  
format ion  and to improve  the un i fo rmi ty  of zinc de -  
posits dur ing  the  charge of the  zinc electrode.  The 
method would  be useful  to the z inc-chlor ine  ba t te ry ,  
where  the dendr i t ic  zinc deposits  dur ing  the charge 
process st i l l  pose a problem.  This paper  describes a 
s tudy  of the effect of a.c. on the behavior  of the zinc 
e lect rode in an  acid ZnC12 solution. 

Experimental 
A rota t ing zinc hemispher ica l  e lect rode was used for 

the s tudy (29). The e lect rode consisted of a rep laceable  
zinc 2 hemispher ica l  head mounted  on one end of a 
Teflon cyl indr ica l  rod; the other  end of the rod was 
a t tached to the spindle shaft  of a high speed rotator .  
The zinc hemispher ica l  head  was 0.317 cm in d iamete r  
and had  a surface area  of 0.628 cm 2 exposed to the  
electrolyte .  A P y r e x  cell  containing a s ta t ionary  zinc 
countere lec t rode and a sa tu ra ted  calomel  reference  
e lect rode was used for the exper iment .  The e lec t ro ly te  
used was 0.5M ZnC12 in 1.0M KC1 (pH = 4.0). 

The method of a -c  modula t ion  (30) was used to 
measure  the anodic and the cathodic polar iza t ion  
curves of the zinc electrode.  In  this method,  a constant  
a.c. super imposed  to a given direct  cur ren t  (d.c.) was 
appl ied  to the zinc electrode,  and the resul t ing po ten-  
t ia l  fluctuations as wel l  as the t ime averaged  (or d-c)  
e lectrode potent ia l  was measured  as a funct ion of d-c  
densities. The detai ls  of the expe r imen ta l  setup and 
the measur ing  circui t  have been  descr ibed e lsewhere  
(31-32) and are  not  r epea ted  here.  

The e lect rode was p re t r ea t ed  by  pol ishing wi th  a 600 
gri t  emery  paper  and was r insed in dis t i l led  wa te r  
before  being t rans fe r red  to the cell. The anodic and 
the cathodic polar iza t ion  curves were  obta ined  with 
two separa te  runs because zinc had  a tendency  to de-  

2 T h e  zinc u s e d  as  99.99% p u r e  ( A l f a  z inc) .  

1439 



1 4 4 0  J. E~ectrochem. Sac.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY July  I981 

posit as dendrites during the cathodic polarization run. 
Scanning electron micrographs of the surface were 
taken after each cathodic and anodic experiment.  The 
range of a.c. investigated was 0-100 mA/cm2 rms (root 
mean  square) at 60 Hz. All the measurements  were 
performed at a constant  room temperature  of 21 ~ _ 
I~ 

Resu l ts  a n d  D iscuss ion  

Figure 1 shows a set of steady-state polarization 
curves for the zinc electrode in 0.5M ZnC12 and 1.0M 
KC1 solutio.n (pH -- 4.0). In  these runs, the speed of 
rotat ion of the zinc electrode was main ta ined  at 2500 
rpm. At  this speed, no concentrat ion polarization was 
observed. It  is seen that  the cathodic curve for the r un  
without  superimposed a.c. exhibits two reduct ion 
waves. This phenomenon has not been reported in  the 
l i terature,  and at present  we do not  have suitable 
explanations. The anodic and the cathodic Tafel slopes 
were found to  be 125 and --140 mV, respectively, in  
good agreement  with the values of 109 and --138 mV 
reported by Kim and Jorne  (14). The exchange current  
density was found to be 19 m A / c m  2. This value was 
one order o.f magni tude  greater than Kim and Jorne 's  
value of 1.36 m A / c m  u for a pH 2 solution containing 
0.5M ZnC12 and 1M KC1. Since a pH 4 solution was 
used in the present  study, the increase in the exchange 
current  density was probably  due to the difference in 
the pH values. A similar pH dependence has also been 
reported by Sierra Alcazar and Harr ison (7) for the 
zinc electrode in 0.003M ZnSO4. 

The effect of superimposed a.c. was to shift the rest 
po~tential toward the negative direction. The reason for 
the potential  shift has been discussed in Ref. (31, 33- 
35), and is not repeated here. A.C. did not appear to 
have a significant effect on the anodic polarization 
curve. For the cathodic polarization curves, a.c. i n -  
creased the current  densities at low overpotentials and 
el iminated the presence of the first reduction wave. 
With a 100 m A / c m  2 rms a.c., the first reduction wave 
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Fig. 1. Effect of a.c. (60 Hz) on the polarization curves of the 
zjnc electrode in 0.5M ZnCI2 -~- 1.0M KCI. :The speed of rotation 
was 2500 rpm. 

completely disappeared. At high cathodic overpoten- 
tials, the effect of a.c. diminished, and the data points 
for three different superimposed a-c levels seem to 
merge together into a single curve. 

The surface of the zinc elec.trode was examined un -  
der a scanning electron microscope at the end of each 
polarization run. The photomicrographs are sho.wn in 
Fig. 2; these pictures were taken at a magnification of 
30X. The fine str iat ion lines on the photomicrographs 
were caused by the mechanical  polishing of the zinc 
hemispherical  electrodes before the electrolysis. Figure 
2a shows the surface of the zinc electrode after the 
anodic dissolution wi th  25 m A / c m  u rms a:c. It  is seen 
that pi t t ing corrosion occurred under  the superimposed 
a-c condition. The pits were probably caused by local- 
ized breakdown of oxide film by a.c. and the phenome- 
non was the same as the a-c corrosion of copper and 
mild steel (30, 36). Figure 2b shows the zinc deposits 
of the cathodic polarization r u n  without  any super im- 
posed a.c. The effect of a.c. on zinc deposits is shown 
in Fig. 2c-2d. It  seems that a.c. greatly increased the 
nucleat ion rate. When  25 m A / c m  2 rms a.c. was super-  
imposed onto the zinc electrode, the grain size of zinc 
deposits decreased, and the number  of grains in -  
creased. At 100 mA / c m 2 rms a.c., the number  of zinc 
grains became so numerous  that they clustered to- 
gether to form a zinc layer. Also the dis t r ibut ion of 
zinc grains on the electrode surface appeared to be 
more uni form at high a-c values. 

The foregoing phenomenon can be explained wi th  a 
three-dimensional  nucleat ion theory. For a number  of 
electrode deposition reactions, the relationship be-  
tween the nucleat ion rate N, and the overpotential  
follows the correlation (37) 

N -  N,  exp ( - -  ~ - )  [1] 

where N, is the nucleat ion rate  at infinitely large over- 
potentials, and B is a constant  whose value depends on 
the tempera ture  and the na ture  of the electrode depo- 
sition reaction. Equat ion [1] has been confirmed for 
the cathodic deposition of silver, lead, and mercury  
(38, 39), and for the anodic deposition of lead dioxide 

and manganese dioxide (40, 41). When the electrode is 
polarized with a d-c overpotential,  ~]d.c., plus a super-  
imposed a.c. potential, na.e. 

= ~ld.o. + ~a.c. [2]  

the nucleat ion rate  will  be fluctuated with time and 
can be considered to consist of a t ime-averaged com- 
ponent,  Na.r and  a fluctuating component,  n 

N = Na.~. + n [3] 

Substituting Eq. [2] and [3] into Eq. [i] and taking 
the time-average on both sides of the resulting equa- 
tion, one has 

Na.c. -- N| exp -- 0]a.c. + na.c.) 2 [4] 

The overscore in  the above equat ion designates the 
t ime-averaging  operation. The details of the t ime-  
averaging technique have been  discussed in  previous 
publications (31, 33) and is not  repeated here. Equa-  
t ion [4] can be normalized with the nucleat ion rate 
without  superimposed a.c.; the result  can be rear -  
ranged as 

[ 
~.~ .  exp L (1 + ~h.Jnd.e.)s(na.JB) ~ 

' =  [5 ]  
Nd.c. e x p [  1 ] 

(~]d.c./B) 2 

Here Na.c./Nd.~. is the ratio of the time-averaged nu- 
cleation rate when the electrode is polarized by a d-c 
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Fig. 2. Photomicrographs of the 
zinc surface after the polarixa- 
tlon measurement. The magnifi- 
cation was 30X. 

overpotent ial  plus an a-c potential,  ~d.c. -~ 1]a.c., tO the 
nucleat ion rate when  the electrode is, polarized only by 
a d-c overpotential,  ~]d.c.. Equat ion [5] has been nu-  
merical ly  evaluated for a square-wave a.c., and the 
results are plotted in  Fig. 3 in  the form of Na.c./Nd.c. vs. 
~d.c./B. The parameter  in  the figure is the root mean  

square of superimposed a-c potential, ~ normal -  
ized by the d-c overpotentiaI.  It is seen that  at low 
d-c overpotentials,  a.c. can increase the nucleat ion rate 
by several orders of magnitude.  The result  clearly 
agrees with 3~he exper imental  observations shown in 
Fig. 2. Also the effect of a.c. diminishes as the d-c 
overpotential  increases and becomes negligible in  the 
region of ~d.c./B > 1. It  is interest ing to note that  a 
large a.c. can slightly reduce the nucleat ion at large 

d-c overpotential ,  as indicated by  the ~ / ~ l d . r  = 1 
curve. 

Conclusions 
In  conclusion, a s tudy has been made of the effect of 

a.c. on the behavior  of. the zinc electrode in  an acid 

zinc-chloride solution. A.C. was found to shift the rest 
potential  of the zinc electrode toward the negative 
direction and caused pit t ing corrosion when the elec- 
trode was polarized at the anodic potentials. With su- 
perimposed a.c., the rate of nucleat ion was greatly en-  
hanced during the cathodic deposition reaction. This 
resulted in a more uni form zinc deposit on the elec- 
trode. The phenomenon was explained with the t ime- 
averaging analysis of a three-dimensional  nucleat ion 
model. 
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Oxygen Atmospheres 
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ABSTRACT 

The sodium oxide  ac t iv i ty  in the a-A1203 + ~-A1203 c o e x i s t e n c e  w a s  
de te rmined  be tween  823 and 1198 K b y  re la t ing  measured  values  of the  e lec-  
t romot ive  force of cells of the type  

Pt[M, MX2, NamX[~- and a-AI~O~[M', M'nO[Pt 

and the Gibbs energy  change of the cell  react ion which can be wr i t t en  as 

M + 2Na~X + taM'nO = mNa20(~) + MX2 + mnM'  

where  X refers  to ha l ide  or  sulfide anion. The dependence  of act ivi ty,  aNa~o, 
On tempera tu re ,  T (K) ,  is 

16,400 
log aNglO = - -  + 3.60 (823--~- T - -  1198 K )  

T 

Accordingly ,  the var ia t ion  of the sodium vapor  pressure  of the a-Al~O~ + 
~-A120~ coexistence, PNa (a tm) ,  w i th  t empe ra tu r e  and oxygen  pressure ,  Po~ 
(a tm) ,  follows the re la t ion  

24,25O 
l o g  PNa - -  0.25 log PO~ + 9.94 (823 ~ T ~ 1198 K )  

T 

Ex t rapo la t ion  of this re la t ion to h igher  t empera tu res  demons t ra tes  tha t  PNa 
at ta ins  1 arm at  1350 K in the env i ronment  of the  Al, a-A1203 imposed o x y g e n  
pressure .  

Probes  based on ~-AI203(Na20"  llA12Oz) as solid 
e lec t ro ly te  have  been deve loped  to moni to r  oxygen 
pressures  as low as those of the  Al,~-A120~ coexistence 
(1) and to sense sodium contents  of l iquid  a luminum 
in the  ppm range  (2). The s tab i l i ty  of this compound,  
however ,  is not  wel l  es tabl ished in such reducing 
atmospheres .  The  sodium vapor  p ressure  of the  co- 
exis tence ~-AI~O3 ~- ~-A120~ in a i r  has  been  r epo r t ed  
be tween  1300 and 1900 K (3). F r o m  these results,  
one es t imates  a va lue  of --200,832 J mo1-1 for the  
s t andard  Gibbs  energy  of format ion  of ~-AI~Oa f rom 
its b i n a r y  oxides at  1000 K. This va lue  is to be com- 
pared  to o ther  repor ted  values  of --322,168 (1), and  
--247,199 J tool -1 (2) a t  the same t empera tu re .  The 
cor responding  values  of sodium oxide ac t iv i ty  in the  
~-AI~O3 + ~-AI~O~ coexistence are  3.2 • 10 -11 (3),  1.5 
• 10 -17 (1), and 1.2 • 10 -18 (2). In  l ight  of these 
discrepancies,  we in i t ia ted  this inves t igat ion to es-  
tabl ish the s tab i l i ty  of ~-A1203 using so l id-s ta te  e lec-  
t rochemical  cells wi th  /~- and  ~-A12Oa as a two-phase  
e lectrolyte .  

Experimental 
Mater ia l s  used in this inves t igat ion are  l is ted in 

Table  I. Wust i te  powder  was p r e p a r e d  b y  reducing  
hemat i te  a t  1173 K in a flowing CO-CO2-N2 a tmo-  
sphere.  

8- and  a-A1203 e lec t ro ly te  tubes were  p repa red  b y  
sl ip cast ing an aqueous suspension containing 40g 
~-A1203, 360g ~-AI208, 6 ml  HC1, and 3g Darv in  C 
deflocculant  in 300 ml  dis t i l led  water .  Before  p r e p a r -  
ing a slip, the ~-A1~O3 powder  (--120 mesh)  was 
ground  to less than  8 ~m in d i ame te r  in an i sopropyl  
alcohol med ium for 24 h r  in a porce la in  ba l l  mi l l  
using a-A1203 balls .  

The  fol lowing procedure  was found to be bes t  for 
p r epa r ing  a smooth slip:  The  acidified solut ion con-  
ta ining the deflocculant  was charged  to the  ba l l  mi l l  

* E lec t rochemica l  Society Ac t ive  aMember. 
Key words: electrolyte, solid, stability. 

fol lowed b y  the subsequent  addi t ion  of the  ~-A1203 
and ~-A120~ powders ;  the mix tu re  was tumbled  for  
3 hr, its pH being read jus ted  to 7 each 15 min. The slip 
was poured  into wet ted  p las te r  molds, and m a i n -  
ta ined at  the level  of the  mold  top dur ing  the cast ing 
per iod of 30 sec. Cracking  of a tube was min ima l  if  
its upper  edge separa ted  f rom the mold  wal l  using a 
spa tu la  wi th in  5 rain of the casting. A tube  was lef t  
to d ry  in its p las te r  mold  for  48 h r  which  led  to a 
shr inkage of ~10% in its length.  The  green  tubes, ~2  
m m  wa l l  thickness,  were  dr ied  for a week  in a i r  a t  
room tempera tu re ;  outer  surfaces and edges w e r e  
then pol ished using 320 gr i t  emery  paper .  Tubes were  
prefired in a covered A1203 crucible  packed  wi th  a 
coarse powder  at  700~ for  14 h r  to a l low complete  
dry ing  before  s inter ing a t  1800~ for 3 hr  in  a p ro -  
pane-combus t ion  gas furnace.  X - r a y  diffraction ana l -  
yses and e lect ron probe t rac ing of s in tered  tube  cross 
sections indica ted  tha t  the ~-AI~Os phase,  ~ 3  volume 
percen t  (v /o ) ,  was homogeneous ly  d i s t r ibu ted  as dis-  
crete par t ic les  wi th in  the  ~-A1203 m a t r i x  of the  e lec-  
t ro ly te  tubes,  ,~10 cm in length  and 1.5 cm in d i a m -  
eter.  A p p r o x i m a t e l y  80% o f  the  s in tered  tubes ex -  
h ibi ted  10-s Torr  H e - l e a ka ge  resistance.  

Table I. Materials used in this investigation and its sources 

Material Source and type 

Nickel,  iron, copper ,  and  
h e m a t i t e  p o w d e r s  

T u n g s t e n  p o w d e r  
Nickel  oxide p o w d e r  
Cuprous  oxide p o w d e r  
T u n g s t e n  sulfide and  so- 

d ium sulfide (anhy. )  
p o w d e r s  

Nickel  sulfide p o w d e r  
( anhy.  ) 

Sodium fluoride p o w d e r  
~-A120~ p o w d e r  

Autos t ic  c e m e n t  
Darv in  C 

Ven t ron ,  Alfa  P roduc t s  - -  99.9% 

Fisher  Scientific - -  pur i f ied 
F i she r  Scientific - -  99.8% 
F i she r  Scientific - -  99.3% 
Vent ron ,  Alfa  P roduc t s  - -  laboratory 

g r a d e  

J, T. Bak e r  Chemical  - -  l abo ra to ry  
g r a d e  

J. T. B a k e r  Chemical  - -  99.5% 
ALCOA - -  s u p e r g r o u n d  high quality 

g rad e  
Car l ton  Brown & P a r t n e r s  Ltd.  
R. T. Vande rb i l t  Company ,  Inc. 
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A schemat ic  of the  e lec t rochemical  cell is shown in 
Fig. I. The cell  gene ra l ly  consisted of a W,WS2,Na~S 
anode, an Fe,FeO, Ni,NiO, or  Cu,CusO cathode, the  
/~- and =-AltOs solid e lec t ro ly te  tube,  and  an a-A12Os 112C 
crucible.  The M',M'nO electrodes were  tablets ,  0.6 cm 
in d i ame te r  and 0.3 cm in thickness,  pressed f rom 1:1 
(molar  ra t io)  mix tu re  of the  me ta l  and  oxide  phases I100 
using an hydrau l i c  press. T h e  pel le ts  were  s in te red  a t  
1000~ under  purif ied flowing argon for  18 h r  and 
meta l lograph ica l ly  pol ished before  incorpora t ing  into 1080 
the inne r  compar tmen t  of a solid e lec t ro ly te  tube.  
The M',M'nO electrode and the P t  e lec t r ica l  lead  were  

I060 covered by  a pro tec t ive  layer ,  ,~2 cm deep, of a pow-  
de r  wi th  the same composit ion as the  tablet .  A ca th-  > 
ode of one cell  was composed of a 3 c m  deep compact  E 

1040 of I~i,NiF~,NaF wi th  the  mo la r  ra t io  of 1:1:4; this ,, 
m ix tu r e  was dr ied  for 3 hr  a t  180~ in vacuum. The 
cathode compact  was  covered by  ~- and/3-Al tOs  pow-  " '  
der  upon its p lacement  in the e lec t ro ly te  tube.  The 1020 
W,WSs,Na2S e lec t rode  consisted of a 1:1:4 (molar  
ra t io)  mix tu re  of the d r ied  powders  (4).  Elec t rode  

I000 compar tments  were  sealed us ing Autost ic  Cement  un -  
de r  an argon a tmosphere .  

A mul l i t e -g lass  t ubu la r  cell assembly  was posi-  
t ioned ver t i ca l ly  in a tubu la r  e lectr ic  res is tance fu r -  980 
nace equipped wi th  a Kan tha l  non induc t ive ly  wound  
heat ing e l emen t  (5). The cell  was posi t ioned in the  
constant  t e m p e r a t u r e  zone of the  furnace,  ,-,5 cm in 960 
length,  which  was control led  wi th in  _2~  as m e a -  
sured  b y  means  of  a Chrome l -A lume l  thermocouple .  940 
This assembly  was evacuated  and flushed wi th  argon 
severa l  t imes at  room tempera ture ,  200 ~ 400% and fi- 
na l ly  at  925~ for  cells conta in ing the M',M'nO 
elect rodes  or at  750~ for  the cell conta ining the 
Ni,NiFe,NaF electrode.  Dur ing  emf measurements  a 
continuous flow of a rgon was held  at  a head of 4-6 
cm Hg. Argon,  containing <5  ppm impuri t ies ,  was 
purified by  passage o v e r  copper  and copper  oxide at  
180~ ascasite, CaSO4, and si l ica gel. A cell  was 
lef t  overn ight  before  commencing emf measurements  
for  both  increas ing and decreasing t empera tu re  cy-  
cles. When  the t empe ra tu r e  was changed, a new 
s teady  emf was reached  a f te r  2-3 hr. 

Results and Analyses 
The emf as a function of t empe ra tu r e  of cells I, II, 

III,  and  IV are  shown in Fig. 2-5 

Pt lW, WS2,Na~SI/~- and  =-AI~O~ICu~O,CuIPt [I]  

P? l e a ~  

and a-AI203-- -~ III ~ / 

�9 /~,ond,a-AI203 compact 

I 1 II1s M, inO electrode 5cmr_ - ~-.;>'~-~W,WSz,No2S electrode 

Fig. I .  Schematic of the electrochemical  Cell util izing a .B- and 
a - A I 2 0 a  two-phase electrolyte. 

I I I I I I I 

i 

\ \  

l I I l t I 
900 950 I000 1050 I100 1150 

TEMPERATURE, K 

Fig. 2. Variation of emf with temperature for cell [I] 

= 

I 
1200 

PtlW, WS~,Na~S[p- and =-AI=O~INiO,NilPt [H] 

PtIW, WS~,Na2SI/~- and a-Al~OslFeO,FelPt [HI] 

PtIW,WS2,Na,2SI/~- and a-AI20~INaF, NiF~,Ni] [IV] 

Linear plots were obta ined  by least-squares analyses 
and their equations are given in Table II. 

Reaction for cells [I], [II], and [III] can be written 
as 

W + 2Na2S + 2M'nO = WSs -b 2Na20r + 2nlVl' [I] 

82q 

80C 
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Fig. 3. Variation of emf with temperature for cell [11] 
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Fig. 4. Variation of emf with temperature for cell [!11] 

where M'nO and M' are the oxide and metal phases of 
the cathode compartment. The Gibbs energy change of 
reaction [1] is expressed as 

AG = --4.FE = 2RT in aNaao + IZl, IAG~ (i) [2] 

w h e r e  F is the  F a r a d a y  constant ,  R is t h e  gas  c o n -  
s tant ,  pi is the  n u m b e r  of  moles  of  c o m p o u n d  i, and  
AG~ is the  s t a n d a r d  Gibbs  e n e r g y  of  f o r m a t i o n  o f  
c o m p o u n d  i. Us ing  r e l a t i o n  [2], t he  v a l u e s  of  l og  aNaio 
s h o w n  in Fig.  6 w e r e  ca l cu l a t ed  b e t w e e n  923 a n d  
1198 K us ing  the  e m f  resu l t s  fo r  ce l l  [ I] ,  [ I I ] ,  a n d  
[III]  and  the  r e q u i r e d  t h e r m o d y n a m i c  d a t a  f r o m  

T a b l e  III .  

1068 I I I I I I 

1064 

1060 

> 
E 1056 

i.,_" 

" '  1052 

1048 

1044 

1040 I I I I I I 
8 0 0  8 5 0  9 0 0  9 5 0  I 0 0 0  1050 

TEMPERATURE, K 

Fig. 5. Variation of emf with temperature for cell [ IV] 

Table II. Least squares analyses of the emf results of cells [ I ] ,  
[11], [ I l l ] ,  and [IV] 

Cell 

Stan- 
Temper. dard 
ature E(mV) = a(~.t-S=) - b(-----Sb)T devi- 
range ation 

(K) a Sa b Sb (mY) 

[I] 923-1198 1538 4 0.474 0.004 --+2 
[II] 923-1198 1180 4 0.396 0.004 • 
[III] 923-I198 1032 4 0.506 0.004 ---+2 
[IV] 823-1023 1146 2 0.098 0.0o~ • 

Table III. Thermochemical data used in this investigation 

Temper- AG'~ (eal/mol) = 
ature A + B T  

Com- range 
pound (K) - A + B Ref. 

AIK)s(=) 300-900  1,674,977 312.963 (7) 
1000-1900 1,685,922 325.515 (7) 

NiOcg) 900-1400 234,158 84.893 (8) 
CusO(,) 900-1300 167,046 71.463 (8) 
FeO(,) 873-1600 264,575 65.396 (8) 
Nasa(,) 400-1100 420,015 146.022 (9) 
Na,~S(,) 400-1100 440~232 131.378 (9) 
WS=(=) 1370-1565 336,394 156.482 (10) 
NiF=(=) 298-1300 654,796 138.072 ( 11 ) 
Na.F(,) 371-1178 571,806 104.579 (11) 

C o m b i n a t i o n  of  t he  e m f - T  r e l a t ions  o b t a i n e d  fo r  
cel ls  [1] a n d  [IV],  Tab l e  III,  y i e l d e d  Eq,  [3] w h i c h  
g ives  t he  ern~ b e t w e e n  Ni ,NiF2 ,NaF a n d  C u C u 2 0  
e lec t rodes  

E ( m V )  : 392 - -  0.376T [3 ]  

F o r  this cell ,  t he  r e a c t i o n  is 

Ni + 2NaF + Cu~O.- NiF2 Jr Na~O(~) + 2Cu [4] 
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Values of log aNa~O between 823 and 1023 K were cal- 
culated using relation [3]; the results are plotted in 
Fig. 6. 

Least-squares analyses of the calculated values 
for the Na20 activity in ~-A1203 coexisting with 
a-A12Os from the emf measurements between 823 and 
1198 K yielded the relation 

16,400 
log aNasO = + 3.60 [5] 

T 

which is shown as a solid line in Fig. 6. The esti- 
mated uncertainties in the values of log aNaso is ___2 
due to the high uncertainties in the values of hG~ of 
the halides and sulfides. 

Discussion and Conclusions 
The temperature variation of the Na~O activity in 

the ~-A12Os + /~-A12Os coexistence obtained in this 
investigation and the previously reported values of log 
aNasO are shown in Fig. 6. The value of Na20 ac- 
tivity determined in this investigation at 1000 K is 
1.6 • 10 -1~ which is in close agreement with the 
value calculated from Fray results (2), 1.2 • 10 -~8, 
at the same temperature. Extrapolation of Eq. [5] 
yields a value of 5.2 • 10 -10 for the Na20 activity 
at 1273 K which is in good agreement with the value 
calculated by Dewing (5), 1.5 • 10 -10, for the equi- 
librium 

34=-A12Os + 6NaFcD ~-- 3fl-AlsOs + AIFs(D 

However, the results obtained by Choudhury (I) for 
aNasO is 4-5 orders of magnitude more negative than 
the above results, and the extrapolation to I000 K of 
the values based on Weber results (3) at higher 
temperatures shows positive divergence. The diverg- 
ence between the aNasO values determined in this in- 
vestigation and values extrapolated from Weber's re- 
sults (3) may be due to the coexistence of sodium 
aluminate, NaA1Os, with a sodium-rich ~-A12Os (12) 
or ~"-A12Os, Na20.5Al~O~ (13), rather than its co- 
existence with p-A120~ of single composition as as -  
s u m e d  by Weber (3). The discrepancy between the 
values of aNasO obtained in this investigation, how- 
ever, with those reported by Choudhury (1) cannot be 
explained because the same electrochemical reaction 
(4) has been investigated. 

One can calculate from Eq. [5] for the Na~O ac-  
t i v i t y  in /~-AI2Os the standard Gibbs energy changes 
of the following reactions 

Na,20(s) + lla-AlsOz = Na~O �9 IIAIsOs [6] 
and 

2Na(D + 22AI(D + 17 O~(s) = NasO �9 llAlsOs [7] 

The obtained relations are 

hO~ , (p-Als0s) = --314,000 4- 68.920 T [8] 

AG~ = --19,279,200 4- 3795.607 T [9] 

hG~ (p-A12Os) is the standard Gibbs energy of forma- 
tion of fl-A12Os from NasOcs) and a-AlsOs in joules 
and hG~ is the standard Gibbs energy of  
formation of /~-AI20~ from Na(z), Al(z), and Os(g). The 
estimated uncertainties in the values of hO~ ' (p-AlsO~) 
and AG~ are • and 63,000 J mo1-1, 
respectively. The value of hO~ at 1000K 
calculated from Eq. [8] is --245,080 J tool -z which 
is in very good agreement with the value determined 
by Fray (3), --247,199 J mo1-1, at 1000 K but it is 
77,088J more positive than the value given by 
Choudhury (1). 

The variation of the sodium vapor pressure of the 
a-A12Os and ~-A12Os coexistence can be determined 
by considering the following reaction 

2Na(v) 4- �89 0~(~) ~=~ NasO(.e) [10] 

for which 
~ N a ~ O  

hO~ ' (Na20) = --RT In [II] 
P N a  2 �9 posV= 

where hG~ is the standard Gibbs energy 
change of reaction [10]. The standard Gibbs energy 
of formation of Na2Ocs) from NacD and Os(g) is (9) 

hG~ -- --420,015 + 146.022 T [12] 

The phase transformation of Na from the liquid state 
to monoatomic gas occurs at 1176,9K with hH~ = 
97,424 J mo1-1 (7). Therefore, for the following re- 
action 

Na(v) = Na(D [13] 

the Gibbs energy change, AG~ can be expressed 
a s  

hG~ = --97,424 + 82.780 T [14] 

The dependence of AG~ on temperature is 
obtained by combining Eq. [12] and [14] 

AG~ , (Na20) = --614,863 + 311.582 T [15] 

Equations [5], [11], and [15] yield the following ex- 
pression 

24,250 
log P N a  - -  0.25 log POs + 9.94 [16] 

T 

The estimated error is ___2 for the values of log PNa. 
Equation [16] was used to construct Fig. 7, which 
shows the variation of log PNa with 1/T between 823 
and 1198 K at oxygen pressures imposed by the ambi- 
ent atmosphere (Po2 = 0.21 atm), Fe,FeO, and Al, a- 
A1208 coexistences. By considering the log PNa - -  

1/T relation for the Al,~-A12Os coexistence, one esti- 
mates that PNa equals 1 arm at 1350 _ 100 K. The 
values of PNa in air between 1300 and 1900 K obtained 
by Weber and reported by Kummer (3) are also 
plotted in Fig. 7. These values extrapolate at lower 
temperature to values larger than those determined 
in this investigation. 
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Iron Oxide Film Formed on Platinum During 
Fe O, Formation by Air Oxidation of an 

Fe(OH)2 Suspension 

Yutaka Tamaura, Chika Kameshima, and Takashi Katsura 
Department of Chemistry, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan 

ABSTRACT 
The iron oxide film formed on platinum was studied under conditions 

where Fe304 is readily formed by the air oxidation of an Fe (OH)2 suspension 
at pH 9.5 and 65~ Stoichiometric Fe304 was formed on platinum before 
the air oxidation, and the potential before the air oxidation was due to the 
cathodic reaction 

3Fe(OH)~ = FesO4 Jr 2HsO -t- 2H + -f-2e 

The Fe~O4 film on platinum became thick during the air oxidation, and it 
was shown that FeOH § is continuously supplied to the surface of the FesO4 
film by the dissolution of the Fe(OH)2 particles in the reaction suspension 
and that the Fe804-formation reaction takes place on the surface of the FesO4 
layer. The rapid change in the oxidation potential (ORP) at the end of the 
reaction was due to a Change from the electrode potential of Fe~O4 (slightly 
oxidized) to that of -v-Fe20~, which is formed on the surface of the Fe804 film 
by the air oxidation at the end of the reaction. 

The formation of ferrites by air oxidation of 
Fe(OH)2 suspensions containing metal ions has been 
studied; and Mg-, Cd-, Ti-, Cr-, V-, and Pb-bearing 
ferrites have been synthesized (1-6). In these studies, 
the progress of the air oxidation reaction has been 
measured by following the oxidation potential (ORP) 
using a platinum electrode (1-9), When an Fe(OH)2 
suspension is oxidized by air at pH 9-10 and at tem- 
peratures above 60~ Fe304 is formed (10), In this 
paper, the Fe(OH)2 suspension is referred to as 
"the reaction suspension." As the oxidation reaction 
proceeds, the Fe 2+ content in the reaction suspension 
decreases and the ORP value is kept constant. How- 
ever, at the end of the reaction, the Fe 2+ content 
becomes constant and the ORP value changes rapidly 
from about --800 to 0 mV (vs. SCE). During the 
course of the investigation of the ORP value, we 
found that some i ron  oxide film was formed on the 

Key words: surfaces,  potential, growth. 

platinum electrode. The ORP value measured during 
the air oxidation seems to be due to the iron oxide 
film formed on platinum. The deposition of iron 
oxide films on platinum from the solution containing 
ferrous ions has been studied by Cohen et al. (11-13) 
and Formaro (14). Their studies at room temperature 
have suggested that ~-FeOOH or ferric iron oxide 
films a re  formed on platinum (11-14). 

In this paper, we studied the ORP value and the 
iron oxide films formed on platinum during the 
Fe304-formation reaction by air oxidation of Fe(OH)2 
suspensions. The rapid ORP change at the end of the 
reaction was also studied. 

Experimental 
Reagents.--Chemical reagents of analytical grade 

were used. NaOH solutions (0.5 and 3N) were prepared 
by dissolving NaOH in distilled water free from COs 
and O2~ Acetate buffer solution (20 mM, pH4.1)  free 
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f rom O~ was used for  the  dissolut ion of the outer  l aye r  
of the i ron  oxide film. 

Apparatus.--The reac t ion  vessel  ~or the  FesO4 for -  
ma t ion  was s imi lar  to tha t  used ea r l i e r  (3-6) (volume 
1 l i t e r ) .  P l a t i num elect rodes  or  p la tes  can be re-  
moved  f rom the reac t ion  vessel  under  a n i t rogen  
a tmosphere  in the course of the  a i r  oxidat ion.  Before 
eve ry  exper imenta l  run, the  p l a t i num electrodes or  
plates  were  t r ea ted  wi th  concent ra ted  HC1 and r insed  
with  enough wa te r  to remove  C1- as comple te ly  as 
possible. A sa tu ra ted  calomel  e lec t rode  was used as 
a reference  electrode.  

Procedure.--After passing the n i t rogen gas into the 
dis t i l led  w a t e r  (780 ml)  a t  65~ to remove dissolved 
COs and O2, FeSO~ �9 7H20 (14.4g) was added  and 
dissolved completely .  The pH was ad jus t ed  wi th  
NaOH solut ion and contro l led  wi th in  __ 0.01 pH using 
a pH-s ta t .  Af te r  s tanding for 1 h r  under  a n i t rogen 
atmosphere,  the oxida t ion  react ion was in i t ia ted  b y  
passing a i r  in p lace  of n i t rogen gas. Dur ing  the oxi -  
dation, the pH value  was kep t  constant  a t  pH 9.50 _ 
0.01, and  the t empe ra tu r e  was control led  at  65 ~ _+ 
0.1~ The ORP value  was measured  using a p l a t i num 
electrode.  

For  the  identif icat ion of the phases formed in the  
react ion suspension dur ing  the course of the  reaction,  
an a l iquot  por t ion  of the  react ion suspension was 
taken out  by  using a syr inge wi thout  a i r  con tamina-  
tion, washed wi th  acetone f ree  f rom oxygen  to r e -  
move the wa te r  as comple te ly  as possible,  and  d r i ed  
by  passing n i t rogen gas at  room tempera ture .  The 
sample  thus ob ta ined  was sealed wi th  Cel lophane 
tape and ana lyzed  by  x - r a y  diffraction measurements .  

Fo r  the analyses  of the Fe  2+ content  of the react ion 
suspension dur ing  the a i r  oxidation,  about  20 ml of 
the suspension was taken out  by  a syringe.  Fe  2+ and 
Fetotal content  in the samples  were  de te rmined  b y  
the t i t ra t ion  method  using a K2Cr207 s t andard  solu-  
tion. Fetota 1 was de t e rmined  af te r  reducing wi th  zinc 
ama lgum (15). 

In the course of the reaction,  the  p l a t i num plate 
(cy l indr ica l  type,  5.5 X 10 cm) was taken  out  under  
a n i t rogen a tmosphere ,  and chemical  composi t ions 
(Fe 2+ and  Fetota]) of the  i ron  oxide film formed on 
the p l a t inum were  de te rmined  by  spec t rophotometr ic  
method  using 2 ,2 ' -bypyr idyl  (16) a f te r  dissolving the 
film in the aceta te  buffer solut ion (pH 4.1) o r  HC1 
(1:1) solution. For  the measu remen t  of Fetotal con- 
tent, samples  were  reduced wi th  hydroxylamine .  The 
reflection e lec t ron diffraction pa t te rns  of the  i ron oxide 
films formed on p l a t inum were  examined  using a 
smal le r  p l a t inum p la te  (1 X 1 cm) .  Af t e r  t ak ing  the 
smal le r  p l a t i num pla te  f rom the react ion suspension, 
i t  was r insed wi th  the acetate  buffer solut ion (pH 
4.1) free f rom oxygen and dr ied  by  passing n i t rogen 
gas. Al though  it  seems tha t  reor ien ta t ion  and recrys- 
tal l ization of the i ron  oxide formed on the p l a t i n u m  
pla te  occurs dur ing  the  course of  the  drying,  the  
reflection method  would be he lpfu l  in ident i fy ing  iron 
oxides. 

Cathodic reduction.--The cathodic reduct ion  o f  the  
i ron oxide film formed on the p l a t i num elec t rode  was 
carr ied  out  ga ivanos ta t ica l ly  at  a constant  current 
(10 ~A/cm2) in a s tagnan t  bora te  buffer  solut ion 
(pH 8.4, consist ing of equal  volumes of 0.15N Na2B407 

10 H20 and 0.15N HsBOs solutions) a t  25~ under  
a slow ni t rogen gas s t r eam (17). The  bora te  buffer 
solut ion was deae ra t ed  before  the  measu remen t  by  
passing n i t rogen gas for  severa l  hours. A Beckman 
Electroscan Model  30 was used for  the  electrical 
measurements .  

Al l  po ten t ia l  da ta  (ORP) repor ted  in this  paper are 
re fe r red  to the saturated calomel  electrode.  

Results and Discussion 
1ton oxide film :formed on platinum beyore the  a~r 

oxidation at pH 9.5 and 65~ (10) has 
s tudied the reac t ion  condit ions for  the fo rmat ion  of 
Fe804 wi th  respect  to t empe ra tu r e  and pH values  and 
has suggested tha t  Fe304 is most  r ead i ly  o b t a i n e d  
in a pH range  f rom 8 to 10 and at  t empera tu res  above 
60~ Here, we inves t iga ted  the i ron oxide film fo rmed  
on p l a t i num under  condit ions where  Fe304 is most  
r ead i ly  formed. Curve A in Fig. 1 shows a change of 
ORP value  dur ing  the Fe304-format ion react ion at  
pH 9.5 and 65~ Curve B shows the change of the 
Fe  2+ content  in the react ion suspension. When FeSO4 

7H20 was added  at  point  a (Fig. 1), the ORP value  
dec reased  to a round  0 inV. At  poin t  b, where  an a lka -  
l ine solut ion was added,  the  ORP value  r ap id ly  de -  
creased to a round  --800 mV and became constant  
a f te r  s tanding for  1 hr. A t  poin t  c, the  oxidat ion  re- 
action was in i t i a ted  by  passing ai r  in p lace  of n i t ro -  
gen. As seen by  curve B, the  Fe  2+ content  decreased 
l i nea r ly  wi th  the oxida t ion  t ime and became constant  
a t  point  d (end point  of the oxidat ion  reac t ion) .  Dur -  
ing the a i r  oxidat ion  reac t ion  ( f rom poin t  c to d) ,  
the ORP value  was constant,  but  a t  the  end of the  
react ion (point  d) ,  the r ORP value  increased rap id ly  
up to nea r ly  0 inV. 

We s tudied first the i ron oxide  film fo rmed  on the 
p la t inum before  the a i r  oxidat ion  (point  P in Fig. 1). 
The p l a t i num was t aken  out  f rom the react ion sus-  
pension jus t  before  the a i r  oxidat ion,  r insed  wi th  
dis t i l led  w a t e r  free f rom oxygen,  and  k e p t  in the  
acetate buffer  solut ion (pH 4.1) free f rom oxygen  
for 3 hr  to dissolve the  fer rous  ions on the surface of 
the i ron  oxide film. In the reflection e lec t ron diffrac-  
t ion pa t te rns  of the i ron oxide film thus obtained,  
only  the  l ines due to Fe~O4 appea red  (Table  I ) .  
Chemical  ana lyses  showed tha t  the amount  of the i ron 
in the i ron oxide film was 1.45 • 10 -4  mmol/cm~ and 
that  the Fe2+/Fetotal mola r  ra t io  of the i ron  oxide  
film was 0.334 _+ 0.01. Thus, before  the  a i r  oxidat ion  
at  pH 9.5 and 65~ s toichiometr ic  Fe804 is formed 
on the p la t inum.  Fo rma ro  (14) has repor ted  the  
mechanism of the deposi t ion of an i ron oxide  film on 
p l a t i num which is immersed  in a solut ion conta ining 
fer rous  ion and has sugges ted  tha t  the  deposi t ion is 
caused b y  a shor t -c i rcu i t  ga lvanic  coupl ing be tween  
the (cathodic)  react ion of hydrogen  adsorpt ion on 
p l a t i num according to the reac t ion  

P t  -'F H20 "-I" e -> P t  �9 H + O H -  

and the (anodic)  oxida t ion  of F e  ~+ to Fe  3+ 
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Fig. 1. Changes of ORP value (curve A) and Fe 2§ content (curve 
B) in the reaction suspension during the Fe~O4-formafion reaction 
by air oxidation of the Fe(OH)2 suspension at pH 9.5 and 65~ 
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Table I. "d" values of the iron oxide films formed on platinum 
before and after the air oxidation react,on of the Fe(OH)2 

suspension at pH 9.5 and 65~ 

Before air oxidation After air oxidation 

"d" exp "d '* Fe~O4 "d" exp "d" 7-Fe=O3 

2 .76  2.78(221) 
2 .51  2.52(311) 

2 , 1 0  2.10(400) 
2 .07  2.08(49~) 
1 .69 1.70(422) 

1.61 1.62 (511) 
1 .59 1.61(511,333) 

1 .48  1.49(440) 
1 .47  1.48(440) 

1.33 1.33 (620) 
1.31 1.32(620) 

1 .09  1.09(731) 

Fe~+ -, Fe~+ + e 

From the mechanism presented by Formaro, it  can be 
seen that Fe s+ i o n i s  formed on platinum. Under the 
conditions where FeaO4 is formed (65~ pH 9.5) by 
air oxidation of Fe(OH)2 suspensions, the Fe 8+ ion 
formed on the platinum, by the mechanism suggested 
by Formaro, seems to react with ferrous ion to 
form the Fe804 film. Leibenguth and Cohen (12) and 
Hashimoto and Cohen (13) have studied the deposi- 
tion of an iron oxide film on plat inum by anodic oxi- 
dation. They have reported that  a 7-FeOOH film is 
formed on plat inum from the ferrous sulfate or 
perchlorate solution at 25~ and pH 6.6-8.4. Kiyama 
(10) has reported that 7-FeOOH (with a-FeOOH) 
is formed by the air  oxidation of Fe(OH)2 suspen- 
sions at lower temperatures (below 40~ and at  a 
pH below 8. Thus, when the temperature is low (be- 
low 40~ the Fe~+ ion, formed by the anodic oxi- 
dation or the air oxidation of Fe 2+, is hydrolyzed 
readily to form ~-FeOOH. On the other hand, at  a 
higher temperature (65~ stoichiometric Fe804 film 
is formed on the plat inum by anodic oxidation, as 
observed in the present work. There seems to be an 
agreement in the reaction conditions for the forma- 
tion of iron oxides by air oxidation of Fe(OH)2 sus- 
pensions and the formation of iron oxide films on 
plat inum by anodic oxidation. 

Under the present experimental  conditions, there is 
a possibility that the reaction suspension is contami- 
nated by a small amount of CI-  from the saturated 
calomel electrode and that  some C1- ions remain on 
the plat inum after cleaning with HCI and washing 
with water. It seems that these C1- ions affect the 
formation of the iron oxide on the plat inum electrode. 
Foley et al. (18) reported that when an iron bar  is 
anodically oxidized in the presence of CI- ,  Fe304 or 
7-Fe~O~ is not deposited, but  7-FeOOH. In the pres-  
ent work, however, this effect of the C1- ions, which 
would exist in the reaction suspension, was not o b -  
s er ved .  

Potent ia l -pH diagrams for  the Fe-H~O system have 
been established by Pourbaix and his co-workers (19) 
who considered Fe(OH)8 and Fe2Os as the favored 
ferric solid substances. Other diagrams considering 
a- and -y-FeOOH have been presented by Misawa 
(20). According to these diagrams, ferrous h y d r o x i d e  
is thermodynamically stable in alkaline solution and 
will be oxidized to Fe804 or a-FeOOH with an in-  
crease of oxidation potential  and to ,y-FeOOH at a 
higher oxidation potential. This suggests that Fe~O4 
can be formed as a stable phase at the pH and elec- 
trode potential  where the present study was c a r r i e d  
out. 

Thus, the ORP value measured before the air  oxi- 
dation can be considered as the potential of the FesO4 
immersed in the reaction suspension. Thuru e t  aL 
(21) have suggested that FesO4 immersed in solution 
is covered with a thin Fe(OH)2 layer, and that  the 

electrode potential is determined by a cathodic re-  
action. If so, the cathodic reaction occurring on the 
immersed Fe~O4 may be given by 

3Fe(OH)~ -- FesO4 + 2H~O + 2H + + 2e [1] 

In the reaction suspension, there exists many Fe(OH)2 
particles, and the solution is considered to be satu-  
rated with ferrous ions. This would facilitate the 
deposition of the Fe(OH)2 layer  which covers the 
Fe304 film formed on the plat inum electrode. The pH 
dependence of the potential derived from Eq. [1] is 
67 mV/pH (65~ Figure 2 shows the relationship 
between the pH value and the ORP value before the 
air  oxidation. As can be seen, a l inear relationship 
with a s]ope of 64 mV/pH (65~ which 'is nearly 
equal to that of Eq. [1], was obtained, If the ORP 
value is the potential due to reaction [1], some fer-  
rous ions of the Fe(OH)2 layer  should be determined 
on the FesO4 layer, To dissolve the Fe(OH)= layer  
without dissolving the FesO4 layer, the electrode was 
taken out of the reaction suspension and was rinsed 
with distilled water  free from oxygen and kept  in 
the acetate buffer solution (pH 4.1) for 3 hr. The 
ferrous content determined from the ferrous concen- 
tration in the acetate buffer solution was 1.50 • 10 -4 
mmol/cm 2. This amount of the Fe(OH)2 layer is ap- 
proximately equal to that of the inner Fe~O4 layer. 
These results suggest that  the ORP value measured 
before the air oxidation is the potential due to the 
cathodic reaction [1]. Here, we call the layer which 
dissolves in the acetate buffer solution the "outer 
layer," and that ,vhich dissolves in the HC1 solution 
the "inner layer." 

Growth of the Fe~O4 inner layer formed on the 
platinum during vhe air oxidation.--Table II shows 
the chemical compositions of the inner layer of the 
iron oxide film formed on the plat inum in the course 
of the air oxidation. As seen in the table, the inner 
iron oxide layer  becomes thick with the oxidation 
time (1.45-6.10 • 10 -4 Fe mmol/cm 2) and the 
Fe~+/Fetotal molar ratios are 0.31-0.32. In the re-  
flection electron diffraction pattern of the inner layer 
obtained in the course of the air  oxidation, lines due 
to Fe~O4 were seen. On the other hand, in the outer 
layer, iron contents (mostly ferrous ions) determined 
during the air oxidation were less than 0.02 • 10 -4 
Fe mmol/cm=, which is about 1/10s-1/10s of that  of 
the inner layer. Thus, although the amount of fer-  
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Fig. 2. pH dependency of ORP value before the air oxidation at 
65~ 
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Table !1. Iron content in the inner layer of the iron oxide film 
farmed on platinum during the air oxidation at pH 9.5 and 65~ 

Fetota! 
( • 10-~ Fe~+/ 

m m o l / c m  =) Fetotsl 

J u s t  before the  air oxidation 1.45 
10 rain oxidation t ime 4.10 
Jus t  before the rapid ORP change 6.10 
A f t e r  t he  rap id  ORP change  6.05 

0..~34 
0.312 
0.322 
0.320 

ruus ions in the outer  l ayer  was v e r y  small ,  the  inner  
l aye r  (s l ight ly  oxidized Fe304) became th ick  dur ing  
the air  oxidation.  This shows tha t  some dissolved 
species such as FeOH + a re  be ing  suppl ied cont inu-  
ously  to the  surface of the  Fe30r l ayer  ( s l igh t ly  ox i -  
dized) dur ing the a i r  ox ida t ion  and tha t  a react ion 
takes place  on the surface to precede the crys ta l  
growth.  F igure  3 shows the changes of peak  in ten-  
sities (peak a rea)  of Fe (OH)2  (20 ---- 47.5 ~ , Fe  Ks)  
(curve A) and  Fe804 (45.0 ~ (curve B) in x - r a y  dif -  
f ract ion pa t te rns  of the react ion suspensions dur ing  the 
a i r  oxidat ion.  As seen here, the  peak  intensi t ies  of Fe~O4 
(curve B) increase  wi th  the oxida t ion  t ime, bu t  those 
of Fe (OH)2  (curve  A) decrease.  Thus, in the react ion 
suspensions, the g rowth  of FesO4 par t ic les  proceeds 
wi th  the dissolut ion of Fe (OH)~ part icles ,  and the ORP 
value  changes r ap id ly  jus t  a t  the t ime when al l  the  
F e ( O H ) 2  par t ic les  a re  comple te ly  dissolved. (The 
broken  l ine represents  the  end poin t  of the react ion.)  
This means  tha t  FeOH + is cont inuously  suppl ied  dur ing  
the a i r  oxidat ion  by  the  dissolution of the  F e ( O H ) 2  
part icles.  K iyama  (10) has sugges ted  tha t  Fe~O4 wil l  be 
formed by  the prec ip i ta t ion  of FeOH+ wi th  the fer r ic  
oxyhydrox ide  complex ion which is formed by  the oxi-  
dat ion of FeOH +. The g rowth  of the Fe304 l aye r  as 
seen in the table  shows tha t  the  react ion as suggested 
by K i y a m a  seems to take  place  on the surface of the 
Fe~O4 layer .  The react ion wi l l  continue as long as 
FeOH+ is being supplied.  

In  the outer  layer ,  as ment ioned  above, a smal l  
amount  of ferrous  ion was de te rmined  dur ing  the 
a i r  oxidat ion.  The  pH dependence  of the  ORP value  
in the  course of the a i r  ox ida t ion  was 63 mV/pH.  
These resul ts  suggest  tha t  the ORP value  measured  
dur ing  the a i r  oxidat ion  is due to an e lect rode po ten-  
t ia l  of the Fe304 (s l ight ly  oxidized)  which  is covered 
wi th  a thin Fe (OH)2  layer .  However ,  as seen by  
Fig. 4 ( the ORP change recorded  on an expanded  
scale) ,  a s table  ORP value  is measu red  before  the 
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Fig. 4. ORP change recorded on an expanded scale before and 
after the initiation of the air oxidation. 

air  oxidat ion,  but  when  the oxida t ion  was in i t ia ted  
(poin t  c in Fig. 4), the ORP value  became uns tab le  
and s l ight ly  increased by  40-60 mV. This shows tha t  
some discharge (e.g., oxidat ion  of FeOH +) owing to 
the FeaO4-formation react ion takes place on the sur -  
face of the Fe304 layer ,  and the uns table  ORP value  
seems to be due to the reac t ion  occurr ing  on the sur -  
face of the layer .  

Rapid ORP change at the end of the air oxidation.-- 
Curves A - E  in Fig. 5 show the changes of the po ten-  
t ia l  dur ing  the cathodic reduct ion of the i ron oxide 
films formed on the p la t inum in the  course of the a i r  
oxidat ion,  and curve F is for the i ron oxide film de-  
posi ted on the i ron by  the anodic oxida t ion  at  300 mV 
in the bora te  buffer solut ion ( p H  8.4) according to 
the  method  b y  Markovac  and Cohen (17). As seen 
in curve F, two arres ts  appear  in the profile of the 
oxide film formed on the iron, one corresponding to 
the reduct ion of 7-Fe203 (per iod a -b  of curve F)  and 
the o ther  to the reduct ion  of Fe~O4 (per iod  b-c )  as 
shown by  Nagayama  and Cohen (22) and NIarkovac 
and Cohen (17). Recently,  H a r u y a m a  and Thuru  (23) 
and Thuru and H a r u y a m a  (24) have repor ted  the re -  
sults which suppor t  the 7-Fe2Os and F e s O 4  b i l aye r  
model  of the i ron oxide  film on iron. They  suggested 
tha t  when the first wave  (per iod a -b)  appears  at  a 
much h igher  po ten t ia l  (--500 mV vs. SCE),  i t  is 
ma in ly  due to the exis tence of 7-Fe203 as the  outer  
l aye r  (17, 22-24). In  an in te rva l  f rom before  the a i r  
oxida t ion  unt i l  j u s t  before the  r ap id  ORP change 
(curve  A-C  in Fig. 5), s imi lar  cathodic reduct ion 
profiles are  obtained,  but  a m a r k e d  difference is seen 
be tween  jus t  before (curve C) and jus t  a f te r  (curve 
D) the r ap id  ORP changes; i.e., only  a single wave  
appears  jus t  before  the r ap id  ORP change, bu t  two 
waves  jus t  af ter  the r ap id  ORP change. When  a i r  is 
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Fig. 3. Changes of peak intensities (peak area)of  Fe(OH)2 (2e  
= 47.50 Fe Ks) (curve A) and Fe304 (45.0 ~ ) (curve B) in x-ray 
diffraction patterns of the reaction suspensions during the air oxi- 
dation at pH 9.5 and 65~ 
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Fig. 5. Cathodic reduction profiles of the iron oxide films formed 
in the course of the air oxidation (10 ~A/cm2). A, before the air 
oxidation; B, 30 mln oxidation time; C, just before the rapid ORP 
change; D, just after the rapid ORP change; E, 15 mln after the 
rapid ORP change; F, iron oxide film formed on iron by cathodic 
oxidation at 300 mV in the borate buffer solution (pH 8.4). 
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passed further after the rapid ORP change, the first 
wave becomes large, as seen by curve E. The appear- 
ance of the first wave in curves D and E seems to be 
due to the formation of ~-Fe2Os on the surface of the 
iron oxide film, and it becomes thick by passing air 
further after the rapid ORP change. The reflection 
electron diffraction pattern of the iron oxide film 
obtained after the rapid ORP change gave lines which 
differ from those of Fe804, but are due to -~-Fe2Os 
(a : 8.30 _ 0.03A) (Table I). As seen by curves D 
and E, a steady potential (--920 mV) (17) corre- 
sponding to that of the reduction of FesO4 is seen 
after a prolonged cathodic reduction. This shows that 
FesO4 is formed inside of the 7-Fe2Os layer just after 
the rapid ORP change or 15 min after. As seen by 
curves D and E, higher electrode potentials appear, 
which are characteristic of the ~-Fe2Os formed on 
the surface of Fe304 by air oxidation (25, 26). The 
high electrode potential has been considered to be 
due to cation-deficient 7-Fe2Os (25, 26) or to the 
adsorption of oxygen on ~-FeeO3 (24). The rapid ORP 
change at the end of the reaction seems to be due to 
the change of the electrode potential of the FesO4 
(slightly oxidized) to that of the -y-Fe2Os which is 
formed on the surface of the FesO4 by the oxidation 
with oxygen at the end of the reaction. 

Conclusions 
1. Stoichiometric FesO4 is formed on platinum 

which is immersed in the Fe(OH)2 suspension at pH 
9.5 and 65~ 

2. During the course of the air oxidation of the 
Fe(OH)2 suspension, growth of the Fe304 film on the 
platinum takes place. 

3. At the end of the air oxidation of the Fe(OH)2 
suspension, the surface of the FeaO4 film is oxidized 
to 7-Fe203, which causes a rapid change in the ORP 
value. 
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Electrochemical Study of an SnO2-Sb 05 Semiconducting Glaze 
P. G. Orsini,* P. Pernice, and L. Egiziano 

Faculty of Engineering, University of Naples, Naples, Italy 

ABSTRACT 

Small electrodes of semiconducting glaze, containing: around 30% SnO2 
doped with Sb205, have been prepared by peeling electrical insulators and 
have been put in contact with NaeSO4 solution or with metallic gold. Alternat- 
ing or direct current-voltage curves at temperatures between ambient and 
80~ current-time curves, harmonic analysis, and SEM micrographs of the 
corroded areas are reported. This study was made to simulate the corrosion of 
high voltage insulators with resistive glazes, operating in salt-contaminated 
areas and also to obtain a better understanding of conduction in mainly 
amorphous systems which are heterogeneous on a very small scale. 

Resistive glazes, relying on semiconducting proper- 
ties of doped SnO2, have been used on high voltage 
electrical insulators to control flashover caused by 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key words: c o a t i n g ,  c a t h o d e ,  corrosion, reduction. 

pollution (i, 2). Their use has proved only partially 
successful as result of a relatively rapid deterioration 
(8). 

A previous study (4) performed on a glaze obtained 
by the addition of SnO2, doped with Sb205, to an alumi- 
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nosil icate base glaze, pointed out  character is t ic  
"pi t t ing"  corrosion of the contact  g laze /po l lu tan t  elec- 
t rolyt ic  solution when an a l t e rna t ing  vol tage was 
appl ied  to the system. An unexpec ted  rectif ication effect 
at  this contact  was also found. 

A more de ta i led  knowledge  of these phenomena is 
bel ieved to be fundamenta l  to a deeper  under s t and ing  
not  only of the specific p rob lem of the degrada t ion  of 
the  glaze in service, but  also of the genera l  p rob lem of 
amorphous  semiconduct ing mater ia ls .  

,Moreover, the d is t r ibut ion  of micro- inhomogenei t ies  
wi th in  the thickness of glaze on porcela in  poses var ious  
problems of genera l  interest ,  also in connection wi th  
the different  na ture  of a i r /g laze  and g laze /porce la in  
boundaries .  

Characterization of the Glaze 
The semiconduct ing glaze samples  were  manufac-  

tu red  by  a porcela in  electr ic  insula tor  manufac turer .  
Reagent  grade  SnO2 wi th  2.5 mol percent  Sb20~ was 
calcined for  a few hours at  1200~ The resul ted  semi-  
conduct ing powder  was mixed,  in the propor t ion  1:2, 
wi th  a t rad i t iona l  insulat ing glaze of approx imate  
composit ion 70% SIO2, 9% A120~, 4.5% (Na, K)20,  9% 
CaO, 7.5% ZnO, and sprayed  onto unfired e lect r ica l  
porcela in  tiles. Af t e r  firing, a semiconduct ing glaze 
coated the porcela in  to an average thickness of 150 ~m. 
~Such glazes have proved (2, 3, 5, 6) to be the best  r e -  
sist ive glazes on high vol tage insulators  of t rad i t iona l  
shape. 

The scanning e lect ron microscope (SEM) image of a 
pol ished section, cut a long a p lane  normal  to the glaze 
surface, is shown in Fig. 1. The semiconduct ing layer  is 
confined be tween  a i r /g laze  (AG) and g laze /porce la in  
(GP) boundar ies  which have been indica ted  in the 
figure. The presence, in its thickness,  of severa l  gas 
bubbles  having almost  spher ica l  shape, indicates tha t  
the glaze was a high viscosi ty l iquid at  firing t empera -  

Fig. 1. SEM micrograph of polished transverse section of semi- 
conducting glaze on porcelain. AG and GP: air/glaze and glaze/ 
porcelain boundaries. 

ture. While  the format ion  of a l iquid has a l lowed a 
good "vitr if ication" of the system, a high viscosi ty has 
p reven ted  the escaping of bubbles.  

Two dist inct  phases are  present  in the glaze: one 
internal ,  darker ,  less abundant ;  the second external ,  
l ighter ,  continuous. The overa l l  conduct ivi ty  of this 
system, measured  along a direct ion para l le l  to AG and 
GP boundaries ,  is ~ : 5.5 • 10 -6 ~ - 1  cm-1 at  T _ 
31~ under  an e lect r ica l  field E = 500 V cm -1. De- 
pendence of ~ upon T and E has been repor ted  else-  
where  (4). 

On the basis of previous  deta i led  s t ruc tura l  studies 
(5, 7, 8) by  SEM and electron probe microanalysis  
(EMA),  which have revea led  the existence and the 
composit ion of two different  phases in these glazes, 
considering the re la t ive  propor t ion  of the two phases 
in Fig. 1, and the re la t ive  amount  of SnO2 in the glaze, 
it  seems reasonable  to conclude tha t  the da rke r  phase 
corresponds to the SnO2-rich, more  conductive, phase. 
According to the x - r a y  diffraction spec t rum of the 
whole glaze, which shows only the fol lowing peaks:  
d ~ 3.36, 2.66, 2.36, 2.31, 1.76, 1.67 AU, al l  corresponding 
to SnO2 (9), the SnO2-rich phase seems to be the only 
crys ta l l ine  phase in the glaze system. 

The Cell with a Glaze Electrode 
Thin slabs of semiconduct ing glaze have been pre -  

pa red  by  cut t ing a ti le along the GP boundary  (see 
Fig. 1) wi th  a low speed saw (200 rpm)  equipped wi th  
a thin (0.25 mm) d iamond disk. A p p r o x i m a t e l y  square 
chips, wi th  50 m m  2 area  and 0.15 mm thickness were  
obtained,  one face being the "externa l"  glossy glaze 
surface (AG, in Fig. 1), the other  being the saw-cu t  
surface, finished with  gr i t  600 SiC to remove traces of 
porcelain.  

Each slab was cemented,  wi th  the cut surface, to the 
end of a glass tube (5 mm bore)  using a silicone r u b ,  
ber  cement.  A few drops of Hg in the tube provided  the 
contact  wi th  glaze mater ia l .  This "electrode" was usu-  
a l ly  d ipped in a 25 weight  percen t  Na2SO4 solution. 
Care was taken  to minimize  cur ren t  leakage.  The 
countere lec t rode  in the cell was a P t  wire  or  net  of 
large  area. Such a cell  wi th  a glaze electrode was ini -  
t ia l ly  p r epa red  to s tudy  the effect of  a.c. on resis t ive 
glazes of insulators  in contact  wi th  pol lu t ing  sal t  solu-  
tion. The idea was to localize in a definite area  any 
eventua l  a l t e r a t i o n  of the glaze surface that  can be 
re la ted  to insula tor  decay, and s tudy it by microscopy. 
In fact, a glaze electrode,  a -c  opera ted  for few hours 
at  10 mA cm -2, presents  an apprec iab le  dis t r ibut ion of 
microscopical  corrosion craters,  A typical  SEM image 
of corroded glaze surface is shown in Fig. 2. The r ight  
lower  corner  corresponds to an uncorroded area;  the 
rest  corresponds to pa r t  of a c ra ter  on the bot tom of 
which a bubble,  l ike  those in Fig. 1, can be seen. 
Bubbles  on the bot tom of corrosion craters  are  a com- 
mon feature  of SnO2 glaze corrosion morphology.  

Besides this surface al terat ion,  the glaze also showed 
composi t ional  change. Dur ing  a-c  operat ion,  in addi t ion 
to gas evolut ion at  e lectrodes corresponding to elec-  
t rolysis  of water ,  the reduct ion of SnO2 to metal l ic  Sn 
resul ted  (4). A deposi t  of metal l ic  t in onto the glaze 
electrode surface in the centra l  a rea  corresponding to 
passage of cur ren t  has been identif ied by  x - r a y  diffrac- 
tion. A n  elect rode with  meta l l ic  deposit  showed, in ad-  
di t ion to those a l r eady  reported,  the fol lowing peaks:  
d ---- 2.92, 2.79, 2.02 AU which correspond (10) to 
meta l l ic  t in (s t rongest  in tensi t ies) .  

I -Y Curves 
T h e  unidi rec t ional  component  of cur ren t  flowing 

through  the cell  powered  wi th  a 50 Hz sinusoidal  
voltage, corresponding to the ne t  reduct ion of tin, has 
been sys temat ica l ly  measured.  The rms value, ia, and  
the unidi rec t ional  value,  id, in a cell wi th  a typical  
glaze e lec t rode  and a 25% Na2SO4 solution at  20~ are  
plot ted against  the rms value Va of the appl ied  vol tage 
in Fig. 3. This vol tage is consistent  wi th  the r e l a t ive ly  
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Fig. 2. $EM micrograph of corroded glaze surface 

large voltage drop inside the glaze. A variable auto- 
t ransformer on the main  supply line, an electronic 
microammeter,  and a galvanometer  completed the 
measur ing  circuit. 

Values of current  were determined 10 min after each 
new voltage was set: the system showed a certain de- 
lay  in  reaching a steady value after each voltage 
change. Stabi l i ty  was reached more rapidly when the 
voltage was decreased. A real ly stable current  is never  
obtained because of the progressive chemical change in 
the glaze. An example gives an idea of ~the order of 
magni tude  of these variations:  an init ial  a l te rnat ing  
current  of 350 #A fell to 320 ~k in few minutes. After-  
ward it fell to 300 ~A over 40 hr, at a constant  rate of 
0.5 #A hr -1. In  fact, l imit ing the sensit ivi ty of current  
measurement  to 0.5 ~A, readings after the init ial  
t ransient  can be considered to be stable within 1 hr. 

The rectifying effect raises progressively at Va 
10V. No threshold value  can be given because the id 
curve takes off with zero slope. By increasing the vol t ,  
age, the ratio id/ia may become as high as 0.4. In  any 
case, different electrodes give slightly different values 
of i a and id for equal applied voltage, because the na-  
tural  undula t ion  of the air /glaze surface causes the slab 
thickness to vary. The dashed curve in Fig. 3 corre- 
sponds to id values when the gloss on the external  sur-  
face of the electrode is taken away with an abrasive. 
The i-V characteristic curve of the same cell when 
direct voltage is applied gives a bet ter  account of the 
rectification. Measurements are reported in Fig. 4. 
Again, the voltage reported is the total value applied 
to the system. This voltage corresponds almost ent i re ly  
to the drop inside the slab. This is true even when 
current  approaches zero because, as is shown later, 
glaze resistance increases considerably when the field 
applied to it is lowered. From this point of view, 
ra ther  than of an electric cell, one should th ink of a 
semiconductor with one electrolytic contact. No values 
are reported where the current  is vanishingly  small 
because a completely steady state is not at tained there. 
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Fig. 3. Current densities vs. 50 Hz sinusoidal voltage (rms) ap- 
plied to the electrochemical cell. in, rms value; id, unidirectional 
component; ic[*, surface glass taken away. 

Figure 4 shows the asymmetric  behavior  of the cell 
under  invest igat ion when  positive or negative voltages 
are applied. It  suggests that  in applying to the cell a 
sinusoidal voltage with high peak- to-peak value the 
corresponding current  will be periodic, not sinusoidal, 
with an average value wi th in  the period differing 
from zero. Decreasing this voltage, the average value of 
the current  progressively vanishes (id ---- 0). 

Current Wave Shape 
The wave shape of the current  through the cell, 

powered by 50 Hz sinusoidal voltage, has been devel-  
oped by Fourier  analysis with the aid of an HP 2100 
calculator. 

The voltage drop in a 1 ki2 ohmic resistor in series 
with the cell (R ---- 1 M~),  was passed through a low- 
pass filter (cut-off f requency 1 kHz) and an analogue- 
digital converter, ADC, and then into the calculator. 
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Fig. 4. Current density vs. direct voltage applied to the electro- 
chemical cell. 
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The noise level of the filter and ADC was to 6 • 10 -2 
#A. The sampling f requency was 20 ktIz. 

In  Fig. 5 the ampli tude spectrum of the current  flow- 
ing through the cell at three different voltages is 
shown. At all voltages lower than 30V the spectra are 
like Fig. 5a: id and even harmonics are negligible. At 
higher voltages spectra are like those shown in Fig. 5b 
a n d  C: id and even harmonics h a v e  progressively 
higher values. 

This behavior  is in good agreement  with that d rawn 
as a conclusion in  describing the "static" characteristic 
in  Fig. 4. On the basis of results like those reported in 
Fig. 5, at different voltages, we have calculated i -V 
curves similar to those reported in Fig. 3: the ratio 
id/ia shows the same trend. 

Specimen with Two Metallic Contacts 
The role of the contact glaze/electrolytic solution is 

bet ter  understood if the results reported in Fig. 3 and 
4 are compared with the i - V  curves of a glaze with two 
metall ic contacts. 

Thin slabs of semiconducting glaze similar to those 
used in  the electrolytic cell have had gold sputtered 
onto the central  zone of both surfaces (GP and AG, 
Fig. 1). Contacts between gold deposit and copper 
leads were secured with Silverdag| 

Values of ia and id, VS. I7 a for a temperature  of 20~ 
when a 50 Hz sinusoidal voltage is applied, are reported 
in Fig. 6; this is the "dry" counterpart  of Fig. 3. In  the 
specimen with two gold contacts, the unidirect ional  
current  id assumes relat ively very low values. It  van-  
ishes when  the external  gloss is taken away. 

The i - V  characteristic curve of the same cell at 31~ 
when direct voltage is applied is reported in Fig. 7. 
Positive and negative halves are almost symmetric.  
This is true at all temperatures  b e t w e e n  15 ~ and 60~ 
The conductivi ty of the glaze, calculated at 10V, i.e., at 
a field of 500 V cm -1, and 31~ is ~ = 2.62 • 10 -6 
12-1 era-1. 

Current ,  as a function of direct voltage can be de- 
scribed by the equat ion 

JlJ - g IV] s/~ [1] 

The plot of I vs. V a/2 reported in Fig. 8 at 31 ~ and 51~ 
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Fig. 6. Current densities vs. 50 Hz sinusoidal voltage, rms, ap- 
plied to the glaze with two gold contacts, ia, rms value; id, uni- 
directional component. 

is l inear  to a good approximation in the range of 
vol tagesexplored  at both 31 ~ and 51~ for forward and 
reverse flow. A positive sign is given when flow of 
positive charges enters into the glaze through the 
glossy surface, in accordance with results presented in 
Fig. 3, 4, 5, 7, and 8. 

With the method of least squares the following values 
for the K parameter  have been found at 31 ~ and 51~ 

K~I + = 2.98, K a -  = 2.92, K51 + = 3.58, K s 1 -  = 3.48 
#AV-8/2. 

" o  

a~L 

U 

m 

. B  

e l  
m 

I I 

C 

I I  , 
I I I �9 I I 

100 200 
frequency/serf 1 

2 

~ - 2  

-4 

-32 
I I I I 

-18 O 
I I I " I 

18 32 
voltall/V 

Fig. 5. Amplitude specfra of current through the electrochemical Fig. 7. Current density vs. direct voltage applied to the glaze 
cell. Voltage applied: (a) 25V; (b) 40V; (c) 60V, rms value, with two gold contacts, at 31~ 
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Fig. 8. Test of interpolating function 1vn /  Values measured at 
31 ~ and 5 I~  an the same specimen as in Fig. 7. 

The activation energy for the conduction calculated 
from these values, 0.080 _ 0.001 eV, is independent  of 
the  current  flow direction, w i t h i n  the limits of error. 
Experiments  have also been performed on a specime n 
with glaze/si lver contacts made with Silverdag directly 
facing the glaze, instead of glaze/gold/silver.  Results 
are  similar  to those in Fig. 7 and 8, but  steady currents  
are  obtained only after a t ransient  period whose dura-  
tion depends on experimental  conditions. Moreover, 
current  values are very  dependent  on the sign of 
voltage applied. 

In  Fig. 9 a typical  t ransient  behavior of current  is re- 
ported for a specimen with glaze/si lver contact at 31~ 
Closing the circuit at h, a steady current  is at tained 
only  after about 1 hr. After  changing direction of cur-  
rent  at t2, a small  ini t ial  overshoot is followed by a 
relat ively slow rise. A second change of direction at t.~, 
produces a la rger  overshoot which is slowly relaxed. 
At higher temperatures,  e.g., 51~ the effects are much 
the same, bu t  the t ime to at ta in  s teady-state  results is 
much shorter. 

If the tests reported in Fig. 9 are applied to a speci- 
men with two gold contacts steady current  occurs im- 
mediately at all temperatures  with only slightly differ- 
ing values of current  for either polarity, as already 
reported in Fig. 7. 

The same test, applied to a specimen in which the 
current  flow is parallel  to the surface, produces im- 
mediately steady values, not dependent  ei ther on the 
polari ty or on the mater ial  of the two contacts. 

Conclusions 
A delicate cutt ing has allowed the separation of 

glaze from the porcelain and the construction of elec- 
trodes, while preserving unal te red  the morphology of 
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Fig. 9. Plot of current vs .  time. Glaze with two silver contacts, at 
31~ Direct voltage applied at h;  sign reversed at t2 and ts. 

the coating, Thus besides the characterization of the 
coating mater ial  one can investigate the behavior  
(chemical, electrical, or mechanical)  of the coating 
layer itself which is responsible for the changes  on 
polluted semiconducting glazed insulators. 

A marked rectifying effect originates at the glaze/ 
solution contact. This effect is shown in Fig. 3 and 4 
and it seems to be main ly  due to the contact between 
the  semiconductor and the electrolytic Solution. In fact 
these curves are influenced only to a very  l imited ex- 
tent  by changing the concentrat ion of electrolyte solu- 
~on (e.g., from 25 to 2.5%) or changing electrolyte 
(e:g., NaC1 instead of Na2SO4). 

On the other hand, at  the contact glaze/metal  (Au) 
only a very small rectifying effect exists: the static 
characteristic curve in Fig. 7 is very  near ly  symmetric,  
while in a.c. the ratio id/ia, for equal voltages, assumes 
much lower values. Even this small residual rectifying 
effect, whose dependence of intensi ty  on polari ty is 
seen in Fig. 8, can be ascribed to the incomplete 
symmet ry  of contacts, because the external  glaze sur-  
face is relat ively SnO2 poor. 

A very  thin layer, less than 1 ~rn thick, of SnO2-free 
glaze has been found by Taylor (4) with ESCA in 
proximity  to the air /glaze surface. In  this layer crystal-  
lites of SnO2 are possibly :excluded by a surface ten-  
sion effect, so that the two gold contacts do not face 
glaze of equal composition. Where the two contacts are 
made symmetr ic  by poIishing away the ex te rna l  SnO2- 
poor layer  the unidirect ional  component vanishes as 
shown in Fig. 6. 

In fact, even dur ing electrolysis, when the effect of 
contact with electrolytic solution is largely prevailing, 
the influence of external  SnO2-poor layer is still evi-  
dent. The removal of this layer produces a slight 
reduction of id (dashed l ine in  Fig. 3). 

The t ransient  behavior  depicted in Fig. 9 is also an 
indirect  proof of the existence of an external  layer with 
different composition. When contacts do not face this 
layer, as in the case of current  flow parallel  to the 
external  surface, steady values are immediate ly  ob- 
tained. The t ransient  phenomena seem to depend on 
metal-glass diffusion because :  (i) at higher tempera-  
ture  steady state is at tained more rapidly; (it) gold, 
compared with silver, has a much lower diffusivity in 
accordance with their ionic diameters;  (iii) when one 
of the Ag contacts faces the SnO2-poor layer, the rate 
of diffusion depends on polarity: reversing polari ty 
causes different t ransient  phenomena (t2 and t3, Fig. 9). 

Values of conductivi ty are fairly dependent  on direc- 
tion of cur ren t  flow. Again, this can be ascribed to the 
presence of a thin SnO2-poor laYer. Along a direction 
paral lel  to the surface, the conductivity is 5.55 • 10 -6 
~ - 1  cm-1 at 31~ and 500 V cm -1. In  the same condi- 
tions, along the direction normal  to the surface, the 
conductivi ty was on ly  2,62 • 10-6 ~1-1 cm-Z. The dif- 
ference is well above any uncer ta in ty  due to experi-  
menta l  errors. 

Manuscript  submit ted Oct. 21, 1980; revised m a n u -  
scr ipt  received Jan. 19, 1981. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1982 JOURNAL. 
All discussions for the June  1982 Discussion Section 
should be submit ted by  Feb. 1, 1982. 

Publication costs of this article were  assisted by the 
University o] Naples. 
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M ssbauer Spectroscopic Study of the Chemical 
State of Cobalt in an Electrodeposited 

Zinc-Cobalt Alloy 
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Center for Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 
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ABSTRACT 

An electrogalvanized steel containing small  amounts  of cobalt  and chro- 
mium is of interest  because of its claimed corrosion resistance under  service 
conditions. Zinc-cobal t -chromium alloys were electrodeposited from a sulfate 
bath at 35 ~ and 60~ and a current  density range of 2-10 A / d m  ~. The baths 
we]~e doped with 57Co so that  emission MSssbauer spectroscopy could be em- 
ployed. The cobalt content  of the deposits was 0.01-2%. In  the case of all de- 
posits the cobalt was present  as isolated atoms in  the zinc matrix.  No evidence 
was found for aggregates of cobalt atoms. The electrodeposited zinc-cobalt  
alloys thus represent  supersaturated solutions of cobalt in  zinc. Cobalt prob-  
ably functions as a corrosion inhibi tor  because of its influence on the prop- 
erties of the surface oxide film which it  enters dur ing active corrosion. 

Much interest  exists in the development  of a more 
corrosion,resis tant  galvanized steel. Galvanized steel 
consists of a substrate that  provides s t ructural  s t rength 
and resistance to deformation and a zinc coating that 
is anodic to steel. The l ifetime of the coating, a n d  
hence corrosion protection, may be thought of in 
terms of two stages: (i) the t ime dur ing which the 
zinc coating is the only metal  exposed to the a tmo- 
sphere, and (ii) after corrosion has occurred, the t ime 
dur ing which the zinc coating and the steel substrate 
are both exposed. Corrosion of zinc dur ing the sec- 
ond stage general ly  occurs at a faster rate because 
the exposed steel serves as cathode and accelerates 
the anodic reaction of the zinc. The ideal type of 
zinc coating is one which corrodes at a very low rate 
and yet provides proteCtion to the steel substrate 
at those sites where steel becomes exposed. As pointed 
out previously (1), the development  of such a coat- 
ing appears practical because the rate of corrosion of 
zinc under  mildly  corrosive conditions is controlled by 
the cathodic reaction, H20 -P 1/2 02 ~ 2e-  ---- 2 OH- .  
If the zinc could be made a very  poor cathode, it 
would corrode at a lower rate, yet  would still protect 
steel at exposed sites because the steel would serve 
as the cathode when the bimetal l ic  couple was in  
contact with an aqueous corrosive environment .  

Recently, an electrogalvanized steel containing 
chromium and cobalt that  is claimed to have excel- 
lent  corrosive resistance (2, 3) has appeared on the 
market.  Work by one of us (4) has also shown that  
p re t rea tment  of zinc in a cobal t -containing solution 
results in corrosion inhibi t ion in 3% NaC1 solution. 
The present  work was under t aken  as one phase of a 
program designed to unders tand  the role of cobalt 
in enhancing the corrosion resistance of zinc. The 
specific objective of the present  work was to de- 
te rmine  the chemical state of cobalt in zinc since 
Adaniya  (3) was unsuccessful in  his at tempts to 

* Electrochemical Society Active Member. 
Key words: alloy, coatings, electrodeposition, metals. 

gain informat ion about the chemical state of cobalt 
from x - ray  photoelectron studies. He was, however, 
able to show that the chromium was present  in  the 
form of an oxide. The question of the chemical state 
of cobalt in zinc is not a tri te one since it  has been 
established that  a significant amount  of cobalt is pres-  
ent  in cobal t -hardened gold electrodeposits in  the 
form of an hydroxyoxide and a cyanide complex 
(5,6).  

Experimental Procedure 
All electrodeposits were prepared from a plat ing 

solution of the composition 

ZnSO4 �9 7H20 150 g/ l i ter  
Na2SO4 �9 10 H20 45 g / l i te r  
CoSO4 �9 7H~O 10-95.4 g/ l i ter  
Cr2 (SO4) 8 �9 18H20 0.3 g/ l i ter  
Sodium acetate �9 3H20 75 g/ l i ter  
pH 4.2 

The deposits were formed on steel cathodes and a 
zinc sheet was used as a counterelectrode. The plat ing 
bath  was doped with 57Co such that  the plat ing bath  
volume, 10 cm s, had an activity equivalent  to 2.4 • 
10 s Bq in the case of the more dilute solutions and 
3.7 • 10 s Bq for the more concentrated solutions. 
The 57Co was added to the plat ing bath  as a solution 
of the chloride. The clari ty of the plat ing ba th  indi -  
cated that  all the consti tuents were solvated. I t  is 
assumed, and there was no reason to believe other-  
wise, that the 5~Co in the plat ing bath  existed in the 
same chemical state as the na tu ra l  cobalt. The d e -  
t e r m i n a t i o n s  of the cobalt content  of the electro- 
deposit from the radioactivi ty measurements  are  b a s e d  
on this assumption. The cur ren t  efficiency for all 
depositions was very close to 100% as determined by 
gravimetric  measurements.  Seventeen radioactive d e -  
pos i t s  were prepared and studied. The conditions 
under  which they were prepared are summarized in  
Table I. Samples 1-11 yielded d e p o s i t s  w h i c h  w e r e  
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l ight  in color and typica l  of a n o r m a l  zinc deposi t  
a n d  samples  15-17 were  d a r k e r  in color. Samples  
12-14 were  p r e p a r e d  from a p la t ing  ba th  tha t  was 
aged for  3 months.  The deposi ts  in this case had a 
b lackened  appearance .  MSssbauer  emission spec t ra  
were  ob ta ined  for  frozen solutions of an unaged  a n d  
an aged p la t ing  ba th  but  no obvious difference w a s  
observed in the two spectra.  

Deposi t ion condit ions were  se lected so as to give 
a ve ry  low cobal t  content  (samples  1-8) and a r e l a -  
t i v e l y  high cobal t  content  (samples  9-17). A cobal t  
content  of 0.5% (samples  9-11) represents  the high 
end of the cobal t  content  of commerc ia l  mater ia l .  

The cobal t  content  of equiva len t  nonradioac t ive  
deposi ts  was de te rmined  by  a method out l ined by  
Ok~c (7). The zinc e lec t rodeposi t  was dissolved in 
0.025M H2SO4 and 10 m l  of this solut ion was ad-  
jus ted  to pH 3.5. A p p r o x i m a t e l y  10g of solid NH4SCN 
was added  to the solut ion in o rder  to form the blue 
cobal t  th iocyanate  complex.  The complex  was ex -  
t rac ted  wi th  10 cm 3 of a d ie thyl  e t h e r - a m y l  alcohol 
m ix tu r e  and the cobal t  concentra t ion was de te rmined  
co lor imet r ica l ly  by  comparison wi th  a series of Cobalt 
s t a n d a r d s .  

All  MSssbauer  spec t ra  were  ob ta ined  using 
I Q [ F e ( C N ) 8 ] .  3H20 as an absorber ,  but  the MSss- 
bauer  pa rame te r s  are  given re la t ive  to iron. 

Experimental Results 
CompOsition o~ the deposit.--The chemical  a n a l y s e s  

of the deposits  f rom samples  1-8 y ie lded  cobal t  con- 
tents  ranging  f rom 0.008 to 0.014% wi th  the h igher  
values  or ig ina t ing  f rom the deposits  fo rmed  at  60 ~ . 
Calculat ions based on the rad ioac t iv i ty  of the sample  
a n d  the  r ad ioac t iv i ty  of the solut ion confirmed tha t  
the  cobal t  content  of the deposi ts  was of the o rde r  
of 0.01%. The da ta  shown in Table  I, a l though giving 
no quan t i t a t ive  informat ion  about  absolute  composi-  
tion, do indicate  tha t  the  cobal t  content  of the deposi t  
f rom baths conta ining 10 g / l i t e r  of  COSO4.7H20 is 
not  s t rong ly  a funct ion of the cur ren t  density.  

The cobal t  content  of the rad ioac t ive  deposits  ( sam-  
ples 9-17) was not  de te rmined  chemical ly.  However ,  
nonrad ioac t ive  deposits  were  analyzed  and the ap-  
p rox ima te  concentra t ion of the cobal t  in the rad io -  
act ive deposits  was ca lcula ted  f rom the r ad ioac t iv i ty  
of the  deposits,  the rad ioac t iv i ty  of the  solution, and 
the rat io  of rad ioac t ive  coba l t /nonrad ioac t ive  cobal t  
in the solution. The concentra t ion of cobal t  in samples  
9-11 was thus app rox ima te ly  0.5%; in samples  15-17 
i t  was app rox ima te ly  0.75%; and in samples  12-14 i t  
w a s  a p p r o x i m a t e l y  2%. 

Table II. Correlation between the Co con:entrat[on and pH of the 
plating solution and the Co concentration in the electrodeposit. 

Plating conditions: 4 A/dm 2, 35~ 

CoSO4.7HeO Measured Co 
in the plat- pH 0s the concentration in 
ing solution plating dissolved Zn-Co 

(g/liter) solution electrodeposit, % 

75 4.2 0.68-0.90 
75 6 0.12-0.24 
10 5 0.68-0.12 
10 6 0.0,3.0.1 

Al though  no extensive s tudy was made  of the  effect 
of pH on the composit ion of the deposit,  i t  was ob-  
served that  the cobal t  content  of the deposi t  decreased 
with  increase  in pH as shown by  the da ta  i n  Table II. 

Chemical nature o~ the cobalt in the electrodeposit. 
- -MSssbaue r  spect ra  of a l l  deposits  were  obta ined  in 
emission geometry .  Represen ta t ive  spec t ra  for  sam-  
ples 11 and 14 at  room t empera tu r e  are  given i n  
Fig. 1. I t  wi l l  b e  noted f rom an inspect ion of the 
MSssbauer pa rame te r s  l is ted in Table  I I I  t h a t  t h e  
values of the isomer shif t  and the ful l  wid th  at  hal f  
m a x i m u m  are  a pp rox ima te ly  the  same for  al l  depo-  
si t ion conditions. Aging  samples  containing 0.01% 
cobal t  a t  room t e m p e r a t u r e  for  a pp rox ima t e ly  9 
months  did not  cause any  measurab le  change in  the 
MSssbauer spectrum. 

Sample  1 was hea ted  for  6 h r  a t  300~ in a hyd ro -  
gen atmosphere ,  cooled to room t empera tu r e  in h y -  
drogen, and the MSssbauer  spec t rum again  obtained.  
F igure  2 shows the MSssbauer  spec t rum of the  hea t -  
t rea ted  specimen. It  wi l l  be noted  tha t  the room tem-  
pe ra tu re  peak  b roadened  cons iderab ly  f rom 0.39 m m /  
sec to 0.74 mm/sec  af ter  hea t - t r ea tmen t .  

Discussion 
The MSssbauer  da ta  conclusively show tha t  t h e  

elec t rodeposi ted  cobal t  is p resen t  in the meta l l ic  f o r m  
on the basis of a comparison wi th  t h e  work  of Dezsi 
et at. (8) and tha t  of Qaim (9), both  of which worke r s  
s tudied ve ry  di lute  solutions of ~7Co in zinc fo rmed  
by  a diffusion process. Compara t ive  va lues  a re  l is ted 
be low 

Isomer  shif t  Quadrupo le  spl i t t ing  

(mm/sec )  (mm/sec )  

This work  
--0.49 (average  va lue)  0.30-0.51 ( range of values)  

Qaim not  given 0.52 
Dezsi et al. --0.50 0.37 

Table I. Zinc electrodeposlts doped with 57Co used in M6ssbauer study 

N u m b e r  

CoSO4.7H20 Current Time of Normalized 
concn.  Temper- density deposition radioactivity 

(g / l i ter )  ature (~ pH (A/din 2) (rain) of deposit* 

1 10 35 6.2 4 4.5 0.37 
2 10 35 6.2 10 3 0.47 
3 10 35 6.2 2 6 0.17 
4 10 35 6.2 4 3 0.14 
5 10 60 6.2 4 3 0.23 
6 10 60 6.2 4 4.5 1.00 
7 10 60 6.2 7 3 0.64 
8 10 60 6.2 3 6 0.43 

9 47.7 35 4.2 4 7.5 1.3 
10 47.7 35 4.2 4 7.5 1.4 
11 47.7 35 4.2 4 7.5 1.4 
12 71.5 35 4.2 4 7.5 2.4 
13 71.5 35 4.2 4 7.5 2.5 
14 71.5 35 4.2 4 7.5 2.2 
15 95.4 35 4.2 4 7.5 1.0 
16 95.4 35 4.2 4 7.5 1.04 
17 95.4 35 4.2 4 7.5 1.04 

* Line in table differentiates  exper iments  done at different t imes.  Each set  (1-8 and 9-17) are normal ized to  a different sample 
(No. 6 in upper  set  and No. 15 in lower  se t ) .  
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Fig. 1. MSssbauer emission spectra at room temperature of (o) 
sample No. 11 and (b) sample No. 14. 
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Fig. 2. M6ssbauer emission spectra of sample No. 2: (a) before 
heat-treatment and (b) after heating for 6 hr at 300~ in a hydro- 
gen atmosphere. Spectra were taken at room temperature. 

The narrow linewidth (0.4 mm/sec) in the present 
work is indicative of the fact that the cobalt atoms 
occupy substitutional sites in the zinc matr ix  and 
that there is no clustering of the cobalt atoms. Com- 
parable values for the linewidth for cobalt code- 
posited with gold have been observed by Cohen 
et at. (6) where the evidence was that cobalt atoms 
existed substitutionally at gold atom sites. 

The research reported herein on zinc-cobalt alloys 
and. the prior work on gold-cobalt alloys (5) provide 
excellent support for the concept that electrodeposi- 
tion is a method for preparing supersaturated solu- 
tions in two-component alloy systems, The solubility 
of cobalt in zinc is less than 0.01% (10) and yet  the 
MSssbauer spectra of the deposits containing 2% co- 
balt  indicated solid solution, as opposed to phase 
separation. 

As is noted from Table III, the values of the 
quadrupole splitting were different in the case of 
deposits containing 0.5-2% cobalt than those observed 

with the dilute alloys. The average values at the dif- 
ferent concentrations were 

Concn. of cobalt in Average Quadrupole 
zinc-cobalt alloy splitting value 

0.01% 0.40 mm/sec 
O.5% 0.47 
0.75% 0.32 
2% 0.37 

The range o2 values of the quadrupole splitting (0.3- 
0.5 mm/sec) obtained in the present study encom- 
passes the values obtained by Dezsi et al. and by Qaim. 
It is probable that  this range of values is real and is 
~ot reflective of imprecision in the experimental  mea- 
surements. A survey of the data in Table III  indicates 
that similar sets of samples, each prepared in a sepa- 
rate experiment, give approximately the same quad- 
rupole splitting value. For example, samples 1-8 give 
a range of 0.39-0.42 mm/sec; samples 9-11 give a 

Table III. M6ssbauer parameters for zinc-cobalt electrodeposits 

S a r a p l e  
n u m b e r  T e m p e r a t u r e  

M S ' s s b a u e r  p a r a m e t e r s  
I s o m e r  s h i f t  q u a d r u p o l e  s p l i t t i n g  

( m m / s e c )  ( m m / s e c )  

F u l l  w i d t h  of  p e a k  
a t  h a l f  m a x i m u m  

( m m / s e e )  

1 
2 
3 
4 
5 
6 
7 
8 
1 
9 

10 
11 
12 
13 
14 
15 
16 
17 

R T  - 0 . 5 2 7  +--- 0.004 0.40 -~ 0.006 0.40 -~ 0.01 
R T  - 0 . 4 8  • 0.01 0.41 4" 0.02 0.39 -4- 0.02 
R T  - 0 . 4 9  • 0.04 0.40 - -  0.03 0.41 ~ 0.03 
RT -0 .49 ----- 0.01 0.39 -- 0.01 0.42 ___ 0.03 
RT -0 .46  ~ 0.007 0.40 + 0.01 0.38 4- 0.02 
R T  -0.50----- 0.008 0.41 + 0.01 0.38 -~ O.01 
R T  - 0 . 5 1  ~ 0.01 0.42 • 0.02 0.47 ~ 0.03 
R T  - 0 . 4 9  +--- 0.01 0.40 ----- 0.02 0.42 ----- 0.02 

Liq. N~ -0 .62  ~- 0.01 0.43 + 0.015 0.42 _--- 0.02 
RT -0 .537 -4- 0.005 0.509 • 0.009 0.40 ___ 0.01 
RT -0.532 • 0.003 0.443 -~ 0.005 0.374 -4- 0.009 
RT -0.540 • 0.002 0.460 _--_ 0.004 0.354 -- 0.006 
RT -0.515 ~ 0.003 0.297 -~ 0.006 0.39 ~ 0.01 
:RT - 0 . 4 9 6  -+- 0.002 0.332 + 0.004 0.399 • 0.008 
R T  - 0 . 5 1 6  ~ 0.002 0.320 • 0.904 0.386 _ 0.008 
R T  - 0 . 5 1 6  --  0.004 0.360 +- 0.006 0.40 • 0.01 
R T  --0.814 _ 0.003 0.377 -~ 0.005 0.38 + 0.01 
R T  --0.504 ** 0.0,04 0.381 "+" 0.007 0.37 ~ 0.01 
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r a n g e  of 0.44-0.51 mm/sec ;  samples  12-14 give a 
range  of 0.30-0.33 mm/sec ;  and  samples  15-17 give 
a r ange  of 0.36-0.38 mm/sec .  I t  also should be po in ted  
out  tha t  the samples  wi th  quadrupo le  spl i t t ing  values  
of 0.39-0.51 were  zinc in color; those having  values  
of 0.36-0.38 m m / s e c  were  s l igh t ly  da rkened ;  and 
those having values  of 0.30-0.33 m m / s e c  were  b lack  
in color. In  o ther  words,  there  was a t r end  to lower  
values  of the quadrupole  sp l i t t ing  as the deposi t  be -  
came da rke r  in color. At  the  presen t  time, we consider  
i t  appropr ia t e  to point  out  these facts bu t  insufficient 
in format ion  is ava i lab le  to give an in te rpre ta t ion .  

The absence of any  magne t ic  hyperf ine  spl i t t ing  
(hfs) in the spec t rum taken a t  l iquid n i t rogen  tem-  
pe ra tu re  provides  addi t iona l  evidence tha t  the cobal t  
is not  aggregated,  a t  least  in sufficient amount ,  to 
show magnet ic  behavior .  This absence of hfs a t  l iquid  
n i t rogen  t e m p e r a t u r e  is a consequence of the  fact  
tha t  as the size of a fe r romagnet ic  cobal t  pa r t i c le  is 
reduced,  the magnet ic  an i so t ropy  energy  becomes 
comparab le  ~ in magni tude  to the t he rma l  exci ta t ion 
energy.  The magnet iza t ion  direct ion of the par t ic le  
fluctuates r ap id ly  and the l i fe t ime approaches  or  
becomes less than  the l i fe t ime of the exci ted s tate  of 
the 57Fe daughter .  The ne t  effect is tha t  the hfs is 
not  detected in the MSssbauer  s p e c t r u m  and only  a 
quadrupo le - sp l i t  l ine is observed.  No da ta  on the 
effect of par t ic le  size on the hfs of cobal t  loarticles in 
a zinc m a t r i x  a re  avai lable .  Krop  and Wil l iams (11) 
showed tha t  hfs o n l y  occurred wi th  cobal t  par t ic les  in 
a copper  m a t r i x  when  the  par t i c le  d i ame te r  was 
g rea te r  than  2.6 nm. Cohen et al. (12) s tudied cobal t  
par t ic les  in a gold m a t r i x  and found a good hfs spec-  
t rum when the par t ic le  d i ame te r  was 9 nm; they  
did not  de t e rmine  e x p e r i m e n t a l l y  the min imum p a r -  
t icle size at  which the hfs spec t rum disappeared.  

S immons  (13) has car r ied  out  an extens ive  s tudy  
of the  MSssbauer  emission spec t ra  of a va r i e t y  of 
cobal t  oxides, hydroxides ,  and oxyhydroxides .  Since 
i t  is reasonable  to expect  that  such mate r ia l s  might  
be occluded in t h e  deposi t  as a resu l t  of prec ip i ta t ion  
in the v ic in i ty  of the cathode, or  migra t ion  as a 
colloid to the cathode, i t  is impor t an t  to examine  the 
poss ib i l i ty  of thei r  presence in the deposit .  The 
presence of cobal t  oxyhydrox ide  and cobal t  cyanide  
complexes in gold deposits  (5, 6) was an addi t iona l  
incent ive  to explore  the l ike l ihood of the occlusion 
of a cobal t  compound in the deposit.  Comparison of 
our  MSssbauer  pa rame te r s  wi th  the data  of S immons  
ind ica ted  tha t  none of the oxygen-con ta in ing  com- 
pounds  was a reasonable  candida te  to exp la in  the 
fea tures  of the  spectrum.  

The broadening  of the absorpt ion  peak  af te r  hea t -  
ing the z inc-0.01%-cobal t  deposi t  a t  300~ in h y d r o -  
gen p robab ly  resul ts  f rom a cIus ter ing of cobal t  atoms. 
The cluster  size should be ve ry  smal l  a t  cobal t  con- 
centra t ions  of 0.01% because of the absence of any  
hyperf ine spec t rum (Fig. 2b).  The l a rge r  va lue  of 
the ha l f -w id th  af te r  h e a t - t r e a t m e n t  is suggest ive of 
a range of cobal t  c lus ter  geometr ies  and sizes. 

The conclusion reached here in  tha t  the cobal t  is 
present  in the z i n c  deposi t  as isola ted atoms in sub-  
s t i tu t ional  sites in the zinc suggests tha t  cobal t  enters  
the oxide film on  zinc dur ing  the corrosion process 
as an isolated a tom or  ion. Since i t  is known tha t  
metal l ic  cobal t  on the surface of zinc accelerates  
the corrosion of zinc in 3% NaC1 solut ion (4), the 
absence of c lus tered  cobal t  a toms in the zinc e lec-  
t rodepos i t  is ve ry  favorab le  for  corrosion inhibi t ion.  

Manuscr ip t  submi t ted  Dec. 8, 1980; rev ised  m a n u -  
scr ipt  received Feb.  6, 1981. 

Any  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1982 JovmvAr.. 
Al l  discussions for the  June  1982 Discussion Section 
should be submi t ted  by  Feb. 1, 1982. 

Publication co~ts of this article were assisted by 
Lehigh University. 
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ABSTRACT 

Iron  ( I I I ) - I r o n  (II)  complexes wi th  o -phenan th ro l ine  and re la ted  l igands  
have been examined  by  e lec t rochemical  techniques in aqueous H2SO4 media  
wi th  respect  to the i r  su i tab i l i ty  as redox couples for  e lec t rochemical  energy 
storage. The i ron (II)  complexes undergo a r ap id  1 e lec t ron oxida t ion  at  
g raphi te  and p la t inum electrodes to yie ld  i ron (III)  complexes;  these com- 
p lexes  showed vary ing  s tabi l i t ies  depending on the na tu re  of the subst i tuents  
on the complexes.  The  iron (II)  complexes examined  in this s tudy were  formed 
wi th  (i) monodentate ,  (ii) bidenta te ,  or  (iii) t r iden ta te  l igands.  The redox 
couples have a h igher  E o value  which  has been a posi t ive considerat ion in the  
storage. Al though  the aquo iron ( I I ) -  i ron (III)  couple has an E o less than  
the complexes,  i t  cer ta in ly  has shown "greater promise  in terms of s torage 
s tabi l i ty .  The kinetics of i ron (II)  complexat ion~has been fol lowed by  cyclic 
vo l tammet ry .  

A redox  flow cell  (or ba t t e ry )  (1-8) i s  o n e  in 
which the chemical  species which par t i c ipa te  in the 
e lec t rode  react ions are  soluble. The cell is charged 
wi th  the input  of  e lect r ica l  energy to dr ive  the  over -  
al l  cell  react ion in a t he rmodynamica l ly  uphi l l  d i rec-  
t ion and the oxidized species p roduced  at  an iner t  
e lec t rode  in one ha l f -ce l l  and the reduced form f rom 
the other  are  s tored in ex te rna l  vessels. Elec t r ic i ty  
is p roduced  in these cells when  the s tored reac tan ts  
flow back into the cell and reac t  a t  the electrodes.  
Thus these cells are  of in teres t  as secondary  or  re -  
chargeable  bat ter ies .  The energy  densi t ies  of these 
systems (i.e., energy  s tored per  uni t  weight  of ba t -  
te ry)  suffer in compar ison  to more  convent ional  sec- 
ondary  ba t te r ies  which uti l ize solid reactants ,  be -  
cause of the weight  of the solvent  and  electrolyte .  
However ,  they  offer the poss ibi l i ty  of much be t t e r  
cycle life, since the r epea ted  charge and discharge 
cycles do not  involve phase changes and the ac-  
companying  changes of e l ec t rode  morphology.  These 
systems are  of in te res t  in s ta t ionary  appl icat ions  such 
as e lec t r ica l  ene rgy  s torage and in u t i l i ty  load leve l -  
ing. 

Ano the r  re la ted  a rea  involving soluble  redox 
couples in energy  devices is tha t  of photoe lec t ro-  
chemical  (PEC) (or l iquid junct ion  photovol ta ic)  
cells wi th  semiconductor  e lectrodes (9). These cells, 
which  are  based on the l igh t -d r iven  redox  processes 
of solut ion species at  semiconductors,  a re  of  two 
types. In  the PEC cell wi thout  energy  storage,  a 
single redox couple is employed,  and the e lect rode 
react ion at  the countere lec t rode  is the reverse  of the  
pho to - redox  process at  the semiconductor .  In  PEC 
cells wi th  s torage [ types of photoe lec t rosynthe t ic  
cells (9)] ,  the  reac tants  formed dur ing  i r rad ia t ion  
are  s tored and employed to genera te  electr ici ty ,  in 
the same or a separa te  cell, dur ing da rk  periods.  

The redox couples for  these applicat ions,  r ep re -  
sented  by  the  react ion in [1] 

O ~ ne ~=~ R [1] 

~ Electrochemical Society Active Member. 
1Current address: Tata Institute of Fundamental Research. 

Bombay 400 005, India. 
Key words: battery, voltammetry, solubility, chelates. 

must  sat isfy  a number  of requi rements :  (i) both  
forms, O and R, mus t  be h ighly  soluble to minimize  
the s torage volume and mass and to a l low high mass 
t ransfer  rates  and c u r r e n t  densi t ies  dur ing  charging 
and discharging;  (ii) the  fo rmal  potent ial ,  E o', of 
one couple must  be h ighly  positive, and E o' of the 
other  h ighly  negat ive  to maximize  the cell vol tage  
and energy densi ty;  (iii) the heterogeneous  reac t ion  
ra te  for the charging and discharging react ions at  the 
iner t  e lectrodes should be rap id  (i.e., the s t andard  
ra te  constant,  k o, for [1] should be large)  so tha t  the 
e lectrode react ions occur at  the i r  mass t rans fe r  con- 
t ro l led  rates;  (iv) both  O and R should be s table  
dur ing  genera t ion  and storage, and this s tab i l i ty  pe r -  
tains to react ion wi th  solvent,  e lectrolyte ,  a tmosphere ,  
and e lect rode mater ia ls ,  and, for  me ta l  complexes,  
s tab i l i ty  wi th  respect  to l igand loss; (v) the  mate r ia l s  
should be safe, inexpensive,  and  abundant ;  (vi) the 
couple should not  be corrosive and reac t  wi th  cell  
mater ials ,  or the s torage vessel, indeed, in PEC cells 
the redox couple is often called upon to s tabi l ize  and 
protect  the semiconductor  e lect rode f rom photocor-  
rosion (10, 11); and (vii) for  PEC cells, the redox  
species should not  absorb l ight  in  the wave leng th  
region of semiconductor  absorpt ion.  

A number  of redox couples have been proposed  for 
such systems. These  include F e ( I I I ) / F e ( I I )  (HC1) 
(5, 6); C r ( I I I ) / C r ( I I )  (HC1) (4-6);  T i ( I V ) / T i ( I I I )  
(7);  Br2, B r -  (12-14); and, for  PEC cells, S 2- ,  Sx 2-  
and  Se 2- ,  Se22- (15, 16). A difficulty in a s torage 
cell is the possible in t e rmix ing  of the components  of 
the two half-cel ls ,  because  of imper fec t  separa tors  
or membranes ,  which  leads not  only  to loss of ca-  
pac i ty  and efficiency bu t  more  ser iously to cross- 
contaminat ion  of the redox  solutions. Approaches  to 
minimizing this in te rmix ing  p rob lem include the use 
of a single e lement  sys tem in three  oxida t ion  states  
[e.g., C r ( V I ) ,  C r ( I I I ) / / C r ( I I I ) ,  C r ( I I )  (4)]  or  t h e  
use of two oxida t ion  states of the  same e lement  wi th  
the redox potent ia ls  shif ted b y  complexa t ion  wi th  
different  l igands.  

The work  repor ted  here, as wel l  as o ther  c u r r e n t  
invest igat ions  (1, 2), is concerned wi th  the appl ica-  
t i o n  of meta l  ion coordinat ion compounds as r e d o x  
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couples in flow cells. By suitable choice of ligand the 
formal potential  of the couple can be shifted in the 
desired direction. Moreover such complexes may show 
improved characteristics with respect to stabil i ty and 
color in comparison to the uncomplexed species. The 
chemical principles related to the formation and 
properties of metal  complexes are well developed and 
many new and potentially useful ligands have been 
reported. We describe here investigations of the 
F e ( I I I ) / F e ( I I )  couple with ligands related to o- 
phenanthroline and bipyridine. Iron species were 
chosen for this init ial  investigation because iron is an 
abundant and inexpensive element with many highly 
soluble compounds. Such couples may be useful in 
the positive half-cell  of redox flow systems or with 
n-type semiconductors in PEC cells. 

Experimental 
Reagents.--1,10-(or o-)phenanthrol ine (phen), 2,9- 

dimethylphenanthroline (2,9-dmp), 4,7-dimethyl- 
phenanthroline (4,7-drop), and 4-methylphenanthro-  
line (mp) were ob ta ined ' f rom Alfa Chemicals. 2,2'- 
Bipyridine (bpy) was obtained from Aldrich Chemi- 
cal Company. Tripyridine triazine ( tpt) ,  4-cyano- 
pyridine (cp), and 2-pyridine carboxaldehyde-2-py-  
r idyl  hydrazine (p-cph)- were obtained from J. T. 
Baker Company. FeSO4.7H20 was reagent grade 
(Matheson, Coleman and Bell). Surfactants IGEPAL- 
Co430 (MW -- 396) and 530 (MW -- 484) were ob- 
tained from GAF Corporation (Atlanta, Georgia) and 
"Texas , l "  (MW -- 404) was made by Dr. Y. B. Youssef 
of The University of Texas. The former two sur-  
factants carry ethylene oxide groups and the lat ter  is 
the sodium salt of 8(p-phenyl  sulfanato) hexadecane. 
All solutions were prepared with doubly distilled 
water  and the solutions were degassed with prepuri -  
fled gas that was passed through a chromous sulfate 
solution and then distilled water. 

Apparatus.--A Model 173 potentiostat in combina- 
tion with a Model 179 digital coulometer (Princeton 
Applied Research Corporation, Princeton, New Jersey) 
was employed for all electrochemical experiments. 
The current-voltage curves were recorded on a Hous- 
ton Instruments Model 2000 X-Y recorder. The cur- 
rent  time curves were recorded on a Model 564 storage 
oscilloscope (Tektronix) during potential-step chrono- 
amperometry and on a National Panasonic s t r ip-chart  
recorder during coulometric experiments. 

Procedure.--The usual supporting electrolyte was 
aqueous H2SO4 prepared by suitable dilution of con- 
centrated H2SO4. All solutions were degassed with 
nitrogen before the electrochemical experiments. The 
complexes were usually prepared directly in the elec- 
trochemical cell by mixing known concentrations of 
ferrous sulfate and the ligand. A mole ratio of l igand/  
Fe ( I I )  of greater than 5 was used. Controlled poten- 
tial electrolyses were conducted with a large area 
graphite sheet electrode (area, 6.5 cm~) (Ultra Car- 
bon, Sherman, Texas) with continuous nitrogen gas 
bubbling. Some of the electrochemical experiments 
were carried out in the dark. All of the potentials 
were measured with respect to an aqueous saturated 
calomel electrode (SCE). An H-cell  with a porous 
sintered-glass disk separating the two compartments 
was used in coulometric investigations. For cyclic 
voltammetric investigations, a single compartment 
cell with a solution capacity of 5 ml was employed, 
with either plat inum wire (A ---- 0.12 cm2), plat inum 
disk (A -- 0.14 cm2), or graphite rod (taken from a 
C-cell battery, area A ---- 0.14 cm s) working elec- 
trodes. The plat inum electrodes were pretreated by 
fast pulsing between +1.0 to --1.0V in H2SO4. 

The solubilities of the complexes were estimated by 
dissolving the specified concentration of FeSO4 �9 7H20 
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and an excess of ligand in 0.5M H2SO4. The complex 
formed would precipitate at  this initial ion concen- 
tration. The precipitate was then just  dissolved in 
the solution by adding 0.5M H2SO4 solution gradually. 
The concentration and the solubility were then esti- 
mated by the degree of the dilution of the solution 
(Table I). These measurements were done at room 

temperature. 
The stabilities of ferrous and ferric complexes were 

monitored with a Cary 14 spectrophotometer. The 
ferric complexes were prepared either by electro- 
chemical oxidation of the ferrous complexes or by 
Ce (IV) oxidation in H2SO4 medium. 

Results 
To shift the potential of the half-reaction 

Fe  3+ + e : F e  ~+ [2] 

toward values positive of the E o (+0.77V vs. NHE), 
ligands which form more stable complexes with Fe (II) 
are required. Since Fe 2+ (d 6) is a good ~-donor 
cation, ligands with low-lying vacant n* orbitals 
complex strongly with it (17). Fe ~§ has poorer ~- 
donor properties because of its higher charge. Thus 
ligands such as bpy and phen (Fig. 1) are known to 
shift the potential of the redox couple in a positive 
direction. Further  manipulation of the potential is 
possible by substitution on the rings of these ligands. 
A number of highly stable complexes of these ligands 
are known (17). The structure and abbreviations for 
those ligands used in this study are shown in Fig. 1 
and Table II. 

SolubiIities.--Table I is a list of the solubilities of 
the complexes in aqueous 0.5M H2SO4. Uncomplexed 
Fe( I I )  and Fe ( I I I ) - su l f a t e  salts are quite soluble 
and yield solutions with metal  ion concentrations 
~IM.  The solubility of the complexes vary with the 
nature of the ligand. The ligands themselves are 
soluble in acidic media to ,.,2M (e.g., phen, 2,9-dmp). 
The complexes in 1M concentrations form solutions 
which are viscous and deeply colored. The uncom- 
plexed Fe(I I )  and Fe( I I I )  ions in H2SO4 are quite 
transparent in the visible region. 

E o' values.--The formal potentials of the various 
F e ( I I ) / F e ( I I I )  complexes were evaluated from the 
cyclic voltammetric peak potential values at low 
scan rates (Epa ---- E ~ + 0.028/n) (see Table II).  The 
complexes with cp, tpt, 2,9-drop, and p-cph show 
more positive peak potentials, but the reversible po- 
tential values are difficult to estimate because of the 
instabil i ty of the ferric complex. The Eo'-values for 
the other ligands are all more positive than E ~ for 
the aquo Fe ( 3 + / 2 + )  couple in H2SO4. In the phen- 
complexes substitution of methyl groups produces 
less positive peak potentials; while nitro- and chloro- 
group substitution yields more positive potentials 
compared to complexes with the unsubstituted ligand. 
Similar observations have been made by  Fan and 

Table I. Estimated solubilities of ferrous-ferric couples and ligands* 

Solubility Concentra- 
Substance ( g/100 ml ) tton (M) 

FeSO~. 7I-I~O 27.8 1.0 
Fe2 ( SO~ ) 8- 9H~O 44.0 0.8 
Fe  (phen)  ~SO~ 52.6 0.8 
Fe (bpy)  ~SO4 43.8 0.7 
Fe (2,9-drop) SO4 37.2 1.0 
Fe  ( tp ) ~SO~ 22.4 0.3 
P h e n a n t h r o l i n e  40.0 2.2 
Bipyr idyl  31.6 2.0 
T e r p y r i d i n e  44.0 1.8 
4-Cyanopyridine 10.5 1.0 

* Measured  in 0.SM Ha$O4. See e x p e r i m e n t a l  sect ion fo r  me thod .  
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Fig. i. Structure of ligands used in the study 

F a u l k n e r  (18) at  a ph tha locyan ine  covered meta l  
electrode.  

Cyclic Voltammetric Measarements 
Electron transfer kinetics.--Cyclic v o l t a m m e t r y  (cv) 

was employed  to survey  a sys tem wi th  respect  to 
heterogeneous e lect ron t r ans fe r  kinet ics  and  s tab i l i ty  
of the F e ( I I I ) - L  species. Since the heterogeneous  
e lect ron t ransfer  ra te  constants,  k o, a re  al l  mode ra t e ly  
la rge  (>10 -~  cm/sec) ,  a t  low scan rates,  v, the  e lec-  
t rochemical  behavior  ( in the  absence of fast  fol lowing 
react ions)  i s  character is t ic  of a Nerns t ian  reac t ion  
and show AEp-values ,-,60 mV (AE : Epa --  Epc). 
w h e n  v is increased,  shifts of Epa and an increase  in 
AEp are  observed s ignal ing the onset  of effects of the  
heterogeneous  e lec t ron t ransfe r  ra te  (in the absence 
of uncompensa ted  resis tance effects) (19-21). In for -  
mat ion  about  ko can then  be obta ined  f rom the v a r i a -  
t ion of Epa or AEp with  v using methods  developed b y  
Matsuda  and Ayabe  (19) and Nicholson (20). T h e  
approach taken here  was to de te rmine  the va lue  of 
r f rom the Ep-v behavior  (assuming a ~ / z ) ,  where  

ko 
= . '  C3] 

X/~aDF~+ + 

where  a = nFv/RT and DFe+ + is the diffusion coeffi- 
cient  of the  Fe  ( I I )  ion in the  m e d i u m  employed.  The 

diffusion coefficients of F e ( I I )  and F e ( I I I )  were  de -  
t e r m i n e d  f rom the peak  currents  ipa and ipc. Fo r  the  
aquo-species  in 0.5M H2SO4, DFe2+  - -  DFe3 +  - -  2 .5  X 
10-6 cme/sec. Typica l  D-va lues  for the  complexed  
F e ( I I )  species de te rmined  b y  cv are  l is ted in Table  
II. Wi th  these D-va lues  and the  measured  ~-values ,  
ko was obtained.  These are  also l is ted in Table  
II. For  example ,  in a typ ica l  s tudy  wi th  10 mM 
F e ( I I ) - p h e n  complex  in 0.5M H2SO4, the cv wave  
showed Epa = 0.85V and, on scan reversal ,  Epc = 
0.79V at  v = 50 mV/sec.  When  v increased,  hEp in-  
creased, and at  v = 50 V/sec,  hEp --  0.09V; v --  100 
V/sec,  hEp = 0.10V; v : 200 V/sec,  hEp --  0.12V; 
v = 500 V/sec,  AEp --  0.18V. These measurements  were  
made  wi th  ful l  iR compensat ion.  F r o m  these values,  
an average  value  of k ~ -7- 5.8 • 10 -2  cm/sec  was 
obtained.  Wi th  the  F e ( I I )  coordinat ion  compounds 
only values for  0.5M H2SO4 are  l is ted in Table  II, 
since in 3M H2SO4 pro tona t ion  of the  l igands  (wi th  
PKa's ~ 4-6) competes ve ry  s t rongly  wi th  complexa-  
t ion wi th  F e ( I I )  and  apprec iab le  complexa t ion  does 
not  occur. 

Values  of ko for the F e ( 3 + / 2 + )  couple in the  ab -  
sence of added l igand  were  also obta ined  in,0.5 and 
3M H2SO4, y ie ld ing  values  of 1.6 X 10 -z  and 1.2 X 
10-2 cm/sec, respect ively .  Typica l  cv curves are  shown 
in Fig. 2. The e lec t rochemical  oxida t ion  of Fe  ( I I )  in 
aqueous H2SO4 has been p rev ious ly  inves t iga ted  at  
p l a t inum and carbon pas te  e lectrodes (22, 23). The 
resul ts  are  in gene ra l  ag reemen t  w i th  those found 
here.  The  ra te  of the  e lec t rode  react ion appears  to 
depend  on the concentra t ion  of the acid as wel l  as 
the na ture  of the e lec t rode  surface  (e.g., the presence 
of oxide films).  However ,  the coord ina ted  species 
genera l ly  have l a rge r  ko-values than  the  aquo-species  
under  s imi lar  condit ions (0.5M H2SO4). 

Stability (cv).--Stability of the coordinat ion com- 
pound and the p roduc t  of the  e lec t rode  reac t ion  can 
also be moni to red  by  cv. Consider  the  oxida t ion  of 
FeLx 2+. The observed cv behav io r  depends  on the 
ligand, L, and the t endency  of FeLx s+ formed dur ing  
the anodic sweep to decompose (Fig. 3). Dur ing  the 
t ime scale of the cv sweep the F e ( I I I )  complexes  
wi th  phen  (or bpy)  and tp  a re  s table  whi le  tha t  w i th  
cp is not. In  the ]a t te r  case oxidat ion  of the  s table  
F e ( I I )  complex  leads to the  F e ( I I I )  form which  de-  
composes rapidly ,  p robab ly  by  loss of l igand to form 
a different  F e ( I I I )  species. The genera l  reac t ion  se-  
quence is thus 

/co 
FeL~ s + r FeLx 3 + + e [4] 

kf 
FeL~ 3+ --> FeLx-~  8+ + yL  [5] 

Table II. Thermodynamic and kinetic constants for ferrous-ferric couples* 

E o' (V k ~ Ir Ir (M -~ D (cm ~ Abbreviation 
Ligands vs. SCE) (cm/sec) (sec -I x 10 ~) sec -I • 10 -4) sec-: • 10 8) of ligand 

Aquo 0.45 1.6 • 10 -~ 2.5 H~O 
1.2 • 10-2t 

Bipyr id ine  0.82 6.6 • 10-~ 0,063 3,0 1.11 bpy  
o -Phenan th ro l ine  0.82 5.8 • 10 -2 0,012 3.0 1.22 p h e n  
4-Methyl-o-phenanthrol ine 0.73 4.9 • 10 -2 0,006 - -  1.07 m p  
4,7-Dimethyl-o-phenanthrol ine 0.69 2.5 • 10 -2 0,003 6.3 1.00 4,7.drop 
2,9-Dimethyl-o-phenanthroUne 0.82 >0.6 2,9-drop 
5-Chloro-o-phenanthrol ine 0.97w 0.14 C1P 
6-Nitro-o-phenanthrol ine 1.{)7w 0,91 Np 
T e r p y r i d i n e  0.82 6.0 x 10 -2 0.18 800 1.80 tp 
2-P yr idine  ea rboxa ldehyde  0.67 >0.6 p-cph 
Tripyridinetriazine 1.24 > 0.6 tp t  
4-Cyanopyridine 0.82 >0.6 ep 

* Med ium 0.SM H~O~; e lec t rode  m a t e r i a l  g raphi te .  T = 23 ~ "4- 2~ 
, ,  Ra t e  cons t an t  value refers to decompos i t ion  of f e r r i c  complexes  d e t e r m i n e d  by  s p e c t r o p h o t o m e t r y .  Th e  va lue  (>0.6)  was  esti- 

m a t e d  by  cv, 
t Ra t e  constant for  the  complexa t ion  of f e r r o u s  ion d e t e r m i n e d  by  cv me thod .  
$ Med ium 3M H~SO4. 
| K. Ogura and K. Miyamoto, ELeetroche~ica Acta, Z2, 1357 (1977). 



VoI. 128, No. ? SOLUTION REDOX COUPLES 1463 

3 0 0  

2 0 0  I 
( J .~ )  

1 0 0  

0 

- 100  

2 0 0  

, I \ J ' ' 3 0 0  
0 .8  0.6 OA 0.2 0 

E ( V ~s S C E  ) 

Fig. 2. (a) Cyclic voltammetric curve for the oxidation of 10 
mM Fe 2+ in aqueous 3M H2S04 working electrode: Graphite, 
reference electrode: aqueous saturated calomel electrode, v = 
0.50 V/sec. 
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Fig. 2. (b) The current-voltage curve after controlled potential ex- 
haustive electrolysis at +0.80V in 0.SM H2S04. 

(for simplicity, the state of profanat ion of the l igand 
is not  indicated in  the equat ions) .  Ins tab i l i ty  on the 
cv t ime scale for v up to 50 V/sec was also found 
for 2.9-dmp and several  other ligands, as indicated 
in  Table II. 

0 
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1.2 1.0 0.8 0.6 0.4 G2 0 - 0 2  
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Fig. 3. Cyclic voltommetric curves for Fe(ll) ion coordinated with: 
1, monodentate (cp); 2, bidcntate (bpy); 3, tridentate (tp) at 
graphite electrode. Solution contained 10 mM aquo Fe(ll) ion 
and at least 50 mM ligand, v = 0.05 V/sec. 

The rate of formation of the F e ( I I ) - l i g a n d  com- 
plexes was also of interest  and this was determined 
by cv for complexes with bpy, phen, 4,7-dmp, and tp. 
In  all eases the F e ( I I l )  complex is the rmodynami-  
cally uns table  in  0.5M H2SO4, al though it is kinet ical ly 
iner t  so that  it decomposes to Fe S+ and free l igand 
quite slowly. Thus if one prepares a solution con- 
taining a mixture  of free Fe ~+ and L essential ly no 
complexation occurs. Upon reduct ion of the Fe 3+ to 
Fe  2+ rapid reaction with L takes place so that  on 
scan reversal  oxidation of F e ( l l )  occurs both as free 
Fe 2+ and as FeLx 2+, i.e., the react ion sequence is 

Fe~+ + e ~ Fe~+ [6] 

Fe 2+ + zL-~ FeL~ + [7] 

/co 
FeL~ +s ~ FeLx s+ + e [8] 

Typical results for a solution containing 3 mlVI 
Fe 3+ and 300 mM phen in 0.5M HzSO4 at a Pt elec- 
trode are shown in Fig. 4. Note that at very slow 
sweep rates (v -- 20 mV/sec) the anodic peak for 
Fe 2+ oxidation following Fe 3+ reduction is barely 
detectable, while the Fe(phen)32+ oxidation wave is 
fully developed. At higher sweep rates ipa for Fe 2+ 
oxidation increases and the Fe(phen)s ~+ oxidation 
wave becomes relatively smaller. At very high sweep 
rates (v ----- 100 V/see) only the Fe 2+ oxidation is 
observed with the same general characteristics as 
the uncomplexed Fe 3+ couple in the absence of phen 
at this v. The rate constant, kf' for Fe ~+ disappear- 
ance can be estimated from the ratio of ipa/ipc for the 
Fe 3+/2§ couple. Typical  data for the cv of these com- 
plexes is shown in Table III  along wi th  the rate 
constants obtained using the t rea tment  of a second- 
order following (EC) reaction (24). Since the l igand 
concentrations are high, the EC reaction is essential ly 
pseudo-first order and the t rea tment  of this EC-reac-  
tion scheme (25) also applies. The calculated values 
of kf' are based on the free l igand concentration,  
ILl, at the given H2SO4 concen t ra t ion  which is in  
equi l ibr ium with the various protonated forms. The 
PKa values employed in  calculation of "[L] were:  
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Fig. 4. Cyclic voltammetric curve for 5 mM Fe(l l l )  reduction in 
the presence of phenanthroline (300 mM) at a platinum electrode, 

bpy ,  p K  = 4.47; p h e n ,  p K  = 4.98; tp,  p K  ! - -  2.64, 
pK2 -~ 4.33 (26, 27) .  T h e  k f ' - v a l u e s  o b t a i n e d  b y  t h i s  
p r o c e d u r e  a r e  l i s t e d  i n  T a b l e  II .  

A d ig i t a l  s i m u l a t i o n  of  c u r r e n t - v o l t a g e  c u r v e s  w a s  
c a r r i e d  o u t  fo r  t h e  r e d u c t i o n  of  F e  ( I I I )  i n  t h e  p r e s -  
e n c e  of  t h e  l i gands .  I n  t h i s  s i m u l a t i o n  t h e  f o l l o w i n g  
m e c h a n i s m  w a s  a s s u m e d .  R e a c t i o n  [6] w a s  f o l l o w e d  
b y  

ye2+ + L ~ F e L  2+ [ g ]  

Table III. Electrochemical studies of complexation rate of Fe 2+ : 
complexation with bipyridine, o-phenanthroline and tr ipyridine* 

Sweep k~$ 
rate v kant  (M-~ see -t 

(V/see) (pa/ipe (see) (M -1 sec-~) • 10 -~) 

Concentration os bipyridine: 0.3M 
0.05 0.230 5.00 4.00 0.27 
0.05 0.275 4.00 3.51 0.24 
0.05 0~254 4.00 4.11 0.28 
0.10 0.307 2.50 4.52 0.31 
0.10 0.367 2.00 3.94 0.27 
0.10 0.341 2.00 4.66 0.31 
0.20 0.435 1:25 4A9 0.30 
0.20 0.539 1.00 3.65 0.25 
0.20 0.458 1.00 5-06 0.34 
0.50 0,619 0.50 5.54 0.38 
0.50 0.656 0.40 6.60 0.42 

Concentration of o-phenanthroline: 0.3M 
0.02 0.256 12,50 1.30 0.29 
0.05 0.474 5.00 0.94 0.21 
O.lO 0.528 2.50 1.52 0.34 
0.20 0.747 1.25 1.32 0.34 
0.50 0.780 0.50 2.46 0.55 
1.00 0.857 0.25 5.78 1,28 

Concentration of terpyridine: O.02M 
0.05 0.617 Ii.00 3.80 82.8 

Concentration of terpyridine: O.04M 
~.~5 0.416 11,20 4.11 75.8 

"Medium 0.5M H2SO4. Working electrode platinum. (Area = 
O.14 em~). Adsorption of the organic on the electrode sometimes 
produced irreproducibiUty. Temperature of the solutions ~25~ 
Concentration of Fe ~+ = 5.0 mM. 

t Calculated employing the total concentration of the ligand 
and assuming formation of the mona-c0mplex is rate determining. 

t Calculated with the effective ligand concentration uang pK, 
values reported in text. 
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FeL ~+ + L~FeL~2+ [10] 

FeLs 2+ + L ~ FeL~+ [11] 

and reaction [8], where k o and k o' are heterogeneous 
e l e c t r o n  t r a n s f e r  r a t e  c o n s t a n t s .  I f  [9] is t a k e n  as  t h e  
r a t e - d e t e r m i n i n g  s t ep  a n d  n e g l e c t i n g  d i s s o c i a t i o n  r a t e ,  
t h e  s i m u l a t e d  c u r v e s  a r e  n e a r l y  i d e n t i c a l  to t h e  e x -  
p e r i m e n t a l  one  as  s h o w n  i n  Fig.  5. T h e  s m a l l  d i s -  
c r e p a n c y  fo r  t h e  F e  8+ r e d u c t i o n  w a v e  m i g h t  b e  d u e  
to t h e  o n s e t  of b a c k g r o u n d  r e d u c t i o n .  T h e  s e c o n d  o x i -  
d a t i o n  w a v e  ( t h a t  of  FeL32+)  a n d  i t s  c o r r e s p o n d i n g  
r e v e r s a l  r e d u c t i o n  w a v e  m i g h t  a lso b e  p e r t u r b e d  b y  
t h e  o c c u r r e n c e  i n  h o m o g e n e o u s  s o l u t i o n  of  t h e  r e a c -  
t i on  

k "  

Fe~+ + FeLaS+ -, FeS+ + FeL82+ [12] 

A l t h o u g h  t h e  F e  2+ c o n c e n t r a t i o n  i n  t h e  v i c i n i t y  o f  
t h e  e l e c t r o d e  a t  t h e  p o t e n t i a l s  of t h e s e  w a v e s  is sma l l ,  
t h i s  r e a c t i o n  is k n o w n  to b e  r ap id ,  k" -- 2.2 • 105 
1~ -1  sec  -1  fo r  L - -  b p y  i n  0.5M H2SO4 (28) .  T h e  i n -  
c l u s ion  of t h i s  r e a c t i o n  in  t h e  s i m u l a t i o n  d id  n o t  a f fec t  
t h e  o b s e r v e d  i -E c u r v e s  fo r  k " - v a l u e s  u p  to 104 M - 1  
sec  -1.  W i t h i n  t h e  n u m b e r  of  i t e r a t i o n s  u s e d  i n  t h e  
s i m u l a t i o n  e x p l i c i t  v a l u e s  of k" h i g h e r  t h a n  t h i s  
cou ld  n o t  b e  e m p l o y e d .  H o w e v e r ,  e v e n  i f  k" is  a s -  
s u m e d  to b e  a t  t h e  m a s s  t r a n s f e r  c o n t r o l l e d  l imi t ,  so 
t h a t  F e  ~+ a n d  FeLs  8+ c a n n o t  c o e x i s t  i n  a s i m u l a t i o n  
s p a c e  e l e m e n t ,  t h e  e f f e c t  of  t h e  i -E curves ,  s h o w n  as 
d a s h e d  l ines  i n  Fig.  5, is sma l l .  

I t  is i n t e r e s t i n g  to c o m p a r e  t h e s e  r e s u l t s  of  c o m -  
p l e x a t i o n  of  F e  2+ b y  b p y  w i t h  t hose  o b t a i n e d  b y  
s t o p p e d  f low m e t h o d s  (29) ,  w h e r e  a s e c o n d - o r d e r  

1. 10 mv/sec 
2. 20 mv/sec 
3. 50 m v / s e c  
4. 100 mv/sec 
5. 200 mv/sec 

1 D  

5 0 0  

4 0 0  

3 0 0  

2 0 0  

100 

0 

- 1 0 0  

I I I 2 0 0  
~ 8  ~ 6  OA ~ 2  0 

I 
(pa) 

E (VvsSCE) 
Fig. 5. Digital simulation for the ECE process of the ferric- 

bipyridine system in 0.SM H2S04. ( ) Experimental curves; digital 
simulation curves ( - - - )  as~suming infinite rate of reaction [12]  
and ( " . )  assuming rate of reaction [ 1 2 ]  ----- 0. CFeS+ ~ 20 
mM, Cbpy ---- 300 mM, kapp ---- 2.5 M - I  s e e - l ;  DFe3+ " -  
2.5 X 10 - 6  cm2/sec, DFe(bpy)33+ ~ 2.6 X 10 - 6  cm2/sec. 
Area of platinum electrode ~ 0.148 cm 2. 

E~ 3+,2+)  ~ 0.41V, E~ ~ 0.80V, a 
Fe3+ 2+ 3+ 2+ 3+ 2+ 1 ( ' ) ~ 0.5, ~(Fe(bpy)3 , ) ~ 0.5, ks(Fe , ) ~ .61 

X 10 - 3  cm/sec, and ks(Fe(bpy)33+,2+) ~ 5.64 X 10 - 2  cm/sec. 
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rate constant of 2.8 • 10 ~ M - I  sec -1 at 0.2~ was 
reported. This rate constant was assigned to the first 
step in the complexation formation �9 of Fe(bpy) ~+ 
(reaction [9]). The addition of the second and third 
bpy ligands is faster; for the third step the rate con- 
stant is 1.4 X 105 M -1 sec -1, while for phen the 
rate of addition of the third ligand is 1.5 X 10 e M -1 
sec -1 (29). The medium and temperature effects on 
the dissociation rates of the bpy and phen complexes 
have been investigated by Basolo et al .  (30). 

Controlled Potential Coulometric (cpc) Measurements 
The long term stability and current efficiency for 

the processes on cycling were investigated by con- 
trolled potential electrolysis techniques. The oxidation 
of Fe e+ in the uncomplexed form carried out at 0.2V 
past the anodic c v  peak showed an napp (faraday/mol) 
of 0.98-1.00. The current decayed smoothly to the 
background value and a plot of log i vs. t yielded a 
straight line (31) (Fig. 6). Reversal electrolYSiS, re- 
duction of the electrogenerated Fe 8+, carried out 
at ,~0.10V, consumed essentially the same number of 
coulombs as in the forward electrolysis. These ex- 
periments were carried ou t  at concentrations up to 
1M and electrolysis times of ,-,0.5 hr. 

Oxidation of Fe(II)-complexes with bpy, phen, 
2,9-dmp, and tp were carried out at 1.0V vs. SCE at a 
graphite electrode. In all cases the oxidations con- 
sumed 0.95-1.00 faraday/mol (see Table IV) and the 
current-time curve decayed smoothly to background. 
For electrolysis times ,~1.0 hr, reversal electrolysis 
of the solution at 0.10V consumed about the same 
number of coulombs as the forward electrolysis. Re- 
petitive electrolysis, cycling between the oxidized 
and reduced forms four times at 0.5 hr intervals pro- 
duced similar results. 

To examine the lifetime of the complex Fe(III)  
species, cv experiments were undertaken on solution 
following cpc oxidation. For ordinary cpc electrolysis 
of 30 min to 1 hr duration, cv showed reduction waves 
of height and location consistent with the presence of 
FeLx 8+. However, when these solutions were allowed 

4 0  

I a 30 
(-) 

2O 

10 

10 

20 

I�9 30 

I I I I 

10 20 ~ 40 

2.0 

1.0 

LOG la 

1.0 

40  2.0 

LOG I c 

F|g. 6. Current-time curve during exhaustive electrolysis of 10 
mM Fe (phen)3 2+ in aqueous H2SO4 at  a graphite working elec- 
trode. 
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Fig. 7. Stability of Fe (phen)8 3+ in 1N H2SO4. Upper curve: 

cyclic voltammetric curve for 10 mM Fe (phen)39+ immediately 
after controlled potential electrolysis at + I . 0 V  at graphite elec- 
trode. Lower curve: cyclic voltammetric curve of the same solution 
after standing 24 hr in air. 

to stand for times of~ 10-20 hr (Fig. 7), c v  revealed 
that i~ for FeLx s+ reduction decreased and a wave 
for uncomplexed Fe 3+ appeared. Thus a slow decom- 
position of the FeLx 8+ species (L ---- bpy, phen, rap, 
4,7-dmp) does occur. The rate of decomposition of 
the FeLz 8 + was determined by spectrophotometry, as 
described below. 

Stability of Fe(lll) Species 
Since the long duration storage capabilities of  these 

systems appear limited by the stability of FeLx 8+, 
measurements of the rate of decomposition of the 
Fe(III)  species and some attempts at stabilization 
were carried out. The stability of Fe(III)  complexes 
were examined spectrophotometrically. The Fe(!II)  
complexes were formed by chemical oxidation by 
mixing millimolar concentrations of Fe (II) complexes 
and excess Ce(IV) sulfate in 0.5M H2SO4 and moni- 
toring the disappearance of the Fe(III)  complex ab- 
sorption (32). The rate constants for the first-order 
decay of the FeLx 8+ species, k~, are listed in Table V. 
Substitution of a methyl group on phen more than 
doubles the half-life with 4,7-dmp being the most 
stable of the complexes examined. The 2,9-drop com- 
plex is very unstable, because in this case the place- 
ment of the methyl groups produces steric hindrance 
to bonding between the Fe(III)  and the phenanthro- 
line nitrogens. 

The background medium also appears to play a 
role in the rate of decomposition of Fe(III)  com- 
plexes. Thus Fe(phen)88+ is reported to be stable in 
high concentrations of H2SO4 (22, 23). We found, in 
bulk!electrolysis experiments with the complexes, 
that the stability was decreased in H2804 solutions at 
a pH of -~1, compared with 0.5M H~SO4. The stability 
of  Fe(II)  and Fe(III)  complexes has been studied 
previously (33, 34). The general conclusions are that 
the instability of the complex can be attributed to 
nucleophilic attack by water, resulting in replacement 
of the ligands by water molecule. The exact nature of 
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Table IV. Controlled potential electrolysis of ferrous ions* 

July 1981 

Moles of Fe s+ Moles of Fe 2+ nappt (fara- 
Moles taken Q~o (C) (oxdn) Qb ~ (C) recovered (redn) days tool -~) 

Free Fe ~+ ions 
0.061 • 10 -s 6.39 0.006 • I0-~ 6.08 6.3 x 10 -5 1.08 
0.081 • 10 -~ 6.64 0.068 • 10-a 6,28 6.5 • 10 -~ 1.10 
1.19 x 10 -~ 114,5 1.18 x 10 "-s 109,1 1.13 X 10 -3 0:99 
3.08 • 10 -~ 285.3 2.96 x 10 ~ 265.0 2.75 x 10 -s 0.98 
3.00 x 10 "~ 288.6 2.99 x 10 ~ 269.2 2.78 x lO-a 0.99 
1.50 x 10 -~ 1708.9 1,70 x 10 -2 1470;0 1.52 • 10-~ 1.10 
3.00 X 10 -~ 2826.8 2,93 • I0 "~ 2830.0 2.93 • 10-s 0,98 

Fe ( p h e n ) ~  + 
4.67 • 10-' 42.77 4.43 x 10~ 45.20 4.68 • 10-' 0.95 
4.67 x 10 4 43.57 4.51 x 10-~ 41.00 4.24 X 10-4 0.97 
1,07 x 10 -e 104.10 1.07 x 10-~ 92.00 0.95 x 10 "~ 1.08 

Fe (2,9-dmp) z+ 
3.10 x 10 ~ 34.05 3.52 x 104 33.00 3.4 x 10-' 1.10 
3.10 x 10 ~ 33.75 3.49 x 10-~ ~ - -  1.10 

Fe ( t p ) ~  
2.00 • 10-' 19.55 2.02 x 10-' 19.80 2.0 • 10-, 1.02 
4.00 • i0 -~ 44.45 4.60 x 10 "~ -- -- 1.10 

* Working electrode: graphite. Forward electrolysis was carried out at +l.OV and reverse electrolysis at O.OV. 
t Values for oxidation. 

the intermediate complex is not clear. Some authors 
(35) favor the reaction sequence 

FeL33+ -~ H20 ~- FeL2 ( L .  H20)  3+ [13] 

F e L 2 ( L  �9 H20)  8+ ~ F e I 4 ( L  �9 OH)  2+ + H + [14] 

In  ou r  s tud ie s  w e  o b s e r v e d  t h e  f o r m a t i o n  of  f r e e  
Fe  3+ in  0.5M H2SO4 f r o m  FeLx ~+ u p o n  s t a n d i n g  fo r  
long  du ra t ion ,  e v e n  in  t he  p r e s e n c e  of  excess  l igand .  
This  d e m o n s t r a t e d  t h a t  to ta l  r e p l a c e m e n t  of  t h e  l i g a n d  
b y  H20 e v e n t u a l l y  occurs ,  i.e. 

FeL83+ ~ F e  e+ ~ 3L [15] 

( w h e r e  L = p h e n ,  b p y ) .  W h e n  excess  l i g a n d  is n o t  
p r e s e n t ,  a c a thod i c  p e a k  at  -]-0.10V a p p e a r s  on  s t a n d -  
ing,  w h i c h  m i g h t  r e p r e s e n t  d i m e r i c  spec ies  s u c h  as 
a b r i d g e  c o m p l e x  f o r m e d  (18) b y  t h e  f o l l o w i n g  r e -  
ac t ion  

2FeL~ 8+ ~ 3 H 2 0 ~  Fe2L40 (H20)24+ -~ 2H + " t -2L 

[16] 

Table V. Cyclic voltammetric data on the bulk electrolysis products* 

Sweep 
rate Epa tps Epr /pc 

(V/see) (V) (mA) (V) (mA) Remarks 

Unbound Fe ~+ Cone -- IM 
0.02 0.48 3.80 0.40 Before bulk electrolysis 
0.05 0.48 5.20 0.40 Before bulk electrolysis 

0.02 0.40 3.90 After electrolysis at + 0.80V 
0.05 - -  - -  0.40 5.60 

0.02 0.48 8.80 0.40 Reversal electrolysis at 0.0V 
0.05 0.48 5.20 0.40 

Fe (phen)a r Cone = 20.0 mM 
0.02 0.86 0.14 0.80 0.14 
0.05 0.86 0.22 0.80 0.22 

0.02 - -  - -  0.80 0.14 After bulk electrolysis at + 1.0V 
0.05 0.80 0.22 

0.02 0.86 0.15 0.80 0.15 Reversal electrolysis at +0.26V 
0.05 0,86 0,23 0.80 0.33 

Fe (2,9-drop) s+ Cone = 20.0 m M  
0.02 0.80 0.11 0.12 0.03 Be fo re  b u l k  e lectro lys is  
0.05 0.87 0.17 0.98 0.08 Be fo re  buLk e lectro lys is  

0.02 0.10 0.11 After oxidation at + 1.0V 
0.05 0.08 0.17 

0.02 0.80 0.11 0.12 0.03 After reversal electrolysis at 
0.05 0,87 0.17 0,08 0.08 0.0V 

* Measurements were made at graphite electrode in the same 
medium used for controlled potential electrolysis. 

Since attack by water causes decomposition of the 
Fe(III)  species, blocking of the central metal ion by 
a hydrophobia environment or decreasing the water 
activity in the bulk solution may improve stability. 
Indeed the improved stability of the 4-mp and 4,7- 
dmp may partially represent such an effect, although 
the electron-donating properties of the methyl groups 
may also play a role. Attempts at providing a more hy- 
drophobic environment were made by introducing vari- 
ous surface active agents and monitoring the concen- 
tration of the Fe(III)  complex by co. Results for the 
Fe(bpy)s 3+ complex are shown in Fig. 8 in 0.5M 
H2SO4 solutions containing butanol, heptanol, and 
the surfactant IGEPAL. Considerable improvement 
was noticed with 1-butanol in the medium. The 
abrupt changes in cyclic voltammetric peak current 
in the presence of a few surfactants (e.g., curve 8) 
occurs when phase separation takes place. 

Electrolysis of Fe(II)  complexes was also con- 
ducted in  t he  p r e s e n c e  of  1M A1C18 o r  1M MgSO4 o r  
s a t u r a t e d  so lu t ions  of Li2SO4. The  d e c a y  of  t he  F e  ( I I I )  
c o m p l e x  c o n c e n t r a t i o n  w a s  n o t i c ed  e v e n  in  t h e  p r e s -  
ence  of  t he  above  salts .  W h e n  s a t u r a t e d  so lu t ions  
w e r e  used,  t h e  so lu t ions  b e c a m e  v i scous  a n d  t h e  
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Fig. 8. The decay of Fe(lll)-bpy complex in 1N H2S04 in the 
presence of stabi l iz ing agents. The Fe( l l l ) -bpy  complex was ob- 
ta ined by contro l led potent ia l  electrolysis of Fe( l l ) -bpy complex. 
/k  = cyclic vol tammetr ic  peak current after controlled potential 
electrolysis (cathodic peak at -~0.80V) id is the di f fusional  peak 
Icurrent. i k = 1, 3, 5, 7, 9, and 11 and ik/id ~ 2, 4, 6, 8, 10, and 
12, ik  ( t  = 0) = 36 ~ A  for  line 7. I ,  2 = No stabi l izer;  3, 4 - -  

Texas-1 (excess); 5, 6 = 5 ml 1-butanol ;  7, 8 = IGEPAL Co-430; 
9, 10 - -  IGEPAL C0-530; 11, 12 = 1-heptanol. 
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duration of electrolysis was very long; with LifSO4 
saturated solution in 0.5M H2SO4, electrolysis of 12.6 
mmols Fe(phen)83+ took about 4 hr. At the end of 
electrolysis, a cathodic peak at O.31V for free Fe(III)  
was observed in the cyclic voltammograms. 

Discussion 
Aquo Fe(II)/Fe(III) couple in 6N H2SO4 appears 

to .be well suited as a redox positive couple for an 
extended period of time and appears to meet the 
major requirements of stability, solubility, fast elec- 
tron exchange, and high electrical conductivity in the 
acid medium. A measurement of electron transfer 
rate constant in the 2N HC1 medium was undertaken 
to compare it with HeSO4 medium. At platinum disk 
or graphite electrodes, an average of five measure- 
ments gave k o values of 1.9 • 10 -3 and 1.34 X 10 -8 
cm/sec, respectively. These values are slightly smaller 
than the value obtained in H2SO4 (see Table I). How- 
ever, a disadvantage of using HC1 medium is the 
somewhat less positive background limiting potential 
value compared with H2SO4 (22). An advantage of 
H2SO4 medium over Cl for PEC cells is the lighter 
colors of the Fe(II)  and Fe(III)  species in this me- 

dium. 
Complexation of Fe ( I I ) /Fe ( I I I )  couple can pro- 

vide higher Eo'-values [e.g., 1.07V for np compared 
to 0.53V (vs. SCE)] and faster electrode kinetics. 
The solubility of the complexes is approximately the 
same as uncomplexed Fe(II)  or Fe(III) .  While the 
Fe(II)  complexes are highly stable over days in the 
absence of O~, Fe(III)  complexes decay in the me- 
dium employed by loss of ligand (see Fig. 7). This 
process results in loss of stored energy since the 
redox couple so produced is at a less positive poten- 
tial. However, this loss is slightly compensated by the 
fast complexation of Fe(II)  by ligand during a dis- 
charge cycle. Note that if the rate of complexation 
of Fe(II)  were rapid enough, the Fe(III)  reduction 
wave would shift to potentials near those for the 
oxidation of the complexed Fe(II)  species. 

Conclusions 
The results here describe how coordination of the 

central metal ion can affect the potential and the ki- 
netics of the electrode reaction to produce systems 
which might be utilizable in redox flow batteries. The 
aquo iron ( 3 + / 2 - 5 ) s y s t e m  in H2SO4 appears to be 
an alternative to the iron (3-t-/2+) system in HC1 
media currently under investigation. Complexation 
with phenanthroline or bipyridyl-type ligands results 
in significant positive shifts in the potential of the 
redox couple. The solubility of these couples appears 
satisfactory, but instability of the ferric form results 
in partial loss of capacity upon long-term storage. 

Acknowledgment 
This work was supported by a grant from Texas 

Instruments, under TI/DOE cooperative agreement 
DE-FC01-79ER10,000. We appreciate the comments 
of a reviewer pointing out the significance of reaction 
[12] in the interpretation of the cv data. 

Manuscript submitted Oct. 20, 1980; revised manu- 
script received Feb. 20, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this vaper were assisted by The 
University of Texas at Austin. 

REFERENCES 
1. J. Giner, L. Swette, and A. Cahill, "Screening of 

Redox Couples and Electrode Materials" CR 
134705, for NASA-Lewis Research Center, Cleve- 

land, Ohio, September, 1976. 
2. J. N. Butler, J. Giner, and H. Stark, "Complex Re- 

dox Couples for Energy Storage," Project 727-2. 
Prepared for EPRI, June 1979. 

3. C. Ciprios, W. Ersldne, Jr., and P. G. Grimes, "Re- 
dox Bulk Energy Storage System Study," Vol. 
I and II, CR 135206, Exxon Research Engineering 
Co., for NASA-Lewis Research Center, Cleve- 
land, Ohio, February 1977. 

4. K. D. Beccu and G. Crespy, "Large Scale Energy 
storage by Means of Dissolved Redox Flow Sys- 
tems," SPE Meeting, Grenoble, France, April 9, 
1976. 

5. L. H. Thaller, "Redox Flow Energy Storage Sys- 
tems," NASA-TM 79143, Terrestrial Energy Sys- 
tems Conference sponsored by the American In- 
stitute of Aeronautics and Astronautics, Orlando, 
Florida, June 4-6, 1979; NASA-TM 79067, Janu- 
ary 1979. 

6. L. H. Thaller, "Redox Flow Development and 
Demonstration," Symposium on Load-Leveling 
sponsored b y  The Electrochemical Society, At- 
lanta, Georgia, Oct. 10-13, 1977. 

7. R. F. Savinelli, C. C. Liu, R. T. Galasco, S, H. 
Chiang, and J. F. Coetzee, This Journal, 126, 357 
(1979). 

8. M. Warshay and L. Wright, ibid., 124, 173 (1977). 
9. A. J. Bard, J. Photochem., 10, 59 (1979). 

10. A. J. Bard and M. S. Wrighton, This Journal, 124, 
1706 (1977). 

11. H. Gerischer, J. Electro,anal. Chem. Interracial 
Electrochem., 82, 133 (1977). 

12. P. M. Spaziante, G. C. Sioli, R. Trotter, A. Perego, 
and J. McBreen, "Hydrogen-Halogen Energy 
Storage System," BNL 25212. 

13. E. Gileadi, S. Srinivasan, F. J. Salzano, C. Braun, 
A. Beaufrere, S. Gottsfeld, L. J. Nuttall, and 
A. B. LaConti, J. Power Sources, 2, 191 (1977). 

14. R. S. Yeo and J. McBreen, This Journal, 126, 1682 
(1979). 

15. A. B. Ellis, S. W. Kaiser, and M. S. Wrighton, J. Am. 
Chem. Soc., 98, 1635 (1976). 

16. B. Miller and A. Heller, Nature (London), 262, 680 
(1976). 

17. R. G. Wilkins, "The Study of Kinetics and Mech- 
anism of Reactions of Transition Metal Com- 
plexes," Allyn and Bacon, Inc., Boston, Mass. 
(1974). 

18. F-R. F. Fan and L. R. Faulkner, J. Am. Chem. Soc., 
101, 4779 (1979). 

19. H. Matsuda and Y, Ayabe, Z. Elektrochem., 59, 494 
(1955). 

20. R. S. Nicholson, Anal. Chem., 37, 1351 (1965). 
21. A. J. Bard and L. R. Faulkner, "Electrochemical 

Methods," Chap. 6, John Wiley & Sons, Inc., New 
York (1980). 

22. R. N. Adams, "Electrochemistry at Solid Elec- 
trodes," p. 145, Marcel Dekker, Inc., New York 
(1969). 

23. D. H. Angill and T. Dickinson, J. Electroanal. 
Chem. Interracial Electrochem., 35, 55 (1972) 
and references therein. 

24. J. M. Saveant, Electrochemica Acta, 12, 999 (1967). 
25. R. S. Nicholson and I. Shain, Anal. Chem., 36, 706 

(1964). 
26. H. Irving and D. H. Mellor, J. Chem. Soc., 5222 

(1962). 
27. R. B. Martin and J. A. Lissfelt, J. Am. Chem. Soc., 

78, 938 (1956). 
28. M. H. Ford-Smith and N. Sutin, ibid., 83, 1830 

(1961). 
29. R. H. Holyer, C. D. Hubbard, S. R. A. Kettle, and 

R. G. Wilkins, In o~ .  Chem., 4, 929 (1965). 
30. J. E. Dickens, F. Basolo, and H. M. Neumann, J. 

Am. Chem. So,c, 79, 1286 (1957). 
31. K. S. V. Santhanam and A. J. Bard, Electroanal. 

Chem., 4, 215 (1970). 
32. J. Burgess and R. I. Haines, Inorg. Nucl. Chem., 39, 

1705 (1977). 
33. R. D. Gilland, L. A. P. Kane-Maguire, and P. A. 

Williams, J. Chem. Soc. Dalton Trans., 1792 
(1977). 

34. R. D. Gillard, Coordination Chem. Rev., 16, 67 
(1975). 

35. D. L. Ehman and D. T. Sawyer, Inorg. Chem., 8, 900 
(1969). 



On Fitting Error Functions to Data 
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ABSTRACT 

Error  functions, which offer solut ions to a wide va r i e ty  of diffusion p r o b -  
lems, contain unknown physical  pa rame te r s  in a nonl inear  way. We propose 
a s imple i t e ra t ive  method  tha t  takes advan tage  of the geomet ry  of these func-  
tions. The method  rests on s imple analy t ic  re la t ions  be tween  the pa rame te r s  
and the first two moments  of the dis t r ibut ion.  The requis i te  numer ica l  in te-  
grat ions  do not  add  noise to the da ta  as do methods  tha t  es t imate  slopes. 
Our  method  is appl ied  to measured  profiles in LPE (GaA1)As.  I t  is simple,  
efficient and accurate.  

Statement of the Problem 
Fi t t ing  a given function to expe r imen ta l  da ta  is diffi- 

cult  when  tha t  funct ion is nonl inear  in the unknown 
parameters .  The usual  method  consists in fitt ing da ta  
in asymptot ic  regions where  the function might  have a 
s impler  form, p re sumab ly  l inear  in these parameters .  
This is hazardous  both  because one mus t  choose, some-  
wha t  a rb i t ra r i ly ,  wha t  da ta  points to retain,  and be-  
cause these points  a re  often subject  to l a rge r  exper i -  
men ta l  uncer ta in t ies  than  those which  were  deleted.  
Of course, one can use non l inear  leas t  squares p ro -  
cedures (1), but  thei r  appl ica t ion  is sometimes nothing 
shor t  of an art .  

Con t ra ry  to the above methods  tha t  seek to pass a 
"best" curve th rough  the data, we propose a method 
tha t  takes advan tage  of the geometr ic  proper t ies  of 
the  funct ion to be f i t ted.  In  par t icu lar ,  our  method 
computes  areas  r a the r  than  slopes, a p rocedure  tha t  
smoothes da ta  r a the r  than  enhancing the noise. We 
develop the method for  e r ror  functions of the form 

erfc [ z / 2 ( D t )  '/2 _ ~] 
x ( z ,  t)  = Xo [1] 

erfc ( - -g )  

and  app ly  i t  to measured  A1 profiles in LPE-processed  
Gal-~AI~As wafers  (2). Here, z is the  dis tance into the 
wafer,  t is the processing time, x is the  mole f ract ion 
of AlAs, Xo is the surface concentrat ion,  D is the di f -  
fusivity,  and ~ is a constant  p ropor t iona l  to the growth  
rate.  The funct ion [1] is l inear  in Xo, but  i t  is nonl inear  
in both D and ~. This funct ion is also represen ta t ive  of 
a l a rge  class of s imi la r i ty  solutions of the Stefan  P rob -  
lem. 

We note that  our  method  is only appl icab le  when  it  
is o therwise  known  tha t  the  exper imen ta l  da ta  a re  
correc t ly  descr ibed by  a g iven  funct ional  form such as 
Eq. [1]. In  the present  case, this means  that  some un -  
der ly ing  theory  (3, 4) predicts  e r ror  funct ion behavior ,  
and  tha t  the pa rame te r s  xo, D, and  ~ are  t ru ly  con- 
stants.  In  par t icu lar ,  since we develop no measure  of 
"goodness of fit," i t  is not  as ye t  possible  to d i sc r im-  
inate  be tween  compet ing funct ional  forms (i.e., the-  
ories)  for  a g iven set  of data.  

Solution of the Problem 
When the solid grows (/~ > 0), the funct ion [1] has 

the  appea rance  shown on Fig. 1; i t  has an inflection 
point  character is t ic  of sharp  junctions.  One shows 
easi ly  tha t  this inflection has the coordinates  

zi = 2~(Dt)'/a [2a] 

Xo 
Xl --  [2b] 

erfc ( - -# )  

Moreover,  the  total  a r ea  A under  the curve  is 

* Electrochemical Society Active Member. 
Key words: data-fitting, error function, diffusion coefficient. 

~0 | i 1 erfc ( - # )  
A = x ( z , t )  d z  = 2 x o ( D t ) ~  [3a] 

erfc ( - -~)  

where  i n erfc ( . )  is the nth i t e ra ted  e r ro r  function (5). 
Likewise,  the area  Ai reckoned from the inflection 
point  fo rward  is 

.~z ~ 2Xo 
Ai  = i x ( z ,  t )  d z -  erfc (--/3) (Dt/~)�94 [3b] 

Final ly ,  the centroid  z of the d is t r ibut ion  is 

z = A -1 z x ( z , t )  d z  = 2(Dt)~/, i2 erfc (--/3) 
P erfc ( - -# )  

[3e] 

The idea of the method  is now ve ry  simple. If  one 
e l iminates  (Dr)1/2 from Eq. [3] b y  using Eq. [2a], then 
these are  three  equations in the  three  unknowns  Xo, zi, 
and p, in terms of the three  measurab le  quanti t ies  A ,  
Ai, and z. Equat ion [2a] then yields the diffusivi ty D. 
Now the quant i t ies  A, Ai, and  z are  reckoned by  nu -  
mer ica l  in tegra t ion  over  the expe r imen ta l  data, to 
which one adjoins the es t imated  in i t ia l  and  inflection 
points, (0, Xo) and (zb xi) .  The process can then  be 
i terated.  

Simplified formulas  ob ta in  when the growth  con- 
s tant  # is large.  In fact, for ~ ~ 2, the fol lowing a symp-  
totic expansions hold to be t t e r  than  1% 

erfc ( - -# )  ~ 2 [4a] 

P erfc ( - -# )  ,~ 2~ [4b] 

i 2 erfc ( - -# )  ~ 82 + ~/2 [4c] 

Terms neglected in Eq. [4] a re  of o rder  exp  (_/~2). In  

Xo 

~ j  . . . . . . . . . . . . . . . . . .  

0 z i ~- 

Fig. 1. Schematic of the error function profile, Eq. [1], for 
positive values of the growth constant ft. It displays the relevant 
geometrical features: Inflection point, surface concentration, and 
area beyond the inflection. 

1468  



VoL 128, No. 7 ERROR F U N C T I O N S  1469  

this case, Eq. [3] become s imply  

A --  xozt [Sa] 

XoZt 
At = ~ (Sb] 

~,=~- I + -.~-. [~c] 

a n d  these a re  inver t ib le  a lgebra ica l ly  t o  give the  un -  
knowns  

X,o = Alzt  [6a] 

p = AI~V, Al [fib] 

zi : 2~/[I + (2~2) -~] [6c] 

Our i t e ra t ive  p rocedure  begins wi th  an ini t ia l  guess 
of  xo and zi. One then adjoins  the  es t imated  in i t ia l  
point  (0, Xo) and inflection poin t  (zi, xo/2) to the  ex-  
pe r imenta l  data.  Next,  one evalua tes  numer ica l ly  t h e  
areas  A and A i ,  and the centroid  z; in pract ice  the  
t rapezoida l  ru le  is sufficient. These values  a re  inser ted  
into Eq. [6] to give new values  of Xo and zi, and the 
process can be repeated .  A t  each i te ra t ion  one can 
compute  the  diffusivi ty  D and the g rowth  constant  fl 
according to Eq. [6b] and [2a]. This p rocedure  is i l lus-  
t r a t ed  in the  nex t  section. 

N u m e r i c a l  Results 

Figure  2 shows three  A1 profiles obta ined  by  SIMS 
measurements .  The open symbols  correspond to the  
expe r imen t a l  data;  the  closed ones s tand for  the  com- 
pu ted  values  of the  surface concentrat ions  and inflec- 
t ion points.  Because of a longi tud ina l  t empe ra tu r e  
g rad ien t  in the furnace,  these profiles correspond to 
different  undercool ings  be tween  a s ingle wafe r  and  
its solution. The processing t ime t was 309 sec. The 
expe r imen t  has been fu l ly  descr ibed and analyzed  else-  
whe re  (2),  and  a r ev iew of t e r n a r y  I I I - V  LPE is also 
ava i lab le  (6). We note tha t  the  da ta  appea r  to have  
the  shape of Fig. 1, bu t  tha t  da ta  points  a re  qui te  
sparse,  pa r t i cu l a r l y  in the  ne ighborhood of the  inflec- 
t ion point.  This expe r imen t  provides  therefore  an  idea l  
test  of our  method.  

We purpose ly  choose a "bad" ini t ia l  guess: zi ---- 350, 
250, and  110 n m  for  the  posit ions o f  the  inflection 
points, and xo ---- 0.9 for the surface composit ion of al l  
th ree  profiles. F igures  3 and 4 show how the g rowth  
constant  fl and the diffusivi ty  D converge as a funct ion 
of the number  of i terat ions.  The symbol  code on these 
figures is the  same as tha t  of Fig. 2 and Table I. We 
find tha t  a t  most  15 i te ra t ions  are  sufficient to ensure a 
r e l a t i v e  e r ro r  less than  1%. As was also noted else-  
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Fig. 2. Three profiles in (GaAI)As obtained by SIMS (2). The 
open symbols represent the experimental data, the closed symbols 
are the computed inflection paints and surface concentrations, and 
the solid lines show how Eq. [1 ] fits the data. 
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Fig. 3. The growth constants fl in Eq. [ I  ] as a function of num- 
ber of iterations for the three profiles of Fig. 2. The symbol code is 
the same as in that figure. The deepest profile has the largest fl, 
i.e., the growth rate was largest here. 
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Fig. 4. Same as Fig. 3 for the diffusivity D of AI in (GaAI)As. 
Comparing Fig. 11 and 4, one sees that D increases as the growth 
rate decreases. 

where  (2), the  diffusivi ty D of A1 in (GaA1)As in -  
creases wi th  decreas ing g rowth  constant  /~. This was 
even more  not iceable  (2) for  dissolving crysta ls  (p < 
0). Table  I shows the final value,  af ter  15 i terat ions,  
of al l  the var iables  we have  been discussing: The m e a -  
sured values A, Ai, and z, and the unknown pa ramete r s  
xo, fl, and D. We also l ist  the final abscissa zi of the in -  
flection point. We emphasize tha t  the es t imat ion of al l  
these quant i t ies  never  requ i red  numer ica l  di f ferent ia-  
t ion of the expe r imen ta l  data. The solid l ines on Fig. 2 
correspond to the func t ion  [1] computed  wi th  these 
values  of the parameters .  The fit is excel lent ,  pa r t i cu -  
l a r ly  in view of the sparseness of the  data.  

The method  we have  presented  is heur is t ic  in the 
sense that  we a t t empted  no inves t iga t ion  of i ts con- 
vergence.  However ,  i t  is p r e sumab ly  a one-po in t  i t e r a -  
t ion method  (1) of the form xn+~ -: r whose 
proper t ies  are  wel l  known. I t  is also obvious tha t  
s imi la r  procedures  could be devised for  o ther  func-  
t ional  forms different  f rom e r ro r  functions. 

Table I. Shows the final computed values, after 15 iterations, of the 
measured quantities and the unknown parameters. The numbers are 

accurate to at leasttwo decimal places. 

Sym-  A A~ ~ zt D x 10 ~ 
bol  ( n rn  ) ( n m  ) ( n m  ) ( n m )  Xo ~ (cm~/see  ) 

0 262.60 7.39 136.35 271.34 0.97 10.02 .5.93 
[ ]  192.46 7.70 102.40 202.75 0,95 7.05 0.69 
V 131,02 8.49 71.31 138.95 0,94 4.35 8.25 
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The Cathodic Cleavage of Ethanetetracarboxylate Esters 
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ABSTRACT 

The e lect rochemical  reduct ion of t e t r ame thy l  e thane - l , l , 2 ,2 - t e t r aca r -  
boxyla te  to d imethy l  p ropaned ioa te  (d imethy l  malona te )  and  the s imi lar  
c leavage of some subst i tu ted  and some cyclic analogs are  repor ted .  

The c leavage of ca rbon-ca rbon  single bonds is an 
unusual ,  though no~ unrepor t ed  (1-4) ,  phenomenon  in 
cathodic processes. A priori facile c leavage might  be  
expected when the carbon atoms bea r  subst i tuents  
l ike ly  to s tabi l ize carbanionic  in termedia tes .  E thane-  
t e t r aca rboxy la t e  esters (1, 3) are  a ve ry  favorable  
case, bu t  the i r  e lect rochemical  reduct ion  has not  been  
repor ted  previously.  Fur the rmore ,  there  is only  a 
single example  of a s imi lar  chemical  reaction,  and this 
uses sodium meta l  in a mix tu re  of l iquid ammonia  and 
t e t r ahydro fu ran  as the reducing agent  (5). The resul ts  
repor ted  here  provide  a more  convenient  way  of ca r -  
ry ing  out  such react ions as wel l  as es tabl ishing thei r  
genera l i ty  by  the presenta t ion  of severa l  examples.  

RC(COOCH~)2C(COOCI~)2R + 2H + + 2 e -  
--> 2RCH (COOCH~)~ [1] 

la ,  R - - H  2a, R - - H  
b, R _ CH2CH2CN b, R -~ CH~CH2CN 
C, R = CH--C(COOCHs)2  c, R = CH~---C(COOCHs)2 

( C H 2 ) .  
/ \ 

(CH~OCO) ~C C (COOCH3) 2 + 2H + + 2 e -  
--> (CH3OCO) 2CH (CH2) , C H  (COOCHs) 2 

3a, n = l  4a, n - - 1  
bp n : 2  b, n : 2  

Experimental 
Reagents.--Dimethylformamide (DMF) and t e t r a -  

e t hy l ammon ium perch lora te  were  obta ined  f rom 
Fisher  Scientific Company,  Fa i r l awn,  New Jersey.  The 
former  was used as supplied.  The l a t t e r  was rec rys ta I -  
l ized from water ,  then f rom methanol  before  use. 
L i t e ra tu re  procedures  were  used for  the p repa ra t ion  of 
la ,  lb ,  3 (6), and lc  (7, 8). 

Equipment.--A Var ian  3700 gas- l iquid  chromato-  
g raph  fitted wi th  a the rmal  conduct iv i ty  detector  and 
wi th  a stainless steel  column (0.32 • 50 cm) packed  
wi th  5% OV101 on Chromosorb G - H P  (100/120) was 
used for  the analysis  of react ion mixtures .  The 1H- 
NMR spect ra  of the  products  were  obta ined  using a 
Var ian  EM-390 spectrometer .  The power  supp ly  for 

* Electrochemical Society Active Member. 
1Present address: Exxon Chemical Company, Allendate, New 

Jersey 07401. 
Key words: C--C bond cleavage, bimalonate, reductions, prepa- 

rative electrolysis voltammetry. 

prepa ra t ive  electrolyses was a L a m b d a  Model LP-  
412A-FM. Cyclic vo l t ammet ry  was car r ied  out  using a 
PAR Model 173 potent iostat ,  PAR Model 175 Universa l  
P rogrammer ,  and Houston Model 2000 X - Y  recorder .  
The cyclic vo l t ammet ry  cell consisted of a modified 
beake r  wi th  SCE separa ted  by  a glass frit,  P t  wi re  
secondary  electrode,  and hanging  Hg drop work ing  
electrode. A i r  was excluded f rom the v o l t a m m e t r y  cell 
by  a b lanke t  of flowing d ry  N2. 

Reduction of ethanetetracarboxylate esters.--The 
e thane te t r aca rboxy la t e  ester  (0.010 mol)  and t e t r a -  
e thy lammonium perch lora te  (2.30g; 0.010 tool) were  
dissolved in a m i x t u r e  of DMF (50 ml)  and wa te r  (5 
ml)  at ca. 60~ A cur ren t  of 0.25A was passed th rough  
the solution for 2.5 hr  (0.023 F)  for all  compounds ex-  
cept  lc ,  3.25 hr  (0.030F),  whi le  the  e lec t ro ly te  t em-  
pe ra tu re  was kep t  at  60~ ~ b y  ex te rna l  heat ing.  A 
me rc u ry  pool  (ca. 3.5 cm diam) and p l a t inum sheet  
(ca. 2 cm 2 a rea)  were  the cathode and anode, respec-  
t ively.  The anode was hor izonta l  and  ca. 1 cm above 
the m e r c u r y  surface. Agi ta t ion  was provided  by  a 
smal l  magnet ic  s t i r r ing  ba r  floating on the mercury .  

In  the case of l a  the e lec t ro ly te  was cooled, d imethyI  
succinate was added as an in te rna l  s tandard ,  and un-  
changed s tar t ing ma te r i a l  and produc t  (2a) were  de -  
t e rmined  by  gas- l iquid  chromatography .  

In  the  case of l b  the solvent  was removed  in vacuo. 
The so l id / l iqu id  mix tu r e  obta ined  was s t i r red  wi th  
chloroform (ca. 20 ml)  and fi l tered to remove  the m a -  
jo r i ty  of the  e lectrolyte .  Evapora t ion  of the  f i l t rate 
gave a viscous oil  (5.70g). Analys is  by  NMR showed i t  
to consist of l b  and 2b (3.67g combined) ,  DMF (0.86g), 
and h y d r o x y m e t h y l ( m e t h y l ) f o r m a m i d e  (0.71g). The 
oil was s t i r red  wi th  e ther  (100 ml ) .  The solid (1.05g) 
formed was removed  by  f i l t rat ion and was found by  
NMR to consist of e lec t ro ly te  (0.46g) and unchanged 
s tar t ing mate r i a l  ( lb ;  0.59g; this va lue  used for  com- 
put ing the data  in Table I ) .  This solid was r ec rys ta l -  
l ized f rom methanol  (30 ml)  to give pure  l b  [0.51g; 
rap, 170~176 lit. (6), mp  169~176 The e ther  f i l t rate 
gave on evapora t ion  a l iquid  (4.32g) consist ing (by  
NMR analysis)  of DMF (0.65g), h y d r o x y m e t h y l  (meth-  
y l ) f o r m a m i d e  (0.66g), and 2b (3.01g; this value  used 
for comput ing the da ta  in Table  I ) .  The l iquid  was 
again  t aken  up in ether.  The e ther  solut ion was washed  
six t imes wi th  wate r  to remove  the amides. I t  was then  
dr ied  (CaSO4), filtered, and evaporated.  T h e  res idue 
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Table I. Reduction of ethanetetracarboxylate esters 

Unchanged  
S t a r t i n g  s t a r t i n g  
m a t e r i a l  m a t e r i a l  a P roduc t s~  Epc vs. 

(0.01 mol)  (%) (% yield)U SCE (V) 

l a  1 2a  (89) - 2 . 6 4  
lb  16 2b (97) - 2 . 6 4  
l c  nd 2c ( 7 2 ) , 4 a  (24) - 1 . 3 7  
3a  <i 4a (95) - 2 . 2 9  
3b 19 4b (100) - 2 . 5 6  

�9 A f t e r  passage of 2.3 F / m o l e  ( except  for  l c ,  3 F / m o l e ) ;  n d =  
not  detected.  

b Yie ld  b a s e d  on s t a r t i n g  materia l  consumed.  
Potential  of the first cathodic peak observed via  cycl ic  vol- 

t a m m e t r y  for  the starting material  (ca.  1.1 x 10-aM) in d r y  DMF 
c o n t a i n i n g  [(C~I-I~)4]C10~ (0.1M). No reverse  peaks  at scan rates  
up to  1000 mV/sec ,  

was dis t i l led  to give pure  d ime thy l -3 - cyanopropane -  
1 ,1-dicarboxyla te  [2b, 2.21g, bp 108~ ~ (0.05 m m ) ] .  
Found:  C, 52.0, 52.1; H, 6.0, 6.0; N, 7.4, 7.6%; M, 173 
(by  osmomet ry  in chloroform) .  CsHnNO4 requires:  
C, 51.9; H, 6.0; N, 7.6%; M, 185. 

Fo r  l c  and 3 procedures  s imi lar  to those descr ibed 
above  for l b  were  used to genera te  the da ta  shown in 
Table  I. Compounds 2c [mp, 49~176 lit. (8), mp 49 ~ 
50 ~ and 4a [rap, 46-8~ lit. (9), mp 48 ~ were  obta ined 
as whi te  c rys ta l l ine  solids f rom e the r  and 4b Imp, 77 ~ 
8~ lit. (10), mp  77.6~ ~ ] in  s imi lar  fo rm from me th -  
anol. 

The  1H-NMR spect ra l  da ta  for the products  a re  
shown in Table II. 

Oxidat ion  of d i m e t h y l f o r m a m i d e . - - A  cur ren t  of 
0.25A was passed th rough  a solut ion of t e t r a e t h y l a m -  
monium perch lo ra te  (2.30g; 0.010 mol)  in a mix tu re  
of DMF (150 ml )  and wa te r  (5 ml)  a t  60~176 in the  
cell  used for  the es ter  reductions.  As soon as the 
cur ren t  flow was  ini t ia ted,  the fo rmat ion  of a b lack  
solid, assumed to be t e t r a e thy l ammon ium amalgam 
(12), was  noted o.n the  surface  of the  m e r c u r y  cathode. 
I t  dissolved wi th in  a few seconds af ter  a t e m p o r a r y  
discont inuat ion of cur ren t  flow. Af t e r  22.5 h r  (0.21F), 
the  e lect rolys is  was stopped.  The solut ion was  evap-  
orated.  The res idue was taken  up in e ther  (ca. 100 ml)  
and the e lec t ro ly te  was removed  by  fil tration. The fil- 
t ra te  was evapora ted  to give an  oil (4.50g) containing 
(by  NMR analysis)  h y d r o x y m e t h y l  (methy l )  fo rma-  
a i d e  (3.53g), m e t h y l f o r m a m i d e  (0.90g), and DMF 
(0.07g). Dis t i l la t ion  gave h y d r o x y m e t h y I ( m e t h y I ) -  
fo rmamide  containing ca. 10 mole percent  (m/o)  m e t h -  
y l fo rmamide  as a w a t e r - w h i t e  l iquid  [1.03g; bp, 108 ~ 
10 ~ (0.2 a m ) ] .  In i ts  1H-NMR spec t rum h y d r o x y m e t h -  
y l ( m e t h y l ) f o r m a m i d e  shows, in common wi th  o ther  

Table II. 1H-NMR spectral data for the cleavage products 

C h e m i c a l  sh i f t s  a 

Com- Olefinic 
pound COOCH~ CH~ CH:CN CH CH 

2b 3.74 (6) 2.27 (2) 2.49 (2) 3.53 (1) 
t ,  7 Hz ~n t ,  7.5 Hz 

2c 3.74 (6) 4.69 (1) 7.19 (1) 
3.80 (3) d, l0 Hz d, 1O Hz 
3.78 (3)  

4a 3.72 (12) 2.46 (2) 3.49 (2) 
t ,  7.5 Hz t ,  7.5 Hz 

4b 3.69 (12) 1.91 (4) 3.34 (2) 
m 

�9 M e a s u r e d  in  p p m  downfie ld f rom internal  te tramethyls i lane  
re ference  in  CDCh solut ion at 90 MHz. R e l a t i v e  a r e a  is  s h o w n  in 
parentheses .  The  mult ipl ic i ty  (d  = d o u b l e t ,  t = t r ip l e t ,  ~n = 
multiplet)  and coupling constants  of  n o n s i n g l e t  resonances  are 
indicated be low the  chemical  shift  data. 

amides, peaks  for two isomers due to res t r ic ted  rota- 
t ion about  the  N-CO bond. The majo r  isomer (80%) 
showed peaks  at  2.91 (CH3), 4.78 (CH2), and 8.13 
(CHO) ppm downfield f rom an  in te rna l  t e t r a me thy l -  
si lane reference.  The minor  isomer showed s imi lar  
peaks  at  3.04, 4.81, and 8.00 ppm. In addit ion,  a common 
hydroxy l  peak  was observed  at  ca. 5.4 ppm which was 
broad  and exchanged wi th  D20. H y d r o x y m e t h y l ( m e t h -  
y l ) f o r m a m i d e  contamina ted  wi th  a l i t t le  m e t h y l f o r m -  
amide  was also obta ined by react ion of me thy l fo rma-  
mide  wi th  pa ra fo rma ldehyde  (12) and its NMR spec-  
t rum is ident ical  to tha t  of the  anodica l ly  formed ma-  
terial .  

Results and Discussion 
Te t rame thy l  e thane - l , l , 2 ,2 - t e t r aca rboxy la t e  ( l a ) ,  

some subst i tu ted  der iva t ives  ( lb ,  c), and cyclic analogs 
(3a, b) undergo reduct ive  c leavage at a me rc u ry  ca th-  
ode in aqueous DMF. High yields and cur ren t  efficien- 
cies are  obta ined  at high conversions in an undiv ided  
cell  using a constant  cur ren t  mode of opera t ion  (Table  
I). In the case of Iv, (CHsOCO)2C=CH--C(COOCH3)2-- 
C(COOCH3)2--CH-~C(COOCH3)3, electrochemical re- 
duction has been reported previously (7). The forma- 
tion of a cyclopentane derivative by saturation of one 
double bond followed by an intramolecular Michael 
addition to the other has been claimed. While the for- 
mation of the cyclopentane on catalytic hydrogenation 
of Ic (8) has been confirmed, its formation on electro- 
chemical reduction of Ic could not be reproduced. In 
both aqueous DMF and methanol containing sulfuric 
acid, el. (7), the ini t ia l  p roduc t  was 2e, (CH3OCO)2C= 
CHCH(COOCH3)2, which unde rwen t  fur ther  reduct ion 
to 4a, (CH8OCO) 2CHCH2CH(COOCH3) 2. The reduc-  
t ion poten t ia l  of 2c in DMF is s l ight ly  more  negat ive  
(Ep = 1.54V) than  that  of lc  (Ep = --1.3V vs. SCE).  

The anode react ion accompanying the cathodic c leav-  
ages is the oxidat ion  of DMF to h y d r o x y m e t h y l  (meth-  
yl)  formamide,  Eq. [2]. This is not  

}ICON (CI-I~) 2 + H20 --> HCON (CH3) CH2OH 
+ 2H + + 2 e -  [2] 

surpr is ing  as this compound is an in te rmedia te  in the 
format ion  of the ether,  [CHON(CtI3)CH2120, which 
resul ts  when a s toichiometr ic  quan t i ty  of wate r  is used 
(13). In  the absence of an e thane te t r aca rboxy la t e  ester, 
h y d r o x y m e t h y l ( m e t h y l ) f o r m a m i d e  is the sole product  
isolated. 

The reduct ive  react ions repor ted  here  are  a reverse  
of the anodic oxidat ion  of p ropanedioa te  esters, which 
proceeds via  direct  ox ida t ion  (14) of the  ca rban ion  or  
ind i rec t ly  via  anodical ly  genera ted  halogen, especia l ly  
iodine (6). Use of neu t ra l  conditions, pa r t i a l l y  aqueous 
solvent,  and a nonhal ide  e lec t ro ly te  avoids these anodic 
react ions and permi t s  the convenience of an undiv ided  
cell. The esters l b  and lc  are  not  ve ry  soluble, and the 
react ion t e m p e r a t u r e  used (60~176 was tha t  r e -  
qui red  to keep these compounds in solution. In  spite 
of this e levated  t empe ra tu r e  and the presence of water ,  
hydro lys i s  of ester  groups did  not  seem to be a p r o b -  
lem, perhaps  because of the re la t ive ly  short  react ion 
t imes (usua l ly  2.5 h r )  used. 

The first reduc t ion  peak  (Table  I)  for the  esters 1 
and 3 corresponds in al l  cases to an i r revers ib le  p ro -  
cess. For  lb ,  c, and 3 the peak  height  is comparable  to 
that  of t e t r ame thy l  e thene te t r aca rboxy la t e  which cor-  
responds to a two-e lec t ron  process. For  these  com- 
pounds the peak  height  and peak  potent ia l  a re  not  af- 
fected b y  addi t ion  of a p ro ton  donor (1 • 10-aM phe-  
nol)  or by  ca r ry ing  out  the  v o l t a m m e t r y  in d ry  DMF 
in the  presence of a wa te r  scavenger  (a lumina,  Woelm 
grade  I ) .  Fo r  lb ,  c, and 3 the peak  appears  to cor re-  
spond to the  process shown in Eq. [3]. For  l a  

RC (COOC}I3) ~C (COOCH3)eR 

+ 2 e -  ---> 2C(COOCI~)~R [3] 
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2HC (COOCHs) ~C (COOCH~) 2H 

+ 2e- -~ C(COOCH3)2C(COOCHa)~H 

+ CH(COOCH3)~ + CH2(COOCHs)~ [4] 

the peak height is approximately half the height ob- 
served for the other compounds. This is attributed to 
la acting as a proton donor (in dry DMF), which 
should lead to approximately equal quantities of the 
dimeric and monomeric carbanions because of the 
comparable acidities of the two carbon acids. This 
leads to the stoichiometry shown in Eq. [4]. As ex- 
pected, addition of a proton donor (diethylmalonate) 
approximately doubles the height of this peak. 

The observed reduction potential (--1.37V) for le is 
clearly remote from those of the other compounds 
examined but is close to that of 2c (--1.54V). For the 
reduction of lc it is suggested that initial electron 
transfer to one of the double bonds occurs and is fol- 
lowed by cleavage and a second electron transfer to 
the radical species formed (Scheme 1). Similar cleav- 
age following a remote electron transfer has been sug- 
gested in the Birch reduction of some strained bibenzyl 
derivatives (15). For the reduction of la, lb, and 3, 
remote electron transfer to a carbonyl group (Scheme 
3) may occur. Other observed ester reductions may be 
rationalized in these terms, e.g., the reduction of pro- 
panedioate esters to the corresponding carbanions (6, 
16) as shown in Scheme 4, or the cleavage of esters of 
benzyl alcohols (17). Additionally, these mechanisms 
are similar to that suggested for the cathodic reduction 
of cyclohexane-l,4-dione to hexane,2,5-dione (18). 

In the undivided cell, the carbanions formed in the 
cathodic processes (Eq. [3], Schemes 1, 2, and 3) are 
neutralized by anodically generated (Eq. [2]) protons. 
In the case of la, it is easily seen that this will also re- 
sult in a net two-electron reaction, even though the 
cathodic process (Eq. [4] ) involves only one electron 
per mole of substrate. The net cell reaction for com- 
pounds 1 is then as shown in Eq. [5] and a similar 
equation may be written for the cyclic compounds 3. 

RC (COOCHs)2C(COOCHs)2R + HCON(CH~)2 

2F 
+ H20 .... > 2RCH(COOCHs)2 + HCON(CH3)CH~OH 

[5] 

SCHEME 1 (X = COOCH3) 

X~C=CHCX2CX2CH=CX2 
le 

e- 
-~ X~--CHCX2CX2CH----CX2--> X2C--CH=CX~ 

e- 
+ CX2CH=CX2 --> 2CX2CH---~CX2 

Another possible reaction pathway is the disproportion- 
ation (19) of the initially formed anion-radical of Ic 
to form the dianion of Ic which could cleave to give 
the observed product (Scheme 2). A similar scheme 
can be written for the reduction of la, Ib, and 3. 

SCHEME 

CO,OCHa 
1 

RC (COOCH3) C (CO,OCH3)2R 
-O OCI-I~ \ /  

e -  I 
--> RC (COOCH~) C (COOCH~)2R --> 

-o OCH8 

\ c  / II e - _  
RCCOOCHa-5 C(COOCHa)~R--> 2C(COOCHa)~R 

SCHEME 4 

0 OR - 0  OR - 0  OR 
% /  \ . /  

C C 

R'CL--H e---> R' IC--H 

\c / 
--> ~ + Had~' 

/ \COOR R' 

CR'(COOR)2 �89 
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Selective Electrosyntheses on Chemically Modified Electrodes 
!11. Regio-Selective Anodic Chlorination of Some Benzene Derivatives 

with a Cyclodextrin Chemically Modified Electrode 
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Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980, Japan 

ABSTRACT 

The regio-selective anodie chlorinat ion of some benzene derivatives with 
an .~-cyclodextrin (~-CD) chemically modified graphite electrode via "ester 
bonding" (~-CD-CME) and with an ~-CD adsorbed graphite (a-CD-AE) was 
studied. In  the C is ESCA spectrum of the a-CD-CME, a small  peak which is 
considered to be based on carbon atoms in a-CD appeared at a higher b ind ing  
energy side of the main  peak, indicat ing that  a-CD can be immobilized 
on the electrode surface. The immobilized a-CD as well as the adsorbed a-CD 
had a pronounced effect on the para-position selective chlorinat ion of anisole 
and toluene, bu t  such an effect could, not  be observed in the chlorinat ion of 
chlorobenzene. Increasing the conversion of a substrate resulted in a decrease 
in  the ratio of para- to ortho-chlorination product, p/o ratio, since the prod- 
ucts have an inhibi t ion effect on the inclusion of the substrate in  a-CD's 
cavity. Although the homogeneous chlorinat ion by NaOC1 in the presence 
of a-CD in  solution also showed a relat ively high p/o ratio, it revealed that  
the ratio observed in the electrochemical method was slightly higher than  
that  observed in the homogeneous method. The a-CD-CME used repeatedly 
showed relat ively high regio-selectivity even after a month  of immermon of 
the electrode in  water, whereas the a-CD-AE showed decrease of the p]o 
ratio with increasing immersion time. 

With the progress of chemical modification of ad- 
sorbents for chromatography, new means for al terat ion 
of electrode surface have been devised. Miller and his 
co-workers put  a chiral field at an electrode surface by 
immobil izing optically active compounds to use for 
asymmetr ic  electrolyses (1-3). However, the optical 
yields in  their works were not high. To realize a high 
selective electrosynthesis with a chemically modified 
electrode (CME), not only a strong interact ion with a 
substrate but  also a sufficient s tabil i ty toward redox 
reactions are the requirements  for modified species. 
Among the compounds meet ing such requirements  are 
cyclodextrins (CD's). These molecules are cyclic 1,4- 
1inked D-glucopyranose oligomers containing several 
glucose units  and have the shape of hollow truncated 
cones. One of the most remarkable  properties of the 
compounds is the abil i ty to include a variety of organic 
compounds of appropriate size in their hydrophobic 
interiors (4) and, in some cases, to catalyze a reaction 
of guest molecule with the assistance of secondary hy-  
droxyl  group at the r im of the cavities (5). Because of 
their  enzyme-l ike  behaviors, the CD's have received a 
great deal of attention. Taking advantage of the spe- 
cific env i ronment  of the cavity of ~-CD (containing 6 
glucose uni ts) ,  we carried out the regio-selective 
anodic chlorinat ion of anisole with a-CD bound on a 
graphite electrode surface and present  in  solution (6, 
7). From the results by Breslow et al. (8), the anodic 
chlorination with the a-CD chemically modified graph-  
ite electrode (a-CD-CME) would proceed via selective 
donation of chlorine from one of the C-3 hydroxyl  
groups of a-CD to para-position of an aromatic r ing as 
shown in Scheme 1. In  our previous paper (7), a high 
regio-selectivity was observed in the anodic chlor ina-  
t ion of anisole when a-CD was in solution; however, 
the a-CD-CME via "ether l inkage" showed only a 
slight selectivity. This low regio-selectivity on the a- 
CD-CME via "ether l inkage" might  be a t t r ibuted to 
the low surface concentrat ion of a-CD at the electrode 
surface by ESCA analysis. In order to enhance the sur-  

* Electrochemical  Society Act ive  Member.  
Key words: chemically modified electrode,  a-cyclodextrin,  an- 

odic chlorination, regio-selective. 

face concentrat ion of a-CD, an al ternat ive method for 
the modification of a graphite surface with ~-CD via 
"ester l inkage" was planned. This paper describes the 
selective chlorinat ion of anisole, toluene, and chloro- 
benzene with the ~-CD-CME via "ester l inkage" in -  
cluding the results in the previous communicat ion (6) 
in  detail together with the stabil i ty of the a-CD-CME 
toward repeti t ion of electrolyses. 

Experimental 
A polycrystal l ine graphite plate was obtained from 

Tokai Carbon Company (G 2080) and cut into 30 X 
20 X 2 mm plates for electrolyses and 17 • 5 .• 2 mm 
plates for ESCA measurements.  All electrolyses were 
carried out using a Yanaco VE-8 controlled potential  
electrolyzer. The electrolysis cell was a divided H- type  
with a graphite anode (30 • 20 • 2 ram),  a p la t inum.  
gauze cathode, and a saturated calomel electrode 
(SCE) as the reference electrode inserted near  the 
anode. The anolyte consisted of 1.0 X 10-3M substrate 
(anisole, toluene, and chlorobenzene) and 5.0 X 10-1M 
NaC1 or HC1 as the support ing electrolyte dissolved in 
50 ml  of distilled water  (nonbuffered),  and was stirred 
with a magnetic  bar. The cell was kept at a constant  
temperature  by thermostatic control. After the elec- 
trolysis, the anolyte was extracted with ether three 
t i me s .The  extracted ethereal  solution was dried with 
Na2SO4 and concentrated under  a reduced pressure for 
gas chromatography. Gas chromatographic analyses 
were carried out by using a Shimadzu gas chromato- 
graph Model GC-6A equipped with a flame ionization 
detector. Nitrogen was used as the carrier  gas. The 
column used for the analyses of the reaction products 
in the chlorinations o f  anisole and chlorobenzene was 
2m • 3 mmr SUS packed with 10% Carbowax 20M on 
Chromosorb W. For the analysis in the toluene chlor- 
ination, a 2m • 3 mm~b SUS column packed with 10% 
4,4'-azoxydianisole on Unipor t  B was used. Quant i ta -  
tive analyses of the chlorinat ion products formed in  the 
electrolyses were carried out by  comparison with a 
calibration l ine of authentic  samples. The ratio of p-  to 
o-isomer (p/o ratio),  the conversion of substrate, and 
the yield of monochlorides of all products were deter-  
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-2e 
2CI- 

C12 + H20 

s 
j �9 

> CI 2 (at anode) 

HOCI 

IIOCI + HCI 

J 

(oxidized) I m-NP (e-CD-CME (A)) 

N02 (a-CD~CME (B)) 

Method A 

Method B 

LiAIE 4 ~ CH20H 
(reduced) 

dipping in CDOH solution 
) ~ COOH,...CDOH 

CDOH; a-cyclodextrin (a-CD-AE) 

m-NP; m-nitrophenol 

Scheme 2. Synthetic procedures of various surface derivatizatlens 

C1 

(o-isomer) (p-isomer) 
Scheme 1. A mechanism of the regio-selective anodic chlorina- 

tion with the a-CD-CME. 

mined by using these gas chromatographic data. The 
homogeneous chlorinat ion was also carried out. In  this 
reaction, a specific amount  of NaOC1 was added to 
aqueous 1.0 X 10 -1M HC1 solution containing a sub- 
strafe (1.0 • 10-aM), and the solution was st irred with 
a magnetic bar  for 1 rain. After the reaction the solu- 
t ion was extracted with ether, and was analyzed with 
the same gas chromatographic method as described 
above. 

An  AEI Model ES-200 was used for ESCA measure-  
ments  with an  Mg anode under  a vacuum of 10 - s -  
10-9 Torr. The binding energies were computed and 
corrected for charging effect by referencing to the 285 
e~ r C Is peak and the 532 eV O ls peak (9, 10). 

The dissociation constants of ,~-CD complexes were 
determined by the spectrophotometric method (11). 

Synthetic procedure for ~-CD-CME.--The graphite 
plates were first dipped in water  for 2 hr to remove 
water  soluble impuri t ies  from the electrode surfaces, 
treated with a solution of 0.2M K2Cr2Ov in concen- 
trated H2SO4 for 2 hr to introduce the surface func-  
t ional groups containing oxygen, and then thoroughly 
washed with water and dried. The carboxyl groups 
thus introduced on the oxidized graphite were con- 
verted to chlorocarbonyl groups by refluxing in  SOC12. 
After  1 day's t reatment ,  the electrode was removed 
from the solution and then washed with dry benzene 
repeatedly. The graphite plate thus obtained was 
rapidly  dipped in  an ~-CD saturated dry pyridine and 
dimethylformamide solution. The solution was refluxed 
1 day followed by s tanding at room temperature  for a 
week. After the reaction, the =-CD-CME was taken out 
of the solution and washed wi th  water  (method A in 
Scheme 2). 

In order to compare the regio-selective abi l i ty  of the 
a-CD-CME with that of a physically adsorbed a-CD 
graphite electrode (a-CD-AE),  the ~-CD-AE was 
prepared by dipping in  aqueous 1.0 X 10-1M a-CD 
solution for 1 day. A reduced graphite electrode was 
prepared by  reducing the oxidized graphite with 
LiA1H4 (12) in te t rahydrofuran  for 2 days. To obtain 
the ESCA spectrum of ~-CD, the ~-CD on silicon chip 
was also prepared by dropping the aqueous a-CD 
solution on the chip followed by drying. 

The ~-CD-CME's were also prepared by the ester-  
exchange reaction between the m-ni t rophenol  modi-  
fled graphite and =-CD (method B in Scheme 2), and 
by the direct condensation be tween the oxidized graph-  
ite and ~-CD using dicyclohexylcarbodiimide, but  these 
=-CD-CME's did not show good results. Therefore, the 
following discussion is concentrated on the =-CD-CME 
obtained via method A. 

Results and Discussion 
F, SCA results.--Figure 1 shows wide ESCA spectra of 

the oxidized graphite, the reduced graphite, the a-CD- 
CME, and a-CD on a silicon chip. There are strong 
peaks of O ls at 532 eV and C ls at 285 eV on the oxi- 
dized graphite, which are almost the same as those 
obtained for glassy carbon baked in air (13). No peak 
either for Cr or for K from K2Cr207 appears. In  the 
ESCA spectra of other types of graphites, no peaks, 
except O ls  and C ls, were observed. Higher resolution 
ESCA spectra of O ls on the above three types of 
electrodes and the a-CD on silicon chip are shown in 
Fig. 2. The relat ive peak height of O ls on the reduced 
graphite was lower than that  on the oxidized one, 
indicat ing that some amount  of oxygen atoms on the 

~ _ _ ~ ~  C is 

L 

_1 

_ I ~ - .  d 
i I I I I I I 

600 400 200 0 

Binding Energy , eV 

Fig. 1. ESCA spectra of the ~-CD on ~licon chip (a), the ~-CD- 
CME(A) (b), the oxidized (c), and the reduced (d) graphite 
electrodes. 
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Fig. 2. O ls ESCA spectra of the ~-CD on silicon chip (a), the 
a-CD-CME(A) (b), the oxidized (c), and the reduced (d) graphite 
electrodes. 

oxidized graphite was removed by the reduction with 
LiA1H4. On the other hand, the in tensi ty  of the peak 
was increased by the chemical modification of the Oxi- 
dized graphite with a-CD. The enhancement  in the 
peak in the spectrum of the a-CD-CME is a t t r ibuted to 
the oxygen atoms in the a-CD molecule immobilized 
on the electrode surface. This is reinforced by the r e -  
sults of the wide ESCA spectrum of the a-CD on 
silicon chip as shown in Fig. 1, i.e., the O ls peak is 
large compared with the C ls  peak. A slight shift of 
the O ls peak on the a-CD-CME toward a higher b ind-  
ing energy side was also observed. It  is, however, diffi- 
cult to assign the chemical shift since the shift was too 
small; furthermore,  various types of oxygen atoms, 
including contamination,  exist on the graphite surfaces. 
The changes in higher resolution ESCA spectra of C ls 
for the same kind of samples used in O ls  ESCA mea-  
surements  are shown in Fig. 3. By performing chemical 
modification of ~-CD on the oxidized graphite surface 
via method A, a small  peak appeared at a higher b ind-  
ing energy side (ca. 287 eV) of the main  peak at 285 
eV. The peak at ca. 287 eV could not be observed in the 
spectra of the oxidized and the reduced graphites. The 
small  peak may be a t t r ibuted to the carbon atoms in 
a-CD immobilized on the graphite surface, since, in the 
C ls ESCA spectrum of the ~-CD on silicon chip, the 
ma in  peak appeared at the same binding energy. This 

b 

a 

d 
! I I 

295 290 285 

Binding Energy , eV 

Fig. 3. C ls ESCA spectra of the ~-CD on silicon chip (a), the 
a-CD-CME(A) (b), the oxidized (c), and the reduced (d) graphite 
electrodes. 

chemical shift in the C ls peak is accounted for by 
considering the charge (14) on every carbon atom in 
a-CD molecule which adjoins oxygen atoms" of high 
electronegativity.  In comparison of the present  results 
with the previous one on , -CD-CME (via ether bond-  
ing) (7), ~-CD can be more easily introduced by the 
ester l inkage than by the ether l inkage because the 
peak at 287 eV was observed as only a small  shoulder 
in the C ls ESCA spectrum of the ~-CD-CME (via 
ether bonding) .  The ~-CD-CME's prepared by the 
ester-exchange reaction and by the direct condensation 
showed no peak at 287 eV in the.C ls ESCA spectra. 

Chlorination of anisole.---The anodic chlorination of 
anisole using various types of electrodes was carried 
out at a Constant potential. Excellent  yields of mono-  
chloroanisoles were observed for all cases. The current  
efficiencies of the electrolyses were wi thin  a range of 
40-60%, and the values were almost independent  of 
the surface derivatizations. Although most of the re-  
action products at low conversion of anisole were 
monochloroanisole isomers, the yield of m-isomer was 
only a trace amount.  The results in the absence and 
presence of ~-CD in solution are summarized in Table 
I. The p/o ratio on the oxidized graphite in the present  
s tudy was slightly higher than that  observed in the 
previous one (7). This might  be a t t r ibuted to the 
difference in the surface properties of the graphite 
plate used. The electrode potential  seemed to have some 
influence on the p/o ratio. The ratio on the reduced 
graphite electrode was higher than that  on the oxidized 
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Table I. The anodic chlorination of anisole in the absence and 
presence of ~-CD in solution a 

Table III. The anodic chlorination with the ~-CD-CME and 
with the a-CD-AE a 

Run 

[a  -- CD] Yield of Yield of 
x 10 ~ Conver-  monochlo-  Re- Conver-  monochlo-  
(M) sion (%) p / o  b r ides  (%)~ m a r k  Run Anode  sion (%) p /o  r ides  (%) R e m a r k  

1 0 4.1 4.2 83 d 
2 0 0.9 3.5 84 
3 0 3.4 2.8 
4 1.0 4.8 27 89 
5 1.O 13 20 80 

a S t a n d a r d  e lect rolyt ic  condi t ion was  the  fol lowing excep t  as 
ind ica ted  in the  co lumn  of r e m a r k s :  e lec t rode ,  oxidized g raph i t e ;  
e l e c t r o d e  potent ia l ,  1.20V vs. SCE; e lec t ro ly te ,  0.SM NaC1; temp. ,  
20~ 

b Ratio of p- to o-isomer formed in the electrolysis. 
c Yield of monochlorides out of all products. 
d Ele.etrode, reduced graphite; electrode potential, 1.10V vs. 

SCE. 
e Electrode potential, 1.10V vs. SCE. 

Electrolyte, 0.5M HC1. 

one; however, the ratio decreased with repetit ion of 
electrolyses owing to the oxidation of electrode sur-  
face. The addit ion of ~-CD to the solution made the 
p/o  ratio become high. This indicates that p-isomer was 
formed with considerably high selectivity in the 
presence of a-CD in solution, because the o-position of 
anisole is blocked by the inner  wall  of a-CD (6, 7, 15). 
Nevertheless only 54% of anisole was included in ~-CD 
in bulk  solution [as the dissociation constants for a- 
CD-anisole and ~-CD-C1- complexes are 3.75 X 10-~M 
(8) and 3.9 • 10-1M (16), respectively], high selec- 
t ivity was observed in the presence of a-CD in solution. 
This is main ly  due to the fact that the chlorination 
rate of the included substrate is rapid compared with 
that  of the free substrate  (8). Another  probable cause 
for this observation is higher concentrat ion of a-CD at 
the electrode surface due to adsorption compared with 
that in bulk  solution. 

The homogeneous chlorination of anisole by NaOC1 
in an acidic medium proceeded very fast. Table II 
shows the results. The p/o ratio in this chlorination in 
the absence of CD showed lower values than those ob- 
served in  lhe anodic chlorination. By the addition of 
~-CD to the reaction solution, the ratio was increased. 
However, the ratio was not high as that observed in the 
anodic chlorination in the presence of a-CD in solution. 
In  the anodic chlorination, the concentrat ion of ~-CD 
at the electrode surface may be higher than that in 
bulk' solution, so that p-posit ion chlorination proceeds 
effectively at the electrode since ~-CD can promote the 
chlorination of the included anisole (8). Increasing the 
concentrat ion of NaOC1 in solution in the homogeneous 
reaction resulted in a decrease in the yield of mono- 
chlorides accompanied by an increase in the yields of 
di- and trichlorides. 

The results of the anodic chlorination of anisole with 
the a-CD-CME and the ~-CD-AE are summarized in 
Table III. By performing chemical modification and 
adsorption of a-CD on the oxidized graphite surfaces, 
the p/o  ratio increased. In  particular,  in the case of the 
a-CD-AE, the ratio exceeded 25, which indicates ti-iat 
the p- isomer was formed in more than 96%. The a-CD- 
CME also showed a high p/o  ratio of 18 at 1.10V vs. 

Table II. The homogeneous chlorination of anisole at 
room temperature 

Run 

[NaOC1] Yield of  Yield of Yield of 
• 10 ~ Conver-  monochlo-  diehlo- tr ichlo- 
(M) sion (%)  p / o  r ides  (%) r ides  (%) r ides  (%) 

1 0.5 28 1.7 93 6 
2 1.0 55 1.8 92 7 
3a 1.0 60 6.7 93 6 
4 5.0 99 4.7 2 97 
5 50 100 57 31 

�9 Resul t  in t h e  p r e s e n c e  of  a-CD in solution.  

1 a-CD-AE 1.0 25 84 b 
2 a-CD-CME 2.1 18 83 
3 a-CD-CME 3.2 10 84 d 
4 a-CD-CME 2.9 6.3 87 
5 ~-CD-CME 10 5.7 86 
6 a-CD-CME 61 2.7 
7 a-CD-CME 1.7 10 �9 
8 a-CD-CME 5.3 5.3 86 f 

9 c~-CD-CME 0.4 4.3 85 g 
10 c~-CD-AE 0.5 3.7 82 s 

S t a n d a r d  e lect rolyt ic  condi t ion w a s  the  fol lowing except  as 
indica ted  in the  co lumn  of r e m a r k s :  e lec t rode  potent ia l ,  1.20V 
vs. SCE; e lect rolyte ,  0.SM NaCI; t emp. ,  20~ 

b Elec t rode  potent ia l ,  1.10V vs. SCE. 
o Result  be fo re  t h o r o u g h l y  wash ing  wi th  wa te r ;  e lec t rode  po- 

tent ia l ,  1.10V vs. SCE. 
d F r o m  this resul t ,  t he  t u r n o v e r  n u m b e r  of  the  immobi l ized  

~-CD m a y  be >16 ~. In  o r d e r  to obta in  the  t u r n o v e r  n u m b e r ,  
the  su r face  concen t ra t ion  of immobi l ized  ~-CD was  d e t e r m i n e d  
by the  capac i tance  m e a s u r e m e n t  of the  ~-CD-CME since the  o ther  
m e t h o d s  such as cyclic v o l t a m m e t r y  and ESCA w e r e  not  sui table  
for  the  ~-CD-CME. A l though  the  m e t h o d  is not  accura t e  enough,  
the  su r face  concen t ra t ion  of a-CD was ro u g h ly  e s t ima ted  to be  
10-1o-10 -11 m o l / c m  ~. T h e  t u r n o v e r  n u m b e r  was  ob ta ined  on the  
assumpt ion  tha t  the  d i f ference  in the  P/O ra t io  on the  oxidized 
g raph i t e  and on the  ~-CD-CME was  a t t r i bu tab le  to the  immo-  
bilized a-CD on the  a-CD-CME. 

Temp . ,  5~ 
Elec t ro ly te ,  O.SM HC1. 

g Resul ts  a f t e r  the  t r e a t m e n t  by I~CreO~ for  2 hr.  

SCE. However, the ratio seems to contain the contr ibu-  
tion of adsorbed , -CD on the ~-CD-CME. The p/o ratio 
on the , -CD-CME became 10 by dipping the electrode 
in water for several days. Consequently, the difference 
in  the p/o  ratio observed before and after the immer-  
sion would be due to desorption of the adsorbed a-CD 
on the ~-CD-CME. The electrode potential  has an in-  
fluence on the p/o ratio. The ratio on the ~-CD-CME at 
1.20V vs. SCE was lower than that observed at 1.10V 
vs. SCE. At high electrode potential, the relative con- 
t r ibut ion of the chlorination of free anisole becomes 
large compared with that of included anisole in ~-CD's 
cavity, since the concentrat ion of HOCI at the elec- 
trode surface becomes high. Accordingly, the ratio is 
considered to be low at high potentials. Increasing the 
conversion of anisole resulted in a decrease in the p/o 
ratio. This decrease in the ratio is in terpreted as due to 
the inhibi t ion effect of chloroanisoles on the inclusion 
of substrate in the cavity of ~-CD. The dissociation 
constants for ~-CD-p-chloroanisole and ~-CD-o- 
chloroanisole complexes are 3.3 X 10-4M and 2.6 X 
10-3M, respectively. These values are sufficiently small 
compared with that for a-CD-anisole complex (3.75 X 
1O-SN[). 

Inhibi t ion is more pronounced with p-chloroanisole. 
At the ini t ial  stage of the electrolysis, the concentrat ion 
of the monochlorides in the vicini ty of the electrode 
surface is low, so that  the inhibi t ion effect is small. 
After  a long electrolysis, the effect becomes large due 
to the increase of the concentrat ion of monochlorides at 
the electrode surface. The tempera ture  dur ing the elec- 
trolysis also affected the regio-selectivity. When the 
electrolysis was carried out at 5~ the p/o ratio was 
observed to be 10 which was higher than  the 6.3 value 
observed at 20~ This phenomenon must  be a reflec- 
tion of the thermodynamic  na ture  of a-CD complex in 
which CD includes substrate(s)  more easily at low 
temperature  (13). The dependence of the ratio on the 
temperature  was also observed in the anodic chlorina-  
tion of anisole in the presence of f~-CD in solution (7). 
The p/o  ratio on the (~-CD-CME using HC1 as the sup- 
port ing electrolyte did not show a largc discrepancy 
with that using NaC1. When the a-CD-CME and the a-  
CD-AE were treated with I ~ 2 C r 2 0 7  for 2 hr, the ratios 
decreased to 3.7 and 4.3, respectively, owing to the 
el iminat ion of a-CD on the electrode surfaces by the 
oxidative degradation. 
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Chlorination of to luene . - -The  anodic chlorination of 
toluene also resulted in the format ion of chlorotoluene 
isomers. Benzyl  chloride fo rmed  by the s ide-chain 
chlorination could not be detected. The results are 
summarized in Table IV. In this chlorination, the p/o  
ratio on the oxidized graphi te  electrode at low conver-  
sion showed ca. 0.5 which is almost a statistical ratio of 
p-  to o-positions. This tendency was also observed in 
the homogeneous chlorination of toluene by NaOCI in 
an acidic medium. From these results, it seems that 
there is nearly no difference in the reactivity between 
o- and p-positions of toluene toward the chlorination 
by HOCI. The p/o ratio on the oxidized graphite be- 
came large with the addition of =-CD to the solution. 
However, the ratio in this case was not as high as that 
observed in the anodic chlorination of anisole in the 
presence of ~-CD in solution. As the dissociation con- 
stant of ~-CD-toluene complex is ca. 3 • 10-~M, there  
is no significant difference in the values be tween ~- 
CD-toluene  and a-CD-anisole  complexes. However,  the 
abi l i ty  of a-CD to the regio-se lec t iv i ty  was grea t ly  
different be tween both compounds. The difference be- 
tween p-posi t ion of toluene and the catalytic site of 
~-CD, C-3 hydroxyl  group, may be long compared with 
a-CD-anisole  complex. The anodic chlorination in the 
presence of ~-CD in solution showed a higher  selec- 
t iv i ty  than the homogeneous one. With the ~-CD-CME, 
the p/o  ratio became large compared with  that  ob- 
served before the modification, al though the ratio was 
not as high as that  observed in the presence of ~-CD in 
solution. The ratio was gradual ly  decreased with  in- 
creasing the conversion of toluene due to the inhibit ion 
effect of chlorotoluenes. High yields of monochlorides 
were  observed in this reaction, and current  efficiencies 
of the electrolyses ranged f rom 40 to 60%. No signifi- 
cant difference in the yields and the current  efficiencies 
was observed among three conditions, i.e., in the ab-  
sence of CD, in the presence of =-CD in solution, and in 
the presence of immobil ized ~-CD on the electrode 
surface. 

Chlorination of chlorobenzene . - -The  results of the 
anodic chlorinat ion of chlorobenzene, together  with 
those of the homogeneous chlorination, are summarized 
in Table V. The p/o  ratio observed on the oxidized 
graphi te  electrode became large by the addition of 
~-CD to the solution. However,  the increase in the ratio 
by  the addit ion of a-CD in this case was not large com- 
pared with the trends observed in the anodic chlor ina-  
tion of an:sole and toluene. This is mainly  caused by 
the low complex format ion of chIorobenzene wi th  a-CD 
since the dissociation constant for a-CD-chlorobenzene 
complex is ca. 1 X 10-2M which is ca. three times 
larger  than those for a-CD-anisole  and =-CD-toluene 
complexes. The current  efficiencies i n  these cases were  
only 1-2%, and the conversions of chlorobenzene in the 
homogeneous  chlorinat ion were  less than 4%, even in 
the same react ion t ime as the chlorinations of anisoie 
and toluene. F rom these results, the chlorination rate  
for chlorobenzene by HOC1 seems to be ve ry  slow. 
This is also considered to be one of the reasons for this 
low regio-select ivi ty .  The p/o  ratio on the ~-CD- 

.o 
Table IV. The anodic chlorination of toluene 

Yield of 
Conver .  monochlo- 

Run Anode sion (%) P/o rides (%) 

1 Oxidized 5.2 0.53 
$ Oxidized 24 0.46 90 
3 Oxidized 56 0.42 
4" Oxidized 4.3 2.2 
5 r 4.3 {).81 
6 a-CD-CME 18 0.55 94 
7 a-CD-CME 30 0.48 95 

cf. homogeneous chlorination 
8 -- 58 0.47 95 
9 �9 - -  53 1.1 95 

a Results in the presence of 1.0 x 10-sM a-CD in solution. 

Table V. The anodic chlorination of chlorobcnzene 

Yield of 
Conver- monochlo- 

Run Anode sion (%) p/o r ides  (%) 

1 Oxidized 3.0 1.8 95 
2 a Oxidized 2.2 2.3 90 
3 ce-CD-CME 3.7 1,9 95 

cf. h o m o g e n e o u s  chlorination 
4 -- 3.7 1.8 95 

5a -- 0.8 2.3 95 

Results in the presence of 1.0 x 10-~M =-CD in solution. 

CME(A)  was almost equal  to that  observed on the 
oxidized graphite,  indicating that immobil ized a-CD on 
the electrode surface had ve ry  l i t t le contr ibut ion to the 
regio-select ivi ty.  Because of the low chlorination rate,  
the chlorinat ion would proceed in bulk solution in this 
case, so that  , - C D  on the electrode surface could not 
affect the chlorination position of chlorobenzene. 

Stabil i ty  of the  a -CD-CME(A) . - -F ina l l y ,  we exam-  
ined the stabil i ty of the a-CD-CME (A) toward repet i -  
tion of electrolyses. The results of occasional anodic 
chlorination of an:sole wi th  the a -CD-CME and the 
, -CD-AE,  both dipped in distilled water,  are shown in 
Fig. 4. The ~-CD-AE showed a high regio-se lec t iv i ty  at 
the init ial  stage of the immersion,  but  the p/o  ratio 

g r a d u a l l y  fell  wi th  increasing immersion time. After  
17 days, the ratio on the a -CD-AE reached below 6 be- 
cause of the desorption of the ~-CD f rom the electrode 
surface. On the other  hand, the adsorbed ~-CD on the 
reduced graphite was removed wi th  ease by washing 
with  wate r  (7). The difference in these phenomena 
observed on the oxidized and the reduced, graphites 
may  imply that  there  is a specific interaction, al though 
unknown, be tween  the adsorbed a-CD and functional  
groups on the oxidized graphi te  surface. The ratio on 
the a -CD-CME was also decreased within  a few days to 
ca. 10, owing to the desorption of the adsorbed a-CD 
on the electrode surface, but the value, ca. 10, was 
mainta ined even after  a month  of immersion in water:  
These results indicate that  the ester l inkage on t h e  ~- 
CD-CME was considered to be re la t ive ly  stable, al-  
though the .a-CD on the ~-CD-CME was removed by 
t rea tment  wi th  a strong oxidant  such as K2CreOT. The 
~-CD-CME had an advantage  f rom a v iewpoint  of 
stabil i ty over  the ~-CD-AE (al though the former  was 
infer ior  to the la t ter  in the regio-se lec t iv i ty  at the 
ini t ial  stage).  

Conclusions 
The ~-CD-CME (via ester bonding) as well  as the 

~-CD-AE showed regio-select ivi t ies  in the anodic 
chlorinations of an:sole and toluene. However,  the 
regio-select iv i ty  observed in the chlorination of toluene 
wi th  the ~-CD-CME was lower  than that  observed in 
the chlorinat ion of an:sole, a l though the binding 
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Fig. 4. Time dependence of p/o ratios of chloroanisole isomers 
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abil i t ies  of ~-CD for both subst ra tes  are  a lmost  equal.  
This indicates  that  the distance be tween  the p-pos i t ion  
of toluene included in a-CD and the catalyt ic  site of 
a-CD, C-3 hyd roxy l  group, may  be longer  than  that  in 
the  ~-CD-anisole  complex. In the chlor inat ion of 
chlorobenzene the reg io-se lec t iv i ty  on the ~-CD-CME 
could not be observed,  p robab ly  due to the slow chlor-  
inat ion rate.  The aromat ic  subs t ra te  subst i tuted by an 
e lec t ron-donat ing  group is necessary to a t ta in  a cer tain 
regio-se lec t iv i ty  in this reaction. The regio-se lec t iv i ty  
in the anodic chlor inat ion with  the ~-CD-CME may be 
also affected by  the or ienta t ion of immobi l ized ~-CD 
on the e lect rode surface as wel l  as by the surface con- 
cent ra t ion  of a-CD. It  is, however ,  difficult to de te rmine  
the number  of ester  l inkage be tween the oxidized 
e lect rode surface and one , - C D  molecule  and which 
of the hyd roxy l  group in , -CD,  p r i m a r y  or secondary  
hydroxy l  group, is bound to the electrode surface. The 
~-CD-CME revea led  to have considerable  s tab i l i ty  
toward  repet i t ion  of the anodic chlorination.  
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Theoretical Approach to the Resistive Behavior 
of Thin Solid Film Electrodes under Direct 

Current Polarization 
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SueursaI 4, CasilIa de Correo 16, 1900 La P$ata, Argentina 

ABSTRACT 

The problem of the potential distribution along a thin metal film electrode 
under d-c polarization is reconsidered assuming that the electrode process 
fits a Butler-Volmer current-potential relationship and that the potential 
within the electrode can be linearized. The solution of the potential dis- 
tribution along the film is applied to develop the theory of the method of 
electrode resistivity measurement in the presence of a faradaic electrochem- 
ical process. The possibility of coupling between the faradaic and measuring 
currents within the electrode is taken into account. Under the assumption 
of not too high electrochemical currents, this coupling effect is found to be 
negligible. An equation is obtained from which it is possible to evaluate the 
resisivity of the film. 

Thin film electrodes are  receiving increas ing a t t en -  
t ion since the advent  of t r anspa ren t  e lect rodes  (1) 

1 P r e s e n t  address:  Case Laborator ies  f o r  E l e c t r o c h e m i c a l  Re- 
s e a r c h ,  Case W e s t e r n  R e s e r v e  Univers i ty ,  Cleve land ,  Ohio 441(16. 

K e y  words:  e l e c t r o d e  res is t iv i ty ,  thin m e t a l  f i lm e l ec t rode ,  
e l e c t r o d e  potent ia l  distr ibution.  

and thei r  appl ica t ion  to the s tudy  of different  e lec t ro-  
chemical  react ions (2, 3). 

I t  is wel l  known tha t  when the thickness  of a metal 
film is smal le r  than  the mean - f r ee  pa th  of the  con- 
duction electrons  inside the metal ,  i ts  e lect ronic  con-  
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duc t iv i ty  is d iminished  (4, 5). This thickness depend-  
ence of the conduct iv i ty  can be accounted  for  in te rms 
of the Fuchs -Sondhe imer  model  (5). When  ions or 
neu t r a l  molecules  f rom a gaseous phase  are  adsorbed  
on such a thin film, the decrease  in conduct iv i ty  is 
enhanced (5). This phenomena  has been appl ied  to 
the s tudy  of the adsorp t ive  behav ior  of molecules  
f rom gas phase (5) and, in recen t  years,  i t  has also 
been appl ied  to the s tudy  of adsorpt ion  of ions and 
molecules,  and the e lec t rosorpt ion  of molecules  and 
in te rmedia tes  of e lec t rochemical  react ions  (6-15).  In  
this case one is ma in ly  concerned wi th  the conduct iv-  
i ty  changes produced  as the poten t ia l  difference at 
the me ta l  solut ion in ter face  is changed.  

Two m a j o r  phenomena  are  involved  in the po ten-  
t ia l  dependence  of the res is t iv i ty  change of a thin 
meta l  film e lec t rode  (11, 13). The first is associated 
wi th  the change of the concentra t ion of the  e lect r ica l  
car r ie rs  (e lectrons)  at  the surface of the  me ta l  as 
the e lect r ica l  s ta te  of the in te rphase  is changed,  g iv-  
ing w a y  to the so-ca l led  field effects (5). These effects 
have been first observed expe r imen ta l l y  by  Anderson  
and Hansen (10) i n  an e lec t rochemical  system. Thus 

t,~ Aq 
-- = -- [I] 

q 

where  ~ is the conduc t iv i ty  and q is the  to ta l  charge  
per  uni t  surface, of the carr iers .  

The second is due to t h e  format ion  of the adsorp-  
t ive bond  tha t  pe r tu rbs  the e lec t ron veloci ty  d is t r i -  
but ion in the film and thus changes the conduct iv i ty  
(5). I t  m a y  als0 be considered,  in terms of Sond-  
he imer ' s - l i ke  models, by  the format ion  of d ispers ion 
centers  at  the surface of the me ta l  tha t  changes the 
specular i ty  p a r a m e t e r  of the surface (16). In  this 
case 

h~ An 
-- = = - -  [2] 

where  n is the coverage by  the adsorbed  species and 
a is a p ropor t iona l i ty  constant.  

The change of res is t iv i ty  can, in pr inciple ,  p rovide  
informat ion  about :  (i) changes of the e lect r ica l  s tate 
of an idea l ly  polar izable  i n t e r f a c e ;  (ii) changes of 
the  amount  of adsorbed  species a n d / o r  changes of 
the n a t u r e  of the adsorpt ion  bond; and (iii) i n fo rma-  
tion comPlementa ry  to modula ted  spectroscopy since 
as is wel l  known the rea l  component  of the complex 
conduct iv i ty  is d i rec t ly  re la ted  to the i m a g i n a r y  pa r t  
of the complex re f rac t ive  index  (17), 

The expe r imen ta l  technique,  which  has a l r eady  
been app l ied  to different  e lec t rochemical  systems 
(6-14), measures  the Change o f  res is tance along the 
length  of :the th in  film e lec t rode  whi le  app ly ing  d -c  
polar iza t ion  at  the midpo in t  of the film. Fo r  this 
purpose  e i ther  a - c  or d-c  resis tance br idges  as wel l  
as d-c  polar iza t ion  methods  have been used (6-10, 
13, 14, 16, 18, 19) (see Fig. 1). F rom the expe r imen ta l  
point  of v i e w ' t w o  cases could be dis t inguished:  (i) 
a t  the potent ia l  of adsorpt ion  the e lect rode behaves  
as an idea l ly  polar izable  in te rphase  and (ii) fa rada ic  
cu r ren t  flows dur ing  the resis tance measurement .  The 
first case poses no special  requ i rements  on the re -  
s is tance measurement .  In  the  l a t t e r  the  f a rada ic  
cur ren t  genera tes  a p.d. at  the ex t remes  of  the film 
which adds to tha t  due to the res is tance measur ing  
device. Thus, when a fa rada ic  cur ren t  flows th rough  
the thin f i lm-e lec t ro ly te  interface,  a potent ia l  drop 
along the thin film e lec t rode  is p roduced  due to the  
thin film resistance.  This causes a potent ia l  d i s t r ibu-  
t ion which  depends,  in pr inciple ,  on the cu r ren t -  
po ten t ia l  re la t ionship  governing  the e lec t rochemical  
process. On the o ther  hand, when the res is t iv i ty  of 
the thin film is measured,  an addi t iona l  "measur ing"  

I potentiostat ._~ 

L 
i I? current 

$ouPce 

volt meter  

reFerenc~ e lec trode  

bin Film working electrode 

current 

follower 

Fig. I. Circuitry to measure the resistance of an electrode in the 
presence of faradaic current. 

cur ren t  is fed along the e lec t rode  which m a y  couple 
wi th  the fa rada ic  current .  In  o rde r  to obta in  the re -  
s is t ivi ty of the  electrode,  the  polar iza t ion  ( faradaic)  
cur ren t  contr ibut ion  to the potent ia l  difference due to 
the measur ing  cur ren t  mus t  be  negligible,  

The potent ia l  d is t r ibut ion  p rob lem of a wire  sub-  
jec t  to a constant  ex t e rna l  cur ren t  assuming a l inea r  
cur ren t  potent ia l  re la t ionship  for the e lec t rode  p ro -  
cess was cons idered  by  H a r v e y  (20). 

Conway et  at. (21) have t rea ted  the poten t ia l  d is-  
t r ibut ion  p rob lem of a wire  of length  L assuming a 
Tafel  re la t ionship,  i.e., high overpotent ia ls ,  and tha t  
the p.d. wi th in  the e lect rode can be l inear ized.  These 
authors  did  not  consider  the value  of the cur ren t  a t  
the end of t h e w i r e  (x --  L)  thus leav ing  the po ten-  
t ia l  along the Wire (pa r t i a l ly )  unde t e rmined  {see 
Eq. [10] and [12a] of Ref. (21)}. F u r t h e r  inconsis t -  
encies if L --  oo were  poin ted  out  by  Rangara jan ,  
Dignam, and Conway (22). The l a t t e r  ex tended  the 
ment ioned  t r ea tmen t  to any va lue  of the p.d. wi th in  
the e lec t rode  under  the assumption of equal  anodic 
and cathodic Tafel  slopes obta in ing a formal  solu-  
tion in terms of Jacobi 's  e l l ipt ic  functions.  Thus, the 
solut ion must  be ca lcula ted  numer ica l ly  for each pa r -  
t icular  case. Other  approaches  consider  the  e lect rode 
divided in discrete  port ions (18, 23), This al lows one 
to handle  more  genera l  cu r r en t -po ten t i a l  r e la t ion-  
ships. Since this t r e a tmen t  leads to numer ica l  solu-  
tions they  wil l  not  be considered in the presen t  work. 

On the other  hand, the theory  of the res is tance 
measuremen t  was considered by  Sut ton and Dick in-  
son (12) who obta ined  an equat ion for  the p.d. at  the 
ex t remes  of a thin film e lec t rode  in the presence o f  
a measur ing  cur ren t  and assuming a l inea r  cu r r en t -  
potent ia l  relat ionship.  However ,  the i r  resul ts  a re  not  
phys ica l ly  sound since the p.d. be tween  the ends of 
the film does not  reduce to the s imple  Ohm's l aw in 
the absence of the  fa rada ic  process (see Eq. [1], Ref. 
(12)}. 

This short  analysis  shows the convenience of r e -  
considering both the potent ia l  d is t r ibut ion  p rob lem 

a n d  the theory  of e lec t rode  resis tance measurements .  
Here we wil l  consider  an e lec t rochemical  reac t ion  
tha t  fits a Bu t l e r -Vo lmer  cu r ren t -po ten t i a l  r e l a t ion-  
ship. Mass t ransfer  complicat ions are  assumed neg-  
ligible. I t  wi l l  also be assumed tha t  the  p.d. wi th in  
the thin film can be l inearized,  i.e., i t  is smal le r  than  
RT/oF .  This assumption,  as shown below, is wel l  
just if ied for thin film electrodes.  The equat ions de -  
r ived  f rom the presen t  t r ea tmen t  can be s t r a igh t -  
fo rward ly  appl ied  to the in t e rp re t a t ion  of the  thin 
film e lec t rode  resis tance measurements  under  d-c 
polar izat ion.  

T h e  Potent ia l  Distr ibut ion Problem 
Let  us first consider a homogeneous  and isotropic 

film on an iner t  substrate ,  of thickness  h, w id th  D, 
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height l, and resistivity p. One of the film faces of 
area s = Dl, is exposed  to the electrolytic solution. 
The bottom of the film (see Fig. 2) (x -- t), which 
is in contact with the polarization (electrochemical) 
current ,  Ip, measur ing device, is grounded. Ip results 
from the integrat ion of ix, the local cur ren t  density 
at the point  x over the whole surface area 

s I I v = i=ds = D ixdl [3] 

It  is fur ther  assumed that  the polarization cur ren t  
density is given by a But ler -Volmer  relationship 

i=io [exp (.a~F)_exp( ae~IF)] [4] 
k RT R T  

where io is the exchange current  density, a~ and ~c 
are the electrochemical t ransfer  coefficients for the 
anodic and cathodic currents,  respectively, n, is the 
overvoltage and F, R, and T have their usual  mean-  
ings. The C.D. is positive for the anodic reaction and 
negative for the cathodic one. 

Inside the film a positive current  flows from points 
of' higher to lower potential. However, for a positive 
current,  the overpotent ial  n~ at the point  x is smaller  
by V~, the potent ial  difference from the point  x to 
the bottom inside the film. Vx (x ---- I) is a rb i t rar i ly  
taken as zero. Thus, the overpotential  at the point  x 
can be wr i t t en  as 

n= = n= (z = Z) - V= [5] 

Taking into account Eq. [5], the local cur ren t  density 
can be wr i t ten  as follows 

i= = io exp R T  

[ ~c(~ -- V=)F 
-- exp _ R-T" ]} [8] 

When Vx is sufficiently small, after expanding the 
corresponding exponential, Eq. [7] results 

i= = a -- bV= [7] 

where a is the current  density (Eq. [4]) at z = 
(V= = O) and 

b =  i~ [ ~ a e x p ( a a n F  
I I  --~--) -- -c exp( acnF ) ] 
RT R T  

[8] 

_h/ 

L 

Ip I 
//7Z F/ 

,,--x=o,v X (x=o),Ip=o 

. .-----A . .- I p , x , V  x 

D 

, . - x = t  ,Vx(X=O=o 
,, 

Fig, 2. 

In the homogeneous thin film Ex, the field s t rength 
is proport ional  to J~, the current  density across the 
film 

d r=  Ip,= 
E = - -  1 = Z~ = " I  [9] 

dx  A 

where A = Dh is the cross section of the film. Ip,=, the 
current  at x can be wr i t ten  as 

s s Ip,= = D ixd= = D (a -- bVx )dx  [10] 

because Ip = 0 at x ---- 0. Thus, after replacing [10] 
into [9], it follows that 

d2V= a2a 
- -- + aV= 

dx~ b 
where 

( p D b )  1/' 

The solution of Eq. [11] is of the type (12) 

[I11 

[12] 

Conditions [14]-[16] are equivalent .  
From the boundary  conditions [14]-[16] it  results 

a 1 
Ci = C~ = [17] 

2b cosh =t 

When Ca is replaced into Eq. [13] one obtains 

a ( c o s h a x )  [18] 
V=--~" l--.coshat 

and the potential at x = 0 is 

V = ( x : O )  ---~- 1 coshat 

A plot of Vx/V(z=o) as a funct ion of x / t  is shown in  
Fig. 3. 

Ip is calculated through Eq. [3] and [18] as 

aD 
Ip = t anh  4 [201 

a 

The parameter  a corresponds to a reciprocal length  
and depends, among other things, on the exchange 
C.D. and the overpotential,  that  is, on the actual  
current  flowing through the interface. For  not  too 
h igh ly  conductive materials  and rela t ively low cur-  
rents is al < 1. In  Fig. 4 at is plotted as funct ion of 
for different values of io. 

Under  the condition at < 1 after expanding in  
series tanh at and neglecting higher order terms, Eq. 
[17] becomes 

Ip ~_ aDl [21] 

Thus, if al < 1, the current  density at any  point  along 

2 Boundary condition [141 implies Ip,~ = O. This is correct since 
mathematically Ip,~ can be considered as a distribution function, 
the corresponding density function being i~ = a cosh ax/cosh 
al which is different to zero even at x = 0. 

V~ = Clea~ + Cae-a= + -~ [13] 

The constants C1 and Ca can be evaluated with the 
boundary conditions 2 

=~ = 0 [141 

and 
V=(x = t) = 0 [15] 

or 
dVx % -- _ P I 

( "-~-x ,' ,=, X" ;' 
[16] 
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Fig. 3. Vx/V= (x = 0) as a function of x/I, io = 10 - 6  A cm -~ ,  
p - -  6.14 • 10 - 8  ~ cm; D = 0.215 cm, I = 1.65 cm, h = 25 
nm, 11 - -  20 mV, 'aa = vec = 0.5. 

the  film is equal  to the cu r ren t  dens i ty  a t  x - -  I. 
Hence, the  poten t ia l  drop  along the film has no in -  
fluence on the cur ren t  dens i ty  d is t r ibut ion.  

On the o ther  hand, a f te r  expand ing  cosh al in Eq. 
[20], i t  resul ts  in 

aD �9 12p = ~ R 
V z ( x  = O) - -  - -  [22] 

2A 2 
where 

R = , ,  [23] 
A 

It  is in te res t ing  to note tha t  Ip/2 is jus t  the  average  
current ,  Ip, over  the e lec t rode  surface of the  po la r i -  
zat ion cu r ren t  Ip as given b y  Eq. [21]. 

Equat ion  [20] is p lo t ted  as VxF/2RT agains t  ~F/2RT 
for different  v a l u e s  of io in Fig. 5. As. ~1 increases,  
VxF/2RT tends to uni ty.  This u p p e r  l imi t  should be 
considered ca re fu l ly  since i t  was assumed V~ < 
RT/aF. Figu re  5 shows, however ,  tha t  for  reasonable  

10 I oLl 

0.8 

1 

0.6 

0.4 

10 .3 

0.2 

03 
,080 ,160 .240 .320 

Fig. 4. al as a function of ~1 for the values of io in A cm - ~  
indicated in the graph. Calculated with the same parameters as 
those indicated in Fig .3. 

1.0L . . . . . .  

162 10 -3 , 

0 ----ry i t | 

0 2 /-, 6 8 10 12 
"q.F 

2RT 
Fig. 5. VxF/2RT as a function of ~IF/2RT for different values of 

io in A cm-2.  Calculated with the same parameters as those 
indicated in Fig. 3. 

values  of io, V= is smal l  even at  r e l a t ive ly  h igh  values  
of TI. 

Notice tha t  Eq. [19] does not  d i rec t ly  re la te  the  
potent ia l  drop along the film wi th  the  polar iza t ion  
cu r ren t  and therefore  can not  be  tes ted e x p e r i m e n -  
t a l ly  unless the  complete  Vx vs. ~ behavior  is m e a -  
sured. Al te rna t ive ly ,  a t  low values  of io and ~1, Eq. 
[22] re la tes  the two expe r imen ta l l y  measurab le  m a g -  

n i tudes  V v and Ip. 

T h e  M e a s u r e m e n t  of the Resistivity C h a n g e  
To measure  the  potent ia l  dependence  of the re -  

sist ivity,  a three  contact  method  is usua l ly  em-  
ployed.  The centra l  contact  is a t  g round  and imposes 
the overvol tage  to the  interface.  A t  the  ex t r emes  
(see Fig. 1) a constant  cur ren t  Im is fed along the 
electrode.  The pr inc ip le  of the  method is to measure  
the potent ia l  drop produced  by  Im which should be 
p ropor t iona l  to the e lect rode resistance.  However ,  the  
fa rada ic  process wi l l  produce an addi t ional  potent ia l  
drop tha t  in ter feres  wi th  the measurement .  The cen-  
t ra l  p rob lem is to inves t iga te  under  wha t  condit ions 
the  l a t t e r  can be d iminished or  comple te ly  e l iminated.  
Therefore,  we wil l  consider  the poten t ia l  d is t r ibut ion  
along the resis t ive e lec t rode  in the presence of a 
super imposed  constant  cu r ren t  Ira. To s t a r t  with,  we 
wil l  t reat ,  b y  simplici ty,  the  two contact  problem,  
The extension to the three  contac t  case is a lmost  
immedia te .  

A c o n s t a n t  cur ren t  Im is in t roduced  at  x --  0 (Fig. 
1) and as before  the ground potent ia l  is ma in ta ined  at 
x = l. I t  is assumed that  effects of co-conduct ion in  
the solut ion can be neglected.  I t  has been shown tha t  
this effect contr ibutes  in the order  of 1% to the  to ta l  
res i s t iv i ty  (6).  

F o r  the constant  current ,  Ira, a cons tant  field Em 
should cont r ibute  to the to ta l  field along the film 

pZm dr= 
E m -  - [~4J 

A d x  

The corresponding poten t ia l  V m at  different  points  in 
the  film var ies  l i nea r ly  according to 

p(Z - -  x ) I m  
V . .  = [25] 

A 

Obviously,  the solut ion to this p rob lem is, in  v i r tue  
of the superposi t ion pr inc ip le  

Vt = V= + v= [me] 
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that is 
a (  cosham ) p(~--  x )  

Vt = ~-  1 cosh =I + A I , .  [27l 

The resul t  of Eq. [27] should be considered as a 
first approximat ion .  We m a y  fu r the r  consider  tha t  
the overpo ten t ia l  n~ comprises both Vz and Vm. By 
mathemat ica l  convenience, currents  flowing opposite 
to the anodic e lec t rochemical  cur ren t  are  t aken  as 
positive. According to [24] and [25] a posi t ive (nega-  
t ive)  value  of Ira will  se t  a Vm value  tha t  should in -  
crease (diminish)  ~ and vice versa.  Then 

~ b : ~ l ( x - - 0 ) - -  (Vz+--Vm.x), for-T-Ira [28] 

and the i= is 

[ (  "} i= = io exp nail1 -- (Vp__ Vm,=)]-~ 

- exp - ~[~ - ( g = _  vm,=l] ~ [291 

where  the  __. sign is chosen accordingly  to -T- I~. 
The field along the film in terms of the potent ial ,  

V, can be wr i t t en  as 

dV p Dp ~ 
E = -- = Im "~" . ]o  i=dx [30] 

d~ E - - / -  
o r  

Imp Dp 
E A = + - ' X -  - - ~ "  "d pDb ~'= 

[31] 

According to Eq. [19] and [25], the solution is 

plm(l--X)  a ( cosh~x  ) 

V = A b 1 cosh =l 

1 

_ _ ~  el 2 3 ~ - - 3  =~cl~ [32] 

where  c = p l J A  and the first t e rm of the rhs  is 
Vm,~, the second is V~, and the las t  two terms r ep re -  
sent  the coupling of the two cur ren t  terms.  When  
x = l, these te rms reduce to __ 1/3 a 2 cl 3, which  is 
of the o rder  of ~ 12 for Im ~ 1 A. As in genera l  al < 1, 
the in terac t ion  of the two currents  is a second-order  
correct ion t e rm and can, therefore,  be neglected.  

The three  contact  method  provides,  in pr inciple ,  a 
way  to eva lua te  the res is t iv i ty  wi th  only one mea -  
surement .  In this case the polar iza t ion  cur ren t  is de-  
t e rmined  in the middle  of the film (Fig. 6). A t  the 
exper imen ta l  midd le  point, the film comprises one 
por t ion  of length  l, and another  of l ength  l (1 -t- g) ,  
where  0 < g < 1. Consequently,  Ip is d iv ided  into two 
contr ibut ions  I i  = yI v in the upper  half  of the  film 
and (1 --  y)  I v : I2, in the lower  half  of the film 
(Fig. 5), where  0 < y < 1. The factor  y can be cal-  
cu la ted  f rom [10] and [20] 

[(1+0)~ ( a -  bVx)d~c 
1 Ip ~' ~ 

- -  - -  2 -~ [33] 
y I1 aD 

t anh  al 
Od 

Af te r  tak ing  into account Eq. [19] in to  [33], i t  r e -  
sul ts  

1 1 
c o s h - -  [a/(1 -~- g)-~ ~l] s i n h - - ~ l g  

1 2 2 
- -  -- 2 -F 2 [34] 
y sinh ~l 

The potent ia l  d is t r ibut ion  is ob ta ined  by  apply ing  
to each half  of the film the resu l t  of Eq. [27], V1 for 
the upper  half ;  and V~ for the  lower  one. Thus 

/ 
J/ 

t 

T 
L 

i p 

~ Xl=~, Vl,0 

1 Ipy ~ x,= L, x2=l ~l~,V. n 
t 

(F~P ~ x2= ~ , V2,0 

IR 

Fig. 6. 

a ( c o s h a l x )  p ( I - - x )  
Vi -- -~- 1 cosh al l  "~ A Im [35] 

and 
a ( cosha2x ) p[l ~- g)-- x] 

V2 : -~- 1 --  cosha2/(1 -t- g) - -  A Im 
[36] 

where  
~1 = ~YY=, ~ = =(1 --  y)'/= [37] 

F r o m  [35] and [36], the potent ia l  difference be-  
tween the ex t remes  of the film are  

( i ~ V ) 1  - V1(x = O) - Vs (x  = 0 )  

a [ 1 1 ] , ( 2 1 + g ) i m  
b cosh a21(1 -t- g) cosh azl A 

If the direct ion of the cur ren t  Im is r eve r sed  

(lh~V)~ = ~.- cosh a2/(1 -t- g) 

1]  
cosh al l  

[ 3 8 ]  

then, f rom [38] and [39] i t  resul ts  

( la~V)l  -t- (la2V)~ 

2 o[ 1 

b cosh ~2l(1 + g) 
1 ] [403 

cosh ~il 

Equat ion [40] gives only  the poten t ia l  due to the 
faradaic  process. The difference 

(1A~V)I --  (iA2V)2 p (2 /~-  g) 
= i ~  [4i]  

2 A 

Thus, the conduct iv i ty  of the film free f rom the effect 
of the faradaic  process can be de te rmined  through  
Eq. [41]. 

Equat ion [41] differs f rom tha t  p rev ious ly  obta ined 
(12) in that,  besides the sign, i t  does not  depend on 
the polar iza t ion  parameters ,  thus e f fec t ive ly  a l lowing 
one to de te rmine  the res is t iv i ty  changes in the  p res -  
ence of a fa rada ic  process. 

Equat ion [39] implies,  in ag reemen t  wi th  previous  
resul ts  (12), tha t  as g tends to zero, the va lue  of V 
corresponds exclus ive ly  to the  res is t ive  contr ibut ion.  
This would  a l low the evalua t ion  of p wi th  only  one 
measure  of IA2V. 

C o n c l u s i o n s  

Assuming tha t  the p.d. along the e lec t rode  can be 
l inearized,  a solution to the poten t ia l  d i s t r ibu t ion  for  
a res is t ive electrode,  val id  for  both  anodic and ca th-  
odic currents ,  is obtained.  This is a genera l iza t ion  of 

p(2~ + g) 
Im [39] 

A 
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previous  resul ts  and free f rom the inconveniences  
po in ted  out  in the in t roduct ion.  

When  the app l ied  overpo ten t ia l  is sufficiently small ,  
the C.D. equals  the polar iza t ion  cur ren t  d iv ided  by  
the e lec t rode  a rea  and the p.d. in the film follows a 
s imple  Ohm's l aw re la t ionship  which  involves ~the 
average  cur ren t  in the  film. 

The theory  of the  method  to obta in  the res is t iv i ty  
change of an e lec t rode  is developed.  Fo r  not  too high 
e lec t rochemical  and measur ing  currents ,  the coupl ing 
be tween  them can be ignored.  Under  these condit ions 
the  p.d. be tween  the ex t remes  of the film in the three  
contact  method  can be spl i t  and  the ohmic con t r ibu-  
t ion de termined.  The l a t t e r  al lows the eva lua t ion  of 
the res i s t iv i ty  of the e lect rode if the dimensions of 
the film are  known. Al te rna t ive ly ,  if the film does 
not  dissolve, the change of res is t iv i ty  wi th  overpo-  
ten t ia l  can be obta ined  f rom the change of resistance.  
If the film is symmet r i c  wi th  respect  to the  cent ra l  
contact, one measure  of the p.d. a t  the  ex t remes  wil l  
suffice to obta in  the resistance.  Since these points  
have  not  been seemingly  t aken  into account before,  
previous  resul ts  concerning res is t iv i ty  changes in the 
presence of fa rada ic  cu r ren t  should be considered 
carefu l ly  if no o ther  means  have  been  employed  to 
d iminish  the  Vp contr ibut ion.  

Expe r imen t a l  work  is u n d e r w a y  in our  l abo ra to ry  
to test  Eq. [20], [22], and [41] which  wil l  be the 
subjec t  of a fu tu re  publ icat ion.  
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LIST OF SYMBOLS 

a cur ren t  densi ty  at  a point  of the  e lect rode 
where  res is t ive effects a re  absent,  A cm-2  

A cross sect ion of the electrode,  cm 2 
b aux i l i a ry  parameter ,  ~ - 1  c m - 2  (Eq. [8]) 
C1, C2 Constants re la ted  to the solut ion of differen-  

t ia l  Eq. [11], V 
c aux i l i a ry  pa rame te r ,  V cm -1 
D wid th  of the  f i lm electrode,  cm 
E electr ic  field s trength,  V cm -1 
F F a r a d a y  constant,  coulombs 
g dimensionless  factor  r e l a t ed  to the posit ion 

of centra l  contact  
h thickness  of the film electrode,  cm 
i cur ren t  density,  A cm -2  
ix cur ren t  dens i ty  at  the  point  x, A cm -2 
io exchange cur ren t  density,  A cm -2 
Ip total  cu r ren t  due to the e lect rochemical  p ro -  

cess, A 
lp.~ fract ion of the total  cur ren t  be tween  x ---- 0 

and x, A 
Im constant  measur ing  cur ren t  flowing be tween 

the ex t remes  of the  film electrode,  A 
J cur ren t  dens i ty  flowing across the sectional 

a rea  of the electrode,  A cm -2  
l length  of the film electrode,  cm 
n number  of adsorbed or  e lec t rosorbed pa r t i -  

cles e i ther  on a meta l  or an electrode,  mole-  
cules c m -  2 

q surface concentrat ion of carr iers ,  C cm -2 
R universa l  gas constant,  J mo1-1 deg -1 
R resis tance of the film electrode,  
s e lec t rochemical  act ive area  of the  film elec-  

trode, cm 2 
T absolute  t empera tu re ,  K 
Vx p.d. wi th in  the  e lec t rode  due to an e lec t ro-  

chemical  process, V 
Vm p:d. wi th in  the e lec t rode  due to the measur -  

ing current ,  V 
Vt total  p.d. wi th in  the e lect rode assuming no 

coupling, V 
V total  p.d. wi th in  the e lect rode considering 

coupling be tween  both  currents ,  V 
V1, V2 p.d. wi th in  the upper  ( lower)  pa r t  of the 

film in the three  contact  method,  V 
(1A2V)l p.d. a t  the ex t remes  of the film when  Im in 

fo rward  sense in the th ree  contact  method,  V 
(1A2V)~ p.d. a t  the ex t remes  of the film when  Im is 

reversed  in the three  contact  method,  V 
x coordinate  pa ra l l e l  to the length  of the elec-  

trode, cm 
y dimensionless  factor  for the cu r ren t  due to 

the  a s y m m e t r y  of the centra l  contact  
aux i l i a ry  p a r a m e t e r  defined in Eq. [12], 
am-1 

~a, ~c anodic and cathodic e lec t rochemical  t ransfer  
coefficients 
overpo ten t ia l  

~ overpoten t ia l  a t  the point  x, V 
# res is t iv i ty  of the me ta l  film electrode,  ~ cm 

conductivi ty,  ~ - 1  cm-1  
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ABSTRACT 

Surface  changes that  occur when CdS and CdSe photoelectrodes are used 
in photoe lec t rochemical  ceils containing polysulf ide redox  couples a re  in -  
ves t iga ted  using low angle x - r a y  diffraction, reflection e lect ron diffraction, and 
scanning e lec t ron microscopy.  Both single c rys ta l  CdS and: CdSe, and thin 
l aye r  po lycrys ta l l ine  CdSe samples  a re  used and in al l  cases res t ruc tu r ing  
of the surface, accompanied by  some decrease in c rys ta l l in i ty  of the surface 
layer ,  exposed to the e lectrolyte ,  is observed.  F o r  CdSe samples,  c rys ta l lo-  
graphic  evidence for a p redominan t  CdS top layer  was seen a f te r  deact ivat ion.  
Impur i t ies  in  th in  film CdSe samples  are  not  affected by  deac t iva t ion  and 
they  themselves  do not  seem to influence e lec t rode  ac t iv i ty  or  s tabi l i ty .  These 
resul ts  suppor t  the occurrence of a dynamic  res t ruc tur ing  process of the  elec-  
t rode surface in this system, which can cause e lec t rode  deactivatio_n, b y  the 
format ion  of a l aye r  that  impedes  charge t ransfer ,  if  h igh cur ren t  densit ies 
are used. Evidence is p resen ted  tha t  surface recrys ta l l iza t ion  can occur in 
the dark,  when such a process occurs p robab ly  ve ry  slowly. 

n - C d S  and CdSe have a t t rac ted  much at tent ion as 
photoelectrodes  in photoel~ctrochemical  cells (PEC's)  
containing polychalcogenide  (Sx =, SSez =, Sex =) redox  
couples because of the poss ibi l i ty  to stabil ize the photo-  
e lectrodes agains t  photocorrosion in  such systems, and 
the use of such PEC's for p rac t i ca l  solar  energy con- 
vers ion devices (1-8).  

Seve ra l  explana t ions  have been presented  for the 
s tabi l iz ing influence of the chalcogenide redox couples 
in these systems. They  include the common ion effect 
(for t h e : C d S / S z  = and CdSe/Se~ = systems)  (9), the 
re la t ive  posit ions of the S:~ =, SSez =, and Se~ = redox 
potent ia ls  wi th  respect  to the semiconductor  bandedges  
and decomposi t ion potent ia ls  (10, 11), specific adsorp-  
t ion of Sx = on CdS (and Se~ = on CdSe) (2, 12), and 
the favorable  kinet ic  behavior  of the chalcogenide re-  
dox couples which faci l i ta tes  p roper  matching  of the 
ra te  of the  e lect rochemical  react ion to that  of the 
l igh t - induced  charge  car r ie r  generat ion,  and especial ly  
the ra te  a t  which these carr iers  reach the semiconduc-  
to r / e lec t ro ly te  in terface  (13). 

I t  is quite l ike ly  that  no one of these alone explains  
the s tabi l iza t ion  effect and tha t  a combinat ion of them 
is responsible.  A n y  explanat ion,  however,  should ac-  
count for  the  fact that  the system's  s tab i l i ty  is not  
absolute,  i.e., conditions can be defined under  which for  
example  the CdSe/Sx = system is grossly unstable,  
while  under  different  condit ions it may  be s table for at  
least months under  normal  d a y / n i g h t  solar i l l umina -  
t ion (12). Various  factors  a re  involved in de te rmin ing  
the behavior  of this k ind of PEC. They include i l lumi-  
nat ion in tens i ty  (actual ly,  real  cur ren t  densi ty  across 
the semiconduc tor /e lec t ro ly te  in te r face) ,  composit ion 
of the  e lec t ro ly te  (e.g., rat io  of added  S to added S=; 
presence or absence of Se in the solut ion) ,  t empera ture ,  
and  s~irring ra te  (12, 14, 15). 

The exchange of  Se by  S in CdSe photoanodes was 
one of the  first observat ions  made on the CdSe/Sx = 
system (2) and severa l  subsequent  studies, by  photo-  
e lect ron and Auger  spectroscopy (12, 15-17), e lectron 
beam- induced  luminescence (15), and by  pho tocur ren t  

Key words: photoelectrochemistry,  surface restructure, SEM. 

spectroscopy (I8)  have cor robora ted  the ini t ia l  ob-  
servat ions and defined the degree and ra te  of exchange.  
This exchange react ion (which takes  place in the da rk  
as well,  at  least  to  a smal l  ex tent )  can be expla ined  by:  
(i) the ins tabi l i ty  of CdSe in S~ = solution (wi th  re -  
spect to CdS) ,  and (ii) a cer ta in  degree of photocorro-  
sion. This last  process can  be wr i t t en  as 

CdSe -5 2h~-~ CdSe -}- 2 e -  ~ 2h + [1] 

CdSe W 2h+ "-> Cd2+ �9 Se [2] 

Cd 2+ + S = --> CdS [3] 

Ideal ly ,  react ion [2] should not occur at  all  and in-  
s tead 

S = + 2h + -> S [4] 

or  its polysulf lde equivalent  should take  place. I t  has 
been suggested that  the e x t e n t  to which [2] occurs in-  
s tead of [4] and the ( i n )ab i l i t y  of the photogenera ted  
holes to reach the surface, th rough  the CdS layer  
formed by  [3] de termines  the l ong - t e rm s tabi l i ty  of 
the system (12, 13). 

Because react ions [2] and [3] give r ise to a r eprec ip i -  
ta t ion of CdS, out  of the solution layer  immed ia t e ly  
ad jacen t  to the surface, onto the electrode,  a change in 
surface morphology  and possibly surface c rys ta l l in i ty  
is expected,  especial ly for a photocorroded electrode.  
The same holds for the C d S / S S  system, where  no 
change in chemical  composit ion should accompany the 
surface res t ructur ing.  

The format ion  of  a po lycrys ta l l ine  l aye r  on a single 
crys ta l  CdSe photoanode,  a f te r  use in polysulf ide solu-  
t ion was infer red  f rom p re l im ina ry  e l l ipsometry  
exper iments  (12) .  Ger ischer  and Gobrecht  made  a 
s imi lar  suggestion for CdS .and CdSe photoanodes,  
based on Mot t -Scho t tky  plots, which indicate  an in-  
crease of charge in the semiconductor  surface layer  
af ter  use in a polysulf ide PEC (18). Noufi et al. deduced 
f rom SEM pictures  for  single crys ta l  CdS photoanodes,  
af ter  use in polyselenide  solution an increase in sur -  
face roughness (16). 

In this s tudy  we repor t  direct  exper imenta l  evidence 
for surface res t ruc ture  in single crysta l  CdS, and single 
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crystal and polycrystal l ine CdSe photoanodes, after 
deactivation in polysulfide solutions, as detected by  
Guinier  thin film x- ray  diffraction (GXD), reflection 
electron diffraction (RED), and scanning electron 
microscopy (SEM). Such a study was deemed im-  
portant  to t ry to define t h e  surface changes taking 
place, especially in  as far as they influence PEC output  
stability, and as a basis for comparison with similar 
studies on surface changes observed for CuInS2 photo- 
anodes in Sx = solutions (19), where output  stabil i ty 
behavior quite different from that  of Cd chalcogenides 
is observed (20). 

Experimental 
CdS and CdSe crystals were obtained from Cleveland 

Crystals, Cleveland, Ohio (CdS: 1.1 a - c m ;  CdSe: 1.3 
~ -cm) .  Unless specified, the (1120) (CdS) or (10~0) 
(CdSe) face was exposed to the electrolyte and con- 
tacts were made with an In -Ga  alloy and Ag paint. 
Polycrystal i ine thin film CdSe photoelectrodes were 
prepared by  electroplating on Ti (21) and also by 
applying a s lu r ry  containing CdSe powder to Ti sub-  
strafe (22). The electrolyte was 1M each in KOH, 
Na2S.OH20, and S, prepared and kept under  N2.1 
Except for a small  surface area exposed to the solu- 
tion, the electrodes were covered with tar or an in -  
sulat ing epoxy. After  the use, described below, this 
layer  was dissolved in toluene or warm dimethyl  su i t -  
oxide: In  case of thin film samples, two pieces, from the 
same electrode, one, solution-exposed, the other, orig- 
inaIIy covered by epoxy or tar, were cut out and used 
for fur ther  study. 

Single crystals were first polished fiat (3 ~m 
a lumina) .  The CdS single crystal samples were etched 
prior to use in  a 3M HC1 solution (30 sec), rinsed with 
H20, etched in B r J M e O H  (30 sec), and rinsed. The 
CdSe single crystal samples were etched for 30 sec in 
aqua regia, r insed with water, put  for 30 sec in 10% 
KCN solution, and rinsed again. The thin film poly-  
crystall ine CdSe electrodes were etched for 10 sec in 
5% aqua regia solution, and treated fur ther  as the 
single crystals. This etching treatment,  which im-  
proved output  stability, was also used to prepare the 
samples in a reproducible manne r  for fur ther  experi-  
ments. After  deactivation all samples were washed with 
sulfide solution and rinsed with water. 

The electrodes were used in a 2-electrode PEC, and 
run  under  short-circui t  conditions, where a large sur-  
face area carbon r ing constituted the counterelectrode 
whose polarization was shown to be min imal  at the 
current  densities used (~1-2  m V / m A  photocurrent) .  
Oxygen-free  N~ was bubbled through the solution dur-  
ing the experiment.  I l luminat ion  was provided by a 
150W tungs ten-halogen lamp (Oriel Corporation) 
through Pyrex or quartz windows. Light intensities 
were adjusted to obtain the desired ini t ial  photocur-  
rents, and varied between ~100 and ~60(} mW/c m 2. A 
Schoeffel GM 25(} monochromator  was inserted for 
photocurrent  spectra (3.3 n m  bandpass) .  The exciting 
beam was modulated at 100 Hz and the true photocur-  
rent  detected by a Brookdeal 9505SC lock-in amplifier. 

For  the x - r ay  diffraction (GXD) a Huber -Guin ie r  
th in  film camera was used with a low angle of inci-  
dence (,,,5 ~ on the specimen and monochromatic 
Cu K~ I radiation. The penetrat ion depth is at least one 
micron. For RED a General  Electric electron diffraction 
camera was used. The electron beam energy was ad-  
justed to 50 keV. The informat ion obtained is due to 
the crystal l ini ty  of approximately  the first lOOA from 
the sample surface. Scanning electron microscope pic- 
tures were obtained on an ETEC AUT'OSCAN or JEOL 
SEM at 20 or 25 keV, respectively. Informat ion is ob- 
tained from wi th in  200 to 300A of the sample surface. 

Experiments with photoelectrodes in solutions containing, in 
addition, 5 mM Se and Se = gave results  s imilar to those reported 
here.  General ly  some improvement  in output stability was ob- 
served for both CdS and CdSe photoeleetrodes ,  as compared to 
selenide-free solutions, in agreement  with (7) and supporting 
the thesis forwarded in (14). 

Results 
Deactivation o/ photoanodes.--A CdS single crysta!  

electrode, 0.2 cm 2 of which was ~exposed to the solution, 
declined gradual ly  in  short-circui t  photocurrent  over a 
period of 98 hr from 1.3 to 0.5 mA/cm2. 2 The higher the 
ini t ial  photocurrent  the more rapid the deactivation 
(Fig. 1). A total photocharge of ,-~460 C/cm2 was 
passed before the electrode was taken out for fur ther  
study. Figure 2 shows the photocurrent  spectra of the 
electrode before and after deactivation. 

The output  of ~0.15 cm e CdSe single crystal elec- 
trode declined over a period of 2 hr  from 50 to 1 m A /  
cm 2, with a total passage of 18(} C/cm 2, in a m a n n e r  
similar  to that reported previously (12, 15) (Fig. 3). 

The relatively low photoeurrents  are  due to solut ion absorp- 
tion. This solution was used as it provides  better  stabilization 
than less-absorbing, S-poor, solutions (12, 14). 
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Fig. 1. Output stability of CdS photoanodes for several initial 
photocurrent densities. The sample with the lower initial photo- 
current density, which passed the largest amount of photocharge, 
was used for further study. Solution temperature: 35 ~ • 2~ 
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Fig. 2. Wavelength dependence of short-circuit photocurrent of 
single crystal CdS phatoanode before (dashed) and after deactiva- 
tion. Electrolyte: 1M in O H -  and S =.  Data corrected for wave- 
length dependence of lamp ~ monochromator. The photocurrent at 
480 nm was used to normalize the spectra. The scale for the de- 
activated sample is some five times more sensitive than that for the 
freshly etched one. Re-etching of the deactivated sample very 
nearly restores the behavior of the odglnal, etched electrode. 
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Fig. 3. Output stability of single crystal (dashed line) and painted 
thin film polycrystalline (solid line) CdSe photoelectrodes. Solution 
temperature: 35 ~ • 2~ 

A 0.2 cm~ area of a 4 cm2 polycrystal l ine electro- 
plated CdSe electrode was exposed, and declined in a 
nea r - l inea r  fashion from 37 to 12 m A / c m  2 over a 
period of 85 hr, passing some 9000 C/cm 2. 

A 0.2 cm 2 area of a 1 cm2 electrode prepared with 
CdSe-containing s lur ry  went  from 55 to 10 mA/cm2 
over a period of 48 hr, passing a total of 5600 C/cm 2 
(Fig. 3). 

Approximate ini t ial  AM1 conversion efficiencies were 
,~1% for the CdS single crystal, ,-~6% for the CdSe 
single crystal, and ~3% for the polycrystal l ine 
samples. 

GXD, RED, and SEM results.--In the GXD of CdS 
crystal the diffraction spots that were obtained from an 
unused crystal disappeared after deactivation. This 
indicates that the top layer of the sample becomes 
either amorphous or polycrystal l ine with crystalli te 
size less than ~500A. The single crystal RED diffraction 
pa t te rn  of unused CdS changes to diffraction rings 
after deactivation, indicating a polycrys ta l l ine  top 
layer. The SEM micrographs (Fig. 4) indicate severe 
res t ructur ing of the surface upon deactivation [c~. Ref 
(16)], which can be at tr ibuted,  when the GXD and 
RED results are taken into account, to the formation of 
a polycrystal l ine surface layer. 

July 198I 

In  the GXD of CdSe crystal one very weak single 
crystal spot is still observed after deactivation, to- 
gether with very  weak lines of hexagonal  CdS and 
CdSe. The superposition of one sharp RED diffraction 
pattern, and a broad one with a ,~3% smaller  spacing, 
shows the presence of both single crystal CdSe and 
polycrystal l ine Cd (S, Se). Apparent ly  the single crys- 
tal surface is par t ly  maintained.  This agrees with the 
SEM micrograph which shows less of a surface change 
than is observed for the CdS crystal. 

Because of the uneven  surface of the thin film poly- 
crystal l ine CdSe samples, a result  of their method of 
preparation, it was impossible to obtain RED results 
for them. For comparison sputtered layers were used. 
These layers (on T i )  gave ra ther  poor photocurrents 
(a few mA/cm~ only, under  conditions where electro- 

plated samples gave ,.,35-45 mA/cm2 short-circuit  
photocurrents) ,  as their method of preparat ion was not 
optimized. 

The electroplated layers of CdSe, prepared from re- 
agent-grade materials (21), contain a considerable 
amount  of impurities, which show up in the GXD as 
strong background intensity,  as well as a pat tern  of 
broad spotty lines, which can be identified as the high 
pressure phase of Se (a by-product  of the electroplat- 
ing).  These impurit ies do not seem to influence the 
photoelectrochemical behavior of these electrodes in an 
adverse manner .  Also, they are not affected by deacti-  
vation, while the intensities of the hexagonal CdSe 
lines drop to about half  after deactivation. This de- 
crease is probably due to a decrease in grain size. 

The samples that were prepared using the CdSe- 
containing s lurry  presented a cleaner and somewhat 
sharper diffraction pattern. A slight decrease in cell 
dimensions (,,0.02%) is seen upon deactivation indica- 
tive of some S/Se exchange as well as a slight decrease 
in l ine intensi ty  of the CdSe lines. The RED experi-  
ments  on sputtered layers showed a clear decrease in 
line in tensi ty  for the deactivated samples. It was not 
possible to see changes in lattice dimensions here. 

The SEM pictures (Fig. 5 and 6) show a res t ruc tur-  
ing of the surface upon deactivation, and a decrease in 
average particle size consistent with previous results 
(1'6). Figure 5b shows the effect of keeping the elec- 
trode in Sx = solution in the dark, result ing in some 
surface restructure,  while Fig. 5d il lustrates the often 
occurring "charging" on deactivated samples. 

Discussion 
The results can be summarized as follows. The SEM 

pictures show in all cases surface changes upon elec- 
trode deactivation. The na ture  of these changes is ex- 
plained by the results from the diffraction experiments.  

In  the case of CdS crystal a complete res t ructur ing of 
the surface through the formation of a finely poly- 

Fig. 4. SEM pictures of CdS crystal: (a) not exposed to solution 
(after polishing and etching); (b) after deactivation in polysulfide 
solution. 1000X magnification. 

Fig. 5. SEM pictures of electroplated CdSe thin film polycrystal- 
line photoanode. (a) Not exposed to solution (after etching); (b) 
(b) after standing in the dark in polysulfide solution, overnight; 
(c) after passing 4 C/cm 2 under illumination; (d) after deactivation. 
1000X magnification. 
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Fig. 6. SEM pictures of painted CdSe thin film polycrystalline 
photoanode.~(a) Not exposed to solutian (after etching); (b) after 
deactivation. 10,000• magnificatian. 

crystal l ine layer  is found. This conclusion is supported 
by  the capacitance measurements  of Ref. (18) and by 
the spectral response data from Fig. 2. Those show a 
photoresponse at energies less than that of the optical 
bandgap of CdS, for the deactivated sample. This re-  
sponse indicates the presence of defect states within the 
forbidden gap [also observed for nonetched samples, 
especially the peak around 540 nm; cf. Ref. (23) ]. Such 
states can be caused by lattice defects and /or  impurit ies 
wi thin  individual  grains, or by grain boundaries.  In 
small  grain size semiconductor layers, recombinations 
at grain boundaries will impede the charge transfer  of 
both minor i ty  and major i ty  carriers, thus explaining 
the decrease in absolute photoresponse (quan tum effi- 
ciency) upon deactivation. The fact that the original 
photoresponse behavior is restored upon re-etching the 
deactivated electrode proves that  only a (near)  surface 
layer is involved. The rather  strong decrease in photo- 
response at shorter wavelengths can be due to surface 
recombinat ion.  It  is possible that, at the much lower 
photocurrents  obtained with the deactivated sample, 
this loss mechanism is less important.  The sometimes 
observed ini t ial  increase in short-circuit  current  (cf. 
Fig. 1) may be a tr ivial  effect, due to a decrease in 
reflectivity of the electrode surface, which occurs al- 
ready after passage of a small  amount  of photocharge 
[cf. Fig. 5c; Ref. (16),  Fig. 8b; earlier ment ioned 
el l ipsometry results) .  

For the CdSe single crystal electrodes a less dramatic 
surface change is observed by SEM. Here deactivation 
causes only part ial  surface degradation. The diffraction 
data show that while some of the top layer remains 
single crystalline, some of it is t ransformed into poly- 
crystal l ine Cd(Se, S). The mixed composition of the 
res t ructured layer  fits the earlier Auger and XPS data 
(15, 16) especially if we realize that in all experiments  
averaging over some sample depth occurs. Spectral 
response changes are less than observed for CdS 
crystal but  the same long wavelength response effect is 
seen [c~. also data on nonetched and etched samples in 
Ref. (23)]. The polycrystal l ine na ture  of the re-  
s t ructured part  of the surface is again supported by the 
data from Ref. (18). Also photoacoustic (PA) mea-  
surements  on similar  CdSe crystal samples show an 
increase in PA signal after sample deactivation. The 
fact that  this increase is larger ( ~ 2 •  than the de- 
crease in sample reflectivity c a n  be explained by an 
increase in real surface area. [In PA measurements  the 
signal is inversely  related to the particle size of the 
probed top layer  (24)]. The decreased reflectivity of 
deactivated samples and the ell ipsometry data men-  
tioned in (12) support  this conclusion. 

~n the case of polycrystal l ine CdSe samples, Fig. 5 
and 6 clearly show the surface res t ructur ing upon de- 
activation. The diffraction experiments  indicate that  
smaller  crystallites are present, the composition of 
which, from the x - r ay  data, seems to be Cd(Se, S). 
This agrees with results from XPS for such samples 
(12, 17). Again, PA experiments  show an increase in 
signal for deactivated samples, as compared to freshly 
etched ones (24) and the decrease in reflectivity can be 
observed easily visually. 

An  interest ing addit ional  observation is the occur- 
rence of "charging" in several SEM experiments  on 
deactivated samples (cf. Fig. 5d). This can indicate  that 
the restructured top layer has, effectively, a ra ther  
high resistance to current  flow, as assumed in the 
earlier proposed electrolyte- insulator-semiconductor  
(EIS) model (12). The results from (18) support  this 
explanation. 

The thickness of the res t ructured surface layer  is 
difficult to estimate. It  w i l l  probably ~r between 
single crystal and polycrystal l ine samples [cf. Ref. (16) 
and (12), respectively] ; it will  depend on the amount  of 
photocharge passed [cf. Ref. (17)], and on the condi- 
tions under  which the charge is passed (such as real 
current  density, solution composition, and tempera-  
ture) .  The surface s tructure that  is present  also on 
etched single crystal surfaces (cf. Fig. 4a) adds another  
complicating factor. Photoelectron and Auger spectro- 
scopic data suggest thicknesses of ,-,100-200A for single 
crystal and polycrystal l ine CdSe electrodes that passed 
small to moderate amounts  of photocharge, without 
deactivation (12, 16). However, these values can be 
considered rough estimates only, because of unavoid-  
able mixing  of the top layers upon ion beam sputtering. 
The results from our RED experiments,  which probe 
the top few hundred  angstroms, suggest that  these 
estimates are reasonable ones also for deactivated CdSe 
single crystals, while thicker layers are probably  
present  on deactivated CdS crystals [cf. also Ref. (16) ]. 

Combining our results with those from Ref. (12, 15- 
18), it seems probable that a dynamic breaking up and 
rebui lding of the electrode surface takes place when 
CdS or CdSe electrodes are used in polysulfide solu- 
tions. This process takes place also in the dark [cf. Fig. 
5b and Ref. (12)]. It may very well be that such a 
process, when not going too far, takes care of re juve-  
nat ing the electrode surface continuously, so that "bad 
spots" may not last very long. 3 Figure 7 shows strong 
(accidental) evidence for such a rebui lding of the 
(0001) surface, for a CdS electrode that  was kept in 
the dark (with very little charge passed) for a pro- 
longed period (26). Although different crystal faces are 
involved (Fig. 7 can be compared with Fig. 4a [or Fig. 

3The result of deactivation of the slurry-prepared CdSe elec- 
trode (Fig. 6b) resembles somewhat the effect of "photoelectro- 
chem!cal etching" of such electrodes (25), the result of which  
has been explained, in part, by removal Of recombinat ion centers.  
The often observed improved performance of slightly "aged" (in 
S~ =) CdSe electrodes [(12); G. Hodes et aI., unpublshed results]  
could possibly be caused by such photoe lectrochemica l  e tching 
in S~= solutions, during the passage of an initial,  smal l  amount  
of photocharge. 

Fig. 7. SEM picture of single crystal CdS electrode [ (~01) ,  S- 
face] after standing in the dark in polysulfide solution, short- 
circuited to the counterelectrode, for two months. During this 
period the electrode was used for studies of the temperature de- 
pendence (51~176 of the current under forward and reverse bias 
(between 0.22 and --0.22V vs. rest potential, i .e. ,  S/S = potential) 
(26). 
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8a in Ref. 16); here the exposed  crys ta l  face is not 
specified]}. No such organized rebui ld ing  occurs, how-  
ever, when the electrode is pushed too hard,  i.e., too 
high a loca l  cur ren t  densi ty  passes through the elec-  
t rode /e lec t ro ly te  interface.  Then this dynamic  process 
dooms the electrode,  and thus the PEC. This is caused 
p robab ly  by  a combinat ion  of factors, such as ve ry  
much decreased gra in  size (because of too fast a de-  
s truct ion and reprec ip i ta t ion) ,  too thick a res t ruc tu red  
surface layer ,  which may  present  too high a res is t iv i ty  
for cur ren t  to pass because of different  dopant  concen- 
t ra t ion of this layer ,  a n d / o r  bad  contacts be tween the 
newly  formed grains. The impor tance  of the i l lumina-  
t ion in tens i ty  here  lies in the way  it influences the 
local cur ren t  dens i ty  at  the surface. While  the e lect ro-  
chemical  and corrosion react ions (reactions [4] and 
[2]) seem to take  place s imul taneous ly  all  the time, 
there  exists appa ren t ly  a l imit ing current  densi ty  above 
which react ion [2] occurs so fast that  the surface re-  
s t ruc tur ing  becomes des t ruct ive  in terms of e lectrode 
per formance  {severe ra te  mismatch be tween  reactions 
[1] and [4], cf. Ref. (13)}. The results  presented  here, 
especia l ly  Fig. 7, suggest  fu r the rmore  that  accelera ted  
continuous i l lumina t ion  tests of e lect rode s tab i l i ty  
[ (12), (!5) ; Hodes,  Manassen, Cahen, submit ted]  may  
be even more  severe ones than previous ly  thought,  be-  
cause of the possible beneficial  effect of the da rk  
(night)  "breath ing"  per iod on the surface res t ruc tur ing  
process. 
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High Rate Discharge of Ca/I.iClO -I.iNO  
Thermal Battery Cells 

M. H. Miles* and A. N. Fletcher* 
Naval Weapons Center, Chemistry Division, China Lake, California 93555 

ABSTRACT 

The high rate discharge of the Ca/LiCIO4-LiNOJNi thermal  ba t te ry  cell 
is l imited by the reduction of the oxidizing mol ten salts on the nickel cur-  
ren t  collector. With the addit ion of A g N Q  to improve the cathodic reaction, 
this cell can sustain cur ren t  densities of 100 m A / c m  2 at 350~ to give cell 
voltages i n  excess of 2V for several minutes.  In  cells containing added 
AgNOs, the source of eventual  polarization is the anode ra ther  than the 
cathode. Based upon the weight of the calcium and electrolyte, cell discharge 
at 100 m A / c m  2 gives a power density of 740 W/kg and an energy density 
of 120 W-hr /kg .  At a lower rate  of discharge (10 mA/cm2),  these cells give 
very stable potentials of about  2.5V for t ime periods exceeding 60 min. 
These cells, therefore, show promise for both high and low rate applications 
of thermal  batteries. 

Nitrate  and perchlorate salts are at t ract ive for use 
in thermal  batteries since these mol ten salts have 
re la t ively  low melt ing points and can funct ion as bo th  
the electrolyte and oxidizer. Eutectic mixtures  of 
these oxidizing mol ten salts general ly  have much 
lower mel t ing  points than the conventional  LiC1-KC1 
mixtures  used in thermal  ba t te ry  cells (1-3). For 
example, LiNO3-KNO8 mixtures  melt  at tempera-  
tures as low as 132~ (4) while an equimolar  LiC104- 
LiNO3 mix ture  melts at about 150~ (5). For thermal  
ba t te ry  cells using mol ten salt mixtures  containing 
LiC104, the operat ing tempera ture  range is expected 
to be about  250~176 (5). The na ture  of the mol ten 
salt cation plays an impor t an t  role in the reactions of 
both ni trates  (6, 7) and perchlorates (5). The small  
l i th ium ion is more effective than the larger alkali  
metal  cations in catalyzing the electrochemical re-  
duction of mol ten nitrates.  

Thermochemical  caIculations for the cell reaction 

Cats) + LiNO3(i) -> CaOcs) -}- LiNO2(D [1] 

at 350~ indicate a cell potential  of about 2.8V and a 
theoretical energy density of 1380 W-hr /kg .  For the 
Ca/LiC104 cell react ion 

Cacs~ + LiC104r -~ CaO(s~ + LiClO3(i) [2] 

at 350~ an even higher  cell potent ial  of about 3.2V 
is calculated that  yields a theoretical energy density 
of 1170 W-hr /kg .  Open-ci rcui t  cell potentials close to 
these calculated values have been observed at 350~ 
in  the presence of chloride ions that  at tack the 
passivating film on the anode (8, 9). 

Previous studies showed that  Ca/LiNQ-LiC1-KC1 
[50-25-25 mole percent  (m/o ) ]  thermal  ba t te ry  cells 
gave promising results when discharged at 10 m A / c m  2 
over a tempera ture  range of 250~176 (9). At cur-  
ren t  densities above 20-30 mA/cm~, however, the cell 
performance deteriorates due to polarization at the 
anode. The rate of the calcium anode reaction in  
molten ni trates  is de termined largely by the passi- 
vat ing film that hinders  the passage of calcium ions 
across the oxide layer  (8). Comparisons of measured 
and calculated cell resistances suggest that  the anodic 
oxide film makes a sizeable contr ibut ion to the total 
cell resistance (9). This study shows that the pres-  
ence of LiCIO4 improves the performance of the anode 
dur ing  high rate discharge. 

�9 E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key words: current  d e n s i t y ,  f i lms,  f u s e d  sa l ts ,  pass iv i ty .  

Experimental 
The electrochemical cells were fabricated from cal- 

cium disks (ROC/RIC, 99%) and fiberglass filter paper  
disks (Gelman, type A) that  contained the electrolyte. 
The calcium disk was spot-welded to a Ca/Fe  bi-  
metallic disk and an a luminum lead wire was spot- 
welded to the Fe side of the ,b i -meta l .  The back side 
and edges of this disk were masked off by a thin 
layer  of Sauereisen cement (No. 1). All types of 
disks used were 6.35 m m  in diameter  (0.32 cm2). 

The mol ten salt mix ture  was prepared by weighing 
out equimolar  amounts  of LiC104 (Baker, anhydrous 
reagent)  and LiNO8 (Baker reagent)  t h a t  had been 
dried in a vacuum oven :at 130~ Silver  n i t ra te  was 
added to some of the LiC104-LiNO~ mixtures  since 
this salt had a marked beneficial effect on the cath- 
odic reaction. Dried hel ium was bubbled  through the 
molten salt mixture  at 300~176 for several  hours to 
remove the final traces of water. The electrolyte 
wafers were prepared by simply immers ing the fiber- 
glass disks in the molten salt and storing in a desiccator 
unt i l  needed. Cells were assembled and heated as 
quickly as possible to minimize moisture pick-up. 
Cell tests with no precautions to minimize moisture 
gave no unusua l  results nor  did several  studies in  an  
argon-fil led dry box. The lack of any large effects due 
to moisture was not  unexpected since previous cell 
studies using LiNO8 in  closed and open systems 
showed that  the presence of air  or moisture had 
little effect on test results (9). 

Single cell tests were conducted using an open 
nickel  lid placed on a hot plate (S /P  Tek Plate 20) 
with par t  of the nickel lid serving as the electrode 
surface for the cathodic reaction. A slight depression 
in the center of this lid minimized the spread of 
excess electrolyte away from the surface in  contact 
with the cell. A' metal  rod was used with a spring 
and soapstone spacers to ma in ta in  a positive face 
pressure on the cell (9). An L-shaped reference elec- 
trode (0.1m Ag+/Ag)  was u~ed to moni tor  the po- 
tential  of ei ther the anode or the cathode. The tem- 
perature  of the cell was read to I~ with a stainless 
steel-covered thermocouple probe used with a Fluke 
Model 2165A digital thermometer  readout;  tempera-  
ture control dur ing an exper iment  was general ly  with-  
in 5~ The electrochemical cells contained about 60 
mg of calcium, 40 mg of the electrolyte, and 4 mg of 
fiberglass fi]ter paper. Constant  current  cell discharge 
was main ta ined  by a PAR Model 173 potent iosta t /  
galvanostat  and cell and reference potentials were 
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plot ted  using a s t r ip  cha r t  r ecorde r  (HP 7100B). The 
cell  po ten t ia l  was also read  wi th  a F luke  Model  8040A 
mul t ime te r  whi le  the digi ta l  readout  on the PAR 
ins t rument  gave the e lec t rode  potent ia l  vs. the  r e fe r -  
ence electrode.  

Results and Discussion 
Separa te  studies of cells wi th  LiNO~ or  LiC104 elec-  

t rolytes  were  made for  comparisons wi th  resul ts  for  
the Ca /L iC104-L iNOJNi  cells. The Ca/LiC104/Ni  
cells show a m a r k e d  improvemen t  in the oPen-c i rcui t  
potent ia l  as the t empe ra tu r e  increases above 250~ 
The use of the A g + / A g  r e fe rence  e lect rode reveals  
that  this change is due to the anodic potent ia l  sud-  
denly  becoming more negat ive  by  as much as 1.3V. 
Inves t iga t ions  of C a / L i N O J N i  cells show much lower  
cell  potent ia ls  and  no spontaneous improvements  as 
the t empera tu re  increases. The addi t ion of about  10 
m/o  LiC1 to the LiNO3 electrolyte ,  however,  produces  
a sudden improvemen t  in the open-c i rcu i t  cell po-  
tent ia l  that  also corresponds to the potent ia l  of the 
calcium anode  becoming about  1.3V more negat ive.  
Tests in an argon-f i l led  d ry  box gave a lmost  ident ica l  
results,  suggest ing tha t  any  mois ture  re ten t ion  by  
the l i th ium salts is not  a ma jo r  factor  in the ac t iva t ion  
of the anode. Previous  studies have shown the bene-  
ficial effect of added chloride ions upon the calcium 
anode and indicate  tha t  the chlor ide  ions cause a 
b r eakdown  of the pass ivat ing  calcium oxide film (8- 
10). I t  is l ike ly ,  therefore,  tha t  the d i rec t  reac t ion  of  
calcium wi th  mol ten  LiC104 produces  sufficient chlo-  
r ide ions to cause a b reakdown  of the pass ivat ing  film. 

The open-c i rcu i t  po ten t ia l  of the  C a / L i N O J N i  ce l l  
a t  350~ was genera l ly  about  1.5V bu t  increased to 
about  2.8V in the presence of 10 m/o  LiC1 while  the 
Ca/LiC104/Ni cell gave an open-c i rcu i t  po ten t ia l  of 
about  3.2V at  350~ The open :c i rcu i t  potent ia l  of 
the  calcium anode was about  --3.1V in LiC104 and 
about  --3.0V in LiNO8 conta ining LiC1, hence the  
cathode contr ibutes  about  0.3V to the h igher  open-  
circui t  cell potent ia ls  observed in LiC104. Upon d r a w -  
ing cur ren t  f rom the cell, the cathode polarizes con- 
s ide rab ly  in b o t h  mol ten  LiNO3 and mol ten  LiC104, 
whi le  the ca lc ium anode poten t ia l  r emains  fa i r ly  
constant  a t  modera te  cur ren t  densit ies.  

The Ca /L iC104-L iNOJNi  cell act ivates  s imi la r ly  to 
the  Ca/LiC104/Ni  cell as the t empera tu re  increases 
above 250~ Typica l  open-c i rcu i t  measu remen t s  give 
potent ia ls  of about  2,8V for the cell, - 3 . 0 V  for the 
anode potential ,  and about  --0.2V for  the  cathode 
potential .  Single  cell  d ischarge tests of the Ca/LiC104- 
L i N O J N i  cell showed tha t  while  the  anode could sus- 
tain cur ren t  densi t ies  as g rea t  as 100 m A / c m  2, the 
cathode showed considerable  polar iza t ion  and l imits  
the cell  performance.  The e lec t rochemical  reduct ion 
of both  LiNO3 and LiC104 produces  insoluble  Li20 
(5, 7) hence the blocking of the e lect rode surface by  
this insoluble  p roduc t  is the l i ke ly  cause of the  po-  
la r iza t ion  of the  cathode (11). 

The use of an LiC104-LiNOs-AgNOz (40-40-20 m/o )  
mix tu re  g rea t ly  improves  the per formance  of the  
cathode. The reduct ion react ion of n ickel  r ead i ly  sus-  
tains 100 m A / c m  2 wi th  v e r y  l i t t le  polar iza t ion  in 
the presence of AgNO3. The per formance  of the cal -  
c ium anode, however ,  is poor  when placed in d i rec t  
contact  wi th  this mixture .  The calc ium anode is e r -  
ra t ic  and slow in a t ta in ing  its expected la rge  e lec t ro-  
negat ive  poten t ia l  and cannot  sustain high cur ren t  
densities. P rob lems  wi th  the calcium anode in the  
presence of AgNOs is l ike ly  re la ted  to the remova l  of 
chlor ide ions as insoluble  AgC1 (12). This remova l  of 
the  chlor ide ions that  are  formed by  the react ion of 
calcium with  LiC104 would  h inder  the  b r eakdown  of 
the pass iva t ing  film on the calcium anode. The p r epa -  
ra t ion  of an LiNO3-LiC104-AgNO3-KC1 (40-40-10-10 
m/o )  mix tu re  showed that  a ye l lowish  solid substance 

forms upon melt ing.  Tests on the l iquid  por t ion  of  
the mel t  indica ted  tha t  v e r y  l i t t le  s i lver  or  chlor ide  
ions were  present ;  therefore,  the  Ag + and C1- ions 
appa ren t ly  separa te  f rom the mol ten  sa l t  m ix tu re  as 
insoluble AgC1. 

The best  cell pe r formance  was obta ined  by  using an  
LiC104-LiNO~ (50-50 m/o )  e lec t ro ly te  wafer  nex t  to 
the calcium anode and an LiC104-LiNO3-AgNO8 (40- 
40-20 m/o )  disk next  to the n ickel  electrode.  Results  
for the discharge of this cell  at  100 m A / c m  2 are  shown 
in Fig. 1. In  this cell test  at  350~ the cell  vol tage  
remained  above 2V for 7 min, and the l i fe t ime to 75% 
of the peak  vol tage was 9 min. The eventua l  vol tage 
drop of this cell was due to polar izat ion of the anode 
r a the r  than the cathode. F igure  1 shows tha t  the po-  
ten t ia l  of the  cathode remains  qui te  s t eady  at  about  
--0.4V throughout  the cell  discharge.  Based upon the 
weights  of the calcium, electrolyte ,  and fiberglass, the 
energy  dens i ty  for this cell was 120 W - h r / k g  whi le  
the power  dens i ty  was 740 W/kg .  F r o m  the weight  of 
calcium consumed, the cu r ren t  efficiency f o r  the  
anode was 15% in this test. For  the  convent ional  
Ca/LiC1-KC1-CaCrO4/Ni the rmal  b a t t e r y  cell  ope r -  
a t ing at  about  500~ typica l  values  a re  2.8V for the  
open-c i rcu i t  potential ,  50 W - h r / k g  for the energy  
density, and  about  100 W / k g  for  the  power  dens i ty  
(13). Such comparisons,  however ,  suffer f rom the 

lack of s t andard  methods  for the calculations.  F u r -  
thermore,  expe r imen ta l  power  densit ies  for a cell 
designed for  shor t  opera t ing  t imes can be  cons ider -  
ab ly  h igher  than  for  the same cell  des igned for  long 
opera t ing  times. 

Al though the emphasis  of this s tudy  is on high ra te  
discharge,  these cells also give ve ry  s table  potent ia ls  
for  long t ime periods dur ing low ra te  discharge.  F ig -  
ure  2 shows the discharge of a Ca/LiC104-LiNOs- 
AgNO.~/Ni cell  at  10 mA/cm~. In  this test  a t  350~ 
the cell  potent ia l  r emained  above 2.5V for over  70 
min and above 2.0V for s l ight ly  over  2 hr. The even-  
tual  cell vol tage drop is again  due to polar iza t ion  of  
the anode. In  another  expe r imen t  a t  350~ on a 
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Fig. 1. Cell discharge at 100 mA/cm 2 at 350~ showing anode, 
cathode, and cell potentials with time. This Ca/LiCIO4-I.iNO~- 
A g N O J N i  cell consisted of an LiCIO4-LiNO~ (50-50 m/o) electro- 
lyte wafer next to the calcium anode and an LiCfO4-LiNOs-AgNO3 
(40-40-20 m/o) wafer next to the nickel electrode. The anode and 
cathode potentials are both negative in sign as measured against 
the Ag+ /Ag reference electrode. 
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Fig. 2. Discharge of the Ca/LiCIO4-LiNO~,-AgNOJNi cell at 10 
mA/cm 2 at 350~ showing anode, cathode, and cell potential with 
time. The anode and cathode potentials are both negative in sign 
as measured against the A g + / A g  reference electrode. This cell 
was discharged for several minutes at both 100 and SO mA/em 2 
prior to this experiment at 10 mA/cm 2. 

cell of this type, discharge at 10 mA/cm 2 gave a 
cell voltage that remained above 2.4V for 90 rain. 
In fact, all  experiments at  low discharge rates gave 
stable cell potentials for long time periods. 

Despite the anode polarization that  eventual ly oc- 
curs at 100 mA/cm 2, the cell is still capable of further 
discharge and good performance at smaller current 
densities. For example, in the experiment shown in 
Fig. 2, the cell was discharged at 100 mA/cm 2 and 
again at 50 mA/cm ~ until  cell potentials fell below 
about 1V due to anode polarization prior  to conduct- 
ing the experiment at 10 mA/cm 2. The total  energy 
density for this study was about 240 W-hr/kg.  

Although the exact role of AgNO3 has not been 
determined, i t  is an obvious possibility that  silver ions 
are being reduced at the cathode. However, the open- 
circuit and operating cathodic potentials of --0.3 to 
--0.4V vs. Ag+/Ag (Fig. 1 and 2) suggest that  the 
reaction is more complex than this. Another possi- 
bil i ty is that AgC1 is involved. The use of an AgC1 
electrode as the cathode in an experiment gave about 
the same cathodic potentials as the LiC104-LiNO3- 
AgNOJNi  electrode. Chloride ions are a l ikely final 
product of various reduction or decomposition reac- 
tions involving LiC104 (5, 12). 

Calculations show that  reduction of all the AgNO3 
present would account for only about 30% of the total 
cathodic current passed in Fig. 1, yet  no obvious 
change in the cathodic potential occurs that indicates 
a change in the reaction. In the experiment shown in 
Fig. 2, prior cell discharge at 100 mA/cm 2 would have 
theoretically consumed all the AgNO8 present, These 
results suggest a recycling of the silver, perhaps by  
reactions such as 

AgC1 + e -  --> Ag -4- C1- [3] 

2Ag + LiC104 + 2LiC1--> 2AgC1 + LiC10~ + Li20 

[4] 

It is also possible that  the deposition of silver par -  
ticles on the nickel surface increases its effective 
surface area, thereby aiding the reduction of LiC104 
and LiNO3. 

Any use of an active metal  anode with an oxidizing 
electrolyte presents a possible safety hazard. No 
problems, however, were observed in any cells using 
the LiCIO4-LiNO3 mixtures. In one study of the effect 
of temperature in molten LiC104 during cell discharge 
at i0 mA/cm 2, the calcium anode was stable up to 
about 450~ whereupon it suddenly reacted with a 
flash of light rather  than with an actual explosion. 
Explosive reactions have been reported following the 
deposition of l i thium metal  at the cathode in molten 
LiC104 (14, 15). These results were confirmed by de- 
positing lithium .onto the nickel cathode at high rates 
and then switching to open circuit. Passivating oxide 
films provide limited stabil i ty to the molten li thium 
metal  (mp = 181~ 

Manuscript submitted Aug. 27, 1980; revised manu-  
script received Nov. 3, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JoUmqAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by the 
Nava~ Weapons Center. 
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ABSTRACT 

The different ia l  equat ion descr ibing the t r anspor t  and kinet ics  of photo-  
genera ted  minor i ty  carr iers  in a semiconductor  e lect rode is solved ana ly t i ca l ly  
to obta in  a solut ion in te rms of confluent hypergeomet r ic  functions. Much 
s impler  approx imate  solutions are also obtained.  Comparison of these solu-  
tions wi th  resul ts  f rom the full  expression show that  the  app rox ima te  
solutions hold to wi th in  5%. A simple physical  significance can be a t tached 
to the different  terms in the approx ima te  solutions. The form of the  photo-  
cu r ren t  vol tage  curves  tha t  ar ise f rom the different  solut ions is discussed. 

The recent  deve lopment  of semiconductor  electrodes 
as photocata lys ts  for  solar  energy  conversion has 
s t imula ted  severa l  t r ea tments  of the  kinet ics  of elec-  
t ron  and hole t ranspor t  and recombinat ion  processes 
wi th in  the semiconductor  (1-4).  Absorp t ion  of l ight  
of sufficient energy by  the semiconductor  wil l  genera te  
minor i ty  carriers .  Elect rochemical  processes involving 
these minor i ty  car r ie rs  a t  the  surface of the  e lec t rode  
wil l  genera te  a g rad ien t  in thei r  e lectrochemical  po-  
tential ,  l eading  to the  t r anspor t  of fu r the r  minor i ty  
carr iers  to the  surface. The observed  photocur ren t  wi l l  
be equal  to the net  flow of minor i ty  and ma jo r i t y  
car r ie rs  at  any  point  and if we can calculate  the net  
flow a t  any  one point  this wi l l  be sufficient. 

The p rob lem of e lect rode processes in i l lumina ted  
semiconductors  has been t ack led  by  a number  of 
authors.  G~r tner  (1) and  la te r  Wilson (2) ob ta ined  
analy t ica l  expressions under  ve ry  l imi ted  conditions. 
Laser  and Bard (3) used digi ta l  s imulat ion,  bu t  be -  
cause the  minor i ty  ca r r i e r  concentra t ion var ies  over  
many  orders  of magni tude  in a small  region of the 
space-charge  l aye r  they  could only  ob ta in  resul ts  for  
t imes ve ry  close to the onset of i l luminat ion.  Reiss (4) 
made  an a t t empt  to include both minor i ty  and m a j o r -  
i ty  car r ie rs  but  avoided the field coupling terms, which  
lead  to ana ly t i ca l ly  in t rac tab le  semi l inear  equations.  
Unfor tuna te ly  the  resu l t ing  expressions are  qui te  un -  
wie ldy  and of l i t t le  value  to the exper imenta l i s t .  Much 
more  r igorous t rea tments  have been proposed,  but  
i nva r i ab ly  the  resul t ing  equations are  too complex  to 
solve analy t ica l ly .  

I n  this work  we  fol low the approach  of G~r tner  and 
Wilson. We make  fewer  simplifications and in par t i cu-  
l a r  our  model  includes the recombinat ion  of holes and 
electrons in  the deple t ion  layer .  W e  show that  the  
resul ts  can be descr ibed by  s imple ana ly t ica l  expres -  
sions in which each of the  te rms corresponds to a s im-  
ple physical  process. Fur the rmore ,  f rom the t r ea tmen t  
we ob ta in  r e l a t ive ly  s imple  expressions for the con- 
cen t ra t ion  profile of the  minor i ty  carr iers .  

The Model 
The model  for the i l lumina ted  e lect rode is i l lus t ra ted  

in Fig. 1 where  we have chosen to discuss a p - t y p e  
semiconductor.  The semiconductor  is d iv ided into two 
regions. Tha t  neares t  the  surface is the deple t ion  l aye r  
and the potent ia l  in this region is g iven by  

0 : #o (i -- x/~/20o LD) 2 [I] 

Key words;  photoe lectrochemistry ,  energy  convers ion,  current,  

where  
e : VF/RT [2] 

0o>  4 

LD, the Debye  length, is given by  

LD : (eeo kT/e2ND) v2 [ 3 ]  

where  ND is the  doping dens i ty  of the semiconductor.  
The l ight  of i r rad iance  Io mol  cm -2 sec -1 is normal ly  
incident  on the surface of the e lect rode and absorpt ion 
is assumed to follow the  exponent ia l  B e e r - L a m b e r t  
l aw wi th  a character is t ic  absorpt ion  coe f f i c i en t ,  cm - t .  
To avoid inverse  units we define the absorpt ion length  

L~ = 1/~ [4] 

Io 

Oep[etien Layer 

I hr Ilk 
�9 , [  

~=1 LI 

Field Free 

_FV e-El 

I~--Lsc=(2 8o)1r2 Lo 1 

_I 1 . 0  

I x 

3C' 

Fig. 1. The model for the semiconductor 
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In order  to avoid cross-coupl ing te rms wi th  the 
ma jo r i t y  carr iers ,  we assume tha t  the  bu i ldup  of m i -  
nor i ty  car r ie rs  a t  the  surface  under  i l lumina t ion  does 
not  affect the  d is t r ibut ion  of potent ial .  This impor t an t  
simplif icat ion permi t s  us to consider  only  the equat ion 
of mot ion  of the  m i n o r i t y  carr iers .  We examine  the 
ex ten t  to which  this approx ima t ion  is just if ied in 
Append ix  A. 

The second region  x > X./28oLD is essent ia l ly  field 
free. Minor i ty  carr iers  genera ted  in this region diffuse 
under  a concentra t ion g rad ien t  only. To deal  wi th  the 
two regions, Wilson used the pr inc ip le  of superposi t ion 
of charges to evalua te  the flux. We use the a l t e rna t ive  
p rocedure  of match ing  the concentra t ion and flux of 
minor i ty  car r ie rs  a t  the  b o u n d a r y  of the deple t ion  
layer .  

The Equation of Motion for Minority Carriers 
In a s t eady  s tate  the  equat ion of mot ion descr ibing 

the t r anspor t  and kinet ics  of the minor i ty  carr iers  
(electrons for a p - t y p e  semiconductor)  is 

,0(0o 00) o ( �88 
D , ----c + exp -- --kc:0 

Ox Ox Ox 
[5] 

where  we have  assumed tha t  the  car r ie rs  have a suffi- 
c ient ly  low mobi l i ty  for  this equat ion to be appl ic -  
able. In  this express ion  c is the concentra t ion Of elec-  
t rons wi th  diffusion coefficient D. The field in the de-  
ple t ion l aye r  is descr ibed by  the dimensionless  va r i -  
abIe  o defined in Eq. [1]. The first two te rms therefore  
descr ibe  t r anspor t  by  diffusion and migrat ion.  The 
nex t  t e rm describes the  photogenera t ion  of the car r ie rs  
by  l ight  w i th  a B e e r - L a m b e r t  profile charac te r ized  
by  L~. The las t  t e rm describes the loss by  recombina-  
tion. In  this paper  we assume tha t  the electrons re -  
combine by  f i r s t -order  kinetics wi th  a ra te  constant  k. 
This is l ike ly  to be t rue  in the f ie ld-free region. In  the 
deple t ion  l aye r  t raps  can be filled or empt ied  by  the 
field and so the  o rde r  of kinet ics  m a y  change.  The 
concentra t ion of ma jo r i t y  carr iers  wi l l  be less a t  the 
surface because of the band  bending.  This m a y  de-  
crease the  recombinat ion.  Re ichman (5) has recen t ly  
considered a pa r t i cu la r  case using the Sah, Noyce, and 
Shockley  approx ima t ion  (6). However  f i r s t -order  k i -  
netics wi l l  be ma in ta ined  under  condit ions of low i l -  
lumina t ion  and if Oo is not  too large.  In  this paper  we 
t rea t  this case r igorously.  In  a subsequent  paper  we 
shal l  ex tend  our  t r ea tmen t  to include the o t h e r  kinet ic  
cases. 

Equat ion  [5] mus t  be solved wi th  the two boundary  
condit ions as 

x -*  ~ c-* 0 [6] 
and at  x = 0 [(0o) (00)] 

NIo = D "~x o - -C~  - ~  o --  kz' co [7] 

The b o u n d a r y  condit ion as x -> co assumes tha t  the 
t he rma l  popula t ion  of minor i ty  car r ie rs  is negl ig ible  
compared  to the  popula t ion  genera ted  b y  the l ight.  
The bounda ry  condi t ion at  x = 0 re la tes  the flux de-  
scr ibed by  e i ther  NIo or the  t r anspor t  terms to the 
kinet ics  on the surface of the semiconductor  descr ibed 
by  the overa l l  he terogeneous  ra te  constant  kx'. The 
collection efficiency, N, compares  the flux of minor i ty  
car r ie rs  lost  a t  the surface by, for instance, recombina-  
t ion and fa rada ic  processes to the  flux of incoming 
photons. When  surface recombina t ion  (kn') and a f a ra -  
daic reac t ion  (kF') a re  the two main  processes we 
define a fa rada ic  collection efficiency, NF, where  

NF : (kF'/k~z')N [8] 
and 

kz'  : kF' -~- kR' [9] 

To solve Eq. [5] we first solve the equat ion wi th  
bounda ry  condit ion [6] for  the f ie ld-free region wi th  
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o : 0 for x grea te r  than  W where  W is the wid th  of 
the  deple t ion  l aye r  

W : (200) % LD [10] 

We the reby  obta in  a re la t ion  be tween  the concent ra -  
tion, cw, and the flux, cw', at x : w.  S imi l a r ly  we solve 
Eq. [5] for  the deple t ion  l aye r  wi th  bounda ry  condi-  
t ion [7J and Eq. L1] for  0, to ob ta in  a second re la t ion  
for the c o n c e n t r a t i o n a n d  the flux at  x : W. E l imina-  
t ion of cw and cw' wi l l  then  lead  to an  express ion for N. 

The Field-Free Region 
Using Laplace  t ransforms Eq. [5] wi th  boundary  

condit ion [6j gives 

Dcw Lk 
Dcw'-- --+--#Io [11] 

Lk Lk + L~ 
and 

c : cw exp --  

#I~ f ? 
4- Lk2 --  Le 2 exp ( - -  ~----~-) --  exp  ( - -  ~ )  

where  [12] 
X'----x--W 

# = exp ( - -  W/L~) = exp [ - -  (28o):ALD/L~] [13] 
and 

Lk --  ( D / k )  1/, [14] 

The p a r a m e t e r  ~ describes the  f rac t ion  of the l ight  tha t  
is absorbed  in the f ie ld-free region, and the length  Lk 
is the diffusion length  or  react ion l aye r  thickness (7). 
These resul ts  are  ident ical  to those obta ined for the 
s imi lar  concentra t ion profile for photogenera t ion  in  a 
homogeneous photogalvanic  cell (8). Equat ion  [11] 
shows tha t  the flux at  the  edge of the deple t ion  l aye r  
can be e i ther  negat ive  or positive. The first negat ive  
t e rm describes the diffusion of electrons out  of the 
space charge  l aye r  and  the i r  subsequent  loss by  re -  
combinat ion in a react ion l aye r  of thickness Lk. The 
second posit ive t e rm describes the in ject ion of elec-  
trons into the deple t ion  l aye r  f rom photogenera t ion  in 
the  f ie ld-free region; the l ight  absorbed is ~Io and the 
f ract ion recovered  is Lk / (Lk  + LE). Fo r  good recovery  
Lk must  be l a rge r  than  Lc. 

The Depletion Layer 
We s tar t  by  wr i t ing  

C - :  ~ e  0 

Subst i tu t ion  in Eq. [5] together  wi th  Eq. 
gives 

02u Ou 
O - - +  (o 4- V~) - - -  %.~u = -- V2ge -~  

002 O0 
where  

and 
7 -- LD2/Lk 2 

[15] 

[1] then  

[16] 

[17] 

[18] 
~IoLD 2 [ LD(20) 1A ] 

g -- DL----~'~ exp Le 

Equat ion [16] is an inhomogeneous K u m m e r  equat ion 
(9) and is solved below. However ,  more  insight  into 
the physical  significance of the mathemat ics  can be ob-  
ta ined from simple analy t ica l  expressions found using 
approx imate  methods of solution. 

The Approximate Method for LD ~ Lk 
In this approach  we in tegra te  Eq, [5] using bound-  

a ry  condi t ion [7] to obta in  

~ D Ox c 

= I o [ N - - 1 4 - e x p  ( - - x / L e ) ]  4 - k 5 o  ~ cdx' [19] 



1494 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  July  1981 

Subst i tu t ion  f rom Eq. [1], [13], [15], and [17] gives 

Ou 

80 

[ (20)V2LD ] t e x p ( - - 8 )  foLD N - -  l - k ~ e x p  
D L~ (20) ~= 

e x p ( - - 0 )  .~e eo u e x p ( r  de' [20] 
(2o) ~/= (2r '/= 

We assume first tha t  LD 2 < Lc 2, which is a lmost  cer ta in  
to be t rue for any  prac t ica l  case. Then, when the -~ 
t e rm is negligible,  Eq. [20J can be in tegra ted  to ob-  
ta in  

foLD ~ ' / =  

u~=0 = Uo --(i --  ~ - - /V)  
D 2'/= 

[erf  ~o '/= --  erf  0'/=] [21] 

~Lk 
1 - - ~ + - - 1  

L k +  Le 
N --  [27] 

kLD D exp (--Oo)~ 
1 +  + 

kz' (20o) V= kz'  Lk 
where  

1 --  71n (1 + x~/=0o~/=) 
f = > 0 [28] 

1 + (~-~/2)'/= 
and 

"7 " - -  LD2 /Lk 2 

Now S will  differ s ignif icantly f rom u n i t y  only when 
Lk < LD. Since we have  assumed tha t  LD < <  LE the 
t h i r d  t e rm  in the numera to r  wi l l  be negl igible  under  
these conditions. Also under  the same conditions the 
th i rd  t e rm of the denomina tor  wi l l  be ve ry  much  
smal le r  than  the second. So for  most cases we can pu t  
f = 1 and using Eq. [13J wr i t e  

N _  

--  (20o) v= LD ] Lk 
1 --  exp  LE + Lk -~ Le 

_ _ e x p [  - (20o)'/2 LD ] 
L~ 

kiLo Lk ] 
1 + ~ (20o)'/= -F exp(0o) 

[29] 

In this express ion the first t e rm on the r i gh t -hand  side 
describes the  equ i l ib r ium dis t r ibut ion  of car r ie rs  in 
the field and is dominant  near  the surface of the semi-  
conductor  where  e is close to Co. The second t e rm arises 
f rom the t ranspor t  of  car r ie rs  in or  out  of the deplet ion 
layer .  Its sign depends on 1 p N because the f rac-  
t ion of l ight  absorbed  in the deple t ion  l aye r  is (1 --  ~) 
and the f rac t ion of al l  the pho togenera ted  carr iers  tha t  
are des t royed at  the surface is given by  N, When  the 
kinet ics  in the  deple t ion  l aye r  are  negligible,  then, if 
1 --  # is g rea te r  than  N, car r ie rs  a re  lost to the field- 
free region and the erf  t e rm  describes a drop in ca r r i e r  
concentrat ion at  the bounda ry  of the deple t ion  layer .  
Converse ly  if N is g rea te r  than  1 --  ~ carr iers  are  sup-  
pl ied f rom the f ie ld-f ree  region and the erf  t e rm de-  
scribes a bu i ldup  of carriers .  In  e i ther  case the  erf 
t e rm is the  dominant  t e rm at the b o u n d a r y  of the de -  
ple t ion layer ;  i t  arises,  because in this  region t r anspor t  
by  migra t ion  is inefficient. 

Re tu rn ing  to Eq. [20] we show in Append ix  B tha t  
for 7 < 1 and 0o > 6 the solut ion for u has the  same 
form as Eq. [21] 

u ~ Uo --  B [erf  0o'/= --  err  oV=] [22] 

where  B, a constant  fixed by  the bounda ry  conditions, 
is 

~V, ~ IoLD Co } 
2-~/, ~ (1,--  p --  N) --  v (20o)1/= 

B = [23] 
1 --  v l n ( l  + ~'/= Oo'/=) 

The phys ica l  significance of the  te rms is the  same as 
discussed above. In  the  numera to r  of Eq. [23] the  
t e rm allows for the fact that  not  all  the species gen-  
e ra ted  in the deple t ion  l aye r  (1 --  p) react  at  the 
surface (N) or are  lost to the f ie ld-f ree  region. The 
te rm in the  denomina tor  means tha t  the  solut ion 
only  holds for  

~/< [In (1 + n'/~ Oo'/=]-1 [24] 

F r o m  Eq. [15] and [22] we obta in  

cw = exp ( - -  eo) Co --  B [26] 

where  we have  assumed tha t  ao is large  enough for 
erf  0o'/= ,-~ I. Different ia t ion of Eq. [25] gives 

cw' ---- -- 2V= B/='/= LD [26] 

Eliminat ion  of Co, cw, cw', and B be tween Eq. [7], [11], 
[23], [25], and [26] gives 

In obta in ing this resul t  we have made  the fol lowing 
approximat ions  and assumptions  

c o >  6 

LD 2 ,~ < Le ~ 

LD 2 < Lk2/ln (1 + ~'/=eo 1/=) 

f = l  

As shown in Fig. 2 each of the  terms in Eq. [29] has 
a s imple physical  significance. The first two terms in 
the numera to r  descr ibe the  f ract ion of l ight  tha t  is 

I l I o 10 

hw " 

DEPLETION LAYER FIELD FREE REGION 

1.0 

e-1 

~ I- I "K~~'~'~" I 

NUMERATOR 
"GENERAT NG TERM"~ 

i 

'( 2 80)~/2LD �9 

oxp[- ~ l  L~ J 

Fig. 2. D~agram illustrating the s|gnlflcanee of the various terms 
in Eq. [291. The hatching indicates where minority carriers are 
lost through recombination. 
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absorbed  in the  deple t ion  layer ;  the th i rd  t e rm de-  
scribes the  f ract ion absorbed  in the  f ie ld-free region 
mul t ip l i ed  by  the f ract ion of those genera ted  tha t  
reach  the deple t ion  l aye r  boundary .  Thus the n u m e r -  
a tor  describes the supp ly  of minor i ty  car r ie rs  to the 
surface of the  electrode. We call  this pa r t  of the  ex -  
press ion the "genera t ing  term."  The denomina tor  de -  
scribes the i r  subsequent  fates:  the  first t e rm reac t ion  
at the  surface,  the  second t e rm recombina t ion  in the 
deple t ion  layer ,  and the th i rd  t e r m  recombina t ion  in 
the f ie ld-f ree  region,  whe re  each of the  te rms is com- 
pa red  to reacUon at  the surface. We call  this group of 
te rms the "kinet ic  term."  Each of the  recombina t ion  
te rms contains a character is t ic  l ength  which descr ibes  
the  volume in which the recombina t ion  takes  place. 
In  t h e  deple t ion  l aye r  this  length  is LD/ (200) '/=. This is 
because the  concentra t ion  of minor i ty  car r ie rs  is l a r g -  
est  a t  the  surface of the  electrode,  and  hence for first-  
o rde r  kinet ics  most  recombina t ion  takes  place close to 
the  surface. At  a dis tance of LD/(20o) 1/=, C/Co ~_ e -I 
and the rea f te r  the concentra t ion continues to fa l l  off 
as 8 drops;  this is shown in Fig. 2. For  the  recombina-  
t ion in the  f ie ld-f ree  region the character is t ic  length  i s  
Lk. The exponent ia l  t e rm  describes the difference in 
concentra t ion be tween  the surface and the bounda ry  of 
the  deple t ion  layer .  Therefore  the collection efficiency, 
N, consists of the genera t ing  te rm which describes the 
supply  of minor i ty  carr iers  to the e lec t rode  surface 
d iv ided  by  the kinet ic  t e rm  which compares  the  p ro -  
por t ion  of the  car r ie rs  which then reac t  at  the surface 
wi th  those which  recombine  e i ther  in the deple t ion  
l aye r  or in the  f ie ld-f ree  region. 

F r o m  Eq. [7], [15], [22], [23], and [29] we can now 
wr i t e  down an  express ion for the concentra t ion profile 
of minor i ty  car r ie rs  in  the deple t ion  layer  

Io exp (0) 
C ~  

kLD D exp (--0o) 

(200) I/, Lk 

~ (  ) (~/2)V=(LD/D) 
~Lk exp (--0o) -t- 

1 -- 3 ~ Lk + Le 1 + =V=LD/2'/=Lk 

kLD 
Lk + L, (200) '/= 

(1 -- p) D exp (--,00) ] 

J Lk 

[err 0o'/, -- erf 0 ~/= ] I [30] 

By pu t t ing  0 _-- 0 this equat ion gives the  va lue  of cw 
to u s e i n  Eq. [12] for  the  f ie ld-f ree  region. 

Concentration Profiles 
Figure  3 shows typical  concentra t ion profiles ca lcu-  

la ted  f rom Eq. [12] and [30]. Note the good join at  
the  bounda ry  of the deple t ion  layer  and the w a y  tha t  
the  deple t ion  l aye r  spreads fu r the r  into the semicon-  
ductor  as 0o increases. The concentra t ion passes 
th rough  a m in imum in the deple t ion  l aye r  where  there  
need not  be  many  car r ie rs  because the t r anspor t  by  
migra t ion  in the  field is efficient. I t  rises th rough  sev-  
era l  orders  of magni tude  at  the surface. This is because 
there  mus t  be sufficient carr iers  to ca r ry  the cur ren t  
into the  electrolyte .  I t  is whi l e  wai t ing  to react  a t  the 
surface tha t  the minor i ty  carr iers  a re  most  l ike ly  to 
be des t royed in the deple t ion  layer .  I t  is this fea ture  
which, despi te  the complexi t ies  of the different ia l  
equation,  means  tha t  the  resul ts  are  so simple. The 
profiles a re  s imi lar  to those s imula ted  by  Laser  and 
Bard  (3),  but  in our  case they  are  the  s t eady-s t a t e  
profiles. 

The Approximate Method for LD > Lk 
When LD :> Lk the  recombina t ion  kinetics are  so 

r ap id  that,  in o rder  to reach  the surface, carr iers  have 
to be genera ted  in the deple t ion  layer ;  ca r r ie rs  gen-  

Fig. 3. Typical concentration profiles calculated from Eq. [12] 
and [30] showing how the concentration varies with distance and 
the potential across the depletion layer. The following parameters 
were used: LJLD =. 6.90, Lk/LD ~. 6.97, kz'LD/D =. 1.45 • 
10-~. 

era ted  in the  f ie ld-f ree  region a re  des t royed before 
they  reach  the surface. This means  tha t  the  impor tan t  
region in de te rmin ing  N is a ve ry  thin  l aye r  close to 
the surface of the electrode.  Re turn ing  to Eq. [5] we 
can then make  a s imple approximat ion;  we replace 
(oe/Ox) with  its value  at  the surface 

(O0/0X) ~ (200)Va/LD [31]  

Equat ion [5] can then  be in tegra ted ,  us ing Laplace  
t ransforms,  to give 

(1 + LJLA)-x 
N = [32] 

(i + D/k~'LA) 

(5) c =  e x p -  -t- ( L , ~  a (20o) V=L E 
kz' 1 

k Lk / + LD 

• [ exp ( - - ~ )  --  e x p (  --  L--~) ] [33] 

whe re  

and 

When 

and 

LD 
L A x  

(200) Y= 
[ (u + "v/2Oo) '/= - -  %] - I  [34] 

b B ~ 
LD 

(200) '/= 
[(1/4 + ~/20o)'/= + Y=]-z [35] 

LD < (200) '/= Lk [36] 

LA __~ (2to) V= Lk2/LD [37] 

LB "~ LD/(28o) V8 [38] 

(1 + LeLD/(200) 1/=Lk2) -1 
N __~ [39] 

(1 -[- kLD/(20o) V=kz') 

On the o ther  hand, when  

LD > (200) l/=Lk [40] 

LA ~_ LB ~ Lk [41] 
and 

(1 -t- LJLk)-1 
N _ [42] 

1 "-F D/kz'Lk 

Under  these ex t reme  conditions the kinet ics  a re  so 
rap id  that  a s imple photos ta t ionary  s tate  is es tabl ished 
inside one Debye  length. The field has no effect and 
we obta in  the game resul t  as for a photogalvanic  cell  
(8). In  the  express ion for c the  effect of the  surface 
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react ions pe r tu rbs  the concentrat ion profile over  a dis-  
tance ~ Lm As shown by  [38] or  [41] this  distance is 
ve ry  shor t  and the reby  justifies the approx imat ion  in 
[31]. When  x > 5LB the dominant  t e rm in [33] is the  
B e e r - L a m b e r t  exponent ia l  t e rm in (x/L~).  The ex-  
pressions for N in [39] and [42] again  consist of a gen-  
era t ing term,  the  numera tor ,  and a kinet ic  term, the 
denominator .  I t  is sa t i s fac tory  tha t  the kinet ic  t e rm 
of Eq. [32] for N is the same as the kinet ic  t e rm in 
the  previous  resul t  which  was der ived for the opposite 
condit ion tha t  LD ~ Lk. 

The Rigorous Solution 
Although  the  resul ts  der ived  so far  a re  s imple and 

sa t i s fy ingly  t ransparent ,  we can obta in  a r igorous 
solut ion to the inhomogeneous K u m m e r  equat ion [16]. 
The homogeneous equat ion 

8~u ~u 
o O0~ + ( o + � 8 9  Oo - V z T u = O  

has two independen t  solut ions (10) 

GI ( - -0 )  --  zF~(--1/27; 1/2; --0) [43] 

G2(--o) -- ol/~F1(1/2 -- 1/27; 3/2; --0) [44] 

e x p  -iV. 
N =  

era t ing term, the numera tor ,  and a kinetic  term, the 
denominator .  For  smal l  values of ~ the confluent hy -  
pergeometr ic  functions may  be simplified, as given in 
Eq. [46] and [47] and 

G1'(--0o) ~___ 27 Daw (0o ~/~) ~ 7Oo -'/~ [51] 

G2~(--0o) ~__. exp  (--0o) [52] 
where  Daw (~) is Dawson's  in tegra l  ( l l ) .  Fo r  values  
of 0o '/~ ~ 3 we can make  the fu r the r  approx imat ion  in 
Eq. [51]. Subst i tu t ion  in [48] fol lowed by  in tegra t ion  
gives 

t -- ~ ~ Lk + Le 1 + a~/~LD/2'/~Lk 
N ~  

kLD D exp ( --  So) 

kz' (200) Y~ k~.'Lk (1 + ~I/2LD/2~/2Lk) 

[53] 

This express ion is ident ical  wi th  [27] when,  for the  
same reasons as we could put  J : 1 in  [27], the te rms 
in ~V~LD/2'/~Lk are  ignored. Fo r  la rge  values of 0o a l t e r -  
nat ive  expressions for the confluent hypergeomet r ic  
functions m a y  be used (10) g iving 

Lk -~- Le LF(Z/ ;=~z7  ) -t 2i/~r( 1 + 1/zT)L k [54] 
1 + kLD/kz'(20o) 1/~ 

where  zF1 is a confluent hypergeomet r ic  funct ion (1O). 
The inhomogeneous equat ion can then be solved by  
construct ing a Green ' s  funct ion and we obta in  

G2(--0)  r 
c e x p  (--0)  : cwGI( - -0)  -~ G~(--Oo) ~ coexp  (--eo) 

f0o~,, } 
-- CWGl(--0o) --  2Gl(--0o)  *'0 gGs(--O')d(O')~/" 

+ 2Gx (- -0)  gG~(--o')d(o')  1/, 

f0ol]$ 
+ 2G~(--0) ,0~ ~ gGl(--o)d(o')~2 [45] 

When  7 is smal l  then (10) 

Gz( - -0)  ~ 1 [46] 

G~(--0)  --~ �89 err  0'/2 [47] 

If  we also assume tha t  LD ~ Le then [45] reduces 
to the  corresponding Eq. [22]. 

Different ia t ion of [45] to find cw' fol lowed by  e l im-  
inat ion using [7], [11], and  [13] gives 

[ Lk f 8~ 2VULD f 0o']2 ] 
fl Lk -~- L"----'~ "]" .]0 g'GzdPV= -[- ~ *]0 g'G2dOV= 

N - -  

This resul t  confirms the express ion for the  kinet ic  te rm 
obta ined  in the app rox ima te  t rea tments  for la rge  
values  of So, regardless  of whe the r  Lk is g rea te r  or  
smal le r  than  LD. For  the  genera t ing  term,  when  7 is 
smal l  (Lk ~ > LD2), the  numera to r  reduces to the resul t  
in [29]. When  7 is ~ 1 and W < LE, the genera t ing  
t e rm reduces, af ter  integrat ion,  to. 

W/L~ 
G.T. - - -  [55] 

1 + ' ~  

This resul t  m a y  be compared  wi th  the  two approx i -  
mate  solut ions f rom [29] and [39] 

G.T. ,-- W/L~ for  7 < <  1 [56] 

and 
G.T. ~ W/L~7 for  At >> i [57] 

We can there fore  ex tend  the va l id i ty  of the  app rox i -  
mate  solut ion for -~ > 1 by  wri t ing,  ins tead  of [39] 

Le LD2 ~ ] - !  

N : [581 
1 -t- kLD/(20o) V2kz' 

21/2LDG2 ( -- 00) D D 
Gz(- -eo)  -~ + - - G l ' ( - - 0 o )  + Gs'(--0o) 

Lk 2 V2 k~'LD kz'Lk 

[48] 

where  
2'/'LD [ (2O)V, LD ] 

g' _ - -  exp 
LE L~ 

Gx' ( - - s )  = ~G1 ( - -  o)/00~ 

= 2-y0 I/~ tFz(1 --  1/2~; 3/2; --o) [49] 

G d ( - - 0 )  = OG2(--e)/00 I~ 

: zFz(1/2 --  1/2-y; 1/2; --0) [50] 

This genera l  express ion  for N again  consists of a gen-  

This express ion holds to wi th in  10% for most  c a s e s  
where  2o0 V. > LD/Lk ~ 1. S imi l a r ly  for 7 < 1 we can 
modi fy  the complete  Eq. [29] using [54] to give 

1 --  3 pLk eo -V2~ 
+ 

1 -t- ~o.a7 Lk + L~ 1 -t- (27)  '/~ -i- 
N _ [59] 

kLD D 
1 -~ ~- exp  (--0o) 

ks '  (20o) ~, kz'Lk 

where  the exponent  0.3 has been found to give the  bes t  
fit to resul ts  f rom the complete  equation.  
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Comparison with Previous Results NxlO2 
Our  express ion  for  N m a y  be compared  wi th  the  

previous  resul ts  obta ined by  Wilson (2). Using our  
nota t ion r e a r r a n g e m e n t  of his Eq. [11] and using his 
Eq. [ 1 8 ]  (a f te r  correct ing a typographica l  e r ror )  we 
obta in  Eq. [29] wi thout  the second te rm in the  de -  10 
nomina tor  which  describes recombina t ion  in  the de -  
p le t ion layer .  This is because  Wilson did not  inc lude  
this effect. 

Current Voltage Curves 
In dimensionless  nota t ion cur ren t  vol tage curves 

are  plots of NF agains t  0o, where  NF is defined in [8]. 
Whi le  i t  is a lways  possible  tha t  the e lect rochemical  
r a t e  constants  kF' and kR' m a y  depend on potent ia l  be -  
cause, for  instance, the react ions m a y  involve  surface 
states, one cannot  have  a genera l  theory  for this effect. 
We can, however ,  discuss how N depends  on 0o and 
therefore  see how far  the observed cur ren t  vol tage  be-  
hav ior  can be a t t r ibu ted  to the t r anspor t  and kinet ics  
in the  semiconductor  as opposed to the ubiqui tous ex -  
p lana t ion  of surface states (2, 12), r emember ing  a l -  
ways  tha t  in this pape r  we have assumed that  the re -  
combinat ion  kinet ics  a r e  first o rde r  th roughout  the 
deple t ion  layer .  

Typical  resul ts  for  N as a function of 0o are  d isplayed 
in Fig. 4, 5, and 6. There  is less than  5% difference 
be tween  those resul ts  c~tculated using the appropr i a t e  
app rox ima te  equations [58] or  [59] and those obta ined 
using a compute r  to eva lua te  the functions in the  
comple te  Eq. [48]. This good ag reemen t  justifies the 
approx imat ions  used. 

In  consider ing the  var ia t ion  of N wi th  0o i t  is he lp -  
ful to depic t  the  var ious  types  of behav ior  that  can be  
found f rom the genera t ing  and kinet ic  terms;  this  is 
done in Fig. 7 for  the genera t ing  term. The d iagram 
shows dif ferent  app rox ima te  expressions for the  gen-  
e ra t ing  t e rm and the condit ions in terms of eo and 
Lk/LD for which the approx imat ions  hold. Near  the  
bounda ry  l ines be tween  the different  approx imat ions  0 
the ful l  express ion  has to be  used. We have obta ined 
the express ion  (28o)l/2LD/L~ in the hatched area  by 
fol lowing Bu t l e r  (13) and expand ing  the exponent ia l  
te rms which  is just if ied in this region. I t  is in teres t ing  
tha t  this solut ion passes smoothly  over  into the equiv-  
a lent  ~/0o express ion f rom [39]. In genera l  if  there  is 
any  var ia t ion  wi th  potent ia l  o f  the genera t ing  te rm 
it  wi l l  v a r y  wi th  %/0o. The solid l ines in the d iagram 
depend  on ly  on 0o and Lk/LD, the  b roken  l ines depend 
on LE. The inset  shows how the i r  locat ion var ies  wi th  
LJLD. I t  can be seen tha t  for LdLD > 14 the broken  
l ines do n o t  appea r  on the d i ag ram at  all. Typica l  

NxlO 3 

o o 

/S 
i i I i 

10 20 30 ~0 
80 

Fig. 4. A current voltage curve for LJLD = 20, Lk/LD = 4, 
kz'LDID = 4 X 10 -5 .  The line is calculated from the approxi- 
mate Eq. [59]  (or Eq. [7 ] )  and the points from the full solution 
Eq. [48] .  
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8o 
Fig. 5. A current voltage curve for Le/LD = 20, Lk/LD = 25.1, 

k~'LD/D = 4 X 10 -5 .  The line is calculated from the approxi- 
mate Eq. [59] and the points from the full solution Eq. [48] .  
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Fig. 6. A current voltage curve for LJLD = 20, Lk/LD "-- I X 
103, k~'LD/D = 4 • 10 -5 .  The line is calculated from the ap- 
proximate Eq. [59] and the points from the full solution Eq. [48] .  

values  of Le and LD are  10 -4 and 10 -6 cm, respect ively,  
so for most  cases the d iag ram simplifies to the un-  
hatched area  where  the field has no effect on the  gen-  
e ra t ing  te rm and the hatched region a round  Lk = LD 
where  the t e rm depends on eo 1/~. In  Fig. 7 for Lk > 20LD 
near ly  al l  the carr iers  a re  genera ted  in the  f ie ld-free 
region and the supply  of these car r ie rs  to the surface 
is de te rmined  by  the kinet ics  and t r anspor t  in that  
region. On the o ther  hand, when  Lk < LD/20 the re-  
combinat ion ra te  is so r ap id  that  for  car r ie rs  to reach 
the surface they  have to be genera ted  ve ry  close to the 
surface and the ex ten t  of the deple t ion  l aye r  is un-  
important .  Only  when Lk ,~ LD is the  wid th  of the 
deple t ion  l aye r  impor t an t  in de te rmin ing  how many  
carr iers  reach  the surface. The more  rap id  t ranspor t  
by  migra t ion  in the deple t ion  l aye r  means  that  car r ie rs  
genera ted  wi th in  the deple t ion  l aye r  have a be t te r  
chance of reaching  the surface than  those genera ted  in 
the f ield-free region. However  we mus t  emphasize 
tha t  this fea ture  of semiconductor  t ranspor t  and k i -  
netics is only  impor t an t  when Lk is wi th in  an o rde r  of 
magni tude  of Lb. 

F igure  8 is the equiva len t  d i a g ra m for the k inet ic  
term.  Aga in  the solid l ines depend on ly  on 0o and 
Lk/LD, while  in this case the locat ion of the b roken  
lines depends  on the value  of (k~'LD/D), as shown in 
Fig. 9. In  genera l  Fig. 8 is d iv ided  into four regions. 
Fo r  la rge  values of Lk the recombina t ion  kinet ics  are  
slow and the kinet ic  t e rm tends to unity.  In  the ex-  
tensive hatched area  the  kinet ic  t e rm depends  on eo 1/a 
and hence the compet i t ion  is be tween  ks' and recom-  
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Fig. 7. Approximate solutions for the generating term as a function of Lk/LD and the applied potential go. The broken lines also depend 
on the value of Le and the inset shows how their position varies with Le/LD. Note that the generating term only varies with 0o when Lk - -  
Lb. 

binat ion  in  the deplet ion layer. In  the speckled area 
the current  depends on exp (eo) and the competit ion 
is between ks' and loss in the field-free region. F ina l ly  
at Io.w values of Lk, as with the generat ing term, the 
r ecombina t ion  kinetics are so rapid that the width of 
the depletion layer  is unimportant .  The boundaries be-  
tween the hatched or the speckled areas and the region 
where the term is un i ty  represent  the ha]f-wave po- 
tentials of the cur ren t  voltage curves (providing that  
ka' and kF' do not depend on potent ial) .  I t  can be seen 
that  because of the exponent ial  term the speckled area 
is only found at low values of 0o. A potential  difference 
from the fiatband of less than 0.3V will  usual ly  be 
sufficient to reach the half -wave potential. By contrast  
the dependence of current  on eo '/~ is ra ther  a weak 
dependence. So in  many  cases the l imit ing value for 
the kinetic term of un i ty  is never  reached, and the 
kinetic term depends on eo '/~ over an extensive poten-  
tial range. F ina l ly  in Fig. i0 we combine the results to 
show how N depends on 8o. We have assumed, as dis- 
cussed above, that  Lk > 20 LD. It can be seen that if 

kz' < 10-4D/LD [60] 

then N depends o.n 8o '/~ because of the 80112 region in the 
kinetic term ra ther  than the 0o'/~ region in the generat-  
ing term. Hence there are two possible explanations of 
an  observed dependence of N on eo 1/~. The first expla-  
nat ion is that  of Butler. This requires that  

Lk ,~ LD [61] 
and that 

kz' > D/LD [62] 

The last  condition ensures that the kinetic term is 
un i ty  and is equivalent  to Butler  (13) and Gfirtner's 
(1) assumption of rapid interracial  kinetics. With 

typical values of D and LD of 1 crr/2 sec-1 and 10 -~ 
cm, respectively, we find that  

ks' > 10s cm sec -1 [63] 

This condition is a severe one since a rough estimate 
suggests that  the upper  l imit  for such an electrochem- 
ical rate constant  is --105-106 cm sec -z. In  Butler 's  case 
D/cm ~ sec -1 _ 0.25 and LD/Cm = 3.4 • 10 -5 so he 
required k~' > 10 ~ cm sec -1. 

In  our view it is more probable that  the condition 
in Eq. [60] will be satisfied and that  the explanat ion of 
N being l inear  with 0o '/~ involves recombinat ion in  
the depletion layer, always with the assumption that 
the kinetics are first order throughout.  If this explana-  
t ion is correct, then the gradients of N/eo'l~ plots will 
depend on ks' and therefore will depend on the me-  
dium and the concentrations of electrochemical re- 
actants. This type of behavior  has been found, for in- 
stance, by Gautron et al. (14) for ZnSe. The gradients 
in HC104, KC1, and KOH are all different. This cannot 
arise from the Butler  explanat ion because in  that case 
the gradient  only depends on the properties of the 
semiconductor L~, Lk, and LD. Hence this is a simple 
diagnostic test for the two different explanations. 
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Fig. 8. Approximate solutions for the kinetic term as a function of Lk/Lz) and the applied potential 9o. The broken lines also depend on 
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Fig. 10. Approximate solutions for N as a function of Lk/LD and 8o, assuming that LE > 20 LD, for the particular case of k~"LD/D : 
10 -4.  Note that the dependence on 8o 1/2 arises from the kinetic term rather than the generating term. 

All discussions for the June  1982 Discussion Section 
should be submit ted by  Feb. 1, 1982. 

APPENDIX A 
In our t rea tment  we have assumed that  the variat ion 

of potential  with distance is given by [1]. However, 
the bui ldup of minor i ty  carriers at the surface of the 
semiconductor (see Fig. 3) may alter  the potential  dis- 
tr ibution.  Close to the surface the concentrat ion of 
minor i ty  carriers is given by 

c ~ co exp (8 -- 80) 

The Poisson-Bol tzmann equat ion is then 

0~8/ax 2 = 1 4- p exp (8 -- 0o) 
where 

x = x /LD 
a n d  

Co NIo 
= = [A- l ]  

ND kz'ND 

Integration,  assuming p exp (--80) << 1 gives 

~s/Ox = -- [28 4- 2p exp (8 -- 80)]'/= [A-2] 
and 

21/=x - JO TM [8'4-pexp (8' -- 8o) ]-V= d8 ' [A-3] 

To evaluate the integral we split it at 8, where for 8 < 
e,, 8 N 80 ___ e, and for 8 > 8, the term in p is negligible. 

For 8 < 8, s 
I1 = o - ~  do = 2(0.'/= -- or,) [A-4] 

For o > 8, 

:s ~o do' 

I 2 =  * [o. 4 - p e x p ( o ' - -  Oo)]~/= 

= o.-V= In �9 [A-5] 
P+l Q-1 

where 
P -- (i + p/O,) v= 

and 
Q = [1 4- (p/o,) exp (e, - Oo) ] ~' 

Assuming that p/0, < I, we use the binomial  expan-  
sion for P and Q to obtain for 12 

I2 ~ 0,-'/= [ 0 o -  0, -- 1~ (p/0,) {1 -- exp (e, -- eo)}] 

Subst i tu t ion in  [A-3] gives for o < e, 

x ~ (2eo) ~= [I  - -  p/40o 2] -- (20) V= [A-6] 

Hence for most of the depletion layer  the parabolic 
form of [1] still holds and fur thermore  the effect of 
the bui ldup of minor i ty  carriers on the actual potential  
dis t r ibut ion is negligible if 

NIo 
p _ << 4Co ~ [A=7] 

kz' ND 

With the values N ---- I, Io ---- 2 • I0 -? mol cm -2 sec -I, 
kz' = I cm sec - I ,  and ND = 1017 cm -3, P is approxi-  
mate ly  unity. The effect of the term in  p is shown in 
Fig. A-I .  It can be seen that  the bui ldup of minor i ty  
carriers reduces the potential  and the width of the 
layer. From Eq. [A-2] the potential  gradient  at the 
surface is steeper 

(0e/aZ)o = -- [2(Oo + p)]V= 

This means that, even though [A-7] holds, p will have 
an effect on this gradient  when  p ~ eo and this in tu rn  
will  affect the loss of minor i ty  carriers from recom- 
binat ion in  the depletion layer. Hence if p is significant 
compared to 0o then in [27], [29], [30], [39], [53], 
[54], [58], and [59] (20ol/=) should be replaced by 
[2(00 + p)]l/= in  the depletion layer  recombinat ion 
term in the denominator.  

APPENDIX B 
In this Appendix we integrate Eq. [20] for the con- 

ditions a < 1 and oo > 6. We star t  by  assuming that  the 
solution has the same form as Eq. [21] 
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Fig. A-i .  The effect of the buildup of minority carriers at the 
6urface on the distribution of potential in the depletion layer, for 
p = Oo = 10. The broken line is calculated from Eq. [1] (p = O) 
while the solid line is calculated from Eq. [A-6].  

u = Uo - -  B [ e r r  0o '/2 - -  err  0v2] [ B - l ]  

where B is a constant. A simple approximation for the 
er ror  functions, which is at worst  only 18% in error, 
is 

err 0o'/2 -- err ov~ ,~ exp (--O)/(l -~ ~v2 Or2) [B-2] 

Substitution of [B- l ]  and [B-2] in [20] followed by 
integration gives 

IoLn ~W 
u : uo - -  (1 --  ~ --  N) [ef t  0o ~/~ -- erf  0'/~] 

D 21/~ 

f : ' o e x p ( - - o ' )  [ f %  e x p ( 0 " ) d o "  
+ "r (20') ~/2 Uo o" " (20") ~/2 

(20")-V~ d0" ] d0' [B-3] 
- B 1 +_ (~o")w 

The integrals in the -r term are evaluated as follows: 
First  

s s =s176 exp,-,, o exp (--8 ')  o exp ( o " )  

(20') ~/2 (2o") ~ (0') W 

[exp (Oo)Daw (8o) v2 -- exp (o') Daw (o')~/2]do ' 

1/~=,/, oo-v2 exp (Oo) [eft  co'/2 - erf or2] _ ~ l n  (co/e) 
[ B - 4 ]  

where  Daw (~) is Dawson's  integraI (11) and for 
L > 2  

Daw(~) _~ ~ X-1 

In [B-4] the in term can be ignored with respect to 
the first term. 

Second 

f :o  exp (--o') f ; o  (2o")-v. 
( 2 r  ,/2 1 + (~o")  va do", do' 

(r  1/~ 1 + (~e') v2 

In [1 + (n0o) '/=] [eft  coY, - err e'/,] [B-5] 

Substitution of [B-4] and [B-f]  in [B-3], followed by 
comparison with [B- l ]  and using co = Uo exp (ao) 
gives the expression for B in [23] 
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ABSTRACT 

Electrode per formance  of two synthet ic  reformates ,  one a 3% CO-12% 
CI-I4-85% H2 mix ture  and the other  a 2% CO-26% CO2-72% H2 mixture ,  
were  inves t iga ted  in t r i f luoromethanesulfonic  acid monohydra te  ( T F M S A .  
H20) .  These re formate  fuels were  found to signif icantly reduce  e lec t rode  
per formance  when compared  to pure  H2 performance ,  bu t  the re fo rmate  pe r -  
formance in T F M S A  �9 H~O was super ior  to pure  H2 per fo rmance  in 85% 
H3PO4. Comparisons in polar iza t ion  da ta  and act ivat ion energies  be tween  
the re formates  and severa l  CO-H2 mix tures  have shown tha t  CO was the  
r a t e - l imi t ing  component  in the r e lo rma te  mixtures .  Vol tammet r i c  techniques 
were  employed  as a means  of s tudying  CO adsorpt ion  in T F M S A  �9 H20 in 
more  detail. 

I n  the past five years,  there  has been renewed  
in teres t  in finding a l t e rna t ive  e lec t ro ly tes  for fuel  cells 
which  combine the  s t ab i l i ty  of phosphor ic  acid wi th  
the  des i rable  e lec t rochemical  p roper t ies  found in acids 
such as H F  or  H2SO4. The f luor inated a lkanesul fonic  
acids have been  inves t iga ted  ex tens ive ly  (1-8),  and  
t r i f luoromethanesulfonic  acid monohydra t e  ( T F M S A -  
H20) ,  in  par t icu la r ,  has exh ib i ted  m a n y  des i rable  
p roper t ies  such as low vapor  pressure,  h igh ionic 
s t rength,  and  a non in te r fe r ing  anion group. A d a m s  
et  al. have  shown that,  k inet ica l ly ,  hydrogen  and 
propane  oxida t ion  react ions  proceed at  ra tes  3 - 1 0  
t imes fas ter  in TFMSA �9 H20 than  in H~PO4, and the 
open-c i rcu i t  po ten t ia l  for oxygen on p l a t inum is ap -  
p rox ima te ly  150 mV higher  in T F M S A - i 2 0  (4-6).  

I f  T F M S A  �9 i 2 0  is to be rea l i s t i ca l ly  considered as 
an a l t e rna t ive  to phosphoric  acid, i t  mus t  be c h a r -  
acter ized under  al l  fuel  cell  conditions.  The need 
for  a synthet ic  source of hydrogen  has been es tab-  
hshed;  therefore ,  a comprehens ive  charac te r iza t ion  of 
TFMSA �9 H20 should include a s tudy  of cell pe r fo rm-  
ance wi th  re fo rmate  fuels where  the effect of the 
various consti tuents,  pa r t i cu l a r ly  carbon monoxide,  
could be observed.  The r e fo rmer  const i tutes  a la rge  
percentage  of to ta l  fuel  cell  cost and the h igher  the 
grade  of r e fo rmate  requ i red  by  the fuel  cell, the  more  
complex and costly the system becomes. If i t  could be 
shown tha t  any  de t r imen ta l  effects p roduced  b y  the 
re fo rmate  const i tuents  are  r educed  in the  presence of 
T F M S A .  H20, then  improved  cell  pe r fo rmance  and 
cheaper  sys tem costs th rough  down-sca l ing  of the  
r e fo rmer  should be possible. Such a resu l t  would  un -  
doub ted ly  enhance the economic value  of the  fuel  cell.  

The  purpose  of this  inves t iga t ion  has been to ex -  
amine  the effect of  r ep resen ta t ive  r e fo rma te  fuel  
feeds on p l a t i num in T F M S A  �9 H20 and to a t t empt  to 
de t e rmine  i f  T F M S A -  H20 is a v iable  a l t e rna t ive  to 
I-~P04 for  use wi th  r e fo rma te  fuels. 

Experimental 
The e lec t rochemical  tests were  car r ied  out  in a 

t h r e e - c o m p a r t m e n t  cell  made  of P y r e x  glass s imi la r  

~ Electrochemical  Society Act ive  Member. 
Key words: fuel  cel l ,  e l e c t r o l y t e ,  reformate,  carbon monoxide.  

in design to the cell  descr ibed b y  Adams  et  aL (1).  
The center  compar tmen t  housed the tes t  e lec t rode  
and was connected to the  re fe rence  compar tmen t  
by a Luggin  cap i l l a ry  and a fine pore  f l i t  and  to 
the countere lec t rode  compar tmen t  b y  another  fine 
pore  firit. The test  e lec t rode  was made  f rom a piece 
of 1 cm2 p l a t i n u m  gauze which had  been  e lec t ro-  
ly t ica l ly  p la t in ized  to give a rea l  surface a rea  of ,~30 
cm e as measured  b y  the cathodic hydrogen  deposi t ion 
technique (9). The reference  e lec t rode  was a Gine r -  
type  dynamic  hydrogen  e lec t rode  (10) which p ro -  
duced hydrogen  in situ on a p la t in ized  p l a t inum 
electrode,  t he r e by  enabl ing  recorded potent ia ls  to be 
re ferenced  to the hydrogen  e lect rode potent ial .  

A block d iagram of the e lec t rochemical  test  s tat ion 
used in these studies is shown in Fig. 1. Wi th  this 
a r rangement ,  al l  the necessary  e lec t rochemical  tech-  
niques such as e lec t rode  surface area  measurement ,  
cyclic vo l tammet ry ,  and single and mul t i - s t ep  po ten-  
t iokinet ic  measurements  could be employed.  The po-  
tent iokinet ic  technique was used ex tens ive ly  to mea -  
sure the cu r ren t -vo l t age  dependence  of the  anodic 
react ions on the work ing  e lec t rode  at  var ious  t em-  
peratures .  These measurements  were  made  using the 
potent ia l  s t ep - t imer  circui t  coupled to the poten t io-  
stat. With  this circuit,  the work ing  e lect rode could be 
cycled through a m a x i m u m  of 15 independen t ly  con- 
t ro l led  steps ranging  in vol tage f rom 0 to • and  
in t ime from 30 sec to 15 min. A P A R  Ser ies  2000 
da ta  acquis i t ion sys tem recorded  the da ta  on punched  
paper  tape at  the  end of each poten t ia l  step. Upon 
complet ion of the vol tage  cycling, the  da ta  were  then  
fed to a Xerox  compute r  which  averaged  the 15-20 
cu r ren t -vo l t age  readings  pe r  step, conver ted  the  cu r -  
ren t  to cu r ren t  density,  and  t abu la t ed  the  com- 
ple te  cycle into voltage,  current ,  and cur ren t  densi ty.  

The T F M S A  �9 H20 used in this s tudy  was p repa red  
by  a modificat ion to the Grams ted -Haze ld ine  tech-  
nique (11) in which TFMSA (3M Corpora t ion  FC-24) 
and 50% excess w a t e r  r a the r  than  s toichiometr ic  
por t ions  of acid and H20, were  ref luxed together  and 
dis t i l led  e i ther  by  the s t andard  ambien t  pressure  
technique or by  vacuum dist i l lat ion.  The pure  acid 
monohydra te  dis t i l led a t  217~176 a t  a tmospher ic  

1502 
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Fig. 1. Schematic diagram of 
automated electrochemical sta- 
tion. 

pressure and at 120~176 at 35 mm of pressure. 
Although both distillation techniques gave the same 
product, the vacuum technique proved the more de- 
sirable because the acid vapor at 120~ was less cor- 
rosive to the glass apparatus. The purity of the acid 
was not determined by separate analysis, but a good 
qualitative estimation of purity could be made by ob- 
serving the color, crystallinity of the distillate, and 
the freezing point of the liquid. Pure TFMSA" H~O 
is a white crystalline solid at room temperature, 
while the refluxed acid-water mixture is a tan, syrupy 
liquid. With successive distillations, the Clarity and 
ease of crystallization increased to the point that 
spontaneous crystallization of the product within the 
condenser became a continual problem. To ensure 
electrolyte purity, the initial monohydrate product was 
redistilled at least once, and usually twice, even 
though little or no change in electrochemical behavior 
was observed after the first distillation stage. 

The commercially purchased reactant gases used in 
these studies consisted of pure hydrogen (Airco), 3% 
CO in H2 (Matheson), 6% CO in H2 (Matheson), 
10% CO in H2 (Matheson), 3% CO-12% CH4-85% H2 
(Airco), and 2% CO-26% CO2-72% H2 (Mathcson). 
No-II2 and CH4-H2 mixtures were also used, but these 
were blended in the laboratory and their concentra- 
tions determined by gas chromatography. During 
experimentation with the laboratory prepared mix- 
tures, the gas inlet line was monitored continuously 
to ensure that variation of the component concentra- 
tions did not occur. All gas flows were set to the same 
rotometer setting which for H2 corresponds to 60 cm 3 
min-1. This flow rate was selected after a preliminary 
study of the effect of flow rate on oxidation current. 
The current rises rapidly with increase in flow rate to 
a relatively steady value. The measurements were 
made at rates greater than those at which current was 
dependent of flow rate. 

Results and Discussion 
The investigation of reformate performance was 

begun by first determining baseline performance with 
pure hydrogen on platinized platinum in the TFMSA �9 
H$O. The polarization curves for hydrogen oxidation 
at various temperatures are shown in Fig. 2. All four 
curves are characterized by a rapid rise in current 
followed by a relatively broad limiting current region 
which extends from 70 mV. Normally, one would ex- 
pect to observe a Tafel region beginning about 25 mV 
and extending out as far as 300 mV during which the 
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Fig. 2. Hydrogen polarization curves at various temperatures 

logarithm of the current would display a linear de- 
pendence on potential change (12), but it is obvious 
from the figure that there is no Tafel region present 
and that the limiting current region has been attained 
within only 70 mV of polarization, desirable for an 
operating fuel cell. 

The H2 oxidation reaction displays a definite posi- 
tive temperature dependence. Plotting In $ at 50 mY 
overpotential vs. 1 / T  yields a straight line (Fig. 3), 
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Fig. 3. Temperature dependence of the hydrogen oxidation rate as 
determined for an electrode held at 50 mv vs. DHE. 
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corresponding to an activation energy of 9.32 kcal/mol. 
From similar work published by Adams et al. (1), we 
calculate an activation energy of 7.62 kcal /mol  which 
is in general agreement with our data. Comparing the 
polarization curves, we observed that the Adams' 
curves exhibited more gradual increases in current 
resulting in lower limiting current values. The only 
obvious difference between the two studies is that we 
used a platinized plat inum electrode (~30 cm 2) while 
Adams and co-workers used a smooth plat inum wire 
(<0.6 cm2). While the discrepancy cannot be ex- 
plained by a simple difference in surface area s ince  
all activities have been reported as current / real  su r -  
face area, the differences in crystalli te structure a n d  
size might affect the curve shape and ult imately the 
limiting current and activation energy. 

Reformate Performance 
Reformate activity with the acid monohydrate w a s  

investigated using two synthetic reformate mixtures, 
one consisting of 2% CO and 26% CO2 with the bal-  
ance H2 and the other containing 3% CO and 12% CH4 
with the balance H2. (It should be noted that  to simu- 
late exactly the effluent from a methane cracker, the 
second mixture should have contained CO2 as well.) 
Under actual reformer conditions, H20 would also be 
a component of the reformate in concentrations as 
high as 12%, but for these studies, the mixtures were 
not humidified (13). 

Comparisons between pure H2 and the two re-  
formate mixtures at 100~ are shown in Fig. 4. As 
expected, both reformate polarization curves indicate 
decreased kinetics compared to pure H2, At  an 
anode polarization of +50 mV, there is a decrease in 
performance of 89%. In comparing the two reformate 
mixtures, the CO/CO2 mixture exhibits a slight im- 
provement in performance over the CO/CH4 mixture, 
even though total percentage in diluents is higher in 
the CO/CO2 mixture (28% compared to 15%). This 
would suggest that the electrode performance is con- 
trolled by a more complex mechanism than simple 
dilution of the hydrogen. The temperature depen- 
dence of the reformate reaction is shown in Fig. 5. 
At the higher temperatures, 115 ~ and 130~ there is no 
difference in performance between the two mixtures 
while at the lower temperatures, 90 ~ and 100~ there 
is a measurable difference and, in both cases, it  is the 
CO/CO2 mixture which exhibits the higher activity. 
Arrhenius plots of the temperature dependence are 
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Fig. 5. Comparison of CO/CO~, and CO/CH4 reformate polariza- 
tion curves at various temperatures. 

represented in Fig. 6: the two plots represent activa- 
tion energies of 13.2 and 14.6 kcal /mol corresponding 
to the CO/CO2 and the CO/CH4 mixtures, respec-  
tively. The activation energies were obtained by 
linear regression analysis which yielded correlation 
coefficients of 0.99 for each calculation. The similari ty 
in activation energy between the two mixtures and 
the similarity in the kinetics at 115 ~ and 130~ would 
suggest that  not only is the nature of the components 
a key factor in determining: performance, but that 
there may be a common controlling factor for both 
of the reformates (14). Carbon monoxide is the only 
common species in the two reformates other than 
hydrogen, and to determine if, in fact, CO is the com- 
ponent which most strongly influences the overall  
reformate performance, mixtures of the individual 
components with hydrogen were investigated. Hydro- 
gen-carbon monoxide mixtures containing 3%, 6%, 
a n d  10% CO were studied at the same temperatures 
used in the experiments described above. Figure 7 
illustrates the performance of these mixtures at 100~ 
and compares them to pure H2 and the two reformate 
mixtures. As expected, the performance decreases 
with increasing CO concentration. With gas flow rates 
equal to those used for H2, 3% CO-H2 causes an 86% 
decrease in current density at 50 mV polarization. 
The 6% and 10% CO mixtures fur ther  reduce current 
density by 91% and 93%, respectively. I t  can be seen 
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Fig. 6. Comparison of Arrhenius plots for CO/CO2 and CO/CH4 
reformates as determined for an electrode polarization of 50 mV 
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Fig. 8. Arrhenius plots for 3% CO and 10% CO in H2 as deter- 
mined for an electrode polarization of 50 mV vs. DHE. 

from the plot that  both reformate performance curves 
fall  between the 3% CO and 6% CO and correspond 
to an 89% reduction for CO/COs and a 90% reduc- 
tion for CO/CH4 at 50 mV polarization. The sequence 
of increased performance with decreased CO con- 
centration holds for all temperatures, but the percent- 
age is diminished as the temperature is increased 
from 90 ~ to 130~ 

An inverse dependence between the current density 
and temperature (ln i vs. 1/T) was also found to 
exist for the electro-oxidation of the Hs-CO mixtures 
in the acid monohydrate (Fig. 8). Activation energies 
of 14.9 and 13.8 kcal /mol  were calculated for the 3% 
and 10% CO mixtures, respectively. The similari ty 
between the two mixtures is to be expected since 
activation energy is dependent on the specific reacting 
species involved in the rate-controll ing step, but  is 
independent of their concentration. Taking 14.3 kcal /  
real as t h e  average activation energy for the CO-I-I~ 
mixture and comparing it with the activation energies 
for the CO/COs and CO-CH4 mixtures (13.2 and 14.6 
kcal /mol) ,  we observe a close similari ty which further 
suggests that  a surface reaction involving carbon 
monoxide is the rate-controll ing step in the reformate 
oxidation reaction. This does not necessarily mean 
that  the other components do not affect performance, 
but that in this part icular  temperature range, their  
inhibiting effect is small, and they behave m o r e  as 
diluting agents. At the other temperatures (90 ~ , 115 ~ , 
and 130~ reformate performance also 'fell between 
the 3% CO-Hs and the 6% CO-H~ performance curves, 
and any variation within these limits appeared to be 
random in nature. 

.25 
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,20 10% CO-H 2 Y/ 

i PURE H 2 

0 Z .15 

< m 3% CO.H~ 

0.0 

-0E I I J - -  
10 100 100fl 

CURRENT DENSITY (#a/cm 2} 

Fig. 7. Performance variation as a function of CO concentration 
in H2 at 100~ Comparisons are made with pure H~ and the 
reformate mixtures. 

If CH4 and COs are  acting pr imari ly  as diluents 
in the mixtures, their performance, if observed sepa- 
rately, should resemble that  of a true diluent. Under 
the~e mild reaction conditions, nitrogen would cer- 
tainly not be expected to interact catalytically with the 
electrode, and anode performance of N2-I-Is mixtures 
would illustrate a diluent 's effect on Hs performance. 
Figure 9 shows a comparison between pure I-I2 and 
two N~:-Hs mixtures. Three percent N2-I-I2 and 17% 
N2-Hs mixtures were chosen so that the total diluent 
content would approximate the nonhydrogen con- 
tent of the 3% CO-H2 and the CO/CI-L~ reformate 
mixtures which were 3% and 15%, respectively. The 
N2-Hz performance would demonstrate the manner 
in which the CO-Ha and the CO-CH4 reformate mix-  
tures should perform if the components were only 
diluents. The figure shows that  at 80~ the N2-H2 
performance closely approximates the pure Hs per-  
formance, being far superior to that of the CO/CI~ 
reformate. At high temperatures the Ns-H2 perform- 
ance would probably becomes indistinguishable from 
pure Ha. Carrying the diluent test even further, we 
examined the effect on performance when hydrogen 
was diluted with 15% CH4. In Fig. 10, we observe 
that the 15% CH4-H2 has a greater  effect on p e r f o r m -  
ance than the 17% Ns-Hs mixture, but  the CHs-Hs 
performance is still greater than the CO/CH4 reform- 
ate performance by a factor of 10X. Considerable 
work has been carried out on the adsorption and 
oxidation of methane on platinum in various electro- 
lytes, including TFMSA.  HsO. Because methane is 
electro-oxidizable, it certainly cannot be expected 'to 
operate as a diluent, but in this case, its behavior 
more closely resembles that  of a diluent than that 

2 0  

~ m  ~5 

< ~  r162 17% N2-H2 ~ 

r  

.o5 

~0 10,0 lO0O 
CURRENT DENSITY (va/c m 2) 

Fig. 9. Electrode performance at 80~ as a function of N2 con- 
centration in He. Comparisons are made with pure Hs and reformate 
performance. 



1506 Y. EIectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July 1981 

2 5  

T 7% N 2 N 2 

.201 

CO/CH 4 REFORMATE PURE H 2 

~ .15 

g- 

o.u 

1 lO 1(lo 
CURRENT DENSITy (#a/r 2) 

Fig. 10. Electrode performance of 15% CH4 in H2 at 80~ com- 
pared with pure H2, 17% N2 in H2, and reformote performance. 

o.f an inhibitor. When the N~-H2 and the CH4-H2 
results are combined with the similarities in 
limiting currents and activation energies for the 
CO/CH4 reformate and the CO-H~ mixtures, the data 
strongly support the supposition that the carbon 
monoxide concentration is the rate-controlling factor 
in the observed reformate performance. The similarity 
in performance between the CO/CH4 and the CO/CO2 
reformate mixtures suggests that the CO~ is also a 
diluent; a truer diluent, in fact, since in every case in 
which a difference in performance occurred between 
the two reformates the CO/CO2 level was always 
greater. 

The cumulative nature of CO inhibition was 
examined by observing the effect of residual CO on 
pure H2 performance. At a temperature of 115~ the 
test electrode was cleaned at 1.50V under He, poten- 
tiostated to 100 mV, and then the anode reactant was 
cycled back and forth between 10% CO-H2 and pure 
H2. Beginning with a freshly cleaned electrode, Fig. 
11 illustrates the decay in pure H~ performance re- 
sulting from exposure to 10% CO. Actually, the figure 
represents seven complete cycles since the perform- 
ance loss resulting from the initial exposure to CO 
repeated exactly for three consecutive cycles; how- 
ever, to conserve space in Fig. 11 these three cycles 
were condensed into one cycle. During the first three 
cycles, electrode exposure to 10% CO-H2 lasted 10 min 
and exposure to pure H2 lasted 30 min. The pure H2 

performance (~330 #A/cm 2) was in excellent agree- 
ment with the corresponding 100 mV performance 
in the 115~ polarization experiments. This agreement 
coupled with the scatter in the H2 performance ob- 
served immediately after the 1.50V treatment would 
indicate that the initial H2 performance level in 
Fig. 11 was artificially high. In our first experiment of 
this type, we terminated the test after the third 
cycle and concluded that residual CO, if present, had 
no effect on pure H2 performance. A second cycling 
experiment was conducted and again we observed 
that through three cycles H2 performance was un- 
affected by exposure to CO, but at this point we con- 
tinued the cycling and at the same time, extended the 
H2 exposure time to 60 min. The extended H2 exposure 
was instituted in order to determine if the high per- 
formance observed immediately after the 1.50V clean- 
ing step could be achieved, but to our surprise, each 
successive cycle resulted in performance decays 4.3%, 
3.7%, 2.5%, and 1.0%, respectively. 

According to Breiter (15), the presence of adsorbed 
CO does not significantly affect hydrogen oxidation 
until CO coverage has reached about 50%. This would 
suggest that in these experiments, CO accumulates on 
the surface during cycling and reaches half-coverage 
during the fourth cycle. One difficulty presented with 
this explanation is that the drop-off in electrode ac-  
tivity at half-coverage, as reported in the literature, 
is truly significant, whereas, in this study the total de- 
crease in oxidation current was only about 11%, and 
the percent decrease per cycle steadily decreased 
from 4.8% to 1% from the fourth to the seventh cycle. 
This question is discussed further below. 

In order to explore CO inhibition more fully, sur- 
face adsorption techniques such as triangular sweep 
voltammetry were employed. A background voltam- 
mogram for platinum in the acid monohydrate (Fig. 
12) was typical of aqueous acid systems exhibiting 
two reversible hydrogen peaks in the 0.0-0.JV region 
and an irreversible oxide couple in the 0.8-1.2V region. 
Single cathodic sweep voltammograrns for CO ad- 
sorbed at 0.1V have been included in the figure to 
illustrate the reduction in hydrogen charge associated 
with the presence of CO. The greater the amount of 
adsorbed CO on the electrode, as determined by the 
area under the CO oxidation peak at 0.80V, the  
smaller is the charge associated with adsorbed hy-  
drogen. This behavior is quite similar to the observa- 
tions of Kohlmayr and Stonehart for CO on Pt  in 

Fig. !1. Comparison of pure 
H2 performance after repetitive 
exposures to 10% CO-H2 at 
115~ The first CO-H2/pure H2 
cycle represents three consecu- 
tive identical cycles. 
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Fig. 12. Voltammogram of N2 background (- - - )  and two differ- 
ent CO coverages on Pt in TFMSA'H20 at 115~ The two curves 
with adsorbed CO began at 0.45V in the cathodic direction. 

HsPO4 (16). The re la t ionship  be tween  adsorbed  CO 
and po ten t ia l  of adsorpt ion  is shown as a funct ion of 
t e m p e r a t u r e  in Fig. 13. In  de te rmin ing  the  charge of 
adsorbed  CO as a funct ion of po ten t ia l  and t e m p e r a -  
ture, the e lec t rode  was first c leaned at  1.35V under  
ni trogen,  then s tepped to the  des i red  adsorpt ion  po-  
tent ial ,  and the in le t  gas swi tched f rom N2 to 10% 
CO-H2. Afte r  exposure  to CO for 3 min, the cell  was 
then purged  wi th  N2 to remove al l  CO and Ha not  
adsorbed  on the electrode.  A l inear  potent ia l  change 
which wen t  up to 1.5V was app l ied  to the  e lect rode to 
remove the adsorbed CO. This sequence was run  for  
adsorpt ion  potent ia ls  ranging  f rom 0.05 to 1.00V and 
was repea ted  at  five t empera tu res  be tween  61 ~ and 
127~ Al though  the genera l  curve shape is the same 
a t  a l l  t empera tu re s  (i.e., two m a x i m a  and a min i -  
m u m ) ,  a n u m b e r  of fea tures  exhib i t  a dependence  on 
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Fig. 13, Variation in adsorbed CO with adsorption potential as a 
function of temperature. 

t empera ture .  The most  obvious of these is the  total 
CO adsorp t ion  charge which  when  measured  b y  the 
area  under  the curve is seen to decrease  wi th  in-  
creasing tempera ture .  This t r end  is consis tent  wi th  
previous  studies in both the  aqueous and gas phases 
(17, 18). T h e  posi t ion (potent ia l )  of the second ad -  
sorpt ion max imum,  as wel l  as i ts height  re la t ive  to 
the first max imum,  also exhibi ts  a dependence  on 
t empera tu re  and this is in cont ras t  to the  posit ions of 
the first m a x i m u m  and the min imum which exhib i t  
l i t t le  or no t empera tu re  var ia t ion.  Rela ted  closely to 
the potent ia l  va r ia t ion  of the adsorpt ion  m a x i m u m  is 
the var ia t ion  in po ten t ia l  of the CO oxida t ion  peak.  
F igure  14 i l lus t ra tes  this re la t ionship  and compares  i t  
to the t e m p e r a t u r e  dependence  of the  oxide  fo rmat ion  
and the oxide reduct ion peaks  shown in Fig. 12. While  
oxide format ion  and reduct ion  are  v i r t ua l ly  inde -  
penden t  of potent ial ,  CO oxidat ion  and the second ad -  
sorpt ion m a x i m u m  exhib i t  ident ical  slopes (5 m V / d e g )  
separa ted  by  a constant  350 inV. The s imilar i t ies  in 
slope for these two features  can be used to exp la in  
the t runcat ion  of the adsorpt ion  curve wi th  increas ing 
tempera ture .  CO adsorpt ion  appears  to be inhibi ted  a t  
low potent ia ls  (<50 mV),  but  as t he  adsorpt ion  po-  
ten t ia l  increases, CO coverage rises r ap id ly  to a m a x i -  
m u m  at about  100 inV. With  cont inued increase  in po-  
tential ,  coverage remains  high unt i l  the adsorpt ion  
potent ia l  has advanced to wi th in  350 mV of the  ox ida -  
t ion potent ia l  a t  which t ime coverage drops off sharply .  
Since the CO oxidat ion  potent ia l  decreases  as the 
t empera tu re  increases, and the 350 mV region of non-  
adsorpt ion below the oxidat ion  po ten t ia l  remains  con- 
stant,  the adsorpt ion  curve must  be cont inua l ly  
t runca ted  at  t h e  high potent ia l  end. The da ta  in Fig. 
14 were  a lso  based on a 3 min  adsorpt ion  t ime using 
10% CO-H2 fol lowed by  a 10 min N2 sweep; longer  
sweep periods wi th  N2 fu r the r  reduced  CO coverage 
and this desorpt ion process was also found to be sensi-  
t ive to t empera tu re  change. F igure  15 demonst ra tes  
the dependence  of CO desorpt ion on t empera tu re  using 
an adsorpt ion potent ia l  of 100 mV. At  85~ desorpt ion 
appears  to cease af ter  20 min, but  at  the  h igher  t em-  
peratures ,  desorpt ion  continues through the 45 min 
sweeping period.  As the adsorpt ion  po ten t ia l  is in -  
creased, the desorpt ion ra te  at a given t empe ra tu r e  
increases wi th  the resul t  that  at  127~ and an adsorp-  
t ion potent ia l  of 600 mV, complete  desorpt ion  of CO 
occurred af te r  only  10 min of N2 sweeping.  Looking 
more  closely at the 114~ curve, one observes tha t  25% 
of the CO on the surface af te r  5 min of sweep s t i l l  
remains  on the surface af te r  45 min of sweep. Assuming 
the dual  site adsorpt ion  mechanism for H2 oxida t ion  
and the equiva lency of sites for CO adsorpt ion and Ha 
oxidat ion,  t h e n  the adsorbed  CO should have affected 
Ha performance,  but  recal l ing the cycling exper imen t s  
in Fig. 11, no effect was observed in the first three  
cycles and the cumula t ive  effect a f t e r  seven cycles was 
only  an I1% decrease  in performance.  A l though  a 
value for the sa tura t ion  coverage of  CO could not  be 
de te rmined  by  these measurements ,  i t  could be de te r -  
mined  that  sa tura t ion  coverage was a t ta ined  wi th in  the 
first 3 min of e lect rode exposure  to CO. This would  
mean that  a decreased hydrogen  oxidat ion  ra te  should 
be observed in the first cycle. A no the r  observat ion  
f rom the 114~ curve in Fig. 15 is tha t  a f te r  30 rain 
of N~ sweep only  42% of the CO presen t  on the surface 
af ter  5 rain of sweep st i l l  remains  on the p l a t inum and 
af ter  60 min of N2 sweep, only  28% st i l l  remains.  This 
argues that  if 50% coverage is requ i red  to r e t a rd  the 
oxidat ion reaction, then a decrease in }{2 oxidat ion  
ra te  should not  have been observed in any of the 
seven cycles. In  any  event,  the  re la t ionship  be tween  
adsorbed CO and I-I2 oxidat ion  appears  to be more  
compl ica ted  than  o n e  would  expect  if Qco/QH were  
unity.  This is not  surpr is ing  since there  is equal  un-  
cer ta in ty  in the l i t e ra tu re  r ega rd ing  Qco/QH on p l a t i -  
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Fig. 14. Dependence of the 
position of various voltammo- 
gram peaks on cell temperature. 
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hum in H2SO4, HC104, and HsPO4. S tonehar t  et  aZ. re- 
port a range  of 0.83-0.96 depending  on the ca ta lys t  
c rys ta l l i te  size and based on single site adsorp t ion  (19). 
B rummer  and Fo rd  (20) and G i lman  (21) have  p ro -  
posed a combinat ion  of single and b r idged  (two site) 
CO adsorpt ion  wi th  Qco/QH values  of 0.87 and 0.64, 
respect ively,  and Warne r  and Schuld inger  (22) have 
repor ted  single site coverage (Qco/QH = L08) based on 
a QH of 453 ~C/cm 2 at  ful l  coverage. We observed in 
both 5N and 85% H3PO4 tha t  the CO oxidat ion  p e a k  is 
composed of a ma jo r  peak  and a shoulder  whi le  the 
oxidat ion  peak  in TFMSA.H20  is a single peak.  This 
would suggest  dual  site CO adsorpt ion  in the case of 

5.0 �9 85 ~ C 
~1 [3 99 ~ C 

O 114~C 
4.5 

4.0 

3.0 

2.5 

2.0 

1.5 

E 

< 

1,0 

�9 CO OXIDATION PEAK 
�9 2nd ABSORPTION MAX, 
O OXIDE FORMATION PEAK 

OXIDE REDUCTION PEAK 

0.5 

t0 15 20 25 30 35 40 45 50 

DESORPTION TIME (rain) 

Fig. 15. Variation in CO desorption rate with temperature from an 
electrode held at 100 mV ys. DHE. 
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H~PO4 and single site adsorpt ion  in TFMSA.H~O, bu t  
we would be hes i tan t  to comple te ly  rule  out  mul t ip le  
site adsorpt ion in TFMSA.H20  wi thout  more  da ta  on 
Qco/Qm 

A remain ing  point  to be discussed is the adsorpt ion  
min imum observed in Fig .  13. This was not  expected,  
and to the best  of our knowledge  has not been ad-  
dressed in the l i tera ture .  The most  logical  exp lana t ion  
seems to be tha t  some species p re fe ren t i a l ly  adsorb  at  
that  potent ia l  (350 mV) blocking the adsorpt ion  of CO. 
Al though polar iza t ion  curves developed wi th  pure  H2 
and 10% CO-H2 in this same solut ion showed no 
minima,  there  have been  occasions in which min ima  
in the Ha polar iza t ion  have been observed in our  work. 
In each case, the decrease in per formance  was a t t r i b -  
u ted  to an acid level  imbalance  be tween  the cell com- 
pa r tments  which resul ted  in mix ing  of the solutions in 
the three  compar tments .  The p rob lem is be l ieved  to 
or iginate  at  the countere lec t rode  where  uncont ro l led  
potent ia l  excursions could resul t  in decomposi t ion of 
the acid. In suppor t  of this, an odor  of sulfide in the 
counter  compar tmen t  has also been detected on occa- 
sion. These observat ions  agree  to some ex ten t  wi th  the  
conclusions of Hughes et al. (8),  bu t  it  should be em-  
phasized tha t  the per formance  decay has never  been  
observed in the absence of e lec t ro ly te  mix ing  be tween  
the cell  compar tments .  If the min imum is a resu l t  of 
adsorpt ion f rom solution, one must  then quest ion why,  
for  the same acid sample,  a m in imum was not  observed 
in the polar iza t ion  curve, or  why  the adsorpt ion  po ten-  
t ia l  was so specific and why  the adsorpt ion  poten t ia l  
was not  affected b y  tempera ture .  F u r t h e r  inves t igat ion 
into the na tu re  of the adsorbing species wi l l  be neces-  
s a ry  in order  to adequa te ly  answer  these questions. 

Conclusions 

In this invest igat ion,  the pe r fo rmance  of two syn-  
thet ic  re formates  have been compared  wi th  tha t  of 
pure  hydrogen  and the expected decrease in ac t iv i ty  
associated with  the re formate  const i tuents  has been 
observed. Comparisons of per formance  be tween  CO-H2, 
CH4-H2, and Nz-H2 mix tures  and the re formate  sam-  
ples have fu r the r  shown tha t  CO is the  r a t e - l im i t i ng  
const i tuent  and that  CO2 and CI-I4 have  v e r y  l i t t le  
effect on performance,  pa r t i cu l a r ly  at  the h igher  t em-  
peratures .  F ina l ly ,  the poten t ia l  sweep studies have  
shown tha t  the inhibi t ion by  CO was due main ly  to 
its resis tance to desorption.  These exper iments  and 
results  by  themselves  cannot  y ie ld  a complete  eva lua -  
t ion of TFMSA.H~O as an e lec t ro ly te  since they  fol low 
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in a qualitative way with results reported on the elec- 
trochemical behavior of CO in other acids. Therefore, a 
direct comparison between TFMSA.H20 and I-IsPO4 is 
desirable. Figure 16 makes such a comparison utilizing 
polarization curves for H2 and CO-H2 mixtures at 115~ 
(23). On a percentage basis, the activity decrease due 
to the presence of 3% and 10% CO is less in HsPO4 
than in the monohydrate, 13% compared to 56% for 3% 
CO, and 27% compared to 81% for 10% CO. However, 
more significant is the fact that with 10% CO, a con- 
centration far greater than that produced in a modern 
reformer, performance in the monohydrate is four 
times greater than pure H2 performance in H3PO4. 
This clearly indicates that a t  moderate temperatures 
and with a suitable electrode structure, a TFMSA.H20 
electrolyte fuel cell operating on reformate fuels would 
y ie ld  improved performance over a phosphoric acid 
cell. 

Acknowledgments 
This research was sponsored by the U.S. Army Mobil- 

ity Equipment Research and Development Command, 
Fort Belvoir, Virginia 22060 under Project No. 
AOH51P00321. This paper was taken from a disserta- 
tion by G.W.W. in partial fulfillment of the require- 
ments for the Ph.D. degree from The American Uni- 
versity. 

Manuscript submitted April 15, 1980; revised manu- 
script received Feb. 26, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by U.S. 
Army  Mobility Equipment Research and Development 
Command. 

REFERENCES 
1. A. A. Adams and R. T. Foley, in Final Technical 

Report No. 2, Contract No. DAAK02-72-C-0084, 
U.S. Army MERDC, Ft. Belvoir, VA (December 
1975). 

PURE H 

TFMSA'H20 

Fig. 16. Electrode performance 
comparisons in 85% H3PO4 and 
TFMSA'H20 at 115~ 

100 

2. B. Baker, in Final Technical Report, Contract No. 
DAAK02-73-C-0084, U.S. Army MERDC, Ft. 
Belvoir, VA (November 1974). 

3. S. B. Brummer, J, McHardy, and M. J. Turner, in 
Annual Report, Contract No. EX-76-C-03-1363, 
Dept. of Energy (January 1978). 

4. A. A. Adams and H. J. Barger, Jr., This Journal, 
121, 987 (1974). 

5. A. A. Adams, R. T. Foley, and H. J. Barger, Jr., 
ibid., 124, 1228 (1977). 

6. A. A. Adams and R. T. Foley, ibid., 126, 775 (1979). 
7. T. Sarada, R. D. Granata, and R. T. Foley, ibid., 

125, 1899 (1978). 
8. V. B. Hughes, B. D. McNicol, M. R. Andrew, R. B. 

Jones, and R. T. Short, J. Appl. Electrochem., 7, 
161 (1977). 

9. W. T. Grubb and C. J. Michalske, This Journal, 111, 
1015 (1964). 

10. J. Giner, ibid., 111, 376 (1964). 
11. T. Gramsted ad R. N. Hazeldine, J. Chem. Soc., 

173 (1956). 
12. E. Gileadi, E. Kirowa-Eisner, and J. Penciner, "In- 

terracial Electrochemistry, An Experimental Ap- 
proach." pp. 44-46, Addison-Wesley, London 
(1975). 

13. S. S. Kurpit, IEEE Trans. Aer. El., 11, 945 (1975). 
14. E. Gileadi, E. Kirowa-Eisner, and J. Penciner, "In- 

terracial Electrochemistry, and Electrochemical 
Engineering," pp. 74-75, Addison-Wesley, Lon- 
don (1975). 

15. M. W. Breiter, J. Electroanal. Chem. Interfacial 
Electrochem., 65, 623 (1975). 

16. G. Kohlmayr and P. Stonehart, Electrochim. Acta, 
18, 211 (1973). 

17. V. H. Baldwin and J. B. Hudson, J. Vacuum Sci. 
TechnoL, 8, 49 (1971). 

18. P. Stonehart and P. N. Ross, Jr., Electrochim. Acta, 
21, 441 (1975). 

19. J. Bett, K. Kinoshita, K. Routsis, and P. Stonehart, 
J. Catal., 29, 160 (1973). 

20. S. B. Brummer and J. I. Ford, J. Phys. Chem., 69, 
1355 (1965). 

21. S. Gilman, ibid., 66, 2657 (1962). 
22. T. B. Warner and S. Schuldinger, This Journal, 111, 

992 (1964). 
23. G. W. Walker, A. A. Adams, and H. J. Barger, Abs. 

48, p. 102, The Electrochemical Society Extended 
Abstracts, Toronto, Ont., Canada May 11-16, 1975. 



Deposition and Dissolution of Lithium-Aluminum Alloy 
and Aluminum from Chloride-Saturated 

LiCI-AICI  and NaCI-AICI  Melts 
Ronald A. Carpio and Lowell A. King* 

Frank J. Seiler Research Laboratory (Air Force  Systems Command), 
United States Air Force Academy, Colorado 80840 

ABSTRACT 

Metal deposi t ion-dissolut ion  studies in the LiCl(sa td . ) -A1Cls  melt  were 
conducted p r imar i l y  on an a luminum substrate ,  us ing the techniques of  
cyclic vo l tammetry ,  chronoamperomet ry ,  chronocoulometry,  and  chrono-  
potent iometry .  A l i t h i u m - a l u m i n u m  al loy was deposited.  The LiA1 al loy 
is fo rmed p redomina te ly  by  a deposi t ion process on the surface of the a lu -  
m i n u m  subs t ra te  r a the r  than  by  conversion of the a luminum into the a l loy  
by  an implan ta t ion  mechanism, as is the case in other  electrolytes .  The 
LiA1 elect rode would  be e lec t rochemical ly  revers ible ,  were  i t  not  for a cor-  
rosion reac t ion  be tween  the  a l loy and the melt .  F o r  comparison,  s imi la r  
s tudies were  conducted on the  behavior  of a luminum in the  N a C l ( s a t d . ) -  
A1C18 melt .  The super ior i ty  of LiA1 in the  LiCl(satd.)-A1C18 me l t  to a lu -  
m i n u m  in the NaCl(satd.)-A1C18 mel t  for  ba t t e ry  appl icat ions  is indicated.  
A significant finding is tha t  nondendri t ic ,  adherent ,  dense deposi ts  of a lumi -  
num or  an a luminum alloy, having less than  50 mol pe rcen t  l i t h ium content,  
can be electroformed via  ini t ia l  format ion  of ;~-LiA1. 

A great deal of a t tent ion  has been focused recen t ly  
on  using the LiA1 solid a l loy as a negat ive  electrode in 
secondary  ba t te r ies  employing  an LiC1-KC1 eutect ic  
mel t  which  is a l iquid  above 352~ (1-7) or in ambien t  
t empera tu re  organic  e lect rolytes  (8, 9). However ,  
there has been only  one repor t  of the ut i l izat ion of the 
LiA1 a l loy  in an A1Cl~-based electrolyte :  namely,  a 
pa ten t  by  Senderoff  which cla imed a thermal ,  re -  
chargeable ,  e lect rochemical  cell  having  a l i th ium 
monoaluminide  e lect rode and l i th ium te t rach loroa lu -  
mina te  e lec t ro ly te  (10). Al though detai ls  are  lacking,  
Senderoff  repor ted  that  l i th ium monoaluminide  could 
be deposi ted f rom the LiA1CI~ e lec t ro ly te  and tha t  this 
a l loy  showed less than  0.050V anodic polar izat ion at  
cu r ren t  densi t ies  ranging  f rom 30 to 100 m A / c m  ~. Pure  
a luminum polar ized  by  more than 0.4V when run  
anodica l ly  at  30 mA/cm~. In p r imary ,  t he rma l  ba t te r ies  
which  are  being developed in this l abo ra to ry  and which 
employ  an NaCl(satd.)-A1C13 mol ten  salt  e lec t ro ly te  
and a meta l  chlor ide  cathode such as MoCI~, we also 
have found tha t  an LiA1 anode is super ior  in pe r fo rm-  
ance to an a luminum anode (11). 

We are  p resen t ly  in te res ted  in developing a mol ten  
sal t  secondary  ba t t e ry  employing  an LiAI negat ive  and 
an LiCl (sa td . ) -AIC1 electrolyte.  This pa r t i cu la r  elec-  
t ro ly te  was se lected because of its re la t ive  ease of 
prepara t ion ,  low mel t ing  point  (ca. 143~ low vola t i l -  
i ty  (12), good conduct iv i ty  (13), vol tage  window 
grea te r  than 2V, and Li + content.  I t  was necessary to 
character ize  the e lect rochemical  behavior  of LiA1. In 
previous  invest igat ions  employing  other  electrolytes,  
LiA1 al loy was formed by  the e lect rochemical  incorpo-  
ra t ion  of l i th ium into an a luminum cathode [e.g., 
(5, 6, 9)] .  In  the case of the LiCl(satd.)-A1C18 melt,  the 
fo rmat ion  of the  al loy d i rec t ly  f rom the const i tuents  of 
the mel t  on a subs t ra te  could be possible. When an a lu-  
minum subs t ra te  is employed,  the conversion of the  
a luminum cathode into LiA1 as well  as s imultaneous or  
subsequent  deposi t ion of LiA1 on the subs t ra te  surface 
mus t  be considered.  In  fact, i t  is r emarkab l e  that  LiA1 
can be e lec t roformed in this mel t  at  potent ia ls  so near  
the A1/A13+ potential .  F rom our potent iometr ic  mea -  
surements  of mol ten  sodium contained wi th in  an Na-  

* Electrochemical Society Active Member. 
Key words: electrode, fused salts, polarization, voltammetry. 

~"-a lumina  tube in the NaCl(satd.)-AIC18 melt ,  we 
have found tha t  the N a / N a  + couple is app rox ima te ly  
--1.6V wi th  respect  to the A1/A13 + reference.  We would  
expect  the L i / L i  + to be even more  negat ive  re la t ive  to 
A1/A18 + in the LiC1 (satd.)  -A1CI~ melt.  

L i th ium te t rach loroa lumina te  is used as a solute in 
organic  solvents which are  employed  as e lectrolytes  in 
l i th ium secondary  ba t te r ies  (14, 15). In  the  th ionyl  
chlor ide solvent  containing LiA1C14, the e lect rodeposi-  
t ion and electrodissolut ion of l i th ium are  revers ib le  
(16). Smal l  amounts  of a luminum codeposited wi th  the  
l i th ium from some organic solutions such as p ropylene  
ca rbona te  containing A1CI~ and LiC1. The amount  de-  
pends on the composi t ion of the e lect rolyte  and the cur-  
ren t  densi ty  (17). Also of re levance  are recent  studies 
on solutions of the type  A 1 B r J M X / A r H ,  where  M + is 
an a lka l i  meta l  ion, X -  is CI - ,  B r - ,  or I - ,  and ArH is 
an aromat ic  hydrocarbon  (18). Cathodic deposi t ion of 
e i ther  a luminum or an a lka l i  meta l  was observed,  de-  
pending  on the A1Brs:MX ratio. 

For  the sake of comparison,  the  e lect rochemical  be-  
hav ior  of the  a luminum electrode in the  N a C l ( s a t d . ) -  
A1C18 mel t  was invest igated.  This compar ison is pa r -  
t i cu la r ly  revea l ing  since sodium forms no solid solu-  
tions wi th  a luminum.  

Experimental 
All  measurements  were  pe r fo rmed  in an argon-f i l led  

glove box with  a Model MO-40 DRI-TRAIN (Vacuum/  
Atmospheres  Company) ,  having mois ture  and oxygen  
concentrat ions less than  10 ppm. 

The P y r e x  e lec t rochemical  cell  fit snugly  into a 
center  wel l  in an insulated,  cyl indr ica l  block of a lumi -  
num. The a luminum furnace  block was hea ted  by  
car t r idge  heaters ,  also imbedded  symmet r i ca l ly  in the 
block;  the t empera tu re  was regu la ted  by  a Bayley  
Model 124 propor t iona l  t empera tu re  controller .  Tem-  
pe ra tu re  oscil lat ions did not  exceed •176 dur ing  an 
exper iment .  Tempera tu re  was measured  b y  a Chromel -  
Alumel  thermocouple  a t tached to a DORIC Trendica tor  
400A, which  is precise to +_0.05~ Cyl indr ica l  in te rna l  
cell geomet ry  was employed in the ma jo r i ty  of cases to 
achieve a uni form cur ren t  d i s t r ibu t ion  on the work ing  
e lect rode and to minimize the IR drop. This geomet ry  
is s imi lar  to tha t  employed  by  others  (6, 19) wi th  the 
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except ion tha t  in the  p resen t  s tudy  the work ing  elec-  
t rode  was partial ly clad in sh r inkab le  Teflon (Pope 
Scientif ic) .  

A n  a luminum reference  e lect rode was a lways  em-  
p loyed and e i ther  an a luminum or tungs ten  counter -  
e lec t rode  was used. Working  electrodes were  a luminum 
(Alfa /Vent ron ,  mhn) and tungsten (Al fa /Vent ron ,  
m3n) wires  or  l i t h ium monoaluminide  rod  (Foote  Min-  
e ra l  Company) .  The a luminum electrode was e lec t r i -  
ca l ly  cycled in the  mel t  unt i l  an open-c i rcu i t  vol tage of 
0 "4- 1 mV was a t ta ined  with  respect  to the reference  
electrode.  Tungsten electrodes were  c leaned in mol ten  
NaNO2, then washed,  and  dried. The exposed por t ion  
of the LiA1 rod was pol ished wi th  fine grade  emery  
cloth. 

Detai ls  of the  e lec t ro ly te  p repa ra t ion  are  given else-  
where  (20). The LiCl(sa td . ) -A1Cls  e lec t ro ly te  has the  
composi t ion 49.25 tool pe rcen t  ( m / o )  A1CI~ (20); the 
NaCl(satd.) -AIC13 electrolyte ,  49.75 m / o  A1C18 (21). 
They  were  wa te r - c l ea r  and free f rom any  impur i t ies  
which  could be detected b y  cyclic vo l tammet ry .  

The m a j o r i t y  of  potent ios ta t ic  and galvanosta t ic  
measurements  were  made  wi th  a Pr ince ton  Appl ied  
Research Model  173 poten t ios ta t /ga lvanos ta t ,  equipped 
wi th  a Model 179 p lug - in  coulometer .  A few measu re -  
ments  were  made  wi th  an AMEL Model  551 potent io-  
s t a t / ga lvanos t a t  e i ther  alone or  in conjunct ion wi th  a 
Pr ince ton  App l i ed  Research Model 379 digi ta l  coulom- 
eter.  The des i red  e lect rode pe r tu rba t ions  were  ob ta ined  
wi th  a Pr ince ton  Appl ied  Research Model  175 p ro -  
g rammer .  Cell  responses were  recorded with  a Houston 
Ins t rumen t  Model  2000 X - Y  recorder .  

The IR drop, which  gene ra l ly  was less than  0.1~, 
was measured  using the a-c  approach  descr ibed by  
Peled  and Gi leadi  (22). 

Results and Discussion 
Voltammetric measurements.--Cyclic vottammetry.--  

In  the cyclic vo l t ammogram shown in Fig. 1A, an a lu-  
m i n u m  electrode in the LiCl(satd.)-A1C18 mel t  was 
swept  first in an anodic di rect ion f rom its rest  potent ia l  
of 0 inV. There  was some hint  of pass ivat ion in this 
anodic segment.  Cathodic cur ren t  occurred in the re -  
verse scan at  potent ia ls  posi t ive of the a luminum ref -  
erence. Ano the r  impor tan t  fea ture  was the appearance  
of a loop in the cathodic cur ren t  when the direct ion of 
sweep was reversed,  which  is a no rma l  consequence of 
crys ta l  g rowth  requ i r ing  nucleat ion (23). The s t ruc ture  
on the dissolut ion segment  of the scan is evidence for  
a l loy s tr ipping.  Fur the rmore ,  i t  can be seen that  the 
deposi t  polar ized  significantly less than  the pure  a lu -  
minum wire,  which agrees  wi th  Senderoff 's  observat ion 
(10), cited above. The a l loying  resul ted  in a shift  of the 
res t  potent ia l  o f  the a luminum electrode in the nega-  
t ive di rect ion by  app rox ima te ly  8 mY. 

F igure  1B shows the effect of app ly ing  the vol tage 
scan in i t i a l ly  in a cathodic di rect ion to a pure  a lumi -  
num electrode in the LiCl(satd.)-A1C13 melt .  The 
cu r ren t -vo l t age  scan was reproduc ib le  over  mul t ip le  
scans. The cur ren t  on the cathodic side rose at a r a the r  
s low ra te  unt i l  i t  reached app rox ima te ly  --0.45V, then 
i t  rose much more  r ap id ly  wi th  fu r the r  increase in 
cathodic overpotent ia l .  The cathodic cur ren t  loop was 
much more  p rominen t  here  than  in Fig. 1A. 

Cyclic vo l t ammograms  also were  made  on a tungsten 
wire  work ing  e lec t rode  in the LiC1 (satd.)-A1C13 melt .  
No a l loy  fo rmat ion  involving the tungsten subs t ra te  
r easonab ly  could be expected.  The ini t ia l  sweep was 
cathodic. The resemblance  to Fig. 1B was str iking.  The 
rap id  cur ren t  r ise in this case commenced approx i -  
ma te ly  IV cathodic of the a luminum reference  elec-  
t rode potent ial .  This overpoten t ia l  was l a rge r  than 
that  observed for  deposi t ion on the a luminum sub-  
strafe,  and i t  increased on successive scans. I t  has been  
found tha t  the efficiency of the p la t ing - s t r ipp ing  p ro -  
cess of l i th ium on a fore ign subs t ra te  decreases m a r k -  
ed ly  wi th  cycle (24). The explana t ion  given was that  a 
b lockage  of por t ions  of the subs t ra te  wi th  react ion 

LLI 
n" 
r r  

B/ 
250mV 

O 0.1 

Swe l, 500 500 200 

C 

500mY 

VOLTAGE vs AI 

Fig. 1. Cyclic voltammograms: A, on aluminum in LiCl(satd.)- 
AICIs, proceeding first anodically; B, on aluminum in LiCl(satd.)- 
ACI3, proceeding first cathodically; C, on lithium monoaluminide in 
LiCl(satd.)-AICIs; D, on aluminum in NaCl(satd.)-AICI3, proceed- 
ing first cathodically. 

products  and  an accumula t ion  of insula ted  l i th ium 
occurred.  A process resul t ing  in the reduct ion of active 
surface area  of the subs t ra te  wi th  cycling also could be 
opera t ive  here. As has been s ta ted  a l ready,  a loss of 
efficiency was not  observed  on the a luminum substrate .  
I t  is in teres t ing  to note tha t  the highest  efficiencies for 
l i th ium cycling have been obta ined wi th  meta l  sub-  
s t ra tes  such as plat inum, gold, and a luminum,  w i t h  
which l i th ium forms alloys (17). S t r ipp ing  chrono- 
potent iograms fol lowing deposi t ion on tungsten f rom 
the LiCl(satd.)-A1C13 mel t  showed two transit ions.  I t  
appears  that  a luminum was la id  down first on the 
tungsten substrate ,  and then LiA1 was deposi ted on the 
l aye r  of a luminum. In view of these resul ts  obta ined 
for  the  tungs ten  substrate ,  we decided to res t r ic t  ~ur- 
ther  studies to a luminum substrates.  

The revers ib i l i ty  of the LiA1 elect rode in the 
LiCl(satd.)-A1Cl3 mel t  is shown c lear ly  in Fig. 1C. The 
work ing  e lect rode was a commercia l  rod of l i th ium 
monoaluminide ,  sealed in a shr inkable  Teflon tube, and 
then ground in the d ry  box flush wi th  the l aye r  of 
insulation.  Al though  it  is not  obvious, mul t ip le  cyclic 
vo l t ammograms  are  super imposed  in this recording.  

The cycling behavior  of a luminum in N a C l ( s a t d . ) -  
A1CI3 melts  is more  difficult to in terpret .  Surpr is ingly,  
an overpoten t ia l  for a luminum dissolution in this mel t  
has been repor ted  prev ious ly  (25). In this s tudy no 
such overpotent ia l  was found. The e lect rode p r e t r e a t -  
ment  consisted of anodizing the a luminum electrode 
and then a l lowing it to equi l ibrate .  Measurements  
were  not  begun unt i l  an open-c i rcu i t  vol tage of 0 mV 
vs. an a luminum reference  electrode was at tained.  I t  
was then possible to scan ei ther  in a cathodic or anodic 
di rect ion wi thout  the appearance  of an overpoten t ia l  
for  deposi t ion or  dissolution, respect ively.  However,  
once the  cyclic vo l t ammograms  were  begun, the re-  
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cordings never  again  passed th rough  the or igin i.e., 
0 mV vs. the a luminum electrode.  A t y p i c a l  cyclic 
vo l t ammogram be tween  the l imi ts  of --0.5 and ~0.SV 
is shown in Fig. 1D. Current  loops were  present  on 
bo th  the  cathodic and anodic sides, and this cyclic be -  
havior  was ve ry  reproducible .  The cathodic cur ren t  
loop suggests a nuclea t ion  process. 

In  the 60-40 m/o  A1C13-NaC1 melt,  Uhlig also found 
that  the cyclic vo l t ammograms  for  an  a luminum elec-  
t rode never  passed through the null  once the scan was 
s ta r t ed  (26). He repor ted  a hysteresis  on the cathodic 
side. 

In t e rp re t a t ion  of cyclic vo l t ammograms  on a luminum 
in NaC1-A1C13 meIts  is c louded by  possible complica-  
tions in t roduced by  dissolved oxygen species in the  
mel t  (26-28). We bel ieve  tha t  an i n - d e p t h  s tudy which  
is beyond the scope of this paper  is wa r r an t ed  in order  
to c la r i fy  the  role of  oxide  format ion  on the deposi t ion-  
dissolution behavior  of  a luminum in the NaCI ( sa td . ) -  
A1CI~ melt .  

C h r o n o a m p e r o m e t r y . ~ A  typ ica l  cathodic chronoamp-  
e rogram taken  of an  a luminum work ing  e lect rode in 
the  LiCl(sa td . ) -A1Cls  melt ,  fol lowed b y  an anodic 
ch ronoamperogram which was obta ined using an over-  
potent ia l  of equal  height,  is shown in Fig. 2. The anodic 
por t ion  i l lus t ra tes  the l a rge r  cur ren t  in i t ia l ly  obta ined  
f rom the deposi ted alloy, fol lowed by  a smal le r  cur ren t  
when p r e sumab ly  the  pure  a luminum subs t ra ta  was 
anodized. The first pa r t  of the cathodic chronoampero-  
grams was charac ter ized  by  a sharp  drop in cur ren t  to 
a m in imum (region A) .  This ini t ia l  cu r ren t  drop was 
due in pa r t  to the no rma l  decay of the charging cur ren t  
and also was l ike ly  due to the pene t ra t ion  of l i th ium 
into a luminum.  The l inea r i ty  of plots of cur ren t  vs. the  
negat ive  square  root  of the electrolysis  time, t -1/2 
(Fig. 3A) indicates  tha t  this  process was diffusion l im-  
ited, as has been found recen t ly  for the pene t ra t ion  of 
s i lver  into gold (29) and of a luminum into nickel  (30). 

Fomichev  and Chovnyk (31) showed for cer ta in  
condit ions of pene t ra t ion  of one meta l  into another ,  the 
squares of  the slopes of curves analogous to those of 
Fig. 3A should be l i n e a r l y  re la ted  to the polar iz ing 
potent ial .  This was demons t ra ted  for the pene t ra t ion  
of lead into p l a t inum (31) and of a luminum into 
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LiCl(satd.)-AICI3: A, initial current decay region; B, current in- 
crease region; C, fina[ current decay region. Imposed overpotentials 
are given above each curve. 

nickel, ci ted above. The same behavior  was observed 
in the present  s tudy for low overpotent ia ls ,  as shown 
in Fig. 4. At  an overpo ten t ia l  g rea te r  than  --35 mV 
there  was  a depar tu re  from l inear i ty .  We could not tel l  
if the re la t ionship  was again l inear  at  h igher  overpo-  
tent ia ls  because the ini t ia l  descending por t ion of the 
cathodic ch ronoamperogram (corresponding to region 
A in Fig. 3) became smal le r  and even tua l ly  d isappeared  
at  the  large  overpotent ia ls .  

We conclude that  for overpotent ia l s  smal le r  than ca. 
35 mV the cathodic process was pene t ra t ion  of l i th ium 
into an a luminum matr ix .  At  overpotent ia ls  g rea te r  
than  ca. 35 mV the deposi t ion mechanism changed 
p robab ly  to al loy format ion  f rom the const i tuents  of 
the melt .  This process p re sumab ly  was necessi ta ted by  
the smal l  diffusion coefficient of l i th ium in a luminum. 
More evidence for this conclusion is p resented  below. 

The cathodic chronoamperograms  then showed an 
increase in cur ren t  to a max imum,  fol lowed b y  a 
g radua l  decay unt i l  a p l a t eau  was reached (regions B 
and C on Fig. 2, respec t ive ly) .  The cur ren t  g rowth  was 
found to be l inear  wi th  t 1/2 and the slope increased 
wi th  an increase in overpoten t ia l  as can be seen in 3B. 
Chronoamperograms  d isp lay ing  such cur ren t  g rowth  
behavior  have been repor ted  for o ther  studies of meta l  
deposi t ion processes occurr ing in mol ten  salts  (32-37) 
and have been considered evidence for t h r e e - d i m e n -  
sional  nucleation.  The cur ren t  decay observed la te  in 
the ch ronoamperogram was app rox ima te ly  l inear  wi th  
t -1/~ (Fig. 3C), again  indicat ive of a diffusion-l imited 
process. 

ChronocouZometry.--More ins ight  into the  cathodic 
processes can be a t t a ined  f rom an analysis  of chrono-  
coulometri,c curves. A typical  set of cathodic and 
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anodic chronocoulograms is shown in Fig. 5. In  a theo-  
re t ica l  examina t ion  of e lect rochemical  incorpora t ion  of 
one meta l  into another ,  As takhov  (38) pos tu la ted  tha t  
i f  the  incorpora t ion  ra te  were  l imi ted  by  diffusion of 
one meta l  into the  other,  the  amount  of meta l  incorpo-  
r a t e d  would  be  p r o p o r t i o n e d  to t 1/2. I f  the ra te  were  
l imi ted  by  a react ion to form an in te rmeta l l i c  cam-  
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Fig. 5. Cathodic and anodic chronocoulograms on aluminum ,n 
LiCl(satd.)-AICI3, 

pound,  the amount  of meta l  incorpora ted  would  be 
d i rec t ly  p ropor t iona l  to t. Melendres  (6) observed both 
types of behavior  chronocoulomet r ica l ly  for  l i th ium 
incorpora t ion  into a luminum.  At  low cur ren t  densit ies,  
l i th ium pene t ra t ed  at  a d i f fus ion- l imited ra te  into a lu-  
minum (or a-LiA1).  At  h igher  cur ren t  densit ies ~-LiA1 
was formed, fol lowed l a t e r  b y  diffusion of l i t h ium into 
the  ~ phase. 

We observed  s imi lar  behavior  in the present  study.  
Fo r  a short  t ime af te r  onset  of cathodic polar iza t ion  the 
number  of coulombs passed, Q, was propor t iona l  to t 1/2. 
The incorpora t ion  ra te  then  changed to a l inear  de-  
pendence  on t, as seen in Fig. 5. The dura t ion  of the 
di f fus ion- l imited incorpora t ion  regime d iminished wi th  
increased  overpotent ia l .  This behavior  is expected  on 
the basis of the  low diffusion coefficient of  l i th ium in 
a luminum [D : 4-5 X 10 -1~ cm2/sec at  430~176 (5, 
6) ], which would enhance the fo rmat ion  of a surface 
layer ,  and the reby  account for the Q vs. t behavior  a t  
longer  times. At  ve ry  long times, Q was no longer  p ro -  
por t iona l  to e i ther  t 1/2 or  t. 

Anodic  chronocoulograms fol lowing the cathodic 
chronocoulograms were  character ized by  an approx i -  
ma te ly  l inear  dependence  of Q on t, indica t ing  that  the 
LiA1 was being anodized. The recovery  of LiA1 was a l -  
ways  less than  100%. Trans i t ion  f rom LiA1 anodizat ion 
to a luminum anodizat ion was s ignaled b y  a sharp  
change in the  slope of the Q vs. t curve. 

Galvanostat ic  m e a s u r e m e n t s . - - F r o m  a b a t t e r y  v iew-  
point, the charge and discharge processes at  constant  
cur ren t  a re  of greates t  interest .  A typical  cathodic 
chronopoten t iogram of a luminum in the  L i C l ( s a t d . ) -  
AICI3 mel t  fol lowed by  an anodic chronopoten t iogram 
at the same cur ren t  dens i ty  is shown in Fig. 6. Notice 

t h e  superpolar iza t ion  at  the onset of the cathodic 
chronopotent iogram.  This phenomenon has been ob-  
served previous ly  in the e lec t rochemical  incorpora t ion  
of l i th ium into a luminum f rom the LiC1-KC1 mel t  (6). 
Melendres  a t t r ibu ted  the superpolar iza t ion  in this 
l a t t e r  case to the difficulty of in i t ia l ly  forming the sur -  
face layers  of ~-LiA1, or s ta ted in different  terms,  i t  
indica ted  the  onset  of e lec t rocrys ta l l iza t ion  of the in te r -  
meta l l ic  compound and the large overpoten t ia l  due to 
s low nucleation.  The superpola r iza t ion  observed  in this 
s tudy  increased wi th  cur ren t  density.  

An example  of cyclic chronopotent iograms of an 
a luminum electrode in the NaCl(satd.)-A1C13 mel t  is 
shown in Fig  7. The a l t e r n a t e  cathodic and anodic 
galvanosta t ic  pulses were  of equal  height  and durat ion.  
No superpolar iza t ion  occurred in the  cathodic portions.  
The polar izat ion was a lmost  ident ica l  for the cathodic 
and anodic processes. 

In  the LiCl (sa td . )  mel t  (Fig. 6), i t  is apparen t  in the 
anodic  chronopotent iogram that  the polar iza t ion  was 
ve ry  smal l  dur ing  discharge of LiA1. As soon as the 
deposi ted LiA1 had been comple te ly  discharged,  a 
t rans i t ion  to the a luminum anodizat ion potent ia l  was 
observed.  When deposits  were  made  at  lower  cur ren t  
densi t ies  or  a l lowed to s tand before  str ipping,  the 
t rans i t ion  to the a luminum anodizat ion potent ia l  oc- 
cur red  sooner and was more  gradual ,  imply ing  ei ther  
the diffusion of deposi ted l i th ium into the substrate ,  or 
corrosion, or  both. The discharge region of the LiAI 
a lways  was shor te r  than  the corresponding cathodic, 
deposi t ion step. A s imi l ia r  qual i ta t ive  re la t ionship  was 

o b s e r v e d  by  James  (5) in charge-d i scharge  curves for 
the LiA1 elect rode in LiC1-KC1 at  430~ 

Figure  8 shows a plot  of the rat io  r of the t rans i t ion  
t ime for anodic s t r ipping  [de termined using the Droce- 
dure  descr ibed in Ref. (39)], T~, and the t ime of deposi -  
tion, to; i.e., r : "~a/ tc .  Al though  there  was some sca t te r  
in the results,  i t  can be seen that  r if lcreased wi th  an in-  
crease in the charging current ,  and then  af ter  reach ing  
a max imum,  i t  began to decrease.  Some of the scat ter  
could b e d u e  to the fact  tha t  tc was var ied  in the range  
30-600 sec. In  fact, in a separa te  study,  i t  was de te r -  
mined tha t  wi th  a constant  charging current ,  the  scat -  
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Fig. 6. Cathodic and anodic 
chronopotentiograms on alumi- 
num in LiCl(satd.)-AICI3. 
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ably. The lower values of r at the lower current  densi- 
ties would suggest that  the solid solution phase was 
formed by the implanta t ion of l i th ium into the a lumi-  
n u m  electrode. The l i th ium could not all be extracted 
in the t ransi t ion time of the anodic process. As the cur-  
ren t  density increased, more of the intermetal l ic  LiA1 
was formed on the surface of the a luminum and was 
readily accessible for dissolution. Finally,  at still higher 
current  densities, a solid solution of l i th ium with the 
p phase probably  began to form. A portion of this 
l i th ium probably  reacted with the melt. 

In  contrast to the work of Besenhard (9), the cycling 
efficiencies did not improve after repeated cycling. 
Besenhard explained the improvement  he observed on 
the basis of re tent ion of l i th ium in  the a luminum sub-  
strate. The picture which emerges from our  work is 
that  the predominant  process is the deposition of LiA1 
on the surface of the a luminum electrode; the incorpo- 
rat ion of l i th ium into a luminum plays only a minor  role 
at the outset of charging. Support  for this conclusion 
comes in  part  from an exper iment  in which the charg- 
ing process was extended to a point  where the a lumi-  
n u m  working electrode could have been converted 
total ly into l i th ium monoaluminide.  No transi t ion was 
observed, in  contrast  to the case for the charging of 
l i th ium into a l u m i n u m  in mol ten LiC1-KC1 (5). The 
impor tant  implicat ion is that  the cycling process will  
not  lead to electrode disintegrat ion in A1C13 melt  as 
rapidly as it will  in the LiC1-KC1 melts or the Li +- 
containing organic melts in  which cycling results in 
major  s t ructural  expansions dur ing the charging pro- 
cess. 
Anodic chronopotentiograms observed during the 

LiAI discharge were very smooth in the plateau region. 
lqowever, when the voltage rise commenced, noise 
traces often were observed (see Fig. 6). This suggests 
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tha t  p rec ip i ta t ion  of LiC1 was occurr ing on the elec-  
t rode  surface,  which  is not  at  al l  surpr i s ing  consider-  
ing tha t  the mel t  was sa tu ra ted  wi th  respect  to LiC1. 
The LiCI which prec ip i ta ted  on the e lect rode surface 
insula ted  the surface, giving rise to the noisy over-  
voltage. No noise was observed in the  discharge of LiA1 
in LiC1-KC1 (5). 

When  cathodic chronopotent iograms such as i l lus-  
t ra ted  in Fig. 6 were  cont inued for much longer  times, 
the  overpoten t ia l  decay  region fol lowing the ini t ia l  
superpola r iza t ion  was in tu rn  fol lowed by  a region of 
again  increas ing overpotent ial .  The l a t t e r  ra te  of in-  
crease was ve ry  gradual ,  and even tua l ly  a constant  
cathodic overpoten t ia l  was reached.  This behavior  is 
i l lus t ra ted  in the inset  of  Fig. 6, where  both cathodic 
chronopotent iograms were  conducted at  the same tem-  
p e r a t u r e  and cur ren t  densi ty.  

In  the region of increas ing overpotent ia l ,  overpo ten-  
t ia l  was l inear  in the square  root  of time, as shown in 
Fig. 9. Melendres  (6) found s imi lar  behavior ,  which he 
in t e rp re t ed  as the  diffusion of l i th ium through/~-LiA1. 
He ca lcula ted  a diffusion constant  f rom the slopes of 
overpoten t ia l  vs. t 1/~ plots, viz., 2 RTi /~ '~n~ F 2 Co~D~. 
Here  the symbols  have thei r  usual  e lect rochemical  
significance. Co is the l i th ium concentra t ion in ~-LiA1, 
0.045 mo l / cm 3, and  i is cur ren t  density,  A/cm~. 

We obta ined  D = 6 • 10 -7  , 2 • 10 -7  , and 7 • 10 -7  
cm2/sec at  i ~ 0.1, 0.15, and 1.0 A / c m  e, respect ively.  
We can find no o ther  studies of l i th ium diffusion into 
LiA1 or a luminum conducted in the t empera tu re  re -  
gion in which  we worked.  Severa l  h igher  t empe ra tu r e  
studies have  been  made  (5, 6, 40, 41) and r epor t  
wide ly  d ivergen t  values  of D, ranging  f rom 5 • 10 -5 
(5) to 10 - s  cm2/sec (6) at  430~176 

Stabili ty o] the deposit .--The measured  open-c i rcu i t  
vol tage  of a n e w l y  e lec t roformed deposi t  in the 
LiCl(satd.)-AIC18 mel t  was app rox ima te ly  --7 mV vs. 
the a luminum reference  electrode.  Af te r  a l lowing the 
deposi t  to s tand  in the melt ,  the open-c i rcu i t  vol tage  
decayed  to near  0 mV. This, of course, suggests that  the 
deposi t  was unstable.  ' In fact, s tab i l i ty  tests conducted 
b y  deposi t ion on an a luminum cathode fol lowed by  
anodic s t r ipping  af te r  increas ing t ime in terva ls  re -  
vealed that  the deposi t  was indeed unstable.  This is not 
unexpected ,  since at  500 K for the reac t ion  

3Li(s)  + AIC18(1) --  3LiCI(1) -t- A l ( s )  
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Fig. 9. Slowly increasing overpotential region of cathodic chrono- 
potenfiagrams on aluminum in LiCl(satd.)-AICI3. 

K --  10 -54.5 (42). The act iv i ty  of LiC1 is uni ty  in an 
LiCl(satd.) -A1Cl~ melt .  The ac t iv i ty  of A1C13 is un -  
den iab ly  lower  than  unity,  bu t  i t  is far  f rom 10-54, 5, 
which would  be the needed ac t iv i ty  for the above re-  
act ion to be reversed.  This differs f rom Senderoff 's  
content ion tha t  LiA1 is s table  in the LiA1C14 mel t  (10). 
On the other  hand, we did find that  a 1/2 in. d iam 
LiA1 (1:1 a l loy)  rod, p repa red  by  meta l lu rg ica l  p ro-  
cedures, did not show any vis ible  changes af ter  re -  
main ing  in the mel t  at  a pp rox ima te ly  175~ for severa l  
weeks.  

Cyclic chronopotent iometr ic  exper iments  provide  in-  
sight into the na ture  of the deposi t  that  is formed on 
the surface of the substrate,  p rovided  tha t  the deposi-  
t ion step is fol lowed immedia te ly  by  str ipping.  If  the 
subs t ra te  is a luminum,  a l lowing the deposi t  to s tand  at 
open circui t  could resu l t  in a chemical  reac t ion  be -  
tween the deposit  and the e lec t ro ly te  at  the interface,  
diffusional pene t ra t ion  of the l i th ium from the deposit  
into the a luminum subs t ra te  to produce a homogeneous 
phase, or both. Thus s t r ipping  a thin deposi t  af ter  a 
t ime in te rva l  should revea l  the effect of any processes 
po ten t ia l ly  contr ibut ing  to the ins tab i l i ty  of the deposit. 
In  exper iments  in which a deposi t  was la id  down on an 
a luminum subs t ra te  and various s tand t imes were  a l -  
lowed before  str ipping,  the low polar iza t ion  p la teau  
became progress ive ly  smal ler  as the s tand  t imes were  
increased.  In  addit ion,  the r ising por t ion of the chrono-  
po ten t iogram be tween  this low polar iza t ion  p la teau  
and anodizat ion of pure  a luminum had a decreas ing  
slope (i.e., the t rans i t ion  to a luminum anodizat ion be -  
came less sharp) ,  suggest ing the presence of an in-  
creasing amount  of the a solid solution phase. Thus, this 
r e -es tab l i shment  of a homogeneous phase  cannot be 
discounted. 

To exclude the format ion  of a-LiA1 as the ma jo r  
cont r ibutor  to the ins tabi l i ty  of the deposit,  a tungsten 
subs t ra te  was used in place of the  a luminum.  The 
resul ts  obta ined were  even worse f rom the s tandpoint  
of recovery  of total  deposi ted meta l  than those ob-  
ta ined using an a luminum substrate.  Thus we can con- 
clude that  a chemical  react ion be tween  the LiA1 de-  
posi t  and the mel t  p lays  a p rominen t  role in the s ta-  
b i l i ty  of the  alloy. This type  of behavior  is not  un-  
precedented,  for reac t iv i ty  has been demons t ra ted  be-  
tween  the l i th ium contained in l i th ium al loys o ther  
than  l i t h i u m - a l u m i n u m  alloys, : and  o ther  solvents 
(43, 44). 

The most p laus ib le  chemical  react ion is tha t  be-  
tween the l i th ium which diffuses out  of the in t e rme ta l -  
lic and the melt ,  whose p r i m a r y  species is A1C14- 
(45, 46). The fol lowing react ions are  expec ted  

AIC14- ~ A1CI3 -t- C1- 

3Li -1- A1C18 --> 3LiCI$ -F AI$ 

Any  LiC1 which is fo rmed should precipi ta te ,  since the 
mel t  is sa tu ra ted  wi th  LiC1. However ,  of g rea t  signifi- 
cance is that  the react ion wil l  also l ead  to addi t ional  
a luminum being la id  down on the a luminum m a t r i x  
remain ing  f rom the LiA1 deposit.  

To explore  fu r the r  this s tab i l i ty  p rob lem from a 
macroana ly t i ca l  approach,  a massive amount  of the 
deposit  was la id  down on a 1 mm diam a luminum wire  
in an LiC1-A1C18 solution to which an excess of solid 
LiC1 was added. An a luminum wire  of about  the same 
dimensions as the cathode was employed.  Electrolysis  
was conducted at  roughly  50 m A / c m  2. Af te r  e lec t ro ly-  
sis was te rminated ,  the deposit  r emained  in the mel t  for  
less than 1 hr. Quite surpr is ing  is tha t  even though the 
deposi t ion was conducted at  a cur ren t  densi ty  which 
was not  symmet r i ca l ly  un i form about  the wire,  the de-  
posit  i tself  was almost  per fec t ly  uniform, as shown in 
Fig. 10. The deposi t  had a thickness of 0.75 m m  and ad-  
hered  tenaciously  to the a luminum wire  substrate .  
Scanning e lec t ron photomicrographs  show c lea r ly  the  
lack  of dendri tes.  A photomicrograph  obta ined under  
h igher  magnif icat ion is shown in Fig. 11. Fea tures  of 
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Table I. X-ray powder diffraction lines 

Deposit 
Li a (d/A) AI b (d/A) (d/A) LiAP (d/A) 

3.65 (75) 

2.48 (100) ~ 

1.758 (30) 

1.434 (40=) 

1.242 (20) 

1.11o (20) 

1.013 (3) 

0,938 (20) 

2.935 
2.549 

2.338 (1O0) 2.322 
2.26 (100) 

2.924 (47) 2.O08 
1.92 (75) 

1.805 
1.542 1.58 (60) 
1,477 1,46 (60) 

1.431 (22) 1.425 
1.280 1.30 (100) 

1.221 (24) 1.217 1.22 (75) 
1.169 (7) 1.175 

1.146 
1.12 (75) 

1.547 1.07 (75) 
1.0124 (2) 1.01 (85) 

0.987 
0,969 (50) 

0.9289 (8) 0.928 
0.918 (50) 

0.9055 (8) 0.907 
0.889 (75) 

0.868 
0.856 

0.849 (25) 
0.8266 (8) 0.826 0.827 (100) 

0.813 
6.796 (60) 

0.787 
0.779 0.778 (50) 

Fig. 10. Electrodeposited UAI on aluminum in LiCl(satd.)-AICIs 

note are the presence of cracks and differences in opti- 
cal reflectivity over the surface. Melendres and Sy (7) 
found both characteristics in their study of ~-LiA1 
formed in  LiCI-KC1. They established that areas of 
different reflectivity varied in  a luminum content, wi th  
light areas being richer in a luminum (lower l i thium) 
than darker areas. 

The x - r ay  powder diffraction lines for this deposit 
along with the r values for l i thium, a luminum,  and 
LiA1 are listed in Table I. Although there is not a per-  
fect match, it appears that l i thium, a luminum,  and LiA1 
lines all were present. A better  identification was pos- 
sible by runn ing  a sample of the deposit in a gold pan 
in  a Pe rk in -E lmer  DSC-2 differential scanning 
calorimeter. A high intensi ty  temperature  peak com- 
mencing at 605~ and a second, well resolved, lower in-  
tensi ty peak te rminat ing  at approximately 665~ were 
identified. Acording to the Li-A1 phase diagram (48) 

Fig. 11. Scanning electron photomicrograph of the LIAI deposit 
shown in Fig. 10. 

ASTM X-Ray Index Card 15-40; Ref. (47). 
b ASTM X-Ray Index Card 4-0787; ReL (47). 
o ASTM X-Ray Index Card 3-125; Ref. (47). 

Relative intensities shown in parentheses. 

this corresponds to a composition of approximately 35 
m/o  l i th ium and consists of a mixture  of the a and 
phases. 

Our results appear to support  the ideas that  l i thium 
is being removed from the electroformed ~-LiA1 and 
that the chief dr iving force for this extraction is the 
chemical reaction between l i th ium and the melt. This 
reaction probably does not proceed to the point where 
all the l i th ium has been removed; ra ther  a protective 
bar r ie r  of a luminum and LiC1 appeared to be formed 
at the electrolyte interface. This is analogous to the 
film which protects l i th ium in organic electrolytes. 
Quite significant is the fact that  nondendrit ic,  adherent,  
dense deposits of a luminum or an a luminum alloy hav-  
ing less than a 50 m/o  l i th ium content  can be electro- 
formed via the route of ini t ial  formation of ~-LiA1. 
Even though the stabilized deposit has inferior proper-  
ties to pure ~-LiA1 from a bat tery  standpoint,  we have 
a t  last the abil i ty to use an a luminum electrode. When 
compared to other anode candidates, a l uminum is 
highly desirable in  the areas of cost, equivalent  weight, 
and electromotive potential. To highlight this discovery 
is the fact that  the deposition of a luminum from the 
2A1C13-NaC1 melt  is accompanied by dendrit ic deposits 
when coatings over 20 ~m thick are deposited. 

Studies are now underway  to explore in greater  
detail the effect of current  density, temperature,  cy- 
cling, etc. on the morphology of the deposit. Cross- 
sectional elemental  profiling and anodic polarization 
properties of the electroformed alloy after long- te rm 
equi l ibrat ion in the melt  are being investigated. In  ad-  
dition, more insight  into the reaction mechanisms is 
being sought using a-c impedance measurements.  

Manuscript  submit ted March 11, 1980; revised m a n u -  
script received Feb. 3, 1981. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the June  1982 Jou~ucm.. 
All  discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 

Publication costs of this article were assisted by the 
USAF Academy. 
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Electrochemical Behavior of Methylene Blue and 
Its Leucoform at the Mercury Electrode 
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ABSTRACT 

The e lec t rochemical  behavior  of me thy lene  b lue  (MB) and its leucoform 
(LMB) in aqueous solutions at  pH 7.9 was inves t iga ted  wi th  a m e r c u r y  elec-  
trode. The polarographic  resul ts  showed tha t  at  ve ry  low concentra t ions  (4 • 
10 .6  M/ l i t e r )  and  E1/z of "Brdi~ka 's  p rewave"  is the  same as the  s tan-  
da rd  poten t ia l  of the MB/LMB couple and moves f rom about  --0.290 to 
--0.180V (NCE) as the concentra t ion increases. The e lec t rocapi l la ry  curves 
indicate  the fol lowing:  (i) at  low concentrat ions  the LMB is less adsorbed  
than  the MB; (ii) ~ decidedly  decreases when  the surface concentra t ion of 
LMB reaches a value  high enough to form a solid deposi t  on the  m e r -  
cury  surface. We suggest  that :  (a) "Brdi~ka 's  p rewave"  which  occurs at  the 
lowest  concentrat ions is ac tua l ly  the normal  wave  of the  MB/LMB couple; 
(b) "Brdicka ' s  no rma l  wave"  is a step tha t  develops at  the  s t anda rd  po-  
tent ial ,  bu t  on an e lec t rode  covered by  an insoluble  film of LMB. 

The e lec t roreduct ion  of me thy lene  b lue  (MB) to 
l eucomethy lene  b lue  (LMB) on a me rcu ry  e lect rode 
takes  place  wi th  an  anomalous  behavior .  This sys tem 
was s tudied  po la rograph ica l ly  by  Brdi~ka (1, 2) and  i t  
is the classical  example  of reduct ion produc t  adsorpt ion  
cited in every  tex tbook  of po la rog raphy  (3-5).  

Brdigka  shows tha t  at  pH = 7.96 at  concentrat ions  
of MB below 6 • 10-~M a single step ( "p rewave" )  is 
observed,  whi le  a t  h igher  concentrat ions  a second step 
( "normal  wave" )  appears  a t  more  negat ive  potent ials .  

In  the in te rp re ta t ion  of Brdi~ka the "prewave"  cor-  
responds to reduct ion of unadsorbed  MB to adsorbed  
LMB; the he ight  of this step is l imited,  not  by  the ra te  
of diffusion of MB, but  by  the surface ava i lab le  for 
adsorpt ion  of the  reduced  molecules.  He states  tha t  
the produc t  of MB reduct ion  is adsorbed  at  the  elec- 
trode surface as soon as i t  is fo rmed and this faci l i tates ,  
f rom an energy  point  of view, the reduct ion  i tself  b y  
a l lowing i t  to t ake  place  at  a potent ia l  less nega t ive  
than the s t andard  potent ia l  of the MB/LMB couple. 
According to Brdi~ka, the  "normal  wave"  is observed  
when the surface is fu l ly  occupied by  LMB and r e -  
quires  a more  negat ive  poten t ia l  since the reduced  form 
finds i tself  in a h igher  energy  s tate  (unadsorbed  as 
opposed to adsorbed) .  Unde r  these condit ions there  is 
no process a iding the reduct ion  and therefore  the  
normal  wave  should develop in the  ne ighborhood of 
the s t anda rd  potent ia l .  

Af te r  Brdi~ka much work  was done (6-14) using 
different  techniques in o rder  to provide  the  MB/LMB 
redox  couple wi th  new informat ion.  Al though the 
majo r i t y  of these invest igat ions  have  re ta ined  subs tan-  
t ia l ly  unchanged  Brdi~ka 's  poin t  of  view, expe r imen ta l  
evidence exists and points out  tha t  the MB/LMB sys-  
tem is ac tua l ly  more  compl ica ted  than  Brdicka ' s  scheme 
assumes i t  to be. 

Recent ly  B a u m g a r t n e r  et aL (15) have shown b y  
using mul t ip le  specular  reflection spectroscopy app l ied  
to a thin l ayer  e lec t rochemical  cell, that ,  in {he first 0.5 
sec of the  (I  X 10-5M) MB reduct ion process, the  
LMB formed  prec ip i ta tes  on the gold e lect rode surface. 

We are  present ing  here  expe r imen ta l  evidence pe r -  
ta in ing to the MB/LMB redox system d rawn  from 
studies of e lec t rocap i l l a ry  curves, normal  po la rographic  
curves, and anodic vo l t ammet ry .  

* E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
Key words: adsorption, voltammetry. 

E x p e r i m e n t a l  
The capi l la r ies  used e i ther  for d rop - t ime  m e a s u r e -  

ments  or for po la rographic  inves t igat ions  were  d r a w n  
from 2 • 10 m m  P y r e x  tubes and dewet ted  with  d i -  
methyld ich loros i lane  vapors.  F ina l l y  b y  t r ia l  those 
capi l lar ies  were  chosen which  gave a drop  t ime of 
about  20 sec. 

The concentra t ion range  1 • I0 -5-1  X l0 -4  M / l i t e r  
of MB was exp lored  wi th  16 e lec t rocap i l l a ry  curves  
(Fig. 1) obta ined  w i t h  the  d rop - t ime  method.  The 
range of potent ia ls  +0.1 to --1.3V (NCE) was t r a -  
versed  at  25 mV in te rva ls  be tween  + 0 . i  and  --0.6V 
and at  50 mV in terva ls  be tween  --0.6 and --I .3V. The 
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Fig. 1. Electrocopillary curves due to buffered solutions (pH z 
7.9) of methylene blue at the given concentrations (the curves of 
concentrations 0.20, 0.23, 0.35, 0.60, 1.0 X 10 - 4  M/ l i ter  are not 
shown). 

1 5 1 8  



Vol. 128, No. 7 EC BEHAVIOR OF METHYLENE BLUE 1519 

apparatus and other exper imenta l  details were as de- 
scribed previously (16). 

With an E261 Metrohom polarograph, 20 polarograms 
were recorded over the concentrat ion range 4 X 10 -6-  
5 • 10 -4 M/li ter .  With the same apparatus the r emain -  
ing polarographic invest igat ion was conducted. 

All the potentials were referred to 1N KC1 calomel 
electrode. Both the reference half-cel l  as well  as the 
working  solutions were kept  at a constant  tempera-  
ture of 25.0 _ 0.1~ 

A phosphoric buffer solution at pH 7.9 (0.05M 
KH2PO4 and 0.046M NaOH) was used as base electro- 
lyte. 

All the chemicals, except the dye, were of Analar  
Grade, and the water  was distilled three times in  an 
a l l -Pyrex-glass  still (17). Merk reagent  methylene  
blue was used without  fur ther  purification. 

Air was bubbled for a long time through the mer -  
cury in  contact with 5% HNO3. After  washing and 
drying it was distilled twice under  vacuum. 

Results 
Excellent  agreement  is observed between Brdi~ka's 

and our polarographic results in the field of analyt ical  
MB concentrat ion greater  than 5 X 10 -5 M/li ter ,  where 
the dye undergoes electroreduction with two different 
waves, the former with half -wave potential  approxi-  
mately  the same as the s tandard  potential, the lat ter  
with hal f -wave potential  shifted by about 100 mV 
toward more positive values. 

Our polarographic invest igat ion was extended to 
MB concentrat ions below 5 • 10-SM in order to ob- 
serve the development  of the prewave up to the lower 
l imit  of 4 X 10-6 M/liter.  This enabled us to verify 
that  the E~/2 of the prewave at the lowest concentra-  
tions to be the same as the s tandard potent ial  calcu- 
lated by Clark, Cohen, and Gibbs (18) at concentra-  
tions < 5 • 10->M in neut raI  or a lkal ine solutions, 
pH > 6, with the Nernst  equation 

R T  [MB]. [H + ] 
E ---- Eo + In [i] 

2F [LMB] 
where 

Eo -- + 0.226V (NCE) 

Moreover as the concentrat ion of MB was increased, 
the E~/2 of the prewave was observed to move from 
about --0.290V up to --0.180V (NCE). The shift takes 
place essentially while the concentrat ion is increased 
from the lowest values to that  one at which the second 
step appears (c _-- 5 • 10 -5 M/ l i te r ) .  In Fig. 2 the 
half -wave potential  of the two reduct ion steps are 
plotted against  the concentrat ion of MB. 

At pH ---- 7.9 the LMB is sl ightly soluble and when, 
for instance, an 8 • 10-~M MB solution is electrore- 
duced at a constant  potential  of --0.5V vs.  NCE, i.e., at 
a~potential  corresponding to the diffusion cur ren t  of 
the normal  wave, a turbid  colorless suspension is ob- 
tained. The height of the anodic wave  developing in 
the LMB saturated solution is equal  to the height of 
the cathodic step given by a 1 X 10-SM solution of 
MB. It is of interest  to note that the half-step potent ial  
of both polarograms is the same Elz2 ---- --0.270 _ 
0.015V (NCE) and in good agreement  with the equi-  
l ibr ium potential  as calculated by Eq. [1]. If air  is 
bubbled through the solution the LMB is quickly oxi- 
dized to MB; consequently the precipitate dissolves 
while the deep blue color reappears. 

Exper iments  with a s ta t ionary mercury  electrode 
have emphasized the consequences of the low solubil i ty 
of the LMB in aqueous solution buffered at pH -- 7.9. 
When the hanging mercury  drop electrode was held for 
a few minutes  under  polarization in an 8 • 10-SM 
solution of MB at the potential  of --0.5V vs.  NCE, the 
formation of a white insoluble f i lm on the mercury  
surface was observed. Upon shifting the applied po- 
tential  to a value corresponding to the foot of the 
prewave, the white precipitate was oxidized back to 
the soluble form of MB and the mercury  drop became 
clean and br ight  again. 

The formation of an insoluble LMB film was also 
detected for shorter polarization times. The hanging 
mercury  drop electrode was held at --0.SV for 60 sec 
in the same 8 • 10-5M MB solution, and then the 
potential  was shifted at a sweep rate of 4.7 mV/sec 
toward more positive Values. The current  flowing 
through the electrode, as recorded against  the potential,  
exhibits an anodic peak (Fig. 3) at --0.200V. For the 
E~/~ of the prewave at this concentrat ion w e  read 

0 0 

_0. 2(o f 
> 

- ~ 
--5 Methylene Blue concentration (Log c) -~ ~3 

Fig. 2. Half-wave potential of 
"Brdi~'ka's prewave" (carve A) 
and of "Brdi~'ka's normal wave" 
(curve B), plotted against the 
MB concentration, as obtained 
from the polarograms at pH = 
7.9. 
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Fig. 3. Curve A: polarogram for ME 8 • 10 -5  M/liter at pH 
7.9; curve B: anodic peak due to oxidation of the LMB accumulated 
on the mercury electrode during 60 sec of electrolysis, in the 
8 X 10 -5  M/liter MB solution, at --0.5V (NCE). The potential 
was shifted at a sweep rate of 4.7 mV/sec toword the anodic valu:s. 
(Drop surface 4.57 mm~; coulombs 31.0 X 10-8; molecules/drop 
96.6 • 1012; number of layers 21). 

--0.190V. The area under  the peak indicates the pres-  
ence of about 20 monolayers of LMB on the electrode 
surface, provided we a t t r ibute  a value of 1O0A 2 to the 
area of one molecule of LMB. A n  anodic peak is also 
recorded for polarization times of the order of tens 
of seconds. 

One of the most Convincing proofs of the strong ad-  
sorption of the LMB, was considered by Brdi~ka the 
change of the shape of the electrocapil lary curves ob- 
tained in  buffered solution of MB. For  this reason our 
invest igat ion was extended to the study of the electro- 
capil lary curves of this dye in  phosphoric buffer at 
pH = 7.9. 

In  the region of the electrocapil lary curves where  
the adsorption at the interphase is not  accompanied by  
a faradaic process, the lowering of the interfacial  ten-  
sion is simply due to the adsorption of MB on mercury.  
By using the Gibbs  equation 

1 0"Y ) 
r =  R--Y-(~-T~nc -E,T 

where ~, is the interracial  tension, e the MB analytic 
bulk  concentrat ion (in place of the activi ty) ,  r the 
surface excess, R the gas constant, T the absolute tem-  
perature,  and E the potential,  we have calculated r 
and then the area S taken up by one molecule of the 
dye 

r -- 1.3 • 10-1o tool cm -~ 

S = 125A 2 molecule -1 

The S value agrees satisfactorily with that  attributed 

to MB molecule when it  is placed fiat on the electrode 
surface. 

For  concentrations below 2.7 • 1O-hM at a potent ial  
value of approximately --O.175V corresponding to the 
beginning of the MB reduction, the interracial  tension 
steps up rapidly as if the product  were tess adsorbed 
than  the reactant.  

For concentrat ions above 2.0 • 1O-hM in correspond- 
ence to a potent ial  of about  --0.250V the interfacial  
tension decreases ever so rapidly with the increasing 
concentrat ion and then increases again at  about 
-0.325V. 

Discussion 

Let us bear  in  mind the following main  facts aris- 
ing from our exper imenta l  work: 

1. The hal f -wave potent ial  of the prewave shifts 
toward more positive values with increasing concen- 
t rat ion and becomes near ly  constant  when the second 
wave appears (Fig. 2). 

2. The ha l f -wave  potentials of the anodic step for a 
solution saturated in  LMB as well  as the hal f -wave 
potential  of the cathodic wave of equal height for a 
MB solution, agree wi thin  • 15 mV with the s tandard  
potent ial  of the MB/LMB couple as de termined by 
Clark and co-workers at concentrat ions below 10 .5 
tool/ l i ter  and pH greater than  6. 

3. An insoluble film of LMB is formed on a s tat ion- 
ary mercury electrode after a few of tens of seconds 
of electrolysis at a potent ial  of --0.500V (NCE) in  an 
8 X 10-hM MB solution. 

4. The white precipitate of LMB dissolves with an 
anodic peak at a value of about --0.200V; very  close 
to the half-step potent ial  of the prewave recorded 
at the same MB concentrat ion (Fig. 3). 

5. From the electrocapillary curves we can observe 
the following: (i) at concentrations below 2.7 • 10-hM 
and at a potent ial  of about --0.175V, corresponding to 
the beginning of the MB reduction, the interracial  
tension steps up rapidly (Fig. 1 and 4) ; (it) at concen- 
trations above 2.0 • 10-hM, and at a potent ial  of about 
--0.250V the interfacial  tension falls down ever so 
rapidly as the concentrat ion increases, and then rises 
again at about  --0.325V to reach the electrocapillary 
max imum (Fig. 1). 

Our findings show that the product of reduct ion is 
less adsorbed than the oxidized form, as we can ob- 
serve in  the electrocapillary curves, when at the point  
corresponding to the beginning  of the reduct ion of 
MB, the interracial  tension decidedly steps up (Fig. 1, 
and better  visible in Fig. 4, points m) .  When the 
concentrat ion of LMB produced in the reduction pro- 
cess reaches the saturat ion l imit  on the electrode sur-  
face, a precipitate of LMB is deposited on the mercury.  
The interfacial  tension at this point  is lowered and the 
greater the amount  of LMB deposited, the greater  the 
lowering of 7 (Fig. 4, points n ) .  

On this account Brdi~ka's prewave displacement  will  
stop when the amount  of MB undergoing reduct ion is 
large enough to produce a film of LMB shielding the 
mercury  drop entirely.  

Any fur ther  reduction of MB to LMB on the electrode 
covered by the precipitate wil l  proceed in  a separate 
wave. 

Many theories have been proposed in the a t tempt  to 
explain the reduct ion process of a substance on an 
electrode covered by an insoluble film of the product:  
(i) the film of the reduction product  is fur ther  re-  
duced; (it) the film undergoes a severe change in its 
s t ructure  at a definite potential ;  and (iii) a progressive 
migrat ion of the depolarizer takes place through the 
film. 

In  our case one impor tan t  fact is to be noted: the 
slope of the normal  wave is approximately 20-25 mV. 
This critical dependence of the penetra t ion current  on 
the applied potential  seems to suggest that  the charge 
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Fig. 4, Detai l  of the electrocopil lory curves in the region where 
the MB undergoes electroreduction. 

carrier through the insoluble film is not the depolarizer 
but rather the electron. It is known that the probability 
for an electron to tunnel through a rectangular energy 
barrier depends exponentially on the product of the 
thickness of the barrier by the square root of the dif- 
ference between the energy corresponding to the peak 
of the barrier and the Fermi level energy in the metal. 
A shift of the applied potential toward more negative 
values causes a linear increase in the Fermi level 
energy and the barrier is rendered more penetrable to 
electrons. The consequent increase in the cathodic cur- 
rent leads to an increase in the barrier thickness due 
to the continuous deposition of the reduction product. 
Both at a dropping and at a hanging drop electrode, 
however, the thickness of the insoluble film may reach, 
at the most, a certain maximum value, which is ob- 
tained at the end of the electrolysis period, under dif- 
fusion control conditions. A sufficiently negative p o -  

OF METHYLENE BLUE 1521 

tential may, therefore, be reached at which the electron 
tunneling through the barrier is so fast that the current 
is controlled exclusively by the depolarizer diffusion 
toward the insoluble film surface. 

This preliminary examination of the experimental 
data seems to suggest that the polarographic step which 
occurs at the lowest concentrations (Brdi6ka's pre- 
wave) is actually the normal wave, and that Brdi~ka's 
normal wave is a step that develops at the standard 
potential of the MB/LMB couple, but on an electrode 
covered by an insoluble film of LMB. 

Manuscript submitted July 25, 1980; revised manu- 
script received Jan. 16, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 Joum'~A~.. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs ojf this article were assisted by the 
Universita di Firenze. 

REFERENCES 
1. R. BrdicYka, Z. Elecktrochem., 48, 278 (1942). 
2. R. Brdic"ka, Collect. Czech. Chem. Commun., 12, 

522 (1947). 
3. I. M. Kolthoff and J. J. Lingane, "Polarography," 

Vol. I, p. 256, Interscience Publishers, New York 
(1965). 

4. R. Pointeau and J. Bonastre, "Elements de Polar- 
ographie," p. 112, Masson et C., Paris (1970). 

5. H. H. Bauer, "Electrodics," p. 96, Georg Thieme 
Publishers, Stuttgart (1972). 

6. A. M. Mirri and P. Favero, Ric. Sci., 28, 2307 (1958). 
7. W. Kemula, Z. Kublik, and A. Axt, Rocz. Chem., 35, 

1009 (1961). 
8. J. M. Los and C. K. Tompkins, Can. J. Chem., 37, 

315 (1959). 
9. J. M. Los and C. K. Tompkins, J. Chem. Phys., 24, 

630 (1956). 
i0. R. H. Wopschall and I. Shain, Anal. Chem., 39, 1527 

(1967). 
II. P. J. IIillson and R. B. McKay, Trans. Faraday Soc., 

61, 374 (1965). 
12. K. J. Vetter and J. Bardeleben, Z. Elektrochem., 

61, 135 (1957). 
13. E. Yu. Khmel'nitskaya, G. A. Tedoradze, and Ya. M. 

Zolotovitskii, Izv. Akad. Nauk SSSR, Set. Khim., 
3, 496 (1971). 

14. G. A. Tedoradze and E. Yu. Khmel'nitskaya, Soviet 
Electrochem., 3 (2), 166 (1967). 

15. C. E. Baumgartner, G. T. Marks, D. A. Alkens, and 
H. H. Richtol, Anal. Chem., 52, 267 (1980). 

16. G. Papeschi, M. Costa, and S. Bordi, Electrochim. 
Acta, 15, 2015 (1970). 

17. A. Faviani, M. Costa, and S. Bordi, J. Electroanal. 
Chem. Inter]acial Electrochem., 47, 147 (1973). 

18. W. M. Clark, B. Cohen, and H. D. Gibbs, Public 
Health Rept. (U.S), 40, 1131 (1925). 



Technical Notes 

Alloy-Anodes in Fluoride Solid-State Batteries 
J. Schoonman* and A. Wolfert 

Solid State  Depar tment ,  Physics Laboratory,  State  Universi ty ,  3508 T A  Utrecht,  The Netherlands 

Sol id-s ta te  ba t te r ies  wi th  a meta l  anode, a fluoride 
ion conducting solid e lectrolyte ,  and  a meta l  fluoride 
as cathode a re  known  (1-5).  Much a t ten t ion  has been  
d i rec ted  toward  opt imizing the ionic conduct iv i ty  of 
promis ing solid electrolytes .  Pa r t i cu l a r ly  sui table  are  
concent ra ted  anion-excess  solid solut ions based on 
fluorites (6). They  have  been  ut i l ized successful ly as 
solid e lect rolytes  in ba t te r ies  wi th  pure  meta ls  as anode 
(3-5).  However ,  in such ba t te r ies  anode pass ivat ion 
wi l l  l imi t  the  c u r r e n t  as fluoride ions reac t  to form 
pure  low-conduct ing  meta l  fluorides at  the anode /so l id  
e lec t ro ly te  in terface  (5). 

I t  is the  purpose  of this note to show tha t  the  use 
of Cal-xYb~ a l loy-anodes  in Cal-xYbJBiOo. lF2.s  sol id-  
s ta te  ba t te r ies  cons iderab ly  reduces anode passivation.  
This is ascr ibed to the format ion  of an ion-excess  solid 
solut ions upon discharge.  

Smal l  disks of Cal -zYb~ (0 ~ x ~ 0.25) wi th  a 
d iamete r  of 8 • 10-Sm and a thickness of about  5 • 
10-Zm were  p repa red  by  mel t ing  appropr ia t e  mix tu res  
of the meta ls  in g raph i te  crucibles under  argon at  about  
1000~ The surfaces of the  disks were  pol ished under  
n i t rogen in a glove box. They  were  examined  for  the i r  
composit ion wi th  a Cambr idge  Stereoscan 150 e lec t ron  
microscope,  equipped  wi th  an energy  dispers ive  e le-  
m e n t a r y  analysis  appara tus .  

So l id - s ta te  ba t te r ies  Cal -zYbJBiOo. iF~.s  wi th  
Ca0.68U0.02Ceo.aoF2.34 as solid e lec t ro ly te  were  fabr ica ted  
using a technique which  has been r epor t ed  before  
(4, 5). The presen t  5.03 X 10-Sm 2 a rea  cells contain 
~1.5 X 10-5 kg solid e lect rolyte ,  and ~ 1  X 10 -5  kg  
cathode: capaci ty  ~ 10C. Open-c i rcu i t  vol tages  (OCV) 
and load-c i rcu i t  vol tages  (LCV) were  measured  wi th  
a K e i t h l e y  Model  616 digi ta l  e lec t rometer .  Load cur -  
rents  ii were  measured  wi th  a Ke i th ley  Model  445 
digi ta l  p i coammete r  and a So la r t ron  da ta  t ransfe r  unit,  
which t r ans fe r red  t ime and cur ren t  da ta  to a Fac i t  4070 
tape  punch. 

Elementa l  analysis  of the surfaces of the anodes re -  
vea led  complete  solid so lubi l i ty  to exis t  in the sys tem 
Cal-~Yb~ (0 "~-- x ~ 0.25). Normal ized  load-c i rcu i t  
vol tages  LCV/OCV vs. l o ad -cu r r en t  densi t ies  were  
l inear,  indica t ing  the absence of polarizat ion.  In  this  
respect  ba t te r ies  wi th  a l loy-anodes  do not  differ  f rom 
ba t te r ies  wi th  pu re  meta l  anodes (4, 5). The d-c  r e -  
sistance of the bat ter ies ,  having  OCV's of 2.6-3.0V in 
the t empe ra tu r e  region 25~176 was ca lcula ted  using 
the express ion 

LCV Rde . 
~ ' - "  l 1 

ocv ocv '~ + 

In these batteries the thickness of the solid electrolyte 
layer is about 75 #m and of the cathode layer about 30 
#m. At 227~ these layers have resistances of 4.93 X 
1040, and 23.21% (7, 8) thus indicating that for fresh 
batteries the solid electrolyte limits the current. Upon 

�9 Electrochemical Society Active Member. 
Key words: battery, anode, passivation. 

discharge Rdc increases.  As Rdc for f resh ba t te r ies  is 
governed by  the res is tance of the  solid e lectrolyte ,  the 
Rdc da ta  for pa r t ly  d ischarged cells y ie ld  the  resis tance 
Rap of the anode pass ivat ion  layers  by  subt rac t ing  Rdc 
of the f resh cells. Plots  of log (Rap- iT)  vs. T -1 are  
l inear  in the t empe ra tu r e  region 25~176 They re -  
veal  act ivat ion entha lp ies  in the range  0.90-0.95 eV for 
r number  of coulombs expended,  up to 3C. In the  
analysis  of the d-c  resis tance da ta  i t  is assumed tha t  
the discharge p roduc t  is p resen t  as a l a y e r  be tween  the 
anode and the solid e lectrolyte .  Plots  of log Rap VS. log 
are  l inear,  as is shown in Fig. 1. The curves revea l  
slopes of 1.16. (a and b) ,  1.0 (c),  and 1.5 (d) ,  ind ica t ing  
a tendency  for  Rap to be d i rec t ly  p ropor t iona l  to the 
number  of coulombs expended,  which is in accordance 
wi th  the assumed l aye r  geometry.  

F igure  2 presents  log Rap V S .  ~: in  Cal-~Yb~ al loy 
anodes for different  numbers  of r Af t e r  passage of 
0.2C the conduct ivi ty  of the pass ivat ion  l aye r  on the 
Ca-anode  is 7.2 • 10-vS at  127~ L i t e ra tu re  da ta  of 
nomina l ly  pure  CaF2 (9) l ead  to the  va lue  of 5 • 

I ! I I I 

ZO 

E r- 

~ 6 . 0  

_o 

5.0 

I I I ] ] 

-1.5 -1 -0 ,5  O 0.5 
~- Io9 %o (C) 

Fig. 1. The resistance Rap vs. the number r of coulombs expended 
presented as log Rap vs. log ~. Curve a, Ca; curve b, Cao.~lsYbo.oss; 
curve c, Cao.75Ybo.25; curve d, Cao.865Ybo.l~5. 
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Fig. 2. The dependence of Rap on the composition of Cal-xYbx 
alloy-anodes at 127~ for several values of ~. Included are data 
(~)) calculated from the conductivity of normally pure CaF2 (10). 
See text. 

10-8S for this pass ivat ion  layer .  Atomic  absorpt ion  
analysis  of the  employed  Ca revea led  the presence of 
0.9% A1 and 0.9% Si as the p r edominan t  impuri t ies .  This 
impur i t y  content  is equiva len t  to x ---- 0.027. The cal -  
culated Rap values  based on the l i t e ra tu re  da ta  for  
CaF2 (9) have been included in Fig. 2 ( @ )  at  x ~- 
--0.027. These da ta  indicate  tha t  for  the Ca-anodes  em-  
p loyed in this s tudy,  doped anode pass ivat ion  layers  
result .  The da ta  in Fig. 2 c lear ly  show tha t  anode pass i -  
r a t i o n  is reduced subs tan t ia l ly  if  Cal-zYb~ a l loy-  
anodes are  employed.  A decrease in Rap b y  a factor  of 
102-103 is obta ined for x up to about  0.13. For  l a rge r  
values  of x sa tura t ion  occurs. As tysoni te  re la ted  
BiOojFf.s behaves  as ox ide -doped  BiF3 (8), i t  is p ro -  
posed that  the a l loy-anodes  are  in pr inc ip le  involved  
in the fol lowing cell  reac t ion  

[ 2 + X 
Cal-xYbx + ~, 

which describes the format ion  of an ion-excess  solid 
solutions as discharge products ,  in which  Yb ~+ ions are 
elec t r ica l ly  compensated  for  by  F -  inters t i t ia ls .  The 
en tha lpy  for  migra t ion  of fluoride in ters t i t ia l s  in doped 
CaF2 is found to be 0.92 eV (10). The en tha lpy  va lues  
obta ined  f rom the t e m p e r a t u r e  dependence  of Rap -1  
agree very  wel l  wi th  this migra t ion  enthalpy,  thus s u s -  
ta in ing the proposed cell  react ion.  

The present  s tudy  c lear ly  reveals  tha t  a l loying  Ca 
with  meta ls  M tha t  lead  to anion-excess  solid solut ions 
Cal-xM~F2+x or  Cal-~MxF2+fx provides  a means  of 
reducing anode pass ivat ion  in this  type  of sol id-state  
bat ter ies .  

Manuscr ip t  submi t t ed  Oct. 12, 1980; revised manu-  
script received Jan.  22, 198I. 

A n y  discussion of this pape r  wil l  appea r  in  a Discus-  
sion Section to be publ i shed  in the  June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Sect ion 
should be submi t ted  by  Feb. 1, 1982. 
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Cathodic Behavior of Impure Aluminum in 
Aqueous Media 

Kemal Ni~ancio~lu,* Knut Yngve Davanger, and ~ystein StrandmyH 

SINTEF, Division o~ Metallurgy, N-7034 Trondhe~m-NTH, Norway 

and Hans Holtan 

Laboratories of Industrial Electrochemistry; Norwegian Institute of Technology, N'7034 Trondheim-NTH, Norway 

It  is we l l  known that  the  e lec t rochemical  and  cor-  
rosion behav ior  of impure  a luminum is significantly 
effected by  the presence of Fe- r ich ,  insoluble  par t ic les  
on the m e t a l  surface (1-3).  When  the meta l  is im-  
mersed  in an unbuffered  aqueous med ium of neu t ra l  
pH, pi t  g rowth  ini t iates  first a t  these sites (4). The 
solut ion inside the pi ts  appears  to be a lka l ine  at the 
outset  (5, 6) owing to h igh  ra tes  of Hz evolut ion on 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Mobi l  E x p l o r a t i o n  N o r w a y  I n c o r p o r a t e d ,  

S t a v a n g e r ,  N o r w a y .  
Key words: particles~ passivity, corrosion, 

the part icles .  In  the presence of an aggress ive  species 
l ike  C1- in the s u r r o u n d i n g  medium,  a few of these 
pits  may  become acidic, whi le  many  o~ the or ig ina l  
a lkal ine  pits  repass iva te  (7).  However ,  the F e - r i c h  
par t ic les  a l r eady  exposed continue to funct ion as 
ideal  sites for the cathodic reac t ion  (4). The depo-  
la r iza t ion  of the H2 evolut ion react ion is also undes i r -  
able due to an increased danger  of "cathodic corrosion" 
(8-10) in var ious  prac t ica l  appl icat ions  of the me ta l  
(8, 11, 12). Corrosion proper t ies  and  cathodic behavior  
of impure  a luminum can thus be improved  if the  sur -  
face can be c leaned of these part ic les .  
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Fig. 1. A schematic representation of net current measured as a 
function of time under potentiostatic conditions. Postulated trends 
in the anodic and cathodic current densities are also indicated. 
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Fig. 2. Typical potentiostatlc current-tlme behavior as a function 
of bulk pH in unbuffered NaCI solution. The dashed curve is anodic. 
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Fig. 3. The time constant for repassivation as a function of ap- 
plied potential in unbuffered solutions of nearly neutral pH in the 
bulk (pH range 6-8). 

cathodic particles ei ther dissolve or repassivate, as the 
solubil i ty of the oxide film is exceeded locally due to 
A1 dissolution (10). The present  work provides addi-  
t ional electrochemical and metallographic data t o  s u p -  
p o r t  the suggested mechanism. 

E x p e r i m e n t a l  
The a luminum contains approximately 0.3% Fe and 

0.1% Si and corresponds to the specification AA1050A?" 
The specimens were machined from extruded r o d s ,  
covered with "Sevriton" acrylic resin (tooth enamel)  
on  the cylindical surface, and cast in epoxy to ex- 
pose a circular area 1 cm in diameter. The resin forms 
a tight, crevice-free seal around the edge (13). The 
specimens were polished through 1 #m alumina.  The 
electrolytic solutions consisted of different concentra-  
tions of NaC1 and Na~SO4 in distilled water  main ta ined  
at 25~ The solution pH was adjusted to the desired 
value and main ta ined  at that value dur ing a polariza- 
tion test by adding HCI, H~SO4, or NaOH depending 

Supplied by Nordisk  A lumin ium A/S, Holmestrand,  Norway.  

In  recent  papers (7, 10, 13, 14), we investigated the 
electrochemical behavior of impure  a luminum in 3% 
(0.52M) NaC1 solutions. When a constant  potential  
wi thin  the passive range is applied to the metal, the ne t  
current  typical ly exhibits the t rend shown schemati-  
cally in Fig. 1. In  a mathemat ical  sense, the cur ren t  in -  
creases slightly at the outset, then decreases to a min i -  
mum, and finally decays to a steady-state level close to 
zero. This behavior is a t t r ibuted to the following s e -  
q u e n c e  of events. Immedia te ly  after the potential  is 
applied, the film breaks at sites where Fe-r ich  par-  
ticles are found, leading to H2 evolution as well  as A1 
dissolution. The local alkal inizat ion of the solution at 
these sites makes possible a growth of pits as long as 
the a lkal ini ty  is sustained. The pits repassivate once the 

Fig. 4. Pit morphology as a function of polarization time at - -1 .2  
VSCE in 0.52M NoCI solutions. (A) A few minutes after the po- 
tential is applied. (B) 15 min.; corresponds roughly to the current 
minimum. (C) 40 min. (D) 10 hr. 
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on the pH des i red  and test  solut ion employed.  A d d i -  
t ional  expe r imen ta l  deta i ls  for the e lec t rochemical  
s tudies were  r epor t ed  ear l ie r  (10). The specimen sur -  
faces were  ana lyzed  by  SEM and  EDAX. 

Results and Discussion 
The discussion is based ma in ly  on expe r imen ta l  da ta  

ob ta ined  in  NaCI solutions. A few runs  car r ied  out  in  
Na2SO4 solutions, even if  not  shown in detai l ,  gave 
s imi lar  resul ts  in  t e rms  of polar iza t ion  behav ior  and  
surface  morphology.  Thus, the  anion (C1- or  SO4 = in 
this case) does not  have an apprec iab le  effect on the  
observed phenomena.  The presen t  resul ts  confirm the 
ear l ie r  finding (10) tha t  the repass iva t ion  of act ive 
areas  under  potent ios ta t ic  condit ions resul ts  in an ex -  
ponent ia l  decay of ne t  cur ren t  as ind ica ted  in Fig. 1. 
This behav ior  was observed  also in o ther  w o r k  in-  
ves t iga t ing  repass iva t ion  of act ive a luminum dur ing  
e i ther  anodic or cathodic polar iza t ion  (3, 15, 16). The 
cu r r en t - t ime  t rend  shown in Fig. 1 is typica l  for  po-  
la r iza t ion  of impure  a luminum in unbuffered  aqueous 
solutions of neu t ra l  p i t .  In  acidic o r  basic solutions, the 
oxide film cannot  stifle cathodic or anodic react ions  at 
the meta l  surface. The cur ren t  is therefore  contro l led  
by H2 evolut ion or  A1 dissolut ion kinet ics  (Fig. 2). In  
buffered solutions of nea r ly  neu t ra l  pH, the in i t ia t ion  of 
a lka l ine  pits  wi th in  the  passive poten t ia l  range  can 
l a rge ly  be e l imina ted  (14). 

The exponen t ia l  pa r t  of these cu r r en t -decay  da ta  
can be ut i l ized to obta in  repass iva t ion  rates.  A plot  of 
In (i~ -- i) vs. t ime yields  s t ra ight  lines, where  i~ is a 
s t eady- s t a t e  cur ren t  dens i ty  recorded at  long t imes 
(af te r  an exposure  per iod  of the o rde r  of 103 min  de- 
pending on the appl ied  potent ia l )  (10), The rec iprocal  
slopes of the l ines give a " t ime constant  for  r epass iva -  
tion," ~. These ~ values  a re  fa i r ly  reproduc ib le  at  a 
g iven app l ied  poten t ia l  regard less  of s t i r r ing  condi-  
t ions and anion concentrat ion.  A plot  of �9 as a funct ion 
of appl ied  potent ia l ,  as measured  in different  aqueous 
media,  is given in Fig. 3. Regardless  of the type  of 
solut ion used, the t ime constant  exhibi ts  a m in imum at  
about  --  1.2 VscE for the presen t  ba tch  of specimens,  in-  
d icat ing tha t  the active sites on the me ta l  repass iva te  
most  r ap id ly  at  this potent ial .  

Micrographs  of specimen surfaces polar ized  at  --1.2 
VSCE for  var ious  lengths  of t ime are  shown in Fig. 4. 
The pits in i t ia te  a t  F e - r i c h  si tes as indica ted  ear l ier ;  
the par t ic les  can be observed as b r igh t  spots (Fig. 4A 
and B) dur ing the ea r l i e r  stages of polarizat ion.  Af te r  
about  40 min (Fig. 4C), only  a few pits  s t i l l  re ta in  pa r -  
ticles. Af te r  the cur ren t  decays to a s t eady-s t a t e  value,  
v i r t ua l ly  none of the pits  re ta in  any  par t ic les  (Fig. 
4D). F igure  5 demons t ra tes  a t  a h igher  magnif icat ion 
typica l  pits dur ing  ea r l i e r  and l a t e r  stages of po lar iza-  
tion. Absence of par t ic les  in the pits  at  l a te r  stages was 
also confirmed by  EDAX analyses  of in ter iors  of pits. A 
few except ions were, however ,  observed;  large  oc- 
cluded pits  sometimes t rap  par t ic les  on the bo t tom even 
af te r  l eng thy  per iods  of polar iza t ion  (Fig. 5C). 

Micrographs  of pits grown by polar iza t ion  for 24 hr 
at potent ia ls  different  than  --1.2 VscE are  shown in Fig. 
6. At  more  posi t ive potentials ,  e.g., --0.8 and --0.9 
VSCE, the par t ic les  are  not  a lways  removed  from the 
surface. Pass iva t ion  also occurs by  film format ion  on 
the part ic les .  Most par t ic les  fa i l  out  or  dissolve a t  po-  
tent ia ls  less than  or equal  to about  --1.0 VscE. This oc-  
curs superf icial ly  and wi thout  exposing f resh  par t ic les  
f rom the subs t ra te  at  potent ia ls  more  posi t ive than  
--1.3 VscE. At  --1.3 VSCE and below, the a lkal ine  pits 
become quite large,  t he reby  exposing new par t ic les  
as they  grow. These par t ic les  can again be observed as 
whi te  flecks inside pits (Fig. 6E-G).  These large,  
occluded pits give way  to closely packed, shal low hemi -  
spher ica l  pits  a t  --1.38 VSCE and below. This type  of 
morpho logy  is character is t ic  of an a luminum surface 
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Fig. 5. Examples of pits observed at - -1.2 Vsc~ in 0.52M NaCI 
corresponding to (A) early stages of polarization when particles 
can still be observed as bright areas inside the pits and (B) later 
stage of polarization when pits are free of particles. (C) A large 
pit with an Fe-rich particle entrained at its bottom (marked X). The 
dark circular area in the middle is a smaller diameter pit grown 
inside the larger one. 

un i fo rmly  etched in a lka l ine  media.  F e - r i c h  par t ic les  
are  also vis ible  on an etched surface (Fig.  6H).  These 
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Fig. 6. Pit morphology on specimens polarized for 24 hr in 0.52M 
NaCI solutions. (A) --0.8V, (B) --0.gv, (C) --1.0V, (D) --1.1V, 
(E) --1.3V, (F) --1.35V, (G)--1.37V, (H) --1.38V. All potentials 
are with respect to SCE. 

results explain the cause of slower repassivation rates 
at the more negative and more positive extremes of the 
passive potential range. For the present specimens, 
--1.2 VscE happens to be the potential where the par- 
ticles are removed most rapidly without exposing new 
ones from underneath. 

Qualitative analyses of the particles by EDAX and 
Auger electron spectroscopy indicate that they contain 
mainly A1 and Fe; Si was detected in some of the par- 
ticles by EDAX. It is well known that the secondary 
phases existing in commercial-purity aluminum are 
predominantly A18Fe and ~-A1FeSi (1). These phases 
are reported to behave in a similar way electrochemi- 
cally (17). They are known to be much better cathodes 
than the A1 matrix. In addition, AI~Fe exhibits active- 
passive dissolution kinetics in alkaline media (18, 19). 
The potential range for active dissolution corresponds 
roughly to the range of present interest, where the 
particles are efficiently removed from the metal sur- 
face. Thus, the present results throw more light 

on the cathodic behavior of impure aluminum reported 
earlier (10) and suggest a possible, low current-den- 
sity method of cleaning the metal surface of Fe-rich 
particles. A more common method, which effectively 
removes the secondary-phase particles and which, in 
addition, improves the esthetic looks of the surface, 
is electropolishing in ethanol-HC104 solutions (20). 
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ABSTRACT 

The model  of photoelec t rochemical  corros ion-s tabi l iza t ion  of semicon-  
ductors  has been extended.  Deta i led  express ions  for ra te  constants  a re  given 
inc luding  cap ture  cross sections and energy  levels  for  hole cap ture .  I t  is 
concluded f rom analysis  of expe r imen ta l  da ta  tha t  the  first hole in the  r a t e -  
l imi t ing  step is cap tured  at  an energy  level  s l ight ly  above the valence  b a n d -  
edge. Analys i s  of s tabi l iza t ion efficiency vs. pH gave a va lue  of 0.72 eV for 
the r e a r r angemen t  energy  of [Fe ( I I )  EDTA] =. 

In  this pape r  w e  fu r the r  develop our  corrosion-  
s tabi l iza t ion model  (1) for semiconductors  in contact  
wi th  electrolytes .  The  theory  a t tempts  to descr ibe the  
compet i t ion  be tween  photocorros ion and the photo in-  
duced redox  react ions of the s tabi l iz ing agent.  Wi thout  
loss of genera l i ty  we discuss the case of an n - type  ma-  
te r ia l  such as n -GaAs  in contact  wi th  an  aqueous elec-  
t rolyte .  

In  the ea r l i e r  s tudy (1) of the s imple  s tab i l i za t ion /  
l ight  in tens i ty  re la t ionship,  developed independen t ly  
b y  Gomes et al. (2) and ourselves,  we w e r e  able  to 
iden t i fy  the most  p robab le  reac t ion  mechanism.  How-  
ever,  f rom this s imple exper iment ,  impor t an t  detai ls  
such as the  energy  levels  involved could not be de te r -  
mined.  Thus we have obta ined new expe r imen ta l  
data, showing the dependence  of s tabi l iza t ion on the 
energy  level  of the  ion in solut ion and on the  pH of 
the solut ion for systems selected for thei r  s imple be-  
havior.  These da ta  a re  analyzed  wi th  the help of a 
more  deta i led  deve lopment  of the theory.  

The more  de ta i l ed  deve lopment  g iven here,  such as 
express ions  for corrosion ra te  constants including act i -  
va t ion energy  for hole capture  and use of the f luc tua t -  
ing energy  level  model  for the redox electrolyte ,  has 
provided  new insights  into the cor ros ion-compet i t ion  
process. We have been able  to de te rmine  the charac-  
ter is t ic  r ea r r angemen t  energy,  k, of the reducing agent  
and  es t imate  energy levels for hole capture  at  sur -  
face on back bonds. The use of Eq. [19] be low al lows 
a nea r ly  comple te  separa t ion  of the kinet ics  of cor ro-  
sion f rom that  of the s tabi l izat ion process. 

Theory 
In  a previous  paper  (1) we  presented  a genera l  k i -  

netic model  of semiconductor  corrosion and used i t  to 
descr ibe  the photoe lec t rochemical  corrosion of the  A-B  
type  semiconductor  GaAs. The model  included the 
compet i t ive  reac t ion  of the s tabi l iz ing agent,  e.g., 

~ Electrochemical Society Active Member. 
Key words: photoelectrochemical corrosion, corrosion-competi- 

t ion reactions, r ea r rangement  energies,  n-GaAs. 

F e ( I I )  EDTA. The fol lowing steps were  pos tu la ted  in 
the corros ion-compet i t ion  mechanism 

kl  
>A:B<h + +~- >A'B< [I] 

k--I 

>A.B< + h + --> >A+ B< [2] 

/r 
R + h + --> O~ + [3] 

R + A ' B  --~ Ox + + A : B  [4] 

In  the  corrosion mechanism a t ten t ion  is focused on  a 
single e lec t ron pa i r  bond, A:B.  A hole genera ted  be-  
hind the surface row of atoms migra tes  to the surface 
and is cap tured  by  the surface bond. The surface bonds 
are  be tween  surface Ga or  As a toms and the  unde r -  
ly ing  latt ice.  This surface ( 2 e - )  bond, SB, or back-  
bond, is considered to be a surface state designated 
ESB. When the first e lec t ron is r emoved  or  equ iva len t ly  
the first hole cap tured  we have the r ad ica l - l ike  ( l e - )  
surface state A . B  which  w e  designate  ESR (3). We 
emphasize that  EsB and EsR are  the surface state en-  
ergies of the  hole when  captured.  These active surface 
bonds are  be tween  atoms tha t  cer ta in ly  have bonds to 
other  fore ign atoms such as oxygen,  hydrogen,  or pos-  
s ibly to meta l  a toms such as gold or  ru then ium (4). 
Therefore  the energy  levels  ESB and ESR wil l  be influ- 
enced by  other  l igands a t tached to the surface atoms. 

F igure  1 shows a d i a g ra m of the  energy  levels  in  
the corrosion model  along wi th  the different  cur ren t  
paths.  The currents  Jl and  J - t  are the  ra te  of cap ture  
and emission of holes be tween  the valence band and 
the surface bond, Esm The energy  levels  of the sur -  
face bonds or  back-bonds  on the clean, r e l axed  ( i i 0 )  
GaAs surface are  k n o w n  (5) to be be low the valence 
bandedge.  Fo r  this reason in Fig. I, we t en ta t ive ly  
place the energy  level,  Esm severa l  hundred  meV be-  
low the valence bandedge  to inc lude  the case when the  

1527 
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Ec8 

ESR ~ -- I 

]2 

SOLID ELECTROLYTE 

Fig. 1. Energy level diagram of an illuminated n-type wide gap 
semiconductor under depletion layer conditions. The energy levels 
and currents associated with each step in the corrosion-stabiliza- 
tion mechanism (Eq. [1] - [3J)  are shown. For simplicity the reduc- 
ing agent captures holes in the energy range EvB to Ev~ -- 2kT. 
ESB and ESR denote surface state energy levels for holes. 

first hole capture is activated. Later in  the discussion 
we will  estimate (EvB -- EsB) from experiment.  The 
current,  j2, represents the irreversible hole capture by 
the surface state EsR which is represented by the one-  
electron species, A.B. We assume this hole capture is 
i rreversible because the energy of the unpai red  elec- 
t ron is expected to be much higher (weaker bond) 
than the energy of a paired valence electron, and so 
the expected energy level, EaR, carl be expected to be 
in the midgap region. 

We ignore hole capture by excitation of an electron 
from Esn to EcB. While the process may be impor tant  
for Ge (6) the results of Ref. (1) (where corrosion 
is shown to be second order in hole concentrat ion) 
suggest it is a minor  effect for wide gap materials  such 
as GaAs. 

F ina l ly  j~ and j~ represent  the rate of competitive 
hole capture by the stabilizing (reducing) agent in 
solution. We believe (1, 2) step [3] in the mechanism 
(hole capture from the valence bandedge) dominates 
(1) the stabilization of n-GaAs.  This conclusion was 
discussed in Ref. (1) We therefore have not included 
the par t ia l  cur rent  J4 from Ered to ESR in  Fig. 1. 

Derivation of equations.--The explicit equations for 
the rate constants in steps [1]-[3] will now be dis- 
cussed. For step [1] the current  j l  is given by 

j l  -~ k lh  + [5] 
with 

kl -- <qGlvd> (A:B) e - ( ~ w -  ~sB)/kr [6] 

The quanti t ies q, ~-, ~, and d are the electronic charge, 
hole capture cross section, hole thermal  velocity, and 
reaction length, respectively. The term (A:B) repre-  
sents the volume density of bonding electrons suscepti- 
ble to corrosion (filled states). These electrons may be 
in  bonds on the plane surface, at steps or k ink  sites, or 
at the ends of dislocation pipes. If these centers are 
uncharged, then it is not unreasonable  to assume ~, the 
order to the atomic area, viz. 10 - ~  cm 2. 

For j -~  we have 

j -~  = k-~ (A-B) [7] 
with 

k-~  = < q ~ v d >  Nv [8] 

where Nv is the density of states at the valence band-  
edge. The current  j2 is given by 

ja -- k2 h + (A.B) [9] 

where 
k2 = <q~2vd> [I0] 

The cross section ~ for capture of the second hole will 
depend strongly on charge associated with A.B. If a 
ligand such as OH- neutralizes the positive charge due 
to the first hole capture, then ~2 will probably not 
differ much from ~i (7), i.e., ,~ 10 -15 cm 2. If, however, 
OH- concentration can be made very low as in a non- 
aqueous solvent, J2 may be much lower due to cou- 
lombic repulsive effects on the cross section, i.e., ~2 ~- 
10 -~I cm 2. This effect could significantly lower the cor- 
rosion rate in nonaqueous solvents. 

Finally, J3, the rate of hole capture by the reducing 
agent, is given by 

J3 "- k3 CR h + [11] 

where CR is the concentrat ion of reducing agent. For  
the rate constant, ks, we wri te  (8, 9) 

( kT  ~ 1/" 
k~ <q~sv~d> \ - - -~- - /  e-CEvB- E,e~/4 X~T [12] 

where ~3 is the capture cross section of an ion or mole- 
cule in solution, v~ is the mean  relat ive thermal  veloc- 
i ty of the hole, d is a reaction length (5-10A), EvB 
is the energy of the valence bandedge, Ered is the most 
probable energy level of the electron on the reducing 
agent, and ~ is the rear rangement  energy. This form 
of the rate constant is based on the approximation that  
only holes wi thin  2kT below the valence bandedge 
react with the stabilizing agent. 

A de ta i l ed  expression was previously derived (1) 
for the stabilization efficiency, S. Briefly, this quant i ty  
is the ratio of the current  J3 to the total hole current  jp. 
It was shown earlier (1) that 

klk2h 2 
J2 -- [13] 

k-1  + k2h 

and if k2h < <  k-1 or equivalent ly  h + < <  Nv, the 
second term in the denominator  may be neglected. 
With aid of this approximation, and after solving Eq. 
[11] for h + and inser t ing the result  into Eq. [13] we 
obtain 

kl k2 js 2 
J2 -- [14] 

k -  l ka2Ca 2 

Since jp = J2 + j3 and S = J3/Jp we find 

1 ~j~ 
-- -- i + [15] 
S CR ~ 

where a is k~kJk-lk3 ~. Equation [15] may be used to 
obtain the parameter ~ from plots of I/S vs. is. The 
quantities S and J3 are readily available from rotating- 
ring disk electrode (RRDE) corrosion studies (I, i0). 
Equation [15] will be applied to experimental stabil- 
ization data below. 

Some fur ther  theoretical development  is needed to 
show hove- ~,red, the rear rangement  energy of the reduc- 
ing agent, may be determined from photoelectrochemi- 
cal corrosion studies using the above theory. Three 
different approaches may be made to the problem. 
All three are based on determining the value of ~ for 
the same electrode material under two or more differ- 
ent exper imental  conditions. Using Eq. [12] and a it is 
easily shown that  

1 k -~  kT  --  (EvB -- Ered) 2 
__-- <q~v~d>2  - -  e [16] 

a klk2 ~ 21kT 

The term EVB iS the energy of the valence bandedge 
and can be determined from capacitance/voltage mea-  
surements.  The most probable electronic level of the 
reducing agent, Ered, iS related to the redox Fermi  
level according to 

Ered : EF red~ -- ~re4 [17] 
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If a is determined for two different reducing agents 
with different E r e d  and ~, the ~ for one reducing agent 
may  be determined if ~ is known  for the other. For 
such a case we have from Eq. [16] and [17] 

[ ( E w  - -  EF2 r~'~o" + ~.e)~ 

2k~kT 

( E v B  - -  EF1 red~ "-~ ~1) $ ] 

J 2~lkT 

[i8] 
All variables in  Eq. [18] are known for exper iment  
except the one k value to be determined. Equat ion [18] 
assumes that  r in  Eq. [16] is the same for each of 
the two reducing agents. 

A slight var iat ion of Eq. [18] has been used in the 
present  work. If ~ values for two redo x couples with 
d i f f e r e n t  E F  red~ but  same k are used, a single k valid 
for ei ther reducing agent may  be determined. Condi- 
tions for this application arise, for example, in  the 
case of various Fe ( I I ) -e thylene-amino-polyace t ic  acid 
chelates such as EDTA and DTPA. Since the inner  
coordination s t ructure  and overall  size of these com- 
plex ions are approximately  the same, we expect k 
to be similar  for each ferrous chelate. In  the two meth-  
ods just  described Eq. [18] must  be solved numerical ly.  

A final approach to obtain k is to vary  the energy 
level of the solid while holding the solution levels 
constant  (11). Since EVB usual ly  depends on pH in a 
regular  way dEvB/dpH ~ 60 mV/pH, variat ions in 
electrolyte pH will  cause small  shifts in  the exponent  
of Eq. [16] leading to large changes in ~ and S. By 
taking the  In of Eq. [16], Eq. [19] is obtained 

l n r  k_ i  k T ]  (EvB -- Ered) 2 
In 1/a ---- L k---~2 <q~sv3d>2 ~ 2kkT 

[19] 

I t  can be seen that a lot of In 1/a vs. (EvB -- Ered) 2 
yields ~. from the slope and the intercept conta ins  the  
ratio of the corrosion rate constants and the preexpo- 
nent ia l  of ks. Success of this method depends on the 
pH invar iance of the corrosion process and constant  
solution redox chemistry. It  is advisable to choose a 
pH range where the Eredox f is constant, because only 
then can one hope to have a single so lvated form (a 
single energy level) dominate. This limits the useful 
pH range in some cases to 2-3 pH units. In the corro- 
sion model the rate constants are for solid-state pro- 
cesses so that Eq. [19] would be applicable. Data be- 
low for Fe (II) EDTA/GaAs system are consistent with 
the pH independence of the corrosion process and the 
pH dependence of the stabilization process. 

Experimental 
The rotat ing r ing disk electrode apparatus and tech- 

nique have been described before (1, 10). All mea-  
surements  were made on the 100 face of n-GaAs single 
crystals. The surfaces were chemomechanical ly pol- 
ished and etched with an aqueous (1% V/V) solution 
of chlorox (5.25% sodium hypochlori te) .  Te l lur ium 
donor densities were 2 • 10 is cm 8 - i .  

Ferrous EDTA was prepared by dissolving ferrous 
perchlorate in 0.1M disodium salt of e thylene diamine 
tetraacetic acid (EDTA). Ferrous DTPA was made 
s imilar ly  from a 0.1M solution of d ie thylenet r iamine-  
pentaacetic acid and NaOH. 

Formal  electrode potentials were measured using 
a bright  Pt  foil, an  SCE electrode, and a Keithley 616 
electrometer. The pH of all electrolytes was adjusted 
with either NH4OH or HC104. 

Experimental Results and Analysis 
Figure 2 shows typical plots of reciprocal stabiliza- 

t ion efficiency vs. redox stabilizing current  for well-  
etched (100) n-GaAs.  The data were plotted according 

(7.65) 
6 

5 

1/S 16,50) 

2 

I t I I 
0 0,2 0.4 0.6 0.8 

J3 ma/cm2 

Fig. 2. Reciprocal stabilization efficiency vs.  redox stabilization 
current for well-etched n-(100) GaAs at various pH values. Stabiliz- 
ing agents: 0.02M Fe(ll) EDTA (0.1M EDTA), open symbols; 0.02M 
Fe(ll), DTPA (0.1M DTPA), closed symbols. Electrolyte pH is shown. 

to Eq. [15]. The open symbols refer  to the case with 
0.02M Fe( I I )  EDTA as the stabilizing agent while the 
closed symbols refer to the case with 0.02M Fe( I I )  
DPTA. The current  density, j~, is the observed current  
on the r ing divided by the collection efficiency (0.344) 
and the disk electrode area (0.195 cm2). These low 
concentrations were chosen in  order to observe large 
changes in S. The plots were fair ly l inear  with uni t  
intercepts as required by the theory (Eq. [15]). For 
the Fe ( I I )  EDTA data it  can be seen that  the stabil-  
ization increases as the pH is lowered. This t rend is 
expected if Ered lies below EVB. The plot for Fe ( I I )  
DTPA is also very reasonable. The electrode potential  
of Fe ( I I I - I I )  DTPA, --0.22V vs. SCE (12), is ~ 100 
mV more negative than  Fe ( I I I - I I )  EDTA, --0.12V vs. 
SCE (13). 

A pH shift of about 2 uni ts  with Fe( I I )  EDTA (hErB 
,~ 110 mV) produces the same effect on S as using the 
two different ferrous chelates ( A E F  red~ ~ 1 0 0  m Y )  
indicating a similar  k for each ferrous chelate in Fig. 2. 

The rate constant  ratio a for the n - G a A s / F e ( I I )  
EDTA system was calculated, from the slopes of the 
plots in Fig. 2 (Eq. [15]). Table I summarizes the 
data for ~ ---- klke/k-lk32 when CR is expressed as 
moles/ l i ter  along with the position of the valence 
bandedge on the SCE potential  scale. A value of 
+0.20V vs. SCE at pH ---- 6.5 was assigned for the 
valence bandedge and a value of 0.055 V/pH was used 
to correct for changes in pH. Capacitance-voltage data 
(not shown) on n - type  GaAs samples in  EDTA solu- 
tions were used to obtain the electrode potential  cor- 
responding to EVB. 

Table I. Corrosion-competition data for (100) n-GaAs 

Fe( I I )  E D T A  E ~ = --0.125V v s .  SCE 0.02M 

EvB (V 
p H  ~ ( M  ~ c m e ) / A  v s .  SCE) 

4.00 0.117 + 0.34 
5.50 0.429 + 0.25 
6.00 0.920 + 0.23 
6.50 1.25 +0.2,0 
6.70 1.50 + 0.190 
7.65 5.10 + 0.137 
8.20 6.47 + 0.106 

Fe ( I I )  D T P A  E ~ = -0 .215V v s  SCE 0.021~I 

6.5 0.25 + 0.20 
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Figure 3 shows a log plot of 1/~ vs. (EvB - -  E r e d )  2 

according to Eq. [19].  The quant i ty  (EvB -- Ered) 2 
was calculated using the data of Table I and Eq. [17]. 
Note that  ~ must  be assumed to calculate the abscissa 
in  Fig. 3. In  an i terat ive calculation the data for pH 
(4-6.7) were analyzed by least squares unt i l  the as- 
sumed ~ was found in  the calculated slope (Eq. [19]). 
The solid l ine in  Fig. 3 shows the results of such cal- 
culation. The assumed k was 0.72 eV and the calculated 
value was identical.  The correlation coefficient was 
0.992. This value of ~ applies to the [Fe(I I )  EDTA] = 
ion which is the dominant  species of the reduced form 
in the pH range 4.0-6.7. Deviations occur at pH > 6.7 as 
shown by the dotted portions in  Fig. 3. 

Inspection of the insert  in  Fig. 3 reveals that  the 
measured formal electrode po.tential of the iron EDTA 
couple is . independent  of the pH in  ~he same range 
where the solid l ine in Fig. 3 applies. I t  can also be 
seen that  the deviations in  the In 1/a plot occur at 
very  near ly  the same pH at which the formal elec- 
trode potential  begins  to become more negative. This 
behavior signals a change in  solutio.n chemistry which 
could lead to a different ~. or capture cross section. 
No a t tempt  was made to analyze this effect. 

The value of k may be calculated another  way using 
Eq. [18]. The assumption. is  that  k for Fe ( I I )  DTPA 
and Fe( I I )  EDTA are equal (as discussed above).  
From the ~ and electrode potential  data in  Table I, pH 
_-- 6.5, for these two reducing agents, a X o.f 0.69 eV was 
calculated. This result  at constant pH, and variable 
Er~d agrees well  with the constan't Ered and variable  
pH calculation of Fig. 3. These two results for k may  
be compared with 1 caleulated from kinetic data on 
homogeneous redox reactions. A Marcus- type analysis 
(14) of the rate constant  for electron t ransfer  between 
Fe( I I )  EDTA and Fe( I I I )  CyDTA (AG ~ ------- 0) leads to 
koX 2C ~,red - -  1.4 eV. If it is assumed that  ~o~ ---- ~red 
then  a value of k ---- 0.7 eV is i nd ica ted  for Fe( I I )  
EDTA. Again the agreeement  with the two values de- 
rived from corrosion studies and this homogeneous 
reaction is good. It  appears that  the functional  form of 

100 _ 1 I ~.24 t ' ' '  ' ~' ' 

- -o.= I / ~ -o.18 

- -  w - 0 . 1 4  

1/a 10"0 ~- ( 4 . 0 0 ) ~ .  

_ (550} Z ~ ^  

(6OO) 

- -  

t. 
- -  

:1 
-- (7.65) ,Z~ 

(8.20) : 

0.1 I l _ I 

0.05 0.10 0.15 . 
(EvB-ERED)2 

Fig. 3. Plot of logarithm of reciprocal rate constant ratio, 1/c~, v s .  

energy level difference, (EvB - -  Ered) 2 for (lO0)-n-GaAs. Stabiliz- 
ing agent is O.02M Fe(ll) in 0.iM Na2 EDTA. The independent ex- 
perimental variable is the electrolyte pH as iadicated. The pH de- 
pendence of the formal electrode potential of O.02M Fe(ll)/Fe(lll) 
perchlorate couple in 0.1M Na2 EDTA is also shown in the figure. 
pH adjusted with NH3 or HCI04. 

the rate constant k3, Eq. [12], is essentially correct at 
least in the case when E r e d  lies below EVB. 

-We tu rn  now to an analysis of the solid-state aspect 
of the corrosion mechanism. From the intercept  in Eq. 
[19] and Fig. 3 we have 

( 1000 ~ 1 k-1  kT 
---~A / ~o -- kIk~ (q~3vd)2 ~ [20] 

where we have introduced the Avogadro t e rm (1000/ 
NA) to co.nvert from molar i ty  M, to particle density 
(cm-3) .  The value of 1/~o from Fig. 3 was found to be 
53.6 A/M 2 cm 2. 

We would like to evaluate the term k4k2/k-1 in Eq. 
[20] and eventual ly  the activation energy for kt, (EvB 
- -  ESB) in  Fig. 1. In  order to do this we must  have 
estimates for the capture cross sections ~, thermal  ve-  
locities, v, and reaction length d. The following values 
were used [~, 2 • 10 -15 cm2; v, 107 cm/sec for holes; d, 
10 • 10 - s  cm and 2.5 • 10 - s  cm (GaAs bond length) 
for the solution and solid-state reaction, respectively].  
Using Eq. [6], [7], and [10] with Nv = 7 X 10 is cm -s  
(15) and assuming r in  k -z  and kl are equal, we obtain 

(A:B)  e -(EvB- ~s~)/Icr _-- 6.9 • 1023 cm -3 [21] 

To proceed fur ther  we must  estimate (A:B) ,  the con- 
centrat ion of filled surface states (3). Several cases 
will  be considered. We can determine an upper  l imit  
to (EvB -- Es~) if we assume (A:B) equals the total 
surface valence electron concentrat ion in  back-bonds, 
, , ,  2/2 (1.8 X 1023 cm -a)  for the (100) face. Using this 
value, (Evn -- EsB) = --0.052 eu  which places the 
back-level,  EsB, slightly above the valence bandedge. 
Exper imenta l  errors could still allow ESB to be slightly 
below EvB. 

If the ra te- l imi t ing step involves the concentrat ion 
of filled states at dislocations, then (A:B)  will be ~ 4 
X 1014 cm -3, yielding (EvB -- EsB) equals --0.55 eV. 
(The etch pit  density of our  crystals is -~ 107 cm-~ as 
reported by the supplier.) We note the surface bond 
level at a dislocation by this estimate would lie 0.55 eV 
above the valence bandedge. We can rule out this 
ra te- l imi t ing  step since the first hole capture would 
be irreversible and S would be independent  of jp (1) 
which is inconsistent  with experiment.  

Final ly,  if (A:B)  represents the concentrat ion of 
filled states at steps, we estimate (A:B)  = 4.5 X 102~ 
cm -3. This gives (EvB -- ESB) equals --0.19 and places 
ESB 0.19 eV above the valence bandedge. This cal- 
culat ion assumes steps form a l ine across the whole 
surface at 1000A intervals.  We conclude the first hole 
is captured on a level in the energy range approxi-  
mate ly  EvB --+ 0.2 eV. The reversible hole exchange 
that  must  be invoked is consistent with this energy 
range. The values of ESB below EVB are not inconsis- 
tent  with surface back-bond t ight -b inding calculations 
of Chadi (4) who found for various relaxat ion models 
of the (110) GaAs surface, back-bond levels at ~ 1.0- 
1.9 eV below EvB. These energy levels are for the clean 
defect-free relaxed (116) surfaces. In  the case of cor- 
rosion in  the presence of l igands such as O H -  which 
can be attached to GaAs surface atoms, the surface 
s t ructure  will more closely represent  the te t rahedral  
bonding as in  the GaAs bulk. This different bonding 
a r rangement  will tend to move the surface bond level 
back toward the valence bandedge. However, the 
higher electronegativity of oxygen could exert  a small  
stabilizing effect (compared to bu lk  GaAs bonds) on 
the GaAs surface bonds and thus we might  expect the 
surface bond level, ESB, to be close to the valence 
bandedge. 

In  the near  future  we will make a similar  s tudy on 
CVD GaAs films. We exect to learn more about the 
role of defects in  the corrosion process. We will also 
t ry  to measure the corrosion activation energy by  
studying the temperature  dependence of the stabiliza- 
t ion efficiency, S. 
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Anodic Film Growth on Titanium at 

Temperatures from 200 ~ to 257~ 
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Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

A n  e lec t rochemical  s tudy  of anodic film growth  on t i t an ium in oxygena t ed  
0.05M K2SO4 a t  t empera tu re s  f rom 200 ~ to 257~ and at  constant  potent ia l ,  
be low the O2 evolut ion poten t ia l  is p resen ted :  At  constant  appl ied  potent ia l ,  
i t  is assumed tha t  the vol tage drop (V) across the oxide is constant  and 
the field E ~- V/X,  where  X is the film thickness.  The resul ts  a re  i n t e rp re t ed  
in terms of a ra te  expression der ived  by  Dignam (20-22) and assume the 
effective field, Ee, assist ing the ionic conduct ion process is the local field, 
Ee = 5KE for  K > >  1, where  K is the die lect r ic  constant  of the  oxide and 

is a geometr ic  factor  having a value  the o rde r  of uni ty .  

Much of the  work  re l a t ed  to anodic film growth  on 
valve  meta ls  consists of room t empera tu r e  studies at  
h igh field s t reng th  (1-9), where  appl ied  vol tages 
grea te r  than  100V are  often encountered.  The cur ren t  
efficiencies for film growth  in such studies are  often 
less than  100% (due to O2 evolut ion)  and requi re  
phys ica l  methods (e l l ipsomet ry)  to de te rmine  film 
thickness.  When the t e m p e r a t u r e  is increased  above 
200~ sufficient the rmal  energy  becomes avai lab le  to 
grow significant film at  potent ia ls  below the 02 evolu-  
t ion poten t ia l  wi th  100% cur ren t  efficiency. 

Here,  the resul ts  of a s tudy  of anodic film growth  on 
t i t an ium in oxygena ted  0.05M K2SO4 at 200~176 and 
at  potent ia ls  be low the O2 evolut ion potent ia l  a re  p r e -  
sented. This work  was begun to test  the  app l i cab i l i ty  
of the equations developed for  high field s t rength  
s tudies  to film growth  at  " low" field s t rength  bu t  
h igh t empera tu res  (above 200~ and, fur ther ,  to test  
the  app l i cab i l i ty  of local  field concepts to the  k ine t ic  
data.  

The classical t heo ry  (10) of  ionic conduct ion in  
va lve  meta ls  predic ts  an exponent ia l  re la t ion  be tween  
the ionic cur ren t  and field s t r eng th  

i = io exp {-- [4, --  qaE]/kT} [1] 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  M e t a l l u r g y  Divis ion ,  B h a b h a  A t o m i c  Re- 

s e a r c h  C e n t r e ,  T r o m b a y ,  B o m b a y ,  400 685 India .  
C h e m i c a l  T e c h n o l o g y  Divis ion,  Oak  R i d g e  N a t i o n a l  L a b o r a t o r y .  

K e y  words: anodic film growth,  Ti, dielectric c o n s t a n t ,  h i g h  
temperature.  

where  qa is the appa ren t  ac t iva t ion  dipole,  r is the  
apparen t  ac t ivat ion energy,  and E the appl ied  mac ro -  
scopic field. In  1966 Bacare l la  and Sut ton  (11) showed 
that  the appl ica t ion  of local field concepts to anodic 
film growth  on z i rconium provided  a more  sa t is factory  
in te rp re ta t ion  of the kinet ic  results.  At  potent ia ls  be -  
low the O2 evolut ion potent ial ,  the  anodic film growth  
cur ren t  on z i rconium was shown to be a hyperbol ic  
sine funct ion of the effective field s trength,  Ee 

i = 2io exp ( - - r  s inh (qaEe/kT) [2] 

They also showed tha t  the unusua l ly  la rge  values  ob-  
ta ined  for the appa ren t  ac t iva t ion  of  dipole, qa, could 
be ra t ional ized  if  the Mosot t i -Lorentz  (M- L) field Ee = 
E(K + 2) /3  (12, 13), was the assumed effective field 
assist ing ion t r anspor t  dur ing  film growth.  Here, K is 
the dielectr ic  constant  of the  oxide.  

Glasstone,  Laidler ,  and  Eyr ing  (14) and  even ear l ier ,  
Hfickel (15) used the M - L  field to exp la in  the  abnorma l  
mobi l i ty  of protons in aqueous e lect rolyte .  In  1941, 
Maure r  (16) used the M - L  field to exp la in  the  t e m -  
perature dependence  of the ionic conduct iv i ty  of Na + 
ions in soda- l ime glass. Subsequent ly ,  Young (17, 18) 
suggested the  app l icab i l i ty  of local  field concepts to 
anodic film growth  on va lve  metals .  

P r io r  to these observat ions  typica l  va lve  me ta l  be -  
hav ior  was not  expected  for  zirconium. There  was ev i -  
dence (17, 19) tha t  the  electr ic  field in the oxide was  
thickness dependent ,  increas ing wi th  th ickness  for 
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constant  applied current.  More recent  measurements  by 
Hopper, Wright, and DeSmet (8) have provided addi- 
t ional evidence of typical valve metal  behavior for Zr. 

Measurements made by Young (1) and Young and 
Zobel (2) on Ta and Nb showed that  the classical field- 
dependent  rate expression, Eq. [1], did not fit the data. 
The relation between in  (i) and E was slightly non-  
linear. A bet ter  fit was obtained if the activation dis- 
tance was made a l inear  funct ion of the field s t rength  
(17), (a - :  a -- fiE) and the resul t ing rate expression 

i -- io exp {- - [ r  " qaE (1 -- f lE/~)] /kT}  [3] 

was used. Estimates of r q~, and ;~/~ were obtained. 
from measurements  of the thickness as a function of 
time by in situ ell ipsometry dur ing  anodization at con- 
s tant  potential.  Later, Young (19) suggested the con- 
denser pressure as a possible explanat ion for the 
quadrat ic  term in E. 

Dignam (20-22) arr ived at the quadrat ic  term from 
a detailed analysis of ionic t ransfer  across three po- 
tent ial  energy barriers,  a clipped parabola potential,  a 
cosine potential, or a Morse potential. From a con- 
sideration of the unusua l ly  large values for the activa- 
tion dipole, it was assumed that  the effective field as- 
sisting the ion t ransfer  process would depend on the 
polarization of the oxide, P 

Ee = E + 8P/,o [4] 
and since 

P = (K -- l)~oE [53 
forK>> i 

Ee = 8KE [6] 

Here, E is the applied field, eo is the permit t iv i ty  of 
free space, and 8 is a geometric factor having a value 
the order of unity. If the geometry for the M-L field 
is assumed (dielectric isotropy),  8 ---- 1/3. From such 
considerations, and assuming the M-L field, Dignam's  
equation becomes, using the symbols in  this stUdy 

i -- io exp {- - [ r  -- qaSKE(1 -- qaSKE/cr  [7] 

Here, K is the zero field s t rength dielectric constant  
and c assumes values dependent  on the shape of the 
assumed potential  function. For the clipped parabola 
potential  c :- 4, for the cosine potential  c ---- =2/2 (,-,4.9), 
and for the Morse potential  c is a funct ion of the mean  
field s t rength E, c ---- f (qa*E/r  From the available 
data for Ta, Nb, and A1, Dignam concluded that  the 
Morse potential  provided the best fit, and all three 
systems, c ~ 3.4 _+ 0.2. 

If the activation distance in the classical rate ex- 
pression, Eq. [1], is made a l inear  function of the ef- 
fective field, Ee, (a -~ ~ -- flee), a rate expression 
empirical ly equivalent  to Eq. [7] is obtained, and for 
K>>I 

i _-- io exp {-- [~ -- q~SKE ( i  -- flSKE/a) ] /kT}  [8] 

This expression differs from the one original ly pro- 
posed by Young in that  the activation distance is made 
a l inear  function of the effective field Ee, ra ther  than 
the applied average macroscopic field E. 

Ord, Hopper, and Wang (3), (O, H, & W) showed 
the nonl inear  In (i) vs. E behavior follows quite na tu -  
ra l ly  from local field concepts and the exper imental  
observation that at high field s t rength the dielectric 
constant  is a l inear  funct ion of the field strength, /4: ---- 
Ko(1 -- 7E). Combining this relat ion with the local 
field Ee -~ 8KE, they showed 

i ---- ioexp {- - [ r  -- qaSKE(1 -- 7 E ) ] / k T }  [9] 

Corrosion engineers in terpre t  corrosion data in terms 
of rate laws relat ing film growth (or rate)  to time. In  
1953 Charlesby (6) showed that  these rate laws could 
be derived from the classical f ield-dependent  rate ex- 
pression, Eq. [1], and depeDd only  on the parameter  
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Z(-~ qaE/kT) .  For  values of Z > 3 the growth should 
be approximately a logarithmic function of time and 
the slope of the log ( ra te)- log (time) plot is close to 
--1; for Z ~ 1 the growth should be approximately 
cubic and the slope, (d log ( i ) /d  log (t) ,  is close to 
--2/3, and for Z < 1 the growth approaches the famil iar  
parabolic rate law. For zirconium it was shown (23) 
that the cubic rate law applied and the slope, 
d log ( i ) /d  log (t),  was close to --2/3. 

If the effective field assisting the ionic conduction 
process is the local field Ee, then the parameter  Z is 
a function of the dielectric constant K, since the local 
field is proport ional  to the dielectric constant for large 
K, Eq. [6]. If the s tructure of the oxide grown at tem- 
peratures from 200 ~ to 257~ is rutile, a value of Z > 3 
is expected for t i tan ium since the reported value for 
the dielectric constant  of TiO2 (ruti le) at 25~ is much 
greater  than the dielectric constant  of ZrO2. The di-  
electric constant  for ZrO2 at 25~ is 28 (6). TiO2 
(ruti le) is anisotropic (24), the dielectric constant per-  

pendicular  to the optical axis is 86 and parallel  to the 
optical axis, the dielectric constant  is 200. On this 
basis, for Z > 3, the slope of the log ( ra te)- log (time) 
plot would be closer to -- 1. 

Experimental 
Measurements were made of the anodic film growth 

cur ren t  at constant  anodic potential  at temperatures  
from 200 ~ to 257~ on rod-type iodide bar t i tanium. 
The electrolyte solution was 0.05M K2SO4 saturated 
with 250 psig O2 at 25~ The potential  of the electrode 
was held constant with an electronic potentiostat, and 
the anodic currents  were measured by recording the 
voltage drop across precision resistors in the polarizing 
circuit. The design and instal lat ion of the reference 
electrodes (Pt or calomel) into the t i tan ium reaction 
cell was previously (23) described. The apparatus and 
procedure for the rapid a t ta inment  of temperature  
were also previously (25) described. Cylindrical  speci- 
mens approximately 5.7 cm long and 0.3 cm diam were 
used. The area of the specimens ranged from 4.80 to 
6.00 cm% The electrodes were first polished in a freshly 
prepared solution containing 2:2:1 volume of lactic, 
nitric, and HF (48%) acids. They were rinsed 
thoroughly with tap distilled water  and then tr iply 
distilled before being introduced into the cell. It  was 
estimated that  the ambient  tempera ture  of the cell was 
about 35~ 

In order to test the applicabil i ty of local field con- 
cepts to these data, the dieIectric constant  of the oxide 
was measured at each exper imental  temperature.  The 
dielectric constants were obtained from measurements  
of the capacitance of the oxide as a function of thick- 
ness using a galvanostatic pulse technique. Curren t  
densities of about 2 X 10 -3 A/cm 2 were pulsed through 
the electrode for about  3 msec, and the slope of the 
vol tage-t ime trace dur ing the first 20-50 ~sec was ob-  
tained with the capacitance C ~ i / ( d V / d t ) .  A rough-  
ness factor of uni ty  was assumed. The val idi ty  of this 
assumption is discussed later. 

A direct de terminat ion of the s tructure of the oxide 
was not made. References to the s tructure being 
"ruti]e" is assumed and is based on the large values 
obtained for the dielectric constant. Similar ly  to ac- 
commodate the design features for the electrochemical 
measurements  at temperatures  to 300~ and  pressures 
to 2000 psi, and for the rapid a t t a inment  of tempera-  
ture, the electrode design was such to preclude a direct 
determinat ion of film thickness. 

Results and Discussion 
The results assume the potentials at the me ta l /me ta l  

oxide and metal  oxide/solut ion interfaces are constant  
and independent  of the anodic film growth current .  
Therefore, for constant  applied potential,  the voltage 
drop, V, across the oxide is constant. 
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The primary data obtained are measurements  of the 
anodic film growth current as a function of t ime at 
constant potential. In Fig. 1 are shown log ( / ) / l o g  (t) 
plots for three temperatures 473, 513, and 530 K. The 
actual experimental  data points are shown for a typical 
run at 513K, demonstrating the l inearity in the 
log ( / ) / l o g  (t) re lat ionship .  The slopes d( log  i ) /  
d (log t) are --0.92, --0.91, and --0.94 for the three runs 
shown here and average about --0.92. 

The polarization data at various times of exposure 
(film thickness)  are shown in Fig. 2-4. It is seen that 
the O~ evolut ion and 02 reduction reactions are neg-  
l igible at the constant potentials employed,  and the 
anodic current is entirely TiO~ film growth. The fi lm 
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thicknesses were calculated as a function of t ime based 
on an estimate of 2.916 • 10 -8  c m / m i n / ( A / c m 2 ) ,  and 
assumed the density for TiO2 (rutile) at 4.26 g / c m  3. 
The electrode was in the solution at ambient  tempera- 
ture (ca. 35~ for a period ranging from 1000-2000 
min. An  initial  film is therefore present oll the e lec-  
trode prior to exposure to the experimental  tempera- 
ture. How this init ial  film affects the subsequent film 
growth kinetics at temperature cannot be evaluated. 
It is assumed that this init ial  (pre-exposure)  fi lm 
thickness is between 0 and 4 n m  (40A_), and most 
l ike ly  about 2 _+ 1 nm. An estimate of an initial  film 
thickness of 3 nm on chemical ly  polished Ta and Nb 
in 0.2N HaSO4 at 23~ was obtained by O, H, & W (3) 
from ell ipsometric measurements  during constant cur- 
rent anodic film growth. 

The results in Fig. 1 show there is negl ig ible  film 
dissolution. If the film dissolution rate was significant 

~6 s 

2 

e l d  ~ 

2 

I~ z 

5 

I I I I I I l j 

2 T ~(p I I J I I ~ I 
-0.5 -0.4 -0.3 -0.2 -0.t 0 O.t 0.2 0.3 0.4 

POTENTIAL (V) VS S C E  

Fig. 4. The  polar izat ion  o f  t i t an ium in oxygenated  O . 0 5 M  K2S04  
at  2 5 7 ~  (530  K).  

aZ =t.50 

- 0 ~ 0  0 320 Tin 2Lgnrn (2t9.~) 
~ Z 

I 
i o\ 



1 5 3 4  ft. E lec t rochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY J u l y  1981 

the film growth current  would begin to level off a f t e r  
prolonged exposure. 

After a sufficient exposure period the solution w a s  
cooled and the anodic current ,  at constant  potential,  
was recorded as a funct ion of the decreasing tempera-  
ture. A plot of these data is shown in Fig. 5. An average 
apparent  act ivation energy of 1.22 eV (28.2 kcal /mol)  
is est imated from the slope, d(log i ) / d ( 1 / T ) .  This 
estimate of activation energy assumes the potential  
drop across the oxide is constant  dur ing  the tempera-  
ture change. 

Charlesby's (6) analysis  of the f ie ld-dependent  r a t e  
expression showed that  for 10 < Z < 40 the slope, 
S(_-- A log (i) /A log ( t ) ) ,  ranged from --0.87 to --0.95. 
Plot t ing these values for Z ( =  qaEe/kT)  vs. S i t  is 
found for the value of S ---- --0.92, Fig. 1, that Z -- 22. 
Our earlier studies on zirconium (11) have shown that  
the "true" activation dipole moment  (qa) equals 0.15 e 
n m  (1.5 X 10 - s  e cm). Dignam (20) has presented 
arguments  that  oxygen ions are the ones involved in  
the ion t ransport  process for all the valve metal  systems 
and the activation dipole moment  would not  be ex- 
pected to vary  much from system to system. With this 
assumed value for qa = 0.15 e nm, and Z = 22, the 
effective field E e = Z k T / q a  = 6.5 X 107 V/cm for the 
results at 513 K. After  8400 min  exposure at 513K 
t h e  film thickness (assuming an ini t ia l  film of 2 nm)  
is 30 n m  (300A). Choosing an in termediate  film thick- 
ness of 15 nm, the voltage drop V across the oxide is 
estimated at ~97V if the average macroscopic field, 
V / X ,  is the assumed effective field Ee. Since the film 
was grown at a potent ial  below the O3 evolution po- 
tential, Fig. 2-4, i.e., at 0.00V vs. Pt/O2, it is unl ike ly  
that  V could be 97V; more l ikely V is of the order of 
magni tude  of 1 volt. If, however, the effective field 
is the local M-L field, Ee = (K + 2)V/3X, then for 
V ,-, 1 volt and Ee --~ 6.5 X 107 V/cm, it is estimated 
that the dielectric constant  K ~ 300. Such a high value 
for the dielectric constant  at 513 K may not  be unex-  
pected, considering that  the dielectric constant at 298 K 
is 200 when measured paral lel  to the optical axis (24). 
In Fig. 6 the reciprocal of the measured capacitance, 
1/CM, at 513 and 530 K is plotted as a function of X. 
Using the paral lel  plate formula for a condenser, CM = 
(8.85 • 10 - s  K ) / X ,  the dielectric constant  of the oxide 
film can be calculated from the slope, d(1 /CM) /dX .  
Since the dielectric constant  of the oxide is large, the 
solution double layer  capacitance, Ca1, in series with 
the oxide film capacitance, Cox, is of comparable mag- 
nitude, and the measured capacitance, include a sig- 
nificant contr ibut ion from the solution double layer 
capacitance, (1/Cox = 1/CM -- 1/Cdl). The double layer  
capacitance is obtained from an extrapolat ion of the 
measured capacitance, CM, to X = 0. At X = 0, 1~Cox 
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Fig. 6. The reciprocal of the measured capacitance, 1/C~,  as a 
function of film thickness, for titanium in oxygenated O.05M K2S04 
at 513 ~ and 530 K and at O.OOV vs. Pt/O~ (318 K). 

= 0 and CM = Cdt = 18 #F /cm 2 for the measurements  
at both temperatures.  Correcting the measured ca- 
pacitances for the double layer, the dielectric constant  
K equals 452 _ 25 at both temperatures.  Using this 
value for K and the M-L effective field, the voltage 
drop across the oxide is estimated at ~0.65V. This is 
a more reasonable value than the 97V estimated using 
the average macroscopic field, V / X ,  as the effective 
field. The dielectric constant  was not  determined at 
473 K, bu t  an estimate can be obtained from capaci- 
tance measurements  at 513 and 530 K. Here, after a 
sufficient exposure period the solution was cooled and 
capacitance measurements  were made at several tem- 
peratures dur ing cooling to room temperature,  Fig. 7. 
If the same double layer  correction (Cdl ---- 18 nF /cm 2) 
is assumed, independent  of temperature,  the oxide film 
capacitances are proport ional  to the dielectric con- 
stants, and K = 411 at 473 K. 

The classical f ie ld-dependent  rate expression, Eq. [1], 
does not provide a fit to the data obtained in this study. 
A plot of log (i) vs. 1 /X  was not linear. A bet ter  fit is 
obtained by Eq. [7], [8], or [9]. These equations a r e  
empirical ly equivalent,  and log (i) is a quadrat ic  func-  
t ion of the field strength. In  this study, the voltage 
drop across the oxide is constant, and therefore log (i) 
is a quadrat ic  funct ion of the reciprocal film thickness, 
1/X.  Equation [9] includes local field concepts in  its 
derivat ion (3) and meaningful  estimates are obtained 
for the activation dipole moment,  bu t  the quadrat ic  pa-  
rameter,  % does not  include the dielectric constant  a n d  
its usefulness is limited, par t icular ly  relat ing to the 
temperature  dependence of 7. Equat ion [8] does in -  
clude the dielectric constant  in  the quadrat ic  parameter  
and the tempera ture  dependence of this parameter  is 
obtained if the ratio t~/~ is assumed constant. Equat ion 
[7] developed by Dignam (21) is the most general. 
Local field concepts are used, all the parameters  are 
defined, and the tempera ture  dependencies of the pa-  
rameters  can be obtained. 

For the purposes of discussing the results obtained 
here, Eq. [7]-[9] are wr i t ten  in  the empirical ly equi-  
valent  form 
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i = io' exp {[~*V(1 -- v V / X ) / X ] / k T }  [11] 

where io' = io exp ( - - r  ~* ---- qaSK, and ~ -- 
qaSK/ce  ---- ;36K/~. A plot of log (i) vs. (1 -- 45 X 
I O - s / X ) / X  is shown in  Fig. 8 for the data at  513 K. 
The value 7V ---- 45 X 10 - s  cm was obtained from a 
l inear  least squares fit of log (i) vs. (1 -- " y V / X ) / X  for 
assumed values of vV. The de terminat ion  of best fit 
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Fig. 8. The log of the anodic film growth current as a function 
of (1 - -  ~,'V/X)/X, for titanium in oxygenated 0.05M K2SO~ at 
513K and 0.0OV vs. Pt/Og (318 K): ~,'V = 45 • 10 - s  cm. 

(best choice for ~V) was made when the correlation 
coefficient (r2) achieved maximal  value. The slope and  
intercept  provide values for # * V / k T  (...2.19 • 10 .5  
cm) and io'(=3.88 X 10 -21 A/cm2).  Here, the calcu- 
lat ion of the total film thickness X assumes an ini t ia l  
film thickness Xo -- 20 • 10 - s  cm, at t -- 0, and the 
first calculated value of the total film thickness com- 
mences at t = 10 = i n  for all  temperatures.  These cal-  
culations were made with a Texas Ins t rumen t  SR52 
programmable  calculator using the l inear  regression 
program ST 1-08 from the statistics l ibrary.  A more 
sophisticated t rea tment  of the data was obtained using 
the Runge-Kut t a  technique in the Marquard t  nonl inear  
least squares program (26-28). Estimates of the pa-  
rameters  (io', #*V /k T ,  -~V), were obtained for data at 
473, 513, and 530 K assuming values for Xo -- 0, 10, 20, 
30, and 40A. Table I shows these estimates for Xo ----- 
20A. From estimates of the parameters  obtained for 
Xo .-  10 and 30A, the uncertaint ies  in ~*V /k T ,  .yV, and 
io' are estimated at •  •  and ___50%, respec- 
tively, for Xo . .  20 _-+_- 10A. The values for qav were 
obtained using the M-L field, whereby qaV -- 3#*V/K.  

The film thicknesses used in the least squares t reat -  
men t  of the data were calculated using a roughness 
factor of un i ty  for the chemically polished Ti surface. 
In  our  previous work on chemically polished Zr (11) a 
roughness factor (v) of un i ty  was also assumed and 
the calculated film thicknesses agreed with a visual  
comparison of the thicknesses on a s tandard  color  
gauge. Young (29) showed from a combinat ion of  
Faraday 's  law, capacity, and spectrophotome~ric meth-  
ods that  the ratio of the effective to apparent  area for 
chemically polished Ta was 0.99. Ord, Hopper, and 
Wang (3) assumed ~ of un i ty  for chemically polished 
Ta and Nb, and their  measurements  of the dielectric 
constant  agreed with previously published values (17). 
Finally,  the exper imenta l  errors of measurement  are 
probably greater  than any expected deviation of ~ from 
unity.  

An interest ing analYsis of the results can be made on 
the basis of Dignam's equation, Eq. [7]. Since #*V ---- 
qa6KV and "~V = qa6KV/r  

c = (~*V/,yVr [10] 

and from the values for ~*V and vV in Table I and 
r ---- 1.22 eV, c -- 1.90 • 0.16 for the three temperatures.  
This value for c again suggests the form of the po-  
tent ia l  energy barr ie r  is the Morse potential  since c : 
4.0 for the clipped parabola potential  and c = 4.9 for 
the cosine potential.  Al te rna t ive ly  if a simple average 
film thickness, X, is obtained at each temperature,  the 
value of the parameter  y can be estimated, where 
y ---- ~*E/r ---- ~*V/r  with /~ = V / X ,  the mean  field 
strength. From Eq. [26] in Dignam's (21) paper, c can 
then be determined 

y = [(1 -}- 2y2/c)1/~ -- 1] 

{2 + l n 2  --  in  [(1:-~ 2y2/c)'~ - -  1]} [ii] 

Using the value for ~*V in Table I, c ---- 2.0 __ 0.1. The 
value of r used in the above analysis requires fur ther  
discussion. First, as already stated, the measurement  
assumes the voltage drop across the oxide is constant  
as the tempera ture  changes. However, the effective 
field assisting the ion t ransfer  process depends on the 
dielectric polarization of the oxide, and it  has been 
shown that  the dielectric constant  K is tempera ture  
dependent.  Therefore, al though the applied potent ial  is 
constant, the local field s t rength is not;  the field 
s t rength decreases with decreasing temperature.  Over  
the tempera ture  range for which the activation energy 
was measured, Fig. 5, the dielectric constant  K as esti- 
mated from the temperature  dependence of CM, changed 
by ,-~2-3%, Fig. 7. This results in only a 10% error in 
the estimate of r and the value of c is therefore in -  
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Table I. Parameters in the rate equation for anodic film growth on titanium 

~*V 
i = io' exp (1 --  "vV/X)/X 

kT 

#*V = (qaVK)/3 

Iz * V q a V  
' ~ emp  io" (A /cm~  g * V / k T  [ ( e . c m . V )  [ ( e . c m . V )  7V ( cm -~ [ ( c r n / V )  

(K)  x i0 :~) (ore X i0 ~) x lO s ] K x IO s ] • l0 s ) V (V)  x IO s] 

473 2.23 1.44 58.8 411 0.43 23 0.25 92 
513 3.94 2.13 93.9 452 0.62 44 0.36 122 
530 7.28 2.61 118.9 452 0.79 54 0.46 117 

creased by  10%, which does not significantly affect any  
of the conclusions made. 

The following speculative discussion is an a t tempt  to 
obtain the value for the activation dipole moment,  qa, 
from the exper imental  data. In  this study, the voltage, 
V, across the oxide is not  known,  and qa is obtained 
as a product with V,  qaV.  Ord, Hopper, and Wang (3) 
and Dignam (20, 21) report values for % the quadrat ic  
parameter,  and K, for Ta, Nb, W, and A1 at 298 K. From 
these values, the ratio ~ / K  is calculated: for W, ~ / K  = 
8.4 A/V/31 ---- 0.27 A/V;  for Ta, 4.8 A/V/24 ---- 0.20 A/V; 
for Nb, "v/K ---- 8.61 A / V ~ 3 8 . 5  ---- 0.22 A/V; and for A1, 
,y/K -~ ( # * / ~ ) / K  -~ (23.5 eA)/7.83 eV/8.85 ---- 0.33 
A/V. The average of these values is 0.25 ___ 0.05 A / V .  
Here 7V and # * V ( = q a S K V )  are de termined experi-  
mental ly.  Since V = #*V/~*, and ~, -- , yV /V ,  then 
~, ~ (,~V/#*V) �9 qaSK,  and . y /K  = (~V/~*V) �9 qaS. 
Now, if the value for 7 /K ---- 0.25 fl,/V is independent  of 
temperature  on valve metal  systems, then from the 
values for ,yV and ~*V in Table I, qa6 = 0.58 eA. If 
the geometry of the M-L field is assumed. 5 = 1/3 and 
qa : 1.73 cA. This is a very reasonable value and com- 
pares with the estimate qa ~- 1.56 eA for Zr (11). If 
oxygen ions are involved in the ion transfer process for 
all the valve metal systems (20), then qa5 is not ex- 
pected to differ greatly from one system to the next. 
Since the oxide is partially ionically bonded, a value of 
q between le and 2e is reasonable, and the activation 
distance a ,-~ IA is approximately one-half the inter- 
atomic lattice spacing (3'0). The much larger apparent 
activation dipole ~* (=qa*) obtained experimentally is 
due to the dielectric polarization of the oxide, and the 
dielectric constant K is a measure of the polarization. 
If the temperature dependence of the dielectric po- 
larization is accounted for by measurement of the di- 
electric constant, it is not unreasonable to expect 7/K 
to be independent of temperature. 

Having obtained the value for qa (--1.73 X I0 -s 
e �9 cm), the voltage drop across the oxide can be cal- 
culated, V (:qaV/qa). These values are shown in col 8 
of Table I. Having the values for V, col 9 gives the 
values calculated for 7 (=7V/V). 

The value obtained for the activation dipole moment 
may be compared with those obtained by other investi- 
gators (31, 4, 5, 9). These results were obtained from 
constant current measurements at temperatures below 
100~ The structure of the oxide reported by each in- 
vestigator was anatase. If the effective field is the M-L 
local field (Ee = (K -t- 2)E/3) ,  and the dielectric con- 
s tant  K ---- 7 as reported by Allard, Ahrens, and Heus-  
ler, (A, A, & H) (9), then the activation-dipole mo- 
ment,  qa, can be obtained from the reported B values, 
where B -~ q a ( K  ~- 2 ) / 3 k T .  From measurements  made 
by (A, A, and H) (9) in  sodium citrate buffered solu- 
tion, pH ---- 5 a t  25~ qa : 2.1 e �9 k .  Ammar  and 
Kamal  (4, 5) made measurements  at 30~ in  acid, neu-  
tral, and basic solutions and assuming the roughness 
factor ~ _-- 1 and K ---- 7, qa -~ 1.8 e �9 A. Mizushima 
(31) used a 10% ammonium borate solution in ethylene 
glycol solvent  (this solution probably  contained some 
water) .  The measurements  were made at several tem- 
peratures, ranging from 12 ~ to 85~ At  31~ again a s -  

suming K ---- 7, qa ---- 2.0 e �9 A. These values a g r e e  
very well with the value qa = 1.7 eA reported here. 
However, if local field concepts were not  used, an ap- 
parent  activation dipole moment  qa* ~ 6 e A  would be 
obtained from the measurements  at 30~ and for the 
measurements  reported here, at  257~ qa* ~,, 261 eA. 
Such an unreasonably  large value can only be ra t ion-  
alized if the local field is the effective field assisting 
the ion t ransport  process and from such considerations 
the dielectric constant  plays an impor tan t  role. There-  
fore, from a measurement  of the dielectric constant  
of the oxide, K ~ 7 at 300C for TiO2 (anatase) and 
K ~., 452 at 240~ for TiO2 (rut i le) ,  an  estimate for 
qa _-- 2.0 eA is obtained independent  of temperature  
and oxide structure. 

Mizushima (31) and A mma r  and Ismail  (32) ob- 
tained B as a funct ion of temperature.  The results ob- 
tained by Mizushima show B decreasing more rapidly 
than 1 / T  with increasing temperature.  This implies the 
effective field, and  therefore the dielectric constant  K 
decreases with increasing temperature.  Ammar  and Is- 
mai l  however show B constant  with increasing tem- 
perature and therefore, conversely, K increases wi th  
temperature. Without a knowledge of the temperature 
dependence of K it is not possible to determine whose 
results are correct. A good test of the model postulating 
the local field as the effective field causing ion trans- 
port in TiO2 (anatase) would be to measure  the dielec- 
tric constant in addition to de te rmin ing  the kinetic 
parameters  as a funct ion of temperature.  

Summary and Conclusions 
Ti tan ium was exposed to oxygenated 0.05M K2SO4 at  

temperatures  from 200 ~ to 257~ at constant  applied 
potential  below the oxygen evolution potential.  The 
apparent  act ivat ion energy, r for anodic film growth 
was measured, and the dielectric constant  of the oxide 
film, at exper imental  temperature,  was determined 
from measurements  of the capacitance of the oxide as a 
function of film thickness. It  was shown that  the loga- 
r i thm of the anodic film growth current  was a qua-  
dratic funct ion of the field strength. 

In terms of a rate expression developed by  Dignam, 
it was shown that the form of the potential  energy 
barr ier  for the ionic conduction process was the Morse 
potential  function, and if the M-L field is the effective 
field assisting the ionic t ransfer  process, it  was shown 
that  the activation dipole moment  qa = 1.73 cA.. It  was 
also shown that  using the M-L field to calculate qa 
for TiO2 (anatase) from the results of other invest i -  
gators, excel lent  agreement  is obtained, and qa = 2.0 
eft_. 
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LIST OF SYMBOLS 

a ac t iva t ion  dis tance 
Cox capaci tance of the oxide film 
Cdl capaci tance of the double l aye r  
c quadra t ic  constant  in Dignam's  ra te  expression 
e charge on an e lec t ron 
E macroscopic field s t rength  
Ee the effective field s t reng th  

the  mean  field s t rength  
i the ionic film growth  cur ren t  
K dielectr ic  constant  
q charge on mobi le  ion 
qa ac t iva t ion  dipole  moment  
V vol tage  drop across oxide film 
X oxide film thickness (A or  nm)  
Xo p re -exposu re  film thickness (A or nm) 

geometr ic  factor  re la ted  to dielectr ic  polar izat ion 
of the oxide  (---- 1/3 for dielectr ic  isotropy)  
appa ren t  ac t ivat ion energy  
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Oxidation of Ti Thin Films Deposited on Vitreous Carbon 

R. MiHler, M. Wfftmer,* and 5. $tucki 

Brown, Boveri & Company, Research Center, CH-5405 Baden, Switzerland 

ABSTRACT 

Anodic  oxida t ion  of bulk  Ti and Ti thin films deposi ted on v i t reous  ca r -  
bon is s tudied  by  e lec t rochemical  methods,  scanning e lect ron microscopy,  and 
Ruthe r fo rd  backsca t te r ing  analysis.  The resul ts  show tha t  the resis tance to 
oxidat ion  of the  Ti thin film is cons iderably  infer ior  to tha t  of bu lk  Ti. The 
ca rbon - t i t an ium in ter face  composit ion plays  a ma jo r  role  in the res is tance 
to ox ida t ion  of the Ti film. The format ion  o f a  thin TiC l aye r  enhances i ts 
s tabi l i ty .  The thickness of the  Ti film p lays  on ly  a minor  role.  

The mechanical ,  chemical,  and e lec t rochemical  p rop -  
ert ies of Ti contr ibute  a g rea t  deal  to the success of 
this me ta l  in  indus t r ia l  appl ica t ions  (1).  There  is un-  
doub ted ly  a renewal  of in te res t  in the surface p rop -  
er t ies  of Ti and its oxides. Research in this field is 
s t imula ted  by  the need for la rge  surfaces of Ti wi th  
wel l -def ined  e lect r ica l  and e lec t rochemical  proper t ies  

* Electrochemical Society Active Member. 
Key words: electrolyzers, oxide thin films, titanium. 

for indus t r ia l  appl icat ions  such as e lectrolysis  (2), and 
oxygen sensing (3). This work  descr ibes  an a t t empt  to 
preven t  sacrificial  oxidat ion of carbon anode cur ren t  
collectors for use in a m e m b r a n e - t y p e  wa te r  e lec t ro-  
lyzer  (2) by  evapora ted  films. A good resis tance to ox i -  
dat ion and a perfect  bond or adherence  of the Ti film to 
the carbon subs t ra te  were  our  main  interests .  The e lec-  
t rochemical  measurements  were  made  in 1N sul fur ic  
acid to produce condit ions s imi la r  to  those used in 
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electrolysis  cells. These measurements ,  however ,  p ro -  
vide only  phenomenologica l  in format ion  on the  ox ida -  
t ion and pass ivat ion  process of the Ti thin film. Ru the r -  
ford backsca t t e r ing  (RBS) analysis  (4) was therefore  
used to s tudy the o x y g e n  d is t r ibut ion  at  the interface,  
in the  film itself, and on the surface a f te r  evaporat ion,  
subsequent  hea t - t r ea tmen t ,  and anodic oxidat ion.  This 
informat ion is ve ry  impor t an t  for  the use of T i -cov-  
e red  anodes in electrolyzers .  RBS also gives some in-  
fo rmat ion  on the composit ion of the  t i t an ium-c a rbon  
interface  fol lowing a h e a t - t r e a t m e n t  Final ly ,  scanning 
e lec t ron  microscopy of the  surface of the  film was used 
to analyze the surface morpho logy  of the deposi ted a n d  
annea led  Ti films. 

Experimental  
Ti films 300-3000A thick were  deposi ted at  room t em-  

pe ra tu re  wi th  an E-gun  on vi t reous  carbon subs t ra tes  
a t  a ra te  of 10-15 A / s e c  and in a vacuum of 10-~ Tort .  
The vi t reous  carbon substrate ,  suppl ied  by  Le Carbone 
(France) ,  was c leaned pr ior  to use by  hea t ing  i t  for 2 
hr  a t  1050~ in a 10 -6 Torr  vacuum. Some deposi ted 
Ti films were  hea t - t r e a t ed  in a vacuum of  10 -6 Torr,  
A pure  bu lk  Ti foil  (99.9999%) f rom Vent ron  Corpora -  
t ion (USA) ,  and A r - a r c  mel ted  Ti pellets,  were  also 
used for comparison measurements .  The bu lk  samples  
were  cleaned in hot  oxal ic  acid of 10 weight  pe rcen t  
concentra t ion and r insed  in  double  d is t i l led  w a t e r  pr ior  
to use. 

Po ten t iodynamic  measurements  were  made  on the Ti 
samples  in an e lect rochemical  P y r e x  cell  using a PAR 
173 potent ios ta t  and  a PAR 175 un iversa l  p rogrammer .  
The cell had a s tandard  calomel  e lect rode (SCE) as 
reference  and a carbon counterelect rode.  In the foI low- 
ing, al l  vol tages indica ted  are  vs. the SCE unless o the r -  
wise specified. Curren t  was p lo t ted  vs. appl ied  vol tage 
on an X - Y  recorder .  The e lec t ro ly te  was an aqueous 
solut ion of 1N H2SO4. The sweep ra te  of the poten t io-  
s tat  was genera l ly  5 mV/sec.  Ru the r fo rd  backsca t te r ing  
analysis  was pe r fo rmed  to inves t iga te  the me ta l lu rg i -  
cal composit ion of the deposi ted Ti films and the i r  r e -  
act ion wi th  the oxygen and the carbon subs t ra te  af t er  
h e a t - t r e a t m e n t s  and a f te r  anodic oxidat ion.  

Results and Discussion 

I t  is wel l  known tha t  Ti bui lds  up a thin p a s s i v a t i n g  
oxide film on its surface  dur ing  exposure  to Oxygen. 
This oxide  film protects  the  meta l  f rom fu r the r  ox ida -  
tion. Fo r  bu lk  Ti the thickness of this film in an aque-  
ous solution has been  found to increase  l inear ly  wi th  
anode po ten t ia l  a t  a ra te  of app rox ima te ly  25 A / V  
(5, 6). For  evapora ted  thin films the s i tua t ion  is differ-  
ent. The oxidat ion  behavior  depends on the substrate ,  
on the in ter face  be tween  subs t ra te  and Ti film, and  on 
subsequent  hea t - t r ea tmen t s .  The oxidat ion behavior  of 
Ti thin films evapora ted  or  spu t te red  o n t o  h o t  (450~ 
quar tz  subs t ra tes  was s tudied b y  Arms t rong  and Quinn 
(7). This paper  presents  resul ts  on the differences in 
oxidat ion behav ior  be tween  bu lk  Ti sheets, as evapo-  
ra ted  and hea t - t r e a t ed  Ti films on v i t reous  carbon sub-  
strafes.  

The anodic oxida t ion  of bu lk  Ti has been  measured  
by  severa l  r e sea rch  groups (6, 7), In  o rder  to have a 
fa i r  comparison be tween  bulk  and thin film specimens,  
e lect rochemical  proper t ies  of Ti were  measured  unde r  
the same exper imen ta l  conditions. F igure  1 s h o w s  t h e  
anodic oxida t ion  of Ti in 1N H2SO4 solut ion in the vol t -  
age range  of 0-9V. A large  increase in anodic cur ren t  
is observed above 3V dur ing  the first anodic po la r i za -  
tion. This indicates  the format ion  of an i r revers ib le  
oxide layer .  Af te r  8-10 cycles be tween  0 and 9V the 
cur ren t  vs. vol tage ( I /V)  curve  is f a i r ly  stable.  The 
smal l  cu r ren t  flowing above 3V is a t t r ibu ted  to oxygen  
evolution. This resu l t  is in ag reemen t  wi th  tha t  of 
Paleolog et  aL (8).  
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Fig. 1. Anodic polarization of bulk Ti in IN  H~SO4 electrolyte, 
1st cycle and reversible behavior after lOth cycle. Sweep rate was 
5 mV/sec. 

The oxide grown on evapora ted  Ti thin films is less 
effective in p reven t ing  fu r the r  oxidat ion  than the one 
grown on bu lk  Ti. This phenomenon is seen in Fig. 2a, 
which shows the anodic oxidat ion  of Ti thin films of  
different  thicknesses.  The I /V curves show tha t  the  oxi -  
dat ion process is character ized by  pass ivat ion beginning  
above 0.SV, where  the  cur ren t  decreases,  or  s tays con-  
stant, fol lowed by  a r ap id  re increase  in cur ren t  above 
ca. 1.25V. A fur ther  increase  in po ten t ia l  leads  to c rack-  
ing of the Ti l aye r  and subsequent  peel ing off. This 
might  be due to the  la rge  P i l l i ng -Bedwor th  ra t io  o2 
1.95 (the volume of oxide formed is a lmost  twice the  
volume of me ta l ) ,  which resul ts  in a high in te rna l  
stress leading  to cracking of the layer .  S imi la r  a r g u -  
ments  were  pu t  fo rward  by  Di Quar to  et aL (9) for  
peel ing of a surface layer  on bu lk  Ti. 

RBS analysis  of the  a s -evapora ted  Ti film, before  
and af ter  anodic oxidat ion,  is shown in Fig. 3. The 
ver t ica l  ar rows indicate  the energy  of 4He+ par t ic les  
sca t te red  f rom surface  posit ions of the corresponding 
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Fig. 2. a. Anodic polarization in ]N H2S04 electrolyte of evap- 
orated Ti thin films of different thicknesses. Sweep rate was 5 mV/ 
sec. b. Anodic polarization in 1N H2SO4 of Ti thin films heat- 
treated during 90 min at 1050~ in a vacuum of 10 _6 Torr. 
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Fig. 3. 2 MeV-RBS spectra of 3000A thick Ti film on a vitreous 

carbon substrate after eyaporation (solid line) and after anodic 
oxidation (dotted line). The vertical arrows indicate the energy of 
the He ions scattered from surface atoms of the corresponding 
element. 

atoms. The low mass of the carbon allows the analysis 
of the oxygen dis tr ibut ion in the Ti film. The RBS spec- 
t r um of the as-evaporated sample, before anodic oxida- 
tion, is given by  the solid line. From this spectrum it 
is seen that  a smal l  amoun t  of oxygen is present  in the 
surface region of the Ti film, at 0.75 MeV, and near  the 
ca rbon- t i t an ium interface, at  0.55 MeV. The oxygen 
content  in  the Ti film is lower and  amounts  to about  8 
atomic percent  (a /o) .  The RBS spectrum of the Ti 
film after anodic oxidation is given by the broken  line 
in Fig. 3. I t  shows a marked  increase of the oxygen 
content  in  the surface and interface region of the film. 
The pronounced peak at about 1.0 MeV marked  by 
"S" and the tail of the oxygen signal at energies below 
0.5 MeV arise from sulfuric acid which has reached the 
ca rbon- t i t an ium interface via cracks in the Ti film and 
which has diffused somewhat  into the pores of: the vi -  
treous carbon substrate.  

In  most cases the evaporated Ti films peeled off the 
carbon substrates dur ing  the electrochemical measure-  
ments. In  order  to improve the adherence of the films, 
some samples were heat - t rea ted  for 90 min  at 1050~ in 
a vacuum of 10 -6 Torr  following evaporat ion of the 
Ti film. The solid l ine in Fig. 4 shows a RBS analysis of 
a sample coated with a 1000A Ti film before heat-  
t reatment .  Again, oxygen can be found in the surface 
and interface l:egion of the film. The oxygen content  in 
the film is about 6 a/o. This value is lower t han  the one 
found in the film whose RBS analysis is shown in Fig. 
3. The amount  of oxygen contained in  the film depends 
on the evaporat ion process of the films, because Ti re-  
acts s t rongly with residual oxygen contaminat ions of 
the vacuum system. The RBS spectrum of the annealed  
Ti film is given by the broken  line in Fig. 4. From the 
oxygen signal it is found that  the Ti film is un i fo rmly  
oxidized. The plateau in  the carbon signal at 0.5 NIeV, 
extending almost to the surface position of carbon, in -  
dicates that a reaction of about  �89 of the Ti film wi th  
carbon has taken place. The actual  composition of the 
interface layer  is difficult to identify, but  is assumed 
to be some form of t i t an ium-oxy-carbonate .  For  a n -  
nealed Ti films 3000A thick the interface layer  was 
about  one-fifth of the total film thickness. 

For  evaporated Ti thin films the breakdown voltage is 
low under  anodic oxidation conditions, as shown in  
Fig. 2a. Annealed  thin films are characterized by  a 
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small shift of the breakdown voltage by  approximately 
0.4V toward higher voltages (Fig. 2b). Many  samples 
were investigated and the difference in  breakdown 
voltage was found to be consistently reproducible.  This 
shift results in an increased stabil i ty of Ti films, which 
is, however, still insufficient compared to the resistance 
to cracking of Ti oxide films grown on bulk  Ti. RBS 
analysis, however, shows a clear metal lurgical  d i f fer -  
ence between evaporated and annealed Ti thin films. 

The 3000A thick annealed Ti films show a large peak 
in corrosion current  a round 0.75V. The height of this 
peak varies from sample to sample by a p p r o x i m a t e l y  
_+20%, but  is always present. It  is possible that  the 
hea t - t rea tment  causes the development  of microcracks 
in the film due to the large difference in  thermal  ex-  
pansion between vitreous carbon and Ti at 1050~ 
The passivation of the crack surface results then in the 
observed current  peak. 

The uni form oxygen dis tr ibut ion in the sample and 
the t i t an ium-carb ide  formed at the interface dur ing  
hea t - t rea tments  did not  preVent the destruction of a 
3000A thick Ti layer  under  severe anodic oxidation 
conditions. At voltages over 2V large flakes of t i t an ium 
oxide form and peel off. A scanning electron micro-  
graph of this phenomenon is shown in  Fig. 5. The upper  
right of the micrograph shows a large flake of t i t an ium-  
oxide which is  peeling off. Growing flakes of t i t an ium 
oxide can be distinguished very  clearly underneath.  
They are specially marked  at their  edges by ridges due 
to the volume expansion of the oxide relat ive to the 
metal. This "undermin ing  process" has been observed 
in  bulk  Ti at voltages around 50V (9). Though the de-  
s truct ion of thick Ti films under  severe anodic oxida- 
tion conditions is not e l iminated by the hea t - t rea tment ,  
the adherence of the film wes much improved com- 
pared to as-deposited thick Ti films. 

Conclusions 
Anodic oxidation of bu lk  Ti and Ti thin films w a s  

studied by electrochemical methods, scanning electron 
microscopy, and RBS analysis. The results show that 
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Fig. 5. Scanning electron micrograph of 3000A thick film of Ti, 
heat-treated during 90 rain at 1050~ in a vacuum of 10 -6  Torr 
and anodically oxidized in ]N H~SO~ during 30 min at 1.75V vs .  

SCE. 

the mechanical  s tab i l i ty  and resis tance to oxidat ion  of 
the Ti thin films is much infer ior  to that  of bu lk  Ti. 
The s tab i l i ty  of the Ti thin films depends  p r i m a r i l y  on 
the adherence  to the substrate ,  because  high in te rna l  
stresses have to be overcome in the Ti film dur ing  oxi -  
dation. Though good adherence  of  the Ti films to the 
subs t ra te  is achieved by  a h e a t - t r e a t m e n t  at  1050~ 
the resis tance to oxidat ion  of the films is improved  
only marg ina l ly .  The thickness of the  Ti film p lays  
only a minor  role. 

A per fec t  protect ion of  the g raph i te  subs t ra te  cannot  
be ob ta ined  by  an evapora t ed  thin  film of pure  Ti be -  
cause the  format ion  of a pro tec t ive  oxide  leads to 
mechanica l  fai lure.  The impor tance  of the oxide peel ing 
effect for the b reakdown of the coherent  Ti film can 
be demons t ra ted  by  evapora t ing  a l aye r  of noble meta l  
on top of the annea led  Ti film. The noble meta l  layer ,  
ca ta lyzing the O2 evolution,  p revents  the format ion  
of the TiO2 l aye r  and thus the fa i lure  of the Ti film 
under  anodic oxida t ion  conditions. This was exper i -  
men ta l l y  shown using a 500A l aye r  of Ru as noble 
metal .  The l i fe t ime of such electrodes is ru l ed  by  the 

l i fe t ime of the Ru layer ,  Ru be ing  known to corrode 
at potent ia ls  above 1.45V (10). Since one of the  objec-  
t ives of the presen t  inves t igat ion was to find a pro tec -  
t ion for carbon wi thout  the  use of noble metals ,  this 
route  was abandoned.  
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ABSTRACT 

The reac t ion  of phosgene wi th  copper  be tween  260 ~ and 400~ leads  to 
the format ion  of cuprous chlor ide CuC1. The ra te  l aw is of the  pa r a l i nea r  
type  wi th  a p ressure  influence especial]y dur ing  the parabol ic  stage. I t  was 
shown that,  wi th  our  expe r imen ta l  conditions, the  gaseous phase  is a lways  
fa r  f rom equi l ibr ium.  A mechanism account ing for  the observed ra te  l aw is 
proposed.  I t  involves s imul taneous ly  three  r a t e - d e t e r m i n i n g  steps: the ad -  
sorpt ion of phosgene,  the  adsorpt ion  of carbon monoxide,  and  the ou te r  i n t e r -  
fac ia l  reaction.  

Phosgene is an indus t r ia l  p roduc t  used today  on a 
growing scale. The purpose  of this paper  is to presen t  
our  resul ts  concerning its reac t ion  wi th  copper.  The  

* Electrochemical Society Active Member. 
Key words: phosgene, copper, high temperature corrosion. 

prac t ica l  in te res t  of this inves t igat ion is clear,  bu t  w e  
shal l  also consider  this corrosion f rom a theore t i ca l  
point  of v iew and propose a model  descr ibing the e le-  
m e n t a r y  steps of the  react ion account ing for  our ob-  
servations.  
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Very  l i t t le  has been  publ i shed  up to now about  the 
reac t ion  of phosgene wi th  metals .  Some ra the r  old  and 
a lways  f r a g m e n t a r y  resul ts  (1, 2, 3) deal, respect ively,  
wi th  the behavior  of zinc, mercury ,  and tin. The paper  
of Tol ley (4) on the react ion of phosgene wi th  n ickel -  
based  al loys appears  more  complete.  Nothing is known  
about  the reac t ion  wi th  copper. On the contrary ,  the 
corrosion of copper  by  chlor ine has been ex tens ive ly  
s tudied by  Tsei t l in  (5-7) and  by  Dagoury  (8). Accord-  
ing to Tsei t l in  this corrosion can be observed  f rom 
150~ up and is r ap id  enough above 290~ to produce  
impor t an t  ove r t empera tu res  lead ing  to the mel t ing  of 
the cuprous  chlor ide  formed. According to Dagoury,  
cuprous chlor ide  CuC1 forms in contact  wi th  the me ta l  
while  CuC12 exists  i n t h e  outer  pa r t  of the scale. Under  
140~ the r a t e  l aw is logar i thmic  whereas  at  h igher  
t empera tu res  the impor tance  of ove r t empera tu res  and 
the  consequent  pa r t i a l  subl imat ion  of the react ion p rod -  
ucts depr ive  the ra te  laws expe r imen ta l l y  found of 
any  signification. 

Thermodynamic Study of the Systems Involved 
The system C-O-Cl.--It  is wel l  known tha t  phosgene 

is a me tas tab le  compound at  room tempera ture .  Its 
t he rmal  s tab i l i ty  and its decomposi t ion have been con- 
s idered  in numerous  papers  (9-12). We have u n d e r -  
t aken  a re inves t iga t ion  of the problem,  tak ing  into ac-  
count 26 different  species, a l l  gaseous, w i th  the excep-  
tion of carbon. These species are  the fol lowing:  C1, C2, 
Ca, C4, C5, O, 02, C1, C12, CC1, CCl~, CC13, CCl~, CO, 
C02, C20, C~O~, CIO, C102, C12O, c2c12, c2c14, c2c16, 
COCI, COC12, <C>. 

The equilibrium pressures of these species were 
calculated in the system C-O-CI by minimizing the 
total Helmholtz free energy (and not the Gibbs free 
enthalpy, as our experiments were realized at constant 
volume) .  For  this min imiza t ion  Goldfarb ' s  method  was 
used. Genera l ly  known as "conjugate  g rad ien t  p ro jec -  
t ion method"  (13, 14), i t  gives the  min imum of a non-  
l inear  function (here  the free energy)  subject  to l inear  
constra ints  [in the  p resen t  case the equat ion of mass 
conservat ion,  cf. (15, 16)]: The values  of the Gibbs  
free enthalpies  of format ion  were  taken  f rom the 
J A N A F  tables  (17). 

F igure  1 shows the resul ts  ob ta ined  for  an in i t ia l  
phosgene pressure  of 100 Torr.  Especia l ly  impor t an t  is 
the  fact that,  at  low t empera tu res  (<400 K) ,  the gase-  
ous phase consists essent ia l ly  of CO2 and CC14 ac-  
cording to the  reac t ion  

2COC12 ~ CO2 + CC14 

whereas  at  h igher  t empera tu re s  ( >  1100 K)  the p r e -  
dominan t  species are  CO and C12 according to 
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COC12 ~-- CO + C12 

Between 230 ~ and 900~ solid carbon is present. Table 
I gives some values of the equilibrium partial pres- 
sures of C12 as a function of temperature. 

The system C-O-CI-Cu.--A s imi la r  ca lcula t ion was 
made for the system C-O-C1-Cu. The equi l ib r ium com- 
posit ion of the gaseous and solid phases was computed,  
tak ing  here  into account 37 species, namely ,  the same 
as in the preceding  case plus [Cu], [Cu2], [CuO], 
[CuCI], [CuaCl~], (CuCI), <CuCl>, <CuCl~>, <CuO>, 
<Cu20>, <Cu>. For these new species, the values of 
the Gibbs free enthalpy were taken from an INCRA 
publication (18). Two cases are to be distinguished: 

i. If phosgene is in excess, that is if all copper is 
chlorinated, the reaction product is, most naturally, 
cupric chloride CuCI2 while the composition of the 
gaseous phase remains the same as in the absence of 
copper (Fig. I). 

2. In the other case (copper in excess), the reaction 
product is cuprous chloride CuCl, and the equilibrium 
composit ion of the gaseous phase is different  (Fig. 2). 
A t  600 K, the only species presen t  in nonnegl ig ible  
amounts  a t  equ i l ib r ium are  CO2, CuC1 (sol id) ,  C 
(sol id) ,  and Cu (sol id) .  Table  II  gives the cor respond-  

ing mol numbers .  
F igure  3 (curve a) gives the  dissociat ion pressure  of 

cupric  chloride;  curve b on the same figure gives the  
equ i l ib r ium chlorine pressure  resul t ing  f rom the de-  
composit ion of phosgene ( ini t ia l  pressure  100 Tor r ) .  
I t  can be seen that,  if equ i l ib r ium is reached,  the  chlo-  
r ine pressure  is sufficient to a l low the format ion  of 
CuC12 up to 550~ 

Experimental Procedure 
All  exper iments  were  conducted be tween  260 ~ and  

400~ using in i t ia l  pressures  of phosgene be tween  5 
and 400 Torr.  Phosgene (pur i ty  99%) was Supplied b y  
the company PRODAIR and the copper  foils (about  
50 X 10 X 0.1 ram) by  Metals  Research Company;  the 
meta l  h a s a  pu r i ty  of 99.9%. 

Kinet ic  curves were  ob ta ined  in s tat ic  a tmospheres  
using a quar tz  spr ing thermobalance .  The e xpe r imen-  
ta l  p rocedure  has been descr ibed in a previous  paper  
(19). Qual i ta t ive  analysis  of the gaseous phase was 
pe r fo rmed  wi th  an in f ra red  Wilks spect rophotometer .  

Experimental Results 
Reaction products.--The copper  compound formed in 

most of our  exper iments  was cuprous chlor ide Cue1. 
The chemical  react ion can therefore  be w r i t t e n  

2Cu -5 COC12 -> 2CuCl + CO 

t 
% 

/ PinC~ = 100 torr 

/ 
6O 

4 0  

2 0  

300 500 700 900 1100 T(K) 

Fig. 1. Composition of the goseous phose resulting from the de- 
composition of phosgene. 

% 

GO Pin'COCl= = 100 torr 

72 

CO 

48 
la 

o . ~ . ~ ,  , " - ~ o ~  , 
300 500 700 900 1100 T(K)  

Fig. 2. Composition of the gaseous phase in equilibrium with on 
excess of copper. 
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Table I. Chlorine pressure at equilibrium for an initial phosgene pressure of 100 Tort (at room temperature) 

T (K) 300 350 400 450 500 550 600 650 700 750 800 
PCI= (Tort) 0.004 0.34 0,60 2.5 11.25 36.5 70 112 168 211 242.5 

Table II. Mol numbers of every species in equilibrium with an 
excess of copper 

initial mol number Initial mol number P initial ( 100 T, 600 K 
of <Cu> = 1 of COCI~ = 1.344. Torr) 

lO-S 

Species CO2 Cu CI (S) C (S) Cu (S) 

Mol num. 0.67-10-: 2.69.10 -2 0.67.!0 -2 9,7,10 -~ 
her 

Only at high tempera ture  and when  the reaction has 
been followed dur ing a sufficiently long time, the for-  
mat ion of a little quant i ty  of cupric chlor~_de CuC12 
could be observed. In  this case, as CuC12 is readi ly 
hydrated in air, x - r ay  diffraction pat terns  showed the 
presence of CuC1 and CuCls �9 2H20. 

Inf rared  analysis of the gaseous phase never  showed 
another  species than phosgene, the quan t i ty  of CO 
formed by the reaction being always well  unde r  the 
detection l imit  of our apparatus.  

The influence of temperature on the rate law.--In 
the temperature  range  260~176 and for an ini t ia l  
COC12 pressure of 100 Tort,  kinetic curves show an 
ini t ial  deceleration followed by a l inear  stage (Fig. 4 
and  5). The l inear  rate constant  obeys the Arrhenius '  
law with an activation energy of about  100 kJ.mo1-1. 

E 
t~ 

o 

0 
< C u C I 2 ~  ~ 2 ( C u C I )  + [C l= ]  

_2 

_4 

.6 
T m  C u C I  

.8 

1 1,5 2 IO'/T 
Fig. 3. Chlorine pressures resulting from the decomposition of 

COCI~ and copper chlorides. 

Above 380~ the exper imenta l  results become mean-  
ingless as already observed by Dagoury (8) because of 
the subl imat ion of CuC1. 

Influence of the gas pressure.--This influence was 
studied at 282~ for ini t ia l  pressures of COC12 vary ing  
from 5 to 400 Torr (Fig. 6). At  low pressures (under  
20 Torr, the subl imat ion of CuC1 is noticeable) the ex-  
per imenta l  results are not  significant. For higher pres-  
sures an impor tant  effect of pressure on the ini t ial  
stage of the reaction can be observed whereas the 
l inear  par t  of the curves is much less sensible to its 
influence. 

Morphological observations.mFigure 7 shows a typi-  
cal aspect of the surface of the CuC1 layer  formed at 
282~ under  an init ial  phosgene pressure of 100 Torr. 
For lower pressures (10-15 Tort)  some larger  single 
crystals appear scat tered-on the sample (Fig. 8). 

Additional experiments.mAs chlorine is an impor tant  
component  of the gaseous phase at equil ibrium, a com- 
parat ive invest igat ion of the reaction of pure chlorine 
and of chlor ine-conta in ing gas mixtures  was per-  
formed: 

At  282~ under  10 Torr  ( that  is at a pressure much 
smaller  than  the equi l ibr ium pressure resul t ing f rom 
COCI2 decomposition) pure  chlorine reacts so rapid ly  
with copper that  it  is impossible to follow the kinetics 

0 

1,0 

),5 

282"C 

P = 100 torr 

5 10 15 t (hi 

Fig. 4. Rate law:influence of temperature 

E / P_-lOOtorr ~ "  Z 

~ i i i i i i 

0 2 4 6 8 t (h) 

Fig. 5. Rate law:influence of temperature 
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~ 1~ 400 torr / / 130torr' 
] / / / l O O t o r r  

! ~  / / / / O t o r r  

1~)~ / / / /  / , ~ O t o r r  

0,5 / / 4 " / /  J / / ~ , ' ~ ' ~ 6  tor r 

12 torr 

torr 

0 - 5 1'0 15 t (h) 

Fig. 6. Rate law:influence of pressure 

A 

1 1 

Fig. 9. Reaction of copper with the following gaseous mixtures: 
1, COCI2 (lOOT); 2, CO (4T) 4- CI2 (4T) 4- COC1~2 (92T); 3, 
CO (lOT) 4- CI2 (lOT) @ COCI2 (80T); 4, CO (lOT) 4- Ch 
(lOT) 4- A (80T); 5, CO (10"1") 4- CI2 (lOT). 

Fig. 7. Superficial aspect of CuCI formed at higher pressures. 
1000 • 

that  t ime the react ion of  CO 4- C12 slows down and its 
ra te  becomes smal le r  than  tha t  of COC12. 

On the Other hand,  addi t ion  of equal  quant i t ies  of 
C O  and C12 to COC12 accelerates  the  ini t ia l  s tage of the 
reaction,  but  has l i t t le  influence on the react ion ra te  
of the l inear  pa r t  of the  curves (Fig. 9, curves 2 and 3). 
Argon  has p rac t ica l ly  no influence (Fig. 9, curve 4). 

The p reva i l ing  defects in cuprous chlor ide  (20) are  
known  to be of Frenke l ' s  type  ( in te rs t i t i a l  cations and 
cationic vacancies) .  This was eas i ly  ver if ied b y  com- 
p le te ly  reac t ing  a copper  wire  wi th  phosgene;  on a 
cross sect ion of the  sample  (Fig. 10) a hole is c lea r ly  
vis ible  in the axis of the wire,  showing tha t  the  r eac -  
t ion proceeds essent ia l ly  th rough  cationic diffusion. 

Discussion 
The decomposition and adsorption o~ phosgene.--As 

no other  species than  phosgene is found in measu rab le  
quan t i ty  in the gaseous phase, i t  can be concluded tha t  
the decomposi t ion equi l ib r ium of COC12 is far  f rom 
being  reached.  This assumption is suppor ted  by  the 
fact  that  CO-C12 mix tures  react  more  r ap id ly  wi th  
copper  than pure  phosgene. 

On the o ther  hand, the i r  reac t ion  is s lower  than  
that  of pure  chlor ine  at  the same pressure  as in the  
mixture .  As in the case of phosgene,  the on ly  react ion 
produc t  is cuprous chlor ide  even when  the  pa r t i a l  

Fig. 8. Superficial aspect of CuCl formed at lower pressures. 
400X. 

of the  reac t ion  and tha t  the  cupric  ch lor ide  fo rmed  
sublimes.  Wi th  mix tures  of C12 and CO (Fig. 9, curve 
5) the  react ion is a lways  s lower  than wi th  pure  chlo-  
rine, but  fas ter  than  wi th  pure  COC12 (Fig. 9, curve 
1), a t  leas t  dur ing  the first 5 o r  10 h r  of reaction.  A f t e r  

Fig. 10. Cross section of a copper wire completely reacted with 
C0Cl2. IOOX. 
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pressure of chlorine in the gaseous phase is larger  than 
the thermodynamic  value corresponding to the forma- 
tion of cupric compound. All these facts imply that  
the chlorine activity in  the adsorbed phase is low due 
to the occupancy of adsorption sites by CO. 

A model accounting ]or the observed rate law.--In 
agreement  with the preceding remarks we shall  as- 
sume that  the adsorption of phosgene on the CuC1 layer  
formed by  the reaction occurs with dissociation and 
that  the adsorption sites occupied by  CO and C1 are 
identical. 

The different steps of the reaction can then  be wr i t -  
ten as follows: 

Dissociative adsorption of COC12 on CuCl: 

COC12 + 32 ~ Co -- s + 2C1 - s 

Desorption of CO: 

C O  -- s ~  C O  + s 

Outer  interfacial  reactions (KrSger's nota t ion) :  

(eD : C1 -- s 4- Cui" Jr e' ~- Cucu + Clc, Jr s 

(e~) : C1 -- s~=:~ Clcl Jr Vcu' Jr h" Jr s 

Diffusion of copper through vacancies and in ter -  
sti t ial  sites simultaneously.  

I nne r  interfacial  reactions: 

(il) Cu.--> Cul" Jr e' 

(i~) Cu + Vcu' Jr h' -) Cucu 

As the rate law found experimentally is not para- 
bolic, a diffusion.controlled reaction is excluded. On 
the other hand, the inner interracial reaction is exactly 
the same with phosgene and with pure chlorine. As the 
two gases behave wi th  copper very  differently from 
one another  the inner  reaction can also be discarded 
as the ra te -de te rmin ing  step. 

Let us therefore assume that  the overall  reaction 
obeys a complex rate law controlled s imultaneously  by  
the adsorption of COCI~, the desorption of CO, and the 
outer  reaction. The following symbols will  be used: 

01, o2: coverage ratios for the adsorption of CO and 
CI respectively. 

P: phosgene pressure 
kl, ks, kel, ke2: rate constants for the adsorption of 

COC12, the desorption of CO and the outer  reactions. 
re: velocity of the outer  reaction, equal  to the sum 

of the rates of reactions el and e2. 
ai: activities of the inters t i t ia l  cations. 
Neglecting then the opposite reaction (an assumption 

certainly valid far  from equi l ibr ium) ,  one can wri te  

d e l  
-- k iP(1 -- 6)2 -- e2) a -- ksel 

dt 
[i] 

de:  
: 2 k i P ( 1 -  ol -- (92) s -- ke lO2ai-  kesOZ 

dt 

v8 -- kelOsai + k,20~ (ve in  tools/surface un i t / t ime  unit)  

[2] 

The activity of interst i t ial  cations (and of cationic 
vacancies) is kept  constant  by the inner  reactions 
which, according to our assumption, are equil ibrated.  

The reaction rate exper imenta l ly  measured by  the 
mass increase of the sample 

d a m  
V r ' - - ~  

dt 
is given by 

[ de~ + ] 28 do...j_~ 
Vr = 35.5 L ~  Vej  Jr dt 

o 

~ 

2C 

10 

i i i i 

100 200 300 P ( torr)  

Fig. 11. Influence of pressure on the initial rate 

o r  

Vr - -  99kiP(1 -- O1 -- O~)~ -- 28k~O1 

(Vr in  g/surface un i t / t i me  uni t )  

At the beginning  of the reaction el and e2 increase 
and Vr decreases to a l imi t ing value corresponding to 
a quasi s ta t ionary state (el  and s constant) .  The rate  
law becomes then linear. The ini t ial  rate (el -- e2 ---- 0) 
is proport ional  to the phosgene pressure (see Fig. 11). 

The nonl inear  differential system (1) cannot  be 
solved analytically.  We shall therefore consider only 
the quasi s tat ionary ( l inear)  state. The corresponding 
condition 

de1 de2 
" -  ~ ' ' - - 0  

dt dt  

gives the following equations de termining the l imit ing 
values 011 and O21 of 01 and o2 

k l P ( I  -- On -- 021)~ -- - k2:On 

2 k i P ( 1  --  011 --  021) 3 :  (kelai  + ke~) 8"21 

showing that  021 and O21 are proportional.  The reaction 
rate is then given by 

vr : 71k2:On : 71kiP(1 -- On ~--02z) ~ 

As Oll and o21 depend on P, it is not  possible to derive 
explicitly the v : ] (P )  relation. But, f rom the ratio 
between the reaction rate at t : 0 and in the l inear  
par t  of the curves it  is possible to est imate the sum 
oll + ore. This ratio is equal to 99/71(1 -- On -- 021) 8. 

TabIe III  gives the results obtained for different 
pressures. These values which are always smaller  than  
un i ty  seem acceptable. 

Manuscript  submit ted Oct. 2, 1980; revised m a n u -  
script received Jan. 22, 1981. 

Any discussion of this~paper will  appear in  a Discus- 
sion Section to be published in  the June  1982 JOURNAL. 
All  discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 

Publication costs o] this article were assisted by 
A.D.R. Grenoble. 

Table Ill. Limiting values of the coverage ratios as a function of 
phosgene pressure 

P (Torr) I00 130 250 380 400 

011 + e~l 0,05 0,09 0.25 0.30 0.32 



"Col. I28, No. 7 R E A C T I O N  O F  P H O S G E N E  W I T H  C O P P E R  1545 

REFERENCES 
1. A. E. Kretov,  Zh. Prikl. Khim., 2, 483 (1929). 
2. R. H. Atkinson,  C. T. Heycock,  and W. J. Pole, J. 

Chem. Soc., 117, 1410 (1920). 
3. Yu. P. Kuznetsov,  E. S. Petrov,  and A. I. V a k h -  

ruseva,  Izv. Sib. Otd. Akad. Nauk, 5, 30 (1968). 
4. W. B. Tolley, U.S. Atomic  Energy  Commission Re-  

por t  HW-30121 (1953). 
5. K. L. Tseitl in,  J. Appl. Chem. USSR, 27, 889 (1954). 
6. K. L. Tseit l in,  ibid., 28, 467 (1955). 
7. K. L. Tsei t l in  and V. A. S t runkin ,  ibid., 31, 1832 

(1958). 
8. G. Dagoury,  L. M. Vincent,  and J. Oudar,  Mdtal- 

lurgie VI, (4), 173 (1966). 
9. M. Bodenste in  and G. Dunant ,  Z. Phys. Chem., 61, 

437 (1908). 
10. M. Bodenstein and H. Plaut ,  Z. Phys. Chem., llO, 

399 (1924). 
11. J. A. Christ iansen,  Z. Phys. Chem., 103, 99 (1923). 
12. A. Lord and H. O. Pr i tchard ,  J. Chem. Thermody- 

ham., 2, 187 (1970). 
13. D. Goldfart), SIAIVI J. Appl. Math., 17, 739 (1969). 
14. A. Buckley,  Math. Programming, 8, 207 (1973). 
15. F. Van Zeggeren and S. H. Storey,  "The Computa -  

t ion of Chemical  Equi l ibr ia ,"  Cambr idge  Uni-  
vers i ty  Press  (1970). 

16. R. H o l u b  and P. Vonka, "The Chemical  Equi l ib -  
r ium of Gaseous Systems,"  Reidel  Publ i sh ing  Co., 
Hol land (1976). 

17. J A N A F  Thermochemica l  Tables,  U.S. Dept. of 
Commerce,  2nd ed., (1971), Supp lements  (1974), 
(1975), (1978)/ 

18. E. G. King, A. D. Mah, and  L. B. Pankra tz ,  "Ther-  
modynamic  Proper t ies  of Copper  and its Com- 
pounds," INCRA series on "The Me ta l l u rgy  of 
Copper," Vol. II, (1973). 

19. P. Hadjisavas,  M. Caillet,  A. Galerie ,  and J. Besson, 
This Journal, 127, 569 (1980). 

20. T. Matsui  and J. B. Wagner ,  Jr.,  ibid., 124, 610 
(1977). 

Characterization of Plasma-Deposited Silicon Dioxide 
A. C. Adams,* F. B. Alexander, C. D. Capio, and T. E. Smith 

Bel~ Laboratories, Murray Hffl, New Jersey 07974 

ABSTRACT 

Silicon dioxide films have been deposi ted by  reac t ing  si lane and n i t rous  
oxide in a pa ra l l e l -p la te ,  r ad ia l  flow, p lasma  reactor .  Deposi t ion pa rame te r s  
( tempera ture ,  power,  and gas composit ion) have been sys temat ica l ly  varied,  
and the films charac ter ized  by  measur ing  the in f ra red  spectra,  deposi t ion 
rate,  density,  etch rate,  stress, re f rac t ive  index,  step coverage,  b r e a k d o w n  
voltage,  and annea l ing  behavior .  The films, deposi ted at  100~176 and at  
ra tes  of  200-360 A / m i n ,  contain 2-9 a /o  H bonded  as H20, SiOH, and  Si l l .  
The films have densi t ies  of about  2.3 g / c m  8, re f rac t ive  indexes  of about  1;47, 
a compress ive  stress usua l ly  less than  1 • 109 dynes / cm 2, and  etch rates 
about  twelve  t imes fas ter  than the rma l ly  grown sil icon dioxide.  F i lms  de-  
posi ted  be low 200~ or  a t  h igh power  etch nonun i fo rmly  wi th  pa r t  of the film 
etching ve ry  fast, poss ib ly  indica t ing  a two-phase  mixture .  The step coverage 
is not  conformal  and the films are thin along ver t ica l  s tep walls.  The films 
b r eakdown  at  fields of 4-10 MV/cm. Dur ing  anneal ing  in a i r  a t  t empera tu re s  
up to 400~ the films lose hydrogen  and become less dense, bu t  do not  cracl~ 
The proper t ies  of the p lasma-depos i t ed  sil icon dioxide  are  s t rongly  dependent  
on the specific deposi t ion conditions.  In  addit ion,  s imple  correla t ions  be tween  
the proper t ies  do not  exist.  Thus in charac te r iz ing  p la sma  deposi ted  si l icon 
dioxide,  the exact  deposi t ion condit ions mus t  be  specified and al l  the  film 
proper t ies  of in teres t  mus t  be measured.  

There  is cons iderable  in te res t  in the deposi t ion at 
low t e m p e r a t u r e  of sil icon dioxide  films using a glow 
discharge to supply  the energy  for  the  reaction.  P r e -  
vious deposit ions have used the oxida t ion  of t e t r ae th -  
oxys i lane  (1-3) ,  or the reac t ion  of si lane wi th  oxygen  
(4), or  w i th  n i t rous  oxide (5-7).  The  deposi t ion sys-  
tems have been small ,  induc t ive ly  coupled reactors  
(1-6) ;  however ,  recent  da ta  have been  r epor t ed  using 
a large,  capaci t ive ly  coupled, rad ia l  flow reac tor  (7).  
The p la sma-depos i t ed  sil icon dioxide  films are  known 
to contain hydrogen  (3, 6), t o  have a high etch ra te  
(6), a high re f rac t ive  index (1, 4-7),  a low stress (7), 
and to be oxygen  deficient (4, 6, 7). However ,  a sys-  
temat ic  inves t iga t ion  of the  effects of deposi t ion con- 
di t ions on the film proper t ies  has not  been  repor ted .  
We have deposi ted  sil icon dioxide  films in a large,  
capac i t ive ly  coupled, r ad ia l  flow reac tor  b y  reac t ing  
si lane and ni t rous  oxide in an argon ca r r i e r  gas and 
have  sys temat ica l ly  va r ied  the deposi t ion pa rame te r s  
(subs t ra te  t empera ture ,  rf  power,  and  gas composi-  
t ion) .  The effects on the film proper t ies  have  been 
measured  and are  r epor ted  in this paper .  

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Member .  
Key words :  depos i t ion ,  f i lms,  s tress .  

Experimental 
The p lasma  deposi t ion reac tor  is s imi lar  to o ther  

rad ia l  flow reactors  that  have  been descr ibed (7-9). The 
react ion chamber  consists of a P y r e x  cy l inder  approx i -  
ma te ly  15 cm high  and 61 cm in d i ame te r  sea led  wi th  
a luminum pla tes  on the top and the base. The a lu-  
minum sample  holder,  56 cm in d iameter ,  h a s a n  a rea  
of 2440 cm 2 and can accommodate  twenty- f ive  75 mm 
samples.  The t e m p e r a t u r e  is ma in ta ined  by  two re -  
sistance heaters  embedded  in the sample  table.  The 
gases, ind iv idua l ly  me te red  wi th  f lowmeters  ca l ibra ted  
by  volume displacement ,  are  in t roduced  at  the ou te r  
edge of the sample  table  and are  pumped  th rough  a 5 
cm d iam centra l  port.  The pressure  is measured  at  the  
exi t  por t  w i th  a capaci tance manometer .  The sys tem 
is pumped  by  a Roots b lower  (164 CFM) backed  by  a 
65 CFM mechanical  pump. The rf  power  (13.56 MHz) is 
suppl ied  th rough  a 58 cm d iam a luminum electrode.  
The spacing be tween  the rf  e lec t rode  and the g rounded  
sample  table  is 2.5 cm. The gas m ix tu r e  consists of 
argon, 3 % silane in argon, and ni t rous  oxide. The usual  
condit ions for deposi t ion of silicon dioxide in this re-  
actor are: e lec t rode  spacing, 2.5 cm; r f  power,  24W; 
tempera ture ,  200~ pressure ,  133 P a  ( I  T o r r )  ; to ta l  gas 
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flow, 3 l i t e r s /min ;  and gas composition, 0.8% Sill4, 
52.0% N20, and 47.2% Ar.  These condit ions give a un i -  
form deposi t ion (wi thin  --+5%) over  the ent i re  sample  
table  wi th  a deposi t ion ra te  of about  270 A / m i n .  The 
subst ra tes  are  B-doped  silicon wafers,  75 m m  in d iam-  
eter.  Four  samples  are  used for  each deposi t ion and 
the film proper t ies  are  averages  of a t  least  three  of 
these samples.  

The deposi t ion var iables  tha t  have  been inves t iga ted  
are:  the sample  t empera tu re ;  the  N~O/SiH4 ra t io  keep -  
ing the concentra t ion  of si lane (0.8%) and the total  gas 
flow (3.0 l i t e r s / ra in )  constant ;  the concentra t ion of 
s i lane at  constant  to ta l  gas flow and constant  N20/SiH4 
rat io;  and the r f  power.  These pa rame te r s  a re  var ied  
ind iv idua l ly  keeping  al l  o the r  var iab les  constant.  

The film thickness is measured  opt ical ly  wi th  a p r i sm 
coupler  (10), or  mechanica l ly  wi th  a Tay lo r -Hobson  
Talystep.  The film ref rac t ive  index  is measured  at  a 
wave leng th  of 0.6328 ~m wi th  a pr i sm coupler  (10). 
The film stress is measured  by  subs t ra te  bending  using 
an opt ica l ly  l evered  lase r  beam to measure  the radius  
of curvature .  I n f r a r ed  spectra  are measured  wi th  a 
P e r k i n - E l m e r  Model  580 spec t rophotometer  using a 
clean sil icon wafer  in the reference  beam. Etch rates  
a r e  measured  in di lute  hydrofluoric  acid (100:1 
HZO:49% HF)  at  25~ The film dens i ty  is ca lcu la ted  
f rom the film thickness,  the weight  loss a f te r  e tching 
the film, and the area  of the  sample  (ca lcula ted  f rom 
the weight  and  thickness of the  subs t ra te  using 2.33 
g / c m  3 for the densi ty  of single crys ta l  s i l icon).  Edge 
effects are  avoided b y  using samples  wi th  areas  of 
app rox ima te ly  6 cm 2 cleaved f rom the centra l  pa r t  of 
t he  sil icon wafer.  Breakdown vol tages are  measured  
using 0.076 cm d iam (30 mi l )  a luminum dots formed 
by  s t andard  pho to l i thography  and etching techniques.  
The ,measurements  are  made  wi th  the a luminum dot 
b iased  nega t ive ly  so the  p - t y p e  si l icon subs t ra tes  a re  in 
accumulat ion.  

Film Charac ter i za t ion  
Infrared.--The i n f ra red  spect ra  of the p l a s m a - d e -  

posi ted films are  s imi lar  to the spect ra  r epor ted  for  
sil icon dioxide chemical ly  deposi ted at  low t e m p e r a -  
tures  (11, 12). The majo r  absorpt ions  observed in the  
p l a sma-depos i t ed  films are  l is ted in Table I along wi th  
possible  ass ignments  suggested from publ i shed  papers.  
The absorpt ions  at  1070, 805, and 450 cm -1 are  cha r -  
acteris t ic  of sil icon dioxide.  The two absorpt ions  at  high 
frequencies,  3620 and 3380 cm - t ,  are  O-H s t re tching  
modes, wi th  the band at  the  h igher  f requency  resul t ing  
f rom SiOH and the 3380 cm -1 peak  caused b y  loosely 
bonded SiOH or adsorbed H20. The 2270 cm - I  absorp-  
t ion is an S i -H  s t re tch  and has been observed by  sev-  
e ra l  authors.  The  two absorpt ions  at  940 and 885 cm -1  
are  more  difficult to identify.  The 885 c m - t  band  is 
f r equen t ly  observed in deposi ted si l icon d ioxide  films 
(11, 12). This absorpt ion  has been assigned to: S i - O t t  
(13,15), S i -H  (12), nonbr idg ing  oxygen  (17), the 
SiO2 ne twork  (14), and Si203 (6, 11, 16). The absorp-  
t ion at  940 cm -1, which  is less of ten observed,  m a y  be  
caused by  an S i -OH vibrat ion.  There  are  s t rong cor-  
re la t ions be tween  the intensi t ies  of the 940 and 885 
c m - t  bands  and the S i -OH and S i - H  s t re tching  m o d e s  

FreqUency, cm -1 

i , , [ 
3OO 
asiH.(Crn-1) 

Median Range Assignment Ref. 

3620 3605,-3650 Si-OH (11-13, 18, 19) 
3380 3340-3390 H20, Si-oH (11-13, 19) . . . .  
2270 2260-2280 Si-H (6, ]1-14, 17, 18) 
1070 1040-1080 SiO2 (3, 11-17) 
940 930-950 Si-OH (3, 11, 16) 
885 880-886 Si-H, Si-OH, Si-O (6, 11-17) 

SiO2, Si.20s 
805 800-815 SiO~ (3, 11-13, 15, 16) 
450 445-450 SiOz (11-13) 
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as shown in Fig. 1. These correlat ions tend to support  
the  S i -OH ass ignment  for  the 940 cm -1 peak  and the 
S i -H  ass ignment  f o r  the 885 cm -1 absorpt ion,  bu t  
severa l  of the o ther  p roposed  ass ignments  a re  s t i l l  
possible. 

In  addi t ion to the ma jo r  absorpt ion  bands, less in-  
tense absorpt ions  have been observed in some films. 
Absorpt ions,  which have  not  been  identified, occur at  
3500 and 1500 cm -1 for N20/SiH~ rat ios less than 15. 
These m a y  be  caused b y  NH or  NH~ impuri t ies .  A b -  
sorptions are  also observed at  1630 cm -1 (H~O) (15) 
and 1460 cm-~ for films deposi ted at  t empera tu res  less 
than  175~ Absorpt ions  usua l ly  observed in silicon 
nitr ide,  S i -N at  850 cm-1,  S i -H  a t  2160 cm -1, and N-H 
a t  3350 cm - I ,  are  not  observed.  However ,  the  SiN and 
NH bands, if present ,  would  be obscured by  the absorp-  
tion bands in the oxide. 

An  es t imate  of the  hydrogen  concentra t ion  a t  the  
various bonding sites can be ob ta ined  f rom the peak  
intensi t ies  of the S i -H absorpt ion  at  2270 cm -~ and the 
two OH bands  at  3620 and 3380 cm -1. The  concent ra-  
t ion of S i -H  groups is expressed as 

N = K~H 

where N is the number of bonds per cm z, K is related 
to the absorption cross section, = is the apparent ab- 
sorption coefficient (2.303 A/d, where A is the absorb- 
ance and d is the film thickness), and H is the full 
width at half absorbance. Values for K determined 
from other films are: 5.9 X 1016 cm -I for plasma- 
deposi ted SiN (19); 10 X 101~ cm -1 for  t h e r m a l l y  
grown SlOe (18); and 10 • 10 TM cm -1 for oxygen -doped  
Si (17). Using an average  of these th ree  values  and the 
measured  ha l f -w id th  for the S i -H  peak  in the p lasma  
oxide, 60 cm -1, gives 

N = 5 X 101sa 

The concentrations of OH as SiOH and as H20 or 
weakly bonded SiOH are calculated using the method 
given for chemically deposited silicon dioxide assuming 
that the plasma-deposited films are stoichiometric SiO2 
with a density of 2.3 g/cm 3 (II). The results of these 
calculations are given in Fig. 2 which shows the con- 
centration of hydrogen bonded as Sill, SiOH, and HsO 
(or weakly bonded SLOB) as a function of the deposi- 
tion conditions. Also given is the atom percent hydro- 
gen obtained by summing the hydrogen in the three 
bonding sites. Hydrogen bonded to other sites and ad- 
sorbed hydrogen are not included in the sum. The total 
hydrogen concentration varies between 2 and 9 a/o 
with most of the samples containing about 5 a/o H. 

2000 

u 

t500 ~J 
kL 
U- 
I.U 
0 
0 

I0o0 
Z 
0 
!-- 
n 

0 

~ 500 

a 8 8 5  o ~  

./ 
I 600 600 900 t200 

a SiOH (cm-1) 

I I 

a940 

Table i. Infrared absorptions for plasma-deposlted silicon dioxide 

Fig. I .  The correlation between the absorption coefficient at 
885 cm - I  and the Si-H stretch at 2270 crn-1; and the absorptlon 
coefficient at 940 cm -1  and the SI-OH stretch at 3620 cm - t .  
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Fig. 2. The concentration of hydrogen groups and the total at 
percent H for different deposition conditions: triangles, H20; 
circles, SiOH; squares, Sill; closed circles, total hydrogen. 

The  re la t ive  concentra t ion  of  hydrogen  in t h e  t h r e e  
bonding sites depends  s t rongly  on the deposi t ion con-  
ditions. F o r  instance, the S i -H  is favored  a t  h igh t em-  
pera ture ,  low NfO/SiH4 ratio,  low power,  and  high 
percen t  SiI-~. The concentra t ion  of w a t e r  or  w e a k l y  
bonded  SiOH is a s t rong funct ion of the  deposi t ion 
t empera tu re ,  wi th  ve ry  h igh  concentrat ions  observed  
for  films deposi ted at  low tempera tures .  The c o n c e n -  
t r a t i o n  of s t rongly  bonded SiOH decreases wi th  in -  
creasing tempera ture ,  increases wi th  increas ing N20 /  
SiI-I4 ra t io  unt i l  i t  sa tura tes  a t  about  11 • i020 cm-8  
for  N 2 0 / S i I ~  grea te r  than 50, and is weak ly  dependent  
o n  the  power  and the pe rcen t  SiI-I4. As these da ta  
show, the  c h e m i c a l  composit ion of  the film depends  
s t rong ly  on the  specific deposi t ion conditions.  

Deposition rate.--Datashowing the deposi t ion rate ,  
density,  e tch rate,  stress, and re f rac t ive  index are  given 
in Fig. 3-6. The deposi t ion ra te  increases l inea r ly  wi th  
t empe ra tu r e  (Fig. 3). The a p p a r e n t  ac t ivat ion energy,  
ca lcula ted  f rom an Ar rhen ius  plot, is 0.85 kca l /mo le  
(0.037 eV) and is much lower  than for the t he rma l ly  
ac t iva ted  reaction,  32 kca l /mo le  (20). The low ac t iva-  
t ion energy  p robab ly  indicates  tha t  the deposi t ion is 
l imi ted  by  desorpt ion of reac t ion  products;  however ,  
o ther  i n t e rp re t a t i ons  are  also .possible. The deposi t ion 
r a t e  is n e a r l y  independen t  of the N20/SiH4 ratio,  ap-  
pears  tO increase  wi th  the square  root  of the s i lane con- 
centrat ion,  and is p ropor t iona l  to the square  root  of the 
power.  This  las t  resu l t  contrasts  to the more  nea r ly  
l inea r  power  dependence  observed at  much h igher  
powers  and _for a lower  NfO/SiI-I4 ra t io  and a lower  
f r equency  (7). 

Dens~ty.--The average  film dens i ty  for  alI deposi t ions 
is 2.29 g/cm3; half  of the  samples  a re  wi th in  2.26-2.35 
g / c m  3. The dens i ty  is n e a r l y  independen t  of all  deposi -  
t ion var iab les  except  power,  where  high film densit ies  
a re  observed  for low powers  (Fig. 6). Often the dens i ty  
and the ref rac t ion  index  of sil icon dioxide are  re la ted  
(the Loren tz -Lorenz  equat ion or the Glads tone-Dale  
formula)  (11). Nei ther  re la t ionship  holds for  these 
p l a sma-depos i t ed  films, p robab ly  because the film com- 
posi t ion varies.  The densit ies  observed for these films 
are  s imi lar  to o ther  values r epor ted  for  p lasma  oxides, 
2.18-2.44 g / cm ~ (7) ; and are  h igher  than the values  f o r  
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Fig. 3. Film properties vs. deposition temperature for N~O/SiH4 = 
65, 0.8% Sill4, and 24W. 

fused silica, 2.20 g / c m  ~ (11), or for  chemica l ly  d e '  
posi ted silicon dioxide,  2.07-2.27 g / c m  s (16, 21). 

Etch rate.--Etch rates  have been measured  in a di lute  
hydrofluoric  acid (100:1 H20:49% HF)  which e t c h e s  
t he rma l ly  g rown sil icon dioxide at  about  25 A / m i n  
(22). The p lasma  oxide deposi ted  at  t empera tu re s  
above 200~ and at  powers  less than  28W have etch 
ra tes  of about  200-600 A / m i n ,  much fas ter  than  for a 
the rmal  oxide. The e tch ra te  decreases as the N20/SiH4 
ra t io  increases  or as the percen t  Sill4 increases.  The 
films etch much  faster,  up to 3000 A / m i n ,  when de-  
posi ted at  low t empera tu r e  or  a t  h igh power.  The e tch 
ra te  da ta  in Fig. 3 indicate  a sharp  t rans i t ion  occurr ing  
at  about  200~ 

The fast  e tching films deposi ted at  low t e m p e r a t u r e  
or  high power  do not  etch uniformly.  The in i t ia l  e tch 
rates, which are  shown in Fig. 3 and 6, a re  much  fas ter  
than the final rate.  Etch ra te  da ta  for  a film deposi ted  
at  125~ are  given in Fig. 7 which  shows the film th ick-  
ness, weight,  re f rac t ive  index,  and dens i ty  as functions 
of etch time. This film etches a t  a un i form ra te  of about  
3000 A / r a in  for  the first 1.75 min. Etching for addi t iona l  
t ime occurs a t  a much s lower  ra te ,  less than  1000 A / m i n .  
A s imi lar  change is shown in the  p lo t  of film weight  vs. 
etch time. Surpr is ingly ,  the  re f rac t ive  index  decreases 
f rom 1.43 to 1.08 dur ing  the first 1.75 min of etching 
and then remains  nea r ly  constant.  The film dens i ty  
follows a s imi la r  pat tern .  These da ta  indicate  tha t  t h e  
films deposi ted at  low t empera tu r e  or  high power  con-  
tain fast e tching components  Or regions. As this m a -  
te r ia l  etches, a s lower  etching, porous film remains.  The 
high poros i ty  causes the low ref rac t ive  index  and low 
density.  This etching behavior  is confirmed by  SEM 
cross sections which show a porous ma te r i a l  r emain ing  
af te r  pa r t i a l  e tching of the  film. The nonuni form e t c h -  
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Fig. 4. Film properties vs. N20/SiH4 ratio for 200~ 0.8% SiH4, 
and 24W. 

ing behavior ,  which appears  to be s imi la r  to the anom-  
alous e tching observed  for  r f  spu t te red  sil icon d i o x i d e  
(23), is not  observed for films depos i ted  at  t empera -  

tures grea te r  than  200~ 
The etch ra tes  in different  chemical  solut ions are  

given in Table II  for films deposi ted at  200~ The 
p la sma-depos i t ed  films etch about  twelve  t imes fas ter  
than  the t he rma l  oxides in the four  e tchants  inves t i -  
gated. 

Stress.--All the p lasma-depos i t ed  oxides have  a 
small ,  compressive stress which is nea r ly  independen t  
of the N20/SiH4 rat io  and the rf  power  (Fig. 4 and 6). 
The average  stress for the deposit ions shown in Fig. 4 
and 6 is 0.57 X 109 dynes / cm ~ wi th  the  values  ranging  
be tween  0.07 and 0.97 X 109 dynes / cm 2. The film stress 
increases to 2.4 X 109 dynes / cm 2 for  deposi t ions at  low 
percent  Sill4 (Fig. 5). The film stress increases wi th  
increasing t empe ra tu r e  wi th  a d iscont inui ty  be tween  
175 ~ and 200~ (Fig. 3). The film stress has not  been  
corre la ted  wi th  o ther  film proper t ies ;  al though,  the  d i s -  

Table II. Etch rates of silicon dioxide films deposited at 200~ 
N~O/SiH4 = 65, 24W, and 0.8% Sill4 

E t c h  r a t e ,  A / ra in .  

E t c h a n t  P l a s m a  SiOs T h e r m a l  SiO2 

100:1a 315 25 
P -e t ch  b 1635 130 
DUute  P -e t ch  ~ 125 10 
B H F  ~ 7010 580, 

a 104):1 H.~O: 49% HF.  
b3 :2 :60  49% HF:  70% IINOs: H20.  
r 3:2:710 49% H F :  76% HNOs: H~O. 

10:1 40% N I t ~ ' :  49% HF.  

550 

o~ 510 

27o 

23C 

190 
2.6 

2.4 

2.2 
~ 0.3 

~ 0.t  

LU 
o 

i ~ 
1.50 

1.46 

n~ 

t,42 

' ' ' ' ' . l  

�9 

�9 A �9 

I I I I 
0.4 0.6 0.8 t.0 1.2 

% Sill 4 

Fig. 5. Film properties vs. percent Sill4 for 200~ N20/SiH4 = 
65, and 24W. 

cont inui ty  be tween  175 ~ and 200~ is also observed  in 
the etch rate,  r e f rac t ive  index,  and  in f ra red  spectra.  
For  comparison,  p lasma-depos i t ed  sil icon dioxide has 
been r epor t ed  wi th  a compressive stress be tween  0.1 
and 4.0 X 109 dynes / cm 2 (7), si l icon dioxide chemi-  
cal ly  deposi ted at  about  400~176 gene ra l ly  has a 
tensile stress of 1-4 X 109 dynes/cm2 (24, 25), films 
chemical ly  deposi ted at  h igher  t empera tu re s  have a 
low compressive stress, 0.6 X 109 dynes / cm 2 (21), and 
the rma l ly  grown silicon dioxide films have a com- 
pressive stress of 3-4 X 109 dynes / cm 2 (26). 

Refractive index.--The re f rac t ive  index  of the 
p lasma-depos i t ed  silicon dioxide is about  .1.47 except  
for films deposi ted at  low t empera tu res  or  high power,  
where  the ref rac t ive  index is lower,  and for films de-  
posi ted at  low N20/SiH4 ratios,  where  the index  i s  
much higher.  The average  index is s l ight ly  h igher  than  
the values r epor ted  for  chemical ly  deposi ted  sil icon 
dioxide,  1.44-1.46 (11, 12, 16, 21), bu t  wi th in  the range  
of values  repor ted  for p l a sma-depos i t ed  oxides, 1.4-1.9 
(2, 5-7).  The s l igh t ly  h igh  values  p robab ly  resuI t  f rom 
an oxygen  deficiency (7). The ref rac t ive  index  is not  
cor re la ted  wi th  o ther  film proper t ies  except  tha t  the 
fast  e tching films al l  have a low re f rac t ive  index.  

Step coverage.--Films deposi ted over  ve ry  deep s t e p s  
are thin along the ver t ica l  wal ls  (Fig. 8). This con- 
t ras ts  to the comple te ly  conformal  coverage observed  
for s i l icon dioxide films chemica l ly  deposi ted at  r e -  
duced pressure  and higher  t empe ra tu r e  (21). The cusps 
and crevices observed  at  the  top and bot tom of  s teps 
for  chemical ly  deposi ted phosphorus -doped  si l icon 
dioxide are  not  .present  in the p l a sma-depos i t ed  f i l m s  
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(27). The step coverage appears to be determined by 
l ine-of-sight arr ival  of species from the plasma with no 
evidence for surface migration. 

Dielectric breakdown.--Breakdown voltages have 
been measured for samples approximately 1200~A 
thick. Distribution plots for samples deposited at two 
temperatures are given in Fig. 9. The sample deposited 
at 150~ has a maximum at 4.5-5.0 MV/cm with all the 
breakdowns occurring between 2.5 and 6.5 MV/cm. The 
distribution is nearly Gaussian. The distribution for the 
sample deposited at 250~ is no longer Gaussian, but 
appears to have two maxima centered at 7.0-7.5 and 
9-10 MV/cm. This distribution is characteristic of sam- 
ples deposited above 200~ The high temperature sam- 
ples all start  to breakdown at 2-3 MV/cm and have a 
maximum in the distribution at 5-8 MV/cm but with 
a significant fraction of the capacitors breaking down at 
high fields, 9-10 MV/cm. Similar  measurements on 
samples of chemically deposited silicon dioxide show 
more than 90% of the breakdowns occurring at 8-10 
MV/cm, while very thin thermaliy grown silicon di- 
oxide breaks down at  10-13 MV/cm (22). 

Annealing.--In contrast to silicon dioxide films 
chemically deposited at low temperatures, the plasma- 
deposited films appear to be stable at room temperature 
(12). No change is observed in the infrared spectra of 
films exposed to laboratory air for six months. How- 
ever, the films do change when annealed in air at tem- 
peratures of 150~176 Data showing the annealing 
characteristics of two films are given in Fig. 1O. In gen- 
eral, the film thickness remains nearly constant, and 
the film weight, the refractive index, and infrared ab- 
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Fig. 7. Etching behavior for a film deposited at 125~ N20/  
Sill4 ~ 65, 0.8% Sill4, and 24W. 

sorptions at 3380 and 940 cm -1 (H20 or SiOH) and at  
2270 and 885 cm -1 (Si l l )  decrease during annealing. 
The infrared spectra show that  the H20 and Si l l  groups 
are lost during annealing (the SiOH groups absorbing 
at 3620 cm -1 are not affected by annealing) ; however, 
the loss in weight is somewhat larger  than expected 
from the composition given in Fig. 2. Either the in- 
frared spectra underestimate the concentrations of 
these groups or other groups are also removed during 
annealing. The film densities decrease during anneal-  
ing to values of about 2.0-2.2 g/cm 8, similar to the 
values observed for silicon dioxide chemically de- 
posited at low temperatures (16, 21). The etch rates 
in dilute hydrofluoric acid are not affected by anneal-  
ing at  temperatures up to 400~ Films deposited at low 
temPeratures still etch nonuniformly with initial rates 
of about 3000 A/min  after annealing in air  at 40O~ 
The film properties tend to stabilize after anealing at a 
given temperature for 1 hr or longer ,(Fig. 10). How- 
ever, continued annealing at higher temperatures pro-  
duces additional decreases in the weight, refractive 
index, and infrared intensities. The films do not crack 

Fig. 6. Film properties vs. rf power for 200~ N20/SiH4 = 65, Fig. 8. SEM cross sections showing deposition of silicon dioxide 
and 0.8% Sill4. over deep grooves anisotropicolly etched in Si: (a) 2 KX; (b) 17 KX. 
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after annealing at  temperatures up to 400~ (the high- 
est temperature investigated).  

Discussion 
The plasma deposition system has many variables 

(for instance, temperature,  pressure, power density, rf  
frequency, electrode spacing, gas composition, gas flow, 
Pumping speed, and reactor geometry) several of 
which are interrelated (28). ! n the present work, four 
of these parameters have been systematically varied. 
Many properties of the deposited films are strong func- 
tions of these variables; consequently, the exact dep- 
osition conditions must be given when the properties 
of plasma-deposited films are described. The strong de- 
pendence on deposition conditions makes i t  very diffi- 
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Fig. 10. Changes during annealing in air at 300~ for films de- 
posited at N20/$iH4 ~ 65, 0.8% Sill4, and 24W: circles, deposited 
at 125~ squares, 250~ 

cult to compare films from different reactors; in addi- 
tion, the strong dependence on deposition conditions 
may also explain many of the discrepancies which have 
been reported, such as the differences in refractive 
index, etch rate, composition, and stress. 

Because of the variations in composition and in film 
properties, the name silicon dioxide may not be appro- 
priate for these plasma-deposited films. Other possible 
names which emphasize the variable nature of the ma- 
terial  are plasma silicon oxide, plasma oxide, or poly- 
siloxane. However, the term plasma silicon dioxide has 
certain advantages. For instance, the composition and 
properties of the plasma-deposited films are similar 
to chemically deposited films which are often referred 
to as silicon dioxide. In addition, the technological uses 
and applications of the plasma-deposited films are 
similar to the uses of chemically deposited and ther-  
mally grown silicon dioxide films. For these reasons 
the name plasma silicon dioxide seems preferable. 
However, the  name should not imply an exact chemical 
composition but  rather a class of materials with com- 
positions and properties close to those indicated by 
the name. 

The initial deposition conditions give thickness var i -  
ations of less than 10% over the deposition zone 
(twenty-five 75 mm wafers) .  However, changes in the 
conditions cause a deterioration in uniformity. The 
depositions at high power, high temperature, or low 
percent silane may have thickness variations as large 
as 40%. The other film properties also vary across the 
deposition zone but usually much less than the thick- 
ness. An exception is t h e  concentration of hydrogen 
which may vary over the deposition zone by 50% for 
films deposited at high power  or at low NsO/SiH4 
ratios. 

The plasma-deposited silicon dioxide contains hydro-  
gen bonded as H20, SiOH, and Sill.  The total hydrogen 
concentration varies between 2 and 9 a/o H, in good 
agreement with a previously reported value of 5.7 a/o 
H (19). The concentrations of the hydrogen containing 
groups (H20, SiOH, and Sil l)  are strongly dependent 
on the deposition conditions. Contrary to previous 
work, the present films contain Si l l  and OH groups 
even when deposited above 300~ (6). This difference 
may be caused by the different reactor geometries. 
There is no clear indication in the infrared spectra 
for chemically bonded nitrogen (as N-H or Si-N).  

The deposition rate increases slowly with tempera-  
ture, the apparent  activation energy is only 0.85 kca l /  
mole, and appears to increase with the square roots of 
the rf power and the silane concentration. The deposi- 
tion rate is independent of the N20/SiH4 ratio. Previous 
reports using small, inductively coupled reactors have 
shown a decrease in deposition rate with increasing 
temperature,  and a temperature dependence that is not 
Arrhenius (2, 3). These observations again show the 
strong dependence on geometry and on the specific 
deposition conditions, implying that  the rate is gov- 
erned by mass transport, reactive species lifetime, or 
gas phase diffusion rather  than on chemical reaction 
rates. 

Most of the films etch about twelve times faster than 
thermally grown silicon dioxide, and the etch rate is 
only slightly dependent on the deposition conditions. 
However, plasma oxide films prepared at low tempera-  
ture or at high power etch nonuniformly with part  of 
the film etching very fast. Infrared spectra of the mate-  
rial  remaining after removing the fast etching portion 
of the film are nearly identical to the spectra of the 
original film, indicating that the fast and slow etching 
regions have similar compositions. This may indicate 
that films deposited at low temperature or high power 
are mixtures of two phases. A similar etching behavior 
has been reported for rf sputtered silicon dioxide (23). 
Analysis of the etch rate data assuming that the fihns 
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are two component mixtures shows that the amount 
of the fast etching component decreases from 80% for 
films deposited at 100~ to less than 1% for films de- 
posited at 200~ 

The density of the plasma-deposited silicon dioxide is 
usually 2.26-2.35 g/cm 3 and is not strongly affected by 
the deposition variables. The density decreases to 2.0- 
2.2 g/cm 3 after annealing at temperatures up to 400~ 
The film refractive index is about 1.47 except for low 
deposition temperatures and high power where the in- 
dex is lower, and for low N20/SiI~ ratios where the 
index is high. A high index at low N20/SiH~ ratios has 
been reported before and may result from a silicon-rich 
stoichiometry (6, 7). The low refractive index cor- 
relates with the amount of fast etching component in 
the film. The deposited films have a compressive stress, 
often less than 1 • 109 dynes/cm 2. Correlations be- 
tween stress and other film properties have not been 
found. Contrary to previous work, the step coverage 
is not conformal (7). It appears that deposition occurs 
by adsorption of species from the plasma with no sur- 
face mobility of the adsorbed species. Consequently, 
films deposited over steps are thin along the vertical 
walls. Dielectric breakdown occurs at fields of 4-10 
MV/cm, significantly lower than the breakdown fields 
for chemically deposited or thermally grown silicon 
dioxide. The low breakdown field makes these films 
unsuitable as an insulator in many applications. The 
films lose hydrogen during annealing and become more 
porous, as shown by the lower refractive index and 
lower density, but cracking does not occur. 

Many of the film properties change abruptly at dep- 
osition temperatures of 175~176 For instance, dis- 
continuities are observed in the stress, etch rate, re- 
fractive index, and infrared spectra. Depositions near 
this transition temperature should be avoided to in- 
sure reproducible and homogeneous film properties. 

Summary 
The properties of the films formed from silane and 

nitrous oxide in a large parallel-plate, radial flow 
reactor at 100~176 have been measured. The film 
properties are strongly dependent on the deposition 
conditions. This strong deposition dependence prob- 
ably explains the large range in values previously re- 
ported for plasma-deposited silicon dioxide. In gen- 
eral the plasma-deposited films contain 2-9 a/o hydro- 
gen, have a density of about 2.3 g/cm 3, have a refrac- 
tive index near 1.47, have a low compressive stress, and 
breakdown at fields of 4-10 MV/cm. 

Acknowledgment 
The authors would like to thank H. J. Levinstein for 

many discussions. 

Manuscript submitted Nov. 3, 1980; revised manu- 
script received ca. Jan. 28, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by Bell 
Laboratories. 

REFERENCES 
1. S. W. Ing, Jr. and W. Davern, This Journal, 112, 284 

(1965). 
2. D. R. Secrist and J. D. Mackenzie, ibid., 113, 914 

(1966). 
3. S. P. Mukherjee and P. E. Evans, Thin Solid Films, 

14, 105 (1972). 
4. R. P. Kalnynya, I. A. Feltyn, L. A. Freiberga, I. E. 

Eglitis, and I. A. Eimanis, Inorg. Mater., 11, 511 
(1975). 

5. H. F. Sterling and R. C. G. Swarm, Solid-State 
Electron., 8, 653 (1965). 

6. R. J. Joyce, H. F. Sterling, and J. H. Alexander, 
Thin Solid Films, 1, 481 (1967/68). 

7. J. R. Hollahan, This Journal, 126, 930 (1979). 
8. A. R. Reinberg, Abstrac~ 6, 1~. 19, The Electrochem- 

ical Society Extended Abstracts, San Francisco, 
Caiifornia, May 12-17, 1974. 

9. A. K. Sinha, H. J. Levinstein, T. E. Smith, G. 
Guintana, and S. E. Haszko, This Journal, 125, 
601 (1978). 

10. A. C. Adams, D. P. Schinke, and C. D. Capio, ibid., 
126, 1539 (1979). 

11. W. A. Pliskin, J. Vac. Sci. Technol., 14, 1064 (1977). 
12. E. A. Taft, This Journal, 126, 1728 (1979). 
13. K. H. Beckmann, SurJ. Sci., 3, 314 (1965). 
14. J. C. Knights, R. A. Street, and G. Lucovsky, 

J. Non-Cryst. Sol., 35-36, 279 (1980). 
15. H. A. Benesi and A. C. Jones, J. Phys. Chem., 63, 

179 (1959). 
16. W. A. Pliskin and H. S. Lehman, This Journal, 112, 

1013 (1965). 
17. W. R. Knolle, H. R. Maxwell, Jr., and R. E. Bene- 

son, J. Appl. Phys., 51, 4385 (1980). 
18. K. H. Beckmann and N. J. Harrick, This Journal, 

118, 614 (1971). 
19. W. A. Lanford and M. J. Rand, J. Appl. Phys., 49, 

2473 (1978). 
20. K. Strater, RCA Rev., 29, 618 (1968). 
21. A. C. Adams and C. D. Capio, This Journal, 126, 

1.042 (1979). 
22. A. C. Adams, T. E. Smith, and C. C. Chang, ibid., 

127, 1787 (1980). 
23. K. Hara, Y. Suzuki, and Y. Taga, Jpn. J: Appl. 

Phys., 18, 2027 (1979). 
24. R. Lathlaen and D. A. Diehl, This Journal, 116, 620 

(1969). 
25. W. Kern, G. L. Schnable, and A. W. Fisher, RCA 

Rev., 37, 3 (1976). 
26. R. J. Jaccodine and W. A. Schlegel, J. Appl. Phys., 

37, 2429 (1966). 
27. A. C. Adams and C. D. Capio, This Journal, 128, 423 

(1981). 
28. M. J. Rand, J. Vac. Sci. Technol., 16, 420 (1979). 



Electrical Transport Properties of 
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ABSTRACT 

Hall  coefficient and d-c conductivity measurements  were made on p- type  
polycrystal l ine InSb films exposed to hydrogen gas at different pressures. It  
has been found that  the effect of hydrogen in the films is to reduce the con- 
centrat ion of the extrinsic carriers and to decrease their  mobility. 

The relat ive importance of various scattering mecha- 
nisms l imit ing the  charge carrier  mobil i ty in films de- 
pends on the conditions unde r  which the films are 
grown. The inhomogeneities, incorporated or in t ro-  
duced dur ing  growth of the film of a compound semi- 
conductor, mater ia l ly  affect the t ransport  properties 
(143). The inhomogeneities in the film can be affected 
by a number  of methods, e.g., doping of foreign ele- 
ments  by  co-evaporat ion (4-6), diffusion (7, 8),, an-  
neal ing in the atmosphere of gases (9, 10), adsorption 
of gases under  pressure (11-13) etc. The effect of ad-  
sorption of gases, by exposing the films to gases under  
various pressures, on the t ranspor t  properties of the 
films of semiconductors has recent ly  d rawn the a t ten-  
tion of m a n y  workers (10-13). Most of these workers 
have, however, studied the effect of adsorption of gases 
by introducing the gases at low pressures (,~10 -~ Torr  
to 10 -2 Torr)  for different durations.  

In  the present  work, the effect of hydrogen on the 
electrical t ranspor t  properties of p - InSb  polycrystal l ine 
thin films has been studied by exposing the films to the 
gas at high pressures (300 and 500 psi). The concen- 
t rat ion of the extrinsic charge carriers and their mo-  
bi l i ty is found to decrease with the increase of pressure 
of the gas. The motivat ion for exposing the films at 
high pressures was that the films exposed to lower 
pressures were found to have significant desorption 
effect and the conductivity, which rose due to exposure 
to the gas, decayed toward its ini t ia l  value in  t ime 
periods depending on the exposure parameters.  On 
the other hand, the films exposed at higher pressures 
and longer durat ions were found to absorb hydrogen 
which remained  indiffused in the films up to a t ime 
period of 30 days. 

Experimental Details 
Using tan ta lum masks, films of size 20 • 4 mm and 

thickness 0.8 ~m were grown by evaporat ing p- type 
InSb on th in  glass cover slips as substrate under  a 
vacuum ,~5 • 10 -8 Torr. The substrate was cleaned 
chemomechanical ly by acetone, detergent,  and de- 
ionized water  using an u!trasonic agitator. The sub-  
strate was kept at 300~ dur ing growth to main ta in  the 
stoichiometry of the film and was then cooled to room 
temperature  in 6 hr in order  to fix the s tructure of 
the films. A more abrupt  cooling was found to resul t  in  
poor nucleation. Using transmission electron diffraction 
studies, Dale and Senecal (14) have shown that  InSb  
films grown at a substrate temperature  of 300~ 
showed characteristic pat terns of InSb. Thickness of 
the film was measured with the help of a quartz crys- 
tal thickness moni tor  (15), which measures f requency 

1 Present  address Defence Science Laboratory, Metcalfe House, 
Delhi-l10054, India. 

~Present  address: Government College Gurgaon, Haryana, Gur- 
gaon-122001, India, 

Key words: conductivity, charge carr ier  mobility, films. 

differences up to 10 Hz. Considering the errors in t ro-  
duced due to differences in the density of bu lk  and thin 
films, the error in the thickness measurements  is esti- 
mated to be ~3%.  The polyc~cstalline na ture  of the 
films was confirmed by electron diffraction studies and 
the average grain size was found to be ,-,500A. The 
films grown in the same batch were exposed to hydro-  
gen gas of 99.995% puri ty  at room temperature  (at 300 
and 500 psi) for 2 hr  in a specially designed stainless 
steel cell of cylindrical  shape, having a diameter  of 
2.5 cm and length  7 cm and provided with a pressure 
gauge. 

Ohmic contacts were obtained by  evaporat ing high 
pur i ty  silver under  a high vacuum using t an ta lum 
masks. The contacts used to pass the current  through 
the sample were spread over the entire width at the 
two edges while the Hall  probe contacts were 0.5 mm 
in diameter.  The ohmic na ture  o~ the contacts was con- 
firmed by the l inear i ty  of the I-V characteristics, mea-  
sured throughout  the tempera ture  range. The five probe 
technique, as described by Put ley  (16), was used to 
measure d-c conductivi ty and the Hall  coefficient. The 
sample was mounted  on a copper block (with electrical 
insulat ion)  which was kept  in a Dewar flask containing 
liquid nitrogen. The temperature  was measured using a 
copper constantan thermocouple soldered to the copper 
block. Errors due to the thermomagnet ic  effects were 
el iminated by reversing the current  and magnetic field 
directions. Since the length to width ratio of the film is 
I/w ~ 5.0, the geometrical errors in the Hall  coefficient 
are negligible. Hall  measurements  as a funct ion of t em-  
pera ture  were taken over 2-3 runs  and were found to 
be reproducible. The observed Hall  coefficient was 
found to be independent  of the sample current  and the 
magnetic field applied. The error in Rm taking into ac- 
count the errors involved in  measur ing sample current ,  
magnetic  field, and thickness of the film was estimated 
to be about 3%. The overall  error in Hall  mobil i ty  is 
about 5%. 

Measurements  were made on a n u m b e r  of samples of 
the same thickness (within 5%) which was achieved 
with the help of electronic shutters, and the results 
were found to be reproducible wi thin  the exper imenta l  
errors. There was no noticeable aging effect on the 
t ransport  properties of the exposed films even after  
storing at room temperature  for 30 days in a dessicator. 

Results and Discussion 
The variat ion of Hall  coefficient RE with tempera-  

ture (log RH vs. 1/T) of the unexposed as well  as the 
hydrogenated films (at pressures 300 and 500 psi) is 
shown in Fig. 1 for magnetic  field B : 5 kG (no var i -  
ation of Rn with B was found up to this l imit) .  I t  is 
found that the value of RH at any given tempera ture  
increases with the increase of pressure of the gas. The 
var ia t ion of RH in the low temperature  region is char-  
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Fig, !. Variation of Hall coefficient RH with temperature (log 
Re vs. 1/T) for all the films: I, - - � 9  II, - - A - - ;  III, --J--l--. 

acteris t ic  of a degenera te  ex t r ins ic  semiconductor .  As 
the t empe ra tu r e  increases,  the va lue  of RH decreases  
and passes th rough  zero at a t empe ra tu r e  known as 
invers ion tempera ture ,  a t  which p = n b  2, where  p and 
n are  the  concentrat ions of holes and electrons,  respec-  
t ively,  and  b is the ra t io  of e lectrons to hole mobil i ty .  
Above the t empera tu re  of  inversion,  RH changes sign 
and increases a lgebra ica l ly  wi th  the increase  of t em-  
pera ture .  This is because of the increas ing cont r ibu-  
t ion of e lec t rons  to the conduction phenomenon due to 
the i r  h igher  mobil i ty .  The value  of RH at  any  t empera -  
ture  is given by  

1 -- xbS 
RH -" [1 ]  

ep (1 -}- x b )  s whe re  

where  x is the  rat io  of the  concentra t ion of e lect rons  n 
to tha t  of holes p and e is the electronic charge. 

I t  is also found f rom Fig. 1 tha t  the Hal l  coefficient 
reaches a peak  va lue  of RH1 (a lgebra ica l ly  m a x i m u m )  
and decreases again wi th  fu r the r  increase  of t e m p e r a -  
ture, indica t ing  the onset of intr insic  behavior .  At  the 
t empe ra tu r e  corresponding to the peak  va lue  of the  
Hal t  coefficient, the contr ibut ion of electrons and holes 
to the  conduction process is equal,  i.e., p --_ rib. The  
values  of b can be ca lcula ted  wi th  the help  of the ex -  
pression 

RH1 (b --  1)s 
: [2] 

R~2 4b  

where  RH~ corresponds to the ext r ins ic  va lue  of the m" 
Ha l l  coefficient. The values  of b thus ca lcula ted  for al l  
the films are  shown in Table  I. I t  is found tha t  the  
va lue  of b increases wi th  the  increase  of pressure  of 
hydrogen  gas. The invers ion t empe ra tu r e  is found to 
shif t  towards  lower  t empera tu res  wi th  the  increase  of I 

jO I pressure  of hydrogen  gas. The onset of in t r ins ic  con- ~.' 
duct ion is also found to shif t  towards  lower  t e m p e r a -  'e 
tures  wi th  the  increase  of pressure.  There  are  two c 
possible exp lana t ions  for the  observed  resul ts :  (~) h y -  
drogen provides  surface states which  t rap  the holes, 
or  ( i i )  hydrogen  in InSb acts as donor. The observed  
HaU coefficient da t a  and the  shif t  in the invers ion 

Table I. 

Figure Pressure of hy- 
Film No. Caption drogen gas in psi b = /L,//~p 

I 0 0 i4 
I I  & 300 15 
I I I  I-1 500 18 

t empera tu re  can be exp la ined  by  both ({) and (i~). 
However ,  the observed decrease in the mobi l i ty  of 
the extr ins ic  holes in the films exposed to hydrogen  
suggest  that  ( i i)  is more  probable .  

The value of the in t r ins ic  e lec t ron  dens i ty  ni at  t h e  
t empera tu re  corresponding to peak  Hal l  coefficient i s  
given by 

N a  -- Nd 
m = [3,1 

b - - 1  

where  Na --  Nd is de te rmined  f rom the ex t r ins ic  Hal l  
coefficient RH2 (Na and Nd being the concentrat ions  of 
acceptors  and  donors, r espec t ive ly ) .  Assuming tha t  the 
value b is independen t  of tempera ture ,  the  va lue  of ni 
a t  a t empera tu re  at  which  RH ~ 0 can be calcula ted 
from Eq. [1] 

Na -- Nd 
ni = ,  [ 4 ]  

b s -- 1 

The values  of ni a t  o the r  t empera tu re s  can also be  
found by  solving Eq. [1] for  x. The ca lcula ted  values  
of ni for  different  films at  various t empera tu res  are  
p lot ted  in Fig. 2 to calculate  the bandgap  act ivat ion en-  
ergy. The value of the act ivat ion energy is found to be 
0.28 eV, which is in agreement  wi th  the r epor t ed  
value (17). 

The var ia t ion  of the observed  mobi l i ty  ;~H as a func-  
t ion of t empera tu re  (log/~H VS. log T) is shown in Fig. 
3. The solid l ine represents  the expe r imen ta l  bu lk  mo= 
bi l i ty  da ta  for a degenera te  (p ---- 5 X 1017/sec) bu lk  
single crystal .  I t  is observed f rom the figure that  the 
value  of/~H increases  wi th  the inc rease  of t empera ture ,  
indica t ing  the contr ibut ion of some scat ter ing  mecha-  
nism in which the mobi l i ty  increases wi th  t empera tu re .  
The observed Hal l  mobi l i ty  #H can be expressed  as 

1 1 1 
, =  , + - -  [ 5 ]  

/~H ~d $tR 

1 1 1 
-- = -- + [6] 

FR /4B ~IIS 

where  ~B is the gra in  ba r r i e r  l imi ted  mobil i ty,  /~ns the  
mobi l i ty  l imi ted  by  the ionized impur i t y  scat ter ing,  and 
~d is the average  car r ie r  l a t t i c e  mobil i ty.  Correc ted  for 
diffuse scat ter ing it is given by  (18) 

~d = - -  [T] 
3 

i ~ 
8~ 

where  ~i is the bu lk  la t t ice  mobi l i ty  and 7 is the ra t io  

lOft 

,o" I I I I 
3 4 5 6 

I000/T(K} 

Fig. 2. Electron density ni as a function of temperature (log ni vs, 
I /T ) :  I , - - G - - ;  I I , - - A - - ;  III, --~i-]--. 
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Fig. 3. Variation of Hall mobility ~H as a function of temperature 
(log #H VS. 10g T): I, - - G - - ;  II, - - A - - ;  II I ,  - - I -1 - - .  Solid line 
represents the bulk mobility/~i. 

of film thickness to the  mean  free path.  The con t r ibu-  
t ion of ~zzs to the  unexposed film is found to be negl i -  
gible because, as shown in Fig. 4, the  va lue  of ~R for 
this film is found to increase  exponen t ia l ly  wi th  t em-  
pe ra tu re  in accordance wi th  the re la t ion  (19) 

evth --er 
~ B - - -  exp ( - - K - ~ )  [8] 

4NKT 

where  vth is the average  the rma l  velocity,  N is the 
number  of crys ta l l i tes  pe r  uni t  length,  and  ~ is t h e  
magni tude  of the gra in  bounda ry  ba r r i e r  potent ia l  
height.  The value  of r as ca lcula ted  f rom Eq. [8] is 

100 

m 5( 

a I ; I I I i i 
2 0 / .  E �9 II 9 ~ ~,1 12 

1000] T 

.Fig. 4. Variation of remainder mobility /~R with temperature 
(log /~R vs. l / T ) :  I, ~ O - - ;  II, - - A - - ;  II I ,  -~r - I - - .  
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Fig. 5. Mobility limited by ionized impurity scattering/~zzs as o 
function of temperature (log #ZTS VS. 10g T): II, - - ~ - - ;  II I ,  - - D - - .  

found to be ~ 9  meV. On the o the r  hand, for  both  the 
exposed films, #R shows devia t ions  f rom exponent ia l  
behavior  which  can be due to cont r ibut ion  of  the 
ionized impur i t y  scat ter ing.  A t  any  t e m p e r a t u r e  the  
value  of #~ is found to decrease  wi th  the  increase  of 
pressure  of hydrogen.  This expla ins  the  increase in the 
es t imated va lue  of b shown in Table  I. Assuming the 
value  of #B for a l l  the films to be the same (average  
gra in  size for all  the films is same) ,  the  va lue  of 
szzs is es t imated  as a funct ion of t empe ra tu r e  for  both  
the exposed films, and the values  a re  shown in Fig. 5. 
The values  of #zis and the slope of log ~xzs vs. log T are  
found to be smal le r  for the film exposed to hydrogen  
gas at  h igher  pressure  showing the  increase  of com- 
pensat ing effects in the films wi th  the increase  of 
pressure  of the gas. 

I t  may  be ment ioned  that  the  observed  difference 
be tween  the t empe ra tu r e  var ia t ion  of ~ for  the  un -  
exposed and exposed film can also be due to effect of 
hydrogen  on the g ra in  bounda ry  b a r r i e r  potent ial .  
However,  since the  log ~ns vs. log T plots  for the 
exposed  films, shown in Fig. 5, a re  l inea r  (20) wi th  
slopes ~1.5, the analysis  of the  mobi l i ty  da ta  assum-  
ing r to b e  same for al l  the films is justified. 

Manuscr ip t  submi t t ed  March  20, 1980; revised m a n u -  
scr ipt  received June  25, 1980. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for  the June  1982 Discussion Sect ion 
should be submi t t ed  b y  Feb.  1, 1982. 
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Mechanisms of Plasma-Enhanced Silicon Nitride 
Deposition Using SiHJN  Mixture 

Haiping Dun, Paihung Pan, Francis R. White, and Richard W. Douse 
IBM General Technology Division, Essez Junction, Vermont 05452 

ABSTRACT 

The mechanism of plasma-enhanced vapor deposition of silicon nitride 
is studied by varying process parameters, such as substrate temperature, rf 
power, reactant gas ratio, and total pressure. The film composition (Si, N, 
O, and H) is determined by electron microprobe and infrared analysis. From 
these analyses, it is established that the film composition is determined not 
only by the reactant gas ratio, but also by a combined function of the rf 
power (W) and total pressure (P) in terms of Wx/P, with x a system-de- 
pendent factor. The dependence of film composition on Wx/P can be related 
to the radical generation processes. The substrate temperature is found to 
affect the film composition as well. Greater substrate temperature produces 
films with less hydrogen and more nitrogen, and hence, higher density. The 
film dielectric property and plasma etching rate are both studied and found 
to be dependent on the film composition. Finally, a three-step deposition 
mechanism, namely, radical generation, radical adsorption, and adatom re- 
arrangement, is proposed to explain the reaction scheme, and an ion incorpora- 
tion mechanism is proposed to explain the change of film physical properties. 

Plasma-enhanced chemical vapor deposited (PECVD) 
silicon nitride film has been widely used as a passiva- 
tion film in integrated circuit fabrication. The ad- 
vantages of PECVD silicon nitride are low processing 
temperatures (<~ 400~ good step coverage, and 
good passivation for both moisture and sodium ions. 
Several investigations of PECVD silicon nitride film 
processing have been reported (1-4). The majori ty  of 
them use the SiH4/NH~ mixture as the reactive gas, 
since it was found that  the SiHJN2 process was less 
controllable (3). However, the SiHJN2 process has 
less hydrogen incorporation (5) and 'a purer  source 
gas. A comprehensive discussion on the deposition of 
the PECVD sil icon-oxygen-nitr ide films was reported 
elsewhere (6). 

Unlike the conventional chemical vapor deposition 
(CVD) technique, the PECVD technique should be 
classified as a highly nonequilibrium reaction process. 
Gas molecules are mainly dissociated by electron im- 
pact to produce very reactive radicals, atoms, and ions 
in the plasma. These reactive species then condense on 
the substrate surface to form an amorphous film. As a 
consequence of the large temperature difference be- 
tween the impact electron (~105 K) and the substrate 
surface (,~600 K) the deposition can be regarded as 
a quenching process. The incorporated silane radicals 
are unable to give away their hydrogen due to the low 
substrate temperature and a hydrogen-containing film 
results. In addition, since the surface diffusion of 
adatoms is much retarded, the film normally contains 
more defects and has a smaller  density compared to a 

Key words: PECVD, silicon nitride, radical dissociation, field 
promoted deposition. 

high temperature processed film. A stoichiometric com- 
pound is not easily obtained due to this inhomogeneous 
deposition nature. A better  understanding of the 
plasma state is required to control the film properties. 
In contrast to the CVD technique, which is controlled 
by the flow pattern and substrate temperature, a third 
set of variables dominates the PECVD process. This 
set of variables, which basically determines the "elec- 
tron temperature" of the plasma, is rf power and fre-  
quency, electrode spacing, gas collision mean free path, 
and ion diffusivity. In principle, the PECVD process 
may be related to both the CVD and rf sputtering tech- 
niques. The radical generation rate, which is deter-  
mined by the electron temperature,  governs the film 
stoichiometry. The role played by the ions is still  un- 
clear; however, it is believed to be a key factor influ- 
encing the film conformity, adhesion, and stress. In this 
sense, the surface self-biased voltage appears to govern 
the film properties in terms of physical behavior. Since 
these parameters are interrelated, the process is diffi- 
cult to model. A study of each variable, while keeping 
the rest constant, was performed in order to under-  
stand the plasma reaction. 

In this paper, we present the results of a study for 
PECVD silicon nitride deposition using an SiI-I4/N2 gas 
mixture. The change of film properties is related to 
variations of process parameters. A better  understand- 
ing of the reaction kinetics is derived from this in-  
vestigation. 

Experimental 
Two LFE Incorporated Model PND-301 reactors were 

used to deposit all the silicon nitr ide films. The t w o  
reactors, although of the same model, d i d  n o t  g i v e  
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ident ica l  resul ts  due  to differences in the pumping  
speed, the rf  impedance,  and  differences in ca l ibra t ion  
of the flow and pressure  monitors.  The react ion cham-  
ber  and the equiva len t  c i rcui t  of the sys tem are  
ske tched in Fig. 1, where  a combined LC circui t  is 
used to genera te  the  plasma.  F o r  the low power,  or  
h igh pressure  cases, ~he glow is gene ra t ed  be tween  t h e  
gas in jec t ing  shower  head  (G) and the wafer  holder  
(H) .  At  high power,  or  low pressure,  the glow star ts  
to j u m p  above the shower  head  (G) and even tua l ly  
occupies most  of the quar tz  bel l  j a r  region.  The power  
dens i ty  ( W / c m  8) is d ras t i ca l ly  changed on the t r ans i -  
tion be tween these two modes.  Dur ing  the exper iment ,  
we ma in ta ined  a p lasma such tha t  both  L and C were  
exci ted  to avoid any d iscont inui ty  in the process. 

Reactant  gases of Sill4 (1.5% di lu ted  in Ar )  and N2 
were  p remixed  in the flow l ine and in jec ted  th rough  a 
pe r fo ra ted  a luminum shower  head to give a un i form 
flow pat tern .  When the sys tem vacuum reached 50 
mTor r  or  less, the s i lane gas was fed into the sys tem 
and the pressure  was recorded.  Subsequent ly ,  the  
n i t rogen gas was a l lowed to flow into the sys tem and 
the to ta l  pressure  was recorded  again.  The pressure  
difference was assigned to be  the n i t rogen p a r t i a l  
pressure.  The flow rates  were  moni to red  b y  a Ty lan  
mass flow cont ro l le r  for  the s i lane and a ro tamete r  for  
the ni trogen.  Due to a t endency  of the  s i lane flow 
control ler  to be clogged, the pressure  ratio,  ins tead of 
the flow ratio,  was used for  process control  methods.  
This would give a significant e r ro r  i f  the pumping  
speed var ied  s t rongly  wi th  the pressure.  However ,  
since both the  s i lane  and total  pressures  were  detected 
in the same range, the sys temat ic  e r ror  was expected  
to be small .  This is verified b y  s imul taneous ly  mon i to r -  
ing the gas flows. 

Four  process parameters ,  the subs t ra te  t e m p e r a -  
ture (T),  the rf  power  (W),  the SiH4/N2 reac tan t  gas 
ra t io  (R),  and the total  p ressure  (P) ,  were  sys t emat i -  
ca l ly  changed while  the res t  were  held constant.  Each 
exper imen ta l  condit ion is l is ted in Table  I. F i lms  of 
two thicknesses were  deposited. Thin films of about  
100 nm were  depos i ted  over  ba re  sil icon wafe r  for  the 
measurements  of re f rac t ive  index (n) ,  deposi t ion ra te  
(G),  and e lect ronic  propert ies .  

Thick films of about  1 ~m were  deposi ted over  ba re  
silicon or  a luminum-coa ted  wafers  for  the measu re -  
ments  of film compos i t ion  (% of Si, N, O), hydrogen  
bonds (Si-H,  N - H ) ,  and the e tch ra te  (Er).  

The deposi t ion ra te  and re f rac t ive  index  were  s imul -  
taneously  obta ined  using an automat ic  e l l ipsometer  
( t  = 632.8 nm) .  The resul ts  for s i l icon-r ich  films were  
not  correc ted  for  the absorpt ion component.  I t  was 
expected  tha t  the er rors  due to absorpt ion for  thin films 
would be small .  

The  concentrat ions  of  Si, H, and O for al l  samples  
were  measured  by  the e lect ron microprobe  analysis  
(Appl ied  Research Labo ra to ry  Model  SEMQ).  The 
CVD silicon n i t r ide  (n : 2.01) and t he rma l ly  g rown 
silicon dioxide were  used as the s tandards.  The vol tage 
of the incident  e lect ron beam was ma in ta ined  at  5 kV 
and the beam cur ren t  was heIfl a~ , , 3  #A. A thin  I a y e r  

Table I. Deposition process conditions 

Machine  
No.  T ( ' C ) *  W (W)  R P ( T o r t )  F igure  

A 100 ~ 409 125 0.33 1.8 2, 3a, b, 
7b, 8 

A 300 37.5 ~ 325 0.33 1.8 4a, b, 8 
B 300 I00 1 ~ 2.5 0.65 5a, b 
B 300 100 1 0.55 ~ 0.75 6a, b 
B 300 100 1 ~ 2.5 1.0 7a 
B 350 100 1 ~ 2.5 0.65 9 

* Where T is the  substrate temperature; W is the rf power; R 
is the gas ratio between SiH~ (1.5% di luted  in At) and N~; and 
P is  the  s y s t e m  pressure .  

C 

A 

13,56MHz 

�9 t 
-C?_ 

v 

Fig. i. Schematic of the deposition system and rf circuits 

of carbon was evapora ted  on the film surface to reduce 
charge  effects. The weight  percentages  of  the e lements  
were  obta ined  using the MAGIC IV computer  p rog ram 
(7). In this study,  the total  atomic concentra t ion of 
Si, N, and  O, was not  ad jus ted  to achieve 100%. The 
S i /N  ratio,  which is usua l ly  used as an indica t ion  of 
the film stoichiometry,  is refined here  to take  into ac-  
count  the effect of oxygen,  and is wr i t t en  as 

Si [Si a tomic  %] 

N [N atomic %] -b 2/8 [O a tomic  %] 

where  the factor  of 2/3 for  the oxygen  is used to cor-  
rect  for the bond number .  The effect of hydrogen  is 
not  inc luded here, however ,  the S i / N  value  is used to 
indicate  the amount  of "excess sil icon" in the film for 
comparison purpose.  

Two in f ra red  techniques were  used for  hydrogen  
analysis :  the mul t ip le  reflection in f ra red  (MRIR) tech-  
nique (8), and the t ransmission Four i e r  t r ans fo rm 
in f ra red  (FTIR)  technique. Fo r  the fo rmer  technique,  
films deposi ted ove r  the a luminum-coa ted  subs t ra te  
were  used, while  for  the la t ter ,  films deposi ted over  
bare  silicon subst ra tes  were  used. A typical  in f ra red  
(MRIR) absorpt ion  spectra,  r ang ing  f rom 2000 to 3500 
c m - '  for films deposi ted at  different  subs t ra te  t e m p e r a -  
tures, is d i sp layed  in Fig. 2, whe re  the absorpt ion  peaks  
are  due to N - H  s t re tching bond (3350 cm-Z)  and S i - t t  
s t re tching bond (2160 cm-1) .  For  a semiquant i t a t ive  
analysis  of the film hydrogen  content,  the uni t  areas  
(UA) of the absorpt ion  peaks at  3350 and 2160 cm -~ 
are  ca lcula ted  to represen t  the content  of N-H and 
S i -H  bonds, and the sum of them is used to re la te  to 
the total  hydrogen  content.  They are  defined as 

[ N - H  bond area  ] 
[UA]N.H -- 1.4 • film thickness • 100 

!} 

3 5 0 0  3 0 0 0  2 0 0  2 0 0 0  

WAVENUMBER (cm-I) " 

Fig. 2. Multiple reflection infrared absorption spectra ranging 
from 2000 to 3500 cm -1  for samples deposited at different tem- 
peratures. 
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[ S i - H b o n d  a rea  ] 
[UA]si-H ---- fi lm thickness  X 100 

[UA]total H ~-~ [UA]~.H + [UA] st-zr 

where  the correct ion fac tor  of  i .4  assigned for  the N - H  
bond  was suggested b y  Lanfo rd  and Rand (9).  The 
UA values  a~e normal ized  to the  film thickness  ins tead  
of  the Si-hT bond area.  This is because  the  S i -N  bond 
a rea  changes wi th  both the film composi t ion and th ick-  
ness. The in f ra red  absorpt ion is d i r ec t ly  p ropor t iona l  
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Fig. 30. Film parameters plotted as a function of substrate tem- 
perature. A - -  Silicon nitrogen ratio; �9 ~ deposition rate; �9 = 
refractive index. 
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to, and hence, on ly  normal ized  to, fi lm thickness  for  
the  in f ra red  measu remen t  i f  the detect ion sens i t iv i ty  
r emained  unchanged.  Since there  was no independen t  
ca l ibra t ion  for each in f ra red  technique (MRIR and 
FTIR)  tha t  d i rec t  compar ison be tween  da ta  for  the  
sets of t e m p e r a t u r e  and r f  power  (Fig. 3b, 4b; MRIR) 
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and the sets of gas ratio and total  pressure (Fig. 5b, 
6b; FTIR)  was not made. 

The system used to etch the PECVD silicon ni t r ide 
samples was a capaci t ively coupled, barre l  plasma re -  
actor wi th  etch tunnel  and quar tz  preheaters .  

The etch conditions used were:  86 SCCM total  flow, 
75~ start  tempera ture ,  0.55 Torr,  100W. The gases used 
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Fig. 6b. Film parameters plotted as a function of total pressure. 
[ ]  = Nitrogen atomic percentage; G =silicon atomic percentage; 
Z~ = oxygen atomic percentage; X = total unit area of hydro- 
gen; �9 ~ unit area of N-H bond; �9 = unit area of Si-H bond. 

were  DE100 and pure  CF4, and the samples were  
etched one at a t ime wi th  laser end-poin t  detector. 

The film's electr ical  propert ies  were  measured  using 
I-V and breakdown techniques. A luminum metal  dots, 
30 mils in diameter,  were  evapora ted  over  PECVD 
silicon ni tr ide of thickness ~ 100 nm to form a contact. 
In order  to re ta in  as-deposi ted film properties,  there  
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is no post  contact  400~ fo rming  gas anneal .  The film 
res i s t iv i ty  was ob ta ined  f rom the I-V da ta  measured  
at  a field of 2 M V / c m  and room tempera tu re .  The film 
b r e a k d o w n  s t reng th  was defined a t  the  field where  the  
cu r ren t  passing th rough  the tes t  dot  reached 10 ~A. A 
computer ized  au tomat ic  b r e a k d o w n  test  sys tem was 
used to find the film average  b r eakdown  s t r eng th  and 
its s ta t i s t ica l  mean  dev ia t ion  over  a t es t  sample  of 50 
dots  for  each film. 

Results 
The change of film proper t ies  as a funct ion of sub-  

s t ra te  t empera tu re ,  r f  power,  r eac t an t  gas rat io,  and 
total  pressure  a re  expressed  in te rms of deposi t ion ra te  
(G) ,  r e f rac t ive  index  (n) ,  and  S i / N  va lue  (Fig. 3a, 
4a, 5a, 6a),  toge ther  wi th  the  atomic percentages  of Si, 
N, O, and the re la t ive  uni t  a rea  (UA) of Si -H,  N-H,  
and the sum of them (Fig. 3b, 4b, 5b, 6b).  A s u m m a r y  
of these e x p e r i m e n t a l  resu l t s  is g iven below. 

Substrate temperature (T) e3~ect.--As the subs t ra te  
t e m p e r a t u r e  is increased  f rom 250 ~ to 400~ the  fol -  
lowing resul ts  a re  observed:  the  deposi t ion ra te  de -  
creases wi th  a s l ight  increase  of the  re f rac t ive  index,  
the  si l icon concentra t ion  decreases,  the  n i t rogen  con- 
cent ra t ion  increases,  the  amount  of oxygen  remains  
unchanged  to give a decrease  o~ S i / N  ra t io  (Fig. 3a) ;  
the  to ta l  hydrogen,  as wel l  as the  S i -H  and N - H  uni t  
areas,  decrease s l igh t ly  (Fig. 3b).  Fo r  t e m p e r a t u r e  
be low 250~ however ,  l a rge  amounts  of oxygen  a re  
incorporated,  i.e., the  oxygen  concentra t ion increases  
f rom 2 atomic percen t  (a /o)  a t  T = 250~ up to 13 
a /o  at  T --- 100~ 

The amount  of hydrogen,  also, increases  s ignif icant ly 
in this t e m p e r a t u r e  range.  Fur ther ,  i t  was not iced tha t  
the  N - H  bond  UA at  T --  100~ was about  29 t imes 
l a rge r  than  tha t  a t  T : 250~ whi le  the Si-I-I bond 
UA was n e a r l y  unchanged.  

The  la rge  amount  of oxygen  incorpora ted  at  low 
t empera tu r e  is be l ieved  to be due to mois ture  re leased  
f rom the inner  wal l  of the  reac tor  by  the plasma. At  
high subs t ra te  tempera ture ,  the  mois ture  would  be 
desorbed  f rom the wal l  as a r e su l t  of  hea t ing  pr io r  to 
deposit ion.  

RF power (W) ef]ect.--As the r f  p o w e r  is increased,  
the dePosit ion ra te  is increased and the re f rac t ive  index 
is decreased.  The sil icon concentra t ion decreased and 
the n i t rogen concentra t ion increased to give a de -  
crease in the  S i /N  va lue  (Fig. 4a).  The  hydrogen  UA 
is r e l a t ive ly  constant  wi th  the change of r f  power,  ex -  
cept  for a m i n i m u m  at 175W. The re la t ive  UA of S i -H  
and N ' H ,  however ,  switches f rom the low power  case 
to high power  case (Fig. 4b).  The oxygen  concentra t ion 
stays constant.  The O-H bond  peak  at  3650 cm -1, as 
detected f rom in f ra red  analysis,  was observed  for  the  
lowest  power  case (37.5W). Al l  evidence indicates  the  
increase  of n i t rogen radicals  wi th  r f  power.  

Reactive gas ratio (R) efJect .--As the Sill4 (1.5% 
di lu ted  in Ar )  flow is increased to give a high va lue  
of R ( - -  Sill4 [in A r ] / N e ) ,  the  deposi t ion rate,  r e f rac -  
t ive index,  and S i /N  ra t io  increased  a s  expected.  The  
silicon atomic percen t  increased,  the n i t rogen atomic 
percen t  decreased,  whi le  the oxygen r ema ined  nea r ly  
constant  (Fig. 5a). The in f ra red  da t a  showed an in-  
crease of the S i -H  bonds. The cause for the ab rup t  
change in Si-H, N-H, and oxygen  atomic percen t  for 
sample  wi th  R = 0.76 is not  c lear  (Fig. 5b).  

Total pressure (P)  e~ect.--As to ta l  p ressure  in-  
creased, the deposi t ion rate,  re f rac t ive  index,  and the 
silicon atomic percen t  increased,  whi le  the n i t rogen 
a tomic  percen t  decreased  to give an  increase  of S i /N  
va lue  (Fig. 6a). The S i -H  bonds increased,  the N - H  
bonds decreased,  and  the to ta l  UA of hydrogen  re -  
ma ined  nea r ly  constant  (Fig. 6b).  At  P = 0.7 Torr ,  the  
oxygen  atomic percen t  showed a "bump"  wi th  a co t -  
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responding "bump"  in the N - H  bonds. This associated 
increase of the N-H bonds wi th  the amount  of oxygen 
was also observed for the previous  figures (Fig. 3b, 4b, 
5b).  I t  appea red  to be due to an  oxygen-enhanced  
dissociation o f  the  n i t rogen  molecules  in the plasma.  

The p lasma etching s tudy  resul ts  a re  p lo t ted  in Fig. 
7a and b. I t  was found tha t  N2 purge  pr ior  to dePosi-  
t ion had  no apprec iab le  effect on e i ther  the etch ra te  
(Er),  or  the  amount  of oxygen  incorpora ted  into the 
films. However ,  when  oxygen  was purpose ly  incor -  
pora ted  into the film by  adding  02 gas into the  p lasma  
dur ing deposition, the etch ra te  decreased.  The S i /N  
rat io  of the films affects the etch ra te  wi th  the s~licon- 
r ich films etching fas ter  as seen in Fig. 7a. The b r e a k  
point  occurs at  an S i /N  rat io be tween  1.0 and 1.1. 
F igure  7b shows etch ra te  for  films deposi ted a t  d i f -  
fe rent  subs t ra te  tempera tures .  A t  t empera tu re s  above 
250~ l i t t le  change in Er is observed.  For  t empera tu re s  
below 250~ the etch ra te  decreases wi th  decreas ing 
tempera ture ,  which corresponds to an increase of the  
oxygen concentra t ion in the films as p rev ious ly  dis-  
cussed. Fi lms processed at  different  r f  powers  were  
also s tudied as a funct ion of etch rate,  however ,  no 
conclusions could be drawn.  

A sample  processed at  h igh pressure  ( > 2  Tor r )  was 
etched and showed a r ad i a l l y  dependen t  etch rate.  The 
center  of the wafe r  e tched about  4 t imes fas ter  than  the 
edges indica t ing  tha t  the  center  had  a h igher  silicon 
concentrat ion.  This can be exp la ined  f rom the fo l low-  
ing point  of view. For  the high pressure  case, the center  
of the p lasma was close to an arc ing condit ion such tha t  
a low voltage,  high cu r ren t  p lasma was established.  
Meanwhile ,  the edge was st i l l  in the un i form glow con- 
dit ion such tha t  a h igher  vol tage p lasma  was main -  
tained.  This would resul t  in a film more  si l icon r ich at  
the center  re la t ive  to the edge. 

In  this s tudy,  the res i s t iv i ty  (p), and the average  
b reakdown  s t reng th  (EB)were  measured.  As shown in 
Fig. 8, the  resist ivi ty,  which was measured  at  room 
t empera tu r e  wi th  an appl ied  field of 2 MV/cm,  in-  
creases f rom 107 ~ - c m  up to 1024 ~ - c m  as the S i / N  
rat io decreases f rom 1.6 down to 0.8. These samples  
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were  e i ther  processed at  different  subs t r a t e  t e m p e r a -  
ture  or r f  power.  The exponent ia l  decrease  of the  re -  
s is t iv i ty  vs. Si /N  ra t io  is consis tent  w i th  the ea r l i e r  
observa t ion  of Sinha and Smi th  (10), a l though,  in 
the i r  case, SiI-I4 and  NH~ were  used as the  reactants .  
By changing the gas rat io  only,  another  set  of films of 
different  index were  deposi ted to test  for  b r eakdown  
strength.  F igure  9 shows the average  b r eakdown  
s t reng th  as a funct ion of the re f rac t ive  index.  The 
e r ro r  ba r  for each da ta  point  represents  the s ta t is t ical  
mean  devia t ion  of b r eakdown  s t reng th  of 50 tes ted da ta  
across the wafer .  The devia t ion  expresses  the  degree 
of inhomogenei ty  of the  film. Based on the resul ts  of 
Fig. 8 and 9, i t  is concluded tha t  the near - s to ich io-  
met r ic  film has the best  d ie lect r ic  proper t ies ,  i.e., mini -  
m u m  leakage  and la rges t  b r eakdown  strength.  

The res is t iv i ty  of the best  PECVD sil icon n i t r ide  
film obtained,  however ,  is s t i l l  much  lower  than  the 
convent ional  CVD silicon n i t r ide  film. F igure  10 i l lus-  
t ra tes  a comparison of the log I-VV2 behavior  of one 
of the  PECVD films (n = 1.95, S i /N  ~- 0.8) wi th  the 
CVD sil icon n i t r ide  films repor ted  in the l i t e ra tu re  (11, 
12). The PECVD film, r esembl ing  the convent ional  CVD 
films, follows the Poo l e -F renke l  conduct ion behavior .  
The slope gives a dielectr ic  constant  of 5.7 which is 
close to tha t  of CVD films. The in te rcep t  of the slope, 
which corresponds to the p r e - exponen t i a l  term, how-  
ever,  is o rders  of magni tude  l a rge r  than tha t  obta ined  
for CVD films. This indicates  the PECVD film has 
ei ther  a g rea te r  amount  of t raps  a n d / o r  a sha l lower  
t r app ing  level.  The resu l t  is conceivable since a l a rge r  
defect  concentra t ion is expec ted  to exis t  in the  PECVD 
silicon n i t r ide  film due to the  low processing t e m p e r a -  
ture  and the g rea t  amount  of hydrogen  in the film. 

Discussion 
In o rde r  to expla in  the expe r imen ta l  observat ions,  

we divided the deposi t ion into three  kinet ic  steps, 
namely,  radical  and ion genera t ion  in the p lasma;  r a d i -  
cal adsorpt ion  and  ion incorpora t ion  onto the  film sur-  
face; and surface  ada tom rearrangement. 
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Radical and ion generation.--The dissociat ion and 
ionizat ion of gas molecules in a glow discharge are  
main ly  produced by  e lec t ron impact .  Since the disso-  
ciation energy  is lower  than  the ionizat ion energy  for 
many  gas molecules, the genera t ion  r a t e  for  rad ica ls  
is gene ra l ly  g rea te r  than  tha t  for  ions. Posi t ive  ions 
wil l  dr i f t  t oward  the nega t ive ly  b iased surface and re -  
combine wi th  electrons in the v ic in i ty  of, or a t  the wa l l  
surface, whi le  neu t ra l  radicals  m a y  s t i l l  s tay  in the 
p lasma and have a longer  l ifet ime. These two effects 
make  the radica l  concentra t ion h igher  than  tha t  of its 
ion form. Hence we bel ieve  neu t r a l  radicals  form the 
m a j o r  deposi t ion agents.  

In  o rde r  to descr ibe  the gas :dissociation mechanism,  
the concept of  "electron t empera tu re"  is applied.  The 
t r ea tment  is s imi lar  to that  used by  Re inberg  (6) in fhe 
deposi t ion of s i l i con-oxygen-n i t r ide .  The p robab i l i t y  of 
molecules to be dissociated by  e lect ron impac t  can be 
calcula ted from the molecular  dissociat ion energy,  the  
e lect ron energy dis t r ibut ion  function, and  the effective 
collision cross sect ion (13, 14). Wi th  a v e r y  crude ap -  
p rox imat ion  i t  is p ropor t iona l  to e -AE/kTo, where  AE is 
the dissociation energy,  Te is the e lec t ron t empera tu re ,  
and k is the Bol tzmann constant.  Here  the e lec t ron 
is assumed to be a Maxwel l i an  gas. Since the molecu la r  
dissociation e n e r g y  is closely re la ted  to its bond energy,  
the l a t t e r  can be used to es t imate  the p robab i l i t y  of 
dissociation wi thout  going into de ta i led  calculations.  

On increas ing the e lec t ron tempera ture ,  gas species 
wi th  a g rea te r  dissociat ion energy  wi l l  undergo a 
grea te r  change in rad ica l  concentra t ion than  species 
wi th  lower  dissociation energy.  This change of rad ica l  
rat io wi l l  resu l t  in a change of film composition. F o r  
the  case of n i t rogen and silane, the  fo rmer  has a bond 
energy  of 9.9 eV and the l a t t e r  has a bond  ene rgy  of 
3.1 eV (15), increas ing the e lec t ron  t e m p e r a t u r e  wi l l  
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increase the radica l  ra t io  be tween  n i t rogen  and silane, 
i.e., N ' /S iHa ' ,  to give a film of g rea te r  N /S i  ratio.  This 
expla ins  the expe r imen ta l  observat ions  in Fig. 4a and 
6a, i.e., the S i /N  rat io  is decreased by  e i ther  increas-  
ing the r f  power  or  decreas ing  the  to ta l  pressure .  Both 
wi l l  increase the e lec t ron tempera ture ,  a fact  which is 
discussed later .  Fo r  the case of ammonia  and silane, 
the difference of dissociation energies  is small .  Hence, 
one would  expec t  SiH4/NH3 process to be more  con- 
t ro l l ab le  than  S i I~ /N~ process. 

As ment ioned  in the  beginning  of this paper ,  the 
change of e lec t ron  t empe ra tu r e  in a high f requency  
p lasma  is a combinat ion  of m a n y  var iables .  I t  is we l l  
documented  in the l i t e r a tu re  (16) tha t  the p lasma state  
could be defined in te rms of three  sets of parameters ,  
i.e., E/P,  P/~,  Pd,  where  E is the  r f  field s trength,  P is 
the pressure,  ~ is the  r f  f requency ,  and  d is the elec-  
tro.de spacing. The first set  of  var iab les  de te rmines  the  
ionizat ion coefficient and the e lec t ron tempera ture .  The 
second set of var iables  de te rmines  the f requence  effect. 
The las t  set  of var iab les  is the high f requency  Pa -  
schen's  l aw which specifies the geometr ic  effect. 
When  the rf  f requency  and e lec t rode  spacing are  fixed, 
the e lec t ron t e m p e r a t u r e  for  a specific gas wil l  be 
solely de te rmined  b y  E/P. The va lue  of E / P  can be  
t rans formed into the form of  Wx/P, where  W is the r f  
power,  and  x is a sys tem dependen t  factor  which  r e ,  
lares r f  power  to the  p e a k - t o - p e a k  r f  field strength.  In  
our  system, the r f  f requence  is 13.56 MHz, which  fal ls  
in be tween  the ion collision f r equency  and e lect ron 
collision frequency,  i t  is found tha t  the r f  field increases  
wi th  r f  power  (i.e., x > 0). Hence i t  is c lear  tha t  in -  
creasing the rf  power  or  decreas ing the to ta l  p ressure  
wi l l  resu l t  in the  increas ing of e lec t ron  t empera tu re .  
Other  evidences for  the increase  in e lect ron t e m u e r a -  
ture wi th  Wx/P are tha t  a b r igh te r  g low color is ob-  
served  and an increased NH bond  is found in the  film 

(Fig. 4b, 6b).  The increase  of NH bond in the film sug-  
gests more  n i t rogen radicals  a re  genera ted  in the 
plasma. A subsequent  rad ica l  reac t ion  in the  p lasma 
(N + H --> NH + l ight )  or  more  l ike ly  a surface  re -  
combinat ion  of adsorbed n i t rogen  and hydrogen  ad -  
atoms yields  more  NH incorporat ion.  The genera t ion  
of ammonia  radicals  at  h igh r f  power  was pred ic ted  
by  Re inberg  (6) and should be avoided to minimize  
hydrogen  incorporat ion.  

Radical adsorption and ion incorporation.--This ki-  
netic s tep deals  wi th  the p l a sma-su r face  interact ion.  
The deposi t ion surface, which is u n d e r  e lec t ron and 
ion b o m b a r d m e n t  and u.v. i r radia t ion ,  can p rov ide  
many  active sites for  rad ica l  adsorpt ion.  Since radicals  
are  h igh ly  react ive,  they  tend to be adsorbed  on a 
colder  surface  readi ly .  By main ta in ing  a constant  
p lasma state and on ly  changing the subs t ra te  t e m p e r a -  
ture, a change of S i /N  ra t io  in the film was observed  
(Fig. 3). This indicates  there  is a possible preference  of 
rad ica l  adsorpt ion  in favor  of n i t rogen radica l  and  dis-  
favor  of s i lane rad ica l  a t  h igher  surface t empera tu re .  
Moreover,  a huge increase  of NH bond a t  low subs t ra te  
t empera tu re  m a y  also reflect some preference  of  the 
NH rad ica l  adsorpt ion  at  this t empe ra tu r e  range.  This 
l a t t e r  observat ion,  however ,  is compl ica ted  b y  the 
exis tence of large amounts  of oxygen  in the  film. 

The ion-surface  in terac t ion  is s t rong ly  influenced by  
the surface d-c  field and p robab ly  w e a k l y  dependen t  on 
surface  tempera ture .  The subs t ra te  can be se l f -b iased  
in an rf  p lasma due to the difference of e lect ron and 
ion mobi l i ty  (17). The se l f -b iased  vol tage  across the  
subs t ra te  is de te rmined  by  the r f  p e a k - t o - p e a k  voltage,  
the area  ra t io  of the countere lec t rode  geomet ry  sur -  
rounding  the plasma,  and the  ex te rna l  c ircui t  connec-  
t ion (18-20). A di rec t  measuremen t  of the d -c  vol tage  
be tween the p lasma and the subs t ra te  is not  pe r fo rmed  
in our  system. However ,  we bel ieve  la rge  b iased  vo l t -  
age can be  deve loped  dur ing  deposi t ion because the 
rf  power  dens i ty  is high and the subs t r a t e  is su r -  
rounded  by  a confined geometry.  

An independen t  s tudy  of the  film stress  vs. the r f  
power  (21) showed tha t  films produced  in our  sys tem 
became more  compressive at  a g rea te r  power  level.  The  
measured  stress a lmost  changed l inea r ly  wi th  rf  power  
f rom 1 • 109 d y n e / c m  2 tensi le  a t  50W to 5.5 • 109 
d y n e / c m  2 compressive at  300W wi th  the rest  of the 
process var iables  kep t  constant  (T ---- 350~ R --  1, 
P --  0.65 Tor r ) ,  This is in agreement  wi th  tha t  of 
Sinha et  al. (2), a l though we use SiH4/N2 mix tu r e  
and our films gene ra l ly  tend to be more  compressive.  
I t  was also found tha t  the scra tching resis tance of the 
deposi ted film increased wi th  r f  power.  Ion-sur face  in-  
teract ion is be l ieved  to p l ay  a m a j o r  role here  in de- 
termining the film physical  proper t ies .  

The influence of subs t ra te  bias upon the qua l i ty  of 
spu t te red  film has been s tudied  (22). The increase  of 
dens i ty  and decrease  of res is t iv i ty  wi th  subs t ra te  bias 
were  observed  for the spu t t e r ing  of me ta l  films 
(23, 24). I t  was also r epor ted  tha t  an improvemen t  in 
film qua l i ty  and be t t e r  edge coverage could be  ob-  
ta ined  by  app ly ing  a subs t ra te  bias for  r f  sput te red  
quar tz  (25). The explana t ion  is based  on the subs t ra te  
r espu t t e r ing  mechanism. Contaminants  and  poor ly  ad -  
he ren t  spots of the film are  r e spu t t e red  dur ing  deposi -  
t ion to give a denser  film. The respu t t e red  ma te r i a l  wi l l  
deposi t  on the side wal l  to provide  a be t t e r  edge cov- 
erage. This mechanism can be ex tended  to some degree  
to expla in  the change of dens i ty  wi th  rf  power  (2), a 
be t t e r  adhesion, and a be t t e r  edge coverage (26) ob-  
served  for  the PECVD films. 

The change of film stress is, however ,  more  l i ke ly  
caused by  posi t ive ion incorporat ion.  The phenomenon 
of ion incorpora t ion  into the  spu t te red  film such as A r  
and 1V2 were  repor ted  (27, 28). F o r  the PECVD p ro -  
cess, the opera t ing  pressure  is much  h igher  than  f o r  the  
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rf  spu t t e r ing  p~rocess and the subs t ra te  bias vol tage is 
no rma l ly  low ( <~ 50V). Hence, the respu t t e r ing  and 
ion b o m b a r d m e n t  effect is expected to be reduced.  I t  
is, therefore,  un l ike ly  for  those nonbonding ions such 
as A r  ~+ or  N2 + to be imp lan ted  into the  film to change 
its stress. However,  the incorpora t ion  of some bonding 
ions such as H + or N +, which are  the bu i ld ing  block 
of the film, can be promoted  by  a low surface field 
since these ions wi l l  p robab ly  have a large  st icking 
coefficient. 

This a rgumen t  helps  to expla in  the observed switch 
of S i -H  and N - H  bond concentrat ions  at  g rea t  r f  power  
a n d  low pressure.  At  a g rea te r  e l e c t r o n  tempera ture ,  
the si lane would give up more  hydrogen  to produce  
more  H + in the p lasma  and less S i -H  bond in the film. 
The genera t ion  of N+ ion was increased and a more  
nega t ive ly  biased surface field was induced as a con- 
sequence of g rea te r  e lec t ron  energy  and density.  Thus, 
there  were  more  H+ and N + ions incorpora ted  into the  
film to produce  more  N - H  bond. Al though  the produc-  
tion of N-H bond in the p lasma  was also possible,  the 
chance was sma l l e r  compared  to the surface recom-  
binat ion since a three  body collision process was r e -  
quired.  S imi la r  observa t ion  for the f ie ld-promoted  ion 
incorpora t ion  was also repor ted  for the glow discharge 
produced amorphous  silicon (29), where  the  incorpora -  
t ion of hydrogen  was found to be enhanced  or dep le ted  
depending  on whe the r  a negat ive  or  a posi t ive d -c  field 
was appl ied  to the system. 

This " f ie ld-promoted  deposit ion," which  is s imi lar  to 
the ion-ass is ted  etching (30) case, resul ts  in a ver t ica l  
incoming mass flux toward  the substrate.  Due to this 
addi t ional  ion flux, the film wil l  r e l ax  in a l a t e ra l  
fashion to change the stress toward  more  compressive.  
This appears  to expla in  the observed stress change wi th  
rf  power  even though the S i /N  rat io  remains  re la t ive ly  
unchanged.  A low f requency  (~50 kHz) tool was re -  
por ted  to produce film of compressive stress (31). At  
this low f requency  range,  which is lower  than  the ion 
collision f requency (~100 kHz) ,  the r f  p lasma r e -  
sembles  the d -c  case. A much h igher  p la te  vol tage is 
requ i red  to genera te  a p lasma to overcome the ion 
shie lding due to space charge a round  the plates.  As a 
consequence of ex te rna l  c ircui t  a r rangement ,  a h igh 
subs t ra te  bias vol tage is produced (20). This expla ins  
why  the films produced in  the tool were  a lways  in 
compress ive  stress. 

Adatom rearrangement.--The las t  s tep of deposi t ion 
is for adatoms bonded  to each other  to form a cont inu-  
ous film. The adsorbed  radical  has to diffuse into a 
s table  si te to become pa r t  of the growing film. This film 
s tabi l izat ion mechanism is s t rongly  influenced b y  sub-  
s t ra fe  tempera ture .  As the  subs t ra te  t empe ra tu r e  is 
increased,  the surface ada tom gains more  energy  to 
diffuse to a s table  site faster.  The film, thus obtained,  
wil l  have be t te r  qual i ty .  The re lease  of hydrogen  f rom 
the incorpora ted  S i l l  and NH bonds wil l  also be p ro -  
moted  by  subs t ra te  hea t ing  (Fig. 3b).  Therefore,  the 
film dens i ty  increases wi th  subs t ra te  t empera ture .  
Since a porous film gives a low re f rac t ive  index  (32) 
the increase  of re f rac t ive  index  wi th  subs t ra te  t em-  
pe ra tu re  agrees wi th  the dens i ty  t rend  (Fig. 3a).  This 
observat ion  is, however ,  inconsis tent  wi th  the chemical  
analysis  which shows a decreased S i /N  value  wi th  
tempera ture .  Norma l ly  a large  S i /N  value  (~0.8)  wi l l  
give a large  re f rac t ive  index (~2.0)  due to more  ab -  
sorp t ive  S i -S i  bonds in the film such as shown in Fig. 
4a, 5a, and 6a. In  Fig. 3a, however ,  the large  S i / N  
value  for low t empera tu re  processed film gives an un-  
expected  low ref rac t ive  index.  This indicates  that  the 
excess silicon exists ma in ly  in the  form of S i -H  bond 
instead of the Si-Si .  Thus, the  densi ty  effect over -  
shadows the S i /N  effect, and gives a low ref rac t ive  in-  
dex  a t  low subs t ra te  t empera tu re .  

Conclusions 
PECVD silicon n i t r ide  deposit ion,  using the SiH4/N2 

gas mix ture  has been invest igated.  F i lm composition, 
i.e., percent  of Si, N, O, and H, has been  found to be 
sensi t ively  dependen t  on the process pa rame te r s  such 
as subs t ra te  t empera ture ,  r f  power,  total  pressure,  and 
react ive  gas ratio.  The p lasma  etch ra te  and dielectr ic  
proper t ies  are s tudied and found to be influenced by  
the film composit ion as well.  

The complex  deposi t ion process is d iv ided  into three  
kinet ic  steps, i.e., radica l  generat ion,  rad ica l  adsorp-  
tion, and ada tom rea r rangement ,  to exp la in  the  ob-  
served change of film chemical  and physical  proper t ies .  
The concentra t ion change of sil icon and n i t rogen wi th  
rf  power  and total  pressure  is bel ieved to be due to a 
change in the e lec t ron tempera ture .  A combined func-  
t ion of r f  power  and to ta l  pressure,  to be expressed  as 
(Wx/p) ,  influences the e lect ron tempera ture ,  and hence 
the  film composit ion.  In  both the  high power  and low 
pressure  cases, the film tends to be less "sil icon rich." 

The change of hydrogen  to ta l  content  is affected by  
subs t ra te  t empera ture .  However ,  the  change of r f  
power  and total  p ressure  influences the  hydrogen  in-  
corpora t ion  in the form of S i l l  o r  NH bond. 
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ABSTRACT 

The growth conditions required to epitaxial ly synthesize the tetragonal 
chalcopyrite semiconductor ZnSiAs2 on cubic Ge and GaAs substrates are 
described. Some structural  and electrical p roper t ies  of the resulting epitaxial  
layers are reported. The routine unique epitaxial  growth of (001) ZnSiAs2 on 
(100) substrates of Ge and GaAs, in preference to the (100) or (010) ZnSiAs2 
orientations, has been demonstrated. Growth conditions have also been iden- 
tified that have led to mixtures of the (010) and (001) orientations of ZnSiAs2 
on these (100) cubic substrates. The use of GaAs substrates has led to an 
autodoping problem similar to that observed for GaAs grown on Ge. 

In a previous publication (1), the first successful 
synthesis of the tetragonal chatcopyrite ZnSiAs2 by the 
open-tube chemical vapor deposit ion (CVD) process 
was reported. The II-IV-V2 chalcopyrites are con- 
sidered to be ternary analogs of the III-V compounds 
(2), and thus have several potential device applica- 
tions. This work with ZnSiAs2 has been pr imari ly  
oriented toward the investigation of the chalcopyrite 
semiconductors for solar cells. 

In the previous work the as-grown layers were either 
completely polycrystall ine or were polycrystal with 
preferred orientations, exhibited p- type  conductivity, 
and could be grown in this form on a variety of sub- 
strafes. Other previous work on the open-tube vapor 
phase growth of the chalcopyrite ZnSiP2 also resulted 
in nonepitaxial  growth (3). In this paper the growth 
conditions which have led to the unique epitaxial depo- 
sition of ZnSiAs2 on the cubic semiconductors Ge and 
GaAs by CVD are described. These substrate materials 
provide a good lattice match to ZnSiAs2. By using CVD 
in an open-flow system the routine deposition of (001) 
ZnSiAs2 with good surface morphology on (100) sub- 
strafes of both Ge and GaAs has been achieved. This 
part icular  growth occurs in preference to the nuclea- 

* Electrochemical  Society Active Member. 
Key words: chalcopyrites,  II-IV-V2 semiconductors,  SIMS,  au to -  

d o p i n g .  

tion of either the (100) or (010) orientations of ZnSiAs~ 
for a well-defined range of growth conditions in the 
growth system used in this work. Furthermore,  the 
reactor growth conditions which result in crystallo- 
graphic mixtures of the (010) and (001) orientations 
of ZnSiAs2 on (100) Ge and GaAs have been identified. 
Such conditions of "mixed epitaxy," which can occur 
in deference to "unique epitaxy," require careful 
evaluation and understanding for the epitaxial  growth 
of the tetragonal chalcopyrite semiconductors. 

In the course of study of the reactor growth condi- 
tions an n-type phase of the ZnSiAs2 chalcopyrite was 
observed. Previous work has indicated that bulk 
ZnSiAs2 is inherently a p- type semiconductor (2, 4), 
although conversion to n- type conductivity has been 
reported using an arsenic annealing process following 
bulk crystal growth (5, 6). The interest in characteriz- 
ing the electrical properties of both the p- and n- type 
ZnSiAs2 led to the use of chromium-doped semi-in- 
sulating GaAs substrates for electrical isolation of the 
epitaxial  layer from the substrate. The use of GaAs 
(Cr) has resulted in the identification of what appears 
to be an autodoping effect involving the outdiffusion 
of Ga from the substrate into the epitaxial  layer. This 
problem was studied by secondary ion mass spectrom- 
etry (SIMS). 
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Materials Synthesis 
The detai ls  of the hor izonta l  reac tor  and the r eac t an t  

d is t r ibut ion  sys tem used for the CVD of ZnSiAs~ have 
been prev ious ly  descr ibed  (1). The growth  sys tem 
employs  e lementa l  Zn, SiIQ, and AsH3 as reac tan ts  
wi th  H2 as the ca r r i e r  gas. The Zn is t r anspor ted  into 
the deposi t ion region th rough  phys ica l  evapora t ion  
f rom a Zn mel t  ma in ta ined  at  610~ into a flowing H2 
car r ie r  gas s t ream. The Sill4 and  AsH3 reac tants  en te r  
the reac tor  downs t ream from the Zn source, and the 
overa l l  react ion is control led  p r i m a r i l y  th rough  the 
pyrolysis  of  Sill4 which is appa ren t ly  ca ta lyzed by  the 
presence of the Zn vapor.  The film growth  ra te  is 
l inear ly  dependent  on the Sill4 flow ra te  for a range of 
g rowth  condit ions requi red  for  ep i tax ia l  growth,  and 
these condit ions wi l l  be subsequent ly  discussed. 

The Ge subst ra tes  were  obta ined  f rom the vendor  1 
chemical ly  polished and ready  for use. The GaAs sub-  
s t ra tes  were  purchased  2 e i ther  pol ished or  as-sawn, 
depending on the ava i l ab i l i ty  of pol ished substra tes .  
The unpol ished GaAs was pol ished chemical ly,  using 
an Na2COJNaOC1/H20 solut ion which  was fol lowed 
by  an NaOCI/H20 solution. The resul ts  to be descr ibed 
here  were  ob ta ined  p r i m a r i l y  on Ge and GaAs sub-  
s t ra tes  wi th  (100) orientat ions.  These Ge subs t ra tes  
were  n - t y p e  a r sen ic -doped  crystals  having a room 
t empera tu re  e lect ron concentra t ion of nomina l ly  10 TM 

cm -8. The GaAs subst ra tes  were  n - t y p e  undoped  
crysta ls  w i th  a nomina l  e lect ron concentra t ion  of 
7 • 1016 cm -~. In  addit ion,  work  has been conducted 
using Cr -doped  semi- insu la t ing  GaAs subs t ra tes  to 
faci l i ta te  Hal l  effect measurements  on both the  p - t y p e  
and n - t y p e  ZnSiAs2 deposits. Some exper iments  have  
been carr ied  out  using p - t y p e  Ge and  GaAs substrates ,  
and other  subs t ra te  or ientat ions  have also been in-  
vest igated.  P r e l im ina ry  work  using ( l l l ) - o r i e n t e d  
subst ra tes  has been car r ied  out for both  Ge and GaAs,  
and resul ts  were  obta ined for GaAs subst ra tes  which  
have been misor iented  be tween  2 ~ to 3 ~ f rom the (100) 
to the (110) or ientat ion.  

In  the s t andard  growth  sequence, the subs t ra tes  are  
brought  to the g rowth  t empe ra tu r e  and the r eac tan t  
flows a re  in i t i a ted  and t e rmina ted  s imul taneously .  
Fol lowing  deposi t ion a t  the g rowth  t empe ra tu r e  of 
app rox ima te ly  650~ the subs t ra tes  are  then cooled 
to near  room t empera tu r e  at  a ra te  of 50~ and 
removed  from the reactor.  Epi tax ia l  g rowth  was 
achieved on clean prepol i shed  subst ra tes  wi thout  in situ 
HC1 vapor  e tching pr ior  to deposition. 

TaMe I. Epitaxial growth conditions for ZnS~As2 

650~176 growth temperature  
3.8-5.0 sccm Zn 

6.5-8.0 sccm Sill4 
6.5-10 sccm AsH~ 

Total  flow rate - -  4400 sccm 
(Balance of gas  flow was  H~) 

deposi t  obta ined  at  different  g rowth  conditions. The 
layers  crys ta l l ized  in the chalcopyr i te  s t ruc ture  wi th  
la t t ice  constants measured  by  x - r a y  diffraction of a - -  
5.60A and c ---- 10.88A, in agreement  wi th  other  pub -  
l ished values  (2). 

In  exper imen t s  using high SiH4-to-Zn vapor  ra t ios  
(g rea te r  than  4/1 SiH4/Zn flow ra tes)  n - t y p e  deposits  
were  identif ied by  the rma l  probing  of layers  grown 
on Ge substrates.  These n - t y p e  layers  were  in i t ia l ly  
identif ied in exper iments  which were  in tended  to 
s tudy and ex tend  the deposi t ion region in the reactor .  

Fig. la. Morphology of epitaxial deposits with mirrorlike ap- 
pearance. 

General Results 
The g rowth  t empera tu re  for  the  synthesis  of ZnSiAs~ 

by  CVD was found to be above app rox ima te ly  600~ in 
o rder  to p reven t  the format ion  of second-phase  s t ruc-  
tures of ZnsAs2 and ZnAs2, and to be be low a b o u t  
700~ to p reven t  the the rmal  decomposit ion of ZnSiAs2 
which genera l ly  led to an  S i - r i ch  phase (1). Through 
careful  sys temat ic  s tudy  of the  g rowth  conditions,  w e  
have consis tent ly  and rou t ine ly  achieved unique epi -  
tax ia l  g rowth  of ZnSiAs2 in the t empera tu re  range o f  
650~176 The range  of these growth  condit ions for  
the reac tor  descr ibed  in Ref. (1) are  s ta ted  in Table I. 

These conditions resul t  in epitaxi.al g rowth  of (001) 
ZnSiAs2 on (100) subs t ra tes  of both  Ge and GaAs. 
While  less extensive exper imenta t ion  has been car r ied  
o u t  on (111) substrates ,  the genera l  condit ions in Table 
I have also led to ep i tax ia l  g rowth  on this subs t ra te  
or ientat ion.  Surface  morphology  on (100) Ge and GaAs 
subs t ra tes  has var ied  f rom a dull  g r ay  to a meta l l i c -  
m i r ro r l i ke  finish. However ,  i t  has been more  difficult 
t o  rou t ine ly  achieve the  mi r ro r l ike  morphology.  F igure  
Ia  i l lus t ra tes  the surface morphology,  and  for  compar i -  
son Fig. lb  shows a mic rograph  of a po lycrys ta l l ine  

General Diode Corporation,  Framingham,  Massachusetts  01701. 
Laser Diode Corporation,  Metuchen,  N e w  Je,rsey 08840. 

Fig. lb. Morphology of polycrystalline deposits which give dull 
light-gray appearance. 
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The deposits were subsequent ly  found to be a unique  
characteristic of the growth conditions in  the reactor, 
which were not  influenced by the type of subst ra te  
used. These n - type  layers have been observed on Ge, 
GaAs, Si, and quartz substrates. The deposits are poly- 
crystal l ine and have the correct const i tuent  composi- 
tions, as determined from electron microprobe mea-  
surements  compared to the same measurements  on 
p- type deposits. The composition of the n - type  deposits 
are re la t ively  sensitive to the vapor phase reactant  
ratios. In -dep th  studies of the formation and properties 
of these n - type  deposits will  be the subject  of fu ture  
work. 

Growth of Te t ragona l  ZnSiAs~ 
ZnSiAs2 crystallizes in  the chalcopyrite s s t ructure  

which has te tragonal  symmetry.  It  c a n  be viewed as 
two stacked zincblende un i t  cells as i l lustrated in  Fig. 2. 
The (100) and (010) chalcopyrite orientat ions are not 
equiva lent  to the (001) orientation. In  particular,  the 
(001) axis is the only crystallographic direction with 
fourfold symmet ry  for the chalcopyrite structure, while 
both the (100) and (010) axes exhibit  twofold sym- 
metry.  This is due to the ordered a r rangement  of Zn 
and Si atoms on the "A" sublattice. 4 The "B" lattice 
is occupied solely by the As atoms. It  should be noted 
that  the twofold symmet ry  axes exist because of the 
ordered a r rangement  of the two different atoms that  
occupy the "A" lattice and not  as a result  of the slight 
difference in  the pseudocubic lattice dimension, a', 
along the c-axis direction (i.e., a' = c /2  vs.  a; see Fig. 
2). In fact, for several  of the chalcopyrites such as 
CdGeAs2 a' -= a and c / a  ---- 2.00. However, because of 
the ordered a r rangement  of Cd a n d  Ge, the s t ructure  
is still tetragonal.  The significance of this fact is that  
the epitaxial  growth of either the (100), (010), or 

Same crystal structure as the mineral chalcopyrite, CuFeS2, 
which is a tetragonal structure [Ref. (2), p. 3]. 

4 We use the terminology that is commonly used for the III-V 
compounds in which the Group III atoms are viewed as occupying 
one of two interpenetrating fcc lattices denoted as the "'A" 
lattice. 

001) 
,C-axis  Tetragonal Unit Cells 

~'(001) 

r 
,, (ooJ) 
i I 

Fig. 3. Illustrations of the three possible epitaxial chaleopyrite 
orientations on a (100) cubic substrate. 

(001) chaleopyrite orientat ions on ,a cubic (100) sub-  
strate is possible, bu t  not equivalent .  

The three possible chalcopyrite epitaxial  un i t  cell 
orientations on a (I00) cubic substrate are i l lustrated 
in Fig. 3. A similar si tuation also exists for the epi- 
taxial growth of a ( l l 2 ) - o r i e n t e d  chalcopyrite on a 
( I l l )  cubic substrate. For convenience, the definition 
"mixed epitaxy" wil l  be used to describe a growth 
consisting of epitaxial ly deposited domains in which 
the c-axes of the various domains are not  all parallel.  
A second definition termed "unique epitaxy" denotes 
the desired si tuation in  which a t rue single crystal 
or ientat ion with a unique  c-axis direction is achieved 
throughout  the grown layer. 

The resutts of our  invest igat ion to date show that  
ZnSiAs2 has been deposited with the chalcopyrite 
structure.  This is clearly seen from the x - r a y  diffrac- 
t ion  pa t te rn  shown in Fig. 4. This figure, taken for 
convenience on a polycrystal l ine sample, shows the 
spli t t ing of the (100) and (110) reflections into the 
(020), (004) and (220), (024) doublets, respectively, 

Fig. 2. Comparison of zinc 
blende and tetragonal chalcopy- 
rite structures. 
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Fig. 4. X-ray diffraction pattern for a polycrystalline layer of 
ZnSiAs2 having the tetragonal chalcopyrite structure. The Miller 
indexes for the various reflections are shown in the figure (CuK~ 
radiation). 

which is characteristic of the tetragonal cha]copyrite 
structure. In this work, both mixed and unique epi- 
taxial growth have been observed with either (100) 
or (111) orientations of Ge and GaAs substrates. Table 
II compares the conditions that have led to the growth 
of the mixed epitaxy and unique epitaxy deposits. 

As one would expect, the preferred orientation was 
(001) for unique epitaxial  growth of ZnSiAs2 on (100) 
Ge and GaAs substrates. However, of the three possible 
c-axis orientations available for the growth of (112) 
ZnSiAs~ on (111) Ge and GaAs the one which is 
preferred appears to be the one that  gives the c-axis 
oriented closest to the surface normal. Thus the (111) 
substrates apparent ly should b e  intentionally mis- 
oriented toward a (110) direction by several degrees. 5 
This is a tentative conclusion at this time and needs to 
be investigated in greater depth. 

Figure 5 is an x - ray  diffraction pat tern which shows 
the desired (001) ZnSiAs~ orientation on (100) Ge or 
GaAs which is the unique epitaxial deposit obtained 
from the conditions listed in Table IL Figure 6 shows 
the pattern for the mixed epitaxial  case. It was found 
that conditions of high AsH3 flow rate caused the (010) 
ZnSiAs2 to grow in preference to the (001) orientation, 
although the presence of the (001) orientation was 
still evident. The growth conditions were not optimized 
to enhance this growth habit. This case is i l lustrated 
through the x - r ay  diffraction pat tern shown in Fig. 
7. From these figures, it is seen that the (001) orienta-  
tion can be deposited essentially to the exclusion of 
the (010) or (100) orientation and the reverse is also 
apparently possible. Sample 120B (see x - r ay  diffraction 
pattern in Fig. 7) was very close to this condition. The 
quality of this layer was somewhat poorer as evidenced 
by the broad, poorly defined peak. I t  is believed that 
the structural  quality of the (010)-oriented material  
can be improved due to the existence of the reasonably 
well-resolved (040) peak seen in Fig. 6. However, this 
orientation has two possible and nearly equally prob-  

5 T he  cases  observed  to date  w e r e  on (111) Ge s u b s t r a t e s  w i t h  
a b o u t  5" m i s o r i e n t a t i o n .  

Table II. Table of growth conditions that have led to mixed 
epltaxial growth and unique epitaxlaf growth on Ge and GaAs 

substrates 

Mixed  e p i t a x y  U n i q u e  e p i t a x y  

G r o w t h  t e m p e r a t u r e  (~ 630.640 
Zn flow r a t e  ( s ccm)  3.8-5.0 
Si l l ,  f low r a t e  ( s ccm)  12-15 
AsHs f low rate  ( s ccm)  12-30 
Tota l  f low rate  ( secm)  4400 

(H~ balance )  

650-675 
3.8-5.o 
6.5.8.0 
6.5-10.0 

4400 
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Fig. 5. X-ray diffraction pattern showing unique epitaxy deposi- 
tion as evidenced by appearance of (008)ZnSiAs2 reflection only. 

able c-axis orientations at right angles to each other 
and in the plane of the layer. It is expected that by 
tilting the substrate normal toward one of the (100) 
directions, a single c-axis orientation will be favored. 
This hypothesis has not been verified at the present 
time. 

Electrical Properties and Autodoping 
The Ge and GaAs substrates used in this work have 

had some influence on the evaluation of the electrical 
properties of the ZnSiAs2 layers. For example, the p-  
type epitaxial  layers grown on n- type Ge were tested 
with a thermal probe and studied by Hall effect mea- 
surements. However, the electrical isolation between 
the Ge substrates and the epitaxial  layers was gen- 
erally poor, Thus, the interpretat ion of the Hall effect 
measurements is difficult and the influence of the sub- 
strate on these measurements is hard to ascertain. For 
these reasons Cr-doped semi-insulating GaAs sub- 
strates were the appropriate choice for growing layers 
suitable for Hall effect measurements. The use of these 
substrates resulted in good electrical isolation with 
the epitaxial  layer. 
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Fig. 6. X-ray diffraction of ZnSiAs2 showing mixed epitaxy 
deposition as evidenced by appearance of both the (008) and 
(040)ZnSiAs2 reflections. 

The deposi ts  on GaAs (Cr) subs t ra tes  for  the  g rowth  
cond i t ions  l i s ted  in Table  I a re  p - t y p e  wi th  hole con-  
centra t ions  ranging  f rom 5 • 10 is cm - s  t o 5  • 1019 
cm-3,  wi th  2 • 1019 cm -3 typ ica l ly  observed.  These 
concentra t ions  are  r e l a t ive ly  insensi t ive  to the  va r i a -  
t ion in g rowth  condi t ions  l is ted in Table  I. Hole m o -  
bi l i t ies  of 40-50 cm2/Vsec a re  typ ica l  of these p - t y p e  
layers.  The insens i t iv i ty  of the  hole concentra t ion to 
g rowth  condit ions suggested the  poss ibi l i ty  of an im-  
pu r i ty  p rob lem ar is ing f rom the substrate .  Fo r  this 
reason secondary  ion mass spec t rome t ry  (SIMS) was 
employed  to analyze  the layers  and the in te r fac ia l  
region be tween  the l aye r  and  substrate .  These studies 
were  conducted  on ZiSiAs2 layers  g rown on both  Ge 
and GaAs. 

F igures  8 and 9 show SIMS profiles of ZnSiAs2 g rown 
on a Ge and GaAs subst ra te ,  respect ively .  The ZnSiAs2 
grown on (100) Ge appears  to be r e l a t ive ly  un i fo rm 
and  exhibi ts  a r ea sonab ly  ab rup t  interface.  However ,  
the  ZnSiAs2 grown on (100) GaAs subs t ra tes  shows a 
significant amount  of Ga outdiffusion f rom the  sub-  
s t ra te  into the ZnSiAs2 layer .  Since Ga has b e e n  r e -  

por ted  to be an  accep tor - l ike  i m p u r i t y  for  ZnSiAs~ 
(4), these resul ts  suggest  that  an autodoping effect is 
p resen t  which could expla in  why  the layers  grown 
on semi- insu la t ing  GaAs subs t ra tes  consis tent ly  re -  
sul ted  in heav i ly  doped p - t y p e  ZnSiAs2 layers ,  for  
which  the background  hole concentra t ion  was r e l a -  
t ive ly  insensi t ive to growth  conditions. F ina l ly ,  i t  is 
appa ren t  tha t  this choice of subs t ra te  is not  an  ap-  
p ropr i a t e  vehicle for Hal l  effect measurements  unless 
steps can be taken  to e l iminate  the autodoping mecha-  
nism. This type of p rob lem has been p reva len t  in the  
growth  of GaAs on Ge substra tes ,  and in the G a A s / G e  
sys tem could be c i rcumvented  by  capping the back  side 
of the subs t ra te  wi th  an  encapsu lan t  such as SiO~ (7). 

Summary and Conclusions 
The open tube vapor  phase ep i t ax ia l  g rowth  tech-  

nique has been  used to synthesize ep i t ax ia l  l ayers  of 
ZnSiAs2. Of pa r t i cu la r  significance is the fact  tha t  
the noncubic  ( te t ragonal )  s t ruc ture  admits  w e l l - d e -  
fined 'growth conditions tha t  resu l t  in t ru ly  ep i tax ia l  
growth.  

Whi le  ZnSiAs~ does exhib i t  some degree  of t e t r ag -  
onal  d is tor t ion  (c-axis  compression gives a c/a ra t io  
of 1.92), i t  is not  known whe the r  this is necessary  in 
o rder  to favor  the growth  of the (001) or ien ta t ion  
over  the (100) or ientat ion.  I t  would  be necessary  to 
s tudy the deposi t ion of a ma te r i a l  such as ZnSnP2 
which  has a c/a ra t io  of exac t ly  2.0 in o rde r  to de t e r -  
mine  whe the r  some degree  of c-axis  compression is 
necessary to demons t ra te  the  preference  of the (001) 
over  the (100) or ientat ion.  I t  is sugges ted  here  that  i t  
is the na tu re  of the bonding  r a the r  than  the la t t ice  
spacing tha t  is crucial  to the  growth  of one of these 
or ientat ions  over  the  other. 

At  this point,  the  high ca r r i e r  concentra t ions  en-  
countered  in these films remain  a ser ious problem.  
Since an au todoping  mechanism appears  to be present ,  
the high concentrat ions are  not  be l ieved  to be ind ica-  
t ive of the inheren t  p roper t ies  of ZnSiAs2, bu t  a re  
more  dependen t  on the choice of subs t ra te  a n d / o r  
g rowth  conditions. In fact,  recent  work  using an 
organometa l l ic  Zn source has resu l ted  in hole concen- 
t ra t ions  near  10 is cm -8, which  fu r the r  suppor ts  this 
conclusion. Addi t iona l  s tudies  a re  u n d e r w a y  to de te r -  
mine conditions for  achieving much lower  ca r r i e r  
concentrat ions.  

The format ion  of n - t y p e  ZnSiAs2 h a s ' b e e n  pa r t i cu -  
l a r ly  encouraging in v iew of  the ea r l i e r  evidence tha t  
the chalcopyr i tes  m a y  have  type-convers ion  prob lems  
s imi lar  to the I I - IV  compounds. Our  resul ts  suggest  the 

p o s s i b i l i t y  of ZnSiAse p - n  junct ion  formation,  which  
is essent ial  if this is to be a useful  device mater ia l .  
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Fig. 7. X-ray diffraction pat- 
tern showing growth condition 
induced preference far the 
(010)ZnSiAs2 orientation over the 
more typically preferred (001) 
orientation. The substrate is 
(100) GaAs. 
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ABSTRACT 

Neut ron  ac t iva t ion  techniques were  used to s tudy  the  efficiency of ion-  
implan ta t ion  ge t te r ing  of gold in  go ld -equ i l ib ra t ed  silicon samples.  The im-  
p lan ta t ion  species was 150 keV argon ions. An  ion dose of 1 • 1016 A r / c m  2 
was found to be opt imum. Wi th in  the range  of ion cu r ren t  dens i ty  inves t i -  
gated,  the ge t te r ing  efficiency increased wi th  the ion cur ren t  densi ty.  Im-  
p lan ta t ion  pe r fo rmed  at  a h igh t empe ra tu r e  p rov ided  less ge t te r ing  than  
tha t  pe r fo rmed  at  a lower  tempera ture .  A pos tannea l ing  t e m p e r a t u r e  of e i ther  
900 ~ or  1000~C could be super ior  to l l00~ in ge t te r ing  gold, p rov ided  enough 
ge t te r ing  t ime was al lowed.  

The op t imum condit ions for i on - implan ta t ion  ge t te r ing  were  app l ied  to a 
typica l  lV1OS processing cycle on as - rec ieved  sil icon samples.  Fo r  an ion 
dose of 1 • 1016 A r / c m  2, a total  ge t ter ing  t ime of 8 h r  a t  1000~ increased  
the MOS genera t ion  l i fe t ime signif icantly compared  w i t h  tha t  for  a control  
sample.  The da ta  f rom the MOS genera t ion  l i fe t ime s tudy  a re  consis tent  
wi th  the resul ts  of the  neut ron  act ivat ion analysis.  

Ion - implan ta t ion  ge t te r ing  bas ica l ly  consists of two 
processing steps; namely,  c rea t ion  of an i on -damaged  
l aye r  fol lowed by  ge t te r ing  a t  an e leva ted  tempera ture .  
Pa r ame te r s  of each step might  influence the  efficiency 
of the get ter ing.  Buck et al. (1) found tha t  increas ing 
the ge t te r ing  t ime increases the  amount  of gold get-  
tered.  The amount  of gold ge t t e red  was also found to 
increase  wi th  ge t te r ing  t empera tu re s  be tween  850 ~ 
and 1150~ (2). Thus, the res idual  d isorder  a f te r  an-  
nea l ing  seemed to be jo in t ly  dependen t  upon the t em-  
pe ra tu re  and t ime of the anneal ing  (1-5).  

Seidel,  Meek, and  Cullis (2) found tha t  the efficiency 
of ge t te r ing  gold by  an i on -damaged  l aye r  was re la ted  
to the amount  and type  of d i so rde r  a f te r  anneal ing ,  and  
tha t  a r g o n , d a m a g e d  layers  ge t te red  gold more  effi- 
c ient ly  than  layers  damaged  by  other  ions. The res idual  
d i sorder  a f te r  annea l ing  was found to be dose de -  
penden t  for  var ious  ion species (3, 6, 7). In  the absence 
of good the rma l  contact  be tween  the sample  and the 
sample  holder ,  a h igh -cu r r en t  h igh-dose  implan ta t ion  
m a y  cause in situ sample  hea t ing  and affect both  the  
a s - imp lan ted  d i so rde r  and  the final d i sorder  a f te r  a n -  
nea l ing  (3, 8). Using ion - implan ta t ion  get ter ing,  
Nassibian et al. (9) were  able  to increase  the MOS 
genera t ion  l i fet ime,  bu t  the increase  was not  r e p r o -  
ducible.  

The p resen t  s tudy invest igates  the effect of seve ra l  
pa rame te r s  of ion implan ta t ion  and pos tannea l ing  on  
the efficiency of gold ge t te r ing  in go ld -equ i l ib ra t ed  
silicon. Neut ron  act ivat ion techniques are  used as the 
main  inves t iga t ive  tools. The op t imum conditions of 
i on - implan ta t ion  ge t te r ing  are  appl ied  to as - rece ived  
si l icon samples  to s tudy  the effect on MOS genera t ion  
l i fet ime.  This work  was not  in tended  to inves t iga te  
the de ta i l ed  na tu re  of the damage  c rea ted  by  the ion 
implanta t ion .  

The  fol lowing sections out l ine  the  expe r imen ta l  
procedures  used and include the resul ts  of a neu t ron  
act ivat ion analysis.  The effect of i on - implan ta t ion  ge t -  
te r ing  on the MOS genera t ion  l i fe t ime is described.  
F ina l ly ,  a genera l  discussion of the  resul ts  is given. 

Experimental Procedures 
For  the s tudy  of gold ge t te r ing  in silicon, (100) p -  

type  10-20 ~ - c m  silicon wafers  were  scr ibed and 
cleaned. Abou t  1000A of Au was evapora ted  onto both  
sides of the sample.  The sample  was then equ i l ib ra ted  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member.  
1Present  a d d r e s s :  X e r o x  C o r p o r a t i o n ,  E1 S e g u n d o ,  Ca l i f o rn i a  

90245. 
Key words: getterlng, neutron activation, gold, lifetime. 

with  Au  a t  a t empera tu re  of 1080~ in a n i t rogen am-  
bient  for about  6 hr. The gold-dif fused samples  were  
first d ipped in buffer H F  wi th  ul t rasonic  agi ta t ion  to 
remove  the si l icon oxide at  the surface.  A DI wa te r  
r inse followed. The samples  were  then immersed  in 
aqua regia  for  a few minutes  and the samples  were  
again  r insed  in  DI  water .  

A silicon etching technique  was used to remove  the 
surface p i l e -up  of gold in silicon. The solut ion was 
composed of HF, HNO3, H20, and HC2tt802. Based on 
our  neu t ron  act ivat ion analysis,  the r emova l  of 1.5 
mils f rom each side of the  sample  was more  than  
sufficient to remove the excess Au at  the surface. One 
side of the sample  was pol ished wi th  Lus t rox  solution. 
The unpol ished side was covered wi th  1 ~m of  CVD 
SiO~, which was depos i ted  at  380~ 

The unpol ished side of the sample  was a t tached  to 
the sample  holder  wi th  indium,  which  se rved  as a 
good the rmal  contact  dur ing  the implanta t ion .  
Throughout  a l l  the implan ta t ion  runs,  A r  ions of 150 
keV were  se lected and implan ted  into the  pol ished 
side of  each sample.  Pa r a me te r s  such as ion dose, ion 
cur ren t  density,  and subs t ra te  t empe ra tu r e  were  sepa-  
r a t e ly  var ied  from sample  to sample.  Fo r  each sample,  
all  these pa rame te r s  were  carefu l ly  moni tored .  

Af te r  implanta t ion ,  the ind ium was r emoved  wi th  
hydrochlor ic  acid and the CVD SiO2 was removed  
with  buffer  HF. Af te r  cleaning, the samples  were  
coated with  CVD SiO2 of about  1 #m on both  sides to 
p reven t  possible outdiffusion of gold dur ing  the an-  
nealing.  The samples  were  then annealed  at  t e m p e r a -  
tures be tween  900 ~ and  l l00~ for var ious  t ime per iods  
be tween  one -qua r t e r  hr  and 5 hr.  Af t e r  t h e  get ter ing,  
the samples  were  packed  wi th  plast ic  and inser ted  into 
a p las t ic  vial.  The  v ia l  was  then  r e a d y  for  neu t ron  
act ivat ion.  

The technique of neu t ron  act ivat ion analysis  was 
used to de te rmine  the amoun t  of gold contained in each 
silicon sample.  The r emova l  of a silicon l aye r  by  e tch-  
ing wi th  a solut ion of HF, HNOs, H20, and HC2H30~ 
was pe r fo rmed  a l t e rna t e ly  wi th  count ing of gamma 
rays  f rom the sample. The amount  of gold contained in 
the damaged  l aye r  was de te rmined  as the  difference 
in the amounts  of gold conta ined in the sample  before  
and af ter  the r emova l  of the damaged  layer .  The rat io  
of  the amount  of gold ge t te red  in the damaged  l aye r  
to the amount  of gold contained in the  whole  sample  
was defined as the percentage  of gold ge t te red  by  the 
damaged  layer ,  o r  the  ge t te r ing  efficiency. 

1569 
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The neut ron  ac t iva t ion  was car r ied  out  e i ther  wi th  
the L-77 reac tor  a t  UCSB or  the  R-1 reac tor  a t  UCLA. 
For  the  L-77 reactor ,  the  act ivat ion was pe r fo rmed  a t  
a flux dens i ty  of 3 • 10s n e u t r o n s / ( c m  2) (sec) for 3 hr.  
For  the R-1 reactor,  the ac t iva t ion  was pe r fo rmed  at  a 
flux dens i ty  of 1.5 X 10 TM n e u t r o n s / ( c m  2) (sec) for  a 
half  hour. 

A tha l l ium ac t iva ted  NaI  de tec tor  was used to de -  
tect  the gamma rays  genera ted  f rom the isotope 19SAu. 
The energy  of the g a m m a  r a y  is 0.412 MeV. The ha l f -  
l ife of  ~98Au is 2.7 days.  

Results of Neutron Activation Analysis 
The ge t te r ing  was pe r fo rmed  at  l l00~ for  5 hr.  

Four  subs t ra te  t empera tu res  were  chosen to s tudy  the 
dependence  of ge t te r ing  efficiency on the  subs t ra te  
t empe ra tu r e  dur ing  the implanta t ion .  To achieve a h igh  
subs t ra te  tempera ture ,  a hea te r  was ins ta l led  d i rec t ly  
under  an a luminum subs t ra te  ho lde r  to hea t  the sub-  
s t ra te  to e i ther  212 ~ or 400~ The hea te r  was unde r  
vacuum dur ing  the  imp lan ta t ion  and the  t empe ra tu r e  
was ma in ta ined  constant  by  a t empera tu re  control ler .  
Fo r  low t empera tu r e  implanta t ion ,  a hol low a luminum 
subs t ra te  holder  was filled wi th  wa te r  or  l iquid  n i t ro -  
gen for 35 ~ o r  --196~ Al l  t empera tu re s  were  moni -  
tored  by  a d igi ta l  me te r  th roughout  the ent i re  im-  
p lan ta t ion  process. 

As shown in Fig. 1, the ge t te r ing  efficiency increased 
wi th  decreas ing subs t ra te  tempera ture .  This is be l ieved 
to indicate  increased d isorder  for  ion implan ta t ion  at  
decreased  subs t ra te  tempera tures .  At  each subs t ra te  
t empera ture ,  the ge t te r ing  efficiency is found to be  
h igher  for  a dose of 1 • 1016 A r / c m  2 than  for  6 • 10 z5 
Ar/cm2. 

The amount  of gold detected before  and af te r  the  
remova l  of the CVD layer  on the implan ted  side was 
a lways  the same for each sample.  This indicates  tha t  
gold does not  diffuse in to  the SiO2 f rom the damaged  
sil icon l aye r  a t  l l00~ 

The pro jec ted  range  of 150 keV A r  ions in silicon at  
an incident  angle of about  7 ~ is k n o w n  to be less than  1 
~rn (3, 9). The l aye r  of sil icon which  get ters  gold is 
thus expected to be not  more  than  1 ~m in depth.  How-  
ever, al l  samples  which received a ge t te r ing  cycle at  
l l00~ for  5 h r  appea red  to contain, to a dep th  of as 
much as 10 ~nn, a gold concentra t ion h igher  than  the  
equi l ib ra ted  level.  
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Figure  2 gives an example  of the d is t r ibu t ion  of gold 
impur i t ies  in layers  up  to about  20 #m. The percentage  
of gold ge t te red  is p lo t ted  as a funct ion of the total  
l aye r  dep th  of sil icon measured  f rom the surface of 
the damaged  side of the  sample.  The s lope of each l ine  
connecting ad jacen t  da ta  points  is p ropor t iona l  to the 
concentra t ion  of gold in tha t  region.  The s t ra igh t  l ine 
at  the  bot tom of the figure shows an expe r imen ta l  r e -  
sul t  for a control  sample  which  was un i fo rmly  equi l i -  
b ra ted  wi th  gold to a concentra t ion of 2 • 1016 A u /  
cm 3. Since the control  sample  also received a 5 h r  ge t -  
ter ing annea l  a t  l l00~ the gold d is t r ibu t ion  in this  
control  sample  indicates  tha t  the  Si-SiO2 interface  does 
not  get ter  Au dur ing  the ge t te r ing  anneal .  F igure  2 also 
shows tha t  the  gold concentra t ion a t  depths  up to 10 
~nn is h igher  than  tha t  for  the  control  sample.  Back -  
diffusion of gold f rom the ge t te red  region  to the  bu lk  
silicon is thought  to be the cause. 

To confirm the back-di f fus ion of gold f rom the ge t -  
t e red  region af te r  a 5 h r  annea l ing  cycle at  l l00~ 
samples  rece iv ing  implan ta t ion  under  a fixed set  of 
condit ions were  annea led  a t  1100~ for  var ious  t ime 
per iods  ranging  f rom one -qua r t e r  hr  to 5 hr. The resu l t  
is shown in Fig. 3. Each number  on the var ious  curves  
represents  an expe r imen ta l  point.  The number  ind i -  
cates the  number  of hours  of annea l ing  a t  l l00~ As 
the anneal ing  proceeds,  gold g radua l ly  moves t oward  
the damaged  region which  is wi th in  1 ~ n  of the  sil icon 
surface. The amount  of gold  ge t te red  in  1 ~m dep th  
of siIicon increases  w i th  anneal ing  t ime  up  to about  1 
hr. Fo r  the  curves wi th  an annea l ing  per iod  of 1 h r  or  
less, the  gold concent ra t ion  is h igher  than  the equi l i -  
b ra t ing  level  only  wi th in  a dep th  of 2 ~m. A significant 
observat ion  is tha t  gold s tar ts  to be  re leased  b y  the 
damage  and diffuses back  to the b u l k  sil icon a f te r  an -  
nea l ing  at  l l00~ for about  1 hr  This fact  is evidenced 
by  compar ing  curves numbered  "3" and "5" wi th  tha t  
numbered  "1." In  the  curves n u m b e r e d  "3" and"5," the  
gold concentra t ion in the  region be tween  6 and 12 ~m 
is h igher  than  the equ i l ib ra ted  leve l  as ind ica ted  
b y  the slope of the  l ines be ing  l a r g e r  than  tha t  for  the 
control  sample.  

I t  is be l ieved  tha t  a f te r  about  1 h r  of anneal ing  the  
damage  c rea ted  b y  the ion implanta t ion ,  which  has the  
set  of condit ions descr ibed in Fig. 3, s tar ts  to be a n -  
nea led  (3). The dr iv ing  force for  the  gold ge t te r ing  is 
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Fig. 4. Gettering efficiency vs. annealing time at various an- 
nealing temperatures. The common conditions of implantation for 
all samples are: 1 X 1025 A r + / c m  2, 150 keV, 7 o incident angle, 
1.68 FA/cm 2, 45~ Samples are 280 #m thick. 

Fig. 3. Percentage of gold gettered vs. total layer depth of silicon 
on the implanted side. The parameter is number of hours of an- 
nealing at 1100~ The common conditions of implantation for all 
samples are: I X 1015 A r + / c m  ~, 150 keV, 7 ~ incident angle, 
1.68 #A/cm 2, 35~ Samples are 406 #m thick. 

thereby decreased and gold atoms are released in the 
damaged region. The gold concentrat ion gradient  
causes gold atoms to diffuse back to the bu lk  silicon. 

Three temperatures,  900 '~ 1000 ~ and 1100~ were 
selected to study the annea l ing- tempera tu re  depen-  
dence of gettering. The gettering efficiency is plotted as 
a funct ion of anneal ing  t ime for each ten~perature in  
Fig. 4. Each exper imenta l  point  on a given curve in Fig. 
4 was obta ined  from a given individual  sample. Al-  
though the curve associated with l l00~ retrogrades 
after a 1 hr annea l ing  cycle, the curves for 900 ~ and 
1000~ indicate a get ter ing efficiency that  increases 

m o n o t o n i c a l l y  with anneal ing  t ime to 5 hr. The curve 
for 1000~ is higher than that  for l l00~ after about  
1.75 hr. Also, the curve for 900~ exceeds that  for 
l l00~ after  about  2.5 hr. 

In  the first ha l f -hour  of annealing,  the get tering effi- 
ciency is higher for a higher temperature.  Basically 
the diffusivity of gold in silicon dominates the get ter-  
ing process in  the ini t ia l  period of anneal ing.  Accord- 
ing to the resul t  shown in Fig. 4, it  is clear that  the 
get ter ing tempera ture  and time must  be careful ly 
chosen to achieve a desired get ter ing efficiency. 

The dependence of the get ter ing efficiency on the ion 
dose and ion cu r r en t  density is i l lustrated in Fig. 5. The 
ion dose ranging from 6 • 1014 cm -2 to 2.5 • 10 TM 

cm -2 is indicated on a log scale. Three ion current  den-  
sities with a ratio of 1:2:4 are also specified. 

At each ion current  density, the get tering efficiency 
increases with ion dose to a va lue  of about 1 X l0  TM 

cm -2, which is believed to be an opt imum dose for effi- 
cient ion- implan ta t ion  gettering. The rela t ively high 
value of 3.36 ;~A/cm 2 ion current  densi ty appears to 
getter  gold more efficiently than the two lower ion cur-  
rent  densities. I t  should be noted that  the substrate 
tempera ture  was held constant  at 45~ dur ing  the im-  
plantations,  

MOS Generation Lifetime 
The generat ion lifetime of an MOS capacitor is a pa-  

rameter which heavi ly  depends on the qual i ty  of the 
bulk  silicon. The generat ion lifetime is inversely  pro-  
portional to the density of generat ion centers for elec-  
tron hole pairs. Therefore, it  is appropriate to moni tor  
the effect of ion- implan ta t ion  gettering on the genera-  
t ion lifetime of an MOS capacitor. 

To simulate s tandard MOS processing, MOS capaci- 
tors were bui l t  on as-received silicon samples in which 
no gold impur i ty  was in ten t ional ly  added. In  addition, 
dur ing the ion- implan ta t ion  step, there was no ind ium 
be tween  the sample and the sample holder. The beam 
heat ing effect in this case m a y  be different f rom that  in  
which ind ium serves as a thermal  contact to the sam- 
ple dur ing the implantat ion.  However, it  was felt that  
the absence of ind ium corresponds more near ly  to in -  
dustr ial  practice. 
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1.1 hr pnstannealing at l i 00~  Samples are 280 #m thick. 
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Two Czochra l sk i -grown p- type ,  16 a - c m  sil icon wafers  
wi th  a d iamete r  of 2 in. and a thickness of 16 mils were  
scr ibed so tha t  the comparison of genera t ion  l i fe t ime 
could be made  on pieces f rom the same wafer .  The 
samples rece ived  an RCA cleaning (10). Af t e r  the 
cleaning process, one sample  f rom each wafer  was not 
implan ted  and se rved  as a control  sample.  The res t  of 
the samples  received back-s ide  Ar  implan ta t ion  wi th  a 
dose of e i ther  1 • 10 ~5 o r  1 • 1016 cm -2, a t  150 keV 
and 2.2 ~ / c m  2. 

A t e m p e r a t u r e  of 1000~ was used for the  get ter ing  
and the oxidat ion.  The implan ted  samples  received 
various ge t te r ing  periods in n i t rogen before  the ox ida -  
t ion cycle. The oxidat ion  was pe r fo rmed  in d ry  oxygen  
for  2.5 h r  to grow l l00A of SiO2. Final ly ,  the ambien t  
was swi tched to n i t rogen for  a half  hour  to reduce the 
f ixed-charge  and sur face-s ta te  densities.  

A layer  of 5000A of a luminum was evapora ted  onto 
the f ront  side of each sample.  A mask  which contains 
an a r r a y  of c i rcular  dots su r rounded  by  guard  r ings 
was used to define a pa t t e rn  for  the a luminum layer .  
To form an ohmic contact, the oxide on the back  side 
of the samples  was removed  and 5000A of a luminum 
was evapora t ed  onto the back side of the samples.  

Final ly ,  an anneal  was carr ied  out  a t  450~ in f o r m -  
ing gas for  20 min. The samples  were  then r eady  for 
C-t measurement .  

A pulsed technique was used for the measuremen t  of 
the minor i ty  ca r r i e r  genera t ion  l i fe t ime in the bu lk  
silicon of an MOS capacitor.  Conceptual ly,  the  pulse d 
technique measures  the genera t ion  l i fe t ime in sil icon 
by  observing the ra te  at  which the invers ion layer  
forms in an MOS capaci tor  a f te r  being pulsed to a 
deep-dep le t ion  condit ion (11). The t rans ient  response 
of the pulsed MOS capaci tor  was recorded as a plot  o f  
the capaci tance of the MOS capaci tor  as a funct ion o f  
t ime. 

Schroder  and Guldberg  (12) developed a s imple ap -  
p rox ima te  theory  in which  the C- t  curve is fitted by 
a s t ra igh t  line. If  tF is the t ime requ i red  to form the 
invers ion layer ,  an approx ima te  equat ion for the ex-  
t ract ion of the genera t ion  l ifetime, zg, f rom the C- t  p lot  
was der ived  as follows 

ni CF ( Co ~ 
z , -  - -  t, 1 + = - - /  

8NA Cox C F /  

where  ni : in t r ins ic  ca r r i e r  concentrat ion,  NA ~ dop-  
ing densi ty  of the substrate,  Co = ini t ia l  capaci tance o f  
pulsed MOS capacitor,  CF ---- final capaci tance of pulsed 
MOS capacitor,  and  Co= --  oxide capacitance.  This 
equat ion is convenient  for a r ap id  evalua t ion  of the 
genera t ion  l i fe t ime of carr iers  in a large  number  o f  
devices. 

Table I. Comparison of the generation lifetime of the implanted 
samples with that for the control sample 

Average gene- 
ration lifetime 

Sample (~sea) 

Control sample 555 

Ion dose Gettering cy- 
(cm-~) cle at IO00~ 

1 x 10 TM Os 2.5 hr  
Ns 0.5 hr  600 

i x i0 ~6 N~ B.0hr 
O~ 2.5 hr  918 
N2 0.5 hr  

1 • 10 ~ O~ 2.Shr Same as control 
N2 0.5 hr sample 

1 • 10 TM N2 5.0 hr 
O8 2.5 hr Shorter than con- 
N= 0.5 hr  trol sample 

Since the silicon surface was observed  n o t  to  b e  in-  
ver ted  at  zero bias, the guard  r ing was lef t  floating. A 
C-t plot  was pe r fo rmed  and the genera t ion  l i fe t ime de-  
t e rmined  for each MOS capacitor.  The genera t ion  l i fe-  
t ime for  each imp lan ted  sample  was compared  with  
that  of the control  sample,  as shown in Table I. T h e  
average genera t ion  l i fe t ime of the control  sample  is 
555 ~sec. When the to ta l  anneal ing  t ime is only  3 hr, 
the improvemen t  of the genera t ion  l i fe t ime is ins ig-  
nificant for both  dose levels. As the  to ta l  anneal ing  
t ime is increased  to 8 hr, the sample  receiving a dose 
of 1 • 10 z6 cm-2  had  an average  genera t ion  l i fe t ime o f  
918 #sec. The genera t ion  l i fe t ime mapping  of this sam-  
ple is shown in Fig. 6. On the other  hand, the sample  
receiving a dose of 1 X 101~ cm -2 and 8 hr  of anneal ing  
had an average  genera t ion  l i fe t ime s l ight ly  shor ter  
than that  of the control  sample.  The sl ight  reduct ion 
of the average  genera t ion  l i fe t ime could be due to  l o c a l  
defects. I t  may  also be due to the capture  of the re -  
duced damage by  the oxidized front  side of the s i l i -  
con sample  (4). 

Discussion and Conclus ion 
Thi r ty  minutes  of anneal ing  was found to  b e  i n -  

s u f f i c i e n t  for efficient get ter ing,  especial ly for  900 ~ and 
1000~ On the o the r  hand, ion damage is more  p e r m a -  
nent'  when the anneal ing  is car r ied  out  a t  a lower  t em-  
perature .  High t empera tu re  anneal ing  for a long t i m e  
tends to anneal  out  the damage and reduce the  g e t t e r -  
i n g  capabi l i ty .  

In the presen t  work, the m a x i m u m  get ter ing  ef f i -  
c i e n c y  of gold is 50%. This corresponds to a few t imes 
10 ~s A u / c m  8 in the ge t te red  region. I t  is suspected t h a t ,  
at such a high gold concentrat ion,  the get ter ing capa-  
b i l i ty  is p robab ly  saturated.  In  the as - rece ived  wafer  in 
which no gold is in ten t iona l ly  added, the gold concen- 
t ra t ion is expected to be 1014 Au/cm8 or  less (13). Thus, 
sa tura t ion  should not  occur and the get ter ing  efficiency 
is expected to be h igher  than  50%. 

The implan ta t ion  process per formed  dur ing  normal  
device fabr icat ion m a y  not  include a good the rmal  con- 
tact  between the wafer  and the wafer  holder.  In  the ab-  
sence of a good the rmal  contact, the wafer  m a y  be a p -  
p r e c i a b l y  heated by  the high energy  ions. For  instance, 
at  an ion energy  of 150 keV, an ion cur ren t  dens i ty  o f  
1.68 ~A/cm 2 may  hea t  the wafer  to 204~ 

The get ter ing  efficiency of gold increases wi th  in-  
creasing ion cu r ren t  dens i ty  and decreases wi th  in -  
creasing subs t ra te  tempera ture .  In  general ,  the ge t t e r -  
ing efficiency may  be expected to increase wi th  the i o n  
cur ren t  densi ty  unt i l  the associated subs t ra te  t empera -  
ture  effect is large  enough to dominate.  For  h igher  cur -  
ren t  densities,  the get ter ing efficiency wil l  decrease.  

I 
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Fig. 6. Generation lifetime mapping of a gettered sample, in 
~sec. The conditions of implantation are 1 X 10 z6 Ar+ /cm 2, 150 
keV, and 2.2 #A/cm 2. The average generation lifetime is 918 
#see. The 8 hr annealing cycle is listed in Table I. 
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Stacking Faults and Substructure in GaAs/(Ga,AI)As 
Heteroepitaxial Layers 

I. Origin and Elimination 

B. V. Dutt,* S. Mahajan,* R. J. Roedel, G. P. Schwartz,* D. C. Miller, and L. Derick 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The or ig in  of s tacking faul ts  and  subs t ruc ture  observed  in (Ga,A1)As 
layers  grown by l iquid phase ep i t axy  on Syton pol ished GaAs subs t ra tes  has 
been studied. The s tacking  faul ts  p r i m a r i l y  or iginate  at  the subs t r a t e - ep i l aye r  
interface.  These faul ts  p r e suma b ly  occur to accommodate  misfit be tween  
coalescing islands observed  in the ear ly  growth  studies of he t e roep i t axy  of 
(Ga,A1)As on these substrates .  The i s l and- l ike  growth  appears  to corre la te  
wi th  calc ium contaminat ion  associated wi th  the  Syton pol ished substra tes .  
In  addit ion,  dis locat ion subs t ruc ture  has been observed in (Ga,A1)As and 
GaAs ep i - l aye r s  grown on Syton  pol ished substrates .  In  the  case of iso-  
ep i t ax ia l  layers ,  no s tacking faul ts  a re  seen. Thus g rowth  of a buffer l aye r  of 
GaAs e l iminates  the s tacking faul ts  bu t  not the subst ructure .  I t  is t he re -  
fore suggested that  the dislocation subs t ruc ture  arises f rom the repl ica t ion  of 
dislocations p resen t  in deformed surface regions of Sy ton  pol ished substrates.  
On the other  hand, he te roep i tax ia l  layers  of (Ga,A1)As grown on Br -  
me thano l  pol ished subs t ra tes  are  l a rge ly  free f rom these s t ruc tu ra l  defects. 

S tacking  faul ts  (SF ' s ) ,  fau l ted  loops, and dislocat ion 
tangles  in (Ga, A1)As ep i - layers ,  g rown on GaAs 
subst ra tes  e i ther  by  l iquid phase ep i t axy  (LPE)  or by  
vapor  phase  ep i t axy  (VPE) ,  have been  observed by  
severa l  inves t igators  (1-3).  I t  is genera l ly  recognized 
tha t  S F s  or iginate  at  the subs t r a t e -ep i  interface.  Since 
these subs t ruc tu ra l  fea tures  a re  known to have de le-  
ter ious effects on device pe r fo rmance  and re l iabi l i ty ,  i t  
is of fundamenta l  as wel l  as of technological  impor -  
tance to unde r s t and  thei r  or igin and to devise p ro -  
cedures to e l imina te  them in device wafers.  

In  the p resen t  paper ,  the origin of SF 's  and subs t ruc-  
ture  in t e rna ry  (Ga,A1)As layers  grown b y  LPE has 
been s tudied  b y  opt ical  microscopy,  etching, x - r a y  
topography,  t ransmiss ion e lect ron microscopy (TEM),  
x - r a y  photoemission,  and Auger  spectroscopy.  As a 
resul t  of these invest igat ions,  i t  has been  possible to 
develop subs t ra te  p repa ra t ion  procedures  using Br -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: defects,  substrate preparation, damage,  imperfec- 

tions. 

methanol  solution pol ishing which  y ie ld  high qua l i ty  
device wafers.  

Experimental 
The n - t y p e  GaAs single crysta ls  used in the p resen t  

work  were  obta ined  f rom the Sumitomo Corporation,  
Japan.  The average  dislocation dens i ty  is typ ica l ly  
2 X 103/cm 2. 'Prior to the LPE growth,  (001) o r ien ted  
subs t ra tes  were  e i ther  Syton  1 pol ished to a m i r r o r  
finish or chemical ly  pol ished in a 1% Br -me thano l  
solution. The pol ished slices were  degreased,  follovced 
by  a 2-3 min dip in a solution consist ing of 1 pa r t  HC1 
and 2 par ts  H20. The c leaned subs t ra tes  were  immed i -  
a te ly  r insed in deionized water ,  dried, and loaded in  a 
graphi te  s l ider  boat  for LPE. The boat  conta ining Ga 
melts  wi th  GaAs and Te or Ge as a dopant  was placed 
in a quar tz  ep i tax ia l  reac tor  tube at  room t empera tu re  
and flushed overn ight  w i th  Pd-pur i f i ed  hydrogen 
flowing at  the ra te  of 500 ml /min .  In order  to reduce 
the oxides tha t  m a y  be present ,  the mel ts  were  pre-  

1 A Monsanto trademark. 
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baked  at  550~176 for  about  90 rain. Af te r  the pre~ 
bake, A1 was added  to the melts .  The t empe ra tu r e  w a s  
then raised to ,--850~ and ma in ta ined  for  2-3 h r  to 
homogenize the melts.  In  o rde r  to ensure  against  a~n 
inadver ten t  m e l t - b a c k  of the  subs t ra te  or the dissolu-  
t ion of one layer  in the subsequent  melt ,  the composi-  
tions chosen were  such that  there  was a lways  excess 
GaAs in the melts.  The fol lowing growth  procedure  
was used to deposi t  different  layers.  The furnace  was 
p rog rammed  to cool down at  a r a t e  of 0.2~ A f t e r  
a drop of 1~ the subs t ra te  was posi t ioned under  the 
Ga-A1-As mel t  and deposi t ion was car r ied  out  for  a 
50~ drop. This procedure  resul ted  in an a p p r o x i m a t e l y  
40-50 ~m thick, composi t ional ly  g raded  n : G a l - ~ A l x A s  
l aye r  in which x va r ied  f rom 0.35 to 0.24. For  double  
he te ros t ruc ture  (DH) device wafers,  a 0.5-I ~m active 
l aye r  of p:Ga0.gA10aAs was grown next ,  fo l lowed by  
a 1-2 ~m confining l aye r  of p: Ga0.75A10.25As. 

Samples  for TEM work  consisted of disks, 3 m m  in 
d iameter ,  chemical ly  th inned f rom the subs t ra te  side 
in a 1.5% B r - m e t h a n o l  solution. Thinned specimens 
were  examined  in a JEM 200 microscope opera t ing  at  
200 keV. 

To locate the  ini t ia t ion po in t  of SF's,  ( t10) c leaved 
sections were  etched using HsPO4:HfSO4:H20~ (100: 
100: 1) solution. Etching was car r ied  out  at  room tem-  
pe ra tu re  for  1-2 min  unde r  intense i l luminat ion.  The 
etched specimens were  examined  e i ther  op t ica l ly  us -  
ing Nomarsk i  phase  contras t  or  in a scanning  e lec t ron 
microscope (SEM).  

The  stress and radius  of cu rva tu re  of some wafers  
were  de te rmined  using a classical  x - r a y  topography  
setup. The method  is in pr incip le  equiva len t  to the 
ABAC (automat ic  Bragg-ang le  Control) technique de-  
scr ibed by  Rozgonyi and  Ciesielka (4). The sample  
was moved m a n u a l l y  wi th  an accuracy of 10 ~m and 
the K~I peak  posit ion measured  using the ha l f -w id th  
at  hal f  m a x i m u m  method.  The curva tu re  was assessed 
using 220 reflections and Mo Ka~ radiat ion.  

X - r a y  photoemission (A1 Ks)  and Auger  spec t ra  
were  obta ined on Syton and Br -me thano l  pol ished 
surfaces ut i l iz ing a Physical  Electronics  Model 548 
spectrometer .  The ins t rumenta l  resolut ion was 1.3 eV 
FWHM (full  width  at  ha l f  m a x i m u m )  for photoemis-  
sion spectra;  der iva t ive  Auger  spect ra  involved 2 keV 
elect ron exci ta t ion and 3V p e a k - t o - p e a k  modulat ion.  

Results and Analysis 
Shown in Fig. 1 are  l inea r  features,  a p p r o x i m a t e l y  

30-50 #m in length, observed on the a s -g rown  surface 
of a full  device wafer  by  Nomarsk i  contrast .  The three  
DH layers  were  g rown on a Sy ton  pol ished substrate ,  
and the i r  respect ive  thicknesses were  ,-,50, ,~1, and  
--2 ~m. These fea tures  have  traces along the <110>  
direct ions ly ing  in the (001) plane.  This observat ion 
is consistent  wi th  these fea tures  being SF 's  or  S F  
clusters hav ing  {111} habit ,  

F igu re  2 i l lus t ra tes  a subs t ruc tura l  f ea tu re  seen in 
the top l aye r  of a DH device wafer.  In  o rder  to assess 
its c rys ta l lography,  the fea tu re  was examined  unde r  
different  opera t ing  reflections. I t  was thus es tabl ished 
tha t  Fig. 2 (a )  shows two over lapp ing  SF 's  ly ing  on 
the (1~'1) planes.  The lower  fau l t  is in t r ins ic  in na tu re  
and the top one is extr insic .  The two faul ts  are  in t e r -  
connected via  an intr insic  SF  having  t h e  (~-1) habit .  
The in terconnect ing  faul t  is out  of  contras t  in Fig. 
2 (a) ,  bu t  is vis ible  in Fig. 2 (b) .  

Ano the r  dis t inct ive character is t ic  of the  mic rograph  
shown in Fig. 1 is shadows formed as a resul t  of  the 
in terac t ion  of g rowth  terraces  wi th  the l inear  traces. 
This effect is not  observed when  ter races  a re  n e a r l y  
normal  to the traces. Nonomura  et al. (3) have recen t ly  
r epor ted  s imi la r  observat ions  on 'VPE grown GaAs 
layers.  Since the step p roduced  b y  an isolated SF  on 
the (00I) p lane  is e x t r e m e l y  small ,  i ts  in te rac t ion  wi th  

Fig. 1. An optical micrograph showing linear features on the 
top surface of a device wafer. Note the formation of shadows when 
growth terraces are nearly parallel to these linear features. 

a g rowth  lame! la  would  not  be discernible.  Therefore  
to ra t ional ize  the observat ions  of Fig. 1, i t  is suggested 
tha t  the l inear  fea tures  are  s tacking  faul t  c lus te rs .  

SEM micrographs  of etching resul ts  on the (110) 
sections are  shown in Fig. 3. F igu re  3 (a) depicts  an  
S F  that  appears  to or iginate  v e r y  close to the sub-  
s t r a t e -ep i  interface.  Near ly  al l  the  SF 's  examined  had  
a s imi la r  origin. Occasional ly  SF 's  were  observed to 
s ta r t  f rom an inclusion embedded  in the first layer .  
A typica l  example  of this s i tuat ion is shown in Fig. 
3 (b) .  

To assess the qua l i ty  of the first (Ga,A1)As epi, a 
~30 ~m thick l aye r  was grown on a Syton  pol ished 

Fig. 2. Transmission electron mlcrographs showing two overlapping 
SF's observed in the top layer of a device wafer: (a) overlapping 
faults are in contrast; (b) a fault connecting the overlapping faults 
is in contrast. Plane of the micrograph in each case is ~(001).  
Marker represents 1 #m. 
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Fig. 3. SEM micrographs show- 
ing SF's an the cleaved and 
etched (110)) sections af a de- 
vice wafer. (a) SF starts at the 
substrate-(Ga,AI)As epi interface, 
and this represents a typical 
situation. (b) SF's start from an 
inclusion. In both cases, sub- 
strates were Sytan polished. The 
substrate-epi interface in (a) and 
the inclusion in (b) are de- 
lineated by single and double 
arrows, respectively. 

wa~er. Long SF's similar to those observed on the top 
layer of the full DH device structure were observed 
by optical microscopy. Figure 4 depicts the typical 
situation seen by TEM. Dense dislocation tangles 
aligned along the [11-0] direction are the most notice- 
able microstructural features. Some weakly developed 
dislocation clusters can also be seen. In addition, 
microcracks running along the [li-0] and [110] direc- 
tions were observed in samples thinned for TEM. This 
implies the existence of an internal stress. The mag- 
nitude of the stress in the layer ~e was estimated to be 
1.7 X 109 dynes/cm 2 from radius of curvature measure- 
ments using an approximation which assumes that the 
layer thickness te is negligible with respect to that of 
the substrate, ts, where (4, 5) 

E 1 ts~ 
0" e - -  

1 - -  ~, 6R ~:e 

Here E / ( 1 -  v) is 1.23 X 10 z2 dynes/cm 2 calculated 
from recent data reported by Jordan (6), and R is 

the radius of curvature determined to be 0.65m using 
x-ray transmission measurements. The calculated stress 
value is a factor of 1.5 to 2 times higher than that re- 
ported previously (7, 8). However, in this case the 
ratio te/ts ---- 0.07, which makes the negligible film 
thickness approximation questionable. Furthermore, 
contribution of the damage caused by the Syton pol- 
ishing is not known and could be a factor in increasing 
the measured stress above that normally observed for 
layers in this composition range. 

Substrate surface contamination was examined using 
x-ray photoemission and Auger spectroscopy. Both 
techniques indicated that the major contaminants were 
carbon and oxygen. Photoemission spectra of the As 
2p3/2 core levels (Fig. 5) show comparable amounts 
of oxide present as As203 on both Syton and Br-meth- 
anol polished surfaces. The areas and binding energy 
positions of the Ga 2p3/2 core level spectra are also 
comparable, although in this case the resolution of our 
instrument is insufficient to separate the 1.1-1.2 eV 
(9, 10) chemical shift between substrate (GaAs) and 
oxide (Ga2Oa) signals. 

Derivative Auger spectra taken from Syton (slice 
No. 9) and Br-methanol (slice No. 84) polished wafers 
from the same boule (9104-2) are shown in the bottom 
two panels of Fig. 6. Carbon and oxygen are the  pre- 

Fig. 4. A transm;ssion electron mlcragraph substructure observed 
in a thick (Ga,AI)As layer grown on a Syton polished GaAs sub- 
strafe. Plane af the micrograph is ~(001). Marker represents I #m. 
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Fig. 5. X-ray photoemission spectra of the As and Ga 2p.~/2 
core levels observed on Syton (tap) and Br-methanal (battam) 
polished surfaces of GaAs. 
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Fig. 6. Electron stimulated derivative Auger spectra for four 
Syton polished and one Br-methanol surface of GaAs. 

dominant  contaminants  on both wafers,  bu t  apprec iab le  
calcium is also detected on the Syton pol ished surface 
along wi th  traces of sulfur.  The calc ium signal  de -  
creases wi th  t ime p r e sumab ly  due to e lec t ron  s t imu-  

la ted  desorption.  Syton  pol ished samples  f rom three  
different  boules wi th  differing ca r r i e r  types  were  also 
examined.  Calcium was sys temat ica l ly  de tec ted  on aI1 
Syton  pol ished surfaces as a ma jo r  con taminant  in ad -  
dit ion to carbon and oxygen.  Traces of su l fur  and n i t ro -  
gen appear  sporad ica l ly  as minor  contaminants .  The 
chlor ine s ignal  observed  on wafe r  No. 1468-19 p rob-  
ab ly  or iginates  f rom inadver t en t  handl ing  since chlo- 
r ine was not  detected on any  o ther  wafer .  

The p - t y p e  sample  f rom boule  No. 2096 was moun ted  
on a hot  s tage and spu t te r  Cleaned wi th  argon ions at  
500 eV. Calcium was no t  observed  to segregate  to the 
surface af ter  heat ing the sample  to 350~ for 2 hr;  
the  calc ium detected on the surface of Syton  pol ished 
wafers  appears  to be s t r i c t ly  a surface  contaminant  
which was not  r emoved  b y  organic  c leaning agents  
such as acetone and chloroform bu t  should be  removed  
by  subs t ra te  e tchants  such as H2SO4:H202:H20 (4: 1:1). 

To eva lua te  the influence of surface contaminat ion  
on growth  morphology,  G a l - x A l x A s ( x  = 0.35) layers  
were  deposi ted s imul taneous ly  f rom the same mel t  on 
GaAs wafers  tha t  were  p repa red  in th ree  different  
ways.  These were  Syton  polished, Syton  pol ished and 
etched in a 4:1:1 solut ion of H2SO4:H202:H20, and 
Br -me thano l  po l i shed  wafers.  A th i rd  of the wafers  
wi th  these surface p repara t ions  and the no rma l  organic  
solvent  c leaning filled the subs t ra te  recess in the 
s l ider  boat  for  this exper iment .  F o r  inves t iga t ing  the 
ea r ly  stages of g rowth  morphology,  deposi t ion was 
car r ied  out  only  for 2 sec, and  these resul ts  a re  r e -  
p roduced  in Fig. 7. I t  is ev ident  tha t  g rowth  on a Sy ton  
pol ished subs t ra te  [Fig. 7 ( a ) ]  occurs in an i s l and- l ike  
fashion, whereas  layers  grown on Syton  + chemical ly  
e tched [Fig. 7 ( b ) ]  and Br -me thano l  polished [Fig. 
7 (c ) ]  subs t ra tes  a re  more  or  less continuous. These 
morphological  differences are  indeed reflected in the 
s t ruc tu ra l  character is t ics  of th icker  layers ,  ,-,50 ~m, 
shown in Fig. 8. Large  SF 's  are  observed in the  l aye r  
grown on a Syton  pol ished wafe r  [Fig. 8 ( a ) ] ,  whi le  
these features  are  absent  in Syton  pol ished and chemi-  
cal ly  etched [Fig. 8 ( b ) ]  and B r - m e t h a n o l  pol ished 
[Fig. 8 (c) ] substrates .  

Fig. 7. Optical micrographs showing results of a 2 sec (Ga,AI)As epi growth on (a) Syton, (b) Syton polished and chemically etched, and 
(c) Br-methanol polished GaAs substrates. Note island-like growth morphology in (a). 
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Fig. 8. Optical micrographs showing results of a 30 #m thick (Ga,AI)As epi growth on (a) Syton, (b) Syton and chemically etched, 
and (c) Br-methanol polished GaAs substrates. Note that SF's are only observed in (a). 

In  order to unders tand  the origin of the defects, iso- 
epitaxial  layers grown on Syton polished substrates 
were also studied. In this case the stacking faults 
were not observed, but  the dislocation subst ructure  was 
similar to that  observed in  Fig. 4 for the (Ga,A1)As/ 
GaAs heteroepitaxy. 

The above investigations suggest that  the presence 
of calcium on the surface is a possible source for the 
origin of stacking faults. Two addit ional  experiments  
were performed to ascertain the role of Ca, and con- 
sisted of s imultaneous deposition of a 50 ~m thick 
(Ga,A1)As layer on two substrates placed adjacent  to 
each other. In the first case, the two substrates were 
cleaved from the same Syton polished wafer, but  one of 
them was subsequent ly  Ar-sput te red  to remove Ca 
from the surface. The sput ter ing is est imated to re-  
move 30-50A of GaAs from the surface, essentially 
leaving the polishing damage unaffected. The t e rnary  
layer  grown on the unsput tered  wafer  contained a 
large density of SF's while that on the sputtered sample 
showed vi r tual ly  no faults. In  the second experiment,  
the two substrates were cleaved from the same bro-  
mine -me thano l  polished wafer, but  one was soaked in 
an aqueous solution of calcium ni t ra te  to in ten t ional ly  
contaminate  the surface with Ca. Pr ior  to growth these 
two substrates were cleaned in chloroform and isopro- 
panol. SF's were observed only in the t e rnary  layer  
grown on the calcium contaminated substrate. 

Discussion 
The impor tant  observations which emerge from the 

preceding study are the following. (i) (Ga,A1)As epi- 
layers grown on (001) oriented Syton pol i shed sub-  
strates contain fair ly long SF's or SF clusters and fairly 
well-developed slip bands al igned along the [110] and 
[li-9] directions. (ii) These l ayers  are in te rna l ly  
stressed and have a small  radius of curvature.  (iii) In  
the e a r l y  stages of LPE of (Ga,A1)As, is land-l ike  
morphology is observed on Syton polished substrates 
whose surfaces are contaminated with Ca. (iv) 
(Ga,A1) As layers grown on Syton polished and chemi- 
cally etched as well  as on Br -methanol  polished sub-  
strates are essential ly free of SF's (v) Iso-epi taxy of 

GaAs on Syton polished GaAs is free f rom SF's but 
dislocation subst ructure  is essentially similar to that  
observed in the case of (Ga,A1)As on GaAs. (vi) Cal- 
cium contaminat ion appears to be necessary for the 
formation of stacking faults in  the present  situation. 

The mode of nucleat ion and ini t ia l  growth of epi - lay-  
ers is governed to a large extent  by  the bonding be-  
tween deposit and substrate. A qual i ta t ive description 
of different situations which may  evolve dur ing  LPE 
can be developed using the expression, ~SL ---- O'SD "b aDL 
COS ~, where eSL, ~SD, and tCDL are the surface f ree -en-  
ergies of the substrate- l iquid,  substrate-deposit ,  and 
deposit-l iquid interfaces and 8 is the contact angle be-  
tween the substrate  and deposit which is assumed to 
be in the form of a hemispherical  cap. Following Bauer  
(8), three distinct cases could arise dur ing ini t ia l  film 
formation. When a deposit wets the substrate,  i.e., 

• 0, O'SL ---- O'SD -~- O'DL and growth would occur in  a 
l aye r -by- l aye r  manne r  as discussed by F rank  and van 
der Merve (9). If ~sn ~ CSD -}- O'DL COS 0 and e is finite, 
the layer nucleates by the formation of discrete three-  
dimensional  islands which subsequent ly  agglomerate 
to form a cont inuous layer. On the other hand, if 
~ ~ GSD "JC 8DL COS 8, continuous layers may  form 
ini t ia l ly  and at a la ter  stage, discrete nuclei  may  form 
on top of these layers. It  appears from the present  ob- 
servations that, due to the presence of Ca on Syton 
polished surfaces, (Ga,A1)As layer  growth falls into 
the second category. Furthermore,  since it was feasible 
to grow SF-free GaAs LPE layers on Syton polished 
substrates, it is inferred that  contaminat ion-f ree  sur-  
faces are more crucial in  the growth of (Ga,A1)As 
layers. 

Based on the work that  was main ly  carried out by  
Matthews (13), Bassett et al. (14), Pashley (15), Bas- 
sett and Pashley (16), Phillips (17), and Bassett (18), 
Pashley (19) has discussed various possibilities for the 
introduct ion of dislocations dur ing  epitaxial  growth, 
and these are: (i) the replication of substrate disloca- 
tions; (ii) the aggregation of point  defects leading to 
the formation of dislocation loops; (iii) the accommo- 
dation of t rans la t ional  a n d  rotat ional  displacements 
between coalescing islands that  are close to epitaxial  
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orientat ion;  (iv) plast ic  deformat ion  of the  layer ,  both  
dur ing growth  and subsequent  cooling. If  dislocations 
are  homogeneously  d is t r ibu ted  in the subs t ra te  and the 
densi ty  is low, source (i) is expected to be of p r i m a r y  
significance under  ideal  g rowth  conditions, i.e., i so-ep i -  
t axy  of thin layers  on noncontamina ted  subst ra tes  (20). 
However,  in the case of (Ga,A1)As epi  growth  on Syton  
pol ished GaAs substrates,  the s i tuat ion is more com- 
plex. Syton pol ishing is observed to in t roduce  ex ten -  
sive dislocation damage in the surface regions of InP  
crystals  (21), and i t  is ve ry  l ike ly  tha t  a s imi lar  s i tua-  
t ion exists in the case of GaAs. This po l i sh ing- induced  
damage would ce r ta in ly  be repl ica ted  in epi - layers .  In  
addit ion,  the difference in the coefficients of expans ion  
of (Ga,A1)As and GaAs may  resul t  in stresses dur ing  
the cool down and this m a y  promote  deformation.  The  
presence of high in te rna l  stress, smal l  radius  of cu rva-  
ture, and subs t ruc ture  observed  in Fig. 5 are  consist-  
ent  wi th  this suggestion. Fur the rmore ,  i s l and-g rowth  
is cer ta in ly  observed as shown in Fig. 8, bu t  f rom the 
presen t  exper iments  i t  is difficult to assess its con t r ibu-  
tion to the evolut ion of to ta l  substructures .  I t  appears  
f rom the preceding  discussion tha t  p robab ly  al l  of the 
four  sources l is ted above could be  cont r ibut ing  to the 
observed dislocat ion structures.  

The  centra l  quest ion that  remains  to be resolved in 
the presen t  s tudy concerns the evolut ion of SF 's  in ep i -  
layers.  A plausible  exp lana t ion  m a y  per ta in  to the 
accommodat ion  of misfit be tween  coalescing islands as 
discussed by  Mat thews  (22). If  the t rans la t iona l  misfit 
be tween  two agg lomera t ing  is lands is equal  to or close 
to an a l lowed shear  vector  for  an SF, i t  is possible tha t  
a por t ion of the misfit is accommodated  by  the fo rma-  
tion of an SF, whereas  the r ema inde r  is t aken  up e las-  
t ically.  S imi la r  a rguments  can be evoked to ra t ional ize  
more  complex si tuations involving the agglomera t ion  
of more  than two islands. I t  appears  that  in the pres -  
ence of a contaminant  on the surface, the p robab i l i t y  
for the misfit to develop be tween  two coalescing islands 
increases. I t  is however  not c lear  why  this p robab i l i t y  
is h igher  in the case of (Ga,A1)As epi - layers .  This 
could be due to some complex in terac t ion  be tween  Ca 
and A1. 

The format ion  of the SF  configuration observed in 
Fig. 2 can be ra t ional ized if  i t  is assumed tha t  the 
Shockley  par t i a l  bounding the lower  faul t  dissociates 
into a s t a i r - rod  dislocation and another  Shockley  p a r -  
t iat  that  can gl ide on the ( l i ' l )  plane. For  example ,  if  

1 
the  lower  faul t  is bound by  the ~--[121] par t ia l ,  dissoci-  

at ion could occur according to the fol lowing reac t ion  

1 1 - 1 
--~[121] (IT1) -> -~-[011]stair-rod + ~-[1121 (~I) 

1 
The 11112] dislocation could glide to form the con- 

6 
nect ing fault .  This pa r t i a l  m a y  subsequent ly  dissociate 

1 1 
resul t ing  in the --~-[121] and --~-[0il] dislocations. The 

glide of the fo rmer  pa r t i a l  on the (1~1) p lane  could 
produce  the top fault .  

Conclusion 
The s tacking faul ts  observed in the LPE of (Ga,A1)As 

on Syton pol ished subst ra tes  a re  a t t r ibu ted  to surface 

contaminat ion  associated wi th  calcium. On the other 
hand, the observed dislocation subs t ruc ture  could re -  
sult  f rom the repl ica t ion  of mechanical  damage  as-  
sociated with  the surface regions. Fur ther ,  the l aye r  are  
in te rna l ly  stressed, have  a smal l  radius  of curva ture  
and contain d e f o r m a t i o n - i n d u c e d  dislocat ion subs t ruc-  
ture. However,  these problems can be obvia ted  by 
chemical  pol ishing wi th  Br -me thano l  solutions which 
yields nea r ly  defec t - f ree  layers.  
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ABSTRACT 

Disloca t ion-f ree  Czochralski  silicon wafers  have  been subjec ted  to a two-  
s tep  anneal ing  procedure  to explore  the in t r ins ic  ge t te r ing  ( IG)  phenomenon 
and the behavior  of t he rma l ly  induced microdefects  using in f ra red  absorpt ion,  
p re fe ren t i a l  etching, and t ransmiss ion e lec t ron microscopy (TEM).  As a 
result ,  i t  is found tha t  plas t ic  la t t ice  deformat ion  in t roduced by  dislocation 
a n d / o r  s tacking faul ts  is necessary  for effective IG sinks. In  spite  of the i r  
e x t r e m e l y  h igh  density,  microprec ip i ta tes  wi th  elastic s t ra in  but  no plast ic  
deformat ion  do not  resul t  in  effective IG. TEM observat ions  c la r i fy  the change 
in dens i ty  a n d / o r  s t ruc ture  of inner  defects by  prec ip i ta te  dissolving a f te r  
the second annea l ing  at  h igh  t empera tu re .  

Czochra l sk i -grown (CZ) silicon crystals  a re  the main  
wafer  source for the semiconductor  devices such as 
b ipo la r  and MOS. However ,  as a resul t  of the prec ip i -  
ta t ion of supersa tu ra ted  oxygen,  a va r ie ty  of defects 
are  produced when CZ silicon, crystals  a re  hea t - t r ea t ed  
because of thei r  high concentra t ion of oxygen.  

These microdefects  caused by  oxygen prec ip i ta t ion  
are  beneficial  as is the case wi th  in t r ins ic  ge t te r ing  
( IG) .  Al though IG has been rega rded  as an effective 
ge t te r ing  technique for IC or LSI  processing (1-7),  
effective sinks for IG and the behav ior  of inner  defects 
dur ing  high t e m p e r a t u r e  hea t - t r ea tmen t s  have not  
been examined  closely yet. 

The studies using in f ra red  absorption,  p re fe ren t ia l  
etching, and t ransmission e lect ron microscopy (TEM) 
analysis  repor ted  in this paper  involve the IG phenom-  
enon and the behavior  of microdefects  genera ted  in 
t wo- s t ep -annea l ed  silicon wafers.  As a result ,  the sine 
qua non of inner  defects  for IG effectiveness is shown. 
Fur the rmore ,  the TEM observat ion  resul t  of inner -  
defect  conversion dur ing  the second anneal ing  at  high 
t empe ra tu r e  (1230~ suggests that  inner  defects 
should be f resh ly  in t roduced  dur ing  the fol lowing IC 
d e v i c e  processes. 

Experimental 
Samples  used in this s tudy  were  taken  f rom the seed 

end of a 76 m m  diam boron-doped  <111> CZ crys ta l  
wi th  r egu la r  d iam overa l l  length  of app rox ima te ly  30 
cm and res is t iv i ty  of 10-20 ~ .cm.  Wafers  2 mm thick 
were  etched to remove the damaged  l aye r  and then 
mi r ro r  pol ished on both sides in the usual  fashion. 
Oxygen  content  of the a s -g rown  specimen was 17.5- 
18.6 X 1017 cm -3 by  the ASTM procedure  F-121 (8). 
The rad ia l  d is t r ibut ion  of oxygen  content  measured  
wi th  a 0.4 X 10 m m  inf ra red  beam was observed to be 
un i form overa l l  except  at  the r im of 5 m m  in the 
wafers.  In  addit ion,  the carbon content  was less than 
3 X 1015 cm -3 (detect ion l imi t ) .  Dur ing  the first an -  
nealing,  specimens were  subjec ted  to h e a t - t r e a t m e n t  
at each t empera tu re  (600 ~ 750 ~ 950 ~ and l l00~ for  
16 hr  in a d r y  02 a tmosphere  whi le  the second annea l -  
ing was at  1230~ for 2 hr  in the same atmosphere .  The 
hea t - t r ea t ed  specimens were  quenched b y  means of 
r ap id  w i thd rawa l  f rom a furnace  and then were  e x a m -  
ined by  in f ra red  absorpt ion,  modif ied-Dash etching, 
and  TEM wi th  an acce lera t ing  vol tage  of 2{)0 kV. 

Results and Discussion 
The in f ra red  measurements ,  p lo t ted  as the concen- 

t ra t ion  of in te rs t i t i a l  oxygen before  and af ter  hea t -  
K e y  words:, plastic deformation, transmission electron mi- 

croscopy, high temperature annealing, defect structure conver- 
sion, Si-O precipitate dissolving. 

t rea tments  vs. the first annea l ing  tempera ture ,  are  
shown in Fig. 1. A drast ic  change in the oxygen con- 
cen t ra t ion  occurred af ter  the first anneal ing  is ma in ly  
due to the prec ip i ta t ion  of Si-O complex and the 
change af te r  the second anneal ing  is due to the syne r -  
gism of Si-O prec ip i ta te  dissolving (3) and the oxygen  
outdiffusion (9). 

Surface  -~ and inner -mic rodefec t  (about  100 #m from 
the surface)  d is t r ibut ion  in the annea led  specimen is 
shown in Fig. 2. The first anneal ing  t empera tu re  of the 
first quadran t  in all  specimens was 600~ of the  second 
quadran t  in all  specimens 750~ etc., as shown in Fig. 
2. Af te r  the first anneal ing  no surface microdefects  can 
be seen; however,  swi r l - l ike  inner  defect  d is t r ibut ion  
can be obse rved  in each quadran t  except  60O~ 
nealed. On the other  hand, surface microdefects  were  
ve ry  apparen t  only  in the 600~ quadran t  
af ter  the second annealing.  

20 
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Fig. I. Interstitial oxygen concentration change before and after 
first and second annealing. 
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Fig. 2. Surface and inner de- 
fect distribution in annealed 
silicon wafer. 

As previous ly  repor ted  (10), surface microdefects  
are  ap t  to be genera ted  in unge t te red  wafers  annealed  
above 1100~ in a wet  O2 or  above 1200~ in a d ry  
02 atmosphere .  

Optical  micrographs  of surface microdefects,  revea led  
by  modif ied-Dash etching, in each quadran t  af ter  the 
second anneal ing  are  shown in Fig. 3. Surface  micro-  
defects  wi th  the  densi ty  of 4 X 106 cm -2 were  gener -  
a ted only  in the quadran t  p reannea l ed  at  600~ How-  
ever,  the re  a re  a lmost  no surface defects in o ther  

quadrants .  TEM observat ion revea led  tha t  most  of sur -  
face microdefects  were  impur i ty  clusters (11) and 
some of them were  small  s tacking faul ts  wi th  prec ip i -  
ta tes  a t  the center.  The smal l  s tacking faul t  figure 
agrees wi th  the  TEM image prev ious ly  r epor ted  (10) 
and quite different  f rom inner  microdefects  being pre -  
sented below. A sl ight  peak  suggest ive of the  existence 
of copper was obta ined by  STEM-XMA examina t ion  
for  the precipi ta tes  located at  the cen te r  of the smal l  
s tacking faul ts  (10). This suggests tha t  i m p u r i t y  

Fig. 3. Surface microdefects 
after secnnd annealing revealed 
by modified-Dash etching. 
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clusters  ment ioned above or ig inate  smal l  s tacking 
faul ts  under  cer ta in  conditions. 

Recently,  Kishino et al. (12) verified the abi l i ty  of 
IG using inner  microdefects  on copper-di f fused wafers  
wi th  the help  of a neut ron  act ivat ion analysis  (NAA) .  
The resul t  showed tha t  the copper  concentra t ion was 
enhanced in the bu lk  region where  a high dens i ty  of 
microdefects  were  induced and the concentra t ion in the 
denuded  zone near  the surface was proved to be be low 
the detect ion l imi t  of the N A A  technique.  

Consequently,  Fig. 2 and 3 d is t inc t ly  i l lus t ra te  the 
IG phenomenon since surface microdefects  are  possibly  
caused by process - induced  "heavy  meta l  contamina-  
tion" such as copper  whi le  inner  microdefec t s  act as 
ge t ter ing  sinks for IG. 

Inner  microdefect  e tched shapes in the quadran ts  
a f te r  the first and  second annea l ing  are  Shown in Fig. 
4. In  specimens af te r  the first annealing,  defect  genera -  
t ion depends on the anneal ing  tempera tures ,  resul t ing 
in the decrease  in oxygen concentra t ion shown in Fig. 1. 

Oxygen  prec ip i ta t ion  occurs b y  heterogeneous  nu -  
cleat ion wi th  g rown- in  prec ip i ta tes  a n d / o r  la t t ice  
defects (13). The prec ip i ta ted  oxygen  A[Oi]w at  the 
t empe ra tu r e  T m a y  be qua l i t a t ive ly  descr ibed by  the 
s implif ied funct ion 

h[Oi]T "- ~ (DT, ST, NT, F, ~) [1] 

where  DT is the diffusion constant  of oxygen in sil icon 
at  T, ST the supersa tu ra ted  rat io  of oxygen at  T, NT the 
number  of "prec ip i ta te -nuc le i"  l a rge r  than cri t ical  
r ad iu s  at  T, F the  number  and type of la t t ice  defects  
in t roduced  at  the ea r ly  stage of  hea t - t r ea tmen t ,  and t 
the anneal ing  time. 

Al though  the oxygen  prec ip i ta t ion  depends on many  
factors  as ment ioned  above, the most  r emarkab l e  oxy -  
gen prec ip i ta t ion  occurred in the  specimen annea led  at  
950~ in this exper iment .  I t  is considered that  the 

la rges t  oxygen  prec ip i ta t ion  in the 950~ 
specimen m a y  be main ly  due to more  faults  F in t ro-  
duced dur ing  the h e a t - t r e a t m e n t  That  is, la t t ice  de-  
fects induced by  oxygen precip i ta tes  can be secondary  
heterogeneous nuclei  for fol lowing oxygen p rec ip i t a -  
t ion dur ing  hea t - t r ea tmen t .  Deta i led  discussion on 
oxygen  prec ip i ta t ion  using Eq. [1] wil l  be presented  in 
another  paper .  

The main  defects in the  l l 00~  quadran t  
are large  s tacking faults.  There  are  also microdefects  
wi th  a low density. This shows tha t  the swi r l - l ike  
pa t t e rn  in the l l 00~  quadran t  shown in Fig. 
2 is ma in ly  due to large  (several  tens micron)  s tacking 
~aults, not  to S i -O complex precipi ta tes .  

A dis t inct  decrease in the densi ty  of inner  microde-  
fects is observed af ter  the second annealing.  This de-  
crease is s t rongly  cor re la ted  wi th  the  redissolving of 
Si-O complex precipi tates .  Differential  in f ra red  (DIR) 
and TEM studies have revea led  that  SiO2 precip i ta tes  
a re  obvious in an as -g rown silicon crys ta l  and the 
g rown- in  prec ip i ta tes  grow or  sh r ink  depending  on an-  
neal ing conditions (13). 

Al though modif ied-Dash etching cannot  revea l  inner  
microdefects  in the 600~ specimen, the TEM 
w e a k - b e a m  image ind ica tes  prec ip i ta te  par t ic les  wi th  a 
dens i ty  of ,~I • 1014 cm -3, as shown in Fig. 5. Domi-  
nant  par t ic les  a re  a round  or under  60A in size bu t  a re  
eas i ly  recognized by  the s t rong compressive stress field 
in the sur rounding  ma t r i x  (14). The d is t r ibut ion  of 
par t ic le  size in the annea]ed specimen may  also depend 
on the g rown- in  prec ip i ta te  size d is t r ibut ion  in an as-  
grown crystal .  The larges t  p rec ip i ta te  in the 600~ 
annea led  specimen is about  350A and shows p la te l ike  
morphology  wi th  a thickness of about  50A. The resul t  
shows tha t  the surface defects in the 600~ 
quadran t  are  not  in t r ins ica l ly  ge t te red  in spite  o~ the 
high densi ty  of precipi ta tes .  

F igure  6 shows inner  microdefects  genera ted  in the 
750~ quadrant .  Severa l  hundred  micron 
precip i ta tes  are  dominant ;  in addit ion,  dislocation di-  
poles and long-shaped  dislocat ion loops are  also ob-  
served.  

Various  k inds  of microdefects  such as precipi ta tes ,  
perfect  dislocation loops (PL) ,  and s tacking faul ts  
(SF)  wi th  p rec ip i ta te  colonies at  the center  were  ob-  
served in the 950~ quadran t  as shown in Fig. 
7. In  Fig. 7(a)  SF 's  (A, B, C, and D),  tha t  a re  extr ins ic  
in na tu re  and bounded  by  a/3 [111] F r a n k  part ials ,  a re  
observable .  F r o m  the observat ions  under  different  con- 
di t ions (g, z) as shown in Fig. 7 (a ) ,  (b) ,  (c) ,  analysis  
of the SF fau l ted  planes  revea ls  A, B, C, and D to be 
(111), (111), (111), and  (111). Despi te  r epea ted  ob-  
servat ions and analyses  o f  SF's,  the f requency  of the 
faul ts  in any  of the {111} planes  did not  exhib i t  any  
pa r t i cu la r  tendency.  Consequently,  any  {111} p lane  
could be the possible fau l ted  plane.  This homogeneous 

Fig. 4. Inner defects after first and second annealing revealed 
by modified-Dash etching. 

Fig. 5. TEM weak beam image of microprecipitates in 600~ 
annealed specimen, g ~ [022], z ,.~ [ 433 ] ,  3g = O. 
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Fig. 6. inner defects in 750~ spectmen, g = [2-20], 
z ,-, [332].  

faul ted  p lane  d is t r ibut ion  is exp la ined  by  having pre -  
pa red  TEM samples  at  a 100 ~m depth  f rom the surface 
when SF  size is only  0.6-0.8 #m. As a result ,  the influ- 
ence of surface direct ion ~111~  is negligible.  Wi th  
ex t r ins ic - type  SF 's  the  SF  size increases nea re r  the 
wafe r  surface (Si-SiO2 in ter face)  because la rge  va -  
cancy undersa tu ra t ion  is genera ted  by  the oxidat ion  
process near  the crys ta l  surface (15). In  fact, the SF  
size observed at  a depth  of 20 ~m from the wafer  sur -  
face is a round  1.4 ~m, or twice the size of SF 's  in the 
deeper  region, as shown in Fig. 7. 

In  the l l00~  quadrant ,  r egu la r  oc tahedra l  
precipi ta tes ,  punched-ou t  dislocations (POD),  c l imbing 
dislocations (CD), and severa l  ten micron  SF 's  gener -  
a ted  by  the above prec ip i ta te  (16) are  observed. POD 
and CD f rom oc tahedra l  prec ip i ta te  are  shown in Fig. 
8. Al though the densi ty  of inner  defects genera ted  in 
the l l00~  quadran t  is not  large,  as shown in 

Fig. 8. Punched-out and climbing dislocations from octahedral 
precipitate in !100~ specimen, g = [202],  z ~-, [111].  

Fig. 4, dist inct  IG phenomenon is observed in the 
l l00~  quadran t  as shown in Fig. 2 and 3. 

The observat ions  ment ioned above suppor t  the con- 
clusion tha t  IG is de te rmined  more  by  the la t t ice  defect  
and /o r  a prec ip i ta te  being la rger  than  a cr i t ical  size 
than  b y  the defect  density. However ,  large prec ip i ta tes  
which e las t ica l ly  compress the sur rounding  must  r e -  
pulse in ters t i t ia l  a toms ra the r  than  a t t rac t  them. Con- 
sequently,  the plast ic  deformat ion  or  dangl ing sites 
in t roduced by  POD, CD, and SF  may  be necessary for 
IG when the IG mechanism and or igin of surface mi -  
crodefects is taken  into consideration.  

As ment ioned previously,  S i -O complex precipi ta tes  
redissolve dur ing the second annea l ing  at 1230~ 
Microprecipi ta tes  observed in 600~ - and 750~ - 
nealed specimens were  not observed af te r  the second 
anneal ing  by  TEM. They  mus t  have sh runk  to an un-  
detec table  size as a resul t  of redissolving (13). Al -  
though large  SF 's  st i l l  existed,  oc tahedra l  p rec ip i ta tes  
had become deformed in the l l 00~  specimen 
af te r  the second annealing,  as shown in Fig. 9. The 
corners and edges of the oc tahedra l  p rec ip i ta te  are un-  
clear  because the unstable  par ts  of corners and edges 
where  dangl ing bonds exist  redissolved preferent ia l ly .  
In addition, few POD and CD as shown in Fig. 8 were  
observable  af ter  the second anneal ing.  

The most r emarkab l e  change in the inner  defects 
before  and af ter  the second anneal ing  occurred in the 
950~ specimen. As shown in Fig. 7, m a n y  

Fig. 7. Variety of inner microdefects in 950~ speci- 
men: (a) g = [202],  z ,-~ [323],  (b) g = [202],  z ,-~ [334],  
(c) g -~ [022],  z ,~ [433].  

Fig. 9. Deformed-octahedral precipitate in specimen annealed at 
1100~ for 16 hr and 1230~ for 2 hr. g = [2.02], z ~ [111].  
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Fig. 10. TEM weak beam image of hexagonal perfect dislocation 
loop in specimen annealed at 950~ for 16 hr and 1230~ for 2 hr. 
g = [022], z ,~ [433], 3g = O. 

small precipitates and SF's with precipitate colonies 
at their center were observed in the 950~ 
specimen; however, few precipitates were observed 
after the second annealing. Instead, hexagonal-shaped 
perfect dislocation loops (PL) appeared, as shown in 
Fig. 10. This suggests that the conversion of the SF to 
PL occurred during the second annealing at high tem- 
perature. In the process oxygen atoms diffuse out of 
Si-O precipitates toward the bulk and silicon intersti- 
tials flow back to the precipitate location. Consequently, 
the vacancy-interstitial balance will be modified and 
the associated SF and dislocation are expected to 
change in shape and location. The mechanism for the 
conversion of SF to PL may be complicated, however, 
it is clear that the driving force for the change is oxy- 
gen redissolving and redistribution. 

Conclusion 
Intrinsic gettering (IG) phenomenon has been ex- 

amined during two-step annealing and inner defects 
correlated with IG effectiveness analyzed using in- 
frared absorption, preferential etching, and TEM tech- 
niques. As a result, it was found that plastic lattice 
deformation or dangling sites introduced by dislocation 
and/or stacking faults are necessary for effective IG 
sinks. Highly dense microprecipitates with elastic 
strain but no plastic deformation do not result in IG. 

In addition, TEM observation clarified the conversion 
of a stacking fault to a perfect dislocation loop and the 
precipitate dissolving during high temperature heat- 
treatment. The behavior of inner defects suggests that 
the effectiveness of introduced inner defects for IG 
probably decreases after annealing at high tempera- 
tures such as 1230~ and that inner defects should be 
freshly introduced during the following IC device 
processes. 
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ABSTRACT 

A the rmodynamic  approach  based on the minimiza t ion  of the Gibbs f r e e  
energy  is used to calculate  the p re s su re - t empera tu re -compos i t i on  ranges  o f  
s tabi l i ty  of var ious  solid phases in mul t icomponent  gas-sol id  systems inc lud-  
ing nonstoichiometr ic  solid phases. The conditions for the chemical  vapor  dep-  
osition of nonstoichiometr ic  t i t an ium carbide  from TiC14-CH4-H~ at high t em-  
pe ra tu re  are  given. The influence o f  nons to ichiometry  and uncer ta in t ies  of 
the the rmodynamic  da ta  on the deposi t ion domains of the var ious  solids are  
pointed out. The re la t ionships  be tween  the composit ion of the gaseous p h a s e  
and the composit ion of the solid are  also discussed. 

T h e  computa t ion  of chemical  equi l ib r ium appears  as 
the  first s tep of a fundamenta l  s tudy in chemical  t rans-  
por t  and chemical  vapor  deposi t ion of a polycomponent  
system. 

In chemical  t ransport ,  sui table  solvent  components  
and t empera tu re  grad ien t  can be chosen on a theore t i -  
cal basis. Thus feas ibi l i ty  of the t r anspor t  can be de-  
r ived  f rom calculat ions of two equi l ibr iums,  at the 
source and sink end of the tube, by  minimizat ion of the 
Helmoltz  free energy (1). Indicat ions  about  the t rans-  
por t  ra te  b y  diffusion and convection are  obta ined by  a 
d i f fus ion/ laminar  flow model  using the rmodynamic  
results  of the Gibbs free energy minimizat ion  tech-  
nique; this model  takes into account al l  gaseous species 
and does not  requi re  specifying ind iv idua l  chemical  
react ion (1-3).  

Chemical  vapor  deposit ion is also a very  complex 
dynamic  process, where  chemical  kinet ics  combined 
with  mass t ranspor t  often control  the deposi t ion rate. 
But at  high enough deposi t ion t empe ra tu r e  and low 
mass flow rate,  the deposi t ion ra te  is l imi ted  only by 
mass t ranspor t  since the t empera tu re  dependence of 
chemical  r a t e - l imi t ing  steps is much grea te r  than the 
t empera tu re  dependence  of gaseous diffusion; thus, the 
heterogeneous chemical  kinet ics  is sufficiently fast  to 
a l low equi l ib r ium conditions at the gas-sol id  interface 
to be approached.  In all  cases, a model  of mass t ransfer  
combined wi th  a dynamic  equi l ib r ium at the  gas-sol id 
in terface  permi ts  the calculat ion of m a x i m u m  l imits  
for the conversion of reactants  into products  at the 
interface,  and of the deposi t ion ra te  when homogeneous 
nucleat ion is avoided. I t  is the ra te  that  would be 
achieved in the  absence of significant surface res is t -  
ances to the deposi t ion (4, 5). 

Therefore,  of special  in teres t  is the increasing use of 
the the rmodynamic  approach to calculate  the gas phase 
composit ion in equi l ib r ium wi th  the solid and the the-  
ore t ica l  efficiencies of the deposi t ion at  equi l ibr ium,  to 
ascer ta in  the chemical  compat ib i l i ty  of the subs t ra te  
wi th  the gas phase in the first stages of the deposition, 
to define the p ressu re - t empera tu re -compos i t ion  ranges 
of s tab i l i ty  of var ious  solid phases in mul t icomponent  
gas-sol id  systems [ reviewed in (6)] .  Al l  these ca lcula-  
tions app ly  to the deposi t ion of s toichiometr ic  solids. 
But many  solid solutions can be deposited, the composi-  
t ions of which  va ry  wi th  tempera ture ,  pressure,  and 
composit ion of the gas phase; moreover,  good control  of 
these composit ions is necessary to obtain sat isfactory 
resul ts  and optimize the proper t ies  of the mater ia ls .  

�9 Electrochemical Society Active Member. 
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The calculat ions would be therefore  ex tended  to the  
deposit ion of nonstoichiometr ic  solids. 

In this paper ,  a the rmodynamic  approach  to the 
chemical  vapor  deposit ion of nonstoichiometr ic  t i ta -  
n ium carbide  from TiC14-CH4-H2 mix tures  is presented.  
The Ti-C-H-C1 system has been ex tens ive ly  s tudied but  
s toichiometr ic  TiC was genera l ly  considered (7-9).  
Only one paper  was devoted to the deposi t ion of non- 
s toichiometr ic  TiCz, but  the method employed  is not 
genera l  as i t  imposes the composit ion of the TiCz phase; 
thus, only  the l imits  of the deposi t ion domains of Ti + 
TiCo.~a and TiC + C wi th  the t i t an ium carbide  phase 
can be easi ly de te rmined  (9). 

Generalities of the Calculation Procedure 
The chemical  equi l ib r ium calculat ions involve the  

minimizat ion  of the total  Gibbs free energy of the sys- 
tem, tak ing  into account severa l  constraints.  In  CVD 
systems, these constraints  are the mass balance  of each 
element,  constant  tempera ture ,  and constant  total  
pressure.  Severa l  p rograms have been repor ted  for 
such computat ion (10-12). A s l ight ly  modified version 
of SOLGASMIX program wr i t t en  by  Eriksson (12) has 
been employed  to pe r fo rm the calculat ions of this 
paper .  In  this program,  nonstoichiometr ic  solids can be 
considered. 

The calculat ion requires  specifying the species which 
can be formed at  equi l ib r ium and the corresponding 
the rmodynamic  data. 

Species in the Ti-C-H-Cl system.--The a t tack  of the 
subs t ra te  dur ing  the ini t ia l  stages of deposi t ion (13), 
or of the CVD reactor  wall,  or of the tube in t ranspor t  
processes sometimes introduces new species in the 
system. Here, all  of these solids are  considered as iner t  
toward  the gaseous phase. 

The fol lowing species have been considered:  H2, CH4, 
C2H2, CC]4, C12, HC1, TiCI~, TiCI~, TIC12, and TiC1 as 
const i tuents  of the gas phase (other  species l ike H, 
CI . . .  were  e l iminated  as thei r  equi l ib r ium concent ra-  
tions were  negl ig ib le ) ;  pure  Ti, pure  C and TiCx as 
solids [pure Ti was considered, as the solubi l i ty  of C in 
Ti is low (14)].  

Thermodynamic data.--To calculate  the total  free 
energy of the system, values  of the Gibbs free energy  
of format ion  of the species f rom the e lements  in thei r  
chosen reference states have to be specified. For  al l  
species in the gaseous phase, values were  taken  f rom 
the J A N A F  thermochemica l  tables (15). However ,  
da ta  from other  sources must  be used in the case of 
nonstoichiometr ic  t i tan ium carbide.  

1 5 8 4  
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The extent  of the homogeneity range of the TiC~ is 
fa i r ly  well known. At T = 1900 K, the limits of the 
atomic ratio C/Ti are about 0.51 and 0.98 (14). At this 
temperature,  Storms has measured the Ti pressure 
over various composition of TiCx using a mass spec- 
trometer. His results (14) are reported in Fig. 1 with, 
in addition, the value of the Ti pressure over pure solid 
Ti given by Nesmeyanov ( P ~  K) : 3 X 1 0 - 6  arm) 
(16). In  order to utilize these data, a relationship giving 
the activity or activity coefficient as a function of the 
composition must  be known. In  general, a polynomial  
expression is used which fits the curve to the set of 
data points by the method of least squares. For 0.51 < 
C/Ti  < 0.98, the curve of Fig. 1 is inferred from the 
following relat ion 

In 7Ti -------1702.72 ~- 10865.97 XTi -- 26354.96 XTi 2 

-{- 28651.25 XTi 3 -- 11728.1.1 XTi 4 [I] 

where ~Ti is the activity coefficient for Ti and XTi is the 
molar fraction of Ti in TiCx. 

When C/Ti ~ 0.98 (in the two-phases domain 
TiC0.gs ~- C), the activity of C equals 1 and the activity 
of titanium is constant and equal to its value in TiCo.98, 
that is 

a T i  ~ P T i  ( in T i C 0 . 9 8 ) / P ~  (pure)  

"YTi "--" 4 • 1 0 - 5 / X w i  

To define completely the thermodynamic  properties 
of the TiCx phase, one must  know the values of the 
act ivi ty of carbon as a funct ion of the composition. The 
activity coefficient of carbon can be obtained from the 
values of 7Ti by integrat ion of the Gibbs-Duhem equa- 
tion. The following relat ion was obtained 

In ~c -- --34.74 -]- 44.50 Xc -l- 111.97 Xc 2 -- 46.89 Xc ~ 

--366.19 Xc 4 -- 162.03 Xc 5 + 1256.05 Xc 6 [2] 

which applies in the range 0.51 < C/Ti < 0.98. 
When C/Ti  --~ 0.51 (in the two-phases domain Ti ~- 

TIC0.51), the activity of t i tan ium is supposedly equal to 
1 and the activity of carbon is constant  and equal to its 
value in TIC0.51, that is ac ---: 1.448 • 10 -6. 

InitiM parameters.--The calculations of the complex 
equi l ibr ium in  the Ti-C-t t -C1 system were carried 

~" 10-5  

i= 
a .  

10 -6 

10 "7 

10 -8 
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10-10 
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e # 
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X _  �9 Storms et al. 
~ . ~  -- curve obtained 

11 I I I I I I - 
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Fig. 1. Pressure of Ti over Ti-C solids 
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out as a funct ion of the ini t ial  composition in  TiCI4- 
CH4-H2. The tempera ture  and total pressure were con- 
stant  and equal to 1900 K and 1 atm, respectively. 

Results and Discussion 
Thermodynamic  calculations are often used to specify 

the ranges of ini t ial  composition which will produce 
the desired solids at equil ibrium. The location of the 
limits between the different domains of solid deposition 
can be influenced by  taking into account the non-  
stoichiometry of the solids and by the accuracy of the 
thermodynamic  data used. 

Influence of nonstoichiometry and uncertainties of 
the thermodynamic data on the deposition domains of 
the solid phases. Figure 2 shows how the phase boun-  
daries change as a funct ion of TIC14 and CH4 part ial  
pressures. Hydrogen makes up the difference between 
1 atm and the sum of the t i tan ium tetrachloride and 
methane part ial  pressures. The full  lines give the 
boundaries obtained for nonstoichiometric t i tan ium 
carbide (TiCz); the dotted lines present, for compari-  
son, the results obtained if deposition of stoichiometric 
TiC is assumed. The boundary  shift is not very  im-  
portant, par t icular ly  for the l imit  between the TiC~ 
and TiCo.gs W C domains of deposition. As expected, 
the TiCx domain is enlarged relat ive to the stoichiome- 
tric TiC domain, in the Ti-r ich region. 

The accuracy with which an equi l ibr ium composition 
can be computed lies in the uncertaint ies  of the thermo-  
dynamic data used. Table I gives, as an example, the 
values of the free energy of formation of TIC12, TIC1, 
and CC14 from JANAF 1971 and JANAF 1966 (17). All  
the other values remain  constant  in the second edition. 

Figure 3 shows the influence of these values on the 
amount  of solid phases deposited at equi l ibr ium for 
P~ ---~ 10 --4 atm and different values of P~ The 
calculations were carried out for stoichiometric TiC. 
Variations of the data used do not produce sensitive 
differences in  the amounts  of TiC and C which are 
represented as full lines. The amount  of Ti is more 
influenced; it is reported, respectively, as a ful l  line and 
a dotted l ine when data of JANAF 1971 and JANAF 
1966 are used. For constant  P~ the amount  of Ti 
decreases when the stabil i ty of the t i t an ium dichloride 
increases. 

10-; 

10-3 
Ti C0,98 

§ 

10-4 

10-5 

10-~ 
10-6 

TiC x 

+ / /i  
Ti / , / /  

I 

10-5 10-4 
I I 

10-3 10-2 

T = 1900 K 

I 
p 0 (arm) 

CH 4 

Fig. 2. Phase fields for solid species deposited at equilibrium. The 
full and dotted lines represent, respectively, the single phase limits 
of nonstaicMometrlc and stoichiometric titanium carbide. The hy- 
drogen partial pressure brings the total pressure to I atm. 



1586 J. Electrochem.  Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY Ju ly  I981 

Table I. ,~G~ values given by JANAF 1971 and JANAF 1965-1966 
(cal/mol) 

J A N A F  1971 J A N A F  1965-1966 

H~ 0 
CH~ 28,322 
T i C h  - ]27,433 
T iCh  - 105,714 
TiCI~ - 65,341 
TiC1 - 8720 
Cb 0 
HC1 -25,353 
C~H9 29,199 
C C h  37,488 
C 0 
T i  0 
T i C  - 38,291 

76,145 
- 8528 

34,553 

For comparison, the arrows give the deposition limits 
of the nonstoichiometric TiCx single phase, which show 
that the influence of nonstoichiometry is lower than the 
influence of uncertaint ies in the thermodynamic  data 
o f  the t i tan ium subchlorides. 

The pr imary  interest  in the present  calculations, 
which take into account nonstoichiometric condensed 
species, lies pr incipal ly  in t h e  determinat ion of the 
variat ion of the TiC~ composition in the single phase 
domain. 

Deposition of nonstoichiometric t i tanium carbide .~  
As shown on Fig. 2, t i tan ium carbide is deposited at 
equi l ibr ium a s a  single phase under  a wide var ie ty  of 
ini t ial  composition. TiC~ is codeposited with C at high 
init ial  part ial  pressure of CH4; it is codeposited with Ti 
at low P~ except for high ini t ial  part ial  pressure of 
T~C14. This is a result  of the high stabilities of TiCx and 
t i tan ium chlorides as compared to Ti. 

The production of the different solids is bound to the 
composition of the gaseous phase, as can be seen in Fig. 
4 which gives for P~ ~-~ 10 -4 atm and P~ varying 
from 10 -5 to 10 -2 arm, the equi l ibr ium yields (~) of 
the different gaseous and solid species. ~ are defined 
with respect to n~ for t i t an ium-conta in ing  species 
(curves in full lines) and n~ for carbon-containing 
species (curves in  dotted lines) 

~l = ni (TiyXz) /n~ and ~ = nl ( CyXz) /n~ 

where ni represents the number  of Ti and C atoms in 
species i at equi l ibr ium and n~ and n~ the init ial  
number  of TIC14 and CH4 moles (ni ~ ~- pi ~ as Xni ~ ~_ 1 

1 

Imole and P = 1 a tm).  The equi l ibr ium yields of the 
following species TIC14, C12, and CC14 are not reported 
as ni is lower than 10 -I0 atoms. On the other hand the 
concentrations of }{2 and HC1 are always important.  
Several  facts can be noted from this figure. 

, 6  1 T=1900 K JANAF 1966 
O 0 E PTiCI4 = lO-4atm JANAF 1971 _ _  

12 1 mole total input 
0 

x TiC 

"~ 8 Ti 

"o C 

g 4 

~ T i  
c 

. 

'~ 0 ~ 

10-5  1 0 - 4  1 0 - 3  P:H41 atm) 

Fig. 3. Influence of the thermodynamic data on the single phase 
limits of stoichiometric TiC. The TiC/TiC -~- C limit is unchanged; 
the Ti + TiC/TiC limit varies. 'Arrows represent the limit for 
nonstoichiometric TiCx (0.51 "~ x ~ 0.98). 
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I i , 
f t 

i ~  TiCl3 11 ~, 

I I 10 . 4  i 

I I 

I I 
I ' 

10-5 10 -4  10-3  pOH4latm ) 

Fig. 4. Variations of the equilibrium yield of the prlpcipal species 
as function of P~ (The value of P~ is constant and equal 
to 10 -4  arm, T = 1900 K). 

1. The concentrations of the t i t an ium subchlorides 
are h igh in the (Ti + TiCo.51) two-phase domain and 
decreases in the TiCx single phase domain as P~ 
increases. Conversely, the concentrations of CH4 and 
C2I-I2 which are negligible in the (Ti + TiCo.~l) deposi- 
tion domain become preponderant  in the (TiCo.98 + C) 
o n e .  

2. Accordingly, almost all t i t an ium is engaged in the 
t i tanium carbide when p~176 > 1 and all carbon 
is incorporated in the t i tan ium carbide when P~ 
P~ < 1. T h e  amount  of t i tan ium carbide increases 
when P~ increases, up to P~176 : 1 where it 
reaches near ly  the max imum possible value. The 
amounts  of pure T i  and C are clearly strong functions 
of the excess in TIC14 and CH4 input  species. 

The corresponding variat ion of the atomic ratio C/Ti 
in the t i tan ium carbide phase is shown in Fig. 5 to- 

pO - 0 . 5  atm 
TiCI 4- 

o._~1 

10-2 

10-4 
0.5 t i I i 

10_ 6 10- 5 10-4 10-3 10-2 0 (atm) PCH 4 

Fig. 5. Variations of the C/Ti ratio in the noastoichiometHc 
titanium carbide phase as function of p~ 
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gether with the curves obtained for other values of 
4~~ equal to 10 -2, 10 - i ,  and 0.5 arm. One can note 
that the minimum possible value of C/Ti increases 
when P~ increases. This fact can also be observed 
in Fig. 6 which represents the complete "CVD phase 
diagram" for Ti-C solids deposited from TiC14-CH4- 
H2. Titanium carbide can be deposited as a single phase 
from a wide variety of input gaseous compositions, but 
this diagram shows, the sensitivity to the experimental  
conditions for depositing this phase with the desired 
composition. 

Comparison between this thermodynamic approach 
and some experimental  results at high temperature 
cannot now be done. Only the experimental  work of 
Nadal and Ducarroir was carried out at high tempera- 
ture (18.00 K) ;  the limit between the ti tanium carbide 
and titanium carbide plus free carbon was experi-  
mental ly found, but the compositions in the single 
phase domain were not determined (18). Their work 
on this is in progress (19). 

Conclusions 
The chemical transport and chemical vapor deposi- 

tion in multicomponent gas-solid systems are complex 
processes in which many factors can affect the deposi- 
tion mechanisms and the final composition and struc- 
ture of the materials. In a first attempt, a thermody- 
namic approach gives information about the optimum 
conditions for the synthesis of specified sblid phases, 
keeping in mind that the accuracy of the conclusions 
can be limited (i) by the uncertainties of the thermo- 
dynamic data; for many species, accurate values are 
not available; (ii) because significant departure from 
equilibrium can be produced, especially in open flow 
reactors; (iii) because important departure from 
equilibrium is necessary to produce specific solid 
structures, for example amorphous materials. 

Another limitation is avoided by considering non- 
stoichiometric phases. For example, t i tanium carbide of 
all compositions within the homogeneity range can be 
deposited at equilibrium as a function of the initial 
parameters:  temperature, total pressure, and princi- 
pal ly  the input composition of the gaseous phase. In-  

~, TiCo.9 

o Ti C0.8 
o i :  
o. 

TiCo. 7 

10_21 - Ti CO. 6 

10-3 

10-4 

T i CO 51Ti + " / J /  T' CO'980+ 

10-51 - / / / /  / I T = 1900 K 

10 - 6  ~ / ' / I I I = I 
1 0 - 6  10-5 10-4 10-3 10-2 pO ( a r m )  

CH 4 

Fig. 6. Phase fields for solid species deposited at equilibrium in 
the Ti-C-H-CI system, showing the iso-concentration curves in the 
titanium carbide single phase domain. 
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formation is also obtained about the composition of the 
gaseous phase in equilibrium with the different solids, 
which permits one to deduce the preponderant species 
and thus derive the principal chemical reactions. 

The thermodynamic approach to the deposition of 
nonstoichiometric titanium carbide will be extended to 
lower temperatures. More experimental  results on the 
CVD of ti tanium carbide are indeed available at lower 
temperature and pressure, and the fundamental inter- 
est of such calculations lies also in determining the 
influence of some departure from equilibrium on the 
solid composition which often arises at low tempera- 
ture [this factor was shown to be very important in the 
CVD of boron carbide at relatively low temperatures 
(5) ]. Moreover, industrial applications have shown that 
control of the deposit's composition must be improved, 
for example, to optimize the wear resistance of coat- 
ings such as titanium carbide. 

Manuscript submitted Nov. 19, 1980; revised manu- 
script received March 3, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs oS this article were assisted by the 
Centre National de la Recherche Scientifique. 
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Preparation of AIN Coatings on Mo by 
RF-Reactive Ion Plating: The Deposition Mechanism 
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ABSTRACT 

A l u m i n u m  ni t r ide  films were  deposi ted  at  0.15-0.33 ~rn/min  on Mo b y  r f -  
react ive  ion p la t ing  as an appl ica t ion  of a low-Z ma te r i a l  or  a r e f rac to ry  
coating. The s tructure,  chemical  state, and composit ion of the deposits  were  
ana lyzed  by scanning e lect ron microscopy, x - r a y  diffraction, in f ra red  and 
AES spectra,  and x - r a y  microana lyzer ;  the deposits  were  confirmed to be 
a luminum ni t r ide.  A n y  n i t r ide  films improved  the oxida t ion  resis tance 
of Mo up to 1100~176 and the adhesion and the rmal  cycle s tab i l i ty  of the 
coatings were  good. The composit ion of the  deposi t  effectively depended  on 
the pa r t i a l  pressures  of r eac tan t  gases. The free A1 of the nonstoichiometr ic  
deposits m a y  lead to local film fa i lu re  under  high t empe ra tu r e  vacuum. The 
re la t ion  be tween  degree  of n i t r ida t ion  and mean  free pa th  of the gas sug-  
gests tha t  the react ion be tween  A1 and NH3 occurs on the subs t ra te  surface. 
The morphology  is discussed in terms of the  mean  free path,  and  the n i t r i d a -  
t ion ra te  is also described.  

A l u m i n u m  ni t r ide  has been r ega rded  as a useful  
ceramic, because of its exce l len t  mechanica l  p rop-  
er t ies  and chemical  s tab i l i ty  at  high tempera ture ,  and 
is appl ied  as an insula tor  of electronic mater ia l s  and 
as a ma te r i a l  corrosion res i s tan t  to mol ten  meta ls  or  
salts. Recently,  low atomic n u m b e r  ( low-Z)  mate r ia l s  
are  receiving increased a t tent ion  for fusion devices. 
The re lease  of p lasma contaminants  wi th  large  atomic 
number  Z f rom first wal l  components  in p lasma devices 
causes significant increases in p l a sma  res is t iv i ty  and 
in p lasma losses due to e lec t romagnet ic  radiat ion.  This 
can p reven t  the igni t ion of fusion reactions. The effect 
m a y  be minimized by  use of low-Z mate r ia l s  (1, 2). In  
our labora tory ,  a series of studies of ceramic coatings 
such as SiC (3) and Si3N4 (4, 5) on Mo have been  
carr ied  out f rom the s tandpoin t  of low-Z coating and 
the ox ida t ion- res i s t an t  coating. This r epor t  describes 
the p repara t ion  of the coatings of A1N on Mo by  reac-  
t ive ion plat ing.  Recent  work  of Komiya  et al. (6) 
points  out  that  A1N deposi ted by  phys ica l  vapor  deposi-  
tion is a t t rac t ive  also as a clean vacuum deposi t  on 
convent ional  subs t ra te  mater ia l s  because of its low 
outgassing rate;  n i t r ide  films such as TiN, SigN4, and 
A1N form no hygroscopic  oxide l aye r  on the surface. 

Bulk A1N has been synthesized by  many  methods;  the 
d i rec t  n i t r ida t ion  of solid A1 (7), chemical  vapor  re -  
action (CVR) wi th  d ispropor t ionat ion  of a luminum 
hal ide  (8), d -c  arc d ischarge  (8), and  the ammonolys is  
of A1C13 �9 xNH~ (9). Severa l  authors  have  presen ted  
studies on the p repa ra t ion  of A1N films by  r e a c t i v e  
sput te r ing  (10-13). Li t t le  work,  however,  has been done 
on the p repara t ion  of A1N by ion plat ing.  Fur the rmore ,  
there  is no repor t  on the  AIN coating of Mo. The ion- 
pla t ing technique consists of mak ing  the subs t ra te  
(Mo) to be coated a pa r t  of a cathode of a d-c  high 
voltage circuit,  t he rma l ly  evapora t ing  the meta l  (A1) 
by e lec t ron beam power,  and  es tabl ishing a gas (NH3 
+ evapora ted  A1) glow discharge b y  rf  coil. One of the  
pr inc ipa l  advantages  of this method is that  the react ive  
coatings can be fo rmed  wi thout  hea t ing  the subst ra te ;  
the react ion is acce lera ted  by  the glow discharge.  The 
s t anda rd  Gibbs energies of format ion  aG ~ , which ind i -  
cate  the dr iv ing  force of react ion for  severa l  low-Z  
nitr ides,  a re  shown in Fig. 1. The o rde r  of the dr iv ing  
forces is B > Ti, A1 > Si. BN is the  most  s table  and 
TiN and A1N rank  next.  The react ion ra te  of reac t ive  

Key words: coatings, ion plating, oxidation. 

ion p la t ing  is acce lera ted  b y  act ivat ion a n d / o r  ioniza-  
tion of the gas. The ionizat ion energy  gives a measure  
of this effect; the small  ionizat ion energy  can be ad- 
vantageous for the accelera t ion  of the reaction.  F u r -  
thermore,  the molecules in the  gas phase  a t t r ac t  each 
other  near  the subs t ra te  surface to foz~m the compour/d. 
The molecular  associat ion may  depend  on the differ-  
ence in e lect ronegat iv i ty ,  a large  difference s t imula t -  
ing the association. Table  I gives the ionizat ion energy  
and e lec t ronega t iv i ty  for  each low-Z element .  A1 has 
the most  advantageous  values  in both factors of 
ionizat ion energy  and e lec t ronega t iv i ty  difference f rom 
N; Ti comes af te r  it. T h u s ,  the p repa ra t ion  of a lu -  
minum ni t r ide  ceramic proves to be  advantageous  by  
r f - reac t ive  ion p la t ing  at  low tempera ture .  

B AI Si Ti 
AG = at 650~ 
(Kcallmol) -86 -36 -5 -38 

order of driving 
force B, ~ Ti,A[)Si 

m 
0 

E 
-~ - 50  o 
U 

b 

-100 

3/4 Si*NH3 =1/4Si I~k',.3/2H 

AI +NH3=AIN *3/2H~ 

Ti + NH3 = Ti N .3/2 H2 

I I I I I I I I 

0 400 1000 1600 
Temperature , ~ 

Fig, 1, Standard Gibbs energies of formation for Iow-Z nitrides 
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Table I. Ionization energies and electronegativities of elements 

B A1 Si T i  

First  ionizat ion e n e r g y  
h ( k c a l / m o l )  191.2 137.9 187.9 157 

Order of  ionizat ion A1 > Ti  > Si,B 

E lec tronegat iv i ty ,  xe 2.0 1.5 1.8 1.5 

Di f f erence  of  xe f r o m  
n i t rogen ,  hxe - 1.0 - 1.5 - 1.2 - 1.5 

Order of  - A x e  A1,Ti > Si > B 

The structures,  compositions, and chemical s t a t e s  o f  
the deposits were analyzed by the scanning electron 
microscope (SEM), x - r ay  microanalyzer  (XMA), x - r a y  

diffractometer, inf rared  and AES spectra. The oxida- 
tion and the thermal  cyclic testing of the A1N-coated 
Mo were examined by using thermogravimet ry  and an 
i n f r a r ed - image  furnace. In  this paper  the relat ion of 
the n i t r ida t ion  wi th  the mean  free path in the gas is 
described and the deposition mechanism is discussed. 

Exper imental  
The rf - react ive  ion-pla t ing  apparatus  h a s  b e e n  d e -  

s c r i b e d  elsewhere (4). Some gas molecules w e r e  
ionized and /o r  activated in the glow-discharged r e g i o n  

by rf  power (13.56 MHz) and were accelerated t o  
substrate by applying a negat ive d-c bias. The sub-  
strate was subjected to iner t  (Ar) ion bombardmen t  
and cleaned by sputtering. Since the ion bombardment  
was continued up to and dur ing  deposition, the surface 
was main ta ined  clean. The ion bombardmen t  confines 
the energy flux to the substrate surface giving high sur-  
face tempera ture  without  the need for bu lk  heating; 
the tempera ture  rose to about  350~ in this work. This 
surface tempera ture  enhances chemical reaction and 
diffusion. A1N was formed by the reaction of A1 vapor 
and NH3 gas. A1 wi th  a pur i ty  of 99.99% was used as 
the evaporat ion source, and the pur i ty  of ammonia  
used as a source of ni t rogen was also 99.99% (Mathew- 
son Gas Products) .  The substrate  was prepared from 
sintered and electrochemically polished molybdenum 
sheet. A1 was evaporated by an electron beam from a 
water-cooled copper hear th which was covered with 
t an ta lum sheet in  order to avoid heat loss. An NHs 
gas was introduced into a chamber  through a leak 
valve. The A1 was weighed before and after deposition. 
The coating conditions are given in Table II: the rf 
power was 200-230W, d-c bias --0.4 to --0.6 kV, the 
electron beam power 2.0-3.5 kW, the pressure of NH3 
gas 1-7 • 10 -8 Torr  with residual pressure of 2.0 • 
10 -6 Torr;  rhA1 denotes the evaporat ion rate of A1. The 
evaporat ion was difficult to control by  electron beam 
power; ~hA1 did not have similar  values even for the 
same electron beam power. This may  have resul ted 
from differences in the rate of thermal  loss from alu-  
m i n u m  to the hear th  and in different NHs gas pressure. 
The distance between the substrate and the hear th 
was about 10 cm and the coating t ime was 10 min. 

Fig. 2. Scanning electron micrographs end an x=ray diffraction 
pattern (run 22) of the deposits, a, Substrate was not heated (run 
22); b, substrate was heated to 600~ (run 29). 

Most of the coatings were carried out without  heat ing 
the substrate, bu t  for some coatings the substrate was 
heated by electroresistance heating. The substrate tem- 
perature was measured by  Chromel-Alumel  thermo- 
couple placed in contact with its back side. 

Results 
Characterization of deposits.--The morphology, 

chemical composition, and s t ructure  of the deposits de- 
pended on the exper imental  conditions, especially on 
the part ial  pressures of NH8 gas and A1 vapor. Figure 
2 shows SEM micrographs and an x - r a y  diffraction 
pat tern  of the deposits. The deposits with round 
growth features have x - r ay  diffraction peaks which in-  
dicate A1N. Deposit colors were dark green or brown, 
but  some were blue. Contaminat ion  with impuri t ies  
such as carbon and /or  oxygen causes color changes for 
the deposits, as discussed by several  authors (14, 15). 
The round growth features were also observed in the 
deposits of CVD-SiC (3) and ion-pla ted SigN4 (4). The 
deposits prepared on the substrate heated to 600~ 
have also peaks indicat ing A1N in the x - r a y  diffraction 
pattern,  but  the coatings show comparat ively large 
nodules on the surface (Fig. 2b) ; the deposits indicated 
gray color. The deposits with rugged features indicated 
the presence of free A1 (x - ray  diffraction) as shown in 

Table II. Experimental conditions and chemical compositions of the deposited films* 

PNHs Composition (wt %) Rd 
( 10-8 ~nA l T e m p  EB Bias ( N ) / ( # m /  

Run Torr ) (g/min) ( ~ ) ( kW ) (-kV) A1 N O ( A1 ) min  ) 

11 1.0 0.17 ~ 2.2 0.6 74.9 21.0 4.1 0.54 0.41 
15 3.0 0.1 - -  2.2 0.6 63.4 35.0 1.6 1.1 0.30 
17 3.0 0.075 - -  2.4 0.6 61.4 36.4 2.1 1.1 0.17 
20 2.5 0.11 - -  2.1 0.4 67.2 28.5 4.3 0.82 0.33 
22 2.5 0.06 - -  2.2 0.4 63.5 31.5 5.0 0.96 0.22 
23 3.0 0,07 - -  2.4 0.4 61.0 34.0 5,0 1.1 0.15 
25 3.0 0.2 2.9 0.4 77.0 22.1 0.9 0,55 0.28 
29 7.0 0.15 600 3.2 0 64.4 31.6 1.0 1.0 0.15 

* - - :  no t  heated .  T e m p e r a t u r e  r i ses  to  about  350~ mA~: e v a p o r a t i o n  ra te  of  A1; 1~:  depos i t ion  rate .  
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Fig. 3. Such deposits have  spher ica l  fine par t ic les  on 
the surface, colored g ray  or  black.  The deposits  wi th  
free A1 were  formed at  high evapora t ion  ra te  of A1. 
The chemical  states of A1N were  analyzed  by  in f ra red  
spect ra  (doub le -beam spec t rometer )  (Fig. 4). The 
deposits  were  mechan ica l ly  r emoved  from the sub-  
strate,  ground to microsize wi th  KBr,  and the mix tu re  
was pressed into a pellet .  A s t rong b road  band  wi th  its 
center  at  750 cm -1 indica ted  the A1-N bond. The peak  
locat ion is close to that  for hexagona l  A1N crys ta l  (16) 
and m i d w a y  be tween  those of spu t te red  deposited/kiN" 
by I toh et al. (11) and Duchene et aL (12). The ab -  
sorpt ion in tens i ty  is w e a k e n e d  in A1N deposits  wi th  
free A1. The Auge r  e lect ron spec t rum of a deposi t  
spu t t e r - c l eaned  by  A r  ions, together  wi th  those of 
meta l  A1, A12Oa, and  ho t -p ressed  AIN, is shown in Fig. 
5. The AES spec t rum of i on -p la t ed  A1N indicates  tha t  
carbon and oxygen are  contained in the deposits  as 
impuri t ies .  Peak  locations and shapes of two A1 peaks  
of the AES spect ra  at  50 and 1400 eV from the ion-  
p la ted  /k in  are  in good agreement  wi th  those f rom 
hot -pressed  A1N. X - r a y  diffraction, in f ra red  and AES 
spect ra  confirmed tha t  A1 was presen t  as A1N. 

The chemical  composit ions of A1N deposits  de t e r -  
mined  by  XMA and the i r  coating condit ions are  sum-  

Fig. 3. Scanning electron micrographs and an x-ray diffraction 
pattern of the deposit (run 11). 
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Fig. 4. Infrared absorption spectra of AIN 
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Fig. 5. Auger electron spectra of the ion-plated/kiN deposit, pure 
AI, AIsOa, and hot-pressed AIN. 

mar ized  in Table II. Single  crystals  of A1N and A12Oa 
were  used as the s tandard  samples  for  A1, N, a n d  O. 
Rd denotes the deposi t ion ra te  of A1N. The degree of 
n i t r ida t ion  was good wi thou t  subs t ra te  heat ing.  The 
rat io ( N ) / ( A 1 )  exceeds un i ty  for  some deposits;  the 
t rend  was severe  in th inner  films, perhaps  because of 
e r ror  in the quant i ta t ive  ana ly t ica l  method for n i t rogen  
in the thin films. The p e a k - t o - p e a k  profiles from AES 
for deposits  exposed to ambien t  a i r  a f te r  p repa ra t ion  
are  shown in Fig. 6, in which  A r  + was used as the  
spu t te r ing  ion. Oxygen  is r e m a r k a b l y  enr iched on the 
surface;  this m a y  resul t  f rom surface decomposi t ion of 
A1N by  the a t tack  of H20 contained in air  (8). Hea t ing  
of the subs t ra te  caused no appa ren t  change in com- 
posi t ion ( run  29). The n i t r ida t ion  character is t ics  were  
governed ma in ly  by  the pressure  of ammonia ,  PNHS, 
and the evapora t ion  ra te  of A1. When mA~ was large  
(o.ver ~0.1 g / ra in)  a film of rugged morpho logy  wi th  
free A1 was deposited,  as ment ioned  previously .  Now, 
consider  the dependence  of the degree  of n i t r ida t ion  
of the deposi ts  on the pa r t i a l  pressures  of NH3 and A1 
vapor.  In  the  dynamic  s i tuat ion i t  is difficult to es t imate  
PAl. In  this work.  the equat ion of Langmui r  (17, 18) 
was used for calculat ion of PAl. F igure  7a and b show 
the dependence  on the rat io of pa r t i a l  pressures  PNHa/ 
PAl of the deposi t ion ra te  Ra and the atomic concen- 
t ra t ion  rat io ( N ) / ( A I )  of deposits.  Values  for  m a t  
calcula ted  from the vapor  pressure  of A1 (19) b y  the 
Langmui r  equat ion (for T = 1.STMelt, T is the A1- 
source t empera tu re )  gene ra l ly  agreed  wi th  the exper i -  
menta l  ~hA1 in this work. The deposi t ion ra te  dras t ica l ly  

I 

i2oL  - �9 
r : o 

I , , , , , , , 0 
0 20 40 60 

Sputter Time(rain.) 

Fig. 6. AES-del~h profiles of AI, N, and O of the deposits. 
Spatter etching was carried out by argon ion bombardment. 
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Fig. 7. Deposition rate and nitrldation degree (N)/(AI) as a 
function of P~H~/PA1. a, Deposition rate; b, nitridation degree. 

decreases with an increase of PNH3/PAI (Fig. 7a). A 
s imilar  relat ion was found between the deposition rate 
and~PN2 in sputtered-deposi ted A1N (11). The ratio 
(N) / (A1)  increases almost l inear ly  with PN~JPA1 
when PNI:I3/PA] is small; such films indicated the mor-  
phology with rugged features (Fig. 3). The regime de- 
noted as I in Fig. 7b is low in n i t r ida t ion  degree and 
that  denoted as III  is too low in deposition rate. There-  
fore, the area II shows the opt imum condition for the 
preparat ion of A1N deposits by the ion plat ing (0.15- 
0.33 ~m/mJn) ; these deposits correspond to those shown 
in Fig. 2. 

Oxidation test and thermal cyclic stability test of the 
coatings.--The oxidation resistance was examined by 
thermogravimetry.  Coated specimens of 0.5 cm • 0.5 
cm • 0.07 mm were heated at a rate of 20~ in  
A r - l %  O2 gas mixture  with a flow rate of ~200 ml /min .  
Figure 8 shows the results of: th~ oxidation test for 
typical coated specimens. Uncoated Mo specimen ex- 
perienced a drastic weight decrease at about  790~ 
because of the evolution of MoO3 which has a high 
vapor pressure. But  AIN films protect  the Mo substrate 
from oxidation in the high tempera ture  env i ronment  
up to 1100~176 Little difference in oxidation re-  
sistance between the st0ichiometric and the nonstoi-  
chiometric coatings was observed. SEM micrographs 
and an AES spectrum of typical specimens after the 
oxidation test are given in Fig. 9. Figure  9a denotes 
the morphology of the coating surface at oxidation 
temperature  where the drastic weight  loss has not  
begun (arrow a in Fig. 8). No morphological change 
is found in the specimen of Fig. 9a. Figure 9b shows 
the specimen after the drastic weight  decrease (arrow 
b in Fig. 8). The A1N films disappeared, and  needle- l ike  
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Fig. 8. Relation of weight change of the AIN-coated Mo with 
oxidation temperature. 

Fig. 9. Scanning electron micrographs and an Auger electron 
spectrum of the specimen after the oxidation test (run 20). 

products covered the substrate  surface (b).  F rom the  
AES spectrum, the peak of ni t rogen disappears and 
the product consists of A1203 and MoO~. 

In  order to evaluate the stabil i ty of a coated speci- 
men, a thermal  cycle test was carried out in  vacuum by 
use of an inf rared- image furnace. The thermal  cycle 
was set between 900 ~ and 1200~ wi th  a rate of t em-  
perature  rise 130~ and a fall  rate of --180~ 
This thermal  cycle condition simulates that  of the 
JAERI Exper imenta l  Fusion Reactor (20). No weight  
loss was observed in any  A1N coated specimens (Fig. 
10). Figure 11 shows SEM micrographs after 10 thermal  
cycles. Cracks were observed in the stoichiometric 
films prepared on the unheated  substrate, bu t  spalling 
never  occurred. On the other hand, no crack was ob-  
served for a nonstoichiometric coating containing free 
A1 (Fig. 11) or for a stoichiometric coating on a heated 
substrate (not shown).  

Discussion 
The A1N coating improved the oxidat ion resistance 

up to about 1200~ which is  s imilar  to the result  of 
SigN4 coatings (4). Pinholes present  in the Si3N4 films 
ion plated on Mo cause the pi t t ing corrosion of Mo 
under  a high tempera ture  oxidizing env i ronment  (5). 
A more severe problem occurred for the A1N coatings: 
no pit t ing corrosion was observed, bu t  the A1N de- 
composed. A1N is unstable  in water  vapor (21), and 
ion-pla ted A1N may be decomposed by  H20 attack 
contained in  the oxidizing gas. 
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Fig. 10. Percentage of weight change of the deposits by thermal 

cycles under vacuum, p, d, and A are density, thickness, and sur- 
face area of the deposits. 

General ly ,  the adherence  of ceramic coatings on 
meta ls  is poor. SigN4 films coated on Mo by  the ion 
p la t ing  showed poor adherence  to the subs t ra te  (4, 5) 
upon bending  the specimens. In the case of A1N coat-  
ings, only  a smal l  pa r t  of surface pee led  off by  bend-  
ing th rough  90 ~ , though cracks were  observed (not  
shown) .  Fur the rmore ,  no spal l ing was observed  for  
specimens af ter  the the rmal  cyclic tests in vacuum at 
high tempera ture ,  as descr ibed in the previous  section. 
Thus, the A1N coatings on Mo are  compara t ive ly  good 
in adhesion. 

Li t t le  difference be tween  the s toichiometr ic  and the 
nonstoichiometr ic  (wi th  free A1) coatings was ob-  
served  in the oxida t ion  test  and  the t he rma l  cycle s ta -  
b i l i ty  test. The test  descr ibed  be low was car r ied  out  in 
o rder  to make  the difference clear. The coated speci-  
mens were  kep t  in vacuum (~,10-s  Torr )  a t  1400~ 
for 10 min. Af te r  this test, no change of the m o r p h o l ,  
ogy and the thickness of the s toichiometr ic  A1N film 
was observed  (Fig. 12a). The we igh t  of deposi ted 
/k in  films was about  1.1 • 10 -8 g / c m  2 (3.3 ~m).  The  
evapora t ion  ra te  of high pur i ty  massive s in tered  A1N 
in vacuum in a t empe ra tu r e  range  of 1180~176 
is about  3.8 • 10 -5 g / c m  2 sec (22). If  the vapor ized  
weight  is ca lcula ted  d i rec t ly  f rom this evapora t ion  
datum, such thin films should d i sappear  a f te r  30 sec. 
Actual ly ,  l i t t le  evapora t ion  of the  s toichiometr ic  de-  
posits p r epa red  b y  the ion p la t ing  (presen t  work)  was 
observed.  The contamina t ion  of oxygen  and carbon 
(Table  II)  m a y  cause s t rengthening  of the  chemical  
bond of the A1N and lower ing  of the A1 vapor  pressure .  

A hole- l ike  flaw is observed in the nonstoichiometr ic  
AIN film with  free A1 (Fig. 12b). The vapor iza t ion  of 
f ree  A1 contained in the nonstoichiometr ic  film is 
responsible  for this local fa i lure  of film surface. Thus, 
nons to ichiometr ic  AIN is not  a lways  sui table  for high 
t e m p e r a t u r e  use in vacuum, though the coated Mo 
specimens have  good oxidat ion  resis tance and the rma l  
cycle s tabi l i ty .  

The n i t r ida t ion  degree  cor re la ted  wi th  the  local 
vapor iza t ion  of the deposits  in a h igh  t empe ra tu r e  
vacuum. The degree of n i t r ida t ion  and the deposi t ion 
ra te  of films by  ion p la t ing  depend  on expe r imen ta l  
factors such as pa r t i a l  pressures  of reactants ,  e lect ron 
beam power,  bias voltage,  and tempera ture .  I n  the  
ion-p la t ing  deposi t ion of Si3N4 (4),  the most impor t an t  
factors were  an e lect ron beam power  into the Si evapo-  
ra t ion  source and the r f -d i scharge  power,  which  are  
effective for  the ionizat ion a n d / o r  ac t ivat ion of reac-  
tants.  For  the ion pla t ing of A1N, however ,  the pa r t i a l  
pressures  of r eac tan t  gases s t rongly  influence the 
n i t r ida t ion  ra te  of A1. Wi th  an increase  of pressure,  the 
mean  free pa th  of reac tan ts  becomes smal l  and the 
number  of molecular  collisions in the  gas phase in -  
creases. The mean  free pa th  of species i, ~i, and the 
pa r t i a l  pressure  Pi are  re la ted  b y  (23) 

~i = (Y, ~( (di -t- d j ) / 2 ) 2 n j (  (1 ~ Mi/Mj) ' /2)  - t ,  
J 

(i,j ---- A1,NH~) [1] 

where  di is the d iamete r  of i, Mi is the atomic or  mo-  
lecular  weight,  and the number  dens i ty  of i, n~, can be 
given by  ni -~ Pi /kBT.  The  d iameters  used for the cal -  

Fig. 11. Scanning electron micrographs of the deposits after the 
thermal cycle test. 

Fig. 12. Scanning electron micrographs of the coated specimens 
after keeping them in vacuum at 1400~ for 10 rain. a, Stoichiomet- 
ric film; b, nonstoichiometric film. 
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culation were 1.4_% for dNH3 and 2.4A for dA1. In  Fig. 
13a and 13b, the ni t r idat ion degree, i.e., atomic ratio 
(N) / (A1) ,  is shown as a funct ion of the mean  free 
path. There is a s imilar  t rend be tween A1 and NH3. 
The ratio (N) / (A1)  decreases drastically on the low 
side of the mean  free path; the decrease is almost 
l inear , . and  (N) / (A1)  approaches zero when  the mean  
free path is zero. When the mean  free paths are very 
small, the n u m b e r  of the in termolecular  collisions in 
the gas phase becomes very large. In  the physical 
vapor deposition of metals, a combinat ion of the evapo- 
rated atoms upon collision in the gas phase results 
in  formation of clusters when the pressures are large 
(24). These clusters grow gradual ly  because of the 
successive collisions, and large spherical particles are 
developed. For the ion plat ing of A1N, a similar  process 
is expected, namely,  evaporated A1 atoms (and/or  ions) 
collide with one another  to grow to large particles in  
the gas phase when the mean  free path is small  (high 
pressure).  Thus, such large particles are considered 
to cause the rugged morphology and the presence of 
the free A1 in the A1N deposits. For  a mean  free path 
of over about 0.6 cm for ~A1 and 1 cm for ~NI~s, the 
deposits have near ly  stoichiometric concentration, inde-  
pendent  of film thickness. Since the distance between 
the substrate and the hear th is 10 cm, the collision 
n u m b e r  of an A1 atom with others in  the gas phase is 
very  small, 0-3 times for large )~A1 over 3 cm dur ing the 
deposition. Nevertheless, the ni t r idat ion is sufficient. 
Fur thermore,  the (N) / (A1)  ratio of the deposits be-  
comes almost zero when the mean  free paths approach 
zero. If collisions in  the gas phase make some c o n t r i -  
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Fig. 13. Relation between (N)/(AI) and mean free path colculated 
from Eq. [1]. a (top), AI; b (bottom), NH3. 

but ion to the reaction be tween A1 and NH3, (N) / (A1)  
should be comparat ively large for small  mean  free 
path. Hence, the reaction is deduced to occur main ly  
on the substrate surface, not in the gas phase. Thus, 
the rate of reactant  supply to the surface can be an 
impor tan t  factor. 

The ni t r idat ion rate of A1, rN, which is defined as 
the number  of gram-atoms of ni t rogen incorporated 
in deposits per uni t  area per un i t  time, can be given 
by 

r~ = RdpXN [2] 

where x.~ is the atomic fraction of N and p is atomic 
density of deposits. The averaged values of AIN and A1 
were used for p. The values of rN, together with those of 
A1N prepared by other methods, are shown in Table III. 
The rN value of the present  work is smaller  than those 
for CVR with dispr0portionation of a luminum halide 
and d-c discharge which are s y n t h e t i c  methods at 
high temperature.  However, the present  ion plat ing 
gives a large n i t r ida t ion  rate of A1 without  heat ing 
the substrate up to high temperature.  The rN value is 
larger by an order of magni tude  than those of sput= 
terlng methods and corresponds to the reaction of 
A1C18 and NH8 at 1000~ 

The reaction between A1 and NH3 was found to occur 
on the surface, and the reaction rate depends on con- 
centrat ions of the reactants near  the surface. There  
are three types of molecules (or atoms) in the glow 
discharge region: ionized (ions), activated, and un -  
activated neut ra l  molecules. The neu t ra l  unact iva ted  
molecules have li t t le contr ibut ion to the reaction be-  
cause the ion plat ing was performed at ra ther  low 
temperature.  The rate of reactant  supply to the s u r f a c e  
Ji can be expressed by  

Jl = n i+v i  a~ + '/4 n i*v l  T [3] 

where ni + and ~ti* are the densities of ionized a n d  
a'ctivated molecules of i, and vi ac and vi I are the veloc- 
i ty of ions accelerated by the bias and the thermal  
velocity, respectively, ni + and hi* are proport ional  to  
the total  n u m b e r  of i, n~, i.e., ni + : x i + n i  where xi + 
is the fraction of ionized molecules. Thereforef Jt i s  
proport ional  to the pressure Pi (Pi ---- n i / k B T ) .  T h e  
total surface concentrat ion of these species is propor-  
t ional to Pi, since it  should be proport ional  to J~. Hence, 
Pi indicates a measure of the surface concentrat ion of i. 
Now, the ni t r idat ion rate will be analyzed by  a typical 
method of chemical kinetics (25). Figure  14 gives the 
relat ion of the ni t r idat ion rate, rN, wi th  the product  
of part ial  pressures of reactants, PA1PNH3. A l inear  
relat ion is found between log rN and log (PAiPNH3), 
and its slope is about  un i ty  (0.9): the ni t r idat ion r a t e  
is almost proport ional  to the product  of par t ia l  pres= 
sures. The result  indicates that  the ni t r idat ion mecha-  
n i sm is unchanged,  independent  of the par t ia l  p r e s -  

Table III. Nitrldation rates of AIN 

rN (g-atom/ Temp 
Method cm s sec) (~ 

Direct N2-nitridation of solid A1 (7) 

CVR with disproportionation of alumi- 
num halide (8) 

D-C-arc discharge (A1 + N~) (8) 

AIC13 (gas) + NH8 -, AIN % 3HCI (9) 

RF-sputter (At + N=) (12) 

RF-sputter (AI + Ns) (11) 

RF-ion-platlng (AI + NI-I~)* (present 
work) 

1.6 • 10 -11 

8.1 • 10 -7 

3.4 • 10 -e 

2.7 • 10 -s 

1.3 • 10 -~ 

3.2 • 10- ~ 

3.4 x i0- s 

53O 

97O 

>1000 

1000 

* The value of the stoichiometric deposit with the deposition 
rate of 0,33 ~m/min is tabulated. 
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Fig. 14. Relation between nitridation rate rN and (PNH3 PAl) 

sures (mean free pa th)  and tha t  ac t iva ted  a n d / o r  ion-  
ized a luminum and ammonia  react  on t h e  subs t ra te  sur -  
face wi th  second order.  Thus, the react ion process is 
considered not  to be affected by  many  in te rmolecu la r  
collisions in the gas phase. The gas-phase  collision 
never  affects the n i t r ida t ion  react ion on the surface, 
though at  h igh  evapora t ion  ra te  of A1 it  causes the 
deve lopment  of free A1. 

The discharge effect wi l l  be briefly described.  The 
ionizat ion energies  of A1 and NH3 are  138 and 241 ca l /  
tool. The ionizat ion of A1 is much easier  than  tha t  of 
NH~; XA1 + becomes large.  In  addi t ion to the ionization, 
the NH8 molecule  decomposes in the glow-Oischarge 
region. The ma jo r  decomposed s ta te  at  800~ is an 
act ive NH2, confirmed by  mass spec t romet ry  (26). The 
decomposi t ion energy  of N - H  bond is 93.4 ca l /mol ,  
which is smal l  compared  wi th  tha t  for the ionizat ion of 
AI. This suggests tha t  the decomposi t ion of NH3 is 
easier  than the ionizat ion of  A1. NH8 forms active 
states more  easi ly  than AI; the second t e rm of Eq. [3] 
is r a the r  impor t an t  for NH3. Hence, good n i t r ida t ion  
can occur for  low NH3 pressures  compared  wi th  tha t  of 
A1 vapor  (PNHJPAI ~ 0.1), as indica ted  in Fig. 7b. 
Direct  evidence by  using analy t ica l  methods  such as 
infrared,  Raman,  photoemission,  and mass spect ra  a re  
needed for  under s t and ing  the reac t ion  mechanism. 

Conclusions 
Coatings of A1N on Mo were  pe r fo rmed  b y  r f - r e a c -  

t ive ion p la t ing  wi th  the in tent ion  to form a low-Z  
coating for  the  fusion reac tor  and a re f rac to ry  coating. 
Fo r  most  of the coatings, the Mo subs t ra te  was not  
hea ted  dur ing  the deposition. The fol lowing conclusions 
are  offered: 

1. Analyses  of the s t ructure ,  composition, and chemi-  
cal s ta te  of the deposits  showed tha t  A1 was p resen t  
as A1N. Near ly  s toichiometr ic  n i t r ide  deposits  were  
formed,  but  nonstoichiometr ic  films wi th  free A1 also 
were  obtained when  PNHs/PA1 was small.  Con tamina-  
t ion wi th  C and O was observed.  

2. The  oxidat ion  resis tance up to 1100~176 of 
Mo improved  by  A1N layers  is s imi la r  to the resul ts  

for  SigN4 coatings. No p i t t ing  corrosion was observed  
in the specimens af te r  the test,  bu t  the A1N film dis -  
appeared;  the need le - l ike  products  deve loped  were  
found to consist of A12Oa and MoOn. 

3. Ten the rmal  cycles f rom 900 ~ to 1200~ in vacuum 
resul ted  in no weight  loss for  any  A1N coated speci-  
mens;  cracks were  observed  in the s toichiometr ic  films, 
bu t  no spal l ing was observed.  The nonstoichiometr ic  
films had  no cracks. Thus, the A1N coatings on Mo a r e  
good in adhesion. 

4. Li t t le  difference in ox ida t ion  res is tance and the r -  
mal  cycle  s tab i l i ty  was found be tween  the s toichio-  
met r i c  and nonstoichiometr ic  coatings. However ,  the 
free A1 contained in the nonstoichiometr ic  film caused 
the local  fa i lu re  of films in vacuum at  h igh t empera -  
ture.  

5. The surface  reac t ion  of A1 and NH8 (on the sub-  
s t ra te  surface)  was suggested f rom the re la t ion  be -  
tween  the n i t r ida t ion  degree  and the mean  free pa th  
of gas. Fur the rmore ,  the re la t ion  of n i t r ida t ion  ra te  
wi th  the produc t  of r eac tan t  pressures  indica ted  tha t  
the surface react ion could be descr ibed by  the second-  
o rder  reaction.  

6. The la rge  par t ic les  deve loped  by  the successive 
collisions of A1 in the gas phase are  deduced to be  
responsible  for  the  rugged  morpho logy  when PNH3/PA1 
is small .  
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Thermodynamic Equations for the Liquidus of 
with y Near One and with Congruently 

Melting End Members 
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Marquette University, Milwaukee, Wisconsin 53233 

ABSTRACT 

A n u m b e r  of equ iva len t  exac t  and useful  app rox ima te  equat ions  for the 
l iquidus  of (Ai-uBu)2-~C~(s)  wi th  y near  un i ty  and wi th  congruent ly  
mel t ing  end members  (u = 0, 1) are  obtained.  These are  genera l  in so far  
as the l iquid phase is concerned,  except  tha t  the forms wr i t t en  for  associated 
solut ion models  of the l iquid depend  upon t h e s p e c i e s  assumed. The congru-  
ent  mel t ing  of the end members  leads to impor tant ,  usua l ly  ignored,  l inks 
be tween  the the rmodynamic  proper t ies  of the l iquid and those of the b ina ry  
compounds.  I t  is shown that  the common assumpt ion tha t  the  ~hea t  capaci ty  
of a binary,  end member ,  compound equals that  of its supercooled l iquid  
is gene ra l ly  incorrec t  and is unnecessary.  The resul ts  a re  appl ied  to a 
number  of recent  analyses  of l iquidus surfaces and lines. 

The t he rmodynamic  equat ion for  the l iquidus of a 
congruent ly  melt ing,  na r row  homogenei ty  range com- 
pound has been der ived  in a number  of papers  (1-6). 
That  given by  Vieland (6) has been wide ly  used, ex-  
tended to t e rna ry  systems, and used wi th  an associated 
solut ion model  for  the l iquid  (7-10) fol lowing Jordan ' s  
deve lopment  of a simplified version of this model  (11, 
12). The der iva t ion  g i v e n  by  Vieland has been re-  
examined  for the case of the l iquidus  of a pseudobinary  
solid (13). Al though the der iva t ion  and l iquidus equa-  
tion given by  Vieland are  correct  and simple, they  
have suffered in usage. F i r s t  of all, one step of the 
the rmodynamic  cycle used in the der iva t ion  recog-  
nizes the equa l i ty  of the  Gibbs free en tha lpy  of the 
compound and its mel t  at  the congruent  mel t ing  point. 
However ,  equat ions tha t  d i rec t ly  fol low f rom this 
equali ty,  and which provide  an impor tan t  l ink be tween  
the the rmodynamic  proper t ies  of the compound and 
the liquid, were  not  emphasized and are  a lmost  uni -  
ve rsa l ly  ignored. Secondly,  the l iquidus  equat ion con- 
tains as one t e rm the in tegra l  over  t empera tu re  of the 
difference be tween  the hea t  capaci ty  of the compound 
and its supercooled liquid. This difference is a lmost  
a lways  set to zero. In  fact, such a step is unnecessary,  
is in pr incip le  usua l ly  incorrect ,  and  in pract ice  is 
of ten ser iously  incorrect  when  associated solut ion 
models  a re  used for the  liquid. Final ly ,  there  a re  o ther  
equiva lent  l iquidus equations tha t  are  more  convenient  

* Electrochemical  Society Active Member. 
Key words: liquidus equations, Vieland equation, thermody- 

namics. 

to use in cer ta in  cases. The purpose  here  is to demon-  
s t ra te  these points and to app ly  the resul ts  to a number  
of recent  analyses.  

We consider the l iquid in equi l ib r ium wi th  a t e rna ry  
solid solution, (Al -~Bu)2-~Cy(s ) ,  wi th  congruent ly  
mel t ing end members  (u = 0, 1). I t  is assumed tha t  
the C atoms occupy sites in thei r  own sublat t ice  and, 
because y is a lways  near  unity,  tha t  the  s i te - f rac t ion  
of a tom point  defects is small .  The chemical  potent ia ls  
of AC and BC in the  solid are  then  independent  of y 
to a good approx imat ion  (14). Consequently,  as we 
shall  show, the the rmodynamic  equations for the l iq-  
uidus surface of the  solid solution depend upon u bu t  
not  y. Thus the l iquidus equations are  fo rmal ly  iden t i -  
cal wi th  those for a pseudobinary  solid. The l iquidus 
equations for the b ina ry  compounds,  AC (s) and BC(s)  
are  of course obta ined as special  cases. 

Liquidus Equations 
We consider the equ i l ib r ium be tween  (Al-uBu)2-yCy(s) 

and a l iquid phase in the so l id - l iqu id -vapor  system. 
The sys tem has two degrees of freedom. We first seek 
equations that  are  genera l  in so far  as the l iquid phase 
is concerned, and which are  therefore  appl icable  wi th  
any the rmodynamica l ly  val id  model  of the l iquid 
phase. A t  equ i l ib r ium the chemical  potent ia l  of each 
component  mus t  be the same in the solid and liquid. 
This gives three  equations 

~A L = #A s [I] 

#B L = #B s [2] 



1596 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY July  1981 

~c r" = ~ c  s [8] 

By adding pairs of equations from Eq. [1]-[3], one 
obtains 

~A L + /zC L ~_. ~As dr. /.~CS [4] 

~ s  + ~ c  s = #~, + ~ [5]  

New we suppose the solid phase is a solution, 
(Al-uBu)~-yC~(s) ,  in  which A and B are distr ibuted 
among the sites of one sublattice and C occupies a 
second sublattice. If the range of y about  the value 1 
is less than about 0.01, then the r igh t -hand  members  
of Eq. [4] and [5] are independent  of y to a good 
approximation (14) and can be wr i t ten  as 

/~Acs (U, T )  - -  /.LA s -~ ~C s [6]  

~BcS(U, T) = #B s + ~c s [7] 

In  wri t ing the variables determining the chemical 
potentials of AC and BC in  the solid, we Omit the total 
pressure and rely upon the relat ive insensi t ivi ty of the 
thermodynamic  properties of condensed phases to hy-  
drostatic pressure. For the liquid phase the chemical 
potentials are of the general  form 

Uj L ~- h j  - -  T s j  + RT l n (x j )  + p j ~  j -- A , B , C  

[8] 

where #jo,L(T) is the chemical potential  of pure  j l iq-  
uid, hj is the relat ive part ial  molar  enthalpy of j, and 
sj is the relat ive excess par t ia l  molar  entropy of j. (To 
avoid excessive superscripts we do not  follow the con- 
vent ion here that  the excess quanti t ies are marked  by 
a superscript  x or xs.) Both of these part ial  molar  
quanti t ies are zero for pure j liquid, i.e., when xj = 1. 
Our basic equations are now Eq. [4]  and [5]. The 
thermodynamic  problem has thus been convenient ly  
broken into two parts. That  par t  retained in Eq. [4] 
and [5] relates the composition of the l iquid phase to 
the solid composition variable  u. Since y does not ap- 
pear, the equations are identical  to those for a pseudo- 
b inary  solid solution. The second part  would relate 
both y and u for the solid to the liquid composition 
and is not pursued here. 

The chemical potentials of the components AC and 
BC in the solid solution can also be wr i t ten  formally 
in  terms of relative partial  molar  enthalpies and ex- 
cess entropies as 

/~AC s = hAC s -- TSAO s + RT In (I -- u) + #Ac~ 

[9] 

~BcS = hSC s -- TSBC s -~ R T i n  (u) + ~sc~ [10] 

where #AcO, S(T) and ~BcO,~(T) are the chemical poten-  
tials of pure AC(s)  and pure  BC(s) ,  respectively. 
When u ---- 0, hAcs -- sac s -- 0. When u :=- 1, hBc s -- 
8Be s ~" 0. 

The Gibbs free entha lpy  of format ion per mol of 
each b inary  compound from its l iquid elements can be 
wr i t ten  as 

AG%(AC) = AH%(AC) -- TAS%(AC) 

"-- /zAco, s -- ~A ~ -- ~C o*L [ii] 

AGof(BC) = AHof(BC) -- TASof(BC) 

: /XBCO, s -- ~B ~ -- ,~C ~ [12] 

The last equali ty in  each equat ion follows from the 
fact tha% the chemical potentials of the pure com- 
pounds are independent  of the deviat ion from stoichi- 
ometry  for small  deviations (15, 16). Using Eq. [6]- 
[12] i n E q .  [4] and [5] gives the en tha lpy-en t ropy  of 
formation l iquidus equations 

hA + hc -- T(SA + SC) + E T l n  (XAXC) -- hAC s 

-- TSAC s + R T l n  (1 -- u) + AH%(AC) --  TAS%(AC) 

[18] 

hB + hc -- T (SB + SC) + RT In  (XBXC) -- hBe s 

-- TSBc s + R T i n  (u) + AH~ -- TAS~ [14] 

These are sometimes convenient.  Their  usage guaran-  
tees that the sums of the chemical potentials in  the 
b inary  melts AC(1) and B e ( l )  equal  the Gibbs free 
enthalpies of formation of, respectively, AC(s)  and 
BC(s),. However, the mel t ing points of the b inary  
compounds calculated from these equations do not  
necessarily agree with the observed values unless two 
constraining equations are imposed. These are obtained 
from Eq. [13] and [14] by requir ing the former be 
satisfied for xA = xc = ~/2 and T = TAC, the mel t ing 
point  of AC(s) ,  and the lat ter  be satisfied for xB --  
xc ---- 1~ and T = TBc, the mel t ing  point of BC (s). As 
a result, not all of the parameters  of the l iquid phase 
model can be independent .  The l iquidus equations can 
be recast into a form that  depends upon the enthalpy 
and entropy of mel t ing of each b inary  compound by 
first expressing the temperature  dependence of the 
enthalpy and  entropy of formation for each b ina ry  
compound. For AC(s )  one can wri te  in  general  that  

~C~c s dT [15] AHof(AC) = AH~ T A c ) +  o 

ACAc s d in  T ASof(AC) -- AS%(AC, TAC) q- AO 

[16] 

where the standard, rela'tive, constant  pressure, heat  
capacity per mol of AC (s), aCAc s, is given by 

~CAc s = CAcs -- CAo,L -- CcO,L [17] 

and CA ~ and Cc o,L are the constant  pressure heat  ca- 
pacities per g-a tom of, respectively, pure A(1) and 
pure C(1) and CAC S is that of AC(s)  per  mol. Com- 
pletely analogous equations hold for BC (s). Then, be-  
cause the Gibbs free enthalpy of mel t ing for AC(s)  is 
zero at  T = TAC, one has two. equations 

AH%(AC, T A c ) =  hA* -I- hc* -- HAC m [18] 

AS%(AC, TAC) -" SA* "~ SC* --~ R l n 4  -- HAcm/TAc 

[19] 

where //AC ra is the enthalpy of mel t ing per mol of 
AC(s)  and the asterisk superscript indicates that the 
partiaI molar  quanti t ies are evaluated at XA =-- XC -- 
u and T -- TAC. The analogs for BC (s) are 

AH%(BC, TBc) = hB** + hc** --  HBc m [20] 

AS~ TBC) = SB** + sc** + R In 4 --  HBcm/TBc 

[9.1] 

where TBC is the mel t ing point of BC(s) ,  HBC m is its 
enthalpy of melting, and the double asterisk indicates 
a quant i ty  is evaluated at ZB -- XC ---- �89 and T ---- TBc. 
The desired l iquidus equations can now be obtained by 
using Eq. [15]-[16] and [18]-[21] to el iminate the 
enthalpy and entropy of formation quanti t ies in  Eq. 
[13] and [14]. Upon rea r rangement  the result  is 
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T =  

T -- 

TAo 
hA -- hA* + hc -- hc* + HAC TM -{- ,] T (1 -- T/r)  ACAcSdr -- hAcs 

SA -- SA* -]- SC -- SC* -]- HAcm/TAc -~- R in [ (1 -- U)/4XAXC] -- SAC s 

TBc 
hB -- hB** ~- hc -- hc** -~- HBC m -~" ,/T (1 -- T/r)  ACBcSdr -- hBc' 

SB - -  SB $$ -~ Sc - -  See*  "~- HBCm/TBC -[" R I n  [u/4xBxc] - -  SBC s 

[ 2 2 ]  

[23] 

where, i't is emphasized, the part ial  molar  entropies are 
excess quantities.  Equations [22] and [23] are general  
in  so far as the l iquid phase model is concerned, and 
are exact except that  the effect of hydrostatic pressure 
on the properties of the l iquid and solid phases is 
neglected. The equations are not in  general  explicit 
equations for T unless ACAc s and ACBc s a r e  zero and 
all the par t ia l  molar  quanti t ies are independent  of 
T. They are consistent with a mel t ing temperature  of 
TAC for AC(s)  and TBC for BC(s) .  Finally,  r in the 
integrals  is obviously a dummy integrat ion variable. 

The "exact" l iquidus equations can be put  in a form 
resembling Vieland's equation for a b inary  l iquidus by 
using the thermodynamic  definitions 

RT In (7i) : hi -- Tsi i : A, B, C [24] 

R T l n  (rjk) : hjk s -- TSjk s jk  : AC or BC [25] 

and the equali ty below for A-C and an analogous one 
for B-C 

hA* -}- hc* -- T(SA* -}- So*)"-  hAt -{- hc t 

f TAo 
-- T(SAr -[- Sot) -~ .] T (1 -- T/r)  ACAc L dr 

f TAc 
= RT in (TAt "yC t) + ~'T (I -- T/r) aCAc L dr [26] 

where ACAc L : CAC L -- CA ~ -- Cc ~ is the constant  
pressure heat capacity of the 50 atomic percent  (a/o) 
liquid, and hence ACAc L is the relat ive heat capacity 
of two g-atoms of the 50 a/o liquid, AC(1). (See Eq. 
[17].) The dagger superscript  indicates evaluat ion at 
xA -- xc : u and an a rb i t ra ry  T. Upon rear rangement  
the resul t  is 

R T l n [  - 4ffAT.---.--cx--Ax-- c ] = H A c m ( T / T A c - - 1 )  
7A?7C i (I -- U) FAC 

f TAo 
-- dT (I -- T/r) (ACAc s -- ACAcL)dr [27] 

is emphasized here. In  Vieland's derivation, the Gibbs 
free enthalpy of formation of the b inary  solid com- 
pound is e l iminated in  favor of the enthalpy and en-  
tropy of fusion and other quanti t ies using the results 
of a thermodynamic  cycle. One step of this cycle in-  
volves the congruent  melt ing of the b inary  compound 
and so could have been used to introduce Eq. [18] and 
[19]. Knowing the thermodynamic properties of the 
b inary  compounds, the auxi l iary  conditions impose 
two constraints upon the parameters  of the l iquid 
phase model in each of the A-C and B-C binaries. If 
the parameters  of the l iquid phase model are deter-  
mined by a fit to phase diagram data without  prior use 
of the auxi l iary conditions, then their subsequent  use 
allows a calculation of the entha lpy  and entropy of for- 
mat ion of each b inary  compound (from its l iquid ele- 
ments  and at its mel t ing point)  for check against the 
exper imental  values. 

The s tandard relative heat capacities of the stoichi- 
ometric b inary  liquids appearing in Eq. [27] and [28] 
are determined by the liquid phase model used. Those 
of the b inary  compounds are to be obtained from ex- 
periment.  

Approximate Equations when AG~ for hC(s) and 
BC(s) are Linear Functions of T 

The heat capacities are known for some compounds 
up to their mel t ing points, bu t  often they are not. On 
the other hand, the Gibbs free enthalpy of formation 
of compounds is frequen'tly known at high temlSera- 
tures and often is accurately given as a l inear  function 
of T. When this is the case, a useful approximate form 
of the exact equations given by Eq. [22] and [23] or 
Eq. [27] and [28] can be obtained. Assume the Gibbs 
free enthalpy of formation of AC(s)  from the pure 
l iquid elements is given in  terms of a constant  effective 
enthalpy of formation, AHf, and a constant effective 
entropy of formation, ASf by 

AGof(AC) = AHf -- TASf + 6(T) [29] 

where 6 (T) is a small  correction that depends upon T. 
A parameter,  AAC, is defined as the difference between 
the effective enthalpy of formation and its actual 
value at the mel t ing point by 

AAC : AHf- AH~ TAC) [30] 

RTIn[ 4~BTCXBXC ]__HBcm(T/TBC__ i) 
L 7BiTCtUrBC 

f TBc 
- -  ,iT (I  -- T/r)  (ACBc s -- ACBcL)dr [28] 

The differences ACAc s -- ACAc L and ACBc s - -  ACBcL 
are the AC 9 that  appear in Vieland's equation and 
which have been indiscr iminant ly  set equal to zero. 
Equations [27] and [28] are equivalent  to Eq. [22] 
and [23]. For ei ther b inary  system, A-C or B-C, they 
reduce to a generalizaflion of the Vieland equat ion pre-  
viously obtained by Jordan and Weiner. However, 
nei ther  Vieland nor Jordan  and Weiner  explici t ly 
stated the dependence of these equations upon the va-  
l idi ty of the auxi l iary  conditions, Eq. [18]-[21], which 

From Eq. [29] and the thermodynamic  equat ion for 
AGof(AC), it follows that  

ASf ---- AS~ (AC, TAC) -~- AAc/TAc -{- 8 (TAc)/TAC 

[31] 

With Eq. [30] and [31], the integral in the numerator 
of Eq. [22] can be written as 

f T  TAC 
(i -- T/r)ACAc s dr = AAC (T/TAc -- I) 

--}- TS(TAc) /TAc -- 8(T) [32] 

Subst i tut ing this equation into Eq. [22], and its analog 
for BC(s) into Eq. [23] and rear ranging  gives 
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T = 
(hA- -hA y ) + ( h c - - h c  y) - - hA c S +  (HAcm--AAC) -- SAc(T) 

[33] 

T =  

(SA -- SA y) ~- (Sc -- SC y) -- SAC s 21- (HAc m -- AAC -- S(TAC))/TAc "~- R l n  [(1 -- U)/4XAXc] 

(hB--  hB yy) -t- ( h c - -  hc yy) --hBc s--}- (HBc m -  ABC) -- 6Bc(T) 
[34] 

(SB - -  8B y y )  -~ (8C - -  SC y y )  - - S B C  s -~ (HBc  m - -  ABC - -  6 ( T B c ) ) / T B c  --~ R I n  [ul4XBXC] 

These are still  exact equations. The aproximation con- 
sists of neglecting the Si(T) terms. In  part icular  cases 
it is possible that the effective enthalpies and entropies 
of formation can be chosen so that SAc(TAc) and 
6Bc(TBc) are zero. The error in  neglecting SAc(T) 
and SBc(T) in  the numerators  can then be easily cal- 
culated. Equations [33] and [34] in  their  approximate 
form are par t icular ly  convenient  for they are explicit 
equations for T whenever  all  the par t ia l  molar  quan-  
tities are independent  of T. 

Using Eq. [32] and its analog for B-C, the general-  
ized Vie!and equations given by Eq. [27] and [28] can 
be wr i t ten  as 

R T 1 .  [  A cxAx  ] = ( H A e m -   AC) 
L 7A%7C % (i -- U) rAC A 

(T/TAc -- I) -- TSAC (TAc)/TAc + SAC (T) 

f TAo 
+ ,,r (I -- T/r)ACAcLdz [35] 

R T l n  [ 47BTCXBXC ] =  ( H B c m _  ABC) 
7B?TCt%~FBC 

(T/TBc -- i) -- TSBC (TBc)/TBc + SBC (T) 

f TBc 
+ ,,T (1 -- T/r )  ACBc L dr [36] 

With the use of thermodynamic  definitions, the inte-  
grals above can be wr i t ten  as 

yT TA~ (1  - -  T/r)ACAc L dr : hA y -}- hc* 

- -  hA ? -- hc r -- T(SA y 2c Sc y -- SA? -- SC ?) [37] 

yT TBc (1 -- T/r)ACBc n dr = hB** -~- hc** 

- -  hB ? - -  h c  ? - -  T ( S B * *  -}- S c * *  - -  SB? - -  Sc  ?) [ 38 ]  

Again the approximate l iquidus equations result  by 
neglecting the Si(T) terms in Eq. [35] and [36]. For 
both sets of equivalent  approximate equations, those 
derived from Eq. [33] and [34] and those derived from 
Eq. [35] and [36], the effect of l inear ly  tempera ture-  
dependent  Gibbs free enthalpies of formation for 
AC(s)  and BC(s) is to replace the integrals involving 
ACAc s and ACBc s by terms AAC and ABC, respectively, 
which modify the corresponding enthalpies of fusion. 
On the other hand, the integrals of Eq. [37] and [38] 
are in  general  both zero only if the part ial  molar  
quanti t ies for the l iquid phase components are in -  
dependent  of T, for then hA* -- hA? etc. Otherwise, 
Eq. [37] and [38] contr ibute t empera ture -dependent  
corrections to the r igh t -hand  members  of Eq. [35] and 
[36], whose magni tudes  depend upon the model of 
the liquid phase. 

Liquidus Equations for Associated Solution Models 
of the Liquid Phase 

If the l iquid phase is described by an associated 
solution model, three of the species will correspond 
t o  the uncombined components and their mol frac- 
tions are wr i t ten  as Ya, Yb, and Yc- Quantit ies associated 
with solution species will all be denoted by lower case 
subscripts. For  i~ternal  equi l ibr ium wi th in  the liquid, 
t h e  chemical potential  of each component must  equal 
that of its corresponding uncombined species, i.e. 

#A -- ~~ : RT in (TAXA) : RT In (TaYa) : #a -- #~ 

[39] 

~B -- ~~ = RT In (TBXB) = R T  In (TbYb) -- ;~b -- #% 

[40] 

~C -- ~~ = RT in  (TcXc) = R T  In (7r -- ~c -- ~~ 

[41] 

The exact en tha lpy-en t ropy  of formation liquidus 
equations given by Eq. [i3] and [14] can be rewri t ten  
in terms of properties of the species using Eq. [39]- 
[41] as 

RT In [TaTcYaYc/(1 - -  U)YAC] -- AH~ 

-- TAS~ (AC) [42] 

R T  In [TbTcYbYc/UPBC] --- AH~ -- TAS~ 

[43] 

These of course must  be augmented by equations de- 
scribing the equi l ibr ium between each molecular  spe- 
cies and the corresponding uncombined  species. 

The lef t -hand members  of the approximate,  gen- 
eralized Vieland equations, given by Eq. [35] and 
[36] with the 6i(T) quanti t ies all  set to zero, can 
immediate ly  be wr i t ten  in  terms o3 quanti t ies refer-  
r ing to uncombined species with Eq. [39]-[41]. It  is 
now desired to express Eq. [37] and [38] in  terms of 
quanti t ies referr ing to the species. In  order  to do so it 
is necessary to identify the species in the A-C and 
B-C binaries. We take them to be a, c, and ac, a mole- 
cule consisting of one A atom and one C atom, and  b, c, 
and bc, a similar molecule composed of one B atom 
and one C atom. The necessary arguments  are given 
here only for the A-C binary,  those for the B-C b inary  
being completely analogous. When XA ---- XC = t/2, le t  
Y~c = Yac t = Z. When in  addi t ion T = TAC, let Yac ---- 
Z*. T h e n y a t  = yo* _-- (~/2) ( 1 - -  z) and the number  of 
g-atoms of components per mol of species is 1 + z. 
Therefore, the enthalpy and entropy of mixing of the 
stoichiometric l iquid from the pure liquid elements can 
be wr i t ten  both in terms of the part ial  molar quan-  
tities for the components and those for the species as 

hA* + hc? ---- {2/(1 -5 z)} {1/z (1 -- z) (ha? + hc t) 

-~- Zhac* -- ZAHD} [44] 

SA t + SC t = -- R l n 4  + {2/(1 + z)} {~/s (1 -- z) 

( s J  + s~t) § zs~ct -- z~SD -- R (1 -- z) 

In [(1 -- z ) /2]  -- R z l n z }  [45] 

where AHD and ASp are, respectively, the s tandard 
enthalpy and entropy of dissociation of pure ac mole-  
cule into its l iquid elements. The corresponding as- 
terisk quanti t ies  are obtained by replacing the dagger 
superscripts in  Eq. [44] and [45] by asterisks, denot-  
ing the quantit ies evaluated at XA ---- XC - -  1/2 are now 
also evaluated at T ---- TAC, and by replacing z by z*. 
Using Eq. [44] and [45] in  Eq. [37] and the B-C ana-  
logs Of Eq. [44] and [45] in  Eq. [38], the integral  
terms involving t h e  relative heat capacity of the 
b inary  stoichiometric liquids can be evaluated for 
the par t icular  associated solution model used, both 
in the exact l iquidus equations given by Eq. [27] and 
[28], and in the approximate equations given by Eq. 
[35] and [36] with the 5i quanti t ies all set to zero. 

The per t inent  equations for an  associated solution 
model o f  the liquid can then be summarized as 
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(a) Liquidus equations 

R T I n [  ~aT___eY. aY~__ ] : H A c m ( T / T A c _ _  I ) 
7atTr i (1 - -  U) FAC 

frAc fT~o 
- -  -,T (1 - -  T/~') ACAc s d r  --~ , t i t  (1 - -  T/r)  ACAc L dr 

[46] 

R T I n [  'YbTcYbYc ] = HBcm(T/TBc  __ I ) 
7b?7~Yb~yct~FBC 

f T B c  f T B o  
- - , ,T  (1 -- T / r ) A C B c s d r - ~  ,IT (1 -- T / r ) A C B c L d r  

[47] 

(b) Approximations for the case that  the Gibbs free 
enthalpies of formation of the b inary  compounds, 
AC(s)  and BC(s) ,  are taken as l inear  functions of T 

ST TAG 
(1 -- T/r)ACAc s dr = AAc(T/TAc -- 1) [48] 

f T TBC ( 1  - -  T/r )ACBc  s dr = ABc(T/TBc  -- 1) [49] 

where  ACAc s is defined by Eq. [17], AAc by Eq. [30], 
and t h e  corresponding quanti t ies for BC are obvious 
by analogy. 

(c) The last integral  in the l iquidus equations given 
by Eq. [46] and [47], involving the relat ive heat ca- 
pacity of a stoichiometric b inary  liquid, is given in 
terms of the part ial  molar  excess quanti t ies of the 
components by, respectively, Eq. [37] and [38]. These 
forms are par t icular ly  convenient  in those versions of 
the associated solution model �9 (8, 9, 11) in  which the 
excess chemical potentials of the solution species are 
wr i t ten  in  terms of the atom fractions of the compo- 
nents. In  more general  versions of the associated solu- 
tion model, these excess chemical potentials are wr i t -  
ten  in  terms of the mol fractions of the species. Then  
one can use Eq. [44] and [45] in  Eq. [37], if the species 
in the A-C liquid are a, c, and ac, or obvious general-  
izations of Eq. [44] and [45] for some other choice of 
solution species. The equations for the B-C liquid for 
use in Eq. [38] and then Eq. [47] are ent i rely anal -  
ogous. 

The liquidus equations must  of course be augmented 
by two equations describing the equi l ibr ium between 
the associated complex, ac and its uncombined species 
and a similar  equi l ibr ium for bc. These equations fol- 
low from the fact that  the chemical potent ial  of ac 
must  equal  the sum of those for a and c, while that  
for bc must  equal the sum of those for b and c. One 
uses Eq. [39]-[41] for the chemical potentials of the 
uncombined  species, and the equations below for those 
of the associated complexes 

~ a c  - -  ~ ~  -- ~~ ---- RT In (TacYac) -~- ~0ac -- ~~ -- ~~ 

= R T  in  ('YacYac) -- AHD(aC) 

-]- TASD (ac) 

: ha c - -  Tsac 2c R T  In Y a c  

- -  AHD(aC) + TASD(ac) [50] 

~bc -- ~~ -- #~ -= R T  In ('YbeYbc) -l- #~ -- ~% -- ~~ 

= R T  in  (TbcYbc) -- AHD (bc) 

-}- TASD (bc )  [51] 

Discussion 
In  a number  of published analyses, a s tar t ing l iq- 

uidus equat ion has been obtained by  setting ACp = 0 
in  Vieland's equation, i.e., setting ACAc L ---- ACAc s in 
Eq. [27], and the l iquidus fit using some model for the 
l iquid phase. One immediate  application of the results 

obtained here is to assess the error  incurred thereby 
in each specific analysis. This we shall do. However, it 
should be noted that  another  impor tant  potential  use 
of the l iquidus equations is to test the thermodynamic  
self-consistency of sets of exper imental  data, which 
would include l iquidus point  data and part ial  molar  
quant i ty  data for the liquid among others. The liquidus 
equations given by Eq. [13] and [14] or by [22] and 
[23] would seem to be the ones most useful  for this 
purpose since they involve only  quanti t ies for stable 
states and do not involve the relative heat capacities 
of the stoichiometric, supercooled b inary  liquids. 

The liquidus lines (17) in  I I I -V binaries and  liq- 
uidus surfaces in  related ternaries have been fit using 
simple solution models. Within  the f ramework of our 
derivat ion these analyses justifiably use the approxi-  
mate form of the generalized Vieland equations (Eq. 
[35] and [36] with SAC = 5BC ---- 0) with ACAc L = 
ACBc a ---- 0 and AAC ---- Asc ---- 0. The relative heat ca- 
pacities of the stoichiometric b inary  liquids are exactly 
zero since the part ial  molar  enthalpies and excess en-  
tropies of the l iquid model used are independent  of T. 
Moreover, for a number  of I I I -V compounds, AG~ is 
accurately a l inear  funct ion of T and AAC and ABC (see 
Eq. [30]) are small  relat ive to, and comparable to the 
accuracy of, the corresponding enthalpies of mel t ing 
(18). However, the auxi l iary conditions of Eq. [18]- 
[21], not being explicit  in Vieland's derivation, were 
not applied so that  the thermodynamic  properties of 
the liquid phase established by the fit are inconsistent 
with the known properties of the b inary  compounds. 
A more extensive fit to four I I I -V binaries using a sub-  
regular  model of the liquid does satisfy the auxi l iary  
conditions (18). A recent fit (19) to the Ga-As-Sb 
ternary,  including a fit to the tie lines, justifiably uses 
the same approximation of the generalized Vieland 
equations for the same reasons as cited above, but  also 
ignores the auxi l iary  conditions. Again, the values of 
AHof and hS~ of the b inary  compounds calculated from 
the parameters  of the best fit l iquidus are in significant 
disagreement with experiment.  

We now discuss the specific form taken by Eq. [46] 
for two widely used versions of the associated solu- 
tion model and the errors incurred for some specific 
b inary  SYstems by using the common form of the Vie- 
land equation instead. This common form is of course 
Eq. [46] with both integrals set equal to zero. For  
the specific systems considered, the Gibbs free en-  
thalpy of formation of the solid compound is a l inear  
function of T to wi thin  present  exper imental  error. 
Therefore, in obtaining numerical  values for the errors 
the relat ive heat  capacity of the solid compound is 
taken as zero. The error  is then that  introduced by 
indiscr iminately  taking the integral  over the relat ive 
heat  capacity of the stoichiometric b ina ry  l iqu id - -a  
quant i ty  determined by the l iquid model and the 
values taken for its pa ramete rs - -as  zero. 

In  a separate s tudy (20), we have used an extension 
of Jordan's  model (11) to analyze the HgTe-CdTe-Te 
system. In  the appendix to that  work, Eq. [46] is eval-  
uated for this model. It  is found that  the integral  over 
ACAc L is zero only if the l iquid is completely associ- 
ated or completely dissociated. The error incurred  in  
using the Vieland equation for the Cd-Te and Zn-Te 
systems (8) was found to be less than I~ because the 
degree of dissociation taken was zero or near  zero. 
(However, as a result  the values predicted for the en- 
thalpy and entropy of formation of the solid com- 
pounds through Eq. [18] and [19] are far  from the 
exper imental  values.) The errors incurred (21) for the 
Ga-Sb and In -Sb  systems were not calculated but, 
since the degree of dissociation is intermediate,  are 
most l ikely not negligible. 

Osamura et al. (9, 10) have developed another  s im- 
plified version of the associated solution model for cases 
in which the degree of association is small. In  the 
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ear l ie r  work  (9), the chemical  potent ia ls  given do not 
sat isfy the Gibbs -Duhem re la t ion and so this original  
model  is nc>t discussed fur ther .  The re la t ive  chemical  
potent ia ls  of components  1 and 2 a re  given by  Eq. 
L3a, 3b] of Ref. (10). The re la t ive  pa r t i a l  molar  en-  
thalpies and entropies  can be read i ly  eva lua ted  and 
the in tegra l  over  the re la t ive  hea t  capaci ty  of the 
s toichiometr ic  b inary  l iquid defined by Eq. [37] ob-  
tained. Changing thei r  nota t ion to consider the l iquidus 
of a b ina ry  compound A C ( s ) ,  r a the r  than  A B ( s ) ,  the 
resul t  is 

I 'Ac 

( I  - -  T/r)ACAc L dr -=-- ( 1 / 4 )  

(~A.AC + ~C,AC-- ~AC)F [52] 

where  the ,o's are constant  in terac t ion  coefficients and 

F -~ k*[1 ~- 12(TAc -- T)/RT2Ac] -- k [53] 

Here k is the dissociation constant  of the l iquid phase 
molecule,  ac, and is g iven in terms of two constants,  
k o and a ,  by  

k = k o exp (I~/RT) [54] 

The as ter isk  superscr ip t  on the first k in Eq. [53] 
means that  i t  is eva lua ted  at  TAC. Thus, the in tegra l  
g iven by  Eq. [52] is zero, and Eq. [46] reduces to the 
Vieland equation, only u~der  the ve ry  special  c i rcum- 
stances that  WA,AC - ~  WC,AC - -  w A C - -  O, o r  k : k ~ --  0, 
or  l~ ~-~ 0, or T : TAC. The l iquid model  pa rame te r s  
identified as giving the best  fit to the l iquidus  lines of 
A1Sb and GaSb are  l i s ted  in Table  I I I  of Ref. (10). The  
quanti t ies  given there  as K•ISb and gGaSb should be r ead  
(22) as, respect ively,  1/k~ and 1/k~ Liquidus  
t empera tu res  were  ca lcula ted  for each b ina ry  using 
Eq. [46] wi th  both in tegra ls  set equal  to zero. These 
are denoted  at  Tv. They were  also ca lcula ted  using Eq. 
[46] and Eq. [52] wi th  the aCAc S in Eq. [46] set equal  
to zero. These are  considered the "exact"  tempera tures .  
For  GaSb, Tv is high by  about  4~ at  a tom fract ions of 
Sb near  0.1 and 0.9. This is comparable  to the s t andard  
devia t ion  of 4.6~ be tween  observed  and ca lcu la ted  
l iquidus t empera tu res  [using the observed l iquidus  
points  t abu la ted  in Ref. (18)] and is therefore  not  
acceptable.  For  A1Sb the er ror  is even greater ,  Tv be-  
ing high by  15 ~ at  Xsb = 0.2 and high by  150~ at  
Xsb = 0.90. As a result ,  the  quanti ' tat ive aspects of the 
analysis  given in Ref. (10) are  unfor tuna te ly  of doubt -  
ful  value. Because the excess Gibbs free en tha lpy  of 
mix ing  fo r  Osamura ' s  model  depends upon the a tom 
fract ions of the  components,  Eq. [22]-[23] or  [33]- 
[34] a re  more  convenient  for calculat ion purposes  
than  the general ized Vieland form given by  Eq. [46]- 
[47]. For  more genera l  versions of the associated solu-  
t ion model, the  mol f ract ion of the species appears  

in the f ree  en tha lpy  of mixing. Then the en tha lpy-  
en t ropy of format ion  l iquidus equatiops given by  Eq. 
[42]-L43] are  most l ike ly  the  easiest  to use. 
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ABSTRACT 

A quan t i t a t ive ly  good overa l l  fit is ob ta ined  to the phase  d i a g r a m  and 
t he rmodynamic  da ta  in the HgTe-CdTe-Te  system. In the binar ies  the p a r -  
t ia l  pressures  along the th ree -phase  curves are  fit in addi t ion  to the l iquidus  
points .  Moreover,  the l iquid phase pa rame te r s  are  const ra ined so tha t  the 
en tha lpy  and  en t ropy  of mix ing  of the s to ichiometr ic  b i n a r y  mel ts  a re  p rop-  
e r ly  re la ted  to the en tha lpy  and en t ropy  of fo rmat ion  of the  b i n a r y  com- 
pounds.  Also included in the fit are  the HgTe-CdTe  pseudob ina ry  l iquidus  
and solidus points,  the  pa r t i a l  pressure  of Hg in the pseudob inary  melt ,  
and  the pa r t i a l  pressures  of Hg, Cd, and Te2 for  the  T e - s a t u r a t e d  pseudo-  
b i n a r y  solid, Hgl-uCduTe.  Final ly ,  a choice is made  for  the most  re l iab le  
t e r n a r y  l iquidus points  and these are  included.  Por t ions  of the phase d ia -  
gram, as ye t  unmeasured ,  are  then  ca lcula ted  and presented.  The l iquid 
phase is descr ibed by  a s imple extension of the  r e gu l a r  associated solut ion 
model  of Jo rdan  and Szap i ro  in which  the in terac t ion  coefficients and  disso- 
ciat ion constants  a re  a l lowed to depend  upon tempera ture .  The pa r t i a l  molar  
quant i t ies  for  the l iquid phase components  a re  der ived  and used in l iquidus  
equat ions tha t  a re  more exact  than the commonly  used vers ion of the Vie-  
l and  equation.  Er rors  in some previous  studies are  discussed in the  appendix.  
I t  is concluded tha t  the model  cannot  p rov ide  a sa t i s fac tory  fit to the en-  
t i re  H g - C d - T e  system. Nei ther  can i t  fit analogous systems in which  the 
l iquidus  l ines of the b i n a r y  compounds are  asymmetr ic .  

In  this p a p e r  we ga the r  the e x p e ~ m e n t a l  da t a  and 
repor t  quan t i t a t ive ly  good overa l l  fits to al l  the  phase  
d i ag ram and the rmodynamic  da ta  for the  HgTe-CdTe-  
Te system. Recent ly  de r ived  l iquidus  equat ions (1), 
more  gene ra l ly  val id  than  the  commonly  used Vie land  
equat ion (2), are  used and the  l iquid phase is descr ibed 
by  the simplif ied version of the associated solution 
model  (3, 4). In the process this model  is tes ted more  
ex tens ive ly  than  previously.  The l iquid p h a s e  p a r a m -  
eters  leading  to an overa l l  op t imum fit a re  used to 
genera te  ca lcula ted  curves tha t  a re  hopefu l ly  useful  
in smoothing,  in terpola t ing,  and  ex t rapo la t ing  the ex-  
pe r imen ta l  da t a  and guiding fu r the r  exper imenta t ion .  

The associated solut ion model  offers a r e l a t ive ly  
s imple  way  of ob ta in ing  a s t rong composit ion depend-  
ence in the proper t ies  of a l iquid  phase. Such a de-  
pendence has been observed in a number  of cases, 
var ious  proper t ies  showing an e x t r e m u m  at or  near  
composit ions at  which solid phases appea r  a t  lower  
t empera tu re s  (5, 6). The model  has become ve ry  popu-  
l a r  recently,  and  has been appl ied  to a number  of 
systems including HgTe-CdTe-Te  (7), Z n - C d - T e  (4), 
a number  of I I I -V  binar ies  (8, 9), and  to A1-Ga-Sb  
(10), Unfor tuna te ly ,  the  analyses  cited are  flawed to 
an unknown ex ten t  in tha t  they  t a k e  as the i r  s ta r t ing  
point  l iquidus  equat ions a r r ived  at  by  assuming the 
pa r t i a l  mo la r  enthalpies  and excess entropies  of the 
l iquid  components  a re  independen t  of T, an assumpt ion 
that  is gene ra l ly  inval id  for  associated solut ion models  
(1). Moreover,  they  ignore the fact  tha t  the  en tha lpy  
of format ion  of  a congruen t ly  melt ing,  n a r r o w  homo-  
gene i ty  range  compound,  AC (s),  plus the  en tha lpy  of 
fusion equals the en tha lpy  of mix ing  of the  l iquid of 
the  same composition, as wel l  as the  corresponding 
en t ropy  re la t ionship  (1, 11, 12). 
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of Wroclaw,  Wroc law,  Poland. 
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In the simplif ied vers ion of the associated solut ion 
model  developed by  Jo rdan  (3), mole  fract ions of 
species occurr ing in te rms represen t ing  the in terac t ion  
among these species are  in effect rep laced  b y  a tom 
fract ions of the components  and two in terac t ion  coeffi- 
cients a re  assumed equal.  As used here, the  model  is 
ex tended  in a s imple  and  obvious m a n n e r  b y  a l lowing 
the in terac t ion  coefficients and dissociation constants  
to depend  upon T. Thus, by  set t ing cer ta in  p a r a m -  
eters  to zero the or iginal  model  is regained.  The s im-  
plified model  is used here  because i t  is r epor ted  to give 
good fits in systems wi th  a high degree of ionic b inding 
(3, 4, 7, 13). Moreover,  i t  possesses the a t t rac t ive  fea-  
ture  that  its centra l  resul ts  a re  express ib le  in ana ly t ica l  
form for b ina ry  systems. Here,  n o t ' o n l y  are  l iquidus  
points  fit, bu t  also pa r t i a l  pressures;  and  this is done 
under  constra ints  (Eq. [6 ] - [9 ] )  tha t  insure  the  sa~is- 
fact ion of the re la t ions r e fe r red  to above be tween  the 
the rmodynamic  quant i t ies  of the  b i n a r y  c o m p o u n d s  
HgTe(s )  and  CdTe(s)  and those of the s toichiometr ic  
b ina ry  liquids. Jo rdan  has prev ious ly  fit the l iquidus 
points (3) and  the pa r t i a l  pressures  on the Te- r i ch  
side of the Zn-Te  (13) and CdTe (14) systems. How-  
ever, more recent  and extens ive  pa r t i a l  pressure  m e a -  
surements  a re  now avai lable .  Moreover,  a l though he 
showed tha t  the va lue  ca lcula ted  for  the Gibbs free 
en tha lpy  of compound format ion  f rom the best  fit 
l iquid model  was close to exper iment ,  he d id  not  check 
the en tha lpy  and en t ropy  of fo rmat ion  indiv idual ly .  

Liquidus Equations 
We use recent ly  de r ived  (1) equat ions for  the  l iq-  

uidus in equ i l ib r ium wi th  a p seudob ina ry  solid, 
A l -uBuC(s ) ,  wi th  na r row  homogene i ty  range,  con- 
g ruen t ly  mel t ing  end members ,  AC(s )  and BC(s ) .  In  
terms of symbols  hs ted  at  the end of this paper ,  these 
equat ions are  
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T---- 
hA -- hA* + hc -- he* -- hAcs + HAC -- AAC 

8A -- 8A* + 8C -- SC*--~Acs'~-(HAc -- AAc)/TAc + R I n ( 1  -- U)/4XAXC 

hB -- hB** + h c - - h c * *  -- h~c s + H~e -- ABC 
T =  

8B - -  SB** -~- SC - -  SC** - -  8BC s -~ ( H B c  - -  aBc)/TBc + R I n  U/4ZBZC 

The above equations follow from more fundamenta l  
ones (1) if the Gibbs free enthalpy of formation from 
the pure l iquid elements of both AC (s) and BC (s) are 
l inear  functions of T, e.g. 

~G~ ----- ~Hf(AC) -- T~S---~(AC) [3] 

with AHf(AC) and hSf constants. Then, if hH~ 
is the actual enthalpy of formation of A t ( s )  at its 
mel t ing point  

hAc ---- hHf(AC) --hH%(AC,TAc) [4] 

Analogously we have 

~BC ---- ~Hf(BC) --~H~ [5] 

The liquidus equations are dependent upon the validity 
of relations based upon the zero change of the Gibbs 
free enthalpy upon congruent  mel t ing of both A t ( s )  
and BC (s). These are 

~H~ -- hA* + hc* -- HAc [6] 

AS~ = SA* + Se* + R l n 4  -- HAc/TAc [7] 

aH~ ---- h~** + hc** -- H~c [8] 

aS~ TBc) -- sB** + Sc** + R In4  -- HBc/TBc [9] 

These auxi l iary  relations can be used to fix two l iquid 
phase model parameters  in  each of the A-C and B-C 
binaries or, al ternatively,  to calculate values for the 
enthalpy and entropy of formation of the b ina ry  com- 
pounds. 

Equations [1] and [2] reduce to equations that  are 
the same as the commonly used Vieland equation (2) 
with his ACp = 0, except that  HAC -- AAC and HBC -- ABC 
appear in place of the heats of fusion, only if-the par-  
tial molar  enthalpies and excess entropies of the l iq-  
uid components are independent  of T. This is not  the 
case for the l iquid model used here. 

Liquid Mode[ 
Jordan (3) used a model of the l iquid phase in  the 

Zn-Te and Cd-Te systems that  assumed the presence 
of b inary  molecules which interacted with one another  
and with the uncombined atoms like a regular  solution. 
The interact ion terms were simplified to depend upon 
the atom fractions of the components, ra ther  than the 
tool fractions of the species, in order  to obtain ana-  
lytical expressions. This approach was generalized t o  
a te rnary  system by Szapiro (4) and we adopt his 
equations defining this simplified regular  associated 
solution model with two obvious extensions noted be-  
low. The per t inen t  equations are summarized below. 
Then, since it is desired to use the l iquidus equations 
given by Eq. [1] and [2] and the auxi l iary  conditions 
given by Eq. [6]-[9],  the equations for the part ial  
molar  quanti t ies of the liquid phase components are 
given. This requires some algebra to obtain the part ial  
molar  quanti t ies of the components. However, this 
effort is compensated by the more rapid computer  
calculations possible wi th  Eq. [1] and [2] than with 
equivalent  equations (1) depending upon the part ial  
molar  quanti t ies of the solution species. 

Consider a te rnary  A-B-C system. The tool fractions 
of the species are wr i t ten  as yi and are related to the 
atom fractions of the components by the equations 

Ya = XA(I + Ya~ + Yb~) --  Ya~ [10] 

Yb -- X~(1 + Yao -~- Ybo) -- Who [11] 

[11 

[2] 

Yc ---- Xc(1 -F Yac -5 Ybc) - -  Yac - -  Ybc [12'] 

The chemical potentials of the species are assumed 
to be given by the equations 

~a = ~XB 2 + ~lXC 2 + (o: -{- al -- ~2)XBXc 

-b R T l n  (Ya) + #% [13] 

~b = ~XA 2 + ~2XC 2 + (~, -- ~1 + ~)XAXc 

+ R T I n  (Yb) n u ~B [14] 

+ RTIn (Yc) -~ t~~ [15] 

~ao : ~XB(1 -- 2XA) + (~SZA + ~2X~ -- 0.5~S) (1 -- 2ZC) 

+ RT in (Yac) + ~~ [16] 

~bo = ~XA(1 -- 2XB) + (~lXA + ~2X~ -- 0.Sa~) (1 -- 2XC) 

+ R T I n  (Ybc) +#~ [17] 

The form of Eq. [16] and [17] was chosen (4) so that  
the Gibbs-Duhem relat ion is obeyed for the te rnary  
system. The s tandard  chemical potentials define an en-  
thalpy and entropy of dissociation and an equi l ibr ium 
constant for each m o l e c u l e  through the equations 

/~~ 2C P,~ --,/~~ c " -  AHD(aC) -- TASD (ac) = --RT In K1 

[18] 

~~ + ~~ -- ~~ -- AHD(bC) -- TASD(bC) ----RTInK2 

[19] 

For internal equilibrium within the liquid, the chemi- 
cal potential of ac must equal the sum of those for a 
and c and that of bc must equal the sum of those for b 
and c. Using Eq. [13]-[17] and Eq. [18] and [19], the 
equilibrium equations are 

YaYc/Yac = K1 exp ( - -~I /2RT) -- rl [20] 

YDYc/Ybc = K2 exp (--a2/2RT) -- ~ [21] 

Using these last two equations and Eq. [10]-[12], the 
mole fractions of the species can be wri t ten  as 

Yo ---- Xc -- yo(1 -- yr + Ks) -{- XB/(yo + ~ ) }  

[22] 

Yac ---- XAYC (1 -- Yc)/(1 -- XC) (Yc + ~1) [23] 

Ybr ---- XByc(1 -- Yc)/(1 -- XC) (Yc + ~S) [24] 

Thus, for given T, composition of the l iquid in  atom 
fractions of the components, interact ion coefficients as 
and ~2, and dissociation constants Ks and K2, Eq. [22] 
is a cubic equation in Yc and can be solved by various 
means. Equations [ 23] and [24] can then be solved 
for Y~o and Ybc, respectively, and Eq. [10] and [11] 
solved for Ya and YD, respectively. 

The model used by Jordan and Szapiro is extended 
for use here in two straightforward ways. The interac-  
tion coefficients appearing in Eq. [13]-[17] are assumed 
to depend l inear ly  upon T 

= W + V T  [25] 
~I = ~s + 6,T [2(3] 

~ = "y2 + 8~T [27] 

and the dissociation constants defined by Eq. [18] and 
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[19] are  a l lowed to be t empe ra tu r e  dependent .  Thus, 
the enthalpies  of dissociat ion are  a l lowed to be nonzero. 
Fo r  b rev i ty  of  no ta t ion  we take  the  ~-quanti t ies  de -  
fined in Eq. [20] and [21] as 

K1 = as exp  ( - b l / T )  [28] 

~2 = as exp  ( - -b2 /T)  [29] 

Fo r  in te rna l  equ i l ib r ium wi th in  the l iquid,  the 
chemical  po ten t ia l  of component  A mus t  equal  t h a t  of 
species a and s imi la r ly  for  the chemical  potent ia ls  of 
B and b and those of C and c. On this basis,  the  r e l a -  
t ive pa r t i a l  mola r  quant i t ies  for  the components  can be 
ob ta ined  using t h e r m o d y n a m i c  definitions and Eq. 
[13]-[15] and Eq. [25]-[27] as 

sct = - ,0 (~c - ~~ /OT -- --81ZA ~ --  ~sxB ~ 

+ ( V - -  52 - -  52)XAXB - -  R I n y c - -  R T O l n y c / O T  [30] 

hc --- ~c + Tsc ---- 71XA 2 / -  7~XB ~' 

+ ( ~ I + ~ - - W ) X A X B - - R T f O I n y J O T  [31] 

SA t = --VXB 2 -- ~IXc 2 + (52 -- 81 -- V)X~zC 

-- R In ya -- RT O ln ya/OT [32] 

hA --- WXB 2 -~- 71Xc 2 -}- (W 2r '71 - -  5'2) xBXo 

- - R T  z 0 1 n y a / ~ T  [33] 

sB t : --VXA 2 -- 82Xc ~ +', (~I- ~- -- V)XAXC 

-- R In Yb -- R T  0 In yb/OT [34] 

h~ = WXA ~ + ~ X c  2 + ( W  + 7~ - -  "n) XAZC 

- -  R T  2 O In y~I~T [35] 

where  the pa r t i a l  der iva t ives  are  t aken  at  constant  XA, 
XB, and xc  and where  the superscr ip t  t indicates  that  
the re la t ive  pa r t i a l  mola r  entropies  are  not  excess 
quanti t ies .  Evalua t ion  of the above equations depends  
upon the pa r t i a l  t e m p e r a t u r e  der iva t ive  of yc since 
those of Ya and Yb can be expressed  in te rms of Yac and 
Ybc using Eq. [10] and [11] and these in tu rn  can be 
expressed  in terms of y~ using Eq. [23] and [24], 
respect ively.  The resul t  for  Yc is given by  

Oyc/OT --  N / D  [36] 
where  

N ---- {Yo (I -- yc)/T}2{XAb1,:1 (Yon u ~.)2 

+ x ~ b ~ . ( y c  + ~,)~} 

and 

D =,-- ycf(1 -- yc)~{XA(Yc + ~)2 .Jr x B ( y c  + ~I) 2} 

-'~ (Yc + ~q)2(Yc + ~g)2(yc2 ~t_ XC --  2XcYc) 

The pa r t i a l  molar  quant i t ies  of the components  can 
be obta ined  in ana ly t ica l  form for the A-C  and B-C 
b ina ry  systems. The equat ions for  the fo rmer  are  given 
below, those for  the  B-C b ina ry  being comple te ly  
analogous. The pa r t i a l  mola r  entropies  given are  again  
the excess quant i t ies  

hA : 71Xc 2 -- xcQ1/(P, + 1 -- 2xc) [37] 

h e  - -  " / lXA 2 - -  a~AQ1/(P1 - -  1 + 2zc) [38] 

SA = -- 61XC ~ -- x cQ1 / (P~  + 1 - -  2xc )T  

- - E l n [ ( P ~ + l - - 2 X c ) / ( P l +  1)] + R l n x A  [39] 

sc = --  61x~ 2 --  xAQ1/(PI --  1 + 2 x c ) T  

- - R l n [ ( P l - - l + 2 x c ) / ( P l + l ) ] - } - R i n x c  [40] 

where  
Q~ -- Rb1(~/(~ + I)}{(i -- PI)/PI} [41] 

and 
Pt---- [1 --  4mAZe~(1 nu'~l) ] ~ [42] 
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Using the above equations,  the constants  appear ing  Lu 
the l iquidus equations given by  Eq. [1] and  [2] can 
be wr i t t en  as 

hA* + he* : 1~ w --  Rbl (1  --  PI*)  [43] 

SA* + S c *  = --  ~ 62 --  2 R l n  [P I* / (1  + P I * ) ]  

- -  R b l ( 1  --  P I * ) / T A c  -- R l n 4  [44] 

hB** + he** : 1/z 7~ --  Rb2(1 --  P~**) [45] 

sB** + sc** = --  V~ 52 --  2R In [Pf** / (1  + P~**)] 

- -  Rb~(1 --  Pf**) /TBc --  R In 4 [46] 

We note tha t  PI* and Ps* * are  the degree  of dissociation 
of ac and bc, respect ively,  a t  t he  mel t ing  points  of t h e  
solid compounds. Equat ions [43]-[46] are  used also in 
the aux i l i a ry  condit ions given by  Eq. [6]-[9] .  Thus, b y  
using Eq. [43] in Eq. [6], 71 can be e l imina ted  in favor  
of as and bl, etc. Thus, the A-C  b ina ry  pa rame te r s  71 
and 52 can be e l imina ted  in favor  of al  and bi of Eq. 
[28] and the B-C b ina ry  pa rame te r s  72 and 82 can be 
e l imina ted  in favor  of a2 and b2 of Eq. [29]. 

I t  can be seen f rom Eq. [37]-[42] tha t  the pa r t i a l  
molar  quant i t ies  of the components  in the A-C  b i n a r y  
(and in the B-C b ina ry )  are functions of T because  of 
the t empe ra tu r e  dependence  of Ks defined by  Eq. [20] 
and [28]. If the p a r a m e t e r  51 in Eq. [28] is zero, then 
Ks is a constant,  Q1 of Eq. [41] is zero, and al l  the pa r -  
t ia l  molar  quant i t ies  for the components  a re  inde -  
penden t  of T. The p a r a m e t e r  52 is g iven by  the equa-  
t ion 

51 --  [1/2 71 -}- AHD(aC)]/1R [47] 

Therefore,  the p a r a m e t e r  bl is zero if  e i ther  both  71 
and AHD(ac) are zero or if ~/2 71 + AHD(aC) ---- 0. In  
e i ther  case, the moI f rac t ion of ac is s t r ic t ly  inde -  
pendent  of T at  all  compositions. Nei ther  case would  
appear  to descr ibe phys ica l ly  rea l i s t ic  si tuations.  

Final ly ,  even for the vers ion of the simplified, r egu-  
la r  associated solut ion model  used here, in which  the  
in terac t ion  coefficients and dissociation constant  de -  
pend upon T, the quant i t ies  hA -{- hc and SA + SC in 
the A-C  b ina ry  can be seen f rom Eq. [37]-[42] to be 
symmet r i c  about  xA = xc ---- 1/~. Therefore ,  f rom Eq. 
[1] wi th  u ---- 0, the l iquidus  l ine in equ i l ib r ium w i t h  
the  compound AC (s) is also symmet r i c  about  15. This 
l iquid model  therefore  suffers an inheren t  weakness.  

Solid Solution Model 
For  a na r row  homogene i ty  range  solid solution, the  

the rmodynamic  analysis  of the phase d iag ram can be 
b roken  into two steps (1). We are  concerned wi th  the  
first s tep which involves the l iquidus in equ i l ib r ium 
wi th  wha t  can be t r ea ted  as a pseudob ina ry  solid solu-  
tion (15). I t  therefore  is necessary  only to express  the 
composit ion dependence  of the chemical  potent ia ls  of 
HgTe and CdTe in the solid, ( H g l - u C d u ) T e ( s ) .  We 
assume the solid solut ion is quas i regu la r  so that  the 
chemical  potent ia ls  a re  given b y  

~HgTe -~- ( W s  - -  V s T )  '//,2 2c R T l n  (1 - -  u) -{- ~~ 

[48] 

~CdTe --- (Ws  -- V s T )  (1 --  u )  ~ + R T l n ~  + ;~~ 

[49] 

where  Ws and V~ are  constants  independen t  of T and u. 
Measurements  of the opt ical  absorbance  be tween  220 
and 700 nm of the vapor  coexis t ing wi th  solid solu-  
tions containing 0, 10, 20, 41.6, and 58.1 mole  pe rcen t  
CdTe have  been  made  (16, 17). These establ ish the  
pa r t i a l  pressures  along the th ree -phase  curves for  each 
composit ion and, in pr inciple ,  the  above chemical  po -  
tentials.  However ,  a l though the pa r t i a l  pressure  m e a -  
surements  are  fa i r ly  precise, the re la t ive  chemical  po-  
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tentials, especially that of HgTe, are relatively small 
differences of two large numbers. Consequently, the 
validity of the model incorporated in Eq. [48] and [49] 
and a precise determination of the model parameters, 
Ws and Vs, are not possible. The data do indicate (17) 
that the solid solutions depart from ideal, but only 
slightly with a value of Ws -- VsT of about 600 cal at 
880 K. Consistent with this, we adopt values of --333 
cal for Ws and --1.0129 eu for V,. 

Experimental Data 
HgTe.--For XTe ~ 1/2 there are 12 liquidus points 

from thermal analysis (18) and 2 from optical ab- 
sorbance measurements (19). The eutectic tempera- 
ture determined from cooling curve halts for 7 com- 
positions between 65 and 87.5 atomic percent (a/o) 
Te seems to be well defined as 413.3 ~ _ 0.2~ and the 
eutectic composition is 83,5 + 0.5 a/o Te. These points 
are shown in Fig. 1. Optical absorbance measurements 
(19) of the coexisting vapor give PHg andP~ along the 
Te-rich leg of the three-phase curve for HgTe(s), 
agree with the maximum melting point of 670~ and 
determine the standard Gibbs free enthalpy of forma- 
tion of HgTe(s) from Hg(g) and Te2(g). They give 
no indication of the liquid miscibility gap reported by 
Delves (20). 

The vapor pressure of mercury is given to within 
1% of selected values (21) between 0.5 and 10 atm by 
the equation 

log10 P~ : --3099/T + 4.920 [50] 

(In this paper log10 is the logarithm to base 10 while 
In is the natural logarithm.) This equation also agrees 
to within 1% with measured values to 30 arm (22), 
with optical absorbance measurements of the vapor 
over pure Hg to 20 atm (19), and with one point 
near 30 arm obtained by detecting the complete vapori- 
zation of a known weight of Hg in a known volume 
by optical absorbance of the vapor (16). Between 10 -3 
and 10-1 atm, the selected values (21) are given to 
within 1% by the equation 

l o g l o  P ~  - -  --3157/T + 5.028 [51] 

At high pressures Hg(g) is nonideal. From the equa- 
tion of state given by Sugawara and Sato (22), which 
is based in part on their vapor pressure measurements 
to 30 atm, the chemical potential is given by 

Prig(g) "-- RT In f = RT In PHg 
+ 4857.6 Pag(--1.793/T + 251/T 2 + 0.001071) [52] 

where Prig is in atm and f is the fugacity. For the data 
considered here, the fugacity differs significantly from 
PHg only for the pseudobinary melt. 
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Fig. 1. HgTe-Te liquldus. Cirdes and triangles are from Ref. ( |8),  
two squares are from Ref. (19). Solid line is calculated using param- 
eters in row 6 of Table II. 

The saturated vapor over Te (I) is all Te2 (g) and the 
vapor pressure is taken as 

lOgl0 P%(atm) -- --5960.2/T + 4.7191 [53] 

This equation does not agree with the selected values 
of Hultgren et at., being about 20% higher at the 
449.5~ melting point of Te but agreeing at about 
600~ and higher. It does agree with the results of 
optical absorbance measurements (23) as low as 449~ 
and with a number of determinations (24-26) between 
10-s and 1 atm. Contrary to the choice made here, 
Hultgren et at. chose the silica Bourdon gauge data of 
Machol and Westrum (27), which show a pronounced 
curvature on a log P2 vs. 1/T plot and fall increasingly 
below the values given by Eq. [53] as T is decreased 
from 600~ 

Using Eq. [50] and [53] and the data of Ref. (19), 
one obtains 

~G~ - -  - - 1 3 9 3 3  + 9.5377T [54] 

for the reaction 

Hg(1) + Te(1) -> HgTe(s) [55] 

Lacking any high temperature heat capacity or en- 
thalpy data for HgTe(s), the effective quantities, ~H~ 
and ~Sf of Eq. [3] are taken from Eq. [54] and ~ of 
Eq. [4] taken as zero. These quantities, along with the 
corresponding ones for CdTe(s) discussed below, are 
collected in Table I. 

To the best of our knowledge, there is only one re- 
liable estimate for the enthalpy of fusion of HgTe(s) 
and its determination is unpublished. The value, given 
in Table I, was quoted by Steininger (28) and used 
subsequently by Laugier (7). It follows from a ther- 
modynamic analysis of the combined liquidus point 
data and partial pressures along the HgTe(s) three- 
phase curve made by the last author of this paper. A 
value of 8.5 kcal/mol from total vapor pressure mea- 
surements (29) over the liquid and solid is obtained 
by a questionable thermodynamic argument, although 
it is close to the value in Table L A value of 13.39 kcal/ 
mol follows from requiring a quasichemical model 
of the liquid to fit the experimental Hg-rich liquidus 
points and therefore has no strong basis (30). 

CdTe. - -The  liquidus points for Te-rich compositions 
are shown in Fig. 2. Steininger (31) and Lorenz (32) 
used thermal analysis. For three compositions, optical 
absorbance of the coexisting vapor (an essentially static 
technique), was used (33). Data from Kulwicki (34), 
as much as 40~176 higher, and from de Nobel (35), 
as much as 20~ higher, are rejected. 

The optical absorbance measurements (33) also give 
Pz along the Te-rich leg of the CdTe(s) three-phase 
curve, give a few values of PCd near  the melting point, 
agree with a melting point of 1092~ and establish the 
standard Gibbs free enthalpy of CdTe(s) relative to 
Cd(g) and Te2~(g). Part ial  pressures from two other 
sources are in poor agreement with the above a n d  
are rejected (32, 35). 

Selected values (21) for the vapor pressure of Cd 
between 10 -s and 1 arm are reproduced to within 
2.5% by the equations 

Table I. 

H e a t - o f -  
f u s i o n  -- ~ H f  

r a p  ( c a l /  ( c a l l  -LxS~ A ( c a l /  
( K )  m o l )  tool )  ( e u )  m o l )  

C d T e  1365.1 12,000 30,024 10.346 - 144 
H g T e  943.1 8,680 13,933 9.5377 0 
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Fig. 2. CdTe-Te liquidus. Experimental points shown as circles are 
from Ref. (31)-(32), Solid line calculated with as - 5, dashed line 
with a2 = 10, dotted line with a2 - -  20. Values of other model 
parameters are given in Table IV in each case. Triangles are from 
Ref. (33), 

loglo P~ -" --5808/T + 5.956 T < 594 K 
[56] 

logl0 P~ --" --5317/T + 5.119 T > 594 K 

The tabulated, selected values (37) for the standard 
Gibbs free enthalpy for the reaction 

Cd(1) + Te(1) -~ CdTe(s) [57] 

are accurately represented by 

hG~ : --30,024 + 10.346T [58] 

Optical absorbance measurements (33, 36) agree to 
within 200 cal/mol with the above equation for tem- 
peratures above 900~ 

The effective enthalpy and entropy of formation 
given in Table I are taken directly from Eq. [58]. The 
tabulated selected values (37) for ~H~ and ~S~ show 
an abrupt curvature at 1100 K, the highest tempera- 
ture of the tabulation. Here we draw a straight line 
through the ~H~ points plotted against T, neglecting 
the l l00K point. Extrapolation to the melting point 
leads to a relatively small value of --144 cal for ACdTe. 

There is only one experimental value for the en- 
thalpy of fusion from Kulwicki which is given in Table 
I. The eutectic point from Kulwicki is nearly degener- 
ate with the melting point of Te and the eutectic tem- 
perature is 449 ~ • 2~ Partial pressures of Te2 have 
also been determined for 55, 60, and 65 a/o Te liquids 
(33). The temperature ranges are too narrow to ac- 
curately establish the partial molar enthalpy and 
entropy of Te, but do fix the chemical potential of Te. 

HgTe-CdTe pseudobinary.--Experimental liquidus 
(38, 39) and solidus points (40) have been scaled from 
graphs and are shown in Fig. 6. Most of the solidus 
points were obtained by chemical analysis of the first 
crystal to grow from a large volume of melt of known 
composition, the temperature being taken from a 
smoothed liquidus line separately determined by 
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thermal analysis. Three of the solidus points come from 
optical absorbance measurements (17) and fit in well 
with the others cited. One set of solidus points scatters 
about those shown in Fig. 6 and are rejected (41). 

The optical absorbance measurements (16, 17) also 
give PHg, P2, and Pcd over coexisting, Te-saturated 
solid solution and Te-rich liquid for known composi- 
tions of the solid of about 10, 20, 41.6, and 58.1 m/o 
CdTe. The relation between these partial pressures and 
the thermodynamics of the solid solution has been dis- 
cussed in the "Solid Solution Model" section. 

Steininger (39) has determined Ping for pseudobinary 
melts by a reflux technique for compositions between 0 
and 60 m/o CdTe. The results for HgTe are in fair to 
good agreement with those from optical absorbance 
measurements. He finds the striking result that, for all 
the compositions, PHg is given by a single equation 

In PHg(atm) = --7.149/T + 10.206 [59] 

Ternary.--Liquidus temperatures in the Te-rich por- 
tion o f  the ternary have been obtained by thermal 
analysis for 5, 10, 15, and 20 m/o CdTe liquids, but are 
reported briefly with almost no experimental details 
(42). Using differential thermal analysis, Bower et aS. 
(43) and Harman (44), as given in a preliminary re- 
port, obtain liquidus temperatures 30~176 lower. 
Schmit has also obtained liquidus temperatures and 
tie lines near 500~ in the growth of epitaxial films 
on CdTe substrates (45). The liquidus points are in 
fair agreement with the latter two studies and there- 
fore in poor agreement with the first. 

Analysis 
The simplified regular associated solution model of 

the liquid phase contains 10 adjustable parameters: 71, 
51, at, and bl for the Hg-Te binary; 72, ~2, a2, and b~ 
for the Cd-Te binary, and W and V for the Hg-Cd 
binary. It proved impossible to obtain simultaneous, 
satisfactory fits to the liquidus points, partial pressures, 
and auxiliary conditions of Eq. [6]-[9] for the com- 
plete Cd-Te and Hg-Te binaries. This of course might 
have been anticipated, since the liquid phase model 
predicts the liquidus of AC(s) is symmetric about 50 
a/o. The HgTe-CdTe-Te portion of the phase diagram, 
for which there are some ternary liquidus points, was 
therefore fit. Then the parameters W and V, along with 
the other eight, determine the properties of the pseudo- 
binary and ternary liquid. The parameters for the 
pseudobinary solid, Ws and Vs, are fixed at, respec- 
tively, --333 cal and --1.0129 eu, as discussed in the 
"Solid Solution Model" section. 

A measure of fit ~ was defined by the equation 

~ = + ( ~ l w ~ ) 2  + (~cJwcd)~ -l- (~21w2) ~ 

where 
M 

aT 2 "-- ~ (Tj.cal -- Tj,obs)~/M 
~=I 

and 
N 

~j2 = ~.r [ (Pj.ca! -- PLobs)/PJ.obs]2/N; 
3 = 1  

j : Hg, Cd, or 2 for Te~ 

[60] 

[61] 

[62] 

The w's in Eq. [60] are estimated accuracies of the ex- 
perimental values and were typically taken as 10~ 
0.1, 0.1, and 0.1 for, respectively, WT, WHg, WC~, and w2. 

When data were missing or inappropriate, e.g., ~Cd 
in the HgTe-Te binary, the corresponding term was 
omitted in Eq. [60]. 

Best fit parameters were established by a trial and 
error search subroutine which varied the model pa- 
rameters in an attempt to minimize r As an option, any 
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subset  of the model  pa rame te r s  f rom none to al l  could 
be held  fixed a t  the values in i ta i l ly  en te red  for  them. 
The s imul taneous  solution of the  l iquidus equations 
given by  Eq. [1] and  [2] was considered accomplished 
when the r i gh t -hand  member s  (RHM) of these equa -  
tions agreed  to wi th in  0.00t. Since  the equat ions a r e  
not expl ic i t  equat ions for  T, the RHM depending  im-  
pl ic i t ly  upon T, an i t e ra t ion  scheme was used to solve 
them when i t  was necessary  to ob ta in  a ca lcu la ted  
va lue  for T. This is not  necessary,  of  course, when  a 
pa r t i a l  p ressure  had  to be ca lcula ted  or  when it  was 
des i red  to ca lcula te  a l iquidus  i so therm for some set  
of the model  pa ramete rs .  As an  i l lus t ra t ive  example  of 
the calculat ions,  consider  a fit to a set of t e r n a r y  l iq-  
uidus points. The expe r imen t a l  da t a  input  consists of 
:sets of  values for the obse rved  values  of  T, XHg, and xcd 
and i~ is des i red  to ob ta in  ca lcula ted  values  of T and u 
for each of  these. For  each I iquidus composit ion,  the 
value of u is va r i ed  b y  an i n t e rva l -ha lv ing  subrout ine  
seeking to find a va lue  tha t  wi l l  m a k e  the RHM of 
Eq. [1] and [2] agree  to be t te r  than  0.001~ The in -  
t e rva l -ha lv ing  subrout ine  is contained wi th in  a do- loop 
defining an  i te ra t ion  scheme. The values  of the RHM 
of Eq. [1] and [2] in the n th  i terat ion,  Tt.~ and T2.n, 
respect ively,  a r e  eva lua t ed  using Tl.n-1. F o r  the  first 
i terat ion,  the  expe r imen ta l  value  of T is used. In  the 
n th  i terat ion,  the  in t e rva l -ha lv ing  var ies  u unt i l  TL~ 
and  T2,n differ  by  less than  0.001~ Then, if TI.~ and 
Tl,n-~ differ  by  0.001~ o r  :more, another  i t e ra t ion  is 
performed.  If  not, then  Tl~n is t aken  as the Calculated 
value  for T. Usual ly  five i te ra t ions  or less were  re -  
quired.  At  each i terat ion,  T and the  l iquid and  solid 
composit ions are  specified. Therefore,  the tool f rac t ion  
of species c,y~, can he ca lcula ted  f rom Eq. [22]. This 
cubic equat ion in yr was solved using Cardan 's  method 
to wi th in  the 16 signif icant  f igure accuracy of  the com- 
puter .  

The t empe ra tu r e  de r iva t ive  of  y~ can then be ca lcu-  
l a t ed  using Eq. [36] and  the pa r t i a l  mola r  quant i t i es  
for the components  ob ta ined  f rom Eq. [30]-[35] .  

Results and Discussion 
HgTe,Te binary.--Table II  summarizes  the fit to this 

binary.  Rows t -3  i l lus t ra te  fits in which the  aux i l i a ry  
condit ions given by  Eq. [6] and  [7] are  used af ter  
the fit to ob ta in  ca lcu la ted  values for  5H~ AS~ and 
AG~ at 670~ for the fo rmat ion  of the  compound from 
its l iquid elements.  For  rows 4-7, the aux i l i a ry  condi -  
tions are  appl ied  p r io r  to the fit, and  so these calcu-  
la ted  quant i t ies  ma tch  our  selected expe r imen t a l  values  
given in Table I. Row 1 corresponds to the pa rame te r s  
used b y  Laugier ,  in which the dissociation constant  for  
the  HgTe molecule  is t empe ra tu r e  i n d e p e n d e n t  and  
small  and in which the Hg, Te, and HgTe species in the 
l iquid fo rm an  idea l  solution. Al though the fit to the 
l iquidus points  is good, that  to the pa r t i a l  pressures  is 
not, the ca lcula ted  values  of PHg being much  too small .  
Moreover,  the  ca lcula ted  the rmodynamic  proper t ies  of 
the  compound are  in poor ag reemen t  wi th  exper i -  
ment.  Row 2 corresponds to the best  fit wi th  a t e m p e r a -  

t u r e - - i n d e p e n d e n t  in terac t ion  energy  and dissociation 
constant.  The fit to the pa r t i a l  pressures  has improved  
whi le  that  to the l iquidus has deter iora ted .  The calcu-  
tared the rmodynamic  proper t ies  of HgTe(s )  are  in 
be t te r  ag reement  wi th  exper iment .  Row 3 gives the 
best  fit to the l iquidus  alone wi th  a l l  four  pa rame te r s  
free. The fit to the l iquidus of 5~ is ve ry  good but  a t  
the expense  of much too negat ive  values  for AH~ and 
AS~ The fit to the Hg pressures  is poor. Row 4 r ep re -  
sents the best  fit wi th  the aux i l i a ry  condit ions of Eq. 
[6] and [7] met  and is sat isfactory.  However,  the  ca l -  
cu la ted  eutectic t empe ra tu r e  is too far  f rom the exper i -  
menta l  value  of 413.3 ~ +_. 0.2~ The best-f i t  values  
of al and bl shown in row 4 lie on a "best-f i t  curve" in 
the al-b~ plane.  As the values of as and bl are changed 
f rom the i r  best-f i t  values,  the qual i ty  of the  fit changes 
only  s lowly if the best-f i t  curve is followed, but  r ap id ly  
otherwise.  A s imi lar  best-f i t  curve is found for the 
CdTe-Te b ina ry  and is a common phenomenon in 
leas t  squares fits. Rows 5-7 show values  of as and  b l  
from along the best-f i t  curve tha t  give a eutectic t em-  
pe ra tu re  + 1  ~ 0 ~ and  - - I ~  f rom the expe r imen ta l  
value.  We choose the pa rame te r s  of row 6 as giving t h e  
best  overa l l  fit. I t  should be noted tha t  the fits of rows 
4-7 a re  not  much different, even though the p red ic ted  
eutectic t empera tu res  differ. 

F igure  1 shows the expe r imen ta l  l iquidus  points  wi th  
the ca lcula ted  l iquidus l ine f rom the pa rame te r s  o f  

en t ry  6. The calcula ted l ine is about  20~ too high be-  
tween 60 and 66 a / o  Te. This d i sc repancy  is p resen t  for 
al l  of the rows 4-7 and can be removed  only  by  ignor -  
ing the aux i l i a ry  condit ions of Eq. [6] and  [7]. 

CdTe-Te binary.--Table I I I  summar izes  some p re -  
l imina ry  fits. Al though the model  pa rame te r s  f rom t h e  

l i t e ra tu re  shown in rows 1 and 2 give the v e r y  best  f i t s  
to the liquidus, they  also give poo r  fits to the  p a r t i a l  

pressures  and unaccep tab le  values  for the  t h e r m o d y -  
namic  functions of CdTe(s ) .  The pa rame te r s  in row 3 
f rom the l i t e ra tu re  were  obta ined  using different  pa r -  
t ia l  pressures  than  are  selected here. Row 4 shows t h e  

best  fit ob ta inable  wi th  the same simplif ied vers ion of 
the model  as in Row 3 using the pa r t i a l  pressures  se-  
lected here. The fit to the pa r t i a l  pressures  is good, but  
tha t  to the l iquidus  has de te r io ra ted  somewhat .  More-  
over, a l though the calcula ted va lue  for  AG~ is close to 
exper iment ,  those for aH~ and AS~ are  too far  r e -  
moved to be acceptable.  Row 5 shows the bes t  s imul -  
taneous fit a t t a inab le  to the l iquidus and pa r t i a l  p r e s -  
sures wi th  al l  4 l iquid pa rame te r s  adjus table .  

Furtl~er discussion of the  CdTe-Te b i n a r y  involves  
the first e ight  rows of Table  IV. Fo r  al l  of the entries,  
Eq. [8] and [9] were  appl ied  pr io r  to the fits so tha t  the  
ca lcula ted  values  of AH~ AS~ and aG~ a t  1092~ 
agree exac t ly  wi th  our  selected expe r imen ta l  values  in 
Table  I. The values  of row 6, t i t led  llq. r r e fe r  to the  
fit to the pa r t i a l  pressure  of Tee for  mel ts  containing 55, 
60, and  65 a /o  Te (33). Al though  the pa rame te r s  cover  
a wide  range,  there  is no grea t  change in the fits t o  

the various quan t i t i e s  of the CdTe sYstem. Values l e s s  

Table II. Fits to Te-rich side of Hg-Te binary, calculated thermodynamic functions for HgTe(s) at 
670~ eutectic temperature in ~ and composition in atom-fraction Te. Fit 14 !iquidus points, 

10 partial pressures of Hg, and 10 of Te2 along HgTe(s) three-phase curve. 

- h H ~  - A S ~  --AG~ 
a~: ( k c a l /  (ca l /K-  ( k c a l /  T.u 

No.  71 6t al b~ (~ ~ r  mol )  tool)  tool)  (~ x~. C o m m e n t  

1 0 O 1.60 (10 -a) 0 11.2 0.65 0.95 8.68 --3.74 12.21 - -  - -  P a r a m e t e r s  f r o m  Ref .  
(7) 

2 - 5247 0 1680 0 23,8 0.14 0.18 11.30 6.45 5.22 - -  
3 4119 - 2 , 3 4 9  3619.9 11,0@9.9 6.1 0.25 0.67 25.90 19.77 6.36 - -  - -  Bes t  fit to  l iquidus 

a lone  
4 14,881 - 15.840 7388:5 10,138.0 12.1 0.0'6 0.126 13.93 9.54 4.94 417.7 0.845 Bes t  fit to  l iquidus 

pts.  and p r e s s u r e s  
5 11,919 - 12.854 2615.3 9100 12.9 0.0,56 0.124 13.93 9.54 4.94 414.2 0.844 
6 11,081 - 12.00765 1936.01 8800 13.2 0.056 0.123 13.93 9.54 4.94 413.3 0.844 Best  overal l  fit 
7 10,249 - 11.168 1433.2 8500 13.5 0 . @ 5 6  0.123 13.93 9.54 4,94 412.4 0.844 
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Table Iii. Fits to the CdTe-Te binary and calculated thermodynamic functions for CdTe(s) at 
1092~ Experimental input consists of 15 liquidus pts., 19 partial pressures of Te2, and only 4 of Cd 

-AH~ --AS~ 
~z (kent/ (cal/K- 

No. ~s 82 as b2 (~ r cad real) mol) 

1 1675.6 0 0 0 8.3 0.43 1.00 11.16 

2 1700 O 0 0 8.3 0.43 1.00 11.15 ~r 

3 3100 O 3,03 (10 -8) 0 31.9 0,70 0.50 10.45 - 2 . 9 5  

4 470.8 0 2.242 (I0 -8) 0 19.4 0.16 0.13 11.76 - 3 . 5 2  
5 8344 -6.691 7.955 (10 -3) 1375 19.2 0.14 0.10 10.41 - 4 . 4 8  

(keal/ 
mol ) Comment 

P~rameters from Szapiro; 
Ref. (4) 

Parameters from Laugier~ 
Ref. (7) 

14.48 Parameters from Jordan; 
Ref. (3) 

16,57 
16.53 All four p a r a m e t e r s  f r e e  

Table IV. Fits obtained with various values of the liquid parameters for the CdTe-Te system. For 
all but the fits in rows 3-8, the liquid parameters for the Hg-Te system are required and are taken 

from row 6 in Table !i and the values, Ws - -  --333 col, Vs : --1.01292 eu are used 

1 a~ 5 I0 20 60 80 

2 bs 10,152.9 11,043.7 11,922.6 13,09t.8 13,697~5 
3 ~ (~ 20.0 17.5 16.6 17.3 18.3 

4 g~ 0,203 0.189 0.176 0:162 0.157 
5 CdTe-Te ~,aa 0.158 0.158 0.158 0.159 0,159 
6 liq. o-~ 0.313 0.315 0.32 0.325 0.326 
7 T (~ eut . )  445.9 447.2 448.0 443.7 448.9 
8 X~e (cut . )  0.985 0.990 0.994 0.997 0.998 

9 W - 15,159.7 - 15,095,2 - 14,986.2 - 14,895.1 - 14,857.5 
10 V 16.4972 16.4943 16.4548 16'.4533 16,4663 

11 r ( 'C, liq.) 8.1 8.1 8.1 8.1 8.1 
12 P s e u d o b i n a r y  r (~ sol id)  5.3 5,3 6.3 5.3 5.3 
13 ~ g  0,213 0,22 0.226 0~234 0.238 

14 o'~z 0.09 0.092 0.093 0.095 0.09'7 
15 Te- sa turated  ~ce 0.33 0.331 0.332 0.3~3 0:334 
16 Sol id  so lut ions  ~ 0.134 0.137 0.141 0.146 0.148 

17 T e r n a r y  l iquid ~z [~ Ref .  (42)]  47,36 34.5 22.7 i0~57 

than 5 for a2 give too low a eutectic tempera ture  and  
so might  be ruled out. The calculated l iquidus curves 
for all  the sets of parameters  shown are essential ly 
the same be tween  50 and 60 a/o Te and are all high by  
about  25~ at  60 a /o  Te. As shown in  Fig, 2, the cal-  
culated curves for various values of a2 do tend to d i -  
verge between 80 and 90 a/o Te, values be tween 10 and 
20 giving the closest fits. For all  values of a~ in  Table  
IV, the mol fraction of CdTe molecules in  the melt  at  
1092~ and 50 a /o  Te is between 0~89 and  0,90, 

Pseudobinary and t c rna ry . - -Fo r  each pai r  of values 
for a2 and bs in Table  IV, and the HgTe l iquid  pa ram-  
eters given in row 6 of Table II, the best  fit to the 
pseudobinary  l iquidus and solidus points was used to 
fix W and V shown in  rows 9 and 10. The fits are good 
and almost  identical,  as can be seen from rows 11 and  
12.  With all  of the l iquid and solid model  parameters  
determined,  fits to the remain ing  data w e r e  calculated 
and, except for those to the t e rna ry  l iquid in  row I% 
are almost  identical.  In  raw 13, r is the fi~ to 28 Hg 
pressures for the pseudobinary  liquid (39). Rows 1 4 - 1 6  
give the fits to the part ial  pressures over Te-sa tura ted  
HgTe-CdTe solid solutions containing 9.4, 19.6, 4L6, 
and 58.1 m/o  CdTe (16, 17). In  row 17, it can be seen 
that 20 te rnary  l iquidus points f rom Ref, (42) can be fit 
to an average of 10,6~ with as -- 50 bu t  that  values of 
10 and  20 for as give fits of, respectively, 34.5 ~ and 23~ 

The wide range of t e rna ry  l iquidus surfaces tha t  can 
be generated while still ma in ta in ing  almost  equal ly  
good fits to the binaries, pseudobinary,  and  par t ia l  
pressures is i l lustrated by Fig. 3, which shows the 
l iquidus isotherm at  500~ for various values of the 
CdTe parameter,  as. The t e rnary  liquid surface for 
various fixed values of XCd/(XCd + XHg) = U in  t h e  
mel t  between 0 and 0.2 is shown in Fig. 4 for a2 = 5 
along with the exper imenta l  points. The expe r imen ta l  
points from Ref. (42) for a u ---- 0.2 l iquid are shown as 
t h e  upper  set of three circles, which are 30~176 
higher than the calculated curve, while those for a 

u ~_ 0.I l iquid are shown as the lower set of four  
circles which cross the calculated l ine  for 0.2, but  
again are 30~176 higher than  the calculated curve for 
0.1. The exper imenta l  p o i n ~  for u = 0.05 and 035 l iq-  
uids are omit ted for clari ty bu~ are a i ~  high. The e x -  
p e A m e n t a l  points f rom Ref. (43) are shown as error  
bars along dashed fines. The upper  se~ is for a u -- 0~lO 
liquid while the lower set is for 0.067. The fo rmer  fal l  
10~-15~C below the calculated l ine for u - -  03 whi le  
the lat~er cross the calculated curve for u = 0.05. 
The two tr iangles are from Ref. (45), and  the exper i -  
menta l  data f rom this reference are summar ized  

OJ 
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• 
Fig. 3. Ternary liquid isotherms for 500~ calculated for labeled 

values of a2. Circles mark liquid composition tn equilibrium with a 
40 m/o CdTe solid solution. 
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0.7 0.8 0,9 

X T e  

Fig. 4. So|id lines give temperature vs. atom fraction of Te for 
liquids with fixed, labeled, values of u L ~ XC4/(XHg + Xcd) in 
the liquid as calculated with a~ ~ 5 and other overall optimum 
parameters given in Table VI. Circles are from Ref. (42), the upper 
3 are for u L -~ 0.20, the lower 4 are far u L = 0.10. Points with 
error bars and connected by dashed lines are from Ref. (43), the 
upper set corresponding to u L ~ 0.10, the lower to u L ~ 0.067. 
Two triangles are from Ref. (45) as summarized in Table V. The 
squares are from Ref. (18). 

Table V. These la t ter  exper imental  points are show n  
again in Fig. 5, which shows calculated l iquidus iso- 
therms and solid isoconcentration lines in the low tem- 
pera ture  range for a~ ---- 5. The lef t -most  exper imenta l  
point  falls on the 500~ isotherm where  i t  should be, 
but  is slightly displaced from the calculated solid iso- 
concentrat ion l ine for u ---- 0.20, fall ing closer to that  for 
u ~ 0.22. The three clustered exper imental  points fall  
closer to the 515~ isotherm by interpolat ion than to 
that  for 508~ By interpolat ion they fall on isoconcen- 
trat ion lines for u ---- 0.33, 0.37, and 0.39 comPared to 
the exper imenta l  values of, respectively, 0.29, 0.37, and 
0.40. Although not  perfect, the agreement  is close. 

Optimum fit to the HgTe-CdTe-Te ternary.~Here 
we take the data of Schmit  in Table V as the most 
near ly  correct t e rnary  data and consequently take a2 
as equal to 5.0. The complete set of parameters  is then 
fixed and is collected in  Table VL These lead to the 
op t imum overall  fit to all of the data considered, and 
we shall refer to the calculated data obtained with this 
set of parameters  as the opt imum fit. The op t imum 
HgTe-Te l iquidus l ine is, then, that  shown in Fig. 1;  
that for CdTe-Te is that  shown in Fig. 2 for a2 -- 5; 
and the op t imum calculated te rnary  l iquidus is shown 
in Fig. 4 and 5 for the low tempera ture  range. 

Table V. Composition of liquid given by the atomic fractions of 
Hg and Cd and that of the coexisting solid solution, Hgl-uCduTe(s), 

from Ref. (45) 

T (~ X~, Xo~ u 

499 0.19 O.O1 0.20 
507 0.175 0.0156 0.29 
508 0.163 0.017 0.37 
508 0,162 0.018 0.40 

o.i 

XHg 

o.ol 

XCd 

Fig. 5. Liquid isotherms (solid lines) and solid solution isoconcen- 
tration lin~s (dashed lines) as calculated with o~ = 5 and other 
overall optimum parameters of Table VI. The symbols are from Ref. 
(45) as tabulated in Table V. Numbers along the upper curve give 
the mol fraction of CdTe Jn the HgTe-CdTe solid solution. 

The opt imum calculated pseudobinary  l iquidus a n d  
solidus is shown in Fig. 6. Although the fits are good 
numerical ly,  as can be seen from rows 11 and 12 in  
Table IV, the calculated solidus is sl ightly below all 
the exper imental  points bu t  one. 

The opt imum calculated fit to PHg for the pseudo- 
b inary  l iquid (XTe ~-- 0.5) is shown in Fig. 7 along wi th  
the exper imental  points for various mol fractions of 
CdTe. For clari ty only segments of t h e  calculated lines 
are shown, each segment  fall ing just  below the associ- 
ated exper imental  points for each mol fraction o f  
CdTe. The calculated results are low by  21.3% as in-  
dicated in row 13, column 1 of Table IV. The correction 
for the nonideal i ty  of Hg(g)  results in the calculated 
values for PHg being about 4% lower than if the cor- 
rection were omitted. As can be seen, the calculated 
values of Ps~ for 10.8-60 m/o CdTe fall along slightly 
different lines, PHg being lower at a given T the larger 
the m/o CdTe. In contrast, the exper imental  points of 
Steininger  (39) are t ightly clustered and were repre-  
sented as a single straight l ine by him. 

Figure 8 shows calculated values of P ~  for Te-sa tu-  
rated solid solutions of fixed tool percent  CdTe and 
the exper imental  points. The fit to the exper imental  
points between 10 and 58 m/o  CdTe solid is about 9% 
and is good. The calculated values of PHg at the calcu- 
lated solidus temperatures  fall close to a straight l ine 
up to 70 m/o CdTe, the effect of increasing solidus 
temperature  dominat ing the effect of decreasing Hg 
content. Between 95.2 and 95.3 m/o  CdTe, PHg at the 
solidus temperature  reaches a m a x i m u m  value of 52.3 
arm between 993.5 ~ and 994.9~ and then decreases 
for lar~er Cd content. This calculated result  is off-scale 
in Fig. 8. 

Figure 9 shows the exper imenta l  points and the op- 
t imum calculated curves for P2 over Te-sa tura ted  solid 
solutions of various mol percent  CdTe. For compari-  
son, the vapor pressure of Te(1) is shown as the upper -  

Table VI. Values of the model parameters giving the best overall 
fit to the HgTe-CdTe-Te system. The degree of dissociation, ~, of 
the liquid phase molecule, HgTe, at the melting point of HgTe(s) 
and that of the liquid phase molecule, CdTe, at the melting point 

of CdTe(s) as calculated from these parameters is also given 

i "~i (cad 6i (eu) ai bi (K) Bl 

1, i .e.,  HgTe 11,031 --12.0076 1936.01 6600 0.3827 

2, Le., CdTe 2401.5 --1.4647 5.0 10,153 0.054 
W (cal) = --15,160 V (eu) = 16.497 Pure ternary liquid 

parameters 
W, (cad = -333 V, (eu) = -1.01292 Solid solution pa- 

rameters  
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Fig. 6. Solid lines show the liquidus and solidus in the 
Hgl-uCduTe pseudobinary as calculated using the overall optimum 
parameters of Table VI. Circles: Ref. (38), squares: Ref. (39), tri- 
angles: Ref. (40), inverted triangles: Ref. (16) and (17). Triangle 
and square with attached line segment were omitted from the 
fits. 

most  s t ra igh t  line. The fits are  good as seen in row 16, 
a2 --  5 column of Table  IV. The expe r imen ta l  values  
for 9.4 and 19.6 m / o  CdTe fal l  be low the ca lcula ted  
curves n e a r  thei r  maxima.  In  addit ion,  the exper i -  
men ta l  points  for different  CdTe content  tend to merge  
together  a t  the lowest  t empe ra tu r e  to a g rea te r  degree  
than shown by the ca lcula ted  curves. However ,  the 
measured  values of P2 are  nea r  the l imi t  of de tec tab i l -  
i ty  f rom the opt ica l  absorbance  of Te2 (g) in the  visible.  
Moreover,  at  these low tempera tures ,  in te rna l  equi l ib -  
r ium of the sol id  solut ion phase  and equ i l ib r ium be -  

100 I J 

: .  

~ �9 ~ 5 ~  6 AA A 

3 i l l  

10 ~ ~ 1 

�9 so .,o 1 0 3 / . r ( K  } ,.oo 

Fig. 7. The partial pressure of Hg(g) for various pseudobinary 
melts as a function of IO3/T and for line 1, for a 60 a/o To, 12 a/o 
Cd melt. Line segments are calculated using the parameters of 
Table V /and  cover the same temperature range as the correspond-. 
ing experimental points from Ref. (39) and, for the squarcs~ from 
Ref. (17). Line 2, squares: 10.8 m/o CdTe pseudobinary liquid; line 
3, triangles: 20 m/o CdTe; line 4, circles: 30 m/o CdTe; line 5, 
inverted triangles: 40 m/a CdTe; line 6; single circle: 60 m/o 
CdTe. 

10"~/T(K) 

Fig. 8. The mercury partial pressure over Te-saturated 
Hgl-uCduTe(s) as a function of 108/T. Solid curves with labeled 
values of u are calculated using parameters of Table VI. Experi- 
mental points are from Ref. (16) and (17) and, for HgTe(s), from 
Ref. (19). 

tween i t  and the vapor  phase  is poss ib ly  not  a lways  
achieved. 

F igure  10 shows the expe r imen ta l  points  a n d  c a l c u -  
l a t e d  curves for Pca over  solid solutions of  var ious  
m o l  percen t  CdTe. The expe r imen ta l  points  are  gen-  
e ra l ly  h igher  than the corresponding curves,  pa r t i cu -  
l a r ly  for 9.4 m/o  Cd al though the overa l l  fit is to wi th in  
33% as seen in column 1, row 15 of Table IV. The cal -  
cu la ted  curves cross at  h igh tempera tures .  The exper i -  
men ta l  da ta  (17), which  are  ava i lab le  for  both  me ta l -  
sa tu ra ted  and Te - sa tu ra t ed  solid solutions, do the same 
th/ng. A t  low tempera tures ,  Pod is higher,  the l a rge r  
the  mole percent  CdTe, for both  me ta l  and  Te - sa tu ra t ed  
solid solution. 

General Discussion 
A quant i ta t ive  s imul taneous  fit to the  phase  d i ag ram 

and the rmodynamic  da ta  in the  HgTe-CdTe-Te  sys tem 

~o 

0. t~ / .  1 

,o~[ I I I I I I I I ~" 
.oo ~.,o 103/T(K) ~.2o i.~o 

Fig. 9. The vapor pressure of Te shown as the uppermost line and 
the partial pressure of Te2 over Te-sa~rated Hgz-uCduTe(s) vs. 
IO~/T. Solid curves with labeled values of u are calculated using 
the parameters of Table VI. Experimental points are from Ref. (16) 
and (17). Those for CdTe from Ref. (33) are off-scale at higher 
temperatures. 



1 6 1 0  J. EZectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  JuIy 1081 

10-~ 

10-~ 
? 

"a  
=o 

10-7 

10-~ 

~0-9 I I I I I I I I 
0-9 1.00 1.10 1,20 

~oZrrcK~ 
Fig. 10. The partial pressure of Cd over Te-saturated 

Hgl-uCduTe(s) vs. 103/T. Experimental points are from Ref. (16) 
and (17). Lines are calculated using the parameters of Table VI. 
Except for u = 0.58 and 1, they terminate at the solidus tempera- 
ture. Uppermost, dot line: u ---- 1.0; 2nd, long-dash line, diamonds: 
u = 0.581; 3rd, short-dash line, inverted triangles: u = 0.416; 
solid line, squares: u = 0.197; bottom solid line, circles: u = 
0.094. 

has been obta ined  using an extension of the simplified, 
r egu la r  associated solut ion model  of Jo rdan  (3) and 
Szapiro (4) for the  l iquid phase.  The analysis  differs 
f rom previous  ones based upon this model  in a number  
of respects. First ,  the model  is ex tended  to a l low the 
in terac t ion  coefficients and dissociation constants  of the 
species to depend upon T. I t  is shown tha t  this is neces-  
sa ry  to obta in  sa t i s fac tory  fits. Second, more  exact  
l iquidus equations are  used tha t  are  t he rmodynamica i ly  
consistent  wi th  the  t empera tu re  dependence  of the 
par t ia l  molar  quan t i t i e s  for  the  components  in this  
l iquid phase model.  Third,  the fits are  much more  ex-  
tensive than any prev ious ly  a t t empted  wi th  this model.  
As an example ,  not  only  are  the l iquidus points  in the  
HgTe-Te  and CdTe-Te binar ies  fit, bu t  also the pa r t i a l  
pressures  along the th ree -phase  curves for the b ina ry  
compounds.  Moreover,  and  most impor tan t ly ,  this is 
done wi th  constraints  appl ied  to the l iquid phase model  
pa rame te r s  that  insure  tha t  the the rmodynamic  p rop -  
er t ies  of the s toichiometr ic  l iquids, HgTe(1) and 
CdTe(1),  are  consistent  wi th  the known enthalpies  and 
entropies  of format ion  of HgTe(s )  and CdTe(s ) .  

The quant i ta t ive  fits obta ined  should prove useful  for 
in te rpola t ing  and ex t rapo la t ing  the exper imen ta l  da ta  
and in guiding fu r the r  exper iments .  In  addi t ion to this 
prac t ica l  result ,  the presen t  analysis  provides  the most  
extens ive  test  of this l iquid phase model  to date. There  
are  signs the model  m a y  not  be flexible enough even in 
the HgTe-CdTe-Te  system. There  are  port ions of the 
data, such as par ts  of the HgTe-Te  and CdTe-Te l iq-  
uidus curves, and PHg over  the pseudob inary  melts,  in 
which the calculated resul ts  seem to differ s ignif icantly 
f rom exper iments .  No firm conclusion can be d rawn  
here, however ,  since these discrepancies m a y  be due in 
large pa r t  to errors  in the expe r imen ta l  input  da ta  in-  
cluding the enthalpies  of fusion. A surer  indicat ion of 
an inheren t  weakness  in the model  lies in the theore t i -  
cal demons t ra t ion  here  tha t  i t  can only pred ic t  sym-  
metr ic  l iquidus  lines for a 50 a /o  compound. Thus, i t  is 
found inadequate  to fit wel l  e i ther  the ent i re  Cd-Te 
b ina ry  or the Hg-Te  binary.  Dividing such a b ina ry  

Table VII. A listing for various compounds of the melting point, 
the entholpy of compound formation from the pure liquid elements 

at the melting point, the enthalpy of fusion, and the enthalpy of 
formation of the stoichiometric liquid at the melting point. All 

enthalpies are in kcal/mol 

- AH~L 
Compound Tm (~ -AH~ AHm (X = 1/2) 

InSb 525 13.27 11.41 1.86 
iGa~s. 709.2 16.30 15.80 0.50 

942 21.30 18.40 2.90 
GaAs 1240 28.25 25.18 8.07 
HgTe 670 13.93 8.68 5.28 
PbTo 924 22.2 13,7 8.5 
PbSe 1081 26.6 11.8 14.8 
CdTo 1092 29.88 12.0 17.9 

phase d i ag ram in half,  and  fi t t ing each half  w i th  d i f f e r -  
e n t  values of the parameters ,  has been  done (3). How-  
ever, this introduces discont inui t ies  in the t he rmo-  
dynamic  proper t ies  of the l iquid phase and is u n a c -  
c e p t a b l e  once one wishes to go beyond a fit to the  l iq-  
uidus l ine alone. (If  both  sets of pa rame te r s  a r e  r e -  
q u i r e d  to sat isfy  the aux i l i a ry  conditions given b y  
Eq. [6]-[7] ,  the discontinui t ies  at  the mel t ing  poin t  dis-  
appear .  Then the  pa r t i a l  pressures  a long the  th ree -  
phase curve as wel l  as the  l iquidus l ine are  continuous 
at  x =- Y2. Above the mel t ing  point  the discontinui t ies  
in the l iquid phase proper t ies  s t i l l  exist .)  Thus, a l -  
though the model  is a t t rac t ive  in v iew of its r e la t ive  
simplici ty,  and should prove useful  in fi t t ing significant 
port ions of phase d i a g ra m data, a more  powerfu l  m o d e l  
is desirable.  This might  be found in the more genera l  
forms of the associated solut ion model  in which  the 
in terac t ion  terms are m o r e  p rope r ly  wr i t t en  in te rms 
of the tool f ract ions of the species, and not  in terms of 
the a tom fract ions of the components.  In  studies of the 
Cu-S and s imi lar  systems (46, 47) the in terac t ion  terms 
among the solut ion species are  assumed to depend upon 
cubic as wel l  as quadra t ic  terms in the mol  fract ions 
of the species, i.e., subregu la r  interact ions.  

We bel ieve tha t  those systems, which are  difficult to 
fit and which p robab ly  wil l  requi re  complicated,  m a n y -  
parameter ,  l iquid phase models, r a the r  than s imple 
solution or  subregu la r  models, can be ant ic ipated.  
Genera l ly  they  are  l iquids in which the ionic com- 
ponent  of b inding is significant. Specifically, they  a r e  
l iquids whose h e a t - o f - m i x i n g  at  the composit ion of a 
solid compound is a substant ia l  f ract ion of the hea t -o f -  
format ion of the compound itself, i.e., systems in which 
the cohesive energy is not  g rea t ly  a l te red  b y  the loss of 
long- range  o rde r  accompanyin~ melt ing.  This is i l lus-  
t ra ted  in Table VII. For  the I I I -V  systems l is ted [da ta  
sources identif ied in Ref. (48)] the hea t  of fusion is 
comparable  to the en tha lpy  of format ion  of the solid 
compound from its pure  l iquid e lements  at  the mel t ing 
point. Consequently,  the hea t -o f -mix in~  of the l iquid  
phase at  the mel t ing  point  is r e l a t i ve ly  smal l  and a 
subregula r  l iquid phase model  cab do well  in fitt ing 
the phase d iagram and the rmodynamic  data  (48). The 
contras t  wi th  the other  systems l is ted is marked .  

A c k n o w l e d g m e n t  

TMs work was supported by the A i r  Force Offiee of 
Scientific Research,  Air  Force  Systems Command under  
Gran t  No. AFOSR-78-3611. The authors  wish to express  
thei r  gra t i tude  to Dr. A. J. S t rauss  for  sending us his 
t abu la ted  HgTe  l iquidus points and to Mr. J. L. Schmi t  
for shar ing  his results  before  publicat ion.  

Manuscr ip t  submi t ted  Apr i l  23, 1980; revised manu-  
script  received Nov. 18, 1980. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June 1982 JOURNAL. 
All  discussions for the  June  1982 Discussion Section 
should be submi t ted  by  Feb. 1, 1982. 



VoL 128, No. ? 

Publication costs oJ this article were assisted by 
Marquette University. 

A P P E N D I X  
Previous  appl ica t ions  (3, 4, 7) of the simplif ied RAS 

model  have  s ta r ted  wi th  a vers ion of the Vieland 
l iquidus  equat ion in which the hea t  capac i ty  of the  
b ina ry  compound and tha t  of the  l iquid of the  same 
composi t ion were  t aken  as equal.  Here  we obta in  the  
l iquidus equat ion in  a form s imi lar  to the V ie iand 
fo rm and wr i t t en  expl ic i t ly  for the RAS l iquid model,  
so that  the above assumpt ion  can be cr i t ical ly  judged.  
We consider  only  one of the  two equations necessary 
to descr ibe  the t e rna ry  l iquid in e q a n i b r i u m  wi th  the 
pseudob~nary  solid, AI-uBuC, since the  other  is com- 
p le te ly  analogous. In  t e rms  of the ac t iv i ty  coefficients, 
7i, and mol 1factions ol  ~pccms, Yi, i : .  a, c, an "exact"  
l iquidus  equat ion is g iven by  Eq. [46] of Ref. (1) 
and is 

RT In[ "/aTcYa._____Yc_ ] = H A c ( T / T A c -  1) 
L '~atTctyatyc t (1 --  u) FAC J 

f T~o 
--  ~'T ( i  - -  T/r) (ACAc ~ --ACAcL) dr  [A- I ]  

Most of the quant i t ies  have  been defined in t h e  text  
in connect ion wi th  Eq [1] and [2] The  dagger  supe r -  
scr ip t  indicates  a quan t i ty  is eva lua ted  at  XA ---- XC ---- 
1/2 and a r b i t r a r y  T. ( m  the  B-C analog of Eq. [A-1] ,  
the dagger  superscr ip t  would mean  evalua t ion  a t  x~ : 
xc : x/2.) The hea t  capacit ies  appear ing  on the r ight  
side of Eq. [A-1] are  those for A C ( s )  and the l iquid 
of the  same composition. Both are  re la t ive  to the pure  
l iquid elements,  A(1) and C(1). For  the  A - C  binary,  
u = 0, rAC = I. 

The first point to be made in connection with Eq. 
[A-l] is that the temperature integrals of the heat 
capacities ought to be considered separately; that for 
the solid is experimentally accessible, if not yet deter- 
mined; and that for the liquid is set by the liquid 
model and its parameter values in the type of appli- 
cation ordinarily made. In many cases, the Gibbs free 
enthalpy of formation of AC(s) from its pure liquid 
elements is very nearly a linear function of T. Then 
the integral over the relative heat capacity of AC(s) 
is given by Eq. [32] of Ref. (I) as 

~T T~~ (I -- T/r) ACAcSdr -- AAC (T/TAc -- I) 

+ T6(TAc)/TAe -- 8(T) [A-2] 

where AAe is defined by Eq. [4] and 5(TAc) and 6(T) 
are small terms that can often be neglected, as dis- 
cussed in Ref. (i). Indeed, the quantity AAe often 
turns out to be small and of the order of the accuracy 
in the heat of fusion, HAe, [(48), "Experimental Sec- 
tion" of text here]. 

The integral over the relative heat capacity of the 
l iquid,  A C ( I ) ,  is given b y  Eq. [37] of Ref. (1) in 
terms of the  pa r t i a l  molar  excess quant i t ies  of the 
l iquid phase components  and is 

f T  TaO (1 -- T/r)ACAc L -- hA* -~ h e * -  hA* --hc t 

- -  T(SA* + Sc* --  SAt --  SC t) [A-3] 

where  the as ter isk  superscr ip t  indicates  the  quant i ty  
is eva lua ted  as XA = XC = Yz and T --  TAc. For  as-  
sumed l iquid species a, b, c, ac, and bc, the  chemical  
potent ia ls  defining the simplif ied RAS l iquid model  are  
g iven by  Eq. [13J-[17]. The pa r t i a l  molar  excess 
quant i t ies  for  the components  a re  given by  Eq. [37]- 
[42] for the A - C  binary.  Subs t i tu t ing  these into Eq. 
[A-3] and r ea r r ang ing  gives 

T T A O 
(1 --  T/r)ACAcndr : (AHD -{- 1/z71) (1 - - T / T A c )  

[ (I+~)~/'+ #/' ] 
(K*)V2/(I-~K*)'/2-52RTIn (i + K,),/~ _}. K,�89 

[A-4] 
The interaction coefficients appearing in the defining 
Eq. [13]-[17] are assumed to depend linearly upon T 
as given by Eq. [26] and ~:, the product of the dissocia- 
tion equilibrium constant and the activity coefficient 
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rat io  for the l iquid  phase molecule,  ac, is defined by  
Eq. [20]. Using Eq. [A-2] and [A-4] ,  the  l iquidus 
equat ion given 0y Eq. [ A - l ]  can be wr i t t en  as 

R T l n ~  7aTcYaY______~c ] _  [HAc _ AAC 
LTatTetyatyer --  U)rAC 

-- (SHD + 71/2) K* ~/~/ (1 + K*)~/a] [T/TAe -- 1] 
[ ( l + ~ ) v , + # / ,  J 

+ 2 R T l n  (1 + K*)'/2 -t- ~*'/2 [A-5] 

This equat ion differs f r o m  tha t  p rev ious ly  used by  
the presence of the AAe t e rm and the two terms con- 
ta ining K and K*. The impor tance  of these te rms in-  
creases as T depar ts  f rom TAC. As ment ioned  above, 
neglect  of AAe is often justified. However ,  the magn i -  
tude of the other  two terms depends  upon the p a r a m e -  
ters of the l iquid model  and the i r  neglect  is not just if ied 
in general .  When the degree  of associat ion becomes 
ve ry  strong, K goes to zero and so do these addi t ional  
terms. In  the special  case tha t  AHD -t- "yl/2 is zero, K 
is independen t  of T, ACAc L is zero, and  both terms in-  
volving ~ disappear .  F ina l ly ,  when  the degree  of as-  
sociat ion becomes vanish ly  smal l  and  K becomes in-  
defini tely large,  the  two ~ terms in Eq. [A-5] cancel  
one another  and the in tegra l  over  the re la t ive  heat  
capaci ty  of AC(1) given by  Eq. [A-4] goes to zero. 
The resul t ing l iquidus  equat ion is then what  one 
expects  for a l iquid  model  in  which the re la t ive  p a r -  
t ia l  mola r  quant i t ies  are  independen t  of T. 

In  fitt ing the  Cd-Te and Zn-Te  binaries,  Szapiro (4) 
assumed the dissociation constant  of the l iquid mole-  
cules was independen t  of T, or  in effect tha t  AHD --  0 
For  the Te- r i ch  side of each binary ,  he used K = 0, 
thus incur r ing  no e r ror  th rough  his s ta r t ing  l iquidus 
equation. For  the  me ta l - r i ch  sides, he used values  of 
0.044 and 0.111 for ~. We have  checked ind i rec t ly  
whe the r  these are  smal l  enough to neglect  the K- 
te rms in Eq. [A-5] .  Firs t ,  Szapiro 's  pa rame te r s  were  
used in Eq. [1] for the  A - C  b ina ry  (u --  hAc s - -  SAC s 
= 0) and wi th  AAC = 0 to obta in  "exact"  l iquidus  t em-  
peratures .  Secondly,  the calculat ions were  repea ted  
to give approx imate  l iquidus  t empera tu res  using Eq. 
[1] for the A - C  b ina ry  and wi th  AAC ---- 0, but  wi th  
the  as ter isk  supersc r ip t  rep laced  by  the  dagger  super -  
script.  Such a rep lacement  is va l id  if  the re la t ive  hea t  
capaci ty  of AC(1) ,  as given by  Eq. [37] of Ref. (1), 
is set  equal  to zero. The exact  and approx ima te  l iq-  
uidus t empera tu res  agreed  to wi th in  a few tenths  of a 
degree cent igrade  for both Cd-CdTe and Zn-ZnTe.  
For  Cd-CdTe our ca lcula ted  t empera tu re s  also agree  
wi th  those in Szapiro 's  Table 1 to wi th in  a few tenths  
of a degree, wi th  the except ion of Xwe ---- 0.45, for  
which he lists 1084.9~ and we get  1009.1~ For  Zn-  
ZnTe, our  ca lcula ted  t empera tu res  differ by  as much 
as 2~176 from Szapiro's.  However ,  in v iew of the 
above, this is p robab ly  due to calculat ion errors  r a the r  
than  to the l iquidus equat ion used. We have  not  car-  
r ied out a s imi lar  check for the  ent i re  Cd-Zn-Te  
ternary .  Nei ther  have  we checked Jo rdan ' s  calculat ions 
(3), since as Szapiro  has poin ted  out  (4), Jo rdan ' s  
assumpt ion tha t  K is independent  of T is erroneous.  

In  a more  recent  analysis  of the G a - I n - S b  te rnary ,  
Szapiro [J. Phys. Chem. Solids, 41, 279 (1980)] has 
used the same l iquidus  equations as before,  obta in ing 
values of K* of 0.0104 and 0.303 for, respect ively,  GaSb 
and InSb. The l a t t e r  value  is most  l ike ly  large  enough 
tha t  significant e r ror  is made  in not using Eq. [A-5].  

LIST OF SYMBOLS 
A, B, C components  of t e r n a r y  sys tem corre-  

sponding to, respec t ive ly  Hg, Cd, and 
Te 

a, b, c, ac, bc assumed species in t e r n a r y  l iquid;  ac 
and bc are  dia tomic molecules  conta in-  
ing one a tom of A and one of C, and 
one a tom each of B and C, respect ive ly  

xi, i - - - -A,B,  C a tom fract ion of component  i in the 
l iquid 

y j, j ---- a, b, c, ac, bc mol  f rac t ion of species j in the  
l iquid  

u mol fract ion of BC in solid solutions, 
AI-uBuC (s) 

TAc, TBe m a x i m u m  mel t ing  points  in K of 
A C ( s )  and BC(s )  

HAe, HBc enthalpies  of fusion in cal/mo.! of 
A C ( s )  and BC(s)  
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hi, si, i -- A, B, C relative partial molar excess en- 
thalpy and entropy of component i in 
the liquid. The pure elemental liquids 
are taken as the standard state for 
each component 

si t, i -- A, B, C, relative partial molar entropy (not ex- 
cess) for component i in the liquid 

* asterisk superscript indicates a quan- 
tity is evaluated at XA -- XC -- ~/2 and 
T = TAc 

**  double asterisk superscript indicates a 
quantity is evaluated at XB = XC -- 1/2 
and T -- TBc 

AH~ T), AS~ T) enthalpy and entropy of 
formation of AC(s) from its pure liq- 
uid elements in cal/mol and cal/K- 
tool, respectively 

AH~ T), AS~ T) similar quantities for 
BC (s) 

AHf(AC), ASf(AC) effective or average enthalpy and 
entropy of formation of AC(s) as de- 
fined in Eq. [3] 

AHH--f(BC), hS~(BC) similar average quantities for 
BC(s) 

AAc, AsC difference between the average en- 
thalpy of formation and its actual 
value at the melting point for the com- 
pounds AC(s) and BC(s). Defined in 
Eq. [4] and [5] 

hAc s, SAC s excess partial molar enthalpy and en- 
tropy of species AC in the solid solu- 
tion, AI-uB,~C(s), relative to AC(s) 

hBc s, SBC s similar quantities for species BC and 
relative to BC (s) 

~~ i----A, B, C chemical poten~tials of the pure liquid 
elements 

~~176 chemical potential of a hypothetical 
liquid consisting entirely of, respec- 
tively, ac and bc molecules 

hHD(ac), ASD(ac), /~1 entnalpy and entropy of disso- 
ciation to the pure liquid elements and 
dissociation equilibrium constant for 
the liquid phase molecule, ac 

},HD(bC), ASo(bc), Kg slmimr quantities for the liq- 
uid phase molecule, bc 

~, interaction coefficient between the liq- 
uid phase species a and b in cal/g-atom 

~1 interaction coefficient between the liq- 
uid phase suecies a, c, and ac, i.e., Hg, 
Te, and HgTe 

~2 interaction coefficient between the liq- 
uid phase species, b, c, and bc, i.e., Cd, 
Te, and CdTe 

K1, ~2 product of dissociation constant and 
activity coefficient ratio for ac and bc. 
Definitions given by Eq. [20] and [21] 

W, V, "~1, 51, ~2, 82 temperature and composition inde- 
pendent parameters describing the lin- 
ear temperature dependence of the in- 
teraction coefficients for the liquid 
phase species. Definitions given in Eq. 
[25]-[27] 

W~, V~ constant parameters describing the 
relative chemical potentials of the 
quasiregular solid solution. See Eq. 
[48]-[49] 

~~ chemical potential (or Gibbs free en- 
thalpy of formation) of HgTe(s) 

~~ similar quantity for CdTe (s) 
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Charge t rapp ing  centers  in the rmal  SiO2 cause de te-  
r io ra t ing  effects of the threshold  vol tage shift  in shor t  
channel  MOS transistors.  Among the exper iments  for  
the  reduct ion  of the  t rapp ing  centers,  i t  has been r e -  
por ted  tha t  the implan ta t ion  o f  phosphorus ions into 
SiO2 fol lowed by  the anneal ing  in oxygen  is effective 
for t rap  reduct ion  whi le  anneal ing  in n i t rogen af te r  
the implan ta t ion  has no effect (1). 

To c lar i fy  the  difference in the behavior  of P atoms 
af te r  O2- and N2-annealing,  we made  XPS ( x - r a y  
photoe lec t ron  spectroscopy)  measurements  of the  
chemical  s ta te  of P atoms in SiO~. So far, the s t ruc-  
ture  of P - i m p l a n t e d  SiO~ has been inves t iga ted  using 
in f ra red  absorpt ion  spect ra  b y  Fr i tzsche  and Rothe-  
mund  (2), and Ahn,  Gordon, and Pl i sk in  (3). The l a t -  
te r  authors  observed the absorp t ion  due to P -O  bonds 
( P = O )  af te r  the  anneal ing.  The XPS measurement  has 
been  r epor t ed  for P - d o p e d  CVD SiO~ and P - i m p l a n t e d  
the rmal  SiO~ by Saxena  and Powel l  (4). However ,  the  
change of XPS  spect ra  due  to hea t - t r ea tmen t s  has not  
been studied.  

Experimental Procedure 
SiO~ films were  grown the rma l ly  in pyrogenic  s team 

at 950~ on the (100) surface of single crys ta l  1 s  
p - t y p e  (boron-doped)  sil icon wafers.  Phosphorus  ions 
were  implan ted  into SiO2 wi th  the energy  of 40 kV and 
the  flux of 1 X 1016 ions/cm% Af te r  the implanta t ion ,  
samples  were  annea led  in e i ther  d ry  N2 or  d r y  02 at  
950~ for  20 min. SIMS measuremen t  showed tha t  the  
d i s t r ibu t ion  of P atoms had iCs peak  at  36-40 nm from 
the S~O2 surface and the m a x i m u m  concentra t ion of P 
was 2.6 X 1021 cm -3 (6.9 weight  pe rcen t ) .  The d i s t r ibu-  
t ion was changed l i t t le  by  the annealing.  

The XPS spect ra  were  obta ined  by  using an ES-200 
spec t romete r  (Kokusai  Electr ic  Company Limi ted)  
together  wi th  the  da ta  processing sys tem DS-300. 
Samples  we re  exci ted  by  A1 Ka (1487 eV) rad ia t ion  in 
a vacuum of 6 X 10 -9 Torr  a t  a t empe ra tu r e  25~ The 
b ind ing  energy,  EB, of an electronic level  wi th  respect  
to the Fe rmi  level  is de te rmined  f rom the re la t ionship  
EB = h~ - -  Ek - -  ~ where  hv is the  energy  of the x - r a y  
source (1487 eV),  Ek is the  measured  kinet ic  energy  
of the  photoelectron,  and  r is the  spec t rometer  work  
function. The va lue  hv --  e has been de te rmined  as 
1486.5 eV for the p resen t  measu remen t  because the  
carbon Is l ine (EB -- 284.5 eV) appea red  at  Ek = 1202.2 
eV. The measuremen t  was made  a f te r  the  oxide w a s  

spu t t e r - e t ched  wi th  an A r  + ion beam (1.25 kV, 20 #A/  

1 Present address: Nippon Electric Company Limited, Kawasaki, 
Japan. 

Key words: SiO~, P-implantation, XPS spectra, annealing, trap- 
ping centers, 

cm 2) unt i l  the peak  in the P d is t r ibu t ion  was reached.  
The thickness of the removed  oxide layer  was de te r -  
mined  f rom the etching time, assuming an etching ra te  
for SiO~ of 1.4 n m / m i n  which was es t imated  f rom the 
ra te  of the decrease of the Si 2p s ignal  in SiO2. 

Results and Discussions 
Figure  1 (a) shows the P 2p signals observed  in as-  

imp lan ted  SiO2 samples. The s ignal  consists of four  
peaks,  P1-P4, among which P3 and P4 are  over lapped.  
S imi la r  spect ra  for the  N2-annealed and O2-annealed 
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Table I. Binding energies of P 2p levels in Si02 (first two columns) 
and in several compounds (third column) (in eV). 

This work Saxena and Powell  (4) Pelavin et aL (5) 

p1 125.6 
P2 129.7 E1 129.1 (implanted) 129.5 (BP) 
P3 133.5 E2 133.3 (implanted) 

133.5 (CVD) 
P4 134.7 134.4 (POBra) 

samples are shown in Fig. 1 (b) and (c). It is seen in 
these figures that the peak P1 appears only in the a s -  
i m p l a n t e d  samples and the peak P2 vanishes in the 
Oz-annealed samples. The peak shift due to the an- 
neaiing is not observed clearly. The binding energies, 
EB, of these peaks are listed in Table I together with 
those reported by other workers (4, 5). 

From Table I it can be seen that ~he EB value of o u r  
peak P2 is near to that of the E1 peak of Saxena and 
Powell, which they attribute to the interstitial P atoms 
in the network of SiO4 tetrahedra, and it is also simi- 
lar to that of phosphorus in its intermetallic com- 
pounds [for example, BP in Ref. (5)]. The P2 peak 
c a n  therefore be attributed to P--Si bonds of P atoms 
in the interstitial site in the SiO~ network. Our P3 peak 
nearly Corresponds to the E3 peak of Saxena and Po- 
well, which they attribute to P atoms substituting Si 
sites in SiO4 tetrahedra, i.e., PO4 -8. Though P4 h a s  
no counterparts in Saxena and Powell's Spectra, it h a s  
the EB value in the range of those of P atoms with the 
oxidation number 5 [for example, POBr3 in Ref. (5)]. 
Therefore, P4 can also be interpreted as the signal 
from P--O bonds in the SiO2 network. The origin of P1 
is presently unknown. 

The integrated intensities of the peaks P2, P3, 
and P4, normalized by the summation of all the inte- 
grated intensities of P 2p peaks, are plotted in Fig. 2 
for the as-implanted, N2-annealed, and Q-annealed 
samples. This figure shows that by 02 annealing the 
P2 peak disappears and the P3 and P4 peaks simultane- 
ously increase in intensity. Taking the assignment of 
~he peaks inlo consideration, these results can be in- 
terpreted as evidence that O2 annealing at 950~ has 
the effect of converting P--Si bonds to P--O bonds in 
the SiO2 network while N2 annealing has no such ef- 
fect. These results coincide with those of the infrared 
absorption study by Ahn et al (3) which showed the 
increase of P--O bonds after the annealing in an oxi- 
dizing ambient. The present study proves that the XPS 
measurement is useful in evaluating the effects of 
heat-treatments of P-implanted SiO~. 
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timum conditions to grow high quality crystals. The 
growth striations are usually formed by doping im- 
purities of high concentration. This note reports that 
the growth striations were observed in undoped GaSh 
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samples are shown in Fig. 1 (b) and (c). It is seen in 
these figures that the peak P1 appears only in the a s -  
i m p l a n t e d  samples and the peak P2 vanishes in the 
Oz-annealed samples. The peak shift due to the an- 
neaiing is not observed clearly. The binding energies, 
EB, of these peaks are listed in Table I together with 
those reported by other workers (4, 5). 

From Table I it can be seen that ~he EB value of o u r  
peak P2 is near to that of the E1 peak of Saxena and 
Powell, which they attribute to the interstitial P atoms 
in the network of SiO4 tetrahedra, and it is also simi- 
lar to that of phosphorus in its intermetallic com- 
pounds [for example, BP in Ref. (5)]. The P2 peak 
c a n  therefore be attributed to P--Si bonds of P atoms 
in the interstitial site in the SiO~ network. Our P3 peak 
nearly Corresponds to the E3 peak of Saxena and Po- 
well, which they attribute to P atoms substituting Si 
sites in SiO4 tetrahedra, i.e., PO4 -8. Though P4 h a s  
no counterparts in Saxena and Powell's Spectra, it h a s  
the EB value in the range of those of P atoms with the 
oxidation number 5 [for example, POBr3 in Ref. (5)]. 
Therefore, P4 can also be interpreted as the signal 
from P--O bonds in the SiO2 network. The origin of P1 
is presently unknown. 

The integrated intensities of the peaks P2, P3, 
and P4, normalized by the summation of all the inte- 
grated intensities of P 2p peaks, are plotted in Fig. 2 
for the as-implanted, N2-annealed, and Q-annealed 
samples. This figure shows that by 02 annealing the 
P2 peak disappears and the P3 and P4 peaks simultane- 
ously increase in intensity. Taking the assignment of 
~he peaks inlo consideration, these results can be in- 
terpreted as evidence that O2 annealing at 950~ has 
the effect of converting P--Si bonds to P--O bonds in 
the SiO2 network while N2 annealing has no such ef- 
fect. These results coincide with those of the infrared 
absorption study by Ahn et al (3) which showed the 
increase of P--O bonds after the annealing in an oxi- 
dizing ambient. The present study proves that the XPS 
measurement is useful in evaluating the effects of 
heat-treatments of P-implanted SiO~. 
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timum conditions to grow high quality crystals. The 
growth striations are usually formed by doping im- 
purities of high concentration. This note reports that 
the growth striations were observed in undoped GaSh 
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single crystals with low concentration of residual im- 
purities. 

GaSb crystals mentioned in this study were grown 
by the liquid encapsulated Czochralski (LEC) tech- 
nique using B2Os-3.2 mole percent (m/o) NasA1Fe as 
the encapsulant (1). The apparatus used consisted of a 
conventional RF-heating Czochralski puller. The 
growth conditions of single crystals were almost the 
same as those described in the previous paper (1). The  
major  conditions are summarized in Table I. Contami- 
nation by impurities contained in the B203-3.2 m/o 
Na3A1Fo was negligibly small (1) and did not have di- 
rect influence on the results of this work, 

Table II shows the levels o.f residual impurities in 
the grown crystals measured by spark source mass 
spectrometric analysis. I t  is confirmed that the total 
concentration of residual impurities in the crystal is 
less than 3 ppma (5 • 1016 cm-S) .  

The growth striations were observed by x - ray  dif- 
fraction topography (Mo Kal radiation) and chemical 
etching technique, using specimens cut a l o n g  the 
growth axis o~ the pulled crystals. 

Figure 1 shows an x - r ay  'transmission topograph of 
the  initial diverging part  of a crystal grown in the 
[111] direction at the rotation rate of 10 rpm. The 
growth direction is downward (arrow sign in the fig- 
ure).  Specimens were etched for 1 min at room tem- 
perature with a mixture of 9 HNOs, 1 HF, and 20 
CHsCOOH after mechanically polishing to about 200 
#m thickness. The diffraction plane was (111). The 
growth striations are visible as many fine lines. The 
contrast of these striations reversed in the (111) dif- 
fraction topograph. I t  is concluded, from this result, 
that the observed striations are formed by impurities 
segregation (2), not by their  precipitation. As shown 
in Fig. 1, two regions can be distinguished in the crys- 
tal, although the resolution of the topograph is not so 
high that detailed structure of the striations is re-  
vealed. One is the off-facet region consisting of stri-  
ations curved toward the growth direction at the 
per iphery of the crystal. The other is the facet region, 
which locates in the central part  of the crystal and 
consists of Straight striations perpendicular to the 
growth direction. Observation of the striations using 
x - r ay  topography has been carried out on the d i l l >  
grown crystals by the LEC technique with the KC1 -t- 
NaC1 encapsulant (3). 

Figure 2 shows a topograph diffracted from the 
(400) plane of a [100] pulled crystal. The striations are 
also encountered in the [100] pulled crystals. However, 
no central facet is visible. 

Figure 3 shows an optical micrograph of the chem- 
ically etched {211} surface of a crystal grown in the 
[111] direction. In order to reveal growth striations, a 
mixture of 1 KMnO4, 0.05M, 1 HF, and 1 CH~COOH, 
which was developed for InSb (4), was employed. The 
mechanically polished specimen was etched w i t h  the 
mixture for 1-2 min at room temperature. The growth 

Table I. LEC growth conditions of GaSb single crystals 

Growth direction <111>, <100> 
Pul l ing rate 10-12 m m / h r  
Crystal rotat ion 6.0-11.0 rpm 
Charge weight  for GaSh 10.0g 
Melt composition Ga /Sb- -  50/50 a/o 
Continuous flow rate  of No, gas 3 l i ters / ra in  

Table II. Mass spectrometric analysis of residual impurities in the 
grown undoped GaSh crystal in atomic ppm (ND . . . . .  ~ 0.1 ppm) 

Ele- 
Crystal ' l~ nt 

number ~ Zn Hg S Te Si Sn Cr Fe A1 

LEC 45-1 0.1 ND 1.0 ND 0.3 ND 0.1 0.3 0.3 
LEC 63-3 0.1 ND 1.0 ND 1.O ND 0.1 0.3 0.3 

Fig. 1. X-ray transmission topograph of undoped GaSb wafer cut 
parallel to [111] palling direction. 

Fig. 2. X-ray topograph of undoped GaSh wafer cat parallel to 
[100] palling direction. 

striations in the facet and off-facet regions on the 
etched surface are observed with high resolution suit- 
able for the study of the striations. 

As described above, the growth striations are en- 
countered in the undoped GaSb crystals in which 
the residual impurities concentration is low. The total 
impurities concentration is less than 5 • 1026 cm -3, as 
shown in Table II. However, electrically active im- 
purities concentration of approximately 1.1 • 101~ 
cm -3 was contained in the grown crystals, which was 
estimated by measurement of Hall coefficient. Excess 
impurities are attr ibuted to native defects (5) caused 
by smaller atomic volume of Ga than that Of Sb. 
Therefore, it is thought that the native defects arising 
from the deviation in stoichiometry lead to the forma- 
tion of the growth striations in the undoped crystals. 

Variations in sharpness, intensity, and periodicity of 
growth striations stro.ngly reflect the growth condi- 
tions of the crystals. Figure 4 shows a micrograph of 
the etched {211} surface in the constant diameter part  
of [111] pulled crystal. This crystal was grown at two 
different rates of seed rotation. The upper and lower 
parts of the figure were pulled at rates of 10.5 and 6.2 
rpm, respectively. Rotational striations with regular  
spacings appear in both regions which were grown at 
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Fig. $. Micrograph of etched (211} surface of [111] pulling 
crystal. Striations appearing in the boundary region between facet 
(straight lines in the left side of the figure) and off-facet are 
shown. 

different  ro ta t ion  rates.  As can be seen in Fig. 4, va -  
r ia t ion  in  the  ra te  of the  seed rota t ion had  an appa ren t  
effect on the  spacing of the  ro ta t iona l  str iat ions.  Thei r  
per iodic  spacings agreed wi th  values  ca lcula ted  f rom 
the pul l ing  and ro ta t ion  rates  a f te r  correct ing for the 
continuous decrease  in the  melt .  On the o'ther hand, in 
Fig. i -3  which  show the s t r ia t ions  in the  crys ta l  d iam-  
e ter  en larg ing  process, nonrota t io~al  s t r ia t ions  are  
dominant  and the s t r ia t ion  spacings are i r regular .  This 
may  be due to intense t empera tu re  fluctuations caused 
by such factors as r f  power  var ia t ion  and i r r egu la r  
t he rma l  convect ion in  the  melt .  
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When  subjec ted  to rad ia t ive  processes dur ing  fabr i -  
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field effect t ransis tors  (1), IGFET's .  In  the case of posi-  
t ive charge, the effect can be mani fes ted  by  a drast ic  
reduct ion  in threshold  vol tage  in n -channe l  IGFET's  
(2).  In  process sequences pr io r  to metal l izat ion,  such 
traps are  read i ly  a n n e a l e d  at  550~176 Fol lowing 
metal l izat ion,  however ,  when anneal ing  t empera tu res  
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may,  of necessity,  be res t r ic ted  to br ie f  t ime  per iods  at  
400~ or thereabouts  in forming gas or hydrogen,  pa r -  
t i cu la r ly  in shal low junct ion devices, i t  is difficult to 
remove  this damage to des i rab le  device and circuit  de-  
sign levels. This represents  both a t ime zero and more  
impor tant ,  a r e l i ab i l i ty  exposure.  For  example,  when 
meta l  in terconnect ion levels are  de l inea ted  using 
E - b e a m  l i thographic  techniques in the dose range  f rom 
5 to 30 ~C/cm2, or  the meta l  i tself  is deposi ted  using 
E - b e a m  meta l  evapora t ion  techniques,  up to a few 
hundred  mV of res idual  equiva len t  posi t ive charge is 
detected in the  gate  insula tor  via  hot  e lectron in jec-  
t ion techniques af te r  convent ional  anneal ing  t r ea t -  
ments  have  been appl ied  (1, 3). Such res idual  levels 
pose a design problem,  because dur ing normal  device 
opera t ion  hot  e lectrons pene t ra t ing  the s i l icon-oxide 
in ter face  are  t r a p p e d  by  posi t ively  charged and neu-  
t ra l  t r ap  sites causing threshold  shifts as a funct ion 
of time. 

Experimental Results and Discussion 
Using an e levated  pressure  reactor  of IBM design, to 

be descr ibed at  a l a te r  date, the effects of 10% hydro -  
gen-90% argon forming gas anneal ing  at  400~ and 50 
a tm  on rad ia t ion  damaged  meta l  gated capacitors,  po ly -  
sil icon gated capacitors,  and insula ted  gate  field effect 
t ransis tors  were  studied. These resul ts  were  compared  
wi th  control  samples  annealed  in e i ther  forming gas 
or  pure  hydrogen  at  400~ and a tmospher ic  pressure.  

Both the  me ta l  and polysi l icon gated capaci tors  were  
fabr ica ted  on p- type ,  2 ~l-cm, 57 m m  diam 0.38 m m  
(15 mil)  th ick silicon wafers.  The insula:tors were  
grown in d ry  oxygen  to a thickness of 35 nm. In the 
case of the  me ta l  gated capacitors,  0.81 m m  (32 mil)  
d iam a luminum dot pat terns ,  500 nm thick, were de-  
posi ted  th rough  a physical  mask  using an rf  heated 
a luminum source which  causes no radia t ion  damage.  
In  t h e  case of the  polysi l icon gated capacitors,  a b lan -  
ke t  l ayer  of polysi l icon 250 nm thick was chemical ly  
vapor  deposi ted  on the insulator .  The polysi l icon was 
then  doped wi th  phosphorous  using POC18. A 500 nm 
thick a luminum dot pa t t e rn  was then deposi ted on the  
doped polysi l icon using the same physical  mask  as for  
the  me ta l  ga ted  capacitors.  This deposi ted a luminum 
dot pat tern ,  in turn, was then used as a p lasma etching 
mask  for de l inea t ing  the polysi l icon gates. The a lumi -  
num dots were  lef t  in place af ter  the polysi l icon de-  
l ineat ion  to serve  a s p r o b e  contacts. 

The insu la ted  gate field effect t ransis tors  were  fabr i -  
ca ted in p- type ,  0.5 ~l-cm silicon using a simplif ied 
polysi l icon gate process. Junct ions were  phosphorous 
diffused to a dep th  of 0.5 #m and gate insulators  were  
35 nm thick.  Isola t ion was p l ana r  (no recessed oxide)  
and was 350 nm thick. Junct ion  contact  me ta l l u rgy  was 
Pd2Si-A1. Whi le  the ver t ica l  character is t ics  of these 
devices, p r epa red  via  opt ical  l i t hography  techniques 
s imula ted  1 ~m device design technology (4), hor izon-  
ta l  dimensions covered a wide  range  of channel  lengths  
and channel  wid th  to length  ratios. For  hot e lect ron in-  
ject ion studies 2:1 w i d t h : l e n g t h  rat io  devices wi th  
100 ~m (4 rail)  channel  lengths  were  the most  appro-  
pr ia te  for us to examine  (1). Addi t ional ly ,  some mea -  
surements  were  m a d e  on special  test  devices of all  
E - b e a m  l i t hog raphy  fabr ica ted  polysi l icon gate, r e -  
cessed oxide  IGFET's .  

Radia t ion  damage was in t roduced into the  finished 
polysi l icon gated capaci tors  and the p l ana r  polysi l icon 
gated t ransis tors  b y  first overcoat ing the wafers  wi th  
0.4 ~m of photoresist ,  t hen  b lanke t  evapora t ing  500 nm 
of a luminum on top of the  photores is t  in an E-gun  
sys tem which  we have found causes significant insu-  
la tor  damage.  The pho to res i s t - a luminum composite  
was then l i f ted  off leaving  the rad ia t ion  damaged  wa-  
fers r eady  for  measurement .  E - b e a m  l i thography  and 
E -beam meta l  evapora t ion  doses were  es t imated  to be 
in the 107 t a d  SiO2 range.  

The meta l  gated capaci tors  were  employed  solely as 
controls  to insure  that  the high pressure  anneal ing  sys-  
tem created no problems in te rms of contaminat ion.  
Fol lowing fabricat ion,  the meta l  gated capaci tors  were  
post  meta l  annea led  at  400~ for 20 rain in e i ther  10% 
hydrogen-90% ni t rogen ( forming gas, F.G.)  at  1 arm 
or at  400~ for 20 rain in pure  hydrogen  at  1 arm. 
These samples  were  then compared  wi th  capaci tors  an-  
nealed at  400~ for  20 rain in 10% hydrogen-90% a r -  
gon at  50 arm. 

The 1 a tm annealed  capaci tors  exhib i ted  f la tband 
voltages ranging  be tween  --0.82 and --0.83V. The 50 
a tm annealed  capaci tors  exhib i ted  f la tband vol tages 
ranging  be tween  --0.80 and --0.81V. In te r face  t rap  
density,  Dit (5) was app rox ima te ly  1 • 101~ eV 
at mid bandgap  for the three  types  of annea led  capac-  
itors; These resul ts  provided  confidence in the  c leanl i -  
ness of the high pressure  system, at least  for t ime zero 
measurements .  

The results  obta ined wi th  polysi l icon ga ted  capac-  
i tors are  shown in Table  I at  different  s~tages of p ro -  
cessing. The different  anneal ing t r ea tments  p r io r  to i r -  
rad ia t ion  included forming gas at  e i ther  1 or  50 atm. 
F011owing i r radiat ion,  anneal ing  t rea tments  were  e i ther  
in forming gas or hydrogen  at  1 a tm or  in forming gas 
at  50 atm, as noted. As can be seen f rom Table  I, 

w a f e r s  1-8, convent ional  anneal ing  in forming  gas 
y ie lded  f latbands ranging  f rom --1.10 to 1.14V, whi le  
the  e levated  pressure  annea led  capacitors,  wafers  9. 
and 10, exhib i ted  values  a round  --0.97V. Wafers  which 
had in i t ia l ly  received the forming gas 1 a tm type  of 
post  meta l  anneal ing  t rea tment ,  wafers  1 and 2, exh ib -  
i ted f latband voltages of app rox ima te ly  --2.6V fol low- 
ing i r radiat ion.  Af te r  1 a tm anneal ing  in forming  gas 
or hydrogen  for 20 min  at  400~ wafers  1-6, the flat- 
bands  recovered  to values  ranging  f rom --1.25 to 
--1.28V. On the radia t ion  damaged  wafers  subjec ted  to 
50 arm forming gas anneal ing  ~ at  400~ for 20 min, 
wafers  7-10, the  f latbands recovered  to values  of --1.01 
to --1.06V. These resul ts  indicate  tha t  on the large  ca-  
paci tor  s t ructures  some 250 mV or  equiva lent  unan-  
healed posit ive charge remained  fol lowing conven-  
t ional  annealing,  whi le  some 60 mV of charge re -  
ma ined  fol lowing high pressure  annealing.  Because of 
the ve ry  large  d i a m e t e r  of the capaci tor  s tructures,  i t  
was ant ic ipated  that  fixed t ime anneal ing  cycles might  
be less effective than  they  would be wi th  t rans is tor  
s tructures,  since diffusion paths  f rom the edges of the  
gate  region into the insula tor  are  many  t imes g r e a t e r  
in the capaci tors  than they would be in IGFET's ,  even 
in the  la rge  channel  l ength  s t ructures  discussed below. 
The cited resul ts  wi th  e levated  pressure  capaci tor  an-  
neal ing indica ted  tha t  such a t r ea tmen t  is cons iderably  
more effective than 1 arm anneals.  This was confirmed 
with  IGFET anneal ing  studies. 

Fol lowing i r radiat ion,  IGFET device thresholds  
shif ted nega t ive ly  some 1.2-1.5V. Af te r  convent ional  
anneal ing  in pure  hydrogen,  these devices were  sub-  
jec ted  to hot  e lect ron inject ion (5 • 101~ e lec t rons /  
cm 2) to assess res idual  posi t ive charge levels. /kt this 
inject ion level,  the rad ia t ion  induced posi t ive charges 
have been found to be annih i la ted  comple te ly  by  in-  
jec ted  electrons (1). These la rge  devices have been 
found to behave  s imi la r ly  to 1 ~m channel  length  
IGFET's  in terms of damage  suscept ib i l i ty  and annea l -  
ing characteris t ics .  The resul ts  are  shown in Fig. 1 
which is a plot  of d ra in  current ,  ISD, VS. gate voltage,  
VG of these rad ia t ion  damaged  devices. Trace  1 shows 
the I - V  character is t ic  fol lowing rad ia t ion  damage and 
subsequent  1 arm hydrogen  anneal ing  at  400~ for 30 
rain. The s tate  of the device is here  represen ta t ive  of 
an as ye t  unknown level  of res idual  rad ia t ion  damage 
af ter  convent ional  annealing.  Trace  2 shows the 1-1/" 
character is t ic  af ter  inject ing 5 • 10 lz e lec t rons /cm 2 to 
neut ra l ize  such res idual  unannea led  posi t ive charge,  
and indicates  that  the res idual  posi t ive charge  fo l low- 
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Table I. Annealing studies of poly gated capacitors 

Post Metal* 
Wafer Annealing 
No. Conditions 

1 400~ 
20 min; SF 

2 " 

Flat- Std. Irradiate- Std. Flat- Std. 
band** Dev. Flatband Dev. Reannealing band Dev. 
(Volts) (Volts) (Volts) (Volts) Conditions (Volts) (Volts) 

-1 .087_  0.018 -2.581 0.246 N.A. -2.581 

-1.100 0.023 -2.627 0.263 N.A. -2.627 

0 . 0 0 7 2 0 4 0 0 ~  SF -1.264 0 . 0 1 ~  

0.015 - " -1.282 0.008J 

0.009 400~ -1.278 0.013'~ 
20 rain; SF 

0.010 " -1.248 0.024J 

0.023 ~ ' 3'~ 400 C ; F G  ;50atm; -1.066 0.01 

/ 20 min; HPS 

0.008 " -1.053 0 .014[  
/ ,  

0.003 " -1.007 0.011~ 

/ 
0.024 " -1.032 0 .040J  

3 " -1.132 

4 " -1.115 

5 " -1.101 

6 " -1.099 

7 " -1.142 

8 " -1.128 

9 o 400 C;FG ;50atm; -0.965 
20 min; HPS 

10 " -0.974 

Avg. 
Flat- Std. 
band Dev. 
(Volts) (Volts) 

0 3 -2.604 0.250 

-1.273 0.013 

-1.263 0.024 

-1.040 0.032 

*FG = Forming Gas; 10% H 2 - 90% N 2 

FG' = Forming Gas; 10% H 2 - 90% Ar 

SF = Silicon Facility 

HPS = High Pressure System 

*'12 capacitors measured on each wafer 

ing conventional  annea l ing  was equivalent  to approxi-  
mate ly  115 mV, based on the magni tude  of the ob- 
served threshold shift be tween traces 1 and 2. The 
range observed on such devices was 90-136 mV. Trace 
3 shows the I-V characteristic after inject ing an addi-  
t ional 1 X 1016 electrons/cm2 to part ial ly fill neut ra l  
traps. The neut ra l  traps that  are filled at this inject ion 
level, based on the earlier cited work (1), have cross 
sections greater than 10 -15 cm2. The observed shift be- 
tween traces 2 and 3 indicates some 200 mV of residual  
neu t ra l  trap equivalent  have been filled. 

A companion wafer  was given the same radiat ion 
damage treatment ,  followed this time by a 400~ 30 

50 

25 

2O 

10 

I I I 

- 0 400~ H9 30rnin 
@ 5 x 1013 e/c~m 2 

Ixl016 e/ern 2 

0 0.2 0.4 0.6 1.6 

I I I I 

@ 

I I I 
0.8 1.0 1.2 1.4 

v G Ivl 

Fig. 1. Drain current vs. gate voltage following hot electron in- 
jection in a 1 atm hydrogen annealed device. 

min, 50 atm forming gas anneal.  The results obtained 
with identical  electron inject ion procedures are shown 
in  Fig. 2. It  is seen that <20 mV of residual  positive 
charge equivalent,  and some 80 mV of residual  neu t ra l  
trap equivalent  have been filled, traces 2 and 3, respec- 
tively. The range of the positive charge equivalent  was 
from approximately 12 to 18 mV, and that  of the neu-  
tral  traps from 80 to 100 mV. Both of these levels are 
quite acceptable from a device design point  of view. In  
the absence of radiat ion damage, similar devices show 
<5 mV of positive charge equivalent  and some 50 mV 
of neut ra l  traps with cross section >10 -15 cm2.1 

The small  threshold differences on injected samples 
seen between Fig. 1 and 2 are due to normal  oxide 
thickness variations, and normal  wafer  resistivity 
variations obtained by  us on these devices. 

Finally,  one addit ional  piece of per t inent  informa-  
tion was obtained to support  fur ther  the capacitor 
and IGFET results cited above. On 1 ~m E-beam l i th-  
ographically delineated device wafers, two identical 
radiat ion damage test device structures were incorpo- 
rated. Their  channel  lengths, 10 ~m, were identical, bu t  
the metal  contact locations to them were different: In  
one of them, device A, the source drain  contacts were 
close to the  gate region, <2 ~m, while in  the other, 
device B, they were far ther  away, 12.5 ~m. Conse- 
quently,  in  metal  interconnect ion delineation E-beam 
lithography, the scattered E-beam dose seen by the 
device A gate insulator  was considerably greater. Fol-  
lowing hydrogen anneal,  device A showed a threshold, 
VT, of 0.700V, while device B showed a ~,Zw Of 0.735V. 

1 I t  should be no ted  tha t  f r o m  a des ign  point  of v iew the  posi- 
t ively  c h a r g e d  t raps ,  because  of t h e i r  l a rge  cross section,  pose  by  
-far  the  mos t  ser ious  l o n g - t e rm  device  s tabi l i ty  p rob lem.  T h e  much  
smal le r  n e u t r a l  t r aps  only fill a f t e r  t hese  posi t ive t r aps  a r e  neu- 
tralized, since the  probabi l i ty  of t r a p p i n g  is p ropor t i ona t e  to the  
cross-sectional  a r ea  of the  t rap .  
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This indica ted  g rea te r  res idual  unannea led  rad ia t ion  
damage in the  device A structure.  However ,  af ter  a 50 
a t m  anneal  in forming gas for 20 rain, the device A 
threshold  shif ted 50 mV to 0.750V, whi le  the less dam-  
aged device B threshold  shif ted I5 mV to 0.750V, our  
design va lue  for  such a device. 
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The  high pressure  anneal ing  technique appears  to 
provide  a prac t ica l  solut ion for  process induced rad i -  
a t ion damage removal ,  and is being inves t iga ted  fu r -  
ther  as a funct ion of anneal ing  pressure ,  t ime, and  
t empera tu re  

Acknowledgments 
The authors  wish to thank  B. L. Crowder  and C. M. 

Osburn for thei r  helpful  discussions, as wel l  as S. K. 
Lai  and F. L. Pesavento  for provid ing  in ter face  s t a t e  
measurements .  

Manuscr ip t  submi t t ed  Oct. 27, 1980; rev ised  m a n u -  
script  received ffan. 13, 1981. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cusmon Section to be publ ished in the  June  1982 JOVR- 
NAL. Al l  discussions for  the June  1982 Discussion Sec-  
t ion should be submi t ted  by  Feb. 1, 1982. 

Publication costs o5 this article were assisted by IBM 
Corporation. 

REFERENCES 
1. 5. M. Aitken,  IEEE J. Solid State Circuits, so-14, 294 

(1979). 
2. H. N. Yu, A. Reisman, C. M. Osburn,  and  D. L. 

Critchlow, ibid., sc-14, 240 (1979). 
3. T. H. Ning, J. Appl. Phys., 49, 4077 (1978). 
4. R. H. Dennard  and F. I-L Gaensslen,  IEEE J. Solid 

State Circuits, sc-14, 247 (1979) 
5. B. E. Deal,  IEEE Trans. E}ectron Devices, ed-ZT, 

606 (1980). 

Salt Water Vapor Interactions 
Using the Piezoelectric Effect 

D. W. Rice* and P. Peterson 
IBM Corporation, General Products Division, San Jose, California 95193 

The chemis t ry  and physics  of sal t  and  w a t e r  vapor  
in teract ions  p lay  an impor t an t  role  in many  pract ica l  
problems.  Wate r  soluble salts on meta l  surfaces can 
signif icant ly accelera te  the meta l ' s  corrosion ra te  (1). 
Sa l t  par t ic les  form the nuclea t ion  sites for ra indrop  
fo rma t ion  (2) and are used in cloud seeding exper i -  
ments  (3). Fer t i l i ze r  s tab i l i ty  in humid  environments  
is a subjec t  of some concern (4). Electronic  device fa i l -  
ure  is of ten  associated wi th  the in terac t ion  of wa te r  
vapor  and surface salt  res idues (5). 

The  in terac t ion  of wa te r  vapor  wi th  sal t  par t ic les  
can be descr ibed by  three  wa te r  vapor  pressure  (PHfO) 
regimes.  A t  low P•2o, the HfO molecule  phys ica l ly  ad -  
sorbs on the sal t  surface sometimes in clusters (6),  
but  does not  form stable  bulk  hydrates .  At  i n t e rmed i -  
ate PH2O, for  salts wi th  mul t ip le  hydra tes ,  s o l i d - s o l i d  
hydra t ion  react ions  wi l l  be observed in addi t ion  to 
phys ica l  adsorpt ion.  Final ly ,  at  h igh PH20, a sal t  solu-  
t ion wil l  be in equ i l ib r ium wi th  wa te r  vapor.  App l i ca -  
t ion of the phase rule  teaches us tha t  PHfO is i nva r i an t  
when  th ree  phases are  presen t  at  a fixed t empe ra tu r e  
for  a two component  system. Th i s  wi l l  be the  case 
when  two solid hydra tes  and wa te r  vapor  are  present  
or when  a solid, sa tu ra ted  solut ion and wa te r  vapor  
are  present ,  

This note discusses the use of a piezoelectr ic  quartz  
osci l la tor  to measure  wate r  vapor  and sal t  in teract ions  
for smal l  quant i t ies  of wa te r - so lub le  salts  on gold sur -  
faces. The ma jo r i t y  of resul ts  focus on the equi l ib r ium 
PH2o when  a sa tu ra t ed  sa l t  solut ion and solid sal t  (or  
hydra t e )  a re  present .  The re la t ive  humid i ty  at  this 
equ i l ib r ium is of ten re fe r red  to as the cr i t ical  re la t ive  

Key words: environment, adsorption, inorganic, corrosion. 

humidity (CRH). Large quantities of water are ab- 
sorbed at this relative humidity and the salt dissolves. 

The advantage of the piezoelectric microbalance, in 
addition to its comparative ease and simplicity, is its 
10 -s g/cm 2 sensitivity (7). Furthermore, because of 
the small amount of material required for a mass mea- 
surement, the response time is very fast (<10 sec) 
compared to powder beds (0.5 -~ 4 hr) (8). The 
piezoelectric technique has proven itself as a valuable 
tool in pressure, molecular weight, and mass measure- 
me nts as demonstrated by Stockbridge (9). Important 
improvements in quartz cutting and piezoelectric the- 
ory (10) have broadened the potential of the method. 
Adsorpt ion  i so therms (11), oxidat ion kinet ics  (12), 
evapora t ion  rates, and deposi t ion ra tes  (13) a re  among 
the more  common gas-sol id  in terac t ions  examined  by  
the technique. The l a t t e r  is the most  commerc ia l ly  
exploited.  

Experiment 
Two A T - c u t  quar tz  c rys ta ls  wi th  gold surface elec-  

t rodes were  moun ted  in a 100 cm 3 Py rex  glass chamber  
wi th  the associated f requency  sensing and dr iver  elec-  
tronics. Commerc ia l ly  ava i lab le  evapora t ion  ra te  moni -  
tor ing equipment  was used for these measurements .  
The par t ia l  pressure  of wa te r  vapor  was increased or  
decreased in the chamber  at  a ra te  of 0.15 T o r r / m i n  
(0.75% RH /min )  at  23.0~ High pur i ty  n i t rogen w a s  
used a s t h e  reference  ca r r i e r  gas and the pa r t i a l  p res -  
sure  of wa te r  was measured  by  the dew point  method  
(14). The toCal pressure  was 740 _+ 20 Torr.  F igu re  1 is 
a schematic  of the exper imen ta l  setup. 

The exper imen ta l  p rocedure  involved,  first, es tab-  
l ishing a reference resonant  f requency  of the  g o l d -  
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high purity 
nitrogen 

humidifier 
(500 cm 3) 

dilution volume 
(42100 cm 3) 

"Pyrex" adsorption 
chamber (100 cm 3) 

~ ~176 

Fig. 1. Experimental setup of salt-HzO adsorption 

coated quartz oscillator at a PH2o < 0.4 Torr  (<2% 
RH) in  high pur i ty  nitrogen. A solution of water-sol-  
uble reagent  grade sal't was then added to the gold sur-  
face from a micropipette which contained a known 
concentrat ion of salt. Both the amount  and area could 
be easily varied by  this method. The solution was then 
dehydrated to less than 2% RH and the new resonant  
frequency established. The weight /cm 2 actually added 
was used to determine the sensit ivity factor, K, for 
the quartz crystal in the equation: M / A  (weight /cm 2) 
-- K . t h  (thickness in  angstroms on the digital read-  
out) .  The sensit ivity factor was 0.021 _ 0.005/~g/cm 2 A 
for the salts in  this study. The next  step in  the pro-  
cedure was to increase the P~2o slowly (0.15 T o r r /  
rain) and measure both the weight of water added, 
ei ther adsorbed or absorbed, and the rate of H20 addi- 
tion. The PH20 was then decreased slowly. 

In  separate experiments,  the time necessary to 
achieve an equi l ibr ium mass when the P ~ o  was in-  
s tant ly  stepped from 0.4 Torr  to 10.5 Torr  or 21 Tor t  
was determined to be 1 and 7 sec, respectively, for 10 
/zg of NaC1 on the Au surface. These are very rapid 
response times in  comparison to both the Ps2o scan 
rate  (0.15 Tor r /min )  and powder bed response times 
which are the order of hours. 

Results and Discussion 
Figure  2 shows a typical adsorption isotherm for 

NaC1 (26/~g/cm 2) on the gold-coated quartz piezoelec- 
tric crystal. The region of physical adsorption shows 

3.0 60 

j f  ~ 

i 4aCl(s) + H20 (g) ~ N 

~1.0 20 
~ BET fit a 

' '. l I i I 
20 4m0 ~0 80 100 

~P x 100 
Po 

Fig. 2. Water adsorption/absorption (/~g/cm 2) vs. percentage 
relative humidity (P/Po X 100), t = 23~ HP nitrogen. 

comparatively small quanti t ies of adsorbed water. The 
data was fit to a Brunauer ,  Emmett ,  and Teller (BET) 
isotherm o.ver the P/Po (RH) range 0.02-0.5. The cal- 
culated heat of adsorption is 12.5 kcal /mol  based on a 
heat of vaporization of 10.6 kcal /mol  for water. Mono- 
layer  coverage occurs at 17% RH and the true surface 
area, Z, of the adsorbing surface is 6.8 cm 2 based on a 
water molecule area on the surface of 10.5 • 1016 cm 2. 
The true area is therefore 6.8 times greater than the 
projected area of 1 cm 2. Kanazawa et at. have esti- 
mated monolayer  coverage to occur at 7-9% RH from 
surface conductivi ty measurements  (15). This value 
is less than our work, bu t  demonstrates that in either 
case monolayer  coverage occurs at comparatively low 
relative humidities. Hall and Tompkins have shown 
that  heats of H20 adsorption on both soluble (16) and 
insoluble (17) salts is 11-13 kcal /mol  for a coverage, 
0, greater than 0.1 (10%). This is in  good agreement  
with the above value for NaC1. Papee and Laidler have 
measured the heat of adsorption by calorimetric meth-  
ods (18). They calculate ~Haa = 36 kcal/mol,  but 

state that this is too high for physical adsorption. Sur -  
face area changes are speculated to result  in these high 
heats by  the authors. 

The PH20 will reach a value that represents the equi-  
l ibr ium part ial  pressure above saturated NaC1. At this 
pressure, shown at the r ight  of Fig. 2, large quanti t ies 
of HzO are absorbed unt i l  saturated NaC1 is achieved. 
Note the sharp increase in mass. 

A similar analysis of the physical adsorption iso- 
therm was performed on LiC1, KC1, and RbC1. The 
summary  is given in Table I. 

Figure 3 shows some typical H20 mass increase vs. 
PH2O curves for simple salts that  do not form solid hy-  
drates. Optical observation of the surface indicated 
that the peak in the curve is identical with the onset 
of solution formation. Also, the rate of H20 pickup 
drops precipitously at the peak. The reason for a peak 
instead of a more subtle change in slope is not clear. 
One would expect that the amount of water should 
continue to increase above the solid-liquid vapor in- 
variant pressure. The pressure would control the salt 
concentration and hence more water should deposit to 
decrease the salt concentration as PH20 increases. The 
peak most likely results from a local area increase 
around each surface solution nucleation site that re- 
sults in a decrease in the mass per unit area. Data be- 
yo.nd the peak cannot be used until one understands 
the cause for apparent reduction in mass. The peak 
helps identify more precisely the equilibrium PH20 in 
the 3-phase system. Sodium iodide is the most complex 
of these salts. Significant quantities of H20 were ad- 
sorbed before actual solution of the salt was observed. 

Table II lists the equilibrium PH2O above saturated 
salt solutions (3-phase region) measured for the al- 
kali halides in this study, the critical relative humidity, 
and other literature values. 

The transi t ion metal  chlorides general ly  have many  
hydrated forms. The weight-pressure curves in  this 
study were more complex than the alkali  metal  hal-  
ides. Figure 4 shows some representat ive plots of 
weight increase vs. PHaO. For Fe, Co, and Ni chlorides, 
two pressure arrest  points were observed. For NiC12 

Table I. Summary of heats of H20 adsorption, RH (P/Po) at 
monolayer coverage, and true surface area, Z, for 1 cm 2 

projected geometric area of alkali metal chlorides 

AHa~ P/Po at Z (cm s) 
(kcal/ monolayer (H~O adsorp- 

Salt tool) coverage tion area) 

LiC1 11.2 0.36 11.9 
NaC1 12.8 0.17 6.8 
KC1 12.2 0.20 10.1 
RbC1 12,1 0.19 6.5 



Vo/. 128, No. 7 P I E Z O E L E C T R I C  E F F E C T  1621 

Table I I .  Summary of water Vapor pressure (PH2o) in equilibrium with saturated salt solutions (23~ 
and associated critical relative humidity (% RH crit) 

% RH erit % RH crit % RH crit % RH crit 
Salt PH=O (23~ (This study) (Literature) Salt P~=o (23~ (This study) (Literature) 

LiC1 1.9 9 15 (18) 
NaF 21 100 97 (18) 
NaCI 17.1 81 75 (15) 
NaBr 162 51 56 (19) 
NaI 8.1 39 50.4 (18) 
KC1 19.2 92 86 (20) 
KBr 18.6 89 82 (15) 
KI 15.5 ?4 68 (15) 
RbC1 17.3 83 
NI-LCI 16.5 79 78-80 (18) 
MgCl~ 6.5 80 - -  

MnCl= 9.5 46 
FeCl= 11.9 57 40-- 
CoCh 12.8 61 -- 
NiCI2 9.8 46 
CuCl~ 15.7 76 69"-- 

the pressures are 
reactions 

NiCI~.2H20 (s) + 

NiCl2.6HzO (s) + 

similar  to those measured for the 

2H20 ( g )  = N i C 1 2 . 4 H 2 0  ( s )  

H20 (g) = NiC12.xH20 

(saturated solution) 

The in termediate  solid-solid hydrate  reactions were not  
observed, which is indeed a puzzle. For example, we 
should have seen 

NiClz-4H~O (s) + 2H20 (g) = NiCl~-6H20 (s) 

Zinc, ferric, and calcium chloride showed no pressure 
breaks bu t  very  large adsorption of water: ZnC12 and 
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Fig. 3. Water weight increase vs. PH2O for simple salts, t = 
23~ HP nitrogen. 
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Fig. 4. Water weight increase of NiCI2, FeEl2, CoCI2, and 
CuCI= salts ys. Pro, o, Tort, t = 23 ~ HP nitrogen. 

Li~SO4 19 90 
Na~SO, 19 90 
CoSO~ 20.4 97 
NiSO~ 18.9 90 
CuSO4 (No break in curve) 98 (18) 
(NH4) ~SO~ 17.5 83 81 

FeCla are not stable in  the presence of water  v a p o r  
and wil l  yield HC1 and complex metal  oxyhydroxides. 
These products showed no distinct pressure break. 

The sulfates showed one pressure arrest  for the reac- 
t ion of the highest solid hydrate  with gaseous water  
vapor t o ' f o r m  a saturated sulfate solution. These are 
summarized in  Table II. We could not detect solid- 
solid hydrate  t ransformations for the sulfates even 
though they are known  to exist. 

Summary 
The piezoelectric effect can be used to measure  cri t i -  

cal relat ive humidit ies  for soluble salts as well  as 
physical adsorption isotherms. The heats of adsorption 
of LiC1, NaC1, KC1, and RbC1 were calculated from 
the BET isotherm to range between 11 and 13 kca l /  
tool. The technique could not  general ly  measure 
solid-solid hydrate  reactions except for the nickel, fer-  
rous, and cobalt  chlorides. 

Manuscript  submit ted Oct. 8, 1980; revised m a n u -  
script received Feb. 2, 1981. 

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be publ ished in  the June  1982 JOUR- 
NAL. All  discussions for the June  1982 Discussion Sec- 
t ion should be submit ted by Feb. 1, 1982. 

Publication costs of this article were assisted by IBM 
Corporation. 
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A Note on the Ability of CVD Polysilicon to 

Deposit Nearly Inaccessible Areas of IC Topology 
W. E. Ham,* M. S. Abrahams,* and C. J. Buiocchi 

RCA Laboratories, David SarnofI Research Center, Princeton, New Jersey 08540 

Abstract.--Cross sectional transmission 
electron microscopy (XTEM) samples having a 
cavity behind a thin microcrevice show sub- 
crystalline deposits of chemically vapor 
deposited (CVD) polycrystalline silicon in 
the cavity. The ability of CVD poly sili- 
con to migrate to extremely isolated areas 
of IC topology is thereby established. 
This data suggests the use of CVD poly 
silicon for different types of electrical 
and mechanical sealing applications. 

We have recently had the opportunity 
to observe - quite by accident - the phe- 
nomenal ability possessed by CVD silicon 
to deposit in remote, nearly inaccessible 
areas of IC topology in the initial phases 
of its deposition. In order to understand 
the TEM micrograph which shows the obser- 
vation, it is necessary to first describe 
the rather unusual conditions which lead 
to fabrication of the sample. 

The sample was made in an attempt to 
observe the similarity between thermal 
oxidation of poly silicon layers on bulk 
silicon and similar oxidations of silicon- 
on-sapphire structures. The silicon-on- 
sapphire observations have been published 
elsewhere (i). The basic idea was to de- 
posit a thin layer of poly silicon (5000 ~) 
(poly silicon I) (Fig. i) on a bulk silicon 
wafer which had been oxidized (thermal 
oxide I), and to subsequently oxidize the 
poly silicon (thermal oxide II). It was 
recognized that the silicon substrate would 
also oxidize during the poly oxidation if 
an oxidation barrier were not used under 
the poly silicon. Therefore, the structure 
shown in Fig. i was used; the silicon ni- 
tride was intended to provide the oxidation 
barrier. 

The deposited oxide layer (see Fig. i) 
was defined using standard photolithographic 
methods and chemical etching. After strip- 
ping the photoresist, the poly silicon was 
etched in a K0H solution in a manner typi- 
cally used for silicon-on-sapphire epi 

*Electrochemical Society Active Member. 

layers. At this point the usual procedure 
is to strip the deposited oxide in a strong 
HF solution and this was done, It was later 
found that this oxide stripping process also 
etched the Si3N 4 layer and the thermal oxide 
under the Si3N 4. This left the sample in a 
condition similar to that shown in Fig. 2. 
Fig. 2 is a reasonable guess only. 

The thermal oxidation of the poly sili- 
con (thermal oxide II) was done at 900~ in 
HCl/steam for 50 minutes. This oxidation 
also oxidized the exposed bulk silicon (see 
Fig. 2). After this oxidation, a very thick 
(~ 5 ~m) layer of poly silicon (poly silicon 
II) was deposited in order to outline the 
oxide. Both poly silicon layers were deposi- 
ted at atmospheric pressure by silane decom- 
position in H 2 at ~ 700~ The result of 
this procedure is shown in Fig. 3, which is 
a cross sectional transmission electron mi- 
crograph of the ~inal structure (2). It is 
clear from Fig. 3 that the thermaloxidation 
II has caused the silicon nitride ledge to 
become bent and depressed at its outer edge 
to the point where it is essentially resting 
on the thermal oxide II growing from the 
bulk substrate. The basic causes for this 
downward bending are not clearly understood 
but are not critical to the phenomenon being 
addressed in this note. This structure 
leaves a microcrevice between the Outer edge 
of the silicon nitride layer and the thermal 
oxide I! grown from the bulk substrate. A 
space exists immediately below the silicon 
nitride ledge which is partially filled with 
poly silicon from the deposition of the thick 
poly layer (poly silicon II). 

The important point in this note is that 
the poly silicon in this space had to be 
transported through the microcrevice during 
the initial phase of the poly deposition be- 
fore complete coverage was achieved. It is, 
of course, possible that the microcrevice 
was slightly wider at points along the edge 
other than shown in Fig. 3 and that some 
lateral transport along the edge occurred. 
Regardless of this possibility, a phenomenal 
amount of silicon was deposited in this 
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nearly inaccessible region. CVD poly deposi- 
tions in areas having severe retrograde 
slopes have been previously shown to occur 
at the edges of SOS islands and silicon epi- 
taxy has been observed at the botton of deep 
grooves but the present observation is even 
more indicative of the penetrating ability 
of CVD poly silicon (1)(3). Low pressure 
depositions would probably enhance the ef- 
fect. 

This data suggests that perhaps CVD poly 
silicon can be used as a very effective seal- 
ant for many types of structural defects. 
This sealant could be of a mechanical or 
electrical nature depending on the applica- 
tion. 

As a point of further note, the upper 
part of the poly silicon edge exhibits a 
sharp point and thinned oxide after oxida- 
tion in much the same way as the silicon-on- 
sapphire (i). Another point of interest is 
the small-grained poly silicon adjacent to 
the silicon nitride layer. The consequences 
of such a layer were discussed previously (i). 

The authors thank E. M. Strouse for her 
expert sample fabrication and A. S. Buchholtz 
for his expert polishing and thinning of the 
samples. 
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Stabilization of n-Si Photoanodes to Surface 
Corrosion in Aqueous Electrolyte with a 

Thin Film of Polypyrrole 

Terje Skotheim, Ingemar Lundstr6m,* and Jiri Prejza 
Laboratory o~ Applied Physics, Link6pin,g Institute o] Technology, 581 83 Link6ping Sweden 

All n-type narrow band gap semiconduc- 
tor materials are susceptible to photoanodic 
decomposition in aqueous media. This has been 
the main impediment to the exploitation of the 
potential of electrochemical solar cells. 
Attempts at controlling the interracial charge 
transfer processes at semiconductor-liquid 
junctions by derivatization of the semiconduc- 
tor (I) or electrochemically growing thin po- 
lymer films on the semiconductor surface (2) 
and thereby preventing photoanodic corrosion/ 
oxidation have yielded encouraging results. 
Photoelectrochemical generation of conductive 
polypyrrole films on n-GaAs electrodes has 
been reported to result in substantial stabi- 
lity in organic based solvents (2). However, 
film peeling in aqueous media remains a prob- 
lem. We have studied the attachment of poly- 
pyrrole films to semiconductor surfaces and in 
this communication we describe a method for 
improving the adherence on n-Si by modifying 
the semiconductor surface with a 5A Pt film 
before the electrodeposition of polypyrrole. 

Electrodeposition of polypyrrole films 
on Au and Pt electrodes has been reported tol 
yield film conductivities up to 100 (ohmcm) 
(3-5). Deposition of polypyrrole on Pt elec- 
trodes results in extremely good adherence to 
the substrate and the films are difficult to 
remove by chemical means. This observation 
prompted us to study the adherence of poly- 
pyrrole films to n-Si surfaces modified with a 
thin Pt film. 

The semiconductor electrodes were 
0.5 mm thick single crystal wafers of n-Si 
(1,0,0) purchased from Wacker Chemic. They had 
a resistivity of 2.0 ohmcm and had been po- 
lished to 0.25 ~m. The electrodes were etched 
in 10% HF before use. Ohmic contacts were made 
with an In-Ga eutectic and the crystals were 
mounted with an epoxy on glass Slides. The 
5~ Pt film was deposited by a vacuum evapora- 

*Electrochemical Society Active Member. 
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tion source at a rate of IA-sec -I at 10 -7 
torr on the semiconductor substrates (at 
room temperature). Pt films of that thickness 
tend to form disconnected islands rather than 
continuous films. 

The photoelectrochemical generation 
of thin polypyrrole films on the Si surface 
was performed with a tungsten-halogen lamp 
(140 mW/cm~). The electrode potential was 
held constant at 1.0V vs. SCE (saturated calo- 
mel electrode). The monomer solution contained 
0.1M pyrrole and 0.1M Et h NBF 4 in acetoni- 
trile with I% water. ~eposition of polypyrrole 
on n-Si begins at 0.65V (SCE) vs. 0.8V on Pt 
electrodes. At lower voltages rapid oxide 
formation electrically passivates the n-Si 
anode. The thickness of the film was calculat- 
ed on the basis of the amount of ~arge passed 
assuming the same value (50 ~C cm per 
monolayer) as on Au electrodes. For the photo- 
electrochemical measurements the counter elec- 
trode was Pt (~5 cm~). 

In order to determine the stability 
of the n-Si/Pt/polypyrrole electrodes against 
photo-oxidation the short circuit photocurrent 
was monitored as a function of time. The 
thickness of the polypyrrole layer was gene- 
rally 100-250 monolayers. The medium was 
l~/I redox couple in aqueous KCI solution. 
D~ta are shown in Fig. I. The cell bowed no 
decay running continuously for 6 d~ s at 
~9 mA cm . The experiment was then inter- 
rupted and the cell irreversibly damaged at a 
current density of 35 mA/cm ~. For comparison 
a n-Si/Pt cell without polypyrrole decays in 
about 4 hours with an initial current density 
7% higher. The somewhat lower current density 
for the n-Si/Pt polypyrrole cell is probably 
due to absorption in the slightly brown poly- 
pyrrole film. A n-Si/polypyrrole cell without 
Pc surface modification decays in a few minu- 
tes in this medium and with an initial photo m 
current 36% of the value for n-Si/Pt/poly- 
pyrrole. A bare n-Si photoanode decays in 
~I min in this medium and the initial tran- 
sient photo current is only 25% of n-Si/Pt/po- 
lypyrrole value. This is surprising as the 
cell without polypyrrole coating would be ex- 
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pected to have contributions from the photo- 
oxidation current as well. This difference in- 
dicates efficient electron transfer across the 
interface and decreased rate of carrier recom- 
bination for polypyrrole coated electrodes. 

The open circuit voltage was measured 
for a range of redox couples and was found to 
vary only slowly with the redox potential. 

For the Fe(CN)F 4-/3- couple (0.08V vs. SCE) V 
O ~ .. OC 

was 345 mV and for-Ce~+/~(1.33V vs. SCE) it 
was 425 mV with 140 mW/cm ~ illumination. This 
slow variation of V with the redox potential 
indicates substanti~ fermi level pinning. 

Fig. 2 shows a current voltage curve 
for a n-Si/Pt/polypyrrole cell in an aqueous 
solution of 0.4M KI, 0.02M I o and 0.5M KCI un- 
der illumination of 60 mW/cm ~. The values are 
uncorrected for reflection and absorption in 
the electrolyte�9 Due to the cell construction 
the light passed through 3.5 mm of the solution 
which absorbed most of the light of wavelengths 
below 600 rim. The output characteristics are 
stable. 

These results show that one may be 
able to control the semiconductor - liquid in- 
terface with electroactive polymer films and 
substantially suppress photodissolution/oxida- 
tion. The present work indicates that it may 
be possible to modify the polymer/semiconduc- 

Fig. 
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I. Short circuit photocurrent for ~Si/Pt/ 
polypyrrole in aqueous 0.1M KI~ 
0.01M 12 and 0.1M KCI. The polypyrrole 
layer was 250 monolayers thick, lllu- 
mination was by tungsten halogen 
lamp at 75 mW/cm ~. 

tor interaction to produce a sufficiently 
rugged interface for a practical electroche- 
mical solar cell. The conversion efficiencies 
observed in our rather crude test cell are 
also encouraging. 
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Chemically Deposited CdSe Thin Films 
for Photoelectrochemical Cells 

Dexter R. Pratt, Margaret E. Langmuir,* Robert A. Boudreau, and R. David Rauh* 
EI C Laboratories, Incorporated, Newton, Massachusetts 02158 

The chemical deposition of thin films of 
CdSe on glass, copper, Si, and Ge substrates 
has been studied in detail by Kainthla, Pandya, 
and Chopra (I). We have appliedthis method 
to the preparation of thin CdSe films on tita- 
nium foil substrates for use in photoelectro- 
chemical cells. The method does not require 
expensive capital equipment and can be scaled 
up to large electrode areas without problems 
of edge effects that one encounters in electro- 
deposition methods. 

The principle of the deposition process 
is to provide a slow generation of Cd(II) and 
Se -2 ions such that the solubility product of 
CdSe is just exceeded. Growth of CdSe films 
then occurs preferentially on surfaces with a 
similar crystal structure where the free energy 
change of nucleation is small, thereby facil- 
itating nucleation on the substrate as opposed 
to nucleation in the bulk solution. 

The selenide ion concentration is con- 
trolled by the following equilibria: 

SeSO32- + OH- ~ SO42- + HSe- 

HSe- + OH- ~ H20 + Se 2- 

Cd(II) ion is complexed with ammonia, present 
in large enough concentration to prevent its 
precipitation as Cd(OH) 2. The overall reaction 
is therefore: 

2+ 2- - 
Cd(NH3) 4 + SeSO 3 + 20H 

CdSe + 4NH 3 + SO42- + H20 

The equilibria for both ions are temperature 
dependent and therefore the growth rate may be 
controlled by the bath temperature. The reac- 
tion of Se 2- with dissolved oxygen to give Se 
and the precipitation of CdSe in the bulk 
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solution are competing processes which must be 

minimized. 

Titanium wire was spot-welded to one side 
of 1 cm 2 titanium foil substrates, and the 
assembly subsequently degreased in chromic 
acid and rinsed in distilled water. The sub- 
strates were dipped in a nitrogen or argon 
purged bath containing 0.05M Cd(Ac)2, 0.05M 
Na2SeSO3, and 2.1MNH4OH and maintained at 
77~ for 60 to 90 minutes. After plating, the 
films were rinsed with distilled water, dried, 
and annealed. The annealed films appeared 
uniform, adherent, and specularly reflecting. 
The photoelectrochemical activity of the elec- 
trodes was evaluated in a three-electrode cell 
containing aqueous polysulfide electrolyte 
(IM Na2S , IM S, IM NaOH). 

The effect of annealing temperature was 
studied by maintaining the substrates at the 
given temperature for four hours in argon 
atmosphere. Figure 1 shows the results from 
temperatures from 350~ to 600~ The simi- 
lar symbols indicate substrates coated in the 
same batch. At 600~ the films evaporate 
exposing the substrate, as evidenced by 
metallic behavior and no photoresponse when 
tested by current-voltage measurements under 
dark and light conditions. For films annealed 
4 hours in argon, ~500~ produces the optimum 
photoresponse. Air annealing has been shown 
to be beneficial for CVD prepared CdSe films 
on titanium (2). Therefore we have annealed 
some of our films in air. Those air annealed 
at 600~ for 7 minutes perform as well as those 
annealed 4 hours in argon at 500~ 

Surface treatment of the chemically de- 
posited films increases their photoresponse 
much as one observes with single crystal 
n-CdSe (3) and painted CdSe films (4). The 
following etch and ion treatments have been 
used: 

A - Dip in 10M HCI for 2 to 3 sec 
followed by distilled water 
rinse and air dry. 

1627 



1628 J. Electrochem. Soc.: ACCELERATED BRIEF COMMUNICATION July 1981 

B - Treatment A followed by i0 sec 
dip in 2M ZnCl2, partial rinse 
in distilled water, and air dry. 

C - Treatment A followed by i0 sec 
dip in 2M Na2Cr207 and rinse 
in polysulfide electrolyte. 

D - Dip in 6M HC1 saturated with 
sulfur for 2-3 sec followed by 
distilled water, rinse and air 
dry. 

Figure 2 shows half cell photocurrent-voltage 
curves for electrodes given various surface 
treatments and tested in aqueous polysulfide. 

Based on weight gain of the substrates, 
we calculate a terminal film thickness of 
about 0.4 micron for most substrates, although 
some substrates have been coated 1 micron 
thick. Optimization of deposition conditions 
may produce even thicker coatings. We have 
demonstrated that it is possible to add 
successive coatings to increase thickness. 
Figure 3 demonstrates the effect of increasing 
thickness of the deposit by two successive 
coatings. The short circuit photocurrent is 
increased significantly, probably due to 
increased absorbance of the incident light by 
the thicker film. The dashed line, B, is for 
an electrode with two coatings given successive 
etch treatments D and B. For the latter elec- 
trode, a light to power conversion efficiency 
of 2.7% at 67 mW/cm2 Xe arc excitation has 
been achieved. Since Xe arc excitation is 
rich in sub-bandgap radiation compared to 
solar excitation for CdSe, we expect the 
performance of this electrode to be even better 
under AM2 conditions. 

We are very encouraged by our initial 
results with chemical deposition of CdSe films 
on titanium substrates for use in photoelectro- 
chemical cells. Additional experiments to 
relate process variables to cell efficiencies 
are now in progress. 
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Information Sources for Superconductors 
Charles W. Moulton* 

ChemicM Abstracts Service, Columbus, Ohio 43210 

The overa l l  subject  of superconduc t iv i ty  and super -  
conduct ing dev i ce s - - r a the r  l ike  a l l  G a u l - - c a n  be d i -  
v ided into th ree  more or  less dis t inct  areas  of in teres t :  
(i) superconductivity as a fundamenta l  physical  phe-  
n o m e n o n - t h e  domain  of the physicist ;  (ii) supercon- 
ductors as m a t e r i a l s - - t h e  domain  of the  chemis t  and  
the meta l lurg is t ;  and (iii) applications of superconduc-  
t iv i ty  a n d  supe rconduc to r s - - t he  domain  of the elec-  
t r ica l  engineer.  

In format ion  sources for superconductors  a re  dis-  
cussed here  p r i m a r i l y  f rom the s tandpoin t  of ma te r i a l  
scientists,  chemists  and  chemical  engineers ,  me ta l l u r -  
gists, e lect r ica l  engineers,  and chemical  a n d  eng ineer -  
ing physicists.  Severa l  abs t rac t ing  organizat ions,  as 
wel l  as a number  of special ized informat ion  centers,  
a re  described.  Chemical Abstracts and its re la ted  ser -  
vices are  also used as examples  of secondary  l i t e ra tu re  
sources. 

Information Services 
The br ief  discussion tha t  follows on organizat ions 

tha t  furnish  i n fo rma t ion  on superconductors  cannot be 
i n  any  w a y  exhaust ive,  bu t  is in tended to r ep resen t  the  
ma jo r  types  o f  the  var ious  services tha t  are  ava i lab le  
to the scientist  searching for informat ion  about  super -  
conductors  (1). 

1. The Amer i can  Ins t i tu te  of Physics  began  in J a n -  
ua ry  1979 an associat ion wi th  the Deutsche Phys ika l -  
ische Gesel lschaf t  and the Fach in format ionszen t rum 
Energie,  Physik,  Ma thema t ik  to publ i sh  Physics Briefs 
(PB) as a successor to the  long-es tab l i shed  Physikal- 
ische Berichte. PB, which  is publ i shed  in English in the 
Fede ra l  Republ ic  of Germany ,  emphasizes the l i t e r -  
a tu re  of physics.  

2. The Amer ican  Society  for Metals  (ASM) and the  
Metals  Society  of London cooperate  to produce Metals 
Abstracts in the special ized area  of me ta l l u rgy  and the 
physics,  chemistry,  and eng inee r ing  of meta ls  and a l -  
loys. Re la ted  ASM services incIude Metal Abstracts In- 
dex, Alloys Index, and the ASM Digest Series. There  
are  also the t ape  services Metalert for cur ren t  aware -  
ness, and Metadex, which is Metals Abstracts Index on 
tape. ASM also cooperates  wi th  o ther  societies th rough-  
out  the  wor ld  to produce  World Aluminum Abstracts. 

3. Cambr idge  Scientific Abstracts ,  Incorporated,  pub-  
lishes Electronics and Communicatio,ns Abstracts Jour- 
nM, Science Research Abstracts Journal, and Solid 
State Abstracts Journal, all  of  whch contain in forma-  
t ion on the physics a n d e n g i n e e r i n g  of superconductors .  

4. The Chemical  Abst rac ts  Service divis ion of the 
Amer ican  Chemical  Society  produces  a wide range  of 
services, including Chemical Abstracts, tha t  direct  the 
scient is t  to sources of informat ion  about  superconduc-  
tors in the  p r i m a r y  l i te ra ture .  These services wil l  be 
discussed in g rea te r  de ta i l  below. 

5. Engineering Index emphasizes engineer ing and 
engineer ing  physics. In  addi t ion to the pr inc ipa l  EI  

* Electrochemical Society Active Member. 
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abs t rac t  and index publicat ions,  there  are  ava i lab le  
Energy Abstracts and the  c o m p u t e r - r e a d a b l e  file, 
Compendex. 

6. The INIS Atomindex of the  In te rna t iona l  Atomic  
Energy  Agency  emphasizes nuc lear  science and tech-  
nology. A tape  file is avai lable .  

7. The Ins t i tu te  of Science Informat ion  has a wide -  
ranging  a r r a y  of services. These include, in the Cur- 
rent Contents series, Physical and Chemical Sciences 
and Engineering, Technos and Applied Sciences. Al- 
so avai lab le  are  Science Citation Index, Index to Sci- 
entific and Technical Proceedings, and the tape files 
Scisearch and Ascatopics. 

8. The Ins t i tu t ion  of Elec t r ica l  Engineers  of London, 
th rough  its In format ion  Service  in Physics,  E lec t ro-  
Technology and Control  ( INSPEC) ,  produces  Electri- 
cal and Electronics Abstracts and Physics Abstracts, as 
wel l  as cu r ren t -awareness  journa l s  based  on t i t les  
alone. The INSPEC da ta  base is ava i lab le  on magnet ic  
tape. 

In  addi t ion to these pa r t i cu la r  i tems tha t  have been 
mentioned,  these services genera l ly  provide  var ious  
other  types  of publicat ions,  tape  files, and microform 
copies. 

Information and Data Centers and Online Services 
Another type of information source, the information 

and da ta  centers,  wi l l  now be briefly discussed. Four  
that  compile  in format ion  on superconductors  from 
many  other  sources include:  

a. Al loy  Data  Center.  U.S. Nat ional  Bureau  of S tan-  
dards  in Washington,  DC. 

b. Cryogenic Data  Center.  US Nat ional  Bureau  of 
S tandards  in Boulder,  Colorado. 

c. Metals  and Ceramics In format ion  Center.  B a t t e l l e  
Memoria l  Ins t i tu te  in Columbus,  Ohio. 

d. Superconduct ive  Mate r ia l s  Data  Center.  Genera l  
Electric Company in Schenectady,  N e w  York. 

Of these, only  the GE Center  specializes in supercon-  
ductors  pe r  se. The others  process in format ion  on su-  
perconduct iv i ty  as an a l loy p r o p e r t y  or as an aspect  
of the  technology of cryogenics. 

Centers of this type may  include in thei r  holdings 
not  only ma te r i a l  se lected f rom the s t andard  p r i m a r y  
technical  l i te ra ture ,  but  also repor ts  of l imi ted  ava i l -  
abil i ty.  Some publ i sh  per iodic  cu r ren t -awareness  jour -  
nals in their  special ized areas,  as wel l  as b ib l iogra-  
phies, monographs,  and  compilat ions of numer ica l  data. 
They can provide  computer ized r e t r i eva l  and micro-  
form copies of documents  in the i r  fields. 

And  lastly,  there  a re  the  online services. Most of the  
abs t r ac t - index  files tha t  have been  descr ibed are  ava i l -  
able to the online searcher  th rough  the domestic  ven-  
dors such as the following: 

a. Bibl iographic  Re t r ieva l  Services,  Scotia, New 
York (BRS).  
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b. Lockheed Informat ion  Systems,  Palo Alto, Cali-  
fornia  (DIALOG).  

c. SDC Search Service,  Sys tem Deve lopment  Cor-  
porat ion,  Santa  Monica, Cal i fornia  (ORBIT).  

d. US Depar tmen t  of Energy,  Technical  Informat ion  
Center,  Oak Ridge, Tennessee (DOE/RECON).  

Online services are  also becoming es tabl ished through 
out  many  other  par t s  of the world,  including the fol-  
lowing: 

a. Canada Ins t i tu te  for  Science and Technology, Na-  
t ional  Research Council, Ottawa,  Canada (CISTI) .  

b. European  S p a c e  Agency,  Space Documenta t ion  
Inst i tute,  Frascat i ,  I t a ly  (ESA/RECON) .  

c. Japanese  Informat ion  Center  of Science and Tech-  
nology, Tokyo, Japan  ( J ICST) .  

Whi le  these l ist ings are  far  f rom complete,  they  are  
represen ta t ive  of the wide  range  of services available.  
Fo r  those wi th  online access, these services can provide  
ex t r eme ly  rapid,  efficient, and thorough searches of 
the technical  l i t e ra tu re  by  means of series of in te r re -  
la ted queries (known as search profiles in the j a rgon  
of the  t r ade ) ,  f ramed by  the  indiv iduals  who request  
the search. 

Fami l i a r i t y  wi th  the r e l a t ive ly  s imple mechanics of 
making  onl ine searches is so read i ly  mas te red  tha t  
anyone  can have  the sat isfact ion of obta in ing  his or  
he r  own informat ion wi thout  re ly ing on a l i b r a ry  staff 
or  spending long periods of t ime poring th rough  vol-  
umes of p r in ted  publications.  The online technique 
will, wi thout  a doubt,  become the normal  mode by  
which comprehens ive  searches of the scientific and 
technical  l i t e ra tu re  a re  car r ied  out. 

Superconductors in Chemical Abstracts 
The funct ion of a comprehensive  abs t rac t ing  service 

such as Chemical  Abs t rac ts  Service  (CAS) is to fu r -  
nish easy access to the p r i m a r y  technical  l i t e ra tu re  by  
provid ing  both abst racts  and the indexes to them. CAS 
directs the searcher,  both for cur rent  awareness  and 
re t rospect ive ly ,  th rough  its Collect ive Indexes,  to the 
research  papers,  conference proceedings,  books, and 
patents  that  r epor t  and discuss the  chemical  work  
car r ied  out  in the labora tor ies  and indus t r ia l  sites 
th roughout  the  world.  I t  does not  provide  e i ther  a r -  
chival  or  cr i t ica l ly  eva lua ted  compilat ions of data, nov 
does i t  judge  the in t r ins ic  va l id i ty  or mer i t  of the 
work  tha t  is repor ted;  such judgments  r ema in  the  r e -  
sponsibi l i t ies  of the users of the informat ion.  

Abstracts.--Information on superconductors  has ap-  
peared  in Chemical  Abs t rac ts  (CA) since shor t ly  a f te r  
its incept ion seven ty - two  years  ago. The first Decen-  
nial  Index to CA, covering the years  1907-1916, ca r -  
r ies four  references  to superconductors ,  the first ab -  
s t rac t  having  appeared  in 1914. This was jus t  three  
years  a f te r  Kamer l i ngh  Onnes'  epochal  papers  on the 
discovery of superconduct iv i ty  were  published.  In con- 
trast, in Issue 2 of Volume 90, da ted  Jan. 8, 1979, and  
covering jus t  one 2-week  period, the  researcher  wi l l  
find 28 abstracts  concerned wi th  superconductors  and 
superconductor  devices. 

A t  CAS documents  selected f rom some 14,000 jou r -  
nals and conference proceedings are  rou t ine ly  ab-  
s tracted.  These are, of cot~rse, p redomina te ly  chemical  
in nature ,  tha t  is, mate r ia l -o r ien ted .  But  large  numbers  
of these documents  over lap  with  cer ta in  areas  of phys-  
ics and engineering.  Fo r  superconduct ing mate r ia l s  in 
par t icu lar ,  many  of  the  journals  m o s t  f r equen t ly  ci ted 
would  no rma l ly  be  r ega rded  as devoted p r i m a r i l y  to 
physics and engineering.  

Most of the abst racts  of papers  and pa tents  tha t  dea l  
wi th  superconductors  can be found in a section of CA 
ent i t led  "Electr ic  Phenomena"  (Sect ion 76). This is the  
section that  is concerned most d i rec t ly  wi th  mater ia l s  
of in teres t  f rom the e lect r ica l  s tandpoint .  An ent i re  

subsection (8) is devoted to superconductors  and to 
superconduct iv i ty  as a mate r ia l  proper ty .  

However ,  var ious  appl icat ions  of superconductors  
can fal l  into severa l  o ther  sections, depending on the 
emphases of the studies; e.g., meta l lu rg ica l  aspects in 
CA Sect ion 56; magnets  in CA Sect ion 77, or, when  in-  
tended for par t ic le  accelerators  or  fusion reactors,  in 
CA Section 71; p lant  and l a bo ra to ry  appara tus  in CA 
Section 47; cer ta in  aspects re la ted  to power  genera t ion  
and t ransmiss ion in CA Sect ion 52 (2). 

F igu re  1 i l lus t ra tes  an abs t rac t  of a pape r  tha t  deals  
wi th  a superconduct ing mater ia l .  Included are  the CA 
access number  (volume and sequence numbers ) ,  the  
title, au thor  names and work  location, b ib l iographic  
data, language,  and f inal ly the  abs t rac t  text ,  which 
provides  a precis of the  content  of the document.  

Indexes.--The usefulness of a secondary  publ ica t ion  
depends to a considerable  ex ten t  on the  adequacy  of 
its indexing.  The content  of CA is indexed and cross- 
indexed  in a va r ie ty  of ways.  

The Keyword Index pr in ted  in each o f  the Abs t rac t  
Issues serves a cu r ren t - awareness  purpose,  d i rect ing to 
those abstracts  that  appea r  in the var ious  sections 
throughout  that  pa r t i cu la r  issue of CA deal ing with  a 
pa r t i cu la r  subject.  An  example  of entr ies  f rom this 
index is shown in Fig. 2. This is an a lphabe t ica l ly  a r -  
ranged,  pe rmuted  k e y w o r d - i n - c o n t e x t  (KWIC)  index,  
character ized b y  an uncontrol led  vocabu la ry  and an 
essent ia l ly  unar t i cu la ted  word  s t r ing  of res t r ic ted  
length,  se ldom more  than  four or  five words.  I t  is 
based ma in ly  on the t i t les and abstracts ,  and so is not  
an " in -dep th"  index to the  ent i re  contents of the docu-  
ments  abstracted.  

The Subject Index tha t  is associated wi th  each of the  
semiannual  volumes of CA has, on the  o ther  hand,  a 
control led vocabu la ry  insofar  as the  subject  headings  
and cer ta in  subordinate  detai ls  are  concerned. I t  also 
represents  a cons iderably  grea te r  dep th  of indexing.  
F igure  3 presents  some of the pr inc ipa l  subject  head-  
ings that  are  concerned wi th  superconductors .  For  the 
indexing of mater ia l s  in CA, we have found that  there  
is l i t t le  poin t  in t ry ing  to dis t inguish be tween  super -  
conduct ivi ty  as a phenomenon and those mate r ia l s  tha t  
d isp lay  i t  as a proper ty ;  the main  index heading  in the 

90: 65300a Superconductivity in the barium lead bismuth 
oxide, (BaPbl-ffiBixO3) system. Protasov, E. A,; Zaitsev-Zotov, 
S.V.i Venevtsev, Yu. N.; Bogatko, V. V. (Mosk. Inzh.-Fiz. 
Inst., Moscow, USSR). Fiz. Tverd. Tela (Leningrad) 1978, 
20(11), 3503-5 (Russ). The superconducting transition temp. 
and crit. magnetic fields of polycryst BaPbl-xBi~O3 were detd. as 
functions of compn. (x = 0.2-0.5). The magnetic field dependence 
of the resistivity of BaPbo.TBi0.303 showed hysteresis at _<5-10 
kOe and neg. magnetoresistance at higher fields. 

\ 

Fig. 1. Example Abstract 

K e y w o r d  I n d e x  

Supercond 
alkali tungsten bronze 65324m 
ferromagnetism layered system 65595a 
niobium germanium ion irradn 65312f 
tunneling spectroscopy 65289d 
vanadium silicide transition 64699a 

Ferromagnetism 
supercond layered system 65595a 

Niobium 
germanium supercond ion irradn 65312f 

Fig. 2. Keywsrd Index 



Vol. 128, No. 7 S U P E R C O N D U C T O R S  257C 

S u b j e c t  I n d e x  H e a d i n g s  I n d e x  G u i d e  

Superconductors 
Superconductor devices 
Cryotrons 

Magnets 

superconducting 

Electric cables 
superconducting 

Indium alloy 
Niobium, compounds 

compd, with tin (3: I) 

Vanadium silicide (V3 Si) 

Fig. 3. Subject Index Headings 

conceptual  sense is thus Superconductors .  But those 
documents  that  dea l  wi th  devices are  indexed 'under 
severa l  o ther  re la ted  headings.  Superconductor  devices 
is the  m a j o r  heading  of this type, whi le  cer ta in  types  
of devices tha t  receive  substant ia l  numbers  of index 
citat ions are  provided  the i r  own headings  (e.g., Cryo-  
irons, Magnets,  Electr ic  cables; note under  the  la t te r  
two headings  the a ler t ing  phrase  "superconduct ing") .  

Also i l lus t ra ted  in Fig. 3 a re  severa l  examples  of 
entr ies  for  superconduct ive  substances.  To faci l i ta te  
organiza t ion  of the index mate r i a l  for effective search-  
ing, the CA Subject Index is d iv ided into two par ts :  

1. The General Subject Index--for those index  en-  
tr ies  t h a t  a re  concerned wi th  scientific concepts, p rop-  
erties,  processes, types of appara tus ,  and classes and 
poor ly  defined substances;  and 

2. the Chemical Substance Index--for those entr ies  
tha t  are  devoted to specific substances (elements ,  com- 
pounds,  a l loys) .  

A n  example  f rom the Subjec t  Index  is shown i:a Fig. 
4. Brief  phrases  appear ing  under  the  heading state the  
contexts  of the studies, and a re  fol lowed by  the CA 
abs t rac t  numbers .  The code le t te r  R identifies a re -  
v iew paper ;  s imi lar ly ,  books are  coded wi th  a 13 and 
pa ten ts  wi th  a P. 

Indexing  policies tha t  re la te  to the Subject Index are  
documented  in an ad junc t  publicat ion,  the  Index 
Guide, in the  form of extens ive  genera l  in t roduc to ry  
descr ip t ive  ma te r i a l  and by  scope notes and cross- ref -  
erences. F igu re  5 presents  the  note and c ross - re fer -  
ences tha t  pe r ta in  to the heading  "Superconductors ."  

In  addi t ion  to the Keyword and Subject Indexes, 
there  is a f ami ly  of more  special ized indexes:  

(a) Author--an a lphabe t ica l  index to the authors  of 
documents  and to the inventors  and pa ten t  assignees in 
the  pa ten t  l i t e ra ture ;  

(b) Formula--an a lphanumer ic  index to molecular  
formulas;  

S u b j e c t  I n d e x  

Superconductor devices 

R 162101c 
bolometers,  bismuth, 92283x 
bridges, Josephson, from metal wires, 57449z 
junctions 

Josephson, indium-cadmium sulfide-lead, 201793b 
niobium, nitrogen implantat ion for, 181112y 
quantum interference 

from niobium-tin compd, films, 114118s 
from metal-oxide film structures, 181114a 

Fig. 4. Subject Index 

Superconductors 
Superconductivity is also indexed at this heading 
devices 

see such heading as 
Cryotrons 
Electric cables 

superconducting 
Magn e ts 

superconducting 

Superconductor devices 

Fig. 5. Index Guide 

(c) Ring Systems--an a lphanumer ic  index to t he  
component  r ings of cyclic compounds,  based on the 
numbers,  sizes, and e lementa l  composit ions of the 
rings. (This and the Fo rmula  Index  wil l  take on in-  
creasing significance wi th  the  burgeoning  in teres t  in 
potent ia l  organic superconductors . ) ;  

(d) Patent--a numer ica l  index of pa ten t  abstracts ,  
a r ranged  by  issuing nation;  

(e) Patent Concordance--a numer ica l  index tha t  in-  
ter l inks  those patents  that  have been  appl ied  for or  
g ran ted  in var ious  nations for  a pa r t i cu la r  invention;  
cross-references  re la te  to the CA abst rac t  numbers  for 
those ci tat ions tha t  had first appea red  in CA. 

These severa l  indexes  a l low access to the  content  of 
CA by  var ious  complemen ta ry  means, provid ing  search-  
ers wi th  considerable  f lexibi l i ty  in ca r ry ing  out  l i t e r -  
a tu re  sea rches .  Al l  of these indexes  are  compi led  for 
the semiannual  volumes of CA, and are  then incorpo-  
r a t ed  into the f ive-year ,  t en -vo lume  Collective Indexes. 
These indexes  provide  the  means for re t rospect ive  
searching, as dis t inct  f rom the cu r ren t -awareness  pu r -  
pose of the Keyword Index. 

Specialized services.--The hear t  of the CAS services 
remains  Chemical Abstracts itself, the p r in ted  Abstract 
Issues with  thei r  a t t endan t  indexes.  But in addit ion,  
there  is an a r r a y  of special  services made  ava i lab le  in 
various formats  for specialized purposes.  

Among the services avai lab le  in print ,  Chemical 
Titles is in tended  to  a l e r t  the r eade r  b y  document  t i t le  
to papers  in some 700 of the most impor tan t  journa ls  
of chemistry.  Bibl iographic  da ta  and author  and key -  
word  indexes  are  included.  Chemical Titles is also 
avai lab le  on magnet ic  tape; the file content  is the same 
as tha t  of the p r in ted  version. 

The Section Groupings provide  the total  content  of 
the CA Abstract Issues in five packages:  the b iochemi-  
cal, organic, macromolecular ,  appl ied  and engineering,  
and physical  and ana ly t ica l  groupings.  Complete  b ib l i -  
ographic  in format ion  is included,  as wel l  as the Key- 
word Index entr ies  for the  ent i re  issue f rom which  a 
pa r t i cu la r  grouping  is ext racted.  

"Energy  Reviews and Books" is a represen ta t ive  of 
a r e la t ive ly  new fami ly  of services, CA Selects. This is 
a p r in ted  cu r ren t - awareness  service, wi th  the b ibl io-  
graphic  in format ion  and abs t rac ts  for  those rev iew p a -  
pers  and  book t i t les  tha t  appea r  th roughout  CA dea l -  
ing wi th  the  genera l  topic of energy.  This publicat ion,  
along wi th  more  than  100 others  in special ized subject  
areas, was in t roduced to provide  an inexpens ive  cu r -  
r en t - awareness  service for  those who e i ther  des i re  a 
convenient ly  scanned, br ief  abs t rac t  journa l  o.r are  
unable  to re ly  o n  computer ized  informat ion retr ieval .  
The informat ion  prov ided  for these var ious  topics is 
ex t rac ted  f rom the CAS data  base by  computer ized r e -  
t r i eva l  based on customized search profiles. 

The  Abstract Issues and thei r  indexes  are  also ava i l -  
able  on microform, both as microfi lm and microfiche. 
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CA Search is a computer-readable  tape service, is- 
sued biweekly, that  the user can access through certain 
online servies. It  contains a compilation of the bibl i -  
ographic information,  Section and Subsection numbers,  
keywords, Registry Numbers  for specific substances, 
and the index entries that are subsequent ly  compiled 
for the semiannual  Subject and Formula lndexes. Ab-  
stracts are not included, bu t  are associated with the file 
content through the abstract  numbers  that  appear in  
the pr inted Abstracts Issues. CA Search is a merger  of 
what  had been provided by the previously available 
tape files CA Condensates (CACon) and CA Subject 
Index Alert (CASIA) (3). 

Summary 
A wide ar ray  of secondary informat ion sources is 

available to those scientists and engineers who are 
concerned with superconductors. These sources range 
from the t radi t ional  pr in ted services--abstracts,  i n -  
dexes, and various types of current -awareness  publica-  
tions, through the informat ion and data centers which 
can provide batch-mode retrievals,  to the expanding 
online services that provide access to a group of infor-  
mat ion files. These various types of services cover the 

gamut  in content  from the highly specialized (those 
data centers, for example, that  deal exclusively with 
superconductors) to those that  encompass near ly  all of 
the scientific li terature. The workers in  the fields of 
superconductivi ty and of superconducting materials 
and devices thus have many  valuable  sources to rely 
on for their  informat ion needs. 

Manuscript  received March 12, 1980. This was Paper  
405 presented at the Boston, Massachusetts, Meeting o f  
the Society, May 6-11, 1979. 

Any discussion of this paper  will  appear in  a Dis- 
cussion Section to. be published in  the June  1982 JOUR- 
NAL. All  discussions for the June  1982 Discussion Sec- 
tion should be submit ted by Feb. 1, 1982. 

REFERENCES 
1. For more detail on these and other informat ion sys- 

tems, see A. T. Kruzas, Editor, "Encyclopedia of 
Informat ion Systems and Services ,"  3rd ed., Gall 
Research Co., Detroit, Michigan. 

2. "Subject  Coverage and Ar rangement  of Abstracts 
by Sections in Chemical Abstracts," 1975 ed., 
Chemical Abstracts Service, Columbus, Ohio. 

3. The CAS database concept is described by R. E. 
O'Dette, J. Chem. Inf. Comput. Sci., 15, 165 (1975) ; 
Pure Appl. Chem., 49, 1781 (1977). 

Report of the Electrolytic Industries 
for the Year 19801 

E. J. Rudd* 

Diamond Shamrock Corporation, T. R. Evans Researc, h Center, Painesville, Ohio 44077 

W .  Bruce Darlington* 

PPG Industries, Incorporated, Industrial Chemica~ DivLsion, 
Corpus Christi Technical Center, Corpus Christi, Texas 78408 

Chlorine-Caustic Soda 
P r o d u c t i o n  a n d  c a p a c i t y - - A f t e r  an 11% increase in  

chlorine production in  1979 to 12 mil l ion tons per 
year, U.S. production increased only 4% in 1980 to 
12.5 mil l ion tons (1). Product ion capacity increased 
1.3% from 14.4 mil l ion tons per year  to 14.6 mil l ion 
tons (2). 

An estimate of the capacity of various U.S. pro- 
ducers is shown in Table I (3). 

Allied Chemical sold their last chlor-alkal i  p lant  
to Linden  Chemicals and Plastics (4). 

PPG Industr ies  completed a $150 mil l ion expan-  
sion of its chlorine a n d  caust ic  production at Lake 
Charles, Louisiana. The 350 ton per  day increase in 
chlorine capacity raises total  capacity of the p lan t  to 
3000 tons per day, while the caustic increase of 400 
tons per  day raises its capacity to 3400 tons per  day 
(5-7). 

FMC announced that  contrary to rumors, it  h a s  n o  
plans to shut  down its chlor-alkali  facility at Charles-  
ton, West Virginia (8). 

Hooker Chemical brought  on l ine at  Niagara  F a l l s  

* Electrochemical  Society Active Member. 
~This report is sponsored by the Industrial Electrolytic Divi- 

sion of The Electrochemical Society. It represents a summary  of 
the published information on production, plant capacities, con- 
sumption, marke~s and trends, prices, raw materials, new devel- 
opments,  health and environmental aspects in the electrolytic 
and related industries. 

The material  presented here in  has been obtained from many 
sources, as noted in the  list of references,  and does not nec- 
essarily represent  the opinions of the authors. 

The Industrial Electrolytic Division is grateful for the support 
received from the Vittorio de Nora-Diamond Shamrock Fund in 
assisting with the publication costs of this report, 

an energy from waste p lan t  that  produces 20% of t h e  
power required for its adjacent  chlor-alkal i  p l a n t  
(9). 

Chloro de Tehuantepec began production of chlo- 
r ine and caustic in a p lant  at Pajaritos, Mexico. This 
plant 's  capacity of 236,000 metric  tons per  year  of 
chlorine more than doubled the existing Mexican ca- 
pacity of 176,000 tons per year  (10). 

Canadian Industries,  Limited completed a $100 
mill ion expansion of its chlor-alkal i  facility at Be- 
canour, Quebec, which doubled the capacity to 255,- 
000 metric tons per year  of chlorine. The new p lan t  

Table I. Capacity of U.S. chlorine producers 
tons per day 

BASF 906 
Convent 300 
Diamond Shamrock 3,380 
Dow 11,800 
du Pont 2,220 
Ethyl 300 
FMC 800 
Georgia-Pacific 1,400 
Hooker 3,200 
ICI 471 
IMC 330 
Kaiser 590 
Linden 1,355 
Mobay 300 
Olin 2,600 
Pennwalt  1,285 
PPG 4,390 
Shell  288 
Stauffer 1,065 
Vulcan 1,335 
Weyerhaeuser 385 
Others 870 
Total 39,480 
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uses ICI-Solvay diaphragm cell technology. The 
DMT-43 cells are said to be more compact than the 
older cells because stabilized diaphragms allow for 
closer spacing of electrodes (11). 

Diamond Shamrock announced it will increase its 
dry caustic soda capacity by 20% at Deer Park, Texas, 
by the fourth quarter of 1980 (12, 13). 

Markets and prices.--The chlorine and caustic mar-  
kets remained unbalanced during 1980 because of 
lack of demand for chlorine. As a result, caustic soda 
supplies were in short supply (14). In April, Gulf 
Coast prices for chlorine were $145 per ton and for 
caustic soda, $160-170 per ton (15). After that, how- 
ever, steady price increases produced a December 
price of caustic soda of $220-260 per ton. 

Early in the yea r U.S. chlorine demand was pre-  
dicted to grow 3.1% per year  through 1984 (16, 18). 
Later  in the year, however, this growth rate was re-  
duced to 2% per year, reaching 13.5 million tons 
per year by 1984 (21). World capacity increase should 
be somewhat greater  at 4% per year  reaching 45 mil-  
lion tons per year  by January,  1984 (17). 

Some of chlorine's markets, such as fluorocarbons 
and trichloroethylene, have been hurt  by government 
regulations. Also, new technology, such as Arco's NIDI 
route and du Pont's direct cyanation process for ny-  
lon production, may hurt future chlor-alkali  markets. 
End uses of chlorine are as follows: plastics, 20%; 
pulp and paper, 13%; chlorinated methanes, 13%; in- 
organic chemicals, 11%; propylene oxide, 10%; other 
organic chemicals, 21%; water  treatment, 6%; miscel- 
laneous, 6% (16). 

Early in the year, caustic soda demand in the U.S, 
was expected to grow at a somewhat higher rate than 
that for chlorine at 4.4% per year  (20). Later in the 
year, however, the projected increase was reduced to 
2.7% per year, reaching 14.5 million tons per year in 
1984 (21). End uses of caustic soda are estimated to 
be: organic chemicals, 41%; pulp and paper, 17%; 
inorganic chemicals, 11%; aluminum processing, 6%; 
textiles, 6%; petroleum, 4%; soaps and detergents, 4%; 
miscellaneous, 11% (20,21). Due to environmental  
pressures, such as neutralization of waste acids, caustic 
soda use will grow faster than that of chlorine, and 
thus it will remain in short supply. 

Membrane cells .--Activity in the commercialization 
of chlor-alkali  cell plants based on membrane cell 
technology remained at a high level in 1980. 

Du Pont started up its first commercial facility to 
produce Nation perfluorinated ion exchange mem- 
branes at its Fayetteville,  North Carolina, works (22). 

Olin Corporation and du Font  announced a coopera- 
tive program where Olin will evaluate high per-  
formance Nation membranes from du Pont at its 
Charleston, Tennessee, facili ty (23, 24). 

Diamond-Shamrock announced plans to spend $50 
million to increase chlor-alkali  capacity by 40% at its 
Laport, Texas, plant. The increase, estimated at  be-  
tween 600-1000 tons per day of chlorine, will use Dia- 
mond-Shamrock's  propr ie tary  membrane-cel l  tech- 
nology (25-27). 

ROT Quimica o f  Monterrey announced plans to 
ins ta l /Diamond-Shamrock membrane cells to produce 
14 tons per day of potassium hydroxide and 10 tons 
per day of chlorine. The caustic potash will be used to 
produce potassium carbonate for the Monterrey glass 
industry (28, 29). 

Paik Kwang Pharmaceutical  Company, Limited 
'(South Korea) will build a 30 m tons per day 
chlorine-caustic soda plant using Diamond-Shamrock 
membrane cell technology by 1981 (42). Another 
chlor-alkali  plant using Diamond-Shamrock mem- 
brane cell technology will be buil t  by Taiwan Pulp 

Company. The 8000 m tons per year caustic soda plant  
is due on-stream in 1982 (43). 

Akzo Zout Chemie has awarded a contract to Corn- 
primo (Netherlands) to construct its 250,000 metric 
tons per year chlorine plant  at Bottek. The plant  
using Asahi Chemical's membrane cell technology is 
scheduled for s tar t -up in 1982 (30-33). 

Asahi Chemical is planning to replace its mercury 
cells at Nobeoka with membrane cells by 1982. I t  is 
working to extend membrane life beyond the current 
1-2 years (34). They also announced a licensing 
agreement with Tasman Pulp and Paper, Limited of 
Auckland, New Zealand. This company is the sixth 
licensee of their permionic membrane process. This 
plant will replace existing capacity of 5000 metric 
tons per year  of chlorine by mid-1982 (35). 

Kanagafuchi Chemical has developed an ion-ex-  
change membrane process using monopolar cells 
which reportedly use less t i tanium than diaphragm 
cells. They will convert an existing 120,000 tons per 
year  (CI2) diaphragm cell plant to the new process 
by the end of 1981. In addition, another two 60,000 
metric tons per year  mercury cell plant s will be 
converted to membrane cells by 1985 (34). 

Toyo Soda will test a new ion exchange membrane 
chlor-alkali  process in a 5000 metric tons per year  
pilot plant. If successful, t h e y  will convert 132,000 
metric tons per year  mercury cell capacity to the new 
technology. They have already converted 59% o.f 
their capacity to diaphragm cells (36). 

Tofte Cellulosfabrikk (Norway) will use Hooker 
MX membrane cells in a 14,000 metric tons per year  
chlor-alkali  plant  to be completed in 1981 (37). 

Asahi Glass will build a 150,000-200,000 metric tons 
per year chlor-alkali  plant  at Kashima, Japan, by 
1984 using its own membrane cell technology (38). 
They have also developed a membrane cell process to 
produce caustic potash and will build a plant  using the 
technology at Amagasaki (34). Asahi Glass licensed 
its membrane cell technology to three West German 
firms, Uhde, Hoechst, and Bayer. Uhde plans to first 
evaluate the membranes in pilot cells and la ter  to 
evaluate them in full scale cells (39). Asahi Glass 
announced a new chlor-alkali  membrane cell process 
using a new Flemion membrane. The AZEC process 
requires 1950-2140 kW-hr /mT NaOH, which is 28- 
35% less than for mercury cells and 14.4-22% less 
than required for existing ion exchange membrane 
processes (41). 

Ionics, Incorporated sold a 5 tons per day Chloro- 
mat membrane cell system to Trinidad to produce 
chlorine and caustic soda. This is the first chlor-alkali  
production facility on the island (40). 

Health and env ironment . - -The  Supreme Court al- 
lowed OSHA to impose the NIOSH criterion l imit-  
ing worker chlorine exposure to a 0.5 ppm ceiling 
limit. Chlorine producers must now install  equipment 
necessary to meet this standard (44). 

The Consun4er Product Safety Commission ordered 
manufacturers and importers of certain types of con- 
sumer products to supply them with information re-  
garding the use of asbestos. In particular, data con- 
cerning the purpose of asbestos in the products, the 
end use patterns of the products, testing of the prod-  
ucts for asbestos fiber emissions, and possible sub- 
stitutes for asbestos were requested. This informa- 
tion, which is due by February  20, 1981, is to be used 
to determine if any regulatory action is required to 
protect consumers from any risk of in jury  from as- 
bestos in these products (45). 

Unreleased studies by the U.S. Council on Environ- 
mental Quality found a link between heavily chlori- 
nated drinking water  and malignant tumors. These 
studies were made in Nor th  Carolina, Illinois, Wis- 
consin, and Louisiana (46). Because chlorine has 
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been found to be capable of producing over  200 toxic 
chemicals  in  dr ink ing  water ,  ozone and f i l t rat ion are  
proposed as a l te rna t ives  to achieve wate r  purification. 
The possibi l i ty  of fe rmenta t ion  of t r iha lomethanes  and 
t r ich loroe thylene  and other  such chlor inated  com- 
pounds to more  toxic compounds when  soft dr inks  
made  f rom chlor ina ted  wa te r  a re  lef t  on the shelves 
too long was discussed. Ozone dissolved in wa te r  is 
c la imed to des t roy  bac te r ia  and viruses tha t  can cause 
de te r io ra t ion  of bot t led  wa te r  products  (47). 

A cont inuous was tewa te r  t r ea tmen t  process for  r e -  
moving mercu ry  down to 0.01 p p m  was developed by 
Energie  and Indus t r ias  Argonesas  and Quimica In -  
dus t r ia l  (Spa in) .  The  process uti l izes an organic 
solvent  to ex t rac t  mercu ry  chlor ide and permi ts  the 
recovery  of 99.9% (48). 

Other Alkali or Chlorine Compounds 
Caust ic  potash . - -Domest ic  product ion of potash for 

the 1980 crop yea r  was 2.2 mil l ion metr ic  tons, or  
about  the same as in 1979. Sales, however ,  decl ined 
6% (49) .  

Prices  rose s teadi ly  dur ing the year  to $36-40/100 lb 
for flake caustic potash by  year ' s  end (50). 

D iamond-Shamrock  and Or ienta l  Chemical  Indus t ry  
set up a 50-50 jo int  ven tu re  to produce 10,000 m tons 
per  yea r  caustic potash and 10,006 m tons per  yea r  po-  
tassium carbonate  in South Korea. The plant ,  scheduled 
for  opera t ion  in 1981, wi l l  ut i l ize D iamond-Shamrock ' s  
monopolar  ch lo r -a lka l i  membrane  cells for the caustic 
potash product ion and a l so  the i r  technology for potas-  
sium carbonate  (51-54). 

Soda  ash.--U.S,  producers  of na tu ra l ly  occurr ing 
soda ash cont inued to have an edge on world  marke t s  
because of abundan t  supplies  and r eady  access to sh ip-  
p ing  facili t ies.  U.S. consumpt ion of al l  types  of soda 
ash in 1980 decl ined to 6,976,000 tons (67). U.S. con- 
sumpt ion  has grown only 2% per  year,  but  expor ts  
have grown 12.5% per  yea r  since 1975. U.S. na tu ra l  
ash capaci ty  is cu r ren t ly  8.9 mi l l ion  tons per  yea r  
wi th  ac tua l  product ion in 1980 of about  7.5 mil l ion tons 
per  yea r  (55). Total  U.S. product ion of soda ash, i n -  
c luding Solvay process mater ia l ,  was es t imated at  8.2 
mi l l ion tons in 1980, or about  the same as in 1979 (56, 
67). The d is t r ibut ion  of U.S. soda ash product ion b y  
producer  is shown in Table II  (57). 

Expor ts  of soda ash increased to a record  1.2 mi l l ion  
tons per  yea r  (67). 

End use d is t r ibut ion  of soda ash was 55% for glass 
product ion,  25% in chemical  production,  5% in pulp  
and paper ,  5% in soaps and detergents ,  and 10% in 
o ther  uses (58). 

Expor ts  of soda ash were  es t imated to be 1 mi l l ion 
tons pe r  y e a r  (58) .  This has caused producers  in o ther  
countries to cut back production.  Imper i a l  Chemical  
Indust r ies  said i t  wil l  cut its work  force by  18% at 3 
soda ash p lants  wi th in  2 years.  This wil l  e l iminate  500 
jobs and a l low them to compete more  f avorab ly  wi th  
producers  in the US.  who have a 10% advantage  in 
product ion costs (59-61). 

Ke r r -McGee  began supply ing  soda ash to East  Coast 
marke t s  in Sep tember  f rom its Cal i fornia  product ion 

facilities. The ini t ia l  25,000 ton sh ipment  was m a d e  
by ship (62). 

FMC announced the deve lopment  of a solut ion min -  
ing process for soda ash in Green  River  Basin, W y o m -  
ing. Commercia l iza t ion of this technique wil l  increase  
their  capaci ty  by  1 mil l ion tons per  year  (63). 

Texasgulf  announced plans for a $63 mil l ion ex-  
pansion of i ts Granger ,  Wyoming,  p l an t  to increase  
capaci ty  to 2 mil l ion tons of soda ash per  yea r  b y  
1987 (64). 

Mult i  Minera l  Corporat ion said they  wil l  cons t ruct  a 
p lan t  at  Piceance Creek  Basin, Colorado, to produce 
3.7 mil l ion tons per  yea r  of soda ash, and 400,000 tons 
pe r  year  of alumina,  if  pi lot  p lan t  tests are  successful. 
P lan t  complet ion is scheduled by  1986 (65). 

Ker r -McGee  is spending $200 mil l ion to double  the 
capaci ty  of its Trona, California,  soda ash plant.  Fu tu re  
expans ions  in southern  and cent ra l  Cal i fornia  m a y  be 
severe ly  restr icted,  however ,  by new In te r io r  Depar t -  
ment  a i r  pol lut ion guidelines.  These guidel ines have  re-  
des ignated 2 mil l ion acres of l and  near  the Dea th  
Val ley  Monument  as a Class 1 air  pol lut ion control  
area, and may  add an addi t ional  4 mil l ion acres (66). 

S o d i u m  ch lo ra te . - -Sod ium chlorate  prices rose 
throughout  the year,  reaching $405 per  ton (68, 75). 
Potass ium chlorate  prices were  also increased in No- 
vember  by  5 cents per  pound to a range of 38-41.75 
cents per  pound (69, 70). 

U.S. sodium chlorate  capaci ty  decreased by  40,000 
tons pe r  yea r  when IMC sold its sodium chlora te  
p lan t  at Orrington,  Maine, to PPG Indust r ies  which 
plans to move it to Beauharnois ,  Quebec (Canada)  (71- 
74). U.S. capaci ty  now stands at  392,000 tons per  year .  
Product ion,  however,  remains  at  about  250,000 tons per  
year.  Total  demand  has grown less than  4% per  y e a r  
since 1980. The d is t r ibut ion  of the U.S. product ion  ca-  
pac i ty  is shown in Table I I I  (75, 76). 

About  80% of sodium chlorate  product ion goes into 
paper  bleaching.  This has been a growing m a r k e t  over  
the past  severa l  years  as env i ronmenta l  regula t ions  
have favored the use of sodium chlorate  over  o ther  
chemicals  used for  b leaching (77). 

The only new sodium chlorate  capaci ty  announced 
in 1980 for the U.S. was for a $25 mil l ion expansion b y  
Pennwa l t  at  its Tacoma, Washington,  faci l i ty  (78). The 
engineering,  procurement ,  and construct ion contract  for  
the  plant ,  to be completed  in 1982, was awarded  to 
Catalyt ic  (79). 

Act iv i ty  in sodium ch lora te  product ion was much 
grea te r  in Canada,  wi th  severa l  sizeable new facil i t ies 
being announced.  Canadian Occidental  Pe t ro leum,  
Limi ted  wil l  bui ld  an $8.4 mill ion,  8300 tons pe r  yea r  
sodium chlora te  solution p lan t  a t  Nanaimo, Br i t i sh  
Columbia.  Chemetics In te rna t iona l  has the design and 
construct ion contract  (80). Ano the r  p lan t  to be bui l t  in 
Bri t ish Columbia  was announced by  Erco Industr ies .  I t  
wil l  expand  its faci l i t ies in Nor th  Vancouver,  Bri t ish 
Columbia,  by  12,000 tons per  y e a r  to a total  of  70,000 
tons pe r  year  by  1982. Erco also plans a 20,000 ton per  
yea r  expansion at  Thunder  Bay  (81). Also in Br i t i sh  
Columbia,  B. C. Chemicals  wil l  increase sodium chlo-  
ra te  capaci ty  by  6000 tons per  yea r  to 31,000 met r ic  tons 
per  yea r  a t  Pr ince  George. The $8.2 mi l l ion  p lan t  u s i n g  

Table II. U.S. Soda ash production capacity 

Producer/Location 1000 Tons/Year 

Table Ill. U.S. Sodium chlorate production capacity 
(Thousands of short tons) 

A l l i e d / G r e e n  River ,  W Y  1900 
S y r a c u s e ,  N Y  920 

F M C / G r e e n  River ,  W Y  2550 
Kerr-McGee/Tronao CA 500 

W e s t  End ,  CA 150 
Stauffer/Green River ,  W Y  1520 
T e x a s g u l f / G r e e n  River ,  W Y  10~0 
Tenneco/Green River, W Y  10~0 

T o t a l  ' 9540 

Brunswick Chemical 25 
Erco 25 
Georgia-Pacific 27 
Hooker Chemical 131 
Huron 11 
Kerr-McGee 67 
Olin 2{) 
Pacific Engineering 6 
Pennwalt 80 

Total 392 
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Krebs technology should be completed by the second 
quarter of 1982 (82, 83). 

PPG Industries, Stanchem Division, is moving IMC's 
Orrington, Maine, plant to Beauharnois, Quebec. The 
40,000 tons per year expansion will raise total capacity 
at this site to 70,000 tons per year (84). The $20 million 
expansion will be completed in 1981 (85). 

Metals 
The Federal Emergency Management Agency finally 

released its proposed modernization plans for the $18.5 
billion national defense stockpile of minerals and met- 
als (86). After more than two years of work inter- 
rupted by administrative reorganization and by wild 
swings in commodity prices, the Agency is beginning 
its program cautiously, with only $152 MM in pur- 
chases in the fiscal year beginning October 1, 1980. Pur-  
chase of significantly more aluminum, lead, platinum, 
tin, and titanium sponge is planned due to concerns 
about availability of supplies or shortages in the U.S. 
defense requirements. The Agency has also assured 
mineral producers that any divestitures would be grad- 
ual to avoid upset of market conditions. 

The U.S. is not alone in the renewed concern about 
building stockpiles of critical minerals. Of nine Com- 
mon Market countries, however, only France and West 
Germany have taken definite steps to ensure emergency 
supplies, France actually beginning in 1975. 

U.S. strategic and critical stockpile goals for those 
metals reviewed in this report of the electrolytic indus- 
tries are shown as Table IV. 

Aluminum.--Primary aluminum production in the 
U.S. during 1980 was estimated at 10.2 billion pounds 
(94). Aluminum shipments in 1980 were estimated at 
13.7 billion pounds, but were expected to rise to 14.1- 
15.2 billion pounds in 1981 (87, 88). World aluminum 
consumption was predicted to decrease by 5% in 1980, 
but demand was expected to rise slightly more in 1981, 
and be up by 10% in 1982 (89). World primary alumi- 
num production rose 3.1% in 1979 to 11,785 million 
metric tons (95). While U.S. domestic aluminum sales 
were down in 1980, particularly in the first half, world 
demand was brisk (91). 

Shipments of recycled aluminum ingot dropped to 
the lowest level in four years at 1,651,395 pounds (96). 
Alcoa, however, increased its collection of metal cans 
for recycling by 118%, to 2.5 billion cans or 109 million 
pounds (97). 

Growth in aluminum consumption during the 1980's 
will be held back by tight supplies, high energy costs, 
and inadequate plant capacity (90,93). Producers 

Table IV. U.S. Strategic and critical stockpile goals 

New Old 
stockpile stockpile Stockpile 
objective objective inventory 

5/1/80 10/1/76 9/30/79 

Atuminum 768,000 st 0 1,733 st 
Beryl l ium metal  group 

Beryl ore 11% BeO 18,000 st 0 17,986 st  
BeCu master  alloy 7,900 st 16,710 st 7,387 st 
Be metal  400 st 895 st 229 st 

Chromium metal  group 
Cr, ferro, high carbon 185,000 st 236,000 st 402,695 st 
Cr, ferro, low carbon 75,000 st  124,000 st 318,891 st 
Cr, ferro, silicon 90,000 st  69,000 st 58,356 st 
Cr, metal  20,000 st  10,000 st  3,763 st 

Copper 1,000,0O0 st 1,299,000 st 29,049 st 
Manganese metal  group 

Mn, ferro, high carbon 439,000 st 439,090 st 599,704 st 
Mn, ferro, low carbon O �9 0 0 
Mn, ferro, medium carbon 0 99,000 st  28,291 st 
Mn, ferro, silicon 0 81,000 st 23,574 st 
Mn, metal, electrolytic 0 15,000 st 14,171 st 

Nickel 200,000 st 204,335 st  0 
Ti tanium sponge 195,0#0 st 131,503 st 32,331 st  
Zinc 1,425,000 st 1,313,000 st  375,947 st  
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will just about be able to keep up with the 5% rise 
in demand in an increasingly tight seller's market. This 
tightness will allow producers to pass along produc- 
tion cost increases and significantly increase company 
profits (92, 98, 100). Aluminum is predicted to be the 
only nonferrous base metal to be used in larger quan- 
tities in North American automobiles in the 1980's, but 
the amount to be used will be one-half of what was 
previously predicted (101). 

A review of the economic aspects of the bauxite/ 
aluminum industry cited an increasing decentralization 
trend. More capacity is being installed in nontraditional 
areas closer to bauxite sources (99). 

Distribution of annual aluminum consumption to 
various markets in 1980 was as follows: transportation, 
1.36 million tons; container/packaging, 1.695 million 
tons; building/construction, 1.34 million tons'(103). 

Noncommunist world primary aluminum production 
is shown in Table V (102). 

Mitsui and Company's two joint ventures may make 
it the world's leading aluminum trader. It receives 
25% of the 180,000 metric tons per year produced at 
Mt. Holly, South Carolina, and will receive 20% of the 
238,0.00 metric tons per year to be produced in New 
South Wales, Australia, beginning in 1984. 

Primary" aluminum ingot was priced at 66~ per lb 
at the beginning of 1980, but rose steadily throughout 
the year reaching 76r per lb in early October (105, 106). 

The primary aluminum industry began 1980 with 
about 165,000 tons of annual capacity shut down in the 
Pacific Northwest (PNW) because of a power shortage. 
An additional 48,000 tons was shut down in March. Ad- 
vance power and interruptible power were made avail- 
able temporarily in April and May, and 190,000 tons of 
capacity was reactivated. However, curtailment of in- 
terruptible power in July and advance power at the end 
of September resulted in a shutdown of nearly 100,000 
tons of capacity in the PNW in October. In other parts 
of the country, annual primary aluminum capacity in 
operation was reduced by a net total of over 200,000 
tons during the year because of market conditions (94). 
By December some production was resumed in the Pa-  
cific Northwest. Alcoa restarted 78,00'0 short tons per 
year capacity idled since July 26 (107). Alcoa also an- 
nounced it was bringing its 325,000 tons per year Rock- 
dale, Texas, smelter to full capacity (108). 

Apex International Alloys, Incorporated shut down 
its Mt. Holly, North Carolina, secondary aluminum 
smelter because of uneconomical costs to install EPA 
required pollution controls (109). A primary aluminum 
production plant was started up in Mt. Holly, North 
Carolina, by Alumax. This plant is the first grass-roots 
facility built in the U.S. since 1973. The $350-million 
plant will produce 197,000 tons per year. The company 
is owned 50% by Amax, 45% by Mitsui, and 5% by 
Nippon Steel (110, 111). 

Coastal and Offshore Plant Systems, Incorporated 
announced plans to build a $400 million, 200,000 tons 
per year aluminum smelter near Tabor City, North 
Carolina (112). It received a state permit in November 
(114). 

Table V. Noncommunist world primary aluminum production 
(000 Metric Tons) 

Region 1978 1979 1980 

N. America 5,409 5,400 5,752 
Latin America 413 664 836 
W. Europe 3,543 3.620 3,817 
Africa 336 400 452 
S. Asia 385 368 520 
E. Asia 1~126 1,074 1,138 
Oceania 414 422 432 
Total 11,626 11,948 12,947 

Figures compiled by Metals  Weak. 
st ---- short  ton. Source: S. Spector of Oppenheimer & Co. 
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Alcoa announced plans to increase its U.S. production 
by 450,000 tons per year by 1985 to meet expected 
market requirements in aircraft and automobiles (113). 
Alcoa will add a 55,000 tons per year potline to its 
Badin, North Carolina, smelter by 1983 (115, 116). 

Martin Marietta will expand its Goldendale, Wash- 
ington, aluminum reduction plant by 65,000 tons per 
year at a cost of $125 million (117, 118). 

A $100-million aluminum smelting plant was com- 
missioned at Point Henry, Victoria (Australia) by Al- 
coa of Australia, Limited. The 65,000 metric tons per 
yea? expansion raises capacity to 165,000 metric tons 
per year making it Australia's largest (119). 

Alcan Aluminum, Limited and Conalum SA will 
build a 45,000 tons per year primary aluminum smelter 
in Tampico, Mexico (120). 

Southwire and National Steel plan to build a 180,000 
metric tons per year primary aluminum smelter in 
Trinidad and Tobago using Jamaican bauxite (121). 

Pechiney Ugine Kuhlmann plans to construct a 200,- 
000-300,000 tons per year aluminum plant at Becancour, 
Quebec (Canada) for $800 million (122). 

Alcoa Alumino SA (Brazil) is building a 500,000 
metric tons per year bauxite-100,000 metric tons per 
year aluminum smelter complex near San Luis~ Brazil; 
at a cost of $900 million (123). 

Alcoa's new process for producing aluminum by elec- 
trolysis of aluminum chloride has proven successful, 
but the plant producing the aluminum chloride has had 
trouble. The $25 million, 15,000 tons per year smelter 
in Palestine, Texas, has been cut back to 7500 tons per 
year. The process uses 30% less energy and produces 
less pollution than the conventional process (124]. 

An air-aluminum power cell, fueled by water, has 
been developed at the Lawrence Livermore Laboratory. 
It is claimed to increase the range of electric cars and 
could be commercialized by 1990 (125). 

Environmental Research and Technology Incorpo- 
rated has developed a mathematical model to forecast 
dispersion patterns of air emissions from aluminum 
smelters under sponsorship of the Aluminum Associa- 
tion (126, 127). 

The U.S. Justice Department has dropped an antitrust 
investigation into the U.S. aluminum industry. The 
probe focused on whether or not a shared monopoly 
existed in the industry, and if price signaling had taken 
place. Firms involved in the investigation included 
Kaiser Aluminum & Chemical Corporation, Aluminum 
Company of America, Reynolds Metals Company, A1- 
can Aluminum Limited, Anaconda Company, and 
Phelps Dodge Corporation (128). 

Beryllium,--In 1980 the domestic production of be- 
ryllium minerals increased significantly relative to 
1979. The United States, a major producer of beryllium 
ore in the world, almost exclusively mines the ore, 
bertrandite, and is in fact the only nation commercially 
exploiting deposits of this ore (129). 

Approximately 1400 short tons of beryl, the second 
major beryllium ore, were imported into the United 
States in 1980 (130). It is interesting that from 1976 
until 1979 Brazil had supplied 46% of the imported ore, 
with India and Argentina providing a further 25%. 
However, in 1980, the Peoples Republic of China be- 
came a major source of this ore. 

Complete data for the consumption of beryllium is 
not yet available but total shipments of beryllium 
metal, beryllium alloys, and beryllium oxide in 1980 
showed a distinct improvement over 1979. Primary uses 
of this metal are: (i) in the aerospace industry and in 
nuclear reactors (38%); (ii) as an alloy in electrical 
equipment (87%); and (iii) in electronic components 
(16%) (131). 

As of November 1980, the government stockpile in- 
ventories were as follows: 

Beryl ore (11% BeO) 720 short tons 

Beryllium/copper master alloy 295 short tons 

Beryllium metal 229 short tons 

Brush Wellman, Incorporated (Cleveland, Ohio), has 
announced plans to expand its facilities at Delta, Utah, 
at an estimated cost of $6 MM. Completion late in 
1981 will increase the plant's capacity to extract beryl- 
lium approximately 25%. A further $5 MM is also to be 
invested in expansions to the mines in Juab and Millard 
Counties in Utah (132, 133). 

In 1980 Brush Wellman, Incorporated opened a new 
pilot plant i1~ Tucson, Arizona, for the fabrication and 
metallization of beryllium oxide parts (130). 

A consortium headed by J. Abeles has acquired Con- 
solidated Beryllium (U.K.) from Cabot (U.S.) Con- 
solidated Beryllium is the only manufacturer of beryl- 
lium ceramics in Europe (134). 

It has been shown that beryllium is an excellent sub- 
strate materiM for optical mirrors, according to Ka- 
wecki Berylco Industries (135). The metal resists aging, 
recrystallization, and phase transformation up to tem- 
peratures as high as 800~ providing long-term di- 
mensional stability. 

A new technique to remove impurities from the sur- 
face of beryllium-containing materials has been de- 
veloped by Vacuumschmelve GMBH (West Germany) 
(136). The company has applied the process to the pro- 
duction of strip-mill Beryvac (copper/beryllium and 
nickel/beryllium alloys) to give good surface proper- 
ties, which facilitates subsequent processing. 

The new limits for exposure to beryllium proposed 
by OSHA in 1975 have yet to be imposed upon the in- 
dustry and it appears unlikely to happen in the near 
future (130). 

Chromium.--The slow U.S. economy took its toll on 
chromium demand in 1980, when it reached its lowest 
level since 1976. The reduced demand stemmed pri- 
marily from decreased stainless steel production. Con- 
sumption of chromite was 1,040,000 tons or 14% less 
than in 1979. Imports of chromite were about 990,000 
tons, and the balance of that consumed came from in- 
dustry stockpiles (137). 

Chromium alloys, on the other hand, were imported 
in record amounts, reaching an expected 350,000 tons. 
South Africa accounted for 78% of these imports. Sup- 
plies of alloys were adequate and prices rose only 
slightly. At year end, domestic charge chrome contain- 
ing 66-70% chromium sold for 48.5r per lb of contained 
chromium and low carbon ferrochrome sold for $1 per 
lb on the same basis (137). Union Carbide raised the 
price of electrolytic chromium metal by 9% in Decem- 
ber (138). South African charge chrome containing 50- 
55% chromium was increased from 45-47r per lb of 
contained chromium to 50-51r per lb in December 
(143). 

The U.S. Bureau of Mines estimates that 73,000 tons 
of chromium is lost in scrap every year. They are pro- 
moting a program to develop new chromium recovery 
methods and to determine domestic chromium supplies 
to avoid problems in supply if foreign sources are dis- 
rupted (139). 

Zimbabwe's largest chromium mining and smelting 
group, Rhodesian Alloys (Pry), Limited, has gone pub- 
lic and is expanding its operations (140). 

Toyo Soda Industries (Japan) announced an increase 
in chrome metal production capacity due to rising de- 
mand from high-grade alloy makers. It will increase 
the capacity of its Vamagata plant by 50 mtpm to 350 
mtpm and add another 50 mtpm at a later date 
(141). 

Outokumpu Oy (Finland) and Eikem Spigewerket 
(Norway) have signed an agreement with Turkish 
Etibank Company to provide equipment and engineer- 
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ing services to build a ferrochromium plant in central 
Turkey. The 100,000 metric ton addition will expand 
existing capacity (142). 

Copper.--Production,  U.~. and free world.--The 
strikes in the United States copper industry, which 
began in July and carried into late November before 
all companies had settled, unquestionably had an im- 
pact upon the world copper market. Obviously costly 
to the U.S. mining companies, the strikes did, however, 
offset a potentially large surplus of copper (,~200,000 
metric tons) and, in fact, the year end saw a deficit. 
It is estimated (144) that the loss of production, attrib- 
uted to the 1980 strikes, amounted to approximately 
350,000 metric tons of copper.  

The unions struck over demands for a new three- 
year contract similar to the settlement negotiated by 
the steel industry in April. This pact provided a cost- 
of-living escalator that was equivalent to 30-37% wage 
increases over three years and the copper workers 
union bargained for similar considerations (145, 146). 
The labor strike was the longest in the history of the 
U.S. copper industry and at its peak immobilized most 
operations of ten major companies that normally ac- 
count for 85% of domestic mine production and ,-~90% 
of refinery production (147). 

Surprisingly, the mine production of copper in the 
free world declined only marginally in 1980 (144) due 
to significant increases in production in Canada, Zaire, 
the Philippines, and Mexico, and to new capacity 
coming on-stream in Yugoslavia. Domestic mine pro- 
duction decreased approximately 270,000 metric tons 
in 1980 according to the U.S. Bureau of Mines (147). 

It was announced that Noranda (Canada) may close 
the 275,000 tons per year copper smelter at Rouyn in 
Quebec due to governmental requirements to improve 
collection of solid waste and install a sulfur dioxide 
recovery system (148). Noranda Mines Limited also 
suspended development of a copper mining project at 
Andacollo, Chile (149), a deposit estimated at 230 MM 
tons of ore averaging 0.56% copper. 

Anaconda Copper Company will permanently close 
the copper smelter at Anaconda (Montana) because 
the 78 year-old facility cannot comply with state and 
federal clean air standards (150-152). Studies showed 
that the plant could not be "retrofitted" to satisfy the 
environmental standards and ye t  be cost-competitive 
with large-scale modern smelters. Similar considera- 
tions led to the closing of a refinery at Great Falls, 
Montana (Anaconda Copper Company) (147). 

Construction began in late June on a 15,000 short 
tons per day open-pit copper mine and concentrating 
mill near Hillsboro, Sierra County, New Mexico (155). 
The $98 MM development, expected to be:onzstream 
early in 1982, is a project of the Copper Flat Partner- 
ship, comprising Quintana Minerals Corporation: (Tuc- 
son, Arizona) and Phibro Mineral Enterprises, In- 
corporated (New York). It is anticipated that the fa- 
cilities will yield 20,000 tons of copper per year when 
fully operational. 

Noranda Mines Limited has announced its intent to 
develop a copper-zinc mine in Gold Stream Valley, 
British Columbia, Canada. Scheduled for late 1982 at an 
estimated cost of $62 MM, the mine will produce 75,000 
tons per year of copper concentrates (156). 

Asarco, Incorporated has also announced plans to 
permanently close the refinery at Tacoma, Wash- 
ington, which has been idIe for approximately two 
years (147). Louisiana Land and Exploration Company 
plans to replace its copper smelting plant with an elec- 
trolytic facility at White Pine, Michigan (153). The 
60,000 tons per year facility will be completed in 1982. 

Noranda Lakeshore Mines, Incorporated has resur- 
rected the copper mine and metallurgical complex on 
the Papago Indian Reservation near Casa Grande, Ari- 
zona. Currently, the company is block-caving oxide ore 

at a rate of 4000 short tons per day, vat leaching 2000 
short tons per day for an electrowinning plant, and 
stockpiling the remainder of the ore (154). Although 
presently working at reduced capacity, it is expected 
that full capacity (~6000 short tons per day) would be 
achieved by the end of 1980. 

Consumption, U.S. and free world.--Consumption of 
refined copper in the United States declined 13% to an 
estimated total of 1.87 MM tons (147), but imports 
nearly tripled to a total of 0.37 MM tons for 1980. 

New capacity, new facilities.--Kennecott Corporation 
will invest an estimated $270 MM to modernize its 
facilities in Chino, New Mexico (158-160), which will 
increase the output to 110,000 tons per year. Under a 
preliminary agreement, Mitsubishi Corporation (Ja- 
Pan) will share the costs and receive part of the copper 
produced. The project also includes construction of 
a new concentrator and modifications to the smelting 
plant. The facilities are scheduled to be operational 
in 1984. 

Copper Range Company (Denver, Colorado) has 
awarded a contract for $78,000 to Fluor Mining and 
Metals for the construction of an electrolytic refinery in 
White Pine, Michigan (161). Texasgulf, Incorporated 
(Stamford, Connecticut) announced plans to further 
expand its copper smelting facility in Kidd Creek, On- 
tario, to approximately 112,000 metric tons per year by 
1985 (162, 163). The expansion also includes new oxy- 
gen and sulfuric acid plants and will cost an estimated 
$250,000. 

Kennecott Corporation has started a new copper 
plant near Hayden, Arizona, based upon solvent ex- 
traction (SX) technology (164). The plant is expected 
to produce a more concentrated, high-purity copper 
electrolyte for the electrowinning process. Improve- 
ments in cathode quality are also anticipated. Produc- 
tion at the SX plant, designed by Jacobs Engineering 
Group for a maximum capacity of 108 short tons per 

Table VI. Mine production of copper in the free world, 
1978-1980 (144) 

(MM metric tons) 

1978 1979 1980 

A u s t r a l i a  0.22 0.24 0.25 
Canada  0.66 0,64 0.73 
Chile  1.03 1.08 1.07 
Mexico 0.087 0.11 0.16 
Papua ,  N e w  Guinea  0.2 0.17 0.14 
P e r u  0.37 0.4 0.355 
Ph i l ipp ines  0.26 0.3 0.32 
South  A f r i c a  0.2I 0.20 0.21 
U n i t e d  S ta tes  1.36 1,44 1.17 
Yugos l av i a  0.12 0.096 0.13 
Z a m b i a  0.64 0.59 0.6 
Za i r e  0.42 0.4 0.44 
Other 0.51 0.48 0.47 

Tota l s  6.1 6.12 

Table VII. Production and consumption of refined 
free world (1978-1980) (144) 

(MM metric tons) 

6.05 

copper in the 

P r o d u c t i o n  Consumption 

1978 1979 1980 1978 1979 1980 

A u s t r a l i a  0.175 0.174 0.17 - -  
B e l g i u m  0.396 0,369 0.4 0.~9 0.30'3 0.3ff2 
Canada  0.448 0.397 0.5 0.25 0,243 0.216 
Chile 0,749 0.779 0.79 - -  - -  
F r a n c e  - -  - -  - -  0,-~19 0,358 0.39 
I t a ly  - -  - -  0,344 0,352 0.41 
J a p a n  0.959 0,983 ~ 0 5  1.24 1.33 1.3 
Spa in  0.147 0.145 0,155 - -  - -  
U n i t e d  K i n g d o m  0.126 0.122 0,150 0"~2 0,499 0.41 
U n i t e d  S~ates 1.832 1.96 1.56 2.193 2.168 1.833 
W e s t  G e r m a n y  0.405 0'.383 0.38 0.78 0.7'94 0.748 
Yugos l a v i a  0,151 0,138 0.135 - -  - -  - -  
Z a m b i a  0.627 0.564 0,615 - -  - -  
O t h e r s  0.905 1.06 1.11 1.'~98 1.462 1.511 

Tota l s  6.918 7.094 6.972 7.217 7.509 7.179 
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Table Viii .  Consumption of refined copper in the United States (1.57) 
(MM metric tons) 

Wire rod mills Brass mills Secondary copper smelters Totals 

1979 1980 1979 1980 1979 1980 1979 1980 

Cathodes 0.81 0.71 0.27 
Wire bars 0.67 0.56 0.028 
Ingots and ingot bars _ - -  0.074 
Cakes and slabs _ - -  0.11 

-- 0.13 
Billets 0.~3 0.34 
Other 0.~ 
TotaLs 1.5 1.81 

day, is presently approximately 90 short tons per day. 
The process was developed at Kennecott'~ Research 
Center in Salt Lake City and involved selection of a 
proprietary reagent P-5100 produced by Acorga Lim- 
ited. The final extractant is the P-5100 diluted by a 
high purity kerosene (164). 

Cities Service Company began construction of a sec- 
ond solvent extraction/electrowinning plant in mid- 
July, the site being at the new Pinto Valley operation 
west of Miami, Arizona. The facility is expected to 
produce 99.99% copper cathode from leach solutions 
recovered from waste dumps at Pinto Valley, waste 
dumps that have accumulated for several years (165). 
The company's first SX-EW plant was completed in 
1976 and recovers copper from leach solutions circu- 
lated in underground workings of the old Miami mine, 
closed in the 1950's. 

F u t u r e  ou t look  for the  copper  industry.--According to 
T. D. Barrows (Kennecott Corporation), the copper 
industry may be in its strongest position in several 
years (166) due to the present shortages in the world 
supplies. Although a growth rate of only 2.8% per year 
has been realized through the last decade, it is believed 
that consumption will again reach the 4-5% per year 
growth rate by the mid-1980's (167). 

A less rapid growth is predicted by R. G. Adams 
(Chase Econometrics, Bala Cynwyd), but with overall 
optimism regarding the copper industry. Although the 
market may remain "tight," Mr. Adams projects that 
the demand for refined copper in the free world will 
increase to 10.4 MM metric tons per year in 1990 
(168). 

The U.S. Bureau of Mines believes the copper indus- 
try to be in a competitive position for  the future dec- 
ades (169). Production in the United States should in- 
crease to 3 MM metric tons per year by the year 2000. 
The financial standing of the industry will be strength- 
ened by diversification and merger, by joint venture to 
defray the risks of mining projects and by an in- 
creased reliance upon the financial community. G. B. 
Munroe (Phelps Dodge) was similarly optimistic con- 
cerning the U.S. copper industry through the 1980's 
(170). 

Activity in various parts of the world would sup- 
port the overall optimism, with expansions, new re- 
finery mining developments in Albania (171), Poland 
(172), Yugoslavia (173), China (174), Bulgaria (175), 
Iran (176), Peru (177), Pakistan (178), and Chile 
(179). 

New processes ,  n e w  m a r k e t s . - - A  Montana state re- 
search agency is seeking Department of Energy (and 
other) funding for a pilot copper smelter to evaluate 
a dead roast-segregation process developed by Amax 
Base Metals Research and Development (New Jersey). 
It is claimed that the new system reduces energy con- 
sumption 33% and is significantly less expensive to con- 
struct (180). 

Scientists are developing a new extraction method for 
copper, called electro-slurry of finely ground ore, in 
a cooperative program between the University of Utah, 
Envirotech Research Center (Salt Lake City) and the 
R & D Laboratories of Martin Marietta Company 

0.23 0.002 0.001 1.09 0.95 
0.022 -- -- 0.7 0,58 
0.05 0.004 -- 0.08 0.05 
0.08 - -  - -  0.1 0.08 
0.12 - -  ~ 0.13 0.12 

0.001 0.01 0.03 
0,51 0.006 0.002 2.18 1.85 

(Baltimore). The technique avoids emission of sulfur 
dioxide and is expected to consume 25% less energy 
(181, 182). The University of Utah has developed a 
method of grinding the ore to particles of 2-3 microns 
and Envirotech developed the high current density 
electrolyzer. 

Inco (Canada) is to undertake a feasibility study 
for a commercial-scale operation to reduce sulfur di- 
oxide emissions from its smelting facility in Copper 
Cliff (183, 184). The new technology involves removal 
of the sulfur-rich pyrrhotite from the concentration 
prior to smelting. 

Amax Incorporated is experimenting with a smelter 
process to allow production of copper-nickel at the 
Minnamax facility on a smaller scale than originally 
estimated (185). The process removes sulfur by roast- 
ing to leave a low-sulfur copper-nickel matte. 

A process that converts existing copper reverbatory 
furnaces into oxygen flash smelters has been developed 
(186). While it is recognized that "oxygen sprinkle 
smelting" is costly to implement, it is claimed to greatly 
enhance plant metallurgy and economy and is an ef- 
fective and cheaper way of modernizing outmoded 
plants. 

Copper-based alloys with heat-triggered "memory" 
will be available on the European market in 1981. It is 
claimed that the memory range is from --100~ to 
+100~ depending upon the particular alloy (187). NV 
Bekaert and Metallurgie Hoboken-Overspelt (both Bel- 
gian companies) are developing the materials under the 
name "proteus." In the U.K. Delta Metal has formed 
Delta Memory Metal to manufacture approximately 600 
new alloy products. 

The use of copper-nickel alloys for antifouling of 
ships has been claimed to offer several advantages (188, 
189). The cost of marine biofouling is significant and it 
has been shown that appreciable fuel savings can be 
realized by using the alloys in construction of t h e  
ships. 

A new series of fine-grained, precipitation harden- 
able copper alloys shows an excellent combination of 
high strength, ductility, and good resistance to a t m o -  
spheric  and tap-water corrosion (190), 

A. McCarthy, a physicist with General Dynamics 
Incorporated has developed an inexpensive method to 
produce Copper-65, a metal that could substitute for 
gold in electronics and other applications (191). The 
copper isotope is described as malleable, electrically 
conductive and more resistant to oxidation and corro-  
s ion.  

Lithium.--Consumption of lithium in the U.S. during 
1980 remained at about 3200 short tons. Exports of lith- 
ium products were about the same in 1980 at 2400 
short tons of contained lithium (192, 193). 

The U.S. continued to be the leading producer of 
lithium concentrates and compounds. The largest use, 
consuming one-third of the U.S. production, is in alu- 
minum potlines where it is used to improve aluminum 
metal production. Other major applications are in glass, 
ceramic, and lubrication industries (192). 

Year-end prices of lithium compounds were up 12% 
(192). 
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The lifting of economic sanctions against Zimbabwe 
has made some Li ores available which will be imported 
and distributed by Lithium Corporation of America 
(194). 

Foote Mineral Company and Society Chilena de Litio 
Ltda (Chile) will jointly invest $26 million by 1984 to 
produce 12 million pounds per year of lithium chemi- 
cals (195). 

The U.S. Bureau of Mines continued bench-scale 
experiments to develop methods of recovering lithium 
from clays (192). 

Further information on the role of lithium in the 
treatment of psychiatric disorders was discovered at 
the National Institute of Mental Health. Lithium helps 
block the shift from depression to manic phase by in- 
terfering with receptors for the neurotransmitter (196). 

M a g n e s i u m . m A c c o r d i n g  to the estimates of the In- 
ternational Magnesium Association, the worldwide pro- 
duction of magnesium metal in 1980 was approximately 
240,000 metric tons, representing 91% utilization of the 
industry capacity. This is also the highest recorded 
production of magnesium since 1945 (197, 198). 

In the United States, the production of magnesium 
remained strong throughout the year, although a slight 
decline was observed in the fourth quarter (199). Ac- 
cording to data published by the Bureau of Mines 
(199), 51,000 metric tons of magnesium and magnesium 
alloys were exported in 1980. Imports of the metal, in 
a l l  forms, totalled only 3300 metric tons. 

The price of magnesium increased during 1980 to 
$1.25 per lb of primary metal and $1.21 per lb for the 
die-casting alloy (199). 

Strong growth was observed in both the sales and 
production of magnesium die-castings in the U.S. in 
1980. The increase, estimated to be 21% (197), was 
achieved without substantial contributions from the 
U.S. auto industry. Nevertheless, sustained growth is 
anticipated because of the demand for light-weight, 
fuel-efficient cars. In this regard, the price ratio be- 
tween primary magnesium and primary aluminum, 
long considered to be important, is beginning to ap- 
proach the 1.5:1 equal-volume price ratio. 

Further growth in the total consumption of mag- 
nesium is attributed to its increased use in ferrous de- 
sulfurization products. Again, the slowdown experi- 
enced in the U.S. steel industry in 1980 has not delayed 
the installation of desulfurization stations in the steel 
m i l l s  (197), 

It  was announced that Amax will acquire the mag- 
nesium plant at Rowley, Utah, offered for sale by N. L. 
Industries. The purchase price was stated to be $60 
MM. Amax has indicated early expansions in the facil- 
ity to meet the anticipated demands for magnesium, 
particularly by the U.S. auto industry (197, 200-212). 

In South America two Brazilian plants are planned 
to come on-stream by the mid-1980s. The total produc- 
tion capability will be approximately 30,000 metric tons 
per year, sufficient to provide the majority of the mag- 
nesium required by Brazilian aluminum producers and 
steel makers and the Brazilian auto industry (197). 

Norsk Hydro with an annual production of 50,000 
metric tons of primary magnesium per year and the 

Table IX. Production of primary magnesium, 1977-1985 

Production of primary magnesium (MT)" 
Year World USA 

1977 185,000 -- 
1978 299,000 135,000 
1979 226,000 145,G00 
1980 ~249,000 ~151,000 

Est. 1985 280,{)00 - -  

�9 From References (200-202). 

largest exporter of the metal in the world, h a s  a n -  
n o u n c e d  improvements and expansions to their facili- 
ties based on in-house R&D programs (205). The com- 
pany is completing improvements in (i) the production 
of water-free magnesium chloride, (ii) new electrolysis 
technology, and (iii) new molding techniques. 

Magnohrom Oour Bela Stena (Yugoslavia) has opened 
a 5000 metric tons per year plant at Baljevac Na Ibru, 
Serbia, based on magnetherm technology developed by 
So-Frem (213, 214). Production in 1980 was expected 
to reach 80% of capacity, one-half of which would be 
exported. 

Dow Chemical (USA) will spend $20 MM to increase 
the production at Freeport (Texas) to approximately 
125,000 metric tons magnesium per year. A new low- 
energy process will be incorporated into the facility and 
startup is scheduled for late 1982 (215, 216). 

Short-term economic concerns have delayed plans f o r  
construction of a new 24,000 MT per year plant, out- 
lined by Chromasco Limited and expected to begin 
during 1980 (197). The Canadian company has con- 
tinued to upgrade capacity and improve operations a t  
its plant in Heley, Ontario, thereby increasing capacity 
100% since 1975. 

Near the end of the fourth quarter of 1980, the Amer- 
ican Magnesium Company closed its primary mag- 
nesium production facility at Snyder, Texas, due pri- 
marily to the lack of brine feed (199). 

Fomb/Agusta SPA (Italy), a manufacturer of heli~ 
copters, has awarded a contract to produce high per- 
formance magnesium casting alloys to Magnesium 
Elektron (UK). MEL has developed a range of mag- 
nesium/zirconium alloys designed specifically for the 
aircraft industry (218). 

The levels of magnesium in "soft" d r i n k i n g  w a t e r  
have been linked to sudden death, inchemic h e a r t  
disease in studies at the Down State Medical Center 
(Brooklyn) of the State University of New York (219). 
The findings indicate that a deficiency of magnesium i n  
the water may be a factor in the disease sequence of 
progressive vascostriction, coronary artery spasm, a n d  
sudden death. 

Manganese.--There was no domestic production of 
manganese ore containing 35% or more manganese 
again in 1980. Low grade ores were produced a n d  
shipped from mines in Minnesota, New Mexico, a n d  
South Carolina. More manganese was imported as  
ferro-alloys than as ore, although consumption of both 

Table X. Consumption of primary magnesium, 1977-1985 
World consumption of primary magnesium (MT)* 

Use 1977 1978 1979 Est. 1980 Proj. 1935 % Growth 

Aluminum alloys 93,000 100,000 109,000 113,008 125,000 3.2 
Chemical synthesis 29,000 31,000 32,000 38,000 3.0 
Die-casting 36,000 32,000 3~,000 38,000 58,000 8.4 
Nodular iron 19,000 20,000 20,~ 26,000 3.8 
Desulfurization os steel  4,000 5,000 ~',000 9,000 23,0~0 14.4 
Structural 15,000 13,000 - -  15,000 18,000 4.7 

* From References (197, 203, 204, 208). 
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Tob[e Xl. Magnesium extraction plants in the western world (217) 

Capacity 
Plant Country Process (MT/Y) 

Chromasco Canada Thermal 12,000 
Sofrem France Thermal 11,000 
Saim Italy Thermal 12,000 
Furu Kawa Japan Thermal 7,00.0 
Ube Japan Thermal 55,000 
Showa Denko Japan Thermal 250 
Norsk Hydro Norway Electrolytic 44,000 
Amer. Magnesium USA Electrolytic 10,000 
Dow Chemical USA Electrolytic 120,(~00 
NL Ind. (Amax) USA Electrolytic 45,0~0 
Northwestern Alloys USA Thermal 24~000 

was down. Ferromanganese imports were 20% l o w e r  
than in 1979 (220). 

Prices for high-carbon ferromanganese containing 
more than 78% manganese were from $490 to $530 per 
metric ton of alloy from domestic producers. Imported 
alloy of the same grade decreased from $430-$440 per 
metric ton at the beginning of the year  to $350 per 
metric ton by mid-summer (220). Electrolytic man-  
ganese metal increased to 70r per  lb in December (221- 
223). 

Some companies have complained that  current ferro- 
manganese prices are too low to attract  new investment 
(224). Others say expansion will be l imited due to lack 
of mineral  reserves and expensive energy (225). 

I t  has been reported that  offshore deposits of man-  
ganese could supply the U.S. with all its needs (226). 
South Africa has 12.14 billion tons of recoverable land-  
based manganese ore, while Russia has 2.6 billion tons 
(227). 

About 95% of manganese ore produced worldwide 
ends up in steel, while the other 5% goes into many 
markets, including chemicals and batteries (228). 

Following an increase in demand by the uranium 
processing industry, Rand London Manganese Mines 
opened a new mine in the Transvaal which will in- 
crease production by 3.000-4000 mt per month (229). 
Delta Manganese (South Africa) will  increase man-  
ganese metal  production from 20,500 to 26,600 tons 
per year  with a $17 million expansion (230). 

Nicke l - -The  Bureau of Mines reported domestic 
mine production of nickel was 16,000 tons in 1980. Con- 
sumption of pr imary nickel in the U.S. decreased 15% 
to 165,000 tons in 1980. Total nickel consumption, in- 
cluding secondary nickel, was estimated at 197,000 
tons (231). 

Domestic production from ore mined in Oregon and 
nickel recovered from pr imary copper smelters in 1980 
was about 12,500 tons. The Amax Nickel Refinery in 
Louisiana produced about the same amount of pr imary 
nickel in 1980 as in 1979 from imported matte (231). 
Low demand caused Amax to idle  15% of its 80 million 
lb per year  capacity in September. 

Weak demand for nickel resulted in Falconbridge 
Nickel Mines, Incorporated (Canada) shipping 54,159,000 
lb in 1980 compared to 86,454,000 lb in 1979. Nickel 
inventories in Canada reached 155 million pounds by 
the end of 1980, up from 89 million pounds in 1979 
(233). 

Noncommunist world production and consumption of 
nickel were about in balance in 1980 at 1,200,000 mil-  
lion pounds (234). 

Nickel prices were increased 25r per  lb. This resulted 
in major nickel buyers holding off purchase (235). In 
order to stimulate purchases, major producers offered a 
6% discount on nickel products in November (236). In 
August, mills were operating at 60% of capacity a n d  
buying 20% of the usual amount of nickel (237). 

U.S. nickel consumption is expected to rise 4-4.5% 
per year  in the 1980's and become tighter after 1985 
(238). Domestic consumption in 1981 is predicted to 
equal that in 1980 (240). Current world nickel smelting 

and refining capacity is expected to increase from the 
current 700,000 mtpy to 715,000-760,000 mtpy by 1985 
(239-244). New applications in the defense and energy 
related industries should contribute to the expanding 
demand in the 1980's. 

Inco (Canada) will spend $15 million on process im- 
provements to its Indonesian nickel project to t ry  to 
reach its capacity of 100 million pounds. Corrosion 
problems severely limited production, which is ex- 
pected to reach 60-65 million pounds in 1981 (245). 

Nickel-SLN (France) has developed a process to 
produce super-refined nickel of 99.98% puri ty for the 
nuclear and aerospace industries. A 16,000 tons per y e a r  
plant will be constructed to produce the material  (246). 

A new process for electrolytic nickel has been com- 
mercialized by Falc0nbridge Nikkelwerk (Norway) in  
a 38,000 mtpy plant. Nickel concentration in the air is 
kept below 0.2 mg/m ~ (247). 

Inco (Canada) started up a 10 million lb per year 
expansion of its Clydach, S. Wales, smelter, raising its 
capacity to 120 million lb per year. The new process  
utilizes a fluid-bed roaster with the SO~ being con- 
verted to sulfuric acid (248). 

Cuba's plan to produce 100,000 tons per year  of 
nickel by 1985 has been set back to 1990. Only $28 
million of a planned $275 million have been spent and 
the second stage expansion will not be completed before 
1984 (249). 

Sumitomo Metal Mining (Japan) will par t ia l ly  re-  
equip its nickel smelter in 1982 with a resulting de- 
crease in capacity from 23,400 to 21,360-21,600 tons per  
year  (250). 

Inco Limited is reducing sulfur dioxide emissions 
at its Sudbury, Ontario, nickel smelter by 25% through 
the installation of a $40 million pyrrhoti te  flotation 
process. This installation will allow it to meet govern- 
mental standards by 1983. The plant capacity will re-  
main at 280 million lb per year  nickel (251). The same 
firm will l imit  SO2 emissions at its Thompson, Manitoba 
plant by producing high strength SO2 to make sulfuric 
acid (252). 

Although lung cancers and nasal sinus cancers among 
nickel smelter workers may result  from the carcino- 
genicity of the metal, they may also be caused by the 
presence of chrysotile asbestos in the ores. Regardless 
of the cause, adequate hygiene measures must be taken 
to prevent inhalation of dusts arising during ore pro-  
cessing (253). 

A process for recovering nickel from low-grade 
domestic laterite ores has been demonstrated by the  
Bureau of Mines in a 5 tons per day pilot plant. The 
process may lead to a reduction in U.S. dependence on 
imported nickel, currently 93% of consumption (254). 

Sedium.--Data regarding the annual production of 
metallic sodium for 1980 have not appeared in the usual 
sources. However, i t  has been stated (255) that  the 
current industry capacity of 190,000 short tons is ex- 
pected to meet the demand for metallic sodium over 
the next several years. 

I t  is expected that due to legislative controls on 
automobile emissions, the use of metallic sodium in the 
manufacture of tetramethyl  and tetraethyl  lead will 
continue to decline. This use accounted for approxi-  
mately 80% of the metallic sodium produced. 

Some growth may be expected in the use of sodium 
to produce metal l ic  titanium. Other uses include the 
manufacture of herbicides, pesticides, dye stuffs, phar-  
maceutical chemicals, sodium hydride, and sodium 
borohydride, but little growth is anticipated. 

Potential new uses for metallic sodium include 
sodium-sulfur batteries and as a heat transfer  medium 
in nuclear reactors (255). 

Titanium.--Although the predicted decrease in or-  
ders for commercial aircraft did occur in 1980, the de- 
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mand for titanium metal in other areas remained strong 
both in the United States and in Europe. Record custo- 
mer orders were placed during essentially the first 
three quarters of 1980 so that the increased sponge and 
melting capacity in the industry led to record ship- 
ments. By the end of the year, however, the decline in 
the aircraft industry did have an effect and lead times 
for titanium products were noticeably reduced (256). 

The U.S. strategic stockpile goal for titanium sponge 
was increased to 195,000 tons because of increased re- 
quirements and limited domestic capacity. Current in- 
ventories show approximately 32,000 tons of sponge 
metal (258). 

The published price of domestic titanium sponge 
was increased from $3.98 per lb to $7.02 per lb in July 
1980. Sponge metal imported from Japan also suffered 
a significant price change in April 1980, increasing from 
$3.60 to approximately $8 per lb (258). 

RMI Company (Niles, Ohio), jointly owned by the 
National Distillers and Chemical Company and U.S. 
Steel, has completed an expansion to the facilities in 
Ashtabula, Ohio, at an estimated cost of $3.5 MM. The 
expansion effectively increases the company's capabil- 
ity to produce titanium sponge from 15 MM to 19 MM 
pounds annually (259). 

D-H Titanium Company, a joint venture of Dow 
Chemical and Howmet (a subsidiary of P~chiney- 
Ugine-Kuhlmann of France), began operation of a new 
semicommercial titanium plant this year. The plant, 
located in Freeport, Texas, utilizes nonconventional 
electrolysis technology. It has been reported that fur- 
ther expansion is being considered to allow production 
of approximately 5 MM pounds of titanium annually 
by 1982 (260). 

IMI Titanium (Witton, U.K.) plans to double the 
company's present capacity to produce titanium alloy, 
i.e., approximately 5000 MT/year, over the next five 
years. The initial stage involves expenditure of $18 MM 
to install vacuum-arc melting furnaces, plasma-welding 
units, rolling and finishing equipment (261). 

Sumitomo Metal Industries, Osaka Titanium, and 
other members of the Sumitomo group, are consider- 
ing expansion of metal titanium production. According 
to the announcement, an attractive site for a new tita- 
nium plant is Australia, With cheap power and an 
abundant supply of rutile (262). Plans are to increase 
titanium sponge capacity to approximately 18,000 tons 
per year. Osaka Titanium expects to increase its ca- 
pacity to 5000 tons per year. 

Billiton Internationa!i the metals subsidiary of the 
Royal Dutch/Shell gr0uP, is considering investment in 
a titanium plant in the United Kingdom. The total cost 
of the project is estimated to be $75 MM with Billiton 
providing 60-70% (263). The other partners in this 
project are Rolls Royce and IMI, the former being the 
priority customer of the 5000 tons per year plant, to 
ensure supplies of the metal for aero-engine produc- 
tion. Courtaulds Engineering has been awarded the 
construction contract and the plant is expected to 
come "on-stream" in 1982. 

Osaka Titanium has also announced plans to install 
a new titanium ingot furnace at its plant in Amagasaki, 
capable of producing ingots of approximately eight 
tons and capacity of 200 ton per year. The furnace 

Table Xll. U.S. titanium metal supply and demand (257) 
(short tans) 

1979 1980 

Titanium sponge Imported 2,488 4,777 
Exported 180 113 
Consumed ?3,937 26,937 

Titanium ingots Produced 37,414 41,786 
Consumed 35,987 42,477 

Titanium scrap Exported 4,967 3,300 
Imported 6,140 4,138 
Consumed 13,966 15,412 

will be able to utilize scrap titanium as 10% of its f e e d  
(284). 

A feasibility study has been undertaken for the con- 
struction of a $100,000 titanium metal plant in New 
South Wales, Australia. General Dynamics (U.S.) is 
involved in this study under a 30% offset deal, since 
the company has recently submitted a proposal to build 
F-16 fighter planes for the Australian Air Force (265). 

Howmet Turbine Components Corporation purchased 
the Whittaker titanium ingot facility in Reno, Nevada, 
which has been idle since 1976. This plant will supple- 
ment the melting operations in Whitehall, Michigan, 
and add a further 4 MM lb per year of ingot capacity 
(256). 

Westinghouse Electric Corporation, Pittsburgh, Penn- 
sylvania, was awarded a $1 MM contract by the Electric 
Power Research Institute to compare the performance 
of titanium and steel blades in steam turbines (266). 
Preliminary studies in the 100,000 kilowatt steam tur- 
bine in Georgia have yielded encouraging results in 
that the titanium blade is significantly more resistant 
to pitting. 

NL Industries, Inc has developed a new modification 
of its sulfate pigment process which the company calls 
liquid phase digestion (267). The new procedure re- 
portedly reduces air and water emissions, lowers manu- 
facturing costs, and will effectively expand plant ca- 
pacity. The agreement to install this new production 
system before September 1981 was part of a settlement 
with state and federal authorities in regard to alleged 
violations of environmental regulations at the pigment 
plant in Sayreville, New Jersey. 

In March 1980 the Department of Commerce pro- 
posed a set-aside program for titanium products, to 
facilitate equitable handling of defense-rated orders 
under the Defense Materials System and the Defense 
Priorities System (266). A strong negative response 
to the program from the titanium industry prompted 
its withdrawal in May. 

In a civil antitrust suit, arising from a criminal case  
in 1979 involving a price-fixing conspiracy, four tita- 
nium companies agreed to an injunction barring price 
fixing, bid rigging, or the trading of price information 
(268). The companies involved were RMI Company, 
Crucible, Incorporated, Lawrence Aviation Industries, 
Incorporated, and Titanium Metals Corporation of 
America. The suit against the fifth defendant, Martin 
Marietta Aluminum, Incorporated, is continuing. 

Focusing on new materials, automotive designers 
are studying improved coil springs for suspension sys- 
tems. Ford has indicated that titanium springs offer a 
53% savings in weight (168). 

Mine production of ilmenite decreased 14% in 1980, 
totalling 550,000 tons (estimated) in contrast to ap- 
proximately 640,000 mined during 1979 (256, 258). The 
only U.S. plant producing synthetic rutile, located in 
Alabama, was reopened during 1980, but was operating 
at only 70% of capacity (258). 

Imports of ilmenite, predominantly from Australia, 
were significantly higher than in 1979 and were esti- 
mated at 320,000 tons (258). One hundred sixty-one 
thousand tons of natural futile, primarily from Aus- 
tralia, were imported in 1980, being essentially un- 
changed from 1979, whereas 37% less synthetic futile 
was imported. 

Associated Minerals Consolidated Limited (AMC), a 
subsidiary of the Consolidated Gold Fields, Australia, 
Limited, exercised its Option to purchase the assets and 
mining rights of the Titanium Enterprises mineral 
sands operation at Green Cove Springs in Florida (266). 
AMC expects to produce 25,000 MT of rutile, 25,000 MT 
of zircon, and 50,000 MT of ilmenite annually over the 
next 15-20 years. The purchase price was reported to 
be $11.7 MM. 
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In the light of anticipated growth in the demand for 
titanium chemicals, Gulf and Western Natural  Re- 
sources has announced plans to expand its facilities in 
Ashtabula, Ohio. The cost of construction is estimated 
to be $3.7 MM, completion expected in early 1982 (269). 

Zinc.--Although the zinc industry in the United 
States experienced a severe mid-year  slump, demand 
through the third and fourth quarters and an improved 
pricing forecast led to a better  year  than anticipated 
and a more optimistic outlook (270). However, uncer- 
tainty continues to surround both the automotive in-  
dustry and the construction industry, part icularly in 
light of 1980's high interest rates, and these industries 
are primary markets for zinc metal. 

According to W. G. Weeks (Noranda Sales Corpora- 
tion Limited) product research, market  development 
and supply security must be successfully ir~tegrated for 
the zinc industry to move into the 1980%. The industry 
must recognize that it is essential to create zinc end- 
products that  meet a need, which demands product 
research and market  development, leading to a sound 
market  and hence the investment to assure dependable 
supply (271). 

Zinc demand is predicted to rise 1.5% per year 
through the 1980's in the free world, but  this requires 
reduclion in capacity to return the industry to profit- 
ability, according to the Commodities Research Unit 
(U.K.). Growth in Western Europe, U.S.A. and Japan 
will be less than 1.5% per year  (272). World capacity 
for the production of zinc is shown as Table XIII. 

The zinc industry in Western Europe may be required 
to increase exports or al ternatively to reduce capacity 
(274) in order to maintain profitable operations. Al-  
though consumption of zinc in the  developing countries 
has increased at approximately 8% per year for sev- 
eral  years, these markets  are dominated by Canada .  
Furthermore, the developing countries are themselves 
expanding smelter capacity. Ironically, the smelters in 
Western Europe are highly modernized and among 
the best and most economic producers of zinc in the 
world. 

The opening of a new mine and the absence of 
strikes in 1980 appear to be factors that contributed 
to an estimated annual mine production of 310,000 
metric tons, an increase of approximately 20% over 
1979 (275). In contrast the pr imary production of zinc 
metal declined to 350,000 metric tons, decreasing 25% 
from 1979 production levels. World-wide shortages of 

Table XIII. World zinc capacity (273) 
(metric tons) 

Nom in a l  Production Nominal 
eapac~y eapac~y eapac~y 

1980 1980 1985 

Europe 2,325,000 2,0~,000 
Africa 275,000 235,000 275,090 
Canada 633,000 605,090 663,000 
U.S.A. 613,000 557,000 240,000 
Mexico  200,000 180,000 345,00,0 
South America 193,0~,0 160,000 325,000 
Australia 325,000 310,000 295,0'00 
Asia 205,000 158,000 295,090 
Japan 1,0@0,000 900,000 1,0'00,000 

Totals 5,769,000 5,106,000 6,301,000 

Table XIV. Consumption of slab zinc in the United States (276) 

1979 Consumption 1980 Consumption 
End us e  (metric tons) (metric tons) 

Galvanizing 411,200 345,100 
Brass  and bronze 139,0~ 96,409 
Zinc-base alloys 282,400 208,300 
Rolled zinc 22,000 22,000 
Zinc oxide 35,500 29,860 
Other 28,900 2 5 , ~  

Totals 019,000 626,660 

the zinc concentrates may have been a major factor 
in the curtailment of production (275) although sev- 
eral plant closings also occurred. 

Consumption of zinc decreased 15% in 1980, prob- 
ably due to the reduced activity in the automotive 
and construction industries (275). The major uses for 
slab zinc and estimated consumption in 1979 and 1980 
are shown as Table XIV. 

New Jersey Zinc Company, a unit  of Gulf a n d  
Western industries, announced that it will close its 
zinc smelting operation in Palmerton, Pennsylvania, 
including the zinc ore roasting, sulfuric acid and vert i -  
cal retort  facilities. Production of zinc oxide will be 
maintained however (275,277). Reasons cited for this 
decision were the decreased demand for zinc and 
rapidly rising production costs (278). 

St. Joe Zinc (Pittsburgh),  a division of St. Joe 
Minerals Corporation, closed the 250,000 tons per year  
electrothermic zinc smelter in Monaca, Pennsylvania, 
at the end of 1979 (279,280). The pr imary reason cited 
was the failure of the domestic zinc industry to gain 
relief from excessive imports of slab zinc. After pre-  
l iminary studies of designs for a new 120,000 tons per 
year  electrolytic zinc refinery, St. Joe decided not to 
replace the Monaca smelter (281, 282). I t  w a s  also  a n -  
n o u n c e d  (283) that negotiations for long-term pur-  
chases of 20,000 tons per year  of zinc ingots were on- 
going between St. Joe Minerals and several Japanese 
companies. 

Citing poor market  conditions, Jersey Miniere is 
planning to reduce production at the 90,000 short tons 
per year zinc refinery in Clarkesville, Tennessee, to 
approximately 40% of its capacity (284). Development 
work at the company's zinc mine at Gordonsville, 
Tennessee, will also be curtailed. 

Japanese zinc smelters have efficiently reduced their 
energy consumption by (i) use of nighttime electrical 
power, (ii) recycling of hot gases, and (iii) introduc- 
tion of new technology (285). However, it is expected 
that production will be reduced approximately 5% 
(i.e., 40,000 tons per year) due to escalating power 
costs which already account for 60% of smelter reve- 
nues (286). 

Preussag AG (Hanover, West Germany) announced 
plans to reduce capacity at the 100,000 tons per year  
zinc plant  at Harz to allow the necessary modifications 
to be made to the facility to meet the stricter regula-  
tions governing air pollution (287). 

STE Industrielle de Prayon (Belgium) announced 
that production of zinc ingots at the Ehein Electrolytic 
plant will  be stopped due to the high cost of zinc 
concentrates and depressed prices in the zinc market  
(288). The plant had an annual capacity of 35,000 tons. 

St. Joe Minerals expects to develop a recently dis- 
covered ore-body at Pierrepont, New York (275, 289). 
It is estimated that approximately 2.5 million tons of 
zinc ore (15% metal) may be realized from this 
deposit. 

Bechtel (Canada) announced that  it  has been c o m -  
m i s s i o n e d  by Cominco Limited to design and construct 
a mine on Little Cornwallis Island (Northwest Terr i -  
tories) to produce ore containing 14.1% zinc and 43% 
lead. The size of the reserve wilI make the mine at 
least the l l t h  largest producer in the world (290). 

The historic Broken Hill mining district in western 
New South Wales (Australia) is the scene of an ex- 
ploration program estimated to cost $11 MM over the 
next five years (291). Australian Mining and Smelting 
Limited, a wholly owned subsidiary of Conzinc Riotinto 
of Australia, decided to intensify its efforts to establish 
sufficient reserves to supply smelters in South Aus- 
tralia and New South Wales into the 21st century. 

Allied Metal Company (Chicago, Illinois) has begun 
operation of a new zinc smelter to increase plant ca- 
pacity to approximately 20 MM tons per year. The ex- 
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pansion is estimated to have cost $200,000 and included 
installation of electronic controllers to monitor smelt- 
ing operations (292). 

Pacific Smelting Company has announced plans to 
construct a 10,000 tons per year zinc refinery in 
Memphis, Tennessee, based on muffle furnace tech- 
nology. Completion of the project is expected to be 
late in 1981 (293). 

A zinc plant owned by Cia Mineira de Metars 
(Brazil) became operational during the fourth quarter 
of 1979 (294). The plant has the capability to treat 
500 tons per day of dry zinc ore in a large rotary fur- 
nace. 

Hindustan Zinc Limited has undertaken a $13 MM 
improvement program at its smelting facilities at De- 
bari. When completed early in 1983, zinc output ca- 
pacity will be approximately 48,000 tons per year 
(295). 

In September 1980, St. Joe Minerals reopened part 
of the smelter at Monaca, Pennsylvania, to produce 
French-process zinc oxide and prime western zinc, with 
a combined capacity reported to be 50,000 short tons 
per year (270). 

The zinc output in Peru is expected to be increased 
to 130,000 tons per year in 1981 when operations at 
the new refinery at Cajarnaquilla begin (296). 

Bunker Hill Company (Kellogg, Idaho) became the 
first domestic primary zinc producer to market zinc 
foundry alloys and is presently posting prices for 
three alloys (297). The emerging market for zinc as a 
foundry alloy affords the industry an opportunity to 
market aggressively. Bunker Hill has announced its 
intention to work closely with customers to develop 
applications. Texasgulf has announced its entry into 
this market (298) predicting that it could reach 385,000 
tons within the next decade. 

The zincex process for recovery of zinc from leach 
liquors has been incorporated into Metalquimica Del 
Nervio SA's plant at Bilboa, Spain, and into a new 
11,000 metric tons per year plant in Lisbon, Portugal 
(299). 

The Electrical Industry 
The energy future.--A five-year overview and strat- 

egy summary recently published by the Electric Power 
Research Institute (EPRI) strikes a somber note re- 
garding the energy future in the United States (300): 

"The issue is not a choice of conservation or coal 
or nuclear or renewable resources: rather it is our 
willingness~o use conservation and coal and nu- 
clear and renewable resourc.es. We do not enjoy 
the luxu~--ry of selecting from these alternatives, we 
must utilize all of them." 
The document is a summary of a more detailed study 

and the present focus of the Institute is clearly upon 
technological developments with anticipated pay-off 
within the next decade. It is pointed out that without 
expansion of the supply of electricity some areas of 
the nation may experience severe shortages of power 
over the next twenty years. 

The report predicts the development of a "coal 
economy," demanding a two or threefold increase in 
the production of coal in less than twenty years. The 
electric utilities will consume approximately 70% 
of that coal by the year 2000. But even with this ob- 
jective being realized, EPRI regards nuclear power 
generation as a matter of necessity (300). 

A similar viewpoint was expressed by D. Schauster 
of the Bonneville Power Administration (301), who 
stated that there will be limited supplies of electrical 
energy during the 1980's at significantly increased cost 
to the consumer. In his opinion, it is unlikely that 
alternative sources of energy will be capable of re- 
lieving this situation until the end of this century. 
With particular references to the Pacific Northwest, 

Mr. Schauster cited mounting costs and regulatory 
obstacles as the major hurdles confronting the utilities 
in their efforts to establish new power stations. Addi- 
tional generating capacity could cost 3-5 times as much 
as it did in the 1970's. Similar concerns were expressed 
by the aluminum makers, chemical companies, and 
forest-product companies (302). 

The situation is further aggravated by the fact that 
construction of nuclear power plants may not occur 
without speedier licensing and higher power prices 
(301). Presently, it is estimated that approximately 
33% of the cost of the new nuclear plants stems from 
construction delays. The uncertain growth of nuclear 
power generation and the concerns of the general 
public with respect to the environment and safety, 
may be reflected in the federal energy budget for the 
fiscal year 1981 (303). Here funding for the develop- 
ment of nuclear fusion technology has been reduced 
22%. 

Marshall McDonald (Chairman of the Board and 
Chief Executive Officer, Florida Power Light Com- 
pany) believes that a major problem facing the electric 
utilities today is to convince the general public that 
there is an energy crisis (304) and that the solution 
will not be cheap. 

A somewhat more optimistic outlook was expressed 
in a report produced by the American Petroleum 
Institute (APt), which stated that the United States 
ought to be "in good shape" by 1990, if appropriate 
decisions are made now (305). The opportunities 
available, according to the  API report, include the 
development of coal and nuclear programs, effective 
changes in the current environmental laws, and deriv- 
ing more energy from federal lands. 

The World Coal Study, an international project in- 
volving over eighty people from sixteen major coal- 
using and coal-producing countries, concluded that, 

"A massive effort to expand facilities for the pro- 
duction, transport, and use of coal is urgently re- 
quired to provide for even moderate growth eco- 
nomically in the world between now and the year 
2000. Without such increases in coal, the outlook is 
bleak." (306). 

Power generation in the United States.--The econ- 
omy, the weather, and conservation were three forces 
that impacted upon usage of electrical power in the 
United States in 1980. The predicted recession fo r  the 
year became a serious depression, significantly worse 
than the downturn experienced in 1974-1975. On the 
positive side for the utilities a long, hot summer with 
record-breaking temperatures led to high demands for 
electricity. Through all of this, the consumer, facing 
high rates of inflation, was forced to "conserve" wher- 
ever possible in order to match income and expenses. 

Sales of electricity in 1980 totaled 2097 billion 
kW-hr, which represents an increase of only 1% (307) 
but higher than forecast (308). A 2.7% decrease in 
sales to industry was offset by the increased sales to 
residential customers, 4% vs. 2.1% in 1979 (Table XV). 

Revenues accumulated by the electric utilities in- 
creased approximately 18% to $91.7 billion in 1980 with 
increases of 16, 18, and 20% being realized from sales 
to industrial, residential, and commercial customers, 

Table XV. Electric utility sales, 1978-1980 (307) 
(Billions kW-hr) 

Res i -  I n d u s -  C o m m e r -  
d e n t i a l  t r i a l  c i a l  O t h e r  T o t a l  

1978 679.2 782.1 480.7 75.8 2017.8 
1979 693.8 813.6 494.4 75.9 2077.8 
1980 721.1 791.6 509.8 74.4 2097 
% ~ h a n g e  

1978-1979 + 2.1 + 3.8 + 2.7 - -  + 2.85 
% Change 

1979-1980 + 3.9 -- 2.7 + 3.0 - -  + 1.0 
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Table XVI. Average annual use, electric rate, and utility bill 1978-1980 (307) 

Resident ia l  Indus t r i a l  Commerc i a l  

Avg. use Avg.  bill Avg.  annua l  Avg. use 
Year  (kW-hr)  ( c /kW-hr )  bill ($) (kW-hr)  

Avg.  bill Avg.  annua l  Avg.  use  Avg.  bill Avg. annua l  
(C/kW-hr) bill  (%)  (kW-hr)  (C/kW-hr) bill ($) 

1978 8,849 4.03 356.7 1,702,939 
1979 8,828 4.33 382.1 1,759,997 
1989 8,973 4.93 442.3 1,657,317 

2.59 44,156 53,085 4.1 2,177 
2.85 48,812 53,249 4.39 2,337 
3.41 56,464 53~40 5.1 2~33 

respectively (307). The sharp rise in the revenues is 
at tr ibuted pr imari ly  to the increased power rates 
granted to the investor-owned facilities. 

The conservation of energy by the residential cus- 
tomer seen in 1979 was not maintained in 1980, due 
probably to the long, hot summer. As is seen in Table 
XVI the average power usage increased 1.6% to 8973 
kW-hr  and the cost jumped 0.6r to set a new post- 
World War II high of 4.93r per kW-hr  (308). In all, 
then, the average residential bill increased almost $60 
over that of 1979. 

In the five-year period since the end of 1975, the 
average residential usage has increased only 10%, but  
the rate has increased 50% and the average bill ap- 
proximately 70% (307). 

Repeated pleas for increases in the power rates ap- 
peared to be the utilities' defense against inflation, ac- 
cording to the Wall Street Journal (309). Hit hard by 
soaring costs of construction, fuel, and capital, the first 
half of 1980 saw approximately 86 utilities file requests 
for rate increases. From figures released by Ebasco 
Business Consulting Company (307), 97 utilities were 
granted $5.67 billion in rate hikes in 1980, an in- 
crease of 24% from 1979. A further 70 applications are 
pending (Table XVII).  

Similarly, Edison Electric Institute reports $5.93 bil-  
lion in rate increases in 1980 as an "improvement in 
the attitudes of state commissions towards the uti l i-  
ties" (307). 

Generation capability for the electrical utilities in-  
creased 25% during 1980 and, based on data from 
DOE's Energy Information Administration, the year-  
end capabil i ty of all U.S. utilities was 613,582 MW 
compared with 597,523 MW as of December 1979. The 
consumption of the various fuels (Table XIX) shows 
approximately an 8% increase in the use of coal to 
generate electricity and as in 1979, there was a sig- 
nificant decrease in the amount of oil used. 

Table XX, energy generated by fuel type, illustrates 
the marked, and accelerating, trend towards fossil 
fuels and the dominance of coal in this category. 

Projected capability beyond 1981 is presented as 
Table XXI. 

Capital expenditures pr imari ly  for generation, 
transmission, and distribution of electricity in the 
United States were $35.9 billion, which, compared 
with 1979, was essentially without growth, con- 
t rary  to a projected increase of approximately 8.6% 
(307). A sluggish economy, reduced forecasts for 
load growth, and a poor financial picture were thought 
to have held down uti l i ty spending. The biggest 
change in capital expenditures between 1980 forecast 
and actual 1980 figures occurred in the area of munici- 
pal, state, and public-power-distr ict  system. Actual 
spending for this segment of the industry was off 60% 
from the estimated figures. I t  is added, however (307) 

Table XVll. Electric rate increases 1978-1980 (307) 

G r a n t e d  P e nd ing  12/1980 

No. corn- Appli- 
Y e a r  pan ies  $ MM cat ions $ MM 

1978 73 2,362.7 59 3,458.9 
1979 80 4,567.0 70 4,715.4 
1980 97 5,677.0 70 7,381.0 

that the forecast was highly uncertain due to limited 
information. 

Euergy from fossil fuels.--Over the last four to five 
years, approximately 70% of the power generated in 
the United States has utilized fossil fuels (see Table 
XVIII),  and as stated earlier, a substantial decrease in 
the consumption of oil by the electrical utilities was 
maintained through 1980. 

With respect to capabil i ty beyond 1980, planned 
addition would utilize fossil fuels to generate 46.7% 
of the electrical power  (see Table XX). 

Coat gasification.--The Department of Energy has 
given conditional approval for a $250 MM loan guar-  
antee to par t ly  finance construction of the Great  
Plains coal-gasification plant to be built  near Beulah, 
North Dakota (310, 311). A consortium of five gas- 
pipeline companies, led by American Natural  Re- 
sources Company of Detroit, expects to begin con- 
struction by the end of the year with the complex be- 
c6ming operational in 1984. The plant  is designed to 
produce 125 MM cubic feet of high-Btu gas per day, 
which is equivalent to 20,000 barrels per day of fuel 
oil. 

Table XVIII. Energy generated and source 1978-1980 (307) 
(Billions kw-hr) 

Nu- 
Coal Oil Gas c l ea r  Tota l  

1978 976.6 364.2 305.4 276.4 1922.6 
1979 1075.6 3(]3 329.5 255.2 1967.6 
1980 1161.2 245.8 345.9 251.1 2009.6 
% Change  

1978-1979 + 10.1 - 17 + 7.9 - 7.6 + 2.1 
% Change  

1979-1980 + 8 - 19 + 5 - 1.6 + 2.2 

Table XIX. Fuel consumption by the electrical industry (307) 

Coal Oil Gas 

MM of tons  MM bar re l s  MM cubic fee t  

1978 481.6 635.8 3188.4 
1979 527.3 523.3 3490.5 
1980 569.4 421.3 3679.7 
% Change  

1978-1979 + 7.3 - 17.6 + 9.4 
% Change  

1979-1960 + 8.0 - 19.5 + 5.4 

Table XX. Electric power industry capability, MW (307) 

Capabil i ty 
Tota l  addit ions 

capabi l i ty  1981 & 
Dec. 31, 1980 beyond  Totals  

Fuel  type  MW % MW % MW % 

Hydro* 76,351 12.4 16,324 6.0 92,675 11.3 
Foss i l  f u e l  424,524 69.2 95,480 46.7 520,084 63.6 
Nuc lea r  56,526 9.2 89,400 43.7 145,926 17.8 
I n t e r n a l  combust ion  5,540 0.9 117 0.1 5,657 1.0 
Combus t ion  t u rb in e  50,642 8.3 3,186 1.5 53,828 6.4 
Tota l  i ndus t ry  613,582 204,507 818,089 

* Inc ludes  P u m p e d  Storage.  
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Table XXI. Commercial applications of solar energy 

Energy 
savings 

Company Application Btu/year 

Campbell Soup Can washing 1.8 Billion 
(Sacramento) 

Johnson & Johnson Bleaching, sterili- 
(Sherman, TX) zation 1.5 Billion 

Lamanuzzi Foods Food drying 1.0 Billion 
(Fresno, CA} 

Reedy Creek Utility Air conditioning 8~)0 Million 
( Florida ) 

Gold Kist Soy bean drying S00 Million 
(Decatur, AL) 

Anheuser-Busch Pasteurization 500 Million 
(Jacksonville, FL) 

Riegel Textile Dyeing 400 Million 
(La France, SC) 

Northern Resources are considering the construction 
of a coal gasification plant  in Billings, Montana, to 
produce approximately 19 MM cubic feet  of medium- 
Btu gas per day. The Department of Energy may op- 
pose the company's request for a grant to conduct a 
feasibility study, forcing Northern Resources to seek 
private financing (312). 

The initial results from the underground coal gasifi- 
cation studies conducted in northeast Wyoming dur-  
ing 1979 are considered to successfully demonstrate 
the feasibility of in situ coal conversion (313). The 
project is sponsored by the Department of Energy 
and the Gas Research Institute. The final experiments 
in the so-called Deep-1 series will begin in the third 
or fourth quarter of the year  and will be a study of 
the Uniwell gasification method, designed specifically 
for the coal common to western U.S.A. 

Two U.S. energy companies will undertake a one- 
year  feasibility study of an underground lignite gasifi- 
cation project in Texas. Following the award of a 
grant from the Department of Energy, Mitchell En- 
ergy and Development and Republic of Texas Coal 
will investigate controlled in situ gasification of l ig- 
nite too deep to be mined economically (314). 

Panhandle Eastern Pipe Line Company has a pre-  
l iminary agreement to become partners with Pacific 
Gas and Electric Company, San Francisco, and Ruhr- 
gas Aktiengesellschaft, Essen, West Germany, in its 
Wyoming coal gasification project  (315). 

A 15-month study has been initiated that may re-  
sult in the first commercially sized coal gasification 
power plant (316). Central Maine Power Company, 
under a $3.5 MM grant from the Department of En- 
ergy, will  examine the feasibility of integration of a 
large coal gasification plant with combined cycle (gas 
turbines and steam turbines) power generation. Lo- 
cated at Sears Island, Maine, the proposed plant would 
combine Texaco's coal gasification technology and 
General  Electric's combined cycle technology. Two 
other studies for the design of integrated coal gasifi- 
cation/combined cycle power plants that could be 
in operation in 1981 have also been funded (317). 

During the third quarter, the Tennessee Valley Au- 
thority began trial  operations of a fully integrated 
coal gasification plant (318, 319). Located at Muscle 
Shoals, Alabama, the plant  has utilized Texaco's par -  
t ial  oxidation technology, and the cost of the unit  is 
estimated to be $43 MM with an additional expendi-  
ture of $20 MM for further trials over the next three 
years. 

In Europe, Esso Nederland has revealed details of 
the Exxon technology to be utilized in a coal gasifica- 
tion complex planned for construction at its Rosen- 
burg site (320). It is claimed that the catalytic pro-  
cess shows significant cost advantages. The National 
Coal Board (U.K.) is considering designs of a plant  
estimated to cost approximately $2 billion, which is 
expected to process 2000 tons of coal per  day (321). 

Coal l iquefact ion.- -The Energy Department and Occi- 
dental Research have joint ly developed a process to 
liquefy coal at pressures significantly lower than those 
employed by several advanced liquefaction processes 
(322). The method is based on flash pyrolysis to 
rapidly heat the coal at  atmospheric pressures in a 
chamber filled with an inert  gas. Under a new $4.5 
MM contract, Occidental Research Laboratories in 
Irvine, California, will  begin bench-scale trials of the 
process. 

Exxon has successfully started up its coal liquefac- 
tion pilot plant  at Baytown, Texas. The plant, esti- 
mated to have cost $118 MM, is currently using ap- 
proximately  100 tons of coal per  day. Operations over 
the next two to three years is expected to provide 
data on plant  and equipment design, product quality, 
and engineering scale-up (323). 

A comparison of several leading liquefaction pro- 
cesses indicates that  the lowest cost energy, $3.13 
per million Btu, is produced by the Dow process. By 
way of comparison, the energy cost stated for im- 
ported oil (at $25 per barrel  and 5.8 MM Btu per 
barrel)  is $4.51 per million Btu (324). 

Prel iminary results from continuing work by  C-E 
Lummus, under contract with the U.S. Department of 
Energy, indicate that the company's advanced  two- 
stage process can deliver higher liquid fuel yields, 
with lower hydrogen consumption and good catalyst 
performance (325, 326). The process development unit  
is being operated at the company's engineering de- 
velopment center in New Brunswick, New Jersey. 

The initial coal processing phase of a large experi-  
mental coal liquefaction plant  has been init iated ac- 
cording to Ashland Synthetic Fuels, Incorporated, a 
unit of Ashland Oil, Incorporated (327). A formal 
experimental  program is expected to continue through 
1981 using various types of coal. When operating at 
peak capacity, the plant is designed to process ap- 
proximately 600 tons of coal per day to produce 1800 
barrels of synthetic product. 

Four companies of the Mitsubishi group in Japan 
claim to have improved their coal liquefaction process, 
recycling liquefied coal rather  than using asphalt  or 
other residual oils as the hydrogen donor (328). A 
pilot plant is already in operation and a second unit  is 
under construction at the Mitsubishi Heavy Industries 
research center in Hiroshima. 

The National Coal Board in the U.K. has completed 
designs for a coal liquefaction plant to be built  at  the 
Point of Ayr colliery in North Wales. The plant, the 
only coal liquefaction project that would be operating 
in the U.K., will use a process developed by the Coal 
Board in cooperation with British Petroleum (329). 

Two major coal liquefaction plants are planned for 
construction in Victoria, Australia (330). Both plants 
will be joint ventures, one with Japanese companies 
and the other with West German interests. Both plants 
will  utilize the brown coal mined in Victoria. 

With both coal gasification and coal liquefaction- 
processes advancing rapidly, the need for materials 
and equipment able to withstand par t icular ly  severe 
operating conditions becomes more urgent (331). The 
new technologies operate at higher temperatures and 
pressures than commercial, first-generation processes 
such as the modified Fischer-Tropsch synthesis used 
in South Africa by Sasol. Process designers have ex- 
pressed concern about the lack of suitable equipment, 
but remain optimistic about early solutions to the 
problems. 

Shale oiL--According to Exxon officials, the OPEC 
price increases in 1980 make shale oil competitive 
with imported oil (332, 333). Furthe]~more, the LT.S. 
synthetic fuels potential is significantly larger  than the 
domestic proven and undiscovered oil and gas reserves. 
It was claimed that there are 1.4 tr i l l ion barrels of 
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shale oil in the ground that an estimated 580 billion 
barrels could be recovered by surface mining. The 
U.S. shale oil and coal reserves were estimated to be 
capable of yielding 15 IVIM barrels of oil per day by 
the year 2010. 

This optimistic view was not shared by D. Roger 
Loper, president of Chevron Shale Oil Company. De- 
pending on rates of inflation, the cost of bringing a 
large facility "on-stream" may cost approximately $7 
billion. However, forty companies have invested in 
the development of shale oil (333), ultimately provid- 
ing  a combined capacity of approximately 715,C00 
barrels per day within the next decade. The present 
pace of development is gradual, but with recent indi- 
cations of an acceleration. 

A study made by the Office of Technology Assess- 
ment is believed to lend credence to fears in the 
western United States that rapid development of the 
shale oil industry would create severe social and eco- 
nomic problems (334). However, the conclusion drawn 
from this study is that the capability to produce 
400,000 barrels per day by 1990 can be achieved, 
allowing substantial technical, environmental, and 
economic information to be generated and reducing 
the socioeconomic impact. 

Under the sponsorship of the Department of En- 
ergy, ten companies will work jointly on design and 
demonstration of a commercial-size facility to produce 
oil from Utah shale oil (335). The group, the Paraho 
Development Corporation, will require approximately 
eighteen months to plan and design a single, above- 
ground retort and the support facilities. 

According to preliminary statistics developed by the 
Department of Energy, approximately 1000 billion 
barrels of oil could be found in the predominantly 
coal-rich fields of Kentucky, West Virginia, and Ohio 
(336). However, leading analysts have stated that be- 
cause of low oil yields, the cost of extracting the oil 
would approach $40-50 per barrel, significantly higher 
than western shale oil. 

A dispute over endangered fish appears to have de- 
layed development of the White River oil shale proj- 
ect in Utah (337). The project is a joint venture of 
Phillips Petroleum, Sun Oil, and Standard Oil of 
Ohio. The Bureau of Land Management requires a de- 
cision from the Fish and Wildlife Service on the pos- 
sible dangers to three species of fish caused by con- 
struction of a dam on the White River. 

Energy from nuclear fuels.--For several years, advo- 
cates of nuclear power have had little to become ex- 
cited about. Since 1975 only thirteen new nuclear 
power plants have been ordered in the United States, 
while plans for fifty plants have been canceled (338). 
Executives of utilities and companies that supply 
the nuclear power plants are presently optimistic that 
the new Reagan administration will be more helpful 
than its predecessor. It is believed (338) that the utility 
industry will press for changes in the Nuclear Regu- 
latory Commission, particularly to ease "red tape" 
with respect to licensing. Delays have increased con- 
struction costs excessively. 

The industry's most difficult obstacle may be the 
financial aspects (338). Cost overruns engulf almost 
every nuclear project. For example, a plant in Michi- 
gan is projected to cost $3.1 billion to construct, almost 
ten times the original estimate. With the slower 
growth in the demand for electricity, the utilities to- 
day have less capability to generate cash internally 
and outside investors are reluctant to provide the 
vast sums of capital required. 

It was recently reported (339) that over the last 
three decades the federal government has subsidized 
the growth of commercial nuclear power to a level of 
$37 billion. This included support for initial research 
on nucIear reactors, supply of uranium fuel, produc- 

tion incentives for uranium miners, assistance to 
equipment manufacturers, and nuclear waste-disposal 
techniques. 

Extensive analysis of the plant at Three Mile Island 
and of the accident which occurred there revealed the 
importance of several chemical processes and opera- 
tions used at nuclear power plants (340). The initiat- 
ing event, the unfavorable thermodynamic conditions 
for the reactor coolant during the accident, the zir- 
conium-water reaction (which proved to be the most 
damaging occurrence), and the misunderstanding sur- 
rounding the "hydrogen bubble" could have been 
avoided or mitigated. However, the chemical industry 
and the utilities may benefit from the information 
now available to improve safety standards, operator 
training, emergency procedures, instrumentation and 
control philosophies in the design and operation of 
plants (340, 341). 

The Nuclear Regulatory Commission concluded that 
existing methods are adequate for the decontamina- 
tion and clean-up of Unit 2 at the Three Mile Island 
nuclear power plant. It is anticipated that only very 
small releases of radioactivity will result (342). 

General Public Utilitites Corporation, owners of 
the utility that operates Three Mile Island power 
plant, has estimated that the cost of clean-up will be 
$855 MM with restoration of full service not likely be- 
fore 1985 (343). GPU is asking other utilities and the 
federal government for assistance. 

After a series of false starts, venting of krypton-85, 
trapped inside the crippled reactor at Three Mile 
Island since March 28, 1979, began June 30, 1980. 
Traces of radioactivity were detected by monitors on 
an observation platform overlooking the facility and 
on a nearby island in the Susquehanna River. How- 
ever, federal officials stated that there was no danger 
to public health (344). 

The Nuclear Regulatory Commission has allowed 
the Virginia Power Company to bring its nuclear 
power plant at Mineral, Virginia, to full power (345). 
The action came after the Commission had reviewed 
the results of an emergency drill conducted by the 
company and the Federal Emergency Management 
Agency. Since the moratorium against new licenses, 
the Agency has allowed two other facilities to begin 
low-power tests. 

Electrical failure in a nonnuclear instrument panel 
closed down Unit 3 of Florida Power Corporation's 
nuclear power plant at Crystal River (346). All safety 
systems worked as specified and no leakage of radio- 
activity occurred. 

The Tennessee Valley Authority decided against 
further deferrals of nuclear units and four projects, 
totaling 5200 MW, will be undertaken (347). TVA 
has three nuclear units on-line at Brown's Ferry and 
has plans for fourteen other plants into the 1990's. A 
major reason for the action is the latest estimates of 
the growth in demand through the year 2000 and the 
likelihood of "brown-outs" in the near future. 

The Department of Energy's original plan for dis- 
posing of high-level nuclear waste by sealing it in 
underground repositories, has foundered on the fact 
that geology is not a predictive science. This inability 
to guarantee the stability of such repositories for at 
least a thousand years has forced a major shift in the 
approach to the problem of nuclear waste. Presently, 
the DOE is stressing the concept of multiple "engi- 
neered" barriers. The world's most advanced program 
of research on engineered barriers is the Swedish 
project KBS (348). 

A new technique that disposes of low-level radio- 
active liquid wastes from nuclear power plants has 
successfully passed pilot plant tests. The Inert Carrier 
Radiowaste process, developed jointly by Norden Sys- 
tems' Chemical Systems Division (Coyote, California) 
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and General Electric, reduces the volume of wastes 
approximately 90%. The wastes are then encapsulated 
in an impermeable plastic (349). 

Nuclear waste disposal experts at Tennessee Valley 
Authori ty will spend $750,000 in 1981 to study several 
dry disposal methods that involve above- and below- 
ground safekeeping (350). 

Energy from other sources.---Batteries, fuel  ce l l s . - -  
A Management Review Task Force established by the 
Department of Energy has recommended increased 
spending on fue l  cell technology for commercial use 
in 1986-1987 (351, 352). Present programs, having a 
five-year accumulated cost of approximately $130 MM, 
consist of field tests at fifty sites with natural  gas 
companies (40 kW units), a 4-8 MW demonstration 
plant at Con Edison in New York City, and the re-  
search and development in molten carbonate systems 
with General Electric and United Technologies. 

Hitachi (Tokyo) has developed a prototype meth- 
anol fuel cell that is expected to become commercial 
in 3-5 years. Recent developments incorporating a 
plat inum-ruthenium catalyst have enabled the cell 
voltage to be increased to 12V, using 50% methanol 
solutions and air as the feed streams. Estimated cost 
of power produced by the unit is $47.60 per watt  (353). 

Gulf and Western Industries announced the de- 
velopment of a zinc-chlorine energy storage system 
designed to meet peak electricity demand in electric 
utilities and to make electric vehicles a real i ty (354, 
355). Under development since 1972, testing has shown 
that the system now has lower cost, longer life and 
superior performance as compared to the lead-acid or 
nickel-zinc systems. By mid-1981, Gulf and Western 
will deliver the first one hundred units to a test 
facility near Hillsboro, New Jersey. 

NASA has announced that a redox fluid bat tery 
system is ready for large-scale development (356). In-  
dustry has been requested to submit proposals for a 
mult i -ki lowatt  prototype, scheduled for field tests in 
1983. Recent improvements have enhanced the per-  
formance of the redox bat tery so that it is compatible 
with solar photovoltaic and wind energy storage ap- 
plications. 

Recent  discoveries at the General Motors Research 
Laboratories have encouraged efforts to utilize the 
l i thium electrode in the development of low-cost, 
long-life rechargeable batteries (357). 

A promising bat tery system for vehicle propulsion 
has been successfully tested at Lawrence Livermore 
Laboratory (358-360). Based on aluminum-air  elec- 
trodes, it is claimed that eventually the bat tery will be 
capable of operating in automobiles at a cost com- 
parable to gasoline. A 300 mile range could be 
achieved by a 60 cell battery, weighing approximately 
1000 lb, whereas the same weight of lead-acid cells 
could power a car for only 30 miles (360). 

Construction of the world's largest storage battery, 
a lead-acid unit to be used as a load-leveling device, 
has been undertaken by the Wolverine and Northern 
Michigan Utilities (361). Made up of 2280 cells, the 
unit will  weigh 5.25 MM lb and be able to supply 10 
MM watts of power for three hours. The estimated 
cost of this unit is $8.5 MM. 

The Environmental Protection Agency has proposed 
standards for control of air pollution to limit levels of 
lead emitted by lead-acid bat tery manufacturers in 
the U.S. (362). The new standards will affect approxi-  
mately 200 plants. 

General Motors Corporation, the only major U.S. 
automaker currently developing electric cars, has 
postponed the introduction of its bat tery-powered 
commuter car until 1985, a one-year delay from the 
original target  date (363). A company spokesman 
indicated that it had been determined that the new 
technology required additional development time. 

Thermonuclear fusion.--Thermonuclear fusion occurs 
when a mixture of hydrogen isotopes (deuterium and 
t r i t ium),  heated to extremely high temperatures and 
pressures, form heavier helium atoms with the release 
of large amounts of energy. It presently is believed 
that fusion may be achieved either by inertial  confine- 
ment or by magnetic confinement (364). Opinion is 
that commercialization of thermonuclear fusion wilI 
occur through use  of magnetic confinement techniques. 

A 20 year, $20 billion research and development 
program to establish a magnetic fusion test facility by  
1987 and a demonstration plant in the year 2000, was 
overwhelmingly approved by the House (365). The 
bill now moves to the Senate, presently considering its 
own significantly more modest bill to fund develop- 
ment of this technology. 

Studies at Oak Ridge National Laboratories have 
identified beams of higher power that can be an inte- 
gral part  of the heating systems in magnetic confine- 
ment fusion devices (366). 

The Elmo Bumpy Torus fusion concept, combining 
some of the best features of the Tokamak and mag- 
netic mirror machines, will be tested at Oak Ridge, 
Tennessee, according to the Department of Energy 
(367). The new experimental  facility will be built  and 
operated, by McDonnell Douglas Astronautics Com- 
pany (St. Louis). The contract was reported to be ap- 
proximately $100 MM (368). 

GeothermaL--According to the U.S. Geological Sur- 
vey, (369) the western United States and Canadian 
Cascade Mountain range could produce thermal en- 
ergy as well as volcanoes. Under favorable conditions, 
it  is possible to drill  and tap energy in subterranean 
reservations and produce steam to drive a turbine. A 
special Congressional appropriat ion is helping to sup- 
port research to determine the area's geothermal po- 
tential. 

Presently, "The Geysers," approximately forty miles 
north of San Francisco, is the only site in the U.S. 
where electricity is being generated commercially 
from geothermal energy (369). The generating ca- 
pacity installed at The Geysers is 663 MW, sufficient 
electricity to support a city of about 700,000 people. 

Construction of the largest U.S. geothermal power 
plant has been approved by the Department of Energy 
(370). The agency is funding half the cost of the 
$143 MM, 50 MW demonstration project to be built  by 
Bechtel Corporation in Sandoval County, New Mexico. 
The project should be completed in 1982. 

A method to remove hydrogen sulfide from geo-  
thermal steam has been developed through the R&D 
programs at the Department of Energy's Pacific North- 
west Laboratories (Richland, Washington). Geother- 
mal steam is passed through a reactor packed with 
activated carbon in the presence of oxygen or air  
(371). 

Ocean thermal energy conversion (OTEC).--This tech-  
nology received attention and increased sponsorship 
from U.S. federal and state authorities during 1980. In 
the U. S. Congress, Representative Don Fuqua, chair-  
man of the House Committee on Science and Technol- 
ogy, put into motion a bill to accelerate commerciali- 
zation of the technology (372). The Department of 
Energy presently supports $40 MM per  year  of re-  
search in OTEC and is preparing a proposal to build 
a $500 MM, 40 MW plant in 1985 (373). 

Three alternative concepts are being considered 
under DOE's guidance, all variations on the floating 
platform/closed cycle system (374): (i) "grazing" 
plantships that sail the world's oceans seeking the 
best thermal gradients; (it) open-cycle systems which 
could produce fresh water  as well as electricity; and 
(iii) mist- or foam-based lifting cycles that use pres- 
sure differentials caused by the thermal  gradients to 
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force w a t e r  across a power  turbine.  Most of the  r e -  
search studies are  being conducted by  the U.S. Solar  
Energy  Research  Ins t i tu te  (Golden,  Colorado).  

Pho tovo l t a i e . - -Sou the rn  Cal i fornia  Edison Company 
and Pacific Gas and Electr ic  Company  are  to fund a 
deve lopment  p rog ram for an au tomated  solar  cell  
product ion technique.  The photovol ta ic  cells were  
developed by  West inghouse Electr ic  Corpora t ion  and 
consist of r ibbons,  named  dendr i t ic  webs, p roduced  
f rom mol ten  sil icon (375, 376). 

A new process for producing  w a f e r - t h i n  sil icon 
r ibbon has been deve loped  by  A. D. Li t t le  (Cam-  
bridge,  Massachuset ts)  and m a y  accelera te  the p ro -  
duct ion of low-cos t  so la r  cells used for  d i rec t  conver-  
sion of sunl ight  into e lect r ic i ty  (377, 378). 

Descr ibing it as a b r eak th rough  in thin-fi lm, solar  
cell technology, research  efforts at  Boeing Aerospace  
Company have led to the  deve lopment  of a copper  
indium se l en ide / cadmium sulfide cell wi th  an effi- 
ciency of 9.4% (379). 

An organic  so lar  cell  tha t  is c la imed to essent ia l ly  
dupl ica te  p l an t  photosynthes is  has been  developed at  
the Univers i ty  of Western  Ontario in Canada.  I t  is 
es t imated  tha t  for  as l i t t le  as $1600, the organic  solar  
cells could provide  sufficient energy  for  an average  
home (380). 

The Depa r tmen t  of Energy ' s  So la r  Energy  Research 
Ins t i tu te  in Golden, Colorado, has awarded  a $16.5 
MM contract  to Mar t in -Mar i e t t a  for  the design, con- 
struction,  and opera t ion  of a 350 kW photovol ta ic  
power  sys tem in Saudi  Arab i a  (381). 

Goals set  by  the  D e p a r t m e n t  of Energy  for  pho to -  
vo l ta ic  conversion have been  a conversion efficiency 
of 10% wi th  mate r ia l s  costs a t  70~ per  wat t .  Resul ts  of 
research  p rograms  at  the Univers i ty  of De laware  ind i -  
cate  tha t  bo th  goals m a y  be achieved (382). Emphas is  
in their  studies has been on the cadmium sulf ide/  
copper  sulfide cell  and  i t  is now be l ieved  tha t  effi- 
ciencies of 12-16% wil l  be realized.  Fur the rmore ,  p ro -  
cess deve lopment  studies wi th  respect  to the mate r i a l s  
suggest  an overa l l  cost of app rox ima te ly  50r pe r  wa t t  
(382). 

A $14 MM p lan t  in its final stages of construct ion in 
E1 Paso, Texas, m a y  provide  a "giant  s tep towards  
commercia l iza t ion"  for photovol ta ic  devices (383). 
Photon  Power ,  a jo in t  ven ture  of Compagnie  Franca ise  
des Pet roles  (55.5%), L i b b y - O w e n s - F o r d  (42.5%), 
and the cell 's inventor ,  J. F. Jo rdan  of E1 Paso (2%),  
wi l l  opera te  the p lan t  to produce  5-7 MW per  yea r  
of so l a r -powered  units. The uni t  cell is a l aye r  of t in 
oxide and cadmium sulfide sp rayed  onto float glass 
and par t  of the CdS is then conver ted  to copper  
sulfide. 
Solar  e n e r g y . ~ T h e  Depa r tmen t  of Energy  has selected 
seven proposals  to ta l ing  $3 MM for new process ap-  
pl icat ions to exploi t  sunl ight  (384, 385). Included for  
considerat ion for contracts  a re  solar  hot  wa te r  and 
s team for e lect r ic i ty  generat ion,  so la r -hea ted  a i r  for  
copper smelt ing,  solar  s team for enhanced oil recovery,  
solar  s team for na tu ra l  gas processing and super -  
hea ted  solar  s team for a sugar  mil l  process. 

A large  scale solar  indus t r ia l  process hea t  sys tem 
contract  was awarded  to Stauffer  Chemical  Company  
(386) to furnish  25 bi l l ion Btu pe r  year .  

Typica l  commercia l  appl icat ions  of solar  energy  
p resen t ly  in opera t ion  are  shown in Table  XXI  (387). 
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ABSTRACT 

Investigations were conducted on the discharge and safety characteristics 
of the spirally wound D cells of the Li/C12 in SO2CI~ (Li/CSC) system. The 
realized capacities obtained for these cells further emphasized the effect of 
CI~ addition to SO2C12 on cell discharge behavior. Further, discharge tests 
showed that practical D cells of the Li/CSC system at ambient temperature 
yield energy densities of 0.8-1.1 W-hr cm -3 dependent on discharge rates 
(e.g., 1.0-9.0.9~ loads respectively). Cells were discharged at various tem- 
peratures from --30 ~ to +93~ Additionally, no significant loss in capacity 
has been observed for cells discharged at ambient temperatures after storage 
at 74~ for periods up to 30 days. The results of preliminary safety testing 
which included incineration, short circuiting, and the sequence of force 
discharge/charge further indicate that the Li/CSC system does indeed possess 
those characteristics necessary for a variety of high rate applications. 

Although investigations of the lithium-thionyl chIo- 
ride inorganic electrolyte system have been conducted 
in many laboratories (1), only a few studies have been 
undertaken for lithium-sulfuryl chloride. The dis- 
charge characteristics of the Li/SO2Ct~ System have 
been reported by Auborn et al. (2, 3) and Gilman (4, 
5), while results of cyclic voltammetric studies have 
been given by Behl (6) and Blomgren et al. (7). In- 
vestigations were conducted in this laboratory to study 
the characteristics of the Li/SO2Cl~ inorganic electro- 
lyte system, particularly relative to the effects of C12 
addition to SO2C1~. Results using AA cells as the test 
vehicle for the Li/C12 in SO~CI~ (Li/CSC) system 
have been recently reported (8). In the present in- 
vestigation, spirally wound D cells were used as the 
test vehicle in order to study both the discharge and 
the safety characteristics for this system. The realized 
capacities for spirally wound D cells further empha- 
sized the effect of CI~ addition to SO~C12 on the cell 
discharge characteristics at ambient temperatures, es- 
pecially at high drain rates. Furthermore, cells have 
been discharged at various temperatures from --32 ~ to 
-b93~ Cells exhibited no loss in realized capacity 
when discharged at ambient temperature after storage 
at 74~ for extended periods up to 30 days. Spirally 
wound D cells with no vent structure were subjected 
to incineration, short circuiting, and the sequence of 
forced discharge/charge. In no instance did the cells 
vent with flame, explode, or in any way create a haz- 
ard to personnel. 

Experimental 
Lithium tetrachloroaluminate was prepared by the 

fusion of LiC1 (Fisher Scientific Company) and A1CI~ 
(Fluka) after an initial heating period of 20 hr at 
100~ under dynamic vacuum. Sulfuryl chloride (Alfa- 
Ventron) was distilled after refluxing over lithium foil 

* E l e c t r o c h e m i c a l  Socie ty  A c t i v e  Member. 
Key words: electrode, cathode, capacity, discharge. 

for 20 hr. The resultant liquid was colorless to pale 
yellow in color. The electrolyte solution was obtained 
by first preparing the desired solution of LiA1C14 in 
SO~C12 (a slight excess of the salt was necessary to 
compensate for a very small volume expansion upon 
chlorine addition). Chlorine was obtained by first 

condensing the C12 (Matheson) gas in a liquid nitro- 
gen/ethanol trap. The resultant liquid C12 was then 
added to the solution with care. In contrast to the 
filling methods previously described (8), the D cells in 
the study were vacuum filled immediately upon solu- 
tion preparation. The final concentrations of C12 and 
LiA1C14 were determined by both weight gain and 
final volume measurements. 

Practical, hermetically sealed D cells constructed 
from 304 stainless steel (Hudson Tool and Die In- 
corporated) were used throughout these experiments. 
The current collectors for both the anode and cathode 
consisted of an expanded nickel screen (Exmet Corpo- 
ration) which extended the entire length of the re- 
spective electrodes. The separator material was Mead 
glass (8% binder, 0.013 cm thick). The lithium anode 
(Foote Mineral Company) was fabricated from 0.055 
cm thick foil. An overlay of lithium foil was used to 
cover the area of the nickel screen exposed to that 
portion of the carbon electrode in the inner windings 
of the spirally wound cell components. 

Two types of spirally wound D cells were fabricated 
for use in these studies: the first having a carbon 
electrode (Shawinigan black, 50% compressed) geo- 
metric surface area of 147 cm~ (4.9 cm width • 15 cm 
length • 2 sides), the second having a carbon elec- 
trode geometric surface area of 294 cm~ (4.9 cm width 
• 30 cm length X 2 sides). The average carbon elec- 
trode thickness for the two types were 0.30 and 0.15 
cm, respectively. Cell filling was accomplished using 
vacuum filling techniques with especial care taken to 
avoid moisture contamination during filling. The typi- 
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cal electrolyte fill volume was 27 cmS for both types 
of D cells. All  manipulations involved with cell fabri-  
cation and filling were performed in a dry atmosphere 
(less than 0.5% humidity, --50~ dew point). Cells 
were discharged at --22" _ 2~ --32 ~ _ 2~ ambient 
temperature (+25" • 2"C), +76" • 2~ and +93 ~ • 
2~ under constant loads. For those cells tested at t h e  
lower and higher temperatures, the loads were posi- 
tioned in the ambient environment, external ly to the 
temperature chamber. The load voltage was measured 
through use of a timed sequential electrometer and 
displayed on a recorder. D cells were stored at a con- 
stant temperature of 74 ~ • 2~ for periods up to 30 
days. In addition, aII realized capacities Cited in this 
article were obtained to a 2V cutoff. 

Three types of safety tests were performed on D 
cells: incineration, short  circuiting, and the sequence 
of force discharge/charge. Cells of both the 147 and 
294 cm2 carbon electrodes were fitted with thermo- 
couples to measure skin temperature and suspended 
approximately 10 cm above the surface of a naphtha 
reservoir. The results of the tests were monitored by 
either film or videotape. Cells were short circuited 
through a cable having a total resistance of 0.023F~. The 
shor t -c i rcui t  current was measured using a Current 
Gun (F. W. Bell Incorporated, Model CG-1OOA) while 
the cell voltage and skin temperature were recorded 
throughout the short-circuit  test. The sequence of 
force discharge/charge was accomplished through u s e  
of a Keithley 227 current source. Both the cell voltage 
and the skin temperature were measured throughout 
the entire test s e q u e n c e .  

Results and Discussion 
Spiral ly wound D cells having carbon cathodes with 

a geometric surface area and thickness of 147 cm 2 and 
0.30 cm, respectively, were fabricated and filled with 
1M LiAIC14 in SO~C12 and 1M LiA1C14 in 0.3M Cl~ in 
SO2C1~. The ambient temperature discharge curves for 
both sets of D cells are presented in Fig. 1. Constant 
loads of 1.0 and 1.5~ were employed. The realized 
capacities for the 1.012 discharge (approximately 3A) 
were 6.4 and 12.3 A-hr  for the Li/SO2C12 and Li/0.3M 
C12 in SO2C12 cells, respectively. At  a load of 1.5~ 
(approximately 2A), the realized capacities increased 
to 8.4 and 13.6 A-hr, for Li/SOsCI~ and Li/0.3M CI~ 
in SO2C12, respectively. The corresponding average 
current densities for the 1.0 and 1.5~ loads were 20.4 
and 13.6 m A c m  -2, respectively, for the  Li/0.3M CI~ 
in SO2CI~ cells. It was noted that the initial load volt-  
age for the Li/0.3M C12 in SO2C12 cell discharged under 
a 1.0~ load was 1.60V. The cell load voltages were 
measured by a sequential electrometer in conjunction 
with a recorder. The dwell time for any one measure- 
ment was 6 sec. The load voltage for the Li/0.3M Cls 
in SO2CI~ cell discharged under a 1.012 load was mea- 
sured init ially in this series of cells. I t  would be rea-  
sonable to assume that the second cell in the s e r i e s  
(Li/0.3M CI~ in SO~C12 discharged under the 1.5rl load) 
would also exhibit similar initial polarization. How- 
ever, the recorded initial voltage for the Li/O.3M CI~. 
in the SO2C12 cell measured 6 sec after load application 
was 3.06V. Similar initial low load voltage levels are 
apparent  for the Li/SO~C12 cells. 

I t  is further evident from Fig. 1 that  the effect of 
chlorine addition to SO2C1~ increases not only the real -  
ized capacity but also the rate capability. The complete 
set of ambient temperature discharge curves for the 
Li/0.3M CI~ in SO~CI~ D cells is presented in Fig. 2. 
The realized capacities for the set differ very litt le 
whether the discharge load is 1.0~ (12.3 A-hr)  or 
150.12 (14.0 A-hr ) .  A plot of realized capacity vs. log I 
(9) for this part icular  set of discharge data is pre-  
sented in Fig. 3. The realized capacity is also nearly 
independent of the discharge load between 5.0 and 
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Fig. 1. Ambient  temperature discharge carves af Li/$02Cl2 and 
Li/CSC spirally wouad D cells (geametric surface area: 147 cm2). 

150n. There is, however, a slight decrease in realized 
capacity for the moderately high drain rates a t  1.0, 
1.5, and 3.012. 

The realized capacities obtained for Li/SO~Vls D 
cells discharged under 1.0, 1.5, and 3.0~ loads were, 
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Fig. 2. Ambient  temperature discharge curves of Li/O.3M CSC D 
cells (geometric surface area: 147 cm~). 
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Fig. 3. Capacity vs. log I for LI/0.3M CSC D cells discharged at 
250 +_. 2~ 

respectively, 6.4, 8.4, and 8.9 A-hr. The capacities ob- 
tained for this system increase with decreasing dis- 
charge rates at a faster rate than those for the Li/C12 
in SO2C12 system. However, even at relatively low 
current densities of less than 1 mA cm -2 (8), the 
realized capacity was more than 15% higher for cells 
of the Li/CSC system than for cells of the Li/SO2C12 
system. Further, the realized capacity of 12.3 A-hr for 
a Li/CSC D cell discharged under a 1.0~ load repre- 
sents a yield of approximately 80%, based on initial 
amounts Of both SO2CI~ and C12 contained in the cell. 
Investigations in our laboratory have also been 

concerned with studies of the effects of C12 and LiAIC14 
concentrations on the discharge characteristics of the 
Li/CSC system. Cells containing C12 concentrations 
from 0.10 to 1.02M and salt concentrations from 1.0 to 
1.5M were fabricated and discharged. It is evident that 
the discharge characteristics are enhanced by the addi- 
tion of C12 to SO2C12. However, the optimum perform- 
ance is obtained from those cells which contain 0.25- 
0.60M C12 in SO2C12. The discharge characteristics for 
cells with C12 concentrations in this range are virtually 
identical. Table I shows typical discharge results for 
spirally wound cells containing various C12 and LiAIC]4 
concentrations. It is apparent, especially in considera- 
tion of the data for those Cls concentrations of 0.1 and 
L02M, t h a t  the  resul ts  for  the  cell  pe r formance  are  
less than  op t ima l  a t  these C12 concent ra t ion  ext remes .  
I t  is als0 appa ren t  f rom Table  I, however ,  tha t  the  
add i t ion  of C12 at  any  concentra t ion level  enhances 
the d ischarge  characteris t ics .  The resul ts  for  cells con- 
ta in ing  C12 concentra t ions  f rom 0.3 to 0.6M indicate  
tha t  the  C12 concen t r a t i on  dependence  is not  crit ical ,  
i.e., the  real ized capaci t ies  for  cells d ischarged at  the 

relatively high drain rates of 1.0, 1.5, and 3.0f~ are 
within the experimental error of the measurement 
system. 

The high temperature discharge characteristics for 
D cells have also been studied. Figures 4 and 5 show 
the  resul ts  ob ta ined  for  the  L i /CSC sys tem at  76 ~ and  
93~ respect ively .  The rea l ized  capacit ies  for  these 
cells d ischarged at  the e l eva ted  t empera tu re s  a re  only  
s l ight ly  less than those for  cells d ischarged a t  ambien t  
t empera tu res  (e.g., 3.0s constant  load  a t  25 ~, 76 ~ and 
93~ 14.0, 12.8, and 10.7 A-h r ,  r espec t ive ly) .  The load  
voltages,  however,  are  h igher  than  those a t  ambien t  
t empera ture .  

The low t empera tu r e  discharge tests for  cells con-  
s t ruc ted  wi th  carbon e lect rodes  having  a geometr ic  
surface area  of 147 cm 2 showed a vol tage  de l ay  as wel l  
as a low load  voltage.  Fo r  example ,  a load  of 3.0s w a s  

appl ied  to one such cell  t h e r m a l l y  equ i l ib ra ted  at  
--22~ The vol tage d e l a y  to reach  a 2.5V level  was 
about  20 rain and the h ighest  load  vo l tage  a t t a ined  
dur ing  the course of discharge was a p p r o x i m a t e l y  2.9V. 
In  an a t t empt  to a l levia te  the  low load  vo l tage  and 
de l ay  problems,  a series of D cells were  const ructed 
wi th  carbon e lect rodes  having  twice the  geometr ic  
surface a rea  (4.9 cm wid th  X 30 cm length  X 2 sides 
= 294 cm 2) and one-ha l f  the  e lect rode thickness  (0.1fi 
cm) than  those cells p rev ious ly  discussed. The low 
t empera tu re  discharge curves for  these cells a re  p r e -  
sented in Fig. 6 and 7 for  t empera tu re s  of --22 ~ ___ 2 ~ 
and --32 ~ ___ 2~ respect ively .  The rea l ized  capacit ies  
for cells d ischarged unde r  a 3.0f~ load  were  12.8 and  
t0.0 A - h r  for  --22 ~ and --32~ respect ively .  The ca r -  
responding  load  voltages,  however ,  were  3.0 and 2.9V, 
respect ively.  

Cells compris ing carbon electrodes of the g rea te r  
geometr ic  surface a rea  were  d ischarged at ambien t  
t empera ture .  The resul ts  a re  p resen ted  in Fig. 8. The 
real ized capacit ies  for these cells were  be tween  11.8 
and 13.3 A - h r  when d ischarged unde r  loads of  1.0 to 
20.0~. These resul ts  r e p r e s e n t  a n a r r o w e r  capac i ty  
range  than the r ea l i zed  capaci ty  range  for  D cells hav -  
ing a carbon elect rode geometr ic  surface a rea  of 147 
cm s (Fig. 2). The load vol tages  for  the  cells, however ,  
average  a pp rox ima te ly  0.2V higher  than  those in Fig. 
2. The cur ren t  densi t ies  for those cells wi th  the l a rge r  
geometr ic  surface area  are  one -ha l f  tha t  for  the cells 
wi th  carbon electrodes of 147 cm~ geometr ic  surface 
area, p re sumab ly  the  reason for  the h igher  load vo l t -  
age levels.  Thus, the low t empera tu r e  resul t s  for  ca r -  
bon electrodes of 294 cm 2 geometr ic  surface  a rea  com- 
pare  favorab ly  to the ambien t  t e m p e r a t u r e  resul ts  ob-  
ta ined  for s imi la r ly  constructed cells (13.2 A - h r ) .  

Ambien t  t empe ra tu r e  discharge curves for  sp i ra l ly  
wound D cells having  the 147 cm2 carbon e lec t rodes  
and  which were  s tored a t  74 ~ _ 2~ for  per iods  as long 
as 30 days  are  shown in Fig. 9. The rea l ized  capaci t ies  
ob ta ined  for  the cells d ischarged under  a 3.0ft load 
were  !4.4 and 13.5 A - h r  for  cells s tored 11 and 30 days, 
respect ively .  These resul ts  compared  f avo rab ly  wi th  

Table I. Realized capacities (A-hr) to a 2V cutoff for D cells 
having carbon electrodes of 147 cm 2 geometric surface area and 

containing various concentrations of CI2 and LiAICI4 

Molar concentrat ions of CI~ and (LiAICh) 

0,0 0.1 0.3 0,4 0.4 0.5 0.55 1.02" 
Load (fl) (1.0) (1,0) (1,0) (1.3) (1,5) (1.5) (1.1) (1.0) 

1.0 6.4 6.6 12.3 11.7 12.0 11.2 10.2 11.6 
1.8 8.4 10.9 13,6 12.5 13.8 11.7 
3.0 8.9 13.1 13,5 14.4 14.2 14.7 14.4 12.9 
5.0 14.2 14.7 14.6 14.6 14.4 14.8 13.8 

10.0 14.2 14.8 15.0 14.4 15.0 14.3 
20.0 14.3 14.6 14.0 14.6 14.0 13.8 

* 1.02M CIJ represents  a sa turated solution of Ch in S08Clz. 
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the capacity obtained for a newly fabricated cell dis- 
charged at ambient temperature (14 A-hr) .  The ca- 
pacity results for the stored cells were well within the 
experimental limits for the measuring system. The 
load voltages of approximately 3.0V, however, were 
lower than the corresponding load voltages for newly 
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fabricated cells (3.4V). Thus, storage of cells of the 
Li/CSC system at either ambient temperature or  ele- 
vated temperatures results in decreased rate capability, 
but no decrease in realized capacity. 
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Preliminary safety tests of D cells of the Li/CSC 
system indicate that the battery system in its present 
configurations exhibits exceptionally safe features un- 
der both normal and abusive conditions. Although con- 
taining no vent structure, Li/CSC D cells having both 
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carbon electrodes were incinerated at 800~ in a 
naphtha flame for extended periods of time. The cells 
exhibited only mild venting through a rupture in the 
glass to metal seat. Indeed, depending on cell orienta- 
Uon above the flame, the venting gases/vapors often 
extinguished the flame. 

Short-circuit tests were also performed on spirally 
wound D cells having both the low and high geometric 
area carbon electrodes (i.e. 147 and 294 cm~) at am- 
bient temperatures. No explosion hazard was ever en- 
countered during these tests. D cells have been force 
discharged and subsequently charged at a constant 
current of 1A. Figure 10 shows the results of one such 
test sequence. After a 16 hr force discharge period, the 
cell was charged at the 1A rate. Initially, the cell 
voltage remained slightly above  the zero volt level. 
This was then followed by a rapid voltage increase to 
slightly greater than 4.0V. After a period of approxi- 
mately 1 hr, the voltage reverted to a constant 3.85V 
and remained at that level for a period of approxi- 
mately 20 hr. The charging mode was then interrupted, 
resulting in a decrease in cell voltage to approximately 
3.0V. The cell was subsequently charged at a rate of 
10A. After a period of 5 rain in this latter mode, the 
cell vented mildly through the glass to metal seal. The 
cell skin temperature profile is analogous to the charg- 
ing mode for the cell, i.e., an abrupt increase in tem- 
perature immediately after onset of the 1A charging 
mode followed by a constant temperature plateau of 
45~ for a period of 20 hr. After the 1A charging mode 
ceased, the temperature decreased to approximately 
25~ An abrupt rise in temperature was noted after 
the onset of the 10A charge. The temperature rapidly 
rose to 58~ whereupon the cell vented through the 
glass to metal seal. 

At no time during any of t he  safety testing for 
spirally wound D cells did any cell explode, vent with 
flame, or create a hazard to personnel. 

Conclusions 
The Li/CSC system has a high current delivering 

capability even when spirally wound D cells com- 
prising carbon electrodes of limited geometric surface 
area are discharged from ambient temperature to ap- 
proximately 93~ Furthermore, cells containing car- 
bon electrodes of twice the geometric surface area 
deliver high currents at temperatures as low as --32~ 
An increase in the discharge rate from less than 1 mA 
cm-2 to 21 mA cm-2 does not significantly affect the 
realized capacity. The shelf-life characteristics of the 
Li/CSC system indicate that little realized capacity is 
lost whether the cell has been stored at elevated tem- 
peratures or ambient temperature for extended periods 
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of time. However, the load voltages and, therefore, the 
current capabilities are less than those for newly fab-  
r icated cells. 

The safety features exhibited by the Li/CSC cells 
show them to represent no danger to personnel during 
use under both normal and abusive conditions. T h e  
mild venting observed for incineration tested cells 
often extinguished the naphtha flame. 

These features indicate that the Li/CSC system 
represents a part icularly safe bat tery for use under  
various high rate applications. 
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Electrochemical Investigation of the Lithium-Gallium System 
C. John Wen *,1 and Robert A. Huggins* 

Department ol Materials Science and Engineering, Stanlord University, Staniord, California 94305 

A B S T R A C T  

The thermodynamic properties of the l i thium-gall ium binary system have 
been investigated by the use of electrochemical methods, with special at ten- 
tion being given to the phase "LiGa." Measurements have also been made of 
the mass transport  parameters  in "LiGa," including the determination of the  
composition dependence of the chemical diffusion coefficient, the self-diffusion 
coefficient, and the enhancement factor. The data on emf vs. composition, ob- 
tained by use of the coulometric t i tration technique at 415~ show that  all 
three intermediate phases, whose nominal Compositions are LiGa, LisGa2, and 
Li2Ga, have appreciable ranges of stoichiometry. The existence of these three 
phases was further substantiated by x - r ay  diffraction .analysis. At  415~ the 
constant emf values in the two-phase regions are 565, 122, 91, and 20 mV with 
respect to pure liquid lithium, in the order of increasing lithium concentra- 
tion. Measurements are reported on the temperature dependence of the most 
gall ium-rich plateau, leading to values of the part ial  molar entropy and en- 
thalpy of lithium in that two-phase region. The l i thium activity has been 
found to follow Henry's law in liquid l i thium-gall ium alloys and electro- 
chemical measurements of the temperature dependence of the solubil i ty of 
lithium in liquid gallium confirmed earl ier  results. The activity of lithium in 
the vario-stoichiometric phase "LiGa" lies between 7.26 • 10 -5 and 0.126 at 
415~ over a composition range from 44.8 to 56.0 a/o Li. The Gibbs free en- 
ergy of mixing was determined as a function of composition across the phase 
"LiGa," and found to have a minimum value of --25.8 kJ /mol  a t  47.6 a/o 
Li. The standard Gibbs free energy  of formation of all  three inter-  
mediate phases was evaluated at their nominal stoichiometrie compositions; 
the values are --51, --115, and --62 kJ/mol,  respectively. The chemical 
diffusion coefficient within the phase "LiGa" varies from 1.6 • 10 -6 to 6.8 
X 10 -5 cm2/sec. On the l i thium-rich side of LiGa, the chemical diffusion 
coefficient increases slightly with increasing li thium concentration. On the  
lithium-deficient side of the ideal stoichiometry, the chemical diffusion co- 
efficient increases rapidly as lithium is deleted. After  reaching a maximum 
value at 47.6 a/o Li, it gradually decreases again with further decrease in 
l i thium content. The enhancement factor, which relates the chemical 
and self-diffusion coefficients, is also composition dependent. It reaches a 
maximum value of 56 at the same composition as the peak in the chemical 
diffusion coefficient and the minimum in the Gibbs free energy of mixing. 

There is great current interest in l i thium-based 
bat tery systems with molten salt electrolytes. These 
batteries are generally operated at temperatures of 

* Electrochemical Society Active Member. 
1 Current address: Shell Development Company, Houston, Texas 

77001. 
Key words: thermodynamics, x-ray diffraction analysis, emf. 

4000-450~ Present versions employ either l i thium- 
aluminum (1, 2) or lithium-silicon (3-5) alloys as 
active constituents in their negative electrodes. 

The work reported here is part  of a series of investi-  
gations of the thermodynamic and kinetic properties 
of a number of l i thium alloy systems which might  be 
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considered for u s e  a s  e i ther  reac tan ts  or m ixed -c on -  
duct ing matr ices  in l i t h ium-based  ba t t e ry  electrodes.  
The l i th ium chemical  potent ial ,  and  its composi t ional  
dependence,  de te rmine  the potent ia l  and  the capaci ty  
of e lect rode reactants .  The fundamen ta l  p a r a m e t e r  
re la ted  to the i r  kinet ic  behav ior  is the  chemical  diffu-  
sion coefficient, which  controls  the ra te  of composi-  
t ional  equi l ib ra t ion  wi th in  the  sol id  const i tuents  of the 
e lec t rode  s t ructure .  

The phase des ignated  as "LiGa,"  which is analogous 
to the impor t an t  phase  "LiAI" in the l i t h i u m - a l u m i n u m  
system, was first r epor ted  by  Zint l  and  Braue r  (6) to 
have the cubic NaT1 (B32) type  s t ruc ture  wi th  a l a t -  
t ice p a r a m e t e r  a : 6.207A. Thummel  and K l e m m  in-  
ves t iga ted  the b ina ry  sys tem of l i t h ium-ga l l i um by  
the rmal  analysis  (7). They  found the phase "LiGa"  
to exis t  over  a wide composit ion range  f rom 46 to 54 
atomic percen t  (a /o)  Li. The la t t ice  p a r a m e t e r  was 
shown to have  a l inear  dependence  upon the mol 
f rac t ion of l i th ium in this phase. The phases Li~Ga~ 
and Li2Ga (or LigGa4) have been repor ted  to form 
by  per i tec t ic  reactions.  Yatsenko and co-workers  (8) 
proposed a phase d i ag ram for the l i t h ium-ga l l i um 
system which contains five in t e rmed ia te  phases, wi th  
L iGa  mel t ing  congruent ly  at  740~ LiGa4, LiGa2, and 
Li2Ga were  ind ica ted  to decompose per i tec t ica l ly  at  
the respect ive  t empera tu res  290 ~ 365 ~ and 510~ and 
Li3Ga2 to decompose  per i t ec to ida l ly  at 480~ T h e  
c rys ta l  s t ruc tures  of the phases LisGa2 and Li2Ga have 
been de t e rmined  by  Mul ler  and Stohr  (9). 

Yatsenko et al. (10) de te rmined  the  the rmodynamic  
proper t ies  of mol ten  l i t h ium-ga l l i um alloys from emf 
measurements  a t  750~ The pa r t i a l  and  excess pa r t i a l  
mola r  Gibbs free energies  and entha lp ies  of mix ing  
are  negat ive.  The in tegra l  mo la r  Gibbs free energies,  
enthalpies ,  and  ent ropies  of mix ing  are  also negat ive.  
Thei r  m a x i m u m  values  occur close to the  equia tomic  
composit ion.  Schne ider  and  H i l m e r  (11) used drop 
ca lo r imet ry  to de te rmine  the en tha lpy  and en t ropy  of 
fusion for nomina l  s toichiometr ic  LiGa, w i th  mel t ing  
a ppa ren t l y  occurr ing over  a range  of t empera tu re ,  
being complete  at  760~ The da ta  indicate  tha t  the 
hea t  capaci ty  at  constant  pressure  is 12.9 ca l / deg -mo l  
for the  solid in the t empe ra tu r e  range  550~176 and 
9.1 c a l / d e g - m o l  for the  l iquid in the  t e m p e r a t u r e  
range  760~176 

No data  appear  in the  l i t e ra tu re  on the t h e r m o d y -  
namic proper t ies  of the in te rmedia te  phases in the 
l i t h ium-ga l l i um system. An  NMR s tudy  (12) on L iGa  
at  or  nea r  the s toichiometr ic  composit ion showed ind i -  
cations tha t  the diffusive mot ion of l i th ium in tha t  
phase is e x t r e m e l y  fast, and the ac t iva t ion  energy  was 
es t imated  to be 0.15 eV. However ,  the  va lue  of the  
self-diffusion coefficient of l i th ium in L iGa  was not  
given. 

Experimental Procedures 
The coulometr ic  t i t rat ions,  emf, and chemical  d i f -  

fusion measurements  were  all  made  using the fo l low-  
ing th ree -e lec t rode  galvanic  cel l  

A1, "LiAI" ILiC1-KC1 (eut.) ] LiyGa [I] 

In  the above cell, Li~Ga is the  l i t h ium-ga l l i um a l loy  
under  invest igat ion.  The LiCI:KC1 eutect ic  mol ten  sal t  
was used as e lectrolyte .  The reference  and counter -  
electrodes,  AI /"LiAI ,"  were  made  of two-phase  m i x -  
tures  of l i t h i u m - a l u m i n u m  wi th  an overa l l  composit ion 
of 40 a /o  Li. A s imi lar  expe r imen ta l  se tup has been 
descr ibed in more  de ta i l  e l sewhere  (13-18). The emf  
vs.  composit ion da ta  were  obta ined  by  di rec t  coulo- 
met r i c  t i t ra t ion  of l i th ium into pure  l iquid gal l ium, 
which was held  in a mo lybdenum bucke t  wi th in  the 
salt .  The e lec t rochemical  measurements  were  made  by  
using e i ther  a PAR 173 po ten t ios ta t /ga lvanos ta t  wi th  
a p lug - in  coulometer  or an A a r d v a r k  PEC-1 poten t io-  
s ta t  wi th  a f ree - s tand ing  PAR 379 d ig i ta l  coulometer .  

The t empera tu re  was measured  by  C h r o m e l - A l u m e l  
thermocouples  shea thed  wi th  304 stainless steel,  and  
ma in ta ined  constant  wi th in  one or two degrees.  

Cold-pressed  and  s in tered pel le ts  were  used in d i f -  
fusion measurements .  The s ing le-phase  s toichiometr ic  
L iGa  alloys were  p repa red  by  mel t ing  the  l i th ium 
(99.9%, Foote Mineral)  and ga l l ium (99.9999%, Uni ted  
Minera l  and  Chemicals) meta ls  together  in the  s toichio-  
met r ic  propor t ion  in an  Mo cup a t  a t e m p e r a t u r e  abou t  
750~ for app rox ima te ly  10 rain. The al loys were  then  
annealed  at  450~C for 66 hr  in o rder  to promote  homog-  
enization. Af te r  annealing,  the cast a l loy was cooled to 
room t empera tu re  in severa l  hours. The solid al loys 
were  powdered  and s ieved to 150 mesh. The a l loy 
powder  was pressed into pel le ts  a t  a pressure  about  
9.0 • 104 psi. Because the "LiGa" phase  is ve ry  ha rd  
and bri t t le ,  pressed pel lets  often pa r t i a l l y  col lapsed 
when they  were  removed  f rom a % in. s tainless s teel  
die. However,  if  ex t r eme  care was taken  to handle  the 
pel lets  proper ly ,  i t  was possible to obta in  one or two 
in tac t  pel lets  on about  20 % of the trials.  The surv iv ing  
pel le ts  were  s in tered at  705~ for about  5 min, a f te r  
which they  showed much be t t e r  mechanica l  s t reng th  
and physical  in tegr i ty .  

A r ing of thin mo lybde num sheet  was t igh tened  
around the c i rcumference  of the thin pellets,  and  used 
as both sample  holder  and e lect r ica l  lead. This shie lded 
the edge, but  pe rmi t t ed  diffusion into the  pe l le t  f rom 
both flat sides. The LiGa  pe l le t  was first s lowly  p re -  
hea ted  to dr ive  off any  res idual  gas before  i t  was in -  
se r t ed  into the mol ten  sal t  e lec t ro ly te  for diffusion 
measurements .  Af te r  the sample  e lect rode reached a 
s teady state, the open-c i rcu i t  vol tage was measured  
wi th  respect  to the A1, "LiAI" reference  electrode,  a 
smal l  vol tage s tep of 4-8 mV was then imposed be-  
tween  the sample  e lect rode and the reference  electrode.  
The t rans ient  current ,  t ( t ) ,  was moni to red  as a func-  
t ion of time, t, un t i l  i t  became negl ig ib ly  small .  A n -  
other  vol tage step was then  imposed to repea t  the d i f -  
fusion measurements .  Af t e r  each vol tage  s tep the 

chemical  diffusion coefficient, /~, was eva lua ted  f rom 
the long- t ime  express ion for a potent ios ta t ic  exper i -  
men t  as fol lows (13) 

I ( t )  : L 2 e x p  - - - -  i f  t > > L ~ / D  [11 
4L 2 

where  L and Q were  the ha l f - th ickness  of the sample  
pe l le t  and the total  charge  accumula ted  af te r  a g iven 
vol tage step. Since the cur ren t  was control led  by  the 
diffusion of l i th ium into the solid (from both  flat s ides) ,  
r a the r  than t r anspor t  th rough  the l iquid  e lectrolyte ,  
the cur ren t  d is t r ibut ion  wi th in  the e lec t ro ly te  was of 
no consequence. While  the samples  m a y  have  not  
achieved 100% densi ty  dur ing  the s inter ing step, this 
question has re la t ive ly  l i t t le  influence upon the resul ts  
obta ined  f rom this long- t ime  solut ion to the diffusion 
equations.  

The s ingle-phase  al loys used for  x - r a y  diffraction 
analysis  were  made e lec t rochemical ly  by  app ly ing  con- 
s tant  voltages de te rmined  f rom the coulometr ic  t i t r a -  
t ion curve to ensure tha t  t hey  were  at  the  des i red  
s ingle-phase  compositions. Upon remova l  f rom the cell, 
the al loys were  a l lowed to r ap id ly  cool to room tem-  
pera ture .  They were  then crushed and s ieved to fine 
powder  (t50 mesh) .  The resul t ing  powder  was un i -  
fo rmly  spread  over  double-s t ick  Scotch tape (3M) 

u s i n g  a glass sl ide as a support .  A thin  Kap ton  film 
was used to protect  the powder  f rom the ambien t  
a tmosphere .  The x - r a y  diffraction analysis  was ac-  
complished using a Norelco dif f ractometer  employ ing  
Cu K~ rad ia t ion  and an Ni filter. LiC1 and KC1 sal ts  
were  used as in te rna l  s tandards .  The in t eg ra ted  in ten-  
s i ty  for each peak  was es t imated  f rom the area  under  
the diffraction curve above the background.  
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Results 
The c o u l o m e t r i c  t i t r a t i o n  cu rve  f o r  the l i t h i u m -  

gallium system at 415~ starting with pure molten 
gallium, is shown in Fig. 1. The emf with respect to 
pure lithium, E, at a given temperature, T (K), was 
calculated according to the expression (1, 13, 17) 

E : Emeas + (451 -- 0.220 T (K))mV [2] 

where Emeas represented the directly measured cell 
emf with respect to the two-phase A1, "LiAI" reference 
electrode. Figure 1 shows three intermediate phases 
and four two-phase voltage plateaus from pure Ga to 
a composition of 75 a/o Li. The nominal compositions 
of the three intermediate phases are LiGa, LieGe2, and 
Li2Ga, respectively. The constant emf values in the 
two-phase regions are 565, 122, 91, and 20 mV relative 
to pure lithium at 415~ in order of increasing lith- 
ium concentration. The corresponding lithium activi- 
ties are 7.26 • 10 -5, 0.126, 0.215, and 0.967, respec- 
tively. 

As shown in Fig. 1, all three intermediate phases 
have appreciable ranges of stoichiometry. The x-ray 
powder diffraction pattern of the phase LiGa was 
found to possess the NaT1 (B32) structure, as reported 
by Zintl and Brauer (6). The lattice parameter was 
found to be 6.213A at the ideal stoichiometric com- 
position by a least square fit to the Nelson-Riley 
extrapolation function. 

In 1977, Muller and Stohr (9) determined the crys- 
tal structures far the phases LisGa2 and Li2Ga, but 
they gave no detailed information about their x - ray  
diffraction patterns. The x-ray powder diffraction pat- 
terns obtained in this work for these phases are given 
in Tables I and II. The phase LieGe2, which is isotypic 
with the phase Li3A12 in the lithium-aluminum sys- 
tem (19), crystallizes with a rhombohedral unit cell, 
space group R3m-D3d 5, a = 4.367A, c ---- 13.896A, Z -- 3 
formu]a units (hexagonal setting), with the Ga atoms 
forming layers of puckered six-membered rings (9). 
In Table I, the x-ray powder diffraction pattern of the 
phase Li3Ga2 was indexed on the basis of both rhom- 
bohedral (a = 5.274A and ~ = 48.916 ~ and hexagonal 
axes. Two extraneous lines with interplanar spacings 
(d values) of 3.576 and 2.718A having relatively low 
intensities were found which could not be indexed 
with the others. Li2Ga crystallizes orthorhombically, 
space group Cmcm-D2h 1T, a - -  4.562A, b - -  9.542A, 
e ---- 4.364A, and Z = 4 formula units. In this structure, 
the Ga sublattice consists of zigzag chains (9). The 
x-ray powder diffraction pattern for this phase, given 
in Table II, produced interplanar spacings in excellent 
agreement with those calculated using the lattice pa- 
rameters given above and the assigned Miller indexes. 
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Table I. X-ray powder diffraction pattern of the phase Li3Go,2 

d-calc  d-calc  d-obs  I/Io 
u ~ ~ (A) H K L (A) (A) (%) 

1 1 1 4,632 0 0 3 4.632 4.634 74 
1 0 0 3.649 1 0 1 3.849 3.670 9 

- -  - -  - -  3.576 6 
1 1 O 3,322 0 1 2 3,322 3.345 100 

- -  - -  2.718 i o  
2 2 1 2,240 0 1 5 2,240 2.243 54 
1 0 - 1 2.184 1 1 0 2.184 2.092 90 
2 1 O 1.975 1 1 3 1.975 1.976 28 
2 0 0 1.825 2 0 2 1.825 1.829 32 
3 2 2 1.758 1 0 7 1.758 1.771 13 
3 1 1 1.563 2 0 5 1.563 1.567 22 
2 1 - 1 1.4(}0 1 2 2 1.400 1.404 12 
4 3 3 1.304 1 0 10 1.304 1.308 14 
4 2 2 1.279 2 O 8 1.279 1.277 21 
3 2 0 1.271 1 2 5 1.721 1.274 12 

Table II. X-ray powder diffraction pattern for Li2Ga 

h k I d-calc  (A)  d-obs (A) I/Io (%) 

O 2 0 4.771 4.770 17 
1 1 0 4.118 4.118 89 
0 2 1 3.220 3.227 43 
1 1 1 2.994 2.998 19 
2 0 0 2.281 2,281 14 
1 3 1 2.240 2.240 1O0 
0 0 2 2.182 2.183 22 
0 4 1 2.093 2.095 11 
1 1 2 1.928 1.930 16 
2 2 1 1.861 1.863 14 
1 5 1 1.633 1.634 5 
0 6 0 1.590 1.593 5 
2 6 0 1,305 1.305 1 0  

For compositions less than about 8.3 a/o Li, t h e  

lithium activity in liquid lithium-gallium alloys was 
found to obey Henry's law, i.e. 

-- lee : RT In aLl --" RT in ~LiXLI  [3] 

where F, R, "~Li, and XLI are the Faraday constant, the 
gas constant, the activity coefficient of lithium, and the 
mol fraction of lithium, respectively. As shown in 
Fig. 2, the emf with respect to pure lithium, E, is a 
linear function of In XLi. The slope dE/d in XLi is 
--5.93 • 10-2V, which is identical to the value of 
(--RT/F) at the temperature of 688K. The activity 
coefficient of lithium in molten lithium-gallium at 
that temperature is thus 4.49 X 10-4. The lithium 
activities in liquid alloys of lithium-cadmium (20), 

gO01 ' ' ' ' ' ' ' '1  , , , , , , ,1  

,oo  
650 LiyGO /.1 5 ~ 

~ ) {  J I t P I L J J l  i 1 ~ J , J 

0.1 1.0 0 
XLi [a tomic %)  

Fig. 2. Semi-logarithmic plot of the emf Ys. reel fraction of 
lithium at 415~ 
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o Run 1 

o Run 2 

�9 Run 3 

lithium-indium (21), lithium-tin (22), lithium-lead 
(23), and lithium-bismuth (24) sys tems have also 
been found to obey Henry's law at low lithium con- 
centrations. 

Figure 3 presents the temperature variation of the 
emf of the two-phase system consisting of the .satu- 
rated liquid alloy of lithium in gallium and the vario- 
stoichiometric intermediate phase "LiGa" at an over- 
all composition of 40 a/o Li. Over the temperature 
range from 380 ~ to 575~ the emf of this liquid-solid 
mixture shows a linear dependence upon temperature, 
which can be expressed as 

E -- 929 -- 0.532 T(K) mV [4] 

The corresponding partial molar entropy and enthalpy 
of lithium in this two-phase region are --51.3 J/deg- 
mol and - -89.6 k J / m o l ,  respectively. 

The temperature dependences of these two-phase 
boundaries were investigated by use of the coulometric 
titration technique. The solubility of lithium in liquid 
gallium was found to be 10.0, 12.6, 18.2, and 26.1 a/o 
Li at 390 ~ 415% 500% and 585~ respectively. These 
results are in close agreement with those reported in 
the literature (7). The gallium-rich phase boundary of 
the phase "L~'Ga" was observed to be essentially con- 
stant (44.8 a/o Li) over the temperature range of 
390~176 No effort was made to determine the 
lithium-rich phase boundary of "LiGa" because of a 
slow voltage drift with time at high lithium activities, 
due to eIectronic conduction in the electrolyte. 

Figure 4 shows the detailed results obtained on the 
coulometric titration curve of the phase "LiGa." The 
emf v s .  composition data can be approximated by two 
straight lines with different slopes. However, the 
change in slope does not  occur at the ideal stoichiom- 
etry. The experimental data showed excellent agree- 
ment and reproducibility. This is illustrated by the 
correspondence of the data from three runs, as denoted 
by the different symbols in Fig. 4. At 415~ the emf 
of the phase "LiGa" lies between 565 and 122 mV with 
respect to pure lithium and the lithium activity varies 
by more than three orders of magnitude over the com- 
position range from 44.8 to 56.0 a/o Li. 

The Gibbs free energy of mixing, ~Gm, was cal- 
culated across this phase by graphical integration of 
the coulometric titration curve given in Fig. 1 using 
the expression (17, 18) 

6013 , ' ' I ' ' I . . . .  

" ~ " ~  Liq. § iC~" 
551] 

s 
- - I  i,i,i 

XL. i = 
500 

450 ~ , , , I . . . .  I , A . , 
300 400 500 ~00 

T [ ~  

Fig. :~. Temperature dependence of the emf of two-phase lithium- 
gallium alloy with overall composition of 40 a/a Li. 
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Fig. 4. Coulometric titration curve of the phase "LiGa;" three 
runs at 415~ 

, s  
aGm = Edy [5] 

l + y  

where y is the atomic ratio of lithium to gallium. The 
results are presented in Fig. 5, where it is seen that the 
Gibbs free energy of mixing shows a minimum of 
-25.8 kJ/mol at 47.6 a/o Li. 

The standard Gibbs free energy of formation, aGt, 
was evaluated according to the follovAng expression 

XLi ( a t o m i c  % )  
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I /  

L5 
! ! i 
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Fig. 5. Compositional dependence of Gibbs free energy of mixing 
over the compositional range of the phase "LiGa" at 415~ 
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(17, 18) 

AGf (LiaGab) = -- bF ~ Edy is] 

where y : a/b. The values for the stoichiometric 
compositions within the phases LiGa, LiaGa2, and 
Li2Ga at 415~ are --51, --115, and --62 kJ/mol, 
respectively. The corresponding formation reaction 
can be described as 

a Li(1) + b Ga(1) --> LiaGab(s) [7] 

The chemical diffusion coefficient was determined 
as a function of composition within the phase "LiGa." 
The results are plotted in Fig. 6. It can be seen to vary 
from 1.6 X l0 -6 to 6.8 X 10 -5 cm2/sec, with a maxi- 
mum value at the composition 47.6 a/o Li. On the 
lithium excess side of LiGa, the chemical diffusion 
coefficient increases only slightly with increasing 
lithium concentration. On the lithium deficit side of 
LiGa, however, it is very composition dependent, in- 
creasing rapidly with a small lithium deficiency, but 
again decreasing in value at greater lithium deficits 
after a maximum at 47.6 a/o Li. 

The chemical diffusion coefficient, I~, which concerns 
mass transport under the influence of a chemical po- 
tential gradient, is related to the lithium self-diffu- 
sion coefficient, DLi, which describes the random mo- 
tion of the lithium atoms or ions in the absence of a 
chemical concentration gradient, by the following ex- 
pression (15, 25) 

d In au ) 
=Du dln  (1 +G)' [ 8 ]  

where G represents the deviation from the ideal stoi-  
chiometrY of the phase "LiGa." The above expression 
is valid only for the case that the gallium atoms (or 
ions) do not move appreciably compared with the 
lithium atoms (or ions). An NMR study of LiGa sup- 
ports this approximation (12) 

The quantity in the bracket on the right-hand side 
of Eq. [8], the enhancement factor, often assumes val- 
ues greater than unity for alloy phases exhibiting non- 
ideal thermodynamic behavior. Its magnitude was 
calculated as a function of composition by using the 
emf vs. composition data as follows 

d In au F dE 
= --  , (I + 8), [9]  

d In (1 + 8) RT d8 

where dE~d8 denotes the local slope of the coulometric 
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titration curve at a given composition. The calculated 
results are shown in Fig. 7. On the lithium excess side 
of LiGa, the enhancement factor increases slightly 
with lithium concentration. However, it increases 
rapidly with decreasing lithium concentration on the 
lithium-deficient side, reaching a maximum value of 
56 at 47.6 a/o Li. It then decreases again as the com- 
position moves toward the gallium-rich phase bound- 
ary. As shown in Fig. 6 and 7, the compositional de- 
pendence of the chemical diffusion coefficient within 
the phase "LiGa" is quite similar to that of the en- 
hancement factor, and they both peak at the composi- 
tion corresponding to the minimum Gibbs free energy 
of mixing, i.e., 47.6 a/o Li. 

Figure 8 shows the compositional variation of the 
lithium self-diffusion coefficient at 415~ For compo- 
sitions greater than 48.0 a/o Li or less than about 
47.6 a/o Li, this parameter was found to be indepen- 
dent of composition. The constant values are 1.1 X 
10 .6 and 5.0 X 10-? cm~/sec on the lithium deficit and 
excess sides of LiGa, respectively. 

Discussion 
The work reported here is an example of the great 

power of electrochemical techniques for the quanti- 
tative determination of a host of both thermodynamic 
and kinetic data in alloy systems. Of special value is 
the ability to readily evaluate fundamental param- 
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Fig. 7 .  Compositional dependence of the enhancement factor 
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eters which would be of importance i n  the application 
of such materials in electrochemical systems, such as 
primary or secondary batteries. 

Questions such as the ranges of electrochemical 
stability of intermediate phases and the potentials 
and capacities of two-phase equilibria that miSht be 
used as ion reservoirs will play a critical role in the 
design of new electrode systems. While not specifically 
employing the results of this study of the lithium- 
gallium system, this approach has recently been used 
to design novel all-solid electrodes with composite 
microstructures containing a finely dispersed reactant 
imbedded in a stable mixed-conducting matrix with 
a high chemical diffusion coefficient for the electro- 
active species (26). Although they are fully solid, 
such electrodes can have the kinetic properties of con- 
ventional finely divided powders. 
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ABSTRACT 

Three antimonial lead alloys have been continuously cast followed by 
rolling and expansion to standard battery grid designs. Cells were constructed 
and cycled to failure in a deep discharge regime. Cells of cast grids were 
similarly tested for comparison. In these tests the wrought grid cells failed 
prior to the cast due to excessive grid growth. Possible means to overcome 
the grid growth are discussed. 

In recent years there have been many papers pub- 
lished concerned with the metallurgy and electro- 
chemistry of cast low antimony lead alloys for use in 
low maintenance auto batteries (1-4). Similarly there 
has been much work published on the metallurgy, 

�9 E lec t rochemica l  Society Ac t ive  Member. 
Key words :  cas t  gr ids ,  grid growth, cell  fa i lure .  

electrochemistry, and manufacture of calcium lead 
alloy battery grids for the same market. These latter 
papers encompass a good deal of work on the con- 
tinuous production of wrought calcium-lead grids 
(5, 6). There has not as yet been work published 
combining the advantages of deep discharge behavior 
of antimonial lead alloys, with the econo=.'-dc advantage 
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of continuous wrought grid manufacture for the mass 
production of grids for electric vehicle or load leveling 
batteries. 

Many characteristics of batteries constructed of 
wrought grids are yet to be determined. While it is 
well known (7) that in battery service cast antimonial 
lead has the disadvantage of low hydrogen overvoltage 
as compared to calcium lead, electrochemical charac- 
teristics of wrought vs. cast antimonial leads have 
not been reported upon. Further, the creep resistance 
of wrought antimonial lead is known to be significantly 
less than that of the cast alloys. The effect this may 
have on battery life is unknown. Another factor of 
importance which may be affected by the metal struc- 
ture is the corrosion rate under deep discharge cycling. 
Grid growth is another area which could affect bat- 
tery life and which very likely depends on the metal~ 
lurgical condition of the grid metal  

In order to test the feasibility of wrought grid, deep 
discharge, antimonial lead batteries, test cells were 
constructed using wrought grids of antimonial lead at 
three concentrations. These cells were  cycled to fail- 
ure in a severe deep discharge (75%) regime along 
with a set of cast grid cells as controls. The results 
proved the cast grid cells to be clearly superior to any 
of the wrought grid cells. There were, however, indi- 
cations that wrought grids can be made to perform 
by adjustments to the design and metallurgical struc- 
ture of the grids. 

Mater ia lsand  Fabrication 
Wrought grids.--As a first step it was necessary to 

determine whether or not antimonial leads could be 
continuously cast. Casting was carried out at the 
Hazelett Strip Casting Corporation, Malletts Bay, 
Vermont, on a Model 21 machine. Four compositions 
were chosen all of which cast without mishap. T h e  
actual compositions are shown in Table I. Nominal 
arsenic and tin levels were supposed to be 0.5% as in 
some common cast grid alloys. 

The alloys were cast continuously into strips 3.3 in. 
wide • 0.75 in. thick at a rate of about 20 ft/min. 
The melt temperature was held within the range 
340~176 and the casting emerged from the machine 
at about 180~ 

For each alloy starting with alloy A (1% Sb) about 
1960# of metal was charged to the melting pot. Of 
that 1960# about 60% was cast producing a strip 
roughly 90 ft long. The middle 30 ft was retained for 
the project and the two remaining sections were re- 
turned to the pot for the following castings. Antimony, 
arsenic, and tin additions were made as hardener 
alloys. Unfortunately, the presence of high As a n d  
Sn in the addition ingots caused excesses of these 
elements in the product alloys. 

The surfaces of the cast strips were generally smooth 
and uniform. Grain size of the castings decreased as 
alloy content increased. Some centerline shrinkage 
was apparent in each alloy, especially alloy D, see 
Fig. 1. 

Rolling of the alloys was done on a 2-high labora- 
tory mill using 4 in. diam rolls, 6 in. wide. The cast 
strip was cut to 6 in. lengths and rolled in a direction 
parallel to the casting direction. Each PaSs reduced the 
thickness by 0.08 in. to a thickness 0.1 in. From 0.1 in. 
to the final size 0.045 in. reductions were limited to 

0.020 in. per pass. Alloys A and B rolled to final size 
without problems. Alloy D could not be rolled m o r e  
than 3 passes, about 33% reduction in thickness, with- 
out separating through the wide centerline, a phe- 
nomenon known as "alligatoring." Alloy C required 
an intermediate anneal (150~ hr-air cool) at about 
60% reduction to prevent alligatoring. Strip of alloy 
D was finally produced by hot rolling at 150~ S o m e  
edge cracking was noted on alloys C and D. Tensile 
strength of the strips measured one day after rolling 
are recorded in Table II. 

Coils of strip (alloys A-D) rolled to 0.045 in. w e r e  
shipped for expansion to a battery manufacturer pres- 
ently producing expanded metal grids. This expander 
was unable to treat the metal supplied efficiently d u e  
to excessive camber in the coils. Insufficient high 
quality material was returned to allow a valid series 
of tests. It was made clear, however, that of the alloys 
supplied, alloy D was the most difficult to expand, 
excessive cracking being encountered. 

Rolling technique was improved and fresh coils 
shipped to two other grid metal expanders. Expander I 
was shipped alloys A, B, C, and D while Expander II  
was shipped only alloys A, B, and C. Difficulty was 
reported by Expander I in expanding alloys C and D 
due to edge cracks in the rolled strip. Expander II  
could not expand alloy A due to excessive limpness 
(low strength). 

Expander I provided grids of alloys A and B cut to 
shape ready for pasting. Expander II  supplied strips 
of expanded alloys B and C about a yard long from 
which grids had to be cut by h a n d .  

Cast grids.--Control cells were to be constructed of 
grids of moderate to low antimony content with 
weights and size similar to those of the wrought grids. 
Analyses of the cast grids obtained are included in 
Table I. A photograph of the cast and wrought grids 
is shown in Fig. 2. 

Cell ]abrication.--In all, five different grid types 
were tested: the cast, Expander I alloys A and B, and 
Expander II alIoys B and C. Three cells were con- 
structed of each grid type totaling 15 cells. Variations 
in the grid physical dimensions were dictated by the 
manufacturing equipment and were thus unavoidable. 
Overall dimensions of the grids prior to pasting a r e  
summarized in Table III. Note in column five of Table 
HI, Approximate metal thickness, that the variation 
represents variation in setting on the expander rather 
than in the metal supplied which was 0.043 _ 0.002 in. 
Also note in column six of the same table that the 
overall thickness of the wrought grids reflects a d e -  
g r e e  of corrugation not present in cast grids. 

Pasting of the grids was done using a conventional 
high density formula: Efforts were made to keep the  
paste weight per unit area of positive plate constant 
regardless of grid type. As the grids were inescapably 
of different sizes it was desired to keep the paste 
thickness the same in all 15 cells in order to make 
comparison more meaningful Since the positive plate 
capacity was intentionally limiting in all cells, care 
was taken to obtain the same total weight of positive 
active material in each of the three cells of a test 
group. This was done by weighing all of the pasted 

Table II. Tensile data,* wrought antimonlal grid alleys 

Alloy UTS (psi) E (%) 

A 4100 44 
B 4810 38 
C 4580"" 27 
D 5990t 37 

Table I. Alloy composition 

Sb (w/o) As (w/o) Sn (w/o) 

K 1.07 O.78 0.48 
B 2.02 0.85 0.56 
C 3.62 0.93 0.69 
D 5.12 1.1 0.82 
Cast grids 2.75 0.13 0.13 

~ Al l  data average of three  tests. Strain rate,  0.2 min-L 
** Annea led  at 60% reduct ion in thickness .  

t Hot rol led 150~ 
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Fig. 1. Macro-etched cross sec- 
tions of Hazelett-cast alloys. 
Alloy A (upper left), Pb-1.07Sb- 
0.78As-0.48Sn. Alloy B (upper 
right), Pb-2.02Sb&.85As-0.56Sn. 
Alloy C (lower left), Pb-3.62Sb- 
0.93As-0.69Sn. Alloy D (lower 
right), Pb-5.12Sb-hl As-0.82Sn. 

plates and then sort ing them into groups of s imilar  
aggregate weight. There were no side frames on the 
expanded meta l  grids, thus extreme care to avoid 
losing paste pellets along the side of the pasted plates 
was required. Such losses could account for a signifi- 
cant  proport ion of the total active material .  Table IV 
contains data on the Weight of active mater ia l  in  the 
cells. 

The cells were constructed using, as far as was 
possible, methods and procedures s imilar  to those 
employed in  commercial  ba t te ry  fabrication. 

Commercial ly  available golf cart  separators (Grace 
Armor - r ib  with 0.020 glass mat )  were used. The cells 
were formed convent ional ly  using constant  current  

formation and an  electrolyte of 1.110 sp gr After  
formation the cells were dumped and refilled with 
1.320 sp gr acid, adjust ing them indiv idua l ly  to a 
final range of 1.265-1.275. 

Cell testing.--Prior to the beginning  of the auto-  
matic cycling manua l  cycles were r u n  on each cell to 
determine ini t ia l  cell capacities. Discharges were run  
at rates of 1.5, 8, 10, and 14A. The results agreed well  
with one another  and with the theoretical  capacity of 
the cells. Averaged data for the 1.5 and 10A tests are 
presented in Table V. 

Using the capacity informat ion  obtained from the 
m a n u a l  cycling, the automatic  cycle apparatus  was 
set to provide a 2 hr  discharge followed by  a 9.5 h r  

Table Ill. Grid parameters 

Nominal Grid rectangle Active area** Approx. metal Approx.  overall 
Al loy  % Sb size (in.) (sq-in.) thickness (in.) thickness (in.) 

Average grid 
weight (g) 

Cast ( contro l )  2.75 5.69w • 3.91h 21 m 0.043 
I-A 1.0 5.69 x 4.12 21 0.045 0.11 
I-B 2.0 5.69 • 4.12 21 0.051 0.I1 
H-B 2.0 5.69 x ~5.0" ~ 2 7  0.040 0.075 
II-C 3.6 5.69 x ~5.0" ~ 2 7  0.040 0.075 

42.2 
51.0 
54.5 
46.2 
45.9 

T h e  E x p a n d e r  I grids varied in height from 4.8 to 5.2 in. 
e. T h e  ac t ive  a r e a  inc ludes  only  t h e  por t ion  of  the  grid containing paste openings, omitting the solid strip at the top. 
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Fig. 2. Test grids as received. Top, cast. Bottom left, alloy I-A. 
Bottom right, alloy II-B. 

charge twice each day. As the discharge time was the 
same for each cell but capacity varied (mainly due 
to plate size), it  was necessary to vary discharge 
current load to yield the desired 75% depth of dis- 
charge for every cell. 

The cells were charged for 9.5 hr  through current 
limiting resistors from a regulated 2.6V bus. The 
current was l imited to the 2 hr rate at the beginning 
of charge. Following charge there was a one-half  hour 
rest. 

Discharge was carried out so as to yield 75% depth 
after 2 hr. As the cells progressed toward the end of 
life the voltage dropped below 1.75V before the end 
of the 2 hr  discharge period. In that case an auto- 
matic cell cut-off circuit terminated the discharge 
at 1.75V in order to avoid an unrealist ically deep 

Table IV. Cell parameters 

T o t a l  
cured S a m e  Pos i t ive  Average 

G r i d  pos i t ive  f o r  w e i g h t  n e g / p o s  
Cell~ a l loy  pas t e  p e r  n e g a -  ( g /  c a p a c i t y  
No. t y p e  cel l  (g)  t ive  sq in.)  ratio 

1 Cas t  319 399 15.2 
2 Cas t  323 394 15.4 1.2 
3 Cas t  320 397 15.2 

4 I-A 330 569 I5.7 
5 I-A 329 569 15.7 1.7 
6 I-A 327 566 15.6 

7 I-B 332 656 15.8 
8 I-B 334 660 15.9 2.0 
9 I-B 332 665 15.8 

10 II-B 436 565 16.1 
11 II-B 430 595 15.9 1.3 
12 II-B 437 564 16.2 

13 II-C 423 591 15.7 
II-C 422 593 15.6 1.4 
II~C 423 605 15.7 

Table V. Average capacities of cell groups 

Theo-  Pos i t ive  uti l i -  
ActUal  A , h r  r e t i c a l  Zation in  % 

c a p a c i t y  pos i t ive  of t h e o r e t i c a l  

G r i d  1,5A 10A A - h r  1.5A 10A 
alloy r a t e  r a t e  capac i ty*  r a t e  rate 

Cast 59 26 58 67 46 
I-A 40 29 59 67 49 
I-B 41 26 60 68 44 
II-B 50 29 78 64 37 
II-C 48 30 76 64 40 
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cycle. Failure was defined to have occurred when cell 
capacity fell  below 50% of the capacity of the 10th 
cycle. Base capacity was defined as the 10th cycle  
value in order to avoid initial transients. The cells 
were individually taken off test after failure. 

Cells were cycled at room temperature,  separated 
from each other so as to minimize heating effects. 

Cell dismantling.mAfter failure by the 50% ca- 
pacity criterion the cells were fully charged and 
then carefully dismantled. 

The positive plates were washed thoroughly in 
water  and dried at room temperature. During han- 
dling some loss of active material  pellets was ex-  
perienced in the expanded metal  plates. Tabs were  
removed from all plates af ter  which they were 
weighed and measured. Al l  weights reported in the 
tables are without tabs. 

A representative set of positive plates from each of 
the five test groupings was chemically treated to re-  
move  all of the lead dioxide from the grids. The bare 
grids were then re-weighed. 

Sections of the corroded grids were examined metal-  
Iographically and compared. Photographs of samples 
taken from the center of typical plates are shown in 
Fig. 3-5. 

Results 
Cycles to failure, water required over life, active 

material  loss, grid weight loss, and percent grid 
growth for each cell are presented in Table VI. The 
data are averaged per 100 cycles of life for each alloy 

Fig. 30. Positive grid section from cell No. 2. Etched, 50•  

* Theoretical capacities a r e  b a s e d  on  to t a l  pos i t ive  ac t ive  mate- 
rial in cell.  P a s t e  f o r m u l a  y ie lds  179.7 A - h r / k g  of c u r e d  pas te .  Fig. 3b. Positive grid section from cell No. 2. Etched, 4 0 0 X  
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Pig. 40. Positive grid section from cell No. 8. Etched, 50X Fig. 5a. Positive grid section from cell No. 10. Etched, 50X 

Fig. 4b. Positive grid section from cell No. 8. Etched, 4O0x 

group in Table  VII  in o rder  to ob ta in  values  d i rec t ly  
re la ted  to ra te  of deter iora t ion.  

Discussion 
F r o m  the da ta  of Tables  VI and VII  i t  is c lear  tha t  

under  the tes t  condit ions r epor t ed  the cells made  of 
cast grids o u t - p e r f o r m e d  the wrough t  grid cells. How-  
ever,  some in teres t ing  lessons can be  l ea rned  by  ex -  
amin ing  the da ta  which  m a y  make  fu ture  wrough t  
low an t imony  lead  grids more competi t ive.  

Fi rs t ,  the cycle l i fe  da ta  of Table  VI show tha t  the  
grea tes t  d i spar i ty  in behav ior  lies be tween  the wrough t  
grids t aken  as a group and the cast grids r a the r  than  
be tween  a l loy content  groups or expande r  groups. 
With in  the  wrough t  grid groupings  design var ia t ion  
seems overr iding.  For  example ,  cells of group I I -B  
pe r fo rmed  signif icant ly be t t e r  than  those in group 
I -B  a l though the al loys were  ident ica l  and t h e  test  
conditions,  o ther  than cell  size, s imilar .  I t  seems un -  
l ike ly  tha t  size difference could account for  the va r i a -  
t ion in  cycle life, consider ing the controls  on each 
cell  descr ibed above. 

W a t e r  loss, a l though ya ry ing  cons iderab ly  cell  to 
cell  was on average  (Table  VII)  consis tent ly  in the 
range  58-68 ml/100 cycles. The only  except ions were  
the cells made  of the lowest  an t imony  content  grids 
(1% Sb) ,  group I-A.  These cells used wa te r  at  the 
ra te  of only  16 ml/100 cycles. C lea r ly  there  is an  
advan tage  in reduced  main tenance  to the ve ry  low 
an t imony  level. This reduct ion  in wa te r  loss is u n e x -  
pec ted  consider ing the p a p e r  of Ruetschi  and  Cahan 

Fig. 5b. Positive grid section from cell No. 10. Etched, 400X 

(8) who repor ted  a less than  expected  ra te  of  de -  
cline in hydrogen  overvol tage  wi th  increas ing  an t i -  
mony  (1-5%) in cast an t imonia l  leads. 

Act ive  ma te r i a l  loss was much g rea te r  in the  
wrought  grid cells than in the cast even though 
the cast gr id cells exper ienced  a subs tan t ia l ly  g rea te r  
number  os cycles. Two possible  reasons are  p ro -  
posed. First ,  i t  is possible tha t  for  some reason the 
wel l  documented  (9) pas te  adhesion of cast an t i -  
monia l  lead  gr ids  does not  opera te  for  wrough t  gr ids  

Table Vi. Results of cycling 

W a t e r  
added  Posi t ive Gr id  

Cycles ove r  act ive  we igh t  % Grid % Grid 
Cell to life m a t e r i a l  loss g r o w t h  g r o w t h  
No. fa i lure  (ml)  loss ( % ) ( % ) wid th  he igh t  

1 305 275 39 41 0 1.0 
2 245 153 27 22 0 0.5 
3 242 120 37 ~0 0 0.5 

4 185 20 48 14 1.7 5.0 
5 185 28 36 14 1.7 4.8 
6 196 44 29 19 2.4 4.1 

7 165 120 50 29 2.3 8.3 
8 175 120 54 25 2.2 6.1 
9 186 110 54 25 2.3 6,1 

10 240 205 58 24 3.2 6.4 
11 190 56 44 27 3.3 4~ 
12 215 124 58 25 2.5 6.3 

13 195 131 23 31 2.6 7.6 
14 190 123 38 36 3.3 5.6 
15 175 82 49 25 3.7 5.8 
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Table VII. Averaged cycling results per 100 cycles of life 

Pos i t ive  Gr id  Grid g r o w t h  
Avg. W a t e r  ac t ive  w e i g h t  ( % ) 

Al loy  cyc le  use  m a t e r i a l -  loss 
group  l i fe  (nil)  loss  (%) (%) Wid th  He igh t  

Cast 264 67 13 10 0 0.2 
I-A 187 16 29 9 1.0 2.5 
I-B 175 67 30 15 1,3 4,1 
H-B 215 58 25 12 1.4 2.5 
II-C 187 60 20 16 1.7 3.4 

of essentially the same composition. Second, it is 
possible that the larger pellet sizes of the wrought 
grids (Fig. 2) leads to reduced grid-active material 
interracial area which together with increased grid 
growth brings on decohesion and loss of active mate- 
rial. While it is not possible in this work to tell which 
possibility is correct it seems likely that the wrought 
condition of the grids would not substantially change 
the mechanism by which antimony promotes ad- 
herence. Thus active material loss through reduced 
surface contact a n d  increased grid growth seems 
more probable. The relationship between grid growth 
and active material loss has been confirmed in the 
literature (10, 11). Also scanning electron microscope 
examination of the active material from failed plates 
shows the structure of the oxides to be quite similar 
in the cast and wrought cells, see Fig. 6a and b. The 

Fig. 6a. SEM image of active material from cell No. 2 after 
failure. 5000 •  
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relation between grid composition, oxide morphology, 
and paste adherence has been discussed by Bur- 
bank (9). 

Grid corrosion as measured by grid weight loss 
overall and per 100 cycles generally was higher in 
the wrought grids than in the cast grids. Again the 
exceptions were the very low antimony cells (I-A) 
emphasizing the importance of alloy content in these 
alloys. Without having the experimental data, one 
would expect the cast alloy grids to corrode more 
rapidly than the wrought grids of the same anti- 
mony content. This is because the continuous inter- 
dendritic eutectic phases found in castings have been 
shown (10) to be preferred regions of corrosive at- 
tack in battery grids. This continuous structure is 
broken up by the rolling process making deep pene- 
tration of corrosion more difficult. The photomicro- 
graph in Fig. 3b confirms that interdendritic attack 
did occur in the castings while general dissolution 
seems to have been the mode of corrosion for the 
wrought alloys (Fig. 4b and 5b). The only excessive 
corrosion in the wrough t grids as compared to the 
castings was in the vertices of the cruciate locations 
(Fig. 4a and 5a). Here the corrosion may have been 
enhanced by the presence of residual stress caused by 
the expansion process. It is also possible that the ex- 
cessive Sn4Asa in the wrought alloy enhanced the 
corrosion rate. In any case corrosion was not ob- 
served to play a significant role in the failure of these 
cells with the possible exception of cell No. 1 which 
lasted far longer than any other. 

The most striking variation in behavior between 
cast and wrought grids was in grid growth. This is 
believed to have been a major factor in causing cell 
failure as mentioned earlier. Growth in the cast grid 
cells was 1% or less overall and less than 0.2% per 
100 cycles of life over a relatively long lifetime. 
Wrought grid expansion ranged up to 8.3% increase 
in height (ceil 7) and ranged from 1 to 4% per 100 
cycles over relatively shorter lives. The relation of 
cycle life to grid growth is shown graphically in Fig. 
7. Antimonial lead standby batteries on constant 
charge are known to suffer gross grid growth by 
interdendritic corrosion causing the volume of the 
grid to effectively increase because of the corrosion 
product (10). Examination of the photographs in Fig. 
3-5 shows this mechanism not to be operating in 
either the cast or wrought grids as there is vir- 
tually no sign of interdendritic attack below the im- 
mediate surface of the metal. The means by which 
growth occurs, then, must be mechanical. It is pro- 
posed  that mechanical deformation of the grids oc- 
curred through repeated expansion and contraction 
of the active material during charge and discharge. A 

Fig. 6b. SEM image of active material from cell No. 14 after 
failure. 5000• 
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Fig. 7. Cycle life vs. grid growth 
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similar mechanical explanation of grid growth has 
been proposed by Lander (11) on unpasted lead. The 
cast grids, while subject to similar forces of expan- 
sion and contraction, are expected to possess tensile 
strength well in excess of the 4000-5000 psi deter- 
mined for the wrought alloys as rolled. Further the 
cast grid design has been optimized over the years to 
reduce active material loss and growth. As may be 
seen the cast grids have substantial supporting mem- 
bers On each side and continuous supports running 
horizontally and at varying inclines to the vertical. 
The wrought grids in both designs were unsupported 
at the ends and tend to yield to stress not unlike an 
accordion. It is this structural instability which we be- 
lieve allows excessive grid growth which in turn 
causes active material loss and shorting, the prevalent 
mode of failure. 

Work underway at ASARCO has indicated that 
wrought low antimony grids can be hardened to ten- 
sile strengths in excess of 6000 psi with very short 
term heat-treatments. Further, recently reported po- 
ten tiodynamic studies (12) show a relation between cold 
work and low H~ overvoltage. A short anneal thus 
may improve the gassing rate of wrought grids. Also 
it now seems likely that the levels of arsenic and 
tin chosen for this test were high and that corrosion 
resistance and ease of working may be improved by 
smaller  additions of those elements. 

Conclusions 
1. Continuous casting of low antimony grid alloys 

has been demonstrated. 
2. Difficulty in cold working the continuous cast 

material increased with increasing alloy content. 
These problems would be significantly diminished in 
a commercial rolling situation. 

3. Expansion of low antimonial lead alloy sheet 
for bat tery  grids has been demonstrated. 

4. In deep discharge cycling the expanded low 
antimony grids did not perform as we l l  as did cells 

LIFE OF ,CELLS 1647 

constructed with cast low antimony grids, although 
some of the wrought grid cells achieved more than 
200 cycles to failure. 

5. Failure of the wrought grid cells resulted from 
the effects of excessive grid growth not related to 
corrosion. 

6. It  is suggested that wrought grid cell life may be 
extended by (i) employing an alloy of 1-2% Sb 
with small addition of As and Sn; (ii) heat-treating 
the metal to achieve greater resistance to stress, and 
higher gassing voltage; and (iii) design wrought 
grids to provide more structural support. 

Manuscript received Feb. 9, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by 
ASARCO Incorporated. 
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The Behavior of Na-TiS  and Na-TiS  as 
Solid Solution Electrodes 

Margherita Zanini, J. L. Shaw, and G. J. Tennenhouse 
Ford Motor Company, Research Sta~, Dearborn, Michigan 48121 

ABSTRACT 

We have investigated the behavior of TiS2 and TiS3 electrodes in a sodium 
cell at temperatures between 230 ~ and 280~ using the solid electrolyte ~"-alu- 
mina. The electrochemical reaction of TiS2 with sodium was found to be re-  
versible, while TiS3 was found to decompose. 

Several transition metal chalcogenides (TMC) can 
be intercalated with high concentrations of alkali 
metals (1). Although the sodium-TMC compounds 
are expected to have a large free energy of forma- 
tion, high electrical conductivity, and high sodium 
diffusivity (2), their behavior as solid solution elec- 
trodes has not been so widely studied as that of the 
lithium-TMC compounds (1). Energy density con- 
siderations and difficulties associated with the elec- 
trolyte instability and the high sodium reactivity 
have made the lithium compounds more attractive 
for applications (3, 4). However, the compatibility of 
TMC's with sodium makes it possible to use and study 

Key words: electrolyte, decomposition, metals. 

these electrode materials in conjunction with the solid 
electrolyte ~"-alumina (5). The stability of this elec-  
trolyte, its low resistivity, and the reliability of the 
Na/~"-alumina half cell (5) open very interesting 
possibilities of utilizing TMC's in rechargeable bat- 
teries with both high energy and power densities. In 
this paper we report studies of the behavior of TiS2 
and TiS3 electrodes at temperatures between 230 ~ 
and 280~ in a sodium cell using ~"-alumina as an 
electrolyte. We discuss the reversibility and the 
energy density of Na-TiS~ and Na-TiS~ solid solution 
electrodes at high temperatures. We also discuss the 
advantages of using ~"-alumina as an electrolyte both 
for studies and for applications. 
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Experimental 
Smal l  crysta l l i tes  of TiS2 (p la te le ts )  and  TiS3 

(fibers) were  p repa red  b y  di rec t  react ion of t i t an ium 
wire  (10 mils, 99.9% pure  f rom MRC) and su l fur  
(99.999% pure  f rom ASARCO) .  The e lements  were  
reac ted  in s to ichiometr ic  amounts  in quar tz  ampuls  
a t  650~ for TiS2 (6) and  at  560~ for  TiSa (7). The 
Debye -Sche r r e r  pa t te rns  obta ined for  these mate r ia l s  
indica ted  the presence of a single phase. Analys is  
of the  compounds by  complete  ox ida t ion  to TiO2 
showed tha t  the compounds were  s toichiometr ic  w i th -  
in our  expe r imen ta l  e r ro r  of ___0.005. Microprobe,  
ESCA, and X - r a y  fluorescence tests were  also made  
on the electrodes to ver i fy  the i r  composit ion and to 
test  tha t  only  t race  impur i t ies  were  present .  Powders  
of TiS2 f rom CERAC were  also used in the expe r i -  
meats .  

The TMC elect rodes  were  made  b y  isos ta t ica l ly  
press ing finely d iv ided  m a t e r i a l  wi th  no b inder  into 
pel le ts  about  3 m m  in d iamete r  and 50-100 microns 
thick. Thinner  e lectrodes of TiS~ (5-10m) used for  
the cyclic v o l t a m m e t r y  exper iments  were  pressed on 
a luminum foil as a support .  The pressed TiS2 pel le ts  
had  ve ry  smooth surfaces, and  did not  c rumble  on 
handl ing,  whi le  the TiS3 pel le ts  had  rougher  surfaces. 
The pel lets  re ta ined  thei r  s t ruc tu ra l  in tegr i ty  th rough-  
out  the e lec t rochemical  tests. 

The dens i ty  of some pel le ts  was measured  by  a 
g rav imet r i c  technique.  F i r s t  a sample  was weighed  
(weight  W1). Then i t  was immersed  in a l iquid  (e i ther  
alcohol or e thy lene  glycol)  for severa l  hours  and kep t  
under  a low pressure  to favor  degassing. As soon as 
a sample  was removed  from the bath,  its surface was 
gent ly  wiped  and the sample  immed ia t e ly  weighed 
(weight  W2). F r o m  the known densit ies of the bu lk  
m a t e r i a l  (rib) and of  the l iquid (d l ) ,  the dens i ty  of 
the  pe l le t  (d) was de r ived  according to 

W1 �9 dl  �9 db c l - -  
W~ �9 db --  W1 �9 (db --  dD 

and found to be 80-90% of the b u l k  density.  Samples  
200 microns th ick gave more  reproducibIe  resul ts  and  
less scat ter ing in the da ta  than  50 microns  th ick pe l -  
lets, because of the more  favorable  volume to surface 
rat io.  

Cells were  made  b y  seal ing a ~" -a lumina  disk (8) 
(12 m m  in diameter ,  1 m m  thick)  to the end of a 
ceramic conta iner  into which sodium was vacuum 
t ransfer red .  A spr ing  loaded cell  ho lde r  pressed the 
TMC pel le t  agains t  the  solid e lectrolyte .  The whole  
unit  was hea ted  in a furnace.  The t empe ra tu r e  of the  
ceil, moni tored  b y  a shie lded thermocouple  in the  
sodium bath,  was control led  wi th in  l~ The m e a -  
surements  were  made  in a d ry  box. A t  the end of the 
measurements  smal l  fract ions of the cathodes were  
r emoved  and  sealed in glass capi l la r ies  for  x - r a y  d i f -  
f rac t ion tests. 

The cells were  au tomat ica l ly  cyc led  in ga lvano-  
s tat ic  mode be tween  prese t  vol tage l imits  and the i r  
vol tage recorded  on a s t r ip  char t  recorder .  In  some 
tests, the cell  opera t ion  was au tomat ica l ly  switched 
f rom galvanosta t ic  to potent ios ta t ic  mode as soon as 
a vol tage l imi t  was reached.  A coulometer  measured  
the charge flowing dur ing  a cycle. Thus the concen- 
t ra t ion  of sodium in the  e lec t rode  was der ived  ac- 
cording to the reac t ion  

discharge 
Na + + e -  + nTiS2 ~ ~ Nal/nTiS~ 

charge 

Quas i -equ i l ib r ium open-c i rcu i t  vol tage  da ta  were  
obta ined  by  discharging a cell  wi th  a f resh e lect rode 
in steps at  constant  current .  Af te r  each step, the 
cell  vol tage  was measured  eve ry  hour. When the 
vol tage was observed to change in one hour  less than  
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2% of the  amount  i t  changed dur ing  the first hour,  
the cell was considered in quas i -equi l ib r ium.  

Cyclic v o l t a m m e t r y  was also used to character ize  
the TMC electrodes.  Since the  geomet ry  of our  cells 
did not  a l low the addi t ion  of a re ference  electrode,  
the sodium elect rode was used both as counter  and 
reference.  This configuration did not  in t roduce  a la rge  
e r ro r  s ince the  polar iza t ion  of the sodium elect rode 
was low. This was verified by  measur ing  the vol tage  
across an Na/~"-alumina/Na cell, th rough  which a 
constant  cu r ren t  was flowing. 

The IR drop of the N a /~" - a lumina /T M C cells was  
measured  by  a b r u p t l y  in te r rup t ing  the cur ren t  and 
measur ing  the sudden vol tage  change be tween  posi-  
t ive arid negat ive  electrodes.  

Results 
Typical  charge /d i scharge  curves for  TiS2 electrodes 

are  shown in Fig. 1 and 2. The da ta  were  ob ta ined  
cycling the cells ga lvanos ta t ica l ly  b e t w e e n  vol tage  
l imits  of 2.9 and 1.1V a t  cur ren t  densit ies ranging  
f rom 0.2 to 2 mA/cm2 and at  t empera tu re s  of 230 ~ 
and 280~ 

The curves show two regions, a t  molar  concent ra -  
tions of sodium of a p p r o x i m a t e l y  x < 0.4 and x > 0.7, 
in which the vol tage  is r e l a t ive ly  independen t  of x. 
These two p la teaus  occur a round  2.1 and 1.5V in dis-  
charge and are  also observed  in equ i l ib r ium open-  
circui t  vol tage measurements .  In  between,  the  vol tage  
changes a lmost  l inear ly .  These fea tures  can be de-  
tected in al l  the curves t aken  at  increas ing ly  h igher  
currents,  a l though the length  of the p la teaus  decreases 
fas ter  ~than tha t  of the in t e rmed ia te  region.  The to ta l  
depth  of the charge and discharge increases  wi th  the  
t empera tu re  and decreases wi th  the  current ,  suggest-  
ing tha t  the  ful l  u t i l iza t ion of the  e lec t rode  is k ine t i -  
ca l ly  h indered  because of the slow diffusion of sodium 
into the bu lk  of the electrode.  Typical ly ,  the e lec-  
t rodes were  cycled about  5-7 t imes for  each different  
cur ren t  level  and tempera ture .  No apprec iab le  loss 
in capaci ty  (less than  1%) was observed between  
cycles done at  the same cur ren t  and tempera ture ,  
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Fig. I: Galvanostatic discharge and charge curves for a TiSz 
electrode of 2.3 rag. Curve No. 1 is the first cycle performed at 0.2 
mA/cm2; No. 2 is the second at 0.2 mA/cm2; No. 3 the eighth 
cycle at 0.2 mA/cm 2 which was, however, prolonged in potentio- 
static mode; No. 4 is the twelfth cycle which was performed at 
0.5 mA/cm% The squares are quasi-equi!ibrium open-circuit values 
for a fresh electrode. 
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Fig. 2. Golvanostatic discharge and charge curves for TiS2 at 
different current densities and temperatures. For this electrode a 
charge of 2.2C corresponds to a sodium molar concentration of I .  

indica t ing  tha t  the  e lec t rochemical  process was r e -  
versible .  

In  some exper imen t s  (curve 4 in Fig. 1 for  e x -  
ample ) ,  both  the charge  and the  discharge tests, were  
cont inued  in potent ios ta t ic  mode when  the ceil  vo l t -  
age reached,  respect ively,  2.9 and 1.1V. In  this way, 
a rechargeab le  capaci ty  as high as 0.96 e - / T i S 2  (equi-  
va l en t s /mole )  was measured.  Fur the rmore ,  e lectrodes 
were  cycled so tha t  a fixed charge was obta ined  in 
each cycle, demons t ra t ing  tha t  the  loss of capaci ty  
in tests a t  h igher  cur ren ts  is not  due to i r revers ib le  
phenomena.  

The revers ib i l i ty  of the in te rca la t ion  process is also 
demons t ra ted  by  slow scan ra te  cyclic vo l t ammet ry .  
In  Fig. 3 we show a cyclic vo l t ammogram obta ined  
for an e lect rode less than  10 microns th ick at  a scan 
ra te  of 0.1 mV/sec.  Three  reduct ion  peaks  occur at  
2.18, 2.12, and 1.46V and the corresponding oxida t ion  
peaks  at  2.26, 2.18, and  1.54V. At  h ighe r  scan r a t e  
(0.5 mV/sec)  the  two peaks  at  h igher  vol tage  become 
b roade r  and are  no longer  resolved.  The peaks  ob-  
se rved  in the vo l t ammogram indicate  tha t  the  i n t e r -  
calat ion process occurs in different  steps according to 
the concentra t ion range  of the  electrode.  The pres -  
ence of symmet r i ca l  reduct ion  and oxida t ion  peaks  
is an indica t ion  tha t  each step is reversible�9 The p o -  
tent ia ls  a t  which peaks  appea r  in the vo l t ammogra m 
compare  closely wi th  the vol tages  at  which  p la teaus  
are  seen in the ga lvanos ta t ic  sweeps. 

The vol tage  difference be tween  the charge and dis-  
charge curves of Fig. 1 and 2 is essent ia l ly  due to 
concentra t ion  polar iza t ion  in the posi t ive electrode,  
s ince IR drop  cont r ibut ion  was found t o  be  small .  

The observed high polar iza t ion  does not  seem to be 
re la ted  t o  poo r  s to ich iomet ry  of our  e lect rode m a t e -  
r ia ls  which can decrease  the  sodium diffusivity.  This 
effect w a s  p rev ious ly  observed  in  m e t a l - r i c h  TiS~ 
(2, 9). However ,  chemical  analysis  of our  compounds 
showed tha t  the  excess me ta l  was less than  0.1%. In  
addit ion,  our  mate r ia l s  had  been  carefu l ly  annea led  
to remove defects. Both commerc ia l  ma te r i a l  and  our  
compounds showed s imi la r  behavior  in our  tests. 

We found tha t  a t  t empera tu re s  be low 140~176 
the cell  polar iza t ion  was qui te  large.  Since the r e -  
s is t iv i ty  of the e lec t ro ly te  (5) decreases exponen t i a l ly  
a s  the t empe ra tu r e  increases  (10), and  the we t t ab i l i t y  
of sodium to ~"-a lumina  increases,  we pe r fo rmed  our  
tests a b o v e  180~ Al though  we did not  make  tests 
above 300~ the t empe ra tu r e  of  u t i l iza t ion  of the  
cell  should be on ly  l imi ted  by  the the rmal  s tab i l i ty  
of the chalcogenide electrode.  

In  Fig. 4 we show data  obta ined  for  a TiS3 elec-  
trode. Al though the first d ischarge for this  ma te r i a l  
could be car r ied  up to 2.4 e - / T i S ~  at  0.1 mA/cm~, 
subsequent  cycles show a much  smal le r  capac i ty  
(less than  1 e - / T i S 3 )  and comple te ly  different  fea-  
tures. Two breaks  in the vo l tage  vs. concentra t ion  
curves are  observed at  about  2.1 and 1.5V, s imi lar  to 
wha t  was observed for TiS2. This is evidence tha t  
TiS3 t ransforms into TiS~ dur ing  the e lec t rochemical  
reac t ion  as confirmed b y  x - r a y  diffract ion analysis.  
In  fact, the D e b y e - S c h e r r e r  pa t te rns  of samples  t aken  
f rom the cycled electrodes showed the character is t ic  
lines of TiS2, a l though ve ry  broad,  bu t  no TiS~ l ines 
or  o ther  lines. Successive cycles a re  s imi lar  to the 
second d ischarge /charge ,  a l though the capac i ty  p ro -  
gress ive ly  decreases.  

Discussion 
Our da ta  show tha t  at  high t empera tu re s  TiS2 can 

be used in a sodium cell  as a revers ib le  solid solut ion 
e lect rode in the concentra t ion range  0 < x < 1. Our  
resul ts  are  in good agreement  wi th  the emf  values  
r epor ted  by  W i n n e t  al. (2) for s toichiometr ic  single 
crysta ls  s tudied  at  room tempera tu re .  Instead,  our  
findings disagree  wi th  the poor  revers ib i l i ty  observed  
by  Newman  et al. (4) in the i r  exper imen t s  wi th  a 
room t empera tu re  cell using a l iquid  electrolyte .  Also, 
the vol tage vs. concentra t ion da ta  of our Na/TiS2 
cells are  200-300 mV higher  than  the values  r epor t ed  
in Ref. (4). Such a difference cannot  be a t t r ibu ted  to 
the t empera tu re  because the  cell  vol tage  decreases,  
increas ing the t empera tu re .  

The use of a solid e lec t ro ly te  has the  advan tage  of 
prevent ing  side react ions wi th  the electrodes and of 
avoiding e lec t ro ly te  cointercala t ion in the e lec t rode .  
I t  is therefore  possible to s tudy the in t r ins ic  behav io r  
of TMC electrodes free of o ther  background  reactions.  
In  addit ion,  the sodium elect rode is free of con tamina-  
t ion and  polar iza t ion  effects. On the other  hand,  we  
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probably do not achieve intimate contact between the 
TMC electrode and the electrolyte in our present 
configuration. The high polarization that we ob- 
served in our cells is likely due to poor contact and 
not to intrinsic low sodium diffusivity in the electrode 
material. The interfacial problem could be overcome 
by adding a suitable molten salt to the cathode or by 
sintering TMC's to ~"-alumina. 

In our nonoptimized cells with cathodes approxi- 
mately 50 microns thick, we obtained a rechargeable 
capacity of about 0.8 e-/TiS2 at 0.2 mA/cm 2 and 
230~ as shown in Fig. 1, and a corresponding energy 
density of 290 W-hr/kg for the NaxTiS2 cathode. At 
lower discharge rates and/or at higher temperatures, 
this value increases. The maximum energy density 
(theoretical) for NaTiS2 was derived from the emf 
data of Fig. 1 and found to be 360 W-hr/kg. This 
value is about 25% less than the theoretical energy 
density of LiTiS2 electrodes, which is 480 W-hr/kg at 
room temperature (1). 

The plateaus observed in  the curves of Fig. 1 and 
2, and the peaks seen in the voltammogram of Fig. 
3, can be related to the phases of the Na-TiS2 system. 
Previous x-ray diffraction studies (11) have found 
three structurally different phases. The first phase, 
observed for sodium concentration 0.17 < x < 0.33, 
was described as a second stage compound with so-  
d i u m  occupying trigonal prismatic sites. The second, 
extending for 0.38 < x < 0.72, was determined to be 
a first stage with sodium in trigonal prismatic sites. 
The third, for concentrations x > 0.79, was found to 
be a first stage with sodium in a trigonal antiprismatic 
(distorted octahedral) site. We associate the lower 
voltage plateau with the onset of the "octahedrar' 
phase and the higher voltage plateau with the onset 
of the "trigonal prismatic" phase. The two peaks 
which appear in the cyclic voltammogram of Fig. 3 
around 2.1V can be associated with the trigonal pris- 
matic first and second stage phases. Detailed x-ray 
work on ternary compounds obtained electrochemi- 
cally needs to be done to better understand the struc- 
tural transformations of the Na-TiS2 system and the 
concentration values for the phase boundaries. 

The sodium diffusivity in TiS2 could be substan- 
tially different for each phase (1). Our preliminary 
measurements of the diffusion coefficient of sodium 
in TiSs obtained with the voltage-relaxation method 
(2, 12), seem to show that diffusion is at least one 
order of magnitude slower for sodium concentrations 
approximately x < 0.4 and x > 0.7, although the 
change does not seem to occur abruptly. This corre- 
lates with the results of the galvanostatic sweeps 
which show that the length of the plateaus decrease 
at higher currents. Because of the uncertainty of the 
actual contact area in our cells, we cannot derive the 
absolute value of the sodium diffusivity, but we can 
compare values obtained for the same electrode. 

As observed in the case of lithium (13, 14), TiS3 
transforms during the electrochemical intercalation 
of sodium and the high capacity of the first discharge 
is not recovered on subsequent cycles. This material 
does not therefore look attractive for practical pur-  
poses. 

Conclusion 
We have reported the feasibility of using TiS2 elec-  

trodes coupled with ~"-a!umina electrolyte to build a 
high temperature rechargeable battery. The voltage 
range of our Na/fl'-alumina/TiS2 cell is about 15% 
lower on aVerage than for Li/TiS2 room temperature 
cells. However, the availability and the cost of sodium 
comparedto lithium may make the sodium compounds 
more attractive for practical applications, especially 
if they are used with the stable ~"-alumina electro- 
lyte with a good interfacial contact. The diffusion 
rate in TMC's may be Slower for sodium than for the 
smaller lithium ions, therefore reducing the power 
achievable in these cells. However, the use of a solid 
electrolyte allows the operation of this kind of cell 
at high temperatures where diffusion processes are 
faster. The diffusion mechanisms in solid solution 
electrode materials need to be studied further to 
prove the feasibility of a practical high power device. 
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ABSTRACT 

Polyacetylene, (CH)~ can be controllably doped electrochemically through 
the semiconducting to the metallic regime using a solution of LiCIO4 in 
propylene carbonate and a lithium cathode. Flexible, golden, free-standing 
films of [CH+Y(C104)~-lx (y = 0 to 0.06) having conductivities up to ~108 
~-1  em-X are readily obtained. Electrochemical "undoping" of the 
[CH+~(C10~)~-]~ allows this doped film to be used as the cathode-active 
material in lightweight rechargeable storage batteries. The overall complete 
discharge reaction is 

[CH + o.o6 (C104) o.oe- 1, -~ 0.06xLi -+ (CH) ~ + 0.06~LiC10~ 

A 0.5 cm~ piece of the 6% doped film (1.0 • 0.5 • 0.01 cm; ~3 mg) exhibited 
an open,circuit voltage of 3.7V and an initial short-circuit current of 25 mA. 
No change in the open-circuit  voltage characteristics of a battery could be 
detected even after 326 successive constant current partial charge/discharge 
cycles. No degradation of the polyacetylene electrode was observed. Experi- 
mental energy densities of ~176 W-hr/Kg were obtained based on the weight 
of the [CH+0.06(C10~-)0.00]~ initially employed and the weight of Li con- 
sumed (exclusive of weights of electrolyte, solvent, and packaging material) 
during partial discharge when [CH+~ was converted to 
[~H § (r 

Polyacetylene, (CH)x is the first example of a co- 
va lent  organic polymer which may be chemically 
doped either p- or n-type to give a series of semi- 
conductors and ultimately "organic metals" (1). The 
electrical conductivity can be varied over twelve 
orders of magnitude depending on t h e  dopant con- 
centration (1). Detailed studies have shown that a 
semiconductor-metal transition occurs at dopant con- 
centrations near 1 mole percent (m/o). In the metallic 
range, (1-10 m/o) the conductivity increases at a 
relatively slow rate as a function of dopant concen- 
tration up to a value of .~103 ~-1  cm-1 at room tem- 
perature. We have shown previously ~hat -~0.1 mm 
thick films of (CH)x may also be controllably doped 
electrochemically in a very simple, rapid procedure, 
either in aqueous or nonaqueous solution, through the 
semiconducting to the metallic regime (2). Thus, the 
use of aqueous KI solutions or CH2C12 solutions of, 
e.g., [ (n-C4Hg)4N] + [C104]-, [ (n-C4Hg)4N] + [AsF6]-, 
etc. yield flexible, golden-silvery films of [CHI0.07]x 
(~2~oC ---- 9.7 ~-1  cm-1), [CH(CIO4)0.o045]x (r = 
970 a - 1  cm-1), and[CH(AsF4)0.059]xl (~25oc -- 260 
a - 1  cm-1), respectively . When doping is carried out 
using approximately 0.1 mm thick cis-rich (CH)z 
film as the anode and a platinum cathode with an 
applied potential difference of approximately 9V be- 
tween the electrodes, the metallic-doped state is gen- 
erally reached in 30-60 rain (2). This relatively rapid 
doping is undoubtedly assisted by the fact that the 
film consists of an interwoven network of ca. 200A 
(CH)x fibrils which fill only about one-third of the 
volume of the film (1). The surface area of the (CH)x 

* E lec t rochemica l  Society Ac t ive  Member. 
K ey  words :  po lyace ty lene ,  b a t t e r y ,  doping,  l i th ium,  pe rch lo ra te .  
~ E l e m e n t a l  analyses  (Schwarzkopf  Microanaly t ica l  Labora to ry ,  

Woodside,  N ew  York,  11377) show tha t  the  m a t e r i a l  has  the  
composition [CH(AsFDo.0~2]~: Found: C = 54.71; H = 4.74; As 
= 20.19; F = 20.81% (Tota l  = 1U0.45%). Calc.: C = 54.79; H = 
4.6u; As = 20.16; F = 20.45%. A n  u n k n o w n  side reac t ion  appar-  
en t ly  occurs to reduce (AsFG)- to (AsF~)-. 

fibrils in the film is 40-60 m2/g 2 (1). A 1 cm 2 piece 
of film 0.1 mm in thickness therefore has an effective 
surface area of approximately 2.5 • 108 cm 2. In the 
doped state, the polyacetylene is believed to exist as 
the stabilized polycarbonium ion, (CH+,)x, with the 
corresponding number of monovalent counter anions 
such that the overall composition is [(CH+Y)A,-]x 
(1). In the case of iodine doping, it has been shown 
that at least a large amount of the iodine exists as 
the I3- ion (3). 

The anode reaction occurring upon doping, using 
[(n-C4Hg)4N] +A-  as an electrolyte, involves oxi- 
dation of (CH)x, viz.  

(CH)~-+ (CH+~)z -~ x y e -  [11 

The corresponding cathode reaction, at an inert elec- 
trode such as platinum, is 

xyE(n-C4H0)~T] + + r y e - - +  xy'~ ~ [2] 

The [ (n-CaHg)4N +] upon reduction may be regarded 
as producing "[ (n-C4Hg)4N] ~ momentarily. This will 
then break down in a complex manner to give amines 
and hydrocarbons. The overall electrochemical doping 
reaction may therefore be summarized as 

(CH)x + xy[ (n-C~Hg)4N] + [ A ] -  -+ [ (CH+~)A~-]x 

+ arg "[(n-C4Hg)4N] ~ [3] 

It will be noted that the A -  ion is not oxidized or 
reduced during the electrochemical reaction. It serves 
only as a negative counterion to preserve electrical 
neutrality in the system. 

An important extension of the electrochemical dop- 
ing study is the attempted electrochemical "undoping" 
of [(CH+~)Ay-]x to reform the original (CH)x. This 
also has now been accomplished. The doping reaction 
given by Eq. [1], involving partial oxidation of the 
(CH)x, may also be regarded as a possible battery 
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"charging react ion"  to produce  a doped  po lymer  which  
could be ut i l ized as a ca thode-ac t ive  b a t t e r y  m a t e -  
vial. The discharge react ions  are  the reverse  of those 
given above. 

A number  of different  dopant  ions, solvents, e lec -  
trolytes,  elec t ro ly te  concentrations,  and  ba t t e ry  con- 
figurations have been  invest igated,  only  one of which  
is descr ibed below in order  to i l lus t ra te  the potent ia l  
appl ica t ion  of (CH)x in bat ter ies .  This sys tem is not  
necessar i ly  the most  p re fe r r ed  one nor  a re  i ts p a -  
ramete rs  necessar i ly  opt imized  to give the  best  ou t -  
pu t  characterist ics .  

Experimental 
Materials and reagents . - -Cis-r ich (CH)x film (ca. 

80% cis isomer;  ca. 0.1 m m  thickness;  dens i ty  ca. 0.4 
g / c m  3) was p repa red  as p rev ious ly  descr ibed ( 4 ) )  
P ropy lene  carbonate  (Aldr ich  Reagent  g rade)  w a s  
s t i r red  over  l i t h ium chips for  14 days.  This was used 
to make  a 0.3M solut ion of LiCIO4 which  w a s  passed  
through Woelm ac t iva ted  basic  a lumina  to y ie ld  a 
colorless solution. Anhydrous  LiC104 (Al fa -Ven t ron)  
was dr ied  b y  mel t ing  in vacuo before  use. L i th ium 
meta l  (Al fa -Ven t ron  Company)  was scraped under  
an LiC104 solut ion in p r0pylene  carbonate  wi th  a 
knife  immed ia t e ly  before  use. 

Doping exper iments . - -Doping  exper imen t s  were  
car r ied  out  in a dry, ine r t  a tmosphere  using a glass  
vessel  conta ining the LiClO4/propylene carbonate  
solution. A s t r ip  of (CH)~ film (3 X 1.5 • 0.01 cm),  to 
the top of which a p l a t i num wi re  had been a t tached  
by  mechanical  pressed contact, was p laced in the solu-  
tion so tha t  the film and wi re  were  comple te ly  im-  
mersed.  A p l a t i num countere lec t rode  (3 cm 2) w a s  
placed  in  the solut ion at  a dis tance of ~12 cm f rom 
the (CH)z  working  electrode.  An  Ag /Ag+(0 .1M 
AgNO3 in CI-I3CN) reference  e lec t rode  was then 
placed in the conta iner  ~1  cm from the (CH)x w o r k -  
ing electrode.  The three  electrodes w e r e  a t tached to 
a Pr ince ton  Appl ied  Research (PAR) Model 173 
po ten t ios ta t /ga lvanos ta t  equipped  wi th  a PAR Model  
179 digi ta l  coulometer .  

Elect rochemical  doping of  the (CH)x wi th  (C104) -  
was accomplished by  having i t  serve  as the  anode. 
I t  was held  at  a po ten t ia l  of + I . 0 V  with  respect  to 
the A g / A g  + reference  electrode.  Af te r  10 sec, the film 
was wi thd rawn  so tha t  the top of the  p l a t inum wi re  
was ,-,3 m m  above the surface of the solution. The 10 
sec doping per iod increased the conduct iv i ty  of the  
(CH)~ film around  the p la t inum wire  contact. A l -  
though it  is not  r ea l ly  necessary to w i t h d r a w  the 
p l a t i num wire  f rom the e lec t ro ly te  since one is ope r -  
a t ing  at  a po ten t ia l  where  no oxida t ion  of the e lec t ro-  
ly te  or solvent  occurs, this technique was found in  
cer ta in  cases to control  the ra te  of doping. As doping 
proceeded and the conduct iv i ty  of the film in -  
creased, the cur ren t  also increased.  The ex ten t  of 
doping was fol lowed by  observing the va lue  of the  
current .  A t  the ve ry  beginning,  the cur ren t  was 40 #A 
and af te r  43 min i t  had  increased to 4 mA. I t  s tayed  
constant  a t  this value  for an addi t ional  4 rain and 
then began to decrease.  Doping was discont inued at 
this stage, the film was washed severa l  t imes wi th  
p ropy lene  carbonate ,  then  wi th  CH2C12, and d r i ed  
An vacuo with  constant  pumping  overnight .  The flex- 
ible, golden film had a 4-probe conduct iv i ty  of 700 
C~ -1 cm-1  a t  room tempera ture .  I ts  composit ion f rom 
the number  of coulombs passed was [CH(C104)0.043]x. 
This composit ion is not  necessar i ly  expected  to agree  
exac t ly  wi th  tha t  obta ined  f rom e lementa l  analysis  
since there  is unce r t a in ty  in the ex ten t  of doping of 
tha t  3 m m  por t ion of the film above  the so lu t iom A 
por t ion  of tha t  pa r t  of the film which  had  been  com- 
p le te ly  immersed  in the solut ion was analyzed  corn- 

similar results were obtained with (CH)~ film kindly supplied 
by Rohm and Haas Company, Bristol, Pennsylvanm. 
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mercially. 3 Its composition was [CH(CIO4)a.05s]z. 
Found: C = 63.23% H = 5.71%; Cl = 10.21%; O (by 
difference) ---- 20.85%. Calc. for CHClo.o5sOo.2s2: C = 
63.96%; H = 5.37%; CI = 10.95%; O = 19.77%. 

Bat te ry  e x pe r im e n t s . - -A  s t r ip  of (CH)~ film (0.5 
• 1 • 0.01 cm),  e i ther  undoped  or prev ious ly  doped, 
was placed in the 0.3M solut ion of LiC104 in p ropy l -  
erie carbonate  as descr ibed previously .  P l a t i num 
wi re  was a t tached  to the top of the film as in the  
doping exper iments .  The l i th ium countere lec t rode  
(0.5 • 2 • 0.1 cm) was p laced  ~0.5 cra f rom the 
(work ing)  (CH)x electrode.  A s imi la r  s t r ip  of l i t h ium 
meta l  was placed app rox ima te ly  equid is tan t ly  f rom 
the work ing  and countere lec t rodes  and was used as 
the reference  electrode.  In  one exper iment ,  a 0.5 cm 2 
piece of (CH)x film, on one side of which  600A of 
gold had  been evaporated,  was employed.  P l a t i num 
wire  was a t tached  to one end b y  pressed  mechanica l  
contact  and the e lect rode was then placed in 0.5M 
LiC104 in p ropy lene  carbonate.  

In  some exper iments ,  (CH)x film prev ious ly  doped  
with perch!ora te  was used ini t ia l ly .  This was because 
the composit ion of tha t  3 m m  por t ion of the  film 
above the surface of the solut ion would  then be the  
same as tha t  below the surface. When undoped  (CH)x 
film was used ini t ia l ly ,  i t  could not  necessar i ly  be  
assumed tha t  the composit ion of tha t  por t ion  of the 
film above the surface of the  solution was fu l ly  doped 
or whe the r  i t  might  become more  doped on each 
charging cycle dur ing  a series of cha rge /d i scharge  
cycles. When undoped  (CH)x film was employed,  i t  
was first e lec t rochemical ly  doped in si tu at a constant  
cur ren t  of 1 mA for ca. 26 rain for  a 0.5 cm 2 piece of 
film, to give a film of composit ion [CH(C104)0.06]~ 
(6% doping)  as ca lcula ted  f rom the weight  of the  
film employed and the n u m b e r  of coulombs passed.  
In some instances,  film doped only  to 5% was em-  
ployed.  

Discharge /charge  s tudies  were  car r ied  out  u s i n g  
two different  methods:  (i)  Constant  cur ren t  inves t i -  
gations employed a Model  173 ga lvanos ta t  where  the 
change in vol tage vs. a l i th ium reference  e lect rode 
dur ing a discharge or  charge cycle was moni to red  by  
means of a Ke i th ley  Model 177 d ig i ta l  mu l t ime te r  
connected to a Houston Omnigraphics  2000 XY re -  
corder.  Voltage vs. t ime measurements  were  recorded  
at  a number  of different  discharge currents  (0.1-4 
m A ) ;  (if) shor t -c i rcu i t  studies involved  discharge 
th rough  a Kei th ley  Model  177 digi ta l  mul t imete r ,  
where  cur ren t  and vol tage were  measured  unt i l  the 
cell was comple te ly  discharged.  The ba t t e ry  was r e -  
charged to its or iginal  leve l  a f te r  each discharge cycle 
by  means of a d-c  power  supp ly  set  at  4V or  by  a 
constant  cur ren t  method using the PAR 173 ga lvano-  
s ta t  at  1 mA. 

Results and Discussion 
Doping of (CH)x w i th  ( C l 0 4 ) - . - - W e  have s h o w n  

prev ious ly  tha t  (CH)~ film can be doped r ead i ly  to 
composit ion [CH(C104)0.0645]x f rom a 0.5M solut ion 
of [(n-C4Hg)4N] + [C104]-  in CHeC12 when  it  is used  
as the anode wi th  an appl ied  poten t ia l  difference be -  
tween the anode and cathode of app rox ima te ly  9V. 
In  the p resen t  s tudy,  we have shown tha t  doping m a y  
also be carr ied out  convenien t ly  to ca. 6% using a 
0.3M solution of LiCIO4 in p ropy lene  carbonate  at 
an appl ied  potent ia l  of + l . 0 V  (vs. A g / A g  +) dur ing  
47 min at  room tempera ture .  

When LiCIO4 is used instead of [ (n-C4Hg)4N]+A - ,  
and Li  me ta l  is used ins tead  of P t  a t  the  cathode,  
then the react ion corresponding to Eq. [2] is 

xyLi  + -t- x y e -  ~ xyLio [4] 

The overa l l  doping react ion corresponding to Eq. [3] 
3 Galbraith Laboratories, Incorporated, KnoxviUe, Tennessee 
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i s  then 

(CH)= + xyLi + (C104) - 

-* [(CH +~) (CiO4)v-]z + xyLio [5] 

Battery experiments.--The simplest bat tery con- 
figuration is shown diagrammatical ly in Fig; 1. I t  
consists basically of a piece of (CH)= film, nearly all 
of which  was immersed in a propylene carbonate 
solution o f  LiC104. The top of the film was attached 
by means of a wire to the positive terminal  of a 
galvanostat. The negative terminal  was attached to a 
l i thium metal  electrode immersed in the solution. The 
bat tery was charged at 1 mA for ca. 30 min to give a 
film of approximate composition [CH(C1ODo.0e]= 
The overall charge reaction is given by Eq. [5] (y - -  
0.06). 

The anode discharge reaction, assuming complete 
discharge i s  

0.06xLi ~- 0.06xLi + + 0.06xe- [6 ]  

and the corresponding cathode r e a c t i o n  i s  

[CH + 0.06 ( C 1 0 4 )  o.06 - ] = + 0 . 0 6 x e  - 

- ,  (CH)= + 0.06x(CIOD- [7] 

The net discharge reaction, is, therefore 

[CH+~176 -F 0.06xLi 

-~ ( C H ) = +  0.06xLiC104 [8] 

Short-circuit discharge characteristics.--The open- 
circuit voltage, (Voc), of a 6% predoped film, i.e., 
[CH(C104)0.06]=, prepared by passing 1.7C was 3.7V 
and the short-circuit  current (Isc), was 23 mA for a 
0.5 cm 2 (~3 mg) piece of film. This varied from ,~15 
to 35 mA depending on the sample of (CH)= film em- 
ployed and the extent of doping, etc. The high cur- 
rent  density may be related to the large effective 
surface area of the (CH)x fibrils in the film. Be- 
cause of the small mass of the film used in these ex- 
periments, the short-circuit  current falls rapidly as 
the bat tery discharges. For example, after ~30 sec of 
short-circuit  discharge, the voltage was essentially 
unchanged and I~ was 17 mA. More than half of the 
total coulombs evolved were given off during this 
period. After  1 min, the voltage was 3.2V and Isc was 
3.2 mA. After a total of 3.0 min, the voltage began 
to fall rapidly and Isc decreased to O.1 mA. At this 
stage, a total of 1.0C, (59% recovery) had been re-  
leased and the dopant concentration was reduced to 
2.4%, a concentration approaching that defining the 
metal-semiconductor transition where the conductiv- 
i ty of p-doped (CH)= films begins to fall rapidly. The 
discharge reaction involved in this part icular  experi-  
ment is given by Eq. [9] 

J 

[(cH§ 104)y ] x 

e -  e -  

J,-4 ~ Li + 

~ (el 0,r )----~ 
P.C. 

Q 

j L i  

Fig. 1. Schematic representation of the discharge process in a 
(CH)JLiCIO4/Li rechargeable storage battery. Electrons flow in 
the external circuit from the Li to the [CH+Y(CIO)y-]= while at 
the same time Li + ions and (C104)- ions migrate towards the 
[CH+~(CI04)~- ]=  and the Li electrodes, respectively. (See eq. 
[63-[93). 

[CH + o.os (CLOD 0.06- ]= + 0.036zLi 

-> [CH+O.O24(ClO~)~.o~4-]= + 0.036xLiClO4 [9] 

Successive short-circuit discharging to 3% dopant 
concentration (Voc = 2.7V; /so = 1.0 mA) and re- 
charging to 6% dopant concentration showed that the 
number of coulombs involved in the charging and 
discharging process were identical to within experi-  
mental error. 

The tso values and the average~Voc value during 
the above part ial  discharge give an energy den- 
sity of 176 W-hr /kg  based on t h e  weight of the 
[CH+0.06(C104)o.os-]= init ially employed and the 
weight of l i thium consumed according to the reaction 
given by  Eq. [9]. Since the weight of lithium con- 
sumed is extremely small compared to the weight of 
the [CH+0.os(C104)0.oe-]=, an essentially identical 
energy density value is obtained even if the weight 
of l i thium used is that obtained from the reaction 
given by Eq. [8]. The theoretical ene rgy  density for 
the reaction given by Eq. [8], assuming complete 
discharge, is 307 W-hr/kg.  Empirical rules may be 
applied to obtain a rough estimate of the expected 
energy density of a packaged battery, including the 
weight of electrolyte, solvent, and casing, from the 
experimental  energy density of 176 W-hr /kg.  A re-  
duction factor of seven gives a reasonably conserva- 
tive estimate and results in a value of 25 W-hr /kg  for 
the completely packaged battery. This is approxi-  
mately the same value as that found for t h e  average 
lead/acid automobile battery.  Although these energy 
densities are interestingly large even with 6% doped 
film, they are not necessarily the maximum obtain-  
able since as shown in the following section it is pos- 
sible to dope (CH)= to values greater  than 6% with 
(CLOD-; furthermore, other dopants such as Brs- ,  
I~-, AsF4-,  etc. are known (1, 2) where higher doping 
levels might possibly be achieved. 

It is more difficult to obtain meaningful estimates 
of the power density of the [CH(C104)0.06]JLi bat-  
tery in the final packaged state. The product of the 
initial Voo (3.7V) and Isc (23 mA) obtained above for 
4.5 mg of [CH(C104)o.06]= film and the weight of 
lithium consumed in the reaction given by Eq. [8] 
yields a value of 19,000 W/kg. On dividing by a 
factor of four to obtain an approximate value of the 
useful power available (when the resistance of the 
external load and of the bat tery are equal),  and then 
by a factor of seven for weight of electrolyte, solvent, 
and packaging, a value of 680 W/kg  is obtained. This 
is considerably in excess of common power densities 
and is presumably related to the open fibrillar mor-  
phology of the (CH)x film but it should be regarded 
with the utmost caution in view of the large approxi-  
mations made in arriving at this value. 

In a real bat tery operation, the weight of the 
cathode current collector electrode must also be added 
to the weight of the cathode-active material. In the 
(CH)= cathode configuration, because the (CH)= i s  
a free-standing metal itself, it serves both as the cur- 
rent  collector and as the cathode-active material, thus 
saving significantly in total weight. Furthermore,  as 
mentioned earlier, the (metallic) conductivity of 
[CH(ClO4)y]= changes relat ively l i t t le  for values of 
y _~ 0.02-0.06. Hence, a large fraction of the material  
can be gainfully used electrochemically without sig- 
nificant change of those current-collecting properties 
related to its conductivity. 

Constant current discharge characteristics.--A num- 
ber of experiments were carried out at constant 
charge and discharge currents, with the charge and 
discharge currents having the same value. The 
change in voltage was recorded throughout each ex- 
periment. An example of such an experiment is sum- 
marized in Fig. 2. This involved t h r e e  c o m p l e t e  
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Fig. 2. Three complete charge/discharge cycles of a (CH)x/ 
LiCIO4/Li (0.3M L.iCIO4 in PC) rechargeahle storage battery at a 
controlled constant current of 0.55 mA for a 0.5 cm ~ piece of 
(CH)x film. 

charge/disharge cycles using currents of 0.55 mA and 
a 0.5 cm 2 piece of cis-rich (CH)~ film (total surface 
area of both sides, 1.0 cm2). There is no part icular  
significance in the choice of this current value; it is 
simply of a convenient magnitude. The charging volt- 
age at the end of a charge cycle was 4.1V. This fell 
instantly to 3.7V at the very beginning of a discharge 
cycle. At the end of a discharge cycle it  was 3.2V. 
Each charge and discharge cycle involved 120 mC 
and took 4 min for the charge cycle and 4 rain for 
the discharge cycle. 2 The composition at the begin- 
ning of each of the charge cycles at  0.55 mA (shown 
in Fig. 2) was [CH(C1OD0.04~]~, and at the end of 
each charge cycle it  was [CH(C104)o.050]x, (10% 
discharge). The difference in composition [involv- 
ing 0.005 mol of (C1OD-] vcas obtained from the 
coulombs passed. 

Studies involving longer discharge periods at lower 
controlled constant current conditions were also car-  
ried out. For example, a single, constant current dis- 
charge at 0.55 mA resulted in a drop in voltage to 
2.7V after 25 min (0.83C liberated) and a 2 mA dis- 
charge gave a voltage of 2.7V after  7 min (0.84C 
l iberated).  Voltage recovery was noted under certain 
conditions when a period of discharge was followed 
by a rest period during which no current was drawn 
from the cell. Thus, after the last discharge cycle 
shown in Fig. 2, (when Voc ---- 3.2) the cell was per-  
mitted to s tand for ~3 min. It then again displayed a 
voltage of 3.7V and a further discharge cycle at 0.55 
mA had similar characteristics to those given in Fig. 
2. To the accuracy of the measurements, the (CH)x 
electrode was found to be reversible with no ob- 
servable degradation. It should also be noted that the 
cell does not spontaneously lose its charge. Thus a 

charged cell after standing for 48 hr still show.ed the 
same initial open-circuit  voltage (3.7V) and dis- 
charged at 0.55 mA exactly as before. 

An extension of these studies involved an 0.5 cm~ 
piece of (CH)x film to which electrical contact w a s  

made by means of a 600A coating of gold on 
one side. It was init ial ly oxidized to composition 
[CH(C104)0.097]~ by means of the  passage of 2.73C 
and was then discharged and recharged for 326 cy- 
cles, each cycle consisting of  a 100 sec discharge at  
2.0 mA (O.20C; 7.3% discharge) and a 100 sec charge 
at 2.0 mA. Before the first discharge, the open-circuit  
voltage was 4.13V; at the end of the 320th discharge 
cycle, i t  was 4.16V. 

The results of the present studies on the use of 
doped polyacetylene as the cathode-active mater ial  
in batteries are most encouraging. They suggest the 
possibility of relat ively inexpensive lightweight re-  
chargeable batteries made with polyacetylene which 
may have a variety of potential technological appli-  
cations. 
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Current Distributions in Soluble Battery Electrodes 

I. Theore t ica l  
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ABSTRACT 

The current  or reaction distribution in a soluble porous e l ec trode  has  
been formulated using a migration model. The mathematical  equations were 
numerically solved for Zn/zincate electrode in alkaline solution. The result  of 
the calculation revealed different reaction distributions during charge and 
discharge processes, even in a relat ively small electrode current region where 
no passivation exists. The origin of the difference was discussed in terms of 
the resistivity variation of pore electrolyte and the inteffacial reaction r e -  
sistance at  the electrolyte and the pore wall in the electrode. 

The basic processes which l imit  the cycle life of the 
porous electrodes used in rechargeable batteries are: 
(i) irreversible side reactions, (ii) mechanical failure, 
and (iii) mismatching of the reaction distributions in 
the porous electrode between charge and discharge 
processes. The irreversible side reaction refers to 
gradual  changes of active materials  to inactive form 
during the cycle, such as in the lead/ lead dioxide 
electrodes (1-3). The mechanical failure refers to a 
break off or a shedding of active material  from the 
electrode plates caused by the agitation of gas evolu- 
tion or by the concentration o f  thermal stresses or 
crystallographic stresses generated during the electrode 
reaction. The mismatching of the reaction distr ibu- 
tions in a porous electrode between charge and dis- 
charge processes causes dimensional changes in pore 
structure and in electrode shape (4, 5), consequently, 
the process sometimes brings serious troubles in a 
soluble electrode such as the Zn/zincate electrode. An 
accurate description of these dimensional changes is 
important  .in engineering studies to improve the 
performance of bat tery  electrodes. 

I t  has been shown by Choi, Bennion, and Newman 
(6) that  the mismatching will occur ih an alkaline 
zinc electrode if the electrolyte flows in the porous 
electrode by the electro-osmotic pressure across the 
bat tery  separator. The reaction distribution in spar-  
ingly soluble systems was studied by Dunning, Gu, 
and Newman (7, 8), and intensive discussions were 
made on the relationship between the current profile 
and the change of reaction surface area caused by 
a precipitation of reaction products on the pore wall. 
The concentration variation in the pore electrolyte is 
a fundamental  parameter  for current distribution 
analysis. Normally the effect was discussed through 
t h e  polarization equation (9-11), however, it  is diffi- 
cult to handle the equation without the knowledge of 
the electrode reaction steps which will give the ap-  
propriate values of the reactant concentration during 
the ion disCharge step. Actually, for Zn/zincate elec- 
trode, it  was reported that the exchange current den- 
si ty does not depend on the zinc concentration in t h e  
electrolyte (12, 13). In this study the reaction rate  of 
the electrochemical step on the pore wall is assumed 
independent of electrolyte concentration and to be a 
l inear function of the overpotential.  

Mathematical Treatment 
The  e l e c t r o d e  is  assumed one dimensional as s h o w n  

�9 E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
x Present  address: D e p a r t m e n t  of  E l e c t r o c h e m i s t r y ,  T h e  G r a d u -  

a t e  School a t  N a g a t s u t a ,  T o k y o  I n s t i t u t e  of  T e c h n o l o g y ,  4259 Na- 
g a t s u t a ,  Midori-ku, Y o k o h a m a  227, J a p a n .  

Key words: battery,  current  distribution, porous electrode, zinc 
electrode. 

in Fig. 1. The potential gradient  along the e l ec trode  
thickness is given by Ohm's law (14) 

de 
- -  - -  = R i ~  I l l  

d~ 

where r is the potential in the pore solution, x i s  t h e  
distance measured from the front of the electrode, R 
is the longitudinal resistance of pore electrolyte for a 
unit  area of electrode, and im is the migration current 
in the pore solution for a unit  area of electrode. T h e  
potential in the pore solution is also related to the 
current toward the pore wall as 

d~ ' + R ~  = ~ [23: 

where R* is the transverse resistance of the pore elec- 
trolyte, Rs is the resistance related to the electrode 
reaction at the pore wall, and i is the total current in 
the pore solution for a unit area of electrode, i.e., the 
sum of the migration and the diffusion currents 

~, = i~ + id [3]  

Resistances of R, R*, and Rs are related to electrode 
parameters as 

P 
R = - -  [4] 

@ 

5p 
R* = . ~  [53 

Fig. 1. One-dimensional porous electrode 
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R d  
R,  = -  [8]  

-g 

where p is the resist ivi ty of pore electrolyte, �9 is poros- 
ity, 5 is pore radius, 7 is pore wall  area per un i t  vol- 
ume of electrode, and Rd is the resistance for a un i t  
area of pore wall  and is caused by the electrode re-  
action involv ing  the charge transfer  process at  the 
pore wall. The diffusion cur ren t  id is related to the 
concentrat ion gradient  of the reactant  in  the pore 
electrolyte as 

de ie 
- ~ = ,  [7]  

dz  �9 

where c is concentration, D is diffusion coefficient, �9 is 
porosity, z is ionic charge, and F is Faraday 's  constant. 

The resist ivity in pore solution is a function of the 
concentrations of ion species, then 

1 
p = - -  [8] 

K = X z ~ c ~  [9]  
1" 

ZrCr  - - .  0 [10] 
r 

where p is the resistivity, ~ is the conductivi ty of 
electrolyte, and zi, ~i, and ci are equivalence, equi-  
va lent  conductivity, and the concentrat ion of species i, 
respectively. The ion species which play a role in  the 
conduction process must  include those species gener-  
ated by the chemical reaction between the electrolyte 
and the ionized species at the pore wall. 

Calculation for alkaZine zinc electrode.--In the case 
of alkal ine zinc electrode, zinc cation reacts wi th  hy-  
droxyl  ion and forms zincate ion (15) as 

Zn 2+ + 4 O H -  ~ Z n ( O H ) 4 2 -  [11]  

For simplici ty we discuss the case where the charge 
compensation for the zinc ion concentrat ion change is 
achieved by O H -  concentrat ion change, i.e. 

Atoll-  = 2ACZn2+ [12] 

where ACOH- and Aczn2+ are the concentrat ion changes 
of hydroxyl  and zinc ions measured from the bu lk  
electrolyte. The formation of zincate ion in the pore 
electrolyte consumes the free hydroxyl  ions, conse- 
quent ly  it reduces the conduct ivi ty of the pore elec- 
trolyte. The conductivi ty of the pore electrolyte K is 

= ~o + A~ [13]  

Ag -- XOH (ACoH-- - -  4ACza2+) + 2~.znACza2+ [14]  

Subst i tu t ing Eq. [12] gives 

= ~o + 2(Xzn -- ~o~)~czn~+ [15] 

where ~o is the conductivi ty of bulk  electrolyte. 
Numerical calculation.--The reaction current  den-  

sities - - ( d i / d x )  were calculated for several  values of 
Rd by solving Eq. [1]-[8] and [15] with the addit ional  
condition 

~.d = ~ [18]  

where ~ is constant. The boundary  conditions are  

~ , = I  a t  z = O  [17]  

i = 0  at  x = L  [18]  

C = C o  at  z = 0  [ l g ]  

where I is electrode current,  L is electrode thickness, 
and co is the reactant  concentrat ion in the bulk elec- 
trolyte. The constants employed for the calculation are  

= 0.5, 5 --= 1.0 • 10 - s  cm, 7 = 1.0 • 103 c m  - 1 , D  = 
6.8 X 10 -e cm2/sec, ~ : 0.15, z = 2, L : 0.1 cm, Co = 

1.2 X 10 - s  mol /cm 3, ~o : 0.45 ~ - l / c m ,  ~,OH = 33.0 
D, -1 cme/equiv., and  kzn -- 15.0 O, -I cm2/equiv. 

Results 

The calculated reaction rate and the zincate con- 
centrat ion change for I = • 120 m A / c m  ~ and Rd -- 
10 a r 2 are shown in Fig. 2. From the graphs we 
see that  the charging reaction rate is less than the 
discharging one at the entrance of the pore, bu t  the 
relat ion is reversed at the end of the pore. Genera l ly  
the differences between the charging reaction rates 
and the discharging ones are large for large values 
of III and Rd. The penetra t ion of the current  in solu- 
t ion phase and the thickness of the reaction zong are  
large for large values of Rd. 

The results of the calculations for the different val-  
ues of I and Rd are  summarized in  Table I. The var ia-  
tion of the concentrat ion in pore electrolyte is large 
at large values of III and Rd. F rom Table I we s ee  
more than 25% of concentrat ion change in  pore elec- 
trolyte at the end of the pore for III ---- 100 mA/cm2 
and Rd ---- 1.0 and 10.0 C~ cm% The penetra t ion depth 
of the solut ion-phase current  i, and that  of the reac- 
tion current  densi ty  - - ( d i / d x )  depend strongly on 
Rd, especially when the value of Rd is greater than 
0.01 ~ cm% We see about 2.2% of difference in reaction 
rate at the pore entrance between charge and dis- 
charge process for lII -- 100 m A / c m  2 and R~ -- 10 

cm 2, and about 1% of difference was calculated for 
III ---- 100 m A / c m  e and Rd = 1.0 ~ cm 2. 

Discussion 

Reaction distribution.~From the calculated results 
shown in Table I, we see two origins for the mis-  
matching between charging current  profile and dis- 
charging current  profile. First, the profile changes by  
the electrolyte resist ivity change which is caused by 
the concentrat ion variat ion in the pore solution. Sec- 
ond, the current  profile depends on the reaction re-  
sistance Rd which exists be tween the pore solution 
and the electrode matrix.  A difference in  Rd between 
charge and discharge may arise because of a depen-  
dence of Rd on the concentrat ion of reactant  in  the so- 
lu t ion phase. Genera l ly  the reaction rate  may  be 
wr i t ten  for the charging process as 

E 
~9 

v 

x 

I 

>: 

z 
L~J 

z 

N 
H- 

0,8 

0,6 

0,4 

0,2 

""~, DISCHARGE 

IAcI ......... 

f 

i,i 

u 

z 
CD 

i,o~ rY 

b-- 

0,5~ L~ 

o,o~ 
,o 

0 , 0  I I I I I I I I 

O,0 0,2 0,4 0,6 0,8 

DISTANCE (mm) 

Fig. 2. Calculated distributions of the reaction current density 
and the zinc ion concentration change in Zn/zincate porous elec- 
trode for the electrode current of ___120 mA/cm 2, Rd = 10 f~ cm% 
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Table I. Calculated reaction current densities at x = 0, the 
penetration depth of the reaction zone, and the zinc ion 

concentration deviation at the end of the pore 

Reaction Penetration Concen, 
current  depth of tration 

Electrode denSity reaction change 
current  at x = 0 zone* at x = 

(mA/cm 2) (A/cm~) (n/m) L (%) 

Rd = 0.1~2cm s 

10 Charge 1.708 0.05320 -0.9167 
Discharge - 1.708 0.05318 0.9083 

100 Charge 17.05 0.05329 -9,167 
Discharge - 17.11 0.05.308 9.083 

Rd = 1.0 ~ cm ~ 

l0  Charge 0.5907 0.i645 -3.000 
Discharge - Q.5912 0.1643 3.000 

108 Charge 5.880 0.1649 -30.28 
Discharge -5.939 0.1639 29.75 

R~ = 10.0 0 cm~ 

l0 Charge 0.1999 0.6097 ' 7.250 
DiscI~arge - 0.2004 0.6059 7.250 

105 Charge 1.980 0.6267 - 72~98 
Discharge - 2.ff24 0.5909 71.58 

* Penetrat ion depth re f er s  to  the  point where  the reaction cur- 
rent density -(d~/dX) reduces to 1/e. 

ds c l  
- -  = a i o  exp [ - ~ ( r  -- r ] [203 
d;v Cl ~ 

where  io is exchange  cu r ren t  density in Tafe l  polar iza-  
tion, cl o is the reference concentrat ion of the reactant,  
fl = azF/RT, r and r are  potentials  in the ma t r ix  
and in the solution phase, respectively.  On the other  
hand, the discharging react ion rate  i s  

di 
- - =  aio exp [~'(r --ee2)] [21] 
dx 

where  ~' = (1 -- a)zF/RT.  However ,  i t  is repor ted  
that  the exchange  current  densi ty measured  wi th  an 
alkaline zinc electrode does not  depend on the con- 
centrat ion of zinc in the electrolyte  (12, 13) for a wide 
range of 0.016-0.64 r ee l / l i t e r  in 7N KOH electrolyte.  
The origin of the exper imenta l  resul t  is bel ieved to be 
that  dislocation and diffusion of adsorbed zinc atoms 
is the r a t e -de te rmin ing  step. Using this result, we see 
that  a change of r a t e -de t e rmin ing  step may  also 
change the react ion current  distr ibution through the 
change of Rd. The charge t ransfer  resistance (RD = 
RT/zFio) calculated f rom the repor ted  exchange cur-  
rent  densities (12) ranges f rom 0.2 to 0.9 ~2 cm 2. These 
values give the lower  l imi t  for  the est imation of the 
real  va lue  of  Rd. 

Overpotent{al.--The overpotent ia l  of the porous 
electrode is obtained by substi tut ing the calculated 
value  of di /dx  at x = 0 to Eq. [2]. Table II shows the 
calculated values of the potent ial  r for I = 10 m A /  
cm 2 and different values of Rd. It  is noted that  the 

overpotent ia l  r is not  propor t ional  to Rd but to V ~  
because the increase of the penet ra t ion  depth  of i wi th  

Table II. Calculated overpotential on the Zn/zincate porous 
electrode for different reaction resistances and for the electrode 

current of 10 mA/cm 2 

Penetration 
overpo- depth of so- 

Rd tential lution poten- 
(~ em s) r (mV) tial (mm) 

Rd brings an increase in the react ion a r e a  i n  t h e  e l e c -  
t r o d e ,  consequent ly  it  reduces the electrode imped-  
ance. 

Effect of pore size.--The effects of the pore size 
on the charging characterist ics of the electrode can 
also be discussed using the same model.  A decrease 
in pore size wi th  a constant porosi ty brings an increase 
in surface area  of the porous electrode. Table III  com- 
pares the calculated results of the working character -  
istics of the electrodes for a porosity of 0.5 and f o r  
pore sizes of 1, 10, and 100#. The surface area  ~/ w a s  
calculated using a s t ra ight -pore  model,  i.e., -r --- 2~/8. 
F rom the resul t  we see that  an increase in the p e n e -  
t r a t i o n  of the react ion zone is accompanied by an in-  
crease in electrode overpotent ia l  as the pore s~ze in-  
creases. Thus the desire to reduce electrode impedance 
with the fine pore s t ructure  must  be careful ly  bal-  
anced with  the undesirable reduct ion of the ut i l izable 
area in the electrode caused by the l imi ted  penetra t ion 
of react ion zone into the electrode. 

Diffusion r a t e . - -The  rat io of the diffusion c u r r e n t  
to the total  solut ion-phase current ,  in t roduced as 
in Eq. [16], is an impor tan t  parameter .  However ,  the 
est imation or the formulat ion of the va lue  as a func-  
tion of x is difficult. The value of  ~ depends on the 10o. 
tential  gradient  in the solution phase and on the dis- 
sociation rate  of zincate ion to zinc cation under  the 
local electric field. Equat ion [1] is useful for the e s t i -  
m a t i o n  of the potent ia l  gradient.  

Convective f low.- -Another  point which we have to  
mention is the convect ive flow which may  change the 
concentrat ion profile in the pore solution. Actual ly  
considerable amount  of down flow of e lect rolyte  near  
the surface of a flat and ver t ica l  zinc electrode is ex-  
per imenta l ly  observed in a discharging process. This 
c o n v e c t i v e  flow m a y  reduce the concentrat ion var ia -  
tion in pore electrolyte.  The calculation of the react ion 
rate  distr ibution under  a gravi ty  convection flow i s  
not impossible, however ,  we  need actual  geometr ic  
data of the front  face of the electrode and the facing 
separator,  and also we need the flow resis t ivi ty  which 
may  depend on the pore size distr ibution on the elec-  
trode. 

Conclusions 
A mathemat ica l  model  on the react ion profile in 

soluble porous electrodes has been developed and the 
react ion profiles in a z inc/zincate  electrode have been 
calculated for a set of typical e lectrode parameters .  
The calculated results showed that  considerable differ- 
ences in current  distr ibution exist dur ing charge and 
discharge processes. The physical origins for t h e  dif-  
ferences could be traced to a res is t ivi ty  change in pore 
electrolyte  and to a change in interfacial  react ion re-  
sistance at the electrolyte  and pore ma t r ix  surface. 
The electrolyte  resis t ivi ty change is caused by a chem-  
ical reaction be tween the pore e lect rolyte  and the 
product  species of the electrochemical  react ion on the 
pore wall. The calculation suggests that  the pore 
s t ructure  of an alkal ine zinc electrode wil l  change 

Table III. Calculated reaction properties of Zn/zincate porous 
electrode for different pore diameter, e = 0.5, [I I = 10 mA/cm 2, 

and Rd = 1.0 ~, cm ~ 

C o n c e r t  o 

Reaction Penetra- tration Electrode 
Pore rate at tion depth change overp0- 

diameter x = 0 of reaction at x = tential 
(~) (A/cm 3) zone (ram) L (%) (mY) 

0.1 Charge 0.2212 0.04313 
Discharge -0.2213 0.04313 

1 Charge 0.6390 0.1505 
Discharge -- 0.6396 0.1504 

i0  Charge 2.047 0.5909 
Discharge - 2.051 0.5878 

1 Charge 1.721 0.05244 - 0.7000 0.2194 
Discharge -- 1.722 0.05238 0.7000 - 0.2194 

10 Charge 0.5907 0.1645 -3.000 0.6390 
Discharge -- 0.5912 0.1643 3.000 -- 0.6396 

100 Charge  0.1984 0.6207 - 7.250 2.069 
Discharge -0,1988 0.6168 7.250 -2.073 
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dur ing  discharge and charge cycles even in  a r e l a -  
t ive ly  smal l  cur ren t  region where  no pass ivat ion film 
is formed. The effect of pore  size on the cur ren t  dis-  
t r ibut ion  and on the overpoten t ia l  of the  e lec t rode  
w a s  also numer ica l ly  discussed using the model.  
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LIST OF SYMBOLS 
ci concentra t ion of species i (mol / cm s) 
Aci concentrat ion change of species i (mo l / cm 3) 
D diffusion coefficient (cm2/sec) 
F Fa raday ' s  constant  

cur ren t  in pore  e lec t ro ly te  for  a uni t  a rea  of 
e lect rode ( A / c m  2) 

im migra t ion  cur ren t  in pore e lec t ro ly te  ( A / c m  2) 
id diffusion cur ren t  in pore  e lec t ro ly te  ( A / c m  2) 
I e lect rode cur ren t  (A/cm2) 
L e lect rode thickness (cm) 
R solut ion resis tance along x di rect ion (12 cm) 
R* t ransversa l  resis tance of pore solut ion (12 cm 8) 
Rs react ion resistance (12 cm ~) 
Rd react ion resis tance for a uni t  a rea  of pore  wal l  

(12 cm 2) 
x dis tance th rough  the one-d imens iona l  porous 

e lect rode (cm) 
z ionic charge 

pore wal l  a rea  per  uni t  volume of e lectrode 
( r  
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8 pore  radius  (cm) 
e poros i ty  

rat io of diffusion cur ren t  to total  so lu t ion-phase  
cur ren t  

p res is t iv i ty  of pore e lec t ro ly te  (12 cm) 
r potent ia l  of pore e lec t ro ly te  (V) 
ki ionic equiva lent  conduct iv i ty  Of species i (G -1 

cm2/equiv.) 
K conduct ivi ty  of pore  e lec t ro ly te  (12-1/cm) 
Ko conduct ivi ty  of bulk  e lec t ro ly te  (12-1/cm) 
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Current Distributions in Soluble Battery Electrodes 
II. Experimental 

Y. Yamazaki 1 and N. P. Yao* 

Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

A simulated,  sect ioned porous e lect rode was d e v e l o p e d  using the photo-  
l i thography  technique.  The cur ren t  d is t r ibut ions  in Zn/z inca te  and Cu/CuSO4 
porous electrodes were  measured  using the s imula ted  electrodes for the s tudy  
of charge  and discharge processes. The resul t  showed different  cur ren t  d is-  
t r ibut ions  for  charge and discharge processes; the charging reac t ion  cur ren t  
in the Zn/z inca te  system pene t ra t ed  more  deeply  into the e lect rode than 
the discharging cur ren t  did. The discharging react ion cur ren t  in the Cu/CuSO4 
sys tem pene t ra t ed  more  than  the charging current .  These observed charac-  
terist ics of the cu r ren t  d is t r ibut ions  were  ana lyzed  using the theoret ica l  r e -  
sults which were  ma themat i ca l ly  der ived  based on a migra t ion  model.  Other  
appl icat ions  of the s imula ted  porous electrodes were  also demons t ra ted  for 
s tudy  of e lect rode pass ivat ion phenomena  and for t rans ien t  cur ren t  d i s t r ibu-  
t ion measurements .  

As has been theore t ica l ly  der ived  (1), there  are  
considerable  differences in the cu r ren t  d is t r ibut ions  
in a porous zinc e lect rode dur ing  charge  and dis-  

. Electrochemical Society Active Member. 
~Present address: Department of Electrochemistry, the Grad- 

uate School of Nagatsuta, Tokyo Institute of Technology, 4259 
Nagatsuta, Mideri-ku, Yokohama 227, Japan. 

Key words: battery, current distribution, porous electrode, zinc 
electrode. 

charge processes even in the re la t ive ly  low cur ren t  
dens i ty  regions where  no pass ivat ion occurs. In this 
paper  the react ion dis t r ibut ions  in soluble porous e lec-  
t rodes are  e x p e r i m e n t a l l y  demons t ra ted .  F o r  th is  
purpose,  a novel  sect ioned porous e lec t rode  was de-  
s i gned  for  the in situ measuremen t  of the reac t ion  
cur ren t  d is t r ibut ion  wi th in  the e l e c t r o d e .  
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Normal ly ,  cu r ren t  d~str ibution wi th in  a porous  
e lec t rode  has been de t e rmined  ind i rec t ly  th rough  a 
chemical  ana ly t i ca l  me thod  (2, 3) or  d i rec t ly  by  a sec- 
t ioned e lec t rode  method  (4-7).  The former  method  can 
be adap ted  to a va r i e ty  of e lect rodes  and the mea -  
surements  can be made  us ing commerc ia l  electrodes.  
However ,  the  measu remen t s  a re  l imi ted  to the  ope ra t -  
ing  range  where  the  e lec t rode  reac t ion  causes suffi- 
c ient  p rec ip i ta t ion  of reac t ion  products  to be observed.  
On the o ther  hand,  the  sect ioned e lec t rode  me thod  has 
an a d w n t a g e  of the continuous in situ measurement s  
of the reac t ion  cu r ren t  dis t r ibut ion.  Unfor tunate ly ,  
ve ry  few resul ts  have been r epor t ed  about  the sec-  
tioned electrode method because of the  difficulty of 
the e lec t rode  fabr ica t ion  and exper imenta t ion .  The 
accuracy  of the cur ren t  d is t r ibut ion  measu remen t  wi th  
a sect ioned e lec t rode  l a rge ly  depends  on the e lec t rode  
design. Pa r t i cu l a r ly  i t  is impor t an t  to design the ex -  
pe r imen ta l  e lec t rode  so tha t  the rea l  e lect rode sys tem 
is wel l  s imula t ed  and tha t  the react ion profile is no t  
d i s tu rbed  by  connect ing measur ing  circuits. 

Recent ly  the  sect ioned e lec t rode  method  was im-  
p roved  when thin film technology was in t roduced  by  
Szpak and K a t a n  (4) for  the fabr ica t ion  of the elec-  
t rode segments.  By using this technique,  they  suc-  
ceeded in reducing  the pore  size and the thickness  of 
the e lec t rode  segments.  However ,  the smal l  in ter face  
a rea  at  the  e lec t ro ly te  and the m a t r i x  of thei r  single 
pore  e lec t rode  m a y  genera te  a n  e r ror  in the  measu re -  
ment.  Ano the r  deficiency in the i r  design was the  la rge  
spaces be tween  the segments .  E x p e r i m e n t a l l y  i t  is 
ve ry  difficult to reduce  the segment  distance wi thout  
the r isk  of b r eak ing  the electr ic  insula t ion  be tween  
the segments .  

This p a p e r  discusses a novel  me thod  Of fabr ica t ing  
a sect ioned porous e lec t rode  based on the photo l i thog-  
r a p h y  technique.  The method  remedies  the  deficiencies 
of convent ional  e x p e r i m e n t a l  sect ioned electrodes.  
Porous  sect ioned electrodes based on this method have  
been  effect ively app l ied  to the s tudy  of cur ren t  dis-  
t r ibut ions  wi th in  porous z inc /z inca te  and copper / cop-  
pe r  su l fa te  electrodes.  

Experimental 
Measurement circuit--The concept  of the sect ioned 

e lec t rode  designed for the cur ren t  d i s t r ibu t ion  m e a -  
surements  is shown in Fig. 1. The measu remen t  circui t  
connected to the e lec t rode  is shown in Fig. 2. The cu r -  
rents  passing th rough  each segment  of the e lec t rode  
were  measu red  by  the vol tage drops  across shunt  r e -  
sistors (0.3312). A low vol tage  scanning swi tch  (Ke i th -  
ley  Ins t ruments ,  Incorpora ted ,  Model  702/7029) and 
a s t r ip  char t  r ecorder  wi th  a h igh  sens i t iv i ty  p lug - in  

" • " •  REFERENCE 
CELL I~ ELECTRODE 

~ - - t - ~ ]  ,,,,,,,,I 
I W rrrrrrrfl SCAN.,NG 

/ SWITCH INPUT 

IITI~ ~ ~ ~RECORDER 

Fig. 2. Schematic diagram of the equipment for current distribu- 
tion measurement. 

module  (Hewle t t  Packard ,  Model  17505A) were  used 
for the measuremen t  of the vol tages across the shunt  
resistors.  A precis ion power  supply  (Hewle t t  Packard ,  
Model  6114A) was used as a po ten t ia l  source, and the 
total  amount  of charge passed th rough  the e lec t rode  
was moni to red  wi th  a d igi ta l  coulometer  (Pr ince ton  
Appl ied  Research,  Model  379). 

Preparation o/ sectioned electrode.--The per fo ra ted  
meta l  sheets represent ing  the segments  in Fig. 1 were  
fabr ica ted  b y  convent ional  pho to l i thography  tech-  
niques. First ,  the pore pa t t e rn  of the  e lect rode was de-  
s igned and the d rawing  was pho tographed  wi th  a 
high contras t  film (Kodak  High Contras t  Copy F i lm)  
to make  a pho to l i thography  mask.  The meta l  sheets  
were  then coated by  photores is t  resin and the pore  
pa t t e rn  was p r in ted  using the p repa red  mask  and a 
m e r c u r y - x e n o n  arc lamp.  The process was car r ied  
out  on both sides of the me ta l  sheets. In  o rde r  to ob-  
ta in  a close fi t t ing of the  pore  pa t t e rns  be tween  both 
sides of the  me ta l  sheets, the  mask  posi t ions were  
ca re fu l ly  adjusted.  The exposed  photores is t  films were  
developed by  the sp ray  developing  method.  The me ta l  
sheets covered wi th  the developed resis t  films were  
dr ied  a t121~ for 10 min  and then etched in the  solu-  
t ion shown in Table  I. The photores is t  films on both  
sides of the me ta l  sheets act as insula tors  in the fu l ly  
assembled  e l ec t rode .  The condit ions for the photo-  
fabr ica t ion  of the porous segments  a re  shown in Table  
I. The p repa red  meta l  sheets coated wi th  insula tor  
films were  s tacked to al ign the holes and then f i x e d  
wi th  a lucite frame.  F igure  3 shows the s tacked seg-  
ments  af ter  wiring,  and Fig. 4 shows the moun ted  
e lect rode stack. The e lements  were  pressed f rom both  
sides wi th  a luci te  f rame (shown as F in Fig. 4) to 
faci l i ta te  close stacking.  The e lec t rode  pa rame te r s  a re  
l is ted in Table  II. 

Electrolyte preparation.--Electrolytes used for  the 
expe r imen t  were  p r e p a r e d  as follows: (i) KOH [40 
weight  pe rcen t  ( w / o ) /  aqueous solut ion which  had  
been p repa red  by  dissolving AR grade  KOH into dis-  
t i l led and oxygen purged  wa te r  and then s t i r red  over -  
n ight  in a n i t rogen  a tmosphere ;  and  (ii) CuSO4 aque-  
ous solut ion (1 mo l / l i t e r )  was p repa red  by  dissolving 
AR grade  CuSO4 in dis t i l led  water .  

Experimental procedure.--A f resh e lec t ro ly te  was 
placed in the  cell  for  2 hr  before  the poten t ia l  was 
app l ied  to the  electrode.  The e lec t rode  was first  d is -  

Table I. Photofabrlcation condition 

Fig. |. Schematic representation of the segmented porous elec- 
trode. 

Photoresist  
Dye mater ia l  
Coating method 
Developing method 
Prebaking t empera ture  
Postbaking tempera ture  
Exposing source 
Masking mater ia l  
Etching solutions: 

For copper sheets 
For zinc sheets  

KPR 
Kodak Photo Resist  Dye Blue 
Spin coating 
Spray development 
5 rain at 80~ 
10 rain at  121~ 
Mercury-xenon arc lamp 
Kodak high contrast  copy film 

FeClz aqueous solution (20 w/o) 
HNO~ aqueous solution (10 w/o) 
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Table II. Electrode characteristics 

Parameter Cell I Cell II 

Electrolyte CuSO, (1 tool/ KOH (40 w/o) ZnO 
liter) aque- saturated aqueous 
ous solution solution 

Electrode matrix Cu Zn 
Pore diameter (~m) 200 200 
Number of pores 396 396 
Distance beteen ad- 

jacent pores (/~m) 400 4if0 
Porosity 0.2 0.2 
Thickness of one 
segment (/zm) 127 100 

Thickness of insula- 
tor film (~m) 10 7 

Number of segments 8 15 
Reference electrode Calomel Hg-HgO 
Counterelectrode Cu Zn 

charged at constant  cell voltage and the currents  pass- 
ing through each segment  were recorded using the 
scanning switch. The scanning rate was 0.5 sec/seg- 
ment  for the first 1 min  of the measurement ,  then it  
was changed to 2 sec/segment.  The current  profile 
usual ly  varied for a period which was dependent  on 
the total electrode current ,  then it  became steady. The 
measurement  was usual ly  continued for 2 hr. After  
the discharge measurement ,  the cell was disconnected 
from the powe~ source and was permit ted to stand 
for 2 hr before a charging potent ial  was applied. The 
charging current  measurement  was made with the 
same conditions as the discharge case and was te rmi-  
na ted  after  the same quant i ty  of charge had passed 
through the ce i l  

The reaction current  densi ty was calculated from 
the measured current  through the segments by  using 
the relat ion 

~reae "-- [1]  
Sd 

where S is the electrode surface area, d is the thick- 
ness of an electrode segment, and in is the current  
passing through segment n. The reaction current  den-  
sity ireac is equivalent  to - - (d i /dx ) ,  where i is the 
current  in the solution phase for a un i t  area of elec- 
trode and x is the distance measured from the f ront  
of the electrode. 

Resul ts  a n d  Discuss ion  
Reaction distributions in the Zn/zincate eIectrode.~ 

The reaction current  distr ibutions measured with the 
Zn/zincate  electrode are shown in  Fig. 5 and 6 for 
electrode currents  of 15.8 and 78.9 m A / c m  2, respec- 
tively. The uni t  of the vertical  axes of the figures in -  
dicates the t ransfer  current  from solution to matr ix  
phase for a uni t  volume of the electrode. Genera l ly  
the reaction currents  for the charging process pene-  
trated more deeply into the electrode than that  of the 
discharging process. The difference is in  good agree-  
ment  with the theoretical result  obtained based on a 
migrat ion model (1). The calculated curves for charg- 
ing and discharging processes, in  solid and dotted 
lines, are also shown in  the figures. The calculation 

Fig. 3. Stacked zinc electrode segments 
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was made  using the expe r imen t a l  condi t ions of pore  
size, porosi ty,  and e lect rode thickness shown in Table  
IL The ag reemen t  be tween  the ca lcula ted  curves for  
the cu r ren t  dens i ty  of I - -  15.8 m A / c m  2, Rd -" 4.7a 
cm ~, ~ --  0.25, and  the expe r imen t a l  da ta  is good. 
Howeve r ,  the  ag reemen t  de te r iora tes  somewha t  a t  t h e  
higher  cu r ren t  dens i ty  of I - -  78.9 m A / c m  ~. The 
values  of Rd, which were  de t e rmined  by  compar ing  
the theore t ica l  curves to the expe r imen ta l  data, a r e  
reasonable  since the  charge  t ransfe r  res is tance  (8) 

R v - - ( - -  ~ [21 
7 ,,=o 

measured  w i t h  an a lka l ine  zinc e lec t rode us ing  the 
double  pulse method  was 0.2-1.0s cm ~ a t  room t e m -  
pe ra tu re  and Rd is the  sum of RD and ~he addi t iona l  
res is tance based on the  concentra t ion  polar iza t ion  a t  
the v ic in i ty  of the  pore  wall .  

Table  I I I  compares  the measured  po ten t ia l  of t h e  
bu lk  e lec t ro ly te  and the theore t ica l  overpo ten t ia l  
which  is ca lcula ted  for  the  pore  e lec t ro ly te  at  t h e  
f ront  end  of the  e lect rode (1).  The ag reemen t  is 
r easonab ly  good. The difference in the  ca lcu la ted  po-  
ten t ia i  be tween  charge  and discharge processes is 
o r ig ina ted  by  the res is t iv i ty  change of pore  solut ion 
caused by  the concent ra t ion  change.  

Reaction distribution in Cu/CuSO4 etectrode.~The 
react ion d is t r ibu t ion  was also measured  wi th  the  Cu/  
CuSO4 electrode.  The theore t ica l  calculat ion was 
conducted in the  same m a n n e r  as for  the Zn/z inca te  
electrode.  However ,  we mus t  change Eq. [15] shown 
in the  theore t ica l  pa r t  of this s tudy  (1), to 

K = Ko -~- 2ACuSO4ACCuS04 [3]  

ACCuSO4 = CCuSO4 - -  CCuSO4,b [4]  

where  Acuso4 is the equiva len t  conduct iv i ty  of CuSO4, 
Ccuso4 and  CCuSO4.b are  the  concentra t ions  of CuSO4 
in the pore  and in the bu lk  s o l u t i o n ,  respect ively ,  
and  Ko is the conduct iv i ty  of the bu lk  e lectrolyte .  

F igure  7 shows the measured  react ion d is t r ibut ions  
in the  Cu/CuSO4 e lec t rode  for a smal l  e lect rode cur -  
ren t  of 0.79 m A / c m  2. The charging cu r ren t  concen-  
t ra tes  a t  the f ront  pa r t  of the electrode.  The  theo-  
re t ica l  curve for  the charging reaction,  the  solid line, 
is shown in the figure. The calculat ion was based  on 
Acuso4 = 27.0 ~ - 1  cm2/equiv.,  ~o ---- 0.053 ~2-1/cm, 
D --  1.0 • 10 -~ cm2/sec, Rd ---- 3.0 ~2 cm 2, and $ = 0.1. 
The measured  reac t ion  d i s t r ibu t ion  for the  d ischarging  
process shows a deeper  pene t ra t ion  into the  electrode.  
The theore t ica l  curve for  Rd ---- 20.0 ~ cm ~ is also 
shown in the figure as the dot ted  line. The la rge  va lue  
of Rd for the d ischarge  curve is p robab ly  due to a 
format ion  of Cu20 film on the  pore  wall .  The film wi l l  
decompose dur ing  the  charging process.  The concen- 
t ra t ion  var ia t ions  in pore  solut ion discussed in p re -  
vious p a p e r  (1) was ve ry  smal l  because  of  the low 
(0.79 mA/cm2)  e lect rode cu r ren t  imposed.  The cal -  
cu la ted  reac t ion  ra te  differences at  the  pore  en t rance  
gives the differences of 1.0% for Rd = 3.0 ~2 cm~ and 

1.2% for Rd - -  20.0 ~ cm ~. 
The ca lcula ted  e lec t rode  overpoten t ia l  for  t h e  

charging curve (Rd ---- 3.0 ~ cm 2) was 21.8 inV. This 
agreed  wel l  wi th  the measu red  overpoten t ia l  of 18.9 
inV. The calculat ion for  the d ischarging process gave 

C U R R E N T  D I S T R I B U T I O N S  

1.21 

Table III. Polarization data for the Zn/zincate porous electrode 

Electrode cur- Experimental Theoretical 
rent (mA/cm~) value (mV) value (mV) 

15.8 Charge 24.2 19.7 
Discharge 26.0 20.7 

78.9 Charge 93.0 115.0 
Discharge 95.0 123.0 
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Fig. 7. Reaction distribution in porous copper/copper sulfate 
electrode. Curves A and B are theoretical values for Rd = 3.0 and 
20 O, cm 2, respectively, and ~ - -  0.1. 

a r e l a t ive ly  la rge  va lue  of 61.7 mV compared  to t h e  
measured  overpoten t ia l  of 24.3 inV. 

Passivation in Zn/zincate eIectrode.--When a r e l a -  
t ive ly  large  (649 m A / c m  2) discharge cu r ren t  was 
passed th rough  the Zn/z inca te  e lect rode for 8 rain, an 
ab rup t  cur ren t  reduct ion was observed.  F r o m  t h e  
change in the cur ren t  profile shown in Fig. 8, we see a 
masking  of act ive a rea  on the pore wal l  b y  the  fo rma-  
tion of a pass ivat ion  film (9, 10). The observed resu l t  
that  the pass ivat ion  s tar ts  f rom the en t rance  of t h e  
pore  is consistent  wi th  the resul t  of the microscopic 
examina t ion  r epor t ed  by  K a t a n  (11) on a fo rmat ion  
of pass ivat ion films in a single pore  zinc electrode.  

Transient measurement.--By using this type  of sec-  
t ioned electrode,  the t ime progress ion of the  reac t ion  
profile could be detected.  F igure  9 shows the resul t  of 
a t rans ien t  m e a s u r e m e n t  dur ing  the d ischarging p r o -  
cess in the  Zn/z inca te  electrode.  The  measu remen t  
was made for  35 min f rom the beginning  of the e lec-  
trolysis.  As seen f rom the figure, the  react ion cur ren t s  
decreased in i t ia l ly  and then g r adua l l y  increased to 
constant  values. These changes in the  reac t ion  currents  
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Fig. 8. Reaction distribution in partially passivated porous zinc/ 
zincate electrode. 
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Fig. 9. Time progression of reaction current in porous zinc/zincate 
electrode at various electrode depth. 

are particularly large at the front part of the elec- 
trode. 

Summary and Conclusions 
Novel sectioned porous electrodes based on the 

photolithography technique have been developed and 
applied to the measurement of reaction distributions 
within the porous electrodes. The measured reaction 
profile in the Zn/zincate porous electrode showed a 
difference in penetration depth of reaction zone be- 
tween charge and discharge processes. The amount of 
the difference agreed well with the theoretical value 
calculated based on a migration model. The reaction 
resistance at pore electrolyte and pore matrix, deter- 
mined by comparing the measured reaction profile 
and the calculated one, showed reasonable values. 
The effectiveness of this experimental method was 
also demonstrated, capable of determining the re- 
sistance of the thin film formed on the anode sur- 
face of the Cu/CuSO4 electrode. 
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Passivation of Zinc Anodes in KOH Electrolytes 
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ABSTRACT 

Pass iva t ion  t imes of hor izon ta l ly  upward - f ac ing  and downward - f ac ing  zinc 
microanodes  in KOH elec t ro ly tes  of five concentra t ions  a r e  repor ted .  These 
measurements  ex tend  pass ivat ion  da ta  into a low cu r r en t -dens i t y  region 
for eva lua t ing  conflicting in te rpre ta t ions  of publ i shed  work.  To in t e rp re t  our  
data, a new mechanism for anodic pass ivat ion  is proposed.  In  high c u r r e n t -  
dens i ty  regions, pass ivat ion  occurs when  compact  ZnO covers the e lect rode 
surface;  in low cu r r en t -dens i t y  regions,  pass ivat ion  occurs when  the mass 
t rans fe r  of hydrox ide  ions across a porous ZnO l aye r  is less than  tha t  r equ i red  
for  anodizat ion.  This work  also discusses pass ivat ion  in porous zinc ba t t e ry  
e lectrodes .  

Alka l ine  ba t te r ies  employing  zinc e lec trodes  are  
unde r  deve lopment  for  use in electr ic  vehicles. Knowl -  
edge of the pass ivat ion  behavior  of a zinc e lec t rode  in 
KOH e lec t ro ly te  is r equ i r ed  for  opt imizing the e lec-  
t rode  design. 

The ut i l iza t ion  of a zinc e lec t rode  in a lka l ine  ba t -  
ter ies  depends  on the ab i l i ty  of the e lec t rode  to r e -  
main  act ive dur ing  the anodic dissolut ion process.  At  
anodic potent ia l s  nea r  the  equ i l ib r ium value,  the  
soluble  ox ida t ion  p roduc t  of zinc in concent ra ted  a l -  
ka l ine  solut ions is Zn(OH)42- ,  as evidenced b y  nu -  
c lear  magnet ic  resonance  (NlVIR), and  Raman  and 
in f r a red  reflection spectroscopic  s tudies  (1-3).  Many  
workers  (4-25) have  made  ga lvanos ta t ic  s tudies using 
p l a n a r  zinc e lect rodes  in a lka l ine  solution. These 
studies descr ibe  der iva t ions  of the  zinc pass ivat ion  
mechanism,  morpholog ica l  observa t ion  of the  pass i -  
r a t i on  film, and  the re la t ion  of pass iva t ion  t ime to the  
cur ren t  densi ty .  Seve ra l  techniques  were  used to 
s tudy  the pass ive  films. Microscopic observa t ion  p ro -  
vialed morphologica l  da t a  (15, 16, 23, 24). A n  e l l ipsom-  
e te r  measu red  the r e l a t i ve  changes of ampl i t ude  and 
phase  of  l igh t  specu la r ly  ref lected b y  the  pass ivat ion  
fi lm (14,25).  X - r a y  analys is  identif ied ZnO as the  
pass iva t ion  film (21); however ,  this  ana ly t ic  me thod  
requ i res  the r emova l  and  subsequent  d ry ing  of the  
pass iva t ion  film, which  could resu l t  in  the  conversion 
of  a l l  the  z inc-conta in ing  species to ZnO. In s~tu i den-  
tification of the chemical  na tu r e  of  the  pass iva t ion  film 
is no t  avai lable .  

The  mechanism of pass ivat ion  and the re la t ionship  
be tween  cu r r en t  dens i ty  and pass ivat ion t ime for  zinc 
anodes in a lka l ine  solut ion has been  r ev iewed  b y  
the authors  (26) and wi l l  be discussed la ter .  I n  the  
l i t e ra ture ,  the re  a re  conflicts in  the  t r e a t m e n t  of 
pass iva t ion  da ta  and in the  in t e rp re t a t ion  of the  p r o -  
cess for  de te rmin ing  pass iva t ion  time. In  the  former ,  
for  a given electrolyte ,  Dirkse  and  Hampson  (13) in -  
d ica ted  tha t  a s ingle modified Sand  equat ion could 
cover  the  cu r r en t -dens i t y  region f rom 0 to 10 A / c m  2. 
Bar te l t  and Landsbe rg  (7) found that  two equat ions 
were  requi red:  one for  high cu r r en t -dens i t y  regions 
(>0.32 A / c m  2) and one for  lower  cu r r en t -dens i ty  
regions. In  the  lat ter ,  Hampson and his co -workers  
(11, 13) pos tu la ted  tha t  the e lec t rode  passivates  in-  
s t an t ly  when ZnO is p rec ip i t a ted  f rom supersa tu ra ted  
z incate  at  the  e lec t rode  surface.  Other  inves t igat ions  
(14, 16, 25) indica ted  the  pass ivat ion is not  l ike ly  to 
happen  at  the momen t  ZnO is produced.  These con- 
flicts were  not  resolved since the measurements  in the  
l i t e r a tu re  were  usua l ly  compl ica ted  by  free convection. 
Therefore,  we have  used e lect rodes  designed to min i -  
mize free convect ion to c a r r y  out  pass ivat ion m e a s u r e -  

* Electrochemical Society Active Member. 
Key words: battery, mass transfer, porous electrode, oxide. 

ments  in five concentrat ions  of KOH elect rolyes  over  a 
wide range of cur ren t  densi t ies  (0.06-1.53 A/cruZ). 
Based on our  results,  we propose a new scheme tha t  
describes the pass ivat ion  t ime in te rms of sequent ia l  
react ion steps. We have ex tended  measurement s  to the  
cu r r en t -dens i ty  region of in teres t  in b a t t e r y  design 
(below 0.1 A / c m  2 at  7M KOH) .  These da ta  were  then  
used to es t imate  the effect of pass ivat ion  on the u t i l i za -  
t ion of a porous zinc battery electrode. 

Experimental 
The s t anda rd  expe r imen ta l  cel l  and  o ther  appa ra tus  

used is descr ibed e lsewhere  (26). Rec tangu la r  zinc 
electrodes,  0.05 X 0.13 cm, were  cut  f rom a zinc sheet  
of 99.99% pu r i t y  purchased  f rom Uni ted  Minera l  and 
Chemical  Corpora t ion  (New York) .  The impur i t i es  
were  specified to be as follows: Cd, 5 ppm; Pb, 5 ppm;  
Fe, 3 ppm;  Cu, 2 ppm;  Au, 1 ppm;  Sn, 1 ppm; Fe, 0.5 
ppm; and  In, 0.5 ppm. The electrodes,  set in acryl ic  
plast ic  (purchased  f rom Fu l ton  Products  Corporat ion,  
Saxonburg,  Pennsy lvan ia ) ,  were  moun ted  hor izon ta l ly  
in e i ther  the  u p w a r d -  or  downward - f ac ing  position. 
The upward - f ac ing  microanode has the fol lowing spe-  
cial features :  (i)  I t  p rov ides  condit ions r equ i red  for  a 
s table  s trat i f icat ion of  fluid near  the e lect rode surface  
since the  e lec t rochemica l ly  fo rmed  zincate is denser  
than  the bu lk  e lectrolyte ,  (ii) the acry l ic  p las t ic  su r -  
rounding  the anode  provides  the means  to ma in ta in  a 
high zincate concentra t ion  at  the edge of the e lectrode,  
Le ,  there  is no sharp  change in the  diffusion bounda ry  
l aye r  at  the  edge, and (iii) the  smal l  size of the elec-  
t rode (0.05 • 0.13 cm) compared  to its dis tance f rom 
the countere lec t rode  (1.5 cm) provides  a r e l a t i ve ly  
un i form electr ic  field over  its surface.  The  e lec t ro ly te  
was r e a ge n t -g r a de  KOH at  concentra t ions  of  0.784, 
2.92, 4.98, 7.24M KOH or  7.24M KOH sa tu r a t ed  wi th  
ana ly t ica l  r e a ge n t -qua l i t y  zinc oxide. The  solut ions 
were  p repa red  wi th  doub ly  dis t i l led  wa te r  and de-  
ae ra t ed  b y  bubbl ing  purif ied n i t rogen  th rough  them. 
The exper imen t s  were  pe r fo rmed  at room t empera tu r e  
( approx ima te ] ty  20~ 

Before each exper iment ,  the zinc e lect rode was 
anodica l ly  etched at  10 ~A for 5 sec and then  a l lowed 
to s tand  for at  least  10 min to ensure  a quiescent  s ta te  
in the e lec t ro ly te  and to establ ish e l ec t rode /e l ec t ro -  
ly te  equ i l ib r ium conditions. Before an e lect rode was 
reused,  i t  was repol i shed  and  its surface finish was 
measured  wi th  a ca l ib ra ted  opt ical  microscope. P e r i -  
odically,  exper iments  were  repea ted  to de te rmine  
expe r imen ta l  reproducib i l i ty ;  average  reproduc ib i l i ty  
of the expe r imen ta l  da ta  was found to be 8.4% about  
the mean  value.  

Results 
The re la t ionship  be tween  cur ren t  density,  i, and  

pass ivat ion  time, t, is usua l ly  expressed by  the mod i -  
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fled Sand  equat ion (26) 

i = kt-V= + ~e [1] 

where  k and ie a r e  constants. Therefore,  leas t  squares 
fi t ted passivat ion da ta  a re  p lot ted  in the  form of  i vs.  
t- '/2 in Fig. 1-3. P lo t t ed  in Fig. 1 a re  the  da ta  for 
u p w a r d -  and downward- fac ing  zinc microelec t rodes  
which were  anodized in 7.24M KOH elec t ro ly te  at  cur -  
ren t  densit ies ranging  f rom 61 to 1620 m A / c m  2 and 
for upward - f ac ing  electrodes anodized in 7.24M KOH 
sa tu ra ted  wi th  ZnO at  122-1530 mA/cm% For  pass iva-  
t ion t imes less than  7 sec, the da ta  for  u p w a r d -  and 
downward - f ac ing  anodes in 7.24M KOH elec t ro ly te  
a re  in agreement  wi th in  expe r imen ta l  uncer ta in ty .  
However ,  for longer  times, a downward - f ac ing  anode  
has a longer  pass ivat ion  t ime at  a given cur ren t  den -  
sity. The da ta  also show tha t  the  presence of zincate 
in the e lec t ro ly te  shortens the pass ivat ion t ime. 

F igure  2 presents  the  pass ivat ion da ta  for  the  up -  
ward - fac ing  anode  in four  concentra t ions  of KOH 
(0.784, 2.92, 4.98, and 7.24M). The da ta  show tha t  for  
passivat ion t imes less than 100 sec (t -'/= ---- 0.1 s e c - ' ~ ) ,  
h igher  concentrat ions of KOH resu l t  in longer  pass iva-  
t ion t imes at  any  given cur ren t  density.  For  pass iva-  
t ion t imes longer  than 100 sec, these da ta  are  p lot ted  
on the e x p a n d e d  scale of Fig. 3. I t  is c lear  tha t  the  
KOH concentra t ion effect is the same for the longer  
pass ivat ion times. (Cur ren t  densit ies be low 100 m A /  
cm2 are  of in teres t  to ba t t e ry  appl icat ions.)  
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Fig. 1. Effect of orientation and bulk zincate on current density 
vs. passivation time, t, of zinc anodes in 7.24M KOH (squares, up- 
ward anode; diamonds, downward anode; circles, downward anode 
with 1 mm plastic channel; triangles, upward anode using electro- 
lyte saturated with zincate). 
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Fig. 2. Current density vs. passlvation time for upward-facing 
zinc anodes in 7.24M (squares), 4.98M (circles), 2.92M (diamonds), 
and 0.784M (triangles) KOH electrolyte. 
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Fig. 3. Current density vs. passivation time for upward-facing 
anodes (low current-dEnsity region). 

The constants of Eq. [1] (k, i e )  for  zinc microe lec-  
trodes in the KOH elect rolytes  are  t abu la ted  in Table  
I. Since, for the upward - f ac ing  anode, the pass ivat ion  
t imes are  subs tan t ia l ly  longer  at  low cur ren t  densi t ies  
than at  high values,  the constants  are  given for  two 
cu r r en t -dens i ty  regions. F r o m  Table  I, in the low 
cu r r en t -dens i ty  region, the  in te rcept  (ie) for 7.2M 
KOH is near  zero. On this basis, a zero in te rcep t  of  
the i vs. t- '/2 curve was assumed in o rder  to calculate  k 
for  the low cur ren t  region of series 3 f rom the single 
da tum at  122 mA/cm2. 

Discussion 
Potential-time curve.--Our potent ia l  vs. t ime curves  

were s imi lar  to those observed b y  Dirkse  and H a m p -  
son (13), except  tha t  we observed a shor t - l i fe  t r ans i -  
tion jus t  p r io r  to the onset  of passivation,  as also ob-  
served  by  Bar te l t  and Landsberg  (7) and Elder  (12). 
Since the e lect rode potent ia l  at  the  t rans i t ion  is in the 
vic ini ty  of the Zn /ZnO s tandard  potential ,  the t r ans i -  
t ion m a y  be associated wi th  the d i rec t  format ion  of the 
pass iva t ing  type  II  ZnO film observed by  Powers  a n d  
Brei te r  (15). 

Relationship between current density and passiva- 
tion time.--It is genera l ly  agreed tha t  a zinc oxide film 
is responsible  for the pass ivat ion of zinc anodes in a l -  
ka l ine  e lect rolytes  (26). The d i sagreement  re la tes  to 
the na ture  of the r a t e -de t e rmin ing  steps in the p ro -  
cesses associated wi th  passivat ion.  Table  I I  sum-  
marizes the r a t e -de t e rmin ing  steps and the re la t ion-  
ships be tween  cur ren t  dens i ty  and pass ivat ion  t ime 
proposed  in the l i te ra ture .  

Table I. The constants of Eq. [1] for the zinc anodes 
(i = kt - 1 / 2  + ie) 

Elec- C u r r e n t  k x 10 -s 
Expt .  t ro ly te  dens i ty  (mA/secl /S/  {e x 10 -~ 

series* (M) (m_A/cm~) c m  s) ( m A / c m  2) 

1 7.24 200-1530 10 • 0.2 1.3 • 0.2 
60-153 69 ~ 7 -0.08 -- 0.12 

2 7.24 525-1620 9.2 -- 0.5 1.9 -~ 0.6 
3 7.24 200-1530 8.I + 0.i 1.1 + 0.i 

(Saturated 
with  ZnO) 0-122 44 0 

4 4.98 2~0-1530 7.8 • 0.2 1.7 ----- 0.2 
60-153 43 -- 2 0.18 ~ 0.06 

5 2.92 300-916 2.9 • 0.1 1.8 -- 0.1 
60-122 23 +-- 3 0.36 +-- 0.09 

6 0.784 60-153 0.54 -- 0.04 0.52 • 0.04 

* The electrode orientation was horizontally facing-upward ex- 
cept in series 2 where it was horizontally facing-downward, 
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Table II. Comparison of proposed rate-determlnlng steps given 
in the literature for the passivation of zinc anodes in alkaline 

electrolytes 

Relationship between current 
Rate-determining steps density and passivation time c 

Dirkse  et aL (13) 
Eisenberg  et aL (6) 
Elder (12) 

Yamashi ta  et aL (14) 

Diffusion of  zincate ~ 
Diffusional and convect ive  mass  transfer  of  zincate~ 
Chemical  reaction of discharged product  to zincate 

and diffusion of zincatea 
Diffusion of zincate and growth of ZnO film a 

i(tl/~) = ( C c r i t  - C b ) n F ' ~ / l r D / 4 "  

( i  - i e ) t ~ / 2  = /r 

i ( t v  -~) = k o  - /r 

(~ - ~ , e ) t l l  ~ = k 

=No convection. 
b Free convecUon. 
c Ccr~t --the crRical concentration of zincate ions for the preeipRation of ZnO. Cb -- the concentration of zincate ions inthe bulk 

electrolyte. 

Dirkse and Hampson (13) postulated that  passiva- 
tion occurs when a critical concentrat ion of zincate 
ion is established in the layer of electrolyte in contact 
with the electrode surface. According to their  hy-  
pothesis, the slope of i vs. t -1/2 can be estimated using 
the equat ion shown in Table II. In comparison with 
the k values predicted by the equat ion of Dirkse and 
Hampson wi th  our exper imenta l  values in Table I, our 
calculated k values are about the same (0.86-1.5 times) 
in  the high cur ren t -dens i ty  region and about  one order 
of magni tude  lower in the lower cur ren t -dens i ty  re-  
gion. The ie value predicted by this equation is zero 
( independent  of cur ren t -dens i ty  region) ;  however, 
our exper imental  data are not zero in the high cur-  
ren t -dens i ty  region. These results indicate that their  
mechanism is not useful  for describing our experi-  
menta l  data. 

Eisenberg et al. (6) introduced a concept of free 
convection to in te rpre t  their passivation data. An esti- 
mated diffusion-excluded convective current  density, 
ie, is used to modify the Sand equation to the form 
given in Table II. The magni tude  of ie corresponds to 
the rate of mass t ransfer  of zincate ions away from the 
electrode surface by free convection. If the applied 
anodic current  density is below ie, a critical concentra-  
t ion of zincate ions is never  established at the elec- 
trode surface and no passivation o c c u r s .  

Free convection at a horizontal electrode occurs 
when  (i) the passivation t ime is sufficiently long and 
(ii) heavier  fluid overlies a l ighter one (unstable 
stratification) (27). The formation of zincate ions dur -  
ing the discharge of a zinc anode increases the density 
of electrolyte at the electrode surface. Under  this cir-  
cumstance, condition (ii) is met  by a downward-fac ing  
electrode. Free convection could develop if condition 
(i) is also met. For  the upward-fac ing  anode condi- 
tion, (ii) is not met; therefore, free convection is not 
expected to occur. We may  use our data to determine 
t he  existence of condition (i) for the downward-fac-  
ing electrode. When the passivation t ime is shorter 
than 7 sec, at a caustic concentrat ion of 7.24M KOH, 
electrodes with either upward-fac ing  or downward-  
facing orientat ion behave in  the same way within  ex-  
per imenta l  uncer ta in ty  (Fig. 1). When the passivation 
t ime of the downward-fac ing  electrode is longer than 
7 sec, for any  current  density <525 m A / c m  2, the passi- 
vat ion t ime is longer than that  of the upward-fac ing  
electrode. Therefore, condition (i) is met  on ly  at t imes 
longer than about  7 sec. Accordingly, Eisenberg et aL 
(6), would predict  ie ---- 0 for passivation times shorter 
than 7 sec. Since our data show that  ie ----- 186 m A / c m  2 
in the high cur ren t -dens i ty  region, the diffusion-ex- 
cluded convective cur ren t  concept does not  explain our 
results. 

Elder (12) proposed that  ei ther  chemical dissolution 
of zinc or complex folTnation of dissolved zinc species 
is a ra te-cont ro l l ing  step in  the passivation process of 
zinc anodes in  alkal ine media. Thus, he used the equa-  

tion given in Table II  to correlate his data. Accord- 
ing to his hypothesis, i is not l inear ly  related to t-'/2 in 
any region of current  density. Since our data show 
l inear relationships, his approach does not provide an 
acceptable description of our  results. 

Yamashita et al. (14) discovered two distinct dis- 
continuit ies in the optical phase shift vs. t ime curve 
for l ight reflected by the zinc electrode dur ing  an 
anodic discharge. They proposed that  the first discon- 
t inuity,  t~, occurred when the type I zinc oxide film be-  
gan to form and grow on the anode. The second discon- 
t inuity,  t2, occurred when the passivation compact type 
II zinc oxide was forming. Yamashita et al. (14) dem-  
onstrated that h varied with current  densi ty according 
to the expression given by Dirkse and Hampson (Table 
II) .  Their equation in Table II is of the same form a s  
that  of Eisenberg et al. (6), the term ie is not  diffusion- 
excluded convective cu'rrent density. Therefore it  also 
does not  predict the two regions found in  our work. 

In  summary,  none of the mechanisms given in  Table 
II can satisfactorily explain our data. 

Proposed passiv~t ion m e c h a n i s m . ~ I n  order to ex-  
plain our exper imental  data, we propose the scheme 
shown in Fig. 4 for all processes associated with the 
anodic passivation of zinc in alkal ine solutions. In  the 
first step, the anodic reaction proceeds for a t i m e ,  ta, 
producing zincate ions which accumulate near  the 
electrode surface because diffusion is too slow to d i s -  
s i p a t e  them. Finally zincate ions accumulate to a con- 
centration, CcrJt, at which point type I ZnO begins to 
precipitate. The value of Ccrit is believed to be a factor 
of three to four times the solubility of ZnO in KOH 
solution (Ii, 13, 14, 29, 30) and is independent of the 
initial zincate concentration (Cb). The term (Ccrit -- 
Cb) (Table II) implies that the presence of zincate in 
the electrolyte shortens the passivation time; our re-  
sults confirm this conjecture (Fig. 1). However, it is 
difficult to detect the time at which Ccr~t is attained on 
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anodic passivation of zinc in alkaline solutions. 
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chronopotent iograms.  The par t i a l  t ransformat ion  of 
zincate to zinc oxide ( type  I) and the mass t r anspor t  
of O H -  ions th rough  this porous zinc oxide (15) pe r -  
mi t  the cont inuat ion of the e lect rode reaction.  Af te r  a 
time, tb, the ra te  of mass t ransfer  of hydrox ide  ions 
through the ZnO fal ls  below that  r equ i red  for the  zinc-  
a te - fo rmat ion  reaction.  Thus the fo rmat ion  of type  I I  
zinc oxide is in i t ia ted  on the e lect rode surface. Af t e r  
an addi t ional  t ime, tc, the e lec t rode  surface is covered 
by  compact  type  II  ZnO, t he reby  l imi t ing  the t r ans -  
por t  of O H -  ions and pass iva t ing  the electrode.  This 
proposed mechanism of anodic film growth  is in 
agreement  wi th  observat ions  by  Smi th  using e l l ipsom- 
e t ry  and scanning e lec t ron microscopy (25). 

The total  t ime to pass ivat ion is expressed  by  

t - -  ta -F tb + te [ 2 ]  

As concluded by  Yamashi ta  et al. (14), one m a y  u s e  
e l l ipsomet ry  to de te rmine  t ,  or  use the express ion of 
Dirkse  and Hampson (13) to es t imate  i t  f rom Ccrit 
and D (Table  I I ) .  The example  in Fig. 5 i l lus t r a t e s  
how to obta in  tb "4- tc f rom the pass ivat ion  da ta  for the 
upward- fac ing  anodes in 7.24M KOH. Line a is p re -  
dicted by  the Sand  equat ion (13) wi th  the  assumpt ion 
tha t  the pass ivat ion is caused by  the exhaus t ion  of 
O H -  species at  the e lect rode surface wi thout  any  
precipi tates .  Line b represents  ta ca lcula ted  b y  sub-  
s t i tu t ing  the solubi l i ty  da ta  for  e lec t rochemical ly  gen-  
e ra t ed  ZnO (29) and the diffusion coefficient of zincate  
(28) into the equat ion of Dirkse  et al. (13) (Table  I I ) .  
Curve c shows our  pass ivat ion t ime data. Curve d w a s  
der ived  f rom curve c and line b, i.e., ( t  -- ta). A t  the  
intersect ion of l ine b and curve  d, ta ---- tb -~- re. To 
the lef t  of this intersect ion,  tb + tc > ta and to the 

r igh t ,  ta > tb -F tc. 
According to our proposed  mechanism,  the  fol lowing 

can be der ived:  
1. If  ta > >  tb + to, then t = ta. This is the case p ro -  

posed by  Dirkse and Hampson (13) in which  the elec-  
t rode is ins tan taneous ly  pass iva ted  by  the format ion  of 
compact  ZnO once a g iven level  of zincate  is achieved.  

2. i f  tb > >  ta -~- to, then t ---- tb. Here  the pass ivat ion 
is caused by  l imi ta t ion  of mass t ransfe r  by  a th ick  
porous ZnO layer .  

3. I f  tr > >  ta Jr tb, then t _-- tc. In  this case, pass iva-  
t ion is caused by  mass t ransfer ,  l imi ted  by  immedia te  
format ion  of compact  ZnO layers .  

4. If  tc is negligible,  then t ---- ta + tb. This is the 
case proposed b y  Yamashi ta  et al. (14). 

5. If  tb is negligible,  then t ---- t~ + tc. Here,  fo rma-  
tion of compact  ZnO follows immedia t e ly  af ter  a cr i t i -  
cal zincate concentrat ion is es tabl ished at  the e lect rode 
surface. 

6. H t~ is negligible,  then t ---- tb + to. In  this case, 
pass ivat ion  is caused by  mass t ransfer ,  l imi ted  b y  the 

2.000 I I I I 

C•E a c __ ./ ~ / b  ,.d 
1.500 . - 

>i I" I �9 ~'" 
__ / ~:3 ../" I "  

z 1.000 /./~'/.'" 

S i (2filZP.'/~ " ' '  i 

~ 0.500 

o F "  ] ] I I I 
o o.5 Lo ,.s 2.0 z.5 3.o 

t - 1 / 7  , s -I/;:' 

Fig. 5. Analysis of passivatlon data for upward-facing Zn anodes 
in 7.24M KOH (significance of the various lines is explained in the 
text). 
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immedia te  format ion  of porous ZnO fol lowed by  the  
format ion  of compact  ZnO. 

7. If  ta, tb, and tc are  of the  same order  of m a g n i -  
tude, then t = ta -]- tb -~- re. 

In  Fig. 1 and 2 we obta ined  nonzero in tercepts  w h e n  
corre la t ing  our high cu r r en t -dens i ty  data,  because, as 
shown in Fig. 5, our  high cu r r en t -dens i ty  da ta  p rob-  
ab ly  belong to example  7 in  which the in tercepts  a r e  
not d i f fus ion-excluded convective cur ren t  densities.  

The values  of ie for the low cu r r en t -dens i ty  da ta  are  
nea r ly  zero (Table  I and  Fig. 3). F igure  5 shows tha t  
the slope of the  low cu r r en t -dens i t y  da ta  is g r e a t e r  
than  the slope of l ine a. Therefore,  i t  is l i ke ly  tha t  the  
pass ivat ion of the zinc anodes was not  caused by  the 
l imi ted  ra te  of diffusion of O H -  ions across a bound-  
a ry  layer .  The calculat ion using the equat ion of Dirkse  
and Hampson (13) (Table  I I )  shows tha t  ta is only  1.5- 
8.4% of the pass ivat ion t ime shown in Fig. 3 for  the  
low cu r ren t -dens i ty  region. The time, to, is p robab ly  
only a smal l  f rac t ion of t since i t  takes  only  a shor t  
t ime to grow a thin l aye r  of type  II  ZnO (porosi ty  
0.003) (25). Therefore,  i t  is l ike ly  tha t  the low cur -  
r en t -dens i ty  da ta  belong to case 2 in which tb > >  ta 
+ t~. The e lec t rode  f inal ly pass ivates  because the  
anodic react ion ra tes  are  l imi ted  by. the  t r anspor t  
of O H -  ions through this zinc oxide film (25). In  our  
exper iments ,  in which the electrodes were  set in 
acryl ic  plastic,  the anodic dissolution of Zn erodes the 
solid zinc, leaving  space su r rounded  by  the plas t ic  
wal l  for the g rowth  of the type  I ZnO film, which  has  
pores of about  7500A on the average  (24) and a n  
average  poros i ty  of 0.056 in 0.hM KOH and 0.28 in  6M 
KOH (25); this film, consequently,  presents  some r e -  
sistance to mass t ransfer .  To obta in  a quant i ta t ive  de -  
scr ipt ion of the mass t ransfer  res is tance of the type  I 
ZnO film, we assumed that,  at  the  e lect rode surface, 
the ra te  of supply  of O H -  ions is equal  to the  ra te  
of consumption of O H -  ions by  the e lect rode reaction.  
Therefore,  if  there  is no convective mass t ransfer ,  the  
equat ion descr ibing the consumption of O H -  ions can  
be wr i t t en  as 

4i J + $D8 --it8 2yi 
n F  --  ~ (C3b - -  C3s) Jr ~ Jr " ~  [31 

where  the t e rm on the l e f t -hand  side is the  consump-  
tion ra te  of O H -  ions by  the anodic process; the te rms 
on the r i g h t - h a n d  side represen t  the supply  of O H -  
ions by  diffusion, migrat ion,  and prec ip i ta t ion  of ZnO 
(Fig. 4), respect ively.  In  Eq. [3], e and  ~ are  the po-  
ros i ty  and the tor tuos i ty  factor  of the ZnO film, re -  
spect ively;  D~ is the diffusion coefficient of O H -  ions; 
CSD and Css are  the concentrat ions  of O H -  ions in the 
bu lk  and at  the e lect rode surface, respect ively;  y is 
the rat io of the  ra te  of prec ip i ta t ion  of ZnO to tha t  
of  the e lect rochemical  fo rmat ion  of zincate, and 5 is 
the thickness of the mass - t r ans fe r  bounda ry  layer  (as-  
sumed to be equal  to the thickness of the ZnO f i lm);  
zs and t3 are  the charge number  and the t ransference  
number  of O H -  ions, respect ively .  The thickness of 
the ZnO increases wi th  t ime and therefore  affects the  
O H -  supply.  The ra te  of increase in the  thickness of 
the ZnO film can be wr i t t en  as 

d6 V-zno y i  
= -  r4] 

dt  (1 --  e) n F  

where  ?zno is the  pa r t i a l  mo la r  volume of ZnO. Since, 
in the low cu r ren t -dens i ty  region, the t ime requ i red  
to es tabl ish  Ccrit is negl ig ib le  in comparison to the 
pass ivat ion  time, 8 = 0 at  t = 0. Therefore,  f rom 
Eq. [4] we obta in  

g z n o  " 
8 = yz.  t [51 

( I  - -  e) n]F 
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Combining Eq. [3] and  [5] 

Vzno y [ ( 4 - - 2 y )  t3 ] 
(~----'~) n F  n F  I- ~ /2t 

: el+~D3(C~b-- Cas) [6] 

At  the t ime when  C3s is equal  to zero, the e lec t rode  
passivates.  Thus 

i(t~/") : "V'zno Y (4 --  2y) t~ ~ 

( 1 -  e) nF nF + z3"-'-F [7] 

By compar ing  Eq. [7] w i th  Eq. [1], we obta in  

+ z"~' 

[8] 

~ ' - ' 0  

and 

k --: "Vzno Y (4 --  2y) 

( 1 - - s )  nF nF 

k can be es t imated  f rom Eq. [8] for  the  low cu r ren t -  
dens i ty  region.  The value  of y is p robab ly  close to 
un i ty  since the ra te  of mass t ransfe r  of zincate ions 
f rom the e lec t rode  surface  th rough  the ZnO film to the  
bu lk  e lec t ro ly te  is smal l  in compar ison to the  ra te  of 
Zn(OH)42-  fo rmat ion  of Fig. 4. By using the data: 
y --  1, D ~ - -  3 • 10 -5  cm2/sec (28);  ~ --  0.5, Vzno "- 
14.51 cmS/mol, and t3 : 0.72 (31); z8 ---- --1, and e --  
0.056 and 0.28, k was calcula ted and is compared  wi th  
the expe r imen ta l  resul ts  (Table  I)  in Table  III. The 
calcula ted values  of k a re  of the same o rde r  of magn i -  
tude as the expe r imen ta l  values.  Therefore,  we con- 
clude tha t  in  the low cu r r en t -dens i t y  region,  pass iva-  
t ion m a y  be caused by  a l imi ted  mass t rans fe r  ra te  of 
O H -  ions across  the  th ick  porous ZnO layer .  

Application to Battery Technology 
In Ni /Zn  a lka l ine  ba t te r ies  under  deve lopment  for 

vehicle propulsion,  the e lec t ro ly te  is typ ica l ly  30% 
KOH (7M) sa tu ra ted  wi th  ZnO wi th  the  zinc anode 
formed in situ by electrodeposi t ion.  Anode pass ivat ion  
should be avoided to achieve m a x i m u m  uti l izat ion.  
F rom our  data,  we es t imate  the condit ions necessary  
for passivation,  not ing the fol lowing differences be-  
tween  our  zinc electrodes and those of N i /Zn  ba t te r ies  

Electrodes used in  
this s tudy  Ni /Zn  b a t t e r y  electrodes 

A porous zinc e lec t rode  
(in most  cases) 

L imi ted  e lec t ro ly te  

Cur ren t  densi t ies  
dependen t  upon locat ion 
on and in the e lec t rode  

Sol id  zinc e lec t rode  

Excess e lec t ro ly te  

Uniform cur ren t  dens i ty  

Table III. Comparison of the calculated values of k (Eq. [8]) and 
experimental results for the low current density region of 

upward-facing electrodes 

k x I0 ~, mA-sec l /e /cm2 

C a l c u l a t e d  
E x p t  

s e r i e s  a E x p e r i m e n t a l  e = 0.056 e = 0.28 

1 6.g • 0.7 3.5 10 
3 b 4.3 3.2 9.4 
4 4.3 • 0.2 2.9 8.6 
5 2,3 • 0.3 2.2 6.6 

T h e  e x p e r i m e n t a l  s e r i e s  w a s  d e f i n e d  in  T a b l e  I. 
b OH- e o n c e m t r a t i o n  = 5.96M. 
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The basic assumption is tha t  an electrodeposited-zinc 
porous ba t t e ry  e lec t rode  cycled a t  the  2 h r  ra te  has an 
appa ren t  cur ren t  dens i ty  of 20 m A / c m  2. To compare  
p l ana r  electrodes wi th  porous e lectrodes ,  i t  is neces- 
sary to assess the effective in te r fac ia l  surface a rea  
p e r  uni t  macroscopic a rea  and then  to calculate  the  
corresponding cu r ren t  dens i ty  in the  porous e lec t rode  

The assessment  of the effective in te r rac ia l  surface 
area  requires  a knowledge  of the s t ruc ture  of zinc 
electrodeposits .  Naybour  (32) observed tha t  the  de -  
posits were  dendr i t ic  at  100 m A / c m  2, consisted of l ay -  
e red  growths  wi th  some g ranu la r  growths  a t  20 m A /  
cm 2, and were  mossy or spongy at  4 mA/cm% The zinc 
e lect rode in a typica l  Ni /Zn  ba t t e ry  cycled at  a 2 h r  
ra te  (i.e., 20 m A / c m  2) consists of meta l l ic  sponge zinc 
(33) wi th  a charge dens i ty  of 144 C /cm 2. F r o m  the 
charge densi ty  da ta  and  the size and dens i ty  of the 
spongy deposits descr ibed by  Naybour  (32), the po-  
rosi ty  of the expected deposi t  is 0.6 Using these da ta  
and the mo la r  vo lume of sol id zinc [9.15 cm~/mol 
(31)],  i t  is ca lcula ted  that,  dur ing  a single charge,  
zinc deposits  to a thickness of 114 #m or s l ight ly  more  
than the character is t ic  reac t ion  pene t ra t ion  depth,  90 
~m (34). Therefore,  the character is t ic  react ion dep th  
is used to es t imate  the effective in te r fac ia l  surface 
area. 

Since the specific surface area  is about  300 cm2/cm 2 
[Ref. (31)], an effective in ter rac ia l  surface a rea  of 2.7 
cm2/cm 2 of e lect rode a rea  is calculated.  This y ie lds  
an effective cur ren t  dens i ty  of 7.4 m A / c m  2. The equa -  
tion in this cur ren t  dens i ty  range  (Table  I) is 

i - -  (4.3 • 10s)t-1/2 [9] 

Using Eq. [9], a pass ivat ion t ime of 9 h r  is calculated.  
This is much longer  than  the 2 h r  discharge t ime. 

Assuming tha t  the effective in ter fac ia l  surface area  
remains  constant  the m a x i m u m  cur ren t  dens i ty  for  
100% ut i l izat ion of the zinc e lec t rode  can be c a l c u -  
la ted  f rom Eq. [9] and  the equat ion of u t i l iza t ion  

Q --  10-3it  [10] 

where  Q is the capaci ty  of the electrode,  in C /cm 2, t is 
the pass ivat ion time, in seconds, and the constant  10 -8  
is used to convert  the cur ren t  dens i ty  f rom mA/cm% 
to A / c m  ~. Since Q equals  144 C /cm ~, a m a x i m u m  cur -  
ren t  dens i ty  of-125 m A / c m  2 is calculated.  This co r re ,  
sponds to a cur ren t  densi ty  of 338 m A / c m  2 for the  
porous zinc e lect rode and is 17 t imes the designed cur -  
ren t  density,  which is not  expec ted  to occur even 
under  severe dr iv ing  conditions.  Therefore,  s imple  
surface pass ivat ion  is not  expected  to l imi t  the  u t i l iza-  
t ion of a newly  fo rmed  porous zinc electrode.  

Conclusions 
The pass ivat ion  t ime of zinc anodes in KOH elec- 

trolytes can be expressed  b y  the equation,  t ---- ta + 
tb + te; where  ta is the  t ime  at  which  a cr i t ical  con- 
cent ra t ion  of zincate is established,  and tb and tc a re  
the t imes dur ing  which the respect ive  porous and  
compact  ZnO films are  formed. A t  high cu r r en t -dens i t y  
levels, pass ivat ion occurs when  compact  ZnO covers 
e lect rode surface. In  low cu r r en t -dens i t y  regions,  pas -  
s ivat ion occurs when mass t ransfe r  of hyd rox ide  ions 
across a porous ZnO laye r  is less than tha t  requ i red  
for  anodization.  F ina l ly  i t  can be concluded tha t  s imple  
surface pass ivat ion does not  l imi t  the  ut i l iza t ion of a 
newly  formed porous zinc ba t t e ry  electrode.  
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Photoelectrochemical Characterization of the 
Passive Films on Iron and Nickel 

S. Mark Wilhelm* and Norman Hackerman** 
Department of Chemistry, Rice University, Houston, Texas 77001 

A B S T R A C T  

Increases in surface reaction rates caused by periodic illumination of i r o n  
and nickel passive film~ with polychromatie and monochromatic light have been 
measured. The electrode photoresponse is caused by excitation of a surface 
film which is the product of anodic oxidation. The dependence of the photo- 
current magnitude on electrode potential and excitation energy suggests that 
the passive layers possess semiconductor characteristics. Capacitance a n d  
kinetic measurements are reported which support a proposed model. 

The phenomenon of metal passivity has been actively 
investigated for almost two centuries (1). Although 
any metal which resists corrosion in spite of a thermo- 
dynamic tendency to react may be described as passive, 
the traditional definition of passivity is limited to 
metals in which the active and passive surfaces cannot 
be distinguished visually. Fe, Cr, and Ni are the best 
examples and it is with these metals that the phenom- 
enon of passivity is most commonly associated. Iron is 
unique among metals which passivate in that the pro- 
cess is seemingly reversible. Under certain conditions, 
iron can oscillate between an active and passive condi- 
tion with a period on the order of several seconds (2). 

The exact chemical and structural compositions of 
the passive films on iron and nickel are still unresolved. 
Several oxides and hydroxides have been postulated. 

* Electrochemical Society Active Member. 
** Electrochemical Society Honorary Member. 
Key words: semiconductor, photoconductivity, capacitance, 

kinetics. 

Although passive surfaces have been subjected to 
rigorous analysis, most techniques suffer from the 
inability to scrutinize films in situ. The most widely 
accepted model in the case of Fe is a duplex film of 
Fe2Oz and Fe304 (3). For Ni, an NiO film has been 
suggested (4). There is general agreement that such 
films are inhomogeneous and hydrated. 

It has been suggested (5-10) that the passive films 
which form on iron and nickel are semiconductors and 
that their electrochemical behavior is due, at least in 
part, to their solid-state electronic properties. This 
postulate is supported by observations of the semi- 
conducting properties of thick anodic oxides on other 
metals (11) and those of polycrystalline iron and 
nickel oxides (12-14). 

One method of determining the electronic structure 
of semiconducting electrode materials quantitatively is 
to observe the effect of illumination on electrochemical 
reaction rates. The influence of light on the iron passive 
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surface was first noted b y  Oshe and Rosenfeld et aL 
(15-18). They detected changes in e lect rode potent ia l  
caused b y  i r rad ia t ion  wi th  u.v. l ight.  The effect of l ight  
on semiconductor  e lectrodes is to produce  electrons 
and holes in the conduction band  and valence  band, 
respect ively.  In  an e lect rochemical  cell this t rans la tes  
into photovol tages  and photocur ren ts  which arise f rom 
the separa t ion  of charge. Recently,  the present  authors  
r epor ted  measurements  of photocur ren ts  genera ted  by  
i l lumina t ion  of the  i ron passive film (13). This inves t i -  
gat ion has been expanded  to include the nickel  passive 
film and the process of anodic oxidat ion in near  neu t ra l  
pH Solutions. 

We have  chosen to in te rp re t  the photocur ren t  da ta  
presented  here  in te rms of the theory  of semiconductor  
electrodes.  I t  is cus tomary  in discussing the e lec t ro-  
chemis t ry  of semiconduct ing mate r ia l s  to s impl i fy  the 
band structure,  i.e., to a s sume-we l l -de f ined  pa ra l l e l  
ene rgy  bands of infinite width.  This is a reasonable  
conceptual  simplif icat ion for single crys ta l  semicon-  
ductors  (19). Al though the same simplif icat ion wil l  be 
adopted  here, i t  should be pointed out that  the i n t e r '  
act ion of electronic energy  levels  in t rans i t ion  meta l  
oxides does not  necessar i ly  give bands  in a t rad i t iona l  
sense. In  fact  some studies (20) suggest  tha t  the con- 
duc t iv i ty  of Fe20~ and NiO differ fundamen ta l ly  from 
tha t  of b road  band semiconductors.  Addi t iona l  diffi- 
cult ies in defining the electronic s t ruc ture  of thin pas-  
sive films are  in t roduced by  thei r  po lycrys ta l l ine  and 
poss ibly  amorphous  nature.  I t  has been demonst ra ted ,  
however ,  that  explanat ions  of the e lec t rochemis t ry  of 
meta l  oxides based on a simplified energy  leve l  d i ag ram 
are  useful  and accurate  wi th in  proper  l imits.  

Experimental 
Al l  solutions were  made  wi th  t r ip ly  dis t i l led wate r  

(R > 10s). Chemicals  were  reagent  grade or bet ter .  
The solutions were  degassed wi th  purif ied n i t rogen 
(99.95% N2) which had passed through a heated 
(350~ column of copper  turnings  to remove traces 
of oxygen.  The t empera tu re  of al l  exper iments  was 
297 +_. 2 K. 

The aqueous solutions were  IN in Na2SO4 unless 
noted. Sodium bora te  and H~BO3 were  added  in rat ios 
which buffered the solutions to a pH be tween  6 and 9. 
The s t anda rd  buffer solut ion of pH 8.4 was 0.0375M in 
Na2B407 and 0.10M in H3BO~. Solutions containing the 
r edox  couple were  1N in Na2SO4 and buffered to pH 
8.4. The hexacyanofe r ra te  redox  couple was 0.10N in 
KsFe (CN) s and  0.10N in K4Fe (CN) s. 

A s t andard  t h r ee - compar tmen t  e lectrochemical  cell 
was used. The main  compar tmen t  incorpora ted  a w o r k -  
ing electrode,  a gas inlet,  and an opt ical  quar tz  window 
th rough  which  l ight  could be focused on the work ing  
e lec t rode  surface. The countere lec t rode was p l a t inum 
gauze and the reference  e lec t rode  was a sa tu ra ted  
calomel  e lect rode (SCE).  Al l  e lect rode potent ia ls  a re  
r epo r t ed  vs.  SCE. 

Electrodes were  p repa red  f rom 1 cm • 1 cm • 2 mm 
pieces of zone-ref ined i ron  (99.99% Fe)  or  high pur i ty  
n ickel  (99.99% Ni).  One side of each e lect rode was 
ab raded  wi th  successively finer grades  of silicon car -  
bide paper ,  4/0 emery  paper ,  and finally pol ished to a 
mi r ro r  finish wi th  0.05~ a luminum oxide. Electrodes 
used in pho tocur ren t  exper iments  were  not polished 
wi th  a luminum oxide, r a the r  the i r  surfaces were  lef t  
ab raded  in o rde r  to increase  the surface area. Af te r  
polishing, a microscopic examina t ion  revea led  no im-  
pu r i t y  par t ic les  (SIC, A1208) on the e lect rode surface. 
Roughness  factors of 1.3 and 2 for the  pol ished and 
abraded  surfaces were  es t imated  by  comparison of 
capaci tance values.  Elect r ica l  contact  was made to the  
unpol ished side of the e lect rode by  s i lver  epoxy  to a 
n ickel  wire  enclosed in a glass tube. The sides and back  
of the e lectrode were  covered by  silicone adhesive 
(Dow Corning)  leaving  only  a fiat I cm2 surface ex-  

posed to solution. 

In photoelec t rochemical  exper iments  the work ing  
e lect rode was posi t ioned 1 cm from an opt ical  quar tz  
window through  which  po lychromat ic  or monochro-  
mat ic  (15 nm bandwid th )  l ight  was focused on the 
electrode surface. A phase  sensi t ive amplif icat ion sys-  
tem (13) was employed  to measured  photocurrents .  
The l ight  beam was per iod ica l ly  chopped (F  = 34 Hz) 
and the corresponding per iodic  component  of the elec-  
t rode cur ren t  was select ively amplified. In  some ex-  
per iments  the photoresponse was of sufficient magn i -  
tude to record  i t  d i rec t ly  wi thout  phase sensi t ive ampl i -  
fication. A 150W xenon l ight  source was used. The ab-  
solute photon flux at  each wave length  (r was 
measured  wi th  a ca l ibra ted  Oriel  Model 7090 pyroe lec -  
t r ic  detector.  The monochromat ic  i r r ad iance  was be-  
tween 1 and 200 ~W/cm 2 and the polyehromat ic  Jr- 
r ad iance  was about  2 m W / c m  2. Spec t ra l  da ta  a re  re -  
por ted  as absolute  efficiencies (a = i* /~x)  and are  not  
corrected for reflection at  the film solution interface.  
In po lychromat ic  l ight  exper iments ,  the  incident  beam 
was f i l tered to remove wavelengths  g rea te r  than  900 
r i m .  

I ron  electrodes were  ca thodica l ly  t rea ted  (20 ~A/  
cm 2) for  1 h r  and the solut ion rep laced  under  n i t rogen 
pr ior  to all  exper iments  unless noted. S imi l a r ly  the  Ni 
e lectrodes were  held  at  a cathodic potent ia l  of --1.0V 
for 30 rain and the solut ion changed pr ior  to any  mea -  
surements.  Typical  polar izat ion curves for f reshly  p re -  
pared  electrodes are  shown in Fig. 1. The potent ia ls  
were scanned in the anodic di rect ion at  +0.5 mV/sec.  
The resul ts  shown in Fig. 1 are  for electrodes in which 
the final surface p repa ra t ion  was wi th  emery  pape r  
(4/0) .  In  al l  cases, the e lec t rochemical  behav ior  of 
unpol ished electrodes was ident ical  to that  of e lectrodes 
pol ished to a mi r ro r  finish. 

Tafel  plots were  obta ined for p l ana r  Ni and P t  elec-  
t rodes p repass iva ted  for 1 h r  in pH 8.4 solutions. The 
electrodes were  t rans fe r red  under  ni t rogen to a cell  
containing the redox  couple (0.10M K~Fe (CN)6, 0.10M 
K4Fe(CN)6)  and scanned po ten t iodynamica l ly  a t  0.2 
mV/sec  in the anodic direction. Exchange  cur ren t  
densit ies were  ca lcula ted  using the l inear  polar izat ion 
method.  

Results and Discussion 
When i l lumina ted  with  l ight  of energy g rea te r  than 

the i r  bandgaps,  the passive films on i ron and nickel  
genera te  photocurrents  which have a sizable magni tude  
considering the thicknesses of the films. The appea r -  
ance of a photoresponse demonst ra tes  not  only  con- 
duc t iv i ty  but  also implies  a degree of crysta l l in i ty .  A l -  
though an amorphous  or  loosely coordinated la t t ice  
might  absorb vis ible  light,  i t  is doubtful  that  this would  
resul t  in a measurab le  photoresponse unless there  ex-  
ists at  least  some short  range  order.  The photoresponse 
also implies  that  the la t t ice  anion is oxide r a the r  than  
hydroxide,  a t  least  in that  por t ion  of the film which 
gives r ise to the photoresponse.  The l ight  sensit ive 
semiconductor  p roper t ies  of i ron and nickel  oxides a r e  
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Fig. I. Current vs. potential; pH 8.4; scan rate -I-0.5 mV/sec 
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well  documented  whi le  photoconduct ivi ty ,  or  even 
conduct iv i ty  for tha t  mat te r ,  has not  been observed 
on i ron or  nickel  hydroxides .  

Per iodic  i l lumina t ion  of semiconductor  e lectrodes 
under  potent iosta t ic  control  has two separa te  effects on 
e lect rochemical  react ion rates.  Firs t ,  the creat ion of 
e lec t ron-hole  Pairs  by  sufficiently energet ic  rad ia t ion  
a l te rs  the concentra t ion of minor i ty  carr iers  a t  the 
surface and the reby  can accelera te  kinet ic  react ions 
which are  minor i ty  ca r r i e r  l imi ted  if  the re la t ive  posi-  
t ion of solution and solid energy  levels a re  appropr ia te .  
Second, a l te ra t ion  of the  e lectrode charge d is t r ibu t ion  
by  sudden i l lumina t ion  is mani fes ted  by  capaci tance 
charging currents  and charge  flow to reverse  the 
tendency of the bands  to move toward  the f la tband 
condit ion under  i l lumina t ion  (21). The l a t t e r  phenom-  
enon does not  requi re  the d i rec t  par t ic ipa t ion  of  minor -  
i ty  car r ie rs  in the charge  t ransfer  process and ac-  
counts for  the observat ion  of  photocurrents  of opposi te  
sign to those expected  f rom conduct iv i ty  type  (13). 

The magni tude  of the photoresponse is a funct ion of 
severa l  pa rame te r s  (22) including the absorb t iv i ty  (a) 
of the absorbing molecules, the photon flux (~),  the 
amount  of band bending  (V --  VFB), the thickness of 
the absorbing l aye r  (p), the e lect rode capaci tance (C),  
and the concentrat ion of e lect ron donors or  acceptors  in 
solution. The amount  of band  bending affects both  re -  
combinat ion and charge t ransfer  rates  and hence 
s t rongly  influences photogenera ted  car r ie r  l ifetime. For  
thin (<50A)  films the Debye  length, the  ca r r i e r  diffu- 
sion length,  and l ight  pene t ra t ion  depth  are  l imi ted  by  
the film thickness and therefore  the film thickness can 
be the dominant  factor  in de te rmin ing  the photocur-  
ren t  magni tude.  

In Fig. 2 and 3 the total  cur ren t  (i)  and pho tocur ren t  
(i*) were  measured  when an electrode was suddenly  
(<1 msec) polar ized to a potent ia l  in the passive re-  
gion (-}-0.70V for Fe, +0.60V for Ni) .  P r io r  to each 
measurement  the electrodes were  cathodical ly  reduced  
as descr ibed previously.  The exponent ia l  decrease in 
the total  cur ren t  wi th  t ime is character is t ic  of  oxide  
growth  (3, 4). The increase  in the photoresponse cor-  
responds to the increas ing amount  of meta l  oxide ~on 
the e lect rode surface. At  t ---- 60 sec the magni tude  of i* 
is assumed to be 90% of the value  af te r  1 hr  of po la r -  
ization. For  Ni the 90% point  was reached in approx i -  
ma te ly  30 sec. This behavior  suggests tha t  the semi-  
conduct ing na ture  of the films is not  a s lowly develop-  
ing process and tha t  the film is inheren t ly  photoconduc-  
tive. The increase in i* as the total  cur ren t  is decreas-  
ing offers s t rong evidence tha t  the observed  pho to re -  
sponse is not  de r ived  f rom exci ta t ion of any  solution 
species. Photocur ren ts  were  not affected in any  way  by  
solution agitat ion.  

The thickness of the films were  calcula ted by  in te-  
gra t ion  of the anodic charging curves of Fig. 2 and 3 
af te r  1 hr  growth  period.  Oxidat ion  of Fe and Ni was 
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Fig. Z Current (i) and photocurrent (i*) vs. time for sudden 
anodic polarization, Fe, -I-0.70u pH 8.4, polychromatic light; 
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Fig. 3. Current (i) and photocurrent (i*) vs. time for sudden anodic 
polarization, Ni, -I-O.060V, pH 8.4, polychromatic light, 200 < 
< 900 nm. 

assumed to form Fe208 and NiO of densi t ies  of 5.1 and 
6.8 g / c m  8, respect ively.  The solutions were  analyzed  
(atomic absorpt ion)  and the charge corresponding to 
dissolved Fe  2 + or  Ni2 + cat ions was sub t rac ted  from the 
total  charge passed dur ing  the exper iment .  F i lms  grown 
on i ron  af te r  1 h r  +0.70V in pH 8.4 solut ion are  ap-  
p rox ima te ly  30A thick and on nickel  are  app rox ima te ly  
10A thick. The to ta l  amount  of charge passed for  the  
abraded  electrodes was app rox ima te ly  twice tha t  of 
pol ished electrodes of the same appa ren t  surface area.  
The l a rge r  magni tude  of the  photoresponse of Fe  films 
grown at  constant  po ten t ia l  as opposed to Ni films 
grown in the same m a n n e r  is due in par t  to the fact  
tha t  the Fe  films are  thicker.  

The magni tude  of  the photoresponse as a funct ion of 
e lect rode potent ia l  was measured  wi th  polychromat ic  
l ight  and is shown in Fig. 4 and 5. In  o rder  to ma in ta in  
a constant  film thickness a n d / o r  s toichiometry,  a 
potent ia l  pulse  technique was used. The e lect rode was 
he ld  at  i ts  g rowth  poten t ia l  (+0.70V for Fe, +0.60V 
for Ni) pr ior  to each measurement .  The e lec t rode  was 
then sudden ly  polar ized (<1  msec)  to the des i red  po-  
tential ,  the photoresponse measured  ( < 1  sec),  and  the 
potent ia l  r e tu rned  (<1  msec) to i ts or ig inal  value. The 
reason for this procedure  was the observat ion  in 
s t eady-s ta te  measurements  of  i* tha t  when  the elec-  
t rode potent ia l  was a l tered,  the magni tude  of i* equi l i -  
b ra ted  r ap id ly  at  the new potent ia l  and  then  decayed  
(for negat ive  shifts in V) or  increased  (for posi t ive  
shifts in V) s lowly wi th  time, reaching a new s t eady-  
state value  in a p p r o x i m a t e l y  30-60 min. We p resume  
that  e i ther  the amount  of absorbing  ma te r i a l  changed 
s lowly  wi th  t ime or more  l ike ly  tha t  the magni tude  of  
i* is sensi t ive to the defect  concentra t ion which  is 
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Fig. 4. Photocurrent vs. potential, Fe, pH 8.4, polychromatic light, 
200 < ~. < 900 nm. 
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Fig. 5. Photocurrent vs. potential, Ni, pH 8.4, polychromatie 
light, 200 < ~, < 900 rim. 

' Table I. Semiconductor parameters from Mott-Schottky plots 

Mate- N D  N a  YFB 
ril l  Type ~H (cm -8) (cm -~) (V) 

7Fe2Os n 6.9 10 ~o - -  - 0.173 
7Fe~O~ n 7.8 i0 s0 -- -- 0.225 
~Fe2Oa n 8.4 1 ~  - 0,268 
7Fe2Oa n 9.0 I(P o - 0.317 
N i O  p 7.8 - -  1 ~  + 0.070 
NiO p 8.4 - -  10 ~o + 0.037 
N i O  p 9.0 -- i~ 0 + 0.016 

Table II. VFB from capacitance and photocurrent measurements 

Fe Ni 

p H  VrB V ~ s  * Vz's  V F s  * 

f .g  - 0.173 - 0.030 + 0.260 
7.8 - 0.225 - 0.105 + 0 .070 , + 0.205 
8 .4  - 0.268 - 0.150 + 0.037 + 0 .150 
9.0 - 0.317 - 0 .180 + 0.016 + 0 .120 

~VF~ 
68 58 45 46 

~pH ' 

affected b y  changes in e lect rode potent ial .  The t ime 
constant  for the  process is on the o rde r  of tha t  expected 
for  an ionic t r anspor t  process (23). 

The ins tantaneous  measuremen t  of i* describes the 
electronic  d i s t r ibu t ion  of the  film pr io r  to any defect  
r e a r r a n g e m e n t  and is p ropor t iona l  to the amount  of 
band bending.  In Fig. 4 and 5 the photoresponse van-  
i shed at  a character is t ic  po ten t ia l  which  in the  semi-  
conductor  model  would  be VFB. The absence of a ne t  
pho tocur ren t  response indicates  that  potent ia l  where  
the  ra te  of photoass is ted oxida t ive  charge t ransfe r  is 
equa l  to the  ra te  of photoassis ted cathodic charge t r ans -  
fe r  and defines the s i tuat ion where  the  bands are  fiat. 
The sign of i* also inflected at  VFB. The change in sign 
was de tec ted  wi th  a s torage oscilloscope and wi th  the  
lock- in  amplif ier  at  a 180 ~ phase shift  in the quadra -  
ture  component.  Anodic  of VFB, i* was anodic whi le  at  
potent ia ls  negat ive  to VFB, the  increase  in cu r ren t  due 
to i l lumina t ion  was cathodic.  

Al though  both posi t ive and negat ive  photocurrents  
could be detected near  VFB, at  l a rge r  d isplacements  in 
po ten t ia l  the photocur ren ts  were  in accord wi th  those 
expected  f rom conduct iv i ty  type. The passive film on 
Fe  (n - type )  s h o w e d  l a rge r  photocur ren ts  at  potent ia ls  
anodic  to VFB and the  film on Ni (p - type )  showed 
l a rge r  photocur ren ts  cathodic of VFB. Cathodic photo-  
cur rents  were  a t t r i bu t ed  to e i ther  film reduct ion or 
hydrogen  evolution.  A t  in t e rmed ia te  anodic potent ials ,  
pho togenera ted  holes (h + ) m a y  par t i c ipa te  d i rec t ly  
in  f u r t he r  ox ida t ion  of the meta l  surface 

2 F e  + 6h+ + 3 O H -  -~ Fe20~ + 3H + [1] 

N i  + 2h + -.}- O H -  -> NiO + H + [ 2 ]  

o r  i n d i r e c t l y  v i a  surface states. Equat ions [1] and  [2] 
serve  only  as examples  of i nnumerab le  pa thways .  At  
more  anodic potent ia ls  oxygen  evolut ion becomes the 
p r inc ipa l  photoass is ted  reaction.  

The posi t ion of VFB f rom pho tocur ren t  measurements  
was compared  to tha t  obta ined  f rom Mot t -Scho t tky  
plots. Pa rame te r s  der ived  f rom capaci tance da ta  at  
different  values  of  solut ion pH a re  given in Table  I 
wi th  a compar ison of VFB f rom pho tocur ren t  and ca-  
paci tance  da ta  given i n T a b l e  II. T h e a n a l y s i s  of capaci -  
tance da ta  w a s  pe r fo rmed  in the manne r  descr ibed 
prev ious ly  (24). Al though  it  is genera l ly  agreed  tha t  
Mot t -Scho t tky  plots  should not  be re l ied  on for an ac-  
cura te  de te rmina t ion  of  VFB and to some ex ten t  dono r /  
acceptor  densit ies,  two aspects  of the capaci tance da ta  
are  appl icable  and suppor t  the assumed semiconductor  
charac te r  of the  passive films. Firs t ,  the sign of the 
slope of  the C - 2  vs .  V plot  is an indica tor  of conduct iv-  
i t y  type. As e x p e c t e d  the sign of the Mot t -Scho t tky  

VF~ = flatband potential from c a p a c i t a n c e  m e a s u r e m e n t s .  
VFB" = flatband potential from photocurrent m e a s u r e m e n t s .  

slopes de te rmined  for the  passive films ind ica ted  p -  
type  conduct iv i ty  for the Ni film and n - t y p e  conduc-  
t iv i ty  for the Fe  film. Second, the change in VFB is in 
the  anodic di rect ion wi th  decreas ing pH for both  photo-  
cur ren t  and capaci tance da ta  and the slopes are  close 
to the  theore t ica l  59 m V / u n i t  pH. Donor and acceptor  
iden t i ty  is in fe r red  f rom semiconductor  da ta  on bu lk  
Fe  a n d  Ni oxides. Fe r r i c  oxides  tend to be oxygen 
deficient and Fe  2+ donors give r ise to n - t y p e  conduc-  
t ivi ty.  Nickel  oxides tend to be cation deficient wi th  
p - t y p e  conduct iv i ty  ar is ing f rom Ni +~ aeceptors.  

The separa t ion  of energy  levels which give r ise to 
photoassis ted charge t ransfe r  was de te rmined  f rom the 
dependence  of i* on l ight  energy  for films grown for 1 
h r  at  constant  potential .  The spect ra l  response curves 
(Fig. 6 and 7) were  ident ica l  except  for magni tude  
regardless  of solut ion composit ion (pH, K +, Na +, Fe  2+, 
C l - ,  NO3-,  SO42-, ]34072- ) or e lect rode potential .  This 
suggests  tha t  the  chemical  env i ronment  of oxidized 
meta l  ions does n o t  change signif icantly wi th  va ry ing  
e lec t ro ly te  condit ions or e lec t rode  potent ial .  

The approx imate  bandgap  can be ob ta ined  f rom the 
ex t rapola t ion  of the l inear  por t ion  of the normal ized  
spect ra l  response curve. The values  ob ta ined  (2.5 eV 
for Fe, 3.1 eV for Ni) compare  f avorab ly  wi th  bandgap  
measurements  on bu lk  ~Fe20~ [2.0 eV (25)] and NiO 
[3.7 eV (26) ] and wi th  a photoconduct iv i ty  edge at  3.7 
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Fig. 6. Photocurrent efficiency (~) vs. wavelength (;Q, Fe, pH 8.4, 
constant potential V = +0.70V. 
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Fig. 7. Photacurrent efficleaey (~) vs. wavelength (~), Ni, #H 
8.4, constant potential V - -  +0.60V. 

eV that has been reported for NiO (27). This infers 
that the separation of energy levels for Fe 8+ or Ni2+ in 
the octahedral oxygen lattice of the passive films is 
roughly equivalent  to that of more stoichiometric ma-  
terials. 

The dominant  feature of the optical absorption 
spectra of both NiO (28) and aFe203 (29) is a charac- 
teristic absorption edge which is several orders of 
magni tude  more intense than crystal field transitions. 
The photocurrent  spectra presented here show a de- 
pendence on wavelength which appears to coincide 
with this optical absorption edge. There is considerable 
disagreement as to the exact na ture  of the electronic 
excitation which gives rise to this absorption. Some 
authors (29, 30) state that the principal  absorbances in  
the vis ib le-near  u.v. region are charge transfer  related 

Fe 3+ + 0 2- + hV-> Fe ~+ + O- [3] 

Ni ~+ + O 2- + hV--> Ni+ O -  [4] 

Photoconductivi ty is l ikely to be of the Verway type 
(31) in this case. Al terna t ive ly  more recent in terpre-  
tations which take into account electronic correlation 
and e lec t ron-phonon coupling describe the excitation 
as allowed transit ions of the ground-s ta te  metal  ions 
(Sd s --> 4d~4s NiO, 3d 5 -> 3d44p Fe).  Conductivi ty in 
this case can be described in terms of a nar row band 
model. At present  there is no clear resolution to this 
question. 

The long wavelength "tail" in the photocurrent  spec- 
tra indicates deviation from a fixed stoichiometry in 
the absorbing oxide. This is to be expected for thin 
films in that ca t ions  near  the metal  or at the surface 
(surface states) will  have a per turbed distr ibution of 
energy levels. Photocurrents  due to a smaller  separa- 
tion of energy states will be superimposed on the 
normal  spectrum at longer wavelengths. The same 
phenomenon may account for the displacement of the 
absorption edge to longer wavelengths over that of 
bulk materials. 

From the semiconductor parameters  determined 
herein, models of the band structure of the passive 
films on iron and nickel can be constructed. One rea-  
son for this exercise is that  band models are predictive 
to some extent  in explaining rates of electron transfer  
reactions (ETR) at film covered electrodes. Some 
knowledge of the electronic dis t r ibut ion in the solid 
phase is prerequisi te to successful calculations of ETR 
rates. Details of the procedures involved in such cal- 
culations and in constructing models have recently 
been discussed (82). Pictoral  representat ions of the 
band diagrams for Fe and Ni passive films at the redox 
potential  of Fe (CN) 6-8/Fe (CN) s -4 are shown in Fig. 8. 

As depicted in the diagrams, VFB gives the position 
of the conduction or valence bandedge if we assume 

Fe FesO 4 

0 . ~ .  

"~Fe205 

I 
F_g = 2.5eV 

V.B. 

- Vfb : -0.15 

El=co.22 

Ni NiO 

E 9 = 3,1 eV 

I - ' ~ "  V f b :  +O.15V 
- - ~  | 1 7 4  E l=  4-0.22 V 

/ V.B. 

Fig. 8. Energy level diagram for the Fe and Hi passive films at 
0.22V, pH 8.4. 

that the Fermi energy (ED lies between the donor 
level and conduction band for n - type  conductors and 
between the valence band  and acceptor level for p- 
type and that  the separation of donor or acceptor levels 
from their  respective bands is small  (100% ionization).  
At the redox potential  the bands are bent  "up" at the 
surface giving rise to a depletion of major i ty  carriers 
in the case of Fe and an accumulat ion of major i ty  
carriers in  the case of Ni. 

One aspect of the mechanism of ETR is of interest  
in connection with the present  study of semiconductor 
properties of i ron and nickel films. It  has been postu- 
lated that charge transfer  at passivated metals occurs 
not only between metal  and solution but  also between 
film and solution. In  the former case the film is consid- 
ered to act as a barr ier  to electron tunne l ing  between 
the metal  and solution and hence film thickness is rate 
controlling, tn  the lat ter  case, the excess surface charge 
density resides in the film itself and the rate of charge 
transfer  will depend on the electronic distr ibution in 
the film, band  bending, and the part i t ion of the poten-  
tial drop between oxide and solution. There is substan-  
tial evidence to support the postulate that the conduc- 
t ivi ty and electronic distr ibution of the passive film 
has a sizable influence on ETR rates even for very thin 
films. 

For comparative purposes, exchange current  densi- 
ties (io) were measured for Fe and Ni anodic oxide 
electrodes in the hexacyanoferrate redox couple. The 
difference in io at Fe (10-~ A cm-2)  and Ni (10 -4 A 
cm -2) anodic oxides is significantly greater than can 
be accounted for by the difference in film thickness. In  
fact, if one accepts a duplex layer model for the film on 
Fe, the thickness of the semiconducting layer  (-~Fe20~) 
might  be roughly equal to that  on Ni. Also, io at a 
thermal  Fe oxide is essentially equal to io on the anodic 
oxide (10 -7 A cm-2) .  The thickness of the semicon- 
ducting layer on the thermal  oxide (~Fe20~) is at least 
100 times that of the anodic oxide (13). 
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Additional evidence for film conductivity and for the 
direct participation of the film in ETR comes from 
analysis of the structure of the Tafel plots (Fig. 9). 
The rate of ETR on semiconductor electrodes is usually 
larger for transfer corresponding to conductivity type, 
i.e., p-type materials show a greater oxidative capabil- 
ity and n-type materials a greater reductive capability. 
This results in Tafel plots which are asymmetrical. At 
single crystal semiconductor electrodes, ET opposite 
to conductivity type can be completely blocked except 
under illumination when minority carriers are gener- 
ated. At semiconducting film covered electrodes, Tafel 
assymetry is mitigated by alternative ET mechanisms, 
such as direct elastic tunneling between the metal and 
solution, which do not depend strongly on the semi- 
conducting characteristics of the film. 

In Fig. 9, asymmetrical Tafel behavior is exhibited by 
the Ni anodic oxide. The larger diffusion limited cur- 
rent for the anodic branch of the Tafel plot is in accord 
with the p-type conductivity of Ni electrodes. At Fe 
electrodes, the cathodic reaction is favored in accord 
with n-type conductivity (32). 

From the band models derived herein, some quali- 
tative explanations of the above-described behavior 
can be advanced. First, at the redox potential of 
Fe(CN)6-3/Fe(CN)6 -4 (+0.22V vs. SCE) a depletion 
layer exists in the Fe film, i.e., the band bending is 
such that the concentration of majority carriers is 
greatest near the metal rather than at the surface. This 
requires charge transfer to occur by tunneling either 
from the conduction band or the metal and therefore 
lower exchange currents are to be expected. A similar- 
ity in kinetic behavior between anodic and thermal Fe 
oxides (13) infers that tunneling involves participa- 
tion of the conduction band in the case of Fe (33). 

At nickel oxide electrodes the situation is reversed. 
At the redox potential, majority carriers (holes in the 
valence band) are accumulated and exchange currents 
should be large as observed. Asymmetry in the redox 
kinetics results from the fact that accumulated valence 
band holes have a higher probability for oxidative ET 
because of the shorter tunnel distance involved. An 
accumulation of majority carriers at potentials anodic 
to VFB as opposed to a depletion layer is manifested, 
therefore, by higher exchange current densities and 
rates of ET that approach those of Pt. The higher con- 
ductivity inherent in this situation also results in a 
larger portion of the potential drop across the interface 
to be in the Helmholtz layer. Since the potential drop in 
the film strongly affects film thickness, this may ac- 
count for the fact that Fe films grow to a greater thick- 
ness at constant potential than do Ni films and more 
generally that p-type films (Ni, Cr, Cu) have smaller 
thicknesses than do n-type films (Fe, Ti, Sn, Nb). 
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Fig. 9. Tafel plots for Ni and Pt electrodes, 0.10N K3Fe(CN)B, 
0.10N K4Fe(CN)6, pH 8.4. 

Conclusions 
Semiconductor characteristics Of Fe and Ni passive 

films are manifested by the following experimental 
observations: 

1. When directly illuminated with sufficiently ener- 
getic radiation, a photoresponse is observed at Fe and 
Ni films that is proportional to the surface thickness of 
their respective anodic oxidation products. 

2. The sign of the photoresponse in each case inverts 
at a characteristic potential where the rates of oxida- 
tive and reductive charge transfer are equal. This po- 
tential changes with pH in a manner consistent with its 
identification as VFB. 

3. The dependence of the photoresponse on light 
energy shows a characteristic absorption edge that is 
comparable to that observed on Fe and Ni oxides. 

4. Charge transfer via Fe and Ni films is favored in 
the direction indicated by conductivity type. 
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ABSTRACT 

Mixed Fe-Mo and Mo naphthalocyanine samples have been synthesized and 
investigated by XPS and electrochemically using cyclic vol tammetry and ro-  
tating disk techniques. As loadings on carbon black supports for industr ial-  
type electrode structures, they present higher activities than the correspond- 
ing iron samples, for both anodic and cathodic polarizations. Data are in ter -  
preted with the aid of electron transfer theories in terms of br idged-type 
mechanisms which reveal reversible conditions for both adsorption a n d  t r a n s -  
f e r  s teps .  

The interest of Fe naphthalocyanine films as loadings 
on carbon black supports for air cathode catalysis has 
been stressed recently (1). Under both anodic and 
cathodic recycling, the life expectancy increased with 
the dilution of the loadings. The generation of H202 
occurs only after a time equal to the life expectancy 
of the support. In addition, using the ul trathin elec- 
trode technique, it has been shown that the introduc- 
tion of molybdenum ions into the structure corresponds 
to an extension of the Tafel zone of polarization over 
that  of iron by more than one decade. This enhance- 
ment was interpreted as being due to a drop of the 
resistance of the solid phase. Therefore, one may seek 
to synthesize Mo naphthalocyanine (NPc) samples and 
to undertake similar investigations as for Fe (NPc). 

The gas-solid activity of mixed iron molybdenum 
phthalocyanines for fast oxygen uptake and desorp- 
tion has been reported by Inoue (2). For the 3d metal  
transition series the ~effect of the central ion on the 
electroreduction of oxygen on  the phthalocyanine com- 
pounds has been investigated (3). A linear relation- 
ship between the potentials at a constant current den- 
sity and the redox potential of the central ion has been 
emphasized (4). More generally a l inear relationship 
between the redox potential of the central ion in 
porphyrin or phthalocyanine structure and correspond- 
ing redox potentials in various solvents can be estab- 
lished (5a, b). For solutions in aqueous media, Mg, Hu, 
and Pd lie at the bottom of the scale with a redox 
potential close to the t t2/ t t  + couple. Sn and Mn are 
at the top corresponding to oxygen evolution, Fe and 
Mo couples being located near the O2/H20 couple. 

The aim of the present work is first to synthesize Mo 
(with or withot~t iron) naphthalocyanine structures 

" Electrochemical Society Active Member, 
Key Words: batteryj catalysis, chelates. 

and to prove their  efficacy as catalyst materials for  
cathodic reduction or anodic evolution of oxygen in 
alkaline media. As XPS 1 results (6) were useful in 
the case of iron polyphthalocyanine compounds for 
showing correlations between their structure and their 
electrochemical properties, this technique is employed 
in the present study, mainly for the identification of 
the oxygen species present on the surface. 

In addition, as the interpretat ion of the data ob- 
tained on industrial types of porous electrode struc- 
tures are very often difficult, cyclic vol tammetry is also 
performed on the same materials on a rotating disk 
(1). 

Experimental 
Synthesis and e~ementary anaZysis.--The mode of  

synthesis is similar to that performed for iron naph- 
thalocyanine (1). The molybdenum donor compound 
consists of ammonium paramolybdate in the ratio of 1 
mol per 4 tools of dicyanonaphthalene. The samples 
have been prepared by heating the reactant mixture 
at 300~ for 20 hr. After preparation the samples were 
thoroughly washed with benzene, ethanol, 10% HC1, 
distilled water, and ethanol. In addition some of them 
have undergone a washing treatment  with 5M KOH 
for 12 hr in order to eliminate the remaining oxide. 

By varying the amount of ammonium paramolyb-  
date with respect to the amount of iron dipivaloyl- 
methane it has been possible to vary the ratio Mo/Fe 
in the overall structure. Three sorts of samples have 
been prepared: samples (I, Fe) consisting of Fe naph- 
thalocyanine as in Ref. (1), samples (II, Fe-Mo) where 
the ratio Mo/Fe is about 1, and samples (ILI, Mo) 
containing only Mo. 

X-ray photoelectron spectroscopy. 
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A typica l  e l emen ta ry  analysis  for  samples  (II, F e -  
Mo) is g iven in  Table  I. The rat ios  found for the  v a r i -  
ous components  in C and H agree  wi th  the  theore t ica l  
composit ion.  Fe  appears  to be 30% be low the theore t i -  
cal value.  However ,  a sys temat ic  deficiency in n i t rogen 
c o n t e n t  can be noted. In  o rde r  to rule  out  a d is tor t ion 
due to  t h e  technique of analysis ,  Fe  and Mo contents  
have also been measured  by  x - r a y  fluorescence. 2 In 
compar ison wi th  the theore t ica l  value,  an excess of 
m o l y b d e n u m  for samples  (III,  Mo) has been de te r -  
mined  whi le  the i ron content  va lue  prev ious ly  ob-  
ta ined  can  be confirmed for  (I, Fe)  and  (II, Mo -Fe ) .  

XPS analysis.--The XPS invest igat ions  have been 
pe r fo rmed  using the HP 5950 A spec t romete r  descr ibed 
in Ref. (6). In  addi t ion  a glove box has been  set up to 
a l low the in t roduct ion  of samples  unde r  deae ra ted  
conditions. 

The samples  p r e p a r e d  under  a rgon a tmosphere  as 
indica ted  in Ref. (1) were  examined  af te r  different  
t imes of exposure  to air. Before  in t roduct ion  into the  
appara tus ,  some samples  have been t rea ted  wi th  e th-  
anol and deionized w a t e r  to speed up the  wet t ing  
p r o c e s s  and to reveal  any  effect associated wi th  the  
adsorpt ion  of water .  In  o rde r  to d iscr iminate  be tween  
the  effects assoc ia ted  wi th  i ron f rom those wi th  mo-  
lybdenum,  these expe r imen t s  have been  car r ied  out 
wi th  Mo samples  (III,  Mo) and Fe  (I, Fe ) .  

Whi le  on samples  (III,  Mo) the in tens i ty  of the  Ozs 
p e a k  is h igher  in  app rox ima te ly  the  ra t io  1.5/1 on un-  
wet ted  samples  than  on the wet ted,  a reverse  effect 
is observed on samples  (I, Fe ) .  

On these compounds (I, F e ) ,  however ,  for longer  
t imes of exposure  at  air ,  no apprec iab le  differences 
be tween  wet ted  and unwet ted  can be detected.  In  ad-  
dition, if the  samples  are  kep t  unde r  vacuum in the  
appara tus ,  the  Ols signal  of the we t t ed  samples  drops 
and a f te r  2 h r  becomes nea r ly  equal  tO tha t  of the  un -  
wet ted  samples.  

At  the in t roduct ion  into the appara tus ,  the  Ols s ig-  
nal, in i t ia l ly  spl i t  into two components  on samples  
(I, Fe ) ,  y ie lds  a single peak  under  flood gun (e lect ron 
b o m b a r d m e n t )  conditions,  an effect which  is charac -  
ter is t ic  of a mix tu re  r a the r  than  a wel l -def ined  com- 
pound. These phenomena  are  not  observed  wi th  sam-  
ples (III,  Mo).  

As a funct ion of the  t ime of exposure  at  a i r  the  O l s  
signal  grows cont inuously on both samples  (I, Fe )  
and (III,  Mo).  Af t e r  1 min, however ,  the  in tens i ty  of 
Ols  on (III, Mo) samples  is about  2-4 fold h igher  than  
on (I, Fe ) .  On these l a t t e r  samples  (I, Fe ) ,  the  sa tu-  
ra t ion signal  is not  observed af ter  l e s s  than  2 months,  
whi le  i t  is a t ta ined  wi th in  2 weeks  wi th  (III, Mo) 
samples.  In  this case, the in tens i ty  remains  3-4 fold 
h igher  wi th  (III,  Mo) than  wi th  (I, Fe )  samples.  This  
occurs ma in ly  b y  an  enhancement  of the  component  
loca ted  at  532.3 eV. 

The i ron  samples  (I, Fe )  p r epa red  and in t roduced 
unde r  deae ra t ed  condit ions presen t  only  s l ight  t races 

~The authors acknowledge Prof. G. Deconninck and Dr. F. 
Bodart for x-ray fluorescence measurements. 

Table I. 

El.amentary Anatysis 
C H N Fe 

E x pected 75 3.1 14.6 7.3 

C H N Fe* Mo" 

Found ~ 75 3.4 13.2 4.7 -+Q2 5.5 _+Q2 

FI" I ~  E xpected /o 75 3.1 14.6 

of oxygen  wi th  a high binding ene rgy  of about  534 eV. 
Under  air  exposure  t imes  shor te r  than  a few minutes  
an oxygen  form wi th  EB --  533.0 eV r e a d i l y  develops.  
F o r  longer  t imes of exposure  F e ~  becomes apparen t  
and an oxygen  form wi th  EB = 531.0 eV is more  and 
more  apparent .  

In  the  case of sample  (III, Mo) analysis,  a f te r  shor t  
exposure  t imes (about  1 min)  at  air, two dis t inct  
forms of oxygen  are  vis ible  at  E~ = 531 and Ea --  
532.2 eV. This l a t t e r  form becomes p redominan t  f or  
the  samples  which  have been thorough ly  washed  wi th  
concent ra ted  KOH to e l iminate  the  oxide component .  

F o r  samples  (III,  Mo) the  re la t ive  intensi t ies  of the  
iVio3d 3/2-3d 5/2 signals are  g iven vs. the t imes of e x p o -  
s u r e  at  a i r  in Table  II. Whi le  the Mov s ignal  r emains  
r e l a t ive ly  s table  and be low 5%, the g rowth  of the Mo vI 
s ignal  occurs s imul taneous ly  wi th  t he  drop of  t h e  
Mo Iv component.  

On samples  (I, Fe)  and  (III, Mo) the  different  
oxygen  species are  given in Table  I I I  in accord wi th  
the possibi l i t ies  of coordinat ion  of the cent ra l  ion in  
the naphtha tocyanine  s t ruc ture  or  perhaps  in  the  oxide  
in the  case of samples  (III, Mo).  I t  should be pointed 
out  in this  last  case tha t  for shor t  exposure  t imes in  
a i r  (less than  1 min)  the 02 ~-  species is p redominant ,  
whi le  in the case of (I, Fe )  samples  the p r edominan t  
form turns  out  to be 02 wi th  a covalent  character .  
This effect corresponds to a s t ronger  bond  than  in  t h e  
case of samples  (I, Fe) .  

Electrochemical investigations.--Two techniques o f  
inves t iga t ion  have  been worked  out as descr ibed  in  
Ref. (1). An inves t iga t ion  on a porous e lec t rode  s t ruc-  
ture  (A) ( indus t r ia l  type)  and  a porous e lec t rode  
s t ruc ture  (B) confined in the  hollow cavi ty  of a ro ta t -  
ing r ing  disk equipment .  In  o rde r  to  a l low compar i -  
sons wi th  da ta  obta ined  on the i ron  samples  inves t i -  
ga ted  as in Ref. (1) the same ex CO carbon b lack  
suppor t  has been chosen for impregna t ion  at  the load-  
ing 2.5%. 

Electrode structure A.- -Tes t s  have  been ca r r i ed  out  
in 8M KOH solutions at  22~ wi th  air. The samples  
were  cycled be tween  + 10 m A / c m  2 dur ing  1.5 hr  and  
--  100 m A / c m  2 dur ing  0.5 hr  to test  the effect of oxi-  
dat ion of the  suppor t  and the s tab i l i ty  of the  e lec t rode  
t ex tu re  or for cathodic polar izat ions  the effect of O2 
depletion.  Data  at  a scan ra te  of 1.5 mV/sec  are  p r e -  
sented in Fig. 1 for i ron (Fe)  and (Fe-Mo)  samples,  
solid and dashed lines, respect ively.  At  100 m A / c m  2 
the work ing  potent ia l  lies at  a pp rox ima te ly  900 mV 
above the potent ia l  of the  hydrogen  electrode,  about  
200 mV more  posi t ive than  the value  ob ta ined  wi th  
pure  Fe  samples. For  anodic polar izat ions on (II, F e -  
Mo) samples,  oxygen  evolut ion  takes  place  at  about  
+ 400 mV Hg/HgO on the anodic scan. F rom previous  
work  (1) the peak  near  O can be identif ied wi th  H2Ot 
formation.  

Da ta  for bo th  samples  a f te r  a 150 cycle t r e a tmen t  
for samples (II, F e-Mo) and a 350 cycle t r ea tmen t  for  
samples  (I, Fe ) ,  under  the  same scanning conditions,  
are  represen ted  in Fig. 2. For  cathodic polar iza t ions  
the  act ivi t ies  a re  now almost  ident ica l  whi le  for  anodic 
polar izat ions samples  (II, Fe -Mo)  r ema in  s l igh t ly  
more  active. However ,  the m a i n  difference wi th  the  

Table II. Relative intensities, %,  for Mo 3d 3/2-3d 5/2 peak for 
samples (111, Me) 

Exposure 
times in 

air Me vx M or* MoZV 

1 mn 15 Traces 80 
3 days 45-50 id 45-50 
2 weeks  70-75 id 20-25 

-Determination by X ray Ftuorescence caused by Proton Bombardment * The Me v signal is relatively low and widely spread, 
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Table Ill. Oxygen species vs. their binding energies 

a EB (eV) 534.0 533.0 531.0 

Samples Species O= O= O~- 
(I, Fe) Physisorbed traces Covalent Strong ionic bond (initially weak) 

stronger intensity after exposure 

b EB (eV) 532.2 531.1 

Samples Species O= 8- O~ ~- 
(III, Mo) Ionic bond between O~ and Mo Strong ionic bond oxide structure. 

in the naphthalocyanine struc- Weaker intensity after extended 
ture, strong KOH intensity washing 

preced ing  e x p e r i m e n t  concerns  the  H202 generat ion .  
As with the ex CO carbon black support a high peak 
is apparent with mixed Fe-Mo samples (II, Fe-Mo) 
while the H~O~ formation remains below the detection 
threshold in the case of pure Fe samples (I, Fe). 

Electrode s t r u c t u r e  B.--In order to provide an inter- 
pre ta t ion  of these data obtained with structure A 
[mainly the observed initial high activity followed by 
its decline after anodic and cathodic scans on samples 
(II, Fe-Mo) and (III, Mo)], fundamental studies have 

b e e n  performed using the rotating disk equipment and 
the preparations described in Ref, (1). The same scan 
rate has been used as in the case of structure A. 

With the rotating disk technique, the cathodic per- 
formances obtained on samples (I, Fe), (II, Fe-Mo), 
and (HI, Mo) are represented in Fig. 3, in the Tafel 
region, v s .  an Hg/HgO reference electrode. It should 
be pointed out that differences in activity are rela- 
tively small. The limiting currents, which are not 
plotted here, are identical for all these samples within 
the  l imi t s  of reproducibility. These data substantiate 
those  o b t a i n e d  on the ultrathin electrodes (1). 

imp.2 5~o �9 on EX-CO 

NPeFeII 1 s~ cycle 

I --- NPc Fe-Mo I 

I : : : : -5oo 

t 

i 
'ImA/Cm '~ 

+ 3 0 0  

+200 

§ 

r J - . ( ~  , ~ . - - .  I 

" ' "  ",-500 

-100 

- 2 0 0  

-300  

mV/Hg-Hgo 

Fig. 1. Cyclic voltammetry curves on industrlal-type porous elec- 
trodes. Solid line: samples (I, Fe) on ex CO carbon block support. 
Dashed line: samples (11, Fe-Mo) supported as (I, Fe) 2.5% loading. 

The activities of the same samples under anodic 
po.larizations are shown in Fig. 4. In contrast to the 
preceding experiments, samples (II, Fe-Mo) and (Ill, 
Mo) are notably more active with respect to samples 
(I, Fe), at constant current density the potentials be- 
ing about 120 mV more negative. These curves w e r e  
obtained after several cycles and remain stable under 
further anodic scanning conditions. They are closely 
similar to those obtained recently on La0.sBa0.sCoO8 
(7). 

For the studies of the activities v s .  temperature a 
small Hg/HgO reference electrode has been employed 
and arranged inside the electrochemical cell in order 
to minimize the temperature gradient between the 
working and the reference electrode. 

The effect of temperature on the activities of sam- 
ples (I, Fe), (II, Fe-Mo), and (III, Mo) for reduc- 
tion is given in Fig. 5. The curves have also been ob- 
tained in the Tafel region as in Fig. 3. No appreciable 
differences are visible between the different Samples. 
It should be pointed out that after correction for the 
shift of the reference electrode v s .  temperature given 
in  Ref. (8) the current potential plots are almost 
superposable: the measured shift calibrated with H2 
is 0.37 mV/K v s .  0.29 mV/K given for the reference 
electrode. 

For anodic polarizations, the effect  o f  temperature 
variation is given in Fig. 6. In the case of samples (II, 
Fe-Mo) and (III, Mo) a lack ,of stability of  t h e s e  

imp. 2.5 ~'o EX-CO 

NPcFe350 cycles 

'1 mA / c ~ z  

*200 

--  - NPc Fe.HolSOcyctesl ' " ':I00', ,. ; 

A, . . . .  mV/Hg-Hgo 
- : i r 

/ I  
! 
/ :200 

/ / 
/ 

,300 

Fig. Z. As in Fig. 1 after 150 cycles, samples (11, Fe-Mo) and 350 
cycles, samples (I, Fe). 
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100  

I0  

/ / /  § ..eF. "o 
. NPcMo 

-p-E mV/Hg-Hgo 
. 7O 6 0 .  r iD .  4 0  

Fig. 3. Cyclic voltammetry on rotating disk electrode in the 
cathodic Tafel region. Samples supported as in Fig. 1. O, N'PcFe 
(I, Fe); -I-, NPcFe-Mo ( l l ,  Fe-Mo) I I ,  NPcMo fi l l ,  Ivlo). N ---- 80 
rps, v = 0,2 mV/sec. 

0 2 EVOLUTION F e ' M o  

300 

FI 

~-00 

IO0 

�9 16o ' § ' .36o ' ~-4~o ~VIH,-H% 

Fig. 4. Same labels as Fig. 3 anodic scans. N = 80 rps, v - -  
0.2 mV/sec. 

d e n u m  electronic levels  and  the i r  s t ruc ture  of coordi -  
nat ion wi th  the oxide  or  the naph tha locyan ine  lat t ices,  
it  mus t  be  poin ted  out  tha t  a difference in  the  s ta te  of 
the  act ive couples in the  e lec t rochemical  react ion mus t  
be de tec table  be tween  exper iments  in an  iner t  a tmo-  
sphere  and those at  short  exposure  t imes to air. This 
t ime of 1 rain r equ i r ed  for  the  XPS  expe r imen t  ap-  
pears  exceedingly  la rge  compared  wi th  the  t ime  in 
which the e lec t rochemical  react ion occurs. As the  
oxygen  pene t ra t ion  is found to be a s low process in 
both cases of samples  (I, Fe )  and  (III, Mo) the differ-  
ence in  favor  of samples  (III, Mo) m a y  p l a y  a ro le  
jus t  for the  l i fe  expectancy.  

I f  this model  is val id  (13), the decl ine in the  (III,  
Mo) per formances  can perhaps  be cor re la ted  wi th  the  
var ia t ions  in  the  s to ichiometry  of the  oxide  or  the 
naph tha locyan ine  s t ruc ture  due to a deple t ion  in the 
more  lab i le  oxygen  content  and the subsequent  s ta -  

plots  a t  the lowest  app l ied  potent ia l s  can be noticed. 
However ,  a f te r  severa l  cycles, the ac t iv i ty  becomes re -  
producib le  in the  region  where  oxygen  evolut ion  is 
t ak ing  place. In  this  region the same conclusions about  
t empera tu re  var ia t ions  can be d r a w n  as for  cathodic 
polar izat ions:  the  observed  differences in ac t iv i ty  a re  
a lmost  negl ig ible  af ter  correct ion of the shif t  of the 
re fe rence  e lec t rode  (0.48 m V / K )  a t  i --- 300 ~A/cm 2. 
They drop  at  0.33 m V / K  at  i - -  500 # A / c m  ~. 

Discussion 
I t  should be  pointed out  first tha t  the  s imi la r  plots  

(wi th  the  absence of H20~) ob ta ined  on the different  
samples  wi th  the ro ta t ing  r ing  disk technique involve  
the 4 e 09. reduc t ion  repor ted  (9) on p o r p h y r i n -  and  
ph tha locyan ine - type  compounds.  As shown prev ious ly  
the rds is a coupled chemical  and e lect rochemical  reac-  
t io~ be tween  radica ls  (10). 

In  contras t  in the  case of s t ruc ture  A electrodes no 
Tafel  region is observed and the differences in  po ten -  
t ials  for  the  Fe  and Mo samples  at  constant  C.D. are  
much  h igher  than  in this  preceding  case, therefore  
a different  rds  mus t  be  assumed. In  view of  the high 
cu r r en t  densi t ies  observed,  the r a t e - l i m i t i n g  process 
can be  assumed to be due to the  low conduct ivi ty  into 
the  solid phase  as shown in Ref. (11, 12). The appl ica-  
t ion of the  same charge t r ans fe r  complex models  de-  
ve loped  in Ref. (13) requi res  tha t  the  conduct iv i ty  is 
h igher  in the  solid phase wi th  Mo-conta in ing  samples  
than  wi th  (I, Fe )  samples.  This can be easi ly  exp la ined  
on the basis of XPS exper iments  involving a fas ter  
MoIV/Mo vI couple compared  to FeIVFe  m. 

Before en te r ing  into a sophis t icated analysis  of the 
re la t ionsh ip  be tween  the b inding  energies  of m o l y b -  

I(] 

100 
pA 

,+20 , , .+4,0 , mV/Hg.Hgo 
v 

Fig. 5. Influence of temperature- cyclic voltammetry as in Fig. 3. 
Numbers in parenthesis are temperature (Celsius d~ Variations 
among samples (I, Fe), (11, Fe-Mo), and (111, Mo) are not signifi- 
cant. The corrections ore not made here for the shift of the refer- 
ence electrode. 
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Fig. 6. Same labels as Fig. 5 for onadic scans. Samples (ill, Me). 
Corrections not made for the shift of the reference electrode. 

bilization of one valency of the metal  instead of the 
ini t ial  mixing  of two valence states. 

In  the case of anodic polarizations, where a catalytic 
effect is observed as molybdenum ions are introduced 
into the structure,  an in terpre ta t ion  of the data can 
be sought through the differences in na ture  of the 
adsorbed oxygen species. In  this respect, the ma in  
difference between molybdenum and i ron is concerned 
(as seen by  XPS) by the development  of the O2 ~- 
species with molybdenum instead of the covalent form 
of oxygen observed with iron. These radicals may act 
as bridges (14) be tween free oxygen molecules and 
O H -  ions, the donor character  of the in termediate  
(readily regenerated dur ing  the reaction) being en-  
hanced with a destabilizing effect resul t ing from the 
filling of the an t ibonding  orbitals of the oxygen mole- 
cule. Therefore, one can assume coup l ed  electron 
t ransfer  reactions are taking place among the oscil- 
lat ions of the MoXVAYIoVI valencies, me ta l /oxygen  
l igand exchange, and O H -  oxygen l igand exchange. 
They may  involve OH or HO~ radical  formation as 
already explained in Ref. (9). The react ion sequence 
can be wr i t ten  as~ 

surface 28 02 ~- -~- MovI "-> Mo TM -}- 02 [I] 
l igand/cen t ra l  l igand l igand 

ion t ransfer  
acceptor 

center  
bulk  02MolVLMoVX-> 02MoVILMo Iv [II] 

l igand 

surface 
electron t ransfer  
through l igand 

4 O H -  02 MovI 
l igand 

--> O2 O26- Mo w - ~  2H20 [HI] 
l igand 

One may  hope to gain some informat ion from theo- 
ries (15, 16) concerning the effects of in termediate  
species on the rate process and  the Marcus ( 1 7 ) a n d  
Levich (18) theories for electron t ransfer  in  redox 
systems in order  to achieve an optimization of the cat- 
alyst structure.  

In  the case of adsorption of in termediate  species 
(15, 16) the rate expression must  contain a factor 
which can be wr i t t en  as 

( A G a d s )  
= e x p  - -  p [1] 

R T  

8 The coordination structure of Mo ions  wi l l  be presented in  a 
future work, 

where hGads represents the s tandard  free adsorption 
energy of the intermediate  species and/~ a factor gen- 
eral ly  equal to one-half.  

In  the domain of t ransfer  control the current  density 
i can be expressed as (18) 

kT  hF + 
= n F . - - ~  KNs o exp -- RT" [2] 

where n is the n u m b e r  of exchange electrons, K is the 
t ransmission coefficient general ly  independent  of the 
temperature,  0 the coverage of the active site Ns p e r  
uni t  area, and aF  + the free energy of activation which 
includes an entropy factor of activation aS +. In  Eq. 
[2] ~ +  is expressed in  the same units  as RT, aS + as 
R (s tandard state 1 a tm) .  

nF + -- ~H + -- T~S + [3] 

which can be also wr i t ten  as 
a F  + 

hH + -- hF + -- Td ~ [4] 
dT 

aF  + is a funct ion of the applied potential  and can 
be expressed as 

aF+ = hFo + -- n'aF (E -- ER) [5] 

where n '  is the n u m b e r  of electrons in the activation 
state and aFo + represents the free energy of act ivation 
of the exchange current  at E ---- ER either for cathodic 
a F o  + c or for anodic polarizations aFo + a. 

In  the present  work the domain of polarizations cor- 
responding to the t ransfer  control appears to be too 
nar row compared to the domain of overvoltage E -- 
ER to allow from the data a direct de terminat ion  of 
a F o  + c  o r  a F o  + a  which hence must  be obtained from 
a calculation. However, from the studies vs. tempera-  
ture  one obtains (correction being made for the shift 
of the reference electrode) 

aF  +c : 0.8RT [6] 

aF  +a -- 1.2RT i -- 300 ~A/cra2 
[7] 

aF+a = 0.8RT i = 500 ~A/cm2 

These relationships mean  that  for E ~ E1/2 for cath-  
odic polarizations (E1/2 being approximately  the po- 
tent ial  where i - -  ILl2, IL being the diffusion l imi t ing 
current )  

aF+c < RT  (E ~ E1/2) [8] 

For anodic polarizations, the same expression is 
valid when  E ---- Ew, Ew being the potent ial  correspond- 
ing to rapid oxygen evolution, e.g., 500 ~ A / c m  2 o r  

above 
aF+a < RT  E ~ Ew [9] 

Hence from Eq. [5] 

aFo +e ~ nc'aF [EI/2 - -  ER] [10] 

aFo +a ~- na'aF IEw -- ERI [11] 

w h e r e  n a , c '  is the n u m b e r  of electrons in  the act ivat ion 
state, anodic and cathodic. 

Wri t ing Eq. [4] in the case of the 4 electron process 
one obtains with ~ -- 0.5, no' = 4 

dn 
al ia  +c ---- 2F(ER -- El/2) -- 2FT d T  [12] 

and for the anodic process ha' = 1 

Alia +a -- 0.5F(Ew -- ER) + -- 0.SFT dn -I- I F  +a 
dT 

[18] 

Subst i tu t ing E1/2, Ew, and d~/dT by their  experi-  
menta l  value: 1E1/2 -- ER] ---- 270 mV dn/dT = -- 0.08 
m V / K  for cathodic polarizations, Ew -- ER = 150 mV 
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d~]/dT : - -  0.33 m V / K  for anodic polar izat ions,  and 
t : 30~ (neglec t ing  dEa/dT) 

h H o  +c  : 56.7 kJ  mo1-1 [14] 

d~Ho +a --  12.7 k J  tool -1  [15] 

The va lue  ob ta ined  AHo +~ for cathodic polar iza t ions  
fits r e m a r k a b l y  wi th  the TAS value  of 56 k J  mol  -z  
(19) corresponding to only  the  loss of the  degrees  of 
f reedom of the  oxygen  molecule  ( s t andard  s tate  1 
a tm)  hence AG (Gibbs free energy)  : 0 for Oz. The  
adsorpt ion  and the  t rans fe r  steps obey revers ib le  con- 
di t ions as also r epor t ed  (20) for the  t ransfe r  on s imi-  
l a r  compounds.  

Fo r  the  anodic process the TaS corresponding to 
the  solvat ion of O H -  ions reference  hydrogen  is f rom 
the table  (21) 3.16 kJ  mo1-1. As the  evolut ion reac t ion  
involves 4 tools of O H - ,  one finds the same conclusions 
as prev ious ly  for the 02 adsorpt ion case. Therefore,  for  
both  anodic and cathodic polar izat ions  in the  case of 
NPcMo samples  the i r r eve r s ib i l i t y  of the  process ap-  
pears  to coincide wi th  the en tha lpy  equal  in this case 
to the  en t ropy  change due to the fixation of  one mole-  
cule of O2 or  4 O H -  ions f rom the  l iquid phase to the  
surface. 

As the  ra te  processes are  equ iva len t  for  cathodic 
polar izat ions  be tween  (I, lee) and (III, Mo) samples,  
one can assume tha t  electronic factors  such as the  
work  funct ion or  e lect ron energy  densit ies on Fe  and 
Mo sites a re  s imi lar  under  the control  of the  i igand  
s t ructure .  Fo r  improving  our knowledge  of the s t ruc-  
ture  of the  solvent  at  the interface,  XPS data  con- 
cerning the in terac t ion  of the surface wi th  wa te r  m a y  
th row some light.  

Exper iments  compar ing  wet ted  and unwet ted  sam-  
ples d i sp lay  a ve ry  weak  type  of interact ion.  These 
da ta  subs tan t ia te  findings of Ref. ( 2 2 )  where  f rom 
inf ra red  techniques,  no adsorpt ion  O f wa te r  takes  place 
on ph tha locyan ine  mater ia ls .  They  conflict w i th  o ther  
references  (23), but  in this l a t t e r  case i t  should be 
po in ted  out  tha t  adsorpt ion  of wa te r  on the i ron  sites 
obeys slow kinetics.  Therefore,  on both theore t ica l  
and  expe r imen ta l  supports  one can assume tha t  the  
ra te  of e lect ron t ransfe r  is l imi ted  because of the  too 
d is tan t  approach  of the  wa te r  molecule  f rom the ac t ive  
sites. 

Conclusion 
From a prac t ica l  v i e w  point  of appl icat ions  in the 

p rob lem of genera tors  or e lectrolyzers ,  the subs t i tu-  
t ion of i ron by  mo lybdenum into the naph tha locyan ine  
s t ruc ture  seems to be r a the r  promis ing  under  the  dou-  
b le  condi t ion of fast oxygen t ransfe r  and ohmic drop 
l imi ta t ions  in the  so l id  phase. On both  cathodic and 
anodic polar iza t ion  the ra te  appears  to obey revers ib le  
condit ions for the adsorpt ion  and t ransfer  steps. 

I t  might  also be considered first tha t  in the  synthesis  
a common ma te r i a l  is used for  the cent ra l  meta l  in t ro -  
duct ion ins tead  of a more  e labora te  compound.  

Second, the improvements  of the per formances  for 
bo th  anodic and cathodic polar iza t ions  on indus t r ia l  
types  of e lect rode have to be emphasized.  At  constant  
cur ren t  densit ies,  compared  to i ron  samples  the  drop 
in the  overvol tage  reaches about  100 mV for cathodic 
and 130 mV for anodic polarizat ions.  

XPS  and cyclic v o l t a m m e t r y  techniques on a ro ta t -  
ing disk equipment  have subs tan t ia ted  an i n t e r p r e t a -  
tio.n of the da ta  and of the  decl ine of  the  cathodic pe r -  
formances observed af ter  more  than  10O, 2 hr  cycles 
of both  cathodic and anodic polarizat ions.  

The enhancement  of the  ac t iv i ty  wi th  Mo ions can be 
re la ted  to a redox  process in the solid phase which oc- 
curs s imul taneous ly  wi th  a be t te r  oxygen  pene t ra t ion  
in the  Mo-conta in ing  samples.  In  the  case of cathodic 
polar izat ions  da ta  can be exp la ined  by  an increase  of 
the  conduct iv i ty  of the  naph tha locyan ine  films. For  
anodic polar izat ions the  presence of nega t ive ly  charged 

oxygen  l igands  acts as b r idges  for the  e lec t ron t rans fe r  
processes. 

The decl ine in the  cathodic per formances  appears  to 
be ma in ly  due to changes in the  solid phase s toichi-  
ometry ,  p r e sumab ly  in the  oxide  which  is less stable,  
r ema in ing  presen t  wi th  the  naph tha locyan ine  s t ruc-  
ture. 

Fo r  both  anodic and cathodic polarizat ions,  the  in-  
vest igat ions vs. t empera tu re  revea l  a nonac t iva ted  
process which can be in te rp re ted  wi th  the a id  of the  
Marcus and Levich theories  as a quan tum mechanical  
tunneling.  The ra te  appears ,  therefore,  to be l imi ted  b y  
a too dis tant  approach  of the  solvent  molecules  f rom 
the active s.ites (centra l  ion and oxygen l igands) .  The 
en t ropy  factor  and the tunnel ing  t e rm  of p robab i l i ty  in 
the  r a t e  express ion are  bo th  dependent  on the  closest  
distance of approach,  the l a t t e r  being much  more  sensi-  
t ive  to this  t han  the former .  
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Activation Energies of Anodic Gold Reactions 
in Aqueous Alkaline Cyanide 

C. P. Thurgood,* D. W. Kirk,** F. R. Foulkes,** and W. F. Graydon 
Department of Chemical Engineering and Applied Chemistry, 

University of Toronto, Toronto, Ontario, Canada MSS 1A4 

ABSTRACT 

The kinetics of the anodic reactions of gold in  aqueous a lkal ine  cyanide in 
the potential  range --0.81 to +0.64V were studied by means of potentio-  
static and potent iodynamic measurements  for the tempera ture  range 0~176 
The effects of mass t ransfer  were also investigated. As in  earl ier  works, t h r e e  
distinct regions of anodic activity (i.e., regions of anodie reactions) were 
found in petentiostatic measurements .  The kinetic behavior of the gold re-  
action in each of these regions was found to behave in  the m a n n e r  predicted by 
the single reaction mechanism 

AU + C N -  "-~ AuCNads- [1] 

AuCNads- -* AuCNaos + e- [2] 

AuCNads + CN--> Au(CN)2- [3] 

The dissolution reaction in the most cathodic of the three regions (--0.56 to 
--0.26V) was characterized by a high apparent  act ivation energy (93 _ 8 
kJ /mol )  and a lack of dependence on mass transfer. The second step in  the 
reaction mechanism was identified as the ra te -de te rmin ing  step. The gold 
dissolution reaction in the in termediate  potent ial  region --0.26 to +0.39V w a s  
found to have a relat ively high apparent  act ivation energy (47-55 kJ /mo l )  
and a small  dependence on the mass transfer.  The second step in  the reaction 
mechanism was identified as the ra te -de te rmin ing  step. In the most anodic of 
the three regions (--0.39 to +0.64V), the gold dissolution reaction was found 
to be under  diffusion control with an  apparent  activation energy of 16-18 
kJ/mol .  The third step in the reaction mechanism was identified as the ra te-  
de termining step. A fourth region (--0.81 to --0.56V) observed in potentio-  
dynamic measurements  was • to have an apparent  activation energy 
of 62 ~ 2 k J /mo l  with little dependence on mass transfer.  The reaction w a s  
identified as an adsorption reaction. 

An unders tanding  of the electrochemical behavior  of 
gold in  alkal ine cyanide media is required for the de- 
velopment  of efficient methods of electrochemical 
gold recovery from industr ia l  liquors, electroplating 
wastes, and scrap metal  ( i ) .  

Al though the anodic behavior of gold in  aqueous 
alkal ine cyanide has been the subject of a n u m b e r  of 
studies (2-8), the na ture  of some of the complex be-  
havior has only recent ly  been identified (9-11). In  
slow potential  sweep measurements  or steady-state 
measurements ,  three potent ial  regions are found which 
display an anodic current  peak. Between these regions 
passivation of the gold surface is evident  ( l l ) .  The 
cause of the anodic reactions was uncer ta in  unt i l  gold 
weight loss measurements  were conducted in each of 
the regions (6, 9) and were interpreted as indicat ing 
the same overal l  dissolution reaction for all  regions 
(6,9) 

Au + 2CN--~ A u ( C N ) ~ -  + e -  

The dissolution process has been shown to follow the 
sequence (5, 6) given in  the Abstract. 

This reaction sequence, unl ike  some of the other 
mechanisms found in the l i terature  (2, 3), provided an 

* Electrochemical Society Student Member. 
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Key words: metal, activation, voltammetry. 

explanat ion for the gold dissolution behavior  at e a c h  
of the anodic peak regions. Although the same overall  
reaction was found for the three regions, the ra te-  
de termining  step was not  the same for the three r e -  
g i o n s .  The gold dissolution reaction rates in the two 
most cathodic regions (--0.81 to --0.26V and --0.26 to 
+0.39V I vs. SHE) were reported-to be controlled by  
step [2] of the reaction sequence while the dissolution 
rate in the most anodie region (--0.39 to +0.64V) w a s  
reported to be controlled by step [3]. 

In  addition to this s teady-state  behavior, the poten-  
t iodynamic measurements  of Ki rk  and Foulkes (10) 
revealed an addit ional  anodic potent ial  peak in t h e  
region --0.81 to --0.56V for sweep rates greater  than  
2 mV.sec -L  Cyclic potential  sweep measurements  car- 
ried out by MacArthur  (4) at elevated temperatures  
revealed only two prominent  anodie regions. It  is not  
clear whether  the change in temperature  or the repet i-  
tive potential  cycling is responsible for the disappear-  
ance of two of the anodic regions found at room tem- 
perature. 

As a result  of the complexity of the anodic behavior  
of gold in aqueous alkal ine cyanide and of the fact that  
many  industr ia l  processes are carried out at elevated 
temperatures  (1), a study of the var ia t ion of the 

i All potentials are reported vs. SHE. 
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anodic react ions  w i th  t e m p e r a t u r e  was car r ied  out. 
The de te rmina t ion  of act ivat ion energies  for  each of 
the anodic  react ions p rov ided  an independen t  method  
of iden t i fy ing  the r a t e -con t ro l l ing  steps involved.  The 
influence of mass t r anspor t  was also studied.  

Experimental 

The equ ipment  consisted of a Wenk ing  potent ios ta t  
(Model  7OTS1), Wenk ing  vol tage  scan genera tor  
(Model  VSG 72), and a Wenking  In teg ra to r  (Model  
SS170). The poten t ia l  sweep measurements  were  re-  
corded on a Pr ince ton  App l i ed  Research  X - Y  recorder 
(Model 9002-A). 

The cell  consisted of a P y r e x  conta iner  wi th  a Teflon 
top. Two glass fitted tubes set e i ther  side of the work ing  
ing e lect rode housed the counterelectrodes.  A Luggin  
cap i l l a ry  was used to hold the sa tu ra t ed  calomel  r e fe r -  
ence e lec t rode  and the cap i l l a ry  t ip was d rawn  to a 
d iamete r  of 0.1 cm and set 0.2 cm f rom the surface of 
the work ing  electrode.  This  configurat ion has been 
found to reduce  IR drop to a negl ig ible  value.  Other  
detai ls  of the cell have been descr ibed p rev ious ly  (6). 

The cell  was opera ted  in a P lex ig las  wa te r  ba th  that  
was connected to an ex te rna l  reservoi r  of water .  A 
Tecam (Model  TE-7)  combinat ion  h e a t e r / p u m p  con- 
t ro l led  t empera tu res  to wi th in  _ 0.2~ Pure  gold 
(99,99%) was used for  both  the  work ing  and counter -  
electrode.  Solut ions were  p r e p a r e d  f rom ana ly t ica l  
grade  reagents  and  doub ly  d is t i l led  water .  Al l  runs  
used 1.0M KOH + 0.1M KCN as the e lectrolyte .  

Pur i f ied n i t rogen  was ob ta ined  by  pass ing the gas 
th rough  an oxygen  sc rubber  conta ining an aqueous 
solut ion of vanadous  chloride.  The e lec t ro ly te  was then  
deoxygena ted  by  bubbl ing  the purif ied gas th rough  i t  
for a t  leas t  30 min. The ra te  of mass  t rans fe r  a t  the  
gold solut ion in ter face  was contro l led  by  a l te r ing  the 
ra te  of gas bubbl ing  th rough  the cell, and hence a l t e r -  
ing the bounda ry  l aye r  thickness.  

A s t anda rd  p r e t r e a t m e n t  was necessary  to achieve 
reproduc ib le  measurements .  The e lec t rode  was first 
i m m e r s e d  in  aqua regia  for 5 sec, washed in  doubly  
d is t i l led  water ,  and then hea ted  gen t ly  above a na tu ra l  
gas flame. F ina l ly ,  the e lect rode was given a 5 min  
reduc t ion  in te rva l  in  the e lec t ro ly te  at  --0.96V. 

For  the t empera tu re  measuremen t  in  the  po ten t ia l  
region of peak  1, the p r e t r e a t m e n t  p rocedure  was 
modified in o rde r  to improve  the resolut ion  of the peak  
1 complex.  Af t e r  immers ion  in the aqua regia  for 5 
sec, and washing  in doubly  d is t i l led  water ,  the  elec-  
trode was he ld  at  +0.39V for 2 rain in a 0.1M KOH Jr 
0.1M KCN solution. The brown film tha t  fo rmed  on the 
surface as a resul t  of this p rocedure  was e l imina ted  
b y  gen t ly  hea t ing  the e lec t rode  over  a na tu ra l  gas 
flame. The reduct ion  per iod  in the  e lec t ro ly te  at 
--0.96V was increased to a m i n i m u m  of 10 rain. 

S low potent ia l  sweep measurements  (2 mV/sec)  
were  used in the peak  1 region so tha t  peak  1 and peak  
l a  could be dist inguished.  Fo r  peaks  2 and 3, a fast 
p o t e n t i a l . s w e e p  (500 mV/sec)  was used to set the 
poten t ia l  of the  e lec t rode  at  the  work ing  va lue  a f te r  
cathodic reduct ion at  --0.96V. This was to ensure  tha t  
the  surface was not  pe r tu rbed  due to dissolution at 
the preceding  peaks.  A minor  manua l  ad ju s tmen t  in 
the  poten t ia l  was made  to set  the  cu r r en t  at  its m a x i -  
m u m  value. The m a x i m u m  cur ren t  was recorded  a f t e r  
reaching  s t eady  state.  This usua l ly  occurred  wi th in  
3-5 min  for  peak  2 and wi th in  1 rain for peak  3. 

The surface a rea  of the  e lec t rode  was de t e rmined  
f rom poten t ia l  scan measurement s  using the l inear  r e -  
l a t ion  be tween  the cu r ren t  peak  he igh t  and  the square  
root  of the vol tage scan ra te  for the revers ib le  ox ida -  
t ion of Fe (CN)64- .  The re la t ion  g iven  by  Nicholson 
and Shain  (12) is 

= 0.4463 
nFACo[D~ '/" 

RT 
where  Co is the concentra t ion of  F e ( C N ) 6 4 -  ( t o o l .  
cm-S) ,  Do is the  diffusion coefficient of F e ( C N ) 6 4 -  
(cm ~ �9 sec-1) ,  {p is the peak  cur ren t  (A) ,  A is the area 
(cm2), n is the number  of e lectrons t r ans fe r red  in the  
oxidat ion,  V is the scan ra te  ( V .  sec-1) ,  and  F, R, 
and T have thei r  usual  meanings.  For  a 4 mM solut ion 
of Fe (CN)6  -~ in 1M KC1, Do --- 6.32 X 10 -6  cm ~" 
sac -1 at  25~ (13). 

In  o rde r  to reduce  the  effect  of changing  sur face  
area,  a correct ion was appl ied  to the  measu red  surface 
a rea  for each run.  This was ca lcula ted  by  assuming a 
l inear  var ia t ion  of the  a rea  wi th  the  n u m b e r  of coul-  
ombs passed th rough  the e lect rode be tween  successive 
surface area  determinat ions .  This correction- was smal l  
as the a rea  changed only  b y  about  5% be tw e en  suc-  
cessive determinat ions .  

Results and Discussion 
In Fig. 1 a typical  po ten t ia l  scan of gold in aqueous 

alkal ine  cyanide  is presented.  The t e m p e r a t u r e  and 
sweep ra te  were  29.6~ and 2 mV �9 sec -1, respect ively .  
The th ree  dominan t  anodic regions seen in the  f igure 
are  identif ied as peak  1, 2, and 3. The smal l  peak  
cathodic of peak  1 is identif ied as peak  la .  This smal l  
peak  is an anodic react ion which is only  observed  in 
po ten t iodynamic  measurements .  

Before the var ia t ion  of the ra te  of  react ion with  
t empera tu re  was studied,  i t  was necessary  to deter- 
mine  the effect of t e m p e r a t u r e  on the peak  potent ials .  
Since the reference  e lec t rode  (a sa tu ra t ed  calomel  
elec t rode)  was wi th in  the cell  and therefore  at  the 
same t empera tu re  as the solution, a t e m p e r a t u r e - d e -  
penden t  potent ia l  correct ion was r equ i r ed  to conver t  
the potent ia l  measurements  to the SHE scale. The 
t empera tu re  coefficient of the SCE elec t rode  is --0.67 
mV/~ (14). F igures  2 and 3 show the var ia t ion  of 
the  peak  potent ia ls  wi th  t empe ra tu r e  f rom slow po-  
tent ia l  sweep measurements  (2 mV �9 sec-1) .  The three  
peaks  (1, 2, and 3) found in s t eady-s t a t e  measuremen t  
al l  have a peak  potent ia l  which becomes more  negat ive  
(cathodic)  wi th  increas ing t empera tu re .  The rate of 
cathodic shif t  for  peaks  1, 2, and 3 are  2.0 _+ 0.5, 1.7 _ 
0.8, and  2.5 _ 0.8 mV/~ respect ively .  These t e m p e r a -  
ture  coefficients are  g rea te r  than  tha t  p red ic ted  for the 
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variation of the reversible potential (0.176 mV/~ of 
the gold dissolution reaction. (See Appendix for de- 
tails.) Some of this difference may be attributed to 
the change of the effective concentration of [CN-] 
and [Au(CN)~-] with temperature. In addition, the 
peak formation has been shown to be the result of 
competing passivating reactions (11) and would there- 
fore also be affected by the temperature dependence 
of these reactions. Peak la does not show the same 
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peak potential variation as the other peaks, and shifts 
in the positive (anodic) direction with increasing tem- 
perature. This contrast in behavior of peak la relative 
to peaks I, 2, and 3 suggests that the reaction causing 
peak la may be fundamentally different from that of 
the other peaks. 

As a result of the cathodic shift of peak I and the 
anodic shift of peak la, the two peaks overlap at 
higher temperatures and result in peak la appearing 
as a small shoulder on peak 1 at elevated temperatures. 
From the potential scan in Fig. 1 a small shoulder 
can be observed at the base of peak 2. This shoulder 
becomes more prominent at higher temperatures but 
was not studied because the narrow temperature 
range over which it could be distinguished, was in- 
sufficient to allow the determination of the apparent 
activation energy. 

The results of the activation analysis for peak la 
are presented in Fig. 4 (a discussion of the use of peak 
potentials for activation analysis is given in the Ap- 
pendix). The current density changes by about two 
orders of magnitude over the temperature range 0 ~ 
50~ A regression analysis carried out using the 44 
experimental measurements presented in Fig. 4 yields 
the relationship 

l o g / p =  (9.70__.0.20)- ( 3248__.177 ) 
T 

with a linearity coefficient r 2 -- 0.98 (15). The appar- 
ent activation energy is 62 • 3 k J/tooL The activation 
energy is unchanged when the sweep rate is increased 
from 2 inV.  sec - I  to I0 inV. sec - I  indicating that 
pseudo-equilibrium is achieved during the potential 
sweep. The high activation energy indicates that the 
peak la reaction is activation rather than diffusion 
controlled over the temperature range 0~176 This, 
combined with the fact that peak la is not observed 

r = 1 indicates perfect linearity of the data. 
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in s t eady- s t a t e  measurement s  and  therefore  does not  
d i rec t ly  resul t  in gold dissolution, indicates  tha t  the 
react ion is an  adsorpt ion  reaction.  

The resul ts  of the act ivat ion analysis  for peak  1 are 
presen ted  in Fig. 5. The peak  cur ren t  dens i ty  increases  
by  three  orders  of magni tude  over  the t empe ra tu r e  
range  0~176 A regression analysis  for  the 46 ex-  
pe r imen ta l  points  p resen ted  in  Fig. 5 y ie lds  the  r e l a -  
t ionship 

( 4876 ~- 418 ) 
l og  ip = (15.69 • 0.51) -- T 

with  a l i nea r i ty  coefficient of r = 0.98. The apparent 
ac t iva t ion  energy  is 93 _+ 8 k$/mol .  The ac t iva t ion  
energy  is unchanged  when the sweep ra te  is increased 
f rom 2 i n V .  sec-1  to 10 m V .  sec-1  indica t ing  tha t  
p seudo-equ i l ib r ium is achieved dur ing  the poten t ia l  
sweep. The magni tude  of the act ivat ion energy  c lear ly  
indicates  ac t iva t ion  r a the r  than  diffusion control.  F r o m  
the react ion sequence [1], [2], and  [3], steps [1] and 
[3] should show some diffusion control  and  there fore  
s tep [2] of the reac t ion  mechanism is indica ted  as the  
r a t e - d e t e r m i n i n g  step. This is in  ag reemen t  wi th  
ea r l i e r  work  (10). 

The resul ts  of the act ivat ion analysis  for  peak  2 are  
p resen ted  in Fig. 6. These data,  ob ta ined  f rom s t eady-  
s ta te  measurements ,  show tha t  the cu r ren t  dens i ty  for  
peak  2 changes by  app rox ima te ly  two orders  of m a g -  
n i tude  f rom 0 ~ to 50~ Above 30~ however ,  some 
measurements  show a much  reduced  cur ren t  dens i ty  
(see Fig. 6). These da ta  sugggest  tha t  the dissolut ion 
react ion is being pass ivated  by  o ther  react ions occur-  
r ing  on the gold surface. The cause of the p r e m a t u r e  
pass ivat ion  is not  known. A regress ion analysis  for  
the 34 expe r imen ta l  measurements  f rom 0 ~ to 30~ 
presented  in Fig. 6 yields the re la t ionship  

2474 +_ 235 ) 
log ip = (8.87 _+ 0.23) -- T 
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with  a l i nea r i ty  coefficient of r - -  0.95. The da ta  above 
30~ tha t  do not  show the pass ivat ion  phenomena  fit 
the correlat ion.  The appa ren t  ac t ivat ion energy  is 
47 +_ 5 kJ /mol .  Al though  the ac t iva t ion  energy  is much  
smal le r  than e i ther  peak  1 or  peak  la,  the  magn i tude  
is sufficient to predic t  a r a t e - d e t e r m i n i n g  step which  
is act ivat ion r a the r  than diffusion controlled.  To con- 
firm this predic t ion  the  exper iments  were  r epea ted  
wi th  n i t rogen gas vigorously  bubbl ing  through the so- 
lutions to promote  an increased mass t ransfe r  rate .  
The resul ts  a re  presented  in Fig. 7. The dissolut ion 
cur ren t  does increase  at  a s l ight ly  g rea te r  ra te  wi th  
t empera tu re  than  in the uns t i r r ed  case. The appa ren t  
act ivat ion energy  for  the  da ta  0~176 is 55 +_. 6 
k J /mo l .  Al though  the values  for the s t i r red  and un -  
s t i r red  cases are  very  close, a s ta t is t ical  test  (11) shows 
tha t  the hypothesis  tha t  the act ivat ion energies  a re  
the  same can be re jec ted  at the 95% confidence level .  
Therefore,  a l though the process is p r edominan t ly  act i -  
va t ion controlled,  there  is also some influence f rom 
m a s s  t ransfer .  Since act ivat ion control  is found, s tep 
[2] of the react ion mechanism is p red ic ted  to be the 
r a t e -de t e rmin ing  step. This is the  same r a t e - con t ro l -  
l ing step as p red ic ted  for  peak  1. Since the ra te  of 
react ion at  peak  2 is a pp rox ima te ly  20 t imes the  ra te  
a t  peak  1, the pa r t i a l  influence of mass t ransfer  on 
the react ion ra te  at  peak  2 is reasonable.  The identif i-  
cation of step [2] as the r a t e - d e t e r m i n i n g  step is in  
ag reemen t  wi th  ear l ie r  work  (6). 

The resul ts  of the act ivat ion analysis  for  peak  3 
are  presented  in Fig. 8. T h e s e  data,  obta ined  f rom 
s t eady-s t a t e  measurements ,  show tha t  the cur ren t  
dens i ty  for  peak  3 changes by  a pp rox ima te ly  th ree -  
fold f rom O ~ to 50~ A regress ion analysis  for  the  19 
expe r imen ta l  points  p resen ted  in  Fig. 8 y ie lds  the  r e -  
la t ionship  

log ip : (3.91 _ 0.02) --  T 

wi th  a l i nea r i ty  coefficient of r ---- 0.998. The reduced  
scat ter  in the measurements  a l lowed fewer  points  to 
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be taken  than  in the o ther  peak  regions and s t i l l  
achieve a good correlat ion.  The appa ren t  ac t ivat ion 
energy  is 18.3 • 0.6 kS/mol .  This value  is much 
smal le r  than those for the previous  peaks  and predicts  
a di f fusion-control led reaction.  To confirm this p red ic -  
t ion the  measurements  were  r epea ted  wi th  vigorous 
gas bubbl ing  th rough  the solutions to p romote  an in -  
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creased mass t ransfer  rate.  The resul ts  are  shown in 
Fig. 9. The increase in the  mass t rans fe r  ra te  f rom 
the gas bubbl ing  causes an increase  in the  cu r ren t  
dens i ty  of a pp rox ima te ly  80% compared  to the un -  
s t i r red  case. These resul ts  a re  character is t ic  of a diffu- 
s ion-cont ro l led  react ion in which  s t i r r ing  reduces the 
diffusion l aye r  and causes a g rea te r  cu r ren t  density.  
The apparen t  ac t ivat ion energy  wi th  s t i r r ing  is 16 _ 4 
k J /mo l .  A s ta t is t ica l  test  (15) shows tha t  the two 
act ivat ion energies  a re  not  s ignif icantly different.  The 
react ion ra te  at peak  3 is g rea te r  than tha t  of peak  2 
and i t  would  appea r  tha t  the  mass  t ransfe r  ra te  has  
become the r a t e -con t ro l l ing  mechanism.  Thus, step [3] 
is p red ic ted  to be the ra te -con t ro l l ing  step in agree -  
men t  wi th  ear l ie r  work  (6).  

The effect of mass t rans fe r  has been shown to be 
negl igible  at smal l  dissolution ra tes  (peak  1), to 
exe r t  some influence at  modera te  reac t ion  ra tes  (peak  
2), and  to domina te  the dissolut ion process a t  the  
grea tes t  react ion rates (peak 3). 

S u m m a r y  
1. The pers is tence of the four  peaks  over  the  t em-  

pe ra tu re  range  0-50~ indicates  tha t  the reac t ion  
mechanism remains  unchanged over  the  same t em-  
pe ra tu re  range.  

2. Peak  la,  wi th  an appa ren t  ac t iva t ion  energy  of 
62 _ 3 kJ /mol ,  is an ac t iva t ion-cont ro l led  reaction,  
most  l ike ly  an adsorpt ion  reaction.  

3. Peak  1 is an ac t iva t ion-cont ro l led  dissolut ion re- 
action with  an appa ren t  ac t ivat ion energy  of (93 _ 8) 
k J /mo l .  

4. Peak  2 is a dissolut ion reac t ion  p r e dominan t l y  
control led by  act ivat ion wi th  an  appa ren t  ac t iva t ion  
energy  of 47-55 k J /mo l .  

5. Peak  3 is a di f fus ion-control led dissolution reac-  
t ion wi th  a n  apparen t  ac t iva t ion  energy  of 16-18 k J /  
s o l .  

6. The react ion mechanism [1], [2], and [3] is con-  
s is tent  wi th  the ac t iva t ion  energies  for  each peak  and 
wi th  the effects of mass t ransfer .  
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APPENDIX 
Use of Peak Potentials for Activation Analysh 

For the conditions of constant overpotential and 
composition, the required applied potential can be cal- 
culated knowing the variation of the thermodynamic 
reversible potentials of the half-cell reaction and the 
reference electrode reaction. 

For the reaction 

Au + 2 ( C N ) - ~  Au(CN)~.- + e -  

~G at 25~ 3 - -  - - 5 . 899  • 104J 

AG at 50~ 4 = --5.941 • 104J 

converting the data to thermodynamic potentials (~G ~ 
= - -  n F e ~  ) 

Ae reversible = +0.176 mV/~ 

The saturated calomel electrode potential decreases 
by 0.67 mV/~ (14). This value was used to convert 
the potential scales to the SHE scale. Thus, the condi- 
tion of constant overpotential would require that the 
applied potential be increased by 0.176 mV/~ after 
correcting for the change in the potential of the refer- 
ence electrode. This assumes that the peak potential is 
not exceeded (resulting in pass]vat]on of the reaction) 
and that the electrolyte composition remains fixed. The 
measurement of peak potentials (vs. SHE) in Fig. 2 
and 3 shows that the potential shifts by about 2 mV/ 
~ Thus, the difference between the conditions of con- 
stant overpotential and peak potential is apparently 
~,d.8 mV/~ However, the condition of constant com- 
position must be carefully examined. 

The Nernst relationship is 

RT aCN ~- -- aAu 

F aAu(CN)2-- 

If it is assumed that the activity change due to tem- 
perature change is small, then aCN- is approximately 
constant since the concentration of [CN-] : 0.1M and 
the dissolution of gold will not significantly alter the 
[CN-]  bulk concentration during the course of the 
experiment. However, the activity of the Au(CN)2-  
species will depend on the rate of formation and the 

8Data from Ref. (16). 
4 Data from Ref. (16) using Criss and Cobble extrapolat ion (17). 

rate of removal from the surface. The rate of formation 
is directly proportional to the current while the rate 
of removal depends on diffusion and conduction forces. 
Indeed, conduction will only aid Au(CN)2-  removal 
negative of the pzc (i.e., at potentials < --0.08V in 
0.1M KOH) (18). It is therefore likely that the surface 
concentration of Au(CN)2-  will rise with increasing 
current and this will shift the reversible potential to 
more positive values. Thus the difference between the 
po~tential required for constant overpotential and that 
of the peak potential will be less than 1.8 mV/~ cal- 
culated above, and because of the uncertainty o.f sur- 
face concentrations, the peak potentials are probably 
the most appropriate values to use in this situation. 

The determination of the difference between activa- 
tion analysis carried out under constant overpotential 
and peak potential for peak la is very difficult since 
the application of the reaction sequence [1], [2], and 
[3] may not be appropriate. The behavior of the reac- 
tion causing peak la is quite different from that of the 
other peaks. (The temperature coefficient of the peak 
potential is positive and the reaction is only detected 
under nonsteady-state conditions.) 
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ABSTRACT 

The effects of pretreatment  (i.e., activation and acceleration) and sub- 
strafe species on the magnetic properties of Co-P electrolessly plated thin films 
for high density storage medium were investigated with various PdC1JSnCl~ 
catalysts and accelerators. The activity of surfaces to be plated controlled the 
magnetic properties of Co-P thin films, and the coercivity became lower with 
increase in the catalytic activity of surfaces. The magnetic properties of Co-P 
films were also affected by the substrate species and were controlled by grain 
size of substrate surfaces, but the larger surface roughness which was produced 
by emery papers did not affect the magnetic properties. The Co-P thin 
film on acetylcellulose whose coercivity was the highest in the experiments 
was investigated with transmission electron diffraction analysis. The pre-  
treatment for electroless plating was observed to influence not only the dis- 
tribution of crystallite grain sizes but also the orientation of the c-axis of 
the hexagonal a-cobalt  lattice plated onto acetylcellulose. 

For high density storage applications, thin recording 
media are in demand, and since Fischer's paper (1) a 
number of workers have studied metallic thin-film 
layers of electrolessly or chemically deposited Co-P 
(or Co-Ni-P) as one of the thin-film formation tech- 
niques for high density storage media. The magnetic 
properties are strongly dependent on the preparat ion 
conditions and are affected by many factors such as. 
phosphorus content, film thickness, crystalli te grain 
size, crystallite orientation, substrate materials, and 
so on. Among those factors, the phosphorus content is 
considered to play the most important  role in deter-  
mining the magnetic properties of the thin film, and 
the relationship between phosphorus content and 
crystallite grain size has been discussed by many 
workers (2-5). The maximum value of the coercivity 
was reported to be around 600A thickness for Co-P 
and Co-Ni-P by Bate et at. (4, 6, 7). The effect of 
substrate mater ial  on magnetic properties was ex- 
tensively studied by Tago et aI. (8), and the high 
coercivity and high squareness of thin films were ob- 
tained by using a proper substrate. We have examined 
mixed FdC12/SnCI2 catalysts for electroless metal 
deposition and have reported that the activated sur-  
face conditions are largely dependent on catalyst and 
accelerator species (9, 10). Since the surface condi- 
tions of the substrate are considered to critically af- 
fect the magnetic properties of electroless Co-P plat-  
ing film, in this paper we investigate and discuss the 
effects of activation and acceleration on electroless 
Co-P plating film formation and its magnetic prop- 
erties. 

Experimental 
Four samples of mixed PdC12/SnC12 catalysts, which 

were used in the previous study (9, 10), were em- 
ployed in the experiments. The samples "A" ~(low 
catalytic activity) and "D" (high catalytic activity) 
were prepared in our laboratory with reference to 

* E lec t rochemica l  Society Ac t ive  Member .  
Key words: electroless,  films, m a g n e t i s m .  

some patents, and the samples "E" and "F" were the 
commercial ones of Hitachi Easel Company HS-101B 
and Shipley Company Cataposit No. 44 where the 
lat ter  is one of the salty catalysts using NaC1 instead 
of HC1. The details of preparation and composition 
were previously shown in Ref. (9 and 10). Five ac- 
celerators, IM NaOH, 6M HCI, 1.12M H2SO4, IM 
NH4OH, and IM NH4BF4 were used in accordance 
with several papers (11). The ammoniacal alkaline 
cobalt tar trate  plating bath was adopted as the electro- 
less Co-P plating bath [COSO4 0.05M, Na2C4H406 0.5M, 
(NH4)2SO4 0.50M, NaH2PO2: 0.20M, pH 9.2 adjusted 
with NH~OH, bath temperature 80~ The process of 
electroless plating was as follows: polished with MgO 
powder (only in the case of Cu sheet), degreased in 
ethanol or acetone, immersed in 10% HC1, activated 
in mixed PdCIJSnCI~ catalyst solution (3 rain), im- 
mersed in accelerator solution (3 min),  and electro- 
less plating was started (plating tim~ ca. 30 sec). A 
water  rinse was used after each of the steps. The 
deposition rate and the film thickness of the deposits 
were calculated from weight change, which was mea- 
sured by a Mettler microbalance (the density of de- 
posits was assumed to be 8.6 g .cm-8) .  Copper sheet 
was used as substrate and the mixed potential mea- 
surement for monitoring the initial  time of plating 
was performed with copper wires. Electrolessly plated 
Ni-P (Blue Sumer, Japan Kanigen Company Limited),  
Ni-Cu-P (Niculoy 22, Ship]ey Far  East Limited),  Cu 
(Cuposit Copper Mix 328L, Shipley Far  East Limited),  
Au (Noncyanide electroless gold, Nippon Engerhard 
Company Limited),  and acetylcellulose were aIso used 
for the tests of substrate species. Acetylcellulose sheet 
was rendered hydrophilic by immersing in 0.1M NaOH 
solution before activating its surface. The surface 
roughness was varied with several emery papers and 
measured with a stylus technique (Rank-Taylor-Hob- 
son Talystep 1). The compositional analysis of cobalt 
and phosphorus in the electroless Co-P ptated films 
was done by atomic absorption spectroscopy for cobalt, 
and by spectrophotometry using the molybdenum blue 
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method  for phosphorus.  The e lec t rochemical  measu re -  
men t  technique was prev ious ly  shown in Ref. (9 and 
10). A gold wire  or disk  was used as the tes t  electrode.  
S i lve r / s i l ve r  c h l o r i d e  (Ag/AgC1) and m e r c u r y / m e r -  
curic oxide  (Hg /HgO)  were  used as re ference  e lec-  
t rodes  and al l  potent ia ls  a re  r e fe r r ed  to a sa tu ra t ed  
calomel  e lec t rode  (SCE).  The coercivi ty  and square -  
ness of the films were  measured  wi th  a sensi t ive  
v ib ra t ing  sample  magne tome te r  (VSM-3 Type, Toei 
Kogyo Company Limi ted)  and a d igi ta l  BH curve 
t r ace r  .(DG-1, Saka ta  Works  L imi ted) .  Elec t ron  m i -  
croscopy measurements  were  made  using ,a JEOL 
JEM-7A ins t rumen t  wi th  a 100 kV e lec t ron  source. 
Elect ron diffract ion pa t t e rns  were  ana lyzed  wi th  r e f -  
erence  to the ins t rumenta l  fac tor  de te rmined  b y  a 
s t andard  sample  of evapora t ed  gold. Samples  for  
t ransmiss ion e lec t ron  microscopy and t ransmiss ion 
e lect ron diffract ion analyses  were  p r e p a r e d  wi th  the  
Co-P  p la t ing  on acetylcel lu lose  sheet. Samples  for  
reflection e lec t ron diffract ion analysis  were  the  Co-P 
films e lec t ro less ly  p l a t ed  on copper  sheet. 

Results and Discussion 
Acceleration e~ect  on catalyst activity for e lec t ro-  

less cobalt plat ing.--The cata lys t  ac t iv i ty  can be de -  
t e rmined  f rom the mixed  poten t ia l  measurements ,  as 
p rev ious ly  shown in Ref. (9). The induct ion t ime f rom 
immers ion  to in i t ia t ion of p la t ing  can be obta ined  
f rom the d ramat ic  potent ia l  change, and the rec iprocal  
o rde r  of the induct ion t ime corresponds to the o rde r  
of ca ta lys t  activity.  Typica l  mixed  potent ia l  var ia t ions  
in  the electroless  cobal t  p la t ing  ba th  are  shown in 
Fig. 1, and  the induct ion t imes wi th  var ious  condit ions 
of ac t ivators  and accelera tors  a re  also demons t ra ted  
in  Table  I. The a r rows  in the figure show the s ta r t ing  
poin t  of plat ing.  The var ia t ion  of the induct ion t ime 
in this case became smal le r  than  that  in the previous  
case of n ickel  deposi t ion [cf., Ref. (9)] ,  and  some-  
t imes no cobal t  deposi t ion was observed  in the  case 
of nonaccelerat ion.  The ca ta ly t ic  ac t iv i ty  o rder  can be 
identif ied as follows: E ~ D > F > A, and a f te r  ac-  
celerat ion,  the o rde r  of ac t iv i ty  is poor ly  charac ter ized  
because of the induct ion t ime be ing  a lmost  the same. 
The ac t iv i ty  in the  case of NaOH, however,  m a y  be 
the  highest  in these five cases. Since the films in i t i a l ly  
deposited,  in the case of nonaccelerat ion,  are  pa tched  
and uneven , -even  though the induct ion t ime is gen-  
e ra l ly  shor te r  than  tha t  in the  case of n ickel  deposi -  
tion, the  accelera t ion in the case of cobal t  deposi t ion 
is considered to be a ve ry  significant process as wel l  
as in the case of n ickel  deposit ion.  The  var ia t ion  of 
the immers ion  t ime in the accelera tor  solut ion on the 
induct ion  t ime was observed  to become constant  a f te r  
ca. 5 rain for sample  A, and  af te r  severa l  tens of 
seconds for  sample  D; except  for  the  case  of NaOH, the 
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Fig. 1. Time variation of mixed potential in the Co-P electroless 
plating bath on copper wire after activation (3 min) and accelera- 
tion (3 min) with several accelerator solutions. 1, D-NaOH; 2, D- 
NH4BF4; 3, D-HCl; 4, D only. 
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Table I. Effects of activation and acceleration on induction time 
in the Co-P electroless plating bath (sec) 

~ A e c .  
A c t . . ~  

A 2.2 1.7 No dep.  No dep. No dep. No. dep. 
D 0.9 1.0 1.2 0.9 1.0 2.3 
F, 0.9 0.9 0.8 0.8 0.8 1.0 
F 0.8 0.8 0.9 0.9 0.8 1.0 

NaOH HC1 H2SOr NH4OH* NH4BF~* No acc.** 

* Th e  condi t ion of films init ial ly depos i ted  in t h e  c a s e s  o f  
NH~OH and  NH~BF~ was  worse  t h a n  those  in t h e  cases of NaOH, 
HC1, and  I4_~Or 

** Th e  induct ion  t i m e  in the  case of no acce le ra t ion  did n o t  
show good . reproducibi l i ty ,  and so me t imes  no cobal t  deposi t ion 
was  observed.  T h e  init ially depos i ted  films in the  case of n o  ac-  
c e l e r a t i o n  w e r e  p a t ch ed  an d  uneven .  

induct ion t ime gave the min imum va lue  a round  I min  
immers ion  t ime and g radua l ly  increased wi th  the i n -  
crease in immers ion  time. The ca ta ly t ic  ac t iv i ty  in a l l  
cases except  for NaOH is considered to be constant  
af ter  in i t ia l  immers ion;  however ,  in the case of NaOH 
accelerator ,  the cata lyt ic  ac t iv i ty  g radua l ly  becomes 
lower  af te r  long immers ion  time, which m a y  be caused 
by  the  r emova l  of act ive nuclei.  

Though the effects of dissolved oxygen  in the  mixed  
c a t a l y s t  solut ion were  of impor tance  in the  p repa ra t ibn  
process as pointed out  in Ref. (9), the effects of dis-  
solved oxygen  in the electroless  p la t ing  solut ion on 
the induct ion t ime were  scarcely  observed.  

Determination of plating t ime.--Figure 2 shows the 
re la t ionship  be tween  p la t ing  t ime and film thickness  
for severa l  accelerat ions af ter  ac t iva t ion  wi th  ca ta lys t  
D. The film thickness increases  l i nea r ly  wi th  the in-  
crease in the p la t ing  t ime up to ca. 1O00A for each case. 
The highest  and lowest  deposi t ion rates  were  observed 
in the cases of NaOH and NH4OH accelerators .  The 
500A thickness of  the e lec t ro less ly  p la ted  cobal t  film 
is obta ined b y  p la t ing  ca. 30 sec. The var ia t ion  of 
coercivi ty  of the  film p l a t e d  for ca. 30 sec indica ted  
that  the coercivi ty  is a lmost  the same value  in the r e -  
gion a round  30 sec (i.e., a round  500A th ickness) .  
Therefore,  we adoped 30 sec for a l l  cases because  the  
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Fig. 2. Effect of acceleration on deposition rate in the Co-P 
electroless plating bath. Activation and acceleration were per- 
formed with sample D for 3 min and with various accelerators for 
3 min. tp designates the plating time. 
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coercivity of the film was scarcely affected by the var i-  
ation of film thickness around 500A. 

Electrochemical approach using gold electrode.-- 
Figure 3 shows single anodic voltammograms on a 
gold electrode in 1M HC1 after activation with D and 
acceleration with several accelerators. I t  has been con- 
firmed in the previous paper  (9) that  the three anodic 
peaks at ca. --0.10, ca. 0.20, and ca. 0.45V correspond 
to the desorption of adsorbed Sn(O),  the oxidation of 
Sn(I I )  to Sn(IV),  and the dissolution of Pd(O) ,  re-  
spectively.  The residual amount of Sn on the substrate 
surface after acceleration can be quali tat ively com- 
pared with the two anodic peaks at ca. --0.10 and ca. 
0.20V. In the cases of NaOH and HC1 accelerators, the 
anodic peaks due to the desorption of Sn(O)ad and 
the oxidation of Sn(I I )  were not observed, and only 
the anodic peak due to the dissolution of Pal(O) was 
observed. The order of the residual amount  of Sn can 
be H2SO4 > NH4BF4 ~ NH4OH > NaOH ~ HC1. Since 
the two anodic peaks due to Sn desorption and oxida- 
tion were not observed in the single anodic voltammo- 
grams after activation with E and acceleration with 
HC1 and NH4BF4, which were previously shown Ref. 
(9), the residual amount of Sn on the surface is con- 
sidered to depend also on the activator species. In 
view of the fact that the order of the Sn residual 
amount corresponds nearly to that  of  the induction 
time, catalytic activity is affected by the residual 
amount of Sn which is controlled not only by activa- 
tors but  also by accelerator species. 

Effects of activation and acceleration on magnetic 
properties.--The variation of magnetic properties of 
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Fig. 3. Single anodic voltammograms on Au electrode in I M  
HCI after activation with sample D (1 mln) and acceleration with 
various accelerators (15 sec) at 25~ Scan rate, 0.10 V sec-1; 
dashed line: anodic scan without activation and acceleration. 
1, D-H2SO4; 2, D-NH4BF4; 3, D-HH4OH; 4, D-NaOH; 5, D-HCI. 

Table II. Effects at activation and acceleration on magnetic 
properties 

Ace. 
Act. ~ NaOH HC1 H~SO~ NFI~OH NH~BF~ 

He (oe) 630 610 No dep. No dep. No dep. 
A Br 'Bm -1 0.67 0.53 

f Hc (oe) 510 640 600 700 760 
D ~ Br'Bra "a 0.75 0.67 0.56 0.55 0.56 

He (oe) 420 650 680 690 685 
E Br 'Bin -1 0.70 0.66 0.63 0.57 0.53 

f He (oe)  480 630 570 580 630 
F "~ Br 'Bm -1 0.77 0.59 0.70 0.57 0.55 

Co-P films, where various activators and accelerators 
are used for the pretreatment  of copper substrate, is 
demonstrated in Table II. The cobalt-phosphorus film 
was not deposited in the case of activator A using ac- 
celerators of H2SO4, NH4OH, and NH4BF4. There is 
an approximate tendency for the accelerators NaOH 
and HC1 to give relat ively lower coercivity and higher 
squareness compared to the accelerator group of 
NHaOH and NH4BF4. In these systems, the squareness 
tends to increase with the decrease in the coercivlty. 
The coercivity of the film plated with galvanic ini- 
tiation, which is shown in Table IV, becomes lower 
than that of the film plated with activation and ac- 
celeration. It is very interesting that the magnetic 
properties of thin film can be varied widely by chang- 
ing the activation and acceleration processes. It is 
clearly at tr ibuted to the difference of catalytic activity 
of surface conditions which are controlled by the pro- 
treatment process. 

The relationship between the phosphorus content 
and the coercivity of Co-P film is shown in Table III. 
It  is shown that the pretreatment  giving the higher 
catalytic activity tends to produce the higher phos- 
phorus content of the film. Tasaka et al. (12) reported 
that palladium is useful as a catalyst for the oxidation 
of hypophosphite ion in alkaline solution. The XPS 
results (9) showed that the Pd-Sn active sites on sur- 
faces consist of a system in which the ratio of Pd /Sn  
depends on the catalytic activity and that  the Pd /Sn  
ratio of the active sites increases with increasing cata- 
lyst activity. Since the oxidation of hypophosphite ion 
which is accelerated by the act ive sites of catalysts 
enhances not only the reduction of cobalt but also the 
phosphorus deposition which may be caused by the 
side oxidation reaction of hypophosphite ion, the pre- 
treatment giving the higher catalytic activity is con- 
sidered to result in the higher phosphorus content in 
the film. One of the authors (13) and Spelitios e t a l .  
(6) reported that the coercivity shows a maximum 
with the increase in the phosphorus content up to 5-7 
w/o for these very thin Co-P storage films and that 
the above correlation is mainly at tr ibuted to the grain 
size, which is determined by the phosphorus content 
in these systems. Therefore, the tendency for the thin 
film having the higher phosphorus content to have 
lower coercivity might also be explained by the above 
assumption. 

Effects of substrate species and surface roughness on 
magnetic properties.--Magnetic properties of the Co-P 
films in the cases of six kinds of substrate materials 
are tabulated in Table IV, where the Co-P films de-  

Table III. Relationship between phosphorus content and coercivity 
of the thin films 

Act.-Acc. P (w /o )  Hc (oe) 

D-NaOH 2.2 510 
D-HC1 2.2 640 
D-H2SO4 2.5 600 
D-NH4OH 1.6 700 
D-NH~BF~ 1.0 760 
A-NaOH 1.8 630 
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Table IV. Effect of substrate species on magnetic properties 

Magnetic properties 

Substrate  GI" Act.-Acc,* * 

J H~ (oe) 480 510 
Cu t B~'B, .  -a 0.72 0.75 

~" He (oe)  340 670 
A u t  t Br 'Bm -1 0.9t 0.76 

f Hc (oe)  615 825 
NI-Pt "[ B,  'Bin -1 0.78 0.78 

J Hc foe)  650 690 
Ni-Cu-Pt Br 'Bm -1 0.78 0.80 

S H~ (oe)  405 - -  
Ctlt ]~ Br 'Bm -1 0.74 - -  
Acetylcel-  [ Hc (oe)  - -  9{)0 
lulose ~ Br 'Bm ~ 

* GI means  the Co-P p la t ing  whose  e lectro less  plating is  initi- 
a t ed  wi th  i ron  wi re  con tac t  (ga lvanic  ini t iat ion) 

** T he  Co~P pla t ing  film was  p la t ed  wi th  the  condi t ions  of Act.  
(D) and  Acc. (NaOH) .  

T hese  films were  e lectroless ly  plated.  

posited with galvanic initiation are also shown for dis- 
cussion. In the case of electrolessly deposited copper, 
the magnetic properties were not obtained because of 
the dissolution of copper in the activator solution. The 
deposition on acetylcellulose by galvanic initiation 
also did not occur because the substrate was not a con- 
ductor. The coercivity on acety!cellulose is the highest, 
and among the metal substrate species, the order of 
coercivity becomes as follows: electrolessly plated 
Ni-P > electrolessly plated Ni-Cu-P > electrolessly 
plated Au > Cu. The coercivity and squareness of the 
film initiated with activation and acceleration pro-  
cesses tend to become higher than those in the case of 
galvanic initiation. Tago et al. (8) reported that the 
materials of Ni-P, Rh, and Au are useful as the sub- 
strate of cobalt film for storage medium and concluded 
that the variation of magnetic properties with various 
substrates may be at tr ibuted to the difference of grain 
size of the substrate surfaces. 

The effect of surface roughness of copper sheet on 
magnetic properties is shown in Table V, where the 
film is deposited with activation (D) and acceleration 
(NaOH). The coercivity and squareness of the film do 
not vary with various roughness of Rmax (maximum 
value of roughness). Therefore, it  is concluded that the 
larger variation of surface roughness obtained by such 

Table V. Effect of substrate roughness on magnetic properties 

Number 
of emery Rmax 

paper  (~m) Hc (oe)  Br'Bm -1 

1500 0.17 510 0.68 
800 0.50 515 0.68 
490 2.30 510 0.68 
240 3.70 500 0.66 

as emery paper is too rough to affect the magnetic 
properties and that the smaller variation of surface 
roughness produced by  the difference of crystalli te 
grain size influences largely the magnetic properties. 
I t  is natural  that the finest surface condition of acetyl-  
cellulose produces the highest coercivity in these ex- 
periments. 

E~ects of activation and acceleration or~ magnetic 
properties using acetylcel~ulose substrate.--Figure 4 
shows the typical transmission electron micrographs o f  
Co-P films plated on acetylcellulose with various pre-  
t reatment conditions of D accelerators. The grain size 
of Co-P films on acetylcellulose increases with the  in-  
crease in coercivity such as 200 ~ 500A for H2SO4 ac- 
celerator (590 oe), 500 ,-~ 800A for NaOH (900 oe), 
and 1000 ~ 2000A for HC1 (1220 oe). In the case 
of ammoDia-containing systems (D-NH4BF4 and 
D-NI-I~OH), the grain sizes are uneven and there is 
no correlation between grain size and coercivity. As 
we pointed out in a previous paper (10), the active 
surface conditions after acceleration with the am- 
monia-containing solution group was quite different 
from those of the former three cases. Ammonia-con- 
taining group accelerators coagulate the small par t i -  
cles after activation to produce high density particles 
and it may result from some ammoniate compounds 
such as Pd-ammonia complexes. The above different 
sUrface conditions in the case of ammonia-containing 
accelerators result in the uneven grain size conditions 
of Co-P film which give no correlation between co- 
ercivity and grain size. Therefore, it can be concluded 
that the surface conditions activated with various cata- 
lysts and accelerators affect largely the magnetic 
properties of electrotessly plated Co-P films and that  
grain size of the film may be one of the important  
factors to control the magnetic properties of Co-P 
films. 

Since the three cases of H~SO4, NaOH, and HC1 
show the clear correlation between coercivity and 
grain size, the typical results of transmission electron 
diffraction profiles of Co-P films on acetylcelluose are 
demonstrated in Table VI. The d values directly ob- 
served from the diffraction radii  and the intensity of 
diffraction rings are given as dob and I. The calcu- 
lated d values named as de1 are calculated by using 
the hexagonal lattice parameters of a and c shown in 
Table VI, which are determined from the lattice con- 
stant becoming near ly  constant when the Miller in-  
dexes h, k, 1 are alloted to dob values. It is shown by 
the good agreement of dob with dcl that  the Miller 
index allotment is fairly proper  in these cases. Since 
~-cobalt with fcc lattice and cobalt phosphide alloy 
such as Co2P with orthorhombic lattice are not ob- 
served in the case of electrolessly plated Co-P films, 
the electrolessly plated cobalt film is considered to be 
a-cobalt  with the hexagonal lattice as reported by 

Table VI. Electron diffraction profiles of Co-P film on acetylcellulose with several conditions of 
activation and acceleration 

D-NaOH D-HC1 D-H~SO~ 

hkl  dob (A) dcl (A) I hkl  dob (A) dcl (A) I hkl  dob (A) de1 (A) I 

(100) 2.19 2.22 vs 
(191) 1.92 1.95 vs  
(102) 1.53 1.53 w 
( llO ) 1.27 1.28 s 
(112) 1.06 1.09 s 
(202) 0.97 0.98 w 
(211) 0.81 0.82 m 

He = 900 (oe)  

f a = 2.56 
H exagona l  c 4.21 

(100) 2.28 2.23 vs (002) 2.07 2.15 vs 
(101) 1.95 1.98 s (102) 1.58 1.56 w 
(110) 1.35 1.29 w (110) 1.29 1.31 w 
( 103 ) 1.17 1.17 m ( 201 ) 1.09 1.09 s 
(203) 0.87 0.87 m (114) 0.83 0.83 m 

Hc = 1220 (oe)  

a = 2.58 
Hexagona l  c 4.12 

Hc = 590 (oe)  

a = 2.58 
Hex ag o n a l  c = 4.23 

dob and dc~ mean  the  latt ice constants  observed  and calcula ted ,  respec t ive ly .  I means  re lat ive  intensity of diffraction r ing  (vs:  v e r y  
strong,  s: strong,  m: medium,  w: w e a k ) ,  
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Fig. 4. Transmission electron micrographs of Co-P film on acetylcellulose with various surface conditions produced by using several 
accelerators, a, D-H2S04; b, D-NoOH; c, D-HCI; d, D-NH4BF4; e, D-HH4OH. 

Aoki  et al. (2). The la t t ice  pa rame te r s  in these c a s e s  
are  a l i t t le  l a rge r  than those in the case of a-Co 
(a : 2.502A and c : 4.061A), and i t  might  be a t t r i b -  
u ted to the addi t ion of phosphorus  in the a -coba l t  l a t -  
tice. I t  is v e r y  in teres t ing  that  the c-axis  of Co films in 
the cases of D-NaOH and D-HC1 orients  p re fe ren t i a l ly  
normal  to the  film because of  the presence of (100) 
p lane  wi th  no appearance  of (002) plane,  and  tha t  
the c axis in the case of D-H2SO4 orients  p re fe ren t i a l ly  
para l l e l  to the film because of the presence of a s t rong 
diffraction r ing of the (002) plane.  Therefore,  the or i -  
enta t ion of the c axis of a -coba l t  of e lec t ro less ly  p l a t ed  
thin-f i lm Co-P can be control led b y  the p r e t r e a t m e n t  
combination.  In  the cases of ammonia -con ta in ing  ac-  
ce lera tors  (which are  omi t ted  in Table  VI) ,  the po ly -  
crys ta l l i te  a -cobal t  thin film was observed because of 
s t rong diffraction r ings of both  (100) and (002) p lanes  
being observed and i t  might  be a t t r ibu ted  to the un -  
even surface conditions a f te r  accelerat ion.  The Co-P  
films p la t ed  on copper  sheet  wi th  var ious  p r e t r e a t -  
merits showed only the case of the c axis being pa ra l l e l  
to the subs t ra te  plane,  which was confirmed by  the r e -  
sults of reflection e lec t ron diffraction profiles. There -  
fore, i t  can also be concluded tha t  the  p r e t r ea tmen t  
and subs t ra te  affect not  only  the gra in  size con t r ibu-  
t ion b u t  also the or ien ta t ion  of the c-axis  of the  a -co-  
ba l t  hexagona l  la t t ice  of e lec t ro less ly  p l a t ed  Co-P  
films. 
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Adsorption and Alloy Formation of Zinc Layers on Silver 
G. Adzic, *'~ J. McBreen,* and M. G. Chu* 

Brookhaven National Laboratory, Department o] Energy and Environment, Upton, New York 11913 

ABSTRACT 

The deposi t ion of zinc on s i lver  f rom a lka l ine  zincate solut ions h a s  b e e n  
inves t iga ted  using cyclic vo l t ammet ry ,  potent ia l  pulse  methods,  x - r a y  dif -  
fract ion,  and  scanning e lec t ron microscopy.  A p p r o x i m a t e l y  one mono laye r  of 
zinc is formed in the underpo ten t ia l  deposi t ion region pr ior  to bu lk  deposit ion.  
The underpo ten t i a l  shift  (aEp) is 0.15V. Zinc forms at  leas t  two al loys wi th  
the subst ra te .  One was identif ied as AgZn8 and the other  as the 8' phase  of 
AgZn. The bu lk  zinc deposi t  consists of hexagona l  p la te le ts  tha t  a re  or ien ted  
bo th  pa ra l l e l  and  pe rpend icu la r  to the basal  plane.  

The deposi t ion of zinc on s i lver  is of technological  
impor tance  because of the  use of s i lver  cu r ren t  col-  
lectors  in z inc-s i lver  oxide  and z inc-n icke l  oxide ba t -  
ter ies  (1). When  zinc e lect rode formula t ions  contain 
e i ther  zinc sheet  or zinc powder  in contact  wi th  the  
si lver,  the  cur ren t  col lector  turns  to a g ray  z inc- l ike  
color on the addi t ion  of KOH elec t ro ly te  (2). This was 
inves t iga ted  by  Dirkse  and Vr ie land  (3) and they  
found tha t  the phenomenon did not  depend  on a m a l g a -  
mat ion  of the  electrode.  Thermodynamica l ly ,  the only  
sa t i s fac tory  explana t ion  is tha t  a surface a l loy of zinc 
is formed.  

S t r auman i s  and  Fang  (4) found tha t  when  s i lver  
was e lec t rochemica l ly  displaced by  zinc that  the zinc 
deposi ted as a ve ry  thin  l aye r  on the surface of the  
s i lver  grains.  Raub and Wul lhors t  (5) s tudied deposi-  
t ion of s i lver-z inc  al loys f rom cyanide solutions. Al l  
phases presen t  in the phase  d iag ram were  found ex-  
cept  the ~ phase. 

The  underpo ten t i a l  deposi t ion of T1 (6), Pb  (7),  Bi 
(8), and Cd (9) on s i lver  has been inves t iga ted  in 
some detai l .  Kolb,  in his r ev iew (10), refers  to u n -  
publ i shed  resul ts  for unde rpo ten t i a l  deposi t ion of Zn 
on s i lver  f rom sulfate  solutions. 

The presen t  s tudy  was pa r t  of an inves t igat ion of  
subs t ra te  effects on zinc deposi t ion on severa l  meta ls  
f rom zincate solutions. The techniques used were  cyclic 
v o l t a m m e t r y  potent ia l  pulse  methods,  scanning elec-  
t romicroscopy,  and x - r a y  detract ion.  

Experimental 
Ce~L--The e lec t rochemical  measurements  were  made  

in a s imple  PTFE beaker  cel l  wi th  a machined PTFE 
cover  tha t  had a Viton O- r ing  seal  and PTFE pipe 
fittings for  gas feed, e lect r ica l  connections, and a 
reference  e lec t rode  Luggin  capi l lary .  An Hg/HgO re f -  
erence e lect rode and a n ickel  screen countere lec t rode  
were  used. 

* Electrochemical Society Active Member. 
1Present  address: Institute of Chemmal Power Sources, ICTM, 

Beograd, Yugoslavia. 
Key words: ~algam, battery, electrodeposltion. 

Working electrodes,mTwo types  of work ing  elec- 
trodes were used. One was a s imple "flag" type  sheet  
e lec t rode  (1 • 1 em) ,  the other  a machined  d isk  elec-  
t rode (0.686 cm2). The s i lver  e lectrodes were  po lyc rys -  
ta l l ine  and were  at  least  99.998% pure.  

The s i lver  sheet  e lectrodes were  degreased  in  a c e -  
t o n e  and washed wi th  t r i p ly  dis t i l led  wa te r  pr ior  to 
incorpora t ion  in the  cell. The s i lver  disk  electrodes 
were  mounted  in a PTFE holder  wi th  a K e l - F  col lar  
compression seal. The disks were  pol ished successively 
wi th  600 gri t  SiC paper ,  Microcut  Sheets  (Buehler  
L imi ted) ,  5 and  0.5~ alumina.  The electrodes were  
f inal ly washed  wi th  t r i p ly  d is t i l led  wa te r  p r io r  to in -  
corpora t ion  into the cell. 

A m a l g a m a t e d  "flag" electrodes we re  also used. These 
were  p repa red  by  deposi t ion of me rc u ry  f rom a 2% 
solut ion of HgO in a I: l mix tu re  of dis t i l led wa te r  and 
glacial  acetic acid, at a cu r ren t  dens i ty  of 9 rnA/cm 2, 
using p l a t inum counterelectrodes.  Various deposi t ion 
t imes f rom 5 to 60 rain were  used. 

EIectrolytes.--The elec t ro ly tes  were  p r e p a r e d  f rom 
t r i p ly  dis t i l led  water ,  r eagen t  g rade  KOH and ZnO 
(New Je r sey  Zinc USP-19) .  

Electrochemical studies.--After cell  assembly,  the 
solutions were  deae ra t ed  by  bubbl ing  ni t rogen th rough  
the solut ion for 15 min  pr io r  to the  s tar t  of measu re -  
ments. The n i t rogen was purif ied by  passage th rough  
molecular  sieves. 

Al l  the cyclic v o l t a m m e t r y  studies were  made  i n  
voltage envelopes tha t  were  more  nega t ive  to 
~-0.020V. 2 At  no t ime did the  vol tage  scan go into 
a potent ia l  region where  the subs t ra te  could oxidize. 

The potent ia l  step exper iments  consisted of zinc 
deposi t ion at  var ious  potent ia ls  be tween  --1.11 and 
--1.46V fol lowed by  an anodic pulse at  --1.25V and a 
second anodic step to --1.0V. One of the  problems  wi th  
using the cathodic potent ia l  pulse  methods  in zinc 
deposi t ion is in te r fe rence  by  coevolut ion of hydrogen  

All potentials are with respect to an Hg/HgO reference elec- 
trode in the same electrolyte. 
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to an unknown extent. Despic has proposed the use 
of an anodic pulse following the cathodic pulse as a 
solution to the problem (11). In this work, a two step 
anodic pulse was used in an attempt to separate the 
contributions of underpotential deposition, bulk depo- 
sition, and alloy formation. 

Scanning electron microscopy and x-ray diffraction. 
---Sample preparation for the scanning electron mi- 
croscopy and the x-ray diffraction studies was as fol- 
lows. The zinc was deposited on the "flag" sheet elec- 
trodes at a fixed potential until a required number of 
coulombs were deposited. The electrode was immedi- 
ately removed from the electrolyte, washed repeatedly 
in distilled water, rinsed in acetone, air dried, and 
stored in a desiccator until mounted in either the 
scanning electron microscope or the x-ray goniometer. 
The diffraction pattern was determined using Cu-K= 
radiation. The samples prepared for the morphology 
and deposit orientation studies were deposited from 
8.4M KOH + 0.74 ZnO. Three samples on each sub- 
strate were prepared. The deposition conditions were 
0.5 C/cm~ at --1.40V, 2 C/cm 2 at --1.42V, and 5 C/cm s 
at -- 1.44V. 

R e s u l t s  
Cyclic voZtammetry.--Figure 1 is a cyclic voltammo- 

gram on a silver sheet electrode in the potential en- 
velope +0.020 to --1.345V in tM KOH + 0.08M ZnO. 
A cyclic voltammogram in 1M KOH is shown for com- 
parison. Underpotential deposition of zinc starts at 
about --1.08V. In this case there were well-defined 
current peaks in the underpotential deposition region. 
With some electrode samples, particularly by the disk 
electrodes, there were no sharp peaks. Samples that 
yielded two peaks in the underpotential deposition re- 

g ion  could be prepared by the peroxide-cyanide etch 
method, described by Bewick and Thomas (6). Figure 
2 is a cyclic voltammogram for silver sheet in IM 
KOH + 0.08M ZnO in the voltage envelope +0.020 to 
--1.4V. When the electrode is continuously swept, the 
pattern for underpotential deposition and zinc deposi- 
tion and dissolution can be clearly discerned. How- 
ever, if the electrode is held at a potential of --1.4V 
for 4 sec two other dissolution peaks, one at --1.05V 
and the other at --0.2V, become apparent. When the 
cyclic voltammetry is carried out in the voltage en- 
velope +0.020 to --1.5V the two extra dissolution 
peaks are also apparent. 

Several attempts were made to further elucidate the 
nature of these dissolution peaks by cyclic voltamme- 
try. Figure 3 shows what happens when the sweep is 
arrested for 5 sec at --1.4V and the potential swept 
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Fig. I. Cyclic voltammograms on sheet Ag electrode (2 em~); 
solid line 1M KOH -I- 0.08M ZnO; broken line 1M KOH, sweep 
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anodically to --1.24V where it is again arrested until 
the current reached zero (5 min). Upon resumption of 
the anodic sweep, the two dissolution peaks are clearly 
discernable. When the anodic arrest is increased to 
--1.17V (Fig. 4), the first peak is decreased whereas 
the peak at --0.2V remains unaffected. Figure 5 is a 
plot of the total anodic charge under the peak at 
--0.2V vs. the reciprocal of the square root of the 
sweep rate when the voltage envelope is between 
+0.020 and --1.5V. The dependence is linear. Figure 6 
shows cyclic voltammograms in the voltage envelopes 
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Fig. 6. Cyclic voltammogram on Ag disk electrode (0.686 crn 2) in 
1M KOH + 0.08M ZnO; solid line for a voltage envelope between 
0.02 and --1.5V; broken line for a voltage envelope between 0.02 
and --1.35V; lines with dashes and dots show anodic peak after 
5 rain arrest at --0.65V, sweep rate 50 mu 
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Fig. 4. Cyclic voltammogram on Ag disk (0.686 cm 2) in 1M KOH 
-k 0.08M ZnO; potential was held at - - l A Y  for 5 sec and arrested 
at - -1.17V on the anodic sweep for 5 rain, sweep rate 100 mV/sec; 
broken line is a continuous sweep. 
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-t-0.02 and --1.35 and -F0.02 and -1.517. When the 
cyclic voltammogram between -t-0.020 and --1.SV is 
arrested in the anodic sweep at --0.65V for 5 min the 
anodic peak at --0.2V is only minimally affected. 
Figure 7 shows a cyclic voltammogram in the voltage 
envelope +0.020 to --1.5V followed by a number of 
cyclic voltammograms in the voltage envelope --0.9 
to --1.SV and finally by another cyclic voltammogram 
between -~0.20 and --1.SV. When the electrode is 
swept in the voltage envelope --0.9 to --1.5V the cath- 
odic peak at --1.42V decreases, the anodic peak at 
--1.3V increases, and the anodic peak at --1.14V de- 
creases. On extending the sweep to -F0.20V after three 
sweeps between --0.9 and --1.SV there is an increase 
in the anodic peak at --0.2V. 

Cyclic voltammetry studies were also carried out in 
6M KOH 0.8M ZnO and in 7.85M KOH ~- 0.74M ZnO. 
No features were found in the other electrolytes that 
did not exist in 1M KOH. Thus, only the results in 1M 
KOH are presented in detail here. 

The investigations on amalgamated silver were pre- 
liminary in nature. Typical results are shown in Fig. 8. 
Amalgamation completely suppresses underpotential 
deposition and reduces the cathodic current at --1.4V. 

Potentiostatic pulse studies.--Figure 9 shows the 
current-time behavior for zinc deposition at various 
potentials for 100 sec. The anodic stripping profile at 
--1.25V is also shown. The anodic peak current in- 
creases with deposit thickness. Figure 10 shows the 
anodic stripping charge for two potentiostatic pulse 
profiles in 8.40M KOH + 0.74M ZnO. The results in- 
dicate that about one monolayer of zinc is deposited 
before the bulk zinc deposition. When the bulk de- 
posit is stripped in two stages (--1.25 and --1.0V) most 
of the disso.lutien occurs at --1.25V. The remainder of 
the deposit (up to 30 monolayers) is stripped at --1.0V, 
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Fig. 7. Cyclic voltammogram on Ag disk (0.686 cm 2) in 1M KOH 
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Figure  11 shows the resul ts  when all  of the deposi t  is 
s t r ipped  at  --1.0V. The anodic cu r r en t - t ime  profile is 
indicat ive  of a fast dissolution process fol lowed by  a 
slow dissolution process. 

X-ray dif]ractimz studies.--Table I summar izes  some 
of the  x - r a y  diffract ion resul ts  for the s i lver-z inc  
system. The cycling regime on the  th ree  samples  were  
as follows: 

Sample  I: Sample  I was swept  in the cathodic d i rec-  
t ion in 1M KOH -t- 0.08M ZnO at a sweep ra te  of 50 
mV/sec  to a potent ia l  of --1.45V and held  there  for  1 
h r  p r io r  to remova l  and washing.  

Sample  II:  Sample  II  was t rea ted  in a s imi la r  fash-  
ion, held  at  a potent ia l  of --1.44V, and then  swept  
to a potent ia l  of --1.1V at 1 mV/sec  before  remova l  
f rom the cell. 

The t r ea tmen t  of sample  I I I  was s imi lar  to sample  
I I  except  tha t  the  anodic sweep was to a potent ia l  of 
--0.TV. The d values  for  Zn, Ag, AgZn3, and the  
phases of AgZn are  shown in Table I for  comparison.  
There  was no evidence of a ZnO pa t t e rn  in  any  of the  
samples.  

The  x - r a y  diffract ion resul ts  m a y  be summar ized  as 
follows. In  sample  I there  was a c lear  pa t t e rn  for Zn, 
Ag, and  AgZr~. In sample  II  the re  was no pa t t e rn  for  
Zn. However ,  there  was a s t rong AgZn3 pat tern .  In  
sample  I I I  there  was no evidence of zinc and t h e  
AgZn3 pa t t e rn  was weake r  than  in sample  II. There  
was s l ight  evidence of an AgZn pa t t e rn  in samples  I 
and III. However ,  its presence could not  be unequivo-  
ca l ly  de te rmined  in these samples. However ,  in the  
samples  p repared  for  morpho logy  and deposi t  o r ien ta -  
t ion studies, s t rong diffraction peaks at  2e = 28.4 ~ 
50.05 ~ and 58.65 ~ occurred.  These could be a t t r ibu ted  
to e i ther  the p' or/;  form of AgZn. 

I 2 m A  

, 2  , o 0 9  0 8  

/ /  POTENTIAL vs Hg/HgO (V) 

Fig. 8. Cyclic voltammogram on amalgamated Ag sheet (2 cm ~) 
in 1M KOH + 0.08M ZnO, sweep rate 100 mV/sec. 

Deposit morphology and orientation.--Figure 12 is 
a scanning e lec t ron mic rograph  of a zinc deposi t  on 
silver.  The deposi t  consisted of hexagonal  platelets .  
The x - r a y  diffraction resul ts  indica ted  tha t  the deposi t  
consisted o f  a combina t ion  of layers  pa ra l l e l  to the  
basa l  p lane and pe rpend icu la r  to the  basa l  plane.  
There  were  no significant morpho logy  changes in  the 
thickness range of 1-5 C /cm 2. 

Discussion 
The cyclic vo l tammet ry ,  potent ia l  pulse, and x - r a y  

diffract ion studies indicate  tha t  the  deposi t ion of zinc 
on s i lver  is a r a the r  complex  process consist ing of  

2 0  rnA/cm 2 

~- > 

20s i 
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. . . . .  1.40V 
". ', \ . . . . . . . . .  1.41 V 
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" ~ \ . . . . . . . . .  1.44V 
i ! / - 1.46V 

Ag, 35% KOH + 6 0 g  ZnO/ I  

Fig. 9. Current transients for zinc deposition on Ag sheet elec- 
trode in 8.4M KOH + 0.74M ZnO at various potentials. Current 
transients for anodic stripping at - -1.25V also shown. 
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Table I. d-Spacings and relative intensities for Ag substrate samples. All samples held at --1.45V in 
1M KOH -}- 0.08M ZnO for 1 hr. Samples II and III anodically polarized at 1 mV/sec to --1.1 and 

--0.7V, respectively, d-Values and relative intensities given for Ag, Zn, AgZns, and two forms of AgZn 

1 6 9 5  

Sample I Sample II Sample IIl Ag Zn AgZna AgZn (f) AgZn (cubic) 

d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io d I/Io 

2.79 
2.59 
2.46 
2.43 
2.34 
2.23 
2.19 
2.13 
2.08 
1.64 
1.623 
1.44 
1.41 

15 
10 2.60 10 
20 2.47 58 2.43 12 2.49 10 

100 2.43 15 2.43 10O 
80 2.43 100 3,34 log 2.35 100 2.30 40 2,27 40 
80 2.21 15 2.21 35 
25 2.18 15 2.20 100 

100 2.11 50 2,13 100 2.13 100 2.15 100 
50 2.03 15 2.04 40 2.09 100 1.87 60 
10 1.63 40 1.68 28 1.64 35 1.83 50 
20 1.58 50 

lO0 1.43 100 1.44 100 1,47 25 1.51 80 
50 1.41 80 1.41 50 1.41 10 

1.34 25 1,33 70 
1.28 80 
1.27 90 

lO 1.28 30 1.33 21 1.26 40 1.25 80 
15 1.23 20 1.23 26 1.23 60 
20 1.18 30 1.19 25 1.19 70 
25 1.17 20 1.17 12 1.17 23 1.17 5 1.18 90 
50 0.937 15 1.12 17 1.10 70 

1.09 60 

1.25 
1.23 
1.18 
1.17 
0.937 

underpo ten t i a l  deposit ion,  a l loy formation,  and growth  
of bu lk  zinc. 

Underpotential deposition.--Approximately a mono-  
l aye r  of underpo ten t ia l  deposi ted zinc is formed pr ior  
to bu lk  deposi t ion and a l loy formation.  The unde rpo-  
ten t ia l  shif t  (• is ~0.15V. This is in good agreement  
wi th  the  resul ts  of Kolb (10) and corre la tes  wel l  wi th  
the  differences in work  function be tween  s i lver  and  
zinc. On this basis, the suppress ion of underpo ten t i a l  
deposi t ion by  ama lgamat ion  is to be expected  (Fig. 8). 

The degree  of s t ruc ture  in the cur ren t  peaks  in t h e  
underpo ten t i a l  deposi t ion region  va r i ed  f rom sample  
to sample  and  depended  on e lec t rode  pre t rea tment .  
This is p r e s u m a b l y  due to differences in the adsorpt ion  
behav ior  on var ious  crys ta l  faces, as was observed by  
Bewick and Thomas for the case of T1 on s i lver  (6, 
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Fig. 10. Anodlc stripping charge for zinc deposits on Ag sheet in 
8.4M KOH + 0.74M ZnO. Inset shows the deposition and stripping 
potential profiles. Deposition time 100 sec. 
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12). They  found good qual i ta t ive  agreement  be tween  
the underpo ten t i a l  deposi t ion pa t t e rn  for T1 on chemi-  
cal ly  pol ished po lycrys ta l l ine  s i lver  and the chemical  
pol ished 110 face of single c rys ta l  silver.  In  the  pres -  
ent  work, wel l -def ined  peaks  were  only obta ined  on 
si lver  sheet  electrodes.  These were  fabr ica ted  f rom 
rol led  s i lver  sheet  tha t  had a p re fe r r ed  110 or ien ta -  
tion. The i l l -def ined peaks,  pa r t i cu l a r ly  on the  d isk  
electrodes a re  p r e sumab ly  due to deviat ions f rom this 
or ientat ion.  

Bulk deposition and alloy formation.--Quantitative 
t r ea tmen t  of the  cyclic vo l t ammograms  and cathodic 
cur ren t  t rans ients  is essent ia l ly  impossible  because of 
the unknown contr ibut ion  of the  hydrogen  evolut ion 
reaction. However ,  the anodic dissolut ion behav ior  in 
the cyclic vo l t ammograms  and the anodic cu r ren t  
t ransients  in the potent ia l  step exper iments  y ie ld  va lu -  
able informat ion which complements  the resul ts  of the  
x - r a y  diffract ion analysis.  The resul ts  of the  cyclic 
vo l t ammet ry  studies (Fig. 2-7) indicate  the format ion  
of at l e a s t  two al loys by  diffusion of zinc into metal .  
On holding the e lect rode at  --1.4V for 4 sec (Fig. 2) 
t w o  addi t ional  cur ren t  dissolut ion peaks appear  at  
- - 1 . 0 5  and --0.2V. Po ten t ia l  arres ts  on the  anodic 
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Fig. 11. Current transients for double cathodic/anodic pulse ex- 
periments on Ag disk (0.686 cm 2) in 8.4M KOH + 0.74M ZnO. 
Potential profile was - -0.6V for 10 sec, followed by a cathodic 
step to the potentials indicated on the figure for 100 sec, and an 
anodic step to - -1.0V for 100 sec. 
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Fig. 12. Scanning e/ectran mierograph of zinc deposit on Ag 
sheet. Electrolyte 8.4M KOH -t- 0.74M ZnO; 5 Zn C/cm 2 at 
- -  1.44V. 5400 •  

sweep do not affect these dissolut ion peaks  (Fig. 3-4) 
so therefore  they  are  not  due to dissolut ion of bulk  
zinc. 

In  the  x - r a y  diffraction analysis  (Table  I ) ,  at leas t  
two s i lver -z inc  al loys could be identified. One was 
AgZn3 wi th  a hexagona l  ~-brass s t ructure .  The o ther  
was an a l loy wi th  a lower  zinc composition. The x - r a y  
resul ts  indica te  tha t  this m a y  be ~ ' -phase of AgZn. The 
work  of King and Massalski  (13) indica ted  that  the 
ordered  body-cen te red  cubic ~ ' -phase was the equi l ib -  
r ium s t ruc ture  at  room tempera ture ,  for al loys wi th  
close to 50% Zn. This a l loy is ve ry  s table and dissolu-  
t ion does not  occur unt i l  --0.2V. The sweep dependence  
of the  amount  of a l loy formed (Fig. 5) indicates  tha t  
i t  is fo rmed by  diffusion into the  bu lk  metal .  For  
s imple diffusion wi th  a zinc concentra t ion of Co at  
the  surface the  dependence  of the dissolution charge 
(Q) on reciprocal  square  root  of the  sweep r a t e  
(1/~) '/2 should  be 

dQ/d (1/w) '/2 - -  4FACo (D/x) v~ 

where  F is the  F a r a d a y  constant,  A the electrode area,  
and D the diffusion coefficient of zinc in silver.  If  one 
assumes a value  of Co : 10 -1 M / c m  3 then D : 3.35 • 
10 -12 cm 2 sec -1. This va lue  is high, but  i t  is reason-  
able  when compared  with  an es t imated  value  of D < 
10 .24 cm2 sec -1 for  cadmium in s i lver  at  room tem-  
pe ra tu re  (9). The ~ ' -AgZn phase is ve ry  s table  as in-  
d ica ted  by  its h igh dissolution potent ia l  (--0.2V) and 
b y  the fact  that  a 5 min ar res t  of the anodic sweep at  
--0.65V only min ima l ly  affects the dissolution peak  
(Fig. 6). 

The resul ts  of the  cyclic vo l t ammograms  in Fig. 7 
indicate  tha t  AgZn3 is in i t ia l ly  fo rmed  and is t rans-  
formed into ~'-AgZn. On cycling in the vol tage en-  
velope --0.9 to --1.5V, the dissolut ion peak  for AgZn~ 
at --1.05V decreases. However ,  on ex tending  the sweep 
to --0.O2V there  is a considerable  increase in the disso- 
lut ion peak  at  --0.2V, indica t ing  a t ransformat ion  of 
the  AgZn3 to AgZn. 

The results  of the potent ia l  pulse measurements  es- 
sen t ia l ly  confirm the resul ts  of the cyclic vo l t ammet ry .  
Because of the  smal l  underpoten~ial  shift  it  is difficult 
to quan t i t a t ive ly  separa te  the charge associated wi th  
the underpo ten t ia l  deposi ted layer.  However ,  it  ap -  
p rox imates  to a monolayer .  When dissolution is car r ied  
out in two steps, at  --1.25 and --1.0V, the anodic dis-  
solut ion of AgZn3 can be s e p a r a t e d  f rom bulk  zinc 
dissolution. The resul ts  in Fig. 10 indicate  the fo rma-  
t ion of up to 50 monolayers  of AgZn~. The  amount  of 
a l loy format ion  increases wi th  potential .  This has been 
observed for o ther  systems and has been a t t r ibu ted  to 
an increase  in  surface vacancies due to a decrease in 

surface energy  at  more  negat ive  potent ia ls  (14). If 
al l  the dissolution is carr ied  out  at  --1.0V the cur ren t  
t rans ien t  for  the  dissolut ion of AgZn3 can c lea r ly  be 
seen (Fig. 11). 

The cyclic v o l t a m m e t r y  resul ts  (Fig. 2-7) and the 
potent ia l  pulse measurements  indicate  tha t  the a p p a r -  
ent  nuclea t ion  overvol tage  for zinc deposi t ion on s i lver  
is low. S imi la r  resul ts  were  found by  Despic (11) for  
zinc deposi t ion on copper  and gold f rom sulfate  solu-  
tions and these were  cor re la ted  wi th  the  presence of 
underpo ten t ia l  deposi ted layers.  In  an inves t igat ion of 
lead  deposi t ion on s i lver  in perch lora te  solutions, 
Lorenz and his co-workers  (15) found tha t  the  ra te  of 
three  dimensional  nucleat ion decreased wi th  increase  
in the  coverage by  the underpo ten t ia l  deposi ted layer .  
Unfor tunate ly ,  the presen t  resul ts  are  of l i t t le  help in 
resolving this cont roversy  since the resul ts  can e i ther  
be due to the absence of a nucleat ion overvol tage  or  
to al loy format ion  in the potent ia l  region be tween  
the revers ib le  deposi t ion poter~tial and  the unde rpo ten -  
t ial  deposi t ion region. 

Deposit morphology and orientation.raThe hexagonal  
g rowth  habi t  of the  deposit  is typica l  for g rowth  pa r -  
a l le l  to the basa l  p lane (16). This is in agreement  
wi th  the x - r a y  results.  I t  has been found tha t  the sur -  
face area  of zinc deposits, or ien ted  para l l e l  to the 
basa l  plane,  increases wi th  deposit  thickness (17). 
The anodic current  t ransients  in Fig. 9 indicate  an 
increase in dissolut ion act iv i ty  wi th  deposi t  thickness.  
This is p robab ly  due to an increase in the amount  of 
s teps and  edges tha t  act  as active dissolut ion sites. 

Summary 
1. A p p r o x i m a t e l y  a monolayer  of zinc is fo rmed  on 

polycrys ta l l ine  s i lver  pr ior  to bu lk  deposit ion.  The 
underpo ten t i a l  shift  (~Ep) of ~0.15V is in good agree -  
ment  wi th  the differences in  work  function. A m a l g a -  
mat ion  suppresses underpo ten t ia l  deposition. 

2. At  least  two alloys of s i lver  and zinc are  formed. 
One was identif ied as AgZn8 the o ther  as ~ ' -phase of 
AgZn. 

3. Bulk deposi t ion proceeds wi thout  any  de tec table  
nucleat ion overvoltage.  This m a y  be due to a l loy  for -  
mation.  The deposit  consists of hexagona l  p la te le ts  
that  are  or ien ted  e i ther  pa ra l l e l  or pe rpend icu la r  to 
the  basal  plane. 

Acknowledgments 
This work  was suppor ted  by  the Nava l  Ship Engi -  

neer ing Center  (NAVSEC) and the U.S. Depa r tm en t  of 
Energy.  The authors  acknowledge  he lpfu l  discussions 
wi th  A. Himy  of NAVSEC, O. C. Wagner  of the  U.S. 
A r m y  Electronics Research  and Deve lopment  Com- 
mand  (ERADCOM),  Professor  B. E. Conway of the 
Univers i ty  of Ottawa,  and W. E. O 'Grady,  R. R. Adzic, 
W. Visscher, and S. Sr in ivasan  of Brookhaven  Nat ional  
L a b o r a t o r y  (BNL).  The authors  wish to thank  O. 
K a m m e r e r  (BNL) for the x - r a y  analysis  and R. L. 
Sabat in i  (BNL) for the scanning e lect ron microscopy. 
One of the  authors  (G.A.) had  financial suppor t  f rom 
the Research  F u n d  of Serbia,  Yugoslavia,  dur ing  the 
course of this work. 

Manuscr ip t  submi t t ed  Oct. 29, 1980; rev ised  m a n u -  
script  received ca. Feb. 12, 1981. This was Pape r  15 
presented  at  the St. Louis, Missouri,  Meet ing of the 
Society, May  6-11, 1980. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the June  1982 JO~Rr~AL. 
Al l  discussions for the  June  1982 Discussion Sect ion 
should be submi t ted  b y  Feb. 1, 1982. 

Publication costs o] this article were assisted by 
Brookhaven National Laboratory. 

REFERENCES 
1. S. U. Fa lk  and A. J. Salkind,  "Alka l ine  Storage  

Batter ies ,"  pp. 163-167, John  Wiley  & Sons, Inc., 
New York (1969). 



VoI. 128, No. 8 A D S O R P T I O N  O F  ZINC L A Y E R S  ON S I L V E R  1697  

2. J. M. Booe, This Journal, 91, 197C (1952). 
3. T. P. Dirkse  and E. G. Vrieland,  ibid., 106, 997 

(1959). 
4. M. E. S t raumanis  and C. C. Fang,  ibid., 98, 9 (1951). 
5. E. Raub  and B. Wullhorst ,  Metall]orsch., 2, 41 

(1947). 
6. A. Bewick  and B. Thomas,  J. ElectroanaI. Chem. 

InterSacial Electrochem., 65, 911 (1975). 
7. D. M. Kolb,  M. Przasnyski ,  and H. Gerischer ,  ibid., 

54, 25 (1974). 
8. E. Schmidt  and H. R. Gygax,  ibid., 12, 300 (1966). 
9. E. Schmidt ,  M. Chr is ten  and P. Beyelar ,  ibid., 42, 

275 (1973). 
10. D. M. Kolb,  in "Advances  in  E lec t rochemis t ry  a n d  

Elect rochemical  Engineer ing,"  Vol. 11, H. Ge-  
r i scher  and C. W. Tobias, Editors,  John Wi ley  & 
Sons ,  Inc., New York  (1958). 

11. A. R. Despic, in "Electrode Processes," S. Bruck in -  
stein, 5. D. E. McIntyre ,  B. Miller,  and E. Yeager,  
Editors,  p. 235, The Elec t rochemica l  Socie ty  Sof t -  
bound Proceedings  Series, Princeton,  N.J. (1979). 

12. A. Bewick and B. Thomas, J. Electroanal. Chem. 
Inter]acial Electrochem., 70, 239 (1976). 

13. H. W. King  and T.  B. Massalski ,  Trans. AIME, 221, 
1063 (1961). 

14. B. N. Kabanov,  I. G. Kiseleva,  and  I. I. A s t a k h o v ,  
Elektrokhimiya, 8, 955 (1972) 

15. W. J. Lorenz, E. Schmidt ,  G. Staikov,  and I-L Bork, 
Faraday Syrup. Chem. Soc., 12, 14 (1978). 

16. I. Sunagawa,  in "Crys ta l  Growth  Character izat ion,"  
R. Ueda and J. B. Mallin,  Editors,  pp. 347-359, 
Nor th  Hol land Publ i sh ing  Co., A m s t e r d a m  (1975). 

17. J. McBreen,  M. G. Chu, and G. Adzic, Unpubl ished  
results.  

Measurement of the Viscosity and Specific 
Conductivity of an Aluminum Plating Bath-- 

The Non-Stokesian Mechanism of Electrolytic Conductivity 
E. Peled,* M. Brand, and E. Gileadi 

Department o~ Chemistry, Tel-Arty University, Ramat Arty, Israe~ 

A B S T R A C T  

T h e  viscosity,  conduct ivi ty,  and dens i ty  of solut ions of A12Bre a n d  K B r  
(or IABr) in severa l  a romat ic  hydrocarbons  were  de termined,  as the f u n c t i o n  
of the  composi t ion of the ba th  and of  t empera ture .  The a lka l i  b romide  has a 
ma jo r  role  in increas ing both the viscosi ty and the conduct ivi ty ,  whi le  i ts 
effect on the dens i ty  of the solut ion is r e l a t ive ly  minor.  The resul ts  observed 
lend  f u r t h e r - s u p p o r t  to the non-S tokes ian  r e l a y - t y p e  mechanism of con -  
duc t iv i ty  proposed ea r l i e r  for this system. The da ta  presented  can be u s e f u l  
in the des ign and rout ine  oPerat ion of a luminum pla t ing  baths.  

In  a previous  study, the mechanism of high conduc-  
t iv i ty  in a med ium of low dielectr ic  constant  consist ing 
of A12Br6 and MBr in toluene was discussed (1). The 
specific conduct iv i ty  and the viscosi ty of solutions were  
measured  over  a wide range  of concentrat ions  of AleBr6 
and MBr, where  M stands for Li, K, and in a few ex-  
per iments  also Rb. At  low concentrat ions  (below 
10-2M) the molar  conduct iv i ty  was found to decrease 
wi th  increas ing concentra t ion in a manner  consistent  
wi th  the theory  of Fuoss and Kraus  (2-4) for s t rong 
e lec t ro ly tes  in a med ium of low die lect r ic  constant.  At  
h igher  concentrat ions,  however ,  the molar  conduct ivi ty  
w a s  found to increase r ap id ly  wi th  increas ing concen- 
t ra t ion  reaching values  as high as 5-6 cm 2 ~l- lmo1-1.  

Measurement  of the t ransference  numbers  in the 
concent ra ted  solutions led to the conclusion (1) that  
the  predominan t  ionic species were  complex ions 
formed in the fol lowing react ion 

3MBr -t- 3A12Br6 -> [K2 (A12BrT) ] + ~ [K (A12BrT) 2] - 

[1] 

Accordingly ,  the  equiva lent  conduct iv i ty  is three  t imes 
the  molar  conductivi ty,  i.e., 15-18 cm 2 a - 1  equiv -1. 
This should be compared  to a value  of ca. 90 cm2 ~1-1 
equiv  -~ for a 1M aqueous solut ion of KBr,  bear ing  in 
mind  tha t  the viscosity of the concent ra ted  nonaqueous 
solut ion is more  than twice that  of water  at  the same 
tempera ture .  

The high va lue  of the equiva lent  conduct iv i ty  along 
wi th  severa l  o ther  expe r imen ta l  observat ions  (1) led  

* Electrochemical Society Active Member. 
Key words: mechanism of conductivity, non-Stokesian conduc- 

tivity, electroplating of aluminum, nonaqueous electrochemistry, 
aluminum bromide. 

to the conclusion tha t  e lect rolyt ic  conduct iv i ty  cannot  
occur by  way  of the regu la r  hyd rodynamic  movement  
of ions th rough  the viscous medium. I t  was assumed 
tha t  aggregates  were  formed in the solution, consist ing 
of the var ious  ionic species and p robab ly  also the neu-  
t ra l  molecules of A12Br6. An ion could reach  an ag-  
gregate  on one side and another  ion would  emerge  at  
the other  end almost  s imultaneously,  in a r e l a y - t y p e  
mechanism. The v i r tua l  movement  of the ion th rough  
the aggregate  leads in this way  to an  enhanced appa r -  
ent  mobi l i ty  and expla ins  the high conduct iv i ty  ob-  
served. 

The format ion  of aggregates  is expected to lead to an 
increase of the viscosi ty of the solution. I t  was indeed 
observed that  an increase of conduct iv i ty  was associ- 
a ted wi th  an increase of viscosity. This is in sharp con- 
t ras t  to the  behavior  of s imple ions in aqueous solu-  
tions, where  the conduct iv i ty  is inverse ly  propor t iona l  
to the viscosity. 

In  the present  study,  the measurements  of viscosi ty 
and conduct iv i ty  were  ex tended  over  a t empera tu re  
range of 0~176 in an a t t empt  to gain fu r the r  exper i -  
menta l  information which could verify the relay-type 
mechanism of conductivity discussed above (I). 

The system of AI2Br6 and MBr dissolved in an aro- 
matic hydrocarbon can serve as a plating bath for the 
electrodeposition of aluminum (5-10). Therefore, the 
results derived below are of practical as well as theo- 
retical value. 

Experimental 
General procedure.--Solutions were  p repa red  in a 

glove box (VAC, Model DL001-D-G) filled wi th  h igh ly  
purif ied argon, which  was cont inuously  passed th rough  
a cata lyt ic  purif ier  (VAC Model  HE-493 DRI -TRAIN) .  
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Details of purification of materials  and preparat ion of 
solutions were given elsewhere (11-13). The viscosity 
and conductivi ty were measured in  the cells shown in 
Fig. l a  and b, respectively. The cells were filled with 
solutions of a given composition inside the glove box, 
closed to the atmosphere with Rotaflo valves, and re-  
moved from the glove box to a thermostat,  where the 
tempera ture  was controlled to •176 The concentra-  
tions of a luminum and potassium or l i th ium were de- 
termined at the end of a series of experiments  by 
atomic absorption spectroscopy, as described earlier 
(5, 6). In  a given series of experiments,  the ratio of 
concentrat ions of A12Br6 to MBr was main ta ined  
str ict ly constant, since all solutions were prepared by 

ARGON \ 2 

I 

5 

(| 
J 

ROTAF LO VALVE 

Fig. 1. a (top) Modified Ostwald Wscoslmeter for measurement 
of the viscosity under a controlled atmosphere, b (bottom) Cell for 
conductivity measurements. 

dilut ing the most concentrated solution with the sol- 
vent. 

Measurement of viscosity.--The viscosity was mea-  
sured with a modified Ostwald viscosimeter shown in  
Fig. la. The viscosimeter was loaded with a fixed vol- 
ume (13 cm 3) of solution inside the glove box, through 
stopcock 1. All stopcocks were then closed and the 
viscosimeter was t ransferred to the thermostat  and 
connected to the l ine of pure argon. Stopcock 4 was 
turned to allow the argon into the viscosimeter. This 
pushed the solution from bulb  8 through the capillary 
into bulb  7 and part  of bulb  6. Stopcock 4 was then 
turned  to let the argon out through the other branch. 
Stopcock 2 was opened next  for a few seconds to re- 
lease the pressure on the other side of the viscosim- 
eter. (By releasing pressure through this stopcock, 
oxygen and humidi ty  cannot  come in contact with the 
solution.) Stopcock 3 is opened next  for equalization of 
the pressure on the two branches of the viscosimeter 
and left open throughout  the rest of the experiment.  
The time taken for the l iquid to flow through the 
capil lary was measured in the usual  manner  (1), 
after the pressures in  the two tubes have been equal-  
ized. Bulb 5 has a large volume, relative to bulbs 6 and 
7, to minimize pressure changes when the l iquid is 
t ransferred from one side to the other in the viscosim- 
eter. 

The viscosity was measured several times at each 
temperature  and some of the measurements  were re- 
peated at ascending and descending temperatures.  The 
color of the solution did not change dur ing  measure-  
ment,  indicating that the amount  of air enter ing the 
viscosimeter dur ing the pressure-equal izing step was 
negligible. 

The viscosimeter was calibrated with distilled water  
over the temperature  range of measurement  (10 ~ 
80~ 

Conductivffy.--The cell used for conductivi ty mea-  
surements  is shown in Fig. lb. Two platinized p la t inum 
wires (r = 0.5 mm; I = 13 ram) were sealed into the 
glass at a distance of 13 mm. The cell constant was 
determined with 0.1M KC1 as 1.30. Conductivi ty was 
measured with a four digit autoranging conductometer 
(Opal) at a f requency of 1000 Hz. The accuracy varied 
from 0.1 to 1.0% in different ranges of measurement .  

Density.--The density was determined with a regular  
picnometer, which was fitted with a graduated capil lary 
closed at the top. It was filled with distilled water to a 
certain level near  the bottom of the graduated capil lary 
and weighed accurately. Subsequent ly  it was placed in 
the thermostat  at various temperatures  and the height 
of the water  in  the capil lary was noted. The volume of 
the picnometer  and capil lary were determined from 
the known dependence of the density of water  on tem- 
perature.  

The picnometer  was next  filled with the test solu- 
tion inside the glove box, sealed with a tapered glass 
jo int  which had the graduated capillary, and t rans-  
ferred to the thermostat.  The volume was determined 
at each temperature  from the height of the liquid in  
the graduated capillary, which has been calibrated 
with water. Weighing the picnometer  before and  after 
filling then yielded the densi ty as a funct ion of tem- 
perature.  

Results and Discussion 
Density.--The density of solutions of A12Br6 and MBr 

(M = K or Li) in toluene and mesi tylene was mea-  
sured over a range of temperatures  from 10 ~ to 80~ as 
a function of concentration. The data in Fig. 2 are for 
two temperatures  and two solvents, employing a fixed 
ratio of concentrations R = c(A12Br6)/c(KBr) of 1.1 
in the case of toluene and 1.2 in the case of mesitylene. 
While the variat ion of density with concentrat ion is 
very  significant (ca. 60% increase in  1M A12Br6, 0.9M 
KBr compared to the pure solvent) it is relat ively in-  
dependent  of the solvent (only 2% difference) and the 
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Fig. 2. Density vs. concentration of AI2Br6. Solid line: toluene 
(R = 1.1); broken line: mesitylene (R = 1.2). 

d e c r e a s e  of densi ty wi th  increasing tempera ture  
a m o u n t s  to a b o u t  4.2% b e t w e e n  20 ~ and  80~ 

Replacing KBr by LiBr results in somewhat  lower 
densities, and removal  of MBr  altogether reduces the 
d e n s i t y  even further,  as seen in Fig. 3. However, the 
densi ty is much more sensitive to the concentrat ion of 
AI2Br6 than to that of KBr. Thus, of the 60% increase 
from the pure solvent to the most concentrated solution 
tested, only ca. 10% can be a t t r ibuted to the presence 
of KBr while ca. 50% is due to A12Br6, as evidenced by 
the lowest l ine in Fig. 3.1 

In  view of the possible application of this solvent 
system for the eleetroplating of a luminum,  it may be 
noted that the margina l  dependence of the density on 
the type of solvent, the  temperature,  and the concen- 
t ra t ion of MBr, combined with its ra ther  large de- 
pendence on the concentrat ion of A12Br6, may allow a 
rapid est imation of the concentrat ion of the lat ter  in 
industr ia l  plat ing operations for rout ine qual i ty control 
purposes. 

Viscosity.~The viscosity of the solutions studied was 
found to be a sensitive funct ion of  the concentration, as 
shown in Fig. 4 for mesi tylene as the solvent, at a con- 
s tant  ratio of concentrat ion of the inorganic salts (R 
1.2). In  1.0M AI~Brs (and 0.83M KBr)  the viscosity at 
20~ is 5.7 times that of the pure solvent, while at 80~ 
the ratio is decreased to 3.3. A comparison of toluene 
and mesitylene as the solvent is shown in Fig. 5. Unlike 
the density, the viscosity changes significantly with th e  
solvent  and its var iat ion may serve as an indication for 
changes in the composition of the solvents in industr ia l  
pla t ing baths dur ing extended periods of time. Ethyl 
benzene was also used as a solvent. The resul t ing vis-  
cosity was found to be intermediate  between that of 
toluene and mesi tylene but  closer to the former. 

Replacing KBr by LiBr decreases the viscosity sig- 
nificantly, as seen in  Fig. 6. Rather  surprisingly,  this is 

~ T h i s  i s  t h e  r e v e r s e  o f  t h e  e f f e c t  o n  c o n d u c t i v i t y ,  a s  w i l l  b e  
seen later. 
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accompanied by a decrease in specific conductivity, as 
will be shown below. 

The viscosity as a funct ion of tempera ture  in  solu- 
tions of toluene is shown in Fig. 7 at a number  of con- 
centrat ions of Al2Br6 and a fixed ratio of concentra-  
tions (R = 1.1). It  is clearly seen in this figure that both 
the value of the viscosity and its tempera ture  de- 
pendence increase significantly with increasing con- 
centrat ion of the solutes. This result  is impor tant  for 
the unders tanding  of the s tructure of these solutions as 
will be discussed below. 

In Fig. 8 the variat ion of viscosity with temperature  
is compared for a few systems, all at high concentra-  
tion of A12Br6. Mesitylene is compared to toluene and 
KBr is compared to LiBr in the same solvent  ( toluene).  
The two lowest curves refer to concentrated solutions 
of A!2Br6 in  mesi tylene and in  toluene with no MBr 
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added. Removal  of the monovalent  salt results i n  a 
ve ry  substantial  decrease in viscosity (from 4.32 to 
1.48 cp in mesi tylene at 20~ and by a similar  factor in 
toluene) .  Thus, unl ike the density, the viscosity is ve ry  
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Fig. 8. Viscosity vs. temperature. Comparison of LIBr to KBr and 
of mesitylene to toluene. O O O toluene, 1.0M AI2Br6 no MBr; 
A A A  mesitylene 0.86M AI2Br6 no MBr; ~ , ~  toluene 1.08M 
AI2Br6 0.86M LiBr; 0 0 0  toluene 1.0M AI~Brs 0.91M KBr; 
A & j k  mesitylene 1.0M AI~Br6 0.83M KBr. 

sensitive to the concentrat ion of MBr and is signifi- 
cantly affected by the nature  of M. 

Apparent  energies of act ivat ion E=~ for the viscosity 
were  calculated f rom plots of log ~1 vs. reciprocal  t em-  
perature,  and are shown in Fig. 9 as a function of con- 
centration. The steady increase of E~  with  increasing 
concentrat ion in both solvents clearly indicates a 
change in the s t ructure  of the solution and the funda-  
menta l  hydrodynamic  processes occurr ing in it, as will  
be discussed below. 

z 3O 
o 
I- 

~ 20 
>- 

>- ~ 

W 

> I- 

z a :  I0 w o r u_ 
< 
Q_ 

< 

I t 

/ 
/ "  

/ 

�9 ~ o ~ 

I I 
0.5 1.0 

CONCENTRATION OF Ai2Br6(M) 

Fig. 9. Apparent energy of activation for viscosity vs. cuneentra- 
tion of AI2Br6. �9 �9 �9 mesitylene (R = 1.2); 0 0 0 toluene (R = 
1.1). 



Vo[. 128, No. 8 ALUMINUM PLATING BATI~ 170'1 

The kinematic viscosity.--The kinematic  viscosity v, 
defined as the ratio of viscosity to density (,l/d) is 
shown in  Fig. 10 for toluenes as the solvent at  two 
temperatures,  as a funct ion of the concentrat ion of 
AI~Br6. It  is very  interest ing to note that  in  the pres-  
ence of KBr  (constant ratio R -- L1) the kinematic  
viscosity grows rapidly with concentrat ion of A12Br6, 
while in  its absence, v is essentially independent  of the 
concentrat ion of A12Br6. Similar  results were observed 
when ethyl benzene or mesi tylene were used as the 
solvent. In  mesitylene, the kinematic  viscosity in-  
creased to some extent  with concentrat ion of AleBr6 in 
the absence of KBr  at 20~ but  at 80~ it  was found 
to be ent i re ly  independent  of concentration, as ob- 
served for toluene and ethyl  benzene. 

The viscosity and the kinematic  viscosity depend on 
the s t ructure  of the l iquid in a comple x manne r  and a 
detailed molecular  theory has not yet been developed. 
The difficulty of theoretical in terpre ta t ion is even fur-  
ther  compounded when a mul t icomponent  solution is 
considered. It  is well  known, however, that  the forma- 
t ion of small  particles or large molecular  aggregates 
will increase the viscosity significantly. This can be 
qual i ta t ively s e e n  by considering the kinematic  vis- 
cosity as a funct ion of concentrat ion for a number  of 
inorganic salts and acids shown in Fig. 11. The value of 
v changes relat ively little in  all  cases, except in  solu- 
tions of sulfuric and phosphoric acids, which are known 
to be highly associated. 

Thus the large change of the kinematic  viscosity with 
concentrat ion of A12Br6 at a constant  ratio of concen- 
t ra t ion of A12Br~ to KBr  (R ---- 1.1) shown in  Fig. I0, 
is consistent with a model assuming the formation of 
aggregates, which has been suggested previously (1). 
These aggregates form only in the presence of MBr, as 
seen by  the lack of dependence of ~ on the concentra-  
t ion of AI~Br~ when KBr is not present. 

The effect of KBr on the kinematic  viscosity is shown 
in a different way  in Fig. 12 where ~/,  (solvent) is 
plotted as a funct ion of the concentrat ion of KBr at a 
constant  concentrat ion of AleBr6 (1.0M). It is impor tant  
to note that  the relat ive increase of ~ (compared to the 
value in the pure solvent at the same temperature)  de- 
creases as the temperature  is increased. This is also 
consistent with the notion of formation of aggregate, 
which may be expected to dissociate par t ia l ly  as the 
tempera ture  is raised, leading to a smaller  effect on the 
kinematic  viscosity at higher temperatures.  

The specific conductivity.--The specific conductivi ty 
r is shown in Fig. 13a and b for toluene and mesi tylene 
a s  the solvents, respectively, as a funct ion of tempera-  
ture. The value of z is abot~t 4.5-5.0 times higher in 
toluene than in  mesi tylene at 20~ and about 3.0-4.0 
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times higher at 80~ depending on the concentrat ion of 
the solutes. The variat ion of the specific conductivi ty 
with concentrat ion of A12Br6 (at a fixed ratio of con- 
centrations R ___ 1.1 for toluene and 1.2 for mesitylene) 
is shown in Fig. 14 at two temperatures.  It  should be 
noted that  the scale for mesi tylene is 2.5 times that  for 
toluene in the last two figures. When ethyl  benzene is 
used as the solvent, the specific conductivi ty is found 
to be about halfway between that of toluene and mesi-  
tylene at comparable concentrations of the solvents. 

The molar conductivity.--It was shown earlier (1) 
that the conductivity of very pure solutions of A12Br6 
in toluene is extremely low, incre&sing by several or- 
ders of magni tude  upon the addition of KBr or LiBr. I t  
was therefore considered approuriate to calculate the 
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molar  conductivi ty A on the basis of the concentrat ion 
of MBr ra ther  than that  of A12Br6. In  Fig. 15 the molar 
conductivi ty calculated in  this m a n n e r  is plotted as a 
funct ion of concentrat ion of A12Br6 for toluene and 
mesitylene at two, temperatures.  As in Fig. 13 and 14, 
the scale for mesi tylene is 2.5 times that for toluene. 

The molar  conductivi ty is seen to increase with in-  
creasing concentration, contrary to the behavior ob- 
served in  aqueous solutions of simple salts, point ing to 
the possibility that  new ionic species are formed in 
solution as the concentrat ion is increased and that  the 
mechanism of conduction may be radically different in 
concentrated solutions than that in  dilute solution or in 
aqueous media. 

~ 8 . 0  
/ ~  3.0 

o 0 o t-- 

E 6.0 

o/ / / ,  
o 4 , 0  

C3 �9 

7 
�9 
o 1.0 

2.0 
,T 

UJ 
0_ 
09 i i 

0.25 0.50 0.75 1.00 
CONCENTRATION OF AI2Br6(M) 
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The Walden product.--For an ion moving through a 
viscous fluid under  the influence of an external  electric 
field, Stokes law yields 

bl = Kr [2] 

where k is the molar conductivi ty of the ion and r is its 
solvated radius. Thus the Walden product kn should be 
independent  of temperature,  to the extent  that the 
radius of solvation is constant  over the range of tem- 
perature considered. Such behavior  is observed for 
most ions in aqueous solutions except for H30 + and 
O H -  as shown in  Fig. 16. It  is well known (14) that 
proton conduction in acid and alkaline media occurs by  
a non-Stokes ian  hopping mechanism [the Grotthus 
mechanism (15)] which is not  associated with move- 
ment  of the whole ion through the viscous medium. As 
a result, the decrease of viscosity with increasing tem- 
perature does not  lead to a corresponding increase of 
molar  conductivity. On the other hand, the hopping 
mechanism is believed to depend on the existence of 
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aggregates of solvent molecules and /or  a certain degree 
of long range order, both of which are gradual ly  el im- 
inated as the tempera ture  is increased. Thus a signifi- 
cant  decrease in  the Walden product  ~ with increasing 
tempera ture  is indicative of an unusua l  mechanism of 
conduction, probably  associated with the hopping of a 
re la t ively l ight charge carrier between larger aggre- 
gates or a re lay- type  t ransfer  of charge along a chain. 
The lat ter  behavior was indicated recently in  measure-  
ments  of the conductivities of B r -  and I -  ions in liquid 
bromine and iodine, respectively (16-18). In  these sys- 
tems the specific conductivi ty was found either to be 
independent  of temperature  o r  to decrease somewhat 
with increasing temperature.  Thus, a substant ial  de- 
crease of the Walden product with increasing tempera-  
ture  was again associated with a non-Stokes ian  mech- 
anism of conduction. 

In  Fig. 16 the dependence  of k~ on temperature  for 
three ions in aqueous solutions is compared to that  of 
concentrated solutions of KBr (or LiBr) and A12Br6 in 
toluene or mesitylene. While the data had to be plotted 
on a different scale for the aqueous and the nonaqueous 
solvents to accommodate them on the same diagram, it 
can be clearly seen that the present system behaves 
very  much like the H30 + and the O H -  ions and unl ike  
Na + and most other ions in aqueous solution. It  could 
be argued that  the molar  conductivi ty A, which is given 
for a one-one electrolyte by  

A = ~(~+ + X-) [3] 

may depend on temperature,  due to the variat ion of the 
degree of dissociation, ~, with temperature:  This, how- 
ever, would lead to an effect opposite to that  observed 
experimental ly,  since = wil l  most l ikely increase with 
increasing temperature.  

In  Fig. 17 the ratio of the Walden product  at two 
temperatures  is plotted as a funct ion of the concen- 
t rat ion of A12Br6 in mesitylene. The data points for 
H80 +, OH- ,  and Na + in aqueous solutions are shown 
for comparison. Similar  results were observed when 
toluene was used as the solvent or when KBr was re-  
placed by LiBr. Down to about  0.30M A12Br6, a non-  
Stokesian mechanism of conductivi ty is seen to be 
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predominant ,  leading to a value of (~])80o/(k~])~0 �9 sig- 
nificantly lower than unity,  somewhere between the 
values reported for I-I30 + and OH- .  As the concen- 
t rat ion is fur ther  decreased, the above ratio approached 
uni ty  gradually,  indicat ing a change in the mechanism 
of conduction to regular  hydrodynamic movement  of 
the ions in the viscous medium.  

Conclusions 

Mechanisms of conductivity.--The results presented 
above lend fur ther  support  for the non-Stokes ian  re-  
lay- type  mechanism of conductivi ty proposed earlier 
(1). The values of the molar  conductivi ty observed are 
unexpectedly high in  view of the low dielectric con- 
s tant  and the high viscosity of the electrolyte. The 
Walden product  is found to decrease with increasing 
temperature  in a manne r  similar to that  found for 
H30 + and O H -  in aqueous solution and for B r -  and I -  
in l iquid bromine and iodine, respectively. 

In  solutions of A12Br6 alone in toluene, the kinematic  
viscosity is independent  of concentrat ion (while the 
density increases by over 50% from the pure solvent to 
a 1M solution of AI2Br6). In  mesi tylene a slight in-  
crease is observed at 20~ which disappears completely 
as the temperature  is raised to 80~ When KBr or LiBr 
are added, the kinematic  viscosity increases very  
significantly. These observations are consistent with the 
assumption that large molecular  aggregates are formed 
in concentrated solution containing both solutes. It  may 
reasonably be expected that aggregates would tend to 
dissociate with increasing temperature.  It  is indeed 
observed (cf. Fig. 12) that the relat ive increase of 
kinematic  viscosity upon the addition of KBr to a 
solution having a fixed concentrat ion of A12Br6 is low- 
ered as the temperature  is increased. 

Determinat ion of the Walden product  as a funct ion 
of temperature  in solutions of different composition 
indicates that a t ransi t ion from the re lay- type mechan-  
ism of conductivi ty proposed here to a more conven-  
t ional Stokesian mechanism starts below a concentra-  
t ion of ca. 0.25M A12Br6 and 0.22 KBr in toluene, al-  
though the rapid increase in molar  conductivi ty with 
concentrat ion has been observed in  our previous s tudy 
(1) at concentrat ions about an order of magni tude  be-  
low this value. 

Operation of piating bath.--The data presented above 
can be useful in the design and rout ine operat ion of 
a luminum plat ing ba th s .  

First  it is noted that both the viscosity and the spe- 
cific conductivity depend on the na ture  of the cation in 
MBr. The use of KBr is preferred to LiBr in most cases 
because of the significantly enhanced specific conduc- 
tivity, in spite of a moderate increase in viscosity. 
RbBr was found (1) to behave much like KBr. Other 
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salts, part icularly of the NI~Br type, may be found to 
yield even higher values of the specific conductivity. 

Increasing the temperature would be desirable, since 
it increases the specific conductivity and decreases the 
viscosity. This should, however, be weighed against a 
possible decrease in the lifetime of the bath, due to 
higher rates of evaporation of the solvents, faster rates 
of undesirable side-reactions (part icularly if the bath 
is not kept under rigorously dry conditions), and en- 
hanced corrosion of all the components in the system. 

Rapid analysis for quality control is of major im- 
portance in any industrial plating bath operation. Care- 
ful analysis of the data given above indicates that a 
combination of measurements of density, viscosity, and 
conductivity could serve to obtain the desired informa- 
tion. It was noted above that the density was  mainly 
a function of the concentration of A12Br6, and varied 
very litt le with solvent. The viscosity, on the other 
hand, depends very much on the concentration of MBr 
and on the nature of the solvent. One mode of deteri-  
oration of a wet bath is the formation of higher molec- 
ular weight solvent molecules. This could probably be 
detected by a significant increase in viscosity: Since the 
concentration of MBr is the least likely to change dur-  
ing operation of the bath, a decrease of conductivity 
associated with increasing viscosity would also be an 
indication for a change in the composition of the sol- 
vent. On the other hand, a significant increase in the 
specific conductivity can be due to the contamination 
of the bath with water, which leads to the formation of 
HBr. This will cause a decrease in the cathodic effici- 
ency and shorten the lifetime of the bath (5, 6). 

Manuscript received Sept. 12, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOUrnAL. 
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All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

REFERENCES 
1. A. Reger, E. Peled, arLd E. Gileadi, J. Phys. Chem., 

83, 869, 873 (1979). 
2. R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 

55, 21, 2387, 3614 (1933). 
3. C. A. Kraus, J. Chem. Educ., 35, 324 (1958). 
4. R. M. Fuoss and F. Accascina, "Electrolytic Con- 

ductance," Interscienee, New York (1959). 
5. E. Poled and E. Gileadi, Plating, 62, 342 (1975). 
6. E. Peled and E. Gileadi, This Journal, 123, 15 

(1976). 
7. V. A. Plotnikov and S. L. Yakubson, Z. Phys. 

Chem., 138, 251 (1928). 
8. V. A. Plotnikov and S. L. Yakubson, ibid., 147, 227 

(1930). 
9. G. A. Capuano and W. G. Davenport, This Journal, 

118, 1688 (1971). 
10. G. A. Capuano and W. G. Davenport, Plating, 60, 

251 (1973). 
11. A. Reger, E. Peled, and E. Gileadi, This Journal, 

123, 638 (1976). 
12. E. Peled, A. Mitavski, A. Reger, and E. Gileadi, J. 

Electroanal. Chem. Interracial Electrochem., 75, 
677 (1977). 

13. S. Ziegel, E. Peled, and E. Gileadi, Electrochim. 
Acta, 23, 363 (1978). 

14. T. Erdey-Gruz and S. Lengyel, in "Modern Aspects 
of E:ectrochemistry," Vol. 12, Chap. 1, J. O'M. 
Bockris and B. E. Conway, Editors, Plenum 
Press, New York (1977). 

15. R. A. Robinson and R. H. Stokes, "Electrolytic So- 
lutions," Butterworth, London (1955). 

16. L Rubinstein and E. Gileadi, This Journal, 126, 1368 
(1979). 

17. I. Rubinstein, M. Bixon, and E. Gileadi, J. Phys. 
Chem., 84, 715 (1980). 

18. I. Rubinstein and E. Gileadi, J. Electroanal. Chem. 
Interracial Electrochem., 108, 191 (1980). 

Electrodeposited Chromium-Graphite Composite 
Coatings 

Raj Narayan and B. H. Narayana 1 
Department of Metallurgical Engineering, Indian Institute of Technology, Kanpur 208016 Indi~ 

ABSTRACT 

Electrodeposited chromium-graphite composite coatings have been pro-  
duced by suspending graphite particles, using mechanical stirring, in a con- 
ventional chromium plating bath. The effect of various plating variables on 
the graphite content of the coating has been studied. It has been concluded 
that under the plating conditions studied, the second adsorption step of the 
two-step adsorption mechanism proposed by Guglielmi controls the deposition 
kinetics in this system. 

A variety of particles like borides, e.g., TiB~ (1), 
ZrB2 (2, 3); carbides, e.g., B4C (1, 4), B6C (1, 4), 
CrsC2 (5), TiC (1); sulfides, e.g., MoS2 (1); and oxides, 
e.g., A1203 (1, 6), SiO2 (5, 6), ZrO2 (6) have been co- 
deposited with chromium. Very litt le work has been 
reported on codeposition of graphite particles with 
chromium. Young (1) showed that  codeposition of 
graphite with chromium was possible in the presence 
of Li + ions. However, the effect of various bath pa- 
rameters on the amount of codeposited graphite was 
not studied. 

The present investigation was undertaken to study 
the effect of various plating bath variables on the 

1 Present address: R and D Centre, Hindustan Brown Boveri 
Limited, Baroda, India. 

Key words: codeposition, adsorption, GuglielmFs model. 

amount of graphite codeposited with chromium. The 
,applicability of Guglielmi's model in the chromium- 
graphite composite coating system was also studied. 

Experimental 
Graphite powder particles were added to the chro- 

mium plating bath of the following composition at the  
indicated conditions: chromic acid, 250 g/l i ter;  sul-  
furic acid, 2.5 g/l i ter;  temperature, 50~ current den- 
sity, 50 A /dm 2 unless otherwise stated; and plating 
time, 10 hr. 

The solution containing the graphite powder was 
blended for about 3-4 hr to ensure good wetting a n d  
uniform distribution of the powder particles in the  
bath. Water  was added to make up evaporation l o s s  
during plating. 



VoL I28, No. 8 CHROMIUM-GRAPHITE COATINGs  1705 

Graphite content of the coatings was determined 
gravimetrical ly by dissolving it in concentrated sul- 
furic acid containing a few drops of formaldehyde, 
diluting the acid approximately 4:1 to prevent  it  from 
attacking the filter paper, filtering through a previously 
weighed Whatman filter paper No. 40, drying, and re-  
weighing. 

The microhardness of the coating was measured 
on a Tukon microhardness tester with 156 ~ apex a n g l e  
diamond pyramid identor at  1 kg l o a d .  

Results 

Increasing the graphite powder content in the plating 
bath increases its content in the coating at 50 A/dm~ 
at different temperatures (Fig. 1). This behavior is 
in agreement with the results of other investigators in 
other plating systems. 

Variation of current density from 20 to 55 A/din2 h a s  
practically no effect on the graphite content of the 
coating (Table I) .  This behavior is observed at  all 
graphite contents in the plating bath. 

In a conventional plating bath the concentration of 
chromic acid in the plating bath is about 250 g/li ter.  
Decreasing this concentration, at a fixed ratio 1:100 
between sulfuric acid and chromic acid, to 150 g/ l i ter  
results in practically no codeposition of graphite, 
whereas increasing its concentration to 400 g/ l i ter  has 
practically no effect on the amount of codeposited 
graphite (Table I) .  The chromic acid concentration of 
the conventional plating bath, therefore, appears to be 
adequate for codeposition of graphite with chromium. 

Increasing the solution blending time, to ensure 
adequate wetting and distribution of graphite in the 
plating bath, increases the graphite content of the coat- 
ing up to 3 hr of blending (Table I) .  Blending beyond 
3 hr does not have much effect. This t rend ' i s  observed 
at two different bath loads of graphite, and it is  ex- 
pected that the trend will  follow at other bath loads 
also. 

To see the effect of aging of the plating bath on the 
amount of codeposited graphite, the plating baths 
containing different graphite contents were allowed to 

Table I. Effect of current density, Cr03 concentration, blending 
time, and bath aging on the amount of graphite codeposited with 

chromium 

Graphite content, wt, in the coating 
at a bath load (g/liter) 

Variable 20 40 50 70 80 90 100 

Current density 
(A/din 2) 

2O 
80 
4O 
5O 
55 
6O 

CrOs concert. 
tration in the 
bath, g / l i ter  

150 
250 
4OO 

Blending 
time, hr  

0.5 
1.0 
1.5 
2.5 
3.0 
3.5 
4.0 

Bath aging 
time, days 

O 
3 
8 

8.90 14.20 16.20 18.10 
9.20 14.00 15.90 17.60 
9.10 14.20 15.80 18.00 
8.80 13.80 16.20 17.80 
9.10 14.10 15.90 18.00 

- -  13.90 16.50 - -  

0.00 O.5O 0.26 0.5O 
12.10 12.90 I&5O 17.10 
12.60 13.70 15.40 16.90 

13.50 15.64 
13.63 15.58 
14.14 16.55 
14.80 17.30 

- -  17.50 
14.95 17.48 
14.96 17.52 

18.00 1 7 , 2 0  
14.80 17.40 
1 5 . 1 0  17.00 

24 Bath temp. 
.~ o 60 ~ C 

�9 55 ~ C 
20 �9 500 C 

._ �9 45 ~ C 
�9 40 ~ C 

16 x 

8 
(M 

4 
('~ �9 X 

OIIP ~ I I l I [ 1 
0 20 40 60 80 100 120 

Graphite content in the bath, g / I  

Fig. 1. Effect of graphite content in the plating bath on its con- 
tent in the coating at 50 A/dm 2 and different temperatures. 

age at room temperature. Aging up to 8 days has prac-  
tically no effect (Table I) .  

Increasing the temperature of the plating bath from 
300 to 50~ increases the amount of codeposited graph- 
ite. Beyond 50~ increasing temperature has pract i -  
cally no effect (Fig. 2). 

Coating thickness at the center and at the edge o f  
the specimen at two current densities and two bath 
loads was uniform for all practical purposes. 

The microhardness of composite coatings i n c r e a s e s  
with increasing graphite content, the effect becoming 
less pronounced with increasing annealing tempera-  
ture (Fig .  3). Increasing the annealing temperature 
decreases the microhardness of all coatings. The 
beneficial effect of graphite appears to be practically 
lost as the annealing temperature increases (Fig. 4). 

The cathode current efficiency increases with in-  
creasing current density up to about 50 A/dm 2 beyond 
which there appears to be practically no effect (Fig. 5). 
Variation of graphite content in the bath at a given 
current density does not appear to have any effect on 
cathode current efficiency. 

Discussion 
In order to explain the mechanism of codeposition 

Guglielmi (7) proposed a mechanism based on two 
successive adsorption steps. In the first step, loosely 
adsorbed particles are in equilibrium with p a r t i c l e s  

2O 

u 

-- 12 

E 
-~ 8 
u 

~D 

Graphite content 
x 20 g/I  
�9 40 g/l 
o 60 g/I 
,, 80 g/I 9 " - - - - - ' ~ -  
�9 100 g/I I ,  

• 

I I J t 

30 40 50 60 
Bath temperature,  ~ 

0 
20 70 

Fig. 2. Effect of plating bath temperature on the graphite content 
in chromium coating at 50 A/din 2 and different graphite contents 
in the bath. 
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800 �9 As plated 
�9 200 ~ C annealed 

~E �9 4000 C ,, " 

~'E 600 �9 800" C / ~ a ~ . . ~  - ~ ~ , m  

- ~ ~ 

200 

OL,LL 
116 1.18 1120 I J 1.22 1.24 1126 

Log (wt "/. graphite /n coatin~ ) 

Fig. 3. Variation of the microhardness of the coating with the 
graphite content in the coating after annealing at different tem- 
peratures for 4 hr. (Similar effect is observed after annealing for 
2 hr.) 
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,z 500 
& 
m 

E 400 
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:I[ 
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~ �9 Pure chromium 
�9 Cr + 14.6 wt % graphite 

- \  \ �9 Cr +16.8wt % ,, 
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Annealing temperature, ~ 

Fig. 4. Effect of annealing for 4 hr at different temperatures on 
:the microhardness of Cr and Cr-graphite composite coatings. 
(Similar effect is observed after annealing for 2 hr.) 

18 
Graphite content 

o 20 g/I ,~'1"~c~ 
16 a SO gll / �9 

~ 12 "6 (.D 

10 I I I I I 
10 20 30 40 50 60 

Current density, A/dm 2 

Fig. 5. Variation of cathode efficiency with current density of 
50~ and different graphite contents in the bath. 

in suspension and are  sur rounded  b y  adsorbed  i o n s  a n d  
solvent  molecules.  In  the second step, these adsorbed  
ions and solvent  molecules  b reak  a w a y  f rom the p a r -  
t icles so that  a s t rong i r revers ib le  e lec t rochemical  ad-  
sorpt ion of par t ic les  on the cathode takes  place. Then 
these inv is ib ly  adsorbed  par t ic les  a re  engulfed in the  
deposi t ing metal .  By  a ma themat i ca l  t r e a t m e n t  t h e  
fol lowing expression,  re la t ing  the concentra t ion of co- 
deposi ted par t ic les  to the  suspension concehtra t ion  and 
the e lec t rode  potent ia l ,  was d e d u c e d  

C WioeCA-s)" ( 1 )  
~, nFavo K + C [13 

where C = concentration of particles in the bath ex- 
pressed as volume percent ,  a - -  volume fract ion of 
par t ic les  in the deposit,  W --  a tomic weight  of the 
deposi ted  metal ,  n = valence of the  metal ,  d - -  densi ty  
of the meta l ,  F = F a r a d a y ' s  constant,  ~ = overpoten-  
tial,  K _-- adsorpt ion  constant,  io, A ----- constants  re la ted  
to meta l  deposit ion,  and Vo, B --  constants  r e l a t ed  t o  
par t ic le  deposit ion.  

According to this model,  if  C/a  is p lo t ted  aga ins t  C 
at  different  overpotent ia ls ,  a set of s t ra igh t  l ines con- 
verg ing  at  the point  where  C = 1 / K  is obtained.  I t  
has been shown that  this model  is va l id  in Ni-TiO2, 
Ni-SiC,  and Cu-AleO3 systems. The significance of the 
r a t e -de t e rmin ing  adsorpt ion  step and re la t ive  values  
of A and B in terms of the amount  of codeposi ted p a r -  
ticles a t  different  cur ren t  densi t ies  has  been  discussed 
in  an ear l ie r  publ ica t ion  (8). On the other  hand,  the 
Tafel  re la t ionship  gives 

2.303RT 
= - -  l o g  (~Ji) 

a ~ F  

Therefore, i f  the above model is applicable to any 
composite p la t ing system, p lot t ing C/a  agains t  C for 
different  values  of i or T should give a set of s t ra igh t  
l ines converging at  a point  where  C --  1/K. 

On plot t ing C/~  agains t  C at  different  t empera tures ,  
for the p resen t  inves t iga t ion  we obta in  a set  of 
s t ra igh t  l ines converging at  a po in t  where  I l K  --  
--0.95 (Fig. 6). Al though  there  is some sca t te r  in  
the results,  especia l ly  at  low tempera tures ,  i t  seems 
reasonable  to conclude tha t  the two-s tep  mechan i sm 
proposed  by  Gugl ie lmi  is also appl icab le  in the p resen t  
ch romium-graph i t e  system. 

Af t e r  es tabl ishing the va l id i ty  of the two-s tep  ad -  
sorp t ion  mechanism in the system, a t t empts  have been  
made  to de te rmine  the r a t e -con t ro l l ing  adsorp t ion  
s tep in the sys tem b y  s tudy ing  the effect of d i f f e r e n t  

50 / 
Bath temp. o ~ o 

45 o 30 ~ C / 
�9 400 C / 
, 45~ / 

40 * 50 ~ C / 
�9 55~ / 

35 �9 60~ C / 

/ 3O 

20 �9 

15 �9 �9 

10 m I II 

"' ~ 

0 1 2 3 4 5 

C (volume percent) 

Fig. 6. Variation of the parameter C/a with C at different 
temperatures and 50 A/dm~ in Cr-graphite system. 
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plating variables on t h e  amount of codeposited parti- 
cles at 50~ The volume fraction of the codeposited 
particles in the coating, a, was plotted against the 
volume percent of particles in the bath, C, at different 
current densities. The resulting curve had the charac- 
teristic asymptotic shape (Fig. 7), indicating that at all 
current densities studied at 50~ the deposition ki- 
netics were under the control of the same adsorption 
step. On plotting ai/C against current density, i, we 
observe that the term ~i/C does not tend to become 
constant but keeps on increasing at ~ all current den- 
sities at different volume percents of particles in the 
bath (Fig. 8). This, as discussed earlier (8), i n d i c a t e s  
that the deposition kinetics is controlled by the s e c o n d  
adsorption step. 

Plotting C/~ vs. C at different current densities at 
50~ yields a straight line (Fig. 9). This indicates t h a t  
the two-step adsorption mechanism is also valid under 
these conditions. However, a single straight line i s  
obtained instead of a set of straight lines. This w o u l d  
mean that under these conditions B -- A. It was dis- 
cussed earlier that when the second step controls the 
deposition kinetics and B ---- A, then the amount of 
particle codeposited, a, would be independent of cu r -  
rent density. Our experimental results confirm this 
conclusion (Fig. 10). 

04 

. ~  0.3 

- 8 0.2 

~ dm 2 
I E ~  0.1 ~ a 30 A/dm 2 
> ~ �9 40 A /dm 2 

0 I I I I 
0 1 2 3 4 

C, vol. % graphite in bath 

Fig. 7. Variation of the parameter c~ with C at different current 
densities at 50~ (Data at 50, 55, and 60 Aj'dm ~ are not shown in 
the plot due to overlapping.) 

12 

10 

8 

~ 6 

J, o 30 A/rim 2 
2 --'1"-" , ,  ,, 40 A/din 2 

I # /  

0 "" 1 t 1 I t 
-2 -1 0 1 2 3 4 

C, vol. % of graphite in bath 

Fig; 9. Variation of the parameter C/~ with C at different current 
densities at 50~ (Data at 50, 55, and 60 A/din 2 are not shown in 
the plot due to overlapping.) 
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• . A A r 

�9 _. E �9 
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Fig. 10. Effect of current density on the volume fraction of the 
codeposited graphite particles at 50~ and different graphite 
contents in the bath in Cr-graphite system. 

16 
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1/, �9 50 g/I 
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12 v 100 g/I 

10 �84 

u 8 
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i (current density, A/din z) 

Fig. 8. Variation of the parameter ~i /C with i at different graph- 
ite contents in the hath at 50~ in Cr-graphite system. 

From Fig. 2 it can be seen that the amount o f  
graphite codeposited with chromium increases with 
increasing temperature up to about 50~ and there- 
after it was practically independent of temperature. 
The Tafel relationship shows that both temperature 
and current density affect overpotential and, therefore, 
the amount of codeposited particles in the coating i n  
the same way. Thus these results would indicate that 
up to 50~ B > A and beyond this temperature 
B - - A .  

At low concentrations of chromic acid, e.g., 1 5 0  
g/liter, practically no codeposition of graphite par- 
ticles takes place (Table I) and C/a becomes infinity. 
Assuming Guglielmi's two-step adsorption mechanism 
to be valid in this case, i t  follows that in Eq. [1] C/a 
can become infinity only if either io or ~ is equal to 
infinity or the parameter vo or K is equal to zero. The 
parameters io and ~ are related to the metal deposition, 
and since the cathode efficiency of the plating bath 
remains practically constant with the decrease in 
chromic acid concentration in the bath (Table I), it 
would appear that the parameters {o and ~ do not be- 
come infinity on decreasing the concentration of 
chromic acid in the plating bath. Decreasing the 
chromic acid concentration in the bath decreases the 
amount of chromium ions available to be adsorbed o n  
the graphite particle and their subsequent reduction. 
The parameter Vo, which is related to the rate o f  r e -  
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duct ion of these adsorbed  ions, can become zero if no 
adsorpt ion  of chromium ions takes  place on the g raph-  
ite part icle .  On the o ther  hand, if  adsorpt ion  of these 
ions takes place, bu t  is not  sufficient to br ing  about  
any  in terac t ion  of these par t ic les  wi th  the cathode, 
then K m a y  become equal  to zero. I t  can, therefore,  be 
concluded tha t  by  decreas ing the chromic acid concen- 
t ra t ion in the ba th  e i ther  the p a r a m e t e r  vo or K be -  
comes equal  to zero. 

Conclusions 
1. I t  is possible to codeposit  g raph i t e  f rom commer -  

cial hexava len t  ch romium pla t ing  ba ths  wi thout  the 
addi t ion  of Li + ions. 

2. The amount  of g raphi te  in the coating increases  
wi th  its content  in the ba th  at  all  t empera tures .  

3. The amoun t  of g raphi te  in the  coating increases  
wi th  increas ing t empera tu re  up to about  50~ beyond  
which i t  remains  constant.  

4. Curren t  dens i ty  and aging t ime of the ba th  have 
p rac t i ca l ly  no effect on the amount  of g raphi te  in the 
coating. 

5. Codeposi t ion of g raphi te  wi th  chromium does not  
occur if the chromic acid concentra t ion in the p la t ing  
ba th  is reduced  to 150 g / l i t e r .  

6. Sufficient b lending t ime is essent ia l  to obta in  
op t imum codeposit ion at any  ba th  load of graphite .  

7. For  a l l  prac t ica l  purposes  the thickness of the 
coat ing was uniform. 

8. Microhardness  of the coating increases wi th  in -  
crease in graphi te  content  of the coating in both as-  
rece ived  and annea led  conditions. The effect becomes 
less pronounced  wi th  increas ing anneal ing  t e m p e r a -  
tures. 

9. Cathode cur ren t  efficiency increases wi th  increas -  
ing  cur ren t  densi ty  up to 50 A/dme,  beyond which i t  
p rac t ica l ly  remains  constant  a t  about  16.5%. Tem-  
pe ra tu re  and chromic acid concentra t ion  have p rac -  
t ica l ly  no effect. 
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10. Gugl ie lmi ' s  two-s tep  adsorpt ion mechanism is 
val id  in this system. 

11. The second adsorpt ion step controls the deposi -  
tion kinetics under  the p la t ing  condit ions studied. 

12. On decreasing chromic acid concentra t ion to 150 
g / l i t e r  the amount  of chromium ions adsorbed on the 
graphi te  par t ic les  e i ther  become equal  to zero resu l t -  
ing in Vo = 0 or insufficient to cause any in terac t ion  
be tween  the graphi te  par t ic les  and  the cathode,  r e -  
s u l t i n g i n  K = 0. 
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Electrodeposition of Silicon onto Graphite 
Gopalakrishna M. Rao,* Dennis Elwell,* and Robert S. Feigelson 

Center  Sot Materials Research, Stanford University, Stanford, Cal i fornia  94305 

ABSTRACT 

Dense, w e l l - a d h e r e n t  silicon was successful ly depos i ted  a t  --0.75 • 0.05V 
vs. Pt  or Ag onto an inexpens ive  graphi te  subs t ra te  f rom the K~SiF6/ 
L i K - K F  mol ten  sal t  sys tem at 745 • 5~ The solute concentra t ion was in the  
range  of 8-14 m/o.  Cross-sect ional  views th rough  the deposits indicate  a nodu-  
l a r  or  dendr i t ic  g rowth  up to severa l  mi l l imete rs  on top of an under ly ing  
coherent  l aye r  of 0.2-0.5 m m  thick silicon. The po lycrys ta l l ine  sil icon has a 
co lumnar  s t ructure  wi th  normal  gra in  size of 250 ~m. The impur i t ies  de tec ted  
were  Cu, Fe, and  Ni at  levels less than  0.005%. The room t empera tu r e  r e -  
s is t ivi ty  has been found to be grea te r  than 1~ cm. The dependence  of the 
elect rodeposi t ion pa ramete r s  on the morpho logy  and the poss ibi l i ty  of d i rec t  
use of e lec t rodeposi ted  po lycrys ta l l ine  si l icon in solar  cells a re  discussed. 

Crys ta l l ine  sil icon is one of the most  promis ing  m a -  
ter ia ls  for t e r res t r i a l  solar  cells and extensive research  
has been d i rec ted  toward  cost reduct ion.  

The product ion of low cost solar  cell  grade  silicon b y  
e lec t rodeposi t ion f rom a solution of K2SiF6 in a fluo- 
r ide  mel t  is ve ry  a t t rac t ive  because  99% pure  K2SiF6 
can be produced  cheaply  as a fer t i l izer  by-produc t .  
Wel l -adheren t ,  inclusion-free ,  and r e l a t ive ly  pure  
( impuri t ies  less than 10 ppm)  sil icon e lec t rodeposi ted  

* Electrochemical Society Active Member. 
Key words: polycrystalline sihcon, electrocrystallization, semi- 

conductor, solar cell, graphite. 

onto s i lver  f rom such solutions at  750~ was reported 
recen t ly  (1). S i lver  is c lear ly  a v e r y  expensive  m a t e -  
r ia l  for  use on a large  scale and, a l though the sub-  
s t ra tes  could be reused if bu lk  si l icon were  stripped 
f rom the cathode af ter  deposit ion,  a less expens ive  
subs t ra te  ma te r i a l  would  be preferable .  

The deposi t ion of silicon layers  on e lect r ica l ly  con- 
ducting low cost subs t ra tes  such as steel, brass,  nickel,  
tungsten,  or g raphi te  would be a ve ry  promis ing  ap- 
proach to reduce the ma te r i a l  processing cost of solar 
cells. Unfor tunate ly ,  the ma jo r i t y  of these substrates 
are  not  sui table  for  sil icon e lec t rodeposi t ion  since 
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they  fo rm sil icides at  the  opera t ing  t e m p e r a t u r e  of 
750~ Because of its ava i l ab i l i ty  in the  Uni ted  States,  
g raph i te  appears  to be a good candidate  as an inex-  
pensive substrate ,  especia l ly  since its r eac t iv i ty  wi th  
silicon at  750~ is low. 

A carbon cathode was first used for e lec t rodepos i -  
t ion of silicon in 1854 (2). Severa l  worke r s  (3-6) have  
since then employed  graphi te  cathodes in the i r  studies. 
Al though  the work  of Monnier  et al. (4) y ie lded  up 
to 99.99% pure  silicon, the  e lect rodeposi ts  on g raph i te  
were,  in general ,  powdery  and incoherent  and requ i red  
a subsequent  separa t ion  process to remove en t rapped  
solvent.  

The object ive  of the presen t  s tudy  was to e lec t ro-  
deposi t  high pu r i t y  sil icon onto a low cost g raph i te  
substrate ,  in bu lk  form or  as films wi th  large  gra in  
size, f rom an inexpens ive  source. The morphology  of 
the po lycrys ta l l ine  films produced  and its dependence  
on the e lec t rodeposi t ion condit ions a re  discussed. 

, Experimental 
The appara tus ,  chemicals,  and most  expe r imen ta l  

condit ions used were  s imi lar  to those repor ted  by  Rao 
et aL (1). An  "u l t racarbon"  rod cathode wi th  v i t reous  
carbon, pyro ly t ic  g raph i t e  or 0.73 g cm-~  dens i ty  
g raph i t e  crucible  anodes, and  s i lver  or p l a t i num flag 
reference  e lec t rodes  were  used "in this s tudy.  

Because h igher  solute concentrat ions  were  p rev i -  
ous ly  found to give improved  deposi ts  (1), 8-14 m o l e  
percen t  (m/o )  of K2SiF6 was mixed  wi th  the K F / L i F  
b ina ry  eutect ic  (mp 492~ which was p repa red  
ea r l i e r  and mel ted  to form a solution. This mel t  was 
l a t e r  purif ied by  p re -e lec t ro lys i s  and the purified so- 
lu t ion was used for two or  three  deposi t ion exper i -  
ments.  

The e lec t rodeposi t ion  was pe r fo rmed  at  745 ~ ___ 5~ 
in a th ree -e lec t rode  configurat ion wi th  the mel t  con- 
ta ined  in a v i t reous  carbon crucible  except  when  the 
crucible  was used as anode. �9 

The morphology  of the  deposits  was inves t iga ted  
b y  scanning e lec t ron microscopy and opt ical  micros-  
copy. The samples  were  ana lyzed  for impur i t i es  by  
x - r a y  diffract ion and by  energy  dispers ive  x - ray ,  
e lec t ron microprobe,  and  emission spectroscopic ana l -  
ysis. F o u r - p r o b e  res is t iv i ty  and spreading  resistance 
measurements  were  made  on rep resen ta t ive  samples.  

Results 
Electrochemical.--Dense, coherent,  and  w e l l - a d h e r -  

en t  si l icon was successful ly  e lec t rodeposi ted  onto 
graphi te  a t  cons tant  potent ia ls  f rom the K2SiF8 sys-  
tem. 

In our  previous  publ ica t ion  (1) i t  had  been shown 
tha t  high K2SiF6 concentra t ions  were  essent ia l  to 
obta in  continuous inc lus ion-f ree  silicon films. The 
solute concentra t ion  was, therefore,  ma in ta ined  in the  

range  of 8-14 m/o.  Because the  same me l t  was used in 
two or  three  exper iments ,  and  solute vo la t i l i ty  was 
apprec iab le  at  this work ing  t empera tu re ,  the values  
of solute concentra t ion given in column 2 of Table  I 
are  e s t i m a t e s  which  are  correc ted  for  vola t i l iza t ion by  
weighing the mel t  before  and a f te r  deposi t ion and as-  
suming al l  the  evapora t ion  to be  of K2SiF6. 

Both P t  and Ag  quas i - re fe rence  electrodes behaved  
s imilar ly .  Since P t  foi l  anodes were  a t t acked  and 
tended  to f rac ture  at  the  m e t a l - v a p o r  in te r face  du r ing  
pro longed  electrolysis,  g raphi te  anodes of var ious  
types (a l though they  are  prone to fluoride a t tack)  
were  used in this study.  Of the graphi te  anodes studied, 
the  re la t ive  ra te  of anode consumption was grea tes t  
for the low densi ty  graphi te  (0.73 g cm -~)  and leas t  
for pyrol i t ic  graphi te .  

The deposi t ion potent ia l  was ca lcula ted  f rom cur -  
r en t -po ten t i a l  plots  for each exper iment .  Reproduc ib i l -  
i ty  was ra ther  poor  be tween  exper iments ,  and  these 
values  var ied  by  •  mV be tween  runs  in each ex -  
periment.  Such var ia t ions  are  an t ic ipa ted  when  un -  
cer ta int ies  in the solute concentra t ion and the shif t  
in reference poten t ia l  a re  considered (1).  In  cont ras t  
to exper iments  using a s i lver  cathode, a nuclea t ion  
overpo ten t ia l  of 30-100 mV was requ i red  to in i t ia te  
the e lect rodeposi t ion of silicon onto graphite .  Al though  
Table I shows a few ex t reme  values,  the appl ied  po-  
ten t ia l  was gene ra l ly  --0.75 ___ 0.05V. 

Cur ren t  f luctuations were  ve ry  common bu t  the  
observed cur ren t  densi t ies  were  no rma l ly  in the range  
of 10-100 mA cm -2. Regula r  oscil lat ions f rom 10 to 15 
m A  in ampl i tude  were  f r e q u e n t l y  noted  dur ing  the 
deposi t ion of uniform, dense, sil icon electrodeposi ts .  
The cathodic cu r ren t  efficiencies were  low at '  low 
charge densities.  Higher  efficiencies of up to 80% 
were,  however ,  achieved dur ing  electrolysis  for la rge  
charge densities.  

Morphology.--Silicon electrodeposi ts  up  to 1 m m  
thick at  the side wal l  and  up to 2 m m  th ick  at  the 
edge of the graphi te  rod were  obta ined  dur ing  e lec-  
t rolysis  for severa l  days;  this  wedge  shape was s imi lar  
to the deposits  on smal l  s i lver  e lectrodes (1).  I t  is 
in teres t ing  to note tha t  e lec t rodeposi ted  silicon could 
be s t r ipped  as a sheet  f rom the g raph i te  subs t ra tes  
wi th  l i t t le  appl ied  force. The fa i r ly  smooth surface at  
the  s i l icon-graphi te  in ter face  suggested un i fo rm a d -  
hesion be tween  the deposi t  and  the  graphi te .  A typ ica l  
mic rograph  of a s i l icon-graphi te  in ter face  is shown 
in Fig. 1 and provides  evidence for  the absence of 
voids, inclusions, or  o ther  discontinui t ies  a t  the  i n t e r -  
face. 

Cross-sect ional  views th rough  the deposits,  as in the  
example  of Fig. 2, indicate  nodu la r  or  dendr i t ic  g rowth  
up to severa l  mi l l imete rs  on top of an under ly ing  co- 
he ren t  l aye r  of 0.2-0.5 m m  th ick  silicon. The  upper 

Table h Experimental parameters and results 

A p p r o x i m a t e  
Exper i .  Concentrat ion  Cathode  current  dens i ty  Tota l  c h a r g e  

m e n t  No. of K2SiF6 ( m / o )  po ten t ia l  ( m A c m  -~) (C cm -~) El~iciency (%) 

1 11 -0 .75V vs, P t  160 to 100 5894 Not  ca lcu la ted  
2 9* -0 .70V vs. P t  140 12,320 Not  ca lcu la ted  
3 8* -O.40V vs. P t  208 to 15 6570 60 
4t  6" -0 .60V vs. P t  50 to  583 16067 7.4 
5 13.7 - 0.55V vs. P t  9 880 No observable  

depos i t  
6 12'  -O.80V vs. A g  13 to 70 9017 69 
7 10" - 0.78V vs. A g  27 5890 81.3 
8 9" - 0 . 8 2 V  vs. P t  6.6 1166 15.3 
9 10.5 * --0.75V vs.  P t  10 8962 58 

10 9" - O.80V vs. P t  13 10,469 33 
11 11.8 -0 .82V vs. A g  15 to 29 1452 16.8 
12 10" -0 .85V vs. A g  9 to 20 1192 12.5 
13 8* -0 .80V vs. Ag  15 to >1000 121,800 79.3 

* E s t i m a t e d  values .  
t NO e l ec t ro ly s i s  f or  about  20 h r  whi le  t h e  f u r n a c e  w a s  acc identa l ly  shut  off and  d u r i n g  r eme l t ing ,  
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Fig. 1. Micrograph of sP~con-graphlte interface for experiment 
10. 

Fig. 2. Cross-sectional view of silicon deposit for experiment 10 

layers of thick deposits are, in general, porous. Layers 
produced during electrolysis for short periods were 
often spongy and less crystalline (Fig. 3a), but pro- 
longed electrolysis, however, led to densification (Fig. 
3b). A grain size of 250 #m (Fig. 4) was normal, but 
larger grains up to 750 #m in diameter were observed 
in a few deposits. Large grains were common in the 
deposits produced over several days or in electrolysis 
involving large charge densities. The increase in grain 
size with increasing film thickness as shown for sili- 
con electrodeposits on silver (1) is characteristic of 
samples presently produced by this method. 

Figure 5 shows the grain structure of a typical de- 
posit as revealed by an H N O J H F  etch. Growth is 
columnar with a large grain size as required for the 
material  to be used directly for solar cell fabrication. 

Purity.--X-ray analysis showed only polycrystal-  
line silicon. Moreover, electron microprobe and energy 
dispersive x - ray  analysis did not show any impurities. 
Although impuri ty  levels in the order Li > Cr > Ni 
Fe > Cu > Ag > Mn > Pb > A1 up to 0.02% were 
detected in emission spectroscopic analysis for a few 
samples, the most common impurities were Cu, Fe, Ni, 
and Ag of total concentration less than 0.005%. Among 
the lat ter  impurities, Cu, Fe, and Ni at this concen- 
tration level would not seriously degrade the solar 
cell performance (7). The fluoride attack on the' 
furnace and the electrode materials could contaminate 
the melt  (1) and these easily reducible metal  ion con- 
taminants are l ikely to co-deposit with silicon as major 
impurities. The source of Li could be from the en- 
trapped melt  since LiF, a major  component of the 
melt, is highly insoluble in w a t e r  or acids, and is 
therefore not easily removed from the deposit during 
cleaning. 

Fig. 3. Scanning electron micrograph of silicon deposits for (a) 
experiment 11 and (b) experiment 6. 

The puri ty of electrodeposits, greater  than 99.99%, 
must be compared with a puri ty of only 99% for the 
starting materials employed in the melt preparation. 
Thorough pre-electrolysis of the melt  and an al terna-  
tive furnace design as suggested in our previous report  
(1) would certainly yield silicon of greater  pur i ty  and 

better  quality. 

Resistivity.mPreliminary measurements by a four- 
probe method on selected samples gave encouraging 
results. The measured resistivities were different in 
different locations of the electrodeposited silicon. 
Spreading resistance measurements confirmed that  the 
major  variations were due to surface roughness, but  
'the room temperature resistivity of electrodeposited 

Fig. 4. Scanning electron micrograph of a silicon deposit for 
experiment 3. 
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Fig. 5. Scanning electron micrograph of etched silicon surface 
for experiment 13. 

silicon from this system has been found to be always 
greater  than 1 ~ c m .  

Discussion and Conclusions 
The mechanism for the transformation of silicon in 

the fluorosilicate into a crystalline form under the 
influence of an electric field is very complicated. I t  was 
suggested (1) that  polynuclear silicon complexes are 
present in the fluoride melt and their slow dissociation, 
a preceding step to the charge-transfer  reaction, 
favors the deposition of coherent films. 

To explain powdery and dendritic or spongy deposits 
on silver during deposition at  the higher cell potentials 
(--2V vs. Pt)  used and on prolonged electrolysis of 
dilute K2SiF6 solutions at the deposition potential, re-  
spectively, we have proposed a reaction between the 
deposited silicon and the melt  (1) 

Si + Si 4+ ~=~ 2Si ~+ [1] 

Deposition of silicon and subsequent dissolution due 
to reaction [1] may be a plausible explanation for the 
10-15 mA current oscillations under constant potential 
electrocrystallization. Ini t ial ly deposited si l icon is as- 
sumed to be part ial ly redissolved because of its inter-  
action with te t ravalent  silicon ions in the solution ac- 
cording to reaction [1] to give divalent silicon ions. In 
consequence of this secondary reaction, the deposits 
for short periods of electrolysis were spongy (Fig. 
3a) and of low current efficiency (Table I) .  When the 
divalent silicon ions concentration exceeded the equi- 
l ibrium value (that is, upon continued electrolysis for 
longer periods), reaction [1] should shift to the left. 
This condition results in a coherent, dense, and crystal-  
line deposit (Fig. 3b). It is interesting to note that  the 
growth process appeared to correct the initial  spongy 
appearance of the deposit during electrolysis for sev- 
eral  days (Fig. 3a and b).  

The porous outer surfaces of some deposits (e.g., 
Fig. 3b) are believed to be due to vapor phase at tack 
of the sample while it was left above the melt in the 
furnace during cooling. In an independent experiment, 
a silicon wafer held for 6 hr above the KF-L iF  melt  
lost near ly  0.05g and showed a brittle,  black top layer. 
Furthermore, Cohen has  also reported the vapor phase 
attack of electrodeposited silicon (8). 

The characteristics required of a potycrystall ine sili- 
con layer for use in photovoltaic cells are as follows: 
({) 100-200 #m thick to capture an acceptable fraction 
of the incident sunlight; (ii) individual grains of at 
least 1O0 ~m to yield an efficiency of photovoltaic en ,  
ergy conversion greater than 10%; and (iii) relative 
absence of impurities that would give rise to deep- 
level recombination centers. 
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The electrodeposited silicon onto graphite from 
K2SiF6 solutions has the following properties: (i) c o -  
h e r e n t  layers of 0.2-0.5 mm thick; (ii) a grain size of 
250 #m; (iii) impuri ty level of 0.005% of Cu, Fe, Ni, 
and (iv) resistivity greater than 1 ~2 cm. 

Since crystals doped with Cu, Fe, and Ni have n o  
observable discrete levels (7), these electrodeposited 
silicon samples with columnar structure show c o n -  
s i d e r a b l e  promise toward meeting the requirements 
of solar-grade material.  

Taking into consideration the cost of slicing bulk 
deposits into thin wafers, the electrodeposition of thick 
layers does not  appear to be economically viable even 
if nodular or dendrit ic growth could be avoided. Depo- 
sition of thin layers of adequate grain size is the most 
effective way to minimize material  costs. Increasing 
the grain size and the puri ty  of the deposits would be 
highly advantageous to improve the solar cell per-  
formance. Ongoing studies will include attempts to 
increase the grain size by laser annealing and to re-  
duce the impurities by the use of an al ternative fur-  
nace design with internal graphite element and water-  
cooled stainless steel jacket. 

Electrogrown silicon surfaces, in general, are not 
microscopically smooth. An irregular  surface could 
have a beneficial effect in solar cells because of an in-  
creased surface area of light absorption. 

Silicon costs probably represent the major  economic 
barrier  to meeting the Department of Energy c o s t  
goals for nonconcentrating arrays in the ear ly 1980's. 
It was mentioned earlier (1) that  electrodeposition 
has the potential to yield solar grade silicon at about 
$1-$2 per kg. Although deposition on silver leads to 
eas ie r  silicon nucleation and bet ter  morphology of the 
deposits, graphite has the great advantage of low cost 
and the greater cathodic current efficiencies. Thus, 
graphite appears highly promising as an inexpensive 
substrate ~or the deposition of solar-grade silicon. 
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Electrodeposition of Silicon at Temperatures 
above Its Melting Point 
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ABSTRACT 

The e lee t rowinning  of mol ten  sil icon has been  achieved for the  first  time 
using a BaO/SiO2/BaF2 melt.  The silicon formed roughly  spher ica l  or  
e l l ipsoidal  drople ts  up to 15 m m  in d iamete r  in the smal l  expe r imen ta l  system 
used, and these solidified with  a g ra in  size of up to 1 mm. Mate r ia l  of 99.97% 
pur i ty  can be produced f rom 99.5% pure  s ta r t ing  ma te r i a l  wi thout  additional 
purif icat ion or  p re -e lec t ro lys i s .  

The e lect rodeposi t ion of silicon was first achieved 
in 1854 (1), and i t  was r ecen t ly  (2) shown tha t  ma-  
te r ia l  of 99.999% pur i ty  can be produced by  this 
method.  A m a j o r  l imi ta t ion  in e lec t rodeposi t ion of 
solids is tha t  a growing so l id- l iquid  in terface  becomes 
uns tab le  at  a cr i t ical  cur ren t  dens i ty  of app rox ima te ly  
40 mA/cm2 (3), which  for silicon would  correspond 
to a l inear  g rowth  ra te  of about  45 #m/hr .  This l imi t a -  
t ion does not  app ly  to e iect rodeposi t ion of l iquids, and 
the Hal l  process for product ion  of a luminum is com- 
merc ia l ly  v iable  because deposi t ion occurs a t  t em-  
pe ra tu res  above the mel t ing  point  of a luminum.  A n  
indus t r i a l  uni t  for  A1 e lect rodeposi t ion opera tes  a t  a 
cu r ren t  of 100-200 k A  which  has the addi t iona l  ad- 
vantage tha t  the deposi t ion t empe ra tu r e  can be ma in -  
ta ined  by  Joule  hea t ing  by  the deposi t ion current .  

The aim of this inves t iga t ion  has been to develop 
an analogous process which  can be used for  e lec t ro-  
deposi t ion of mol ten  silicon. Al though  the energy  cost 
of e lect rodeposi t ic~ at  t empera tu res  above 1415~ is 
high, this d i sadvantage  can be more  than offset by  the  
much h igher  deposi t ion ra te  which is possible  when  
the cathodic product  is in the l iquid state. 

The furnace  which  was developed for e lec t rodepos i -  
tion at  t empera tu re s  in the  range  f rom 1420 ~ to 1500~ 
used an in ternal ,  r e s i s t ance-hea ted  graphi te  e lement  
wi th  two graphi te  hea t  shields and an outer  silica 
shield (4). The me l t  used for  e lectrolysis  was con- 
ta ined  in a g raphi te  crucible  6 cm in d iamete r  and  in 
height,  suppor ted  on an a lumina  pedestal .  The s ta in-  
less steel  j acke t  and  brass  flanges were  wa te r  cooled, 
a r r angement s  being provided  for  evacuat ing the cham-  
ber  and for the in t roduct ion  of a flowing argon a tmo-  
sphere.  The uppe r  flange had fittings for the  inser t ion  
into the me l t  of a cent ra l  cathode th rough  a vacuum 
feed through  wi th  ro ta t ion  and t rans la t ion  capabi l i ty ,  
and for an anode which  was incl ined to the  ver t ica l  a t  
an angle  of 60 . Both e lect rode fittings were  insula ted  
f rom the flange by  mach inab le  glass inser ts  which 
were  ind iv idua l ly  cooled and a t tached to the flange by  
epoxy  cement.  The upper  flange also had  a 5 cm sap-  
ph i re  v iewpoin t  which was n o r m a l l y  pro tec ted  by  a 
movable  shutter .  The furnace  t e m p e r a t u r e  was con- 
t ro l led  b y  a Euro the rm control ler  wi th  s t ep -down 
t ransformer ,  the control l ing e lement  being a shea thed  
P t -6% Rh /P t -30% Rh thermocouple .  

The most  sui table  source ma te r i a l  for silicon e lec t ro-  
deposi t ion at  ~ 1450~ is SIO2. Microcrys ta l l ine  sil ica 
deposi ts  of 99.5% pu r i t y  are  found in large  quant i t ies  
near  Cairo, Illinois. 1 This ma te r i a l  was formed f rom 
the ske le ta l  remains  of mar ine  crea tures  of the Devon-  
ian per iod  and has been purif ied by  the action of 
g round  water .  The m a j o r  impur i t i es  a re  0.15 weight  
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percent  (w/o)  CaO and 0.025 w/o  Fe2Os, wi th  ~0-100 
ppm each of A1208, MgO, and TiO2. 

In v iew of the high mel t ing  poin t  of SIO2, a b i n a r y  
or t e rna ry  sys tem mus t  be used to pe rmi t  electrolysis 
at 1450~ The s imples t  choice of  mel t  is an a lka l i  
meta l  or a lka l ine  ea r th  si l icate obta ined  b y  reacting 
t h e  S iO2 with  the appropr i a t e  carbonate.  There are 
three  compet ing react ions  in an e lec t ro ly t ic  cell, 
which give rise, respect ively,  to silicon, silicon monox-  
ide, or  the a lka l i  or  a lka l ine  ea r th  me ta l  as the cath- 
odic product  

3MSiO~ ~ 3MO + ~ + 2SIO2 + Os [1] 

4MSiO3 ~ 4MO -~- ~ + 2SIO2 -~- O3 [2] 

2MSiOs ~ .  ~ § 2SIO2 -t- O~ [3] 
Thermodynamic  da ta  for calculat ion of the free energy  
changes a re  not  ava i lab le  in a l l  cases of prac t ica l  i n -  
terest .  However ,  es t imates  of the range  of f ree  energies 
over which the favorable  react ion [2] wi l l  occur  can 
be made  (5) fol lowing the method of Johnson (6).  
These es t imates  indicate  tha t  potass ium and sodium 
sil icates are  unfavorab le  for sil icon electrodeposi t ion,  
while  a luminum,  calcium, l i thium, and magnesium 
si l icates are  much more  favorable .  

An  addi t ional  considera t ion  is tha t  the me ta l  o x i d e /  
SlOe sys tem chosen should have  one or  more  eutectie 
points  be low 1415~ Most a lka l i  m e t a l  and  a lka l ine  
ea r th  si l icate systems meet  this requ i rement ,  and  a t -  
tempts  to deposi t  silicon at  t empera tu re s  a round  
1450~ have been made  on a range  of compositions.  
Sil icon was not  produced f rom Rb20/SiO~ or  CaO/SiO~ 
melts,  and i t  was found tha t  potass ium was the p r i m -  
a ry  product  of e lectrolysis  of severa l  K~O/SiO2 com- 
positions. Electrolysis  of l i th ium si l icate melts  has 
given silicon, but  not  a t  t empera tu res  above 1415~ 
Best results  were  obta ined us ing BaO/SiOz melts ,  
wi th  BaFe added  to fac i l i ta te  mel t ing and lower  the 
viscosi ty of  the melt .  Sil icon has also been e lec t ro-  
deposi ted f rom mel ts  in the  system SrO/SiO2/SrF2.  

The BaO/SiO2 sys tem has a single eutectic poin t  
(7) a round  1370~ and composit ion 53 w / o  SiO~; 47 
w/o  BaO. A mix tu re  of  ba r ium carbonate  and sil ica of  
the corresponding mola r  concentra t ion  reacts  and 
melts  ve ry  s lowly at  1500~ bu t  the  addi t ion  of  a few 
percen t  of BaF2 g rea t ly  faci l i ta tes  mel t ing  th rough  
its f luxing action. 

F igure  1 shows a cur ren t  vs. vol tage  p lo t  for  a 
mel t  of or iginal  composit ion 63.2 mole  percent  (m/o)  
SiOu; 22.2 m / o  BaCO3; 14.5 m/o  BaF2 at  t empera tu re s  
above and be low the mel t ing  po in t  of silicon, using 
graphi te  electrodes.  The m i n i m u m  deposi t ion poten t ia l  
in both  cases is in the region of 0.25V and the differ-  
ence in the slopes is about  60%. 

Deposi t ion no rma l ly  proceeds at  a constant  po ten t ia l  
in the range  0.8-16V, wi th  a corresponding current 
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Fig. 1. Plot of current vs. potential difference between graphite 

electrodes for BaO/SiO~/BaF2 melt at (a) 1393~ (b) 1465~ 

be tween  120 m A  and 2.0A on a cathode area  of about  
2 cm 2. The deposi t  is in the form of smal l  lumps  
roughly  spher ica l  in shape and up to severa l  m m  in 
d iameter .  A typ ica l  deposi t  is shown in Fig. 2. The 
silicon no rma l ly  gathers  in a hor izonta l  l aye r  close to 
the end of the cathode rod. The dens i ty  of the silicon 
appears  to be ve ry  s imi lar  to that  of the mel t  and i t  
does not  show a marked  tendency  to rise or sink, the 
ra te  of movement  being ve ry  slow because  of the high 
me l t  viscosity. In  o rder  to remove the silicon effi- 
c ient ly  f rom the mel t  i t  is des i rable  to collect  the  
deposi t  into l a rge r  pieces. This coagulat ion m a y  occur 
dur ing  pro longed electrolysis,  and Fig. 3 shows an 
example  of a single lump  of silicon weighing  over  
1.6g, p roduced  f rom a 125g melt .  This lump contained 
a l i t t le  over  1/3 of the total  silicon deposited.  

The fa rada ic  efficiency (weight  depositgd d iv ided  
by  weight  ca lcula ted  by  Fa raday ' s  law)  of deposi t ion 
is typ ica l ly  15-22%, bu t  40% has been achieved dur ing  
electrolysis  for  about  two days. The origin of the de -  
pa r tu re  from 100% efficiency has not  been fu l ly  es tab-  
lished, but  the  s imul taneous  l ibera t ion  of sil icon 
monoxide  is a compet ing process and ohmic conduct ion 
in the mel t  m a y  occur via  electronic conduct iv i ty  or 
v ia  carbon par t ic les  which  become de tached  f rom the 
anode and  float on the me l t  surface. Var ia t ions  in 

Fig. 2. Silicon produced in a typical electrodeposition experiment 
from BaO/SiO~/BaF2 melt at temperature above its melting point. 

Fig. 3. Lump of electrdeposited silicon weighing 1.6g, produced 
during an experiment of 50 hr duration. 

cathodic efficiency cannot  be cor re la ted  wi th  the con- 
centration of fluoride in  the  melt ,  which has been 
var ied  f rom 8 to 20 m/o .  I t  appears  l i ke ly  tha t  the  
efficiency is reduced by  the back- reac t ion  be tween  
anodic and cathodic products ,  since i t  depends  on the 
geomet ry  of the e lect rode a r rangement .  

The pur i ty  of ma te r i a l  p roduced  to date  is 99.97 w/o ,  
the ma jo r  impur i t ies  being 0.02 w/o  iron, 0.003 w / o  
calcium, 0.002 w/o  manganese ,  0.001 w/o  s t ront ium,  
and 0.001 w/o  t i tanium. This level  of impur i t ies  is, of 
course, much  too high for  solar  cell  appl icat ions,  bu t  
exper ience  h a s  shown tha t  the impur i t y  level  can be  
reduced  by  pre -e lec t ro lys i s  using a sacrificial  cathode 
(2, 8) or other  techniques.  Reduct ion of the i m p u r i t y  
level  by  an order  of magni tude  or more  should be 
possible wi thout  significant increase in the  complex i ty  
or  cost of the process. 

The room t empera tu r e  res is t iv i ty  of the  sil icon is 
about  0.2 ~%-cm. If  a l lowance is made  for  gra in  bound-  
a ry  effects, this value  corresponds (9) to an  act ive 
impur i ty  concentra t ion of ,-~ 10 is car r ie rs  cm -s .  This 
level  is considered promis ing  in view of the fact  tha t  
a p re -e lec t ro lys i s  s tage was not  used. 

Purif icat ion wil l  be a ma jo r  aspect  to be  s tudied 
in fu ture  work, as wil l  improving  the deposi t ion effi- 
ciency and developing a technique  for  removing  the 
silicon f rom the melt .  
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Mass Transport Characterization of Donnan Dialysis: 
The Nickel Sulfate System 

Patrick K. Ng* and Dexter D. Snyder* 
General Motors Research Laboratories, Electrochemistr~l Department, Warren, Michigan 48090 

ABSTRACT 

There is a need for reliable models of the mass transfer characteristics of 
hollow tube Donnan dialyzers, to guide application to industrially significant 
problems such as recovery from electroplating waste water. This work i s  
focused on determining mass transport correlations in a shell-and-tube di- 
alyzer, fabricated from ion-selective membranes, used to extract nickel from 
dilute nickel sulfate solution with sulfuric acid as the stripping agent. Correla- 
tions between mass transport coefficient and Reynolds number a r e  r e p o r t e d  
for both laminar and turbulent flow regimes. 

Donrmn dialysis concentration of ions, using selective 
membranes and a chemical potential gradient, has only 
recently been considered seriously as an industrial sep- 
aration and purification technique. Wallace, an early 
advocate, used the approach to concentrate uranyl, 
strontium, lanthanum, silver, and copper salts (1, 2). 
Until very recently, Donnan dialysis has been judged 
too slow to be practical. Since separation is diffusion 
controlled, one typically needs extremely thin mem- 
branes which are effective ion-selective barriers. Mem- 
branes available in the late 1960's and early 1970% 
were relatively thick and lacked chemical durability. 
Better membranes are available today, but there is a 
lack of data and models by which to design practical 
systems. 

Elements of Donnan dialysis concentration of nickel 
ions are illustrated in Fig. I. The cation-selective 
membrane ideally excludes the anions, but permits 
cations to exchange as the system approaches the equi- 
librium dictated by the Donnan relation, in this case 

(aNi I ) (aHI) 2 
~ .  = - -  [I] (am n) (aHn)s 

in  which a is the activity of the ions on either side of 
the membrane. If the gradient of the stripping chemi- 
cal, sulfuric acid in this case, is kept high, the nickel 
ions can actually be transported against their activity 
gradient. In the present case where 0.5M sulfuric acid 
is used to strip nickel from 0.0017M nickel sulfate (100 
ppm Ni), the nickel ions can be transferred almost 
quantitatively. The rate at which this ion exchange 
occurs depends both on the membrane properties an d  
on the boundary-layer film at the membrane-solution 
interfaces. 

Wallace and other workers (1, 3) dealt with rela- 
tively slow flows of both feed and stripping streams. 
However, the hydrodynamic enviro.nment of the mem- 
brane often controls the performance. Lake and Mel- 
sheimer (4) approached this issue by examining the 
exchange of sodium, potassium, and hydrogen ions 
across  a cation-selective membrane, using a p l a t e - a n d -  

, Electrochemieal Society Active Member. 
Key words: membrane, interfaces, connection, ion exchange. 

frame dialyzer. Their approach involved determining 
the membrane resistance at high agitation, and deter- 
mining the boundary-layer mass transport coefficients 
using a computer iteration scheme. For Reynolds num- 
bers up to 500, they observed a dependence of ion 
transport rate on the 0.65 power of the Reynolds num- 
ber. 

Eisenmann and Smith (5) carried out an extensive 
evaluation of Donnan dialysis softening as a possible 
adjunct to distillation desalting of brackish water. 
With limited success, they introduced the affinity driv- 
ing force and built an analytical model of the process 
which they used for economic projections. They found 
a dependence of the sodium-calcium exchange rate on 
a power of the Reynolds number in the range 0.33-0.67 
for a tortuous path spacer. Eisenmann (6) recently 
reported on the use of Donnan dialysis to recover 
nickel sulfate concentrate from dilute plating r i n s e  
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water .  Using perf luorosulfonic acid membranes ,  in 
hol low tube  form, he measured  n ickel  fluxes in  the  
range  0.3-3 • 10 -3  m o l / ( c m  2. sec) for  a feed in the  
r ange  25-100 ppm nickel  ion. His exper iments  spanned  
the  Reynolds  number  range  50-300. 

The  presen t  work  was focused on de te rmin ing  mass 
t ransfer  corre la t ions  for  the  bounda ry  layer ,  and on 
es t imat ing the interdiffusion coefficient of n ickel  in the  
membrane .  The  two-ca t ion  system offers resul ts  which  
can  be in t e rp re t ed  and compared  wi th  previous  results,  
and  the n ickel  waste  is also a significant indus t r ia l  
p rob lem w o r t h y  of be t t e r  solut ions than  now exis t  
commercia l ly .  Tubu la r  ca t ion-se lec t ive  membranes  
were  selected for the i r  su i tab i l i ty  in designing r e -  
covery  and recycle  modules  wi th  high sur face- to -  
vo lume ratios,  giving po ten t ia l ly  h igher  vo lumet r ic  
n ickel  separa t ion  rates.  Both sulfur ic  acid  and nickel  
waste  s t reams were  c i rcu la ted  cont inuously  th rough  
the dialyzer .  

Experimental 
Membrane dimension measurements.--Table I shows 

the dimensions of the  membranes  used in this s tudy.  
Dimensions were  de te rmined  b y  first soaking a piece 
of the tubing  in a mix tu re  of n ickel  sulfate  (100 ppm 
in nickel)  and 1N sulfur ic  acid. The tubing was then  
cut  open and its thickness measured  wi th  a mic rome-  
ter.  I ts outside d iamete r  was measured  using a micro-  
scope and  the inside d iamete r  was subsequent ly  ca lcu-  
lated.  

Apparatus.--The dia lyzer  is p ic tu red  in Fig. 2, and  a 
schemat ic  d i a g r a m  of the expe r imen ta l  se tup is shown 
in Fig. 3. Membranes  used were  commerc ia l  perf luoro-  
sulfonic acid type.  The she l l - and - tube  module  w a s  
17.15 cm long and the inside d i ame te r  of the  shell  w a s  
0.48 cm. F o r  m e m b r a n e  810, only  a single m e m b r a n e  
tube  was used. In  the case of the  smal le r  membrane  
811, th ree  m e m b r a n e  tubes were  used to guaran tee  an 
apprec iab le  change in n ickel  concentra t ion over  the  
exper imen t  period.  Nickel  sul fa te  solut ion (100 ppm 
in nickel)  was c i rcula ted  th rough  the tube  side, whi le  
sulfur ic  acid (1, 2, or  4N) was  pumped  cont inuous ly  
th rough  the shell  side. Each s t r eam contained in i t ia l ly  
250 ml solution, and its flow ra te  was contro l led  b y  a 
tubing  pump and moni to red  wi th  a flowmeter.  

P r e l i m i n a r y  resul ts  sugges ted  tha t  the  b o u n d a r y -  
l aye r  res is tance on the  feed solut ion side (nickel  sul-  
fa te)  was dominant .  In  pract ice,  the  process does not  
depend  on which  side of the membrane  each solut ion 
contacts. However ,  wi th  the feed solut ion being the 
pr inc ipa l  t a rge t  of this s tudy,  one could achieve h igher  
l inea r  velocit ies when  this feed w a s p a s s e d  th rough  
the  tube,  and this ex tended  the range  of the corre la t ion  
which  was u l t ima te ly  established.  

Procedures.--The dia lyzer  was first flushed wi th  
dis t i l led  w a t e r  to r emove  any  nickel  sulfate  and  sul-  
furic acid l e f t  in the  system. This w a t e r  was then  
d ra ined  and both s t reams of e lec t ro ly te  were  p u m p e d  
th rough  the i r  respect ive  loops to s ta r t  the exper iment .  
Samples  were  t aken  f rom each reservoi r  at  t ime in te r -  
vals, and  the  n ickel  concentra t ion  of each was de te r  -~ 
mined  by  atomic absorpt ion  analysis.  To minimize the 
e r ror  of changing volume, the total  amount  t aken  for 
sampl ing  over  the expe r imen t  was l imi ted  to less than  
10% of the  in i t ia l  reservoi r  vo lume (25'0 ml ) .  A t  the  
end of the  expe r imen t  (3-4 h r ) ,  the volume of each 
s t ream was measured  by  dra in ing  the solution. In ad-  
dition, both  t empe ra tu r e  and pH of the  solutions were  
measured.  Resul ts  indicate  tha t  pI-I of the  tube-s ide  

Table I. Membrane dimensions 

T h i c k n e s s  Ins ide  d i a m  Ou t s ide  d i a m  
Membrane (cm) (cm) (cm} 

810 0.0368 0.2383 0.3119 
811 0.0127 0.0637 0,0891 

DONNAN DIALYSIS 

Fig. 2. Dialyzer 
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Fig. 3. Schematic diagram of the experiment 
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reservoir changed typically from about 5.5 to 2.2. The 
shell-side pH remained relatively constant, with a 
maximum increase of about 0.I pH unit. Due to heat 
generated by the tubing pumps, temperature increases 
f rom 2~ ( low flow ra tes)  to 7~ (high flow ra tes )  
were  found. Al l  exper iments  ind ica ted  a volume de-  
crease for the  tube-s ide  reservoi r  of 5-6 ml. This can 
be expla ined  by  a combinat ion  of evaporat ion,  osmotic 
t ranspor t ,  and  the migra t ion  of hyd ra t ion  wa te r  wi th  
the ions. 

Results and Discussion 
This w o r k  was focused on separa t ing  the membrane  

and b o u n d a r y - l a y e r  effects in the  Donnan dia lys is  
concentra t ion  of n ickel  sulfate  f rom an e x t r e m e l y  
di lu te  s ta r t ing  solution. This has  been  approached  b y  
s tudying  the n icke l  t r anspor t  ra te  as a funct ion of the  
hydrodynamic  condit ion of the m e m b r a n e  dialyzer ,  
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Specifically, the  nickel  concent ra t ion- t ime  re la t ion  is 
d e t e r m i n e d  for a membrane  tube dia lyzer  opera ted  
under  prese t  flow conditions. 

Rate constant of the tube-side reservoir.--Figure 4 
shows typical  resul ts  for the  810 membrane .  The mass 
of n ickel  in the  reservoi r  is here  p lo t ted  ins tead of 
concentra t ion to e l iminate  any discrepancy in t roduced 
by  change in volume due to sampling.  Qual i ta t ively ,  
h igher  n ickel  feed ra tes  favor  fas ter  r emova l  of n ickel  
f rom the reservoir .  The nickel  mass  increase in the 
sulfuric  acid reservoi r  was found consis tent ly  to be a 
mir ror  of the  decrease in the feed reservoir .  Thus, the  
m e m b r a n e  appears  to be ne i ther  source nor  s ink for 
n ickel  in this  process. These nickel  mass - t ime  resul ts  
(Fig. 5) suggest  tha t  the reservoi r  can be r ega rded  as 
a reactor  wi th  a f i r s t -order  ra te  constant  (m) equa l -  
ing the slope of the best  fit line. 

Exper iments  were  also conducted to. s tudy the effects 
of she l l - s ide  flow ra te  and  sulfur ic  acid concentra t ion 
on the t ransfe r  rate,  and the resul ts  are  shown in Fig. 
6a and b. F r o m  examina t ion  of Fig. 6a, it  is c lear  that  
both  acid-s ide  flow ra te  and acid concentra t ion (1-4N) 
a r e  un impor tan t  in affecting the nickel  t r anspor t  rate.  
These findings agree  wi th  the  work  of Lake  and Mel-  
she imer  (4), where  they  find that  the b o u n d a r y - l a y e r  
res is tance on the acid side is small .  The  independence  
f rom sulfuric acid concentra t ion is reasonable  because 
t h e  acid grad ien t  remains  high in this 1-4N range.  
T e m p e r a t u r e  effects can be considered to be smal l  
because the  m a x i m u m  change at  h igh flow ra te  was 
only 7 ~ C. 
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Boundary layer and membrane resistances.--Resul~s 
in Fig. 6 indicate tha t  the tube-s ide  b o u n d a r y - l a y e r  
resis tance and the m e m b r a n e  resistance are  the con- 
t ro l l ing factors for  the nickel  t ranspor t .  The re la t ive  
values  of these two resistances can be es t imated  wi th  
a series model  used by  Helfferich (7), Gregor  (8), and 
others. For  the case of nickel  and hydrogen,  we wil l  
assume complete colon exclusion and define diffusion 
coefficients by  the fol lowing flux equations 

DNi-H (C-UN i _ C-~,Ni ) DNi JNi = V = T (CNiI --  C'Nl) [2] 

DNi-H (C'H - -  C--;'H) Dtt JH --  ~ = T (CHI --  C'H) [3] 

DNi-H, a n d  DNi and DH are  the  diffusion coefficients 
in the membrane  and the bounda ry  layer ,  respect ively.  
F igure  1 gives mean ing  to the o ther  symbGls. An effec- 
t ive mass t rans fe r  coefficient (Kin) can also be defined 
for the membrane  as 

DNi-H 
Km -- [4] 

l 

At  each interface,  the ions are  assumed to be dis-  
t r ibu ted  according to the Donnan equi l ibr ium,  ignor -  
ing act iv i ty  effects 

C'm (C'H)" 
[5] 

CNi II (CHII) $ 
- -  = - -  C6] 
U"m (~"a )  ~ 

on acid side. 
E lec t roneu t ra l i ty  wi th in  the m e m b r a n e  is e x p r e s s e d  

b y  
�9 ztCl -- X = 0 [7] 

where  X" is the  concentra t ion of fixed negat ive  charges 
in the  we t ted  membrane .  Wi th  zero ne t  current ,  the 
fluxes are  re la ted  by  

zzdi  = 0 [8] 

The in ter rac ia l  concentrat ions can be wr i t t en  as fol-  
lows by  r ea r r angemen t  of Eq. [2] and  [3], and  by  u s e  

of Eq. [8] 
8JNi 

C'Nl : - -  + CNi I [9] 
Dm 

28Jm 
C'H = - -  + C a  x [10] 

DH 

Equat ions [2], [5]-[7] ,  [9], and [10] can now be  
solved for fluxes and in ter fac ia l  concentrat ions as 
functions of bu lk  concentrations,  diffusivities, and 
membrane  and b o u n d a r y - l a y e r  thicknesses.  F igures  7a 
and b show the resul t  of such a calculat ion using 
p a r a m e t e r  values close to those expected in the  ex -  
per iments .  For  bu lk  n ickel  concentra t ion less than  
10 -5 mol /ml ,  the  bounda ry  layer  is the ma jo r  control-  
l ing factor  for the nickel  t ransfer .  The membrane  re -  
sistance ~s negl ig ible  unt i l  the bu lk  nickel  concent ra-  
t ion reaches 10 -4 mol /ml .  Helfferich (7) gives a de-  
ta i led  descr ipt ion of these resistances.  

F igure  7 suggests that  the  tube-s ide  b o u n d a r y - l a y e r  
resis tance is the  dominant  l imi ta t ion  for n ickel  t r ans -  
fer  in the  concentra t ion range  s tudied in this work. 
This resistance depends on the hydrodynamic  condi -  
t ions and is best  character ized by  a mass t ransfe r  co- 
efficient, KBL. KBL can  be ca lcula ted  f rom the ra te  
constant  of the reservoi r  based on a model  wi th  the 
fol lowing assumptions:  (i) Nickel  concentra t ion at the  
membrane  surface is negl igible  compared  to the  bu lk  
concentrat ion;  (ii) the tube-s ide  solut ion is wel l  mixed  
and i ts  concentra t ion is thus un i fo rm and equal  to the  

~m - (~'a ~) 

on feed side and 
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Fig. 7. (a, left) Dependence of flux on bulk nickel concentration; (b, right) dependence of interfacial nickel concentration on bulk 
nickel concentration. 

outlet concentrat ion;  (i i i)  at each time, the dialyzer 
operates at steady state. 

The first assumption implies that  any  nickel t r ans -  
ferred to the membrane  surface will  be t ransported 
immedia te ly  through the membrane,  and its val idi ty  
is i l lustrated in Fig. 7b. Assumptions (i i)  and ( i i i )  are  
reasonable if the flow rates are re la t ively high. Re- 
ferr ing to the schematic diagram in  Fig. 3, one can 
obta in  a mass balance equat ion for nickeI in  the tube 
side of the dialyzer, as follows 

Q (Ci -- Co) : KBLACo [11] 

where A is the membrane  area based on the inside 
diameter  and Q is the volumetric  flow rate. Ci and Co 
represent  the bu lk  concentrat ion of Ni in  the tube side 
and are understood to be the same a s  C N i  I in Fig. 1. 
Similarly,  a mass balance of the reservoir  gives 

dCi 
VR--~-- = Q (Co - Ci) [12] 

where VR is the reservoir  volume. The results in Fig. 
5 also imply  that  

Ci : Ci ~ exp (mr) [13] 

where  Ci n is the ini t ia l  nickel concentrat ion in  the 
reservoir,  and m is the rate constant. Combining Eq. 
[11]-[13], one obtains the relationship be tween  KBL 
and m, tha t  is 

-- fnVR 
KBL = [14] 

mV~ A(I+-w- J 
The flux J can also be calculated by 

Q - mVR Cl [15] 

With %he KBL values calculated by Eq. [14], mass 
t ransfer  correlations were subsequent ly  obtained and 
are shown in Fig. 8. The exponent  on the Schmidt 
n u m b e r  (Sc) was taken as 1/3 according to convective 
mass t ransfer  in the pipe. Kinematic  viscosity of water  
and diffusion coefficient of NiSO4 at infinite di lut ion 
(DNisO4 --~ 8.674 • 10-6-cmF/sec) were used to estimate 
Sc. The t ransi t ion f rom laminar  flow to tu rbu len t  flow 
occurs at Reynolds numbers  in the range 1000-2000. 
The general ly accepted Reynolds  number  t ransi t ion 
value for smooth tubes is about  2100, bu t  v ibra t ion 
of this membrane  tubing  could well introduce t u rbu -  
lence at lower Reynolds number .  Least square fits to 
the two regions give the following correlations 

Sh ---- 0.00272 Re 1.024 Sc 1/3 103 < Re < 104 
[16] 

Sh ---- 0.1663 Re 0-47~ Sc 1/8 Re < 103 
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Fig. 8. Mass transfer correlations 

An impor t an t  p rope r ty  of the membrane  is the  in t e r -  
diffusion coefficient of n ickel  and hydrogen  ions 
(Dsi-H). A l though  exper iments  were  pe r fo rmed  where  
b o u n d a r y - l a y e r  resis tance is controll ing,  DNi-H can be 
es t imated  by  ex t rapo la t ing  resul ts  at h igh  flow rates.  
As the  flow ra t e  increases,  the  membrane  becomes 
more  dominant  and the in te r fac ia l  concentrat ions can 
be  approx ima ted  b y  bu lk  concentrat ions.  Equat ions 
[2], [5], [6], and [7] can then be used to calculate  Km 
at any  flow ra te  and bu lk  nickel  concentrat ion.  By 
ex t rapo la t ing  the da ta  in  a plot  of 1/Re vs. 1/Km, one 
can obta in  the  va lue  of Km at  infinite flow ra te  where  
m e m b r a n e  is the  only resistance.  F igure  9 shews the 
resul t  of this exerc ise  for membranes  810 and 811 at  
bu lk  nickel  concentrat ions  of 100 and 55 ppm. In t e r -  
diffusion coefficients (DIn-H) thus ca lcula ted  a re  sum-  
mar ized  in Table  II  and  the i r  magni tude  agrees  wi th  
the  range  repor ted  in l i tera ture .  The dependence  of 
D---Ni-H on bu lk  concentra t ion needs fu r the r  inves t iga-  
tion. 

Conclus ions 
Donnan  dialysis,  even wi th  its low t ransfe r  rate,  is 

now a promis ing  separa t ion  technique wi th  the  ava i l -  
ab i l i ty  of hol low fiber membranes  f rom which modules  
can be bui l t  to give high surface a r ea - to -vo lume  ratio. 
T h e  t r ans fe r  ra te  depends,  in general ,  on both m e m -  
b r a n e  proper t ies  and  hydrodynamic  condit ions outside 

~ .  oo~:~;~o ~ . . . . . . . .  

o.o 2:0 4:0 6:o s:o 
Rcmlprocal Reynolds Number 

Fig. 9. Extrapolation of membrane resistance 

0 x 10 - 4  

Table II. Membrane interdiffuslon coefficient 

Bulk Ni 
concentration D~I-H 

Membrane mol/ml ( • 1 0 6 )  cm~/sec ( x 10 e) 

810 1,7 7.063 
810 0.935 3,244 
811 1.7 1,75 

t h e  membrane .  F o r  remova l  of  n ickel  f rom di lute  sul-  
fa te  solution, this work  charac ter ized  these two de-  
pendencies,  pa r t i cu l a r ly  tha t  for hydrodynamic  condi-  
t ions and genera ted  correla t ions  for design purposes.  

Within  the 0-0.0017M range of n ickel  concentra t ion 
studied,  the resul ts  indicate  tha t  the  b o u n d a r y  l aye r  
is the  ma jo r  resis tance to nickel  t ransport .  Membrane  
res is tance is impor t an t  only  at  high flow rates  and high 
concentrat ions.  A series model  was employed  to est i -  
mate  the  re la t ive  impor tance  of these two resistances 
under  different  expe r imen ta l  conditions. 

The  b o u n d a r y - l a y e r  effect is charac ter ized  by  m a s s  
t ransfe r  correla t ions  based on a mass balance  for  the 
ctial'yzer. In  dimensionless  quanti t ies ,  these correla t ions  
are  given by  

Sh --  0.00272 Re 1.~ Sc 1/s 108 < R e  < 104 

Sh ---- 0.1663 Re ~ S c  1/3 R e  < 108 

and the exponents  a re  in reasonable  agreement  wi th  
values  in the l i te ra ture .  

The  membrane  interdiffusion coefficient (DNi-~) can  
be es t imated  by  ext rapola t ion,  using da ta  at high flow 
rates. Its magni tude  (10 -6 cm2/sec) agrees  wi th  t h e  
range  repor ted  in l i t e r a tu re  for  o ther  meta l  ions. As 
Lake  and Melshe imer  (4) have indica ted  in the i r  
work,  the ex t rapo la t ion  technique gives more  re l i ab le  
resul ts  at  h igh concentrat ions.  However ,  a t  h igh  con- 
centrat ions,  the  m e m b r a n e  and the ac id-s ide  b o u n d a r y  
l aye r  may  contr ibute  significantly to the  n ickel  t r ans -  
fer  rate,  and  s tudy of this more complex sys tem is be -  
yond  the scope of this work.  

Manuscr ip t  submi t ted  Nov. 18, 1980; rev ised  m a n u -  
scr ipt  received ca. March 9, 1981. This was Pape r  619 
presented  at  the Hollywood,  Flor ida ,  Meet ing of t h e  
Society,  Oct. 5-!0, 1980. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Sect ion 
Should be submi t ted  b y  Feb.  1, 1982. 
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LIST OF SYMBOLS 
a ac t iv i ty  of ions, m o l / m l  
A membrane  surface area, cm ~ 
Ci n ickel  concentra t ion in reservoir ,  m o l / m l  
Co tube-s ide  nickel  concentrat ion,  m o l / m l  
Ci o ini t ia l  nickel  concentrat ion,  m o l / m l  

concentra t ion in the membrane ,  m o l / m l  
C ~ C  n bu lk  concentrat ion,  m o l / m l  

surface concentra t ion on side I, m o l / m l  
C" surface concentra t ion on side II, m o l / m l  
d membrane  diameter ,  cm 
D diffusion coefficient in bu lk  solution, cm2/sec 
I)  diffusion coefficient in  membrane ,  cm2/sec 
J flux, m o l / ( c m  ~ �9 sec) 
KBL b o u n d a r y - l a y e r  mass t rans fe r  coefficient, cm/sec  
Km m e m b r a n e  t ransfe r  coefficient, cm/sec  
1 membrane  thickness,  cm 
m reservoi r  ra te  constant,  sec -1 
Q volumetr ic  flow rate,  ml / sec  
Re Reynolds  number  ---- vd/v, dimensionless  
Sc Schmidt  number  -~ v/D, dimensionless  
Sh Sherwood number  = KBLd/D, dimensionless  
t time, sec 
v solut ion velocity,  cm/sec  
VR reservoi r  volume, cm 8 

fixed charge concentra t ion  in membrane ,  e q / m l  
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zi charge of ions 

Greek Characters 
v kinematic viscosity, cm~/sec 
8 boundary layer thickness, cm 
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Photoelectrochemical Properties of n-Type 
J. F. McCann 1 

Chemistry Discipline, School oS Physical Sciences, Flinders University, Bedford Park 5042, South Australia 

and J. O'M. Bockris 

Chemistry Department, Texas A & M University, College Station, Texas 77843 

ABSTRACT 

The electrochemical and photoelectrochemical properties of single crystal 
n-type In203 were examined in 1M NaOI-I and 1N H2SO4. The photocurrent- 
wavelength response indicated the absorption edge is an indirect transition of 
about 2.3-2.5 eV. The flatband potentials were determined from Mott-Schottky 
plots to be --0.72 and 0.22V (vs. SCE) in 1M NaOH and 1N H2SO4, respectively. 
The photocurrent from the n-ln~Os electrode was steady during 13 hr while 
illuminating the sample in 1M NaOH at 0.3V (vs. SCE). 

A wide range of semiconductors have been investi- 
gated to assess their performance as photoelectrodes 
in solar photoelectrolysis cells (1). In this work we 
have applied standard electrochemical and photo- 
electrochemical techniques to examine single crystal 
n-type In203 electrodes. To the authors' knowledge 
the photoelectrochemicaI properties of n-type In2Os 
have not been previously reported, although a study 
of the dark current-voltage characteristics has been 
published (2). 

Experimental 
Single crystals of In2Os which had been grown by 

two different techniques were donated by Dr. J. H. W. 
De Wit of the Inorganic Chemistry Department, Unid 
versity of Utrecht, Utrecht, The Netherlands. The first 
sample was grown in a PbO-B~O3 flux as described 
elsewhere (3). Two electrical contacts were made by 
soldering indium onto the back of the crystal. The 
i-V relation was linear indicating that the In contacts 
were ohmic. The resistivity of this sample was deter- 
mined as 0.004 ~.cm. The color of pure In2Os powder 
is light yellow, whereas this crystal was black. This 
observation suggests that the crystal had occluded 
impurities from the flux medium during its growth. 
In subsequent photoelectrochemical studies of this 
sample using medium intensity xenon irradiation 
(,~ 26 mW cm-2), the photocurrent was negligible as 

a function of applied voltage. 
The second sample was an In2Os single crystal 

grown from the vapor phase as described in Ref. (3). 
The crystal was green and was transparent. An indium 
contact was soldered onto the back of the crystal. The 
sample was then fabricated into an electrode by 
soldering a tin-coated copper wire to the indium con- 
tact and fixing the sample in a Teflon holder with 

* Electrochemical  Society Active Member. 
X Present  address:  School of Physics, Universi ty of New South 

Wales, Kensington, N.S.W. 2033, Australia.  
Key words: indium oxide, photoelectrolysis,  oxide electrochem- 

istry,  e n e r g y  convers ion .  

epoxy. The resistivity of the sample was measured 
from a high frequency impedance plot and calculated 
as N 1200 ~ cm which was much higher than that of 
the flux grown In2Os crystal. However, since the 
photoelectrochemical response of the electrode fab- 
ricated ~rom the vapor grown crystal was substantial, 
the results reported in this study were derived from 
this sample. 

A Wenking potential stepping motor control Model 
SMP 69 and a PAR Model 173 potentiostat fitted with 
a PAR Model 176 current-to-voltage converter were  
used to control the electrode potential and also to 
perform current-voltage scans. A 900W xenon lamp 
was used as the light source. An infrared absorbing 
filter (Oriel G-776-7100) was placed between the 
lamp and the cell to reduce heating effects. The il- 
lumination intensity was measured with a Hewlett- 
Packard Radiant Flux Detector Model 8334A. Mono- 
chromatic light was obtained by passing xenon light 
through a high intensity Bausch and Lomb scanning 
monochromator. Monochromatic light intensities were 
measured with a Carl Zeiss calibrated thermopile 
Model VT Q3/A. Capacitance measurements were 
made with the use of a General Radio impedance 
bridge Model 1608-A fitted with a General Radio 
tuned amplifier Model 1232A. The reference electrode 
was saturated calomel (SCE) and the counterelec- 
trode was Pt. Rectified alternating photocurrent vol- 
tammograms were performed using the technique and 
apparatus to be reported elsewhere (4). 

Results and Discussion 
A flux grown n-In2Os single crystal electrode ex- 

amined in this study exhibited negligible photoelec- 
trochemical activity. Other flux grown semiconductor 
electrodes including Fe2TiOs, CoTiO3, and PbTiO3 
which were examined by the authors, but have not 
been reported here, have also lacked photoelectro- 
chemical activity. It  is probable that the absence of 
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significant photoelectrochemical responses for all of 

the above-mentioned flux grown single crystals is a 
direct consequence of the occlusion of flux impurities 
in the samples during the crystallization stages. The 
impurities act as recombination centers for photo- 
generated carriers according to the relation 

�9 ~p = (O-pimpVpppimp) --I [1] 

where Tp is the hole lifetime, ap imp is the capture cross 
section of holes by the impuri ty  recombination center, 
Vp is the thermal velocity of holes, and pp~, is the 
density of impuri ty  recombination centers. Clearly the 
larger  the magnitude of pp~np the  smaller the hole 
lifetime and subsequently the smaller the photocur- 
rent. I t  is conceivable that  for very large ppimp, as 
might be the case in the flux grown samples, that ~p 
could become so short as to render the sample photo- 
inactive. 

Cyclic voltammograms of the vapor phase prepared 
n-In203 electrode were recorded using a voltage scan 
rate of 20 mV/sec both in the dark and under i l lumi- 
nation from a 900W xenon lamp (26 mW cm-2) in 
1M NaOH and 1N H2SO4 and are shown in Fig. l ( a )  
and (b). The dark current was small in both electro- 
lytes (<  1.5 • 10 -5 A cm-~) up to a critical positive 
applied voltage after which a steep increase in the 
anodic current was observed (presumably due to 
either dark H202 formation or O2 evolution and/or  
dissolution). The d-c photocurrent commenced at 
about --0.2 and 0.6V (vs. SCE) in 1M NaOH and 1N 
I-I2SO4, respectively, and steadily increased as the ap- 
plied voltage was increased in both instances. The 

hystereses of the dark curves and the il luminated 
curves were small. 

The rectified alternating photocurrent-voltage 
(RAP-V) curves recorded using a voltage scan rate of 
20 mV/sec in the forward direction in 1M NaOH and 
1N H2SO4 are shown in Fig. 2(a) and (b),  respec- 
tively. According to these relations, the photocurrent 
commences at --0.57 and 0.11V (vs. SCE) in 1M NaOH 
and in 1N H2SO4, respectively. 

The shape of an RAP-vol tammogram can be divided 
into two regions--the onset region and the plateau 
region. The plateau region represents the saturation of 
the tuned amplifier and does not refer to the satura-  
tion of the photocurrent at the semiconductor elec- 
trode. The onset region ideally represents the photo- 
current near to the flatband potential of the semicon- 
ductor electrode. The differences between the onset of 
the photocurrent in the d-c photovoltammograms and 
the RAP-V curves (,~0.37V in 1M NaOH and ,~0.49V 
in 1N H2SOD can be at tr ibuted to the fact that  RAP 
voltammetry tends to be much less sensitive to the de- 
pression of the photocurrent due to surface recombina- 
tion that occurs in d-c voltammetry. This arises be- 
cause in RAP-vol tammetry  the il lumination is modu- 
lated and the resulting modulated photocurrent is 
amplified by a large factor. Hence in RAP-vol tam- 
merry the onset of the photocurrent occurs at either the 
real  flatband potential of the semiconductor, VFB or at  
the potential close to VFB. 

The difference between the potential onsets of both 
the d-c photocurrent and RAP potential curves in 1M 
NaOH and 1N H2SO4 were 62 and 53 mV/pH unit, 
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Fig. 1. Dark and photocurrent vs. voltage curves for n-ln20~ (a, left) in 1M NaOH and(b, right) in 1N H~SO4. Illumination intensity 
of xenon light 26 mW cm -2 .  
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Fig. 2. Rectified alternating photocurrent voltammograms for n-lnsO~ (a, left) in iM  NaOH and (b, right) in I N  H~SO4. Chopping 
frequency 70 Hz. Xenon light illumination intensity, 26 mW cm -2.  
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respectively. These observations are consistent with a 
(pH dependent) Nernstian equilibrium of the follow- 
ing type occurring at the In203/electrolyte interface 
(5) 

--In--O- + H+ ~In-- OH 

The differences between the Nernstian predicted 59 
mV/pH unit difference and the measured differences 
of 62 mV/pH unit  and 69 mV/pH unit are attr ibuted 
to experimental  error. Typically the dark and d-c 
photocurrent-voltage curves of a stable conductor a r e  
reproducible and any hysteresis is slight. The hyster-  
eses of the dark and photocurrent vs. voltage curves 
for the In20~ electrode were small over the potential 
ranges measured in both electrolytes [see Fig. l ( a )  
and (b)] .  In addition, the curves were reproducible. 
These observations suggest that n- type IntO3 is a 
stable electrode in 1M NaOH and 1N H2SO4 within the 
limits of the potential ranges studied. 

Spectral  response curves were measured from 3000 
to 5200A for applied potentials of 0.45, 0.30, 0.10, and 
0.0V (vs. SCE) in 1M NaOH. Quantum efficiencies 
were calculated as a function of wavelength using 
the relation (6) 

~h -- id~k Number of photoelectrons 
,~ = . . . . .  = [2] 

Nph (0) Number of incident photons 

where ~] is the quantum efficiency, /ph and /dark are the 
electrode current densities with and without i r radia-  
tion, and Np~(0) is the incident photon intensity. The 
calculated quantum efficiency vs. wavelength curves 
are shown in Fig. 3 It is clear from these plots that  
for a specified wavelength less than the absorption 
edge the quantum efficiency is l a rger  the greater  the 
applied anodic potential. This is expected since the 
semiconductor depletion layer  width widens as the 
anodic potential is increased resulting in a large num- 
ber of photoholes reaching the semiconductor surface 
which raises the quantum yield. In the wavelength 
range 4000-5200A, the photoconversion efficiency was 
always less than 2%. Below 4000A, the quantum effi- 
ciency increased steadily and reached a maximum 
value at about 3100A for all potentials. A significant 
proportion of the energy of the visible solar spectrum 
lies between 5200 and 4000A (,-~33%). If n- type In2Os 
was an efficient photoconverter in this wavelength 
range, then it could be considered as a serious prospect 
as a photoelectrode in a heterotype n-p photoelectrol- 
ysis cell. i t  is therefore appropriate to consider the 
most l ikely factors which may have caused the low 
conversion efficiencies observed in the visible wave- 
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Fig. 3. Quantum efficiency vs. wavelength curves for n-lnzO~ at 
0.45, 0.30, 0.]0, and 0.00V in 1M NaOH. 

length range for the n- type IntO8 electrode examined 
in this study. 

Normal incidence photons are absorbed in semicon- 
ductors according to the Bouguer-Lambert-Beer  law 

Nph(X) : Nph(0) 8 -a(k)z [3] 

where Nph(X) is the photon flux after passing through 
x cm of semiconductor, and a(k) is the absorption co- 
efficient for a designated wavelength L The magnitude 
of ~(k) is an intrinsic propertY of a given material  
determined by the effective photon absorption cross 
section, ~(k), and by the concentration of the absorp- 
tion centers, N, according to the relation (7) 

a(~) = ~(~)N [4] 

For indirect bandgap semiconductors, such as In~Os, 
the magnitudes of the a(l)'s are typically small in the 
wavelength region just less than the semiconductor 
absorption edge. It follows from Eq. [3] that for 
visible wavelength illumination, the majority of the 
holes photogenerated in an In203 electrode will be 
created deep inside the semiconductor. The smaller the 
value of a (1), the greater the distance inside the semi- 
conductor that an average photohole is formed and 
the higher the probability that it will recombine be- 
fore it can reach the surface and react. The recom- 
bination rate in an il lumination n- type semiconductor 
is mainly dependent on the values of the hole lifetime 
and the hole mobility. The values of the hole mobili ty 
and hole lifetime in a given semiconductor are affected 
by the densities of stacking faults, dislocations, and 
defects and by the concentration of impurities. There- 
fore, their values vary  from sample to sample and they 
are determined to a significant extent by the method 
used to prepare the semiconductor electrode. Since the 
spectral response of only one sample of n-In2Os has 
been measured, it  follows that further experiments 
need to be performed on other samples of n-IntO8 
prepared by various methods, to ascertain whether the 
mobility and lifetime and hence whether the quantum 
efficiencies of this semiconductor can be increased 
significantly for the wavelength range between 4000 
and 5200A. 

For  a wide bandgap semiconductor/electrolyte junc- 
tion the quantum efficiency is related to the photon 
energy by (8) 

(by -- E~)-l~ 
~ C5] 

h~ 

where hv is the photon energy, Eg is the energy gap, 
and n is a parameter whose value depends on the na- 
ture of the optical transition (n = 1 for a direct t ran-  
sition and n ---- 4 for an indirect transiiton).  

A plot of O]hv)v= vs. hv at an applied potential  of 
0.45V vs. SCE in 1M NaOH is shown in Fig. 4. The 
relationship is l inear which confirms that  the band 
transition for n-In203 is indirect, close to the absorp- 
tion edge. The magnitude of the energy gap was de- 
termined as 2.27 eV from the hv intercept of the plot. 
The values of the bandgap determined from similar 
plots to the one shown in Fig. 4 for applied potentials 
of 0.3, 0.1, and 0.0V (vs.  SCE) were 2.32, 2.36, and 
2.46 eV, respectively. A similar dependence of the 
value of the energy gap on the applied potential has 
been reported previously for WO8 (14). The effect was 
attr ibuted to potential induced crystallographic dis-  
tortions. It is the lat ter  phenomenon that may also be 
responsible for slight discrepancies between the values 
determined for the energy gap by the photoelectro- 
chemical method and those determined by solid-state 
absorption or reflection techniques in which there is no 
applied potential. For example, in this instance t h e  
value reported for the energy gap of In203, which was 
determined by solid-state techniques, of 2.6 eV (11) 
differs slightly from the values of 2.27-2.246 eV deter-  
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mined in the present study by the photoelectrochemi- 
cal method. 

The photocurrent for n-In208 in 1Yl NaOH was 
monitored over 13 hr for an applied potential of 0.3V 
(vs. SCE) in 1M NaOH and a xenon light i l lumination 
intensity of 26 mW cm -2 in 1M NaOH. The photo- 
current density (275 ~a~ cm-2) did not deteriorate dur-  
ing the experiment [see Fig. 5(a)] .  In addition, there 
was no apparent  visible change in the electrode sur-  
face at the completion of the experiment. In another 
i~h VS. t experiment under similar conditions (0.3V, 
xenon irradiation intensity of 26 mW cm -2, 1M NaOH) 
over 20 hr, the photocurrent density did not deterio- 
rate  and the weight of the electrode remained constant. 

The photocurrent was also monitored for n-In2Os in 
1N H2SO4 over 10.5 hr at an applied potential of 0.6V 
and a xenon illumination intensity of 26 mW cm -2 [see 
Fig. 5(b)] .  In this experiment, the photocurrent den- 
sity dropped from about 6 #A cm -2 to 5 #A cm -2 
after 2 hr and then remained steady for 3.5 hr. There 
was no visible change in the electrode surface at  the 
end of the experiment. 

The stabili ty of the photocurrent as a function of 
time as well as the reproducibil i ty and slight hysteresis 
of the dark and photocyclic voltammograms suggest 
that n-In2Os is a stable photoelectrode in 1M NaOH. 
In 1N H2SO4, the n-In203 electrode examined in this 
study was semistable at low photocurrent densities. 
However, since In2Oa is slightly soluble in solutions of 
low pH, it would be impractical to consider it  as a pos- 
sible photoelectrode in acidic electrolytes. 

The capacitance of the system n-In~Os/electrolyte/  
platinized Pt was determined as a function of elec- 
trode potential  in 1M NaOH and 1N H~SO4 at both 
10 and 20 kHz. The flatband potentials were deter-  
mined from the l inear plots of 1/C s vs. V shown in 
Fig. 6(a) and (b) as --0.72 and 0.22V (vs. SCE) in 
1M NaOH and 1N H2SO4, respectively, a difference of 
72 mV/pH unit. The capacitance in both electrolytes 
was dependent on frequency [see Fig. 6(a) and (b)] .  
According to Dutoit et al. (9) this behavior originates 
from dielectric relaxation phenomena in the semicon- 
ductor. The flatband potential for an n- type semicon- 
ductor is given by 

VFB ~ EA + ~ -- Eo + ~H [5] 

where EA is the electron affinity of the semiconductor, 
E0 is the potential of th e reference electrode relative to 
vacuum level, ~fc is the difference between the doped 
Fermi level and the bottom of the conduction band, 
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a n d  ApH iS the correction term due to the net surface 
charge of the adsorbed species on the electrode surface 
(this term may be neglected at the zeta potential of 

zero charge). 
The electron affinity was calculated with the usual 

relation (8) 
EA : x(In203) -- �89 Eg [6] 

where x (In203) refers to the electronegativity of In903 
determined from 

x(In203) = [x~(In)x3(O)]I/5 [7] 

The pH where the zeta parental is zero (pzzp) was es- 
timated to be 12.5 from a correlation between the elec- 
tronegativity and pH that has been reported by Butler 
and Ginley (10). The calculated VFB and the value of 
VFB at pzzp determined by interpolating the experi- 
mental values obtained for VFB in IM NaOH and IN 
H2SO4 together with the value of each parameter used 
in the calculation are listed in Table I. The calculated 
value of --0.61V (vs. SCE) agrees satisfactorily with 
the experimentally interpolated value of --0.66V. 

The minimum bias required for photo-oxygen evo- 
lution on an n-type semiconductor in a Schottky-type 
photoelectrolysis cell, Vn-min, when the flatband paten- 

bias 
tial, Vn-Fm is more positive than the 2H+/H~. redox 
potential, V~.H +/Ha is 

Vn-min --- VntFB -- V2H +/H2 [8] 
bias 

Substituting either --0.72V (from Matt Schottky 
pIots) or --0.57V (from RAP voltammetry) for the 
Vn-fB of In203 and --1.03V for V2H+/H2 in 1M NaOH, 
into Eq. [8] values of 0.31 and 0.46V, respectively, 
are obtained. Hence the minimum bias required for an 
n-In2OJlM NaOH/Pt cell to decompose water is in 
the range 0.31-0.46V. On the other hand, it may be 
possible to use n-In203 in an n-p photoelectrolysis cell 
without applying a bias provided a stable p-type semi- 
conductor is used whose onset potential for Ha evolu- 
tion is more positive than --0.72V in 1M NaOH. 

Summary and Conclusions 
The electrochemical and photoelectrochemical prop- 

erties of an n-type In203 single crystal electrode have 

Table I. Values of the parameters used to calculate the flatband 
potential of n-type In203 at the potential of zero zeta potential 

(pzzp) as well as the calculated and estimated VFB'S 

L i t e r a t u r e  or  Es t ima t ed  va lue  
ca lcu la ted  f r o m  p r e s e n t  

Parameter  va lue  e x p e r i m e n t s  

X (ImOs) 5.24 eV -- 
Eg 2.6 eV ( I1 )  2.27-2.46 eV 
E A  3.94 eV - -  
Eo (vs.  SCE) 4.55%1 (12, 13) - -  

/ % f e *  ~ - -  

pHcp,,v) 12.5 - -  
VFs(pzZp) (vs.  SCE) -0 .61V -0 .66V 

* T h e  e n e r g y  level  d i f fe rence  be tween  the conduction band and 
the Fermi  l eve l  was  neglected.  

been studied. The spectral response and photocurrent- 
time curves obtained in this work suggest that In2Os 
may be potentially useful as a photoelectrode in a 
solar photoelec~rolysis cell. .The flatband potentials 
have been determined in 1M NaOH and 1N H2SO4 from 
Mott-Schottky plots. The flatband potential (VFB) 
determined from the calculated electronegativity of 
n-In203 agreed satisfactorily with VFB at pzzp esti- 
mated by interpolating the experimentally deter- 
mined VFB'S. 
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ABSTRACT 

Photoelectroehemical (PEC) characterization was carried out  on n -GaAs  
electrodes in  contact with a room temperature  molten salt electrolyte compris-  
ing mixtures  of AICi3 and n - b u t y l  pyr id in ium chloride (BPC) in varying too= 
lar ratios. The fer roeene/ fer r icenium ion couple was used as the redox sys- 
tem in these studies. The barr ier  height for charge transfer, which determines 
the u l t imate  efficiency of any  photovoltaic system, was determined from dark 
current-vol tage  measurements .  These data were in  good agreement  with pre-  
viously determined values from capacitance measurements.  The residual  ba r -  
r ier  heights in the i l luminated  PEC system were determined from open-circui t  
voltage and short-circuit  cur rent  densities using Schottky barr ier  theory. A 
simple method for est imating the reorganizat ion energy (~) of a redox system 
from dark current-vol tage  measurements  is presented. A value of ~ ---- 0.23 
eV was thus deduced for the fer rocene/ fer r icenium ion couple in  the AICIs- 
BPC electrolyte. The acidic AiCIs-BPC electrolyte showed larger dark cur= 
rents and inferior photoresponse relat ive to the case of n -GaAs  electrodes 
in  contact with basic electrolytes. Using the measured values of k and the 
semiconductos bandedges, energy band  diagrams were developed for the 
present  PEC system as a function of electrolyte composition. The direct cor- 
relat ion which was seen between PEC performance and electrolyte composi- 
tion is rat ionalized on the basis of these diagrams. The larger dark  currents  in  
the acid electrolytes were s'hown to result  from greater overlap of the empty  
redox levels with the conduction bandedge in n-GaAs.  On the other hand, in  
basic electrolyte systems, the filled redox levels overlap better  with the 
n-GaAs valence banctedge leading to more efficient charge transfer  on i l lumi-  
nation. The role of surface states in mediat ing charge t ransfer  and degrading 
PEC performance is discussed in this regard. A key finding of the present  
work is that the electrical behavior of semiconductor/electrolyte junct ions is 
well  described by Schottky barr ier  theory once the differences in the energy 
dis tr ibut ion in metals vis-a-vis  electrolytes, are rationalized. 

Photoelectrochemical (PEC) methods of solar en- 
ergy conversion have been the topic of much diScus- 
sion in recent years (1, 2). A major obstacle to prac- 
tical applications of PEC devices is the photodissolu- 
tion undergone by the semiconductor photoanode. 
Most small bandgap semiconductors are prone to 
photoanodic dissolution in contact with aqueous elec- 
trolytes (i). Attempts have been made, therefore, in 
recent years to construct PEC devices based on non- 
aqueous electrolytes (3-5). A promising class of sol- 
vents in this regard are the room temperature molten 
salts; these electrolytes offer the combined advantage 
of good electrical conductivity coupled with aprotic 
chemical characteristics (6). The feasibility of solar 
energy conversion in PEC devices, based on molten 
salt electrolytes, was demonstrated in  this laboratory 
using a model sy s t em comprising the n-GaAs/A1C13- 
n - b u t y l  pyr id in ium chloride (BPC) interface 1 (7). An 
at tract ive feature of the A1CI~-BPC system is the pos- 
sibili ty of vary ing  the Lewis acid-base characteristics 
of the electrolyte over a wide range by suitable adjus t -  
ment  of the relative molar  ratios of the two compo- 
nents. This immediate ly  points toward strategies of 
modifying the potential  and charge distr ibution across 
the electrode/electrolyte interface and thereby tai lor-  
ing a par t icular  system to opt imum requirements  for 
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Lewi~ acid-base equilibria. 
It is perhaps  m o r e  correc t  to use the  t e r m  "interphase" in 

place of "interface" because  th e  semiconductor/electrolyte junc- 
tion is  not  sharp and the region between the two is several ang- 
stroms thick. The t w o  t erms ,  h o w e v e r ,  are  used synonymously in 
the  following discussion bear ing  this  d is t inct ion in mind. 

PEC applications. For example, in a PEC device, the 
barrier height which determines the ultimate photo- 
voltaic efficiency is given by VFB -- Vredox, where VFB 
is the fiatband potential of the semiconductor and 
Vredox is the equilibrium redox potential. The more 
negative the VFB value is with respect to Vredox for a 
given semiconductor/electrolyte junction, the greater 
will be the ultimate solar conversion efficiency, The 
VFB values in the n-GaAs/AICIs-BPC system were 
found to shift in the negative direction at the rate of 
120 mV/pC12 when the electrolyte was made more 
basic by the addition of BPC (8), while the redox po- 
tential of the ferroeene/ferricenium ion (Fe(Cp)2/ 
Fe(Cp)2 +) couple was insensitive to electrolyte com- 
position (7). From the above, this would imply a 
higher photovoltaic efficiency for devices based on 
basic electrolytes relative to the case of acidic AICIs- 
BPC mixtures. This was indeed found to be the case 
for the n-GaAs/AICI3-BPC, Fe(Cp)JFe(Cp)s+/C 
PEC system (7). In this paper, we present more de- 
tailed correlations of the PEC behavior with elec- 
trolyte composition for the above model system. A 
variety of PEC characterizations including dark cur- 
rent-voltage measurements were utilized to establish 
the degree of overlap of electrolyte energy levels 
with the corresponding electronic states in the semi= 
conductor. A simple method of estimating the re- 
organization energy, l, of a redox couple from dark 
current-voltage measurements is also presented. 

The magnitude of the shift in VFB with pCI was found to be 
sensitive to the crystallographic orientation of the electrode sur- 
face exposed to the electrolyte. Thus the <111>-orientation 
showed a shift of 120 mV/pCl as compared to 60 mV/pCI for 
<100> orientations (9). 
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A secondary  objec t ive  of this  work  was to examine  
the efficacy of the  Schot tky  ba r r i e r  model  for  semi-  
conduc to r /e lec t ro ly te  junct ions  (10), in which  the 
e lec t ro ly te  replaces  the  m e t a l  in a Schot tky  bar r ie r .  
Two m a j o r  differences exis t  in the e lec t r ica l  p roper t ies  
of a metaJ  v i s -a -v i s  an e lec t ro ly te :  (i) charge t r ans -  
fer  in a meta l  occurs v ia  electronic conduct ion (i.e., 
conduction b y  electrons or holes)  whereas  in an elec-  
t rolyte,  the  conduct ion is ionic, and (it) the re  is a 
cont inuum of e lectronic  energy  states be low the F e r m i  
level  in a me ta l  whereas  the energy  levels  a re  more  
localized in an e lec t ro ly te  [cf. Ref. (11)] .  In  this  work,  
the  da rk  cu r ren t -vo l t age  character is t ics  of the model  
sys tem compris ing the n-GaAs/A1C13-BPC interface  
were  analyzed  by  equations convent iona l ly  adopted  
in the  t r ea tmen t  of me ta l / s emiconduc to r  contacts  (12). 
The selected var iables  were  t e m p e r a t u r e  and e lec t ro-  
ly te  composit ion.  A key  finding of the p resen t  w o r k  
was tha t  semiconduc tor /e lec t ro ly te  junct ions  a re  r ea -  
sonbly  wel l  exp la ined  b y  Schot tky  b a r r i e r  theory  
once the differences noted above a re  t aken  into ac-  
count. 

Experimental 
Wafers  of s ingle  c rys ta l  n - G a A s  (Te-doped,  As-  

t e rmina ted  <111> orientat ion,  donor  densi ty :  2:17 • 
101~ cm-3)  were  ob ta ined  f rom commerc ia l  sources 
(Laser  Diode Labora tor ies  Incorpora ted ,  New Je r sey ) .  

They  were  degreased  wi th  xylene,  r insed  wi th  me th -  
anol, and dr ied  under  ni t rogen.  They  were  then given 
a chemomechanica l  pol ish wi th  1% solut ion of b romine  
in methanol .  Ind iv idua l  e lectrodes were  scr ibed f rom 
these wafers  a f te r  p rov id ing  them wi th  ohmic contacts  
consist ing of t h e r m a l l y  evapora t ed  G e - A u  al loy on 
the back  surface which  was subsequent ly  annea led  in 
n i t rogen  at  450~ for  15 rain. A Tef lon-coated copper  
wi re  was a t tached  to the  contacts  using conduct ing 
s i lver  epoxy. The ent i re  back  surface and the edges 
of the  e lect rodes  were  covered wi th  nonconduct ing 
epoxy  resin.  The  e lect rodes  were  e tched in 10% HC1 
for 15 min to remove  any na t ive  oxide and the damaged  
surface layers.  This was fo l lowed by  etching in H2SO4: 
H202:H20 (3:1:1)  for  15 sec. The electrodes were  
r insed wi th  deionized w a t e r  and  etched for 30 s e c  in 
6M HC1. A f t e r  r ins ing wi th  deionized wa te r  and e thyl  
alcohol the e lect rodes  were  dr ied  under  vacuum and  
then t r ans fe r red  into the d r y  box. The geometr ic  a rea  
of the e lect rodes  was nomina l ly  0.10-0.25 cm 2. A v i -  
t reous carbon p la te  (nominal  dimensions:  1.5 • 15 X 
30 mm)  was used as the  countere lec t rode  in the  PEC 
devices. 

Mol ten  sal t  e lec t ro ly tes  consist ing of A1CI3 and BPC 
in the 1:1 mo la r  ra t io  were  p repa red  according to p ro -  
cedures  descr ibed  e lsewhere  (7). Fe r rocene  was ob-  
ta ined  f rom commerc ia l  sources and purif ied b y  ex-  
t rac t ion wi th  pe t ro l eum e ther  and subsequent  r ec rys -  
tal l izat ion.  F e r r i c e n i u m  chlor ide  was p r e p a r e d  using 
s t anda rd  procedures  (13). Nomina l  concentra t ions  of 
F e ( C p ) 2  and Fe (Cp)2CI  in the e lec t ro ly te  were  0.2M 
and 20 mmols,  respect ively.  Al l  manipula t ions  with 
the  e lec t ro ly tes  and  redox  chemicals  were  car r ied  out 
in a d ry  box. 

A 300W tungsten halogen l a m p  was used to i l l umi -  
nate  the n - G a A s  electrodes.  The in tens i ty  of the l ight  
source was ca l ibra ted  using a r ad iomete r /pho tomete r .  
The l igh t  intensi t ies  repor ted  here in  are  not  correc ted  
for  reflection and absorpt ion  losses in the cell  and  in 
the  electrolyte .  

Da rk  cu r ren t -vo l t age  measurements  were  pe r fo rmed  
using a PAR 173 po ten t ios ta t  (Pr ince ton  Appl ied  Re-  
search  Corporat ion,  Pr inceton,  New Je r sey )  equ ipped  
wi th  PAR 179 coulometer  accessory. Three -e lec t rode  
geomet ry  was employed  for  these measurements .  An 
a luminum wire  immersed  in the  A1C13-BPC elect ro-  
ly te  (2:1 m o l a r  ra t io )  and  separa ted  f rom the main  
cell compar tmen t  by  a f ine-poros i ty  glass f l i t  was 

employed  as the  quas i - re fe rence  electrode.  Pho tocur -  
ren t  vs. potent ia l  da ta  were  obta ined  b y  using a Hew-  
l e f t - P a c k a r d  721 A power  supply  in  series wi th  the  
PEC cell. The cell cu r ren t  was moni to red  by  m e a s u r -  
ing the poten t ia l  drop across a 10 k a  res is tor  in ser ies  
wi th  the cell. 

Results and Discussion 
Barrier height Jrom photocurrent-voltage measure- 

ments.--At the  semiconduc to r / e l ec t ro ly te  interface,  
the net  pho tocur ren t  genera ted  in the  semiconductor  
can be spl i t  into two components:  cu r ren t  due to 
minor i ty  carr iers  genera ted  wi th in  the deple t ion  l a y e r  
and  that  ar is ing f rom car r ie rs  pho togenera ted  in the 
bu lk  which diffuse into the deple t ion  region (14). 
Based on a rguments  p resen ted  by  previous  authors,  
the  ne t  hole cur ren t  dens i ty  for an n - t y p e  semiconduc-  
tor  is given by  the express ion (14, 15) 

Jp--- - - -  q r  

.aLp 
"Jc q~bro I -~ aL-------~-exp(--aW) + q P o ~  [I] 

where r is the photon flux, Lp is the hole diffusion 
length, Dp is the hole diffusion coefficient, W is the 
depletion layer width, a is the optical absorption co- 
efficient, and Po is the equilibrium hole concentration 
in the dark. The depletion layer width is given by the 
expression (15) 

W = W o ( V  - VFB) Va [2] 

where  V is t h e  appl ied  potent ia l  r e la t ive  to a re ference  
e lect rode and Wo is a constant  for a pa r t i cu la r  semi-  
conductor  given by  the equat ion  

Wo=( 2'seo~ ~/' j is] 

Here ND is the semiconductor  doping density,  ,s is the 
low f requency  dielectr ic  constant  of the semiconduc-  
tor, and  eo is the dielectr ic  pe rmi t t i v i t y  of free space. 

If the last  t e rm in Eq. [1], is neglected,  r e a r r a n g e -  
men t  of Eq. [1], a f te r  subst i tu t ion of Eq. [2] y ie lds  
the fol lowing equat ion  

( exp[--aWo(V-- VFB)Y,] ) [4] 
Jp~-- q~o I-- l + aLp 

If the additional assumptions are made that aLp << 
i and ~Wo (V -- VFB) '/= << i, the exponential term 
in Eq. [4] can be expanded to yield the following 
relation between photocurrent and applied potential 
(15) 

V - V~B --~ --a [51 
qr 

According to Eq. [5], a p lot  of j2  vs. V should be  a 
s t ra ight  l ine wi th  an in te rcept  on the potent ia l  axis 
given by  VFB. F igure  I i l lus t ra tes  such plots  for the  
n-GaAslA1C13-BPC , F e ( C p ) J F e ( C p ) 2  +IC sys tem at 
two different  l ight  intensit ies.  The e lec t ro ly te  in this 
case was ad jus ted  to be s l ight ly  on the basic side Of 
the neu t ra l  (1:1 mola r  ratio, A1C13: BPC) composition. 
Al though  the s t ra igh t  l ine re la t ionship  is obeyed  in 
appa ren t  ag reemen t  wi th  Eq. [5], two points  a re  
wor thy  of note:  (i) the  in tercept  shifts to more  nega-  
t ive potent ia ls  wi th  increas ing l ight  in tens i ty  and (ii)  
the  va lue  for VF B obta ined  f rom the in te rcept  is s ig-  
nif icantly posi t ive of tha t  obta ined  (--0.90 ___ 0.05V vs. 
A1/A1 +8) f rom capaci tance vol tage  measurements  for  
the same e lec t ro ly te  composi t ion (7). 

The above discrepancies  can be ra t ional ized  on a 
r eexamina t ion  of the assumptions  under ly ing  Eq. [5]. 
Assuming  the fol lowing typ ica l  values  for  n -GaAs :  
c~ = 5 X 10  4 c m  - 1 ,  D p  : 100 cme/sec, L p  = 1 0  - 3  cm 
(16), we obta in  the ratio, Dp/Lp --  104 cm/sec.  How-  
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Fig. 1. Plat of square of the photocurrent vs. applied potential 
(cf. Eq. [5] in text) for n-GaAslAICI3-BPC, Fe(Cp)JFe(Cp)2+IC 
system. The electrolyte was adjusted to be slightly on the basic 
side of the neutral 1:1 composition. 

ever, the  equ i l ib r ium hole concentra t ion Po is neg-  
l ig ib ly  smal l  so tha t  the above assumpt ion tha t  the  
t e rm qPo Dp/Lp m a y  be neglec ted  in comparison wi th  
the first t e rm in Eq. [1] is val id  under  normal  ope ra t -  
ing conditions. On the o ther  hand, ~Lp ---- 50 so tha t  the 
assumpt ion tha t  aLp < <  1 is c lear ly  inval id  in this 
case. Again  tak ing  es = 10.9 (16), ND : 2.2 • 10t7/ 
cm3, and V --  VFB -= 1V, we obta in  ~Wo (V --  VFB) '/= 
_~ 0.37 SO tha t  the assumpt ion tha t  ~Wo (V -- VFB)1/= 
< <  1 is r easonab ly  valid.  I t  is easi ly  shown tha t  Eq. 
[4] would  y ie ld  a s t r a igh t  l ine re la t ionship  even if  
a l p  is not  < < 1 ,  bu t  now the in te rcept  is no longer  
VFB and is shif ted f rom the " t rue"  VF~ by a constant  
term. 

The shif t  in in te rcep t  potent ia ls  t oward  more nega-  
t ive va lues  wi th  increas ing l ight  in tens i ty  (Fig. 1) 
suggests tha t  the t rue  VFB wil l  be a t t a ined  only at  
ve ry  high l ight  intensi t ies  (>>100  m W / c m  2) when  the 
energy  bands in the semiconductor  a re  comple te ly  
f lat tened at  the surface. The res idual  ba r r i e r  height  or  
the ba r r i e r  he igh t  remain ing  under  i l lumina t ion  (10) 
m a y  be es t imated  in the fo l lowing manner .  

Consider  the  energy  band  d i ag ram shown in Fig. 2. 
At  equ i l ib r ium equal  and opposi te  exchange  currents ,  
Jo, flow through the device such tha t  the  magni tude  
of Jo m a y  be re la ted  to the ba r r i e r  height,  CB b y  the 
express ion (12) 

Jo ---- A *T 2 exp ( - - r  [6] 

where  T is the absolute  t empe ra tu r e  and A* is the  
Richardson 's  constant  given by  the express ion  

4~m e * qk2T 2 
A* = [7] 

h8 

Here  me* is the effective mass  of an electron, and the 
o ther  terms have their  usual  significance. 

Under  i l luminat ion,  e lec t ron-hole  pairs  are  gener -  
a ted in the semiconductor  by  bandgap  exci ta t ion (Fig. 
2). The field across the ba r r i e r  separa tes  these pai rs  
so tha t  electrons move into the semiconductor  bu lk  
and the holes are  d rawn  to the  surface. A cur ren t  
densi ty  equal  to Jsc and d i rec t ly  p ropor t iona l  to the 

VACUUM 

VACUUM J 

SEMICONDUCTOR ELECTROLYTE 

Fig. 2. Energy-band diagram for a semiconductor/electrolyte 
interface. The solid lines represent the dark (equilibrium) case and 
the dotted lines denote the interface under illumination. EF ----- 
Fermi level in the dark, nEF* = quasi-Ferml level for majority 
carriers, Eg = energy bandgap. Other symbols are defined in the 
text. 

inc ident  l ight  intensi ty,  IL is ob ta ined  unde r  shor t -  
c ircui t  conditions. We assume for the  fol lowing ana l -  
yses (vide infra) a cu r ren t  collection efficiency of 
un i ty  such tha t  there  is no ra te  l imi ta t ion  for the  
discharge step at  the interface.  The approx imat ion  
may  then be made  tha t  Jsr ------ JL where  JL is the l igh t -  
genera ted  cu r ren t  density.  Under  open circuit,  an 
equi l ib r ium is es tabl ished such tha t  (10) 

Je = J~o [8] 

where  Je is the cu r ren t  dens i ty  for  e lec t ron flow f rom 
the semiconductor  into the electrolyte .  Comparison of 
Eq. [6] and [8] yields  the fol lowing re la t ion  be tween  
the shor t -c i rcu i t  cur ren t  density,  Jsc, and the res idua l  
b a r r i e r  height,  CB r 

Jse = A * T  ~ exp ( - - r  [9] 

Values of r computed  f rom Eq. [9] a r e  assembled 
in Table I for the  n-GaAslAlCl~-BPC,  Fe(Cp) ,2 /  
Fe (Cp)2+]C  system. A* was t aken  to be 8.6 A c m  -2  
K -2 for  these computa t ions  (12). Data  a re  shown at  
three different  l ight  in tensi t ies  and  e lec t ro ly te  com- 
positions. The CB r values  show the  expected  decrease  
wi th  increas ing l ight  intensi ty .  Fur the rmore ,  even at  
an [L va lue  of 15'5 znW/cme, CB v shows a non t r iv ia l  
magni tude  suppor t ing  the above  in t e rp re t a t ion  of 
the da ta  in Fig. 1. 

The ba r r i e r  height,  CB, under  equ i l ib r ium is g iven 
by CB r -~- qVoc, where  Voc is the  ope n ' c i r c u i t  voltage.  
Values for CB computed  f rom ca lcula ted  values  of 
CB r (Eq. [9]) and  measured  Voc are  also shown in 
Table  I. A check for the in te rna l  consistency for these 
resul ts  is p rov ided  by  a comparison of CB values  in 
Table  I wi th  data  obta ined prev ious ly  f rom capaci -  
tance measurements  (7). As noted  above the b a r r i e r  
he ight  for  a semiconduc tor /e lec t ro ly te  in ter face  in  
equ i l ib r ium is given by  q(VFB - -  V r e d o x ) .  Using mea -  
sured values  for VFB and Vredox of --0.90 and 0.30V 
(vs. A1/A13+), respect ively ,  (7), we obta in  a va lue  
for  CB of  1.2 eV which is in good ag reemen t  w i t h  tha t  
shown in Table I for the s l ight ly  bas i c  e lect rolyte .  

The sys temat ic  increase  in ~B(=-qVoc ~- CB r) values 
in Table  I wi th  increas ing l ight  in tens i ty  is to be 
noted. T h e  ba r r i e r  height,  CB, should be idea l ly  inde-  
pendent  of the value  of IL. We a t t r ibu te  this to the  
error  involved in the computa t ion  of ~bB r at  h igh v a l u e s  
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Table I. Residual barrier heights in the n-GaAs/AICI3-BPC, 
Fe(Cp)~/Fe(Cp)s+/C system as a function of light intensity 

and composition 

Parameter  

Composi t ion 

Sl ight ly  acidic Neu t r a l  Sl ight ly  basic 

IL, m W / c m  2 14 
J~c, 10 e A / c m  = 193 
Voe, V 0.366 
CB R, eV 0.55 
qVoe + CBR, eV 0.92 

50 153 14 50 155 14 50 155 
675 1550 308 1083 2710 340 1268 3350 

0.412 0.457 0.490 0.591 0.651 0,625 0.693 0.746 
0.52 0.50 0.54 0.51 0.49 0.54 0.51 0.48 
0.93 0.96 1.03 1.10 1.14 1.17 1.20 1.23 

of IL when the above assumption that  ,Tsc cc IL breaks 
down. Charge transfer limitations at the n-GaAs/  
A1Clz-BPC interface lead to departure from the l inear 
dependence of Jsc on IL SO that the Jsc values that  are 
actually measured are lower than they should be un- 
der conditions of infinite rate of charge transfer (i.e., 
no car r ie r  recombination). This behavior was observed 
in a previous study at IL values above ~109 mW/cm 2 
(17). The lowering of CB r with increasing IL is thereby 
reduced (cf. Eq. [9]) resulting in an artifactual in-  
crease in CB with increasing IL (Table I) .  

Barrier height from dark current-voZtage measure- 
ments.--The current-voltage characteristics of a semi- 
conductor/electrolyte junction may be represented in 
terms of Sch0ttky barr ier  theory by the equation (12) 

Je  ---- Jo[exp (qV/nkT)  -- 1] [10] 

Here Je is the measured dark current density, Jo is the 
reverse saturation current density (Eq. [6]), and n is 
the junction identi ty factor. For bias voltages in ex-  
cess of 3kT/q, the last term in the bracket  in Eq. [10] 
may be neglected so that  Jo is given by the zero bias 
intercept of a l inear plot of In Je VS. V whose slope is 
given by 1/n. Such plots are shown in Fig. 3 for the 
n-GaAs I AlCl8 -BPC, Fe (Cp) 2/Fe (Cp) 2 + l C system with 
temperature as a parameter.  
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Fig. 3. Dark current-voltage characteristics of the n-GaAs/AICI3- 
BPC, Fe(Cp)2/Fe(Cp)2+/C system with temperature as a param- 
eter. Electrolyte composition same as in Fig. 1. The cell potential 
zero lies at + 1 7 0  mV (vs. AI/AI+~) .  

The effect of the identi ty factor, n, on the current-  
voltage characteristics is clearly seen in the data in 
Fig. 3. An ideal device (n = 1) would show linear 
In J vs. V characteristics. At low values of reverse 
bias, the voltage dependence of Je  is seen to slow 
down appreciably in Fig. 3. At large forward bias, on 
the other hand, the In J-V characteristics depart  from 
linear behavior because of series resistance effects 
(12). The intermediate voltage region yields a straight 
line region with an n value of ,~1.5. Values of n 
greater than 1 are at tr ibuted to current-voltage be- 
havior dominated by carrier  recombination and gen- 
eration effects either at the surface or in the semicon- 
ductor bulk (18). The above value of n is in good 
agreement with that deduced from previous measure- 
ments on the n-GaAs/A1C13-BPC system at varying 
light intensity (17). 

Rearranging Eq. [6] and taking logarithms, we ob- 
tain 

in (Jo/T 2) ---- lnA* -- qcB/kT [11] 

so that a plot of in (JolT2) vs. 1/T yields the barr ier  
height and A* from the slope and intercept, respec- 
tively. Figure 4 illustrates a typical plot for the 
n-GaAslA1CI~-BPC , Fe (Cp) 2/Fe (Cp) 2 + IC system. 
The electrolyte was again adjusted to be slightly basic 
of the neutral  1:1 composition. Values of Jo at various 
temperatures were obtained from extrapolation of the 
straight-l ine region in Fig. 3 to zero cell potential. The 
barr ier  height, CB, obtained from the slope is 1.0 __ 0.1 
eV which is in agreement with that  obtained from 
photovoltage and capacitance measurements (vide 
supra) within limits of experimental  error. The  i n t e r -  

-36.0 

-55.2 

% 
o 

~" -54.4 

_~o 

-55.6 

-32.8 

-32.0 i ' ' 
3.0 3.I 3.2: 3.3 

IO00 /T  ( I / ~  

Fig. 4. Plot of In (Jo/T ~) vs. i / T  (of. Eq. [11] in text) for the 
n-GaAs[AICI3-BPC, Fe(Cp)2/Fe(Cp)2+IC system. Electrolyte com- 
position same as in Fig. 1. 
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cept in Fig. 4 yields a value of A* = 9.6 __. 0.2 A cm -2 
K -2. This may be compared with A* = 8.6 A c m  -2 
K -2 reported for n-GaAs-based Schottky barrier 
diodes (12). 

It is noted here that the barrier heights obtained 
from capacitance measurements do not take into ac- 
count image-force lowering (12), since the differential 
capacitance is determined by the width of the deple- 
tion region which depends only on the diffusion volt- 
age, VD, (cf., Fig. 2) and the donor density. On the 
other hand, barrier-height lowering by image forces is 
implicit in the analysis of current-voltage data and the 
quantity that is measured (cf., Eq. [9] and [11]) is ac- 
tually CB 1 ---- CB -- ~r (where ~r is the amount of 
barrier-height lowering). However, ~bt  is usually 
small (~0.1 eV) so that the accuracy of the present 
analyses does not warrant a distinction between CB 
and CB I. 

Reorganization energy ol Fe(Cp)2/Fe(Cp)2 + redox 
couple in the AICIs-BPC electrolyte.--An important 
parameter underlying the performance of PEC devices 
is the reorganization energy of the redox couple, L, 
which determines the extent of separation of empty, 
Dox, and filled energy levels, Dre~ in the electrolyte 
(19). Ideally, ~ should have a small value so that the 
degree of overlap of Dox with the conduction band in 
the n-type semiconductor and, thereby, the extent of 
the deleterious back reaction is minimized. In order to 
assess the effect of variations in electrolyte composi- 
tion (vide in]ra) on PEC performance, it is necessary 
to map the relative disposition of the electrolyte and 
semiconductor energy levels on a common energy 
scale. Since values of ~ for the Fe(Cp)2/Fe(Cp)~ + 
couple in the A1C1s-BPC electrolyte were not available 
in the literature, a method was devised to estimate 
from dark current-voltage data. 

The current flow associated with charge transfer be- 
tween the semiconductor conduction band and Dox is 
given by (20) 

J e -  Jo [ e x p  ( ~ - T ) - - 1 ]  [12] 

where the exchange current density, Jo, is given by 
the expression 

Jo = qK(Ec! \ - - ~ /  exp - -  4LkT 

�9 eexnso [13] 

Here, K(Ec) is the average transfer coefficient at the 
conduction bandedge (16), E~ is the conduction band- 
edge, Cox is the concentration of oxidized redox species, 
and nso is the surface concentration of electrons at 
equilibrium. Equation [13] may be rewritten as 

[ (Ec + qVred~ k)2 ] [14 ] 
Jo = A T~/= exp -- 4~kT 

where the constant A is assumed to be temperature 
independent 3 and is given by 

A = q/~(Er \ ~ - ]  Co.rise [1~1 

Taking logarithms and rearranging Eq. [14], we have 

(Eo + qVredox -- ~,)2 
In (Jo/T'/~) = lnA [16] 

4LkT 

According to Eq. [16] a plot of In (JolTY=) vs. l IT  
should be a straight line and L may be estimated from 
the slope if Ec and -Vredox a r e  known. Figure 5 illus- 
trates a typical plot for the n-GaAs[A1C13-BPC, 

S The charge-transfer coefficient K(Eo) is a function of temper- 
ature. The tempera ture  range in the present  study, however, is 
small  enough that  this  dependence may be ignored. 
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Fig. 5. Plot of In (Jo/T 112) vs. 1/T (cf Eq. [16] in text) for the 
n-GaAslAICIs-BPC , Fe(Cp)2/Fe(Cp)2+IC system. Electrolyte com- 
position same as in Fig. 1. 

Fe (Cp) 2/Fe (Cp) 2 + [ C system. Values for Jo were ob- 
tained from Fig. 3. From previously measured values, 
Vredox - -  0.3V (vs. A1/A1 +3) and Ec __ q V F B  ~ --0.9 
eV (vs. A1/A13+ ) (7) and solving for the quadratic in 
the slope of Eq. [16], a value for k = 0.23 eV was de- 
duced. [The second root of the quadratic was too large 
(6.3 eV) to be of physical significance.] 

Two points are worth noting here: (i) the above 
value of h for the Fe(Cp) /Fe(Cp)e  + couple in the 
A1C1s-BPC electrolyte is significantly lower than 
values observed in aqueous solutions [e.g., ~ ~_ 1 eV 
for Fe(CN)63-/4-] (12). A value of 0.45 eV has also 
been recently reported for Fe(Cp)/Fe(Cp)2 + in 
ethanol (21), and (ii) the weak interaction and the 
relative insensitivity of Vredox for the Fe(Cp) /  
Fe(Cp)9_ + couple in the A1C18-BPC electrolyte (7) to 
electrolyte composition suggest that ~ does not vary 
significantly with the relative molar ratios of A1C1s 
and BPC. The lower values of ~ for redox couples in 
aprotic solvents relative to aqueous solutions offer a 
significant advantage in the use of these electrolytes in 
PEC systems (vide supra) and is a consequence of the 
reduced degree of solvation in nonaqueous media in 
general. 

Effect of electrolyte composition on current-voZtage 
behavior.--In previous studies in this laboratory (7, 8), 
the location of the bandedges of n-GaAs electrodes was 
found to show a systematic variation with electrolyte 
composition in the AlCl~-BPC system. The conse- 
quences of the observed negative shift in VFB values 
for more basic electrolytes are threefold: (4) since 
Vredo x is fixed, basic electrolytes are expected to show 
a higher photovoltaic output relative to acidic systems 
(vide supra), (ii) there is a critical electrolyte com- 
position in the basic range beyond which photocurrent 
suppression (2) would result because of unfavorable 
matching of Dred of the Fe (Cp) J F e  (Cp) 2 + couple with 
the valence bandedge in n-GaAs, and (iii) the degree 
of overlap of Dox levels with the conduction bandedge 
in n-GaAs would be greater for the acidic electrolyte 
so that increased dark currents�9 and consequent de- 
terioration in photovoltaic output ensue. 

Typical results illustrating the effects of (i) and 
(iii) above are shown in Fig. 6 and 7, respectively, 
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Fig. 6. Dark current voltage behavior of n-GoAs as a function of 
electrolyte composition. The electrolyte and redox couple were 
AICla-BPC and Fe(Cp)pJFe(Cp)2 +,  respectively. 

The same n-GaAs electrode was used in both the elec- 
trolytes for ease of comparison. The two electrolytes 
were adjusted to be slightly acidic and basic of the 
1:1 composition by addition of small amounts of A1C18 
and BPC, respectively. Further illustration of the di- 
rect correlation between electrolyte composition and 
photovoltaic performance is provided by the results 
shown in the last column in Table I. The barrier 
height increases in the order: slightly acidic < neutral 

slightly basic. More basic electrolytes (A1CI~:BPC 
molar ratio < 0.75:1) showed a deterioration in 
photovoltaic output consistent with (~i) above. 

The above trends may be understood with the help 
of energy band diagrams shown in Fig. 8 where the 
relative positions of the semicondutcor energy levels 
and the redox energy distributioh in the A1C18-BPC 
electrolyte are compared on a common potential scale 
for the basic electrolyte (Fig. 8a) and acidic case (Fig. 
8b). The interphase layer is not shown in these dia- 
grams for the sake of clarity. It is, however, pertinent 
to note that alterations in the potential distribution 
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Fig. 7. Effect of electrolyte composition on the PEC behavior of 
the n-GaAsIAICI3-BPC , Fe(Cp)jFe(Cp)2 +]C system (8). 
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across this layer brought about by specific ion ad- 
sorption (8) and other chemical interactions (e.g., 
dissociation equilibria involving surface species) are 
undoubtedly an important factor in the observed shift 
in energy levels in the two cases (Fig. 8a and b). 

Mechanisms of charge transfer at the n-GaAs/AlCla- 
BPC interface.--Based on the data presented above, 
the various charge transport mechanisms in the 
n-GaAs[A1C18-BPC, Fe(Cp)2/Fe(Cp)2+[C system are 
schematized in Fig. 9. The filled circles represent pro- 
cesses taking place in the dark and the open circles 
denote light-assisted processes. It  is emphasized that 
the two sets of charge-flow paths act in opposite direc- 
tions and the greater the extent to which the filled 
circles are minimized in the device, the better will be 
its ultimate light conversion efficiency. This is accom- 
plished to a greater degree in the basic A1CI~-BPC 
electrolyte case relative to the acidic system for rea- 
sons discussed in the preceding section. The dark cur- 
rent processes labeled a, b, c, and d represent, respec- 
tively, thermionic emission of electrons from the semi- 
conductor over the top of the barrier into the elec- 
trolyte, quantum'mechanical tunneling through the 
barrier, space-charge recombination-generation and 
recombination generation in the neutral region (12). 
The process labeled e denotes isoenergetic charge 
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k•.-REDOX LEVELS 

SEMICONDUCTOR ELECTROLYTE 

Fig. 9. Charge transport mechanisms at the illuminated n-GoAs/ 
AICI~-BPC interface. The interphase and the distribution of ener- 
gies in the redox system are not shown for the sake of clarity. 

transfer between Dred and the valence bandedge in 
n-GaAs. This process is expected to be more predomi- 
nant in the basic electrolyte case relative to the acidic 
electrolyte because of the relative positions of Yredox 
and VvB (compare Fig. 8a and b). Additional pro- 
cesses in the illuminated n-GaAs]A1C13-BPC, Fe (Cp)2/ 
Fe(Cp)z+IC system are the charge transfer paths f 
and g involving electronic states in the bandgap of the 
semiconductor. Evidence for mediation of surface 
states in the charge-transfer process was presented in 
a previous study where it was shown that dark re- 
duction of the Fe(Cp)~ + ion occurred at potentials 
well positive of VFB (7). Process f represents surface- 
state assisted photooxidation of solution species (Dred) 
by photogenerated holes in the semiconductor. Process 
g involves inelastic tunneling of an electron to the sur- 
face state where it reduces back the oxidized species. 
Alternatively, this process may be viewed as a recom- 
bination current involving photogenerated electron- 
hole pairs. Examination of Fig. 8 again suggests that 
processes f and g play a more dominant role in the 
charge-transfer dynamics in the acidic electrolyte 
relative to the basic A1C13-BPC system. All the pro- 
cesses described above with the exception of e and f 
have a deleterious influence on the photovoltaic output 
of the system. The propensity of processes a-d and g 
at the n-GaAs/A1Cls-BPC interface was indicated by 
data from a previous study (17) and is also suggested 
by the current-voltage behavior shown in Fig. 3. Ki- 
netics undoubtedly plays a major role and the more 
facile process f is, the greater will be the degree to 
which processes g, c, and d can be suppressed. Pro- 
cesses a, b, and g will play a dominant role at high 
values of forward bias. Process b is dependent to a 
large degree on the depletion layer width and on dop- 
ing density (22). 

The precise chemical nature of the surface states at 
the n-GaAs/A1Cls-BPC system is not clear although 
we speculate that adsorbed C1 species induce elec- 
tronic states in the n-GaAs bandgap [cf., Ref. (23)]. 
A tentative scheme for the sequence of photoprocesses 
in the n-GaAs]A1C18-BPC, Fe(Cp)~/Fe(Cp)2+]C sys- 
tem offered below 

dark 
2AIC14- ~ Cl~um- + Ab.CI~- [17] 

dark 
Clbu,~- j_ "~ Cl~d~- [18] 

h~ 
Clads- -t- h + ~ Clads" (process f) [19] 

hv 
cl~ds" + Fe(Cp)~, ~--- Fe(Cp)2 + + Clads- [20] 

dark 
Cls~" + e ~ Clads- (process g) [21] 

Augus$ 1981 

h~ 
Fe(Cp)~ + h + ~. Fe(Cp)~ + (process f) [22] 

dark 
Fe(Cp)~ + + e ~, ~Fe(Cp)s  (processg) [23] 

The above scheme is consistent with several ex- 
perimental observations: (i) equilibrium [17] lies far 
to the right in basic A1CI~-BPC electrolytes (24) 
which explains the negative shift in VFB for more basic 
electrolytes, (ii) the charge transfer under illumi- 
nation is quite sluggish at the n-GaAs/A1CI~-BPC, 
Fe(Cp)JFe(Cp)2  + interface (17). This is surprising 
because of the rapid kinetics typical of the Fe(Cp)~/ 
Fe(Cp)2 + couple in other electrolytes and suggests 
that electron transfer may be mediated via surface ad- 
sorbed Cl' species (Eq. [20]), and (iii) cathodic cur- 
rent spikes are observed with chopped light indicating 
the back reaction of either Clads' or Fe(Cp)2 + via 
reactions [21] and [23]. Experiments are in progress in 
this laboratory to distinguish between reactions [19] 
and [20] representing the photoanodic processes and 
between [21] and [23] comprising the cathodic dark 
current flow. 

Comparison of metal~semiconductor and electrolyte/ 
semiconductor junctions.--The similarity of the cur- 
rent-voltage expressions in Schottky barrier theory 
(Eq. [10] ) and the fluctuating energy level model (Eq. 
[12] ) is worthy of note. The former has been conven- 
tionally applied to metal/semiconductor contacts (12) 
whereas the latter pertains to semiconductor/electro- 
lyte junctions (19, 20). The major difference lies in 
the formal expressions for the exchange current den- 
sities (compare Eq. [6] and [13]) and underlines the 
aspects where the two approaches start to diverge from 
each other. 4 The thermionic-emission theory repre- 
sented by Eq .  [6] considers the control exercised on 
the current by the number of Bloch states in the metal 
which can communicate with corresponding energy 
levels in the semiconductor (12). On the other hand, 
the fluctuating level mechanism (Eq. [12]) explicitly 
takes into account the discreteness in the distribution 
of energy levels in the electrolyte in contrast to the 
metal case. The key question which the present study 
has attempted to address is whether it is valid to 
employ the two approaches in an interchangeable 
fashion in the treatment of semiconductor/electrolyte 
junctions once the above differences are rationalized. 
The present data show that it is. The following ob- 
servations support this argument: (i) the forward- 
bias current-voltage behavior of semiconductor/elec- 
trolyte junctions show good adherence to Eq. [6] (Fig. 
4), (ii) the Voc values show the logarithmic depend- 
ence on tL as predicted by Schottky diode equations 
(25), and (iii) values of A* obtained from Eq. [6] 
for the n-GaAs/A1C13-BPC interface (vide supra) are 
in good agreement with those measured on GaAs/Au 
Schottky diodes (12). 

Further analogies may be drawn on the effect of the 
interface layer on the electrical behavior of metal/  
semiconductor and electrolyte/semiconductor junc- 
tions. The role of this layer in modifying barrier 
heights in Schottky diodes is well recognized (26). 
This has led to the development of a class of devices 
based on metal-insulator-semiconductor (MIS) junc- 
tions wherein an interfacial layer is intentionally in- 
corporated to improve the photovoltaic performance 
(27). The present data have clearly shown how 
changes in the interface layer can affect the PEC 
behavior of electrolyte/semiconductor junctions. This 
layer comprises the inner Helmholtz region and any 

~It must be noted that the  use  of both Eq. [6] and [13] in- 
volves the implicit assumption that the processes of diffusion and 
drift of the electronic carriers within the semiconductor are not  
limiting the current flow at the semiconductor/electrolyte inter-  
face .  Charge-transfer processes at the  in ter face  are  a s s u m e d  to 
be  the  major impediment to current  flow. 
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surface layer on the electrode surface formed by prior 
treatment (e.g., etching). 
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The Investigation of Current Doubling Reactions on 
Semiconductor Photoelectrodes by Temperature 

Change Measurements 
Yasuhisa Maeda, Akira Fujishima,* and Kenichi Honda 

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, Hongo, Tokyo 113, Japan 

A B S T R A C T  

Current doubling effects in the photoanodic reactions of HCOOH or 
HCOONa on n-type semiconductor electrodes (ZnO, CdS, and TiO2) and the 
photocathodic reaction of (NH4)2S~O8 on a p-type semiconductor (GAP) were 
studied by the measurement of the temperature change of a semiconductor 
electrode surface. The results of the temperature change measurements show 
that these photoelectrode reactions proceed with quantum efficiencies greater 
than 1 but less than 2. The temperature changes are interpreted in terms of 
the current doubling process. 

Morrison et aL (1-4) proposed that the photoelec- 
trochemical oxidation of the formic ion on a ZnO pho- 
toanode occurs by the current doubling mechanism, a 
two-step oxidation process. According to this mecha- 
nism, in the case of an n-type semiconductor electrode 
such as ZnO, a current doubling reagent R is first 

+ 
oxidized to R �9 by a hole photogenerated in the valence 

+ 
band, and then an electron from R" is injected into 

�9 E lec t rochemica l  Socie ty  Ac t ive  Member. 
Key words: photoelec~rocnemm~ry, semiconductor electrode, 

q u ~ t u m  efficiency. 

+ 

the conduction band and R" is converted to R ~+. In 
this case, the maximum value of the quantum effi- 
ciency for the photoelectrode reaction will be 2.0. 

We have studied photoelectrochemical reactions at 
semiconductor electrodes by the temperature change 
technique and determined the quantum efficiencies and 
the energy efficiencies of the reactions (5-7). 

In this paper, the current doubling phenomenon was  
studied by the direct measurement of the temperature 
change of the surface of a semiconductor electrode 
[n-type (ZnO, CdS, and TiO2) and p-type (GAP)] to 
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obta in  the  intr insic  quan tum efficiency of the cur ren t  
doubl ing react ion and to e lucidate  the react ion mech-  
anism. 

When  a semiconductor  e lect rode is i l lumina ted  wi th  
a pulse of monochromat ic  l ight  having an energy  E 
(eV/photon)  wi th  an average absorbed in tens i ty  I 
(photons/sec)  for a t ime t (sec),  the re la t ionship  be-  
tween  t empe ra tu r e  change and potent ia l  is represen ted  
by  Eq. [1] which  applies  in a l imi ted  pho tocur ren t  r e -  
gion (5) 

AT Qs.,c. + TAS 
E AT"  - -  I t  b "Qe(V - -  VFB)  [1]  

where  AT -- t empe ra tu r e  change of the  semiconductor  
surface, AT ~ _-- t empera tu re  change of the semicon-  
ductor  surface in the  open circuit,  AS = en t ropy  
change of the  semiconductor  e lec t rode  reaction, Qs.r 
- hea t  evolved in the semiconductor  via  r ecombina-  
t ion and radia t ionless  processes, n - -  quan tum effi- 
c iency of the  photoelectrode reaction,  V ---- appl ied  
potent ia l  ( V  vs.  reference  e lec t rode) ,  VFB ---- f ia tband 
potent ia l  ( V  vs.  reference  e lec t rode) .  

Under  condit ions of constant  i l luminat ion,  i.e., E I t  
--  constant,  a plot  of E ( A T / A T  ~ vs.  ( V  --  VFB) yields  
the  quan tum efficiency, ~, f rom the slope of the  s t ra ight  
line, and informat ion  re la ted  to the  e lect rode reac t ion  
heat  is obta ined  f rom the in tercept  ( the va lue  of 
E ( A T / A T  ~ at V ---- VFB). 

AS repor ted  in previous  papers  (5-7), the evalua t ion  
of the slope f rom the measuremen t  of the t empera tu re  
change for  var ious  photoreact ions  a.t semiconductor  
electrodes in the absence of a cur rent  doubling reagent  
y ie lded  a m a x i m u m  quan tum efficiency of 1.0. How-  
ever, in case of a photoelectrode react ion occurr ing by  
the cur ren t  doubling mechanism, the t empera tu re  
measuremen t  is expected  to yie ld  a m a x i m u m  quan tum 
efficiency of 2.0. 

Exper imental  

The expe r imen ta l  method was descr ibed in previous  
papers  (5-8). The photo thermaI  responses were  ob-  
ta ined for the  photoelectrodes dur ing  polar izat ion and 
under  open-c i rcu i t  condit ions in  the  e lec t ro ly te  solu-  
tions. The t empera tu re  changes and the photocur ren t  
were  p lot ted  as a funct ion of the potent ia l  vs. f la tband 
potent ia l  or the  appl ied  potent ial .  The l ight  source 
w a s  a 500W high pressure  mercu ry  l amp  (Ushio Elec-  
t r ic) .  An  in ter ference  filter was used to provide  mono-  
chromat ic  l ight  (340 nm) ,  and a shut te r  was employed  
to fix the  i r rad ia t ion  per iod precisely.  The cu r r en t -  
po ten t ia l  and  cu r r en t - t ime  curves were  measured  un-  
der  potent iostat ic  condit ions using a potent ios ta t  and 
a potent ia l  p r o g r a m m e r  (Nikko Keisoku) .  The semi-  
conductors  used were  n - t y p e  po lycrys ta l l ine  ZnO, 
single crys ta l  CdS [Teikoku Tsushin, (000i) ] ,  s ingle 
crys ta l  TiO2 [Nakazumi Crystal ,  (001)],  and p - t y p e  
single crys ta l  GaP [Sumitomo Metal  Mining, (100)]. 
A p la t inum electrode was used as the  countere lec t rode 
and a sa tu ra ted  calomel  e lec t rode  as the reference  
electrode. Al l  chemicals  were  of reagent  grade and 
were  used wi thout  fu r the r  purification.  

To measure  the  t empera tu re  changes, we used a 
matched  pa i r  of thermis tors  (Sh ibaura  Electronics,  
BSB4-41A).  The thermis tors  were  used in a differ-  
ent ia l  a r r angemen t  wi th  one he ld  agains t  the f ront  
surface of the semiconductor  e lectrode and the o ther  
posi t ioned behind  the e lect rode bu t  not  touching it. 
The cell  was carefu l ly  posi t ioned so tha t  the  mono-  
chromat ic  l ight  beam s t ruck  only  the  e lect rode and  
not the thermistors .  The t empera tu re  change caused 
b y  i r r ad ia t ing  the e lec t rode  resul ted  in a res is t ive 
change in the thermis tors  and a vol tage  imbalance  in  
the d-c bridge.  This smal l  vol tage  was amplified and 
then  d isp layed on a recorder .  

Results and Discussion 
Z n O - H C O O H . - - I n  Fig. 1, a plot  of EAT~AT ~ v s .  ap-  

p l i ed  anodic polar izat ion potent ia l  is shown for t h e  
ZnO polycrys ta l l ine  photoanode wi th  and wi thout  
formic acid. In  the suppor t ing  Na2SO4 e lec t ro ly te  solu-  
tion, the photoelect rode react ion at  the e lec t rode /  
e lec t ro ly te  in terface  is the dissolution of Z~O (9) 

ZnO -t- 2P + --> Zn 2+ + 1/2 O3 

E A T / A T  ~ increased l i nea r ly  wi th  anodic polarizat ion,  
and f rom the slope of the  line, the quan tum efficiency 
of the ZnO photoanode was found to be 0.90, w h i c h  
was in close agreement  wi th  the value  obta ined  by  
chemical  ac t inomet ry  (6, 7). Like  this, quan tum effi- 
ciencies of one-s tep  oxidat ions can be  obta ined from 
the t empera tu re  method  (5-7). 

When  sufficient quan t i ty  of formic acid was added,  
cur ren t  doubling was observed. The quan tum efficiency 
was found to be 1.8, which  was twice as la rge  as the  
value obtained in the suppor t ing  electrolyte .  We p ro -  
pose the fol lowing cur ren t  doubling mechanism 

ZnO+2p +-+zn 2 + +O* 

O* + 2HCOO- -> 2COO ~ + H20 

2COO- --> 2CO2 + 2 e -  

ZnO + 2p + + 2HCOO- -> Zn2+ + H20 + 2CO2 + 2e- 

because we have observed that with HCOONa present 
in solution the current efficiencies of the products of 
Zn 2+, 02, and CO2 are 0.5, 0.0, and 0.5, respect ively,  in 
accordance wi th  the s to ichiometry  of the above equa-  
t ion (10). In these reactions,  we have proposed O* 
as an in te rmedia te  chemical  species, which we have  
not proved direct ly.  This mechanism is different  f rom 
tha t  proposed by  other  workers  (1-4).  

C d S - H C O O N a . - - I n  Fig. 2, plots  of pho tocur ren t  and 
EAT~AT ~ vs.  V appl ied  to the  CdS photoanode are 
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Fig. 1. Normalized temperature change vs. potential and photo- 
current vs. potential of a ZnO polycrystalline electrode. Curve 1, 
0.2M Na2SO4; curve 2, 0.3M HCOOH in 0.2M Na,~SO4. 
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Fig. 3. biorma[ized temporoture change vs. potential and photo- 
current vs. potential of a TiO2 single crystal electrode. Curve 1, 
0.2M NasSO4; curve 2, 1M HCOONa in 0.2M Na2SO4. 

Fig. 2. Normalized temperature change vs. potential and photo- 
current vs. potential of a CdS single crystal electrode. Curve 1, 0.1M 
No,SOs in 0.2M bla2SO4; curve 2, 0.5M HCOONa in 0.2M Na2SO~. 

sho,wn for the  sulfa te  solut ions containing e i ther  sulfite 
or  HCOONa. In  'the suppor t ing  e lec t ro ly te  we account 
for  the  pho tocur ren t  b y  a photoelect rode react ion of 
the  dissolut ion of CdS 

CdS + 2p + -> Cd2+ + S 

In the case of Na2SO8 (curve I), the photoelectrode 
reaction is the oxidation of SO32- which occurs only 
by a hole transfer reaction, but not the photodissolu- 
tion reaction of CdS (Ii) 

SOs ~- + p+ -> 1/2 S20~- 

The quantum efficiency of the one-step reaction of 
SO~ 2- was found to be 1.0 from the slope of the linear 
plot. 

In the case of HCOONa (curve 2), the observed 
photocurrent was probably due to the oxidation of 
HCOO- 

HCOO- + p+ ~ HCO0' 

HCOO" -~ COs -~ H + + e- 

because the current efficiencies of Cd s+ and COs 
formed were approximately 0.0 and 0.5, respectively. 
The quantum efficiency was found to be 1.7. The quan- 
tum efficiency was not 2.0, i.e., double the value for 
Na2SO3 alone, probably because part of the interme- 
diate species (HCO,O') (12) formed in the firsl hole 
transfer reaction could not inject electrons into the 
conduction band. 

TiO2-HCOONa.--In Fig. 3, plots of photocurrent and 
EAT~AT ~ vs. V for the TiO2 photoanode are shown for 
electrolytes containing Na2SO4, with or without 
HCOONa. In the absence of HCOONa (curve I), the 
photoelectrode reaction results in oxygen evolution. 
The quantum efficiency of the oxygen evolution reac- 
tion was found to be 0.53. [The quantum efficiency of 
the TiO2 electrode was found to be dependent on the 
degree of reduction of the TiO2 crystal resulting from 
a pretreatment to increase its conductivity (5).] An 
increase in the photoeurrent was observed when 
HCOONa was added to the electrolyte. However, the 
amount of increased photocurrel~t was smaller than 

tha t  in the  case of ZnO or  CdS, even when  a l a rge  
quan t i ty  of HCOONa was added. The observed photo-  
cur ren t  was also bel ieved to be due to the  oxida t ion  
of H C O O -  as in the case of CdS, because oxygen  for-  
ma t ion  measured  b y  an oxygen  mete r  could not  be 
observed,  bu t  CO2 was generated.  However ,  we do 
not  unders tand  w h y  the cur ren t  doubl ing effect for  
TiO2 is considerably  smal le r  than tha t  observed for 
ZnO and CdS. The quan tum efficiency was found to 
be only  0.70. 

GaP-(NH4) zSzOs.--As shown in Fig. 4, i r r ad ia t ion  of 
the p - t y p e  GaP semiconductor  e lec t rode  resul ted  in a 
cathodic cur ren t  and EaT/aT ~ increased l inea r ly  wi th  
the cathodic polar iza t ion  in the sulfur ic  acid solution. 
The cathodic photoelect rode reac t ion  was due to h y -  
drogen evolution,  and the intr insic  quan tum efficiency 
was 0.75 as obta ined  f rom the slope of the l inear  
re l~ t ionsh ip  be tween  EAT/AT ~ and V. 

When  (NH4)2S2Os was added  to the sulfuric  acid 
solution, the  cathodic pho tocur ren t  increased.  Accord -  
ing to Memming  (13), the  photoelect rode react ion is 
due to the reduct ion  of the persul fa te  ion th rough  a 
two-s tep  mechanism. The first s tep occurs by  an elec-  
t ron  t ransfe r  f rom the conduct ion band,  and the second 
step b y  hole inject ion into the  va lence  band  

SsOs2- + e -  ~ SO4- + SO~ 2-  

SO4- -> SO4 s- + P + 

In this case, the slope of the EAT/AT ~ vs. V plot was 
1.5, a value twice as large as that obtained with only 
sulfuric acid. It was ascertained by the temperature 
measurement that the photoelectrode reaction of 
(NH4)2S2Os on the p-type GaP electrode proceeded 
with high quantum efficiency. 

Interpretation of the temperature changes 5ram t~e 
current doub~ing mechanism.--The behavior  of the 
t empera tu re  changes observed dur ing  the cur ren t  dou-  
bl ing react ions can be expla ined  by  charge  t ransfe r  in 
the  space charge layer ,  as shown in Fig. 5. In  the case 
of an n - t y p e  semiconductor ,  when the photogenera ted  
electrons in the  conduct ion band move f rom the sur -  
face of the e lectrode th rough  the potent ia l  g rad ien t  of 
the  space charge region to the  bu lk  of the  semicon-  
ductor,  hea t  is p r o d u c e d  in an amount  depending on 
the polar iz ing potent ia l  and the e lect ron current .  Con-  
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N'type 

R+P R + Lu 

V - Vfb 

P-type 

- -  X2+e~X-i- X" 

X~X-+ P V - -  Vfb 

Fig. 5. The mechanism of current doubling, and the relation be- 
tween the behavior of the temperature change and applied poten- 
tial. (Upper left) For an n-type semiconductor, a current doubling 
reagent R is first oxidized by a photogenerated hole in the valence 

+ 
band to R ' which then injects an electron to the conduction band. 
(Lower left) For a p-type semiconductor, a current doubling re- 
agent X2 is first reduced by a photogenerated electron in the 
conduction band to X and X - ,  X then injects a hole to the valence 
band. ~1 and ~1' are quantum efficiencies obtained from the plots of 
E A T ~ A T  ~ vs. ( V  - -  VFB) for both the n-type (upper right) and the 
p-type (lower right) semiconductors in the absence and the presence 
of a current doubling reagent, respectively. 

sequent ly  plots of EAT~AT ~ vs. (V --  VFB) (or V) in-  
crease l inear ly  and thei r  slopes are  equal  to the quan-  
tum efficiencies, as a l r eady  mentioned.  

Addi t ion  of a cur ren t  doubl ing reagent ,  such as 
H C O O - ,  caused the slope to nea r ly  double  except  in 
the case of TiO2. This fact  can be in te rp re ted  by  a 
mechanism in which heat  is produced not only  by  the 
photoexci ted  e lec t ron flow, but  also by  the flow of the 
e lectrons in jec ted  f rom the in te rmedia te  chemical  spe-  
cies. Namely,  the increase  in the  slope is due to the 
increase  in the  number  of e lectrons flowing wi th in  the  
conduct ion band. 

In  the  case of a p-:type semiconductor ,  the hea t  is 
produced by  the photogenera ted  hole in  the  valence 
band flowing f rom the surface of the e lect rode to the  
semiconductor  bulk.  This h e a t  becomes l a rge r  wi th  the  
polar iz ing  potential .  Then, the  plot  of EAT~AT ~ vs. 
( V -  VFB) is a l inear  relatio,nship s imi lar  to tha t  of 
an  n - t y p e  semiconductor .  By  the addi t ion  of  
(NI~)2S2Os into the  sulfuric  acid suppor t ing  e lec t ro-  
lyte,  the  slope nea r ly  doubled,  which shows tha t  the  
second hole was in jec ted  f rom the in te rmedia te  chemi-  
cal species formed as a resul t  of the  first e lect ron 
t rans fe r  into the  valence band. 

These observat ions  suggest  that  an increase in the 
slope resul ts  f rom elect ron inject ion into the conduc-  
t ion band  for an n - type  semiconductor  electrode,  and 
hole in ject ion into the  valence  band for a p - t y p e  one. 

The value  ob ta ined  by  ex t rapo la t ion  of the  l inear  
por t ion of EAT~AT ~ vs. (V - -  ~ 7 F B )  plots to OV (i.e., 
V = VFB) corresponds to (Qs.c. fl- T •  The hea t  
of the e lect rode reac t ion  thus obta inable  may  give in-  
fo rmat ion  about  the currex~t doubl ing mechanism.  
This subject  is cu r r en t ly  under  invest igat ion.  

In  conclusion, the t empe ra tu r e  measuremen t  method 
proved  to be useful  for obta in ing informat ion  about  
the  cur ren t  doubl ing effect. 
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ABSTRACT 

The f la tband potent ia ls  (FBP's )  of a n u m b e r  of n - t y p e  and p - t y p e  semi-  
conductors  have been measured  by  rectified a l t e rna t ing  pho tocur ren t  vo l t -  
a m m e t r y  (RAPV) .  The values  of the FBP's  ob ta ined  by  this technique have  
been compared  wi th  those obta ined  f rom capac i tance-po ten t ia l  (C-V) m e a -  
surements .  A corre la t ion  was observed be tween  the values  of the respect ive  
FBP 's  ob ta ined  f rom RAPV and C-V measurements .  The advantages  of using 
RAPV to de te rmine  the FBP  of a semiconductor  are  described.  

The  value  of the  f la tband potent ia l ,  VFB, Of an n -  
type or  p - t y p e  semiconductor  p rede te rmines  the  m a x i -  
m u m  open-c i rcu i t  photovoltage,  Voc(max) of a g iven 
semiconduc to r / e l ec t ro ly t e / coun te re l ec t rode  cell  ac-  
cording to the  re la t ion  (1) 

Yoc(max) = V ( r e d o x )  --  VFB [1] 

whe re  V ( r e d o x )  is the  redox  po ten t ia l  of the e lec t ro-  
lyte .  

Therefore,  in o r d e r  to de t e rmine  the Voo(max) of a 
l iquid  junc t ion  photocel l  i t  is necessary  to measure  
the VFB of the semiconductor  in the  pa r t i cu la r  e lec-  
t ro ly te  used in the cell. In  this r epo r t  we descr ibe  how 
rectif ied a l t e rna t ing  pho tocur ren t  vo l t ammet ry  can 
be used to de te rmine  VFB ~for an n - t y p e  or  p - t y p e  
semiconductor .  Fi rs t ly ,  however ,  the l imi ta t ions  of 
s o m e  other  methods  tha t  can be used to de te rmine  
VFB wil l  be briefly discussed. The discussion is in t e rms  
of n - t y p e  semiconduc tor /e lec t ro ly te  systems bu t  the 
a rguments  a re  equa l ly  appl icab le  to p - t y p e  semicon-  
duc to r / e l ec t ro ly t e  systems. 

The capaci tance of an n - t y p e  semiconductor  wi th  
no surface states in an e lec t ro ly te  is r e l a t ed  to VFB 
by  the Mot t -Scho t tky  re la t ion  (2) 

1 2 
- -  (V - -  VF~) [2] 

C s c  s - -  qDceoND 

where  Csc is the  capaci tance of the semiconductor  
space charge  layer ,  q is the e lectronic  charge, D~ is the 
die lect r ic  constant  of the semiconductor ,  ,o is the pe r -  
mi t t i v i ty  of a vacuum, ND is the  donor density,  and V 
is the  semiconductor  potential .  S t r i c t ly  a kT/q t e rm 
should also be inc luded  in the (V --  VFS) t e rm bu t  i t  
is f r equen t ly  neglected.  

In  pract ice  the  measu red  capaci tance does not  nec-  
essarily correspond to the  exac t  va lue  of Cso due to the 
addi t ion of o ther  capaci tances  such as tha t  of the 
Helmhol tz  layer ,  the  Gouy  layer ,  surface states, deep 
donor levels,  and  dielectr ic  re laxat ion .  Therefore,  i t  
would  be advantageous  to use an a l t e rna t ive  method  
to check the va lue  of VFB der ived  f rom capac i tance-  
po ten t ia l  studies.  

A n  a l t e rna t ive  method  for  measu r ing  VFB is f rom 
pho tocur ren t -po ten t i a l  plots. Consider  a typica l  n - t y p e  
semiconduc to r / e l ec t ro ly te / coun te re l ec t rode  cell. Such 
a cell  is depic ted  schemat ica l ly  in Fig. 1. Neglect ing  
deple t ion  l aye r  recombinat ion,  the  hole cu r ren t  r e -  
act ing at  an i r r ad ia t ed  n - t y p e  semiconductor  surface 

1Present address: Physics Department, University of New 
South Wales, Kensington, N.S.W. Australia 2033. 

Key words: photoelectrochemical, solar energy, semiconductor 
electrode, capacitance. 

f rom the in te r io r  of the  semiconductor ,  ipCV(o) is 

ipCT(o) = ipDS + ipB _ ipSR [3] 

where  ip DL is the hole cur ren t  genera ted  in the  de- 
pletion layer ,  ip B is the  hole cu r ren t  a t  the  deple t ion  
l a y e r / b u l k  l aye r  boundary ,  and  ipSR is the  sur face  r e -  
combinat ion  current .  The fol lowing express ion  can 
be der ived  for ipCW(o) [see Ref. (3) and  (4)]  

ipCT(o) = - -  PCTqlo 1 1 + aLp [41 

where  Io is the effective photon  intensi ty ,  Wo is the 
deplet ion l aye r  wid th  for a po ten t ia l  drop of 1V across 
the deple t ion  layer ,  ~ is the absorpt ion  coefficient, Lp 
is the hole diffusion length,  and  P c r  is the  charge  
t ransfer  p robab i l i t y  g iven b y  (4) 

?)CT 
Pc'r = [5] ~ 

VCT ~ V'SR 

Equat ion [5] represents  a form of Gar tne r ' s  re la t ion,  
Ref. (3), which has been modified to take  surface r e -  
combinat ion  into account. For  a more  de ta i led  t r e a t -  
men t  of charge t ransfer  a t  semiconduc tor /e lec t ro ly te  
interfaces and the effect of the surface recombina t ion  
velocity,  the r eade r  is r e fe r red  to Ref. (5). 

In  cases where  the rmodynamic  factors can be neg-  
lected, the  poten t ia l  onset  of the d-c  photocurrent ,  
Vonset, will  differ f rom V~B when  vsa  > >  VCT. The 
value o f  vsR pa r t i a l l y  depends  o n  the poten t ia l  d i f -  
ference (V --  VFB). However ,  the w a y  in which  VSR 
var ies  wi th  (V --  VFB) is complex  and not  r ead i ly  

Vacuum 
lev*l 

v,b 

V{r~dox 

rl- type semiconductor 

V{ redox} 

ELectrolyte 

Fig. I. Schematic diagram of an n-type semiconductor/electro- 
lyte/court terelect rode cell. 
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calculable  wi thout  s impl i fy ing  assumptions.  Despi te  lo 
the p rob lems  associated wi th  calcula t ing the e x a c t  
va lue  of Vsa, i t  is k n o w n  tha t  VSR usua l ly  decreases  0.9 
a s  (V --  VFs) increases  [see, e.g., Ref. (5)] .  H e n c e  i t  0~ 
c a n  be seen in a qua l i ta t ive  w a y  f rom Eq. [4] t h a t  
the magni tude  of the  difference (Vonset - -  VFB) w i l l  0-7 
depend on the in i t ia l  magni tude  of VSR and how the QUANTUM 
value  of the  l a t t e r  parame4er  changes wi th  potent ia l .  EFFICIENCY 0"6 
These effects v a r y  f rom sample  to sample  for  a p a r -  
t icu lar  semiconductor  ma te r i a l  and  also f rom semi-  ~ 
conductor  to semiconductor ,  since the  n u m b e r  of sur -  0.4 
face recombinat ion  centers  and  the i r  ene rgy  d i s t r ibu -  
t ion are  pa r t i a l l y  dependen t  on int r ins ic  factors such 0.~ 
as  crys ta l  or ienta t ion  and p a r t i a l l y  on surface p r e p a r a -  
t ion (5). Schemat ic  quan tum eff ic iency-potent ia l  r e -  o.2 
lot ions wi th  and  wi thout  surface recombina t ion  effects 
which  are  shown in Fig. 2 qua l i t a t ive ly  i l lus t ra te  the o4 
effect of VsR on the  pho tocur ren t -po ten t i a l  curve  
[see Ref. (5) ]. o-o -0"I 

I t  is appa ren t  f rom Eq. [4] and  Fig. 2 tha t  i t  should 
be possible  to de te rmine  VFB f rom the Vonset of a 
pho tocur ren t -po ten t i a l  p lo t  even when PCT is smal l  if 
ve ry  smal l  photocurrents  are  detected and moni tored.  
Below a method  is descr ibed for  de tec t ing  Vonse t us ing 
a s imple  but  sensi t ive pho tocur ren t  detect ion circuit.  

Experimental 
The method  employed  for measur ing  low photo-  

currents  consisted of detect ing a modula ted  photocur -  
ren t  wi th  a tuned amplifier,  ampl i fy ing  the signal  and 
p lo t t ing  the rectif ied amplif ied pho tocur ren t  as a func-  
t ion of po ten t ia l  on an X-Y recorder .  A schematic  
d i ag ram of the expe r imen t a l  setup used for  measur ing  
rectif ied a l te rna t ing  pho tocur ren t  vo l t ammograms  
(RAPV's)  is shown in Fig. 3. The poten t ia l  of the  
semiconductor  e lec t rode  was control led  and the cur -  

f / ~ W i ~  surf . . . .  ombir~tion 

r / 

t . . . . . .  ; . . . . . .  

0"0 0.1 0-2 0'3 0-4 0,5 0-6 0'7 0,8 0,9 1"0 
POTENTIAL VERSUS FLAT BAND POTENTIAL 

( VOLTS] 

Fig. 2. Schematic diagram of the quantum efficiency-potential 
relations of an n-type semiconductor electrode with and without 
surface recombination. 

r en t  measured  wi th  a PAR potent ios ta t  (Model  173) 
fi t ted wi th  a PAR cur ren t  to vol tage  con:-er ter  (Model  
176). The poten t ia l  was swept  a t  the  des i red  ra te  
wi th  respect  to SCE by  connect ing the ou tpu t  of a 
Wenk ing  SMP 69 poten t ia l  s tepping  motor  control  to 
the ex te rna l  potent ia l  signal  input  of the po t en t io s t a t  
A n  IR fil ter (Oriel  Model  G-776-7100) and a PAR 
mechanical  l ight  chopper  (Model  175) opera t ing  at  70 
Hz were  in te rposed  be tween  the xenon l ight  s o u r c e  
(900W xenon  l amp  powered  b y  a Conrad  Hanov~a 
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Fig. 3. Schematic diagram of the experimental setup for rectified alternating photocurrent-potential measurementi 
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1000W power  supply)  and the semiconductor  e lec-  
t rode  in the e lec t rochemical  cell. The modula ted  
pho tocur ren t  f rom the cur ren t  to vol tage  conver te r  
was detected and amplif ied wi th  a Genera l  Radio  
tuned ampli f ier  (Model  1232-A), amplif ied wi th  a 
power  ampli f ier  (Min i -Lab  Model  bwd  603A), r ec t i -  
fied, filtered, and f inal ly recorded on a X-Y recorder  
( H e w l e t t - P a c k a r d  Model  7004B) as a funct ion of po-  
tential .  Measurements  of d -c  da rk  and pho tovo l tam-  
mograms  were  made  by  using the appropr ia t e  ins t ru -  
ments  descr ibed above and the usual  techniques.  A 
convent ional  circuit  descr ibed e lsewhere  (6) was used 
to measure  the semiconductor  e lect rode capaci tance 
as a funct ion of potent ial .  A Genera l  Radio  impedance  
br idge  (Model  1608-A) was used in this circuit.  E lec-  
t rodes  were  fabr ica ted  by  epoxying  single crysta ls  of 
InSe and p - t y p e  GaSe  into Teflon holders  which fi t ted 
into an e lec t rochemical  cell. Both electrodes were  
ab raded  and etched in conc. HNO8 for 1 min and then 
r insed  in  10% W / V  KCN to dissolve any  excess 
se len ium f rom the surfaces of the electrodes.  A cal-  
c ium t i tana te  single c rys ta l  doped wi th  0.5 weight  
pe rcen t  (w /o )  NiO and 0.2 w / o  Co203 was reduced 
in H~ at  1000~ for 8 h r  to make  i t  e lec t r ica l ly  con- 
duct ing before  fabr ica t ing  i t  into an electrode.  Ohmic 
contacts  were  made  to the three  crysta ls  using a 50:50 
Ga: In  amalgam.  A wide va r i e ty  of o ther  n - t y p e  and  
p - t y p e  semiconductors  have  also been  examined.  

Results and Discussion 
The values  ob ta ined  for  the  f la tband potent ia ls  of 

n ,p-InSe,  p -GaSe ,  and n-CaTiO3 as de te rmined  b y  d -c  
pho tovo l t ammet ry ,  capaci tance vol tage  measurements ,  
and RAPV are  discussed be low in de ta i l  to i l lus t ra te  
some fea tures  of RAPV. 

In the  case of the  n ,p - InSe  e lec t rode  used in this 
s tudy,  the  d -c  pho tocur ren t  in 1M NaOH passed 

th rough  an anodic-ca thodic  pho tocur ren t  t rans i t ion  at  
--  1.02V [see Fig. 4 ( a ) ] .  Since the modula ted  photo-  
cur ren t  in RAPV is rectified, the RAP vo l t a mmogram 
should pass th rough  a m in imum at  the vol tage  of the  
anodic-ca thodic  pho tocur ren t  t ransi t ion.  A m i n i m u m  
pho tocur ren t  was in fact  observed in the RAP vol -  
t ammogram of this e lec t rode  at  - -  1.0V as expected 
[see Fig. 4 ( b ) ] .  This potent ia l  also corresponded to 
the value  of the f la tband po ten t ia l  ( - -  1.0V) de te r -  
mined  from a Mot t -Scho t tky  plot  [see Fig. 4 ( c ) ] .  
Hence for this pa r t i cu l a r  ind ium selenide e lec t rode  
the values of the f latband potent ia l  de te rmined  b y  the 
three  methods  under  considera t ion  we re  the  s a m e  
within  the exper imenta l  error .  

The d-c  dark  and pho tovo l tammograms  for  a p - G a S e  
electrode in 1N NaOH are  shown in Fig. 5 (a ) .  The  
onset of the d -c  pho tocur ren t  o c c u r r e d  at  a b o u t  
- 0.51V. Mot t -Scho t tky  plots and an RAP vo l t am-  
mogram for the p - G a S e  e lec t rode  in 1M NaOH a r e  
shown in Fig. 5(c)  and (b) ,  respect ively .  A value  of  
--  0.2V for the  f la tband poten t ia l  was de te rmined  f rom 
these l a t t e r  plots. This e lect rode represents  a case  
where  there  is a significant d iscrepancy be tween  the 
d-c  pho tocur ren t  onset and  the f la tband potent ia l .  The 
d iscrepancy can be r ead i ly  exp la ined  as be ing  due to 
a surface recombina t ion  control led  ipCW(o) --  V r e l a -  
tion. That  is, be tween  --  0.51 and --  0.2V the effective 
surface recombina t ion  veloci ty  vsR is l a rge  enough 
to cause the d-c  pho tocur ren t  to be negl ig ible  in this 
potent ia l  range for  the pa r t i cu la r  p - G a S e  elect rode 
which was examined.  On the o ther  h~nd, i t  p roved  
possible wi th  RAPV not only  to detect  the photocur -  
ren t  be tween  --  0.51 and --  0.2V but  also to observe  
a ca thodic-anodic  pho tocur ren t  t rans i t ion  at  - -  0.2V 
[see Fig. 5 (b ) ] .  The observed  potent ia l  a t  which the 
ca thodic-anodic  pho tocur ren t  t rans i t ion  occurs r ep re -  
sents  the potent ia l  a t  which  the conduct ion and va l -  
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Fig. 4. Indium selenlde electrode in 1M NaOH (a, top left) d-c 
dark and photocurrent-potential curves, (b, top right) RAPV voltam- 
mogram, and (c, bottom left) Mott-Schottky relation. Xenon illumi- 
nation 26 mW cm -2.  
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ence bands  are  flat, since for  p - G a S e  for  potent ia l s  
negat ive  of - -  0.2V the bands  are  ben t  up (i.e., GaSe 
behaves  as a p - d o p e d  photocathode)  and for potent ia ls  
posi t ive of - -  0.2V the bands  are  ben t  down (i.e., 
GaSe behaves  as a photoanode) .  Hence we have  classi-  
fied the  potent ia l  of  the  ca thodic-anodic  pho tocur ren t  
t r ans i t i on  for p -GaSe ,  tha t  is - -  0.2V, as the  VFB of 
this pa r t i cu la r  sample  of the semiconductor  in 1M 
NaOH. This conclusion is suppor ted  b y  the exper i -  
menta l  finding tha t  the values  of VFB de te rmined  f rom 
Mot t -Scho t tky  plots ( - -  0.2V in 1M NaOH) coincided 
wi th  the potent ia l  observed  for  the  ca thodic-anodic  
pho tocur ren t  t ransi t ion.  I t  is noted tha t  Ger i scher  
et al. (6) have r epor t ed  the VFB for p - G a S e  as being 
about  0.5V and pH independent .  The differences be -  
tween  the l a t t e r  resul ts  and  the presen t  resul ts  which  
show a pH dependence  are  a t t r ibu ted  to in t r ins ic  di f -  
ferences and different  surface p re t rea tments .  In  the  
presen t  s tudy  the p - G a S e  was not  o r ien ted  bu t  ab raded  
and e tched whereas  in the previous  s tudy  (6) the face 
exposed to the  e lec t ro ly te  was specifically chosen  as 
e i ther  ]IC or I C axis. S imi lar ly ,  the VFB'S r epo r t ed  
for  InSe in this s tudy  refer  to an ab raded  and etched 
electrode and not  to an or iented  sample.  

At ten t ion  is d r awn  to the  fact  tha t  a l though anodic-  
cathodic pho tocur ren t  t ransi t ions  were  observed for  
both  InSe and GaSe electrodes,  a dis t inct ion has been 
d rawn  be tween  the doping concentrat ions  of the two 
electrodes.  Ind ium selenide has been  classified as a 
h ighly  doped both  n - t y p e  and p - t y p e  semiconductor  
on the basis tha t  the  photocur ren ts  were  of such 
magni tudes  at  potent ia ls  bo th  anodic and cathodic o~ 
the t rans i t ion  tha t  they  can be eas i ly  seen on the d -c  
pho tovo l t ammograms  of this  e lec t rode  [see Fig. 4 ( a ) ] .  
Tha t  is, n - t y p e  and p - t y p e  areas  of the InSe  e lec t rode  
were  in contact with  the  e lec t ro ly te  g iving rise to the 

Fig. 5. Gallium selenide electrode in 1M NaOH (a, top left) d-c 
dark and photocurrent-potenfial curves, (b, top right) RAP veltam- 
mogram, and (c, bottom left) Mott-Schottky relation. Xenon illumi- 
nation 26 mW cm-~. 

observed behavior .  However ,  for  GaSe only a cathodic 
photocurrent was observable on the d-c photovoltam- 
mogram as would be expected for a p-doped semi- 
conductor photoeathode. The anodic photocurrent for 
this electrode was only detectable as a highly amplified 
modulated photocurrent [see Fig. 5(b)]. The latter 
observation is consistent with a low n-type character 
in the GaSe electrode. Therefore, for the GaSe elec- 
trode the potential of the cathodic-anodic photocur- 
rent transition has been classified as the V~B of a 
p-doped sample. 

The d-c dark and photovoltammograms for an 
n-CaTiO3 electrode in IM NaOH are shown in Fig. 
6(a). The potential onset of the d-c photocurrent oc- 
curred at about --I.16V. Mott-Schottky plots and an 
RAP voltammogram for the n-CaTiO3 electrode in 1iV[ 
NaOH are shown in Fig. 6(c) and (b), respectively. 
The values for the flatband potential determined from 
these plots were --2.09 and --I.2V, respectively. In 
this case the potential onset of the d-c photocurrent 
(--I.16V) agreed with that of the RAPV (--I.2V) 
indicating that for this sample of n-CaTiO3, the VSR 
was small in comparison to the VCT or in other words 
the onset of the photocurrent was not appreciably con- 
troiled by surface recombination. The striking observa- 
tions for this particular n-CaTiO3 electrode were the 
large discrepancies between the value of VFB deter- 
mined by d-c and RAP voltammetry (--1.16 and 
--l.2V, respectively) and that determined from the 
Mot t -Scho t tky  plots (,~ --2.09V) of --0.93 and 
--0.89V, respect ively.  I t  appears  in this instance tha t  
the intercepts  of the Mot t -Scho t tky  plots for  this p a r -  
t icu lar  n-CaTiO~ e lec t rode  do not  correspond to the 
rea l  f la tband potent ia l  of n-CaTiO3. 

On the other  hand  i t  seems tha t  the  values  for  VFB 
de te rmined  b y  d-c  and RAPV approx ima te  to the 



Vol. I28, No. 8 

150 

100 

50 
i - 2  

0 I/ ~ 

-50 

-100 ' ' -1,2-1.o-08-o,6-o' -0'2 olo o',2 oil 0.6 
Potential 

{volts vs 5CE) 

FLATBAND POTENTIALS 

Chopped 
Photocurrent 

(orb units) 

1739 

J 
J 

-1.1 -0'9 -o'7 
Potential 

(volts vs SCE) 

i | i 

08 -1-5 -1"3 -0'5 

0-3 

f = 10,000Hz 

0'2 f=5,000Hz - 

pF-Zcm 4) 

0"1 

0-0 
-2  "2 - 1"7 - 1 '2 - 0 '7 - 0 '2 0'3 0' 8 

Potential 
(volts vs SCE) 

c o r r e c t  v a l u e  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  T h e  e v i -  
d e n c e  fo r  t h i s  is t h a t  t h e  v a l u e  of VFB fo r  n - C a T i O 3  i n  
1N H2SO4 r e p o r t e d  b y  T c h e r n e v  (7)  of  - -0 .50V is i n  
a g r e e m e n t  w i t h  t h e  v a l u e s  o b t a i n e d  b y  d - c  a n d  R A P V  
in  t h i s  w o r k  w h e n  t h e  --0.59 V / p H  s h i f t  is t a k e n  i n t o  
accoun t .  S e c o n d l y ,  VFB a t  t h e  z e t a  p o t e n t i a l  of  ze ro  
c h a n g e  ( p H  ,~ 14) h a s  b e e n  c a l c u l a t e d  as  - -1 .172V (8)  
w h i c h  is a lso  in  a g r e e m e n t  w i t h  t h e  v a l u e  o b t a i n e d  
b y  R A P V  in  t h i s  s tudy .  O ne  p o s s i b l e  r e a s o n  fo r  t h e  
h i g h l y  n e g a t i v e  VFB'S d e t e r m i n e d  f r o m  c a p a c i t a n c e  
m e a s u r e m e n t s  f o r  t h e  CaTiO3 s a m p l e  e x a m i n e d  m i g h t  
b e  d u e  to t h e  p r e s e n c e  of  NiCo204 w h i c h  m a y  h a v e  

f o r m e d  d u r i n g  t h e  H2 r e d u c t i o n  of  t h e  d o p e d  CaTiOa 
c rys ta l .  

T h e  f l a t b a n d  p o t e n t i a l s  f o r  a w i d e  r a n g e  of  n - t y p e  
a n d  p - t y p e  s e m i c o n d u c t o r s  w h i c h  h a v e  b e e n  d e t e r -  
m i n e d  f r o m  M o t t - S c h o t t k y  p lo t s  a n d  R A P V  a re  l i s t e d  
i n  T a b l e  I. I t  c an  b e  s e e n  f r o m  t h e s e  r e s u l t s  t h a t  w i t h  
t h e  e x c e p t i o n  of  t h e  n - C a T i O s  e l e c t r o d e  u s e d  in  t h i s  
s t u d y  t h e  v a l u e s  o b t a i n e d  f r o m  t h e  M o t t - S c h o t t k y  
p lo t s  a n d  R A P V  a g r e e  w i t h i n  e x p e r i m e n t a l  e r r o r .  
T h i s  s u g g e s t s  t h a t  R A P V  c a n  b e  u s e d  as a m e t h o d  f o r  
d e t e r m i n i n g  t h e  VFB of  a s e m i c o n d u c t o r .  Dif f icul t ies  
m a y  a r i s e  i n  u s i n g  R A P V  to m e a s u r e  VFB w h e n  t h e  
s e m i c o n d u c t o r  p h o t o c o r r o d e s  a n d  despos i t s  t h e  p r o d -  
uc t s  o n  t h e  e l e c t r o d e  su r f ace .  I n  s u c h  a case  t h e  m e a -  
sured- VFB m a y  b e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  r e a l  
VFB d u e  to t h e  c h a n g e  i n  s u r f a c e  c o m p o s i t i o n .  I n  s u c h  
i n s t a n c e s  i t  w o u l d  b e  m o r e  a p p r o p r i a t e  to  m e a s u r e  
VFB in  t h e  d a r k  u s i n g  t h e  c a p a c i t a n c e  m e t h o d .  

A n o d i c - c a t h o d i c  p h o t o c u r r e n t  t r a n s i t i o n s  w e r e  o b -  
s e r v e d  f o r  a l l  t h e  p - t y p e  s e m i c o n d u c t o r s  e x a m i n e d  
i n  t h i s  s t u d y  w h e r e a s  no  s u c h  t r a n s i t i o n s  w e r e  o b -  
s e r v e d  fo r  t h e  n - t y p e  s e m i c o n d u c t o r s .  T h e  o r i g i n  of  
t h e  n - t y p e  b e h a v i o r  f o r  p - t y p e  m a t e r i a l s  c o u l d  h a v e  

Fig. 6. Calcium titanate electrode in 1M NaOH (a, top left) d-c 
dark and photocurrent-potential c,rves, (b, top right) RAP vo[tam- 
mogram, and (c, bottom left) Mott-Schottky relations. Xenon illu- 
mination 26 mW cm -2.  

b e e n  d u e  to t h e  l a r g e r  i n t r i n s i c  e l e c t r o n  c o n c e n t r a t i o n s  
in  t h e  p - t y p e  s e m i c o n d u c t o r s  w h i c h  h a d  s i g n i f i c a n t l y  
s m a l l e r  b a n d g a p s  t h a n  t h e  n - t y p e  s e m i c o n d u c t o r s  e x -  
a m i n e d .  A l t e r n a t i v e l y  t h e  p - t y p e  m a t e r i a l s  m a y  h a v e  
b e e n  i n a d v e r t e n t l y  d o p e d  w i t h  some  n - t y p e  i m p u r i t i e s  
d u r i n g  t h e i r  c r y s t a l  g r o w t h .  

I t  is n o t e d  t h a t  a t y p i c a l  R A P V  h a s  a s i m i l a r  a p -  
p e a r a n c e  to a d - c  p h o t o v o l t a m m o g r a m .  T h i s  i s  a s h a r p  

Table I. Comparison of the flatband potentials of a number of 
n-type and p-type semiconductors determined from capacitance 

measurements and rectified alternating photocurrent voltammetry 

Flatband potential (V vs. SCE) 

Capacitance 
measurements Rectified 

alternating 
Semi- Elec- This Other photocurrent 

conductor trolyte work work voltammetry 

n-type 
TIO2 IM NaOH --1.11 -1.05 (9) --1.08 
SrTiO3 1M NaOH -- 1.27 - 1.22 (10) - 1.25 
CaTiOa llYI NaOH - 2.09 -- - 1.2 

IN H2SO4 -I.0 -0.50 (7) --0.51 
NaNbO3 1M NaOH - 1.38 - -  - 1.28 

1N H~SO4 --0.52 - -  -0.34 
In208 1M NaOH - -  0 . 7 2  - -  - 0 ~ 5 7  

1N H2SO4 - -  0 , 2 2  - -  0.11 
Fe~Oa 1M NaOH - 0.75 -- - 0.67 

2M NaOH -- -0.73 (11) -- 
p-type 
CdTe IM NaOH -0,03 0.21 (12) --0.08 
GaP 1M NaOH -- 0.05 0.18 (12) 0.07 
GaSe 1M NaOH --0.2 0.5 (6) --0.2 

1N H~SO4 --0.65 0.5 (6) 0.68 
CuInS2 1M NaOH - -  - -  0.06 

IN H2SO~ - -  - -  0.59 
n,p-type 
I n S e  1M NaOH - 1.0 - -  - 1.02 

1N H~SO~ - -  - -  - -  0 . 4 8  



1740 J.  EZectrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  August 1981 

r ise in the pho tocur ren t  fol lowed by  a sa tura t ion  r e -  
g ion.  I t  should be pointed out  tha t  this sa tura t ion  is n o t  
due to the sa tura t ion  of the pho tocur ren t  but  is in fact  
due to the  sa tura t ion  of the tuned amplifier.  Fur ther ,  
the accuracy of the va lue  of V~B de te rmined  by  RAPV 
of semiconductors  which  do not  have  a de tec tab le  an-  
odic-cathodic  pho tocur ren t  t rans i t ion  wi l l  depend on  
sens i t iv i ty  of the tuned amplifier.  The Genera l  Radio 
tuned amplif ier  used in the present  s tudy  was found to 
be sa t i s fac tory  bu t  this m a y  not  necessar i ly  app ly  to 
other  brands  of tuned amplifiers.  

The smal l  photocur ren ts  measured  nea r  the  f la tband 
potent ia l  have  been in te rp re ted  in this s tudy  as being 
due  to photoelec t rochemical  effects. Howeve r  the  ob-  
servat ions might  also or iginate  f rom modula t ion  effects 
such as photoconduct iv i ty  or photocapaci t ive  behavior .  
I t  is noted however ,  tha t  even if  e i ther  of the l a t t e r  
in te rpre ta t ions  is more  correct  the method  p r e s e n t e d  
here  for de te rmin ing  VFB is not  inval idated.  

Summary 
In the presen t  s tudy  the use of rectified a l t e rna t ing  

photocur ren t  v o l t a m m e t r y  as a method  to de te rmine  
the f la tband potent ia ls  of n - t y p e  and p - t y p e  semi-  
conductors  has been presented.  The values  of the  VFB'S 
for the p - t y p e  semiconductors  examined  in this s tudy  
coincided wi th  potent ia ls  which c lear ly  r e p r e s e n t e d  
anodic-ca thodic  pho tocur ren t  transit ions.  Fo r  the  
n - type  semiconductors  examined  no such t ransi t ions  
were  observed and the values  of the  VFB'S for  these 
electrodes were  taken  as the potent ia l  onsets of the  
rectified amplif ied a l t e rna t ing  photocurrents .  The tech-  
nique of RAPV has the advan tage  over  capac i tance-  
potent ia l  measurements  of being easy  to set  up and 
run in the l abo ra to ry  on a rou t ine  basis. 
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Cathodic Electrochromism of Lutetium 
Diphthalocyanine Films 

M. M. Nicholson* and F. A. Pizzarelio 
Rockwell International, Autoneties ~trateg~e Systems Division, Anaheim, California 92803 

ABSTRACT 

Cathodic e lec t rochromism of lu te t ium d iph tha locyanine  films on i n s u l a t i n g  
subst ra tes  was inves t iga ted  by a m o v i n g - b o u n d a r y  technique. R e d u c t i o n  o c -  
c u r r e d  by  inject ion of electrons f rom a gold contact  and ca t ion s  f r o m  a 
l iquid electrolyte .  Light  blue  products  formed wi th  aqueous or  organic  s o l u -  
t ions  of a lkal i  meta l  salts, whi le  a da rk  violet  p roduc t  formed wi th  a q u e o u s  
hydrochlor ic  acid. The da rk  ma te r i a l  had a cha rge -ca r r i e r  mobi l i ty  of  8 X 
10 -7  cm2/Vsec and an es t imated  bu lk  res is t iv i ty  of 1800 ~2-cm. R e d u c e d  
forms of the dye appear  to be solid cat ion conductors.  

Previous  papers  f rom this l abora to ry  have repor ted  
invest igat ions of anodic  processes in lu te t ium d i -  
p h ~ h a l o c y a n i n e  films (1-4).  Genera l ly ,  these are  2- 
e lect ron oxidat ions  in which the color of the dye 
changes f rom green to red. The electrochromic react ion 
was shown to occur wi th  migra t ion  of anions from the 

* Electrochemical Society Active Member. 
Key words: diphthalocyanines, electrochromism, cathodic re- 

duction, cations. 

aqueous e lect rolyte  into the organic  solid. With  a 
chlor ide solution, i t  is represen ted  1 b y  

L u l l ( P c ) 2  ~ 2C1- ~ LuH(Pc )~  + +-2CI-  ~- 2e [I] 

A sol id-s ta te  mov ing -bounda ry  technique w a s  u s e d  to 
de te rmine  the faradaic  n values,  ionic mobili t ies,  and  

1 H~Pc is the usual abbreviation for metal-free phthalocyanine; 
Pc = is the anion C~HI6Ns =, and LuH(Pc)~ is commonly called 
lutetium diphthalocyanine. 
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app rox ima te  bu lk  resis t ivi t ies  in the red  phases fo rmed  
wi th  chlor ide  and sulfate  ions (1). The anion mech-  
anism was confirmed in a subsequent  t racer  s tudy (2), 
and its dependences  on ambien t  wate r  vapor  and oxy-  
gen were  repor ted  recent ly  (4). 

Lu te t ium d iphtha locyanine  also undergoes  cathodic 
reactions.  As a result ,  i t  is a mul t icolor  e lect rochromic 
ma te r i a l  of considerable  in te res t  for d i sp lay  appl ica-  
tions (5-7).  Colors of the reduced films can range  f rom 
b lue -g reen  th rough  blue, da rk  blue, and violet. Refer -  
ence (5) gives absorpt ion spect ra  recorded at  0.1V 
in te rva ls  on a t in -ox ide  suppor ted  film under  essent i -  
a l ly  open-c i rcu i t  condit ions in both anodic and cathodic 
ranges.  Spec t ra l  character is t ics  as wel l  as Munsel l  and 
CIE color coordinates  are  summar ized  in Ref. (5) and 
(6). 

This paper  describes the resul ts  of cathodic moving-  
bounda ry  exper iments  on lu te t ium d iph tha locyanine  
films suppor ted  by  insula t ing substrates.  The e lect ro-  
ly tes  were  aqueous HC1, aqueous KC1, KI  in acetoni t r i le  
(AN),  and  LiC1 in d imethy l  sulfoxide (DMSO).  Again,  
the solid react ion products  appeared  to be ionic con- 
ductors.  The p ropaga ted  color was l ight  b lue  wi th  the 
meta l  sa l t  solutions and violet  wi th  HC1. 

Experimental 
Lute t ium d iphtha locyanine  films were  p repa red  by  

vacuum subl imat ion  of the dye onto sapphi re  o r  
Mylar  s tr ips  1.25 cm wide and app rox ima te ly  5 cm 
long. The weight  of dye  pe r  cm 2 was de te rmined  f rom 
the opt ical  dens i ty  (OD) of the green film at  the 670 
nm absorpt ion  maximum.  The geometr ic  film th ick-  
ness was es t imated  f rom this weight  and the approx i -  
mate  crys ta l  density.  I t  ranged  f rom 530 to 1060A. 
Detai ls  of the dye synthesis  and specimen p repa ra t ion  
were  given prev ious ly  (1). The o ther  mate r ia l s  were  
r eagen t -g r ade  chemicals. The organic  solvents were  
dr ied  by  a l lowing them to s tand over  a molecu la r  
sieve. 

A sput te red  gold contact  was appl ied  at  the upper  
end of the dye film, and the lower  end was immersed  
in the l iquid electrolyte .  The countere lec t rode was s i l -  
ve r  foil. A drawing  of the m o v i n g - b o u n d a r y  cell  is 
g iven  in Ref. (1).  The cell  was assembled in a he l ium-  
a tmosphere  glove box, where  the oxygen  level  did  not  
exceed a few ppm. Constant  cathodic currents  of 0.2- 
2 #A were  app l ied  wi th  a PAR 173 galvanostat ,  and  the 
to ta l  appl ied  vol tage was moni tored  wi th  a Ke i th ley  
610C e lec t rometer  and a s t r i p -cha r t  recorder .  The 
bounda ry -p ropaga t i on  dis tance was measured  by  v iew-  
ing the film agains t  a back - l i gh t ed  screen of mi l l ime te r  
g raph  pape r  under  ,~2• magnification. The electr ic  
field in the co lor -conver ted  film could be de te rmined  
by  ra is ing the e lec t ro ly te  level  in successive increments  
and  observing the corresponding vol tage  decreases.  In  
severa l  cases, the  specimens were  examined  af ter  p rop-  
agat ion by  ene rgy-d i spe r s ive  x - r a y  spectroscopy 
(EDS),  using an ETEC Autoscan  scanning electron 
microscope.  Comparisons of lu te t ium,  potassium, and 
chlor ine  levels  in different  regions of  the films were  
m a d e  in this way.  

Results and Discussion 
Visual observations.--The color change a lways  began 

at  the  dye / e l ec t ro ly t e  in ter face  and t r ave led  upward  
t oward  the electronic contact.  This behav ior  is con- 
s is tent  wi th  an ion- in jec t ion  mechanism. It  differs f rom 
that  of Yamana ' s  qual i ta t ive  exper iments ,  where in  the  
b lue  colorat ion of e rb ium d iphtha locyanine  films on 
glass began  at  the me ta l  contact  (8). In  our  experience,  
co lor -conver ted  d iph tha locyanine  films are  prone to 
c rack  and peel  a w a y  from glass. If  this occurred in 
Yamana ' s  cell, the dye could have become wet  wi th  
e lec t ro ly te  by  cap i l l a ry  action. Cathodic react ion then 
would  have occurred in the upper  pa r t  of the film. 

The adhesion p rob lem was mi t iga ted ,  though not  
fu l ly  avoided,  in the present  work  by  using a sapphi re  

or Myla r  substrate.~ With  aqueous electrolytes ,  the 
cathodic bounda ry  propaga t ion  tended not  to proceed 
as un i fo rmly  as i t  d id  for the anodic g r e e n - t o - r e d  
process (1), bu t  the bounda ry  veloci ty  and field were  
measurab le  in a number  of exper iments ,  as shown by  
Fig. 1-3. Occasionally,  the bounda ry  was too i r r egu la r  
for quant i ta t ive  use. 

A n  addi t ional  difficulty arose wi th  the organic  e lec-  
t rolytes.  Al though the ini t ia l  green form of the dye was 
insoluble  in severa l  organic liquids, including AN and 
DMSO, the blue reduced form w a s  soluble. This led to 
poor e lect r ica l  contact  dur ing  the bounda ry  p ropaga -  
tion and p reven ted  de te rmina t ion  of the field by  
changing the e lec t ro ly te  level.  

The p ropaga ted  color depended  on the e lec t ro ly te  
cation. With  HC1, the produc t  was d a r k  violet.  Wi th  
KC1, KI, and LiC1, only  a l ight  b lue  appeared.  In  con- 
trast,  we have observed that  anodic bounda ry  p ropa -  
gat ion wi th  different  anions yields  a single red  color 
(4). 

e The dye film adheres well to tin oxide, but that substrata can- 
not be used in moving-boundary s tudies  beca use  it  is e lec tronic -  
al ly  conductive. 
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Fig. i. Dependence of boundary propagation distance on time 
with aqueous 1.2M HCI electrolyte. Specimen 1. 
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with aqueous IM  KCI electrolyte. Specimens 3, 4, and 5. 
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Fig. 3. Plots for determination of electric field in the blue film 
with aqueous ].2M HCI electrolyte. Specimen I. 

Electrical parameters.hThe resul ts  for aqueous and 
nonaqueous solutions are  summar ized  in Table  I. A l -  
though the total  appl ied  cur ren ts  were  in the  mic ro-  
ampere  range,  the es t imated  cur ren t  densit ies th rough  
the cross sections of the films were  15-200 m A / c m  2. 
This range  includes cur ren t  densit ies tha t  would  be 
used in potent ios ta t ic  switching of a d iph tha locyanine  
e lect rochromic d i sp lay  (7). 

The apparen t  number  n of e lectrons t rans fe r red  per  
molecule  of dye was ca lcula ted  f rom the current ,  the 
area  conver ted  per  uni t  t ime, and the optical  densi ty  
of the green film. Plots  for eva lua t ing  the b o u n d a r y  
veloci ty  a re  shown in Fig. 1 and 2. With  aqueous KC1, 
n was 1.9 • 0.2. Wi th  HC1, the apparen t  n was consid-  
e rab ly  larger ,  and on specimen 1, i t  was shown to 
increase  sys temat ica l ly  wi th  the appl ied  current .  The 
large  appa ren t  n's in the acid solut ion p robab ly  were  
caused by  a side react ion forming  e lementa l  hydrogen.  
The apparen t  n at  0.4 ~A was 5.2 for specimen 1 and 12 
for specimen 2. One could surmise f rom this compar i -  
son tha t  the sapphi re  subs t ra te  was more  conducive 
than Myla r  to proton t r anspor t  benea th  the dye film, 
but  fu r the r  inves t igat ion would  be needed to ver i fy  
such a mechanism. Ex t rapo la t ion  of the apparen t  n to 
zero cur ren t  y ie lded  a va lue  of 3.5 for the Myla r -  
suppor ted  film contacted by  1.2M HC1. F e w e r  da ta  were  
recorded  for nonaqueous e lectrolytes  because of the  
b lue - so lub i l i ty  problem,  but  an n va lue  of 1.1 was oh-  

ta ined wi th  both Myla r -  and sapph i re - suppor t ed  films 
contacted by  LiC1-DMSO. 

A car r ie r  mobi l i ty  ~ in the conver ted  film was found 
f r o m  t h e  re la t ionship  

= v /~  [1] 

where  v is the bounda ry  veloci ty  and ~ is the electr ic  
field de te rmined  by  ra is ing the e lec t ro ly te  level  (1). 
F igure  3 shows plots for the evalua t ion  of ~ in the  My-  
l a r - suppo r t ed  film p ropaga ted  f rom aqueous HC1. The 
average  mobi l i ty  was 8 • 10-~ cm2/Vsec. S i n c e  t h e  
cur ren t  and the app rox ima te  film thickness were  
known, the bu lk  res is t iv i ty  pb of the blue phase could 
be es t imated  f rom Eq. [2], where  I i s  t h e  c u r r e n t  
d e n s i t y  

pb = ~/ I  [2] 

The average  res is t iv i ty  for specimen 1 was 1800 12-cm. 
This is s imi lar  to the resis t ivi t ies  of 1300 and 2000 ~ - c m  
for the red  oxida t ion  products  containing chlor ide  a n d  
s u l f a t e  ions (1). 

Interpretations.--The violet  phase p ropaga ted  f rom 
a n  aqueous HC1 in ter face  appears  to be an ionic con- 
ductor.  This is suggested by  the magni tude  of the car -  
r i e r  mobil i ty ,  which is compared  in Table II  wi th  those 
of re la ted  solid electrolytes .  Dependence  of the  reduc-  
t ion-produc t  color on the e lec t ro ly te  cation also is 
consistent  wi th  a ca t ion- in jec t ion  mechanism.  More-  
over, EDS analysis  confirmed the presence of p o t a s -  
sium, and the absence of chlorine, in blue areas  p ropa -  
gated f rom KC1, while  ne i ther  of these e lements  was 
found in green areas  of the same plates.  

The react ion for aqueous KC1 m a y  be wr i t t en  

L u l l ( P c ) 2  + 2K + + 2 e - > L u l l ( p c ) 2 =  �9 2K + [II] 

Green  Ligh t  blue  

This process is analogous to the anodic oxidat ion  ut i l iz-  
ing two chlor ide  ions and forming the d iva len t  organic  
cation. 

The measurements  wi th  LiC1 in DMSO indica ted  a 1- 
e lectron reduction,  which might  be represen ted  b y  

L u l l ( P c ) 2  + Li+ + e-~ L u H ( P c ) ~ -  . Li+ [III]  

G r e e n  Light  b l u e  

With  dissolved lu te t ium diphthalocyanine,  Corker,  
Grant ,  and Clecak also repor ted  cathodic format ion  of 
a radical  anion (11). The e lec t ro ly te  was t e t r a b u t y l a m -  
monium fluoborate in d imethy l formamide ,  and the 
work ing  e lect rode was p la t inum.  Reduction beyond the 
1-electron stage with  LiC1 in the m o v i n g - b o u n d a r y  
cell  might  have been p reven ted  by  separa t ion  of the 
two phtha locyanine  r ings to form LiHPc and LuPc. 
Such a process could account for the h igher  solubi l i ty  
in organic solvents.  

F u r t h e r  work  is needed to character ize  the reduct ion 
products .  I t  is significant, however ,  that  da rk  blue or  
violet  colors never  were  obta ined  wi th  meta l  cations in 
the mov ing -bounda ry  exper iments ,  even at  a cur ren t  
dens i ty  as high as 200 mA/cm~. An  acidic e lec t ro ly te  is 

Table I. Results of cathodic boundary propagation in lutetium dlphthalocyanine films 

Initial  
OD at Current Color Appar-  ~ (cm~/Vsec)  

Spec imen 670 n m  Substrate  Solvent  Electrolyte  (~ak) f o r m e d  ent  n • 107 

1 1.15 Mylar W a t e r  1.2M H C 1 0 . 2 0  Violet  3.5"4.7 13" 

0.4 5.2 4.1 
0.8 7.6 6.2 
1.4 8.8 8.4 

2 1.02 Water  1M HC1 0.4 Violet  12 - -  
3 0.82 W a t e r  1M KC1 0.5 Light b lue  1.7 - -  
4 0.85 Water  1M KCI 1 Light b lue  2.1 - -  
5 0.85 Water  llVl KCI 2 Light b lue  1.8 - -  
6 0.69 A N  0.1M KI 0.5 Light blue ~ 3  - -  
7 0.58 DMSO ~2M LiC1 0.5 Light b lue  1.1 - -  
8 1.02 DIVISO ~2M LiC1 0.5 Light b lue  1.1 - -  

Sapphire  
Sapphire  
Sapphire  
Sapphire  
Sapphire  
Mylar 
Sapphire  

" By extrapolat ion of n vs. t to i = 0, 
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Table Ih Solid-state ionic mobilities near 25 ~ 

Mobile Mobility (cmSl 
Material Form ion Vsec) • i0 e Ref. 

Anodic oxidation product of Lull (Pc) 

Cathodic reduction product of Lull (Pc) 
H~WOs 
HUO,zPO4.4H20 

Thin film C1- 4 (1) 
SO4= 4 (1) 

Thin film H + 0.8 This investigation 
Thin film H+ 0.8 (9) 
Polycrystalllne H+ 8 ( I0 ) 

requ i red  to form the da rk  produc t  in in su la to r - sup-  
por ted  films. Yet da rk  blue and violet  are  read i ly  ob-  
ta ined wi th  aqueous KC1 when  the dye  is on semi-  
conduct ive t in oxide  (5,6). We propose the fol lowing 
mechanisms to  account for this difference in the elec-  
t rochromic  behavior .  

With  an adequate  supply  of protons,  reduct ion  of the 
dye  can proceed b y  a double- in jec t ion  mechanism 
s imi lar  to tha t  of reac t ion  [II] 

L u l l ( P c ) 2  ~- nH+ ne -> LuHn+l (Pc)2  [IV] 

Green  Da rk  b lue  or  violet  

Al l  or  pa r t  of the n~-1 hydrogen  atoms m a y  be ionized 
in the  solid state. When  the supply  of protons is in-  
sufficient, the dye m a y  be conver ted  at  a t in oxide 
e lect rode by  a coupled chemical  react ion ra the r  than  
di rec t  e lec t ron t ransfe r  

H~O ~- e--> H �9 (Ads)  -t- O H -  [V] 

L u l l ( P c ) 2  ~- n H .  (Ads)  -> LuHl+n(Pc)2  [VII 

Green  Dark  blue or violet  

The reac t ive  in te rmedia te  is represen ted  as an ad-  
sorbed hydrogen  a tom because a species wi th  such 
character is t ics  is known to form on t in oxide  at 
cathodic potent ia ls  (12, 13). Fur the rmore ,  a pH in-  
crease accompanies  cathodic format ion  of a blue  
p roduc t  on tin oxide  in aqueous KC1, and hydrogen  ions 
are  re leased  to the solut ion on its anodic oxidat ion  
(14). 

The da rk  b lue  and violet  forms cannot  ye t  be dis-  
t inguished on the basis of the n values.  One of our  
previous  invest igat ions  provides  evidence, f rom corre-  
la t ion of absorpt ion  spect ra  wi th  approx ima te  open-  
c i rcui t  potent ia ls  of the reduced  films, that  the da rk  
blue and violet  colors may  involve two discrete ox ida -  
t ion states  of the dye (5). We now es t imate  tha t  n is 
2 or  3 for the da rk  blue state, and 3 or  4 for the violet.  

Moska lev  and Ki r in  or ig ina l ly  proposed f ie ld- induced 
ionizat ion to H + and L u ( P c ) 2 -  to account for the 
cathodic e lec t rochromism of lu te t ium d iph tha locyan ine  
films (15). The p resen t  s tudy  has shown tha t  these 
color changes are  due, instead, to fa radaic  processes. 
Al though  the acidic hydrogen  m a y  not  be f i rmly bound 
to the organic  s t ruc ture  in r a r e - e a r t h  d iph tha locy-  
anines  (16), i t  is the e lec t ro ly te  cation tha t  p lays  a 
v i ta l  role  in the e lec t rochromism at cathodic potent ials .  
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ABSTRACT 

Photoelectrochemical characterizat ion of CdSe thin films prepared by  a 
chemical solution growth technique was carried out by l inear-sweep volt-  
ammetry,  current-vol tage  measurements  under  forward and reverse bias, 
photocurren t -wavelength  measurements ,  and electrical impedance measure-  
men t  techniques. The qual i ty  of the present  CdSe/electrolyte junct ions for 
photovoltaic applications was assessed by examining  the effect of vary ing  
light in tens i ty  on current-vol tage behavior. The ideali ty factors (n) were deter-  
mined for these junct ions by modeling the CdSe/electrolyte junct ion  in terms 
of a Schottky barrier.  Values of n close to 2 were obtained and were a t t r ib -  
uted to the dominat ing influence of recombinat ion-genera t ion  currents  (either 
at the surface or in the depletion region) on the overall  photovoltaic c h a r -  
ac ter i s t i c s .  The presence of a thin, tunne lab le  CdS layer  on the CdSe elec- 
trode surface was postulated as causing the nonideal  current-vol tage  be-  
havior par t icular ly  in the reverse-bias regime. Equivalent  circuits for the 
CdSe/electrolyte interface were developed using a novel  technique for mea-  
sur ing the equivalent  paral lel  conductance and capacitance as a funct ion of 
signal f requency and applied bias. A method of extract ing flatband potentials 
based on conductance measurements  is demonstra ted using th e  C d S e  th in  
fi lm/electrolyte interface. 

Cadmium selenide has shown considerable potential  
for applications related to photoelectrochemical (PEC) 
methods of solar energy conversion. Stable and effi- 
cient CdSe-based PEC devices have been reported re- 
cent ly  (1, 2). Photoanodes have been fabricated from 
n- type  CdSe in  the form of single crystal (3, 4), s in-  
tered aggregates (1, 4), pastes (2), and thin films (4, 
5-7). Both aqueous (1-6) and nonaqueous electrolytes 
(7, 8) have been employed in  these PEC devices. 

In  this work, we describe the photoelectrochemical 
characterization Of CdSe thin films prepared by a 
chemical solution growth technique (9). This tech- 
nique is relat ively inexpensive, simple, and amenable  
to rout ine manufac ture  on a large scale. A variety of 
electrical and electrochemical techniques was em- 
ployed to assess the qual i ty of photoresponse of these 
films. These included l inear-sweep vol tammetry,  cur-  
rent-vol tage measurements  under  forward and re-  
verse bias, photocurrent -wavelength  measurements ,  
and electrical impedance characterization as a funct ion 
of signal f requency and applied bias. The sensit ivi ty 
of 'the photoresponse to. light intensi ty  was also studied 
as an effective measure of the junct ion qual i ty for ap- 
plications related to solar energy conversion. 

Equivalent  circuits were developed for the n -CdSe /  
electrolyte interface from conductance and capacitance 
data as a funct ion of f requency and applied bias. A 
novel technique for extract ing semiconductor flatband 
potentials from electrical impedance measurements  is 
presented. Frequency  dispersion in the measured 
space-charge capacitance values is often a problem in 
the de terminat ion  of flatband potentials (10). This 
difficulty is c i rcumvented in the present  approach by 
ut i l izing conductance data and exploiting the relat ion-  
ship of equivalent  paral lel  conductance to the space- 
charge capacitance in  the semiconductor (11). 

* Electrochemical Society Active Member. 
Present address: Arco Enterpmses, Incorporated, Troy, Mich- 

igan 48084. 
Key words: chemical solution growth, electrical impedance 

characterization, Schottky barrier theory. 

Experimental 
Thin films of CdSe on t i t an ium foil substrates w e r e  

prepared at the Ind ian  Inst i tute  of Technology, New 
Delhi, by the overall  chemical reaction 

Cd (NH~)42+ + SeSO32- -~- 2 OH- --> CdSe 

+ 4NI-I~ + SO42- + H~O [1] 

Relevant details on the growth of these films are 
given elsewhere (9, 12). The films labeled Film I, 2, 
and 3, were prepared at 85~ with 2.1, 2.8, and 3.5M 
NH8 concentrations and had thicknesses ,-0.7, 0.85, and 
0.9 #m, respectively. The as-grown films were n-type 
with resistivity ~i07-10 s 12-cm. On annealing at 280~ 
for 30 min in vacuum (10 -5 Torr), the resistivity was 
brought down to the range 1-10 l%-cm. The annealed 
films had carrier concentrations in the range 5 X i017- 
5 X 1018 em -3 and carrier  mobili t ies in  the range 1-10 
cme/V-sec. 

Electrode fabrication consisted of cutt ing the 3 X 
4 cm 2 as-prepared sheets of th in  films into small  wafers 
of area in the range 0.15-0.5 cm 2. The CdSe film was 
scraped off from one side of the wafer and a back con- 
tact was made to the exposed t i t an ium by  application 
of conductive silver epoxy. A Teflon-coated copper 
wire was attached to the back contact by using the 
same epoxy. The ent i re  back surface and edges of the 
electrodes were then covered wi th  nonconduct ing 
epoxy resin. 

A mixture  of solutions of 1M NafS, 1M S, and 1M 
NaOH in deionized water  was used as the electrolyte in 
the PEC cells. The cells were cont inual ly  purged with 
a slow stream of prepurified argon gas. Both two- 
electrode and three-electrode PEC configurations were 
employed. A vitreous carbon plate (1.5 • 15 • 30 mm, 
Atomergic Chemetals Corporation, New York) w a s  
used as the counterelectrode in  both cases. A saturated 
calomel electrode (SCE) was used as the reference 
electrode for potentiostatic measurements.  

Two types of etching were employed for the CdSe 
thin film photoanodes prior to their  use in  the PEC 
cells: a chemical etch consisting of successive non-  

1744 
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convective dips in 6, 1, and 0.1M HC1 for 3-5 sec fol- 
lowed by a rinse in deionized water, and a photoetch 
according to the procedure described by a previous 
author (2), wherein the photoelectrode is i l luminated 
under short-circuit conditions in a dilute aqueous ac id  
solution, for example 0.1M HC1. 

Current-voltage measurements were carried out on 
a Princeton Applied Research (PAR) Model 175 uni- 
versal programmer and PAR 173 potentiostat /galvano- 
star in the case of three-electrode PEC cells or on a 
custom-built  variable load current- to-voltage con- 
verter  for studies on two-terminal  devices. 

A 150-W ELH tungsten-halogen lamp was used to 
i l luminate the CdSe photoanodes. The intensity of 
the light source was calibrated by using neutral  den- 
sity filters and an Ealing Corporation Model LIMS 920 
radiometer/photometer.  The light intensities quoted 
below are not corrected for reflection and absorption 
losses in the cell and in the electrolyte. 

A Bausch and Lomb light source and a high- 
intensity monochromator in conjunction with a series 
of narrow bandpass filters were used for the photocur- 
rent-wavelength measurements. The working elec- 
trode was potentiostated against the SCE reference 
electrode and the photocurrents were measured on the 
PAR electrochemistry system. 

Electrical impedance measurements were carried out 
o n  the n-CdSe/electrolyte  interface by an automated 
technique developed in this laboratory (13). This tech- 
nique utilizes measurements of the changes in the 
amplitude and phase characteristics of a small ampli-  
tude a-c signal to generate values of the parallel  con- 
ductance and capacitance as a function of a-c signal 
frequency and applied bias. These values are then used 
i ;o derive equivalent circuit elements for the semicon- 
ductor electrode/electrolyte interface. A Hewlett-  
Packard (HP) frequency synthesizer (Model HHP- 
3320B), an HP Model 3570A network analyzer, a n d  an 
HP Model 9825A desk-top computer were used for 
these measurements. Fur ther  details may be found 
elsewhere (13). 

Results and Discussion 
Current-voltage measurements.--Figures 1-3 illus- 

t ra te  the current-voltage behavior of PEC cells based 
on solution-grown CdSe thin films. These data were 
obtained on two-terminal  devices although no signifi- 
cant differences in behavior were observed in the po- 
tentiostatic mode with three-electrode PEC cells. Po- 
larization effects at the countereIectrode (vide supra) 
can be therefore ignored in the following discussion. 
Open-circuit potentials (Voc) in the range 0.20-0.26V, 
short-circuit  current densities (JsO ranging from 0.1 
to 2 mA/cm 2, and fill-factors spanning the range 0.20- 
0.35 were observed for the various devices depending 
on the prior thermal t reatment  of the film and surface 
preparation. Table I summarizes the performance pa-  
rameters for the various PEC devices tested in the 
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Fig. 3. Photocurrent-voltage carves for solution-grown CdSe phota- 
anodes (film No. 3). Light source and intensity same as in Fig. 1. 

present study. In general, photo and chemical etching 
tends to improve the Jsc values and therefore the en- 
ergy conversion efficiency of the device. Fi lm No. 3 
was found to yield better  quality electrodes than films 
No. 1 and No. 2 (Table I) as expected from thickness 
considerations (vide supra). No attempt was made in 
these experiments to optimize cell~ geometry, redox 
concentration, etc. since the main objective of this 
work was to characterize the overall  photoelectro- 
chemical behavior of solution-grown CdSe thin films. 
However, by using suitably recrystall ized and etched 
CdSe film deposited on SnO=: F coated glass substrates, 
Voo values in the range 0.40-0.62V, Jso up to 6 m A / c m  2 
(50 mW/cm 2 light intensity),  and fill-factors as high 
as 0.50 have been obtained. The details of these prior 
treatments and the performance of the corresponding 
PEC cells are reported elsewhere (14). 

Table I. Performance parameters of PEC devices based on 
solution-grown CdSe thin films 

( L i g h t  i n t ens i t y ,  100 m W / c m g ;  
e l e c t r o l y t e ,  1M S, 1M N a ~ ,  1M N a O H )  

F i l m  
No. 

Conver- 
Jme sion effi- 

P r i o r  Voc ( m A /  eiency 
treatment (V)  c m  2) F F  ( % ) 

N o n e  0.28 0.21 0.35 0.021 
C h e m i c a l  e t c h  0.25 0.47 0.33 0.039 
Photoetch 0.22 0.44 0.38 0.037 
None  0.28 0.20 0.20 0.011 
C h e m i c a l  e t c h  0.25 0.56 0.23 0.032 
P h o t o e t c h  0.23 1.17 0.29 0.078 
None 0.24 0.78 0.27 0.051 
Chemical etch 0.23 1.92 0.34 0.150 
Photoetch 0.23 1.90 0.34 0.149 
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Figu re  4 compares  the cu r r en t -vo l t age  behavior  in 
the  da rk  and under  i l lumina t ion  for film No. 3. These 
da ta  were  obta ined under  potent ios ta t ic  conditions. 
S imi la r  behavior  was observed  for films No. 1 and 2. 
The usual  rect if icat ion behavior  expected  in the  re -  
verse bias reg ime for  semiconduc to r /e lec t ro ly te  junc -  
tions in the  da rk  is observed here.  F rom Fig. 4 and 
s imi la r  da ta  for  the o ther  films, the f la tband potent ia l  
(VFB) is seen to be more  negat ive  than  ca. - -  1.0V (vs. 
SCE) in  the  polysulf ide solution. A more  precise lo-  
cat ion of  the  VFB va!ue is ob ta ined  f rom the  e lec t r ica l  
impedance  measurements  descr ibed below. 

A fea ture  wor thy  of note in the da ta  shown in Fig. 
4 is the g radua l  increase  in cur ren t  wi th  increasing 
reverse  bias in the dark.  This increase is pa r t i cu l a r ly  
pronounced on i l lumina t ion  of the device. At  vol tages  
s ignif icant ly anodic of ca. 0.5V (vs. SCE),  a ve ry  rap id  
increase in cur ren t  (not shown in Fig. 4) was noted for 
a l l  the films examined  in the  present  study.  This be -  
hav ior  is commonly  encountered  in so l id-s ta te  devices 
and is a t t r ibu ted  to dielectr ic  b r eakdown  (15). The 
g radua l  increase  in cur ren t  pr ior  to this ab rup t  change, 
however ,  is of more  re levance  to  this study.  There  are  
three  possible explanat ions  for this "anomalous"  be -  
h a v i o r : ( / )  in the  reverse  bias direction,  the presence 
of an in te r rac ia l  l aye r  causes the  effective ba r r i e r  
height  to decrease  wi th  increasing bias, so that  the 
reverse  cur ren t  does not  sa tura te  (15), (ii) hole -e lec-  
t ron  pairs  a re  t he rma l ly  genera ted  in  the  deple t ion  
region  under  condit ions of la rge  reverse  bias (i.e., 
la rge  band bending  in the semiconductor) ,  and (iii) 
the  cur ren t  increases due to the  onset of e lect ron in-  
ject ion f rom the e lec t ro ly te  because the ba r r i e r  be -  
comes thin enough for tunnel ing "to t ake  place. 

Of the above  possibil i t ies,  we p re fe r  the explana t ions  
based on (i) and (iii) above. Suppor t  for (i) der ives  
f rom observat ions  (5, 16, 17) on the fo rmat ion  of a 
th in  CdS l aye r  on the surface of the CdSe electrodes 
by  S /Se  substi tut ion.  On the other  hand,  the  more  p ro -  
nounced increase  in the currents  in the  reverse  bias 
di rect ion on iUuminat ion re la t ive  to the  da rk  case 
(Fig. 4), suggests tha t  the  tunnel ing  process (i.e., elec-  
t ron  in jec t ion  f rom the e lec t ro ly te)  might  be enhanced 
because of the  s l ight  increase  in the  ma jo r i t y  ca r r i e r  
dens i ty  at  the interface.  Under  potent iosta t ic  condi-  
t ions such as those employed  for the measurements  
in Fig. 4, this  is equiva len t  to heavie r  doping of the  
semiconductor  and hence a th inner  surface  bar r ie r .  

A more  deta i led  discussion of the  cu r ren t -vo l t age  
character is t ics  and the effect of in ter rac ia l  layers  is 
postponed to a l a t e r  section. 

Effect of Sight in tens i ty .~I f  we model  the semicon-  
duc to r /e lec t ro ly te  in terface  as a Schot tky  bar r ie r ,  it  
is possible to represen t  the  cu r ren t -vo l t age  charac te r -  
istic by  the fol lowing expression (18) 

J = Jph --  Jd = Jph --  Jo [exp ( q V / n k T )  -- 1 ) ]  [2] 

Here  J is the ne t  cur ren t  dens i ty  (cur ren t  pe r  uni t  
a rea ) ,  Jpn a n d  Jd are  the  pho tocur ren t  dens i ty  and 
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Fig. 4. Potentiostotic current-voltage curves in the clark and 
under illumination for solution-grown CdSe photoanodes (film No. 
31. 

da rk  cur ren t  density,  respect ively,  Jo is the reverse  
sa tura t ion  cu r ren t  density, V is the  voltage,  n is the 
" junc t ion , idea l i ty"  factor, and o ther  te rms have the i r  
usual  significance. Fo r  bias  vol tages exceeding 3kT/q,  
we can neglect  the  las t  t e rm in the b racke t  in Eq. [2]. 
Also at  equ i l ib r ium (open-c i rcui t  condi t ions) ,  Jph = ,Jd 
and V • Voc so tha t  r e a r r angemen t  of Eq. [2] yields  

n k T  Jsc 
Voc --~ I n  . . . . . . .  [ 3 ]  

q Jo 

where  Vor is the open-c i rcu i t  vol tage and Jsc is the  
shor t -c i rcu i t  cu r ren t  density.  If  we fur ther  assume 
tha t  Jsc cc IL ( =  incident  l ight  in tens i ty)  and Jsc > >  
Jo, Eq. [3] reduces to the fol lowing express ion 

n k T  
Voc ~ in  IL [4] 

q 

A plot  of Voc against  In IL should y ie ld  a s t ra ight  l ine 
f rom which  values of n m a y  be de te rmined  for  the 
pa r t i cu la r  device. An  ideal  device should have an n 
value  of un i ty  so tha t  the slope of a s t ra igh t  l ine plot  
of Voc vs. log IL should be ca. 60 mV. F igure  5 i l lus-  
t ra tes  such plots for CdSe films No. 1, 2, and  3. An  
a l t e rna t ive  method  involves p lo t t ing  Voc vs. log Jsc 
(cf. Eq. [3] ). The slopes de te rmined  by  these analyses  
are  assembled in Table  II. The magni tudes  of these 
slopes can be ra t ional ized  only  if n _~ 2. 

The above assumption tha t  Jsc is d i rec t ly  p ropor -  
t ional  to the  l ight  ir~tensity is borne out  by  the da ta  
shown in Fig. 6. The l inear  dependence  also demon-  
s t ra tes  that  t r anspor t  of e lec t roact ive  S 2-  species to 
the CdSe /e lec t ro ly te  in terface  is not limi.ting the rate 
of the  overa l l  cha rge - t r ans fe r  react ion over  the range 
of l ight  intensi t ies  employed  in this s tudy.  
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Table II. Junction ideality factors for the illuminated 
CdSe/electrolyte interface 

Slope (V) n 

M e t h o d  of  F i l m  F i l m  F i l m  F i l m  F i l m  F i l m  
determination No. 1 No.  2 No.  3 No.  1 No. 2 No.  3 

Voc vs. log J , e  0.120 0.108 0.107 2.03 1.83 1.81 
Voc vs.  l o g  I~. 0.108 0.130 0.115 1.83 2.20 1.95 

(Of. Eq.  [4])  

The functional dependence of Jsc and Voc on light 
intensity for CdSe-based PEC cells was no,ted by pre- 
vious authors in studies on single crystals (3) and on 
thin films prepared by vacuum evaporation (6). 

Photocurrent-wavelength measurements.--Figure ? 
illustrates the spectral response of solution-grown 
adSe thin film electrodes in polysulfide solution. The 
sharp decrease in response below ~520 nm is consistent 
with the increased absorption of polysulfide solutions 
below these wavelengths (1, 3). The long wavelength 
cutoff is less sharp relative to the behavior of single 
crystal electrodes (6) and reflects the nonoptimized 
thickness of the present CdSe films leading to a conse- 
quent deterioration in long wavelength response. The 
gradual decrease in photoresponse into the short- 
wavelength region is indicative of surface recombina- 
tion of photogenerated minority carriers presumably 
mediated by electronic states in the bandgap [cf. Ref. 
(19, 20)]. Application of reverse bias to the electrode 
results in the expected increase in photocurrents aris- 
ing from better field separation of photogenerated 
carriers although the surface recombination component 
is not significantly reduced (Fig. 7). 

Equivalent circuit representation.~Equivalent cir- 
cuit representation of the semiconductor/electrolyte 
interface (21, 22) enables identification of specific com- 
ponents of the overall electrical network that are re- 
sponsive to potential and current perturbations. Fig- 
ures 8a, b, c, and d illustrate successive reductions of 
the equivalent circuit for a model semiconductor/elec- 
trolyte interface leading to the highly idealized system 
shown in Fig. 8d. Here Csr is the space-charge capaci- 
tance, CH is the Helmholtz layer capacitance, CG is 
the Gouy layer capacitance, RB is the internal series 
resistance comprising the contributions from the elec- 
trolyte, bulk semiconductor, and the back ohmic con- 
tact, RF is the resistance associated with Faradaic 
charge-transfer processes at the interface, and Css 
and Rss are the capacitance and resistance ~erms aris- 
ing from surface states or traps at the interface. For 
an ideal device, CG and CH should be large relative to 
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Fig. 7. Photocurrent-wavelenqth characteristics for solution-grown 
CdSe photoanodes (film No. 3) at various values of reverse bias. 
The voltages refer to SCE reference electrode. The photoresponse 
was normalized to take into account variations in intensity and 
quantum flux with wavelength. 
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Csc, RB should be small, RF should be large, and sur- 
face-state effects should be absent or at least minimal. 
In concentrated electrolytes such as those employed in 
the present study, the CG term may be ignored and 
since usually C• > >  Csc, an expression for the parallel 
admittance may be derived (13) (of. Fig. 8c) 

(GB + GF) (~GBCsc) -- ~GBGFCsc 
,~Cp = [5] 

(GB + GF) ~ + (~Cse) 2 
and 

(GBGF/~) (GB + GF) + C-~sCsc ~ 
Gp/,~ = [6] 

(Gs + GF) 2 + (,~Csc) ~ 

It is noted that in the above, effects from surface states 
have not been taken into account per se. The conduc- 
tance terms G ( =  l /R)  have been employed in the 
above expressions in place of resistances, since the 
measured quantity here is the parallel conductance. 

Each C-G combination above causes a peak in Gp/~ 
vs. ~ curves. Unless the G F  term becomes very large, 
it will not overlap the peak that is caused by the Csc- 
GB combination. The more ideally polarized the inter- 
face, the smaller is the GB term and hence the lower 
the frequency range at which it will have an appreci- 
able effect. For very low frequencies (~ -> 0) and for 
GB ~>> GF, Gp ~ GF. Typical C-p/~  VS. ~ curves are 
shown in Fig. 9 and 10 for films No. 1 and 3, respec- 
tively. Values for Csc and RB can be determined from 
these data from the expressions (11, 13) 

Csc "- 2[Gp/r [7] 

RB : 1/GB : 1/ (2~[Op/~]max) [8] 

GF (or RF) is given by the extrapolated value of the 
low-frequency data to the Gp/~ axis (c]. Fig. 9 and 10). 
Values of Csc, RB, and RF thus determined and the 
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I~g. 9. Impedance spectra of solution-grown CdSe photoanodes 
(film No. 1). Solid circles, experimental points; line, theoretical 
curve based on the circuit elements shown in inset of the figure. 
Electrode potential, --0.75V (vs. SCE). 
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Fig. 10. Impedance spectra of solution-grown CdSe photoanodes 
(film No. 3). Description same as in Fig. 1|. Electrode potential, 
--0.80V (vs. $CE). 

overall circuit for the CdSe/electrolyte interface are 
shown in the inset of Fig. 9 and 10. The solid circles 
in Fig. 9 and 10 represent experimental data; the lines 
are "theoretical" curves based on calculated values of 
the circuit elements. Computational procedures for 
data fitting and other relevant details may be found 
elsewhere (13). 

It is again noted that the circuit representations in 
Fig. 9 and 10 for the CdSe/electrolyte interface are 
somewhat idealized since surface-state effects have 
been ignored. Based on previous measurements in this 
laboratory on the n-GaAs/molten-salt electrolyte in- 
terface, the discrepancy between the theoretical curves 
and the experimental data in the intermediate fre- 
quency regime in Fig. 9 and 10 may be attributed to 
the influence of surface states. Attempts to include this 

effect in computation of the theoretical Gp/~ curves 
were not entirely successful because adequate resolu- 
tion of peaks arising from Css-Gss and Csc-GB com- 
binations, was impeded by the shift of the Csc-GB 
peak toward lower frequencies relative to the GaAs 
case (23). Either a decrease in GB (with constant Csc) 
or an increase in Csc (with constant GB) can cause this 
shift (13). 

The C~o values computed from Eq. [7] under condi- 
tions of varying bias may be utilized to determine VFB 
values by the Mott-Schottky relationship (24) 

2 
I/C~ = (V - VFB -- kT/q) [9] 

qesNDA ~ 

Here ~s is the permittivity of the semiconductor, ND 
is the semiconductor doping density, and A is the elec- 
trode area. Figure 11 illustrates Mott-Schottky plots 
for films No. 1 and 3. A VFB value of --1.56 • 0.06V 
(vs. SCE) was deduced from plots such as those shown 
in Fig. 11 for the CdSe films examined in this study. 
This value pertains to that obtained in the polysulfide 
electrolyte and may be compared with values of --1.45, 
--1.34, and --1.30V (vs. SCE) reported by previous 
authors for single crystal, vacuum-deposited thin films 
and for sintered pellets, respectively (3, 4). 

General  Discussion 
In a broad sense, the present data may be regarded 

as representative of the manner in which many anal- 
ogous features in the electrical characteristics of the 
semiconductor/electrolyte junction and a Schottky 
barrier (25) may be utilized to assess the quality of 
the photoactive junction in a PEC electrode/electrolyte 
interface. For example, n values close to 2 have been 
observed for the present CdSe thin film electrodes (cf. 
Table II). Values of n ---- 2 are characteristic of the 
propensity of recombination processes involving pho- 
togenerated electron-hole pairs either at the semi- 
conductor surface or in the depletion region (18). This 
causes a deviation from ~the ideal current/voltage 
characteristic especially at low values of applied bias. 
We postulate that a significant factor in this nonideal 
behavior is the presence of an ultrathin, tunnelable 
layer consisting of CdS on the CdSe surface (cf. Fig. 
12). This layer is believed to be electrically insulating 
because of compensation of excess Cd and/or Se va- 
cancies (16). The effect of this insulating layer on the 
photovoltaic characteristics of the CdSe/electrolyte 
junction is twofold: (i) because of the potential drop 
across this layer, the zero-bias barrier height, ~~ is 
lower than it would be in the absence of this layer (cf. 
Fig. 12) and (ii) when a bias is applied, part of the 
bias voltage is dropped across the CdS layer so that 
the barrier height, ~b, will be a function of bias volt- 
age. The effect of this bias dependence of Cb is to 
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Fig. 12. Energy band diagram for the CdSe/electrolyte interface 
under any arbitrary forward bias. Vredox is the redox potential, Xs 
is the semiconductor electron affinity, EF s is the Fermi level in the 
semiconductor, and Eg is the energy bandgap in the semiconductor. 
Other symbols are defined in the text. 

change the shape of ehe current/voltage characteristic 
in a manner represented by the inclusion of an ideali ty 
factor, n (cf. Eq. [1]). 

The above effects may be represented by the ex- 
pression (26) 

( kT ) 1/" 
Cb - - "  ~ b b  ~ - -  a (2qArv/es)1/= ~bb -- V -- A -- - -  

q 
[103 

Here a --  tes/(,i -}- qtDss), el is the permit t ivi ty  of the 
insulating layer, t is its thickness, Ds~ is the surface 
state density, and A is the difference between the con- 
duction bandedge and the Fermi level. 

Figure 12 illustrates the electrostatic aspects of the 
semiconductor/electrolyte interface in the presence of 
an ultrathin insulating layer. An estimate of the bar-  
r ier-height  lowering may be obtained from Eq. [10], 
assuming t ---- 20A, Dss =- 10 iv eV -1 m -~, es -- ei _~ 9eo 
(27), and (r -- V -- A % kT/q) ~__ 1V; a value eb ~ -- 
eb -- 0.02V is obtained. This effect will be enhanced by 
a larger  doping level in the semiconductor and a 
thicker insulating CdS layer. [Depth profiles reported 
by previous authors for CdSe photoelectrodes indicate 
a layer  thickness of the order of 80A, ReL (16). The 
above value therefore is to be taken as a conservative 
estimate.] The barr ier-height  lowering would also be 
more pronounced under reverse bias because of the 
increase in the (r -- V -- A -- kT/q)'/2 term in Eq. 
[10]. 

The electrical impedance measurements i l lustrate 
the manner in which difficulties encountered in "con- 
ventional" capacitance measurements w~th frequency 
dispersion of Csc values (10) may be avoided. Mean- 
ingful VFB values may be extracted by utilizing the 
relationship of Gp/~ peak maxima with Csc (cf. Eq. 
[7]). Indeed, capacitance measurements using the 
standard lock-in technique (28) at discrete signal fre- 
quencies failed to yield reproducible Mott-Schottky 
plots for the present CdSe thin films. An additional 
advantage with the present approach is that changes 
in electrical conductance with voltage are much 
greater than corresponding variations in the capaci- 
tance (11), thereby enhancing t h e  sensitivity of the 
technique. Further  details of this new technique for 

measuring VFB values are being published in compan- 
ion papers (29). 

Work is continuing in these laboratories toward im- 
provement of the surface quality of solution-grown 
CdSe thin films and thereby optimizing their per-  
formance in regenerative PEC devices for conversion 
of solar energy into electricity. 
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Effect of Temperature on the Operation of a 
Photoelectrochemical Device: Studies on the 

n-GaAs/Room Temperature Molten Salt 
Electrolyte Interface 

K. Rajeshwar, P. Singh, *.l and R. Thapar* 
Department of Electrical Engineering, Colorado State University, Fort  Collins, Colorado 80523 

ABSTRACT 

The effect of temperature on the photovoltaic performance of a photo- 
electrochemical (PEC) system was evaluated by measurements on a model 
system comprising the n-GaAslA1C13-butyl pyridinium chloride (BPC)[car-  
bon cell containing the ferrocene/ferricenium ion (Fe (Cp) 2/Fe (Cp) ~+) 
couple. Changes in the solar cell parameters for this system with tempera-  
ture were monitored for the range from ambient to 85~ The short-circuit  
current densities (Jsc) showed a systematic increase over the temperature 
range while the open-circuit  voltage (Voc) and fill-factor (FF) showed a 
linear decrease at the rate of 3.6 mV/~ and 0.0Ol/~ respectively. The 
energy conversion efficiency (~1) of the device showed a maximum at an 
intermediate temperature (~50~ beyond which the decline in Vcc and FF  
ou tweighed  the beneficial effect of temperature on Jsc, leading to a rapid 
fall-off in ~1 at temperatures above ~60~ The linear decrease of Voo with 
increasing temperature was seen to be directly related to the increased 
dark current density at elevated temperatures. Analysis of the dark cur- 
rent  vs. voltage data by Schottky diode theory revealed the expected ex-  
ponential dependence of the reverse saturation current density on tempera-  
ture for the model PEC system. Measurement of the semiconductor flatband 
p o t e n t i a l  (VFB) for the n-GaAs/A1C18-BPC interface at  varying tempera-  
tures revealed a further origin for the increase in dark currents with tem- 
perature. The shift in VFB to positive potentials with increasing tempera-  
ture reduced the effective activation energy (or barr ier  height) for elec- 
tron injection from the electrolyte into the semiconductor in the dark. 
These results are discussed in terms of two mechanisms: (i) direct charge 
transfer between the semiconductor and the occupied redox levels in the 
electrolyte and (ii) electron injection into the semiconductor mediated by 
trap levels in the energy bandgap of the semiconductor. Finally, the effect 
of temperature on the Schottky diode parameters of the n-GaAsIA1CI~-BPC, 
Fe(Cp)2/Fe(Cp)~+]carbon cell is discussed in terms of enhanced surface 
and bulk carrier recombination effects at elevated temperatures. These lead 
to the observed deterioration in the fill-factor because of the increased series 
resistance associated with recombination-generation current  flow paths. 

There has been much discussion in recent years on 
photoelectrochemical (PEC) methods of solar energy 
conversion (1, 2). A key element o f P E C  devices is 
the semiconductor/electrolyte interface. The degree of 
effectiveness of minori ty-carr ier  charge transfer across 
this interface will have a direct bearing on the ul t i -  
mate energy conversion efficiency of the system. The 
strategy of enhancing this charge exchange by elevat-  
ing the temperature (3) has the added advantage of 
utilizing the near IR region of the solar spectrum, 
which otherwise would be wasted. Temperature also 
has beneficial effects on the optical properties of the 
semiconductor. Thus: recent studies have shown a 
red shift in the wavelength response of SnO2-based 
PEC cells (4). Although semiconductor bandgap nar-  
rowing is a favorable mechanism contributing to im- 

* Electrochemical Society Student Member. 
1 Present address: Arco Enterprises, Incorporated, Troy, Mich- 

igan 48084. 
Key words: flatband potential shift, diode quality factor, 

Schottky barrier theory. 

proved solar efficiency, analogous studies on solid- 
state devices have revealed a simultaneous deteriora-  
tion in the blue response because of carrier  recombina- 
tion at the surface (5). The objective of the present 
study was to critically evaluate the effect of tempera-  
ture on the photovoltaic performance of a model 
semiconductor/electrolyte interface. Of part icular  re l -  
evance to this work was the finding that temperature-  
induced changes in the charge and potential distr i-  
bution at the interface have substantial effects on the 
overall  PEC behavior. The main conclusion from this 
study is that there is an optimum temperature be- 
yond which the beneficial effects of temperature on 
the electronic and optical properties of the semicon- 
ductor/electrolyte interface are nullified by unfavor-  
able shifts in the flatband potential (VFB) to positive 
potentials leading to a reduced barr ier  height (or band 
bending) in equilibrium. The consequence is a low- 
ered open-circuit  voltage (V,r and increased dark 
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currents and carrier recombination with a concomitant 
deterioration in the overall energy conversion effi- 
ciency of the PEC system. 

Experiments were carried out on a model PEC cell 
comprising the n-GaAs[AIC1s-n-butyl pyridium chlo- 
ride (BPC), ferrocene/ferricenium ion couple Jcarbon 
system (6-8). 

Experimental 
PEC devices were fabricated from single crystal  E 

n-GaAs (Te-doped, <111> orientation with As ex- 
posed to the electrolyte) electrodes. These electrodes 
had doping densities of 2.17 • 10 z~ cm -a  as quoted by 
the manufacturer  (vide inJra). Electrode fabrication, o 
etching, and other surface t reatment  procedures  fol- 
lowed those outlined previously (7). The surface 
area (uncorrected for surface roughness) of these 
electrodes was nominally 0.23 cmz. 

Molten salt electrolytes consisting of mixtures of 
A1C18 and BPC in varying molar  ratios were prepared 
according to procedures described elsewhere (6). Re- 
dox chemicals were obtained from commercial s o u r c e s  
and purified further by recrystallization. Nominal con- 
centrations of ferrocene (Fe(Cp)2) and ferricenium 
chloride (Fe(Cp)2C1) were 0.2M and 20 mmols, re-  
spectively. All manipulations with the electrolytes and 
redox chemicals were carried out in a dry box. 

A 300W tungsten halogen lamp was used to i l lumi- 
nate the n-GaAs electrodes. A nominal light intensity 
of 100 mw/cm 2 (AM1 solar simulation) was used for 
these experiments. The solar cell parameters reported 
herein are not corrected for light reflection and ab- 
sorption losses in the cell and in the electrolyte. 

Dark current-voltage measurements were performed 
as outlined previously (7, 8). Three-electrode geometry 
was employed for these measurements as well as for 
the capacitance voltage measurements using the lock- 
in techniqu e (6). An aluminum wire immersed in the  
A1C13-BPC electrolyte (2:1 molar ratio) and separated 
from the main cell compartment by a fine-porosity 
glass frit, was employed as the quasi-reference elec- 
trode. Solar cell measurements were carried out on 
two-electrode PEC cells using vitreous carbon as the 
counterelectrode. 

Measurements at  elevated temperatures were carried 
out in a thermostated cell assembly. The temperatures 
reported below are accurate to •176 

Results and Discussion 
Figure 1 il lustrates current-voltage census for the 

n-GaAsJA1CI~-BPC, Fe (Cp)~ /Fe(Cp)s  +[carbon PEC 
cell with temperature shown as the parameter.  The 
A1CI~-BPC electrolyte in this case was adjusted to 
be slightly basic of the 1:1 (A1C13:BPC) molar ratio 
composition since previous studies had shown this 
composition to be most suitable in combination with 
n-GaAs electrodes for photovoltaic applications (6-8). 
An increase in the short-circuit  current  density (J~)  
and a decrease in the open-circuit  voltage (Voc) a t e  
observed with increasing temperature. These trends 
are better i l lustrated by the data shown in Fig. 2 o n  
the variation of Jsc, Voc, fill=factor (FF), and solar 
conversion efficiency (~) with temperature. The Vor 
values decrease at the rate of ,~3.6 mv/~  whereas 
the FF shows a corresponding decline of ~0.001/~ We 
note here that  similar decreases in Voc with tempera-  
ture (2.3-2.6 mV/~ have been noted by previous 
authors for solid-state p-n junction and Schottky bar -  
r ier  devices based on silicon (9, 10). 

The observed increase in the Jsc values for the pres-  
ent cells has its origin both on temperature- induced 
changes in the optical and electrical properties of the 
semiconductor as well as on corresponding variations in 
the potential  and charge distribution across the semi- 
conductor/electrolyte interface (vide in]ra). For the 
purposes of the present study, we will  concentrate 
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Fig. I .  Current-voltage curves for two-electrode n-GaAs 1:1 
AICIs-BPC, Fe(Cp)2/Fe(Cp)2 +[carbon PEC cell at different tem- 
peratures. Illumination with tungsten-halogen lamp at ~100 raW/ 
cm 2 incident light intensity (uncorrected, see text). 
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Fig. 2. (a) Variation of short-circuit current density (Js~) and 
open-circuit voltage (Vat) with temperature for model PEC device. 
(b) Variation of energy conversion efficiency (11) and fill-factor (FF) 
with temperature for model PEC device. 

on the lat ter  aspect since previous studies on solid- 
state cells (5) have clearly shown how temperature 
affects the electronic and optical behavior of the semi- 
conductor. We briefly note, however, that  t h e s e  s t u d i e s  
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have revealed the following: (i) the wavelength re-  
sponse shifts toward the red with increasing tempera- 
ture because of bandgap narrowing, (ii) the diffusion 
length of photogenerated carriers increases with in-  
creasing temperature, and (iii) the absorption coeffi- 
cient at longer wavelengths increases with increasing 
temperature because of (i) above. All of the above 
contribute to the observed increase in Jsc values with 
increasing temperature (Fig. 1 and 2). 

In order to understand the temperature dependence 
of Voc (Fig. 2), we consider the Schottky diode equa- 
tion for the semiconductor/electrolyte interface (11) 

J = Jph -- Jd "- Jph -- Jo [exp ( q V ( n k T )  -- 1] [1] 

where J is the total current density, Jph is the photo- 
current density, Jd is the dark current density, Jo is 
the reverse saturation current density, V is the bias 
voltage, and n is the diode quality factor In = 1 for 
an ideal device; n > 1 for a nonideal device, cf. Ref. 
(6)]. For bias voltages exceeding 3kT/q,  we can ne- 
glect the last term in the bracket in Eq. [1]. Moreover 
at equilibrium (open-circuit conditions), Jph = Jd and 
V = Voc so that rearrangement of Eq. [1] yields 

n k T  Jph 
Yoc ----- In [2] 

q Jo 

Equation [2] shows that the larger the value of Jo 
the smaller will be the Voc value generated by the 
device for same value of Jph. Figure 3 is a plot of Jo as 
a function of temperature for the n-GaAslA1C13-BPC, 
Fe (Cp) 2/Fe (Cp)2 + Icarbon PEC cell. Values of Jo were 
obtained from the intercept with the current axis of 
the extrapolated linear portion of In Jd vs. V curves 

zero cell potential. The exponential increase in Jo 
with temperature is consistent with the equation (11) 

Jo = A *T 2 exp ( - - r  [3] 

where A* is the Richardson's constant [~9 A c m  -~ 
K -2 for the present PEC system, Ref. (11)] and Ch 
is the barrier height at equilibrium. Equation [3] 
clearly shows that Jo is thermally activated. In PEC 
systems, Cb is given by the difference between EeB and 
Eredox, where ECB is the energy corresponding to the 
semiconductor conduction bandedge and Eredox is the 
equilibrium redox potential (cf. Fig. 4). 

Since recent studies have shown that charge transfer 
in PEC systems is largely mediated via surface-states 
(6, 7, 12), an alternative picture of the situation at the 
semiconductor/electrolyte interface is also shown in 
Fig. 4 where Et denotes a discrete trap level at the 
interface introduced by defects, specifically adsorbed 

6.0 - x 10 .7 
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I I I 
20 50 40 50 
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Fig. 3. Variation of reverse saturation current density (Jo) with 
temperature for model PEC device. 
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Fig. 4. Energy-band diagram for a PEC device at equilibrium. Eg 
is the semiconductor energy bandgap, Dred is the reduced redox 
levels, and Dox denotes the oxidized (empty) levels in the electro- 
lyte. See text for description of other symbols. The interphase be- 
tween ths semiconductor and the electrolyte is not shown for the 
sake of clarity. 

electrolyte ions, etc. Evidence for the mediation of 
surface states in charge transfer in the n-GaAs]AICIs- 
BPC, Fe (Cp) 2/Fe (Cp) 2 + [carbon system was presented 
in previous work (6). It was also speculated that 
specific adsorption of CI-  ions on the n-GaAs surface 
was the origin of these bandgap states (8). Under con- 
dition of relatively large reverse bias such that there 
is high band bending and consequently majority car- 
rier depletion at the interface, we can neglect the 
forward current flow of electrons from the semicon- 
ductor into the electrolyte. We then have the follow- 
ing equation for-the rate of electron transfer from the 
trap level into the semiconductor conduction band 
(1S) 

dnt ( E c B - - E t )  [4] 
Jo -~ q - -~  = --qKnntNc exp -- kT  

where Kn is the rate constant given by ca (c -- thermal 
velocity of electrons and ~ -- capture cross section of 
trap level), nt is the density of occupied trap states: 
and No is the density of available states in the conduc- 
tion band. Equation [4] shows that electron injection 
is thermally activated with an activation energy Ecs -- 
Et. We also see from Eq. [3] and [4] that the relative 
position of the semiconductor energy levels with re- 
spect to either the trap or redox levels is an important 
parameter in determining the magnitude of this acti- 
vation energy. For the following discussion, we assume 
that qVFB ~___ ECB which is a reasonable approximation 
for relatively heavily doped semiconductors since the 
difference ]EcB -- qVFB[ ~--~0.1 eV. 

Figure 5 illustrates the dependence of VFB on tem- 
perature for the n-GaAsIA1C13-BPC, Fe(Cp)s/  
Fe(Cp)s+[carbon system. The data are displayed in 
the form of conventional Mott-Schottky plots (14). 
The A1C18-BPC electrolyte in this case was adjusted 
to be basic (pC1 = ~7) by addition of appropriate 
amounts of BPC to the neutral 1:1 composition. A 
systematic shift in VFB to positive potentials is evident 
in the data in Fig. 5. This shift has important conse- 
quences on the magnitude of Jo and therefore Jd (cf. 
Eq. [1]). Considering the direct charge exchange be- 
tween the reduced redox species in the electrolyte 
and the conduction band in the semiconductor (repre- 
sented by scheme A in Fig. 4 and Eq. [8]), we now 
estimate the corresponding temperature-induced 
changes o n  Eredox. We have the following Nernst equa- 
tions 

kT, [ox] 
E, - - E  ~ + In ~ [5] 

neq [red] 
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Fig. 5. Mott-Schottky plots for the n-GaAs]AICI3-BPC interface 
at different temperatures. The a-c signal frequency was 10 kHz 
for these measurements. 

kT~ lax]  
E2 = E ~ -~- - - I n  [6 ]  

neq [red] 

where  E0 is the  s t anda rd  redox potent ial ,  lax]  and  
[red] denote  bu lk  concentra t ions  of oxidized and r e -  
duced redox  species, respect ively,  ne is the  number  of 
e lectrons involved  in the  redox  reaction,  and  the sub-  
scripts 1 and 2 denote  two different  t empera tures .  
To a first approx ima t ion  we can neglect  t e m p e r a t u r e -  
induced changes in the  redox  concentrat ions  and the 
reference  e lect rode potent ial ,  so tha t  subt rac t ion  of Eq. 
[6] f rom Eq. [5] y ie lds  

k (T2 --  T,)  
~kEredox -- ES --  Ez = In (0.I) [7] 

q 

where  the  mo la r  concentrat ions  of F e ( C p ) 2  + a n d  
Fe (Cp)2  have  been  inserted.  A n  es t imate  of AEredox 
f rom Eq. [7] and corresponding changes in VFB as a 
funct ion of t empera tu re  are  shown in Table  I. The da ta  
c lear ly  show tha t  changes in VFB (and therefore  ECB) 
far  ou tweigh  the effect of t e m p e r a t u r e  on Eredox. Fo r  
al l  prac t ica l  purposes,  therefore,  the  di rect ion of the  
shift  in VFB wi th  t e m p e r a t u r e  wi l l  immed ia t e ly  in-" 
dicate the  magn i tude  of the da rk  cu r ren t  dens i ty  at  
e leva ted  tempera tures .  Again  the  impl ic i t  assumpt ion 
is involved tha t  ECB does not  shift  w i th  appl ied  bias  
or  i l luminat ion.  In  the  presence of high sur face-s ta te  
densi t ies  and  consequent  dependence  of the potent ia l  
d i s t r ibu t ion  across the semiconduc to r /e lec t ro ly te  i n t e r -  
phase on the bias voltage,  the s imple model  descr ibed 
above wil l  be no longer  appl icable .  The p resen t  da ta  
on the n-GaAs[A1C13-BPC, Fe  (Cp) 2/Fe (Cp) 2 + I carbon 
cell  as wel l  as previous  work  (6, 7), however ,  suggest  
a behavior  consis tent  wi th  this simplif ied model.  The 
b a r r i e r - h e i g h t  reduct ion  wi th  t e m p e r a t u r e  is shown in 
Table  I I  for  this  PEC system. 

By a rguments  analogous to those descr ibed above, 
we see tha t  the ba r r i e r  he ight  ECB -- Et is also mod i -  

Table I. Comparison of the magnitude of the temperature shift of 
VFB and Eredox for the n-GoAs]AICI3-BPC, Fe(Cp)~/Fe(Cp)2+ IC 

system 

Temper- VFB Ereflox 
ature (V VS. AVFB AEredox (V  VS. 
(~ AI/AI ~+ ) (V) (V) * AI/AI s+) 

44 --1.12 O 0 0.3000 
51 - 0.86 0.26 0.0014 0.2986 
60 -- 0.83 0.03 O.0018 0.2968 
79- - -  0 , 7 5  0 . 0 8  0 . 0 0 2 4  0 .2944  

* Cf. Eq. [7], 

Table II. Variation of the zero-bias barrier-height (r~B)* with 
temperature for the a-GaAslAICla-BPC, Fe(Cp):~/Fe(Cp)2 + ]carbon 

PEC system 

Temperature ('C) CB (eV) 

44 1.42 
51 1.16 
60 1.13 
72 1.05 

* Taken as the  difference between VFB and the redox potential 
[0.30V v s .  A1/AI~, Ref, (6) ]. 

fled at  e leva ted  t empera tu re s  (el. scheme B in Fig.  
4 and Eq. [4] ). The locat ion of Et is not  expected  to 
va ry  apprec iab ly  wi th  t empe ra tu r e  so tha t  the  m a g n i -  
tude of the  ac t iva t ion  energy,  EeB --  Et, is l a rge ly  
de te rmined  by  the shift  in ECB. Con t ra ry  to the d i r e c t  
charge t rans fe r  ease (cf. scheme A in Fig. 4), however ,  
expe r imen ta l  evidence is less conclusive in suppor t  o f  
the t r a p - m e d i a t e d  e lec t ron inject ion mechanism in the 
presen t  PEC system. Fo r  example ,  b a r r i e r - h e i g h t  da ta  
obta ined f rom the slopes of Jo/T 2 vs. 1 / T  plots  [cf. Eq. 
[3], see Ref. (8)]  are  in exce l len t  ag reement  wi th  
the resul ts  of capaci tance measurements  on the 
n-GaAs[A1C3-BPC, F e ( C p ) / F e ( C p ) 2 + l c a r b o n  PEC 
system. On the other  hand, if we place the locat ion o f  
Et/q  as --0.1V (vs. A1/A1 +a) based on the observed 
posi t ion of reduct ion waves  on n - G a A s  (6), we obta in  
ECB --  Et : 0.65 eV for the s l igh t ly  basic A1C18-BPC 
e l ec t ro ly t e  [VFB = --0.75V, Ref. (6)]  which is con-  
s iderab ly  less than the va lue  (~1  eV) obta ined  f rom 
da rk  cu r ren t -vo l t age  da ta  (8). The above a l t e rna t ive  
model  was considered as a genera l  case since its oc-  
currence  in o ther  PEC systems is suppor ted  by  p rev i -  
ous studies in ' the  l i t e ra tu re  (12). 

The t empera tu re  dependence  of VFB has been dis-  
cussed by  previous  authors  (15) in t e rms  of the  fol -  
lowing express ion 

qVFB = E A  -- Eo -- qAfn --  qAVH [8] 

Here  E A  is the e lect ron affinity of the semiconductor ,  
Eo is the posi t ion of the reference  e lect rode re la t ive  to 
the vacuum level,  ~fn is the po ten t ia l  difference be -  
tween  the F e r m i  leve l  and the bo t tom of the  conduc-  
tion band (el. Fig. 4), and ~VH is the potent ia l  across 
the Helmhol tz  l aye r  due to adsorbed  ions. We specu-  
late  tha t  the origin of the posi t ive potent ia l  shift  in  
VFB wi th  t empe ra tu r e  (Fig. 5) in the n-GaAs]A1Cls-  
BPC system lies in t empe ra tu r e - i nduced  desorpt ion of 
C1- ions f rom the n -GaAs  elect rode surface. The sur -  
face the reby  acquires  an  increasing posi t ive charge  
wi th  increas ing t empe ra tu r e  leading to the observed 
shif t  in VFB. 

We note tha t  the  slopes of  the Mot t -Scho t tky  plots 
in Fig. 5 y ie ld  semiconductor  doping densit ies of 0.74 
• 1017 e r a -  3 at 44~ 0.71 • 1017 cm -8 at  51~ 0.71 
• 10 iv cm -a  a t  60~ and 0.74 • 1017 cm -8 at  72~ 
respect ively.  The constancy of these va lues  at  d i f ferent  
t empera tu res  provides  a fu r the r  check on the r e l i a -  
b i l i ty  of the Mot t -Scho t tky  analyses  in Fig. 5. 

Table  I I I  shows the effect of t empe ra tu r e  on 
Schot tky  diode pa rame te r s  for  the  n-GaAs]A1Cla-BPC, 
F e ( C p ) 2 / F e ( C p ) 2 + [ C  system. The p a r a m e t e r  Vo is 
de te rmined  by  the change in the voltage,  AV, for a 
decade change in the cu r ren t  dens i ty  (16) and w a s  
computed  f rom the d a r k - c u r r e n t  vs. vol tage  da ta  in 
Ref. (8). Fo r  nonideal  Schot tky  diodes, Vo is given 
b y  (16) 

Vo = n k T / q  [9] 

The diode qua l i ty  factor  is therefore  given by  t h e  
equat ion  

= V o / k T / q  [10] 

Values of n computed  f rom Eq. [10] as a f u n c t i o n  o f  
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Table III. Schottky diode parameters for the n-GaAs]AICla-BPC, 
Fe(Cp)2/Fe(Cp)~ + I C system 

electrolyte interface and as such must be speci f ic  to 
each semiconductor/electrolyte combination. 

Temper- 
ature (~ kT/q (mV) Vo (mV)* n 

26 25.8 38.0 1.47 
31 26.2 39.6 1.51 
37 26.8 41.6 1.55 
46 27.5 50.7 1.84 

* Computed from experimental data in Ref. (8). 

temperature are assembled in Table III. By analogy 
with the behavior of p-n junction solid-state devices, 
values of n > 1 may be interpreted in terms of the 
dominating influence of recombination-generation 
currents on the current-voltage behavior of the de v i c e  
(7, 8). The systematic increase in n with t e m p e r a t u r e  
is indicative of the propensity of such processes either 
in the semiconductor bulk or at the interface at ele- 
vated temperatures. The deterioration in the fill-factor 
as seen in Fig. 2b may be therefore attributed to the 
series resistance associated with recombination-gen- 
eration current flow paths. Precedence for  such effects 
is found in previous work on solid-state p-n junction 
devices where the blue wavelength response is seen 
to degrade at elevated temperatures, presumably be- 
cause of carrier recombination effects at the surface 
(5). 

Summary and Conclusions 
Although temperature has beneficial effects on the 

short-circuit current densities of a PEC device, there 
is an optimum temperature beyond which the deleteri- 
ous effect of high dark current densities begins to de- 
grade the overall energy conversion efficiency of the 
system. Apart from the thermal activation of the re- 
verse saturation current density at elevated tempera- 
tures, which is analogous to the case of a solid-state 
Schottky barrier device, temperature brings about 
unfavorable modifications i n  the potential and charge 
distribution across the semiconductor/electrolyte inter- 
face. The consequence of positive potential shifts in 
VFB at elevated temperatures is a net reduction in the 
barrier height at equilibrium and a concomitant in- 
crease in the reverse saturation current density. It 
must be noted, however, that the direction of the shift 
in  VFB and Vc~ is determined largely by temperature- 
induced changes in the chemistry of the semiconductor/ 
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Redox battery systems in recent  years  have gener -  
a ted  in teres t  as a means for  l a rge-sca le  energy  storage. 
Of the redox  couples, F e - C r  (E ~ = 1.18V) (1, 2) and 
F e - T i  (E ~ = 0.67V) (3-7) a re  considered promising.  
However ,  the Fe -T i  system was less a t t rac t ive  due to 
a combinat ion  0f unfavorab le  pH and kinet ic  effects. 
Recent  analysis  of the Fe -T i  system indicates  tha t  the 
t i t an ium ha l f -ce l l  r e a c t i o n  dur ing  discharge is the 
r a t e - l im i t i ng  one (5, 6). Improvemen t  in the  p e r f o r m -  
ance of  this ha l f -ce l l  is needed for the Fe -T i  system in 
o rde r  to make  i t  into an a t t rac t ive  energy  s torage de-  
vice. 

In  our  ear l ie r  studies,  i t  was suspected that  the 
kinetic  act iva t ion  l imi ta t ions  in the  t i t an ium ha l f -ce l l  
might  be caused by  pa r t i a l  b lockage o f  act ive anodic 
surface  a rea  by  TiO2 precipi ta t ion.  This TiO:2 prec ip i -  
ta t ion is most l ike ly  the resul t  of a react ion be tween  
the t i tanium (IV) oxide  wi th  wa te r  in the bu lk  elec-  
t rolyte .  Schemat ica l ly ,  this reac t ion  sequence can be 
represen ted  as 

Ti+3 + H20 --> TiO +~ + 2H + + e -  
(anodic charge  t ransfe r  react ion)  

TiO +2 d- H20 --> TiO2 (e lect rode)  + 2H + 
(deac t iva t ion  react ion)  

I f  TiO2 prec ip i ta t ion  does occur, this prec ip i ta t ion  
can be  h indered  by  adding a soluble chela t ing agent  to 
the  anolyte.  Consequently,  this m a y  lead  to  the en-  
hancement  of the per formance  of the  t i t an ium ha l f -ce l l  
as wel l  as the redox ba t t e ry  system. Due to the s t rong 
affinity of t i t an ium for oxygen,  thus, theoret ical ly ,  
oxygen  chela t ing  agents  in acid solut ion can be ex-  
pressed as 

TiO +2 

0 0 0 OH I{ "~0 

R R R R R R 

Addi t ional ly ,  the  chela t ing agent  m a y  enhance the 
s tab i l i ty  of the  t i t an ium (IV) oxide, resul t ing in more  
favorab le  kinet ics  for  the  cathodic reaction. Of course, 
in o rde r  for a chela t ing agent  to be effective in an 
ac tual  b a t t e r y  system, the chelat ion react ion must  al- 

~ Electrochemical Society Act ive  M e m b e r .  
1 P r e s e n t  a d d r e s s :  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  Case  
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low for the reduct ion  of the s tabi l ized TiO +2 species 
when the ba t t e ry  is undergoing  charge. 

Another  possible method of minimizing the forma-  
tion of TiO2 in the  t i t an ium ha l f -ce l l  would  be the 
addi t ion of a reducing agent  to the anolyte.  The reduc-  
ing agent  can react  wi th  the t i t an ium (IV) oxide p ro -  
ducing t i t an ium (III)  ions in the bu lk  anolyte.  I t  is 
possible tha t  this react ion wil l  occur p re fe ren t i a l ly  to 
the TfO2 format ion  react ion both  dur ing  ba t t e ry  charge  
and discharge modes of operat ion.  

In  addi t ion to the possible minimiza t ion  of TiO2 
formation,  the reducing agent  i tself  m a y  be a p r ima ry  
par t i c ipa to r  in the e lectrode reaction, i.e. 

M--> M + z +  ze- 

This react ion m a y  e i ther  replace  or  supplement  the  
anodic charge t ransfe r  f rom the t i tanous ion. In  e i ther  
case, the role of the reducing agent  mus t  be revers ib le  
so that  the agent  can be regenera ted  u p o n  charging 
the bat tery .  Otherwise,  consumption of the  agent  wi l l  
resul t  even tua l ly  in a change of e lec t ro ly te  charac te r -  
istics and in excessive costs. 

Experimental 
The chela t ing agents  used in this s tudy  should be 

highly  soluble and phys ica l ly  s table  in the concent ra ted  
HC1-TiC18 anolyte  and good chelates for t i t an ium (IV) 
oxide in the acid solution. Acetylacetone,  d isodium 
EDTA, oxal ic  acid, and glycerol  were  selected as 
possible chelat ing agents. 

The reducing agent  used in the  sys tem should be 
able  to reduce t i t an ium (IV) oxide ions to t i t an ium 
(III)  ions at  a reasonable  rate.  Also, solid reducing 
agents should have a high H2 overpo ten t ia l  and should 
be r e l a t ive ly  s table  in the concent ra ted  HC1-TiCla 
anolyte.  

Reducing agents  used for  the reduct ion  of t i t an ium 
(IV) ions to t i t an ium (III)  ions have  been  repor ted  
a n d  are  genera l ly  in the form of g ranu la r  meta l  or  
amalgams,  meta l  or  amalgam fails, or l iquid amalgams  
wi th  excess mercury .  For  the sys tem studied, l iquid 
amalgam would be impract ical ,  hence g r a n u l a r  meta ls  
and solid amalgams were  chosen in this invest igat ion.  

G r a n u l a r  lead  par t ic les  (F isher  Scientific) and por -  
ous lead s t ruc ture  (10 pores per  l inear  inch, Energy  
Research and Generat ion,  Incorporated,  Oakland,  Cal i -  
fornia)  were  eva lua ted  as wel l  as g ranu la r  t in and 
amalgams of zinc and cadmium. Since the reducing 
agent  must  be s table  in the e lec t ro ly te  a qual i ta t ive  
visual  examina t ion  was used to de te rmine  those agents  
which do not, at  least  apparent ly ,  genera te  hydrogen  
gas when in contact  wi th  solution. The test  solut ions 
are  given in Table II. In  the e lec t ro ly te  having  sodium 
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chlor ide  salt ,  the  sal t  rep laced  the acid to a cer ta in  
ex ten t  wi th  the in tent ion  of reducing protons avai lab le  
for hydrogen  product ion whi le  main ta in ing  sufficient 
suppor t ing  e lec t ro ly te  for  adequate  charge t ransfer  in 
solution. 

The redox p ro to type  used in this s tudy was a s ta-  
t ionary  cell  which is shown schemat ica l ly  in Fig. 1. 
The m e m b r a n e  separa to r  employed was the MA-3475 
commercia l  membrane  produced by  Ionac Chemical  
Sybron  Corporat ion (Birmingham,  New Jersey) .  
Graphi te  foil  of 0.0254 cm thickness (Grade  GTA, 
Union Carbide  Corpora t ion)  was used at  the cathode 
and as the anode cur ren t  collector. The electrodes and 
the membrane  had  an exposed area  of 19.6 cm2. In the 
ear l ie r  exper iments  the chela t ing agent  was added  to 
the anolyte  only. In  al l  cases the molar  rat io  of chela t -  
ing agent  to TIC18 was grea ter  than  one. For  example ,  
in the case of acetylacetone,  12.5 cm 8 of acetylacetone 
was added  to 50 cm 3 of anoly te  (1M TiC1J3N HC1) giv-  
ing a molar  rat io of chela t ing agent  to reac tan t  of 2.4 
to 1. 

In  the  la te r  exper iments  the reducing  agent  was 
added  to the anode compar tmen t  as solid granules.  For  
example ,  when lead was s tudied as the reducing agent,  
35g of lead granules  were  added  to 16.6 cm ~ of anolyte.  
The resul t  was a m ix tu r e  having a lead to TIC13 molar  
ra t io  of 10.2. 

Results and Discussion 
Table  I summarizes  the exper imenta l  results  of using 

chela t ing  agents  in the anolyte  of the Fe-Ti  r e d o x  
system. 

Of the chela t ing agents studied, only  oxalic acid and 
acetylacetone showed evidence of possible chelat ion 
th rough  color change. However ,  the discharge per -  
formance of cells having  these agents present  in the 
e lec t ro ly te  were  unchanged or  infer ior  when compared  
to the s t andard  Fe-Tf  cell. 

The exper imen ta l  resul ts  of the system using ace ty l -  
acetone indica ted  a decrease of app rox ima te ly  70 mV 
in anodic ove rpo ten t i a l  at  a discharge current  dens i ty  
of 8.5 mA/cm2. The amount  of acetylacetone addi t ion in 
this work  was the same as repor ted  by Reid and Gahn 
(3). However ,  they  repor t  a lower ing  of anodic over -  

po ten t ia l  by  300 mV. Fur the rmore ,  they observed a 
corresponding increase  in cell discharge potent ia l  of 
300 mV (presumable ,  wi th  constant  load discharge,  t h e  
opera t ing  cell  Current densi ty  of thei r  cell appears  to 
be ,~10 mA/cm2) .  In our s tudy with  acetylacetone,  the 
enhanced anodic per formance  was not  accompanied by  
a corresponding increase in overal l  cell potential .  Con- 
sequently,  we observed  no net  gain in cell  discharge 
performance.  

In  our  studies wi th  reducing  agents, the qual i ta t ive  
test  for  de te rmin ing  meta l  s tab i l i ty  in e lec t ro ly te  shows 
tha t  only  lead was appa ren t l y  stable. Some react ion 

Table I. Results of chelating agent experiments 

Molar ra t io  Vis- 
che la t ing  ible 

chelaq 
Chela t ing  agen t  TiCh agen t  t ion Performance 

2-4 pen taned ione  2.4:1 Yes Discharge  perform- 
(acetylacetone) ance  s imilar  to 

s t anda rd  cell  
Disodium EDTA 1.05:1 - -  P rec ip i t a t es  rapidly 

from solution 
Oxalic acid 1:1 Yes Poor  discharge per- 

formance 
Glycerol 2:1 No Discharge  pe r fo rm-  

ance  s imi lar  to 
standard cell 

was obviously  occurr ing at  the surface of t in while  
copious amounts  of hydrogen  were  produced  at  the  sur -  
faces of the zinc ama lgam and the cadmium amalgam. 

The open-c i rcu i t  potent ia ls  for Fe -T i  systems con- 
ta ining lead or t in reducing agents are  l is ted in Table 
II. The open-c i rcu i t  potent ia l  of the Fe -T i  cell wi thout  
any  reducing  agent  is shown for comparison. Wi th  a 
reducing agent  present ,  the open-c i rcu i t  potent ia l  in-  
creased be tween  350-400 mV depending upon e lec t ro-  
ly te  composition. At  this t ime we are  unsure  of the 
cause of this increase in observed potent ia l  bu t  we 
suspect  tha t  i t  may  be due to Nerns t ian  effects a n d / o r  
e lect rochemical  oxidat ion  of the reducing agent.  The 
basis for this suspicion is the fact  tha t  a lead chlor ide 
deposit  was found on the lead par t ic les  fol lowing a 
cell discharge.  F u r t h e r  s tudies were  res t r ic ted  to using 
lead as the reducing agent.  

Al though the lead chlor ide found on the granules  
m a y  be formed by  the react ion 

Pb ~ + 2H+ + 2C1- -~ PbCI~ ~- H~ 

we do not bel ieve this react ion to be of significance in 
this case. The chemical  oxidat ion  of lead in acid chlo-  
r ide  medium has been repor ted  as being of less im-  
por tance  as compared  to e lect rochemical  oxidat ion  (8). 
In  our qual i ta t ive  s tab i l i ty  test for the reducing agents  
in electrolyte ,  we observed no hydrogen  genera t ion  
f rom lead. Fur the rmore ,  the lead chlor ide deposi t  only  
was found af ter  cell discharge.  

One react ion which may  account for the lead chlo-  
r ide  format ion  and the enhanced cell potent ia l  is 

Pb ~ q- 2TIO+2 q- 2C1- q- 4H+ ~ PbCI~ + 

2Ti +8 + 2H20 

In order  to account for the magni tude  of increase ob-  
served in the open-c i rcu i t  potent ial ,  the ac t iv i ty  rat io  
of Ti+S/TiO+2 must  be ca. 106. The above mechanism 
also would create  a favorable  effect on react ion rates. 
That  is, since this react ion occurs at  the lead surface, i t  
would increase the reac tan t  concentra t ion at  the sur-  
face and diminish the product  concentrat ion.  Conse- 
quently,  wi th  f i r s t -order  fo rward  and backward  
kinetics,  the ra te  of Ti+8 oxidat ion  should be enhanced.  

Another  possible explana t ion  for  phenomena  in the 
anode compar tment  of a Fe -T i  redox  ceil can be given 

Table II. Battery open-circuit potentials for Fe-Ti systems 
containing reducing agents (mole reducing agent/moles TiCI8 = 

10.2) 

Open Anode Cathode 
Type ci rcui t  poten-  po ten .  
of re- poten- t ial  v s .  t ial  v s .  

ducing Elec t ro ly te  t ial  SHE SCE 
agent concentration (V) (V) ( V ) 

Fig. 1. Schematic of the stationary test cell 

None 3.0N HC1 in catholyte 0.782 0.071 0.853 
3.5N HC1 in anolyte  

Pb 3.0N HC1 in ca tholy te  1.193 -0.366 0.825 
3 . 5 N  HC1 in anolyte  

Pb 0.53N HC1, 2.5M NaC1 1.17 - -  - -  
Sn 3.0N HC1 in ca tholy te  1.17 m 

3.5N HC1 in anoly te  
Sn 0.53N HCI~ 2.5M NaC1 1.14 ~ 
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as th e  following reaction 

P b  ~ + 2C1- -> PbCl~ + 2e E ~ = --0.513V (vs. SCE) 

[9] 
In this case, enhanced performance may be directly 
at tr ibuted to the electrochemical characteristics of this 
reaction. The oxidation of lead in chloride medium has 
been recently reviewed by Kuhn (9). Although PbC12 
will often passivate the electrode, with some forms of 
PbCI~ deposits and under certain operating conditions 
this will not occur (8, 10-13). Barradas (13) has shown 
that a lead electrode in  HC1 solution undergoes the 2- 
electron oxidation reaction of 

Pb ~=~ Pb + ~ 4- 2e-  

Pb + 4- nC1- ~----- PbCI~-~  

w h e r e  4 > n > 0. In this mechanism the high chloride 
concentration favors the complex ion formation of the 
s e c o n d  reaction which in turn diffuses to the bulk 
electrolyte. Under these conditions, the oxidation of 
lead occurs with considerable reversibility. In our 
studies we have found the presence of t i tanium chlo- 
ride to be necessary for maintaining the enhanced per-  
formance of a lead electrode in an acid chloride 
medium. 

A comparison of constant load short- term discharge 
between a standard Fe-Ti cell and an Fe-Pb (Ti) cell is 
shown in Fig. 2. The Fe-Ti cell shows a useful cell dis- 
charge potential approaching only 20% of the initial 
(t = 0) cell open-circuit  potential after a short dis- 
charge time. Moreover, bat tery performance is l imited 
by the anodic overpotential which is greater than 40% 
o f  the initial cell open-circuit  potential. By comparison, 
the  Fe-Pb  (Ti) cell has a useful cell discharge potential 
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D I S C H A R G E  T I M E , s e c  

Fig. 2. A comparison of short-term constant load (1~) discharge 
performance of the standard Fe-Ti cell [reported in Ref. (5)] with 
the Fe-Pb(Ti) cell. 

near 40% of the initial cell open-circuit potential. The 
anodic overpotential is less than 14% of this open- 
circuit potential. However, the cathodic overpotential 
now represents a more significant contribution to cell 
polarization at 27% of open-circuit  potential. The in- 
crease in cathodic overpotential and membrane IR loss 
are a direct result of the greater discharge current 
(constant load discharge) obtained with the Fe-Pb (Ti) 
cell. 

We have examined the role of lead and titanium 
chloride in an Fe-Pb(Ti )  cell. The results of this in- 
vestigation along with charge/discharge operating 
characteristics of this cell will be reported in a sepa- 
rate communication. 

Conclusions 
In summary, the results of this study showed that  the 

approach of using a chelating agent in the anolyte for 
an Fe-Ti redox system only shows marginal improve- 
ment in cell discharge performance. However, the ap- 
plication of a solid reducing agent in the anolyte, par-  
t icularly lead, showed enhancement in the performance 
of the redox system. This effect has been investigated 
and will be reported in detail separately. 
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ABSTRACT 

Novel v inyl  monomers containing the a-CF~ group are shown to. i n -  
crease the propensi ty toward chain scission dur ing radiat ion degradation and 
increase the electron beam sensit ivi ty in copolymers with methyl  meth-  
acrylate and methacrylonitr i le .  The incorporat ion of 32 m/o of a-tr if luoro- 
methacryloni t r i le  (TFMAN) into po ly(methy l  methacrylate)  increases sen-  
si t ivi ty from 20 • 10 -5 to 3 • 10 -5 C/cm 2 (at 2 keV), increases Gs from 
1.3 to 3.1, and decreases the etch rate from 100 to 79 A/min .  Similar  benefi- 
cial results come from incorporat ing TFMAN into methacryl0ni t r i le  (MCN) 
copolymers. Poly( tr i f luoroethyl  methacrylate)  is a highly sensit ive re -  
sist (Q =- 2 to 3 • 10 -5 C/cm '~) but  it exhibits a high etch rate (230 A / m i n ) .  
Incorporat ion of 31 m/o  MCN into this polymer decreases the etch rate to 
93 A/ r a in  while preserving a high sensi t ivi ty (3-4 • 10 -~ C/cm2). The Gs 
and Gx values of these homo- and copolymer systems as well  as the co- 
polymer of methacryloni t r i le  with methyl  ~-fluoroacrylate (MFA) were ob- 
tained. The homopo]ymer of MFA cross-links on i r radiat ion but  its MCN 
copolymers tend to be positive resists with G~ values lower than that expected 
if G~ were a l inear  funct ion of the MFA mole fraction. 

The incorporat ion of fluorine and chlorine into v inyl  
polymers for use as e lec t ron-beam (1) or x - ray  (2) 
resists is a topic of increasing interest: Fluor ine and 
chlorine each have high x - r ay  absorption coefficients. 
The atomic absorption coefficient at 4.152, for chlorine 
is 1614 (21 times that of carbon) while that for fluorine 
at  8.3A is 1898 (3.4 times that  of carbon).  Also, the 
incorporat ion of halogens might  modify the radiat ion 
degradation chemistry (3) by  providing favored path-  
ways for chain scission. Indeed, we have shown that 
po ly(methyl  a-chloroacrylate)  exhibits a very high 
chain scission propensi ty (G~ > 6) (4). Recently, we 
reported that  fluorine incorporation at the a-position of 
an acrylate (i.e., [CH2C(F) (CO2CH3) In) dramatical ly 
reversed the degradation behavior found for other a- 
substi tuents (e.g., CN, CI~, C1, CH2CO2CHa), to that of 
a predominant ly  cross- l inking negative resist (5, 6). 

* Electrochemical Society Act ive  Member. 
XPresent address: Yamagata University, Yamagata, Japan. 

Present  address: Union Carbide, Chemicals and Plastics, South 
Charlestown, WV. 

Key words: e lectron b~am lithography, positive resists, plasma 
etching. 

In contrast, fluorine incorporat ion into the ester group 
of methacrylate  polymers (e.g., [CH2C(CH3)(CO2CH- 
(CF3)2)]n) was found to enhance the chain scission 
susceptibili ty over that of the classical system, poly- 
(methyl  methacrylate)  (5). 

Suca studies provide the fundamenta l ly  impor tant  
radiat ion G-values  and allow successful prediction of 
radiation resist behavior for integrated circuit fabrica- 
tion applications. We now report further novel fluorine- 
containing polymers including those where the ~- 
substituent is --F or --CF~, as well as copolymers of 
2,2,2-trifluoroethyl methacrylate (TFEM) with meth- 
acrylonitrile (MCN). The monomer a-trifluoromethyl- 
acrylonitrile (TFMAN) was copolymerized with meth- 
acrylonitri!e and methyl methacrylate (MMA), while 
methyl a'trifluoromethylacrylate (TFMMA) was co- 
polyrnerized with methyl methacrylate. The radiation 
degradation susceptibilities, electron beam sensitivities, 
and plasma etch rates for these systems have been ob- 
tained. The s tructural  formulas and designated abbre-  
viations used throug~hout the paper are shown on the 
following p~age. 
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c 2 -y 
L co2cH3 cN ] CO2CH2CF 3 CN ] 

MFA-co-MCN TFEM-co-MCN 

L 
TFMAN- co -MMA TFMAN- co-MCN 

CO2C~i 3 CO2CH3~ 

TFMMA- co-MMA 

These polymer structures are of particular interest in 
view of Kakuchi's report (7) that the electron beam 
sens i t iv i ty  of poly  (hexaf luorobuty l  me thac ry la t e )  was 
4 X 10 -7 C/cm2 and i ts  x - r a y  s e n s i t i v i t y w a s  46 t imes 
more  sensi t ive than  p o l y ( m e t h y l  me thac ry la t e ) ,  e.g., 
PMMA. They represen t  new s t ructures  in a l a rger  p ro -  
g r a m  in our  labora tor ies  to ascer ta in  the  rad ia t ion  
degrada t ion  susceptibi l i t ies ,  e lec t ron beam behavior ,  
a n d  plasma e tch  rates  of po ten t i a l  resis t  po lymers  as a 
funct ion of  po lymer  s t ruc ture  (8-16). 

Experimental 
P o l y m e r  molecu la r  weights  were  de te rmined  by  gel  

pe rmea t ion  ch roma tog raphy  (GPC)  or membrane  
osmomet ry  (MOSM).  GPC was pe r fo rmed  :using a 
Wate r  Associates Model  201 Chromatograph equipped 
w i t h  four  micros ty rage l  columns (exclusion s izes:  106; 
105, 104, and 10~). GPC measurements  were  made  at  a 
flow ra te  of 1.0 craB/rain of CHC13, THF, Or DMF; the 
solvent  Used was dic ta ted  by  the copolymer  solubil i ty.  
The  "Universa l  Cal ibra t ion"  method was used to 
analyze  the  GPC data,  and  the PMMA cal ibra t ion  curve 
was used for  CHC13 and THF data.  A po lys ty rene  cal i -  
b ra t ion  curve was used for DMF G P C  data. MOSM was 
pe r fo rmed  wi th  a WESCAN Model  230 Osmometer  a t  
3 0  ~ using ace toni t r i l e  or  MEK as solvent.  Molecular  
weight  da ta  for  the po lymers  synthesized and f rac t ion-  
a ted  in this study,  p r io r  to i r radia t ion,  are  found in 
Table  I. 7 - I r r ad ia t ions  and da ta  analysis  to o b t a i n  G 
(scission)~ Gs, and  G (cross - l ink) ,  Gx, were  car r ied  out  
a s  descr ibed prev ious ly  (8-13). 

The synthesis  of me thy l  ~-fluoroacrylate,  MFA, has 
been descr ibed e lsewhere  (14) and the p repa ra t ion  of 
t r i f iuoromethacry loni t r i l e  and  me thy l  a- t r i f iuoro-  
me thy lac ry la t e  wi l l  b e  descr ibed subsequent ly  (15). 
The M F A / M C N  copolymers  were  p repa red  by  emul -  
sion po lymer iza t ion  at  50 ~ rising K2S~Os as the in i t ia tor  
and sodium lau ry l  sulfate  as § s u r f a c t a n t  The emul -  
sions were  deoxygena ted  D> ni t rogen purging  and 
s t i r red  magnet ica l ly .  The copolymer  lat t ices were  co- 
agula ted  by  pour ing  into s t i r red  methanol ,  filtered, and 
dr ied  overnight  in  vacuo at  40-50~ M F A / M C N  co- 
po lymers  were  f rac t iona ted  by  d isso lv ing  25g of po ly -  
mer  into 650 ml  of  acetoni t r i le  and adding  methanol  
dropwise  in the  usual  fashion. The copolymer  compo-  
sit ions were  de te rmined  b y  e lementa l  analysis  for 
f uo r ine  and for  carbon. The synthe t ic  detai ls  a re  given 
in  Table  II. 

2,2,2-Trifluoroethyl me thac ry la t e  was p repa red  in 
good y ie ld  f rom me thac ry ly l  chlor ide  and 2,2,2-triflu- 
oroethanol  in the presence of t r i e thy lamine  using 
s t anda rd  methods.  I t  was copolymerized wi th  MCN us-  
ing the emuls ion method  descr ibed above for  M F A /  
MCN copolymerizat ions  and the conditions and results  
a re  in Table II. 

Tr i f luoromethacrytoni t r i le  was copolymerized wi th  
MMA or MCN by bu lk  po lymer iza t ion  using azobis!so- 
bu ty ron i t r i l e  (e.g., AIBN) as the  in i t ia tor .  The mono-  
mers  and AIBN were  weighed into an ampul  and the 
solut ion was degassed by  th ree  a l t e rna te  vacuum freeze 
thaw cycles. The ampul  was sealed, immersed  in an oil 
ba th  for  the react ion period,  cooled, broken,  and  the 
resul t ing  block of  po lymer  was dissolved in  acetone. 
The copolymers  were  purif ied by  reprec ip i ta t ions  f rom 
acetone into methanol  fo l l owed  by  d ry ing  in vacuo. 
Methy l  a - t r i f luoromethy lac ry la te  was copolymerized 
wi th  MMA in the  same manner .  Table  II  l i s ts  condit ions 
and results.  

The e lec t ron beam resis t  sensit ivit ies,  in Table IV, 
were  obta ined at  20 keV using an ETEC LEBES E- 
beam microfabr ica tor .  The values  are  for a 6800A 
or iginal  resist  thickness wi th  no loss in unexposed re -  
sist  thickness dur ing  development .  Resist  film th ick-  
nesses were  measured  wi th  a Tencor  A lpha - s t ep  
profi lometer .  

P lasma  etch rates  were  obta ined wi th  e i ther  an IPC 
4005 or  Tegal  421 reactor .  The r f  power  dur ing  etching 
was 100 and 150W for the  IPC 4005 and the Tegal  421, 
respect ively.  The pressures  were  0.7 and 0.5 Torr  of 
CF4/4% O2 and CF4/8% 02 gas mixtures ,  respect ively.  
The r epor t ed  values a re  reproduc ib le  to •  

Results and Discussion 
The M F A / M C N  copolymers,  when ~ - i r r ad i a t ed  in 

vacuo, predominan t ly  degrade,  as shown in Table III. 
The MCN homopolymer  exhibi ts  a la rge  (3.3) value  of 

Table !, Molecular weights and compositions of fluorine-containing 
vinyl polymers and copolymers 

Mole p e r c e n t  - -  - -  
P o l y m e r  or  F-containing Mn • 10-~ Mn • 10 -5 Mw x 10-~ Mw/M, 
c o p o l y m e r  m o n o m e r  T~ ( ' C )  (MOSM) a (GPC) b (GPC) (GPC) 

PMFA 109 131~ 0.54 0.88 4.5 5.1 
P(MFA-co-MCN)  - - A  49 124~ 8.8 3.6 7.8 2.2 

- - B  20 - -  6.5 2.9 8.8 2.8 
--C 16 -- 3.4 3.5 8.3 2.4 

PMCN - -  120 2.1 0.93 3.4 3.4 
P (TFEM-co-MCN) - - A  30 - -  0.97 0.46 1.1 2.5 

- - B  69 86 c 2.0 2.1 4.4 2.1 
PTFEM - -  69 c 14.9 6.8 9.25 1.35 
P (TFMAN-co-MCN) - - A  4 - -  1.13 1.0 8.0 8.0 

- - B  12 123 0.77 6.8 16.8 2.5 
P (TFMAN-eo-MMA) --A 9 -- 7.1 7.2 15.9 2.2 

--B 82 98~ 1.8 1.S 3.1 2.0 
P(TFMMA-co-MMA) --A 6 -- 1.3 1.6 5.2 3.2 

--B 11 125 1.8 1.3 3.7 2.8 
PMMA - -  105 1.8 1.6 4.1 2.5 

�9 MOSM is  m e m b r a n e  o s m o m e t r y .  
b GPC is ge l  p e r m e a t i o n  chromatography .  
c Measured  by DSC us ing  a du P o n t  Mode l  990 T h e r m a l  analyzer  by  H o n e y w e U  CMSC under  contrac t  DAAB07078-C-2975. 



1 7 6 0  J.  E~ec t ro ch em.  Soc.:  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY 

Table II. Summary of the experimental conditions and results in the synthesis of 
MFA, TFEM, TFMAN, and TFMMA copolymers 

A u g u s t  1981 

Monomer  

M~ (g) M2 (g) 

Init iator  
K2S2Os or Surfactant  

AIBNd (g) SLS e (g) Temp. (~ Time (hr) Yield (%) I ~ I (dl/g) 
Polymer  
(mllmJ) 

MFA ( 10 ) MCN (30) 0.05 0.4 
MFA (17) MCN (23) 0.06 0.4 
MFA(27) MCN(13) 0.06 0.4 
TFEM(1)  MCN(9) 0.04 0.3 
TFEM (5) MCN (5) 0.04 0.3 
TFEM (8) MCN (2) 0.03 0.3 
TFMAN ( 1 ) MMA ( 9 ) 0.02 d -- 

TFMAN (5) MMA (5) 0.02 d -- 

TFMAN ( 1 ) MCN(9 ) 0.02 d -- 

TFMAN ( 5 ) MCN ( 5 ) 0.02d -- 

TFMMA ( 0.9 ) MMA ( 8.1 ) 0.02 d - -  

TFMMA ( 1.9 ) MMA (6) 0.02 d -- 

50 24 98 5.8a 16/84 
50 28 50 3.0 a 20/80 
50 26 89 6.0 a 57/43 
60 48 90 -- 15/85 
60 49 82 0.78 b 30/70 
60 42 81 1.62 b 69/31 
60 24 90 2.91 b 9/91 
65 48 80 0.98 b 32/68 
80 504 90 2.6 b 4/96 
80 504 50 2.0 b 12/88 
65 48 92 0.86 b 5/95 
-- -- 89 0.98 b 11/89 

Measured in acetonRrile  at 30". 
b Measured in acetone at 30". 
e SLS -- sodium lauryl  sulfate.  

These  react ions  employed  ABIN as the initiator, 

Table IlL Radiation degradation susceptlbilitles of 
fluorine-containing homo- and copolymors a 

Mole percent  
Po lymer  or F-containing .GB -- C,x Gs - Gx G, Gx 
copo lymer  monomer  (MOSM) ( GPC ) (MOSM) (GPC) 

PMFA ~ i00 - 1.1 0.53 0-0.05 1.0 
P (MFA-co-MCN) ~ A  49 1.9; 1.8 1.3 1.9 0.04 

- - B  20 2.0 2.3 2.0 0 
- -C  16 2,1; 2.3 3.0 2.3 0 

PMCN 0 8.3 3.1 3.3 0 
P(TFEM-co-MCN) ~ A  30 3.0 4.7 3.0 0 

--B 69 2.2 1.6; 1,5 2.2 0 
PTFEM ~ 1O0 2.3 3.7 2.3 0 
P(TFMAN-co-MCN) --A 4 2.8 2.6; 2.5 2.8 

--B 12 3,3 3.6 9.3 0 
P (TFMAN-co-MMA) --A 9 3.0 2.6; 2.3 3.0 0 

- -B  32 3.1 2.3 3.1 0 
P (TFMMA-co-MMA) - - A  5 1.8 1.8 1.8 ~ 0  

- - B  11 2.4 2.0 2.4 0 
PMMA 0 1.3 1.4 1.3 0 

�9 See Table  I for  composi t ions  and init ial  molecular  we ights  of these  polymers .  
bSee  Ref. ( I ) .  

Gs and Gx is zero, whereas the MFA homopolymer is a 
negative resist (Gs -- Gx ---- --1.1). As one increases 
the MFA content  of MFA/MCN copolymers from 16 to 
20 to 49 mole percent  (m/o) ,  the values of Gs fall from 
2.3 to 2.0 to 1.9, respectively. It  is remarkable  that  the 
G~ value is zero for both the 16 and 20 MFA m/o  co- 
polymers and that  of the 49% copolymer is almost zero 
(i.e., 0.04) when the G~ value for the MFA homopoly- 
mer  is about ~1.  Apparently,  the cross- l inking is a 
second-order process which is largely "d i lu ted  out" in 
the copolymer samples. These results are graphically 
displayed in Fig. 1. As we recent ly found for other 
copolymers, Gs is approximately l inear ly  related to the 
M1/M~ composition and Gx varies as a power depen- 
dence. This was previously shown for several copoly- 
mer systems including:  methyl  a-chloroacryla te /meth-  
acrylonitr i le  (4), methyl  ~-f luoroacrylate/methyl  
methacryla te  (6), a-chloroacryloni t r i le /methyl  meth-  
acrylate (16), and vinyl idene chlor ide/methyl  meth-  
acrylate (16). The Gx exper imental  values all fall be-  
low those predicted by a straight l ine d rawn between 
the homopolymer values. 

The homopolymer of 2,2,2-trifluoroethyl methacry-  
late, TFEM, and its methyl  methacrylate,  MMA, co- 
polymers were shown to be positive resists. The homo- 
polymer exhibits Gs ---- 2.3 and G~ _-- 0. Similarly, 
TFEM/MCN copolymers degrade efficiently over the 
entire M1/M2 composition range and no evidence for 
cross- l inking was found (e.g., Gx = O, see Table III) .  
Since Gz : 0 for both the homopolymers of TFENI and 
MCN, this was expected for the copolymers. As the 
MCN content  increases, Gs increases. 

All  these copolymers have a greater propensity 
toward scission than  MMA. The MCN component domi- 
nates because PMCN has the larger homopolymer Gs 
value, 

The goal of examining the effect of ~-trifluoromethyl 
subst i tut ion was achieved by (i) preparing ~-trifluoro- 
methylaeryloni t r i le  and methyl  a- t r i f luoromethylacry-  
late, (ii) copolymerizing the former with MMA and 
MCN, and (ii i)  copolymerizing the lat ter  with MMA. 
Radical ini t iated homopolymerizations of these new 
monomers were sluggish and their  homopolymers were 
not examined. Since the C-F bond is stronger than the 
C-H bond and F is much more electronegative than H, 
the effect of replacing --CH8 by --CF8 on chain scission 
was of interest. As shown in Table III, the incorporation 
of 9 or 32 m/o of TFMAN into TFMAN/MMA copoly- 
mers causes a large increase in Gs (e.g., to 3.1 in the lat-  
ter case vs.  Gs --  1.3 for PMMA). No tendency to cross- 
l ink  was found for TFMAN/MMA, TFMAN/MCN, or 
TFMMA/MMA copolymers (e.g., Gx = .  0). The 
TFMAN/MCN copolymers degrade with approximately 
the same propensi ty as PMCN. Furthermore,  when 
only 11% TFMMA is incorporated into the TFMMA/ 
MMA copolymer, Gs increases to 2.4 from its value of 
1.3 for PMMA. Taken together, these results show that 
an a-CF3 group at a qua te rnary  position leads to ready 
radiat ion degradation. 

These systems were next  studied as electron beam 
resists. Lithographic images can be developed with 
poly(methacryloni t r i le ) ,  PMCN, but  toxic ni t r i le  de- 
velopers need to be used. However, PMCN does have a 
high glass t ransi t ion temperature  (Tg -- 120 ~ and 
good plasma etch resistance. Thus, its copolymers, 
which are soluble in a variety of solvents, are logical 
resist candidates. Poly(2,2,2-trifiuoroethyl methacry-  
late) ,  PTFEM, exhibits an electron beam sensit ivity of 
2-3 • 10 -5 C/cm~ which is 1.6X more sensitive than 
PMCN, but  PTFEM has a lower Tg (69 ~ and a poorer 
CF4/O2 etch resistance than PMCN (i.e., 230 A / m i n  for 
PTFEM vs.  3.6 A/ ra in  for PMCN), The TFEM/MCN 
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Fig. 1. Gs and G~ vs. m/o MFA for irradiated MFA/MCN co- 
polymers. The solid line (lower) is a least squares fit of all Gs 
data. The triangles are GPC data, the closed circles MOSM data, 
and the open circles GPC data. The upper solid line is a power 
curve fit of the G~ data, Gx = 9.44 • 10 -~o [MFA] 4.5. The dash 
line is a straight line connecting the homopolymer G~ values. 

copolymer system should blend the better  characteris-  
tics of both homopolymers. Indeed, the 69/31 TFEM/  
MCN copolymer (Gs = 2.2, Gx = 0) was found to have 
an in termediate  glass t ransi t ion temperature  of  86 ~ and 
a n  in termediate  CF4/O~ etch rate of 93 A / m i n  while 
main ta in ing  a sensit ivi ty 5-6 times higher than that  of 
PMMA (i.e., Q : 3-4 • 10 .5  C/cm 2 for this copolymer 
vs. Q = 20 • 10 -5 for PMMA, 5-7 • 10 -5 C/cm 2 for 
PMCN, and 2-3 • 10 -5 C/cm 2 for PTFEM).  

The observed E-beam resist sensit ivi ty of the 70/30 
TFEM/MMA copolymer (2-3 • 10 -5 C/cm 2) is very 
close to that  of the PTFEM homopolymer value. Since 
this copolymer, like the 69/31 TFEM/MCN copolymer, 
contains about 70% TFEM, these sensitivities are not 
surprising. Approximate ly  half  of the increase in  sen- 
sitivities vs. PMMA can be accounted for on the basis 
of the larger copolymer Gs values. The remainder  must  
be  a t t r ibuted  to dissolution rate effects caused by  the 
bui ldup of deesterification radiat ion products (e.g., CO, 
CO~, CH3CFs, etc.) in  the polymer. 

T h e  MFA/MCN copolymers behave as positive re-  
sists. W h e n  the MFA concentrat ion is -----50%, however, 
the resist dose working range gets prohibi t ively small  
and swelling of the resist becomes unacceptably poor, 
as is observed for the negative behaving PFMA homo- 
polymer. At 20/80 M-FA/MCN, however, the copolymer 
performs well  and swell ing is minimal.  The sensit ivity 
of the 20/80 MFA/MCN copolymer is very close to that  
of PMCN, and its Tg is higher. The etch rates for all 
the MFA/MCN copolymers are low as expected, based 
on the low etch rates of  PMFA and PMCN (see Table 
iv). 

Table IV. Plasma etching rates and electron beam sensitivities 
of fluorine-containing homo- and copolymers 

F-con- Plasma ~ensit ivity 
taining etch (at 20 keV) 

Polymer  or monomer  rate a Q • 10 s 
copolymer (m/o) (A/re.in) C/era ~ 

PFMA 100 40 > ~ l b  
P (MFA-co-MCN) ~A 49 46 
P (MFA-co-MCN)--B 20 30 6 
P ( MFA-co-MCN)---C 16 38 
PMCN 0 36 ~'-7 
P ( TFEM.co-MCN)--B 69 93 3-4 
PTFEM 100 230 2-3 
P ( TFEM-co-MMA ) 70 --  2-3 
P (TFMAN-Co-MCN)--B 12 33 5 
P ( TFMAN-co-MMA ) ~B 32 79 3 
P (TFMMA-co-MMA) - -B  I i  IO0 15 
PMMA 0 lOO 20 
P (TFEM.eo-MMA) 

a Using CFJO2 plasmas (see Experimental  section).  
b A negative resist at 10 keV. 
�9 Resist swells badly (see text). 
d This polymer exhibits aTg of 75" which is between  that of 

PMMA (105 ~ ) and PTFEM (69 ~ 

The effect on li thographic properties of incorporat-  
ing an a-tr i f luoromethyl  group can be i l lustrated by 
the 32/68 TFMAN/lVIMA copolymer (Table IV).  Its 
electron beam sensi t ivi ty was 3 • 10 .5  C/cm2 which 
is about  the same as that exhibited by  P (TFEM)  and 
6-7 times that  of PMMA. This is consistent with its 
high observed Gs value of 3.1 and undetectable  (i.e., 
Gx -- 0) cross- l inking propensity. Another  benefit is 
this copolymer's relat ively high Tg value (98~ 
Finally,  the incorporat ion of 32 m/o  TFMAN reduced 
the CF4/O~ plasma etch rate from 100 A / m i n  for PMMA 
to 79 A/rain.  Clearly, the incorporat ion of --CF~ at the 
alpha position leads to improved resists. 

The same benefc ia l  properties were observed for 
the 12/88 TFMAN/MCN copolymer. Its etch rate (33 
A / m i n )  was slightly lower than that  of PMCN (36 A/  
min)  and its sensi t ivi ty (5 • 105 C/cm2) was slightly 
bet ter  than that of PMCN (see Table IV). Even the 
incorporation of only 11 m/o  of TFMMA into an MMA 
copolymer increased the electron beam sensit ivity from 
20 • 10 .5  to 15 • 10 .5 C/cm2. This correlates with 
this copolymer's high Gs value of 2.4 and Gx = 0. Thus, 
the a-CFa group appears to be a very promising struc-  
tural  feature to incorporate into electron beam li tho- 
graphic resists. Synthetic  work to prepare copolymers 
with higher TFMAN and TFMMA contents are now 
underway.  
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Nonstoichiometry in SrTiO  
N.-H. Chan,* R. K. Sharma,* and D. M. Smyth* 

Materials Research Center, Lehigh University, BethZehem, Pennsylvania 18015 

ABSTRACT 

T h e  d e f e c t  chemistry of polycrystalline SrTiOs has been studied by  m e a n s  
of the equilibrium electrical conductivity as a function of temperature,  oxy-  
gen activity, Sr /Ti  ratio, and impuri ty additions. Reduction, excess TiO2, 
and acceptor impurities all contribute to the oxygen vacancy content and 
their effects are therefore highly interdependent. The effect of added donor- 
impurities, e.g., 500 ppm Nb, is highly dependent on the presence and amount 
of excess TiO~. 

While the equilibrium defect chemistry of BaTiOs 
has been studied in considerable detail as a result of 
it s application as a ferroelectric and piezoelectric ma-  
terial  (1-9), SrTiO3 has received comparatively l i t t le 
attention. Walters and Grace measured the electrical 
conductivity in the temperature range 900~176 in 
H20-H2 mixtures (I0), and Yamada and Miller used 
the Hall effect to measure the electron concentration 
at  room temperature for samples quenched from 
1200~176 after equilibration with oxygen pressures 
in the range 10 -t~ < Po~. < 10 -~ atm (11). Both of 
these studies on single crystalline SrTiOs are in good 
agreement with a model in which the major defects 
a r e  doubly ionized oxygen vacancies and electrons 
created by loss of oxygen from the crystals at low 
Po2. Yamada and Miller also found good agreement 
between measured density changes and those calcu- 
lated from the doubly ionized vacancy model. There 
was no indication of the precise Sr/Ti  ratio of the 
crystals used in either of these ~tudies. The existing 
phase information for SrTiO3 gives no indication of 
any solubility for excess TiO2 (12), while the phase 
diagram of Rase and Roy for the BaO-TiO2 system 
implies a single phase region from the ideal composi- 
tion of BaTiO3 up to about 51 mole percent (m/o) Ti02 
at 1400~ (13) [a value which we now feel to be much 
too high (14)]. Since excess TiO2 can be accommo- 
dated by the formation of relat ively favorable point 
defects such as strontium vacancies and oxygen va- 
cancies, Vsr" and Vo", some solubility is ~ to be ex- 
pected. The incorporation of excess SrO by a simple 
point defect model, on the other hand, requires the 
formation of either interstit ial strontium and oxygen, 
Sr~-" and OI", or t i tanium and oxygen vacancies, Vr~"" 
and Vo". The difficulty of fitting large ions in to  inter- 
stitiaI sites in the close-packed perovskite structure, 
and the high formal charge on the t i tanium vacancy, 
makes simple solution of excess SrO in significant 
amounts quite unlikely. ~t is known, however, that ex- 
cess SrO can be accommodated in layers separated by 
n perovskite layers in a homologous ser ies  S rO .  

* Electrochemical society Active Member. 
Key words: defect chemistry, ternary oxides, perovskites, con- 

ductivity, impurity effects. 

nSrTiOa (15, 16). This may account for the region o f  
apparent excess SrO shown in the phase diagram of 
Cocco and Massazza [included in Ref. (12)]. 

SrTiO3 which has been equilibrated with air is a 
light colored, insulating material  at room temperature. 
By analogy with BaTiO3, one would expect this to 
represent an oxygen-excess composition, with p- type 
conduction, since n- type  material  is dark colored and 
semiconducting. The equilibrium conductivity has not 
previously been investigated for the region of high Po2, 
and a conductivity minimum reflecting a ~ransition 
from n-type conduction at low Po2 to, p- type conduc- 
tion at high Po2 has not been reported. This paper pre- 
sents equilibrium conductivity measurements made on 
sintered, polycrystalline samples over the range 10 -20 
< Po~ < 1 atm, at temperatures from 750 ~ to 1000~ 
and includes results obtained from donor-doped and 
acceptor-doped samples and from samples having dif- 
ferent Sr/Ti  ratios. 

Experimental 
The SrTiOs was prepared by a modification of a 

technique developed by Pechini (t7). Several liters of 
titanium stock solution were prepared by combining 
batches made in the following way: 200 ml of te t ra-  
iso-propyl orthotitanate, obtained from E. I. du Pont 
de Nemours as Tyzor "TPT," was added with stirring 
to 2 liters of Fisher Certified ethylene glycol; 350g of 
Fisher Certified ACS Anhydrous citric acid was added 
and the mixture was stirred until  complete solution 
was achieved and then heated until  the strong odor of 
isopropyl alcohol disappeared. Presumably during this 
procedure the isopropoxy groups attached to the t i-  
tanium are replaced by the multifunctional ethylene 
glycol, which can thermally polymerize with the mul-  
tifunctional citric acid by an esterification reaction. 
After the combined batches had been allowed to ho- 
mogenize for, 2 weeks in a polyethylene container, 
weighed samples were thermally polymerized and 
ignited to TiO2 t,o determine the Ti content of the solu- 
tion, which was 0.054504g T iOJg  solution. Donor- and 
acceptor-dopant solutions were prepared by solution 
of niobium oxalatei obtained as a 10% solution from 
Kawecki-Berylco, and Eastman practical grade tr i -  
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i so -p ropy l  a luminate ,  respect ively ,  in e thy lene  glycol.  
Both solutions were  assayed by  the igni t ion of weighed 
por t ions  to the  corresponding oxide. 

The source of S r  was Johnson -Ma t they  Specpure  
SrCO~, r epor ted  to contain 5 ppm Ba, 2 ppm Fe, 1 p p m  
Ag, and <1 ppm Ca, Cu, and Mg, al l  on a weight  basis. 
A p p r o x i m a t e l y  7g samples  of SrTiO8 were  p repa red  by  
dissolut ion of weighed  amounts  of the SrCO3, dr ied  
by  ignit ion in CO2, in weighed por t ions  of the Ti s tock 
solution, conta ining weighed amounts  of  dopant  solu-  
t ion where  appropr ia te .  Dissolut ion of the  carbonate,  
by  reac t ion  wi th  the  ci tr ic acid content,  was achieved 
by  hea t ing  over  a per iod  of severa l  hours. The viscosi ty 
w a s  kep t  low b y  addi t ions  of wa te r  unt i l  solut ion w a s  
complete.  The mix tu re  was then a l lowed to po lymer ize  
t h e r m a l l y  to a g lassy  solid, wi thou t  phase  separat ion,  
to t rans form the homogene i ty  of the  l iquid solu'tion to 
the solid glass which was then  calc ined at  90.0~ to 
yie ld  a fine SrTiOa powder .  Al l  chemical  p repara t ions  
were  pe r fo rmed  in c lear  fused SiO2 or  Pt, and stock 
solutions were  s tored in po lye thy lene  or  po lypropy lene  
containers.  

The  sample  composit ions are  expressed  in t e rms  of 
S r / T i  ra t ios  where  i t  should be unders tood  tha t  the  
Ti includes  any  added  A1 or  Nb content,  since t h e s e  
dopants  are  assumed to occupy only  Ti sites, based on 
the i r  s imi la r i ty  in size. These rat ios a re  thus ac tua l ly  
si te occupat ion ratios.  Accordingly,  for each gram atom 
of dopan t  added,  one tool of TiO2 was lef t  out, i.e., 
A1208 and Nb205 were  subs t i tu ted  for  2TiO~. The 
dopant  and i m p u r i t y  contents a re  expressed in ppm 
atomic based on Ti sites, e.g., (No. o f  added A1 atoms 
• 106)/(No. of Ti and  added  A1 a toms) .  

Samples  of 0.6g of the powder ,  wi th  7% b y  weight  
w a t e r  to improve  pressabi l i ty ,  were  pressed into rec-  
t angu la r  bars  at  100,O00 psi. Al l  faces and edges were  
scraped wi th  the  edge of a silica slide to remove con- 
t amina t ion  f rom the  steel  die. The samples  were  typ i -  
ca l ly  s in tered at 1420~ for 16 h r  in a f o r e , p u m p  
vacuum and furnace-cooled.  F ina l  dimensions were  
about  1.5 X 6.5 • 13 ram. Voltage leads Of 10 mi l  P t  
wire  were  s intered into Lhe samples  by  inser t ion 
th rough  two holes dr i l led  th rough  the larges t  face 
p r io r  to s intering.  Unfluxed P t  paste, Enge lha rd  6926, 
was fired onto the  ends to serve  as cu r r en t  leads. The 
conduct iv i ty  was measured  by  four -po in t  d-c  tech-  
nique, using both  polar i t ies  wi th  appl ied  currents  in 
the  range  10-7-10-2A to main ta in  a vol tage drop of 
about  0.1V. 

F igure  1 shows an  SEM view of the micros t ruc ture  
of a f rac ture  surface of a typica l  sample,  demon-  
s t ra t ing  the  la rge  gra in  size and low porosity.  While  
most  f rac ture  is t r ansg ranu l a r  and does not  show the 
gra in  size clearly,  there  a re  occasional smal l  areas  such 
as  tha t  shown in Fig. 1 where  i n t e rg ranu la r  f rac ture  
occurs. 

The ma jo r  impur i t y  in t i tanates  p r epa red  b y  this 
technique  is silicon. Extens ive  inves t igat ion of the 
s ta r t ing  mate r i a l s  arid the process steps b y  emission 
spectroscopy indicate  tha t  the  ma jo r  sources a re  the  
t e t r a - i so -p ropy l  o r tho t i tana te  and the conta iner  used 
dur ing  the calcinat ion of the po lymer ic  glass. When  
fused sil ica or convent ional  glazed porcela in  crucibles  
were  used for the l a t t e r  step, sil icon contents of 1800- 
2600 ppm have been  observed.  The TiO2 res idue ob-  
ta ined  by  ignit ion of the o r tho t i t ana te  in a P t  crucible  
contains about  400 ppm St. Dur ing  the l a t t e r  pa r t  of 
this study,  all  samples  have been  p repa red  in P t  cruci-  
bles and typica l  Si contents a r e  in the  500-1000 ppm 
range. The Pt  content  is 30-40 ppm. S imi la r  impur i t y  
levels  have  been found in a much more  extensive s tudy  
of BaTiO3,. dur ing  which s imi lar  samples  have been 
s tudied  and no effect of va r iab le  Si content  on the 
equ i l ib r ium conduct iv i ty  has been  discerned.  I t  is our  
opinion tha t  the conduct iv i ty  is not  affected. 

The Si contents observed  in this work  are  s imi lar  to 
those repor ted  in  a number  of studies of po lycrys ta l l ine  

Fig. 1. Scanning electron micrograph of a fracture surface of 
undoped, polycrystalline SrTi03 with Sr/Ti ~ 1.0000. Scale mark 
= 5#m. 

BaTiO3, p repa red  by  a va r ie ty  o~ ways. The potent ia l  
chemical  significance is dis tor ted,  however ,  b y  the 
common pract ice  of repor t ing  impur i t y  contents  in 
ppm or  percent  by  weight ,  pa r t i cu la r ly  in this  case of a 
l ight  e lement  l ike  Si in a heavy  ma t r i x  l ike SrTiO3 
or  BaTiO3. The mul t ip ly ing  factor needed to t rans form 
a weight  basis of Si to a formula  uni t  basis is 6.53 for 
SrTiO3 and 8.30 for BaTiOs. Thus a level  of 0.01% by  
weight,  commonly  repor ted  for BaTiO3, corresporlds to 
830 ppm based on atoms of  Si pe r  fo rmula  unit  of 
BaTiO~. 

Addi t iona l  impur i t ies  found b y  spark-source  m a s s  
spect rographic  analysis  a re  l is ted in Table I. These 
resul ts  were  obtained f rom Micro-Trace  Ana ly t i ca l  
Services,  Santa  Barbara ,  Cal i fornia  93163, whi le  the 
emission spectroscopy was done by  the Burgess Ana -  
ly t ica l  Labora tory ,  Nor th  Adams,  Massachuset ts  0!247. 

The regions of high and low Po2 were  obta ined by  
precise ly  me te red  mix tures  of Ar-O2 and CO-COs. 
For  the in te rmedia te  pressure  range,  a CaO-stabi l ized 
ZrO2 c losed-end tube, wi th  inner  and outer  p la t in ized 
electrodes,  was inser ted  into the sample  area  to serve 
as an e lect rochemical  oxygen  leak  or pump. The inside 
of the ZrO2 tube  was exposed to air, and the resul t ing  
oxygen concentra t ion cell was a l lowed to discharge 
through a var iab le  resistance,  or  was opera ted  as an 
e lect rochemical  pump by means  of an appl ied  voltage,  
to obta in  the des i red  Po2. The resul t ing  oxygen  ac t iv-  
i ty  was de te rmined  by  measu remen t  of the  emf of a 
separa te  c losed-end tube of s tabi l ized ZrO2, p la t in ized 
inside and outside only at  the tip, and cont inuously  
flushed wi th  oxygen,  which was located adjacent  to 
the conduct iv i ty  samples. 

The sample  holder  accommodates  three  samples.  One 
end of each was connected to a common lead  whi le  the  
other  leads  passed th rough  separa te  a lumina  tubes 
which were  suppor ted  by  a meta l  spacer  we l l  outside 
of the hot zone. 

Results and Discussion 
Typica l  expe r imen ta l  resul ts  a re  shown in Fig. 2. 

The s imi la r i ty  to resul ts  p resented  prev ious ly  for  
BaTiO3 (3, 4, 5, 9) is quite s tr iking.  Results  obta ined 
in this l abo ra to ry  for  both  compounds  are  compared  
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Table I. Impurity content of sintered SrTiO3 by spark-source mass 
spectrographic analysis (Micro-Trace Analytical Service).* Includes 

only those impurities present in amounts ~0.1 ppm by weight. 

Atoms of impurity 
per 10 e formula ppm by 
units of SrTiOs weight 

Carbon SS 0.4 ~ -2 
Nitrogen 9 0.1 v 
Fluorine 4 0.1 
Magnesium 62 1.7 
Aluminum 8 0.2 '~ 
Phosphorus 22 0.7 
Chlorine 63 2.4 _~ -~ 
Calcium 42 1.8 
Chromium 26 1.5 
Iron 87 B.S 
Nicke l  11 0.7 
Cobalt 21 l.S 
Gallium 14 I.I -~ 
Germanium 22 1.7 
Arsenic SS 2.7 
Yttrium ii I.i 
Antimony 20 2.7 

�9 (Silicon, sodium, sulfur, copper, zinc, selenium, and bromine 
could not be de~errnined because of interference. Sodium, cop- 
per, and zinc were not detected by emission spectroscopy, which 
indicates levels of <10 ppm by weight. Silicon is discussed in 
the text). 

di rec t ly  in Fig. 3. The coincidence of resul ts  in the  
oxygen-deficient ,  n - t y p e  region, where  the  c onduc -  
t iv i ty  increases wi th  decreasing Po2, suggests tha t  the 
proper t ies  in this region are  a lmost  whol ly  de te rmined  
by  the Ti-O sublat t ice.  The resul ts  differ somewhat  
more  in the  p - t y p e  region, pa r t i cu l a r ly  in the case of 
the  t empe ra tu r e  dependence  near  Po2 = 1 atm. Some 
expe r imen ta l  resul ts  f rom Wai te rs  and Grace for  
single c rys ta l l ine  SrTiOs are  also shown (10). Their  
da ta  cover a much lower  range of Po2 and ba re ly  
over lap  with  ours, but  appear  to be quite comparable .  
Comparison of conduct iv i ty  da ta  obta ined  for  po ly -  
crys ta l l ine  and single crys ta l l ine  BaTiOs has shown 
s imi lar  agreement  (9), which indicates  tha t  the con- 
duct iv i ty  is de te rmined  by  bu lk  proper t ies  in these 
large  grained,  po lycrys ta l l ine  samples. 

The exper imen ta l  results  can be cor re la ted  by  means  
of a model  in which doubly  ionized oxygen  vacancies,  
Vo", a re  the key  defect  and for which three  ma jo r  
sources are  postulated.  The defect  nota t ion is that  de-  
veloped by  KrUger and Vink (18) 

Reduct ion or loss of oxygen  

Oo~ 1 / 2 0 ~  -{- Vo" ~ 2e' [I] 

Cation nonstoichiometry in the sense of excess TiOs 

e ~  ~-1/6 

V *~ O00~ 

-q ~ ~ * / / + t / q  / /  

I I I [ [ I I [ I [ [ 
-20 -16 -12 -8 -q 0 

LOG POp ATf~I 

Fig. 2. Equilibrium conductivity profiles of polycrystalline SrTiOs, 
undaped, Sr/Ti = 1.0000. Temperatures at 50~ intervals. Dashed 
lines indicate ideal log-log slopes. 
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Fig. 3. Equilibrium conductivity profiles of polycrystalline SrTiOs 
O, and BaTiO~ • (5), at 1000 ~ and 800~ Both materials an- 
doped and Sr/Ti = Ba/Ti = 1.0000. - - - ,  SrTiO3 single crystal at 
1000~ (10). 

TiO2 ~ TiTf -F 20o  ~ Vsr" ~- Vo" [2] 

The incorporat ion of accep tor - type  impur i t ies  such 
as subst i tut ion of A12Os for 2TiO2 

A12Os ( - -  2TiO~) ~ 2A1Ti' -~ S Oo ~ Vo" [3] 

The reduct ion reac t ion  is indica ted  as an equi l ib r ium 
react ion because i t  is revers ib le  in reasonable  t ime 
spans at  both  the  s inter ing t empera tu re  and a't the 
t empera tu res  used for conduct ivi ty  measurements .  The 
lack of sa tura t ion  of e lect r ica l  proper t ies  wi th  add i -  
tions of up to 1080 ppm A1 indicates  tha t  the  solubi l i ty  
l imi t  has not been exceeded and the acceptor  impur i -  
ties a re  ~hus assumed to be comple te ly  and i r r eve r s i -  
b ly  incorpora ted  dur ing the s in ter ing  step. The i r -  
r evers ib i l i ty  is suppor ted  by indicat ions of e x t r e m e l y  
low cat ion diffusion on the Ti -subla t t i ce  of the per -  
ovski te  s tructure,  even  at the  s inter ing t empera tu re  
(19). Excess TiO2 wil l  dissolve up to its solubi l i ty  
l imi t  dur ing  the s inter ing process, and i t  wil l  be as-  
sumed that  the  excess TiO2 content  is frozen at  1000~ 
and below, where  the conduct iv i ty  measurements  were  
made. At  the t ime of final equi l ibra t ion  of the  sample  
wi th  excess TiO~, we can assume local equi l ibr ium. 
F r o m  the mass -ac t ion  expression" for this process 

[Vsr"] [Vo"] = K2aTiO~ [4] 

where  atlas is the ac t iv i ty  of TiO2 in the  SrTiOs, we 
can see tha t  the solubi l i ty  l imi t  for  TiO2 wi l l  depend 
on the number  of Vo" present  due to. acceptor  impur i -  
ties and the reduct ion reaction. For  cases where  suffi- 
cient excess TiOs is avai lable ,  therefore,  i ts  so lubi l i ty  
wi l l  be a funct ion of the  oxygen  pa r t i a l  pressure,  the 
impur i t y  content,  and  the final equi l ib ra t ion  t empera -  
ture. 
For undoped and aeceptor-doped SrTiOs, the com- 

plete express ion for  the condit ion of charge neu t ra l i ty  
is 

2[Vo"] + p = 2 [Vs / ' ]  + [A'] + n [B] 

where  [A'] represents  the  net  acceptor  content,  both 
accidenta l  and added, expressed as the equiva len t  con- 
cent ra t ion  of s ing le- leve l  acceptor  centers, n -- [e'],  
and p : [h ' ] .  The conduct iv i ty  plots, e.g., Fig. 2, can 
be divided into three  character is t ic  regions depending 
on whe the r  the SrTiOs has a s toichiometr ic  deficiency 
or excess of oxygen,  and depending on which terms in 
Eq. [51 are  most important .  The fol lowing analysis  is 
ve ry  s imi la r  to tha t  p rev ious ly  proposed for BaTiOs 
(5, 9, 20), and a schematic  represen ta t ion  of the de-  
fect model  is shown in Fig. 4. 
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Fig. 4. Schematic representation of equilibrium defect model for 
undoped and acceptor-doped SrTiO3. Defect concentrations calcu- 
lated from conductivities at 1000~ with/~n = 0.2 cm2/V.sec and 
p~ - -  0.1 cm2/V.sec. Regions I, II, and III defined in text. 

Region / . - - In  the region of lowest Po2, the material  
is oxygen deficient and the reduction reaction, Eq. [1], 
is the major source of defects and the approximate 
condition of charge neutral i ty  is thus 

2[Vo"] ~ n [6] 

The mass-action expression for the reduction reaction 
is 

[Vo"] n 2 = KIPo2 -1/2 [7] 

Combination of Eq. [6] and [7] leads to 

n ~ (2KI)I/3 po2-i/6 [8] 

which agrees with the P02 dependence of conductivity 
found by Walters and Grace (10) and of the electron 
concentration found by Yamada and Miller (11). The 
agreement between the P02 dependence of the conduc- 
t ivi ty and the electron concentration found by these 
two groups indicates that the electron mobility is not 
composition dependent under these conditions. Our 
own resul t s  barely reach into Region I at the lowest 
Po~ and highest temperature and exhibit this P02 de- 
pendence in a very limited region. 

Region / / . - -This  region is bounded on the low P02 
side by Region I and on the high Po~ side by the con- 
ductivity minima. The pressure dependence of the con- 
ductivity is approximately Po2 -1/4 which indicates 
oxygen-deficient, n- type behavior. This Po2 depen- 
dence for the electron concentration can be obtained 
from the mass-action expression for the reduction 
reaction, Eq. [7], if [Vo"] is independent o f  Po2, i.e., 
if there is an extrinsic source of Vo:' such that the 
reduction react ion-is  no longer t h e  major source of 
Vo". This could be due to either excess TiO2 or to 
acceptor impurities, Eq. [2] and [3].  It is proposed 
that  even in undoped material  with Sr /Ti  = 1.000, 
there is sufficient accidental net excess of acceptor im- 
purities to control [Vo"] in this region (5). Only in 
the region of lowest Po2 and highest temperatures does 
the reduction reaction, Eq. [1], become the major 
source of Vo". The preponderance of acceptor impuri-  
ties is related to the rela'tive natural  abundances of 
such impuri ty elements as compared to donor impuri ty 
elements and is suppor ted  by the analytical results 
reported in Table I. The approximate condition of 
charge neutral i ty is then 

[Vo"] ~ [Vsr"] -I- 1/2 [A'] [9] 

where [Vsr"] represents the contribution to [Vo'] 
made by excess TiO2, while 1/2 [A'] is the contribution 
made by the net excess acceptor content. The sum of 
these two contributions will be referred to as the ex- 

trinsic Vo" content. Combination of Eq. [7] and [9] 
gives 

{ KI t 1/~ n ~, rv  ,,~ P09. -lz4 [10] 
L Sr J + 1/2 [A'] 

This Po~ dependence is characteristic of a wide region 
of our experimental  results. 

Region/ / / . - -This  is the oxygen excess, p- type region 
lying between the conductivity minima and Po2 ---- 1 
arm. As suggested previously (5), it is proposed that 
the stoichiometric excess of oxygen is accommodated 
by the extrinsic Vo'" present because of a net excess 
of acceptor impurities or an excess of TiO~ 

1/2 O3 ~ Vo'" .~ Oo + 2h" [11] 

Thus there is no crystallographic excess of oxygen and 
no need to propose such unfavorable defects as O~" or 
Vri '" .  This is in accord with the very modest enthalpy 
of oxygen addition as indicated by the small tempera-  
ture dependence of conductivity in this region. The ap- 
proximate condition of charge neutral i ty is the same 
as in Region II, Eq. [9], as long as a negligible fraction 
of the extrinsic Vo'" is consumed by the oxygen excess. 
Combination of the mass-action expression for Eq. [11] 

p2 
- -  -- KII Po21/2 [12] 
[Vo"] 

with Eq. [9] gives 
p ~ Kn  1/~ { [Vsr"] + 1/2 [A']} 1/~ Po21/4 [13] 

This is a good representation of the Po2 dependence of 
conductivity observed in this region. 

Figure 5 shows an Arrhenins plot of the conductivity 
at Po2 = 1 atm for several samples. The plots are not 
linear, tending to be concave downward. The slopes 
indicate activation enthalpies between 0.7 and 1.2 eV, 

" - - .  - - .  -.o 
- - . .  .o 

-5 I I [ I I 
0,80 0,38 0,96 

1000/I~ 

Fig. 5. Arrhenlus plots of equilibrium conductivity data for poly- 
crystalline SrTiOa. Dashed lines, in equilibrium with 1 atm 02. 
Solid lines, at the conductivity minima. 

ppm added AI Sr/Ti 

�9 None 1.0000 
[ ]  None 0.9950 
C) 1080 0.9950 
X 1080 0.9950 
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with  the  most  l inear  result ,  tha t  for the undoped sam-  
p le  w i th  S r /T i  = 1.000, g iving 0.98 eV. These are  a l l  
cons iderably  h igher  than  the value  of 0.4 eV found for 
the  same region in BaTiO8 (9). 

The conductivity minima.--The conduct iv i ty  min ima  
correspond to the  p - n  t ransi t ions  where  the  e lect ron 
and hole contr ibut ions  to the  conduct ivi ty  a re  equal  

n~n - - - -  p ~  [14] 

where  ~n and #p are  the  e lec t ron and hole mobili t ies.  
At  the point  of exact  compensation,  which  is offset 
f rom the conduct iv i ty  m i n i m u m  by the mobi l i ty  ratio,  
the only  source of car r ie rs  is by  ionizat ion across the 
bandgap  

nil ~- e'  ~- h" [15] 

np ---- Kls  = K15' e -E,~ [16] 

where  nil refers  to the s t andard  s ta te  wi th  al l  e lect rons  
in the  lowest  ava i lab le  energy  states, and  Eg ~ is the 
bandgap  at 0 K or  the  en tha lpy  of the ionizat ion reac-  
tion, Eq. [15]. A t  the  point  of compensat ion  

n "" p "- (K15') 1/2 e -E~~ [17] 

The t empera tu re  dependence  of the min ima is p r i -  
ma r i l y  de te rmined  by  Eg~ the smal l  cont r ibut ion  of 
the t empera tu re  dependence  of the mobi l i ty  and den-  
s i ty  of s tate terms has been discussed e l sewhere  (9). 
Ar rhen ius  plots  of the  min ima  are  also shown in Fig. 
5, and  the  slopes indicate  Eg ~ : 3.30 eV, ve ry  close to 
the  values  of 3.1 and 3.27 eV found for BaTiO8 (4,  9) 
and in good agreement  wi th  the opt ica l ly  de te rmined  
value  of 3.2 eV for single c rys ta l l ine  SrTiO8 (21, 22). 

The e~ects 05 excess TiO~ and accepto~ impuri t ies . -  
By combinat ion of Eq. [10] and [13], the  Po2 a t  the 
minimum,  Po~ (min.) ,  can be expressed  as 

( # n ~ 2  K1 1 
Po2 (min.) 

- - - - - ~ -  K n  {[Vsr"] ~- 1/2 [A']} 2 

--  E l l  [Vo" "]2ext [18] 

Where [Vo"]ext is the  extr ins ic  Vo'" concentrat ion.  The 
shif t  of Po~(min.) wi th  [Vo"]ext is independent  of t h e  
mobil i t ies  

d log Po2 (rain.) 
: --2 [19] 

d log [Vo"]ext 

Thus at a g iven tempera ture ,  the min imum moves to 
lower  Po2 b y  two orders  of magni tude  for each order  
of magni tude  increase  in [Vo"]ext, and this shift  serves  
as a measure  of the  re la t ive  extr ins ic  Vo" contents  of 
var ious  samples.  This p a r a m e t e r  is independen t  of the  
absolute  values  of the conduct iv i ty  and thus of the 
sample  geomet ry  and density.  

F igure  6 shows conduct iv i ty  profiles a t  1000~ for 
th ree  samples  of undoped  SrTiOa p repa red  so as to 
have S r / T i  rat ios  of 1.000, 0.999, and 0.995, which cor-  
respond to 50.000, 50.025, and 50.125 m/o  TiO2, respec-  
t ively.  The conduct iv i ty  min ima  occur at  lower  Po2 
for  S r /T i  ~ 1, indica t ing  an increase  in extr ins ic  Vo'" 
content  wi th  excess TiO2, as expected from Eq. [2]. 
Since the posi t ions of the  Po2 min ima  are  s imi lar  for  
S r / T i  = 0.999 and 0.995, i t  would  appear  tha t  for  the  
condit ions under  which  these samples  were  sintered,  
the SrTiO3 sa tura tes  wi th  TiO2 at  less .than 50.1 m/o .  

F igure  7 shows conduct iv i ty  profiles at  1000~ for 
some accep tor -doped  samples, as wel l  as for the un -  
doped sample  having S r /T i  = 1.000. For  a sample  con- 
ta in ing 281 p p m  A1 and S r / T i  = 0.995 the m i n i m u m  
occurs at  s ignif icant ly lower  Po2, whi le  the  addi t ion  
of 1080 ppm A1 moves the min imum to even lower  Po2, 
represent ing  the expected effect on the concentrat ion 
of extr insic  Vo". 

I I I I 
-12 -8 -4 O 

LOG P02 ATM, 

Fig. 6. Equilibrium conductivity profiles of undoped, polycrystal- 
line SrTiO3 at 1000~ �9 Sr/Ti = 1.0000, • Sr/Ti = 0.9990, 
Sr/Ti = 0.9950. 

Takahashi  has r epor ted  large ionic contr ibut ions  to 
the conduct iv i ty  of pe rovsk i t e - s t ruc tu re  oxides con- 
ta ining large  amounts  of acceptor  impur i t i es  (23). F o r  
SrTiO3 wi th  10% of the  Ti rep laced  by  A1, for  e x a m -  
ple, he repor ts  ionic t r anspor t  numbers  be tween  0.6 
and 0.9 in the  t e m p e r a t u r e  range  650~176 This 
ma te r i a l  has a r e l a t ive ly  Po2- independent  conduct iv i ty  
at 800~ for  10 -6 > Po2 > 10-16 atm, p r e sumab ly  due 
to  the  Po~-independent  concentra t ion of extr ins ic  Vo". 
In  our  data, an ionic contr ibut ion  would  be most ap -  
pa ren t  a t  the conduct iv i ty  minima.  F igure  8 shows sev-  
era l  conduct iv i ty  min ima  c o m p a r e d  wi th  the  ideal 
shape. The expe r imen ta l  curves have  been  p laced  such 
that  they  b lend  asympto t ica l ly  into the  ideal  curve  on 
e i ther  side of the  minimum.  A t  1000~ the undoped 
sample  wi th  S r / T i  = 1.000 has an almost  ideal  min i -  
mum, whi le  at  800~ it  is somewhat  ra ised and f lat-  
tened. At  the l a t t e r  t empera ture ,  the min ima  become 
h igher  as the  extr ins ic  Vo'" content  is enhanced by  ad -  
dit ions of TiOe and A1203. The shapes of the  min ima  
in these  cases a re  in good agreement  wi th  an ideal  
m in imum With an addit ive,  Po2- independent  cont r ibu-  
t ion which could represen t  oxygen vacancy  conduction. 

Wernicke  found a va lue  of 1 • 10 -4 cm2/sec for  the  
effective diffusion constant  of Vo" at  1000~ in single 

-2 x //o 
o= 

-3 

-12 -8 -~ 0 
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Fig. 7. Equilibrium conductivity profiles of acceptor-doped, poly- 
crystalline SrTiO3 at 1000~ �9 undoped, Sr/Ti = 1.0000; (~ 281 
ppm AI, Sr/Ti = 0.9950, >K 1080 ppm A.I, Sr/Ti = 0.9950. 
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Fig. 8. Conductivity minima compared with ideal construction 
from log-log slopes of ___1/4 (solid line). 
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c r y s t a l  SrTiO8 (24). This was de r ived  f rom the t ime  
dependence  o f  the  co.nductivity fol lowing step changes 
in the  oxygen  pa r t i a l  pressure.  If  i t  is assumed that  
the  diffusion expe r imen t  involved ambipo la r  diffusion 
of Vo" and electrons,  the t rue  vacancy  diffusion con- 
s tant  is 1/3 of the effective value.  F r o m  the N e r n s t -  
Einste in  re la t ionship,  this corresponds to a Vo" mo-  
b i l i ty  of 6 • 10 -4 cm2/sec at  1000~ For  the  most  
h igh ly  doped sample  in Fig. 8 (1080 ppm A1) this 
gives an ionic conduct iv i ty  of 1.5 • 10 -3 ~ - 1  c m - i .  
The conduct iv i ty  m i n i m u m  for this sample  lies about  
25% above the va lue  of 9 • 10 -4 ~ - 1  cm-1  for  the  
undoped  sample  wi th  S r / T i  __- 1.000, suggest ing an 
ionic cont r ibut ion  of 2.2 • 10 -4  ~ - 1  cm-1,  somewhat  
less than  p red ic ted  by  the  diffusion data.  If  the effec- 
t iveness of A1 for producing  appa ren t  Vo'" concent ra-  
tions is s imi lar  in SrTiO3 to the  values  found recen t ly  
in  BaTiO~ (25), the  p red ic ted  cont r ibut ion  is 4 • 10 -4  
l~ -1 cm -~, which  is wi th in  a factor  of two of the ob-  
served  effect. Since the conduct ivi t ies  were  measured  
wi th  a d - c  current ,  the  effect of the  ionic conduct ion 
m a y  have been reduced  b y  polar izat ion.  Some sl ight  
polar iza t ion  effects were  observed in the v ic in i ty  of 
the  conduct iv i ty  minima.  

Pa lad ino  de t e rmined  the  chemical  diffusion constant  
for  oxygen  in SrTiOs f rom the ra te  of weight  change  
fol lowing s t ep  changes in Po2 (26). His va lue  at  1000~ 
is about  half  tha t  r epor ted  by  Wernicke.  The da ta  of 
Takahash i  y ie ld  a mobi l i ty  which predicts  a smal le r  
cont r ibu t ion  than  is indica ted  b y  our results .  If  t h e  
10% A1 content  used by  Takahashi  is beyond the solu-  
b i l i t y  l imi t ,  and  the resul t ing  extr ins ic  Vo'" content  
is thus less than  5%, his resul ts  are  in closer ag ree -  
men t  wi th  ours. 

Wern icke  repor ted  an ac t iva t ion  energy for oxygen  
diffusion in SrTiO3 of 1.1 eV (24), whi le  Pa lad ino  
found values  of 0.98, 1.13, and 1.27 eV (26, 27). The 

f irst  of these was obta ined  f rom the oxida t ion  kinet ics  
of reduced  SrTiO3 whi le  the  las t  two were  obta ined  
f rom the  isotopic exchange rate.  If  the  t o t a l  oxygen  
vacancy  contents  of these samples  were  extr insic,  as 
pos tu la ted  in the  model  descr ibed here,  these energies  
should represen t  the  en tha lpy  of mot ion  of Vo". T h e s e  
enthalpies  a re  less than  1/2 Eg ~ which  we found to 
be 1.65 eV. Thus the min ima  have a grea te r  t empera -  
ture  dependence  than  does the  mob i l i t y  of Vo", a n d  
ionic c onduc t i v i t y  should make  l a rge r  f rac t ional  con- 
t r ibut ions  wi th  decreas ing tempera ture .  This agrees 
wi th  our observat ion  tha t  the min ima  become flat ter  
wi th  decreasing t empe ra tu r e  as demoLlstrated in Fig. 8. 

In  any case, the  level  of vacancy  conduct ion needed 
to account  for  the observed shapes of the  conduct ivi ty  
min ima is not  unreasonable .  A s imi lar  devia t ion  f rom 
the ideal  shape of the conduct iv i ty  min imum has been 
observed in BaTiOa (28). The conduct iv i ty  levels  at  
the  min ima  in Fig. 6 and 7 differ p robab ly  by  a com- 
b ina t ion  of the effect shown in Fig. 8 and because of  
smal l  geometr ic  differences be tween  samples.  

Donor-doped samples.--The effect of the S r / T i  site 
occupat ion rat io  is pa r t i cu l a r ly  s t r ik ing  in the  case of 
donor -doped  samples.  F igure  9 shows conduct iv i ty  
prof i les  a t  1000~ for three  samples  having  ident ica l  
amounts  of added Nb, bu t  S r / T i  ra t ios  of 1.000, 0.999, 
and  0.995. I t  is doubt fu l  tha t  the former  two samples  
were  comple te ly  equi l ib ra ted  for  Po2 > 10-1~ atm. 
T h e  Vo" con ten t  in these cases should v a r y  as Po2 -1/a 
over  this range, and the resul t ing  low Vo'" concen- 
t ra t ion  leads to very  s low equi l ibrat ion.  The sample  
wi th  S r / T i  = 1.000 behaves  ve ry  much l ike  donor-  
doped BaTiOs (5). The rep lacement  of 2TIO2 by  Nb205 
caa  be wr i t t en  

Nb205 (--2TiO2) -> 2NbTl + 4 Oo + 1/2 09. + 2e' 

[20] 

The expuls ion of the fifth oxyge n from the filled l a t -  
t ice leaves free e lectrons which  compensate  the  
charged donor centers. This leads to a region o f . i m -  
pur i ty -con t ro l led ,  Poe- independent  e lect ron concen-  
t r a t ion  and conduct ivi ty.  In  the  case of S r / T i  = 0.999, 
the conduct iv i ty  is s ignif icantly reduced in the  im-  
pu r i ty -con t ro l l ed  region, and for S r /T i  = 0.995, t h e  
donor -doped  behav ior  is los% comple te ly  and  the  con-  
duc t iv i ty  plot  looks ve ry  much l ike tha t  of an undoped  
sample.  Apparen t ly ,  as the Vo'" content  increases wi th  
the  amount  of excess TiO2, increas ing amounts  of the  
ex t ra  oxygen  car r ied  by  the Nb205 can be accommo-  
da ted  in the la t t ice  unt i l  f inal ly i t  is all  r e ta ined  and  
the  character is t ic  donor - type  behav io r  is no longer  
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Fig. 9. Conductivity profiles of donor-doped, polycrystalline 
SrTiO3 at 1000~ �9 498 ppm Nb, Sr/Ti = 1.0000; M 498 ppm 
Nb, Sr/Ti = 0.9990; Q 498 ppm Nb, Sr/Ti = 0.9950. 
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observed.  

Nb205 + Vo" ( - -2TiOf)  -> 2NbTi" % 50o  [21] 

Since the Nb content  corresponds to only 249 ppm 
ex t r a  oxygen,  and there  is a large change in proper t ies  
as the TiO2 excess is increased f rom 1000 to 5000 ppm, 
there  must  be an equi l ib r ium be tween  O2, Vo", e', 
and h' ,  essent ia l ly  as represen ted  by  Eq. [7] and [16], 
r a the r  than  a complete  accommodat ion where  every  
Vo" can be filled. In  cont ras t  to undoped and acceptor -  
doped samples, donor -doped  SrTiOs  shows a dramat ic  
change in proper t ies  as S r / T i  is reduced f rom 0.999 to 
0.995. This suggests that  the solubi l i ty  of TiO2 m a y  be 
enhanced by  the tendency  of the Nb205 content  to re -  
duce the Vo" content.  This phenomenon resul ts  in a 
d ramat ic  change in room t empera tu re  proper t ies  for 
SrTiOa containing modest  amounts  of donor impuri t ies .  
Af te r  equi l ibra t ion  in air  or oxygen,  the ma te r i a l  can 
be e i ther  a dark  colored semiconductor  if  S r / T i  ---- 
1.000, or a l ight  colored insula tor  if S r / T i  < 1.000. The 
conduct iv i ty  can be changed severa l  orders  of m a g -  
n i tude b y  ve ry  modes t  changes in the S r / T i  ratio.  

Conclusions 
In the t empe ra tu r e  range  included in this report ,  

800~176 SrTiO3 mainta ins  equi l ib r ium wi th  the 
oxygen  act iv i ty  in the ambient .  I t  behaves  as a de-  
genera te  semiconductor  wi th  al l  donor levels in t ro-  
duced by  reduct ion  giving mobile  electrons, and each 
oxygen  in excess of s to ichiometry  cont r ibut ing  two 
mobi le  holes. Car r ie r  mobil i t ies  have not  been  mea -  
sured in this t empera tu re  range, but  since the conduc-  
t iv i ty  is a lmost  ident ical  wi th  that  of BaTiO3 in the 
reduct ion region, and the enthalpies  of the reduct ion 
reac t ion  and int r ins ic  ionizat ion are  also almost  iden t i -  
cal, s imi lar  mobil i t ies  should be ant icipated.  

Perluzzo and Des t ry  have measured  Hal l  mobil i t ies  
in SrTiO~ from room t empera tu re  to 650 K (29). Their  
resul t  of about  6 cmf /V �9 sec for single crys ta l l ine  
ma te r i a l  at  room t empera tu re  agrees wel l  wi th  a value  
of 5.8 c m e / V ,  sec obta ined  by  Gerthsen,  H~rdtl ,  and 
Csillag for both  single crys ta l l ine  and polycrys ta l l ine  
SrTiO3 (30). If  the mobi l i ty  resul ts  of Perluzzo and 
Des t ry  a r e  fit to a T -8/~ t empera tu re  dependence,  
which is a good approx imat ion  to the e lect ron mobi l -  
i t ies measured  for BaTiO~ up to 1000~ by  Seuter  (4, 
31), ex t rapo la t ion  to 800 ~ and  1000~ gives e lect ron 
mobil i t ies  of 0.5 and 0.4 cm2/V �9 respect ively,  for 
SrTiO3. These are  somewhat  h igher  than  the values  
obta ined  f rom the express ion used by  Ihr ig  (31) to de-  
scribe the resul ts  obta ined  by  Seuter  (4) for BaTiO~, 
0.19 and 0.15 cmf /V �9 sec at 800 ~ and 1000~ There  is 
no quant i ta t ive  informat ion  on hole mobil i t ies  in e i ther  
compound, a l though the resul ts  of Seuter  indicate that  
~p < #n- These ex t rapo la ted  values  seem a l i t t le  high 
when  compared  wi th  the resul ts  obta ined f rom donor-  
doped samples  where  n is de te rmined  by  the net  excess 
donor content.  Al though  the da ta  shown in Fig. 9 for a 
sample  wi th  498 ppm Nb and S r / T i  = 1.000 are  poor ly  
equi l ib ra ted  at  high Po2, the t rend  near  Po2 --  10 -12 
a tm suggests a level ing off at a conduct iv i ty  of about  
0.2 ~ - 1  cm-1.  Assuming  a net  donor excess of 400 
ppm, this gives ~n N 0.2 cmf /V �9 sec. In the schematic  
plot  of defect  concentrat ions  in Fig. 4, this  value  has 
been used for ~n, and ~p has been a rb i t r a r i l y  set at  0.1 
cm2/V,  sec, in o rder  to der ive  car r ie r  concentrat ions 
f rom the measured  conductivit ies.  

The addi t ive  effect of reduction,  excess TiO2, and 
acceptor  impur i t ies  is a s t rong indicat ion that  all  three  
lead  to a common defect, the doubly  ionized oxygen 
vacancy. This implies  l i t t le  or  no defect  association 
under  the  condit ions of conduct ivi ty  measurement .  
The dielectr ic  constants  of SrTiO~ and BaTiO3 rema in  
high even at  e levated  tempera tures .  The high f re-  
quency dielectr ic  constants at  500~ far  into the  
pa rae lec t r i c  region, have  been repor ted  to be 150 and 

450 for SrTiO3 and BaTiO3, respect ively,  (32), and the 
static values  must  be even higher.  This p a r a m e t e r  
is a measure  of the po la r izab i l i ty  of the latt ice,  which  
reduces the electrostat ic  a t t rac t ion  be tween  charged 
defects accordingly.  Thus for "normal"  compounds l ike 
MgO and NiO, which have dielectr ic  constants  s imi lar  
to those of the a lka l i  halides, h igh t empera tu re  asso- 
ciat ion be tween  mul t ip le  charged defects should be a 
major  effect, but  this  is d ras t ica l ly  reduced  in SrTiO3 
and BaTiO3 because of the i r  ex t reme  polar izabi l i t ies .  

The resul ts  and defect  model  discussed here  suggest  
that  the  s inter ing conditions can p l a y  an  impor tan t  
role  in de te rmin ing  the proper t ies  of po lycrys ta l l ine  
SrTiO~ when excess TiO2 is avai lable .  The solubi l i ty  
of TiO2 should depend on the to ta l  Vo" cor~tent which 
can be enhanced by  the presence of acceptor  impur i t ies  
and reduced  P02. Of course, the solubi l i ty  should also 
be t empera tu re  dependent .  The effect of var ia t ions  in 
s inter ing conditions are  cu r r en t ly  under  invest igat ion.  
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Compositional Studies Related to 
Sputtered Cd-Si-As Films 

A. F. Carroll, *,I C. F. Smith, 2 L. C. Burton, and L. H. Slack 2 

Departments oS Materials and Electrical Engineering, 
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061 

ABSTRACT 

Thin films containing Cd, Si, and As were rf sputtered from a CdSiAs2 
target and Si/CdAs2 composite targets. The compositions of the films were 
found to be a function of the sputtering power, substrate temperature, post- 
deposition heat-treatment in a Cd and As4 atmosphere, and in the case of the 
composite targets, the Si/CdAs2 area ratio. These results are related to 
differences in sputtering yield and the different resputtering tendencies of 
the elements. The films were amorphous as deposited, but became polycrystal- 
line with the chalcopyrite structure during the postdeposition heat-treatments. 

CdSiAs2 is a semieonducting compound having the 
chalcopyrite crystal structure (1; 2). It is a II-IV-V 
analog of the III-V compounds, and as such, it has 
many potential electronic applications, one of which 
is photovoltaic energy conversion. The CdSiAs2, which 
is p-type and has a bandgap of 1.55 eV (3), could 
potentially be used in homojunction and heterojunc- 
tion configuration. Of special interest is its good lattice 
and electron affinity match with n-type CdS. A close 
lattice match between the absorber (CdSiAs2) and 
window (CdS) layers would tend to minimize the 
recombination rate at the heterojunction. CdS has a 
(110) spacing of 5.851A, compared with the (100) 
lattice parameter for CdSiAs2 of 5.885A, providing a 
lattice mismatch of less than 0.6%. 

The purpose of this work is to achieve a workable 
method of preparing CdSiAs2 thin films, but evaluation 
of their photovoltaic characteristics is beyond the 
scope of this paper. In order to enhance the composi- 
tional homogeneity, radio frequency sputtering from 
large (3 in. diam) targets was used. This technique 
provides the necessary compositional versatility (4, 5) 
and good film adherence (6) to substrates. The good 
adhesion results from the plasma interaction with the 
substrate which results in substrate cleaning before 
a n d  during the initial stages of deposition a.nd/or aids 
in the formation of interracial compounds. 

Procedure 
Target iabrication.--Two target designs were used,  

one  being a macroscopically homogeneous C d S i A s s  
plate and the other being an Si plate containing i n -  
ser t s  of CdAs2. The first target was prepared by d i r e c t  
fusion of CdSiAs2 that had previously been synthesized 
by direct fusion from the pure elements. Crushed 
pieces of CdSiAs2 (containing small amounts of CdAs2, 
CdaAs~, and SiAs) were placed in a fused silica cylin- 
drical container which contained a 3 in. graphite disk 
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on which t h e  CdSiAs2 rested. The container, 3V4 in. in  
diameter and 2 in. high, was evacuated and sealed. It  
was then heated according to the thermal schedule 
shown in Fig. 1. When the container was rapidly 
cooled, the sides and top were kept hot with insulating 
material so that the more volatile components would 
not condense on the vessel, hut onto the target. This 
target had an irregular shape approximately 2 in. in 
diameter and 1/4 in. thick. It was bonded to an alu- 
minum backing plate with conducting epoxy. 

The composite targets, one shown in Fig. 2, were 
prepared by core drilling 23/64 in. holes in a 3 in. 
diam polycrystalline silicon plate and inserting 11/32 
in. CdAsz disks into those holes. The silicon and  i n -  
serts were bonded to a 3-1/4 in. diam copper backing 
plate, again with thermosetting epoxy. 

The CdAs2 inserts were synthesized by weighing 
stoichiometric quantities of pure (5N) cadmium and 
arsenic into hollow graphite cylinders, which were i n  
turn sealed into evacuated heavy-wall silica tubing. 
The graphite liners kept the final ingot from fracturing 
on cooling. The thermal schedule used for melting a n d  
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Fig. I. Thermal schedules for materials used in targets and as 
EMPA standard. 
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Fig. 2. Photograph of composite target HEX C 

solidification of this compound is also shown in Fig. 1. 
The resul t ing  CdAs2 ingots  were  found to be single 

phase and crys ta l l ine  by  e lec t ron microprobe  and 
x - r a y  diffraction analyses,  respect ively .  The re la t ive  
ease of CdAs2 synthesis  is associated wi th  its congruent  
mel t ing  and solidification behavior .  The ingots were  
sect ioned into disks and u l t rason ica l ly  c leaned in  ace-  
tone and methanol .  

Fou r  composite targets  have been fabr icated.  The 
first was a sil icon disk wi th  a single CdAs2 disk bonded  
a t  i ts center  (bu l l seye -BE) .  I t  was used to cha rac t e r -  
ize the geomet ry  of spu t t e r ing  f rom a single inser t  as 
a test  of possible imaging  effects (7) be tween  t h e  
two-phase  t a rge t  and the subs t ra te  plane.  

The o ther  th ree  composite targets  (HEX A, HEX B, 
and HEX C) consisted of an Si p la te  wi th  CdAs2 d i s k s  
inser ted  in a hexagonal  ar ray .  The n u m b e r  and spac-  
ing of the inserts  were  chosen to y ie ld  Si/CdAs~ a rea  
ra t ios  of 1.0~0, 1.47, and  2.27 (HEX A, HEX B, and 
HEX C).  

Sputtering.--The radio  f requency sput te r ing  sys tem 
used to deposi t  Cd-S i -As  thin films consisted of a 
commercia l  spu t t e r ing  module  s moun ted  on a vacuum 
sys tem ut i l iz ing a tu rbomolecu la r  pump. 4 The s p u t -  
t e r i n g  parame te r s  used are  l is ted in Table  I. 

The film thicknesses were  de te rmined  by  weighing  
the subs t ra tes  before  and af te r  deposition, and as-  
suming a composit ion of CdSiAs2 of near  theore t ica l  
density,  5.0 g / c m  s. These thicknesses were  wi th in  _ 5% 
agreemen t  of those obta ined by  opt ical  i n t e r f e rom-  
etry.5 

The ra te  of ma te r i a l  r emova l  f rom the ta rge t  was 
a]so moni tored  b y  de te rmin ing  the geometr ica l  profile 
of the ta rge t  sur face  wi th  a sheet  me ta l  micrometer .  

Heat treatments oS films.---Some of the films were  
hea ted  e i ther  dur ing  the sPut ter ing  process or  a f t e r -  
wards.  In  the first case, the  s tage suppor t ing  the sub-  
s t ra tes  was hea ted  to a contro l led  t empe ra tu r e  dur ing  

R. D. Mathis, Model SP310. 
Welch, Model No. 3102. 

s Varian Associates, Angstrom Scope. 

Table I. Sputtering parameters 

Sputtering target 

Sub- 
Argon strate 

RF pres- + D-C Dura- 
power sure heating voltage tion 
(W) (mTorr) (~ (kV) (hr) 

CdSiAs~ 40-220 5-32 RT to 1.5-4.0 3.0-7.5 
535 

Bullseye (BE) 80-190 7-16 - -  0.7-1.8 2.5-6.0 
HEX A 100-200 9-32 - -  0.4-1.6 1.5-3.5 

(Si/CdAs2 = 1.00) 
HEX B 100-200 9-12 - -  2.0-3.0 3.0-6.0 

(Si/CdAsz = 1.47) 
HEX C 100-200 7-15 - -  2.1-3.3 3.5-4.0 

(SI/CdAs2 -- 2.27) 

the deposit ion.  The rf  p lasma hea ted  the t o p  s u r f a c e  
of the  subs t ra tes  to a t empe ra tu r e  h igher  than  t h e  
control  t empera tu re  by  150 ~ • 10~ as d e t e r m i n e d  
by  a p la t inum thin film surface t empe ra tu r e  m e a -  
sur ing device, s 

In  the  second case, the  coated subs t ra te  and  a smal l  
f r agmen t  (approx.  ~& g) of CdAs~ were  sealed in  an  
evacuated  Vycor  ampul.  The ampu l  was hea ted  to 
600~ fo r  one day.  The CdAs2 prov ided  an o v e r p r e s -  
s u r e  o f  C d  and As4 vapor .  

Film characterization.--Elemental composit ions of 
t h e  films were  de te rmined  by  e lect ron m i c r o p r o b e  
analysis  7 (EMPA) and the i r  s t ruc tures  b y  x - r a y  dif -  
f ract ion analysis  (XRD).  The films were  th ick  enough 
( ~ 1  ~'n) to in te rcept  a l l  of the rad ia t ion  in the  EMPA 
exper iments  so tha t  the analysis  was not  affected by  
the substrates.  

Two sets of s tandards  have  been  used for  t h e  
microprobe  analyses.  The first was Cd, GaAs, and Si. 
A f resh  surface of Cd was exposed for  microprobe  
analyses  on a dai ly  basis. Because the Si and  As x - r a y  
emission peaks overlap,  some e r ro r  was found to e x i s t  
using these in i t ia l  s tandards.  The over lapp ing  of these 
peaks in the C d - S i - A s  films, bu t  not  in the s tandards ,  
was responsible  for this error .  The second set consisted 
of SiAs crysta ls  (a mica - l ike  c leavable  ma te r i a l  syn -  
thesized here in ingot  form by  mel t ing  the  pure  e le-  
ments  in evacuated  sealed sil ica ampuls  using the 
the rmal  schedule  shown in Fig. 1) and  Cd metal .  The 
second set of s t andards  provides  analyses  on bu lk  
CdSiAs2 tha t  agreed  wi th  careful  chemical  analyses.  
Al l  of the microprobe  resul ts  r epor ted  here  were  
made using the second set, o r  were  corrected using 
appropr ia t e  correct ion factors.  

Results and Discussion 
Films from ternary target.raThe films fo rmed  b y  

spu t te r ing  from the po lycrys ta l l ine  CdSiAs2 t a rge t  
were  cadmium deficient. A t t empts  to induce c rys ta l -  
l in i ty  by  heat ing the subs t ra tes  were  not  successful. 
The effect of  subs t ra te  heat ing on film composit ion i s  
seen in Fig. 3. The first subs t ra te  suppor t  t e m p e r a t u r e  
shown in Fig. 3 is tha t  ob ta ined  wi thou t  app ly ing  
power  to the subs t ra te  heater .  The t empe ra tu r e  w a s  
measured  inside the subs t ra te  support .  When the sub-  
s t rates  were  hea ted  to only  270~ the cadmium con- 
tent  had d ropped  to less than  2%, and became even 
lower  as h igher  subs t ra te  suppor t  t empera tu re s  were  
used. At  ve ry  high t empera tu re s  (above 400~ the 
As content  also d ropped  f rom 53 to 30%. 

The re -emiss ion  of Cd and As4 f rom the thin film 
is p robab ly  a resul t  of the  combined effects of t he rma l  
and par t ic le  impact  induced decomposi t ion mecha-  
nisms. These two mechanisms occur s imul taneous ly  
dur ing  the sput te r  deposi t ion process in an  in t e rde -  
penden t  manner .  

A s tudy  (8) of the  the rmal  decomposi t ion of bu lk  
CdSiAs2 in vacuum de te rmined  the t e m p e r a t u r e  range  
for Cd and As4 subl imat ion  to be 570~176 Both 
species were  sub l imed  in an app rox ima te  ra t io  of 4 to 
1, respect ively,  leaving a res idue  of SiAs. At  t e m p e r a -  
tures  exceeding 710~ As4 was subl imed from the 
SiAs leaving  a res idue of Si. The two steps of this de -  
composit ion process were  separa ted  b y  a t e m p e r a t u r e  
difference of 140~ The t empe ra tu r e  difference be -  
tween the two same steps occurr ing  in the presence 
of a high energy  p lasma  is g rea te r  than  130~ shown 
in Fig. 3. The re la t ive ly  constant  difference in t e rn '  
pe ra tu re  indicates  tha t  the same bonds are  b roken  in 
the  t he rma l  decomposi t ion of the previous  s tudy  and 
the t he rmo-phys i ca l  decomposi t ion of this  s tudy.  

omega Engineering, Model TFD Thin Film Detector,  Stan- 
ford~ Connecticut, 

~Applied Research Lab., Model 131,000-46. SEMQ, Automated 
Electron Microprobe. 
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Fig. 3. Effect of substrate support temperature on film composi- 
tion. 

The difference in  temperature is related to the dif-  
ferent bond strengths of the Cd-As and Si-As bonds in 
the CdSiAs2 crystal. Another  indication of the different 
bond strengths is the difference in mel t ing  tempera-  
ture of CdAs2 and decomposition tempera ture  of SiAs2, 
621 ~ and 944~ respectively. 

The cadmium content  was also found to be a func-  
t ion of the previous service of the polycrystal l ine 
CdSiAs2 target. This is evident  in data reported in 
Table II where the Cd content  dropped from 21 to 17%, 
and to 11% in three 200W runs. This table is a chrono- 
logical summary  of the progressive depletion of Cd 
from the films sputtered at 200W and the effect of 
substrate tempera ture  on this depletion. I t  is evident  
that  the target  surface was becoming Cd deficient 
with continued use and this depletion was hastened 
when the chamber  was heated by tu rn ing  on the sub-  
strate heater. Deliberate substrate heat ing was dis- 
continued and the substrate  holder was cooled with 
circulating room tempera ture  water  in  the subsequent  
research. 

The composite Si/CdAs2 targets were adopted be-  
cause of their greater  ease of fabricat ion and the flexi- 
bi l i ty gained by the variable  Si/CdAs2 ratio. 

Films from bullseye target--Sputtering from the 
first composite target  (BE), consisting of a single 
CdAs2 disk at the center of a silicon plate, established 
that  the t ransport  of sput tered particles was a mul t i -  
collision process between the target  and substrates. 
The Cd and As atoms were evenly  distr ibuted over 
the ent i re  substrate holder area, even though they 
originated from a small  spot. This is shown by the 
microprobe e lementa l  analyses of Cd, As, and Si 
shown as a funct ion of substrate location in Ffg. 4. 
If the atoms had not  experienced the mixing  effects 
of numerous  collisions with argon atoms (and each 
other),  then the Cd and As concentrations would have 
followed a cosine law (6) with distance from the 
center of the substrate holder. This exper iment  con- 

Table II. Chronological listing of unheated sputter depositions 
using the ternary CdSiAs2 Target 

RF A r g o n  Compos i t ion  
p o w e r  p r e s s u r e  

(W)  ( m T o r r )  Cd Si As  

200 18 21.1 27.5 51.4 

190 7 18 27.4 54.6 
200 7 17 27.4 55.6 

80 32 14.3 35.7 50.0 
200 14 11.2 35.6 53.2 

* T h e  s u b s t r a t e s  w e r e  h e a t e d  a s  h i g h  as  300~ 
* * T h e  s u b s t r a t e s  w e r e  h e a t e d  a s  h i g h  a s  535~ 
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Fig. 4. Bullseye target film compositions as a function of sub- 
strate position. 

firmed that  there would be no imaging effects between 
the two-phase target  and the substrates. 

Films Srom hexagonal targets.--In these experi-  
ments, the films' compositions are controlled by  va ry-  
ing the Si/CdAs~ area ratio of the target, by heat-  
t reatment ,  and by varying  the power level used dur ing  
sputtering. 

The effect of the  target 's Si/CdAs2 area ratio on 
film composition is shown in  Table III. The films here 
were all sputtered at 100W. As the target 's Si area 
increases, the silicon content  increases and the Cd and 
As contents decrease. If the Cd, Si, and As atoms 
sputtered in proportion to their concentrat ions in  the 
target  surface, then the HEX A target  would have 
provided stoichiometric CdSiAs2, but  the Si content  
was too low by a factor of approximately  two. It  is 
apparent  that  Si sputters more slowly than the CdAs2 
inserts. This was confirmed by moni tor ing the surface 
profile of the target, where it  was found that  the CdAs2 
inserts sputter about 5-8 times faster than the silicon. 

The As/Si  atomic ratio approached the stoichio- 
metric ratio of 2 when the Si/CdAs2 target  area ratio 
was increased t o  2.27, bu t  the film was Cd deficient. 
When this film was heat- t reated at 600~ for one day 
in an overpressure of Cd and As4 vapor, the film was 
replenished in Cd and the composition was Cd0.9~ 
Sil.o~ AsLgs. This is close to the ideal CdSiAs2, bu t  
slightly deficient in  Cd and As. 

The x - r ay  diffraction pa t te rn  obtained from this 
film indicated that the film had crystallized in the 
chalcopyrite s t ructure (2). The pa t te rn  was undis -  
torted, fur ther  indicat ing that  the film was near  to 
stoichiometry. No other crystal l ine phases were de-  
tected. 

The rf power level used dur ing  sput ter ing also con- 
trols the composition. The HEX C target  is used here 
as an example and is representat ive of the trends seen 
with the other hexagonal  targets. The effect of power 
on film composition (center of substrate stage) is 
shown in  Fig. 5 for the HEX C target. The Cd content  
decreases from 17 to 12 atomic percent  (a/o) as the 
power is increased from 100 to 200W. The other com- 
ponents increase correspondingly. 
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Table III.  Film composition for films sputtered in position 3 at lOOW 

August 1981 

Si/CdAs~ Composition (%) Elemental ratios 
Target ratio Cd Si As As/Si  Cd/Si As/Cd 

Stoich,:ometrie CdSiAs~ 25.0 25.0 50.0 2.00 1.00 2.00 
HEX A 1.0 25.4 14.8 59.9 4.05 1.72 2.35 
HEX B 1.47 25.7 17.6 56.7 3.22 1.46 2.21 
HEX C 2.27 17.2 28.7 54.1 1.89 0.60 3.15 
HEX C 2.27 24.2 26.3 49.5 1.88 0.92 2.04 
(Heat-treat at 600~ in 

Cd, Am ambient) 

The addi t ional  effect of subs t ra te  locat ion on t h e  
subs t ra te  cooling pla te  is shown in Fig. 6. The c a d -  
m i u m  content  is consis tent ly  less in  the center  of t h e  
subs t ra te  holder,  and  this effect is more  pronounced  
at  the h igher  power  levels. The Cd contents of the 
films va r ied  about  1% over  the cen t ra l  2 cm when  
power  levels of 100 and 150W were  used. A t  200W the 
var ia t ion  was 9.5%. 

These cadmium deficiencies at  and nea r  the center  
of the stage are  associated wi th  e levated  t empera tu re s  
in the films. The thin film t empera tu r e  sensor detected 
a center  t empe ra tu r e  of 540~ when  the power  level  
was 200W, and only 325~ when it  was 19OW. In the  
l a t t e r  case, the t empera tu re  was 319~ at  2 cm f rom 
the center  and  179~ at  4 cm. These s t rong t empera -  
ture  profiles a re  due to the  g rea te r  p lasma densit ies  
near  the center  and cause more  pronounced Cd re -  
emission. These findings indicate  tha t  la rge  ta rge ts  
and  ~ lower  power  levels a re  needed  to p rov ide  films 
wi th  un i form Cd contents. 

Increas ing the r f  power  al ters  the rf  p l a s m a - s u b -  
s t ra te  interact ion.  There  are  severa l  effects tha t  occur 
at  the subs t ra te  in the gas discharge env i ronment  (3):  
(i) condensat ion of spu t t e red  mater ia l ;  (ii) b o m b a r d -  
men t  by  energet ic  ions and neu t ra l  par t ic les ;  and  (i{i) 
heat ing (due in ma jo r  pa r t  to e lectron b o m b a r d m e n t ) .  
Al l  three  of these effects a re  in te rac t ive  and opera te  
s imul taneous ly  in the  sput te r  deposi t ion process. 

The film that  forms dur ing  cosput ter ing of Si /CdAs2 
targets  is a resul t  of the  different  spu t te r ing  y ie ld  
(emission) ,  condensation,  and re -emiss ion  ( resput -  
tering, subl imat ion)  behav ior  of each e lementa l  c o n -  
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Fig. 5. Effect of rf power on film composition in position 3 using 
target HEX C. 

st i tuent.  The CdAs2 disks spu t te red  5-8 t imes m o r e  
r ap id ly  than the Si, as measured  b y  a micrometer ,  
but  the films had Cd /S i  and A s / C d  rat ios  nea re r  to  
the desired values of 1 and 2. This resul ts  f rom the 
fact  that  Si has a h igher  condensat ion ra te  and  a l o w e r  
re-emiss ion  ra te  than  does e i ther  Cd or  A s .  

Conclusions 
1. Al l  of the spu t te red  Cd-S i -As  films were  a m o r -  

p h o u s  as deposited,  even though many  of the composi-  
tions were  far  f rom the bu lk  g lass - forming  region. 

2. Al l  of the films f rom the t e r n a r y  ta rge t  were  Cd 
deficient wi th  respect  to CdSiAs2 because  Cd tended 
to r e - e mi t  f rom the substrates .  This effect became 
more  pronounced as the subs t ra tes  were  de l ibe ra te ly  
heated.  Cadmium's  t endency  to be r e spu t t e red  is a s -  
s o c i a t e d  with its low bond s t rength  wi th  the o t h e r  
a toms  and high vapor  pressure  at  298 K. 

3. The Si/CdAs2 composite  targets  ma in ta ined  a 
constant  surface composit ion du r ing  severa l  runs,  a n d  
consequent ly  the composit ions of the  films r ema ined  
constant. This was not  the  case wi th  the  po lyc rys ta l -  
l ine CdSiAse target ,  p robab ly  due to t a rge t  h e a t i n g  
dur ing  subs t ra te  hea t ing  exper iments .  

4. The fea tures  of the  composite Si/CdAs2 t a rge t  
a re  not  imaged  in the composit ions of the  films. Ev i -  
dently,  the spu t te red  atoms exper ience  mul t ip le  col-  
lisions wi th  argon atoms (and perhaps  each o ther )  on 
thei r  way  to the substrates.  

5. The S i /As  rat io  can be con t ro l l ab ly  ad jus ted  in 
large  steps by  changing the Si/CdAs~ a rea  ra t io  in 
the target .  I t  can be f ine-ad jus ted  b y  va ry ing  t h e  
sput te r ing  power.  

6. The Cd content  of the films can be ad jus ted  b y  
ad jus t ing  the ta rge t ' s  Si/CdAs2 ratio,  spu t te r ing  p o w e r ,  
subs t ra te  t empera tu re ,  and  b y  h e a t i n g  t h e  f i l m s  i n  a 
Cd a tmosphere .  
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Annealing Behavior of Molybdenum Films 
Containing Rhenium 

Keiichiro Uda, ~ Yoshiaki Matsushita,  2 and Shin-ichiro Takasu 2 

Cooperative Laboratories, VLSI Technology Research Assoclat{o% 4-I-1, Miyazaki, Takatsuku, Kawasaki, Japan 

ABSTRACT 

The annea l ing  behavior  of mo lybde num (Mo) films conta ining f rom 8 to 
30 w / o  rhen ium (Re) is inves t iga ted  wi th  high resolut ion scanning e lec t ron  
microscopy.  The gra in  size of the al loy films decreases wi th  the  increase  o f  
Re content.  The e lec t r ica l  res is t iv i ty  of Mo films wi th  10% Re is a p p r o x i -  
ma te ly  twice that  o~ pure  Mo films, and the act ivat ion energy  for  the  gra in  
g rowth  is h igher  than  the pure  Mo films one. The interdiffusion of Mo, Re, 
and Si a toms across the meta l -SiO2 interface  is also obse rved  a f te r  1000~ 
anneal ing.  

The s tudy  of gates and  in terconnect ion mate r i a l s  
w i th  low res is t iv i ty  has become essent ia l  to the  r ap id  
progress  of LSI  technology (1). In tense  s tudy  of r e -  
f rac tory  meta ls  such as mo lybdenum (2) and tung-  
s ten has p roduced  f ine -pa t t e rned  and high speed de-  
vice fabr ica t ion  technologies.  These metals ,  which  a r e  
fine grained,  produce  high qua l i ty  devices and can E 
withs tand  high t empera tu re  hea t - t r ea tmen t s .  How-  c9 
ever,  the  corrosion proper t ies  of  these mate r ia l s  make  
them t roublesome to dea l  wi th  in device fabr ica t ion  
processes. Conversely,  r e f rac to ry  me ta l  si l icides a re  'u., 
easy  to handle,  and exhib i t  a h igher  res is tance to oxi -  x 
da t ion  than the r e f rac to ry  meta ls  (3). " "  

In the p resen t  s tudy,  the r e f rac to ry  meta l  Re, which ~-  
is res i s tan t  to corrosion (4), is added  to Mo films for ~-  
possible  use as a new gate  mater ia l .  The anneal ing  
behavior  of the a l loy films is examined  wi th  a high 
resolut ion scanning e lec t ron microscope (SEM),  and  b -  
the  e lec t r ica l  character is t ics  of the a l loy are  also ex -  _I'D 
plored.  Lr} 

tlJ 
Experimental Procedure 

p-Type 1-2 n .  cm (100) oriented silicon wafers 
were used a@ the substrate, and 3000A Mo fihns con- 
taining Re were  deposi ted b y  e lec t ron gun co -evapora -  
t ion on 15OOA the rma l ly  grown silicon dioxide  films. 
The Re content  in the Mo films was va r ied  f rom 3 to 
30%. The deposi t ion ra te  of Mo and Re was 15-20 A~ 

1 Present address: Nippon Electric Company Limited, 1120 Shi- 
mokuzawa, Sagamihara, Japan. 

=Present address: Toshiba Corporation, Kawasaki, Japan. 
Key words: molybdenum, rhenium, grain size, electrical resis-- 

tivity, interdiffusion. 
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be low 3 �9 10-6 Torr.  Samples  were  carefu l ly  annealed 
at  700~176 in a d ry  N2 a tmosphere  for 3-100 rain. 
A JEOL Model JEM-100C high resolut ion scanning 
e lect ron microscope was used to d i rec t ly  observe  the  
micros t ruc ture  and gra in  size a t  c leaved surfaces of  
the samples. The e lect r ica l  res i s t iv i ty  of the  samples  
was measured  wi th  a four -po in t  probe,  and in -dep th  
profiles of Mo, Re, and Si a toms were  made  before  
and af ter  h e a t - t r e a t m e n t  wi th  an ion mic roana lyzer  
(CAMECA, IMS-300),  where  O2 l eak  was used. 

Results and Discussion 
Figure  1 shows the re la t ion  be tween  e lec t r ica l  re-  

s ist ivity and anneal ing  t e m p e r a t u r e  as a funct ion of 
Re content.  Pu re  Mo films show the lowest  res is t ivi ty ,  
and the res is t iv i ty  decreases as the  annea l ing  t e m -  
pe ra tu re  increases. However ,  the  res i s t iv i ty  of the  
films containing Re increases wi th  the  increase of the 
Re content.  The res is t iv i ty  of the f i lm wi th  30% Re is 
two to th ree  t imes h igher  than  tha t  of the  pure  Mo 
film, both before  and af te r  anneal ing.  

F igure  2 shows SEM images of three  c leaved 3000A 
Mo films (2) which  were  annea led  at  900 ~ 1000 ~ and 
1100~ The mic ros t ruc tu re  of the sample  annea led  
at  900~ is faceted, wi th  gra in  size less than  1000A. 
Annea l ing  at  1100~ induces significant g ra in  growth,  
and the micros t ruc ture  of the  films shows an a lmost  
co lumnar  s t ructure.  F igure  3 shows the SEM images  
of Mo films annea led  a t  1000~ which  contain  f rom 3 
to 30% Re. The more Re tha t  is present ,  the  sma l l e r  
the gra in  size becomes. The gra in  size of Mo films wi th  
30% Re is severa l  hundred  angst roms in d iameter ,  
even af ter  the  1000~ annealing.  However ,  when  an 
excess of Re is added  to the  Mo films, the  film demon-  
s t ra tes  some undes i rab le  character is t ics .  In  the  case 
of 30% Re, film adhesion to the subs t ra te  is d ras t ica l ly  
weakened.  Such effects wi l l  be  the  subjec t  of  a future 
report .  

F igure  4 shows three  SEM images  of c leaved 10% 
Re films, where  samples  were  annea led  a t  900 ~ 1000 ~ 
and ll00~ The gra in  size of these films is sma l l e r  

Fig. 2. SEM images of cleaved 3000A Mo films annealed at (a) 
900~ (b) I000~ and (c) 1100~ 

sec and 0.4-4 .~_/sec, respect ively ,  and  each film th ick-  
ness was also moni tored.  Dur ing  evaporat ion,  sub-  
strafes were  he ld  a t  150~ and vacuum pressure  was  

Fig. 3. SEM images of cleaved Mo films containing various 
amounts of Re, (a) pure Mo, (b) 3% Re, (c), 10% Re, and (d) 
30% Re after 1000~ anneallng. 
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plot shown in Fig. 5, the mean grain size is shown as 
a function of Re content. In this work, the grain size 
of the films was directly and statistically measured 
using scanning electron microscopy, where surfaces 
and cleaved faces of the films were carefully ob- 
served. As observed in Fig. 2-4, the mean grain size of 
the pure Mo film shows the largest value, about 2000A 
after 1100~ annealing. The activation energy of this 
sample is 0.6 eV. On the other hand, Mo films contain- 
ing Re had smaller grain size, and the greater the Re 
content, the higher the activation energy. The 10 and 
30% Re samples had a.ctivation energies of 0.73 and 
0.8 eV, respectively. These phenomena may be due to 
a blocking effect by Re during the grain growth. 

Figure 6 shows in-depth profiles obtained with the 
ion microanalyzer for Mo ,+, Re +, and Si+ ions with a 

Fig. 4. SEM images of cleaved Mo films with 10% Re annealed 
at (u) 900~ (b) 1000~ and (c) 1100~ 

than pure Mo films (Fig. 2). In our investigation, Mo 
films containing 10% Re exhibited the most favorable 
characteristics for LSI technology. In the Arrhenius 

F- 

z 0.5 
Ld 
I - -  

Z 

o t I. o o o ooOOOoooOOooo 

Mo o 

o 

o ~ A ~  

Re 

o e  �9 

o �9 e e 

o Si 
o 

o 
o 

0 1000 2000 3000 4000 
DEPTH from SURFACE (A) 

Fig. 6. In-depth profiles for Me, Re, and Si atoms of Mo films 
with 30% Re before annealing. 



1776 J. E~ectrochern. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1981 

1.0 

< 

i -  

~0 .5  
Ld 
Z 

0 O0 00 0000000000 �9 0 0  �9 

Mo o o Si  
O �9 

O O 

O 

b � 9  A A A ~ A A  A A 
A A A A A  A 

Re 
O 

A A A A  A $ 

A O 

A O 

A O 

A 

A O 

1000~ ,30min annealed ,~ o 
A 

I I I I I I I I I I , a~ I , ~ ^ o  I 
1000 2000 3000 4000 

DEPTH f rom SURFACE (A) 

Fig. 7.  I n -dep th  prof i les for  Mo ,  Re, and Si a toms of M o  f i lms 
wi th  3 0 %  Re a f t e r  1 0 0 0 ~  annea l ing .  

3000A sample  wi th  30% Re before  anneal ing.  Mo and 
Re atoms show a fa i r ly  un i fo rm dis t r ibut ion  in the 
film, and a re  not  segregated  at  any  locale. In  this 
sample,  the in tens i ty  of each ion shows drast ic  de -  
crease at  the  metal-SiO2 interface.  However ,  as shown 
in Fig. 7, interdiffusion of Mo, Re, and Si a toms across 
the  in ter face  was observed  af te r  1000~ anneal ing.  
The Mo a tom penet ra tes  deeper  into the SiO2 film 
than  the Re atom. In our  measurement ,  O2 leak  tech-  
n ique was used to reduce  m a t r i x  effect. Therefore,  this  
phenomenon can be considered a resul t  of the diffusion 
coefficient difference be tween  Mo and Re atoms. 

Summary 
Annea l ing  behavior  of 3000A Mo films containing Re 

has been invest igated.  The e lect r ica l  res i s t iv i ty  of the  
a l loy films increases wi th  the increase of Re content.  
The micros t ruc ture  of  Mo films wi th  Re exhibi ts  a 
s imi lar  s t ruc ture  as tha t  of pure  Mo film. However ,  the 
gra in  size of the a l loy  films decreases wi th  the  in-  
crease of Re content.  The act ivat ion energy  for the 
gra in  g rowth  of a l loy films is h igher  than  tha t  of the  
pure  Mo films. The interdiffusion of Mo, Re, and  Si 
a toms across the  metal -SiO2 interface  is also observed  
af ter  1000~ annealing.  
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ABSTRACT 

InP ep i tax ia l  layers  wi th  submicron thickness  were  grown employ ing  a 
phosphorus  ambien t  LPE technique wi thout  In me l t  etching. The grown 
layer  surfaces were  smooth and there  was no wave- l ike  morphology,  which  
showed good mel t  wet t ing on the Substrates.  The measured  e lec t ron Hal l  m o -  
b i l i ty  in  the  ep i l aye r  was ma in ta ined  la rge  nea r  the in terface  wi th  the  sub-  
strate,  and the e lect ron sa tu ra t ed  veloci ty  in the FET channel  was es t imated  
at  Vs = 2.8 • l0 T cm/sec.  InP M E S F E T ' s  wi th  0.8 • 200 #m gate  dimensions 
were  fabr ica ted  in the grown layers.  A d-c  m a x i m u m  transconductance  of 22 
ms and a cu r ren t  gain cutoff f requency  of  about  40 GHz have been  obtained.  

InP field effect t rans i s tor  (FET)  has been expec ted  
to have be t t e r  microwave  and switching per formances  
than  GaAs FET, due to the h igher  e lec t ron peak  dr i f t  
velocitM~ About  50% higher  cu r ren t  gain cutoff f re -  
quency  of InP MESFET's  than tha t  of GaAs MESFET's  
was repor ted  (1). Since the active l aye r  for a MESFET 
is ve ry  thin, its e lect r ica l  p roper t ies  a re  g rea t ly  af-  
fected by  subs t ra te  and g rowth  conditions in the in i t ia l  
stage of epi taxy.  Morkoc  et al. pointed  out  the sub-  
s t ra te  dependence  of InP MESFET performances ,  for  
thei r  VPE layers  (2, 3). The repor ted  e lec t ron veloci ty  
in the FET channel,  for  a cur ren t  sa tura t ion  region,  
was 1.7 • 107 cm/sec  for  a Cr -doped  subs t ra te  and 
1.3 • 107 cm/sec  for an F e - d o p e d  substrate.  These 

Key words: films, transistors, growth. 

values  are  sma l l e r  than the des i rable  e lect ron peak  
dr i f t  veloci ty  of about  2.5 • 10 T cm/sec  (4). I f  the 
dr i f t  veloci ty  is fu r the r  improved  b y  be t t e r  c rys ta l  
quali ty,  h igher  FET per formance  can be achieved.  

Liquid  phase ep i t axy  (LPE) is expected  to provide  
be t te r  in ter face  than VPE as the LPE growth  proceeds 
f rom quas i -equ i l ib r ium solution. InP LEP growth  is 
not  so commonly  appl ied  for  MESFET fabr ica t ion  be -  
cause of somewhat  poorer  morphologica l  un i fo rmi ty  of  
the ep i tax ia l  layers  and the p rob lem of subs t ra te  sur -  
face degrada t ion  in the g rowth  procedure.  In ter face  
character is t ics  of LPE InP have not  been s tudied f rom 
a MESFET per formance  viewpoint .  

InP surface degrada t ion  is a serious p rob lem as t h e  
phosphorus  pa r t i a l  p ressure  in InP is r e l a t ive ly  h igh  
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compared  wi th  GaAs. In o rde r  to r emove  the surface 
damage,  mel t  e tching by  In has usua l ly  been employed  
in the InP  LPE process.  However ,  surface flatness be -  
comes worse  for  r e l a t i ve ly  deep etching, mak ing  sub-  
micron  pho to l i thography  for  MESFET's  fabr ica t ion  
difficult. 

Clawson et  al. r epo r t ed  the e l imina t ion  of  the rmal  
damage by  in t roducing  PHa in H2 ambien t  (5).  They 
showed tha t  the  threshold  PH~ pa r t i a l  pressure  for  
InP  decomposi t ion corresponds to tha t  in I n - P  l iq-  
uidus. The phosphorus  ambien t  technique wi l l  p rovide  
useful  means  of p reven t ing  the InP  surface deg rada -  
tion, especia l ly  for  ~the thin film LPE growth.  

In  this paper ,  the  LPE InP p repa ra t ion  for MESFET's  
using PH8 in t roduct ion  is described.  Growth  condit ions 
for  submicron th ick  InP layers ,  such as the  growth  
tempera ture ,  subs t ra te  misor ienta t ion,  and  PH3 flow 
ra te  in the reac to r  were  studied. The In me l t  e tching 
was not  made.  In  o rde r  to ensure  me l t  wet t ing  of the  
substrate ,  f resh  me l t  pushed  jus t  pr ior  to the  g rowth  
was used, and the surface morpho logy  of the grown 
l aye r  was invest igated.  The e lect ron mobi l i ty  had  a 
r e l a t ive ly  high va lue  nea r  the in terface  wi th  substrate .  

A Ge-doped,  submic ron- th ick  InP  ep i l aye r  grown 
on F e - d o p e d  subs t ra te  was used for MESFET's  f ab r i -  
cation. The e lect ron sa tura t ion  veloci ty  in the  FET 
channel  under  the gate was measured  in o rder  to 
ve r i fy  the crys ta l  qual i ty ,  which  is the most impor t an t  
e lect r ica l  p r o p e r t y  for  MESFET.  

S - p a r a m e t e r  measurements  were  car r ied  out  for  the  
MESFET's  w i th  0.8 X 1.2 #m gate  dimension,  and cu r -  
ren t  gain and power  gain  were  calculated.  I t  was dem-  
onstrated,  f rom the e lec t r ica l  e v a l u a t i o n  and the mi -  
c rowave per fo rmance  on InP MESFET's ,  tha t  the  LPE 
growth  of InP  under  the PH3 ambien t  has high qua l i ty  
ep i tax ia l  l aye r  feas ib i l i ty  wi th  submicron thicknesses.  

Experimental Procedure 
Pr io r  to the LPE g rowth  exper iment ,  the condit ions 

for  PHa pa r t i a l  pressure  in the H2 gas; which  p reven t  
the  subs t ra te  the rmal  degradat ion,  were  s tudied under  
the same s i tuat ion as tha t  for  LPE growth.  The a p -  
para tus  consisted of a g raph i t e  s l ider  boat  centered  at  
a un i form t empera tu r e  zone (•176 about  25 cm 
long, in a 55 m m  diam quar tz  tube.  The flow of d i lu te  
PH3 (0.1 volume percen t  in H~) was contro l led  b y  a 
mass flow cont ro l le r  and mixed  wi th  Pd-di f fused H2. 
The to ta l  flow ra te  in  the  reac tor  was 1000 craB/rain. 
Residual  O2 content  and  dew poin t  in H2 were  be low 
0.02 ppm and about  --70~ respect ively .  F e - d o p e d  
semi - insu la t ing  substrates,  wi th  a 107-10 s ~ - c m  re -  
sist ivity,  were  mechanochemica l ly  pol ished and deep-  
e tched about  10 #m by 5% B r - m e t h a n o l  solution. 
About  10 ~m deep-e tch  was sufficient for  suppress ing 
the enhanced the rmal  damage,  such as scratches,  which 
vcould make  the charac ter iza t ion  of surface difficult. 
The specimens were  annea led  for  80 min  in var ious  
PH3 contents a t  t empera tu re s  of 600 ~ 650 ~ and 700~ 
The surface observat ion  was made  b y  a Nomarsk i  op-  
t ical  microscope, and the rmal  pits  were  invest igated.  
Leakage  cur ren t  of subs t ra te  surface was measured  in 
o rde r  to check the e lec t r ica l  convers ion produced  b y  
the rmal  degradat ion.  

LPE growth  exper iments  were  car r ied  out  as fol -  
lows. Ep i t ax ia l  l ayers  we re  grown at  the  PH3 flow 
ra te  which prov ided  no morphologica l  defects on the  
subs t ra te  surface. Abou t  twice as high PH3 flow ra te  
than  tha t  of th reshold  for  an e l iminat ion  of the  t he rma l  
degrada t ion  was chosen for  each growth  t empera tu re .  
The subs t ra te  was held  exposed to the ambien t  on the  
graphi te  boa t  unt i l  the g rowth  star ted.  The dew poin t  
of ambien t  in the exhaus t  was typ ica l ly  --65~ when 
the growth  s tar ted,  a f te r  the quar tz  tube had  been set 
in the furnace  for about  1.5 hr. S ix -n ines  In ( Johnson-  
Mat they;  A1A) of 1.Sg was e tched in  HCl-e thano l  

solution and r insed by  water ,  then loaded in the  me l t  
well. In  purif icat ion by  long t ime baking  in H~ was not  
in ten t iona l ly  made.  S tep-cool ing  g rowth  was used to 
g row LPE layers  a t  the  precise  supercool ing t e m p e r a -  
ture  and to minimize  t empe ra tu r e  nonun i fo rmi ty  of In 
melts.  Growth  t e mpe ra tu r e s  were  593 ~ , 615 ~ , .and 
638~C, and the supercool ing t empera tu res  at  the s t a r t -  
ing point  of the g rowth  was 10~ for  each case. The 
phosphorus sa tura t ion  of In  mel t  was achieved b y  
contact ing an undoped  InP  wafe r  wi th  In mel t  for  60 
rain. Two kinds  of g raphi te  boats  were  used. One was 
a convent ional  s l ider  boat.  The o ther  had  a two-we l l  
s t ructure ,  as shown in Fig. 1, in which the f resh me l t  
was pushed jus t  pr ior  to the g rowth  and contacted 
wi th  the substrate .  The grown epi layers  were  elec-  
t r i ca l ly  eva lua ted  by  van  der  Pauw-HaU measu re -  
ments.  The ca r r i e r  concentra t ion  and mobi l i ty  depth  
profile were  then determined.  InP MESFET's  were  
fabr ica ted  in a 0.3 #m thick ep i l aye r  doped wi th  Ge. 
The e lec t ron  sa tura t ion  veloci ty  under  the  FET gate  
was eva lua ted  f rom d-c  character is t ics  and FET S - p a -  
ramete rs  were  measured  b y  means  of an au tomat i c -  
ne tw ork  analyzer .  

Results and Discussions 
Annealing of Fe-doped InP substrates.-- I n P  surfaces 

annea led  at  650~ for  80 rain, wi th  the PH8 in t roduct ion  
of 50, 100, and  200 ppm, are  shown in Fig. 2. Wi th  50 
ppm PH3 concentrat ion,  the  surface was heav i ly  the r -  
mal  e tched and rec tangu la r  pits, which lie in the <110>  
direction,  were  observed.  The In  drops are  seen in the  
pits whose depths  range  f rom severa l  tenths  of a mi -  
cron to a few microns. When  the PHs concentra t ion 
is increased to 100 ppm, the r ec tangu la r  p i t  d isappears ;  
however ,  the  shal low pits  spread  on the surface. Here,  
the shal low pi t  pa t t e rn  does not  depend  on c rys ta l lo -  
graphic  or ientat ion,  and In  drops  are  not  observed.  No 
morphologica l  surface var ia t ion  f rom the one tha t  was 
not  t he rma l ly  t r ea ted  was observed for  the surface 
annea led  wi th  200 p p m  PHi.  A t  ano ther  annea l ing  
tempera ture ,  s imi la r  the rmal  pits  to the 650~ case 
were  observed,  be low the threshold  PH~ densi ty.  Be-  
yond  the threshold,  t he rmal  pits  were  comple te ly  
e l imina ted  f rom the surface, up to 700~ For  cha r -  
ac ter izat ion of the t he rma l ly  deg raded  surface~they a re  
classified into three  types:  (i) deep ly  etched surface  
wi th  In  drops, (ii) w e a k l y  degraded  surface wi th  
shal low pi ts  and  wi thout  In  drops,  and  ( ( i i i )  surface 
wi th  no morphologica l  change. In  Fig. 3, the  surface 
degrada t ion  dependence  on t empe ra tu r e  and PH8 con- 
cent ra t ion  is shown. The two solid l ines indicate  the 
r epor ted  P2 and P4 pa r t i a l  pressures  in the  equ i l ib r ium 
wi th  the  ]iquidus in the I n - P  sys tem (6). The PHs 
pa r t i a l  p ressure  is cons iderab ly  h ighe r  than  P2 and P4 
pa r t i a l  pressures.  As the PH3 decomposes t he rma l ly  
by  the fol lowing reac t ion  

PHs ---- aP2 + 1/4 (1 --  2a)P4 + 3/2H2 

Melt-Push Boat 
Piston InP Source 

Fig. 1. Carbon boat for InP LPE. The In melt saturation by P is 
made by contacting the InP source wafer to the side wall of the 
melt. Fresh melt is pushed to the neighboring area from the upper 
well. 
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Fig. 3. (100) surface thermal degradation dependence on tem- 
perature and introduced PH3 partial pressure. P~ and P4 show re- 
ported phosphorus partial pressures in equilibrium with the liquidus 
in the In-P system (6). 

two 3 mm spaced Sn alloyed electrodes, applying 10V. 
In the dark, the leakage currents for 50 and 100 ppm 
treated samples show about twice the value for un-  
treated sample. However, the 200 ppm treated sample 
shows no change from an untreated one. Excess 
current under the illumination is proportional to light 
intensity for each case. The 50 ppm treated sample, 
which is deeply degraded, has the largest photocur- 
rent. This large photocurrent implies an increase in 
carrier  lifetime near  the InP surface. It was shown 
that the electrical conversion on the surface can also 
be eliminated by phosphorus ambient. 

LPE growth.--Undoped InP epitaxial  layers were 
grown under the step-cooling condition with a 10~ 
supersaturation temperature, flowing 60 ppm PI-I8 at 

Fig. 2. Fe-doped (100) surface annealed at 650~ for 80 min. tn 
various PH3 concentrations, the total flow rate was maintained at 
1000 cmS/mln. 

the phosphorus pressure is reduced from the PI-I8 
value by a factor of 2-4. Considering these factors, 
the PH8 required for thermal damage elimination is 
about five times for 700~ and about 100 times for 
600~ larger than the phosphorus pressure in equilib- 
rium. As described by  Clawson et al., the thermal  
degradation occurs at a lower phosphorus pressure 
than the equilibrium. Our results show that the effec- 
tive phosphorus part ia l  pressure depends strongly 
on the temperature and the apparatus. Ban e~ aL (7) 
reported the PHa decomposition rate in their  VPE 
system as 40% at 700~ and 25% at 600~ Therefore, 
the difference in 700~ data may be explained mainly 
by inadequate PH8 decomposition. The larger excess 
PH3, at a temperature lower than 700~ reveals the 
phosphorus vapor loss absorbed by the carbon boat 
and quartz tube. 

Surface leakage current fo r  650~ annealed sam- 
ples was measured in the dark and under a W lamp 
illumination. Figure 4 shows leakage currents between 

0 50 ppm PH 3 

80 �9 lO0 ppm 

�9 200 ppm / ~ /  
/ 

6O 

.~ 40 
e -  

L 

~ 2o 

0 1 2 

Light I n t e n s i t y  (Arb .uni t )  

Fig. 4. Surface leakage current of annealed and nonannealed Fe- 
doped substrates. 10V was applied between two electrodes with 3 
mm spacing. 
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593 ~ and 615~ and 120 ppm at  638~ g rowth  t e m p e r a -  
tures. F igure  5 shows ep i tax ia l  l aye r  thickness vs. 
g rowth  time, where  the me l t -push  type  boat  w i th  a 1 
m m  mel t  thickness was used. The grown l aye r  th ick-  
ness was de te rmined  by  an opt ical  microscope on the 
c leaved and s ta in -e tched  l aye r  a n d / o r  by  sheet  car -  
r i e r  var ia t ion  wi th  s tep-etching.  The ca lcula ted  sa tu-  
r a t ed  grown thickness was deduced f rom the 10~ su-  
persa tura t ion ,  indica ted  by  O,  Q,  and [~. Publ i shed  
da ta  by  Hsieh (8) are  also included in Fig. 5. Up to about  
200 sec, the l aye r  thickness varies  wi th  the ~//t-law. 
A f t e r  that  time, i t  shows a sa tura t ion  tendency.  The 
difference be tween  638~ growth  and Hsieh's  da ta  is 
reasonable  in the ~ / t  l aw region. I t  was shown that,  at  
r e l a t ive ly  low growth  t empe ra tu r e  a round  600~ the 
InP  ep i tax ia l  l aye r  thickness was control led to sub-  
micron thickness.  

The morpho logy  dependence  on subs t ra te  misor ien-  
ta t ion and the effect on pushed fresh mel t  were  also 
invest igated.  F igure  6 shows the surface of LPE layers  
about  0.5 ~m thick, grown at  593~ The  s l ider  boat  
was used for (A) ,  (B),  and (C) and the m e l t - p u s h  
boat  was used for  (D).  On the grown l aye r  wi th  (100) 

~ 2  
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to  'o1 o 
G r o w t h  T i m e  ( s e c )  

Fig. 5. Grown thickness of InP epilayers. Supercooling tempera- 
ture was I0~ for each case. 
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__ 0.5 ~ or iented  subs t ra te  in Fig. 6 ( A ) ,  a w a v e - l i k e  
morphology  is observed.  The wave  di rec t ion  does not 
depend  on the wipe  direct ion of melt .  Wi th  an exac t ly  
or iented subst ra te  (100) __ 0.1 ~ in Fig. 6(B), the  "wave"  
is a lmost  not  seen on the surface where  the g rowth  
mel t  wets the subs t ra te  proper ly .  However ,  poor  we t -  
t ing sometimes occurred a round  the g rowth  edge in 
the case of the s l ider  boat,  as shown in Fig. 6 (C) .  
Sha l low voids on the ep i layer  were  observed.  Da rk  
spots were  also seen, which were  considered to be slag 
lef t  by  growth  me l t  when it  was w i p e d  off. When the 
mel t -push  boat  was used, be t te r  and more  reproduc ib le  
wet t ing  was obtained,  as shown in Fig. 6(D) .  There  is 
no fea ture  in the morphology.  These resul ts  indica ted  
that  adequa te  mel t  wet t ing  with  the subs t ra te  can be  
provided  by  the contact  w i th  f resh  me l t  in  PH3 am-  
bient  growth,  in spite  of no mel t -e tch ing .  I t  was  
made  clear  tha t  the wave - l i ke  morphology  arises f rom 
subs t ra te  misor ienta t ion.  

The e lect ron concentra t ion and Hal l  mob i l i t y  of 
grown layers  were  measured  for undoped and Ge-  
doped InP. For  undoped samples,  ca r r i e r  concent ra-  
t ion of 7 X 1015/cm 3 wi th  77 K mobi l i ty  of 27,000 cmf /  
Vsec was obtained.  The Ge d is t r ibut ion  coefficient was 
Kae ---- 0.006 in atomic fract ion,  which  was in  good 
agreement  wi th  publ i shed  da ta  (9). 

The electr ical  p roper t ies  nea r  the  in ter face  between  
epi layer  and subs t ra te  are  impor tant ,  especia l ly  for 
MESFET's  applicat ions,  since the  channel  is formed 
there.  F igure  7 shows the ca r r i e r  concentra t ion  and m o -  
b i l i ty  profiles in dep th  for Ge-doped  n - I n P  epi layer ,  
grown at 615~ for 15 sec. The profiles were  de te r -  
mined  by  repea ted  Hal l  measuremen t  a f te r  every  500& 
etching step. The e tchant  usecl was HfSO4:HfOf:H~O 
= 4:1:1, which gave good un i fo rmi ty  for  InP.  The 
measured  area  was 1 m m  square  i n  the cloverleaf  
pat tern .  As shown in Fig. 7, e lec t ron mob i l i t y  at the 
surface is 3800 cmf/Vsee which is as la rge  as that in  
the thick epi layers .  The mobi l i ty  decreases gradu- 
ally toward  the interface.  Its drop  nea r  the  in ter face  
is only about  20% from the surface value.  The dashed 
l ine in the ca r r i e r  profile shows the extrapolated 
slope obta ined f rom C-V measurement .  The arrow in-  
dicates the in terface  de te rmined  b y  sheet  ca r r i e r  v a r i a -  
t ion in Hal l  measurement .  These resul ts  imply  that 
the  thin InP ep i layer  grown wi thout  mel t -e tch ing  has 
considerably  good e lect r ica l  character is t ics  and carrier 
profile sui table  for MESFET's  applicat ions.  The e lec-  
t ron sa tu ra ted  veloci ty  de te rmined  by  FET's  d-c  
character is t ics  is descr ibed in the  nex t  section. 

Fig. 6. Surface morphology of grown layer under the Nomarski 
micragraph. A conventional slider boat was used for (A), (B), and 
(C), and a melt-push boat was used for (D). 
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MESFET peTformances.--InP MESFET's with 0.8 , m  
gate Iength were fabricated in  Ge-doped epilayer  
grown at 593~ The carrier  concentrat ion and thick- 
ness of the active layer  determined by  Hall  measure-  
ments  were n ---- 6 X 101~/cm 3 and  0.3 ~'n, respec- 
tively. The sheet mobi l i ty  was 3400 cm2/Vsec and  
the mobil i ty  at the surface w a s  3600 cm2/Vsec. After  
the device area was isolated in mesa s t ructure  by ion- 
milling, Au �9 Ge/Ni  source and drain  contacts were de- 
fined by the lift-off process, and were alloyed at 450~ 
for 15 sec. The evaporated A u - G e / N i  thickness was 
1500A and the source-dra in  spacing was 3.6 ~m. The 
recess s tructure was made, and then a Schottky ba r -  
r ier  gate was formed by  l if t ing off the vacuum evap- 
orated Ti(1000A), AI(5000A), and Pt(100A).  Two 
kinds of MESFET's with gate width  of 200 and 20 #m 
were fabricated on the same wafer. 

Drain I-V characteristics for a MESFET with a 0.8 
• 200 ~m gate dimension are shown in  Fig. 8. Maxi-  
m u m  transconductance (gin) is 22 msec and pinch-off 
voltage (Vp) is --2.2V. In  order  to evaluate the elec- 
t ron saturated velocity under  the FET gate, the dra in  
current  vs. effective gate bias Veff is plotted in  Fig. 9. 
Here, the smaller  MESFET with a 0.8 X 20 ~m gate 

dimension was used for the evaluat ion in  order  to 
obtain the better  un i formi ty  for the pinch-off. The 
bu i l t - in  voltage of Vbi : 0.41 eV, measured for a large 
area diode, was used in the estimation. The saturated 
velocity was calculated as vs = 2.8 X 107 cm/sec, from 
drain cur ren t  slope (10). The slope holds its l inear i ty  up 
to the vicinity of the pinch-off voltage. This fact indi -  
cates the good uni formi ty  of carrier  concentrat ion and 
saturated velocity. The obtained value of vs -- 2.8 
• 107 cm/sec is larger than  that  in  the device fabr i -  
cated by VPE grown InP  layer, reported by  Morkoe 
et al. (3). They est imated vs --  1.3 X 107 cm/sec for 
Cr-doped substrate. The evaluated velocity in the 
present  LPE layer is as high as the peak velocity in  
bulk  InP .  Our results show that  the LPE layer  has  
good interface characteristics concerning the electron 
drift  velocity. 

The S-parameter  measurement  was made for the  
FET with 0.8 • 200 #m gate dimension, and current  
gain and power gain were calculated. IH21[ 2 and IS21I s 
are shown in Fig. 10. The current  gain cutoff f requency 
IT of about 40 GHz has been obtained. The m a x i m u m  
oscillating frequency was about [max = 46 GHz. The 
IT ~- 40 GHz is about twice that  in  GaAs MESFET in 
the same dimensions, al though [max is smaller.  The 
improved current  gain is consistent with the high 
electron saturated velocity in  the LPE I nP  act ive  
layer. 

Conclusion 
Thermal  degradat ion of the  Fe-doped I n P  surface  

was investigated under  various PH3 part ial  pres -  
sures, in order to find the condition for the e l imina t -  
ing of thermal  pits. The I nP  LPE layer  grown on the 
accurately oriented substrate  had a smooth surface 
and showed no wave- l ike  morphology. Fresh mel t  
pushed just  prior to the growth provided adequate 
wet t ing on the subs t r a t e  without  mel t  etching. The 
mobil i ty  in the epi layer  was main ta ined  large  near  
the interface and the electron sa turated velocity in  the 
FET channel  was vs ---- 2.8 -- 107 cm/sec, which almos~ 
agreed with that  in  bu lk  InP. The MESFET with 0.8 

Fig. & Drain I -V characteristics for InP MESFET with 0.8 X 200 
Fm gate dimension. 
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Fig. 9. Drain current vs. effective gate bias voltage Veff ----" 
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~m gate length  showed a t ransconductance  of 22 ms 
for 200 ~m gate  wid th  and a cu r ren t  gain  cutoff f r e -  
quency  of about  40 GHz was obtained.  The  resul ts  in 
e lec t r ica l  p roper t ies  and r f  pe r fo rmance  indicate  the 
capab i l i ty  of InP  LPE growth,  unde r  the  PH3 a m -  
b ien t  wi thout  In  mel t  etching, for.  MESFET appl ica-  
tions. 
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Interfacial Structure Studies of Gold-Tin-Aluminum 
Metallizations on GaAIAs 

S. Nakahara* and R. J. McCoy 
Sel~ Laboratories, Id~rray Hill, New Jersey 0797~ 

ABSTRACT 

A t ransmiss ion e lec t ron  microscope (TEM) was used to study the cause 
for  an e r ra t ic  adhesion p rob lem which  occurred be tween  Au-Sn-A1  m e t a l -  
l izat ions and GaA1As dur ing  the fabr ica t ion  of l ight  emi t t ing  diodes 
(LED's) .  A cross-sect ion s tudy  revea led  tha t  the meta l l iza t ion  l aye r  was 
ac tua l ly  s epa ra t ed  f rom much  of the GaA1As surface  by  a complex  void 
s t ructure .  The  presence of such an in te r rac ia l  void is thus a po ten t ia l  source 
for  poor  adhesion. Previous  TEM studies have shown tha t  the void s t ruc ture  
in fact  consists of two p rominen t  features :  isolated hemispher ica l  pores  and 
an a lmost  continuous in ter fac ia l  crack. In  this work,  S n - A u  interdiffusion 
mechanisms are  proposed  to exp la in  the or igin and na tu re  of the  complex  
void s t ructure .  Rapid  gra in  b o u n d a r y  diffusion of Sn into Au  and r ap id  bu lk  
diffusion of  Au into Sn are  used to descr ibe  the origin of  the  observed  pores. 
On the o ther  hand, the occurrence of the in te r rac ia l  crack is a t t r ibu ted  to 
in terd i f fus ion- induced high tensi le  stresses whch cause the separa t ion  of the 
meta l l iza t ion  l aye r  f rom the GaA1As substrate.  The micros t ruc ture  of the  Sn 
and Au  layers  is shown to be impor t an t  in  de te rmin ing  the possible  fo rma-  
t ion of  such a void. 

G o l d - t i n - a l u m i n u m  metal l izat ions  are  employed  in 
the l a rge-sca le  product ion  of GaA1As LED's for var ious  
op to-e lec t ron ic  devices. The processing using this me t -  
a l l iza t ion scheme, the detai ls  of which have been de-  
scr ibed e lsewhere  (1), resul ts  in ohmic contacts wi th  
excel len t  e lect r ica l  propert ies .  More recently,  however,  
difficulties in achieving un i fo rmly  good adhesion be-  
tween  the meta l l iza t ion  and GaA1As were  encountered  
wi th  this pa r t i cu l a r  procedure.  This p rob lem was 
solved b y  a s imple  modification of the or iginal  me ta l -  
l izat ion (2). 

Previous  analyses  of both  as-depos i ted  and post-  
annea led  Au-Sn-A1/GaA1As 1 interfaces  have revea led  
the presence of voids which are  seen to separa te  the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: TEM~ LED~s, metallizations. 
i We are hera adopting a notut~onal convention that follows 

successive metal layers into a substrate. For example, Au-Sn-AI/ 
GaAIAs means that Al is the layer in contact with the substrate 
(GaAIAs), Sn is on top of Al, etc. 

metal l iza t ion  layer  f rom much of the  semiconductor  
surface  (2, 3). F r o m  these resul ts  i t  was concluded tha t  
the presence of such in ter rac ia l  voids could expla in  the  
er ra t ic  adhesion obta ined  wi th  the or iginal  meta l l i za -  
t ion scheme. Al though these analyses  also showed room 
t empera tu re  interdiffusion of Sn and Au to be respon-  
sible for the void formation,  the  exact  diffusion mech-  
anisms remained  unresolved.  

In  o rde r  to unders tand  fu r the r  how the voids a re  
formed,  we have made  addi t ional  TEM studies on the 
or iginal  Au-Sn-A1 metal l izat ion.  I t  wil l  be shown tha t  
the voids genera l ly  observed in previous  TEM work  
(3) arise f rom rap id  gra in  b o u n d a r y  diffusion of Sn 
into Au coupled with  rap id  bu lk  diffusion of Au  into 
Sn. Fur the rmore ,  i t  is proposed tha t  the Sn-A1 in te r -  
diffusion at  room t empera tu re  pr ior  to pos t -annea l ing  
induces high tensi le  stresses in the  metal l izat ion.  A 
model  using such stresses is p resen ted  as an exp lana -  
t ion for the  observed  in ter rac ia l  cracking.  
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Experimental 
All samples discussed in this work were metallized 

by conventional  electron beam deposition in a vacuum 
of --1 • 10 -6 Torr. Some metallized GaA1As samples 
were post-annealed at 420~ for 10 min  in a reducing 
gas environment .  This par t icular  anneal ing t rea tment  
is employed in order to obtain ohmic contacts (1). All 
other samples were stored at room temperature  after 
metallization. 

Metallizations were performed on two types of sub- 
strafes in this study: GaA1As and NaC1. Samples were 
prepared from metall izations deposited on the n-s ide 
of (001) GaA1As wafers. In this case, the production 
scheme (1) used in the fabrication of LED devices was 
employed. A schematic cross-sectional view of this 
metal l izat ion is shown in Fig. 1. Metal layer thicknesses 
are 35A (A1), 500A (Sn),  and 30,000A (Au) (1). 

Air-cleaved (001) NaC1 substrates were also used in 
this work. Here, various combinations ( a n d  thick- 
nesses) of A1, Sn, and Au were employed as shown in  
Fig. 2. The use of this substrate was justified on the 
basis of the observation (2) that void formation es- 
sential ly results from Sn-Au interdiffusion at room 
temperature,  with the under ly ing  substrate playing no 
impor tant  role in the diffusion. The use of an iner t  
substrate such as an NaC1 crystal permit ted simple 
sample fabrication for the TEM. Metallized layers were 
directly examined after dissolving away the NaC1 in 
distilled water. Cross sections of metallized GaAIAs 
for TEM examinat ion were prepared by  the following 
procedure. Metallized GaA1As wafers were first cut 
into small  (0.5 X 2.5 mm 2) pieces using a diamond saw. 
The sliced pieces were then sandwiched with their 
metallized faces together and glued with epoxy ce- 
ment. About  seven pieces could be glued as a laminate  
within the 3 mrn diam area which is the max imum al-  

LED 

I "u ]_ 
A I .  , Sn 

n-side 
GaAIAs 

A 

lowable size for a TEM specimen stage. The wide plane, 
in which the metall ized cross section lies, was then 
mechanical ly polished to a thickness of ,,,25 #m. The 
laminated samples were finally ion-mil led using a 
Technics MIM IV ion-mil l ing  machine. 

Transmission electron microscopy was carried out 
using a JEM 200 electron microscope operated at 200 
kV. For the observation of small  (N10A) voids, the 
defocus contrast technique (4) was used. 

Results 
Metallizations on GaAIAs.--Metallizations deposited 

on the GaA1As were often found to be readily Peeled 
off the substrate (2). The peeled face of the metal  films 
contained a high density (~6  • 106 cm~2) of large 
(1000 ~ 3000A diam) pores. A typical example of this 
pore s tructure observed on the back side of an as- 
deposited metall izat ion layer  is shown in Fig. 3. It was 
found that the pore size and shape in the as-deposited 
film was not significantly altered after the pos t -anneal -  
ing treatment.  This result  indicates that  the void 
formation is near ly  completed dur ing  the film deposi- 
tion and/or  subsequent  room tempera ture  aging period 
prior to post-annealing.  Furthermore,  an examinat ion 
of the peeled GaA1As surfacebefore  anneal ing revealed 
essentially no indicat ion Of in te r rac ia l  reactions with 
the metall izat ion layer. This fur ther  confirms that  the 
void formation pr imar i ly  takes place dur ing  the room 
temperature  interdiffusion of Au and Sn. 

A similar  void s tructure was also observed from 
cross-sectional studies of as-deposited metallizations. 
Figure 4 is an SEM micrograph, showing the presence 
of the large pores at the Au-Sn-A1/GaA1As interface. 
Figure 4(b)  is taken at slightly higher magnification 
from the regions of Fig. 4(a)  in  order to br ing  up 
more details of the interfacial  structure.  The use of the 
highLresolution defocusing technique in the TEM (4) 
permit ted the detection of a hidden impor tant  s truc-  
tural  feature in addition to the isolated pores. As seen 
in Fig. 5, a s l i t - l ike crack r unn i ng  along the exact in te r -  
facial plane is revealed. This crack apparent ly  sepa- 
rates the metall izat ion layer  from most of the GaA1As 
substrate surface and provides an explanat ion for the 
origin of the erratic adhesion problem in this metal l iza-  
tion. In  Fig. 5, we also note the details of a large pore, 
the size of which was found to be about 500A high and 
2000A wide. In  addition to the pores, there are some 
islands left wi thin  a thickness of 500A from the in te r -  

Fig. 1. A schematic view shewing the cross section of the metal- 
lized n-side in GaAIAs LED's. Metal film thicknesses are 35A (AI), 
$00A. (Sn), and 30,000A (Au) (I). 

( i )  ( l l )  

Au tA. Au 

T 

Sn ~s. Sn AI tA, 

NaCI SUBSTRATE A 

Fig. 2. A schematlc view of metallization on air-cleaved (001) 
NaCI substrates. Two metallizations are shown: (I) Au-Sn and (11) 
Au-Sn-AI. Symbols, tAu, tSn, and tA1 denote the thickness of Au, 
Sn, and AI films, respectively. 

Fig. 3. SEM micrograph of the back side of an Au-Sn-AI metal 
lization layer peeled from a GaAIAs substrate, showing a high 
density of large isolated pores. 
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Fig. 4. SEM micrograph show- 
ing the cross-sectlonal view of 
as-deposited; metallized GaAIAs. 
The presence of interfacial pores 
is indicated with arrows in (b) 
which is taken at a slightly 
higher magnification from the re- 
gion shown in (a). 

face. An elect ron diffraction analysis  has shown that  
these is lands consist of in te rmeta l l i c  compound AuSn. 
F r o m  these observat ions,  three  p rominen t  s t ruc tura l  
features,  i.e., pores, in ter fac ia l  crack, and AuSn  com- 
pound formation,  a re  seen to evolve dur ing  the room 
t empera tu r e  interdiffusion of Au and Sn. 

As a l r eady  mentioned,  the basic void s t ruc ture  is not  
s ignif icantly a l te red  b y  the pos t -annea l ing  t rea tment .  
In  Fig. 6, pores and in ter rac ia l  crack s imi lar  to those 
observed  in the as -depos i ted  sample  are  also visible 
af ter  pos t -anneal ing .  An  addi t iona l  fea ture  in the  cross 
section af te r  tha t  t r e a tmen t  is the appearance  of an 
acicular  react ion produc t  be tween  Au and GaA1As (see 
ar rows in Fig. 6). Some aspects of the react ion product  
have previouslY been discussed e lsewhere  (3). 

Metall izat ions on NaCl . - -F igure  7 compares  the 
s t ruc ture  of 500A Sn wi th  500A Sn-35A A1 films. Both 
films grow as is lands in this thickness range,  but  the 
l a t t e r  s t ruc ture  appears  to be a l i t t le  finer and more  
un i form than  the former.  The thin A1 deposi t ion seems 
to increase  the subsequent  Sn nucleat ion density,  thus 
resul t ing  in the somewhat  more  un i form structure.  As 
wil l  be seen below, this minor  s t ruc tura l  modification 
is not  significant for the  void formation.  

Wi th  the  use of an offset configurat ion (5) in the 
deposi t ion pat tern ,  i t  is demons t ra ted  in Fig. 8 how the 
meta l l iza t ion  s t ruc ture  evolves af ter  Au  is deposi ted 
on Sn. In  the offset configuration, three  regions,  i.e., 
pure  Au, A u - S n  (or Au-Sn-A1)  overlap,  and pure  Sn 
(or  Sn-A1) can be fabr ica ted  s imul taneous ly  on one 
subs t ra te  b y  masking  a por t ion  of the subs t ra te  for  an 

Sn (or Sn-A1) deposit ion,  and offsetting the mask  
before  Au is deposited.  F igures  8 (a ) ,  (b) ,  and (c) 
represent  the s t ruc ture  of 500A Au, 500A Au-500A Sn-  
35A A1, and  500A Sn-35A A1 films obta ined  f rom the 
offset configuration. Compar ing  Fig. 8(a)  and (c) 
wi th  (b) ,  we find tha t  the over lap  region (b) appears  
to be effectively the superposi t ion of the s t ruc tures  (a) 
and (c).  In  detail ,  however,  the over lap  region is not  
exac t ly  the superposi t ion of the  two. It  is noted in Fig. 
8(b)  that  voids are  formed around  the pe r ime te r  of 
each Sn island. A n  e lec t ron diffract ion anal~'sis has  
shown tha t  the is lands su r rounded  by  the voids consist 
of AuSn,  whereas  the f ine-gra ined film o u t s i d e  the  
is lands is pure  Au. The presence of A1 could not  be 
detected.  I t  is in teres t ing  to note tha t  the  over lap  
region is character ized as a duplex  s t ructure ,  in which 
reac ted  AuSn  islands and u n r e a c t e d  pure  Au exist.  
Final ly ,  i n  Fig. 9, the over lap  region of 500A Au-  
500A Sn also shows a s imi lar  duplex  s t ruc ture  to tha t  
of 500A Au-500A Sn-35A A1 [compare  wi th  Fig. 8 
(b) ]. This demons t ra tes  that  the A1 deposi t ion p lays  a 
minor  role in the A u - S n  interdiffusion. 

Discussion 
I t  has been prev ious ly  shown that  the  void format ion  

p r i m a r i l y  takes  place  dur ing  room t e m p e r a t u r e  i n t e r -  

Fig. 5. TEM micrograph of the cross section of metallized, as- 
deposited GaAIAs, taken using the high-resolution defocusing 
technique (4). In addition to an interfacial void, the presence of a 
slit-like crack is now revealed along the exact int~rfaclal plane. 
Due to a preferential etching effect by ion-milling, only a small 
piece of GaAIAs is seen to remain. 

Fig. 6. Cross-sectional view of metallized GaAIAs after post- 
annealing. In addition to the presence of voids and interracial crack, 
acicular reaction products (such as denoted by the arrows) ore 
seen to have grown into the GuAIAs. 
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Fig. 7. Structure of (a) 500A Sn and (b) 500.~ Sn-35A AI films 
deposited on NaCI. Both films are seen to grow in the form of 
islands but (b) appears to produce somewhat smaller and more 
uniform islands than (a). 

diffusion of Sn and Au (2). The obvious conclusion 
from the analysis of the metallized GaA1As samples is 
that Sn is the faster diffusing species in an Sn-Au  diffu- 
sion couple, as Sn is found to diffuse into Au com- 
pletely, l e a v i n g  apparent ly  large Kirkendal l  voids 
(pores). This conclusion is, however, not consistent 
with past work (6) where it was found that Au is the 
faster diffusing species in Sn- r ich  S n - A u  alloys. On 
the other hand, the void structure in the A u- Sn  and 
Au-Sn-A1 films prepared on NaC1 clearly demonstrates 
that Au is the faster diffusing species, in agreement  
with Ref. (6). In  this case, the r a p i d  diffusion of Au 
into Sn islands transforms the islands into intermetal l ic  
compound AuSn and at the same time produces void 
regions around the perimeter.  The formation of these 
voids effectively prevents  the sur rounding  Au from 
fur ther  reaction. This in fact explains why the duplex 
s t ructure  (e.g., Fig. 8b) of reacted and unreacted re-  
gions is produced. 

Thus, Sn -Au  interdiffusion observations on meta l -  
tized GaA1As and NaC1 give apparent ly  opposite ident i -  
ties for the fast diffusing species. Moreover, the shape 
of the voids produced in these two systems is different. 
For the case of Au-Sn-A1 films on NaC1, one sees voids 
del ineating the perimeters of AuSn  islands. On the 
other hand, pores are observed at Au-Sn-A1/GaA1As 
interfaces and these possess an empty, roughly hemis-  
pherical shape. It is clear that an unders tanding  of the 
exact diffusion mechanism (or mechanisms) is needed 
to in terpre t  these results. 

One obvious difference between the NaCt and 
GaA1As samples is the film thicknesses employed. 
The metallizations on GaA1As have a thickness ratio 
tAu/tSn which is extremely large (~60) and corre- 
sponds to ,-,99 % Au-r ich  alloy if complete in termixing 
is assumed. Diffusivities for both Au and Sn in Au-r ich  
alloys have been previously determined (7, 8). When 
extrapolated to room tempera ture  (25~ these dif- 
fusivities amount  to 10 -~2 ,~ 10 -29 cm2/sec for Au and 
10 -27 ~- 10 -2s cm2/sec for Sn in A u- S n  alloys for which 
Csn ---- 0 ,~ 1.5 atomic percent  (a /o) .  Such bulk  dif-  
fusivities are extremely small and cannot account for 
the Au-Sn-A1/GaA1As observations. On the other 
hand, the metall izations performed on NaC1 have a 
thickness ratio tAu/tsn ,~ 1, corresponding to Csn N 
40 a/o. In this range, the room tempera ture  diffusivity 
of Au can be estimated from AuSn phase growth rates 
(9) to be ~10 -14 cm2/sec. This high value can indeed 
account for the per imeter  void growth observed in 
Fig. 8 and 9. Thus, the concentrat ion dependence of 
the bu lk  diffusivity of Au in A u - S n  alloys explains wh), 

Fig. 8. TEM mlcrographs showing the structure of (a) 500A Au, (b) 500A Au-500J~ Sn-35A AI, and (c) 500A Sn-35~ AI films deposited 
on NaCI in an offset (5) configuration. Note that voids around the perimeter of the original Sn islands delineate the islands and leave pure 
fine-grained Au unreacted. 
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Fig. 9. Structure of 500A Au-500A Sn film deposited on NaCI. 
The film exhibits a well-defined duplex structure, in which the 
original Sn islands are seen to be delineated by the formation of 
voids around their perimeter. Unreacted pure Au surrounds the is- 
lands. 

rapid Au diffusion is not observed in the case of the 
GaA1As samples. 

The above discussion shows that the observed rapid 
diffusion of Sn into Au seen for Au-Sn-A1/GaA1As 
cannot  be accounted for by a bu lk  diffusion mecha-  
nism. The only  other possible mode of Sn diffusion 
is through Au grain boundaries.  Indirect  evidence sup- 
port ing this diffusion mechanism can be found in  an 
Auger electron spectroscopy (AES) analysis of similar  
metall ized GaA1As specimens (10). Depth profiling has 
shown that  an as-deposited Au-Sn-A1 film contains an 
essentially constant  amount  of Sn throughout  the Au 
thickness and ~25A Sn on top of the Au surface. We 
interpret  these results as follows. The constant  Sn con- 
centrat ion throughout  the Au thickness suggests that  
the high diffusing paths along Au grain boundaries 
homogenize the Sn concentration, as opposed to the 
usual  bulk  diffusion in  which a gradual  concentrat ion 
decay of Sn from the interface is expected. The pres- 
ence of 25A Sn on the top surface of Au is probably 
due to the formation of SnO2 (10). If the rapid diffu- 
sion of Sn into Au is due to a g ra in -boundary  mecha- 
nism, most of the diffused Sn atoms are expected to lie 
in Au grain boundaries unless an infinite Sn consump- 
tion occurs at the Au surface by the formation of, for 
example, SnO2. As already seen by AES (10), the Au 
top surface is not an infinite sink for Sn atoms. The 
possibility that all diffused atoms can be accommodated 
in Au grain  boundaries is readi ly justified. If it is as- 
sumed that the average grain size in  the 30,000A thick 
Au film is 250A (5), a simple calculation shows that the 
available grain boundary  area great ly exceeds the 
space which would be required by monolayer  coverage 
of all  the Sn atoms in  the 500A thick Sn layer. There-  
fore, most of the Sn atoms can diffuse out from the Sn 
layer and leave the observed pores at the interface. It 
should be noted that the Sn atoms lying at Au grain 
boundaries do not diffuse into Au grains, as this diffu- 
sion process involves the extremely small  bulk  diffusiv- 
i ty of Sn in Au-r ich  alloys (7, 8). The grain boundary  
diffusion mechanism postulated here has been directly 
verified in other work (5). 

It  has been shown that the deposition of the th in  
(35A) A1 film plays a minor  role in the void forma-  
tion. The A1 layer  appears only to increase the nuclea-  
tion sites for the subsequent  Sn deposition (Fig. 7). 
Examinat ion  of thicker (500A Sn-500A A1) films has 
shown that  the A1 film and the subsequent  Sn layer 
main ta in  their  original  s t ructure  without  detectable 

in terdif fus ion.  Furthermore,  the depth profile obtained 
by AES also shows (10) that  the A1 layer  is retained 

at the interface without  appreciable diffusion. From 
these observations, it is reasonable that  the room tem- 
perature  interdiffusion takes place be tween  only Au 
and Sn without  significant influence from the thin A1 
deposition. 

The above observations now permit  the construction 
of a model of how the pore formation observed at the 
Au-Sn-A1/GaAIAs interface comes about. I t  is clear 
that rapid grain boundary  diffusion of Sn into Au is 
operating. Furthermore,  the presence of AuSn  com- 
pound formation indicates that  rapid bulk  diffusion of 
Au into Sn is s imul taneously  present. The observed 
large pore sizes, however, indicate that  Sn grain 
boundary  diffusion is dominant .  The fact that AuSn 
formation proceeds at a diffusivity of ~10 -14 cm2/sec 
at room temperature  (9) then sets this value as a lower 
bound for the grain boundary  diffusivity of Sn into Au. 

I t  is interest ing to note from these observations that  
the A u - S n  system possesses rapid, room temperature  
diffusion mechanisms for both species which can oper- 
ate at the same time and in opposite directions. Addi-  
tionally, it is seen that var iat ion of tAu/tSn can identify 
and separate these mechanisms (5). 

It is well  known (11) that  rapid interdiffusion gen- 
erates high stresses and can induce a local plastic 
deformation. For example, the formation of dislocations 
has been observed dur ing interdiffusion (12, 13) as has 
the formation of cracks (14). During the A u- S n  inter-  
diffusion, high tensile stresses are therefore expected to 
be developed near  and /or  at the Au-Sn-A1/GaA1As 
interface. If g ra in -boundary  diffusion is assumed to be 
the dominant  interdiffusion mechanism, it is possible to 
estimate the magni tude  of this interdiffusion-induced 
tensile stress. Using the formula given by Schlipf (15), 
we obtain ~1.5 • 10 s g /cm 2 (1.1 • 1010 psi) for the 
stress. This value is a few orders of magni tude  larger 
than the yield stress of any solid, and thus a plastic 
deformation is inevitable dur ing interdiffusion. 

Since, for the case of Au-Sn-A1/GaA1As, the metal  
layers are known to be weakly bonded to the sub-  
strate (2), the induced tensile stress will act pr imar i ly  
to break the bonding, result ing in the observed inter-  
facial cracking. The way the interracial  cracking pro- 
ceeds is shown schematically in Fig. 10. Here, Sn atoms 
diffuse out of the islands and travel along a ne twork  of 
Au grain boundaries.  During this diffusion, a high 
tensile stress develops in such a way that the interracial  
bonding is broken. The Sn outdiffusion also leaves 
voids similar  in  shape to the original  Sn islands. 

The details of the stress development,  of course, de- 
pend on the Sn morphology. Since the A u - S n  interface 
follows the profile of the Sn islands, a more complex 
stress pat tern  is to be expected than for the case of a 
p lanar  interface (14). The in i t ia l ly  high stresses be-  
come gradual ly  smaller  as void nucleat ion and growth 
proceeds at the sites of the Sn islands. The tendency of 
stress relaxat ion has been discussed theoretically by 
Schlipf (15) and observed exper imenta l ly  by Geguzin 
et  al. (14). 

The occurrence of interdiffusion-induced stress 
cracking has also recently been noted by Buene (16) in 
a similar thin film couple. According to his observation, 
during the deposition of Au onto a previously In-coated 
bell jar  wall, a violent reaction between Au and In  
takes place, result ing in the film cracking and flaking 
off the bell jar  wall. This observation suggests that  an 
interdiffusion-induced high stress develops during the 
Au deposition leading to cracking at the weakly-  
bonded interface between the metal  film and the glass. 

The erratic adhesion problem associated with the 
A u - S n - A I  metall izat ion on GaA1As has been recently 
solved (2) by an al ternat ive metall izat ion in the se- 
quence Au-Sn-Au-A1 (28 kA Au, 500A Sn, 2 kA Au, 
35A A1). Cross-section studies of this metal l izat ion 
have indicated the absence of both pores and interracial  
crack (2, 3). From our proposed model of interdiffu- 
s ion-induced tensile stress, it is now clear that  the dep- 
osition of 2000A Au prior to the Sn layer is essential in 
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Fig. 10. A schematic view illustrating how interfacial cracking 
may take place during the Au-Sn interdiffusion. The illustration 
shows that Sn diffuses rapidly along Au grain boundaries in (a). This 
interdiffusien induces a tensile stress which acts to separate the 
film from the substrate and at the same time form voids at the 
sites of Sn islands as shown in (b). The action of the tensile stress 
results in the interfacial cracking shown in (c). 

order to avoid the generat ion of stress at the GaA1As 
interface. Fur thermore,  the absence of pores strongly 
indicates that  both bu lk  and grain boundary  diffusions 
are taking place uniformly.  With respect to the GaA1As 
interface, the essential change in the new metall izat ion 
scheme is from Au-Sn  to Sn-Au.  We also deposited Sn-  
Au films on NaC1 in  order to see how the s t ructure  
might  change from that of Au-Sn.  Figure 11 compares 
the microstructures of (a) 500A. Au-500A. Sn with (b) 
500A Sn-50OA Au. It is seen that  the new scheme pro- 
vides a considerable improvement  in homogeneity. This 
observation is consistent with that of Buene et al. (17). 
Homogeneity in the Sn-Au  metatl ization indicates that 
Sn nucleates uni formly on Au. This suggests an ab-  
sence of void formation wi thin  the LED metall ization 
for the sequence Au-Sn-Au-A1.  

Conclusion 
A transmission electron microscope was used to de- 

termine the cause for an erratic adhesion problem 
which occurred between Au-Sn-A1 metall izat ion layers 
and GaA1As substrates. A cross-section study of the 
Au-Sn-A1/GaA1As interface revealed the presence of 
large isolated pores and a sl i t- l ike interfacial  crack. 
The formation of the pores and interracial  crack were 
found to result  pr imar i ly  from the room temperature  
interdiffusion of Sn and Au. It is proposed that the 
rapid diffusion of Sn into Au via a g ra in -boundary  
mechanism induces high tensile stresses which cause 
the separation of the metall izat ion layer from much of 
the GaA1As substrate. This interdiffusion-induced high 
stress can be par t ia l ly  relieved by the formation and 
growth of pores at the sites of original Sn islands. 
S t ructura l  comparison with metall izations on NaC1 
substrates provided addit ional information on the na-  
ture  of A u - S n  interdiffusion mechanisms, in  which 
both bu lk  and grain boundary  diffusions are found to 
be operative. A model for the interracial  cracking is 
proposed to explain the origin of the erratic adhesion 
problem in Au-Sn-A1 metall izat ion scheme. 

Fig. 11. Structural comparison of (a) 500A Au-S00A Sn with (b) 
500A Sn-500A Au films grown on NaCI. Note the significant dif- 
ference in structural homogeneity between the two. 
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An Analysis of Color-Changing Penetration-Type 
Cathodoluminescent Phosphor Screens 

Wil l i  Lehmann* 

Westinghouse R&D Center, Pittsburgh, PennsyZvan~a 15235 

ABSTRACT 

Elect ron pene t ra t ion  th rough  solid ba r r i e r  layers  into po lycrys ta l l ine  ca th-  
odoluminescent  phosphors  can be descr ibed  by  a r e l a t ive ly  s imple  m a t h e -  
mat ica l  equat ion which, in turn,  permi ts  the computa t ion  of color c h a n g e s  
avai lab le  f rom phosphor  b lends  containing such coated par t ic les .  A n  ex -  
tension of the analysis  covers  also m u l t i l a y e r  ca thodoluminescent  films. The 
calculat ions pe rmi t  p rede te rmina t ion  of the efficiencies and color cha rac t e r -  
istics of such screens and design of screens to mee t  given specifications. 

The pr inc ip le  most  f r equen t ly  used in vo l t age - sen -  
si t ive co lor -changing  ca thodoluminescent  phosphor  
screens involves a s imple b lend  of two ind iv idua l  
phosphor  powders  of different  colors and of different  
b r igh tness -vo l t age  dependences.  Fo r  instance,  the 
blend m a y  consist of a red  and a green component .  The 
red  phosphor  may  be a normal  ma te r i a l  showing es- 
sent ia l ly  l inear  vol tage  dependence  of the  emission in -  
tens i ty  whi le  the  par t ic les  of the green phosphor  are  
overcoated  wi th  nonluminescent  surface layers  which  
the e lec t rons  have to pene t r a t e  to reach the lumines -  
cent  core. The emission intensi ty ,  B, of such "onion-  
skin"  phosphor"  increases  s t rong ly  supe r l i nea r ly  wi th  
low voltage,  V, bu t  approaches  rough ly  l inear  depen-  
dence above a somewhat  diffuse threshold,  the  "dead 
voltage,"  Vo. 1 An  example  is shown in Fig. 1. I t  is 
c lear  tha t  the emission color of such b lend  var ies  wi th  
the  vol tage;  i t  is more  red  at  low and more  green  at  
high voltage.  

Severa l  var ia t ions  of co lor -changing  phosphors  have 
been descr ibed  in the  l i t e ra tu re  (1-10) bu t  a t  leas t  
some of them appea r  to be obta ined  only  by  t r ia l  a n d  
er ror  and are  far  f rom optimized.  The technica l ly  most  
impor t an t  aspects  are  the efficiency which, na tura l ly ,  
is des i red  to be as h igh  as possible,  the vo l t age  r a n g e  
where  the  color change occurs, and the ra te  of c o l o r  
change wi th in  this vol tage  range.  The fo l lowing ana l -  
ysis offers a w a y  to calculate  these proper t ies  in a d -  
v a n c e  for any  given phosphor  combinat ion  and permi t s  
(wi th in  l imi ts)  ta i lor ing  the phosphor  blends to given 
specifications. The analysis  is first l imi ted  only  to 
phosphor  powders  bu t  l a t e r  is ex tended  to cover  phos-  
phor  films. Fo r  s implici ty,  only  color changes be tween  
red  and green  wi l l  be considered bu t  the  analysis  also 
is appl icab le  to phosphor  systems changing b e t w e e n  
any two given end colors. 

* Electrochemical Society Active  Member. 
Key words: phosphors, luminescence, eathodoluminescenee, 

color, electron penetration. 
1The expression "dead voltage" is somewhat of a misnomer 

since some weak  emission appears even below Vo. Nevertheless ,  
it  is so much in common use that it may be maintained here. 

Phosphor Powders 
Most of our expe r imen ta l  work  on color -changing  

phosphor  powders  was res t r ic ted  to b lends  of green  
Zn2SiO4:Mn 2+ (ZS) and r ed  YVO4:Eu ~+ (YVOE).  
The par t ic les  of the l a t t e r  were  lef t  uncoated  whi le  
those of the  ZS were  coated wi th  layers  of At203 by  
prec ip i ta t ion  of AI(OH)~ out  o f  a q u e o u s  solut ion of 
A1NH4(SO4)2 and subsequent  dehydra t ion  of t h e  
hydroxide.  An example  of such coated par t ic les  is 
shown in Fig. 2. The phosphors  were  tes ted in a de-  
mountable  cathode r ay  tube  wi th  E -beams  of low 
cur ren t  densi ty  (~1  ~A/cm2).  The emission intensi t ies  
were  compared  to tha t  of uncoated ZS whose b r igh t -  
ness-vol tage  dependence  was ascer ta ined  to be essen-  
t ia l ly  l inear  over  the vol tage range  of in te res t  (-~5-25 
kV) except  an insignif icant  dead vol tage  (,-,60V) pos-  
s ib ly  due to surface contaminat ions  on the part icles .  

The emission in tens i ty  of the uncoated  YVOE var ies  
essent ia l ly  l inear ly  wi th  vol tage so tha t  the efficiency 
is a pp rox ima te ly  constant.  The  ex te rna l  efficiency of  

Vo beam voltage 
L 

Fig. 1. Emission contributions from two phosphor components in a 
color-changing penetration-type cathodoluminescent screen 
(schema). 
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Fig. 2. Z5 phosphor particles coated with aluminum oxide. Vo 
13 kV. 

the coated ZS, however ,  var ies  s t rongly  wi th  the vo l t -  
age, and this var ia t ion  depends on the thickness and 
on the un i formi ty  of the dead  coat. Defect ive and 
nonuni form coats can visual ly  be identif ied by  opt ical  
microscopy;  they  cause the efficiency to va ry  r e l a t ive ly  
s lowly wi th  the voltage. Conversely,  the more  un i fo rm 
the coat  is the s teeper  does the  efficiency, % in-  
crease wi th  the voltage, V. In bes t  samples  where  mi -  
croscopic inspect ion reveals  nea r ly  defec t - f ree  coats 
of uni form thickness,  we observe a good fit of the ex -  
pe r imen ta l  da ta  to the equat ion 

-- A exp (--2Vo~/V 2) [i] 

where Vo is the dead voltage. The constant A contains 
the internal efficiency of cathodoluminescence of the 
uncoated material and the current density of the excit- 
ing E-beam. This equation has been tested on many 
samples in diagrams where log ~l is plotted as function 
of i/V2. Some examples are shown in Fig. 3. The coat- 
ing on sample C in Fig. 3 is slightly imperfect, causing 
a deviation from the straight line at low voltage. In- 
cluded in Fig. 3 are also points (curve E) taken from 
a diagram published by Kingsley and Prener (5) on 
coated (0.381 ~m) ZnS phosphor claimed to be very 
uniform in coat thickness. The good fit to straight lines 
is evident. We believe it to indicate that Eq. [I] very 
closely describes the voltage dependence of cathodo- 
luminescence of coated phosphors under best condi- 
tions. 

I t  is somewhat  surpr is ing  tha t  an equat ion as s imple  
as [1] can descr ibe the s i tuat ion so closely. Neverthe- 

e t e c t r o n  e n e r g y ,  k V  
2,0, 15 Ip 9 8 7 6 

I 
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to,~ 
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0,001 . . . .  i . . . .  i . . . .  i . . . .  i . . . .  ~ . . . .  i 

0 0 , 0 0 1  0 , 0 0 2  ( k V ) _  2 0 , 0 0 3  

Fig. 3. Efficiencies of some coated phosphors showing validity of 
Eq. [13. 

less, we do not  bel ieve  Eq. [1] to have a s imple phys i -  
cal in terpre ta t ion .  Etectron pene t ra t ion  th rough  thin  
layers  is a ve ry  complicated effect, pa r t i cu l a r ly  if  
these thin layers  cover i r r e g u l a r l y  shaped  and or i -  
ented phosphor  part icles .  Equat ion  [1] p r o b a b l y  is 
nothing more  but  a good approx ima t ion  descr ibing 
a much more  complicated real i ty .  

Since the  emission intensi ty ,  B, is p ropor t iona l  to 
X V, the B(B)  dependence  of a coated phosphor  

follows 
B = AV exp (--2Vo2/V ~) [2] 

This equation is graphically shown in Fig. 4 for sev- 
eral different  values  of Vo. Al though  the app rox ima-  
tion to s t ra ight  l ines at  V > Vo is qui te  good, the B (V) 
dependence  in that  range is not  l inear  bu t  is S - shaped  
and contains a point  of inflection which, by  dif feren-  
t iation, is de te rmined  to be at  V1 = 2Vo. The slope of 
the curve at  tha t  poin t  is dB/dV ---- 2A exp ( - - � 8 9  

1.213A and the tangent  through i t  in tersects  the ab-  
scissa at Vo. For  an uncoated phosphor,  of course, Vo 
- - - -0andB-- - -AV.  

The opposi te  of a phosphor  par t i c le  coated wi th  a 
dead layer  is a dead par t ic le  coated wi th  a phosphor  
l aye r  (11). Its B(V) dependence  mus t  be the difference 
be tween that  of an uncoated  phosphor  (Vo = 0) and  
Eq. [2] i.e. 

B = AV [1 --  exp (--2Vo2/V~)] [3] 

This funct ion is g raph ica l ly  shown in Fig. 5. I t  m a y  
especia l ly  be noted tha t  the  curves go th rough  a 
m a x i m u m  and approach  zero (a l though v e r y  s lowly)  
wi th  increas ingly  high values  of V. 

In e i ther  case, the quan t i t y  Vo measures  the l aye r  
thickness. The re la t ionship  be tween  Vo and the p h y s i -  
cal thickness,  S, of the surface l aye r  is not  l inear.  I t  
has been de te rmined  by  Kings ley  and P rene r  (5) to be 
app rox ima te ly  S ---- CVo ~.'6~ which is ve ry  close to 

S = CVo 5/8 [4] 

In this instance, C is a constant  essent ia l ly  descr ib ing 
the stopping power  of the ma te r i a l  for electrons.  Fo r  
AleO~ and for ZnS, C ~ 0.0115 if  the thickness is m e a -  
s u r e d  in #m and the dead vol tage  in kV. Fo r  o ther  
coatings, the s topping power  can r easonab ly  be e x -  
pected to be p ropor t iona l  to the densit ies  of the coat- 
ing mater ia ls .  

The above equat ions can be  used to calcula te  the 
character is t ics  of co lor -changing  phosphor  b lends  as 
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Fig. 4. B(V) functions of phosphor particles surrounded by dead 
layers. 
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Fig. 5. B(V) functions of dead particles surrounded by phosphor 
layers. 

funct ion of the e lec t ron beam voltage.  An  example  is 
shown in Fig. 6 for the  assumed case of a b lend con-  
s is t ing of 8% (by  vo lume)  of red  YVOE and 92% 
green  ZS.  The par t ic les  of the  l a t t e r  are  coated wi th  a 
dead  l aye r  cor responding to Vo --  16 kV which, for  
A120~, t rans la tes  to a phys ica l  thickness  of about  1.2 
~m. F igure  6 indicates  the r e d - g r e e n  color  shif t  to 
occur be tween  about  12-20 kV. 

Phosphor Films 
Cathodoluminescent  film screens consist ing of sev-  

e ra l  phosphor  and o ther  l ayers  deposi ted  on top of 
each o t h e r  have been repor ted  by  F e l d m a n  (12-14). 

For  an analysis,  consider  a th in  nonluminescent  film 
cover ing a th ick  phosphor  film (Fig. 7, top)  The 
exci t ing electrons have to pene t r a t e  the  dead  film to 
reach and exci te  the  phosphor.  The s i tuat ion is qual i -  
t a t ive ly  ident ica l  to the  case of a coated phosphor  pow-  
der  but  i t  is quan t i t a t ive ly  different  because of the  
different  geometry.  Certainly,  Eq. [1] cannot  be used 
to descr ibe the B(V) dependence.  A n  approach  is possi-  
b le  by  a genera l iza t ion  of Eq. [1] 

BI = AV exp [ - -a(Vo~/V)  ~] [5] 
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Fig. 6. Characteristic of a powder screen containing a blend of 
8% red YVOE (uncoated) and 92% green ZS (coated, Vo = 16 
kV). The efficiencies of uncoated YVOE and ZS are assumed to be 
each 7%. 
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Fig. 7. Some combinations of phosphor and dead films 

where  the values  of the constants  a and n s t i l l  have  
to be determined.  As in case of Eq. [ i ] ,  the dead  
voltage, V01, m a y  be defined by  the in tersect ion of the  
tangent  through the point  of inflection of the S - shaped  
curve with  the abscissa. Different ia t ion yields  the  r e -  
la t ionship 

a = [nlCn - 1)]~-I [8] 

As in case of powders ,  V01 = 0 means  a p la in  phosphor  
wi thout  dead mater ia l ,  responding  l i nea r ly  to the  
voltage:  B =. AV.  The difference be tween  this and  
Eq. [5] 

B2 = A V  {1 - - e x p  [--a(Vo2/V)"]}  [7] 

must  be the B (V) dependence  of a thin phosphor  film 
covering a dead subs t ra te  (Fig. 7, cen te r ) .  One migh t  
also visualize a phosphor  film on a dead subs t ra te  and  
covered by  a dead film (Fig. 7, bo t tom) .  The B(V)  
dependence  of such s t ruc ture  follows a combina-  
t ion of [5] and [7] to be 

B~ = A V {exp [ - -a(Vol /V)~]  - exp [ - - a (Ve~ /V) - ]}  

[8] 

where  V01 represents  the thickness  of the  top dead  
layer  and V02 the combined thickness of the  top dead  
l aye r  and the phosphor  layer .  An  approx ima te  conver -  
sion to physical  th ickness  is aga in  possible wi th  the  
help  of Eq. [4]. 

Equat ion [7] has been checked agains t  a B (V) curve 
on Gd2Os (0.35 ~m thick)  publ i shed  by  P rene r  (15). 
A ve ry  good fit is obta ined  for  n _-- 8/3 (Fig. 8). Ac -  
cept ing this value,  the constant  a becomes 

a --  (8/5)  5/s ~ 2.189 

and above equations change to 

B1 = AV exp  [--2.189(Vol/V) s/a] [Sa] 



1790 J. EZectrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  I981 

20-  

.4--" . E  
t-- 

.d 
L-. 

~- 10" 0 

E 

Z: 

0,35 jum 6d=O~ 

0 

beam v age, kV 2'0 
0 

Fig. 8. Fit of Eq. [7] for n = 8/3 and Vo2 = 7.6 kV (solid 
curve) to experimental points by Prener. 

B2 : AV{1 -- exp [--2.189(Vo2/V)S/s]} [7a] 

Bs = A V  {exp [--2.189 (V01/V) 8/3] 

- -  exp  [--2.189(Vo~/V)8/s]} [8a] 

The two Eq. [5a] and  [7a] descr ibe a somewhat  
s teeper  var ia t ion  of the  emission in tens i ty  wi th  vo l t -  
age of films compared  to POwders. A n  example  is 
shown in Fig. 9. 

The above equat ions can be used to calculate  the  
color var ia t ion  of a screen consist ing of severa l  thin 
films deposi ted on top of each other. An example  is 
shown in Fig. 10 where  two Z n S - C d S : A g  films, r ed  
and green, are  each assumed to possess in te rna l  effi- 
ciencies of cathodoluminescence of 10%. That  is jus t  
about  possible  wi th  these mater ia l s  if the films are  
t rans lucent  or o therwise  s l ight ly  l ight  sca t ter ing  (16). 
F igure  10 indicates  a range  of r e d - g r e e n  color va r i a -  
t ion be tween  12-18 kV. 

Discussion 
The presen t  analysis  of co lor -changing  pene t r a t i on -  

type  phosphor  screens is ma in ly  appl ica t ion  oriented.  
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Fig. 9. B(V) dependence of a phosphor coated with a thin dead 
layer, comparison of powder and film. Vo = 10 kV in both cases. 
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Fig. 10. Calculated characteristic of a multiple film screen (in- 
sert) containing two translucent ZnS-CdS:Ag films each assumed 
to show 10% internal cathodoluminescent efficiency. Physical 
thicknesses of the individual films: first dead film: ,-~0.045 /~m; 
red film: ,-~0.19 #m; second dead film: N0.61 #m; green film: > 2  
/~m. 

It permi ts  the "design" of powder  b lends  or  film 
s t ructures  to meet  given requirements .  The ob ta inab le  
color range,  the color resolut ion (i.e., the ra te  of color 
change) ,  the vol tage range  where  the color change 
occurs, and the ex te rna l  efficiency can be calculated.  

A weak  poin t  of the analysis  is the  necessary  knowl -  
edge of the in te rna l  ca thodoluminescent  efficiencies of 
the ind iv idua l  phosphor  components  since these affect 
the color balance  of the final screen. The color va r i a -  
tion can be p rede te rmined  only  to tha t  degree of a c -  
c u r a c y  as the in te rna l  efficiencies of the components  
are  known. For tuna te ly ,  these in te rna l  efficiencies are  
re la t ive ly  wel l  under  p repa ra t iona l  control  for powder  
phosphors  so tha t  the color charac ter i s t ic  of a powder  
screen can fa i r ly  r e l i ab ly  be predicted.  The s i tua t ion  is 
not  as wel l  defined wi th  film screens since our p resen t  
s tate of technology does not  ye t  pe rmi t  a close control  
of the in te rna l  efficiencies of ca thodoluminescent  phos-  
phor films. That  wi l l  p robab ly  improve,  however .  

The ex te rna l  efficiency of a co lor -changing  screen 
conta ining any dead ma te r i a l  mus t  necessar i ly  b e  
lower  than  the in t e rna l  efficiencies of the phosphor  
components.  I t  is possible to construct  screens wi thout  
any  dead mater ia l ,  the i r  ex t e rna l  efficiencies a r e  com- 
parab le  to those of the phosphor  components,  bu t  such 
screens show ve ry  poor color resolution.  Conversely,  
the h igher  the r equ i red  color resolution,  the more  dead  
mate r i a l  must  be incorpora ted  into the screen, and  the  
lower  ex te rna l  efficiency of the ent i re  screen~ High 
ex te rna l  efficiency and h igh  color  reso lu t ion  are  
mutua l ly  exclusive.  

Manuscr ip t  submi t ted  Jan. 19, 1981; rev ised  m a n u -  
scr ipt  received March 18, 1981. This was Paper  156 pre -  
sented at  the  Minneapolis,  Minnesota,  Meet ing of the 
Society, May  10-15, 1981. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section te  be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 

Publication costs o] this article were assisted by 
Westinghouse Electric Corporation. 
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Molecular Orbital Studies of Positive Electron Resists 

Tsukasa Tada 1 

VLSI Technology Research Association, Cooperative Laboratories, Takatsu, Kawasaki, 213, Japan 

ABSTRACT 

The overlap population (F) in the HOMO (highest occupied molecular 
orbital) is calculated by the extended Hfickel method, assuming that  the 
HOMO plays an impor t an t  role in radiation chemistry. For representative 
samples, calculated results are closely associated with the experimental  
G(S) values. Based on this result, F values are calculated for the model 
compounds of various positive electron resists in order to elucidate the elec- 
tronic structure and scission efficiency. Several predictions are made in 
cases where experimental  results are not available. Thermal stabili ty of posi- 
tive electron resists is also discussed based on the population analysis. 

Up to now many investigations on electron or x - r ay  
resists seem to have been  focused mainly on the fol- 
lowing two items. The first concerns the studies on r e -  
sist processing, such as problems on resist profiles, 
baking conditions, developing conditions, etch resist- 
ance, and so forth. The second concerns the studies of 
energy dissipation in the resist film when exposed to 
x - ray  or electron beam radiation. The analysis of this 
problem is essential, par t icular ly  in correcting for 
proximity effects, and is carried out using the depth- 
dose function or the Monte Carlo method from a 
macroscopic viewpoint. 

On the other hand, there exists relatively litt le l i ter-  
ature on the molecular structure of resist materials. 
Moreover, studies on this subject have been carried 
out only from a macroscopic viewpoint and are highly 
qualitative. For example, i t  is often pointed out that  
the incorporation of a phenyl ring makes the polymer 
less sensitive to ionizing radiation. However, it  is not 
well understood why a phenyl ring causes the polymers 
to react defensively to ionizing radiation. 

Considering a positive electron resist, its sensitivity 
is closely associated with the following two factors: 
Scission efficiency and solubility characteristics. There- 
fore, s tudy on these factors is important  for the anal-  
ysis and development of positive electron resists. Of 
these two factors, scission efficiency is conclusively 
determined by the molecular electronic structure, re-  
gardless of the other factors, such as the developing 
process. In this paper, argument is focused mainly on 
scission efficiency. 

In treating scission efficiency, it  is essential to take 
a quantum mechanical approach, since the chemical 
reactions caused by ionizing radiation are essentially 
quantum mechanical phenomena. Here, the LCAO-MO 

1Present  address: Toshiba Research and Development Center, 
Saiwai, Kawasaki, 210, Japan. 

.Key words: electron beam, positive resist, HOMO, extended 
Hffckel, population analysis. 

theory has been employed since it is the most success- 
ful theory which treats many-electron systems in 
molecules. 

The purpose of this paper is to characterize the elec- 
tronic structures of resist materials by employing the 
LCAO-MO theory in order to elucidate and predict 
scission efficiency and to provide a basic foundation 
for the design of positive electron resists. In the first 
half of this paper, a basic theory of scission efficiency 
is presented and is confirmed by being applied to exist-  
ing positive resists. In the la t ter  half, based on the re-  
sults of the first half, we present some applications of 
this theory to various positive electron resists includ- 
ing some theoretical resists. Several predictions are 
also made in cases where experimental  results are not 
available. 

The Role of the HOMO in Radiation Chemistry 
Radiation chemistry, especially that of organic mol- 

ecules, is highly complicated in terms of predicting 
specific mechanisms. Furthermore,  mechanisms differ 
from molecule to molecule. However, as far as the 
pr imary process is concerned, it  is generally consid- 
ered that  all molecules pass through the same process. 

Figure 1 is a diagram of the pr imary process in 
radiation chemistry. In the first stage of radiation 
chemistry, as shown in Fig. 1, ionizing radiation causes 
high energy electrons, positive holes, and in some 
cases, atomic displacements. In the case of an electron 
beam of 10-30 keV or soft x-ray,  atomic displacements 
can be neglected. Ejected high energy electrons also 
cause electronic excitations, positive holes, and sec- 
ondary electrons. The electronic excitations may lead 
to luminescence or decomposition of molecules. The 
positive holes created by high energy electrons also 
may lead to decomposition. On the other hand, re-  
maining positive holes after ejection of high energy 
electrons may lead to decomposition or recombine with 
ejected electrons. 
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DECOMPOSITION 

IONIZING RADIATION 

POSITIVE HOLE HIGH ENERGY ELECTRON ATOMIC DISPLACEMENT 

RECOMBINATION 

~LUMINESCENCE 

ELECTRONIC EXCITATION~,.~DECOMPOSITION 

POSITIVE HOLE > DECOMPOSITION 

SECONDARY ELECTRON 

I 
I 

Fig. 1. Diagram of primary process in radiation chemistry 

Therefore, there are two decomposition patterns, as 
follows: (i) Ionization leads to decomposition; and 
(if) electronic excitation of a neutral  molecule leads 
to decomposition. In analyzing these two cases in terms 
of energy levels, two or three processes can be ex-  
pected in each case, as shown in Fig. 2. 

In the case of ionization, ionizing radiation ejects 
an electron from one of the various occupied levels. 
Ejection of an electron from the HOMO directly causes 
a positive ion in its ground state. When an electron is 
ejected from the inner level, its electronic state is 
immediately converted to the ground state through a 
rearrangement of remaining electrons. In another case, 
ionizing radiation may cause a super excited state (1), 
which is immediately converted to the ground state 
of the positive ion. As mentioned above, by ionizing 
radiation, a neutral  molecule is immediately converted 
to a positive ion in its ground state. Chemical reactions 
are considered to begin after these processes. 

In the case of excitation, an electron is excited from 
the HOMO or the inner levels, and the remaining elec- 
trons are immediately converted to the state where 

I. IONIZATION 

SUPER EXCITED STATE 

HOMO 0 0 ...... 0 
o o b. -~- o 
o o o o __>CHEMICAL 
o o IONIZATION DIRECTLY FROM o o REACTION 

HOMO 
GROUND STATE POSITIVE ION 

0 0 
0 
0 0 

IONIZATION FROM INNER LEVEL 

2, EXCITATION 

HOMO 0 0 
0 �9 
0 0 
�9 0 

GROUND STATE 

--~- 
CHEMICAL 

> ---> REACTION 0 
EXCITATION DIRECTLY FROM 0 O- 
HOMO 0 0 

0 0 0 

" ~ - - ~  o o f EXCITED STATE 
0 0 
-0  
0 0 

EXCITATION FROM INNER LEVEL 

Fig. 2. Energy level diagram in radiation chemistr/ 

the previous HOMO is occupied with an unpaired elec- 
tron. It is considered that the chemical reactions begin 
after this state. 

In both cases, ionization and excitation, it should be 
noticed that the HOMO is always perturbed by ion- 
izing radiation. From this point of view, i t  can be 
easily expected that the HOMO makes an important  
contribution to the chemical reaction caused by ion- 
iz ing radiation. Consequently, it  is also expected that 
the region of the largest HOMO density is the most 
reactive one in a molecule. In other words, the extent 
of the HOMO localization can be regarded as a mea- 
sure of chemical reactivity by ionizing radiation. 

Therefore, from this standpoint, one can predict the 
reactivity of a molecule when exposed to ionizing ra-  
diation by analyzing its molecular wave functions. In 
the case of polymer materials, the HOMO localization 
can be visualized by taking the case of two different 
models, specifically polymer A and polymer B, a s  

shown in Fig. 3. In the case of polymer A, whose 
HOMO is largely localized on the main chain bond 
region, its reactive site corresponds to the main chain 
bond region. Accordingly, it  is expected that  polymer 
A is easily degraded by ionizing radiation. On the other 
hand, polymer B, whose HOMO is largely delocalized 
or shifted toward its side chain, is not expected to be 
as easily degraded by ionizing radiation as is poly-  
mer A. 

As a measure of the HOMO localization in the bond 
region, overlap populations in the HOMO are em- 
ployed in this paper. This is because, as analyzed by  
Mulliken (2), they can be used firstly as a measure of 
charge density between two different nuclei X and Y, 
and secondly as a measure of bonding and antibonding 
strength of X-Y covalent bond. In the present calcu- 
lations, the overlap population of X-Y bond in the 
HOMO is defined as follows 

X Y  
F(X Y) = 2 ~  c~cv S~v 

/z y 

where c~ and c, are coefficients of atomic orbitals r 
and Cv in the HOMO, and S~v is the overlap integral  
between the atomic orbitals r and r 

Calculation 
Calculations were performed by the extended Hfickel 

method (3), the simplest all-valence electron proce- 
dure. In spite of the well-known shortcomings of this 
method, part icular ly in the quantitative prediction of 
observables, it fai thfully models the shape of the mo- 
lecular wave functions of any molecule compared 
with even more sophisticated methods. In addition, i t  
has the advantage of short computing time. 

Consequently, in most cases, the extended Hiickel 
method gives a reasonable qualitative or  semi-quan- 
titative picture of the electronic structures Qf mole- 

P O L Y M E R ~ H O M O  

POLYMER HOMO 

Fig. 3. Shape of HOMO for two different polymers 
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cules with comparat ively short computing time. There-  
fore, extended Hfickel calculat ion is sufficient for gross 
est imation of the shape of molecular  ~vave funct ions 
and is suitable for t reat ing large molecules because 
of its short computing time. 

In the extended Hiickel secular  Eq. [1] 

de t lH~  -- espy[ = 0 [1] 

the diagonal e lement  is approximated by  the ionization 
potential,  a n d  the off diagonal e lement  is approximated 
by the Wolsberg-Helmholtz  formula  (4) as [2] and [3] 

H ~  = - -  & [ 2 ]  

K 
H~. = -{ (H~. + H~)S~ (~v) [3] 

where I~ is the ionization potential of the atomic 
orbital r Su~ is the overlap integral between the 
atomic orbital Cu and Co, and K is a constant. 

In treating resist materials, calculations were car- 
ried out on the model compounds of resist materials 
as shown in Fig. 4. We restrict our considerations to 
the region within the frame of the dotted line, which 
corresponds to a polymer unit. The estimations of 
overlap population F ~nd total overlap populations 
(2)P were made on bonds I, 2, and 3. The gross atomic 
populations (2)Q were calculated on a-carbon. 

The geometries of the model compounds were based 
on the data shown in Table I. For other geometries, 
Pople's standard geometrical models (5) were em- 
ployed. For the ionization potential, Pritchard's data 
(6) were employed. Constant K was taken to be 1.75. 

Polymer Materials Containing Quaternary Carbon in 
Their Main Chains 

In  most cases, polymer materials  containing qua te r -  
nary  carbon in their  main  chains are employed as posi- 
tive electron resists, because this kind of polymer  is 
usual ly  degraded by ionizing radiation, for example, by 
a soft x - r ay  or a high energy electron beam. In  this sec- 
tion, using the following four samples that  have rep-  
resentat ive structures in this kind of polymer, we have 
calculated their molecular  wave functions, F values, and  
total overlap populations, P. Representat ive samples 
are, poly( isobutyrene)  PIB, poly(methacryloni t r i le )  
PMN, po ly (methy l  methacrylate)  PMMA, and poly 
(~-methyls tyrene)  P~MS. Of these polymers, PIB is in 
the simplest  s t ructure  and has the highest G (S) value. 
On the other hand, P~MS is known  to be considerably 
insensit ive to ionizing radia t ion and has excellent  re-  
sistance to reactive ion etching. PNIMA is a typical 
and widely used positive electron resist, and most of 
the reported positive electron resists consist of PMMA 
family. PMN is also reported to be a sensit ive positive 
electron resist (7). 

H3C 

X 

C 1 3 CH2 

Y 
L . . . . . . . . . . . . . . . . .  

CH3 .... 

X=CH3, C~, CN, . . . . .  

Y----CH3, CN, COOR, COSR,- . . . .  

Fig. 4, Molecular structure of polymer model compound 

Table I. Geometries of substituents in model compounds 

Substituents Bond distance (A) Bond angle (degree) 

O--C 
I / r C=O 1.22 <CCO 120 a 

---C--C r C--O 1.36 <OCO 125 ~ ) r O--C 1.46 <COC 115 

S--C r C--S 1.714 <CCS 115 b 
I / r S--C 1,813 <OCS 125 

--C--C 

I 
--C--CCh r C - - C I  1.7712 <CCCI 109.55 b 

I 

C 

--C--CI v C--C1 1.775 ~ 
I 

C 

----Sills r Si--H 1.485 <HSiH 109.5 ~ 

, T. Ukaji, Bull. Chem. Soc. Jpn., 32, 1275 (1959). 
hR. W. G. Wyckoff, "Crystal Structures," Interscience Pub., 

New York (1971). 

Calculated F values are summarized in  Table II, to- 
gether with the exper imental  data on G ( S )  and elec- 
t ron beam sensitivity, where F(1)  and F(2)  represent  
the F value of side chain bonds 1 and 2, respectively (in 
this case, bond 1 corresponds to the C--CH3 side chain 
bond) ,  and F(3)  represents that  of the ma in  chain 
bond 3, as shown in  Fig. 4. Table II indicates the fol-  
lowing interes t ing results. 

Firstly, F(3)  have exceedingly high values, com- 
pared with F(1)  and F(2)  values. In the case of PIB, 
for example, F(3)  has a value of 0.188. On the other 
hand, F(1)  and F ( 2 ) h a v e  a value of--0.014. This r e -  

s u l t  might give one of the reasons for the fact that  the 
polymer materials  containing qua te rnary  carbon in 
their ma in  chains are usual ly  degraded by ionizing 
radiation, instead of crosslinking. 

Secondly, it should be noticed that  the F(3)  values, 
which indicate the react ivi ty of the ma in  chain bond 
by ionizing radiation, are closely associated with the 
exper imenta l  G(S)  values. For  example, F(3)  of PIB 
has a value of 0.188, and F(3)  of PaMS has a much 
smaller  value of 0.067, which indicates that  PIB is 
easily degraded by ionizing radiat ion and PaMS is n o t  

as easily affected by ionizing radiat ion as PIB is. For 
exper imental  G (S) values, PIB has a value of 4.0 and 
PaMS has a smallest value of 0.3. Therefore, calculated 
results in Table II are closely associa.ted with the ex-  
per imenta l  results. In other words, these results con- 
firm the assumption that  the HOMO makes an  im-  
portant  contr ibut ion to the chemical reactions caused 
by ionizing radiation, Consequently,  it  can be said that 
this expedient  method of calculating F values provides 
a rel iable predict ion of scission efficiency, at least as 
far as C- -C  o-bonds  are concerned. The reported 
sensitivities in  TabIe II  are also genera l ly  associated 
with the F(3)  and G ( S )  values. 

Table II. Calculated F and experimental data for representative 
polymers containing quaternary carbon 

Sensi-  
Poly-  tivity 
m e r s  F ( 1 )  F (2 )  F ( 3 )  G ( S )  ( /~C/cm 2) 

PIB -0.014 -0.014 0.i86 4.0~ 20= 
PMN -0.027 0.018 0.139 2.1 b 15~ 
PMMA - 0.022 0.029 0.123 1.7 a 50 a 
PaMS 0.021 - 0.020 0.067 0.3 a 10O a 

L. F. Thompson and M. J. Bowden, This Journal, 120, 1723 
(1973). 

b j. N. Helbert, E. H. P0indexter, G. A. Stahl, C. u Chen,  and 
C. U. Pittman, J, Polym. Sci., Chem. Ed., 17, 49 (1979). 
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The differences among ca lcu la ted  F ( 3 )  values  can be 
ra t ional ized in te rms of the  pe r tu rba t ion  theory  or, in 
o ther  words, f rom the s tandpoin t  of subs t i tuent  effects. 
In the case of PIB, the HOMO is ma in ly  local ized on the 
main  chain bond. In cases where  another  subs t i tuent  
group is incorpora ted  into PIB, some interact ions  be -  
tween the u n p e r t u r b e d  HOMO and the orb i ta l s  of the  
subs t i tuent  group more  or less take  place. If  orbi ta ls  of 
the subs t i tuent  group s t rong ly  in te rac t  wi th  the  
HOMO, the HOMO is ve ry  much pe r tu rbed  by  this in-  
teract ion and the F (3 )  value  is d ras t ica l ly  changed. 
For  example ,  the orbi ta ls  of a phenyl  r ing  s t rongly  
in te rac t  wi th  the HOMO. Therefore,  if  a pheny l  r ing  
is incorporated,  the HOMO is pe r tu rbed  and is l a rge ly  
delocal ized into the ~ orb i ta l s  of the pheny l  ring. The 
fa i r ly  smal l  F (3 )  va lue  of P~MS is a consequence Of 
this orb i ta l  interact ion.  

Since F ( 3 )  represents  not  only HOMO dens i ty  bu t  
also the  HOMO's cont r ibut ion  to the bonding strength,  
another  exp lana t ion  for the  differences among the 
G(S) values  can be pu t  fo rward  by  ana lyz ing  the to ta l  
over lap  populat ions  of the main  chain bond, in o ther  
words,  f rom the s tandpoin t  of bond energies.  Table  I I I  
shows the ca lcula ted  total  over lap  populat ions  of the 
C---C main  chain bond of four  represen ta t ive  samples, 
where  P(3)  and  P + ( 3 )  r epresen t  the total  over lap  
populat ions  in the pre ionized neu t r a l  molecule  and 
ionized Posit ive ion, respect ively.  

As ana lyzed  by  Mull iken,  the to ta l  over lap  popula -  
tions give a measure  of the  non-Coulombic  par t s  of  
bond energies.  Therefore,  as far  as C - - C  covalent  
bonds are concerned, the total  over lap  populat ions  can 
be roughly  rega rded  as a measure  of the covalent  bond 
energy  or the covalent  bonding strength.  One may  
expect  that  the bond energy  or bonding s t reng th  have 
a close corre la t ion with  the G(S) value. F rom this 
point  of view, G(S) values  are  expected to be in-  
creased with a decrease  in P (3 )  values.  However ,  
Table  I I I  indicates  the opposite result .  For  example ,  
PIB has the h ighest  P (3 )  value  wi th  the highest  F (3 )  
and G(S) values. This resul t  impl ies  that  the bond-  
ing s t reng th  in the preionized state does not  a lways  
have a close corre la t ion with  sclssion efficiency caused 
by  ionizing radiat ion.  

On the contrary,  i t  is r a the r  the P+ (3) value  tha t  is 
genera l ly  associated wi th  the G(S) value.  For  e x a m -  
ple, PIB has the lowest  P+ (3) value  and P~MS has the 
highest  P+ (3) value,  indica t ing  that  the main  chain 
bonding s t rength  of ionized PIB is weake r  than  that  
of ionized P~MS. These resul ts  imp ly  that,  whi le  the 
main  chain bonding s t rength  of PIB is f a i r ly  decreased 
by  being ionized, t h a t  of P~MS is affected ve ry  l i t t l e  
by  being ionized. Consequently,  i t  can be said tha t  the 
bonding s t reng th  in the ionized state is gene ra l ly  as-  
sociated wi th  the G (S) value,  a t  leas t  as fa r  as C - - C  
covalent  bonds are concerned. These resul ts  also con- 
firm that  the ionized state p lays  an impor t an t  role in 
rad ia t ion  chemist ry .  

As ment ioned  above, the differences among the 
G(S) values  can also be expla ined  in terms of bond-  
ing s t rength  or  bond energy.  However ,  since the F (3 )  
value  corresponds to the difference be tween  the P (3 )  
and  P+ (3) values,  the above explana t ion  is, in a sense, 
equiva len t  to the exp lana t ion  in terms of HOMO 
density.  

Table III. Calculated P(3) values in neutral and ionized states 

Poly- 
m e r s  P(3)  P+(3) F(3)  G(S)  

PIB 0.779 0.591 0.188 4.0 
P M N  0.731 0,fi92 0.139 2.1 
PMMA 0,754 0,631 0.123 1.7 
PaMS 0.762 0.695 0.067 0.3 

Although  the exci ted levels  have been neglec ted  so 
far, they  are  also w o r t h y  of being ana lyzed  because, 
in some cases, the exci ted  state is expected to con-  
t r ibute  to po lymer  degradat ion.  In  o rder  to r igorous ly  
calculate the exci ted  levels and the i r  wave  functions,  
i t  is necessary  to use the CI or  o ther  sophis t icated 
methods  based on the SCF MO theory.  Nevertheless ,  
even wi th in  the ex tended  Hfickel f ramework ,  one can 
get some insights into the  exci ted  states on the basis 
of the  v i r tua l  orbitals .  Analys is  of the v i r tua l  orbi ta ls  
provides  the fol lowing in teres t ing  results.  

Concerning PIB, the LUMO (lowest  unoccupied mo-  
lecular  orb i ta l )  leve l  is found to be of a cons ider -  
ab ly  high energy  leve l  (1.05 eV).  A l though  cer ta in  
LUMO densi ty  is observed in the main  chain bond re -  
gion, the  LUMO has a bonding charac te r  in this  bond 
region. S l igh t ly  an t ibonding  charac te r  is observed in 
the C - - H  bond region. 

On the other  hand, r e l a t ive ly  low exci ted  levels are 
found in the res t  of the samples, and  the i r  exci ted  
levels are  mos t ly  localized or  delocal ized to the i r  side 
chains. In the case of PMMA, the C~---O ~* level  (--8. '/1 
eV) is found as the LUMO. This n* level  corresponds 
to the exci ted  level  caused by  deep-u.v,  radia t ion.  
PMMA is known to be a posi t ive work ing  resis t  for 
deep-u.v,  rad ia t ion  (8), as are  o ther  p o l y ( m e t h a c r y -  
l~te) series posit ive e lec t ron resists. Fur the rmore ,  i t  
is r epor ted  tha t  even po ly (g lyc idy l  me thac ry la t e )  
negat ive  e lect ron resis t  acts as a posi t ive work ing  
resis t  for deep-u.v,  rad ia t ion  (9). These expe r imen ta l  
results  suggest  tha t  the C-~O .~* s tate  contr ibutes  to 
the degrada t ion  of p o l y ( m e t h a c r y l a t e )  series po lymer  
mater ia ls .  However,  since l i t t le  LUMO dens i ty  is ob-  
served  in the main  chain bond region, i t  is considered 
that  the C z O  .~* s tate  contr ibutes  to the  main  chain 
bond dissociation th rough  the secondary  process. I n  
the case of PMN, the C---N n* leve l  (--7.90 eV) is 
found as the LUMO. The vacant  ~* levels (--8.35 ~, 
--4.76 eV) of the pheny l  r ing are  found in the  case 
of P~MS, indica t ing  tha t  the r e l a t ive ly  low exci ted 
levels of' PaMS are  most ly  concent ra ted  on the phenyl  
~-system. These ~* states, being re l a t ive ly  s table  ones, 
m a y  cont r ibu te  l i t t le  to the po lyme r  degrada.tion. 

Poly(methacrylate) Series Positive Resists 
Most of the r epor ted  posi t ive electron resists  con-  

sist of p o l y ( m e t h a c r y l a t e )  series po lymer  mater ia ls .  
However ,  thei r  r epor ted  sensi t ivi t ies  are  cons iderab ly  
different  according to thei r  es ter  side chains. In this 
section, we focus our  a t tent ion p r i m a r i l y  on the fol -  
lowing questions: (i) To what  ex ten t  does the subst i -  
tut ion of an es ter  side chain affect the e lectronic  s ta te  
of the C- -C  main  chain bond region? (ii) Which factor  
p lays  an impor tan t  role i n  de te rmin ing  the sens i t iv i -  
ties of these resists? tn o rde r  to s tudy  these problems,  
we have calcula ted F values for  a series of poly  (me th -  
ac ry la te )  resists  and compared  them wi th  the expe r i -  
men ta l  values of e lectron beam sensi t ivi ty.  Calcula ted 
results  are  l is ted in Table IV together  'with the ex -  
pe r imen ta l  results,  where  F (1 ) ,  F ( 2 ) ,  and F ( 3 )  r ep -  
resent  the F values for the same posi t ion as in the p re -  
vious section. 

For  po ly (me thac ry l i c  acid)  and p o l y ( a l k y l  m e t h -  
acry la te)  resists, a l though one can observe a t rend  
whereby  F (3 )  value  is s l ight ly  decreased wi th  an in-  
crease in the size of the  a lky l  group, the i r  F (3 )  values  
amount  to a lmost  the same value, namely  a round  a 
0.12 value. These resul ts  indicate  tha t  the electronic 
state of the C- -C  main  chain bond region is l i t t le  a f -  
fected by  the size of a lky l  ester  side chain. In  o ther  
words, it  is ind ica ted  tha t  p o l y ( a l k y l  me thac ry l a t e )  
resists  have genera l ly  the same scission efficiency when  
exposed to ionizing radiat ion.  Repor ted  G(S) values  
of PMMA, PEMA, and PnBMA are  1.7, 1.3 (10), and 
0.7 ( I0) ,  respect ively.  Therefore,  these G ( S )  va lues  
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TaMe IV. F values and electron beam sensitivity for 
pdy(methacrylate) series polymers 

Table V. F values end electron beam sensitivity for ~-substituted 
poly(trifluoroethyl acrylate) series polymers 

Sensi- 
Poly- t iv i ty  
mers  F(1)  F(2)  F(3)  (~C/cm z) 

Sensi- 
a-substit ,  t ivity 

uents  F(1)  F(2)  F(3)  (~C/cm =) 

PMA - 0.022 0,029 0,122 - -  
PMMA - 0,022 0.029 0.123 50 
PEMA - 0.021 0.030 0.121 75 
PnBMA - 0.020 0.031 0.118 0.5 
PTFEMA -0.022 0.029 0.122 4.5 
PTCEMA - 0.024 0.029 0,125 1.25 
PPhMA  0.000 0,004 0.003 155 
PMTMA - 0.005 0.116 0,049 7.5 

C1 - 0.042 0.032 0.165 0,76 
OCH3 - 0.029 0.038 0.136 - -  
CI-I8 - 0.022 0.029 0.122 4.5 
CF8 0,007 0.038 0.119 - -  
NI-I~ - 0.062 0.106 0.118 
CN 0.017 0.030 0,109 2 0  
SiH~ 0.166 0.084 --0.045 
COOH 0.063 0.061 -- 0.049 

PMA: p o l y ( m e t h a c r y l i c  acid) ,  PMMA: p o l y ( m e t h y l  me thac ry l -  
a t e ) ,  PEMA: po ly (e{hy l  m e t h a c r y l a t e ) ,  PnBMA: po ly (n-bu ty l  
m e t h a c r y l a t e ) ,  PTFEMA: poly ( t r i i luoroc thy l  m e t h a c r y l a t e ) ,  
PTCEMA: po ly ( t r i ch lo roe thy l  m e t h a c r y l a t e ) ,  PPhMA:  poly- 
(pheny l  m e t h a c r y l a t e ) ,  PMTMA: p o l y ( m e t h y l  t h i o m e t h a c r y l a t e ) .  

confirm above indicat ion.  However ,  e lect ron beam 
sens i t iv i ty  is d ras t ica l ly  enhanced by  b u t y l  subs t i tu-  
t ion into the es ter  side chain. This d i screpancy  be-  
tween  the value  of F (3) and e lect ron beam sens i t iv i ty  
indicates  tha t  the  h igh  PnBMA sens i t iv i ty  is ma in ly  
due to so lubi l i ty  character is t ics ,  r a the r  than  scission 
efficiency. In  the case of PnBMA, considerable  decrease 
in T~ (glass t ransi t ion t empera tu re )  is also observed 
a t  the  same time. There  might  be some re la t ionship  
be tween  Tg and so lubi l i ty  characterist ics.  

The  same t rend  is also observed for p o l y ( h a l o a l k y l  
me thac ry la t e )  resists. For  example ,  P T F E M A  and 
PTCEMA (EBR-1) (11) have a lmost  the same F (3 )  
value  as tha t  of PEMA, indica t ing  tha t  halogen sub-  
s t i tu t ion into the  ester  side chain has no significant 
effect on the  electronic s ta te  of the C - - C  main  chain 
bond region. On the other  hand, the i r  e lect ron beam 
sensi t ivi t ies  a re  d ras t i ca l ly  enhanced compared  wi th  
tha t  Of PEMA. These resul ts  suggest  tha t  halogen sub-  
s t i tu t ion into the ester  side chain main ly  improves  
so lubi l i ty  character is t ics .  

Con t ra ry  to a lky l  or ha logena ted  a lky l  subst i tut ion,  
phenyl  subst i tut ion into the ester  side chain or sulfur  
subst i tu t ion of oxygen a tom in an ester  group have 
significant effects on the electronic s ta te  of the C- -C  
main  chain bond region. As is ev ident  f rom the F (3 )  
values  of P P h M A  and PMTMA, pheny l  subst i tut ion 
dras t ica l ly  reduces the F ( 3 )  value,  and sulfur  subs t i -  
tut ion reduces  the F (3 )  va lue  and enhances the F (2 )  
value.  Therefore,  the  r e l a t ive ly  high PMTMA sensi t iv-  
i ty  can be a t t r ibu ted  to its good solubi l i ty  charac te r i s -  
tics. On the other  hand,  the cons iderab ly  low F(3) va lue  
for  P P h M A  suggests  low scission efficiency and low 
sensit ivi ty.  The repor ted  G(S) va lue  (0.44) (12) and 
sens i t iv i ty  a re  consistent  wi th  the  ca lcula ted  result .  
This resul t  also predicts  tha t  the  same t r end  is also 
observed  in the case of o ther  a ryI  subst i tu t ion into 
the es ter  side chain. 

Subsfituent Effects on the a-Position of Acrylate 
Polymer Materials 

In the previous  section we d i scussed  subs t i tuent  ef-  
fects into the  ester  side chain of p o l y ( m e t h a c r y l a t e )  
resists. Another  feasible modification is a subst i tu t ion 
on the =-position. In  this section, concern is on sub-  
s t i tuent  effects on the a-posi t ion.  In  order  to es t imate  
these subs t i tuent  effects on the electronic state of the 
C - - C  ma in  chain bond region and scission efficiency, 
we have  specifically ca lcula ted  F values  for  p o l y ( t r i -  
f luoroethyl  ac ry la te )  series po lymer  mate r ia l s  inc lud-  
ing theore t ica l  ones, regardless  of  the  po lyme r  syn-  
thesis lcossibility. Calcula ted resul ts  are  l is ted in 
Table  V wi th  expe r imen ta l  da ta  on e lec t ron beam 
sensi t ivi ty,  where  F ( 1 ) ,  F ( 2 ) ,  and F (3) values  r e p r e -  
sent  the F values  of the C-subst i tuent ,  C--COOCH2CF3, 
and  C,--C ma in  chain bonds, respect ively .  

In  Table  V, i t  should be noted  tha t  C! and OCH3 
subst i tuents  enhance the F (3 )  value  compared  with  
the case of poly  (me thyac ry l a t e ) ,  suggest ing tha t  these 
subst i tuents  enhance scission efficiency w h e n  exposed 
to ionizing radiat ion.  Accordingly,  enhancement  of 
the sensi t iv i ty  can be expec ted  by  chlor ine or methoxy  
subst i tut ion on the ~-position. 

On the other  hand,  an opposite t rend  is observed 
in the case of o ther  subst i tuents .  The F ( 3 )  va lue  is 
somewhat  decreased by  CF~, NHe, and  CN subs t i tu -  
ants, and is d ras t i ca l ly  decreased by  Si l l s  and COOH 
subst i tuents .  Among them, NH2 and S i l l 3  subst i tuents  
enhance the F (2 )  and F (1 )  values,  respect ively ,  indi -  
cating that  the HOMO is shif ted toward  the side chain 
bond region in these cases. There, fore, the enhance~ 
merit  of the sens i t iv i ty  cannot  be expected  by  these 
substi tutions,  p rov ided  that  so lubi l i ty  characteristics 
are not  so much changed. Table  V also indicates  that 
there  is no simple r e l a t ionsh ip  be tween  the F (3 )  
value  and the e l ec t ron -wi thd rawing  na tu re  of a - sub-  
st i tuents.  Deta i led  discussion on this p rob l e m is given 
in the next  section. 

Fo r  expe r imen ta l  data, e lect ron beam sens i t iv i ty  is 
enhanced by  chlorine subs t i tu t ion  and is r a the r  de -  
te r iora ted  b y  cyano subst i tut ion compared  wi th  that 
of p o l y ( m e t h a c r y l a t e ) .  These expe r imen ta l  resul ts  are 
consistent  wi th  the calcula ted results.  Therefore,  the 
higher  sensi t iv i ty  of po ly ( t r i f luoroe thy l  a -ch lo roac ry -  
la te)  EBR-9 (13), compared  with  po ly( t r i f luoroe thy l  
me thac ry la t e ) ,  can be a t t r ibu ted  to the enhancement  
of the F (3 )  value.  Ha lber t  et al. (14) r epor ted  the 
G(S) v a l u e  of p o l y ( m e t h y l  a -ch lo roac ry la te )  to be 
5.1. This exper imen ta l  resu l t  is also consis tent  wi th  
the present  ca lcula ted results.  However ,  they  also re- 
ported the  G(S) value  of p o l y ( m e t h y I  a - cyanoac ry -  
la te)  to be 11 (15), 2 which is comparab le  to tha t  of 
PBS (16). Even if the  large  fluctuations among the 
repor ted  G ( S )  values  are  considered,  this G(S) value 
seems to be too high, and is inconsis tent  wi th  the pres -  
ent  ca lcula ted  and expe r imen ta l  results.  If  this G ( S )  
value  is sufficiently reproducible ,  this d iscrepancy 
means  tha t  the  author ' s  theory  is not  a good app rox i -  
mat ion  to poly  (~-cyanoacry la te ) .  

As ment ioned  above, subst i tu t ions  on the a-posi t ion 
fa i r ly  affect the F (3 )  value  in comparison wi th  sub-  
s t i tut ion into the ester  side chain. However ,  i t  s h o u l d  
be noted that  no subst i tuents  in Table  VI enhance the 
F (3) value more than  tha t  of PIB. Therefore,  a l though 
the enhancement  of G(S) values  can be  expec ted  to 
some ex ten t  by  =-subst i tuents ,  d ras t ica l ly  high G(S) 
values  are  not  genera l ly  expected f rom the ca lcula ted  
results.  

Substituents Electron-Withdrawing Effect on 
Scission Efficiency 

I t  is of ten suggested tha t  po la r  side chains weaken  
the main chain bond and lead  to enhancement  of scis-  
sion efficiency (15, 17). However ,  there  is no theore t i -  

~Such a h igh  G(S) va lue  m e a n s  t ha t  p o l y ( m e t h y l  a-cyano- 
acry la te )  can be a h igh ly  sensi t ive  posit ive e lectron res ist  com- 
parable to PBS. H o w e v e r ,  its e lectron beam sensit ivity is  not  
r epor ted .  
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Table VI. F(3) and Q(cd values for 1, 1-substituted vinyl 
polymer materials 

Subst i tuents  F (3) Q (~) 

C1 0.133 3.30 
CN 0.103 3.71 
CHs 0.188 3.88 
COOCH~ - 0.049 3.94 

cal justification on this suggestion. In this section, 
arguments are focused on the problem as to whether 
some relationship exists or not between the electron= 
withdrawing nature o2 side chains and scission effi- 
ciency. As a measure of electron-withdrawing or elec- 
tron-donating nature of side chains, we have em- 
ployed the gross atomic populations (2)Q of the a- 
carbon atom in the main chain. 

Table VI shows the calculated F(3)  and Q(~) value 
of 1, 1-substituted vinyl polymer materials, where 
F (3) and Q (~) represent the F value of the main chain 
bond and the Q value of a-carbon, respectively, As 
shown in Table VI, polymers with CH3 and COOCH3 
substituents have relat ively large Q (~) values. On the 
other hand, C1 and CN substituents reduce the Q(a) 
value. This result indicates that C1 and CN substitu- 
ents have an electron-withdrawing effect compared 
with CI-I3 and COOCH3 substituents. However, the 
F(3)  value is rather  decreased by the electron-with= 
drawing substituents such as C1 and CN groups. Table 
VI also indicates that the F(3)  value is drastically 
decreased by COOCHa substituents. Therefore, the 
F(3)  values have no simple correlation with the elec- 
tron-withdrawing effect of substituents, and scission 
efficiency is not expected to be enhanced by the elec- 
t ron-withdrawing substituents in this kind of polymer. 

Table VII shows the calculated F ( 3 )  and Q(~) 
values of s-substi tuted poly(trif luoroethyl acrylate) 
polymer materials, where F(3)  and Q(~) represent 
the F value of the main chain bond and the Q value of 
a-carbon, respectively. In Table VII, calculated poly- 
mers are the same samples ctiscussed in the previous 
section and are rearranged according to their Q(~) 
values. In this case, polymers with relat ively high 
F(3)  values can be found in those with electron- 
withdrawing substituents such as C1 or OCH8 group. 
However, the F(3)  value does not always have a cor- 
relation with the Q(~) value. For example, poly(~- 
chloroacrylate) has a higher F(3)  value than poly(~= 
methoxyacrylate)  does. 

As mentioned above, the F(3)  value does not always 
correlate with the electron-withdrawing nature of the 
substituents. Therefore, these calculated results indi-  
cate that there is no simple relationship between scis- 
sion efficiency (by ionizing radiation) and electron= 
withdrawing nature of substituents. Secondly, it 
should be noticed that substituent effects differ accord- 
ing to the kinds of polymers. In the case of 1, 1-sub- 
stituted vinyl polymers, for example, C1 substituent 
reduces the F(3) value compared with the case of 
CH~ substituent. On the other hand, an opposite re-  
sult is obtained in the case of poly(trif luoroethyl 
acrylate) polymers. From the standpoint of the per-  
turbation theory, the change in F(3)  value is con= 

Table VII. F(3) and Q(~) values for c~-substituted poly(trifluoroethyl 
acrylate) series polymers 

Substituents F (3) Q (~) 

OCH3 0.136 3.37 
NH2 0.118 3.62 
CI 0.165 3.64 
CN 0.109 3.83 
CH8 0.122 3.91 
COOH -- 0.049 3.94 
CF8 0.119 4.00 
SiI-Is - 0.045 4.26 

sidered to be a result of complicated orbital  interac- 
tions between the unperturbed orbitals on the main 
chain and the substituent orbitals. The above results 
indicate that the orbital  interactions are too compli- 
cated to be rationalized in terms of electron-withdraw- 
ing or donating nature of substituents. 

T h e r m a l  Stabi l i ty  of  Positive Electron Resists 
Since thermal stabili ty is an important  factor f o r  

positive electron resists, i t  is worthy of being analyzed 
in terms of the molecular orbital theory. As previously 
mentioned, total overlap populations P give a mea- 
sure of the covalent bonding strength. Therefore, they 
are expected to provide some insights into the thermal 
stabili ty of positive electron resists. 

Thermal stabili ty is considered to be a function o f  
bonding strengths of all chemical bonds constituting a 
polymer material. However, it is also considered that 
thermal stabili ty mainly depends upon the main c h a i n  
bonding strength, provided that the bonding strengths 
in side chains do not seriously differ. Therefore, the P 
value of the C--C main chain bond can be roughly re-  
garded as a measure of the thermal stability. In this 
sense, poly(tr if luoroethyl acrylate) series polymer 
materials provide a context in which to check this 
assumption. 

Table VIII shows calculated P values for po ly( t r i -  
fluoroethyl a c ry l a t e ) s e r i e s  polymer materials, where 
P(3) and P(1) represent the P values of the main 
chain and C-substituent bond, respectively. The ex- 
perimental  data on the initial thermal degradation 
point Td (i) are also presented in Table VIII. As can be 
seen in Table VIII, P (3) have generally the same value 
among polymers with C1, CH3, and CHeF substituents. 
This result suggests that poly(,=chloroacrylate)  has 
the same thermal stabili ty as poly(methacrylate)  does. 
On the other hand, the P(3) value is fair ly decreased 
by CN substituent, suggesting that the thermal stabil-  
ity of poly(a-cyanoacrylate)  is deteriorated com- 
pared with that of poly (methacrylate) .  

As to the experimental  data, measured Td(i) are 
generally consistent with the calculated results. In 
particular, Td(i) is considerably decreased by CN sub- 
stituent, as suggested by the calculated results. There- 
fore, in spite of a crude approximation, this method of 
calculating P values can provide a prediction of ther- 
mal stabili ty to some extent. 

As is evident from Table VII and VIII, there also 
exists no simple relationship between the P(3) value 
and the electron-withdrawing nature of substituents. 
The P(3) value is rather  associated with the P(1) 
value. This result means that the s character of the 
main chain bond is decreased with am increase in the 
s character of the C-substituent bond, in this kind of 
polymer. Therefore, the relat ively poor thermal s ta-  
bil i ty of poly(~-cyanoacrylate)  can be at tr ibuted to 
the relat ively high s character of C--CN side chain 
bond rather  than the electron-withdrawing effect of 
the CN group. 

Conclusions 
The following principal conclusions derive from the 

present work and are worthy of special mention. 
1. In chemical reactions caused by ionizing radiation, 

the HOMO plays an important  role. In four typical 

Table VIII. P values and Td(i) for c~-substituted poly(trifluoroethyl 
acrylate) series polymers 

Td(i) 
Substituents P (3) P (1) (~ 

C1 0.757 0.606 230 
CH8 0.754 0.714 240 
CHeF 0.750 0.737 230 
CF~ 0.733 0.800 
CN 0.700 0.913 180 
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polymers containing quaternary carbon in their main 
chains, for example, their different G(S)  values can 
be explained in terms of the HOMO density on their 
main chain bonds. 

2. Since the overlap population F in the HOMO can 
be employed as a measure of the HOMO density on a 
covalent bond, the method of calculating the F value 
provides a reliable prediction of the C-C bond's scis- 
sion efficiency when exposed to ionizing radiation, to 
some extent. 

3. Concerning poly(methacrylate) series polymer 
materials, the F values of their main chains are not so 
much affected by substitutions into the ester side chain, 
with the exception of phenyl-including substituents. 
Their sensitivities are determined mainly by solubility 
characteristics rather than by scission efficiency. 

On the other hand, a-substituents fairly affect the 
F value. However, drastically high scission efficiency 
is not generally expected by the substitution o n  the 
a-position. 

4. Scission efficiency by ionizing radiation is not 
always associated with that by heating. The former is 
associated with F values and the latter is associated 
with total overlap populations P, at least as far as 
C-C covalent bonds are concerned. Therefore, P values 
give some information about the thermal stability of 
positive electron resists. As a practical positive elec- 
tron resist, it is desirable that the main chain bond 
have a high F value and a high P value. 

5. No simple relationship exists between scission 
efficiency and the electron-withdrawing nature of side 
chains. Moreover, the substituent effects differ accord- 
ing to the kinds of polymers. Scission efficiency by 
heating is rather associated with the s-character of the 
C-substituent bond, at least in the case of a-substi- 
tuted poly (acrylate) series polymers. 
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ABSTRACT 

A rigorous,  two- reg ion  impl ic i t  Crank-Nicolson  finite difference solut ion 
of the hea t  diffusion equat ion for pulsed laser  hea t ing  has been developed.  
The compute r  model  includes the tempera ture ,  phase, and ma te r i a l  depen-  
dences of the ma jo r  opt ical  and the rmal  propert ies .  Mel t ing  is modeled  by  
separa t ing  the hea t  equat ion into three  dist inct  regions. The first cor re -  
sponds to the solid phase, the th i rd  to the  l iquid phase, and the second to 
the s i tuat ion where  la tent  hea t  is being stored. The run  t ime requi red  for the  
most complex model  s i tuat ion is app rox ima te ly  40 min c.p.u, t ime. The 
model  is appl ied  to a typical  device s t ruc ture  which  includes pho toengraved  
the rma l ly  grown silicon dioxide wi th  un implan ted  and imp lan ted  windows. 
Good agreement  is ob ta ined  in s i tuat ions where  expe r imen ta l l y  measurab le  
effects can be compared  with  model  predict ions,  and the  appl ica t ion  of the  
model  to laser  anneal ing  of oxide covered sil icon is discussed wi th  re fe rence  
to pa ra l l e l  expe r imen ta l  studies. 

The use of pulsed laser  annea l ing  to remove ion i m -  
p lan ta t ion  damage has been  repor ted  by  m a n y  authors  
(1). Much of this work  has concent ra ted  on the m a t e -  
r ials  aspects of laser  anneal ing  and there  has been less 
effort d i rec ted  toward  prac t ica l  device s t ructures .  A 
typical  s t ruc ture  to which  laser  anneal ing  might  be 
appl ied  is shown in Fig. 1. Here  a the rmal  oxide l aye r  
is Used to define the  regions for  implan ta t ion  and to 
pass ivate  the silicon surface. For  successful laser  an-  
neal ing i t  mus t  be possible to anneal  the implan ta t ion  
damage in the windows wi thout  de le te r ious ly  affecting 
the SiO2/Si interface.  Expe r imen t a l  s tudies of such 
s t ructures  show that  the S i O J S i  in ter face  is d i s tu rbed  
at  the incident  energy  densit ies requ i red  for anneal ing  
the implan t  (2). F igu re  2 shows an opt ical  mic rograph  
of such a s t ruc ture  where  an imp lan t  of 40 keV 1 • 
1016 ions cm -2 As and a 1.9 J cm-2  25 nsec ruby  laser  
pulse has been used. Ripple  is visible in the surface 
over  large  areas  of the a n n e a l e d . r e g i o n .  A model  
has been proposed for this r ippl ing  (2) which requi res  
the oxide to move wi th  respect  to the under ly ing  s i l i -  
con; where  this movement  is const ra ined r ipp l ing  m a y  
take place. In  o rde r  to obta in  a c lear  unders tand ing  of 
such effects i t  is necessary  to be able to pred ic t  the 
t empera tu re  cycl ing of both  the oxide  and the unde r -  
ly ing silicon dur ing  laser  annealing.  For  this reason the 
computer  model  descr ibed in the next  section has been 
developed.  

Computer Model of Laser Heating 
The l ight  energy  f rom the laser  is absorbed b y  ex -  

ci tat ion of e lect rons  which  t ransfe r  the i r  excess ene rgy  
to heat ing the lat t ice in ve ry  short  t imes (~,10 -12 sec) 
(3). Thus for pulse lengths g rea te r  than  a few nano-  
seconds, the spa t ia l  d is t r ibut ion  of the absorbed  l ight  
is a good indicat ion of the in i t ia l  d is t r ibut ion  of the 
hea t  energy.  This local hea t ing  can then diffuse in the 
usual  manne r  by  the rmal  conduction. Hence, the t he r -  
mal  effects induced can be descr ibed b y  using the hea t  
equat ion wi th  a source t e rm to include l ight  absorp-  
tion. If  we ignore s ideways  diffusion the fo l lowing 
form of the equat ion describes the t e m p e r a t u r e  va r i -  
a t ion wi th  dep th  and t ime. 

8T ,8 8T 
cp - -  = =I(z, t)  + K(T) 

5t -~z  5z 

1Present address: General Electric Company, Hirst Research 
Centre, Wembley, Middlesex, England. 

Key words: pulsed laser annealing, numerical analysis, thermal 
cycling, silicon device structures. 

where  c is the heat  capacity,  p is the mass  density,  
is the absorpt ion coefficient, K is the  the rmal  conduc-  
t ivity,  I is the laser  power  density,  t is the t ime, and z 
is the depth.  

Severa l  ana ly t ica l  and numer ica l  solutions of this 
equat ion are  avai lab le  in t h e  l i t e ra tu re  (4). The major 
l imita t ions  of the ana ly t ica l  solut ions are  thei r  in -  
ab i l i ty  to include the t empera tu re  and ma te r i a l  d e -  
pendences of the opt ical  and the rmal  pa rame te r s  
and the change of phase.  The numer ica l  solutions 
avai lable  have been nonr igorous  in the i r  t r e a tmen t  of 
l aye red  s t ructures  and have requ i red  a la rge  amount  
of computer  t ime to model  real is t ic  t ime and dep th  
scales. However ,  the present  numer ica l  solution has 
been developed to give a more  gene ra l  and  r igorous  

Implant 
Oxide ~ \ A B C 

~ : 

Fig. 1. 

Fig. 2. Micrograph of photoengraved structure 
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approach while requiring less computer time. There 
are two major reasons for this improvement. First, the 
modeling of layered structures (such as oxide on sili-  
con) has been t r e a t ed  as two separate regions with 
two separate heat equations joined at the interfaces by 
boundary conditions. Previous numerical solutions 
have assumed that layered structures can be modeled 
by allowing the optical and thermal  parameters to 
vary discontinuously across the boundary while solv- 
ing one diffusion equation for the complete structure. 
However, as will be shown in a further publication 
(5), this approach is mathematically inconsistent. Sec- 
ond, previous numerical  solutions have used an ex- 
plicit mathematical  formulation of the problem: This 
approach leads to a severe constraint on the depth and 
time increments which will allow the solution to 
converge. The approach adopted here is an implicit 
solution using the Crank-Nicolson (6) method, which 
enables larger increments in depth and t i m e  while 
achieving sufficient accuracy in the solution. This 
allows practical time scales (up to 1 ~sec) and depth 
scales (up to 10 ~m) to be modeled with reasonable 
speed and accuracy (typical run time for nonmelting 
version of the program ~2 min with accuracy ,~0.5%). 
The accuracy of the numerical solution has been tested 
against a number of analytical solutions to the diffu- 
sion equation. For example, Fig. 3 shows the variation 
of surface temperature with time for a "top hat" laser 
pulse. The numerical solution is indistinguishable 
from the exact =analytical solution. The numerical solu- 
tion has been compared with a solution of the heat 
equation where the thermal conductivity varied with 
temperature. Again, the error introduced by the nu- 
merical solution was of the order of 0.5%. The com- 
puter  program which has been developed allows the 
parameters ~ and K in the diffusion equation to be 
temperature and material  dependent and c and p to be 
material  dependent. Also, the effect of multiple reflec- 
tions at the mater ial  interface is included. Fur ther  
details of the mathematical formulation and the vali-  
dation of the computer model will  be given in a future 
publication (5). 

Modeling the Phase Change 
For short pulse lengths (less than 10 -T sec) melting 

is required for appreciable distances of crystal growth 
(1). Thus a fundamental  requirement of any model is 
the incorporation of the phase change. This is par -  
t icularly difficult in analytical solutions due to the dis- 
continuity at the solid liquid interface. However, nu- 
merical models are more able to deal with the phase 
change. For example, the model developed b y  Baeri 
et al. (4) treats melting in the following manner. 
When the temperature of a part icular  numerical slice 
reaches the melting point, any further  hea~ received, 

either by absorption or conduction, is stored as latent 
heat. Once the amount of latent heat required for 
melting has been received the layer  melts and the 
temperature begins to rise again. This change of phase 
requires that a moving boundary, equivalent to the 
melt front, be included in the mathematical  modeling. 

The inclusion of such a boundary within an implicit  
numerical solution is technically more difficult. The 
effect of the phase change in the present model has 
been incorporated in the following manner. The dif- 
fusion equation has been rewrit ten as below (7) 

8H (T) 8 6T 
- -  - = Z ( z , t )  + - - - K ( T )  

6t ~ z  

The function H ( T )  is shown in Fig. 4. In the first 
region H = cpT to give the normal diffusion equation. 
The second region approximates the storage of latent 
heat at a constant temperature by a region of finite 
width (typically 10~176 wide).  For many exper i -  
mental situations using a range of temperature of 
which melting occurs is physically more reasonable 
than the approach outlined above. The third region of 
th~ H ( T )  junction again reduces to the normal diffu- 
zion equation with the possibility of using different 
values for c and p. This transformation of variable has 
the effect that the H ( T )  function is single valued for 
all temperatures. Again, two layer  structures (e.g., 
oxide on silicon) have been modeled by solving two 
separate diffusion equations with different H(T)  func- 
tions. 

Summary of Parameter Values Used in the Model 
A major difficulty in applying the computer model 

has been the limited number of experimental  mea- 
surements available for the optical (8) and thermal 
(9) parameters under the conditions found in pulsed 
laser annealing. Table I gives the basic materials con, 
slants used in the program. Figure 5 summarizes 
the values taken for the temperature-dependent  ther-  
mal conductivity in this present work and Fig. 6 and 
7 give the values taken for the absorption coefficient 
for the ruby and Nd: YAG wavelengths. I t  can be seen 
that the strongest temperature dependences for both 
the thermal conductivity and the absorption coeffi- 
cient are found for single crystal silicon, emphasizing 
the need to take such temperature effects into account 
if reliable modeling is to be achieved. At present 
there is some difficulty in obtaining convergence in the 
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Table I. Material constants used in model 10  6 

"T Silicon Amorphous Silicon 
Silicon Dioxide ~ 

Mass Density ( gcm -3 ) 2.33 2.33 2.22 

Specific Heat ( jg' lK'l)  0.95 0.95 0,75 .~) 

Melting Point (~ 1385 1200 1800 ~,~ 10 5 

Latent Heat (jg-1) 1809 1220 1200 0 

Refractive Index (Ruby) 3.865 4.0 1.47 

Refractive Index ( Nd : YAG ) 3.37 3.37 1.47 ~ .  
4 

< model  when l iquid the rmal  conduct ivi t ies  a re  included.  
This is due to the r ap id  change in the rmal  conduct iv i ty  
[ typ ica l ly  a factor  of ,~20 over  a smal l  t empera tu re  
range  (~100~ Thus, unless  expl ic i t ly  stated,  the  
t empera tu re  profiles g iven in this pape r  do not  i n -  
clude the effect of the  high value  of the l iquid t he rma l  10  3 
conductivi ty.  In  conclusion, i t  should be noted tha t  as 
the  absorpt ion  coefficient and the rmal  conduct iv i ty  are 
not  wel l  known, they  const i tute  a m a j o r  source of un -  
cer ta in ty  in the computed  profiles. 

Modeling of Pulsed Laser Heating of Single Crystal 
Silicon 

In  this section the hea t ing  of  single crys~aI sil icon 
b y  a pulsed ruby  laser  has been modeled.  F igure  8 
shows the t ime for which the surface is mol ten  as a 
funct ion of the energy  dens i ty  (25 nsec FWHM Gaus-  
sian pulse) .  I t  can be seen tha t  once a threshold  en-  
e rgy  densi ty  is reached,  the length  of t ime of the mel t  
increases l inea r ly  wi th  energy  density.  I t  is also pos-  
sible to calculate  the pene t ra t ion  of the mel t  depth  as 
a funct ion of t ime for  given energy  densi t ies  (see 
Fig. 9). F rom this figure i t  is possible to find the m a x i -  
m u m  mel t  dep th  which can then be d rawn  as a func-  
tion of energy  dens i ty  (see Fig. 10). Again,  once a 
threshold  energy  is reached the m a x i m u m  mel t  dep th  
increases  app rox ima te ly  in a l inear  fashion wi th  en-  
e rgy  densi ty .  The slope of this  l ine is 2.2 J c m - 2 / ~ m  
compared  wi th  a value  of 2.5 J c m - 2 / # m  obta ined  b y  

10 6 
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';"~ ~" em 0.0 I Liquid Silicon ~ 10 5 
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Fig. 5. Temperature dependence of thermal conductivity 
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Fig. 6. Temperature dependence of absorption coefficient for ruby 
wavelength, 0.693 #m. 

Baeri  et al. (3) for  a 50 nsec Gauss ian  pulse. The 
majo r  reason for this is tha t  p a r a m e t e r  values  used 
in the two programs  are  not  identical .  

The resul ts  de ta i led  above were  obta ined  wi th  the  
t empera tu re  dependence  of the solid the rmal  conduc-  
t iv i ty  taken  throughout .  F igure  11 i l lus t ra tes  the di f -  
ference obta ined for the surface t e m p e r a t u r e  when 
the l iquid  t he rma l  conduct iv i ty  is included.  The m a j o r  
effects are  to g rea t ly  reduce the peak  surface t e m p e r a -  
ture  and lessen the length  of t ime for which the sur -  
face is molten.  Both these effects a re  due to the in -  
creased diffusion of heat  away  f rom the sur face  into 
the bulk.  

Liquid Silicon 

Amorphous Silicon 

i I I I , I I i I 

0 4 0 0  8 0 0  1200  1 6 0 0  

T e m p e r a t u r e , ~  

Fig. 7. Temperature dependence of absorption coefficient for 
neodymium, 1.06/~m. 
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Temperature Profiles Obtained for Device Structure 
A major  application of the computer  model  de-  

scribed in this paper  is s tudying the thermal  cycling 
of device structures such as shown in Fig. 1. This 
s tructure can be approximated by three separate re-  
gionsi (i) Single crystal  silicon (corresponding to u n -  
implanted or low dose implanted  windows),  ( i i )  thin 
amorphous layer on a single crystal  substrate  (cor- 
responding to a high dose implan t  such as 1 • 10 TM 

ions cm -2 40 keV As emit ter) ,  and ( i i i )  oxide layer  on 
silicon substrate (corresponding to the defining oxide 
shown in  Fig. 1). I t  has been  shown that  the thermal  
and optical parameters  of these three regions are 
very different (see Fig. 5, 6, and 7.) A fur ther  differ- 
ence which must  be considered is the reflectivity of 
these layered structures.  It  is known  (10) that  a sur-  
face oxide can act as an  antireflection coating in  laser 
annealing.  Thus, the reflectivity found in  region ( i i i )  
will  be dependent  upon the oxide thickness for co- 
herent  light. However, in paral le l  exper imenta l  studies 
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a waveguide has been used in order to obtain a more 
uniform energy density for the laser. This causes the 
laser l ight to be highly divergent,  such that  the condi- 
tions for constructive and destructive interference are 
met  over a wide range of angles. This effectively re-  
duces the ampli tude of the interference effect. How- 
ever, the mean  reflectivity wil l  still be higher than 
for bare silicon. In the computer  model this average 
reflectivity is calculated f rom the following equat ion 

(nl  --  n2) 2 -~ (Ki -- Kin) 2 
R---- 

(nl + n~)2 + (Ki + K~) 2 

where nz '  ---- n l  - -  iK1  and n~' ---- n~ - -  i K 2  and nl' and 
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ns' are the comp.lex refractive indexes of the two ma-  
terials involved. This approach has been adopted for 
the thin amorphous region and for the l iquid reflectiv- 
i ty  once the mel t  depth is greater  than the skin depth. 

Figure 12 shows the tempera ture  profiles present  at 
the peak of a 0,5 J cm -2 25 nsec FWHM Gaussian 
pulse for the device structure. In  this figure and in  
Fig. 13 the values for the l iquid thermal  conduct ivi ty  
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Fig. 12. Temperature profiles for photoengraved structure. 0.5 
J cm -2 25 nsec pulse profiles taken at peak of pulse. 
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Fig. 13. Temperature profiles for photoengraved structure, i.0 
J cm -2 25 nsec pulse (taken at peak of pulse). 

and l iquid absorption coefficients have been included. 
It  can be seen that  the reduced reflectivity of the 
oxide-covered silicon causes the interface temperature  
to be greater than for the bare silicon case. This is in 
spite of some heat loss from the silicon due to con- 
duction into the ,oxide. For 0.5 J cm -2 no mel t ing is 
obtained for the photoengraved s t ructure  at the peak 
of the pulse whereas fo r  1.0 J cm -2 (see Fig. 13) mel t -  
ing occurs in all three cases. It  can be seen that  the 
largest melt  depth a t t h e  peak of the pulse is obtained 
for the ion- implan ted  region and that  the silicon di- 
oxide layer  is only heated to above 400~ 
to a thickness of 0.15 gin. It is also useful to be able to 
determine the heat ing of the oxide as a funct ion of 
time. Figure 14 shows tempera ture  profiles for oxide 
on silicon at 25 nsec in~ervals after  the peak of the 
pulse. It  can be seen that  the whole oxide is heated 
quite slowly and a temperature  of above 800~ is 
only reached 100 nsec af ter  the peak of the pulse 
when  the under ly ing  silicon has almost resolidified. 

A model previously proposed (2) to explain ripple 
in oxide overlayers on silicon after pulsed laser an-  
neal  required bo th  mel t ing of the silicon and s imul-  
taneous compressive stress in  the oxide. The stress was  
at t r ibuted to thermal  expansion, requi r ing  tempera-  
tures in excess of 1500~ to account for the observed 
ripple. The present  computat ion shows that  mel t ing  
does indeed occur under  commonly used exper imenta l  
conditions but  that  oxide temperatures  are much lower 
than  were assumed. More recent  exper imenta l  evi-  
dence (11) suggests that  the compressive stress is in -  
bui l t  in the oxide and that  the ripple is due to elastic 
s train which can occur at  the low oxide tempera ture  
computed here. 

Melting for 1 • 10 TM ions em -2 40 keV As Implanted 
Silicon 

A fur ther  area where the present  model can be ap-  
plied is the calculation of the melt  depth achieved for 
high dose As implants.  Laser anneal ing  is a par t icu-  
la r ly  promising technique for such implants  as good 
single crystal mater ial  with levels of dopant above the 
solid solubil i ty l imit  can be produced. Much experi-  
menta l  effort has been focused in this laboratory on 
the anneal ing  of 1 X 1016 ions cm-2  40 keV As emit ter  
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Fig. 14. Development of oxide heating wlth time. 1.0 J cm -~ 25 
nsec ruby pulse on oxide covered silicon. 
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implants. A process technology has been developed 
(1O) which allows the oxide to be protected during 
laser anneal, Figure 15 shows the junction depth ob- 
tained from such an implant after varying energies 
of pulsed ruby laser heating. Also shown in this figure 
is the calculated maximum melt depth from the com- 
puter program. It can be seen that  the threshold for 

m e l t i n g  is approximately 0.75 J cm -2 and that  the 
slope of the graph is 3.5 J cm-2/~m. Using the com- 
puter  model, i t  is possible to calculate the melt  depth 
as a function of time and energy density. The expected 
junction depth can then be found using x = NN/Dt. 
The result of such calculations is shown in Fig. 15. I t  
can be seen  that the agreement between the theo- 
ret ical  and experimental junction depth is good. 

Figure 16 shows the calculated melt  depth for an 
Nd:YAG laser pulse of the implanted silicon. Due to 
the lower absorption coefficient for this wavelength in 
both the amorphous and single crystal regions, the 
threshold for melting is much higher than for the 
ruby wavelength. However, once melting occurs the 
differences in the optical parameters  for the solid are 
less important. Thus the slopes of the two lines for the 
ruby and Nd: YAG laser pulses are similar. 
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Fig. 15. Ruby loser. Includes liquid reflectivity 
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Fig. 16. ] X 10 TM ions cm -2 40 keV As implant in silicon melt 
depth for Nd:YAG. 

Summary of Computer Model 
A fast implicit Crank-Nicolson numerical  solution 

to the heat diffusion equation has been produced. The 
model treats rigorously the temperature dependences 
of the optical and thermal parameters, the change of 
phase, and two layer structures. A computing time of 
approximately 1 hr is required for runs involving the 
most complex situations for which the model has been 
developed. If melting is not required a faster pro-  
gram (run time 2 min) can be used. 

The results obtained from the model agree reason- 
ably well with experimental  values, where direct com- 
parison is possible. A major difficulty in applying the 
program is the lack of reliable experimental  data 
available for the optical and thermal parameters. A 
major application of the model is for situations where 
experimental  measurements are not possible (for ex-  
ample, the transient heating of oxide layers) .  The 
rel iabil i ty of such predicted temperature profiles is 
dependent upon the level of known physical effects 
which are included in the model. I t  is for this reason 
that such a large amount of effort has been expended 
in producing this first rigorous solution of the heat 
diffusion equation for laser heating. 

Further  developments of the program will include 
improvements in the range of values which may be 
taken for the thermal and optical parameters.  At pres-  
ent there are difficulties with convergence when liquid 
thermal conductivity is taken into account. It is also 
hoped that the effect of carrier  diffusion may be in- 
cluded in the source term of the equation. However, 
this effect can only be fully included by the solution 
of two coupled diffusion equations. Finally, the present 
model could be used to calculate the diffusion of 
dopants during pulsed laser annealing. 
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Antimony Diffusion from Spin-On Doped Oxide 
Schyi-yi W u *  

Motorola, Semiconductor Group, Phoenix , Arizona 85008 

ABSTRACT 

A new an t imony  diffusion process using sp in-on  doped oxide  source was 
character ized and developed.  Diffusion is enhanced in di lute  oxidizing a m -  
b i en t  due to increased surface concentra t ion whi le  diffusivi ty remains  essen-  
t ia l ly  the same in both n i t rogen and di lute  oxidizing ambient .  Wr igh t  etch 
reveals  no diffusion induced dislocation when surface concentra t ion is less 
than  2.4 • 1019 cm -3. The th inner  and less concent ra ted  glass diffused in 
lower  oxygen concentra t ion ambien t  is less prone to glass devitrif ication. 
This process was proven  to be sui table  for bur ied  l a y e r  fo rmat ion  in  the f a b -  
r i c a t i o n  of b ipolar  in tegra ted  circuits. 

In  the  fabr ica t ion  of silicon b ipolar  in tegra ted  cir-  
cuits, the  first diffusion step is the bur ied  layer  dif-  
fusion, which is fol lowed by  ep i tax ia l  growth.  The 
b a s e s  and emi t te rs  a re  f abr ica ted  on ep i tax ia l  layers.  
The device per formance  is r e la ted  to the  epi tax ia l  
qual i ty  which in tu rn  is re la ted  to the  bur ied  l aye r  
quali ty.  Bur ied  layers  can be fabr ica ted  by  arsenic di f -  
fusion or an t imony  diffusion. Two advantages  associ- 
a ted  wi th  arsenic are  (i) its nea r ly  perfect  ma tch  in 
silicon lat t ice;  and (ii) high solid so lubi l i ty  in silicon, 
both of w h i c h  are  requ i red  for ve ry  lo~w res is t iv i ty  
bur ied  layers.  

An t imony  is l a rger  than  sil icon in atomic size and 
has lower  solid so lubi l i ty  than  arsenic. However ,  an-  
t i m o n y  has lower  diffusivi ty and lower  vapor  pressure  
and thus would exhib i t  less out-diffusion than  arsenic 
in subsequent  high t empe ra tu r e  processes. Less la te ra l  
out-diffusion is desi red for increased device packing 
density.  Less autodoping into ep i tax ia l  layers  is desi red 
for  thin and low res is t iv i ty  epi which is r equ i red  for 
high speed circui t ry.  

A new an t imony  diffusion process using p rop r i e t a ry  
sp in-on  doped oxides (1), sui table  for bur ied  layer  
format ion  is described.  The thickness of glass can be 
easi ly  control led by  spin speed and viscosi ty of the 
an t imony  glass solution. This sp in-on  method of source 
appl ica t ion  offers h igher  th roughput  wi th  be t te r  uni -  
fo rmi ty  than  the convent ional  a tmospher ic  chemical  
vapor  deposi t ion process, be t t e r  processing s impl ic i ty  
than the  low pressure  CVD process, and lower  capi tal  
r equ i remen t  than  the ion implan ta t ion  process. The 
sp in-on  an t imony  diffusion process results  in improved  
yie ld  compared  to the spin-on arsenic process and de-  
vice speeds comparab le  to tha t  obta ined  by  an t imony  
ion implan ta t ion  for l o w  power  Schot,tky T2L devices. 

Exper imental  
Antimony source.--The an t imony  concentrat ion in 

the glass is control led  by  the weight  ra t io  of an an-  
t imony compound to TEOS ( te t rae thy lor thos i l i ca te ) .  
The viscosity of the an t imony  glass solution, and thus 
the thickness of the spun film, a re  control led  b y  the 
weight  ra t io  of TEOS to solvent. 

Silicon wafers.--Wafers were  CZ grown, boron-  
doped 3 in. diam. Three  types  of wafers  were  used: 
(i) <100> crys ta l  orientat ion,  0.8-1.2 ~ cm; (ii) 
<100> crys ta l  or ientat ion,  7-17 ~ cm; and (iii) <111> 
crys ta l  or ientat ion,  7-17 ~ cm. 

Wafer clean.--Wafers were  cleaned by  1 min  10 H20:1 
HF (49%) a n d / o r  10 min 7 H2504:3 H2Oa at  110 ~ • 
10~ wi th  UPDI H20 r inse be tween the two steps. 
Wafers  were  sp in- r insed  and sp in -dr ied  in hot  N2. 

Source application.--The wafer  was placed on a 
Headway  EC101 spinner,  and  the an t imony  glass solu-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Me m b e r .  
K e y  w o r d s :  d o p i n g ,  j u n c t i o n ,  d i o d e ,  semiconductor .  

t ion was appl ied  to the surface. The wafers  were  spun 
at various speeds for 10 sec to achieve the des i red  
thickness and baked  at  150 ~ or  400~ in N2 ambien t  
for 30 min. 

Di#usion.--Temperatures inside the  polysi l icon dif -  
fusion tube were  measured  by  ca l ibra ted  thermocou-  
ples and t e m p e r a t u r e  indicators.  Tempera tu re  was 
un i form wi th in  2~ across the "flat zone" wi thout  a 
wafer  load. The actual  t empe ra tu r e  un i fo rmi ty  wi th  a 
wafer  load can va ry  by  more  than  2~ (2). Wafers  
were  p laced in a quar tz  boat  and pushed at  4 in . /min  
into the diffusion tube  at  800~ (except  where  noted)  
to p reven t  the rmal  stress induced dislocations and 
warpage.  The t empe ra tu r e  was r amped  to 1250~ kep t  
at 1250~ for various times, then  r amped  down to the 
s tar t ing tempera ture .  Wafers  were  pu l led  at  4 in. /min.  
Ni t rogen and oxygen  of var ious  flow rates  (10-11 
l i t e r s /m  total,  measured  by  ro tameters )  were  passed 
th rough  the diffusion tube. 

gvaluations.--Thickness of oxides (an t imony  glass 
af ter  source bake, and an t imony  g lass - the rmal  oxide 
composite af ter  diffusion) was measured  by  an IBM 
7840 film thickness ana lyzer  using the ref rac t ive  index 
for  the rmal  oxide. Wafers  were  etched in HF solut ion 
to remove al l  oxides. Sheet  resis tance was measured  
by  four point  probe. F ive  points were  measured  on 
each wafer :  center  and four equi -spaced  pe r iphe ra l  
points, one- th i rd  of an inch f rom the wafe r  edge. Junc-  
t ion depth  was measured  by  grooving, staining, and 
fr inge counting wi th  an in ter ferometer .  Spread ing  
resistance probe measurements  were used to de te rmine  
the dopant  profile. 

Results and Discussions 
DifJusion ambient.--Pertinent data  for the  3 h r  di f -  

fusions at  1250~ in two diffusion ambients  (0% O2 
and 10% 02) a re  shown in Tables I and II. Source con- 
cent ra t ion  was 2.77 • 1021 cm -3, source thickness was 
var iable ,  and source bake  t empera tu re  was 400~ The 
above da ta  show that  the  10% 02 ambien t  resul ted  in 
lower  sheet  resistance,  deeper  junction, h igher  sheet 
conductivi ty,  and thus h igher  surface concentrat ion as 
wel l  as h igher  doping level  than the 100% N2 ambi -  
ent. This  k ind  of effect is also observed in arsenic 
diffusion f rom doped oxide  sources including CVD 
oxide (3) and sp in-on  oxide (2). Sakura i  et al. (3) 

Table I. Diffusion data for Co ~ 2.77 X 1021 r -3  in N2 
ambient: Tb ---- 400~ T ~ 1250~ t ~ 3 hr 

Xs, ,~m 0.0275 0.0560 0.1264 0.1552 0.1910 
Xo, #m 0.043.0 0.0632 0.0643 0.1024 0.1516 
Ath, ~m 0.0155 0.0072 - -0 .0621 --0.0,528 --0.0'394 
Rs, fl/~-1 96.32 94.34 82.6 74.38 64.24 
Xj, ~m - -  4.59 4.59 - -  - -  
o', (17.cm) -1 - -  23.1 26.3 - -  - -  

Cs, c m  -~ x 10 is - -  1.5 1.8 - -  - -  

Din, ~ m ~ / h r  - -  0.250 0.244 - -  - -  

1804 
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Table II. Diffusion data for Co - -  2.77 • 1021 cm - 3  in 10% 02  
ambient: T = 1250~ t = 3 hr, Tb = 400~ 

~f::/tin 0.0'863 0.1226 0.2683 
/~m 0.1560 0,1742 0.2448 

Ath, #m 0.0697 0.0516 -0.0235 
Rs, ~/[]  24.4 19.7 14.0 
Xj, #m 5.27 5.0 - -  
~, (fl.crn) -~ 77.8 101.5 - -  
C, ,  cm -8 x 10 ~ 1.55 2.3 - -  

D'~,/zm2/hr 0.247 0.214 - -  

at t r ibuted  this e f fec t  to the difference in propert ies of 
t h e  interface be tween  doped oxide and silicon. For  
diffusion in Nf, arsenic is reduced by silicon and ac- 
cumula ted  at the interface and the surface concentra-  
t ion in silicon is not so high. On the o ther  hand, for 
diffusion in an oxidizing ambient,  the accumulat ion 
phenomenon is not c>bserved and t~e surface concen- 
t ra t ion is h igher  than that  obtained by diffusion in 
Nf. When N2 was used in an t imony diffusion f rom 
spin-on doped oxide ( ~  0.1 ~m) a hydrophobic sur-  
face wi th  b rown stain was obtained after the oxide 
was etched off in HF solution fol lowing the diffusion. 
T h e  brown stain may  be an indication of an t imony a c -  
c u m u l a t i o n  at the interface. No brown stain was ob- 
served for 0.056 ~m source since oxidat ion occurred 
due to residual  oxidant  in N2 ambient  (Table I).  Listed 
in Tables I and II are also some est imated diffusivity 
data assuming Gaussian distr ibution of dopant a n d  
substrate concentrat ion equal  to 1.34 X 10 t5 cm -a. The 
la t ter  value is the  average substrate  concentrat ion of 
the wafers  used in these experiments .  These est imated 
diffusivity data were  calculated by using t = 3 hr. The 
effective diffusion t ime at 1250~ is greater  than 3 h r  
since wafers  were  loaded and unloaded at 800~ It 
can be shown la ter  that  the Gaussian distr ibut ion is 
val id  for the calculations of diffusivities reported in 
Tables I and II. The diffusivity is essentially the same 
for both 100% N2 and 10% O2 ambients. Hence the 
enhanced diffusion repor ted  here in  is due to increased 
surface concentrat ion in oxidizing ambient.  This is 
not to be confused with  "oxidat ion-enhanced diffusion" 
repor ted  by Francis  and Dobson (4). In the la t te r  case 
diffusivity is increased due to growth of stacking faults 
by oxidation. 

Figure  1 shews sheet resistance vs. oxygen  concen- 
tra'tion for Co = 9.01 X 1021 cm -3 for various source 
thicknesses diffused for 3 hr  at 1250~ These data 
were  obtained by using 150~ source bake. In general, 
h igher  oxygen concentrat ion is r equ i red  for thicker  
source to achieve min imum sheet resistance. For  Co -- 
9.01 X 1021 cm -3, 5% 02 resulted in the lowest  sheet 
resistance for 0.1211 #m source, whereas  10% O2 re-  
sulted in lowest  sheet resistance for 0.1690 ~m source. 
This indicates that  enhanced diffusion is a function of 
oxide growth. The ra te  of oxidat ion is increased as 
oxygen  concentra t ion is increased, and the source 
thickness is decreased. That is, h igher  oxygen concen- 
t ra t ion is requi red  for th icker  source than for th inner  
source to grow the same amount  of oxide. When oxy-  
gen concentrat ion is too high, the  oxidation process 
competes wi th  the diffusion process and higher  sheet 
resistance is obtained. Among the diffusion ambients 
studied, lowest  sheet resistance and highest surface 
concentrat ion were  obtained in 1% 02 for Co ---- 2.77 
X 1021 cm - s  and Xs ---- 0.0762 #m; in 5% Oz for Co -- 
9.01 X 1021 cm - s  and Xs = 0.0900 #m. Again diffusivity 
is essential ly the same for  all sources. Sheet  resistance 
and junction depths obtained for the 3 hr  diffusion at 
1050~ in 0,75, 10, and 100% O2 are shown in Table III  
for three sources. These data show that  the effects of 
diffusion ambients  are also. t rue  at 1050~ 

Source bake temperature and wafer c~ean.--The ef- 
fects of these two var iables  on sheet resistance were  
de te rmined  in a 3 hr diffusion at  1250~ in 3% 02 am-  
bient. Wafers were  cleaned by 10 H20:1 I-IF (49%) or 7 
H2SO4:3 H20~ (piranha) .  The source with  Co = 9.01 X 
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Fig. 1. Sheet resistance as a function of oxygen concentration in 
diffusion ambient: Co ~" 9.01 X 1021 cm -3 ,  Tb ~ 150~ T 
1250~ t ~ 3 hr. 

1021 cm -3 was spun at 4 Krpm. The spun wafers  were  
baked at 150 ~ or 400~ Source thicknesses are 0.0800 
and 0.0670 ~m, respectively.  Sheet  resistances and final 
oxide thicknesses measured af ter  diffusion are listed in 
Table IV. The 400~ source bake resul ted in h igher  
sheet resistance than the 150~ source bake. This may  
be in part  caused by more dopant loss at the higher  
bake temperature .  Atomic absorption analysis showed 
that ant imony concentrat ion was decreased f rom 34.8 
to 31.1% when bake tempera ture  was increased f rom 
150 ~ to 400~ for the source of same concentrat ion 
(Xs = 0.1211 ~m if baked at 150~ More reduct ion 
in ant imony concentrat ion is expected for the th inner  
source. Note that  the mel t ing  point of Sb203 is 650~ 
The difference in sheet resistance also appears to be 
related to oxide growth, which in turn  is re la ted to 

Table III. Sheet resistance and junction depth as functions of 
oxygen concentrations for the 3 hr diffusion at 1050~ 

Diffusion ambient, % 0~ 
Source 

0.75 i0 I00 
Co, 

cm -~ Xs, R~, Xj, Rs, Xj, R~, Xj, 
• 10 m ~m ~/[2] ~m ~/f'] /zm 9,/[] #m 

2.77 0.1250 828.3 --  416.0 0.27 3811 0 
4.88 0.1350 587.8 0.27 364.0 -- 461.4 0.18 

16.4 0.7500 -- -- 359.4 0.27 158.8 0.27 

Table IV. Effect of source bake temperature and wafer clean on 
sheet resistance and oxide growth 

Bake temp.,  150 400 
~ 

Clean R,, 0/O Xo,/~m Rs, s Xo, ~m 

HfO/HF 15.24 0.1091 17:36 0J1018 
Piranha 15.56 0.1071 20.44 0.0966 
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sheet resistance as discussed earlier. Specifically, Fig. 
1 shows that  for Co = 9.01 • 1021 cm -3, sheet resist- 
ance is increased as the oxide growth is decreased from 
that amount  produced by 3% 02 ambient.  The sheet 
resistance was lower and the final oxide was thicker 
when  source was baked at 150~ than  at 400~ This 
indicates that the more densified glass has a greater 
resistance to silicon oxidation in diffusion ambients  of 

3% O2. When the source was baked at 400~ 
piranha clean resulted in higher sheet resistance and 
th inner  final oxide than the H20 /HF clean. The very 
small  amount  of oxide produced by pi ranha appears 
to be a significant resistance to oxidation in -~ 3% O2 
ambient.  

Dopant profile and di~usivity.~Typical Rs vs. Xs 
data are represented by Fig. 2 for diffusion at 1250~ 
for 1 hr  in  10% 02 ambient  for substrate resist ivity 
ranging from 7 to 17 12 cm. Junct ion depth vs. t ime 
data are presented in Fig. 3 for two substrate resis- 
t ivi ty  ranges 7-17 and 0..8-1.2 12 Cm. The average sub-  
strate concentrations, CB, are 1.34 • 1015 and 1.72 X 
1016 cm -s  for the two resist ivity ranges. The junct ion 
depth data are applicable to surface concentrat ion 
range from 1.5 X 1019 cm -3 to 3.0 X 1019 cm -8. This 
range corresponds to 80 12 #m I" RsXj ~ 137 ~ ~m 
for CB ~" 1.34 X 1015 cm -3 and 71.5 ~ ~m L RsXj 
116 12 ~m for CB = 1.72 • 1016 cm -8. Deeper junctions 
were obtained for the lower substrate  concentration. 
If dopant profiles follow Gaussian distr ibutions (5), 
then 

Xj = 2~v/D(At + t) [ln(Cs/CB) ] '/2 [1] 

where t is the diffusion time at 1250~ and At accounts 
for diffusion during the ramp up and the ramp down 
cycles. Equation [1] indicates that junct ion depth is 
decreased as substrate concentrat ion is increased or 
surface concentrat ion is decreased. For surface con- 
centrations between 1.5 X 1019 and 3.0 • 1019 cm -8, 
the junct ion depth should vary wi th in  3.6% for CB : 

1.34 • 1015 cm -8 and 5.1% for CB = 1.72 • 1016 cm -s. 
These variations are within measurement  errors. The 
error in junct ion depth measurement  is • 0.135 or 0.27 
~m. For data presented in  Fig. 3, the min imum  error 
in junct ion  depth measurement  is 5% for CB = 1.34 
• 10 i9 cm -3 (0.27 /~m -- 5.4 /~m), and 5.6% for CB = 
1.72 • 101~ cm -8 (0.27 ~m -- 4.86 /~m). The mea-  
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Fig. 2. Sheet resistance data for 1 hr diffusion at 1250~ in 
10% 02 ambient: Tb = 400~ 
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Fig. 3. Junction depth data for various diffusion time: T = 
1250~ diffusion ambient = 10% 02. 

surement  errors are greater for shallower junctions.  
Thus, wi thin  exper imental  error, junct ion depth can 
be considered to be independent  of surface concentra-  
tion in  the range 1.5 • 1019 to 3.0 X 1019 cm -s. 
Equat ion [1] can be wri t ten  as 

X j  2 ~- 4 D At In C s  § 4 Dt l n - - C s  [2] 
C~ CB 

andt= -- At when Xj = 0. 
Thus, a plot of Xj 2 vs. t should be straight line [when 

In (Cs/CB) = constant], and the intercept at Xj = 0 
is an estimate of At. Figure 3 shows that the plots of 
Xj2 vs. t are straight lines and At = 0.3 hr  which is the 
equivalent  diffusion time at 1250~ for the combined 
ramp up and the ramp down cycles. 

The dopant profile obtained by spreading resistance 
probe measurements  for the 2 hr diffusion at 1250~ 
in 1% 02 ambient  using Co = 9.01 • 1021 cm - s  and 
Xs = 0.1160 ~m is shown in Fig. 4. The solid curve 
represents the theoretical Gaussian dis tr ibut ion with 
Cs = 2.5 • 1019 cm -3 and 4D (At + t) -- 1.95 #m s. 
It can be seen that  the dopant profile follows a Gaus-  
sian distr ibution very well. The junct ion  depths ob- 
tained, 4.32 ~m for CB = 1.34 • 1015 cm -8 and 3.78 ~m 
for CB = 1.72 • i0 TM cm -8, also agree very well  with 
the Gaussian distribution. Since At was estimated 
to be 0.3 hr, diffusivity, D, can be calculated to be 
0.212 ~m2/hr. This is to be compared with 0.173 #m2/hr 
reported by Ful ler  and Ditzenberger  (6). 

Surface quality.--Diffusion-induced dislocations and 
glass damage are related to buried layer  qual i ty  and 
epitaxial  layer quality. No dislocations were revealed 
by 1 min Wright  etch when surface concentrat ion was 
lower than 2.4 • 1019 cm -3. When surface concentra-  
t ion was greater than 2.4 • 1019 cm -3, shallow etch 
pits were observed. Rao, et at. (7) observed disloca- 
tions for surface concentrations greater than 2.4 • 
1019 cm -8 using t h e  same sources. The major  glass 
damage is caused by devitrification. Glass devitrifica- 
tion causes raised steps on the silicon surface. The 
raised steps appear like rosettes (Fig. 5) or i r regular  
in shape (Fig. 6). Thinner  and less concentrated 
glasses used in lower oxygen ambient  are less prone 
to devitrification. Surface conditions, such as par t icu-  
lates, residual  photoresist, and impurities,  are tho.ught 
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Fig. 5. Glass devitrification called rosetts (700X) 

to be related to glass devitrification. Another  type of 
surface damage is surface roughness caused by reac- 
t ion between glass and mois ture  in  air  dur ing  source 
application. With proper source formulation,  the spun 
glass film is insensit ive to humidi ty  up to at least 
50% RH. 

Uniyormity and repeatability.--Typical sheet resist-  
ance un i formi ty  defined by the coefficient of var iabi l i ty  
(2•  s tandard deviat ion _ mean) ,  i s - -~5% over a 
wafer, and 6% over an 80 wafer load. Even though 

Fig. 6. Raised steps, |rregular in shape, ce~ed by glass devitrifi- 
cation. (130• 

the tempera ture  of the empty diffusion tube is un i form 
within  2~ across the "flat zone," the actual tempera-  
ture  nonuinformi ty  with a wafer load may be greater 
than 2~ (2) .  The load size and the load uni formi ty  a r e  

essentially l imited by  temperature  uni formi ty  and 
length of the diffusion tube. Sheet resistance repeata-  
bility, such as 22.83 • 2.62 ~1/[~, was obtained for six 
runs, diffused over 50 days. 

Summary and Conclusions 
A new an t imony  diffusion process using sp in-on 

doped oxide was developed and  characterized. The 
major  points are listed below.  

1. Diffusion is enhanced by some oxide growth 
which results in lower sheet resistance, higher surface 
concentration, and higher doping densi ty while dif- 
fusivi ty remains  essentially the same. As oxygen con- 
centrat ion in the diffusion ambient  is increased from 
0%, sheet resistance is decreased to a min imum.  As 
oxygen concentrat i ion is fur ther  increased, sheet re-  
sistance is increased. Higher oxygen concentrat ion is 
required for thicker source to achieve m i n i m u m  sheet 
resistance. The 400~ source bake results in less oxide 
growth and higher sheet resistance than  the 150~ 
source bake in a 3 hr diffusion at 1250~ in 3% O2 
ambient.  Under  the same diffusion conditions, p i ranha  
clean results in less oxide growth and higher sheet re-  
sistance when  source is baked at 400~ These two re-  
sults indicate that the more densified glass and the 
very small  amount  of oxide produced by pi ranha ap- 
pear to be significantly resistant  to oxidation in  3% 
Oe ambient.  

2 .  The electrically active dopant concentrat ion p r o -  
file follows a Gaussian distr ibution for practical appli-  
cation in buried layer fabrications. 

3. Wright  etch reveals no diffusion-induced disloca- 
tions when surface concentrat ion is lower than  2.4 • 
1019 c m - 8 .  

4. The th inner  and less concentrated glass diffused in 
lower oxygen concentrat ion a m b i e n t  is less prone to 
glass devitrification. A proper ly  formulated source is 
not sensitive to humidi ty  up to50% RH. 

5. Typical sheet resistance uni formi ty  i s - -~5% for 
individual  wafers, and 6% for an 80 wafer  load. T h e  
size of the wafer load is diffusion tube length limited. 
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6. Run to run  repeatabi l i ty ,  such as 22.83 __. 2.62 
~/[~,  was achieved. 

L inear  devices have been fabr ica ted  with  spin-on 
an t imony  bur ied  layers  (13-50 12/[] and 9 ~m) and 
the device yields a re  comparab le  to those obta ined 
with  spin-on arsenic bur ied  layers  (13-30 ~ / D  and 
5 ~m).  Evalua t ion  on low power  Schot tky  T2L devices 
showed tha t  spin-on an t imony bur ied  layers  resul ted  
in improved  device yields over  the sp in-on  arsenic 
bur ied  layers  and gave comparable  switching speeds 
to ion implan ted  bur ied  layers.  
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LIST OF SYMBOLS 

C diffused car r ie r  concentra t ion in silicon, cm -8 
CB subs t ra te  concentrat ion,  cm - s  

CB average  subs t ra te  concentrat ion,  cm -3 
Co source concentra t ion assuming complete  densifi- 

cation to the rmal  oxide, cm -8 
Cs silicon surface concentrat ion,  cm - s  
D diffusivity, ~m2/hr 
Dm ma ximum diffusivi ty assuming At _-- 0 and CB = 

CB 
Rs sheet  resistance, 12/[] 
t diffusion time, hr  
At equiva lent  diffusion t ime at  T to account for  the 

combined r amp  up and r amp  down cycles, h r  
~th Xo -- Xs, ~m 
T diffusion t empera tu re ,  ~ 
Tb source bake  tempera ture ,  ~ 
X depth  be low silicon surface, ~m 
Xj  junct ion  depth, ~m 
Xo final oxide thickness measured  af ter  diffusion, 
Xs source thickness af ter  bake,  #m 

sheet  conduct ivi ty,  (~  em) -1 
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Effects of Material Properties and Overlay 
Processing Variations on Magnetic Bubble 

Device Performance 
W. A. Johnson,* F. B. Hagedorn,* R. Wolfe, G. P. Vella-Coleiro, J. L. Smith, 

and R. S. Wagner 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The effects of the un iax ia l  an iso t ropy field, h igh processing temperatures 
(~300~ film spacings, pa t t e rn  misal ignments ,  and film stresses on device 
opera t ion  are  described.  I t  is found tha t  accurate  process control,  pa r t i cu -  
l a r ly  wi th  respect  to processing tempera tures ,  and a specification for  the 
un iax ia l  anisot ropy field are  r equ i red  for consistent  device performance.  
The best  device opera t ion  is obta ined  wi th  high Hk ep i tax ia l  ga rne t  mater ia l ,  
low stressed ove r l ay  films, and geometr ic  spacings tha t  minimize  the bubble-  
stress field interact ion.  

The Bell  Sys tem is now using magnet ic  bubble  de -  
vices in the 13A Voice Announcement  Sys tem (1). 
This system uses the 29A (2) magnet ic  bubble  package  
which contains four  "matched"  68,121 bit  r e en t r an t  
shift  reg is te r  chips. Detai ls  of the  design of this chip 
and its opera t ing  pa rame te r s  have  been repor ted  else-  
where  (3). M a j o r - m i n o r  loop chips such as those de-  
scr ibed b y  Bonyhard  et al. (4) have also been used in 
a s imi lar  four -ch ip  package.  As the product ion  of these 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words; uniaxial anisotropv field, epitaxial film, p r o c e s s  

control .  

devices has increased,  so has the need to obta in  more  
consistent  chip to chip device operat ion.  The l a t t e r  is 
essent ial  to improve  circuit  and package  yields  and for  
reduced test ing times. 

This invest igat ion was unde r t aken  to de te rmine  the 
extent  to which var ious  film over lay  processing pa -  
ramete rs  and ep i tax ia l  ma te r i a l  proper t ies  affect de- 
vice performance.  Pa r t i cu la r  a t tent ion  was devoted to 
those pa ramete r s  that  affect the min imum cur ren t  r e -  
qui red to nucleate  a bubble  or that  l imi t  bias field op-  
e ra t ing  margins.  These included:  (i) the effects due to 
the ini t ia l  un iax ia l  an iso t ropy field of the ep i tax ia l  
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garnet  film, (ii) the effects due to exposure of the 
wafers and their  overlay circuit  s t ructure to temper-  
atures ~300~ dur ing processing, (iii) the effects due 
to different geometric film spacings and /or  pa t te rn  
misal ignments,  and (iv) the effects due to overlay film 
stresses. 

Circuit Fabrication and Testing 
For this study, s tandard  16 ~m period field access 

circuit  s t ructures  consisting of 4000A SiO2 prespacer /  
5O00.k 4.5 weight percent  (w/o) Cu-A1 conductor /  
4000A SiO2 insulator/4500A Permal loy Propagator and 
detector/10,000A SiO2 passivation/levels  were fabri-  
cated on nominal  3 ~m Y1.2Lu0.sSm0.4Ca0.gGe0.gFe4.iOis 
epitaxial  films (5). Either rf  sput ter ing or plasma- 
assisted CVD processes were used to deposit the SlOe 
films. The 4.5 w/o Cu-A1 alloy films used for the con- 
ductor metal l izat ion were deposited by single source 
e -beam or by S -gun  techniques. The Permal loy films 
were deposited by  either single source e -beam or by 
rf  sput ter ing techniques. The nomina l  deposition tem- 
peratures that  were used in these processes and the 
typical stresses that  were measured for the deposited 
films are listed in Table I. 

No operational  differences were measured when d e -  
v i c e  structures  were fabricated by different deposition 
techniques so long as comparable film deposition tem- 
peratures were used and comparable film stresses were 
achieved. Thus, no differences were observed in  the 
operational  behavior  between devices fabricated with 
S -gun  or e -beam deposited A1-Cu alloy metallizations. 
The effects of film stresses on measured bias field oper-  
ating margins  are discussed. 

The mater ia l  specifications for the garnet  epitaxial  
films are listed in Table II. Note that  a specification for 
the uniaxia l  anisotropy field of the epitaxial  film has 
been included. The need for such a specification is one 
of the p r imary  subjects of this paper and is discussed 
in detail. For  hard bubble  suppression (6) the epi~taxial 
films were implanted with 100 kV Ne + ions at a dose 
of 2 • 1014/cm 2. 

Ful l  funct ion bias field operat ing margins, AH, and 
the current  required to nucleate a bubble,  Ig(min.) ,  
were measured either by a visual quasi-static tech- 
nique (7) or electronically at 100 kHz with a com- 
puter-control led  test station (8), both of which 
have been described previously. For de termining the 
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Ig(min.) values, a 0.3 ~sec current  pulse was used a n d  

the bias field margins were typically measured at a 
nomina l  40 oe rotat ing field drive. The ini t ial  uniaxia l  
anisotropy field of the epitaxial film, Hk, was mea-  
sured either directly by a microwave resonance tech- 
n ique  (9) on the as-grown garnet  films or calculated 
from other epitaxial  film properties (strip width, col- 
lapse field, film thickness) which were measured by 
s tandard techniques (10). 

Minimum Generator Current Measurements 
The geometric configuration of the nucleate gene- 

rator  that  was characterized in this study is outl ined 
in Fig. 1. The dependences at 25~ of the m i n i m u m  
current  required to generate a bubble,  Ig(min.) ,  on 
the effective anisotropy field, Hk -- 4~Ms, for as-pro-  
cessed wafers (250~ ma x i mum processing t e m p e r -  
ature)  and after these same wafers were successively 
annealed at 310 ~ 380 ~ and 440~ are shown in Fig. 2. 
The l inear dependences of Ig(min.) on the ini t ial  Hk 
of the epitaxial  garnet  film for the different m a x i m u m  
processing ".~mperatures are clearly demonstrated.  Al-  
though the lat ter  results conflict with early data re- 

Fig. 1. The nucleate generator design 

Table I. Nominal film deposition temperatures and film stresses for 
various deposition processes 

Proces s  

Nominal 
deposition Nominal film 

t e m p e r -  stress ( x 109 
a ture  (~ d y n e s / c m  2) 

RF s p u t t e r e d  SiO~ 200-225* - 1.5 
P lasma  SiO~ 150-270 - 2.5 
E-beam A1-Cn 25 n0.1* * 
S-gun AI-Cu 25 ~0.1" * 
E-beam P e r m a l l o y  300-330 + 5.0 
RF s p u t t e r e d  P e r m a l l o y  ~--200" NM 

* Heat  s inking  by wafer clamping is required to maintain 
t h e s e  temperatures. 

** Stress of AI-Cu will increase with increasing t e m p e r a t u r e s ,  
typical  s t re s se s  are  +4 • 109 d y n e s / c m  2. 

Table II. Nominal epitaxio[ material specifications for 3/~m 
diameter bubbles 

Strip w id th  3.0 • 0.3 ~m 
Thickness, h 3.0 • 0.3 ~m 
Collapse field, Ho 170----. 4 oe 
Quality factor, q ~4 
Mobility, ~ ~ 2 5 0  c m  sec -1 oe -1 
Coercivity, Heoer ~ 0 . 5  oe 
Defect density --~3 em -2 
Temperature dependence at -0.20-0.24% ~ 1 

50~ os {AHo/~T/Ho} 
Uniaxial anisotropy field, Hk 1900 • 200 oe 

300 

E 
200 

E 

t0(; 

C~ 25~ 

STD. SPACINGS 

0 

o 3 1 0 = C  
~, 3 8 0 ~  

4 4 0 ~  

I I I 
1200  t 6 0 0  2OOO 

HK-4"n" MS (Oe) 

Fig. 2. Plots of the minimum generator currents measured for 
fully processed wafers vs. the effective uniaxio[ onisotropy field of 
the epitoxiu[ garnet films and the maximum temperature to which 
the wafer was exposed during processing or subsequent annealing. 
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ported by Nelson et al. (11), the annealing results are 
consistent with observations previously reported by 
Wolfe and Johnson (12). In that work, the reduction 
in the Ig(min.) values with increasing annealing tem- 
peratures was correlated with stress buildups in the 
overlaying A1-Cu conductor metallization. 

The linear dependence of Ig(min.) values on Hk was 
not observed in early processing days because the Hk 
value for each wafer was not accurately known, and at 
times wafers were exposed nonuniformly to high pro- 
cessing temperatures. Processes in which the high tem- 
peratures can still be a problem are the deposition of 
Permalloy by either e-beam or rf sputtering tech- 
niques, and the rf sputter deposition of SlOe. Wafer 
temperatures in excess of 500~ have been observed 
when wafers are not properly clamped and heat sunk 400 / 
during rf  sputter deposition of SiOe. Similarly, temper-  
ature spikes of 60~176 that are superimposed on the 
standard 300~ predeposition temperature soak have 
been measured during e-beam deposition of Permalloy 
(13). 

To check the possibility that  any annealing of the 
implant layer affects the I~(min.) values measured, 300 
wafers with known Hk values were annealed at 440~ 
for 2 hr under flowing N2 prior to the fabrication of 
the overlaying circuit structure. The Ig(min.) values 
that were measured were found to correspond closely '; 
to the values obtained for 250~ as-processed wafers. 

A 

Reductions of I~(min.) were measured only when a 
these wafers were given subsequent anneals at tern- ~ 2 0 0 -  
peratures ~300~ with the conductor metallization in ~- 
place. Therefore, annealing of the implant layer  is not -,s 
a factor in the Ig(min.) shifts that are measured. 

Measurements of Ig(min.) and Hk at temperatures 
other than 25~ show that  Ig(min.) and Hk have iden- 
tical temperature dependences over the normal device 
operating temperature range 0 ~ to -t-70~ Measured I00:~1 
values for the temperature coefficient of I~ (min.) range I 
from --0.6 to --1.0 mA/~ depending upon the 25~ Hk 

I value of the epitaxial garnet material. Similar temper-  
ature dependences have been reported by Danylchuk 
and Bobeck (14). 

As a consequence of these combined effects, a wide 
range of Ig(min.) values will be obtained unless tight 0 0 
controls are specified for both the Hk of the epitaxial 
material  and the wafer temperatures during process- 
ing. In production it has been found practical to con- 
trol the Hk values at 25~ to 1900 _+ 200 oe (15). 
This range of Hk values ensures Ig(min.) values that  
are high enough to prevent unwanted nucleations of 
bubbles at other current-controlled functions such as 
the replicator, part icularly at high device operating 
temperatures, yet low enough to ensure bubble nucle- 
ation at low device operating temperatures for the 
specified minimum generator current. 

The geometric factors associated with the overlay 
circuit structures that affect Ig(min.) values are: (~) 
the spacing between the hairpin conductor and the 200 
garnet surface, SiO2I; (ii) the spacing between the "6 
Permalloy film and the hairpin conductor, SiO2II; and 
(iii) any misalignment of the overlaying Permalloy o 
pattern with respect to the hairpin conductor. The ge- ~" c~ 
ometric complexity of the nucleate generator structure 
precludes any quantitative predictions of the spacing 
dependences from magnetostatic theory. However, ._'~t00 
qualitative considerations would indicate that higher 
Ig(min.) values should be measured if either the con- 2 
ductor to garnet spacing (SiO2I) or the conductor to 
Permalloy spacing (SiO2II) is increased. In the lat ter  
case, the interaction of the Permalloy with the current 
conductor fields which causes the fields in the garnet to 
be "intensified" is reduced with increased conductor to 
Permalloy spacing. The data that were obtained in this 
investigation for variable SiO2I and SiO2II spacings 
are shown in Fig. 3-5. 

The expected trends where higher Ig(min.) values 
are measured for wafers with thicker SiO2I or SiO211 

layers are seen in Fig. 3 and 4, respectively. The sensi- 
t ivity of Ig(min.) to SiO2I variations (ZilJsSiO2 ~ 30 
mA/1000A of SIO2) is higher than that determined for 
SiO2II variations (5Ig/~SiO2 ~ 20 mA/1000A of SIO2) 
since both the conductor field and the Permalloy-con- 
ductor field interaction in the garnet are reduced with 
increased SiO2I spacing. For increased SiO2II spacing, 
only the Permalloy-conductor field interaction is re-  
duced. 

The data that were obtained with variable SiO~I 
spacings but constant SiO2I W SiO2II spacing is shown 

HI( --~ 2050 

WITHOUT 
PERMALLOY 

FULLY 
PROCESSED 

I I 
0.2 0.4 

Si02 I THICKNESS (/~m) 

I 
0.6 

Fig. 3. Plots of the minimum generator current measured on fully 
processed wafers (and the same wafers after the Permalloy had 
been etched off) vs. the plasma deposited Si021 (Prespacer) thick- 
ness. 

H K '~-- 2060 

K I I I I I 
0 0.2 0.4 0.6 

Si021T THICKNESS ( /~m) 

Fig. 4. A plot of the minimum generator current measured for 
fully processed wafers vs. the plasma deposited Si0211 (Insulator) 
thickness. 
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Fig. 5. Plots of the minimum generator current measured for fully 
processed wafers vs. variable conductor spacing but constant 
Permalloy to garnet spacing. 

in Fig. 5. I n  this case, the  spacing sens i t iv i ty  that  is 
measured  ( h l J h S i O 2 I  *- 10 mA/1000A of SiO2) is 
small ,  because  the Pe rma l loy -conduc to r  field in te rac -  
t ion increases  and offsets the effects due to the  in-  
creased conductor  to ga rne t  spacing (SiO~I). This re -  
su l t  can be useful  in device product ion  since i t  gives 
a means  to m a k e  rea l  t ime compensat ions  in SiO2II 
thicknesses to correct  for  er roneous  SiO2I deposi t ion 
thicknesses.  However ,  i t  is p re fe r r ed  tha t  both  SiO2I 
a n d S i O 2 I I  be contro l led  independen t ly  since other  de-  
vice funct ions also depend  on the th icknesses  of the 
insula t ing  layers.  

To measure  the  magni tude  of the  Pe rma l loy -conduc -  
to t  field interact ion,  the  Pe rma l loy  e lements  were  
e tched off the wafers  in which the  thicknesses of the 
SiO2I were  varied.  The results  of the conductor -on ly  
Ig(min.)  measurements  a re  shown in Fig, 3. I t  is seen 
tha t  at  al l  SiO2I thicknesses that  the conduc tor -on ly  
Ig(min.)  values  a re  subs tan t ia l ly  h igher  (~130 mA)  
than  those measured  for the s t andard  s t ructure .  Thus, 
the  Pe rma l loy -conduc to r  in terac t ion  that  acts to " in-  
tensi fy"  the magnet ic  fields genera ted  in the garne t  is 
significant and should be considered for al l  cu r r en t -  
contro l led  functions. 

To tes t  the  sensi t iv i ty  of t he  Pe rma l loy  pa t t e rn  
p lacement  wi th  respect  to the ha i rp in  conductor  loop. 
a wafe r  was ro ta t iona l ly  misal igned.  Photographs  of 
the var ious  misa l ignments  tha t  were  obta ined  and the 
Ig(min.)  values  that  were  measured  are  shown in Fig. 
6. Inspect ion of the  da ta  shows tha t  the values  of 
Ig(min.)  do not  v a r y  significantly unless the over lay  
Pe rma l loy  e lement  is pul led  back f rom the end of the 
ha i rp in  loop such tha t  the  Pe rma l loy  to ga rne t  spac-  
ing is increased by  the conductor  thickness (5000A). 
At  this  point,  the  measured  values  of I~(min.)  in-  
crease a b r u p t l y  by  app rox ima te ly  75 mA. Thus, the  
p lacement  of the  Pe rma l loy  pa t t e rn  over  the ha i rp in  
loop can be crit ical.  In  p roduc t ion  i t  has been  found 
tha t  a coded 2 ~m over lap  is sufficient to cover  the __1 
~m misa l ignments  tha t  are  encountered.  

Bias Field Operat ing  M a r g i n  Measurements  
The same var iab les  tha t  affect the  values  of the  min -  

imum genera tor  cur ren t  can also affect the s t reng th  of 
the  in terac t ion  be tween  magnet ic  domains  and the 
stress field gradients  associated wi th  the  over lay ing  
circui t  s t ructure .  The resul ts  of bias field marg in  mea -  
surements ,  in which  the high ends of t h e  marg ins  are  
l imi ted  by  stress field interact ions,  are  discussed in  
this section. 

To de te rmine  the effects of the un iax ia l  an iso t ropy  
field, Hk, on b i a s  margins,  a number  of device batches  
wi th  low and high Hk wafers  were  processed wi th  
m a j o r - m i n o r  loop circui t  s t ruc tures  such as those d e -  
s c r i b e d  by Bonyhard  et  al. (16). The geometr ic  config- 
u ra t ion  of the gate regions for  the read  and the wr i te  
l ines are  shown in Fig. 7 and 8, respect ively .  The ful l  
function bias marg ins  tha t  were  measured  at  70~ for 
both  35 and 45 oe ro ta t ing  dr ive  fields at  100 kHz a re  
l isted in Table  III. For  a given wafer  batch,  i t  is s e e n  
tha t  h igher  bias field margins  are  consis tent ly  m e a -  
sured for  the  wafers  wi th  the  h igher  Hk values.  These 
resul ts  a re  consistent  wi th  the work  repor ted  by  Dish-  
man  et at. (17) in that  the s t reng th  of the  in te rac t ion  
be tween  bubbles  and the  stress field gradients  associ- 
a ted  wi th  the over lay  circui t  s t ruc ture  is p red ic ted  
to decrease wi th  increas ing Hk values.  

The different  bias field marg ins  that  were  measured  
for  a g iven Hk ma te r i a l  be tween  different  device lots  
were  in te rp re ted  to be due in par t  to exposure  of the 
different  wafer  batches to different  m a x i m u m  process-  
ing tempera tures .  As descr ibed in the previous  section, 
h igher  processing t empera tu res  l ead  to l a rge r  s t ress-  
field interact ions  due to the  increased stress of the  
A1-Cu metal l izat ion.  This effect is more  c l ea r ly  dem-  
ons t ra ted  wi th  the da ta  presented  in Fig. 9. Fo r  this  
exper iment ,  the  bias field opera t ing  marg ins  of the  
repl ica tor  function (Fig. 7) were  measured  at  70~ on 
an as-processed wafer,  and  af te r  i t  had  been  given 
subsequent  anneals  at 400 ~ and 450~ Whi le  i t  appears  
that  the  anneal ing causes a low end marg in  loss, this 
is not  the case. Pos t -process  anneal ing  affects the  ion 
implan ted  l aye r  as well as the stress of the A1-Cu 
meta l l i z~ ion .  

Independen t  anneal ing  exper iments  o n  var ious  im-  
p lan ted  wafers  have shown tha t  anneal ing  causes the 
s tab i l i ty  range  of the bubbles  to shift  un i fo rmly  wi th  
the increase in the free b u b b l e  collapse field. The 
magni tudes  of these shifts are  de te rmined  by  the im-  
p lan t  conditions and the t ime and the t empera tu res  of 
the  anneals  (18). Thus, the  appa ren t  low end bias 
marg in  losses seen in Fig. 9 a re  in rea l i ty  due to the 
combined effects of: (i) a shift  of the bubb le  s tab i l i ty  
range  to h igher  bias fields ( implan t  anneal )  and (ii) 
an increased stress field in terac t ion  that  costs h igh end 
marg in  losses tha t  are p ropor t iona l  to the  stress field 
interact ion.  

The die lect r ic  Ievels over lay ing  the conductor  m e t -  
a l l izat ion wil l  also cont r ibute  to the stress field g ra -  
dients  found at  conductor  edges. F rom e l e me n ta ry  l ine 
edge stress theory  (19), i t  can be shown tha t  compres-  
s ively stressed die lect r ic  films wil l  enhance the stress 
fields associated wi th  a tens i le -s t ressed  conductor  level  
whereas  tens i le -s t ressed  dielectr ics wi l l  reduce  or  
"ba lance-out"  these stress fields. To de te rmine  the 
magni tudes  of these effects in this invest igat ion,  bias 
field margins  were  measured  before  and af ter  var ious  
dielectr ic  passivat ions and for  var ious  combinat ions of 
s tressed insula tor  and prespacer  levels  wi th  the s tan-  
dard  tens i le -s t ressed  A1-Cu metal l izat ion.  

Table III. Average measured minimum generator currents and bias 
field margins for various processed wafer batches 

No. of ~I~(min.) > 
Batch wafers Hk (oe) (mA) ~AH> (oe) 

1 4 2600 186 13.1 
1 3 1900 148 10.1 
2 3 1920 153 17.5 
2 3 1600 132 14.4 
3 3 2000 163 13.9 
3 3 1770 142 11.0 
4 3 2200 166 15.2 
4 2 1780 136 13.5 
5 2 1900 149 14.5 
5 3 1500 126 10.8 
6 2 2300 171 15.3 
6 3 1900 152 14.8 
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Fig. 6. Photomicrographs of 
different Permalloy to conductor 
pattern mlsalignments and the 
corresponding minimum generator 
currents that were measured. 

The results that were obtained when highly com- 
pressive plasma-deposited SiN films (--7 • 109 dynes/ 

cm2) were used to passivate circuits using write gates 
such as those shown in Fig. 8, are shown in Table IV. 
It is seen that the stress interaction roughly scales 

Fig. 7. The replicator gate design Fig. 8. The write line (swap gate) design 
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Fig. 9. Plots of the bias field margins measured for fully processed 
wafers vs. the phase of the replicator pulse and the maximum tem- 
perature to which the wafers were exposed during processing or 
subsequent annealing. 

with  the th ickness  of the s t ressed SiN film and tha t  
the ful l  bias field marg ins  are recovered  when the S i N  
is s t r ipped  off. The fa i lure  mechanism that  is observed 
is bubb le  hang -up  on the leading conductor  edge unt i l  
the  ro ta t ing  field causes the minor  loop pickup ele-  
ment  to become at t ract ive .  Then the bubble  is spon-  
taneous ly  t r ans fe r red  into the  minor  loop. (No b l o c k -  
ing current  was appl ied  to the  conductor.)  

The  bias field marg ins  tha t  were  measured  when  
different  stress levels  were  used for the insula tor  level  
(SiO2II) a re  l is ted in Table  V. Analys is  of the da ta  
shows tha t  the  best  opera t ing  bias margins  were  ob-  
ta ined  when the  stress of the dielectr ic  level  was ten-  

Table IV. Average bias field margins measured for different 
device structures (with and without passivation) 

Average biasmarglns 

At  HD = At  HD --- 
Dev ice  s t r u c t u r e  45 oe 85 oe  

SiO~I/A1-Cu/SiO~II /Permal loy 21.8 13.8 
(no pass iva t ion )  

Above  w i t h  12OOA of S i N ( C )  21.5 13.4 

Above  w i t h  a n o t h e r  1.2 ~m 16.4 7.1 
of SiN(C~ 

SiO~I/A1-Cu/SiO2II /Permal loy 22 A 13.4 
(S iN s t r i p p e d  off) 

Table V. Average bias field margins measured for device structures 
with different plasma deposited SiO~ll (Insulator) stress levels 

Wafer* S t r u c t u r e * *  

A v e r a g e  b ias  
P l a s m a  field m a r g i n s  

deposited (oe)  
SiO2II 

( In su l a to r )  A t  HD At  HD 
s t r e s s  ( x 109 = 35 = 45 
d y n e s / c m  ~) oe oe 

8409B2 S i D e ( C ) / S i N ( T )  
3346B2 S iO2(C) /S iN  (T)  
3703C2 SiO2 (C) /S iO2(C)  
4310D1 S i O 2 ( C ) / S i N ( C )  

+ 2.0 13.5 20.9 
+ 0.2 12.1 18.4 
- 2.0 12.2 18.9 
- 5.0 10.6 16.1 

* Note:  These  a r e  no t  " m a t c h e d "  Hk w a f e r s .  
""  (T)  Tensi le  stress,  (C) Compress ive  s t ress .  
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Fig. 10. Plots of the bias field margins measured for fully pro- 
cessed wafers vs. the rf sputtered Si021 (Prespocer) thickness. The 
data for two different values for the uniaxial anisotropy of the 
epitaxial garnet films ore shown. 

sile and tended to "balance" the tensi le  stress of the 
AI -Cu  metal l izat ion.  S imi la r  resul ts  have been r e -  
por ted  by  Roman et al. (20). However ,  since a rout ine  
process for obta ining tens i le -s t ressed  dielectr ic  films 
has not  been developed,  the genera l  p rocedure  to da te  
has been to ut i l ize low stressed SiO2 films, to minimize  
Ai -Cu  meta l l iza t ion  stress bui ldups  by  using low 
t empera tu re  processes and to minimize  stress f i e l d  
gradients  by  t aper -e tch ing  the conductor  metal l izat ion.  

To de te rmine  the effects of increas ing the spacing 
be tween  the AI-Cu conductor  meta l l iza t ion  and the 
garne t  film, two sets of matched  Hk wafers  in which  
pairs  of low Hk and h igh  Hk wafers  were  processed 
wi th  different  SiO2I thicknesses bu t  constant  garne t  to 
Pe rma l loy  spacings. The bias field marg ins  that  were  
measured  at  --20~ (where  the  s tress  in terac t ion  is 
s t rongest)  are  shown in Fig. 10. I t  is seen tha t  im-  
proved bias marg ins  are  measu red  both for increased 
SiO2I thicknesses and for wafers  wi th  h igher  Hk 
values.  

Conclusions 
The resul ts  repor ted  in this pape r  show the im-  

por tance  of accurate  process control,  pa r t i cu l a r ly  wi th  
respect  to t empera ture ,  and the need to include a 
specification for  the un iax ia l  an iso t ropy  field in a l ist  
of the ep i tax ia l  film p rope r ty  requirements .  These con- 
s iderat ions are  impor t an t  not  only  in manufac tu re  for 
obta in ing more  consistent  device opera t ion  but  also 
when any new device designs or processing techniques 
are  developed.  In  the  l a t t e r  cases, the m a x i m u m  use 
of ba tch  processing at al l  fabr ica t ion  steps (except  the 
one being tested)  and the use of "matched"  Hk wafers  
(p re fe rab ly  f rom the same growth  dip)  minimize  any 
possible erroneous conclusions tha t  could be obta ined 
when  test  resul ts  are  compared.  
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ABSTRACT 

The red i s t r ibu t ion  of the compensat ing  dopants,  i ron or  chromium,  in 
semi- insu la t ing  ind ium phosphide has been s tudied using secondary  ion m a s s  
spect rometry .  Annea l ing  with  silicon n i t r ide  encapsula t ion resul ts  in im-  
pu r i ty  accumulat ion wi th in  the first 1000A of the surface fol lowed b y  dep le -  
t ion ex tend ing  to a dep th  of ~1  ~m. Profiles resul t ing  from the imp lan t a -  
t ion of "neut ra l"  e lements  (He, B) exhib i t  accumula t ion  at  the surface a n d  
also accumula t ion  a t  the p ro jec ted  range  peak.  The profiles a re  exp la ined  in 
te rms of ge t ter ing  of the compensat ing  dopant  to defec t - r ich  regions.  

InP and its re la ted  al loys are  a t t rac t ing  considerable  
a t tent ion  due m the i r  appl icat ions  in microwave  and 
optoelectronic  devices. Semi- insu la t ing  InP is ex-  
t r eme ly  impor t an t  in the  fabr ica t ion  of such devices 
because it can serve as a subs t ra te  for  the subsequent  
g rowth  of an ep i tax ia l  device layer ,  and i t  can provide  
the  necessary  device isolat ion when implan ta t ion  di-  
rec t ly  into the  ma te r i a l  i tself  is employed.  Whereas  
p resen t ly  a lmost  al l  semi- insu la t ing  GaAs is undoped or 
chromium-doped ,  semi- insu la t ing  InP  can be obtained 
by  doping e i ther  wi th  chromium or iron. Cr has a 
much  lower  solid soIubi l i ty  in InP than  in GaAs, which  
necessi tates the use of high pur i ty  s tar t ing mate r i a l  to 
achieve high res is t iv i ty  (1). Since such pur i ty  in InP  
is st i l l  not  rou t ine ly  obtained,  Fe, which has a h igher  
solid solubi l i ty  in InP than does Cr, is being used as an 
a l te rna t ive  in the  growth  of semi- insu la t ing  InP (2, 3). 
Recently,  a number  of studies have shown the red i s t r i -  
but ion  of Cr in annea led  GaAs (4-6) and in imp lan ted  
GaAs (7, 8). We repor t  here  the red is t r ibu t ion  of the  
bu lk  compensat ing  dopants,  Fe or Cr, in annealed  and 
implan ted  semi- insu la t ing  InP. 

* Electrochemical  Society  Act ive  Member.  
Key words: SIMS, anneal, gettering. 

Experimental Methods 
The (100) semi- insu la t ing  InP used in this work  

was grown by the l iqu id-encapsu la t ion  Czochralski  
(LEC) method at  the  Nava l  Research  Labora to ry  (9). 
The F e - d o p e d  ma te r i a l  had  a resis.tivity p ,-- I • 10; 
cm, and the Cr -doped  ma te r i a l  had  p ~ 5 • 103 ~ cm. 
Implanta t ions  were  pe r fo rmed  at  room t empera tu re  
wi th  the sample  normal  incl ined 7 ~ f rom the incident  
beam to minimize channel ing effects. The encapsulant  
employed  to suppress the rmal  degrada t ion  dur ing  an-  
neal ing was an essent ia l ly  oxygen- f r ee  SisN4 (10), r f  
p lasma-depos i t ed  at  350~ to a thickness  of ~-2300A on 
both sides of the sample. Al l  samples  were  annealed- in 
a silica furnace tube with  a fiow of 200 cmS/min of des-  
iccated forming gas (4% H2 in N2). Fol lowing the an-  
neals, the Si3N4 encapsulant  was removed  in e lectronic  
grade  HF and the samples  were  r insed in deionized 
wa te r  and s t andard  solvents. 

I m p u r i t y  profiles were  measured  by  secondary  ion 
mass spec t romet ry  (SIMS) using the CAMECA IMS-3f  
ion microscope. The 02 + p r i m a r y  beam (7.7 keV im-  
pact  energy)  was ras te red  over  areas  of ,-~250 ~m 2 a n d  
s t anda rd  precaut ions  were  taken  to re jec t  spurious 
signals ar is ing f rom the cra ter  walls. A Sloan Dek tak  
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s tylus  ins t rument  was used to measure  the resu l tan t  
c ra te r  depths.  These measurements  toge ther  wi th  the  
assumpt ion of a constant  sput te r ing  ra te  were  used to 
convert  the t ime scale to a depth  scale. Our  exper ience  
and tha t  of o thers  (8) show the unce r t a in ty  in such 
measurements  to be _5 -6%.  The concentra t ion scales 
for  Fe  and Cr were  obta ined  f rom a s t anda rd  p r e p a r e d  
by  implan t ing  Fe  and Cr into semi- insu la t ing  InP. The 
conversion factor  re la t ing  ion in tens i ty  to concent ra-  
t ion was correc ted  for  background  effects in the  s tan-  
dard.  In  this  manner  we de te rmined  the  background  
concentra t ions  in these samples  to be: Cr, 6.5 • 10 le 
cm-8;  Fe, 8.1 X 10 TM cm -3. 

Redistribution Resulting from Annealing 
Figures  1 and 2 exhib i t  the profiles of Fe  and Cr re-  

sul t ing f rom annea l ing  the subs t ra tes  wi th  an Si3N4 
cap. Wi th  the  except ion of a large  Fe  accumulat ion  
wi th in  'the first 1200A of the surface, the  Fe  profile in 
the  550~ 30 min annea l  is o therwise  indis t inguishable  
f rom the  unannea led  profile. This is not  t rue  of the  
profile resul t ing  af te r  a 800~ 30 min  anneal .  Again,  
an Fe accumula t ion  region wi th  a m a x i m u m  concen- 
t ra t ion  of ~ 4  • 10 ~ cm -8 extends  f r o m  the surface to 
a dep th  of ~1000A. However ,  fol lowing this zone is an  
Fe  deple t ion  region. This broad,  f la t -bo t tomed region 
or iginates  wi th in  1000A of the surface and re tu rns  to 
the  no rma l  background  level  at  a dep th  of ~1.2 ~m. 
The  m i n i m u m  Fe concentra t ion wi th in  this  region is 
~ 1 . 4  • 1016 cm -8. 

The red i s t r ibu t ion  of Cr resul t ing f rom anneal ing  
differs s ignif icant ly f rom tha t  of Fe. As wi th  Fe  there  is 
no evidence of ma jo r  red i s t r ibu t ion  resul t ing  f rom a 
550~ 30 rain anneal.  Qual i ta t ively ,  the  Cr profile a f te r  
a 800~ 30 rain annea l  is s imi lar  to tha t  of Fe, in tha t  
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Fig. I. SIMS profiles of Fe in a semi-insulating InP substrate fol- 
lowing 30 min anneals at 550 ~ and 800~ with an Si3N4 encapsu- 
lant. 
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Fig. 2. SIMS profiles of Cr in a seml-insulating InP substrate fol- 
lowing 30 min anneals at 550 ~ and 800~ with an Si3N4 en- 
capsulant. 

a surface accumulat ion  region and a deple t ion  zone ap-  
pear.  The surface accumula t ion  zone ends at  a depth  
of ,~I000A, whi le  the  Cr deple t ion  region extends  to a 
dep th  of ~8000A. The min imum Cr concentra t ion 
wi th in  this  region is ,~9.2 X 1014 cm -3. Al though  re -  
d is t r ibut ion  of Cr occurs over  a region of ~8000A vs. 
,-42,000A for Fe, Cr red i s t r ibu t ion  is more  severe  in 
the sense that  the concentra t ion  of the compensat ing  
dopant  is an o rde r  of magni tude  lower  in the deplet ion 
zone than  in F e - d o p e d  substrates .  

The deple t ion  regions observed in the Fe -  and Cr-  
doped subst ra tes  are  in keeping  wi th  repor ts  of con- 
duct ive  surface layers  fol lowing the rmal  anneal ing  of 
InP  subs t ra tes  (11, 12). Addi t ional ly ,  the  r ed i s t r ibu -  
t ion is ve ry  s imi lar  to r ecen t  reports  of Cr migra t ion  in 
annea led  GaAs subst ra tes  (4-6, 8). Original ly,  the  ac-  
cumulat ion  and subsequent  deple t ion  regions of Cr in 
GaAs were  speculated to be due to a s t r a in - induced  
effect caused by  the the rmal  mismatch  be tween  the en-  
capsulant  and the  GaAs (7). However ,  recent  work  by  
Vasudev et aL (8), indicates  the Cr red is t r ibu t ion  in 
GaAs is not  significantly influenced by  the encapsulan t  
and is in fact l a rge r  under  capless anneal  conditions. 
Moreover,  Kasaha ra  and W a t a n a b e  (6) r epor ted  tha t  
Cr red is t r ibu t ion  in GaAs is contro l led  by  the  pa r t i a l  
pressure  of arsenic dur ing  the anneal,  which  confirms 
an ea r ly  observat ion by  Tuck et al. (4) concerning the 
role of As overpressure  wi th  re la t ion  to Cr r ed i s t r ibu -  
tion. At  present ,  therefore,  i.t appears  tha t  the  best  ex-  
p lanat ion  of Cr red is t r ibu t ion  in GaAs is the  ge t te r ing  
of Cr to surface regions which  have high concent ra-  
tions of defects in t roduced e i ther  by  anneal ing  or by 
mechanical  damage (13). There  is reason to bel ieve  
tha t  the  same re la t ionship  be tween  defects and  com- 
pensat ing  dopant  also expla ins  our resul ts  in InP. I t  is 
unclear  at p resen t  wha t  impor tance  should be a t tached  
to the quant i ta t ive  d i f ferences  observed be tween  Fe  
and Cr red i s t r ibu t ion  profiles in InP. Poss ibly  the  di f -  
ferences can be exp la ined  in te rms of the surface solu-  
b i l i ty  and or ig inal  background  densi ty  of the compen-  
sat ing dopant,  as suggested by  Vasudev et al. (8). F u r -  
thermore ,  differences be tween  Cr and Fe  outdiffusion 
into the Si3N4 cap must  be considered. Obviously fu r -  
ther  work  is needed to de te rmine  if impor t an t  differ-  
ences do indeed exist  be tween  Fe  and Cr red is t r ibu t ion  
in InP as our  resul ts  suggest.  

Redistribution Resulting from the Implantation of 
Neutral Dopants 

Impur i t y  ge t te r ing  to damaged  (i.e., vacancy , r i ch )  
regions produced  by  ion implan ta t ion  is of ten observed  
in Si (14, 15) and in GaAs (7, 8, 16, 17). In  this section 
we repor t  the ge t te r ing  of Fe  and Cr to damaged  
regions produced  by  the implan ta t ion  of e lec t r ica l ly  
neu t ra l  species in semi- insu la t ing  InP. Hel ium was 
chosen as one such species because it should r ema in  
e lec t r ica l ly  and chemical ly  inact ive  in the  crystal ,  
t he reby  having no effect on the compensat ing  dopants  
except  for the damage i t  creates. I t  is possible for "gas 
bubbles"  or  voids to form by  the diffusion of insoluble  
gas atoms to nucleat ion sites (18, 19). To rule  out  r e -  
d is t r ibut ion  due to the  possible presence of such voids, 
we implan ted  a nongaseous element ,  boron. We assume 
that  boron fills c o l u m n  I I I  sites, and is therefore  elec-  
t r ica l ly  inact ive in the  crys ta l  (a l though the poss ib i l i ty  
of chemical  ac t iv i ty  cannot be comple te ly  ru led  out) .  

An He fluence of 1.06 • 1015 cm -~ was implan ted  
into the  samples  at  51 keV and 0.5 ~ scanned current .  
Under  these condit ions the LSS pro jec ted  range is 
3640A wi th  the profile of energy  deposi ted into nuclear  
collisions peaking  at  ,~3200A (20). F igures  3 and 4 
show the Fe  and Cr profiles, respect ively,  resul t ing 
f rom 30 min anneals  of H e - imp la n t e d  InP. As in the  
prev ious ly  discussed un implan ted  samples,  a surface 
accumula t ion  zone exists wi th in  the  first 1000A for 
both types of Compensating dopants.  Surface  accumu-  
la t ion of Fe is much more  pronounced than  that  of Cr, 



1816 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  August 1981 

i i i ~ I I I I I i I i i I i ~ I / I ~ I I i I I 

~l TnP(Fe) Substrate (100) 
i0~ 2 5 0 0 A  o SJ.3N4 Cap 

/ 

I- .. ...... , - - ' -  Helium i_SS Profile 
~ L / /  "x  - - .  Unannealed 56Fe 

-r ", o -~ 104~/~ "., . . . . .  5 5 0  C, 5 0 m l n  
/ i ", - - -  650~ 3 0  min 

>~ . ~ " \ ~  ...... ",. . . . . .  750~ :50 min 

~i0 2 '~\ 
\ 

i0 I I I I I I I I I I i I I I I I l I 1 I I I 
0 ]..(3 2.0 

Depth ( f fm)  
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Fig. 4. SIMS profiles of Cr in a semi-insulating InP substrate im- 
planted with He (1.06 X 1015 cm -~, 51 keV) and annealed for 
30 min at the indicated temperatures with an Si3N4 encapsulant. 

which is also consistent  wi th  our  previous  results.  
However ,  unl ike  the profiles in the un implan ted  sam-  
ples, we find in the He- imp lan t ed  samples  an accumu-  
la t ion region fol lowed by  a deple t ion  region r a the r  
than  broad  deple t ion  regions ex tend ing  to ,--1 #m. I t  
is c lear  tha t  both  Fe and Cr accumula te  in a region 
about  the  pro jec ted  range  of He. The 550~ 30 min 
anneal  profiles show l i t t le  r e s t ruc tu r ing  except  for 
smal l  deplet ion regions on the bu lk  side of the p ro -  
jec ted  range peak. The 750~ 30 min  annea led  Fe -  
doped sample  has an accumulat ion  zone wi th  a concen- 
t ra t ion  of ~2.6 • 1017 cm -8 and a deple t ion  zone wi th  
a concentra t ion of ,-3.4 • 1018 cm-% The Cr -doped  
sample  annealed  under  ident ica l  condit ions shows even 
l a rge r  var ia t ions  of concentra t ion  in the  var ious  
regions. 

Boron was imp lan t ed  at  126 keV and 0.5 ~A to a flu- 
ence of 6.8 X 10 ~4 cm -2 in Fe -doped  InP substrates.  
The LSS pro jec ted  range  is 3640A and the damage  
profile peaks  at  ~-,2890A (20). The a s - imp lan ted  boron 
profile obta ined by SIMS is shown in Fig. 5. As in the  
550~ profiles of He - imp lan t ed  F e - d o p e d  InP, an Fe 
deple t ion  zone is fo rmed on the bulk  side of the p ro -  
jec ted  range  peak  wi th  a m in imum Fe concentra t ion 
of ~1.6 • 1016 cm-% Accumula t ion  of Fe  into the im-  
p lan t  region and toward  the surface is ev ident  in the  
650 ~ and 750~ anneals.  The qual i ta t ive  s imilar i t ies  
be tween the  red is t r ibu t ion  of Fe  in the He-  and B- im-  
p lan ted  samples  appears  to indicate  tha t  we are  ob-  
serving the get ter ing  of the compensat ing  dopant  b y  
implan t  re la ted  defects r a the r  than diffusion due to 
gas voids or chemical  effects. 
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Fig. 5. SIMS profiles of Fe in a semi-lnsulating InP substrote 
implanted with B (6.8 X 1014 cm -9,  126 keV) and annealed for 
30 rain at the indicated temperatures with an Si3N4 enCapsulant. 

Conclusions 
We have s tudied  the red is t r ibu t ion  of the compensa t -  

ing dopants  Fe  or  Cr in semi- insu la t ing  InP, resul t ing  
f rom anneal ing  only  and f rom the implan ta t ion  of 
e lec t r ica l ly  inact ive elements.  Annea l ing  wi th  an  SijN4 
cap forms an accumulat ion  region wi th in  the  first 
1000A of the surface fo l lowed by  a deple t ion  region 
ex tending  to a depth  of ,~1 ~m. Cr profiles exhib i t  
l a rge r  concentra t ion gradients  under  these condit ions 
than  do Fe profiles. Profiles resul t ing  f rom the im-  
p lan ta t ion  of "neut ra l"  dopants  exhibi t  surface accum- 
ula t ion regions fol lowed by  accumula t ion  regions un-  
der  the  pro jec ted  range  peak. 

We bel ieve  these resul ts  can be  exp la ined  by the get-  
ter ing of the  compensat ing  dopant  to defec t - r ich  r e -  
gions. In  the  case of s imple anneals,  a defec t - r ich  re -  
gion is produced at  the  interface which  get ters  Fe  or  
Cr, leading  to the accumula t ion  and .depletion zones 
observed.  This same mechanism is p robab ly  responsi-  
ble  for  the surface accumulat ion  regions observed  in 
the implan ted  profiles. However ,  where  the  annea led-  
only profiles exhibi t  deple t ion  regions, implan t  profiles 
show accumula t ion  regions. Since this accumula t ion  
occurs in the implan ted  region,  we p resume  this effect 
to be due to get ter ing  of the compensat ing  dopant  to 
defect  regions produced by  the implanta t ion.  By im-  
p lan t ing  e l ec t r i ca l l y  and chemical ly  inact ive  impur i -  
ties, we bel ieve we have exc luded  the poss ib i l i ty  o f  
red is t r ibu t ion  ar is ing from effects o ther  than  those re -  
la ted  to implan t  damage.  
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Two-Phase Annealing of Single Crystal CdS 
J. W. Sherohman 

Lawrence Livermore National Laboratory, University o] California, Livermore, CMifornia 94550 

ABSTRACT 

Single  CdS crysta ls  of low res is t iv i ty  have been conver ted  to high re -  
s is t iv i ty  ma te r i a l  by  anneal ing  them in the presence of a two-phase  sys tem 
consist ing of a CdS solid and a l iquid  r ich in sulfur.  Ambien t  t empe ra tu r e  
measurement s  of da rk  d-c  res is t iv i ty  indica ted  tha t  res i s t iv i ty  values  g rea te r  
than  101~ ~ cm were  obtained.  

The poss ib i l i ty  of app ly ing  e lec t ro-opt ics  to the de-  
s ign of tunable  filters has resu l ted  in an in teres t  in 
producing  CdS crysta ls  in the form of a thin pla te  of 
high res is t iv i ty  (~10 TM ~ cm).  Crysta ls  of CdS having  
high res is t iv i ty  h a v e  been  grown by the vapor  t rans-  
por t  technique (1-6).  However ,  due to the  sens i t iv i ty  
of the  e lect r ica l  conduct ivi ty  to the pa r t i a l  pressures  
of Cd and S dur ing  growth  of CdS crysta ls  (7, 8), i t  is 
of ten difficult to consis tent ly  produce  ma te r i a l  hav -  
ing ve ry  high resis t ivi ty.  A s tudy has shown tha t  an-  
nea l ing  can be used to conver t  single c rys ta l  CdS ma-  
te r ia l  of low res i s t iv i ty  (<10 ~ ~ cm) to tha t  of h igh 
res i s t iv i ty  (>lO 1~ a cm).  The method developed uses 
a contro l led  vapor -phase  h e a t - t r e a t m e n t  to produce 
thin  CdS plates  wi th  high res is t iv i ty  by  armeal ing 
them in the presence of a two-phase  sys tem of solid 
CdS and a su l fu r - r i ch  liquid. 

Anneal ing  in the presence of a mul t i -phase  sys tem is 
a method to control  the  s to ich iomet ry  of a compound 
having  a s ingle phase  wid th  (9-11). However ,  in the 
case of influencing the e lect r ica l  conduct ivi ty ,  and 
hence res is t ivi ty ,  the purpose  of a cont ro l led  a tmo-  
sphere  of Cd and S sur rounding  the CdS crys ta l l ine  
ma te r i a l  is to insure  that  the  neu t ra l  vacancy  concen- 
t ra t ions  of both  Cd and S r ema in  essent ia l ly  unchanged  
(i.e., the re  is no self-diffusion)  while,  at the  same time, 

Key words: resistivity, chemical diffusion, stoichiornetry. 

exist ing charged defects proceed to an equi l ib r ium 
state th rough  chemical  diffusion. 

Experimental 
A two-phase  compound was p repa red  by  a rb i t r a r i l y  

mix ing  140g of CdS powder  wi th  40g of sulfur  in a 
quartz  ampul.  The mix ture  was then hea ted  wi th  a 
ho t - a i r  gun unt i l  the sul fur  liquefied and reac ted  wi th  
the CdS. The ampul  was vacuum sealed and hea t -  
t r ea ted  for 2 hr  a t  300~ The furnace  t empe ra tu r e  was 
then raised at  20O~ to a t empe ra tu r e  of 9OO~ and 
held there  for 24 hr. The ampul  was cooled in the  fur -  
nace and the resul t ing  compound was used as the two-  
phase ma te r i a l  for the anneal ing  of a s -g rown single 
crysta ls  of CdS. 

Single crys ta ls  of CdS grown by the vapor  phase 
t r anspor t  technique were  or iented and sawed in the d i -  
rect ion of the  c-axis  of the crystal .  The sawed plates  
were  lapped,  polished, c leaned in perch loroe thy lene  
and HC1, and then given a deionized wa te r  and an ace-  
tone rinse. At  ambien t  tempera ture ,  measurements  of 
the  da rk  d-c  res is t iv i ty  of the  p repa red  sample  were  
t aken  in a gua rd - r ing  configuration using ohmic con- 
tacts p rov ided  by  an I n - G a  alloy. Data  are  included in 
Table I. 

The two-phase  ma te r i a l  (CdS -b S) and single c rys-  
ta l  CdS samples  were  placed in separa te  quar tz  tubes 
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Table I. Resistivitles of single crystals of CdS before and after 
two-phase annealing 

Sample 

Resistivity Resistivity 
before after 

annealing Heat annealing 
(~ era) treatment (9 cm) 

5-30-6 2.5 900~ fo r  5 m in  3.0 x 10 ~ 
S-30-6 2.5 900~ for  5 rain 2.8 x 10 ~ 
3-2-18 9.8 900"C fo r  35 rain 6.9 x 10 ~ 
3-23-19 15.9 900~ for  2 h r  6.7 x 10 ~ 
6-15-18 2.5 900~ fo r  112 h r  7.8 x 10 aa 

11-29-7 0.82 900~ fo r  l lS h r  ~.3 x 10 ~ 

designed to fit together  by  ground points  (see Fig. 1). 
The ground  joints  pe rmi t t ed  the quar tz  tubes to be  
reused. The tubes, a f te r  being connected, were  inser ted  
inside a quar tz  ampul  4 cm in d iamete r  by  23 cm long. 
Ampuls  were  subsequent ly  sealed in vacuum and an-  
nea led  at  900~ for  var ious  per iods  of t ime.  Af t e r  fu r -  
nace cooling to ambien t  t empera ture ,  the inner  tubes 
were  removed  from each ampul.  The single c rys ta l  
samples  were  again  c leaned and the i r  d-c  res is t iv i ty  in 
a da rk  envi ronment  was measured.  

R e s u l t s  a n d  D i s c u s s i o n  

The da rk  d-c  resis t ivi t ies  of the samples,  measured  
a t  ambien t  tempera tures ,  before  and af te r  anneal ing  
are  given in Table I. Al l  samples showed marked  in-  
creases in resis t ivi ty,  to values  grea te r  than  10 TM ~ cm. 
F igure  2 shows the  var ia t ion  of res is t iv i ty  wi th  t ime in 
a da rk  env i ronment  for  two samples  of different  th ick-  
ness. Both samples  had  been hea t - t r e a t ed  at  900~ for  
5 min. The res is t iv i ty  curves  of the  samples  a re  essen-  
t i a l ly  identical .  Other  samples  annealed  for longer  
t imes a t  900~ had resis t ivi t ies  that  were  also ve ry  
high, but  not  as high as samples  annea led  for 5 min. 

A two-phase  annea led  sample  that  was hea t - t r ea t ed  
at  900~ for 5 rain is compared  in Fig, 3 wi th  that  of a 
high res is t iv i ty  CdS crys ta l  obta ined f rom Cleveland 
Crys ta l  Company,  Cleveland,  Ohio. The two-phase  an-  

f,_.,.. ~.~ ~ ':. ~ i: ~ i !, 

~ ~  As-grown 

Ground crystals 
Two-phase joint 

material 
CdS + S 

Fig. I .  Quartz apparatus for the two-phase annealing of CdS 
single crystals. 
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Fig. 3. A comparison of the d-c dark resistivity of a two-phase 

annealed sample with that of a high resistivity sample obtained 
from Cleveland Crystal Company, Cleveland, Ohio. 

nealed sample  had the same res is t iv i ty  behavior  as the  
Cleveland crys ta l  sample,  bu t  reached a h igher  m a x i -  
m u m  resis t ivi ty.  

The  a tmosphere  in which the single c rys ta l  samples  
of CdS were  he a t - t r e a t e d  is fixed by  the two-phase  
mixture .  As long as the  two phases are  present ,  the  
mix ture  provides  a constant  pa r t i a l  p ressure  of both  
Cd and S. These fixed par t i a l  pressures,  if given 
enough time, wil l  force the s to ichiometry  of a CdS 
crysta l  to the su l fur - r ich  side of its s ingle-phase  width.  
At  tha t  point  the pa r t i a l  pressure  of Cd and S above 
the  crys ta l  equals  the pa r t i a l  pressure  of Cd and S 
genera ted  by  the two-phase  mixture .  The c rys ta l  re -  
mains  single phase wi th  its s to ichiometry  fixed by  the 
su l fur - r ich  s ide  of the single phase width.  However ,  
this occurs by  a slow self-diffusion process. The pu r -  
pose of the two-phase  mix tu re  is to insure  tha t  the  
neu t ra l  vacancy concentrat ions of both  Cd and S in the  
CdS crystals  r ema in  essent ia l ly  unchanged  for var ious  
t ime per iod  anneals.  

The e lect r ica l  conduct iv i ty  of CdS can be affected b y  
chemical  diffusion of exis t ing charged defects (12-14). 
Chemical  diffusion, which  does not depend on t h e  
product  of the diffusivi ty a n d  concentra t ion of the  de-  
fect, is a rap id  diffusion process as compared  to self-  
diffusion (15). I t  has been  suggested tha t  in the  p res -  
ence of high ac t iv i ty  of sul fur  ( low PCd condi t ion) ,  the  
diffusion of S is control led  by  n e u t r a l  inters t i t ia ls ,  
while  the diffusion of Cd is contro l led  by  ionized cad-  
mium vacancies,  Vcd" (13). If  it  is assumed tha t  the 
chemical  diffusion process is contro l led  by  VCd", the 
chemical  diffusion coefficient would be on the order  of 
DVcd',, where  Dvca,, = Dcd*/(VCd"). Dcd*, the t r ace r  
diffusivi ty of Cd, has been observed at  900~ unde r  
a low Pca condit ion to have a value  of app rox ima te ly  
10 -21 cm 2 sec -1 (12, 13). The (Vca") a t  this  t emper -  
ature,  as given in Ref. (13), is on the order  of 10 - s  site 
fr. for PCd ---- 10 -5 atm. This indicates  that  Dchem is in 
the r a n g e  of 10-4-10 -8 cm ~ sec -1 and tha t  chemical  
diffusion of exis t ing defects would  occur in less than  a 
minu te  wi th in  a 1 m m  thick sample  at  900~ The ve ry  
high res is t iv i ty  of the samples  af ter  a h e a t - t r e a t m e n t  
of 5 min  suggests the presence of a fast  chemical  diffu- 
sion process. 

The majo r  finding of this s tudy is tha t  by  anneal ing  
as-grown,  single crys ta l  CdS ma te r i a l  in an a tmo-  
sphere  fixed by  a two-phase  mix tu re  consist ing of solid 
CdS and a su l fu r - r i ch  liquid, res i s t iv i ty  of the ma te r i a l  
can be  raised by  more  than  ten orders  of magni tude .  
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Desalination by Photoelectrodialysis. ii. 
George W. Murphy *'1 

Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

Cont inuing exper iments  on ph0toe lec t rodia ly t ic  desa l ina t ion  now include 
the addi t ion  of a cell buffer compar tmen t  to keep unwan ted  ions leak ing  
th rough  imperfec t  membranes  f rom contamina t ing  the produc t  water ,  differ-  
en t  membranes ,  and  thin film polycrys ta l l ine  n -CdSe  electrodes in sulf ide/  
polysulf ide electrolyte .  Both the ra te  and ex ten t  of  desa l ina t ion  have  been 
m a r k e d l y  improved.  Economic feas ib i l i ty  project ions  are  updated.  

A l abo ra to ry  demonst ra t ion  of photoe lec t rodia ly t ic  
desa l ina t ion  was recent ly  anno.unced (1); the  sym-  
bolic represen ta t ion  of the 4 -compar tmen t  cell  em-  
p loyed is 

n-GaAs/0.16M Na2Se,0.02M Na2Se2-C-0.06M NaC1 (2)__ 
L "A 

1 / Pt/0.16M Na2Se,0.~02M Na2Se2-C-0.06M NaC (1) 

where  C is a cat ion and A an anion select ive m e m -  
brane.  I r r ad ia t ion  of the  n -GaAs  leads to desa l ina t ion  
of compar tmen t  1 and sal t  enr ichment  in 2. In  this 
communica t ion  we furn ish  addi t ional  expe r imen ta l  de-  
tails, ex tend  the expe r imen ta l  inves t iga t ion  in severa l  
ways,  and assess the economic potent ial .  Photoe lec t ro-  
d ia ly t ic  desa l ina t ion  is one of severa l  model  systems 
which  couple a photoe lec t rochemical  d r iv ing  uni t  
th rough  ion select ive membranes  to cell  components  
containing raw mate r ia l s  and del iver  a useful  product  
(2). 

Experimental 
Construct ion fea tures  for  al l  expe r imen ta l  cells a re  

i l lus t ra ted  by  the 4 -compar tmen t  cel l  d rawing  in Fig. 
1, o ther  detai ls  of which  are  given in Ref. (1). In  this 
cell  p roduc t  w a t e r  is sub jec t  to selenide ion contami-  
nat ion because of imperfec t  se lec t iv i ty  of the mem-  
b rane  separa t ing  the  two solutions. One r e m e d y  for 

* Electrochemical Society Active Member. 
i On sabbatical leave from the Umvers~ty of Oklahoma, Norman, 

Oklahoma 73019. 
Key words: photoelectrochemistry, solar energy conversion, 

semiconductor electrodes, membrane processes. 

this p rob lem is the in t roduct ion of a fifth "buffer" 
compar tmen t  as i l lus t ra ted  schemat ica l ly  in Fig. 2. 
Contaminat ion  of this compar tmen t  can occur, but  the  
re jec t  sal t  solut ion contained is swept  out  at  a ra te  
sufficient t o  keep the product  wa te r  contaminat ion  
free. 

Ano the r  p rob lem encountered  in ea r ly  work  was 
makeup  of the selenide solution. Colorless a lka l i  me ta l  
selenides are  ex t r eme ly  a i r  sensitive, fo rming  orange-  

Fig. 1. Cutaway drawing of 4-compartment experimental cell 
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Fig. 3. Results of five desalination experiments 

brown polyselenide. Cerac Chemical Company 99.9% 
Na2Se packed under  argon formed an optically dense 
aqueous solution even with ni trogen atmosphere glove 
box technique. Consequently the solution employed in 
the first desalination experiment  (1) contained an un-  
known but  considerably larger amount  of diselenide 
than the "made-up" 0.02M. The principal  effect is to 
decrease the amount  of light reaching the electrode, 
therefore decreasing the desalination performance. 
Selenide solutions employed subsequent ly  were made 
by bubbl ing  H2Se (Scientific Gas Products) through 
alkali  metal  hydroxide solutions (3). The amber  color 
of the resul t ing solution was caused by traces of air  
during transfer  operations. No elemental  selenium was 
added. The solution employed in subsequent  desalina- 
tion experiments is designated 0.18M Na2Se,(Na2Se2), 
instead of 0.16M Na2,0.02M Na2Se2. 

Two sets of membranes  were employed: Nation 417 
9G-3009 cation (du Pont)  and Raipore 5035 anion-  
selective [RAI Research Corporation 5035 has essen- 
t i a l l y  the same properties as 5025 employed in  Ref. 
(1) ]; and Ben Gurion Univers i ty  of the Negev Appl ied 
Research Inst i tute  (BGARI) cation- and anion-selec-  
tive, obtained through the courtesy of Prof. Chaim 
Forgacs. Preparat ion of the lat ter  membranes  has been 
described by de Khrhsy and Schorr (4). 

In  addition to the single crystal n-GaAs electrode 
descr ibed  previously (1), a thin film polycrystal l ine 
n-CdSe disk electrode was received from Weizmann 
Institute of Science, Israel (5) for testing. This elec- 
trode had been deposited on a titanium disk substrate, 
to which we cemented with silver epoxy a brass coun- 
terelectrode. The Hodes etching procedure (5) was 
followed prior to photodesalination experiments. This 
electrode was coupled first with the 0.18M Na2Se 
(Na2Se2) and later with 0.1M Na2S,0.1M Na2S2 redox 
electrolyte solutions. 

In  desalination experiments  fresh 0.06M NaC1 solu- 
t ion from an overhead reservoir  was  run  sequential ly  
through the "buffer" and the sal t-enriched compart-  
ments  at a rate of about 1 ml /min .  A peristaltic pump 
(Scientific Industr ies Model 700) circulated solution 
via a closed loop between the two selenide (or sulfide 
ion compartments  at a rate of about 1 ml /min .  

Results 
The results of several desalination experiments are 

graphed in Fig. 3. Curve A is from Ref. (1). The im-  
provement  shown in  curve B is due both to the e l imina-  
tio~ of product water  contaminat ion and the reduction 
of solution light absorption. The further  improvement  
shown in  curve C is due to the higher conductivity of 
BGARI membranes.  Curves D and E are impressively 
still better,  due probably to the lower overall  resist- 
ance of the electrode assembly. The excellent perform- 

ance shown in curve E is par t icular ly  important,  be- 
cause it proves that  selenide can be replaced by  a 
cheaper and less obnoxious solution. 

The economic potential  of photoelectrodialytic de- 
sal inat ion has been examined briefly (2);  i t  was con- 
cluded that  about $35 m -2 could be afforded for cell 
construction as a general ly  applicable method for de- 
salting brackish water, based on assumed 7% light to 
electric energy conversion, 10 year  lifetime, and $0.28 
m -~ product water. Adjusted for inflation, this figure 
would now be about $50 m -~. However, there are po- 
tent ia l  remote installat ions that  could just i fy an ex- 
pendi ture  several times higher, and the first develop- 
mental  stage could focus on this l imited market.  The 
thin film polycrystall ine n-CdSe (and CdSe-CdTe al- 
loys) coupled with BGARI membranes  appear capable 
of satisfying these cost requirements,  if l ifetime condi- 
tions can be met. The cost of CdSe for a 0.02 mm film 
would be less than $10 m -2. The membranes,  not pres- 
ently in mass production, are estimated at $5 m -2, with 
four required per square meter  of cell area. 

Electrodialytic desalination dr iven by solid-state so- 
lar  cells is now being considered seriously (6, 7), first 
in  sunny regions remote from conventional  power 
sources, but  later  extended to more general  usage as 
the cost of solar cells comes down and conventional  
power costs continue their  inexorable rise. 

What theoretical advantage does photoelectrodialysis 
have over electrodialysis driven by solid-state or elec- 
trochemical solar cells? The answer is less bar r ie r  
area, i.e., the sum of membrane  and electrode area. 
Other things being equal, barr ier  area determines total 
process cost. In the lat ter  case both the driving and 
driven units must have separate electrode sets, where- 
as in the former they are shared. Less electrode over- 
potential loss would also be a factor favoring photo- 
electrodialysis. 

What advantage does solar driven electrodialysis 
have over solar distillation? The answer is a much 
lower energy requirement. Consider the minimum en- 
ergy requirement for electrodialysis, obtained through 
the Nernst equation in the concentration approxima- 
tion. Per differential equivalent of salt removed at the 
reversible concentration potential 

2RT C~ 
E ---- In C a  = 0.1183 log (25~ 

F C~ C1 

it is the product FE, where F is the Faraday constant, 
and C1 and C2 are the depleted and enriched salt 
s tream concentrations. Suppose C1/C2 ---- 100. The po- 
tent ia l  difference is then 2 X 0.1183 : 0.2366V, and the 
minimum energy requirement to desalt is 0.2366 • 
96,500/1000 ~ 22.8 kJ. If the source water is 0.08M, a 
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typical brackish concentration, the amount of desalted 
water produced is 1 tool/0.06 tool liter -1 -- 16.67 liters. 
To distill the same amount of water would require 
16,667g X 2.32 kJ /g  m 38,732 kJ, a factor of 1697 
greater. If the power for electrodialysis is to be fur- 
nished photoelectrically, one must enter an efficiency 
factor of about 10%. Still, solar driven electrodialysis 
has at least a 1TO-fold advantage over single stage 
solar distillation, no allowance having been taken in 
the latter case for imperfect collection efficiency. 

Manuscript submitted Aug. 15, 1980; revised manu- 
script received ca. March 2, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
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Variation of the Conductivity of Mn02 with 
Lithium Insertion 

M .  V o i n o v  *'1 

Ledanch~ S.A., 48 route de Grandson, 1,401 Yverdon, Switzerland 

The variations of the electrode poten- 
tial of LixMn02 with x has been repor- 
ted (1,2) and attributed to a modifi- 
cation of the band structure of Mn02 
when Lithium enters its lattice. It 
was proposed that this modification is 
such that LixMnO 2 turns from a small 
bandgap into a wide bandgap n-type 
semi-conductor at 0.5 Li inserted per 
mole. Consequently at this amount of 
Li inserted the conductivity of Li x- 
MnO 2 should decrease. 

In fact it is already known that the 
electronic conductivity of a similar 
compound, namely HxMnO 2 decreases du- 
ring reduction (3) but its variation 
with x has not been published. On the 
other hand, increases of the total 
internal impedance of Zn-Mn02 (4) and 
Li-Mn02 (i) cells with depth of dis- 
charge have been reported but the con- 
tribution of the depolariser electro- 
nic conductivity variation to the to- 
tal change was not isolated. The purpo- 
se of the present investigation was 
precisely to determine such a contri- 
bution in the case of LixMn02 and to 
check the predictions made about its 
band structure modification at x=0.5. 

Short of a full frequency response 
analysis, it is not conceptually pos- 
sible in an electrochemical cell to 
separate the electrolyte and depolari- 
ser ohmic drops from the various inter- 
face and Warburg impedances. With the 
further complication introduced by po- 
rous electrodes, even the utility of 
such a frequency response analysis is 
doubtful except in a few simple ca- 
ses (5). One must use approximate me- 
thods. 

*Electrochemical Society ~ctive Member 
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In the present approach, Li-MnO 2 cells 
were partially discharged by known 
amounts. They were then left in open- 
circuit to smooth out diffusion gra- 
dients. Subsequently the cells were 
addressed with small (i pC) discharge 
pulses. It is assumed that, during 
these pulses, no diffusion gradients 
are established in the depolariser 
or in the electrolyte to contribute a 
Warburg impedance. It is also assumed 
that the interface impedance between 
Lithium and the electrolyte remains 
the same during discharge of the 
cells. Therefore the variations with 
depth of discharge of the total cell 
tension drop at the end of a pulse 
should reflect mainly the variations 
of the ohmic drop in LixMnO 2 with a 
possible contribution of the inter- 
face impedance between LixMnO 2 and 
the electrolyte. 

Cathode limited Li-MnO 2 button cells 
(@ 11.6 h 2 mm) were assembled in a 
glove box ( < i ppv H2 O, 20 ppv Q2). 
The MnO 2 was heat-treated at 350~C 
for 24 hours then mixed with 10% by 
weight of carbon and 5% by weight of 
a fluorinated hydrocarbon binder. The 
mixture was then pressed in the shape 
of 50% porous pellets. The solvent 
was Propylene Carbonate distilled at 
90~ under vacuum. The electrolyte 
was LiClO 4 (i M) dried under vacuum. 

The cells were discharged at room 
temperature to various degrees. They 
were then left in open-circuit until 
their tensions did not vary by more 
than i0 mV/24 h. As the electrolyte 
is invariant during discharge, the 
open-circuit tensions of the cells 
represented the electrode potential 
of LixMnO 2 versus Lithium in the 
same solution (fig. I). Short (i ms, 
2 ps rise time) low intensity (i mA) 

1822 
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constant current discharge pulses corre- 
sponding roughly to the demand of a minature 
step motor, wereapplied to "the cells and 
their responses recorded with a Digital 
Storage Oscilloscope (Gould OS4000). 

It is observed that the internal impedance 
variation (potential drop afterl ms divided 
by 1 mA, minus the corresponding value for 
the undischarged cell) increases sharply at 
0.5 Li inserted per MnO 2 (Fig. I). As the 
carbon used has about the same conductivity 
as undischarged MnO 2, this increase cannot 
be due to the volume increase of LixMnO 2 
during discharge. Furthermore tha value of 
0.5 Li/mole corresponds precisely to the 
prediction made aboutthe increase of resis- 
tivity of LixMnO 2 . This band model modifi- 
cation proposed (1,2) is thereforeto that 
extent verified. Furthermore, between 50~ 
and -20~ the~impedance variation decreases 
with increasing temperature. The approximate 
activation energy is 0.25 eV for x = 0.75 
and a pulse current of 1 mA. 

However, it was also predicted (1,2) that 
above 0.5 Li/MnO 2 the resistivity should 
againdecrease slightly. This is not what 
is observed, and the matterneeds more 
experimental results rather than ad hoc 
assumptions about theLixMnO 2 - electrolyte 
interface impedance. 
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Figure l.Electrode potential of 
LixMn02 (D) and internal impedance 
increase ( O ) of partly discharged 
and open-circuited Li-MnO 2 cells. 
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Surface Stabilization of Polycrystalline-Silicon 
Films during Laser Recrystallization 

T. I. Kamins* 
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In the past several years numerous I n i t i a l  work by the Stanford group (5) 
attempts have been made to recrysta l l ize ut i l i zed an llO0~ furnace anneal in 
thin films of f ine-grain CVD polycrystalline a nitrogen atmosphere for one hour to 
si l icon into large-grain material in order 
to reduce the influence of the grain 
boundaries. Recrystall ization with 
a scanned CW laser has been 
found to increase the average grain 
size to several microns (1). The con- 
sequent reduction in defect concen- 
trat ion makes possible the fabrication 
of active devices, such as MOSFETs with 
their  active channels within the layer 
of laser-recrystal l ized polysi l icon 
(2,3). Such devices can be used in 
monolithic s i l icon integrated c i rcui ts  
to improve packing density or perfor- 
mance or can be constructed in si l icon 
films deposited on inexpensive sub- 
strates for applications such as f l a t -  
panel displays. 

In the i n i t i a l  work, recrys ta l l i za-  
tion was found to occur more satis- 
fac to r i l y  when the polysi l icon was 
deposited on si l icon-ni tr ide-coated 
si l icon wafers, rather than on 
oxidized wafers. In the la t te r  case, 
at the high laser powers needed 
to melt the entire thickness of the 
polysi l icon, the si l icon tends to 
agglomerate or delaminate, leaving 
regions of the underlying oxide exposed. 
Although the recrysta l l izat ion proceeds 
more control lably on si l icon n i t r ide ,  
the electr ical  properties of an under- 
lying polys i l icon/s i l icon-diox ide 
interface are far superior to those of 
a po lys i l i con /s i l i con-n i t r ide  inter-  
face (4). Consequently, attempts were 
made to improve the con t ro l l ab i l i t y  of 
the recrysta l l izat ion process on s i l i -  
con dioxide. 

* Electrochemical Society Active Member 

Keywords: Polycrystal l ine s i l icon,  
laser recrys ta l l i za t ion,  s i l icon 
n i t r ide 

prevent agglomeration during the subse- 
quent laser recrysta l l izat ion,  thus 
broadening the useful range of laser 
powers. This high temperature anneal, 
however, is not compatible with the 
future direction of IC technology, 
which restr ic ts  processing to lower 
temperatures to avoid wafer deformation. 
In addition, the high temperature 
nitrogen anneal often degrades the un- 
protected si l icon surface. Consequent- 
ly ,  a better method of s tabi l izat ion 
is needed. This note wi l l  show that 
the stabi l izat ion is an effect occur- 
ring at the exposed top surface of the 
polysi l icon, rather than being pre- 
dominately related to a change in the 
bonding at the underlying polysi l icon/ 
si l icon-dioxide interface. I t  wi l l  
also demonstrate that a thin layer of 
si l icon n i t r ide deposited on top of 
the polysi l icon provides an optimum 
surface stabi l izat ion layer. 

Auger analyses were performed to 
study the depth prof i les of the surface 
layers formed by the thermal or laser 
processing. While the Auger depth 
prof i le  after nitrogen annealing did 
not indicate any signi f icant nitrogen- 
containing layer, the thickness of the 
native oxide layer on the surface of 
the polysi l icon increased_from approx- 
imately 15 A to about 50 ~ during the 
nitrogen anneal. This layer did not 
change s ign i f icant ly  during the subse- 
quent laser recrys~al l izat ion. We be- 
lieve that the 50 A thick oxide layer 
stabi l izes the surface during laser 
melting by changing the surface- 
tension forces which tend to pull the 
molten layer of s i l icon apart. Al- 
though no oxygen is purposely intro-  
duced into the furnace during the 
nitrogen anneal, the hot wafer surface 
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could be exposed to oxygen from back- 
streaming of oxygen i n to  the furnace or 
dur ing removal from the furnace tube, as 
wel l  as by t race  q u a n t i t i e s  of oxygen 
in t h e n i t r o g e n  suppl ied to the furnace.  

The presence of a sur face l aye r  wh ich  
s t a b i l i z e s  the f i l m  dur ing lase r  r e c r y -  
s t a l l i z a t i o n  is cons i s t en t  w i th  o ther  
observa t ions :  ( I )  The b e n e f i c i a l  e f f e c t  
of the l lO0~ n i t rogen  anneal is removed 
by e tch ing the sur face in a standard 
bu f fe red  oxide etch f o r  a shor t  t ime 
(~I min) before lase r  r e c r y s t a l l i z a t i o n .  
(2) Al though no d i f f e r e n c e  is seen be- 
fo re  lase r  r e c r y s t a l l i z a t i o n ,  the sur -  
faces of f i lms  w i th  and w i t h o u t  the 
thermal anneal appear markedly d i f f e r -  
ent under an o p t i c a l  microscope a f t e r  
l ase r  r e c r y s t a l l i z a t i o n .  Films which 
have been t he rma l l y  annealed r e t a i n  the 
appearance of the f i n e - g r a i n  p o l y s i l i -  
con f i lms  (a f i n e - s c a l e  sur face rough- 
ness) even though the gra in  s ize has in -  
creased. Films which have not been 
t he rma l l y  annealed before lase r  r e c r y -  
s t a l l i z a t i o n  e x h i b i t  g r e a t l y  d i f f e r e n t  
surface f e a t u r e s ,  corresponding to 
l a r g e - g r a i n  m a t e r i a l .  

Once i t  was shown tha t  the h igh-  
temperature anneal formed a t h i n ,  pro-  
t e c t i v e  l aye r  on the p o l y s i l i c o n  sur-  
face,  experiments were performed to 
develop a sur face s t a b i l i z a t i o n  process 
more compat ib le w i th  advanced IC fab-  
r i c a t i o n  techno logy .  

In a l l  cases to be discussed below, 
the p o l y s i l i c o n  f i lms  were O.5~m t h i c k  
and were deposi ted by low-pressure  CVD 
at 625~ from SiH4 onto s i l i c o n  wafers 
covered w i th  1.4um of t he rma l l y  grown 
Si02. A CW argon lase r  (Coherent ,  Inc.  
Model 5000 lase r  annealer )  was used to 
r e c r y s t a l l i z e  the p o l y s i l i c o n ,  a l though 
the r e s u l t s  are expected to be a p p l i -  
cable to any scanned lase r  (or  poss ib l y  
e l ec t r on  beam). The l ase r  beam was 
scanned across the wafer sur face w i th  
ga l vanome te r - con t ro l l ed  m i r r o r s  at a 
v e l o c i t y  of 25 cm/sec. The spot s ize 
was approx imate ly  80~m, and the beam 
was stepped about 40~m between succes- 
sive scans. The subs t ra te  temperature 
was 500~ dur ing r e c r y s t a l l i z a t i o n .  

Films of s i l i c o n  oxide (~rom NzO and 
SiHzCI2) approx imate ly  50 A t h i c k  and 
of s i l i c o n  n i t r i d e  (from NH3 and 

o 

SiH2Clz) approx imate ly  90 A t h i c k  were 
deposi ted in the LPCVD r e a c t o r .  While 
the oxide l aye r  was somewhat e f f e c t i v e  
in s t a b i l i z i n g  the su r face ,  the n i t r i d e  
laye r  prov ided marked sur face s t a b i l i -  
za t i on .  In the l a t t e r  case, a f t e r  
laser  r e c r y s t a l l i z a t i o n  the sur face was 
smoother than observed in any previous 
exper iment ,  and a wide range of l ase r  
powers produced s a t i s f a c t o r y  r e c r y -  
s t a l l i z a t i o n .  At the h igher  powers, 
however, i s o l a t e d  i r r e g u l a r i t i e s  (p ro -  
t r us i ons  or p i t s )  formed, t h e i r  dens i t y  
i nc reas ing  w i th  i nc reas ing  laser  power. 

In a more d e t a i l e d  exper iment three 
d i f f e r e n t  th icknesses of LPCVD D i t r i d e  
(approx imate ly  60, 90, and 140 A) were 
deposi ted on p o l y s i l i c o n .  In a d d i t i o n ,  
a I00 A - t h i c k  l aye r  of n i t r i d e  was de- 
pos i ted from NH3 and SiH4 in a hydrogen 
c a r r i e r  gas at atmospheric pressure in 
order  to avoid the presence of any 
c h l o r i n e  species.  Each sample was re-  
c r y s t a l l i z e d  w i th  a ser ies  of d i f f e r e n t  
l ase r  powers w i th  one wa t t  increments 
from 8 W u n t i l  s i g n i f i c a n t  agglomera- 
t i o n  occurred or the upper l i m i t  of the 
laser  power (17W) was reached. A f t e r  
r e c r y s t a l l i z a t i o n ,  the m i c r o s t r u c t u r e  
was observed in an o p t i c a l  microscope, 
and the power necessary f o r  the forma- 
t i on  of the l a r g e - g r a i n e d  s t r u c t u r e  
was noted along w i th  the power which 
caused agg lomerat ion .  The d i f f e r e n c e  
i nd i ca ted  the range of s a t i s f a c t o r y  
laser  powers which could be used, w i th  
the l a r g e s t  poss ib le  a l l owab le  range 
being des i red f o r  process f l e x i b i l i t y .  
In the case of the n i t r i d e  l a y e r s ,  an 
upper l i m i t  was set by the fo rmat ion  
of the i s o l a t e d  i r r e g u l a r i t i e s  since 
the f i lms  did not agglomerate even at 
the h ighest  l ase r  power. As can be 
seen from Table I the l a r g e s t  a l l o w -  
able range was obta ined w i th  the t h i n -  
nest LPCVD n i t r i d e  l a y e r .  No i s o l a t e d  
i r r e g u l a r i t i e s  were seen at even the 
h ighest  laser  power. By c o n t r a s t ,  
i r r e g u l a r i t i e s  were seen in the n i t r i d e  
f i l m  deposi ted from SiH4, i n d i c a t i n g  
t ha t  these i r r e g u l a r i t i e s  are not 
caused by c h l o r i n e  i n c l u s i o n .  

Other s t a b i l i z a t i o n  t reatments  i n -  
ves t iga ted  provided a d d i t i o n a l  i n -  
s igh t  i n to  the process. Heat t r e a t -  
ments at 900~ in I% 02 w i th  the 
balance e i t h e r  ~rgon or n i t rogen  
formed about 35A of oxide in each case. 
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These thin oxide layers appeared to provide 
a small increase in the allowable range of 
laser powers (Table I ) .  An anneal at IO00~ 
in I% 02 with the balance nitrogen formed 
about 60 X of oxide. While this oxide layer 
increased the allowable range, the change 
was much less than caused by a layer of 
CVD n i t r ide of similar thickness. This 
resul t ,  coupled with the previous observation 
of only a s l ight  increase in the allowable 
range from a deposited oxide layer, indicates 
a fundamental difference between the effects 
of oxide and n i t r ide layers. Thisd i f ference 
may possibly be related to the s t i f f e r  s i l icon 
n i t r ide f i lm better resist ing the surface- 
tension forc~s which tend to pull the molten 
silicon film apart. A thermal oxynitride 
film formed in a I% 02 -49% NH~ - 50% N2 
ambient at lO00~ (target thickness 30-50A) 
increased the allowable range noticeably but 
not as signif icantly as did the deposited 
nitr ide layer. 

The surface topology seen af ter  laser 
recrysta l l izat ion is quite d i f ferent  for 
films with the various s tab i l izat ion layers. 
In part icular ,  the s i l icon n i t r ide s tab i l i -  
zation layer leads to a markedly smoother 
surface, as has been reported in Ref. 6. 
S i r t l  etching af ter  recrysta l l iza t ion to 
reveal the grain boundaries and other 
defects, however, shows that the grain 
structure of a l l  films is qua l i ta t ive ly  
similar (as also reported in Ref. 6 for 
s i l icon n i t r ide) .  The elongated grains 
character ist ic of laser-recrystal l ized 
polysi l icon ( I)  are c lear ly v is ib le in al l  
cases, indicating that the basic nature of 
the recrysta l l izat ion process is not greatly 
altered by the presence of the d i f ferent  
s tabi l izat ion layers. 

Treatment 

BRIEF COMMUNICATION August 1981 

In summary, the formation of a foreign sur- 
face f i lm on the top surface of a polysi l icon 
layer can markedly widen the allowable range 
of laser powers which can be used to recry- 
s ta l l i ze  polysi l icon films deposited on 
s i l icon d~oxide. Of the layers investigated, 
a 50-100 A-thick, CVD si l icon n i t r ide layer 
has been found to provide the best control 
over the successful recrysta l l izat ion of 
polysi l icon to form a large-grain structure. 
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TABLE 1 

Effect of Surface Stabi l izat ion Treatments 

Minimum Power Pits or Allowable 
For Large-Grain Agglomeration Protrusions Power Range 

Structure (W) Above (W) Above (W) (W) 

>17 None Seen >6 
>17 I0 2 
>17 9 >I 
>17 8 -0 
12 1 
I0 0 
11-13 1 
11-12 �89 
12 1�89 
13 2 

o 

~60A LPCVD Si3N4 I I  
~90X LPCVD Si3N4 8 

~I40X LPCVD SigN4 <8 
~IOOX APCVD Si3N, 9 
II00 ~ N2 I I  
II00 ~ N2 + Oxide Etch II  
900 ~ Ar/02 (~34~) 11-12 
900 ~ N2/02 (~38~) 11-12 

lO00 ~ N2/02 (~60A) lO-ll 
lO00 ~ Oxynitride II 
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ABSTRACT 

The reactions occurring in cells of the type Li/LiC104, ~ (CH30)2SO/C have 
been investigated. One charge plateau at 5.1V and two discharge plateaus, one 
about 4.2V and the other about 3V, were observed. The possible involvement 
of solvent, (CH30)2SO, in the cell reactions was studied by using nuclear 
magnetic resonance (NMR) to test the electrolytic solution in the cell com- 
partments. Based on these experimental  results, it  is shown that the solvent 
is the pr imary reactant. It is also found that the solvent is degraded at a po- 
tential  above 4.6V relative to a lithium wire reference electrode. 

A bat tery system using a l i thium negative electrode, 
an electrolytic solution of LiC104 and dimethylsulfite 
(DMSU), and a graphite positive electrode has been 
reported (1-4). It was proposed (2) that a lamellar  
compound of graphite formed at the positive electrode 

nC + LiCIO4 = Li+ + CnCIO4 -~ e- [i] 

Later  results (4, 5) suggest that  other reactions also 
occur during anodic operation of the graphite electrode 
and that DMSU is involved directly in the reaction. 
Deshpande and Bennion (5) proposed that  DMSU oxi- 
dized during charging, forming radical cations 

(CH~O)~SO-~ [(CH30)2SO] + + e -  [2] 
or 

(CHsO)2SO~ [(CH30)~SO] +~ + 2e-  [3] 

In this paper, the involvement of DMSU in electro- 
chemical reactions and its suitabili ty as a solvent for 
electrochemical systems is investigated. 

Experimental 
DMSU was vacuum distilled in the apparatus de- 

scribed by Tiedemann (6). Water content was reduced 
to less than 100 ppm. No reaction was observed be- 
tween purified DMSU and li thium over two weeks of 
observation. Test solutions were 2,0m LiClO4 in DMSU. 
The biggest source of impuri ty  was H~O with the 
LiClO4, even though the powdered LiC104 had been 
vacuum dried at 150~ for several weeks. The DMSU- 
LiC104 solution was stirred with l i thium chips for more 
than one day to reduce active impurities further. 

Natural  graphite powder, 99.95% pure, 0.8 ;Lm in 
size, originating from Madagascar was used for the 
test electrodes. Teflon molding powder and Union 
Carbide National C-34 glue were used as binders for 
the graphite powder and to hold it to either carbon 
cloth or t i tanium sheet backing plates. 

Three views of the glass test cell are shown in Fig. 
1. The test electrode and the lithium counterelectrode 
are held on the bottom of their  respective compart-  

* E l ec t rochemica l  Socie ty  Ac t ive  Member. 
1 P r e s e n t  address :  Gene ra l  ~vlotors n e s e a r c h  Labora to ry ,  War- 

ren ,  Michigan 48090. 
~ P r e s e n t  address :  D e p a r t m e n t  of Chemica l  Eng inee r ing ,  Brig-  

h a m  Young  Univers i ty ,  Provo,  Utah  84602. 
Key words :  d i scharge ,  solvents, electrode. 

ments by glass sleeves, 2 cm inside diameter, 1.25 cm 
high. Each compartment contained about 10 cm 8 of 
electrolytic solution. The reference electrode was a 
lithium wire. All experiments were run inside an 
argon atmosphere glove box. The electrical circuit is 
shown in Ref. (7). A Varian T-60 NMR Spectrometer 
and a Varian CFT-20 C13-NMR Spectrometer were 
used to analyze the electrolytic solution before and 
after cell operation. Fur ther  details are given else- 
where (7). 

Three basic types of electrodes were tested. Types 
A and B are shown in Fig. 2. 

(A) Titanium backing plate, t i tanium side walls 
forming a cavity of 0.38 mm thick and 1 cm ~ area. 
The cavity was filled with 0.0419g graphite powder 
with enough C-34 glue to make a thick paste. The 
electrode was cooked for 1.5 hr at 1000~ under vac- 
uum. After  cooling, a piece of nonwoven polypropyl-  
ene cloth was placed over the cavity and held in place 
with a ring of 0.001 in. thick sheet Ti spot welded in 
place. 

(B) Same as (A) except an extra sheet of 0.38 mm 
thick Ti was spot welded in place to allow a gap be- 

Fig. 1. The H-cell used in all experiments. 1. Glass f l i t ;  2. 
polyethylene stoppers; 3. negative lead; 4. polypropylene masks 
for the three electrode leads; 5. glass sleeve; 6. negative elec- 
trodes; 7. positive lead; 8. reference electrode; 9. reference lead; 
10. positive electrode. 
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I I ~ 'l I I 

Fig. 2. The cross sections of electrode A and B 

tween the sintered graphite and covering polypropyl-  
one cloth as shown in Fig. 2. 

(C) This electrode was prepared by spreading 0.07g 
of graphite powder and C-34 glue over a 2 cm~ area 
and cooking for 0.5 hr under vacuum. 

All three electrode types had porous structures 
which adhered well to the backing materials. The re-  
sistance across the electrodes as measured with probe 
contacts was about 1012. Electrodes were soaked in 
DMSU-LiC104 solution for 4 hr before use. 

The potential between the positive electrode and 
the lithium wire reference electrode was measured as 
a function of time at constant current. 

Results and Discussion 
There were two major, cathodic discharge plateaus, 

one beginning at  4.2V, the other at 3.0V. Current was 
1.0 mA/cm~. The upper plateau varied between a 
small shoulder up to one-third of the total discharge 
capacity. The lower plateau varied between 3.0 and 
2.0V. Charging took place at a constant potential of 
5.1V. A typical cycle is shown in Fig. 3. 

Examining the upper plateau, the charge out is 
shown in Fig. 4 as a function of the charge in. Type A 
and B electrodes show fixed capacities of about 0.02 

1 

-G 

(~  C HARG~ 
[~] DISCHARGE 

�9 ~ .'o, .o', .~ .;~ .;o .'o, .o'~ .o'g .~o 
CHARGE (MILLISQUIVALENTS} 

Fig. 3. Galvanostatic charge and discharge curves for the cell 
LI/ / iCIO4, DMSU/C (electrode A), cycle 7, i ~ 1 rnA/cm 2. 

Galvanostatic potential; . . . . . .  open-circuit poten- 
tial. 

.03  

.OZ 

. g l  

D ~LECTRODE A 

CYCI.[~,~ ~ ELECTRODE 8 
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I I i I I ,1 . 
. 1  .2 .3 .4  .5 .6 

Fig. 4. Galvanostatic charge in vs. charge out curves for the 
cell I.i/LiCl04, DMSU/C (electrode A or B), i - -  I mA/cm 2. 
Upper discharge plateau only. 

milliequivalents, independent of the quantity of charge 
put in. Electrode A increased in volume roughly 
proportional to the charge put  in unti l  the covering 
separator was stretched and restrained further expan- 
sion. Electrode B could expand more freely, and 
showed higher initial capacity. The swelling is be-  
lieved to be an indication of increasing internal  sur-  
face area. The pr imary anodic reaction product is 
believed to be an oxidized form of DMSU which ad- 
sorbs or possibly intercalates into the swelling graph- 
ite. On subsequent cathodic discharge, the adsorbed 
reaction product is hypothesized to react at near 4.2V 
to reform DMSU. No direct experimental  evidence 
has yet been realized which allows direct confirmation 
of the pr imary anodic reaction product (PARP).  I t  
appears that the PARP desorbs and further  reacts to 
form secondary products as discussed below. After 
10 hr wet stand, the upper cathodic discharge plateau 
disappears. 

Electrode type C was used to create reaction prod-  
ucts in high enough concentration to detect. Anodic 
operation was begun at 2 mA/cm 2 after a short form- 
ing cycle of 0.1-0.05 milliequivalents. Much larger 
charge input was used compared to the earl ier  runs. 
The 4.2V cathodic discharge plateau was very small 
compared to the anodic charge plateau or the sub- 
sequent discharge at the 3.0V plateau. Samples were 
taken born  positive and negative compartments at 
5.4 and 13.49 milliequivalents, for example, during 
charging. The electrolytic solution volume was 10 cmS 
in each compartment. Samples were sealed into nu- 
clear magnetic resonance (NMR) tubes inside the 
argon filled glove box. Solution level in each compart-  
ment was kept  constant by adding fresh solution to 
each compartment to replace the 1.0 cm 3 removed as a 
sample. Results of the NMR spectra for the positive 
compartment are shown in Fig. 5. Four new peaks 
appeared and became larger  as charging continued. 
Figure 6 shows an NMR spectra for the negative com- 
partment. One new peak formed. Initially, the only 
hydrogen in the system is in the DMSU molecule. 
New peaks are due to al tered structure of the basic 
DMSU molecule causing shifts in the resonance fre-  
quency for the hydrogen atoms. Thus, four reaction 
products have been identified for the anodic charging 
reaction. The NMR peaks which appear and grow with 
continued discharge are conclusive evidence that 
DMSU reacts anodieally above 4.6V forming soluble 
reaction products. 

A cathodic discharge half cycle at  2 mA/cm 2 was 
begun immediately after the 13.49 milliequivalents 
anodic cycle. Samples were taken, for example, after 
4.9 and 6.9 milliequivalents of cathodic operation. The 
NMR spectra are shown in Fig. 5. Peaks 1, 3, and 4 
diminish or disappear during cathodic operation and 
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Fig. 5. NMR spectra of the electrolytic solutions: (A) before 
charging; (B) after 5.4 milliequivalents charged in; (c) after 13.49 
milliequivalents charged in; (D) after 4.9 milliequivalents dis- 
charged following charging; (E) after 6.9 milliequivalents dis- 
charged following charging. Data for second cycle of a cell Li/ 
LiCIO4, DMSU/C. 

a new peak,  l abe led  peak  5, appears .  These ob-  
servat ions  indicate  tha t  a t  leas t  one of the  anodic 
products,  peak  2, is not  cathodical ly,  active. In  addit ion,  
a l l  or  some of the  products  of the  subsequent  cathodic  
or d ischarging react ion a re  a ma te r i a l  named peak  5 
which  is not DMSU. A complete,  revers ib le  charge-  
d ischarge  cycle does no t  exis t  unde r  the  condit ions 
tested. However ,  at  leas t  l imi ted  cyclic opera t ion  does 
occur. 

To further examine cyclic operation of the DMSTJ 
reaction, multiple cycles were run consecutively. A 

J I 

20 Hz 

I I I I 

••jnew peak 

I I I J I 

Fig. 6. NMR spectrum after 6.9 milliequlvalents was charged 
out, cycle 2 of the cell Li/LiCI04, DMSU/C (electrode C). 

Table I. The positions and intensities of peaks in the C 13 NMR 
spectrum after 9.44 milliequivalents were charged in, cycle 4 of 

the cell Li LiCI04, DMSU C (electrode C) 

Relative Positions 
P e a k  No. intensities (Hz) 

1 18 19983 
2 14 1858.4 
8 13 1826 .2  
4 14 1793.7 
5 18 1482.2 
6 14 1287.7 
7 27 1282.0 
8 19 1278 .0  
9 18 1272.9 

10 800 1259.0 
11 12 1151.2 
12 13 271.4 

type  C elect rode was opera ted  anodica l ly  at  2.5 m A /  
cm 2 for 10.84 mi lhequ iva len t s  and  then d ischarged  
ca thodical ly  to a 2.0V cutoff po ten t ia l  which  a l lowed 
6.3 mi l l iequiva lents  of  cathodic cur ren t  to be passed.  
Samples  were  taken  fol lowing the 3rd complete  cycle 
and af ter  9.44 mi l l i equiva len ts  charged  in at  2 m A /  
cm 2 on the anodic or  first hal f  of the  4th cycle. Peak  
5 appears  to pers is t  fol lowing cathodic discharge,  in-  
d icat ing that  the species corresponding to peak  5 r ep -  
resents  a species not  or  a t  most  pa r t i a l l y  e lec t rochem-  
ica l ly  active. 

As a double check on DMSU invo lvement  in the 
e lec t rochemical  reactions,  a C 13 NMR spec t rum was 
run  on the sample  taken  in the  4th cycle. Posi t ions and 
intensi t ies  of peaks  are  shown in Table  I. Peaks  2, 3, 
and 4 are  for deu te r ium chloroform used to lock the 
spec t rum dur ing  accumulat ion  of signals. Peak  12 is 
for t e t r ame thy l  si lane (TMS),  used as the s tandard .  
Peak  10 is for DMSU. The remain ing  seven peaks  are  
der ivat ives  of DMSU which accumula te  as cycl ing 
proceeds.  

The accumulat ion  of DMSU reac t ion  products  in the 
posit ive compar tmen t  and the appearance  of a DMSU 
react ion p roduc t  in the  nega t ive  compar tmen t  ind i -  
cates that  at  the ex t r eme  potent ia ls  inves t iga ted  DMSU 
is degraded.  

Conclusions 
1. Lame l l a r  compound of g raphi te  fo rmat ion  is not  

an effective charge s torage mechanism,  in compet i t ion  
wi th  dimethylsulf i te  react ions  at  a posi t ive electrode.  

2. An upper  cathodic p la teau  at  4.2V vs. Li /L i+  
reference  e lect rode is an e lec t rochemical ly  revers ib le  
reac t ion  involv ing  an adsorbed  or  in te rca la ted  p r i m a r y  
reac t ion  product  formed by  anodic oxida t ion  of d i -  
methylsulf i te .  

3. The p r i m a r y  react ion produc t  of anodic oxidat ion  
of dimethylsulf i te  desorbs and forms secondary  ox ida -  
t ion products ,  of which  a t  leas t  some are  e lec t rochemi-  
cal ly  react ive  in subsequent  cathodic, e lec t rochemical  
reactions.  

4. Some of the react ion products  of cathodic and 
anodic react ions are  not  e lec t rochemica l ly  active. Thus, 
a s imply  closed, complete  secondary  ba t t e ry  cycle does 
not  appear  to exis t  a l though numerous  cha rge -d i s -  
charge cycles a re  possible in  an excess of d imethy l . -  
sulfite. 
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Ionic Conductivity in Lithium and 
Lithium-Sodium Beta Alumina 

J. L. Briant* and G. C. Farrington *'1 

General Electric Corpora te  Research and Development, Schenectady, New York 12301 

ABSTRACT 

This pape r  presents  measurements  of ionic conduct iv i ty  in single crysta ls  
of Li + and mixed  L i + / N a +  beta  alumina.  The crysta ls  were  p r e p a r e d  b y  ion 
exchange of Na + be ta  a lumina  crysta ls  in LiC1, LiNO3, or LiNO3 wi th  NaNO3 
added. The measured  room t e m p e r a t u r e  conduct iv i ty  of Li  + be ta  alumina,  
about  3 X 10 -8 ~ - i  c m - i ,  is h igher  than ear l ie r  values.  The ac t iva t ion  energy  
was found to be 0.24 eV from --80 ~ to 400~ Room t empera tu r e  conduct ivi t ies  
of L i + / N a  + be ta  a lumina  crysta ls  pass th rough  a m in imum as the composi t ion 
is va r i ed  f rom pure  Na + to pure  Li  + be ta  alumina.  The act ivat ion energy  
achieves a m a x i m u m  at  the same composition. The theory  of Hendr ickson  and 
Bray  for  m i x e d - a l k a l i  conduction in glasses is adap ted  to exp la in  this  effect. 
The deleter ious  effect of wa te r  on l i th ium t r anspor t  in be t a  a lumina  is also 
examined.  

Many  research efforts over  the  pas t  15 years  have 
searched for  a solid e lec t ro ly te  wi th  h igh  room t em-  
pe ra tu re  Li+ conduct ivi ty.  Al though be ta  a lumina  w a s  
one of the first Li + solid e lect rolytes  invest igated,  
ea r l i e r  measurements  of its conduct iv i ty  were  incon-  
clusive. Repor ted  room t empera tu r e  conduct ivi t ies  
var ied  f rom 1.3 X 10 -4  ~ - 1  cm-1  (d-c measurements )  
(1) to 8.3 • 10 -4  ~ - i  cm-1  (die lectr ic  loss) (2). In  

addit ion,  Whi t t i ngham and Huggins (1) found  an in -  
crease in the slope of the Ar rhen ius  plot  for  the con- 
duct iv i ty  of l i th ium beta  a lumina  a round  180~ the 
only such observat ion  for  a be ta  a lumina  isomorph.  
Table  I summarizes  the  p r e - exponen t i a l  factors and 
act ivat ion energies  found for  Li + be ta  a lumina  by  d i -  
electr ic  loss, d-c  conductivi ty,  and t racer  diffusion 
measurements .  F igure  1 i l lus t ra tes  the discrepancies  
among these data.  

Many  o ther  Li + solid e lectrolytes  have also been  in-  
vest igated.  Shannon et al. (3) explored  ionic conduc-  
t iv i ty  in a va r ie ty  of s t ructures  consist ing of isola ted 
polyhedra .  Of the compounds they  described,  one of the 
bes t  conductors  is po lycrys ta l l ine  Li0.sZrl.sTa0.~P8012, 
which  has a conduct iv i ty  of 4.1 • 10 -6  ~ - i  cm-1  a t  
25~ (ex t r apo la t ed )  and 9.1 • 10 -8  ~ - i  c m - I  at  
300~ (see Fig. 1). Hong (4) synthesized a new com-  
pound, Li14Zn(GeO4)4 (LISICON),  and repor ted  it to 
have a conduct iv i ty  of 1.2 • 10 - i  ~2 -1 c m - i  a t  300~ 
yon Alpen  (5) es t imated  the single crys ta l  conduct ivi ty  
of LISICON by complex admi t tance  analysis  of po ly -  
crys ta l l ine  LISICON samples. He found a much lower  
conduct ivi ty,  2 • 10 -6 ~ - 1  cm-1  at  50~ and 1.2 • 
10-2 ~ - 1  cm-1  at  200~ Ionic conduct iv i ty  in single 
crystals  of LisN was measured  by  yon Alpen  et al. (6) 
and found to be 5.4 • 10 -4 at  25~ However ,  conduc-  
t iv i ty  measurements  on this ma te r i a l  a re  compl ica ted  

* E lec t rochemica l  Society Act ive  Member. 
Z P r e s e n t  address :  D e p a r t m e - t  o{ i*iaterials Science and Engi- 

neer ing ,  Unive r s i ty  of Pennsy lvan ia ,  Phi ladelphia ,  Pennsylvania 
19104. 

Key words: crystals ,  conduct ion,  ac t iva t ion  energy.  

b y  hydrogen  doping (which enhances conduct iv i ty)  
and  surface layers  of LiOH and Li2CO8 (which degrade  
conduct iv i ty)  (7). While  Li~N is the only  l i th ium ion 
conductor  shown to be s table  in contact  wi th  mol ten  
l i thium, it is uns table  in contact  wi th  the a tmosphere .  

In 1977 Roth  and Fa r r ing ton  (8) observed  tha t  cer-  
ta in mixed  L i + / N a +  beta  a lumina  po lyc rys ta l l ine  
ceramics (L i :Na  about  1:1) have v e r y  high room 
t empera tu r e  conductivit ies.  They  es t imated  the equ iv -  
a lent  single c rys ta l  conduct iv i ty  of mixed  L i + / N a  + 
beta  a lumina  (1:1) to be about  1 • 10-a ~ - 1  cm-1.  
Because this value  was h igher  than the values  of 1 • 
10 -4  to 8 • 10 -4  n - i  cm-1  p rev ious ly  r epor ted  for  
pure  Li+ be ta  alumina,  they  pos tu la ted  tha t  the  in-  
creased conduct iv i ty  of the  mixed  L i + / N a  + composi-  
t ion was due to a co-ionic effect. The in i t ia l  goal  of the  
present  research  effort was to confirm the ea r l i e r  m e a -  
surements  of mixed  L i + / N a  + be ta  a lumina  conduc-  
t iv i ty  on single c rys ta l  ins tead of po lycrys ta l l ine  speci-  
mens. These values  were  indeed confirmed, bq t  a much  
more  in teres t ing  observat ion  was also made,  namely,  
tha t  ea r l ie r  measurements  signif icantly unde res t ima ted  
the conduct ivi ty  of pure  Li + be ta  a lumina.  We have  
found that  the conduct ivi ty  of  pure  Li  + be ta  a lumina  is 
about  3 • 10 -8 ~ - i  cm-1  at  25~ Li + beta  a lumina  is 
therefore  the most conduct ive Li + solid e lec t ro ly te  ye t  
reported.  We have also found tha t  the conductivi t ies  
of mixed  L i + / N a  + be ta  a lumina  composit ions do not 

Table I. Conductivity data reported for Li + beta alumina 

o-o (~-~ EA T e m p e r a t u r e  
Method cm -1 K) (eV) r an g e  (~ Ref. 

A. D-C conduct iv i ty  5.4 x 101 0,187 - 10O to 180 (1) 
B. D-C conduct iv i ty  9.7 • liP 0.372 180 to 800 (1) 
C. T r a c e r  diffusion 3.0 • 104 0.379 200 to 400 (19) 
D. Dielectr ic  loss 5.9 • liP 0.376 7 to 67 (2) 
E. This  work  1.75 • 104 0.265 - 7 3  to 409 
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Fig. 1. Conductivity of lithium beta alumina: A and B: d-c 
measurements (1); C: tracer diffusion (19); D: dielectric loss (2); 
E: this work. 

vary  l inea r ly  be tween  pure  Na + and Li + be ta  a lumina  
conductivit ies,  bu t  ins tead  go th rough  a minimum.  
This effect is analogous to mixed  a lka l i  conduction in 
glasses and consistent  wi th  the proper t ies  of mixed  
N a + / K  + beta  a luminas  (2, 9) and  N a + / K  + be ta  and 
beta"  gal la tes  (9), analogous s t ructures  to the be ta  
and beta"  a luminas.  

In this paper  we presen t  our  resul ts  on three  topics: 
(i) The conduct iv i ty  of pure  l i th ium beta  a lumina;  
(it) the conduct iv i ty  of mixed  L i + / N a  + be ta  a lumina;  

and (iii) the influence of wa te r  on ionic conduct iv i ty  of 
all  of these mater ia ls .  Discussions of each topic fol low 
the resul ts  in each section. We also offer a l ike ly  ex-  
p lanat ion  for the confusion of ear l ie r  measurements .  
No rev iew of the be ta  a lumina  s t ruc ture  is included.  
We refer  readers  in te res ted  in de ta i led  discussions of 
the s t ruc ture  of sodium be ta  a lumina  to severa l  o ther  
papers  (10, 11, 12). 

Exper imental  
Single  c rys ta l  samples  ( typ ica l ly  1 X 2 • 4 mm)  of 

sodium beta  a lumina  were  cut f rom a single c rys ta l  
boule  grown by  the Union Carbide  Corporat ion.  ~The 
weight  changes observed for samples  of this type  
upon ion exchange of sodium by  potass ium or s i lver  
indicate  that  thei r  composit ions va ry  from about  1.13 
Na20 �9 11 A1203 to 1.24 Na20 �9 11 A1203. Other  inves t i -  
gators  (13, 14) have observed  tha t  samples  cut  f rom 
the outside of Union Carbide  sodium beta  a lumina  
boules have lower  Na20 contents  than samples  cut  
f rom the center.  L i th ium beta  a lumina  samples  were  
p repa red  by  ion exchange  in h igh ly  pure  LiC1 at  
675~ Mixed L i + / N a  + be ta  a lumina  samples  were  
p repa red  by ion exchange  in mol ten  LiNO3 with  0-1% 
NaNO3 added. The ex ten t  of ion exchange  for  each 
sample  was de te rmined  by  measur ing  its weight  before  
and af ter  exchange.  

Single  crysta ls  we re  moun ted  on a lpha  AI203 sub-  
s t ra tes  for  complex  impedance  measurements .  Con-  
duc t iv i ty  was measured  using blocking Au  electrodes 
and a-c  complex  impedance  analysis .  Samples  were  
dr ied  at  350~ in a d ry  He a tmosphere  in the  m e a s u r e -  
ment  cell  before  measu remen t  and ma in ta ined  in this 
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He a tmosphere  dur ing  measurement .  Deta i ls  of these 
techniques have been descr ibed e l sewhere  (15). 

Results and Discussion 
Ionic conductivity in l i thium beta alumina.--Our re-  

sults indicate  tha t  l i th ium be ta  has the highest  ionic 
conduct iv i ty  at  25~ of a l l  l i th ium ion solid e lec t ro ly tes  
ye t  repor ted .  The conduct ivi t ies  of five crysta ls  m e a -  
sured at  25~ va r ied  f rom 2.1 )< 10 -8 ~2 -1 cm -1 to 
3.7 • 10 -8  a - 1  cm-1  (see Table  I I ) .  Since a l l  of the 
samples  were  p repa red  b y  ion exchange,  they  could 
have contained var iab le  amounts  of res idua l  sodium 
(1-2%) or s l ight  concentrat ions  of secondary  a lka l i  
or  d iva len t  ions. Such smal l  var ia t ions  in composi t ion 
or  in s to ichiometry  might  r easonab ly  have produced  
the range  of conduct ivi t ies  we observed.  We wi l l  
demons t ra te  tha t  the var ia t ion  is not  due to the rmal  
aging effects. 

The conduct ivi t ies  of th ree  samples  were  measured 
as a funct ion of t e m p e r a t u r e  f rom 25 ~ to 400~ and 
two others  were  measured  f rom --80 ~ to 400~ The 
t empera tu re  dependence  of conduct iv i ty  for each sam-  
ple fol lowed a s imple Ar rhen ius  re la t ionship  (Eq. [1]) .  
Act iva t ion  energies  (EA) ranged  f rom 0.23 to 0.25 eV 
with  an average  value  of 0.24 eV. The s t r a igh t - l ine  
Ar rhen ius  behavior  obse rved  here  contrasts  wi th  the 
two- l ine  behavior  r epor ted  by  Whi t t i ngham and Hug-  
gins (1), who found a change in act ivat ion ene rgy  
a round  180~ (see Fig. 1) 

aT = ~o exp ( - E A / k T )  [1] 

We have also briefly examined  the influence of hea t -  
ing to 675~ upon ionic conduct iv i ty  in Li + be ta  a lu -  
mina.  These exper iments  were  suggested by  the work  
of Whi t t ingham and Huggins (1),  who found tha t  an- 
nealing Li -exchanged  be ta  a lumina  above 800 ~ p ro -  
duced a marked  decrease in conduct ivi ty,  and of Dubin  
et al. (16), who found tha t  hea t ing  L i + / N a  + be ta  a lu -  
mina  at  900~ for 4 hr  resul ts  in the t r app ing  of a 
f ract ion of l i th ium ions in immobi le  sites p r e s u m a b l y  
located in the spinel  block. In  our  exper imen t s  hea t ing  
to 675~ had no significant influence upon conduct ivi ty.  
Two exper iments  were  carr ied  out. Al though most  
samples  were  exchanged in LiC1 at  675~ for about  1 
hr, two samples  were  exchanged  for about  16 hr. Thei r  
conduct ivi t ies  at  25~ and act ivat ion energies  are  com- 
parab le  to values observed for crysta ls  exchanged  for  
only  1 hr. Ano the r  c rys ta l  was exchanged  for 30 min, 
heated in air  a t  675~ for  six days, and  then r e - e x -  
changed for 30 min. I ts  conduct iv i ty  and ac t iva t ion  
energy  are  also comparable .  If  t r app ing  does occur at 
675~ it influences conduct iv i ty  ve ry  slowly.  

The high conduct iv i ty  of l i th ium beta  alumina 
focuses a t tent ion on severa l  aspects of the microscopic 
mechanism of Li+ migra t ion  in the be ta  a lumina  s t ruc-  
ture. Previous  invest igators  have  exp la ined  the ap -  
pa ren t ly  low conduct ivi ty  of l i th ium beta  a lumina  by  
not ing tha t  Li ions are  too smal l  to occupy sites on the 
conduct ing plane and bond s imul taneous ly  to both 
c lose-packed  oxygen layers .  Therefore,  Li  + should be 
displaced toward  one or  the  o ther  c lose-packed  layers .  
Because of the i r  h igh charge to radius  ratio,  l i th ium 

Table II. Conductivity of Li + beta alumina 

E x c h a n g e  
eond i -  ~(25oc) (To (~2 -1 EA 

S a m p l e  t ions~  (~-1 cm-1)  cm-~ K)  ( e V )  

1 IS 3.7 x 10 -3 7.9 • I0 ~ 0.23 
2 2 2.3 x I0 -'~ 7.2 • i0 ~ 0.24 
3 16 2.1 • I0 ~ 9.7 • I0 ~ 0.25 
4 1 2.2 • 10 -3 6.9 • 10 c 0.24 
5 2 3.3 x 10 -8 10.4 • 10 ~ 0.24 

Average  2.7 x 10 4 8.4 x 108 0.24 

. H o u r s  i n  LiC1 a t  675~ 
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ions are more polarizing than other alkali ions. Li ions 
therefore can form stronger covalent bonds with t h e  
oxygen atoms in the conducting plane of beta a lu-  
mina. Covalent bonding increases the activation energy 
for conductivity and decreases the conductivity at 25~ 
The only study (17) of the structure of beta alumina 
containing lithium ions, which was carried out on a 
mixed (1: 1) Li+/Na + composition, has indeed l o c a t e d  
Li ions off the conduction plane above the mid-oxygen 
sites bonded to either of the two close-packed oxygen 
layers. The Li + diffusion pathway probably then in- 
volves ionic hopping along the close-packed oxygen 
layers or the movement of Li+ from one close-packed 
oxygen layer to the other across the conduction plane. 
If Li+ ions hop between positions above and below t h e  
conduction plane, this motion should give rise to a d i -  
e l e c t r i c  dispersion in the c direction of the crystal. 
Anderson (18) has reported observing the effect of 
Li+ ion hopping parallel  to the "c" axis in the low 
energy excitation spectrum of Li + beta alumina. Off- 
plane bonding can explain why the activation energy 
for conductivity in Li+ beta alumina (0.24 eV) which 
we observed is considerably larger  than that of Na + 
beta alumina (0.10 eV). 

Ionic conductivity in mixed Li+/Na + beta a$um{na. 
- - I n  1967 Yao and Kummer (19) published classic 
data on the ion-exchange properties of Na + beta alu- 
mina in mixed NaNOs-XNO3 melts (X ---- Ag, Li, K, 
T1, Rb, Cs). They demonstrated that thermodynamic 
equilibrium at 300~176 favors the reaction 

NaNOa + Li + beta alumina 

-> LiNOs + Na + beta alumina 

Because of the trace quantity of sodium in nominally 
pure LiNOs, Na+ beta alumina crystals immersed in 
LiNOz become only 60-80% exchanged to Li + beta 
alumina. Addition of 1% NaNO~ to nominally pure 
LiNO8 lowers the extent of exchange to about 35%. 
Small variations in such data from melt to melt are 
presumably due to variations in the amount of sodium 
impurity. 

The results of our conductivity measurements on 
Li+/Na+ beta alumina are summarized in Table III. 
Activation energy and room temperature resistivity as 
functions of composition are shown in Fig. 2 and 3. 
Both the activation energies and room temperature 
resistivities pass through maxima at compositions of 
about 70% Li, 30% Na. 

All of the Arrhenius plots which we measured a r e  
straight lines except one (sample D, Fig. 4). This 
sample was exchanged in LiNO8 and had a composition 
of 75% Li, 25% Na. Its Arrhenius plot is very similar 
to that described by Whittingham and Huggins for 
Li + beta alumina. The room temperature conductivities 
are comparable and both plots have a change in a c -  
t i v a t i o n  energy from 0.18 eV below 180~ to 0.38 eV 
above 180~ Such unusual behavior could be the 
effect of either this part icular  mixed composition or 
of hydration. We suggest that the discrepancies in 
earlier data are due to measurement of samples with 
uncertain Li+/Na + compositions and uncertain states 
of hydration. 
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Fig. 2. Activation energy far conduction as a function of Li-Na 
beta alumina composition. 

The only other investigation of the ionic conductivity 
of mixed Li+/Na + beta alumina was described by 
Kanecla et al. (20). They measured the conductivity 
of a single crystal of 18% Li +, 82% Na + beta alumina 
prepared by ion exchange of Union Carbide sodium 
beta alumina, the same starting material  which w e  
used. They found a room temperature resistivity o f  
about 160 ~-cm and a straight-l ine Arrhenius plot with 
an activation energy of 0.23 eV. The resistivity is con- 
sistent with ours but their activation energy is some- 
what higher. 
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Table III. Conductivity of L i+ /Na  + beta alumina 

C o m p o .  
s i t i o n  crc2~~ ~o 

S a m p l e  (% Li )  (~-1 cm-~) (~-~ e m  -1) E ,  (eV)  

O 2.5 x 10-~ 3.6 x 10 ~ 0.16 
A 12 6.7 x 10 -~ 2.5 x 10 s 0.18 
B 39 1.5 x 10 ~ 9.5 x 10 ~ 0.26 
C S0 4,9 x 10-4 4.9 X 10 a 0.27 
D 75 2.1 x 10-~ 6.8 X 10 ~ 0.18 b e l o w  180 ~ 

0.38 a b o v e  180 ~ 
E 84 4.2 x 10-~ 6.1 x 10 ~ 0.28 

A v e r a g e  100 2.7 x 10 -3 8.4 x 10 ~ 0.24 

L i - N o  ~ A L U M I N A  
2 5 ~  L 

0 

Fig.  3. Resistivity at 25~ as a function of M-Ha beta alumina 
composition. 
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position reported to be pure lithium beta alumina (1); B: sample 
composition was 75% Li, 25% Na (this work). 

The conduct ion proper t ies  of mixed  L i + / N a  + be ta  
a lumina  are  consistent  wi th  those of N a + / K  + be ta  
and beta"  gal la tes  (9), N a + / K  + be ta  a lumina  (2, 9), 
and mixed  a lka l i  conduct ion in glasses. In  a l l  these 
mate r ia l s  the res is t ivi t ies  and act ivat ion energies  for 
conduct ion pass th rough  m a x i m a  at  some in t e rmed ia t e  
composition. 

Al though  the m i x e d - a l k a l i  effect in glasses is best  
known as i t  appl ies  to conduct ivi ty,  i t  also can be seen 
in many  o ther  proper t ies  including viscosity, density,  
t r ans format ion  t empera tu re ,  sof tening t empera tu re ,  
chemical  durabi l i ty ,  and mechanica l  proper t ies .  The 
magn i tude  of the  effect depends  on the difference be -  
tween the masses of the alkalis.  Many  theories have 
been proposed which can account for the  mixed  a lka l i  
influence on certain,  bu t  not  a l l  propert ies .  However ,  
Hendr ickson  and Bray  (21) have proposed  an a t t r ac -  
t ive theory  which  expla ins  the mass dependence  of the 
effect and has the  potent ia l  of accounting for the non-  
l i nea r i ty  in all  these proper t ies .  Their  idea is s imple 
and can be appl ied  easi ly  to L i + / N a  + be ta  a lumina.  

Hendr ickson  and Bray  consider  two types  of a lka l i  
ions res id ing in sites in a glass ne twork .  These ions 
osci l late  about  the energy  min ima  of the i r  sites in the r -  
mal  equ i l ib r ium wi th  the i r  environment .  Since each 
pos i t ive ly  charged ion in its nega t ive ly  charged s i te  
forms an electr ic dipole, the v ib ra t ion  of each ion p ro -  
duces an osci l la t ing dipole field in its neighborhood.  
Other  n e a r b y  ions respond to this field. Each of these 
osci l lat ing dipoles has a n a t u r a l  resonant  f requency  
de t e rmined  by  the ion mass, t empera tu re ,  and the 
curva tu re  of the energy  minimum.  Different  a lka l i  ions 
(and even different  isotopes) wi l l  c lear ly  have differ-  
ent  frequencies.  While  l ike ne ighbor ing  ions wi l l  dr ive  
each o ther  at  resonant  f requency,  unl ike  ions wi l l  
d r ive  each o ther  a t  off - resonant  frequencies.  Hendr i ck -  
son and Bray  have der ived  both classical  and quan tum 
mechanica l  expressions for the in terac t ion  energy and 
have shown that  i t  is in genera l  negat ive  for unl ike  
ions. ( I t  is zero for ident ica l  ions.) Therefore  the  po-  
tent ia l  ene rgy  wells  of mixed  ion pai rs  a re  deeper  and 

the act ivat ion energy  for ion mot ion should be la rger .  
This theory  can provide  an explana t ion  of the m i x e d -  

a lkal i  effect in be ta  alumina.  The mobi le  a lka l i  ions in 
be ta  a lumina  reside in sites in the l aye red  conduct ion 
planes.  While  the sites fo rm an ordered  crys ta l l ine  ar- 
ray, occupancy of the  sites is be l ieved  to be consider-  
ab ly  disordered.  Fur the rmore ,  be ta  a lumina  contains 
excess a lka l i  (in this case 13-24% excess) over  the 
composit ion of one a lka l i  ion pe r  uni t  cell  in the con- 
duct ion plane.  Therefore,  while  t h r ee -qua r t e r s  of the 
cells wi l l  be s ingly  occupied, one -qua r t e r  wi l l  be doubly  
occupied. A wide ly  accepted calculat ion by  Wang et aZ. 
(22) has shown tha t  the act ivat ion energy  for mot ion 
of an ion in a s ingly  occupied cell of Na+ beta  a lumina  
is ve ry  high, about  2 eV. However ,  the act ivat ion en-  
e rgy  ca lcula ted  for  mot ion of the in te r s t i t i a ley  pai rs  in 
doubly  occupied cells is much lower  (0.14 eV) and 
agrees wel l  wi th  expe r imen ta l  da ta  (0.15-0.16 eV).  I t  
is therefore  l ike ly  tha t  such in te r s t i t i a lcy  pai rs  p rovide  
most of the ion motion in be ta  alumina.  In  L i + / N a +  
beta  a lumina  many  such pairs  can be expected  to con- 
sist  of unl ike  ions, which wil l  in te rac t  as of f - resonant  
osci l la t ing dipoles as in glasses. Indeed the p rob lem of 
smal l  var ia t ions  in the curva tu re  of the energy  min ima  
in glasses has been e l imina ted  in beta  alumina,  be -  
cause the sites a re  ident ica l  c rys ta l lographica l ly .  
Therefore  the ac t iva t ion  energies  and resis t ivi t ies  of 
L i + / N a  + be ta  a lumina  composit ions should pass 
through maxima.  

This theory  also predicts  an in te res t ing  effect which  
has a l r eady  been observed in the mixed  N a + / K  + be ta  
and beta"  gal la te  system. I t  predic ts  tha t  the mixed  
ion effect should be subs tan t ia l ly  reduced  in the beta"  
s t ructure  f rom the be ta  s t ructure .  Since there  a re  
two low energy  ion sites in each plane uni t  cell  of 
the beta"  s t ruc ture  while  there  is only  one in the be ta  
s t ructure ,  all  excess a lkal i  ions can be accommodated  
in these low energy  sites in the beta"  s t ruc ture  and 
in te rs t i t i a lcy  pairs  are  less l ike ly  to form. The p re -  
dominan t  conduction mechanism is expected  to be in-  
d iv idual  ion hopping. Ion -pa i r  in teract ions  and con- 
sequent ly  the mixed  a lka l i  effect are expected to be 
cons iderably  reduced.  Chandrashekha r  and Fos te r  have  
indeed observed that  N a + / K  + beta  gal la te  shows a 
more  pronounced mixed  a lka l i  effect than N a + / K  + 
beta" gal la te  in both conduct iv i ty  and act ivat ion en-  
e rgy  (9). 

Inl~uence of H~O on conductivity in lithium beta al~- 
mina.--Kline et al. (23) have prev ious ly  r epor ted  tha t  
exposure  of sodium beta  a lumina  powder  to wa te r  
vapor  results  in a b roaden ing  of the NMR line asso-  
ciated wi th  sodium ion motion. Hea t ing  the hyd ra t ed  
sample  above about  200~ restores  a no rma l  sodium ion 
spectrum. Yao and K u m m e r  (19) have also indicated,  
on the basis of in f ra red  absorpt ion  measurements ,  tha t  
wa te r  appears  to r eve r s ib ly  in te rca la te  into the con- 
duct ion planes  of l i th ium and sodium be ta  alumina.  

We have found tha t  the conduct ivi t ies  of l i th ium beta  
a lumina  crystals  at  25~ decrease s tead i ly  when ex-  
posed to a tmospher ic  humidi ty .  Hea t ing  to 350~176 
results  in a constant  high conduct ivi ty.  In  separa te  
the rmograv imet r i c  analysis  exper iments  we found tha t  
powdered  samples  of l i th ium be ta  a lumina  r eve r s ib ly  
absorb and desorb about  3 weight  percen t  wa te r  when 
exposed to 10 Torr  wa te r  vapor  pa r t i a l  pressure  at  
25~ The wa te r  is r evers ib ly  lost in a single d e h y d r a -  
tion step a round  250~ Our da ta  show tha t  h igh con- 
duc t iv i ty  is only  observed for carefu l ly  dr ied  samples  
of l i th ium beta  alumina.  

Fur the rmore ,  the  hydra t ion  of Li + be ta  a lumina  
crystals  distorts  the shapes of the i r  complex impedance  
and admi t tance  plots and can even render  them un in -  
te rpre table .  We l l -d r i ed  specimens exhib i t  c lassical ly  
shaped and eas i ly  in te rp re ted  complex impedance  and 
admi t t ance  plots. 
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Conclusions 
When small single crystals of sodium beta alumina 

are immersed in very pure molten LiC1 at 675~ essen- 
tially complete ion exchange takes place. The product, 
lithium beta alumina, has a lithium ion conductivity at 
25~ of about 3 • 10 -8 (~2 cm)- l .  The variation of the 
conductivity of lithium beta alumina with temperature 
follows a straight line Arrhenius plot from --80 ~ to 
400~ with an activation energy of 0.24 eV. Lithium 
beta alumina hydrates rapidly upon exposure to water 
vapor at 25~ Hydration dramatically decreases its 
conductivity. High conductivity is regained by heating 
at 350~ It is possible that incomplete ion exchange or 
incomplete dehydration contributed to the higher re- 
sistivities reported earlier for Li + beta alumina (1, 2, 
19). 

The conductivity of mixed Li+/Na + beta alumina 
displays the classic mixed alkali effect. At 25~ it goes 
through a minimum of 2 • 10 -4 (~ c m ) - I  at an ap- 
proximate composition of Li0.93Nao.~AlnO17.12. The 
conductivities of the mixed compositions also follow 
straight line Arrhenius plots over the range of our 
measurements (-80~176 Hendrickson and Bray's 
theory of the mixed alkali effect can be adapted to ex- 
plain the resistivity maximum of Li+/Na + beta alu- 
mina. 

Although lithium beta alumina is an exceptionally 
good lithium ion conductor, it cannot be used in direct 
contact with molten lithium metal. As are essentially 
all Li+ solid electrolytes, lithium beta alumina is 
rapidly reduced by molten lithium. At elevated tem- 
peratures, lithium beta alumina could not be used in 
the presence of low lithium activity, perhaps buffered 
from direct contact with lithium by a molten salt. At 
lower temperatures, lithium beta alumina could func- 
tion well as a separator in lithium nonaqueous electro- 
lyte cells. Solid-state cells with direct contact between 
lithium and lithium beta alumina should also be 
stable, since slow kinetics should preclude significant 
lithium/electrolyte reactions. 

Finally, in considering applications of lithium beta 
alumina, we should emphasize that the conductivities 
reported in this paper are single crystal values. Because 
single crystals of beta alumina conduct in only two 
dimensions and cleave readily, polycrystalline mem- 
branes must be used in practical applications. Poly- 
crystalline ceramics contain grain boundaries which 
introduce additional impedance to ion transport. Con- 
ductivities attained in actual solid electrolyte devices 
are therefore typically lower (2-108 times) than those 
observed for single crystals. 

Manuscript submitted Oct. 6, 1980; revised manu- 
script received March 18, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs o~ this article were assisted by 
General Electric Company. 
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ABSTRACT 

Exper iments  were  car r ied  out  to de te rmine  the  s tab i l i ty  of boron nitride 
separa to r  ma te r i a l  in mol ten  sal t  cells using l i t h ium ch lor ide-po tass ium chlo-  
r ide  (LiC1-KC1) eutect ic  e lec t ro ly te  and two stainless s teel  screen electrodes.  
The potent ia ls  of these electrodes were  set by  two separa te  e lec t r ica l  circuits  
and a l i th ium-s i l icon  (Li -S i )  reservoi r  electrode.  The boron n i t r ide  separator 
was found s table  at  potent ia ls  above --136 mV wi th  respect  to a l i t h i u m - a l u -  
minum reference  e lect rode at  700 K. The separa to r  reac ted  wi th  l i th ium and 
became conduct ive at  potent ia ls  more  reducing  than  -- ,--200 inV. Forma t ion  
of a bor ide  and Li3N led  to the conduct ivi ty .  

Compact  cells compris ing l i t h i u m - a l u m i n u m  or  l i th -  
ium-s i l icon  nega t ive  electrodes,  i ron  disulfide posi t ive 
electrodes,  l i th ium ch lor ide-po tass ium chloride e lec t ro-  
lyte,  and boron n i t r ide  separa tors  are  undergoing  de-  
ve lopment  for  ba t te r ies  o~ high specific energy  and high 
specific power  (1-3).  In  the case of the  l i t h i u m - a l u m i -  
num electrode,  the  cell  opera tes  at  700 K in the a-~ 
region  of the  l i t h i u m - a l u m i n u m  phase  d iag ram (4) at  a 
nega t ive  e lec t rode  poten t ia l  of 290 mV wi th  respect  to 
pure  l i th ium (5). Some of the  cells las ted more  than  
10,000 h r  (1) and pos t - t es t  analysis  showed tha t  fa i lure  
was not  due to chemical  a t t ack  of the  boron n i t r ide  
separa to r  by  the l i t h i u m - a l u m i n u m  elec t rode  (6). 

In  the  case of the  l i th ium-s i l icon  electrode,  the cell 
opera tes  a t  700 K in the composit ion regions, Si-Li2Si, 
Li2Si-Li21Sis, and Li21Sis-Lil~Si4. The respect ive  
p la teaus  of po ten t ia l  corresponding to these composi-  
t ion regions occur at  330, 281, and  154 mV wi th  respect  
to pure  l i t h ium (5). Dur ing  charging of the  cell, high 
se l f -d ischarge  is observed  in the region where  Li15Si4 
is formed.  Boron n i t r ide  has been observed to react  
wi th  pure  l i th ium at  ~700 K (6). I t  m a y  also react  wi th  
Lil~Si4 to form a conduct ive  bor ide  pe rmi t t ing  self-  
discharge.  

This inves t igat ion was car r ied  out  to develop a tech-  
nique sui table  for eva lua t ing  sepa ra to r  mate r ia l s  for  
l i t h i u m - a l l o y / i r o n  disulfide cells in genera l  and to de -  
t e rmine  the s tab i l i ty  of boron n i t r ide  in par t icu lar ,  a t  
the potent ia l  of the Li21Sis-Li15Si4 p la teau  and, fur ther ,  
to de te rmine  the range  of potent ia ls  a t  which boron 
n i t r ide  is stable.  These da ta  wi l l  help  select composi-  
tions of the negat ive  e lect rode which  wi l l  a l low cell  
opera t ion  wi th  min ima l  sel f -discharge.  

Experimental 
All  of the expe r imen ta l  work  was done in a he l ium 

a tmosphere  glove box. The da ta  were  ob ta ined  b y  a 
cell  (Fig. 1) in which  two stainless steel  screen elec-  
t rodes and l i th ium ch lor ide-po tass ium chloride e lec t ro-  
ly te  were  used. The electrodes sandwiched  the boron 
n i t r ide  separator ,  and  the potent ia ls  were  set b y  two 
separa te  e lec t r ica l  circuits  and a l i th ium-s i l icon  r e se r -  
voir  (counter)  e lec t rode  in the cell. The e lec t r ica l  
c ircui t  is shown in Fig. 2. This a r r a n g e m e n t  a l lowed us 
to subject  the boron n i t r ide  to var ious  potent ia ls  (i.e., 
various  l i th ium act ivi t ies)  and to moni to r  the l i th ium 
consumed in the reac t ion  wi th  boron nl t r ide .  

For  p repa r ing  the rese rvo i r  (counter)  electrode,  a 
n ickel  cur ren t  collector (98% porous)  was placed in a 
c i rcu la r  s tainless steel  chamber  one face of which  was 
a l r eady  closed by  spo t -we ld ing  a double  l aye r  of 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
Key w o r d s :  BN, s e p a r a t o r ,  f u s e d  salt, corrosion. 

stainless s teel  screens (400 mesh  fol lowed b y  150 
mesh) .  The chamber  was v ib ra t ion - loaded  wi th  60/100 
mesh par t ic les  of Li2Si and  its open face was closed by  
spo t -weld ing  a double  l aye r  of the screens. Comple te  
detai ls  of the  e lect rode and Li2Si p repa ra t ion  are de-  
scribed in Ref. (7). The e lect rode was 3.5 cm in d i am-  
e ter  and of 2.6 A �9 h r  capacity.  

Each screen e lect rode was made  by  spo t -we ld ing  a 
stainless steel  screen (150 mesh)  onto a s tainless  steel  
r ing  (2.5 cm d iam) .  They  were  c leaned by  acetone and 
deionized wa te r  r inses in an ul t rasonic  cleaner.  

A l i t h i u m - a l u m i n u m  reference  e lec t rode  whose com- 
posit ion was a lways  ma in ta ined  in the ~-~ phase  region  
(4) was used. P r epa ra t i on  of the reference  e lec t rode  
is given in the Append ix  and the poten t ia l  wi th  respect  
to pure  l i th ium is given (5) by  the equat ion 

V(mV) _-- 464.438 -- 0.2488T [I] 

The boron n i t r ide  cloth was 2 m m  thick, had  twi l l  
weave,  and was purif ied b y  vacuum t r ea tmen t  as de -  
scr ibed in Ref. (6). The cloth was impregna ted  wi th  
e lec t ro ly te  at  ,~725 K under  vacuum. 

The LiC1-KC1 eutectic e lec t ro ly te  mix tu re  was p r e -  
pared  using 99.6% pure  l i th ium chloride and 99.9% 
pure  potass ium chloride.  The mix tu re  was purif ied b y  
bubbl ing  chlor ine  th rough  the me l t  at  ~725 K for  
about  14.5 ksec and subsequen t ly  scavenging the chlo-  
r ine by  bubbl ing  he l ium for about  3.6 ksec (5). 

Fig. 1. Schematic diagram of the cell 

1835 



1836 J.  Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  September I98I 

Fig. 2. Schematic diagram of 
the circuitry. 
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A tubu la r  furnace  (150 m m  high, 75 m m  diam)  was  

used in conjunct ion wi th  a var iab le  t r ans fo rmer  to 
hea t  the cell. Ch rome l -A lume l  thermocouples  and a 
mi l l ivol t  po ten t iomete r  were  used for  t empera tu re  
measurements .  The o the r  e lec t r ica l  ins t ruments  in -  
cluded two d-c  power  suppl ies  and  two dua l - channe l  
recorders  for  m e a s u r i n g  cur ren t  and  potent ials .  In  
addit ion,  two digi ta l  meters  were  used to check the 
vol tages and currents  recorded  b y  the dua l - channe l  
recorders .  

P r o c e d u r e  

About  250g of the e lec t ro ly te  was p laced  in the  
s tainless  steel  container  wi th  the  reservoi r  (counter)  
e lect rode at tached.  The conta iner  was inser ted  into a 
quar tz  enclosure in the furnace.  The e l e c t r o l y t e  was 
hea ted  to the opera t ing  tempera ture .  The screen e lec-  
t rodes wi th  the boron n i t r ide  separator ,  re ference  
electrode,  and thermocouple  were  posi t ioned in the  
melt .  Af te r  t he rma l  equi l ibr ium,  the top screen e lec-  
t rode (anode)  was set as 0.5V or  1.5V wi th  respect  to 
the l i t h i u m - a l u m i n u m  reference  electrode,* and the 
bot tom screen e lect rode (cathode)  was he ld  at  the  de -  
s ired potential .  S t eady - s t a t e  cur rents  to main ta in  the 
potent ia ls  at  the screen electrodes were  measured.  In  
the absence of electronic conduct iv i ty  in the sepa ra to r  
the cathodic cur ren t  in the bo t tom screen suppor ts  two 
e lec t rochemical  phenomena.  These are  the scavenging 
of impur i t ies  and the product ion of l i th ium which 
ei ther  is t r anspor ted  by  diffusion and convection p ro -  
cesses to the bulk  e lec t ro ly te  or  reacts  wi th  the boron 
n i t r ide  separator .  The react ion wi th  boron n i t r ide  is 
d is t inguished f rom the o ther  phenomena  by  compar i -  
son of currents  measured  under  two types  of exper i -  
ments. In the first type,  base level  cur rents  were  mea -  
sured wi th  the boron n i t r ide  contact ing only the anode. 
This was done to prec lude  the react ion of the boron 
n i t r ide  wi th  l i th ium whi le  ma in ta in ing  the same po-  
tent ia ls  and hydrodynamic  condit ions as for the sub-  
sequent  measurements .  In the second type  of exper i -  
ments  car r ied  out to s tudy  the boron n i t r ide  reac t ion  
with  l i thium, the boron n i t r ide  was in' contact  wi th  
both the cathode and anode  or only  wi th  the cathode. 

Resu l ts  a n d  D iscuss ion  

Base- leve l  cur ren t  da ta  a re  given in Table  I and 
Fig. 3a. In  o rde r  to obta in  these data, the bo t tom screen 
was set at  1.5V and the top screen was set at  potent ia ls  
be tween  --75 and --280 mV. The values  are  ave raged  
f rom three sets of readings  taken  over  a per iod of 1350 
ksec. Cathodic cu r ren t  to deposi t  l i th ium on a screen 
is posi t ive in the table  and anodic cu r r en t  to remove 
l i th ium from a screen is negat ive .  

S t eady - s t a t e  cur ren t  data  for var ious  imposed poten-  
tials of the bot tom screen e lect rode (cathode)  at  725 K 
when both screens were  in contact  wi th  the boron 
n i t r ide  cloth are  also given in Table I and presen ted  
g raph ica l ly  in Fig. 8b. The top screen (anode)  was 
held at 500 inV. Upon set t ing the bo t tom screen (ca th-  
ode)  potential ,  the cur ren t  surged and then cha rac te r -  
i s t ical ly  t apered  off. But a t  lower  potent ia ls  (,~ --267 

Henceforth all of the potentials will be given with respect to 
the lithium-aluminum reference electrode. 

-ioo -zoo -300 
NECAT:VE E~ECTRODE POTE~IAL, ~V 

Base level current vs, neRative electrode potentlal ,  

~ -  Posltlve ~lec~roae - ] .5  V. 
Ne~atzve ~lectro4e 

Fig. 3a. Base level current vs. negative electrode potentiai. 
~ Positive electrode, 1.5V; @ negative electrode. 
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Table I. Potential and current data of the two screen electrodes. 
Temperature = 725 K. 

T o p  s c r e e n  B o t t o m  screen 
Hold time 

P o t e n t i a l  C u r r e n t  ( m A )  P o t e n t i a l  Current (mA) (ksec) C o m m e n t  

Only the bottom screen electrode was in contact with the boron nitride cloth* 

- -  75 m V  0.6 1 .5V - 0.3 260 
- 136 t o  - 138 0.6 1.5 - 0.65 270 
- 195 to - 196 0.95 1.5 -0 .70 151 
- 243 t o  - 247 1.45 1.5 - 0.90 173 
- 266 t o  - 268 1.8 1.5 - 1.0 173 
- 280 2.3 1.5 - 1.2 86  

Both s c r e e n  e l e c t r o d e s  w e r e  i n  c o n t a c t  w i t h  t h e  b o r o n  n i t r i d e  c l o t h  

0.500V -- + 12.8 mV 0.9 4.5 
0 .500 - 1,4 - 76 0,9 -* 0.6 12,0 

0.500 - 1.3 - 197 1.2 ~ 0.9 4.5 

0,500 - 1,7 - 268 1,7 -* 2,9 30 

0.500 - 2 . 1  - 2 8 6  5.2 -* 5.4 5.0 
0.500 - 2.0 - 269 2.9 1.0 
0.500 - 2 .0  -* - 0.8 - 75 - 0.3-* 0.2 63 

0.500 - 0.6 + 15 0.1 2.4 
0.500 - 0 . 6  - 7 5  0.2 5.4 
0.500 - 0 . 5  - 196 0.6 6.0 
0.500 - 0.7-* - 1.0 - 267 2.0 -* 20 234 
0.500 - 1.0 - 253 15 5.4 
0.500 0 - 195 0.2 3.6 

T h e  f i r s t  r e a d i n g  w a s  t a k e n  1.8 ksec 
after the initial s u r g e  

The first reading w a s  t a k e n  1.8 k s e c  
after the initial s u r g e  

Decreased after the surge to 1.7 mA i n  
3 ksec, then gradually i n c r e a s e d  t o  
2.9 mA in 30 k s e c  

1.04 w a s  a t t a i n e d  i n  0.3 k s e ~  
Attained within 0.12 ksec 
After discharging for 1.5 k s e c  a t  1,5 

mA (averaged) 

Reached limiting current of 20 mA 

C u r r e n t  d r o p p e d  f r o m  15 t o  0.2 m A  i n  
0.36 ksec 

�9 B a s e  l e v e l  c u r r e n t  d a t a .  

mY),  the cur ren t  again increased irregularly,  at far 
greater  than the base level currents,  indicat ing the re-  
action of boron ni t r ide  with l i th ium at these potentials. 
After  ~700 ksec the separator became electronically 
conductive. The top screen potential  could not be main-  
tained at 500 mV by passing even 10 mA anodically in  
its circuit. Rather, it  fell to the potent ial  of the bot tom 
screen. A large quant i ty  of charge was necessary to 
a t t a in  this shorted condition. This charge was remov-  
able. Li th ium equivalent  to ~0.9 A �9 hr  could be dis- 
charged from lg of the separator  using both the top 
and bot tom screens with a total  anodic cur ren t  of 77 
mA. Subsequently,  the top screen anodic current  
diminished to 2 mA and its potent ial  increased to 5 0 0  

mV. This indicated that  the separator lost its electronic 
conduction after the discharge. Henceforth, l i th ium 
could be repeatedly cycled between the separator and 
the reservoir  (counter)  electrode. The third cycle is 
shown in  Fig. 3c. The discharge of this cycle was car- 
ried out using the circuit of the bot tom screen only. A 
voltage plateau indicative of a well-establ ished com- 
pound decomposition, possibly LiTB6 was observed. At  
the end of the plateau, the open-ci rcui t  potential  was 
--142 mV. Later, the open-ci rcui t  potent ial  of the 
reacted separator  was --147 mV over a period of 55 
ksec at the end of the fifth discharge. 

At the end of the test, the fibers of the boron ni tr ide 
separator  were observed to be destroyed. Only a solid 
mass in the shape of the separator  cloth remained.  
This mass reacted with water, evolving a gas. This 
react ion was presumably  due to l i th ium contained in  
a reaction product  boride. 

In  another  test, vitreous carbon was used for the top 
electrode (anode) which contacted the boron ni t r ide 
separator  and was held at 1.5V. The bottom electrode 
(cathode) also in  contact with boron ni t r ide was a 
stainless steel screen held at --136 mV. The currents  
(0.7 mA in the top circuit and 1 mA in the bottom 
circuit) obtained dur ing  3600 ksec of operation at 
700~ were essentially the same as the base-level  
currents  (Table I) .  

S teady-s ta te  cur ren t  data were also obtained with 
only the cathodic electrode contacting the boron ni t r ide 
cloth. The current  in the circuit  of the bottom screen 
(cathode) was indicat ive of the l i th ium consumed in  

the reaction with the boron ni t r ide cloth. The top elec- 
trode (anode) was set at 1.5V and the bottom electrode 
(cathode) in contact with cloth was held at --135, 
--195, and --244 mV at 700 K. The magni tude  of the 
current  in both circuits increased above the base level 
indicat ing the reaction of boron ni t r ide  when  the po- 
tent ia l  of the bot tom screen (cathode) was less than 
--200 mV. 

After main ta in ing  a potential  of --210 mV for 2 8 0  

ksec, chromatographic analysis of the hel ium above 
the electrolyte indicated 216 ppm by volume of n i t ro-  
gen as compared wi th  22 ppm ni t rogen in  the he l ium 
atmosphere of the glove box. The source of this n i t ro-  
gen was l i th ium ni t r ide dissolved in the electrolyte. 
The imposed potential,  1.5V between the top screen 
(anode) and the reservoir (counter)  electrode, de- 
composed the dissolved ni tr ide evolving ni t rogen at the 
(anode) screen and depositing l i th ium at the counter-  
electrode. The ni t rogen from the (anode) screen 
escaped into the space above the electrolyte. 

The boron ni tr ide separator was freed from l i th ium 
by discharging it at ~25 mA for 8 hr. Again it was ob-  
served that  the separator reacted wi th  l i th ium at po- 
tentials lower than ~ - - 2 0 0  mV to hold ,~0.2 A .  hr. 
A ny  remain ing  l i th ium in the separator was removed 
by holding both screens at 1.5V for a few days. Dur ing  
this time, the magni tudes  of the currents  in both 
circuits dropped to practically zero. The separator  
was removed from the cell and cleaned by  washing 
with water. 

Microscopic examinat ion  indicated that  the cloth, 
which was in  contact with the screen wires, was com- 
pressed and dented by the wires. Photographs by 
scanning electron microscope (SEM) of some repre-  
sentative sections of the separator indicated a crusty 
reaction product  and some fine fibers formed from 
the original boron ni tr ide fibers (Fig. 4). The crusty 
reaction product, some of which was sticking to the 
original  fibers of boron nitride,  is shown at  higher 
magnification in Fig. 5. The fine fibers of the reaction 
product  are also shown in Fig. 6. 

The s tandard free energy change, AG~ for the 
reaction 

BN(s)  + 3Li(1) --- B(s)  -~ Li3N(s) [2] 



1838 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY September  198I 

is 100 kJ at 700 K (8). This reaction is not thermody- 
namically favored. Boron nitride has been observed to 

Fig. 4. SEM photograph showing boron nitride fibers~ crusty 
reaction product, and fine fibers of the reaction product. Magnifi- 
cation 300X.  

react with lithium at 700 K forming Li3N and a boride 
(6). The possibility of forming LiTB6 and LiB~ has also 
been reported (9). Lithium nitride has been reported 
to be soluble to the extent of 10.1 mol percent (m/o) 
in lithium chloride at 923 K (10). 

A small amount of LisN was added to a lithium 
chloride-potassium chloride eutectic melt in a stainless 
steel cup at 700 K. A potential of ,-~l.8V was imposed 
between the cup and a carbon rod which was placed 
at its center. The lithium nitride was observed to de- 
compose evolving nitrogen at the rod. The decomposi- 
tion potential decreased with further addition of Li3N 
to the melt and ultimately reached ,-~0.4V which is 
very near to the literature value, 0.31V (8). The carbon 
electrode polarized possibly due to nitrogen evolution 
when a layer of zirconia fabric was wrapped around it. 
Thus, Li3N is appreciably soluble in lithium chloride- 
potassium chloride eutectic melt. It decomposes by any 
imposed potential in the range of 0.3-1.8V forming 
nitrogen and lithium. 

In the case of boron nitride which is subjected to 
the lower potentials of lithium, the following reaction 
should be considered 

BN(s) ~- (3 + x) [Li]in alloy -" LixB(s) 

-}- (Li~N)~nsolut~on [3] 

The boron nitride is at unit activity; the lithium activ- 
ity will be governed by the imposed potential. The 
boron activity will be the same in the boride and the 
boron nitride; it will be unity when the boride is in 
equilibrium with boron. In this case 

- -AG~ : RT In aL~sN -- 3RT In aL! [4] 

where a is the activity of the designated component, 
R is the gas constant, and T is the temperature degree 
Kelvin. 

Activities of LisN with respect to pure solid LsN 
can be calculated at the different imposed potentials 
(corresponding to various lithium activities) from the 
equation. The tool fractions can be calculated using the 

Fig. 5. SEM photograph showing one slightly reacted boron 
nitrlde fiber; mostly crusty reaction product and o few fine fibers 
of the reaction product. The surface of the original fiber indi- 
cates the formation of the crust and fibers in the product. Mag- 
nification 6000 •  

Fig. 6. SEM photograph showing the original boron nitride 
fibers and the fibers of the reaction product. Magnification 
2000 •  
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activity coefficient of Li3N, 6.1 X 10 -4, the same as 
reported in pure l i th ium chloride at 923 K ( t0) .  The 
activity coefficient remains  constant  below the tool 
fraction of Li3N of 0.005. The equi l ibr ium format ion 
potential,  E, of l i th ium ni t r ide can be calculated from 
the relat ion 

E -- g ~ -- R T / n F  In a~sN 

where E ~ is the s tandard  formation potential,  n is the 
n u m b e r  of electrons, and F is the Faraday  constant .  
The calculated data are given in Table II. 

The measured current  corresponding to the imposed 
potent ial  of the bottom screen electrode (cathode) are  
shown against  t ime in  Fig. 7. These data were t a k e n  
after the bottom screen electrode (cathode) had been 
in the cell for 234 ksec at --267 mV (Table I) .  As ob- 
served from the curves, the residual  current  dropped 
to zero and remained so for ~3.5 ksec when the po- 
tent ial  increased from --253 to --195 mV. Dur ing  this 
time the top screen electrode (anode) was at 500 mV 
and the current  in  its circuit was pract ical ly zero 
(Table I) .  In another  case, the potent ial  of the bottom 
sc reen  electrode (cathode) was allowed to float while 
its circuit  was used in charging the reference electrode 
for ~7  ksec. During this time, the top screen (anode) 
was at 500 mV with no current  flowing in its circuit. 
When the bottom screen electrode (cathode) was put  
in the circuit, its potent ial  at zero current  was observed 
to be --190 mV. These two observations indicate the 
decomposition potential  of Li3N to be 500 mV when the 
bottom screen electrode (cathode) was held between 
--190 and --195 mV. This is in good agreement  with 
the calculated value of 460 mV (i.e., 750 mV with 
respect to l i th ium) as given in Table II. 

The activities and potentials of Li3N in Table II 
indicate that boron ni t r ide will react with l i t ihum 
even at its very low activities. The reaction will  con- 
t inue  and go to completion if a potential  between any  
two electrodes in the electrolyte greater  than the po- 
tent ial  of Li~N formation at its activity is imposed. 
This is t rue in the case of l i th ium al loy/ i ron  disulfide 
cells, where the potential  between the negat ive and 
the positive electrodes varies from 1.325 to 1.9V (1-3). 

On the other hand, l i th ium ni tr ide can also be 
scavenged by the silicon in the negative electrode, 
part icularly,  in the region of Li2Si and silicon. 

Table II shows that an electronically conductive 
boride, possibly LimB6 (9), may form at potentials 
more reducing than ~ --147 mV. The formation of this 
boride will  make boron ni tr ide an unsui table  mater ia l  
for a separator in l i th ium-a l loy / i ron  sulfide cells which 
have negative electrodes with potentials smaller  than 
--147 inV. A nonconduct ive boride (LIB3) or boron 
may form at potentials greater  than --147 inV. In  the 
case of the formation of boron which is practically an 
insulator  [resistivity, 1.8 X 106 ~2. cm (11)], boron 
ni t r ide will not  become conductive. Boron density, 2.5 
g/cmZ, is not  much different from that of boron nitride, 

Table II. Activities and potentials of lithium and lithium nitride 
at equilibrium of the reaction BN(s) + (3 + x) [Li]in ahoy 

LixB(s) + (Li3N)in solution 
Temperature - -  700 K 

L i t h i u m  L i t h i u m  P o t e n t i a l  
p o t e n t i a l  a c t i v i t y  o f  f o r m a -  

w . r . t ,  w , r . t ,  t i o n  o f  
L i - A 1  ( V )  l i t h i u m  L i 3 N  ( V )  

Li~N 

Activi ty Mole fract ion 

--0.29~/}7 ~ 1 0 ,65  3.3 X 10 '-s 5.5 X 10-n 
- 0 . 1 9 5 1 - ' ~  0 .21  0 .75  3 .0  X 1 0  - l ~  4 .8  X 10 -7 
--0.1701 ~ 0.14 0.77 l.O x 10 -1o 1.4 X 10 -7 
--0,147J ~ 0.093 0.80 2.7 x i{} -11 4.4 x 10 '-s 
--0.13"6]. 0.078 0.81 1.6 x 10 -11 2.5 • I0 -s 
-0.010L~ ~ 0.0097 0.93 3.0 x 10 -~ 4.9 x 10-~z 

0 [ ' ~  ~ ~ 0 .0082  0 .9 4  1 .8  x 10 -~4 3 .0  x 10 -~1 
+ 0 . 3 9 _ J ~  ~ 0 .0043  0 .98  2 .5  x 1 0  - ~  4 .3  x 10  -~2 

* C o n d u c t o r .  
* * N o n c o n d u c t o r .  
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Fig. 7. Variation of the current with bottom screen potential 
(cathode). Top screen (anode) at ,-,500 mV. 

2.27 g lcm 3 ( i i ) .  Therefore, formation of boron should 
not destroy the s t ructural  in tegr i ty  of boron nitride.  
A boron coating on the surface of boron ni t r ide may  
form and inhibi t  fur ther  reaction. The compound, 
LIB3, may also behave jus t  like boron. This may  be  
the reason that  boron ni t r ide separators have lasted 
for thousands of hours in  l i t h i u m - a l u m i n u m / i r o n  
sulfide cells which have negative electrodes of l i th ium 
potentials higher than --147 inV. 

In static immersion tests of boron ni t r ide in l i thium, 
negligible amounts  of l i th ium ni t r ide at its equi l ibr ium 
concentrat ion will form, so boron n i t r ide  can appear 
stable in these tests. In  tests of two l i th ium electrodes 
with a boron ni tr ide separator in  LiC1-KCI electrolyte, 
the boron ni tr ide will react with l i thium. The reaction 
will cont inue to form l i th ium ni t r ide only up to its 
equi l ibr ium concentrat ion and then will  stop. Because 
the potential  between the two l i th ium electrodes is 
smaller  than the potent ial  of l i th ium ni t r ide  decompo- 
sition at its equi l ibr ium concentration, boron n i t r ide  
tested in such cells reacted only sl ightly (6). 

Conclusion 
Boron ni tr ide is chemically stable with l i th ium at  

Fotentials greater than --136 mV with respect to a 
l i t h ium-a luminum reference electrode at 700 K. That  
means boron ni t r ide is stable with LilsSi4 which dis- 
plays the above l i th ium potent ial  and which is used 
as the negative electrode reactant  of the Li-Si/FeS2 
cells. 

Boron ni tr ide reacts with l i th ium at potentials below 
--200 mV with respect to the reference electrode 
forming a boride and l i th ium nitride. 
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APPENDIX 

Reference Electrode 
A clean a luminum wire (15 cm long, 0.08 cm diam, 

0.083g) was coiled around one end of a 0.3 cm diam 
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rod of stainless steel. A cover of stainless steel  screen 
was formed over  the coil by  spot-welding.  The coil 
was first charged at  30 m A  to have its composit ion in 
the  ~-phase of the l i t h ium-a luminum phase d iagram 
(4) in a cell wi th  l i th ium chlor ide-potass ium chlo- 
r ide e lect rolyte  and l i th ium-s i l icon  countere lec t rode at 
,-~700 K. The composit ion of the coil at the end of the 
charge was the  ~-phase. The coil was then discharged 
to have its composit ion in the a-~ two-phase  region. 
The final composit ion of the reference electrode was 
f requent ly  checked and main ta ined  at  the above com- 
position. 
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Caustic Leaching of AI-Cu-Zn Alloys to 
Produce Raney Catalysts 

I. Morphological Development 

J. B. Friedrich, D. J. Young,* and M. S. Wainwright 
School of Chemical Engineering and Industrial Chemistry, 

The University o~ New South Wales, Kensington, N.S.W. 2033, Australia 

ABSTRACT 

The leaching behavior  in aqueous NaOH of A l - C u - Z n  al loys conta ining 50 
weight  percent  (w/o)  A1 has been examined  and in te rp re ted  in terms of al loy 
phase constitution. Alloys containing app rox ima te ly  0, 5, 10, 17, 26, 33, and 50 
w/o  Zn having quenched s t ructures  consistent  wi th  the t e rna ry  phase d iagram 
were  pa r t i a l ly  leached and the product  ma te r i a l  examined  meta l lographica l ly .  
In al l  cases a sharp ly  defined interface developed be tween  the as ye t  unaffected 
a l loy and the react ion product  layer.  This l ayer  was of un i form thickness.  The 
pr inc ipa l  react ion product  was porous copper (containing smal l  amounts  of 
zinc and a luminum)  which resul ted  f rom leaching of the al loy Cu(Zn)A12 
phase. The micros t ruc ture  of the al loy was reproduced  in the react ion p rod -  
uct, suggest ing tha t  the mechanism is one of select ive dissolution. 

A recent  s tudy (1) has shown tha t  z inc-promoted  
Raney  copper cata lys ts  can be used for the product ion 
of methanol  f rom carbon monoxide  and hydrogen.  
This novel  range of catalysts  is p roduced  f rom a lumi-  
num-copper -z inc  al loys by  ex t rac t ion  of a luminum 
and zinc wi th  aqueous sodium hydrox ide  to leave por -  
ous react ion produc t  zones which act as the catalysts.  
In tha t  s tudy the inclusion of zinc in the Cu-A1 al loy 
was found to increase the ac t iv i ty  of the cata lys t  for 
the product ion of methanol .  The effect of Raney  copper-  
zinc cata lys ts  on some other  react ions has been re -  
ported.  

Su l t anov  and Maslennikova  (2) r epor ted  the use of 
a Raney  copper-z inc  ca ta lys t  for the reduct ion of fu r -  
rura l  to sy lvan  and recommended  as the most effective 
catalysts  one which had an ini t ia l  a l loy composit ion 
of 33 weight  percen t  (w/o)  copper, 50 w/o  a luminum,  
and 17 w/o  zinc. Standfield and Robbins (3) presented  
a kinet ic  s tudy  of the hydrogena t ion  of various func-  
t ional  groups of organic molecules using Raney  copper-  
type  cata lys ts  and repor ted  that  the addi t ion  of zinc 
to replace  a luminum in the al loy fa i led  to y ie ld  a more 
active catalyst .  In  none of the above studies on Raney  
copper-z inc  was any a t t empt  made  to examine  the 

* Electrochemical Society Active Member. 
Key words; metals, cata~ys~s, dissolution, corros ion,  

leaching behavior  of the var ious  phases in the A1-Cu- 
Zn system. A recent  paper  by  Young et al. (4) contains 
informat ion on the leachabi l i ty  of the phases presen t  
in a Cu-50 w/o  A1 alloy. This a l loy had  a quenched 
structure,  containing CuA12 as p r i m a r y  precipi ta te ,  and 
ma te r i a l  of the composit ion of the b i n a r y  A1-CuA12 
eutectic. The CuA12 leached to form Raney  copper 
whereas  the eutectic mix tu re  leached completely,  
leaving no solid residue. Since the leaching process 
wil l  in a large  par t  de te rmine  the physicochemical  
proper t ies  of the resu l tan t  catalyst ,  the reac t ion  is of 
some interest .  

The dissolution of a component  f rom an al loy to 
leave behind a spongy ma te r i a l  is a famil iar ,  a lbei t  
poor ly  understood,  phenomenon.  Dezincification of 
brass is possibly the best  known example  (5-7),  bu t  
others have also been s tudied (8, 9). Two mechanisms 
have been suggested for the process in b i n a r y  alloys. 
In the first, i t  is supposed tha t  s imul taneous  dissolution 
of both const i tuents  is fol lowed by  reprec ip i ta t ion  of 
the less react ive  metal .  The difficulty wi th  this mecha-  
nism is that  mass t ransfe r  is r equ i red  f rom a source 
of low activity,  the alloy, to a region of high activity,  
the pure  metal .  Al te rna t ive ly ,  it  is suggested that  the  
more react ive  const i tuent  is se lect ively  removed  l eav-  
ing an accumulat ion of the less react ive  meta l  a t  the  
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a l loy surface. For  this mechanism to be avai lable ,  d i f -  
fusion wi thin  the a l loy mus t  be sufficiently fast  to 
suppor t  the leaching process. Al though  so l id-s ta te  
diffusion coefficients are  low at ambien t  tempera tures ,  
the h igh ly  porous na ture  of the leached al loys indicates  
a reac t ion  morpho logy  which requires  only  short  diffu- 
sion distances. The product ion  of a Raney  ca ta lys t  is 
a react ion of the type  unde r  discussion, In  the absence 
of leaching studies,  however,  i t  is not  possible to say 
which  of the above mechanisms is operat ive.  

The presen t  work  is d iv ided into two parts .  The first 
pa r t  provides  new informat ion  on leaching of the  va r i -  
ous phases in the  A1-Cu-Zn sys tem by  a sys temat ic  
s tudy  using meta l lographic ,  x - r a y  diffraction, and 
electron microprobe  methods  of analysis.  In  the sec- 
ond part ,  the kinet ics  of aqueous sodium hydrox ide  
a t tack  on the var ious  a luminum-coppe r - z inc  al loys are  
invest igated.  

Ternary phase 

2 
�9 .L CuZn5 / ,,, \ 

A[ 20 hO ZnAI n 

Weight % Zinc 

Fig. I. Liquidus projection (12) for the system AI-Cu-Zn show- 
ing the compositions of the initial alloys (x) and the phase com- 
positions of CuAI~, AI, the ternary phase, and CuZn5 at 650 K. 

Experimental 
Alloy and catalyst preparation.--Alloy melts  were  

p repa red  by  induct ion mel t ing  the  requ i red  propor t ions  
of copper (99.5% pure ) ,  a luminum (99.9% pure ) ,  and 
zinc (99.8% pure)  as descr ibed by  Marsden et al. (1). 
The homogeneous  mel ts  were  cast onto a chil led copper 
mold  to form a pla te  f rom which rec tangu la r  pr i sms 
(6 • 6 X 9 ram) were  machined.  The actual  composi-  
tions of the al loys are  l is ted in Table I and are  shown 
plo t ted  on the A1-Cu-Zn l iquidus pro jec t ion  d iag ram 
in Fig. 1. The samples  machined  f rom the cast ings were  
used in leaching exper iments  wi thout  f u r t h e r  hea t -  
t rea tment .  

Leaching exper imen t s  were  car r ied  out  by  reac t ing  
the r ec tangu la r  pr isms i so the rmal ly  at  50~ wi th  20 
w/o  aqueous NaOH, the amount  of solut ion provided  
being equiva len t  to three  t imes the s toichiometr ic  
amount  of a luminum presen t  in the alloy. No means  
of s t i r r ing  was provided.  A f t e r  var ious  t imes of reac-  
t ion the pa r t i a l l y  ex t rac ted  a l loy  pieces were  
thoroughly  washed  wi th  dist i l led wa te r  unt i l  the pH 
of the wash wa te r  was 7. The samples  were  then 
moun ted  in cold set t ing resin, cross sect ioned at  r ight  
angles to an or ig inal  face of the specimen,  and me ta l -  
lograph ica l ly  pol ished to a 1 ~m finish. The reac t ion-  
affected r im of the a l loy piece was then c lear ly  vis ible  
unde r  an opt ical  microscope. 

Al loy  pieces of 500-700 ~m d iam were  leached to 
provide  ma te r i a l  for  x - r a y  diffraction studies and 
atomic absorpt ion  analysis.  In  these runs  20g of the 
a l loy was placed in l l l g  of dis t i l led w a t e r  a t  50~ 
Af t e r  the appara tus  had  been thorough ly  flushed wi th  
hydrogen,  40 w/o  caustic solut ion was added  over  a 
t ime per iod  of 0.75 hr  so that  the react ion t e m p e r a t u r e  
was kep t  to 50 ~ __+ 2.5~ No means  of s t i r r ing  was p ro -  
vided.  Af te r  complete  ex t rac t ion  had taken  place (as 
de te rmined  by  the hydrogen  evolved f rom the reac-  
t ion) the catalysts  pieces were  thoroughly  washed wi th  
dis t i l led wa te r  unt i l  the pH of the wash  w a t e r  was 7. 

Phase identification.--Phases presen t  in the unaf -  
fected a l loy and in the reac ted  r im were  ana lyzed  wi th  
an e lec t ron probe  microanalyzer .  Poin t  counts obta ined  

Table I. Atomic absorption analysis of alloys and their product 
Raney catalysts, 500-700 ~m particles 

A l l o y  ( w / o )  C a t a l y s t ( w / o )  
Sam-  C u ( Z n ) A l ~  
ple A1 Cu Z n  ( v / o )  A1 Cu Z n  

I 50.2 50.6 0 . 99.5 1.6 98.7 0 
2 50.7 44.6 5.3 99.0 1.1 98.0 0.8 
3 50.3 39.3 9.0 97.5 1.3 97.5 1.5 
4 49.7 33.5 17.1 92.5 1.6 97.1 2.0 
5 49.8 24.6 26.0 - -  2.0 90.0 8.7 
6 48.5 17.2 33.0 - -  3.9 64.4 33.{] 
7 48.8 0 52.0 - -  0.8 0 99.8 

f rom the probe  were  analyzed  with  respect  to CuA12, 
A1, and Zn s tandards.  Sys temat ic  correct ions were  ap -  
pl ied to the da ta  for  atomic number ,  mass  absorpt ion,  
and fluorescence effects. 

Microprobe resul ts  were  supp lemented  by  powder  
x - r a y  diffraction studies. Samples  of powdered  alloys 
were  examined  wi th  a d i f f rac tometer  in the  usual  way. 
Powdered  cata lys t  samples  were  p repa red  f rom 500 to 
700 ~m al loy pieces leached under  the condit ions de-  
scr ibed above. The powdered  catalysts  were  pyrophor ic  
and were  therefore  coated wi th  collodion pr ior  to ex -  
amination.  

The crys ta l l i te  size in the react ion product  was d e -  
t e rmined  f rom the broadening  of the Cu(200) diffrac- 
tion line using the Scher re r  equation.  Correct ions for 
ins t rumenta l  b roadening  were  obta ined  f rom the si l i -  
con (220) diffraction line. In both cases CuK~ r ad i a -  
t ion was used and phase identif icat ion was accom- 
pl ished by  compar ing  diffraction pa t t e rns  wi th  those 
in the ASTM files. The t e rna ry  phase T was identif ied 
f rom the diffraction pa t t e rn  r epor t ed  by  KSster  and 
Moeller  (10). The CuZn~ phase was identif ied f rom the 
pa t t e rn  repor ted  by  Owen and Pres ton (11). 

The composit ion of the al loys and the comple te ly  ex -  
t racted 500-700 ~m cata lys t  pieces were  de te rmined  by  
atomic absorpt ion spectroscopy of acid digested sam-  
ples. Copper  and zinc analyses  were  de te rmined  by  
the s tandard  addi t ion technique, while  a luminum was 
de te rmined  by  compar ing  the unknown  wi th  matched  
s tandards.  

Results 
Micrographs  in Fig. 2 show the interface,  or  react ion 

front,  be tween the unaffected a l loy and the react ion 
product  zone which had developed af ter  4 hr  of reac-  
tion. In all cases a c lear ly  defined bounda ry  was found 
to exist. A t  al l  react ion t imes inves t iga ted  for  all  sam-  
ples this bounda ry  was found to be pa ra l l e l  to the 
or iginal  a l loy surface. The cast a l loy s t ructures  showed 
no p re fe ren t ia l  or ienta t ion except  in the case of sam-  
ples 2, 3, and 4 where  some evidence of d i rec t ional  
solidification was observed.  In the  cases where  some 
direct ional  solidification was evident  in the alloy, the  
thickness of the reac ted  zone appea red  not  to va ry  wi th  
the angle be tween  the direct ions of solidification and 
leach react ions (Fig. 3). Microprobe analyses  for each 
of the phases seen in the micrographs  are  l is ted in 
Table II. No resul ts  are  r epor ted  for al loys 5 and 6 in 
which the micros t ruc ture  could not  be resolved with  
the microprobe.  Phases identif ied by  x - r a y  diffraction 
for  the al loys and the i r  react ion products  are  shown in 
Table  III. 

Microprobe scans showed tha t  no concentra t ion 
grad ien t  exis ted in any of the phases wi th in  the alloys. 
At  the in ter face  a discontinuous change in concent ra-  
tion for  all  three  meta ls  was observed.  Analyses  of 
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Fig. 2. Micrographs of sec- 
tions through partially leached 
alloys (a) AI-50Cu; (b) AI- 
44Cu-SZn; (c) AI-40Cu-10Zn; 
(d) AI-33Cu-17Zn; (e) AI-24Cu- 
26Zn; (f) Al-17Cu-33Zn; (g) 
AI-52Zn. 

the phases in the reaction product zone were found to 
total substant ia l ly  less than 100% indicat ing either that 
oxide is present  or that the analysis of these porous 
materials  is unreliable.  Atomic absorption analysis of 
the catalyst particles (Table I) showed that there was 
no oxide present. Microprobe scans of the copper phase 
in the reaction product  zone for alloys 1-4 showed that 
in each case an a luminum concentrat ion gradient  was 

Fig. 3. Micrograph of section through partially leached AI-44Cu- 
5Zn alloy showing directional solidification. 

present  and in the case of alloys 2-4 a zinc concentra-  
tion gradient  was present. In  each case the zinc and 

Table li. Microprobe analyses of alloys and their product Raney 
catalysts 

Sam- Catalyst (analysis near  
pie Alloy original alloy face) 

1 Light *Gray phase--Cu~Ah 
precipitate--Cu~eAl~s Black region--void 

liquid --CulgA181 
2 Light *Gray phase--Cuo~AL,1Zno.o 

precipitate --Cu31.1Al6s-sZno. e 
l iquid - -Ai  based solution Black region--void 

variable composi- 
t ion 

3 Light  *Gray phase--- 
Cu~2.~Al~. sZn2.o 

precipitate --Cu3o.4Al~sZnl.~ 
liquid --A1 based solution Black region--void 

variable composi- 
tion 

4 Light *Gray phase--- 
Cu~.sA16.6Zns.s 

precipitate --Cu~o.3A16~.sZnl,s 
l iquid --A1 based solution Black region--void 

variable composi- 
tion 

* Analyses total  less than 100% and have been normalized. 
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Table Ill. X-ray diffraction analyses of alloys and their product 
Raney catalysts* 

Sample Alloy Catalyst 

1 CuA12, A1 Cu, Cu20 
2 CuA12, A1, T (tr) Cu, Cu20 
3 CuAl~, A1, T (tr) Cue Cu20 
4 CuAI~, Ale T (tr) Cu, Cu20 
5 A1, CuAh, T (tr)  Cu, Cu~O 
6 A1, CuAl~, T ( t r ) ,  CuZns(tr) Cu, Cu~O 

* Phases listed in approximate order of abundance; (tr) indi- 
cates trace. 

aluminum were in greater concentration near  the reac- 
tion interface. 

The grain size of the pr imary  precipitate in alloys 1-4 
decreased as the copper content of the base alloy de- 
creased. As expected from the phase diagram, the vol- 
ume percent of Cu(Zn)A12 pr imary precipitate also 
decreased with increasing alloy zinc content. Results 
are reported in Table I. In alloys containing higher 
concentrations of zinc, the Cu (Zn)AI2 phase could not 
be satisfactorily resolved with the microscope. The 
x - r ay  diffraction estimates of the copper crystalli te size 
in the extracted catalyst pieces are shown in Table IV. 

The reaction products of alloys 1, 2, and 3 showed the 
same morphologies at  all stages of reaction. However, 
alloys 4, 5, and 6 exhibited a different reaction mor-  
phology in the initial stages of leaching. Micrographs 
in Fig. 4 show the development of this morphology for 
alloy 4. They show that for reaction times of up to 2 hr 
the reaction product zone consists of two layers, the 
outer layer containing dark colored grains and the 
inner layer light colored grains. Microprobe analysis 
showed that the grains in the outer layer were essen- 
t ially copper while those in the inner layer  were un- 
reacted Cu(Zn)Ale. The intergranular  material  had 
leached completely to leave void space in both layers. 

Discussion 
Alloy structures.--X-ray diffraction and microprobe 

results for the alloys confirmed one another except for 
the cases of the ternary phase, T, and the CuZn5 phase. 
These two phases, which are minori ty phases when 
present in the alloy, could be detected by XRD but 
could not be distinguished with the microprobe. The 
ternary phase T has a field of existence of 56-58% Cu, 
10-30% Zn (12). 

The alloy microstructures are consistent with pre-  
dictions for quenched alloys made from the liquidus 
projection diagram (Fig. 1). Alloys 1-4 have as their 
pr imary precipitate the phase Cu(Zn)A12 with the Zn 
content in this phase increasing with the alloy Zn level. 
This is consistent with the fact that the CuA12 phase 
can dissolve up to 2-3 w/o Zn with litt le change in 
lattice parameters  (12). The pr imary  precipitate for 
alloys 5, 6, and 7 is the aluminum-based solution. 

The identity of the secondary precipitate is deter-  
mined by the alloy Zn level. Alloy 1 produces as its 
secondary solidification product material  of the com- 
position of the binary A1-CuA12 eutectic. Alloys 2-4 
precipitate the aluminum-based solution as their  sec- 
ondary product. Alloys 5 and 6 precipitate Cu(Zn)AI~ 

Table IV. Copper crystallite diameters and pore diameters 
(500-700 ~m particles) for fully extracted Raney catalysts 

Copper Pore Calculated 
crystall i te diameter  interpore 

Sample diameter  (A) (A) distance (A) 

1 112 460 194 
2 112 354 182 
3 104 332 171 
4 104 284 1Z8 
5 70 230 119 
6 62 101 69 

Fig. 4. Micrographs of sections through partially leached AI- 
33Cu-17Zn alloy showing morphological development: (a) 0.5 hr; 
(b) 1.0 hr; (c) 2.0 hr. 

as their secondary product. On further cooling the 
ternary phase T is the final solidification product for 
alloys 2-5. Alloy 6 also contains the ternary phase T 
as well as having CuZn5 as its final solidification prod- 
uct. The reactions forming the ternary phase T and the 
CuZn5 phase are peritectic reactions. These peritectic 
reactions have been arrested by quenching to leave a 
very fine structure that could not be resolved by the 
microprobe. The intergranular  material  in sample 7 is 
zinc-rich frozen liquid. 

Catalyst structure.--Examination of Fig. 2 together 
with Tables II and III reveals the morphology of the 
reaction product catalysts. Leaching of the CuA12 phase 
from alloy 1 leads to the formation of copper contain- 
ing low levels of aluminum. Similarly the leaching of 
the Cu(Zn)A12 phase from alloys 2-4 leads to the for- 
mation of copper containing low levels of both alumi- 
num and zinc. 

In a subsequent paper (13), we show that the com- 
pletely extracted catalyst pieces are highly porous, 
with a BET surface area of approximately 20 m2/g, 
with pore radii  ranging from 50-230A. 

The microstructure of the alloy, in samples 1-4, has 
been reproduced in the reaction product catalysts. Ex-  
amination of the interface between alloy and catalyst  
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shows tha t  the size of the Cu(Zn)A12 gra in  has been 
prese rved  when leached to leave porous copper.  Copper  
crys ta l l i te  sizes given in Table  IV show tha t  for ca ta-  
lysts  1-4 there  a re  no ma jo r  differences in diameter .  
There  is a m a r k e d  decrease in the copper c rys ta l l i te  
size for cata lys ts  5 and 6 which der ive f rom alloys in 
which Cu (Zn)A12 is a secondary  precipi ta te .  

Pore  volume and pore  d iamete r  measurements  (13) 
were  used to calculate  average in te rpore  distances on 
the assumption of paral le l ,  s t raight ,  cy l indr ica l  pores 
the cross sections of which  are  hexagona l ly  a r rayed .  
The results  of this calculat ion are  compared  wi th  mea -  
sured  crys ta l l i te  sizes in Table IV, and ag reemen t  is 
seen to be good. I t  is concluded that  the mic ros t ruc tu ra l  
r e a r r a n g e m e n t  accompanying leaching takes  place on 
an exceedingly  smal l  scale and tha t  pore size arid 
c rys ta l l i te  size a re  in te rdependent .  

The leaching of the i n t e rg ranu l a r  ma te r i a l  f rom 
alloys 1-4 leads to void space in the react ion produc t  
zone. However ,  examina t ion  of the reac ted  r im nea r  
the react ion f ront  for al loy 4 suggests tha t  some of the 
i n t e rg ranu la r  ma te r i a l  is st i l l  visible,  but  has d isap-  
pea red  at  the  outer  surface where  t ime of exposure  
has been greatest .  The reason for the decrease in re -  
act ivi ty  of the i n t e rg ranu la r  ma te r i a l  wi th  increased  
Zn levels could not be de termined.  Microprobe analysis  
of the i n t e rg ranu la r  ma te r i a l  in the react ion product  
zone proved to be ex t r eme ly  unrel iable ,  a fact  which 
m a y  be a t t r ibu ted  to the poros i ty  of the react ion p rod -  
uct  zone and to the fine scale of the micros t ruc ture  in 
the i n t e rg ranu l a r  mater ia l .  X - r a y  diffract ion did not 
consti tute a sa t is factory  analysis  technique for the 
i n t e rg ranu l a r  ma te r i a l  in the reac ted  ca ta lys t  pieces 
since the diffraction lines for the t e rna ry  phase T were  
e i ther  masked  by  e lementa l  copper or were  not  visible.  
There was no diffraction a t t r ibu tab le  to the a luminum 
solid solution in the react ion p roduc t  catalysts.  Ev i -  
den t ly  the addi t ion of zinc to the base  a l loy resul ted  
in the i n t e rg ranu la r  ma te r i a l  being more  res is tant  to 
caustic a t tack  than the A1-CuA12 eutectic. The present  
resul ts  do not  show whe the r  this is due to decreased 
reac t iv i ty  of the A1-Zn solid solut ion or  to increas ing 
amounts  of the t e rna ry  phase, T, which might  be of low 

react ivi ty .  
The leaching of the z inc- r ich  al loys 5 and 6 leads 

to void space from the a luminum solid solution and to 
pockets  of porous copper from the i n t e rg ranu l a r  ma te -  
rial.  The problems  encountered  wi th  the microprobe  
and x - r a y  diffraction resul ts  for  the copper - r i ch  sam-  
ples were  again evident  in the analysis  of the react ion 
produc t  zone. The leaching of a l loy 7 leads to void 
space f rom the a luminum- r i ch  p r i m a r y  prec ip i ta te  
while  the  z inc-r ich frozen l iquid  appears  to be un re -  
acted at  this stage. 

Reaction morphology development.--In all  samples  
s tudied there  was a sharp ly  defined al loy cata lys t  in-  
terface. As the react ion proceeds this in ter face  appears  
to cut across the  phases present .  Thus apa r t  f rom ra re  
localized var ia t ions  both the p r i m a r y  prec ip i ta te  and 
the i n t e rg ranu l a r  solidification product  leach at  the  
same rate.  This observat ion  is consistent  wi th  a diffu- 
s ion-cont ro l led  react ion rate.  The s tab i l i ty  of the in te r -  
face together  wi th  the speed of the react ion indicates  
that  i t  is l iquid phase diffusion which suppor ts  the re-  
action. This conclusion is suppor ted  by  the observat ion  
that  in the case of d i recf ional ly  solidified al loys (Fig. 
3) the reaction rate is not a function of the orientation 
of the alloy grains with respect to the reaction front. 

This description does not hold true for alloys con- 
taining 17 w/o Zn or more at short time periods. Ex- 
amination of Fig. 4 shows that the intergranular solidi- 
fication product leaches at a faster rate than the 
Cu(Zn)A12 phase at short time periods. However at 
longer leaching periods, 4 hr or greater, both the pri- 
mary prec ip i ta te  and the i n t e rg ranu l a r  solidification 

produc t  leach at  the same rate.  Thus i t  appears  tha t  the  
high zinc alloys leach according to a more complex 
mechanism in the ea r ly  stages of the react ion but  sub-  
sequent ly  via  a l iquid phase dif fusion-control led p ro -  
cess. 

In the case of the low zinc alloys, the preservation 
of the alloy microstructure in the leached product sug- 
gests strongly that the reaction of the Cu(Zn)A12 
grains proceeds via a selective dissolution process 
rather than a dissolution-reprecipitation process. The 
latter mechanism has been suggested to be operative 
under some circumstances in the dezincification of 
brass (5). Tht difference is readily explicable in view 
of the extremely low solubility of Cu in the caustic 
solutions used in the present work (14). The micro- 
structure of the higher zinc alloys appears also to be 
preserved in their leach products, but the failure to 
obtain useful microanalysis results prevents a similar 
conclusion being reached. 

It has been shown that the nature of Raney Cu-Zn 
catalysts is determined by the phase constitution of 
their precursor alloys. The principal leach reaction 
product  is porous copper  containing smal l  amounts  of 
zinc and a luminum.  This p roduc t  der ives  f rom the 
leaching of the al loy Cu(Zn)A12 phase. The o ther  
major  a l loy phase is an A l -Zn  solid solut ion which 
usual ly  leaches completely,  leaving void space. At  ve ry  
high zinc levels, however,  this phase becomes res i s tan t  
to leaching. In al l  cases, the a l loy micros t ruc ture  is 
p rese rved  in the react ion product  and a sharp  interface  
develops be tween the product  and the as ye t  unaffected 
alloy. These observat ions are consistent wi th  a select ive 
dissolution react ion whose ra te  is contro l led  by  diffu- 
sion through the product  layer.  The kinet ics  of this r e -  
action are  repor ted  in the fol lowing pape r  (15). 
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Caustic Leaching of AI-Cu-Zn Alloys to 
Produce Raney Catalysts 

II. Leaching Kinetics 
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The University o~ New South Wales, Kensington, N.S.W. 2033, Australia 

ABSTRACT 

The leaching kinetics of A1-Cu-Zn alloys containing 50 weight percent  (w/o) 
A1 in aqueous NaOH have been examined by measur ing the depth of at tack on 
the alloy pieces as a function of time and also by measuring the evolution of hy-  
drogen as a funct ion of time. Alloys containing approximately  0, 5, 10, 17, 26, and 
33 w/o  Zn were found to have parabolic leaching kinetics, the reaction mecha-  
nism being one of selective dissolution controlled by l iquid phase diffusion 
through the product  layer. The product layer was porous copper which re-  
sulted from leaching of the alloy Cu(Zn)A12 phase. This porous copper was 
found to contain a zinc and an a luminum concentrat ion profile throughout  
the reacted zone. The shape of these profiles was consistent with l iquid phase 
diffusion control except for a nar row region near  the alloy surface where a 
degree of chemical reaction control was found. This observation is consistent 
with the exper imenta l  activation energy of 41 _ 5 kJ  mo1-1. 

It has been shown (1) that  A1-Cu-Zn alloys contain-  
ing 50 weight percent  (w/o)  A1 leach in strong caustic 
solution at 50~ to produce a product  layer  of porous 
Cu containing small  amounts  of A1 and Zn. This prod- 
uct layer is of un i form thickness and a sharply defined 
interface is established between it and the under lying,  
as yet  unaffected alloy. The alloys contained as pr inci -  
pal  phases Cu(Zn)A12 and A1-Zn solid solution, the 
former of which leached to leave the porous copper 
whereas the lat ter  reacted completely, leaving void 
space. The alloy microstructure was preserved in  the 
product  layers. These observations were interpreted as 
implying a reaction mechanism of selective dissolution 
whose rate was controlled by diffusion through the 
product  layer. 

Preferent ia l  removal  of an alloy const i tuent  by a 
chemical reaction which leaves unaffected a more 
noble alloy const i tuent  is a common phenomenon and 
has been widely studied in connection with the de- 
zincification of brass (2-4). Reaction rates are high 
when a porous product  and a convoluted al loy-product  
layer interface are formed. This si tuation has been ana-  
lyzed theoretically by Wagner  (5) and the analysis ap-  
plied to the kinetics of l iquid metal  and mol ten salt 
attack on b inary  alloys containing one component  
which was noble with respect to the env i ronment  (6). 
The observation of parabolic kinetics was at t r ibuted to 
rate control by diffusion in the l iquid phase, rapid 
alloy diffusion being facilitated by the short diffusion 
distances associated with porous reaction product. 
More recently, the chlorinat ion of Co-Pt and F e - P t  
alloys has been studied by Pickering (7) who showed 
that  the formation of a volatile base metal  chloride 
left a porous Pt  layer which thickened at a rate inde-  
pendent  of time. Since the chloride vaporization rate is 
independent  of product  layer thickness and since the 
reaction must  be supported by microsegregation of Pt  
and base metal  at the reaction front, it is apparent  
that the rate of this lat ter  process is time independent .  

It  is apparent  that  a knowledge of the kinetics of the 
process whereby a solid leach residue accumul.ates is a 
valuable  aid in the dissection of the reaction mecha-  
nism. This paper  reports the results of an invest iga-  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key  w o r d s :  me t a l s ,  ca t a lysm,  dlssom~ion,  co r ros ion .  

tion of the leaching kinetics of a series of Cu-Al -Zn  
alloys and an account of the probable reaction mecha-  
nism. 

Experimental 
Several  Cu-Al -Zn  alloys were leached in  20 w/o  

aqueous NaOH solution. Alloy compositions, sample 
shape, and leaching procedures used for the kinetic in -  
vestigation were ful ly described in the previous paper  
(1). The extent  of reaction was determined by  mea-  
suring the depth of at tack on the alloy pieces as a 
funct ion of time. The depth of chemical at tack was  
measured at right angles to an original alloy face under  
an optical microscope with a graduated eyepiece. Mea- 
surements  were taken after various periods of reaction 
Up to a ma x i mum of 24 hr. 

The extent  of reaction was also measured by moni -  
toring the evolution of hydrogen as a funct ion of t ime 
using a wet test gas meter. An amount  of NaOH solu- 
tion, equivalent  to three times the stoichiometric 
amount  of a luminum present  in the alloy, was added to 
six alloy pieces at 50~ after first purging the sys- 
tem with hydrogen. No means of s t i rr ing was provided. 
Readings were taken at the same time intervals  used 
for the distance measurements .  

Elementa l  concentrat ion profiles were measured in  
the reaction product layer  formed on alloys 1-4 by 
point  counting on an electron probe microanalyzer.  
Temperature  dependence experiments  were carried 
out on an alloy of composition A1-36 w/o Cu-14 w/o  Zn 
to determine an activation energy for the leaching re-  
action. The leaching experiments  were carried out at 
temperatures  of 6 ~ 27 ~ 54 ~ and 82~ and on roughly 
spherical alloy pieces of 2.4-4.0 mm diam. A 20g sample 
of alloy was placed in l l l g  of distilled water  at the re-  
quired temperature,  l l l g  of 40 w/o aqueous sodium 
hydroxide solution was added after first purging  the 
system with hydrogen. No means of s t i rr ing was pro- 
vided. The extent  of reaction was monitored by  the 
evolution of hydrogen. Tempera ture  control in  these 
experiments  was to wi th in  _2.5~ 

Results 
The thickness of the reaction-affected r im around 

the part ial ly extracted alloy pieces as a funct ion of 
leaching time is shown in Fig. 1. Data at 0.5 and 1 hr  

1845 
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Fig. 1. Average thickness of reaction-affected rim as a function 

of leaching time. 

have not been included in Fig. 1. The shape of the  
curves indicates parabo l ic  leaching kinetics.  Accord-  
ingly,  the  data  have  been rep lo t ted  in Fig. 2 where  
the  s t ra ight  lines are  the  resul ts  of regress ion  on the 
equat ion 

x2 = k~t [I] 

where X is the thickness of the reaction-affected rim 
formed in time t and kp is a parabolic rate constant. 
The 0.5 and i hr leaching data have been included in 
the regression calculation. Values of kp are presented 
in Table I. Alloy 6, the high zinc alloy, showed irregu- 
lar kinetics due to the product layer's inability to 
hold its structure around the alloy. Therefore data 
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Table I. Alloy composition and leaching rate constant for 
AI-Cu-Zn alloys 

Alloy composition (w/o) 
Alloy kp (cm~/ 

number A1 Cu Zn sec) x 10 ~ 

1 50.2 50.6 0 1.09 • 0.27 
2 50.7 44.6 5.3 1.94 • 0.32 
3 50.3 39,3 9.8 1.76 4- 0.22 
4 49.7 33.5 17.1 1.02 • 0.10 
5 49.8 24.6 26.0 0.60 • 0.04 
6 48.5 17.2 33.0 0.92 ~ 0.18 

af ter  leaching t imes of 16 h r  on a l loy 6 were  not  con- 
sidered. 

The ex ten t  of react ion as measured  b y  hydrogen  
evolut ion as a funct ion of leaching t ime is shown in 
Fig. 3. The volume of hydrogen  produced,  VH mea -  
sured  at  25~ 1 arm, is re la ted  to the  vo lume of a l loy  
reacted,  hV, by  a s tochiometr ic  constant  

VH = kHAV [2] 

If corner  effects are  ignored,  i t  m a y  be shown tha t  the  
volume reac ted  of a r ec tangu la r  p r i sm of or ig ina l  d i -  
mensions L • L X W is r e l a t ed  to the  reac t ion  zone 
depth  b y  

~V = 8X3 -- aX2 + bX [3] 

where a = 8L 4- 4W, b ---- 2L 2 4- 4LW. Combination of 
Eq. [i], [2], and [3] leads to the result 

VH = kH[8(kpt )  8/2 -- akpt + b(kpt)*/2] [4] 

Regression on this equat ion was carr ied out for the 
hydrogen evolut ion data for one alloy piece and the 
result ing estimates of k~ are shown in Table II  along 
with values for the 95% confidence in terva l  on the 
regression coefficient. The small  values obtained for 
this la t ter  quant i ty  indicate that  Eq. [4] fits the data 
well. 

Tempera ture  effects on leaching rates were  de te r -  
mined from hydrogen evolut ion measurements .  S i n c e  
the relat ionship be tween  hydrogen evolut ion and reac-  
tion product  layer  thickness is shape dependent,  mea -  
surements  were  restr ic ted to the ear ly  stages of r e a c -  
t i o n  where  such effects are small. The ra te  c o n s t a n t  
was de termined  f rom the e x p r e s s i o n  

VH ~ = kar [5] 

where  an Arrhenius  plot  for-ka is shown in Fig. 4. T h e  
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Fig. 2. Parabolic plots from Fig. 1 where the straight lines are Fig. 3. Hydrogen evolution (corrected to 25~ 1 atm) from the 

the results of regression on Eq. [1]. reaction-affected rim as a function of leaching time. 



Vol. 128, No. 9 CAUSTIC LEACHING 1847 

Table II. Stoichiornetrlc constants for the leaching of the 
AI-Cu-Zn alloys 

R e g r e s s i o n  S t o i c h i o m e t r i c  
c o e f f i c i e n t  c o e f f i c i e n t  

A l l o y  kH (Eq.  [4])  k n  (Eq .  [2])  
n u m b e r  x 10 -a x 10 ~a 

1 3.66 ----- 0.57 3.37 "4- 0.17 
2 3.62 4- 0.38 3.40 4- 0.17 
3 3.33 4- 0.19 3.36 ----- 0.17 
4 3.85 4- 0.15 3.37 • 0,17 
5 4.20 4- 0,10 3.52 4- 0.17 
6 3.75 4- 0.35 3.54 4- 0.18 

activation energy was determined to be 41 _ ~ kS 
tool-1. 

Concentration profiles for aluminum and zinc in the 
copper phase of the reacted rim as determined by 
microprobe analysis for alloys 1-4 are shown in Fig. 
5 and 6 where the position coordinate has been nor-  
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Fig. 4. Arrhenius plot for the leaching of Ali36Cu-14Zn alloy 
according to Eq. [5]. 
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Fig. 5. Aluminum concentration profile in the porous copper 
grains of the reaction product zone. 
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Fig. 6. Zinc concentration profile in the porous copper grains of 
the reaction product zone. 

realized with respect to layer  thickness. The micro- 
probe analyses of the copper phase in the reaction 
product zone were found to total substantially less 
than 100%, and these analyses have been normalized. 
Figure 7 shows the plot of zinc concentration as a func- 
tion of position in the copper phase near  the interface. 
The concentration of zinc in the copper phas e is 
greater than would be expected from that zinc origi- 
nal ly present in the Cu(Zn)A12 phase. Microprobe 
scans parallel  to the interface through the copper grain 
near the interface showed no variation in zinc and 
aluminum concentration. Microprobe scans parallel  and 
at right angles to the interface through a copper grain 
midway in the reaction product zone again showed no 
variation in zinc and aluminum concentration. 

Discussion 
The chemical reactions involved in the leaching of 

the A1-Cu-Zn alloy with caustic solution may be rep-  
resented as (8) 

3 
At + OH- 4- 3H~O = AI(OH)~- + .~H~. [8] 

Zn 4- 2 O H -  4- 2H~O -- Zn (OH)4 = 4- H~ [7] 

These reaction stoichiometries, combined with the val-  
ues of alloy densities and A1 and Zn concentrations, 
yield a value for the stoichiometric coefficient kH ap- 
pearing in Eq. [2] and [4]. Values of k• calculated in 
this way are compared with the experimental ly deter-  
mined quantity in Table II. The experimental  values 
are close to the values calculated from reaction stoi- 
chiometries, indicating that leaching is close to com- 
plete. 

The parabolic kinetics of the leaching reaction sug- 
gest that the process is diffusion controlled. This dif- 
fusion control could arise from three mechanisms: (0  
solid-state diffusion in the product layer, (ii) diffusion 
within the alloy where the noble metal remains as a 
continuous film at the alloy surface and selective dis- 
solution proceeds b y  volume diffusion of the active 
metal through the noble metal  layer, and (iii) liquid 
phase diffusion within the product layer. Mechanism 
(i) is extremely unlikely since solid-state diffusion in 
the product layer would be too slow to support the 
leaching rates experimental ly determined. 

To determine whether mechanism (ii) could support 
the observed leaching rate a calculation based on the 
mechanism proposed by Pickering and Wagner (2) is 
performed. According to these authors, the flux J A L Z n  

of aluminum or zinc atoms toward the surface is given  
for high concentrations of A1 or Zn by 
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Fig. 7. Zinc concentration profile through a Cu(Zn)AI2-Cu grain 
at the alloy-reaction product zone interface. 
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/V~ [ DAI,Z~ ]I/2 
JAI,Zn = V'-"-~ 2(1 --  N%Lzn)t [8] 

where N~ is the bu lk  mol fract ion of a luminum or 
zinc in the alloy, Vm is the molar  volume which is ap-  
p rox ima ted  as a constant,  and DA1,Zn is the a l loy  diffu- 
sion coefficient of a luminum or zinc. F r o m  the p a r a -  
bolic leaching kinetics,  Eq. [1], i t  follows tha t  

dX/d t  : 1/2 (kp/t) '/2 : kp/2X [9] 

and the combined flux of a luminum and zinc a r r iv ing  
at  the surface is 

dX/d t  : Vm(JA1 + Jzn) [10] 

Combining Eq. [8], [9], and [10] and making  use of  
the approx imat ion  DA1 ~ Dzn : DA, one has 

/ [ N~ ~~ ] 2 
2DA = kp (1 - -  N~ '/2 + (1 --  N~ [11] 

which can be used to es t imate  approx ima te  values  for  
al loy diffusion coefficients. 

The average  value of DA from Eq. [11] for the range 
of al loys s tudied was found to be 3 • 10 - s  cm2/sec. 
This value  is far  too high for the accepted values  for 
a l loy diffusion at  the low t empera tu res  s tudied and so 
mechanism (ii) is re jec ted  as the ra te -con t ro l l ing  step 
for the leaching reaction.  

If  l iquid phase diffusion wi th in  the p roduc t  l aye r  
is the r a t e - d e t e r m i n i n g  step then al loy diffusion, more  
specifically diffusion wi th in  the Cu(Zn)A12 phase,  
must  be fast  enough to suppor t  it. Al loy  diffusion for 
a p l ana r  a l loy -p roduc t  l aye r  in terface  would be im-  
possible since diffusion distances would  be qui te  large.  
However,  the a l loy -p roduc t  in terface  is not  p l ana r  bu t  
h ighly  convoluted as is indica ted  by  surface area  and 
pore size measurements  (9). A schematic  r ep resen ta -  
t ion is shown in Fig. 8. A s imi lar  s i tuat ion can ar ise  
dur ing  the oxidat ion  of al loys involving noble meta ls  
as has been discussed by  Wagner  (5) and exp lored  ex-  
pe r imen ta l l y  (6). In  the s i tuat ion shown in Fig. 3 

0CAl,Zn 
JAl,Zn ~ --DAi,Zn - -  [12] 

0Y 
and 

0CAl,Zn C~ 
- -  [13] 

0y 

where  y is the posi t ion coordinate  wi th in  the alloy, 
C~ is the bu lk  molar  concentra t ion of a luminum 
or zinc in the Cu(Zn)A12 phase, and 5 is the effective 
thickness of the a l loy interdiffusion zone. I t  follows 
immed ia t e ly  tha t  

C~ 
JALZn = D A -  [14] 

where  use has again been made of the approx imat ion  
DA1 "~ Dzn : DA. Combining Eq. [9], [10], and [14] 
one obtains 

5kp 
DA : [15] 

2X (N%l+ N~ 

This result was used to estimate DA on the assumption 
that 5 approximately equals half the interpore separa- 
tion distance. This distance has been estimated from 
pore volume and pore diameter measurements (9). 

The average value of DA calculated from Eq. [15] 
for the range of alloys studied was found to be 2 X 
10 -12 cm2/sec. Values of diffusion in solidified Cu-A1 
eutectic mixtures at high temperatures are reported 
by Smithells (10). A value of 3 X 10 -25 cm2/see was 
calculated at 50~ by extrapolation of this high tem- 
perature data. However, a value of 1.3 X 10 -12 cm2/ 
sec has been deduced by Pickering and Wagner (2) 
for the diffusion of copper atoms by divacancies at 
25~ in a copper-gold alloy. This latter value compares 
favorably with the value calculated from Eq. [15]. It 
seems, therefore, that liquid phase diffusion within 
the product layer is the most likely mechanism, since 
alloy diffusion at the convoluted interface is probably 
fast enough to support it. 

If the leaching reaction is controlled by diffusion in 
the liquid phase within the product layer then the 
reaction rate should reflect the mobilities of the solute 
species responsible for mass transport. The transport 
of hydroxyl ions from the bulk liquid to the alloy- 
product layer interface, where reaction occurs, is now 
considered. Since the product layer is composed largely 
of copper, no electrostatic potential gradient can be 
sustained and the appropriate transport equation is 
simply 

0CoH- 
JOH- : -- DOH- [16] 

0x 

where  x is the posi t ion coordinate.  To a first app rox i -  
mat ion  then 

JOH- : DoH-CoH-(~ [17] 

where  Coil -~o> is the hydroxy l  ion concentra t ion at  
the outer  surface of the produc t  layer .  In  the s teady 
state, the ra te  of a r r iva l  of hyd roxy l  ions at  the a l loy 
surface must  be s to ichiometr ica l ly  equiva len t  to the 
ra te  of leaching 

IJoH-I ---- JAI + 2Jzn [18] 

Since leaching is close to quantitative, the metal fluxes 
are related according to the bulk alloy composition 

JAI/Jzn : N~176 [19] 

Thus the mass balance at the alloy-product layer 
interface is described by Eq. [18] and [19] which, to- 
gether with Eq. [9] and [10] yield 

1 + N~ ) 
kp --  2VmDoH-COH- (o) 1 + 2N~ [20] 

Fig. 8. Schematic representation of a Cu(Zn)AI2-Cu grain at the 
alloy-reaction product zone interface. 

The appl ica t ion  of this equat ion to presen t  results,  
using the molar  volume of A1, y ie lds  an es t imate  of 
Dol l -  = 1 X 10 -6 cm 2 sec -1, equiva len t  to a mobi l i ty  
of 3.6 • 10 -5 cm e sec -1 V -1. This is s ignif icantly less 
than the repor ted  va lue  for hydroxy l  ions of 2 • 10 -a  
cm 2 sec -1 V -1 at  25~ (11). In  view of the fact  tha t  
solut ion viscosi ty and pore tor tuos i ty  effects have not  
been taken  into account, the agreement  is reasonable.  
The appropr ia t e  da ta  for  A I ( O H ) 4 -  and Zn(OH)42-  
appears  to be unava i lab le  and no conclusion can be  
reached as to the na ture  of the r a t e -de t e rmin ing  species 
in the solution. 
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The leaching of a l loy 1, as seen in Fig. 1 and 3, d is-  
p lays  a different  t r end  to the alloys which  contain  
zinc. This is possibly due to the h igher  copper  content  
in the eutect ic  mater ia l .  The effect of a l loy composit ion 
on the leaching ra te  is shown in Fig. 9. In t roduct ion  of 
a smal l  amount  of zinc to the a l loy subs tan t ia l ly  in-  
creases the leaching rate,  bu t  addi t ion  of more  zinc 
resul ts  in a decrease in the leaching rate.  If, as has 
been argued above, the leaching process is control led  
by  l iquid phase diffusion, then these effects of a l loy 
composit ion on the ra te  must  indicate  changes in the 
bounda ry  values  for the activi t ies of the diffusing 
species. Since the hyd roxy l  ion act iv i ty  is control led  at  
one bounda ry  by the bu lk  solut ion and since its ac t iv i ty  
at  the o ther  bounda ry  is p robab ly  ve ry  low, the hy -  
d roxy l  ion diffusion ra te  is not  expected  to be sensi t ive 
to var ia t ion  in a l loy composition. However ,  the out-  
wa rd  diffusion rates  of A I ( O H ) 4 -  and Zn(OH)42-  
ions wil l  depend on the bounda ry  values  of the i r  
act ivi t ies  at  the p roduc t - l aye r  a l loy  in ter face  where  
they  are  created.  These values  a re  in tu rn  expected  
to depend on al loy composition. 

As zinc is added  to the al loy its ac t iv i ty  must  r ise 
and, if equ i l ib r ium at the a l loy -p roduc t  in ter face  ob-  
tains, so too mus t  the ac t iv i ty  of Zn(OH)42-  ion at  
this boundary .  The effect on a l loy a luminum ac t iv i ty  
may  be seen by model ing  the al loys as be longing  to a 
s imple two-phase  system: Cu(Zn)A12 plus AI-Zn  solid 
solution. I t  has been shown (1) that  addi t ion  of zinc 
to the former  phase is at  the  expense  of the copper, 
the total  effect being small.  In the series of al loys 
under  discussion, zinc has been incorpora ted  at  the 
expense  of the copper, the a luminum concentra t ion 
r ema in ing  constant .  Most of this zinc is t aken  up in the  
A1-Zn solid solution, the volume f rac t ion  of which  in -  
creases accordingly.  The consequent  decrease in  
Cu (Zn)A12 volume fract ion is shown as a funct ion of  
al loy zinc content  in Fig. 9. As a result ,  the  a luminum 
act iv i ty  in the A1-Zn solid solut ion is expected  to de -  
crease wi th  increas ing a l loy  zinc content.  I f  equi l ib-  
r ium exists  wi th in  the alloy, the  a luminum act iv i ty  in 
Cu(Zn)A12 also decreases.  I f  equ i l ib r ium obtains at 
the a l loy -p roduc t  l aye r  interface,  the  decrease in a l loy 
a luminum ac t iv i ty  wi l l  lead  to a decrease in the ac t iv-  
i ty  of A I ( O H ) 4 -  ion at  this boundary .  Consequent ly  
the ra te  of ou tward  diffusion of this species wi l l  be  
lessened. Since the ra tes  of leaching of a luminum and 
zinc are  re la ted  by  the mass balance,  the  overa l l  l each-  
ing react ion is therefore  decreased in rate.  Such a 
model  could exp la in  the decrease  in leaching  rate 
observed as the a l loy  zinc content  is increased f rom S 
to 26 w/o,  bu t  does not  expla in  the increase  in rate 
observed as the zinc level  is increased f rom zero to 5 
w/o.  I t  is qui te  possible tha t  a t  this low level  of zinc, 

z 
_o 
~ 10 u 
<I: 
12:: 
u_ 

hi  -98 

3 o 
.96 

< I94 

N v 

~ .92 

& ll0 20 3~0 
ALLOY ZENC w/o 

25 

% 
2 0 ~  

15 E 

I0 

Fig. 9. Leaching rate constant and alloy volume fraction of 
Cu(Zn)AI2 as a function of alloy zinc content. 

in teract ions  wi th in  the t e r n a r y  sys tem are  such as to 
increase the a luminum act iv i ty  and hence accelera te  
the leaching process. Al though  qua l i t a t ive ly  successful, 
this descr ipt ion is incomple te  as i t  fails  to t ake  into 
account kinet ic  effects ar is ing f rom a contr ibut ion to 
ra te  control  due to the in te r rac ia l  reaction.  The im-  
por tance  of this chemical  react ion control  is now con- 
sidered. 

The act ivat ion energy  deduced f rom Fig. 4 was 41 4- 
5 k5 tool -1. This value  is h igher  than  for  a s t r ic t ly  
l iquid phase diffusion process where  values  of 8-25 kff 
tool-1 have been repor ted  (12). However ,  the  ac t iva-  
t ion energy is not  quite in the chemical  react ion region 
where  values of 100-175 kJ  mo1-1 have been repor ted  
(12). Thus the value  obta ined for  the  act ivat ion energy 
suggests that  there  m a y  be some e lemen t  of chemical  
react ion control  in the leaching process. F u r t h e r  sup-  
por t  for this conclusion is p rovided  b y  ~he shape of 
the concentra t ion profiles in the product  l ayers  (Fig. 
5 and 6). 

The form of the t r anspor t  equat ion app rop r i a t e  to 
solute A1 and Zn species in the l iquid phase wi th in  the 
react ion product  l aye r  is given by  Eq. [16]. Fo r  a d i -  
ve rgence- f ree  flux i t  follows, therefore,  that  the con- 
cent ra t ion  grad ien t  is constant. I f  local equ i l ib r ium 
exists be tween  the copper  and the ad jacen t  l iquid,  i t  
follows that  the concentra t ion gradients  of A1 and Zn 
wi th in  the solid mus t  also be constants.  The l inear  
concentra t ion profiles p red ic ted  f rom this model  for  
a l loy 3 are  seen in Fig. 10 and 11 to be a reasonable  
approx imat ion  to expe r imen ta l  observat ion  for both  
A1 and Zn over  most  of the  produc t  l aye r  thickness.  
I t  is apparent ,  however,  tha t  the model  is inappl icab le  
in the region ad jacen t  to the a l l oy -p roduc t  l aye r  in t e r -  
face. 
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Fig. 10. Aluminum concentration profile in the porous copper 
grain of the reaction product zone for alloy 3 showing lines re- 
sulting from regression for diffusion control and far chemical 
reaction control, Eq. [23]. 
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of the reaction product zone for alloy 3 showing the line resulting 
from regression for diffusion control. 
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If, ins tead  of equi l ibr ium, chemical  react ion control  
prevai l s  over  the so l id- l iquid  par t i t ion  of A1 and Zn 
wi th in  the produc t  l aye r  then the r emnan t  concent ra-  
tions of A1 and Zn wi th in  the Cu phase are, to a first 
approximat ion,  independen t  of l iquid  phase concen- 
trations.  Instead,  the  concentra t ion of leachable  e le-  
ments  wil l  be de te rmined  b y  the ra te  law governing  
the react ion and by  the t ime for which the por t ion of 
solid being considered has been exposed to the l iquid  
phase. In  this case, the react ion might  wel l  be pseudo-  
first order  wi th  respect  to meta l  concentra t ion 

CALZn - -  C~ exp (--kcte)  [21] 

where  te is the t ime of exposure  and kc is the react ion 
ra te  constant.  If x is the posi t ion coordinate  wi th in  the 
layer  wi th  x = 0 at  the in ter face  then, f rom Eq. [1] 

2 x X  -- x 2 
te = [ 2 2 ]  

kp 

Which, upon subst i tu t ion in Eq. [21], y ie lds  

In (c/c~ = (x 2 --  2 x X ) k c / k p  [23] 

Regression on this equat ion of the  a luminum concen-  
t ra t ion da ta  near  the a l l oy -p roduc t  l aye r  in ter face  
revea led  a be t t e r  fit than the l inear  concentra t ion pro-  
files. An  example  is shown in Fig. 10. I t  is concluded 
that  the leaching of a luminum proceeds under  l iquid 
phase diffusion control  except  when the concentra t ion  
of A1 is high, where  chemical  react ion control  obtains. 
This l a t t e r  regime is res t r ic ted  to a n a r r o w  region of 
the produc t  l ayer  near  the  a l loy surface. No such con- 
clusion is possible in the case of Zn, where  the con- 
cent ra t ion  profile shows a m a x i m u m  near  the  a l loy-  
produc t  l aye r  in ter face  (Fig. 7). 

Values  of the zinc concentra t ion at  the m a x i m u m  
points in the profiles a re  l is ted in Table III. Also shown 
in this table  are  the  m a x i m u m  concentrat ions  of Zn 
pred ic ted  f rom the composit ion of the precursor  
Cu(Zn)A12 phase on the assumption tha t  in i t i a l ly  only 
A1 is leached. Clear ly  the observed Zn levels cannot  
be accounted for on this basis and movemen t  of Zn 
into the leached Cu(Zn)A12 gra in  f rom e lsewhere  
mus t  be occurring.  The u l t imate  source of the excess 
Zn is, of course, the al loy A1-Zn solid solut ion phase.  
This phase leaches readi ly,  leading to a high l iquid 
phase ac t iv i ty  of Zn. When such a l iquid reacts  wi th  
Cu(Zn)A12 to dissolve A1 the hyd roxy l  ion ac t iv i ty  is 
depleted.  The solubil i t ies  of A1 and Zn in caustic solu-  
tions are  wide ly  different  (13): assuming tha t  the  
prec ip i ta t ion  produc t  of A1 is hyd ra rg i l l i t e  A1203. 
3H20 and tha t  of Zn is Zn(OH)2  then the ra t io  of A1 
so lubi l i ty  to Zn so lubi l i ty  is 16/1. Clear ly  then, the 
dissolution of A1 f rom Cu (Zn)A12 can deple te  the  O H -  
act iv i ty  to the point  where  Zn is precipi ta ted .  I t  is 
suggested that  this is the reason for the observed ac-  
cumula t ion  of Zn in the solid phase nea r  the react ion 
front.  As that  f ront  recedes, the O H -  ac t iv i ty  rises 
and Zn commences to redissolve.  S imul taneously ,  fu r -  

Table III. Zinc concentration in the porous copper grains of the 
reaction product zone 

Maximum zinc 
expected from 

Alloy Maximum zinc Cu (Zn) A12 grain 
number measured (w/o) (w/o) 

2 9.6 2.1 
3 14.1 5.3 
4 16.0 5.8 

ther  prec ip i ta t ion  occurs near  the receding react ion 
f ront  where  the O H -  ac t iv i ty  is depleted.  The locat ion 
of the Zn concentra t ion m a x i m u m  in the solid phase 
is de te rmined  by  the O H -  ac t iv i ty  g rad ien t  in the 
l iquid and is therefore  found to fol low the a l l oy -p rod -  
uct  l aye r  interface.  

Conclusions 
It has been shown tha t  the leaching kinet ics  of 

a luminum-coppe r -z inc  al loys wi th  aqueous sodium h y -  
droxide  are parabol ic  in nature .  The reac t ion  mecha-  
nism is one of select ive dissolution where  the ra te  is 
control led  by  l iquid phase diffusion th rough  the p rod-  
uct  layer .  The product  l aye r  consists of porous copper,  
der ived  f rom leaching the a l loy Cu (Zn)A12 phase, con- 
ta ining a zinc and an a luminum concentra t ion profile. 
The a luminum and zinc profiles in the  porous copper  
were  shown to be consis tent  wi th  react ion control  by  
l iquid phase diffusion over  most of the  produc t  layer .  
Chemical  react ion control  was shown to preva i l  n e a r  
the a l loy -p roduc t  l aye r  in ter face  for  a luminum leach-  
ing. No such conclusion is possible for zinc where  the  
concentrat ion profile shows a m a x i m u m  near  the a l loy-  
product  interface.  A smal l  component  of chemical  r e -  
a c t i o n  control  is consistent  wi th  minor  devia t ions  f rom 
parabol ic  leaching kinet ics  and an act ivat ion energy  
that  does not  qui te  fit into the diffusion control  regime.  
An explana t ion  for  the unexpec ted ly  high zinc content  
in the porous copper  nea r  the a l l oy -p roduc t  l aye r  
in terface  has been proposed.  
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ABSTRACT 

The p r i m a r y  passive film on Li in SOC12 e lec t ro ly te  solut ions is s tudied 
by  galvanosta t ic  pulse technique.  The evolut ion of the res is tance and capaci -  
tance of the Li e lect rode in SOC12 solutions of LiA1CI4 under  open-c i rcu i t  
condit ions is in t e rp re ted  in terms of a two-s tage  process involving the fo rma-  
tion of a continuous dense LiC1 film and its growth  by  ion migra t ion  a n d / o r  
diffusion across the solid film. The film resist ivi ty,  i ts  act ivat ion energy,  the 
Tafel  cur rent - f ie ld  relat ion,  and the high field t rans ients  give evidence for 
an ion conduct ing solid film. The film growth  is l imi ted  by  its chemical  d is-  
solution. The ra te  of the l a t t e r  controls the se l f -d ischarge  ra te  of the  Li 
anode as wel l  as the growth  of the secondary  porous film, which is responsible  
for the vol tage de lay  effects in Li/SOC12 p r i m a r y  cells. 

In  al l  nonaqueous  e lec t ro ly te  solutions used for p rac -  
t ical  Li cells, the Li anode is pass iva ted  by  the fo rma-  
tion of a pro tec t ive  film (1). In  e lec t ro ly te  solutions 
wi th  organic solvents, e.g., propy lene  carbonate,  t e t r a -  
hydrofurane ,  and acetoni t r i le  wi th  SO2, the film is 
compara t ive ly  thin and of no grea t  consequence to the 
cell performance.  In  SOC12 e lec t ro ly te  solutions, how-  
ever, the film grows almost  th roughout  the whole use-  
ful  l ife of the cell  and causes the severe  vol tage de lay  
problems.  I t  is ev ident  tha t  the film which is capable  of 
inhibi t ing  comple te ly  one of the most  vigorous chemi-  
cal react ions be tween  the most negat ive  meta l  and one 
of the most power fu l  oxidants  should possess excep-  
t ional ly  good insula t ing  propert ies .  One could ha rd ly  
assume, however ,  that  the coarse crystal l ine,  porous 
film exhib i ted  in the SEM pictures  in the papers  of Dey 
(1, 2) could have the ba r r i e r  p roper t ies  necessary  for 
the complete  pass ivat ion  of Li. The ful l  suppression 
of the corrosion of Li in SOC12 e lec t ro ly te  solutions 
as r evea led  by the long storage life of prac t ica l  L i /  
SOCI~ cells used in pacemakers  (3, 4) s t rongly  sug-  
gests that  benea th  the porous film observed under  
the microscope there  exists  a th inner  nonporous film, 
serving as an efficient ba r r i e r  be tween  the meta l  and  
the oxidant .  

In  two p r e l i m i n a r y  communicat ions  (5, 6) i t  was 
repor ted  tha t  the p r i m a r y  passive film on Li in SOCl2 
solutions has a high specific res is tance and conducts ac-  
cording to the law of f ie ld-assis ted ionic migrat ion.  
La t e r  Pe led  et al. (7) developed s imi lar  ideas on the  
proper t ies  of the passive film on l i th ium in SOC12 elec-  
t ro ly te  solutions. 

Chua et al. (8) have s tudied the composit ion of the 
secondary  passive film on Li obta ined in SOC12 solu-  
tions using energy  dispersion spec t romet ry  and x - r a y  
diffractometry.  They have shown that  the film consists 
essent ia l ly  of LiC1 with  minor  amounts  of S. The SEM 
pictures  of Dey (1), showing the cubic crys ta l l i tes  of 
LiC1 forming the film, confirm these findings. I t  is 
usua l ly  assumed that  the react ion leading  to the in i t ia l  
format ion  of the LiC1 film is 

Li + Y2 SOC12 ---- LiCI + Y2 SO ~G = --84 kca l /mole  

[a] 

However ,  as shown by  the recent  Auge r  e lec t ron 
spectroscopic (AES)  measurements  of David  et al. (9), 
even at  e x t r e m e l y  low oxygen  exposures  (66 Lang-  
muirs )  the f resh ly  cut Li surface is immed ia t e ly  cov- 
e red  by  an LieO film. Under  prac t ica l  condit ions in Ar  

Key words: batteries, passivity, film formation. 

flushed d ry  boxes the exposure  t ime and oxygen  con- 
cent ra t ion  are  much h igher  and one should a lways  
take into account the thin oxide film on the Li  surface 
which could modi fy  the mechanism and kinet ics  of 
g rowth  of the p r i m a r y  passive film in SOC12 solutions. 

Using AES technique Kei l  et al. (10) have demon-  
s t ra ted  under  s t r ingent ly  control led  env i ronmenta l  
condit ions that  the react ion of the ox ide -covered  Li  
surface wi th  SOC12 vapors  produces  a thin LiC1 film 
(~100A) as a p r i m a r y  reac t ion  product .  The free e n -  

e r g y  change of this react ion 

i~ Li20 + Y2 SOC12 = LiCI + i~ SO~ 

,hG = --12.8 kcal/mol [b] 

is much lower than that of reaction [a]. This explains 
the absence of a strong exothermal effect upon the im- 
mersion of Li in SOCI2. 

Experimental 
T h r e e - c o m p a r t m e n t  cells were  used housing the  

test, the counter,  and the reference  electrode,  a l l  made  
of Li meta l  (Merck) .  The free surface area  of the test  
electrodes was 0.1-0.3 cm 2. The reference  was an Li  
wire  wi th  1 m m  OD plugged in Teflon. The test  e lec-  
t rode was pol ished by  press ing a f resh ly  cut  disk to a 
po lyes te r  foil, whe reby  the Li  surface acqui red  a 
m i r r o r - l i k e  appearance.  The electrodes and the cells 
were  p repa red  and assembled in an Ar  flushed d ry  box 
(H20 less than 20 ppm) .  A second d ry  box was used 
for the e lec t ro ly te  p repa ra t ion  and for the  filling of the  
cell wi th  the solut ion in order  to e l imina te  the t a rn i sh-  
ing of the Li surface by  SOC12 vapors.  

Thionyl  chlor ide (Merck)  was dis t i l led af ter  ref lux-  
ing for severa l  hours wi th  Li wire.  Reagent  grade  LiC1 
was recrys ta l l ized  and dr ied  under  vacuum at  160~ 
for 24 hr. P.a. grade A1C13 was resub l imated  3 t imes 
before  use. The LiA1C14 solutions were  p repa red  b y  the 
successive dissolution method.  A 10% excess of LiC1 
over  the s toichiometr ic  rat io  was added  in some cases 
to neut ra l ize  comple te ly  the free A1Cls. Wa te r  con- 
tent  in the solvent  and in the solutions was de te rmined  
by  IR spectroscopy (11, 12) and did not  exceed 50 
ppm. 

The changes occurr ing at  the surface of the Li  test  
e lect rode af ter  its immers ion  in the SOC12 e lec t ro ly te  
solut ion were  fol lowed by  measur ing  per iod ica l ly  the  
electrode resis tance and capaci tance by  means  of the 
galvanosta t ic  pulse  technique.  The capaci tance and the  
IR drop in the solution were  de t e rmined  b y  app ly ing  
shor t  ga lvanosta t ic  pulses (5-20 #sec) wi th  an ampl i -  
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tude not  exceeding 2 m A / c m  2. The ini t ial  slope of the 
potent ia l - t ime transients  recorded by a Textronix 5541 
storage oscilloscope (Fig. la)  was used to estimate the 
electrode capacitance. The electrode resistance was 
assessed from longer cathodic galvanostatic pulses (0.5- 
5 msec) but  with a lower ampli tude (<0.5 m A / c m  2) 
whereby the steady-state overvoltage in the t ransient  
(Fig. lb )  did not  exceed 10-20 mV (i.e., in the l inear  
polarization range) .  In  both measurements  the charge 
associated with the pulses was less than 2 ~C/cm 2 cor- 
responding to a film thickness less than 0.4A. Thus any  
changes in the film thickness due to the measur ing 
pulses were much smaller  than the thickening of the 
film during the polarizat ion-free interact ion be tween 
the Li surface and the SOC]2 solution. The temperature  
of the cell was main ta ined  at 25~ with the aid of a 
small  air thermostated dry box. 

Results and Discussion 
Evidence for a nonporous ]ffm.--One of the first 

questions arising when studying a thin passive film is 
whether  it is porous or compact. In order to answer this 
question an Li electrode was kept for 24 hr in a 1M 
LiA1C14 solution whereby the resistance and the ca- 
pac i tance  at tained steady-state values: R ---- 247 ~2 �9 cm= 
and C -- 0.267 ~F/cm 2, implying that  the growth of the 
p r imary  passive film has ceased. After  that  the electro- 
lyte solution in the cell was subst i tuted by a 0.1M 
LiA1C14 solution and the values of R and C were deter-  
mined again and after 2, 6, and 16 hr. In  all  the mea-  
surements  R remained exactly the same (247 ~ .  cm2), 
while C showed a slightly lower value of 0.216 ~F/cm 2. 
After  that  the electrolyte solution was changed once  
more to the ini t ial  1M concentration.  The measure-  
ments  immediate ly  after the change revealed that  the 
ini t ial  values of R and C were restored (247 ~ �9 cm 2 
and 0.267/~F/cm2). 

The constancy of the film resistance R when the 
electrolyte solution resistance was lowered by one order 
of magnitude (x of 1M LiA1CI4 in SOC12 is 1.5 • 10 -2 
~ - 1  . cm-1 and that of 0.1M LiA1C14, 1 • 10 -~ ~ - i  �9 
cm -1) lends a strong evidence for a dense, pore-free 
passive film. The decrease of the electrode capacitance, 
on the other hand, with the lowering of the electrolyte 
concentrat ion suggests that  the electrode impedance 
comprises a series capacitance reflecting the diffuse 
double layer ( (dl)  in the electrolyte solution. 

Ionic conduction of the primary passive fi lm.--Figure 
2 presents a typical set of exper imental  plots reflect- 
ing the increase of the electrode resistance R and the 
reciprocal capacitance 1/C with t ime of an Li electrode 
immersed in a 0.5M LiAICI4 solution in SOC12. Figure 3 
gives the same exper imental  data in the form of a 
1/C vs. R plot, each point  (full symbols) per ta in ing to 
one and the same moment.  It was found in  more than 
50 separate experiments,  carried out in solutions with 
various electrolyte concentrations, that in all cases the 
1/C-R plots reveal two distinct rect i l inear  regions 
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Fig. 1. Typical potential-time transients: a, short transiznt for 
the measurement of the electrode capacitance; b, long tra,~sients 
for the measurement of the electrode polarization resistance. 
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with different slopes, as i l lustrated by Fig. 3. Depend-  
ing on the electrolyte composition and the thickness of 
the ini t ia l  oxide film, the ratio of the slopes in the two 
regions may vary from 3:1 to 10:1 and the t ransi t ion 
from the first to the second straight l ine is in most 
cases abrupt.  

The slope in the first region kl = ( d ( 1 / C ) / d R )  
varied in  the separate experiments  from 0.02 to 0.05 
~F-~ �9 a -1 .  No relat ion was found between kl and the 
electrolyte composition. The extrapolated value of 
R : R ' a t l / C ~ _  O i s f r o m O t o 6 ~ . c m  2. 

Special experiments  were carried out to assess the  
init ial  (in time) values of R and C as soon as pos- 
sible after the contact of Li with the solution, i.e., when 
the surface of the metal  is essential ly free of an LiC1 
film (e ---- 0). The l imit ing values of R and C were 
Co : 14-18 ~F/cm 2 and Ro = 2-6 ~ �9 cm 2 for times not  
exceeding 3-4 rain. 

The present  findings could be interpreted in  terms 
of a two-stage growth of the pr imary  passive film 
on Li. The first stage is assumed to involve the forma-  
tion of LiC1 crystal nuclei  and the increase of their  
number  with time. The increase of 1/C and R with t ime 
at this stage is assigned to the increase of the electrode 
coverage 0 by LiC1 grains. In  the second stage the in -  
crease of 1/C and R is determined only by the in -  
crease of the LiC1 film thickness which eventua l ly  
grows by ionic migrat ion across the solid phase. 

For a more comprehensive discussion of the pres -  
ent  exper imental  results the following simplified 
equivalent  circuit is assumed (Fig. 4). Here R' denotes 
the small  intercept  of the 1/C-R plot at 1/C ~ 0, pre-  
sumably due to incorrectly compensated IR drop in the 
solution. Co and Ro represent  the capacitance and re-  
sistance of the ini t ial  thin oxide film. Cf and Rf per-  
tain to the completed layer  of the pr imary  LiC1 film 
with an ini t ial  thickness y~ at the moment  when the  
coverage e has reached unity.  
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Fig. 4. Simplified equivalent circuit of the Li electrode during 

the formation and growth of the primary passive film (s~e text). 

It is difficult to assess directly the physical mean ing  
of the capacitance Cd in series wi th  the film capacitance 
Cf. The results in the previous section, showing that 
the electrode capacitance decreases with the lowering 
of the electrolyte concentration, suggest that  Cd might  
reflect the dl capacitance in  the diffuse layer  of the 
l iquid electrolyte solution. 

Dur ing  the first stage of the film formation both C 
and R are functions of O according to 

C = (1 - -  e ) C o  + eC~ �9 C d / ( C f  + Cd)  [1 ]  

R = Ro �9 RE/[eRo + (1 --  e)RE] + R' [2] 

where Co, Ro, CE, RE, R', and Cd are assumed to be inde-  
pendent  of e. This implies that the oxide film thickness 
and the average size of the LiC1 nuclei  r emain  pract i -  
cally constant  dur ing  the formation of the film in  the 
first stage. 

It  is reasonable to suppose that  the intersect ion point  
of the two rect i l inear  portions of the 1 / C - R  plot (Fig. 
3) corresponds to the conditions e ---- 1 and hence from 
the values of C = C1 and R ---- R1 at this point  one can 
obta in  RE = R1 -- R' and 1/CE = 1/C1 -- 1/Cd per ta in-  
ing to the first completed layer  of the LiC1 pr imary  
film. 

By way of an example, Eq. [1] and [2] were ex-  
ploited with the exper imental  data shown in Fig. 3: 
1~Co = 0.063 cm2/~F, 1/Cd = 0.72 cm2/#F, 1/Ct  ---- 0.84 
cm~/~F, Rt = 32 12. cm 2, Ro = 2 12" cm 2, R' - -  1 
~"  cm 2 at several values of O. The calculated points 
(open symbols) fall closely on the experimental line 
(full symbols) and give an idea of the effect of O on R 
and 1/C during the first stage of the film formation. 
This result implies that the slope 

0 (1 /C) /OO 
kz : ~ 1/RoCo [3] 

ORIOe 

is independent  of e and is a funct ion only of the prop-  
erties of the ini t ia l  oxide film residing on the Li surface 
prior  to its contact with the SOCI~ solution. I t  should 

be noted that  Eq. [3] is valid only  in  cases like the 
present  where Rf  > >  Ro, 1/Cf > >  1/Co, and 1/Cd > >  
1/C~. 

The thickness of the p r imary  LiC1 film y can be cal- 
culated by the formula of the paral lel  plate capacitors 
connected in series 

y ---- 8.85 X 10-se~(1/C -- 1/Cd), cm [4] 

where the capacitances are in #F/cm = and ~ is the 
roughness coefficient. The thickness of the film can be 
estimated also from the film resistance by 

y = xR �9 ~, cm [5] 

with R in ~ �9 cm 2 and z in 12 -1 �9 cm -1. By equat ing 
[4] and [5] and differentiating, one can obtain the 

slope of the 1 / C - R  plot in the second region 

a ( 1 / c ) / o y  x 
- -  - -  [O(1/C)/R] - -  

k2 OR/OY �9 �9 8.85 X 10 - s '  

,,,,_~-~ �9 ,0, -~  [8] 

It  was established that the slope k2 is s t rongly de- 
pendent  on the concentrat ion of the free Lewis acid 
A1C13 in  the 1M LiA1C14 solution as shown in  Fig. 5. 
On the other hand, it  is known that  LiA1C14 solutions 
in SOC12 prepared by the successive dissolution method 
(as in the present  invest igat ion) always contain some 
free A1Cls since the neutral izat ions of the l~st portions 
of A1C13 by  LiC1 proceed rather  slowly. This fact ex-  
plains the results in Fig. 6 where the slope k2 is plotted 
vs. the time of neutra l iza t ion of the free A1Cls in  a 
0.5M LiA1C14 solution containing 10% excess of LiC1 
above the stoichiometric amount.  Each point  in  Fig. 6 
reflects the value of ks obtained with a new Li elec- 
trode immersed in the solution after the la t ter  has been 
kept for neutral izat ion for the t ime shown on the ab-  
scissa. It  can be seen that  with the progress of the 
neutralization,  k2 diminishes to reach a s teady-state  
value of 2.8 X 10 - s  ~F - t  �9 ~ - 1  after 20 days. 

The application of Eq. [4] and [5] for the de te rmina-  
t ion of the film thickness requires the knowledge of x 
and ~. Data of x and ~ for thin LiC1 films are not  avai l -  
able so one is compelled to use values reported for 
bulk samples. Hence we shall use here ~ ---- 10.62 re-  
ported for pure LiC1 bulk  samples (13). 

The specific conductivi ty of bulk samples of pure 
and Mn~+-doped LiC1 crystals has been studied in  de- 
tail by Haven (14). In  the impur i ty  region (130 ~ < t ~ 
< 400~ the tempera ture  dependence of x is de-  
scribed by  

log x _-- log N -- W / 2 . 3 k T  [7] 

175 

o 

2. 

._,2 
1.2,-. 

1N LiAI. C[4 
�9 ",xM A[CL~ 

f 

to o,~s ,s o,~,s to 
x,M ALCL~ 

Fig. 5. Effect of the concentration of free AICI3 in a 1M LiAICI4 
solution on the slope ks (Eq. [6])  of the 1 / C - R  plots. 
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Fig. 6. Effect of neutralization of a 1M LiAICI4 solution with 
10% excess of LiCI on the slope k2 (Eq. [6]). 
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Fig. 7. Kinetic curves for the growth of primary passive films 
on Li with various specific conductivities (42-1 cm-1 • 10-s):  
curve 1, 0.39; curve 2, 0.74; curve 3, 0.94; curve 4, 1.03; curve 5, 
1.27. 

where N is proport ional  to the impur i ty  concentrat ion 
and W ---- 0.41 eV. The value of x at 298 K calculated 
by Eq. [7] with N -- 0.03 per ta in ing to undoped LiC1 
samples with the lowest impur i ty  level (14), was 
found to be 3.7 X 10 -9 42-1. cm-1. Int roducing the 
above values of x a n d ,  in Eq. [6] for the slope ke we 
obtain 3.9 • 10 -3 ~F -1 �9 42 -1. This is fair ly close to the 
present  exper imental  value kz ---- 2.8 • 10 -8 ~F - l "  
42-1, observed for an Li electrode immersed in  a 0.5M 
LiA1C14 solution, which has been kept  prior to the ex-  
per iment  for 20 days with a 10% excess of LiC1 (Fig. 
6). Since the dielectric constant  of ionic crsytals is not  
very sensitive to al iovalent  impuri t ies  it is reasonable 
to assign the effect of A1C18 on k2 (Eq. [6]), demon-  
strated in Fig. 5 and 6, to the increase of • only. This 
effect is supposedly associated with the inclusion of 
A1 ~+ in the crystal lattice of LiC1 leading to a respec- 
tive increase in the cation vacancy concentration. A 
subst i tut ion of Li+ by A1 s+ appears feasible in view 
of the ionic radii of these ions: 0.68A. for Li + apd 
0.57A for A18+. 

The agreement (within 30%) between the experi- 
mental and calculated values of k2: offers a certain 
reliability in the estimation of the film thickness by Eq. 
[4] or [5] using the experimental values of R and C. 
It should be noted that the film thicknesses thus evalu- 
ated ought to be regarded as relative values, until 
experimental data acquired by direct optical or physi- 
cal methods become available. 

It was found that the thickness of the first complete 
layer of the primary LiCI film y~ at O -- 1 varies from 
11 to 60A in the separate experiments. The mean value 
of Yl = 32 _--4- 5A corresponds to 5 -4- 1 monolayers of 
LiC1 (lattice parameter 5.13A). 

The apparent activation energy W = 0.37 eV of the 
ionic conductivity was assessed by the temperature de- 
pendence of x of a primary film with a constant thick- 
ness (y -- 400A) in the temperature range --38 ~ to 
+7~ This is close to the value W ___ 0.41 eV reported 
by Haven (14) for LiCl bulk samples in the tempera- 
ture range 130~176 

Unfortunately, there is no literature data for W in 
the lower temperature range for a more complete com- 
parison. 

Kinetics of the film growth. - -The kinetics of the pr i -  
mary  film growth was studied by y - t  plots using y 
values est imated by Eq. [4] or [5] with data of x and 
1/Cd calculated from the respective 1/C-R plot as- 
suming e ---- 10.62 and r ---- 1. Figure 7 presents a series 
of y - t  plots of films with various specific conductivi-  
ties. It  is seen that  the rate of growth at one and the 
same thickness increases as the specific conductivi ty 
grows�9 The inspection of numerous  kinetic curves 
showed that they all have an ini t ia l  parabolic region, 
followed by an asymptotic one. These results as well 
as the high field behavior  of the film suggest that  the 

pr imary  film grows through ionic migra t ion and /o r  
ionic diffusion in the solid phase and is at the same 
time subjected to a slow chemical corrosion. 

As a first approximation the ins tantaneous net  rate 
of the film growth v can be expressed by the general  
differential equat ion 

[ ~-~ ] -- v ~-. vg ~- Vd -- Vc, cm/sec [8] 

The first te rm vg reflects the rate  of the film growth 
by ionic migrat ion due to a small  constant  potent ial  
difference ar set up by the redox couple in  the solu- 
tion SOC12/C1-. 

The second va accounts for the film growth by ionic 
diffusion due to the eventual  concentrat ion difference 
AC at the two interfaces (metal / f i lm and f i lm/solution) 
of the diffusing species, e.g., the cation vacancies. 

The third term vc expresses the rate of the film cor- 
rosion Vc due to its chemical dissolution, which is as- 
sumed to be constant under  isothermal conditions. 

Assuming the validity of Ohm's law at the prevai l ing 
low electric field, we may write 

1 Ar �9 Vm " X ], 
c m / s e c  [9] 

with Vm = 2'0.6 cm2/mol the molar  volume of LiC1. 
Assuming fur ther  the val idi ty  of the Nerns t -Eins te in  

relation, the second term of [8] can be given by  

(,) 
v d =  [ m . D . V m l  = - 6 - "  

c m / s e c  [10] 

with D the diffusion coefficient of the diffusing species. 
Introduct ion of [9] and [10] into [8] and rear range-  

ment  yields 

(yl__) [ X'Vm ] [ ~,C /~T 

o r  
v = A / y  -- vr cm/sec 

with 

A = -~ ~ ---. , 
C F 

-- VC, 

cm/see [Ii] 

[12] 

cm2/sec [13] 

Figure 8 i l lustrates the exper imental  check of Eq. 
[12] where the net  rate of the film growth v, obtained 
by graphical differentiation of the y - t  curves in Fig. 
7, is plotted vs. the reciprocal film thickness 1/y. The 
slope of the v-1 /y  relations gives the value of the 
kinetic constant A, Eq. [12], while its intercept  on the 
abscissa yields the s teady-state  thickness y| which is 
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Fig. 8. Dependence of the net rate of the film growth v on the 
reciprocal film thickness, 1/y for films with various conductivities 
as shown in Fig. 7. 

at tained at a zero rate v. Under  this condition Eq. [12] 
can be used to determine the corrosion rate of the film 

Vc = A/y=, cm/sec [14] 

Figure 9 i l lustrates the effect of the specific conduc- 
t ivi ty x of the films, as presented by their  kinetic 
curves in Fig. 7, on the kinetic constant  A. The la t ter  
is est imated from the slope of the respective v - 1 / y  
plot in Fig. 8. As expected from Eq. [14]. A is propor-  
t ional to z. The slope of the plot in Fig. 9, according to 
Eq. [13], yields the value of (A~ -- C / C  �9 R T / F )  = 0.2 
mV. 

Assuming the max imum range of ~ C / C  from 0 to 
§ 1 the value of Ar should vary  from 0.2 to 26 mV. 

Table I presents the kinetic data obtained from the 
plots in Fig. 7 and 8. 

It is seen from Table I that  while A grows with x, 
Vc is not  dependent  on x. The steady-state  thickness 
Yo increases with A according to Eq. [12]. 

The integrat ion of Eq. [12] from Yl to y and from 
0 to t yields 

t = [(Yl -- Y) /Vc]  -- (y=/vc) In [(Yo -- Y ) / ( Y |  Yt)], 

see [15] 
Since Yl < <  y| Eq. [15] becomes 

t---- [(Yl -- y ) /Vc]  -- (y| In (1 -- y /y=) ,  sec [16] 

It can be shown that  at low film thicknesses when  
y /y~  < 0.3 the first parabolic term prevails, while at 
larger thicknesses the second asymptotic term is deter-  
mining.  A good correlation between the exper imenta l  
y - t  curves and those calculated by Eq. [16] w a s  
found when using the values of y| and  vg determined 
from the respective differential plots. 

5 

2~ 

J 

Q~s 0,5 o175 4 ,~.,o' 
ee, ohm-=, crn -I 

Fig. 9. Dependence of the kinetic constant A (Eq. [12]) on the 
specific conductivity of the film. 

Table I. 

Curve X, ~]-1 . A, cm 2 �9 ve, cm �9 
No. em -z x l0 s see -z x 10 TM sec -1 x I(P o y| A 

1 0.39 1,2 1.4 85 
2 0.64 4.0 2.0 200 
3 0.74 2.4 0.96 250 
4 1.03 5.0 0.75 660 
5 1.27 6.S 1.4 460 

Despite the fact that the present  kinet ic  data  c a n -  
n o t  claim a high accuracy, they nevertheless give 
qual i ta t ively the effect of the factors governing the ki-  
netics of the p r imary  film growth. 

The  f i lm corrosion and se l ] -d i scharge . - -The  corro-  
sion rate of the p r imary  LiC1 film, i.e., the dissolution 
rate of the LiC1 crystals in a heterogeneous chemical 
process, is governed by the diffusion conditions. Being 
essentially a solvation process it can be also l imited by  
the solvation rate of Li + and C1- by  SOCI~ which ap-  
pears to be rather  low. As seen from Table I the value 
of vo varies from 0.8 to 2.0 X 10 -1~ cm/sec or 30-72 
A/hr .  The mean value 1.3 X 10 -1~ cm/sec expressed in  
current  units  amounts  to 0.60 ~A/cmS, which approxi-  
mates the rate of self-discharge of Li in Li/SOC12 cells 
for cardiac stimulators,  0.07 ;~A/cm 2, for a period of 
4-5 years as reported by Babai and Gal (4). 

On the other hand, the results of Dey (1, Fig. 45) 
reveal that the rate of growth of the secondary porous 
film, observed by SEM, remains constant  over a period 
of 160 days. The rate of growth in a 0.SM LiA1C14 solu- 
tion at 25~ determined from the slope of his y - t  
p!ot, 1.4 X 10 - l ~  cm/sec is almost equal  to the average 
corrosion rate of the p r imary  passive film found here. 
The constancy in the rate of the secondary film growth 
clearly demonstrates that this film does not  possess 
any  protective properties. Likewise, Babai and Gal (4) 
have established that the self-discharge rate of Li in 
SOC12 is practically independent  of the storage time, 
despite that  the secondary film grows cont inuously 
dur ing the entire test period (,~4 years) .  

The agreement  between the rate of the p r imary  film 
corrosion and the rate of the secondary film growth 
clearly shows that  the secondary film grows at the ex-  
pense of the dissolution of the p r imary  one. The dis- 
solved Li+ ions accumulate at the p r imary  film surface 
and LiC1 crystals are precipitated when  the necessary 
supersaturat ion is attained. 

High  field t rans ien t s . - - I t  was established that  the 
pr imary  passive film on Li can wi ths tand short gal-  
vanostatic cathodic pulses with very  high ampli tudes  
without  any appreciable damage (breakdown, dissolu- 
t ion).  Figure 10a i l lustrates an overvoltage t rans ient  
recorded with an Li electrode covered by  a p r imary  
film 250A thick upon the application of a cathodic 
pulse of 133 m A / c m  2 for 1.5 msec. The peak overvolt-  
age corrected for ohmic drop in the solution is 2.9V 
which corresponds to an electric field of 1.2 X 108 
V/cm. Similar  high field t ransients  have b e e n  o b s e r v e d  

% 

q. 

i- 133 mA/crn= 

qs 

r t 

i - 133 mA/crn' 
iR -1.10V 

t t 

Fig. 10. Overvoltage transients at high electric field of a film- 
covered Li electrode: a, the first pulse transient; b, the transient 
at the 5th pulse in a series applied at a frequency 3 pulses per 
sec. 
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by Dewald (15), who studied the t rans ient  behavior  
of anodic oxide films on Ta. The overvoltage maxima 
are a t t r ibuted by Dewald to high-field generat ion of 
carriers which are subsequent ly  annihi la ted  dur ing 
their  migrat ion across the film through captur ing by 
vacancies. It  is assumed that  in the case of oxide hlms 
the excess carriers are most probably interst i t ial  cat-  
ions, bu t  the model developed by Dewald is claimed as 
valid regardless of the na ture  of the excess carriers. 

The t rans ient  behavior  of the p r imary  film on Li was 
qual i ta t ively studied by repeti t ive pulse application. It  
was found that  when the high-field pulses are applied 
at an in terval  of 10 see or more the t ransients  are com- 
pletely reproduced with the shape of the first one, as 
shown in Fig. 10a. This implies that  a rest  period of 10 
sec is sufficient for the capturing of all the excess car-  
riers generated dur ing  the preceding pulse and that  the 
high cathodic pulse cannot change appreciably the re-  
sistance and hence the thickness of the film. 

When, however, the in terval  between the pulses was 
0.3 sec or less the peak on the overvoltage transients  
was leveled off after 4-5 pulses so that  the ini t ia l  over-  
voltage became equal to the steady-state overvoltage ~]s 
as shown in Fig. 10b. Evident ly  a rest in terva l  of 0.3 
sec is not sufficient for the annihi la t ion of the excess 
carriers. If the pulse in terval  is again increased to 10 
sec the ini t ial  t ransient  as that  in Fig. 10a is repro-  
duced. The recovery of the ini t ial  t ransient  after such 
a short pause (10 sec) cannot be associated with the 
bu i ld-up  of the film after its eventual  damage dur ing 
the preceding pulses, since the growth of the film is in -  
comparably slower. 

Tafel plots.--The current-vol tage  charactertistics of 
the pr imary  passive film on Li at higher electric fields 
is i l lustrated by the Tafel plot in Fig. 11. A constant  
film thickness of 500A was obtained by keeping an Li 
electrode for 16 hr in  a 0.5 LiA1C14 solution at 25~ 
The dependence is plotted with the peak overvoltage 
values recorded on oscilloscopic traces similar to that  
shown in Fig. 10a. According to the high field ionic 
migrat ion theory (16) at fields higher than 106 V/cm 
the ionic current  should obey the expression 

2.0C 

1.75 

0 
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�9 -~ 1.50 

0.5 M Li AI C!. 4 / o  
y- 500 ,~, 

Q 

I I I 

0.5 0.75 1.0.106 
E,v/crn 

Fig. 11. Tafel plot obtained from the peaks in the overvoltage 
transients an a film 500A. thick in a 0.5M LiAICI4 solution. 

i = 2Fan v exp ( - - W / k T )  exp (qaE/kT)  = io exp (BE), 

A /cm ~ [17] 

where a is the ha l f - jump distance of the migra t ing 
species with a concentrat ion n, q is its charge, v the 
jump frequency, and W the apparent  activation en-  
ergy. 

As seen in Fig. 11, the Tafel slope becomes l inear  at 
fields somewhat  lower than 106 V/cm. Despite this 
discrepancy the slope of the Tafel dependence 1.1 • 
10 -6 cm/V yields according to Eq. [17] the ha l f - jump 
distance a = 2.8A in  close agreement  with the in te r -  
ionic distance Li-C1 in  the crystal lattice of LiC1, 2.75A. 
From the pro-exponent  log io = 0.95 (mA/cm 2) one 
can estimate the ionic conductivi ty of the film by the 
low-field approximation formula x _-- to" B, which 
gives 1.0 X 10 - s  a - 1 .  cm-Z. This is close to the value 
of x = 1.3 • 10 - s  ~ - 1 .  em-1  calculated by Eq. [4] 
from the slope of the respective 1/C-R plot of the 
same Li electrode measured dur ing  the growth of the 
film. 

Mechanism of the film growth.- - In  the lower tem- 
perature region (T <670 K) the conductance of LiC1 
is determined by the migrat ion of cation vacancies. The 
lat ter  are usual ly  due to the inclusion of al iovalent  
cations (e.g., Mn e+, AlS+) in  the crystal lattice of 
LiC1 (14). Being a typical ionic crystal with a large 
forbidden gap LiC1 is an electronic insulator, which 
makes it difficult to explain the film growth at electric 
fields as low as several thousand volts per cm. Ac- 
cording to Mehl and Hale (17) however, when  an in -  
sulator is put  in contact with an oxidant, electrons a r e  
t ransported from the solid to the insula tor /solut ion 
interface, where they are consumed by the cathodic 
reaction. Simultaneously  the excess carriers (in the 
present  case holes) are injected into the valence band 
and enhance the electronic conductivity of the film. 

Another  possibility for enhanced electron t ranspor t  
in ionic crystals is pointed out by Kleitz et al. (18). I t  
is assumed that the Fermi  level is located very  close to 
the re levant  surface state. As a result  alkali  metals 
general ly induce large electronic conductivities in  the 
alkali  metal  halides with which they are in  equi l ibr ium 
(18). 

The above considerations are corroborated by the 
recent finding of Povarov e t a l .  (19), that  the Li elec- 
trode in 1M LiA1CI~ solutions of SOCI~ exhibits photo- 
electrochemical properties, which are usual ly  associ- 
ated with the formation of colored centers. 

Conclusions 
1. The passivity of Li in SOC12 electrolyte solutions 

is due to a thin (150-500A) dense insula t ing  film of 
LiC1 and not to the thicker (1-2 ~m) porous film. 

2. The passive film grows by ionic migra t ion a n d  
diffusion in  the solid phase, while the secondary porous 
film grows by a dissolution-precipitat ion mechanism. 

3. The values of the specific conductivi ty and the 
field coefficient, the Tafel dependence, and the high 
field t ransient  behavior  of the passive film describe 
the lat ter  as a typical  ionic crystal insulat ing film. 

4. The passive film is dissolved at a constant  rate 
which controls the l imit ing film thickness and deter-  
mines the rate of self-discharge of the Li electrode in 
SOC12 electrolyte solutions. 

5. The specific conductivi ty of the pr imary  passive 
film is dependent  on the concentrat ion of al iovalent  
cations in the electrolyte solution. 

6. The value of the specific ionic conductivi ty of the 
passive film and its activation energy are practically 
equal to those of bulk  samples of LiCl. 
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Kinetics of GaAs Plasma Anodization 

P. Friedel, S. Gourrier, and P. Dimitriou 
Laboratoires d'Electronique et de Physique Appliqu~e, 94450 Limeil-Br~vannes, France 

ABSTRACT 

The kinet ics  of GaAs p lasma  anodizat ion at  constant  to ta l  cur ren t  have  
been studied. The p lasma source is a mul t ipo le  (hot  cathode associated wi th  a 
magnet ic  confinement) .  The results  show a decrease  of the growth  ra te  as the 
oxide thickness increases, in contras t  wi th  wet  anodiza t ion  at  constant  to ta l  
current .  The presence of unoxidized arsenic in the bu lk  and at  the oxide semi-  
conductor  interface,  which is character is t ic  of p lasma grown GaAs oxides,  
does not  seem to have a significant influence on the kinetics.  An  ion space 
charge which can modi fy  the rat io of the electronic and ionic currents  dur ing  
the g rowth  can account for the observed kinetics.  Sa t i s fac tory  agreement  is ob-  
ta ined  by  using a very  simplif ied space charge model. The calculat ions give 
o rde r  of magni tude  of phenomenologica l  ion "migra t ion"  (i.e., field a ided  
diffusion, etc.) coefficients which are  much l a rge r  than  usual  diffusion coeffi- 
cients. 

F ie ld -ass i s ted  t r anspor t  processes which occur du r -  
ing wet  (1) or  p lasma  (2) anodizat ion are  st i l l  poor ly  
understood.  In  fact, motions of charged species under  
high electr ic  fields m a y  be ve ry  specific phenomena.  
Complex  react ions at  both  interfaces  (oxidizing me-  
d ium/ox ide  and ox ide / subs t ra t e )  also p l ay  a de te r -  
minan t  role  in the  oxide growth  process. In  addi t ion  
to these genera l  fea tures  p lasma anodizat ion is charac-  
ter ized by  a large  e lect ron flow through  the oxide and 
by  e lec t ron- induced  react ions at  the oxide surface 
which most p robab ly  (2) create  the ma jo r i t y  of the 
oxygen ions involved in the growth.  These complex 
factors control  the oxide g rowth  kinetics.  In pa r t i cu -  
lar,  significant differences exist  be tween  the kinet ics  
of wet  and p lasma anodization. As an example  we 
s tudy  and discuss in this paper  the  kinet ics  of constant  
cur ren t  GaAs p lasma anodization.  

Experimental 
Description of the system.--The plasma source is a 

mul t ipo le  and has been descr ibed in deta i l  e l sewhere  
(3). A hot  cathode associated wi th  a magnet ic  con- 
f inement creates an homogeneous p lasma  of dens i ty  
101o-1011 cm -~ at  low oxygen pressures  (10-2-10 -1 

Key words: oxidation, diffusion kinetics, semiconductor.  

Pa) .  The sample  (n - type  GaAs wi th  an impur i t y  con- 
cent ra t ion  of 2 X 10 Is cm -3) is p laced on a copper  
sample  holder  which can be biase.d wi th  respect  to the 
plasma. The area  exposed to the p lasma is defined b y  
an a lumina  cap wi th  a c i rcular  opening of 10 m m  in 
diameter .  In  o rder  to control  the ac tual  cur ren t  flow- 
ing  th rough  the exposed area  of the sample, care has 
been taken  in insula t ing any  o ther  biased surface (me-  
tal l ic par ts  of the sample  holder,  connect ions) .  The 
back side of the sample  is the rmoregu la ted  wi th  an 
accuracy of __ 5~ A l iquid n i t rogen t rap  is mounted  
near  the sample, and the base pressure  of the sys tem 
is in the high 10 -5 Pa range. The  thickness of the oxide  
can be cont inuously measured  by  in s i tu rea l  t ime el -  
l ipsomet ry  at 632.8 nm. Anodizat ions can be car r ied  
out e i ther  at  constant  anodizat ion vol tage Va (potent ia l  
of the copper sample  holder )  or  a t  constant  to ta l  cur -  
ren t  densi ty  Jtot. 

The vol tage drop be tween  'the surface of the  oxide 
and the back side of the sample  was ca lcula ted  by  
es t imat ing the potent ia l  of the surface Vs. In  the first 
exper iments  Vs was deduced by  measur ing  the to ta l  
cur ren t  flowing th rough  the sample  and using a p r e -  
de te rmined  I -V character is t ic  obta ined  under  the  same 
p lasma condit ions wi th  a g i lded p la te  mounted  in 
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place  of the sample.  This method proved to be cr i t i -  
ca l ly  dependent  on the discharge condit ions (espe-  
c ia l ly  the ion and e lect ron t empera tu res ) ,  Therefore  
we repl ica ted  the sample  ho lder  wi th  a flat, g i lded 
probe, sur rounded  by  an a lumina  cap, and placed i t  
on the axis of the mul t ipole  chamber.  S imul taneous  
I-V character is t ics  of this probe and of a gold pla te  
mounted  in place of the sample  differed by  less than  
1V under  typica l  d ischarge and anodizat ion condit ions 
(surface potent ia l  lower  than  the p lasma potent ia l  Vp). 
The potent ia l  of this  probe  was t aken  to be the surface 
potent ia l  of the sample.  This method,  as wel l  as the  
previous  one, neglected the work  functions difference 
be tween  gold and the oxide (2). We assumed this 
difference to be smal l  (1-2V).  

ResuIts.--Figure 1 shows typica l  oxide growth  k i -  
netics a t  constant  cur ren t  ( d e n s i t y  7.7 m A / c m  2) 
at  t empera tu res  ranging  f rom 50 ~ to 200~ The inset  
shows Va vs. t ime. The in i t ia l  growth  ra tes  va ry  f rom 
24 to 90 n m / m  and la rge  thicknesses can be obta ined  
in a reasonable  t ime (450 nm in 10m at 200~ Note 
the decrease of the oxidat ion  ra te  as the thickness  
increases. This has been  f r equen t ly  repor ted  (2, 3) in 
constant  cur ren t  p lasma anodizat ion exper iments .  In  
contrast ,  no sa tura t ion  is observed in anodizat ion of 
GaAs in an aqueous e lec t ro ly te  (4) ; the ra te  of g rowth  
is constant  dur ing the exper iment .  

In  the  nex t  section we analyze  this different  be -  
hav ior  and deduce informat ion  concerning the t rans-  
por t  mechanisms dur ing  GaAs p lasma anodization.  

Discussion 
Exposed conducting surfaces.--Since the p lasma ex-  

pands  a round  the sample  holder,  a " leakage  cur ren t"  
flows th rough  any exposed surface. This surface is a t  
the  anodizat ion potent ia l  and the " leakage" cur ren t  
should increase wi th  time, thus reducing the cur ren t  
flowing through  the sample.  However,  in our system, 
this " leakage" cur ren t  is found to be  ve ry  small.  An 
anodizat ion vol tage of 100V appl ied  to the sample  
holder  under  typica l  p lasma condit ions wi th  a glass 
p la te  mounted  in place of the sample  corresponds to 
" leakage"  currents  of the o rder  of 10 ~A, three  orders  
of magni tude  lower  than the total  anodizat ion cur ren t  
(in the mA range) .  

Charge  effects on the a lumina  cap resul t  in unoxi -  
dized edges a round  the anodized area. These edges 
are  exposed to the p lasma and may  modi fy  the  cur ren t  
d is t r ibut ion  around the sample  and the kinetics.  Their  
influence was ru led  out  by  the fol lowing exper iment :  
Af te r  anodizat ion up to a cer ta in  depth,  the protec t ing  
cap was replaced  by  a smal le r  one covering the edges 
of the  prev ious ly  anodized area. The s amp le  was then  
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Fig. 1. Experimental kinetics at 4 different temperatures (curve 
1, 50~ curve 2, 100~ curve 3, 150~ curve 4, 200~ The 
insert represents anodization voltage vs. time. 

fu r the r  anodized using the same current  density.  The 
ini t ia l  g rowth  ra te  was equal  to the final ra te  at  the 
end of the first anodization,  indica t ing  that  the pres-  
ence of unoxidized edges has no significant influence 
on the kinetics.  

Role of the nature of the oxides.--Spectroscopic el-  
l ipsomet ry  (5) on p l a sma -g row n  GaAs oxides  indi -  
cates the presence of an opt ica l ly  absorbing mate r i a l  
(above 3.5 eV) in the bu lk  and of a h ighly  absorbing 
in ter face  layer  be tween  the oxide and the semicon-  
ductor  (6). According to the rmodynamics  (h igher  s ta-  
b i l i ty  of ga l l ium oxide) ,  the absorbing mate r ia l  is 
p robab ly  unoxidized arsenic. Auger  spectroscopy (7), 
TEM observat ions  (8), and Raman  scat ter ing  (9) also 
confirm the presence of an amorphous  e lementa l  As 
layer  at  the ox ide / semiconduc tor  interface.  The th ick-  
ness of this l aye r  increases wi th  the oxide thickness. 
In  contrast ,  wet  anodic oxides (and thei r  interfaces  
wi th  GaAs)  are  a lmost  nonabsorrbing be low 4.5 eV 
(10). In  o rder  to es t imate  the influence of this s t r ik ing  
difference in composi t ion be tween  wet  and p la sma-  
grown oxides, an oxide  was grown in an H~PO4 solu- 
t ion up to ,~150 nm and fu r the r  oxidized in the plasma. 
The kinet ics  were  then  exac t ly  the same as in the  
case of an oxide en t i re ly  grown in the plasma, ind i -  
cat ing that  the presence of unoxidized As has no in-  
fluence on the kinetics.  In  another  exper iment ,  an  
oxide  was formed in the  p lasma up to 200 nm and was 
ion sput te red  down to 75 nm to produce a film wi th  
an ar t i f ic ia l ly  th ick As in ter rac ia l  layer .  A fu r the r  
anodizat ion of this oxide  using the  same cur ren t  den-  
s i ty y ie lded  the same growth  ra te  as dur ing  the first 
anodizat ion (before  erosion) at  75 nm; therefore,  the 
As in ter fac ia l  l ayer  does not  control  the kinetics.  
I t  may, however ,  have an influence on the ea r ly  stage 
of oxidat ion  on clean surfaces of GaAs (below 1-5 
nm) .  In summary ,  those two exper iments  show tha t  
the  na ture  of the  oxide (e i ther  wet  anodic or p lasma 
grown wi th  an abnorma l ly  th ick As in ter face  layer )  
does not s t rongly  influence the growth.  

DifJusion-limited kinetics.--Another possibi l i ty  
would  be a l imi ta t ion  due to the diffusion of the oxi-  
dizing species th rough  the oxide. Such a process is 
known  to lead to a parabol ic  (t ~/2) l aw of kinetics 
(11). This dependence  was not found on our exper i -  
menta l  curves above 20 m A  whereas  power  laws in 
t~ exist  for  6 mA. The exponent  q is an increasing 
funct ion of t empera tu re  and var ies  f rom 0.55 at  50~ 
to 0.8 at  2000C. Thus, pure  diffusion t r anspor t  cannot  
account for the observed kinetics. This is expected 
because ions are  the  mobile  species dur ing  anodic 
oxidat ion,  and therefore  the i r  t r anspor t  is control led  
by  the high field in the oxide. 

Space charge layer.--During plasma anodization,  a 
ve ry  la rge  e lec t ron flux is suppl ied  to the  sample  (2). 
This is one of the  most  s t r ik ing differences be tween  
wet  and  p lasma anodization.  Some of these electrons 
have  r e l a t ive ly  la rge  energies;  for instance, in the  
mul t ipole  p lasma source, p r i m a r y  electrons of typica l  
energy 50 eV a re  emi t ted  by  the f i lament and can 
reach the sample.  Energet ic  e lectrons can be in jec ted  
in the conduction band  of the oxide,  resul t ing in a 
large electronic cur ren t  in the oxide. The cur ren t  effi- 
ciency ( ra t io  of the ion cur ren t  to the total  cur ren t )  
is ve ry  low (a few percent ) .  In  contrast ,  in most cases 
(Si is an except ion)  cur ren t  efficiencies above 90% 
are  repor ted  in wet  anodizat ion exper iments  (1). Dur -  
ing p lasma anodizat ion at  constar~t to ta l  current ,  a 
smal l  change in the field th rough  the oxide can create  
a smal l  re la t ive  change in the  electronic current ,  r e -  
sul t ing in a large  re la t ive  change in ionic cur ren t  and 
in the kinetics.  Var ia t ions  of the field can or ig ina te  
f rom a gradier~t of uncompensated  ionic charges in the 
bulk  of the oxide. This will  be s tudied in more  deta i l  
using a space charge model  developed by  F romho ld  
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(12) for wet anodization and applied by Labunov  et aL 
for A1 plasma anodization (13). 

The model relies on several basic assumptions. 
1. The boundary  concentrat ions of mobile ions are 

t ime independent  and fixed by interracial  reactions az~d 
not by the field in the oxide. Interfacial  reactions are 
fast enough to compensate the loss of ions due to the 
migrat ion in  the oxide. This seems plausible, at least 
for oxygen ions, which are to a large extent  only 
created by plasma electron assisted surface reactions. 
Other space charge models are based upon the oxide 
field created by trapped charges in  the oxide (2). Our 
assumptions only take into account the ion concen- 
t ra t ion gradient  imposed by the interracial  reactions. 

2. There is only one ionic species movement  dur ing  
the growth. This allows a rather  simple mathemat ical  
t rea tment  of the problem. However, it is not general ly  
true. In  most cases, wet or plasma anodization pro- 
ceeds by s imultaneous t ransport  of negative oxygen 
ions toward the substrate and positive substrate ca- 
tions toward the surface [Zr is an exception (14)]. 
As an example, plasma anodization of A1/GaAs (15) 
or Si /GaAs (3) structures have demonstrated that  
both As and Ga positive ions and oxygen negative ions 
a r e  mobile dur ing GaAs anodization. Calculations tak-  
ing into account two kinds of ionic mobile species have 
been carried out. However, they lead to a system of 
equations which is analyt ical ly  tractable only in a few 
very l imit ing cases. Therefore, we restrict  ourselves to 
one kind of mobile species model assuming either oxy- 
gen movement  or cations movement.  The migrat ion co- 
efficients and activation energies for both processes can 
then be calculated. We assume that they give the cor- 
rect order of magni tude  of the actual  values. Such a 
pro.cedure seems plausible, because anodization of A1/ 
GaAs structures have shown that  the contr ibutions to 
the oxide thickness of oxygen t ransport  and cations 
t ransport  are comparable (3, 15). 

3. The only mobile species are ions. 
4. The migrat ion of ions in  the oxide can be de- 

scribed using a periodic potential  barr ier  W, which is 
lowered in the presence of the field. 

5. A quasi-s teady state is met  at every oxide thick- 
ness (interface reactions are fast compared to bulk 
migra t ion) .  

The expression of the ion current  density Ji can be 
wr i t ten  

D C ( x )  Z X  e a E ( x )  
Ji(x) - - Z x  e ~ s i n h  

a kT 

d C ( x )  Z x e a E ( x )  
cosh 

- -  D dx kT / 

where E(x)  is the electric field at depth x in  the 
oxide (the origin is at the surface or at the oxide/  
GaAs interface for oxygen and cations movement,  
respect ively);  Z �9 e is the net charge of the migra t ing 
species; 2a is the distance between two min ima  of the 
potential  energy (typically, distance between two oxy-  
gen atoms in  the oxide);  C(x) is the concentrat ion 
of migra t ing ionic species; and D is the "migrat ion" 
coefficient corresponding to the motion of ionic species 
unde r  a high field. We use the term "migration" since 
it  can be differer~t from the diffusion coefficient, as will  
be discussed later. 

The field in the oxide is of the order of a few 106 V/  
cm. We are in  the high field l imit  (E(x) > >  kT/Z  �9 e a). 
Therefore, neglecting the effect of the concentrat ion 
gradient  (dC/dx should be of the order of C/a for this 
te rm to be appreciable) ,  we obtain 

( E(x) Z xea ) 
D C(x) exp [I] 

JICz) = Z X e 2a kT 

Poisson's equat ion I yields 

J i = Z ' e  2a g(L)  exp --~LE' -{-1 [2] 

( L ~-(I+L'/L) L ' - -  ee~ 
g(L) = 1 Jr "~7"/ (Ze) 2 aCo 

where Co is the boundary  concentrat ion of ions; �9 is 
the dielectric constant  of the oxide; u is the voltage 
drop through the oxide; L' is the typical width of the 
space charge layer  (to a first approximation,  it  corre- 
sponds to the depth at which the concentrat ion of mo-  
bile ions is one-half  of the boundary  concentra t ion) ;  
and g (L) represents the reduct ion of the ionic current  
due to the space charge (as compared to the homoge- 
neous field case). Typical values are several orders of 
magni tude  lower than unity.  

A complete theoretical t rea tment  requires the 
knowledge of the electronic current  density Je as a 
function of the field in  the oxide. In  agreement  with 
Labunov et al. (13) we assume that  this current  is a 
function of the mean field E in  the oxide. 

The determinat ion of the electronic current  density 
is made using constant  voltage anodization and re-  
cording s imultaneously the current  and the oxide 
thickness. The ionic current  estimated from the growth 
rate (see below) was subtracted from the total cur-  
rent  to yield the electronic current.  The voltage drop 
through the oxide is calculated by est imating the 
surface potential  as a funct ion of the current.  Since 
GaAs anodization requires holes (4), an addit ional  
voltage drop appears in the semiconductor at the oxide 
interface to generate electron-hole pairs. Neglecting 
any radia t ion- induced generat ion process, we assume 
that the holes are created by avalanche breakdown,  
which corresponds in our case (GaAs n- type  impur i ty  
concentrations 2 X 10 TM cm -8) to a voltage drop of 3V 
(16). Figure 2 shows the electronic current  as a func-  
tion of the field in  the oxide for temperatures  of 20% 
40 ~ and 100~ 

The lower part  of the curves (steep slope) is sam- 
ple temperature  dependent,  and therefore seems to 
be due to an oxide l imited conduction. The mechanism 
of this conduction is not clear; most probably  insulator  
conduction processes [such as Frenke l  Poole conduc- 
tion (13, 16)] are superimposed on the t ransport  of 
energetic electrons injected directly from the plasma 
to the conduction band  of the oxide. 

OE Z �9 eC(x) 
1 Poisson's equation was written - -  neglecting the 

Ox eeo 
electronic density Ce(X). We shall see later on that most of the 
electronic current is very likely due to hot ballistic electrons, 
with high velocities of the order of 106 m/sec. With typical val- 
ues of electronic current, C~ is of the order of 10 lo cm 4, which 
is much lower than the ion concentration, as will be seen later.  
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The steady-state assumption Ji(O) = J i (x )  = J i (L )  Fig. 2. Electronic current vs. mean field at 20 ~ 40 ~ and I00~ 
where L is the oxide thickness, and the integration of measured during constant voltage anodization~ at 20 and 40V. 
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The upper part  of the curves is sample tempera ture  
independent ,  and therefore is most l ikely due to a 
p lasma-l imi ted charge supply. The sample probably L , ,  

behaves like a flat probe for which a large increase of 
the surface potential  above the plasma potential  re- 
sults in a small  cur rent  increase (because of the small  
relative extension of the sheath around the sample).  

At this point, three equations 

J l - -  2a exp + 1  g(L) 

J! + Je = Jtot 

Je = i ( E )  

c a n  be resolved for given D, and Co to give Ji = ] (L) .  
Ji is directly related to d L / d t  by assuming that each 
ion reaching the boundary  corresponds to an increase v 
in oxide volume. The volume v is est imated using 
the atomic density of Ga and As in the semiconductor 
(2.2 • 1022 cm-~) ;  the volume increase of GaAs after 
oxidation (N1.6) (3); and the assumption of com- 
position Ga203 + As~O~. We then obtain 

Z �9 e dL 1 
J i - -  with - -  = 4.14 • 10~2 cm-~ 

v d t  v 

The relat ion Ji - -  Z �9 e / v  d L / d t  --_ f ( L )  can be numer i -  
cally integrated to give the kinetics L ~ f ( t )  �9 D and 
Co are adjusted to fit the exper imental  curves. The 
results of this method (assuming only oxygen t rans-  
port) are given in Table I and Fig. 3 for an anodization 
at Jtot = 25.6 m A / c m  2 at 5O~ The fit is satisfactory 
up to 250 rim. 

This technique is ra ther  tedious and depends on the 
reproducibil i ty of the plasma conditions between the 
experiments  used to calculate Je : f (E)  and the 
anodizations. Small  errors in the calculation of 
due to surface potential  variat ions can result  in order 
of magni tude changes in D and Co. 

A simplified procedure which does not use the elec- 
tronic current  was then applied. It can be noted that 
the mean field E calculated from Eq. [2] as a function 
of thickness is almost constant  except for small  thick- 
nesses (L --  L') where variat ions remain  small (at 
50~ in a typical  anodization E varies from 3.1 to 3.4 
• 106 V/cm from L : 0 to L -- L') .  This is consistent 
with the exper imental  curves of voltage drop vs.  

thickness shown in Fig. 4. A constant value of E is 
therefore determined from the experimental  data and 
injected in Eq. [2]. As in the previous technique, a 
numerica l  in tegrat ion gives the kinetics curve which 
is fitted to the exper imental  ones by adjust ing D and 
Co. 

Fits of the kinetics assuming only oxygen move- 
ments are presented in Fig. 5. Figure 6 shows D and 
Co deduced from the fits as a function of 1 / T  for oxy- ~ "  
gen anions movement  and cations movement.  The v Ill 5 0  
activation energies of D are 0.6 and 0.8 eV for oxygen C~ 
and cation movement,  respectively. These activation ,~ 
energies are relat ively low and correspond to very 
large values of D (10 -16 cm2/sec), several orders of O 
magni tude  higher than usual  diffusion coefficients. In  
fact, assuming such large values for the diffusion co- 
efficient after anodization would lead to a fast flatten- 
ing of any  concentrat ion gradient  in  the oxide. This 
is contradicted by Yamasaki and Sugano's results (17), 

Table I. 

Co = 3 . 4 9  x 101s c m - S  
D = 4 . 0 7  • 10 ,-1~ c m e s e c  -1 
L '  = 3 . 1 5  n m  
T = 300  K 
2 a  = 0 .5  n m  
Z = - - 2  
e = 8  

100 

m 

x 
0 

0 o 

1=20 mA 

i / 

10 
TIME (nnn) 

Fig. 3. Fit of constant current (20 mA) kinetics at 40~ by the 
first method. Dotted curve is experimental, full line theoretical. 

who were able to measure zsO and 160 concentrat ion 
gradier~ts after sequential  anodizations. We must  then 
assume that  the values of D deduced from the kinetics 
do not correspond to diffusion but  ra ther  to "migra-  
tion," defined as the t ransport  of charged species under  
a very high field. 

Co decreases with increasing temperature.  This 
could indicate that  ion desorption is much more ther-  
mally activated than  surface ionization. The order of 
magni tude of Co (assuming only oxygen transport)  
shows that the ratio of ionized oxygen to neut ra l  oxy- 
gen on the oxide surface varies from 10 -4  to 10 -6 
between 50 ~ and 200~ 
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Fig. 4. Anodization voltage at 6 mA total current vs. oxide 

thickness at 50oc. 
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Fig. 5. Fit of constant current (6 mA) kinetics at 4 different 

temperatures (curve 1, 50~ curve 2, 100~ curve 3, 150~ 
curve 4, 200~ sapposing only oxygen ions movement. 

Conclusion 
The kinet ics  of GaAs p lasma anodizat ion in a mu l t i -  

pole at  a constant  total  cur rent  show a decrease of the  
oxide growth  ra te  as the thickness increases. The 
presence of unoxidized As in the bu lk  and at  the 
ox ide / semiconduc tor  in ter face  (which is a charac te r -  
istic of GaAs p lasma  grown oxides)  has no significant 
influence on the kinetics at least for thicknesses larger 
than a few nanometers. Satisfactory agreement was 
obtained by using a very schematic space charge 
model assuming one type of mobile ionic species. Using 
the model, values of "migration" coefficients are de- 
duced which are much larger than usual diffusion co- 
efficients in the absence of a field. They can be con- 
sidered as characteristic of a field-enhanced transport 
mechanism. 
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The Effect of Fe(ll) Ions on Kinetics and 
Mechanism of Anodic Dissolution and 

Cathodic Deposition of Copper 
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ABSTRACT 

The influence of the p resence  of Fe ( I I )  ions on kinetics and mechanism 
of anodic dissolution and cathodic deposition of copper in acidic sulfate system 
has been investigated. The galvanostatic s ingle-pulse method has been used. 
Results indicate that  the presence of Fe( I I )  ions decreases the exchange 
current  density determined from the Tafel analysis of the cathodic reaction. 

The influence of foreign cations on the kinetics and 
mechanism of anodic dissolution and cathodic deposi- 
tion of copper has been scarcely investigated in spite 
of the great importance of this topic both for theo- 
retical  implications and for practical industr ia l  con- 
sequences. Some evidence of effects of small  amounts  
of foreign metal  ions in solution on metal  deposition 
kinetics and morphology as well  as on corrosion be-  
havior of metals can be found, par t icular ly  in the 
plat ing li terature.  

In  the present  work an at tempt  was made to obtain 
insight  into the effect of Fe ( I I )  ion on kinetics a n d  
mechanism of anodic dissolution and cathodic deposi- 
tion of copper, since the solutions used in electrolytic 
plants  for the production of copper usual ly  contain 
some Fe( I I )  ions. The concentrat ions of Fe ( I I )  ions 
in the acidic sulfate solutions investigated were chosen 
to be close to those in the commercial  plants  for the 
product ion of copper. 

For the electrochemical dissolution and deposition 
of copper 

Cu(I I )  -5 2 e ~  Cu [1] 

it has been found by Mattson and Bockris (1) and 
verified by numerous  authors (2-7) that in the acid 
sulfate system the reaction proceeds in  two steps 

Cu(I I )  -5 e,~-~ Cu(I )  (slow) [2] 

Cu(I )  -5 e ~ C u  (fast) [3] 

The assumption of But ler -Volmer  kinetics with a sym-  
metry  factor ~ ---- ~c ---- 0.5 for the slow reaction [2] 
and of equi l ibr ium for the, fast reaction [3] yields 

J ---- Jo (exp (~aF~/RT) -- exp ( - -  ~cF~I/RT) ) [4] 

where j is the ne t  current  density, jo is the exchange 
current  density, ~a and ac are the anodic and cathodic 
t ransfer  coefficients, whose theoretical values are 1.5 
and 0.5, respectively. 

Experimental 
Solutions were made from copper sulfate (p.a. 

Merck),  ferrous sulfate (p.a. Merck),  sulfuric acid 
(suprapure Merck),  and bidisti l led water. The concen- 
trations of copper sulfate and sulfuric acid were 0.TM 
and 1.5M, respectively. The concentrations of ferrous 
sulfate were 0.005, 0.05, 0.15, and 0.3M. The solutions 
were deaerated by bubbl ing  ni t rogen of high pur i ty  for 
I hr. St i rr ing was effected by employing a magnet ic  
stirrer. During measurements  s t i rr ing was stopped 
while ni t rogen was slowly bubbled  through the solu- 
tion. 

* E lec t rochemica l  Socie ty  A c t i v e  Member .  
Key  w o r d s :  inh ib l tmn ,  Tat'el s lope,  transients .  

The cell was a commercial  product (AMEL M o d e l  
494/GC -5 494/TJ).  The working electrode, a p la t inum 
sphere 0.55 mm diam (with an exposed s u r f a c e  area  
approximately 0.013 cm~), was formed by mel t ing  an 
end of a p la t inum wire 0.3 mm diam in an oxy-coal gas  
flame. The counterelectrode was spiral-shaped Pt wire 
0.5 mm diam and 20 cm length. A spectroscopically 
pure copper wire of the same quality,  4 cm in length, 
was used to equil ibriate solutions (9), according to 

Cu(I I )  + C u ~ - 2 C u ( I )  

Before measurements  copper deposit was freshly 
grown on the counter and working electrodes for 30 
min  at 15 m A .  cm-e  from the solutions employed in 
the subsequent  experiments  (1, 2). The potent ial  
difference between the electroplated and reference 
copper electrodes was always less than  5 mV in the 
absence of current.  

The single pulse method was carried out using a 
potent iostat-galvanostat  (AMEL Model 551) program-  
med with a function generator  (AMEL Model 565). 
The pulse was made long enough for the activation 
overvoltage to reach a constant  value. A series of 
t ransients  was recorded covering the current  densi ty 
range 7.4 X 10 -2 -7.4 • 102 m A .  cm-% All anodic 
t ransients  were taken first followed by cathodic ones, 
in the order from low to high current  densities. T h e  
overvottage-t ime transients  were recorded on a storage 
oscilloscope (Tektronix Type 549 B). Tempera ture  
was main ta ined  at 303 _ 0.1 K. 

Results and Discussion 
The rest potent ial  of the working copper e l e c t r o d e  

in all solutions investigated was 0.316V vs. NHE. 
Quasi-s teady-state  overvoltage values at different cur-  
rent  densities were found from the plateaus of the 
galvanostatic transients,  and Tafel plots were estab- 
lished. This has been done for both the anodic and the 
cathodic directions of the process and for each of the 
solutions. The Tafel plots were made with the potential  
expressed against  SCE, and a summary  of the results 
is given in Fig. 1 and in  Table I. All  cathodic Tafel 
slopes were 115 mV, and anodic slopes between 40 
and 50 inV. The corresponding t ransfer  coefficients are  
~c ---- 0.52 and ~a -~- 1.35 --+ 0.15. The sum of ~r and aa 
is 1.87 +_ 0.15, close to the theoretical value of 2. 

The agreement  between jo'S obtained by extrapola-  
tion of the cathodic and anodic Tafel lines at high 
potentials to n : 0 is fair, but  it should be noted that  
there is a slight but  definite tendency for the values 
from the anodic Tafel lines to be smaller, as can be 
seen in Fig. 1 and in Table I. The transfer  coefficients 
and exchange current  density obtained in this s tudy 
agree closely with results obtained by Bockris and 
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Fig. 1. Anodic and cathodic Tofel plots at different concen- 
trations of Fe(ll) ions: O ,  O.O05M Fe(ll); (D, O.05M Fe(ll); O, 
0.15M Fe(ll); ~ ,  O.3M Fe(ll). 

Enyo (2), Bockris and  Mattson (1), and Albaya  and 
Lorenz (8) as can be seen in  Table I. 

The exchange cur ren t  densities obtained from the 
cathodic Tafel lines for solutions with different con- 
centrat ions of Fe( I I )  ions were found to decrease  
with increasing concentrat ion of Fe ( I I )  ions, as can  be 
seen in Fig. 1-3. 

Figure 2 shows that  the decrease in  the cathodic  
exchange current  densi ty with the increase in  the 
concentrat ion of Fe ( I I )  ions can be expressed by the 
empirical  relat ion 

(jo)c = 9.45 exp (--1.36 CFe(II) 
where 9.45 is the value for the exchange current  den-  
sity in the absence of Fe( I I )  ions, and CFe(II) is the 
molar  concentrat ion of Fe (II) ions. 

Figure 3 shows that the concentrat ion dependence of 
the cathodic current  density at any constant  value of 
the potential  in the cathodic region of 50-150 mV vs. 
SCE on the Fe (II) ion is 

(0 log jc/0 log C F e ( I I )  ) E , C C u ( I I ) , T  " ~  - -  0.14 

A value of --0.14 indicates an inhibi t ive effect of 
Fe (II) ions on the Cu (II) discharge. 

Drazi~ and co-workers (10) found a similar  inhibi -  
tive effect of a foreign cation on the cathodic hydro-  
gen evolution rate. Namely, they showed that the 
addition of Cd(II )  ions at relat ively small  concentra-  
tions (10-2-10-1M) decreases the cathodic hydrogen 
evolution rate on iron and other non-nob le  metals. 
In  a recent ly  published paper  by Jf i t tner  (11) it was 
shown that Pb and T1 not only decrease the hydrogen 

Table I. Comparison of kinetic parameters for electrodeposition 
and dissolution of Cu 

C u ( I I )  F e ( I I )  ( jo)a  ( jo)c  
M M m A  �9 c m  -2 ~a ~c 

T h i s  w o r k  0.7 5.0 9.45 
0.7 0 . ~ 5  5.6 9.4 
0.7 0.05 5.6 9.2 1 .35~ 0.15 0.52 
0.7 0.15 5.6 8.1 
0 .7  0 .3  5 . 6  6 . 0  

B o c k r i s  a n d  
M a t t s o n  0.5 - -  5.1 8.3 1.64 ~ 0.25 0.49 

B o c k r i s  a n d  
E n y o  0,46 - -  5.2 8.3 1.51 ~ 0.04 0.42 

A l b a y a  a n d  
L o r e n z  0.51 - -  3.6 3.6 1.50 + 0.11 0.57 

I 

I I I 
0.1 0.2 (13 

CFe{l l )  TM 

Fig. 2. Dependence of the cathodic exchange current density on 
the concentration of Fe(ll) ions. 
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Fig. 3. Dependence of the cathodic current density at any con- 
stant value of the potential in the cathodic region of 50-150 mV 
vs. SCE on the concentration of Fe(ll) ions. 

evolution rate but  also inhib i t  the dissolution of iron. 
The explanat ions given by  the authors ment ioned 
above for this phenomenon  are in connection with 
the so-called "underpotent ia l  deposition" and the re-  
d i s tr ibut ion  effect of-cat ion adsorption. Nevertheless, 
it seems that  an exact model for these effects is not  
known at present. The same could be said with respect 
to the inhibi t ive effect of Fe ( I I )  ions on the electro- 
deposition of copper obtained in the present  work. 
Any  fur ther  in terpre ta t ion  of this phenomenon can- 
not be offered on the basis of the exper imental  results 
presented here. Nevertheless, the most l ikely explana-  
t ion appears to be that given by Schmickler  (12), 
which is based on electrostatic cation adsorption 
effects, in  which the presence of an adsorbate alters 
the double layer s tructure and decreases the rate of 
an electrochemical reaction. On the other hand, Con- 
way and co-workers (13) presented a so-called co- 
sphere/co-plane over lap  model for interact ion of hy-  
drated ions in the double layer  with each other and 
with the oriented water  layer  at the electrode. Based 
on these two theories, it  may be assumed that  the in -  
hibit ive effect of Fe ( I I )  ions on the electrodeposition 
of copper is due to the electrostatic contact adsorption 
of Fe( I I )  ions, which decreases the free and active 
surface of the electrode, resul t ing in an increase of 
the overvoltage and the corresponding displacement 
of cathodic Tafel lines to the region of higher over-  
voltages. 

Conclus ion 
The inhibi t ive effect of Fe ( I I )  ions on the kinetics 

of the cathodic deposition of copper in  the acid sul-  
fate system has been demonstrated. The electrostatic 
cation adsorption and the co-sphere/co-plane overlap 
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model for interact ion of hydrated ions in the double 
layer as well  as the decrease of the active surface of 
the electrode, have been suggested for the explanat ion 
of this phenomenon.  However, fur ther  systematic in -  
vestigation is needed before a more definite in te rpre-  
tation can be offered. 
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Concentration Profiles in Electrowinning Circuits 
I. Current Efficiency 
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ABSTRACT 

Factors affecting the current  efficiency of e lectrowinning processes are in -  
vestigated theoretically, and 'the result ing expressions are testing exper imen-  
tally for the electrodeposition of copper. The results derived predict  the de- 
pendence of current  efficiency on meta l - ion concentrat ion and on total current ,  
for different thermodynamic  and kinetic parameters  of the electrowinning sys- 
tem. It is found that in rotat ing disk experiments,  where t ransport  parameters  
are independent  of current  density, the current  efficiency can be approximated 
by the relationship e = e~[1 -- exp ( - -BC)/~i)] .  This result  is fur ther  s impli-  
fied in a model e lectrowinning circuit having gas-evolving electrodes where 
t ransport  processes depend on current  density and current  efficiency can be 
represented with surprising accuracy by e = ~[1 -- exp (B'C)], where e~ and 
B' are constants which depend on cell geometry and electrolyte composition. 

In industr ia l  e lec t rowinning or electrorefining pro- 
cesses, concentrat ion gradients of the metal  ions are 
found within the electrolyte layer near  the cathode. 
If current  density is increased beyond a l imit ing value 
at which the metal  ion concentrat ion at the electrode 
reaches zero, competing processes take place and t he  
qual i ty of the deposit deteriorates. At the same time, 
the current  efficiency of the desired process drops 
considerably below the l imit ing value which is ob-  
served at low cur ren t  densities or high meta l - ion  
concentrations. 

In  a typical electrorefining process, such as zinc 
electrodeposition from sulfuric acid electrolyte, a 

* Electrochemical Society Active Member. 
Key words: current etficlency, metal electrowinning, copper 

deposition. 

high current  efficiency is main ta ined  for the desired 
process, by using chemical replenishment  to ma in ta in  
metal  ion concentrat ion at a high level ( typically 
60 g/ l i ter  for Zn 2+) and by use of current  densities 
below the l imit ing value (1.5 k A / m  ~ for zinc) (1). 
In  electrorefining processes such as the purification of  
blister copper, metal  ion concentrat ion is main ta ined  
fairly constant by electrochemical dissolution of the  
anode. 

There are many  industr ia l  electrodeposition ap-  
plications, however, in which meta l - ion  concentrat ion 
varies sharply with time. Examples are the purifica- 
tion circuit of a copper electrorefinery (2) and circuits 
used for recovery and t rea tment  of pickling a n d  
plating solutions (3-5). Also, although theoretical and 
exper imental  characterization of f low-through porous 
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electrodes is reach ing  an advanced  s tate  (6-8),  it is 
l ike ly  that  a large  number  of i l l -def ined react ion se-  
quences wil l  be encountered  using these electrodes in 
p lan t - sca le  operat ions.  

I t  is, therefore,  pe r t inen t  to examine  the cur ren t  
efficiency for me ta l - ion  deposi t ion as a funct ion of 
concentra t ion and cur ren t  density.  The u l t imate  ob-  
jec t ive  is to use the resul t ing  function for predic t ion  
of concentra t ion profiles in dynamic  e lec t ropur i f ica-  
t ion and e lec t rowinning  circuits. This is the subjec t  of 
pa r t  II  of this series (9). The presen t  pape r  deals wi th  
the current-eff ic iency funct ion itself. Because of i ts 
prac t ica l  impor tance ,  and because the  more  funda-  
men ta l  aspects have been thoroughly  es tabl ished (10- 
12), copper deposi t ion has been chosen as the subject  
of exper iments  i l lus t ra t ing  the theore t ica l  deve lop-  
ment.  

T h e o r y  
Most e lec t rode  processes are  i r revers ib le ,  and cur -  

ren t  is control led  not  only by  mass t ranspor t  to the  
electrodes,  but  also by  heterogeneous ra te  constants  
which account for the slow electron t ransfe r  or slow 
nucleat ion steps. The Tale1 re la t ionship  is often used 
to descr ibe such systems. However ,  when currents  
m a y  approach thei r  l imi t ing values or  when a reverse  
react ion such as dissolut ion of the e lect rodeposi t  may  
not  be excluded,  the behavior  is be t te r  app rox ima ted  
by a more  genera l  express ion  

RT ( i - - r 1  c ) 
E --_ E1/2 + - - i n  . . . . .  [1 ]  

~nF \ ii a - -  i 

The t ransfer  coefficient ~ depends  on the na tu re  of 
the e lect rode reaction,  while  the ha l f -wave  poten t ia l  
E1/~ is a funct ion of the ra te  constant,  the diffusion 
coefficient, and the s t andard  reduct ion potent ial .  Both 

and El~2 m a y  be read i ly  de te rmined  from l abo ra to ry  
polar iza t ion  exper iments  using express ion [1]. This 
express ion is val id  for e lect rochemical  react ions in 
which the t r anspor t  process is the same for al l  r e -  
act ing species. 

While  ohmic-res is tance  effects and deviat ions f rom 
uni form cur ren t  d is t r ibut ion  will  affect measured  po-  
tent ia ls  in prac t ica l  systems, Eq. [1] is useful  as a first 
approximat ion .  I t  can serve to i l lus t ra te  sens i t iv i ty  to 
the three key  pa rame te r s  which de te rmine  e lec t ro-  
deposi t ion cur ren t  efficiency when two (or more)  p ro -  
cesses are possible, the desired process 1 and the un -  
des i red  process 2. These are  the difference in ha l f -  
wave  potent ia ls  ~E~/e, the rat io  of the l imi t ing  cur ren t  
densi t ies  i~c/iz~ c, and the degree  of r evers ib i l i ty  of the 
two compet ing react ions as measured  by  (~n)z and 
(~n)~. 

Since cur ren t  densit ies and not  e lect rode potent ia ls  
are  no rma l ly  controlled,  it  is ins t ruc t ive  to plot  cur -  
ren t  efficiency as a function of the rat io  of the l imi t ing  
cur ren t  dens i ty  for deposi t ion of the desired meta l  to 
the total  cur ren t  density,  (i]/~i). Figu re  1 records 
typ ica l  resul ts  ca lcula ted  f rom Eq. [1] for  two closely-  
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Fig. I .  Current efficiency as a function of current density for 
i1,~ = 100 il and AE1/2 = 5 X 0.059V, 
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spaced (~E1/2 --  5 )< 0.059V) cathodic processes. I t  is 
clear  that  when the two cathodic react ions are  suf- 
ficiently separa ted  in po ten t ia l  (curves f, h, and i ) ,  
the resul t  consists essent ia l ly  of two s t r a igh t - l ine  
sections. For  cur ren t  densi t ies  less than  i] the  de -  
s i red process 1 can furn ish  al l  of the  current ,  whi le  
for cur ren t  densit ies exceeding  i] the current effi- 
ciency decreases l inear ly  as process 2 becomes in -  
creasingly impor tant .  

If the two waves are  not  sufficiently separated,  the 
region a round  i l /zi  ---- 1 becomes rounded  (curves 
e, c, and b in Fig. 1), while  for  a h igh ly  i r r evers ib le  
compet i t ive  process [curve a, (~n)2 ---- 0.5] the l imi t -  
ing cur ren t  efficiency is s ignif icantly less than  unity.  

F igure  2 examines  the sens i t iv i ty  of cu r ren t  ef f i -  
c i e n c y  to l imi t ing current  dens i ty  and ~E1/2 for  k i -  
netic pa ramete r s  character is t ic  of me ta l  deposi t ion in 
compet i t ion wi th  hydrogen  evolution,  (=n)1 --  2.0 
and (an)2 ---- 0.5. 

As the l imit ing cur ren t  dens i ty  for the compet ing  
process increases wi th  respect  to that  for meta l  depo-  
sit ion (curves a, b, c, and e),  the cu r ren t  efficiency 
decreases and the m a x i m u m  becomes more  p ro -  
nounced. As ~E1/2 decreases (curves f, e, and  d) the  
desired process becomes increas ing ly  inefficient. 

In  the example  of zinc e lec t rowinning  f rom acid 
electrolyte,  where  AE1/2 is less than zero, the current 
efficiency approaches  a m a x i m u m  less than  1.0 as il/2i 
increases, and decreases to zero at  h igh values.  In  the 
case of copper  deposi t ion f rom acid electrolyte ,  of 
par t i cu la r  in teres t  in this paper ,  AE1/2 is g rea te r  than  
zero, and  three  regions can be  identif ied f rom e x -  
aminat ion  of Fig. 1 and 2: 

1. When cur ren t  dens i ty  g rea t ly  exceeds the l imi t -  
ing cur ren t  density,  efficiency wi l l  approach  the 
asymptot ic  value  e= ---- 1 when the t ransfer  coefficient 
for the meta l  deposi t ion react ion is less than  tha t  for  
the compet ing reaction. In  the more l ike ly  event  tha t  
the compet ing react ion is the less revers ible ,  the  effi- 
ciency passes through a b road  m a x i m u m  and even-  
tua l ly  approaches  zero. 

2. When cur ren t  dens i ty  g rea t ly  exceeds the l imi t -  
ing cur ren t  density,  then only  the f ract ion il/Zi can 
be usefu l ly  employed  even under  ideal  conditions. 
Since the l imi t ing cur ren t  dens i ty  depends  on the 
local concentra t ion C and t r anspor t  p a r a m e t e r  k 
through the re la t ionship  il = nFkC, the cur ren t  eff -  
ciency wil l  approach  

i] nFkC 
_ -  - - -  [ 2 ]  

Zi ;~i 

Al though the cur ren t  efficiency a lways  approaches  this  
l imi t ing behavior ,  for unresolved  processes the l imi t  
may  be reached at  such high cur ren t  densities,  and at 
such low values of e, tha t  i t  is of  l i t t le  prac t ica l  in -  
terest .  

W 
- 1.0 f ~ E I / I  " !  i O . O n V  I l l  �9 3i t . . . .  

il~ AEI/2 m 4 mO'Oillv Iit" KX)it 
z f ~ , & ~ i j = . s ,  o.oa*v ii~,loo~ e u_. 

~ : -  f'Al[I/2 =5 = O'059V i 2= iOil 

G 5  s . O . O l e V  I l l ,  iOOit ~ -  

Z 
I,IJ I/! �9 5 I 0.059V 

I 
GO 1.0 2.0 3.0 4.0 

LIMITING CURRENT: TOTAL CURRENT RATIO ( i~ /Y . i  ) 

Fig. 2. Current efficiency variation for kinetic parameters char- 
acteristic of metal deposition in competition with hydrogen evolu- 
tion, (an)l  = 2.0 and (~n)2 ---- 0.5. 
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3. For the case of greatest practical interest, where 
the current  density approaches the l imit ing current  
density, it is necessary to consider the respective 
equi l ibr ium potentials and kinetic parameters  of the 
two or more al ternat ive current  paths in order to 
arrive at a satisfactory description of the phenomena.  
A clear requi rement  for a descriptive function is that  
e vary in a monotonic fashion from case 1 to case 2, 
and that lim ~ - -  ~ and lime = 0 

C ~  oo C - >  0 

One convenient  expression meet ing these require-  
ments for two closely spaced electrode processes is 

, = ,| [I -- exp(--B"il/~i)] [3] 

Figure 3 i l lustrates how Eq. [3] can approximate 
the l imit ing behavior of the current  efficiency quite 
closely, for representat ive values of the parameters  
,| and B". The in termediate  behavior  for overlapping 
waves can be fitted quite satisfactorily, as exemplified 
by the agreement  of curves d and e. Curve b over-  
estimates the current  efficiency somewhat at low i l /z i  
ratios, approaching 1.0 less quickly than calculated 
for the l imit ing case. Equat ion [3] cannot reproduce 
the max imum which appears under  extreme condi-  
tions, for example for i12 ---~ 100 iz and ~E1/2 less than 
6 X 0.059V (cf. Fig. 2). Thus, numer ica l  interpolat ion 
from exper imenta l  efficiency data may be necessary 
in some applications, for highest accuracy. 

In summary,  Eq. [3] can be considered a useful 
mathemat ical  funct ion which permits  analyt ical  t reat -  
ment  of a wide variety of electrode processes. A use- 
ful extension of this expression which is more directly 
applicable to exper imental  data is obtained by sub-  
s t i tut ing for the l imit ing current  density 

, = e| [I -- exp(--BC/2i)] [4] 

Experimental  
Pre l imina ry  deposition experiments were carried 

out using a Tacussel E5 rotat ing disk electrode. The 
surface was prepared by mechanical ly  polishing the 
end of 2 mm copper wire which was embedded in a 
1 cm Teflon disk followed by electrodeposition of cop- 
per at --0.35V vs. the s tandard calomel electrode 
(SCE) for 7 min  from a 0.01M CuSO4, 0.5M H2SO4 
solution. Identical  results were obtained for copper 
deposited in the same way on a p la t inum surface. 
The electrode pre t rea tment  was repeated if the elec- 
trode was exposed to the atmosphere, or if its poten-  
tial was moved outside the range --0.7 to +0.1V vs. 
SCE. 

The electrolysis experiments were carried out in a 
Plexiglas purification cell fitted for ii lead anodes 
and i0 copper cathodes, each having dimensions 9 X 
9 cm. The electrodes could be mounted alternatively 
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Fig. 3. Use of Eq. [3] for prediction of the current-density de- 
pendence of current efficiency, for cothodic processes having AE1/2 
= 5 • 0.059V while (cm)z ~- 2.0. 

with a 1 cm spacing so that  20 individual  compart-  
ments were formed, each of them holding about 160 
cm 8 of electrolyte. This a r rangement  is i l lustrated 
schematically in Fig. 4. Solution could be passed as 
indicated at flow rates from 0 to 0.5 cm 3 sec -1, cascad- 
ing from one compartment  to the next. Direct current  
was applied either at fixed potential  or at fixed cur-  
rent  by a McKee Pederson MP 1026 or a Lambda 
Model LP 522 FM power supply. Acidified copper sul-  
fate solutions for the e lect rowinning exper iments  
(0.1M CuSO4 and 2M H2SO4) were prepared in 20 
liter batches from Analar  reagent  grade CuSO4 and  
H2SO4. Copper concentrations were monitored, af ter  
dilution, by atomic absorption (Varian Spectrophotom- 
eter) and pulse polarography (Princeton Applied Re- 
search Model 174). 

Current  efficiencies were calculated by two methods. 
When a relat ively small  volume was circulated 
through a part  of the test cell, or when the complete 
cell was used, calculations were based on the mea-  
sured decrease in copper concentration. When a large 
volume of fixed concentrat ion was quickly passed 
through the cell, efficiencies were determined by mea-  
suring the weight of copper deposited onto the cath- 
odes. Electrolyte circulation wi thin  individual  cells 
was assured by the gas evolution on the anodic and, in 
varying degrees, cathodic surfaces. The bulk flow rates 
in a direction perpendicular  to the electrodes were not  
found to influence the l imi t ing  current  significantly, 
and no other agitation was provided. 

The mechanical ly polished cathode surfaces aged 
significantly dur ing the course of a run. Both the ap- 
pearance and adherence of electrodeposited copper 
varied greatly with the electrolysis conditions, but  no 
effort was made to determine the exact physical na ture  
of the deposits. 

Results and Discussion 
Rotating disk electrode experiments.--Voltammo- 

grams recorded with rotat ing copper disk electrodes 
in acidified copper sulfate solution were used to esti- 
mate the current  efficiency as a function of electrode 
potential  and copper concentration. The potential  was 
scanned from 0.0V vs. SCE in the cathodic direction, 
and the scan was reversed when obvious hydrogen 
evolution occurred. Anodic and cathodic scans did not 
show a hys teres is  unless an anodie current  was in -  
adver tent ly  passed and the surface reoxidized. Cur-  
rent  efficiencies were estimated by  comparison of cur-  
rents measured in the CuSO4/H2SO4 electrolytes with 
currents measured in identical  exper iments  using 
0.5M H2SO4 electrolytes. 

Results are recorded in Fig. 5. Current  efficiency 
was found to decrease with increasing cathodic cur-  

COPPER C A T H O D E S  

, I (  

! 

============================================= 
LEAD ANODES 

Fig. 4. Plexiglos electrolysis cell having provision for 11 leod 
anodes end 10 copper cathodes. Electrodes hoving dimensions 9 • 
9 cm were spoced 1 cm oporb forming 20 cell comportments eoch 
having a volume of 80 cm 8. 
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Fig. 5. Cathodic current efficiency for electrodeposition of 
copper on a rotating disk electrode, for different copper ion con- 
centrations. 

rent  densi ty and with decreasing copper concentra-  
tion. When plotted as a funct ion of il/zi, the current  
efficiency could be approximated by  two s t ra ight- l ine  
portions at concentrat ions below 0.01M. In  these cases, 
cur rent  efficiency exceeded 95% for current  densities 
below the l imit ing value. At lower copper-ion concen- 
trations, however, the cur ren t  efficiency decreased to 
about 60% even under  the most favorable current  con- 
ditions. Detailed results showed the l imit ing current  
density, il, to be a l inear  function of copper concentra-  
tion from 10-~ to 1.0M, and to va ry  with the square 
root of the rotat ional  velocity of the disk down to 50 
rpm, as expected from the Levich expression and re-  
ported earlier by  Caban and Chapman (12). Plots of 
cur ren t  efficiency vs. il/Zi at different rotat ional  speeds 
(not shown) coincided at concentrat ions gre,ater than 

10-2M Cu2+. 
Figure 6 records results obtained for current  effi- 

ciency as a funct ion of copper concentration. The data 
obtained at different current  densities fell on a single 
curve, in good agreement  with the prediction of Eq. 
[4]. The parameter  B in this case reflects the t ransport  
characteristics of the system and can be expected to 
vary  with the rotat ional  velocity. 

Isolated-cathode experiments.--A copper cathode 
was instal led at one end of the e lectrowinning cell of 
Fig. 4 and was separated from a lead anode at the 
other  end of the cell by a porous polypropylene dia-  
phragm. The 1.6 liter volume of the ceil assured rela-  
t ively fixed copper concentrat ion dur ing  electrolysis, 
and the cathode was effectively shielded from the gas 
evolution at the anode. The deposits obtained for cop- 
per  ion concentrat ions greater  than 3 g l i ter  -1 were 
un i formly  dense, bright, and pale colored, while those 
obtained at lower concentrat ions were genera l ly  frag-  
ile, porous, nonadherent ,  and subject  to air  oxidation 
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Fig. 6. Cathodic current efficiency for electrodeposition of copper 
on a rotating disk electrode. Rotation speed was 500 rpm, electrode 
area was 2 mm 2, and copper-ion concentration varied from 0.001 
to 0.1M. 

which tended to form a dark copper-oxide film. Cur-  
rent  efficiencies calculated from the weight gain of the 
copper sheet (100-300 mg) at fixed current  densities 
(2-I5 m A / c m  2) are recorded in Fig. 7. Copper con- 
centrations ranged from 0.02 to 0.1M. The cur ren t  
efficiencies tended to a l imit ing value of e| -- 0.98 _ 
0.02 at the higher coneentrat ions and lower current  
densities. Unlike the results obtained using the rotat-  
ing disk electrode (Fig. 6), the efficiencies measured 
at different concentrations did not coincide. 

This apparent  discrepancy can be rationalized based 
on the relat ively low electrolyte circulation at  the 
isolated cathode. The total cur ren t  density can be ex-  
pressed as 

Xi -- ill2 ~- 2Fk[Cu s+ ] [6] 

The dotted line in Fig. 7 was calculated assuming a 
fixed k value estimated from the current  at the onset 
of hydrogen evolution as 1.6 X 10 -5 cm sec -1. For  a 
diffusion coefficient of 5 • 10 -6 cm 2 sec -z  this would 
correspond to an effective diffusion-layer thickness 
5 ~ 0.033 cm. The exper imental  current  efficiencies of 
Fig. 7 are all higher than those p red ic t ed  from the 
~imple model. 

The enhancement  of the t ransport  rate at gas-evolv-  
ing electrodes has been studied extensively (13-16) 
and is described by the empirical  relat ionship 

in 8 = - - m l n i H  ~ + C [6] 

I d l e t  al. (14) cite m values ranging from 0.25 to 0.59 
for hydrogen evolution in acid media. More recently, 
Janssen (16) has reported values as high as m = 0.9 
for horizontal electrodes. A close fit to the data of 
Fig. 7 is obtained using the parameters  m = 0.38 and 
C ---- --6.8. Although this fit is relat ively insensit ive to 
the precise values of m and C, there is little doubt that  
the average t ransport  parameter  is enhanced by local 
st irr ing arising from bubble  d is lodgement  

Experiments in the electrowinning conl~guration.-- 
Two types of experiments  were performed in the elec- 
t rowinning  cell with copper cathodes suspended 0.9 
cm from facing lead anodes. In the first series, the cell 
was fed with electrolyte having a known concentrat ion 
between 0.01 and 0.1M. Typical values of the current  
efficiency calculated from cathode weight  gain are re-  
corded as solid circles in Fig. 8. 

The l imit ing current  efficiency at the higher con- 
centrat ions was found to be 0.965 _ 0.02. Figure  9 i l lus-  
trates the bubble  distr ibution observed in  the cell. 
Even at high copper concentrat ions (Fig. 9A) some 
oxygen bubbles came in contact with the copper cath- 
ode. This may part ia l ly  account for the observed 3.5% 
efficiency loss. The hydrogen bubbles  given off at the 
cathode at lower copper concentrations extended far 
less into the interelectrode space than they did in the 
isolated-cathode exper iments  described above. In  
agreement  with results reported by Awakura  et al, 
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Fig. 7. Current efficiency for electrodeposition of copper at an 
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while the dotted line represents predicted behavior for constant 8. 
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Fig. 8. Current efficiency for electrodeposition of copper. Solid 
curves are drawn from the expression c = 0.965 [1 - -  
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(17), th icker  deposi ts  and an u p w a r d  movemen t  of the 
e lec t ro ly te  were  observed near  the lower  pa r t  of the  
isolated cathode. In the e lec t rowinning  configuration, 
however ,  the  deposi t  was more  uniform, and down-  
wa rd  e lec t ro ly te  movemen t  ad jacent  to the nongasing 
cathode was observed in agreement  wi th  the o b s e r v a -  
tions of Ettel,  Tilak, and Gendron  (13). F igure  9b 
shows tha t  ful l  tu rbulence  is achieved near  the  elec-  
t rodes at  low copper  concentrat ion,  and the downward  
movemen t  of the e lec t ro ly te  takes place near  the 
center  of the in te re lec t rode  region.  

The second set of exper iments  approx ima ted  a 
batch purif icat ion process. A smal l  volume (approx.  
160 cm 8) of e lec t ro ly te  was constant ly  rec i rcu la ted  
th rough  a single cell  compar tment ,  and  0.05 cm 3 sam-  
ples were  w i thd rawn  per iod ica l ly  for analysis.  Resu l t -  
ing cur ren t  efficiencies a re  p lo t ted  in Fig. 8. The ex -  
pe r imen ta l  unce r t a in ty  is quite high at  the ini t ia l  cop- 
pe r  concentrat ions since cur ren t  efficiency mus t  be cal-  
cula ted  from smal l  differences in concentrat ion.  

The resul ts  of this expe r imen t  p rac t i ca l ly  coincide 
wi th  those obta ined  at constant  concentrat ion.  Unl ike  
data  ob ta ined  wi th  the ro ta t ing  disk e lect rode which 
coincided as a funct ion of C/Zi and those obta ined  at  
the isola ted cathode which  showed some enhancement  
of the t r anspor t  parameter ,  the cur ren t  efficiency in 
the e lec t rowinning  geomet ry  appears  r e l a t ive ly  inde-  
penden t  of cur ren t  density.  With  reference  to Fig. 8, 
the cur ren t  efficiency is closely approx ima ted  by  

= 0.96511 -- exp/( - -B 'C)]  [7] 

here  B'  : 0.55 __+ 0.05 l i ter  g-Z and C is expressed  in 
g l i te r -1 .  
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Fig. 9. Gas evolution during copper deposition at 3 mA/cm ~ at 
copper ion concentrations above 3.0 g liter - z  (a) and below 1.0 
g liter - 1  (b). 

The appa ren t  inconsis tency be tween  the ro ta t ing  
disk (Eq. [4]) and e lec t rowinning cell  (Eq. [7]) resu l t  
is expla ined  if the local t r anspor t  p a r a m e t e r  is d i rec t ly  
propor t iona l  to the total  current .  This is reasonable,  
as the ra te  of anodic gas evolut ion is d i rec t ly  p ropor -  
t ional  to cur ren t  and i t  is known tha t  the t ranspor t  pa -  
r amete r  varies  d i rec t ly  wi th  a i r  sparging ra te  (13, 14). 
Equat ion [7] may  thus be considered a reasonable  em-  
pi r ica l  re la t ionship over the l imi ted  cu r r en t  range of 
pract ica l  interest .  The p a r a m e t e r  B' can'  be expected  
to v a r y  wi th  cell geometry,  e lec t ro ly te  viscosity, and 
tempera ture .  

Conc lus ion  
I t  has been shown tha t  the cu r ren t  efficiency of 

me ta l  e lect rodeposi t ion a t  e lec t rodes  character ized 
by  constant  t r anspor t  paramethrs  is a funct ion of the 
ra t io  of me ta l - ion  concentra t ion to the to ta l  current .  
This has been confirmed for the e lect rodeposi t ion of 
copper  at  a ro ta t ing disk electrode,  where  the cur ren t  
efficiency can be adequa te ly  reproduced  by  the expres -  
s ione --  e,[1 - -  exp (--BC/Zi)].  

In a typical  e lec t rowinning  configuration, the ex-  
pe r imenta l  resul ts  suggest  tha t  the p a r a m e t e r  B, which 
includes the local t r anspor t  parameter ,  is d i rec t ly  
propor t iona l  to the total  cu r ren t  density, and  thus tha t  
the cur ren t  efficiency may  be rep resen ted  by  the s im-  
ple resul t  ~ : e~[1 --  exp ( - - B ' C ) ] .  This s imple two-  
pa rame te r  re la t ionship  is found to descr ibe the cur ren t  
efficiency of copper  e lec t rodeposi t ion wi th  surpr i s ing  
accuracy. 
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LIST OF SYMBOLS 
C meta l - ion  concentrat ion 
&El~2 difference in ha l f -wave  potent ia ls  of processes 

1 and 2 = (Ez/2)z - -  (Ez/2)2 
F Fa ra da y  constant  
i cur rent  dens i ty  
il = ilz l imi t ing cur ren t  densi ty  for the  desired meta l  

deposi t ion process 
im l imit ing cur ren t  dens i ty  for the compet ing 

cathodic process 
iz ~, il r l imi t ing anodic,  cathodic cur ren t  dens i ty  
z i  total  cur rent  dens i ty  
i~2 cathodic current  going to hydrogen  evolut ion 
k t ranspor t  p a r a m e t e r  

t ransfer  coefficient 
current  efficiency 

~| l imit ing cur ren t  efficiency 
5 dif fusion- layer  thickness 
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Concentration Profiles in Electrowinning Circuits 
II. Time and Position Dependence of Metal Ion Concentration 
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ABSTRACT 

A simple expression has been derived in par t  I for current  efficiency of 
an e lectrowinning process as a function of meta l - ion  concentrat ion:  �9 -- 
e~[1 - - e x p  ( - -BC)] .  This semi-empir ical  relationship is used in  this paper to 
predict the concentrat ion variat ion with time dur ing batch electrolysis, and 
the steady-state  variat ion of concentrat ion with distance in a f low-through 
electrowinning circuit. A method of calculation is reported which allows pre-  
diction of the t rans ient  or steady-state response of a f low-through electro- 
winn ing  system, for any assumed dependence of the cathodic cur ren t  efficiency 
on meta l - ion  concentration. 

The mathemat ical  description of e lectrowinning and 
electropurification systems is not unl ike  recent  deriva-  
tions for f low-through porous electrodes (1-4). A typi-  
cal purification or e lectrowinning circuit consists of a 
series of cascading cell compartments  with the elec- 
trolyte flowing from one cell to the next. A method for 
measur ing  the local mass- t ranspor t  coefficient in such 
circuits has been developed by Ettel  and his colleagues 
(5), based on analysis of traces of noble metals which 
are codeposited with copper ions. However, an analysis 
which allows calculation of the macroscopic properties 
of a practical electrometallurgical  circuit, in part icular  
the variat ion of meta l - ion  concentrat ion with position 
and time, has not previously been available. 

The local current  densities dur ing electrodeposition 
of copper are only un i form at very  low current  load- 
ings (6). Under  the conditions prevai l ing in an electro- 
winn ing  or electropurification circuit where the total 
current  density is an appreciable fraction of the l imi t -  
ing current  density for meta l - ion  deposition, the cur-  
rent  density is expected to vary  as the --0.25 power of 
the vertical  distance. In the la t ter  stages of a purifi- 
cation circuit where applied current  may exceed the 
l imit ing current  density, extensive gas evolution will 
occur and ful ly tu rbu len t  flow may be expected. Thus 
ab initio calculations of l imit ing currents  are not 
straigt~t-forward for real systems. For tunate ly ,  it is 
fair ly easy to measure average parameters  for nar row 
electrodes of a given height, and to apply these values 
to larger systems. 

The t rea tment  presented here is based on the fact 
that the current  efficiency at e lect rowinning cathodes 
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profiles, dynamic flow system. 

can be expressed as a function of concentration, and 
that it seems to be independent  of current  density 
over the fairly nar row concentrat ion ranges which 
are important  in industr ia l  systems (7). Electrode di- 
mensions and electrolyte flow may vary  to such an 
extent  that nei ther  pure plug flow nor ideally mixed 
flow can adequately describe the system. It is supposed 
here that  plug flow occurs within parts of the sys.tem 
and, when necessary, that complete mixing occurs be-  
fore the electrolyte enters the next  stage of the circuit. 
Adequacy of these assumptions is supported by the 
exper imental  results. 

Theoretical Description of an Electrowinning Circuit 
The general  equation describing an eleetrowinning 

or electropurification circuit is derived by considering 
the port ion of a cell between x and x + dx. Geometric 
parameters  are defined in  Fig. 1. Conservation of mass 
requires that the quant i ty  of metal  ions brought  into 
the volume element  dV by solution flow v in t ime dt 
be equal to the quant i ty  carried out by the solution 
flow, plus the quant i ty  eleetrowon on the electrode 
area dS, plus the increase wi thin  dV. 

The net meta l - ion  outflow from dV in time dr, is 
given as v OC/ax dt dx, the gain within the volume 
element  equals OC/Ot dt dV, and the quant i ty  elec- 
trowon is given as d/nF dS dr, where the surface ele- 
ment  dS -~ H dx and the electrode height h may vary 
as a function of distance. The volume element  dV is 
equal  to A dx, and the local current  efficiency e de- 
pends on the chemical na ture  of the process. Thus, 
the t ime and space-dependent  differential equation c a n  
be wri t ten  as 

voC AOC dh 
+ + = 0 [1] 

Ox - 7 -  nF 
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A dS 

Fig. 1. Volume element of a flow-through electrowinning circuit, 
defining the geometric parameters. 

When steady-state conditions have been attained, 
OC/Ot ---- 0, and Eq. [1] becomes 

vOC ,ih 
+ = 0 [2] 

az nF 
Equations [1] and [2] hold exactly for an infinitely 
small volume element. The cur ren t  efficiency , may 
be convenient ly  measured using a single cathode as 
the average current  efficiency e ---- < , >  at an average 
current  density i -- < Z i > .  This exper imental  approach 
avoids the need to postulate the exact electrolyte and 
gas-flow characteristics in the interelectrode space. 
For the electrowinning of copper, we have shown that  
the current  efficiency can be represented as a simple 
analyt ical  function whose parameters  seem to be in-  
dependent  of average current  density over the nar row 
concentrat ion range of interest  (7). This facilitates 
considerably solution of Eq. [1]. However, the general  
approach remains  valid for numerical  solutions where 
current  efficiency is only available as a function of 
copper concentrat ion in tabula ted  form. 

Steady-state profiles.--Solutions of Eq. [2] describe 
many  practical e lectrowinning situations where the as- 
sumptions of ideal plug flow, constant incoming metal -  
ion concentrat ion C ~ , and uni form transport  charac- 
teristics are reasonable approximations. To simplify 
the resul t ing expressions, it is fur ther  assumed that a 
un i form current  dis t r ibut ion exists along an electrode 
(of constant  height h and length l) in  a direction 
perpendicular  to the solution flow. Thus I ---- i h I is 
the total  cur rent  passed in the system. 

If the current  efficiency e is a constant, equal to ,=, 
Eq. [2] is readily solved to yield 

C = C ~ [1 -- x / z  o] [3] 
where 

nFvC o nFvlC o 
X 0 - -  - -  u - -  

,=ih e=l 

For this limiting case, the metal-ion concentration at 
the outlet of the cell is independent of the size and 
geometry of the system. 

In the limit of high currents compared to the limit- 
ing current density or of low metal-ion concentrations, 
the current efficiency may be approximated as e -- 
e=il/i and solution of Eq. [2] gives 

C -- C ~ exp (-- x/x*) [4] 
where 

v 

,=kh 

The metal-ion concentration decreases much more 
slowly according to this expression than the predic- 
tion of Eq. [3]. 

At intermediate (and industrially more important) 
current densities where the current efficiency can be 
described by the results of part I (7), the differential 
Eq. [2] becomes 

voC ih 
ax + ' = " ~ ' -  [1 - e x p  (--  BC)] -- 0 [5] 

Integrat ion of this expression yields 

1 In 1 + exp C = ~  =~ 

[exp (BC o) -- I]~ [6] 

Thus, the concentration initially decreases linearly with 
increasing distance from the cell inlet, and finally 
approaches zero in an asymptotic fashion. 

Representative concentration profiles are plotted in 
Fig. 2 for BC ~ ---- I, 2, 3, and oo, as a function of the 
dimensionless distance parameter x/x o. From Eq. [3] 
it is clear that x ~ corresponds to the distance necessary 
to deposit all of the metal ions if e has a constant value 
e| The concentration at the exit (x -~ l) will depend 
on the ratio l/x ~ Increasing the concentration of the 
incoming liquor C ~ , or decreasing the current density, 
will increase x ~ Current does not appear in Eq. [6], 
and according to this model (7) will not alter the cur-  
ren t  efficiency parameter  B. Increasing C ~ will move 
the concentrat ion profile closer to the l imit ing curve d, 
but  may increase x o beyond the length of the purifica- 
tion cell. Optimization of the cell parameters  to d imin-  
ish the exit concentrat ion becomes possible from con- 
siderations of results such as those presented in Fig. 2. 

Time-dependent  profiles.--Equation [1] can be 
solved by inspection for a closed system where the 
electrolyte flow rate is equal to zero and the current  
density is constant. The results are analogous to Eq. 
[3] and [6]. When the current  efficiency has a constant 
value ~=, the meta l - ion concentrat ion decreases as 

rr 
l-- 
Z 

z 
o 

z 
o 

I 
_J 

w 

1 
C ---- - - I n  

B 

@ 

t 

nFVC o 
~ o ~ ~  

e| 

Ii-l- [exp(~I][exp(BC~ 
[8] 
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Fig. 2. Steady-state concentration profiles as a function of po- 
sition in the electrowinning circuit, predicted by Eq. [6] .  
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Thus in a closed system the concentrat ion decreases 
l inear ly  with t ime after the electrowinning current  is 
first applied, and then approaches zero asymptotically. 

Noting the parallel  between Eq. [6] and [8], Fig. 2 
can be interpreted as the time variat ion of meta l - ion 
concentrat ion in a closed system, if the abscissa is read 
as t / t  ~ . In  this case t ~ is in terpreted as the t ime re-  
quired to reduce meta l - ion  concentrat ion to zero, when 
the current  efficiency assumes a constant  value e| 

The full  t ime-dependent  Eq. [1] can be solved nu -  
merically, using the Newton Raphson i teration method. 
The expression is wr i t t en  in  finite-difference form as 

v ( [ C ] i , ~ -  [C]i-l . j  V ( [ C ] i , ~ -  [C]i,j-1 I~ 
l- "I- - 0  

AX' At n F  

[9] 

If the n u m b e r  of segments hx '  is small, then the  
i terat ive solution implici ty assumes ideal plug flow 
from one segment i to the next  segment i -{- 1, fol- 
lowed by ideal mixing within  each segment after time 
interval  ~t. If only one segment is considered, then 
ideal mixing  is implici t ly assumed within  the entire 
cell. This approach allows t rea tment  of several  cells 
of different volumes and different electrolysis currents  
which are arranged in series, and it  also allows use 
of an electrolyte-feed solution whose composition 
varies wi th  time. 

Experimental 
Experiments  were carried out in the 21-electrode 

model e lectrowinning cell described in par t  I (7). 
As in the earlier work, copper deposition was used as 
a model  system. 

For static tests with no solution flow, all of the cop- 
per  cathodes were connected in parallel,  as were all 
of the lead anodes. Copper concentrat ions were fol- 
lowed over 3-5 hr intervals,  and average results are 
reported. For dynamic tests where fresh solution was 
cont inual ly  pumped into the left compar tment  of the 
system and wi thdrawn from the right, electrical con- 
nections to each cathode were made through 0.03~ 
nickel-chrome shunt  resistors, so that current  could 
be monitored. Connections to the anodes were through 
1.0~ 10W resistors. These resistors, together with the 
high oxygen overpotential,  assured a m in imum var ia-  
t ion in the current  flow despite the strong variations of 
copper concentrat ion with position in the system. 

Electrode potentials vs.  a saturated calomel elec- 
trode were measured with an Orion pH meter  using a 
1 ram, sulfuric-acid-fi l led Luggin capil lary whose L- 
shaped tip could approach the cathode without  sig- 
nificantly dis turbing the electrolyte or gas flow pat-  
terns. Overvoltage values were averaged for a number  
of vertical  positions in  each cell compartment ,  and 
showed a scatter of about 15 inV. 

Results  and Discuss ion 
S t a t i c  c o n d i t i o n s  (v  = O ) . - - W h e n  the electrowinning 

cell was operated at no net  electrolyte flow, the elec- 
trode potentials were observed to vary  monotonical ly 
as e lectrowinning progressed. Typical results, recorded 
in Fig. 3, show that  the anode potent ial  remained con- 
s tant  after an ini t ia l  2 hr period. The cathode potential  
shifted to more negative values as the copper ions 
were depleted. The sharp potential  drop corresponded 
to a rapid drop in cathodic current  efficiency and the 
onset of vigorous hydrogen evolution. This potential  
shift could be used to control a purification circuit and 
avoid insipient  hydrogen evolution (8). 

As indicated in the theoretical development  above, 
the copper-ion concentrat ion profile of Fig. 3A can 
be predicted by solving Eq. [9] for any given rela-  
t ionship between the current  efficiency and copper-ion 
concentration. Typical examples of such predictions 
are presented in  Fig. 4 in comparison with the experi-  
mental  data obtained. At 100% current  efficiency the 
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Fig. 3. Time dependence of copper-ion concentration and of the 
anode and cathode electrode potentials in a static system. In- 
dicated potentials are with respect to the normal hydrogen elec- 
trode. 
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Fig. 4. Copper concentration profiles in a static system. Solid 
lines are calculated from Eq. [8] for a cell volume of 160 cm ~, 
assuming e = 0.965 [ I  - -  exp(--0.575 C)] .  

copper concentrat ion would decrease l inear ly  wi th  a 
slope directly proport ional  to the current  (cS. Eq. [7]). 
However, if the current  efficiency can be approximated 
by the result  of par t  I (7), the quasi-exponent ia l  decay 
predicted by Eq. [8] is to be expected. 

The theoretical curves of Fig. 4, based on the model 
e = 0.965 [1 -- exp(--0.575 C)] are in  very satisfactory 
agreement  with the exper imental  data. 

At the highest current  density (110 A m- 2 ) ,  the 
predicted decrease in copper-ion concentrat ion was not 
quite at tained below 2 g liter -1. The deposit in this 
case was nonadher ing  and powdery, tending to break 
off and float about in the cell compartment.  The rela-  
t ively low efficiencies observed are a t t r ibuted to re- 
dissolution of this powder in the presence of the anode 
gas. At 13.7 A m -2, the exper imental  copper concentra-  
tions (_~ 4 g liter -1) fell somewhat above the pre-  
dicted line. There was l i t t le cathodic gas formation 
at this low current  density. An appreciable (___10%) 
vertical concentrat ion gradient  was later  found to exist 
in the absence of tu rbu len t  mixing at the cathode, and 
thus a non-negl igible  sampling error may be reflected 
in these low cur ren t -dens i ty  results. 

D y n a m i c - l ~ o w  c o n d i t i o n s . - - A l l  twenty  cell compart-  
ments were used in a series of experiments  with elec- 
trolyte cascading from cell to cell at a steady flow rate. 
Figure 5 i l lustrates the concentrat ion profiles in the 
circuit as a function of the distance from the inlet  (or 
the cell compar tment  number )  and the electrolysis 
time. The applied current  of 7.6A was distr ibuted 
evenly (0.76 _+ 0.05A) over the ten cathodes, and a 
constant  electrolyte flow rate of 0.41 cm 3 sec -1 w a s  
imposed throughout  the run. 
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Fig. 6. Concentration profiles in the experimental purification 
circuit. Solid curves are calculated from Eq. [9] for an initial 
copper concentration of 5.01 g liter - 1 ,  v - -  0.34 cm 3 sec - 1 ,  a 
total applied current of 10A, V ---- 1.50 liters, and the same effi- 
ciency function as used for Fig. 4. 

The i terative solution of Eq. [9] is superimposed on 
Fig. 5, at different electrolysis times. This solution pre-  
dicts a gradual  depletion in  copper concentrat ion from 
the ini t ial  constant  value of 6.56 g l i ter  -1 to the profile 
b, c, and eventual ly  reaching the steady-state profile f 
which is given by Eq. [3]. The electrowinning was 
clearly less efficient than would be predicted from the 
simplification ~ = e| al though this approximation can 
be useful for copper-ion concentrations above 2 g 
liter- i. 

Assuming ideal plug flow, steady-state conditions 
should be at tained at t = V/v,  where V is the total 
volume of the system and v the electrolyte flow rate. 
The computer program, which assumes mixing within  
the twenty  individual  compartments,  predicts steady- 
state profiles (to wi th in  1%) after about 1.6 resistance 
times. Stable copper-ion concentrations are observed 
within 15 min  in  the first cell compartments  and after 
about 2 hr in the last cells. 

The agreement  between theory and exper iment  was 
most satisfactory for the steady-state conditions where 
sampling could be carried out without in te r rup t ing  the 
electrolysis system in any way. Nevertheless, some ex- 
per imenta l  points were consistently obtained which 
seemed to indicate greater than  100% current  effi- 
ciency. The solution in each compartment  was by no 
means homogeneous nor were the current  densities 
uni form from the top to bottom of the cathodes. As 
was reported in part  I (7), gas bubbles and convection 
currents  took on a characteristic pa t te rn  which con- 
t r ibuted to the scatter of the points in this small-scale 
electrolysis system. 

The electrolyte can be decopperized fur ther  wi thin  
the same cell geometry by several methods: decrease 
the inlet  copper-ion concentration; increase the cur-  
rent  density; or reduce the electrolyte flow rate. Any 
combination of these factors which reduces x o (Eq. 
[3]) to about one-half  of the total electrolysis cell 
distance would decrease the final copper concentrat ion 
to about 0.1 g l i ter -1. All three parameters  were al-  
tered for the exper iment  reported in  Fig. 6. The dotted 
l ine i n  the figure indicates that  ten cells would suffice 
if e ~- e| ~ 100%, whereas near ly  twenty  are actually 
required when account is taken of the decreased cur-  
rent  efficiency with decreasing copper concentration. 

Again, despite some exper imental  scatter a t t r ibut -  
able to sampling errors, the agreement  be tween the 
mathematical  model and physical real i ty  is striking. 
A simple expression for the current  efficiency involv-  

ing at most two adjustable parameters  is able to pre-  
dict t ransient  and steady-state behavior in a model 
f low-through electropurification circuit. The parameter  
e~ is pr imar i ly  dependent  on the chemical composition 
of the electrolyte and, in the absence of stray current  
paths, should not b e  greatly influenced by the cell 
geometry. The values obtained here fall wi th in  t h e  
range reported for commercial  copper e lectrowinning 
systems. The parameter  B varied little with current  
densi ty (15-100 A / m  2) but  pre l iminary  work indicates 
that it varies with cell geometry, electrolyte tempera-  
ture, surface tension, and viscosity, all of which were 
main ta ined  constant throughout  the experiments  re-  
ported here. 

Conclusion 
The results obtained in both static and dynamic elec- 

t rowinning  circuits suggest that  the two-parameter  
current-efficiency function c : e~ [i -- exp (--  BC)] 
is a sufficiently close approximation to real i ty to be 
useful in project ing the performance of practical sys- 
tems. It  is l ikely that  relat ively simple laboratory ex-  
periments  which are carried out using electrode spac- 
ings and compositions as found in a large-scale elec- 
trolysis circuit can be used to yield the values of the 
parameters  ~ and B which are needed to describe the 
current  efficiency. With knowledge of these parame-  
ters, and of the cell volume, current,  and electrolyte 
flow, a complete description of the t ime var ia t ion of 
concentrat ion profiles in a part icular  e lectrowinning 
circuit can be derived. 
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Development of BN Felt Separator for 
Li-AI/MS  Battery 

Robert B. Swaroop* and James E. Battles* 
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ABSTRACT 

Boron n i t r ide  felts are  being developed and eva lua ted  for  appl ica t ion  as 
e lec t rode  separa tors  in high t empera tu re  Li -A1/MS secondary  bat ter ies .  Boron 
n i t r ide  fabr ic  has been used as the separa to r  ma te r i a l  in most  Li-A1/MSx cells 
fabr ica ted  thus far. However ,  BN fel t  separa tors  a re  p resen t ly  under  deve lop-  
men t  because they  are  more  porous and po ten t ia l ly  less expens ive  than  the 
BN fabric  separators .  As a p r e l im ina ry  evaluat ion,  the physical  p roper t ies  of 
var ious  BN felts  were  determined.  Subseqent ly ,  felts  were  also tes ted in ex -  
pe r imen ta l  cells opera ted  for ex tended  per iods  (>lO00 h r ) .  The tests ind ica ted  
tha t  the BN fel t  is compat ib le  wi th  cell  components  and  is s table  in  the  cell  
envi ronment .  

Elec t rode  separa tors  of  boron n i t r ide  fe l t  are  being 
developed and eva lua ted  for  appl ica t ion  in advanced  
secondary  bat ter ies .  The cells for these bat ter ies ,  
which  opera te  at  t empera tu res  of 400~176 consist 
of l i t h i u m - a l u m i n u m  a l loy  negat ive  electrodes,  FeS or  
FeS2 posit ive electrodes,  and mol ten  LiC1-KC1 elec-  
t ro ly te  (eutect ic  mel t ing  point,  ,-~352~ The p r i m a r y  
funct ion of the separa to r  is to provide  electr ical  and 
mechanica l  separa t ion  of the  e lectrodes wi thout  r e -  
s t r ic t ing  ionic flow. The separa to r  mus t  fulfill  severa l  
requi rements :  (i) low cost, (ii) chemical  s tab i l i ty  
wi th  the e lect rode mate r ia l s  and electrolyte ,  (iii) 
sui table  specific gravi ty ,  thickness,  and poros i ty  chosen 
to minimize  cell  weight  and resistance,  (iv) adequate  
mechanica l  s t r eng th  to accommodate  stresses tha t  
occur dur ing  cell operat ion,  and (v) we t t ab i l i t y  by  the 
mol ten  LiC1-KC1 electrolyte .  

The above r equ i remen t  for  a good e lect r ica l  in-  
sula tor  at  t empera tu res  be tween  400 ~ and 500~ p re -  
cludes the use of meta ls  or  o rgan ic /po lymer i c  m a t e -  
rials. Thus, the select ion of mate r ia l s  for  the separa to r  
is l imi ted  to asbestos or  ceramics.  However ,  since 
asbestos wi l l  react  wi th  the free l i th ium in the cell, the 
choice appears  to be l imi ted  to ceramic mater ia ls ,  
namely ,  oxides and nitr ides.  A comparison (1) of the 
free energies  of fo rmat ion  of LisN and Li20 wi th  those 
of ceramic mate r ia l s  ind ica ted  tha t  the fol lowing 
ceramics should be s table  at  the cell  opera t ing  t em-  
pe ra tu re :  BeO, MgO, Y2Os, CaO, BN, A1N, and Si3N4. 
The s tab i l i ty  p red ic ted  b y  the rmodynamic  calculations,  
however ,  does not  insure  tha t  a ceramic wil l  be  s table  
in the cell  env i ronment  because l i th ium or  sul fur  m a y  
reac t  wi th  impur i t ies  in the ceramic.  Therefore,  an  ex -  

* E lec t rochemica l  Society Act ive  Member .  
Key words :  ba t t e ry ,  s epa ra to r ,  insulator .  

per imenta l  p rog ra m was launched  to inves t iga te  the  
s tabi l i ty  of ceramic candidate  mate r ia l s  in the cell  en -  
v i ronment .  The resul ts  (2) indica ted  tha t  the ceramics 
most  s table for ex tended  per iods  of t ime (>1  yea r )  
are  MgO, BN, and BeO. Of these mater ia ls ,  only  BN is 
commerc ia l ly  avai lab le  in fibrous fo rm sui table  for  
fabr ica t ing  into a cloth or fe l t  separator .  Cloth or  fe l t  
forms are  des i rable  because of the i r  f lexible na ture .  
Separa tors  of BN cloth (3,4) are  cu r r en t ly  be ing  
used in deve lopmenta l  cells. This ma te r i a l  has the dis-  
advantages  of being expensive  and technica l ly  undes i r -  
able  because i t  has a high basic weight  (e.g., 110 m g /  
cm 2, 2 m m  thick)  and inters t ices  in the cloth. There -  
fore, efforts have been d i rec ted  toward  the deve lop-  
ment  of a fel t  separa to r  (2, 5, 6). Fe l t  separa tors  are  
more  porous, use less ma te r i a l  (2/3 less ma te r i a l ) ,  a re  
uniform in thickness,  and a re  po ten t i a l ly  much  less 
expens ive  than fabric  separators .  For  the deve lop-  
ment  program,  the Kennecot t  Corpora t ion  p repa red  BN 
fel t  which was then eva lua ted  at  Argonne  Nat ional  
Labora tory .  

Preparation of BN felt.--Boron ni t r ide  fel ts  for  a p -  
pl ieat ion as separa tors  in L i -A1/meta l  sulfide cells were  
developed by  the Kennecot t  Corpora t ion  under  a sub-  
contract  wi th  Argonne  Nat ional  Labora tory .  The p ro -  
cess consists of forming a boron n i t r ide  fiber and boron 
oxide fiber s lu r ry  into a fel t  using Fourd r in i e r  p a p e r -  
forming technology. The final conversion of  boron 
oxide bonds to boron n i t r ide  in a n i t r id ing  env i ronment  
resul ts  in a boron n i t r i de -bonded  BN felt. F u r t h e r  
detai ls  of the process m a y  be noted e lsewhere  (7).  

Evaluation techniques.--The BN felts were  phys i -  
ca l ly  charac ter ized  in ou t -o f -ce l l  tests; then the i r  s t a -  
b i l i ty  was assessed in test  cells. 
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Out-o]-ceIl tests.--The felts were characterized by 
measurements  of their  thickness, porosity, burst  
strength, flexibility, and wettabili ty.  The thickness was 
measured with an Ames No. 16 Dial Comparator  
equipped to provide a contact pressure of 862 Pa. The 
porosity was calculated from measurements  of thick- 
ness and weight per uni t  area (basic weight) of the 
felt and from the weight fractions and densities of the 
component materials.  The burst  s t rength was mea-  
sured on a Mullen Burst Tester, Model C. 

The wet tabi l i ty  by the LiC1-KC1 electrolyte was 
evaluated by the sessile drop technique (8). The felt 
was gradual ly  heated to 450~ in a hel ium atmosphere 
glove box with solid electrolyte pieces on the felt. The 
wet tabi l i ty  was considered to be "good" if the molten 
electrolyte drop was gradual ly  absorbed into the felt. 
If evacuation and repressurization of the hel ium was 
required to wet the felt, the wet tabi l i ty  was charac- 
terized as "fair." 

In-cell tests.--The funct ional  tests of BN felt as a 
separator mater ia l  were performed in unsealed LiA1/ 
LiC1-KC1/FeS prismatic cells; the schematic of this 
type of cell has been presented elsewhere (2). The cell 
dimensions were 7.6 X 12.7 X 2.5 cm and the theoret i-  
cal capacity of each test cell was 48-50 A-hr.  The 
negative and positive electrodes were made by hot 
pressing the appropriate mixture  of LiA1 and LiC1- 
KC1 powders or FeS and LiC1-KC1 powders, respec- 
tively. The electrodes were mechanical ly and electri-  
cally separated by BN-fel t  separators contained be- 
tween screens. The cells were assembled in the 50% 
charged state in a he l ium-atmosphere  glove box and 
were operated at 450~ in  a furnace well  attached to  
the glove box. The b reak- in  of assembled cells before 
cycling required a special procedure, which was essen- 
tial in  order to assure the wett ing of the felt separator 
by the electrolyte. In the normal  procedure the as- 
sembled cell was heated gradual ly  under  a vacuum 
from room temperature  to 450~ Once at 450~ the 
cell was pressurized with hel ium gas. One or two 
vacuum-repressur iza t ion cycles were sometimes re-  
quired to completeIy wet the separator with electro- 
lyte. This procedure was slightly modified if the sepa- 
rator felt had been treated with the LiA1C14 wett ing 
agent (8). In  the special procedure, the ini t ia l  heat-  
ing of the cell was conducted in hel ium gas, not under  
vacuum, and, once the operating tempera ture  of 450~ 
was reached, one or two vacuum-repressur izat ion 
cycles were not  required. 

During operation, the cells were cycled cont inuously 
between a discharge cutoff potential  of 1.0V and a 
charge cutoff potent ial  of 1.65V at a constant current  
density. In most of the cells, both charge and discharge 
current  densities were increased in steps of 20 m A /  
cm 2. For lifetime testing, the cells were mainta ined at 
ei ther 40 or 60 mA/cme dur ing the charge-discharge 
cycles un t i l  t e rminated  either because end of test 
was reached (3000 hr of operation) or because cell per-  
formance declined. After  te rminat ion  of cell operation, 
a post-test examinat ion of the cell was conducted to 
determine the extent  of felt degradation, if any, and its 
effects on the cell. The examinat ion  was general ly  con- 
ducted using optical and scanning electron microscopes 
and x - r ay  diffraction equipment.  

Results and Discussion 
Physical and chemical properties.--The felts pro- 

duced by the methods described in this paper require 
a stabilization process in ni t rogen at 1750~ Essential ly 
the stabilization process evaporates the residual  boron 
oxide left in the BN fibers and bonds. Neutron diffrac- 
tion analyses indicated that  unstabil ized BN felts from 
Kennecot t  contained as much as 5-8% oxygen. A f t e r  
stabil ization this oxygen content  was general ly  found 
to be ~1%. 

Unstabilized felts were characterized for thickness, 
basic weight, porosity, burs t  strength, and deformation 
behavior. These measured properties are given in  
Table I. The felts were produced in thicknesses rang-  
ing from 1.25 to 3.40 m m  with porosities between 
92% and 94%. The thickness and porosity are useful 
in evaluat ing the resistance of the separator to ionic 
t ransport  and the abili ty of the separator to prevent  the 
escape of active materials  from the electrodes. Thin 
felts with high porosity have low resistance to ionic 
transport,  thus high uti l ization of active material .  (This 
was observed dur ing in-cel l  testing of felts.) The 
basic weight (per un i t  area) was measured to be 22, 
34, and 43 mg/cm ~ for felts of 1.3, 1.9, and 3.1 m m  
thickness, respectively. The BN mater ia l  used in the 
felt is only one- th i rd  the mater ia l  needed to produce 
BN fabric. The burs t  s t rength of a felt indicates 
whether  the mater ial  can main ta in  its in tegr i ty  when 
dimensional  changes occur in  the electrodes during cell 
operation. The felts were between 3.5 and 5 kPA per 
mil l imeter  of thickness. Table I also gives the physical 
properties of the felts after stabilization. As expected, 
the basic weight decreased because of B2Oa evapora-  
tion. The burs t  s t rength also decreased because of some 
degradation of the BN bonds. This sl ightly affected 
flexibility of the felts; nevertheless,  no handl ing  diffi- 
culties were experienced dur ing the subsequent  cell 
assembly. 

The scanning micrograph of stabilized felt shown in 
Fig. 1 indicated that  this BN felt consisted of large 
fibers (6-8 ~m diam) that  were bonded at a few random 
intersections with BN. The average size of the openings 
of the felt was approximately 25 ~m diam. 

The mechanical  behavior  of the felt was investigated 
to assess the deformation characteristics of felt at var i -  
ous stress levels. During cell assembly or cell operation, 
the in terna l  stresses can reach as high as 200-250 kPa 
(5) which can adversely affect the porous s tructure of 
the felt. The stress-strain curves shown in  Fig. 2 w e r e  
measured for 2 mm thick felts. These curves indicate 
that the deformation behavior  of unstabil ized and  
stabilized felt is similar;  the felt was reduced to almost 
half thickness at approximately 150 kPa. The lat ter  
finding indicates that at the in te rna l ly  developed stress 
levels (5) in an operating cell, the reduction in  felt 
thickness could be as much as 50% of the original  
thickness. Fur ther  out-of-cel l  experiments  were con- 
ducted to determine the u l t imate  s t rength level of the 
felts. It was found that  felts (1.2-3.4 mm thick) w e r e  
crushed to powder at 690-1035 kPa stress levels. I t  
should be emphasized that  such stress levels are not  
normal ly  observed either dur ing cell assembly or cell 
operation. 

The wet tabi l i ty  of unt rea ted  BN felt (as-produced 
and stabilized) by electrolyte was poor. This wet-  
tabil i ty was improved by the use of vacuum/pressur i -  
zation cycles or the wet t ing agent LiA1C]4 (8). Table 
II shows the quant i ty  of LiA1C14 required to effectively 
wet BN felt by the electrolyte; the opt imum quan t i ty  
is approximately 10 mg/cm~ per separator. The ex-  
cessive use of this agent is not recommended because 
LiA1C14 dissociates into A1 and LiC1 at  cell operating 

Table !. Average properties of BN felt before and after 
stabilization* 

B a s i c  w e i g h t  B u r s t  s t r e n g t h  
F e l t  ( m g / c m  2) ( k P a / m m )  P o r o s i t y  ( % )  

t h i c k n e s s  - - - -  
( r a m )  B e f o r e  A f t e r  B e f o r e  A f t e r  B e f o r e  A f t e r  

1.37 ----- 0.13 21.86 20.26 5.05 4.45 92.20 92.40 
1.91 +-- 0.13 34.44 29.81 4.47 1.84 92.10 93.13 
3.12 --+ 0.15 42.86 40.97 3.78 1.67 93.37 93.65 

* A t  1750~ in  n i t r o g e n  e n v i r o n m e n t  f o r  ~ 8  h r ,  



VoI. 128, No. 9 BN F E L T  S E P A R A T O R  1875 

Fig. i. Scanning micrograph of BN felt (400X) 

efficiency) is the ra t io  of observed  d ischarged capaci ty  
to the charged capaci ty  at  a given cu r ren t  density.  

F igure  3 shows both the coulombic efficiency and 
ut i l iza t ion  of pos i t ive-e lec t rode  act ive m a t e r i a l  for  a 
cell  (SC-33) which  had  an uns tab i l ized  BN fel t  sepa-  
r a to r  of 2 m m  thickness.  The capac i ty  decreased f rom 
77% to 40% as the discharge cur ren t  dens i ty  was in-  
creased in steps of 20 mA/cm2 up to the  m a x i m u m  
discharge cur ren t  dens i ty  of 120 m A / c m  2 at  cycle 56. 
F rom the 56th cycle on, the charge and discharge cur -  
ren t  densit ies of the cell  were  ma in ta ined  at  60 m A / c m  2, 
and the capac i ty  r emained  s teady  a t  55% for this 
period. As is shown in this figure, the ut i l iza t ion was 
sensit ive to s l ight  t empera tu re  excursion;  as the  t em-  
pe ra tu re  increased,  the capac i ty  also increased.  The 
coulombic efficiency of this cell  r emained  s t eady  at  
98-100% throughout  the operat ion.  A t  the 140th cycle 
(~2000 hr ) ,  cell opera t ion  as t e rmina ted  because of a 
sudden decl ine in coulombic efficiency and ut i l izat ion.  

F igure  4 shows the coulombic efficiency and capaci ty  
for a cell (SC-25) tha t  used a 1.25 m m  th ick  s tabi l ized 
felt. The observed per formance  was s imi la r  to tha t  for  
cell  SC-33. The ut i l iza t ion was 68% at  d ischarge cur -  
rent  densi ty  of 40 m A / c m  2. This cell  was opera ted  for  
98 cycles (1700 hr )  before terminat ion .  Even  though 
the fel t  used in cell  SC-33 had  a lmost  3-4 t imes the  
the oxygen  content  (as boron oxide)  as tha t  of the  
s tabi l ized fel t  used in cell  SC-25, the  capac i ty  and 
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Fig. 2. Stress-strain behavior of BN felt 

t empera tu re  when  in contact  wi th  the  Li-A1 negat ive  
electrode.  This react ion resul ts  in meta l l ic  a l u m i n u m  
deposit ions in the  separa to r  tha t  could cause a shor t  
circuit.  The exper imen t s  have shown tha t  a specific 
p rocedure  should be fol lowed to s ta r t  a cell  which 
contains fe l t  t r ea ted  wi th  LiA1C14 wet t ing  agent ;  this 
p rocedure  was exp la ined  in the Expe r imen ta l  section. 

In-cell evaluation of felt.--In-cell tes t ing of the  
sepa ra to r  fel t  was conducted to de te rmine  the ma te r i a l  
compat ib i l i ty  and adap tab i l i t y  to cell  designs and the 
effects of the  separa to r  thickness on act ive m a t e r i a l  
ut i l izat ion.  The act ive ma te r i a l  u t i l iza t ion  of the posi -  
t ive e lec t rode  is defined as the ra t io  of observed dis-  
charged  capaci ty  at  a given cur ren t  dens i ty  to the  
theore t ica l  capacity.  The coulombic efficiency (or A - h r  

Table II. Predusting of felt with LiAICI4 

Concentration loading 
of LiA1Ch per separator Wetting 

Cell No. (mg/cm 2) condition 

SC-27 30 Good 
SC-34 20 Good 
SC-30 14 Good 
SC-33 12 Good 
SC-32 8 Poor  
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Table III. Performance data of separator-test cells 

September I981 

CeU No. 

At 40* m A / c m  ~ 
Sepa ra to r  Theore t i ca l  I n t e rna l  
th ickness  capaci ty  res is tance  P e r c e n t  Specific en- 

( r am)  (A-hr)  (re.q) ut i l izat ion e r g y  (W-h r /k g )  Opera t iona l  cycles (h r )  

SC-19 2.8 50 18 62 55 
SC-25 1.25 51 16 72 66 
SC-27 1.6 48.5 15 69 59 
SC-30 3.2 48 18 60 54 
SC~3 2.0 50 15 67 62 

205 3050 
98 1700 
72 1159 
90 1550 

145 2020 

* Corresponds  to app rox ima te ly  10 h r  d i scharge  rate.  

coulombic efficiency of these two. cells were com- 
parable once the effect of separator thickness on cell 
capacity and efficiency was taken into account (dis- 
cussed below).  Apparen t ly  the high oxide content 
(>2% oxygen) in the separator after long periods 
(>3.000 hr) of cell operation may cause the cell per-  

formance to deteriorate. 
Figure 5 shows the effect of the separator thickness 

on the uti l ization for cells SC-25, -33, -19, and -30 at 
various current  densities. As indicated, ut i l ization at a 
given current  density was observed to be the best 
when the separator was the thinnest.  Further ,  the 
uti l ization decreased as the current  density was in -  
creased for any given thickness of felt. The dependence 
of uti l ization on felt thickness is fur ther  i l lustrated in  
Fig. 6. This figure indicates that  ut i l ization has a l inear  
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Fig. 5. Utilization performance of various BN felt cells 
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Fig. 6. Effect of felt thickness on utilization performance cells 

relationship with the felt thickness. This empirical  
relationship may be wr i t ten  as U = m D  + C, where 
U is the uti l ization ratio, D is thickness of felt, m is 
mater ial  constant, and C is the discharge-current  
density constant. The numerica l  value of m lies be-  
tween 0.04 and 0.06 ( m m ) - l .  From these test results, 
it was postulated that thicker separators offer high 
resistance to ionic transport,  thereby decreasing cell 
utilization. 

Table III  lists performance data (utilization, specific 
energy, resistance, and cycle life) for the five separator 
test cells. The thickness of the felt separator used in 
these cells ranged from 1.25 to 3.2 mm. These cells 
were cycled for 1159-3050 hr  before te rminat ion  of 
operation. The specific energy of a cell at a given cur-  
rent  density is the wat t -hour  output  per un i t  weight 
of the cell; the average weight of a test cell was 0.75 
kg. The highest uti l ization and specific energy at a 
given current  density were observed with the cell using 
the thinnest  felt  (cell SC-25). However, the use of 
th inner  BN felt (<1.25 mm thickness) requires me-  
chanically stronger and denser felts to withstand the 
in terna l  stresses developed dur ing cell operation. The 
in terna l  resistance, which includes polarization effects, 
was measured at 50% state of charge for each cell. 
Even though a marked difference in in terna l  resistance 
of these cells was not noticed, in te rna l  resistance ap- 
pe,ared to increase as the separator thickness was in -  
creased. 

Post-test examination.--Table IV summarizes the 
results of post-test examination for the separator test 
cells. The examinations revealed that Bi~ felt is chemi- 
cally stable in the cell environment. The felt was ob- 
served to be compressed between 30% and 50% of 
original thickness because of the internally developed 
stresses during cell operation. These stresses are gen- 
erally caused by electrode swelling. However, the BN 
felt was never a cause of failure in these test cells. 
Most of the cell failures were caused by short circuits 
resulting from improper cell assembly or electrode 
swelling and subsequent extrusion of active material. 
The extrusion of material from one electrode has been 
el iminated by the use of finer (,-~200 mesh) re ta in ing 
screens at the electrodes. Cell SC-33 developed a short 

Table IV. Post-test examination of Bn felt cells 

Cell Cause of Suspec ted  reason  of fa i lu re  
No. t e r m i n a t i o n  and fe l t  condi t ion 

SC-19 Voluntar i ly  

SC-25 Gradua l  decline in 
p e r f o r m a n c e  

SC-27 I n t e r n a l  shor t  

120 SC-30 Gradua l  decline in 
p e r f o r m a n c e  

SC-33 Ex te rna l  shor t  

Fel t  was  c o m p r e s s e d  by  ,.--35% but  
no chemica l  a t tack;  cell  shor ted  
a f t e r  t h i rd  t h e r m a l  cyc le  

Migrat ion of fine par t ic le  t h r o u g h  
the  fe l t  t o w a r d  nega t ive  elec-  
trode;  fel t  was  compres sed  by  
45% bu t  no chemica l  a t t ack  

Posi t ive  sc reen  wi re  was  touch ing  
aga ins t  the  nega t ive  e lec t rode ;  
f e l t  was compres sed  about  40% 
but  no chemica l  a t t ack  

Probab le  cause was  ex t rus ion  of 
posit ive e lec t rode  due  to elec-  
t rode  swell ing;  fe l t  c o m p r e s s e d  
~50% bu t  no chemica l  a t t ack  

Salt  b r idg ing  across  the  t e rmina l s  
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because evapora ted  sal t  had  formed a br idge  across the  
terminals .  This cause of fa i lure  should not  be a p r o b -  
lem in sea led  cells because of negl ig ible  sa l t  evapora -  
tion. 

Conclusions 
Results  have been repor ted  on an evalua t ion  p ro -  

g r am for BN fel t  separa tors  which  are  being deve loped  
for appl ica t ion  in L i / M S  bat ter ies .  The phys ica l  char -  
ac ter iza t ion  of the  felts  indica ted  tha t  t hey  have  ade -  
quate  s t rength,  porosity,  and handl ing  f lexibi l i ty  for 
cell  assembly  and operat ion.  In -ce l l  tests of the felts  
ind ica ted  excel len t  phys ica l  compat ib i l i ty  wi th  chemi-  
cal s tab i l i ty  in the  cell  environment .  Al though  fur ther  
deve lopment  work  to improve  upon the phys ica l  p r o p -  
er t ies  of B N  fel t  m a y  be needed,  the tes t  resul ts  show 
tha t  BN fel t  is a v iab le  s epa ra to r  ma te r i a l  for Li-A1/  
MSx cells. 
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Investigation of Nickel Whisker 
Networks as Electrodes for Hydrogen 

and Oxygen Evolution 
G. L. Cahen, Jr.,* P. J. Moran, *'l L. L. Scribner, and G. E. Stoner* 

Applied Electrochemistry Laboratory, Department of Materials Science, 
University o] Virginia, Charlottesville, Virginia 22901 

ABSTRACT 

A new concept for the p repa ra t ion  of high surface a rea  electrodes employ -  
ing po lycrys ta l l ine  n ickel  whiskers  has been demonst ra ted .  Nickel  whiskers  
were  fabr ica ted  by  chemical  vapor  deposi t ion in the presence of an e lec t ro-  
magnet ic  field. Electrode ne tworks  were  constructed by  a s in ter ing  process. 
The resu l tan t  e lectrodes have been analyzed  as hydrogen  and oxygen evolu-  
t ion electrodes in potass ium hydrox ide  electrolytes .  An improvemen t  of 60-100 
mV as compared  to convent ional  n ickel  screens on an appa ren t  cur ren t  den-  
s i ty  basis has been observed for  both  reactions.  

The energy  efficiency of e lec t ro ly t ic  processes is 
improved  b y  reducing  the overpotent ia l s  associated 
wi th  the occurr ing reactions.  One method  of  achieving 
this is b y  increas ing the act ive e lec t rode  surface area.  
These e lec t rode  overpotent ia l s  can be represen ted  as 

, l = a + b l o g i  

where  a and b are  constants  for  the pa r t i cu l a r  e lec t ro-  
chemical  reac t ion  under  considerat ion.  The constant  b 
is commonly  re fe r red  to as the Tafel  slope wi th  i r ep -  
resen t ing  the cu r ren t  dens i ty  and defined as 

i - - H A  

where  I is the total  cur ren t  and A is the act ive elec-  

* E lec t rochemica l  Society Act ive  Member .  
~ P r e s e n t  address :  D e p a r t m e n t  of ,,~aterials Science and En- 

g inee r ing ,  The Johns Hopkins  Univers i ty ,  Bal t imore ,  Mary land  
21218. 

Key words :  h igh  su r f a c e  a r e a  e lec t rodes ,  w a t e r  electrolysis ,  
electrolyt ic  efficiency. 

t rode surface area. Since most  e lec t ro ly t ic  p r o c e s s e s  
are  h ighly  cur ren t  efficient, the amount  of p roduc t  per  
unit  t ime is p ropor t iona l  to the to ta l  current .  In  com- 
parison,  the e lect rode overpotent ia ls ,  which  d i rec t ly  
influence efficiency, are  a funct ion of cur ren t  density.  
As the e lect rode surface a rea  is increased for a con- 
s tan t  current ,  the cur ren t  dens i ty  is decreased wi th  a 
corresponding decrease in e lec t rode  overpotent ia l s  and 
increase in efficiency. 

A new type  of high surface a rea  e lec t rode  was ex -  
amined  for condit ions of hydrogen  and oxygen  evolu-  
t ion in 30% by  weight  potass ium hydrox ide  e lec t ro-  
lytes. This is a typica l  e lec t ro ly te  for  commercia l  a l k a -  
l ine electrolyzers.  Po lycrys ta l l ine  n ickel  whiskers  2 can 
be fabr ica ted  into an e lec t rode  ne twork  by  s inter ing;  
the  resul t ing  high surface a rea  obta ined  causes a de -  

-" The  t echno logy  for  the  p r ep a ra t i o n  of porous  whisker  elec- 
trodes  was deve loped  in Munich,  G e r m a n y  by  Mr. Hermann 
Schladitz,  now Resea rch  P ro fe s so r  a t  the  Un ive r s i t y  of Vi rg in ia  
School of Engineer ing  and Appl ied  Science.  
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crease in electrode overpotentials.  In  the following 
sections, the fabrication, characterization, and ut i l iza-  
t ion of these electrodes will  be discussed. 

Whisker Electrode Fabrication and Surface Area 
Analysis 

Polycrystal l ine nickel  whiskers are produced by  
chemical vapor deposition of nickel te t racarbonyl  gas, 
Ni(CO)4, in  an electromagnetic field. The gas is fed 
into a chamber which is heated to 300~176 to ac- 
complish gas phase decomposition. The chamber  is sur-  
rounded by an electromagnet  which creates magnet ic  
field lines in the chamber paral lel  to the chamber 's  
vertical  axis. The l iberated nickel particles al ign them- 
selves along the field lines. Fur ther  deposition occurs 
along these aligned "substrates." The resul t ing 
whiskers, which have typical grain sizes of 200-400A, 
are very strong, approaching 106 psi tensile strength,  
and possess very low dislocation densities. Diameters 
and lengths can be varied from 0.1 to 50 #m and from 
1 mm to several cm, respectively. The whisker elec- 
trodes are then fabricated from these individual  
whiskers. 

Whiskers electrodes (or networks)  are constructed 
by the s inter ing of individual  whiskers at 800~176 
under  a pressure of a few psi in a reducing atmosphere 
for approximately one-half  hour. The reducing atmo- 
sphere prevents  surface oxidation or contaminat ion  
thereby promoting bonding. The resul tant  ne twork  is 
porous and fibrous. A 200 mesh nickel screen is used 
as a substrate in this s inter ing process. The resu l tan t  
whisker electrodes obtained from this method are 
cylindrical  disks with a radius of 1.56 cm, a thickness of 
0.2 cm, and a weight of about 2.3g. Porosities of these 
electrodes are as high as 90% by volume. For  the 
higher porosity networks, the true surface area to 
volume ratio is 104 cm2/cm 8 and the t rue specific sur-  
face area is 5 • 103 cm2/g as determined by  BET ad-  
sorption isotherm techniques. Figures 1 and 2 are 
scanning electron micrographs of a nickel whisker 
electrode. The surface roughness of the individual  
whiskers results from a characteristic nodular  type 
growth (1). This is par t icular ly  noticeable on the 
larger whisker in  Fig. 2. 

Fig. 2. Scanning electron micrograph of whisker electrode 

The roughness factors can be calculated by  either of 
two ways. The first method is by dividing the t rue  
surface area by" the cross-sectional area of the e lec -  
trode itself. This yields roughness factors on the order 
of 2 • 10~ to 5 • 103 . The second and more accurate 
method is to divide the t rue surface area by the geo- 
metric area of the individual  whiskers considering 
them to be smooth cylinders. A dis tr ibut ion of whisker  
diameters was obtained by examining  a collection of 
micrographs. The results are i l lustrated in Fig. 3. The 
following procedure was employed to calculate the 
roughness factor: 

1. Estimate average whisker diameter  f rom distri-  
bution graph, d ~ 8 #m. 

2. Calculate true surface area of the whisker  e lec-  
trode using BET isotherm data. Whisker  electrode 
weight 2.3g, mult ipl ied by 5 • l0 s cm~/g, corresponds 
to 11,500 cm 2 true surface a r e a  

Fig. ] .  Scanning electron micrograph of whisker electrode 
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Fig. 3. Distribution of whisker diameters in whisker electrode 
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3. Calculate surface area of whiskers in  e lectrode  

assuming one long smooth cylinder of diameter, d -- 
8 ~ a  (from step 1). 

4. Step 3 requires a knowledge of the nickel  volume 
in the whisker  electrode. 2.3g weight divided by  the 
density of nickel (8.9 g /cm 8) yields 0.258 c m  3. 

5. V = 0.258 cm ~ = .~r21 for one long cylinder. As- 
suming  r = 4 #m, the length of the cyl inder  can be 
ca lcu la ted  

V 
I = = 5.13 X l0  s c.m. 

6. Whisker surface area can then be calculated SA 
= 2~rl  = 2~(4  • 10 -4  cm)  (5.13 X 10 s cm)  = 1289 
C1~ $. 

7. The roughness factor is then calculated by divid-  
ing the true surface area by the whisker  surface  area 

11,500 cra~/1280 cm ~ -- 8.9 

The model can be improved by various techniques 
such as bet ter  definition of whisker  diameter.  One such 
modification was employed by  considering two radii  
intervals  and the n u m b e r  fraction of each. The result  
was sufficiently close to the listed value as to accept  
the single radius calculation as a useful estimation. 

For the sake of comparison, the roughness factor for 
metal  screens composed of d rawn wire is about  2 to 3. 
The actual high surface area of the whisker  electrodes 
is due to a high network porosity and a high roughness 
factor for the individual  whiskers. 

A similar  technique was applied to the nickel screen 
electrode to determine its approximate geometric sur-  
face area. Wire lengths and diameters were measured 
with an optical profile projector. The calculated geo- 
metr ic  surface area for the screen electrode was ap-  
proximate ly  100 cm 2. 

Electrochemical  Properties of Whisker  Electrodes 
The mechanical  in tegr i ty  of sintered components is 

alw,ays a concern, especially where electrolytic gas 
evolution reactions occur. Whisker  electrodes wi th-  
stood hydrogen and oxygen evolution at current  den-  
sities (based on electrode cross-sectional area) as 
high as 1000 m A / c m  2 for 48 hr wi~h no apparen t  loss 
in  integrity.  These apparent  current  densities are con- 
siderably higher than those util ized in industr ia l  
electrolytic processes (200-500 m A / c m  2) (2-4). 

For electrochemical characterization, whisker  elec- 
trodes were compared to Ni-200 screen electrodes of 
equal bu lk  geometry (diameter  : 3.13 cm, thickness 
---- 0.2 cm, and mass _: 2.3g) for both hydrogen and 
oxygen evolution reactions in  a 30% by weight KOH 
electrolyte. The Ni-20O screen electrode was fabricated 
by spot welding together 5 layers of 200 mesh screen. 
The surface area of the nickel screen electrode as 
de termined by cyclic voltametric  surface area analysis 
was 300 cm 2. A special Teflon cell was designed and 
constructed for the electrochemical characterization 
experiments.  The cell schematic is shown in Fig. 4. 
Simul taneous moni tor ing  of both electrode potentials 
vs .  standard calomel or dynamic hydrogen reference 
electrodes can be achieved. A 1.0 m m  capillary con- 
nects the reference electrode chamber  to the bottom 
of the working electrode compartment.  This configura- 
tion minimizes gas bubble  clogging in the capil lary 
and electrolyte contaminat ion from the reference elec- 
trodes. The electrolyte used was 30 weight percent  
KOH prepared from A.C.S. certified Potassium Hy-  
droxide Pellets and distilled water. The electrolyte was 
pre-electrolyzed for 24 hr prior to experimentat ion.  
The electrodes were cleaned by  ultrasonic agitation 
for 10 min in Alconox solution followed by ul trasonic 
agitat ion for 10 min  in  alcohol and concluded by a 
5-10 sec dip in 0.01M HC1 and final r ins ing with dis- 
tilled water. The electrode leads were masked from 
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the electrolyte with Teflon shr ink  tub ing  and Teflon 
tape. The exper imentat ion was conducted galvano-  
statically. A problem of unstable  voltages due to t ime 
variations in both anodic and cathodic overpotentials,  
as observed by other investigators was encountered 
(3, 5, 6, 7). To accommodate these effects, the experi -  
ments  were conducted at successively higher currents  
beginning at 1 mA and al lowing the electrode poten-  
tials to stabilize at each current  level. A stable voltage 
was defined as one which va r i ed  less than 1 mV in a 
2 min period. The higher currents  required longer 
stabilization times. Results of the exper imenta t ion  are 
shown in Fig. 5. 

The whisker  electrodes exhibited a 60-10.0 mV l o w e r  
overpotential  (smaller  negative n u m b e r  for hydrogen 
evolution) compared to the screen electrodes in  both 
reactions at equal currents,  or apparent  cur ren t  d e n -  
s it ies  (both electrodes have the same cross-sectional 
area).  The reduct ion in overpotentials represents about  
a 10% increase in the energy efficiency of water  elec- 
trolysis. The improvement  is p resumably  due to the 
higher surface area of the whisker  electrodes. 

Discussion and Conclusions 
The electrochemical characterization of nickel 

whisker electrodes for hydrogen and oxygen evolution 
reactions in alkal ine electrolytes demonstrates an at-  
tractive increase in efficiency by lowering activation 
overpotentials.  The highly porous whisker  disks u t i l -  
ized in  this invest igat ion are not the most ideal con-  
figuration for present  day water  electrolyzers; thus 
al ternat ive techniques for affixing them to new or 
existing commercial electrodes are being considered. 
Commercial  testing of such a whiskerized electrode is 
anticipated. The technique for growing whiskers di-  
rectly onto an electrode substrate will  prove useful  
by controll ing whisker orientat ion and by e l iminat ing 
the need to sinter  individual  whiskers to each other 
and /or  onto a substrate. 
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Cation and Water Diffusion in Nation Ion 
Exchange Membranes: Influence of 

Polymer Structure 
H. L. Yeager*  and A. Steck 
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ABSTRACT 

Membrane  self-diffusion coefficients for  sodium ion, cesium ion, and 
wate r  have been measured  for Nation@ 120 perf luorosulfonate  ion exchange 
membranes .  Values have been de te rmined  as a funct ion of t empera ture ,  and 
as a function of membrane  wa te r  content  by  s tudying samples  in heteroionic  
forms. The diffusional proper t ies  of this po lymer  are  found to differ f rom 
those of convent ional  polys tyrenesul fonates  in severa l  respects,  and the free 
volume theory  which describes ionic diffusion in the l a t t e r  is i nappropr i a t e  to 
t r ea t  Nation. Results  indicate  that  cations may  exist  in two dis t inct  regions in 
the polymer ;  the propor t ion  of total  cations in each region m a y  depend on the 
ions size and charge density.  A s t ruc tu ra l  model  of Nation, which  correlates  
the membrane ' s  spectroscopic and diffusional proper t ies ,  is proposed  to ex-  
p la in  the results.  

Nation R perf luorosulfonate  ion exchange membranes  
(du Pont  and Company) ,  as wel l  as s imi lar  ca rboxy l -  
ate mater ia ls ,  are  beginning  to be used as separa tors  
in indus t r ia l  e lect rolyt ic  cell technologies. In  pa r t i cu -  
lar, thei r  chemical  s tab i l i ty  and excel lent  ionic t rans-  
por t  capabi l i ty  are  essential  assets in the  harsh en-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words; transport, membrane, ch lo r - a lka l i .  

vi ronment  of ch lo r -a lka l i  cells, where  hydrogen  and 
chlorine gases and concentra ted  caustic and br ine  solu-  
tions contact  the po lymer  at e levated  tempera tures .  
Severa l  studies of t ransport ,  s t ructural ,  and some 
thermodynamic  proper t ies  have now been repor ted.  
This research is designed not  only to provide  a sound 
basis for the commercia l iza t ion of these mate r ia l s  but  
also to l ea rn  more  about  the na tu re  of the unusual  ion-  
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clustered morphology of perfluorinated ionomers. The 
separation of ions and sorbed water  into a separate 
micro-phase in Nation was first indicated by small  
angle x - r ay  scattering (1, 2) and later  confirmed by 
neut ron  scattering experiments  (3, 4). A theoretical 
basis for the ion clustering phenomenon in Nation has 
also been provided (5). 

Models based on these experiments and calculations 
are characterized by an inverse micellar  picture of 
Nation, in which sulfonate groups at the ends of pen-  
dant  side chains extend into approximately  spherical 
clusters of water  and hydrated cations (2, 5). These 
clusters are surrounded by fluorocarbon material,  
which appears to contain microcrystal l ine regions ac- 
cording to exper imental  evidence (1, 4, 5). [These 
microcrystal l ine regions can be removed for salt forms 
by heating to 330~ followed by  rapid quenching (4).] 
The c lus ter -ne twork  model of Gierke describes the 
ionic regions as spherical with in terconnect ing chan- 
nels (2), an approach which is reasonably successful 
in predict ing current  efficiency in chlor-alkal i  cells. 
The more recent approach by Rodmacq and co-work-  
ers describes three "phases:" fluorocarbon microcrys- 
tallites, ionic-water  clusters, and a second ionic region 
of lower ion content  (4). This lat ter  region may be 
that  of sulfonates which have not been formally in-  
corporated into ion clusters. 

The extent  of sul fonate-counter ion interact ion is of 
course an impor tant  factor in de termining the t rans-  
port properties of these membranes.  Olah and co- 
workers have shown that  Nation in the hydrogen ion 
form is an effective solid "superacid" catalyst for a 
var ie ty  of organic reactions (6, 7). Low snlfonate 
charge density is also indicated in the ion exchange 
selectivities of alkali metal  ions in Nation 120 (8, 9). 
Sodium 23 NMR studies do indicate that sodium ion- 
sulfonate contact ion pairs can form, but  this occurs 
only when  the water  to sodium ion mole ratio in the 
polymer has been reduced to about five or less (10, 
11). Thus, ion pair ing does not appear to be a major  
factor for Nation samples which have been equil ibrated 
in dilute aqueous solution. 

We have previously reported studies of ion exchange 
selectivities, membrane  water  contents (8, 9), and 
ionic diffusion for Nation samples in both concentrated 
(12) and dilute solution envi ronments  (13, 14). Un-  
usual  alkali  metal  ion-hydrogen ion exchange selectiv- 
ities and water  sorption were found in comparison to 
conventional  sulfonate ion exchange resins. Unlike the 
la t ter  cross-l inked materials,  the water to exchange 
site mole ratio in the polymer varies widely depending 
on the counterion, from twelve for sodium ion to about 
seven for cesium ion forms (1200 equivalent  weight  
polymer) .  Alkali  metal  ion diffusion coefficients in 
Nation also show interest ing differences from those in 
conventional sulfonate resins. The cesium ion self- 
diffusion coefficient in Nation 120 is about twenty times 
smaller than the respective value for sodium ion; this 
is in marked contrast to sulfonate resins where the 
cesium ion-sodium ion diffusion coefficient ratio is 
about 1.5, as it is in  pure water  (15). Morphological 
changes caused by the large difference in water  con- 
tents was suggested to be a contr ibut ing factor (14). 

These diffusion measurements  have been extended 
here to include measurements  of ionic diffusion as a 
funct ion of polymer water  content  and the diffusion of 
water  in the polymer in various counterion forms. 
These results are discussed in terms of the free volume 
description of diffusion in  water-swol len  polymers, and 
in  relat ion to s t ructural  models of Nation. 

Experimental 
Two samples of 1200 equivalent  weight Nation 

(Plastics Department ,  E. I. du Pont  de Nemours and 
Company, Wilmington,  Delaware 19898), manufac-  
tu red  at  separate times, were used in  this work. T h e  
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mater ial  has a nominal  ion exchange capacity and 
thickness of 0.83 mequiv. /g  and 0.025 cm, respectively. 
Sodium and cesium chloride salts (Fisher Certified) 
were used as received. The radio-isotopes 22Na and 
137Cs (obtained as carr ier-free aqueous solutions) and 
t r i t ium labeled water  were obtained from commercial 
sources. 

Details of membrane  pretreatment ,  the measurement  
of membrane  water contents, ion-exchange capacities, 
and membrane  dimensions have been previously de- 
scribed, as well as the procedures involved in the de- 
te rminat ion  of ionic self-diffusion coefficients using 
radiotracer methods (8, 9, 13, 14). The same general  
procedures were used to measure membrane  self-diffu- 
sion coefficients of water, with the exception that  
t r i t ium labeled water  replaced radiotracer labeled 
0.05M salt solutions. Standard  l iquid scinti l lat ion tech- 
niques were used to count the tr i t iated water  samples. 
Some membranes  were prepared in mixed ionic forms 
by equi l ibrat ion in salt solutions of 0.05M total ionic 
s trength and appropriate composition to yield the de- 
sired ionic fraction of each component.  These solutions 
were prepared using previously published ionic selec- 
t ivi ty coefficients (8, 9); sodium ion and cesium ion 
contents in the membranes  were then accurately de- 
termined by flame emission spectroscopy. 

Results and Discussion 
Self-diffusion coefficients for sodium ion and cesium 

ion in  1200 equivalent  weight Nation are listed in  
Table I. Arrhenius  plots of some of these data, the 
slopes of which yield activation energies of diffusion, 
are shown in Fig. 1. Two separate batches of Nation 
were studied. For batch I, previously published diffu- 
sion coefficients were redetermined for this work; dur -  
ing the two year  in terval  between measurements  the 
membrane  was stored in the dry as-received form. As 
seen in  Fig. 1, results for sodium ion have changed 
little more than exper imental  error but  cesium ion 
diffusion coefficients have increased greatly, with a 
corresponding decrease in the activation energy of 
diffusion. A second batch of Nation of recent  m a n u -  
facture was k indly  supplied by  du Pont;  diffusion re-  
sults for this mater ial  are very similar to those of aged 
batch I for both cations. The water  to exchange site 
mole ratio for sodium ion and cesium ion forms were 
reported to be 11.9 and 6.6, respectively (8). These 
water  contents were remeasured for aged batch I and 
batch II samples; no .change from these values wi th in  
experimental  error could be found for either material.  

These results suggest that batch I has undergone 
some kind of slow morphological change, a change 
which affects cesium ion diffusion but  not  sodium ion 
diffusion. Results from batch II perhaps indicate an 
improved anneal ing process to produce a membrane  
with constant properties. The importance of these re-  
sults lies in the difference in the behavior of the two 
cations to whatever  polymer relaxat ion process did 
occur. It would appear that  cesium ion diffuses in a 
different manne r  than sodium ion. Although the acti- 

Table I. Ionic self-diffusion coefficients in Nation 120 

Mere- D x 10 ~ cm 2 sec -1 EACT 
Ionic brane (o~176 
form batch O~ 25~ 40~ kJ mol -~ 

Na + I a 3.07 9.44 15.1 28.3 
I b 2.78 11.2 14.9 29.8 
II 3.18 9.83 14.8 27.3 

Cs + I S 0.038 0.520 1.58 66.1 
I b 0.520 c 1.70 3.37 38.9 c 
I �9 0.446 2.38 3.01 35.9 
II 0.363 1.88 2.67 35.4 

Reference (14). 
b After two years in as-received form. 
o Value measured at 5~ 

Mixed Na+-Cs + form, ionic fraction of Cs + = 0.14. 
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Fig. 1. Logarithm of self-diffusion coefficient vs. reciprocal of 
absolute temperature for Nation 120. 

vation energy for cesium ion diffusion is reduced to a 
value more typical of restricted diffusion compared to 
its original va lue  of 66.1 kJ tool -1, the anomaly in  
the cesium ion-sodium ion diffusion coefficient ratio 
remains. The value has increased to about 0.2 from the 
original  value of 0.06 at 25~ but  it is still far from 
the expected result  of about 1.5. Thus the more similar 
activation energies of diffusion for the two cations now 
suggests a common mechanism of diffusion but  the low 
absolute magni tude  of the cesium ion values still in-  
dicates a more tortuous diffusion path for this counter-  
ion. 

We also wish to explore the dependence of these 
diffusio,n coefficients on membrane  water  content, in  
order to compare results to the free volume approach 
of describing diffusional processes. The diffusion co- 
efficient of a molecule in a simple l iquid has been 
represented by the equat ion 

D = A exp (--~,v*/vD [1] 

where v* is a characteristic volume for diffusion of 
the species, v~ is the "free volume" per solvent mole- 
cule, and ~ and A are constants (16). Yasuda and co- 
workers (17) have adapted this approach to diffusion 
in  water-swol len polymers, and developed an equa-  
tion of the form 

I~ = D ~ exp [--  b V p / ( 1  - -  Vp)] [2] 

Here D and D ~ represent  the membrane  and aque-  
ous diffusion coefficients respectively, Vp is the volume 
fraction of polymer in  the water-swollen material ,  and 
b is a constant  which is related to the exponent  in 
Eq. [1], where now vf would represent  the free vol-  
ume of water. Al though several assumptions are 
needed to yield Eq. [2], the authors found that  it  
works well  to represent  the b ina ry  diffusion coeffi- 
cient of NaC1 in  a var ie ty  of hydrophilic polymer 
membranes  for D values ranging over five orders of 
magnitude.  

Fe rnandez-Pr in t  and Phil ipp (18) have used Eq. 
[2] to correlate tracer self-diffusion coefficients of 
sodium ion and cesium ion in  a var ie ty  of polystyrene-  
sulfonate resins with excellent success. They find that 

the pre-exponent ia l  term is also a function of the 
electrostatic at tract ion of counterions for the charged 
matr ix  though, and that it is difficult to place a simple 
in terpre ta t ion on the b coefficient. Lines which these 
authors found to represent  the self-diffusion coeffi- 
cients for sodium ion and cesium ion in polystyrene 
sulfonates are shown in Fig. 3, for data where Vp 
varied from 0.85 to 0.15. 

In  order to explore the relationship between dif- 
fusion coefficients and Vp in Nation 120, the water 
content  of the membrane  must  be varied in a con- 
trolled manner .  Nafion has been found to have differ- 
ent stable water  contents for two different t reatments:  
Room temperature  soaking, and extended boiling in 
water  followed by room temperature  soaking (9). 
These values are counterion dependent  as well. To ob- 
tain additional water  contents we take advantage of 
the observation that the membrane  water-exchange 
site ratio in heteroionic forms is essentially a weighted 
average of the values for the respective homoionic 
forms, as seen in Fig. 2. Thus membrane  samples with 
varied water  contents were prepared for Na+-Cs + 
mixed ionic forms, and in  successive experiments  the 
membrane  diffusion coefficients of both counterions 
were determined. A possible objection to this approach 
is that the presence of a second counter ion may alter  
the diffusion characteristics of the reference cation. 

Results are shown in Fig. 3 for sodium ion and 
cesium ion. Values of Vp were calculated from water-  
exchange site mole ratios (9), the molar exchange site 
concentrat ion in the swollen polymer, and the part ial  
molar volume of water  in condensed systems, which 
was taken to be 17 ml  mo1-1 (18). Solid symbols are 
those of normal  and boiled homoionic forms. Relat ively 
minor  differences exist between results for pure and 
mixed ion forms, which lends support  to this method 
of varying Vp. 

Impor tant  differences are seen though for the de- 
pendence of these diffusion coefficients on the Vp func-  
tion, compared to polystyrenesulfonates.  Sodium ion 
has a much higher diffusion coefficient at all water 
levels. We might  a t t r ibute  this feature, at least par-  
tially, to greater organization of exchange sites and 
water  in this ion clustered polymer, in contrast to the 
more uniform distr ibution in a cross-l inked ion ex- 
change resin. Thus it appears that tortuosity is reduced 
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Fig. 2. Molar ratio of sorbed water to exchange site vs. ionic 
fraction of Cs § for N a t - C s  § heteroionic forms of Nation 120 at 
25~ 



VoL 128, No. 9 P O L Y M E R  S T R U C T U R E  1883 

I0-5 

T 
10 -6 (/) 

10-7 

/x,O, [] HETEROIONIC FORMS 

HzO 

Nci § 

Cs + 

I \ Na t 

I I I [ I I 
0 I 2 5 4 5 6 

Vvl~ - Vp 
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data points: polystyrenesulfonate behavior, Ref. (18). 

with  the  ion c lus tered  morphology,  which would  be 
expected.  For  cesium ion a s imi lar  resul t  is found for 
the unboi led cesium ion form. But as the wa te r  con- 
tent  increases,  there  is no dependence  of the mem-  
b rane  diffusion coefficient on wate r  content.  For  so- 
d ium ion, diffusion does increase wi th  increasing vol-  
ume f rac t ion of water ,  but  only  modestly.  (The pe r -  
centage increases in the self-diffusion coefficients for 
cesium ion and sodium ion in boi led  vs. unboi led 
membranes  are  10 and 20%, respect ively;  for cesium 
ion this represents  the ent i re  Vp range studied.)  In  ad-  
dition, the anomaly  of the inver ted  order  of cesium ion 
to sodium ion diffusion coefficients is not removed  at  
high w a t e r  contents;  indeed the difference becomes 
greater .  In  Table I i t  is seen that  the act ivat ion energy  
of diffusion for cesium ion is only  s l ight ly  changed 
when  the membrane  is l a rge ly  in the sodium form, 
again indica t ing  that  the mechanism of diffusion for 
this cat ion is essent ia l ly  independen t  of membrane  
wa te r  content.  

Self-diffusion coefficients of wa te r  in Nation 120 are  
l i s ted  in Table II  for three  a lkal i  meta l  ion forms. 
Prev ious ly  repor ted  approx imate  values  of the  wate r  
diffusion coefficient and act ivat ion energy  of diffusion 
in the  sodium ion form of 1150 equiva len t  weight  
Nation are in good agreement  wi th  the  present  resul ts  
(1). Values at  25~ are  plot ted in Fig. 3, along wi th  
self-diffusion coefficients for three  sodium ion-ces ium 
ion heteroionic  forms. As seen in the figure, wa te r  
diffusion shows a dependence  on Vp which is s imi lar  
to that  of sodium ion. In general ,  these self-diffusion 
coefficients are  quite large  considering the r e l a t ive ly  
smal l  f ract ion of wa te r  in the polymer .  The act ivat ion 
energies  of diffusion are  low and s imi lar  to those 
found for wa te r  self-diffusion in the hydrogen  ion 
form of an 8% cross- l inked polys tyrenesul fona te  resin, 
21.8 kJ  mol  - i  (19), and in pure  water ,  17.8 k J  mol - i  

(20) over  the same t empera tu re  in terval .  The values  
for the cesium ion form confirm that  there  is exce l len t  
communicat ion  among the aqueous ion c lus tered  re -  
gions even when the wa te r - exchange  site mol ra t io  is 
as low as seven. 

In  order  to in t e rp re t  the resul ts  p resented  here, two 
recent  spectroscopic studies of Nation are  of pa r t i cu la r  
interest .  Lee and Meisel have s tudied the luminescence 
quenching of Ru(bpy)82+ (bpy -- 2 ,2 ' -b ipyr idine)  in 
Nation 120 (21). Results  indicate  that  this cat ion in te r -  
acts wi th  the f luorocarbon por t ion  of the po lymer  a n d  
not the sulfonate grouping,  and tha t  a p robab le  loca- 
t ion for the cat ion is in an in ter rac ia l  zone be tween  
ion clusters and f luorocarbon backbone.  This finding 
m a y  be in par t  due to the large  size and low charge 
dens i ty  of this cation, but  i t  suggests tha t  a p ic ture  
of ion clusters  as s imple aggregates  of water ,  sulfonate  
exchange sites, and  counterions could be an overs im-  
plification. Fa lk  has made  a careful  s tudy of the in f ra -  
red  bands  of sorbed wa te r  in Nation in the sodium ion 
form, and was able to d r aw  severa l  conclusions (22). 
Wa te r  exists  in two dist inct  environments .  The first 
is one in which hydrogen  bonding s t rength  is about  
60% of that  in l iquid water .  About  75% of total  sorbed 
wa te r  is in this environment ,  which is t aken  to be 
tha t  of the ionic clusters.  The remain ing  wa te r  mole-  
cules do not appear  to be involved  in hydrogen  bond-  
ing, and thus would  be exposed only to f luorocarbon 
phase. In  considerat ion of the  amount  of nonhydrogen  
bonded water ,  Fa lk  suggests that  ion clusters m a y  be 
nonspherical  in shape and have extensive intrusions 
of f luorocarbon phase (22). 

A s t ruc tura l  v iew of Nation which is consistent  wi th  
these spectroscopic results  and the diffusional p rope r -  
ties r epor t ed -he re  is d i ag rammed  in Fig. 4. Three  re-  
gions are  indicated:  Region A consists of f luorocarbon 
phase, ionic clusters form region C, and B is an in te r -  
facial  region be tween  A and C. Region A would  con- 
tain f luorocarbon backbone  mater ia l ,  some of which 
is in a microcrys ta l l ine  form, as detected by  Rodmacq 
and co-workers  (4). Region C would  incorpora te  sul-  
fonate exchange sites, the ma jo r i t y  of sorbed water ,  
and some counterions as well. Region B is v iewed as 
one of r e la t ive ly  large  f rac t ional  void volume, con- 

Table II. Self-diffusion coefficients of water in Nation 120 

D • 10% c m  2 s e c  -1 EACT 
I o n i c  ( 5 ~ ~ C) 
f o r m  5~ 25~ 4O~ k J  too l  -1 

Na § 1.40 2.65 3.95 21.4 Fig. 4. Three region structural model for Nation: A, fluorocar- 
K § 2.15 
Cs ~ 0.~5 1.32 2.'~7 22-.0 ban; B, interracial zone; C, ionic clusters. 
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ta ining pendan t  side chain mater ia l ,  a smal ler  amount  
of sorbed water ,  some sulfonate exchange sites which 
have not been incorpora ted  into clusters, and a f rac-  
t ion of the  counterions. The re la t ive  propor t ions  of 
counterions in regions B and C would depend upon the 
size, charge density, and hydra t ion  energy of the 
cation. Ions of low charge densi ty  or large  size, such 
as Ru (bpy)3 +2 and Cs +, would  p re fe r  region B, whi le  
ions of l a rger  charge densi ty  and hydra t ion  energy  
would localize in the more  aqueous ionic clusters.  
Both types  of cations and wa te r  would  have re la t ive ly  
large microscopic diffusion coefficients in both the 
ionic clusters and the in ter fac ia l  regions. As well,  re -  
gion B provides a continuous diffusion pa th  among ion 
clusters.  While  region C is responsible  for the peaks 
which are  found in x - r a y  and neutron sca t ter ing  
studies, both  regions C and B contr ibute  to de te rmine  
the overal l  diffusional proper t ies  of the polymer.  

This model  provides  a reasonable  explana t ion  for 
the resul ts  obta ined  in this work. Cesium ion would 
have a lower  overa l l  diffusion coefficient because of its 
l a rger  mean- f ree  pa th  in diffusing through the poly-  
mer,  compared  to sodium ion. Both would  tend to have 
la rger  than  expected  diffusion coefficients compared  to 
po lys tyrene  sulfonates for a given Vp, because the vol-  
ume fract ion of po lymer  avai lable  for diffusion in re -  
gion B is not  p rope r ly  taken  into account in the cal-  
culat ion of Vp. The insensi t iv i ty  of cesium ion's self-  
diffusion coefficient to increased wa te r  sorpt ion would 
resul t  because the ma jo r i ty  of increased sorbed wa te r  
is found in the ionic clusters. Thus the diffusion path  
of cesium ion would not  significantly decrease as the 
volume fract ion of region A increases. 

I t  is in teres t ing  to speculate  on the causes for the 
change in diffusional results  for batch I of Nation 120 
due to aging of the mater ia l .  The cesium ion act ivat ion 
energy  of diffusion in new samples of ba tch  I is ex-  
t r emely  large, and more  l ike values for ionic diffusion 
in ionic crys ta l  lat t ices than in swollen po lymers  (14). 
This would occur if port ions of region B were  not or ig-  
ina l ly  as wel l  formed as indica ted  in Fig. 4, but  in-  
s tead included i r r egu la r  zones and diffusional ly iso- 
la ted  regions. These regions would show ve ry  high 
diffusional ac t ivat ion energies.  The measured  ac t iva-  
t ion energy of diffusion is the wei~,hted average  of all  
environments ,  and thus cesium ion would be more 
sensit ive to such i r regular i t i es  than would  sodium ion. 
[All  sulfonate  s i t e s  are avai lab le  for exchange pro-  
cesses on a long t ime scale though; the ion exchange 
capaci ty  of ba tch  I is found to be unchanged in the 
sodium ion, cesium ion, and other  cationic forms (9).] 
Thus, while  the aging process increased the sodium 
ion diffusion coefficient by  19% wi thout  a change in 
act ivat ion energy  of diffusion, the cesium ion value  
increased by  more  than  a factor  of three  wi th  a new 
act ivat ion energy  which is 60% of the or iginal  result .  

This proposed s t ruc tura l  v iew of Nation is an ex ten-  
sion of those developed by  Gierke  (2) and Rodmacq 
and co-workers  (4) which  provides  a unified pic ture  
of a va r i e ty  of observations,  including these diffusional 
results.  Addi t iona l  spectroscopic studies are  now 
needed to probe the microenvi ronments  of ions in the 
po lymer  in o rder  to test  this model. 
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ABSTRACT 

Some pa i red  e lect rosyntheses  involve a sequence of chemical  and  electro- 
chemical  steps. Mixing processes may  then be impor t an t  if  the kinet ics  a re  not 
e x t r e m e l y  fast, and the phys ica l  na ture  of the cell  and  its opera t ion  m a y  in -  
fluence the se lec t iv i ty  of the overa l l  reaction. Curren t  efficiency m a y  also be 
influenced th rough  paras i t ic  react ions  which are  t r anspor t  dependent .  In  the 
p rep i lo t  scale synthesis  of e thyl  d imalonate  and d imethy l  adipate ,  these effects 
have been s tudied  sys temat ica l ly  in a va r i e ty  of flow cells opera ted  wi th  batch 
recycling.  I t  has been shown tha t  under  condit ions of good mix ing  in a l l  cells 
the select ivi t ies  of the ma jo r  products  a re  improved.  For  example ,  in pa ra l l e l  
p la te  cells, the amount  of Michael  adduc t  is inverse ly  p ropor t iona l  to Reynolds  
number .  S imi la r  observat ions  have  been made  in o ther  prepi lo t  scale ope ra -  
tions which s t rongly  affect the choice of the most  appropr i a t e  cell  for  a given 
synthesis.  

In  pa i r ed  e lec t rochemical  syntheses  there  are  two 
ex t reme  cases: (i)  When i t  is undes i rab le  for  anode 
and ca thode  products  to be t r anspor ted  to the  counter -  
e lec t rode  (e.g., if the e lec t rochemical  react ions  a re  
revers ib le )  ; and (ii) when it  is necessary  for the o v e r -  
al l  success of the reac t ion  that  mix ing  should occur or  
in te rmedia tes  be t r anspor ted  to the region of the 
counterelectrode.  The classical case of (ii) is the  epoxi -  
dat ion of a lkenes  such as p ropy lene  using an e lec t ro-  
genera ted  ox idan t  such as hypobromous  acid; wi th  the 
correct  contact ing pa t t e rn  97% se lec t iv i ty  can be ob-  
ta ined  at  95% cur ren t  efficiency (1). The pa i r ed  d imer i -  
zat ion of me thy l  acry la te  and  d ie thyl  malona te  also 
comes into this category.  Fol lowing  the work  of Thomas 
and Lux  (2), Baizer  and Hal lcher  (3) inves t iga ted  the  
sys tem across a wide range  of var iab les  obta in ing  good 
per formance  only  when  the ac ry la te  and malona te  
were  added  dropwise  dur ing  the electrolysis.  

The pr inc ipa l  react ions m a y  be summar ized  as 

Anode 21- -- 2e- --> 12 [I] 

Cathode 2CH2----CHCO2Me + 2 e -  --> [MeO2CCHCH2CH2CHCO2Me] 2 -  
2A + 2 e -  -> A~2- 

Bulk  A22- + 2CH2(CO2Et)2 --> MeO2C (CH2)4CO2Me + 2[CH(CO2Et ) s ] -  
A2 2 -  + 2M --> A2 + 2 M -  

2 [CH (CO2Et) 2] - + I2 -~ (CO2Et) eCHCH (CO2Et) 2 + 21- 
2M- + 12 -'> M2 + 2I- 

Even though this is an abbreviated scheme (3) it can 
be seen that diethyl malonate acts as a proton source, 
and the dimerization of its anion requires a charge ex- 
change reaction with electrogenerated iodine. A num- 
ber of competing reactions are also possible, e.g., a 
Michael reaction between malonate anions and methyl 
acrylate 

If the I J M  rat io  is high, react ion [6] is rep laced  by  
a sequence of react ions which can be represen ted  as 

I 
i 

M A -  + 12-> (CO2Et)2CHCHaCHCO2Me + I -  [7] 
I 
] 

(COuEt)~CHCH2CHCO2Me + M -  
MeO2C CO2Et 

, 
-~ H CO~Et + M + I- [8] 

H 

giving the cyclopropane  form of  the  Michael  adduc t  
by  1,3 el iminat ion.  The combined amount  of Michael  
adducts  (i.e., M A - )  produced  therefore  depends  on the 
local rat io of A/I~ near  the cathode, whi le  the  ra t io  
of normal  to cyclopropane Michael  adduct  depends  on 
the rat io of M/I2. 

[2] 

[3] 

[4] 

I t  is now wel l  es tabl ished tha t  there  m a y  be a high 
degree  of segregat ion of e lec t rogenera ted  species in 
var ious  cells (5-7) so tha t  different  cells give different  
select ivi t ies  even though a reac t ion  is ca r r ied  out  under  
the  same nomina l  chemical  condit ions in each of them 
(4,8). Fu r the r  work  on the coupling of chemical  and  
physical  var iables  is the subject  of this paper .  

[CH(CO2Et )2 ] -  + CH2.=CHCO2Me --> [ (CO2Et)2CHCH2CHCO2Me]- 
M -  + A "-> M A -  

which  is impor t an t  if the ac ry la te  to iodine ra t io  is 
high. Malonate  acts as a pro ton  source for  M A -  giving 
the no rma l  Michael  adduct  

M A -  + CH2 (CO2Et)2 "-> (CO2Et)2CHCH2CH2CO2Me + M -  
MA- + M "-> MA + M -  

Reactions [5] and [6] are therefore autocatalytic and 
preliminary work (4) has shown that much Michael 
adduct is made. in cells with poor mixing. 

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  UCLA,  
Los  Ange le s ,  Ca l i fo rn i a  90024. 

K e y  w o r d s :  e l e c t r o s y n t h e s i s ,  t r a n s p o r t ,  kinet ics .  

I:S] 

The Physical Environments in Various Cells 
In pa ra l l e l  p la te  cells a t  low Reynolds  numbers  the 

flow can be modeled  as a creeping l aye r  ad jacen t  to 

[6] 

each electrode,  wi th  a fas ter  though st i l l  l amina r  
"core" flow in be tween  (5, 9). Mass exchange does, of 
course, take place be tween  these layers ,  but  the effec- 
t ive degree of segregat ion is high (5, 10). At  h igher  
Reynolds  numbers  (>2000) the fluid in most  of the 
channel  is turbulent ,  hence wel l  mixed,  bu t  some 

1885 
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degree of segregat ion is st i l l  evident .  In  para l le l  p la te  
cells, then, cross-gap mix ing  of anode and cathode 
product  is r e l a t ive ly  poor, but  increases wi th  Reynolds  
number .  

In a d i sk-s tack  (cap i l l a ry  gap) cell  (11) s imi lar  
evidence of segregat ion  is seen (7) unless the channel  
Reynolds number ,  Re~h = Q/hv, is ve ry  high (>105), 
bu t  mix ing  in a geomet r ica l ly  ident ica l  pump cell  at  
the same flow rate  is much h igher  (7) due to the in-  
tense tangent ia l  shear  in t roduced by  ro ta t ing  a l t e rna te  
electrodes.  At  alI flow ra tes  the fluid in a pump cell  
approximates  to dispers ive plug flow, while  at low flow 
rates the segregat ion in a d i sk - s tack  cell  approaches  
that  of a para l l e l  p la te  cell. 

The b ipolar  t r ick le  tower  (or t r ick le  bed)  exhibi ts  
segregat ion at  all  flow rates,  being modeled  best  as a 
reactor  wi th  fast  and s tagnant  zones (12), however  as 
the flow rate  increases, the re la t ive  ex ten t  of the fast  
zone increases, indica t ing  increased mix ing  (9). Note 
tha t  the dis t r ibut ion of act ive zones in space means  tha t  
the t r ickle  bed approx imates  to a cross-flow reactor ,  
which can lead to ve ry  high select ivi t ies  for sequent ia l  
react ions (1). 

The four  reactors,  pa ra l l e l  plate ,  pump cell, d i sk-  
stack, and t r ick le  bed, r epresen t  most  of the geometr ies  
of cell  which have been used in organosynthesis  (9). 

Exper imental  
All  cells used in this inves t igat ion were  und iv ided  

and were  opera ted  in ba tch  recycle  mode, the anode 
and cathode ma te r i a l  no rma l ly  being graphite .  The 
pump cel l  and d i sk - s t ack  cell  were  opera ted  wi th  in t e r -  
e lectrode gaps of app rox ima te ly  1 ram, the  anode and 
cathode areas  each being 50 cm ~. In the pa ra l l e l  p la te  
cell the in te re lec t rode  gap was 3 m m  and the e lect rode 
area  was again 50 cm 2 of each polar i ty .  The t r ickle  
tower  reactor  consisted of 10 layers  of g raph i te  Raschig 
r ings packed in semi random a r r a y  (1). Ad jacen t  layers  
were  insula ted  f rom each other  b y  polyes te r  nets, 
e lect r ica l  cont inui ty  being provided  b y  the  reac t ion  
mix tu re  which  fel l  as a t r ick l ing  film. 

Each cell  was inser ted in tu rn  into a reac t ion  loop 
which consisted bas ica l ly  of the  cell, a pump where  
necessary,  a th ro t t l e  valve,  flow meter ,  hea t  exchanger ,  
hydrocyclone  gas disengager,  and  ports  for moni tor ing  
t empera tu re  and for removing  samples.  

The composit ion of the e lec t ro ly te  was n o r m a l l y  0.1 
mol dm -8 of me thy l  acryla te ,  0.1 mol  dm -8 of d ie thy l  

malonate,  and 0.05 mol dm-S  of t e t ra  n - b u t y l  a m m o -  
n ium iodide, al l  d issolved in acetonitr i le .  

Quant i ta t ive  chemical  analyses  were  car r ied  out  on 
a Perk in  E lmer  F17 gas chromatograph,  using 2m 
columns of 3% OV-17 on Chromosorb W AW DMCS 
(80-100 mesh) ,  wi th  a p rog ra mme d  t empera tu re  r ise 

of 100 ~ --> 290 ~ at 20~ rain -z.  

Results and Discussion 
Labora to ry  organosyntheses  are  usua l ly  carr ied  out 

wi th  easi ly obta inable  flow rates  (normal ly  in the  
range 0.5 to 2.5 l i ters  rain -1)  wi thout  r ega rd  to Reyn-  
olds number  in the cell. 

Examina t ion  of the per formance  of the ma lona t e /  
acryIate  system in the  different  celIs a t  a r epresen ta t ive  
high (2.3 l i ters min -1) and low (0.3 l i ters  min -z )  flow 
rate  shows it to be h ighly  sensi t ive to hydrodynamic  
conditions. F igures  1 and 2 show the se lec t iv i ty  
achieved for product ion of d ime thy l  ad ipa te  and e thyl  
d imalonate  plot ted against  theore t ica l  conversion 
(charge passed -- charge requ i red  to conver t  all  the  
s ta r t ing  mate r i a l  to the requ i red  produc t  at  100% cur -  
ren t  efficiency). Al though  flow ra te  and composit ion 
were  fixed, the pe r fo rmance  of each cell  was otherwise  
opt imized so tha t  best  is compared  wi th  best. 

Provid ing  exper iments  are  not  cont inued much_past  
80% conversion of e thyl  malonate ,  the  ma jo r  b y - p r o d -  
ucts were  the  two Michael  adducts.  The decrease  in 
se lec t iv i ty  for d imalonate  af ter  this point  is due to the  
fur ther  oxida t ion  of the d imer  to e thyl  e thene t e t r a -  
carboxylate .  The ra te  of product ion  of Michael  adducts  
decreases wi th  time, which is w h y  the select ivi t ies  in  
both figures are  lower  at  the  beginning  of exper iments  
but  improve  wi th  time. The lowest  se lec t iv i ty  occurs 
when using the pa ra l l e l  p la te  cell  a t  low flow rate ,  
when the degree  of mixing  is poor (Re ~ 300) and 
large amounts  of by -p roduc t s  are  produced.  On in-  
creasing the flow rate,  and thus the  degree  of mix ing  
(Re _~ 3400), the  se lec t iv i ty  improves  substant ia l ly .  
S imi lar ly ,  in the  cap i l l a ry  gap cell  a low flow rate  
(Reoh ~ 1 X 10 4) the  flow is a lmost  l a mina r  (13) a n d  
so the segregat ion is high (7) and se lec t iv i ty  is poor. 
At  the h igher  flow ra te  (Reca ~ 9 • 104) the fluid is 
jus t  sub turbu len t  (13), consequent ly  the se lec t iv i ty  is 
much improved.  Al though the pump cell is geomet r i -  
cal ly  ident ica l  to the capi l la ry  gap cell, i t  has a n  e n -  
t i r e l y  different  hyd rodynamic  env i ronment  (14), the  
degree of mix ing  depending  a lmost  en t i re ly  o n  the  t o -  

Fig. 1. Selectivity far dimethyl 
adipate vs. theoretical conver- 
sion in different cells. CG, 
capillary gap cell; PC, pump 
cell; PP, parallel plate cell; 
TT, trickle tower; H, high flow 
rate, 2.3 dm 3 rain-Z; L, law 
flow rate, 0.:3 dn~ rain -1.  
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Fig. 2. Selectivity for ethyl 
dimalonate vs. theoretical con- 
version in different cells. 

ra t ional  Reynolds  n u m b e r  (R e = ~ro2/v) and being 
v i r t ua l ly  independen t  of volumetr ic  flow rate.  In  these 
exper imen t s  the  ro ta t iona l  speed was 2800 r p m  (R~ N 
105) and changes in flow ra te  were  achieved b y  means  
of a throt t le .  Consequently,  in the pump cell  expe r i -  
ments  good select ivi t ies  were  obta ined independen t ly  
of changes in flow rate,  hence res idence t ime and con- 
vers ion per  pass. Unfor tunate ly ,  the ve ry  high mix ing  
also p roduced  an adverse  effect since the  cur ren t  
efficiency was only  about  35-40%, whereas  in the  d isk-  
s tack cell and pa ra l l e l  p la te  cell  opera ted  wi th  high 
flow rates,  cur ren t  efficiencies of about  60% could be 
obtained.  This loss of cur ren t  efficiency is due to rap id  
t r anspor t  of some of the anodica l ly  genera ted  iodine to 
the cathode where  i t  is reduced  back  to iodide. The 
h igh  cu r ren t  dens i ty  obta ined  was thus at  leas t  p a r -  
t i a l ly  due  to the  paras i t ic  I 2 / I -  cycle. 

In  the  t r ickle  tower  reactor ,  the ne t  separa tors  be -  
tween layers  p rovide  good mix ing  near  the  most act ive 
par t s  of the r ings (1) thus giving a h igh  select ivi ty.  

In  this pa i r ed  reac t ion  malona te  anions are  p roduced  
nea r  the cathode;  they  can then reac t  e i ther  wi th  iodine 
to produce  the dimer,  or t ake  pa r t  in a Michael  reae-  
t ion wi th  me thy l  acryla te .  In  cells wi th  segrega ted  

flows the dispers ion of malona te  anions away  f rom the 
cathode is slow. At  the beg inn ing  of the exper iment ,  
when  the bu lk  concentra t ion  of iodine is low, the  
Michael  reac t ion  proceeds r a p id ly  bu t  as the  expe r i -  
men t  continues the concentra t ion of iodine bui lds  up, 
l imi t ing the Michael  reaction,  unt i l  the fo rmat ion  of 
Michael  adduct  effect ively ceases. When  the fluid is 
less segregated  the  ma lona te  anions are  more  qu ick ly  
dispersed away  f rom the cathode,  decreas ing the 
amount  of Michael  adduct  formed. F r o m  Fig. 3 i t  can 
be seen tha t  in the pa ra l l e l  p la te  cell  and cap i l l a ry  gap 
celt opera ted  wi th  a low flow rate,  i.e., condit ions of 
poorest  mix ing  and greates t  segregat ion,  the most  
Michael  adduct  is formed.  As mix ing  improves  less 
Michael  adduct  is produced,  the pump cell  p roduc ing  
the least. The effect was s tudied  sys temat ica l ly  in ex -  
pe r iments  using the pa ra l l e l  p la te  celt  ope ra ted  at  
different  Reynolds  numbers  (Fig.  4). This shows tha t  
as the degree of mix ing  increases the total  amount  of 
Michael  adduct  anion ( M A - ) ,  the  common in t e rmed i -  
ate to both  propanes  decreases,  whereas  the  ra t io  of 
cyclopropane adduct  to normal  Michael  adduc t  gener -  
a l ly  increases wi th  Reynolds  number  due to the  in -  
creased t r anspor t  of anodica l ly  genera ted  I2 into the  
react ion zone 

I 
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o o �9 

, ~cG 

I//// ~pc 
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Fig. 3. Conversion to Michael 
adducts vs. theoretical conver- 
sion in different cells. 
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The cyclopropane adduct  may  be a va luab le  product  
as an in te rmedia te  in py re th ro id  synthesis,  therefore  
i t  may  be desi rable  ac tua l ly  to maximize  its p roduc-  
tion. However,  f rom above it can be seen that,  while  
the rat io of cyelo to no rma l  propane  increases wi th  Re, 
the total  amount  of Michael  adduct  falls. F igure  4 
shows that  the op t imal  Reynolds number  is about  3000, 
in the t rans i t iona l  regime. Al te rna t ive ly ,  the produc-  
tion of the cyclopropane m a y  be maximized  through 
choice of a sui table  contact ing pat tern .  

A good yield of the cyclopropane requires  the p ro-  
duction of the anion in t e rmed ia te  ( M A - ) ,  in the pres-  
ence of iodine and the absence of a proton source. 
Exper iments  were  therefore  car r ied  out  using a pa ra l -  

Combined 
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[x/O-3m ore s 

d~-31 

v 

.6 
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7 
MA 

I000 2000 3000 4000 50100 
Reynotds NO 

Fig. 4. Combined concentration of Michael adducts and ratio 
of cyclopropane to normal Michael adduct produced, in experi- 
ments run at different Reynolds numbers, in a parallel plate cell. 

lel  plate  cell and a low flow rate  to maximize  p ro-  
duction of the anion in te rmedia te  ( M A - ) ,  wi th  the 
addi t ion of al iquots of the e thyl  malona te  dur ing the 
electrolysis  to increase the iodine to malona te  rat io.  
This proved unsuccessful  as af ter  the in i t ia l  reduct ion  
the acryla te  po lymer ized  ra ther  than hydrodimer ized ,  
due to the lack of a proton source. 

F rom the react ion scheme it  can be seen tha t  if the 
conversion of e thyl  malona te  approaches  100% in a 
single pass th rough  a cell, then in the presence of 
methyl  acry la te  and absence of iodine a high yie ld  of 
the anion in te rmedia te  ( M A - )  should be produced,  
since the concentrat ion of proton donor is then low. If  
the M A -  is then in t roduced into a region of high iodine 
concentra t ion the synthesis  of the cyclopropane would 
be facil i tated.  An a t t empt  to follow this s t ra tegy  was 
carr ied  out  using the cell shown in Fig. 5, which had  a 
carbon foam cathode. The e lec t ro ly te  had the same 
composition as used in the ear l ie r  exper iments ;  con- 
versions of about  60% of the e thyl  malona te  were  ob-  
tained. Unfor tunate ly ,  very  l i t t le  of the cyclopropane 
was produced (mate r ia l  yields of 1% or less) .  The 
majo r  product  was the normal  Michael  adduct  (mate -  
r ia l  yields of about  30%) with  large amounts  of the 
diadduct  (mate r ia l  yield of up to 20%) also. The long 
residence t ime of the malona te  anions in the foam is 
p robab ly  the reason for this. To achieve a 100% con- 
version of e thyl  malonate  in a single pass requi red  a 
flow ra te  of less than 1.1 ml rain -1 at  a cur ren t  of 0.2A, 
or a residence t ime in the foam of more  than  6 min. 

At  present,  work  is being car r ied  out  wi th  cells of 
different  contact ing pa t t e rn  to maximize  the yie ld  of 
the cyclopropane.  

Conclusions 
Ethyl  d imalonate  and d imethy l  ad ipa te  m a y  be elec- 

trosynthesized in good yie ld  and high se lec t iv i ty  in cells 
capable  of being scaled-up,  provided  that  there  is a 
good dispersion of malona te  anions away  f rom the 
cathode. Under  condit ions of ve ry  high cross-gap t r ans -  
por t  a loss in cur ren t  efficiency is observed due to the 
paras i t ic  iodine cycle. Good mix ing  conditions also 
favor  product ion of the cyclopropane adduct,  the po-  
ten t ia l ly  more va luable  of the two by-products .  By 
correct  choice of reactor  design i t  m a y  also be pos-  
sible to produce  the cyclopropane adduct  select ively.  

Manuscr ip t  received Ju ly  15, 1980. This was Paper  
432 presented  at  the St. Louis, Missouri, Meeting of the 
Society, May  11-16, 1980. 
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Fig. 5. Diagram of undivided foam cell 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t ted  by  Feb. 1, 1982. 
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Electrochemical Reduction of Aromatic 
Diazonium Salts 

I. Electrochemical Behavior of p-Tolyl- and p-Anisyldiazonium 

Fluoborates at a Mercury Cathode: Evidence for the Corresponding 

Hydrazines Formation 

Olivier Orange, Claire Elfakir-Hamet, and Claude Caullet* 
Laboratoire de Chimie Analytique et Electrochimie, 

Facult~ des Sciences, BP 67, 76130 Mont-Saint-Aignan, France 

ABSTRACT 

Reduct ion of p - m e t h y l  and p -me thoxyphe ny ld i a z on ium fluobora~e in aque-  
ous solutions at  me rcu ry  micro and macroelec t rodes  resul ts  in fo rmat ion  of a 
p r i m a r y  hydraz ine  ArNH-NH2. The radical  ArN ----- N'  fo rmed in the first e lec-  
t rochemical  s tep forms A r - H g - A r ;  the product  of the two electrons reduct ion  
forms A r - N H - N H - A r  in compet i t ive  chemical  reactions.  Low t empera tu r e  
(4~ and modera te  s t i r r ing  enable  minimizing of these side reactions.  

Aromat ic  hydraz ines  are  at  p resen t  t ime synthe t ized  
by chemical  reduc t ion  of the corresponding diazonium 
salts. These chemical  reduct ions involve the use of 
sodium sulfite (or hydrosul f i te )  or of s tannous chlor ide 
as reducing  agents which  cause var ious  env i ronmenta l  
problems.  An  e lec t rochemical  reduct ion  of d iazonium 
salts might  be an a l t e rna t ive  process to obta in  h y d r a -  
zines. 

The e lec t rochemical  p repa ra t ion  of a romat ic  h y d r a -  
zines by  reduct ion  of diazonium salts or hydroxydiazo  
compounds has been s tudied by  severa l  authors  (1-5) 
f rom 1929 to 1940. Using cons tan t -cur ren t  techniques 
and var ious  cathode mater ia ls ,  these authors  have ob-  
ta ined  va ry ing  yields of hydrazines  (not  a lways  p rop-  
e r ly  ident i f ied) .  No a t tempts  were  made  to e lucidate  
the mechanisms of these processes. 

La t e r  invest igat ions  (6-20) were  res t r ic ted  to po la ro-  
graphic  studies of diazonium salts in var ious  solvents. 
Two reduct ion  waves  were  observed in the m a j o r i t y  of 
these studies. The first wave  was a t t r ibu ted  to a t r ans -  
fer  of a single e lec t ron and was found to be pH inde-  
pendent ,  the second was considered to correspond to a 
t ransfe r  of 2, 3, 4, or  6 electrons.  The fo rmat ion  of hy -  
drazines was of ten ind ica ted  in  the  proposed mecha-  
nisms, bu t  not  proved.  

In  par t icular ,  Wawzonek  (8) proposed  that  the first 
reduct ion  wave  corresponds to the format ion  of a free 
radical ,  wi th  consecutive format ion  of d ipheny lme rc u ry  
and pheny lmercur i c  chloride.  The l imi t ing  cur ren t  of 
the  second wave  was found to be four t imes higher  
than tha t  of the  first one. Its ha l f -wave  potent ia l  de-  
pends on pH, and this wave  was t en ta t ive ly  ascr ibed to 
the direct  reduct ion  of the diazonium cation to the cor-  
responding p r i m a r y  hydrazine .  However ,  coulometr ic  
measurements  at  potent ia ls  corresponding to the l imi t -  
ing currents  of the first and  second wave gave the  
same results.  

* E lec t rochemica l  Society Act ive  Member .  
Key words:  d i a z o n i u m  salts, hydraz ine  p r epa ra t i on ,  electroly- 

sis. 

Elofson and co-workers  (6, 13) have  fu r the rmore  
found that, for d iazonium concentrat ions above 10-aM, 
the l imi t ing cur ren t  of the first wave  reaches  a con-  
s tant  value  independen t  of concentrat ion,  and  the o c -  
currence  of a po larographic  m a x i m u m  on the second 
one, which was in te rp re ted  by  adsorpt ion  phenomena.  
In  acidic medium, they  have also observed a spl i t t ing  
of the second wave.  They  assigned the compl ica ted  
shape of the po la rograms  to the i r r eve r s ib i l i t y  of the  
process. Using a s t i r red  m e r c u r y  cathode, the coulo-  
met r ic  resul ts  obta ined  at  the potent ia l  of  the l imi t ing  
cur ren t  of the first or  second wave were  not  r e p r o -  
ducible. 

Pheny lmercur i c  chlor ide was isolated af ter  e lec t ro l -  
ysis. Control led potent ia l  e lectrolysis  pe r fo rmed  at  a 
potent ia l  corresponding to the  l imi t ing cur ren t  of the  
second wave corresponds to a four  e lectrons process. A 
test react ion wi th  ammonium phosphomolybda te  in -  
dicates the presence of hydraz ine  in the e lec t ro lyzed 
solution. 

Riietschi and Trf impler  (10) have repor ted  a c o n -  
s t a n t - c u r r e n t  method using a mercu ry -poo l  cathode 
and a flowing catholyte,  leading  to good yie lds  of 
phenylhydraz ine ,  bu t  did not  a t t empt  to invest igate  the  
mechanism of this process. 

Any  a t t empt  to ca r ry  out  e lec t rochemical  synthesis  
of aromat ic  hydraz ines  should be preceded b y  a cr i t ical  
evaluat ion  of the mechanisms involved and e lucidat ion 
of the role of adsorpt ion.  In  pa r t i cu l a r  i t  should be  
proved whe ther  the hydrazines  formed at  ve ry  nega-  
t ive potent ia ls  opera t ive  when the constant  cur ren t  
electrolysis  is pe r fo rmed  are  genera ted  in an e lec t ro-  
chemical  process or by  a chemical  reduct ion  of diazo-  
n ium salts by  means  of the hydrogen  fo rmed  at  the  
e lectrode surface. 

In  the presen t  work, d iazonium fluoborates ins tead 
of chlorides have  been used, in  o rde r  to avoid  the  
chemical  decomposi t ion of the d iazonium ions in the  
presence of hal ide  ions. 
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Experimental 
Reagents.--Stable p - m e t h y l -  and p - m e t h o x y p h e n y l -  

d iazonium fluoborates have been p repa red  and purif ied 
by  methods  descr ibed in the l i t e r a tu re  (21). High 
pur i ty  commercia l  products  have  been used for p r e p -  
a ra t ion  of suppor t ing  e lect rolytes  (KC1, NaC1OO and 
buffer solut ions (McIlvain  and SSrensen)  in doubly  
dis t i l led  water .  

Apparatus and techniques.~Tacussel i n s t rumen ta -  
t ion has been used for al l  the  e lec t rochemical  measu re -  
ments:  T h r e e  e lec t rode  d-c  and super imposed  a -c  
po la rograph  (PRG3),  potent ios ta ts  (PRT20, PRT40), 
in tegra to r  ( IG5N),  funct ion genera tor  (GSTP, UAP4) ,  
and recorder  (EPL) .  A Te lequ ipment  s torage osci l lo-  
scope DM60 has been  used for  cyclic vo l tammet ry .  

For  the coulometr ic  measurements  and control led  
potent ia l  e lect rochemical  reductions,  we have used a 
d iv ided  the rmos ta ted  cyl indr ic  cell. The aux i l i a ry  
e lect rode was a p l a t i num grid, pa ra l l e l  to the  m e r c u r y  
cathode and separa ted  f rom it  b y  an inner  glass cy l in -  
der  fitted wi th  a s in tered glass disk. 

The outer  compar tmen t  contained the m e r c u r y -  
pool cathode, the tes ted solution, the sa tu ra ted  calo-  
mel  e lect rode (SCE) as reference  and the fittings 
enabl ing deoxygenat ion.  A re l a t ive ly  slow s t i r r ing  of 
the mercu ry  pool is pa r t i cu l a r ly  impor t an t  at  the out -  
set of the electrolysis,  because of the adsorpt ion  phe-  
nomena  which can cause the  par t i t ion  of the m e r c u r y  
cathode into smal l  bal ls  i sola ted f rom each o ther  b y  
the adsorbed film. On the o ther  hand, i t  is necessary  
to l imi t  the dura t ion  of the electrolysis  wi th  a large  
m ercu ry  pool cathode, in o rde r  to l imi t  the ex ten t  of 
the  chemical  side reactions.  Fo r  the  polarographic  
studies, a the rmos ta ted  cell  was used inc luding SCE, 
fitt ings enabl ing  deoxygena t ion  and a p l a t i num wire  as 
an aux i l i a ry  electrode.  Al l  deoxygenat ions  were  done 
with  pure  n i t rogen ("U" grade  f rom "L 'Ai r  Liquide")  
and the n i t rogen flow was kep t  over  the solutions 
dur ing  the measurements .  

Procedure.--O.1M NaC104 has been used as suppor t -  
ing electrolyte .  As diazonium fluoborates a re  not  s table  
in more basic media,  McI lvaine  and SSrensen buffers 
pH 1-7 were  used. 0.01M stock solutions of d iazonium 
fluoborates were  kep t  oxygen  free and s tored  at  4~ 
All  the e lec t rochemical  measurements  were  car r ied  out  
a t  4~ except  for  coulometr ic  measurements  which  
were  pe r fo rmed  both  at  4~ and 25~ 

Chemical identification of the products.~Preparative 
electrolysis  were  pe r fo rmed  in a 500 ml cell, using a 
44 cm 2 mercu ry -poo l  cathode. 

p - D i t o l y l m e r c u r y  has been sepa ra t ed  f rom the acidic 
e lec t ro lyzed solut ion by  CHC13 extract ion,  and rec rys -  
ta l l izat ion f rom benzene. This product  has been iden t i -  
fied b y  its mel t ing  point  (lit. 244~176 found 246~ 
microanalys is  (C% = 43.32, H% 3.92--Theor. = 43.19, 
3.66) and  13C NMR spec t rum 

2 

5CI-I8-- --Hg-- --CI-la 

4 ! 

8 ( p p m ) :  C~ = 137.48, C3 = 129.48, C4 = 138.06, C5 
= 20.95 

J (Hg-C2)  : 89.71 p p m - J ( H g - C 3 )  : 102.96 p p m  

N,N ' -D i -p : t o ly lhyd raz ine  has been separa ted  by 
die thyl  e ther  ex t rac t ion  af te r  e l iminat ion  of p - d i -  
t o ly lmercu ry  and neut ra l iza t ion  b y  sodium carbonate.  
The die thyl  e ther  solut ion was dr ied  over  magnes ium 
sulfate  and sa tu ra ted  wi th  gaseous hydrogen  chloride.  
The resul t ing  whi te  hydroch lor ide  was identif ied by  
in f ra red  spect rometry ,  microanalysis ,  and NMR. This 
hydraz ine  is not e lec t rochemical ly  reducib le  under  
e xpe r imen t a l  condit ions used. 

p -To ly lhydraz ine  has been identif ied in the solution 
resul t ing  f rom the control led  potent ia l  e lectrolysis  by 
der ivat iza t ion  wi th  2 ,4-dini t robenzaldehyde.  The red  
hydrazone  was rec rys ta l l i zed  f rom acetic acid, and 
charac ter ized  by  means  of e lementa l  analysis,  infrared,  
NMR, and mass spec t romet ry ;  i t  was ident ica l  wi th  
the product  obta ined  by  react ion of 2 ,4-dini t robenzal-  
dehyde  wi th  commercia l  p - to ly lhydraz ine .  

Moreover,  p - to ly lhyd raz ine  is e lect roact ive  and 
shows a complex oxida t ion  wave  be tween  0.2 and 0.3V 
vs. SCE in the acidic med ium used for the p r e p a r a -  
t ive electrolysis.  This oxida t ion  wave  has been used, 
af ter  cal ibrat ion,  for  the de te rmina t ion  of the con- 
cent ra t ion  of hydraz ine  p roduced  in electrolysis.  

Results and Discussion 

The fol lowing resul ts  have been p r edominan t ly  ob-  
ta ined  in exper iments  wi th  p -me thy lphe ny ld i a zon ium 
fluoborates. The behavior  of the  p - m e t h o x y  der iva t ive  
is analogous in al l  aspects wi th  the  except ion of those 
obta ined  in contro l led  poten t ia l  e lectrolysis  which are 
discussed separa te ly .  

D-C and superimposed a-c polarography.--Com- 
pounds s tudied  are reduced  at  concentrat ions  of the  
diazonium sal t  l a rge r  than  about  1 • 10-4M in four  
waves  (il-i4, Fig. 1) in d-c  po la rography ,  and four  
corresponding peaks (isx-is4, Fig. 1) in a -c  po la rog-  
raphy.  At  concentrat ions  lower  than  1 • 10-4M, wave  
i2 and peak  is2 are  missing. 

The e lec t rocap i l l a ry  and i - t  curves (Fig. 2) show a 
s t rong adsorpt ion  occurr ing  at  potent ia ls  between 
(El/2)1 and (E~/2)~. The shapes of the  i - t  and  e lec t ro-  
cap i l la ry  curves,  as wel l  as values  of h a l f - w a v e  po ten-  
t ials  of waves  ix and i2, a re  not  dependen t  on p H  or 
concentra t ion  changes. 

Wave il (Table I and II )  increases l i nea r ly  wi th  
increas ing concentra t ion of the  diazonium sal t  up to 
1 X 10-4M and becomes independen t  of concentra t ion 
at  h igher  values.  

This observat ion  together  wi th  the  effect of t e m p e r a -  
ture and a-c  po la rographic  curves indicates  tha t  at 
concentrat ions  above 1 • 10-4M the he ight  of this 
wave  is governed b y  adsorpt ion.  Wave  i l  is thus ty- 
pical Brdicka  prewave.  

I]~Z ~a,b:  0,4pA / b  
~ /c =0.08~A 

i kx / 

POTENTIAL (rnV vs S.C.E.) 

Fig. 1. D-C polorograrns (a; b) and o-c polarogroms (c: r - -  
0g) (d: r --= 150g) of on aqueous solution of parotolyldiozonium 
fluoborate. Mcllvain buffer, NaCIO4 10-ZM, C = 2 X 10-4M. 
pH ---- 5, T = 4~ h = 65 cm,~ =- 2s~c,F =- 15 Hz, ~V = 
20 mV. E1/211 = -]-50 mV; Esl ---- -I-45 mV; E1/212 = --45 mV; 
Es2 = --45 mV; E1/2i~ = --730 mV; Es~ = --775 mV; E1/.2i4 
= --910 mV; Es4 ---- --900 mV (vs. SCE). 
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Table I. Data obtained by d-c polarography of 
p-methylphenyldiazonium fluoborate 

1 8 9 1  

Diagnostic test C < 1 x 10-4M C > 1 • 10-r i= i3 h 

ia = f ( C )  iz = kC iz ~ / ( C )  iz = k C  is = kC i4 = kC 

d i a / d T  ( g r a d  -z) 3% 0.1% 2.5-3% 0.5-1.5% 2% 
ia = /oh �9 x = 0 . 5  x =  1 x = 0 . 5  x - - 0 . 5  x = 0 . 5  

ia - i 
E = ] l o g  aria = 0.8 a een= = 1.O an= = 0.67 an= = 0.4 

i 
dEz/~/ d C  0 0 O b O 
dE1/2/dpH 0 0 O b c 

Nonlinear dependence. 
b Ez/a becomes more negative with increasing concentration os the diazonium salt or increasing pH. 

E~/= becomes more positive with increasing loll. 

Table II. Data obtained by a-c polarography of 
p-methylphenyldiazonium fluoborate 

isz 

Diagnostic test C < 1 x 10-~M C > 1 x 10-~M is= i ,  s i,~ 

i .  = ~ (C)  i .  = kC i .  ~ Y ( C )  is = kC is = kC i .  = kC 
(Og) is 3 < <  i,~ i s  4 > i .  8 
A E P / 2  120 m V  B r o a d  10O m V  B r o a d  V e r y  b r o a d  
i~ = $(AV) a i~ = k A V  is = k A V  is = k A V  i~ = k A V  i,, = k A V  
Ai~/A ( log F) b 0.5 1 0.5 0.5 0.5 
r ( g r )  50 77 48 60~ 30~ 
AEs /  AC a O 0 0 < 0  0 
A E s / A F  O 0 <0 ,  n e x t  > O 0 0 
A E B / A ( A V )  0 0 0 0 0 
E, -- El~= <0 0 0 - 30  to 50 mV 0 

a AV = amplitude of the superimposed alternative signal. 
b F = frequecy of the superimposed a.c. 
e r decreases with increasing concentration of the diazonium salt. 
a E. = potential corresponding to the sunmint current t,. 

The total  height  of waves it and i2 is a l inear  func-  
tion of concentrat ion and corresponds to a t ransfer  of 
one electron. 

- VFA a/  
/ 

/ 

t / /  

1// - - ~  drop 
t ime  

3 i ~ / , ,  

t. 

2 

�9 ~ / / ~ _  ~ ~ 

J 

" 0 5'00 1000 
- E  

mv ~s's.c.~" 

Fig. 2. D-C polarogram (a), electrocapillary curves (b: solvent; 
c: diazonlum solution), and (i, t) curves, pH = 4, T =- 4~ h = 
65 cm, "c = 2 sec. Buffered paratolyldiazonium solution (Mcllvain 
buffer) NaCI04 10-1M, C = 3 X 10-4M. 

Independence of ha l f -wave  potent ia l  (Ei/2)s of the 
concentrat ion of diazonium salt, logar i thmic analysis 
yielding a slope of 59 mV, and agreement  of the sharp 
peak (~Es/2 = 100 mV) potent ia l  obtained by a-c  
polarography wi th  the ha l f -wave  potent ia l  obtained 
by d-c  polarography indicate reversible ,  single e lec-  
t ron process. 

This wave  il corresponds to a process 

-I- - -  

R - - N = N  (free)  + e -  ~ - - R - - N = N [ ,  H g ( a d ~ )  

where  one-e lec t ron  revers ib le  reduct ion  of the dia-  
zonium cation yields the adsorbed radical. Wave  i9. 
then corresponds to a revers ible  reduct ion  of the dia-  
zonium cation through the adsorbed film, y ie ld ing a 
free radical  

@ - -  m - -  

Pc- -N=N(f r ee )  + e -  ~=~ R - - N = N [  (free)  

Wave is is proport ional  to the concentrat ion of t h e  
diazonium salt  and its height  is equal  to the sum of 
l imit ing currents  il + i2 and corresponds thus to a 
t ransfer  of a second electron. Dependence of {8 on the 
height  of the mercu ry  column s imilar ly  as the e lec t ro-  
capil lary and {-t curves (Fig. 2), as wel l  as the a-c  
polarograms obtained at r = 150g (Fig. 1), show t h a t  
the t ransfer  of the second electron occurs on a surface 
f rom which the radical  was desorbing. Logar i thmic  
analysis and the shape of a-c  polarographie  peaks in -  
dicate that  the electrode process is i r revers ib le  and 
the dependence of the ha l f -wave  potent ia l  of wave  is 
on pH indicates that  proton t ransfer  must  occur be-  
teen the t ransfer  of the first and second electron. 

The height  of wave  {4 is twice that  of wave  i3. The 
wave  is diffusion control led and corresponds to a two 
electron process. Broader  and lower  a-c polarographic  
peaks indicate an i r revers ib le  process; pH dependence 
of the ha l f -wave  potent ia l  of wave  {4 is a proof that  
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between tt,he t ransfer  of the second and third (and 
fourth) electron a proton t ransfer  must  occur. 

Cyclic vo l tammetry . - -The  cyclic vol tammogram r e -  
c o r d e d  using a t r iangular  potential  sweep from + 
0.1V to -- 1.3V and back to ~ 0.1V vs. SCE shows, at 
concentrations of the diazonium salt smaller  than 2 
• 10-4M, four cathodic peaks iP6 , iP1, ip2 , and ip~ 
(Fig. 3, Table III) .  

Peak ip s corresponds probably to the reduct ion o f  
the product result ing from the oxidation of the mer -  
cury electrode at the start ing potential  Ez. This as- 
sumption is supported by observation that  peak ip 6 
does not  appear when the star t ing potential  is sl ightly 
more negative. 

At sweep-rate slower than  5 Vsec -1 only the reduc-  
tion peak ip 2 is observed. This peak occurs in the po- 
tent ial  range where d-c polarographic waves iz and i2 
were observed. At sweep-rate  higher than 5 Vsec -1 
another  very broad reduct ion peak ip 3 is observed in 
the same potential  range where d-c waves is and i4 
occur. Reduction in this peak ip 3 is completely i r re-  
versible, as no corresponding anodic peak is observed. 
At sweep rates higher than 5 Vsec -1 anodic peak ip2 a 
is observed, indicating reversibi l i ty  of the process tak-  
ing place in peak ip 2. Peak ip 1 is observed only at 
concentrations of the diazonium salt higher than about 
1.5 • 10-4M, this peak is ill separated from peak ip 2 
a n d  is difficult to measure, but  seems to be independent  
of concentrat ion of the diazonium salt. I t  may be the 
adsorption prewave to the process occurring at peak 
ip 2. Indicat ion of a corresponding anodic peak seems 
to be in  agreement  with this assumption. 

The peak-cur ren t  ip 2 increases l inear ly  with the 
concentrat ion of the diazonium salt up to about  1 • 
10-4M. Deviations from l inear i ty  at higher concentra-  
tions (Fig. 4) indicate diffusion-controlled electrode 
process per turbated  by adsorption (22, 24), in  agree- 
men t  with conclusions reached for d-c curves il and i~. 
Dependence of the peak potent ial  of peak ip  2 o n  con- 
centrat ion of the diazonium salt (Table III)  may be 
due to adsorption and to a consecutive chemical reac- 
tion, second order (or higher) in the product of the 
one-electron t ransfer  (25). 

The peak current  ip s at sweep rates higher than 5 
Vsec -1 shows also a non l inear  dependence on dia- 
zonium salt concentration. The greater deviation from 
l inear i ty  for ip 3 than ip2 is a t t r ibuted to the desorption 
process occurring in this potential  range (Fig. 2C). 
The origin of the dependence of the peak potential  of 
ip 3 on concentrat ion of the diazonium salt may be simi- 
lar  to that  of peak ip2, even when the characteristics 
(Table III) of these two dependences are different. 

Dependence of the reduct ion peak ip 2 and the oxi- 
dation peak iP2 a o n  the rate of scanning (Table III, 
Fig. 5) indicates that  a single oxidat ion-reduct ion 
couple is involved. At sufficiently high sweep rates the 
system is reversible, as indicated by the increase in 
ratio iP2a/iP2 (Fig. 6) and by variat ion of the potential  
of peak ip 2 with logari thm of the scanning rate (Fig. 
7) (25, 26). At slower sweep rates the characteristics 
indicate the presence of an irreversible chemical re-  
action following the uptake of the first electron. The 

Jp2 

tired iP8 �9 A i ,3 

. . . .  

~iox  ~ .  i~2 
Ip5 

i i i 
+100  - 7 0 0  - 1 3 0 0  

POTENTIAL (mV vs S.C.E) 

Fig. 3. General shape of the cyclic voltammogram of an aqueous 
solution of paratolyldiazonium fluoborate, pH ~- 5, T--~ 4~ 
Buffered paratolyldiazonium solution (Mcllvain buffer) NaCIO4 
10- IM,  C ~ 2  X 10-4M. 2Vsec -1 ~ v ~  100Vsec - l .  Epl 
~100 mV, Ep2 ~ --700 mV, Ep3 ---- --1300 mV vs. SCE. 

tt ip2/,A 
.a  

, , CONCENTRATION/xl04M 
1 3 5 

Fig. 4. Evolution of peak ip2 with the concentration of the solu- 
tions. Paratolyldiazonium solution NaCIO4 10-1M. pH ~ 4, T 
4~ E1 ~ -I-100 mV vs. SCE. (a): v --~ 100V • sec-Z; (b): v ---- 
50V • sec-l;  (c): 20V X sec ~l .  

role of adsorption is reflected in the large slopes of 
the dependence of the peak-potent ia l  on v (Fig. 7). 

As f requent ly  observed the shape of the cyclic 
vol tammograms depends on the potential  range ap- 
plied and the direction of the sweep (Fig. 8) 

Complete sweeping range: (El : 100 mY, E3 ---- 
-- 1.3V vs. SCE). For a forward sweep start ing from 
E1 toward E3 (Fig. 8A), the vol tammogram has been 
described above (Fig. 3). For a forward sweep s tar t -  
ing from E3 toward El, ip 2 and ip 3 are no tab ly  lowered, 
ip 4 disappears, and ip 5 is much increased (compare 
Fig. 8B and Fig. 8A). 

Shortened sweeping range: (Ez ---- 100 mV, E2 ---- -- 
700 mV, Es ~ -- 1.300V vs. SCE). When the forward 
sweep starts from Es toward E2, the peak ip 3 is not  o b -  

Table III. Data obtained by triangular sweep voltammetry for 
p-methylphenyldiazonium fluoborate 

Diagnostic test ip= ip8 ip4 

A(ip x v-1/~)/Av <0 for v < 40V x sec -I 
0tory >40V x sec -z 0 

hEp/h log v <0 (-50 mV/decade) <<0 
(-230 mV/decade) 

0 when C < 10-4M AEp/A(Iog C) ~0 decreases when v increases >0 when C > 10-~M 
ip= a 

= S(v) Increases from 0 to 1 with increas- 
ip= ing v 

>0 for v < 40V x sec -I 
0 for v > 40V x sec -z 
0 

Unworkable 
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Fig. 5. Influence of the sweep rate. Ip2" v - - l / 2  = f (V), 
NaCIO4 10 -2  mol ' l i ter  -1.  pH = 4, T =_ 4~ E1 ---- -~100 
mV vs. SCE. Paratolyldiazonium concentration: (a) C ---- 1 X 
10-5M;  (b) C = 5 X 10-5M;  (c) C = 10 X 10-5M;  (d) C ---- 
53 X I 0 - 5 M .  

[ - - 4 0 0  

I--300 

-100 

F - 3 0 0  �9 ,,, m - - m  = " - - " " m  a 

p-lO0 1 2 
1 I t I 

log v 

Fig. 7. Variation of peak potential Ep2 with the sweep rate: 
Ep2 ---- f (log v) NaCIO4 10-1M. pH -- 4, T ---- 4~ El ---- 
@100 mV vs. SCE. Paratolyldiazonium concentration: (a) C = 
1 X 10-5M;  (b) C = 5 X 10-5M;  (c) C ---- 10 X 10-5M;  
(d) C = 53 • 10-5M. 
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Fig. 6. Evolution of the ratio ip2a/ip2 with the sweep rate. Para- 
tolyldiazonium solution C ---- 1,.25 • 10-4M,  pH - -  4, T ---- 4~ 
NaCIO4 10-ZM, E1 = ~ 1 0 0  mV vs. SCE. 

served. When the forward sweep starts from E2 toward 
El, the peak ip 5 disappears and the peak ip 2 increases 
(Fig. 8D). When the forward sweep reversed f rom 
E1 toward E2, the peak ip 4 is again observed, and is 
much higher than when the sweeping range is ex-  
tended up to E3 (Fig. 8C). Oxidation peak ip 5 appears 
and disappears s imul taneously  with peak ips when  the 
sweeping conditions are modified. Peak ip 5 is therefore 
due to oxidation of the species resul t ing from the 
reduct ion step ips. 

A solution of the p r imary  hydrazine Ar - -NH--NH2 
in a buffered aqueous solution leads to a cyclic vol tam-  
mogram showing an oxidation peak identical with ip 5 
when the forward sweep starts from E3 toward El. The 
formation of hydrazine by the electrochemical reduc-  
tion of the diazonium salt is therefore highly probable 
at the potent ia l  of the peak ip 3. 

Controlled potential electrolysis.--Controlled poten-  
tial electrolysis was carried out at low concentrations 
of the diazonium salt (7 X 10-4M) on a small  mercury  
pool cathode (area 5 cm 2) to carry  out coulometry and 
at higher concentrations (1.2 X 10-2M) with a large 
mercury  pool electrode (area 44 cm 2) and large volume 
of the solution (300 ml)  for electrosynthetic studies. 
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Fig. 8. Evolution of a cyclic voltammogram with sweeping 
range and direction of sweeping. Paratolyldiazonium solution C ---- 
1.25 X 10-4M, pH ----- 4, T = 4~ NaCIO4 10-1M. (A) v ---- 
50V X sec -1,  forward sweep from E1 to E~; (B) v = 50V X 
sec -1 ,  forward sweep from E3 to El; (C) v ---- 50V X sec -1  
[forward sweep from E1 to E2 (solid line)I; [forward sweep from 
EI to E3 (dashed line)]; (D) v ---- 50V X sec -1  [forward sweep 
from E2 to E1 (solid line)I; [forward sweep from E~ to E1 (dashed 
line)]. 

Coulometric measurements  at potentials correspond- 
ing to l imit ing currents  il or i2 yield n = 1. After  ex-  
haustive electrolysis all waves il-i4 disappear s imul-  
taneously and no oxidation or reduct ion wave is 
formed. The product of the first electron uptake is thus 
electroinactive unde r  conditions used, probably  due to 
a consecutive chemical reaction such as formation of 
organomercury  compounds. 

When the coulometric electrolysis was carried out 
at the l imit ing current  of wave i3 the value of n ob-  
tained was significantly smaller  than 2 (Table IV).  
This indicates competitive chemical reaction of the 
product of the one-electron reduction, such as forma-  
tion of organomercury  compounds. Such a reaction 
is faster for p -methy l  than p-methoxy  derivat ive 
(Table IV) and is slower at 4~ than at 25~ Products 
formed at the l imit ing current  of wave i3 yield nei ther  
oxidation nor  reduction waves. 
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Table IV. Coulometrie measurements 

September  1981 

Wave i~ Wave  i~ Wave  h Wave  
Ar Qx Q2 Qa Q4 Hydraz ine  yield 

t = 25"C t = 4~ t = 25~ t = 4~ t = 25~ t = 4~ t = 25"C t = 4"C t = 25~ t = 4"C 
C H s - -  1 1 1 1 1.3 1.8 2.4 3.5 5% 36% 
C I ~ m O - -  1 1 1 1 1.7 1.9 3.6 3.8 32% 65% 

Similar ly ,  e lectrolysis  at  the l imi t ing  cur ren t  of wave  
i4 yields  the value  of n smal le r  than  4 (Table  IV),  the 
va lue  of n being l a rge r  for p-OCH~ than  p-CH3 de -  
r iva t ive  and in both cases l a rge r  at  4~ than  at  25~ 
Solut ion of the e lectrolysis  p roduc t  y ie lds  an oxida t ion  
wave, ident ica l  in wave - shape  and ha l f -wave  poten t ia l  
wi th  the wave  of a corresponding hydraz ine  A r - - N H - -  
NH~ recorded under  ident ica l  conditions. 

The he ight  of anodic wave  in the  solutions e lec t ro-  
lyzed at  the l imi t ing  cu r ren t  of wave  /4 was used to 
de te rmine  yields  of the hydraz ine  (Table  IV) .  These 
yields  were  h igher  for the p-OCHa than for  the p-CH3 
der iva t ive  and in  both instances h igher  at  4~ than  at  
25~ 

Al l  these exper iments  indicate  tha t  the  rad ica l  
formed in the reduct ion  of the p - m e t h y l  der iva t ive  is 
more react ive  toward  meta l l ic  me rcu ry  than the cor-  
responding  p - m e t h o x y  der ivat ive .  

E lec t ro -ox ida t ion  at  the  po ten t ia l  corresponding to 
the l imi t ing cur ren t  of the oxida t ion  wave  of the h y -  
drazine A r - - N H - - N H 2  yie lded  a solut ion in  which the 
cu r r en t -vo l t age  curve obta ined  wi th  a DME resembled  
that  ob ta ined  wi th  a d i lu te  solut ion of the d iazonium 
salt. The poss ib i l i ty  of oxida t ion  of the hydraz ine  
pa r t l y  to a diazonium sal t  is being fu r the r  invest igated.  

P repa ra t ive  electrolysis  in more  concentra ted  solu-  
tions of diazonium salts at  the potent ia l  corresponding 
to the l imi t ing  cur ren t  of waves  i l  and  i~ y ie lded  the  
d ia ry l  der iva t ive  A r - - H g - - A r  in 90% yield.  

Electrolysis  a t  the l imi t ing  cur ren t  of wave  i4 at  low 
t empera tu re  (4~ wi th  a modera te  s t i r r ing  of the  
m ercu ry  pool (cf. Exper imen ta l )  in a buffer  of pH 2 
y ie lded  10% of the mercu ry  der iva t ive  A r - - H g - - A r ,  
8% of the symmet r i ca l  hydraz ine  Ar- - - -NH--NH--Ar ,  
and 57% of the  p r i m a r y  hydraz ine  A r - - N t t - - N H 2  for 
p-CHs and 80% for p-OCH3 derivat ives .  When  condi-  
tions of e lectrolysis  (s t i r r ing,  t empera tu re )  were  not  
optimized,  up to 30% of the symmet r i ca l  hydraz ine  
was formed.  

Conclusion 
Exper imen ta l  evidence indicates  the  fol lowing se-  

quence of react ions  
+ 

Ar--N=N + e ~ (Ar--N----N)ads i l  [I] 

+ 

A r - - N - N  -b e ~ (Ar--N----N)free,  is [2] 

2Ar--N----N + Hg --> A r - - H g - - A r  ~ N2 [3] 

A r - - N - - I ~  + t4j 

Ar--NH----N -b e -> A r - - N H ~ N [ : ] ,  is [5] 

2Ar~NH--N[~ -> Ar--NH--NH--Ar q- N2 [6] 

Ar~NH--N[~ -b 2H + ~- Ar--NH----NH2 2+ [7] 

Ar--NH:NH2 2+ -~ 2e-> Ar--NH--NH2 i4 [8] 

Ar--NH--NH2 -~ H + ~_ Ar--NII--NH3 + [9] 

Thus the present  pape r  demonst ra tes  format ion  of 
a p r i m a r y  hydraz ine  der iva t ive  b y  a d i rec t  e lec t ro-  
chemical  reduct ion  of the corresponding d iazonium 
fluoborate. 

Lower  t empe ra tu r e  and the presence of e lectroposi-  
t ive subst i tuents  on the pheny l  r ing favor  format ion  of 
hydraz ine  and minimize  the  impor tance  of compet i t ive  
chemical  s ide-react ions.  The sca l ing-up  of the e lec t ro-  
chemical  synthesis  of hydrazines  and behavior  of o ther  
subs t i tu ted  a romat ic  d iazonium fluoborate are  under  
invest igat ion.  
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ABSTRACT 

The measuremen t  of pho tocur ren t  vs. electrode poten t ia l  a t  different  e l e c -  
t r o l y t e  pH shows the quantum efficiency for  wa te r  pho to-ox ida t ion  to be pH 
dependent .  These resul ts  are in t e rp re t ed  in terms of surface O H -  groups and 
phys i sorbed  O H -  ions act ing as in te rmedia tes  in a double mechanism of hole 
t rapp ing  and charge  t ransfe r  at the semiconduc tor /e lec t ro ly te  interface.  The 
expe r imen ta l  da ta  a re  ana lyzed  according to Wilson's  model  for  the  e lec t ro-  
chemical  behav ior  of semiconduct ing photoexc i ted  electrodes,  which in t ro -  
duces as new pa rame te r s  surface e lect ron t ransfe r  and surface recombina t ion  
rates.  This analysis  leads to a m a x i m u m  dens i ty  of surface centers  for  charge 
t rans fe r  of the o rde r  of 1014 cm-~.  

The use of n - t y p e  w i d e - b a n d g a p  semiconduct ing 
mate r ia l s  as photoelectrodes  in photoelec t rochemical  
cells has been wide ly  developed since Ff i j i shima and 
Honda (1) r epor ted  in 1972 tha t  wa te r  could be photo-  
e lec t ro lyzed at  an n-TiOe elect rode i l lumina ted  wi th  
u.v. l ight.  

I t  is wel l  es tabl ished tha t  wa te r  photoelect rolys is  in 
a photoe lec t rochemical  cell (pec) is the  resul t  of two 
processes. Firs t ,  photons are  absorbed by  the semicon-  
ductor  (SC) and genera te  e lec t ron-hole  pairs.  Those 
pairs  genera ted  wi th in  the deple t ion  l aye r  are  sepa-  
r a t ed  by  the electrostat ic  field, the electrons migra t ing  
toward  the bu lk  and the holes toward  the surface. The 
efficiency for the  pho~ogenerat ion of holes at  the  sur -  
face is control led  b y  the electronic and optical  p a r a m e -  
ters of the SC (2). In a second process the holes reach-  
ing the surface react  wi th  e lect rons  t rans fe r red  from 
reducing species in the electrolyte .  The global  react ion 
is 

2H20 + 4h + --> O~ + 4H + 

The mechanisms by  which  the e lec t ron exchange  
be tween  the  SC and the e lec t ro ly te  takes  place are  not  
wel l  understood.  If O~ evolut ion is considered to p ro -  
ceed by  e lec t ron tunnel ing  th rough  the Helmhol tz  
l aye r  f rom the e lec t ro ly te  energy levels to the  SC 
surface, only  isoenerget ic  e lect ron t ransfer  is possible. 
Since the equ i l ib r ium redox level  of the Q / O H -  
couple lies at the middle  of the forb idden band TiO2 
(3), ve ry  smal l  over lapping  wi th  the valence band  
should be expected,  and ve ry  low photocur ren ts  for 
O~ evolut ion should be obtained.  However ,  i t  is ob-  
served expe r imen ta l ly  that  quan tum effi.ciencies nea r  
100% can be reached (4), which suggests that  a differ-  
ent  mechanism to tha t  of direct  in ject ion of electrons 
f rom the e lec t ro ly te  to the valence band must  domi-  
nate  the cha rge - t r ans fe r  process. Most authors  expla in  
such a high charge t ransfer  efficiency as being due to 
surface states over lapping  filled states of wa te r  mole-  
cules (1, 5). The na ture  of these surface states is not  
wel l  known. They could be preexis t ing  states on the 
SC surface inheren t  to the  na tu re  of the  solid~ e.g., 
s t ruc tu ra l  defects. However ,  as suggested b y  Wilson 
(6), t hey  could also be considered as e lec t ro ly te  states 
sufficiently bound  to the  surface, so that  the i soener-  
getic res t r ic t ion  on charge t ransfe r  could be re laxed.  

In  this paper  we present  expe r imen ta l  resul ts  dea l -  
ing wi th  the influence of the e lec t ro ly te  pH on the 

Key words: interface charge transfer, photoelectrolysiS of 
water, solar energy conversion. 

02 evolut ion photocur ren ts  at  TiO2 electrodes.  T h e s e  
results  provide  some new informat ion  about  the mech-  
anism of charge t ransfer  a t  the SC/e lec t ro ly te  in t e r -  
face and on the na ture  of the  surface sites act ive in 
wa te r  photo-oxidat ion .  

Experimental 
The rut i le  used in this work  was obta ined  f rom an 

anatase  powder  (99.9%, Degussa)  by  heat ing at  800~ 
for severa l  hours. Rut i le  powder,  pressed into a disk 
of 1 cm 2 area  and 0.05 cm thickness,  was s in tered  in 
a i r  at  1200~ for 2 hr  and then reduced in H2 a tmo-  
sphere at 800~ for 20 rain. One side of the disk w a s  
a luminum-meta l l i zed ,  and a copper  wire  was  a t t ached  
to it wi th  Ag epoxy. The contact  was then sealed wi th  
epoxy resin. 

The cell, bu i l t  of P y r e x  glass wi th  a quar tz  window, 
consisted of the photoelectrode,  a p la t in ized Pt  coun- 
tere lect rode,  and an SCE reference  electrode.  E lec t ro-  
lytes, f rom pH 6.4-13.3, were  p repa red  f rom a 0.5M 
Na2SO4 solution to which different  quant i t ies  of a 0.1M 
KOH solut ion were  added.  Bidis t i l led  wa te r  and re -  
agent  grade  chemicals  were  used. The  photoelec t rode  
was i l lumina ted  wi th  a 150W Xe l amp  fol lowed b y  a 
Bausch a n d  Lomb gra t ing monochromator .  S teady-  
state cur ren t  vs. potent ia l  curves were  obtained,  po in t  
by  point, wi th  a mic roammete r  and a 109r~ d ig i ta l  
mi l l ivol tmeter .  To minimize  possible diffusion effects 
near  the  e lect rode surface, the  e lec t ro ly te  was  me-  
chanica l ly  s t i r red  dur ing  the exper iments .  

Mot t -Scho t tky  plots were  used to es t imate  donor 
concentrations.  Capaci tance measurements  of the  pho-  
t oe l ec t rode /e ]ec t ro ly t e /P t  sys tem were  car r ied  out  
wi th  a General  Radio 1650A impedance  br idge  at  1 
kHz. The electrode potent ia ls  are  given vs. SCE. 

The photon flux reaching the e lect rode was de te r -  
mined by  means of a ca l ibra ted  E.G. & G. 4000B sil i-  
con photovol ta ic  detector.  Reflection losses at  the cell  
window and elect rode surface were  es t imated to be of 
the o rder  of 10%. 

Results 
Photocurrent pH dependence.--Figure 1 shows typ i -  

cal photocur ren t  vs. elec t rode  potent ia l  curves,  at  360 
nm, for different  pH values.  The pho tocur ren t  effi- 
ciency, % is defined as 

/(light) - -  i(dark) 

qIo 

where  /(light) and i(dark) a r e  cu r ren t  densi t ies  under  i l -  
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Fig. I. Steady-state current vs. potential curves for TiO2 at 
different electrolyte pH, under illumination with u.v. light O~ 
360 nm). The pH of the electrolyte (0.SM Ha2SO4 solution) was 
adjusted by addition of KOH. 
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lumina t ion  and at dark, respectively, Io represents the 
flux of photons absorbed by the electrode (Io ~ 12 • 
1015 cm -~ �9 sec-1),  and q is the electronic charge. 

At constant electrode potential, ~ depends on the 
electrolyte pH. On the other hand, the potential  of 
zero efficiency shifts toward negative values when the 
pH is increased. This shift is about --0.4V for a pH 
increase of 7 units, which is in agreement  with the 
flatband potential  shift of --0.059V/pH uni t  expected 
for metal  oxides (7). To compare quan tum efficiencies 
for different pH values the curves in Fig. 1 are re- 
plotted by referr ing the voltage scale to the flatband 
potential  (VFB). Figure 2 shows a plot of ~ vs. the 
band bending (V -- VFB). F la tband  potentials for dif- 
ferent pH values were calculated by taking ~/rfB = 
--0.9V vs. (SCE) for pH __- 13.3 (7) and assuming that 
dVFB/dpH -: --0.059V. The VFB values so obtained 
agree quite well  with those measured from the Mott- 
Schottky plots. It  can be seen in Fig. 2 that for a 
constant  value of the band bending ~ increases with 
increasing pH. This effect has a tendency to decrease 
as the b a n d s a r e  flattened (V --> V F B ) .  For high band 
bending the pH effect seems to disappear. 

Donor concentration.--For ND a value of 1019 c m  -3  
was taken, which represents the average value of the 
donor concentrat ion calculated from capacitance mea-  
surements  (ND ----- 8.7 X l0 is cm -3) and from photo- 
current  spectral distr ibution (ND = 1.4 • 1019 cm -8) 
(8). 
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Fig. 2. Plot of photoeurrent efficiencies ys. band bending from 
(Iota of Fig. 1. Dotted-line represents the theoretical quantum 
efficiency for negligible electron-hole bulk recombinaHon (Eq. 
[18]). 

Discussion 
The TiOJelectroZyte interface.--It  is well known 

that TiO2 has a great tendency to hydration. Accord- 
ing to Munuera  et aL (9), in a fully hydrated anatase, 
the amount  of adsorbed water  is approximately equiv- 
alent  to a monolayer  of hydroxyl  groups. About  half 
a monolayer  ( ~  5 • 1014 H20/cm e) corresponds to 
molecular water loosely bound to the surface. Two- 
thirds of the remaining water (___ 3 • 1014 OI-I/cm 2) 
is composed of acidic OH groups and the remaining 
one- th i rd  (about 2 • 1014 cm-2)  are the O H -  ions, 
most strongly attached to the surface, with a marked 
basic character. 

When TiO2 is in equi l ibr ium with an aqueous me- 
d ium (electrolyte) the above si tuation changes. Be- 
sides the chemisorbed OH groups, O H -  and H + ions, 
whose bulk concentrations depend on pH, are specifi- 
cally adsorbed. The point of zero zeta potential  (pzzp) 
represents the pH at which the net  surface charge is 
zero, or the concentrat ion of adsorbed O H -  and H + 
ions is the same. For TiO2 pzzp ~ 5.8 (7), i.e., at this 
pH the potential  drop in the Helmholtz layer due to 
adsorbed H + and O H -  ions is zero. Any  increase of 
the pH above the pzzp means an increase of the n u m -  
ber of O H -  ions adsorbed, the net surface charge 
becoming negative. The opposite happens for pH < 
5.8, i.e., the net surface charge becomes positive be-  
cause of the excess of adsorbed H + ions. In  the first 
case, the potential  drop across the Helmholtz layer is 
negative, while it is positive in the second case. The 
result  is that  the fiatband potential  shifts by about 
0.08V per pH uni t  (7). 

As a first approximation the Helmholtz layer  can be 
considered as a flat capacitor, whose capacity is (10) 

qs 
CH = [1] 

CH 

where Qs is the net  charge adsorbed and CH the po- 
tential  drop in the Helmholtz layer. Qs : q" ANad 
(electronic charge times the surface ion excess) and 
CH ---- AVFB, SO expression [1] becomes 

q �9 hNad 
C~ = ~ [2] 

hVFB 

It must  be remarked that Qs is the result  of an excess 
of both physisorbed and chemisorbed O H -  ions. 
Therefore, we must  write ANad : A/Vchem 2ff ANphys, 
dist inguishing the excess of surface O H -  groups, 
A1Vchem, from the excess of physisorbed O H -  ions, 
ANphys. 

The experience with metals (11) shows that  the  
overall  differential capacitance of the double layer  has 
a constant value determined by the oriented sheet of 
water  dipoles in direct contact with the surface. T h e  
situation with semiconductors could be different. Re- 
cent experiments  on TiO2 electrodes (12) seem to 
show a small systematic variat ion of the Helmholtz 
layer  capacitance with pH, from 64 • 20 ~F .  cm-~ 
for pH = 2.7 to 31 ___ 10 /~F �9 cm-~ for pH ---- 13. How- 
ever, in view of the large s tandard deviations, any 
conclusion about these variations is unwarranted .  In  
any case, taking for CH an average value, we can write 

ANad ANad AVFB C H AVFB 

h p H  AVFB hpH q Api.i 

-- 1.8 • 101~ c m-~ /pH 

According to this, for an increase of the electrolyte pH 
from 6.4 to 13.3, the surface excess of O H -  ions in-  
creases by 1.2 • 1014 cm -2. 

The mechanisms of charge transfer . - -Among the 
mechanisms proposed to explain the generat ion of 
photocurrents upon absorption of u.v. light by TiO2, 
the most acceptable is, in  our opinion, that in which 
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surface O H -  groups and Ti ~+ ions act as hole traps 
and donor centers, respectively 

P+ -]- OH-surf--> OH%urf [3] 

e -  -}- Ti+4--> Ti+3 [4] 

where OH~ denotes adsorbed OH radicals. Reaction 
[4] represents the bulk major i ty  carrier  process. Under  
high enough anodic polarization electron and holes 
are efficier~tly separated by the electric field. Holes 
reach the hydrated  surface 

p+ -}- Ti +4 -- O H -  --> Ti +4 -- OHo [5] 

while the electrons migrate  toward the bulk. How- 
ever, near  the flatband potential  electrons can reach 
the surface where they could recombine with the holes 

e -  -}- Ti +4 - -  O H ~  Ti +3 - -  OH~ Ti +4 - -  O H -  [6] 

If reaction [5] prevails over [6], oxygen is evolved 
possibly according to the following reaction between 
surface OH o radicals 

2(Ti +4 -- OH ~ "-> 2(Ti +4 -- D) + H~O~ 

-~2 (T i  + 4 - [ z )  + H 2 0 +  1 / 2 0 2 t  [7] 

Where [] denotes OH vacancies at the surface. Af ter -  
ward the vacancies will be filled by physisorbed O H -  

Ti+4 -- [] + OH-phys-~ Ti +4 - -  OH-surf [8] 

and the ini t ial  state of the surface is reestablished. Ex- 
per iments  of i r radiat ion of hydrated TiO2 powders 
give evidence that both HsO2 (13, 14) and OH o radi-  
cals (15) are formed on the TiO2 surface, which point 
in  favor of the mechanisms proposed in [5] and [7]. 

On the otheJ~ hand, al though OH o radicals seem to 
be loosely bound to the surface (16) and can diffuse 
bidimensionally,  leading to reaction [7], the rehydrox-  
ylat ion process should be too slow to explain the very 
high turnover  number  for O2 evolution. However, this 
difficulty disappears if instead of surface OH o radi-  
cals, ei ther physisorbed O H -  or water  molecules are 
considered to participate in a process of charge t rans-  
fer (17) 

Ti +4 - -  OH%urf n u O H - p h y s  

-~ Ti +4 -- OH-surf -~ OH%hys [9] 

Ti +4 -- OH~ -}- (HOH)phys 

--> Ti +4 -- Oi'i-sur~ -t- OH ~ ~ H + [9'] 

2 OH%hys --> H202 -'> H20 + 1/2 02 ~ [10] 

According to this a l ternat ive model, surface O H -  
groups act as intermediates  for hole trapping, while 
physisorbed O H -  ions must  be considered as charge 
carrier  electrolyte species, s trongly bound to the sur-  
face, part icipat ing in a process of charge transfer  be- 
tween the SC and the electrolyte. Electron inject ion 
from these species to the SC (surface OH o radicals) 
could happen directly without necessity of a tunne l ing  
process (18). 

The  phc tocurren t  p H  dependence . - -Severa l  photo- 
electrochemical reactions are known where electrolyte 
composition has a remarkable  influence on the in -  
tensi ty of the photocurrents.  For ~-Fe203 electrodes, 
Kennedy  and Frese (19) showed that  the photocurrent  
depends on citrate concentrat ion according to: A~I cc 
In [citrate]. These authors assumed that the photo- 
current ' s  increase was proport ional  to the surface cov- 
erage of citrate ions, o, which fo.llows a Temkin  iso- 
therm (i.e., ~ = const. -}- k T  In [ci trate]) ,  but  they 
do not propose any mechanism to explain this effect. 

In  an a t tempt  to in terpre t  the effect of Na2S concen- 
t rat ion in  suppressing corrosion of CdS electrodes, 
Wilson (20) has given a mathematical  model that 

1 8 9 7  

treats adsorbed species as surface charge transfer  
states, which allows a quant i ta t ive  approach to the 
role of adsorbed species in the charge transfer  process 
at the SC/electrolyte interface. In  addit ion to the 
semiconductor physical properties, Wilson's model 
takes into account, as new parameters  to describe the 
behavior of the SC/electrolyte system, the surface 
recombinat ion rate, Sr and the interface electron t rans-  
fer rate, St (6). 

At flatband potential  Sr is defined by 

E c 
Sr -- ,~E V Wr Nr (E) dE [11] 

where Eo and Ev are the energies of the low l imit  of 
the conduction band and of the upper  l imit of the 
valence band, respectively, v is the thermal  velocity of 
the holes, ~r is the hole capture cross section of the 
recombinat ion centers, and Nr(E) is the density of 
recombinat ion centers at the surface. As the band  
bending increases the electrons are forced to migrate 
toward the bulk  under  the space-charge electrical 
field, and the surface recombinat ion rate decreases. 
The voltage dependence of Sr is given by  (6) 

f~ '~c vcrNr (E)  dE 

Sr ---- v 1 -t- exp ~(E -- E ~ ) / k T  [12] 

where q is the electronic charge, k is the Boltzmann 
constant, T is the absolute temperature,  and EF is the 
energy Fermi level at the bulk  for a given applied 
voltage. 

St can be described in terms of a surface density of 
charge t ransfer  centers, N t ( E ) ,  their cross section for 
interact ion with holes in the valence band at the elec- 
trode surface ~t, and the surface hole thermal  velocity, 
v (6) s176 

S t  - -  v ~ t N t ( E ) d E  [18] 
v 

From an electrochemical point of view, Nt is a density 
of intermediate  states for charge transfer,  which can 
be eventual ly  identified with adsorbed species (20). 

According to the charge transfer  model proposed, 
in our case N~ should correspond to the density of 
adsorbed O H -  groups (i.e., Nt  -~ Nad), this being pro- 
portional to the electrolyte pH, that  is, to log [ O H - ] .  
If for simplicity we suppose a single energy level for 
Nt, Eq, [13] can be wri t ten  

St  --" Nad~tv [14] 

The fraction of holes reaching the surface that con- 
tr ibutes to the photocurrent,  P, must  be 

St 
P _ - -  [15] 

Sr  "~- St  

where we have assumed that all the holes that  reach 
the surface recombine either with bulk free electrons 
or with electrons from the electrolyte. 

An estimation of P from the exper imental  data of 
Fig. 2 is not difficult. In fact, according to Eq. [15], P 
represents the number  of holes crossing the interface, 
relative to the total number  of holes, I, reaching the 
electrode surface 

P =- [16] 
I 

Carrier lifetimes in TiO2 seem to be determined by a 
diffusion controlled bulk  recombinat ion process, and 
the hole diffusion length for (V -- VFB) ~ 0 "is negli-  
gible compared to the width of the depletion layer  (8). 
In this case, the holes generated outside the depletion 
layer will not contr ibute significantly to the photocur- 
rent. Moreover, as long as the hole lifetime, z,, is the 
reciprocal of the number  of collisions between elec- 
trons and holes leading to recombination, the value 
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of Tp should be la rger  in the deplet ion layer  than  in 
the bulk,  exceeding the respect ive  t rans i t  t ime value.  
Therefore,  al l  the holes genera ted  wi th in  the electr ical  
field region should reach  the interface,  and I in Eq. 
[16] could be identif ied wi th  the  number  of photons 
absorbed wi th in  the space charge layer  

I - - I o [ 1 - - e x p  ( - - W ~ ) ]  [17] 

being the optical  absorpt ion  coefficient and W the 
space charge l aye r  wid th  (21) 

[ 2eeo ]~= 
w= ~ (v-v~B) [zs] 

where e is the dielectric constant of the semiconductor 
and eo the vacuum permittivity, the other parameters 
having been already defined. The dotted line in Fig. 2 
is a plot of I/lo vs. (V- VFB) (Eq. [17]). a has 
been taken to be 105 cm -z at i :- 360 nm. 

From the data in Fig. 2, by applying Eq. [16], a plot 
of P vs. (V- VFB) for the three different pH values 
used is obtained (Fig. 3). As can be seen, at a given 
pH, P decreases as (V- VFB) decreases which was 
expected according to Eq. [12]. Moreover, for low band 
bending Sr > St, which is in agreement with the state- 
ment that, in this situation, surface recombination is 
the dominant reaction (6). By contrast, at high enough 
band bending, the influence of Sr virtually disappears, 
and a situation dominated by charge transfer is estab- 
lished. An intermediate situation is that for Sr ---- St (P 
-- 0.5), whose analysis is very simple. In fact, from 
E-q. [15], for S : St, we can write 

< d ~ H > p H = 8 4  1 ( d S t - - d S r  [19] 

F rom Fig. 3 a plot  of P vs. pH for different  values of 
V -  VF~ is shown in Fig. 4. As can be seen the de-  
pendence is p rac t i ca l ly  l inear.  

Let  us now analyze  wi th  detai l  the exper imen ta l  
da ta  of Fig. 4 b y  using Eq. [19]. Fo r  (V - -  V F B )  - -  0.6 
and pH ---- 7.8 it is P ---- 0.5 and Eq. [19] becomes 

( ~ )  ----0.06 
(V--VFB) =0.6 

4 ( S t )  pH=7.85 dpH dpH (V-VFB)=0.6 

Equation [19] also applies for (V- VFB) : 0.5 and 
pH ---- 12.3; therefore we can write 

( dd-~H ) --0.042 
(V--VFB) =0.5 

l (--~t ) ( dSt 
4 ~H=12.~ dpH 

dSr ) 
dpH (V-- VFB) =0.5 

[21] 

According to Eq. [14], we know that  dSt/dpH -- 
dNad/dpHctv. The hole capture  cross section of surface 
states is, according to Wilson (22), be tween  10 -16 and 
10 -~7 cm 2. This value  is cons iderably  smal le r  than  that  
obta ined f rom geometr ica l  considerat ions if surface 
states were  localized on single atoms, p robab ly  due to 
poor electronic or phonon coupling be tween  the states 
and the semiconductor  (22). A value  of v ---- 107 cm/  
sec can be taken  for hole the rmal  velocity.  So, we have 

dst 
- -  ~_ 1.8 X 103 cm/sec  [22] 
dpH 

Exper iments  wi th  electrodes wi th  different  doping 
levels  seem to show that  St does not  depend on the 
vol tage through the surface field. Therefore,  Eq. [22] 
is considered to be val id  for any  ( V -  VFB) value.  

1.0 - pH =13.3 

0.8 - ~ ~  

0.~- 

~ 0..~ 

0.2 

..... I I I I I I I I I 
o.~ o.s o.s o.7 o.e o.g t o  1.1 1.2 

V- Vfb {Volts) 

Fig. 3. Plot of the fraction P of holes contributing to the photo- 
current (St), relative to the number of holes reaching the SC/ 
electrolyte interface (St + St), vs. voltage, for different pH 
values, calculated from data of Fig. 2. 

With respect  to dSr/dpH, the quest ion ar is ing is 
whe ther  surface ~tates involved  in the charge t r a n s f e r  
process are, to some extent ,  responsible  for surface 
recombinat ion.  According  to Wilson (22), adsorbed  
species could act as recombina t ion  centers,  which 
means  that  Sr may  be increased  by  adsorpt ion  (dSr/ 
dpH > 0). However,  there  is the  possibi l i ty  tha t  r e -  
combinat ion centers  were  re la ted  to p reex is t ing  sur -  
face states inheren t  to the solid on which  adsorpt ion  
takes ptace. In  this case, i t  should be dSr/dpH < O. 
In both cases a l inear  dependence  of Sr on pH should 
be expected.  Final ly ,  i t  could happen  tha t  dSr/dpI-I -- 
0, i.e., that  surface recombina t ion  is unaffected by  ad-  
sorpt ion of e lect rolyte  species. 

Let  us calculate  St from Eq. [20] and [21] for dif-  
ferent  values of dSr/dpH. This is shown in Table  I. 
As can be seen the only values of dSr/dpH leading  to 
reasonable  values  of St are those for e i ther  dSr/dpH 
---- 0 or  dSJdpH > dSr/dpH ~ O. However ,  the best  
agreement  be tween  ( S t ) p H  = 7.85 and (St)pH -- 12.3 
is obta ined for dSr/dpH ~__ --10 -3 cm/sec.  

On the other  hand, for small  va lues  of P, i.e., for 
Sr > >  St, der iva t ion  of Eq. [15] leads to the fol low- 
ing approx imat ion  

dP ( 1  dSt 1 dSr ) St 
dpH St dpH Sr dpH ~r [23] 

For  pH ---- 7.85 and (V--VFB)  ---- 0.35, we have  in 
Fig. 4 P ~_ 0.1, and Eq. [23] should apply.  Therefore  
we can wr i te  

] 
dpH(v-vBF)=o.85 St pH=7.85 \ d-~-~ z 

( dS" 5 

tha t  can also be used to calculate  (S t )pH=7.85 .  The re -  
sults are included in the last  column of Table I. As 
we supposed that  St does not  depend  on the appl ied  
voltage, the correct  value  of dSr/dpH should be t h a t  
giving the best  ag reement  be tween  the two values  of 
(St)pH=?.s5 obta ined f rom Eq. [20] and [23], respec-  
t ively.  This is reached again  for dSr/dpH ~ --10 -3 
cm/sec. According to Table I the  corresponding values  
for St are  (St)pH=7.s5 ~-- 104 cm/sec  and (St)pH=12.8 ~. 
2 X 104 cm/sec. Therefore,  the m a x i m u m  value  of S t ,  
for pH : 14, should be of the order  of 104-105 cm/sec,  
corresponding to a m a x i m u m  densi ty  of surface s tates  
for charge t ransfer  (Nad)max ~'~ 1014 c m  -2.  This  value  is 
in quite good agreement  wi th  the  dens i ty  of bandgap  
surface states obtained by  Wilson (22), which comes to 
re inforce  the  idea that  these could be in te rmedia tes  of 
the react ion leading to O2 evolution.  
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Table I. Values of dSJdpH and St compared with Eq. [20], [21], 
and [23], calculated from experimental data of Fig. 4 

1899 

1 2 3 4 5 

dS, 
(St),,~=7.s5 (St)~,~=,~.8 (St)~n==.3 (St)p~=7.s5 

dpH (V - VFB) = 0.6 (V -- VFB) = 0.6 (V -- VFB) = 0.5 (V -- VFB) = 0.35 
( cm/sec )  ( cm/sec )  ( c m / s e c )  ( c m / s e c )  ( c m / s e c )  

dSr dSt { 
dpH dpH 
dSr dSt { 

dpH dpH 

dSr d~t f 
O < ~ < - -  

dpH dpH 

dSr ~ d S t  f 
0 > dpH < dpH 

i0 ~ - 4  • I0 ~ - 5 . 8  • I05 - 1 . 6  x I0 �9 
I0 ~ - 3 . 4  x 104 - 4 . 9  x 105 4.7 x i0  ~ 

5 x 10 ~ - 1 . 3  x 104 - 1 . 9  x 104 8.3 x 10 ~ 

1.8 x I0 ~ 0 0 1.07 x i0 ,  

1.2 x lO b 2.5 x I0 ~ 1.05 x 104 3.6 x I0 s I . I  x 104 
I0 ~ 3.3 x 10 a i . I  x 104 4.7 x i0 a I . i  x I0 ~ 
I0 ~ 7.1 x lO b 9.0 x I0 ~ 1.2 x 104 
10 ~ 7.4 x 10 ~ 1.5 x 104 1.06 x 104 1.2 x 104 

0 7.5 X i0 ~ 1.5 x I04 1.07 X 104 1.2 X 104 
--10 -I 7.5 x 10 ~ 1.06 x 104 1.2 x 10 ~ 
--10 -2 7.9 x 10 a 1.6 x 104 1.1 x 104 1.2 x 10 ~ 
- 1 0  -3 1.1 x 104 1.9 x 104 1.7 x I0 ~ 1.3 x 104 

--1.8 x I0 -~ 1.5 • 104 2.3 X 104 2.1 X 104 1.3 x 104 
- 1 0  -4 4.9 x 104 6.2 x 104 1.9 x 10 ~ 
- I0 -~  4.2 x 10 ~ 4.3 x lO b 6.05 x lO s 8.5 X 104 

C o l u m n  1. Hypothe t i ca l  values .  
Column 2. Va lues  of St ob t a ined  f r o m  Eq. [20]. 
Co lumn 3. Va lues  of St obta ined  f r o m  c o l u m n  2 by  add ing  S~ -- 8 x 10 ~ c m / s e c .  
Column 4. Va lues  of St ob ta ined  f r o m  Eq. [21]. 
Column 5. V a l u e s  of  St ob t a ined  f r o m  Eq. [23]. 

On the other hand, the max imum value for Sr near  
flatband must  be at least two or three orders of magni -  
tude greater  than  St. This implies a density of states 
for surface recombinat ion greater than  Nad and, prob- 
ably, the part icipation of a new type of recombinat ion 
center, unless cr > ~t. However, if we assume that 
r = ~t, the fact that  0 > d S r / d p H  ~_ - -  d S t / d p H  

seems to indicate that surface recombinat ion centers 
are destroyed by adsorption of electrolyte species at 
about  the same rate that surface states for charge 
t ransfer  are formed. 

Conclusions 
The exper imenta l  results reported in this paper, 

concerning the pH dependence of the photocurrents  
associated with the process of water  photo-oxidation at 
TiO2 electrodes, have been used to postulate a mecha-  
n ism of charge t ransfer  at the SC-electrolyte interface. 
This mechanism involves two steps. The first step in-  
volves surface hydroxyls  (basic O H - )  as traps for 
holes generated by  light, giving rise to the formation of 
OH o radicals according to the reaction 

Ti +4 - -  OH-surf -5 h + --> Ti +4 - -  OH~ 

In a second step one electron is t ransferred from one 
physisorbed electrolyte species (OH-)phys to an OH~ 
radicat  

Ti +4 -- OH~ Jr OH-phys "> Ti +4 -- OH-surf + OH~ 

1 . 0  

0.8 

0 . 6  

o. 

0 . 4  

0.2 

~ 1.0 

- -  V-Vfb= 0.35 . - - - o -  

..o-- 
I I I [ I I I I 
7 8 9 10 11 12 13 14 

pH 

Fig. 4. Plot of P vs. pH for different values of (V - -  V F B )  from 
data of Fig. 3. 

followed by reaction among absorbed OH%hys radicals 
and evolution of oxygen. 

Adsorbed O H -  groups are considered as surface cen- 
ters for charge transfer. The surface excess of these 
centers, Nad, depends on the electrolyte pH, which ac- 
counts for the pH dependence of the photocurrent.  A 
simple mathemat ical  t rea tment  of these results making 
use of surface recombinat ion and surface electron 
transfer  parameters  as defined by Wilson (6), shows 
that the ma x i mum surface concentrat ion of such sur-  
face centers for charge transfer  is of the order of 1014 
cm-2. 

From a recent  XPS study of hydrated rut i le  surfaces 
(23), evidence of two types of surface OH species (acid 
and basic) has been obtained. The O ls and Ti 2p 
binding energies seem to indicate that the formation 
of OH o radicals (reaction [1]) is easier from the basic 
O H -  groups singly bonded to Ti, because of the sig- 
nificant covalent character of this bond. An analogous 
conclusion about the role of chemisorbed basic O H -  
in OH o radical formation is also reached from experi-  
ments  of photoadsorption-photodesorption of oxygen 
on TiO2 hydroxylated surfaces (16). Accordingly, the 
density of surface centers active in hole capture should 
be of the order of 1014 cm -2 (9), which is in agree- 
ment  with our max imum density of surface centers for 
charge transfer. On the other hand, it seems reasonable 
to believe that, due to the higher covalent character of 
the Ti-OH bond involving basic OH groups, the energy 
of their  valence bonding orbitals should be lowered 
with respect to the O 2p level of surface oxygens 
doubly bonded to Ti. Therefore, the energy levels of 
these surface states should be somewhere in  the band-  
gap, bet ter  overlapping the OH- /O2 redox level, and 
so allowing a more efficient isoenergetic charge t rans-  
fer between SC and electrolyte. 

With respect to the na ture  of surface recombinat ion 
centers our exper imental  results do not  allow any con- 
clusion. It is probable that  adsorbed OH o radicals 
could behave as surface centers for recombinat ion at 
or near  the flatband si tuat ion (22). However, the par-  
t icipation of the other k ind of centers, associated for 
instance to s t ructural  defects, in the process of surface 
recombinat ion is necessary. This type of center seems 
to be blocked by adsorption of electrolyte species, 
thus contr ibut ing to a more rapid increase of the frac- 
tion of holes part icipat ing in photocurrerLt when  the 
electrolyte pH is raised. 
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Ruthenium-Based Mixed Oxides as Electrocatalysts for 
Oxygen Evolution in Acid Electrolytes 

R. S. Yeo, *'1 J. Orehotsky,* W. Visscher,* and S. Srinivasan *'2 
Department of Energy and Environment, Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

Ruthen ium oxide, p repa red  by  the the rmal  decomposi t ion method,  has the  
highest  known in i t ia l  e lec t rocata ly t ic  ac t iv i ty  for oxygen  evolut ion in acid 
electrolyte .  However ,  this ma te r i a l  is not  s table  in the e lec t ro ly te  a n d  at  
the same t ime exhibi ts  a significant increase of oxygen overpo ten t ia l  wi th  
time, p robab ly  due to a chemical  t ransformat ion  of the  oxide f rom a lower  
to a h igher  valence state.  Efforts were made  to stabil ize ru then ium by p r e p a r -  
ing mixed  oxides wi th  Ir  and /o r  Ta using the the rmal  decomposi t ion method.  
The e lec t roca ta ly t ic  act ivi t ies  for oxygen evolut ion on these oxides in lh  r 
H2SO4 were  de te rmined  using the potent iosta t ic  method.  The surface areas  of 
these oxides were  es t imated  using cyclic vo l tammetry .  Dual Tafel  slopes (ap-  
p rox ima te ly  30 and 40 mV) were  found on most of these oxides. The 
t e rna ry  oxide (RuIr0.jTa0.5Ox) exhib i ted  a single Tafel  slope of 30 mV, had the 
lowest  overpotent ia l ,  and showed min imum var ia t ion  of overpo ten t ia l  wi th  
t ime. 

Ruthen ium oxide, p roduced  by  the t he rma l  decom- 
posit ion method (1), is one of the best  e lec t rocata lys ts  
for  chlorine evolut ion (2-5) and is being increas ingly  
used as the anode in eh lo r -a lka l i  cells (6). Ru then ium 
oxide exhibi ts  the lowest  overpoten t ia l  in i t ia l ly  for 
oxygen  evc>lution (7-13) but  this oxide is not  s table  
in acidic envi ronments  and also the oxygen overpo-  
ten t ia l  increases wi th  t ime (14-16). Numerous  p laus i -  
b le  explanat ions  have been proposed  for these ob-  
servations.  The most  l ike ly  one involves a considera-  
t ion of the s to ichiometry  of this oxide ma te r i a l  and of 
the associated valency state of the ru then ium cations. 

* E lec t rochemica l  Society Act ive  Member .  
1 P r e s e n t  address :  The  Cont inenta l  Group,  Inco rpo ra t ed ,  t~nergy 

Sys tems  Labora to ry ,  Cuper t ino,  California 95014. 
2 P r e s e n t  address :  Los Alamos  Nat ional  Labora to ry ,  Los Ala- 

mos,  New Mexico 87545. 
Key  words: electrocatalysis,  oxygen evolut ion,  r u tbe n ium-b ased  

mixed oxides, defect  oxides, dual  Tafe l  slopes. 

Ruthen ium oxide produced by  the the rmal  decomposi-  
t ion procedure  is suggested to exis t  in a substoichio-  
metr ic  RuOx(x ~ 2) oxidat ion  state (17-19) and the 
favorable  e lec t rocata ly t ic  ac t iv i ty  might  then  resul t  
f rom the mixed  Ru3+-Ru 4+ cationic valencies presen t  
in this substoichiometr ic  oxide. Since the metas tab le  
RuOx is suspected to t ransform to the s table  RuO2 stoi-  
ch iometry  wi th  its ful l  complement  of quadrava len t  
ru then ium cations, the observed degrada t ion  dur ing  
oxygen evolut ion conceivably  could resul t  f rom the 
g radua l  oxidat ion  of the t r iva len t  ru then ium cations. 
This explana t ion  appears  reasonable  since RuO2 is not  
a pa r t i cu l a r ly  a t t rac t ive  e lect rode ma te r i a l  for  oxygen  
evolut ion (20). I t  also impl ies  tha t  a nondegradab le  
e lec t roca ta ly t ica l ly  active ru then ium oxide anode can  
be real ized if the ru then ium cation can he s tabi l ized  in 
a mixed  I I I - IV  valency state. 
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Stabi l iza t ion  of mixed  cation valency states f re -  
quent ly  occurs in b ina ry  or t e rna ry  s toichiometr ic  
oxide compounds.  Unfor tunate ly ,  there  are no repor ted  
oxide  compounds where  the ru then ium cations exist  in 
the I I I - IV  state (21). The object ives  of this inves t iga-  
tion were  to fabr ica te  severa l  po ten t ia l ly  promis ing  
equ i l ib r ium b ina ry  and t e rna ry  oxide compounds 
where  the rv.thenium cations hopeful ly  exis t  in the 
mixed  I I I - IV  state  and then to de te rmine  both the 
e lec t rocata ly t ic  ac t iv i ty  and s tab i l i ty  of these ma te -  
rials. Select ing the appropr ia t e  components  for the 
b ina ry  and t e rna ry  compounds was a difficult task 
pa r t i cu l a r ly  because ve ry  l i t t le  in format ion  is ava i l -  
able  about  oxides that  form compounds with  ru then ium 
oxide (21-22) and, of the known  compounds,  the 
ru then ium cations usua l ly  exis t  in an oxidat ion s tate  
of four  or  more. B inary  and t e rna ry  oxides containing 
ru thenium,  i r idium, and t an ta lum as the cationic con- 
s t i tuents  were  used in this pa r t i cu la r  s tudy.  Tan ta lum 
was selected for its potent ia l  ab i l i ty  to stabil ize the 
I I I - IV  ru then ium valency s ta te  and for its corrosion 
resis tance in an acid e lectrolyt ic  med ium (23). I r id ium 
was chosen because of its repor ted  e lec t rochemical  
s tab i l i ty  dur ing oxygen  evolut ion and because i t  is a 
possible agent  for a l loying  t an t a lum and ru then ium 
oxides which appear  to be immisc ib le  as s imple  
binaries.  

Experimental 
Electrode preparation.--Six t i t an ium suppor ted  oxide 

electrodes of nomina l  compositions, RuO=, IrO=, 
RuTaOx, IrRuOx, RuTa0.sIr0.5Oz, and Ru0.sTaIro.~O= 
were  p repa red  by  the the rmal  decomposi t ion method,  
s imi lar  to that  r epor ted  in the pa ten t  l i t e ra tu re  (1) 
for the D S A  anodes used in the ch lo r -a lka l i  industry .  
The meta l  chlor ide  salts  were  dissolved in the fo l low- 
ing manner :  RuC13 , 1-3H20 could easi ly  be dissolved 
in e i ther  i sopropyl  alcohol or water ,  whereas  IrC13. 
3H20 was dissolved in i sopropyl  alcohol wi th  addi t ion 
of few drops of H20~. Some difficulties were  found in 
p repa r ing  an aqueous solut ion of TaCI~. However ,  i t  
could be dissolved in nonaqueous  solvents  (such as 
i sopropyl  a lcohol) .  These me ta l  chlor ide  solutions 
were  then mixed  in the appropr ia t e  molar  propor t ions  
to form solutions of the desired electrode compositions. 
The electrodes were  formed b y  d ipping  t i t an ium sup-  
por t  s t ruc tures  into these solutions, hea t ing  the wet ted  
s t ructures  over  a hot  p la te  to dryness,  and then baking  
the s t ructures  in a i r  a t  350~ for  5 rain. This dipping,  
drying,  and bak ing  procedure  was repea ted  seven 
times. Each e lec t rode  was then hea ted  in a i r  a t  350~ 
for 3 hr. The suppor t  s t ruc ture  consisted of a t i t an ium 
foil  0.5 • 1.0 • 0.0025 cm, tha t  was wet  pol ished on 
number  600 Emery  pape r  and then spo t -we lded  to a 
0.1 cm d i am t i t an ium wire. These t i t an ium assemblies  
were  cleaned in acetone and di lute  hydrochlor ic  acid 
before  d ipping into the appropr i a t e  solut ion for the 
the rmal  decomposi t ion t rea tment .  The t i t an ium wire  
was then masked  off wi th  shr inkable  Teflon tubing. 

Fo r  compara t ive  purposes,  two p r o p r i e t a r y  oxygen  
evolut ion anode e lec t rocata lys ts  WE-3 and E-50, p ro -  
v ided by  the Genera l  Electr ic  Company,  were  also 
studied. These two mate r ia l s  were  suppl ied  in a f inely 
d ivided powder  form and they  were  fabr ica ted  into 
electrodes by  Teflon bonding  (24) onto a 52 mesh 
p l a t inum screen. The dimensions of the  screen were  
0.8 • 1.2 cm. 

Electrochemical studies.--The kinet ic  pa r ame te r s  for  
oxygen evolut ion were  de te rmined  on the resul t ing  
electrodes in 1N I-I2SO4 solut ion at  25~ from s t eady-  
state potent ios ta t ic  measurements  employing  a PAR 
371 potentiostat.~ Fo r  each measurement ,  the cu r ren t  
i n t e r rup to r  technique (25) was used to correct  for the 

The time taken to reach a pseudosteady current at each po- 
tential  varied from 5 to 10 rain. 

IR loss in the electrolyte .  The e lec t ro ly te  was p repa red  
f rom analy t ica l  grade  sulfuric  acid and double  dis-  
t i l led water .  Ni t rogen was cont inuously  bubbled  
through the electrolyte .  A p l a t inum foil served as the 
countere lec t rode and sa tu ra t ed  calomel  e lect rode 
(SCE) was employed  as a reference.  The ent i re  elec-  
t rochemical  assembly  was housed in a Teflon cell  p re -  
viously descr ibed (26). 

The surface areas  of the electrodes were  c rude ly  
es t imated using the cyclic vo l t ammet r i c  technique, a s  
descr ibed in the Results  section. The es t imated  surface 
areas  were  used to conver t  cur ren t  readings  to ap -  
pa ren t  cur rent  dens i ty  values.  

The t ime var ia t ion  of e lec t roca ta ly t ic  ac t iv i ty  o f  
these t i t an ium suppor ted  mate r ia l s  dur ing  oxygen  
evolut ion was eva lua ted  galvanosta t ica l ly .  Each elec-  
t rode mate r i a l  was main ta ined  at  a constant  cu r ren t  of 
50 mA while  the resul t ing  potent ia l  was moni tored  a s  
a function of time. 

Results 
The Tafel  plots for oxygen evolut ion on the var ious  

electrode mater ia l s  a re  presented  in Fig. 1 and 2, 
whereas  the Tafel  pa rame te r s  are  summar ized  in  
Table I. The per formance  of RuOx e lec t rode  is be t t e r  
than tha t  of IrOx and of the b ina ry  oxide e lec t rodes  
(IrRuOx and RuTaOx).  On the o ther  hand, the elec-  
t roca ta ly t ic  ac t iv i ty  of RuO= improves  as i t  forms a 
t e rna ry  oxide (Ruo.sIro.sTaO= and RuIr0.sTa0.5Ox) b y  
a l loying wi th  both i r id ium and tanta lum.  Fur ther ,  the 
e lec t rocata ly t ic  ac t iv i ty  of the E-50 e lect rode is less 
than tha t  of the WE-3 and the mixed  oxide electrodes.  
The RuTa0.sIr0.~O= e lec t rode  showed a single Tafel  
slope of 30 mV, while  all  the remain ing  e lect rode m a -  
ter ials  exhib i ted  dual  Tafel  slopes (Fig. 1 and 2, Table  
I) .  The ini t ia l  Tafel  slope is typ ica l ly  about  30 mV f o r  
all  the electrodes expect  IrOx and the p r o p r i e t a r y  E-50 
anode for  which in i t ia l  Tafel  regions had a slope of 
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Fig. I. Tafel plots for oxygen evolution on IrOx, IrRuOx, and 
RuO= in 1.ON H2S04 at 25~ 
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Table I. Kinetic parameters for oxygen evolution in 1N 
H2SO4 at 25~ 

Tafel slope, mV 
Apparent exchange 

current density, A/cm -~ 

Electrode Low ~ High ~ Low V High 

RuO, 32 42 7 • i0-~ 1 x 10-n 
RuTaO= 30 40 7 x i0 -14 2 x i0 -I~ 
RuIrO~ 30 40 4 X i0-~ 2 x i0 -~~ 
Ruo.~Iro.sTaO~ 30 40 4 x 10-i= 2 x i0 -n 
Rulro.sTa0.sOx 30 1 X 1O -Is -- 
IrO= 3~ ~ 4 x 10-13 3 x 10 -n 
WE-3 30 42 4 • 10-~ 9 x 10 -~ 
E-50 35 55 5 x 10-z~ 2 x I0 -~ 

about  35 inV. The second Tafel  s lope is about  40 mV 
for al l  the  e lectrodes except  IrO=, RuIrO=, and E-50, 
which have a second Tafel  region wi th  a slope of 55 
inV. The surpr is ing  and no tewor thy  fea tu re  of the 
Tafel  plots is tha t  the overpoten t ia l  for  oxygen  evolu-  
t ion is g rea te r  for the RuTa and RuI r  oxides and less 
for the t e r n a r y  RuI rTa  oxides than i t  is for ru then ium 
oxide. This aspect  of the da ta  is reflected in the  ap-  
p a r e n t  exchange cur ren t  densit ies,  wh ich  have  been  
de te rmined  for each e lect rode by  a Tafel  slope ex-  
t rapola t ion  and are  also p resen ted  in Table I. 

The act ive surface areas  of the e lect rode were  es t i -  
ma ted  using cyclic v o l t a m m e t r y  (27). In i t ia l ly ,  a po-  
tent ia l  sweep a t  50 mV/sec  was pe r fo rmed  on e a c h  
elec t rode  be tween  the hydrogen  and oxygen  evolu-  
t ion regions and  a typ ica l  response is p resen ted  in  
Fig. 3. The vo l tammet r ic  profiles are  genera l ly  void of 
any  dis t inct ive  fea tures  and the d isp lay  did not  ind i -  
cate any  obvious double l aye r  charging region,  r e m i -  
niscent  of the response on p la t inum which  enables  
the calculat ion of t rue  surface area. Cyclic vo l t am-  
mograms,  l imi ted  to a 50 mV potent ia l  range,  were  
employed  to ob ta in  a crude es t imate  of the surface 
areas of each electrode.  The best  results,  where  the 
anodic and cathodic currents  were  equal  in magn i tude  
and the capaci ta t ive  cur ren t  was l inear  wi th  the" sweep 
rate,  were  obta ined  when these l imi ted  range  cyclic 
vo l t ammograms  were  pe r fo rmed  around  the rest  po-  
ten t ia l  of each electrode.  A typ ica l  sequence of cyclic 
vo l t ammograms  at  var ious  sweep ra tes  and the as-  
sociated cur ren t  dependence  on the sweep ra te  are  
presented  in Fig. 4 and 5, respect ively.  The apparen t  
capaci tances  and the roughness factors of each e lec-  
tro.de were  eva lua ted  f rom these cyclic vo l t ammo-  
grams and the resul ts  a re  l is ted in Table  II. The rough-  
ness factors were  de te rmined  b y  assuming a double  
l aye r  capaci tance of 2(10 -0)  f / cm 2 for a smooth sur -  
face. I t  is in teres t ing  to note that  the roughness  fac tor  
of these mixed  oxide electrodes increases progress ive ly  
f rom single to b ina ry  to t e r n a r y  oxides. Also, the 
roughness  factors of both  E-50 and WE-3 electrodes 
are  at  leas t  ten t imes h igher  than  tha t  of the mixed  
oxide  electrodes p repa red  by  the rmal  decomposi t ion 
method.  
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Fig. 3. Cyclic i -V curve for WE-3 electrode in N2-saturated 
1.0N H2SO4 at 25~ 
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Fig. 5. Capacitative charging current (from Fig. 4) vs. sweep 
rate. 

The time variations of overpotentials for oxygen 
evolutions on materials at a constant current are 
presented in Fig. 6. The normalized overpotential is 
the ratio of overpotential at time t, to the initial over- 
potential at time zero. These plots i11ustrate that the 
electrocatalytic activities of both the binary and 
ternary oxides are considerably more stable than that 
of ruthenium oxide. 

Discussion 

Any comparison of the electrocatalytic activity of 
these anode materials is critically dependent on an 
accurate determination of the surface area. The surface 
area of each electrode material was estimated from 
the limited range cyclic voltammograms. The result- 
ing apparent surface areas, determined by this tech- 
nique, were unexpectedly and incredibly large. This 
is evident from our reported roughness factors (Table 
If), which are sometimes orders of magnitude larger 
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Table II. Measured capacitance and calculated roughness factor 
of various electrodes 

C a p a c i t a n c e ,  C a l c u l a t e d  r o u g h -  
E l e c t r o d e  f / c m  2 h e s s  f a c t o r  

I rO~ 0.04 2 • 10 a 
RuO~ 0.056 3 x 10 a 
R u T a O ~  0.16 8 x 1~ 3 
R u I r O ~  0.16 8 x 10 z 
RuIr0.~Tao~O~ 0.2 1 x 10~ 
Ruo.51ro.~TaO~ 0.4 2 x 104 
WE-3 4.0 2 x i~ ~ 
E-50 4.0 2 x 10~ 

than the values of 10-700 commonly reported in the 
l i terature for thermally  decomposed ruthenium oxide 
(3, 20, 27, 28). The magnitude of our roughness factors 
are unacceptably high and are not considered to be 
correct even though the limited range cyclic voltam- 
mograms are inversely symmetric and the charging 
current is l inearly related to the sweep rate. The ap- 
parent  surface areas determined from the cyclic volt- 
ammograms are thus considerably higher than the true 
surface areas, making the calculated exchange current 
densities considerably smaller than the true current 
densities which could not be determined. The ab- 
normally large roughness factor probably results from 
pseudocapacitance, though one may assume that this 
pseudocapacitance is directly related to the true sur-  
face area. The reproducibil i ty of the experiments were 
supportive of this assumption since different electrodes 
of the same oxide material  with significantly different 
roughness factors have identical and superimposable 
potent ial-apparent  current density plots. This suggests 
that the relative values of the surface areas and rough- 
ness factors determined by the cyclic voltammograms 
are correct even though their absolute values may be 
incorrect and establish that  of all the materials ex- 
amined for oxygen evolution the two ternary oxides 
are the best electrocatalysts for oxygen evolution over 
the entire current range tested. 

As is seen from Table II, the surface roughness of 
both WE-3 and E-50 electrodes are about 100 times 
larger  than that of either RuO= or IrOx. The high 
surface areas of these electrodes probably accounts for 
the low cell potentials in water  electrolyzers using 
these anode catalysts (29). Also, the bet ter  electro- 
catalytic activity of WE-3 over that of E-50 is con- 
sistent with the results reported elsewhere (29). 
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Fig. 6. Normalized overpotential vs. time for various electrodes at 
25~ Normalized overpotential ~ ~lt/~lo, where ~lt and ~o are 
overpotential at time t and zero, respectively. 

The kinetic parameter  that  is free from uncertainties 
in the surface area and can be presented clearly and 
unambiguously is the Tafel slope. A dual Tafel slope 
was observed on all the oxide electrodes except for 
RuTao.~Ir0.5Oz. Dual Tafel slopes have been observed 
previously (30) for oxygen evolution on thermally 
decomposed ruthenium oxide where the initial Tafel 
slope was reported to be between 80 and 40 mV de- 
pending on the pH of the electrolyte. The second 
Tafel slope was reported to be about 80 mV in an acid 
electrolyte and this is not at all consistent with  our 
results on ruthenium oxide. The dual 30 and 40 mV 
slopes, apparent  in most of our oxide electrodes con- 
taining ruthenium cations, are not consistent with any 
predicted values associated with the various mecha- 
nisms commonly proposed for the oxygen evolution 
reaction (31). Various mechanistic reaction sequences, 
consistent with a 30 and 40 mV dual Tafel slope re-  
sponse, are currently being investigated. 

Finally, the time variation of overpotential  for oxy- 
gen evolution at a constant current of 50 mA (Fig. 6) 
clearly shows that the binary and ternary oxides are 
electrocatalytically more stable than ruthenium oxide. 
The time dependence of the overpotential  was ap- 
proximately the same for the other oxide stoichiom- 
etries except Ru0.sTaIr0.5Oz which appeared to have 
a very slight stabili ty advantage. 

In conclusion, i t  is shown that the electrocatalytic 
activity of ruthenium oxide can be improved and 
stabilized in acid electrolyte by alloying with ir idium 
and tantalum, probably because the ruthenium cations 
in these mixed oxides can exist in the I I I - IV state 
and remain in such mixed valencies over long periods 
of time. The existence of I I I - IV ruthenium cations 
and its relationship to the electrocatalytic activity  
awaits a detailed study of both the surface states and 
the phase diagram of the IrTaRu oxide system. 
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Ring Disk Electrodes with an Impinging Jet 
D-T. Chin* and Ravi R. Chandran 

Department of Chemical Engineering, Clarkson Co~ege o] Technology, Potsdam, New York 13676 

ABSTRACT 

When a j e t  of e lec t ro ly te  is impinging  pe rpend icu la r ly  on a s t a t ionary  c i r -  
cu lar  electrode,  there  is a region of "uniform accessibi l i ty" s imi la r  to tha t  on a 
ro ta t ing disk electrode.  The objec t ive  of this s tudy is to develop the impinging  
j e t  into a prac t ica l  tool for e lec t roana ly t ica l  applications.  This geomet ry  is 
a t t rac t ive  because there  is no mechanical  movement  and the e lect rode can be 
easi ly  adopted for the process s t reams and closed systems requi r ing  pressure  
other  than  the ambien t  a tmospher ic  pressure.  A theoret ica l  and expe r imen ta l  
invest igat ion has been made  to de te rmine  the feas ib i l i ty  of a r ing disk a r -  
r angemen t  wi th  an impinging  jet.  The reduct ion of fe r r i cyan ide  ion and the 
cyclic vo l t ammet ry  of a Cu2+/Cu react ion were  used to de te rmine  the mass 
t ransfer  character is t ics  and the collection efficiencies of p l a t i num and nickel  
r ing  disk electrodes located wi th in  the un i form accessible regime of the im-  
pinged surface. I t  is found tha t  the ro ta t ing  r ing -d i sk  theory  could be used a s  
a first approx imat ion  in the numer ica l  computat ion.  

In  recent  years,  the impinging je t  has been recog-  
nized as an impor tan t  research tool because i t  offers a 
high ra te  of hea t  and mass t ransfer .  Among the p rac -  
t ical  appl icat ions are  glass toughening,  d ry ing  of paper ,  
solids leaching,  and weld ing  processes. I t  is commonly  
used in e lect rochemical  machining and in erosion cor-  
rosion. 

The impinging je t  e lectrode is composed of a c i r -  
cu lar  disk electrode embedded  on a flat p la te  and  a 
submerged  circular  je t  of e lec t ro ly te  incident  at 90 ~ on 
the e lect rode surface. Chin and Tsang (1, 2) have 
car r ied  out  a theore t ica l  and exper imen ta l  s tudy  of 
mass t ransfe r  to an impinging je t  e lectrode;  the i r  r e -  
sults can be summar ized  by  the fol lowing correlat ions 

(i) for l aminar  flow (Re ~ 2000, 0.1 ~ rl/d ~ 0.5, 
and 0.2 --~ H/d ~-- 6) 

Shdisk ---- 1.51 Rel/2 Scl/3 (H/d) -o.o55 [1] 

(if) for tu rbu len t  flow (4000 ~ Re ~ 16,000, 0.1 

~ Electrochemical Society Active Member. 
Key words: convection, mass transport, analysis, voltammetry. 

rl/d ~ 1, and 0.2 --~ H/d ~-- 6) 

Shdisk = 1.12 Re i/2 Sc 1/3 (H/d)-0.05~ [2] 

where  Shdisk is the Sherwood number  based upon the 
inside d iamete r  of the nozzle, d; Re is the Reynolds  
number  based upon the nozzle d iamete r  and the ave r -  
age veloci ty  of the e lec t ro ly te  wi th in  the nozzle; Sc 
is the Schmidt  number ;  r l  is the radius  of the  elec-  
trode; and H is the  distance be tween  the nozzle and 
the electrode surface. These equations confirm the 
fact  that  if  the  disk e lect rode radius  is kep t  less than  
one-ha l f  of nozzle d iamete r  in l amina r  flow, and less 
than one r~ozzle d iameter  in tu rbu len t  flow, the  elec-  
t rode possesses a "uniform accessibi l i ty" to the diffus- 
ing species. This p rope r ty  is s imi lar  to that  of a ro ta t -  
ing disk electrode (3). The pa t t e rn  of fluid flow near  
the impinging je t  e lec t rode  also resembles  that  of the 
ro ta t ing disk. 

In  view of the foregoing considerations,  it  is thought  
tha t  by  placing a set of concentr ic  r ing and disk elec-  
t rodes on the impinged surface, one might  offer elec-  
t rochemists  an a l te rna t ive  tool for the s tudy of react ion 
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in termedia tes .  Such an a r r angemen t  has the advan tage  
tha t  the e lectrodes are  s ta t ionary,  and the geomet ry  
can be adopted  for the  continuous process s t reams  and  
the closed e lec t rochemical  systems which requi re  a 
pressure  other  than  the ambien t  a tmospher ic  pressure.  
The objec t ive  of this  s tudy  is to de te rmine  the mass-  
t ransfe r  ra te  to the ring, and to measure  the collection 
efficiency of the r ing  disk combination.  

Theoretical Analysis 
In o rder  that  the  r ing disk combined wi th  the im-  

pinging je t  can be used to quan t i t a t ive ly  s tudy  the re -  
act ion in te rmedia te ,  one mus t  have a knowledge  of 
the collection efficiency at  the r ing  electrode. The col-  
lect ion efficiency, N, is defined as the f ract ion of a 
ma te r i a l  p roduced  at  the disk electrode,  be ing  collected 
at  the  r ing electrode. Let  us consider  tha t  a species Red 
is genera ted  at  the  disk e lect rode according to the  re -  
act ion 

Ox + n e -  --> Red [3] 

This species wil l  be car r ied  by  convective diffusion 
to the  r ing  electrode,  where  the reverse  react ion occurs 

Red--> Ox + n e -  [4] 

One m a y  control  the potent ia l  of the r ing  e lect rode 
such that  react ion [4] is l imi ted  by  the t r anspor t  of 
Red to the r ing  surface. Let  us assume that  there  is an 
excess iner t  sal t  in t h e  e lec t ro ly te  such that  the effect 
of migra t ion  due to the electr ic  field can be neglected.  
We use the  coordinate  r as the rad ia l  distance f rom 
the axis of the impinging  jet,  and the coordinate  z as 
the  pe rpend icu la r  distance f rom the impinged  surface 
(Fig. 1). The s t eady-s ta te  ax ia l  symmet r ica l  convective 
diffusion equat ion for  the  t r anspor t  of Red  takes  the  
form 

OC OC 02C 
v + u .- = D -  [5] 

Oz Or Oz 2 

where  C is the concentra t ion of Red in the flowing elec-  
t ro ly te ;  D is its diffusivity; and u and v a re  the  ve loc-  
i ty  components  in the r -  and z-direct ions,  respect ively.  
The bounda ry  condit ions to the different ial  equat ion 
are  

- d ---------~ 

NOZZLE 

FLUID FLOW l r r2 r3 r 
- l / ~ d  I / / / / / / / / J  I / , ~  IMPINGED 

SURFACE DISK RING ELECTRODE ELECTRODE 

I 

Fig. 1. Ring disk electrodes with an impinging jet 

(i) In  the bu lk  of the e lec t ro ly te  (r, z --> ~ ) 

C : 0 [0a] 

(ii) On the disk e lect rode surface (z : 0, r < r l )  

0C iDisk 
or  C : CDisk [6b] 

aZ nFD 

(iii) On the surface of the  insula t ing  annulus  (z : 0, 
r l  < r  < r 2 )  

~C 
-- = 0 [6c] 
0z 

(iv) On the ring electrode surface (z -- 0, r~ < r < 

ra) 
C -- 0 [6d] 

(v) On the insulat ion plane (z = 0, r > rs) 

aC 
- -  = 0 [ 6 e l  
Oz 

For  the s impl ic i ty  of the analysis ,  we shal l  assume 
tha t  the diffusion domain  is confined to the s tagnat ion 
region near  the nozzle axis, where  the flow b o u n d a r y  
l aye r  thickness is uniform, and the rad ia l  and the 
ver t ica l  veloci ty  components  have the fol lowing forms 
(4, 5) 

u -- are" (0) 
- -  .~ [7] 

v = - 2 ~ / a v  r (~) 

where  ~1 is the dimensionless  ver t ica l  coordinate  de -  
fined as z~/a/vl and a is an unspecified hydrodynamic  
constant.  The values  of a depend  upon the  nozzle 
Reynolds  number  and the dimensionless  nozzle height.  
The s t ream function, r  has been obta ined  by  
Homann (4);  its Taylors  series expans ion  for smal l  
has been found as (1, 2) 

r  - -  0 . 6 5 6 q 2  - -  0.16667~ ~ + 3.6444 X 10-8~ 8 

-- 3.9682 • 10-4n 7 + . . .  [8] 

At  high Schmidt  numbers  (on the order  of 1000), the  
thickness of the  concent ra t ion  b o u n d a r y  l aye r  is much  
smal le r  than  the thickness of the hydrodynamic  bound-  
a ry  layer .  Thus, the  first t e rm in the Taylors  series ex-  
pansion of r  would  give sufficient accuracy to the  
solut ion of the convective diffusion problem,  and Eq. 
[5] can be simplified to 

a [ OC OC O~C 
1 . 3 1 2 a ~ T z  , i r - ~ r  - z - - ~ - ) = D  Oz s'  [9] 

In t roducing  a new dimensionless  ver t ica l  coordinate  
defined as 

.-7. CTff-" [10j 

Equat ion [9] becomes 

[ r O C  0C-] 0~C [11] 

The bounda ry  conditions to Eq. [11] can be obta ined  
f rom Eq. [6] as 

(O On the disk (r  < r l ) ,  

0~ ---- \ a J  , ~ /  nFD 
[12a] 

or  C[~=o -- Cnisk 

(ii) On the insula t ing  annulus  ( r l  < r < rs) ,  

0C I = 0 [ 1 2 b ]  
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(iii) On the r ing  (r2 < r < rs) 

C]~=0 = 0 [12c] 

(iv) In the bu lk  of the  e lec t ro ly te  

C ~ - - 0  [12d] 
r~ 

Equat ions [11] and [12] a re  ident ical  to the convect ive 
diffusion p rob lem on the ro ta t ing  r i ng -d i sk  e lec t rode  
for which an exact  solut ion has been ob ta ined  b y  
A lbe ry  and Bruckens te in  (6) and Smyr l  and Newman  
(7). Thus the  collection efficiency for the  ro ta t ing  
r ing -d i sk  e lect rode is also val id  for the r ing disk elec-  
t rode wi th  the impinging  j e t  

Total  r ing cur ren t  
N - -  

Total  disk cur ren t  

= (A s - -  B3) ~/8 r ' ~ / S l n  

3 ( 2 0 - 1  
- - -  t a n -  

3 ( 2 A ~ - - l )  1 
§ ~ t a n -  1 -t- - -  - -  

2~ ~ 4 

+ - -  t an -~  - -  
2~ 

where  

(1 + 0)a 

~ + ~  + 4~ ( I + A ~ )  S 

r ~ / 3  In l + g ~ s  A~ l_ 4~ ( ! +  4) 8 

24 --  1 1 

A -- rs / r l ,  B --  r~/r l  

0 = (B s -  1)1/3 t [14] 
1 A s _ Bs 1/s 

Notice tha t  Eq. [13] is only  a funct ion of the  geomet ry  
ratios,  rJr l  and r2/r l ;  i t  is independent  of the nozzle 
height  as well  as the  flow condit ions in the  nozzle. A1- 
be ry  and Bruckens te in  have t abu la ted  the values  of N 
for common values  of r2/rl and rJrl. (6).  

Experimental 
Ce~ construction and experimentaZ ~etup. - -The  con-  

s t ruct ion detai ls  of the impinging  j e t  cell  a re  shown in 
Fig. 2. The cell  was made  of a P lex ig las  tube  15.24 cm 
in d iameter  and  10.16 cm in length. The cell  had  a fixed 
P]exiglas  bo t tom-p la t e  of 1.26 cm thick and a r emov-  
able P lexig las  upper  p la te  of 1.26 cm thick. A counter -  
e lect rode wi th  a 1.26 cm hole in the center  was mounted  
inside the cell  on the  bo t tom pla te  which had an open-  
ing of 9.4 cm to accommodate  the  nozzle. The nozzle 
was 0.95 cm ID • 1.26 cm OD • 20.32 cm long and was 

machined to have a t ape red  end. The e lec t ro ly te  flowed 
through  the nozzle and impinged  pe rpend icu la r ly  on 
the  work ing  e lect rode surface as shown in the figure. 
A second nozzle which had a d imension of 0.635 cm ID 
• 1.26 cm OD, was also used in the  expe r imen ta l  in-  
vest igation.  The nozzle height  was ad jus ted  by  moving 
the nozzle up and down and by  t ightening  the nut  of 
the male  connector. A S ta r r e t  mic romete r  depth  gauge 
(Model  445D-RL) wi th  0.00254 cm (0.001 in.) precis ion 
was used to measure  the nozzle height.  At  5.08 cm f rom 
the bo t tom plate,  a hole was provided  to accommodate  
a Luggin  cap i l l a ry  tube. The cap i l l a ry  was connected 
to an ex te rna l  re ference  e lect rode compar tmen t  (Fig. 
3) wi th  a rubbe r  tubing. A hole of 1.27 cm in d iamete r  
was provided  on the upper  p la te  for the exi t  of the 
electrolyte .  

The cell  was so designed such that  i t  could adopt  
different  d iameters  of r ing  and disk electrodes b y  
changing  the e lect rode adopter .  The  s ta t ionary  work ing  
e lect rode wi th  the adopter  was mounted  on the upper  
p la te  over  an opening of 4.45 cm in diameter .  Four  di f -  
fe rent  sizes of r ing  and r ing  disk electrodes were  used. 
Two of the e lectrodes were  p l a t inum r ing -p l a t i num 
disk made  by  Pine  Ins t ruments  Company;  the o ther  
two were  nickel  r ing electrodes embedded  on a f iber-  
glass resin. The dimensions of these electrodes are  
l is ted in Table  I. 

F igu re  3 shows the comple te  expe r imen ta l  setup. 
The flow sys tem consisted of  a solut ion tank,  a gear  
pump,  a set of ro tameters ,  a flow damper ,  and the im-  
pinging je t  cell. These components  were  connected 
together  wi th  one-ha l f  in. po lypropy lene  tube  and one-  
half  in. nylon tube  fittings. The solut ion tank  was an 
11 l i ter  PVC tank;  an epoxy  gear  pump wi th  a Has te l -  
loy-C shaft  and a Buna -N  impe l l e r  were  used to c i rcu-  
late  the e lectrolyte .  A bypass  nylon  needle  va lve  and 
th ree  other  nylon  needle  valves  in the  ups t r eam of 
three  ro tamete r s  were  used to control  the  flow ra te  of  
the electrolyte .  Three  Gi lmont  F-1500 shie lded ro t ame-  
ters  were  used to measure  the flow rate;  they  were  
composed of a glass tube and a glass ba l l  to avoid the  
corrosion problems.  The Plexig las  flow damper  in the 
downs t ream of the ro tameters  was used to e l iminate  
any turbulences  in the e lec t ro ly te  before  it flowed into 
the impinging  je t  cell. The e lec t ro ly te  flowed into the  
cell  th rough  the nozzle tube. I t  impinged  n o r m a l l y  
on the work ing  e lect rode and then  r e tu rned  to the  
s torage t ank  via  the  exi t  on the  top p la te  of the  cell. 
Al l  the  exper iments  were  pe r fo rmed  at a constant  
room t empera tu r e  of 24 ~ • I~ 

Mass-transfer measurements.--The l imi t ing current  
measurements  for the  reduct ion of fe r r i cyan ide  ion 
were used to de te rmine  the ra te  of mass t ransfe r  to the 
r ing and the disk electrodes.  The solutions used we re  
0.01M K~Fe (CN) 6 and 0.01M K4Fe (CN) 6 in a 1M NaOH 
or 0.5M Na2SO~ suppor t ing  e lec t ro ly te  sa tu ra t ed  w i th  
ni trogen.  A Pine  Ins t ruments  RDE3 potent ios ta t  w a s  
used to sweep the potent ia l  of the work ing  electrodes 

Fig. 2. Schematic diagram of the impinging jet cell Fig. 3. Schematic diagram of experimental setup 
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Table I. Dimensions of the ring and the ring disk electrodes 

Electrode Material rz (cm) rJ (cm) ra (era) 

DT-9 ring disk Platinum 0.383 0.399 0.409 
DT-21 ring disk Platinum 0.250 0.276 0.358 
NtR1 ring Nickel - -  0.318 0.635 
N1R2 ring Nickel - -  0.159 0.635 

f rom 0.25V to --1.0V wi th  respect  to a s a t u r a t e d  c a l o -  
m e l  reference  electrode.  The resul t ing  cur ren ts  w e r e  
recorded  on a X - Y  recorder  ( H e w l e t t - P a c k a r d  7000 A) .  
In  this w a y  the polar iza t ion  curves and the l imi t ing  
currents  were  de te rmined  for var ious  flow r a t e s  a n d  
elec t rode  sizes. The detai ls  of the exper imen ta l  proce-  
dures  are  descr ibed  in  Ref, (8). 

Measurement of collection e~ciency.--The l imi t ing  
cu r ren t  measurements  for the reduct ion of f e r r i cyan ide  
to fe r rocyanide  on the p la t inum disk electrode,  and t h e  
oxida t ion  of fe r rocyanide  to fe r r i cyan ide  on the p l a t i -  
num r ing  e lec t rode  were  used to de te rmine  the collec- 
t ion efficiency. A n i t rogen- sa tu ra t ed  solut ion conta in-  
ing 0.01M K~Fe(CN)6 and 0.SM NasSO4 was used for 
the  measurements .  The potent ia l  of the cent ra l  d isk  
e lec t rode  was swept  be tween  0.2 and --1.1V vs. SCE, 
whereas  the r ing  poten t ia l  was contro l led  at  1.1V vs. 
SCE. The disk and the r ing  cur ren ts  w e r e  recorded  as 
funct ions of the  disk potent ia l  on two separa te  X - Y  
recorders  (Hewle t t  Packa rd  7000 A and  Linseis  1700). 
The collection efficiency was ca lcu la ted  as the  rat io  of  
the r ing  cur ren t  (minus any  b lank  cur ren t  when  the  
disk e lec t rode  was at  open circui t )  to the disk c u r r e n t .  

Feasibility tes t - -To test  the ab i l i ty  of the  r ing disk 
electrodes wi th  the impinging  je t  to detect  the reac t ion  
in termedia tes ,  a t r i angu la r  vo l tamet r ic  sweep was 
car r ied  out  for  the Cu2+/Cu reaction.  The e lec t ro ly tes  
used were:  (i) 0.01M CuC12 plus 0.SM HCI; and (ii) 
0.01M CuSO4 plus 0.5M H2SO4. These solutions were  
sa tu ra ted  wi th  n i t rogen before  and dur ing  the exper i -  
ments.  The potent ia l  of the centra l  p l a t inum disk elec-  
t rode  was scanned be tween  0.4 and --0.4V vs. SCE 
in the chlor ide  solut ion and be tween  0,2 and --0.2V 
vs. SCE in the sulfate  solution. To detect  the  fo rma-  
t ion of any  in t e rmed ia te  Cu + ion dur ing  the scan, the 
potent ia l  of the  p l a t inum r ing e lect rode was ma in ta ined  
at  0.4V vs. SCE for the  chlor ide  sys tem and at  0.58V vs. 
SCE for the  sulfa te  system. These potent ia l  values  were  
the l imi t ing  cur ren t  potent ia ls  for the oxida t ion  of 
cuprous ion to cupric  ion (9) at  the r ing electrode. 

Results and Discussion 
Mass transfer to ring electrodes.~A set of exper i -  

ments  were  first pe r fo rmed  to de te rmine  the mass 
t ransfe r  character is t ics  of the r ing e lect rode wi th  the 
l imi t ing  cur ren t  measurements .  The typical  resul ts  for 
four  different  sizes of r ing  electrodes are  shown in Fig. 
4 and 5 in the  form of ilim.rtng vs. Re 112 for two different  
nozzle heights.  Al l  the da ta  were  obta ined  wi th in  the  
s tagnat ion  regime of the  imping ing  je t  (rsd < 0.67). I t  
is seen that  the l imi t ing cur ren t  dens i ty  follows a l inear  
re la t ionship  in both l amina r  and tu rbu len t  flow re -  
gimes, and the s t ra ight  lines can be ex t r apo la t ed  to the 
point  of origin. This shows that  the l imi t ing cur ren t  
dens i ty  is p ropor t iona l  to Re ~/2 and thus to the  square 
root of l inear  veloci ty  of the e lec t ro ly te  in the nozzle. 
Each set of da ta  has different  slopes in l amina r  and 
tu rbu len t  regions, and there  is a t rans i t ion  flow region 
in between.  The flow t rans i t ion  appears  to be in the  
range of the nozzle Reynolds  numbers  be tween  2000 
and 4000. This behavior  is s imi lar  to mass t ransfe r  to 
a c i rcular  disk e lect rode on the impinged  surface (1). 
However ,  for  the  disk e lec t rode  there  is a un i fo rm 
accessibi l i ty  and the mass t rans fe r  ra te  is independen t  
of the e lectrode radius,  whereas  the l imit ing cur ren t  
densi ty  to the r ing decreased wi th  increas ing r~/rs 
ratios. This is because the r ing  e lect rode behaved  as 
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Fig. 4. Dependence of the limiting current density of four dif- 
ferent sizes of ring electrodes on the nozzle Reynolds number for 
H/d = 0.5 and d - -  0.95 cm. 

though the cent ra l  por t ion  of a disk was r ende red  non-  
react ive,  and the e lect rode was no longer  un i fo rmly  
accessible to the diffusing ion. The local mass t ransfe r  
ra te  was m a x i m u m  at  the inner  edge and decreased 
along the rad ia l  d i rec t ion  toward  the outer  edge. The 
average  mass t ransfe r  ra te  to the  r ing  would  be h ighe r  
than  tha t  to a disk. The da ta  for the  two r ing  elec-  
t rodes wi th  rs/r2 = 1.8 and 4.0 seem to fal l  on a single 
curve as shown in Fig. 4 and 5. This indicates that  as 
the  wid th  of the r ing  increased,  the average  mass-  
t ransfer  ra te  decreased and even tua l ly  became the 
same as that  of a disk e lect rode whose radius  would  be 
equal  to the outer  rad ius  of the ring. 

F igure  6 shows the dependence  of the l imi t ing  cur -  
rent  dens i ty  of a r ing  e lect rode on the dimensionless  
nozzle height  for a range  of Hid be tween  0.5 and 6. 
There  was a sl ight  decrease  in the mass - t r ans fe r  ra te  
at  var ious  Reynolds  numbers ;  however ,  the dependence  
was ve ry  small .  

For  a ro ta t ing  r ing  electrode,  the  mass - t r ans fe r  ra te  
is r e la ted  to a geometr ica l  factor, 7, defined as (3, 10) 

(r38 - r23)2/3 
7 = [15] 

r39, - r~2 

I t  has been found that  the rat io  of the average  l imi t ing 
cur ren t  dens i ty  of a ro ta t ing  r ing  e lec t rode  to the  l imi t -  
ing cur ren t  dens i ty  of a ro ta t ing  disk e lect rode is equal  
to 7 (10). In  the presen t  s tudy,  an a t t empt  has been  
made  to normal ize  the l imi t ing  cur ren t  dens i ty  of the  
r ing e lect rode wi th  the l imi t ing  cur ren t  dens i ty  of a 
disk  e lect rode having the same radius  as the outer  
radius  of the r ing under  the same flow conditions.  The 
resul ts  a re  p lot ted  in Fig. 7 as a funct ion of the  R e y n -  
olds numbers  for four  different  sizes of r ing  e lect rodes  
over  a range  of Hid f rom 0.5 to 6. The values  of ilim,disk 
used in the figure were  calcula ted f rom Eq. [1]-[2] .  
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Fig. 5. Dependence of the limiting current density of four 
different sizes of ring electrodes on the nozzle Reynolds number 
for H/d ~. 6.0 and d ~ 0.953 cm. 

It  is in teres t ing to note that  the rat io  became inde-  
pendent  of the Reynolds  number  and the d imension-  
less nozzle height;  i t  was only  a funct ion of the  geo- 
met r ica l  factor,  "t. A l inear  regress ion analysis  for  a l l  
the da ta  ob ta ined  (1 < "7 < 8; r J d  < 0.67; 0.5 - -  H/d ~-- 
6; 1400 < Sc  < 1600) resu l ted  in the fol lowing empi r i -  

',~ I C -  
E 

. r -  

g - 

0 ..... I 
0 

- N,~2 r~'rz=4<) 

- -  Re 
-- e 625 

- -  A 1400 

_ m 5250 

-- 0 7140 
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~r 

I I I I I I ~ 1  I I I I 
0"5 I 2 6 7 

NOZZLE HEIGHT, H/d 

Fig. 6. Dependence of the limiting current density of the N1R2 
ring electrode on the dimensionless nozzle height, H/d. 

cal cor re la t ion  for mass t ransfer  to the r ing e lect rode 
wi th  an impinging  je t  

ilim,ring __ Shring __ / 0.790 7 (300 < Re < 2000) 

ilim,disk Shdisk L 0.938 '7 (2000 < Re < 11,000) 
[16] 

Here  iHm,disk and Shdlsk are  the average  l imi t ing  cur ren t  
dens i ty  and the average  Sherwood number  of a disk  
e lect rode whose radius  is equal  to the ou te r  rad ius  of 
the ring; these values  a re  calcula ted f rom Eq. [11 or  
[2] obta ined prev ious ly  b y  Chin and Tsang (1).  F igu re  
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%/r  2 : , . 0 5 7  7"=2- ' t20 

o 
o o o 

z%A ~ , ~  ,, ,,. ,., 

" " " rg'~_=l.30 7 " = 1 . 6 ~  

~%%% ~ c8 B ~ ~ ~ oooo 

r3/r2= "810 ~'=l'270 
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Re. I()  3 

Fig. 7. Dependence of ilim,ring/llim,disk or Shring/Shdisk on the nozzle Reynolds number, for four different sizes of ring electrodes. 
The values of ilim,disk and Shdisk ore calculated from Eq. [1 ] - [2 ] .  
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Fig. 8. Summary of mass-transfer data of the impinging jet ring electrodes for 0.5 -~ H/d ~ 6, and rJd < 0.67. The solid lines 
represent the empirical correlation of Eq. [16]. 

8 shows a log-log plot of Shring/Scl/3(H/d)-~ vs. 
Re for both l aminar  and tu rbu len t  flows. It  is seen that  
Eq. [16] as represented by the straight lines correlated 
the data well; the agreement  was wi th in  _ 15%. 

Collection e]~ciency.--Figure 9 shows the typical  re-  
corder traces obtained dur ing the collection efficiency 

(A) 

~; 4 - -  
bJ n* m ~r" "-t 0 2-- 

o 

0-6 

~ o . 4  - 
I.- 
z - -  ul 

~ 0 " 2  - -  

z__ 
I1~ O - -  

~ Re=10250 

. . i l i l m i l l l ~  Re=10250 
(B) ~ R e  = 7 4 4 0  

)r IB =BLANK CURRENT 
IB = . . , ,  

t I I 1 I I I I I I I 
0"9 05 O.I -~1 -0-5 -09 -1"3 

DISK POTENTIAL (V/SCE) 
Fig. 9. Recorder traces of the disk and the ring currents as a 

function of the disk potential for the DT21 platinum ring disk 
electrodes. The reduction of ferricyanide was carried out at the 
central disk electrode, whereas the ring potential was kept at ] . IV 
vs. SCE to reoxidize any ferrocyonide ions reaching the ring elec- 
trode. The scan rate of the disk potential was 0.25 V/min, and 
H/d = !.0. 

measurements  with the DT21 p la t inum ring disk elec- 
trodes in  a solution containing 0.01M K3Fe(CN)6 and 
0.SM Na2SO4. The disk potential  was swept toward the 
cathodical direction, whereas the r ing potential  was 
kept at a l imit ing current  potential  for the oxidation 
ferrocyanide to ferricyanide. Figure 9A shows the disk 
current  vs. disk potential  for two different Reynolds 
numbers ;  the corresponding r ing currents  are shown in 
Fig. 9B. The b lank  current  (or background current )  at 
the r ing while the disk was at the open circuit is also 
shown in the figure. The collection efficiency was cal- 
culated from the ratio of the r ing current  minus any 
b lank  current,  to the disk current.  In most cases, the 
flat portion of the curves in the range of disk potential  
between --0.3 and --0.9V vs. SCE, was used for the 
calculation. Since there were fluctuations in  the re- 
corded current  readings, the ma x i mum and the mini -  
mum values of the fluctuations were noted, and the 
average values of the ring and the disk currents  were 
used to compute the average collection efficiency. 
Four  other ratios, Iring,min/Idisk,max, Iring,max/Idisk,mtn, 
Iring,min/Idisk,mln, and Iring,max/Idisk,max, w e r e  also com- 
puted. Here the suffixes, min  and max, denote the 
m i n i m u m  and the m a x i m u m  values of the r ing and the 
disk currents  on the flat port ion of the recorder traces. 
These ratios were used to give a statistical representa-  
tion of the collection efficiency data. It was found that  
the average collection efficiency was equal to the 
r a t i o s ,  I r i n g , m i n / I d i s k , m i n  and Iring,max/Idisk,max. The fact 
was supported by the observations dur ing the experi-  
ments  that  the ma x i mum ring current  occurred when 
the disk current  reached the ma x i mum of its fluctua- 
tions, and conversely the m i n i m u m  ring current  o c -  
c u r r e d  when the disk current  was minimum.  This 
suggests that  the ratio of the average r ing current  to 
the average disk current  renders  a t rue representat ion 
of the collection efficiency of the r ing disk electrodes. 

In  this way, the collection efficiency for two different 
sizes of p la t inum ring disk electrodes (DT9 and DT21) 
was measured over a range of Reynolds numbers  from 
300 to 11,000 and for the dimensionless nozzle heights 
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Fig. 10. Dependence of the collection efficiency on the Reynolds 
number for the DT21 platinum ring disk electrodes. 

between 0.5 and 6.0. Figures 10 and 11 show the typi-  
cal results obtained at H/d -- 0.5 as a funct ion of 
Reynolds numbers .  The data points in  the figures a r e  
the exper imental  average collection efficiencies calcu- 
lated from Iring,ave/Idisk,ave. For comparison, the r ing 
disk theory of Eq. [13] is plotted as the solid horizontal 
lines. Although there is a scatter in the data, the ex- 
per imenta l  collection efficiency does not appear to de- 
pend on the Reynolds number.  For the DT21 electrodes 
(Fig. 10), the exper imental  values are consistently 
higher than  the theory prediction, whereas for the DT9 
electrodes (Fig. 11), the exper imental  values are 
smaller  than the theory. However, the difference is 
small, and the agreement  be tween the r ing disk theory 
and the exper iment  is wi thin  • 10%. 

Figure 12 shows the dependence of the exper imental  
collection efficiency on the dimensionless nozzle height, 
H/d, for various Reynolds numbers  and r J d  ratios. It  
is seen that  for the two different sizes of r ing disk elec- 
trodes shown in the figure, the collection efficiency re-  
mained constant  in the region of 0.5 < H/d < 2. At 
higher values of H/d, the collection efficiency slowly 
decreased with increasing H/d ratios. This t rend was 
true for both laminar  and tu rbu len t  flows. 

The effect of r J d  ratio on the collection efficiency 
was checked by using two different nozzle diameters, 
and the results are shown in Fig. 12A and B. It appears 
that  an increase in the r J d  ratio tended to lower the 
collection efficiency. During the course of completing 
the present  work, a similar paper was published by 
Du Duc (11) who used an impinging jet r ing disk 
electrode with r J d  == 1.55 and a range of H/d from 
0.03 to 3.0. In  his experiments,  the r ing electrode and 
the par t  of the disk electrode were located outside the 
uni form accessible regime of the impinging jet, and 
the collection efficiency was found to be much smaller  

2o 
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Fig. 11. Dependence of the collection efficiency on 
Reynolds number for the D T9 platinum ring disk electrodes. 

the 

46 

4 2  

3 8  
g 
~34 

W 
_1 
. J  
0 

~ 

18 

t4 

I 0 '  

0 

' l I I I I I I 
rs /d  Re 

(A) o 0.~t6 4 9 4 4  

[ ]  0 " 3 7 6  8 3 8 8  

A 0 . 5 6 0  6 4 8 8  

0 0 . 8 6 O  I I T O 0  

�9 RING DISK THEORu 
- 

r I = o.2so cm 

r2=  0 . 2 1 ' 6  cm 

r3= 0.358 cm 

r3/d Re 
( B )  

�9 O. 4 4 6  5 8 6 0  
r I - 0-381 c'm 

�9 0 . 4 4 6  9 2 8 0  

r 2 ,  0 .40P-  cm 
�9 0 . 6 6 9  6 4 8 8  

r 3 , ,  0 -4 ,25  r $ 0 . 6 6 9  1 1 7 0 0  

- -  RING DISK THEORY,Eq( IS)  

e . _= 

, t I I I I I i 
O5 I .2 3 4 5 6 7 

NOZZLE HEIGHT, H/a 

Fig. 12. Collection efficiency as a function of the dimensionless 
nozzle height for two different sizes of ring disk electrodes at 
various Reynolds numbers and rJd ratios. 

than the prediction of the r ing disk theory. The pres-  
ent results for H/d ~-- 2.0 as well  as those of Du Duc 
(11) are summarized in  Table II. i t  appears that  if one 
limits the dimensionless nozzle height to less than 2.0 
and the ratio of r J d  to less than 0.6, the r ing disk 
theory can be used as a first approximat ion for the 
prediction of the collection efficiency. However, in  view 
of the complexity of fluid flow in  an impinging jet, it 
is suggested that a cell with fixed H/d, r i d ,  rJd ,  and 
r J d  ratios be constructed, and a simp]e redox reac- 
tion, such as the reduction of ferr icyanide to ferro- 
cyanide ions be used to calibrate the collection effi- 
ciency. The r ing disk theory of Eq. [13] can be then 
used to check the accuracy of the calibrations. 

Feasibility test.--The feasibility of the r ing disk 
electrode with an impinging jet to detect a reaction 
in termediate  w a s  tested by detecting an in termediate  
Cu + species in a Cu + +/Cu ~ reaction�9 

Figure 13 shows the test carried out in  a 0.01M 
CuC12/0.5M HC1 solution with the DT21 p la t inum r ing 
disk electrodes. The disk and r ing currents  are plotted 
against the disk potential  for H/d ~_ 1 and Re = 6970. 
The disk current  exhibited two reaction waves dur ing 
the cathodic sweep. The first wave corresponded to the 
reduction of Cu + + to Cu + ; wi thin  this potential  range 
there was an  increase in  the r ing current  which 
reached a plateau when the disk current  reached the 
l imit ing current  for the Cu + +/Cu+ reaction. The ratio 
of the ring current  to the disk current  gave the col- 
lection efficiency and the value agreed with the pre-  
vious measurements  using the ferr icyanide/ferrocy-  
anide reaction. The second wave corresponded to the 
reduction of Cu + to Cu; within this potential  range 
the r ing current  correspondingly decreased to zero. In  
the anodic sweep, the copper deposited during the 
cathodic sweep started to dissolve into the electrolyte, 
and the disk current  increased�9 It reached a m a x i m u m  
and then sharply decreased once all the copper was 
dissolved into the electrolyte. There was a correspond- 
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Table II. Summary of the collection efficiency measurements 

1 9 1 1  

Dimensions of platinum 
ring disk electrodes (cm) 

rl T2 T3 

Nozzle 
diameter, 

d (cm) 

Collection efficiency (%) 

Experi- Ring d i s k  
ra/d H / d  Re mental theory, Eq.[13] 

Present work 0.250 0.276 0.358 0.95 
0.381 0.402 0,425 0,95 
0.250 0.276 0.358 0.635 
0.381 0.402 0.425 0.635 

Ref. (11) 0.375 0.396 0.526 0.34 

0.376 0.5.2 900-8390 43-41 39.4 
0.446 0,5-2 1130-5860 10-15.6 17.4 
0.564 0 .5 -2  800-11,700 41.8-40 39.4 
0.669 0 .5-2  800-11,700 15.2-14 17.4 
1.55 0.03-3 130-19,000 30-10 40 

i ng  i n c r e a s e  in  t h e  r i n g  c u r r e n t ,  w h i c h  s i m u l t a n e o u s l y  
r e a c h e d  a m a x i m u m  w i t h  t h e  d i sk  c u r r e n t .  Aga in ,  t h e  
r a t i o  of t h e  r i n g  c u r r e n t  to t he  d i sk  c u r r e n t  a g r e e d  
w i t h  t h e  m e a s u r e d  co l l ec t i on  efficiency. T h i s  i n d i c a t e s  
t h a t  t he  m a i n  d i s s o l u t i o n  p r o d u c t  of c o p p e r  i n  CuC12- 
HC1 s o l u t i o n  is Cu +. 

F i g u r e  14 s h o w s  t h e  cycl ic  v o l t a m m e t r y  of t h e  DT21 
p l a t i n u m  r i n g  d i sk  e l e c t r o d e s  in  a 0.01M CuSO4-0 .5M 
H2SO4 so lu t ion .  I n  t h e  c a t h o d i c  s w e e p  t h e  d i sk  c u r r e n t  
h a d  o n l y  one  r e a c t i o n  w a v e .  T h e  r i n g  d id  n o t  d e t e c t  a n y  
Cu + spec ies  a n d  h a d  a ze ro  r i n g  c u r r e n t .  T h e  r e a s o n  
for  t h i s  is t h a t  Cu + f o r m e d  in  CuSO4-H2SO4 s o l u t i o n  
was  v e r y  u n s t a b l e  a n d  i m m e d i a t e l y  c o n v e r t e d  to Cu. 
D u r i n g  t h e  a n o d i c  sweep ,  t h e  d i sk  c u r r e n t  i n c r e a s e d .  I t  
r e a c h e d  a m a x i m u m  a n d  t h e n  d e c r e a s e d  w h e n  a l l  t h e  
c o p p e r  was  d i sso lved .  T h e  r i n g  d i d  d e t e c t  some  Cu + 
d u r i n g  t h e  a n o d i c  s w e e p  b u t  t h e  r i n g  c u r r e n t  w a s  v e r y  
s m a l l  as i n d i c a t e d  b y  t h e  ~ A - s c a l e  in  Fig.  14B. T h i s  
i m p l i e s  t h a t  t h e  m a i n  d i s s o l u t i o n  p r o d u c t  of Cu in  
CuSO4-H2SO4 s o l u t i o n  is Cu ++ a n d  t h e  v e r y  s m a l l  
a m o u n t  of Cu + m i g h t  be  t h e  r e s u l t  of a s e c o n d a r y  
c h e m i c a l  r e a c t i o n  b e t w e e n  Cu + + a n d  Cu  (9) .  T h u s  t h e  
i m p i n g i n g  j e t  w a s  c a p a b l e  of d i f f e r e n t i a t i n g  t h e  Cu  + + /  

6 - (A) 
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Fig. 13. Cyclic voltammetry curves of the DT2| platinum ring 
disk electrodes in 0 .0 |M CuCI2-0.SM HCI solution at H / d  = 1.0 
and Re : 6970. The disk potential was scanned at a rate of 
0.25 V/min, and the ring potential was maintained at 0.4V vs. SCE. 

Cu react ion in the CuC12-HC1 solut ion f rom that  in t h e  
CuSO4-H2SO4 solution. 

C o n c l u s i o n s  

A t h e o r e t i c a l  a n d  e x p e r i m e n t a l  s t u d y  ha s  b e e n  m a d e  
to d e t e r m i n e  t h e  f e a s i b i l i t y  of a r i n g  d i sk  a r r a n g e m e n t  
w i t h  a n  i m p i n g i n g  j e t  for  e l e c t r o a n a l y t i c a l  app l i ca t i ons .  
T h e  r e d u c t i o n  of f e r r i c y a n i d e  ion  a n d  t h e  cycl ic  v o l -  
t a m m e t r y  of a Cu 2 + / C u  r e a c t i o n  w e r e  u s e d  to m e a s u r e  
t he  mass  t r a n s f e r  r a t e s  a n d  t h e  co l l ec t i on  eff ic iencies  
of f ou r  d i f f e r en t  sizes of  r i n g  d i sk  e l e c t r o d e s  o v e r  a 
r a n g e  of R e y n o l d s  n u m b e r s  f r o m  300 to 11,000. I t  is  
f o u n d  t h a t  if  one  l i m i t s  t he  nozz l e  h e i g h t  to 0.5-2.0 
nozz le  d i a m e t e r s  a n d  t h e  o u t e r  r a d i u s  of t h e  r i n g  e l ec -  
t r o d e  to less t h a n  0.6 nozz le  d i a m e t e r ,  t h e  co l l ec t i on  effi- 
c i e n c y  w o u l d  be  i n d e p e n d e n t  of  t h e  R e y n o l d s  n u m b e r  
a n d  t he  nozz le  h e i g h t  fo r  b o t h  l a m i n a r  a n d  t u r b u l e n t  
flows. W i t h i n  t h e s e  r anges ,  t h e  r o t a t i n g  r i n g  d i sk  t h e -  
o r y  can  be  u s e d  as a f irst  a p p r o x i m a t i o n  in  t h e  p r e d i c -  
t i o n  of  t h e  co l l ec t i on  efficiency. 
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Fig. 14. Cyclic voltammetry curves of the DT21 platinum ring 
disk electrodes in 0.01M CuSO~-0.5M H2SO4 solution at H / d  = 

1.0 and Re = 6070. The disk potential was scanned at a rate of 
0.25 V/rain, and the ring potential was maintained at 0.58V vs. 

SCE. 
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A n y  discussion of this paper  will  appear  in a Discus- 
sion Section to be publ i shed  in the June  1982 JOUaNAL. 
Al l  discussions for the June  1982 Discussion Sect ion 
should be submi t t ed  by  Feb. 1, 1982. 
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LIST OF SYMBOLS 

a a hydrodynamic  constant,  1/sec 
A rJrl, dimensionless  
B r2/rl, dimensionless  
C concentra t ion of the diffusing ion, g - m o l / c m  3 

or  k g - m o l / m  3 
CDisk concentra t ion of the diffusion ion on the disk 

surface, g - m o l / c m  3 or k g - m o l / m  8 
D diffusivi ty of the diffusion ion, cm2/sec or  

m2/sec 
d d iamete r  of the c i rcular  nozzle, cm or m 
F Fa raday  constans 96,487 C /g -equ iv  
H nozzle height,  cm or m 
idisk cur ren t  dens i ty  on the disk electrode,  A / c m  2 

or A / m  2 
~ring cur ren t  dens i ty  on the r ing  electrode,  A / c m  2 

or A / m  2 
i~m, disk l imi t ing cur ren t  densi ty  on the disk elec-  

trode,  A / c m  2 or A / m  2 
tlim, ring l imi t ing cur ren t  dens i ty  on the r ing elec-  

trode, A/cm2 or  A/m2 
/disk, ave average disk current ,  A 
/disk, max m a x i m u m  of the f luctuat ing disk current ,  A 
/disk, rain min imum of the fluctuating disk current ,  A 
~'ring. ave average r ing current ,  A 
/ring, max m a x i m u m  of the f luctuating r ing current ,  A 
/ring, rain min imum of the f luctuating r ing current ,  A 
K average mass t ransfe r  coefficient, cm/sec  or 

m/sec  
N collection efficiency of the r ing disk elec-  

trode, dimensionless  
n number  of electrons t rans fe r red  in the elec-  

t rode reaction, g - e q u i v / g - m o l  or  k g - e q u i v /  
kg -mole  

r rad ia l  coordinate  measured  f rom the s tagna-  
tion point,  cm or m 

rl ,  r2, r3 radius  of the disk electrode,  and the inner  
and the outer  radi i  of the r ing electrode,  r e -  
spectively,  cm or m 
Reynolds  number ,  dU/v, dimensionless  
Schmidt  number ,  v/D, dimensionless  

Re 
Sc 

Sh average  Sherwood number ,  Kd/D, d imen-  
sionless 

Shdisk average  Sherwood number  of disk electrode,  
dimensionless  

Shring average  Sherwood number  of r ing electrode,  
dimensionless  
average  veloci ty  at  the nozzle exit,  cm/sec  
or m/sec  

u veloci ty  component  in the rad ia l  direction,  
cm/sec  or m/sec  

v veloci ty  component  in the  axia l  direction,  
cm/sec  or m/sec  

z a coordinate  pe rpend icu la r  to the e lectrode 
surface, am or m 

Greek Letters 
geometr ic  factor of r ing electrode defined by  
Eq. [15j, dimensionless  
dimensionless  ver t ica l  coordinate  defined in 
Eq. [10] 
a dimensionless  var iable  defined as ~/a/~ z 
a geometr ica l  • of r ing disk electrodes 
defined in Eq. [14], dimensionless  
kinemat ic  viscosity of the electrode,  cm2/sec 
or me/sec 

r s t ream function, dimensionless  
a geometr ical  factor  of r ing disk electrodes 
de~ned in Eq. [14J, dimensionless  
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Oxidation of HCOOH and CH OH on 
Platinum Modified by Foreign Metal Adatoms 

in 85% Phosphoric Acid 
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ABSTRACT 

The use of unde rpo ten t i a l ly  deposi ted  meta l  atoms as e lec t rocata lys ts  sug-  
gests a promis ing  route  for enhancing the kinet ics  of oxidat ion  of organic 
fuels. The e lec t ro-ox ida t ion  of formic acid and methanol  was s tudied on un -  
de rpo ten t ia l ly  deposi ted meta l  atoms on p l a t inum in 85% phosphoric  acid. The 
rates  of these react ions were  g rea t ly  improved.  Due to adsorpt ion  of phos-  
pha te  ions, formic acid oxidat ion rates  on unde rpo ten t i a l ly  deposi ted meta l  
a toms are  lower  than in perchlor ic  acid. The e lec t rocata ly t ic  ac t iv i ty  of the 
inves t iga ted  unde rpo ten t i a l ly  deposi ted metals  for formic acid oxidat ion  fol-  
lows the order  Pb > Bi > TI: for methanol  oxidat ion  dur ing  the cathodic scan 
the rates are  h igher  for lower  lead concentrations,  which is p robab ly  due to 
lower  concentra t ion of adsorbed lead  and /o r  oxide. I t  is proposed tha t  the en-  
hanced react ion ra tes  wi th  underpo ten t i a l ly  deposi ted meta l  a toms are  due to 
inhibi t ion  of hydrogen  adsorpt ion  and hence of fo rmat ion  of poisoning in t e r -  
media tes  such as COH. 

The in te res t  in the more  efficient use of organic  
fuels has increased cons iderab ly  af ter  the energy  crisis 
of 1973. Fo r  this reason, the a t tent ion  of a number  of 
e lectrochemists  has focused on e lec t rochemical  energy  
conversion including the d i rec t  oxidat ion of organic 
molecules.  The oxidat ion  react ions  of HCOOH and 
CI-I3OtI are  of pa r t i cu l a r  in te res t  because these mole-  
cules are  potent ia l  fuels for  fuel  cells and represen t  
"model  molecules"  for react ions which serve  as a basis 
for  s tudies of more  complex  ones. I t  was recen t ly  
shown (1-3) tha t  foreign meta l  ada toms have a s t r ik -  
ing ca ta ly t ic  effect on these react ions on severa l  noble  
meta ls  in 1M HC104. In this work,  the resul ts  obta ined 
for the oxida t ion  of formic acid and of methanol  on 
p l a t inum modified by  foreign meta l  ada toms in 85% 
tI3PO4, which is one of the most a t t rac t ive  e lec t ro-  
ly tes  for prac t ica l  fuel  cells, are  repor ted .  

Experimental 
The measurements  were  made  in a three-compart-  

ment  P y r e x  cell. The work ing  e lect rode was 2 cm 2 Pt 
foil. The countere lec t rode  was also Pt, whi le  the re -  
vers ib le  hydrogen  e lec t rode  served  as the reference.  
The work ing  e lec t rode  was first pol ished to obta in  a 
m i r r o r  finish, washed,  c leaned wi th  1:1 volume ra t io  
H2SO4-HNO~, and  then r insed  wi th  t r ip ly  dis t i l led 
water .  

The acid was purif ied using essent ia l ly  the p rocedure  
of F e r r i e r  et al. (4) and Huang et al. (5). H~O~ was 
added to reagen t  grade  85% H3PO4 (Mal l inckrodt )  and 
this solut ion was hea ted  to 90~ unt i l  gas evolut ion 
ceased. The acid was then hea ted  to 160~ to reduce  
the wa te r  content  and  des t roy  any remain ing  traces 
of H202. The wa te r  content  was ad jus ted  and the acid 
was pree lec t ro lyzed  for  24 hr.  

Results 
Underpotential deposition of Pb, Bi, and T1 on Pt in 

85% HsPO4.--Figure 1 shows the underpo ten t i a l  depo-  
si t ion (UPD) of Pb. This me ta l  was added  in the form 
of perchlorate ,  which in t roduced  some HC104 and H~O 

* E l e c t r o c h e m i c a l  Soc ie ty  Active Member. 
1 Vis i t ing  Sc ien t i s t  d u r i n g  s u m m e r  of 1979. P r e s e n t  a d d r e s s :  In- 

s t i t u t e  of  E l e c t r o c h e m i s t r y ,  ICTM a n d  C e n t e r  f o r  Mult id isc ipl i -  
n a r y  S tud ies ,  U n i v e r s i t y  of B e l g r a d e ,  B e l g r a d e ,  Yugos lav ia .  

K e y  w o r d s :  f o r m i c  ac id ,  m e t h a n o l ,  ox ida t ion ,  u n d e r p o t e n t i a l  
deposition. 
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into the electrolyte .  This, however ,  negl ig ib ly  changed 
the concentra t ion of H3PO4. The UPD of Pb consider-  
ab ly  suppresses hydrogen  adsorpt ion  on Pt, bu t  ap- 
parently less than in 1M HC104. The suppressed  h y -  
drogen adsorpt ion peaks  are  seen in Fig. 1. This be -  
havior  and a large p se udoc a pa c i t a nc e a s soc i a t e d  wi th  
lead adsorp t ion /desorp t ion  process indicate  a some-  
what  smal ler  e lec t rosorpt ion valence  for  Pbad in this  
electrolyte .  Larger  currents  for desorpt ion of some 
other  adatoms in the presence of specific adsorpt ion  
of anions have been ascr ibed to a desorpt ion of anions 
which accompanies  the UPD (6). I t  appears  that  both  
effects might  be present  in this pa r t i cu l a r  system. The 
desorpt ion of Pbad occurs at less posi t ive potent ia ls  
than in HC104. It  appears  that  these differences are 
due to the in ter ference  of a specific adsorpt ion  of phos-  
phate  ions wi th  the UPD of  Pb. The shif t  of the lead 
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0,4 OJ~ 12 EJV 1.6 

Fig. 1. Underpotential deposition of Pb on Pt in 85% H3PO4 
(full line). Pt in the absence of Pb (dashed line). Sweep rate 100 
mV/sec, 1 X 10-3M Pb 2+. 
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desorpt ion peak  to less posi t ive potent ia ls  is equ iva len t  
to a reduct ion in bond s t rength  be tween  meta l  ada toms 
and the subs t ra te  surface. The in terac t ion  of phosphate  ,~ 
anions wi th  p la t inum is s t ronger  than wi th  l ead  a d -  .~ 
atoms which hence causes a decrease in bond  energy.  

Figures  2 and 3 d i sp lay  the UPD of Bi and T1. The 2 
differences found wi th  the UPD of Pb  in 1M HC104 
and 85% H3PO4 are  also found for  the  UPD of Bi and  
Tt. These include a shif t  of desorpt ion  peaks  to less 
posit ive potent ials ,  i.e., a d iminish ing  of the  u n d e r -  
potent ia l  deposi t ion effect and  a change of the e lec t ro-  15 
sorpt ion valence.  The l a t t e r  looks negl ig ible  wi th  Bi. 
The peak  at  1.3V in Fig. 3 is due to the  redox reac t ion  
TI+/T13+. 

Oxidation of HCOOH on P~ and Pt modi/~ed by 
foreign metal adatoms.--Figure 4 shows the oxida t ion  
of HCOOH on Pt  in 85% and 40% H3PO4. The vo l t am-  
mogram obta ined  in 40% H3PO4 is essent ia l ly  the same 
as that  obta ined  in 1M HC104 and H2SO4 (1, 6). The 
oxidat ion  currents  are, however ,  much smal le r  in 85% 
H3PO4. A ve ry  smal l  peak  in  the anodic scan is no te -  0.! 
worthy.  The second anodic peak  is also different.  The  
lower  ac t iv i ty  of P t  in 85% H3PO4 arises  ma in ly  f rom 
the decreased H20 concentrat ion.  The specific adso rp -  
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Fig. 2. Underpotential deposition of Bi on Pt in 85% H3P04 
(full line). Pt in the absence of Bi (dashed line). Sweep rate 100 
mV/sec, i X 10 -8M Bi 8+. 
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Fig. 3. Underpotential deposition of TI on Pt in H3PO~ (full 
line). Pt in the absence of TI (dashed line). Sweep rate 100 mV/ 
sec, 1 X I O - 3 M T I  +. 
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Fig. 4. Oxidation of HCOOH on Pt in 85% H~PO4 (full line), in 
40% H3PO4 (dashed line). 0.SM HCOOH; sweep rate 50 mV/sec. 

t ion of phosphate  ions seems to have  a sma l l e r  i n -  
f l uence .  

Figure  5 shows the oxida t ion  of  HCOOH on P t  p a r -  
t i a l ly  covered b y  lead  ada toms ( ful l  l ine) .  A p p r o x i -  
ma te ly  a 60-fold increase  of the peak  cur ren t  in  the  
anodic scan is seen in comparison wi th  the  curve for 
Pt  (dashed l ine) .  The effect is s imi lar  in magn i tude  to 
the one observed in 1M HC104 (1, 2). The peak  a t  
0.85V is a new feature.  I t  fal ls  exac t ly  between  the 
peak for desorpt ion  of Pb  and the  onse t  of oxide for- 

E Pt/Pbad 
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Fig. 5. Oxidation of HCOOH on Pt with Pb adatoms (full line) 
and on Pt (dashed line) in 85% H3PO4. 0.SM HCOOH; sweep 
rate 100 mV/sec. 
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mation on Pt (Fig. 1). It appears that after desorption 
of Pb adatoms, the Pt surface is not completely covered 
by strongly bound intermediates and thus the oxida- 
tion of HCOOH is facilitated. In 1M HCI04; there is no 
such window because a complete desorption of Pb co-  
ineides with the onset of oxide formation on Pt (1, 2). ~o 

Figure 6 displays the results obtained with Bi ad- 
atoms. The peak in the anodic scan is increased con- ~ 

siderably. It appears, however, at more positive po-  
tentials than the peak on Pt without Biad. This is 
caused by an excessive coverage of Bi adatoms at less 
positive potentials. At smaller concentrations of Bi the 
peak indeed shifts to less positive potentials. The cur- 
rent at the peak is, however, smaller because it appears 
at a lower overpotential for HCOOH oxidation. As 
with Pb adatoms, a second peak in anodic scan appears, 
but at ~I.0V in this case. 

Figure 7 shows the effects of T1 adatoms which are 
considerable, although smaller than the effects of Pb 
and Bi. There is agreement witla the data obtained in 
1M HC104 (1, 2). The smaller current density of the 
peak in the cathodic direction is due to the formatior~ 
of a high coverage of Tlad. This decreases the available 
oxide-free and intermediate-free Pt surface which is 
otherwise available for the oxidation of HCOOH. 

Steady-state measurements (Fig. 8) show striking 
catalytic effects of Pb adatoms consistent with ~he 
linear sweep voltammetry. At 0.4V the effect amounts 
to three orders of magnitude. A similar effect has been 
found in llYl HC104 (1-3) .  

Oxidation oi CHsOH.--Figures 9 and 10 show volt- 
ammetry curves for the oxidation of CI~OH on Pt in 
85% HsPO4 and the effect of a progressive decrease of 
cathodic and anodic potential limits, respectively. A 
small oxidation current is seen in the double layer 
region of Pt for the sweep encompassing the whole 
potential range. The main oxidation peak coincides 
with the onset of oxide formation on Pt. Figure 9 
shows a surprising current jump when the sweep is o~ 

reversed at 0.2V which gradually diminishes at more 
positive potentials. This current spike is not at present o, 

clearly understood. It might be connected with the 
oscillatory phenomena observed in oxidation of or-  
ganics (26). The currents associated with the sweeps 
reversed at potentials outside the hydrogen adsorption 

P t / B i a d  
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Fig. 6. Oxidation of HCOOH on Pt with Bi adatoms (full line) 
and on Pt (dashed line) in 85% H3PO4. 0.SM HCOOH; sweep rate 
100 mV/sec. 
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Fig. 7. Oxidation of HCOOH on Pt with TI adatoms (full line) 
and on Pt (dashed line) in 85% H3P04. O.SM HCOOH; sweep 
rate 100 mV/sec. 
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Fig. 8. Steady-state current-potential curve of oxidation of 
HCOOH on Pt in 85% H3PO4. Cpb~+ = 1 X 10-3M.  

are higher than for the sweep which encompasses the 
whole potential range. The indication is that Had on 
Pt has a role in producing strongly bound intermediates 
in oxidation of CH3OH on Pt. 

A progressive decrease of anodic potential limit 
(Fig. I0) shows that an incomplete oxidation of 
strongly bound intermediates leads to a decrease of 
catalytic activity of Pt. 

Figure 11 displays the effect of Pb adatoms on this 
reaction. The effect is smaller than for oxidation of 
HCOOH. It is, however, larger than in IM HC104 (3), 
probably caused by desorption of Pb adatoms before 
the oxide formation on Pt in 85% ~PO4. This view is 
confirmed by the appearance of the second peak for 
oxidation of HCOOH (Fig. 5). Platinum is protected 
from adsorption of strongly bound intermediates by 
Pb adatorns and after Pb desorption clean Pt surface 
is available for the oxidation of CH3OH, since the ad- 
sorption of COH can be kinetically controlled. New 
peaks (solid line) occur at 0.35, 0.5, and 0.8V and the 
shoulder at 0.65V. The first two peaks and the shoulder 
are partly caused by the desorption of Pb adatoms. The 
peak at 0.8V is clearly the catalytic effect, which shifts 
the oxidation of CH3OH by 0.2V to less positive poten- 
tials. In the cathodic direction an inhibition is ob- 
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Fig. 9. Oxidation of CH30H on Pt in 85% H3P04. Effects of a 
progressive decrease of cathodic potential limit. 0.SM CH3OH; 
sweep rate 100 mV/sec. 

served, caused by an excessive coverage of Pb ad- 
atoms formed s imultaneously  with oxide reduction on 
Pt. At this high concentration of Pb 2+ (Cpb2+), a very 
small  portion of the Pt surface is lead-  and oxide-free  
in the cathodic scan. Only on such a surface can the 
oxidation of CH3OH occur. For smaller Cpb2+,  i .e . ,  
smaller 0pb , both effects are less pronounced (Fig. 11). 

Fig. I f .  Oxidation of CH3OH 
on Pt (dotted line) and Pt with 
Pb adatoms (full line and 
dashed line with 1 • 10 -~  
and 1 X 10 -4M Pb 9+ in 
electrolyte). 0.SM CH3OH; 100 
mV/sec. 
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Fig. 10. Oxidation of CH3OH on Pt. Effects of a progressive de- 
crease of anodic potential limit. Other data as in Fig. 9. 

Discussion 
Oxidation of HCOOH.--The o x i d a t i o n  of  H C O O H  on  

Pt has been g iven considerable attentien. The results 
of various authors differ in details of the reaction 
mechanism, but agree about the main feature of the 
reaction, i.e., the formation of strongly bound inter-  
mediates which are difficult to oxidize. These inter-  
mediates  block the surface and reduce the reaction 
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rate.  According to a ma jo r i t y  of authors,  the s t rongly  
bound in te rmedia te  is the species C OH. [See, for ex-  

ample,  the recent  reviews by  Capon and Parsons (7) 
and McNicol (8).] In pa ra l l e l  wi th  the react ion leading  
to the fo rmat ion  of the s t rong ly  bound in te rmedia te ,  
a direct  ox ida t ion  to CO2 takes  place. This appa ren t ly  
occurs only  on a smal l  f ract ion of the surface cov- 
e red  by  C OH. 

As poin ted  out  above, i t  appears  tha t  there  is no 
ma jo r  difference be tween  the oxidat ion  of HCOOH in 
85% H3PO4 and 1N HC104, or H2SO4. The shape of 
the v o l t a m m o g r a m  in 40% HsPO4 is the same as in 
these electrolytes ,  which suggests the same react ion 
mechanism. The mechanism given by  Capon and P a r -  
sons (6) is suppor ted  by  cata lyt ic  effects of foreign 
meta l  adatoms. According  to these authors,  the reac-  
t ion commences wi th  the oxida t ive  dehydrogena t ion  

HCOOH-* COOH + H + + e [I] 
$ 

fol lowed by  fu r the r  oxidat ion  of ca rboxy  ad - rad ica l  

COOH-~, CO~ + H + + e [2] 

The ad - rad ica l  COOH also reacts  immed ia t e ly  wi th  
I 

hydrogen  adsorbed  on the P t  surface to form the 
s t rongly  bound in te rmed ia te  

COOH -~ 2Had "-> C OH -~ H20 [3] 
$ $$$ 

The species C OH has been postulated by several 

authors (6, 9). The role of Had in its formation has 
been clearly illustrated in the work by Capon and Par- 
sons (6). Catalytic effects of foreign metal adatoms 
provide evidence for the participation of Had in the 
formation of C OH (1-3). 

The species C OH can be oxidized at higher posi- 
$** 

rive potent ia ls  in a react ion wi th  H20 or  OHad (the 
peak  at  0.gv) .  On the basis of severa l  sets of da ta  (6, 
10, 11), i t  appears  that  the  react ion wi th  OHad is more  
p robab le  

C OH + Pt (OH) -> C (OH)OH + Pt [4] 
$$$ $$ 

C(OH)OH + Pt(OH) --> COOH + Pt + H20 [5] 

COOH + Pt (OH) --> CO~ + Pt  + H20 [6] 
e 

In o rde r  to expla in  al l  the fea tures  of the oxida t ion  
of HCOOH on Pt, Capon and Parsons  (6) pos tu la ted  an 
addi t ional  s t rongly  bound in termedia te ,  the species 
C (OH) which requi res  two sites for adsorpt ion.  I ts  ox i -  

dat ion is s low and i t  e l iminates  the si tes for  adsorpt ion  
of HCOOH causing the peak  at  0.5V. I t  p robab ly  occurs 
in a d i spropor t iona t ion  reac t ion  

HCOOH + COOH-> C(OH)2 + CO= + H + e [7] 

The exis tence of such species have also been  conf i rmed 
by  the effects of fore ign meta l  adatoms.  

F igure  4 is in ag reemen t  wi th  the  above cons idera-  
tions based on the analysis  of behav ior  in 1N acid 
electrolytes .  Smal l e r  cur rents  for  ox ida t ion  of HCOOH 
are, however ,  obta ined  in 40% and especia l ly  in 85% 
H3PO4. This is due to the  compet i t ive  adsorpt ion  of 
phosphate  ions which are  more  s t rongly  adsorbed  than  
C104-, or SO42- (12, 13). A re l a t ive ly  s t rong specific 
adsorpt ion  of phosphate  ions can easi ly  decrease the 
adsorpt ion of HCOOH and decrease the  reac t ion  ra te  

O F  H C O O H  A N D  CI-I~OH 1917 

along the main  react ion pa thway .  I t  has been 
shown that  C1- has a de t r imen ta l  effect on this reac-  
t ion (15). A shift  of the second anodic peak  to more  
posit ive potent ia ls  and its somewhat  different  shape in 
85% H3PO~ is caused by  the shift  of the in i t ia l  oxide 
format ion  on P t  in this e lectrolyte .  This corrobora tes  
the view that  OH~d is necessary  for the oxidat ion  of 
C OH, ra the r  than adsorbed  H20. A progress ive  de-  
a s s  

crease of cathodic and anodic po ten t i a l  l imits  suppor ts  
the mechanism out l ined by  Eq. [1 ] - [5] .  

The adatoms of Pb, Bi, and T1 suppress  hydrogen  ad-  
sorpt ion on Pt  (Fig. 1-3). Thus, these adatoms e l iminate  
react ion [3], i.e., the  fo rmat ion  of C OH species. This is 

$ $ $  

the p r ima ry  origin of the ca ta ly t ic  effects of these 
adatoms. Fur the rmore ,  these adatoms also suppress  
the adsorpt ion of C(OH)2 in te rmedia te  by  decreas ing 

$ $  

the number  of neares t  ne ighbor  pai rs  of P t  a toms 
necessary for its adsorption.  At  potent ia ls  close to 
0.0V, the coverages of Pb, Bi, and  T1 adatoms a re  close 
to SM ~ 1. The oxidat ion  of HCOOH does not  take  
place on such a surface. Hydrogen  adsorpt ion  is com- 
p le te ly  suppressed and this prevai ls  into par t  of the  
hydrogen adsorpt ion region. At  more  posi t ive po ten-  
tials, 8 M commences to decrease and a clean Pt  sur -  
face is exposed to HCOOH. The react ion can now pro-  
ceed along the d i rec t  oxidat ion pa thway .  As long as 
OM > 0.5, the surface is p ro tec ted  f rom adsorpt ion  
of C(OH)2 species because pairs  of neares t  ne ighbor  

$ *  

Pt  sites are  not  avai lable .  An even d is t r ibut ion  of 
adatoms on the Pt  surface is requ i red  which appears  
to be the case for these systems (3). 

As ~M decreases below 0.5, C (OH)2 commences to ad -  
, e  

sorb, w h i c h  decreases the  reac t ion  rate.  This causes 
the appearance  of the peak  in Fig. 6-8, i.e., a decrease  
of the current ,  a l though the overpo ten t ia l  increases.  

In the presence of foreign adatoms,  the cur ren t  as-  
sociated with  react ion [1], which appears  to be the  
r a t e -de t e rmin ing  step (6, 15) can be wr i t t en  in the fol -  
lowing way  

i = k(1  -- 8) exp (1 --  ,~)FE/RT [8] 

where  e is total  coverage of adsorbed species 

o --  8~ + 0C(OH)2 [9] 
$ $  

React ion [2] seems to be fast  (6, 15) and therefore  the 
coverage of COOH should be negligible.  Consequently,  
it  is not  taken  into account in Eq [9]. 

If one ada tom blocks one P t  si te for adsorpt ion  of 
C(OH)2 then for 0M < 0.5 

0C(OH)2 -- 1 -- 2~M [I0] 
$$ 

In this case Eq. [8] becomes 

i = kSM exp (1 --  ,~)FE/RT [11] 

When @M > 0.5 on the basis of the above discussion, 
i t  follows that  the rest  of the surface wil l  be free f rom 
C (OH) 2. Therefore  

8 = 0M [12] 

and the cur ren t  f rom Eq. [8] is now 

i = k(1 -- eM) exp (1 --  a)FE/RT [13] 

A semiquant i ta t ive  calculat ion based on this model  
shows tha t  the expe r imen ta l  v o l t a m m e t r y  curve for P t  
in 1M HC104 can be sa t is factor i ly  reproduced  (2, 3). 
The same is val id  for  85% H~PO4, except  for the  peak  
at  0.85V which has been expla ined  ear l ie r  in the text.  

S t r ik ing  cata lyt ic  effects obta ined  in s t eady-s t a t e  
measurements  (Fig. 8) suppor t  t h e  v iew that  in the 
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presence of adatoms,  the poisoning in te rmedia te  C OH 

is not  formed,  at  least  by  react ion [3]. This species can, 
however ,  be formed in the  react ion of COOH with  
HCOOH as shown by  react ion [7]. Al though  lead  ad-  
atoms are  more  s t rongly  bound to the surface than  
C OH, as shown by  specular  reflectance spectroscopy 

(16), a cer ta in  adsorpt ion  equi l ib r ium of these two 
species is established.  Besides the equ i l ib r ium adsorp -  
t ion of C(OH)2 takes place at  a lower  coverage of ad-  

atoms. Fo r  these reasons, the P t  e lec t rode  has lower  
ac t iv i ty  in the s teady  s tate  than in the t rans ien t  m e a -  
surements .  The ac t iv i ty  is, however ,  st i l l  high and may  
be of prac t ica l  interest .  

The smal le r  cata lyt ic  effect of T1 adatoms is due to 
its weake r  bond with  Pt, which is reflected in its e lec-  
t rosorpt ion valence (18). Formic  acid and  its i n t e r -  
media tes  can therefore  affect the adsorp t ion  of Tt in 
the same way  as found with  Cd (17). Also, pa r t i a l l y  
charged T1 adatoms can induce the adsorpt ion  of phos-  
phate  ions which  would  also cause a decrease of the 
ra te  of oxidat ion  of HCOOH. 

Oxidation of CH3OH.--The oxidat ion  of CH3OH ap-  
p a r e n t l y  leads to the  format ion  of the same s t rongly  
bound in te rmedia tes  as dur ing  the oxida t ion  of 
HCOOH. F r u m k i n  and Podlovchenko (18) have shown 
tha t  the chemisorpt ion and dehydrogena t ion  of CHsOH 
resul ts  in format ion  of C OH. Kazar inov  et al. (19), 

$ * e  

using a r ad io t r ace r  technique,  have shown tha t  the oxi-  
dat ion of CH3OH, HCHO, and HCOOH, in both acid 
and a lka l ine  electrolytes ,  resul ts  in the format ion  of 
C OH intermedia tes .  This is in agreement  wi th  the r e -  

sults of Wieckowski  (20), Bre i t e r  (21), Biegler  (22), 
and Capon and Parsons (7). Vassi lyev et al. (23) 
showed how C OH could arise f rom a whole va r ie ty  of 

organic molecule  oxidations.  Al len  et  al. (24) us ing 
ESCA identif ied a chemisorbed species as C OH. In situ 

identif icat ion of this appa ren t l y  most  impor t an t  i n t e r -  
media te  in oxidat ion  of organics would also be des i r -  
able. A dehydrogena t ion  of the me thy l  group leads  to 
the fo rmat ion  of C OH and the oxida t ion  of 3H 

CH3OH ~ C OH ~ 3H+ W 3e [14] 

The origin of the ca ta ly t ic  effect of Pb adatoms on 
this reac t ion  can be exp la ined  by  a so-ca l led  " th i rd  
body"  effect (25). Pb  adatoms suppress  the adsorpt ion  
of C OH to a cer ta in  extent .  The oxidat ion  of CH8OH 

commermes at  potent ia ls  where  0M is lOW, which is the  
cause of a r e l a t ive ly  smal l  ca ta ly t ic  effect. At  h igher  
tempera tures ,  the effect should  be l a rge r  if  this ex-  
p lana t ion  is correct,  since the oxidat ion of CH_~OH 
would shift  to lower  overpotent ia ls ,  where  0M is high 
enough. In the ox ida t ion  of CH~OH, HCOOH was de-  
tected in solut ion (26). The catalysis  of its oxida t ion  
p r o b a b l y  contr ibutes  to the effect observed  wi th  
CH8OH. The presence of HCOOH in solut ion is sup-  
por ted  by  the role of Had i/1 oxidat ion  of CH3OH as seen 
in Fig. 9. 

Motoo et al. (10) expla ined  the enhancement  of 
CH~OH oxidat ion  caused by  Ru, Sn, and Ge (27) de -  
posi ted on Pt  as due to a coadsorpt ion of oxygen b y  
these metals.  Adsorbed  oxygen helps oxida t ion  of COH 

in te rmedia te .  Osetrova et al. (11) have found tha t  OH 
coadsorbed  on Sn was the active species. Janssen and 
Moolhuysen (28) and McNicol et al. (29) have found 
that  various adatoms modi fy  the adsorpt ion  proper t ies  
of P t  th rough  a l igand effect. There  is no indica t ion  
that  Pb, Bi, or T1 coadsorb oxygen  or  OH species. Ex -  

cept for  T1 at  low coverages, the e lec t rosorpt ion valence 
of Pb and Bi on F t  is close to the i r  fa rada ic  valence 
(18), which suppor ts  this view. The modification of 
uncovered P t  sites by  these adatoms,  the  l igand effect, 
is not  suppor ted  by  the observat ion  tha t  the  foreign 
meta l  adatoms do not  effect hydrogen  adsorpt ion  on 
such sites (17). 

Conclusions 
Underpo ten t i a l ly  deposi ted meta l  adatoms on p la t i -  

num_ enhance the rates of e lec t ro -ox ida t ion  of formic 
acid and of methanol  wi th  aqueous phosphoric  acid as 
the electrolyte .  The effects are  more  significant for  
formic acid oxidat ion  than  for me thano l  oxidat ion.  
F rom the cyclic vo l t ammet r i c  results,  i t  is proposed 
tha t  the underpo ten t i a l ly  deposi ted meta l  adatoms 
(Pb, Bi, and T1) inhib i t  the adsorpt ion  of atomic hy -  
drogen and hence the format ion  of the poisoning in te r -  
mediate .  Fo r  formic acid oxidat ion,  the e lec t roca ta ly t ic  
act ivi t ies follow the order  Pb  > Bi > T1. These resul ts  
can be in te rp re ted  on the basis of the  h igher  coverage  
of the ada toms at  lesser posi t ive potent ia ls  or  due to a 
weake r  bond be tween  the adatoms and the substrate .  
The magni tudes  of the effects of the adatoms are  less in 
phosphor ic  acid e lec t ro ly te  than  those found p re -  
viously in perchlor ic  acid, p robab ly  due to the specific 
adsorpt ion of phosphate  ions. The use of unde rpo ten -  
t ia l ly  deposi ted meta l  atoms as e lec t rocata lys ts  shows 
promise  for improving  the pe r fo rmance  of direct  or -  
ganic fue l -a i r  fuel  cells. 
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ABSTRACT 

Photomicroscopic,  e lectron-microscopic ,  and surface ana ly t ica l  s tudies have 
been conducted on L i ( S i ) / L i C 1 .  KC1/FeS2 e lec t rochemical  cells before  and 
af ter  discharge,  and on ind iv idua l  anode and cathode components.  Phys ica l  
and chemical  composi t ional  changes were  observed  at  both the anode and 
cathode interface  that  have significance in the  discharge mechanism.  Oxygen-  
r ich species were  found at  the surface  of the FeS2 cathode par t ic les  and m i g r a -  
t ion of sul fur  away  f rom the cathode dur ing  discharge was also observed.  
The rma l  shock of FeS2 single crysta ls  confirmed the t endency  for sul fur  to 
move away  f rom the  bu lk  wi th  the appl ica t ion  of hea t  to the surface.  Ex -  
posure of the L i (S i )  a l loy to a tmosphere  a n d / o r  t he rma l  shock resu l ted  in 
the fo rmat ion  of a l i t h ium-r i ch  surface in the carbonate  o r  oxide form. These 
findings have  significance to ba t t e ry  systems that  must  be s tored for long 
t ime periods, as wel l  as the possible source of res is t ive  in terfaces  in  charge 
and discharge  cycles. 

The Li /FeS2 p r i m a r y  and L i / F e S  secondary  ba t -  
ter ies  are  the subjec t  of in tense research in severa l  
labora tor ies  (1-6).  P r i m a r y  ba t t e ry  appl icat ions  r e -  
quire  tha t  the  anode (Li  a l loys)  and the cathode (pel -  
le t ized FeS2) be separa ted  by  an e l ec t ro ly t e -b inde r  
(EB) l aye r  wi th  no membrane  separa to r  be tween  them 
(1). Stacks of these pel le t ized cells are  p laced  in series 
to produce  the des i red  opera t ing  vol tage and the d iam-  
e ter  is var ied  to yie ld  the desired cur ren t  drain.  When  
opera t ing  as a p r i m a r y  power  source, the cells no rma l ly  
sit  in an inact ive  s ta te  unt i l  hea ted  to opera t ing  t em-  
pe ra tu res  g rea te r  than  the mel t ing  poin t  of  the  e lec-  
t rolyte ,  in t imes on the order  of seconds (or less) .  
Opt imizat ion  of the  opera t ion  of these ba t te r ies  and 
deve lopment  of design cr i te r ia  for fu ture  high energy  
dens i ty  bat ter ies ,  mus t  be preceded  b y  a be t te r  unde r -  
s tanding  of the  chemical  and e lec t rochemical  react ions 
which proceed at  each interface.  To this end, we have 
conducted severa l  s tudies on intact  single cells and 
on ind iv idua l  anode, cathode, and e lec t ro ly te  compo- 
nents. A typica l  single cell is d ischarged as var iab le  
currents  f rom 0.1 to 1.0A producing  a cell vol tage  of 
1.5-1.9V for per iods  f rom minutes  to hours using p r e -  
viously descr ibed techniques (1). These discharges do 
not  no rma l ly  consume the ent i re  power  capaci ty  of the 
ma te r i a l s  wi th in  each cell. 

* Electrochemical  Society A c t i v e  M e m b e r .  
Key  words: fused sa l t s ,  e lec t rocte ,  e l e c t r o n  spectroscopy, passi- 

ration. 

In this paper ,  we r epor t  on the correlation of  elec-  
t ron microscopic, photomicroscopic,  and var ious  elec-  
t ron spectroscopic surface analysis  da ta  to the  s tudy 
of the L i (S i )  a l l o y / e l e c t r o l y t e - b i n d e r  in terface  and 
the F e S J e l e c t r o l y t e - b i n d e r  in terface  f rom single cells 
and ba t t e ry  discharges.  Migra t ion  of components  f rom 
both anode and cathode dur ing  hea t ing  and discharge 
is noted. Surface analysis  of discrete anode and ca th-  
ode components  and of s tandard  mate r ia l s  confirm 
many  of these migra t ion  processes. 

Experimental Section 
The mate r ia l s  used for  s ingle cell  tes t ing were  

typica l  ba t t e ry  composit ions (4). The anode pe l le t  was 
made from an L i (S i )  a l loy of 40 or 45 weight  percent  
(w/o)  Li. S t a n d a r d  par t ic le  size was 76-422 ~m (--40 
to +200 mesh)  y ie ld ing  a typical  pe l le t  dens i ty  of 1.0 
g / c m  3. 

The e l ec t ro ly te -b inde r  (EB) pellet ,  used to sepa-  
ra te  the anode and cathode, was composed of an LiC1 �9 
KC1 eutectic (45/55 w/o )  and a MgO binder  (Magl i te  
S, Merck  Chemical  Company,  San Francisco,  Cal i -  
forn ia) .  The finely d iv ided  MgO acts to immobi l ize  the 
e lec t ro ly te  when mel ted  bu t  does not  reac t  wit~ e i ther  
the anode or  cathode. The mix tu re  was composed of 
70 w / o  e lec t ro ly te  and  30 w / o  b inder  and fo rmed  to 
a densi ty  of about  1.7 g / c m  3. 

The cathode powder  was 64 w / o  FeS2, 16 w / o  LiC1 �9 
KC1 eutectic e lectrolyte ,  and 20 w/o  EB. The EB used 
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in the cathode was 12 w/o  SiO2 binder  and 88 w/o  
LiC1. KC1 eutectic. FeS2 was r ead i ly  avai lab le  as 
g ranu la r  i ron pyr i te  obta ined from Matheson, Coleman, 
and Bell  Manufac tur ing  Company,  Norwood, Ohio, 
wi th  a par t ic le  size less than  295 ;~m (50 mesh) .  Pel lets  
were  formed to a dens i ty  of 2.6 g / cm ~. 
To assemble  a cell, the pel le ts  were  s tacked a round  

a center ing post  and sandwiched  be tween  two stainless 
steel  disks used as cur ren t  collectors. The assembled 
cells were  then placed be tween  prehea ted  pla tens  to 
mel t  the e lectrolyte ,  and discharged for various t imes 
and at  various t empera tu res  and cur ren t  densi t ies  on 
a s tandard  single cell  tes te r  (6). 

For  microscopic studies, d ischarged cells were  b roken  
th rough  the center  and the exposed interface  was 
smoothed with  i n c r e a s i n g l y  finer sandpaper .  Optical  
examina t ion  before  and af ter  sanding showed that  the 
in tegr i ty  of the diffused mate r i a l  was preserved.  Cells 
f rom any given series of discharges were  assembled as 
a uni t  and examined  s imul taneous ly  under  both  the 
opt ical  and the scanning electron microscopes. The 
interfaces of pa r t i cu la r  in teres t  in this s tudy involve 
the e lec t rochemical ly  ac t ive  L i (S i )  anode and FeS2 
cathode wi th  LiC1.  KC1 e lec t ro ly te  and MgO b inder  
(al l  1 m m  thickness) .  

Al l  expe r imen ta l  appara tus  except  the Auger  elec-  
t ron and x - r a y  photoelect ron spect rometers  was lo-  
ca ted in a "d ry  room" faci l i ty  wi th  an a tmosphere  con- 
ta ining less than 300 ppm water .  This unique fea ture  
a l lows cells to be prepared ,  discharged,  and  micro-  
scopical ly  examined  in a r e l a t i ve ly  wa t e r - f r e e  en-  
v i ronment .  

The scanning e lect ron microscope is an In te rna t iona l  
Scientific Ins t ruments  Model  Super  I I I - A  with  a reso-  
lut ion of 70A. Samples  were  examined  under  a 100 
#A beam cur ren t  wi th  a 30 keV accelera t ing  voltage. 
The e lect ron probe microanalys is  (EM) using energy  
dispers ive  x - r a y  spectroscopy (XRF)  was per formed  
wi th  a Pr inceton Gamma-Tech  XCEL-1000 analyzer .  
The analyzer  used a l i t h ium-dr i f t ed  silicon detector  
wi th  a measured  resolut ion of 153 eV and 1000 counts /  
sec at  5.9 keV. For  the e lementa l  analysis,  samples  were  
examined  under  3000>< magnificat ion exposing a sur -  
face area  of 0.03 m m  2. The spect ra  were  collected for 
30 sec f rom five different  spots on each pe l le t  and then 
averaged.  To quant i fy  the amount  of a given element,  
window in tegra ls  were  used to measure  x - r a y  counts; 
the number  of counts being propor t iona l  to the amount  
of an element.  The x - r ays  emi t ted  by the e lement  
wi th in  a given energy  range or  window were  first 
counted. The number  of x - r a y s  in a background  win-  
dow were  s imul taneous ly  counted; the background  
window being selected to have the same wid th  and 
close to the  same energy  as the  e lementa l  window 
but  not  containing any  x - r a y s  f rom the element.  The 
e lementa l  x - r a y s  were  then d iv ided  by  the background  
x - r a y s  resu l t ing  in a unit less rat io  (S /S  o and Fe /Feo) .  
The rat io  reflects an atomic in tens i ty  uncorrec ted  for 
the fluorescence atomic sensit ivi ty.  

The Auger  e lec t ron spectroscopy (AES) da ta  were  
taken  wi th  a Phys ica l  Electronics Auger  sys tem wi th  
a single-pass,  cy l indr ica l  m i r ro r  analyzer .  For  a typical  
spectrum, the e lec t ron gun was opera ted  at  2 kV and 
5-20 ~A and a beam d iamete r  of ca. 0.1 m m  was main -  
tained.  The pressure  was main ta ined  at  5 X 10 - l ~  
Torr.  The cells were  b roken  in a glove box in high 
pur i ty  argon and t rans fe r red  quickly  to the  high vac-  
uum chamber.  Careful  microscopic examina t ion  in-  
d ica ted  no visible signs of contaminat ion.  This observa-  
t ion is suppor ted  b y  the fact  tha t  l i t t le  or  no carbon 
was observed in the AES spectra.  Carbon peaks  are  
typica l  of most contaminat ion.  

X - r a y  photoelectron spectroscopy (XPS)  da ta  were  
taken f rom a GCA McPherson ESCA 36 Photoelec t ron  
Spec t romete r  using a 127 ~ electrostat ic  deflector as an 

electron analyzer .  The x - r a y  source emi t ted  MgKa 
radia t ion  (1253.6 eV).  The spec t rometer  was in te r -  
faced to a PDP 8/e minicomputer ,  which provided  a 
summat ion  average  of the spect ra  as wel l  as d igi ta l  
control  of the analyzer .  For  all  the spec t ra  obtained,  
pressure  was main ta ined  in the  10-~-10 - s  Tor t  range.  

Results and Discussion 

Photomicroscopic and electron microscopic studies.- 
Figure 1 illustrates a typical voltage-time dependence 
of a single cell d ischarged at  100 m A / c m  2 and 520~ 
Curve (a) is the total  cell  potent ia l  whi le  curve (b) 
is the anode- to - re fe rence  potent ia l  and curve (c) is 
the ca thode- to - re fe rence  potent ial .  F r o m  these data, 
the fol lowing reproducib le  features  are  noted. A posi-  
t ive vol tage excursion is observed dur ing  the first min-  
ute (seconds) of discharge fol lowed by  a nea r ly  con- 
s tant  vol tage response of 1.5-1.6V for the next  severa l  
minutes.  A decl ine in opera t ing  vo l tage  is observed 
af ter  about  20 min for anodes of this composit ion (i.e., 
approx ima te ly  45 w / o ) .  Smal l  vol tage changes ob-  
served dur ing discharge have been shown to be due 
to composi t ional  changes of the l i th ium al loy (3, 
25). Polar iza t ion  of the  cathode is responsible  for the 
s teadi ly  decl ining potent ia l  a f te r  about  30 min of dis-  
charge. Final ly ,  the sharp decline in cell  vol tage  occurs 
when the anode can no longer  suppor t  the cur ren t  
drawn,  i.e., at about  85% of theore t ica l  Li capacity.  
However ,  ba t ter ies  bu i l t  wi th  t.hese cells and  tested a t  
this cur ren t  densi ty  typ ica l ly  exper ience  end of l ife 
due to the in te rna l  t empera tu re  cooling to <352~ 
no rma l ly  expending  less than  50% of  the l i t h ium ca- 
pacity. 

Significant composi t ional  changes at  the  anode/eIec- 
trolyte in terface and at  the ca thode /e lec t ro ly te  in te r -  
face were  indica ted  by  s tudy of the photomicrographs  
of cross-sectioned, d ischarged single cells. F igure  2 
shows the photomicrographs  of three  single cells which 
were, (a) held at  open circui t  for 2 min, (b) dis-  
charged at  0.25A for 20 min, and (c) d ischarged at  
0.25A for 80 rain - - a l l  at  520~ 

Severa l  features  were  evident  in al l  photomicroscopy 
studies. These are  summar ized  as follows: (i)  a sig- 
nificant change in color and morpho logy  was observed 
for the  anode at  the e lec t ro ly te  in ter face  fol lowing 
discharge;  (ii) the FeS2 par t ic les  which comprise  the 
cathode mate r i a l  undergo an appa ren t  phase t r ans fo r -  
mat ion  at  thei r  outer  per imeter .  The t rans format ion  is 
dependent  upon the ex ten t  of d ischarge of the single 
cell and the t empera tu re  of the discharge;  (iii) a new 
phase appears  as a l aye r  in the e l ec t ro ly t e -b inde r  
(EB) region fol lowing discharge.  The thickness of this  
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Fig. 1. Discharge curves of a typical Li(Si)-FeS2 single cell. 
Current Drain ~ 100 mA/cm 2, temperature ~_ 520~ Curve (a) 
cell potential vs.  reference as a function of discharge time; curve 
(b) anode potential vs.  reference; curve (c) cathode potential vs.  

reference. 
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Fig. 2. Photomicrographs of the cross sections of three single cells which were (a) held at open circuit for 2 min at 520~ (b) dis- 
charged at 0.25A for 2 min, and (c) discharged at 0.2SA for 80 mln. The anode layer is at the left, the EB layer at the center, and 
the cathode layer is at the right in each photograph. 

layer and its proximity to the anode is a complex 
function of the discharge current, temperature, and 
voltage. This layer can be seen in the center of Fig. 
2 (b) and (c). From these photomicrographic studies, it 
was apparent that stoichiometric changes were occur- 
ring at each interface which may have significance 

for the performance of these and other lithium-metal 
sulfide batteries. 

Electron microscopic Studies of similarly discharged 
cells were conducted to further study the changes 
noted above. Figure 3 shows three photomicrographs 
and the corresponding x-ray fluorescence dot maps 

Fig. 3. Scanning electron micrographs and sulfur (K~) x-ray fluorescence dot maps of cross sections of three single cells which were 
,discharged at 1.0A for 20 min at (a) 440~ (b) 520~ and (c) 600~ Again the anode, EB layer, and cathode are displayed from 
left to right. 
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for sulfur  (Ks radiat ion excited at 25 keY) as a func-  
tion of discharge temperature ,  f rom 440 ~ to 600~ The 
new phase in the EB layer  is t ransformed from a dis- 
crete band to more dispersed l inear  regions of new 
mater ia l  as the discharge t empera tu re  increases. The 
sulfur density maps show the movemen t  of sulfur 
f rom the cathode region into the EB layer. Iron (Fe, 
Ka) was also detected by the XRF method, in the same 
region as sulfur. Tables I and II give more informat ion 
on the stoichiometric changes undergone at the cath-  
ode /EB interface. Table I shows the re la t ive  increase 
of both sulfur and iron in the EB layer  as a function 
of discharge time. Table II shows the re la t ive  increase 
in each e lement  wi th  increasing discharge temperature .  
In all cases the concentrations of sulfur and iron show 
increases of a factor of two to four by increasing ei ther  
t ime or tempera ture  of discharge. TEM and x - r a y  
analysis of the portions of the su l fur - r ich  phase in the 
EB layer of cells discharged under  high current  drain 
have indicated the presence of l i th ium sulfide and an 
Fe containing phase. 

Fur ther  studies of compositional changes at the 
anode and ca thode/e lec t ro ly te  interfaces were  carried 
out using Auger  electron spectroscopy (AES) .  AES 
spectra were  recorded on a po in t -by-po in t  basis as a 
function of la teral  position on nondischarged and dis- 
charged single cells and then compared with  electron 
micrographs of s imilar  regions of the single cell. The 
computat ion of re la t ive  atomic ratios for certain ele-  
ments as a function of distance is shown in Fig. 4. We 
have recorded the sensi t iv i ty-corrected intensi ty of 
each e lement  as a re la t ive  atomic ratio wi th  respect  to 

Table I. Relative sulfur (Ks) and iron (Ks) x-ray fluorescence 
(XRF) intensities in the EB layer of a single cell, discharged at 

0.25A, 520~ for the times shown 

Time (min) S/S ~ Fe/Fe ~ 

2 1.3 0.94 
10 3.4 1.0 
20 6.3 1.2 
40 7.2 1.4 
8J 9.8 2.7 

Table II. Relative sulfur (Kc~) and iron (Ks) XRF intensities in 
the EB layer of single cells discharged at 1.0A for 20 min at the 

temperatures shown 

Temp (~ S/S ~ Fe/Fe ~ 

440 1.2 0.98 
520 6.9 1.2 
600 8~4 3.1 

chlorine. Analysis of the data in this fashion removed  
many  of the uncertaint ies  in the relat ionship be tween  
intensi ty of the Auger  signal and real  concentrat ion 
of the e lement  (7). Chlorine was an ubiquitous com- 
ponent of each single cell. The cathode pellets are a 
mix ture  of FeS2 and the LiC1.  KCI eutectic, the EB 
layer is composed main ly  of that  same eutectic, and 
chlorine is found throughout  the anodes of c e l l s h e a t e d  
to high temperatures.  Fluctuat ions of the e lements  
noted below are not  due to large changes in the chlo- 

Fig. 4. Scanning electron micrographs and AES/line scans for the relative atomic ratios of sulfur, iron, and silicon in freshly fractured 
single cells which were (a) held at open circuit for 2 rain at 520~ and (b) discharged at 0.1A for 20 min at 520~ 
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r ine  AES in tens i ty  as this in tens i ty  r ema ined  reason-  
ably  constant .  

F igure  4a shows the Fe  (LMM),  S (LMM),  and Si 
(LMM) line profiles for a cell  hea ted  to 520~ bu t  not  
discharged.  There  was some var ia t ion  in the i ron and 
sulfur  re la t ive  atomic rat ios in the  cathode layer .  Con- 
centra t ions  of i ron  and sul fur  were  also de tec ted  a t  
the EB interface.  I t  is wor th  not ing tha t  the re la t ive  
atomic rat io for silicon at  the anode /EB interface 
increases as a funct ion of dis tance away  from tha t  in -  
terface.  Since the Li/C1 rat io  r ema ined  constant  in this 
same region, we conclude tha t  some deple t ion  of s i l i -  
con occurred at  the anode /EB interface.  The lower ing  
of the silicon content  was not due to wet t ing  of the 
L i (S i )  al loy by  the LiC1/KC1 eutectic.  These resul t s  
are cor robora ted  by  o ther  surface analysis  studies p r e -  
sented below. F igure  4b shows s imi la r  da ta  for a single 
cell  d ischarged at  520~ for  20 min at  1.0A. The l ine  
profiles for this cell  c lear ly  show the migra t ion  of both  
su l fur  and  i ron away  f rom the ca thode /EB interface.  
This observat ion  was made  severa l  t imes on different  
locations along the p lane  of the single cell, thus i t  is 
c lear ly  not  an ar t i fac t  of the f rac ture  procedure .  These 
resul ts  confirm the presence of sul fur  and of i ron in 
the EB layer  as seen by  e lect ron microprobe  techniques.  
F igure  4b also confirms the deplet ion of silicon from 
the anode /EB interface.  I t  is not ye t  c lea r  whe the r  this 
deple t ion  is d i rec t ly  re la ted  to the  morphologica l  
changes observed in the photomicrographs  of the 
anodes which have been heav i ly  discharged.  

Surface analysis of individual anode and cathode 
components.--The discharge behav ior  of the l i t h i u m /  
s i l icon- i ron disulfide p r i m a r y  ba t te r ies  is obviously  
compl ica ted  by  a va r i e ty  of morphologica l  and  com- 
posi t ional  changes. X - r a y  photoelect ron spectroscopy 
(XPS)  and AES, wi th  i o n - b e a m  depth  profiling, were  
conducted on the separa te  anode and cathode mater ia l s  
to help in the e lucidat ion  of these changes. 
X P S / A E S  studies of the iron disull~de cathode mate- 
rials.--The XPS da ta  ob ta ined  for the powdered  and 
single crys ta l  i ron sulfides and re la ted  s tandard  ma te -  
r ia ls  are  shown in Fig. 5 and 6. Of pa r t i cu la r  in teres t  
is the compar ison  of the surface composit ions of the 
var ious  FeS~ mater ia ls .  F igu re  5 shows changes in the  
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Fig. 6. AES/deptb-profile plot of FeS2 single crystal surface 

before and after electron beam annealing. 

Fe(2p,  1/2, 3/2) peaks  of a sample  which  was syn-  
thesized in our  l abora to ry  and a commercia l  FeS2 
sample.  La rge r  amounts  of oxygen are p resen t  on the 
surfaces of the commercia l  samples.  Examina t ion  of 
the sulfur  (2s) or  (2p) peaks  in Fig. 6 indicates  tha t  
the sulfur  exists in the form of SO42- anions (perhaps  
SO8- anions)  in addi t ion  to the sulfide form (8) on 
the commercia l  FeS2. F u r t h e r  evidence of the  different  
surface fea tures  of the  two FeS2 samples  lies in the  
existence of energy- loss  peaks  of the  F e ( 2 p )  t rans i t ions  
of the commercia l  sample.  These peaks  indicate  the  
probable  presence of F e ( I I I )  on the surface ma te r i a l  
(9). I t  is possible tha t  oxygen  is bonded  d i rec t ly  to 
i ron in both the  FeO and Fe203 forms, as wel l  as in 
i ron sulfates on the commercia l  FeS2. The presence of 
oxygen- r i ch  mate r ia l s  in the  cathode m a y  lead  to a 
posit ive vol tage  excursion in the in i t ia l  s tages of 
p r i m a r y  cell discharge (1, 26). This vol tage  excurs ion 
(as shown in Fig. 1) is min imized  b y  using cathode 
mater ia l s  tha t  are  oxygen-f ree ,  and  b y  discharging in 
an oxygen- f r ee  a tmosphere  (22). 

(a) FeS ~ ~ ( s y n . )  Fe (21)) i 7~ ~ S  (21)) 

725.95 
(b) FeO ,%.~ ,~ ,~  

725.3 711 .C5 
(C) FeS04 ~ ~  

(d) FeS2 "T " w"'rt ~ .,,,~. 
(comm.) ,~o~  ~ , ~  

BINDING ENERGY (eV) 

Fig. 5 ESCA spectra of FeS2 
cathode and standard materials, 
Fe(2p), S(2p), and O(ls) spec- 
tral regions. Spectra (a) FeS2 
prepared standard; spectra (b) 
FeO standard, specta (c) FeSO4 
standard, and spectra (d) FeS~ 
commercial sample. 
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An AES s tudy was per formed  on 1 m m  slices of 
single crystals  of na tu ra l  FeS2 (not  pol ished)  to obtain 
a comparison of surface composit ion with  the XPS 
data, a depth  profile of the crystal ,  and informat ion  
on the movement  of species through the la t t ice  at the 
high opera t ing  t empera tu res  no rma l ly  found in the  
ba t t e ry  dur ing discharge.  Single c rys ta l  FeS2 was 
selected for s tudy  as a ma t t e r  of convenience. I t  is 
known that  the discharge behavior  of single cells us-  
ing single crys ta l  FeS2 cathodes is ve ry  s imi lar  in its 
in i t ia l  stages to the behavior  observed using pel le t ized 
FeS2 par t ic les  (6). The surface composi t ional  changes 
observed at  the FeS2 single crys ta l  surface can be 
ex t rapo la ted  to those observed in the smal le r  part icles .  

The AES surface spect ra  of the FeS2 surface showed 
advent i t ious ly  adsorbed  carbon and oxygen and no 
other  impuri t ies .  Brief  ion spu t te r ing  removed these 
adsorbed mate r ia l s  and lef t  a surface wi th  an S / F e  
ra t io  of 0.63. This number  is corrected for ionizat ion 
cross section, but  does not  reflect the t rue s to ichiometry  
because of the uncer ta in t ies  in such numbers  for both  
the ma jo r  sulfur  and iron Auger  t ransi t ions.  An elec-  
t ron beam hea te r  was used to t he rma l ly  shock the 
FeS2 samples  while  st i l l  in u l t r ah igh  vacuum. F igure  
6 shows the resul ts  of an A E S / d e p t h  profile, before  
and af ter  t r ea tmen t  of the FeS2 surface wi th  a 2W 
electron beam for 30 sec. Fol lowing  the appl ica t ion  
of the the rmal  shock, a large  increase  in the S / F e  
rat io  (--~ 2 . 0 ) w a s  observed,  consistent  wi th  the mi-  
gra t ion of sulfur  away  from the FeS2 matr ix .  Fo l low-  
ing several  thousand  seconds of ion sput ter ing,  the 
or iginal  surface composit ion was achieved. 

SEM/EM analysis  of the t he rma l ly  shocked FeS2 
samples  confirmed the morphologica l  and chemical  
changes indica ted  by  the AES studies. A dis t inct  sepa-  
ra t ion of phases was indica ted  fol lowing the rmal  shock. 
X - r a y  fluorescence point  analysis  indica ted  a su l fur -  
r ich nonhomogeneous l aye r  on the surface of the crys-  
tal  (ex tending  to depths  of up to 1/~m), and a su l fur -  
deficient l ayer  under lying.  X - r a y  diffraction of the 
under ly ing  layer  showed it  to be ma in ly  FeS0.9 (py r -  
rho t i te ) .  The format ion  of this phase by  s imple ap -  
pl icat ion of heat  is discussed be low wi th  regard  to 
composi t ional  changes in the p r i m a r y  ba t te ry .  

Fu r the r  studies have shown tha t  prolonged heat ing 
(grea te r  than 1 min)  under  the  condit ions in Fig. 6 
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fur ther  increased the S / F e  rat io  on the single c rys ta l  
surface. Electron beam heat ing  of the sample  unde r  
condit ions sufficient to cause desorpt ion of sulfur  f rom 
the surface while  at about  10 -9 Tor t  caused a decrease 
of the surface S / F e  rat io  back to levels tha t  were seen 
on the unhea ted  surface. These exper iments  are  de-  
scr ibed in more  detai l  e lsewhere  (14). 

XPS/AES  studies of anode materials.--XPS spectra  
were  obtained f rom 40 w/o  L i (S i )  a l loy and 45 w/o  
Li (Si) alloy, and l i th ium/s i l icon  alloys which had been 
exposed to atmosphere.  The carbon ( l s )  spectra  [as 
in Fig. 7 (c ) ]  indica ted  the  presence of two forms of 
carbon on the surface of the  L i (S i )  alloy. This was the 
case for al l  l i th ium meta l  samples  examined.  The 
la rger  peak  at lower  b inding energy [charge shif t  
corrected to 284.4 eV (7)]  was a t t r ibu ted  to hydro -  
carbon contaminat ion  of the XPS vacuum system. 
Comparison of the C ( l s )  peaks of the al loy to the 
Li2CO3 s tandard  indica ted  tha t  the res t  of the al loy 
surface carbon was p robab ly  present  as the carbonate  
species. As discussed below, this con taminant  was not  
observed in the AES exper iments  conducted in a 
c leaner  vacuum. It  does imply,  however ,  tha t  the ca r -  
bonate  will  be a con taminant  on samples  exposed to 
normal  ba t t e ry  assembly  atmospheres .  

In a t t empt ing  to record  XPS spect ra  of Li (Si) a l loy 
samples  which had been exposed to a tmosphere  for 
long t imes (10-24 hr)  we discovered an in te res t ing  
technique for examining  a f resh ly  exposed L i (S i )  
a l loy surface. Spect ra  shown in Fig. 7(a)  show the 
C ( l s ) ,  S i (2s) ,  and L i ( l s )  regions for surfaces which 
were a tmospher ica l ly  exposed for 10 hr, loaded into 
the XPS system, and then had the f resh L i /S i  su r -  
face exposed jus t  pr ior  to analysis  b y  physical  r e -  
moval  of the passive layer  which forms on these m a t e -  
rials. F igure  7(b)  spect ra  were  obtained for the same 
spectra l  regions on a sample  which had been f resh-  
f rac tured  under  argon and then a tmospher ica l ly  ex -  
posed for 1-5 min pr io r  to loading in the  spect rometer .  
Spect ra  i l lus t ra ted  in Fig. 7 (c) are for  a sample  f rac-  
tu red  and loaded in a tmosphere .  Comparison of Fig. 
7 (a ) ,  (b) ,  and (c) indica ted  that  carbonate  bu i ldup  
on the al loy surface is slow at 10-~ Torr,  bu t  s t i l l  
apprec iable  over  the 24 hr  requ i red  to achieve op e ra t -  
ing vacuum. It  appears  tha t  the first few monolayers  

Fig. 7. XPS C(ls), Si(2s), and 
Li(ls) spectra of 40 w/o Li/Si 
alloys exposed to atmosphere for 
various times: (a) the C(ls), 
Si(2s), and Li(ls) spectra of 
freshly exposed Li/Si alloy; (b) 
the C(ls), Si(2s), and Li(ls) 
spectra of Li/Si alloy exposed 
momentarily to atmosphere; 
(c) the C(ls), Si(2s), and Li(ls) 
spectra of Li/Si alloy fractured 
and loaded under a normal 
atmosphere. 
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were added very quickly (less than a few minutes).  
Subsequent buildup probably follows an isotherm de- 
pendence as observed for other active metals. 

The Si(2s) spectrum in Fig. 7(c) showed that  no 
detectable silicon was present on the strongly passi- 
vated alloys. Since the escape depth of the Si (2s) elec- 
tron is about 20-35A in most solids, this lack of a 
silicon signal implies a silicon-depleted layer of at 
least 50-100A. (12, 27). The freshly exposed surfaces 
showed higher concentrations of silicon. Aging studies 
discussed below indicate the segregation of l i thium and 
silicon during passivation of the surface. 

The L i ( l s )  spectrum of the freshly exposed Li(Si)  
surface is shown in Fig. 7(a).  The pristine nature of 
this surface was confirmed by the appearance of only 
one L i ( l s )  peak due to l i thium metal  (13). On those 
samples which have been par t ia l ly  passivated, two 
L i ( l s )  peaks are observed [Fig. 7(b) and (c)].  One 
might expect that  only ionic lithium, with a higher 
L i ( l s )  binding energy, would be observed on these 
samples. Previous studies have shown the reduction 
of ionic l i thium compounds to metallic lithium by the 
x - ray  source (11). Two forms of lithium are always 
observed in an XPS spectrum of any li thium salt. 
Figures 7(b) and (c) show an ionic l i thium whose 
concentration roughly correlates to the extent of 
passivation. Further  studies of the kinetics of x - ray  
photoreduction of these compounds and the kinetics of 
surface passivation are underway (14). 

In studies conducted thus far, no evidence of the 
formation of LisN on the Li(Si)  surface has been ob- 
served. N( l s )  signal intensities were below detectable 
limits. Although nitrogen will react with lithium at 
room temperature (15), the reaction is too slow to 
effectively compete with reactions of the metal  with 
CO2, H20, and 02. Furthermore, LisN decomposes in 
the presence of H20 to form Li20 and NI-I8 (16). 

Figure 8 shows the AES spectrum of a typical Li /Si  
alloy (45 w/o) .  The surface of this material  [Fig. 8(a)] 
showed only lithium, oxygen, and traces of carbon and 
silicon in the spectrum. The low levels of silicon are 
consistent with the XPS data; the absence of carbon is 
l ikely due to the fact that these materials were freshly 
fractured under high puri ty argon and loaded into the 
AES, UHV system directly. An expanded AES spec- 
t rum indicated that the precise energy position and 
intensity of the l i thium Auger transitions are strongly 
dependent upon chemical form and matr ix  (17-21), 
but our data clearly indicate no metallic lithium on 
the surface (21). Lithium does not possess sufficient 
core electrons to undergo an intra-atomic, Auger ioni- 
zation. The detected electron must be donated by 
neighboring atoms; thus, several Auger transitions are 
possible, depending on the energy levels of the elec- 
trons in the neighboring atoms (18). These AES spectra 
show transitions consistent with l i thium in a fully 
oxidized form (17). 

Following extensive ion sputtering, a larger silicon 
peak appeared [Si/Li : 0.26, Fig. 8(b)] .  The alloy 
stoichiometry was still not achieved even after pro-  
longed sputtering. We feel that the heating caused by 
the incident ion beam is also responsible for initiating 
migration of the l i thium away from the bulk alloy 
(see below). The continued presence of oxygen on 
the extensively sputtered surface is puzzling. The bulk 
composition of the alloy does not indicate appreciable 
oxygen present (22). When the sample in Fig. 8 was 
exposed to laboratory atmosphere for about 10 rain, 
and then reanalyzed, the spectrum in Fig. 8(c) was 
obtained. Note the disappearance of silicon in favor 
of increased l i thium and oxygen intensities. This again 
demonstrates the effect of atmospheric passivation on 
these alloys. 

To approximate the conditions seen by the freshly 
exposed anode surface in the high temperature battery 
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Fig. 8. Auger spectra and ion-beam depth profiling of 45 w/o 
Li(Si) alloy. (a) Surface scan; (b) surface scan after approximately 
5000A had been ion-beam sputtered, and (c) surface scan after 
exposure to the atmosphere for 10 min. 

environment, a series of experiments was conducted 
where an ion-sputtered alloy was subjected to thermal 
shock using an electron-bombardment heater. The alloy 
surface was ion sputtered until appreciable silicon was 
present [Si/Li = 0.14, similar to Fig. 8(c)] .  The sur-  
face was then subjected to E-beam heating of lW for 
1 min and the silicon dropped to below detection limits. 
Clearly, heating of the sample caused migration of 
the lithium away from the silicon as was the case for 
atmospheric passivation. Diffusion of Li into p- type 
single crystals of silicon at high temperatures has 
been reported previously (23), supporting this hy-  
pothesis. 

Discussion 

The microscopic examination of the cathode and 
anode materials before and after discharge leads to the 
observations that (i) the FeS2 particle undergoes a 
chemical and physical change at  its surface which 
likely leads to the migration of a sulfur-rich layer into 
the EB region of the single-cell; and (ii) there is a 
color change and a morphological change in the Li (Si) 
anode during discharge which is l ikely due to a 
chemical compositional change. This compositional 
change is possibly due to the migration of lithium 
away from the anode bulk, as shown by AES studies. 
The AES/XPS experiments on the individual compo- 
nents show that (i) there is a significant concentration 
of oxygen-rich species on the surface on the FeS2 
cathode; (ii) that thermal shock of the cathode mate-  
rial  leads to a migration of sulfur away from the bulk 
and leaves a substoichiometric iron sulfide behind; 
(iii) a passive oxide/carbonate film forms on the Li(Si) 
surface following exposure to atmosphere; and ( iv)  
that atmospheric passivation and/or  thermal shock of 
the anode material  l eave  an anode surface that  is rich 
in ionic lithium_ 
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Oxide-rich forms of sulfur and iron on the cathode 
surface may be responsible for the initial voltage ex- 
cursion seen in the cathode during single cell discharge. 
The voltage excursion correlates with the particle size 
used in the cathode pellet (6). Smaller cathode par- 
ticles lead to a larger voltage excursion which is con- 
sistent with their higher oxide content. Depletion of 
the oxide-rich layer leads eventually to a more con- 
stant discharge voltage. 

Thermal or electrochemical migration of sulfur away 
from the cathode material is not unexpected, especially 
at the operating temperature of the thermal battery 
system. Thermal loss of sulfur can cause serious prob- 
lems in the poisoning of current collectors and un- 
wanted reaction directly with the anode material. In 
the event that recharging is desired, this loss of volatile 
sulfur will result in lower charge/discharge capacity. 
The migration of sulfide from the cathode can be 
understood in terms of the migration of all anions 
toward that anode (24). Reasons for the migration of 
iron are less obvious and may be due to the formation 
of a nonstoichiometric iron, sulfur, potassium, lithium 
complex. An X-phase (Li2FeS2) and a J-phase 
(LiK6Fe24S26C1) have been identified in discharged 
Li/FeS2 batteries following cooling (4). Countering the 
movement of sulfide is the precipitation of a lithium- 
sulfur salt in the EB layer. Any precipitation of this 
type means the removal of current carrying ions from 
the electrolyte and an addition to the internal cell 
resistance if the precipitate has low solubility at the 
operating temperature of the battery. 

Movement of lithium at the anode surface can lead 
to increased resistance toward charge transfer when 
this migration occurs with the formation of a passive 
oxide or carbonate layer. Loss of lithium from the 
anode interface has also been observed through the 
reduction of the adjacent KC1 to metallic potassium, 
which can volatilize to another part of the sealed bat- 
tery (1). This type of lithium movement would result 
in decreased discharge capacity at the anode surface. 
The kinetics of migration processes at the anode/EB 
interface are currently under investigation (14). 

Further experiments will study the significance of 
each of these complications in individual half-cells. 
At the high temperatures of cell operation, the re- 
sistance to current flow represented by the reactions 
noted above may not be restrictive to the near opti- 
mum performance of these batteries. If storage of the 
battery is required before use (especially in adverse 
environments), or if extended use is required, such as 
long discharge or several charge and discharge cycles, 
then these interracial reactions will be important. 
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ABSTRACT 

The covalent,  meta l l ic  conductor,  po lymer ic  sul fur  ni t r ide,  (SN)x, h a s  
been used as an e lec t rode  ma te r i a l  in aqueous media.  I r r evers ib le  r edox  
couples were  used as kinet ic  probes to moni tor  changes in the (SN)x e l e c t r o d e  
sur face /so lu t ion  in ter face  af ter  chemical  modification resul t ing  f rom the  
s t rong in terac t ion  of (SN)~ wi th  meta l  cations a n d / o r  ox ida t ion  of t]~.e (SN)x 
surface. The iodate  reduct ion and iodide oxida t ion  react ions pe rmi t t ed  the  
s tudy  of two different  potent ia l  regions. P a l l a d i u m ( I I )  and s i l ve r ( I )  w e r e  
chemical ly  a n d / o r  e lec t rochemical ly  reduced  at  the (SN)x surface forming  a 
meta l l ic  surface phase. C h r o m i u m ( I I I )  r ema ined  in a cationic fo rm immobi -  
l ized on pa ra l l e l  (SN)x surfaces in both potent ia l  regions. 

Recent ly  there  has been a grea t  deal  of in teres t  in 
the chemical  modification of e lect rode surfaces in o rder  
to p roduce  electrodes having selective analyt ical ,  syn -  
thetic, or ca ta ly t ic  p roper t ies  (1). A few of the app l i -  
cations which have resul ted  f rom these chemical ly  
modified electrodes are:  Elect rocata lys is  (2), enhance-  
men t  of surface  s tab i l i ty  (2d, 2p, 3), spect ra l  sensi-  
t izat ion or improved  l igh t -e lec t r ica l  energy conversion 
(2c, 2p, 4), in situ analysis  (5), reference  electrodes for  
nonaqueous  systems (6), or s imula t ion  of pho tosyn-  
thetic p r i m a r y  processes (7). 

Organosi lane chemis t ry  is used ex tens ive ly  in the  
covalent  a t t achment  of different  species to e lect rode 
mater ia ls ,  t he reby  in t roducing a ~-bonded sys tem be-  
tween  the e lect rode and the e lec t rochemica , ly  active 
group. This increases the  e lect r ica l  res is tance and ca-  
paci tance,  making  kinet ic  studies at these chemical ly  
modified electrodes more difficult. Direct  a t t achment  
of meta l  ions to an electrode surface is less common 
(2b, k, q; 3b; 4e, g, h, j -m;  5b; 8b; 11) wi th  severa l  in-  
stances involving po lymers  or  organic l igands a t taching 
the meta l  to the e lect rode surface (2b, k; 4e, g, h; 8a-c).  
The inorganic  metal ,  po lymer ic  sulfur  n i t r ide  or (SN)x, 
provides  funct ional  groups for convenient  chemical  
mo.dification at  the surface of this h ighly  conduct ing 
mate r i a l  (9). Thus, i t  is not necessary to in t roduce  in-  
sula t ing species be tween  elect rode and active groups. 
Consequently,  sys temat ic  fundamenta l  studies have 
been unde r t aken  (10, 11) in o rder  to de te rmine  the 
e lec t rode  character is t ics  of this unusua l  ma te r i a l  in 
aqueous solutions. 

In  order  to s tudy  the effects of chemical  modification 
on the (SN)x/so lu t ion  interface,  an e lec t rochemical  
probe  technique (12) was used in the present  cyclic 
vo l tammet r ic  study.  This method  employs  redox cou- 
ples which exhib i t  i r revers ib le  behavior  at the elec-  
t rode  and, therefore,  thei r  e lect rochemical  kinetics are  
s t rongly  influenced by the na tu re  of the e lec t rode /so lu-  
t ion interface.  The iodate  reduct ion  and iodide o x ida -  
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t ion were  chosen for this s tudy because these systems: 
(i) are  i r revers ib le ,  (ii) have been s tudied  ex tens ive ly  
wi th  e lectrodes other  than  (SN)x (13), and (iii) pro -  
vide  two different  potent ia l  regions for study. The 
qual i ta t ive  resul ts  obta ined  were  compared  wi th  the  
electrochemical  behavior  of these systems wi th  meta l  
electrodes.  

Capaci tance studies were  not  car r ied  out as (SN)x 
e lect rode surfaces are  ve ry  rough  (11) and cannot be 
pol ished mechan ica l ly  (for example ,  wi th  sandpaper  or 
a pol ishing powder)  wi thout  causing considerable  dam-  
age. In  addit ion,  background  currents  in suppor t ing  
e lect rolytes  alone exhib i t  a significant fa radaic  com- 
ponent  (10). 

Experimental 
All  chemicals  were  of reagen t  grade.  As the  redox 

couples employed in this s tudy were  kinet ic  probes of 
the na tu re  of the (SN)x/so lu t ion  interface,  al l  (SN)x 
electrodes did not necessar i ly  yie ld  the  same peak  po-  
tent ia ls  for a given couple because of var ia t ions  in 
surface character is t ics  be tween  different  (SN)x elec-  
trodes. For  example ,  Fig. 3A and 4A show iodate  re -  
duct ion peaks  for two different  (SN)x electrodes.  The 
peak  potent ia ls  and indeed, the genera l  appearance  of 
the peaks  are  signif icantly different  for these electrodes.  
For  this reason, comparison of the r edox  behavior  of 
iodate  (or iodide) before  and af ter  chemical  modifica-  
t ion was only meaningfu l  if the same e lec t rode  w a s  
involved.  

Electrodes were  p repa red  as descr ibed e lsewhere  
(9). The (SN)x fiber bundles  were  e i ther  para l le l  or  
pe rpend icu la r  to the e lec t rode/so lu t ion  interface.  Both 

r ' . . . .  su faces exh ib i ted  s lml lar  e lec t rochemical  behavior  
wi th  respect  to the exper iments  r epor ted  here, wi th  
the except ion of the exper imen t  involving chro-  
mium ( I I I ) .  

Al l  o ther  expe r imen ta l  deta i ls  have been out l ined 
e lsewhere  (11). 

Results and Discussion 
Iodate reduction.--Iodate was chosen as one of the  

systems to probe the na tu re  of (SN)x surfaces before  
and af ter  modification for the reasons s ta ted above. 
F igure  1 i l lus t ra tes  the reduct ion  of 0.040M iodate  in 
0.5M acetate  buffer (pH ~ 4.75) on p l a t inum and a 
pa ra l l e l  (SN)x electrode.  The behavior  was s imi lar  for  
pe rpend icu la r  surfaces. The iodate  reduct ion  peak  r e -  
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Fig. I. Dependence of the reduction of 0.04M KIO3 in 0.SM 
acetate buffer, pH 4.75 on positive reversal potential at a parallel 
(SN)x electrode. Scan rate 0.02 Vsec - I .  Numerals refer to scan 
number. Curves A and B, (SN)x. Curve C, Pt. 

corded with  the p l a t inum electrode was concomitant  
wi th  hydrogen  evolut ion which agreed wi th  chronopo-  
tent iometr ic  studies obta ined  by  Anson (14) under  
s imi lar  conditions at p la t inum electrodes having no 
surface oxides. The first scan wi th  an (SN)z  e lect rode 
(Fig. 1A, curve 1) in i t ia ted  f rom 0.0V to negat ive  po-  
tent ia ls  showed no reduct ion peak  for  iodate  at  po ten-  
t ials  s imi lar  to those on Pt  (Fig. 1C). Only  af ter  the 
potent ia l  excurs ion reached values posit ive of approx i -  
ma te ly  0.5V, sufficient to cause oxidat ion  of the sur-  
face of (SN)x (10), (Fig. 1B, curve 1) was the iodate  
reduct ion peak  observed.  The magni tude  of the iodate  
reduct ion peak  was a function of the extent  of posi t ive 
polar izat ion on the preceding scan (Fig. 1B, curves 
2-4). If, a f ter  obta ining an ini t ia l  wel l -def ined peak, 
the scan into posit ive potent ia ls  was reversed  at  0.0V 
on al l  subsequent  cycles, the  peak  g radua l ly  d isap-  
peared.  Davis (15) has shown that  the ra te  of reduct ion 
of iodate  on the surface of p la t inum electrodes,  at fixed 
potential ,  increases  as the amount  of p l a t inum oxides 
on the surface increases. Anson (14) has demons t ra ted  
tha t  the reduct ion  of iodate  at  p l a t inum electrodes 
having surface oxides present ,  occurs at  potent ia ls  200- 
600 mV more  posit ive than  at e lectrodes having no 
surface oxides. The decrease in overvol tage  is thought  
to involve the s imultaneous reduct ion of p l a t inum 
oxide and the iodate  (14). I t  must  be noted that  a large  
excess of iodate  (103 t imes the equivalents  of p l a t inum 
oxide)  can be reduced  at  these lower  overvol tages  
(14). The behavior  of iodate  at  (SN)x electrodes might  
be expla ined  s imilar ly ,  i.e., iodates  were  reduced  at  
r e l a t ive ly  low overvol tages  at oxidized (SN)x elec-  
trodes. Af te r  severa l  scans wi thout  posit ive polar iza-  
t ion there  were  no longer  any oxidized sur face  func-  
t ional  groups and, hence, the iodate  reduct ion no longer  
occurred at  low overvoltages.  

To invest igate  this poss ibi l i ty  fur ther ,  per ioda te  ion 
was s tudied in vo l tammet r ic  exper iments  wi th  both 
(SN)~ and p la t inum electrodes.  The results  indicate  
tha t  the per iodate  ion chemical ly  oxidized the p la t inum 
surface, resul t ing in a posi t ive shif t  in the iodate  re -  
duct ion potential .  The reduct ion  of per ioda te  to iodate  
precedes  the reduct ion of iodate  which takes  place at  
--0.560V at the  oxidized p la t inum electrode.  These r e -  
sults are consistent wi th  those previous ly  repor ted  (14). 
When  this process was inves t iga ted  at  (SN)x elec-  
trodes, only one peak  was observed  at  ca. --0.60V, in 
contras t  to the behavior  at  the p la t inum electrode.  Also, 
there  was no need for pr ior  posi t ive polarizat ion,  as 
was requi red  in the iodate exper iments  descr ibed 
above. P r io r  polar izat ion to +0.70V had no effect on the 
peak  current ,  and the cur ren t  did not decrease in sub-  
sequent  scans as was the case wi th  iodate  at  (SN)x. 

Per iodate  ion apparen t ly  oxidizes the (SN)x surface 
and the observed peak  was s imply  the reduct ion o f  
iodate  at  the oxidized e lect rode surface. The fol lowing 
CE mechanism may, therefore,  be proposed 

(SN)zred @ IO4-  -> (SN) xox Jr" IO3-  --> 
red 

Such behavior  is opposite to tha t  observed  wi th  chro-  
mic acid preoxid ized  glassy carbon electrodes (16). 
These electrodes revealed  a loss of reproduc ib i l i ty  wi th  
respect  to iodate  reduct ion and a negat ive  shift  in peak  
potent ia l  a f te r  oxidat ion.  

Iodate  reduct ion also served as a kinetic  probe in 
exper iments  involving modification of (SN)x electrodes 
wi th  meta l  cations. Surface modification of (SN)x 
consisted of br ie f  immers ion  (30-60 sec) in solutions 
containing one of the fol lowing ions: s i l ve r ( I ) ,  pa l la -  
d ium (I I ) ,  chromium ( I I I ) ,  or  periodate.  Af te r  p r e t r ea t -  
ment, the e lectrodes were  thoroughly  r insed wi th  dis-  
t i l led wa te r  before use. Cyclic vo l t ammograms  were  
recorded in iodate solut ion before and af ter  p r e t r ea t -  
ment  in order  to de te rmine  if the na ture  of the surface 
had  changed for the same (SN)x electrode under  study. 

The fol lowing s tudy was car r ied  out  in the order  
stated, wi th  the same (SN)x electrode.  Af te r  p re -  
t r ea tmen t  wi th  0.1M AgNO~ solution (Fig. 2A),  a 
wel l -def ined iodate reduct ion peak  was observed  at  ca. 
--0.67V, without  the need for pr ior  polar iza t ion  at  posi-  
t ive potentials .  Subsequent  cycling resul ted  in a de-  
crease in the peak cur ren t  if  the posit ive reversa l  po-  
tent ia l  was 0.0V. If the e lect rode is polar ized at  +0.65V 
(Fig. 2B) for app rox ima te ly  15 sec before  in i t ia t ing the 
negat ive  scan, the iodate potent ia l  is shif ted to ca. 
--0.48V; however,  on subsequent  scans, the peak  shif ted 
nega t ive ly  to its or iginal  posit ion wi th  a s imul taneous  
decrease in peak  current .  The electrode was then im-  
mersed in a 0.040M KIO4 solution fol lowed by  nega-  
t ive scanning in iodate  solution. The behavior  was s imi-  
lar  to that  af ter  immers ion in s i lve r ( I )  solution (Fig. 

'1 

I I I I I I I I I 

* Q4 QO - 0.4 - Q 8  

E, V vs SCE 
Fig. 2. Influence of (A) pretreatment with 0.1M AgNOs, (B) 

polarization at -I-0.65, (C) pretreatment with 0.04M KIO4 on 
(SN)x electrodes, (D) silver metal electrode. Scan rate: 0.02 
Vsec - z  (numerals refer to scan number). 
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2C). The first negative scan from 0.0V showed a posi- 
tive shift of about 50 mV and a marked increase in cur-  
rent  compared to the later  scans after silver (I) immer-  
sion. However, once again the peak current  decreased 
and there was a negative shift on subsequent  scanning. 
One complete cycle was then made without  in te r rup-  
tion, beginning  positively from 0.0V. The effect of this 
brief  electrochemical oxidation was to. produce a peak 
on the negative scan which was very similar with re-  
spect to peak current  magni tude  and peak potential, to 
the peak obtained when the electrode was immersed in 
periodate solution. Finally,  the potential  was held for 
15 sec at § before scanning, which resulted in a 
200 mV positive shift in peak potential  from that at an 
unoxidized (SN)x electrode and an increase in the 
current  as was observed earlier. Figure 2D (scan 1) 
shows the behavior  of iodate on a silver electrode. The 
program for the second scan (not shown) was: 0.0 --> 
+ 1.0 --+ -- 1.0 ~ 0.0V. During this second scan a large 
split cathodic peak was observed for iodate reduction 
whose components had the same two peak potentials 
as those of scans 1 and 3, indicat ing a part ial  al terat ion 
of the surface. The third scan was ini t ia ted negatively 
from 0.0V without  previous positive polarization and 
resulted in the shift of the cathodic peak potential  to 
more negative values and a marked decrease in the 
cathodic peak current  (when compared to scan 2). 

Thus, the electrochemical behavior  of iodate at silver 
electrodes is quite similar to that  observed with silver 
ion pretreated (SN)x electrodes. Potentiostat ing at 
-50.65V, for approximately 15 sec, scanning positively 
into anodic current  regions or periodate pre t rea tment  
resulted in the shifting of the iodate reduction peak 
potential  to more positive values with a s imultaneous 
increase in cathodic current.  As s i lver(I )  pre t rea tment  
is sufficient to yield a well-developed iodate peak wi th-  
out positive polarization and there is s imilari ty between 
s i lver(I )  pretreated (SN)x electrodes and silver elec- 
trodes with respect to iodate electrochemistry, it might  
be concluded that s i lver(I )  chemically oxidizes the 
(SN) x surface while s imultaneously producing metall ic 
silver deposits. The presence of deposits has been ver i -  
fied by scanning electron microscopic investigations. 

Iodate studies with (SN)x electrodes pretreated by 
brief immersion in 0.02M PdC12 or Pd(NO3)~ solutions 
yielded similar results as those with silver ion pre-  
treated mater ia l  (Fig. 3). Curve A (scans 1 and 2) r e -  

l c • l Z / ' / / '  
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Fig. 3. Influence of (A) prior positive scanning and (B) pretreat- 
ment with O.02M Pd(N08)2 on cyclic valtommetric behavior of an 
(SN)x electrode in O.04M KI08, O.bM acetate buffer, pH 4.75. 
Scan rate: 0.02 Vsec -1  (numerals refer to scan number). 

sulted from an initial scan positively from 0.0V fol- 
lowed by a second complete cycle. When the scan into 
positive potential was reversed at 0.0V at the end of 
the second cycle, the diminished reduction peak (scan 
3) was recorded. As observed previously, this resulted 
from the partial reduction of the electrode surface. 
After the electrode was pretreated with palladium (II), 
the voltammograms shown in Fig. 4B were obtained. 
As in the experiments with silver (I) or the periodate 
pretreatment, a well-defined iodate reduction peak was 
observed without scanning to positive potentials where 
a significant quantity of anodic current was passed. 
The reduction peak potential was shifted by approxi- 
mately 300 mV to more positive values. As previously 
shown, there was a decrease in the current with s.can 
number when the positive potential scan reversal was 
made before significant anodic current flow. When pal- 
ladium(II) pretreated (SN)x electrodes are polarized 
negatively to --0.8V in 0.5M acetate buffer, hydrogen is 
evolved and there is no hysteresis in the current/po- 
tential curves. Untreated (SN)x electrodes exhibit a 
current hysteresis at negative breakdown potentials 
without the evolution of hydrogen (I0). This is evi- 
dence for the presence of metallic palladium deposits 
on palladium(II) pretreated (SN)x electrodes. These 
deposits can be seen under high magnification. 

As silver (I) and palladium(II) are highly o.xidizing 
species and are reduced to metals by (SN)x in a chemi- 
cal reaction, chromium(III) was also used to pretreat 
(SN)z electrodes. This metal cation was found to be 
electrochemically inactive at (SN)x electrodes although 
its presence in solution significantly decreases back- 
ground currents caused by surface redox processes 
(11). It was thought that chromium(IIl) interacts 
strongly with (SN)x and thus, might affect iodate re- 
duction at the surface. This was found to be the case 
for parallel (SN)x electrodes (Fig. 4). Iodate behavior 
on an untreated electrode was as observed previously 
(Fig. 4A). No reduction peak for iodate was observed 
on scanning to negative potentials until after scanning 
into the positive region. After brief pretreatment of 
this electrode in a 0.1M solution of Cr(CIO4)3, the vol- 
tammograms shown in Fig. 4B were obtained. The first 
scan was negative from 0.0V, and was followed by one 
positive scan and several negative scans with 0.0V as 

the potential of reversal. A positive shift in peak paten- 
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Fig. 4. Influence of (A) prior positive scann!ng and (B) pretreat- 
ment with 0.1M Cr(CIO4)8 on cyclic voltammetric behavior at a 
parallel (SN)x electrode in 0.04M KIO3, 0.5M acetate buffer, pH 
4.75. Scan rate: 0.02 Vsec -1  (numerals refer to scan number). 
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t ial  of approximately 200 mV was observed (Fig. 4B), 
which is persistent  even after mult iple c,athodic scans 
ini t iated at 0.0V. It appears from these data and pre-  
vious s tud ies  (10) that  a form of nonmetal l ic  chromium 
is immobilized on the (SN)x surface. The valence state 
of the chromium is u n k n o w n  at this time. 

Iodide oxidation.--The iodine/iodide couple was also 
used as a probe system to s tudy the surfaces of modi-  
fied (SN)x electrodes. As iodide is oxidized at positive 
potentials at (SN)x electrodes, this couple offers a dif- 
ferent  potential  region for study. For comparison pur-  
poses, cyclic vol tammetr ic  studies o.f iodide at pal la-  
dium, silver, and hanging mercury  drop electrodes were 
performed. 

At low scan rates (0.01-0.05 Vsec -1) the oxidation 
peak on unt rea ted  (SN)x electrodes was drawn out 
and not of a diffusion controlled character. F u r -  
thermore, on the reverse scan, the reduction peak was 
often comprised of two ill-defined peaks. The relat ive 
height of these two peaks was dependent  on scan 
rate. The more positive peak decreased with a con- 
comitant  increase in the second peak with an increase 
in scan rate until ,  at 0.500 Vsec -1, only the la t ter  at 
Epc ---- +0.170V remained (Fig. 5D). Also the oxidation 
peak appeared to be diffusion controlled at this scan 
rate (Epa ---~ -~0.500V at 0.500 Vsec-1).  The separation 
between the anodic and cathodic peak potentials in-  
creased with increasing scan rate. 

As with the iodate studies, (SN)x electrodes were 
pretreated by brief immersion in solutions containing 
cations which might  undergo chemical reaction with 
the surface. Cyclic vol tammograms were recorded in 
iodide solution at two scan rates for untreated,  pre-  
treated, and the appropriate metal  electrode for com- 
parison. 

L-  
0'8 

E,V VS. $CE 

Fig. 5. Influence of palladium(ll) pretreatment of (SN)x elec- 
trodes on cyclic voltammetric behavior in 0.05M KI and 0.5M 
NaCIO4: (A, D) untreated (SN)x; (B, E) pretreated (SN)x; (C, F) 
palladium metal electrode. Scan rate (A-C) 0.1 Vsec -1, (D-F) 
0.5 Vsec - 1  (numerals refer to scan number). 

When an (SN)~ electrode was pretreated with 0.02M 
Pd(NO3) 2 voltammograms were obtained in iodide so- 
lution (Fig. 5B, E) which had characteristics interme- 
diate between untreated (SN)x electrodes and a pal- 
ladium wire electrode. The peak potential for the 
oxidation of iodide became increasingly positive as one 
went from untreated to palladium(II) pretreated to 
palladium metal electrodes for a given scan rate (cl. 
Fig. 5A, B, C or 5D, E, F). Furthermore, the palla- 
dium(If) pretreated (SN)~ electrode exhibited only 
one (the more positive) of the two reduction peaks at 
slower scan rates (0.01-0.1 Vsec-1). This may indicate 
that  the pa l lad ium(I I )  pretreated (SN)x electrode 
surface consists of regions having pal ladium metal  de- 
posits and other areas of exposed (SN)x. The electrode 
process is presumed to occur on both of these surfaces 
simultaneously.  

The potential  for the oxidation of electrodeposited 
pal ladium metal  for an (SN)x electrode in 5 mM 
PdC12 (17) corresponds to the same potential  (ca. 
+0.60V) for the oxidation of iodide at a pa l l ad ium(I I )  
pretreated (SN)x electrode at a scan rate of 0.500 
Vsec -1 (Fig. 5E). It is conceivable that metall ic pal-  
ladium present  on the (SN)~ surface could be under -  
going simultaneous oxidation with iodide in a manne r  
analogous to. the reduction of iodates at oxidized metal  
or (SN) x surfaces as discussed earlier. 

The vol tammograms obtained with the pal ladium 
wire electrode exhibited a hysteresis of the current  
upon scan reversal at positive potentials (Fig. 5C, F) .  
At higher scan rates (Fig. 5E) the pa l lad ium(I I )  pre-  
treated electrode exhibited more of a tendency toward 
hysteresis than the unt rea ted  (SN)x (cf. Fig. 5D). 

Qualitatively, the same type of behavior was ob- 
served when the (SN)~ was pretreated with 0.1M 
AgNO3. However, with s i lver(I )  pretreated electrodes, 
vol tammograms changed with scan number  un t i l  they 
appeared to be identical with those obtained with un-  
treated electrodes. Repeti t ive cycling appears to re-  
move any deposited or immobilized silver. This also 
was found to be true for mercury  in  a series of similar 
experiments,  but  this was not the case with pa l lad ium 
pretreated (SN)x electrodes. 

Finally,  it should be noted that  p re t rea tment  of 
(SN) x electrodes with chromium (III) ,  eu rop ium(I I I ) ,  
i ron( I I I ) ,  or i ron( I I )  had no effect on I2 / I -  redox 
behavior. This may be due to electrostatic repulsion 
resul t ing in the removal  of these cations from the sur-  
face in such positive potential  regions. 

In  conclusion, pre t rea tment  of parallel  or perpen-  
dicular (SN)x electrodes with pa l lad ium(I I )  or sil- 
ver ( I )  solutions results in  the formation of a metallic 
phase on the surface. This is expected since they have 
redox potentials more positive than that  of (SN)~ (17). 
At positive potentials, the metall ic pal ladium is bound 
more pe rmanen t ly  to the (SN)x surface than silver, as 
is evidenced by the iodide studies. For a chromium (III) 
pretreated electrode, the chromium appears to be 
strongly bound to parallel  (SN)z electrodes in an ionic 
form, which is logical on the basis of the redox poten-  
tials of chromium(I I I )  and (SN)x (17). The la t ter  
modified surface catalyzes the electrochemical reduc- 
t ion of iodate. Periodate, with a redox potential  which 
is more positive than that of (SN)~, oxidizes the sur-  
face of (SN)x electrodes, thus shifting the potential  of 
iodate reduction to more positive potentials (17). 
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Technical Notes 

Electrodissolution Kinetics of Iron in 
Highly Acidic Chloride-Free Solutions 

N. L. N g u y e n *  and Ken Nobe*  

Department oJ Chemical Engineering, UCLA, Los Angeles, California 90024 

One of the most impor t an t  l andmarks  in the  develop-  
ment  of the  modern  science of corrosion has been Bon- 
hoeffer and t teus ler ' s  hypothesis  of the exis tence of 
un iva len t  i ron surface in te rmedia tes  formed by  re -  
action of solution components  and iron dur ing corro-  
sion (1). Subsequent ly ,  the  two classic papers  by 
Bockris and co-workers  (2,3) ,  which  describe the 
kinetics and mechanism of i ron corrosion, la id the 
foundat ion for e lec t rochemical  model ing of funda-  
menta l  metal l ic  corrosion processes. 

Both groups r epor t ed  tha t  ~he r a t e  of i ron e lec t ro-  
dissolution had  a negat ive  react ion o rde r  wi th  respect  
to hydrogen  ions. Ke l ly  (4), subsequent ly ,  confirmed 
the negat ive  first o rder  resul t  of Bockris and co -work -  
ers (2). More recently,  McCaffer ty and Hacke rman  (5) 
r epor ted  a posi t ive react ion order  wi th  respect  to hy -  
drogen ions for the ra te  of i ron electrodissolut ion in 
concentra ted  acidic chlor ide solutions, in contras t  to re -  
sults obta ined for i ron in solutions of lower  concentra-  
tions of hydrogen  ions. This posit ive react ion order  was 
la te r  confirmed by  Lorenz et al. (6) and Kuo (7). This 
note repor ts  on studies of i ron in concentra ted  acidic 
ch lor ide- f ree  solutions. Some p re l im ina ry  da ta  on this 
system had been repor ted  prev ious ly  by  Kuo (7). 

Experimental  
The same ro ta t ing  disk appara.tus, ins t rumenta t ion ,  

and exper imen ta l  procedure,  as descr ibed prev ious ly  
(7), was used in this work. The e lec t ro ly te  was HC104- 
NaCIO4 wi th  the ionic s t rength  main ta ined  at  5M whi le  
H+ concentrat ions  were  var ied  f rom 0.05 to 5M. The 
test  e lectrodes were  p repa red  from 1.27 cm d iam F e r -  
rovac E i ron rod. The deta i led  p repa ra t ion  and p re -  
t r ea tment  procedures  of the i ron  electrodes have also 
been descr ibed prev ious ly  (7). Electrode potent ia ls  
were  corrected for  l iquid junct ion potent ia ls  and the 
IR drop. 

Results and Discussion 
The dependence  of the res t  po ten t ia l  on hydrogen  ion  

concentra t ion 

0go 
�9 ) = 0.06 V / d e c  

0log [H +] 

is the same as r epor ted  for i ron in chlor ide- f ree  solu-  
tions of lower  acidity.  F igure  1 shows the anodic po-  
lar iza t ion behavior  of i ron in the HC10r solu-  
tions wi th in  the act ive region. L inear  and pa ra l l e l  
anodic Tafel  l ines of slope 0.04 V/dee,  over  the ent i re  
range of H + concentrat ions (0.05-5M) examined,  a re  
obtained.  The H + reac t ion  o rde r  plot, as shown in Fig. 
2, gives a negat ive  slope of 1.1. This resul t  shows tha t  
the ra te  of iron electrodissolut ion is negat ive  first o rder  
a t  high as wel l  as at  low acid concentrat ions  in chlo- 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key  w o r d s :  co r ros ion ,  e l ec t rod i s so lu t i on ,  i ron .  

r ide - f ree  solutions. Negat ive  first order  kinet ics  and 
0.04 V/dec  Tafel  slopes indicate  tha t  the Bockris 
mechanism of i ron electrodissolut ion is also val id  at  
high acid concentrat ions in the absence of chlor ide ions. 
On the other  hand, in the presence of sufficient concen- 
t ra t ions of chloride ions, different  kinet ic  pa ramete r s  
are  obtained indica t ing  changes in the mechanism (5-7, 
8,9) .  

F igure  3 shows the cathodic polar izat ion behavior  
(hydrogen evolut ion react ion)  of i ron in the  HC104- 
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Fig. 1. Electrodissolution rate vs. potential at various H + con- 
centrations. Iron in x HCI04 - -  y NaCI04 (x -t- y ~ 5M). 
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Fig. 3. Hydrogen evolution rote vs. potential at various H + 
concentrations. Iron in x HCI04 - -  y NaCI04 (x + y = 5M). 

NaC104 solutions. L inear  and pa ra l l e l  cathodic Tafel  
l ines of 2 RT/F are  obtained.  The H + reac t ion  order  
p lo t  for the hydrogen  evolut ion  reac t ion  (HER) is also 
shown in Fig. 2 and gives a slope of 0.9 indica t ing  first 
o rde r  kinet ics  for the HER on i ron in h ighly  acidic per -  
chlorate  solutions. The same k ine t ic  pa rame te r s  were  
obta ined  for i ron  in h ighly  acidic chlor ide  solutions 
(10). 

The dependence  of the corrosion cu r ren t  on H + is 

0 log icorr 
- -  0.5 

0 log [H + ] 

The kinet ic  pa rame te r s  for  the HER on i ron  ( inc luding 

1933 

OEo/O log [H +] and 0 log icorr/O log [H+] )  are  equiv-  
a lent  to corresponding values  obta ined by  Ke l ly  (4) 
for i ron in sulfate  solutions of subs tan t ia l ly  lower  ionic 
s t rength  and acidity.  

The resul ts  of this work  indicate  tha t  chlor ide  ions 
signif icantly affect the  mechanism of i ron e lec t rodis-  
solut ion but  not  tha t  of the HER on iron. 
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Procedure for Evaluation of Exchange Current 
Density and Coverage by an Intermediate at 
the Reversible Potential in a Process Such as 

Evolution 

B. V. Tilak* 
Hooker Chemical Corporation, Hooker Research Center, Grand Island, New York 14072 

and D. M. Novak *'~ and B. E. Conway* 
Chemistry Department, University of Ottawa, Ottawa, Ontario K1N 9B4, Canada 

The elect rode kinet ics  of anodic C12 evolut ion have, 
in recent  years,  become a topic of ma jo r  in teres t  espe-  
c ia l ly  in appl icat ions  using RuO2-based DSA| 2 elec-  
t rodes (1-4) employed  in the ch lo r -a lka l i  indust ry .  
The kinet ics  of anodic C12 evolut ion have also been 
ex tens ive ly  s tudied at  P t  anodes f rom a more  funda -  
menta l  mechanis t ic  point  of view, commencing f rom 
the ear ly  work  of Chang and Wick (5). 

Mechanist ic  cr i ter ia  such as reac t ion  order ,  Tafel  
slope, and s toichiometr ic  n u m b e r  values  were  appl ied  

* E l e c t r o c h e m i c a l  Soc i e ty  Ac t ive  M e m b e r .  
P r e s e n t  a d d r e s s :  N a t i o n a l  R e s e a r c h  Counci l ,  Divis ion  of 

C h e m i s t r y ,  C o r r o s i o n  a n d  Meta l  O x i d a t i o n  Sec t ion ,  O t t a w a ,  
O n t a r i o ,  C a n a d a .  

K e y  w o r d s :  a d s o r b e d  i n t e r m e d i a t e s ,  Cl.~ evo lu t ion ,  H~ evo lu t ion ,  
p l a t i n u m ,  n o n a q u e o u s  med ia .  

DSA|  is a r e g i s t e r e d  t r a d e  m a r k  of Diamond Shamrock Tech- 
nologies  S.A. 

to expe r imen ta l  resul ts  for CI~. evolut ion at  P t  f rom 
aqueous C1- solutions, e.g., by Yokoyama and Enyo 
(6) and by  Ti lak (7). Appl icat ions  to C12 evolut ion 
f rom mol ten  chlor ide sal ts  were  made  by  Triaca,  Solo-  
mons, and  Bockris (8). F r o m  most  of this work  
(6-10), i t  was concluded tha t  the recombinat ion  of dis-  
charged (chemisorbed CI" atoms was ra te  de te rmin-  
ing, giving rise to a Tafel  slope of RT/2F (10) at low 
overpotent ia ls  and an approach  to a l imi t ing  cur ren t  
at  high overpotent ia ls  (6, 11, 12). While  an approach  to 
l imi t ing cur ren t  behavior  was also observed  by  Yoko-  
y a m a  and Enyo (6), they  concluded tha t  the kinet ics  
were  de te rmined  by  ra te -con t ro l l ing  discharge of C1- 
ion, fol lowed by  equi l ib r ium recombina t ion /d i s soc ia -  
t ion of C12(CI- --> CI" + e; CI" ~-- Y2 C12). A new 
method for testing recombination-controlled kinetics 
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was proposed by  Conway and Novak  (11, 12) and  ap -  
p l ied  to the anodic Cle evolut ion on P t  in t r i f luoro-  
acetic acid and wa te r  as solvents in order  to eva lua te  
the role of the surface oxide mono laye r  at  P t  anodes 
wi th  regard  to e lectrocatalysis  of the C12 evolut ion re -  
action. This method  enabled  the recombina t ion  kinet ics  
to be tested over  a wide range  of coverages 0 by  the 
adsorbed CI' in te rmedia te  b y  means  of a l inea r  test  
p lot  (11, 12) over  a wide range  of 0cr values  f rom 
0cr ~ 0 to 0cr -> 1 as the l imi t ing  cur ren t  is ap-  
proached.  

I t  was demons t ra ted  tha t  the  expe r imen ta l  resul ts  for 
CI2 evolut ion f rom both  aqueous and tr if luoroacetic 
acid and wa te r  solutions of C I -  ion gave excel len t  
l inear  plots of the k ind  ment ioned  above except  nea r  
the revers ib le  potent ia l  where  the back- reac t ion  com- 
ponent  must  be taken  into account. 

I t  is the purpose  of the p resen t  communica t ion  to 
show that  the  data  obta ined in Ref. (11) and (12) can 
be t rea ted  by  a procedure  which enables  an es t imate  to 
be made  of the coverage of the adsorbed  in te rmedia te  
in the react ion at  the revers ib le  potent ial .  The method 
also enables  the exchange cur ren t  dens i ty  to be ob-  
ta ined o ther  than  by  the usual  procedure  of ex t r apo la t -  
ing a Tafel  line. Thus, for  recombina t ion  control led  r e -  
actions, e.g., Cle on Pt, this is not  a lways  feasible since 
the overpoten t ia l  (~l) - -  log [cu r ren t -dens i ty  (i) ] plots 
are  cont inuously  curved under  most  condit ions (5, 6, 
8, 11, 12) for k inet ic  reasons ra the r  than  diffusion l imi -  
tations. In  the da ta  to be t rea ted  below, absence of 
mass - t r ans fe r  l imi ta t ion  effects in the observed ap-  
proach to l imi t ing  currents  was demons t ra ted  b y  inde-  
pendence of the ~ vs. log i plots on ro ta t ion  ra te  a t  a 
ro ta t ing  disk e lect rode (11, 12). 

The expe r imen t a l  condit ions for  which  the da ta  for  
Clz evolut ion kinet ics  at P t  were  obta ined  were  fu l ly  
descr ibed in Ref. (11) and (12). Here we shal l  make  
some fu r the r  analysis  of these resul ts  for anodic C12 
evolut ion kinet ics  in comple te ly  anhydrous  t r i f luoro-  
acetic acid as solvent  w i th  RbC1 as e lec t ro ly te  [where  
no oxide film exists on the e lect rode (11)] in compar i -  
son wi th  the  resul ts  for  aqueous 1M KC1 + 0.05M 
HC1 solutions where  a significant coverage b y  a surface 
oxide mono laye r  film, wi th  co-adsorbed  C1- ion, is 
p resen t  (12). 

Basis of the Treatment 
The fol lowing react ion equations [el. Ref. ( 8 ) - (12 ) ]  

are considered for  a d i scharge / recombina t ion  con- 
t ro l led  type of two-s tep  react ion sequence such as is 
wel l  known in the He and C12 evolut ion processes. The 
case of C12 evolut ion wil l  be exemplif ied here  but  the 
t r ea tmen t  wil l  obviously  app ly  to any  s imi lar  reac t ion  
sequence. The steps are  

kl  
CI- § M ~ M Clads" § e [1] 

k - 1  

k2 
2H Cla~s' ~-- 2M q- Cle [2] 

k -~  

M are  the surface sites on the meta l  (in the anhydrous  
solut ion case) or oxide + C 1 - - c o v e r e d  e lect rode in the  
aqueous solut ion case. kl, k - l ,  k2, and k -2  are the ra te  
constants  for the steps [1] and [2] as indica ted  above 
With  the recombina t ion  step [2] ra te  controll ing,  s tep 
[1] is assumed to be in quas i -equi l ibr ium.  

For  brevi ty ,  Cc l -  wil l  r ep resen t  the C1- ion concen- 
t ra t ion in solution and R T / F  is represented  by  h - L  The 
s y m m e t r y  factor  3 in the d ischarge  step is t aken  as 0.5. 

is the overpoten t ia l  defined as V - -  Vrev  where  V is 
the meta l - so lu t ion  potent ia l  difference at  finite ne t  
cur ren t  dens i ty  and Yrev  that  a t  zero net  cur ren t  den-  
sity. D o u b l e - l a y e r  factors are  absorbed in the k va l -  
ues and are considered constant  for  the  purposes  of 
the presen t  analysis  for  constant  concentrat ion.  0 wi l l  

r epresen t  the  CI' coverage at  the overpoten t ia l  ~ and 
0rev tha t  a t  ~ _-- 0. A te rm 0o is defined as 0o = 0rev/1 
- -  0rev. 

The quas i -equ i l ib r ium assumpt ion  for  s tep [1] gives 

0 kl  
- -  Ccl -  exp (hV) = 0o exp (h,l) [3] 

1--0 --k-i 
k, 

Since 0o = Cc l -  exp (hVrev), s imple  r e a r r a n g e -  
k - 1  

ments  resul t  in 
eo exp (hn) 

0 --  [4] 
1 -{- 0o exp (hn) 

The cur ren t  dens i ty  i for the r a t e -de t e rmin ing  CI" 
recombina t ion  is g iven b y  

i - -  2 F [ k 2 0 2  - -  k-2 (1  --  0) 2] [5] 

In terms of the exchange cur ren t  density,  io, and 0o 
defined above through the coverage 0rev at  ~ = 0, the  
net  cur ren t  dens i ty  i is given b y  

[ O~ ( 1 - 0 ) 2  ] 
i - -  io [6] 

where  the two terms in the  b racke t s  correspond to for-  
ward  and backward  ra te  factors in the react ion veloci ty  
near  the revers ib le  potent ia l .  

Subs t i tu t ing  o in  te rms of Oo f rom Eq. [4] gives 

[ 1 ( 0 o e x p ( h ~ l )  ) '  
i : i o  

0rev 2 1 + 0o exp (h~l) 
( 1 ) '  ' ] 

-- 1 q- 0o exp (h~') " (1 --0rev) 2 [7] 

Rear rangement ,  fol lowing the definit ion of 0e in  terms 
Of 0rev, leads to 

( 1 - { - 0 o e x p ( h ~ )  ) 2 
i --G[exp (2h~l) -- I] [8] 8 

1 ~-0o 

By plot t ing the In of each side of this function for 
various expe r imen ta l  i and corresponding ~ data, In io 
wil l  be obta ined as the value of In [i[1 q- 0o exp ( h ~ ) ] /  
(1 4- 0o) 2] when In [exp(2h~)  --  1] ---- 0. The re-  
qui red l inea r i ty  of Eq. [8] wi l l  be achieved wi~h the 
appropr ia t e  value  of 0o, hence giving 0rev~ al l  the  other  
quant i t ies  being known. Evalua t ion  of 0o can be made  
ei ther  by  regression analysis  or  b y  numer ica l  eva lua -  
t ion using pairs  of da ta  points for ~ and i. Here  we have 
eva lua ted  0o as the value giving a best  l inear  fit of the 
da ta  to Eq. [8] in In form. 

Results 
Figures  1 and 2 show log plots of the  l e f t -hand  side 

and r i gh t -ha nd  side of Eq. [8] for kinet ic  da ta  for  C12 
evolut ion at  P t  in T F A  and aqueous solutions of C1- 
ion. The var ious  curves in Fig. 1 and 2 correspond to a 
range of selected 0o values.  The p lo t ted  graphs ind i -  
cate tha t  the l inear  re la t ion expected  for the mecha-  
nism [1], [2] is on ly  approached  as 0o is qui te  n e a r  
0, 0o ~ 0.01 for aq. solution, i.e., 0rev ----" 0. This is con- 
sistent,  in the TFA solut ion case whe~e no oxide  film 
format ion  is de tec table  in cyclic v o l t a m m e t r y  (11), 
wi th  the absence of any  revers ib le  underpo ten t i a l  dep -  
osition of C1 ~ species. The anodic cur ren t  curve on the 
cyc l i c -vo l t ammogram goes d i rec t ly  f rom a double-  
l aye r  charging current  into a cont inuing fa rada ic  cur-  
ren t  curve for the Cle evolut ion wi thout  any  cur ren t  

a F o r  t he  " e l e c t r o c h e m i c a l  d e s o r p t i o n "  case ,  w h i c h  does  no t  ap- 
p ly  to  t h e  p r e s e n t  e x p e r i m e n t a l  r e su l t s ,  t h e  e q u a t i o n  e q u i v a l e n t  
to  [8] is 

[ (1 + 0o)exp[h~(1  + f l ) ]  ] 
i = io - - I ' T  80 exp(h~?') [1 -- exp (  - -2h~)]  [8a] 

A p p l i c a t i o n  of t he  p r o c e d u r e  d e s c r i b e d  a b o v e  to  r e c e n t l y  dis- 
cussed  r e su l t s  of K h r i s t a l i k  (15) f o r  C12 evo lu t i on  on  RuOe elec- 
t r o d e s  also g ives  a 8o va lue  f o r  C1. c o v e r a g e  n e a r  to  zero.  Th i s  is 
cons i s t en t  wi th  t h e  r e q u i r e m e n t s  f o r  K h r i s t a l i k ' s  m e c h a n i s m  f o r  
th i s  e l ec t rode .  
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Fig. 1. Plot of In[i(1 + 00 exp(h~l))/(1 + 00)] 2 vs. In[exp(2h~) 
- - I ]  for the system Pt/O.SM aq. KCI + O.05M aq. HCI during 
anodic polarization at room temperature. 
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Fig. 2. Plat of In[i(1 -l- 0o exp(/nl))/(1 -]- 0o)] 2 vs. In[exp(2hvl) 
- -1]  for the system Pt/lO0% CF3COOH + O.SM RbCI during 
anodic polarization at room temperature. 

due to CI" deposition prior  to the C12/C1- reversible 
potent ial  (Fig. 3). 

As Eq. [8] indicates, In io values can be est imated 
from the plots of Fig. 1 and 2. The values are ca. e -z0 
(----4.5 X 10 -5 ) and e -6.2 (=2.03 X 10 -8) A cm -2, 
respectively, for TFA and 100% aqueous solutions of 
C1- ion at 0.1M C1-. These data are consistent with the 
differences of k2 derived from the special l inear  test 
plots made in Ref. (11) and (12) for the recombina-  
t ion-control led kinetics. 

Interaction ef]ects in the Cl" ad-layer.~Hitherto we 
have not ment ioned [but  cf. Ref. (11)] that  there can 
be significant la teral  interact ion effects in  the ad- layer  
of CI', especially when 0c1" -> 1 as the l imit ing cur ren t  
is approached. When interact ion effects are significant, 
Eq. [3] may take the form of a F r u m k i n  isotherm (13) 
where k l /k -1  is replaced by  k l / k - l "  (exp -- g0), g 
being the lateral  interact ion energy parameter  (13, 14) 
characterizing 2-dimensional  interactions in  the mona-  
layer. 

If the "g" factor is included in the analysis, Eq. [8] 
becomes 

[ l + o o e x p ( h n - - g e )  ] 2 
i 

l + e o  

= io [exp (2h~) -- exp (--  2g0)-] [9] 

Then, of course, the evaluat ion of 00 becomes more 

]_ ANHYDROUS CF s COOH ~ CzFsEVOLUTION 
~ 0.8 j Ci2 EVOLUTIO N 

~E I J \ /'~ NO UPD OF C " i ~  / : ~176   I/'FA'O"M OC' A' 
- -  ~ . . ~  
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Fig. 3. Cyclic-voltammogrom for Pt in 100% anhydrous 
CF3COOH with 0.1M CF3COOH or 0.1M KbCI, showing absence of 
Pt surface oxide formation or reduction currents, and no detectable 
upd of CI atoms. 

complex. However, some indicat ion of whether  a sig- 
nificant value of g is involved or not  can be obtained 
from the shape of the exper imenta l  ~l vs. log i curves as 
the l imit ing current  is approached [see Ref. (11) and 
(12)]. 

The equation for i at appreciable ~l takes the form 

i -- 2Fk20 ~ exp (2g0) [10] 

When g > 0, this gives (i) a l imi t ing cu r ren t  greater  
than that  for Langmui r  adsorption (g -- 0) and (ii) 
a slower approach of i to its l imi t ing value as e --> 1. 
In fact it  is seen tha t  

d l n ~  
- - =  2(1 + go) [11] 
d l n 0  

which is the surface reaction order  " in 0." 
Comparison of theoretically calculated In { vs. ,1 

curves for various sma l l  g values in  the range of 0 < 
g < 10 with the shapes of the exper imenta l  curves 
gives g -- 2.5, nea r  the value found in another  way for 
CF~COOH solutions in Ref. (11). This enables Eq. [9] 
to be used to evaluate 0o. Small  values of 80 near  
0 (<0.05) are again found. 

An i terat ive method could also be employed b y  sub-  
st i tut ing 0o for the condition g -- 0 (as above) and then 
using the equation h~ = In (0/1 -- 0) -- In 00 + gO to 
estimate g. A fur ther  est imate of 0o could then be made 
with the aid of Eq. [9]. In  the l ight of the l imited range 
of l inear i ty  of Fig. 1 and 2 for 0o near  0, we have found 
that  the fur ther  step is unproduct ive  of exact results 
for 0o for this system. Nevertheless, a low value of eo 
is still indicated. It  is per t inen t  to note here that  Lud-  
wig et al. (13) examined the kinetics of H~ evolut ion 
on Pt  in 6.1N HC1 and observed l inear i ty  over 7 dec- 
ades by plott ing ~ vs. log {i(1 -- exp (2F~/RT))-I}.  
This indicates that  0o = 0 since Eq. [8] degenerates 
to the above form (with appropriate sign for n) in the 
absence of coverage by the adsorbed intermediates  on 
the electrode surface at the reversible potential. Hence, 
it appears that the mechanism of H2 evolution on P t  
from acid media involves slow recombinat ion of 
weakly bound Hads, whose coverage is zero near  the re-  
versible potential, even though the electrode is a l ready 
covered with a monolayer  of s trongly bound  adsorbed 
hydrogen (14). 
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Calcium Thionyl Chloride High-Rate 
Reserve Cell 

E. Peled,* A. Meitav, and M. Brand 
Department of Chemistry, Tel-Aviv University, Te~-Aviv, Israe~ 

Recently, noteworthy progress has been made in the 
development of a h igh-ra te  reserve l i th ium thionyl 
chloride cell (1-3). At room temperature,  discharge 
rates as high as 150 m A c m  -2 were obtained with an 
average dischar~ge voltage above 2.5V (2). At 65~ the 
rate capabil i ty of the cell is improved and a cell with 
a 0.05 mm thick cathode can deliver 400 mA cm -2 for 
a few seconds at a voltage above 2.0V (2). 

One of the major  obstacles to the development  of a 
high-rate,  pi le- type (or mul t i -cel l )  l i th ium thionyl 
chloride bat tery  is its we l l -known hazard during 
reversal or charging. Reversal of one or more cells, or 
the charging of one row of cells by another row con- 
nected in parallel, are each l ikely to happen during 
deep discharge. The metall ic l i thium, which deposits 
under  these conditions on either the cathode or the 
anode, may have a large active surface area. At a high 
deposition rate, a powder-l ike l i th ium deposit can be 
formed. A mechanism for such a l i th ium deposition 
process was recent ly proposed (4). The presence of 
l i th ium powder deposit in a thionyl chloride cell may 
create a very hazardous condition. Another  danger is 
the formation of an in terna l  short circuit (sometimes 
accompanied by an in ternal  spark),  due to l i th ium 
dendri te  growth. This will lead to rapid melting, or 
even evaporation, of the l i th ium dendrite, thereby 
ini t ia t ing a cell explosion. 

Replacement of l i th ium with calcium can solve 
these safety problems. This is due to the following 
facts: (i) the mel t ing point  of calcium is much higher 
(838~ and (ii) the most impor tant  safety feature 
of the Ca/Ca(A1CI~)2-SOCt2 system is the inabi l i ty  to 
practically deposit calcium on a metallic iner t  elec- 
trode (5), on a carbon cathode or even on calcium 
itself, as will be shown below. 

Recently it was demonstrated (5-7) that calcium 
thionyl chloride cells can deliver, at low rates, a 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
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capacity comparable to l i th ium cells. The faradaic 
yield of a 0.5 mm thick calcium anode at 2.5 mA cm -~ 
was found to be 70-80% (7). The electrochemical be- 
havior of calcium in thionyl chloride solutions was 
recent ly studied (5, 7). It  was found that in thionyl 
chloride solutions calcium is covered by a passivating 
layer which acts as a solid electrolyte interphase 
(SEI). The resistivity of this SEI is (7) 10s-1010 ~cm, 
an order of magni tude  or more higher than that of 
l i th ium in  thionyl chloride solutions. The goal of this 
work was to assess the high-ra te  capabil i ty of a 
reserve type calcium-Ca(A1C14)2 thionyl chloride cell 
and to exhibit  its excellent safety features. 

Hermetical ly sealed glass cells containing a flat 0.5 
mm thick calcium (Roc/Ric) anode and a flat 1.1 mm 
thick Teflon-bonded carbon cathode were assembled 
inside a glove box. The carbon cathode had porosity of 
about 80% and consisted of 90 weight percent  (w/o)  
Shawinigan black and 10 w/o Teflon binder. The elec- 
trode area was 5.6 cm 2. A nonwoven 0.18 mm thick 
glass separator paper was inserted between the cath- 
ode and the anode. The two electrodes were supported 
by two stainless steel plates held together with four 
bolts, which t ightened at constant force. The cathode 
was isolated from this support  plate by glass separator 
paper. An electrolyte reservoir was attached to the 
cell through a Teflon "Rotaflo" stopcock. The electrode 
compartment  was evacuated before the discharge test. 
The cell was activated by opening the Teflon stopcock 
and let t ing the electrolyte fill the cell (about 30 ml) 
under  atmospheric pressure. The cell was loaded as 
soon as its OCV reached 3.1V. This took 5-20 sec, de- 
pending on the temperature  and on the composition of 
the electrolyte. Discharge at 60~ was carried out in-  
side an oven. The cell with the attached electrolyte 
reservoir was stored at this temperature  for 2 hr  prior 
to the discharge test. The procedure for conductivity 
measurements  is described in Ref. (8). Solutions were 
prepared by vacuum and glove box techniques. Fluke 
AR A1CI~ was sublimed under  Vacuum, Merck AR 



Vol. 128, No. 9 R E S E R V E  C E L L  1937 

SOCI~ was twice distilled under  vacuum, and Baker  
AR CaC12 was vacuum dried for 24 hr  at 250~ 

It was recent ly  found by Staniewicz (5) that  the 
deposition process of calcium on nickel substrate is 
inefficient and only "l i t t le  evidence" for calcium 
deposition was obtained. His exper iment  was carr ied 
out at a current  dens i ty 'o f  1.25 mA cm -2. Our efforts 
to electrodeposit  calcium on tungsten and Teflon- 
bonded carbon cathodes at current  densities of 1-30 
mA cm -2 all failed. On turning off the curren~ after 
15 rain of electrolysis of a 0.95M Ca(A1C14)2 solution 
at 1 mA cm -2, using a tungsten cathode and calcium 
anode, the OCV of the tungsten reached 1V (vs. cal- 
cium reference  electrode) within 1 sec while a few 
seconds la ter  it rose to 2.5V. The same results were  
obtained af ter  1 min of electrolysis at 10 mA cm -2 or 
3 rain at 30 mA cm -~. In the last two experiments,  
massive gas evolut ion (most l ikely SO2) was observed 
on the tungsten cathode. The tungsten overpotent ia l  
in these exper iments  rose to 20 and 35V, respectively.  
The open-ci rcui t  vol tage of a ca thode- l imi ted cell 
which was overdischarged at 10 mA cm -2 for 2 hr  
rose to 2.5V within  1 sec af ter  turning off the current.  
This cell contains 0.95M Ca(A1C14)2 thionyl chloride 
solution. A massive evolut ion of gas was observed on 
the cathode dur ing this reversal  test. Plots (B) and 
(C) in Fig. 1 show cell vol tage as a function of the 

current  density during a galvanostat ic  reversa l  test 
of ful ly  discharged cells. Cell (B) was galvanostat i -  
cally discharged at 20 mA cm -2 to zero voltage prior  
to the reversa l  test. It can be seen that  up to a reverse  
voltage of 15V the current  density is ra ther  small, a 
few mA cm -2 onty. However,  above 15V there  is a 
steep increase in the current  and a current  density as 
high as 30 mA cm -2 was measured at a reverse  
voltage of 17.5V. Cell (C) was discharged at 1 mA 
cm -2 to zero vol tage prior  to the reversa l  test. This 
cell can stand a reverse  voltage of 30V with no mas-  
sive current  flow. At  reverse  vol tage above 30V the 
current  s teeply increases as in the previous case. 
These results can be explained in the fol lowing way. 
The cathode of a ful ly  discharged cell is passivated by 
a film of CaC12. The thickness of such a passivat ing 
film is below 100A (9). This film is a ve ry  poor elec- 
tronic conductor so the reduct ion of thionyl chloride 
ceases and the working voltage of the cell is zero. The 
low current  densities measured up to 15V under  re-  
versal  condition indicates that  the deposition process 
of calcium is also blocked. At a high cathodic over-  
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Fig. 1. Cell voltage as a function of the curent density during a 
galvanostatic charging experiment of o fresh cell (A) and during 
galvanostatic reversal tests of fully discharged cells (B) and (C). 
Prior to the reversal tests, cell B was discharged at 20 mA cm -2  
and cell C at 1 mA cm -2 .  All ceils contained 0.95M Ca(AICI4)2. 

potential  a ve ry  strong electric field, of the order of 
107 V cm -1, is buil t  up. This strong electric field 
causes an electrolytic b reakdown of the CaC12 film, 
increasing its electronic conduct ivi ty  and resulf ing in 
a massive reduct ion of the solvent. The electrolyt ic  
breakdown process observed for the cathode which 
was passivated at 1 mA cm -2, took place at a much 
higher  reverse  voltage than that  observed for the 
cathode which was passivated at 20 mA cm -2. This 
indicates that  the film which was formed at the low 
current  density is thicker,  more compact, and is a 
bet ter  electronic resistor. 

It can be seen (Fig. 1, curve A) that  the charging 
current  density of a fresh cell is smaller  than 0.1 mA 
cm -2 up to 30V. At charging voltage above 40V the 
current  steeply increases and massive gas evolut ion 
(most l ikely  SO2) is observed on the calcium. T h i s  

test proves that  it is pract ical ly impossible to "charge" 
a Ca-Ca (A1C14)e thionyl chloride cell. The main 
cathodic react ion taking place on reversa l  or on charg-  
ing of a cell at current  densities above 1 mA cm -2 is 
the reduction of the thionyl chloride and there  is no 
indication of calcium deposition. Staniewicz (5) has 
proposed that  the inefficiency of the calcium deposi- 
tion process results f rom the fact that  the CaCI2-SEI 
is a pure anionic conductor ( t -  _~ 1), and so the depo- 
sition react ion requires the destruct ion of CaC12 at the 
SEI -meta l  interface and precipi tat ion of it  at SEI-  
solution interface. It seems that, as in the case of 
magnesium deposition from thionyl chloride solutions 
(9), (and in the case of cathodic polarization of passi- 
va ted  iner t  electrodes) ,  some blocking of the ionic 
current  leads to the development  of a ve ry  high over -  
potential  and electric field on the SEI. This electric 
field causes an electrolytic b reakdown of the SEI and 
as a result, large electronic currents  start  to flow 
through it, leading to a massive reduct ion of thionyl 
chloride and evolut ion of SO2. 

The capacity, per square cent imeter  of cathode, of 
l i th ium thionyl  chloride reserve cells was found to in-  
crease when acidic solutions (excess of A1CI~) were  
used (1, 2), instead of neutra l  solutions. The m a x i m u m  
electrolytic conductivi ty of LiA1C14 thionyl chloride 
solutions at room tempera ture  is about three times of 
that  of Ca(A1C14)2 solutions. As h igh- ra te  cells re -  
quire the highest electrolytic conductivity,  we studied 
the effect of t empera ture  and excess of A1C13 on the 
electrolytic conductivi ty of Ca(A1C14)~ solutions. The 
results are summarized in Fig. 2. The total concentra-  
tion of A1C18 was kept  constant at 2.2, 2.8, and 3.5M 
while the concentrat ion of CaC12 [or Ca(A1Cla)2] w a s  
changed. In general,  the conduct ivi ty  increases wi th  
increase in the concentrat ion of CaC12. At  20~ the 
highest  conductivi ty w a s  m e a s u r e d  for 2.2M A1Cls 
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solutions and this decreased as the concentrat ion of 
A1C18 was increased.  At  60~ for high concentrat ions 
of CaC12 the highest  conduct iv i ty  was measured  for  
solutions containing 2.8M A1CI~. I t  seems that  one of 
the reasons for the decrease  of the specific conduct iv-  
i ty  of the solution wi th  the increase of the concentra-  
t ion of A1Cla is tha t  solutions become more  viscous. 

The discharge curves  of cells conta ining 0.85M 
Ca(A1C14)2 + 0.4M A1C13 and 1.2M Ca(A1CI4)2 + 0.4M 
A1C13 at  23 ~ and at 60~ are  shown in Fig. 3. Al l  cells 
were  loaded on 8.2a res is tor  as soon as thei r  OCV 
reached 3.1V. This took 5 sec ( f rom filling the cell) 
for cell  No. 3 and 15-20 sec for the  res t  of them. Cells 
No. 1, 2, and 3 exhib i ted  a r a the r  fiat discharge curve 
up to 80% of the discharge t ime to a cutoff vol tage 
of 1.JV. The discharge p la teau  at 60~ was about  2.2V 
whi le  that  at  23~ was about  2.0V (for cell No. 2). 
Higher  capacit ies were  obta ined  at  60~ than  at  23~ 
At  60~ cell  No. 3, which contained 2.8M AIC13 (W 1.2M 
CaCI2), gave a h igher  capaci ty  than  cell No. 1 which 
contained 2.2M A1Cla(+0.85M CaC12)~ This is due to 
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Fig. 3. The effect of temperature and electrolyte concentration 
on the discharge performance of calcium Ca(AICI4)2 thionyl 
chloride reserve cell. Curves ! and 2, 2.1M AICI3 + 0.85M CaCI2 
at 60 ~ and 23~ respectively; curves 3 and 4, 2.8M AICI3 
1.2M CaCI~ at 60 ~ and 23~ respectively. 

the be t te r  e lect rolyt ic  conduct ivi ty  of the more con- 
cent ra ted  solut ion (see Fig. 2). At  23~ the opposite is 
true.  Cell  No. 2, which contained only  2.2M A1CI~ 
(+0.85M CaC12), had a much h igher  capaci ty  than  
cell No. 4 which contained 2.8M A1C13 ( +  1.2M CaC12). 
Here  again  the h igher  capaci ty  was obta ined  for the 
cell which had h igher  e lect rolyt ic  conductivi ty.  The 
cur ren t  dens i ty  at  60~ was about  50 m A  cm -2. The 
m a x i m u m  capaci ty  at this ra te  was about  12 mA hr  
cm -2 (to a 1.JV cutoff vol tage) .  At  23~ and at  a cur -  
ren t  dens i ty  of 45 mA cm -2 the capaci ty  was about  7 
mA hr  cm-2  (for cell  No. 2). 

The good discharge per formance  at  a d ischarge t ime 
of 10-15 rain, together  wi th  the excel len t  safe ty  fea-  
tures of the Ca/Ca(A1C1D2 thionyl  chlor ide  cell  en-  
courage fu r the r  invest igat ions of this system as a 
promis ing  candida te  for h igh - r a t e  mul t i - ce l l  r e -  
served  and nonreserved  ba t t e ry  applicat ions.  

Manuscr ip t  submi t t ed  Feb. 17, 1981; revised manu-  
script  received Apr i l  23, 1981. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be  publ i shed  in  the  June  1982 JOURNAL. 
Al l  discussions for the  June  1982 Discussion Section 
should be submi t t ed  b y  Feb. l,  1982. 

Publication costs oi this article were assisted by Tel- 
Aviv University. 
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Erratum 

In the paper  "Current  Limi ted  by  Transpor t  Through 
the Space -Charge  Region of a Semiconductor  Elec-  
t rode"  b y  David  L. Ul lman  which  appeared  on pp. 
1269-1273 of the June  1981 JOURNAL, VO1. 128, NO. 6, 
Eq. [13] is wr i t t en  

1/2 k /~Daw (k/~)  

hu t  should be wr i t t en  

1 / (2~/~Oaw ( ~ v / r  ) 
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Investigation of Photoelectrochemical Corrosion of 
Semiconductors 

III. Effects of Metal Layer on Stability of GaAs 

K. W. Frese, Jr.,* M. J. Madou, and S. R. Morrison 
SRI International, Menlo Park, California 94025 

ABSTRACT 

The effects of displacement  plated metal  layers on the  photoelectrochemical 
corrosion of the (100) surface of n -GaAs were investigated using the rotat ing 
r ing disk electrode (RRDE). A large beneficial effect on stabil i ty was demon-  
strated. Measurable improvements  in s tabi l i ty  were observed for less than a 
monolayer  gold metal  coverage. Capacitance/voltage data were consistent 
with Fermi  level p inn ing  caused by metallic deposits. 

In  view of the current  interest  in development  of 
photoelectrochemical (PEC) solar cells, the stabiliza- 
t ion of semiconductors in  contact with electrolytes 
against  photocorrosion is a highly re levant  problem. We 
have been s tudying fast redox couples that  can be 
effective stabilization agents, as well as the effects of 
defects (1, 2) on the corrosion process. 

In  addi'tion to enhancing the stabil i ty by fast redox 
kinetics on the "clean" surface, it is of considerable 
interest  to find other methods to enhance the corrosion 
stabil i ty of semiconductors. A possible way to increase 
the stabil i ty and the solar-electrical  conversion effi- 
ciency of the semiconductor in  a PEC cell is through 
an effective surface pretreatment .  Indeed it has already 
been shown that  p re t rea tment  of n -GaAs  electrodes 
(3) with various metal  ions such as Ru 3+ leads to en-  
hanced solar cell efficiency. However, no quant i ta t ive  
data have been reported about the .effect of deposited 
metals or metal  ions on the stabil i ty against  photoelec- 
trochemical corrosion. 

This paper reports some of our results of stabilization 
efficiency, S, and of capacitance/voltage measurements  
on (100) single crystal n-GaAs surfaces that have been 
pretreated with solutions containing metal  ions. The 
technique of d_!splacement deposition from solution is 
used to obtain the metal  deposits. To our knowledge, 
this displacement technique has not  been applied to 
stabilization of PEC solar cells. 

Experimental 
The GaAs (100) surfaces were chemomechanical ly 

polished with a 1% V/V chlorox (5.25% sodium hypo- 
chlorite) solution. The surface was then etched in a 
0.05% chloro.x solution for ~-, 10 rain at room tempera-  
ture. The surface was rinsed successively with H20, 1M 
HC1, and H20, and then blown dry. 

Solutions of various metal  ions were prepared at 
0.01M concentrations. The solutions included acidic 
RuC13, Pb (NO8) 2, Cu (NOs) 2, Fe (C104) 2, H2PtCI4, 
KsIrC16, and AuC13. The surface to be t reated was 
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hibition, 

covered with a layer  of the solution and then i l lumi-  
nated with a microscope lamp for 3-5 min. The surface 
was then rinsed with H20 and blown dry. Finally,  the 
samples were inserted into the rotat ing disk (RRDE) 
cell (1) and stabilization measurements  were made. 

This t rea tment  is known (4, 5) to cause irreversible 
deposition of metallic gold, silver, copper, and mercury  
on GaAs and InSb. I t  was shown in  this early work 
that these deposits could not be removed by successive 
washing with 1N HNO3. We have previously used this 
plat ing technique to form gold-back contacts on 
p-GaAs for electrochemical measurements  (6). 

Capacitance/voltage curves were obtained using a 
lock-in amplifier technique with a 10 kHz, constant  
current  a.c. signal of 1 #A. The r ing disk apparatus 
included a two potentiostat, six electrode system so 
that the potentials of the r ing and disk could be inde-  
pendent ly  controlled. The RRDE consisted of a 5 mm 
diam GaAs disk, an epoxy insulator,  and an amalga-  
mated copper ring. The calculated coilection efficiency 
was 0.36, whereas the exper imental  value was 0.344 
determined (1) in the presence of a highly effective 
stabilizing agent such as Fe( I I )  EDTA. The rotat ion 
speed was about 1000 rpm. The results were indepen-  
dent  of speed in this range. All measurements  were 
done in aqueous solution. 

Results and Discussion 
The displacement deposition of metals on GaAs oc- 

curs by circulating currents  where the anodic current  
corrodes the GaAs, and the cathodic current  reduces 
the metal. Thus in analyzing the deposition process, we 
look to the energy levels involved in these two pro- 
cesses. Figure 1 shows a diagram of redox energy 
levels, - - ( E N H E  ~ -~- 4.48 eV), for various metal  ion /  
metal  couples; these levels can be used to thermody-  
namical ly  predict which metals can deposit on GaAs. 
On the left the redox energy levels of various couples, 
including those used in  this work, are shown. On the 
right side the redox level for the anodic corrosion reac- 
t ion of GaAs in acid solution is shown at --4.40 eV. 
The metal  deposition on the single crystal is assumed 
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Fig. 1. Redox energy levels for various metal deposition couples 
and the GaAs corrosion couple in acidic solutions. 

to occur via local anodes and cathodes. The sites of 
corrosion behave as anodes and the sites of metal  
deposition are the cathodes. On an ideal single crystal 
surface, no site is preferred for anodic or cathodic cur-  
rent. However, if the n - type  surface is i l luminated  
(5), regions of relat ively high light intensit ies become 
anodes (corrosion occurs) and the dark regions become 
cathodes (plat ing occurs). A similar local anode- 
cathode effect (plat ing effect) could be caused by sur-  
face defects in  the absence of i l luminat ion.  

The metal  ion /meta l  couples shown on the r ight  of 
Fig. 1 were investigated by Larrabee (4). In  the case 
of Cu 2+, Ag +, and Hg 2§ the metals were i r revers ibly 
deposited on GaAs, and Au 8+ was s imilar ly deposited 
on GaAs (5) and InSb (4). Important ly,  Na + (E ~ = 
--1.77 eV below vacuum) and Zn ++ did not deposit 
(4) irreversibly.  Note that these two couples have 
redox energy levels above t h e  corrosion redox level of 
GaAs. From the chemistry of these semiconductor-  
metal  systems it  can be seen that using metal  couples 
with redox energy levels below the corrosion redox 
level will  lead to deposited metal  layers and using 
those above it will  not. 

We will assume that the above deposition process oc- 
curs in the pre t rea tments  described here. Capacitance/  
voltage data and visual observation support this as- 
sumption. 

In RRDE measurements,  it is found that very low 
coverages of deposited metals strongly affect GaAs 
photocorrosion. We will  compare results of measure-  
ments involving no deposited metal  to those involving 
the various deposited layers. 

In  the RRDE measurement,  the fraction of the pho- 
tocurrent  that leads to reaction with a redox species 
in solution (stabilizing agent) is found by measur ing 
the current  due to reduction of [Fe(I I I )  E D T A ] - .  
This ratio is termed the stabilization efficiency, S. It  
is found (1) that S varies with disk photocurrent  level, 
jp, for a given stabilization agent concentration. Figure 
2 shows results on the stabilization of (100) GaAs in 
aqueous 0.02M Fe(I I ) /0 .1M Na2 EDTA, pH --= 6.7. The 
disk potential  was 0.0V vs. SCE. Curve (a) refers to 
the well-etched clean surface. The stabilization de- 
creases rapidly as jp increases. We note that the level 
of stabilization presented here is very close to that 
already observed (1) for the same concentrat ion of 
stabilizing agent but  using the (111) As face. This 
observation may indicate a small  dependence of cor- 
rosion rate on crystallographic face. 

Curves (b) and (c) show typical S vs. j ,  plots for 
"arsenic-treated" (see below) and i r id ium-t rea ted  
surfaces, respectively. Modest but measurable  increases 
in stabilizatiion are found. Curve (d) shows data for 
a ru then ium- t rea ted  surface. A threefold increase in 
stabilization efficiency is observed. The magni tude of 
the stabili ty enhancement  was similar for Ru and Au. 
Results with gold will be discussed in more detail later. 
The data in curve (a) for the "clean surface" could be 
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Fig. 2. Stabilization efficiency vs. disk photocurrent for 100-n- 
GaAs for various surface pretreatments. (a) Clean surface; (b) 
after 1000fl_ anodic oxidation (arsenic-rich surface); (c) 0.02M 
IRCI63-; (d) Ru 3+ 0.01M. Stabilization experiments in 0.02M 
Fe(ll) in 0.1N Na2 EDTA pH - -  6.7. 

reproduced after chemomechanical  etching of the pre-  
viously metallized surface. The coverage by the metals 
after this preparat ion is difficult to determine. In  our 
more detailed examinat ion of gold deposits, described 
below, attempts were made to correlate improvement  
in stabilization with coverage. 

Several other metals were tried, each with much less 
effectiveness than Ru or Au. For comparison with the 
data in Fig. 2, the stabilization efficiency at 1 mA/cm 2 
and 0.02M Fe( I I )  EDTA, pH = 6.5, was 0.54 for Pt, 0.59 
for Cu, and 0.44 for Fe, whereas for the unmetal l ized 
"clean surface" it was 0.41. The value for i ron is rea-  
sonable since the reduction of Fe 2+ is thermodynami-  
cally unfavorable  according to Fig. 1. 

The observation that an "arsenic- treated" surface 
provides increased stabili ty deserves fur ther  discussion. 
The GaAs was not treated with an arsenite solution as 
could have been assumed from Fig. 1, but  the sample 
was covered with the residue remaining  after growth 
and removal of an anodic oxide. We have good evi- 
dence from our work on passivation of GaAs (6, 7) 
that anodic oxidation of GaAs leads to unoxidized ele- 
menta l  arsenic in the oxide and, important ly,  in  the 
GaAs/oxide interracial  region. It was postulated that  
since semimetall ic As may be present  on the GaAs 
surface, growing an anodic oxide and dissolving it with 
HC1 would leave a "semi-metall ized" surface rich in 
elemental,  insoluble arsenic. The arsenic surface was 
thus prepared by growth of a 1000A oxide by a s tan-  
dard method (6) followed by its removal  in HCI. The 
enhancement  in stabilization found by such a t rea tment  
is consistent with the As layer  mode]. Attempts to de- 
posit arsenic from arsenite solutions are p lanned for 
the future. 

Another  redox couple was investigated to confirm 
that the stabilization enhancement  was not un ique  to 
ferrous EDTA. Figure 3 shows plots of S vs. jp for 0.1M 
hydroquinone,  H2Q, ( H Q -  ,~ 0.01M) (1), pH ~ 9.0. 
The lower curve shows data for a clean well-etched 
surface and the upper  curve (b) shows data for the 
AuS+-treated surface. In  this case, a three to fourfold 
increase is observed in the stabilization efficiency. 
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Fig. 3. Stabilization efficiency vs. disk photocurrent for 100-n- 
GaAs. Stabilization experiments in 0.1M hydroquinone 0.1M KCI 
pH = 9.0. 

In  Fig. 4, stabilization efficiency vs. photocurrent  is 
shown for (100) GaAs with varying  amounts  of gold 
using 0.02M Fe (II) EDTA. In  these studies using auric 
solutions, an upper  l imit  could be calculated for the 
amount  of gold on the surface. Solutions of AuC18/0.1N 
ttC104 were prepared in the concentrat ion range 2.3 • 
10 -6 to 1.15 • 10-3M. By use of micropipettes, 10 ~1 
drops containing as low as 2 • 10 - i t  mol of gold 
were placed over the whole area of the GaAs electrode. 
If one assumes a uni form layer  of gold and an ideally 
smooth surface and that  all the gold in the drop plates 
(surface i l luminated) ,  then the 2 • 10 - i l  mol of gold 
is equivalent  to. 0.1A film thickness or 7 X l0 is a toms/  
cm 2. Thus a 2.3 • 10-6M Au solution could ideally give 
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Fig. 4. Stabilization efficiency vs. disk phatocurrent for 100-n- 
GaAs treated with various concentrations of AuCIJ0 .1N  HCIO4. 
Treatment after 5 min under illumination, electrode area 0.195 
cm 2. 10 /~1 samples of Aa ~+ solution. Stabilization experiments in 
0.02M Fe(ll) in 0.1M Ha2 EDTA pH = 6.3, 

less than a monolayer  coverage whereas 1.2 • 10-SM 
solution could give 60A of gold. Thicknesses calculated 
id this manne r  are a convenient  index to the maximal  
amount  of Au on the surface. It should be ment ioned 
that even if all the gold plated unifo.rmly, the calcu- 
lated thickness could still be 50% too large due to pos- 
sible surface roughness. It  cannot be proved from the 
stabilization data that gold film was uni form (although 
it appears uni form in Fig. 7 at 20,000 X).  What  can be 
shown is that the stabilization is increased even for a 
gold deposit equivalent  to less than a monolayer. 

Curve (a) in  Fig. 4 shows the stabilization efficiency 
vs. photocurrent  for a case where the total  amount  of 
gold in the plat ing drop was 2.6 • 10 - i t  mol. As dis- 
cussed above, this could only give less than a mono-  
layer coverage if the gold were uniform. Nonetheless, 
significant increases in stabilization occurred as can 
be seen by comparing curve (a) in  Fig. 2 with curve 
(a) in Fig. 4. The stabilizatiion efficiency is doubled 
at jp of 1 m A / c m  2. Curve (b),  Fig. 4, shows a fur ther  
increase in stabilization where the ideal gold thickness 
was 6A. Finally,  the top of Fig. 4 shows points for a 
gold solution with an ideal film thickness of 60A. With 
this surface t rea tment  the stabilization efficiency was 
constant and close to un i ty  over a period of at least 2 
hr at a photocurrent  of 2.5 m A / c m  2. During this ex-  
tended RRDE experiment,  nei ther  the disk photocur-  
rent  nor  the r ing current  decayed. If significant 
amounts  of corrosion occurred, films of GaeO~ would 
be expected to remain  on the surface at pH -- 6.5. This 
film would eventual ly  lead to a degradation of the 
photocurrent  that  was not observed. It should be noted 
that  in all  these experiments  only 0.02M Fe (II) EDTA 
was used. Diffusion l imitat ion of the stabilizing agent 
could be avoided because of the high rotat ion speed. 
The low concentrat ion was necessary to provide a test 
of the metal  additive, for with high concentrat ion of 
stabilizing agent a metal  additive is not required for 
e~c ien t  stabilization. However, metal  pre t rea tment  
may be needed to give the very high stabil i ty needed 
for practical PEC solar cells. Stabil ization efficiencies 
approaching 100% for the "clean" single crystal surface 
could be obtained using 0.08-0.1M Fe( I I )  EDTA (1, 2). 

It is desirable to obtain fur ther  evidence that meta l -  
lic layers do indeed form on the surface. This can be 
done by observing changes in the space charge capaci- 
tance/voltage behavior  after exposure of the GaAs to 
metal  ions. Figures 5 and 6 show Mott-Schot tky plots 
for clean surface and metal-deposited electrodes. Rea- 
sonably l inear  Mott-Schottky plots were obtained for 
the "clean" surface over a voltage range of about 1V. 
The exper imental  donor densities, 2 • 10 is cc - i ,  were 
expected from the known electrical properties of t h e  
crystals. 

10 I I I I [ I 
9 ND = ̀ 7.8 X 1018 CC -1 

8 Gold-Treated / /  - 
pH = 4 . 5 ~  ~ 

7 
] uthenium-Treated "-''"J~ / ~ , A ~ /  

b S • 

3 / / ~ " C l e a n  Surface'" 
2 / ~  pH=4~ 

/ / ~"Clean Surface" 
1 / /  pH=7~ 

o / I I [ I I I 
-1.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2 

VOLTS vs. SCE 

Fig. 5. Mott-Schottky plots for 100 n-GaAs before and after 
ruthenium and gold ion treatment. Electrolyte 0.1M Na2 EDTA 
pH = 7.0 and 4.5, respectively. 
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The Mott-Schot tky plots changed drastically after 
exposure of the electrode to the metal  ion solution. As 
shown in Fig. 5 and 6, after t rea tment  the space 
charge capacitance changes very  slowly with electrode 
potential,  indicating that  most of the changes in ap- 
plied potential  appear outside the space charge region. 
Such changes in applied potential  could be divided be-  
tween the semiconductor /metal  interfacial  layer and 
the solution tIelmholtz layer. Fur the r  work is needed 
to decide the distr ibution of potential  outside the space 
charge region. 

Finally,  the oxidation state of the metal  deposits is 
of interest. Our key conclusion from the Mott-Schot tky 
plots is that metall ic layers deposit on the surface. This 
conclusion is reached by analogy to we l l -known ex- 
periments  (8) of evaporated metal  layers on semicon- 
ductors, tn  such experiments  it  is concluded that  a 
large density of interface states ( ~  1014 cm -2 eV -1) 
cause Fermi level p inning  and bu i l t - in  (space charge) 
barriers up to 1 eV on GaAs. Similar  p inn ing  with large 
surface barriers is observed here according to the C/V 
results in  Fig. 5 and 6. 

On the other hand, if the metal  ions were not re-  
duced to metal  atoms, two cases could occur. A positive 
shift in the flatband voltage could occur for sorption of 
an inert  positive ion. The Mott-Schottky plot would 
have the same slope as the "clean" surface. This effect 
is completely analogous to the role of protons in shift-  
ing the flatband potential  of oxide semiconductors. This 
type of behavior is not observed. 

The other case for the positive ion that could ac- 
count for the p inning  observed in that it may act as a 
surface state and change only its oxidation state to + 3  
or +2  but  not zero. Such a case is rare in semiconductor 
electrochemistry and can be ruled out for gold and 
copper since thick, easily visualized metallic films can 
be grown. 

Figure 7 shows a scanning electron micrograph of a 
100 n-GaAs surface treated with Au 8+ to give an ideal 
film thickness of 60A. The light region is the gold film, 
while the dark track is the GaAs surface. The track, 
which is about 5000A wide, sho.ws a region where the 
gold film was scratched in handling.  In  the adjacent  re-  
gions of the sample the film looked quite uni form at 
this magnification. 

Conclusions 
A very simple method has been demonstrated by 

which a th in  metal  layer can be deposited on semi- 
conductors such as GaAs. The layer  is formed by simply 
dipping the i l luminated  surface of the semiconductor 
into a dilute solution of the appropriate metal  ion. In  
previous work with metal  overlayers (9, 10) evaporated 
tayers were used and gave only quali tat ive results con- 
cerning stability. In  addition these authors used H20 
as the reducing agent whereas we are concerned with 

Fig. 7. Scanning electron micrograph of ~60A of gold (light 
region) on (100) n-GaAs. The gold was deposited by a displace- 
ment plating technique. The scratch in the gold film is about 
5000J~ wide and was made during handling. 

reducing agents that can effectively capture photogen- 
erated holes. In  the present  case very substant ia l  in-  
creases in the stabil i ty of the treated surface (discussed 
here) were observed with small  amounts  of metals such 
as gold or ruthenium.  

Several  models can be advanced to account for the 
stabilization results. It  is not our purpose to discuss 
these models in detail, but  some general  comments are 
useful in indicating possible explanations. 

First, the metal  layer can block the electrolyte from 
contacting the semiconductor directly while still pro-  
viding a conducting path for photogenerated holes. If 
the Ga n+ and As m+ ions formed cannot find O H -  or 
H20 from the electrolyte, no corrosion product  c a n  

form. For a sufficiently thick metal  layer, field-aided 
diffusion (the normal  mode of oxide growth) should be 
minimal  because of the small  zero field in  the metal.  
Therefore, As ~ and Ga ~ atoms can be reformed by 
electrons from the metal, the stabilizing agent, or the 
GaAs conduction band (recombinat ion) .  An auxi l iary 
model that could help explain the results makes use of 
the concept of hot holes in metals. Holes generated at 
the valence bandedge would enter  the metal  as hot 
holes since they probably  would be several tenths eV 
below the metal  Fermi energy. At such low energies 
below the Fermi level, the mean-f ree  path for holes 
can be quite large. For  example, the a t tenuat ion  length 
for holes in evaporated gold films was found to be 
550A- (11) at 0.8 eV below the Fermi  energy. This 
implies that the metal  layers used in our experiments  
are completely t ransparent  to holes. 

It may be shown that in certain cases the presence 
of a metal  layer can increase the overlap between 
filled levels in solution and the hot holes (hot relat ive 
to the metal  Fermi  energy) at the valence band  energy 
because of the potential  drop in the metal  semicon- 
ductor interracial  layer. This model and implications 
for photoelectrochemical solar cells will be discussed in 
future publications. 

A third mechanism for the increased stabil i ty is that  
the metal  atoms (or crystallites) at the surface have a 
very large effective capture cross section for holes, and 
so even a fractional monolayer  can act as a very  effec- 
tive stabilizing agent. A stabilizing agent must  be pres- 
ent in solution to capture the holes from the metal, but  
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once the hole is cap tured  by  the me ta l  i t  may  be  r en -  
dered  ineffective in corroding the host  GaAs. 

These resul ts  wi th  de l ibe ra te ly  deposi ted meta l  
layers  seem to exp la in  our previous  puzzling resul ts  
(2) concerning the i nc rea se  in s tabi l iza t ion efficiency 
af te r  severa l  minutes  of cathodic cur ren t  passage. In 
these RRDE/s tab i l i za t ion  exper iments  we used (111) 
n -GaAs  in Fe  (II)  EDTA. The solutions contained solu- 
ble arsenic species and Ga 3+ (from corrosion) and 
Fe z+ and  Fe 3+ as EDTA complexes.  In  the cathodic 
p r e t r ea tmen t  one or more  of these meta ls  could have 
been e lec t rodeposi ted  on the GaAs and thus could have 
given some k ind  of corrosion protect ion as observed in 
the presen t  work. 
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RF Sputtering of Yttria on Indium Tin Oxide 
Substrates 

M. P. R. Panicker* and W. F. Essinger* 
Sigmatron Nova, Thousand Oaks, California 91311 

ABSTRACT 

The b lackening  of i nd ium- t in  oxide and tin oxide  thin  film subs t ra tes  du r -  
ing rf  spu t te r  deposi t ion of y t t r i u m  oxide has been inves t iga ted  to de te rmine  
the precise condit ions and mechanisms effecting this phenomenon.  I t  was de te r -  
mined  tha t  at  argon pressures  be low 4 microns a n d / o r  wi th  the subs t ra te  films 
grounded,  the y t t r i a  films deposi ted were  oxygen deficient. The subsequent  
reduct ion of the subs t ra te  film by the more  s table y t t r i a  resul ted  in the b l ack -  
ened appearance  of the film. The p rob lem was fu r the r  compounded when  these  
e lec t r ica l ly  conduct ive subs t ra tes  were  of op t imum proper t ies  (sheet  re -  
s i s tance  below 20 ~ / s q  and l ight  t ransmission grea te r  than 80%), as these 
proper t ies  can be s imul taneous ly  obta ined only f rom a high oxygen deficiency. 
Based on these results,  spu t te r ing  condit ions are  descr ibed which effect ively 
dea l  wi th  the problem.  

Degenera te  t in oxide (SnO2: SbOx) and ind ium oxide 
(In203:SnOx) are  mater ia l s  commonly  used for the 
e lec t r ica l ly  conduct ive (EC) coatings on glass sub-  
s t ra tes  used to make  e lec t ro-opt ic  devices such as l iq-  
uid crys ta l  and e lec t ro luminescent  displays  and back -  
w a l l - t y p e  photovol ta ic  cells. Low sheet  resis tance and 
high opt ical  t ransmiss ion are  two prerequis i tes  for  
these applicat ions.  However ,  having  fixed the dopant  
concentra t ion and thus the e lec t r ica l  res is t iv i ty  in an 
o therwise  s toichiometr ic  EC film, these proper t ies  a re  
i n t e rdependen t  since lower ing  the sheet  resis tance can 
now be done only  by  increas ing the film thickness r e -  
sul t ing in decreased transmission.  Under  these condi-  
tions, the above proper t ies  can independen t ly  be va r i ed  
on ly  by  reducing  the degree of oxida t ion  of the EC 
film. 

In most of the above cited applications,  the  reduced  
degree of oxida t ion  of the EC film is not  a serious dis-  
advan tage  e i ther  because of the absence of any  chemi-  
ca l ly  react ive  l aye r  ad jacen t  to i t  o r  because of the  fact  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key  w o r d s :  y t t r i a ,  r f  s p u t t e r i n g ,  d i e l ec t r i c  m a t e r i a l ,  t r a n s -  

p a r e n t  e l ec t rodes ,  ITO, t i n  ox ide  EL F i l m  d isp lays .  

t ha t  the electr ic  fields these films e n c o u n t e r  are small .  
However,  such conditions do exis t  in l ight  emi t t ing  thin 
film (LEF)  displays  and hence EC coatings wi th  a high 
oxygen  deficiency can presen t  serious problems  dur ing  
the pe r fo rmance  of the device. 

This paper  re la tes  specifical ly to the problems  en-  
countered  while  spu t te r ing  y t t r i a  (Y203) on ind ium tin 
oxide and SnO~ substrates .  Yt t r ia  is used as the d ie lec-  
tr ic mate r ia l  in the  e lec t ro luminescent  th in  film dis-  
p lays  developed by  S igmat ron  Nova. These y t t r i a  films 
are  deposi ted by  radio  f requency  sput ter ing.  I t  has 
been observed tha t  dur ing  spu t te r ing  the EC coat ing 
f requen t ly  tu rned  b lack  as a resul t  of the  reduct ion  of 
these films by  oxygen-def ic ient  yt t r ia .  This made  the 
EC coatings h ighly  uns table  leading  to d i sp lay  fa i lure  
dur ing  operat ion,  observed  as b lown holes at  r a n d o m  
or along the ent i re  l ength  of  the  conduct ing  lines. F u r -  
ther,  this occurred more  f r equen t ly  wi th  ITO subst ra tes  
than wi th  SnOz substrates .  

Sigmatron Electroluminescent Thin Film Display 
Figure  1 i l lus t ra tes  the  s t ruc ture  of the d i sp lay  made  

by  S igmat ron  (1). T h e  subs t ra te  is ITO-  or  SnO~- 
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Fig. 1. Sigmatron LEF 1 panel 

coated glass on which desired pat terns are developed 
through photolithography. On this a 2000A thick yt t r ia  
fiIm is deposited by rf sputtering. This is followed by  
a one micron thick ZnS :Mn phosphor layer on which a 
light absorbing layer  is deposited (2). The device is 
then completed by depositing another  2000A thick 
yt t r ia  layer followed by the deposition of the counter-  
electrodes, 

Exper imenta l  

The yt t r ia  targets used for the s tudy were obtained 
from Kema Corporation and were 99.99% pure and 
hot-pressed to suit the Sloan S-310 sputter  gun. The 
substrates were either ITO-coated soda l ime glass ob-  
tained from Optical Coating Laboratories, Incorpo- 
rated, Santa Rosa, with a sheet resistance varying from 
10 to 50 ~2 per square or SnO2-coat 7059 glass obtained 
from Corning, having resist ivity in  the range of 5fl-150 

i LEF is a trademark of Sigmatron Nova. 

~/sq. Both types of glass had white l ight transmissions 
of 75-85%. The substrates used to make the devices 
had an effective area of 2.5 • 2.5 cm with a resolution 
of 22.4 lines per cm. These were cleaned under  class- 
100 environment ,  degreased, and rinsed in deionized 
water  prior to yt t r ia  deposition. Yttr ia  was then rf 
sputter-deposited on these substrates using a Sloan 310 
gun in an argon-oxygen gas mixture  at chamber pres-  
sures varying from 1 to 10 microns. The oxygen content  
was varied from 0 to 50%. The substrate tempera ture  
was varied from room temperature  to 300~ The cham- 
ber was evacuated to about 3 • 10 -8 Torr  using a 
turbo-molecular  vacuum system with a l iquid ni t rogen 
trap prior to sputtering. 

The resistivity measurements  on the EC coatings 
were done using a four-point  probe. Yttria films were 
tested for their dielectric properties using a capacitance 
bridge. The anneal ing of the EC coatings was done 
in air using a muffle furnace. 

Results and Discussion 
The ey]ect.--When yt t r ia  is rf sputtered on ITO- or 

S n Q - c o a t e d  glass substrates at temperatures  above 
200~ often the conductive lines t u r n  black. This indi-  
cates that the EC film has been reduced and now has a 
large oxygen vacancy concentrat ion (3). It  has been 
observed that the effect is not necessarily un i form 
over an area or along a line. Figure 2a and b are ITO 
on soda lime, while 2c is SnO2 on 7059 glass. The ne t  
effect of this on the device performance is nonuni form 

Fig. 2. Redaction of EC lines during yttria sputtering. (a, top 
left) ITO on soda-lime glass. Low chamber pressure leeds to un- 
even oxygen distribution causing formation of nonstoichiometric 
Y203 regionally. (b, top right) ITO on soda-lime glass. Yttria wns 
oxygen deficient on the left half. (e, bottom left) SnO~ on 7059 
glass. Reduction is only along "grounded" lines. Note that no ad- 
jacent lines are affected. 
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light output, and in extreme cases total fai lure where 
the active area is b lown away as soon as the voltage 
is turned on. The la t ter  could be ei ther  because these 
reduced lines, which are th inner  and mostly metallic, 
melt  away at the increased cur ren t  densities (li2RI > 
aHf~sion) or because the microcraters and pores that  
can result  from the reduct ion create highly localized 
electric fields leading to the breakdown of the films. 
These black lines are very unstable  and dissolve read-  
i ly even in very dilute acids. 

Figure 3a shows a panel  where some dark lines 
were completely dissolved, while 3b shows one in which 
the dissolution was only partial. The difference is the 
result  of varying degrees of reduct ion of the ITO be-  
cause ITO films with varying degrees of oxidation are 
etched differently in HC1 (3) or conversely, varying 
degrees of oxygen deficiency of the yt t r ia  films de- 
posited in those regions. The degree of reduction of 
the conductive lines varies f rom line to line, from 
region to region, and sometimes from run  to run.  

Figure 4, like 2c, shows an interes t ing pat tern  in  
which the reaction made all a l ternate lines black. The 
panel  has 56 lines, of which 28 lines originate at each 
side. Hence, this pa t te rn  indicates the reaction was 
electric field assisted as wil l  be explained later. 

Mechanism.--The EC coating turns  black because it 
loses oxygen to the stronger, bu t  oxygen-deficient  
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yt t r ia  which is being deposited directly on top. This 
oxygen deficiency stems from the low oxygen par t ia l  
pressure (7%) we use dur ing  sput ter ing to at ta in  a 
reasonably high deposition rate. The presence of oxy- 
gen vacancy has been indicated by Tal lan  and Vest 
(4) and Tsutsumi (5). The substrate tempera ture  d u r -  
ing sputter ing is about 225~ at which the s tandard 
free energies of formation for the three oxides unde r  
consideration are as shown below (6) 

4 2 
- -  Y + O2 --- _-:- Y2Os, aG ~ = --260 kcal [1] 
3 3 

4 2 
--3 In  + 02 = ~-  Lu~Os, ~G ~ -- -- 122 kcal [2] 

Sn + 02 = SnO2, ~G ~ = - - l l 4 k c a l  [3] 

This shows that  in order  to replete an  oxygen deft- 
ciency, yt tr ia  can reduce both ITO and  SnO2 at  225~ 
if the rate is adequate. The rate also seems adequate 
because oxygen-deficient yt tr ia  can pick up oxygen at 
temperatures  as low as 100~ (4,5). Also, we have 
observed in our  experiments  that  ITO and SnO2 in-  
crease their surface resistance 2-3 times over 6-8 hr of 
heating in air at 150~ and that  their conductivi ty 
increases on anneal ing  in  ~acuum at 150~ for a few 
hours. 

The extent  of reduction and consequent ly  the degree 
of blackening of the lines depend on the oxygen d e -  
f i c i e n c y  in  the yt t r ia  and ITO. This can be understood 
by wri t ing the reduction reactions as follows 

[In2Os-z + xVo] + [Y2Os-~ -}- yVo] 

-- Y~08 -5 [In20[8-(x+~n + (z + y)Vo] s [4] 

If ITO has considerably high oxygen deficiency to 
begin with, even a small amount of oxygen deficiency 
can cause the ITO to turn black. Thus it is imperative 
that the ITO should have minimum possible oxygen 
deficiency. 

Factors effecting the reduction.--It can be shown 
that  the reaction is brought  about  by any  or a com- 
binat ion of the following factors: 

Chamber pressure.--It was shown earl ier  that  in order 
to obtain the highest possible film resist ivi ty the opti-  
m u m  oxygen part ial  pressure dur ing  spu t t e r ing  is 
7-10% (7). Hence, experiments  were  done in  this 
range. Chamber  pressure dur ing  sput ter ing is another  

Vo = o x y g e n  vacancy. 

Fig. 3. Dissolution of reduced EC fines in 0.5N H~SO4. (a, top) 
Lines are tota/ly dissolved in certain areas. (b, bottom) The light 
lines are affected. 

Fig. 4. Reduction of grounded lines. (Note the abrupt change 
about the discontinuity marked.) 
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impor tant  parameter.  As the pressure goes up, the dep- 
osition rate falls. However, at  very low chamber  
pressures it is extremely difficult to ensure an even dis- 
t r ibut ion of oxygen over a large substrate area because 
the mean-f ree  path of the gas molecules at these pres-  
sures is very large. The substrate target  distance was 
about 10 cm. Under  such circumstances the oxygen 
inlet  design becomes critical. The gas should enter  
very close to the substrate, well wi th in  one mean-f ree  
path, less than 2 cm (8), from as m a n y s y m m e t r i c a l l y  
placed inlets as possible. Average dissipation factor 
fell from 0.07 to 0.003 on br inging  the gas inle t  closer 
at 2 micron chamber  pressure. A slight var ia t ion can 
result  in an uneven  distr ibution of oxygen over the 
substrate which eventual ly  leads to the deposition of 
oxygen-deficient  yttria,  the degree of deficiency vary-  
ing from point to point. Increasing the Po2 did not  help 
solve the problem. Such an  oxygen-deficient  yt t r ia  
readily reduces the ITO beneath  it, making it  black. 
The result  is shown in Fig. 2a where  all  the lines are 
black to the left half. 

Resistivity o~ the EC coating.--The allowable electrical 
resistance along the conducting lines in  the LEF display 
is determined by the driving wave form, the pulse 
width, and rise time. In  order for the display to be 
efficient the l ine impedance should be low. High re-  
sistance would cause considerable voltage drop along 
these lines resul t ing in decreasing light output  toward 
the end of the line. However, considering the dielectric 
s t rength of the thin film structure and hence the useful  
life of the display itself, a high resistance value is de-  
sired. Accordingly, the EC lines in  our displays have 
impedances in the range of 400-80'0 ~ per cm. 

The l inewidth  at 22.4 lines per  cm resolution is 0.03 
cm. If the s tar t ing ITO has a sheet resistance of 100 
~/sq,  the l ine impedance works out  to be 3200 ~ per 
cm. Line impedance of below 800 ~ per cm can be 
achieved only if the EC coating has a resistance of 
less than 25 ~ / sq  to start  with. However, it  was ob-  
served that  with ITO of low sheet resistivity, such as 
10-25 ~/sq,  the reduction effect became very  pro- 
nounced. Subsequent  experiments  showed thht annea l -  
ing these low resistivity ITO films at 350~ in air for 
4-6 hr  prior to sput ter ing prevented or minimized the 
problem. Neverthless, this hea t - t rea tment  raised the 
sheet resist ivity of the films from 10 to 20 ~ / s q  to 50- 
100, indicat ing that  the low resistivity ITO was oxy-  
gen deficient and that  a large par t  of its high elec- 
trical conductivi ty arose from the abundan t  oxygen va-  
cancies ra ther  than from the dopant. 

Such an oxygen- lean  ITO will get reduced fur ther  by  
giving up oxygen to sputter-deposited yt t r ia  which is 
inheren t ly  oxygen deficient due to the low Po2 used 
dur ing sputtering. Figure 5 shows the effect of an-  
neal ing and the re levant  mechanism. Up to point  A, 
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the sheet resistance is a funct ion of the dopant  con- 
centrat ion [D] and vacancy concentrat ion [Vo]. 8 Be- 
yond this point  the resistance is essentially a funct ion 
of [D] and the EC film is ful ly oxidized. 

It is thus imperat ive that  while specifying low sheet 
resistance for the EC coating this proper ty  be achieved 
during deposition and not by  subsequent  vacuum an-  
nealing. This would mean  a trade-off between percent-  
age transmission and low sheet resistance, because 
once the dopant  concentrat ion has been fixed, as is 
the case with commercial glass, the sheet resistance can 
be brought  down only by increasing the thickness of 
the coating. 

The reduction pa t te rn  of oxygen-deficient,  low re-  
sistivity ITO is similar  to that  from low chamber 
pressure. Figure 2b is an example of this. The effect 
would be all over the area and on all  adjacent  lines 
where the resistivity is low. If the entire surface of the 
glass shows a uni formly  low resistance, the glass 
would be black all over. 

Grounding the substrate.--It is necessary to provide a 
path from the top surface of the glass substrate  to the 
ground dur ing  the sput ter ing (9) of a dielectric be-  
cause the charge that  builds up on the surface r e -  
d u c e s  the deposition rate, often to zero. However, care 
should be exercised to ensure that  the glass alone is 
"grounded" and not the conducting lines. It  was ob- 
served that grounding the conducting lines dur ing 
sput ter ing enhanced the probabi l i ty  of the lines being 
reduced. In other words, grounding the EC lines leads 
to the deposition of oxygen- lean  y t t r ia  along these 
lines. This effect is caused by  the electric field. When 
the lines are grounded some of the O -  ions reaching 
the electrode surface pick up the necessary electrons 
from the ground (ITO) instead of combining the 
Y+ + + according to the following equat ion 

2Y + + + + 3 O - -  = Y203 [5] 

Effectively, two O -  - ions pick up four electrons from 
the ground, a long the ITO lines, and form a molecule 
of oxygen gas which gets pumped out of the chamber. 
Consequently, oxygen-deficient y t t r ia  is deposited 
along the grounded EC lines which reduces the lines. 
An example for such reduction is shown in Fig. 2c 
where the l ines are black ent i re ly  along the length. 
Another  interest ing feature is that  the two adjacent  
lines are not affected at all. 4 In Fig. 4, it  can be ob- 
served that  the blackening effect stops abrupt ly  at a 
scratch across the lines. Up to this discont inui ty  the l ine 
is uni formly black, beyond which the l ine is no more 
connected to the ground and it is not affected at all, 
indicat ing that  the effect indeed was an electric-field 
assisted one. 

Thus, the characteristic features of reduct ion due to 
the grounded electrode are that  it will  be along the 
total length of the lines and that  the adjacent  lines 
need not be affected at all. However, if a discont inui ty  
like a scratch exists across the line, the abrupt  change 
described above will be observed. The al ternate  black 
lines ment ioned in the section "The effect" were due 
to the fact that the lines from one side were grounded, 
while those f rom the other side were open. 

Summary 
When a strong oxide like y t t r ia  is sput ter  deposited 

on EC coatings like SnO2 or ITO, unde r  certain condi-  
tions these coatings can get reduced and tu rn  black.  
Three factors contr ibute  to this effect ind iv idual ly  and 
collectively. 

At low chamber pressures the concentrat ion of oxy- 
gen over a large area is not  uniform and this makes 
the yt t r ia  film oxygen deficient to varying  degrees over 
the substrate. As a result, the EC lines get reduced, 

8 This  excludes  i n h e r e n t  init ial  [Vo]. 
This  is because  t hey  or ig ina te  on the  opposite  side an d  are  not  

g rounded .  
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manifested as patches of black lines. This problem can 
be eliminated by carefully designing the oxygen inlet. 
As a rule of thumb, below 4 microns chamber pres- 
sure, oxygen inlet should be as close to the substrate 
as possible and should ensure an even distribution of 
the gas over the substrate area .  

Commercially available EC coatings with very low 
sheet resistance (below 20 12/sq) and high optical 
transmission (above 85%) are generally oxygen de- 
ficient. When some oxygen-deficient oxides are rf sput- 
ter deposited on such EC films, they get readily reduced 
by these oxides and turn black. Hence, it is necessary to 
stabilize such EC films prior  to sputtering by  annealing 
in air  at 350~ for 6 hr. 

Grounding the EC lines during rf  sputtering leads to 
the deposition of oxygen-lean yt t r ia  along these lines 
which eventually reduces the conducting lines. Thus 
care should be taken not to ground these lines during 
sputtering. 
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ABSTRACT 

Heteroepitaxial Ge films have been obtained by solid-phase crystallization 
of amorphous Ge deposited on single crystal <100>Si substrates. The Si sub- 
strates were chemically cleaned by conventional procedures without any at-  
tempt to achieve atomically clean surfaces. Epitaxial  crystallization of the 
amorphous Ge films were accomplished by furnace annealing at t e m p e r a t u r e s  
of 500~176 The as-crystall ized Ge films contain dislocations and twins 
whose densities decrease with increasing annealing temperature.  Significant 
reduction in twin density has been achieved by using an ion implantation a n d  
reannealing treatment. Epitaxial  GaAs layers of good crystal quality have b e e n  
grown by chemical vapor deposition on heteroepitaxial  Ge films subjected to 
this treatment. 

The growth of heteroepitaxial  Ge films on crystal-  
line Si substrates have been the subject of numerous 
investigations because of the many interesting electri- 
cal and optical properties of Ge-Si heterojunctions (1). 
Much work has been done by use of l iquid-phase 
epi taxy such as solution growth techniques (2), as well 
as vapor phase epitaxy such as vacuum evaporation 
under UHV environment (3, 4) and chemical vapor 

* Electrochemical Society Active Member. 
Key words: heteroepitaxy, films, twin density. 

deposition (5). Recently, considerable attention has 
been directed toward the preparation of epitaxial  thin 
films by means of solid-phase crystallization of 
amorphous deposited layers. For example, epitaxial 
growth of amorphous Si films deposited on chemically 
cleaned <100>Si substrates has been achieved upon 
furnace annealing at 550~176 (6, 7). The solid- 
phase epitaxial Si layers were found to be comparable 
in crystal quality to the single crystal Si substrate 
underneath. The technique of solid-phase epitaxy 
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(SPE) is attractive because of the low processing tem- 
peratures required and the abi l i ty  of using simple 
exper imental  apparatus. 

In  the present  work, we investigated the formation 
of heteroepitaxial  Ge films by solid-phase crystalliza- 
tion of amorphous Ge deposited on single crystal 
<100>Si  substrates. The study was motivated by our 
recent development of efficient GaAs solar cells with 
conversion efficiencies exceeding 20% at AM1 that are 
fabricated on bulk  single crystal substrates of Ge (8). 
It is expected such thin film cells could also be fabri-  
cated on crystall ine Si substrates with a heteroepi-  
taxial Ge overlayer  so that the substrate cost can be 
markedly  reduced. We found that  heteroepitaxial  Ge 
films on <100>Si  can be accomplished by the SPE 
process. The crystal qual i ty of the heteroepitaxial  Ge 
films can fur ther  be improved by using an ion im-  
plantat ion and reanneal ing  treatment .  The pre l imin-  
ary results of this work have recent ly  been reported 
(9). In  this paper we present  detailed results on the 
effects of preparat ion of Si substrate surfaces, anneal -  
ing conditions, as well as Ge film thickness on the 
crystall ine perfection of the SPE Ge films. 

Experimentol 
Amorphous Ge films 1000-3000A thick were de- 

posited by electron beam evaporation of high pur i ty  
Ge (99.999% pure)  on single crystal <100>Si  sub- 
strates. Prior  to use the Si wafers were degreased in 
organic solvents, immersed in a 5 H20:NH4OH:H202 
solution for 10 min, r insed in DI water, and then im- 
mersed in a 6 H20:HCl:H202 solution for 10 min. A 
final rinse in dilute HF (,-,10%) was employed im-  
mediately before loading in the l iquid-ni t rogen 
trapped oi l-diffusion-pumped vacuum system. The 
background pressure was 3 X 10 -7 Torr before evap- 
oration and increased to 8 X 10 -7 Torr during evap- 
oration. The average deposition rate was about 8 A/  
sec. The substrates were not in tent ional ly  heated or 
cooled dur ing deposition. 

The Ge /S i<100>  samples were heat- t reated in a 
quar tz- tube  furnace with flowing forming gas (Ar/  
H2) ambient.  In each exper iment  anneal ing was 
carried out for 20 min  ( including the heating period 
of ~2-3  min)  at a constant temperature  in the 400 ~ 
900~ range at a 100~ increment.  Isothermal annea l -  
ing was performed on a few samples at 400~ up to 
120 min. The composition and structure of the annealed 
samples were analyzed by 4He+ ion backscattering, 
Auger spectroscopy, x - ray  diffraction, reflection high 
energy electron diffraction (RHEED), and t ransmis-  
sion electron microscopy (TEM). 

Results and  Discussion 
X-ray  and electron diffraction measurements  showed 

that the films annealed at temperatures  at or above 
500~ were single crystalline, while the films annealed 
at 400~ still contained amorphous materials at the 
film surfaces. Figure 1 is the (011) RHEED pat tern  of 
a typical SPE Ge film, 2000A thick, annealed at 700~ 
similar pat terns were obtained for samples annealed 
at temperatures  between 500 ~ and 900~ The pat tern 
contains strong matr ix  spots streaked along the (011) 
azimuth direction, indicat ing that  the film is epitaxial  
and has a ra ther  smooth surface. Addit ional  weak 
satellite spots are present  due to {111} twinned re- 
gions of the crystal. Fa in t  traces of polycrystal l ine 
rings were occasionally detected for the 3000A thick 
Ge films, bu t  most of the th inner  films did not give 
polycrystal l ine reflections. For samples annealed~ at 
400~ RHEED measurements  showed amorphous 
diffraction pat terns over the entire surfaces of the Ge 
films. 

The RHEED patterns were generated by diffraction 
from a region estimated to be a few hundred  ang- 
stroms in depth. In contrast with the RHEED data, the 
x - r ay  pat terns for the heat- t reated samples were gen- 
erated by diffraction from a mean  depth of several 

Fig. !. RHEED pattern for a heteraepitaxlal Ge film obtained by 
solid-phase crystallization of an amorphous Ge film deposited on a 
< l O 0 > S i  single crystal substrate. The annealing was carried out 
at 700~ for 20 min in a quartz-tube furnace with a flowing 
At/H2 ambient. 

micrometers, so that  these pat terns contain peaks due 
to the Si substrate. The (400) diffraction peak in-  
tensities for the epitaxial Ge films and those for the 
single crystal Si substrates have been measured. 
Figure 2 shows a plot of the ratio of the measured 
(400) peak intensities for 1000A thick SPE Ge films 
vs. anneal ing  temperature.  As can be seen in the figure, 
the ratio increases markedly  as temperature  increases 
from 400 ~ to 500~ which then increases gradually,  
reaching a max imum at 800~ and falls off at 900~ 
The presence of Ge crystal l ine diffraction peaks for 
samples after anneal ing at 400~ for 20 rain indicates 
that epitaxial  crystall ization already occurs at this 
temperature.  However, the crystall ization front  ad- 
vancing from the Ge-Si interface has not reached the 
film surface dur ing the 20 rain anneal ing period so 
that the film remains amorphous near surface regions 
as revealed by RHEED measurements.  For samples 
'annealed at 400~ for 30 min, a mixture  of single 
crystall ine and amorphous diffraction pat terns was 
detected by RHEED measurements.  Each pa t te rn  was 
found on different locations of the sample, indicat ing 
that the Ge film was par t ia l ly  crystallized in the form 
of localized epitaxial islands. Increasing the anneal ing 
time leads to successive lateral  growth of the epitaxial 
islands and a uniform epitaxial Ge film is obtained 
after 60 min  of annealing.  This growth mechanism is 

b 

10  I I I I I I 

8 

6 

4 

2 

I [ I I I I 
0 400 500 600 700 800 900 

T ( ~  

Fig. 2. Ratio of (400) diffraction peak intensities for hetero- 
epitaxial Ge films and those for single crystal Si substrates as a 
function of annealing temperature. 
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similar  to that recent ly observed in the epitaxial 
growth of amorphous Si films deposited on <100>Si  
(6). 

The decrease in diffraction peak in tens i ty  for Ge 
films annealed at 900~ (Fig. 2) is intr iguing.  Exam-  
inat ion of film surfaces under  an optical microscope 
showed that the films annealed at or below 800~ were 
mir ror  smooth, while the films annealed at 900~ were 
somewhat milky, indicat ing surface oxidation or con- 
taminat ion  dur ing the annealing.  Rutherford back- 
scattering measurements  showed a significant in ter -  
diffusion between Ge and Si for samples annealed at 
900~ Figure 3 is the 2 MeV 4He+ ion backscattering 
spectrum of such a sample. The arrows marked in the 
figure are surface signals due to Ge (channel  number  
,-~ 290) and Si (channel  number  ~ 200). An appreci- 
able amount  of Si is observed near  the surface region 
with a peak concentrat ion of approximately  20 atomic 
percent  (a/o) at the surface. Trace Ge, less than 0.4 
a/o in concentration, is detected between channels 200 
and 250, which is a t t r ibuted to in-diffusion of Ge into 
the Si substrate. These results indicate that  in terdi f -  
fusion between Ge and Si is not symmetr ical  and the 
process is dominated by outdiffusion of Si toward the 
surface. Outdiffusion of Si through th in  deposited 
metal  overlayers at low temperatures  has previously 
been observed (10). The reaction was a t t r ibuted to 
g ra in -boundary  diffusion of Si through the metal  film 
as well  as formation of Si oxides on the film surfaces 
especially in an anneal ing  ambient  containing water 
vapor (10). The solid-phase interdiffusion observed in 
the present  case may be due to a similar  cause since 
our Ar/H~ anneal ing ambient  may contain some water  
vapor or oxygen and fast outdiffusion of Si could take 
place via s t ructural  defects contained in the Ge layers. 
The observation that the Si concentrat ion near  the 
film surface is higher than that  in the Ge film (Fig. 3) 
suggests such a reaction, otherwise a normal  diffusion 
profile (such as an error function) will be expected. 
The interdiffusion between Ge and Si may explain (in 
part)  the decrease of Ge (400) diffraction peak in-  
tensity for samples annealed at 900~ as shown in 
Fig. 2. 

Samples annealed at temperatures  between 400 ~ and 
8O0~ have also been examined by backscattering 
measurements.  No broadening of Ge-Si interface was 
observed for those samples yet faint  traces of Si sig- 
nals were detected on the film surfaces for samples 
annealed at 700 ~ and 800~ Figure 4 shows the back- 
scattering spectrum of a sample annealed at 70O~ As 

lO ~ 

A 
,n 

10 z 

w 

101 

i0 ~ 

I I I 

2 MeV 4He + Ge 

6 0  ~ T I L T E D  ~ ,  

1 0 0 0  ~. o~ - G e / S i < l O 0 >  

AS - D E P O S I T E D  

..... 900~  20ra in  ANNEAL 

si 

,, .". -. 

. ' ' 4  

L. :L 
lO0 200 3 0 0  

CHANNEL NUMBER 

Fig. 3. 4He+ ion backscattering spectra for a Ge /S i<100>  
sample before and after annealing at 900~ for 20 min. Significant 
interdiffusion between Ge and Si occurs during annealing. 

~03 

10 z 

t-, 
._l 

10 ~ 

I I 

2 MeV 4He + 

60 ~ TILTED 

-::..., . % . .... . . .... :..::-.','.c.~, "s-',.:,.~..'.',':~.- :-, 

: Si 

1 
1000  A ~mGe/S i< ]O0> 

A N N E A L  700~  20rain 

I 

I 

Ge 

"i~.&. 

I 
3 0 0  

10~ ~l .L 

]00 2 0 0  

CHANNEL  NUMBER 

Fig. 4. 4He+ ion backscattering spectrum for o G e / S i < l O 0 >  
sample after annealing at 700~ for 20 min�9 Trace Si is detected 
on the surface of Ge film. 

can be seen in  the spectrum, the Si surface signals 
(near  channel  200) are slightly above the noise level. 
Again, we at t r ibute outdiffusion of Si (or accumula-  
tion of Si on the film surface) to formation of Si oxides 
on the surface. It should be noted that solid-phase 
interdiffusion between Ge and Si at this temperature  
(~700~ is negligible because of the small  diffusion 
coefficient (11). The outdiffusion of Si is, therefore, 
presumably defect enhanced and the most probable 
defects are twin boundaries because twins are the 
predominant  defects observed in the SPE Oe films. 

X- ray  diffraction analyses have been carried out to 
obtain a quant i ta t ive  estimate of the microtwin den-  
sity. The experiments were carried out in a s tandard 
diffractometer with a motor -dr iven  goniometer al-  
lowing sample rotat ion along three perpendicular  
axes. Details of exper imental  procedures have been 
described previously (12). Briefly, the (311) peak in-  
tensity for the epitaxial  regions of the film was first 
measured and the sample was tilted by 20~ toward a 
{111} plane to maximize the (311) peak for the 
twinned regions. The ratio of the (311) peak in tens i -  
ties for the twinned and epitaxial  regions, which we 
call the twin index (TI),  is a measure of the microtwin 
density. Our detection l imit  for TI is about 2 X 10 -4, 
corresponding to a value of about 6 • 10 -4 for the 
volume fraction of twins. In  Fig. 5 the TI values for a 
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number  of  SPE Ge films are  plot ted against  anneal ing 
tempera ture .  The TI values decrease g radua l ly  wi th  
increasing tempera ture .  This resul t  is consistent  wi th  
the gradua l  increase of (400) diffraction peak  in tens i -  
ties wi th  t empera tu re  (in the range  of 500~176 for 
ep i tax ia l  Ge films as shown in Fig. 2, except  for 
samples annealed  at  900~ where  interdiffusion be-  
tween Ge and Si resul ts  in a decrease of Ge (400) 
peak  intensi ty.  

Our results  demons t ra te  that  ep i tax ia l  g rowth  of Ge 
on Si can be accomplished by  sol id-phase  crys ta l l iza-  
t ion in spite of the large  la t t ice  mismatch (4%) be-  
tween the two mater ia ls .  Marked  contaminat ion  ei ther  
at  the Ge-Si  in ter face  or wi th in  the Ge film would be 
expected to lead  to random nucleat ion in the amor -  
phous Ge films and therefore  to extensive po lyc rys ta l -  
l in i ty  (13). The success of ep i tax ia l  g rowth  indicates  
that  e lectron beam deposi t ion of Ge did not in t roduce 
such contaminat ion.  This has been confirmed by  Auger  
spectroscopic analysis  of both as -depos i ted  and an-  
nealed samples. F igure  6 shows the Auger  e lect ron 
spectra  obta ined  f rom an annealed  Ge film (at 700~ 
before [Fig. 6 ( a ) ]  and af ter  [Fig. 6 ( b ) ]  argon sput te r  
etching. Oxygen and carbon are  detected on the surface 
of annea led  films [Fig. 6 ( a ) ] .  Traces of Si signals due 
to the KLL t rans i t ion  near  1600 eV and LMM t rans i -  
t ion near  90 eV (which over laps  wi th  the Ge MNN 
transi t ion)  are  also detected.  The Si signals were  too 
weak  for chemical  s tate identif icat ion (i.e., SiO~ or 
pure  Si) .  However ,  the presence of Si on the Ge film 
surface is consistent  wi th  the  backsca t te r ing  observa-  
tions (Fig. 4) descr ibed above. Af te r  argon sput te r  
etching, the Auger  spec t rum of Fig. 6(b)  shows that  
the  Si, O, and  C signals a re  wi th in  the noise level,  in-  
d icat ing thei r  concentrat ions  at  or  be low ~0.1 a/o.  
Depth-prof i le  measurements  showed that  the O and C 
signals were  not detected at  the or ig inal  Ge-S i  in te r -  
face ei ther .  

The absence of oxygen signals at  the Ge-Si  in terface  
in Auger  spectroscopic analysis  suggests tha t  our sur -  
face prepara t ions  for Si have minimized the format ion  
of na t ive  oxide which  is known to occur r ead i ly  in air. 

i I i I 
AES Ge/Si< 100> 

PRIMARY BEAM: 5 keV, 0 5 FLA 

(;S &NSERTED I 
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Fig. 6. Auger electron spectra for an SPE Ge film (annealed at 
700~ before (a) and after (b) argon sputter etching. Oxygen, 
carbon, and Si are detected on the surface of Ge film and they 
are absent within the detection limit after argon sputter etching. 

To test  the effects of na t ive  oxide on the format ion  of 
SPE Ge films, the fol lowing exper imen t  has been 
carr ied  out. Af te r  the last  HF rinse, the Si subst ra tes  
were  de l ibera te ly  exposed in a i r  for 5-10 min before  
loading in the vacuum deposi t ion system. The resu l t -  
ing SPE Ge films were  found to contain e i ther  high 
densities of twins (wi th  TI value  ,-, 5% or h igher)  or 
r andom polycrysta l l i tes .  If  the exposure  t ime was in-  
creased to 30 min or more, complete  po lyc rys ta l l in i ty  
was obtained.  Auger  analysis  indica ted  the  presence of 
O and C at  the Ge-Si  interface wi th  amounts  jus t  above 
the noise level  for  samples tha t  unde rwen t  a 5-10 rain 
air  exposure  and about  0.5-1 a /o  for samples  tha t  
underwent  over  30 min ai r  exposure.  

As ment ioned before,  po lycrys ta l l ine  mater ia l s  were  
occasional ly  observed near  the surfaces of th ick SPE 
Ge films. The format ion  of polycrys ta l l i tes  is a t t r ibu ted  
to e i ther  surface or impur i t y - induced  random nuclea-  
t ion due to pene t ra t ion  of impur i t ies  into the Ge film 
from gas ambien t  (14). Increas ing the film thickness 
increases the p robab i l i t y  of polycrys ta l l ine  format ion  
since random nucleat ion may  occur before  ordered  
t ransformat ion  is completed by  the crys ta l l iza t ion front  
advancing  f rom the f i lm-subs t ra te  interface.  

We have significantly improved  the crys ta l  qua l i ty  
of SPE Ge films on Si subs t ra tes  by  employing  a tech-  
nique suggested by  the fact  that  so l id-phase  homo-  
ep i t axy  of Ge (15) and Si (7, 16) has been used to 
convert  amorphous  layers  to high qua l i ty  c rys ta l l ine  
mater ia ls .  Fol lowing the ini t ia l  SPE anneal  (700~ 20 
rain) ,  the Ge film was implan ted  at  l iquid ni t rogen 
(LN2) t empera tu re  wi th  Ga+ ions, using an ion energy  
and dose selected to produce an amorphous  upper  
l ayer  about  2/3 the total  thickness  of the  film. Fo r  
example,  a l ayer  about  1200A thick was produced  in a 
film 2000A thick by  implan ta t ion  wi th  a dose of 1 • 
1014 cm-2  180 keV Ga + ions in a nonchannel ing di rec-  
t ion (7 ~ from normal  incidence) .  The p - type  Ga ions 
were  used to ensure good ohmic contacts be tween  Ge 
and GaAs because the presence of Ga is expected to 
overdope any  As (an n - type  dopant  in Ge)  tha t  m a y  
diffuse into the Ge dur ing subsequent  g rowth  of GaAs 
layers  (8). The Ge /S i  sample  was then reannea led  at  
700~ for 15 min, causing the amorphous  upper  l aye r  
of the Ge film to recrys ta l l ize  by  so l id-phase  homo-  
epi taxy,  which was seeded by the lower  region of t h e  
film that  had not  been damaged  by  ion implanta t ion .  
Af te r  reannea l ing  the film surface was as smooth as it  
had been af te r  the ini t ia l  annealing.  

F igure  7 is the RHEI~.D pa t t e rn  obta ined  for an SPE 
Ge film af te r  ion implan ta t ion  and reanneal ing.  In  
comparison wi th  the pa t t e rn  of Fig. 1 for another  po r -  
t ion of the  same film subjec ted  only to the, in i t ia l  SPE 

Fig. 7. RHEED pattern for an SPE Ge film after implantation 
with 180-keV 1 • 10 TM cm - 2  of Ga + ions and reannealing at 
700~ for 15 rain. 
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anneal,  the pr inc ipa l  diffraction spots are  sharper  and 
more  elongated,  the spots due to (111) twins have dis-  
appeared,  and the Kikuchi  lines a re  stronger.  Al l  these 
fea tures  a re  evidence for a marked  improvemen t  in 
c rys ta l  qua l i ty  at  the surface due to implan ta t ion -  
reannea l ing  t rea tment .  The improvemen t  has been 
confirmed by  TEM observat ions.  F igure  8 shows the 
cross-sect ional  TEM micrograph  for an SPE Ge film, 
2000A thick, before  [Fig. 8 ( a ) ]  and af ter  [Fig. 8 ( b ) ]  
the  imp lan ta t i on - r eannea l ing  t rea tment .  {111} p r i m a r y  
and secondary  twins are  present  th roughout  the Ge 
film af ter  the ini t ia l  SPE anneal ing  [Fig. 8 ( a ) ] .  Af te r  
the imp lan ta t i on - r eannea l ing  t rea tment ,  the  twin  
dens i ty  reduces m a r k e d l y  especia l ly  in the  n e a r - s u r -  
face region of the film as shown in Fig. 8 (b) .  The TI 
value  for this sample  was measured  to be 0.004, about  
a factor  of 4 smal le r  than that  (0.016) of this sample  
before  the  t rea tment .  Both micrographs  show sharp  
Ge-S i  interfaces  as expected for the so l id-phase  crys-  
ta l l izat ion process. 

The improvemen t  in c rys ta l  qua l i ty  has also been 
confirmed by  the resul ts  of channel ing exper iments  
wi th  1.0 MeV 4He+ ions. F igure  9 shows the channel -  
ing spec t ra  for  a 2000A thick Ge film on <100>S i  a f t e r  
the ini t ia l  SPE anneal  [Fig. 9 ( a ) ]  and af ter  imp lan t a -  
t ion and reannea l ing  t r ea tmen t  [Fig. 9 ( b ) ] .  F igure  
9 (b) also shows the  spec t rum for a pol ished <100>Ge  
single c rys ta l  wafer.  The imp lan ta t ion - reannea l ing  
t r ea tmen t  resul ts  in a decrease of m in imum surface 
y ie ld  for the SPE film from 18% in Fig. 9(a)  to 4.5% 
in Fig. 9 (b) .  Af te r  the t r ea tmen t  the spec t rum for the  
nea r - su r face  region of the film is a lmost  the same as 
tha t  for the Ge single c rys ta l  wafer,  indica t ing  that  this 
region of the film is comparab le  in crys ta l  qual i ty  to 
the bu lk  crystal .  Note that  the a l igned yie ld  near  the 
in ter rac ia l  region is much h igher  than  tha t  of single 
crys ta l  Ge because of the presence of twins and a high 
concentra t ion of dislocations near  this region. F igures  
10(a) and  10(b) show the p l ana r  br ight - f ie ld  and 
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Fig. 9. 4He-  ion channeling spectra for an SPE-Ge/Si<I00> 
sample. (a) After initial annealing. (b) After subsequent implanta- 
tion and reannealing treatment. The TEM micrographs of the 
sample are shown in Fig. 8a and b, respectively. 

Fig. 8. Crass-sectional TEM micrographs for an SPE Ge film on 
<100>Si .  (a) After initial annealing at 700~ for 20 min. (b) 
After subsequent implantation of Ga + ions and reannealing at 
700~ for 15 min. Significant reduction in twin density in the sur- 
face region of Ge film is observed after the implantation-rean- 
neallng treatment. 

w e a k - b e a m  dark-f ie ld  TEM micrographs,  respect ively,  
for  such dislocations. S imi la r  resul ts  were  obta ined  for 
SPE Ge films wi thout  the implan ta t ion - reannea l ing  
t rea tment .  The dislocations are  p re sumab ly  misfit type. 
They  are  formed dur ing  the growth  of he te roep i tax ia l  
Ge films to release the in ter fac ia l  misfit s t ra in  o r ig ina t -  
ing f rom the large  la t t ice  mismatch  (,~4%) be tween  
Ge and Si. The dislocation dens i ty  is es t imated to be 
of the order  of 1010-10 n cm -2 f rom Fig. 10. Extensive 
interact ions be tween  dislocations are  observed,  which 
resul t  in c l imbing and propaga t ion  of dislocations 
toward  the film surface as incl ined dislocations. TEN[ 
observat ions on th inner  port ions (near - sur face  re -  
gions) of the Ge films indica ted  that  the densi ty  of in-  
cl ined dislocations was in the range  of 108-109 cm -2, 
about  two to three  orders  of magni tude  lower  than  
that  of misfit dislocations near  the interface.  No sig-  
nificant reduct ion in dislocation densi ty  was observed 
in Ge films af ter  the imp lan ta t i on - r eannea l ing  t r ea t -  
ment.  

As an ini t ia l  step in de te rmin ing  the usefulness of 
SPE Ge films as subs t ra tes  for the growth  of GaAs, un-  
doped GaAs ep i tax ia l  layers  about  2 ~m thick were  
grown by  chemical  vapor  deposi t ion (CVD) on the 
SPE Ge films. Detai ls  of the deposi t ion procedure,  
which employs  the AsCI~-GaAs-H2 method,  have been 
descr ibed e lsewhere  (8). The GaAs layers  were  found 
to be comparable ,  and in most cases superior,  in crys ta l  
qual i ty  to the under ly ing  Ge films. F igure  11 shows 
the 1.0 MeV 4He+ channel ing spec t rum of a GaAs l aye r  
grown on a Ge film that  had been subjec ted  to the im-  
p lan ta t ion - reannea l ing  t rea tment .  The min imum sur-  
face yie ld  is only  4% indis t inguishable  wi th in  the ex-  
pe r imenta l  uncer ta in ty  f rom tha t  of a pol ished GaAs 
single crystal .  Separa te  surface peaks  due to Ga and 
As can be dis t inguished in the a l igned spec t rum near  
0.8 MeV, indica t ing  good crys ta l  quali ty.  For  GaAs 
layers  grown on s ingle-s tep  annea led  Ge films, the  
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Fig. 11. 4He+ channeling spectrum for a GaAs layer about 2 
#m thick grown by CVD on on SPE-Ge/Si<100> substrate after 
the ion implantation and reannealing treatment. 

Fig. 10. TEM micrographs of (a) bright-field image and (b) 
dark-field image under a weak-beam (g = 22"0, 3g) diffraction 
condition for an SPE Ge film showing the misfit dislocations near 
the interfacial region. 

crysta l  qual i ty  was found to be infer ior  to tha t  of l ay-  
ers grown on implan ted  and rearmealed  Ge films. 

Summary 
In conclusion, so l id-phase  epi tax ia l  crys ta l l iza t ion of  

amorphous  Ge films deposi ted on <100>Si  has been 
achieved upon the rmal  anneal ing  at  t empera tu res  of 
500~176 The Si subst ra tes  were  chemical ly  cleaned 
b y  convent ional  procedures  wi thout  any  a t t empt  to 
achieve a tomica l ly  clean surfaces. By minimizing the 
exposure  t ime of Si subs t ra tes  af ter  the predeposi t ion  
chemical  etching, the nat ive  oxides on the Si surfaces 
were  reduced to a level  so tha t  ep i tax ia l  crys ta l l iza t ion 
of  the amorphous  Ge can be achieved by  low t empera -  
ture  annealing.  Increas ing the exposure  t ime increases 
the p robab i l i ty  of nat ive oxide format ion  which leads 
to the format ion of h igh ly  defected epi layers  or  po ly-  
crys ta l l ine  films. 

S t ruc tu ra l  charac ter iza t ion  showed that  the SPE Ge 
films contained dislocations and twins. Significant re -  
duct ion in twin densi ty  has been achieved by  imp lan t -  
ing the SPE Ge film wi th  180-keV 1 • 1014 Ga + ions /  
cm 2 at  LN2 t empera tu re  to produce an amorphous  Ge 
upper  l aye r  and  then recrys ta l l iz ing  the l aye r  by  an-  
neal ing at  700~ for 15 min. Epi tax ia I  GaAs layers  of 
good crys ta l  qual i ty  have been grown by CVD on SPE 

films subjec ted  to this t reatment�9 On the basis of this 
result ,  i t  appears  h igh ly  p robab le  that  GaAs layers  
sui table  for  the fabr ica t ion  of high efficiency thin film 
solar  cells can be grown on S P E - G e / S i  substrates.  
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Evaporation of High Quality Films from 
IngOt/In Source--Evaporation Chemistry and 

Thermodynamics 
C. A. Pan and T. P. Ma 

Department of Engineering and Applied Science, Yale University, New Haven, Connecticut 06520 

ABSTRACT 

Highly transparent conductive In~O~ films can be easily deposited by simple 
thermal evaporation from an In2OJIn source in a low pressure O~ environ- 
ment. The important role of In in the evaporation process has been examined. 
From an analysis of the evaporation chemistry and the thermodynamics of the 
system, it has been concluded that the incorporation of In in the evaporation 
source not only significantly enhances the evaporation rate, but also gives 
rise to a higher concentration of conduction electrons. Many possible reactions 
in the source region and on the substrate have been considered, and only a 
few have been found to be of significance, which greatly simplifies the theory. 
Good qualitative agreement has been found between the theory and several 
key experimental observations. The theory has also been verified by quantita- 
tive comparisons with the experimentally measured film growth rate and t h e  
conduction electron concentration. 

Optically transparent, electrically conducting films of 
In2Os are useful in a variety of applications. The most 
commonly used preparation techniques include sputter- 
ing (1-6) and chemical spray deposition (7-9). In two 
recent publications (10, 11), we showed that high qual- 
ity polycrystalline In208 films could be readily pro- 
duced by a simple thermal evaporation technique. Re- 
sistivity of 2 • 10 -4 ~2-cm and optical transmission of 
90% in the visible range are typically observed. 

The observed optical transparency arises from the 
relatively wide direct and indirect bandgaps of In20~, 
which have been measured to be 3.56 and 2.69 eV, 
respectively (10). Its high conduction electron concen- 
tration ( ~  4 • 102~ 3) is believed to result from the 
interstitial In atoms (10, 12, 13) or oxygen vacancies 
(14) in the In203 structure, which act as shallow donor 
levels. 

As we reported previously (10, 11) the key to the 
success of this simple evaporation process is the use 
of a combination In2OJIn (approximately 90%:10% by 
weight) as the source material. Other relevant pro- 
cessing parameters will be described in the next sec- 
tion. It has been found that the incorporation of the 
metallic In in the evaporation source results in two 
significant effects. These are (i) a substantial increase 
of the evaporation rate at the operating temperatures, 
and (ii) a significant improvement of the film conduc- 
tivity. 

In this paper, the role of In in the present evapora- 
tion process is examined. It will be shown that, based 
on simple evaporation chemistry and thermodynamics, 
our experimental results can be explained qualitatively 
as  w e l l  a s  quantitatively. 

Key words: evaporation rate, In~O, electron concentration, ex- 
cess In, vapor transport. 

Evaporation Parameters 
The evaporation is done in a diffusion-pump vacuum 

system with a resistance-heated source. As shown in 
Fig. i, the evaporation boat consists of an alumina 
crucible heated by a tungsten heater. A pack of In203 
powder on top of a pack of metallic In (approximately 
90% In203:10% In by weight) is used as the source 
material. The substrate is a microscope cover glass 
slide, and a substrate heater maintains a temperature 
range from 320 ~ to 350~ during evaporation. 

Initially, the vacuum chamber is evacuated to a base 
pressure in the 10 -6 Torr range. Pure O2 is then ad- 
mitted to the chamber. With the high vacuum remain- 
ing open a steady-state chamber pressure ranging from 
5 • 10 -5 Torr to 2 • 10 -4 Torr is rapidly reached 
and regulated by adjusting the O~ needle valve. The 
evaporation rate, monitored by a crystal oscillator, is 
primarily controlled by the source temperature. Typi- 
cal source temperature ranges from 800 ~ to 900~ pro- 
viding a deposition rate of 20-40 A/min on the thick- 
ness monitor, which is 29 cm above the source. The 
sheet resistance of the film is also monitored continu- 
ously during the evaporation. 

The temperatures of the crucible wall and the In203 
powder can be measured by two separate thermocou- 
ples, which are used to establish the temperature de- 
pendence of the evaporation rate. In a normal run, 
however, the thermocouples are removed from the 
source region to minimize the possible contamination 
sources. 

Evaporation Chemistry and Thermodynamics of the 
System 

Figure 2 shows the sheet resistance as a function of 
thickness during the growth of the In203 film. It can 
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Fig. 1. Source, substrate, and thickness monitor arrangement in 
the evaporation chamber. Typical evaporation parameters are 
indicated. 

be seen that  a sheet resistance of 6.75 12/[=] is reached 
at a film thickness of 2700A, corresponding to an aver-  
age resistivity of 1.8 • 10 -4 ~-cm.  From the Hall  
effect measurement ,  an average free electron concen- 
t ra t ion of 4.69 • 1020 cm -3 and a Hall mobil i ty  of 74 
cm/Vsec have been determined for this film. 

Since no dopant impur i ty  has been introduced into 
the film, the conduction electrons are believed to arise 
from the excess In  atoms or oxygen vacancies in  the 
s tructure which act as shallow donor levels (12-14). 
Assuming each excess In  atom gives rise to one donor 
level, which in tu rn  gives rise to one conduction elec- 
t ron at room temperature,  one expects a concentrat ion 
of 4.69 • 1020/cm8 for the excess In. Within  the ac- 
curacy of the given assumption and the exper imental  
uncertainty,  a successful theory should therefore be 
able to predict  this result. The enhancement  of the 
evaporation rate due to the presence of In in  the evap- 
orat ion source is another  impor tant  observation, which 
should also be contained in the theory. 

In  the subsequent  analysis of the evaporation process, 
the re levant  processing parameters for the film shown 
in Fig. 2 will  be used, which are: (i) F i lm growth rate 
= 33 A/min ,  (ii) O~ pressure = 1 • 10 -4 Tort,  (iii) 
crucible temperature  = 860~ (1133 K),  and (iv) sub-  
strate temperature  -- 340~ (613 K).  

10 7 

10 6 

10 5 

~" 104 

E 
~ 10 3 

[] 

I I I I I 

lIT I I I I 
1000 2000 

I _17  

- - 6  

- - 5  'E 

4~ 
o 

1 

3000 

Fig. 2. Sheet resistance R ~ and sheet conductance per unit film 
thickness AG/At as a function of the In203 thickness. 

Reactions in the source region.--At a source tem- 
perature of 1133 K, a number  of reactions involving 
In2Oz, In, and Oe in the source region may be possible, 
which are listed below 

In  (1) -> In  (g) ; A G 1  ~ - -  29 _ 0.5 kcal [1] 

2In (1) -t- 1/2 O2 (g) -~ I n t o  (g) ; 

hG2 ~ = - - 2 2 _  1.4kcal [2] 

2In (1) -t- 3/2 02 (g) -~ In208 (s) ; 

hGs ~ = --133 +__ 0.45 kcal [3] 

In  (1) ~- 1 /20~ (g) -~ InO (s) [4] 

In~Oa (s) --> In20 (g) -t- O2 (g) ; AGs~ = 111 _ 1.47 kcal 

[5] 
4In (I) + In2Oa (s) -~ 3In20 (g);  

hG8 ~ -- 67.3 _ 4.2 kcal [6] 

Because of the low mel t ing point  of In  (430 K at 1 
a tm) ,  and the low boiling point of In20 (800K at 1 
arm),  In does not exist in the solid phase in  the cruci- 
ble, and In20 is in  its vapor phase. It  should also be 
noted that  no gas phase of In203 has been found in the 
thermal  decomposition exper iment  performed by Burns 
et al. (15), and the thermal  evaporat ion of In203 in-  
volves gas phase t ransport  of In20, In, and O2. 

The free energy changes, aG ~ in  the above equations, 
have been calculated based on published data and laws 
of thermodynamics,  which are summarized below 

~G1 ~ (T) -- 58,840 ~ 3.2T log T -- 35.82T _ 500cal/mol 

(Ref. 16, 17) [7] 

~G2 ~ (T) -- --5000 -- 1ST __. 1400 cal /mol  (Ref. 17, 18) 

[a] 

~G3 ~ (T) -- --215,550 ~ 72.63T __ 450 cal /mol 

(Ref. 17, 18) [9] 

hG~ ~ (T) = AG2 ~ -- hGa ~ -- 210,550 -- 87.63T _+ 1950 

(From Eq. [2], [3], [5]) [10] 

aG~ ~ (T) -- 3hG~ ~ (T) - - a G ~  ~ (T) (From Eq. [2], 

[3], [6]) [11] 

---- 200,550 -- 117.63T _ 4.2 kcal 

The reactions [2]-[4] all  involve the oxidation of In, 
and they can be neglected because of the very l imited 
supply of O2 in the crucible. The 02 part ial  pressure 
in  the chamber  is ra ther  low (1 • 10 -4 Torr)  to begin 
with, and it is expected to be even much lower near  
the opening of the crucible due to the rapid evaporat ion 
of IneO (see subsequent  discussions), which pumps the 
O2 away from the source. 

Reaction [5] is the thermal  decomposition of In2Os. 
From the value of the free energy change associated 
with this reaction, AG5 ~ =- 111 kcal, the par t ia l  pres-  
sure of In20 has been calculated to be below 10 -9 Torr, 
suggesting that this reaction can also be neglected. It 
should be ment ioned that  Burns  et al. (15) have mea-  
sured the vapor species over In20~ at elevated tem-  
peratures,  and they reported a par t ia l  pressure of In20 
below 10 - s  atm at 1200 K, a result  consistent with our  
calculation. This explains why the evaporation rate 
from the In~Os source (without the presence of In) is 
negligibly small  at a source temperature  of 860~ as 
we have observed experimental ly.  

Therefore, only reactions [1] and [6] need to be 
considered in  the source region for our  experiment,  
which are rewr i t ten  as 

In  (1) -~ (g);  AG1 ~ = 29 kcal [1] 
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4In (1) + In~03 (s) --> 3IntO (g) ;  AGs ~ --  67.3 kca l  

[6] 

From these  two reactions,  the equ i l ib r ium par t i a l  
pressure  of In  and ImO can be expressed as 

P (In) = exp [--AGi ~ (T)/RT] [12] 
and 

[P(In20)] 8 = exp [-- AG6 ~ (T)/RT] [13] 

At the operating temperature, the numerical values 
of the  pa r t i a l  p ressure  are  

P ( I n )  = 2.2 X 10 -6  arm = 1.67 X 1 0 - e T o r r  [14] 
and 

P ( I n 2 0 )  = 4.7 X 1 0 - ~ a t m  = 3.6 X 1 0 - 2 T o r r  [15] 

In summary ,  the  on ly  two significant vapor  species 
evapora t ing  f rom the source are  In  and In20, w i th  the i r  
respect ive  pa r t i a l  pressures  given b y  [14] and [15]. 
Thus, the s imple  theory  p resen ted  above suggests  tha t  
the  incorpora t ion  of the metal l ic  In in the evapora t ion  
source should resul t  in  severa l  orders  of magni tude  in-  
crease in the evapora t ion  rate.  Compar ing  [14] wi th  
[15], i t  is appa ren t  that  the dominat ing  evapora t ing  
component  is In~O, and In vapor  consti tutes approx i -  
m a t e l y  4.6% of the  total .  

Since our  x - r a y  diffraction analysis  indicates that  the 
deposi ted films are  po lycrys ta l l ine  In203 (10, 11) some 
chemical  react ions  must  be tak ing  place dur ing  the 
evapora t ion  process, which conver t  In20 into InsOs. 
This process is considered next .  

Reactions on the substrate . - -The chamber  pressure  is 
ma in ta ined  at  1 • 10 -4  Torr  (p r imar i ly  02) dur ing  
evaporat ion,  which corresponds to a mean - f r ee  pa th  of 
50 cm and is longer  than the  source-subs t ra te  distance. 
Therefore,  react ions wi th  O2 in the vacuum chamber  
c a n  be neglec ted  except  at  the  substrate,  which  is he ld  
a t  340~ (610 K ) .  

The possible react ions on the subs t ra te  a re  l is ted be-  
low 

IntO (i) + O~ (g) ~ In~O~ (s); AG ~ = --163.1 kcal 

[16] 

4In (1) + O2 (g) -~ 2IngO (1); AG ~ = - -15 .7kca l  [17] 

4In (1) + 3 O2 (g) ~ 2In208 (s) ; AG ~ --  --342 kca l  

[18] 

2In (I) + Os (g) -~ 21nO (s); AG ~ -- 64 kcal [19] 

Note that both In and In20 are in the liquid phase on 
the substrate due to their low melting points. Equations 
[7]-[II] have been used again to obtain the free energy 
changes in the above equations, 

React ion [16] is the dominant  reac t ion  because In tO 
is the  ma jo r  evapora t ing  species. Our  x - r a y  diffract ion 
da ta  indicate  tha t  the film s t ruc ture  is po lycrys ta l l ine  
In2Os, which is also consistent  wi th  the outcome of 
reac t ion  [16]. 

Equat ions  [17]-[19] al l  involve the react ions be tween  
In  and 02, which  may  be neglected based  on p robab i l -  
ist ic considerations.  Because of the low evapora t ion  
ra te  of In, and the low In/In20~ ra t io  a r r iv ing  at  the  
substrate ,  i t  is h igh ly  un l ike ly  tha t  two or more  In  
a toms could be t ight ly  d i s t r ibu ted  spa t ia l ly  to reac t  
wi th  O~. in a r e l a t ive ly  shor t  per iod  of t ime. 

Thus, the  p r i m a r y  reac t ion  tak ing  place on the sub-  
s t ra te  is the  conversion of In20 into In2Oe, according 
to [16]. The condensat ion of In20 on the subs t ra te  in 
its l iquid phase m a y  be responsible  for the fo rmat ion  
of the  crys ta l l ine  phase of In203. A smal l  amount  of 
In  atoms, however ,  is incorpora ted  in the film dur ing  
growth,  which  gives rise to the conduct ion electrons.  
The exact  chemical  s ta te  of the  excess In  is not  c lear  
at  the  presen t  time. Whether  the In atoms indeed oc- 
cupy the in te rs t i t i a l  sites, or  form some complexes  wi th  
the host  In208, remains  to be studied. 

Comparison Between Theory and Experiment 
In the previous section, we have shown that the 

theory  is in qua l i t a t ive  agreement  wi th  our  exper i -  
men ta l  observations.  We shall  now make  a quant i ta t ive  
comparison based on two impor tan t  expe r imen ta l  ob-  
servables:  (i) the film growth  rate,  and (ii) the con- 
duction e lec t ron concentrat ion.  

Film growth rate . - -The theoret ica l  g rowth  ra te  of 
the In208 can be calcula ted given the pa r t i a l  pressures  
of In20 and In at  the source and the known source-  
subs t ra te  distance. The calculat ion is as follows. 

The average  the rma l  veloci ty  of In20 at  the source 
t empera tu re  (T = 1133 K) is 

~ =  ~ /  8kT ~ /  kT  
= 1.6 - = 3.13 • 104 cm/sec  

~Trt 7~t 
[2O] 

The ra te  of t r anspor ted  molecules  across the  effective 
source surface area  A is [see Fig. 3 (a) ] 

dQ -- A f ] ( v )  dv s l n " v l [21] 
dt 

where  f (v )  is the molecu la r  speed d is t r ibu t ion  func-  
tion, ] ( v )  dv 3 is the average  number  of molecules pe r  
uni t  volume tha t  has a veloci ty  be tween  v and v + dr,  
and n is the outgoing uni t  vector  normal  to the  sur -  
face A. 

Eva lua t ing  the in tegra l  in the  upper  ha l f  of the ve -  
loci ty space 

d$ =0 ~'8=o =0 
~(v )v  3 cos 0 sin 8 d~ do dv 

= A~r v S ~ ( v ) d v  [22] 

On the o ther  hand  

Fig. 3 (a) Schematic of the crucible showing the velocity vector 
of the vapor particle v, surface normal vector n, and the angle 
parameter 0. A is the effective area of the source surface for gas 
transport, which is the integrated cross-sectional gaps at the sur- 
face between the In2Os particles. (b) Schematic top view of a box 
containing tightly packed spherical particles of diameter d. This 
is used to calculate the effective area for gas transport. 
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1 
v -  -~ fvf(v)dv3 

= l  f~ ~ f : ~ s i n e d o d c  fo~vS] (v )dv  

4~ ~o ~ = ~ va~(v)dv 
N 

[23] 

where N is the total number  of In20 molecules per un i t  
volume. From [22] and [23] 

dQ AN -- 
v [24] 

dt = . 4  

where v = 3.13 • 104 cm/sec as given in [20], and N 
can be calculated from the equation 

P = NRT [25] 

At  T = 1 1 3 3 K a n d P ( I n 2 0 )  = 4.7 X 10 -5 atm, N = 
5.3 X 10-10 mol /cm s. Subst i tut ing the values of v and 
N into [24] 

dQ 
. . . .  -- A • 4.15 • 10-'6 mol/cme-sec 
dt 

= A • 1.02 X 10 - s  g/cm2-sec [26] 

The evaporat ion rate of In20 from the source, there-  
fore, can be obtained once the effective source area, A, 
is known. 

The crucible has a cross-sectional area of 1 cm 2, but  
because of the tight packing of the In203 powder, the 
effective opening for the evaporat ing In20 molecules is 
reduced [see Fig. 3 (b) ] .  This effective area for the 
evaporation process can be estimated as follows. 

Suppose the In20~ powder is made of spherical 
particles of diameter  d, each giving a cross-sectional 
area of nd2/4. For a 1 cm 2 cross-sectional area of the 
crucible, the total  area covered by the particles is then 
1 / (d)  2 • ~/4 d 2 : 0.79 cm 2, which is independent  of 
the individual  diameter of the particles. The effective 
area for the evaporation process is therefore A ---- 0.21 
cm 2. From the visual examinat ion  under  a microscope, 
the particle size in the po.wder is of the order d = 
10 ~m, and the calculated effective area is in  reasonable 
agreement  with the observation. 

Subst i tu t ing A ---- 0.21 cm 2 into [26], the evaporation 
rate of In20 from the source is 

dQ 
---- 2.15 • 10 -4 g/sec [27] 

dt 

Since the thickness monitor  is at a distance 29 cm 
from the source, the theoretical deposition rate for In20 
on the crystal monitor  is 

2.15 • 10-4/2n (29)3 ~ 4.06 • 10 -8 g/cm2-sec 

~-- 34.4 A / m i n  (density of InaO 

----7 g /cm 3) [28] 

Following the same procedure, the theoretical deposi- 
tion rate for In  is calculated to be 1.7 A/min .  There-  
fore, the total evaporation rate on the thickness moni -  
tor is 

34.4 -t- 1.7 A / m i n  = 36.1 A / m i n  [29] 

The agreement  be tween this value and the one re-  
corded by the thickness monitor (33 A/rain)  is bet ter  
than we expected, especially when  one considers the 
m a n n e r  in  which the effective area was estimated. The 
result, however, does suggest that the evaporation ki-  
netics is consistent with the assertion that Eq. [6] is 
the principle reaction in the source region, and that  
the part ial  pressure of In20 at the source is of the 
order given in Eq. [15]. 

Conduction electron concentration.--It has been re-  
ported that the conduction electrons in the crystal l ine 
In203 arise from the excess In  atoms. The electron con- 
centrat ion is therefore expected to be proport ional  to 
the concentrat ion of excess In in  the crystall ine In203 
structure.  

From the evaporat ion rates obtained previously, the 
molar ratio between In  and In20 in the deposited film 
is calculated to be 0.06. This suggests an excess In  
concentrat ion in  the In2Q film of 9 • 102~ This 
value is wi thin  a factor of two of the exper imenta l ly  
determined free electron concentration, 4.69 • 1020/ 
am 3. 

Since the vapor pressure of In  is very sensitive to 
the temperature  (see Eq. [12]), a small  error in the 
exper imenta l ly  determined crucible temperature  could 
account for the discrepancy. It  is also possible that not 
every excess In  atom contributes to a conduction elec- 
tron. A direct measurement  of the In  concentrat ion 
using the composition profiling techniques is necessary 
to resolve this question, which is unavai lable  to us at 
the present time. 

Conclusions 
From an analysis of the evaporation chemistry and 

thermodynamics of the system, it has been found 
that the incorporat ion of In  in the In208 evaporat ion 
source gives rise to two important  effects: (i) A great 
enhancement  of the evaporat ion rate, and (if) a sig- 
nificant increase in  the conduction electrons. 

In  the source region, the most impor tant  reaction 
involves In  and I n e Q  to form In20, which is the domi- 
nant  vapor species evaporating from the source. On 
the substrate, In20 reacts with O2 to form In203, which 
is the pr imary  end product of this evaporation process. 
A small amount  of In (approximately 6%) is also being 
evaporated, which is incorporated in the growing In208 
film. These excess In  atoms are believed to be the 
source of conduction electrons. 
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ABSTRACT 

The deve lopment  of a be t te r  unders tand ing  of the or ig in  of defects which 
affect device pe r fo rmance  requi res  the  charac ter iza t ion  of deep levels  in  Si  
wafers  at  var ious  stages of processing. This work  repor ts  the resul ts  of deep 
level  measurements  by  s t andard  DLTS (deep level  t r ans ien t  spectroscOpy) a n d  
the newly  developed DSPS (der iva t ive  surface photovol tage  spectroscopy)  
technique on float zone p - t y p e  (10 ~cm)  Si wafers  used for the fabr ica t ion  of 
CCD imagers.  The DSPS measurements  revea led  the presence of deep  centers  
(in the range  of 1011-10 I~ cm -~) a round  the middle  of the energy  gap in the 
a s -g rown and the hea t - t r e a t ed  wafers.  The effect of these deep centers  on the 
quan tum efficiency and the fixed pa t t e rn  noise in CCD imagers  is discussed .  

One of the most  chal lenging problems in VLSI  tech-  
nology is the fabr ica t ion  of la rge  area  defec t - f ree  de-  
vices. This is pa r t i cu l a r ly  t rue  in the case of la rge  a rea  
CCD imagers  (1 cm 2 of a rea  or  more)  for TV appl ica-  
tions (in o rder  of 105 e lements)  where  any defect  lo-  
ca l ly  affecting the genera t ion  or recombina t ion  cur ren t  
wi l l  be vis ible  in the d isp layed image. In addi t ion  to 
being defect-f ree ,  these devices requi re  a long l i fe t ime 
for  minor i ty  carr iers  in order  to achieve a good sensi-  
t iv i ty  and a low background  da rk  current .  

Two types  of unacceptab le  cosmetic defects, i.e., 
localized spots or l ines and s t r ia t ion  bands, are  usua l ly  
observed in CCD imagers.  Most of the l ines and spots 
are  caused by  e lec t r ica l ly  act ive c rys ta l lographic  de-  
fects in the sil icon subs t ra te  (1-5),  while  "str ia t ions" 
in the image are  genera ted  by inhomogenei t ies  of re -  
s is t iv i ty  and concentra t ion  of recombina t ion  centers  
(6). I t  should be pointed out that  the rat io  of c rys ta l -  
lographic  defects,  which are  e lec t r ica l ly  active, to the 
to ta l  amount  of c rys ta l lographic  defects as wel l  as 
s t r ia t ion contras t  in the  d isp layed  image depends on 
the h e a t - t r e a t m e n t  involved in CCD imager  fabr ica-  
t ion (7). Deep levels usual ly  act as recombina t ion  cen- 
ters, therefore  their  detect ion af te r  the  var ious  s tages 
of processing could provide  useful  in format ion  about  
mechanisms involved in decorat ion of c rys ta l lographic  
defects, s t r ia t ion  contras t  enhancement  by  h e a t - t r e a t -  
ments,  as wel l  as l i fe t ime degrada t ion  dur ing  process-  
ing .  Improvemen t  in our  unders tand ing  of the re la t ion-  
ship be tween  defects present  in as grown crystals,  p ro -  
cess- induced defects, and the device per formance  re -  
quires  charac te r iza t ion  of deep levels  in as grown si l i -  
con as wel l  as processed wafers.  

The  charac ter iza t ion  of deep levels in semiconductors  
is most of ten done wi th  deep level  t rans ient  spec t ro-  
scopy (DLTS) (8). This technique rel ies  on the m e a -  
surement ,  of capaci tance changes caused by  the rmal  

* Electrochemical Society Active Member. 
Key words: defects~ DLTS, wafers, 

emission of the t r apped  carr iers  f rom deep states. A n -  
o ther  technique, the newly  developed der iva t ive  sur -  
face photovol tage  spectroscopy (9) (DSPS)  is based 
on the measurement  of photovol tage  changes caused by  
the photoinject ion of carr iers  from and to deep levels 
under  subband i l luminat ion.  It should be noted that  
the the rmal  act ivat ion energy measured  by  DLTS p ro -  
vides the energy  level  only  for the s imple t rapp ing  
centers  as defined wi thin  the  Shock ley -Read  recom-  
b ina t ion  model.  In  general ,  the  ionizat ion of defect  cen-  
ters may  involve absorpt ion  (emission) of phonons, 
la t t ice re laxat ion,  exci ted  states, a n d / o r  configurationaI 
changes which can be disclosed easier  by opt ical  studies 
(due to str ict  momen tum and energy  conservat ion 
rules)  r a the r  than  the rmal  emission. 

The present  work  repor ts  on the resul ts  of deep level  
measurements  by  DLTS and DSPS on high qua l i ty  as-  
grown and oxidized float zone sil icon wafers  used for  
so l id-s ta te  imager  fabricat ion.  The corre la t ion  be tween  
the deep centers  measured  by  these techniques and 
o ther  ma te r i a l  pa rame te r s  influencing imager  pe r fo rm-  
ance wil l  be given. 

Experimental Approach 
2 in. d iam swirls  and d is locat ion-f ree  float zone si l i -  

con wafers  10 l~cm p - t y p e  (boron-doped)  used for 
the measurements  were  bought  from Monsanto and 
Wacker .  The wafers  were  c leaved in half. Sehot tky  
diodes were  made  on one-ha l f  of the wafe r  b y  Ti 
evaporat ion.  The second half  was oxidized at 900~ in 
s team + HC1 for 2 h r  (about  2000A oxide thickness)  
and  MOS s t ructures  were  p repa red  by  subsequent  Ti 
or Au  evaporat ion.  For  DLTS measurements  the ohmic 
contacts were  made by  a l loying go ld-germanium,  s in-  
ter ing a luminum or solder ing ind ium or tin. Fo r  DSPS 
measurements  a second contact  was usua l ly  made wi th  
s i lver  paint  and kep t  in the da rk  dur ing  the exper i -  
ments.  By app ly ing  different  geometr ies  (i.e., by chang-  
ing the distance, which photogenera ted  carr iers  had  to 
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diffuse to the back contact)  it  was es tabl ished that  it  
d id  not influence the measured  photovoltage.  

The DLTS exper iments  were  per formed  wi th  a typ i -  
cal system using lock- in  detect ion (8) in the t empera -  
ture range  of 77-320 K and the f requency  range  of 
3-200 Hz. F rom the slope of the plot  of the reciprocal  
tempera ture ,  for which  peak  of capaci tance changes 
occurs, as a funct ion of the  frequency,  the posit ion of 
the energy levels was obtained.  ,The in te rpola t ion  of 
this curve to zero f requency a l lowed the est imat ion 
of the capture  cross sections. The concentra t ion  of the 
deep centers  was es t imated from the absolute  values of 
capaci tance changes. 

The photovol tage exper iments  were per formed in 
the t empera tu re  range  8-300 K using l ight  in the spec- 
t ra l  range of 0.5-2.5 eV. The photovol tage was mea-  
sured wi th  respect  to a t r ansparen t  reference  gold 
electrode, evapora ted  d i rec t ly  on a semiconductor  (MS- 
configuration) or on an oxide layer  (MOS-conf igura-  
t ion) .  The photovol tage t rans ient  measurements  were  
pe r fo rmed  using square pulses of the incident  l ight  
(with a f requency ad jus tab le  be tween  0.1 and 500 Hz) 
and the signal  averager .  In de r iva t ive  measurements  
the wavelength  modula t ion  of a constant  incident  l ight  
was provided  b y  a v ib ra t ing  slit  of a doub le -p r i sm 
monochromator .  Typica l ly  hk/ko was of the order  of 
10-~. The f requency  of wave length  modula t ion  was 
selected be tween  1 and 25 Hz. In o rder  to minimize a 
s ignal  to noise rat io  the photovol tage signal  genera ted  
by  wave length  modula t ion  was measured  with  a lock-  
in detection. Precaut ions  were  taken  to e l iminate  the 
in ter ference  of spurious signals (arising, e.g., from 
l ight  in tens i ty  modula t ion) .  The deta i led descr ipt ion 
of the exper imen ta l  a r rangements  and the procedure  
was given e lsewhere  (I0) .  The procedure  p resen t ly  em- 
p loyed for de te rmina t ion  of deep level  pa ramete r s  can 
be briefly summar ized  as follows. 

1. The low t empera tu re  subbandgap  photovol tage  
appears  when t ransi t ion f rom or to a localized level  
in the  deplet ion region is tak ing  place. The threshold  
photon energy corresponds to the difference be tween 
the energy  level  and the conduction or the valence 
band. 

2. The ampl i tude  of the  corresponding,  low signal 
s t eady-s ta te  photovoltage,  hV, depends on the  amount  
of genera ted  carr iers  ~p 

~V = Cap [1] 

where  the p ropor t iona l ly  constant,  C, can be experi- 
mentally determined.  The Ap can be expressed  as 

1 
~P=I~iNt~ and ~ - - - -  [2] 

Kpp~t p 

where I is the l ight  intensi ty,  Nt is the  t rap  density,  ~l 
is the capture  cross section for photoionization,  ~ is the 
character is t ic  r e laxa t ion  time, Kp is the capture  cross 
section for  m a j o r i t y  carr iers ,  p = Po + hP is the ma-  
jo r i ty  ca r r i e r  concentrat ion,  and ~tp is the the rmal  ve-  
loci ty of a hole. 

3. The t rans ient  of photovol tage Vt for i l luminat ion  
"on" and "off" is g iven by  expressions 

AValon = AV(1 --  e- t /~)  and ~Vt/off = AV e- t /~  

[3] 
where  t is time. 

As pointed out  above, the spectra l  dependence  of the 
subband  photovol tage enables the de te rmina t ion  of the 
energy  levels of deep centers  as the threshold  energy  
for  which  increase in photovol tage  takes place. The 
wave leng th  modula t ion  measurements  of photovol tage 
der iva t ive  al low the es tabl ishment  of a precise location 
of the  threshold  energy and they  also enhance a fine 
s t ructure  of photoionizat ion transit ions.  The measu re -  
ment  of the photovol tage  t rans ient  al lows one to obtain 
T and thus the capture  cross section Kp. In o rder  to 

de te rmine  the t rap  density,  Nt, the constant  C in Eq. 
[1] has to be es t imated from the dependence  of the 
photovol tage r e l axa t ion  t ime on the i l lumina t ion  in-  
tensity.  Thus, when the amount  of genera ted  carr iers  
-~p in Eq. [2] becomes comparab le  wi th  an equi l ib r ium 
car r ie r  concentrat ion Po, the re laxa t ion  time, T, s tar ts  
to decrease wi th  increasing l ight  in tens i ty  because p in 
Eq. [2] is no longer  Po but  now p = po + ~p. Es t imat -  
ing the value  of ~p in re la t ion  to Po and ut i l iz ing Eq. 
[1] the value  of C was de te rmined  f rom the measured  

s t eady-s ta te  photovoltage,  AV, fo r \h igh  l ight  intensi ty.  
This in tu rn  a l lowed one to obta in  a product  (qNt from 
Eq. [1] and [2], knowing hV and ~. 

To measure  the microscopic d is t r ibut ion  of the deep 
centers, a series of para l le l  and geometr ica l ly  ident ical  
MOS s t ructures  were  p repa red  by photol i thographic  
definition of an AI layer evaporated on the oxide. The 
geometry, spacing, and position of the capacitors in re- 
spect to the wafer edge is given in Fig. i. The photo- 
voltage generated by a monochromatie incident light 
was measured between a given MOS structure and an 
electrical contact which was kept in the dark. It has 
been found that for a reliable assessment of the differ- 
ences in photoresponse of individual MOS structures, it 
is necessary to position the structures perpendicularly 
to a monochromator slit. Positioning of MOS structures 
parallel to the slit resulted in generation of spurious 
photovoltage signals similar to that arising from the 
wavelength modulation of an incident light. 

The information about recombination center concen- 
tration in the measured wafers was obtained from the 
measurements of diffusion length by the surface pho- 
tovoltage technique (Ii). Nonuniformity in the distri- 
bution of recombination centers was obtained from the 
measurement of the collection efficiency variations of 
the electron beam induced current (EBIC) collected 
by the eleetron-transparent Schottky diodes (12). 
Under plasma generation condition the variations in 
the collection efficiency correspond to the recombina- 
tion centers concentration fluctuations (13). The mea- 
surements were performed using beam voltages be- 
tween 3 and 15 keV and a beam current between i0 -s 
to 10-10A. 
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Fig. 1. Geometry of MOS capacitors used to measure micro- 
scopic distribution of deep centers. 
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Experimental Results and Discussion 
Deep center parameters.--The typical subband pho- 

tovoltage spectrum (normalized to light intensity) of 
MOS structures is shown in Fig. 2. This subband pho- 
tovoltage is caused by two transitions between valence 
band and localized states. The photovoltage which is 
observed in the low energy end of the spectrum in- 
volves a center with an energy level of less than 0.5 
eV (outside of the spectral range covered by the mono- 
chromator).  The sharp increase of the photovoltage 
above 0.56 eV indicates that the additional transition 
to the state of energy about 0.56 eV above the valence 
band takes place. The occupation by electrons of any 
deep levels is rather  unlikely in p- type silicon at low 
temperature; therefore, the photovoltage of Fig. 2 can- 
not be at tr ibuted to the optical transition from deep 
levels into the conduction band. The precise energy 
location of the deep level and additional information 
about its nature is obtained from the derivative sur- 
face photovoltage dV/dh~ spectrum, on Fig. 3b. In ad- 
dition to the peak corresponding to the 0.56 eV energy 
level, a series of maxima is observed. These maxima 
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Fig. 2. Spectral dependence of steady-state, subbondgap photo- 
voltage, and the contributions from photoionization of deep levels 
Etz and E~2. Spectrum was normalized to constant photon flux. 
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Fig. 3. Subbandgap first derivative photovoltage spectra at 
10 K, (a) as grown wafer (MS), (b) oxidized wafer (MOS). 

result from the fine structure in the photovoltage, 
which is not visible in Fig. 2. The separation of the 
maxima coincides with the energy of the optical 
phonon 55 meV (14) ; therefore, it seems to be justified 
to assume that they are caused by the phonon replica 
of the optical transitions to the deep level (i0). The 
strong interaction of the deep state with phonons shows 
a strong coupling of the given state with the lattice, 
which is characteristic for a recombination center. 
The same photo.voltage spectra (same energy levels) 
as for the MOS structures on the oxidized wafers were 
also obtained on the Schottky diodes made on as grown 
crystals (compare Fig. 3a and 3b). This indicates that 
the observed levels are not related to the interfacial 
states but to the states present in bulk of the as grow@ 
material and of the oxidized material. (However, note 
that the oxidation increases the concentration of deep 
levels, see below.) 

The transient photovoltage measurements in the 
MOS structures for the 0.56 eV level at 12 K give the 

value of about i0 msec. The relaxation time, z, was 
found to be independent of the light intensity up to 
1014 photons per cm 2. However, above this value it de- 
creased with the light intensity. For example, at 12 K 
and 2 X i014 photons per cm 2 (or 0.8 eV) the relaxation 
time was reduced by about 10%. Accordingly, ~p had 
to be about 0.I Po ~ 10 s cm -3 (Po at this temperature 
was estimated to be about 109 cm-3). From the value 
of ~p and the magnitude of photovoltage hV (Fig. 2) 
the factor C in Eq. [1] was estimated. The concentra- 
tion of deep levels was determined from Eq. [2] (using 
the value of ~V from Fig. 2). The required values of 
photoionization cross section ~i were calculated using 
the quantum defect model (15) (~i ~'~ 2.5 X 10-1S/E 2, 
where E is the energy level). Utilizing the value of 
the measured time constant, ~, the capture cross sec- 
tion for holes was estimated from Kp ~ 1/TPo ~t p. The 
deep center parameters measured in the two typical 
MOS samples taken from the wafer center and the 
same wafer edge are given in Table I. The deep center 
concentration is about three times higher by the wafer 
edge than of the wafer center. 

As pointed out above, the subbandgap photovoltage 
spectra similar to that shown in Fig. 2 and 3 were also 
obtained for Schottky diodes. However, for Schottky 
diodes the ratio of subbandgap to bandgap photovoltage 
was found to be about one order of magnitude lower 
than in MOS structures. This fact suggests that the 
deep level concentration in the as-grown material is 
about one order of magnitude below that observed in 
the oxidized samples (s on the level of i012 cm-3). 
Consistently, because of an order of magnitude lower 
concentration of deep levels in as-grown crystals no 
decrease in the relaxation time with increasing illu- 
mination intensity up to 2 X I015 photons/cm-3 was 
observed for the Schottky diodes. Accordingly, the 
photovoltage transient analysis could not be used for 
more precise evaluation of Nt in the as-grown material. 

The DLTS experiments showed the presence of two 
levels in the MOS samples (Fig. 4); the hole trap at 
energy 0.23 eV; hole capture cross sections of about 

Table I. Comparison of deep centersparameters measured by 
DLTS and DSPS 

N r  D S P S  D L T S  

E d g e  

C e n t e r  

E~ = 0 .56  e V  E1 ---- 0 .45 -0 .65  e V  
N1  = 2 .2  x 10 ~ c m  -~ N~ = 1 .5  x 10  ~ c m  -~ 
(r~ ,~  1 0 - ~  e m  ~ ~ l - - n o t  d e t e r m i n e ~ l  
Ee  < 0 .5  e V  E2 ---- 0 .23  e V  
N ,  < 10  TM c m  -~ N~ = 9 x 10 u e m  -3 
o2 > 2 x 10 - ~  c m  e o2 ~ 10-~4 c m  2 

E~ = 0 .56  e V  E1 = 0 .45 -0 .65  e V  
N I  = 9 x i 0  ~ e m  -~ N~--- 1.0 x i 0  ~ s c m  -s 
~ ~ 1 0 - ~  c m  ~ ~ - - n o t  d e t e r m i n e d  
E~ < 0 .5  e V  E2 ----- 0 .23  e V  
N.- < 5 x 101~cm -~ N~ ---- 7 x I0  ~ c m  -3 
~r2 > 2 x 10'-~ c m  2 o2 - -  i 0  -~4 c m  ~ 
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Fig. 4. DLTS spectrum obtained on MOS structure. The high 
temperature peak corresponds to concentration of about 10 z3 cm -8  
of deep levels. 

10 -14 cm 2 and concentrat ions of about 7 X 1011 cm -8 
a n d  the second level close to the middle of the energy 
gap (0.45-0.65 eV range) with a concentrat ion of about 
10 TM cm -3. The capture cross section and precise posi- 
t ion of the second level was difficult to determine be-  
cause a broad band  of capacitance changes was ob- 
served ra ther  than a sharp peak. This could possibly be 
caused by the interact ion of this level with minor i ty  
carriers present  at this temperature  in  silicon. 

A comparison between DLTS results and the deep 
level parameters  determined from DSPS is presented 
in  Table I and suggests that  in both instances we are 
dealing with the same set of two deep levels located 
at 0.23 and 0.56 eV above the valence band. DLTS mea-  
surements  performed on Schottky barr iers  in as grown 
crystals showed the deep level concentrat ion to be 
about one order of magni tude  lower (Fig. 6) than in 
the oxidized wafers, which confirms the DSPS results. 

Microscopic distribution of the deep centers.--The 
impor tant  mater ia l  property affecting the CCD imager 
performance is dis t r ibut ion of the deep centers on the 
microscale. Studies on the deep center distr ibution were 
performed using a series of geometrically identical 
MOS capacitors (as shown in Fig. 1). First, uni formi ty  
of the MOS capacitors with respect to the photovoltage 
response was established from the room temperature  
photovoltage measurements  in a regien of intr insic ex- 
citation. Under  cor~ditions of "back-side" i l luminat ion  
this photovoltage arises due to (i) almost homogeneous 
generat ion of electron-hole pairs (hv ~ Eg) and (it) 
due to "back-surface" excitation of excess carriers 
(hv > Eg) and subsequent  diffusion of excess carriers 
across the specimen to the region of the MOS barrier.  
In case (i) the magni tude  of photovoltage probes the 
l ifetime of excess carriers and the value of the in te r -  
face barr ier  height. In  case (it) it also probes the in-  
terface recombinat ion velocity on the "back surface" 
in addition to the diffusion lengths of excess carriers. 
The present  results of photovoltage measurements  have 
shown only slight differences between various MOS 
structures. Typical results of photovoltage vs. incident  
photon energy are given in Fig. 5 (photovoltage mea-  
sured between metal  electrode of MOS structure and 
electrical contact to the sample) and it is seen that  
differences be tween various structures do not exceed 
5%. 

It can be concluded from the results of Fig. 5 that 
homogeneous excitat ion of excess carriers results in  
only minor differences between photovottaic response 
of individual  MOS structures, which can be treated as 
an indication of negligible differences in potential  bar-  
rier heights of MOS structures (note that  all other 
factors, i.e., the lifetime, diffusion length, and surface 
recombinat ioin velocity on the back surface are in the 
present  configuration averaged over a relat ively large 
area),  
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Fig. 5. Comparison of photovohage generated by band to band 
transitions of the typical two MOS structures used to measure 
inhomogeneities in distribution of deep centers. Differences do 
not exceed 5%. 

For a comparison between the concentrat ion of deep 
levels in wafer regions corresponding to various MOS 
structures the subband photovoltage spectra were mea-  
sured at low temperature  with respect to a common 
contact to the sample. The typical results obtained at 
two temperatures  (60 and 100 K) are summarized in 
Table II. It  is seen from this table that the ma x imum 
relative difference between the subbandgap photo- 
voltage of different structures is about 20%. These dif- 
ferences reflect pr imar i ly  different concentrat ions of 
deep levels, Nt. As discussed above, the changes of 
surface barr ier  height were estimated as not exceeding 
5%, i.e., about four times lower than the observed 
changes in  photovoltage due to photoionization of deep 
levels. Therefore, it can be concluded that deep center 
concentrat ion variat ions of at least 20% at distance of 
a few hundred  microns are present  in silicon wafers. 

LiSetime and inhomogeneity in the recombination 
center distribution.--The concentrat ion of the deep 
centers was found to be directly correlated to the life- 
time of minori ty  carriers. Figure 6 presents l ifetime in 
the as grown and oxidized silicon (measured by DLTS 
and DSPS, respectively) as a funct ion of the reciprocal 
concentrat ion of the deep centers (0.56 eV level) mea-  
sured, as described earlier. It seems that dependence 
is linear, which could be described by the expression 

1 
T :  

K e  " V t  e " N t  

where K e is the capture cross section for electron 
(minori ty  carriers) and Vte is the thermal  velocity of 
an electron. From the slope of the line in Fig. 6, the 
value of -T'~e equals 5 • 10 -1~ cm e is obtained. It  is not 
surprising that those centers act as recombinat ion cen- 
ters and control the lifetime of minor i ty  carriers in 
view of their strong interact ion with the lattice dem- 
onstrated by the phonon replica in the derivative spec- 
t ra  (Fig. 3). 

One of the problems in the CCD imagers used for TV 
applications is the appearance of a circular str iat ion 
pat tern in the background of the ,defected video image 
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Table II. Photovoltaic response of MOS structures at photon energy 0.8 eV 
Photovoltage (,~V) 

1961 

Photovoltage (,~V) 

Maximum d i f f e r e n c e  

Temper- Structure 
ature (K) 1 

Structure Structure Structure Structure Average Relative 
2 3 4 5 value Absolute (%) 

100 8.5 
60 21.2 

7.6 8.1 8.8 8.9 8.36 1.8 18 
18.4 20.1 22.4 22.7 21.0 4.3 20 

(Fig. 7). It has been established,that this pattern re- 
flects nonuniform collection efficiency, caused by in- 
homogeneous distribution of recombination centers in 
the silicon substrate (6). The typical fluctuations in 
the recombination center concentration observed at the 
edge of the wafer (measured by EBIC under plasma 
generation conditions) are shown in Fig. 8a. Figure 8b 
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Fig. 6. Lifetime as a function of concentration of 0.56 eY 
centers. X ,  as grown (DLTS), O ,  oxidized (DSPS), 

Fig. 7. Striation pattern observed in the video of CCD image 

shows the histogram of recombination center variations 
obtained by integrating variations presented in Fig. 
8a. Figure 8c shows the variations in the concentration 
of deep centers in the same area, measured by DSPS 
where EBIC measurements presented in Fig. 8b were 
performed. Good correlation exists between the distri- 
bution of the deep levels measured by DSPS and the 
distribution of recombination centers measured by 
EBIC. Therefore, it can be concluded that inhomoge- 
neous distribution of deep levels is responsible for ap- 
pearance of a striation pattern in the CCD image. 

It has to be pointed out that the inhomogeneity of 
the recombination center distribution can be affected 
by the heat-treatment. The upper plot in Fig. 9 repre- 
sents the typical fluctuations in the recombination 
center concentration observed at the edge of as-grown 
wafers (measured by EBIC under plasma generation 
conditions). The lower plot of Fig. 9 represents the 
fluctuations (measured under the same conditions) in 
the recombination center concentration observed in the 
same place in the wafer after oxidation. The periodicity 
of oscillations is about a few hundred microns in both 
samples, and their amplitude in the as grown wafer 
is about 10-15% when in the oxidized wafer it in- 
creases to about 20-25%, which indicates that the oxi- 
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Fig. 8. (a) Distribution of recombination centers measured by 
EBIC; (b) histogram of recombination centers distribution (EBIC); 
(c) measured by DSPS histogram of deep centers distribution. 
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Fig. 9. Distribution of recombination centers measured by EBIC 
in the virgin wafer and in the same place after oxidation. 
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dat ion process enhances the inhomogenei ty  in recom- 
b ina t ion  center  concentra t ion a l r eady  present  in as 
grown mater ia l .  The degree of this enhancement  for 
the same hea t - t r ea tmen t  was found to differ signifi-  
cant ly  be tween  the wafers.  The observed increase in 
the  inhomogenei ty  of deep centers  dur ing  the hea t -  
t r ea tment  accounts for the enhancement  of s t r ia t ion 
contras t  by  processing. 1 The large differences be tween  
the s t r ia t ion contras t  in the different  CCD imagers  
processed in the Same manne r  (7) can be expla ined  by 
the observed significant differences in which  the hea t -  
t r ea tmen t  influences the inhomogenei ty  of deep centers  
in the different  wafers.  

The second impor t an t  issue for device per formance  
is the amount  of e lec t r ica l ly  active c rys ta l lographic  
defects which  wil l  show up as spots or lines in  the  
d isp layed image (1-5). Crys ta l lographic  defects  usua l ly  
become e lec t r ica l ly  active af te r  decorat ion wi th  r e -  
combinat ion  centers  (16). F igure  10 shows observed 
relat ionships  be tween  the amount  of e lec t r ica l ly  act ive 
edge dislocations observed in the image (rat io be-  
tween  the amount  of edge dislocations giving white  
spots and l ines and the total  amount  of edge disloca- 
tions observed  in the imager  a rea  af ter  etching) and 
the value of the  average diffusion length  in the silicon. 
When none of the dislocations were  e lec t r ica l ly  active, 
the point  was placed in the  region "no correlat ion."  
F rom the presented  plot  i t  is evident  that  the p robab i l -  
i ty  of decorat ion of edge dislocation increases wi th  the 
increase  of total  concentra t ion of deep centers  in the 
crys ta l  ( thei r  relatio.nship to l i fe t ime is given in Fig. 6). 

The na tu re  and origin of these defects as wel l  as the 
mechanism responsible  for the increase of the deep 
center  concentrat ion and the enhancement  of recom- 
b ina t ion  center  inhomogenei ty  af ter  oxidat ion are  not  
clear  a t  present.  Fu r the r  extensive work  is requ i red  
which would a l low one to establ ish the origin of deep 
centers and to provide  the model  descr ibing thei r  
behavior  dur ing hea t - t r ea tment .  I t  is l ike ly  that  the 
deep centers  are  not  associated d i rec t ly  wi th  res idual  
chemical  impur i t ies  but  are  r a the r  re la ted  to the point  
defect  clusters or thei r  complexes wi th  impur i t ies  pres-  
ent  in as grown float zone crystals.  The inhomogeneous 
d is t r ibut ion  of these defects in the crystals  could be 

1 I n h o m o g e n e i t i e s  in t h e  r e c o m b i n a t i o n  c e n t e r s  c o n c e n t r a t i o n ,  
responsible f o r  s t r i a t i o n  p a t t e r n  in t he  d i sp l ayed  image ,  a r e  f r o m  
20 to  20,0% l a r g e r  in t h e  p r o c e s s e d  w a f e r s  (w i th  f inal  devices)  
than in as  g r o w n  wafe r s .  
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Fig. 10. Ratio of electrically active dislocations observed as 
white spots in the CCD imagers to total amount of dislocations 
revealed by etching in the imaging register as o function of 
diffusion length in silicon. When dislocations did not generate 
any white spots, the data point was placed in "no correlation" 
region. 

re la ted  to the effect of g rowth  kinetics on the fo rma-  
tion of point  defects on the growing interface.  The 
segregat ion of point  defects dur ing  the growth  process 
is affected by  the nonequi l ib r ium point  defect  t rapping  
(17-19), which takes place at the growing interface 
dur ing  growth  veloci ty  accelera t ion (20). The addi -  
t ional  exp lana t ion  of the nonuni form dis t r ibut ion  of 
these defects in the crystals  could be the condensat ion 
of point  defects in the regions wi th  high carbon concen- 
trat ion.  This mechanism has been proposed by  Fol l  
et al. (21) to account for swirls  formation.  The point  
defect  complexes wi th  impur i t ies  or thei r  clusters are  
p robab ly  in t roduced to the as g rown crystals  in two 
different  states dur ing the growth  process and the sub-  
sequent  hea t - t r ea tmen t  involved in the oxidat ion  af-  
fects thei r  concentra t ion  in a given s tate  accounting 
for the increased concentra t ion of deep centers. 

Summary 
Deep levels  in high qual i ty  float zone slicion used ~or 

fabr ica t ion  of CCD imagers  have been measured  by  
deep level  t rans ien t  spectroscopy and der iva t ive  sur -  
face photovol tage  spectroscopy. These two different  
techniques revea led  presence of two deep levels:  0.23 
and 0.56 eV above the valence band in the as grown 
and oxidized wafers.  Their  concentra t ion was found to 
be about  10n-1012 cm -3 in the v i rgin  crys ta l  and was 
increased about  one order  of magni tude  by  oxidation.  
Large  macroscopic and microscopic inhomogenei t ies  in 
the deep level  d is t r ibut ion  across the wafers  have been 
found. 

I t  has been es tabl ished that  the deep level  concen- 
t ra t ion  controls the minor i ty  car r ie r  l i fet ime,  a p a r a m e -  
ter  control l ing quan tum efficiency and da rk  cur ren t  
in CCD imagers.  I t  was also observed that  the p robab i l -  
i ty of c rys ta l lographic  defect decorat ion sha rp ly  in-  
creases wi th  an increase of the average deep level  con- 
cent ra t ion  in silicon. I t  has been found tha t  the non- 
uni form deep level  d is t r ibut ion  in the wafers  is re -  
sponsible for the  appearance  of a s t r ia t ion  pa t t e rn  in 
the d isplayed image. 

Al though the origin of the deep levels  and their  be-  
haviors  dur ing  hea t - t r ea tmen t s  are  not fu l ly  unde r -  
stood at the  presen t  time, the authors  bel ieve  that  the 
deep levels are  in t roduced by  point  defect  complexes 
or  thei r  clusters wi th  impur i t ies  r a the r  than  by  heavy  
metals  or other  s imple chemical  impuri t ies .  

Manuscr ip t  submi t ted  Aug. 29, 1980; revised manu-  
scr ipt  received Dec. 8, 1980. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June 1982 JOURNAL. 
AH discussions for the June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 

Publication costs of this article were assisted by RCA 
Laboratories. 
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The Instabilities in the AI-Si Temperature 
Gradient Zone Melting 

Mike F. Chang*  

General Electric Company, Syracuse, New York 13221 

ABSTRACT 

By using the TGZM technique, a job that traditionally needs hundreds 
of hours of diffusion can be done in minutes. However, various instabilities 
may be encountered in the application of this new technique. Some of these 
instabilities and the methods of resolving them are discussed. 

The basic physics of temperature gradient zone 
melting (TGZM) have been investigated by Pfann 
(1) and others (2-5) for its possible interest to semi- 
conductor applications. For making p-n junctions, 
solid-state diffusion has been used by the semiconduc- 
tor industry as a standard technique. Later, the TGZM 
technique became attractive after Anthony and Cline 
announced the results of their zone melting studies of 
KC1-H20 systems (6). Recently, the Semiconductor 
Products Department of the General Electric Company 
started a program to explore TGZM techniques for de- 
vice fabrication, mainly silicon products (7). Some of 
the results and analyses are presented in this paper. 

The simplified mechanism of TGZM is shown in Fig. 
1. In Fig. l~(a), a liquid droplet of A1-Si alloy is em- 
bedded in a solid silicon bulk, which has been sub- 
jected to a temperature gradient with the lower tem- 
perature above the A1-Si eutectic point. According to 
the phase diagram of the A1-Si system, the upper por- 
tion of the droplet, being hotter, will dissolve more 
silicon than the lower portion, as shown by the solid 
line in Fig. 1 (b). A silicon concentration gradient will 
be created in the liquid droplet and the silicon atoms 
will diffuse toward the lower portion at a high liquid 
diffusion rate. This process, in turn, will create under- 
saturation and oversaturation conditions in the upper 
and lower portions of the droplet, respectively, as indi- 
cated by the dashed line in Fig. 1 (b). SiIicon atoms 
must be supplied by the bulk at the AB interface and 
deposited back to the bulk at the CD interface. Ac- 
cordingly, the droplet moves up against the temper- 
ature gradient through the bulk. As the droplet moves, 
it leaves behind a trail of heavily doped p-type silicon 
whose doping concentration is determined by the solid 
solubility of aluminum in silicon at the operating tem- 
perature. 

~ Electrochemical Society Active'Member. 
Key words: semiconductor, process~ dv~fects, thermomigration. 

As compared with the well-established solid-state 
diffusion process, the TGZM technique has only re- 
cently received much attention (7, 9-12). The TGZM 
technique offers many unique features not found in 
any other process, yet it still needs some improvement. 

Experiments 
Theoretically, any system that provides a control- 

lable temperature gradient can be used for TGZM op- 
eration. The quartz lamp system shown in Fig. 2 was 
used in this study (13). 

In this paper, we discuss only the A1-Si system, 
namely, aluminum pattern migrating through silicon. 
N-type silicon wafers and billets of (111) and (100) 
orientations were employed. Their resistivity ranges 
from 10 to 180 ~cm. The aluminum patterns for migra- 
tion included straight lines, curves, points, and lumped 
areas. Since the migration of various patterns are sub- 
jected to a common effect of instabilities, a grid-type 

A " - ~ B  TI >T2 

D ~ - - ~ ' - J  c T2 

(a) 

UNDERSATURAT fON 

SOLID LINE: SILICON SOLUBILITY 
BROKEN LINE: SILICON CONCENTRATION 

ADJUSTED BY THE DIFFUSION 

B 

z l 
"C 

SILICON CONCENTRATION IN THE DROPLET 

(b) 

Fig. 1. Simplified mechanisms of an AI-Si droplet migrating in a 
solid silicon bulk. 
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LAMP COMPARTMENT 

WORK CHAMBER 

HEAT SINK 

Fig. 2. A schematic diagram of a quartz lamp system for TGZM 
operations. 

pattern is chosen to demonstrate and explain the in- 
stabilities of migration without losing generality. The 
detailed process and variations will  be given in a 
paper to follow. 

An aluminum pattern 1-10 ~m thick was created on 
one side of the silicon wafer by evaporation and photo- 
lithography. The wafer was placed in the TGZM work 
chamber with the aluminum pattern facing the heat 
sink. Radiant energy from quartz lamps heated the 
wafer from 1000~ up to the melting point of silicon. 
The molten aluminum pattern reacted with silicon and 
formed an A1-Si alloy. This liquid alloy pat tern mi- 
grated toward the hotter side of the silicon wafer and 
eventually passed through. Figure 3 shows a wafer be- 
fore and after migration. The migration time depends 
on the thickness of the wafer and the operating condi- 
tions. For example, it took only 8 min to migrate 
through a 16 rail thick wafer at 1200~ with a temper-  
ature gradient around 50~ Heavily doped p- type 
trails with abrupt p-n  junction borders were left in-  
side the wafer. The doping concentration in the trail  is 
about 1 • 1019 atoms/cm 8 and is constantly produced 
with a temperature range of 950~176 as predicted 
by Trumbore's curves (8). The concentration profile 
across a typical TGZM doped trail  is shown in Fig. 4. 

R e s u l t s  a n d  D i s c u s s i o n  
The migration rate of a water droplet in salt has 

been studied by Anthony and Cline (6). The physics 
was applied equally well to the A1-Si system (10). 
There are two opposite forces involved. The temper-  
ature gradier~t is the driving force for the migration of 
droplets. The surface tension is the retarding force. 
This retarding force is essential for the stabili ty of 
migration. Since the surface tension increases as the 
size of the droplet decreases, the speed of migration 
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Fig. 4. Doping concentration measured across a TGZM trail 

will be reduced as the size of the droplet is reduced. 
By contrast, as the droplet size is increased, the possi- 
bility of disintegration or other instabilities of the 
droplet increases. Therefore, a speed limit is required 
in each system to ensure the safety of droplet migra-  
tion. Fortunately, only a few of the instabilities present 
difficulties in the area of semiconductor device fabri-  
cation. They are discussed below. 

Bal~ up.--In some cases, solid silicon balls (Fig. 5) 
may be left on the entrance surface of the wafer after 
migration, creating problems for subsequent photo- 
resist processing. These balls may scratch the mask 
and damage the photoresist film. The wafer may also 
be cracked in the mask aligner by the local pressure 

Fig. 3. Aluminum grids on silicon wafers before (right) and after Fig. 5. A solid ball left on the entrance side of a silicon wafer 
(left) the migration, after the migration. 
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developed from the point contact between the glass 
mask and balls. Two possible mechanisms of ball for- 
mation are considered here. First, the balls may be 
generated by an excessive operating temperature, i.e., 
before the temperature gradient has a chance to drive 
the aluminum-silicon liquid into the silicon bulk, the 
liquid zone has already been balled up by surface ten- 
sion. This liquid aluminum ball, in turn, absorbs sili- 
con atoms from the wafer to form an equilibrium A1- 
Si solution. In this situation, with no parental crystal 
site or ledge available, the liquid A1-Si melt trans- 
forms into a solid silicon ball after the aluminum mi- 
grates away. Second, the ball may be induced by a 
fluctuation in temperature (14). The slope of the A1-Si 
phase diagram is quite flat at 1200~ Therefore, the 
volume of liquid A1-Si droplet is very sensitive to the 
temperature variation. When the droplet is exposed to 
a temperature fluctuation, the vigorous change of the 
volume ejects the excess liquid to the surface to form 
a ball as depicted by Fig. 6. Thus, a proper and stable 
temperature is an important factor for a ball-free 
TGZM operation. 

Rough surface.rain most cases, the aluminum pat- 
tern is deposited on the surface of the silicon wafer. In 
the initial stage of migration, the solidified silicon 
atoms have no crystal ledge to follow, instead they 
randomly precipitate out of the melt to form a poly- 
crystalline silicon surface that preserves the contour of 
the former ANSi liquid surface. Therefore, a flat sur- 
face should not be expected. As the droplet moves for- 
ward, the single crystal matrix, which originates from 
the peripheral edges of the droplet, grows wider as 
illustrated in Fig. 7. Finally, this single crystalline side 

band, around the polycrystalline cone, pinches off the 
polycrystal growth. After this point, all the newly so- 
lidified silicon atoms find their depositing ledges and 
become a part of the parent crystal. For example, KOtt 
etches polycrystalline silicon faster than it etches sin- 
gle crystalline silicon. The etched surface of a (111) 
silicon wafer leaves a V-shape groove on the TGZM 
site as shown in Fig. 8. The roughness and the amount 
of polycrystal material produced are closely related to 
the temperature and the speed of migration. 

Droplet break-up and freeze-in.mAn oversized drop- 
let may break into two or more subdroplets as sho.wn 
in Fig. 9. Generally, this phenomenon of droplet disin- 
tegration is caused by the difference in thermal con- 
ductivity between the A1-Si droplet and its surround- 
ing solid silicon. This difference generates a higher 
temperature gradient around the peripheral area of 
the ANSi droplet. Thus, the outer portion of the drop- 
let will migrate faster than the center portion. In 
some cases, the droplet may be torn apart by this 
nonsynchronized migration if the surface tension o~ 
the droplet is not strong enough to hold the droplet 
together. Figure 10 shows a split grid line. The two 
split branches migrated as two independent grid lines 
in paral!el. In the KC1-H20 system, Anthony and Cline 
reported a higher temperature gradient at the center 
of each droplet due to the relatively low thermal con- 
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Fig, 6. A schematic diagram explaining the mechanism of hall 
farming, 
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Fig. 7. A schematic diagram explaining the mechanism of 
crystal formation during the early stage of migration. 
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Fig. 8. A V-shape notch on the silicon surface after the poly- 
crystal was etched away by hat KOH solution. 

Fig. 9. Lapped and stained sample showing a broken droplet in- 
side a silicon wafer. 
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a. Pattern of split grid lines on the exit side of a silicon wafer. 
Fig. 11. A star shape crack on the site of an alignment key due 

to a frozen-in droplet. 

s ta ined cross-sect ion picture  shows tha t  each migra t ion  
t ra i l  has a cone shape expansion at  the exi t  end as 
shown in Fig. 12. This phenomenon should be consid-  
ered for the appl icat ion of TGZM technique to a two-  
sided device. The mechanism of this end expansion can 
be expla ined  by  basic TGZM principles.  When the 
drople t  reaches the exit  surface of the wafer,  the re  are  
no more  solid sil icon atoms avai lable  at  the front  
surface of the droplet ,  but  the sol idifying act ion at  
the back interface  is stil l  t ak ing  place. At  this point, 
the drople t  s tar ts  to dissolve the solid l a t e ra l ly  
f rom the f ront  edges. The resul t  is tha t  the d rop-  
let  keeps migra t ing  fo rward  b y  changing its shape, 
namely,  becoming wider  and th inner  as depic ted  
in Fig. 13. Final ly ,  the drople t  migra tes  out of 

b. Lapped and stained sample showing the TGZM trail of a 
split line. 

Fig. 10. Droplet spill 

duct iv i ty  of ~ e  br ine  drople t  (6). Somet imes  sub-  
droplets  caused by  the drople t  b r e a k - u p  may  be too 
smal l  to gain enough momentum to migra te  any fu r -  
ther  and wi l l  be lef t  inside the silicon wafer  as f reeze-  
in droplets.  This d rople t  f reeze- in  phenomenon m a y  
also happen  under  two o ther  conditions. In  one case, 
when the TGZM pa t t e rn  has different  sizes of lines, the 
wider  l ines wi l l  migra te  fas ter  than  the smal le r  ones. 
F o r  a given opera t ing  time, the wider  l ines can migra te  
th rough  the wafer,  but  the smal le r  ones m a y  be only 
pa r t  w a y  through  the wafer.  In  the second case, when 
the migra t ing  drople t  hits a dislocation site, this d rop-  
let  m a y  be t r apped  in this energy  wel l  and frozen in. 
The vo lume of silico~ increases when  i t  is solidified 
f rom the l iquid phase. These f reeze- in  drople ts  wi l l  
genera te  huge stresses tha t  m a y  crack the wafer .  
F igure  11 shows a s t a r - shaped  crack resul t ing  f rom a 
t r apped  drople t  under  the  a rea  of a reg is t ra t ion  key.  
This f reeze- in  effect makes  i t  difficult for a d rople t  to 
migra te  into a wafer  to a p rede t e rmined  depth  and 
then  to migra te  backward  out  of the wafer.  For  this 
application,  it  is necessary  to keep  the  drople t  in the 
l iquid phase for the ent i re  opera t ion  period,  thus a 
double  hea te r  set i s  r equ i red  wi th  one hea te r  on each 
side of the  wafer.  

End expansion.--There is a po ten t ia l ly  t roublesome 
but  in teres t ing  phenomenon in TGZM migrat ion.  The 

Fig. 12. lapped and stained sample showing the effect of end 
expansion. 
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Fig. 13. A schematic diagram explaining the mechanism of end 
expansion. 

the surface and leaves a cone-shaped trail behind. The 
height of the cone will be the original thickness of the 
droplet at the migration condition. For example, 10 #m 
thick aluminum produces droplet thickness of approx- 
imately 28 #m at 1200~ and the measured height of 
the cone is about 26 #m. One way to avoid this cone 
shape end expansion inside the silicon wafer is to sup- 
ply more silicon to the droplet when it reaches the 
surface. The phenomenon of lateral surface spreading 
can also be explained by the above principles. The 
emerging liquid A1-Si alloy at the surface continues to 
stretch itself thinner and wider. In other words, the 
liquid spreads out from the center and eventually may 
cover the entire surface of a wafer if it is left in the 
high operating temperature environment long enough. 
Thus, a beneficial procedure would be to cool the 
wafers immediately after the liquid droplets reach the 
surface. Before the droplet has a chance to wet the 
silicon surface, the aluminum will be frozen out of the 
liquid as shown by the A1-Si phase diagram. 

By avoiding or minimizing these ins~tabilities, we 
have made several semiconductor devices with the 
TGZM technique. These devices have a current range 
from 1 to 600A and a blocking voltage over 2500V. 
Circular patterns have also been migrated through 
polysilicon wafers as shown in Fig. 14. 

Conclusion 
The TGZM technology is a very powerful tool for 

the manufacture of semiconductors. It has opened a 
new dimension for device design and process engi- 
neers. We have observed various potential instabilities 
in TGZM operation. A qualitative interpretation of 
some of these instabilities has been presented for the 
first time. Through this understanding, TGZM doped 
structures, which are close to ideal abrupt p-n junc- 
tions, can be produced. The fabrication of some actual 
devices, using this technique, will be discussed in a 
later paper. 
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A B S T R A C T  

Auger  electron spectroscopy was used to s tudy the in terface  of vacuum-  
deposi ted t in oxide on GaAs substrates.  The rat io of oxygen  to t in in the t in 
oxide film, t he rma l ly  evapora ted  f rom SnO2 powder ,  was about  1.53. The 
films are  l ike ly  a mix ture  of SnO and SnO~. A t rans i t ion  region  a pp rox ima te ly  
55A in wid th  exists  be tween  the t in oxide and GaAs substrate ,  poss ibly  com- 
posed of oxides  of GaAs and SnO, a l though the fo rmat ion  of a b ina ry  com- 
pound  (GaSn)  is possible. Hea t ing  in a i r  fu r the r  oxidized the t in oxide to 
SnO~. Heat ing in a i r  and vacuum resul ted  in a Ga- r i ch  surface on the GaAs 
substrate .  Meta l - insu la to r - semiconduc to r  solar  cells using va c uum-e va po ra t e d  
t in oxide in te r fac ia l  layers  showed subs tant ia l  improvemen t  over  cells made 
without  the in ter fac ia l  layer .  

Meta l - insu la to r - semiconduc to r  (MIS) and hetero- 
junct ion solar cells have rece ived  considerable  in teres t  
in recent  years.  Cells have been developed wi th  effi- 
ciencies approaching  those of convent ional  homojunc-  
t ion cells and have the added advantage  of r eady  adap t -  
ab i l i ty  to mass product ion (1-3). However ,  both types 
of cells have exper ienced problems with  degrada t ion  
of the i r  e lect r ica l  characteris t ics ,  leading to life ex-  
pectancies less than  those necessary for prac t ica l  u t i l -  
izat ion (4, 5). The degrada t ion  of MIS and he te ro junc-  
t ion solar  cells is due pa r t ly  to changes at  the surface 
of the  semiconductor  and in the insula tor  or  in te r -  
facial  layer.  The e lect r ica l  character is t ics  of these de-  
vices are  in t ima te ly  re la ted  to the oxide-semiconductor  
interface.  A s tudy of the in ter fac ia l  region could yie ld  
useful  in format ion  toward  improving  solar  cell pe r -  
formance  as wel l  as unders tand ing  degrada t ion  mech-  
anisms. 

We repor t  'the resul ts  of a s tudy of t in ox ide -GaAs  
interfaces using Auger  electron spectroscopy (AES) .  
Tin oxide was vacuum evapora ted  on GaAs subst ra tes  
wi th  e lec t ron beam and resis t ive heat ing techniques. 
Depth  profil ing by  AES was employed to de te rmine  
the composit ion of the t in oxide l aye r  as wel l  as the 
t in ox ide -GaAs  interface.  The results  show the rat io 
of oxygen  to t in to be app rox ima te ly  1.53 in the  de-  
posi ted films. Heat ing  in a i r  oxidized the film to 
SnO2. Heat ing  in vacuum had l i t t le  effect on the t in 
oxide layer .  In  e i ther  case the t ransi t ion region wid th  
was about  55A. We also present  the results  of MIS 
solar  cells made  by the vacuum evapora t ion  of t in ox-  
ide in ter rac ia l  layers.  Open-c i rcui t  voltages of 0.765V 
and efficiencies in excess of 7.0% (wi thout  ant iref lec-  
t ion coatings)  were  achieved and possible modes of 
improvement  have been identif ied (6). 

Sample Preparation 
The subst ra tes  used in the s tudy were n - type  Te-  

doped single crys ta l  <100> GaAs wi th  car r ie r  concen- 
t ra t ion  of 5 • 101~ cm -3, ep i t ax ia l ly  grown by chemi-  
cal  vapor  deposi t ion on GaAs subst ra tes  wi th  N~ > 1017 
cm -a.  Af t e r  ul t rasonic  cleaning in t r i ch loroe thy lene  
and methanol ,  the wafers  were  etched in a 50:1:1 so- 
lu t ion of H20:H202 (30%):H2SO4 (96%). Fabr ica t ion  
was per formed in an LN2-trapped,  o i l -pumped  vacuum 
system evacuated  to a pressure  of less than  3 • 10 -6 

Key words: solar energy, heterojunctions, interracial layer. 

Torr. The GaAs wafers were at ambient temperature 
during depositioa. SnO2 (99.9%) powder was evapo- 
rated using an electron beam gun and using a resist- 
ance-heated alumina-coated Mo boat at an average 
rate of 1 A/sec. Vacuum pressure rose to 3 X 10 -5 Torr 
during deposition and thickness was monitored in situ 
with a quartz crystal thickness monitor. Samples pre- 
pared for Auger electron spectroscopy (AES) were 
fabricated by both electron beam and boat evaporation 
of the tin oxide. Film thickness was 200A and sample 
size was 1.0 cm 2. 

MIS and heterojunct ion  solar  cells were  fabr ica ted  
in a s imi lar  manner .  A back-contac t  was formed by  
successive evapora t ion  of Sn and Ag layers  and annea l -  
ing in forming gas. A cell area  of 0.07 cm 2 was del ine-  
a ted by  evapora t ion  th rough  a stainless steel  mask.  
The MIS cells were  made  by  evapora t ion  of a th in  
l aye r  (30-50A) of t in oxide fol lowed b y  boa t  evapora -  
t ion of 65A of Au. In addi t ion to the MIS cells, Au-  
GaAs cells were made with  no t in oxide layer .  A ve ry  
thin nat ive  oxide present  af ter  e tching precludes  the 
format ion  of a true Schot tky  ba r r i e r  cell, bu t  does 
provide  for a basel ine cell for comparison purposes.  
Heterojunct ions  of SnO2-GaAs were  made b y  deposi-  
t ion of about  900A of t in oxide and anneal ing  in air  
at 300~ Fron t  contact  to al l  types  of cells was made  
wi th  an Ag pad giving a cell act ive area  of 0.06 cm 2. 

Results 
Current-voltage characteristics.--Illuminated cur -  

r en t -vo l t age  character is t ics  were  taken  under  s imu-  
la ted  AM1 sunl ight  using an ELH lamp ca l ibra ted  wi th  
a NASA-Lewis  silicon s tandard  cell. F igure  1 is the 
i l lumina ted  I-V character is t ics  of a typical  cell of each 
type- -base l ine ,  heterojunct ion,  e lect ron beam MIS, 
and boat  MIS. Shor t -c i rcu i t  cur ren t  densi ty  was ca lcu-  
la ted using the cell active area. The open-c i rcu i t  vol t -  
age enhancement  and the consequent ia l  increase  in 
efficiency due to the in ter fac ia l  t in oxide l aye r  in the 
MIS cells is evident .  

The difference in shor t -c i rcu i t  cur ren t  be tween  the 
two types  of MIS cells is due to slight, unavoidable  va r -  
iatio.ns in  Au- Iaye r  thickness be tween  fabr ica t ion  
runs. Variat ions in GaAs subs t ra te  proper t ies  be tween  
wafers  would also contr ibute  to the difference in shor t -  
circuit  current .  The open-c i rcui t  vol tage of e lectron 
beam MIS cells was lower  than  those of boat  MIS cells 
due  to damage caused by  the electron beam source to 
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Fig. 1. The illuminated current-voltage curves of: curve | ,  elec- 
tron beam MIS; curve 2, boat MIS; curve 3, baseline; and curve 4, 
heterojunction solar cells. 

the interracial  layer (6). Heterojunct ion solar cells had 
the lowest efflciencies and offer the least promise for 
useful devices fabricated by  evaporat ion techniques. 

Auger electron spectroscopy.--Films of electron 
beam-  and boat-evaporated t in  oxide on GaAs were  
depth profiled using Auger  electron spectroscopy. A 
freshly etched GaAs wafer was also analyzed. The 
Auger  depth profiles were obtained using a Physical 
Electronics th in  film analyzer.  In  this study, the elec- 
t ron beam current  was 15 ~A at 5 KeV with a spot size 
of about 100/~m. The ion beam of 2 KeV Ar + was ras-  
tered over an  area of several square mil l imeters  to 
avoid loss of depth resolution due to crater edge ef- 
fects and to ma in ta in  a slow sput ter ing rate of about  
12 A/min .  The sput ter ing rate and therefore the depth 
were calibrated using the known tin oxide layer thick- 
ness (200A) and the sput ter ing time necessary to com- 
pletely penetra te  this layer. T in  oxide layer  thickness 
was monitored dur ing deposition with a quartz crystal 
thickness moni tor  and checked with ellipsometry. 

The AES depth profile of electron beam-evapora ted  
t in oxide on GaAs is shown in  Fig. 2. The t in and oxy-  
gen atomic concentrations were calibrated wi th  an 
SnO2 s tandard prepared by chemical vapor deposition 
from SnC14.5H20. The atomic concentrat ions of ar -  
senic and gal l ium were calibrated with the known  stoi- 
chiometry of the GaAs substrate. The average error in  
atomic concentrat ion is ___5%. The ratio of oxygen to 
t in in the t in  oxide bulk  is 1.53. 

Figures 3 and  4 are the AES profiles of electron 
beam t in  oxide samples annealed  in  air and  vacuum, 
respectively. These samples were from the same speci- 
men  as the unannea led  sample of Fig. 2. The a i r - an -  
nealed sample was heated at 300~ for 15 m i n  in  a 
small  muffle furnace. The effect of the anneal ing can be 
seen in the increase in oxygen level Chroughout the 
profile. The vacuum-annea led  sample was mounted  on 
a stainless steel block heated by a cartr idge heater. 
The tempera ture  was ramped to 300~ was held there 
for 15 rain, and allowed to cool. Pressure dur ing  an -  
neal ing was 2.2 • 10 -6 Torr. 

A freshly etched GaAs wafer was also examined to 
determine the composition and thickness of the resid- 
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ual  nat ive  oxide layer .  Results  show a nat ive  oxide 
17-19A thick. 

Discussion 
The s to ichiometry  of the t in  oxide deposi ted by  

the rmal  evapora t ion  of SnO~ is significantly different  
than  that  of the  s ta r t ing  mater ia l .  As seen in Fig. 2, 
the oxygen to t in rat io  is 1.53 in the bulk  of the t in ox-  
ide  layer .  S imi la r  analysis  of boa t - evapora t ed  t in  ox-  
ide yields  a rat io  of 1.60. Two oxides of t in exist,  s t an-  
nous oxide (SnO) and stannic oxide (SnO2); clearly,  
the deposi ted films are  not composed solely of e i ther  
of these two oxides. S tannic  oxide  sublimes upon hea t -  
ing in vacuum and evapora tes  via  the react ion 

SnO2(s) --  SnO(g)  4- 1/2 O2(g) [1] 

above 1250 K (7, 8). The oxygen l ibe ra ted  dur ing  
evapora t ion  is consistent  wi th  the  tenfo ld  increase  in 
vacuum system pressure.  I t  has been demons t ra ted  tha t  
SnO wil l  oxidize to SnO2 at  t empera tu res  as low as 
513 K (9). I t  is l ike ly  tha t  a por t ion of the gaseous SnO 
produced  by  the evapora t ion  wil l  reoxidize  forming 
SnOe, e i ther  before  or dur ing  condensat ion  on the sub-  
strate.  The resul t ing film is a mix tu re  of SnO2 and 
SnO. 

The t rans i t ion  region f rom the t in oxide to the GaAs 
subs t ra te  is m a r k e d  by  an increase in the  concentra-  
t ion of ga l l ium and arsenic. The wid th  of the t r ans i -  
t ion region is es t imated to be app rox ima te ly  55A for 
both  the e lect ron beam-  and boa t - evapora t ed  samples.  
As seen from Fig. 3 and 4, anneal ing in e i ther  a i r  or  
under  vacuum does not  apprec iab ly  change the in te r -  
facial  region width.  

As prev ious ly  mentioned,  the  etched GaAs  wafer  
was covered wi th  a nat ive  oxide about  17-19A thick. 
If  we assume tha t  a percentage  of the oxygen  at the 
in ter face  exists as GaAs oxide, then the ra t io  of oxygen 
to t in in the  sample  of Fig. 2 r ap id ly  decreases f rom 
1.53 to 1.0 as dep th  increases toward  the GaAs sub- 

strate.  This indicates that  the t in  oxide layer  may  
change f rom a mix tu re  of SnO and SnO2, to p redom-  
inan t ly  SnO near  the GaAs substrate .  A react ion be-  
tween  SnO2 and GaAs is t he rmodynamica l ly  possible 
wi th  the  reduct ion  of SnO2 to SnO and fur ther  ox ida-  
t ion of the substrate.  

Heat ing  in a i r  at  300~ increased the oxygen / t in  
rat io  in the  sample  of Fig. 3. A/ though  the ra t io  is 
equal  to 2.0 th roughout  the t in oxide, it  again  falls as 
the depth  increases toward  the interface.  Again  assum- 
ing that  a por t ion of the oxygen  is in  the form of GaAs 
oxide, the  oxygen / t i n  rat io  fal ls  to 1.0 as in the unan-  
nealed case. Electr ical  measurements  show the an-  
nealed SnO2 to be conduct ive and of high opt ical  t rans-  
parency,  necessary  conditions for efficient he te ro junc-  
t ion cells, bu t  SnOe-GaAs he te ro junc t ion  cells fabr i -  
cated have high series resis tance and low fill factor. 
A change in chemical  composit ion of the in ter fac ia l  
l aye r  or the e lectr ical  proper t ies  of the in terface  due 
to annea l ing  could expla in  the poor per formance  of 
the he te ro junc t ion  cells. 

Another  in teres t ing fea ture  of the a i r - annea led  sam-  
ple is the presence of a G a - r i c h  surface. This excess 
of ga l l ium could be due to the outgassing of arsenic 
f rom stoichiometr ic  GaAs. In the unannea led  e lect ron 
beam-  and boa t - e va po ra t e d  samples  as wel l  as the 
f reshly  etched wafer,  the ra t io  of As to Ga was un i ty  
f rom the surface th rough  the oxide to the bulk.  Be- 
cause of the excess Ga at the surface of the  subs t ra te  
crystal ,  the  format ion  of a b ina ry  compound of Ga 
and Sn is possible (10). The eutect ic  l ies at  5 atomic 
percen t  Sn  at 20~ The format ion  e2 a G a - S n  eutect ic  
could exp la in  the "shoulder"  or fiat pa r t  of the Sn 
concentra t ion curve seen in al l  samples, annea led  and 
unannealed ,  a l though such a l ayer  would  be quite thin. 
Fo rma t ion  of such a meta l l ic  compound could account 
for the poor  per formance  of the he te ro junc t ion  ceIts; 
the e lectr ical  character is t ics  would  be dominated  by  a 
G a S n - G a A s  interface  r a the r  than  an SnO2-GaAs in-  
terface. 

The sample  of Fig. 4 was hea ted  to 300~ in a vac-  
uum of 2.2 • 10 .8  Torr.  The oxygen / t i n  rat io remains  
essent ia l ly  unchanged throughout .  Again  a Ga- r i ch  sur -  
face is seen, poss ibly  a l lowing the format ion  of a GaSn 
compound as in the a i r - annea led  case, The wid th  of 
the  .transition region d id  not  change. 

In conclusion, the resul ts  show tha t  the  films of t in 
oxide deposi ted b y  vacuum evapora t ion  of SnO2 are  
deficient in oxygen.  The films appear  to be a mix tu re  
of SnO~ and SnO. Auge r  e lect ron spectroscopy depth  
profi l ing shows that  the t rans i t ion  region be tween  the 
t in oxide  and GaAs subs t ra te  is app rox ima te ly  55A in 
width.  The t rans i t ion  region m a y  be composed of ox-  
ides of GaAs and  SnO, a l though the format ion  of a th in  
region of a b i n a r y  compound (GaSn)  is possible. An-  
nea l ing  of the  films in a i r  fu r the r  oxidized the t in  ox-  
ide to SnO2, but  did not  s ignif icantly a l te r  the t rans i -  
t ion region. Annea l ing  in a i r  and vacuum resul ted  in 
a Ga- r i ch  surface. The const i tuents  of the 30-50A in-  
te r rac ia l  l aye r  of the  MIS solar  cells was seen to be a 
mix tu re  of SnO and SnO2. The high series resis tance 
and low fill factor  of the  he te ro junc t ion  cells can be 
a t t r ibu ted  to changes in the chemical  composit ion or  
e lectr ical  p roper t ies  of the in terface  due to annealing.  

Manuscr ip t  submi t ted  Oct. 22, 1980; revised m a n u -  
script  received Feb. 2, 1981. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1982 JOUm~AL. 
Al l  discussions for the June  1982 Discussio,n Section 
should be submi t ted  by  Feb. 1, 1982. 

Publication costs o] this article were  assisted by Ar i -  
zona State University.  
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An Electron Microscope Investigation of the 
Effect of Phosphorous Doping on the Plasma 

Etching of Polycrystalline Silicon 
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IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The effects of excess phosphorous on plasma etching of polycrystall ine silicon 
were studied by SEM and TEM. The phosphorous levels were altered by the 
time duration of POCI~ deposition, by the presence or absence of a phosphosili- 
cate glass layer  during high temperature treatments, and by using either 
an N2 or O~ drive- in anneal thereby causing the snow plow effect of oxidation 
to locally increase the phosphorous levels. Wherever the phosphorous levels 
were highest (at the poly-Si  free surface or at grain boundaries),  the extent 
of plasma etching was greatest. This etching effect was found to cause poly-Si 
line edge roughening. 

The use of dry etching techniques such as plasma 
etching for delineation of po~ycrystalline silicon (poly- 
Si) is becoming widespread in the microelectronics in-  
dustry. Basically, the plasma etching technique utilizes 
a fluorine-containing gaseous plasma, to form volatile 
products that  are easily pumped away. It has been our 
experience that for the plasma etching technique to be 
described, the presence of phosphorous in the poly-Si  
great ly enhances .the etch rate of poly-Si. 

The purpose of the present study is to show defin- 
itive scanning electron microscopy (SEM) and trans- 
mission electron microscopy (TEM) evidence of the 
effects of heavy phosphorous doping on the morphol- 
ogy of poly-Si  that has been exposed to plasma etch- 
ing. From the SEM and TEM studies of the Various 
process variables, cause and effect relationships are 
identified which enable the selection of processing 
steps that yield high quality delineation of heavily 
phosphorous-doped poly-Si. 

Experimental Procedures 
Sample preparatio~.--Commercially available high 

quality single crystal silicon wafers were used in this 
study. All films studied were deposited on the polished 
side of the wafer. A l l  the poly-Si  films were deposited 
via the decomposition of 100% Sill4 at 625~ at a total 
pressure of 4.6 • 10 -4 atm and a total flow of 45 sccm 
onto 90 nm of thermally grown SiO2. The phosphorous 
doping was accomplished by POC13 deposition at 870~ 
using N2 bubbled through POCI3 liquid and added to a 
mainstream carrier  of 10% 02 in N2. The resultant 
phosphosilicate glass (PSG) film was removed chem- 
ically using buffered HF (BHF). The drive-in anneal 
was done at 1000~ for 10 min in either 02 or N2. Any 
resulting oxide was removed in BHF. For delineation, 
a 100 nm CVD SiO2 film followed by photoresist was 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: etching, deposition, anneal.  

deposited on the poly-Si. The photoresist was then 
exposed through a mask, the resist was developed, and 
the oxide was chemically removed. Using the resist 
and/or  oxide as the mask, the plasma conditions for 
etching the POCh-doped low pressure CVD (LPCVD) 
poly-Si  were set at 35W, 0.3 Torr at room temperature 
(~23~ in an ambient of CF4 + 8% 02. The etch rate 
of the doped polysilicon is 850-900 A/min. The etch- 
ing time was adjusted for a 10% overetch when poly- 
Si lines were to be delineated. For the present study 
when it  was desired to view a part ial ly etched surface, 
a 1 rain etch was used which removed about 40% of 
the 2500A polysilicon film. 

Electron microscopy.--Scanning electron microscopy 
(SEM) was performed on samples coated with a thin 
gold layer. Transmission electron microscopy (TEM) 
samples were thinned using mixtures of HF and HNO~. 

Results and Discussions 
The phosphorous doping of poly-Si  is accomplished 

using a POC13 deposition followed by a P diffusion 
drive-in. The POCI~ deposition results in a layer  of 
phosphosilicate glass, PSG, on top of the poly-Si. Typ- 
ically, the PSG is chemically removed prior to a phos- 
phorous drive-in anneal. The drive-in is done in either 
O2 or a relat ively inert ambient such as N2 or At. If 
the drive-in is done in 02, SiO2 will form. It is known 
that the formation of SiO2 causes the pile-up of phos- 
phorous at  the Si-SiO2 interface (1, 2) or the so-called 
"snow plow" effect. The drive-in anneal in N~ permits 
excess phosphorous to escape from the poly-Si  by  
evaporation. Therefore, the 02 anneal will result in 
more free phosphorous at oxidized grain boundaries 
and on the oxidized surface of the poly-Si  than will 
the N2 process. 

Figure l ( a )  shows the morphology of the poly-Si  
surface after a 30 min POC13 deposition and PSG strip. 
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Fig. 1. (a) SEM of blanket poly-Si, 30 min POCI3, PSG stripped; (b) SEM of sample in (a) plus 02 drive-hn and BHI ~ strip; (c) TEM of 
sample in (a) plus 02 drive-in and BHF strip; (d) SEM of sample in (a) plus N~ drive-in and BHF strip; (e) TEM of sample in (a) plus N2 
drive-in and BHF strip. 

The surface t ex tu re  is due to the  gra in  morphology  
(3). The remain ing  micrographs  in Fig. 1 compare  the 
02 and N~ dr ive - in  processes. I t  is seen that  the sam-  
ples are  similar.  However ,  closer examina t ion  reveals  
tha t  the O2 annea led  sample  has l a rge r  and more  d ra -  
ma t i ca l ly  out l ined gra in  boundaries .  The l a rge r  sized 
grains  are  caused by  the presence of more  phosphorous  
which causes enhanced gra in  g rowth  (3). The deeper  
gra in  outl ines for the 02 annealed  po ly -S i  are due to 
the chemical  e tching (wi th  BHF)  of the  oxide that  
fo rmed  i n t e rg r anu l a r l y  (3). F igu re  2 shows the effect of 
pa r t i a l  p lasma etching on the 02 and N2 annea led  sam-  
ples. The 02 annea led  sample  shows both ex tens ive ly  
roughened  m i d - g r a i n  regions and deeply  etched gra in  
boundaries .  The etched gra in  boundar ies  are  somewhat  
difficult to discern b y  SEM in Fig. 2(a) due to the rough 
surface  t ex tu re  but  Fig. 2 (b) using TEM clear ly  shows 
the th inned gra in  bounda ry  regions. The in tens i ty  va r -  
ia t ion in Fig. 2(b)  across ind iv idua l  grains  is due to 
the  surface roughness.  The N2 annealed,  p l a sma-e tched  
sample  shown in Fig. 2(c)  and (d) shows extens ive  
gra in  bounda ry  etching bu t  the gra in  surfaces are  
smooth. Resis t iv i ty  measurements  of N~ and O2 an-  
nea led  po ly -S i  samples  show no differences in conduc-  
t ion behavior .  Therefore,  it  is concluded tha t  the d ras -  
tic difference in etching behavior  is re la ted  to excess 
e lec t r ica l ly  inact ive  phosphorous caused by  the snow 

p low effect. The phosphorous accumulates  in gra in  
boundar ies  and at the g ra in- f ree  surfaces and this ef-  
fect  is enhanced,  since oxida t ion  occurs at  these sur -  
faces and prevents  escape of the excess phosphorous.  

Based on these findings, i t  is l ike ly  that  p lasma  etch-  
ing wil l  affect the  qua l i ty  of de l ineat ion  of po ly -S i  into 
conduct ing lines. Therefore,  in o rder  to de te rmine  the 
ex ten t  of the line edge roughening,  a series of exper i -  
ments  were  pe r fo rmed  using de l inea ted  poly-Si .  

The effect of the total  amount  of phosphorous on line 
de l inea t ion  is shown by compar ing  Fig. 3(a)  and (b) 
wi th  Fig. 4 (a) and (b) .  The only processing difference 
be tween the two samples shown in these figures is tha t  
the sample  in Fig. 3 rece ived  a 15 min POC13 deposi t ion 
while  that  in Fig. 4 received a 30 rain POC13 deposition. 
The res is t iv i ty  of these films was 2.0 X 10 -3 and 1.3 X 
10 -8 ~ - c m  for the 15 and 30 min deposi t ion conditions, 
respect ively.  The unmasked  por t ion  of both samples  
was ex tens ive ly  etched to exaggera te  any etching ef-  
fects. I t  is seen that  the  masked  por t ion of the sample  
wi th  15 rain POCI~ has quite reasonable  l ine edges; the 
unmasked  por t ion appears  somewhat  jagged. The sam-  
ple that  rece ived  30 min POC13 displays  more  jagged  
edges on both  the masked  and unma~ked portions. The 
masked  surface is rougher  on the 30 rain P OC13 t rea ted  
sample. This roughness  is a t t r ibu tab le  to more  ex ten-  
sive gra in  growth  at the h igher  phosphorous  levels  
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Fig. 3. (a) SEM of delineated poly-Si, 15 min POCIs, PSG 
stripped, 02 anneal, BHF strip, CVD SiO2 mask on one-half, 
plasma etch, top view; (b) same as (a) but side view. 

Fig. 2. (a) SEM of blanket poly-Si, 30 min POCI3, PSG stripped, 
O~ anneal, BHF strip, plasma etch; (b) TEM of (a); (c) SEM of 
sample same as (a) but N~ anneal; (d) TEM of sample in (c). 

while the unmasked side and the line edges of both 
sides are roughened by the plasma etching. 

Although the PSG layer is usually removed after 
POC13 deposition, the presence of this film as both a 
capping layer and source of phosphorous is worth 
considering. Figure 5 compares 15 and 30 min POC13 
doped samples processed with PSG in place. Both sam- 
ples are considerably more roughened on masked and 
unmasked surfaces and at line edges. The masked 
areas of both samples show mound-like protrusions. 
These features are common but not always observed in 

Fig. 4. (a) SEM of delineated poly-S|, 30 min POCI3, PSG 
stripped, 02 anneal, BHF strip, CVD SiO2 mask on one-half 
plasma etch, top view; (b) same as (a) but side view. 

this type sample and energy dispersive x-ray analysis 
(EDAX) shows no increased phosphorous associated 
with these features. TEM micrographs which follow 
(Fig. 6) display nothing relative to these features. 
Therefore, the protrusions are likely to be the result 
of extensive surface recrystallization where grains are 
tilted during growth. This explanation is consistent 

Fig. 5. (a) SEM of delineated poly-Si, 15 min POCI3, PSG in place during O5 anneal, BHF strip, CVD SiO~ mask on one-half, plasma 
etch; (b) same as sample (a) but with 30 min POCI~; (c) same as sample (b) higher magnification. 
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Fig. 6. TEM micrographs of 30 min POCI3~ doped poly-Si an- 
nealed with PSG in place of (a) masked, (b) the edge of (a), (c) un- 
masked, (d) the edge of (c). 

with the observation that Si self-diffusion is enhanced 
in the presence of phosphorous (4). The appearance 
of jagged line edges and extensive etching of un- 
masked regions for both the 15 and 30 min POC13 
doped samples processed with PSG in place demon- 
strates the importance of removing PSG prior to fur- 
ther processing. For the 30 min POC13 treated sample 
in Fig. 5(b), the shape of the line edge roughness 
seems to match the holes etched in unmasked mid- 
line areas. This suggests that entire grains or grain 
clusters are attacked by plasma etching. 

In order to elucidate a possible relationship between 
the poly-Si grain structure and the edge roughness, 
TEM was used to observe these features for the 30 rain 
POC13 samples treated with PSG in place. Figure 6 (a) 
for the masked side shows the jagged line edges while 
the higher magnification of 6(b) shows that entire 
grains and groups of grains were removed from the 
line edge. Some grains at the line edges display curv- 

ature which develops during the plasma etching. Fig- 
ures 6(c) and (d) show a similar sequence of micro- 
graphs for similarly etched lines after the mask was 
removed and the surface partially plasma etched. This 
treatment results in extensively etched areas within 
the poly-Si lines. From these micrographs, it is easily 
observed that the etched out areas both in the line and 
at the edge show the angularity associated with the 
etched out grain boundaries. The location of the re- 
moved grains appears to be random. At higher magni- 
fication it is also seen that the regions adjacent to the 
etched holes are thinned. Since the etch rate is quite 
strongly dependent on the amount of phosphorous 
present, and since there is likely a random distribution 
of excess phosphorous at grain boundaries, it is proba- 
ble that the etching proceeds initially and most vigor- 
ously at these randomly distributed highly doped 
regions leaving a random distribution of holes. 

Summary and Conclusions 
It has been shown that the presence of excess phos- 

phorous enhances the rate of plasma etching of poly- 
SL In the present study, the phosphorous was altered 
in three ways: simply by the amount of time for the 
POC13 deposition, by the presence or absence of a PSG 
layer during high temperature anneals, and by drive- 
in anneals in either N2, Ar, or O2. The O~ anneal 
causes oxidation and pile-up of phosphorous at oxi- 
dized surfaces. Whenever a processing step increased 
the local phosphorous levels at the poly-Si free surface 
and/or at grain boundaries, the extent of plasma etch- 
ing was found to be greatest where the phosphorous 
levels were highest. These etching characteristics af- 
fected the poly-Si line edge quality and the quality 
could be enhanced by a proper choice of processing 
steps. In particular, those steps which prevented ex- 
cessive phosphorous pile-up yielded superior poly-Si 
line edges. 

Manuscript submitted Jan. 26, 1981; revised manu- 
script received March 19, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs o] this article were assisted by IBM 
Corporation. 
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A B S T R A C T  

Lattice defects induced by laser irradiation and their thermal stabil i ty 
during subsequent oxidation were studied by transmission electron micros- 
copy, x - ray  topography, and prefe~:ential etching. High power laser pulses 
above 20 J /cm ~ produced dislocation lines and dislocation clusters. Laser 
pulses of about 15 J /cm ~ also generated dislocation clusters and pseudo-swirl  
defects in the i r radiated region. All of these defects were thermally stable. 
However, thermally stable defects were not observed when laser pulses of less 
than 15 J / cm 2 were used, although unstable dislocations were generated. The 
suppression of defect formation by laser damage gettering was examined using 
Sirt l  etching. It was found that thermally stable dislocations and pseudo-swirl  
defects acted as sinks for point defects and prevented the formation of pre-  
cipitates during a subsequent oxidation. Laser damage gettering was used to 
improve generation lifetime in metal-oxide-semiconductor (MOS) capacitors 
with the result that generation lifetime in the gettered area was improved by 
two orders of magnitude over that in the ungettered area. 

Much work has been reported oa the effects of la t -  
tice defects on the electrical properties of silicon crys- 
tals and on the electrical characteristics of silicon de- 
vices. Precipitates, stacking faults, and dislocations in- 
duced during the manufacturing process act as gene- 
ration-recombination centers for carriers (1-4) and 
degrade the electrical characteristics of p-n junctions 
(5-8). This degradation is especially noticeable in 
photosensitive mosaic devices such as CCD imagers 
where the defects produce generation sites responsible 
for bright spots and lines in video displays (9-13). 

In recent years, one of the major aims of VLSI tech- 
nology has been the fabrication of large area devices 
free of lattice defects. For this reason, efforts have 
been concentrated on the suppression of the formation 
of process-induced defects in silicon. 

The effectiveness of back-side damage gettering in 
the reduction of process-induced defects has been re-  
ported (14-18). Back-side damage gettering uses lat-  
tice damage, which is capable of eliminating nuclei of 
defects and absorbing impurities during high temper-  
ature processing. 

A number of methods of inducing dislocations for 
gettering have been proposed, for example, lapping, 
sand blasting, phosphorus diffusion, and ion implanta-  
tion. The problem with these methods, however, is 
that very often the wafers are contaminated with 
abrasive particles or are subjected to thermal stress. 
To solve these problems, a method of gettering 
which we call laser damage gettering has been devel- 
oped (19-22). Laser damage gettering utilizes laser i r-  
radiation damage to generate gettering sites where a 
variety of point defects, such as impurities and inter-  
stitials, gather. Technological advantages of this method 
are controllability and room temperature t reatment  
for introducing gettering sites. 

The purposes of the present work are: (i) to ex- 
amine the lattice defects caused by laser irradiation 
and subsequent oxidation, (ii) to investigate the sup- 
pression by laser irradiation damage of defect forma- 
tion, and (iii) to study the improvement of generation 
lifetime in silicon caused by laser damage gettering. 

Experimental Procedure 
Silicon wafers with (111) orientation, prepared from 

a p- type dislocation-free Czochralski-grown crystal 

Key words: des capacitor, etching, semiconductor, topog- 
raphy, 

with oxygen content of about i0 Is cm -2, were used. 
The doping impurity was boron and the resistivity 
range was 3-5 ~t-cm. Both surfaces of the wafer were 
mechanochemically polished. The wafers were about 
300 #m thick and 50 mm in diameter. 

Laser damage was induced on the rear surface of 
the wafer by Q-switched Nd:YAG laser pulses. The 
laser pulses were scanned in the [110] direction at a 
pitch of 500 #m and with a pulse spot overlap of about 
65%. The laser had a CW output power of 5W in the 
TEMoo mode (k ---- 1.06 ~m). The pulse repetition fre- 
quency was 10 kHz, the pulse duration time was 150 
nsec, and the spot size of the pulses was about 40 #m. 
The amount of laser damage induced can be controlled 
in two ways: one, by varying the pitch of the scanning 
laser beam and the amount of overlap between spots; 
and two, by changing the energy density of the laser 
pulses. In this experiment, the latter method was ap- 
plied with an energy density from 1630 to 5 J/cm ~. 
The energy density was set by moving the samples out 
of the focal plane and by using an attenuator with an 
analyzer and a polarizer. Wafers were irradiated on 
the back surface with laser pu]ses with an energy 
density over 30 J/cm 2 and on the front surface outside 
the active area with laser pulses with an energy den- 
sity below 30 J/cm 2. After irradiation, some of the 
samples were oxidized in a dry oxygen ambient at 
1200~ for I hr so that the thermal stability of the 
laser damage could be examined and so that the sup- 
pression of defect formation by laser damage could 
be studied. 

In order to study the improvement of generation 
lifetime through laser damage gettering, metal-oxide- 
semiconductor (MOS) capacitors were fabricated as 
follows. Silicon wafers were irradiated by laser pulses 
of 1630 J/cm 2 on half of the back surface at a pitch 
of 500 ~m. After irradiation, chemical vapor deposition 
of silicon-dioxide 8000A thick was carried out at 420~ 
to make a diffusion mask. A channel-stop region was 
formed by boron diffusion in wet oxygen at 1O00~ for 
30 rain. Gate oxidation was carried out in wet oxygen 
at 1000~ for 30 min, followed by annealing in dry 
nitrogen for 10 rain. After aluminum deposition for 
electrodes, the capacitors were annealed in dry nitro- 
gen at 4O0~ for 1 hr. MOS capacitors 1.5 mm in diam- 
eter with a silicon-dioxide layer 1500A thick were 
then fabricated. In high temperature processes above 
900~ slow insertio.n and slow retraction of wafers 
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into and out  of furnaces were  carr ied  out  to heat  and  
to cool the wafers  at  a ra te  of about  3~ to avoid 
dislocation p ropaga t ion  to the  front  surface. 

The capac i tance- t ime  curve ( t rans ient  response)  of 
the MOS capaci tors  was measured  by  apply ing  a step 
input  of 15V to the gate e lectrode at  1 MHz. Gene ra -  
tion l i fe t ime tg was de te rmined  from the t rans ien t  r e -  
sponse using the equations der ived  by  He iman  (23). 

Lat t ice  defects caused by  laser  i r rad ia t ion  were  ex-  
amined by  t ransmission electron microscopy (TEM),  
x - r a y  topography,  and  p re fe ren t ia l  etching. TEM sam-  
ples about  1 ~m thick were  p repared  by  chemical  
thinning.  

Results and Discussion 

Lattice deSects caused by laser irradiation.--TEM 
s tudy of the a s - i r r ad i a t ed  samples es tabl ished tha t  
la t t ice  defects occurred in the samples i r r ad ia t ed  by  
laser  pulses wi th  an energy  densi ty  h igher  than  about  
8 J / c m  2 and tha t  these defects could be classified into 
three  types of configuration. We la ter  found that  these 
three  types  of configuration were indica t ive  of the con- 
f iguration of the dislocations they  contained. Figures  
la ,  b, and c are  t ransmiss ion e lect ron micrographs  
t aken  of samples  exposed to laser  pulses of 10, 15, and 
22 J /cm ~, respect ively,  and show the three  types of 
defect  configurations produced by  laser  i r rad ia t ion  at 
these three  different  energy  densities.  In  Fig. la ,  the 
defects  were  d is t r ibuted  genera l ly  over  the  pe r iphe ry  
of the mel ted  area. We compared  the TEM images f rom 
different  diffraction planes and found tha t  the defects 
were  smal l  dislocations. 

In  addi t ion to these dislocations, defects of a sec- 
ond type were  genera ted  in the samples  i r r ad ia t ed  by  
laser  pulses of about  15 J / c m  2, as can be seen in Fig. 
lb.  This second type  of defect  grew in fanl ike clusters  
and was also de te rmined  by  TEM analysis  to be dislo- 
cations. These fanl ike  clusters a re  t e rmed  "dislocation 
clusters."  In  eve ry  t race  of a laser  spot, dislocation 
clusters appea red  only in the  [~2~] direction. S te re -  
oscopic observat ion  showed that  dis locat ion clusters 
lay  in the (111) plane. Contrast  analysis  of the TEM 
images revea led  dislocation clusters composed of dis lo-  
cations wi th  a Burgers  vector  of a/2 [110], runn ing  
close to the [011] direction,  and dislocations wi th  a 
Burgers  vector  of a /2  [101], running  ve ry  close to the 
[110] direction, as can be seen in Fig. 2. 

We might  expect  f rom these resu l t s  that  dislocation 
clusters could be genera ted  on any (111} plane which 
app rox ima te ly  coincides wi th  the mel t  f ront  and we 
confirmed tha t  the  dislocation clusters were,  in fact, 
formed on the (111-), (111), and (1"11) planes which 
l ay  in the  [1-21-], [112], and [211] directions,  respec-  
t ively. Dislocation clusters  did  not appear  on the ( l i l )  
and (111) planes  in Fig. 2 because they  were  annih i l -  
a ted by  the remel t ing  caused by  the fol lowing pulse. 

A th i rd  type  of defect  was observed  af ter  i r rad ia t ion  
at  a pulse energy dens i ty  of about  22 J /cm 2. Defects 
of this type  were  long dislocation lines runn ing  a long 
the scan direct ion of the laser  pulses, that  is, the [li-0] 
direct ion and ly ing  on the (111) plane para l l e l  to the 
wafer  surface. These defects had a Burgers  vec tor  
e i ther  of a /2  [110] or of a a /2  [101]. At  higher  energy  
densit ies than  22 J / c m  2, most defects observed were  
dislocations of this th i rd  type, a l though laser  grooves 
in excess of 1 ~m depth  were  formed. Only a few of 
these dislocations were  entangled.  

TEM observat ions of the three  types of defects af ter  
oxidat ion  at  1200~ for 1 hr  gave the fol lowing the rmal  
s tab i l i ty  results.  Dislocations of the first type  were  
found to be t he rma l ly  unstable.  Af te r  oxidat ion,  there  
r emained  no t race  of dislocations in the t ransmiss ion 
e lect ron micrographs  taken  of the samples i r r ad ia t ed  
by  10 J /cm ~ pulses, which suggests that  dislocations of 
this type  were  comple te ly  annealed  out of the surface. 

Fig. 1. Transmission electron micrographs showing dislocations 
induced at laser pulses with an energy density of: a, 10 J/cm2; 
b, 15 J/cm~; and c, 22 J/cm 2. 

Some dislocations of the second type  proved  to be 
t he rma l ly  s table because a smal l  pa r t  of eve ry  dislo-  
cation cluster  i ear  the bot tom of the mel ted  region re -  
mained  when the other  par t  of the dislocation cluster  
closer to the surfaca had been annihi la ted,  as can be 
seen in Fig. 3a. F igure  3a also shows that  ox ida t ion-  
induced precipi ta tes  were  genera ted  on dislocations 
and on o ther  sites. F igures  3b and c a re  magnif ied 
views of the  areas marked  "d" and "s," respect ively,  
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Fig. 2. Position of dislocation clusters 

in  Fig. 3a. Figure 3b shows that  dislocations act as 
nucleat ion sites for the precipitates. In  Fig. 3c, how- 
ever, it is not  clear what  defect the nucleat ion sites of 
the precipitates are. These as yet undefined sites may 
be undetectable  microdefects induced by laser i r radi-  
ation. These microdefects may be clusters of self- in-  
terstitials generated dur ing recrystal l ization after i r -  
radiat ion which are anaIogous to swirl  defects in  bu lk  
silicon. For this reason we call these sites "pseudo- 
swirl  defects." 

Dislocations of the third type were also thermal ly  
stable. Some of these dislocations moved far from the 
laser grooves and formed networks dur ing subsequent  
oxidation, as can be seen in the x - r ay  topographs of 
Fig. 4. Detailed s tudy using the Secco etching tech- 
nique showed in the cross section of the sample that 
dislocation propagation through the wafer toward the 
undamaged  surface did not  occur, bu t  stopped two 
thirds of the way to the wafer surface. Dislocation 
movement  caused by laser damage will be discussed in 
a separate paper. 

Suppression of defect formation by ~aser damage 
gettering.--In the previous section, we noted that  two 
types of thermal ly  stable dislocations induced by laser 
i r radiat ion exist, that  is, dislocations which compose a 
dislocation cluster and dislocations paral lel  to the scan 
direction of the laser pulses. Pseudo-swir l  defects were 
also thermal ly  stable. We established that these ther-  
mal ly  stable defects act as gettering sites for point  de- 
fects and suppress the formation of oxidat ion- induced 
precipitates outside the i r radiated region dur ing  sub-  
sequent oxidation by examining,  using the Sirt l  etch- 
ing technique, the abil i ty of laser damage to getter 
oxidat ion- induced precipitates. When low power laser 
pulses were used, the wafers were i r radiated by laser 
pulses wi th  10 and 15 J / c m  2 energy density on the 
front  surface and then oxidized at 1200~ for 1 hr  
in  a dry  oxygen ambient.  An example of laser damage 
gettering is exhibited in Fig. 5. Many etch pits of oxi- 
dat ion- induced precipitates, of which composition and 
s t ructure  were not determined by TEM, appeared on 
the front  surface of the wafer  without  irradiation,  as 
can be seen in  Fig. 5a. In  Fig. 5b, it can be seen that  
etch pits also appear with traces of laser pulses of 10 
J / c m  2 energy density and that there has been no get- 
ter ing effect in  this wafer. In  Fig. 5c, however, it can 
be seen that  there are no defects in the wafer i r radi-  
ated with 15 J / c m  2 pulses, only traces of laser pulses. 
We can therefore say that laser damage caused by  
laser pulses with an  energy density of 15 3/cm 2 or 
more is essential for laser damage gettering. 

In another  exper iment  very high power laser pulses 
were used. Pulses with an energy density of 1630 
J / c m  2, for example, were scanned on half of the back 
surface at a pitch of 500 ~m. The wafer was then oxi- 
dized at 1200~ for 1 hr. Figure 6 is a set of optical 
micrographs taken of the front and the back surfaces 
after Sirt l  etching for 3 min. The optical micrograph 

Fig. 3. Transmission electron mlcrographs of sample oxidized 
after irradiation by 15 J/cm~ pulses. Fig. 3b and c are magnified 
views which correspond to d and s in Fig. 3a, respectivety. 

of the front  =urface shows that the two halves are 
different. The upper  half corresponds to the nondam-  
aged area of the back surface and appears br ight  be-  
cause of the scattering of the l ight  by irregulari t ies on 
the surface. This brightness indicates the existence of 
oxidat ion-induced precipitates. The lower half is black, 
indicating that no lattice defects were formed. We con- 
firmed that  laser damage caused by 1630 J / cm 2 pulses 
on the back surface prevents  defect formation near  the 
front surface, as was the case with laser pulses of 15 
J / cm 2 energy density. 
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Fig. 4. X-ray topographs taken of oxidized wafer irradiated by 
1630 J/cm 2, showing that dislocations moved far from the laser 
grooves and formed networks. 

On the basis of these observat ions,  the fol lowing 
get ter ing  mechanisms are proposed. When  a wafer  is 
i r r ad ia t ed  by  low-power  laser  pulses, the near - sur face  
region of the  wafer  melts.  The mel t  f ront  moves r a -  
p id ly  into the  crystal .  In the recrys ta l l i za t ion  of a me l t  
caused by  15 J/cm 2 pulses, dislocations are  genera ted  
to re l ieve the rmal  stress at  glide planes  so that  max i -  
mum shear  stress occurs. In  addit ion,  clusters of self-  
in ters t i t ia ls  supersa tu ra ted  in the cooling process grow 
to be pseudo-swi r l  defects. These dislocations and 
pseudo-swir l  defects are t he rma l ly  s tab le  so these  de-  
fects in te rac t  wi th  point  defects dur ing subsequent  
oxidat ion  and act as sinks for  point  defects. The effect 
of  laser  damage  get ter ing at low energy  is exp la ined  
by  this mechanism, which is i l lus t ra ted  in Fig. 7. In  
wafers  i r r ad ia t ed  b y  laser  pulses less than  15 J/cm~, 
the m a x i m u m  depth  of the mel t  f ront  is shallow. In 
this case the  wafers  were  not hea ted  long enough to 
induce t he rma l ly  s table  defects, so get ter ing  is not  
efficient. 

When a wafer  is i r r ad ia t ed  by  h igh -power  laser  
pulses, t he rma l ly  s table  dislocations are  genera ted  
a round  the laser  grooves and propaga te  into the  bu lk  
dur ing  oxida t ion  to re l ieve  the stress induced by  i r r a -  
diation. These dislocations act as ge t ter ing  sites for 
point  defects to suppress  defect  formation.  A sche-  
matic  v iew of this mechanism is shown in Fig. 8. 

Improvement of generation li]etime through laser 
damage gettering.--Although it  is wel l  known that  
control led  damage on the back surface of the wafer  can 
improve  genera t ion  l i fe t ime by  removal  of point  de -  
fects such as unders i rab le  impuri t ies ,  it  has not been  
es tabl ished that  laser  damage  ge t te r ing  specifically 
improves  genera t ion  l ifet ime. 

Results  summar iz ing  the effect of laser  damage  get-  
ter ing on genera t ion  l i fe t ime are  plot ted in Fig. 9. The 
genera t ion  l i fe t ime in the ge t te red  area  was improved  
by  about  two orders  of magni tude  over  that  in the  
unge t t e red  area. Genera t ion  l i fe t ime in the ge t te red  
area  tended to level  off a t  about  103 ~sec. The plots in 
the  unge t t e red  area,  however,  were  spread  be tween  1 
and 100 ~sec. To invest igate  the reason for the im-  
p rovement  of the l ifet ime, the surface of the wafer  
was p re fe ren t i a l ly  etched using the Si r t l  e tching tech-  
n ique af ter  r emova l  of the MOS capacitors.  I t  was 
found that  l i fe t ime improvement  was caused by  the 

Fig. 5. Etch patterns of the oxidized samples: a, without irradia- 
tion, and b and c with irradiation by 10 and 15 J/cm 2, respectively. 

suppression of defect  format ion  by  laser  damage  
gettering.  

To evaluate  the e lectr ical  ac t iv i ty  of the defects in 
the  unge t t e red  area,  the rec iprocal  of genera t ion  l i fe-  
t ime 1/tg was pIot ted agains t  the dens i ty  d of defects 
in Fig. 10. The graph  shows that  the value  of 1/tg is 
n~arly propor t ional  to defect  densi ty  d. Therefore,  1/tg 
can be expressed by  

1/t~ ~- k " d + llto 
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Fig. 6. Optical micrographs of wafer oxidized after irradiation 
by 1630 J/cm 2, showing laser damage gettering suppression of 
defect formation. 

Fig. 8. Mechanism of laser damage gettering by high-power 
laser pulses above 20 J/cm 2. 

Fig. 7. Mechanism of laser damage gettering by low-power laser 
pulses of about 15 J/cm 2. 

where k is the proport ional  constant  which defines the 
electrical activity of defects expressed in cm2/~sec and 
to is background generat ion lifetime expressed in  ~sec 
(24). The constant  k had a value of 2 • 10 -6 in  Fig. 10. 

Conclusion 
A method of gettering, which we call laser damage 

gettering, has been developed to suppress the forma- 
t ion of lattice defects and to improve generat ion life- 
t ime in  silicon. This method utilizes laser i r radiat ion 
damage as gettering sites for a variety of point  de- 
fects, such as impurit ies and self-intersti t ials.  Sum-  
mariz ing the data, the following conclusions can be 
drawn. 

Fig. 9. Distribution of generation lifetime in the gettered and 
ungettered areas. 

1. High-power laser pulses above 20 3/cm~ pro- 
duced thermal ly  stable dislocation lines and disloca- 
t ion clusters and low-power laser pulses of about 15 
J / c m  2 also generated stable dislocation clusters and 
pseudo-swir l  defects in the i r radiated region. How- 
ever, no generat ion of thermal ly  stable defects was 
observed in  the case of laser pulses of power lower 
than 10 J / cm 2. 

2. Thermal ly  stable lattice defects acted as sinks 
for point defects dur ing  subsequent  oxidation. Laser 
damage gettering prevented the formation of oxida-  
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Fig. 10. 1/tg vs. d curve. The tangent of this curve indicates the 
electrical activity of defects. 

tion-induced precipitates. An energy density of at least 
15 J/cm2 was necessary to produce the laser damage 
which produced effective gettering. 

3. Laser damage gettering improved generation life- 
time in the gettered area by two orders of magnitude 
over generation lifetime in the ungettered area. This 
lifetime improvement was caused by the suppression 
of defect formation by laser damage gettering. 
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Single Crystal Silicon-on-Oxide by a Scanning 
CW Laser Induced Lateral Seeding Process 
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ABSTRACT 

A 1 ~m thick l aye r  of silicon dioxide is grown on selected areas  of a {100} 
sil icon wafer  such that  the  resul t ing sil icon dioxide surface is cop lanar  wi th  
the surface of the silicon wafer.  A 0.5 ~m thick l aye r  of po lycrys ta l l ine  sil icon 
is deposi ted onto the  silicon wafer  using a low pressure  CVD process. By scan-  
ning a focused CW argon laser  beam onto the  area  where  the po lycrys ta l l ine  
silicon is deposi ted d i rec t ly  on the exposed silicon substrate,  the po lycrys ta l l ine  
sil icon is conver ted  into an ep i tax ia l  l ayer  by  a l iquid phase process. By scan-  
ning the laser  beam f rom the ep i tax ia l  region to the region where  the po ly -  
c rys ta l l ine  silicon is deposi ted on the sil icon dioxide  layer ,  the  po lycrys ta l l ine  
sil icon is conver ted  into a single c rys ta l  through a zone mel t ing  process, where  
the  prev ious ly  formed ep i tax ia l  l aye r  is used as the seed. This process is 
named  " la te ra l  seeding." i t  is found tha t  the resul t ing  a rea  of the single c rys ta l  
on the silicon dioxide  layer  is dependent  on the t e m p e r a t u r e  of the  sub-  
s t ra te  and the c rys ta l lographic  direct ion of the edges of the oxide  layer .  The 
best  resul ts  a re  ob ta ined  wi th  a high subs t ra te  t empe ra tu r e  and wi th  the 
edges of the oxide layers  a l igned along a <100>  direction.  Single  c rys ta l  
regions tha t  ex tended  as much as 80 ~m f rom the ep i tax ia l  seed region onto 
the silicon dioxide region have been obtained.  I t  is in fe r red  f rom the expe r i -  
men ta l  resul ts  tha t  a l i ne - shaped  b e a m  wi th  a flat in tens i ty  profi le  is p r e -  
f e r red  for improved  l a t e ra l  seeding results.  

Sil icon on an insula t ing  subs t ra te  (SOI) is an a t t r ac -  
t ive ma te r i a l  s t ruc ture  for high speed and high dens i ty  
in tegra ted  circuit  applicat ion.  An insula t ing  subs t ra te  
provides  dielectr ic  isolat ion be tween  devices, so tha t  
they  can be packed more  closely together .  The in-  
sula t ing subs t ra te  becomes increas ingly  impor t an t  in 
CMOS b y  e l iminat ing  l a t ch -up  be tween  devices. The 
insula t ing subs t ra te  fu r the r  reduces the paras i t ic  ca-  
paci tances  be tween  devices and in terconnect ing meta l  
or po lycrys ta l l ine  sil icon lines, thus increas ing the 
speed of the circuit. Since the active volume of sil icon 
used in SO~ is l imi ted  to that  in the device islands, 
the suscept ib i l i ty  of the  circuits  to a -par t ic les  is g rea t ly  
reduced.  The most commonly  used SOI mate r i a l  s t ruc-  
ture  is s i l i con-on-sapphi re  (SOS) where  the  sil icon 
ep i t ax ia l  l ayer  is g rown on a sapphi re  subs t ra te  using 
convent ional  CVD techniques.  

Recently,  severa l  laser  recrys ta l l iza t ion  techniques 
for obta ining large  gra in  SOI were  demonst ra ted .  Gat  
et al. (1) demons t ra ted  tha t  by  scanning a focused 
laser  beam on the surface of an LPCVD polycrys ta l l ine  
sil icon (polysi l icon)  l ayer  deposi ted on a thin sil icon 
n i t r ide  (n i t r ide)  l aye r  on a silicon substrate ,  ve ry  
la rge  gra in  crystal l i tes ,  typ ica l ly  2 • 20 ~m, can be 
obtained.  The or ienta t ion  of the crys ta l l i tes  is r andom 
wi th  a s l ight  preference  for  {111} (2). Gibbons et al. 
(3) developed a technique for laser  recrys ta l l iza t ion  of 
polysi l icon islands on a n i t r ide  substrate.  The po]y-  
silicon l aye r  is deposi ted on the n i t r ide  using a s tan-  
dard  LPCVD technique. The polysi l icon islands are de-  
fined photo l i thographica l ly  and then formed by  e tch-  
ing. Fo r  na r row  (2 #m wide)  islands, {100} single crys-  
tal  has been obtained.  La rge r  single crys ta l  is lands 
have been subsequent ly  obta ined  wi th  r andom orien-  
ta t ions  (4). Using a scanning laser  beam induced 
g raphoep i t axy  technique,  Geis et ak (5) obta ined  a 
un i fo rmly  or iented sil icon film on a quar tz  subs t ra te  
wi th  a surface re l ief  gra t ing  s t ructure .  Severa l  r e -  
ports  of MOSFET devices fabr ica ted  in the laser  re -  
crys ta l l ized s i l i con-on- insu la tor  ma te r i a l  have demon-  
s t ra ted  tha t  the surface e lect ron mobi l i ty  measured  in 

* E lec t rochemica l  Society Act ive  M e mbe r .  
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epit~xy. 

these devices is as good as or be t te r  than  those ob-  
ta inable  in SOS (6-12). 

Except  for the g raphoep i t axy  approach,  control  of 
the  resul t ing  or ien ta t ion  of the recrys ta l l ized  silicon 
film is not  possible. The fact tha t  the grains  in the 
laser  recrys ta l l ized  film are  r andomly  or iented  can 
p robab ly  account for the  variabili~ty in  the  cha rac t e r -  
istics observed in devices fabr ica ted  in  the laser  re -  
crys ta l l ized SOI mate r ia l  (11). 

A sil icon br idg ing  ep i t axy  technique using a Q- 
switched, pulsed ruby  laser  anneal ing  (13) was dem-  
ons t ra ted  where  l a te ra l  g rowth  of single c rys ta l  silicon 
over  silicon dioxide (oxide)  was in i t ia ted  f rom the 
single crys ta l  subs,trate. However ,  the l a te ra l  g rowth  
was l imi ted  to 1.2 ~m beyond the oxide edge. This l im-  
i ted extent  of the growth  stems from the inab i l i ty  to 
control  the  resolidif icat ion process wi th  the  pulsed 
laser.  Since the l a t e ra l  g rowth  technique is equiva lent  
to the zone mel t ing  process, the  control  of the mel t  
zone and the me l t / so l id  in terface  is of pa ramount  im-  
portance.  

We have developed a method for obta in ing large  
area, control led  orientat ion,  single c rys ta l  silicon on a 
one micron  th ick oxide subs t ra te  using a scanning CW 
laser  induced l a te ra l  seeding process involving a micro-  
zone mel t ing  technique. In  th is  technique,  sil icon di-  
oxide is grown in selected areas  of a silicon subs t ra te  
and polysi l icon is deposi ted onto the surface of the 
ent i re  wafer.  By scanning a focused CW laser  beam 
onto the polys i l icon-on-s i l icon region, ep i tax ia l  g rowth  
is induced in the polysi l icon layer .  When  the laser  
beam is scanned f rom the ep i tax ia l  region to the po ly-  
s i l icon-on-oxide  region, single c rys ta l  g rowth  is in-  
duced in the polysi l icon by  a mel t ing  and rec rys ta l -  
l izat ion process, where  the prev ious ly  formed single 
c rys ta l  ep i tax ia l  l aye r  provides  the  seed (Fig. 1). This 
process is cal led " la tera l  seeding." 

Sample Preparation 
Single  crys ta l  silicon wafers  of {i00} or ienta t ion  

were  used as the substrate.  A 140 nm thick l aye r  of 
CVD silicon ni t r ide  was deposi ted onto the surface of 
the wafers.  Photores is t  was appl ied  to the surface of 
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Fig. 1. Schematic representation of the lateral seeding process 

the ni t r ide layer and rectangular  pat terns of various 
sizes were defined photolithographically. After  devel-  
oping and baking the photoresist, the exposed ni t r ide 
regions were removed by a plasma etching technique. 
A 0.55 ~m thick layer  of the then exposed silicon was 
removed by  an anisotropic plasma etch. After  remov-  
ing the photoresist, the wafers were placed in an oxi- 
dation furnace set at 1000~ with a steam ambient ,  
t imed to grow a one micron ,.thick layer  of oxide, so 
that the oxide surface was almost coplanar with the 
original  silicon surface. After  etching the wafers in  a 
10% HF solution for 90 sec, the ni t r ide layer  was re-  
moved by etching in hot phosphoric acid. The wafers 
were then etched in a 10% HF solution fo.r 30 sec, 
dried, and loaded immediate ly  into a low pressure 
CVD reactor, where a 0.5 ~m thick layer  of polysilicon 
was deposited at 620~ A thermal  anneal  in ni t rogen 
at l l00~ for 1 hr completed the preparation.  It  was 
shown that  the l l00~ anneal  significantly reduces the 
"etching" (removing the polysilicon from the surface 
of the insulator)  of the polysilicon dur ing the laser 
recrystall ization process (6). Without  this thermal  an-  
neal ing step, the proper beam power window for the 
recrystal l ization of the polysi l icon-on-oxide r eg ion  is 
typically • Furthermore,  the beam power for 
proper l iquid phase regrowth of the polysi l icon-on- 
silicon region is higher than the beam power for the 
recrystall ization of the polysi l icon-on-oxide region due 
to the higher thermal  conductivity of the polysilicon- 
on-sil icon region. Consequently, a beam power level 
chosen to induce epitaxial regrowth in the polysilicon- 
on-silico.n region will  be excessive for the recrystal-  
lization in  the polysi l icon-on-oxide region and will us-  
ual ly  result  in the removal  of the polysilicon from the 
oxide surface. The thermal  anneal ing widens the win-  
dow of beam power for proper recrystallza~ion of the 
polysi l icon-on-oxide area to • The exact mech- 
anism is not present ly  understood. This thermal  an-  
neal ing step allows the uti l ization of a single beam 
power level to be used for both regions Simultaneously. 

The finished s t ructure  is shown in Fig. 2. A step-l ike 
oxide substrate was also produced by growing a layer  
of oxide on a silicon wafer, etching away part  of the 
oxide, and depositing a layer of polysilicon, resul t ing 
in a s tructure shown in  Fig. 3. 

Laser Processing 
The laser- induced recrystall ization was performed 

with a CW argon ion laser system similar to the one 
described in  Ref. (14). Two different lens systems, a 
single 190 mm focal length spherical lens and a com- 
binat ion of a 300 and a 100 mm focal length cylindrical  
lenses, were used. Most experiments  discussed were 
performed with the spherical lens. The raster l ine scan 
speed was 10.4 cm per sec and the l ine- to- l ine  step 
size varied from 5 to 20 ~m. The wafers were mounted 

Fig. 2. Cross-sectional electron micrograph of the finished 
structure. The oxide layer is 0.96 ~m thick. The polysilicon layer 
is 0.5 Fm thick. The lines below the oxide region are artifacts of 
the sample preparation. 

such that the lines were scanned parallel  and perpen-  
dicular to the oxide and single crystal substrate in ter -  
face. The wafers were held with a vacuum chuck and 
were heated to a temperature  as high as 500~ 

The wafers were studied by optical microscopy, us- 
ing a Secco etch (15) to decorate the grain boundaries 
and defects. We have compared the grain boundary  
pat terns observed after Secco etching with TEM stud- 
ies o~ the recrystallized SOI mater ia l  and determined 
that  the pat tern  obtained after Secco etching is a t rue 
representat ion of the grain structure. Electron chan-  
nel ing was used to study the crystallographic ori-  
enta t ion of the laser recrystallized si l icon-on-oxide 
material.  

Results and Discussion 
An optical interference contrast  micro graph of a 

typical la teral ly  seeded si l icon-on-oxide area is shown 
in Fig. 4. The wafer was etched in a Secco etch for 10 
sec to decorate the grain boundaries.  It is general ly  
observed that  when  the si l icon-on-oxide area is small, 
such as the smaller  squares at the bottom of the pic- 

.: ." : . -  ;.~" :' :.: -: .:' . '.~ A 
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Fig. 3. Schematic representation ot a cross-sectional view of a 
sample with a thin oxide step. The oxide layer is usually thinner 
than 0.25 #m. 
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Fig. 4. An optical interference contrast micrograph of a lateral 
seeding area after etching in a Secco etch for 10 sec. The two 
large square silicon-on-oxide areas are 70 • 70 ~m 2 in size. The 
13W laser beam scanned from left to right and the lines stepped 
from top to bottom. 

ture,  no gra in  boundar ies  are  observed,  indica t ing  that  
the  silicon l aye r  is a single crystal .  For  the s i l icon-on-  
oxide areas  that  a re  l a rge r  in size, la rge  single c rys ta l  
regions that  are  free of gra in  boundar ies  are  ob ta ined  
immed ia t e ly  ad jacen t  to the  ep i tax ia l  regions, but  the  
ent i re  s i l i con-on-oxide  regiori is not  of one or ientat ion.  

The laser  scan l ines a re  also evident  in Fig. 4. I t  is 
in teres t ing  to note tha t  the  single crys~tal region ex-  
tended over  three  successive scan lines, indica t ing  that  
the  single c rys ta l  s i l i con-on-oxide  a rea  formed dur ing  
the first scan served  as the  seed for the  growth  dur ing  
the subsequent  scans. Therefore,  the single c ry s t a l  
a r ea  indeed p ropaga ted  la te ra l ly ,  using the prev ious ly  
formed single c rys ta l  as the seed. 

I t  should also be noted tha t  the smal ler  square  Oxide 
subs t ra tes  had  been displaced f rom the i r  or ig inal  posi-  
tion. The d isp lacement  is a lways  in the direct ion of 
scan of the beam. This d isp lacement  is p robab ly  caused 
by  the mel t ing  of the sil icon subs t ra te  dur ing  the laser  
process. If the recrys ta l l ized  l aye r  were  to be used for 
device applicat ion,  the  d isp lacement  would cause se-  
vere  difficulties in p lac ing the device in the SOI region. 
By measur ing  the red i s t r ibu t ion  of imp lan ted  dopant  
a f te r  the  laser  process, we have  confirmed tha t  the  
ep i t ax ia l  g rowth  in the  polys i l icon-on-s i l icon  region 
was induced th rough  the l iquid phase. In o n e  wafer ,  
arsenic  was imp lan ted  into the polysi l icon layer  at 90 
keV to a dose of 5 • 101~ cm -2. The wafer  was laser -  
recrys ta l l i zed  at  power  levels ranging  from 7 to 15W, 
using condit ions s imi lar  to those descr ibed earl ier .  
Ruther ford  backsca t te r ing  spectroscopy was pe r fo rmed  
in the polys i l icon-on-s i l icon  region before  and af te r  
the laser  process and the resul ts  are  shown in Fig. 5. A 
ve ry  s t rong segregat ion  of the arsenic was observed at  
the  surface of the l a se r - rec rys ta l l i zed  ep i tax ia l  layer ,  
indica t ing  tha t  mel t ing  had occurred.  As the mol ten  
region r eg rew  epi taxia l ly ,  the implan ted  arsenic was 
segrega ted  out  at  the surface by  a process s imi lar  to 
zone refining (16). Fu r the rmore ,  the arsenic could be 
detected as far  as 2 ~m into the substrate ,  indica t ing  
tha t  mel t ing  occurred beyond the polysi l icon-s i l icon 
in ter face  and the ep i tax ia l  g rowth  proceeded  in the  
l iquid phase. Since the the rmal  conduct iv i ty  in the 
po lys i l i con-on-ox ide  region is lower  than  that  in the 
polys i l icon-on-s i l icon  region and over  99% of the laser  
power  is absorbed  in the 0.5 /xm thick polysi l icon l ay -  
er, the polysi l icon on the oxide subs t ra te  is, therefore,  
also mel ted  by  the beam at these power  levels.  
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a. The RBS spectrum of the as-implanted sample with the peak of 
the profile located 53 nm from the surface. 
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b. The RBS spectrum of the sample after the laser process with a 
12W laser power. A strong segregation at the surface is evident. 

Fig. 5. Rutherford backscattering spectra of the arsenic- 
implanted polysilicon-on-silicon. The arrow in the figures indi- 
cates the polysilicon surface. 

Figure  4 shows a high etch pi t  dens i ty  in the ep i t ax-  
ial  region while  the etch pits are  only sparse ly  d i s t r ib -  
u ted  in the single crys ta l  on oxide area. This indicates  
tha t  the  beam power  opt imized fo.r the s i l icon-on-  
oxide region is not  opt imized for the s i l icon-on-s i l icon 
region and resul ts  in damage in the ep i tax ia l  layer .  
Electron channel ing exper iments  which have a resolu-  
t ion of about  2 ~m were  pe r fo rmed  and a typical  r e -  
sult  is shown in Fig. 6a and b. By focusing and rock-  
ing a 40 keV electron beam in the l a se r - rec rys ta l l i zed  
polys i l icon-on-s i l icon region, a dis t inct  e lect ron dif -  
f ract ion pa t t e rn  is observed,  indica t ing  that  the po ly-  
silicon has regrown ep i t ax ia l ly  on the single c rys ta l  
substrate .  By moving the beam so tha t  the single crys-  
tal  s i l icon-on-oxide  area  was i l luminated ,  a dis t inct  
e!ec~ron diffraction pattern is again obtained. Fur- 
thermore, this diffraction pattern indicates that the 
single crystal silicon-on-oxide area has the same ori- 
entation as the substrate. 

The behavior of the silicon crystal growth in the 
lateral seeding process can be understood with the aid 
of Fig. 7-9. F igure  7 shows a schematic  represen ta t ion  



1984 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY September 198I 

POLYSILICON 

Fig. 7. Schematic representation of a top view of a laser beam 
scanning over a polysilicon-an-oxide region. The beam induces a 
zone of molten silicon, which travels as the beam is moved. The 
molten silicon cools and crystallizes at the trailing edge of the 
molten zone. The arrows in the diagram indicate the thermal 
gradient and therefore the directions along which the crystals 
will grow. 

Fig. ft. (a, top) shows an optical interference contrast micrograph 
of a polysilicon-on-oxide region after the laser process. The elec- 
tron diffraction pattern shown in b (bottom) is obtained when re- 
gions a and b in Fig. 6a are illuminated with the electron beam. 
Region a is the polysilicon-on-silicon epitaxial layer and region 
b is the polysilicon-on-oxide which has been converted to single 
crystal by the laser. The bulging region indicated by "c" is 
clustered with defects and no electron diffraction pattern is ob- 
tained at region c. The rectangular silicon-on-oxide region is 107 
~m long X 84 ~m wide. 

of a laser beam scanning over a polysil icon-on-oxide 
region. The silicon region i l luminated  by the laser beam 
is melted, forming a small, localized molten zone of sili- 
con on the oxide. As the beam is scanned, the silicon 
near  the t rai l ing edge of the beam cools rapidly. As 
the molten silicon recrystallizes, it is seeded from the 
silicon immedia te ly  adjacent to the molten zone. Fu r -  
thermore, the grains grow in a direction normal  to the 
isotherms, namely,  in the direction of the thermal  gra-  
dient  which points toward the center of the beam. This 
is responsible for the chevron-shape grain s tructure 
observed (1) (Fig. 8). 

The lateral  seeding process is represented in Fig. 9. 
When a laser scan line represented by I is scanned par-  
allel to an interface between a silicon substrate and 
an oxide layer, with more than 50% of the beam over-  
lapping the oxide layer, the grain growth at the edge 
of the oxide layer will be seeded by the epitaxial layer. 
Because of the higher thermal  conductivity in  the 
polysil icon-on-si l icon region, the epitaxial  layer in the 
region solidifies earlier than the polysi l icon-on-oxide 
region (13). Therefore, the molten silicon on the edge 
of the oxide layer is seeded with a single crystal epi- 
taxial region and the single crystal propagates into 
the oxide region along the thermal  gradient, as indi-  
cated in Fig. 9. The grain growth from the bottom half 

Fig. 8. An optical interference contrast micragraph of a poly- 
silicon-on-oxide region after it is recrystallized by a single scan 
of the focused laser spot at 13W and then etched in a Secco etch 
for 10 sec. The laser beam scans from left to right. The chevron- 
shaped crystals are evident. The width of the recrystallized region 
is 79 ~m. 

Fig. 9. Schematic representation of lateral seeding. The poly- 
silicon-on-oxide region is surrounded by the polysilicon-on-silican 
region. Beam I represents transverse seeding and beam II repre- 
sents longitudinal seeding. 

of the beam is seeded from the polysilicon. On subse- 
quent  scans and as long as the scan lines are over-  
lapping by more than 50%, the grain growth from the 
top half of the molten silicon is seeded by the previ-  
ously formed single crystal. The successive lateral  
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seeding process is ev ident  in Fig. 4. Since the single 
crys ta l  sil icon region propagates  over  the oxide l aye r  
f rom the seed region in  a direct ion t ransverse  to the  
di rect ion of the scan of the beam, this l a te ra l  seeding 
mode is cal led t ransverse  seeding. In the case of a scan 
l ine represen ted  by  II, the crystals  again grow normal  
to the the rmal  g rad ien t  as depic ted  in Fig. 9. Since the 
single c rys ta l  region propagates  into the s i l i con-on-ox-  
ide region f rom the seed region in the  direct ion of scan 
of the beam, we call this mode of seeding longi tud ina l  
seeding. On oxide layers  wi th  a large surface area,  the  
polysi l icon in region A is usua l ly  conver ted  to single 
c rys ta l  whi le  tha t  in region B is conver ted  to e longated  
po lycrys ta l l ine  grains. 

I t  has consis tent ly  been observed that  the t ransverse  
seeding mode yields l a rge r  single crys ta l  s i l icon-on-  
oxide  areas  than  the longi tudina l  mode, even af te r  
mul t ip le  scans. I t  is be l ieved  tha t  the  shape of the  
beam, the in tens i ty  d is t r ibut ion  of the beam, and the 
i so thermal  surfaces induced in the sil icon are re -  
sponsible for this result .  When the c i rcular  laser  spot 
is scanned across the surface of the  silicon, the mot ion 
of the laser  spot induces an e l l ip t ica l ly  shaped iso- 
t he rm in the thin silicon layer  (17). I t  is known that  
the rmal  stress is induced by  a nonp lanar  so l id /mel t  
in terface  because of the different ia l  ra te  of contract ion 
across the crys ta l  (18). Fur the rmore ,  when  a so l id /  
mel t  in terface  has a small  radius  of curvature ,  point  
defects can  be t r apped  more easi ly in the solid, and 
there  is also an increased chance of spurious nucle-  
a t ion (19). In  the  t ransverse  mode, the crysta ls  are  
growing  normal  to an isotherm that  has a l a rger  radius  
of cu rva tu re  than  tha t  of the longi tudina l  seeding case. 
Therefore,  we would expect  that  the single crys ta l  
growth  is more  favored  in the t ransverse  mode than  
the longi tud ina l  mode. 

Defects are  usua l ly  formed near  the corner  where  
the beam enters  the oxide subs t ra te  region (Fig. 10). 
We bel ieve  that  the  c luster ing of defects, which subse-  
quent ly  leads to the format ion  of gra in  boundaries ,  is 
p robab ly  caused by  the crys ta l l ine  mismatch of the 
two single crysta ls  p ropaga t ing  in the t ransverse  and 
the longi tudina l  directions. In the micrograph  shown 
in Fig. 6, there  is significant bulg ing  of the sil icon l aye r  
where  there  is a high defect  density.  This bulging is 
p robab ly  caused by  a "snow plow" effect in the laser  
process where  some silicon is "pushed" ahead of the 
beam. This k ind  of ma t t e r  t r anspor t  is ve ry  common 
in the zone mel t ing  process (16) and is due to 
the  expansion in volume in the silicon dur ing sol idi-  

Fig. 10. An optical interference contrast micrograph of a lateral 
seeding sample after etching the sample in a Secco etch for 10 sec. 
The long polysilicon-on-oxide strip in the center of the micro- 
graph is 194 /~m long X 55 /~m wide and is completely converted 
to single crystal except for a small region n~:ar the corner where 
the beam entered the oxide substrate region. The laser scanned 
from left to right and the lines stepped from top to bottom. 

Fig. 11. An optical interference contrast micrograph of the lat- 
eral seeding sample after etching the sample in a Secco etch for 
10 sec. The laser scanned from left to right and the lines stepped 
from top to bottom. The silicon-on-oxide strip in the middle of the 
picture is 92 /~m wide. The feather-shaped defect clusters are evi- 
dent. The defect clusters are formed in the silicon after the single 
crystal extended about 30 ~m from the epitaxial seed region im- 
mediately above the silicon-on-oxide region. 

fication. This "snow plow" effect is only  observed when 
the beam power  is excessively high. At  a power  level  
jus t  s u ~ c i e n t l y  high enough to induce l a te ra l  seeding, 
no bulg ing  due to ma t t e r  t r anspor t  is observed.  

Large areas  of single crys ta l  SOI have been obta ined 
by  using t ransverse  l a te ra l  seeding. F igure  10 shows 
a typical  resul t  o f  a 55 X 194 #m 2 s i l icon-on-oxide  re-  
gion. Our  best  resul t  to date  is a l a te ra l  g rowth  of ap -  
p rox ima te ly  80 ~m (Fig. 6). F igure  11 demonst ra tes  
that  a f ea the r - shaped  cluster  of defects is commonly  
formed af ter  the la te ra l  g rowth  has proceeded beyond 
some cr i t ical  distance. This dis tance is found to be 
propor t iona l  to the subs t ra te  tempera ture .  There  are  
severa l  possible explanat ions  for this phenomenon.  The 
defects may  be caused by  the rmal  stress. A higher  
subs t ra te  t empera tu re  reduces the thermal  gradients  
and.  thus the stress due to these gradients .  A l t e r n a -  
t ively, the h igher  subs t ra te  t empe ra tu r e  may  reduce 
the number  of g rown- in  defects. If a cr i t ical  disloca- 
t ion densi ty  is needed to des t roy  c rys ta l l in i ty  (20), a 
longer  distance must  be t raversed  before  this occurs. A 
re la ted  explana t ion  is tha t  the ra te  of dislocation for-  
mat ion  at  the si l icon-si l icon dioxide interface  is in-  
verse ly  propor t iona l  to the tempera ture .  Once again,  
longer  growth  distances would  be needed before  g ra in  
bounda ry  format ion  occurs. There  is insufficient expe-  
r imenta l  evidence ava i lab le  to reach any conclusions. 

When the n i t r ide  pa t te rns  a re  defined such that  the 
resul t ing oxide layers  have thei r  edges along a <100> 
direction, the best  l a te ra l  seeding resul ts  were  ob-  
tained. When the edges of the oxide layers  are  along 
a <110> direction, the extent  of the single crys ta l  
g rowth  is typ ica l ly  20-30 ~m, while  the growth  is typ i -  
cal ly 50-80 ~m in the <100> case. This resul t  is be-  
l ieved  to be a consequence of the  fact  that ,  in silicon, 
g rowth  along the <100> direct ions has a h igher  rate.  

We have also per formed  la te ra l  seeding exper iments  
where  the  oxide layer  was grown on top of the silicon 
wafer  so that  there  was a step at  the edge of the oxide 
areas. The single crys ta l  growth  in those wafers  is 
l imi ted  to about  20 ~m, at best, and slip planes are  usu-  
a l ly  observed.  Wafers  wi th  {110} and {111} or ientat ions  
were  also used and the resul ts  were  comparab le  to 
those obtained wi th  {100} mater ia ls .  

By using a combinat ion of the two cyl indr ica l  lenses 
to obta in  an e l l ip t ica l ly  shaped beam with  its shor ter  
axis along the direct ion of scan, we have been able  to 
obta in  improved  resul ts  in the longi tudina l  seeding 
case. The single crys ta l  typ ica l ly  grows longi tud ina l ly  
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into the oxide  subs t ra te  region by as much as 50 ~m. 
Since the radius  of curva ture  of the i so thermal  sur-  
faces is increased with  an e l l ip t ica l ly  shaped beam, i t  
is not surpr is ing tha t  the single crys ta l  a rea  ex tended  
fur ther  over  the oxide layer .  

I t  is apparen t  from the exper imen ta l  resul ts  that  the  
laser  beam, wi th  a Gauss ian  ir~tensity profile and a 
t ra i l ing  edge tha t  is convex to the direct ion of scan, is 
not an ideal  rad ia t ion  source for the l a te ra l  seeding 
process. These two a t t r ibu tes  of the laser  beam pro-  
mote  rad ia l  cooling and, therefore,  the rmal  s,tress in 
the ma te r i a l  and spurious nucleat ion at  the outermost  
and, therefore,  the  coolest por t ion of the scanned re-  
gion. Therefore,  if one can obtain a rad ia t ion  source 
that  has a t ra i l ing  edge that  is flat or concave to the 
direct ion of scan and a " top-ha t"  in tens i ty  profile, 
these problems can be overcome. This conclusion was 
also a r r ived  at for t rad i t iona l  zone mel t ing  exper i -  
ments  (18). If this rad ia t ion  source is avai lable ,  the  
longi tudinal  mode of l a t e ra l  seeding is preferred.  
F rom the th roughput  consideration,  the argon laser  
beam, wi th  a power  output  l imi ted  to about  20W for 
ava i lab le  commercia l  sources, is also undes i rab le  since 
it is es t imated that  wi th  the scan speed and l ine - to -  
l ine over lap  used presen t ly  it wil l  take about  80 min 
to complete  a silicon wafer  3 in. in diameter .  I t  is be-  
l ieved tha t  a scanning s t r ipe - shaped  e lec t ron beam or 
a scanning focused spot of rod- shaped  quar tz  l amp 
m a y  be potent ia l  a l te rna te  sources for the  laser.  

Summary 
We have developed the la te ra l  seeding process to 

obta in  single crys ta l  s i l icon-on-oxide.  This process is 
s imi lar  to the zone mel t ing  process, but  is pe r formed  
on a ve ry  small  scale. Given the beam shape of the 
focused laser  spot, two modes of l a t e ra l  seeding, t rans-  
verse and longitudinal ,  have been dist inguished.  The 
best  resul ts  are  obta ined when the edges of the oxide 
subst ra tes  are  a l igned in the <100~  direct ions in {100} 
or iented wafers,  and wi th  the laser  scanning in the 
t ransverse  mode. Fur the rmore ,  a higher  subs t ra te  t em-  
pe ra tu re  resul ts  in a l a rger  single crys ta l  on oxide 
region. I t  has also been shown tha t  the i so thermal  sur-  
faces induced in the silicon and, therefore,  the shape 
arid in tens i ty  profile of the beam are  the control l ing 
pa rame te r s  in de te rmin ing  the l a t e ra l ly  seeded growth. 
F rom the exper imenta l  result ,  it  is expected that  the 
ideal  rad ia t ion  source for l a te ra l  seeding is one tha t  
has a t ra i l ing  edge tha t  is l inear  or concave toward  
the direct ions of scan and a flat or " top-ha t"  in tens i ty  
d is t r ibut ion  profile. If this k ind  of a beam shape and 
in tens i ty  profile can be obtained,  p robab ly  by  a s t r ipe-  
shaped e lec t rom beam or a focused spot of a l ine-  
shaped high in tens i ty  lamp, then improved  la te ra l  
seeding resul ts  can be obta ined by s c a n n i n g  in the 
longi tudina l  mode. 

I t  is wor th  noting that  a l though the single crys ta l  
a rea  obta inable  in the present  exper iments  is re la -  
t ive ly  small,  this a rea  is large  enough for the fabr ica-  
t ion of active devices for VLSI applications.  The single 
crys ta l  subs t ra te  seed area  can be placed adjacent  to 
each of the act ive device areas  in the circuit  so tha t  
af ter  the l a te ra l  seeding process, the  active devices 
can then be fabr ica ted  in the single crys ta l  s i l icon-on-  
oxide area. Hence, a t ru ly  single crysta l  s i l i con-on-ox-  

ide IC can be fabricated.  Al though the l a t e ra l ly  seeded 
area  is not free of defects, the etch pits obta ined af ter  
a Secco etch are  only sparse ly  dis t r ibuted.  A s tudy of 
the micros t ruc ture  of the  l a t e ra l ly  seeded mate r i a l  is 
underway,  and the resul ts  wi l l  be repor ted  in a la te r  
publicat ion.  
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ABSTRACT 

In  the power semiconductor industry,  a luminum,  the fastest diffusion 
p- type  species in silicon, has been used for years but  due to the active na ture  of 
the process, it was only performed in closed-tube systems. Now, however, 
a l u m i n u m  diffusion has been achieved in an open ambient.  The related prop- 
erties of this diffusion technique, together with the characteristics of the de- 
vices made with this diffusion process, are described. 

A l u m i n u m  is the fastest p- type  diffusion species for 
silicon. The diffusion coefficient of a luminum is three 
times higher than that of gal l ium and five times higher 
than  that of boron. In  the power semiconductor indus-  
try, where deep junct ions are required, a luminum dif- 
fusion has been used for years, but  due to the active 
chemical na ture  of the process, it can only be achieved 
in  closed-tube systems, as shown in  Fig. 1. The resul tant  
surface concentrat ion of a luminum is very low (~1016 
a toms/cm 3) and m a n y  researchers have spent consid- 
erable time and effort t rying to unders tand  this low 
surface concentrat ion mechanism (1, 2). It  is well ac- 
cepted that  a l uminum vapor has a strong affinity to- 
silicon dioxide. The presence of SiO2 can retard the us- 
able a l u m i n u m  vapor generation. Based on a thermo- 
chemical analysis, Rai-Choudhury,  Selim, and Takei 
(3) concluded that in an al l -quar tz  closed-tube system, 
the surface concentrat ion is low due to an effective re-  
duction of a l u m i n u m  part ial  pressure through interac-  
tions with SiO2, SiO, residual  moisture, and oxygen. By 
a luminiz ing the quartz tube wall, Kao (2) did obtain a 
higher surface concentrat ion diffusion. 

Nevertheless, the closed-tube diffusion is a tedious 
and expensive process, involving pump-down and seal- 
off and  usual ly  the quartz envelopes must  be discarded 
after  each use. It is highly desirable, then, to have an 
open- tube system for a l u m i n u m  diffusion. A semi-open 
tube system was developed by Rosnowski (4), who per-  
formed a luminum diffusion in a regular  diffusion tube 
under  high vacuum, but  strictly speaking, this is still a 
closed-tube system. Nevertheless, the diffusion tube can 
be reused many  times. 

After  considerable experimentat ion,  we have suc- 
cessfully performed a luminum diffusion in an open 
ambient.  

Experimental Work  
Various types of diffusion sources were used (Fig. 2). 

Among these, a luminum-coated  silicon wafers, a lumi-  
num-doped  silicon wafers, and elemental  a luminum 
yielded the best results. When source wafers were used, 
they were loaded a l ternate ly  with the target  wafers, 
as for BN diffusion, such that every target wafer faces 
a source wafer; the ambient  can be argon or nitrogen. 
Some hydrogen can also be added if desired. It is im-  
por tant  to keep oxygen away from this system; a par-  
tial pressure of 0.5% oxygen can severely retard the 
a luminum diffusion and a part ial  pressure of 1% can 
completely shut off the diffusion process. Normally, the 
source and target wafers were loaded into a quartz 
boat. The boat and wafers were then placed in  a 100 
m m  quartz tube for diffusion. The diffusion temper-  
a ture  ranged from 1100 ~ to 1250~ The resu l tan t  sur-  
face concentrat ion is about 2 • 10 is a toms/cm 3 on the 
target  wafers. The a luminum-coated  source wafers 
(ACS) were made by coating 2000A of pure a l u m i n u m  
onto high resist ivity silicon. After  diffusion, the surface 
concentrat ion of the ACS wafers is about  1 >< 1019 

" E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  a l u m i n u m  di f fus ion ,  s e m i c o n d u c t o r ,  device .  

atoms/cm 8 which is in the range of the solid solubili ty of 
a luminum in silicon at the temperature  range involved. 
The a luminum-doped  siiicon wafers (ADS) were made 
by pul l ing a silicon rod from a melt, a process that  
lends itself to tight control of the doping concentrat ion 
of a luminum in silicon. Each doped silicon rod can be 
cut into. hundreds of ADS wafers. In  the case of the 
elemental  a l uminum source, a special sapphire plate 
and tubes were used. The elemental  a luminum chunks 
were stored in the sapphire tube and this assembly was 
entered into the diffusion tube at the upper  stream of 
the gas flow. The target wafers were loaded into a lad- 

Fig. 1. A comparison of closed and open tube systems 

Fig. 2. Var;ous sources for open-tube aluminum diffusion 

1987 
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der- type boat  so that they were parallel  to the gas 
flow, for bet ter  uni formi ty  of diffusion. In most cases, 
the diffusion temperature  was about 1200~ or less. 

For  some applications, a lower surface concentrat ion 
and graded junct ion are required for higher reverse 
junct ion blocking capability. This type of diffusion pro- 
file can be achieved via a two-step process. Wafers were 
diffused at 1200~ for 2-4 hr to obtain a 15-20 ~m deep 
a luminum diffusion; then a dr ive- in  process without  
source wafers followed. The dr ive- in  temperature  can 
be higher than 1200~ and the diffusion time depends 
on the required depth of the device junction. In  this 
case, the ambient  can contain some oxygen. If a higher 
surface concentrat ion is required for bet ter  ohmic con- 
tact and inject ion level, a thin layer of a luminum 
(~1000A.) can be deposited on the target  wafers di- 
rectly. After  diffusion, the surface concentrat ion may 
reach 1 • 1019 a toms/cm 3. 

Results and Discussion 
Figure 3 shows both the l ap-and-s ta in  and t h e  

spreading-resistance profile photos of a typical 20 hr 
open- tube  a luminum diffusion with ACS source Wafers 
at 1200~ The diffusion results for a ACS source wafer 
(direct a l uminum diffusion in this case) are shown in  
Fig. 4. The surface concentrat ion of a direct a luminum 
diffusion is about five times higher than that from the 
cross-diffusion for target wafers. 

The ACS wafers can be used repeatedly. As a mat ter  
of fact, it is bet ter  to precondit ion these source wafers 
before using them. Normally, we heat - t rea t  the fresh 
ACS wafers at a higher temperature  (~1250~ for a 
long time so that  the a luminum diffuses deep into the 
silicon bulk, thus extending their usable lifetime. After  
this prediffusion treatment ,  such ACS wafers can be 
used m a n y  times with consistent results; in one exper-  
iment,  ACS wafers were reused 13 times (each t ime as 
a source for diffusion at 1200~ for 15 hr) ,  and there 
w a s  no noticeable decline of surface concentrat ion of 

September 1981 

Fig. 4. The doping profile of an aluminum-coated silicon wafer 
obtained from an open-tube aluminum diffusion. 

Fig. 3. The doping profile of a target silicon wafer obtained 
from an open-tube aluminum diffusion. 

diffused target  wafers (Fig. 5). Without  pretreatment ,  
ACS wafers tend to emit lumps of a luminum from their 
surfaces. Sometimes these lumps may reach target  waf-  
ers, increasing the local surface concentration. Surface 
damage can also occur as a result  of heavy local a lu-  
m i n u m  diffusion in target  wafers. 

Diffusion under  these conditions will normal ly  have 
a consistent erfc profile with a surface concentrat ion of 
about 2 • 10 is a toms/cm 3 at 1200~176 We found 
that the surface concentrat ion is not sensitive in the up-  
per diffusion temperature  bu t  drops drastically at lower 
temperatures  (~1150~ as shown in Fig. 6. 

The surface concentrat ion increases with diffusion 
time in the early stages of the process, as shown in Fig. 
7. This feature has been utilized to create a diffusion 
profile of low surface concentrat ion with deep penet ra-  
tion. In  this case, a two-step process (predeposition and 
dr ive- in)  was used to obtain the required profile. This 
type of process is consistent; for example, in one expe- 
riment,  the same ACS wafers were used five times to 
diffuse target wafers. Each time, there was a 2 hr pre-  
deposition in argon at 1200~ followed by a 10 hr 
dr ive- in  in oxygen. The var iat ion in  the diffusion re-  
sults is less than 10% as shown in Fig. 8. This two- 
step technique has been used to make several diodes 
and SCR's. 
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In  order to compare this open- tube  process with con- 
vent ional  boron diffusion, 9 mm diodes were made using 
the two processes with the resul t ing profile kept iden-  
tical for both cases. The star t ing mater ia l  was 50-70 
~%-cm, n- type  single crystal silicon. It is interest ing that 
the open- tube  processed diodes can block up to 1500V, 
while the boron-diffusion diode can only block up to 
1000V. This is due, possibly, to a more favorable lattice 
match for a l u m i n u m  atoms in silicon, compared to 
boron in silicon (6). We also made a direct comparison 
of gal l ium diffusion and the open- tube a luminum diffu- 
sion. The C441 SCR (silicon control rectifier) was 

PREDEPOSITION 

Nsp # m  

I ST 5 . 0 E I 7  15.75 

2 ND 2 . 0 E I 7  15.5 

3 RD 6 .0E I7  16.0 

4 T H  5 .0EI7  17.5 

5 TH 5 .0EI7  13.0 

DRIVE - I N  

NSp p.m 

6EI6  4 7  

5E I6  5 0  

4E I6  4 4  

5EI6 5 0  

5EI6 4 5  

Fig. 8. Diffusion data from five consecutive diffusions using the 
same source wafers. 

chosen as a test vehicle. This device is a s tandard prod- 
uct rated at 1800V and the blocking junct ion is made 
via a gall ium diffusion step. 

Some C441 devices were made with an open- tube  alu-  
m i num diffusion at 1200~ subst i tut ing for the s tandard 
1250~ gall ium diffusion. A l u m i n u m  has a higher diffu- 
sion coefficient at 1200~ than gal l ium has at 1250~ 
Therefore, even at a reduced temperature,  the diffusion 
time was shortened for the open- tube  a luminum diffu- 
sion, to realize the same diffusion profile. It  is well  
known that the higher the diffusion temperature,  the 
worse the carrier lifetime. The characteristics of these 
open- tube  a luminum C441 devices demonstrate this 
fact. The open-circui t  decay measured carrier l ifetime 
is around 50 ~sec. This bet ter  l ifetime directly reflects 
on device performance. The forward drop at 1500A is 
only 1.3V, in contrast  to 1.5V for the s tandard gal l ium- 
diffused C441. 

Ideally, ADS wafers should do equal ly as well as 
ACS wafers. In the case of ADS wafers, a silicon rod 
is pulled from a melt  with precise control of the doping 
concentration. Each doped silicon rod can then be cut 
into hundreds  of ADS wafers. There are three major  
advantages in using ADS wafers for the open- tube dif- 
fusion process: (i) They are cheaper than the ACS 
wafers, (ii) they are cleaner, and (iii) they lend them- 
selves more easily to control of the doping concentra-  
tion. General ly  speaking, ADS wafers are also more 
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des i rable  for the i r  consistency and re l iabi l i ty .  How- 
ever, at  this moment ,  no silicon vendor  can offer the 
r equ i red  ADS wafers  a t  a reasonable  price. We man-  
aged to grow three  silicon rods in a Cz puller .  The dif -  
fusion profiles from these source wafers  a re  good. 
Hopefully,  wi th  more  demand,  some silicon vendors  
wil l  soon provide  ADS wafers  a t  reasonable  prices. 

In  the case of e lementa l  a luminum diffusion, the  
source was located in the upper  s t ream and the ta rge t  
wafers  were  a r ranged  so that  they were  pa ra l l e l  to the 
gas flow. In a typical  run, 15 wafers  were  loaded into 
each row of a 3- row quar tz  boat. They were  diffused 
at  1200~ for 20 hr. The sheet  res is t iv i ty  was un i form 
across each row, as shown in Fig. 9. The var ia t ion  is 
less than  ___5%. However ,  the two outermost  wafers,  
due to the gas-flow pat tern ,  have a ve ry  high res is t iv i ty  
(low diffusion concentra t ion) .  In  production,  i t  would  
be wise to place two d u m m y  wafers  at  the  outermost  
posi t ion of each row. 

The diffusion coefficient of a luminum in silicon has 
been ca lcula ted  f rom many  diffusion runs. F rom this 
study,  i t  is clear  that  the diffusion coefficient is also 
domina ted  by  the surface concentrat ion.  For  the a lu-  
minum-coa ted  source wafers,  due to severe  surface 
damage  by  the a luminum-s i l i con  al loy and  the resu l t -  
ant  high surface concentra t ion  (~i019),  the diffusion 
coefficient is h igher  than  for the ta rge t  wafers ,  as indi -  
cated in Fig. I0. In  general ,  the da ta  in this s tudy  are  
quite close to prev ious ly  publ ished da ta  (5) a t  h igher  
t empera tu re  ranges (>I000~ However ,  the diffusion 
coefficient has a pronounced different  slope in the  
lower  t empera tu re  ranges. There  are  no publ i shed  data  
in this t empera tu re  range. We do not  ye t  have a sat is-  
fac tory  explana t ion  for this phenomenon,  

It  was also found that  a s t rong in terac t ion  be tween  
a luminum vapor,  quartz,  a n d / o r  oxygen existed. As 
the oxygen content  in the main  flow s t ream rises to 1%, 
no c ross -a luminum diffusion occurs. We have wi tnessed 
the  effect of a luminum source deple t ion  in the v ic in i ty  
of quartz.  For  most of this study, quar tz  boats were  
used to hold the wafers  for diffusion. I t  is also in te res t -  
ing that  there  was an n - type  invers ion l aye r  in the spot 
of t a rge t  sil icon where  i t  touched the slot of the quar tz  
boat. This n - t y p e  invers ion is c lear ly  a resul t  of the 
combined effect of a luminum,  silicon, and oxygen. We 
are  st i l l  s tudying the exact  na tu re  of this phenomenon.  
A smal l  d is tance  (~30 mils)  a w a y  from this spot, the 
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Fig. 9. Diffusion data across a row of silicon wafers using an 
elemental aluminum source. 
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n- type  invers ion disappears ,  but  the effect of source de- 
pletion is st i l l  there to reduce the surface concentra- 
t ion of diffusion, as shown in Fig. 11. This source deple- 
t ion and n-type inversion effect also occurs in other 
areas of silicon wafers i f  some silicon oxide is present. 
For example, a silicon dioxide mask was used in one 
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Fig. 11. The anomalous aluminum diffusion resulting from direct 
contact to a quartz boat. 
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exper iment  to mask the a luminum diffusion. While it 
was shown that  silicon dioxide can mask the a luminum 
diffusion, the presence of the silicon dioxide caused an 
n - type  inversion and a source depletion effect on each 
a luminum-dif fused area where the oxide was removed, 
as shown in  Fig. 12. Silicon tubes and boats have been 
used to avoid this source-re tarding effect, bu t  without  
success. We found that  silicon particles can be evapo- 
rated from these silicon wares at temperatures  higher 
than  1200~ under  an iner t  ambient.  These evaporated 
silicon fumes condensed at the end of the tube and 
formed white film, which proved to be silicon (by 
atomic emission and absorption analysis) .  

Another  interest ing phenomenon is that  phosphorus 
diffusion can slow down a luminum diffusion (reduce 
the a l u m i n u m  diffusion coefficient). In  one experiment,  
a short POCla diffusion was done at ll00~ selectively, 
onto a silicon wafer, which was masked with an SiO2 
pattern.  The oxide pa t te rn  was etched away completely 
after the POC18 deposition. These wafers were diffused 
with ACS wafers at 1200~ for 20 hr. It  was clearly 
shown, by the l ap -and-s ta in  photo (Fig. 13), that  the 

Fig. 12. An inversion layer in the aluminum diffusion due to the 
presence of silicon dioxide an the silicon surface. 

Fig. 14. The enhancement effect on aluminum diffusion by a 
simultaneous arsenic-aluminum diffusion. 

a luminum diffusion was retarded in these areas under  
the phosphorus deposition. A similar effect also was 
observed on GaAs simultaneous diffusion. 

A reverse effect was found for the a luminum-arsen ic  
diffusion system. The presence of arsenic atoms can 
locally enhance the a luminum diffusion. In  one experi-  
ment, arsenic atoms were implanted,  selectively, into 
silicon wafers which were masked with a silicon diox- 
ide pattern.  The oxide pa t te rn  was etched away com- 
pleteIy after the arsenic implantat ion.  The same a lu-  
m i n u m  diffusion cycle was used on these wafers as in  
the A1-POC13 case. The l ap-and-s ta in  photo (Fig. 14) 
indicates that the a luminum diffusion was enhanced in 
the arsenic impIanted areas. This enhancement  effect is 
not l ikely due to the surface damage of ion implan ta -  
tion. The implanted surface damage is restricted to a 
few microns from the surface and should be annealed 
out completely at the diffusion temperature,  which was 
1200~ These  effects were not found in  the A1-B 
system. 

Conclusion 
Open- tube a luminum diffusion was used to replace 

closed-tube a luminum diffusion. This new technology is 
not  only easier and less expensive, bu t  also offers more 
process freedom and control. The resul tant  surface con- 
centrat ion of a luminum diffusion can be selected from 
1 • 1016 to 1 X 1019 a toms/cm 8. Several  devices were 
made with this technique. The measured device char-  
acteristics were far bet ter  than those made with the 
conventional  processes. Three types of a luminum diffu- 
sion sources were evaluated. The properties and results 
associated with these sources were discussed. Several  
new phenomena were discovered and presented in  this 
study. 
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Techniques for Preparing and Grinding Hard 
and Brittle Diffusion Layers, Application to 

the Determination of the Nitrogen Diffusion 
Profile in  -Titanium Nitrided at 1350 ~ and 1450~ 

E. Etchessahar, J.-P. Bars, and J. Debuigne 
Laboratoire de M~tallurgie et Physico-Chimie des Mat~riaux, 

Institut National des Sciences Appliqu~es, 35043 Rennes Codex, France 

ABSTRACT 

Grinding techniques and the corresponding metrology are often weak points 
of  the whole  process of diffusion measurements .  Techniques for p repa r ing  and 
gr ind ing  hard  and b r i t t l e  diffusion layers  a re  given in eve ry  detail .  App l i ca -  
t ion is made  of this process to the de te rmina t ion  of the  diffusion profile of  
ni t rogen  in a - t i t an ium and pa r t i cu l a r ly  in the v ic in i ty  of the a/~ interface.  

The methods  descr ibed here  were  developed for the  
s tudy  of n i t rogen diffusion in a-Ti  at  1450 ~ and 1350~ 
(1, 2). The diffusion coefficients are  calcula ted on the 
basis of concent ra t ion-dis tance  curves, the  n i t rogen 
concentra t ion being measured  by use of nuclear  micro-  
analysis  (3). The methods of p repa ra t ion  which we 
describe are  ve ry  useful  for sectioning br i t t le  diffusion 
layers .  

Dur ing  n i t r id ing  of a para l le lep iped ic  sample,  the  
different  phases are  growing in layers,  para l le l  to the  
pr i smat ic  faces of the sample.  F igure  1 shows this con- 
f iguration on a cross section af te r  n i t r id ing  at  a t em-  
pe ra tu re  above the t rans i t ion  point  of t i tanium. 

For  the de te rmina t ion  of a diffusion profile of n i -  
t rogen in the a-phase,  we  have  to choose one of the two 
interfaces l imi t ing the l aye r  as the origin. The two 
methods  used a l low the de te rmina t ion  of such a p ro-  
file for  a - l aye r  thicknesses of 80 #m at least. Direct  
analysis  of n i t rogen is pe r fo rmed  e i ther  on planes  ob-  
ta ined  by  pa ra l l e l  sectioning, or on incl ined plane cross- 
ing of the whole  a- layer .  

Technological Definitions of Operations 
Severa l  samples  must  be used to work  the first 

method  (para l l e l  sect ioning) .  Since hoping to ob ta in  
m a n y  ident ica l  and per fec t ly  n i t r ided  samples  is un-  
realist ic ,  the i r  number  was l imi ted  to four  per  t emper -  
a tu re  considered.  Severa l  analyses  on each sample  are  
then necessary  in tha t  case. 

The second method necessi tates  only one sample,  bu t  
a long one, in  o rder  to sp read  the concentra t ion g ra -  
d ient  as much as possible. The ana ly t ica l  spots must  be 
r igorous ly  located. If in the  first method,  the surface of 
the  probe  is of l i t t le  importance,  the use of the second 
method  impl ies  a probe as smal l  as possible, for in this 
case  the n i t rogen d is t r ibut ion  is not  constant  over  al l  
the  incl ined sect ioning plane. 

Parallel sectioning (first method).--Our para l l e l ep ip -  
edic specimens (20 • 10 • 8 mm)  have thei r  two l a rg -  
est  faces plane ground para l l e l  to one another.  Two 
symmet r ic  samples  were  cut out  of each specimen af ter  

Key words: diffusion solids. 

ni t r id ing;  the cut is a s y m m e t r y  p lane  and the sizes of 
both  samples  are 20 • 10 • 3.5 mm. 

Three  planes  are  met ro logica l ly  defined (Fig. 2):  
(i) the "S" plane, for the larges t  n i t r ided  face, (ii) 
the ~/~ interface,  and (iii) the "R" plane of cut, ground 
pa ra l l e l  to one another.  P lane  "R" is the reference 
plane in each specimen. 

In order  to faci l i ta te  the control  of the  ~/~ interface,  
a l a te ra l  face of each sample  is submi t ted  to a meta l lo -  
graphic  polishing down to a lumina;  af ter  that,  the sam-  
ple dimensions are  20 M 5 • 3.5 mm. Para l l e l  gr indings 
th rough  the a-phase  are  pe r fo rmed  by  means  of a 
special  stage assembly  using the "R" plane as reference.  
The corresponding ni t rogen analyses  were  obta ined  
wi th  the  probe  a lways  localized in the middle  of each 
plane. 

Inclined sectioning (second method).--We have to 
consider two types of incl ined planes,  (Fig. 3) for this 
type  of gr inding:  (i) those which cross the  whole  

Fig. 1. Cress section after nitriding 
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Fig. 2. Schematic repTesentation of the symmetric samples 

a- layer ,  cal led to ta l ly  incl ined sectioning planes;  and  
(ii) those which revea l  only  a reduced  pa r t  of the  
~- layer ,  cal led p a r t i a l l y  incl ined sect ioning planes.  

The l a t t e r  type  is necessary for a good examina t ion  of 
the layers  in  the  v ic in i ty  of the  interfaces.  

High slope inclined sectioning.--In the case of to ta l ly  
incl ined sect ioning planes,  the special  para l le lep ipedic  
sample  (22 X 5 X 4 mm)  is cut out  of a n i t r ided  speci-  
men  (35 X 10 X 4 mm)  the la rges t  faces of which 
were  p lane  ground pa ra l l e l  to each other  before  n i t r id -  
ing. The "RI" reference  plane is o~ne of these large  
planes  which  are  in  pr incip le  pa ra l l e l  to the  ~/p i n t e r -  
face. Al l  lappings  and measurements  a re  pe r fo rmed  
wi th  reference  to "RI". 

By gr inding  wi th  a sin x va lue  of 0.00825, me ta l lo -  
graphic  observat ion  on this p lane shows from one end 
of the  sample  to the other:  (i) a 4 m m  wide zone, 
t r ans fo rmed  from/~; (ii) a 15 m m  a-zone; (iii) a 2 m m  
, -zone; and (iv) a 1 m m  ni t r ide  zone. One and a half  
analysis  s teps are  used on the whole  ~-zone. 

paraLLeL sectioning 

Ti2 N-.~., " / , T I N  

O( 

1993 

Low-slope inclined sectioning.--For the s tudy  in v i -  
c in i ty of an  interface,  pa r t i a l  sect ioning is used. The 
samples  a re  then  ident ical  to those for pa ra l l e l  section- 
ing but  wi th  gr inding  slopes corresponding to sin x 
values  of 0.001384 or 0.0025 wi th  reference  to the "R" 
reference  surface. 

Technique and tool selection.--The technical  p rob lem 
of gr inding  as descr ibed above, presents  a double as-  
pect:  (i) A macro-geomet r ic  one, tha t  is, the  precise 
posi t ioning of the sectioning plane wi th  reference  to t h e  
reference  surface. The machine  used must  be re l iab le  
and precise. (ii) A micro-geomet r ic  one corresponding 
to min imum rugos i ty  of the gr inding plane surface. 

The gr inding  technique and tool must  be adap ted  to 
the ma te r i a l  studied. Al l  of these technical  requ i re -  
ments  were  finally satisfied b y  the choice of a p lane  
rect i fy ing machine  equipped  wi th  a cubic-boron  n i t r ide  
whee l  (wheel  specification: CB: 126 Q BB-1.5; f lat-  
tener:  2R 14 K F  7F; sharpening  rod: 38 A; Norton spe-  
cifications).  

The surface prof i lometry  on Fig. 4 shows &he v e r y  
good resul ts  obta ined wi th  pass depths of 3 #m under  a 
ve ry  s t rong cooling fluid jet .  

The use of this type  of gr inding  wheel  wi th  res inoid 
b inder  is r a the r  delicate,  For  good results,  the  center ing 
mus t  be ve ry  accurate  and the oval i ty  less than 0.01 
m m .  For  a good shaping of the  gr inding  wheel,  the 
necessary f lat tening wi th  a d iamond f la t tener  must  be 
done wi th  a m a x i m u m  5 #m pene t ra t ion  both backward  
and fo rward  and wi th  a l t e rna t ing  the side of f lat tening 
rod pene t ra t ion  into the gr inding  wheel;  the cooling 
l iquid je t  must  be strong. 

F la t t en ing  is necessar i ly  fol lowed by  sharpening  to 
give rel ief  to the  abras ive  grains  by  e l imina t ing  pa r t  of 
the binder .  The abras ive  power  of the cubic-boron  n i -  
t r ide  wheels  depends on the qual i ty  of shar~)ening. This 
operat ion is pe r fo rmed  wi th  rods 38 A 150 HV BE (20 
X 20 X 200 mm)  (Norton specifications),  the  wheel  
ro ta t ing as in the  normal  work ing  conditions, wi th  a 
slow cooling-jet .  Sharpen ing  mus t  be s topped as soon 
as the rod is consumed at  g rea t  speed. 

TiN and Ti2N ni t r ides  must  be ground before  reach-  
ing the s -phase ;  the high hardness  of these three  phases 
accounts for the geometr ic  modification of the wheel  in 
the  course of work,  giving then an a l te ra t ion  of the sur -  
face s ta te  of the samples. We must  therefore  control  
this evolut ion and then flatten the wheel  wi th  the d i a -  
mond flattener.  In  our case, this opera t ion  is pe r fo rmed  
af ter  each series of e ight  to ten abrasions.  

Grinding stand and fittings.--For both  methods  of 
s tudy  (first method,  para l le l  sectioning; second method,  
incl ined sect ioning),  we have used the same steel  s tand  
and i t  is the  way  the s tand is connected wi th  the rec t i -  
fy ing machine which  differs. This s tand  is also used in 
the p repara t ion  of the specimens and for rec t i fy ing  the 
"R" reference surfaces; i t  is shown in Fig. 5. 

I t  shows three  surfaces, A, B, and C. Faces A and B 
are  paras to each o ther  (max imum deviat ion 0.5 #m).  
The C groove is pa ra l l e l  to these surfaces. 

The specimens are  glued to face A; face B is con- 
nected wi th  the machine.  This opera t ion  consists in 
apply ing  the specimen on face A by  using a screw 

50 ! 
~ .  40. 

- ~ ~ ~ "  20' 

10, 
,ncLmed sectioning ~nctlned osecboning 0' 

hJgh sLope Low slope 

Fig. 3. Schematic representation of the sectioning planes 

jum 

Fig. 4. Example of surface profilometry 
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Fig. 5. Schematic representation of the steel stand 

clamp wi th  para l l e l  holding jaws,  t ightened be tween  
the C groove and the  surface to rec t i fy  (see Fig. 6). 

The  specimen is then stuck to the s tand wi th  a low 
t empera tu r e  wax  (tf ~ 50~176 There  is no wax  be-  
tween  the specimen reference  surface "R" and face "A" 
of the steel  stand.  This gluing has a good s t rength  under  
cut t ing stress for 3 #m gr inding passes. 

For  the first method,  the  specimen steel  s tand  is con- 
nected to the rec t i fy ing machine  table  by means  of a 
magnet ic  stage wi th  faces ground in para l l e l  wi th  the 
table.  

To pe r fo rm incl ined grindings,  the slope of the  g r ind-  
ing s tand is given by  a sinus table,  as shown in Fig. 7. 

Tests and Measurements 
All  tests and al l  thickness measurements  are  a lways  

compara t ive  measurements  car r ied  out in a met ro logy  
room wi th  the  fol lowing equipment :  meterologic  sur -  
face-pla te ,  a box of s tandard  thickness gauges, a good 
compara tor  wi th  a ve ry  sensi t ive dial  giving 1 #m per  
division and a m a x i m u m  ampl i tude  of 200/~m. 

"R" reference surface.--We test  the para l le l i sm of 
"R" compared  to "S" and the pa ra l l e l i sm of "R" as 
compared  to the  a//3 in ter face  on a Reicher t  me ta l lo -  
graphic  bench wi th  cross-carr iage  stage and occular  
micrometer .  

screw clamp_ 

adhesive wa~ 

sup.port 

Fig. 6. Experimental setup used for glued-on specimens 

Fig. 7, Rectifying machine equipped with sinus table stage 

Parallel grinding.--After gr inding of each p lane  to 
be analyzed,  three  series of thickness measurements  a re  
per formed  on the sample:  sample  wi th  gr inding stand, 
sample  alone, and sample  alone wi th  a hand  precision 
micrometer  in order  to avoid gross human  errors.  

P r io r  to each thickness measurement ,  we test  the 
para l le l i sm be tween  "R" and the plane to be analyzed;  
a surface prof i lometry  is obtained.  Yi being the he ight  
of ground p lane  "i" above "R" and y,~ the height  of the 
~//3 in terface  above "R", we have then 

di --  Yi --  Ya~ 

for the dis tance of the analyzed  p lane  to the a /#  in te r -  
face. 

Af te r  gr inding  of a p lane close to the a//~ interface,  
the height  of this in terface  above "R" is measured  on 
the meta l lograph ic  microscope as seen above. The same 
measure  is made  also for the plane just  ground. By 
comparing the y/  obta ined on a meta l lograph ic  micro-  
scope and the Yi value  for the same plane, obta ined by  
mechanical  metrology,  we define a correct ion factor  

Yi 
K - -  

Yi' 

and we can then calculate  

ye~ = Ky~# 

Inclined grindings.---The measurements  are by far 
easier  here. The height  above the reference  surface on 
each sample  is measured  along the ground p lane  and 
the value of the height  of each interface  is noted. 

The posit ions of the probe on the sample  being of 
great  importance,  a correct  ini t ia l  posi t ion of the sam-  
ple in the react ion chamber  is necessary.  Dur ing  the 
ana ly t ica l  process, the crossing of the interfaces con- 
s t i tutes  in teres t ing  marks.  

Practical exampIe.--Our methodology  gives for e x -  
ample  Fig. 8, showing the diffusion profile of ni t rogen,  
close to the  ~/e interface,  in the a-phase  af ter  n i t r id ing  
at  1350~ Very  close to the ~/e interface,  the exper i -  
menta l  points correspond to analyses  using par t i a l  in-  
cl ined grinding.  Over 15 #m f rom the e/e interface,  
the analyses  use pa ra l l e l  sectioning. 

CNat % 
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22- 

21- 

20- 

19- 
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+ + 

8 
L. 

+ :inclined sectioning 

o :para l le l  sectioning 

- - :  calculated profile 

o ~ ~'o l's 2'o 2% 3b x ~ 
penetration in e t i tamum 

Fig. 8. Diffusion profile of nitrogen in o-titanium (1350~ 7 hr) 
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With the hypothesis where only ni trogen diffuses and 
the diffusion coefficient is constant  and independent  
from ni t rogen concentration, we can optimize the ad- 
jus tment  of the exper imental  profile according to a 
single curve satisfying the equation 

]xl + al 
1 -- e r f - -  

C(xl) -- C(~ 2 D~/'~ "- 

C<xf> - C(o~ fx~ + al 
1 -- err 2x/b'Y- 

where C(o) ---- ni t rogen ini t ial  concentrat ion in the met-  
al, Cr and C(xf> = ni t rogen concentrat ions in  planes 
at xl and x2 beneath  the a/e solid solution interface, a 
-- cumulated thickness of the preceding layers, cor- 
rected} taking into account the Pil l ing and Bedworth 
ratios, D ---- diffusion coefficient of ni t rogen in ~-Ti, and 
t _-- time of ni tr iding.  

We note the good agreement  between the experi-  
menta l  points and the theoretical profile calculated for 
the whoIe thickness (88 ~m) of the solid solution Ti~/N 
and also the good complementar i ty  of the two gr ind-  
ing techniques. 

The advantage of this method is to avoid resorting 
to concentrat ion values at interfaces deduced from the 
equi l ibr ium diagrams. 

Conclusions 
The exper imental  determinat ions of diffusion profiles 

in solid-state materials  often use nowadays very so- 

phisticated techniques, but  in some cases the weak 
points of the whole process are the preparat ion of the 
samples and the mechanical  metrology used before the 
physical measurements  which give values for drawing 
the diffusion profile. We have described in  detail the 
preparat ion of samples of ni t r ided t i t an ium (a par t icu-  
lar ly difficult case) before de termining n i t r ogen  con- 
centrat ion by observing a nuclear  reaction. This method 
may be adapted to the gr inding of numerous  other br i t -  
tle diffusion couples. 

Manuscript  submit ted July  11, 1980; revised manu-  
script received Feb. 19, 1981. 

Any discussion of this paper will appear in  a Discus- 
sion Sectio.n to be published in the June 1982 JOURNAL. 
All discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 
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Growth of F Center in Zone I! as a Function of 
Electron Injection in Some Potassium Halide Crystals 

A. K. Maiti, K. Goswami, S. Choudhuri, and A. Choudhury 
Department o~ Physics, Jadavpur University, Calcutta 700032 India 

ABSTRACT 

Single crystals of KC1 and KBr have been colored by the process of elec- 
tron inject ion at different temperatures  and voltages. The coloration begins 
at the onset of zone II. The space charge l imited (S.C.L.) inject ion current  
and the coloration are found to increase almost l inear ly  in  zone II. The effi- 
ciency of ~'-center formation in zone II is determined and is shown to be a 
function of S.C.L. current.  

Mott and Gurney  (1) have init iated the analysis of 
space charge l imited inject ion into an insulator  on the 
assumption that traps are absent in it. Later others (2, 
3) put  forward some theories for the bet ter  under -  
s tanding of the space charge l imited inject ion process 
in  solid materials  of not  too high bandgap. Recently the 
electron inject ion process in alkali halide crystals 
found enormous scope al though very l imited results 
of the physical parameters  are available. 

When an electric field is applied to an alkali halide 
crystal placed between two electrodes and heated at 
an  elevated temperature,  a cloud of color centers origi- 
nates from the pointed cathode and moves toward the 
flat anode (4). During the inject ion process the space 
charge l imited (S.C.L.) current  in the crystal reveals 
four distinct zones under  suitable exper imental  condi- 
tions. The evolution of electrical current  and the color 
center are in t imate ly  related to the applied voltage, 
tempera ture  of the specimen, and the na ture  of the 
crystal (5). It  is known  (6, 7) that  in the first zone 
(zone I) current  remains near ly  constant for some 

Key words: solid electrolyte, injected carriers, color centers. 

time and characteristically no coloration is produced. 
Exper imental  evidence (8-10) suggests that dur ing 
zone I the process of electrolysis does occur, causing 
the accumulat ion of alkali metal  at the cathode. Due 
to this accumulat ion of alkali metal  a fresh ohmic 
contact at the cathode crystal interface is formed and 
the nature  of zone I current  has been a t t r ibuted pr i -  
mari ly  to ionic t ransport  (8-10). When the contact is 
formed, fur ther  accumulat ion of alkali metal  ceases 
and the t ransport  of electrons through the crystal 
starts (onset of zone II) showing a sharp rise in  the 
electrical current  with the formation of color centers. 
The zone II coloration continues unt i l  the color cloud 
reaches the anode and the entire crystal gets densely 
colored during which injection current  remains practi-  
cally constant, and this is known as the steady-state  
si tuation (zone III) .  Another  zone, known  as zone IV, 
does not participate to form color centers in  any way 
(10). 

Most of the current  l i terature  is concerned main ly  
with the growth of space charge l imited current  and its 
properties are related to t ransport  processes in solid 
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media  under  different  ambien t  conditions. In  the pres-  
en t  expe r imen t  some results  are  r epor ted  regard ing  
the g rowth  of inject ion cur ren t  at  var ious  stages of 
colorat ion in some a lka l i  ha l ide  crystals  under  a l te red  
conditions of t empera tu re  and appl ied  voltages. The 
efficiency of F -cen t e r  product ion  (i.e., the energy  re -  
qui red to form one F center)  has been de te rmined  in 
the space charge region. 

Experimental 
Crysta ls  of KBr  (0.7 X 0.4 • 0.3 cm) and KC1 (0.65 

X 0.5 • 0.3 cm) ob ta ined  f rom the Depa r tmen t  of 
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Atomic Energy,  Government  of India,  were  c leaved 
f rom the single crysta l  blocks. A n  e lect r ica l  furnace  
fitted wi th  a flat p l a t inum anode and pointed brass  
cathode could suppor t  a crysta l  block. The t empera tu re  
of the furnace  was control led wi th in  __. 2~ The 
electron inject ion was pe r fo rmed  under  a fixed vol tage 
keeping the t empera tu re  of the specimen constant.  The 
inject ion current  flowing through the crysta l  was mea-  
sured wi th  a sensi t ive mic roammete r  at  a r egu la r  in-  
t e rva l  of t ime and a t  the same t ime the F absorpt ion  
was recorded by  shining F l ight  no rma l ly  on a small  
centra l  par t  of the crystal .  The in tens i ty  of the t r ans -  
mi t ted  F l ight  was measaured  by an RCA IP 28 photo-  
mu l t ip l i e r  wi th  convent ional  electronic circuits.  

I 300 

z 

200 QC 

?, 

z.O0 =r,0.4 

100 

TEMPERA, TURE-470=C. 
VOLTAGE- 125V. 

TIME IN SEC 

c. 470~ 12SV 

+ 
50 

3.3 

)-2 ~ 

0.1 

I 
z 

c,- 

Z 
0 

I.xl 

150 

I00 

50 

TEMPERAT URE-/.+70~ 
VOLTAGE-100V 

{ 
J 

25 

TIME IN SEC 

d. 470~ IOOV 

0.3 

1.2 

z 

o 



VoL 128, No. 9 

150 
TEMPERATURE-440~ 
VOLTAGE- 150 V 

x 

_z 
F- 
Z 

a= 

g 5o 

03 

0-2 

0.1 

T 
z 

v- 
(3. 
o 

I 
~25 50 

T I M E  IN S E C  

e. 440~ 150V 

Fig. 1. Electrical current (continuous line) and optical density 
(isolated points) vs. time during electrolytic coloration of KBr 
single crystal at temperature and voltage. 

ELECTRON INJECTION 1997 

The injection procedure was limited within the third 
stage where current was found to record more or less 
a steady value. The coloration so produced in the crys- 
tal had been bleached by reversing the polarity of the 
electrodes under identical conditions. Thus the original 
transparency of the crystal was retained. The process 
of electro.n injection was carried out with a specimen 
for different temperatures and different voltages. 

Results 
Injection current and optical density are plotted 

against time for a particular temperature and voltage 
for KBr and KC1 crystals. Five such sets of KBr and 
four such sets of KC1 crystals for various temperatures 
and voltages are shown in Fig. 1 and 2, respectively. 
The error incurred in the measurement of optical 
density due to coloration is marked in each case (as 

shown in Fig. 1 and 2). The plots of optical density 
and injection current against time are almost linear in 
the second zone. 

The energy necessary to create one F center, i.e., the 
efficiency (~), is calculated in the following manner. 

The number of electrons (Ne) per unit area par- 
ticipating in the formation of color centers is given by 

Ne "- K f ~,(t) dt [ I ]  

where the constant K = 6.24 • 10 TM. 
The number of color centers (NF) per square centi- 

meter is estimated using Smakula Dexter's equation 
(11) given by 

NF = 2.3036K'a [2] 

where a is the optical density, K' depends on the re- 
fractive index of the specimen, oscillator strength, and 
half-width (W~/2) of the F band. The half-width in- 
volved in K' is computed from the equation (12) given 
by 
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Fig. 2. Electrical current (continuous line) and optical density 
(isolated points) vs. time during electrolytic coloration of KCI 
single crystal at temperature and voltage. 

W1/2 -- A [coth (hvg)/2KT]1/2 [3] 

Now defining efficiency (~) Of F - c e n t e r  fo rmat ion  as 

ra te  of flow of electrons per  cm 2 
Efficiency (n) --  

r a te  of F - c e n t e r  fo rmat ion  per  cm2 

X app l ied  vol tage  per  uni t  length  
i.e. 

tl - -  K ' i ( t )  [4] 

where  K" -- 0.4341(K/K')  ( V / L )  1/da/dt,  K"  is a con- 
stant  for  a pa r t i cu la r  c rys ta l  at a fixed t empe ra tu r e  
and fixed appl ied  vol tage (V),  and L is the distance 
be tween the two electrodes.  Knowing  the slope (da/d$) 
of opt ical  densi ty  vs. t ime graph  which is found to be 
nea r ly  l inear  in zone II, the efficiency value (~1) is cal-  
culated for each value  of the inject ion current .  

Discussion 
The inject ion current  vs. t ime graphs in Fig. 1 and 2 

may  be  d iv ided  into three  zones where  the zone I 
contr ibutes  no F -cen t e r  format ion  which  corroborates  
some ea r l i e r  work  (5, 13). The beginning of colorat ion 
causes a sharp  rise in zone II  inject ion cur ren t  and the 
cur ren t  wi l l  continue to increase  unt i l  a s teady  s tate  
(zone I I I )  is reached.  But the  colorat ion in zone I I I  is 
st i l l  increas ing in a r egu la r  manner .  These lead  us to 
suggest:  (i) that  cur ren t  fol lowing in zone I is not  due 
to electronic t ransport ,  and (ii) that  cur ren t  flowing in 
zone II  is affected by  the space charge  and this space 
charge  wil l  modi fy  the  exis t ing field be tween  the elec-  
trodes. The space charge decreases as the colorat ion 
as wel l  as cu r ren t  g rowth  dur ing zone II  increases wi th  
time. Consequent ly  efficiency 01) becomes t ime depen-  
dent. 

According to Had ley  (14) the use of the pointed 
cathode faci l i ta tes  the  e lec t ron inject ion due to the  high 
cur ren t  dens i ty  at  the point  t ip and therefore  to the 
high accumulat ion  ra te  of a lka l i  meta l  at  the cathode. 
If the accumulat ion ra te  is faster  than  that  of e l imina-  
tion, a new electrode is obta ined  and inject ion begins. 
F rom this point  of v iew the s tar t  of e lectron inject ion 

into the crys ta l  is control led  by  the ionic cur ren t  which 
is a function of tempera ture .  To have apprec iab le  ionic 
motion sufficient t empe ra tu r e  is necessary.  I t  is ex-  
pected tha t  there  wil l  be some lower  l imi t  of t empera -  
ture for coloration. 

The efficiency vs. space charge l imi ted  cu r ren t  [~1 -- 
i ( t )  is p lo t ted  for KBr  and KC1 crystals  at  different  
condit ions of t empera tu res  and vol tages as shown in 
Fig. 3 and 4. I t  is evident  from these figures that  the 
value of the slope decreases wi th  the increase in t em-  
perature .  It indicates tha t  by  lower ing  the t empera tu re  
of the crysta l  l a rger  energy is necessary for the fo rma-  
t ion of the F center.  

The  generatio,n of the color center  under  e lect ron 
inject ion is quite different  f rom other  modes of colora-  
tion. Here  the color centers  migra te  f rom the cathode 
toward  the anode and the d is t r ibut ion  of colorat ion 
is not un i form in the  close vic ini ty  of the cathode, due 
to which the opt ical  densi ty  records have  been made  in 
a localized region of the  crystal .  
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Fig. 3. Efficiency of F-center formation in zone II vs. injection 
current for KBr single crystal at various temperatures and voltages 
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The  currents  in zone II  and zone II I  are  not sha rp ly  
m a r k e d  (see Fig. 2), while  a theore t ica l  analysis  of 
Many  and Rakavy  (3) shows a sharp  contras t  be tween  
the two zones. The rounding of zone II and II I  cur ren t  
in our  exper imen t  is quite reasonable  because the ex -  
pe r imen ta l  e lectrodes are  not of ident ical  nature.  

Manuscr ip t  submi t ted  March  31, 1980; revised manu-  
scr ip t  received March 6, 1981. 

Any discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be pub l i shed  in the  June  1982 JOURNAL 
Al l  discussions for  the June  1982 Discussion Section 
should be  submi t ted  by  Feb. 1, 1982. 
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The Oxidation of Pure Zirconium in Steam 

from 1000 ~ to 1416~ 

R. E. Pawel* and J. J. Campbell 
Oak Ridge National Laboratory, Metals and Ceram~r Division, Oak Ridge, Tennessee 37830 

ABSTRACT 

The oxidation of pure, arc-melted crystal-bar zirconium in steam was 
studied over the temperature range I000~176 The early stages of the re- 
action at all temperatures investigated above 10O0~ were characterized by 
uniform parabolic growth of layers of zirconium oxide and oxygen-stabilized 
alpha zirconium. Parabolic rate constants were determined for the growth of 
each layer, and these served as a basis for the calculation of effective chemical 
diffusion coefficients for oxygen in the growing product phases. These calcu- 
lations were made on the assumption that this system may be described as 
an ideal, multiphase, moving boundary diffusion problem. The results and 
their comparisons with similar data for the oxidation of Zircaloy-4 indicate 
that this diffusion model is accurate over the temperature range involved. At 
1000~ however, departures from ideal kinetics were observed that were 
attributed to structural changes in the oxide layer during the course of the 
react ion.  

Recent  invest igat ions  at this l abo ra to ry  have  e x a m -  
ined  the oxida t ion  character is t ics  of Zircaloy-41 in 
s team at  t empera tu res  f rom 1000 ~ to 1500~ In  pa r -  
t icular  we have s tudied ox ida t ion  kinet ics  (1), oxide 
morpho logy  (2), the effect of s team pressure  (3) on 
oxida t ion  rates, oxygen  diffusion in the oxide and 
oxygen-s tab i l i zed  a lpha  layers  and the app l i cab i l i ty  of 
ideal  diffusion models  (4-6),  as well  as the  effect of the 
monoc l in ic - t e t ragona l  t r ans format ion  in the oxide on 
t rans ient  t empe ra tu r e  oxidat ion  behavior  (6). Gen-  
eral ly ,  this  work  has shown that,  despi te  the complex i -  
t ies of the  Z i rca loy-oxygen  sys tem and  the in t r i ca te  
s t ruc ture  of the growing oxide, the reac t ion  proceeds 
by  r e l a t ive ly  ideal,  d i f fus ion-control led  g rowth  of the 
product  phases. Thus, we and others  (7-13) have cor-  
re la ted  the kinet ic  da ta  in terms of the parabol ic  ra te  
constants for the g rowth  of the oxide and oxygen-  
s tabi l ized a lpha  phases f rom the host  beta  Zircaloy.  
These da ta  have been used ma in ly  as a basis for deve l -  
oping models  sui table  for pred ic t ing  oxida t ion  behav-  
ior  for a va r i e ty  of expe r imen ta l  conditions. 

�9 Electrochemical Society Active Member. 
Key words: zirconium, high tempera ture  oxidation, oxygen dif- 

fusion, parabolic reaction kinetics. 
Nominal  composition (w/o) :  Zr--l.60 Sn, 0.25 Fe, 0.12 Cr, 0.12 

O, 0.00O C, 0.003 N, and 0.0025 H. 

While  a considerable  amount  of new informat ion  is 
avai lable  for the high t empe ra tu r e  oxida t ion  behavior  
of Zircaloy, few corresponding da ta  for pure  z i rconium 
exist  for a cr i t ical  comparison.  Previous  expe r imen ta l  
efforts here, l ike the ear l ie r  work  wi th  Zircaloy, con- 
cerned oxidat ion  phenomena  at  t empera tu res  be low 
1000~ Good rev iew art icles  (14-16) have been pub-  
l ished that  i l lus t ra te  the complex na tu re  of the react ion 
and the large  scat ter  in exper imen ta l  kinet ic  da ta  and 
the different  in te rpre ta t ions  of the results.  For  ox ida -  
t ion above 1000~ Debuigne  (17), Pemsle r  (13), and  
Rosa and co-workers  (14) have presented  da ta  and 
phenomenological  descr ipt ions of the oxida t ion  process. 
Debuigne provided  a de ta i led  analysis  of the oxida t ion  
process for t empera tu res  f rom 1050 ~ to 1200~ Pems le r  
observed parabol ic  oxida t ion  kinet ics  for g rowth  of 
the oxide l aye r  at t empera tu res  f rom ll0O ~ to 1300~ 
but  be low 910~ (to as low as 750~ found a compl i -  
ca ted kinet ic  behavior .  I t  was proposed tha t  these co're- 
pl icat ions were  due to changing propor t ions  of the  
monoclinic  and te t ragona l  oxides. Later ,  Lights tone  
and Pemsle r  (19), observed both forms of the  oxide  
growing at  920~ by  an in situ x - r a y  examinat ion.  
Rosa and co-workers  (20), for t empera tu re s  be tween  
875 ~ and 1050~ in t e rp re t ed  the  g rowth  of the  oxide  
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as parabolic, but  only after an ini t ial  period of faster 
growth. 

It  is clear that both similarities and differences exist 
when comparing the oxidation behavior of pure zir- 
conium and Zircaloy-4. At the higher temperatures,  
above about 1100~ both materials appear to exhibit  
v i r tua l ly  ideal parabolic growth kinetics. Thus, if mea- 
surable differences in  the rates exist, they might serve 
as a basis for defining the mechanism by which the al- 
loying elements in  Zircaloy-4 affect oxidation. Our 
techniques for measur ing the kinetics for Zircaloy-4 
oxidation proved sufficiently sensitive and self-con- 
sistent to detect the small differences associated with 
different batches of specimen mater ial  and also with 
the presence of oxygen gas in the steam (1). In the 
present  paper, we will report  an extension of this work 
for oxidation of pure zirconium, with the aim of pro- 
ducing data suitable for testing oxidation models and 
for comparing with data available for Zircaloy-4. 

Exper imental  Procedures 
In  order to make the comparisons of the oxidation 

behavior  as s t ra ight-forward as possible, we utilized 
exper imental  techniques that were essentially identical 
to those reported earlier for the oxidation of Zircaloy-4 
(1). Briefly, specimens of zirconium were machined 
from arc-melted crysta l -bar  stock 2 in the form of 
cylindrical  tubes 3 cm long, 1.1 cm diam, and with a 
wall  thickness of 0.075 cm. The outer surfaces were 
abraded and then chemically polished to remove the 
cold-worked surface layers. Each specimen was ins t ru-  
mented  with three Pt  vs. Pt-10% Rh thermocouples 
on its inner  surface and installed between support  tubes 
inside a larger concentric quartz tube that  served as 
the reaction chamber. A slightly positive pressure of 
he l ium gas was main ta ined  within  the support tube, 
while steam at atmospheric pressure was allowed to 
flow in  the annu la r  region between the supports and 
the outer tube. Consequently, oxidation occurred only 
on the outer surface of the specimen. 

A quad-el l ipt ical  radiant  heat ing furnace sur round-  
ing the reaction chamber heated the specimen accord- 
ing to a programmed temperature  cycle. One thermo-  
couple served as a sensor for the programmer-cont ro l -  
ler - recorder  system, while the other two thermocou- 
ples, located 180 ~ apart, were connected to a computer-  
operated data acquisit ion system that furnished a pre- 
cise record of the temperature  excursions experienced 
by these points on the specimen. This record was used 
to normalize the reaction times for sets o.f experiments  
conducted at nominal ly  the same reaction temperature.  
The normalizat ion also included the effective times 
associated with heating and cooling of the specimen. 
Specimen heating rates of about 100 K/sec were em- 
ployed, and the ini t ial  cooling rates from the reaction 
temperature  were in this same range. The "isothermal" 
experiments  thus consisted of a rapid hea t -up  to the de- 
sired temperature,  a period of constant tempera ture  
(general ly wi th in  -+- 1~176 followed by a rapid cool- 
ing. 

The thickness of the oxide and oxygen-stabi l ized 
alpha layers at the two moni tor  thermocouple positions 
were determined for each oxidation experiment  by 
s tandard metallographic methods. The mounted speci- 
mens were sectioned normal  to their  axes on a plane 
containing the thermocouple junctions. Layer  thick- 
nesses were measured with a filar micrometer  eyepiece 
on a small  bench metallograph. The details of the 
measurement  procedures as well as other exper imental  
items are discussed at length elsewhere (1). 

Results and Discussion 
T h e  oxidation morphology and the kinetics of layer 

growth for pure zirconium reacting in steam were stud- 

2Nominal composition (ppm by wt):  Interstitial impur i t i e s -  
(O, C, H, N) to 30 p p m ;  meta l l i c  impurities--30 ppm Hf, o t h e r  
m e t a l s  O-10 ppm.  

led at 1000 ~ 1098 ~ 1200 ~ and 1416~ With the possible 
exception of the data set at the lowest temperature,  the 
early stages of oxidation conformed to ideal parabolic 
behavior. The layers of oxide and oxygen-stabil ized 
alpha zirconium were uni form in thickness and, as 
will be documented below, little evidence of i r regular  
alpha growth into the beta region (alpha "incursions") 
was observed even for extended oxidation. Consistent 
with our earlier results for ZircaIoy-4, the tetragonal  
oxide phase is thought to be the product of isothermal 
oxidation under  the conditions of our experiments,  ex- 
cept, as noted above, for the data set at 1000~ These 
data provided the basis of a diffusion-modeling analysis 
of the system. The calculated effective chemical diffu- 
sion coefficients for oxygen in the product phases were 
then incorporated into the MULTRAN computer  pro- 
gram (5) to examine the influence of several system 
parameters  on the model oxidation behavior. 

Oxidation kinetics.--In anticipation of the sensitivity 
of the reaction kinetics to the oxygen concentrat ion in 
the beta phase, as evidenced by our previous work with 
Zircaloy-4 (5), the ma x i mum reaction time at each 
temperature  for those experiments  to be used in the 
determinat ion of rate constants was purposely l imited 
to assure that a semi-infinite geometry condition pre-  
vailed. By so doing, the layer  growth exhibits wholly 
parabolic behavior, and a well-defined rate constant  
can be obtained. This constant is defined by the rate 
expression 

dk ~2 

d-T = 2k [1] 

where k is one of the kinetic parameters  [r (oxide 
thickness),  ~ (alpha thickness),  or �9 (oxygen consump- 
t ion)]  and 5k2/2 is the parabolic rate constant. This 
constant is generally obtained from the slope of the k s 
vs. t plot. Depending upon the nature of the reaction 
and the experimental procedures, an intercept of 0, 0 
may be observed, and this generally indicates that one 
is dealing with an "ideal" reaction in addition to well- 
defined experiments. 

The squares of the oxide and alpha layer thicknesses, 
measured for zirconium oxidizing in steam at 1416~ 
are plotted in Fig. I. These data are accurately de- 
scribed by straight lines, and a least squares treatment 
was used to obtain the rate constant and its statistical 
uncertainty. The dashed lines in the figure indicate the 
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Fig. 1. Growth of zirconium oxide and oxygen-stabilized alpha 
zirconium layers on pure zirconium in flowing steam at 1416~ 
The dashed lines compare the rates for Zircaloy-4 for the same 
conditions. 
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corresponding layer  g rowth  for Zircaloy-4.  I t  is ob-  
served tha t  the oxide l aye r  on pure  Zr grows more 
s lowly than  tha t  on Zircaloy-4,  while  the  reverse  is 
t rue  for a lpha  layer  growth.  F igure  2 shows a cross 
sect ion of the  product  layers  a f te r  ox ida t ion  for  ap-  
p rox ima te ly  60 sec at 1416~ While  the un i fo rmi ty  of 
the l aye r  thicknesses is appa ren t  in this micrograph,  
the detai l  of the s t ruc ture  is less clear. SEM examina -  
t ion reveals  that  the oxide is comprised of a thin l ayer  
o f  fine, more -o r - l e s s  equiaxed  grains  on its ex t reme  
outer  surface,  wi th  the bu lk  of the layer  consisting of 
th ick  (,~20 ~m) columnar  grains  each ex tend ing  
th rough  a subs tant ia l  f ract ion of the l aye r  thickness. 
Careful  pol ishing is necessary  to discourage grains  from 
popping out  dur ing  normal  specimen prepara t ion ;  how-  
ever, the ar t i facts  furn ish  addi t ional  definition of the 
gra in  size and na tu re  of the oxide. The a lpha  layer  is 
also comprised  of large  co lumnar  grains, and  the t en -  
dency of th is  l aye r  to exhibi t  c racking af ter  cooling 
and specimen p repa ra t ion  is consistent  wi th  its sus- 
pec ted  br i t t le  nature .  While  the pr ior  be ta  phase has 
t r ans formed  back to a lpha  upon cooling, i t  is c lear ly  
discernable  from the a lpha  l aye r  s tabi l ized by  oxygen 
at  the reac t ion  tempera ture .  

Kine t ic  and morphologica l  behavior  s imi lar  to tha t  
observed at  1416~ was also found at  1200 ~ and 1098~ 
F igure  3 i l lus t ra tes  the excel len t  conformi ty  of the 
l aye r  growth  to ideal  parabol ic  kinet ics  at 1098~ The 
dashed l ines for l aye r  g rowth  on Zirca loy-4  indicate  
tha t  the differences in g rowth  ra tes  for each layer  a r e  
l a rge r  a t  the lower  t empera ture .  

The oxida t ion  exper iments  at 1000~ however ,  
y ie lded  compl ica ted  l aye r  g rowth  behavior  that  differed 
signif icant ly f rom the s imple behavior  observed at  
the  h igher  tempera tures .  These measurements  a re  
given in Fig. 4. Whi le  there  is considerable  scat ter  in 
the data,  pa r t i cu l a r ly  the oxide thickness values,  the 
dominan t  fea tures  of the first hour  of react ion are  the  
appa ren t  changes in kinetics.  At  one stage, for exam-  
ple, i t  appears  that  the  oxide layer  m a y  ac tua l ly  d e -  
crease in thickness as the react ion proceeds. In  add i -  
t ion to the uncommon growth  behavior  for the oxide 
l aye r  is the s igmoidal  shape exhib i ted  for a lpha  growth.  
If  i t  is true,  as we assume, tha t  the  oxidatior~ of zir-  
conium can be descr ibed as a mul t iphase  diffusion p ro -  
cess, the l aye r  growths would  be coupled in prec ise ly  
this way. 

The funct ional  descr ipt ion of the l aye r  growth  at  
shor t  t imes is not  c lear  f rom the da ta  in Fig. 4. For  
oxide  growth,  we have chosen somewhat  a rb i t r a r i l y  to 
d r a w  a curved l ine th rough  the ini t ia l  points, a l though  
a s t ra ight  . l ine segment  (parabol ic  behavior )  would  
seem equa l ly  acceptable.  Thus, while reasonable  es t i -  
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Fig. 2. Cross section of zirconium specimen oxidized in steam 
far 60 sec at 1416~ Lightly etched in diluted KroWs reagent 
followed by anodization to 20V in 1% KOH. Bright field micro- 
graph. 
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Fig. 3. Growth of zirconium oxide and alpha zirconium layers 
on z i r c o n i u m  in f lowing  s t e a m  a t  1 0 9 8 ~  T h e  d a s h e d  l ines  repre-  
s e n t  the product growth on Zircaloy-4 for comparable conditions. 

mates of "parabol ic"  ra te  constants can be obtained,  
we have omi t ted  these values  f rom the least  squares 
analy t ica l  descr ipt ion of the var ia t ion  in the ra te  con- 
stants wi th  tempera ture .  In  any event,  the genera l  
t rend  in the differences in l ayer  g rowth  kinet ics  be -  
tween Zr and Zircaloy-4 is seen to persist ,  wi th  com- 
plications,  at this t empera ture .  

We bel ieve that  the kinet ic  behavior  observed du r -  
ing oxidat ion of Zr at 1000~ consti tutes evidence tha t  
s t ruc tura l  changes take  place in the oxide l aye r  dur ing  
growth  and tha t  these changes may  be responsible  for  
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Fig. 4. Growth of zirconium oxide and alpha layers on zirconium 
in flowing steam at 1000~ showing variations in kinetics pre- 
sumably due to structural changes within the oxide. Comparable 
parabolic rates for the early stage (t ~ 1100 sec) oxidation of 
Zircaloy-4 are given by the dashed lines. 
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m a n y  of the dramat ic  decreases in growth  rates  ob-  
served in this t empe ra tu r e  range.  As noted below, 
ex t rapo la t ion  of the high t empera tu re  kinetic p a r a m e -  
ters down to 1000~ suggests that  in the ve ry  ear ly  
s t a g e s  of oxidat ion  at  this tempera ture ,  the  oxide 
grows as the te t ragona l  form despite the fact that  the 
monoclinic form is p robab ly  s table (at  least  for s toichi-  
ometr ic  ZrO2 (27). Pemsler  (18) and others  have noted 
that  i t  may  be possible to s tabi l ize the  te t ragonal  oxide 
at  lower  t empera tu res  by  the appl ica t ion  of stress, 
high defect  concentrations,  or fine gra in  size. Al l  of 
t h e s e  factors are  involved dur ing  the oxida t ion  reac-  
tion. 

Thus, a possible explana t ion  for  the change in the 
growth  behavior  of the oxide layer  is the increas ing 
propor t ion  of the monoclinic oxide, which is cha rac te r -  
ized by  a signif icantly lower oxygen diffusivity. The 
precise oxidat ion  kinet ics  in the  t empera tu re  range  
where  the monocl in ic - te t ragonal  t ransformat ion  in the 
oxide  is influenced by  the meta l lu rg ica l  pa rame te r s  in 
addi t ion  to its "normal"  t rans format ion  hysteresis  
(27) might,  therefore,  be expected to depend sensi-  
t ive ly  upon exper imen ta l  variables .  In  par t icular ,  hea t -  
ing rates,  specimen shape, and t empera tu re  control  
would  be important .  As ment ioned  ear l ier ,  Pems le r  
(18) accounted for a cont inuously  decreas ing oxide  
growth  ra te  on z i rconium in the  t empera tu re  range  
750~176 by  essent ia l ly  this same hypothesis,  a n d  
w a s  l a te r  able  to observe the existence of at  leas t  smal l  
amounts  of the t e t ragona l  oxide in situ at t empera tu res  
as low as 500~ (19). (The te t ragona l  oxide is not gen-  
e ra l ly  re ta ined  upon cooling to room tempera ture . )  
Rosa (20) also observed s imi lar  kinet ic  behavior  a t  
875~176 bu t  insufficient da ta  were  presented  to 
descr ibe the ea r ly  stages of react ion in a deta i l  suffi- 
cient  for comparison wi th  the present  work. 

The parabol ic  ra te  constants for l ayer  g rowth  de te r -  
mined in this inves t iga t ion  are  given in Table I a long 
wi th  thei r  s ta t is t ical  confidence limits.  In addit ion,  the  
ra te  constants for oxygen  consumption,  based on a 
model ing  calculat ion in which the oxygen in each 
phase is accounted for consistent  wi th  the observed 
growth  rates,  are  also given. Although,  as previous ly  
noted, the oxidat ion  does not exhibi t  precise parabol ic  
kinet ics  at  1000~ we never theless  calcula ted "appar -  
ent  ra te  constants" for the ea r ly  s tages of react ion at  
this t empera tu re  from the slopes of a rb i t r a r i l y  d rawn  
s t ra ight  l ines th rough  the origin of the ra te  curves 
using only the  first few data  points. The range  of these 
values is also given in Table I. I t  was observed tha t  
the  m a x i m u m  value  of the ra te  constant  for oxide 
growth  and the min imum value  for a lpha growth  are  
approx ima te ly  equal  to the ex t rapo la ted  values  of these 
pa ramete r s  based on the results  of the h igher  t em-  
pe ra tu re  exper iments .  For  the da ta  obta ined at  the 
three  t empera tu res  above 1000~ the measured  rates  
conformed surpr i s ing ly  wel l  to s imple Arrhen ius  be -  
havior,  as shown in Fig. 5. 

Table I. Parabolic rate constants for oxidation of zirconium in steam a 

Ox. cons., 

T e m p e r -  O x i d e , - - ,  A l p h a , - - ,  - - ,  ( g /  
ature 2 D e v .  2 D e v .  2 
(~ cm2/sec %~ cm'e/sec C/~ cm~p/sec ~ 

1416 1.522 X 10 -~r 1.6 5.193 x 10 -7 3.3 7.95 x 10 -7 

1200 2.370 x I0 -s 2.8 6.464 x I0 -s 2.S 1.13 x 10 -7 

1098 8.274 • i0  -~ 8.4 2.503 • iO -s 6.2 3.60 x 10 -s 

1000 1,1-2,2 x i0  -D '~ 6.7-8.2 x 10 -9 

a R a t e  c o n s t a n t s  c a l c u l a t e d  o n  b a s i s  o f  - -  = k d k / d t .  

2 
b M a x i m u m  u n c e r t a i n t y  a t  9 0 %  c o n f i d e n c e  l e v e l .  
c B a s e d  o n  m o d e l i n g  c a l c u l a t i o n s  w i t h  M U L T R A N  p r o g r a m .  

S e r i o u s  d e p a r t u r e s  f r o m  p a r a b o l i c  b e h a v i o r  observed after 
short time at 1000~ 
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Fig. 5. Parabolic rate constants for oxide layer growth, alpha 
layer growth, and oxygen consumption. The rate constants for 
oxygen consumed were determined from a modeling analysis. Rate 
constants are based on the expression 8k2/2 ~ k dk/dt. 

The parabol ic  ra te  constants  for oxide (qs) and a lpha  
(~) growth,  and for oxygen consumption (T) are  

given by  

6~2 0.04361 [ +35% ] e xp [ - -176 ,500 (+_2 .1%) /RT]  
2 --26% 

cm2/sec [2] 
5~ 2 [ + 1 3 5 0 % ]  

---- 0.2693 
2 --93% 

exp [ - -  185,400(___ 18%)/RT] cm2/sec [3] 

- -  = 0.4948 exp ( - -  187,300/RT) (g/cm2)2/sec [4] 
2 

The act ivat ion energies are  expressed in J /gmol ,  and R 
is 8.314 J / g m o l .  K. The small  number  of da ta  points 
lead  to the wide 90% confidence in terva ls  on the indi -  
v idual  terms of the Ar rhen ius  expressions,  especia l ly  
for the ra te  constant  for a lpha layer  growth.  The jo int  
confidence intervals ,  which es t imate  the s ta t is t ical  un-  
cer ta in ty  on the ra te  constants themselves,  are  na r -  
rower.  At  the  mean of the rec iprocal  t empe ra tu r e  
range involved,  they  are  about  __ 3% for oxide growth  
and about  ___ 25% for a lpha  growth.  Confidence in te r -  
vals a re  not given for oxygen consumption in Eq. [4] 
because this pa r ame te r  was der ived  f rom a model ing 
analysis  involving smoothed data  r a the r  than  d i rec t ly  
using exper imenta l  measurements .  While  these expres -  
sions are  useful  for a number  of purposes,  i t  should be 
r emembered  that  each of these ra te  pa rame te r s  is in-  
fluenced by  ra te  (diffusion) processes in more  than  
one phase and, therefore,  the  kinetics would not be 
expected to be represented  precisely  by  an Arrhen ius  
express ion with a single act ivat ion energy.  

Oxygen di~fusion.--Earlier (4), on the basis of an 
ideal  model  in which the oxidat ion  of Zircaloy was 
considered to be a mult iphase,  moving bounda ry  dif-  
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fusion problem,  we de r ived  expressions re la t ing  the ef-  
fect ive chemical  diffusion coefficients for oxygen in the 
o x i d e  and a lpha  phases to the  measured  kinet ic  pa -  
rameters .  In  the p resen t  work,  we have  appl ied  these 
ident ica l  equat ions {essential ly Eq. [11] and [18] of 
Ref. (4)} to the  l aye r  g rowth  da ta  for  pure  z i rconium 
to a r r ive  at  diffusion coefficients r e l evan t  to. this system. 
Aside  f rom the kinet ic  data,  i t  is necessary  to have 
informat ion  on the  Zr -O  phase  equi l ibr ia  in order  to 
solve un ique ly  for these diffusivi ty  values.  Wi th  the  
except ion of the  a lpha -be t a  equi l ibr ium,  shown in Fig, 
6, we have  assumed that  there  a re  no significant 
differences be tween  the z i rcon ium-oxygen  and the Zi r -  
ca loy-oxygen  phase d iagrams  over  the t empe ra tu r e  
r ange  of interest .  The in te r rac ia l  oxygen  solubil i t ies  
shown in Fig. 6 were  d rawn  considering the da ta  of 
Gebha rd t  et at. (21), Horz et al. (22), and Domagala  
e t  aL (23). The corresponding curves of the pseudo-  
b i n a r y  d i ag ram for Z i rca loy-4-oxygen  a re  given as the 
dashed  lines t aken  f rom the da ta  of Chung et al. (24). 

Fo r  the purpose  of var ious  calculations,  i t  is conveni-  
en t  to express  the equi l ib r ium oxygen  concentra t ion 
at  the var ious  interfaces  as functions of tempera ture ,  
Using the t e rmino logy  CA/B to r epresen t  the oxygen 
concentra t ion in phase A in contact  wi th  phase B, the 
functions are  

C~/gas = 1.511 g / c m  3 a 

C~/,~ --  1.517 --  7.5 X 10-~ T ( K )  g / cm 3 [Ref. (25)] 

C,,/~ --  0.4537 g / c m  3 [Ref. (21), (23)] 

C,~/~ --  --2.906 4- 5.322 X 10 -3 T ( K )  
- -  3.170 X 10 -3 T~(K) 4- 6.519 X 10 -1~ T3(K) 

g / c m  3 [Ref. (21), (23)] 

C~/a --  --0.11136 + 7.109 X 10 -5 T ( K )  
4- 2.271 X 10 - s  T~(K) g / c m  8 

[Ref. (21), (22), (23)]  

The  expressions are  val id  over  the t empera tu re  range 
1200-1760 K. In addit ion,  the  diffusivi ty of oxygen in 
be ta  zirconium, D~, was taken  as 

D ~ -  0.0263 exp [ - -  14,190/T(K)] cm2/sec [Ref. (26)] 

a o n  the  assumption that the oxide at the oxide-gas interface 
is stoichiometric ZrO~ with a density of B.82 g t c m  8. 
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Fig. 6. Phase diagram for the Zr-O system showing the ~-/9 
equilibrium. Data are from Gebhardt et el. (21), Horz et al. (22), 
and Domagala et al. (23). Dashed lines are data for the Zircaloy-4 
system from the data of Chung et al. (24). 

Table II. Oxygen diffusion coefficients in oxide and alpha phases 
on zirconium during steam oxidation 

Oxygen diffusion coefficients, cm~/sec 
Temper- 

ature (~ Oxide, D~ Alpha, D~ 

1416 2.90 x 10 -6 1.01 x 10 -8 
1200 4.90 x 10 -7 1.01 x 10 -7 
1698 1.60 x 10 -7 3.10 x 10 -s 
1000 a 2.8-5.0 X I0 -s 6.2-6.7 x IO -~ 

Calculated using range of "approximate parabolic rates" for 
the early stages of oxidation at 1000~ 

The effective chemical  diffusion coefficients calcu-  
la ted for oxygen in the growing oxide and oxygen-  
s tabi l ized a lpha  phases dur ing react ion in s team are  
l is ted in Table II  and plot ted  in Fig. 7. The three  da ta  
points for each diffusivi ty at  the higher  t empera tu re s  
exhibi t  classical Ar rhen ius  behavior .  The da ta  points  
for 1000~ were  calcula ted from the range  of appa ren t  
"parabol ic  ra tes"  assigned to our  l ayer  t t l ickness mea -  
surements .  Whiie  the a lpha  diffusivi ty is only  s l ight ly  
influenced, the var ia t ion  of diffusivi ty ind ica ted  for the 
oxide is apprec iab ly  l a rge r  and, thus, we have  chosen 
not  to include ei ther  of these values  in the ana ly t ica l  
descr ipt ion of the diffusivities. For  oxygen diffusion in 
the oxide phase,  D~, the least  squares  Arrhen ius  ex-  
pression is 

De : 0.4684 [ 4--43% ] e x p  ( - -  168,500 [+_.2.6%]/RT) 
- - 3 0 %  

cm2/see 

For  oxygen  diffusion in the a lpha phase, Do, the  three  
da ta  points were  judged  to belong to the same set as 
that  for Zi rca loy-4  (4) and, thus, based  on the more 
extensive l a t t e r  da ta  set 

[ 4-27% ] exp (--213,400 [__. 1 .4%]/RT)  Da = 3.920 --21% 

cm2/sec [6] 

"~" 2 
04 

t--- 
Z 
" '  5 
C) 

i,  
i ,  

"' 2 0 

~) I0 -7  

(,0 

h 
,. 5 
C l  

~" 2 

X 

o 10-8 

TEMPERATURE (~ 

1500 1400 1500 1200 1100 

_ 1 ~ 1  ' I I I 

- -  ALPHA, D 

1000 

m 

5.5 6.0 6.5 7.0 7.5 8.0 

1 0 , 0 0 0 / T ( K )  
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in the alpha phase (D~) on pure zirconium determined in the 
present investigation. 
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where,  as before,  the brackets  refer  to the 90% indi-  
v idua l  confidence limits.  The joint  confidence in tervals  
for  both  diffusivities a t  the midpoin t  of the rec iprocal  
t empera tu re  range are  about  • 3.5 and __ 2.5%, respec-  
t ively.  

T h e  exper imen ta l  resul t  that  the calcula ted diffusion 
coefficient for oxygen in the a lpha  phase on zirconium 
is ident ica l  to tha t  found for the a lpha phase on Zir-  
caloy-4 is pa r t i cu la r ly  significant. Since one would  not  
expect  minor  al loy addit ions to have a large  influence 
on an in ters t i t ia l  diffusion rate,  unless the impur i t ies  
were  h ighly  react ive metals,  this agreement  tends to 
add confidence to the accuracy of the measurements  
a n d  the da ta  t rea tment .  Thus, even though both layers  
g row at  different  ra tes  on the two mater ia ls ,  al l  of 
t h e  differences in the oxida t ion  kinetics of the two sys-  
tems can be a t t r ibu ted  to a difference in the oxygen 
diffusivities in the oxide  phases alone. 

Modeling ]~nite-geometry effects for zirconium.--In a 
recent  paper  (5), we repor ted  the resul ts  of a model -  
ing analysis  that  descr ibed the changes in layer  growth  
kinetics tha t  would  be expected when specimens of 
Zircaloy-4 were  oxidized for t imes sufficient to influ- 
ence oxygen diffusion in the be ta  phase th rough  its ap-  
proach to saturat ion.  The results  of this analysis  were  
genera l ly  consistent wi th  expe r imen ta l  data, but  a 
comple te ly  sa t is factory  comparison was not  possible 
because i r regular i t ies  in the a lpha -be t a  in terface  de-  
veloped at the longer  oxidat ion  times, resul t ing in a 
somewhat  a r b i t r a r y  measurement  of the a lpha  layer  
growth. 

In  co.ntrast to the  behavior  exhib i ted  by  Zircaloy-4,  
the oxidat ion  of pure  z i rconium under  s imi lar  con- 
ditions did not  produce a lpha "incursions," bu t  uni -  
form growth  of both  oxide  and a lpha layers  were  ob-  
served throughout  the react ion to the point  where  v i r -  
tua l ly  no be ta  phase  r ema ined  in the specimen. For  
example ,  Fig. 8 and 9 show cross sections of z i rconium 
specimens oxidized for app rox ima te ly  260 and 1040 sec 
at  1416~ These specimens show c lear ly  the gra in  
s t ruc ture  and character is t ic  br i t t leness  of both  the ox-  
ide and a lpha layers.  However ,  despi te  the fact  that  
ve ry  th ick layers  are  involved,  and that  the shr inking 
be ta  phase has become comple te ly  oxygen saturated,  
Fig. 9 shows ve ry  un i form layer  thicknesses.  

The ideal  behavior  observed here makes  the oxida-  
t ion o~ zirconium an excel lent  vehicle to test  fu r ther  
this aspect  of diffusion modeling.  Thus, computer  ex-  
pe r iments  were  conducted using the MULTRAN code 
(5, 28) wi th  diffusivi ty and equi l ib r ium solubi l i ty  input  
appropr ia t e  to the oxidat ion  of z i rconium in steam. 
Fo r  one-s ided oxida t ion  at  1416~ of specimens nomi-  
na l ly  0.074 cm thick, the analysis  predic ts  that  signifi- 

Fig. 8. Cross sections of zirconium specimen oxidized in steam 
for 260 sec at 1416~ Coarse, columnar grains in both oxide and 
alpha layers are apparent. 

Fig. 9. Cross section of zirconium specimens oxidized in steam 
for 1040 sec at 1416~ Growth has continued to be uniform al- 
though little beta phase remains. Note brittle response of the ox- 
ide and alpha layers to routine polishing. 

cant departures from semi-infinite conditions for diffu- 
sion in the beta phase will exist by 120 sec and that 
the beta phase will become saturated at about 600 sec. 
Over this period of time, the original parabolic growth 
rates of the product phases increase to values con- 
sistent with those of growth into saturated beta. While 
only a second-order effect is found for growth of the 
oxide, the rate constant for alpha growth increases by 
more than a factor of two during this time. 

The MULTRAN results for layer growth at 1416~ 
are shown by the solid curves in Fig. I0. The dashed 
lines are extrapolations of the short-time parabolic 
rates from Fig. I. The comparison graphically illus- 
trates the extent of the rate changes expected from 
the finite-geometry effect. The individual points are 
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at 1416~ The solid curves represent MULTRAN modeling re- 
sults for a one-sided reaction of a specimen 0.074 cm thick. The 
dashed lines are extrapolations of the early stage parabolic rates 
(as in Fig. 1). The data points are experimental measurements. 
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the experimental data, and the excellent agreement 
between the predictions and the experimental ob- 
servations gives additional credibility to the model 
ing technique. In addition, the extreme sensitivity of 
the alpha layer growth rate to the specimen thickness 
and extent of oxidation as well as to the original oxy- 
gen concentration points out yet another factor to be 
considered when evaluating and comparing oxidation 
behavior in this or a similar system. 

Conclusions 
1. At temperatures over the range 1098~176 the 

oxidation of pure zirconium in steam was characterized 
by ideal, diffusion-controlled growth of layers of oxide 
and oxygen-stabilized alpha zirconium. 

2. From the parabolic rate constants determined for 
growth of both product layers, the effective chemical 
diffusion coefficient for oxygen in each o.f the phases 
was determined. These diffusivities exhibited classical 
Arrhenius behavior, and the alpha phase coefficient 
was statistically identical to that found earlier for 
diffusion in alpha Zircaloy-4. 

3. A diffusion modeling analysis successfully pre- 
dicted the changes in layer growth rates observed 
after "long" periods of oxidation of "thin" specimens. 
The effects of a finite specimen geometry as well as 
variation in the original oxygen content of the speci- 
men were shown to be potentially large, particularly 
for growth of the alpha zirconium layer. 

4. At 100O~ the layer growth during oxidation ex- 
hibited complicated behavior. We proposed that this 
was due to changes in the relative proportions of the 
tetragonal and monoclinic oxides comprising the grow- 
ing oxide film at this temperature. 
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ABSTRACT 

The Gibbs energy of formation of beta a lumina  in equi l ibr ium with alpha 
a lumina  has been measured over the temperature  range 320~176 by  two 
different equi l ibr ium emf techniques. The results are well represented by the  
following equation 

NazO -t- xAl~O~ ---- Na20 �9 xA120~ (g-a lumina)  

aG ~ ---- --22.0 • 104 -- 0.57T_+ 5.5 X 108J 

Chronopotentiometric experiments  were performed over the range 85~176 
If the observed plateaus are in terpre ted as represent ing the dissociation of 
Na2.O in the beta alumina,  results are in agreement  with the above equation. 

Despite the great  interest  in  the superionic conductor 
beta a lumina  in recent years, the thermodynamic  sta- 
bil i ty of this compound still has not been well deter-  
mined, par t icular ly  at lower temperatures.  In  the pres-  
en t  study, the free energy of formation of beta  a lumina  
in  equi l ibr ium with alpha a lumina  was determined 
over the temperature  range from 320 ~ to 800~ by two 
different equi l ibr ium emf techniques and over the tem- 
perature  range 80~176 by chronopotentiometry.  
Normally, one cannot  investigate a solid by this non-  
equi l ibr ium technique due to the very high ohmic drop. 
However, the extremely high conductivi ty of the 
superionic conductor fl-A1203 permits  this method to 
be used for this material .  

Equilibrium Techniques 
ExperimentaL--In the equi l ibr ium techniques, slip- 

cast high density vacuum-t ight  beta a lumina  tubes 
from Polyceram Incorporated were used. The fabrica- 
tion of these tubes has been described elsewhere (1). 
The tubes were approximately 6 cm long • 1 cm diam 
with a wall  thickness of about 0.1 cm. 

Approximate ly  half of the tubes were made di-  
rectly from commercial "Alcoa XB2" powder. Analysis 
by atomic absorption showed that these tubes had 
compositions varying from Na20.9.3A12Os to Na20 .  
9.9A1203. Hence, according to the phase diagram (2), 
all the tubes were two-phase ~-A12OJ~-A120~ mix-  
tures. This was confirmed by x - r ay  analysis of the 
tubes. For  the other half  of the tubes, about 25% 
a-A12Os powder was added dur ing  the gr inding step 
so that  these tubes had compositions even fur ther  
wi thin  the two-phase region. No difference in the re -  
sulks obtained from the two sets of tubes was evident. 
Since Na20 is the volatile component, slight volati l iza- 
t ion losses from the surface of the tubes at  high tem- 
perature will assure that  there is even more of the 
o-phase at the surface than in the bulk. 

Cell / . - -Cel l  I is shown schematically in Fig. 1. This 
cell may be represented as 

(Chromel (W) Naliq[~-Al~Osl (NaNO8 ~- NaNO2)~N 

a-A12Os 
+ O2(0.21 am) (Pt) (Chromel) [I] 

fl-A12Os 

The sodium electrode consisted of a beta a lumina  tube 

Key words', beta-alumina, thermodynamic properties, solid elec- 
trolytes. 

containing pure l iquid Na. The cell was sealed with 
an a lumina  plug and "Cotronix 940 'u ceramic cement. 
Contact was made via a tungsten wire which passed 
through a Pyrex metal /ceramic seal. The tube was 
sealed with a small  amount  of tungsten powder inside 
and the cement was then sintered at 900~ in order to 
give a gas-tight seal. Several  grams of sodium were 
then t i trated coulometrically into the eIectrode com- 
par tment  from an NaNO3-NaNO2 bath. The oxygen 
electrode consisted of a two-phase ~-A12OJ~-A1203 
tube cemented to an ~-A1203 extension tube open to 
the air. Electrical contact was made via a p la t inum 
wire to the platinized inner  surface of the tube. Contact 
between the two electrodes was via a molten NaNO3- 
NaNO2 bath. The use of the mol ten salt as an in ter -  
mediary  electrolyte el iminates the possibility of elec- 
tronic t ransport  between electrode compartments.  

The overall  cell reaction for cell I is 

2Naliq ~ 1/z O2(0.21 arm) : Na20(in~-A1203) [1] 

Hence, the emf of cell I is given by  

RT aNa20 1 
_ - -  I n  - -  - -  a G ~  [ 3 ]  

2F 0.21'/2 2F 

where F is the Faraday,  R is the gas constant, T is the 
temperature  in Kelvin, aNa20 is the activity of Na20 in  
~-A1203 in equi l ibr ium with ~-A1203, and AG~ is 
the s tandard Gibbs energy of formation of Na20. Sub-  

1 Cotronix Corporation, New York, NY 10018. 

Fig. 1. Cell l 

2006 
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s t i tu t ing  into Eq. [2] the value  of AG~ - -  --405,600 
+ 128.9T in joules ob ta ined  f rom the l i t e r a tu re  (3) we  

o b t a i n  
- - 1 0 , 0 8 0  21,190 

loglo aNa20 ---- - -  ' -}" - -  7 . 08  [ 3 ]  
T T 

w h e r e  �9 is in volts. 

Cell II. Cell  I I  which  is shown schemat ica l ly  in Fig. 2, 
m a y  be rep resen ted  as 

(Pt)  W( solid),WS2(solld) ,Na2~ ( solid ) 

a-AI203 
+ ZrO2-Y~Os O2(o.zl arm) (Pt)  [II] 

~-A1203 

A two-phase  ~-A120#~-Al~O3 tube was filled wi th  a 
mix tu re  of W, W S z  and Na2S powders .  2 The compar t -  
ment  was sealed wi th  a h igh ly  viscous Kova r  glass. 
The tube res ted  inside a long ZrO2-Y203 tube.  Argon  
was passed inside the  ZrO2-Y203 tube in o rde r  to e l imi -  
na te  the poss ib i l i ty  of oxygen  t r avers ing  the Kovar  
seal. The ex te r io r  of the  ZrO2-Y2Oa tube was p laced  in 
an a tmosphere  of air. Electr icol  contact  was made via  
a P t  e lec t rode  a t tached to t h e  p la t in ized  surface. The 
W/WS2/Na2S reference,  which establ ishes a fixed ac-  
t iv i ty  of Na, was first used by  Liang and El l io t t  (6). In  
o rde r  that  the th ree -phase  equ i l ib r ium be established,  
this re ference  e lec t rode  must  be used at  t empera tu re s  
in excess of 550~ 

The overa l l  cell react ion of cell  I I  is 

Na2S(solid) -]- 1/2 W(solid) -~- ~ 02(0.21 at;m) 

= Na20(in~-A12O3) Jr 1/2 WS2(solid) [4] 

Hence the  emf of cell  II  is given b y  

RT aNa2O 
�9 - -  -- - - I n - -  

2F 0.21v, 

1 (1AG~176176 [5] 
2F 

Substituting into Eq. [5] values for the standard Gibbs 
energies of formation of WS2, Na2S, and Na20 from the 
literature (4, 5, 3) along with their estimated error 
limits, we obtain 

10,080 7,210 
loglo aNa20 - -  - -  e q 5.31 __. 1.6 [6] 

T T 

where  e is in volts. 

Results.---Values of Iogm aNa2O calcula ted  v ia  Eq. [3] 
and [6] f rom the measu red  emf's  of cells I and II  a re  
shown in Fig. 3. Fo r  both  cells I and II  the points  

g Alfa Inorganics. 

Fig. 2. Cell II 
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Fig. 3. Activity of No2 in f l -AI208 in equilibrium with a-AI203 

shown were  obta ined  dur ing  both  hea t ing  and cooling 
cycles. Measured  emf's  were  ve ry  stable.  If  the cells 
were  polarized,  the emf quickly  r e tu rned  to wi th in  •  
mV of its former  value  wi th in  1 or  2 min. Overa l l  r e -  
p roducib i l i ty  is es t imated  as ___5 mV. The e r ro r  bars  
shown on Fig. 3 for  cell  I I  are  those given in Eq. [6]. 

Chronopotent iometry  
At  lower  tempera tures ,  equ i l ib r ium techniques c a n  

no longer  be appl ied  because kinet ic  bar r ie r s  to reac-  
tions involving the solid s ta te  become too great.  Conse-  
quent ly,  nonequi l ib r ium techniques in which one a t -  
tempts  to force the decomposi t ion of the be ta  a lumina  
must  be used. In  these exper iments  it  is assumed tha t  
the react ion involved  is the decomposi t ion of the so- 
d ium oxide in the two-phase  a-A120#~-A1208 mix tu re  
according to 

Na20(in~-Al203) -- 2Na + ~ Os [7] 

As will be shown later, the final justification for this 
assumption is that the results agree well with those ob- 
tained by the equilibrium techniques discussed in the 
previous section. 

The details of the cell for the chronopotentiometrie 
experiments have been described by Foraison and Sou- 
quet (7). A two phase a-AI203/fl-AI2Os disk, 3.30 cm in 
diameter by 1.12 cm thick, was prepared by cold-press- 
ing "Alcoa XB2" beta-alumina powder at 1 t/cm s 
followed by sintering at 1600~ for 1 hr in a container 
packed with ~-A1203 powder. Holes for the working, 
reference, and counterelectrode compartments were 
made with a diamond drill. The counterelectrode com- 
partment was in the form of an annulus surrounding 
the working electrode. The reference and counterelee- 
trode compartments were filled with Na-Hg amalgams 
containing approximately 0.3 weight percent Na. 
The working electrode compartment contained an 
amalgam with only a few ppm of sodium. Electrical 
contact was made via tungsten leads. The entire assem- 
bly was maintained under purified nitrogen in a Pyrex 
tube placed in a thermostated oil bath. A constant 
current of 1.0 ~A was imposed between the working 
and counterelectrodes, the working electrode being the 
anode. The voltage between the working electrode and 
the reference electrode (which was never polarized) 
was measured as a function of time. A typical curve is 
shown in Fig. 4. In this figure, the  ord ina te  is the over-  
po ten t ia l  n defined as 

~1 - -  � 9  ~(z=o)  [ 8 ]  

where  e is the measured  vol tage and e(r=0) is the vo l t -  
age measured  at  open circui t  (zero cur ren t ) .  

The ini t ia l  por t ion of the curve is p resumed  to cor-  
respond to the diffusion of sodium in the  work ing  elec-  
t rode and the format ion  of a sod ium-dep le ted  bounda ry  
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Fig. 4. Experimental chronopotentiometric curve. Conditions: T 
---- 115~ e(z=o) = 0.339V, applied current ---- 1 /~A. 

layer. The plateau which begins between ~ = --0.9V 
a n d  ~ = -- 1.09V is presumed to result  from the decom- 
position of the/~-A1208 according to Eq. [7]. The actual 
decomposition overpotential,/[decomp, wa~ chosen in Fig. 
4 as "q =- --1.0 _+ 0.1 which is the average of ~0.9 and 
--1.09V. All  the chronopotentiometric curves were in -  
terpreted in  the same way. From Eq. [8] 

RT ( aNa(decomp) aNa(bulk) ) 
11dec~ = T In In 

aNa(ref) aNa(ref) 

R T  aNa(bulk) 
-- -- - -  in  

F aNa(decomp) 
[9] 

where aNa(ref) is the act ivi ty of Na in the reference 
electrode, while aNa(bulk) and aNa(decomp) are the ac- 
tivities of Na in the bu lk  of the working electrode 
at the amalgam//3-A12Oa interface at the moment  when  
decomposition commences. 

In order to calculate the activity of Na20 in  the 
/~-A1203 it  is necessary to know the activity of oxygen 
dissolved in the working electrode. It may be assumed 
that  the system is saturated in oxygen. That  is, the Na 
and  O2 dissolved in  the bu lk  are in equi l ibr ium with 
pure Na20. Hence 

1 aNa20 
K = -- [10] 2 1 aNa(bulk) P02 Y2 aNa(decomp)2PO2V= 

where P02 is the part ial  pressure of oxygen dissolved 
the wo,rking electrode, aNa20 is the activity of Na20 
in the a-Al~OJ/3-A1203 mixture,  and K is the equi l ib-  
r ium constant for the formation of Na20 from 2Na and 
lh 02. Subst i tut ion of Eq. [10] into Eq. [9] gives 

RT 
In aNa20 [11] 11dec~ = 2F 

Hence, In aNa2o is given directly from measurement  of 
11decamp. 

Results of several experiments  between 85 ~ and 
140~ are shown in  Fig. 3. 

Discussion 
It  can be seen from Fig. 3 that the results from the 

two equi l ibr ium measurements  (cells I and II) fall on 
the same straight line. The equation of the l ine shown 
on Fig. 3, which was found by a least squares regres- 
sion analysis of only the data obtained by the equi l ib-  
r ium measurements,  is 

log10 aNa2O = --11.49 • 10 ~ T -1 -- 0.03 • 0.32 [12] 

The root mean  square deviation of the fit to loglo aNa20 
was • The free energy of formation of/~-A1203 in 
equi l ibr ium with ~-A1203 according to 

Na20 -t- xA1203 ---- Na20 �9 xA1208 [13] 

is given from Eq. [12] as 

AG~ = RT In aNa20 = --22.0 • 104 

- -  0.57T-+- 5.5 • 108J [14] 

W.hen the l ine given by Eq. [12] is extrapolated to 
lower temperatures,  it passes through the exper imental  
points measured by chronopotent iometry as can be 
seen from Fig. 3. This supports the in terpre ta t ion of 
these nonequi l ib r ium measurements  given in the pre-  
vious section. 

The present  results are in close agreement  with the 
measurement  of Fray  (8) at 725~ (see Fig. 3) whose 
cell consisted of a tube of ~-A1203 containing a pow- 
dered mixture  of ~-A1203 and/3-A12Q open to the air, 
immersed in pure sodium. 

Choudhury (9) measured the activity of NaaO in  
two-phase ~-A12OJ/~-A12Q. The sodium activity was 
fixed by a mixture  of Ni, NiF2, and NaF, while the 
oxygen potential  was fixed by a Cu/Cu20 mixture. All  
the components were in the solid state. Choudhury 's  
results are also shown in Fig. 3. 

Recent calculations and measurements  by Dewing 
(10) (see Fig. 3) are in close agreement  with the pres- 

ent  study at the higher temperatures.  

Conclusions 
The free energy of formation of /~-A1208 saturated 

with a-A12Q has been measured over the temperature  
range 320~176 by two different equi l ibr ium emf 
techniques. The results are in good agreement  with each 
other. In  addition, measurements  of the same quant i ty  
by chronopotent iometry over the temperature  range 
85~176 gave results which agree with the values ex-  
trapolated from the equi l ibr ium measurements  at 
higher temperatures.  However, in view of the many  
assumptions required, the in terpre ta t ion of the chrono- 
potentiometric experiments  should be regarded as only 
tentative. 
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ABSTRACT 

Measurements  have been pe r fo rmed  on phosphorous - implan ted  polysi l icon 
films and TEM invest igat ion has given indicat ions about  the mean gra in  size 
and about  its dependence  on the t empera tu re  and dura t ion  of annealing.  Re-  
sults have also been ob ta ined  concerning the sheet  res is t iv i ty  of the films. A 
semiquant i t a t ive  mode] has been der ived  which a t tempts  to exp la in  the va r i a -  
t ion in sheet resistivity as a function of the doping level. The observation 
of both gra in  size and sheet  res is t iv i ty  suggests that  not  only  segregat ion to 
g ra in  bounda ry  and grain  g rowth  occur dur ing anneal ing  but  tha t  a th i rd  
phenomenon (a c rys ta l lographic  re laxa t ion  at  gra in  bounda ry )  should occur 
at  a t e m p e r a t u r e  of about  1000~ 

The e lec t r ica l  p roper t ies  of po lycrys ta l l ine  silicon 
(polysi l icon) have a l r eady  been ex tens ive ly  inves t i -  
ga ted  for  so lar  cell appl icat ions  as wel l  as in in tegra ted  
c i rcui t  technology. 

The use of  that  ma te r i a l  has given rise to s~ructures 
such as se l f -a l igned  MOSFET's ,  FAMOS transistors,  
and  charge-coupled  devices (1-3). More recent ly ,  de -  
vices such as diodes, va r iab le  resistors,  or  MOS t r an -  
sistors have been bui l t  using polysi l icon (4-6),  but, 
unt i l  now, polysi l icon has been ma in ly  used in the 
fabr ica t ion  of passive components  such as in tercon-  
nect ing stripes,  NMOS gates, or in t eg ra ted  resistors.  
The  res is t iv i ty  of a polysi l icon film var ies  wi th  the  
concentra t ion of the dopant  atoms in it; it  can extend 
over  severa l  decades (from 8~2 per  square up to 101~ 
per  square) .  Low resis tance polysi l icon s tr ipes can be 
obta ined  by  heavy  doping, while  smal l  size resistors of 
h igh  as wel l  as low values  can be made  in less doped 
polysil icon. 

The ma in  pa rame te r s  on which the res is t iv i ty  of 
polysi l icon depends a re  the  t empera tu re  of deposi t ion 
(below 580~ the deposi ted silicon is amorphous;  
above that  t empera ture ,  it  is polycrys ta l l ine ,  wi th  an 
average  gra in  size increasing wi th  increas ing deposi-  
t ion t e m p e r a t u r e ) ,  the average gra in  size, the doping 
level,  and the anneal ing  cycles to which the ma te r i a l  
has been submit ted.  

I t  is well  known that  the res is t iv i ty  of polysi l icon 
var ies  wi th  the dopant  concentrat ion in a way  which 
is very different from that of single crystal silicon. 

Several models have been proposed to explain the 
variation in resistivity of polysilicon, taking the dopant 
concentration as a parameter, but they all are qualita- 

" Electrochemical Society Active Member. 
Key words: semiconductor, annealing, diffusion, trapping. 

rive models. The basic phenomena that  p r e sumab ly  
expla in  the difference be tween  single crysta l  and po ly-  
crys ta l l ine  silicon are  the migra t ion  and inact iva t ion  of 
impur i ty  atoms at gra in  boundar ies  (7, 8) and car r ie r  
t rapping  at gra in  boundar ies  (Seto's  model)  (9, 10). 
This las t  model  has genera l ly  been found more ac-  
ceptable.  

Since all  those models  refer  to the crys ta l l ine  t ex-  
ture of the layers,  i t  is impor t an t  to notice that  TEM 
and SEM invest igat ions have shown that  the polysi l icon 
crysta l l i tes  have a basal t ic  texture,  i.e., that  the grains 
grow with  a co lumnar  shape f rom the subs t ra te  up to 
the top of the  layer  (11). 

I t  has also genera l ly  been assumed tha t  the va r i a -  
t ion of polysi l icon res is t iv i ty  as a function of the an-  
neal ing t empera tu re  af ter  doping (by implan ta t ion  of 
phosphorous in this case) (12) is due to the compet i t ion 
of two phenomena:  the segregat ion of dopant  atoms 
to the gra in  boundar ies  be low 1000~ and the gra in  
growth  above tha t  t empera ture .  One of the goals of 
this s tudy is to demons t ra te  that  a th i rd  phenomenon 
has to be taken  into account: a so l id-phase  c rys ta l -  
lographic  re laxa t ion  at  the gra in  boundary ,  at  t em-  
pera tures  a round 1000~ Our second goal wil l  be to 
provide  a mathemat ica l  model  of polysi l icon res i s t iv i ty  
as a function of the doping level  tha t  would  give 
grea ter  considerat ion to the physical  character is t ics  of 
polysi l icon than  previous  models  (basal t ic  t ex tu re  of 
the grains, film thickness, etc.) .  

Experimental Procedure and Experimental Results 
Sheet resistivity and grain size as a function o~ an- 

nealing cycles.--Resistivitg.~The samples were  fabr i -  
cated on <100> 10-20 ~lcm p - t y p e  silicon wafers.  The 
wafers  were  the rma l ly  oxidized at 1000~ in d ry  oxy-  

2009 
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gen, wet  oxygen,  and d ry  oxygen to obta in  a good 
oxide surface, a thick oxide, and a good Si-SiO2 in t e r -  
face, respect ively.  The oxide thickness was 3000& to 
avoid leakage  currents.  A 5000A thick polysi l icon l aye r  
was deposi ted in a Tempress  LPCVD reactor  by  pyro l -  
ysis of si lane at  625~ under  a pressure  of 180 reTorts.  
The samples  were  implan ted  wi th  phosphorous at  an 
energy of 100 keV at  different  doses. The polysi l icon 
was then capped wi th  a 3000A-thick SiO2 l aye r  de-  
posi ted at  420~ to avoid dopan t  outdiffusion and the 
wafers  were  annea led  at  different  tempera tures ,  f rom 
800~ up to l l00~ in n i t rogen ambient .  The anneal ing  
t ime was 30 min, 2 or  12 hr. The capping oxide was then 
removed  and the sheet  res is t iv i ty  was measured  by  
the four -po in t  probe  method.  The var ia t ion  in sheet  
res is t iv i ty  wi th  anneal ing  t empera tu re  is i l lus t ra ted  
graphica l ly  in Fig. 1. 

The sheet  res i s t iv i ty  curves show the same shape for 
various anneal ing  t imes:  a m a x i m u m  in sheet  res is -  
t iv i ty  is reached at  a t empera tu re  Ti which decreases 
when  anneal ing  t ime increases, whi le  the  value  of this 
m a x i m u m  increases wi th  anneal ing time. For  a given 
higher  anneal ing  t empe ra tu r e  (T > Ti), the longer  
t h e  anneal ing  time, the lower  the sheet  resis t ivi ty,  
while  the opposite behav ior  is observed for T < Ti. 

The dependence  of sheet  resis tance on anneal ing  
t ime is i l lus t ra ted  in Fig.  2 in which one can see tha t  
the sheet  resis tance increases wi th  anneal ing  t ime for 
T < 900~ whi le  i t  decreases for T > 900~ and is 
s table  at  900~ 

Grain size.--The samples  were  annea led  for  12 hr  and 
p repa red  for TEM invest igat ion:  a photol i thographic  

l 1 | t $ I 1 
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Fig. 1. Variation of sheet resistivity vs. annealing temperature 

step was necessary to create  smal l  disks of polysil icon, 
3 m m  in diameter ,  which were  removed  from the 
wafers  by  dissolving the subjacent  oxide  in HF. The 
small  polysi l icon disks were  observed wi th  a TEM 
(the accelera t ing vol tage was 100 keV and the magni -  
fication was 33,000 or 6,000). Wada ' s  method (13) was 
used to de te rmine  the mean  gra in  size in polysil icon. 

I t  has been  observed tha t  the mean  gra in  size is 
about  1400A for anneal ings be tween  800 ~ and 1000~ 
For  samples  annealed  at  1050 ~ and 1100~ the mean 
gra in  size is respect ive ly  4400 and 4700A (Fig. 3). 

Resistivity as a ~unction o~ the doping [evel.--The 
samples were  p repa red  as descr ibed above. Phosphor-  
ous was implan ted  wi th  an energy  of 100 keV in order  
to obta in  impur i ty  concentrat ions of 2 X l0 is, 2.4 X 
l0 is, 2.7 • l0 is, 3.6 X 10 ls, 5.5 X l0 is, 10 i9, 5 X 1019, 
and 1020 cm -s .  

The samples  were  then capped wi th  a si lox oxide and 
annea led  for 30 min at 1000~ The capping oxide was 
removed  and the res is t iv i ty  of the samples  was mea -  
sured by the four -po in t  probe method,  except  for those 
wi th  the highest  resistance,  which were  measured  by  
the Van der  Pauw method.  The resul ts  are  r epor ted  
in Fig. 9 and wil l  be commented  on in the fol lowing 
section under  Resis t ivi ty  of polysilicon. 

A N e w  M o d e l  for  Polysi l icon Resist iv i ty  
Severa l  models  have  been proposed to expla in  the 

var ia t ion  of polysi l icon res is t iv i ty  wi th  dopant  con- 
centrat ion.  The models  assuming a t r app ing  of carr iers  
at the gra in  bounda ry  are  genera l ly  more  accurate  than  
those based on the a tom segregat ion  assumption,  a l -  
though evidence of a tom segregat ion to gra in  bound-  
aries has been found (14). The model  of car r ie r  t r ap -  
ping has f i r s t  been developed b y  Seto (9) and has 
been improved  by  Baccarini,  Ricco, and Spadin i  (15) 
and by  Mart inez  and P iqueras  (16). The improvements  
of Seto's model  these last  studies have provided  take  
into account the energy  d is t r ibu t ion  of the t r app ing  
centers, but  al l  these models  r ema in  qual i ta t ive.  F u r -  
thermore,  they  take  into account ne i ther  the  real  
physical  shape of the grains (a co lumnar  shape)  nor  
the effect of the film thickness.  The present  s tudy  
s tar ts  f rom a co lumnar - shaped  grain,  t ak ing  into 
account the  fact that  a dep le t ion  region sur rounds  the  
whole gra in  and "spreads"  from the gra in  bounda ry  
to the  center  of the grain. I t  also accounts for the  effect 
of the film thickness on the car r ie r  mobil i ty.  

The potential barrier.--Let us consider a cy l indr ica l  
crysta l l i te  having a radius  R and a height  h ( the cyl in-  
dr ica l  shape has been chosen for i t  is the s implest  shape 
accounting for  the basal t ic  t ex tu re  of the  grain, and  i t  
can descr ibe in two dimensions the effect of a deplet ion 
region sur rounding  the c rys ta l l i t e ) .  The gra in  is as-  
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sumed to be doped with a uniform impuri ty  concentra-  
tion Nd (cm-~).  

Let  us also assume a concentration of traps Nt 
(cm -2) located at the grain boundary  (Fig. 4). 

These traps are located in the bandgap and trap 
some carriers. The trapping of carriers gives rise to a 
depletion region spreading f rom the grain boundary  
to the core of  the grain. This gives rise to a potential 
barr ier  between the grains. If  the grain is not  too small 
(R ~ 2Nt/Nd), there is a neutral  region at the center 
of the cylinder; if this is not the case, the whole crys-  
tallite is depleted. 

Salving Poisson's equation in cylindrical coordinates 

V2r = - -  r O0 
r ~ r  \ "~-r/ = - - - - e  

yields in the first case (R > 2Nt/Nd) a potential distri- 
bution 

r (r) _ 

r  = 0  if r < r l  

if r > r l  [Z] 

with r~ being the radius of the neutral  region. 
Expressing the electrical neutral i ty  of the set grain 

+ grain boundary  by  

(R 2 -- rl 2) ~hNa = 2~RhNt 
we finally obtain the value of the potential barrier  

q 
Vb =---- ~ ( R )  - -  - -  ~-~ {2NtR + NdR 2 (1 -- 2Nt/RNd) 

ln(1 -- 2Nt/RNd)) [la] 

In the second case (R < 2Nt/Nd), the grain is "small" 
and one obtains 

qNa 
Vlo-  - -  R 2 [ lb]  

4e 

One can see that the "smallness" of a grain is 
(strictly) relative: the importance of the grain size 
is directly related to the density of traps and to the 
doping level. 

Similar expressions can obviously be derived for 
holes instead of electrons in the case Of a p- type  semi- 
conductor. 

Current flow through the potential barrier.--The cur-  
rent flowing from one crystallite to another has to 
overcome the potential barrier. For the sake of simplic- 
ity, we now consider a one-dimensional section, al- 
though the grains have been previously assumed to be 
cylindrical. Let  w ---- R -- rl and dx -: dr (see Fig. 5). 

For a current flow which is assumed to be con- 
stant with respect to the x-direction, we have 

Jn = qDn { - n(x) qkT --ax~q~ +-OxOn } 

Multiplying that equation by exp (--  qr (x ) /kT)  and 
integrating i rom 0 to w, we obtain 

w (qVr e l  d ~ f 0  e x p (  q~(x) )dx=qDnno[exp )-- 
kT ~ - ~  

[2] 

where Vr is the voltage drop applied to the grain. 
If one linearizes r (x) between 0 and w, one obtains 

(Fig. 6) 

O ( X ) = - - r  (Ob--Vr)  

with r being the potential at grain boundary.  
Under this assumption, Eq. L2] may  be rewrit ten 

q2Dnn0 
Jn -- - -  (r -- V~) wkT 

e x p ( _  qtb ~ 

qVr 
exp -- 1 

kT 

1 -- exp ( q (r kT -- Vr) ) 

Now, if Vr < <  ~m tb ~ Vb; Vr is equal to the voltage 
drop applied to the sample divided by the number  of 
grains located between the two contacts. The assump- 
tion of Vr < <  tb (and also Vb < <  kT/q) is valid if the 
grains are relatively small (R < 1000A) as is the case 
in thermally annealed samples. 

If Vb is small with respect to kT/q, we may  estimate 
the resistivity near the grain boundary  as being 

Jn ( q T Y r b )  
O - t  = w  lim I ; r  = q~noexp - - ~  [3] 

Vr--~0 
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I 
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Ec 
Ef 
Ev 

h 

Fig. 4. Grain shape, potential, and energy band diagram in 
polysilicon. 
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Carrier mobility.--The last  resul t  al lows us to define 
a "boundary  mobil i ty ,"  #b. We have thus ~b = 

exp ( - -  qVb/kT)  where  /~0 is the mobi l i ty  in single 
c rys ta l  silicon. #0 has been found to v a r y  as (17) 

~o --  80 4- 1570 {1 4- (0.77 • 10-17 Nd) 0"91} -1 cm2/Vsec 

If the crysta l l i tes  are en t i re ly  dep le ted  

~aeft "-- #b [4a] 

If i t  is not  the case, we must  consider the ne u t r a l  
region and the ba r r i e r  region as a ser ia l  associat ion of 
resistors, A br ief  calculat ion shows tha t  

R e x p (  qVb) 
kT 

~ t ,  = ~0 [4b] 
R --  r l  {1 --  exp  ( - -  qVb/kT)} 

The mobi l i ty  is also reduced by  the effect of the  film 
thickness;  one can de te rmine  (18) that  

/~fUm = /~eff ? i :  0.423 4- In - -  [5] 
tf 

where/~ is the mean  free pa th  of electrons (1,95 ~m in 
sil icon) and tf is the film thickness.  

Average carrier concentration.--We can es t imate  the 
average  car r ie r  concentra t ion as follows: If  /Vd > 
2Nt/R, the car r ie r  concentra t ion wil l  be 

n = 1Vd - -  2Nt/R [6a] 

2Nt/R being the amount  of carr iers  t r apped  at  the gra in  
boundary .  If Nd < 2Nt/R, the car r ie r  concentra t ion can 
be ca lcula ted  as follows 

n(x) = Ne exp ( Ef - Ec 4- q~(x) ) 
kT 

-- qNdX2 
with  r  = 

4~ 

the average  car r ie r  concentra t ion is 

N~ 
exp .Jo 2~r exp . dr 

[7] 

If  al l  the t raps  are  located at  the same energy  level  Et, 
w e  have 

2~RNt 
~R2N<t = . [8] 

1 4- 2 exp { ( E t -  ED/kT} 
Equat ions [7] and [8] y ie ld  f inal ly 

n = Nc exp (. Et ~_~ ) - -  Ec 

8kTe [ 1--exp(q2NdR2)] [6b] 

4,kT q~(2Nt -- N~ ) 
R 

A value of Ec -- Et of 0.38 eV has been chosen in order 
to match the experimental data. 

If the doping level is very low, all carriers are as- 
sumed to be trapped at the grain boundary, and the 
average  ca r r i e r  concent ra t ion  is tha t  of intr insic  silicon 

-- ni -" 1.45 101~ [6c] 
if Nd < 10 .5. 

The va lue  of 101~ has been chosen because Eq. [6b] 
provides  for n a va lue  which is smal le r  than  ~%i for im-  
pu r i t y  concentrat ions lower  than 10 TM cm -8. 

Resistivffy o$ polysfficon.~We have now al l  the nec-  
essary  tools to calculate  n, /~film, and, thereaf ter ,  p b y  
r = nq~, whe re  n is given by  Eq. [6a], [6b], or  [6c]; 

~nlm is given by  Eq. [5] and [4a] or [4b]; and wi th  Vb 
calcula ted by  [ la]  or [ lb] .  

The model  gives resul ts  in good ag reemen t  wi th  the  
exper imen ta l  data, a l though it predicts  a too high r e -  
s is t ivi ty  for dopant  concentra t ion a round  2Nt/R be-  
cause of the exponent ia l  dependence of the res is t iv i ty  
on the potent ia l  bar r ie r .  However ,  Baccarini ,  Ricco, and 
Spadin i  (15) have demons t ra ted  tha t  the potent ia l  ba r -  
r i e r  does not reach values  h igher  than  0.5 eV. This 
last  resu l t  has been taken  into account to obta in  the 
curves of Fig. 7 and 9. 

The numer ica l  values we have chosen to match  theo-  
re t ical  values  wi th  the  expe r imen ta l  da ta  (sheet  re -  
sist ivity,  TEM measurements  of gra in  size, and Hal l  
mobi l i ty  measurements )  a re  (Fig. 7-9):  Nt -- 8 X 
10 TM cm -2, R --  600A, and t~ --  5000A. 

Discussion 
The var ia t ion  of sheet res i s t iv i ty  wi th  anneal ing  cy-  

cles is genera l ly  expla ined  (12, 14) by  a model  in which 
the dopant  a toms begin  to diffuse and segregate  to the 
gra in  boundaries ,  decreasing the act ive ca r r i e r  concen- 
t ra t ion  and thus increasing sheet  resist ivi ty.  This hap-  
pens at  low anneal ing tempera tures .  For  h igher  t em-  
peratures ,  the gra in  size is supposed to increase  wi th  
increas ing tempera ture .  This diminishes the total  gra in  
bounda ry  area  and redis t r ibutes  the dopant  a toms to 
the bulk  of the crystal l i tes .  

This model  explains  qua l i t a t ive ly  the var ia t ion  in 
sheet  res is t iv i ty  wi th  anneal ing  time. For  low t empera -  
tures, (T < 900~ phosphorous  atoms become e lec t r i -  
cal ly  inact ive for they  diffuse toward  gra in  boundaries .  
This phenomenon causes the res is t iv i ty  to increase  wi th  
anneal ing  time. 

On the other  hand, for h igher  t empera tu res  (T > 
900~ the longer  the anneal ing  time, the lower  the  
sheet  resistance,  for the grains  grow and the bounda ry  
area  is reduced with  anneal ing  time. 

However ,  our  measurements  of gra in  size show that  
this model  is not  sufficient to expla in  accura te ly  the 
decrease of p wi th  anneal ing  tempera ture .  For  instance, 
the m a x i m u m  of res is t iv i ty  in the case of a 12 hr  an-  
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Fig. 7. Mobility vs.  impurity concentrotion 
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neal ing is reached  at about  850~ while  the gra in  size 
is s t i l l  qui te  unchanged  at  tha t  t empera tu re ,  and begins 
only  to increase signif icantly at  1050~ 

With  regard  to the dependence  of gra in  size on an-  
neal ing tempera ture ,  our  resul ts  appear  comparable  to 
those of Wada  (13); a quan t i t a t ive  difference stems 
f rom the  fact  tha t  we did not  work  a t  h igh doping 

levels [7.5 X l02~ cm -3 in Ref. (13) and 5 • l0 is cm -a  
in our s tudy]  and our anneal ing  t imes were  different. 
Our  resul ts  suggest  tha t  another  phenomenon must  be 
taken into account. One could assume tha t  three  phe-  
nomena are  in fact  compet i t ive  at  anneal ing  t empera -  
tures  be tween  800 ~ and l l00~ The first one is the 
segregat ion of dopant  atoms to gra in  boundaries .  This 
phenomenon is p reva len t  be low 900~ and makes  re -  
s is t ivi ty  increase  wi th  increas ing anneal ing  t ime. 

Above 900~ and be low 1050~ a c rys ta l lographic  re-  
l axa t ion  seems to occur at  the gra in  boundary ,  r emov-  
ing a par t  of the defects which t rap  the carriers .  This 
causes an enhancement  of free carr iers  in polysi l icon 
and causes its res is t iv i ty  to decrease before  the appea r -  
ance of the  gra in  g rowth  phenomenon.  Above that  t em-  
pera ture ,  the grains begin  to gro.w; this reduces the 
total  gra in  bounda ry  area  and fur ther  enhances the 
conductivi ty.  This last  phenomenon is increased by  a 
long anneal ing  time. 

Summary 
This paper  repor ts  the resul ts  of measurements  which  

aim to expla in  the  var ia t ion  of res i s t iv i ty  and gra in  
size of polysi l icon as a funct ion of anneal ing cycles and 
impur i ty  concentratio.n. I t  suggests a mechanism which 
wo.uld exp la in  the var ia t ion  of the sheet  res is t iv i ty  wi th  
anneal ing  t empera tu re  and provides  a semiquant i t a t ive  
model  of the  var ia t ion  of the  sheet  res i s t iv i ty  w i th  the 
doping level.  

I t  also mentions the shortcomings of a previous  model  
which  assumed that  the decrease in res is t iv i ty  was di-  
rec t ly  re la ted  to the gra in  growth.  
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LIST OF SYMBOLS 
Dn diffusivi ty of e lectrons 
Et energy level  of the t raps in the bandgap  
h gra in  height  
Jn e lect ron cur ren t  densi ty  
k Bol tzmann's  constant  
lc mean  free pa th  of electrons 
/~0 mobi l i ty  of e lectrons in single c rys ta l  sil icon 
/Zef f mobi l i ty  in an infini tely th ick layer  
/~fiim mobi l i ty  in a thin polysilico.n film 
n average car r ie r  concentra t ion 
no Nc exp { (El -- Ec) /kT} -- equi l ib r ium elect ron 

concentra t ion 
Nd impur i ty  concentra t ion 
Nt densi ty  of t raps  
( - - q )  charge of an electron 
R grain  radius  
h radius  of the neu t ra l  region in the  gra in  
T absolute  t empera tu re  
tf film thickness 
Vb height  of the potent ia l  ba r r i e r  
Vr voltage drop appl ied  to a gra in  -~ the vol tage 

drop appl ied  to the sample d ivided by the 
number  of grains be tween  the two cur ren t -  
in~ ecting contacts  

(x) potent ia l  at any posi t ion x 
~b Vb q- Vr z potent ia l  at gra in  bounda ry  
w width of the depletion region (= R -- rl) 
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Diffusion of Cd into InP at 680~ 

B. V. Duff,* A. K. Chin,* and W. A. Bonnet 
Bel~ Laboratories, Murray Hilt, New Jersey 07974 

ABSTRACT 

Cadmium was diffused into undoped n - I n P  at  680~ using e lementa l  m ix -  
tures of (Cd, ln)  and (Cd,P) as s ta r t ing  sources. The depths  of the p - n  junct ions  
were  de te rmined  as a function of the Cd-act iv i ty ,  aCd, of the (In,Cd) alloys,  
and as a funct ion of the amount  of P. The var ia t ion  of the junct ion  dep th  wi th  
phosphorus  vapor  pressure  indicates  the format ion  of Cd compounds which 
are the actual  diffusion sources on the P - r i c h  side. The diffusion of Cd in InP  
is in t e rp re ted  based on the l a rge ly  accepted in te r s t i t i a l - subs t i tu t iona l  model.  
The charge states  of the diffusing in te rs t i t i a l  species and the subs t i tu t iona l ly  
incorpora ted  Cd appea r  to depend on the diffusion conditions. On the In - r i ch  
side, at  aCd ~ 0.4, the  diffusing in ters t i t ia l  is neu t ra l  and  Cd is most ly  presen t  
as a monova len t  acceptor.  At  acd ~ 0.4, the diffusing in te rs t i t i t a l  is doubly  
ionized and Cd is incorpora ted  as a monovalen t  acceptor.  On the P - r i ch  side, 
the da ta  suggest  a doubly  ionized Cd- in te rs t i t i a l  as the diffusing species wi th  
the Cd l a rge ly  presen t  in a neu t r a l  form. 

Diffusion of acceptor  impur i t ies  such as Cd or  Zn for 
format ion  of p - n  junct ions  in n - t y p e  InP is of tech-  
nological  in te res t  since devices for  opt ical  communica-  
tions are  based on the I n P / ( I n ,  G a ) ( A s ,  P)  mate r i a l s  
sys tem (1). 

Tuck  and co-workers  (2-4) carr ied  out extensive 
work  on chemical  and isoconcentrat ion diffusion of Zn 
into InP. In  o rder  to expla in  the  decreasing surface 
concentrat ion of Zn, or the decreasing solid solubi l i ty  
of Zn with  increas ing phosphorus vapor  pressure,  a 
model  was proposed in which Zn is l a rge ly  present  in 
the form of a complex ( V p Z n I n V P ) .  The monova len t  
acceptor  species Znin' is p resen t  in smal l  concentrat ions 
and the fast diffusing species is a neu t ra l  in te rs t i t i a l  
Zni x. F rom p -n  junct ion depth  measurements ,  Tien and 
Mi l le r  (5) suggested a s imi lar  model  for Cd in InP, 
wi th  most of the Cd present  as a neu t ra l  complex.  

Ear l ie r  work  on diffusion of Zn into I I I -V compounds 
by  severa l  inves t igators  has been ex tens ive ly  r ev iewed  
by  Casey (6). Much of the work  was in te rp re ted  on the  
basis of an in te rs t i t i a l - subs t i tu t iona l  mechanism or dis-  
sociative diffusion or ig ina l ly  proposed  for Cu in Ge by  
F r a n k  and Turnbul l  (7) and ex tended  for Zn in GaAs 
by  Longini  (8). Tracer  diffusion under  chemical  diffu- 
sio.n condit ions showed concentrat ion profiles that  were  
anomalous and different  f rom the er ror  funct ion be-  
havior  (6). Isoconcentrat ion diffusion profiles exh ib i ted  
er ror  function behavior  (6). Differences in the in te r -  
p re ta t ion  of the l a rge ly  accepted in te r s t i t i a l - subs t i tu -  
t ional  diffusion model  genera l ly  per ta ined  to the charge 
state of the fast-diffusing interst i t ia l .  

* Electrochemical Society Active Member. 
Key words: defects, t ransport  properties, p-n junctions, cad- 

mium phosphides, III-V compounds. 

Recently,  format ion  of p + p - n -  junct ions  in nomi-  
na l ly  undoped n - t y p e  InP wi th  n : 4 • 1016 cm - s  
by  a single step diffusion of Cd has been repor ted  (9). 
Such junct ions are  suggested to resul t  f rom the pres -  
ence of an anomalous  diffusion profile. The p + p -  and 
p - n -  junct ions  were  spa t ia l ly  corre la ted  by  e lect ron 
beam induced cur ren t  (EBIC) profiling wi th  the two 
diffusion fronts  revea led  by  s taining wi th  A-B  etch 
(10). In the  present  paper ,  the diffusion studies are  ex-  

t ended  to unders tand  the diffusion mechanism of Cd in 
InP. The s ta r t ing  sources for diffusion are  mix tures  of 
e lementa l  Cd wi th  e i ther  excess In or  P. The act iv i ty  
of Cd (the rat io of pa r t i a l  pressure  of Cd in the a l loy 
to that  of pure  Cd) is control led  b y  (In, Cd) al loys or 
by  phosphides of Cd that  appear  to read i ly  form at the 
diffusion tempera ture .  The var ia t ions  in junct ion depth  
with  acd are  in te rp re ted  on the basis of an in te rs t i t i a l -  
subst i tu t ional  model. On the In - r i ch  side, at aCd ~ 0.4, 
the diffusing in ters t i t ia l  is neu t ra l  and Cd is most ly  
present  as a monovalen t  accepter.  At  acd ~ 0.4, the 
diffusing in ters t i t ia l  is doubly  ionized and Cd is in-  
corpora ted  as a monovalen t  acceptor.  On the P - r i ch  
side, the data  suggest  a doubly  ionized Cd- in te rs t i t i a l  as 
the diffusing species. Cd is l a rge ly  present  in a neu t ra l  
form. 

Experimental Conditions 
The InP samples  used in this s tudy were  of ~100:> 

or ienta t ion cut f rom boules grown by the l iquid  en-  
capsula ted  Czochralski  (LEC) technique (11, 12). One 
surface of the samples  was polished using a 1% Br-  
methanol  solution. Most of the diffusion work  was 
done on undoped InP wi th  an e lect ron concentra t ion of 
4 • 1016 cm -3 wi th  only a selected set of exper iments  
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Diffusion of Cd into InP at 680~ 

B. V. Duff,* A. K. Chin,* and W. A. Bonnet 
Bel~ Laboratories, Murray Hilt, New Jersey 07974 

ABSTRACT 

Cadmium was diffused into undoped n - I n P  at  680~ using e lementa l  m ix -  
tures of (Cd, ln)  and (Cd,P) as s ta r t ing  sources. The depths  of the p - n  junct ions  
were  de te rmined  as a function of the Cd-act iv i ty ,  aCd, of the (In,Cd) alloys,  
and as a funct ion of the amount  of P. The var ia t ion  of the junct ion  dep th  wi th  
phosphorus  vapor  pressure  indicates  the format ion  of Cd compounds which 
are the actual  diffusion sources on the P - r i c h  side. The diffusion of Cd in InP  
is in t e rp re ted  based on the l a rge ly  accepted in te r s t i t i a l - subs t i tu t iona l  model.  
The charge states  of the diffusing in te rs t i t i a l  species and the subs t i tu t iona l ly  
incorpora ted  Cd appea r  to depend on the diffusion conditions. On the In - r i ch  
side, at  aCd ~ 0.4, the  diffusing in ters t i t ia l  is neu t ra l  and  Cd is most ly  presen t  
as a monova len t  acceptor.  At  acd ~ 0.4, the diffusing in te rs t i t i t a l  is doubly  
ionized and Cd is incorpora ted  as a monovalen t  acceptor.  On the P - r i ch  side, 
the da ta  suggest  a doubly  ionized Cd- in te rs t i t i a l  as the diffusing species wi th  
the Cd l a rge ly  presen t  in a neu t r a l  form. 

Diffusion of acceptor  impur i t ies  such as Cd or  Zn for 
format ion  of p - n  junct ions  in n - t y p e  InP is of tech-  
nological  in te res t  since devices for  opt ical  communica-  
tions are  based on the I n P / ( I n ,  G a ) ( A s ,  P)  mate r i a l s  
sys tem (1). 

Tuck  and co-workers  (2-4) carr ied  out extensive 
work  on chemical  and isoconcentrat ion diffusion of Zn 
into InP. In  o rder  to expla in  the  decreasing surface 
concentrat ion of Zn, or the decreasing solid solubi l i ty  
of Zn with  increas ing phosphorus vapor  pressure,  a 
model  was proposed in which Zn is l a rge ly  present  in 
the form of a complex ( V p Z n I n V P ) .  The monova len t  
acceptor  species Znin' is p resen t  in smal l  concentrat ions 
and the fast diffusing species is a neu t ra l  in te rs t i t i a l  
Zni x. F rom p -n  junct ion depth  measurements ,  Tien and 
Mi l le r  (5) suggested a s imi lar  model  for Cd in InP, 
wi th  most of the Cd present  as a neu t ra l  complex.  

Ear l ie r  work  on diffusion of Zn into I I I -V compounds 
by  severa l  inves t igators  has been ex tens ive ly  r ev iewed  
by  Casey (6). Much of the work  was in te rp re ted  on the  
basis of an in te rs t i t i a l - subs t i tu t iona l  mechanism or dis-  
sociative diffusion or ig ina l ly  proposed  for Cu in Ge by  
F r a n k  and Turnbul l  (7) and ex tended  for Zn in GaAs 
by  Longini  (8). Tracer  diffusion under  chemical  diffu- 
sio.n condit ions showed concentrat ion profiles that  were  
anomalous and different  f rom the er ror  funct ion be-  
havior  (6). Isoconcentrat ion diffusion profiles exh ib i ted  
er ror  function behavior  (6). Differences in the in te r -  
p re ta t ion  of the l a rge ly  accepted in te r s t i t i a l - subs t i tu -  
t ional  diffusion model  genera l ly  per ta ined  to the charge 
state of the fast-diffusing interst i t ia l .  

* Electrochemical Society Active Member. 
Key words: defects, t ransport  properties, p-n junctions, cad- 

mium phosphides, III-V compounds. 

Recently,  format ion  of p + p - n -  junct ions  in nomi-  
na l ly  undoped n - t y p e  InP wi th  n : 4 • 1016 cm - s  
by  a single step diffusion of Cd has been repor ted  (9). 
Such junct ions are  suggested to resul t  f rom the pres -  
ence of an anomalous  diffusion profile. The p + p -  and 
p - n -  junct ions  were  spa t ia l ly  corre la ted  by  e lect ron 
beam induced cur ren t  (EBIC) profiling wi th  the two 
diffusion fronts  revea led  by  s taining wi th  A-B  etch 
(10). In the  present  paper ,  the diffusion studies are  ex-  

t ended  to unders tand  the diffusion mechanism of Cd in 
InP. The s ta r t ing  sources for diffusion are  mix tures  of 
e lementa l  Cd wi th  e i ther  excess In or  P. The act iv i ty  
of Cd (the rat io of pa r t i a l  pressure  of Cd in the a l loy 
to that  of pure  Cd) is control led  b y  (In, Cd) al loys or 
by  phosphides of Cd that  appear  to read i ly  form at the 
diffusion tempera ture .  The var ia t ions  in junct ion depth  
with  acd are  in te rp re ted  on the basis of an in te rs t i t i a l -  
subst i tu t ional  model. On the In - r i ch  side, at aCd ~ 0.4, 
the diffusing in ters t i t ia l  is neu t ra l  and Cd is most ly  
present  as a monovalen t  accepter.  At  acd ~ 0.4, the 
diffusing in ters t i t ia l  is doubly  ionized and Cd is in-  
corpora ted  as a monovalen t  acceptor.  On the P - r i ch  
side, the data  suggest  a doubly  ionized Cd- in te rs t i t i a l  as 
the diffusing species. Cd is l a rge ly  present  in a neu t ra l  
form. 

Experimental Conditions 
The InP samples  used in this s tudy were  of ~100:> 

or ienta t ion cut f rom boules grown by the l iquid  en-  
capsula ted  Czochralski  (LEC) technique (11, 12). One 
surface of the samples  was polished using a 1% Br-  
methanol  solution. Most of the diffusion work  was 
done on undoped InP wi th  an e lect ron concentra t ion of 
4 • 1016 cm -3 wi th  only a selected set of exper iments  
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on samples  doped wi th  Sn to 1 • 10 is cm -8. The diffu- 
sion anneals  were  car r ied  out  in sealed quar tz  ampuls  
for 4 hr  a t  680~ in a ver t ica l  furnace  wi th  the  diffusion 
source located at  the lower  end of the  ampul  at  675~ 
in o rder  to p reven t  condensat ion on the InP wafer.  The 
sample  was held  above the diffusion source by  a con- 
s t r ic t ion in the ampul.  The ampul  volume and the 
amount  of Cd were  he ld  constant  a t  5 cm a and 3.48 mg, 
respect ively.  The diffusion depth  was va r ied  by  chang-  
ing the  Cd-ac t iv i ty  of the  (In, Cd) a l loy or by  vary ing  
the excess amount  of P added  to the ampul.  The diffu- 
sion fronts  were  revea led  by  s taining a c leaved edge 
wi th  A-B  etch at  room t empera tu re  for 5 rain (5, 10). 

F igu re  1 (a) shows the typical  s ta ined edge of a sam-  
p le  wi th  a doping level  of n ---- 1 • 10 TM cm -3 revea l ing  
only a single Cd diffusion front.  F igure  1 (b) shows the 
s ta ined edge of a nomina l ly  undoped,  n - t ype  InP wi th  
n --  4 X 1018 cm -8  af ter  Cd-diffusion. Two diffusion 
fronts  are  observed,  whereas  only one f ront  defining 
the  p - n  junct ion was expected.  The del ineat ion of two 
diffusion fronts  by  etching has been prev ious ly  repor ted  
(13). The two. fronts  could arise f rom ei ther  changes 
in doping dens i ty  or  dopant  type  since etching reveals  
both  types  of var iat ions.  Examina t ion  of the s ta ined  
edge wi th  a scanning e lec t ron  microscope (SEM) 
showed tha t  a s tep ~0.2 ~m deep is de l inea ted  at  the 
sha l low diffusion f ront  in 5 rain of etching. No such step 
was observed at  the deep f ront  even af ter  30 min  of 
etching. 

A n  SEM image  of a typical  sample  w i th  two diffusion 
fronts  is shown in Fig. 2. The posit ions of the shal low 
and deep diffusion fronts obta ined f rom the  opt ical  
mic rograph  are  indica ted  by  the dashed lines. An elec-  
t ron  beam induced cur ren t  (EBIC) profile is super im-  
posed to demons t ra te  the  na tu r e  of the junction.  The  
EBIC signal  reaches a peak  at  the  shal low front,  r e -  
mains  constant  at  the peak  value  for ,-,3 ~m, and then 
decreases to a second inflection point  a t  the posit ion of 
the deep front.  The EBIC profile thus reveals  the pres-  
ence of a deple t ion  region bounded  by  the two fronts. 
The EBIC pro.file shown in Fig. 2 is character is t ic  of a 
p + - p - - n -  junct ion (9, 14, 15). 

In  o rder  to confirm tha t  the two diffusion fronts  a re  
re la ted  to Cd diffusion, the region bounded by  the two 
diffusion fronts  was inves t iga ted  by  the rmal  probing 
and photoluminescence.  Thermal  probing  showed that  
the  surface of a Cd-diffused sample  was s t rongly  p -  
type. Low t empera tu r e  photoluminescence measu re -  
ments  indica ted  a high Cd concentra t ion  as revea led  by  
t h e  s t rength  of the  Cd impur i t y  l ine at 1.365 eV (16). 
Then using a 2% Br -me thanoI  solution, a surface  l a y e r  

Fig. 2. EBIC profile obtained on a sample showing two diffusion 
fronts. The positions of the diffusion fronts are indicated by the 
dashed lines. The EBIC profile is superimposed. 

app rox ima te ly  equal  to the depth  of the  deep front  was 
removed.  Thermal  probing  of the e tched surface sug-  
gested a low doping level  bu t  the conduct iv i ty  type  
could not  be determined.  Photoluminescence of the 
e tched surface indica ted  a much weake r  Cd l ine at  
1.365 eV. I t  is es t imated  tha t  the amount  of Cd is lower  
by  an order  of magni tude .  These exper iments  indicate  
tha t  the two fronts observed are  re la ted  to Cd diffusion. 

Results 
Experimental data.--Since the  junct ion depth, xj, is 

p ropor t iona l  to (Dt)I/2 where  D is the  diffusion coeffi- 
cient  and t is the t ime of diffusion, the square  of the  
junct ion  depth  is d i rec t ly  p ropor t iona l  to Dcd for  a 
constant  t. F igure  3(a)  shows the va r ia t ion  of the 

Fig. 1. Single and double diffusion fronts observed in InP. (a) 
InP:Sn with n = 1018 cm ,-3, (b) undoped n-lnP with n = 
4 • 10 TM cm-8. 
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square  of the junct ion  depth  with  acd, the Cd act iv i ty  
of the  (In, Cd) alloys. The acd of the (In, Cd) al loys 
is es t imated  f rom the da ta  of Servis  and Munir  (17), 
assuming that  the t empera tu re  dependence  of the ac-  
t ivi t ies is weak.  In  Fig. 3 (a ) ,  on the  In - r i ch  side, the 
diffusion coefficient for the deep front  varies  approx i -  
ma te ly  as aCd a wi th  1/3 < a < 1/2 for acd < 0.4 and 

and as aCd a for aCd > 0.4. The shallo.w front  s tar ts  ap-  
pear ing at  aCd > 0.15 and var ies  as acd 2 or  acd 8. 

On the P - r i ch  side, the behavior  is different  as shown 
in Fig. 3 (b) .  Here  the square  of the junct ion depth  is 
s imply  plot ted  against  Wp, the weight  of phosphorus,  
for  lack  of precise knowledge  of the phosphorus pa r -  
t ia l  pressure.  Both diffusion fronts are  observed wi th in  
the range  of the exper iments .  The diffusion coefficients 
responsible  for the  two fronts are independent  o.f the 
amount  of P for 0 < Wp < 0.33 mg, va ry  as Wp-'/~ for 
0.33 mg < Wp < 10 mg and as WF -1 for  Wp > 10 rag. 
Since the volume of the ampul,  the  amount  of Cd, and 
the t empe ra tu r e  were  held  constant, the vapor  pres-  
sure of phosphorus would  be expected to be a mono-  
tonic funct ion of the amount  of P. The var ia t ions  in 
diffusion coefficient of Cd shown in Fig. 3 (b) are  thus 
either due to format ion  of Cd and  P compounds or  
reflect changes in the diffusion process depending on 
the amount  of P added to the ampul.  In  the  fol lowing 
section, the I n - P - C d  t e rna ry  phase d iag ram is qual i -  
t a t ive ly  discussed in o rder  to corre la te  the  changes in 
diffusion coefficient o.f Fig. 3 wi th  changes in phase 
equi l ibr ia  (17-20). 

Thermodynamic considerations.--Figure 4 shows the 
schematic  of the I n - P - C d  t e r n a r y  phase d iagram at 
680~ based on the da ta  repor ted  in l i t e ra tu re  (17-20). 
The  locus of our  exper imen ta l  diffusion sources is r ep -  
resented by  a smal l  region sur rounding the solid InP. 
The solid l ines indicate  t ie- l ines  connecting the indi -  
cated phases. App ly ing  the phase rule, f = C + 2 --  r 
where  r -- number  of phases in equi l ibr ium,  C = num-  
ber  of components,  to regions A through E, the various 
condensed phases in equ i l ib r ium besides the vapor  
phase and the degrees of freedom, f, are  as follows: 

Region A:  Sol id InP, (In, Cd) l iquid alloy, f = 2 

Region B: Sol id InP, l iquid Cd, and solid CdsP2, f = 1 

Region C: Sol id InP, solid Cd~P2, and solid CdP~, 
f = l  

APPROXIMATE C ~  
LOCUS OF ~ I 

In InP 
~c = NO. OF CONDENSED PHASES, 
f = NO. OF DEGREES OF FREEDOM 

.~d3 P2 

P 

Fig. 4. Schematic of In-P-Cd ternary phase diagram at 680~ 
The stability regions of the compounds are shown highly exag- 
gerated. (See text), 

Region D: Solid InP, solid CdP2, and solid CdP4, 
f----1 

Region E: Solid InP, solid CdP4, and solid P, f _-- 1. 

Regions B', C', and D': Sol id  InP is in equi l ibr ium 
with  solid Cd3P2, solid CdP2, and solid CdP4, respec-  
t ively.  The degrees of f reedom in B', C', and D' are  two. 
The widths of the regions B', C', and D' are  shown 
exaggera ted  to suggest  the p r e s su re - t empe ra tu r e  s ta-  
b i l i ty  of the  phosphides of Cd. 

Considering the region A, the choice of t empera tu re  
and the ac t iv i ty  of Cd can be made independent ly .  The 
vapor  pressures  of In and P wil l  then be au tomat ica l ly  
fixed. In region B, there  is only one degree of f reedom 
and the choice of t empera tu re  au tomat ica l ly  determines  
the activi t ies of the three  constituents.  Regions C, D, 
and E are  s imi lar  to B. However ,  in regions B', C', and 
D', where  solid InP is in equ i l ib r ium wi th  the  phos-  
phides Cd~P2, CdP~, or  CdP4, respect ively ,  both  t em-  
pe ra tu re  and the vapor  pressure  .of P can be indepen-  
den t ly  chosen. 

In the exper iments  descr ibed in "Exper imenta l  Con- 
dit ions" the InP sample  is at 680~ and the diffusion 
source is at  675~ In such an a r rangement ,  the InP  
sample  in i t ia l ly  loses P and the phosphorus vapor  pres-  
sure in the  ampul  tends to approach the dissociation 
pressure  of InP at  680~ The vapor  t ranspor t s  phos-  
phorus towards  the cooler end kep t  at 6750C, where  
the (In, Cd) a l loy establishes the Cd and In act ivi t ies  
propor t iona l  to their  respect ive  mole fractions.  P -vapo r  
reacts  wi th  the al loy forming InP  and phosphides of 
Cd, p rovided  the Cd ac t iv i ty  is equal  to or l a rger  than 
the value  corresponding to the eva,poration of the com- 
pounds. Fo r  example ,  the  subl imat ion of Cd~P2 occurs 
b y  congruent  evapora t ion  (19) according to 

Cd3P2(s) = 3Cd(g)  + 1/2P4(g) [1] 

P4(g) = 2P2(g) [2] 

where  (s) and (g) re fer  to the solid and gaseous 
phases, respect ively.  For  congruent  evaporat ion,  the 
pa r t i a l  pressures  (p) of Cd(g ) ,  P4(g) ,  and P2(g) are  
re la ted  by  

p (Cd)  = 6p(P4) + 3p(P2) [3] 

The equi l ib r ium constant  for Eq. [1] is given (19) by  

( K ~ )  24,940• 
loglo --  + (23.70 +_. 0.39) 

T 
[4] 

Using Eq. [4] and the es t imated  value of the equi l ib-  
r ium constant  for Eq. [2] from Stul l  and Sinke (21), 
one can es t imate  Kp (at  680~ ~ 3.4 X 10 - s  a tm 7/2 
and a p (Cd)  = 0.25 arm, which corresponds to an ac-  
t iv i ty  of 0.7, t ak ing  the  value  of the sa tu ra ted  vapor  
pressure  of Cd (21) at 680~ as 0.36 atm. This indicates  
tha t  at  Cd act ivi t ies  h igher  than  0.7, the format ion  of 
CdsP~ which  wil l  act as the diffusion source is to be 
expected.  

Correlation of variation of difJusion coel~cient with 
phase changes.--In this section, the var ia t ion  of the 
diffusion coefficient is cor re la ted  wi th  the  different  re -  
gions of the t e rna ry  phase d iag ram considered above. 
The diffusion data  of Fig. 3 (a) ,  obta ined by  equ i l ib ra t -  
ing InP wi th  different  (In, Cd) al loys correspond to 
region A of Fig. 4. Since the changes in composit ion of 
the al loy are  continuous, the drast ic  change in the dif-  
fusion coefficient dependence on acd shown in Fig. 3 (a) 
is to be in te rp re ted  as a change in the diffusion or in-  
corporat ion process. Al te rna t ive ly ,  the  system is not 
en t i re ly  in region A for the range of acd invest igated.  
In  the previous section, we considered the possibi l i ty  
of (In, Cd) al loy wi th  acd > 0.7 react ing with  the P 
escaping f rom InP to form CdsP2 to coexist  wi th  InP 
and In-Cd. If this were  to happen,  there  is only  one 
degree of freedom, making  t empera tu re  the only inde- 
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penden t  var iable .  The act ivi t ies  of In, P, and Cd wil l  
be au tomat ica l ly  fixed by  the choice of tempera ture .  In 
such a case the diffusion coefficient vary ing  as the ac-  
t ivi t ies would  be a constant. However ,  the diffusion 
coefficient as shown in Fig. 3(a)  does not appear  to 
r emain  constant  at high aCd on the In - r i ch  side. This 
rules out  the  possibi l i ty  of Cd3P2 format ion  on the In-  
r ich side and suggests tha t  the changes in diffusion c o -  
efficient wi th  aCd should be a t t r ibu ted  to corresponding 
changes in the diffusion process or the  incorpora t ion  of 
Cd. 

On the P - r i c h  side, D C d  is independent  of the amount  
of P for Wp < 0.33 rag. This suggests tha t  the system is 
now in region B, where  l iquid Cd is in equ i l ib r ium 
wi th  solids InP and C d s P 2 .  The par t ia l  pressure  of Cd 
is a constant  and is nea r ly  equal  to the sa tu ra ted  vapor  
p ressure  of Cd at  675~ As the phosphorus  content  is 
i n c r e a s e d  D c d  varies  as W p - ' ~  and Wp -1 or  equiva-  
l en t ly  P- ' /~(P4) and P-~(P4) .  We suggest  that  these 
two regions of Fig. 3(b)  correspond to regions C' 
and D' of Fig. 4, respect ively.  In  region C', CdP2 is 
in equ i l ib r ium wi th  InP; the vapor  pressure  of Cd and 
phosphorus  are  re la ted  by  the dissociation constant  
K(CdP~)  --  p ( C d )  p'/=(P4). Thus, if D C d  varies  as 
p - W ( P 4 ) ,  this is equiva lent  to Dcd ~ Pcd ,,~ acd. S imi-  
lar ly ,  in region D', CdP~ is in equ i l ib r ium wi th  InP  
and a p -~  (P4) var ia t ion  of Dcd corresponds to Dcd ~, 
acd. Thus the  Dcd var ia t ions  wi th  Wp on the P - r i ch  side 
c a n  be grouped together  into a l inear  dependence of 
Dcd on aCd. 

Discussion 

Relation between dihusion coe~cient and de~ect con- 
centration.--It is wel l  known that  the diffusion coeffi- 
cient, Dcd of so]ute Cd in the present  case, is a sum 
of the product  of the  microscopic diffusivities Dj of the 
var ious  defect  species and thei r  respect ive  concent ra-  
tions [j].  Thus, neglect ing corre la t ion effects (6) 

D c d  - -  ~ j D j [ j ]  [ 5 ]  

A t  a constant  t empera ture ,  Dj is a constant  and va r ia -  
tions of Dca represen t  corresponding changes in the 
concentra t ion of the dominant  defect  species. The con- 
cent ra t ion  of the defects, [j],  in tu rn  depends on the 
composit ion of the crystal ,  the component  activities,  
the  pressure,  and  the tempera ture .  

De~ect equilibria.~We shall  assume tha t  the sys tem 
is in equ i l ib r ium when InP is hea ted  at  680~ in the 
presence of Cd, P, or  In  vapor.  Fol lowing the approach 
of Krhger  and Vink (22) and also using thei r  symbols  
for  defects, the  defect  concentrat ions  can be expressed 
as a funct ion of aCd r ps(p~) o r  a c d l a m  TM. This  ac t iv i ty  
dependence  of the defect  species is useful  in iden t i fy -  
ing the diffusion mechanism.  Table  I lists defect  for -  
mat ion  react ions of re levance  here. Table  I I  lists the 
values  of the exponents  i and m for various a p p r o x i m a -  
tions of the neu t ra l i ty  condit ion and the Cd balance  
equation.  

Based on Table  II, defect  isotherms po r t r ay ing  the 
var ia t ion  of the defect  concentrat ions as a function of 
ac~ at  a g iven a[n and t empera tu re  can be const ructed 
using a log- log plot  (22). One such set of isotherms 
is given in Fig. 5. On the ex t reme  left, where  the con- 
cent ra t ion  of Cd in the  sample  is ve ry  low, InP  behaves  
as an intr insic  semiconductor  wi th  p ---- n ---- ni. In this 
r a n g e ,  [ C d i n ' ]  and [Cd~"] va ry  l inea r ly  wi th  ac~. This 
r ange  ends when the concentrat ion of [Cd[n'] increases 
to equal  hi, where  the extr ins ic  behavior  sets in. The 
neu t r a l i t y  is app rox ima ted  by  [ C d I n ' ]  ---- p and each 
of these va ry  a s  acd  V=. All  the dissolved Cd concentra-  
t ion in the crys ta l  is app rox ima ted  by  [Cd~' ] .  The 
neu t ra l  Cd- in te rs t i t i a l  C d i  x and the neu t ra l  subs t i tu-  
t ional  Cdin x va ry  as acd in all  the three  ranges shown. 
Note tha t  the doubly  ionized Cd in te rs t i t i a l  concent ra-  
t ion rises a s  a c d  2 in range II. Even tua l ly  a range of 
se l f -compensa t ion  where  [Cdm'] ~ 2[Cdi"]  may  be 

Table I. Defect formation reactions and the corresponding mass 
action relations 

No. R e a c t i o n  M a s s  a c t i o n  r e l a t i o n  

1 0-~ e" + h" Ki = n p  
2 0---> V1a x + VP x Ks  = [V]nX][Vp x] 
3 1 / 4 P 4 ( g )  ---> PP ' :  + V [ .  X Kv  = [VI.x]p(P,)- l /4  
4 I n P  ---> I n ( g )  + 1 / 4 P ~ ( g )  KInP = pz.p(PO~/~ 

[Cdin']p[Vp X] 
5 C d ( I n  - Cd)  a l loy  ~ C d t . '  + Kcd 

h" + VP x a ( C d )  

[Cd~'  �9 ]n~ 
6 C d ( I n  - Cd)  a l l o y - >  C d ~ "  + Kcd~ 

2e '  a ( C d )  

7 CdmPn--> m C d I n  x + nPp X + ( m  [CdInx]m[Vpx]m~n 
-- n )  Vp x Kmn = 

a (CdmP,~) 
n 

8 CdmP~ ---> m C d ( g )  + - - P 4 ( g )  KcamP" = pm(Cd)pn/4(P~) 
4 

9 C d ~ "  + VIn x + 2e ' - ->  Cd ta '  + [Cd[n ' ]p  
h '  K~s 

[Cdi" ] [Vznx]n= 
10 n "P [CdIn ']  ----p "F [ C d l ' ]  + 

2 [ C d i '  " ]  
i i  [Cd]tot = [CdIn x] + [Cdzn'] + 

[ C d l ' ]  + [ C d l " ]  

Table II. Values of exponents I, m of [ j]  c~ al(Cd)am(In) for 
different approximations of the neutrality conditions 

Defect 
s p e c i e s  

N e u t r a l i t y  [Cdzn'] = 
a p p r o x i m a t i o n  p = n [ C d i . ' ]  = p 2 [ C d ~ " ]  

'1 m 1 m 1 m 

CdIn '  1 - 1  1/2  - - 1 / 2  1 - 2 / 3  
C d i "  1 - 1 2 - 1 1 - 2 / 3  
P 0 0 1/2 - 1/2 0 - 1/3 
n 0 0 - 1 /2  1/2  0 1/3 
[CdIn x] 1 -i 1 -I 1 -i 

reached. In  this range both [Cdia'] and [Cdi"] va ry  
l inea r ly  wi th  acd. This range  is hypothe t ica l  and h a s  
not been observed exper imenta l ly .  

Models for diffusion and incorporatioin o~ Cal.-- 
Models for the  diffusion and incorpora t ion  of Cd in InP 
should account for the fol lowing summa ry  of exper i -  
menta l  results  from the junct ion depth  measurements  
of the "Results" section. 

REGION "I" R E G I O N I I  R E G I O N  TIT 

p=n [ C d ' T n ]  = p [ C d ' I n ]  = 2  [Cd'~] 
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Fig.  5. Defect isotherm at 680~ showing the variation of con- 
centrations of defects with OCd at a given aIn. 
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1. At low aCd < 0.15 only one diffusion front was ob- 
served. 

2. The diffusion coefficient of the deep front varies as 
,~ aCd '/2/or aCd < 0.4 and as ~ acd 3 for acd > 0.4 on the 
In- r ich  side. The diffusion coefficient of the shallow 
front at higher aCd on the In- r ich  side varies as aCd 2 
o.r aCd 8. 

3. On the P- r ich  side, the diffusion coefficients for 
both the diffusion fronts are proport ional  to aCd. 

4. When Cd is diffused into InP  doped to 1 • 10 is 
cm -8, only one diffusion front was observed under  con- 
dition_s where two fronts were observed in undoped 
InP. 

Measurements  based on p -n  junct ion depth present  
several l imitat ions in  suggesting models for diffusion 
and incorporat ion of Cd in InP. First, the junct ion  
depth measurements  give the position where the ionized 
acceptor .concentration, in  this case that of [Cdln'], 
equals or exceeds n, the electron concentrat ion of the 
InP  sample. Secondly, the shallow p + p -  junct ion arises 
due to a sudden change in the ionized Cd-acceptor con- 
centration, presumably  resul t ing from an anomalous 
profile. This reflects similar  changes in  the total impur -  
i ty  concentration, which leads us to believe that  the 
Cd diffusion is concentrat ion dependent  similar to Zn in 
I I I -V compounds. Moreover, the Cd diffusion invest i-  
gated here is chemical diffusion and whether  equil ib-  
r ium is reached under  these conditions is uncertain.  
Lastly, as the sample is quenched from the diffusion 
temperature  to room temperature,  the junct ion depths 
measured at 300 K are expected to be different com- 
pared to the high temperature  values as a result  of the 
redis tr ibut ion of electrons and holes. This difference is 
assumed to be negligible. 

For a concentrat ion de,pendent in ters t i t ia l -subst i tu-  
t ional diffusion mechanism, it has been shown (23) that  
the effective diffusion coefficient is given by 

OC~ 
D~ff = Di aC [6] 

where Ci = the concentrat ion of the fast diffusing in-  
terst i t ial  and C = total impur i ty  concentration. Both C~ 
and C are functions of acdlaln m or acdrps(p4) as dis- 
cussed in the previous section. Since aCd, aim and p (P4) 
are in terre la ted to each other, Eq. [6] can be rear -  
ranged as 

OCt cqaCd 
D e f t  = D i  - -  [7] 

Oacd OC 

Case I: Diffusion of Cd f rom (In, Cd) a l loys . - -We shall 
assume that aln = 1 at low aCd because the amount  of 
Cd in  the ampul  is considerably smaller  than the sam- 
ple size and the excess In  added. This assumption does 
no.t hold as aCd approaches 1, when no In  is added to 
the ampul.  

At low Cd activities, under  In- r ich  conditions, the 
surface concentrat ion of Cd or the solubil i ty of Cd is 
expected to be low. Assuming that the crystal is ex- 
trinsic wi th  [Cdln'] -- p and [Cd]tot : [CdIn'], the dif- 
fusion conditions correspond to column III  of Table II 
which is displayed as range II of the defect isotherm 
given in Fig. 5. The singly ionized acceptor concentra-  
tion, [Cdln'] which is near ly  equal to the total impur i ty  
concentrat ion C varies as acd ya and the neut ra l  in ter -  
stitial concentration, Cdi x varies as acd. Thus the factor 
(OCi/Oacd) (OaCd/OC) of Eq. [7] results in Deft ~ acd ~/2. 
I t  is therefore proposed that  at low acd on the In- r ich  
side, Cd diffuses as a neutra l  interst i t ial  Cdi x and dis- 
solves as a monovalent  acceptor Cdln'. 

At aCd ~ 0.4, as shown in  Fig. 3(a),  there is an 
abrupt  change in  the dependence of Dca on acd. Thus 
Dcd ~-, acd V2 at acd < 0.4 and changes to Dog ~ aCd 3 at 
acd ~ 0.4. In  addition, the shallow front appears at acd 
> 0.15. A Dcd variat ion of acd 3 can be justified by the 
in ters t i t ia l -subst i tu t ional  model if the diffusing in ter -  

stitial is doubly ioaized. Longini  (8) original ly pro- 
posed a doubly ionized interst i t ial  Zn as the diffusing 
species in GaAs. Later Weisberg and Blanc (26) and 
Chang and Pearson (23) showed that  in the ease of an 
in ters t i t ia l -subst i tu t ional  diffusion mechanism, the as- 
sumption of a doubly ionized interst i t ial  with most of 
the impur i ty  present  as a monovalent  aceeptor, the dif- 
fusion coefficient varies as the third power of the im-  
pur i ty  concentration. Thus in  the present  case, Dcd 
would vary  as [Cdln'] 3. From Table II and Fig. 5, it 
can be seen that [Cdln'] varies as acdl/~aln -V2. Thus 
[Cdin'] 3 ,-~ aCd3/2ain -3/2. Since aln is proportional to (1 
-- XCd) or (1 - -  a C d / • C d ) ,  where 7Cd = activity coeffi- 
cient of Cd, it can be shown that 

3 15 Ted-2aCd 7/2 ) [CdIn']3 '~ ( acd3/2 + "2 "TCd-l/zaCdh/2 + T 

This is in reasonable agreement with the observed 
Dcd ~ aCd a behavior. 

Case 2: Dc~ ,~ ac~ on the P-r ich  s ide . - - I t  has already 
been suggested that the Dca variations with the weight 
of phosphorus shown in Fig. 3(b) can be at t r ibuted to 
formation of phosphides of Cd. Under  P- r ich  condi- 
tions, one would expect an increased solubil i ty of Cd, 
if Cd is occupying the In-sublat t ice  in an unassociated 
form. Approximat ing the total Cd concentrat ion by 
[Cd]tot -- C = [CdinX], with Ci ~- [Cdi"] ,'~ aCd 2 and 
C = [Cdln x] ~ acd, Eq. [7] leads to Deft ~ acd, which 
is in agreement  with the observed behavior. 

Some of the Cd-diffused InP  samples corresponding 
to the various regions of Fig. 3 (a) and (b) have been 
examined by transmission electron microscopy (24). 
On the P-r ich  side, the samples showed precipitates 
identified to be Cd3P2 and CdTP~0. On the In-r ich  side 
the samples are free from precipitates. It is tenta t ively  
suggested that the observation of decreasing p - n  junc-  
tion depths with increasing phosphorus vapor pressure 
is due to the precipitat ion of Cd. This leaves in solid 
solution only a small  fraction of Cd in  an ionized ac- 
ceptor form to cause the junct ion formation. However, 
if the solubil i ty of Cd in  InP is similar to Zn and de- 
creases with increasing vapor pressure of phosphorus 
as observed by Tuck and Hooper (2), some sort of a 
neut ra l  complex of Cd whose concentrat ion roughly 
varies as acd is to be invoked to explain the present  
measurements.  

Origin of  two diffusion f ron t s . - -The  origin of two 
diffusion fronts observed in the case of the undoped 
n - I n P  has been explained (9) assuming an anomalous 
diffusion profile as shown in Fig. 6. Curve A represents 
an error function profile, while curve B il lustrates an 
anomalous profile with a sudden change in the concen- 
t rat ion of the diffusant. The background doping level 
is indicated by the dashed line, marked riB. Assuming 
that the profiles A and B correspond to io.nized impur -  
ity species, for the profile A, one would expect a single 
junction, a p -n  junction, to be revealed at a position 
where the impur i ty  concentrat ion equals the back- 
ground level. For profile B, two possibilities arise. If 
the background doping level is above the concave sec- 
tion, again a single p -n  junct ion will be observed. This 
corresponds to the case of Fig. l ( a )  where Cd was 
diffused into an in tent ional ly  doped n - I n P  with n ~ 1 
• 10 is cm -3. However, when the substrate doping level 
is below the concave section, as shown by the dashed 
line, etching reveals two junctions:  a deep p - n -  j unc -  
t ion and a shallow p + p -  junction. 

The question that remains to be answered is the ori- 
gin of the anomalous profile itself in chemical diffu- 
sion experiments.  It has been suggested (25) that this 
is due to breakdown of vacancy equi l ibr ium in the in -  
terior of the sample~ although such equi l ibr ium is pre-  
sumed to exist at the surface. However, the data of 
Fig. 3(a) and (b) cannot be satisfactorily interpreted 
using this explanation. If the vacancy equi l ibr ium 
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Fig. 6. Schematic of the normal error function diffusion profile 
(curve A) and the anomalous diffusion profile (curve B). For nB = 
4 X 1{} 16 cm -3  substrate doping level, one junction ( p + n - )  is 
formed for normal profile A, whereas two junctions (p+ - -  p - )  
and ( p -  - -  n - )  are formed for anomalous profile B. 

breaks down in the interior, then the depth of the 
shallow junction nearer to the surface would be ex- 
pected to be independent of the deeper junction. The 
results of Fig. 3 show that the two junctions move par- 
allel to each other. This suggests that equilibrium is 
probably established in the interior at the same rate as 
the surface or that there may be cooperative phenom- 
ena such as the electric field dependent effects due to 
the presence of the p-n junction. Further work using 
tracer diffusion of Cd may throw some light on this 
problem. 

Summary 
Normal p-n junctions, as well as p + p - n -  junctions 

could be formed by diffusion of Cd using starting 
sources of (Cd, In) and (Cd, P) at 680~ The actual 
diffusion sources are (In, Cd) alloys and phosphides of 
cadmium. The linear variation of the diffusion coeffi- 
cient with activity of Cd on the P-rich side is in good 
agreement with the generally accepted interstitial-sub- 
stitutional model. The Cd-transporting species is a dou- 
bly ionized interstitial, Cdi", and cadmium is largely 
present as a neutral species. On the In-rich side, at 
higher Cd activities, the interstitial-substitutional 
model is valid with Cdi'" as the diffusing species and 
most of the dissolved Cd in a singly ionized acceptor 
form. At lo~ cadmium activities, the p-n junction 
depth measurements suggest that Cd is diffusing as a 
neutral interstitial and is incorporated largely as a 
singly charged acceptor. 

Acknowledgments  ~ 
We thank B. I. Miller for fruitful conversations. We 

thank H. Temkin for photoluminescence measurements 

DIFFUSION OF Cd 2019 

and several interesting comments on the manuscript. 
We benefited from discussions with A. S. Jordan and S. 
Mahajan. We thank O. G. Lorimor and R. H. Saul for 
a critical reading of the manuscript. 

Manuscript submitted Feb. 24, 1981; revised manu- 
script received April 14, 1981. This was Paper 347 pre- 
sented at the Hollywood, Florida, Meeting of the So- 
cieti,, Oct. 5-10, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by Bell 
Laboratories. 

REFERENCES 

I. T. P. Lee, C. A. Burrus, A. G. Dentai, A. A. Ball- 
man, and W. A. Bonner, Appl. Phys. Lett., 35, 
511 (1979). 

2. B. Tuck and A. Hooper, J. Phys. D. Appl. Phys., 8, 
1806 (1975). 

3. A. Hooper, B. Tuck, and A. J. Baker, Solid State 
Electron., 17, 531 (1974). 

4. B. Tuck and M. D. Zahari, J. Phys. D. Appl. Phys., 
10, 2473 (1977). 

5. P. K. Tien and B. I. Miller, Appl. Phys. Lett., 34, 
701 (1979). 

6. H. C. Casey in "Atomic Diffusion in Semiconduc- 
tors," D. Shaw, Editor, Chap. 6, Plenum Press, 
New York (1973). See also chap. 1 by D. Shaw 
for an excellent discussion of diffusion mech- 
anisms in general. 

7. F. C. Frank and D. Turnbull, Phys. Re?)., 1{}4, 617 
(1956). 

8. R. L. Longini, Solid State Electron., 5, 127 (1962). 
9. A. K. Chin, B. V. Dutt, H. Temkin, W. A. Bonner, 

and D. D. Roccasecca, Appl. Phys. Lett., 36, 924 
(1980). 

10. M. S. Abrahams and C. J. Buiocchi, J. Appl. Phys., 
36, 2855 (1965). 

11. W. A. Bonner, Mater. Res. Bull., 15, 63 (1980). 
12. W. A. Bonner, This Journal, 127, 1978 (1980). 
13. B. I. Miller and P. K. Tien, 21st Electron. Mat. Conf. 

Meeting, Abstract No. G4, 1979 (unpublished). 
14. L. J. Balk, E. Kubalek, and E. Menzel, in IITRI 

Scanning Electron Microscopy, 448, 1975 (unpub- 
lished). 

15. M. Avert, E. Eider, R. B. Bolon, and G. W. Ludwig, 
J. Appl. Phys., 43, 4136 (1972). 

16. A. M. White, P. J. Dean, K. M. Fairhurst, W. Bards- 
ley, E. W. Williams, and B. Day, Solid State 
Commun., 11, 1099 (1972). 

17. H. J. Servis and Z. A. Munir, J. Less Common Met., 
34, 293 (1974). 

18. R. Schoonmaker and K. Rubinson, J. Phys. Chem., 
71, (1967). 

19. V. B. Lazarev, J. H. Greenberg, V. J. Shevchenko, 
S. F. Marenkin, and S. F. Kozlov, J. Chem. Ther- 
mod~n., 8, 61 (1976). 

20. V. B. Lazarev, Y. K. Grinberg, S. F. Marenkin, and 
S. K. Saniev, Izv. Akad. Nauk SSSR (English 
Translation) Inorganic Mater., 15, 901 (1979). 

21. D. R. Stull and G. C. Sinke, "Thermodynamic 
Properties of the Elements," Am. Chem. Soc., 
Washington, D.C. (1956). 

22. F. A. KrSger and H. J. Vink, in "Solid State Phys.," 
F. Seitz and D. Turnbull, Editors, Vol. 3, p. 406, 
(1956). See also F. A. KrSger, "The Chemistry of 
Imperfect Crystals," North-Holland Publishing 
Co., Amsterdam (1964). Briefly, the notation is 
as follows: [ ] indicate concentrations expressed 
as site fractions. Superscript (.) and (') repre- 
sent an effective positive and negative charge 
respectively. Subscript denotes the site occupied. 

23. L. L. Chang and G. L. Pearson, J. Appl. Phys., 35, 
1960 (1964). 

24. D. Brasen, Private communication. 
25. B. Tuck and M. A. H. Kadhim, J. Mater. Sci., 7, 585 

(1972). 
26. L. R. Weisberg and J. Blanc, Phys. Rev., 131, 1548 

(1963). 



Electrical Properties of Tin Oxide 
Ultrafine Particle Films 

Hisahito Ogawa, Atsushi Abe, Masahiro Nishikawa, and Shigeru Hayakawa 
Matsushita Electric Industrial Company Limited, Mater~aZ Research Laboratory, 1006 Kadoma, Osaka, 571 Japan 

ABSTRACT 

The film s t ructures  and gas sensing proper t ies  of t in oxide ul traf ine pa r -  
t icle films deposi ted under  oxygen pressures  be tween  0.05 and 5 Torr  have been 
studied. The ul traf ine par t ic le  film having porous columnar  s t ruc ture  is found 
to have high sensi t ivi t ies  in detect ing humid i ty  or combust ib le  gases when 
opera ted  at  e leva ted  tempera tures .  The films can be made se lect ively  sensi t ive 
to these gases by choosing the film depos i t ing  condit ions and the opera t ing  
t e m p e r a t u r e .  

Tin dioxide,  SnO2, in its pure  form is an n - t y p e  meta l  
oxide semiconductor .  I ts  e lec t r ica l  conduct ion resul ts  
f rom the existence of point  defects (oxygen vacancies 
and in ters t i t ia l  t in atoms) which  act as donors (1). 
Some unique  proper t ies  of SnOs make  the ma te r i a l  
useful  for many  appl icat ions  such as resistor,  NESA 
glass, and  so on. Recently,  SnO2 has a t t r ac ted  special  
in te res t  as a gas sensor mater ia l .  

The proper t ies  of SnO~ in the form of s in tered  po ly-  
crystals  (2), thin films (3-5), or th ick films (6) as gas 
sensors have been repor ted.  Some of the gas sensors of 
above types  have been put  into prac t ica l  appl icat ions  
for sensing combust ible  gases. However ,  the gas sensing 
mechanism, the change of e lect r ica l  character is t ics  by  
means  of gas adsorpt ion,  of these sensors has not been 
exp la ined  sa t i s fac tor i ly  up to the presen t  time. 

Models which  have been proposed to expla in  the con- 
ductance  modula t ion  in the senors by  gas adsorp t ion  
are:  

1. Electron t ransfer  be tween  adsorbed  gas mole-  
cules and SnO~ mater ia ls ,  i.e., change in surface con- 
ductance (7). 

2. Change of SnO~ composition, i.e., change in bu lk  
conductance (8). 

3. Poten t ia l  b a r r i e r  he ight  modula t ion  at  the g ra in  
bounda ry  of po lycrys ta l l ine  samples  (9). 

4. F ie ld  effect t rans is tor  action at  the neck par ts  of 
po lycrys ta l l ine  samples  (10). 

In  any model,  special  a t tent ion  must  be pa id  to the 
surface qua l i ty  (propor t ion  of surface to volume)  of 
the gas sensor mater ia ls ,  because the adsorpt ion  p ro -  
cess responsible  for  the change in conductance takes 
place at  the bounda ry  be tween  the gaseous and solid 
s t a t e s .  

We have deve loped  a h igh ly  reproduc ib le  procedure  
for  p repa r ing  the ul trafine par t ic les  of the  meta l  oxide 
and .the films (11). The ul traf ine par t ic les  are  grown 
by  the evapora t ion  of the me ta l  in a low oxygen pres -  
sure  a tmosphere  where  ul traf ine par t ic les  of  me ta l  
oxide  are deposi ted and form films having, for example ,  
porous co lumnar  s t ruc ture  on silica glass or  silicon sub-  
s t rafes  covered wi th  SiO~ thin  film. The SnOe typica l  
ul t raf ine par t ic le  film fabr ica ted  b y  using this tech-  
nology has the porous columnar  s t ruc ture  constructed 
f rom the ul trafine par t ic les  having the median  pa r -  
t icle size of severa l  tens of angstroms (in s intered 
po lycrys ta l l ine  mater ials ,  the par t ic le  size is more  than 
severa l  thousands of angs t roms)  : 

The unique character is t ics  of these SnO~ ultrafine 
par t ic le  films are  as follows. 

1. Each ul traf ine par t ic le  has a large  specific surface 
a rea  because of the  smal lness  of its par t ic le  size. 

Key words: ultrafine particle film structure, gas.evaporation 
technique, gas sensor, selective detection. 

Therefore,  the por t ion of the surface energy  in the 
to ta l  energy  of the par t ic le  becomes large  and the sur -  
face act ivi ty  aga ins t  the adsorbed gases is expected to 
be increased.  

2. The porous co lumnar  s t ructure  of the ul traf ine 
par t ic le  film makes  i t  easy for gas molecules  to en te r  
into the film, so the conductance modula t ion  by  gas 
adsorpt ion in the film is large.  

As ment ioned above, when the effects of the surface 
of the mater ia l s  become noticeable,  the conductance 
modula t ion  by  gas adso,rption is expected  to have 
unique  characterist ics,  such as gas sens i tv i ty  and gas 
selectivi ty,  which have not  been observed in s intered 
polycrys ta l l ine  mater ia ls ,  thin films, and th ick films. 

In  the present  work, the e lect r ica l  and gas sensing 
proper t ies  of t in oxide ul trafine par t ic le  films were  
s tudied in compar ison  wi th  other  r epor ted  gas sensors 
made of s in tered polycrysta ls ,  thin films, or  th ick films. 

Experiments 
Sample preparation.--Two different  subs t ra te  ma te -  

rials, silica glass (Corning No. 7059) and silicon cov- 
ered wi th  SiO~ wi th  the  dimension of 2.0 • 2.0 • 0.2 
m m  were used. There  was no substant ia l  difference be -  
tween the sensors fabr ica ted  on these two different  
substrates.  The sensing mater ia l ,  SnO2 ultrafine par t ic le  
film, was deposi ted be tween  the two go ld -p la ted  in t e r -  
d ig i ta l  electrodes (the gap of e lect rode is 0.02 m m  and 
the to ta l  length of  e lect rode is 11.6 mm)  on one side 
of the subs t ra te  in the fol lowing procedures  (11). 

Evapora t ing  mater ia l s  such as Sn, SnO, and SnO2, of 
pu r i ty  h igher  than 99.99%, were  p laced in an evapora tor  
boat. The chamber  was pumped  down to app rox ima te ly  
2 • 10 -6 Tor t  and then oxygn (about  1 Torr )  was in-  
t roduced into the chamber.  The glow discharge of the  
oxygen  was produced  by  app ly ing  the rf  power.  Then 
the heat ing power  was suppl ied to the boat  and, a f te r  
the growth  ra te  of the t in oxide ul traf ine par t ic les  in 
the glow discharge of oxygen reached a s table  condi-  
tion, the shut te r  was opened to deposi t  the ul t raf ine 
par t ic les  on the substrate.  The deposi t ion was a l lowed 
for a few minutes,  depending on the thickness of the 
final ul t raf ine par t ic le  film. 

Elect r ica l  contacts were  made  with  0.05 m m  gold 
wires  a t tached to the gold electrodes.  The contact  
resistance be tween tin oxide ul trafine par t ic le  films and 
gold electrodes was measured  at  the opera t ion  t em-  
pe ra tu re  f rom 25 ~ to 500~ and was confirmed to be 
smal l  enough compared  wi th  the resis tance of the t in 
oxide ul trafine par t ic le  films themselves.  

Analytical characterization of Sn02 ultrafine particle 
films.--The qual i ty  of the ul traf ine par t ic les  and the 
films was de te rmined  by  the deposi t ing condition, oxy-  
gen pressure,  t empera tu re  of evapora tor  boat, and 
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others. The mean  par t ic le  size and  composi t ion of the 
ul trafine par t ic les  were  de te rmined  f rom x - r a y  diffrac-  
t ion analysis.  The morpho logy  and s t ruc ture  were  ob-  
served  by  SEM and TEM. F igure  1 shows the curve of 
the mean  par t ic le  sizes of SnO2 ultrafine par t ic les  as a 
funct ion of the oxygen  pressure,  and SEM photomicro-  
graphs  showing three  r ep resen ta t ive  film s t ructures  at  
three  different  oxygen  pressures.  The mean  par t ic le  size 
sub l inea r ly  increased  as the  oxygen  pressure  increased;  
the value  of the slope was nea r ly  ~ .  When the oxygen  
pressure  was less than 0.05 Torr,  the  film. grew along the 
di rect ion pe rpend icu la r  to the surface of the substrate ,  
co lumnar  s t ructure .  When  the oxygen  pressure  was 0.5 
Torr,  de r angemen t  in the  or ien ta t ion  of the . f i lm ap-  
peared.  The s t ruc ture  was more  or  less a l igned in the  
co lumnar  direction,  bu t  became ve ry  much more  
porous. A s t ruc ture  l ike  this was l abe led  as porous 
columnar .  As the pressure  was 5 Torr,  the un id i -  
rec t ional  g rowth  of the  film d isappeared  and the s ~ u c -  
ture  became spongy in appearance .  

Results 
Electr ica l  character is t ics  and gas sensing proper t ies  

of devices hav ing  SnO~ u l t ra  fine par t ic le  gas sensing 
films p repa red  by  the above technique were  studied. A 
closed stainless s teel  chamber  (5 l i ters  in volume)  hav -  
ing a gas in le t  po r t  and a l iquid (wa te r  or  alcohol)  
evapora to r  was used for  the measu remen t  of the device 
characteris t ics .  The gas in the chamber  was c i rcula ted  
by  means  of a pump.  

The circui t  vol tage (ei) was appl ied  across the device 
( the resis tance of which is denoted as Rx) and a load 
res is tor  (RL) connected in series. The load vol tage (eo) 
across the  load resis tor  was measured.  

R~ was ca lcu la ted  as follows 

R~ = - -  1 X Rz, 

The in te rna l  impedance  (60~) of circui t  vol tage source 
was negl igible  compared  to Rz or  RL. 

Electrical properties of SnOz ultrafine particle films. 
- - I n  the p resen t  work,  severa l  k inds  of S n Q  ultraf ine 
par t ic le  gas sensing film were  p repa red  at  oxygen pres -  
sure  levels be tween  0.05 and 10 Torr.  Fi lms p repa red  at  
different  oxygen  pressures  differed in thei r  mean  pa r -  
t icle sizes and the i r  film structures.  In spite of these 
differences, most of the ul traf ine par t ic le  films had  a 
s imi lar  the rmal  hysteresis  in conduc tance - t empera tu re  
characteris t ics .  A typical  example  is shown in Fig. 2. 

Fig. I. Mean particle sizes of Sn02 ultrafine particles and SEM 
photomicrographs showing the structure of the films deposited onto 
glass substrates. The structures of the films deposited in oxygen 
pressure at 0.05, 0.5, and 5 Tort are columnar, porous columnar, 
and spongy, respectively. 
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Fig. 2. A typical example of thermal hysteresis in conductance- 
temperature characteristics of tin oxide ultrafine particle film. 
The repeat measurements of the conductance done during cooling 
after the sample was heated to sufficiently high temperatures, 
agreed rather well. 

When the conductance of the ul traf ine par t ic le  film 
was measured  dur ing  heat ing in air, the  measured  
value  depended  grea t ly  on preceding t empe ra tu r e -  
a tmosphere  history.  On the other  hand, when the mea -  
surement  was done dur ing cooling af ter  the sample  was 
heated to sufficiently high tempera tures ,  r epea ted  mea -  
surements  agreed ra ther  well.  This k ind  of the rmal  
hysteresis  of conduc tance - t empera tu re  character is t ics  
has been observed in SnO2 thick films (6) and  ZnO 
sintered po lycrys ta l l ine  mater ia l s  (12), and i t  is con- 
s idered to be an effect of adsorbed water .  In  the fo l low-  
ing measurements ,  conductance was measured  whi le  
the  sample  was cooled down from an e levated  t empera -  
ture,  the reby  securing a good reproduc ib i l i ty  in con- 
duc t ance - t empera tu r e  characteris t ics .  

When the circui t  vol tage ei was va r ied  f rom 0.01 to 
100V (f rom 5 V /cm to 5 • I0~ V / c m  in ul traf ine pa r -  
t icle films), I-V character is t ics  of ul t raf ine par t ic le  
films obeyed Ohm's law and never  showed a non-  
l i nea r i ty  which was often observed in the s in tered 
po lycrys ta l l ine  mater ia ls .  The high field I-V charac te r -  
istics were  de te rmined  by  using a pulse technique 
wi th  a pulse genera to r  (H.P. Model 214A, pulse wid th  
10 ~sec, r epea t  t ime 1 msec) .  

F igure  3 shows the resis tance R as a function of the 
film thickness t of the SnO2 ul t raf ine par t ic le  films 
p repa red  with  three  oxygen gas pressures  at  0.05, 0.5, 
and 5 Torr. The film thickness was de te rmined  f rom 
the SEM observat ion and the resis tance was measured  
at  the opera t ing  t empera tu re  of 300~ to avoid the 
effect of the  surface adsorbed w a t e r .  Wi thou t  d is t inc-  
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Fig. 3. The resistance R as a function of the film thickness t of 
the tin oxide ultrafine particle films iprepared with three oxygen 
pressures at 0.05 Tort ( - - •  0.5 Torr ( - - e - - ) ,  and 5 Tort 
( - - O r e ) .  Most films showed the following relation: R =- k / t  
where k is the constant. 

t i o n  of the preparat ion condition of SnO2 ultraflne par -  
ticle films, most films showed the following relat ion 

pt 
E = [1] 

tw 

where p is the resistivity, l is the gap between the e l e c -  
t rodes ,  t is the film thickness, and w is the total length 
of the electrode. Only in the region of small  t at each 
group, the observed R became larger  than the value 
calculated in Eq. [1]. It  is postulated that this was 
nei ther  caused by a carrier  reflection at the surface of 
the film nov a carrier dispersion at the grain boundary  
of the particle, bu t  was due to discontinuities in u l t ra -  
fine particle films at the ini t ial  stage of the growth on 
the substrate  as shown in Fig. 4. The resistivity p of 
the ultrafine particle films was calculated from Eq. 
I l l  using vaIues of R shown in  Fig. 3. Calculated values 
are: p - :  60 ~ -cm at oxygen gas pressure of 0.05 Tort,  
p : 2 X 10~12-cmat  0.STorr,  a n d p  : 6 • 105~-cm 
at 5 Tort. 

Gas sensing properties of Sn02 ultrafine particle 
f i lms.--Propert ies of SnO2 ultrafine particle films op- 
erated as sensors at elevated temperatures  and exposed 
to gases were m e a s u r e d .  

Figure 5 shows the conductance of ul trafine particle 
films, deposited in  the oxygen pressure at 0.05, 0.5, and 
5 Torr, as a funct ion of the reciprocal of the sensor 
operat ing temperature.  Solid l ines are for the sensor in 
room air [ambient  tempera ture  Ta ---- 25~ relat ive 
humidi ty  (RH) ---- 40%], broken lines are in wet a tmo- 
sphere (T~ _-- 25~ RH = 90%), dashed lines are in  
100 ppm of ethyl alcohol, C2H~OH, in  room air, and 
dotted lines are in 1000 ppm of isobutane, iso-C4H10, in 
room air. As the SnO2 ultrafine particle film is an 
n- type  semiconductor,  the conductance in a reductive 

Fig. 4. Scanning electron microscopy examination of the growth 
of ultrafine particle films deposited in oxygen pressure at 0.5 Tort 
on glass substrates. Discontinuities in the film at the initial 
stage of the growth (when the depositing time is shorter than 20 
sec) are observed. 

gas atmosphere, G, became larger  than the conductance 
in room air, Go. The gas sensitivity, S, is defined as the 
value of ( G -  Go)/Go. The sens i t iv i ty  was strongly 
related to the operating temperature  and the depositing 
condition of the ultrafine particle films, that is, the 
compnsition and mean particle size of ultrafine particles 
and to the structure of films. For example, the ultrafine 
particle films made under  0.05 Torr oxygen pressure 
having columnar  structure like that in thin film was 
very sensitive to humidity,  bu t  not sensitive to iso- 
C4H10 gas. In contrast with this, the ultrafine particle 
films made under  0.5 Torr oxygen pressure (porous 
columnar  s t ructure)  exhibited an opposite property;  
high sensit ivity to C2H5OH gas and iso-C4H10 gas at 
operating temperatures  higher than 200~ and low sen- 
sit ivity to humidi ty  at the same operating tempera-  
tures. The ultrafine particle films made under  5 Torr  
oxygen pressure (sponge-like s t ructure)  had charac- 
teristics similar to in na ture  bu t  less sensitive than 
those of films made under  0.5 Torr oxygen pressure. 

These properties were shown more clearly in Fig. 6 
and 7. Figure 6 shows the sensit ivity of the SnO2 
ultrafine particle film made under  0.5 Torr  oxygen 
pressure (porous columnar  s tructure)  as a function of 
the sensor operating temperature.  The sensor had high 
sensit ivity to humidi ty  at 50~ to C2H5OH gas between 
200 ~ and 300~ and to iso-C4H10 gas between 350 ~ and 
450~ Therefore, for example, selective detection of 
C2H5OH gas or iso-C4H10 gas could be realized simply 
by operat ing the sensor at the temperature  of 250 ~ or 
450 ~ C, respectively. 

Figure 7 shows the sensitivity as a function of oxygen 
pressure at the time of deposition of the ultrafine par- 
ticle films. The sensor operating temperature was se- 
lected at the temperature where the sensor had the 
maximum sensitivity to each gas, that is, 50~ for H20, 
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Fig. 5. The conductance of ultrafine particle films, deposited in 
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made under 0.5 Torr oxygen pressure (porous columnar structure) 
as a function of the sensor operating temperature. 

250~ for C2HsOH gas, and 350~ for iso-C+Hz0 gas. 
It  was found that  the SnO2 ultrafine particle films 
made under  the condition be tween 0.05 and 0.25 Torr  
were most sensitive to humidity,  be tween  0.25 and 1 
Torr  to C2HsOH gas, and  between 0.5 and 1.5 Tor t  to 
iso-C4Hzo gas. 

As ment ioned above, in the sensor having an u l t ra -  
fine particle gas sensing film, the sensi t ivi ty to various 
gases could be separated not only  by the sensor oper-  
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Fig. 7. The sensitivity as a function of oxygen pressure at the 
time of deposition of the ultrafine particle film. The sensor op- 
erating temperature was selected at 50~ for H20, 250~ for 
C2HsOH gas, and 350~ for iso-C4Hzo gas. 

ating temperature,  bu t  also by the depositing condi-  
tions of the ultrafine particle films. 

This gas-selectivity without  using a catalyst  is one 
of the unique  characteristics of the ultrafine part icle 
films. 

Figure 8 shows the conductance, G, of the SnO2 
ultrafine particle gas sensor as a function of the con- 
centrat ion of C2HsOH. The film structure  of the sensor 
was porous columnar  deposited under  oxygen pressure 
at 0.5 Tort  and the sensor operat ing temperatures  were 
250 ~ and 400~ The conductance l inear ly  increased 
as the C2H5OH concentrat ion increased; the slope of 
the value of conductance was found to be un i ty  at the 
temperature  of 250~ and near ly  0.5 at 400~ 

Reported values of the slope of conductance of SnO2 
as a function of C2H5OH concentrat ion are 0.5 N 0.6 
(13) for sintered polycrystal l ine materials having a 
crystal size of several  thousands of angstroms, 0.5 (14) 
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Fig. 8. The conductance, G, of the tin oxide ultrafine particle 
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temperature of 250~ and nearly 0.5 at 400~ 
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for th in  films of severa l  hundreds  of angstroms in 
thickness p repared  by the spray ing  technique,  and 0.2 
,-, 0.4 (15) for  thin films of severa l  thousands of ang-  
stroms in thickness p repa red  by  the spu t te r ing  tech-  
nique. Compared  to these repor ted  values, the value  of 
the s lope of conductance for SnO2 ultrafine par t ic le  
films having par t ic le  size of severa l  tens of angstroms,  
at the op t imum opera t ing  tempera ture ,  250~ is n e a r l y  
twice as large, indica t ing  h igher  sensit ivi ty.  

As shown in Fig. 8, the l inear  re la t ionship  extends  
down to 10 ppm of C2H~OH concentrat ion,  indica t ing  a 
very  low l imi t  of detection. 

I t  is considered that  the high sens i t iv i ty  of the u l t r a -  
fine par t ic le  films is real ized by  the large  surface area  
due to the smallness of the par t ic les  and  to poros i ty  in 
the film structure.  The specific surface area  of the 
ul trafine par t ic le  films is ca lcula ted  to be severa l  tens 
of t imes l a rge r  than  tha t  of the s intered po lycrys ta l l ine  
mater ia ls .  

Discuss ion  
As i t  was shown in Fig. 3, the resist ivi ty,  104 ~ 105 

~z-cm, of the ul trafine par t ic le  films, where  the  s t ruc-  
tures were porous co lumnar  or sponge-l ike ,  was ex -  
t r emely  large  compared  with  the value,  0.1 ~ 102 ~-cm,  
of single crystals ,  s in tered po lycrys ta l l ine  mater ia ls ,  
and thin films. Taking  into considerat ion the resul ts  of 
the I-V character is t ics  and the par t ic le  size, severa l  
tens of angstroms,  of ul t raf ine part icles ,  the cause for 
the large  res is t iv i ty  was not  a potent ia l  ba r r i e r  of pa r -  
t icle boundar ies  which p reven t  e lectrons f rom moving, 
but  the pores constructed in the  ul traf ine par t ic le  
film. That  is, wi th  the change of SnO2 ul traf ine par t ic le  
film s t ructure  f rom columnar  to. spongy via  porous 
columnar,  the number  of SnO2 par t ic les  in a uni t  
thickness of the film was decreased.  

F igure  9 shows the resul t  of opt ical  t ransmi t tance  
measured  wi th  the SnO2 ul traf ine par t ic le  film of 175 
~m in thickness hav ing  a spongy structure.  In  the  case 
of SnO2 thin films, i t  is kn.own expe r imen ta l ly  tha t  the 
fol lowing re la t ion  be tween  the film thickness (t  ~m) 
a n d  the t ransmi t tance  (T%)  is appl icab le  (16) 

log T ~_ log (0.92) --  0.093t [2] 

If T = 0.86, the t ransmi t tance  in the wave leng th  
beyond 0.45 ~m, obta ined  f rom Fig. 9, is subs t i tu ted  
into Eq. [2] then t is found to be equal  to 0.3 ~m. That  
is, the t ransmi t tance  of SnO2 ul t raf ine par t ic le  film of 
175 ~m in thickness is equ iva len t  to the t ransmi t tance  
of SnO2 thin film of 0.3 ~m. This resul t  c lear ly  indicates  
that  the ul trafine par t ic le  films have many  pores. F r o m  
the above result ,  we could es t imate  that  the number  o f  
SnO~ par t ic les  packed  in ul t raf ine par t ic le  film w a s  
about  1/600 t imes in comparison wi th  the value  of SnO~. 
th in  film in the  same thickness,  
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Fig. 9. Optical transmittance measured with tin oxide ultrafine 
particle film of 1 7 5  F m  in thickness having spongy structure. 

Figure  10 shows the curve of the sensi t ivi ty,  S, to 
C2HsOH as a function of the thickness of ul t raf ine 
par t ic le  films deposi ted in the oxygen pressure  at  0.05, 
0.5, and 5.0 Torr.  In  the case of 0.05 Torr,  the film 
s t ruc ture  was co lumnar  and was s imilar  to tha t  of thin 
films. 

With  the increase of the  film thickness,  t, the sensi-  
tivity, S, decreases.  

The reaso.n is suggested to be as follows. Because of 
low porosi ty  in the film, C2H5OH molecules cannot  
f ree ly  en te r  into the film. Adsorpt ion  of CeH5OH mole-  
cules, which contr ibutes  to lower  the res is t iv i ty  of film, 
is therefore  res t r ic ted  to the surface of the film. 

With the increase of the film thickness,  the  effect of 
the surface  to the res is t ivi ty ,  and  to the sensi t ivi ty,  of 
the film in total  decreases. In  the case of 0.5 and 5 Tort ,  
the film st ructures  a re  porous co lumnar  and spongy, 
respect ively,  and the sensit ivi ty,  S is independen t  of  the 
film thickness,  t. 

In these porous films, C2HsOH molecules  en te r  into 
the film and are  adsorbed not  only to the surface of the 
film but  also to SnO2 par t ic les  inside the film. Conse- 
quently,  as shown in Fig. 8, the sens i t iv i ty  of the u l t r a -  
fine par t ic le  films const ructed from porous columnar  
s t ructure,  wi thout  addi t ion of any  cata lyzers  such as P t  
or Pd, was quite large  compared  to the values  of s in-  
te red  po lycrys ta l l ine  mate r i a l s  and thin films. 

S u m m a r y  a n d  C o n c l u s i o n  
Three dis t inct  s t ructures  of SnO2 ul traf ine par t ic les  

are  observed,  d e p e n d i n g o n  the oxygen  pressure  at  the 
t ime of deposition. 

The character is t ics  of films having porous co lumnar  
or spongy s t ructure  are found to be different  f rom those 
of repor ted  gas sensing mate r ia l s  such as s in tered 
polycrys ta ls  or  th in  films of SnO~ in the fol lowing 
manner :  

1. High gas sensit ivi ty.  The high sens i t iv i ty  of the 
ul trafine par t ic le  film is considered to be caused by  (i) 
a large specific surface area  because of the smallness  
of its par t ic le  size, and (it) the porous film s t ruc ture  
which makes  i t  easy for gas molecules to en ter  into the  
film and to be adsorbed a t  the surface of SnO~. part ic les .  

2. High gas selectivi ty.  When the oxygen  pressure  at  
the t ime of deposi t ion is va r i ed  from 0.05 to 0.5 and to 
5 Torr,  resul t ing  in films of columnar,  porous columnar,  
or spongy s t ructure ,  respect ively,  the gas to which 
the ul t ra  fine par t ic le  film is sensi t ive changes f rom 
humid i ty  to C2HsOH and to is,o-C4H1o. 
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Fig. 10. The sensitivity, $, to C2HsOH as a function of the 
thickness, t, of ultrafine particle films deposited in the oxygen 
pressure at 0.05, 0.5, and 5 Torr. In the case of 0.5 Tort (porous 
columnar structure) and 5 Tort (spongy structure), S is inde- 
pendent of t. 
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That  is, the op t imum s t ruc ture  of the ul traf ine pa r t i -  
cle film to detect  each gas  can  be obta ined  by  select ing 
the  film deposi t ion condit ion to be suitable.  And, for 
example ,  the film having  porous co lumnar  s t ruc ture  
has a high sens i t iv i ty  to humid i ty  at  opera t ing  t em-  
p e r a t u r e  of 50~ to C2H5OH gas at  the  t empera tu res  
be tween  200 ~ and 300~ and to iso-C4H10 gas be tween  
350 ~ and 400~ Therefore,  select ive detect ion of these 
gases could be real ized s imply  by  sweeping the  o p e r a t -  
ing  t empe ra tu r e  of the  sensor  f rom 450 ~ to 50~ 

3. The above-men t ioned  dis t inguishing cha rac te r -  
istics of the ul traf ine par t ic le  film are  real ized wi thout  
a d d i t i o n  o f  a n y  catalyzers  such as P t  or  Pd. 
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Technical o es 

Properties of CdSe Thin Film Electrodes 
for Photoelectrochemical Cells 

Joseph Reichman* and Michael A. Russak 
Grumman Aerospace Corporation, Research Department, Bethpage, New York 11714 

Recently,  we repor ted  resul ts  on n-CdSe  thin film 
photoanodes for use in e lect rochemical  photovol ta ic  
cells (EPC) wi th  aqueous sulf ide-polysulf ide contain-  
ing e lect rolytes  which pointed out the re la t ionship  
be tween  the basic ma te r i a l  proper t ies  of the var ious  
th in  film electrodes and their  resu l tan t  I-V per fo rm-  
ance (1). This paper  presents  a summary  of our more  
recent  efforts on establ ishing the re la t ionships  among 
t h i n  film processing parameters ,  electronic propert ies ,  
and photoelec t rochemical  performance.  

The electrodes under  s tudy  were  deposi ted onto t i -  
t an ium sheet  (0.254 m m  thick)  and are  in tended for 
use in f ron twal l  i l lumina ted  e lectrochemical  photo-  
voltaic cells, where  the incoming radia t ion  would pass 
th rough  a t r anspa ren t  window, a thin l ayer  of e lect ro-  
lyte,  and  then s t r ike  the  semiconductor  e lec t ro ly te  
junction.  The CdSe thin films were produced by the 
s imul taneous  evapora t ion  of Cd and Se f rom two in-  
dependen t ly  control led  resis t ive heated boats. Each 
source is control led by  a Sloan MDC 9000 Thin F i lm 
Deposi t ion Control ler  (Sloan Technology Incorporated,  

* Electrochemical Society Active Member. 
Key words: CdSe thin films, frontwall photoelectrochemical 

cells, photovoltaic energy conversion. 

Santa  Barbara,  Cal i fornia) .  The subst ra tes  are  c lamped 
onto a copper plate  into which ca r t r idge - type  heaters  
have been placed to provide  subst ra te  t empera tu re  
control. The addi t ion of the control lers  to the co-evap-  
ora t ion system has improved  the reproduc ib i l i ty  of the 
deposit ion process over  that  obta ined prev ious ly  (1). 
The most impor tan t  deposi t ion pa ramete r s  were  found 
to be the Se to Cd molar  rat io  in the evaporan t  vapor  
streams,  the subs t ra te  tempera ture ,  and to a lesser ex-  
tent, CdSe condensat ion rate. The phase of the as-  
deposi ted films could be var ied  f rom crys ta l l ine  to 
amorphous depending on deposition conditions. The 
films formed with Se/Cd ratios near one were crystal- 
line (hexagonal) with a strong 001 growth texture at 
substrate temperature as high as 500~ At Se/Cd 
ratios near three (represented as x in CdSex) the as- 
deposited films were amorphous at substrate tempera- 
tures up to 200~ above which temperature the films 
were not adherent to the substrates. These films, how- 
ever, crystallized with a strong 001 texture upon heat- 
treatment. In this case, radical chemical, microstruc- 
rural, and optical changes occurred with crystallization 
and loss of excess Se as shown in Fig. I, 2, and 3. This 
contrasted with the results obtained for films deposited 
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Fig. 3. Optical transmission curves for Se film (1), as-deposited 
CdSe3 film, (2) and fired CdSe3 film (3). 

Fig. I. Microstructural changes observed in a CdSe thin film 
with Se/Cd ratio of 3 with heat-treatment at 400~ 15 rain in air. 
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Fig. 2. TGA traces of two CdSe= as-deposited films Jn argo~ 
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istics. Convent ional  photoelec t rochemical  test ing p ro -  
cedures descr ibed prev ious ly  were  employed  (1). 

The most  promis ing  resul ts  to date  wi th  electrodes 
for  use in f ron twal l  cells have  been obta ined with  CdSe 
films deposi ted at  app rox ima te ly  100~ wi th  Se /Cd  
rat io of three  and then hea t - t r ea t ed  in the t empera tu re  
range  of 350~176 in air. These films usua l ly  had a 
ve ry  f ine-grained micros t ruc ture  af ter  h e a t - t r e a t m e n t  
s imi lar  to that  of Fig. 1 and the resu l tan t  electrodes 
had  I -V character is t ics  wi th  fill factors of 0.60 Or 
g rea te r  and high cur ren t  output.  The overa l l  power  
efficiency of these electrodes was l imi ted  by  re la t ive ly  
low open-c i rcu i t  voltages (,~0.4V). Power  conversion 
efficiencies at  s imula ted  AM2 conditions [W-I  ELH 
lamp discussed in Ref. (2)]  f rom 3 to 5% were  ob-  
ta ined consis tent ly  wi th  electrodes processed in this 
manner .  Another  type of film of in teres t  was deposi ted 
on t i t an ium but  at  subs t ra te  t empera tu res  >400~ with  
a sl ight  excess of Se. I t  can be seen in Fig. 4 tha t  the 
micros t ruc ture  of the films deposi ted under  these con- 
ditions was quite different  f rom that  of the films pro-  
duced at  lower  subs t ra te  t empera tu res  and fol lowed by  
hea t - t rea tment .  In par t icular ,  the average  gra in  size 
was signif icantly la rger  and the film was columnar  
wi th  grains  that  appeared  to be continuous throughout  
the  film. Even though these films were  deposi ted at  
e levated  t empera tu res  a postdeposi t ion hea t - t r ea tmen t  
was requ i red  to maximize  their  I-V performance,  as 
was the case for  MIS cells made  wi th  CdSe thin films 

at subs t ra te  t empera tu re  grea te r  than  200~ bu t  wi th  
S e / C d  rat ios near  one, where  no ma jo r  micros t ruc tura l  
or  chemical  changes were  observed wi th  hea t  t r e a t -  
ment.  In  a lmost  a l l  cases, however ,  the  photoe lec t ro-  
chemical  pe r fo rmance  of the as -depos i ted  thin film 
electrodes was poor, wi th  most  films peel ing f rom the 
substrate .  The postdeposi t ion h e a t - t r e a t m e n t  employed 
was therefore  cr i t ical  to developing good film adhe r -  
ence as wel l  as cons iderably  improved  I -V charac te r -  

Fig. 4. SEM mlcrograph of CdSe film deposited at substrate 
temperature of 425~ 
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of this type  (3). The in te res t ing  fea ture  of films pro-  
duced in this manne r  was thei r  h igher  open-c i rcu i t  
voltage,  which was consis tent ly  in the range of 0.55 to 
0.65V. However ,  the current  output  and fill factor  were  
lower  than  those obta ined  wi th  the films discussed 
previously.  As a result ,  the power  conversion efficiency 
of these electrodes was only  in the range of 3-4% at 
75 mW/cm~, AM2 conditions. 

F igure  5 compares  the I -V per formance  of two thin 
film electrodes typica l  of the two types  of processing. 
Curve A is represen ta t ive  of the high subs t ra te  tem-  
pe ra tu re  film and curve B typifies the film deposi ted at  
low subs t ra te  t empera tu re  and hea t - t rea ted .  Table I 
summarizes  the pe r t inen t  per formance  pa rame te r s  for 
these electrodes.  As can read i ly  be seen the I -V  char-  
acter is t ics  of these two films are  quite different. The 
high deposi t ion t empera tu re  film, A, has a g radua l  de-  
cline in cur ren t  wi th  increasing vol tage and a tai l  at  
the high vol tage end. The low deposi t ion t empera tu re  
film, B, has a flat I -V  character is t ic  at  low voltages and 
a sharp  drop in cur ren t  at  h igher  voltages. Some qual -  
i ta t ive  conclusions re la t ing  the res is t iv i ty  values  of 
these films to the i r  I -V  character is t ics  can immed ia t e ly  
be made.  The  film with  the h igher  resis t ivi ty,  B, shows 
h igher  Jsc and lower  Voo values than  those for film A, 
which had a lower  res is t iv i ty  by  more  than  two orders  
of magni tude .  I f  i t  is assumed the difference in the  re-  
s is t ivi t ies  of the  two films is due to changes in free 
car r ie r  density,  !7D, then the difference in the I -V  
character is t ics  can be expla ined  in the fol lowing man-  
ner. Since the deple t ion  width,  W, is given by  W ---- 
(2eeo (VFB - -  V)/q ND) 1/2, a lower  N D value would re-  
sul t  in a l a rge r  deple t ion  width.  This then would  resul t  
in a h igher  shor t -c i rcu i t  cu r ren t  since more  carr iers  
would  be genera ted  in the deple t ion  layer  r a the r  than 
in the bu lk  where  recombinat ions  are  more l ike ly  to 
occur. The in i t i a l ly  flat I -V  character is t ic  can also be 
exp la ined  as due to the high res is t iv i ty  film deplet ion 
wid th  being sufficiently large  so tha t  essent ia l ly  all  
genera t ion  of e lect ron hole pairs  occurs in the space 
charge  region. In contrast ,  the lower  res is t iv i ty  film's 
decl ine of J wi th  V can be expla ined  by  na r rowing  of 
the deple t ion  width  wi th  increas ing vol tage causing 
grea te r  genera t ion  of holes in the bu lk  wi th  subsequent  
recombinat ions.  The differences in Voo of the films is 
also consis tent  wi th  the i r  differences in resist ivit ies.  As 
the ca r r i e r  densi ty  decreases,  the Fe rmi  level  of the 
CdSe film is lowered.  This then makes  the f latband 
potent ia l  more posi t ive and resul ts  in less band bend-  
ing. Since the open-c i rcu i t  vol tage is s l ight ly  more 
posi t ive of the f la tband potent ia l  it  decreases as the 
Fe rmi  level  of the film is lowered.  

To obta in  a more  quant i ta t ive  charac ter iza t ion  of the 
effects of the film proper t ies  on the per formance  char -  
acteristics,  the theore t ica l  model  we have developed 
(4) was used to analyze  exper imen ta l  I -V  data. The 
I -V  measurements  on the two films were  made  using 
monochromat ic  l ight  at  a wave leng th  of 650 rim. The 
da ta  were  reduced  to in te rna l  quan tum efficiency by  
using measured  values  of reflectance, correct ing for 
e lec t ro ly te  absorpt ion,  and measur ing  the incident  in-  
tensi ty.  The net  photocur ren t  was obta ined by  using 
the  ampl i tude  of the cur ren t  resul t ing  from a choppe d  
monochromat ic  source. This was done to e l iminate  the 
effects of da rk  cur ren t  on the I -V  characterist ics.  

The model  used to fit the exper imen ta l  data  was 
obta ined  by  solving the diffusion equat ion for minor i ty  
car r ie rs  using bounda ry  conditions r e l evan t  to the 
semiconductor  e lec t ro ly te  junction, tha t  is, the photo-  
cur ren t  is l inea r ly  re la ted  to the concentra t ion of 
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Fig. 5. Comparison of current-voltage curves for CdSe film 
electrodes discussed in text. 

minor i ty  carr iers  at  the interface (4). Using this 
bounda ry  condit ion and assuming quas i -equ i l ib r ium 
conditions in the deplet ion region cur ren t -vo l t age  re-  
lat ions are  derived.  The model  takes into account losses 
in cur rent  due to recombinat ions  in the deplet ion re-  
gion and the bu lk  of the semiconductor .  

The resul ts  of the comparison of the model  calcula-  
tions and the exper imen ta l  I -V  data  are  shown in Fig. 
6 for the two films. The significant model  pa ramete r s  
that  were  ad jus ted  to fit the da ta  were  minor i ty  car -  
r i e r  diffusion length,  Lp, ca r r i e r  density, ND, l ifet ime, 
T, and charge t ransfer  velocity,  vt. The other  pa ramete r s  
such as absorpt ion  coefficient and f la tband potent ia l  
were  obtained f rom exper imenta l  data. The diffusion 
length  was obta ined from the low vol tage and reverse  
bias da ta  (not shown) for the high t empera tu re  sub-  
s t ra te  film A. The resul ts  indicate  that  Lp < 0.02 ~m, 
which is qui te  small.  The value  of ND also obta ined in 
this vol tage region was 3.5 X 1015 cm-~. Values be -  
tween 101~ and 1016 have  been  de te rmined  exper i -  
men ta l ly  for  films of this type  by  a modified 
van de Pauw technique (5). Values  of T ---- 10 -10 sec 
and vt ---- 5000 cm/sec  1 were  obta ined  f rom the data  in 
the region where  the cur ren t  decreases more  r ap id ly  
wi th  voltage. These pa rame te r s  character ize  the losses 
due to recombinat ions  in the deplet ion region. The 
short  l i fe t ime is consistent wi th  the smal l  diffusion 
length  and infer red  mobi l i ty  f rom the measured  re -  
s is t ivi ty and value  for ND. The fitted value  of vt of 
5000 cm/sec  is more  than  an order  of magni tude  grea te r  
than  values we have obta ined for the same elect rolyte  
using a single crys ta l  CdSe elect rode (6). This h igher  
charge t ransfer  veloci ty  for the thin films can expla in  
the finding that  the corrosion ra te  was lower  for  thin 
film than single crys ta l  e lectrodes (7). Since the cor-  
rosion ra te  involves a compet i t ion be tween  the de -  
composit ion react ion and the redox react ion a higher  
value  of vt would  tend to favor  the redox reaction. 

The model  fit to the low deposi t ion tempera ture ,  
high res is t iv i ty  film, (B),  data  gave a ca r r i e r  dens i ty  

This change  t r a n s f e r  veloci ty,  vt ,  m a y  a p p e a r  s o m e w h a t  h igh  
w h e n  c o m p a r e d  to tha t  p red ic ted  f r o m  theore t i ca l  express ions  
for  me t a l  e lectrodes .  I t  should be noted,  however ,  t ha t  va lues  
of v t  fo r  me t a l  e l ec t rodes  r e f e r  to the  cha rge  t r a n s f e r  veloci t ies  
of  the  r edox  ions, w h e r e a s  v t  h e r e  r e f e r s  to the  holes of t he  
s emico n d u c to r  wi th  an effect ive mass  at least  5 o r d e r s  of magni-  
tudes  less t han  the  mass  of typical  r edox  ions. 

Table I. Comparison of film characteristics for two frontwall electrodes (AM2 simulation) 

Thickness Grain  size Jse 
F i lm  (gm)  (~m) p (9-cm) Vo~ (V) (ma/cm~)  FF n (%) 

A 2.0 0.7 1.1 • 108 0.64 10 0.44 3.7 
B 2.3 0.05 4.2 x 105 0.41 14 0.55 4.3 
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Fig. 6. Experimental monochromatic current-voltage 
(solid lines) and model calculations for electrodes A and B. 
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of 1013 cm -a, in agreement  wi th  measured  values of 
101~-101~ cm -s.  This low value  indicates that  the 
film is fu l ly  depleted,  tha t  is, the deple t ion  wid th  ex -  
tends throughout  the thickness of the film. The diffu- 
sion length  therefore  cannot be de te rmined  since no 
measure  of absorpt ion  in the bu lk  is avai lable .  How- 
ever,  the va lue  of 2 • 10 -10 sec obta ined  for the l i fe-  
t ime and the res is t iv i ty  measurement  indicates a 
diffusion length  comparable  to tha t  of the high tem-  
pe ra tu re  films. 

Addi t iona l  confirmation of the analysis  of the CdSe 
thin  film proper t ies  comes from the spectra l  response 
data  as shown in Fig. 7. The figure shows that  the in-  
ternal  quan tum efficiency (r vs. wavelength  charac-  
terist ics of the two films are  quite different. F i lm B 
has a measured  response fu r the r  out into the  long 
wavelengths ,  a t  sub bandgap  energies.  This can be 
expla ined  as being due to absorpt ion  f rom band tai l  
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Fig. 7. Spectral response curves for electrodes A and B 

states created by  charged defects. The large  deplet ion 
width  of this film makes  for efficient ca r r ie r  collection 
despi te  the low absorpt ion coefficients in the sub band-  
gap region. As the absorpt ion coefficient gets larger ,  
and bandgap  absorpt ion due to direct  in te rband  t rans i -  
tions takes place, the quan tum efficiency reaches 100%. 
At  shor te r  wavelengths  the quan tum efficiency de-  
creases. This is a t t r ibu ted  to photogenera ted  ma jo r i ty  
car r ie r  diffusion to the in terface  where  recombinat ion  
with  photogenera ted  holes takes place (8). 

F i lm  A shows a lower  quan tum efficiency over  the 
ent i re  spec t rum due to its smal ler  deplet ion width.  The 
falloff in efficiency at  short  wavelengths ,  again, is a t -  
t r ibuted  to diffusion of ma jo r i t y  carr iers  to the in te r -  
face. The peak  in efficiency here, however ,  occurs at  a 
shor te r  wave length  than for F i lm B. This is consistent  
wi th  the h igher  car r ie r  densi ty  of this film. A higher  
car r ie r  densi ty  results  in a g rea te r  e lect ron field at  the 
in terface  the reby  making  diffusion less l ikely.  As a 
resul t  losses due to diffusion s ta r t  to occur for carr iers  
genera ted  closer to the interface,  i.e., at shor ter  wave-  
lengths  where  the absorpt ion  coefficient is larger .  At  
longer  wavelengths  the change in quan tum efficiency 
with  wave length  shows the same dependence predic ted  
using the pa ramete r s  obta ined f rom the analysis  of the 
monochromat ic  I - V  data. 

In  summary,  an analysis  of the proper t ies  of the  two 
CdSe thin film photoanodes using a theoret ical  model  
tha t  describes the I - V  character is t ics  leads to the fol-  
lowing conclusions. 

1. Both films appear  to have poor diffusion lengths 
and car r ie r  l ifetimes. The l a rge r  gra in  size of the high 
t empera tu re  film does not improve  these propert ies .  I t  
seems then that  Lp and T are  not  l imi ted  by  gra in  
bounda ry  recombinat ions  but  ra ther  by  recombinat ions  
occurr ing at  point  defects or  s tacking faul ts  wi th in  the 
grains  (9). 

2. The low subs t ra te  deposi t ion t empera tu re  films 
are  h ighly  s toichiometr ic  (or h igh ly  compensated)  
wi th  car r ie r  densit ies of the order  of 1018 cm -8. This is 
p robab ly  due to the postdeposi t ion h e a t - t r e a t m e n t  of 
the films that  in i t ia l ly  contain a high selenium to 
cadmium ratio. Since the films are  fu l ly  depleted,  high 
shor t -c i rcu i t  currents  result .  The high subs t ra te  depo-  
sition t empera tu re  films have car r ie r  densit ies of the 
order  of 1015 wi th  deple t ion  widths  of ~0.4 /~m. This 
resul ts  in films with  lower  shor t -c i rcu i t  currents  but  
h igher  open-c i rcu i t  voltages than the h igher  res is t iv i ty  
films. 

3. The charge t ransfer  velocit ies of these films are  
quite high compared  to the single crystal .  This m a y  be 
due to the la rger  surface area  caused by h ighly  i r r egu-  
l a r  geomet ry  of the po lycrys ta l l ine  mater ia l .  As a re -  
sult  reasonably  good efficiencies a re  obta ined despi te  
the poor car r ie r  l ifetime. The improved  kinetics also 
provide  an explanat ion  for the repor ted  higher  corro-  
s ion resis tance of the thin film than  the single crysta l  
mater ia l .  
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Thin Film CdSe Electrodes for 
Backwall Photoelectrochemical Cells 

Michael A. Russak and Joseph Reichman* 
Grumman Aerospace Corporation, Research Department, Bethpage, New Yor/~ 11714 

Considerable  success has been achieved in conver t ing 
l ight  to e lect r ica l  energy  using single crys ta l  e lectrodes 
in photoelec t rochemical  cells (PEC) wi th  conversion 
efficiencies as high as 14% being repor ted  (1). How-  
ever, widespread  appl ica t ion  of these devices wil l  
most  l ike ly  requi re  the use of thin film polycrys ta l l ine  
or  amorphous  electrodes in o rder  to minimize their  
cost. F igure  1 shows two basic thin film PEC designs. 
The difference be tween  these cells is in the configura- 
t ion of the semiconductor  electrode. In Fig. la, defined 
here  as a f ron twa l l  cell, the semiconductor  film is de-  
posi ted on an opaque conducting subs t ra te  and must  be 
posi t ioned in such a w a y  that  the incident  rad ia t ion  can 
reach the semiconductor  e lec t ro ly te  junction. In this 
case, a t r anspa ren t  window is necessary in front  of the 
e lect rode and the l ight  must  pass through a l aye r  of 
e lec t ro ly te  before  i t  s t r ikes  the junction. This can re-  
sul t  in a significant reduct ion in the device conversion 
efficiency due to the h igh ly  absorbing na ture  of the 
chalcogenide containing electrolytes  used to date  in 
most PEC. In addit ion,  it  is necessary to have free flow 
of e lec t ro ly te  from the photoact ive electrode to the 
counterelectrode.  In this configuration, however,  semi-  
conductor  films of var ious  thickness and a wide range 
of subs t ra tes  can be used. Thin film polycrys ta l l ine  
electrodes for use in f ron twal l  cells have been made 
wi th  efficiencies in the range  of 5-8% using CdSe, 
GaAs, and CdSe-CdTe solid solutions (2-4). F igure  lb, 
defined as a backwal l  cell, employs a s emi - t r anspa r -  
ent  photoact ive  electrode that  al lows i r rad ia t ion  of the 

* Electrochemical Society Active Member. 
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cells, photovoltair energy conversion. 

junct ion  through the semiconductor  r a the r  than 
through the electrolyte ,  thus e l imina t ing  e lec t ro ly te  
absorption.  The cell  design is also less complex.  How- 

Fig. 2. Cell used for evaluation of backwall illuminated elec- 
Fig. 1. Thin-film photoelectrochemlcat conversion cell designs trodes. 
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ever, the number  of subs t ra te  mater ia l s  is l imi ted  due 
to the t r ansparency  requirement .  Also, the combina-  
t ion of thin film proper t ies  necessary  to optimize the 
per formance  of such a device is somewhat  restr icted.  
I t  is des i rable  to have the space charge region extend 
through the full  thickness of the film to promote  rap id  
car r ie r  separa t ion  and obta in  good collection efficiency 
(5). In  addit ion,  the film thickness should be such that  
all  the incident  l ight  of g rea te r  than  bandgap  energy  
c a n  be absorbed wi th in  the film. A calculat ion of this 
thickness for CdSe based on the measured  values  of the 
absorpt ion coefficient, indicates  that,  at  500 nm, a film 
thickness of 0.680 ~m is sufficient to absorb  99% of the 
light,  whereas ,  at  700 nm, a thickness of 2.37 ~m is 
required.  This suggests a film thickness of  2-3 ~m to 
provide  an  adequate  amount  of ma te r i a l  for  the ab -  
sorpt ion of sunlight.  In  o rder  to have a space charge 
l aye r  wid th  of this order,  a m a j o r i t y  car r ie r  doping 
densi ty  of less than 1014 cm-8  is necessary  (assuming a 
vol tage  drop of 0.7V across the space charge l aye r ) .  

The CdSe electrodes discussed here  were  deposi ted 
by  the s imul taneous  vacuum evapora t ion  of Cd and Se 
f rom two independen t ly  control led  resis t ive hea ted  
boats  onto chemica l - spray-depos i ted ,  ha logen-doped,  
SnO2-coated glass slides. The detai ls  of the deposi t ion 
system employed  have been given e lsewhere  (2, 6). 
The SnO2-coated glass had res is t iv i ty  in the range of 
10 ~2/square and vis ible  t ransmission of app rox ima te ly  
80%. Backwal l  e lect rode per formance  was tes ted in a 
cell specifically designed for  this purpose,  (see Fig. 2) 
which al lows i r rad ia t ion  of the CdSe through  the sub-  
s t ra te  glass and t r anspa ren t  condu.ctor. This cell de-  
sign e l iminates  the e lec t ro ly te  absorpt ion  loss and al -  
lows reasonab ly  quick sample  change. A p la t inum 
countere lec t rode  and sa tu ra ted  calomel re ference  e lec-  
t rode were  used in a s t andard  potent iosta t ic  a r r ange -  
ment.  The l ight  source was a W - I  ELH lamp which 
s imulates  an AM2 spect ra l  d is t r ibut ion  (7). Nar row 
bandpass  filters were  used for monochromat ic  exper i -  
ments. The e lec t ro ly te  was aqueous 2.5m Na:~S, l m  S, 
l m  KOH. 

CdSe films deposi ted wi th  an S e / C d  atomic rat io  of 3, 
subsequent ly  hea t - t r e a t ed  at  400~ in air, p roduced 
backwal l  electrodes wi th  power  conversion efficiencies 
g rea te r  than 4% at 75 m W / c m  2, AM2, as shown in Fig. 
3. The shor t -c i rcu i t  cur ren t  density,  Jsc, of 17 m A / c m  2 
is a lmost  a t  the  theore t ica l  l imi t  for  a ma te r i a l  wi th  
Eg = 1.7 eV responding to an AM2 spect rum (8). The 
thickness of this film is 2.5/~m (see Fig. 4) so tha t  al l  
the  impinging  radia t ion  is absorbed wi th in  the film. 
The open-c i rcu i t  vol tage of 0.45V, whi le  far  f rom the 
theoret ica l  limit,  is such that  Voc • J s J i n t e n s i t y  st i l l  
results  in a m a x i m u m  efficiency of 10.3% at 75 roW/  
cm 2. I t  is the low fill factor  of 0.42 that  l imits  the effi- 

Fig. 4. Microstructure of CdSe film deposited on SnO2-coated 
glass substrate. 

ciency of this electrode. The same type  of film de-  
posi ted on a t i t an ium subs t ra te  genera l ly  has J~c in the 
range of 12-14 m A / c m  2, fill factors from 0.55 to 0.65, 
and Voc f rom 0.4-0.45 when tested wi th  the same l ight  
source. 

Hall  measurements  and direct  res is t iv i ty  measu re -  
ments  on these films (9) indicate  the donor densities, 
ND, are  in the range of 1012-1013 cm -8, ma jo r i ty  car r ie r  
mobil i t ies,  ~, f rom 10-40 cm2/Vsec, and resistivities,  p, 
f rom 104 to 105 ~-cm.  These pa rame te r s  indicate  that  
the space charge region extends th rough  the ent i re  
thickness of the films accounting for the high collection 
efficiency observed exper imenta l ly .  

The spect ra l  response and monochromat ic  I -V be-  
havior  of these backwal l  electrodes were  also inves t i -  
gated. The I -V curve for  this e lect rode at  650 nm is 
shown in Fig. 5. The power  conversion efficiency is 
9.5% and is l imi ted  by  a ill] factor  of 0.52. The m a x i -  
mum Jsc • Voc efficiency is 18.4%. The in te rna l  quan-  
tum efficiency at shor t -c i rcu i t  condit ions is 0.95. 

The spectra l  response of another  e lectrode of this 
type is shown in Fig. 6 (corrected for reflection losses).  
The response is qui te  fiat and very  near  unity, with 
only a small  falloff in the blue. This smal l  decrease in 
quan tum efficiency at  short  wavelengths  is a t t r ibu ted  
to the electr ic field at  the SnO2-CdSe contact. Since the 
contact  is ohmic, an accumulat ion layer  exists in the 
CdSe film. The resu l tan t  electr ic  field would  therefore  
tend to oppose diffusion of holes to this interface and 
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Fig. 3. Current-voltage curve for backwall electrode at 75 mW/ 
cm 2, AM2 simulation (uncorrected for reflection). 
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Fig. 5. M o n o c h r o m a t i c  current-voltage curve for backwall  elec- 
trode, 650 nm light, 5.3 mW/cm 2, uncorrected for reflection. 
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Fig. 6. Internal quantum efficiency vs. wavelength for backwall 
illuminated electrode. 

t he reby  minimize  recombina t ion  losses for those car -  
r ie rs  genera ted  by  the short  wave length  radiat ion.  

Analys is  of the I-V curves at different  wavelengths  
revea led  a significant var ia t ion  in output  power  p a r a m -  
eters, even though the quan tum efficiency was f a i r ly  
constant.  These da ta  are  summar ized  in Table  I. This 
var ia t ion  is due to the difference in pene t ra t ion  depth  
of each wave length  rad ia t ion  into the thin film. When  
the e lect rode is in fo rward  bias, and the in te rna l  elec-  
tr ic field reduced,  it  is less l ike ly  for holes genera ted  
closer to the ohmic contact  by  shor ter  wave length  
l ight  to reach the junct ion region before  recombina-  
tions than for those holes genera ted  by  longer  wave-  
length  l ight  nea re r  the semiconductor  e lec t ro ly te  in te r -  
face. This effect is reflected in the observed reduct ion 
in fill factor  in going to shor ter  wave leng th  radiat ion.  
This is also suppor ted  by  the fact tha t  increase in quan-  
tum efficiency wi th  vol tage in reverse  bias is grea ter  
for the shor te r  wave leng th  curves than  for the longer  
wave leng th  ones, indica t ing  the addi t ional  bias is use-  
ful in p revent ing  car r ie r  recombinat ion  for  rad ia t ion  
absorbed fu r the r  away  from the e lec t ro ly te  junction.  

The or igin of the low fill factor  of these electrodes,  
compared  to the same film deposi ted on a metal l ic  sub-  
strate,  is not comple te ly  understood.  I t  has been 
shown tha t  a high series resistance can significantly 
reduce the fill factor  of a solar  cell I -V curve and also 
reduce the  Jsc (5, 8). Also, series res is tance losses have 

Table I. Summary of monochromatic I-V parameters for 
backwall irradiated electrode 

Wave- 
length Intensi ty  Jsc Vo~ ~71 r 
(nm) (mW/cm ~) (mA/cm ~) (V) FF (%) (%) 

450 1.08 0.30 0.35 0.41 4.0 93 
500 2.28 0.73 0.39 0.46 5.7 97 
550 4.54 1.65 0.42 0.48 7.3 98 
650 7.62 3.02 0.44 0.50 8.8 95 
700 7,26 2.85 0.44 0.50 8.6 87 
720 6.04 2.11 0.43 0.52 7.8 74 
750 5.52 0.61 0.39 0.51 2.2 23 

1 P o w e r  convers ion efficiency, 
2 Quantum efficiency, 

Table II. Variation of solar cell parameters for electrode of 
Fig. 3 with light intensity 

Intensity  Jsc Voc 
(mWlem ~ (raA/em ~ (V) FF ~ (%) 

150 33.7 0.47 0.33 3.4 
75 16.8 0.45 0.41 4.2 
40 8.8 0.43 0.48 4.7 

5.4 1.3 0.41 0.51 5.0 

been repor ted  to give rise to a nonl inear  Js~ vs. in-  
tensi ty  plot  for CdSe photoanodes  on t r anspa ren t  con- 
duct ing subst ra tes  (10). However ,  for the electrodes 
eva lua ted  in this work,  the Jsc was found to increase 
l inea r ly  to a va lue  of 33.7 m A / c m  2 at  150 m W / c m  2 yet, 
the fill factor  and  therefore  the  efficiency increases  
wi th  decreas ing in tens i ty  as shown in Table  II. The 
calcula ted vol tage drop a t t r ibu ted  to the SnO2 layer  
under  the collection area  for this e lect rode (see Fig. 2 
for e lec t rode  construct ion deta i l )  a t  a cur ren t  dens i ty  
of 20 m A / c m  2 is only  0.01V, indica t ing  ohmic losses a re  
not significant. However,  this calculat ion does not  take  
into account any  losses that  exis t  outside the collection 
area, such as those due to the spread ing  resis tance of 
the SnO2 or the wire  contact  resistance.  At  present ,  the 
low fill factor  of these electrodes at AM2 conditions is 
a t t r ibu ted  to the increased recombina t ion  of carr iers  
genera ted  by  the short  wave leng th  l ight  as wel l  as re -  
sistive losses due to the e lect rode configuration em-  
ployed. 

Recently,  the fill factor  of this type of film has been 
improved  to 0.56 by  minimizing the resis t ive loss out -  
side the electrode active area  and photoetching the 
electrode.  As a result ,  power  conversion efficiencies of 
6% have been achieved..  
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Pulsed E-B Apparatus and Annealing of 
Ion-Implanted Silicon 

T. Itoh,* H. Tamura, D. X. Rao, and Y. Ohkubo 
Schoo~ of Science and Engineering, Waseda University, Shinjuku-ku, Tokyo 160, Japan 

The pulsed electron beam (l~ has been recently 
used to anneal  the disorders in ion- implan ted  semi- 
conductors and to electrically activate the dopant  
species (1-4). Also, PEB has been applied to make a 
suitable metal-semiconductor  contact (5). At present, 
there are few reports on the PEB apparatus. We have 
developed a single pulsed electron beam processing 
apparatus consisting of a high density electron source 
operated by means of pulsed He gas discharge and an 
accelerating diode. We have tried the anneal ing of ar-  
senic ion- implanted  silicon with 1 • 1018/cm 2 at 50 
keV to examine the abi l i ty  of the apparatus. 

The Rutherford _hackscattering (RBS) measure-  
merits with 350 keV 4He+ were used to analyze the 
crystal l ini ty and the impur i ty  distr ibution in ion- im-  
planted layers before and after the single PEB ir radia-  
tion. Electrical properties of the PEB annealed silicon 
were evaluated by the carrier concentrat ion and the 
mobil i ty  profiles which were obtained by Hall  mea-  
surements  with successive anodic oxidation and str ip- 
ping. 

Apparatus 
The working characteristics of our  apparatus are as 

follows: (i) The structure and operation are relatively 
simple compared with the scanning E-B anneal ing 
system (6, 7), (ii) the energy density of E-B can be 
controlled by  the value Of a main  capacitor and its 
charging voltage, (iii) the magni tude  of the charging 
voltage is low in contrast  to other works (1), and (iv) 
E-B parameters  can be chosen by a working pressure 
of He and an acceleration voltage. 

Figure 1 shows the schematic diagram of the PEB 
apparatus. The column consists of two sections: an 
electron source (section A) and an electron accelerat- 
•ng diode (section B). These two sections are separated 
with a common mesh electrode that  acts as an anode 
for the section A and a cathode for the section B. Car- 
bon was chosen as the cathode electrode because of its 
thermal  stability. To obtain a stable electron beam, a 
carbon mesh electrode laminated with a luminum was 
used for the reduct ion of its electrical resistivity. 

The electron source i sassembled as follows. A helical 
tungsten fi lament mounted  on a metal - l id  is used for 
the thermionic electron emitter. The metal - l id  is fixed 
at the top end of a Pyrex tubing  of 100 mm in diameter 
and 200 mm in length, and a metal  flange with the mesh 
electrode is fixed at the bottom end of the tubing. Ca- 
pacitor Cs (1.0 ~F) connecting to the electron source is 
charged to 3-4 kV. The electron accelerating diode 
consists of the mesh electrode as a cathode and an alu-  
m i n u m  pedestal as an  anode. The metal  flange is iso- 
lated from the ground potential  by an insulator  made 
of fluorocarbon polymers, and samples are set on the 
a luminum pedestal with a distance of 20 mm from the 
mesh electrode. Capacitors Ca (1.5 ~F) which are com- 
posed of three low inductance type capacitors (0.5 ~F), 
are charged to 4-15 kV. These  three capacitors are 
arranged around the column, and connected in paral -  
lel with a cylindrical  electrode to reduce the lead in -  
ductance as shown in Fig. 2. 

The density of electrons emitted from the W-fila- 
men t  is mult ipl ied by means of He gas discharged in 
the electron source. The high density electrons propa- 
gate into the electron accelerating diode through the 
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distr ibuted holes in the mesh electrode, so that these 
electrons are accelerated to sufficient energy for an-  
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Fig. I. Schematic diagram of pulsed electron beam apparatus 

Fig. 2. Pulsed electron beam apparatus 
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neal ing by the electric potential  Va of the capacitors 
Ca. A mechanical  switch Q controls the discharge in ~"10 -g 
the electron source and plays a role of t r iggering the E 
discharge of the ma in  capacitor. 

Experimental and Results ~_ 10 -4 
The He pressure P~ and the acceleration voltage V, z 

are the significant parameters  for annealing.  Figure  3 a: 
shows the suitable working region in  these parameters  ~ 10 -B 
to anneal  the arsenic ion- implan ted  silicon. Arsenic 
ions were implanted at 50 keV to a dose of 1 X 1016/ w 
cm 2 at room tempera ture  into (100) n- type  silicon a: 
with a resist ivi ty of 60 ~-cm. This energy brings the "' 
arsenic atoms to a projected range of 322A and this >10-6 n- 
dose is sufficient to drive the silicon amorphous. After  
a single PEB irradiat ion with the parameters  shown in 
Fig. 3 as open circles, the RHEED observations indi-  
cated that  the implanted layers were singly recrystal-  
lized. It  is considered that  the sufficient energy density 
to anneal  the ion- implan ted  layers was obtained by 
taking the parameters  below the hatched line in the 
figure. In  all cases, the pulse width determined from 
the cur ren t  wave- form measurements  was about  1 ~sec 
(FWHM). The width of a pulse is governed main ly  by 
the res idual - inductance  of the capacitors. The an -  8 
nealed area of 10-20 cm~ was obtained. Mesa diodes 
were fabricated to examine the spatial uniformity  of 
the annealed area. The substrates were p- type (100) 
silicon with a resist ivity of 5-8 ~-cm. Arsenic ions 5 
were implanted  at 50 keV to a dose of 1 X 10ZS/cm ~ 
into these substrates. Figure 4 shows the diode reverse 
current  vs. the distance from E-B annealed edge. z 4 
These data indicate that  the annealed  area is electri-  o 
cally uniform. 

Figure 5 shows the energy spectra of 350 keV 4He+ 
RBS measurements  of as- implanted sample, PEB an-  ~ 2 
healed sample with the parameters  at point M shown x 
in  Fig. 3 and furnace annealed sample at 1000~ for 
30 min. The E-B parameters  used here were V, of 8 kV o 
and P~ of 1 X I0 -5 Torr. The min imum yield of the w 
PEB annealed sample was about 5.8%, and this value ~_ 
is sl ightly higher than that  of the bu lk  silicon. The 
arsenic yield of the PEB annealed sample detected in z 6 
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Fig. 3. Suitable working region for E-B parameters of Pw and 
Va. Sufficient energy density to anneal ion-implanted silicon was 
obtained in the region below the hatched line. RHEED observa- 
tions showed single crystalline pattern after a single PEB irradia- 
tion with the parameters shown as open circles ( O ) .  Point M ( e )  
denotes the typical parameters of Va = 8 kV and Pw = 1 X 
10 -5  Torr. 
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Fig. 5. RBS energy spectra of arsenic ion-implanted (100) sili- 
con before and after PEB irradiation with the parameters at point 
M shown in Fig. 3. Arsenic ions were implanted at 50 keV to a 
dose of 1 X 10Z6/cm ~ at room temper@ture. 

a random direction shows a plateau, which indicates 
that  significant diffusion of arsenic atoms took place. 
This type of diffusion is said to appear in l iquid phase 
epi taxy (1-3, 8, 9). The arsenic yield ratio of <100> 
aligned to random spectra indicates that arsenic atoms 
more than 80% occupied subst i tut ional  lattice sites. 

Figure 6 shows the depth profiles of the carrier  con- 
centrat ion and the mobility. The profiles were obtained 
by  the Hall  measurements  by the van der Pauw 
method with successive anodic oxidation and stripping. 
The anodic oxidation of silicon was done in a 0.04N 
solution of KNO~ in N-methylacetamide (10). A un i -  
form carrier concentrat ion of 3 X 102~ 8 was ob- 
tained from the surface to the depth of 2000A. The 
surface carrier density calculated from this figure was 
6.4 X 101S/cm2. This result  indicates that 64% of ira- 
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Fig. 6. Carrier concentration ( O )  and mobility (A)  profiles of 
arsenic ion-implanted silicon after PEB irradiation with the 
parameters at point M shown in Fig. 3. As-implanted profile ex- 
pected from LSS theory is also shown by dashed line. 

planted arsenic atoms were electrically activated, and 
the mobility shows almost the same value as the bulk 
silicon. The carrier profile shows a redistribution by 
diffusion of arsenic atoms compared with the theoreti- 
cal profile expected from the LSS theory (11). This 
carrier profile is in good agreement with the results of 
the RBS measurements. 

Summary 
A low voltage operating PEB apparatus has been 

developed. The energy density of the electron beam 
depended strongly on the He pressure and the electron 
accelerating voltage. Suitable parameters for anneal- 
ing the ion-implanted silicon were presented. Under 
the typical condition of Va ~ 8 kV and Pw(He) - -  

1 • 10 -5 Torr, we performed the annealing of silicon 
implanted with arsenic ions at 1 • 1016/cm ~ at 50 keV. 
The ion-implanted layer was recrystallized by a single 
PEB irradiation, and the minimum yield of 5.8% was 
indicated from results of RBS measurements. The 
electrical activation efficiency of 64% was obtained by 
means of the Hall measurements. The mobility values 
were almost equivalent with that of the bulk silicon at 
the same carrier concentration. The redistribution by 
quick diffusion of arsenic atoms was observed by both 
measurements, and the redistribution profile suggests 
that liquid phase epitaxy is the dominant mechanism 
in these cases. 
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An Anomalous Effect in Angle Lapping and 
Staining Ion-Implanted Layers 

P. Picco and M. L Polignano 
Divisione MOS, SGS-ATES, 20041 Agrate, Milano, Italy 

Techniques for angle lapping and staining ion-im- 
planted layers have recently been reviewed by Wu 
et al. (1). 

The interest in these techniques is justified by their 
usefulness to control semiconductor device fabrication. 

In their paper, Wu and co-authors extensively de- 
scribe the experimental conditions to perform angle 
lap and stain operations. They claim the reliability of 
these operations for the determination both of the dop- 

K e y  w o r d s :  s t a i n i n g ,  a n g l e  l a p p i n g ,  i o n  i m p l a n t a t i o n ,  j u n c t i o n  
d e p t h .  

ing type of the different layers and of the exact 
positions of the junctions. 

However, they do not mention the possibility of an 
anomalous effect due to partial compensation near t h e  
surface; the appearance of a p-n junction where one 
does not really exist. 

The description of such an effect is the aim of this 
paper. 

Boron-implanted layers were investigated, in view of 
their use as channel stoppers in MOS circuit technol- 
ogy. 40 KeV bozon ions were implanted into 7-I0.5 
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Fig. 1. An example of staining delineation obtained after the 
process described in the text. The picture has been taken in Na 
light (fringe distance ~ 2000A). Implanted dose = 1013 em -~.  
All the implanted samples had this appearance. 

a - c m ,  100 or iented,  phosphorus -doped  si l icon slices, 
th rough  a 500A thick SiO2 l aye r  (2).  

Af t e r  implanta t ion ,  wi thout  removing  the oxide, the  
slices were  first annea led  in an iner t  a tmosphere  (N2) 
for  30 min  at  920~ then  a diffusion was car r ied  out  
in an oxidizing ambien t  at  the same tempera tu re .  The 
furnaces  (no rma l ly  employed  for  gate  oxida t ion  and 
successive anneal ing  in device product ion)  were  tested 
for contaminat ion  before  the descr ibed operations.  

The behav ior  of junc t ion  dep th  (xj) and shee t - res i s t -  
ance ( V / I )  with  respect  to the  dose was s tudied to 
character ize  the process. Junct ion  depths  were  de te r -  
mined  fol lowing Wu and co-authors  (1),  using copper  
sulfa te  solution. 

An example  of  the s ta in ing  del ineat ion  is shown in 
Fig. 1 (i t  corresponds to one of the lowest  imp lan ted  
doses) .  Al l  the s ta ined samples  had  this appearance,  
where  the wid th  of the whi te  zone (see Fig. 1) in-  
creased wi th  increas ing dose. V / I  was de te rmined  wi th  
a fou r -po in t  probe,  at  severa l  different  low cur ren ts  
(5-100 ~A),  in the  da rk  (3, 4). I t  was found to be both  
un i fo rm throughout  the  slice and independen t  of both  
d i rec t ion  and magni tude  of the current .  

Cont rad ic tory  resul ts  were,  however ,  observed:  xj 
monotonica l ly  ra ised wi th  implan ted  dose, as expected,  
bu t  "V/I ra ised  too (see Table  I; the resul ts  of "V/I are  
more  wide ly  discussed l a t e r ) .  

These resul ts  can be exp la ined  as follows. The segre-  
gat ion of implan ted  boron into the growing oxide is 
so high tha t  the  r ema in ing  implan ted  boron in the 
sil icon is not  sufficient to comple te ly  compensate  the 
subs t ra te  doping (such an effect is enhanced b y  phos-  
phorus accumulat ion  near  the surface dur ing  ox ida -  
t ion) .  There  is, however ,  a sufficient photovol tage  due 
to the band  bend ing  unde r  i l luminat ion,  tha t  the  
reac t ion  

Cu + + + 2 e -  ~ Cu [1] 

can take  place in the noncompensa ted  region of the  
l apped  area. The typ ica l  s ta ining del ineat ion  of a p - n  
junc t ion  is then observed,  as shown in Fig. 1, even if  
the whole silicon slice is st i l l  the same type  as before.  

The accuracy of this hypothesis  is demons t ra ted  b y  
spreading  resis tance measurements  on some samples,  
whose resul ts  are shown in Fig. 2. Our  hypothesis  is 
fu r the r  suppor ted  by  the behavior  of "V/I in a wide r  
dose in terval ,  shown in Fig. 3. 

l O  

. . . . . . . . O . o . ~  
l O  

Table I. Sheet resistivity and junction depth values after 
diffusion in oxidizing ambient (final oxide thickness ~ 1.3 ~m) 

xj (~m) 
Dose ( determined 

(B atoms/cm e) V/1 (~) by staining) 

5 x l0 ~ 35• 0.26 
lO TM 150 -- 50 OA4 

5 x 10 TM (2---+ 0,5)  x 10 ~ 0.68 

lo" 

l O  ~ 
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l O  

x 
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Fig. 2. Spreading-resistance measurements on samples implanted 
with different doses. (a) Q - 1013 cm -2  (the same sample as in 
Fig. 1); (b) Q "- 1019 cm-% 
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Fig. 3. V/ I  dependence on implanted dose after the process 
described in the text. 

A cri t ical  implan t  dose Q exists;  for  Q < Q, V / I  in -  
creases f rom the un implan ted  subs t ra te  value,  while  for  
Q > Q it r egu la r ly  decreases. This increase  is first o f  

all  due to carrier,  compensation.  This effect increases  
in propor t ion  to the dose - - V / I  oc Q. Actual ly ,  V / I  o~ 
Q~(= ~ 4); this effect can be due to the  screening effect 
of the compensated  layer  on the more  conduct ive sub-  
strate.  The decrease ( V / I  o~ Q - l )  is the  usual  one oc-  
cur r ing  when carr iers  are  added  to a conduct ive layer�9 
In other  words, for Q < Q the fo rmat ion  of the j u n e -  
tion is only  apparent ,  while  for  Q > ~Q the junc t ion  
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truly exists. Our value for Q ( ~ 2  • 10 TM cm -2) is con- 
sistent with boron segregation and diffusion data given 
in the literature (6, 7). 

The behavior shown in Fig. 3 can be found every 
time boron is implanted (in low dose) and diffused into 
an n-type substrate. When an n-species is implanted on 
a p-substrate, the described effect ought to occur at 
much lower doses, because of the opposite roles played 
by dopant segregation. 

In conclusion, we have described an effect that may 
often occur when low dose boron implantations are 
made into an n-type substrate. We have described its 
appearance after angle lapping and staining operations, 
and its consequences from an electrical point of view. 
In this case an angle lap and stain operation, as de- 
scribed by Wu et al., is not reliable to correctly identify 
the layers. 

Generally speaking, then, if the doping type of the 
layer investigated by lapping and staining techniques is 
not a priori known, additional electrical tests must be 
performed to correctly identify the layers. 

Manuscript submitted April 29, 1980; revised manu- 
script received Oct. 14, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by 
SGE-ATES. 
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Phosphorus Silica Glass as Dopant Source 
II. Validity of the Etch Rate Datum 

M. L. Polignano, P. Picco, and G. F. Cerofolini 
SGS-ATES, 20041 Agrate, M~Zano, Italy 

In a previous paper (1) it was shown 
that simple profiles, such as Gauss or 
ers cannot be used to describe phos- 
phorus diffusion from highly-doped 
phosphorus Silica ~lass (PSG). 
This conclusion was based on the differ- 
ence between the amounts per unit area 

The neutron activation analysis was 
carried out by M. Gallorini (CN2 - 
Center for 2adiochemistry and Activation 
Analysis, Pavia). The sample was irrad- 
iated in the central thimble facility os 
o9 the TRIGA Mark II Research Reactor 
os the University of Pavia for 10 h; in 

as comput@d from V/l and x.data and the this po ~tion the nominal neutron s 
amounts Q~I diffused from $PSG as measur- is 9 10 ~ cm -2 s -I . The subsequent 
ed by etch rate. This difference was 
ascribed by us to a complex profile 
(plateau, kink, tail), though a referee 
pointed out that "it could equally be 
argued that the latter datum may be 
suspect". 
To free this datum from any flaws, ~e 
have measured the amount diffused into 
silicon by two independent methods: 
neutron activation analysis s by 
a measurement os ~ ray activity, and 
differential resistivity and Hall mobil- 
ity. 

For the analysis we choose the sample 
diffused at 940 ~ for 2 h 15 min in N 2 
atmosphere. The amount diffused is given 

by _Si (5.1 § 0.5) 10 15 cm-2 
01 = 

~hen evaluated at the Si-PSG interface, 

and Si -2 
O 2 = (5.8 ~ 0.6) 10 15 am 

~hen evaluated at the PSG surface. 
Because_of the etch-rate procedure, the 

Wl 
datum Q_ seems more ~eliable than the 
correspondlng datum Q . o. 
Within the experiment~l error Q~I= QSI 
and thls result is cons by othe~ 
measurements on samples diPfused at 
1000 ~ and 1050 ~ 

ray activity was monitored by a 2 
Geiger counter previously calibrated 
with silicon samples with the same 
geo~qtry impl$~ted wi~h sever~ amounts 
of --P : 3 10 -, 5 10 ~, S 10 -J cm . 
The analysis gave the following result: 

Si = (6 .4  + 0 .4 )  1015 cm -2  
Q~A 

where the reported error is only due to 
the statistical fluctuations of the 
number o9 counts. This datum is an over- 
estimate of O~1 because of the phos- 
phorus doping os the slice back due to 
P 0 evaporated during the heat treat- 

Finally, an underestimate os QSi can 
be obtained by measuring the amount 
of electrically active phosphorus 
atoms diffused into silicon. 
This measurement was carried out by 
M. Finetti and S. Solmi (CNR - Istitu- 
to LAI~L, Bologna) by determinin~ dif- 
ferential resistivity and Hall mobil- 
ity and gave the follo%ving result: 

Si -2 
Oact= (5.1Z 0.5) 1015 cm . 

This value is an underestimate os QSi 
because phosphorus atoms may be electric- 
ally inactive in the form os interstitials, 
negatively charged E centers and SiP 
precipitates. 

Key~vords: diffusion, junction, resistivity 
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The situation is summarized in the 
s table that confirms the valid- 
ity os the etch rate datum: 

Method QSi / 1015 cm-2 

Electrical ~5.1 + 0.5 
m 

Etch rate I 5.1 + 0.5 
M 

Etch rate 2 5.8 + 0.6 
NAA $6.4 + 0.4 

A last remark: reference (I) contains 
two typographical errors. 
The s s os scheme I reads 

O = C~ D t , 

and eq. 3 reads 

C o = n s (1 + 2.04 10 -41 n2)s 

These errors did not as163 the 
computations therein. 

Manuscript received June 8, 1981. 
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Direct Writing of Refractory Metal Thin Film 
Structures by Laser Photodeposition 

D. J. Ehrlich,* R. M. Osgood, Jr., and T. F. Deutsch 
Lincoln Laboratory, Massachusetts Institute oJ Technology, Lexington, Massachusetts 02173 

We have recently described a technique for 
h igh-resolut ion,  one-step fabr icat ion of 
t h i n - f i lm  structures using UV laser photo- 
deposition (1,2).  This technique, which 
makes use of near-ambient-temperature photo- 
chemical reactions, provides a means for 
maskless d i rect  wr i t ing  of t h in - f i lm  struc- 
tures for integrated optics and microelec- 
t ron ics .  In th is  note, we describe results 
showing that micrometer-wide metal l ines can 
be deposited d i rec t l y  by photodissociation of 
metal carbonyls, thus showing that the pro- 
cess can be used for deposition of such 
important refractory metals as Fe, Cr and W. 
One-step maskless deposit ion of these refrac- 
tory metals is important in such diverse 
microfabricat ion processes as photol i tho-  
graphic-mask repair or d i rect  wr i t ing  of 
s i l i c i des  and dif fused integrated optical 
waveguides. 

UV laser photodeposition requires that 
the car r ie r  gas have a dissociat ive continuum 
extending into the range of available UV 
laser wavelengths. In the case of many metal 
carbonyls, molecular fragmentation begins to 
occur in the near UV at wavelengths greater 
than 300 nm, although, at least for the 
longer wavelengths, only one CO ligand is 
removed af ter  single-photon absorption. As a 
resul t ,  at low laser powers and long laser 
wavelengths subsequent radiat ive or c o l l i -  
sional events (3,4) are required to comple- 
te ly  s t r ip  the remaining ligands and release 
metal atoms from gas-phase molecules. 

During the course of our experiment, 
several laser wavelengths and carbonyl com- 
pounds were invest igated. Both pulsed (i0 
nsec) excimer lasers at 248 and 193 nm and a 
cw, 257-nm, frequency-doubled, Ar-ion laser 
were used to successful ly obtain deposit ion. 
The measurements described below were made 
using the 257-nm beam. Large-area cw photo- 
deposition has also been reported using an 
ion laser at wavelengths near 350 nm (5). 

Key words: Deposition, Lasers 
*Electrochemical Society Active Member. 

The photodeposition apparatus has been 
described in detai l  elsewhere (1,2).  Photo- 
deposited l ines were "wr i t ten"  by t rans la t ing  
a l-cm-long gas ce l l ,  containing the sub- 
s t ra te ,  in a plane perpendicular to the opt i -  
cal axis. The 257-nm beam was focused to a 
2.5-~m spot size with a multi-element 3-cm- 
focal- length lens. The substrates used were 
Pyrex, fused s i l i ca  and Si. 

Three metal carbonyls Fe(CO)5, W(CO)6 and 
Cr(CO)6 were invest igated; the gas pressure 
of Fe(CO) 5 was adjusted to ~ 0.5 Torr so that 
the optical absorption length at 257 nm was 
~ 7 cm. The pressures of W(CO) 6 and 
Cr(CO)6 were fixed at the room-temperature 
vapor pressures by simply placing a several- 
mil l igram carbonyl crystal in the sample 
ce l l .  No attempt was made to obtain higher 
pressures for the la t te r  two compounds by 
heating the ce l l ,  although th is  would have 
increased the deposition rates. 

Micrometer-scale resolut ion was obtained 
in photodeposits from al l  three gases. 
Figure I shows a series of 2.5-~m-wide 

Figure 1. Optical micrograph of tungsten 
l ines on Pyrex produced by single 0.9 ~m/sec 
scans at a 257-nm power of 0.9 kW/cm Z. 

2039 
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tungsten features which were made on a quartz 
substrate. The l ine width is determined by 
the laser spot size at the surface and, based 
on experience with the a lky ls ,  t igh ter  focus- 
ing w i l l  undoubtably y ie ld  smaller l ine 
widths, With Fe(CO) 5, a par t icu late back- 
ground, which extended many beam widths away 
from the central deposit, was sometimes prod- 
uced, As is shown in Fig. 2, th is  material 
consisted of small c r y s t a l l i t e s ;  i t  appar- 
ent ly arises from a gas-phase reaction 
followed by homogeneous nucleation of the 
photoproducts occurring at many beam diam- 
eters away from the substrate surface. I t  was 
found that the amount of th is  par t icu late 
could be reduced to levels undetectable under 
the optical microscope by reducing the car- 
bonyl dissociat ion rate per unit  volume. 
This reduction can be accomplished through 
lowering the laser in tens i ty  or Fe(CO) 5 gas 
pressure; background deposits can also be 
reduced by the addit ion of an inert  buffer 
gas such as He or Ar. In the case of 
Cr(CO)6 and W(CO) 6, background deposits were 
never a serious problem, 

The re lat ive metal deposition rate was 
determined by measuring the rate of change in 
the attenuation of the UV deposition beam. 
Film thicknesses were estimated from the 
measured attenuation via the known optical 
constants of the metals, a procedure shown to 
be accurate within a factor two in studies of 
Cd and Zn deposit ion. Fig. 3 displays the 
variat ion of deposition rate versus laser 
in tens i ty  for Fe(CO) 5 and W(CO) 6. Both com- 
pounds show a l inear dependence of deposition 
rate on laser in tens i ty  at laser in tens i t ies  
less than 200 W/cm 2. This l i nea r i t y  ind i -  

cates that the rate l im i t ing  step in the 
deposition is a s ing le-photon- in i t ia ted pho- 
tochemical reaction. In th is  low-power 
l inear regime the re lat ive Fe and W deposi- 
t ion rates are approximately in the rat io  of 
the vapor-phase carbonyl absorption strengths 
at 257 nm. Above 200 W/cm ~ the Fe(CO) 5 rate 
exhibi ts a sharp nonlinear increase or 
"runaway". In th is  in tens i ty  regime the 
amount of par t icu late deposit is large and 
the Fe(CO)5 gas-depletion rate is rapid. We 
believe that above the threshold in tens i ty  a 
gas-phase chain reaction is i n i t i a t ed .  
Evidence of such a reaction has also been 
seen in the case of pulsed deposit ion. As 
suggested above, the onset of th is  reaction 
can be control led by a var iat ion in Fe(CO) 5 
and buffer-gas pressure, and UV-laser inten- 
s i t y .  However, par t icu late formation pre- 
sently l imi ts  the Fe deposition rate. 

The direct writing of high resolution 
structures by laser photochemical techniques 
is of particular importance as a potential 
means to correct faults or otherwise alter 
microcircuitry without the use of photo- 
lithography. Specifically the photodeposi- 
tion of refractory metals discussed here 
provides a means for one-step fabrication of 
doping (6) and alloying (7) patterns. For 
example, tungsten-silicide conductors can be 
written by the technique of Ref. 6. 
Similarly, photodeposition of Ni and Fe 
followed by subsequent thermally-activated 
diffusion into the substrate can enable one 
to write an optical-waveguide doping pattern 
directly in LiNb03. Relatively slow rates of 
deposition are useful for these applications 
since they require small amounts of atomic 

Figure 2. Optical micrograph of the c rys ta l -  
l ine deposit from the gas-phase reaction in 
Fe(CO)5. 
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Figure 3. Deposition rate versus laser 
intensity for Fe(CO) 5 at 0.5 Torr and 
W(CO)6 at 0.2 Torr. The substrate is SiO 2. 
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dopants. Our resul ts show, however, that an 
improvement in rate is necessary for appl ica- 
t ions involving rapid deposition of thick 
metal l ic  f i lms. Such accelerated rates can 
be obtained with the use of higher carbonyl 
pressures in combination with gas di luents,  
or by the use of a shorter wavelength cw 
laser.  
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Semiconductor Electrodes 
XXXIX. Techniques for Stabilization of n-Silicon Electrodes 

in Aqueous Solution Photoelectrochemical Cells 

Fu-Ren F. Fan,* Bob I.. Wheeler,* and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

and Rommel N. Noufi* 
Solar Energy Research Institute, Photo Voltaic Division, Golden, Colorado 80401 

A number of different approaches have 
been used in the stabilization of small band 
gap n-type semiconductors against photocorro- 
sion in photoelectrochemical (PEC) cells. Such 
stabilization is necessary in the design of 
practical cells for conversion of solar energy 
to electricity, and is of critical importance 
in photoelectrosynthetic systems where the 
photogenerated holes produce species (e.g. 02, 
C12) at quite positive potentials at the semi- 
conductor surface, i) One approach involves 
the utilization of thin films of metals (I) or 
semiconductors (2) to protect the surface. For 
example, n-GaAs electrodes can be stabilized o 
in a solution of Fe(II) EDTA by a thin (~60A) 
film of gold (3). 2) Use of nonaqueous sol- 
vents (4) in PEC cells has been shown to aid 
in the stabilization of the semiconductor 
electrode by decreasing the extent of solva- 
tion of the oxidation products. A similar 
approach involves the use of concentrated elec- 
trolytes in aqueous solutions. Wrighton and 
co-workers (5) have recently demonstrated that 
n-MoSe 2 and n-MoS 2 electrodes are stable in 
concentrated LiCI solutions even in the pres- 
ence of chlorine evolution. 3) The deposi- 
tion of polymer layers on the semiconductor 
surface can also decrease photocorrosion. 
Noufi and co-workers (6) have described the 
stabilization of n-GaAs and n-Si by the elec- 
trodeposition of polypyrrole films on the 
surface. 

We demonstrate here that by combining 
these approaches even better stabilization can 
be accomplished and describe the photo-oxida- 
tion of Fe 2+ at n-Si electrodes covered by 
thin gold and thicker polypyrrole film and 
immersed in a concentrated electrolyte aqueous 
solution. 

Electrodes were fabricated from n-Si sin- 
gle crystals (0.4 to 0.6 ~ cm) donated by Tex- 
as Instruments. Ohmic contacts were made with 
In-Ga alloy. They were connected to a copper 
wire with silver epoxy cement. The crystals 
were mounted in a glass tube with all sides 
insulated with 5 min epoxy and covered by sili- 
cone rubber sealant leaving an area of 0.2-0.5 
*Electrochemical Society Active Member. Key 
words: photoelectricity, solar energy, polymer. 

cm 2 exposed. The surfaces of some crystals 
were polished with sand paper (600 grit), 
followed by etching in conc. HF for 15-20 
sec. This pretreatment gave no improvement, 
compared with these unpolished electrodes, 
in the adhesion of the polypyrrole films and 
in the stability of the polypyrrole-covered 
n-Si electrodes. Immediately prior to electra 
deposition of polypyrrole or Au, the elec- 
trodes were etched, if not otherwise mention- 
ed, with an etchant containing HNO3:HF:acetic 
acid (3:3:1) and bromine (one drop of Br 2 per 
i00 ml of solution) for 10-15 sec and then 
with conc. HF for 15-20 sec. This etching 
procedure produced more efficient etching 
than that simply with conc. HF. The elec- 
trodes were then rinsed thoroughly withwate$ 
methanol and acetonitrile. 

The electroplating of Au on n-Si was car- 
ried out at -1.6 V vs. SCE from a gold plating 
solution that was prepared by mixing 30 ml 
of VIGOR fine gold plating solution (Vigor Co. 
New York, NY) with 20 ml of 2.5 M NaCN solu- 

J 

tion. The polypyrrole films were synthesized 
potentiostatically (0.75 V vs. SCE) with the 
electrode surface simultaneously illuminated 
with the red light (> 590 nm, 100-150mW/cm 2) 
from a 450 W Xe lamp. The solutions used in 
this electrodeposition, CH3CN/0.1 M tetra-n- 
butylammonium BF4- , were prepared as reported 
by Noufi et. al. The thicknesses of the poly- 
pyrrole and the Au films were estimated from 
the charge measured during electrodeposition, 
as discussed by Noufi et. al. (6). 

The PEC behavior of naked or modified n- 
Si electrodes were compared in three differ- 
ent redox solutions: (A) 0.5 M FeSO 4 and 0.15 

Fe2(SO4) 3 in 0.5 M H2S04; (B) 0.15 M FeSO 4 
and 0.15 M Fe2(SO4) 3 in 0.i M Na2SO 4 at pH i; 
(C) 0.5 M FeCI2, 0.15 M FeCI 3 and 1 M HCI in 
ii M LiCI. 

For comparison, the light source used in 
all experiments, if not otherwise mentioned, 
was a sunlamp, which was separated from the 
PEC cell by a water IR filter of path length 
~14 cm. The light intensity impinging on the 
window of the PEC cell was 41 mW/cm 2. The 
stability of the photoelectrodes was tested 
here based on two criteria: (A) constant 
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steady-state photocurrent vs. time of illumi- 
nation at a load resistance of I0 ~ and (B) 
constant fill factor (f.f.) and onset photo- 
potential (Von) (or invariant shape of the 
photovoltammetric curve) with time of illumi- 
nation. 

The photocurrents of naked n-Si photoelec- 
trodes under the illumination with a light 
intensity of 41 mW/cm 2 decayed to small values 
(< 20 ~A/cm2) within three potential scan 
cycles between -0.2 and 0.7 V vs. SCE at i00 
mV/sec in solution (A), (B), or (C). The 
attachment of polypyrrole film (~ 3500 ~) on 
n-Si electrodes did, as reported by Noufi et. 
al. (6b), decrease the rate of photodegrada- 
tion of n-Si electrodes in both electrolyte 
solutions (A) and (B)~ As shown in Fig. I(A), 
the photoelectrodes still showed fairly ideal 
photovoltammetric curves even after ten poten- 
tial scan cycles between -0.2 and 0.7 V vs. 
SCE. However, the Von shifted in a positive 
direction with scanning. The photocurrent 
(through a load resistance of i0 ~) produced by 
a PEC cell, composed of a polypyrrole coated 
single crystal n-Si photoelectrode and a Pt 
counter electrode in solution (A) or (B), 
decayed continuously with time, indicating the 
occurrence of slow passivation of the electrode 
even under these conditions. (See also curve a 
in Fig. 2.) 

By the addition of ii M LiCI to the redox 
solution (solution C) the suppression of the 
anodic photodegradation of the photoelectrodes 
was further improved. As shown in curve b of 
Fig. 2, the photocurrent decayed initially and 
then reached a steady state value (2.1 mA/cm 2) 
after 2-3 hrs upon continuous illumination with 
a light intensity of 41 mW/cm 2. Parallel to 
this behavior, the photovoltammetric curves 
changed continuously during the first 2-3 hrs 
of illumination and then reached a steady state. 
(See Fig. I(B).) The drawn-out character of the 
steady state photovoltammetric curves shown in 
curve d of Fig. I(B) suggests that an insulat- 
ing layer was formed on the n-Si surface or 
that the polypyrrole film was photodegraded 
during the first 2-3 hrs of illumination. The 
results shown in the following experiments 
involving a gold underlayer favor the first 
possibility. 

The third type of photoelectrode was pre- 
pared by electroplating 10-20 ~ of Au on n-Si 
and then overlaying ~ 3300 ~ of polypyrrole on 
the Au photoelectrochemically. This type of 
electrode has been tested in solution (C). Very 
stable photocurrent and photovoltammetric 
curves were obtained with extended time of 
illumination. As shown in Fig. I(D), the fill 
factor and the onset photopotential were only 
slightly changed after illumination with 41 
mW/cm 2, giving a steady state photocurrent 

density of 3.1 mA/cm 2 at a load resistance of 
I0 ~ for more than 48 hrs. Only a slight decay 
of the photocurrent was observed, even in the 
first 2-3 hrs of illumination(see wave c in 
Fig. 2), indicating that the 10-20 ~ of Au 
underlayer together with the polypyrrole coat- 
ing suppresses the photodegradation of the n- 
Si electrodes quite effectively. However, the 
10-20 ~ of Au layer alone could not stabilize 
the n-Si electrode even in solution (C). 

Under a light intensity of 41 mW/cm 2, a 
PEC cell composed of one of the third type of 
photoelectrodes and one Pt counter electrode in 
solution (C) gave a short-circuit photocurrent 
density of 3.5 mA/cm 2, a fill factor of 0.65 
and an open-circuit photovoltage of 0.40 V, 
corresponding to a power conversion efficiency 
f o . . o 2.3%. Under lllumlnatlo~ with a stronger 

light intensity (150 mW/cm from a tungsten- 
halogen lamp), the photocurrent at a load 
resistance of i0 ~ decayed very slowly with 
time (~ 10% decrease of the initial photo- 
current, 12 mA/cm 2, after the first 8-hr 
illumination and 5% more decrease after the 
second 8-hr illumination). The decay rate of 
the photocurrent increased with an increas- 
ing temperature of the PEC cell. 

In conclusion, polypyrrole films on a 
metal underlayer on n-Si photoelectrodes sub- 
stantially improves their stability against 
photodegradation in an aqueous electrolyte 
containing Fe2+/Fe 3+ couple. The addition of 
ii M LiCI to the solution further improves 
the suppression of the anodic photodegrada- 
tion. The increased stability can be attrib- 
uted to the following: i) The highly concen- 
trated LiCI solution substantially decreases 
the activity of H20 thus decreasing its reac- 
tivity with the electrode surface (5). 2) Li + 
and/or CI- may also diffuse into the intersti- 
tial regions of the polypyrrole film and 
decrease penetration of water. 3) Both the 
gold and polypyrrole serve to remove photo- 
generated holes rapidly from the silicon sur- 
face before degradation occurs. In this way, 
they are analogous to stabilizing solution 
redox species (e.g. Se2-) which are rapidly 
oxidized preferentially. 4) The gold layer 
improves the adhesion of the polypyrrole to 
the Si surface and blocks pinholes in the film. 

Since the polypyrrole film is highly 
colored, it blocks some of the light imping- 
ing on the electrode surface and thus 
decreases the efficiency. Improvements should 
be possible by optimizing the metal and poly- 
mer layer thicknesses and by investigating 
electrolytes other than the Fe3+/Fe 2+ - LiCI 
systems to improve both the solar energy con- 
version efficiency and the stability. 
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Fig. 1 Voltammetric curves of modified n-Si electrodes in the dark and under illumi~ation (41 
mW/cm 2 from a sunlamp). Scan rate i00 mV/sec. (A) n-Si electrode coated with ~ 3500 N of poly- 
pyrrole in 0.5 M FeS04, 0.15 M Fe2(SO4) 3 and 0.5 M H2SO 4. (a) dark, (b) under illumination; 
i: the first cycle; I0: the tenth cycle. (B) n-S--i electrode coated with ~ 3300 ~of polypyrrole 
in 0.5 M FeCI2, 0.15 M FeCI3, 1 M HCI and ii M LiCI. (a) Fresh electrode in the dark, (b) Steady 
state photovoltammetric curve of--fresh electro--de, (c) Voltammetric curve of the same electrode 
after illumination for more than 3 hrs., (d) Steady state photovoltammetric curve of the elec- 
trode after illumination for more than 3 hrs. (C) n-Si electrode coated with 20 ~ of Au in 0.5 

FeCI2, 0.15 M FeCI3, 1 M HCI and II M LiCI. (a) dark, (b) under illumination; i: the first 
cycle; i0: the tenth cycle. (D) n-Si--electrode coated with ~ 15 ~ of Au and then with ~ 3300 
of polypyrrole in 0.5 M FeCI2, 0.15 M FeCI3, 1 M HCI and ii M LiCI. (a) Fresh electrode in the 
dark, (b) Steady state photovoltammetric curve of fresh electrode, (c) Dark voltammetric curve 
of the same electrode after illumination for 48 hrs., (d) Steady state photovoltammetric curve 
of the electrode after illumination for 48 hrs. 
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Fig. 2 Photocurrent (at load resistance of 
I0 ~) vs. time. Light intensity 41 mW/cm 2 
from a sunlamp. (a) n-Si electrode coated with 
~3500~ of polypyrrole in 0.5 M FeS04, 0.15 M 
Fe2(SO4 3 ) and 0.5 M H2SO 4. (b) n-Si electrode 
coated with ~ 3300~ of polypyrrole in 0.5 M_ 
FeCI2, 0.15 M FeCI3, 1 M HCI and ii M LiCI. 
(c) n-Si electrode coated with ~ 15 ~ of Au 
and then with ~ 3300 ~ of polypyrrole film in 
0.5 M FeCI2, 0.15 M FeCI3, i _M HCI and ii _M 
LiCI. 
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Electrocatalytic Properties of Photodeposited 
Platinum on TiO  

S. K. Vidyarthi* and N. R. Bharucha* 
Noranda Research Centre, Pointe Claire, Quebec HgR 1GS, Canada 

INTRODUCTION 

Recent demonstrations of metallic deposi- 
tion on Ti02 powders has created a new variety 
of catalysts which may find wide applications 
(i). Many such applications have been studied 
but await much further development prior to 
commercial application (2-5). We have found 
a new application of photodeposited platinum 
on Ti0= which may be useful in existing 
commercial electrolysers. 

Conventional electrolysis appears to be 
gaining popularity in the production of 
commercial hydrogen. The energy efficiency 
of such a process is low primarily as a result 
of high hydrogen overvoltage on cathodes. 
The overvoltage can be decreased by additives 
to the electrolyte, notably platinum in a 
suitable form. Chloroplatinic acid was used 
in the past to decrease the operating cell 
voltage (6) but the electrolytic effect had 
a short life due to sintering and poisoning 
of the very active platinum particles de- 
posited on the cathode. We have shown that 
dispersion of platinum by photodeposition on 
Ti02 powder creates a more stable electro- 
catalyst for the hydrogen producing electrol- 
ysis cell. 

EXPERIMENTAL 

The photodeposition of metallic platinum 

on Ti02 powder (MCB,anatase, 99.99% pure and41~ 
particle size) was performed by photolysing 
the suspension of a known amount of the powder 

in a 10-25% deaerated aqueous solution of H2PtCI 6 
with a reductant such as acetic acid or 
dimethyl formamide. The platinized Ti0= solid 
was filtered and dried in an oven at 100~ 
The detailed procedure has been described by 

*Electrochemical Society Active Member 
Key words: hydrogen evolution, platinum 

electrocatalyst 

other workers (i). Weighed amount of the 
final grey powder was added to hydrogen 
producing electrolysis cells and the perform- 
ance was compared with chloroplatinic acid. 
All cells contained 300 ml of 28% KOH electro- 
lyte, nickel-plated steel anodes and mild 

steel cathodes in a single compartment. Active 
cathode surface area was 25 cm-Z. The operating 
cell voltage ranged from I.~0 to 2.30V at a 
current density of 51mA/cmZ. The cells were 
operated at room temperature and the electrolyte 
was continuously stirred with a magnetic bar. 

RESULTS AND DISCUSSION 

The electrocatalytic activity of the 
photoplatinized Ti02 was studied by following 
its effect upon the operating cell voltage 
with time. The results are shown in Figure i. 
After 170 hours of operation without any 
additives, i00 mg of Ti02 with 4% photodepos- 
ited Pt equivalent to a concentration of 14 
mgpl of the electrolyte, was added to Cell A 
causing a 230 mV decrease in the cell voltage. 
The total platinum concentration can be 
expressed as 0.16 mg cm -2 of the cathode sur- 
face. To compare this performance with that 
of platinum in another form, a molar equiva- 
lent amount of chloroplatinic acid was added 
to Cell B at 190 hrs. It is evident that 
the photodeposition of platinum on Ti02 
increases the duration of the electrocata- 
lytic effect from approximately i0 hours for 
platinic acid to over 250 hours for the 
Pt/Ti0= powder. Furthermore, direct addition 
of chloroplatinic acid causes an anomalous 
increase in the cell voltage following the 
treatment compared to the behaviour of the 
control Cell C (note the increase in Cell B 
voltage after 220 hours). This was further 
substantiated by chloroplatinic acid treat- 
ment on the control Cell C yielding the 
similar short-lived electrocatalytic effect 
followed by a slow rise parallel to that of 

Cell B. This effect is not usually observed in 
commercial electrolysis when treated with 
H2PtC16 (7). A highly resistive film may have 
formed on the cathode under the conditions of 
the electrolytic cell. 
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Fig. i. The electrocatalytic effect of 0.16 
mg/cm = of platinum as 4% Pt/Ti0= (added at 
170 hours) on the operating cell voltage of a 
hydrogen producing electrolysis cell 'A' com- 
pared with similar cell 'B' treated with molar 
equivalent amount of H2PtCI~ and a control 
cell 'C' without any additive. At 260 hours, 
the control cell 'C' was also treated with 
H2PtCI6 to confirm its short electrocatalytic 
life as compared to that of photodeposited 
Pt/Ti02. 

The mechanism of the electrocatalytic 
effect observed here may be the migration of 
charged Pt/Ti02 particles towards the cathode 
followed by deposition. This creates a large 
number of sites for the electrolytic process. 
The electrostatic nature of the bond between 
the cathode and the catalyst particles was 
indicated by a noticeable increase in the cell 
voltage when the current was interrupted and 
the electrodes were physically disturbed (at 
266 hours, Fig. i, Cell A). The catalytic 
activity was recovered in i0 to 15 hours. 

Dunn et al. (8) in a recent publication 
discuss the apparent negatively charged TiO 2 
particles produced during the photolysis of 
a slurry. Interruption of the light source 
drastically reduces the cathodic current. 
We believe that this mechanism is not oper~ 
ative in our system. Fully platinised Ti02_ 
presumably acts as positively charged platlnum 
particles. When partially platinised TiO 2 3. 
powder was used, the observed drop in cell 
voltage was minimal. We believe that TiO 2 
acts as an efficient carrier for active platinum 4. 
and that the potential differences caused by 
the semiconducting nature of TiO 2 is likely to 
be minimal in this highly ionic media. 

Manuscript submitted Feb. 9, 1981; revised 
manuscript received ca. May 4, 1981. 
Publication costs of this article were 
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The electrocatalytic effect was enhanced 
by successive addition of Pt/Ti02 to the cell 
as shown in Fig. 2. The decrease in cell 
voltage reached a plateau after approximately 
220 mg of Pt/Ti02 (4.5% Pt by weight) had 
been added to the 300 ml electrolyte; further 
addition of the catalyst had no effect. This 
indicates a saturation effect caused by a 
complete coating of the active electrode sur- 
face at an approximate platinum coverage of 
0.40 mg/cm 2 of the cathode area. 

2.2o, 
ROL ~ ~ 

o / >2.10 

2.00 
o 79 mg 

1 . 9 0  I I i ,  i i ..... 1 , i i 

40 80 I20 160 200 240 280 320 
TIME, hours 

Fig. 2. Dependence of the electrocatalytic 
activity upon the amount of Pt/Ti02 added 
to the cell. Time and amount of catalyst 
added are indicated by arrows and indicate 
a saturation of the effect when approximately 
220 mg of the catalyst has been added to 
300 ml of electrolyte. The active surface 
area of the cathode was 25 cm 2. 

SVMMARY 

In conclusion, the electrocatalytic 
effect of photodeposited platinum on Ti02 was 
demonstrated. The Pt/Ti02 species appears to 
be the more suitable form of platinum for the 
exploitation of its hydrogen overvoltage 
reduction property. Further optimisation 
of both the catalyst preparation and electrol- 
ysis conditions is required prior to a 
commercial application of this catalyst. 
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Reports on Electrochemical Society Summer Fellowship Awards 

During  the summer  of 1980 the fol lowing gradua te  s tudents  received $1,350, 
$1,350, and $1,800, respect iveIy,  r ep resen t ing  the th ree  S u m m e r  Fe l lowsh ip  
Awards  of The Elect rochemical  Society.  

M r .  Gregory  L. McIntire ,  The Univers i ty  of Delaware ,  Newark ,  Delaware ,  
was awarded  the Edward  Weston Fel lowship.  

Mr. Rober t  S. Glass, Univers i ty  of Illinois, Urbana,  Illinois, was des ignated  
as the rec ip ien t  of the Colin Garfield F ink  Fel lowship.  

Mr. Richard  M. Cohen, The Univers i ty  of Utah,  Sa l t  Lake  City, Utah, r e -  
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Mr. McIntire's report is given below. 

The Effects of Altered Counterions and Counterion 
Concentrations on the Reductive Electrochemistry of 

Nitrobenzene in Dodecylsulfate Micelles 

Micelles i m p a r t  a measure  of o rder  to systems such 
tha t  no rma l ly  insoluble  molecules  can be solubil ized 
wi th in  the  mice l la r  aggrega te  (1). The ab i l i ty  of mi -  
celles to solubil ize these n o r m a l l y  wa te r  insoluble  
species in an essent ia l ly  aqueous med ium as wel l  as 
the  shor t - r ange  order  afforded to the  react ion envi ron-  
ment  by  micel les  has given rise to the  increas ing use of 
these micros t ruc tures  in a va r i e ty  of studies inc luding 
biological  (2), synthet ic  (3), and energy  t ransfe r  ap-  
pl icat ions (4). Studies  in these labora tor ies  have ad-  
dressed the effects of micel le  solubi l izat ion on the redox 
proper t ies  ( formal  potent ia ls)  of solubil ized subst ra tes  
(5, 6). In  addi t ion,  the  effects of the micel le  solution on 
the kinet ic  demeanor  of the monoelectronic  ox ida t ion  
and reduct ion  products  ( radical  ions) ar is ing f rom sol- 
ubi l ized subst ra tes  have been examined  in these sys-  
tems (5, 6). An  ea r l i e r  r epor t  concerned the oxidat ion 
of sodium dodecylsul fa te  (SDS) solubil ized 10-meth-  
y lpheno th iaz ine  (MPTH) (5). Vol tammet r ic  examina -  
t ion of the oxidat ion  of MPTH in SDS micel les  showed 
tha t  the product  of the monoelectronic  oxidation,  the 
cat ion radical ,  associates wi th  the anionic sur fac tan t  
(5, 6). The in terac t ion  be tween  the cation radica l  and 
the  anionic dodecylsul fa te  suggested that  nega t ive ly  
charged species ar is ing f rom the reduct ion  of solubi l -  
ized neu t ra l  subs t ra tes  might  p re fe ren t i a l ly  in terac t  
wi th  cationic micel les  (7). In  cont ras t  to pred ic ted  re -  
sults, reduct ion  of n i t robenzene  (NB) to the corre-  
sponding anion radica l  (NB-~) in cationic, nonionic, 
and  anionic micel le  solutions indicates  tha t  the anion 
rad ica l  is more  pers is tent  in the anionic micel le  system 
than  in e i ther  isotropic aqueous solut ion or cationic mi -  
celles (6, 8). Electron spin resonance (ESR) spectros-  
copy has confirmed the format ion  of NB-~ in both an-  
ionic SDS and nonionic Bri j -35 micel les  whi le  the exis-  
tence of NB-~ in cationic micel les  dur ing  the reduct ion  

of NB could not  be demons t ra ted  by  this sensi t ive tech-  
nique. In  addit ion,  ESR resul ts  suggest  tha t  NB~" is 
res ident  wi th in  the  S te rn  l aye r  of SDS micel les  (6, 8). 
In o rder  to probe the effect of a l te red  S te rn  layer  char -  
acter  on the s tab i l i ty  of NB~-, the reduct ion of NB has 
been examined  in the presence of var ious  counterions 
as wel l  as va ry ing  counter ion concentrat ions in dodec-  
y lsul fa te  micelles. The resul ts  are  expla ined  in terms of 
the kinetic demeanor of NB-~. 

Experimental Section 
Mater ia ls . - -Sodium dodecylsul fa te  (SDS, Aldr ich)  

was washed r epea ted ly  wi th  ether,  then thr ice  rec rys -  
ta t l ized f rom 95% ethanol .  Ni t robenzene (Baker)  was 
passed th rough  a column of ac t iva ted  a lumina  (400~ 
48 hr)  before  use. Al l  other  reagents  were  reagent  
grade or equivalent .  Al l  solutions were  p repa red  wi th  
deionized dis t i l led water .  

Dodecylsul fa te  surfac tants  containing var ious  coun- 
ter ions were  synthesized as follows. To a s t i r red  solu-  
tion of 100 ml of e ther  at 5~ was added 10 ml (0.15 
mol) of chlorosulfonic acid (Aldr ich)  and 28.0g (0.15 
mol) of 1-dodecanol (Aldr ich) .  The solution volume 
was then doubled wi th  e thanol  and a sufficient amount  
of the requis i te  hydrox ide  (e.g., LiOH to y ie ld  l i th ium 
dodecylsul fa te)  added to ensure  complete  neu t ra l i za -  
tion. The white,  heterogeneous mix tu re  was s t i r red  at  
room t empera tu re  for 1 hr, then f i l tered and washed  
r epea ted ly  wi th  ether. L i th ium dodecylsul fa te  (LDS) ,  
potass ium dodecylsul fa te  (KDS) ,  t e t r a m e t h y l a m m o -  
n ium dodecylsul fa te  (TMADS) ,  and  ammonium dode-  
cylsulfate  (ADS) were  all  synthesized by  the above p ro -  
cedure (9). LDS, KDS, TMADS, and ADS were  fu r -  
ther  purified by  recrys ta l l iza t ion  from isopropanol  and 
dr ied  in vacuo overnight  at room tempera ture .  

Apparatus and technique. - -Cycl ic  v o l t a m m e t r y  was 
per formed  wi th  a th ree -e lec t rode  potent ios ta t  equipped 
wi th  c i rcui t ry  for the compensat ion of solution res is t -  
ance (10). Hanging mercu ry  drop electrodes (HMDE's)  
were  produced  wi th  a Met rohm E410 drop ex t rude r  
using t r ip ly  dis t i l led mercury.  Measurements  of solu- 
t ion pH were  made  using a glass electrode,  a sa tu ra ted  
calomel reference  electrode,  and a P e r k i n - E l m e r  Met-  
r ion IV pH meter .  Al l  solutions for reduct ive  e lec t ro-  
chemis t ry  were  oxygen purged  pr ior  to use. Al l  elec-  
t rode  potent ia ls  are  repor ted  re la t ive  to the aqueous 
sa tu ra ted  calomel  e lect rode (SCE).  
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Results and Discussion 
The reduct ion of NB in anionic SDS micelles at an  

HMDE is shown in  Fig. 1. The two well-resolved pro- 
cesses have been shown to correspond to formation of 
the anion radical (NB T ) followed by reduction of 
NB-~ to the dianion which then undergoes protonat ion 
and fur ther  reduction to phenylhydroxylamine  (6, 8). 
When the potential  scan is reversed after  only the first 
wave, that process is seen to be chemically reversible 
on the 5 sec time scale of the exper iment  (Fig. 1B). 
Alterat ion of the na tu re  of the c0unterion did not  pro- 
duce a significant effect on the observed peak potential  
for the formation of NB~- (Table I).  The overall  vol- 
t ammet ry  of NB in  KDS, LDS, and TMADS micelles 
consists of two well-resolved processes as was observed 
in  SDS micelles (6, 8). KDS micelles cause the second 
reductive process to occur at more negative potentials 
than observed in SDS micelles. In ADS micelles, the 
reduct ion of NB proceeds as a single chemically i r -  
reversible process at potentials anodic of those ob- 
served in either isotropic aqueous solution or cationic 
micelles (6, 8). In  the presence of increased counter ion 
concentrations, the peak potential  corresponding to 
formation of NB= is shifted to slightly more positive 
potentials. Addit ion of 0.7M NaC1 to an SDS micellar  
solution of NB causes the first wave to shift 8 mV 
(Table II) while the second wave is shifted more than 
100 mV in  the positive direction (Table II) .  

Investigations of the effects of micelles on the redox 
properties of solubilized substrates must  consider the 
thermodynamic  and kinetic effects of these media on 
both substrates and the products of the electron t rans-  
fer processes. In  particular,  the kinetic demeanor  of 
the products of the electron transfer  processes can af- 
fect the observed redox properties of the original  sub-  
strafes (11). Both the anion radical and dianion (sec- 
ond wave) of NB are susceptible to kinetic processes. 

Table I. Effect of altered counterion on voltammetrie peak 
potentials for the reduction of nitrobenzene in the presence of 

dodecylsulfate micelles a 

Counterion b 

E E 
Pe 1 P�9 

Li§ -779 (-----3) -1155 (-----3) 
Na + -766 ( •  -1157 ( •  
K*e -755 ( •  -1304 ( •  
TMA+ - 7 7 4  ( •  -1136 (+---2) 
NH~+ -490  (-+10) a 

NI-I~+ - 3 2 5  (-----5) e a 

a pH of bulk  solut ion ad jus t ed  to  7.0 (•  wi th  corresponding 
hydroxides ,  peak  po ten t ia l s  rnV v s .  SCE. 

b All  solutions 60 mM in r e spec t ive  su r fac tan t ,  0.5 rnM NB. 
c Cyclic v o l t a m m e t r y  acqu i red  at  49~ All o the r s  at  25~ 
a No s e c o n d  w a v e  e v i d e n t .  
"pH = 5.10. 

Table II. Linear sweep voltammetric 'peak potentials for the 
reduction of nitrobenzene in 60 mM SD$ with added NoCI a,b 

[NaC1] M 

E E 
Pc 1 Pc 2 

0 = - 7 7 2  (+ i )  -1188  (-+4) 
0.047 -769  (-+2) -1137 (-+4) 
0.107 -766  (-----4) -1118 (-+3) 
0.314 -764 (-+3) -10~8 ( •  
0.700 - 7 6 4  ('+3) -1065 (~3 )  

a All a t  50 mV/sec ,  HMDE rad ius  = 4.6 x I0 -2 era, peak  poten- 
tials m V  v s .  S C E .  

b [NB] = 0.001M. 
c No NaCI added,  60 mM SDS. 
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1 
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Fig. I .  Cyclic voltammetry of 0.5 mM NB in 50 mM LiCI/50 mM 
SDS. HMDE radius = 4.6 • 10 - 2  cm, sweep rate = 50 mV/sec. 
Arrow indicates initial potential and direction of sweep. 

The second vol tammetr ic  process (dianion) is com- 
posed of a number  of electron t ransfer  and chemical re-  
action steps as shown below (12) 

NB + e- --~ NB7 (i) first wave 

NB T + e- ~ NB = (2) 

O- OH 

NB= + H+ ~ ~ N / (3) 

0 
O- OH 0 

H ~ N  / N 

0 H OH 

N 

(5) 

second wave 

An increase in  the rate of the reaction consuming the 
product  of the electron t ransfer  (the dianion) wil l  
cause the observed peak potential  to shift to more 
positive potentials (11). In the above reaction sequence, 
reaction [3] has been reported to be the r a t e -de te rmin-  
ing step (12). Alterat ions of the hydrogen ion concen- 
t ra t ion will affect the rate of that process and there-  
fore the observed peak potential  for reduction of NB-~ 
to the dianion and u l t imate ly  phenylhydroxylamine.  In  
addition, the anion radical of NB is rapidly protonated 
in aqueous media. The protonated form undergoes dis- 
proport ionat ion followed by dehydrat ion to n i t rosoben-  
zene which is readily reduced at less negat ive poten-  
tials to phenylhydroxylamine  (13) as shown below 
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NB + e- ~ NBY (i) 

NB V + H + ~ NBH. (6) 

2NBH �9 --~ NB + 

HO OH 

~N / (7) 

(t)  

0 
II 
N 

H20 (8) 

o I; 
N 

2e- 

- -  2H + 

H OH \ N /  

"- ~ (5) 

I t  is c lear  tha t  the  products  of the  reduct ion  of  NB are  
suscept ible  to kinet ic  processes tha t  m a y  be responsible  
for  the  observed  v o l t a m m e t r y  of NB in these systems. 

Addi t iona l ly ,  both  NB-~ and the dianion of NB have 
been repor ted  to undergo ion pa i r ing  with  a lka l i  meta l  
cations (14, 15). The observed  e lec t rochemis t ry  of NB 
in these media  m a y  reflect these s tabi l iz ing interact ions  
and/or the kinet ic  processes discussed above. Specifi- 
cally,  if  ion pa i r ing  of NB-~ wi th  micel le  counter ions is 
favored  over  tha t  be tween  the d ianion and the micel le  
counterions,  then the fo rmat ion  of NB-~ should become 
more facile (posi t ive shif t  of observed  vo t tammet r ic  
peak  potent ia l )  whi le  reduc t ion  of NB (to the  d i -  
anion)  would  become more  difficult (negat ive  shift  in 
observed  vo l t ammet r i c  peak  po ten t ia l ) .  Conversely,  if 
ion pa i r ing  of the  d ianion of NB is favored o.ver tha t  of 
NB +, then  the observed vo l t ammet r i c  peak  potent ia l  
for  the reduct ion  of NB ~ to the d ianion would  shif t  in 
a posi t ive d i rec t ion  (16). The smal l  shif t  in vo l t a mme t -  
ric peak  potent ia l  observed  for  the NB/NB + redox cou- 
p le  together  wi th  the r e l a t ive ly  la rge  changes observed 
for the  anion rad ica l /d i an ion  redox couple in the  pres-  
ence of w e a k l y  pa i r ing  cations (K +, TMA +) (13, 14) 
indicates  tha t  ion pa i r ing  is not  a ma jo r  factor  in these 
systems. 

The reduct ion of NB in LDS, SDS, KDS, TMADS, 
and ADS micelles  gives rise to p h e n y l h y d r o x y l a m i n e  in 
a l l  cases indica t ing  tha t  pro tonat ion  of the dianion oc- 
curs r ap id ly  in dodecylsul fa te  miceltes (12). The smal l  
changes in the  observed peak  potent ia l  for the r educ -  
t ion of NB to NB~- wi th  a l te red  counter ion indicate  
tha t  ion pa i r ing  is not  the p r i m a r y  s tabi l iz ing in te rac -  
t ion in these systems. Rather ,  the observed vo l t amme-  
t ry  of NB in these systems is dependent  on the kinet ic  
proper t ies  of NB~- and the dianion in these media.  In-  
te rac t ion  of NB~- and the dianion wi th  the  dodecylsul -  
fate  micel les  resul ts  in r e t a rda t ion  of the ra te  of p ro-  
tonat ion of these species (12, 13). In  the  case of NB-~, 
the  s tab i l i ty  p rov ided  by  the micel le  renders  the  ob-  
served reduct ion  of NB to NBT chemical ly  revers ib le  
on the cyclic vo l t ammet r i c  t ime scale. Kinet ic  s tab i l -  
izat ion is consistent wi th  observa t ion  of NB-~ in non-  
ionic micel les  where  counter ion pa i r ing  wi th  NB-~ is 
impossible  (6). The dianion is sufficiently react ive  that  
reduct ion  of NB-~ to the dianion is chemical ly  i r r e -  
vers ib le  in al l  dodecylsul fa te  micelles examined.  The 
na tu re  of the interact ions  of NB and NB-~ wi th  dode-  

cylsul fa te  micel les  is the  subjec t  of fu r the r  s tudy  in 
these labora tor ies  (8). 

Acknowledgments 
The suppor t  of The Elect rochemical  Society th rough  

the Edward  Weston Fe l lowship  is g ra te fu l ly  acknowl-  
edged. In  addit ion,  the assistance of D. M. Chiappard i  
and the cont inued suppor t  and  encouragement  of Dr. 
H. N. Blount  were  essential  to this work.  

REFERENCES 

1. J. H. Fe nd l e r  and E. J. Fendler ,  "Catalysis  in Micel-  
la r  and Macromolecula r  Systems,"  Academic  
Press,  New York  (1975). 

2. For  example :  a) A. Helenius  and K. Simons, Bio- 
chim. Biophys. Acta, 415, 29 (1975); b) T. Muk-  
herjee,  A. V. Sapre,  and  J. P. Mittal ,  Photochem. 
Photobiol., 28, 95 (1978). 

3. E. H. Cordes, Pure Appl. Chem., 50, 617 (1978). 
4. P.-A. Brugger ,  P. O. Infel ta ,  A. M. Braun, and M. 

Gratzel ,  J. Am. Chem. So c., 103, 320 (1981). 
5. G. L. McInt i re  and H. N. Blount,  J. Am. Chem. Soc., 

1{}1, 7720 (1979). 
6. G. L. McInt i re  and H. N. Blount,  in "Solut ion Be-  

havior  of Surfactants :  Theore t ica l  and Appl ied  
Aspects,"  K. L. Mi t ta l  and E. J. Fendler ,  Editors,  
P lenum Press,  New York  (1981). 

7. G. Meyer,  L. Nadjo, and J. M. Saveant ,  J. Electro- 
anal. Chem. Interracial Electrochem., 119, 417 
(1981). 

8. G. L. McIntire ,  D. M. Chiappardi ,  R. L. Casselberry,  
and H. N. Blount,  J. Phys. Chem., Submit ted .  

9. M. J. Schick, J. Phys. Chem., 68, 3585 (1964). 
10. A. A. Pi l la ,  This Journal, 118, 702 (1971). 
11. A. J. Bard  and L. R. Fau lkner ,  "Elect rochemical  

Methods," p. 433, Wiley,  New York  (1980). 
12. A. J. Fry,  "Synthet ic  Organic  Elect rochemist ry ,"  p. 

226, Harpe r  and Row, New York  (1972). 
13. K.-D. Asmus, A. Wigger,  and  A. Henglein,  Ber. 

Bunsenges. Phys. Chem., 70, 862 (1966). 
14. T. M. Krygowski ,  M. Lipsztajn,  and Z. Galus, J. 

Electroanal. Chem. Interracial Electrochem., 4~, 
261 (1973). 

15. W. Kemula  and T. M. Krygowski ,  in "Encyclopedia  
of Elec t rochemis t ry  of the  Elements ,"  A. J. Bard  
and H. Lund,  Editors,  Vol. XIII ,  p. 77, Marce l  
Dekker ,  New York (1979). 

16. E. E. Bancroft ,  J. E. Pember ton ,  and H. N. Blount,  
J. Phys. Chem., 84, 2557 (1980). 

The Colin Garfield Fink 
Summer Fellowship Report 

Mr. Glass 's  r epor t  is g iven below. 

Evidence for S-Route Behavior in Electrogenerated 
Chemiluminescence from the 

Tris(2,2'-bipyridine)ruthenium(ll) System 

For  severa l  years,  workers  in the  area  of e lec t ro-  
genera ted  chemiluminescence (ECL) have l abored  to 
expla in  the mechanisms of l ight  product ion in h igh-  
energy  e lec t ron- t r ans fe r  reactions.  I t  has, in par t icular ,  
been difficult to find systems which  adhere  to expec-  
tat ions based upon l ight  product ion  via  the "S- route ."  
In  these systems, the e l ec t ron- t r ans fe r  react ion is en-  
e rge t ica l ly  sufficient to leave a produc t  in the observed  
emi t t ing  state, and does so d i rec t ly  in the redox event. 
In  systems where  the  e l ec t ron- t r ans fe r  react ion is in-  
sufficiently energet ic  to d i rec t ly  yie ld  an emi t t ing  
product ,  the mechanism of l ight  product ion is assumed 
to proceed via the  T-route .  Here t r ip le t  in te rmedia tes  
are  produced in the e lec t ron- t rans fe r  event,  and t r ip le t -  
t r ip le t  annihi la t ion  is invoked  to account  for p roduc-  
tion of emi t t ing  states. These schemes have been ex-  
tens ively  r ev iewed  (1-7).  
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In mechanis t ic  invest igat ions,  the sequent ia l  step 
technique for  producing  l ight  t rans ients  has been 
wide ly  used (3, 5, 6, 8-11). Resul ts  of studies using 
this technique have, however ,  not  gene ra l ly  been con- 
s is tent  wi th  the above scenarios (6, 12-17). 

In the sequent ia l  s tep expe r imen ta l  method,  one 
generates  the ox idant  and reduc tan t  f rom precursors  at  
a smal l  p l ana r  e lect rode in quiescent  solution. In  the 
f i r s t  s tep (of dura t ion  tf),  the first r eagen t  is produced 
and diffuses into the solution. At  t _-- tf, the potent ia l  
of the e lect rode is swi tched to a va lue  where  the 
second reagent  is produced.  I t  then diffuses into the 
solution, where  i t  reacts  wi th  the first r eagen t  at  a 
to ta l  ra te  (N, moles /sec)  tha t  declines wi th  t ime as 
the first species is consumed. The react ion ra te  can be 
pred ic ted  f rom the laws of diffusion (8, 11). A l ight  
t rans ien t  results  f rom the t ime dependence  of the 
redox  react ion ra te  N and the kinet ics  of l i g h t -p ro -  
ducing processes. 

The shor t - t ime  region of the l ight  t rans ient  has been 
s t ressed for  kinet ic  eva lua t ion  (4, 6, 10, 11, 16), and i t  
h a s  b e e n  shown tha t  in this region the l ight  in tens i ty  
should be l inear  wi th  ( tr / tD -1/2, where  tr is t ime m e a -  
sured  into the second step f rom its s t a r t  (11). Re-  
cently,  K a w a i  et al. (18) have repor ted  single t rans i -  
ents adher ing  to this predic t ion  in the an th ry l amine  
cha rge - t r ans fe r  systems, bu t  they  did not  a t t empt  to 
ver i fy  the pred ic ted  var ia t ions  in the slopes and in-  
tercepts  of the l inear  plots wi th  s tep time, nor did they  
test  for the expected invar iance  in behavior  wi th  the 
sequence of r eac tan t  generat ion.  

In  the absence of a pa rad igm showing pred ic tab le  
behavior  wi th  respect  to al l  expe r imen ta l  var iables ,  
one cannot  be sure  whe the r  the devia t ions  f rom non-  
idea l i ty  manifes t  defects in the expe r imen ta l  approach,  
significant misconceptions about  the fundamenta l  
chemistry,  or both. Our  goal  in this work  and in a 
companion s tudy done by  Lu t tmer  and Bard  (19) is 
to es tabl ish the react ion be tween  Ru(bpy)3  +1 and 
Ru(bpy)~  +3 (where  bpy  is 2 ,2 ' -b ipyr idine)  as a rea -  
sonably  we l l - behaved  S- rou te  case under  cer ta in  con- 
ditions. This react ion is s imple in comparison to en-  
ergy-sufficient  ion annihi la t ions  of aromatics,  which 
can have para l l e l  S and T pa thways  to emission. Emis-  
sion arises by  phosphorescence from a d-:~* me ta l -  
l igand  cha rge - t r ans fe r  t r ip le t  of Ru (bpy)  8 +2, which is 
the only exci ted s tate  wi th  an apprec iab le  l i fe t ime 
(20, 21). Ea r ly  studies by  Bard  and co-workers  (22, 
23) pos tu la ted  the direct  product ion of the emi t t ing  
s tate  of this sys tem in the e lec t ron- t rans fe r  event.  
La t e r  work  (24, 25) showed that  at  t empera tu res  be -  
low --30~ the ECL emission y ie ld  (photons emi t ted  
per  redox  event)  approached  the photoluminescence 
quan tum efficiency, which implies  100% efficiency for  
product ion of the d-~* t r ip le t  in e lect ron t ransfer .  

Even though the key  s ta te  in this sys tem is a t r iplet ,  
the descr ipt ion of the kinet ics  as "S- rou te"  is accurate  
as this is the emi t t ing  s tate  and wil l  be shown to be 
d i rec t ly  produced in the e l ec t ron- t r ans fe r  event.  The 
resul ts  from this s tudy  are  briefly summar ized  below. 
More complete  detai ls  can be found e lsewhere  (26). 

Experimental 
Chemicals . - -Ru(bpy)sC12 �9 6H20 was suppl ied  by  

G. F. Smi th  Chemical  Company.  Ru (bpy)8 (C104)2 w a s  
p r e p a r e d  f rom it by  meta thes is  wi th  excess NaC104 in 
H20. It  was then recrys ta l l i zed  th ree  t imes f rom a n  
H20-EtOH mix tu re  (4:1),  and then dr ied  for  48 hr  
a t  60~ unde r  vacuum. 

T e t r a - n - b u t y l a m m o n i u m  fluoborate (TBABF4) w a s  
used as the suppor t ing  electrolyte .  I t  was obta ined  
f rom Southwes te rn  Ana ly t i ca l  Chemicals  (Electro-  
met r ic  g rade) ,  recrys ta l l ized  three  t imes from a mix -  
ture  of e thyl  ace ta t e -pen tane  (5:1) ,  then  dr ied  at  

95 ~ under  vacuum for 48 hr. The e lec t ro ly te  w a s  
s tored in a desiccator  over  CaSO4. 

N ,N-d ime thy l fo rmamide  (DMF),  99% was obta ined 
f rom Aldrich.  The procedure  for r emova l  of amine de-  
composit ion products  and H20 has been descr ibed in 
de ta i l  (14). 

Electrochemical cell and sample preparat ion. - -The 
cell  consists of a p l a t i num disk work ing  e lect rode 
(3.09 ram2) and a p l a t inum wire  quas i - re fe rence  elec-  
t rode (QRE).  The tip of the QRE is p laced  close (2-3 
mm) to the  work ing  e lect rode to minimize uncompen-  
sa ted resistance.  A p l a t inum wire  was also used as the 
counterelectrode.  Al l  o ther  detai ls  of the  cell  and 
sample  p repa ra t ion  are  s imi la r  to those descr ibed pre -  
viously (26). 

Ins trumentat ion. - -Detai ls  of the computer  in ter face  
and ins t rumenta t ion  have been repor ted  e lsewhere  
(26). 

The t r ip l e - s t ep  mode of r eac tan t  genera t ion  w a s  
uti l ized in this study.  The in i t ia l  po ten t ia l  was a lways  
0V vs. QRE, where  Ru(bpy)32+ was not  electroact ive.  
Two sequent ia l  steps of equal  durat ion,  tf, were  then 
used to genera te  the react ing species. At  the end of 
the second step, the potent ia l  of the work ing  electrode 
was r e tu rned  to 0V vs. QRE. Uncompensa ted  resis tance 
was compensated for  by  posit ive feedback  a t  the 80% 
level. 

Results and Discussion 
Electrochemistry  and exper imenta l  design.--Ini t ial  

work  was pe r fo rmed  in acetonitr i le .  However ,  both  
cyclic v o l t a m m e t r y  and chronocoulometry  revea led  
severe  problems wi th  filming of the electrode.  We 
therefore  changed to DMF in hopes of a l lev ia t ing  this 
obvious solubi l i ty  problem.  Also, in o rder  to suppress  
the large  anodic background  seen in DMF at room 
tempera ture ,  the  expe r imen ta l  work  was per formed  
near  --25~ where  the anodic region is f a i r ly  clean. 

F igure  1 is a cyclic vo l t ammogram of R u ( b p y ) a  2+ 
in DMF at --250 . There  are  three  reduct ion peaks  
s i tuated at  --1.33, --1.49, and --1.74V vs. QRE, which  
are  associated wi th  the product ion of R u ( b p y ) 8  +~, 
Ru(bpy)3  ~ and Ru(bpy)8  -1, respect ively.  A four th  
reduct ion peak, associated with  i r revers ib le  l igand 
loss, is at  --2.5V. Good revers ib le  behav ior  is observed 
for  the first three  reductions,  the  spl i t t ing  be tween  the 
anodic and cathodic peaks  in each case being 60-70 mV. 
One oxidat ion peak  appears  a t  1.31V vs. QRE. I t  shows 
quas i - revers ib le  behavior ,  w i th  a peak  separa t ion  of 
~150 mV. At  room t empera tu re  this oxida t ion  exhibi ts  
more revers ib le  character .  No problems wi th  deposi -  
t ion onto the e lec t rode  surface were  not iceable  in 
DMF, and the solubi l i ty  of the chelate  species genera l ly  
appea red  to be much grea te r  in DMF than  in aceto-  
ni tr i le .  

In the quant i ta t ive  model  developed (11) for  ana ly -  
sis of the ea r ly  por t ions  of ECL l ight  t ransients ,  i t  w a s  

-ois -~ o~-2 io  
E, V vs QRE 

Fig. 1. Cyclic voltammogram of 1 mM Ru(bpy)32+ in DMF at 
- -25 ~ The supporting electrolyte was 0.1M TBABF4. Scan begins 
at O.OV and first moves negatively. 
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assumed that diffusion-controlled conditions for gen- 
eration of the reactants was enforced. However, as 
seen in Fig. 1, the first and second reduction peaks are 
closely spaced, and potential oversteps of 200-250 mV 
past Ep for production of Ru(bpy)3 +1, which are nor- 
mally used to establish diffusion-controlled conditions 
for electroreduction, cannot be employed without 
simultaneous generation of Ru(bpy)a ~ In such a case, 
the model relating the light intensity to the redox re- 
action rate, N, as discussed in the next section will be 
uninterpretable. 

In a different approach to the problem, we em- 
ployed a triple step program featuring the production 
of the Ru(bpy)8 -1 species at the electrode in the for- 
ward step, and Ru(bpy)s +8 in the reverse step (27). 
No control problems were expected in this case be- 
cause the fourth reduction is so widely separated from 
the third. During the forward step, Ru(bpy)n -1 dif- 
fuses outward from the electrode and encounters a 
flux of +2 species, hence the following reactions occur 

R(--1)  + R ( + 2 )  -> R(0) + R ( + I )  [i] 

R(--1) + R ( + I )  -> R(0) -t- R(0) [2] 

R(0) + R ( + 2 )  -> R ( + I )  + R ( + I )  [3] 

where the species are designated by the charges on the 
complexes. The net result is that virtually all of the 
electrons injected by reduction go to produce R ( + I )  
in the diffusion layer (except very near the electrode 
surface). When the second step begins, and R ( + 3 )  is 
electrogenerated, the ECL reaction is then the usual 
o n e  

CB 
R ( + 3 )  + R ( + I )  T - + R ( + 2 ) *  + R ( + 2 )  

/ 
~, > R ( + 2 )  + R ( + 2 )  [4] 

where  Cs is the branching ratio for producing the 
d -- ~* triplet R(+2)* .  Only in the earliest moments 
of the second step, when the homogeneous reaction 
takes place near the electrode, would R ( + 3 )  be able 
to react with R (-- 1) or R (0). 

Theoretical considerations.~For an S-route system, 
the total light intensity (I, einsteins/sec) is very sim- 
ply related to/Y as 

I = r [~] 

where ~ECL is the ECL efficiency (photons emitted per 
redox ion annihilation) and should be independent of 
time (16). The intensity should therefore be proporo 
tional to N. 

For the case at hand, an analytical expression has 
been developed (26) which yields the redox reaction 
rate in a linearized form. In dimensionless terms, it 
is given as 

~n -- a(tr/tf) -1/ '  Jr I:) [6] 

where ~ = Ntf'/2/AD'/=Cp*, a = 2.15, and b = --1.96. 

This result applies only to the early part of the light 
decay (tr/tr ~ 0.2). 

Assumptions which are made in deriving the above 
results are detailed elsewhere (26). In this reference, 
data are also presented which verify that our basic 
model of diffusional processes is correct. This verifi- 
cation consists of an examination of faradaic current 
flow during the second step (11, 16). 

The problem was also treated by digital simulation 
(26). The results for O~n agreed rather well with the 
theoretical expression over the time domain of interest 
(tr/tf ~: 0.2). 

S-route behavior in these experiments would there- 
fore require light transients that show linear plots of 
intensity vs. (tr/tf)-'/~ with intercept-to-slope ratios 
b/a = --0.91, regardless of tf. 
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Decay curves .nShown  in Fig. 2 are plots of I vs. 
(tr/tf)-la for experiments in DMF at --25 ~ with t~ = 
0.1-10 sec. It is seen that the plots show good linearity 
in all cases. The least-squares intercept-to-slope ratios 
are --1.18, --1.37, --1.36, and --1.62 for tf -- 0.1, 1, 5, 
and 10 sec, respectively. These values are significantly 
higher in magnitude than the theoretical value of b/a 
= --0.91. 

By rearrangement of Eq. [5] and [6], one finds that 
both the slopes and intercepts of the lines in Fig. 2 
should display direct proportionality with tf-1/~, and 
the plots in Fig. 3 show that the prediction is borne 
out. The ratio of the slope of line 1 in Fig. 3 to that 
of line 2 should be - -b /a  = 0.91. In reality, the ratio 
is 1.15. 

The good linearities shown in Fig. 2 and 3 for single 
transients and among families of transients is con- 
cordant with an S-route mechanism of light production. 
The only remaining discrepancy from the behavior 
predicted by theory is the consistent tendency of the 
observed intercept-to-slope ratio (--b/a)obs to be high. 
This effect has also been seen by Kawai et aL (18) in 
the ECL of anthrylamine systems, and by Luttmer and 
Bard (19) in the system of interest here despite a 
totally different experimental attack. 

More ideal values of the intercept-to-slope ratios 
were observed with shorter tf and with lower tem- 
peratures. For example, from ratios of slopes of plots 

18[ 

t r / t f  

0.25 0 0 2 8  0.01 
i 

~'12C 
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2.0 4'o ~'o 8'.o lo'.o 
( t r / t f )  -1 /2  

Fig. 2. Plots of I vs. ( t r / t f ) - V 2  for experiments with 1 mM R ( + 2 )  
in DMF with 0.1M TBABF4 at - -27  ~ Values of tf are: Open circles 
are 0.1 s ec; open triangles are 1.0 sec; filled circles are 5.0 sec; 
filled triangles are 10 sec. 
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Fig. 3. Slopes (open circles) and intercepts (filled circles) of plots 
in Fig. 2 vs. t f -  I/2. 
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equiva len t  to those of Fig. 3, the fol lowing t r end  was 
observed  

T, oc ( -  b/a) oh, 

Ambien t  1.58 
--25 L09 
--35 0.96 

These da ta  were  ob ta ined  wi th  0.2M TBABF4, which  
was twice the  va lue  used in exper iments  descr ibed  b y  
Fig. 2 and 3. No effect of e lec t ro ly te  concentra t ion was 
discerned.  

The high values  of (--b/a)obs m a y  be due to side 
reactions,  perhaps  wi th  the e lec t ro ly t ic  products  of the  
fa rada ic  process occurr ing  in pa ra l l e l  wi th  the ox ida -  
t ion of R ( + 2 ) .  However ,  the genera l i ty  of the behavior  
suggests  tha t  there  m a y  be a fundamen ta l  defect  in 
expe r imen ta l  conformi ty  to the theore t ica l  model.  One 
poss ibi l i ty  is the exis tence of  edge diffusion or  convec- 
t ive l a te ra l  dispers ion of the  diffusion layer ,  resul t ing  
in losses of the  first  r eac tan t  which  would  t end  to 
depress  the in tercepts  fu r the r  and ra ise  --b/a (26). 

Conclusions 
The fol lowing cr i te r ia  a re  proposed  for  S - rou te  be -  

havior.  
1. L inea r i t y  of plots  of I vs. ( tr / t~)- ' /2 for  t r / t t  --~ 

0.2. 
2. Plots  of the in tercepts  and  slopes of the  ind iv idua l  

l inear ized  t rans ients  tha t  a re  l inea r  wi th  t~-'/2 and  pass 
th rough  the origin. 

3.. A rat io  of the slopes of the  plots  in 2 giving 
(--b/a)obs nea r  the  theore t ica l  value.  

4. Quan t i t a t ive ly  equ iva len t  behavior  upon reversa l  
of the o rder  of r eac tan t  generat ion.  

With  these cr i te r ia  the  essentials  of S - rou t e  behavior  
are  cap tured  in expe r imen ta l l y  real is t ic  terms.  I t  i~ 
not  fe l t  tha t  s t r ic t  quant i ta t ive  observa t ion  of the 
theore t ica l  ( - -b/a)  va lue  should be overst ressed,  as 
the  observed  value  m a y  be pe r tu rbed  by  a number  
of f a i r ly  minor  expe r imen ta l  defects. I t  is h ighly  un -  
l ike ly  tha t  a sys tem wi th  a large  T- rou te  component  
would  be able  to fulfill  these cr i te r ia  (26). 

F rom the da ta  p resen ted  here,  and  in the  companion 
work  by  L u t t m e r  and Bard  (19), the  sys tem at hand  
has fulfil led al l  of the above cr i ter ia  and seems re l iab le  
as an S - rou te  model.  
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Direct Measure of the Esin-Markov 
Coefficient in Mixed Solutions 

The object ive  of this summer  research  was to demon-  
s t ra te  the  feas ib i l i ty  of using an ion-sens i t ive  field 
effect t rans is tor  ( ISFET)  to d i rec t ly  measure  the 
Es in -Markov  coefficient of ions which  specif ical ly 
adsorb to a polar ized gate metal .  Gold was chosen as 
the gate ma te r i a l  since i t  has been s tudied as a po la r -  
ized e lect rode (1-5).  For  solid mater ials ,  the s t anda rd  
technique for finding the Es in -Markov  coefficient 

requires  measuremen t  of a capac i tance-vo l tage  curve 
in an appropr ia te  base solut ion to find the  poten t ia l  a t  
the point  of zero .charge (pzc).  One m a y  then in tegra te  
the area  under  the curve to find the eharge on the 
e lect rode at  o ther  potentials .  Upon addi t ion  of a spe-  
cifically adsorbing ionie species to the solution, the  
C-V curve wil l  change; recalcula t ing  the potent iM of 
the pze (or any  o ther  charge condit ion on the elec-  
t rode)  al lows one to measure  the shif t  in e lect rode 
potent ia l  as a funct ion of ion ae t iv i ty  in solut ion for a 
constant  charge condi t ion on the me ta l  eleetrode,  
y ie ld ing  the Es in -Markov  coefficient. 

Experimental 
The theory,  operat ion,  and construct ion of ISFET's  

have been rev iewed  in deta i l  e lsewhere  (6). As shown 
in Fig. 1, a gold gate ISFET is immersed  into solution. 
An ex te rna l  c ircui t  senses the dra in  current ,  compares  
i t  to a p rese t  value,  and adjus ts  the reference  elec-  
t rode potent ia l  to keep the dra in  cur ren t  at  the prese t  
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Fig. 1. Circuit far operation of ISFET with constant charge on 
gold gate. 

value.  The gold gate  is e lec t r ica l ly  floating so tha t  i t  
makes  e lec t r ica l  contact  only  wi th  the solution. 

As long as there  a re  no charge leakage  paths  to the 
gold gate, the  constant  charge condit ion for  measur ing  
the Es in -Markov  coefficient is satisfied. If  an adsorbing 
anion  is added  to solution, posi t ive countercharge  must  
appea r  a t  the  surface  of the gold facing solution. Since 
this requi res  a change in charge dens i ty  on the side of 
the  gold facing the ISFET's  conduct ing channel,  the 
d ra in  cu r ren t  begins to drop. The ex te rna l  c ircui t  
senses this change and increases  the reference  e lect rode 
po ten t ia l  sufficiently to ma in ta in  constant  d ra in  cur -  
rent,  and, equivalent ly ,  constant  po ten t ia l  (and charge  
dens i ty  eve rywhere )  on the gold gate. Thus, the  change 
in po ten t ia l  of the  reference  e lect rode appears  en t i re ly  
across the go ld -doub le  l aye r  region,  and d i rec t ly  m e a -  
sures  the Es in -Markov  coefficient. 

The gold gate  is a thin film of gold wi th  an a rea  of 
about  10 -4 cm2. Gold is in i t ia l ly  r f  spu t te red  dur ing 
chip manufac tu re  on top of 200A of  t i t an ium (to bond 
the gold to the  sil icon n i t r ide)  to form a gate wi th  a 
thickness of about  0.2 ~m. Some exper iments  were  pe r -  
fo rmed  on this amorphous  gold gate, while  others  were  
pe r fo rmed  on a po lycrys ta l l ine  gold gate of severa l  
microns  th ick  which was formed by  using a Bel l  
Labora tor ies  e lec t rop la t ing  technique (7) which  gives 
gold of five nines pur i ty .  

Deionized, 18 M a - c m  resis t ivi ty ,  w a t e r  was passed 
th rough  a quar tz  double  dis t i l la t ion uni t  for  our  use in 
these exper iments .  Chemicals  used were  e i ther  Mal -  
l inckrod t  Reagent  grade  or Merck  S u p r a p u r  grade.  

The reference  e lect rode used was a double  junct ion  
type  wi th  the compar tments  separa ted  by  porous glass 
plugs. The upper  junc t ion  was composed of  
AglAgCllsa t .  AgC1 in 4M KC1. The lower  junc t ion  con- 
ta ined  e lec t ro ly te  of the same composit ion as the base 
solut ion unde r  test. 

A thermos ta t t ed  closed test  cell  a t  25~ conta ining 
a base solut ion of 0.9M NaF  in w a t e r  was deaerated 
b y  bubbl ing  humid  N2 th rough  the 25 ml  of solut ion 
for  more  than  an hour  before  s ta r t ing  any  measu re -  
ments.  Gas leav ing  the cell was passed th rough  a water 
t rap  to avoid  backflow of oxygen  into the system. The 
ISFET's  were  en t i r e ly  encapsulated,  excep t  for the 
gold gates, wi th  EPON epoxy  as descr ibed e l sewhere  
(6).  

F o r  the summer  project ,  iodide was chosen as the 
specifically adsorb ing  ion to s tudy.  A cal ibra ted,  Gi l -  
mon t  250 ~1 syr inge  was used to add NaI  to the  solut ion 
over  a concentra t ion range  of 10-6-10-8M. 

Devices were  c leaned for  10 rain or  longer  in an 
argon p lasma wi th  a background  pressure  of  about  
0.3 Tor r  wi th  5W of power  used to keep  the p lasma  

ignited.  Af te r  p lasma  cleaning,  the  device was re-  
moved f rom the p lasma chamber  and immed ia t e ly  
p laced in a conta iner  of clean water ,  moved to the test 
cell, and  placed in the test  solut ion to avoid the  possi-  
b i l i ty  of surface contaminat ion.  Aqua  regia  made  f rom 
electronic grade  acids was used to clean o ther  devices. 
These devices were  d ipped in the  acid for  2-3 sec, 
p lunged immed ia t e ly  into clean wa te r  for  a minute,  
and  then into the test  solution. 

Results 
After  equi l ibraUng a device in solut ion for  an hour  

to minimize dr i f t  and deaera te  the solution, the expe r i -  
men t  was begun. Near ly  al l  of the 20 devices s tudied  
gave a slope of 40-50 mV/decade  for both  amorphous  
spu t te red  gold and polycrys ta l l ine  p la ted  gold gates 
(see Fig. 2). Ul t rapure  chemicals  gave the same resul t  
as reagen t  grade  chemicals;  however ,  r eagen t  grade  
,chemicals led  to a background  dr i f t  of 5-10 mV/hr .  
There  was no clear  difference be tween  cleaning de-  
vices in a low power  argon p lasma and aqua regia.  

I t  is wor th  not ing tha t  these devices hold charge on 
the gates for days when  in air. E a r l y  devices he ld  
charge only for minutes  in air;  upon examina t ion  of 
the t rans is tor  wi th  ESCA, i t  was found tha t  a few tens 
of ppm of t i t an ium on the silicon n i t r ide  surface acted 
as a shunt ing res is tor  to d ra in  charge  off of the  gate. 
This p rob lem was solved by  c leaning the wafer  with 
EDTA solution in ul t rasound.  

I t  is des i rable  to demons t ra te  the  opera t ion  of the  
devices at  var ious  charge condit ions on the gold. This 
was done by  tu rn ing  off the feedback  circuit,  g round-  
ing the reference  electrode,  and  app ly ing  a potent ia l  
to the gate to set a known charge dens i ty  there.  This 
was done e i ther  by  touching the gold gate wi th  a 
gold wire  set a t  a des i red  potent ia l  or  b y  app ly ing  a 
potent ia l  to a lead  which was connected d i rec t ly  to 
the gold gate when the device was cons~tructed. This 
appl ied  charge would  not  s tay on the gate  for a long 
enough per iod of t ime to make  a measure  of the Esin-  
Markov  coefficient. The t ime constant  for  the charge 
leakage  was about  10 rain. Thus, al l  measurements  
were  made  af ter  the  charge  on the gold gate  stabil ized.  
This potent ia l  is p robab ly  at  or  near  the  pzc, and the 
charge leakage  is cu r ren t ly  under  invest igat ion.  

Discussion 
Surface cleanliness was c lear ly  an impor t an t  factor  

in get t ing reasonable  results ;  however ,  the c rys ta l l in i ty  
of the surface p robab ly  also made  an impor t an t  differ-  
ence. Fo r  example ,  a s ingle c rys ta l  face of geld  has a 
wel l -def ined pzc potent ial ,  whereas  a po lycrys ta l l ine  
gold surface has severa l  c rys ta l l ine  faces in contact  
wi th  solution, each of which has different  pzc po ten-  
tials. Thus, even if a gold gate  has zero ne t  charge on 
its surface, some crys ta l  faces can be  expec ted  to have 
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Fig. 2. Result of a direct measure of the Esin-Markov coefficient 
obtained by adding Nal to a background solution of aqueous 0.9M 
NaF at 25~ 
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a positive surface charge density and others a negative 
surface charge density. This implies that an adsorbing 
species will adsorb with different surface concentra- 
tions on the various crystalline faces (3, 8) and any 
measured Esin-Markov coefficient will be a composite 
of several adsorption isotherms and ought to yield less 
than 59 mV/decade, particularly at low concentrations 
of adsorbate. 

Due to the existence of a small, but nonzero ex- 
change current density, these floating ga te  devices 
could be operated only in the neighborhood of the 
(averaged) pzc potential. The results demonstrate the 
feasibility of directly measuring the Esin-Markov co- 
efficient with an ISFET. Extending its use to various 
surface charge densities is presently under investiga- 
tion, and the results will be subsequently communi- 
cated. 
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ABSTRACT 

The specific conductivity of 7.32N KOH electrolyte with zincate concen- 
trations ranging from 0 to 1.5M has been measured. The electrolyte conductivity 
was found to decrease with increasing zincate concentration. This finding is 
consistent with predictions based on the mixture rule. The equivalent con- 
ductance of 7.32N potassium zincate of 7 • 5 mho �9 cm/equiv, may indicate 
the formation of neutral  associated ion pairs from potassium and zincate ions 
in the electrolyte. Fur ther  calculations indicated that the mixture rule yields 
predictions of conductivities for the KF-KOH and K2COa-KOH systems that 
are in good agreement with experimental  data in the li terature. 

The pr imary  purpose of this study was to obtain spe- 
cific conductivity data for 7N KOH electrolyte super-  
saturated with zincate. These fundamental  data are 
needed for engineering analysis of zinc porous elec- 
trodes used in alkaline batteries under development 
for near - te rm use in electric vehicles. These data also 
provide a baseline for the evaluation of modifications of 
bat tery electrolyte. 

The electrolyte in Ni/Zn batteries is ini t ial ly about 
31% KOH (7N) saturated with ZnO. During cell dis- 
charge, the concentration of zincate has been observed 
to rise by three to four times the chemical solubility of 
ZnO in KOH solution (1-3). Furthermore, the conduc- 
t ivi ty of the electrolyte at a given concentration and 
temperature has been found to decrease l inearly with 
an increasing amount of dissolved ZnO up to saturation 
concentration (4-6). We have determined the conduc- 
t ivi ty of the KOH electrolyte with zincate concentra- 
tions up to twice chemical saturation. 

During the discharge of zinc/nickel oxide cells, the 
reactions for the zinc electrode may be writ ten as fol- 
lows 

Zn + 4 O H -  --> Zn(OH)42- + 2e-  [1] 

The zincate species may also precipitate to form zinc 
oxide according to the reaction 

Zn (OH)42- -) ZnO + H~O + 2 O H -  [2] 

For the nickel oxide electrode, the reaction is 

NiOOH(s) + H20 -{- e -  ~ Ni(OH)2(s)  n u OH-  [3] 

Thus, the net reaction of the cell system may be written 
a s  

Zn -{- 2NiOOH(s) H- (2 -- y) H20 + (2 -- 2y) O H -  

-# (I  --  y) I n (OH)4  ~- + 2Ni(OH)s(s)  n u yZnO(s )  

[4] 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Present address: D e p a r t m e n t  of C h e m i s t r y ,  U n i v e r s i t y  of Wis- 

cons in ,  Milwaukee, Wisconsin 53201. 
Key words: mixture rule, KOH-KF,  KOH-K2Co3. 

where y is the molar fraction of zincate species precipi-  
tating to form ZnO. Reaction [4] suggests that  the 
electrolyte is a ternary system consisting of potassium 
hydroxide, potassium zincate, and water. 

Ternary electrolyte theory developed from the pr in-  
ciple of irreversible thermodynamics has been de- 
scribed by Miller (7) and Sunu and Bennion (8). To 
predict the transport  properties of a ternary  electrolyte 
system by using the theory, one has to estimate the 
values of six solvent-fixed ionic transport  coefficients. 
Miller (7) s empirically that, for seven ternary 
alkali halide mixtures at total concentrations ranging 
from 0.5 to 3N, the ionic transport coefficients (lij) can 
be closely approximated using lij data from appropri-  
ate binary systems. These estimated values of ternary  
l U yield good estimates of transference numbers, con- 
ductances, and solvent-fixed thermodynamic diffusion 
coefficients. In our system, sufficient conductivity data 
for potassium zincate are lacking. Therefore, this 
theory cannot be used to analyze our conductivity data. 
However, the conductance, A123, of the seven alkali 
halide mixtures can also be predicted at low concen- 
trations by the solution mixture rule (7), which states 
that  

A123 : X2A12 + X3AIs [B] 

where An (i = 2, 3) is the conductance of the binary 
electrolyte at the same total equivalent concentration, 
N, of the mixture and where the equivalent fractions, 
Xi, are given by 

Nl 
X i = - -  i = 1 , 2 , 3  [6] 

N~+N8 

X1 = X2 + X8 = I [7] 

Substituting Eq. [7] into Eq. [5], one obtains 

AI~3 = A13 -- (AI3 -- AI~)X~ [8] 

In this study, we found that  our conductivity data 
for the KOH-K~Zn(OH)4 system and the data for the 
KOH-KF system (9) and the KOH-K2CO3 system (10) 
are consistent with the solution mixture rule. 

2049 
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Experimental 
Figure  1 shows the schemat ic  d i ag ram of  the  e x -  

pe r imen ta l  apparatus ,  which consists of (i) zincate 
genera t ion  cell, (ii) elec t ro ly te  pump,  (iii) power  
supply,  and  (iv) elec t ro ly te  reservoir .  The Luci te  
zincate genera t ion  cell  was at  room t empera tu r e  
(22~ The volume of the  cell  was about  125 ml. The 
work ing  electrode was an a r r a y  of four  zinc sticks wi th  
dimensions of 0.7 • 0.7 • 10.5 cm; these sticks were  
manufac tu red  by  J. T. Bake r  Chemical  Company  
(Phi l l ipsburg,  New Je r sey) ,  and  had  a pur i ty  of 99.6%. 
To p reven t  the r emova l  of zincate f rom the electrolyte ,  
a n icke l  oxide counterelectrode,  ob ta ined  f rom Yardney  
Electr ic  Company (Pawcatuck,  Connect icut) ,  was used. 
A po lypropy lene  separa tor ,  purchased  f rom Spec t rum 
Medical  Industr ies ,  Incorpora ted  (Los Angeles,  Cal i -  
forn ia) ,  was p laced be tween  the two electrodes to 
p reven t  e lectr ical  shorting. An Hg/HgO reference  elec-  
t rode was used to moni tor  the e lect rode po,tentials. 
An oxygen- f ree  n i t rogen s t ream was in t roduced  into 
the cell to e l iminate  CO2 f rom air. The e lec t ro ly te  
reservoi r  was a 500 ml  P y r e x  th ree -necked  round-  
bo t tomed flask which  was kep t  in a constant  t empera -  
ture  wa te r  ba th  at  25~ The e lec t ro ly te  was 7.32N 
KOH ( reagen t  g rade)  in doubly  dis t i l led wa te r  which  
was in i t ia l ly  sa tu ra ted  wi th  zinc oxide  (0.64M) ( ana -  
ly t ica l  r eagen t  qua l i ty ) .  No fu r the r  purif icat ion of 
these mate r ia l s  was a t tempted .  The e lec t ro ly te  was 
p repa red  wi th  doub ly  dis t i l led water .  

At  the beginning  of the  expe r imen t ,  the cell  and  
the reservoi r  were  fi l led wi th  the electrolyte .  Dur ing  
the discharge of the  cell, the e lec t ro ly te  was cont inu-  
ously pumped  by  a po lypropy lene  bel low pump,  m a n u -  
fac tured  b y  G o r m a n - R u p p  Indust r ies  (Bellvil le,  Ohio),  
f rom the rese rvo i r  to the  bo t tom of the cell  and  then 
al lowed to overflow from the top of the  cell  back to 
the  reservoir .  The flow ra te  was ad jus ted  so tha t  no 
gas bubbles  were  t r apped  in the overflow stream. 

The e lect r ica l  c ircui t  for  the  expe r imen t  is i l lus t ra ted  
in Fig. 1. To main ta in  a constant  cur ren t  level  r ang ing  
f rom 0.6 to 1.2A (about  10-20 m A / c m  2 on Zn elec-  
t rode) ,  a d u m m y  res is tor  was placed be tween  the 
work ing  e lec t rode  (WE) connector  and the reference  
e lec t rode  (RE) connector  of the Wenking  H P 7 2  po-  
ten t ios ta t  made  b y  G. Bank  Elec t ronik  (West  Ge r -  
m a n y ) .  The potent ia l  of  the cell as wel l  as tha t  of the 
n ickel  oxide  e lec t rode  wi th  respect  to the  Hg/I-IgO 
reference  e lect rode were  recorded  on a s t r i p - c h a r t  

WENKING HP72 
POTENTIOSTAT 

I I t "-~ ELECTRODE 
- -  CE1 R E ,~,.vv~. 

~ - - ] = ~ 1 ~  z n ELECTRODE 

/ MOM RESE 

~ - ~  PUMP 

1 I ~ ' ~ - ~  CONSTANT 
TEMPERATURE 

BATH 

Fig. 1. Experimental apparatus 

recorder  ( H e w l e t t - P a c k a r d  7100 BM).  When  the r e -  
corder  indica ted  tha t  the  poten t ia l  of t h e  n ickel  oxide 
e lect rode had  d ropped  to 0.2V vs. the Hg/HgO elec-  
trode, ceil d ischarge and e lec t ro ly te  circulat ion were  
stopped. The nickel  oxide e lect rode was then  removed  
and  recharged  in f resh e lec t ro ly te  in a cell  using a 
n ickel  p la te  as a counterelect rode.  Subsequent ly ,  the  
.charged n ickel  oxide e lect rode was r e tu rned  to the 
zincate genera t ion  celI and  the zincate genera t ion  p ro -  
cess continued.  This p rocedure  was repea ted  severa l  
t imes unt i l  the des i red  level  of zincate concentra t ion 
was obtained.  

Af te r  complet ion of each discharge,  t ime was a l lowed 
for  the  e lec t ro ly te  in the reservoi r  to r e tu rn  to 25~ 
Next,  1 ml al iquots of this e lec t ro ly te  were  p ipe t ted  
for  the de te rmina t ion  of zincate  concentra t ion by  t i t r a -  
t ion wi th  0.1M EDTA (e thy lened iamine te t raace t ic  acid)  
wi th  Er ichrome Black T as an indicator .  The specific 
conduct iv i ty  of  the e lec t ro ly te  in the reservoi r  was 
measured  at  different  zincate concentrat ions (0-1.52M), 
using two conduct ivi ty  cells in conjunct ion wi th  an 
a-c  conduct ivi ty  br idge  opera ted  a t  a f r equency  of 
1 kHz. The conduct iv i ty  cells were  Models  G50 and 
G100 Beckman Ins t ruments ,  Incorpora ted  (Cedar  
Grove, New J e r s e y ) ;  the conduct ivi ty  br idge  was 
Model  3I, Yel low Spr ings  Ins t rument  Company,  In -  
corpora ted  (Yellow Springs,  Ohio).  The cell  constants  
were  ca l ibra ted  using 0.1N KC1 (specific conduct iv i ty  
0.11134 m b o / c m )  (11) and found to be 50.899 cm-1  for  
the Model  G50 and 99.857 cm -1 for the Model  G100. To 
make  the conduct iv i ty  measurement ,  the e lec t ro ly te  
was sucked into the conduc t iv i ty  cell  and  a conductance 
read ing  completed wi th in  30 sec. In  this manner  the  
change in t empe ra tu r e  is minimal .  

When the concentra t ion of zincate  was above 1.3M, 
whi te  prec ip i ta te  was observed  in the electrolyte .  
Therefore,  severa l  hours were  a l lowed for the p r e -  
cipi tate  to sett le to the bot tom of the  reservoir .  Po r -  
tions of c lear  e lec t ro ly te  were  taken  for  the de t e rmina -  
t ion of specific conduct iv i ty  and zincate  concentrat ion;  
there  were  at  least  two measurements  made  for each 
determinat ion.  For  one determinat ion ,  e lec t ro ly te  t aken  
f rom the  reservoi r  was vacuum fi l tered th rough  0.2 
~m filter paper .  The resul t  of this measu remen t  was 
in agreement  wi th  those obta ined  using clear  unfi l tered 
electrolyte .  The average  unce r t a in ty  for  a l l  the mea -  
surements  was 1.5 %. 

Results and Discussion 
The specific conduct iv i ty  da ta  a long wi th  da ta  ob-  

ta ined  f rom other  studies (5, 6, 9) under  s imi lar  con- 
ditions are  presented  in graphica l  form in Fig. 2. This 
figure shows tha t  a least  squares fit of our  specific 
conduct ivi ty  da ta  is in  .agreement wi th  those of the  
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zincate concentration. 
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other  workers .  This figure also indicates  tha t  the 
conductance of the e lec t ro ly te  may  be l inear ly  corre-  
la ted wi th  zincate concentrat ion.  A l inear  re la t ionship  
for  conduct iv i ty  vs. weight  percen t  of ZnO was also 
observed  by  Dyson et  al. (4) up to chemical  sa tura t ion  
of ZnO in more concentra ted  KOH elec t ro ly te  (namely,  
35-46% by  weight  or  8.3-11.6N). The l inear  re la t ion-  
ship shown in Fig. 2, be tween  the specific conduct ivi ty ,  
k, and the mo!ar  concentra t ion of zincate, Czn(n), can 
be expressed  by  the equat ion 

k ---- (0.637 _+ 0.011) --  (0.159 __ 0.009)Czn(n) m h o / c m  

[9] 

The slope of 0.16 for  this equat ion is h igher  than  the 
slopes es t imated  f rom the da ta  a t  25~ given by  Dyson 
et al. (4) (slope of 0.13 for 35% KOH, 0.11 for  40% 
KOH, 0.095 for 46% KOH) .  These values  ind ica ted  
tha t  the specific zincate conductance decreases wi th  
increasing KOH concentrat ion.  We also found that  
the specific conduct iv i ty  of KOH decreases wi th  in -  
creasing KOH concentra t ion (k --  0.64 m h o / c m  at 
31% KOH, 0.58 m h o / c m  at 40% KOH, and 0.45 m h o /  
cm at 46% KOH) (4). 

The zincate species in  the solut ion of ZnO in KOH 
is Zn(OH)42-  as evidenced by  nuc lear  magnet ic  
resonance (NMR),  Raman,  and  in f ra red  reflection 
spectroscopic studies (12-14). In  the supe r sa tu ra t ed  
solution, Dirkse  (12) ind ica ted  tha t  the zincate species 
is also Zn(OH)r  2-.  However ,  Briggs et al. (1) con- 
c luded from the i r  spectroscopic s tudy  that  the zincate  
species in the supe r sa tu ra t ed  s tate  is in i t ia l ly  Zn{OH)42- 
and sequent ia l ly  b e c o m e s .  [ Z n ( O H ) 3 ( H 2 0 ) ] -  and  
[Zn (OH) 2 (H20) 2] as the degree of supersa tura t ion  in-  
creases. If  there  were  any species o ther  than  Zn(OH)42- 
in our  exper iment ,  a change in the slope of the plot  in 
Fig. 1 would  have been  detected as was shown in the 
plots of emf vs. l o g ~ 0 { [ Z n ( I I ) ] / [ O H - ]  4} given by  
Briggs et al. (1). We find no such evidence in Fig. 1. 
Therefore,  we conclude that  the zincate species in the 
supe r sa tu ra t ed  solut ion is the same as tha t  in the 
solution of ZnO in KOH. Therefore,  Eq. [1] is the 
e lect rode reaction.  

According to Eq. [6]-[8] ,  the concent ra t ion  of po-  
tass ium ions is requ i red  to app ly  the mix tu re  rule  to 
our data. The ini t ia l  concentrat ion of potass ium ions 
was 7.32N. This value may  be changed in the dissolu-  
t ion of ZnO and Zn due to possible change in the  elec-  
t ro ly te  volume and t a k e - u p / r e l e a s e  of potass ium ions 
by  the n ickel  oxide electrode.  W e  inves t iga ted  these 
two possible ways for  changing the K + concentra t ion  
and found the change to be neg l ig ib ly  small .  In  the  
chemical  dissolut ion of ZnO and anodic dissolut ion of 
Zn, the change in the e lec t ro ly te  volume is small .  This 
is just if ied by  the fact  tha t  the  addi t ive  rule predic ts  
values wi th in  1% of the dens i ty  da ta  given by  Dirkse  
(5) for the solut ion of ZnO in KOH elect rolytes  and 
values wi th in  3% of the dens i ty  da ta  given by  Eisen-  
berg et al. (15) for supersa tu ra ted  zincate solutions. 
Expe r imen ta l  evidences (16, 17) indicate  tha t  potas-  
s ium ions are  t aken  up by  nickel  oxide  electrodes du r -  
ing ~he .charge cycle, and re leased  dur ing  the discharge 
cycle. A recent  s tudy  b y  Ba rna rd  et al. (17), indicates  
that  the t a k e - u p / r e l e a s e  of potass ium ions depends on 
the crysta l  s t ruc ture  of the n ickel  oxide electrode:  
0.102 tool pe r  2 e -  for  fl-NiOOH and 0.47 mol  pe r  2 e -  
for ~-NiOOH. Har ive l  et al. (18) indica ted  tha t  the  
format ion  of fl- and %,-NiOOH depends  upon the charg-  
ing rate,  the s ta te  of charge, and  the e lec t ro ly te  con- 
centrat ion.  In  our  study,  the  n ickel  oxide e lect rode 
was charged  at  6 m A / c m  2 up to 20% of theore t ica l  
capaci ty  (3 A - h r )  in a cell wi th  f resh e lec t ro ly te  and 
then discharged in the zincate genera t ing  cell. Under  
such conditions, on ly  fl-phase mate r ia l s  a re  expected  
to be formed.  Therefore,  we es t imate  tha t  0.102 mol 

of potass ium ions pe r  2 e -  were  t aken  up f rom the 
charging cell  and re leased  in the  zincate genera t ing  
cell. For  our m a x i m u m  zincate concentra t ion of 1.53M, 
the concentra t ion of potass ium ions is es t imated  to 
increase by  a m a x i m u m  of 0.15N or  2% of i ts or ig inal  
value.  Therefore,  we may  assume that  the concentra-  
t ion of potass ium ions in the  e lec t ro ly te  th roughout  
the exper imen t  did  not  change. When  d iv ided  by  the 
total  equ iva len t  concentra t ion (7.32N), Eq. [9] is 
t r ans formed  to 

A~23 = (87 _+ 2) - -  (80 __ 5) X2 mho �9 cm~/equiv. [10] 

where  subscripts  1, 2, and  3 designate  potassium, 
zincate, and hydrox ide  ions, respect ively.  Thus, f rom 
Eq. [8], it  can be concluded that  A18 ---- 87 _+ 2 m h o .  
cm2/equiv, and Az3 --  A~2 = 80 ___ 5 mho �9 cm2/equiv. 
In other  words, the appa ren t  equiva len t  conductances 
are 87 _-+_- 2 mho �9 cm2/equiv, for  potass ium hydrox ide  
and 7 _+ 5 m h o .  cm2/equiv, for potass ium zincate  in 
the electrolyte .  When  the mix tu re  rule  is appl ied  to 
the clata given by  Dyson et al. (4), values  of about  
zero are also obta ined for the conductance of potass ium 
zincate. This low value of equ iva len t  conductance for  
potass ium zincate indicates  that  potass ium ions and 
zincate ions are  l ike ly  to form neu t ra l  associated ion 
pairs  in the electrolyte .  

If the mix tu re  rule  is a va l id  approx imat ion  for con- 
cent ra ted  solutions, then it can be used to es t imate  the 
conductance of t e rna ry  e lec t ro ly te  systems f rom the 
avai lab le  conductance da ta  of b i n a r y  e lec t ro ly te  sys-  
tems (19). Conduct iv i ty  da ta  of the K O H - K F  system 
(9) (7.13 ___ 0.16N), the KOH-K2CO3 sys tem (10) 
(8.35 _+ 0.23N), and our  KOH-K2Zn(OH)4  system. 
(7.32N) are  p lot ted  in Fig. 3 as a funct ion of equiva len t  
fraction. I t  should be noted tha t  there  was a p rob lem 
with  Ref. (10). The da ta  in Ref. (10) were  given in 
both graphica l  and t abu la r  forms, which was not  con- 
sistent. I t  was decided to select  tha t  set of da ta  for 
which the KOH values were  consistent  wi th  those ca l -  
culated f rom the table  given in Ref. (19). Resul ts  of 
least  squares analyses  of these da ta  a re  shown in Fig. 
3 and Table I. As can be deduced for each e lec t ro ly te  
sys tem in Table I, the conductance da ta  of the b i n a r y  
system are  in good agreement  wi th  those for the t e r -  
na ry  system; the m a x i m u m  difference be tween  the ex-  
pe r imenta l  da ta  and the t e rna ry  sys tem da ta  (obta ined  
f rom analyses  of b ina ry  da ta  using mix tu re  ru le)  
shown in Fig. 3 is six equiva len t  conductance units  for  
the K O H - K F  system and five equiva lent  conductance 
units for the KOI-I-K2CO3 system. 
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Fig. 3. Equivalent conductances of KOH-K2Zn(OH)4 system, 
KOH-KF system and KOH-K2CO.~ system as a function of equiva- 
lent fraction. 
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Table I. Values of A13 and -~la - -  A12 obtained from binary system data and least squares 
analyses of ternary system data using the mixture rule (Eq. [8]) 

Binary system data,~ Ternary system data, b 
rnho �9 cm2/equiv, mho �9 cm2/equiv. 

Concen.  Temper- 
Electrolyte trat ion,  N ature ,  ~ A~ A~ A18 -- A~ A~ als -- a ~  

KF-KOH 7.13 25 43 89 46 90 - -  4 45 ----- 5 
IGCO~-KOH 8.35 20 30 70 40 69 ~ 2 41 ~ 4 
K~CO~-KOH 8.35 40 44 96 52 94 ----. 2 52 ----- 3 
K~CO~-KOH 8.35 60 59 113 54 114 __. 1 55 • 2 
IGZn (OH),-KOH 7.32 25 - -  88 - -  87 • 2 80 ----- 5 

�9 Obtained from Ref. (9) and (10) and this work except for the value  o f  An for  KF, which was calculated from the table given in 
Ref .  (12) .  

bCalcu la tcd  f r o m  our  data  and th ose  f r o m  Ref. (9) and (10) [see text for a discussion of the data from R~f. (10)]. 

Summary 
1. The specific conductivity of 7.32N KOH electrolyte 

a t  different zincate concentrations was measured. The 
conductivity of the electrolyte was found to decrease 
linearly with increasing zincate concentration. This is 
consistent with predictions based on the solution mix- 
ture rule (7). 

2. A least squares analysis of our data by using the 
mixture rule indicates that the equivalent conductances 
of potassium hydroxide and potassium zincate (7.32N) 
at 25~ are 87 • 2 and 7 • 5 mho �9 cm2/equiv., respec- 
tively. This low value of equivalent conductance for 
potassium zincate indicates that the potassium and 
zincate ions are likely to form neutral associated ion 
pairs in the electrolyte. 
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Vanadium (+4, +5) Oxide Cathode Materials 
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ABSTRACT 

The known vanad ium oxides  VO~+y (0 ~ y < 0.5) have  been examined  as 
cathode ma te r i a l s  in ambien t  t empera tu re  nonaqueous secondary  l i th ium 
cells. The discharge products  have also been chemical ly  p r epa red  and charac-  
ter ized b y  x - r a y  diffraction, t he rma l  analysis,  and magnet ic  suscept ibi l i ty .  The  
best  cathode mate r ia l s  are  V6013 and a s l ight ly  oxygen- r i ch  V6013+~. Elec t ro-  
chemical  and  chemical  p repara t ions  afford LixV6013+.~ (x ~ 8). The LixV6Ola 
is desc r ibed  as an inser t ion compound of V6013. 

A wide va r i e ty  of  inorganic  compounds wi th  e i ther  
two-d imens iona l  van  der  Waal ' s  bonded l aye r  s t ruc-  
tures  or t h ree -d imens iona l  f r a m e w o r k  tunne l  s t ruc-  
tures undergo topotact ic  react ions  wi th  l i th ium (1).  
Such react ions  are  of ten r ead i ly  reversed,  mak ing  these 
mate r ia l s  a t t rac t ive  candidates  for  the posi t ive elec-  
t rode in secondary  l i th ium cells (2-5).  Most previous  
work  has centered  on two-d imens iona l  meta l  chalco-  
genides as po ten t ia l  l i th ium cathode mater ia ls ,  a l -  
though t rans i t ion  meta l  oxides wi th  f r a m e w o r k  s t ruc-  
tures such as many  of the rut i les  (6),  vanad ium oxides 
(6-10), mo lybdenum oxides (11), and tungsten oxides 
(12) have  been shown to undergo revers ib le  l i th ium 

incorpora t ion  both  chemical ly  and e lec t rochemical  
cells. Here in  we descr ibe in de ta i l  incorpora t ion  of 
l i th ium by  vanad ium oxides wi th  s toichiometr ies  be -  
tween  VO2.0 and VO2.5. In addi t ion  to descr ibing the 
p repara t ion  and charac ter iza t ion  of the pa ren t  vana -  
d ium oxides,  some of the chemical,  thermal ,  magnetic ,  
spectral ,  electr ical ,  and e lec t rochemical  proper t ies  of 
the i r  chemical ly  der ived  l i th ium bronzes are  repor ted .  

Experimental 
Reagent  grade  ammonium metavanada te ,  NH4VO3, 

(Alfa)  was used wi thout  fur ther  purification. Vana -  
d ium pentoxide  was p repa red  by  the rmal  decomposi-  
t ion of NH4VO3 (13). Vanad ium meta l  powder  (325 
mesh, 99.5% pure)  was obtained f rom Cerac and s tored 
under  Ar. A solution of N2.4N n - b u t y l l i t h i u m  in hex-  
ane was ob ta ined  f rom Al fa -Ven t ron  and was di luted 
to ~ l . 3 N  wi th  hexane.  Al l  react ions wi th  n - b u t y l -  
l i th ium were  car r ied  out  in an He a tmosphere  in a 
V a c u u m / A t m o s p h e r e  glove box. Al l  solvents w e r e  r e -  
a g e n t  grade and were  dis t i l led  unde r  Ar  f rom the 
appropr ia t e  d ry ing  agents. 

V~O13.--Stoichiometric amounts  of V205 and vana -  
d ium meta l  powder  were  in t ima te ly  mixed  and hea ted  
to 600~ in an evacuated  quar tz  tube. Af te r  1 day  the 
t empe ra tu r e  was increased to 680~ for  1-3 days.  The 
resul t ing  microcrys ta l l ine  produc t  was deep purp le  in 
color and  exh ib i ted  a meta l l ic  luster .  The vanad ium-  
oxygen s to ichiometry  was verified b y  TGA in an oxy-  
gen a tmosphere .  The x - r a y  powder  diffraction pa t t e rn  
of the produc t  was obta ined  using CuKa rad ia t ion  and 
is ident ica l  to tha t  r epor ted  for V6013 (14). 

V~O13+y.--Ball mi l led  (1-5 ~m), vacuum dried,  
NH4VO3 was t he rma l ly  decomposed under  an A r  
s tream. In a typical  prepara t ion ,  38.0-40.0g of NH4VO3 
was placed in a porce la in  boat  inside a quar tz  tube 
and hea ted  in an Ar  s t r eam (140-150 cm3/min)  f rom 

* Electrochemical Society Active Member. 
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ambien t  to 500~ at  a ra te  of --4 to 4.5~ Af t e r  1 
h r  at  500~ the t empe ra tu r e  was increased  to 550~ 
for 1 hr. The produc t  was s lowly cooled to room t em-  
pe ra tu re  in an A r  a tmosphere .  The powder  obta ined  
var ied  in color f rom b l u e - g r a y  to navy  blue. The s to i -  
ehiometr ies  of the products  were  de t e rmined  b y  ox i -  
dizing the samples  to V205 using TGA and range  be -  
tween  V6OIs.5 and V6013.16. The powder  x - r a y  dif f rac-  
t ion pa t te rns  are  s imi lar  to tha t  of V6013. 

V02 (B).--The procedure  of Theobald  and co-workers  
(15, 16) was modified as follows. F i n e l y  ground  V2Os 
was reduced in a s t ream of H2 (~200 cm3/min)  at  
320~ for 4 days. The resul t ing  b lack  powder  was dr ied  
at  300~ under  A r  for 3 days to remove  res idual  water .  
The overa l l  s toichiometr ies  of the  products  p r epa red  
in this manner  were  de t e rmined  by  TGA to range  f rom 
VO1.99 to VO2AI. The x - r a y  diffraction powder  pa t t e rn  
of the produc t  is consis tent  wi th  tha t  r epor ted  for 
VO2 (B) (16). 

V4Og.--Finely ground V205 was s lowly  reduced  in 
a s t ream of anhydrous  SO2 (N200 cm3/min)  at  430~ 
(17). The progress  of the reduct ion  was moni to red  b y  
x - r a y  powder  diffraction. Severa l  in t e rmed ia te  r e -  
gr indings  of the sample  were  necessary  to ensure  
homogenei ty.  Af te r  2-3 days '  t ime, the x - r a y  diffraction 
pa t t e rn  was consis tent  w i th  tha t  r epor ted  for  V409 
(17). 

V~OT.--A mixtu re  of finely ground V205 (10 mmol)  
and the requi red  amount  of f reshly  reduced  V203 (2 
mmol)  was pressed into pel le ts  and  hea ted  for  11 days  
at  550~ in an evacuated  quartz  tube (18). The x - r a y  
diffraction pa t t e rn  of the da rk  b l u e - g r a y  produc t  is 
consistent  wi th  tha t  r epor ted  by  Thomas et al. (19) 
wi th  only a t race  of unreac ted  V205 present .  

Lithiation Of VO~ with n-butyllithium/hexane.--As 
descr ibed prev ious ly  (20), a 100-250 mg sample  of 
the oxide was t rea ted  wi th  a known volume of s tan-  
dard ized  di lute  ( ~ l . 3 N )  n -BuLi  in  hexane.  X - r a y  
powder  diffraction pa t te rns  were  measured  for l i th i -  
a ted samples  mounted  in an evacuable  ho lder  fi t ted 
wi th  a be ry l l ium window. 

Delithiation o] LixVOy with iodine/acetonitrile (21). 
- - A  known volume of ~0.07M I2 in degassed, d ry  aceto-  
n i t r i le  solut ion was added dropwise  to a 100-200 mg 
sample  of the l i t h ium bronze under  At .  The resu l t ing  
mix tu re  was s t i r red  at  room t e m p e r a t u r e  for 10-12 
hr. The vanad ium oxide was collected by  suction f i l t ra-  
t ion and washed wi th  acetonitr i le .  Ti t ra t ion  of the 
f i l t rate and  washings  wi th  a s t anda rd  0.1N Na2S20~ 
solut ion gave the amount  of unreac ted  I2 and a l lowed 
calculat ion of the res idual  l i th ium content.  In  some 
cases a solut ion of DDQ (dichlorodicyanoquinone)  was 
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added to verify that all of the l i thium had been re-  
moved. 

Electrochemical cells.--Test cells were constructed 
as previously described (21). Cathodes were powders 
of the pure vanadium oxide or the oxide mixed with 
graphite. The electrolyte was generally 1M LiAsF6 in 
propylene carbonate. Cells were cycled at  constant 
current between preset voltage cutoffs, generally 3.1V 
on charge and 1.5V on discharge. Cells .typically con- 
tained 10-20 mg of the active cathode material. 

Results and Discussion 
Vanadium oxides with octahedral or distorted octa- 

hedral coordination are known for all oxidation states 
between V 5+ and V 2+. Furthermore, the energy differ- 
ences between these different oxidation states are not 
very great and numerous examples of mixed valence 
and metallic compounds exist. V6018, for example, is 
metallic with the formal oxidation state assignment: 
V44+ V25+. The possibility for easy redox chemistry 
with structures suitable for l i thium ion insertion 
prompted our investigation of l i thium insertion chem- 
istry and galvanic cell behavior. 

The structures of the vanadium oxides V205, V601~, 
and VO2(B) can be viewed as shear structures derived 
from that  of ReO3 (22, 23). A single shear (Fig. 1) is 
accomplished by removing every second (200) plane 
of oxygen atoms and closing the structure up along 
the shear vector 1/21101] to give the V20~ structure. 
The actual structure of V205 (24) is distorted toward 
five coordinate V by displacement of V out of the 
center of each octahedron. A V = O  bond is formed 
which gives a strong IR stretch at 1000 cm-L Shearing 
the idealized V205 lattice by removing every third 
(020) plane of oxygen atoms and closing the structure 
along the shear vector 1/21110] gives the V6018 struc- 
ture. Similarly, removing every second (020) plane 
of oxygen from V205 and closing along 1/21110] gives 

Fig. I .  The idealized V205 lattice is derived by a shear of the 
Re03 lattice along the planes indicated by arrows. The VO2(B) and 
V601~ lattices are derived by a shear of the V205 lattice as indi- 
cated. 
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the VO2(B) structure. The V6018 structure (14) con- 
tains only slightly distorted VO6 octahedra joined by 
edge sharing into, single and double zig-zag chains 
parallel  to [010] and linked together by additional 
edge sharing into single and double sheets of octahedra 
parallel  to the (100) plane. These sheets are inter-  
leaved so that single and double sheets alternate. The 
stacked sheets are interconnected by corner sharing 
into a three-dimensional framework. The VOf(B) 
structure can be described similarly except that only 
double sheets of octahedra are present (15). The 
structures reported for both V409 (25) and V307 (18) 
are very open and cannot be derived by a simple shear 
mechanism from ReO3. The structure of V8Or contains 
both single and double chains of VO8 octahedra, like 
V6018, as well as some edge-shared zig-zag chains of 
VO5 trigonal bipyramids, as in the V205 structure. 
Thus, V307 appears to have an intermediate structure 
between that of V60~ and V205. 

The vanadium oxides V~Os, V307, V409, and VOf(B) 
used in this study were prepared essentially by pre- 
viously reported methods with slight modifications. 
Typical reaction conditions are summarized in Fig. 2. 
Stoichiometric V6018 is readily prepared by the solid- 
state reaction of V205 and the appropriate amount of 
V metal in a sealed quartz ampul. A vanadium oxide 
with a range of stoichiometries approximating V6013, 
an x - ray  powder diffraction pattern similar to that  of 
V601~, and a transition in magnetic susceptibility at 
the same temperature as V6013 can be prepared by 
several procedures. Based on reports that "reduced" 
phases with stoichiometries close to V6013 could be 
obtained by thermal decomposition of [(NH4)2V6016] 
in vacuo (26), by reducing V205 with NH8 at 325 ~ 
350~ (27) or by thermally decomposing NH4VO~ 
in vacuo at 500~ (22), a procedure involving the 
thermal decomposition of NH4VO~ in a controlled 
stream of argon was developed. This procedure was 
utilized to produce slightly nonstoichiometric V601~+~. 
The stoichiometries of the products are typically 
-~1.5% oxygen-rich, although under more reducing 
conditions oxygen-deficient products can be generated. 
If more extensive reduction is desired, additional NH~ 
or Ha can be added to the inert sweep gas. Although 
the materials prepared in this manner have x - r ay  
powder diffraction patterns very similar  to that of 
V6013 there is significant variation in the relative in-  
tensities of several of the diffraction peaks as well as 
a slight shifting of peaks to lower angles. It appears 
that previously reported V6018-related "reduced 
phases" can be rationalized in terms of nonstoichio- 
metric V6013• compositions. The "D" phase reported 

AIR 
NH4VO 5 ~.- V205 

5 0 0 - 5 0 0  ~ 

V6 0t5 H2 ~._ VO 2(B ) 
320 ~ 

Fig. 2. The reactions used to prepare vanadium oxides are sum- 
marized. The reactions of V20~ with V20~ and V are stoichiometric 
in sealed ampuls. All others use flawing gas. 
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by  Theobald  and co-workers  (26) exhibi ts  a diffract ion 
pa t t e rn  wi th  peak  intensi t ies  comparab le  to those ob-  
served for samples  of oxygen- r i ch  V60~3+~. However ,  
the powder  diffraction pa t t e rn  of the  "C" phase re -  
por ted  b y  the same worke r s  corresponds to tha t  of a 
sample  of oxygen-def ic ient  V~Ols-~ p repa red  in this  
work  be low 300~ using H2 to augment  reduction.  In  
this l a t t e r  sample,  the 001 diffraction peaks  are  g rea t ly  
d iminished in in tens i ty  or  absen t  a l together .  Differ-  
ences in x - r a y  intensi t ies  a re  also sensi t ive to the 
m a x i m u m  tempera tu re  reached dur ing  the prepara t ion .  
H e a t - t r e a t m e n t  a t  500~ of samples  wi th  weak  001 
peaks  resul ts  in an increase in  the  in tens i ty  of these 
peaks.  Typ ica l ly  the rat io of the in tens i ty  of the  002 to 
the l l 0  peaks  for  V60~s+~ discussed be low which has 
been annea led  at  550~ is about  half  that  observed  for  
s toichiometr ic  V60~. The uni t  cell pa rame te r s  de te r -  
mined  by  a least  squares  analysis  for severa l  samples 
of V60~+y are  given in Table  I. 

The most  in teres t ing  of the vanad ium oxides for 
secondary  cathode mater ia l s  (vide inf ra)  is the  s l ight ly  

oxygen - r i ch  V60~s+u (y < 0.2) p r e p a r e d  by  the  ther -  

mal  decomposi t ion of NH4VO~ in an  iner t  gas s t ream. 
The chemical  and phys ica l  p roper t ies  of V60~+~ differ 
pe rcep t ib ly  ~rom those of  stoic 'hiometric V601~. The 
nonstoichiometr ic  V60~s +~ is nea r ly  single phase. Ther -  
mal  analyrds by  DSC indicates  the  presence of ~1-2% 
VO2 (endothermic  t rans i t ion  at  69~ Dilute  acid or 
base wash  under  condit ions which  would  dissolve al l  
h igher  vanad ium oxides  does not  affect V~O~+~. The 
magnet ic  suscept ib i l i ty  of V60~z+~ is compared  to that  
of V601~ in Fig. 3. The sharp  b reak  in suscept ib i l i ty  
at  the metal-insu]~ator t rans i t ion  (149K) cha rac te r -  
istic of V60~ (28, 29) is apprec iab ly  b roadened  in 
V~O~+~. Because of the  close s t ruc tura l  re la t ionship  
be tween  V60~, VOw(B), and V20~, a po ten t ia l  la t t ice  
defect  might  involve a s tacking  d i so rde r  in which ex t r a  
single or double sheets are  present .  The presence of 
ex t ra  single sheets  would correspond to a microregion 
of V20~ in the s t ruc ture  and resul t  in an oxygen- r i ch  
s toichiometry.  S imi lar ly ,  the presence of ex t r a  double  
sheets would  correspond to a microregion of VO2(B) 
and resul t  in an oxygen-def ic ient  s toichiometry.  Such 
s tacking disorders  a re  not  uncommon and have been  
prev ious ly  observed  in r e l a t ed  mater ia ls .  Colpaer t  and  
co-workers  (30), in the i r  s tudy of the effects of low 
energy  e lec t ron b o m b a r d m e n t  of VeOs, observed the 
nucleat ion of  V6Ola on the V~O~ (010) surface and the 
presence of shear  p lanes  at  the  boundar ies  be tween  
the V205 and the V60~3 nuclei.  Hor iuchi  and co- 
workers  (31) have observed regions of VO2(B) and 
its twin  in areas  sur rounding  smal l  cavit ies in the 
V ,O~ s t ruc ture  b y  TEM. Crys ta l lographic  s h e ~  planes  
were  also observed  in the  wal ls  of these cavities and 
subs tant ia l  s tacking faul ts  were  present  in the regions 
immed ia t e ly  sur rounding  the cavities. The r e l a t ive ly  
smal l  number  of ex t r a  single or  double  sheets (<1.5%) 
requ i red  to change the overa l l  s to ich iomet ry  of V,O~a 
would not  be expected to significantly- a l t e r  the bulk  
powder  x - r a y  diffract ion pat tern .  The presence of 
s tacking faul ts  is also consis tent  wi th  observed  
broadening  of the me ta l  insula tor  t rans i t ion  since 
magnet ic  suscept ib i l i ty  is h igh ly  sensi t ive to struc- 

Table I. Crystallographic parameters for V60~+  u 

y a b c ~ V 

0* 11.922 3.680 10.138 100.87 4~6.8 
07 11.918 3.680 10.135 16.0.82 436.6 
0.05 11.967 3.68[} 10.333 102.2 438.6 

* Parameters from Ref. (25). 
Parameters obtained by our least squares analysis. 
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Fig. 3. The magnetic susceptibility of V60z3 and V60~3.05 
(V02.175).  

tu ra l  d isorder  as wel l  as the presence of in te rs t i t i a l  
impuri t ies .  

Lithium bronzes of V601~ and V~O13+y.--Treatment 
of both  solid V6013 and V6013+y wi th  d i lu te  solut ion of 
n -bu ty l l i t h ium in hexane  at  room t empera tu r e  affords 
bronzes wi th  the nomina l  composit ions LixV6018 (0 < 

x < 4.5) and LixV60~+~ (0 < x < 8), respect ively .  
The extent  and appa ren t  ra te  of l i th ium incorpora t ion  
by  V60~3+~ are  signif icantly g rea te r  than  for  V6018. At  
room t empera tu re  the s toichiometr ic  ma te r i a l  incorpo-  
ra tes  a m a x i m u m  of ,-,0.75Li/V to give a bronze wi th  
the composit ion Li4.sV60~3. Increas ing the t empe ra tu r e  
of the reactants  to ~50~ (in a sealed tube)  affords a 
~30% increase in the m a x i m u m  l i th ium s to ich iomet ry  
to Li~.sV8013. However ,  the reac t ion  of an equiva len t  
amount  of V6013.~6 wi th  a s imi lar  volume of n - b u t y l -  
l i th ium solut ion at room t empera tu re  is so vigorous 
tha t  the hexane  solvent  boils. Even wi th  a more  di lute  
n - b u t y l l i t h i u m  solution, V~O13.16 incorpora tes  as much  
as 1.3Li/V to give a bronze wi th  the l imi t ing  compo- 
sit ion LiT.pV6Ol~.16. Typical ly ,  values of 1.25Li/V .are 
obta ined  at  room t empera tu r e  wi th  oxygen- r i ch  
V60~3+~ compositions.  Above room tempera ture ,  t r ea t -  
ment  of V6018+y wi th  di lute  n - b u t y l l i t h i u m  solut ion 
resul ts  in some decomposit ion.  H e a t - t r e a t m e n t  of 
V6013+y at 650~ in vacuo reduces its l i th ium capaci ty  
to app rox ima te ly  that  of V8018. 

T rea tmen t  of V6013.16 wi th  an  acetoni t r i le  solut ion 
of l i th ium iodide resul ts  in a smal l  amount  of l i th ium 
incorpora t ion  (Li0.~V6018+y) corresponding to less 
than  5% of the l imi t ing amount  of l i th ium incorpora ted  
by  t r ea tmen t  wi th  n -bu ty l l i t h ium.  However ,  t r ea tmen t  
of V6018 wi th  LiI  solut ion at  and above room t e m p e r a -  
ture resul ts  in negl igible  (<0.01Li /V)  l i t h ium incor-  
porat ion.  

The x - r a y  powder  diffraction da ta  for the l i t h ium 
bronzes wi th  the composit ions Li4jV6018.05, Lis.sV6013.5, 
and LiT.6V6Ol~.~6 are summar ized  in Table  II. A com- 
par ison of the monoclinic uni t  cell  pa rame te r s  of these 
bronzes wi th  those of the pa ren t  V6013.05 and V6018a6 
appears  in Table III. The de ta i l ed  s t ruc ture  of the l i th -  
ium bronzes LixV6013+~, including the na tu re  of the Li 
sites, is p resen t ly  unknown.  I t  has been pos tu la ted  (6, 
10) that  the  l i th ium ions occupy sites wi th in  the t r i -  
capped cube-oc tahedra l  cav i ty  genera ted  f rom the 
vacant  perovski te  cavi ty  of ReO8 in the double shear ing 
process. For  both V6013.05 and V601~.~6 the incorpora-  
t ion o~ up to 1Li/V resul ts  in a 6% or  less increase  in  
uni t  cell volume. The incorpora t ion  of  more  than  
1Li/V resul ts  in a 15% increase in uni t  cell volume 
compared  to V60~. Diffract ion da ta  for Li~V60~+~ 
(0 < x < 8) indicate  the presence of  a nonstoichio-  
met r ic  single phase region for  3.5 < x < 5.5 in which  
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Table II. X-ray diffraction data for Li=V6018 +y* 

October 1981 

Li~.lVoO~.o5 Li~.~VeO~.o~ LiT.6VoO~.lo 

h k l  DobB Deal  c Dob. Deal  c Dobs Deal  e 

200 5.772 5.770 5.750 5.750 6.104 6.104 
002 5.001 5.009 5.000 5.003 5.079 5.073 
110 3.730 3.733 3.737 3.738 3.814 3.815 
003 3.341 3.339 3.336 3.335 3.381 3.382 

~01, 112 2.919 2.919, 2.911 2.908 2.916, 2.909 - -  - -  
311 2.750 2.750 2.746 2.752 2.849 2.849 

203, 401 2.681 2.683, 2.645 . . . .  
w 2.561 2.560, 2.566 2.570 2.565, 2.570 N - -  

004 2.503 2.505 2.501 2.502 N - -  
114 2.0'26 2.025 2.022 2.021 2.029 2.058 
005 2.004 2.004 2.006 2.001 2.008 2.029 

512, 601, 502 1.961 1.961, 1.957, 1.962 1.957 1.962, 1.953 - -  - -  
506 1.694 1.697 1.693 1.697 ~ - -  

710, 315, 316 1.524 1.521, 1.527, 1.520 1.518 1.517, 1.522 ~ - -  
604, 025, ~0.5 1,40'5 1.405, 1,406, 1.407 1.407 1.398,1.406,1.409 - -  - -  
407, 6"21, 107 1.388 1.388, 1.389, 1.389 1.390 1.391, 1.389, 1.386 - -  

712, 505 ~ 1.391, 1.391 - -  1.385, 1.384 1.436 1.457, 1.436 

* U n i t  c e l l  p a r a m e t e r s  f o r  Deal t  are  g i v e n  in  T a b l e  III. 

Table III. Comparison of unit cell parameters of V6013+u and Li=V6013+~ 

x y a Aa (%) b Ab (%) e ~c (%) /~ V ~V (%) 

0 0.05 11.912 3.683 10.119 100.7 ~ 436.3 
3.5 0.05 11.774 3.930 10.180' 100.1 ~ 463.1 

- 1 . 2  + 6 . 8  + 0 . 4  + 6 . 1  
4.1 0.05 11.741 3.945 10.193 100.6" 464.1 

- 1.5 + 7.2 + 0.6 + 6.4 
4.5 0.05 11.731 3.947 10.175 100.4 463.4 

- 1.5 + 7.2 + 0.4 + 6.2 
5.5 0.05 11.718 3.952 10.196 100.1 ~ 463.3 

- 1.7 + 7.4 + 0.6 + 6.2 
0 0.15 11.967 3.680 10.147 101.0 ~ 438.6 
7.2 0.15 12.435 4.007 10.333 102.2 ~ 503.2 

+ 3.9 + 8.9 + 1.8 + 14.7 
7.6 0.15 12.420 4.016 10.322 100.6 ~ 506.1 

+ 3.8 + 9.1 + 1.7 + 15.4 

an increase in l i th ium content  results in elongation of 
the un i t  cell in  the b direction, contract ion in the a 
direction, and v i r tua l ly  no change in the c direction. 
In addition to the uni t  cell parameters,  other properties 
of these bronzes including thermal  stability, electronic 
conductivity, magnetic susceptibility, electrochemical 
potenti,al (OCV), and hydrolytic s tabil i ty also vary  with 
l i th ium content. The bronzes LixV6013 and LixV6013+y 
are l ikely metastable relat ive to disproportionation or 
irreversible s t ruc tura l  transformations.  The thermal  
behavior of the LixV6018+y bronzes, as determined by 
DSC, is quite complex. Multiple endothermic and exo- 
thermic processes occur dur ing the thermal  decomposi- 
t ion of these bronzes. A major  irreversible, exothermic 
s t ructural  t ransformation,  which is near ly  independent  
of the l i th ium content, occurs between 230 ~ and 265~ 
Another  irreversible t ransformat ion observed by DSC 
at 100~176 is more strongly affected by changes in  
l i th ium content. At low l i th ium contents (x - -  3) the 
t ransformat ion is endothermic and occurs at 140~176 
while at higher l i th ium contents (x ~ 4) it is exo- 
thermic and occurs at about 120~176 No change is 
observed by  x - r ay  diffraction after anneal ing  at 150~ 

The characteristic meta l - insula tor  t ransi t ion of V6013 
(~140 K) as observed by  magnetic  susceptibil i ty is in -  
fluenced by the presence of l i thium. This t ransi t ion is 
significantly broadened at l i th ium contents as low a s  

0.01Li/V (Fig. 4). At  l i th ium contents greater than 
0.03Li/V the transi t ion is fur ther  broadened and only 
a smooth increase in  slope results. Finally,  at l i th ium 
contents greater  than 0.25Li/V, the susceptibil i ty curve 
can be fit by a modified Curie-Weiss law. The lack of 
a t ransi t ion at 0.03Li/V shows that  the Li is homo- 
geneous throughout  the material .  

P re l iminary  measurement  of the electrical resistivi-  
ties for pressed powder samples of various LixV60~8 

suggests that  resist ivity increases dramat ical ly  with 
increasing l i th ium content. The resist ivity of a ful ly 
l i thiated mater ia l  is near ly  103 greater than that  for 
unl i th ia ted mater ia l  (P ~ 10 -2 ~ cm). However, more 
accurate measurements  are required in  order  to de- 
termine the na ture  of the dependence of the resist ivity 
on l i thium content. 

The bronzes LixV6013 and LixV6018+y are stable to 
oxidation at room temperature  in dry air for extended 
periods of time. Samples stored for more than one year  
over CaSO4 exhibit  no degradation of their thermal,  
structural,  chemical, or electrochemical properties. 
These materials  can be handled even in  humid air for 
at least several hours without  decomposition. Oxidative 

x o.2 Q  
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Fig. 4. The magnetic susceptibility of LixV02.175 as a function 
of X. 
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de l i th ia t ion  of LixV6018 a n d  LixV6018+y wi th  an ace-  
toni t r i le  solut ion of Iz removes  most  of the  l i th ium 
(80-90%) as soluble l i th ium iodide. In  o rde r  to remove  
the remain ing  l i thium, a s t ronger  oxidizing agent  such 
as d ichlorodicyanoquinone  (DDQ) mus t  be used (10). 
Vi r tua l ly  al l  of the l i t h ium m a y  be r emoved  f rom 
LixV6033 or  LixV8013+~ by  DDQ to recover  the  host  
oxide  unchanged.  This is demons t ra ted  b y  the r e a p -  
pearance  of the me ta l - i n su l a to r  t rans i t ion  in the mag-  
netic suscept ibi l i ty .  

V6Oza and V~Oz~+~ cathodes.--Both V60~8 and 
V6013+y have been  eva lua ted  as act ive cathode m a -  
ter ia ls  for  use in nonaqueous  secondary  l i th ium cells 
(9). The capacit ies  of cells conta ining s toichiometr ic  
V6013 typ ica l ly  range  up to O,6Li/V for the first cha rge /  
discharge cycle, then decay s l igh t ly  on subsequent  
cycles (Pig. 5). Blending  s to ichiometr ic  V8Ot8 wi th  
50% graphi te  (by  weight )  does not  apprec iab ly  in -  
crease the ini t ia l  cell  capacity,  bu t  such cells r e t a in  
thei r  capaci ty  longer  (Fig. 6). Cells wi th  V60~3+~ and 
graphi te  exhib i t  in i t ia l  capacit ies  of ~ I . 0 L i / V  (Pig. 7). 
Wi thout  g raphi te  capacit ies  for  V60~s+~ cells m a y  be 
d iminished by  as much as 50%. This is consistent  wi th  
the  reduced  electronic conduct iv i ty  at  h igh Li  concen-  
trat ions.  

Open-c i rcu i t  potent ia ls  (OCV) of Li /LiAsF6,  P C /  
V6Ol~+r and Li/LiAsF6,  PC/V6Ols cells were  measured  

G') 
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Fig. 5. Voltage vs. time and stoichiometry for a Li/LiAsF6, PC/ 
V6013 cell containing 14.4 mg V6013 cycled at 0.2 mA between 
voltage limits of 3.1 and 1.5. No conductive diluents were added. 
Cycle n,',mbers are indicated. 
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Fig. 6. Cycle data for a Li/LiAsFe, PC/V6013, C cell containing 
5.8 mg Vo013 and 5.8 mg graphite cycled at 0.2 mA. 

(b} 
X IN LJxV02.186 

O5 f 
5,5 F , i 

i 

0 .  

i i i i '. i i i i I i i i i [ i i i ~ I i F 
0 5 10 t5 20 

TIME (HOURS) 

Fig. 7. Cycle data for a Li/LIAsFe, PC/V02.186 C cell containing 
8.0 mg V02.186 and 8.0 mg graphite. 

as a funct ion of s ta te  of  charge.  Cells were  charged or  
d ischarged ~0.05Li/V be tween  measurements .  The 
OCV was taken  af te r  the measured  va lue  was un-  
changed for  severa l  hours. These resul ts  are  shown in 
Fig. 8. The OCV curves are  s imi la r  to the  dynamic  
discharge curves for  these mater ia ls .  

Seve ra l  dis t inct  regions are  p resen t  in these OCV 
curves. Results  of x - r a y  powder  diffract ion also ind i -  
cate the presence of a t  least  three  two-phase  regions 
in LixVOu (O < x < 1.2). As x increases  diffusion ap-  
pears  to slow down resul t ing  in  difficulty in reaching 
equi l ib r ium at x > 1.0 for  y = 2.194 and x < 0.5 for  
y = 2.17. This is also consis tent  wi th  increased l i th ia -  
tion at  e levated  tempera tures .  

Cells containing V6013 wi thout  g raph i te  can be dis-  
charged to zero volts br ief ly ( < 2  hr)  wi th  no appa ren t  
degrada t ion  of performance,  whereas  cells containing 
V6Ol~+y r ap id ly  fai l  af ter  such a discharge.  Some p ro -  
tection f rom low vol tage damage  is afforded by  hea t -  
t rea t ing  the V6013+y a t  t empera tu res  be tween  575 ~ and 
675~ in vacuo. A t  these tempera tures ,  l imi ted  s in te r -  
ing of the par t ic les  occurs. Al though the he a t - t r e a t ed  
V60~3+y appears  to resul t  in less degrada t ion  at  low 
voltages,  cells conta ining this ma te r i a l  have  on ly  
25-45% of the  capaci ty  of the un t r ea t ed  mater ia l .  

In  addi t ion to e lec t ro ly te  a n d / o r  cathode decompo-  
sit ion at  low voltages, cells containing 1M LiC104/ 
p ropy lene  carbonate  e lec t ro ly te  a r e  also suscept ible  
to i r revers ib le  oxidat ion  b y  V6018 above  3.OV dur ing  
charging. This process  appears  to be ca ta ly t ic  and 
once in i t ia ted  continues as long as cur ren t  is passed 
through the cell. This e lec t ro ly te  oxidat ion  by  V6018 
is a l lev ia ted  by  using LiAsF6 in PC. 

The capacit ies  of V6OIs and V6013+y cells were  found 
to be s t rong ly  dependen t  on the opera t ing  t empera -  
ture. A cell  conta ining V6Olz was cycled  at --16 ~ 0 ~ 
45 ~ and 70~ (Fig. 9). A f t e r  five cycles a t  room tem-  
pe ra tu re  the  cell capac i ty  had  s tabi l ized at  NO.7Li/V. 
When the cell was cooled to --16 ~ the  capaci ty  d ropped  
to <25% of the room t e m p e r a t u r e  value.  At  0 ~ the 
capaci ty  was n e a r l y  75% of the  room t e m p e r a t u r e  
value. At  45 ~ the capaci ty  was almost  20% grea te r  
than  the value  a t  room tempera ture .  Al though the cell  
capaci ty  at  70 ~ was cons iderably  g rea te r  than  at  room 
tempera ture ,  on ly  l imi ted  cycling da ta  could be col-  
lec ted  since the ra te  of e lec t ro ly te  decomposi t ion w a s  
also g rea t ly  accelerated.  At  h igher  t empera tu res  the 
discharge da ta  of V601~ resembles  that  of  V6013+y at 
room tempera ture .  

VOz(B) . - -The VO2(B) p repa red  by  the p rocedure  
of Theobald  and co-workers  (15, 16) exh ib i t ed  an  
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Fig. 8. Open-circuit voltages (OCV) for V0~.167 (open circles) 
and V02.17~ (closed circles) ceils as o function of lithium stoichi- 
ometry. 
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x - ray  diffraction powder pa t te rn  which was consistent 
with that of the oxide t~ prepared by  Sato and Ito 
(32) .and the VO2" yH20 described by Deschanvres 
et al. (33). The compressed powder resist ivi ty of 
VO2 (B) at room tempera ture  is of the same order of 
magni tude  as that of VeOla in  contrast  to the measure-  
ments  reported by Sato and Ito (32). Also, the mag-  
netic susceptibil i ty of VO2(B) exhibits a broad peak 
at ,~250 K as previously reported (32). However, the 
precise mechanism responsible for producing the peak 
is not known. Assuming a localized spin (g = 2, S 
1/2) for the dlV +4 ions, the susceptibil i ty for VO2(B) 
calculated from the Curie law of -t-15.1 • 10-6 e mu / g  
is close to the observed value of + 14.2 • 10 -6 emu/g  
at 300 K and is near ly  twice that  of fut i le  VO2 (+7.6 
• 10 -6 emu/g) .  As previously reported (15) VO2(B) 
was observed by DSC to undergo a t ransformat ion to 
the more stable rutHe s t ructure  when  heated in an 
iner t  atmosphere above 450 ~ . This t ransformat ion has 
an onset tempera ture  of 440 ~ • 20 ~ and is exothermic 
with a heat  of --200 • 25 cal/mol.  DSC analysis  of 
samples of VO2(B) annealed at 500~ revealed the 
presence of an endotherm at ~69~ characteristic of 
the meta l / insu la tor  t ransi t ion of rut i le  VO2. The x - r ay  
diffraction pat terns of these samples are consistent 
with that  of rut i le  VO2. Very weak lines assignable to 
V60~8 were also present. However, it  is not  certain 
whether  V60~8 was produced in the t ransformat ion or 
if it was present  as an impur i ty  in the VO2(B) since 

some of the lines of VO2(B) overlap with those of 
V6013. 

Lithium bronzes of VOz(B) . - -Treatment  of solid 
VO2(B) with a di lute hexane solution of n - b u t y l -  
l i th ium at room tempera ture  affords l i th ium bronzes 
Li=VO2(B) for 0,5 < x < 0.85. Trea tment  of VO2(B) 
with a solution of LiI in acetonitri le results in some 
l i thium incorporation (~0.12Li/V) at room tempera-  
ture. Conversely, most of the incorporated l i th ium 
(~-80%) can be removed from LixVO2(B) by  oxida- 
t ion with a solution of iodine in acetonitrile. 

The x - r a y  powder diffraction data obtained for 
several LixVO2(B) bronzes are given in Table IV and 
the calculated monoclinic uni t  cell parameters  in 
Table V. The powder pat terns of these Li~VO2(B) 
bronzes closely resemble that  of the pa ren t  VO2(B) 
as well as Na0.2TiO2 (34). 

The thermal  stabil i ty of LixVO2 (B) bronzes as mea-  
sured by DSC is somewhat  improved over LixV6013. 
The Li~VO2(B) bronzes are thermal ly  stable up to 
~400 ~ in an iner t  atmosphere. Thus, Li~VO2(B) is 
near ly  as thermal ly  stable as the parent  VO2(B). This 
stabilization may arise from the presence of l i th ium 
in the cavities. Andersson and Wadsley (34) suggested 
that the isomorphous Na0.2TiO2 is stabilized by  the 
presence of the sodium ions. The analogous alkal i-free 
TiO2(B) and Li~TiO2(B) (x < 0.85) have recent ly  
been reported (35). 

Table IV. X-ray diffraction data for LixVO2(B) bronzes 

Lio.52VO2 ( B ) Lio. 6~V02 ( B ) Lio. 8sVO2 ( B ) 

h k l  Dobs Dcalc* Dobs Dea l t*  Dobs Dea l t*  

001 6.125 6.132 6.164 6.141 6.134 6.139 
200 5.731 5.715 5.776 5.769 5.742 5.761 
201 4.997 4.953 5.036 4.943 5.002 5.018 
201 3.706 3.685 3.725 3.725 3,718 3.686 
002 3.064 3.0'66 3.070 3.070 3.0,63 3.070 
111 2.958 2.954 2.978 2.977 - -  2.993 
400 2.862 2.857 2.868 2.884 2.890 2.881 
102 2.730 2.768 2.739 2.782 2,730 2.767 
411 2.319 2.304 2.321 2.318 2.329 2.343 
003 2.042 2.044 2.044 2.047 2.038 2.046 

411 511, 601 2.003 1.984, 2.004, 1.989 2.005 2.004, 2.015, 2.000 1.998 2.000, 2.035, 2.013 
501, 510, 3403 1.962 1.965, 1.948, 1.949 1.964 1.986, 1.966, 1.943 1.968 1.972, 1.971, 1.970 

103, 600 1.921 1.919, 1.905 1.922 1.926, L923 - -  1.918, 1.920 
512, 020 1.863 1.864, 1.861 1.867 1.868, 1.876 1.869 1.894, 1.902 
713 1.720 1.727 1.725 1.725 1.724 1.749 
%2, 412 1.655 1.652, 1.651 1.657 1.656, 1.667 1.660 1.674, 1.659 
421, 420 1.572 1.572, 1.560 1.573 1.582, 1.573 1.568 1.602, 1.687 

313, 701, 222 1.484 1.483, 1.476, 1.477 1.486 1.495, 1.492, 1.488 1.484 1.488, 1.483, 1.497 
014 1.417 1.418 1.421 1.421 1.425 1.423 
223, 323 1.402 1.401, 1.383 1.405 1,406, 1.387 1.404 1.422, 1.405 

* Unit cells used for Dcalc are given in Table V. 
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Table V. Comparison of unit cell parameters of VOz(B) and LizVO~(B) 

x a zia (%) b t~b (%) c ,~c (%) ,8 v AV (%) 

0 12.06 3.685 6.41 106.9 272.6 
0.52 11.94 3.723 6.41 106.7 272.9 

-1.0 + 1 . -  +0.0  +0.1 
0.62 12.01 3.753 6.39 106.1 276.7 

- 0 . 4  + 1.8 - 0 . 3  - 1 . 5  
{).85 12.08 3.805 6.43 107.4 282.0 

+0.1 +3.2 +0.3 +3,4 

Other vanadium ox~des.--Of the other vanadium ox- 
ides evaluated, VOz (B) appears to be the most promis- 
ing candidate, after V6013 and V6018+y, for use as a 
battery cathode material. Nonaqueous lithium cells 
with cathodes containing VO2(B) exhibit lower aver- 
age voltages, less capacity, and poorer rechargeability 
than cells containing V6013. With a charging voltage 
limit of 3.1V and a discharging voltage limit of 1.0V, 
Li/LiC104, PC/VO2 (B) test cells gave initial capacities 
near 0.5Li/V which decayed slowly with cycling (Fig. 
10). After 15 discharge/charge cycles the capacity de- 
creased to ~65% of its value on the initial discharge. 
Similar performance was observed for cells using a 
1.0M LiAsF6/PC electrolyte. As observed for VGO13, 
the addition of graphite to the VOe (B) cathodes failed 
to increase the capacity. The capacity can be increased 
by heating the cell above room temperature. At .~60~ 
a cell containing VO2(B) and LiAsFe/PC electrolyte 
exhibited a 65% increase in capacity. However, pro- 
longed cycling at elevated temperature quickly results 
in cell failure presumably due to electrolyte decom- 
position. 

The other vanadium oxides evaluated in this study, 
V409 and V807, were prepared by several methods. 
Kawashima and co-workers reported that the thermal 
decomposition of NH4VOs at 500~ in vacua affords 
V307 by TGA (22). In this work, the rapid thermal 
decomposition of NH4VOs in an inert gas stream gave 
mixtures of V807 and V6Ch~. It has also been reported 
that V~O7 was prepared by reducing VeO5 with SO2 
under mild conditions (36). However, we detected no 
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Fig. 10. Cycle data for a Li/LiCI04, PC/VO2(B), C cell contain- 
ing 14.8 mg VO2(B), 14.8 mg graphite, and cycled at 0.2 mA. 
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V807 in the reaction products for such a reduction. We 
were most successful in preparing pure V307 from 
finely divided V20~ and freshly reduced V208 by stan- 
dardsolid-state techniques (18, 19). V409 was prepared 
by the reduction of V205 in a stream of anhydrous SO2 
at 400~ This product exhibits a powder x-ray diffrac- 
tion pattern which is consistent with that reported by 
Theobald and co-workers (17) for phase E, Sate and 
Ito (32) for oxide A, and Kawashima and co-workers 
(22) for V409. 

Treatment of VsO7 and V409 with dilute solutions of 
n-butyllithium in hexane at room temperature results 
in the consumption of ,~I.2Li/V by V80~ and -~ILi/V 
by V409. However, less than one-half of this lithium 
can be removed by oxidation with I2. Furthermore, the 
lithiated materials appear to be amorphous to x-rays. 
Thus it appears that these oxides do not maintain 
their basic structural integrity on reaction with lithium. 

V307 and V409 cathodes.--The capacities of cells 
containing V307 or V409 are considerably less than 
those typically observed for cells containing V6013. A 
cell containing V807 blended with 50% graphite (by 
weight) exhibited an initial discharge capacity of 
~0.9Li/V which decreased to ~0.3Li/V after 15 cycles 
(Fig. 11). This capacity was maintained for over 20 
cycles. The initial irreversibility is not unexpected on 
the basis of the chemical lithiation-delithiation results. 
Also, the overall shape of the latter discharge curves 
is distinct from that of the initial curve and resembles 
that of cells containing heat-treated V601s + y. It appears 
likely that the initial lithiation of V307 during the first 
discharge of the cell converted a substantial amount of 
the vanadium oxide framework to the V601s+, struc- 
ture. Cells made using V409 deteriorated even more 
rapidly and no stabilization of capacity was observed. 

Conclusion 
Of the vanadium oxides evaluated in the course of 

this work, only cells containing V6013 and V6013+, 
consistently exhibited substantial capacities, good re- 
chargeability, and high average potentials. Because of 
their exceptional overall performance, both V6013 and 
V6013+y are outstanding candidates for use as active 
cathode materials in nonaqueous lithium secondary 
batteries. 

/ 
J 

l r E I I I 
4 6 $ 10 12 14 

TIME (HOt.~S) 

Fig. 11. Cycle data for a Li/ 
LiAsF6, PC/V30?, C cell con- 
taining 7.9 mg V~O?, 7.9 mg 
graphite, and cycled at 0.2 mA. 
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Anodic Corrosion of Fiber Reinforced Lead Composites 
for Use in Large Lead-Acid Batteries 

C. M. Dacres,* S. M. Reamer, R. A. Sutula,* and I. A. Angres 
Naval SurSace Weapons Center, Materials Division, Silver Spring, Maryland 20910 

ABSTRACT 

The corrosion resistance of lightweight, high strength lead metal matrix 
composites under conditions that simulate their use as grid materials in large 
lead-acid batteries has been studied. Constant potential testing provides an 
effective means for holding constant the oxidizing power of a metal-electrolyte 
system. Data are presented on corrosion currents, effect of exposure time on 
corrosion rates, dependence of the rate of corrosion on temperature, and the 
current flow that is proportional to the rate of corrosion. 

Corrosion of the positive plate support grids is a 
major cause of failure in lead-acid secondary batteries. 
This corrosion problem limits the service lifetime of 
large lead-acid batteries. These batteries are main- 
tained for most of the time in a fully charged condi- 
tion. When battery power is needed, they must per- 
form reliably in high rate, deep discharges. 

The development of lightweight grid materials made 
of pure lead reinforced with strong nonmetallic fibers 
provides a possible solution to the corrosion problem. 

* Electrochemical Society Active Member. 
Key words: corrosion, lead-acid batteries, power. 

Pure lead is resistant to corrosion in sulfuric acid elec- 
trolyte, but grids made of pure lead lack adequate me- 
chanical strength and the ability to resist deformation. 
Improved strength has been achieved by employing 
metal matrix composites technology to fabricate new 
experimental grid materials of fiber reinforced lead. 

The main purposes of this study are to assess the 
corrosion resistance of new lead metal matrix compos- 
ite battery grid materials in sulfuric acid electrolyte 
and to provide a basis for predicting grid corrosion 
rates from accelerated corrosion rate data at elevated 
temperatures obtained in the laboratory. 
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The shortening of the t ime for corrosion testing of 
grid materials  used in lead-acid batteries at high tem- 
peratures was demonstrated by Will ihnganz (1) in his 
work with cells on float service. However, the anodic 
corrosion of pure lead was first studied in detail by 
Lander  (2-4). He combined thermodynamic  thought 
with a kinetic approach to rela~te the mechanism of the 
positive plate reactions to the actual  conditions in bat -  
tery service. It was demonstrated earlier by Haring 
and Thomas (5) that the Pb /Ca  alloy corroded much 
slower than Pb /Sb  and at a rate comparable to that  of 
pure Pb. Major work was conducted by Weininger  a n d  
Morelock (6) in  which conducting carbon fibers were 
introduced into the positive grid. An extensive s tudy 
of lead alloys at high anodic potentials was done by 
Weininger  and Siwek (7) in which Pb/Sb,  Pb/Ca,  and 
P b / C a / S n  alloys were main ta ined  at constant  high 
float charge, then examined metallographically.  

We are report ing here ini t ia l  corrosion studies. The 
materials studied were four exper imental  lead metal  
matr ix  composite grid materials,  two conventional  
lead-based alloy grid materials,  and pure lead. 

Experimental  Procedure 
Materials.--Samples of five different materials  used 

in this study were obtained from commercial sources 
in the form of long, thin rods with lengths between 10 
and 25 cm, and cross-sectional areas between 0.25 and 
0.1 cm 2. Descriptive information provided by the sup- 
pliers is given in Table I. Samples designated in this 
report  as X1, X2, and X3 were three l ead-a lumina  
fiber composite materials (Pb /FP)  prepared by three 
different methods. Samples designated Y were lead- 
carbon fiber composites. The lead alloy and pure lead 
samples designated A, B, and L were included in the 
study for comparison purposes. 

Electrochemical corrosion testing.--Corrosion studies 
were performed in a 1.285 specific gravi ty  sulfuric acid 
electrolyte at 70 ~ 60 ~ and 50~ The materials were 
tested in a static constant potential  mode. The anode to 
mercury-mercurous  su l fa te  reference potential  was 
main ta ined  potentiostat ically to approximate float ser- 
vice conditions of the battery. A schematic of the 
exper imental  a r rangement  is shown in Fig. 1. The test 
cells were housed in 10 li ter Pyrex glass chromatog- 
raphy jars. The temperature  was main ta ined  by im-  
mersing the jars  in a large constant temperature  water  
bath. 

The counterelectrodes were lead grid sheets which 
lined the walls of the chromatography jars. The work-  
ing electrodes were those listed in Table I. They were 
fitted through rubber  stoppers which were placed 
through the Teflon covers of the jar. These electrodes 
were suspended in the electrolyte towards the center 
of the cell. Each type of electrode was placed in a sep- 
arate chromatography jar. 

Electrical contacts were made through gold-plated 
bat tery  clips. A constant potential  of 1.226V anodic to 

.2so4 

MILLI- 
AMMETER 

U.H. I 

POWER SUPPLY 

ORION 
DIGITAL 
IONALYZER 

1. WORKING ELECTRODE 
2. ION SELECTIVE ELECTRODE 
3. REFERENCE ELECTRODE - Hg/Hg 2 SO 4 
4. COUNTER ELECTRODE- Pb 

Fig. 1. Diagram of apparatus for investigating the anodic corro- 
sion of metal matrix materials. 

the mercury-mercurous  sulfate reference electrode 
was mainta ined using a DH Model potentiostat  (8). 
The current  flowing between the working electrode 
and the counterelectrode was recorded as a direct 
measure of the instantaneous corrosion rate. 

Test samples were mechanical ly cleaned and rinsed 
with distilled water  and acetone. They were dried 
overnight  in a desiccator, then measured and weighed 
before immersion in the sulfuric acid. After the cor- 
rosion period, the test samples were w a s h e d a n d  dried 
with acetone and reweighed. The adhering corrosion 
products were removed by str ipping in a hot hydra-  
zinc su l fa te -manni to l -hydroxide  solution. The samples 
were studied using the electron microscope. 

Results and Discussion 
Comparison of corrosion currents vs. t ime.--A com- 

parison of the current  densities of the various samples 
is shown in Fig. 2 for accelerated testing conditions at 
70~ Most of the corrosion currents  were ini t ia l ly high 
except for pure Pb and Pb /FP-X2.  The high corrosion 
currents  declined sharply as the anodic (oxide) layer 
covered the specimens. At times a sharp rise in current  
is observed which indicates a rapid breakdown of this 

Table I. Composition of grid material samples 

Composition 
Desig- Volume percent Weight percent 
nation Material Preparation method A1208 C Ca Sn 

Experimental materials  

X1 Lead-alumina fiber composite 

X2 Lead-alumina fiber composite 

X3 Lead-alumina fiber composite 

Y Lead-carbon fiber composite 

Conventional and standard materials  

A Lead-calcium alloy 
B Lead-calcium-tin alloy 
L Pure lead 

Liquid lead infiltration 
Fiber bonding method- -unknown 
HF mold release agent 
Liquid lead infiltration 
Fiber bonding method--unknown 
Mold release method--unknown 
Chemical vapor deposition 
Fiber bonding method--unknown 
Chemical vapor deposition 
Titanium-boron fiber bonding agent 

Cast 
Cast 
Cast 

25 

7.5 

5-6 

4 

0.07 
0.065 0.66 
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Fig. 2. Measured current densities vs. time at 7O~ 
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140 

oxide film. Corrosion currents for the fiber reinforced 
materials fell to very low values toward the end of the 
testing period when the samples physically fell apart  
and appeared to be no longer capable of conducting 
any appreciable current. However, the corrosion cur- 
rents for the alloys increased with time. 

The P b / F P  samples frayed at the lower end (Fig. 3) 
where the electrolyte infiltrated the fibers. The SEM 
for sample X1 (Fig. 4) shows that the fibers were com- 
pletely separated from the lead by corrosion products. 
This indicates insufficient bonding at the lead-fiber 
interface which allowed electrolyte to diffuse into the 
interface, thus corroding the lead. 

Distortion was peculiar to the graphitic samples 
(Fig. 5). Also, pitting along the seams where the fibers 
became exposed was observed. The distortion is at-  
tr ibuted to intergranular corrosion whereby the prod- 
ucts accumulate along the grain boundaries creatin~ 
the forces which distort the sample. 

Pb/Ca alloy is a conventiona] grid material  for lead- 
acid batteries and was included in this study for com- 
parison purposes. The surface of these samples was 
severely etched and stress corrosion cracks developed 
(Fig. 6). The cracks weakened the sample making it 
physically incapable of supporting a load. 

Accelerated studies on X2 show that the samples 
were less severely corroded than XI. The reason is be- 
lieved to be improved bonding of lead to the fibers as 

Fig. 4. Micrograph showing a buildup of corrosion products 
around the fibers in the XI sample. 

Fig. 5. Y samples after corrosion at 70~ 

Fig. 3. Xl specimen after corrosion 

Fig. 6. Corroded surface of sample A 

seen in Fig. 7. Also, X1 has 25% volume fiber loading 
as opposed to 7.5% in X2. This suggests that there is 
some relationship between the fact that the higher the 
volume of fibers incorporated in the lead structure, the 
more susceptible the structure is to corrosion. 
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1W J 

1.285 SPECIFIC GRAVITY H~SO, AT 70~ 

~Pb/FP- X1 

Fig. 7. X2 sample showing improved bending 

Comparison of corrosion rates.--The corrosion rate 
was determined electrochemically, where the result ing 
corrosion current  densities are converted to corrosion 
rates through Faraday 's  law (9) 

eq. wt. (g) 
Corrosion rate  (mpy)  --  0.I288I ( ~ I c m 2 )  , ,  

p (g /cm s ) 

where I _-- cur rent  density, p ---- specimen density, and 
eq. wt. ---- specimen equivalent  wt. 

The calculation was based on the assumption that the 
anodic corrosion of lead occurs through the reaction 
(2) 

Pb W 2H20--> PbO2 -~ 4H + -~ 4e-  [1] 

Figure 8 contains a summary  of average corrosion 
rates in  units  of mils per year (mpy) of various types 
of bat tery  grid materials.  

EJfect o~ exposure time on corrosion rates.--The 
effect of exposure t ime on the corrosion rates of var i -  
ous samples is represented in Fig. 9. The curves A (Pb /  
Ca) and B ( P b / C a / S n )  show an increase in corrosion 

70 

:s,,, 
. t  6o 

z 50 

.=, 40 
P5/C 
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20 

' ' 2'o 3o ' ' ' ' 0 10 40 50 60 70 

DAY 
Fig. 9. Effect of exposure time on the corrosion rates of various 

lead samples. 

rate due to acceleration of attack. This can be at-  
t r ibuted to the relat ively high solubil i ty of the corro- 
sion products in the acidic envi ronment  which inhibits  
the formation of a protective layer. 

The corrosion ra te / t ime curves for X1 (Pb /FP)  and 
Y ( P b / C)  show an ini t ial  increase due to the accelera- 
tion of attack by the a lumina  and graphitic residue 
produced initially.  This is followed by a decrease in 
rate as the residue becomes plugged with insoluble 
corrosion product and carbonaceous debris. 

The X2 samples display a corrosion ra te / t ime  curve 
unl ike those of other fiber reinforced materials.  Its 
curve appears to be similar to those of lead alloys. 

Prediction of corrosion rates.--Corrosion studies 
have been done on Y and B at 50 ~ and 60~ and the 
ratio of corrosion rates has been compared with those 
at 700C. Figures 10 and 11 show that at lower tempera-  
tures the corrosion of the Y samples is considerably 
less and the distortions are also less than the distortions 
seen in Fig. 5. The bonding between the lead and the 
graphitic fibers remains good even dur ing the corrosion 
period. 

J:ig. 8. Relative corrosion rates of lead samples Fig. lO. Photograph showing little distortion of sample Y at 50~ 
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Fig. 11. Micrograph of sample Y after corrosion at 50~ 

The corrosion ra te  da ta  were  l inear  for specimens Y 
and B. F igure  12 consists of plots of the log of the cor-  
rosion rates  vs. the reciprocal  of Kelv in  tempera ture .  
These plots were  ex t rapo la ted  to room tempera tu re  
permi t t ing  a predic t ion  of the corrosion rates.  

Weight-toss measurements.--The Pourba ix  d iagrams 
of react ions in the lead-su l fur ic  acid sys tem (10) in-  
dicate that  a t  the potent ia l  used in these studies 
(1.226V vs. the Hg/Hg2SO4 reference)  both the ox ida -  
t ion of lead  to PbO2 by react ion [1] and the oxidat ion  
of wa te r  b y  the reac t ion  

2 H 2 0 ~  4H + + O3 + 4 e -  [2] 

can occur. The observat ion  of gassing at  the surface of 
the samples  s t rongly  supports  at  least  the second of 
these two reactions. Because some of the cur ren t  is 
being used up th rough  react ion [2] it  is difficult to 
make  a direct  corre la t ion at  this t ime be tween  mea-  
sured weight  changes in the sample  and weight  changes 
according to Fa raday ' s  law. However ,  even though the 
mass loss of the samples  may  not be d i rec t ly  p ropor -  
t ional  to the current ,  a high cur ren t  wil l  indicate  a 
high ra te  of corrosion. 

C o n c l u s i o n s  
On the basis of corrosion studies descr ibed in this 

art icle,  it  may  be concluded that  the equipment  and 
methods employed  are  sui table  for compar ing the r e l a -  
t ive corrosion resis tance of candidate  gr id  mater ials .  
The majo r  findings of this s tudy  in terms of the r e l a -  
t ive  corrosion behavior  of the samples s tudied are:  

1. An  impor tan t  need in the selection of corrosion-  
res is tant  mater ia l s  for ba t t e ry  grids is the correlat ion 
of l abo ra to ry  studies wi th  actual  gr id  corrosion per -  
formance in ba t t e ry  service. The effects of t empera -  
ture, float potential ,  and t ime on corrosion rates are  not  
ye t  well  enough unders tood to pe rmi t  such corre la-  
tions. 

2. Al l  of the samples were  severe ly  damaged,  de-  
formed, elongated,  and weakened  by  corrosive ox ida-  
tion in the sulfur ic  acid e lec t ro ly te  except  X2 and, of 
course, pure  Pb. 

3. The ex t r eme ly  severe and r ig id  corrosion of X1 
was appa ren t ly  a direct  resul t  of poor bonding be tween  
the lead and the a lumina  fibers. 

4. The grea t ly  improved  behavior  of X2 confirms the 
expecta t ion  that  in fiber re inforced mate r ia l s  the 
wet t ing  process be tween  the fiber and the meta l  is ex-  
t r emely  cr i t ical  in the control  of corrosion processes. 

5. The P b / C a  alloy, which is represen ta t ive  of a 
convent ional  grid ma te r i a l  for l ead-ac id  bat ter ies ,  was 
severe ly  weakened  by  etching and stress corrosion 
cracking.  

6. The re la t ionship  be tween  volume percentages,  
weight  percentages,  and corresponding corrosion rates  
emphasizes the  fact  that  the rat io of lead  to the amount  

or 
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1/~ x 10 .3 
Fig. 12. Log of corrosion rates vs. temperature 

of fiber used in s t rengthening  the lead cannot be ig- 
nored in ut i l iz ing meta l  ma t r i x  mater ia ls .  
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sion Section to be publ ished in the June  1982 JOUaNAL. 
Al l  discussions for the  June  1982 Discussion Section 
should be submi t t ed  by  Feb. 1, 1982. 

Publication costs o] this article were assisted by the 
Naval SurJace Weapons Center. 
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Effect of Sulfide Ions on Caustic Cracking 
of Mild Steel 

Douglas Singbeil and Desmond Tromans* 
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ABSTRACT 

Potentinstat ical ly controlled slow strain rate (~ ___ 3.3 • 10-6/sec) tensi le  
tests were conducted on AISI 1018 mild steel in hot (92~ caustic solutions 
of 3.35M NaOH and 2.5M NaOH § 0.423M NafS in a chemically iner t  cell. 
Reduction of area was used as a measure of susceptibil i ty to stress corrosion 
cracking (SCC). The presence of sulfide ions raised the active-passive t rans i -  
tion potent ial  to more noble values, and max imum susceptibil i ty to SCC oc- 
curred at potentials near  the active-passive t ransi t ion in each environment .  
Cracking at these potentials was fur ther  confirmed by conducting tests on 
prefatigue cracked double canti lever beam specimens a t  a known stress in -  
tensity, and crack fractography was studied by scanning electron microscopy. 
Crack liquid pH measurements  were obtained with pH indicator paper  using 
a freezing technique. A hydrogen embr i t t l ement  mechanism of SCC was el imi-  
nated from consideration in both environments  on thermodynamic  grounds. 
All observations were reasonably consistent with a dissolution mechanism of 
SCC involving film rupture  events. 

Several  studies have shown that the caustic stress 
corrosion cracking (SCC) of mild steels exposed to 
hot, highly alkaline, aqueous NaOH solutions is asso- 
ciated with a small range of potentials near  the active- 
passive t ransi t ion potential  (1-5). More recently, 
anodic polarization studies in hot alkal ine and alkal ine 
sulfide solutions showed that  the presence of sulfide 
ions raised the active-passive transi t ion potential  to 
more noble potentials relat ive to the sulfide-free 
solutions (6, 7). This led to the suggestion (6) that  
there should be a corresponding change in the poten-  
tial range for SCC due to the presence of sulfide. Con- 
firmation of this prediction has both fundamenta l  sig- 
nificance with regard to the unders tanding  of SCC and 
practical consequences for prediction of SCC in hot, 
industr ia l  alkal ine sulfide solutions (white l iquors) 
employed in the Kraf t  process for producing pulp from 
wood chips. In fact, some of the results from the pres- 
ent study have already been applied to SCC considera- 
tions in the pulp and paper indus t ry  (8). 

The current  program was designed to evaluate the 
effect of sulfide on the potential  regime of SCC sus- 
ceptibili ty of mild steel by conducting comparative 
tests in hot aqueous solutions of NaOH and NaOH ~- 
Na2S, similar to those compositions employed previ-  
ously (6). Slow strain rate tensile testing techniques 
(9, 10), conducted under  potentiostatic control, were 
used for the ini t ial  evaluat ion of the potential  regimes 
of SCC susceptibility. Confirmation of SCC in the sus- 
ceptible regimes was obtained via the techniques of 
fracture mechanics, whereby potentiostatically con- 
trolled SCC propagation tests were conducted on pre-  
fatigue cracked double canti lever beam (DCB) speci- 
mens at a known stress intensi ty  (KI). In  addition, 
fractographic studies were conducted on specimens 
subjected to SCC in the presence and absence of sul-  
fide, and attempts were made to determine the p l l  of 
the solution wi thin  the stress corrosion crack. 

Experimental 
Tests were conducted on two batches of AISI 1018 

mild steel. One batch was received as cold drawn 
cylindrical  rod of 9.5 mm diam and the second batch 
was received as cold drawn bar  with a square cross 
section, 31.8 • 31.8 ram. Chemical analyses of the two 
batches are shown in Table L 

* Electrochemical  Society Active Member .  
Key w o r d s :  s t r e s s  co r ros ion  c r a c k i n g ,  s t r a i n  r a t e ,  s t r e s s  in- 

tensity, canti lever beam, white  l iquor.  

Tensile test pieces for slow strain rate tests, machined 
from the rod, were 254 mm long with threaded ends 
for grips and a reduced gage section 25.4 mm long and 
5 mm in diameter. The gage section was mechanical ly 
polished with 320 grit  paper, degreased in chlorethane, 
cleaned in 10 volume percent  (v/o) HC1, rinsed in 
water  and alcohol, and dried. Subsequently,  each 
specimen was annealed under  vacuum at 920~ for 
0.75 hr, air cooled, electropolished for 60 sec at 30V in 
a solution containing 135 ml  CH3COOH ~ 0.025 kg 
Cr~O3 ~ 7 ml H20, r insed in water  and alcohol, dried, 
and tested. The yield stress of the annealed specimens 
at 92~ was 297 MPa. 

Double canti lever beam specimens (DCB) for frac- 
ture mechanics SCC testing were prepared from the 
bar  by machining to the configuration shown in Fig. 1. 
The specimens were crack-l ine loaded single-edge 
crack specimens. Beam height (H) was 11.6 mm, speci- 
men length from the loading line (W) was 66.7 mm, 
and specimen thickness (B) was 25.4 mm. Init ial  length 
of machined precrack from the loading line (a) was 
25.4 ram. The beams were threaded to receive grips for 
application of load (P).  Brown and Srawley (11) have 
shown that the stress intensi ty  (KI) calibration for the 
DCB specimen is given by Eq. [1] for a/W values up to 
0.6, provided W/H ~ 5 

P ' a  ( H )  
KI -- BH../------- ~ 3.45 -b 2.415 m [1] 

a 

Final  preparat ion involved mechanical ly polishing 
the faces to 600 grit, followed by washing in  ethanol. 
The machined pre-crack was sharpened and extended 
a fur ther  ~2  mm by fatigue cracking at a KI level of 
12 • 11 MPa �9 m 1/2. All DCB specimens were subjected 
to SCC in the as-received, cold-worked condition. The 
yield strength at 92~ was 523 MPa. 

Table I. Chemical composition of steels* 

E l e m e n t  

Ba tch  C Mn P S Si Ni  Cr Mo Cu 

Cyl indr ica l  rod  0.17 0,65 0.012 0.{)1 ND ND ND ND 0.01 
S q u a r e  b a r  0.17 0,67 0.{)15 0.02 0.22 0.C8 0.16 ND 0.16 

* W e i g h t  p e r c e n t a g e .  
ND = Not  detected. 

2065 
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Fig. 2. Schematic diagram of test cell for slow strain rate test- 
ing, where P represents load applied by tensile machine. 

Fig. 1. Specimen geometry of double cantilever 
specimen. 

beam (DCB) 

Two test solutions, containing (i) 3.35M NaOH and 
(ii) 2.5M NaOH 3- 0.423M Na2S, were prepared from 
reagent grade NaOH and Na2S.9H20, using distilled 
water. Total Na + molal i ty in each was 3.35M. 1 Nitro- 
gen purging was employed dur ing preparat ion and 
testing to prevent  oxidation of sulfide. Calculations (6) 
showed that the pH of both solutions was near  14 at 
room temperature  and near  ,,~12 at test temperature  
(92~ 

Potentiostatic control was obtained via a Pr inceton 
Applied Research potentiostat  (Model 173), equipped 
with an electrometer probe (Model 178), logarithmic 
converter (Model 376), and universal  programmer  
(Model 175). Potentials were measured with respect 
to a room temperature  saturated calomel reference 
electrode connected via a saturated KC1 salt bridge to 
the Luggin capillary~ which terminated ,-,1 mm from 
the specimen surface. Potent ial  and current  were re-  
corded on a Houston Omnigraphic X-Y recorder 
(Model 2000). All potentials are reported with respect 
to the s tandard hydrogen electrode (SHE). No at tempt 
was made to correct for negligibly small  potential  
differences arising from concentrat ion and thermal  
gradient  effects ,in the salt bridge. All tests were con- 
ducted at 92 ~ • I~ corresponding to that  usual ly 
found in industr ia l  white l iquor storage vessels and 
clarifiers. 

Slow strain rate tests, using an Instron tensile ma-  
chine, were conducted in 550 ml  of solution contained 
within  a Teflon cell (PTFE or FEP polymers) ,  as 
shown in  Fig. 2, which contained two graphite counter-  
electrodes, plus an FEP coated thermistor probe for 
temperature  control. The specimen surface above and 
below the gage section was protected with PTFE tape. 
A potent ial  of --1.01VsHE (,-,120 mV below the corro- 
sion potential, EcoRa) was impressed upon the speci- 
men for 120 sec. Thereafter,  the potential  was raised at 
1 mV/sec unt i l  the desired test potential  was reached. 
The specimen was then tested to fracture at a s train 
rate (~) of 3.33 • 10 -0 sec -1. The percentage reduction 
in  area at final fracture was determined by microscopy 
and plotted as a funct ion of potential. The potential  
region of max imum SCC susceptibili ty was designated 
by those potentials giving rise to the smallest reduc- 
tion in area (9, 10). Separate anodic polarization tests 

1Concentration,  M, is m o l e s  of so lute  per  kg of H20. 

were conducted on uns t ra ined  specimens in fresh solu- 
tions at scan rates of 1 mV/sec. 

Potentiostatically controlled SCC tests were con- 
ducted on the DCB specimens in a cell (Fig. 3) of 
similar size and materials to the slow strain rate cell. 
The solution was stirred via a Teflon coated magnetic  
stirrer. The specimen was wrapped in Teflon tape, 
except for the crack tip region, to minimize total cur-  
rent  requirements  and changes in solution composition 
dur ing potentiostatic control. The whole assembly was 
placed in a horizontally mounted Hounsfield Tensom- 
eter tensile machine. 

The specimen potential  was raised to the preselected 
value and an ini t ial  load (P) applied to the specimen 
to produce a known stress in tensi ty  (KI) value. The 
SCC test was allowed to run  for ~400 hr. During this 
time the elastic compliance of the test assembly was 
such that a small  change in KI occurred as a result  of 
crack growth. Aliquots of the sulfide solution were 
analyzed periodically for sulfide concentrat ion and ad- 
ditions of Na2S �9 9H20 were made to main ta in  the de- 
sired concentration. At the terminat ion of the test, the 
solution was replaced with liquid ni trogen and the 
specimen broken by increasing the load (P).  The 
fracture surfaces were examined under  a t ravel l ing 
microscope, where SCC was clearly dist inguishable 
from the fatigue precrack and bri t t le  (cleavage) over-  
load failure in l iquid nitrogen. An average propagation 

LUGGIN CAPILLARY-~t REFLUX 

N~ PURGE 
o 

SPECIMEN 

SOLUTION 

Fig. 3. Schematic diagram of test cell for testing of double 
cantilever beam (DCB) specimens. The load P was applied by 
means of a horizontally mounted tensile machine. 



Vol. 128, No. I0 SULFIDE IONS 2067 

rate (v) was obtained by dividing the SCC growth 
increment  by the test time. 

The pH of the frozen solution remaining  near  the 
stress corrosion crack tip of the DCB specimens was 
determined using the technique of Brown et al (12). 
Commercial pH indicator paper (Hydrion Paper) ,  with 
colorimetric intervals  of 0.5 pH units, was employed. 

The stress corrosion crack fractography of the DCB 
specimens was studied by scanning electron microscopy 
(SEM). The crack surfaces contained iron corrosion 
products (6) which were first removed by ultrasonic 
cleaning in an inhibi ted solution of 3 ml conc. HC1 
4 ml 35% 2 Butyne-1,  4-diol + 4 ml H20 that produces 
no artifacts (13, 14). Following cleaning, the specimens 
were washed in water  and ethanol, dried, and exam- 
ined in an ETEC Autoscan, using secondary electron 
imaging mode and 20 keV excitation. 

After cleaning, some DCB specimens were sectioned 
longi tudinal ly  normal  to the stress corrosion fracture 
plane, mechanically polished t o  1 ~m diamond finish, 
etched in 2 v/o HNO~ in ethanol to reveal grain 
boundaries and pearlite, and then examined by SEM. 
In this manner, the relationship between grain bound- 
aries and SCC was more easily determined. 

Results 
Slow strain rate s tudies . - -The effect of potential  

upon reduction in area is shown for the NaOH solution 
in  Fig. 4 and for the NaOH + Na2S solution in  Fig. 5. 
These data have been superimposed upon the corre- 
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Fig. 4. Effect of potential upon reduction in area at ~ ~ 3.33 X 
10 - 6  sec -1 ,  and superimposed anodie polarization diagram, for 
mild ~teel in aqueous 3.35M NaOH. 
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Fig. 5. Effect of potential upon reduction in area at ~ = 3.33 X 
10 - 0  sec -1 ,  and superimposed anodic polarization diagram, for 
mild steel in aqueous 2.5M NaOH + 0.423M Na2S. 

sponding anodic polarization curves, the general  char- 
acteristics of which are similar to those described 
previously (6). 

Clearly, Fig. 4 and 5 showed that the mi n i mum re- 
duction in area was associated with a potential  close to. 
and slightly above, the active-passive t ransi t ion po- 
tential  in each solution. The mi n i mum percentage re- 
duction in area occurred at --0.76Vsi~s in NaOH and 
--0.64VsHE in NaOH -}- Na2S. 

Specimens which were fractured in  the potential  re-  
gion giving rise to m i n i mum reduction in area always 
exhibited numerous secondary surface cracks, as de- 
scribed elsewhere (8), whereas those fractured outside 
this region did not exhibit  surface cracking. Consistent 
with these observations, the mi n i mum reduction in 
area must  have been associated with envi ronment  in-  
duced cracking, i.e., SCC. Hence, the variat ion in 
reduction of area with potential, as shown in Fig. 4 and 
5, was a measure of relat ive SCC susceptibility. 

DCB tes ts . - -S tress  corrosion cracking tests were 
conducted on the DCB specimens at KI levels near  50 
M P a .  m 1/2 and at potentials near  the active-passive 
transition, which the slow strain rate tests had indi-  
cated to be the most severe. These were --0.76VsHE in 
NaOH and --O.64VsHE in NaOH + Na2S. Cracking 
occurred in both solutions at average rates of the order 
of --1 X 10 -9 m/sec, the relat ive rate in NaOH being 
higher by a factor of two. The results are summarized 
in Table II, together with the slight var iat ion in  K~ 
which occurred dur ing each test. 

pH measurements . - -Measurements  of pH obtained 
from the crack liquid near room temperature  gave a 
value of ,-,14 in  both solutions. This was the same value 
as that observed in the bulk solutions at room tem- 
perature. Hence, the measurements  indicated no sig- 
nificant changes in pH within  the crack dur ing SCC. 

Fractography.- -The stress corrosion cracks in the 
DCB specimens remained in  the ini t ia l  crack plane 
with no tendency toward macroscopic crack branching.  
Longi tudinal ly  sectioned and etched specimens showed 
that the cracks followed a predominant ly  in te rgranu-  
lar path along pear l i te / ferr i te  boundaries  and fer r i te /  
ferrite boundaries.  Occasionally, t ransgranular  cracks 
through ferrite and pearlite were observed, the ten-  
dency being more noticeable in the NaOH solution. 
Figures 6a and b i l lustrate the general  features of 
crack path. 

Topographical characteristics of the stress corrosion 
cracks are shown in the SEM fractographs of Fig. 7a 
and b. The fractographs were obtained from near the 
crack tip, where dissolution and etching artifacts due 
to exposure of crack surfaces to the hot caustic en- 
vironments were minimized. Intergranular crack 
topography and secondary microeracks were evident in 
both environments. In addition, a greater tendency for 
transgranular crack topography was observed in the 
NaOH solution, as evidenced in Fig. 7a. 

Discussion 
GeneraL--The  slow strain rate tests have shown~ that 

susceptibili ty to SCC is most pronounced in the passive 
region at potentials near  the active-passive transi t ion 
for the par t icular  me ta l / env i ronmen t  combinat ion 
concerned. The addition of sulfide ions to the NaOH 
solution raised the active-passive transi t ion potential  

Table 11. Stress corrosion crack propagation rates (v) at 92~ 

P o t e n -  
S o l u t i o n  t i a l  K~ v 

(rnolality) (Vsn~) (MPa �9 ml/~) (m/sec) 

3.35 NaOH -0 .76 48-53 2.9 • 10 -~ ~ 2.4 • 10 -3 
3.35 NaOH --0.76 49-50 1.9 x I0 -~ J 
2.5 NaOH + 

0.423 NaeS --0.64 47-50 1.5 • 10 -~ "~ 
2.5 NaOH + ~ 1.2 • 10 -9 

0.423 Na2S --0.64 46-51 8.8 • 10 -~o 9 
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Fig. 6. SEM micrographs of sectioned and etched DCB specimens 
showing stress corrosion crack path at 92~ Magnifications as 
shown in (b). (a, top) 3.35M NaOH, KI ~ 50 MPa .  m 1/2, E ~-- 
--0.76VsHE. (b, bottom) 2.5M NaOH -~ 0.423M Na2S, KI ~-~ 50 
MPa" m 1/2, E ~ --0.64VsHE. 

to a more noble value and produced a corresponding 
rise in the potential  for max imum susceptibil i ty to 
SCC. Furthermore,  the DCB tests confirmed that SCC 
at these potentials was not a peculiari ty of the slow 
strain rate testing technique. This lat ter  point  is im-  
portant  because it has been noted previously by 
Parkins  (15) that it is very difficult to obtain labora-  
tory SCC of carbon steels in hot NaOH solutions, un -  
less slow strain rate testing techniques are employed. 

The results of the DCB tests were considered to be 
representat ive of plane strain testing conditions, be- 
cause the KI levels did not exceed the plane strain 
l imit  of ~60 M P a .  m 1/2, as defined by the thickness 
criterion of Brown and Srawley (11) and ASTM (16) 
testing recommendations,  i.e., B ~ 2.5 (KI~r where 
Cy is the tensile yield stress. Under  these conditions, and 
KI levels of ,-~50 M P a .  m~( 2, the results showed that 
there was a relat ively insignificant difference in stress 
corrosion crack propagation rate between the NaOH 
and NaOH ~ Na2S solutions when tests were con- 
ducted at the most susceptible potential  for each en-  
v i ronment  (see Table II) .  

At the present  time, it is not clear whether  or not the 
influence of potential  upon SCC susceptibili ty in NaOH 
and NaOH -~ Na2S solutions, evident  from the slow 
strain rate studies, is exerted pr imar i ly  on the crack 
ini t ia t ion period, the critical stress intensi ty (Kiscc) 

Fig. 7. SEM fractographs of DCB specimens showing stress corro- 
sion crack topography at 92~ Crack propagation from left to 
right and magnifications as shown in (b). (a, top) 3.35M NaOH, 
K~ ~ 53 MPa �9 m 1/2, E ~ --0.76VsHE. (b, bottom) 2.5M NaOH 

0.423M Na2S, KI ~ 51 MPa �9 m 1/2, E ---- --0.64VsHE. 

for crack propagation, or upon the crack propagation 
rate itself. This requires fur ther  studies uti l izing DCB 
specimens tested over a wider range of KI levels and 
electrochemical potentials. 

Mechanis t ic  cons idera t ions . - -The  possibility of a 
hydrogen embr i t t lement  mechanism of SCC in  the 
present  studies may be shown to be inval id  on a ther-  
modynamic basis. Such a mechanism requires the 
generat ion of hydrogen near  the crack tip by electro- 
chemical processes dur ing SCC. The work of Biernat  
and Robins (17) has shown that the thermodynami-  
cally reversible potential  for hydrogen evolution via 
reduction of hydrogen ions at 100~ and 1 arm pressure 
is given by Eq. [2] 

EH+/H2 ~-~ 0.057 -- 0.074 pH, VSHE [2] 

The equation may be considered valid for the test 
temperature  of 92~ without  any significant error. The 
pH of the NaOH and NaOH W Na2S solutions at 92~ 
was shown previously to be ~12 (6). The crack liquid 
pH measurements  in the current  study did not reveal 
any detectable difference from that  of the bulk solu- 
tion. Hence, the appropriate value of pH to be inserted 
in Eq. [2] for both the slow strain rate and DCB tests 
was 12. This showed that the corresponding reversible 
value of EH + ~It 2 w a s  --0.83VsHE. The potential  of max-  
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imum susceptibil i ty to SCC dur ing slow strain rate 
testing was --0.76Vs•E in NaOH and --0.64VsHE in 
NaOH + Na2S, and SCC occurred at these potentials in 
the DCB tests. Both potentials were higher (more 
noble) than the thermodynamical ly  reversible poten-  
tial for hydrogen evolution. Hence, a hydrogen related 
mechanism must  be dismissed from consideration. 

An electrochemical dissolution mechanism of SCC 
may be considered possible if it can be shown that  the 
max imum anodic dissolution current  densities, ia, 
occurring at the tip of the propagating cracks were 
either equal to, or larger than that required to account 
for the observed crack rates. This approach was first 
given credence by Parkins  (5, 18, 19) and required 
that  the crack rate, v, be equated to the rate of ad- 
vance of a surface undergoing faradaic dissolution, as 
shown in Eq. [3] 

ia " W 
V = [3] 

F . d  

where W ---- equivalent  weight of Fe (27.9 • 10 -3 kg), 
F = Faraday (9.65 • 104 A �9 sec), and d : density of 
Fe (7.86 • 103 kg �9 m-~) .  

The max imum value of ia was assumed to correspond 
to that associated with the peak anodic current  density, 
i,, observed at the nose of the anodic polarization curve 
prior to passivation. This followed from the fact that 
max imum susceptibil i ty to SCC occurred near  the 
active-passive transi t ion potential  and rupture  of 
passive films at the tip of the propagating crack would 
expose fresh metal  to ini t ial  (momentary)  current  
densities at least as large as i,. Accordingly, with ref- 
erence to Fig. 4 and 5, ip was ~72 A / m  2 in NaOH and 
3.84 • 103 A / m  2 in NaOH + NasS. Thus, with the as- 
sumption of a constant  current  density (ip) at the 
crack tip, subst i tut ion of these values for ia in Eq. [3] 
gave predicted max imum crack propagation rate~ of 
2.6 • 10 -9 m/sec in NaOH and 1.4 • 10-7 in NaOH 
+ Na~S. These rates were equal to or larger than those 
observed in the DCB tests (Table II) .  

In reality, once the passive film at the crack tip is 
ruptured,  the exposed metal  will tend to repassivate 
and the crack tip current  density will decrease unt i l  
the newly  formed film undergoes fur ther  rupture  in 
the presence of the plastic s train gradient  at the crack 
tip. Thus, there will be a l ternat ing cycles of dissolution, 
repassivation, and film rupture,  where the overall  
crack propagation rate will be dictated by the t ime 
spent in the dissolution stage, together with the t ime- 
dependent  t ransient  current  density operat ing in this 
stage. This is the essence of the film rupture  dissolution 
models detailed by Vermilyea (20, 21) and Scully (22). 

The most susceptible potentials for SCC in a film 
rupture-dissolut ion model are anticipated to be in the 
passive region near  the active-passive transition, as 
observed, because these conditions represent  borderl ine 
stabil i ty of passive films. Consequently, at these poten- 
tials, repassivation kinetics at freshly exposed surfaces 
at the crack tip will be relat ively slow, thereby allow- 
ing a larger increment  of metal  dissolution (crack ad- 
vance).  Changes in solution composition will affect the 
repassivation kinetics, alter the length of the dissolu- 
tion stage, and cause differences in observed crack 
propagation rates. Also, the current  density in the 
passive region will be impor tant  as this gives an indi-  
cation of the amount  of general  dissolution in the 
presence of the passive film. Higher passive current  
densities (e.g., in  sulfide solutions, c.f; Fig. 4 and 5) 
will promote more general  dissolution in the repassiva- 
tion stage and part ial ly b lun t  the crack. This would 
lower the local stress concentration, decrease the crack 
tip strain rate, retard the film rupture  process, and de- 
crease the time spent in the crack advance dissolution 
stage. The conjoint effects of repassivation kinetics 
and general  dissolution may explain why the sulfide 
solution did not produce higher crack rates than the 
sulfide free solution (Table II) despite its larger ip 
value. 

i n  principle, the model does not specify an in ter-  
g ranular  or t ransgranular  crack path. In te rgranula r  
cracking may tend to be favored because of the lattice 
inhomogenei ty  represen ted  by the grain boundary,  
which may affect local film rupture  and repassivation 
events. However, rup ture  of the film by slip step 
emergence can occur elsewhere to promote t ransgranu-  
lar cracking. In the present  studies, in te rgranula r  
cracking tended to predominate  and t ransgranular  
cracking was also observed. 

Parkins  (15) and Scully (23) have argued that the 
success of the slow strain rate testing technique for 
s tudying SCC lies in the fact that the critical plastic 
s train increment  (creep) necessary to promote film 
rupture  and sustain crack propagation is precisely 
controlled. Constant load tests on smooth specimens 
may  be unsuccessful because critical local s train rates 
cannot be maintained.  Consistent with this, we were 
not able to obtain constant load SCC of smooth cylin-  
drical tensile specimens in the current  program, even 
at stresses approaching the ul t imate tensile strength. 
The success of the DCB tests may then be at t r ibuted to 
the fact that the local plastic s train (creep) effects at 
the tip of the prefatigue crack, at the KI levels em- 
ployed, were sufficient to promote and sustain the film 
rupture  events necessary for crack propagation. 

Overall, the discussion has shown that many  facets 
of the present  s tudy were reasonably consistent with 
the elements of a film rupture-dissolut ion mechanism 
of SCC. At this point in time, it does not appear nec- 
essary to deviate significantly from this model in order 
to unders tand  SCC behavior of mild steel in the caustic 
environments  employed. 

Conclusions 
Potentiostatica]ly controlled caustic cracking studies 

of AISI 1018 mild steel in aqueous 3.35M NaOH and 
2.5M NaOH + 0.423M Na2S solutions at 92~ were 
consistent with the following conclusions. 

1. The potential  regime of ma x i mum susceptibil i ty 
to SCC occurred at potentials near  the active-passive 
transi t ion in each environment .  Maximum susceptibil-  
ity occurred at --0.76VsHE in NaOH and --0.64Vs~E in 
NaOH -k Na2S. 

2. Crack propagation rates were of the order of 
1 X 10 -9 m/sec at the most susceptible potentials and 
KI levels of ~50 MPa �9 m ~/e. 

3. Cracking general ly followed a predominant ly  
in te rgranular  path, with a more noticeable tendency 
for some t ransgranular  cracking in the absence of 
sulfide. 

4. No detectable change in pH occurred in the liquid 
contained within the cracks. 

5. A hydrogen embr i t t l ement  mechanism of SCC 
was discounted on thermodynamic  grounds. 

6. The overall  studies were reasonably consistent 
with a mechanism of cracking involving anodic dis- 
solution and film rupture  processes. 
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Electrochemistry and Reactions of Transition 
Metal and Oxygen Ions in Dimethyl Sulfoxide 
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ABSTRACT 

Elect rochemical  s tudies  of oxygen and t rans i t ion  meta l  ions in d imethy l  
sulfoxide solntion indicate  tha t  the O2/O2-, Cu 2 + /Cu  +, and Fe  3 + /Fe  2 + couples 
a re  revers ib le  while  the Fe2+/Fe ,  C02+/Co, Ni2+/Ni,  Cu+/Cu,  and Mn2+/Mn 
couples are  i r revers ib le .  The Cr3+/Cr  2+ and Mn3+/Mn2+ systems are difficult 
to character ize  and 022- formed f rom 0 2 -  undergoes  slow degradat ion.  As 
pred ic ted  f rom the electrode potentials ,  Cu 2+ and Fe  3 + are able  to oxidize 0 2 -  
to oxygen.  However ,  the react ions stop with  the format ion  of mixed  oxidat ion  
state superoxide  complexes in solution. Cr 8+ does not  react  wi th  O~- bu t  
forms an insoluble  compound wi th  O~ 2- .  

Dimethyl  sulfoxide (DMSO) complexes of t rans i t ion  
meta l  ions m a y  be p repa red  wi th  to lerable  puri ty,  i.e., 
excess DMSO and perchlor ic  acid can be kep t  be low 
5% in most  cases (1). When  solutions are  made up in 
DMSO, only the perchlor ic  acid impur i t y  is significant, 
so tha t  e lec t rochemical  studies of the Cu( I I ) ,  Mn (I I ) ,  
C r ( I I I ) ,  Co ( I I ) ,  N i ( I I ) ,  and Fe  (III)  complexes should 
be wor thwhi le .  Previous  invest igators  have employed  
po la rography  to s tudy these complexes (2-5),  bu t  
thorough studies by  cyclic vo l t ammet ry  and coulomet ry  
appea r  to be lacking.  In  addi t ion to pursuing  such 
studies we have inves t iga ted  the react ions of severa l  
of these compounds and the i r  redox  products  wi th  
e lec t rogenera ted  superoxide  and peroxide  ion (6-9).  

Experimental 
The prepara t ion  and  analysis  of the complexes 

M (DMSO) x (C104) y is descr ibed e lsewhere  (1). Te t r a -  
e thy lammonium perch lora te  (TEAP, Eas tman Kodak)  
was recrys ta l l ized  twice f rom wate r  and dr ied  in 
vacuo. All  solutions for e lec t rochemis t ry  were  0.1M 

* Electrochemical Society Active Member. 
Key words: electrochemistry, oxygen, dimethylsulfoxide, tran- 

sition metal ions, oxygen ions. 

in TEAP and were  purged  wi th  O2-free N2 (Cu at 
300 o). 

Elect rochemical  measurements  were  car r ied  out  wi th  
a Pr ince ton  Appl ied  Research Model  170 Elec t rochem-  
i s t ry  Sys tem wi th  P t  or Au work ing  electrode,  P t  
counterelectrode,  and an aqueous SCE reference elec-  
trode, the counter  and reference electrodes being iso- 
la ted  in fitted glass compar tments .  

Results and Discussion 
Cyclic vo l t ammograms  of DMSO solutions of the 

complexes of Cr (ITI), M n ( I I I ) ,  Fe  ( I I I ) ,  Co ( I I ) ,  N i ( I I ) ,  
and Cu( I I )  appear  as Fig. 1-6. F igure  7 is the vo l t am-  
mogram of oxygen  in DMSO. The las t  t races of oxygen  
were  difficult to remove f rom the solutions, [cf. (10)] 
and the vo l t ammogram of O2 was super imposed  on al l  
of the meta l  vo l tammograms.  For  purposes  of clar i ty,  
all  peaks due to O2 have been omit ted  f rom Fig. 1, 3, 
4, 5, and 6. In  Fig. 2 the  combined waves for Mn ions 
and 02 are  shown for comparable  ( ~  mM) concent ra-  
tions. Removal  of most  of the 02 leads to cu r ren t -  
vol tage curves approx ima ted  by  the inner  vo l t ammo-  
g ram which can be synthesized by  subtrac t ion  of the 
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Fig. 7. Cyclic voltammogram of 02  in DMSO :solution 

simple O2 waves. The scan rate for all  vol tammograms 
was 200 mV/sec. 

Table I lists the peak potentials. In  Table II  are 
presented the results of coulometry applied to the 
oxygen, Fe (III),  and Cu(I I )  solutions. 

Of the electrode processes identified, only the O 2 / O 2 - ,  
Fe3+/Fe 2+, and Cu2+/Cu + couples are reversible (~E 
= difference between reduction and oxidation peak 
potentials = 60 mV).  I t  should be noted (Fig. 6) that  
while the Cu e+ -~ Cu+ --> Cu2+ sequence is reversible 
on plat inum, the coating of the electrode with copper 
changes its redox characteristics. The Cr3+/Cr2+ peaks 
are par t ia l ly  masked by the 0 2 / 0 2 -  system but  were 
discerned by varying  the chromium concentration. The 
Mn3+/Mn 2+ peaks are close to the solvent limit. All  
the metal  ion /meta l  couples are irreversible.  Of special 
note are the reduct ion of superoxide to peroxide bu t  
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Table I. Cyclic, voltammetric peak potentials for dimethyl 
sulfoxide solutions 

Sys t em Reduct ion  peaks  Oxidat ion peaks  

O2/0~- -0 .71  (-0.7510.)  -0 .65  I~ 0.4 
O~-/Og- - 2.13 ( -- 2.0210. ) (D 
.OH/OH- +0.90 ( +0,75 lo*) Z 
FeS+/Fe ~+ + 0.21 ( - 0.72 ~) + 0.27 <~ 
Fe~+/Fe - 1.70 ( - 1.44 ~) m 
CU2+/Cu + --0.10 (--0.062) --0.04 fE 
Cu+/Cu  -0 .30  + 0.10 O 
CrS+/Cr ~+ - 0 . 7  (-0.67~, -0.82~) - 0 . 5  O0 
Cr~+/Cr - 1.49 ( - 1.06% -- 1.57 ~) fn 
Mn~+/Mn ~+ + 0.7 + 0.8 
Mn~+/Mn -1 .41  (-1.682)  - 0 . 2  ' ~  0.2 
C~+/Co -1 .26  (-1.4~, 5) - 0 . 1  
NF+/Ni -1 .75  ( -1 .12 ,  -1.05) - 0 . 4  

Potent ia ls  in V v s .  SCE. 
Po la rog raph ic  ha l f -wave potent ia ls  in pa ren thes i s .  
* Cyclic v o l t a m m e t r y .  

Table II. Coulometry of dimethyl sulfoxide solutions 

P e a k  n 
po ten t ia l  ( F a r a d a y s /  N u m b e r  

Solute (V) real) of trials 

Mix 

i Fe 3 + 

o; 

o I I I 
28 32 56 

/ /  ( k K )  

Fig. 8. U.V. spectrum of FeS+/O 2-  reaction mixture in DMSO 
solution. 

O~ --0.71 1.12 ~-- 0.05 5 
--2.13 2.36 ---+ 0.16 5 

Fe  a+ + 0.21 1.02 _ 0.03 3 
Cu 2+ - 0.10 0.87 - -  0.08 3 

the oxidation of hydroxide ion formed by  reaction of 
peroxide with TEAP and DMSO (11). 

Agreement  with the polarographic data is good in 
most instances. However, Burrus  (2) probably mistook 
the O2/O2- wave for the Fe3+/Fe 2+ reduct ion and 
there are discrepancies between the hal f -wave po- 
tentials and reduct ion peaks for metal  ion /meta l  
couples; differences of 0.1-0.2V would be reasonable. 

From the electrode potentials one would anticipate 
the following reactions might  take place 

Fe S + + O2- -~ Fe 2 + + 02 [I] 

Cu ~+ + 02- -~ Cu + + 02 [II] 

Cu + + O2- "-> Cu + 02 [III], 

Mn 3+ + 0~- ..~ Mn2 + + 02 [IV] 

Cr 3+ + O2- ~; CrY+ + 02 [V] 

Mixing of electrogener,ated superoxide solutions with 
those of the appropriate metal ion led to oxygen evolu- 
tion in the case of Fe 3+ and Cu 2+, and stabilization of 
the Mn 3+, presumably by neutralization of perchloric 
acid impurity, No copper metal was formed with Cu + 
and no change whatever occurred for Cr 8+. However, 
the solution derived from Fe 3+ and O2- (or O22-) 
was dark brown and that  derived from Cu 2+ and O2- 
green, compared to the yellow Fe s+, pa le-b lue  coulo- 
metr ical ly  generated Fe 2+ (~max ---- 7.46 kk, emax = 
1.41, ~'max ---- 9.61 kk, emax = 1.93; an appropriate spec- 
trurn for high-spin d 6 in octahedral  coordination),  and 
blue Cu 2+ ions in DMSO solution. The u.v. and visible-  
near  IR spectra of the dark  brown solution and the 
component spectra appear as Fig. 8 and 9. I t  is clear 
that a new species is formed involving both ferrous 
and ferric iron in  combinat ion with unoxidized super-  
oxide, i.e., reaction (I) is followed by  

Fe 2+ + O2- + Fe s+ -> dark brown produce [VI] 

Efforts to reach the same equi l ibr ium mixture  from 
Fe 2+ and O2 or to drive reaction (I) to completion by 
bubbl ing  ni t rogen gas through the mixture  were un -  
successful. A similar  si tuation is believed to occur 
with reaction (II) .  

The mixing  of DMSO solutions of Cr(DMSO)6(C104)s 
and electrogenerated peroxide (O22-) led to the im-  

W 0-12 l Fe 2+ 

~O 008 

0,04 

0 I I I 
8 I0 12 

I0 
Fe 3+ 

0,2 

[ [ [ I I o 
14 16 17 20 22 
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Fig. 9. Visible near IR spectra of Fe3+/O 2- reaction mixture, 
Fe 3+, 02 - ,  and Fe 2+ in DMSO solution. 

0.8 b.I 

Z <[ 
m 

0,6 
0 

04  ~ 

mediate formation of a dark green precipitate. The 
mater ia l  was very hygroscopic, evolved oxygen on 
t rea tment  with aqueous permanganate  and analyzed 
for Cr at 6.0 weight percent  (w/o)  and C10~ at 9.0 
w/o (mole ratio C104:Cr ~ 0.8). When a DMSO solu- 
tion of Cr(DMSO)6(C104)8 was mixed with one of 
t e t rae thy lammonium hydroxide, a green precipitate 
formed over a period of hours bu t  this compound did 
not react with aqueous permanganate .  Since some of 
the immediate  reduction product  of superoxide can be 
reoxidized on reversing the direction of scanning the 
electrode polarization, we conclude that the degrada-  
t ion of peroxide in DMSO solutions of TEAP to form 
OH- ,  TEA+, C2H4, (C2H~)sN, and DMSO2 (11) is not  
so fast that  the peroxide chemistry is necessarily ob- 
scured. Thus we suggest that  a complex perchlorate of 
Cr 3+ and O22- is formed; whether  or not it contains 
a var ie ty  of other species, besides the coordinat ing sol- 
vent  DMSO, remains  to be determined. One can specu- 
late that  the bonding is of b identa te  022- as in CrO5 
or of monodentate  O2H-. 

These findings indicate that  a weal th  of coordination 
and redox chemistry of oxygen ions may be wait ing to 
be uncovered by careful studies in nonaqueous solvents. 
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Potentiodynamic Investigation of Cu in Alkaline Phosphate 
Solutions Containing Added Anions 

F. h4. AI-Kharafi and Y. A. EI-Tantawy 
Department o~ Chemistry, Faculty of Science, Kuwait University, Kuwait City, Kuwait 

ABSTRACT 

The effect of SO42-, C l - ,  and I -  on the in tens i ty  of  anodic peak  currents  
for  the successive processes tha t  occur on Cu in a lka l ine  phosphate  media  has 
been  studied. At  the same sweep ra te  r epea ted  excursions resul ted  in a s ig-  
nificant anodic cur ren t  increase for  the process corresponding to Cu( I )  oxide  
format ion;  the anodic peak  cur ren t  of Cu( I I )  r emained  unaffected. Also 
Cu( I )  and Cu( I I )  processes exhib i ted  significant differences in the i r  response 
to cycl ing at  increas ing scan rate.  The increase of the anodic cu r ren t  for  Cu (I)  
fo rmat ion  wi th  increas ing [C1-] showed a definite t endency  to level  off. 
Cu ( I I )  anodic  currents  exhib i ted  a continuous increase wi th  increas ing [C1-] .  
At  r e l a t ive ly  high [C1-]  cur ren t  oscil lat ions were  observed which have been 
expla ined.  A mechanism of C1- a t tack  involving adsorpt ion,  in terac t ion  with  
a soluble in te rmedia te ,  and pept iza t ion  of the pass ivat ing  products  is discussed. 
The effect of the C1- ion revea led  that  pass iva t ing  Cu( I I )  products  were  
formed,  most  probably ,  via a d i f fus ion-control led  pa thway .  

Studies  on the na ture  and kinet ics  of the e lec t ro-  
dissolution of Cu are  of considerable  impor tance  in 
corrosion, e lectropolishing,  and e lec t rochemical  ma-  
chining. The role  of C1- on Cu dissolution has received 
special  a t tent ion  (1-8).  I t  is noted tha t  these inves t i -  
gat ions were  pe r fo rmed  in nea r ly  neu t ra l  (1, 4, 5, 9) or 
acidic (3, 6-8) solutions and in flowing (5, 7) or s tat ic  
solutions. There  is ag reement  (3, 5-7) tha t  Cu dis-  
solves as CuC12- and CuC18-, and the dissolution p ro -  
cess was repor ted  to be diffusion controlled.  In  HC1 
media,  i t  has been repor ted  that  a cuprous chlor ide 
layer  m a y  grow to considerable  thickness by  a sol id-  
s ta te  mechanism (7).  

In  a lka l ine  media  (1) the effect of C1- in the e lec-  
t rochemical  dissolution of Cu has been inves t iga ted  b y  
the observat ion  of changes in the overpoten t ia l  occur-  
r ing  dur ing  constant  cur ren t  polar iza t ion  and af te r  the 
cur ren t  was in te r rupted .  Thi rsk  et al. (1) observed 
"sharp  unpred ic tab le  f luctuation" in the overpoten t ia l  
curves. They  ascr ibed these var ia t ions  to "mechanica l  
b reakdown"  in the otherwise  continuous area  of the 
deposit.  

The object  of the p resen t  s tudy is to r evea l  the  na -  
ture  of the role of the  anions SO42-, CI - ,  and I -  in 
the s tab i l i ty  of passive films on anodized Cu in a lka l ine  
phosphate  media.  This inves t iga t ion  is also in tended  to 
emphasize the role  p l ayed  by  these anions dur ing  the 
anodic  fo rmat ion  of the pass iva t ing  salt .  

Key words: mechanism, passivity, anion influence, electrode. 

Experimental 
Chemicals.--The best, commerc ia l ly  avai lable ,  BDH 

grade was used. Tr ip ly  dis t i l led w a t e r  was employed  
throughout .  Electrodes were  of Specpure  Johnson 
Mat they  Cu rods wi th  an  exposed area  of 3.29 cm 2. 

Equipment.--E-i and E-t t races were  obta ined  wi th  
the aid of a Model  350 Pr ince ton  Appl ied  Research  
Set, Model  9700 cell complete  wi th  calomel,  reference,  
and aux i l i a ry  electrodes and a Model  1201A HP re -  
corder.  

Experimental technique.--The value  of the anodic 
cur ren t  at  the first peak  (most  negat ive  potent ia l )  was 
observed to be s ignif icant ly and sys temat ica l ly  de-  
penden t  on e lect rode cycl ing at  the  same rate.  There  
fore, under  the same set of condit ions the e lect rode was 
cycled at l eas t  four  times. In  searching for a t r end  
comparison be tween  scans wi th  the s.am~ cycle number  
is made. Electrodes were  c leaned both  mechan ica l ly  
and e lec t rochemical ly  (precathodiza t ion  t r ea tmen t ) .  
The surface t r ea tmen t  of the e lect rode involved succes- 
sive polishing wi th  0,00 and 000 emery  paper ,  degreas-  
ing wi th  acetone, washing wi th  t r ip ly  dis t i l led water ,  
and carefu l ly  d ry ing  wi th  filter paper .  Each ha l f -cycle  
covered the potent ia l  range  f rom --1 to +0.60V. For  
the same scan rate,  the t ime in te rva l  be tween  succes- 
sive cycles was roughly  constant.  Elec t ro ly t ic  solutions 
were  deoxygena ted  by  a fine s t ream of n i t rogen gas, 
purif ied by  passing th rough  two towers  conta in ing 
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acidic vanadous aqueous solutions followed by two 
towers filled with tr iply distilled water. Deoxygenation 
took place before and dur ing the precathodization 
treatment.  All  exper iments  were conducted in  a tem-  
perature-control led laboratory at 24 r • I~ However, 
during a run  temperature  tolerance was not more than 
• 0.5~ All potential  values were recorded vs. SCE. 

Results 
Figure la shows a typical potentiokinetic trace for 

Cu in alkaline phosphate solution of pH value adjusted 
at 12.50. Three anodic and two cathodic processes are 
consistently observed. When compared with the be-  
havior in NaOH in the same range of pH, the presence 
of phosphate ions has practically no effect on peak I 
but  significantly inhibits  peak II (10). 

Very recent studies employing x - ray  photoelectron 
spectroscopic (XPS) technique have focused at tent ion 
on the na ture  and oxidation states of the anodically 
formed passivating copper oxide (or hydroxide)  film 
(10-12) in alkaline media. These studies (10-12) agree 
that  only Cu(I )  and Cu(I I )  oxide species are formed. 
However, there is some disagreement on the na ture  of 
the Cu(I I )  species (10-12). Strehblow and Titze (11) 
stated that in weak alkal ine phosphate buffer (pH = 
8.0) the anodically formed film was composed for the 
most part  of Cu~O and Cu(OH)2. McIntyre e t a l .  (12), 
empioying a medium of 1M KOH, reported that  the 
film was composed of a layer  of Cu20 followed by a 
mixture  of cupric oxide and cupric hydroxide. They 
(12) added that the hydroxide form predominated.  
Employing a medium of 1M NaOH, EI-Tantawy 
et al. (10) reported that  only  Cu20 and CuO were 
formed. In alkal ine phosphate media possible formation 
of insoluble copper phosphate species was excluded on 
the basis of XPS (11) as well  as electrochemical  mea-  
surements (10, 13). A detailed discussion of the na ture  
of the passivating products and the role of phosphate 
ion has been given by the authors elsewhere (10). 

In  the light of the above discussion, processes I, II, 
and III most probably correspond, respectively, to a 
solid formation of Cue O, CuO, and most probably 
Cu(OH)2. The two cathodic peaks represent  stepwise 
reduction of Cu 2+ (irrespective of its na ture)  to Cu + 
and Cu + to Cu. By comparison with Fig. la  traces b, c, 
and d il lustrates the effect of mixing Na2SO4, NaC1, and 
NaI with the passivating phosphate solution. Peak I is 
the most affected. In  terms of the current  intensi ty  for 
the various processes, the addition of I -  gave the larg-  
est relative increase of ip for process I. Chloride ion 
comes next. The lowest effect is that  of SO42-. Addi-  
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Fig. 1. Representative second cycle potentiodynamic traces at 
1 mV sec - 1  in 0.1M Na~P04 (measured pH ---- 12.50) plus 0.1M 
added salt: (a) none, (b) Na~S04, (c) NaCI, (d) Nal. 

tion of sulfate resulted in an ini t ial  decrease of (ip)i. 
Process I i I  is observed to be significantly suppressed 
by sulfate and I - .  

Ef]ect of  cycling at the same sweep  rate . - -Table  I 
contains the values of ip for the anodic and cathodic 
processes at four consecutive cycles. A number  of in-  
teresting observations may be noted. 

1. ip values for process I consistently increase on 
cycling. The magni tude  of the increase is dependent  
on the type of added anion. Also, the mode of increase 
of ip for process I is observed to be anion-dependent .  
While the addit ion of I -  resulted in  the highest init ial  
(cycle I) increase, the rate of increase of (ip)i with 
cycling is seen to be the largest with C1-. 

2. Cycling is noted to have practically no effect on 
ip values for process II. I t  seems that while process I 
is very dependent  on the changes that may occur on 
the surface as a result  of cycling, process II is not con- 
trolled by such changes. 

3. In general, peaks IV and V seem to vary  very l itt le 
on cycling. It  was consistently noted that  the area 
under  peak V was always bigger than that  of peak IV. 

Cycling is expected to increase surface roughness. In  
the present  case, the increase in surface area is believed 
to be due to two causes: (i) electrochemical dissolution 
from preferred sites and (ii) constant attack of selec- 
tive surface sites by  the aggressive anion:  the la t ter  
occurring even in the absence of an imposed electric 
field. The dependence of the magni tude  of the increase 
of ip for process I, Aip I (last column of Table I) ,  on the 
type of anion reveals the order C1- > I -  > SO42-. 

Effect of increasing anion concentrat ion.- -The de- 
pendence of the values of (ip) for peaks I, II, IV, and V 
on increasing additions of the different anions is given 
in Table II for the first and second cycles. A ciose look 
at Table II reveals two interest ing features, especially 
with C1-. 

1. The i,  values for peaks I and II general ly increase 
with increasing amounts  of the added anion. While the 
increase of (ip)i tends to level off, ( ip)n shows a con- 
t inuous rise. 

2. It  is observed that the charge accumulated at peak 
IV and V increases significantly with increasing [C1-]. 
It  seems that considerable thickening of the passivating 
film takes place as the [C1-] is increased. 

Figure 2 depicts a redrawn potent iodynamic trace 
recorded in the presence of an added 1M C1- (compare 
Fig. lc with 2). Except for the expected increase of the 
current  in tensi ty  for the anodic peaks, the form of 
the potent iodynamic trace shown in Fig. lc, was always 

Table I. Effect of cycling at the same sweep rate of 1 mV sec - l  
on the intensity of the peaks of process I, II, IV, and V of Cu in 

aqueous 0.1M Na3P04 ~ 0.1M X n -  

i p /  m A  / e l e c t r o d e  
P e a k  

x ~- No.  �9 1 2 3 4 AiP ~ 

N o n e  I 0.17 0.18 0.21 0.25 0.08 
I I  0.10 0.09 0.09 0.09 

I V  0.36 0.24 0.22 0.22 
SO~"- V 0.34 0.33 0.33 0.33 

I 0.10 0.18 0.21 0.32 0.22 
I I  0.12 0.10 0.12 0.12 

I V  0.19 0.24 0.30 0.27 
V 0.22 0.24 0.26 0.27 

C1- I 0.1B 0,40 0.58 0,83 0,65 
I I  0.I0 0.I0 0.I0 0 . I I  

I V  0.24 0,27 0.31 0.33 
V 0,25 0.27 0.21 0.32 

I -  I 0.48 0.54 0.74 0.84 0.36 
I I  0.11 0.10 0.i0 0.09 

I V  0.16 0.22 0.25 0.26 
V 0.31 0.35 0.36 0.36 

* P e a k  I I I  a p p e a r e d  a s  b r o a d  s l o p i n g  s h o u l d e r ;  I V  a c u t e ,  V re l -  
a t i ve ly ,  b r o a d e r ;  1, 2, . . . d e n o t e  cyc l e  n u m b e r ;  e l e c t r o d e  r e a c -  
t i o n s :  I ,  Cu  C u ( I ) ;  I I ,  Cu  C u ( I I ) ;  I V ,  C u ( I I )  C u ( I ) ;  V ,  C u ( I )  C u ,  
AiDT = ( ip  ~ --  ipZ) i ,  
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Table II. Effect of increasing IX n - ]  at constant 0.1M 
Na3PO4 on the intensity of peak currents of I, II, IV, and V of the 

first and second cycles at 1 mV sec - 1  

ip/mA 
I II IV V 

X"- C/M 1 2 1 2 1 2 1 2 

sod- 0.04 0.10 0.15 O.lO 0.09 0.14 0.15 0.17 0.17 
0.10 0.10 0.18 0.12 0.11 0.19 0.24 0.22 0.24 
0.40 0.12 0.34 0.c.9 0.11 0.]8 0.23 0.21 0.26 

Cl- 0.04 0.13 0.23 0s 0.09 0.18 0.17 0.20. 0.19 
0.10 0.18 0.40 0.10 0.10 -- 0.26 - -  0.26 
0.30 0.38 0.48 0.12 0.12 0.20 0.22 0.26 0.28 
0.50 0.42 0.15 0.15 0.14 0.29 0.33 0.35 0.38 
1.0 0.42 0.68 0.29 0.29 0.31 0.42 0.46 0.48 

i- 0.04 0.36 0s -- 0.17 0.26 
0.I0 0.48 0~-4 0.ii 0.I0 0.15 0"~'-I 0.22 0"~-5 
0.20 0.96 -- 0.20 . . . . .  

observed up to 0.5M C1-. At an added [C1-] of 1M, 
peaks I and II remained pract ical ly unaffected (viz. 
their  sb~ape). In the potent ial  region of III  (0.0-0.TV, 
SCE) i r regular  current  oscillations were  observed. 
Current  oscillations may indicate that  the passivating 
species in a quas i -equi l ibr ium state wi th  the electrode 
surface do not pe rmanen t ly  persist  (2). 

In presence of both O H -  and CI - ,  the deposition of 
the e lect rochemical ly  dissolving Cu 2+ as an insoluble 
hydroxide is thermodynamica l ly  favored (14). Neve r -  
theless, f rom a kinetic v iewpoint  dissolving Cu 2 + may, 
through random collisions, in teract  wi th  C1- ions to 
form a soluble chlorospecies which may then diffuse 
away into the bulk of solution. Further ,  due to the 
probable absorption of C1- on the electrode surface, 
Cu 2+ would have the chance to dissolve as a chloro-  
species. It  is probable that  C1- ions react  wi th  the 
soluble in termedia te  species (e.g., Cu(OH)n  1-n or 
Cu (OH) u2-y) to form, the more soluble chlorospecies 
(see Eq. [2]). This would  result  in a decrease of the 
concentrat ion of the Cu-hydroxy  species, a saturated 
(or supersaturated)  layer  of which is necessary to 
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First cycle redrawn potentiodynamic curve in 0.1M 
Na~PO4 + 1M NaCl; current oscillations appear in the potential 
region of process I I I ;  no oscillations were observed at lower 
[NaCl ] .  

init iate the deposition of the p,assivating film. This 
leads to passivation delay. 

In presence of added 1M CI- ,  a heavy  gelatinous 
l ight-bluish  precipi tate  was observed on the electrode 
surface near  the end of the potent ia l  region of oscil la- 
tion. The formation of such a gelatinous deposit  is 
bel ieved to be caused by spontaneous dispersion of the 
precipi tated passivating film to form a colloid as a r e -  
sult of heavy adsorption of C1-. This peptization pro-  
cess presumably  leads to exposure of the surface of 
the electrode and the anodic current  increases. There -  
fore, the oscillations observed in Fig. 2 are a result  of 
active ~ passive transitions on the electrode surface. 

In the l ight of the above picture for the role of CI - ,  
the increase in ip values for the cathodic processes IV 
and V in Table II wi th  increasing [C1-] could resul t  
f rom the formation of thick anodic film deposits that  
may sustain aggressive aAack. 

Effect of sweep rate .~Figure  3 i l lustrates plots of ip 
against vl/2; v being in mV sec -1. It is t rue that  ne i ther  
of the curves in Fig. 3 is str ict ly l inear  as demanded by 
pure ly  diffusion-controlled processes (15). At  least  
the deviat ion f rom l inear i ty  wi th  increase sweep rate  
for peak II is definitely not as large as that  for process 
I. This difference in behavior  toward increasing scan 
rate is possibly due to a different mechanism for the 
two processes. Similar  behavior  at different additions 
of SO42-, I - ,  and C1- has been observed. 

Open-circuit measurements . - - In  order  to gain fur -  
ther insight on the nature  of the interact ion of halide 
ions with the various oxides that  form along the anodic 
scan, the cleaned Cu electrode was anodical ly oxidized 
at seleoted constant potent ial  values for long enough 
to allow the deposition of a film of a par t icular  s t ruc-  
ture. The electrode was then rapidly  transferred,  under  
an iner t  a tmosphere  to a solution of only aqueous I -  
on C1-. For comparison, the potential  t ime behavior  of 
a clean electrode is included in Fig. 4. In aqueous I -  
media, i r respect ive of the past  history, the electrode 
potential  values rapidly drift  in the direction of the 
value for a clean electrode, Fig. 4a. It  seems that  
due to an T- interact ion the passivat ing film is rapidly  
ruptured.  Because of the rapid nature  of this in terac-  
tion, assisted by the strong affinity of copper ions for  
I -  complexat ion (16) to form soluble species, i t  is be-  
l ieved that  the potential  drift  is due to chemical  dis- 
solution of the surface film. In aqueous C1- media, the 
electrode potential  values for the films precipi ta ted at 
0.5 and 0.O5V slowly decay toward the open-ci rcui t  
value. Str ipping of the passive films through pept iza-  
tion is expected to occur slowly. Further ,  Fig. 41o shows 
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Fig. 3. Mode of response of the current intensities of anodic 
peaks I and II to increasing sweep rate in the range 1-100 mV 
see--1. 
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Fig. 4. Mode of potential decay in aqueous (a) 0.2M I -  and 
(b) 0.5M C I - .  

that  the open-c i rcu i t  potent ia l  value  of a c lean elec-  
t rode falls well  below tha t  of the oxidized surfaces. 

M e c h a n i s m  and Conclusion 
A probable  mechanism for the effect of C1- ions on 

the anodic pass ivat ion of Cu should conform wi th  the 
tendency of (ip)i  to level  off wi th  increas ing [C1-] ,  
as opposed to the  observed continual  increase of (ip)n. 
An in teres t ing  fea ture  to be accounted for, is the l ack  
of dependence  of (ip)H on vol tage cycling, con t ra ry  to 
the significant dependence  ( increase)  of the in tens i ty  
of the peak  cur ren t  for process I, Table  I. Fur ther ,  the 
(ip)H-v'/2 plot deviates  f rom l inear  behavior  only  
s l ight ly  compared  wi th  that  of (ip)i. Fo r  full  discussion 
on the mechanism of the film format ion  in absence of 
CI - ,  refer  to Ref. (10). 

Peak I .mThe  presence of bu lk  C I -  ions furnishes 
favorable  condit ions for compet i t ive  adsorpt ion  of C1- 
wi th  O H -  (or H20 dipoles)  (17) on the Cu surfage, in 
a dynamic  step 

Cu + Cl- ~- CuCl-aas [i] 

i.e., increasing [C1-] in the solution bu lk  favors the 
e lect rochemical  dissolution of Cu in the form of 
chlorospecies.  Also, increasing [C1-] is expected to 
necessar i ly  resul t  in the di lut ion of an in te rmedia te  
species, the supersa tura t ion  of which is needed  for 
crys ta l l iza t ion into solid Cu20 (18, 19) 

C u ( O H ) . l - " ( a q )  + x C l -  

C u ( O H ) n - z ( C l - ) x l - " ( a q )  + x O H -  [2] 

Equi l ibr ia  [1] and  [2] should lead to level ing off of 
(ip)i wi th  increas ing [ C l - ] .  C u ( O H ) .  1-n represents  
the in te rmedia te  soluble species of Cu( I )  tha t  c rys ta l -  
lizes into the pass ivat ing  products.  The occurrence of 

equi l ib r ium [1] should lead  even tua l ly  to an increase 
in e lect rode surface roughness and consequent ly  to 
the increase in (ip)z observed on cycling. C1- ions are  
adsorbed on p re fe ren t i a l  sites. On s tar t ing an anodic 
excursion, C1- adsorbed sites r epresen t  potent ia l  elec- 
t rochemical  dissolution spots. P re fe ren t i a l  site dissolu- 
t ion necessar i ly  results  in an increase  in the surface 
roughness and  consequent ly  (ip)I on cycling. However ,  
af ter  the Cu20 has deposi ted i t  seems tha t  the na ture  
of C1- ion a t tack  becomes different. C1- a t t ack  on 
the deposi ted solid was observed to be slow, see Fig. 4. 
I t  seems tha t  C1- ions a t tack  the prec ip i ta ted  oxide 
through ini t ia l  p re fe ren t i a l  s i te  adsorpt ion  which r e -  
sults in local pept iza t ion  in a colloidal  sense. Such a 
mode of a t t ack  m a y  lead  to creat ion of weak  spots or 
perfora t ions  in the film structure.  

Peak / / . - -The  pronounced  difference of ( /p)n form 
(ip)i toward  increasing the sweep rate,  suppor ted  by  
the complete  independence  of ( ip)n of cycl ing ( in-  
crease of surface a rea ) ,  is consistent  wi th  a model  
control led  main ly  by  diffusion for process II. A t  the 
complet ion of process I, the surface is nea r ly  covered 
(19, 20) by  Cu20 and possible pa r t i a l l y  b locked wi th  
phosphate  ions. The only chance for  e lect rochemical  
genera ted  cupric  ions to prec ip i ta te  is to diffuse 
through the Cu20 film to the Cu20/solut ion interphase.  
This model  is fu r the r  suppor ted  by  a recen t ly  pub-  
l ished s tudy  (11) where  XPS and ISS techniques 
were employed.  There  (11), i t  is r epor ted  tha t  in 
weak ly  a lka l ine  phosphate  buffer  of  pH 7.0 and 8.0, 
the pass ivat ion of Cu resul ted  in the format ion  of 
Cu( I I ) - spec i e s  on top of a Cu (I) -oxide  layer .  There-  
fore, the format ion  of Cu (II)  pass ivat ing  species is be-  
l ieved to be control led by  the rate  of passage of soluble 
Cu 2+ across the Cu(T) oxide barr ier .  This rate  of ion 
t ranspor t  is expected to increase wi th  increasing [C1- ], 
due to the i r revers ib le  a t tack  on select ive sites as ex-  
p la ined  in the previous paragraph .  Such a model  ex-  
plains the observed continuous increase of ( ip)n wi th  
increas ing C1-. 

The increase in ( i , ) i  caused by  I -  ions is be l ieved 
to be essent ia l ly  due to chemical  dissolut ion of the  
prec ip i ta ted  oxide. This speculat ion is based on the 
observat ions  that :  (i) the oxidized Cu surface r ap id ly  
a t ta ins  the  potent ia l  of the clean e lect rode in aqueous 
I -  media,  (ii) compared  wi th  C1- or SO42-, the in-  
crease of (ip)i  due to I -  addi t ion is usua l ly  large  for  
the first cycle, and (iii) surface oxidat ion  of Cu in 
aqueous I -  med ium (near ly  neu t ra l )  y ie lded  only  one 
anodic peak  which  did not  pers is t  to exhib i t  a corre-  
sponding cathodic process. On reverse  half-cycle ,  the 
anodic process appeared  again.  However ,  the  I -  effect 
needs a deta i led study. 
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Theoretical Treatment of the Transport Equations 
for Electrons and Ions in a Mixed Conductor 

I. Riess 

Department o~ Physics, Technion-IsraeZ Institute oi Technology, Haifa, Israel 

ABSTRACT 

The t ransport  equations for the ions and electrons in a mixed conductor 
are considered. An exact solution of these equations in the steady state is 
given for a fixed ion concentration. Explicit  analyt ic  expressions are derived 
for the var iat ion of electron concentrat ion with position and applied voltage. 
From this, the electron chemical potential  variat ions wi th in  the mixed con- 
ductor can be obtained. Explicit  analytic expressions are also derived for the 
dependence <if the current  on the externa l  voltage. The power output  and 
energy conversion efficiency are then calculated for a fuel cell based on a 
mixed conductor. An example is discussed quanti tat ively.  I t  is a high tem-  
pera ture  fuel cell based on doped ceria and operat ing at 80O~ 

The t ransport  equations for ions and electrons in  a 
mixed conductor were evaluated in parametr ic  form 
by Choudhury and Pat terson (1) and by Tannhauser  
(2). These calculations resulted in  implicit  equations 
for the dependence of the electron concentrat ion and 
current  density on the external  parameters.  For a fuel 
cell based on a mixed conductor the power output  and 
efficiency could be calculated numerical ly.  

It  is the purpose of this paper to present  a solution 
of the t ransport  equations which yields explicit ex-  
pressions for the var iat ion of the electron concentra-  
tion, n, with position and for the dependence of n, of 
t h e  electric current  and of the total current,  on the 
external  parameters.  We then derive explicit  expres-  
sions for the power output  and the energy conversion 
efficiency as well as for the m a x i m u m  power output  
and max imum efficiency in  a fuel cell. 

A high temperature  fuel cell based on a solid mixed 
conductor is discussed to demonstrate  the results and 
for comparison with calculations done before (2). Solid 
electrolytes used in  fuel cells are doped oxides which 
conduct oxygen ions (3). Electronic conductance sets 
in due to reduction o.f the oxide on the fuel side. The 
degree of reduct ion depends on the oxide used. ZrO2- 
10 mol percent  (m/o)  Y208 stays "pure" ionic to very 
low oxygen pressure, Po2. Its ionic t ransference n u m -  
ber ti is estimated to be 0.5 for Po2 ---- 10-81 atm at 
1000~ (4). For CeO2-1O m/o  Gd203, {i ---- 0.5 for Po2 = 
10 -16 arm at 800~ (5). Doped ceria is therefore a 

Key words: fuel  cell, energy  conversion, solid electrolyte,  ce- 
r ium dioxide. 

mixed conductor due to the low oxygen pressures 
which prevail  on the fuel side of a fuel cell, while 
doped zirconia can be considered as a "pure" ionic 
conductor under  these conditions. On the other hand, 
the ionic conductivity of doped ceria is about three 
times higher than that of doped zirconia at the same 
temperature  and the power density which can be ob- 
tained with doped ceria may be higher. 

While the discussion is quite general, we shall use 
the notat ion re levant  to a high temperature  fuel cell, 
namely,  the ions will be charged oxygen vacancies and 
the driving force will be due to a difference in oxygen 
pressures on both sides o.f the electrolyte. 

Ionic Current vs. Total Current in a Mixed Conductor 
Figure 1 shows a mixed conductor solid electrolyte 

fuel cell (MSEFC) connected to an external  voltage V. 
In  general, V can be positive (as shown in Fig. 1) or 
negative. For normal  fuel cell use, the external  source, 
B, is replaced by a load resistance R and V ---- IR, where 
I is the total cur rent  through the mixed conductor solid 
electrolyte (MSE) and the load. The electrodes A1, A2 
located at two different oxygen atmospheres are as- 
sumed to be nonblo.cking and reversible, so that  t h e r e  
is no voltage drop on the electrodes. 

The ionic current  through the MSE consists of oxy-  
gen vacancies, Vo", which have an effective double 
positive charge relat ive to the perfect solid. The ionic 
current  density is 

J i - -  r V#i, ~ l : 2 q v l N  [1] 
2q 
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Fig. 1. Schematic representation of a mixed conductor solid 
electrolyte fuel cell connected to a variable external source B of 
voltage V. 

and the electronic current  density of quasi free elec- 
trons is 

3e = ~ V #e, O'e -- qven [2] 
q 

where �9 denotes conductivity, ~, electrochemical poten-  
tial, v mobility, q is the electronic charge, N ,  n are the 
concentrat ion of ions and electrons, respectively. ~e, vi 
are assumed to be constant  throughout  the MSE, thus 
independent  of concentration. 

In the steady state j~ Je do not depend on position, x, 
and Eq. [1], [2] can readily be integrated 

f0 - -  ----- 2qliRi [3] ~(A2) ~i(A1) -- -- 2qji ai 

where Ri is the resistance of the MSE to ionic current Ii. 
In general Ri may be a function of V. L is the length of 
the MS[, S its cross section, and Ii ---- S~i. Similarly 

~e ( A 2 ) : ~ ( A , )  = qje f Ldx - -  - q/eRe [4] 
�9 ] 0  o- e 

where Re is the resistance of the MSE to an electronic 
current,  I~. Re depends on V. Ie ---- S3e. 

The reaction 

~ 02 ~ Vo" ~ 2e' _-- 0 [5] 

takes place at electrodes A~, A2. The differences be-  

tween the oxygen chemical potential  ~02 and #i, ~e at 
A1, A2 are related by  

1/z [;~o2(A2) -- f~o2(A1)] + [~i(A2) -- ~ ( A D ]  

+ 2[~e(A21 - - ~ e ( A l ) ]  = 0 [61 
where 

~o2(A2) -- ~o2(A1) = k T l n ( P o 2 n / P o 2  x) = 4qVth [7] 

The voltage V is 

- -  qV - -  ~ e ( A 2 )  - -  ~ . ( A , )  [ 8 ]  

Substituting Eq. [6], [7], [8] into Eq. [3] and [4] yields 

V t h  - -  "V ~ - ~  IiRi [9] 

V = --  IeRe [10] 
Hence 

V t h -  V V 
I = l i  + Ie : [11]  

Ri Re 

The following limits are immediate ly  obtained 

a) V = Vth<-->li ~-~ 0, le = --Vth/Re(Vth) 

b) V = 0 <'-'> le -" 0, li --" V t h / R i ( O )  

c) For I = li + le = 0 the open-circui t  voltage is 

Vo.c.= Re(Vo.c.) Vth = tiVth [12] 
R~(Vo.o.) + E~(Vo.~.) 

is identified as the average ionic transference number  
(4). For the MSE, the ratio l i / l  depends on V. From 

Eq. [9]-[11] 

--  ~ "~ l i / l  ~ O if Vo.c.'~V-----Vth 

0<Ii/I~--1 if 0--V, V~Vth [13] 

1.~Ii/IL~ if 0-~V--Vo.c. 

since Re, Ri are positive by definition. For normal fuel 
operation 0 < V < Vo.c. and I is seen to be smaller 
than li. The total current approaches the ionic one, li, 
only for small values of V. 

Exact Solution of the Transport Equations 
Solutions of the t ransport  Eq. [1] and [2] were given 

in an implicit  parametr ic  form by Choudhury and Pat -  
terson (1) and by Tannhauser  (2). Choudhury and 
Patterson, using Wagner 's  approach (6), assume that 
N, the concentrat ion of ions, is uni form throughout  the 
MSE. This assumption is valid for many  electrolytes 
and will  be used also here. For doped ceria, for exam- 
ple, the doping fixes the concentrat ion of the ionic 
charge carrier (Vo") and the variat ion in  concentra-  
tion, 5N, due to extra vacancies created by reduction of 
the oxide, can be neglected. Tannhauser  assumed local 
neut ra l i ty  and showed that it was consistent with his 
results. The two assumptions yield similar results when  
5N < <  N. Local neu t ra l i ty  means: 2[Vo"] ---- [GdGJ] 
+ n for 0 ~ x --  L, in which case: 28N ---- n. Seemingly, 
Tannhauser ' s  assumption is less restrictive than that 
used by Choudhury and Patterson. If the ionic current  
density is rewri t ten  as 

d N  d ~  
3i -= - -  k T  vi ~ 2 q N  d x  [14] 

where r is the electrical field, then it is seen that  
N (x) ----- const, leads to d e r  2 = 0. On the other hand, 
the assumption of local neu t ra l i ty  leads, using Eq. [7], 
to d ~ / d x  = const, and to 8N which may vary  exponen-  
t ial ly with x. However, under  fuel cell operation con- 
ditions, the concentrat ion of quasi free electrons is 
low, n < <  N, also for a mixed conductor. Since ~N ,~ 
l~n, hence, ~N < <  N and Tannhauser ' s  assumption re-  
duces to that  of Choudhury and Patterson. 

We present  now a derivation of the solution of the 
t ransport  equations for an MSE different from that  in 
[1] and [2], which yields explicit expressions for the 
dependence of the current  densities Je, 31, j on the 
fuel cell voltage V, as well as expressions for the local 
electron concentrat ion and conductivity as a function 
of V and x. Then the po.wer generated and the energy 
conversion efficiency are calculated and compared with 
that  of a "pure" ionic solid electrolyte. 

Equations [1] and [2] can be rewri t ten  as 

3i = 2qvieN [15] 

d n  
3e "- k T v e  ~ x  + qveen [16] 

where use was made of the relations: fte = , c o n s t .  + 

k T  In  n ,  ~e = f~e - -  qd?, T is the temperature,  k the 
Bol tzmann constant, and e is the constant field -- d ~ / d x .  
Equation [16] is an inhomogeneous l inear  differential 
equation of the first order and can readily be inte-  
grated. The boundary  values of n at x = 0 (no) and 
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x = L (nL) are determined from the oxygen pressure 
Po2 I, Po2 II at electrodes A1, A2 and from the mass ac- 
t ion law 1VnfPof'/~ -- Ko(T) ,  where Ko(T)  is the con- 
s tant  of the react ion in  Eq. [5] and N is a known  con- 
centration. Hence 

~ K o 
no = - - ~  (Po~ I) -'/" [171 

. ~ K o  
nL = - ~ -  (po~U)-a  [18] 

and (of. Eq. [7]) 

~L 
= e-~qv% r =- i/kT [19] 

~%o 

The integration of Eq. [16] yields 

Je 
n ( x )  = Boe-q~= + [20] 

quee 

where Bo and Je are constants fixed by the boundary  
conditions no, nL for given ,, T, and ~e. 

J, 
Bo "- no -- - -  [21] 

q~ee 
and 

noe--BqeL -- ~ L  
3e : -- q~ve [22] 

1 -- e -[~qeL 

From Eq. [6], [7], [8] and Viii -- 0, one can express , 
in terms of the exper imental  quanti t ies Vth, V 

eL : Vth -- V [23] 

The relat ion between the cell cur rent  density j : Ji -b 
Je and the cell voltage, readi ly follows from Eq. [15], 
[19], [22], [23] 

j= vtb- v [ ~L e~V- l ] 
L ~i 1 [24] 

~i 1 ~ e - -~q(Vth- -V)  

where ~e L -- qPenL. 
n(x) and ~re(X) 

The va r i a t i on  of  the e lect ron concentrat ion w i t h  
x (0 ----x --~ L ) ,  de te rm ined  f r o m  Eq. [19 ] - [23 ]  is 

n ( x )  - -  nLeB.V,h [ 1 --  (1 --  e--~qV,h) 

1 -- e -Bq(vth-v)z/L "] 

1 -- e -Bq<Vth-V) J [25] 

Since ~e -- qve~ and ~e -- const. + k T  I n n  the depen-  
dence of ~ and ]~e on x and V is readi ly obtained. For 
a fixed nL, n ( x )  increases with Vth due to reduct ion 
of the MSE. For Vta ~ 0 an increase in the applied vol t-  
age, V, has a similar  effect on the MSE and n ( x )  i n -  
creases with V for 0 < x < L. This is shown in  Fig. 2. 

Ionic Transference Number 
The average ionic transference number  }'~, as well  as 

the ionic t ransference number  t~ ~ at the low pressure 
electrode (AD, can be determined from the open- 
circuit  voltage Vo.c .. ~i is defined as 

t i  -~ V o . c . / V t h  [26] 

Vo.c. is given by Eq. [24] for j ---- 0 

k T  ~ -5 ~i 
Vo.c. : V~h -5 ~ In - -  [27] 

q ere ~ -5 ,rl 

where  ~e ~ - q~,~no, and we have used also Eq. [19]. A t  
the h igh  pressure side near  A2, the conduc t i v i t y  is as- 
sumed to be m a i n l y  ionic, i.e., ~e L < <  ~i, hence 

t i  ~ ~___ - -  -- e-~(v,,-Vo.~.) [28] 
O'e ~ -- ffi 

I I I I I I I I I 

1.0 

o.s v: 1.3v, h 

\ \ 
V:O 

o . ,  

0 0.2 0.4 0.6 0.8 1.0 
x / /  

Fig. 2. n ( x ) / n o  vs. x for various values of V, under the conditions: 
Vm ---- 1.03V, T = 1073 K ( n L / n o  - -  1.5 X 10-5).  

o 

0.6 

c 0.4 

Equations [26] and [28] can be combined to relate t~ 
and ti ~ 

kT 
ti = 1 + - -  In ti ~ [29] 

qVth 

This was obtained also by Tannhauser (2) and is im- 
plicitly contained in the work of Schmalzried (8). As 
the oxide is reduced on the fuel side ti ~ may be quite 

small, ti, however, decreases slowly with ti ~ We shall 
repeatedly consider the following example which can 
represent  a MSEFC made of doped CeO2 (2, 5) 

T -- 800~ 

Vth ---- 1.03 eV (Po21 = 10 -20 atm, Po2 u = 0.21 arm) 

ti ~ = 0.i [30] 

For this example, ~i -- 0.8. It should be noticed that  a 
small  ti ~ is possible though the electron concentrat ion 
is smaller  than the ion concentrat ion since ve/vi > >  1 
(2). 

Comparison Between a MSEFC and a PSEFC 
We compare now the power generated by a fuel cell 

based on a MSE with the power generated by a pure 
solid electrolyte fuel cell (PSEFC).  To make the com- 
parison meaningfu l  we assume that, except for a dif- 
ference in  the electronic conductivities, all other pa-  
rameters  are the same, namely,  ~i, T, Po2 I, Po2 n, L, S, 
and the rate of fuel consumption (i.e., ji is the same in 
both cells). Equations [15] and [23] show that  Ji is the 
same in the two cells if operating with the same volt-  
age V. Hence, the ratio r of the power generated by the 
MSEFC: VI, to that generated by the PSEFC: Vii, is 

I 
r : - -  [31] 

Ii 

From Eq. [15], [23], and [24] 

,ge L e ~qv -- i 

r = 1 [32] 
~i 1 ~ e - [ 3 q ( V t h - V )  

where we have used I = Sj. r can be expressed in terms 
of the measurable quantities ti, Vth, and V using Eq. 
[19], [28], [29] 

1 - -  e-~qv 
r = 1 - -  (eBq(1--~1)Vth __ I) [33] 

e B q ( v t h - v )  _ 1 

For the normal use of a fuel cell 0 < V < Vo.c. Table I 
shows the values of ~" vs.  V / V t h  and Jl/Ji.max for the 
example given in Eq. [30]. 3i,max is the maximum ionic 
current through the cell obtained under short-circuit 
conditions (V ---- 0). It is seen that for V / V t h  < 0.6, 

r --< 0.9, thus under these conditions the power gen, 
erated by an MSEFC is only a few percent lower than 
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Table I. (T = 1073 K, Vth = 1.03V, ti ~ = 0.1) 

V / V t h  j i / j i ,max r 7? R 1 P t V t h  ~ 

0 i 1.00 0.00 0 
0.i 0.9 1.00 0.I0 0.09 
0.2 0.8 1.00 0.20 0.16 
0.3 0.7 1.00 0.30 0.21 
0.4 0.6 0.99 0.40 0.24 
0.5 0.5 0.97 0.48 0.24 
0.5 0.4 0.89 0.54 0.21 
0.7 0.3 0.67 0.47 0.14 
0.787 (V = Vo,~.) 0.213 0 0 0 

that  genera ted  by  the comparable  PSEFC. The d e -  
c r e a s e  in r wi th  V is due to an increase in the elec-  
tronic component  of the cur ren t  and a decrease in t h e  
ionic one. This is shown in Fig. 3. 

Efficiency 
The efficiency ~ is defined as 

VI 
= ~ [34 ]  

VthIi 

and gives tha t  f ract ion of the change in the oxygen-  
free energy AG which is turned  into useful  energy.  
F rom Eq. [31] 

V 
= r [35] 

V t h  

Table I shows the calcula ted values  of ~l. The m a x i m u m  
efficiency ~lmax occurs at  V/Vth = 0.6, where  r _-- 0.89. 
An  analyt ic  express ion for ~)max can be obtained.  Inse r t -  
ing Eq. [33] into [35] yields  

V (  1-- e-~qv ) 
~ l = - - ~ t  h 1 - - a  [36] e 1 3 q ( V t h - v )  - -  1 

where a =_ [exp {fiq (i --~i)Vth} -- i]. In the neighbor- 
hood of ~]max, V ,~ 0.5Vth. If/~qVth >> I then 

V 
n = ~ (i - -  ae--~q(V~h--V~)" [37] 

From dl]/dV .~ 0, one finds Vm,n, the value of V for 
which ~] ---- ~Imax 

kT 
Vm,~ : Vth -- in {a (i + [3qVm,~)} [38] 

q 

This implicit equation for Vm,n can be solved by suc- 

cessive approximations. For flqVth >> 1 and a < 10, 
as for a high temperature fuel cell with conditions 
similar to those in Eq. [30], two iterations are sufficient 
to calculate Vm,n to a very good approximation 

V m , , = V t h - - - - l n  ~ l + ~ q  Vth- -  
q q 

I n { ~ ( l + i ~ q V t h ) } ] )  } [39] 

This yields Vm.,/Vth = 0.64 and ~]max = 0.54 for the 
example  in Eq. [30]. 

M a x i m u m  Power  
The power  output  of the cell, P ----- VI, is shown ~n 

Table  I. The m a x i m u m  in P occurs at  Vm.p N 0.5Vth. TO 
calculate  Vm,p we wr i te  P expl ic i t ly  using Eq. [24] 

P :  s~ (Vth V)r  : sr - -  ( V t h  - -  V )  
L L 

Vii -- ~e--~CVth--V)] [40] 

where we have limited V to values near Vm,p ,~ ~/ZVth 
and have used flqV, flq(Vth -- V) >> i to obtain an 
approximation for P. dP/dV -~ 0 yields 

6 

5 

2 

1 

I I I I I I I I t I I 
16 

% 
i 

q'rr, 

o 
I I [ I I 1 I [ II I I 
0 0.2 0.4 o.6 0.8 1.0 

V/Vth 

Fig. 3. j i / j i (Vo.c.) and -- je/ j i (Vo.e.)  vs. V/Vth for Vth ---- 1.03V, 
T - -  1073 K. 

Vrn,P ~- I/2Vth- I/2ae-[Jq(vth-V) 

[Vth -- 2Vm,p +/~qVm,p(Vth -- Vm,p)] [41] 

This equation can be solved by successive approxima- 
tions. At the lowest approximation Vrn,P ~- ~/2Vth and 
the next approximation is 

Vm,p : l~Vth --  1/sae-V2~qvth flqVth 2 [42] 

Equat ion [42] yields V m , P / V t h  : 0.466 for the example  
in Eq. [30]. F u r t h e r  i terat ions in Eq. [41] y ie ld  the 
exact  solut ion V m , P / V t h  = 0.480. The m a x i m u m  power  
is Pmax = 0.97 X (0.25Vth2/Ri), where  Ri ---- L/S~i and 
the efficiency at  Vm, p iS ~l ---- 0.46. These values re fe r -  
r ing to the MSEFC are only somewhat  lower  than  the 
corresponding ones for the comparable  PSEFC where  
Pmax : 0.25Vth2/Ri and n ---- 0.50. The differences are  
small  since the electronic cur ren t  is smal l ,  compared  
to the ionic one, for V ~ u (see Fig. 3). 

Conclusions 
We have  expressed n ( x ) ,  Je, J", P, % Pmax, and  "qmax 

expl ic i t ly  in terms of the pa rame te r s  of the system: 
namely,  Vth, V, T, ~, R, L, S, and ~. The character is t ics  
of an MSE are  r and the va lue  of {i for given values  of 
Po2 I, Po2 n, and T. If  ~i and {i are measured,  then the 
expected d is t r ibut ion  of electrons in the  MSE, as wel l  
as the proper t ies  of a fuel cell based on the MSE, can 
be calcula ted as a funct ion of the remain ing  p a r a m e -  
ters, The quant i ta t ive  example  of a fuel cell based on 
the MSE CeO2-10 m/o  Gd203 shows tha t  the m a x i m u m  
power  output  is only 3% lower  than if {i = 1, the  power  
output  densi ty  increases almost  l inear ly  wi th  the  ionic 
conduct iv i ty  of the MSE, and the m a x i m u m  efficiency 
is 54%. This is consistent  wi th  results  obta ined before  
(2). 
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Ii, Ji ionic current  and cur ren t  densi ty  
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L length  of MSE 
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MSE 
MSEFC 
n 
no ,  I~L 
N 
P 
P m a x  

Po2 I 
Po2, PO2 II 

q 
R 
r 
S 

t i  ~ 
T 
V 
Vm,p, Vm,~ 

Vth 
X 

fie 
a'e% O'e L 

~m~tx 

mixed  conductor  solid e lec t ro ly te  
m i x e d  conductor  solid e lec t ro ly te  :fuel cell 
quasi  free e lec t ron concentra t ion 
n a t  x = 0, x ---- L, respec t ive ly  
ionic (Vo") concentra t ion 
e lect r ica l  power  
m a x i m u m  P 
oxygen  par t i a l  p ressure  
Po2 near  the anode and cathode of the  fuel  
cell, respec t ive ly  
absolute  value  of electronic charge 
load res is tance  
I/Ii 
cross-sect ion area  of MSE 
average  t ransference  number  
t ransference  number  at  x = 0 
t empera tu re  
vol tage  of fuel cell under  load 
V at  m a x i m u m  power  output  and m a x i m u m  
efficiency, respect ive ly  
kT/4q In Po~II/Po2 I 
posit ion inside the MSE (0 --~x ~: L)  
e lect r ica l  field ( - -  dr 
electronic conduct iv i ty  
�9 e a t  x = O and x = L 
ionic conduct iv i ty  
energy  conversion efficiency 
m a m m u m  n 

~e, ~i, ~o2 chemical  potent ia l  of quasi  free electrons,  
ionic charge carr iers ,  and oxygen, respec-  
t ive ly  

~e, ~i e lect rochemical  potent ia l  of quasi free elec-  
t rons and ionic charge carr iers ,  respect ive ly  

re, vi electronic and ionic mobil i t ies  
r e lect r ica l  potent ia l  
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Mechanism of the Electrodeposition of Zinc 
Alloys Containing a Small Amount of Cobalt 
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ABSTRACT 

Corrosion res is tan t  Zn-Co alloys were  e lec t rodeposi ted  on the steel  sheet  
cathode f rom an acid galvaniz ing ba th  containing a smal l  amount  of cobal t  
sulfate. Under  most of the p la t ing  condit ions studied, the anomalous  codepo-  
si t ion and, hence, the p re fe ren t i a l  deposi t ion of e lec t rochemical ly  less noble 
Zn occurred.  The e lect rodeposi t ion process of the al loy inc luding the Zn 
hydrox ide  format ion  resul t ing  f rom the rise in pH in the v ic in i ty  of  the ca th-  
ode was es t imated  by  e lect rochemical  and  spectroscopic studies. 

Since the s t andard  e lec t rode  poten t ia l  of Zn is more  
negat ive  than tha t  of Fe, Zn has been wide ly  used as 
an e lec t rochemica l ly  pro tec t ive  coating m a t e r i a l  for  
s teel  under  ordir~ary a tmospher ic  conditions. The cor-  
rosion resis tance of pure  Zn coatings is, however,  not  
sa t i s fac tory  under  more  corrosive circumstances,  p a r -  
t i cu la r ly  in a ve ry  humid  atmosphere.  Recently,  a 
composite  e lec t rogalvaniz ing  ba th  conta ining a smal l  
amount  of addi t ive  e lements  has been deve loped  and 
i t  was indica ted  tha t  the  addi t ion of Co, Co-Cr, or  
Co-In  considerably  increases not  only  the corrosion 
resis tance bu t  also the  subsequent  chromat ing  charac-  
terist ics of ga lvanized steel  (1). The addi t ion of these 
e lements  was so effective in the improvemen t  of the  
surface proper t ies  of Zn coatings that  these composite  
baths  were  employed  in commerc ia l  ga lvanized steel  
product ion  (2). 

However ,  the  mechanism which  permi t s  the  im-  
p rovement  of the surface proper t ies  of ga lvanized 

1 P r e s e n t  a d d r e s s :  T e c h n i c a l  R e s e a r c h  C e n t e r ,  N i p p o n  Kokan 
K.K.,  K a w a s a k i  210, Japan. 

Key words:  e l ec trodepos i t ion ,  surface  pH, f i lm r e s i s t a n c e ,  XPS 
m e a s u r e m e n t .  

steel  is not  ye t  avai lable .  This led to a serious d r a w -  
back  for the deve lopment  of Zn coatings having fu r the r  
super ior  surface propert ies .  In  o rder  to e lucidate  this 
mechanism, i t  is necessary to make  clear  the e lec t ro-  
deposi t ion processes of the addi t ive  elements.  In  this 
paper,  Co which m a r k e d l y  improved  the corrosion 
resistance of galvanized steel  was selected as the add i -  
t ive e lement  and the mechanism of Co codeposit ion 
was est imated.  

Experimental 
Electrodeposition.--Deposits were  obta ined  on the 

low carbon steel  sheet  cathode of 4 • 5 cm 2 a rea  under  
coulostatic and galvanosta t ic  condit ions (80 k c m - 2 ) .  
The s tandard  p la t ing  condit ions were  s imi la r  to those 
commonly  employed  in o rd ina ry  e lec t rogalvaniz ing  
(1, 2) and are  shown in Table  I. The deposi ted meta ls  
were weighed and dissolved f rom the cathode wi th  
d i lu te  HC1 solution. Co was de te rmined  color imet r ica l ly  
by  using the color deve lopment  be tween  the Co ion 
and ~-n i t roso-~-naphto l  (3), and  the composit ion of 
al loys was calculated.  



2 0 8 2  J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  October 1981 

Table I. Standard plating conditions 

Bath composition 

ZnSO4 �9 7H20 1.739 kraal m -8 

(l14g liter -1 as Zn) 
CoSO~ �9 7H~O 0.170 kraal m -3 

(10g liter-1 as Co) 
Na~SO~ 0.352 kraal m -3 
CH~COONa �9 3H20 0.110 kmol m -~ 
Metal--% of Co in bath = 8, pH 4.2 

Operating condition 
Current density 3 

kA m -2 
Temp 50~ 

Measurement of the pH in cathode layer.IThe 
measuremen t  of pH in the  v ic in i ty  of the cathode 
dur ing  the e lect rodeposi t ion of Zn-Co al loys was ca r -  
r ied out  b y  means  of the an t imony  microe lec t rode  
method (4, 5). The expe r imen ta l  setup is shown in 
Fig. 1. The design of the appara tus  pe rmi t t ed  the 
an t imony  microelec t rode  of 1 m m  d i am and reference  
Ag/AgC1 elect rode to be p laced in posi t ion exac t ly  
10 ~m from the s teel  sheet  cathode of 4 • 5 cm 2 area.  
F igure  2 shows the pH dependence  of the  an t imony  
microelect rode poten t ia l  when the pH of the ba th  used 
in this work  was varied.  There  exis ted  a l inea r  r e l a -  
t ionship be tween  the pH and the poten t ia l  of  t h e  
an t imony  microelectrode,  indica t ing  the va l id i ty  of 
the adopt ion of this  method.  F igure  2 was also used 
as the  pH ca l ibra t ion  curve. 

Solubility measurement of the  metal hydroxides.-- 
Two types of solutions were  p repa red  in which  Zn o r  

Fig. I. Experimental setup for the measurement of the pH in the 
vicinity of the cathode during the electrodeposition of the alloys. 
a, Cathode; b, anode; c, antimony microelectrode; d, reference 
Ag/AgCI electrode; e, impedance transducer (107 MR); f, poten- 
tial recorder; g, micrometer; h, micrometer screw; i, d-c constant 
current power supply; j, cell for electrolysis; k, thermostat. 

- ,  6 0 0 -  / 

,oo_ / 

/ 
/ 

F / 
C~ I ,  I , I , I , I , I , 

0 2.0 4.0 6.0 8.0 10.0 
pH 

Fig. 2. Relationship between the potential of antimony micro- 
electrode and pH of the solution at 50~ 

Co ion was removed from the standard bath composi- 
tion and the pH was raised to various values with 
NaOH solution. The concentration of metal ion still 
remaining in each solution at 50~ was determined 
polarographically for Zn and colorimetrically for Co, 
and the solubilities of Zn and Co hydroxides at various 
pH's in the bath used were estimated. 

Evaluation of the surface film resistance.--In order  
to confirm the meta l  hydrox ide  film format ion  on the 
cathode dur ing the e lect rodeposi t ion of the alloys, the 
resistance across the cathode surface (steel shee t  of 
4 • 5 cm e area)  and the tip of the cap i l l a ry  br idge  of 
the re fe rence  NHE was measured  b y  the i n t e r rup te r  
method  (6). 

A constant  cur ren t  pulse of repet i t ion  f requency  16.3 
msec, of  du ty  factor  96.42%, and of var ious  cu r ren t  
densit ies was appl ied  to the electrodes,  and the ca th-  
ode po ten t i a l - r e l axa t ion  wave fo rm was observed  on 
the oscilloscope, f rom which the res is tance overvol tage  
was read  off. The quot ient  of  the resis tance overvol tage  
by  the appl ied  cu r ren t  yields  the resis tance which  
consists of the  film resis tance and the resis tance due 
to the solution be tween  the cathode and the capi l la ry  
tip of the reference  electrode.  The solut ion resistance 
be tween  the cathode and the capi l la ry  tip in this elec- 
t rode a r r angemen t  was also de te rmined  by  app ly ing  
the single cur ren t  pulse of shor t  dura t ion  (17.6 msec)  
where  the pH rise in the cathode layer ,  and hence the 
format ion  of meta l  hydroxide ,  m a y  be negl ig ib ly  small .  
The measuremen t  was carr ied  out  for each f reshly  
p repa red  cathode at  var ious  cur ren t  densit ies.  When  
neglect ing the change in solut ion resis tance dur ing  the 
electrolysis,  the change in the gap be tween  the ob-  
served  resistance and the solution resis tance wil l  be 
ant ic ipated  to give the in format ion  on the surface film 
formation.  

Measurement o~ the x-ray photoelectron spectra of 
the electrodeposited alloys.--Experiments were  pe r -  
fo rmed in a Dupont  605 e lec t ron spec t romete r  using 
MgK~ rad ia t ion  (1253.6 eV),  scanning at  0.05 eV sec - t .  
The b ind ing  energies of the  e lements  were  re fe r red  to 
the  vacuum-depos i t ed  gold on copper.  The b inding  
energies  of Au 4f7/2 and Cu 2p3/~ l ines were  t aken  to 
be 84.0 and 932.0 eV, respect ively.  The C Is b ind ing  
energy, 285.0 eV, of contaminat ion  carbon was used as 
cal ibra t ion to compensate  for possible charging effects. 
Ion b o m b a r d m e n t  of the surface of mechan ica l ly  pol -  
ished samples, previous ly  pressed to pe l le t  if in powder  
form, was carr ied  out for 3 min using prepur i f ied  argon 
pr io r  to the spect ra  measurement .  

Co metal ,  cobaltous (Co~+), and cobaltic (Co 3+) 
compounds were  used as reference  mater ia l .  The b ind-  
ing energies of Co 2p.~/e level  in the reference  mater ia l s  
examined  are  l is ted in Table  I I  and are  in good agree -  
ment  wi th  those repor ted  ear l ie r  (7, 8). As is ev ident  
from Table II, the chemical  shift  genera l ly  used to 
dis t inguish the oxida t ion  states of the e lement  is ve ry  
smal l  be tween  the cobaltous and the cobalt ic  com- 
pounds. Therefore,  i t  is difficult to c lar i fy  the oxidat ion  
s tate  of Co in these compounds. However ,  the chemical  
shif t  re la t ive  to the b ind ing  energy  in meta l l ic  s tate is 
la rge  enough to dis t inguish the meta l l ic  s ta te  f rom the 
oxida t ion  s tate  of C o .  

Table II. Binding energies of Co 2p3/s in different cobalt 
compounds 

Compound Binding energy (eV) 

Co2Oa 780.2 
CO30~ 780.3 
CoO 780.7 
Co(OH)~ 780.6 
Co metal  778.4 
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Results and Discussion 
Deposition behavior o:f the aZloys.--Electrodeposition 

of Zn-Co alloys is classified into anomalous  codeposi-  
t ion by  Brenner  (9) and  is character ized by__the 
anomaly  t ha t - t he  less noble me ta l  deposits p re fe ren -  
t ial ly.  

The effect of the meta l  percentage  of Co in the ba th  
on the Co content  of the  deposits  is shown in Fig. 3. 
The broken  line in the figure indicates  the  composit ion 
reference l ine (here inaf te r  s imply  re fe r red  to as CRL) 
which shows tha t  the weight  percentage  composit ion 
of the a l loy  jus t  equals the meta l  percentage  of the 
bath.  F igure  3 shows tha t  the Co content  of the deposits  
increased l inea r ly  wi th  an increas ing meta l  percentage  
of Co in the bath.  And  in all  cases studied, the Co 
content  of the deposi t  lay  be low the CRL, which in-  
dicated the p re fe ren t i a l  deposi t ion of Zn, a l though the 
equi l ib r ium potent ia l  of Zn is severa l  tenths  of a vol t  
less noble than  tha t  of Co. 

Figure  4 shows the re la t ionship  be tween  the Co con- 
tent  of the deposits  and the cur ren t  density.  In the low 
cur ren t  densi ty  region, the deposi t  had a l a rge r  content  
of the noble meta l  Co than the meta l  percentage  of 
Co in the bath. This indicaates  that  the codeposi t ion 
appears  to be of the normal  type. With  increas ing 
cur ren t  density,  the deposi t  r ap id ly  decreased in Co 
content  and above the t rans i t ion  cur ren t  dens i ty  con- 
ta ined  much more  Zn than the meta l  percentage  of 
Zn in the bath. This t rans i t ion  of the deposi t ion be- 
havior of Co from a no rma l  to an anomalous  type  oc- 
cur red  in a r a the r  smal l  range  of the  cur ren t  density.  
F u r t h e r  increase  in the cu r ren t  dens i ty  resul ted  in 
l i t t le  change in al loy composition, fol lowed by  th e  

~ " 1.5-II ~'~''~ //// 
.s,3 1 . o - / ~  
"~.~. ~ j 
~a ~" I I I I 

3 6 9 12 

Mete(-percentege of Co in Bath 

Fig. 3. Effect of metal percentage of Co in the bath on the 
composition of electrodeposited Zn-Co alloys. Metal percentage 
of Co = [wt Co/total wt (Co -~ Zn)] X 100. 
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Fig. 4. Effect of current density on the composition of electro- 
deposited Zn-Co alloys. 

t rend of Co content  s l ight ly  upward  at  st i l l  h igher  
cur ren t  density. Thus, wi th  increas ing cur ren t  density, 
the Co content  of the deposits e i ther  decreased,  r e -  
m a i n e d  constant,  or increased,  which  was the s a m e  
t r end  as repor ted  by  Brenner  (10). 

Consequently,  the e lect rodeposi t ion s tudy  revea led  
that  the deposi t ion of each meta l  from the baths  used 
in this work  exhib i ted  the character is t ics  of an anoma-  
lous codeposition. 

Formation of Zn hydroxide film during the electro- 
deposition of the alloys.--There is, as yet, no theo-  
re t ica l  explanat ion  which sa t is fac tor i ly  describes the 
mechanism of the anomalous  codeposition. Many  hy -  
pothesis have been proposed so far  (11-13) and one  
of the most p lausible  mechanisms included the as-  
sumpt ion that  the pH in the v ic in i ty  of the cathode 
was raised to pe rmi t  the prec ip i ta t ion  of meta l  h y -  
droxide on the cathode (14-16). 

F igure  5 shows the pH dependence  of the solubi l i ty  
of Zn or Co hydrox ide  in the ba th  used. F r o m  Fig. 5, 
the cri t ical  pH values for the prec ip i ta t ion  of Zn and 
Co hydroxides  were  5.1 and 6.8, respect ively.  

Then, the alloys of various composit ion were  e lect ro-  
deposi ted at various cur ren t  densi t ies  under  the s tan-  
dard  p la t ing  conditions shown in Table I, and the 
re la t ionship be tween the Co content  in the deposits and 
the pH in the cathode layer  measured  by  the an t imony  
microelec t rode  method was examined.  The resul t  is 
shown in Fig. 6 which also includes the cri t ical  p i t ' s  
for each meta l  hydrox ide  precipi ta t ion,  the pH of the  
bulk  solution, and the CRL. F igure  6 showed that  the  
cri t ical  pH for Zn hydrox ide  prec ip i ta t ion  was not  
achieved in the normal  codeposit ion region a l though 
the r ise in pH of the cathode layer  was observed in al l  
cases. On the other  hand, the ab rup t  rise in the pH 
was recognized f rom a value be low to a value  a b o v e  
the cri t ical  pH for Zn hydrox ide  prec ip i ta t ion  when  
the t rans i t ion  of codeposit ion f rom the normal  to the  
anomalous type  occurred. In  the anomalous  codeposi-  
t ion region, the pH of the  cathode l aye r  r ema ined  in 
the pH range  wel l  be low the cr i t ical  one for Co h y -  
droxide  precipi ta t ion,  p robab ly  by  the buffering effect 
due to the  Zn hydrox ide  formation.  This indicates  that  
the p i t  rise in the cathode l aye r  and subsequent  Zn 
hydrox ide  format ion  should be closely re la ted  to the 
mechanism of the  anomalous  codeposition. 

Empir ica l  confirmation of the format ion  of Zn h y -  
droxide  film dur ing  the ele,ctrodeposition of the a l loys 
was also t r i ed  under  the s t andard  p la t ing  condit ions 
by  es t imat ing  the surface film resistance.  F igure  7 
shows the change in the resis tance obta ined  by  means  
of i n t e r rup te r  method  (6) wi th  the cur ren t  density.  
The solution resis tance be tween  the cathode surface 
and the t ip of the  cap i l l a ry  br idge  of the reference  
e lect rode was also included in Fig. 7. The resis tance 
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Fig. 5. pH dependence of the solubilities of Zn and Co hy- 
droxides. C) = Zn~+; @ = Co2+. 
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Fig. 6. Relationship between the composition of alloys and the 
pH in the vicinity of the cathode during the electrodeposition of 
Zn-Co alloys at various current densities under galvanostatic 
conditions. 

during electrolysis was init ially increased and then 
remained constant with the increased current density. 
And, at the low current densities where the codeposi- 
tion of the normal type occurred, the smaller resistance 
mainly due to the solution was observed. With the 
increased current density to permit  the anomalous co- 
deposition, the larger resistance was observed. These 
indicate that the resistive component was formed on 
the cathode with an increase in the current density. 

Estimation of the anomalous codeposition process and 
the confLrmation of this mechanism by x-ray photoelec- 
tron spectroscopy.--From the results presented above, 
it becomes possible to propose a mechanism which pro- 
vides a reasonable explanation for the following fea- 
tures of anomalous codeposition: the preferential  depo- 
sition of Zn under most conditions of plating although 
Zn is considerably less noble than Co, the existence of 
a normal codeposition behavior at low current densi- 
ties, and the abrupt transition of codeposition from a 
normal to an anomalous type as the current density is 
raised. 

During anomalous codeposition of Zn with Co, the 
electrodeposition of Zn proceeds with preceding Zn 
hydroxide formation on the cathode, which results 
from a rise in pH in the vicinity of the cathode. On 
the other hand, since the critical pH for Co hydroxide 
precipitation is not attained in the cathode layer, Co 
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deposition occurs by the direct discharge of Co g+ ions 
through the Zn hydroxide film, which makes the Co 
deposition difficult. Consequently, the superiority of 
Co over Zn in nobility is canceled out by the film re-  
sistance of Zn hydroxide, resulting in the preferential  
deposition of Zn in anomalous c odeposition. 

Comparison of Fig. 4 with Fig. 7 seems to support 
the above process of the alloy deposition. In the low 
current density range, the normal codeposition occurs 
reflecting the nobility of each metal, since Zn hydrox- 
ide neither quite precipitates nor precipitates to such 
an extent that the Zn hydroxide film exhibits enough 
resistance to prevent the Co deposition. At about the 
transition current density, the film resistance increases 
rapidly to compensate the superiority of Co in nobility, 
resulting in the abrupt transition of codeposition from 
a normal to an anomalous type. With further increase 
in the current density, the alloy composition remains 
almost constant because the formation rate of Zn hy-  
droxide is balanced by the consumption rate of it  due 
to the electroreduction, which makes the film resistance 
constant. Thus, the depositing behavior of Co agreed 
well with the change in the resistance during the 
electrodeposition of the alloys. 

Assuming the alloy deposition occurs in accordance 
with the above mechanism, Co should be in a metallic 
state in the deposit. Figure 8 shows the x - ray  photo- 
electron spectra of the deposit obtained under the 
standard plating conditions shown in Table I. In Fig. 8, 
spectrum (a) provided no definite peak probably be- 
cause of the low Co content of approximately 0.9% 
in the deposit. However, spectrum (b) obtained by 
integrating 128 times the single scanned intensity using 
the multichannel analyzer indicated the well-defined 
peak at the binding energy of 778.2 eV, which is in 
good agreement with that of metallic state of Co in 
Table II. 

Summary 
Zn-Co alloys were electrodeposited from an acid 

electrogalvanizing bath containing a small amount of 
oobalt sulfate. In a wide range of plating conditions, 
the deposition behavior of each metal showed the 
main features of anomalous codeposition. Electro- 
chemical and spectroscopic studies revealed the follow- 
ing mechanism of anomalous co,deposition of Co with 
Zn. The electrodeposition of Zn proceeds with preced- 
ing Zn hydroxide formation through which the dis- 
charge of Co 2+ ions occurs. Consequently, the superior- 
ity of Co over Zn in nobility is canceled out by the 
film resistance of Zn hydroxide, resulting in anomalous 
codeposition. 
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Fig. 7. Effect of current density on the resistance between the 
cathode surface and the capillary tip of reference NHE. 0 
Resistance during the electrodeposition of Zn-Co alloys; [ ]  
solution resistance. 

Binding Energy (eV ) 

Fig. 8. X-ray photoelectron spectra of the deposit in Co 2p~/~ 
level. (a) Single scanned intensity; (b) integrated intensity using 
multichannel analyzer. 
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Any  discussion of this paper will appear  in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication co~ts of this article were assisted by 
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Electrogenerated Chemiluminescence of 
trans-Stilbene Derivatives 

James R. Wilson, Su-Moon Park,* and Guido H. Daub 
Department of Chemistry, University ol New Mezfr Albuquerque, New Mexico 87131 

ABSTRACT 

Fluorescence maxima, fluorescence quantum yields, electrode potentials, 
and electrogene~ated chemiluminescence (ecl) of 16 t-sti lbene derivatives 
such as substituted indenes and dihydronaphthalenes (DHNP) are reported. 
Both indenes and DHNP's  were found to have great ly  enhanced fluorescence 
quantum yields in comparison to t-stilbene. Twelve single systems of 16 com- 
pounds gave ecl most ly attr ibuted to the singlet excited state. With t r i -p-  
tolylamine (TPTA) added as a source of cation radical, most  of the systems 
produced ecl having shorter  wavelength emission corresponding to the singlet 
excited state of the t-sti lbene derivatives and longer wavelength emission 
at tr ibuted to the exciplex. The ecl intensities with respect to the possible 
applications are discussed. 

Eleetrogenerated chemiluminescence (ecl) is a pro-  
cess where the electrochemically genera ted  radical 
species, usually cation and anion radicals, annihilate to 
give an excited state molecule, which subsequently 
emits light (1, 2). Due to its uniqueness in exciting 
molecules, several possible applications have been sug- H\ 
gested and discussed (3-9). In  our  continuing effort c=c 

/ -  

(10, 11) to discover more efficient eel, we performed ( ~  1 \ "  
ecl studies on a series of laser dyes s tructural ly related 
to trans-stilbene ( t -St) .  Structures of these compounds 
are shown in Fig. 1. These compounds have been syn-  
thesized in one of our  laboratories (GHD) as laser dyes 
(12, 13) and the lasing action of these dyes has been 2 

~ Y  

tested (14). As shown in Fig. 1, these dyes are of modi-  
fied forms of the t-sti lbene chromophore.  

Electron transfer  chemiluminescence of t-st i lbene 
was first reported by  Weller and Zachariasse (15, 16). 
The mixed system containing t r i -p- to lylamine 
(TPTA) ( + ) / t - S t ( - - )  was chemiluminescent in THF 
with the longer wavelength emission at tr ibuted to the 
exciplex (16), while the one containing N,N,N',N'- 
te t ramethyl -p-phenylenediamine  (TMPD) (+) / t -S t ( - - )  
was nonchemiluminescent  (15). Later, Keszthelyi and 
Bard (17) reported electrogenerated chemiluminescence 
in the THF solution for the TPTA ( + ) / t - S t  ( - - )  sys- 
tem, where only exciplex emission was identified as in 5 
the chemiluminescence experiment.  

* Electrochemical Society Active Member. 
Key words: fluorescence, chemiluminescence, organic. 

In the present report, fluorescence, ecl, and electro-  
chemical  potentials of rigid t-sti lbene analogs, having 

6 

7 

8 

12 

13 

4 

14 

Fig. 1. Structures of compounds used in this study (see Table I 
for the nomenclature). 
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ei ther  indene or  d ihydronaph tha lene  s t ruc tures  (Fig. 
1), have  been studied,  and  the resul ts  a re  reported.  In  
these compounds,  the f lexibi l i ty  of the double  bond is 
reduced.  Fluorescence studies have shown tha t  a r ig id  
molecul~ar s t ruc tu re  reduces the exci ta t ion energy loss 
due to the v ibra t iona l  and ro ta t ional  energy  loss of 
the exci ted  molecule,  enhancing the fluorescence emis-  
sion quan tum efficiencies (18). The effect of subs t i tu -  
tion on the fluorescence and ecl has been s tudied and 
discussed in this report .  

Experimental 
Spect rograde  acetoni t r i le  (ACN, Eas tman Organic) ,  

spect rograde benzene (Bz, Aldr ich) ,  and  polarographic  
grade tetra-n-butylammonium perch lora te  (TBAP, 
Eastman Organic)  were purif ied and dr ied  as descr ibed 
prev ious ly  (11) and used as solvents  and suppor t ing  
electrolyte ,  respect ively.  Spec t rograde  cyclohexane 
[Matheson, Coleman, and Bell  (MCB)]  was dis t i l led 
under  pa r t i a l  vacuum wi th  the middle  30 ~ 40% col- 
lected and used as a solvent  for  the fluorescence m e a -  
surement .  Labora to ry  quinine sulfate (Fischer  Scien-  
tific) and  scint i l la t ion grade  t - s t i lbene  (MCB) were  
used as received.  TPTA was k ind ly  p rov ided  by  P ro -  
fessor R. N. Adams  of the Univers i ty  of Kansas  and 
used as received.  Compounds 2-16 were  synthesized 
and purif ied in one of our  labora tor ies  (GHD) and 
procedures  of syntheses and purif icat ions have been 
publ ished e lsewhere  (12, 13). 

Solutions for ecl exper iments  have been p repa red  in 
a th ree -e lec t rode  configuration cel l  as descr ibed p re -  
viously (11). Elect rochemical  measurements  were  also 
made  employing  a th ree-e lec t rode  cell  wi th  a p l a t inum 
disk work ing  e lect rode (area  _~ 0.021 cm~). At  the  
conclusion of the e lectrochemical  measurements ,  the 
e lec t rode  potent ia ls  were  referenced to a sa tu ra t ed  
calomel e lectrode (SCE),  which was inser ted whi le  
the cell  was flushed gent ly  wi th  helium. 

A Pr ince ton  Appl ied  Research (PAR)  Elec t rochem-  
i s t ry  Model  173 po ten t ios ta t -ga lvanos ta t  wi th  a PAR 
Model 175 universa l  p r o g r a m m e r  and a PAR Model  
176 I/E conver ter  were  used for cyclic vol:Lammetric 
measurements  and ecl exper iments .  Ecl and fluores- 
cence spect ra  were  detected by  an Aminco-Bowman  
spect rophotof luorometer  wi th  a Hammamat su  TV R446 
photomul t ip l ie r  tube and recorded on a P lo tomat ic  815 
X-Y recorder .  A Cary-14 spec t rophotometer  was used 
for the absorpt ion spec t rum measurements .  

Results and Discussion 
Fluorescence maxima,  fluorescence quan tum yields,  

e lectrode potentials ,  and ecl da ta  for  t - s t i lbene  der iva -  
tives are  summar ized  in Tables I and II. Ecl  resul ts  for 
the  TPTA/ t - s t f l bene  der iva t ive  mixed  systems a r e  

l is ted in Table III. Typical  resul ts  for selected com- 
pounds have been shown in Fig. 2-4. More deta i led  
descr ipt ion of the resul ts  follows. 

Fluorescence studies.--Fluorescence m a x i m a  and 
fluorescence quan tum yields  for 15 t - s t i lbene  der iva -  
tives in cyclohexane solutions are l is ted in Table I. 
These quant i t ies  were  measured  wi th  a spect ra l  band 
pass of 5.5 n m  for bo th  exci ta t ion  and emission and a 
fluorescer concentra t ion of 1.0 • 10-SM a t  room tem-  
pera ture .  The fluorescence max ima  of these compounds 
were  not  dependen t  on the solvent  used, indica t ing  
tha t  d ipole  moments  of the exci ted  and ground state 
molecules  m a y  not  be s ignif icant ly different. The 
fluorescence quan tum yields were  measured  by  com- 
par ison wi th  a re ference  compound [i.e., quinine sul-  
fate according to the  w e l l - k n o w n  procedure  (18) ] and  
corrected for the ref rac t ive  index of the solvent  used 
(19). The fluorescence quan tum yie ld  for  t - s t i lbene  has 
been repor ted  to be 0.04 ~ 0.08 at  room tempera tu re  in 
nonviscous solvents, depending  on expe r imen ta l  con- 
di t ions (20-23). The resul ts  in Table  I show tha t  the 

Table I. Fluorescence maxima and quantum yield a 

C o m p o u n d s  b 

F luo re s -  F luores -  
c e n c e  c e n c e  

maximum,c quantum 
n m  (eV) yield ,  ~fc,d 

1. t rans-S t i tbene  361 (3.43) 0.04 ~ 0.086 
2. 5 ,10 -Dihydro indeno(2 ,1 -a ) indene  371 (3.34) 0.59 
3. 1 -Methyl -2 ,5-d iphenyl indene  390 (3.18) 0.82 
4. 2 - ( p - T e r t - b u t y l p h e n y l ) i n d e n e  371 (3,34) 0.70 
5. 2 - P h e n y l i n d e n e  369 (3.36) 0.78 
6. 2-(p:Imy)ina~ne 371 (3.34) 0.07 
7. 2-(4'-Biphenyl)indene 390 (3.18) 0.86 
8. 2 . ( 2 ' . N a p h t h y l y l ) i n d e n e  385 (3.22) 0.56 
9. 2 - ( l ' - N a p h t h y l ) i n d e n e  404 (3.07) 0.60 

10. 2- ( 1 - N a p h t h y l ) - 5 - p h e n y l i n d e n e  416 (2.98) 0.90 
11. 3 ,4 -Dihydro -2 ,6 -d ipheny lnaph tha l ene  397 (3.12) 0.85 
12. 3 - ( 4 - B i p h e n y l y l ) - l , 2 - d i h y d r o n a p h t h a -  398 (3.13) 0,04 

l ene  
13. 3 , 4 - D i h y d r o - 2 - ( 2 - n a p h t h y l ) n a p h t h a -  390 (3.18) 0.70 

lene  
14. 3 ,4 -Dihydro-2- (2-naphthy l ) -6 -naph-  410 (3.0'2) 0.80 

t h a l e n e  
15. 3 ,4 -Dihydro -2 . (4 -b ipheny l ) -phenan-  420 (3.0'7) 0.72 

t h r e n e  
16. 3 , 4 - D i h y d r o - 2 - p h e n y l p h e n a n t h r e n e  404 (3.07) 0.89 

In cyc lohexane .  O b t a i n e d  f r o m  u n c o r r e c t e d  s p e c t r a  a t  r o o m  
t e m p e r a t u r e ,  

b F o r  s t r u c t u r e s  of t h e s e  c o m p o u n d s  see F ig .  1. 
c C o n c e n t r a t i o n s  w e r e  1.0 • 10-,~M in  c y c l o h e x a n e .  
d D e t e r m i n e d  r e l a t i ve  to a qu in ine  su l f a t e  so lu t ion  in w a t e r  and 

c o r r e c t e d  f o r  t he  r e f r a c t i v e  index.  
e F r o m  Ref.  (20-23). 

st i lbene der ivat ives  have gene ra l ly  lower  t rans i t ion  
energies  and enhanced fluorescence quan tum yie lds  
than  t -s t i lbene.  These  resul ts  are  consistent  wi th  the  
expecta t ion  discussed below. Exci ta t ion  of t - s t i lbene  
reduces the double bond charac te r  of the e thylene  
bridge,  which subsequent ly  al lows the two benzene 
r ings to ro ta te  a round  the single bond (24). The loss 
of exci ta t ion energy  due to the  ro ta t ion of the benzene 
r ings wil l  be reduced or minimized  b y  substi tutions,  
va ry ing  wi th  the size and locat ion of the  subst i tuent .  
When  the double bond is made  r igid,  p reven t ing  the 
ro ta t ion of pheny l  groups a round  it  a f te r  excitat ion,  
the energy  of the electronic t rans i t ion  is expected  to 
decrease ( red shift)  and the fluorescence quan tum 
yie ld  should increase (20, 24). Al though compound 2 
may  appea r  to be planar ,  i t  was shown to be the most  
nonpla~ar  of the compounds when examined  by  the 
molecular  model.  This nonp lana r i t y  reduces  the reson-  
ance be tween  the two pheny l  rings, resu l t ing  in a 
r e la t ive ly  high t ransi t ion energy  and a low fluores- 
cence quan tum yie ld  in comparison wi th  other  com- 
pounds. Inspect ion of Table I and Fig. 1 reveals  tha t  
compounds having a 6 -membered  r ing a round  the 
double bond (3 ,4-d ihydronaphtha lene  der ivat ives  = 
DHNP) have genera l ly  low transi t ion energies and 
higher  fluorescence quan tum yie lds  than  the corre-  
sponding 5 -membered  compounds ( indene de r iva -  
t ives) .  This i l lus t ra tes  tha t  the  6 -membered  r ing  
around the t - s t i lbene  double bond is more  p l ana r  than 
the 5 -membered  ring, resu l t ing  in h igher  resonance 
and conjugat ion be tween  the two phenyl  groups on 
both  sides of the double bond. 

Electrode potentials.--Oxidation and  reduct ion  po-  
tent ia ls  of these compounds were  measu red  at a p la t i -  
num disk electrode using a sa tu ra ted  calomel  e lectrode 
(SCE) as a reference electrode.  The resul ts  obta ined 
in ACN and ACN-Bz are  repor ted  in Table II. 

Inspect ion of Table II  reveals  tha t  indene der iva -  
t ives are genera l ly  more difficult to reduce and easier  
to oxidize than t -s t i lbene.  When  more  aromat ic  r ings 
are incorpora ted  as in compounds 7, 8, 9, and 10, the 
reduct ion is made  easier,  as expected.  D ihyd rona p h tha -  
lenes are genera l ly  easier  to reduce and oxidize, ind i -  
cat ing tha t  phenyl  groups on both sides of the double 
bond communicate  be t te r  th rough  the s ix -membered  
r ing  configuration, which is consistent  wi th  the fluores- 
cence results.  
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Table II. Electrochemical and eel data for single systems a 

-E!~,r E]~,o 
(V vs. SCE) AEpc,mv (V vs. SCE) 

Compounds ACN ACN-Bz ACN ACN-Bz ACN ACN-Bz 

- AH ~ 
(eV) b in 
ACN-Bz 

ECL max, nm 
( i n t e n s i t y  c) 
in ACN-Bz 

1 2.37 2.31 197 102 1.46 1.46 
2 2.62 2.60 - -  - -  1.14 1,22 
3 2.36 2.39 -- -- 1.25 1.33 (1.48) d 
4 2.57 2.45 - -  -- 1.27 1.32 
5 2.45 2.42 122 122 1.36 1.40 
6 2,45 2.52 -- -- 1.2,5 1.29 
7 2.24 2.23 62 -- 1.29 1.30 
8 2.25 2.24 -- -- 1.29 (1.54) 1.28 
9 2.22 2.29 (2.40) 127 90 1.29 1.32 

l0 2.18 2.18 66 - -  1.28 (1.45) 1.27 (1.47) 
11 2.26 2.30 67 95 1.31 (1.55) 1.33 (1.60) 
12 2.28 2.26 80 151 1.30 1.33 
13 2.25 2.20 99 62 1.25 1.33 (1.58) 

1 48 (1.42~ 1.30 (1'72) 14 2.18 2.15 76 70 1.23 ~1.68 / . 

15 2.15 2.15 71 116 1.19 1.27 (1.56) 
16 2.25 2.25 85 64 1.25 1.28 (1.70) 

3.61 
3.66 
3.56 
3.61 
3.66 
3.61 
3.37 
3.36 
3.45 
3.29 
3.47 
3.43 
3.37 

3.29 
3.26 
3.37 

Nil 
Nil 

400 (5.8 x 10-*) 
440 (4.5 x 10 4 ) 
437 (1.8 x 10-5) 

Nil 
460 (1.3 x 1O -~) 
440 (1.6 x l0 -5) 
460 (2.0 X 10-5) 
430 (2.0 x 10-5) 
418 (2.3 x 10-5) 
417 (2.8 x 10-4~ 

Nil 

435 (2.1 • 10 4 ) 
425 (6.9 x 10 -~) 
387 (3.9 x 10 -5) 

Concentrations were about 0.5 1 mmol. For fluorescence data, see Table I. 
b Calculated from --AH ~ = Er,o -- Ep,r -- 0.16 eV [Ref. (31)]. 
e Relative intensities with respect to that of 1.0 mmol 9,10-diphenylamine (DPA). 

Numbers in parentheses indicate second and third oxidation potentials. 

W h i l e  t h e  r e d u c t i o n  o f  t - s t i l b e n e  w a s  f a i r l y  r e -  
ve r s ib l e ,  t h e  r e d u c t i o n  of  i n d e n e s  s h o w e d  l i t t l e  o r  n o  
r e v e r s a l  c u r r e n t  (Fig.  2) .  T h i s  is p r o b a b l y  b e c a u s e  
r a d i c a l  a n i o n s  of  t h e s e  c o m p o u n d s  c a n n o t  o b t a i n  a 
p l a n a r  s t r u c t u r e  u n l e s s  t h e  5 - m e m b e r e d  r i n g  is b r o k e n .  
T h e  r e d u c t i o n  of  D H N P  c o m p o u n d s ,  h o w e v e r ,  w as  
g e n e r a l l y  r e v e r s i b l e .  H e r e  b o t h  n e u t r a l  a n d  r e d u c e d  
m o l e c u l e s  m a y  h a v e  p l a n a r  s t r u c t u r e s  t h r o u g h  t h e  6- 
m e m b e r e d  r i n g  s t r u c t u r e ,  l e a d i n g  to l o w e r  r e d u c t i o n  
p o t e n t i a l s  a n d  h i g h e r  s t a b i l i t y  of t h e  r a d i c a l  a n i o n  
f o r m e d .  

N o n e  of  t h e  o x i d a t i o n  p roces se s  w e r e  r e v e r s i b l e  
w i t h  t h e  e x c e p t i o n  of  c o m p o u n d  3 as  s h o w n  i n  Fig.  2. 
Th i s  i l l u s t r a t e s  t h a t  t h e  s t e r i c  e f fec t  m a y  b e  m o r e  i m -  
p o r t a n t  t h a n  t h e  i n d u c t i v e  effect.  W e  s e e  f r o m  Fig.  1 
t h a t  c o m p o u n d s  2 a n d  3 d i f fe r  f r o m  t h e  r e s t  in  t h a t  a l l  
h y d r o g e n s  o n  t h e  olef inic  d o u b l e  b o n d  a r e  s u b s t i t u t e d .  
T h e  r e v e r s i b i l i t y  o b s e r v e d  fo r  c o m p o u n d  3 m a y  t h e r e -  
fo re  i l l u s t r a t e  t h e  i m p o r t a n c e  o f  t h e  i n d u c t i v e  ef fec ts  
of t h e  m e t h y l  g roup ,  w h o s e  e l e c t r o n - d o n a t i n g  p r o p e r t y  
w o u l d  s t a b i l i z e  t he  o x i d a t i o n  p roduc t ,  i.e., t h e  r a d i c a l  
ca t ion .  T h e  o x i d a t i o n  of c o m p o u n d  2 was  n o t  r e v e r s i b l e ,  
h o w e v e r ;  t he  r e a s o n  m a y  b e  t h a t  t h e  s t e r i c  e f fec t  is 
m o r e  i m p o r t a n t  i n  m a k i n g  t h e  r a d i c a l  c a t i o n  s t ab le ,  
s ince  c o m p o u n d s  2 a n d  3 a r e  p r a c t i c a l l y  t h e  s a m e  e x -  
cep t  t h a t  t he  d o u b l e  b o n d  in  2 is t i e d  u p  b y  t w o  5-  
m e m b e r e d  r i n g s  a r o u n d  it. E l e c t r o n i c  t r a n s i t i o n  e n -  
e r g i e s  a n d  t h e  f l uo re scence  q u a n t u m  y ie lds  l i s t e d  in  
T a b l e  I also d e m o n s t r a t e  t h e  i m p o r t a n c e  of  t h e  s t e r i c  
effect.  As  m e n t i o n e d  p r e v i o u s l y ,  t h e  m o l e c u l a r  m o d e l  
b u i t t  f o r  c o m p o u n d  2 i l l u s t r a t e s  t h a t  t h e  d o u b l e  b o n d  

b r i d g i n g  t h e  t w o  p h e n y l  r i n g s  is o u t  of  p l a n e ,  w h i c h  
r e d u c e s  t h e  r e s o n a n c e  a n d  c o n j u g a t i o n  t h r o u g h  t h e  
d o u b l e  bond .  

E C L  of single s y s t e m s . - - T h e  ec l  w a s  o b t a i n e d  b y  
a p p l y i n g  p o t e n t i a l  pu l se s  s u c h  t h a t  a f l u o r e s c e r  is o:~i- 
d i zed  a n d  r e d u c e d  to g ive  t h e  c a t i o n  r a d i c a l  a n d  t h e  
r a d i c a l  a n i o n  a l t e r n a t e l y .  T h e  ecl  r e s u l t s  o b t a i n e d  
f r o m  t h e  s ing le  s y s t e m s  in  (1: 1) a c e t o n i t r i l e - b e n z e n e  
m i x e d  s o l v e n t s  a r e  s u mmar i ze~ l  in  T a b l e  II. F l u o r e s -  
c e n c e  a n d  ecl  s p e c t r a  a r e  s h o w n  fo r  c o m p o u n d  3 i n  
Fig.  3. S e v e r a l  c o m p o u n d s  d i d  n o t  p r o d u c e  a n y  ecl, 
p r o b a b l y  a r e s u l t  of  t h e  i l l - b e h a v e d  e l e c t r o c h e m i s t r y .  

5., I 

a. 

I I I I I 
I 

2.0 1.5 ] .0 0.5 

+E, V vS Ag wire 

I i 

0.0 1.0 

-E, V vs Aq wfree 

I 

0.0 

I i 

2.0 2.33 

Fig. 2. (a) Cyclic voltammogram for the reduction of compound 
3. (b) For the oxidation of compound 3 (C = 0.38 mmol). Both 
were recorded in (1:1) ACN-Bz mixed solvent with 0.1M TBAP as 
a supporting electrolyte. Scan rate was 100 mV/sec. 

Fig. 3. (a) Fluorescence spectrum of compound 3 (0.67 mmol) 
in the (1:1) ACN-Bz mixed solvent. Excited at 320 nm. (b) ECL 
spectrum recorded from the single system of the above solution. 
Pulse duration was 1 sec. 
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It is in teres t ing  to note tha t  the m a j o r i t y  of DHNP's  
produce ecl corresponding to the fluorescence of the 
pa ren t  compound indica t ing  tha t  the s inglet  exc i ted  
molecules are  the emi t t ing  species. Many of the indene 
der ivat ives  have ecl emissions which do not  cor re-  
spond to the fluorescence of the compounds studied. 
Their  ecl emissions are at  longer  wavelengths  by  ap -  
p r o x i m a t e l y  60 ~ 70 nm. The or igin of the  longer  
wave length  emission is somewhat  unclear .  We have  
carr ied  out  rout ine  exper iments  to rule  out  the emis-  
sion f rom a decomposi t ion product ,  i.e., fluorescence 
measurements  before  and af te r  ecl exper iment ,  f r e -  
quency dependency  of ecl spectra,  and  detect ion of 
impur i ty  cur ren t  in the cyclic vo l t ammogram recorded 
before and af ter  ecl exper iments ,  bu t  we have not  
pe r formed  a deta i led  s tudy such as produc t  analysis.  
These emissions migh t  have  been or ig ina ted  f rom the 
eximer,  but  i t  is ve ry  diffcult  to rule  out  emissions 
f rom the electrolysis  products ,  s ince radica l  species 
were  not  stable.  

The react ion enthalpies  l is ted for the single systems 
in Table II  indicate  tha t  these ecl systems are energy  
sufficient. Thus, the emi t t ing  s inglet  exci ted  s tates  of 
DHNP's  might  have been produced d i rec t ly  f rom the 
ionic recombinat ion  reaction.  

ECL o] mixed systems.--Since most  of the com-  
pounds s tudied here produced unstable  cat ion radicals  
upon oxidat ion,  TPTA was added  as a source of the  
s table  cation radical .  When the  cat ion radica l  of TPTA 
and the radica l  anion of the compounds s tudied were  
genera ted  b y  the double  potent ia l  step electrolysis ,  ecl 
was observed f rom all  systems as summar ized  in Table  
III. 

The ecl obta ined  f rom the TPTA ( + ) / t - S t  ( - - )  sys-  
tem has only  one emission a t t r i bu t ab l e  to  the excip lex  
in agreement  wi th  the resul ts  observed in t e t r ahyd ro -  
furan  (THF)  by  Keszthelyi  and Bard  (17). Al though 
they  were  not able  to observe i t  in a po la r  medium 
such as ACN or  p ropy lene  carbonate,  in our  s tudy  ecl 
was observed in both ACN and ACN-Bz mixed  sol-  
vent.  The emission m a x i m u m  l is ted in Table  I I I  for the 
T P T A ( + ) / t - S t ( - - )  is r ed - sh i f t ed  by  40 ~ 50 nm 
from that  of Keszthelyi  et al.'s resul ts  This is p robab ly  
due to a po la r i ty  effect of the solvent. A spect ra l  shif t  
of as much  as 60 nm, due to the po la r i t y  of  the  solvent  
used dur ing the ecl exper imen t  (25, 26), has p r ev i -  
ously been r epor t ed  for  the excip lex  emission. Exc i -  
p lexes  be tween  t - s t i lbene  and a t e r t i a r y  amine  have 
also been observed by  photoexci ta t ion  methods  (27). 

Fo r  m a n y  of the  systems two emission peaks  were  
observed:  a shor t  wave leng th  emission or ig ina t ing  
f rom the s inglet  exci ted  s ta te  of the  compound s tudied  
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and a long wave leng th  emission a t t r ibu tab le  to the 
exciplex.  Typical  ecl spec t ra  of the mixed  sys tem are  
shown for compound 8 in Fig. 4. In  o rder  to es tabl ish 
that  the longer  wave leng th  emission or ig ina ted  f rom 
the exciplex,  the same exper imen t s  descr ibed above 
were  car r ied  out. Results  f rom these exper iments  and 
the s tab i l i ty  of the radica l  species along wi th  severa l  
observat ions  descr ibed be low suppor t  t ha t  longer  
wave leng th  emissions observed  f rom the mixed  systems 
are  a t t r ibu ted  to the exciplex.  

As ment ioned ear l ie r  in the TPTA ( + ) / t - S t  ( --  ) sys-  
tem, the  effect of the solvent  po la r i ty  was r emarkab l e  
for most of the systems studied. An  example  is shown 
in Fig. 4. Note in Fig. 4 (a )  and (b) tha t  the ecl spec- 
t ra l  shape changes g rea t ly  when the solvent  po la r i ty  
is changed. There  are  three  main  points  to be not iced 
in Fig. 4 (a )  and (b) ,  when the med ium of  the ecl 
expe r imen t  is changed f rom the more po la r  m l v e n t  
(ACN) to the less polar  one (ACN-Bz m i x t u r e ) .  Firs t ,  
the  overa l l  ecl in tens i ty  wen t  down  by  changing the 
solvent  from the less po la r  to the  more  po la r  one by  
at  leas t  one order  of magni tude.  Second, the ra t io  of 
the monomer  emission peak  to that  of the excip lex  also 
changed. Final ly ,  the  emission energy  of the excip lex  
is lower  in a more  po la r  med ium ( red- sh i f t ed ) .  These 
observat ions  were  genera l  for the systems s tudied 
wi th  the except ion of  severa l  systems conta ining in-  
dene der ivat ives .  For  systems conta ining indenes,  the  
radical  anions were  f requent ly  uns table  and i t  was 
difficult to record  good, s table  ecl. Fo r  most  of the  
DHNP's,  the radical  anions were  s table  as can be evi -  
denced by  the reversa l  currents  observed in the  cyclic 

Tab/e III. ECL of mixed systems a 

AH ~ eV b ECL max,  n m  ( in tensi tyc)  
Com-  

p o u n d s  A C N  A C N - B z  A C N  ACN-Bz 

1 3.01 2.99 555 (2.0 x 10 -~) 548 
2 3.26 3.28 - -  409, 453 
8 3.10 3.07 368, 500 (3.4 x l0 -~) 400, 518 
4 3.21 3.13 509 (3.6 • 10 -s) 595 
5 3.09 3.10 429 (3.6 x 10 -8) 500 
6 3.12 8.20 507 (3.0 x 10 "~) 430 
7 2.88 2.91 542 (1.2 x 10 -~) 388, 502 
8 2.88 2.92 393, 511 (3.8 • 10 -~) 405, 499 

(5.1 • 10 -3) 
9 2.88 2.97 390, 530 (2.6 • 10-') 420, 530 

l0 2.82 2.86 428. 531 (1.9 • 10 -4) 437 
11 2.90 2.98 349, 528 (2.8 x 10-4) 
12 3.59 2.94 397, 531 (1.9 • 10 -8) 400~-530 
13 2.89 2.88 405, 562 (2.2 • 10 -4) - -  
14 2.82 2.83 418, 534 (3.8 • 10-4) 407, 530 
15 2.79 2.89 429 (8.5 • I0 -4) 410 
16 2.82 2.86 410, 520 (2.3 x 10 -4) 413, 535 

For TPTA, E~,~ = 0.84V vs. SCE. 
b C a l c u l a t e d  f r o m  - A H  ~ = Ep,o,TPTA --  E p , r  -- 0 . 1 6  e V  [ E e l .  
(31)]. 
e Relative to that of 1,0 mmol DPA. 

Fig. 4. (a) Fluorescence spectrum of compound 8 (1.0 X 10 -5  
mmel) in cyclohexane. Excited at 320 nm. (b) ECL spectrum ob- 
tained from the TPTA(+)/2-(2'-naphthylyl)indene(--) system in 
the (1:1) ACN-BZ mixed solvent. Pulse duration was 1 sec. The 
solution was 2.2 retools in TPTA and 0.96 mmol in 2-(2'-naphthylyl)- 
indene. (c) ECL spectrum obtained from the same system in the 
ACN solution. Pulse duration ---- 1 sec. TPTA ~ 1.2 mmols, 2-(2'- 
naphthylyl)indene = 1.2 mmols. 
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voltammogram. The observations summarized above 
may be understood with the following equilibrium re- 
action 

nonpolar nonpolar 

A - 4 - D  + > (A-D+)*  -> a A . + D  <_----__ 
<polar polar 

where A represents t-stilbene derivatives and D, 
TPTA. 

Inspection of Table III indicates that most of the 
mixed systems are energy deficient with respect to the 
singlet emitters. While the thermal excitation from the 
energy potential well of the exciplex to that of the 
lowest singlet excited state is not impossible (15, 16, 
28), it may not be probable. In some cases the energy 
gap between the two potential surfaces is too large 
compared with that of kT to allow the thermal cross- 
over. More likely is the dissociation of the exciplex to 
a triplet excited state of the acceptor, followed by the 
triplet-triplet annihilation (TTA) to produce the emit- 
ting singlet excited state. This process may not occur 
for t-St and several other related compounds due to 
the short triplet lifetime as pointed out by previous 
investigators (15-17). Although information about the 
triplet excited state of most compounds studied here 
is not available from which to draw any concrete con- 
clusion (with the exception of compounds 1 and 2), 
the process may be summarized within the framework 
of our observations as follows 

A -  4-D+ ~ (A-D+)  * ~ S A *  4- D 

3A* + 3A* -~ 1A* -~ A 

1A* ~ A 4- hv 

(A-D+)*  "-> A 4- D -b h,, 

The lowest triplet energy level for compounds 1 and 2 
are 2.14 and 2.06 eV, respectively (29). Similar or 
lower triplet energy levels are expected for other 
compounds. 

We would finally like to comment on the intensity 
of these ecl systems. Approximate relative ecl inten- 
sities with respect to that of 9,10-diphenylanthracene 
(DPA) are listed in Tables II and III for the single and 
mixed systems, respectively. Although the compounds 
studied here have high fluorescence quantum yields 
and most of them lased (14), ecl intensities are orders 
of magnitude lower than that of DPA. The ecl of single 
systems was unstable and weak. By mixing with 
TPTA, ecl intensities were improved somewhat, but 
not enough to warrant any practical applications. It 
appears that those systems having two aromatic rings 
which are connected through a double bond, as in 
our present study, give unsatisfactory ecl behavior, 
compared to the polycyclic aromatic compounds such 
as benzo [a]pyrene derivatives (30). 

Manuscript submitted Feb. 2, 1981; revised manu- 
script received April 22, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 

All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by The 
University of New Mexico. 
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ABSTRACT 

The high t empera tu re  Na/NasErSi40r2/TiS2 cell  has been constructed and 
its e lec t rochemical  proper t ies  have been invest igated.  At  125~ the open-  
c i rcui t  vol tage of this cell  is 2.10V. P r i m a r y  discharge studies indicate  tha t  
the min imum Na + conduct iv i ty  of the Na~ErSi4Or2 is 0.002 r~ -1 em -1 at  this 
tempera ture ,  so that  the ra te  of charge t r anspor t  wi th in  the cell appears  to be 
control led  by  the ra te  of Na + diffusion wi th in  the  TiS2. A mathemat i ca l  model  
has been developed which  predicts  the  cu r r en t - t ime  behavior  for this k ind  
of cell  opera t ing  under  a lkal i  meta l  ion diffusion control  wi th in  the posi t ive 
pla te  mater ia l .  This model  predic ts  tl~at the cell cu r ren t  is given by  

nFAD�89 
i ( t )  = ~r  ( - - 1 ) ~ e x p  (--k212/Dt) 

~�89189 k = -  

where  hC represents  the difference be tween  the surface and in i t ia l  bu lk  con- 
cent ra t ion  of a lka l i  me ta l  ion wi th in  the  TiS2 and l is the average  grain 
bounda ry  dis tance for this mater ia l .  The observed charge-d i scharge  char -  
acterist ics  of this Na/TiS2 cell have been examined  and in t e rp re t ed  on the 
basis of  this  model. 

Advanced  design secondary  bat ter ies  a re  p resen t ly  
under  deve lopment  which employ  an a lka l i  meta l  as 
the negat ive  electrode,  a solid e lec t ro ly te  as the sep-  
a ra to r  ma te r i a l  (1), and a solid solut ion ma te r i a l  as 
the  posit ive e lectrode (2, 3). Common to the separa tor  
and the posi t ive p la te  ma te r i a l  is a h igh ionic con- 
duct iv i ty  of the a lka l i  meta l  employed  in the cell, even 
though this ionic conduct iv i ty  is genera l ly  h igher  in 
separa to r  ma te r i a l  than  i t  is in the e lect rode mater ia l .  
While  the e lectrode must  exhibi t  h igh electronic con- 
ductivi ty,  the  electronic conduct ivi ty  of the separa to r  
mus t  be low. 

Sodium e rb ium sil icate (NasErSi4012) has been  syn-  
thesized and identif ied as a solid e lec t ro ly te  which has 
high Ha + conduct ivi ty  bu t  low electronic conduct iv i ty  
(4) so tha t  i t  is sui table  as a separa tor  ma te r i a l  in a 
sodium cell. This compound is isotypic wi th  
NasGdSi4012 which  has a repor ted  ionic conduct iv i ty  
of 0.3 12 -1 cm -1 at  300~ (5) ; this high conduct iv i ty  is 
appa ren t ly  due to the f r amework  s t ructure  o f  the com- 
pound in which almost  half  of the sodium ions are  
mobile  (6). The e rb ium analog is eas i ly  p repa red  by  
high t empera tu re  synthesis.  I t  m a y  be pressed into 
pel lets  and is r ead i ly  sintered.  Because i t  is r e l a t ive ly  
s table when exposed to the a tmosphere  (no observable  
react ion over  a per iod of severa l  weeks),-NasErSi4012 
was judged  to be idea l ly  sui ted as a solid Na + conduc-  
tor  for a bench s tudy of this type. 

T i tan ium disulfide (TiS2) is a we l l - s tud ied  (2, 7, 8) 
posit ive p la te  ma te r i a l  that  is known to in te rca la te  

* E lec t rochemica l  Society Act ive  Member .  
Z Present address: Allied Chemica l  Corporat ion,  Morr is town,  

New Jersey. 
Key words: electrolyte electrode, current, diffusion. 

alka l i  meta l  ions; i t  exhibi ts  high electronic conduc-  
t ivity.  Recent  studies wi th  chemical ly  p repared  NaxTiS2 
samples indicate  that  TiS2 conducts Li + much be t te r  
than i t  conducts Na + (9). Nevertheless ,  the  Na/TiS2 
cell has been under  recent  s tudy (10), and TiS2 has 
been found capable  of in te rca la t ing  Na +. Thus, TiS2 
is quite acceptable  for use in conjunct ion with  a sodium 
conductor  such as NasErSi4OI2 for the charge t ranspor t  
studies descr ibed below. 

These studies, then, were  in i t ia l ly  unde r t aken  to in-  
vest igate  the proper t ies  of Na5ErSi4012 as a solid elec- 
t ro ly te  separa tor  ma te r i a l  and the p r o p e r t i e s  of TiS~ 
as a solid solution electrode ma te r i a l  in a functional,  
high tempera ture ,  Na/TiS~ cell. The Na/Na~ErSi4OI2/ 
TiS2 cell was p repa red  and subjec ted  to p r i m a r y  and 
secondary  cell  testing. As a resul t  of these inves t iga-  
tions, it  became evident  that  the  charge t ranspor t  be -  
havior  of this cell, bo th  dur ing discharge and dur ing  
charge, appears  to be control led by  the ra te  of Na + 
diffusion wi th in  the  e lect rode mater ia l .  Based on this 
observation,  a mathemat ica l  model  was developed 
which predicts  the cu r r en t - t ime  behavior  of the cell  
under  the influence of so l id-s ta te  diffusion control  
wi th in  the e lect rode mater ia l .  The basis for this de-  
velopment ,  the deve lopment  of the  model  itself, and a 
cr i t ique of the model  in comparison- wi th  the  avai lab le  
expe r imen ta l  da ta  const i tute the r ema inde r  of this r e -  
port. 

Primary Cell Characteristics 
The disassembled Na/TiS2 cell which was used in 

these studies is shown in Fig. 1. Af te r  this cell had 
been assembled and sodium had been placed in the 
cup formed by  the quar tz  cy l inder  and the solid elec-  
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Fig. I. The dissembled Na/NasErSi4OI~/TiS2 test cell. After 
assembly, molten sodium was contained within the quartz cylinder 
which was spring-loaded against pressed pellets of NasErSi4Oz2 
and TiS2. The assembly was operated under an atmosphere of dry 
helium. The scale shown is in inches. 

t ro lyte ,  i t  was then  hea ted  in  a glove box under  an 
a tmosphere  of d r y  hel ium; contacts to the  stainless 
steel  negat ive  collector and  the copper  posi t ive col- 
lec tor  were  made  wi th  insula ted  wires  passing th rough  
the wal ls  of the glove box to ex te rna l  electronics.  Af te r  
the  cell had been hea ted  jus t  beyond the mel t ing  point  
of sodium, i t  was discharged across a 10 k ~  load, and 
the ini t ia l  discharge curve was recorded.  

This p r i m a r y  discharge curve at  398 K is shown in 
Fig. 2. The cell  vol tage  fel l  immed ia t e ly  to 83% of i ts 
open-c i rcu i t  value  dur ing  discharge and r ema ined  con- 
s tan t  dur ing  the in i t ia l  hour  of operat ion;  since the  
load  was 10 kl~ this vol tage  level  ind ica ted  a m a x i m u m  

qi,,.m,, 

m o 

o 

=::Z. 

- ~ _ _ ~ 8 ~  Rt = 10 k ohm 

~ ' ~ ~  1 hr~ 

150 pal 
• 

f 

0 

Time 
Fig. 2. The Na/TiS2 primary cell behavior. The open-circuit 

voltage at the indicated temperature was 2.10V. During discharge 
this fell to 1.75V and remained constant for more than 1 hr. 
Thereafter, the cell voltage never exhibited this consistency, even 
following charge. 

ini t ia l  in te rna l  resis tance of 2 k~.  The NasErSi4012 
pe l le t  used in this expe r imen t  was 0.100 in. thick; this 
implies  tha t  the min imum conduct iv i ty  of this ma te r i a l  
must  be at  leas t  0.002 r~ -1 cm -1, even at  this low 
tempera ture .  (This approx imat ion  is based on the as-  
sumpt ion  tha t  all  in te rna l  cell resis tance is across the  
e lectrolyte ;  contr ibut ions  of polar izat ion or in ter rac ia l  
resis tances,  if measured,  would  only serve to raise  this 
es t imate  of Na + conduct iv i ty  wi th in  the NasErSi4012.) 
Clearly,  this ma te r i a l  is more  than  sa t i s fac tory  as an 
e lec t ro ly te  mater ia l .  

Dur ing  spontaneous operat ion,  the react ion 

Na--> Na + -b e [1] 

takes place at the negat ive  (Na/NasErSi4012) elec-  
trode;  the  react ion which takes  place at  the posi t ive 
(NasErSi401JTiS2) e lec t rode  is 

Na + -F TiS2 ~ e --> NaTiS2 [2] 

Secondary Cell Characteristics 
Afte r  the in i t ia l  hour  of constant  cur ren t  discharge as 

a p r i m a r y  cell, the cell  never  again  exhib i ted  this con- 
s tancy of vol tage  dur ing  discharge.  Thereaf ter ,  the  dis-  
charge  vol tage  g radua l ly  fel l  off wi th  t ime as shown in 
Fig. 2, even when different  load resis tors  and different  
t empera tu res  were  employed.  Dur ing  a final p r i m a r y  
discharge of 14 h r  over  a 100~ load at  418 K in which 
the ava i lab le  TiS2 was less than  2% util ized, the  cell 
vol tage fel l  to 0.5V and p r i m a r y  opera t ion  was ceased. 
The cell was then subjec ted  to charge-d ischarge  studies 
for  var ious  t imes at  different  tempera tures .  

Typical  resul ts  of these secondary  cell  studies are  
shown in Fig. 3 at  three  different  tempera tures .  In  
these studies, the cell  was subjec ted  to 20 min charge-  
discharge cycles separa ted  by  per iods  of r e laxa t ion  that  
were  sufficient to obta in  constant  open-c i rcu i t  voltage. 
The net  charge-d i scharge  reac t ion  for this secondary  
cell  m a y  be wr i t t en  

discharge 
Na -l- TiS2 ~ NaTiS2 [3] 

charge 

Because the cell  was p repa red  in i t i a l ly  f rom pure  TiS2 
and then  subjec ted  only to shal low discharges  resu l t -  

R L = 100,0. 

~ / J  
0.0 

T 
1.0V• . ~  1.0mAl 

458OK 

551~ 

11.0 

Timo 

Fig. 3. Secondary cell characteristics at different temperatures. 
Cel[ voltages during o 20 min discharge (over a I000, load) are 
shown at the left, along with voltage transients between charge- 
discharge periods. Corresponding currents are shown at the right. 
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ing in min ima l  Na + intercala t ion,  r e l a t ive ly  high 
charging  v(>ltages were  r equ i red  to b r ing  about  the  
reversa l  of Eq. [2]; in each of the curves shown in 
Fig. 3, 5.OV (2.9V overvol tage)  were  appl ied  to the  
cell to br ing  about  charging.  Discharge was a l lowed 
to t ake  place over  a 100~ load. Uniform increases in 
both the  charging current  and the discharging cur ren t  
are  observed wi th  increas ing temperature .  

The open-c i rcu i t  vol tage  t ransients  which  were  re-  
corded between  per iods  of charge  and discharge in ex-  
per iments  such as these were  subjec ted  to da ta  analysis.  
The resul t  of one such analysis  is shown in Fig. 4 which 
re la tes  the  open-c i rcu i t  r e l axa t ion  vol tage to the in-  
verse  square root  of the  r e l axa t ion  t ime a t  four  differ-  
ent  t empera tures .  The fact  tha t  good l inear  behav ior  is 
obtained,  fol lowing both periods of charge and per iods  
of discharge,  indicates  tha t  the r e l axa t ion  to constant  
open-c i rcu i t  vol tage  is a di f fusion-control led process. 
Other  inves t igators  (11) have used da ta  analysis  of this  
sort  to eva lua te  so l id-s ta te  diffusion coefficients, bu t  
this eva lua t ion  requi res  a knowledge  of the  Na + con- 
cent ra t ion  ( that  is, evaluat ion  of s toichiometr ic  p a r a m -  
e ter  x in NazTiS2 as a function of posi t ion) wi th in  the  
TiS2 which was unava i lab le  at  this point  in the ex-  
per iment .  The r e l a t ive ly  s teeper  slopes tha t  are  ob-  
served  in  tbJs f igure fol lowing per iods  of  discharge a re  
p robab ly  due to the r e l a t ive ly  grea te r  differences in 
bu lk  and surface Na + concentra t ion wi th in  the TiS2 
phase tha t  would  be obta ined fol lowing discharge.  

Subsequent  secondary  cell  exper iments  were  car r ied  
out  a t  555 K to invest igate  the effect of the appl ied  
charging vol tage  on the ra te  of charge.  As evidenced 
in Fig. 3, much more  cur ren t  passes dur ing  a given in-  
t e rva l  of d ischarge than  is passed dur ing  that  same in-  
te rva l  of charging at  5.0V applied.  Therefore,  in an 
effort to ma in ta in  a constant  average  composit ion of 
NazTiSz in the posit ive p la te  ma te r i a l  i t  was decided 
tha t  the  t ime of charge  a t  a g iven charging vol tage  
should be var ied  so tha t  the same amount  of Na + tha t  
was in jected dur ing  discharge would be r emoved  f rom 
the e lec t rode  dur ing  charge. The resul ts  of three  such 
exper iments  for 100 sec discharges th rough  a 1OO~ load 
are  shown in Fig. 5. Only  in the v ic in i ty  of 15V appl ied  
was the average  ra te  of charge equiva len t  to the ra te  of 
discharge.  No apparen t  decomposi t ion of e lec t ro ly te  
mater ia l s  occurred even at  these high charging vol t -  
ages; subsequent  discharge curves were  quite r ep ro -  

2.2 
. ~  

~" 2.0 LU 

c; 
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Fig.  4.  T h e  open-circult potential of the T!S2 electrode as a 
function of the time of relaxation following charge or discharge. 
Lines describing behavior following a period of discharge have 
negative slopes. 
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Fig. 5. The effect of charging voltage on the time of charge. In- 

dicated charges passed during the 100 sec discharge. Ec represents 
the applied charging voltage and tc represents the time required 
a t  t h a t  voltage to pass a charge equivalent to the discharge. The 
discharge curves are superimposed. 

ducible  as is indica ted  b y  the super imposi t ion  of the 
three  curves in this figure. The refined da ta  tha t  a re  
presented  be low confirm the fact  that  there  is no evi-  
dence of i r r eproduc ib i l i ty  in the  discharge curves tha t  
would indicate  solid e lec t ro ly te  ma te r i a l  decomposi t ion 
on the applicat ion of charging vol tages up to 15V. 

Three  facts about  the Na/Na~ErSi4OI2/TiS2 cell 
emerge  as a resul t  of this p r e l im ina ry  exper imenta t ion :  

1. Ex t r eme ly  low ut i l iza t ion of the avai lab le  TiS2 is 
achieved dur ing the in i t ia l  constant  cur ren t  discharge;  
thereaf ter ,  even af ter  recharge,  the cur ren t  dur ing  dis-  
charge decreases wi th  increas ing t ime so tha t  e x t r e m e l y  
long t imes would  be requ i red  to achieve ut i l iza t ion in 
excess of 2% of the ava i lab le  TiS2. 

2. Cell potent ia l  r e l axa t ion  studies fol lowing per iods  
of charge and discharge indicate  tha t  charge t ranspor t  
is a diffusion-control led process in this cell; since Na + 
diffusion in TiS2 is known to be ve ry  slow (12) and the 
Na + conduct ivi ty  of the NasErSi4012 is high, it  is r ea -  
sonable to assume that  the r a t e - l imi t ing  step in this 
cell  is the  Na + diffusion wi th in  the TiS2. This hypo the -  
sis is suppor ted  by  the fact  tha t  the currents  observed 
in this cell a re  not  independent  of time, as would  be 
the case if these currents  were  l imi ted  by  the ionic con- 
duct iv i ty  of the e lectrolyte .  

3. Unusua l ly  high charging voltages are  requi red  to 
charge this cell at  a ra te  comparab le  wi th  the discharge 
rate;  this indicat ion of appa ren t  kinet ic  i r revers ib i l i ty  
requires  in te rpre ta t ion .  

With  these facts in mind, then, a model  was deve l -  
oped to descr ibe the  charge t ranspor t  processes tak ing  
place in this cell. This model  was appl ied  to in te rp re t  
the  refined da ta  obta ined dur ing  the course of the 
work  descr ibed above. 

Exper imenta l  
Reagents.--Metallic sodium (99.95%) was suppl ied  

by  Gal la rd  Schles inger  Chemicals  and used as received.  
The solid e lect rolyte  NasErSi4012 was synthesized at  
1OO0~ from stoichiometr ic  amounts  of Na2CO3, Er203, 
and SIO2. The or iginal  mix ture  was hea ted  at  the reac-  
t ion t empe ra tu r e  for app rox ima te ly  20 hr;  the resul t ing  
product  was then ground  in a ba l l  mil l  and  subjec ted  
to addi t ional  heating.  This cycle was repea ted  unt i l  
the produc t  achieved a constant  weight,  usua l ly  a f te r  
three  or four  cycles. The Na~ErSi4012 synthesized in 
this manner  was pressed at 10 kpsi  into 0.10 in. pel lets  
of 1.5 cm diam and s in tered a t  1050~ to produce  a 
r ig id  separator .  Elect rochemical  grade  TiS2 was p r e -  
pa red  by  a var ia t ion  of the method  of Hal leck (7). Stoi -  
chiometr ic  amounts  of the  e lements  were  p laced in the  



Vol. 128, No. 10 T I T A N I U M  D I S U L F I D E  

ends of an evacuated  quar tz  tube  and the tube  w a s  
placed in a two-zone furnace.  As the  t empe ra tu r e  of 
the sul fur  zone was g r adua l l y  ra ised f rom 350 ~ to 
500~ the t empera tu re  of the  t i t an ium zone was main -  
ta ined  at  700~ The resul t ing  reac t ion  of the sul fur  
vapor  wi th  the  solid t i t an ium produced the s toichi-  
ometr ic  amount  of go ld -green  TiS2 af ter  16 h r  of hea t -  
ing. This ma te r i a l  was also pressed into a pe l le t  at  10 
kpsi, but  the  pe l le t  was not  s intered.  X - r a y  powder  
diffract ion da ta  for  the  NasErSi4012 and the TiS2 p re -  
pa red  by  these methods  are  given in Table  I. 

Apparatus . - -The unassembled  cell used in these e x -  
per iments  has been shown in Fig. 1. Pressed pel le ts  of 
TiS2 and NasErSi4012 as p repa red  above were  spr ing-  
loaded agains t  the copper  collector  by  means  of a 
d r i l l ed  P y r e x  disk; the  solid e lec t ro ly te  was held  
against  the TiS2 wi th  a quar tz  cy l inder  which  also 
served as a conta iner  for  the mol ten  sodium negat ive  
electrode.  Contact  w i th  the  sodium meta l  was ma in -  
ta ined wi th  a stainless steel  collector which passed 
th rough  the centra l  hole in the  dr i l led  P y r e x  disk. The  
ent i re  assembly  was placed in a pe t r i  dish so tha t  i t  
could be hea ted  under  iner t  a tmosphere .  

Equipment . - -During exper imenta t ion ,  the cell was 
placed in a Vacuum Atmospheres  Corpora t ion  glove 
box equipped wi th  a Model  HE 193-2 Dr i -Tra in  and a 
Model HE-533 vacuum oven. This sys tem rou t ine ly  
ma in ta ined  the a tmospher ic  wa te r  content  at  less than  
2 ppm and the oxygen content  a t  less than 2 ppm. Elec-  
t r ica l  contact  was made  th rough  the wal ls  of the glove 
box to a Trygon Electronics Model  HR 20-1.5 d-c  power  
supp ly  used for  cel l  charging.  Currents  and voltages 
were  measured  using precis ion resistors  in conjunct ion 
wi th  e i ther  a Mosley 7100B str ip  cha r t  recorder ,  a 
Hewle t t  Packa rd  2401C in tegra t ing  digi ta l  vol tmeter ,  
or  a Non-L inea r  Systems Services X-3 digi ta l  vol t -  
meter .  

Theory  
A schematic  r ep resen ta t ion  of the Na/TiS2 cell  used 

in these exper iments  is shown in Fig. 6. Super imposed  
upon this represen ta t ion  of the cell  is a resis tance d ia-  
g ram of the components  (discussed be low) .  Benea th  
the  d iag ram is a hypothe t ica l  set of concentra t ion p ro -  
files that  depict  the concentra t ion of in te rca la ted  so- 
d ium at var ious  stages of cell  operat ion.  Evidence has 
been presented  above which indicates  that  the  charge 
t r anspor t  process is diffusion controlled.  Since the  TiS~ 
is a good electronic conductor  ( the resis tance of the  
pe l le t  used in these studies was less than  5~) ,  t rue  

Table I. X-ray diffraction data for NasErSi40~2 and TiS2 

TiS~ 
NasErSi4012 

Exper imental  Exper imental  Reported* 

5.471 (5) 
5.215 (6) 
4,843 (5) 
4,647 (6) 
4,484 (8) 
4.291 (9) 
4.133 (10) 
4.004 (31) 
3.739 (5) 
3.493 (5) 
3.255 (19) 
3.043 (lOO) 
2.763 (38) 
2.730 (22) 
2.637 (59) 
2.436 (11) 
2.368 (7) 
2.243 (10) 
2.062 (10) 
1.914 (6) 
1.859 (35) 
1.804 (9) 
1,626 (6) 
1.585 (24) 
1.554 (6) 

5.644 (89) 5.69 (55) 
2.940 (3) 2.95 (2) 
2,840 (5) 2.85 (2) 
2.618 (100) 2.62 (109) 
2.047 (54) 2.05 (45) 
1.895 (6) 1.90 (2) 
1,702 (25) 1.70 (25) 
1,631 (8) 1.63 (8) 
1.595 (24) 1,60 (16) 

* ASTM Card No. 15-853. 
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Fig. 6. A schematic representation of the Na/TiS2 cell. A dis- 
cussion of the various resistances and impedances appears in the 
text. Hypothetical concentration profiles for Na + are shown within 
the first average grain boundary layer (I) of the TiS2. Cb repre- 
sents the initial bulk concentration while Cs and Cs' represent the 
constant surface concentrations during discharge and charge, re- 
spectively. Dashed-line profiles would be obtained after the corre- 
sponding solid-line profile. The total thickness of the TiS2 pellet 
is represented by L. 

sodium ion diffusion could take  place wi th in  the TiSe 
because the electronic conduct iv i ty  would  main ta in  
local e lec t roneu t ra l i ty  in much the same manne r  as sup-  
por t ing  e lec t ro ly te  minimizes  migra t ion  effects in l iq-  
uid  solutions: Thus, sodium ion diffusion wi th in  the 
TiS2 could provide  the mechanism for charge t r anspor t  
control. However ,  only  low ut i l izat ion of the  ava i lab le  
TiS2 is ever  achieved;  this implies  tha t  sodium ion 
diffusion is confined wi th in  a smal l  f ract ion of the 
avai lab le  TiS2 volume. This confinement could be a t -  
t r ibu ted  ei ther  to a very  slow diffusion process th rough  
a continuous solid solution, or to a more  rap id  diffusion 
process wi th in  a discontinuous medium.  Since the  
former  mass t r anspor t  control  mechanism is r ead i ly  in-  
corpora ted  wi th in  a theore t ica l  t r ea tmen t  of the la t ter ,  
we have elected to base our model  on the assumption 
that  so l id-s ta te  diffusion of the a lka l i  meta l  ion wi th in  
the  TiS2 is confined to the average  gra in  bounda ry  dis-  
tance of the par t ic les  tha t  are  ad jacen t  to. the 
NasErSi4012. That  is, the cell behaves  as a so l id-s ta te  
thin l aye r  cell in which  charge t r anspor t  across the 
gra in  boundary  is control led  by  local ionic conduct ivi ty.  
Thus the  ionic concentra t ion profiles shown in Fig. 6 
a re  confined wi th in  a thin l aye r  cell having  the th ick-  
ness of the average  gra in  bounda ry  distance, 1. Minimal  
Na + t r anspor t  is assumed to take  place into the bu lk  
of the TiS2 pel le t  ( thickness L) .  

To t rea t  this model  theoret ical ly ,  one m u s t  solve the  
bounda ry  value p rob lem associated wi th  Fick 's  second 
law of diffusion 

02 
0 . . . .  C ( x , t )  = D  C ( x , t )  [4] 

at Ox 2 

for the  condit ions requ i red  b y  this model. In i t ia l ly ,  the 
concentra t ion of Na+ would  be constant  th roughout  the 
gra in  bounda ry  l aye r  

C(x,O) = C b  O'~x~--I  [5] 

Dur ing  cell  operat ion,  the concentra t ion of Na + at the  
in ter ior  surface of the solid phase would  be ma in ta ined  
a constant,  Cs, at the appl ied  poten t ia l  

C(0, t ) - - C s  t ~ 0  [6] 

At  the  gra in  boundary ,  the concentra t ion profile would  
have zero slope as the  bounda ry  layer  fills w i th  (dis-  
charge)  or  empties  of (charge)  Na + 
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0 
- - c ( x , t ) l = = t = o  t ~ o  [7]  
0x 

This bounda ry  va lue  p rob lem m a y  be solved b y  the 
Laplace t ransformat ion  to obta in  an expression for the 
t ransformed concentra t ion  

Cb (C~ - -  Cb) 
c ( x , s )  : , + 

s s ( e x p  (21%/~D'~ + 1) 

[exp ( (21 -- x )  ~ / s / D )  + exp ( x A / s / D )  ] [8] 

This al lows the t ransform of the cur ren t  funct ion to be 
eva lua ted  as 

i ( s )  = n F A D  0 
- -  c ( x ,  s )  1==o 
Ox 

= n F A D  1/~ (Cb --  Cs) s -I/~ tanh  ( ~ / s / D )  [9] 

The inverse  of this t r ans form may  be found in at  leas t  
one compi la t ion  of Laplace t ransforms (13) and the 
resul t ing  expression for i ( t)  may  be r ea r r anged  to give 

i ( t )  = nFACD'/~ (Cs --  Cb) ~ ( - -1 )  k e-k212/Dt  
~,/2 t'12 

[10] 

This resul t  is ident ical  (a f te r  minor  r ea r r angemen t )  to 
tha t  obta ined by  Oglesby ct al. (14) for the l iquid thin 
l aye r  cell  wi th  Cb ---- 0. 

This equat ion predicts  that  a t  short  times, when the 
series factor  is essent ia l ly  equal  to 1.0, Cottrel l  be -  
havior  wi l l  be obta ined  

i ( t )  = nFAD'/~ (Cs --  Cb) l~  '/2 tV~ [11] 

At  longer  times, when  the series factor  becomes sig- 
nif icantly less than  1.0, devia t ion  f rom Cottrel l  behavior  
wi l l  be obtained.  The t ime at  which this occurs cor-  
responds to that  t ime at  which  the system is no longer  
contro l led  by  semi-inf ini te  l inear  diffusion of Na + 
wi th in  the  TiS2, tha t  is, when  the first apprec iable  
amount  of Na + (dur ing  discharge)  reaches the gra in  
bounda ry  and the solid state thin l aye r  cell begins to 
fill; this reduces the flux of Na + into the TiS2 and 
causes a corresponding decrease in current .  This is i l -  
lus t ra ted  in Fig. 7, which depicts the dimensionless  
cu r ren t - t ime  behavior  that  is p red ic ted  b y  Eq. [10] in 
the l imits  as t --> 0 (curve a) and as t --> oo (curve b) .  

Dt/ I  2 

0.0 O. I 0.2 0.3 0.4 0.5 
L\' ] ' I ' [ ' I , /  0.6 - . ,  

0.4 ,~ 

~ .  _ oo - 

0 . 0  "/ / , '" .  ~ [ , I 
o.o 1.o 2.0 3.o 4.0 

1 / ( D r )  '~2 

Fig. 7. Theoretical current-time behavior predicted by the solid- 
state thin layer cell model. Curve a (left and lower axes) shows the 
Cottrell behavior predicted at short times. Curve b (right and upper 
axes) shows the linearity obtained at long times. Equation [10] 
was used to construct both curves. 

From curve  a in this figure, i t  is c lear  that  Cottrel l  
behavior  wil l  be obta ined  at  t imes less than  0.25 12/D. 
At  t imes grea te r  than this, the cur ren t  falls  off so r ap -  
id ly  that  l inear  log i ( t )  vs. t behavior  is obtained.  The 
equat ion of the s t ra ight  l ine por t ion of curve b is given 
by  

i ( t )  
log --- 0.301 --  1.0717 (Dt//2) [12] 

n F A D  (Cs --  Cb) 

This l imi t ing equat ion is numer ica l ly  equiva len t  to a 
solutio.n r epor t ed  by  Weppner  and Huggins (15) and 
obta ined  for this bounda ry  va lue  p rob lem by  Ra mana -  
r a ya na n  and Jose (16) in the long t ime l imit ,  namely  

i ( t )  l 
= 2 exp ( - -  n 2 Dt /4 t  2) [13] 

n F A D  (Cs --  Cb) 

However ,  in thei r  t r ea tmen t  of this p rob lem Ra mana -  
r a ya na n  and Jose assumed tha t  so l id-s ta te  diffusion 
takes  place throughout  the ent i re  pel le t  of solid ma te -  
r ia l  (in the i r  invest igat ion,  Cu2S) ; thus, while  Eq. [12] 
is ma themat i ca l ly  equiva lent  to Eq. [13], i t  is conceptu-  
a l ly  different  in the .definition o~ l. Obviously,  this def-  
ini t ion wil l  have impl ica t ion  in the de te rmina t ion  of 
diffusion coefficients by  the appl ica t ion  of any  of these 
models  to physical  systems. The impl ica t ion  of select ing 
the pel le t  thickness as the dis tance p a r a m e t e r  in diffu- 
sion studies of this sort  is discussed below. 

This proposed thin l aye r  model  for mass t r anspor t  
control  dur ing  electrointercalat ion,  then, predicts  the 
l inear  i ( t )  vs. t-V2 behavior  dur ing  the ea r ly  stages of 
both  charge and discharge.  The magni tude  of the ob-  
served cur ren t  wil l  depend off the effective e lec t rode  
area,  the diffusion coefficient (a funct ion o.f t empera -  
tu re ) ,  the average gra in  bounda ry  dis tance (a charac-  
ter is t ic  of pel le t  p repara t ion  procedures ) ,  and hC --  
(C~ --  Cb), the difference be tween  the surface and ini -  
t ia l  bu tk  concentra t ion of Na + wi th in  the  TiS2; hC 
wil l  depend on the appl ied  potential .  Each of those 
var iables  also affects the  t ime at which devia t ion  f rom 
Cottrel l  behavior  wi l l  be observed.  Only af ter  this cr i t i -  
cal t ime is i t  p redic ted  tha t  l inear  log i ( t )  vs. t behav-  
ior wil l  be obtained.  This model  may  be used in a va r i -  
e ty  of ways  to de te rmine  D to wha teve r  degree  of ac-  
curacy  that  e i ther  one of the necessary  spat ia l  p a r a m e -  
ters (l or  A) m a y  be measured.  Even in the absence 
of the informat ion  necessary to de te rmine  D, however ,  
the model  provides  a w a y  to invest igate  the surface 
concentrat ion of Na + as a function of appl ied  charging 
voltage.  This is quite useful  in the  ra t ional iza t ion  of the 
unusua l ly  high vol tages necessary  to charge  the  cell in 
the exper imenta t ion  descr ibed above. 

Results 
Short  t ime cu r ren t - t ime  behavior  for the N a /  

NasErSi4012/TiS2 cell a t  three  different  t empera tu res  is 
d i sp layed  in Fig. 8 according to the theore t ica l  model  
developed above. Excel len t  agreement  wi th  the model  
is exhib i ted  b y  the da ta  for al l  three  charging curves 
(open symbols) ,  and b y  two of the three  discharge 
curves (filled symbols) ,  namely,  that  l inear  i ( t )  vs. 
t-1/2 behav ior  which passes through or igin is obtained.  
Wi th  the  except ion of the highest  t empe ra tu r e  dis-  
charge curve, the slope of these Cottrel l  plots al l  ex -  
hibi t  the  t rend  tha t  might  be expected as the sol id-  
s tate diffusion coefficient increases wi th  increas ing tem-  
pera ture .  Since the ex ten t  of discharge was never  very  
grea t  dur ing these exper iments ,  ( C s -  CD) would  be 
expected to have a grea ter  absolute  value  dur ing  
charge than  dur ing discharge at all  tempera tures .  Only 
the highest  t empe ra tu r e  discharge curve deviates  f rom 
the short  t ime behavior  predic ted  by  the model;  in this 
case, even though l inear  i ( t )  vs. t -1/2 behavior  is ob-  
tained,  the  cur ren t  in tercept  is nonzero (-~ 0.8 mA) .  

This nonzero current  in tercept  is observed in the  dis-  
charge curves shown in Fig. 9, also. I t  is quite r ep ro -  
ducible. While  the  model  predicts  tha t  deviat ions f rom 
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Fig. 8. Experimental current-time behavior for the Na/TiS2 cell 

at different temperatures. Charging currents (open symbols) were 
measured at 5.0V applied. Discharges (filled symbols) were allowed 
to take place ever a 100D, load. Currents are plotted without re- 
gard to electrochemical sign convention. 

Cottre l l  behav ior  wi l l  be obta ined at  longer  times, only 
nega t ive  devia t ions  are  pred ic ted  on the basis of gra in  
bounda ry  l aye r  sa tura t ion  wi th  Na +. Thus, this exper i -  
men ta l  observa t ion  is unexp la ined  by  the model.  How-  
ever,  i t  mus t  be noted tha t  the nonzero cur ren t  in te r -  
cept  was ob ta ined  only  af te r  the cell had been hea ted  
to 551K, and the cell  had  been subjec ted  to severa l  
charge-d i scharge  cycles. NaxTiS2 is known to exist  in 
severa l  phases (9), w i th  differing charge t ranspor t  
p roper t ies  (17). I t  is not  a l toge ther  un l ike ly  tha t  a 
h igh  t empe ra tu r e  phase  t rans i t ion  could resul t  in  the  

2.5 
I ' ' y .J 

I Applied Charging Voltage f "  
l a3Ob O.5O . / f  / / /  

2.~ F / / /  

t 1.5 

0 . 5  

0 . 0  I / , ~  I ~ 

0.0 O. I 0.2 0.3 0.4 0.5 
t , /2(see ,/2 ) 

Fig. 9. The Cottrell behavior of the Na/TiS2 cell at different 
charging voltages. All runs were made at 550 K. In the manner 
shown in Fig. 5, the extent of each charge was limited to the ex- 
tent of the previous discharge. 

format ion  of a surface l aye r  of a different  form of 
NaxTiS2 tha t  might  react  d i rec t ly  wi th  Na + f rom the 
solid e lec t ro ly te  in a m a n n e r  that  would  not  be con- 
t ro l led  by  the ra te  of Na + diffusion wi th in  the TiS2. 
The cur ren t  due to a direct  surface react ion of this sort  
would  be observed as a background  c u r r e n t  (the non-  
zero in tercept )  on the d i f fus ion-control led  e l ec t ro - in -  
te rca la t ion  process. This explana t ion  is made  plausible  
by  the fact  that  some phases of NaxTiS2 have been 
found to be e lec t rochemical ly  i r revers ib le  (9) ; thus, the 
observed background  cur ren t  is observed on ly  dur ing  
discharge.  

F igure  9 also shows the effect of charging vol tage  on 
the ra te  of charge. Even though nonl inear  behavior  is 
obta ined  dur ing  the ea r ly  states of each charge,  good 
l inea r i ty  is obta ined  at  t imes be tween  26 and 100 sec, 
the range  of Fig. 8. The slope of these l inear  por t ions  
increases, as ant ic ipated,  wi th  increas ing charging vol t -  
age (curves a -e ) .  As the charging vol tage  is increased,  
the surface concentra t ion of (Na +) is lowered  to the 
point  where  5C dur ing charge is equal  in magni tude  to 
hC dur ing  discharge.  When  this occurs, the  ins tan tane-  
ous ra te  of charge equals  the  ra te  of discharge and the 
slope of the discharge curve  equals the slope on charg-  
ing. This occurs over  the  25 to 100 sec r ange  at  an ap -  
pl ied charging vol tage  be tween  4.0 and 5.0V. This re -  
sul t  is significantly different  from the conclusion which  
would  have been d rawn  on the basis of the  coulometry  
t imes shown in Fig. 5. Clearly,  this method  of compar -  
ing the re la t ive  rates  of charge  t r anspor t  appears  to 
give more  reasonable  results.  

Discussion 

The expe r imen ta l  resul ts  p resented  above agree  
favorab ly  wi th  the theore t ica l  model  developed herein.  
The fact tha t  negat ive  devia t ion  f rom Cot t re l l  behavior  
is not observed indicates  tha t  Na + diffusion does not  
pene t ra te  the TiS2 to the  average  gra in  bounda ry  dis-  
tance. Thus, the  cu r r en t - t ime  re la t ionship  of Eq. [10] 
is app rox ima ted  by  the Cottrel l  behavior  of Eq. [11] 
for this system and not  by  Eq. [13] as might  have been 
in fe r red  f rom a previous  t r ea tmen t  (16). Even if the 
average  gra in  bounda ry  dis tance is quite la rge  because 
of the pressed na tu re  of the TiS2 pe l le t  ( the reby  caus-  
ing l -> L) ,  the va l id i ty  of the prev ious ly  suggested ap -  
p rox ima t ion  of the cu r r en t - t ime  re la t ionship  as e x -  
pressed b y  Eq. [13] is not  suppor ted  by  the expe r imen-  
ta l  da ta  for  the Na/TiS~. cell. This is not  to say, of 
course, that  Eq. [13] is inval id  for al l  systems; indeed,  
the da ta  of R a m a n a r a y a n a n  and Jose suppor t  its va l id -  
i ty  for thei r  system. However ,  this  work  demonst ra tes  
tha t  the exponent ia l  approx imat ion  is val id  only  at  
t imes grea te r  than  those at  which Cot t re l l  behavior  is 
obtained,  tha t  is, af ter  the  diffusing species reaches  
the in te r io r  wal l  of the  thin l aye r  cell  represen ted  by  
the distance I. This distance may  be taken  as the pel le t  
thickness,  L, ins tead of the average  gra in  bounda ry  
distance as in this work,  but  a necessary consequence of 
this choice is tha t  a de tec table  increase in the amount  
of the diffusing species reaching the pe l le t -col lec tor  in-  
ter face  must  take  place if the  assumptions tha t  I ~ L 
and the  app l icab i l i ty  of Eq. [13] a re  to be s imul t ane -  
ously val id;  this can be verified exper imenta l ly .  Any  
overes t imat ion  of the size of l wi l l  resul t  in an over -  
es t imat ion of the  magni tude  of D. R a m a n a r a y a n a n  
and Jose have de te rmined  D for Cu + in Cu2S to be up 
to 7.3 • 10 -8 cm2/sec at  400~ by  assuming tha t  l 
was the pel le t  thickness (0.8-2 cm).  

In  addi t ion  to ut i l iz ing Eq. [13] to es t imate  D, the 
t ime at  which the t rans i t ion  f rom Cot t re l l  behavior  
takes  place may  be used to es t imate  D, provided  tha t  

is known. Whi le  this was not  possible in this work  
because the necessary  t rans i t ion  to exponent ia l  behav-  
ior  was not  observed for this system, concurrent  studies 
of l i th ium-TiS2 e lec t ro in terca la t ion  react ions in l iquid  
e lec t ro ly te  that  have been ca r r i ed  out in these l abora -  
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tories indicate  the  feas ibi l i ty  of this method.  These 
wi l l  be the subjec t  of fu ture  communicat ions.  

The model  developed here in  may  also be used to 
invest igate  the potent ia l  dependence  of the surface 
concentrat ion of Na + wi th in  the TiS2 ( tha t  is, the  in-  
terfacia l  s to ichiometry  of Na~TiS2). This arises f rom 
the fact  that  this slope is given by  

m -= n F A D  ~/~ (Cs -- Cb) /~  ~2 [14] 

over  the range where  Cot t re l l  behavior  is obta ined  so 
tha t  the rat io  of the slope of the Cot t re l l  plot  on charge 
to tha t  on discharge is given by  

( - -  me~rod) : (Cs' -- Cb) / (Cs  --  Cb) [15] 

where  Cs' Cs, and CD are  defined in Fig. 6. Because these 
exper iments  were  conducted in such a manne r  tha t  the  
same state of charge was res tored  at  each charging 
voltage,  Cb m a y  be rega rded  as a constant.  Thus, the  
slope rat io is equal  to one when the surface concentra-  
tion on charge is lower  than Cb by  the same amount  
that  i t  is above Cb on discharge.  As shown in Fig. 10, 
this occurs at  an appl ied  vol tage of 4.3V. The slope 
rat io ranges  f rom 0.0 at  an appl ied  charging vol tage 
equal  to the cell  potent ia l  (an ove rpo t en t i a l  of O.OV) 
to 1.4 in the l imi t  of high charging voltage. Since these 
two ex t remes  correspond to the Cs' = Cb and Cs' -- 0 
l imits,  respect ively,  it  is possible to construct  the con- 
cen t ra t ion  rat io  axis shown on the r ight  in Fig. 10. This 
al lows the de te rmina t ion  of the apparen t  overpoten t ia l  
tha t  is necessary  to achieve any re la t ive  surface  con- 
cent ra t ion  of Na + wi th in  the TiS2 at  the s ta te  of charge  
represen ted  b y  Cb. In format ion  of this sort  is useful  in 
assessing the revers ib i l i ty  of the kinet ics  of the e lec t ro-  
in terca la t ion  reaction. In  this case, since ve ry  high 
voltages mus t  be app l ied  to remove the Na + in jec ted  
into the TiS2 dur ing  discharge at  the same ra te  as the 
discharge process, this react ion appears  to exhibi t  
h ighly  i r revers ib le  e lectrode kinetics.  

The fact  that  such high charging vol tages can even 
be employed  in this cell  wi th  no appa ren t  degrada t ion  
of the cell components  is intr iguing.  (For  example ,  this 
character is t ic  might  imply  tha t  this cell could be sub-  
jected to high vol tage  charging for rap id  recovery  ap-  
pl icat ions.)  A possible ra t ional iza t ion  of this  behavior  
is p rov ided  b y  a considerat ion of the cell  resis tance ne t -  
work  shown in Fig. 6. In  this d i ag ram R1, R6, Rs, and 
Rio represent  the electronic resistances of the compo-  
nents  of the  cell; because NasErSi40~2 is a good sepa-  
ra to r  mater ia l ,  R6 is quite large.  The fa rada ic  i ra-  
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plots shown previously as a function of charging voltage. 

pedances  associated wi th  Eq. [1] and Eq. [2] are  rep-  
resented  b y  Zf and Zf', respect ively;  each of these im-  
pedances  is associated wi th  the redox  process and not  
wi th  the t r anspor t  of charge across the interface.  This 
in ter fac ia l  resistance is r epresen ted  by  Rs, RT, and R9 
insofar  as electronic t ranspor t  is concerned and by  R2 
and R4 for ionic t ransport .  Electronic conduction across 
the  given interfaces would be quite facile; in ter fac ia l  
ionic conduct ivi ty  would  occur wi th  much more  diffi- 
culty. The resistance to ionic conduction wi thin  the  
solid e lect rolyte  is r epresen ted  by  R~. When the cell is 
charged,  the charging vol tage is appl ied  over  this ne t -  
work. Since the electronic resis tance of the solid elec-  
t ro ly te  (R6) is quite high, the charging cur ren t  is re -  
qui red  to pass p r imar i l y  th rough  the ionic branch.  The 
actual  vol tage  drop  across the  solid e lectrolyte ,  then, 
is h ighty  dependent  on both  the faradaic  impedances  
and the in ter fac ia l  resis tances to ionic conduction (R2 
and Rd). Since these would be quite high, especial ly  at  
a sol id-sol id  junct ion l ike tha t  a t  the NasErSi4OI2/TiS~ 
interface  under  the influence of concentra t ion polar iza-  
tion, most of the appl ied  vol tage would  be used to over -  
come in ter fac ia l  resistance. Thus, the overpotent ia l s  
given in Fig. 9 m a y  be rega rded  as only apparent ;  each 
m a y  be in e r ror  by  an amount  p ropor t iona l  to the in-  
te r fac ia l  resistance.  If  this is the case, the magni tude  of 
the  appa ren t  kinet ic  i r revers ib i l i ty  would  be d imin-  
ished. 

Conclusions 
A solid e lec t ro ly te  ma te r i a l  has been  synthesized 

and tested in the  Na/TiS2 cell. These exper imen ta l  r e -  
sults have been compared  wi th  a theore t ica l  model  
which predicts  the cu r ren t - t ime  behavior  for a thin 
l aye r  e lec t ro in terca la t ion  cell opera t ing  under  the con- 
t rol  of so l id-s ta te  diffusion; to the extent  of exper i -  
men ta l  feasibi l i ty,  good ag reemen t  has been obtained.  
The model  developed here in  is appl icable  to other 
e lec t ro in terca la t ion  reactions,  namely,  tha t  of l i th ium 
f rom l iquid solution. The comparison of this model  wi th  
exper imen ta l  results  for these systems wil l  be the topic 

.of subsequent  publicat ions.  
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On the Electrolysis of Coal Slurries 
G. Okada, ~ V. Guruswamy, and J. O'M. Bockris* 

Department of Chemistry, Texas A&M University, College Station, Texas 778~3 

ABSTRACT 

Slurr ies  of an thrac i te  and l igni te  were  used in suspension in 4.15M H2SO4. 
Gas ch romatography  was used to measure  H2 and CO2; absorpt ion  spectroscopy 
was used to measure  dissolved Fe. Vo l t ammograms  were  taken  of the  sys tem 
solut ion s lurry.  Hydrogen  was evolved at  cell  potent ia ls  more  nega t ive  
than  0.6V. The l imi t ing  cur ren t  densi ty  of this evolut ion was in i t ia l ly  a round  
5-10 m A / c m  2 at  80~ However ,  when  the coal was f i l tered off f rom the solu-  
tion, the  cur ren t  dens i ty  was a round  the same. Atomic  absorpt ion  spect ra  
showed i ron  dissolved in solution. I f  coal was sufficiently washed  in solution, 
the l imi t ing  cur ren t  for hydrogen  evolut ion at  low potent ia l  d ropped  to a round  
0.1 m A / c m  ~. The evolut ion of hydrogen  was near  100% in fa rada ic  efficiency. 
Anode gases were  only  ~ 10% CO2 in cu r ren t  efficiency. Resul ts  w i th  pu re  
carbon were  rad ica l ly  different.  L imi t ing  cur ren t  was low, bu t  anode gases 
approached  80% CO2. The essent ia l  facts of Coughlin and Farooque ' s  work  
are  confirmed; detai ls  are  counter - indica ted .  Coal s lu r ry  electrolysis  as a 
me thod  for cheap hydrogen  evolut ion is not  in good prospect ,  because of the  
low cur ren t  dens i ty  avai lab le  a f te r  the remova l  of Fe. I t  m a y  be  possible to 
ob ta in  commerc ia l ly  in teres t ing  products  f rom the anodic reactions.  

The l iquefact ion and gasification of coal (1-4) are  
much  needed processes for  the  rep lacement  of gaseous 
and l iquid fossil fuels. However ,  coal forms grit ,  which 
reaches  the a tmosphere ;  i t  contains sulfur, which is 
expensive  to remove  to a sa t is factory  degree.  A grea te r  
difficulty in real iz ing l iquid or  gaseous fuels f rom coal 
is tha t  the presen t  processes a re  high t empera tu re  
ones. If  a low t empera tu r e  process (5) could be found 
which  would  give rise to products  of coal l iquefact ion 
wi thout  the mater ia l s  p roblems  of high t empe ra tu r e  
methods,  whi le  e l iminat ing  the sulfur  and gr i t  diffi- 
culty,  i t  might  become a power fu l  r iva l  to the  classical 
coal gasification. 

A majo r  contr ibut ion in this direct ion was c la imed 
by  the work  of Coughlin and Farooque  (6, 7) who re -  
por ted  tha t  coal s lurr ies  could be electrolyzed,  giving 
hydrogen  at  potent ia ls  a round  1/3 those necessary  for 
wa te r  electrolysis.  Li t t le  detai l  was given by  Coughlin 
and Farooque  (7) concerning the anodic reactions.  
The three  object ives of the presen t  paper  a re  to: 

1. Repor t  a r e - examina t ion  of the facts of coal 
s lu r ry  electrolysis,  b r ing ing  out  the degree of verif ica-  
tion, and bear ing  any  differences be tween  the present  
work  and tha t  of Coughlin and Farooque.  

2. Begin work  which could lead  to the  anodic l ique-  
fact ion of coal. ~ 

3. Invest igate  the remova l  of impur i t ies  in coal by  
electrolysis.  

* Electrochemical Soc ie ty  A c t i v e  Member .  
~On l eave  of  absence  f r o m  E h i m e  Univers i ty ,  Matsuyama,  

Ehime, Japan. 
Key w o r d s :  e l ec tro lys i s ,  coal ,  hydrogen, current eff ic iency,  

s lurry.  
2 As anthracite is a p p r o x i m a t e l y  CH, and gaseous  or l iquid fue l s  

can be represented as CH,, where n is 2-4, one  th inks  first of  a 
cathodic liquefaction of coal, the path of m o s t  past  e n d e a v o r s  
which, h o w e v e r ,  have  had a l im i t e d  success .  

Experimental 
Suspended  coals in sulfur ic  acid (1M and 4.15M) 

solution were  used as s lu r ry  electrolytes .  Anthrac i te  
and l igni te  were  ground into smal l  par t ic les  (--100 
mesh)  b y  using a ba l l  mi l l  sieve. Pure  carbon (--325 
mesh)  was also used. 

The cells used are  shown in Fig. 1 (A) (a repl ica  of 
the cell  of Coughlin et aL) and I ( B ) .  Cell  A was em-  
p loyed for measurements  of cur ren t  as a funct ion of 
potential .  The anode compar tmen t  was 600 ml  in vol-  
ume. A P t  pla te  (3.55 cm 2) was the anode, and P t  
gauze the cathode. The cathode compar tmen t  was sep-  
a ra ted  by  a f r i t ted  glass disk to p reven t  coal par t ic les  
reaching  the cathode. The anolyte  was agi tated,  to 
avoid the  se t t l ing out  of coal par t ic les  and to increase  
the l imi t ing current ,  by  means of a magnet ic  s t i rrer .  A 
calomel  e lect rode was used as a reference.  

Cell  B was employed  for  analysis  of the  evolved 
gases and for long- t ime  electrolysis.  The anode was 
made  of P t  foil, rol led into a cyl indr ica l  form, 1.25 cm 
long and about  1.6 cm in d iamete r  (14 cm~). The 
cathode was a square pla te  of 1.25 cm/side .  The anode 
compar tmen t  had a volume of 28 ml. The e lec t ro ly te  
t empera tu re  in these cells was roughly  control led  in 
the range 25~176 by  a Corning  Hot Plate ,  PC-101. 

The electrolysis  of coal was carr ied  out  under  po-  
tent iostat ic  condit ions by  using a S tonehar t  Potent io-  
stat,  BC 1200. Vo l t ame t ry  was pe r fo rmed  to measure  
the cu r ren t /vo l t age  curves by  using a Pr inceton Uni-  
versal  P rogrammer ,  Model 175. 

Evolved gases were  analyzed by  an Antec  Gas 
Chromatograph,  Model 461-LP. I ron  in the coal e lec-  
t ro ly te  s lu r ry  was analyzed,  using a Pe rk in  E lmer  
atomic absorpt ion  spectroscopy, Model 306. 
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C - COUNTER ELECTRODE 

W - WORKING ELECTRODE ( A - 5 . 5 5 c r n  2 ,B-14crn  ~') 

R - CALOMEL ELECTRODE 
G - SAMPLE GAS OUTLET 

E - ELECTROL'ITE ( A - 6 O O m l ,  B - 2 8 r n l )  

F - GLASS FRIT 

CW- COOL WATER (B) 
Fig. 1. (A) Electrolytic cell for investigations of coal depolarized hydrogen production--a replica of cell used by Caughlin and Farooque. 

(B) Electrolytic cell used by gas collection and analysis~ 

Results 
Current~potential relations.--A typica l  c u r r e n t / p o -  

tent ia l  curve f rom an thrac i te  s lurr ies  (0.136 g /ml ,  1M 
H2SO4 solution) is shown in Fig. 2. On the anodic side, 
the  cur ren t  rises sha rp ly  at  0.6 V/NHE, and reaches a 
l imi t ing  value  at  a round  0.8 V/NHE.  A l imi t ing  cur ren t  
dens i ty  of 5 mA/cm2 at 75~ is observed in the middle  
region. There  i s  O2 gas evolut ion at  h igher  potent ia l  
than 1.7 V/NHE.  

A cu r ren t /po ten t i a l  curve f rom l igni te  s l u r ry  (0.475 ,4 
g /ml ,  4.15M H2SO4 solution) at  75~ is shown in Fig. 3. 
The behavior  of the cur ren t  is a lmost  the  same as in ~2 
anthraci te ,  except  tha t  the l imit ing cur ren t  dens i ty  is 
10 mA/cm2 (cS., the  difference in concentra t ion of the 

I0  
coal s lu r ry ) .  "E 

To compare  wi th  da ta  f rom the coal slurries,  which 
contain impuri t ies ,  pu re  carbon also was used as a ~ 8 
s lu r ry  electrolyte .  The cu r r en t /po t en t i a l  curve for  "~ 
pure  carbon (0.10 g /ml ,  1M H2SO4 solution) is shown -~ 
in Fig. 4. The vo l t amogram shows a m a x i m u m  at 1 
V/NHE,  in contras t  wi th  the behavior  shown in Fig. 2 ~ 4 
and 3. 

2 

0 
6 0 . 4  

-o~.2 ~ ~4 oG 08 ~'o ~2 ~4 ~G & ' -  < 

o 

d 
Fig. 2. Current/potential curve for oxidation of an anthracite -4 

slurry (0.137 g/ml, 4;15M H2S04 solution) at 75~ Cathodic po- 
tential vs. current density relation is also shown. 

Anodic limiting current densities.--The l imi t ing cur-  
ren t  densi t ies  observed in this work  were  s imi lar  to 
those of Coughlin and Farooque (6). The values de-  
pended  on coal concentrat ion,  e lect rolyte  t empera ture ,  
and  agi ta t ion speed. F igure  5 shows that  there  is an 
anodic l imi t ing cur ren t  p ropor t iona l  to the coal  con- 
centrat ion.  

•? 
I F I I I 

0 6 0 . 8  I.O 1.2 1 . 4  1.6 {.8 

Potential (V, NHE) 

Fig. 3. Current~potential curve for oxidation of a lignite slurry 
(0.475 g/ml, 4.15M H2S04 solution) at 75~ 

I I I ,!8 

Fig. 4. Current/potential curve for oxidation of pure carbon 
slurry (0.10 g/ml, I M  H2S04 solution) at 86~ 
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Fig. 5. Effect of coal concentration on the anodic limiting cur- 
rent at room temperature. Fq, lignite; O ,  anthracite. 

Limit ing currents  as a funct ion of temperature  
(22.5~176 are shown in Fig. 6. The activation 
energies for l ignite and anthraci te  slurries are about 
16 kcal/mole,  as compared to 12-14 kcal, obtained by 
Coughlin and Farooque (6). 

The time dependence of the l imit ing current  on the 
anodic part  of the vol tamogram at room temperature  
after in t roducing coal into the solution is shown in Fig. 
7. Smaller  particles give larger currents. 
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Fig. 6. Anodic limiting current as a function of temperature. F'I, ,~ o 
lignite (0.088 g/ml);  O ,  anthracite (0.20 g/ml). 
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Fig. 7. Time dependence of the limiting currents for dissolution of 
iron in coal (without continuous electrolysis, at room temperature, 
anthracite 0.1 g/ml). /% 200 ,~ 325 mesh; O ,  100 ,-~ 200 mesh; 
I-1, 100 mesh. 

E~ects of iron dissolved in the solution.--Iron is 
contained as pyrites and magnet i te  in coal (8). The 
concentrat ion of the iron dissolved in the electrolyte 
from coal is shown as a funct ion of time in Fig. 7. The 
time dependence of this value is similar to that  of the 
l imit ing current  densi ty in the anodic electrolysis of 
coal. 

To examine the effect of impurities,  an exper iment  
was made, in which coal had been washed for 20 hr at 
75~ by  agitation in 1M H_~SO4 solution. Cur ren t /  
potential  curves were thereafter  measured at 75~ 
(Fig. 8), in fresh sulfuric acid containing the washed 
coal. The value of the l imit ing current  was now on]y 
0.1 mA/cm2 at 75~ (5 mA / c m 2 with vi rgin  coal) and 
varied li t t le with time, even after 21 hr. 

That  the difference in l imit ing current  densities be-  
tween electrolytes containing the vi rgin  and refined 
coal resulted from the concentrat ion of Fe 2+, ini t ia l ly  
in solution, was evidenced by the fact that  the higher 
l imit ing current  in the former case was recovered 
(3.7 mA / c m 2) by adding FeSO4 (200 ppm as Fe 2+). 
The cur ren t /poten t ia l  curves and agitat ion effects 
thereon in the washed coal slurries to which Fe 2+ was 
added were the same as those with unwashed coal. 
Correspondingly, in sulfuric acid (1M) solution, to 
which had been added FeSO4 (500 ppm as Fe2+) - -no  
coal-- the same kind of cur ren t /poten t ia l  curve was 
observed (Fig. 9), with around the same l imit ing cur-  
rent  as with unwashed coal slurries. 

Evolution of gases.--After degassing by N2 bubbling,  
electrolysis was performed. Evolved gases were 
analyzed by means of a gas chromatograph. After  coal 
was introduced into the electrolyte,S large volumes of 
carbon dioxide evolution occurred before any current  
was switched on. 60 ml of CO~ was evolved in 7 hr at 
75~ from a suspension of anthraci te  of 0.137 g /ml  in 
cell A and 800 ml in 9 hr from lignite of 0.475 g/ml,  
also in  cell A. 

8 A reviewer of our paper has pointed out that there  m a y  be 
SO~-containing species in the measuring solution,  and these  could 
contribute to the overall anodic current. 

0 . 6 ~  ~ 1.0 1.2 1.4- 1.6 

V Potential (V, NHE) 

I 
18 

Fig. 8. Current/potential curve for_oxidation of washed anthra- 
cite slurry (0.17 g/ml, 1M H2S04 solution) at 75~ 
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( D  
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-2 

Fig. 9. Current/potential curve for oxidation of FeS04 solution 
(Fe, 500 ppm) at 72~ 
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Figure 10 shows the cur ren t / t ime  curve at 1V cell 
voltage in  cell B. The current  from the anthracite 
s lur ry  falls with time. After  about 100C (17 hr) ,  cur-  
rent  of 1.0 mA (<0.3 mA/cm 2) still remained for the 
anthracite. 

In the cathodic current  efficiency measurements  us- 
ing the gas chromatograph, nb gas other than hydrogen 
was observed. By measurement  with a flowmeter, the 
rate of hydrogen evolution observed corresponded to 
an apparent  current  efficiency of more than 90%. There 
is no reason to conclude that  the true current  efficiency 
at the cathode was less than 100%. 

Evolution rate of CO2 at the anode is shown in Fig. 
11. In  calculation of the anode current  efficiency for 
CO2 evolution, there are .two difficulties. First, there 
is the strong init ial  chemical reaction which occurs 
between coal and the 4.15M sulfuric acid used as the 
electrolyte. After about 1 hr at a temperature  of 80~ 
this was 0.6 ml per hour from a suspension of an thra-  
cite (0.10 g /ml)  in cell B. At a corresponding time, 
when the electrochemical current  was 6 mA, the CO2 
at 100% current  efficiency would have been of com- 
parable magnitude,  namely,  about 1.4 ml  per hour. 

The chemical reaction was allowed to decay for sev- 
eral hours before electrolysis was commenced. In Fig. 
11, an example is shown in  which electrolysis was 
started 11 hr after the contact between the coal 
(anthracite)  and the sulfuric acid had begun. The 
evolution of chemical CO2 was now about 7 • 10-2 ml 
per hour. During electrolysis, the most uncer ta in  part  
of the CO2 evolution is the degree of the chemical re- 
action rate. No continuous recording of the chemical 
CO2 rate was made after electrolysis was commenced. 
However, if we assume that the rate of decrease of the 
chemical CO2 was exponent ial  with time, it is possible 
to subtract  the chemical reaction rate from the overall  
reaction rate by calculation, and this has been done 
for the results of Fig. 11. The value of the result ing 
current  efficiency of CO2 evolution is shown. 

In respect t o  the influence of iro~ on the anodic re- 
sults, strong in the early stages of electrolysis, Fig. 10 
shows a plot of current  in the absence of coal due to 
iron and how it varies with time, while the electrode 
is oxidizing the ferrous iron to ferric. It is, therefore, 
reasonable to suppose that  after a time of some 200 
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Fig. 10. Anodic current/time curve at 1V cell voltage in 4.15M 

H2S04 solution (electrode area is 14 cm2). [ ] ,  1000 ppm Fe 2+ 
without coal; ~ ,  anthracite 0.1 g/ml, O ,  pure carbon 0.1 g/ml. 
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Fig. 11. Evolution rate and current efficiency for C02 produc- 
tion as a function of time in 4.15M H2S04 solution at 80~ (cell 
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min, the effect of Fe e+ oxidation is negligible, and this 
has been assumed in the plots of Fig. 11. 

Thus, the current  efficiency measurements  for CO2 
evolution at the anode are approximate. However, 
when electrolysis is commenced after 11 hr of contact 
of the coal with the sulfuric acid solution (4.15M), it is 
around 5%, rising to around 10% after 25 hr. 

Dif]erences in resuTts obtained with pure carbon.-- 
A slurry  of pure  carbon (2N5, 325 mesh),  Alfa Prod-  
ucts, was prepared at a concentrat ion of 0.1 g/ml.  The 
cur ren t / t ime  curve obtained for these slurries is shown 
in  Fig. 10. The current  falls off faster than that  for 
anthracite.  The evolution rate of carbon dioxide was 
almost zero in  the early par t  of the electrolysis, in 
spite of a current  of 5 mA, but  the current  efficiency 
rises finally to around 80%. The electrolyte filtered 
from the carbon s lur ry  revealed only small residual 
current  (0.1 mA/cme).  The concentrat ion of iron in 
this electrolyte was less than  12 ppm. 

Discussion 
Comparisons between data of Coughlin and Farooque 

(6) and those of the present  work are given in Table I, 
Discussions of these differences follow. 

The current/potential relations.--The current  in the 
typical vol tamogram (Fig. 2) becomes significantly 
anodic in the region of +0.6 V/NHE. This may be 
compared with the reversible potential  of iron (Fe2+/ 
Fe 3+), which is +0.77V. Assuming arbi t rar i ly  that the 

Table I. Comparison between data of Coughlia and Farooque and 
those of the present work 

Essential ly  same behavior  Different  behavior  

Cathodic current  efficiency 

Initial current  

Potential  regions for CO= 
evolution 

Effect of particle  size, tem- 
perature,  and concentra- 
tion 

Oxidation rate l inear wi th  s lurry 
concentrat ion 

Coughlin and Farooque's current  
efficiency for  CO2, 25-50%. Okada, 
Guruswamy,  and Bockris ,  less  
than 10%. 

Pure carbon gives current  effi- 
c iency for  CO~ around 80%. Cur- 
rents  due to iron-ferrous to fer- 
ric oxidation is important  in the 
first f e w  hours  of e lectrolysis .  

Limiting currents  in the  absence 
of Fe ~+, other  impurit ies  <0.1 
m A / c m  2. 
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ratio of ferrous to ferric iron at the beginning is about 
l0 s , then the reversible potential  would become about 
~-0.6 V/NHE, and if the i0 were rather  high, this would 
correspond with the observations made, i.e., the begin-  
ning of the current  in solutions from which ferrous 
iron has not yet been removed by electrolysis would be 
influenced s trongly by the ferrous to ferric electrode 
reaction. 

The l imit ing currents  at the anode are largely de- 
pendent  upon the iron (Fe 2+) concentration. From the 
activation energy value of 16 kcal/mole,  such l imit ing 
currents  are consistent with diffusion of Fe 2+ in the 
solution. 

On the other hand, the current  at which the anodic 
process begins may also be interpreted in respect to the 
oxidation of carbon. Taking this as a s tandard potential  
at -~0.21V for the hydrogen scale, the overvoltage 
would have to be in the region of 0.4V for a current  of 
0.1 m A / c m  2, and if the Tafel ~ value is 1/2, this corre- 
sponds to an i0 of 10-6 A/cm2 

Comparison of the results obtained with slurry elec- 
trolysis of pure carbon and those with coal.--The re- 
sults obtained with pure carbon powder (2N5) and 
anthraci te  are compared in Table II. Thus, when the 
coal has been thoroughly washed, it gives only a small 
current  density, result ing from either fur ther  dissolu- 
tion of impurit ies from the coal, or, more likely, colli- 
sion of the coal with the electrode. 

Therefore, the high l imit ing current  densities for 
solutions filtered from the coal slurries are due to im-  
purities which ini t ia l ly  dissolve off the coal surface, or 
a larger amount  of dissolved material,  in particular,  
iron. On the other hand, the current  from carbon un-  
der the same condition is very low. Evidently,  in the 
case of the pure carbon, there is a smaller  amount  of 
dissolved impurities,  and the current  is largely due to 
the collisional reaction of carbon with the anode. That 
there is a greater  current  density from th carbon than 
from the coal arises from the surface area of the car- 
bon (9). The lat ter  had passed through a 325 mesh en-  
t i ty and the former through a 100 mesh entity. The sur-  
face areas were thence 10:1, consistent (spherical 
particles) with the observations. 

The higher efficiency of CO2 production at the anode 
from carbon compared with the low efficiency from 
coal arises because, for coal systems, there are more 
possibilities for reaction. First, there are impuri t ies  
(iron, desorbed mater ia l ) ;  there are also dissolved 
materials which undergo oxidation reactions, though 
n o t  t o  COs. Finally,  the coal has carboxyl, nitrogen, 
a n d  sulfur  containing terminal  molecules, which could 
also be reactive centers giving rise to other products. 
This is consistent with lignite, giving higher currents 
a s  it has more terminal  groups. 

In  the early stage of electrolysis, the current  effici- 
encies for COs evolution are small  (Fig. 11). Products 
o f  electrolysis may be ini t ia l ly adsorbed on the par t i -  
cles (10), reducing apparent  current  efficiencies, a sug- 
gestion made by Coughlin and Farooque (6). 

The COs arising in the presence of coal (Fig. 11) 
reaches 10% after some hours. Competing organic re- 
actions are, therefore, probably present. However, with 
pure carbon, the possibilities for these are small, and 
most of the reaction current  arises from active carbon 
sites at the electrode; the efficiency for CO2 production 
is, therefore, high. 

The decrease of current  with time is greater with 
carbon than with anthraci te  (Fig. 10). Thus, with car- 
bon, the reaction is the collisional one of carbon with 
the electrode. The efficiency of this depends on the 
amount  of mater ia l  adsorbed upon the surface (10, 11). 
For carbon, some products other than CO2, specula- 
tively, formaldehyde, also arise, and these may adsorb 
upon the carbon increasingly with time, thus reducing 
the efficiency of reaction in collision. The decrease with 
carbon would be expected to be faster, because in 
carbon the predominant  mechanism is collisional, 
affected by adsorption, whereas with coal (because of 
the lower current  efficiency for CO2 evolution),  there 
must  be other organic reactions (12). Even at extended 
periods of times, the si tuation is such that organic ma-  
terials are oxidized by electrode reactions which may 
(in the anodic region concerned) be less dependent  
upon the effect of materials which hypothetical ly ab-  
sorb on carbon. Such concepts are, of course, mere 
speculations, consistent with the results.4 

General model for the anode reactions.--The situa- 
tion at the anode is mult idetermined,  and work needs 
to be done in finding out what  the anode products are 
and how they depend in respect to current  efficiency 
on potential  and electrocatalysts. First, much depends 
on the time of exposure of the coal in the solution. At 
short times and high temperatures,  the COs-producing 
reaction is largely chemical. In  the first 2 hr of contact 
of the coal with the solution, its chemical reaction with 
sulfuric acid gives an amount  which would come from 
electrolysis at a few mA / c m 2. The chemical reaction 
decreases rapidly;  after about 10 hr at 80~ it is negli-  
gible compared with the electrochemical reactions. The 
chemical reactions are, therefore, probably connected 
with removal  of surface impuri ty.  Correspondingly, 
ferrous ions undergo oxidation to ferric ions in about 
2 hr  of electrolysis (Fig. 10). 

Thus, when electrolysis has taken place for this time, 
iron is removed from contr ibut ing to the anodic reac- 
tion. The electrode reactions are those with the prod- 
ucts of coal, and the collisional reaction of the coal 
with the electrode. For times in the 10-25 hr region, 
some 90% of the anodic current  is taken up with non-  
COs-forming organic reactions (12, 14), arising from 
dissolved products from coal undergoing anodic reac- 
tions, and some 10% arises from direct contact, Coal 
electrode-giving CO2 or COs-forming organic reac- 
tions. These conclusions are made in the absence of 
sufficient analysis of anodic products and insufficient 
knowledge of the adsorption of COs on coal. 

Coal slurries and the production of hydrogen.--Pure 
hydrogen is produced in the electrolysis of coal slurry, 
in agreement  with Coughlin and Farooque. It  arises 
from water  decomposition. From the difference be- 
tween the anodic and cathodic potential, i t  is possible 
to estimate the cell potential. Table III  shows the cell 
potential  deduced from Fig. 2. These lower cell poten- 
tials in the l imit ing current  region are due to the al ter-  
nat ive reactions at the anode, which replaces the 
evolution of O2. The economic question is, "At what  
rate do such reactions occur in the absence of the con- 
sumption of the impurities,  e.g., iron?" 

The observat ion  by Coughlin and Farooque,  that  p lac ing  coal  
samples at 250~ for 6 hr caused a react ivat ion  of  the  coal ,  is 
cons i s tent  w i th  our hypothes i s  of  the  inhibit ing bui ldup of or- 
ganic  adsorbates ,  wh ich  would  be removed upon heat ing.  Further ,  
Fe  m a y  diffuse to the  sur face  and be  redissolved.  

Table IL Comparative behavior of coal and carbon slurries 

P h e n o m e n o n  Coal (anthrac i t e )  Carbon 

C u r r e n t / t i m e  at cons tant  appl ied potent ia l  

Current  ef f ic iency of  CO2 product ion  a f t e r  7 hr  in 4.15M H2SO~ 
Currents  obta ined f r o m  solut ions  wh ic h  had b e e n  f i l tered 

f r e e  of  coal  or carbon 
Resu l t  of  r e m a k i n g  s lurry w i t h  f r e sh  so lut ion  of  4.15M H2SO4 

af ter  w ash i ng  coal  or carbon.  

D e c r e a s e s  

Abo ut  10% 
High current  densi ty ,  e.g.,  5.9 

m A / e m  2 
Current  dens i ty  obta ined low,  

e.g. ,  0.1 m A / c m  2 

D e c r e a s e s  substant ia l ly  m o r e  quickly  
than w i t h  coal  

About  80% 

Lo w current  dens i ty ,  e.g. ,  0.1 m A / c m  2 
Current  dens i ty  s a m e  as be fore  filter- 

ing, e.g. ,  3.4 m A / c m  2 
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Table III. Cell potentials as function of current equivalent to 
electrolysis of coal slurries to yield hydrogen 

Cell poten- Current density 
tial (V) (mA/cm 2) 

0.7 1.4 
1.0 4.9 
1.7 4.9 
1.8 6.3 

For  unwashed  coal, in the first few hours of e leet rol -  
ysis, the cur ren t  densit ies were  those observed by  
Coughlin and Farooque,  i.e., severa l  m A / c m  2. However ,  
here, the anodic react ion is the oxidat ion  of ferrous  to 
ferr ic  ion. When the coal has  been thoroughly  washed 
and the i ron removed,  the cur ren t  densi ty  in the region 
of about  0.6-0.1 V/NHE is only  0.1 m A / c m  e. This 
would not give rise to economical  hydrogen  produc-  
tion, which needs cur ren t  densit ies of 100-500 m A / c m  e. 

Depolar izat ion of the anode to obta in  H2 is wel l  
known, and it is possible to use more convenient  ma-  
ter ials  than  coal. Thus, SO2 has been used by  a num-  
ber  of o ther  workers  (15) for obta ining hydrogen  at  
potent ials  of about  0.8V at 25~ and 100 m A / c m  e. The 
s i tuat ion is more  energy  efficient than that  wi th  s lu r ry  
electrolysis  at  about  85~ Would car ry ing  out  the 
electrolysis  at  200~ be effective? The compet ing 
chemical  react ion at  this t empera tu re  may  offer a 
difficulty. Electrocatalysis ,  increase in tempera ture ,  
decrease in par t ic le  size of the coal, and increase in 
s t i r r ing are  possible variables .  Removing iron, sulfur, 
and o ther  impur i t ies  in coal by  remova l  of Fe e+ may  
be of interest .  

Products from anodic reactions in coal slurries.--The 
evidence that  a f te r  contact  t imes in the  neighborhood 
of 25 hr, 90% of the current  is ut i l ized for non-COe- 
producing  electrochemical  re~ictions at  1 V/NHE makes  
it reasonable  to suggest  tha t  useful  organic chemicals  
f rom coal may  be produced in this way. The decay of 
cur ren t  wi th  t ime adds caut ion to this suggestion. 

Conclusions 
i. In  the presence of Fe e+ or iginat ing f rom coal, 

cur ren t  densit ies of 5-10 m A / c m  2 at  a cell potent ia l  of 
0.8V can be obtained for the e lec t ro ly te  product ion of 
hydrogen  in 4.15M HeSO4 solut ion at  80~ The anodic 
react ion is p redominan t ly  Fe e+ oxida t ion  and the 
cathodic react ion is H30 e ~ e --> 1/2 He W He0. 

2. In  the absence of Fe e+, the evolut ion ra te  of H2 is 
reduced at the low cell potent ia l  (ca. 0.SV), to the 
imprac t ica l  o rder  of 0.1 mA/cme.  Anodic  react ions in-  
volving coal a re  of two kinds. Direct  collision of s lu r ry  
part icles,  including pure  carbon, wi th  the electrode,  
gives COe (wi th  pure  carbon, the cur ren t  efficiency for 

this react ion is about  80%). However ,  wi th  l igni te  and 
anthraci te ,  the current  efficiency for COe genera t ion  is 
reduced to ca. 10%. A secondary  anodic react ion occurs 
in the presence of coal and involves the pa r t i a l  anodic 
oxidat ion  of products  dissolved therefrom. 

3. The anodic depolar iza t ion  route  to He product ion 
using the der ivat ives  of coal to depolar ize  the anodic 
react ion (avoiding the evolut ion of oxygen)  would 
provide  He at  a lesser moles per  wa t t  hour  than, say, 
the use of waste  gas SOs in a s imi lar  concept. 
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An Electrochemical Investigation of Coenzyme A 
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ABSTRACT 

A polarographie ,  con t ro l l ed -po ten t i a l  coulometric,  and  t r i a n g u l a r - w a v e  
vo l t ammet r i c  s tudy  of eoenzyme A was under taken .  Coenzyme A is r eve r -  
s ib ly  e lec t rochemical ly  oxidized to dimeric  coenzyme A. The pK~ of coenzyme 
A was es t imated  f rom polarographic  da ta  to be 9.77. T h e  diffusion coefficient 
of coenzyme A was de te rmined  to be 2.6 • 10 -6 cm2/sec. The heterogeneous  
ra te  constant  for the e lect rochemical  d imer iza t ion  was es t imated  f rom t r i -  
angu l a r -wave  vo l t ammet r i c  da ta  to be 3 X 10 -3 cm/sec  a t  pH 6.5. 

Coenzyme A (CoA) p r imar i l y  functions as acyl  
group carr iers  in biological  systems (1). Its s t ruc ture  
is shown in Fig. 1. The active site on CoA is the thiol  
group to which acyl  groups can esterify.  For  s impl ic i ty  
CoA is symbol ica l ly  represen ted  throughout  much of 
this pape r  as RSH where  R represents  al l  of the mole-  
cule except  the thiol  group. Many  electrochemical  
studies have  been done on compounds which contain a 
thiol  group, but  which are  s t ruc tu ra l ly  s impler  than 
CoA. Typica l  examples  include cysteine (2), bu tane -  
thiol, benzyl  mercaptan ,  1-decanethiol ,  ~ -pheny le thy l  
mercaptan ,  and  others  (3). In  most  of these cases the 
compound reacts to form a d imer  wi th  l inkage  through 
t h e  sul fur  atoms. Since CoA is a biological ly  impor tan t  
compound,  and  since appa ren t ly  no thorough e lec t ro-  
chemical  s tudy of the compound has been done, the 
presen t  s tudy  was under taken .  

Experimental 
Chemicals.--Coenzyme A (RSH) and the d imer  

(RSSR) were  obta ined f rom the Sigma Chemical  
Company,  and were  used wi thout  fu r the r  purification. 
The pu r i t y  of each ba tch  of CoA was spect rophoto-  
me t r i ca l ly  assayed at  259 nm using a molar  absorp t iv -  
i ty  of 16,400 (4). Typica l ly  each ba tch  assayed at  85- 
90% CoA. The concentrat ions repor ted  throughout  this 
p a p e r  have been correc ted  for pu r i t y  of the CoA. Any  
i m p u r i t y  in the CoA was not  e lectroact ive wi th in  the 
potent ia l  range  used in this study.  

The components  of the buffer solutions were  acetic 
acid and sodium acetate  (pH 4-6),  potass ium d ihydro -  
gen phosphate  and d ipotass ium hydrogen  phosphate  
(pH 6-8), t r i s ( h y d r o x y m e t h y l ) - a m i n o m e t h a n e  and 
i t s  protona ted  sal t  (pH 8-9),  potass ium hydrogen  
carbonate  and potass ium carbonate  (pH 9-11), and 
dipotass ium hydrogen  phosphate  and potass ium phos-  
phate  (pH 11-13). Enough of the  buffer components  
were  added  to the buffer solutions to ad jus t  the ionic 
s t rength  to 0.5M except  when the minor  buffer com- 
ponent  would  have exceeded 0.1M. In those cases the 
minor  buffer component  was main ta ined  at 0.1M, and 
the ionic s t rength  of the solution was ad jus ted  to 0.5M 
wi th  potass ium chloride. The pH 6.5 buffer solution 
was used for al l  of the e lect rochemical  studies except  
the s tudy  of the var ia t ion  of El/2 wi th  pH. It  consisted 
of 0.16M potass ium d ihydrogen  phosphate,  0.10M di-  
potass ium hydrogen  phosphate,  and 0.04M potass ium 
chloride.  The buffer solut ions were  used as the  sup-  
por t ing  e lec t ro ly te  solutions in the e lect rochemical  
s t u d i e s .  

Apparatus.--A Model  174a Polarographic  Ana lyze r  
(EG&G Pr ince ton  Appl ied  Research)  was used for the 
polarographic ,  coulometric,  and t r i angu l a r -wave  vol-  
t ammet r i c  studies. I t  was coupled to an Omnigraphic  
2000 X - Y  recorder  (Houston Ins t rument )  for  the vol-  
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t ammet r ic  studies, and to an Omniscr ibe s t r ip  char t  
recorder  (Houston Ins t rument )  for coulometr ic  
studies. A sa tu ra ted  calomel reference electrode and a 
p la t inum foil aux i l i a ry  e lect rode were  used. The indi -  
cator  e lectrode used for the t r i a ngu l a r -w a ve  vo l tam-  
metr ic  studies was a hanging mercu ry  drop e lect rode 
(area  = 2.2 mm2). The work ing  e lect rode used for 
cont ro l led-poten t ia l  coulomet ry  was a me rc u ry  pool. 
Al l  potent ia ls  repor ted  in this paper  a re  re la t ive  to the 
sa tu ra ted  calomel  electrode. The wa te r - j acke ted ,  
t h r e e - c ompa r tme n t  cell  was main ta ined  at  25.0~ ex -  
cept in the t empera tu re  studies. The two outer  com- 
pa r tments  in the cell  were  separa ted  from the center  
compar tmen t  by  med ium-poros i ty  glass frits. 

Solut ions were  deaera ted  pr ior  to each s tudy with  
high pur i ty  n i t rogen which was passed through two 
wash towers containing acidic ammonium me tavana -  
date and ama lgama ted  zinc, and a final wash  tower  
containing deionized water .  Po la rographic  measu re -  
ments  of diffusion cur ren t  were  made  at  the end of the 
drop life, i.e., on the top of the polarographic  wave.  Al l  
pH measurements  were  made  wi th  a Corning Model 7 
pH meter.  Spec t rophotometr ic  studies were  done with  
a Beckman DK-2A spectrophotometer .  
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Fig. 1. The molecular structure of coenzyme A 
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Results and  Discussion 
Polarograms of CoA contain a single anodic wave 

(Fig. 2) throughout  the entire pH range examined in 
this s tudy (pH 4.7-12.6). At concentrations above 0.7 
mM, a max imum of the second kind was associated 
with the wave. The half -wave potential  (El/2) of the 
polarographic wave of 0.7 mM CoA varied with pH as 
shown in Fig. 3. The l inear  portion between pH 4.7 and 
8.5 obeyed Eq. [1] (least squares fit, correlation coeffi- 
cient : --0.999). Between pH 10.9 and 12.6, the E1/2 
remained constant  

E1/2 -- --0.0525 pH -- 0.0056 [1] 

at --0.519V. The remainder  of the studies were per-  
formed at pH 6.5. 

The diffusion current  (id) of the anodic wave in-  
creased l inear ly  with the square root of the corrected 
mercury  column height (hcorr) for column heights be- 
tween 38.8 and 100.5 cm, and id/hcorr 1/2 slightly de- 
creased with hcorr (slope ---- --0.015 #A/cm).  These 
results were taken as evidence that the electrochemi- 
cal reaction obeys the Ilkovic and Koutecky equations, 
and that  the height of the polarographic wave is diffu- 
sion controlled. 

A polarographic study performed on a 0.8 mM CoA 
solution at five temperatures  ranging from 15 ~ to 35~ 
revealed no variat ion in hal f -wave potential  with tem- 
perature.  This is wi th in  the expected range of variat ion 
for a reversible electrode process (5a). The corre- 
sponding relative temperature  coefficient for the diffu- 
sion current  of the wave was 1.9%/degree, indicat ing 
the absence of slow chemical steps (relative to the rate 
of the polarographic measurement)  in  the electro- 
chemical oxidation (Sb). 

I | I I I ) 

id'lJA-l_ 011 

i I I I I I 

-1.0 -0.6 -0.2 
E,V 

Fig. 2. Palarograms of 0.54 mM coenzyme A before (B) and 
after (A) exhaustive controlled-potential coulometry on a mercury 
pool at 0V. 

E1/2 
-0.5 

-0.3 

i i i I 

c - - o  

6 10 
pH 

Fig. 3. Variation of the polarographic half-wave potential of 0.7 
mM coenzyme A with pH. 

Several log plots were made on the rising portion of 
the anodic wave assuming different reaction mechan-  
isms in order to deduce the mechanism of the electro- 
chemical reaction. Plots of potential  as a function of 
Iog[(id -- i ) / i ]  were obtained for four samples of 
vary ing  concentration. These log plots were l inear  with 
a slope of --0.050 • 0.004 V/decade. All uncertaint ies 
listed in this paper are expressed as s tandard devia- 
tions. The theoretical slope for an electrochemical re- 
action of the general  form Red --_ Ox + n e -  is --0.059/ 
n V/decade. For a reversible dimerizatiQn reaction of 
the general  form 2RSH = RSSR ~- 2H + + 2e- ,  the 
theoretical slope of a log plot of potential  as a function 
of log [ (id -- i) 2//] is --0.030 V/decade. Plots of poten- 
tial as a function of log[ (id -- i)2.//] on the rising por- 
tion of four CoA samples of varying concentrat ion 
were l inear  with an average slope of --0.030 • 0.002 V/  
decade. These data suggest the possibility of a reversi-  
ble dimerization reaction taking place at the electrode 
surface. 

For a reversible oxidation of the general  form Red = 
Ox + ne - ,  the half -wave potential  theoretically 
should be independent  of concentrat ion of the electro- 
active species and of pH. For a dimerization reaction of 
the form, 2RSH = RSSR + 2H + -t- 2e- ,  at 25~ the 
half -wave potential  should be dependent  on both pH 
and concentration, i.e., on id, as shown in Eq. [2]. As 
has already been shown, the half -wave potential  

E1/~ ---- constant -- 0.059 pH -- 0.030 log(id/2) [2] 

of 0.7 mM CoA at pH's below 8.5 varied l inear ly  with 
pH. The slope of a plot of E1/2 as a function of pH 
was --0.053 as compared to the theoretical value of 
--0.059 predicted by Eq. [2]. 

Above pH 10, the half -wave potential  did not vary 
with pI-I indicating that hydronium ion was not in-  
volved in the electrochemical reaction. This behavior 
would be expected for CoA if the CoA were dissociated 
to yield R S -  rather  than RSH at higher pH's (Eq. 
[3]). The R S -  could then undergo a dimerization re- 
action of the form 2RS-  = RSSR -t- 2e- .  Assuming 
this is the case, the interception of the two extrap-  
olated l inear  portions of the plot of E1/2 as a function 
of pH should correspond to the pH at which CoA exists 
as an equimolar  mixture  of RSH and R S - .  This pH 
corresponds to the PKa of CoA. The value 

RSH -- R S -  -t- H + [3] 

determined from Fig. 3 was 9.77. This value compares 
favorably with the 9.6 obtained from t i t r imetric  data 
(6). 

A plot of E~/~ as a function of 1og(id/2) for nine 
solutions of concentrat ion ranging from 0.4 to 3.9 mM 
was l inear with a slope of --0.0386 (least squares fit; 
correlation coefficient _= --0.914). This compares to the 
theoretical value of --0.030 predicted from Eq. [2] for 
a dimerization reaction. 

Control led-potential  coulometry was performed at 
0V on six CoA solutions of vary ing  concentration. The 
average calculated n was 0.97 ~ 0.07, indicating that a 
single electron is t ransferred for each molecule of CoA. 
A polarogram obtained on a typical sample prior to 
and after an exhaustive electrolysis is shown in Fig. 2. 
Polarograms of purchased CoA dimer (RSSR) showed 
a single cathodic wave at a hal f -wave potential  ident i -  
cal to that observed after the electrolysis of CoA solu- 
tions. The half -wave potential  of the anodic wave ob- 
tained before each electrolysis was wi thin  experi-  
mental  error of the half -wave potential  of the cathodic 
wave obtained after electrolysis. 

A sample of the purchased dimer was exhaust ively 
reduced at --1.1V on a mercury  pool. The polarogram 
after the reduction showed a single anodic wave at a 
hal f -wave potential  identical  to that of CoA. These 
observations lead to the conclusion that, within the 
time frame of polarographic measurements,  CoA is 
reversibly electrochemically oxidized to the dimer. 
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Ul t rav io le t  spec t rophotometr ic  studies were  per -  
fo rmed  on CoA, the purchased  d imer  of CoA, and on 
the e lectrolysis  p roduc t  of CoA. In  a l l  cases the  spect ra  
were  nea r ly  identical ,  and contained a m a x i m u m  at 
about  259 nm. This resul t  is to be expected since the 
absorpt ion  is due to the adenine moie ty  which is not 
s ignif icant ly affected by  fo rmat ion  of the dimer.  

The diffusion cur ren t  of the  polarographic  wave  in-  
creased l inea r ly  wi th  concentrat ion.  The slope of the 
plot  of diffusion cur ren t  as a funct ion of concentra t ion 
was used wi th  the measured  cap i l l a ry  character is t ics  
(m ---- 1.43 mg/sec;  t _ 4.68 sec),  and the coulometr i -  
ca l ly  de te rmined  value  of n, to calculate  the diffusion 
coefficient (D) of CoA. This was accomplished by  
set t ing the  slope of the  p lo t  equal  to the te rms in 
parentheses  in the I lkovic  equat ion (Eq. [4]) 

i d " -  ( 7 0 8  n DI/2 m~/8 tz/6)C [4] 

The observed slope was 1.85 ~A/mM (12 solut ions) ,  
and the ca lcula ted  diffusion coefficient was 2.5 • 10-6 
cm2/sec. 

The resul ts  l i s ted  ear l ie r  in this paper  have demon-  
s t ra ted  tha t  the overa l l  e lec t rochemical  react ion tak-  
ing place at  the e lec t rode  surface is tha t  shown in Eq. 
[5]. In  o rder  to de te rmine  

2RSH ---- RSSR ~ 2H + -~ 2 e -  [5] 

the mechanism of this overa l l  reaction, a t r i angu la r -  
wave  vo l t ammet r i c  s tudy  was under taken .  F ive  
samples  of CoA were  s tudied at  the hanging  mercu ry  
drop e lect rode at  six scan rates  va ry ing  f rom 0.02 to 1 
V/sec.  A typical  t r i angu l a r -wave  vo l t ammogram is 
shown in Fig. 4. 

The diagnost ic  c r i te r ia  of Nicholson and Shain  (7) 
for  nondimer iza t ion  reactions,  and the diagnost ic  cr i -  
ter ia  of Andr ieux ,  Nadjo, and Savean t  (8) for d imer i -  
zation react ions wi thout  complicat ing chemical  steps 
were  appl ied  to five solutions of va ry ing  CoA concen-  
trat ion.  Typical  resul ts  obta ined using the cr i ter ia  of 
Nicholson and Shain  are  shown in Fig. 5. These resul ts  
indicate  tha t  the react ion mechanism obeyed by  CoA 
consists of a r e l a t ive ly  slow preceding chemical  
equ i l ib r ium fol lowed by  rap id  revers ib le  electron 
t ransfer .  

Plots  of  the anodic peak  potent ia l  as a function of 
the  log of the scan rate,  and as a funct ion of the log of 
the  CoA concentrat ion were  not those expected  for 
s imple d imer iza t ion  reactions, t he reby  indicat ing that  
the e lec t rochemical  react ion was not k ine t ica l ly  iden t i -  
cal to any  of the d imer iza t ion  react ions  s tudied by  
Andr ieux,  Nadjo, and  Saveant.  Taken together  these 
data  suggest  that  the d imer iza t ion  react ion involves a 
r a t e -de t e rmin ing  dissociation to y ie ld  an anion which 
subsequent ly  reacts  at  the e lect rode surface to yield a 
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Fig. 5. Application of the diagnostic criteria of Nicholson and 

Shain (7) to triangular-wave voltammograms of 0.8 mM coenzyme 
A at pH 6.5. 

dimer.  The type  of d imer iza t ion  react ion (DIM1, 
DIM2, etc.) cannot  be de te rmined  f rom t r i angu la r -  
wave  vo l tammet r ic  da ta  at  pH 6.5. The e lec t rochemi-  
cal react ion appa ren t ly  proceeds as shown in Eq. [6] 
at  pH's  less than 9.8 

RSH _-- R S -  -{- H + (slow) [6a] 

2RS-  _-- RSSR -{- 2e -  (fast)  [6b] 

and  as shown in Eq. [6b] at  h igher  pH's.  
The ra te  of the e lect rochemical  react ion at  pH 6.5 is 

de te rmined  by  the ra te  of the  dissociation step. The 
heterogeneous,  f i r s t -order  ra te  constant  for the overa l l  
e lect rochemical  react ion at  this pH can be es t imated  at  
the s t andard  potent ia l  of the redox couple f rom t r i -  
a ngu l a r -w a ve  vo l tammetr ic  data  using the method of 
Nicholson (9). The values  of n and D calcula ted ear l ie r  
were  used in this calculation.  A series of five CoA 
solutions were  used at  var ious  scan rates  for the 
kinetics study.  The ca lcula ted  ra te  constant  was (3 _ 
1) • 10 -3 cm/sec  (20 t r ia l s ) .  This ra te  constant  is for 
the overa l l  e lec t rochemical  reac t ion  as shown in Eq. 
[5]. The l imi t ing  factor  in the ra te  of Eq. [5] is the  
preceding chemical  react ion shown in Eq. [6a]. 

Manuscr ip t  submi t t ed  Feb. 6, 1981; revised m a n u -  
scr ipt  received Apr i l  15, 1981. 

I I I I I I 
2 _  

i , I . IA  

0 

- 2  

-,i i 
I I I I 1 I 

-1.0 -0.6 -0.2 
E ~ V  

Fig. 4. A triangular-wove voltommogram of 0.98 m M  r  A 
obtained a t  0.2 V/sec with a hanging mercury drop electrode a t  
pH 6.5, The scan started at --1Y, 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1982~ 
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ABSTRACT 

Physiological  amino acids of va r i ed  composit ion in K re bs -R inge r  solut ion 
both wi th  and wi thout  glucose behave  qua l i t a t i ve ly  s imi la r ly  dur ing  fast  po-  
tent ia l  sweeps using p la t in ized p l a t inum electrodes.  The degree  of observed 
amino acid e lec t rooxidat ion  and the inhibi t ion of glucose oxida t ion  are s t rong ly  
re la ted  to a p a r a m e t e r  which  represents  the s t reng th  of adsorpt ion  of the 
amino acid. This parameter ,  in turn, is a function of the in t r ins ic  adsorb-  
ab i l i ty  of the amino acid and its concentrat ion.  A r ank ing  of amino acids 
according to  thei r  ab i l i ty  to inhib i t  glucose oxida t ion  shows tha t  basic and 
su l fur -conta in ing  amino acids are the most  inhibi tory .  Inves t igat ions  wi th  
lysine and leucine at  var ious  concentrat ions confirm these findings. Amino 
acid mix tures  behave  qua l i ta t ive ly  s imi la r ly  to the ind iv idua l  acids, bu t  under  
cer ta in  condit ions the mix tures  to ta l ly  inh ib i t  glucose oxidat ion.  Sens i t iv i ty  
to glucose (in the cathodic potent ia l  sweep)  can be res tored  by  increas ing the 
anodie p repola r iza t ion  potent ial ,  the potent ia l  sweep rate,  and  the r ea l  surface 
area, and  by  decreasing convective t r anspor t  to the e lect rode surface. Mixtures  
of s t rong ly  and weak ly  inhibi t ing  amino acids ( lysine and leucine)  behave  in  
the same vzay as a solut ion of the s ingle  s t rong inhib i t ing  amino acid ( lysine)  
alone. 

In previous  publ icat ions  (1, 2) we have descr ibed 
the concept of an  implan tab le  glucose sensor for the 
de te rmina t ion  of glucose concentrat ion in in te rce l lu la r  
fluid, wi th  the u l t imate  goal  of control l ing glucose 
levels in diabetics.  This sensor is based on the use of 
high surface  area  p l a t inum as the glucose sensing 
electrode. P l a t inum was selected because of its good 
cycl ing characteris t ics ,  which  provide  for  good re -  
p roduc ib i l i ty  over  ex tended  per iods  of time. 

As proposed, the glucose sensing e lect rode is opera ted  
in a t rans ient  mode using a potent iostat .  In  this mode 
the e lect rode is ac t iva ted  by  an anodic prepolar iza t ion  
poten t ia l  pulse  (or pulse  sequence) ,  which may  be 
fol lowed by  a cathodic prepolar iza t ion  pulse to remove 
any  oxide  (PRO) prev ious ly  formed. A f t e r  the anodic /  
cathodic prepolar iza t ion  pulses, a po ten t ia l - s tep  or  a 
po ten t i a l - t ime  function E (t)  is appl ied  to the work ing  
electrode,  and the cur ren t  i ( t )  is measured.  A special  
case of this appl ied  t rans ient  potent ia l  method involves 
the use of a continuous t rapezoidal  E (t) funct ion wi th  
constant  potent ia l  p la teaus  at  high and low potentials ,  
e.g., -}-1000 mY and --800 mV vs. the sa tu ra ted  calomel 
e lectrode (SCE),  and  wi th  an ascending (anodic)  
l inear potent ia l  sweep and a descending (cathodic)  

~ Electrochemical  Society Act ive  Member. 
Key words: anodic oxidation, inhibition, glucose sensor. 

l inear  potent ia l  sweep. Work  wi th  Krebs -R inge r  solu- 
tions containing glucose alone as a reac tan t  has shown 
(3, 4) that  good sensi t ivi ty  and excel lent  reproduc ib i l -  
i ty  of the current  response to changes in glucose con- 
cent ra t ion  can be obta ined  with  pla t in ized p l a t i num or  
Teflon-bonded p l a t inum electrodes opera ted  in this 
mode, wi th  or wi thout  hydrophi l ic  membranes  cover-  
ing the e lect rode surface. If this type  of sensor and 
measur ing  method  is to find in-vivo applicat ion,  i t  is 
necessary to obtain glucose se lect iv i ty  wi th  respect  to 
the  large  va r i e ty  of coreactants  p resen t  in physiologic 
fluids. In te r fe rence  by  macromolecules  is e l imina ted  in 
the proposed sensor by  using a m e m b r a n e  which sep-  
arates  the sensing electrode f rom the body  fluids. In-  
te r ference  by  low molecular  weight  species depends on 
thei r  r eac t iv i ty  and concentrat ion and have to be the 
subject  of study. In a previous p~bl ica t ion  (5) we have 
repor ted  the effect of urea  on the glucose response us-  
ing fast  l inear  potent ia l  sweeps and have suggested 
methods to measure  glucose concentra t ion in the pres-  
ence of urea  of va ry ing  concentrations.  The addi t ion of 
an amino acid mix ture  to Krebs -R inge r  solutions con- 
ta ining glucose has also been shown (6) to grea t ly  
modi fy  the vo l t ammogram by  provid ing  addi t ional  ox-  
idat ion currents  in the anodic sweep at  h igh potentials .  
This effect is due to amino acid e lec t rooxida t ion  as wel l  
as to a substant ia l  inhibi t ion of glucose oxidat ion.  
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Rao et aZ. (7) have investigated the effect of sixteen 
individual  amino acids and a mixture  of seven amino 
acids on the fast potent ial-sweep vol tammogram and 
on the steady-state  current  obtained at constant  po- 
tential  using p la t inum-based  electrodes. They used a 
phosphate buffer as the support ing electrolyte. When 
invest igat ing individual  amino~acids using fast poten-  
tial sweeps, smooth Pt  was used as the working elec- 
trode and chloride was added to the support ing elec- 
trolyte. No chloride was used with the amino acid 
mixtures  nor with any  of the steady-state measure-  
ments. A platinized p la t inum electrode was used when 
testing mixtures  with fast potential  sweeps, and high 
surface area Pt -Ni  electrodes were used with all 
s teady-state measurements.  Based on the results of the 
steady-state experiments,  they classified the amino 
acids as strongly or weakly inhibi t ing and speculated 
that higher inhibi t ion is caused by stronger amino acid 
adsorption. 

Other than the aforementioned study (7), the elec- 
t rochemistry of amino acids has received little a t ten-  
tion when the working electrode is plat inum. In  con- 
trast, the mercury  electrode has been used repeatedly 
for polarographic investigations of amino acids and for 
adsorption studies (i.e., measurement  of electrocapil- 
la ry  curves) (8-14). These lat ter  studies have been 
motivated by the zwitterion na ture  of amino acids. 
Two factors governed the adsorption properties of 
amino acids on mercury:  the chain length (for the ali-  
phatic amino acids) and the contr ibut ion of the 
zwitterionic amino and carboxylic groups. It  has been 
suggested (14) that  near  the potential  of zero charge 
of the mercury  electrode, the amino acid molecule is 
adsorbed with its zwitterionic groups as well as the 
other subst i tuent  group in contact with the mercury  
surface. At more positive or negative potentials, the 
amino acid adsorption is controlled exclusively by the 
zwitterionic groups. It  is not obvious whether  the find- 
ings obtained using a mercury  electrode are directly 
applicable to the p la t inum electrode. 

Gold electrode and vitreous carbon electrode were 
used by Reynaud et al. (16) and Malfoy and Reynaud 
(17). They concluded that out of 20 amino acids ex- 
amined only six (cystine, cysteine, methionine,  tyro-  
sine, tryptophan,  and hist idine) were specifically oxi- 
dized on gold or carbon electrodes. They concluded 
that  on gold the electrochemical oxidation is catalyzed 
by a labile ox ide .  

The present  investigation was aimed at fur ther  
clarifying and quant i fy ing the effect of amino acids in 
the context of the physiological conditions to be en-  
countered when  using the glucose sensor we envision, 
i.e., high surface area Pt  electrode, b icarbonate-based 
buffer with physiologic concentrations of chloride, and 
fast l inear  potential  sweeps. We have extended the 
number  of amino acids studied individual ly  and have 
investigated in more detail the effect of amino acid 
concentrat ion with two amino acids, lysine and leucine, 
which are representat ive of strongly and weakly in-  
hibi t ing species, respectively. Lastly, we have explored 
possible interactions between amino acids in a simple 
mixture  of lysine and leucine and in  a very complex 
mixture  of 24 amino acids. 

Experimental 
The working electrode was a platinized p la t inum ro- 

tat ing disk electrode operated at 10 rev/sec. Our previ-  
ous work (3, 4) established that electrode processes 
are kinetical ly controlled at this rate of rotation. The 
geometrical area of the platinized p la t inum electrodes 
was 0.28 cm 2. The real surface area ranged from 260 to 
100 cm2 and was measured before each set of experi-  
ments  using galvanostatic, anodic hydrogen stripping. 
No significant changes were observed between consec- 
utive measurements.  Only two electrodes were used in 
this study, each with a single plat inizat ion which oc- 
curred at the start  of the investigation. The decay in  
real surface area was due mostly to mechanical  frag- 

menta t ion  of Pt  crystallites dur ing handl ing and rota-  
tion of the electrode (4). To account for the change in 
surface area in the in terpre ta t ion of data from elec- 
trodes with different surface areas, results are reported 
in terms of (i) cur rent  densities (currents  divided by 
real surface area) ,  or (ii) relat ive currents  (i.e., ratios 
of currents  or current  differences). The reference elec- 
trode was a saturated calomel electrode (SCE) and all 
the reported potentials were determined against this 
electrode. The support ing electrolyte was a modified 
(calcium-free) Krebs-Ringer  solution equil ibrated 
with a gas mixture  containing 95% N2 and 5% CO2 
(pH -- 7.3). The temperature  was 37~ The electro- 
chemical cell and measur ing circuit have been de- 
scribed previously (3). 

All  of the reported data were obtained using single 
l inear  potential  sweeps following a prepolarization 
potential  sequence. Unless otherwise stated, the po- 
tential  sweep and prepolarization conditions were as 
follows: anodic and cathodic l inear  potential  sweeps 
at 0.5 V/min  extending between --600 mV and +1000 
mV; cathodic prepolarization prior to an anodic sweep 
consisting of the application of a 1000 mV pulse for 1 
min  followed by 1 min  at --600 mV; and anodic pre-  
polarization sequence immediate ly  before the cathodic 
sweep consisting of the application of a --500 mV pulse 
for 1 min  followed by  2 min  at 1000 mV. 

Voltammograms with support ing electrolyte, glu-  
cose, amino acid, and glucose plus amino acid were 
compared. When doing so the generat ing sequence of 
the vol tammogram was (i) buffer (B) alone; (ii) 
amino acid (AA) in buffer; (iii) glucose and amino 
acid (G, AA) in buffer; (iv) buffer (B) alone (fresh 
solut ion);  (v) glucose alone (G) in buffer; and (vi) 
glucose and amino acid (G, AA) in buffer. 

The solutions were prepared from concentrated stock 
solutions of glucose and amino acids by adding 2.5-5.0 
ml of stock solution to 250 ml  of Krebs-Ringer  solu- 
tion. The test solution was replaced after step (iii) 
with fresh buffer following a thorough washing and 
r insing of all cell parts in contact with the test solu- 
tion. Excellent reproducibi l i ty  was observed between 
steps (i) and (iv) and between steps (iii) and (vi) 
provided that 1 min  was allowed for mixing and equil-  
ibrat ing prior to recording the current -potent ia l  curves; 
this reproducibil i ty confirmed the lack of hysteresis in 
the vol tammogram sequence. The first sweep was not 
recorded, the following sweep and all consecutive 
sweeps displayed identical  cur rent -potent ia l  charac- 
teristics. A similar approach was used to investigate 
simple mixtures  of leucine and lysine and more com- 
plex amino acid mixtures. 

Results 
E~ectrochemical behavior of individua~ amino a c i d s . -  

Figure 1 shows anodic and cathodic current -potent ia l  
curves obtained with fast l inear  potential  sweeps for 
Krebs-Ringer  buffer solution alone (curve A),  Krebs-  
Ringer buffer plus the addit ion of the amino acid 
a lanine alone (curve B), both glucose and alanine 
added to the buffer (curve C), and glucose alone added 
to the buffer (curve D). Similar  curves were obtained 
with the 24 amino acids listed in Table I, each at its 
normal  physiological concentrat ion and also at 3 mg/  
dl if its physiological concentrat ion was less than 1.7 
mg/d l  or greater  than 3.6 mg/dl .  These curves have 
been used to evaluate the electrochemical behavior  of 
amino acids in pure Krebs-Ringer  solution, as well as 
in glucose-containing Krebs-Ringer  solutions. 

Electrooxidation and adsorption of individual amino 
acids.--Comparison of curves A and B in Fig. la  shows 
that the second anodic current  peak, occurring in the 
potential  range of --250 to +250 mV, for the buffer 
alone is depressed and shifted by alanine to more posi- 
tive potentials. It  has been previously concluded (15, 
3, 4) that this peak is due to the oxidation of "reduced 
CO2" formed dur ing the cathodic prepolarization step 
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Table I. Inhibitory ranking of individual amino acids 

S e q u e n c e  of i n c r e a s i n g  inh ib i t i on  
A v e r a g e  C h e m i c a l  

phys io l ,  eonc. ,  M o l e c u l a r  c h a r a c t e r i s t i c  os A t  phys io-  A t  c o m p a r -  
A m i n o  ac id  C ( m g / d l ) t  w e i g h t  s u b s t i t u e n t  g r o u p  logic  conc .  a t ive  conc.  

A s p a r t i c  acid* 0.16 133 Acidic ,  h y d r o p h i l i c  1 7 
T a u r i n e *  0.50 125 N e u t r a l ,  h y d r o p h i l i c  2 3 
Ser ine*  1.2 105 N e u t r a l ,  h y d r o p h i l i c  3 8 
Ci t ru l l ine* 0.50 175 N e u t r a l ,  h y d r o p h i l i c  4 14 
Leucine 3.1 131 N e u t r a l ,  h y d r o p h o b i c  5 1 
Va l ine  3.1 117 N e u t r a l ,  h y d r o p h o b i c  6 4 
Isoleucine 2.6 131 N e u t r a l ,  h y d r o p h o b i c  7 2 
T h r e o n i n e  2.3 119 N e u t r a l ,  h y d r o p h i l i c  8 11 
G l u t a m i c  ac id  2.4 147 Acidic ,  h y d r o p h i l i c  9 5 
Proline 3.6 115 N e u t r a l ,  h y d r o p h o b i c  10 6 
Methionine * 0.6 149 N e u t r a l ,  h y d r o p h o b i c  11 26 
A s p a r a g l n e *  1.O 150 N e u t r a l ,  h y d r o p h i l i c  12 18 
T y r o s i n e  1.7 161 N e u t r a l ,  h y d r o p h i l i e  13 9 
Orn i th ine*  0.7 132 Basic ,  h y d r o p h i l i c  14 16 
A l a n i n e  * 510 89 N e u t r a l ,  h y d r o p h o b i c  15 10 
Tryptophan 1.7 204 N e u t r a l ,  h y d r o p h o b i c  16 12 
Glyc ine  3.1 75 N e u t r a l ,  h y d r o p h i l i c  17 15 
P h e n y l a l a n i n e  2.4 165 N e u t r a l ,  h y d r o p h o b i c  18 13 
Cystoine + cys t i ne  0.9 + 2.0 121 + 240 N e u t r a l ,  hyc l rophi l ic  19 22 
Lys ine  3.6 146 Basic ,  h y d r o p h i l i c  20 19 
A r g i n i n e  2.1 174 Basic ,  h y d r o p h i l i c  21 21 
Histidine 2.3 155 Basic ,  h y d r o p h i l i c  22 23 
Glu t amine*  7.3 146 N e u t r a l ,  h y d r o p h i l i c  23 17 

* Amino acids tested a t  3 m g / d l .  
t A. Whi t e ,  P.  H a n d l e r ,  a n d  E. L. Smi th ,  " P r i n c i p l e s  of B i o c h e m i s t r y , "  4 th  ed. ,  p. 706, McGraw-Hi l l  Book  Co., N e w  Y o r k  (1968). 

by the reductive adsorption of carbon dioxide or a re- 
lated species (e.g., carbonic acid, bicarbonate) .  The 
data show that the reduced CO2 is displaced by chemi- 
sorbed amino acid. In  the potential  sweeps of Rao 
et al. (7) this peak does not appear because phosphate 
was used instead of bicarbonate buffer. The extent  of 
the decrease in the height of this current  peak or its 
shift toward more positive potentials can be used as a 
measure of the degree of chemisorption of the amino 
acid at low potentials. The degree of chemisorption is 
itself determined by the strength of the intr insic in -  
teraction between the amino acid and the surface as 
well  as by the amino acid concentration. We have 
chosen to use the relative decrease in  the height of the 
second anodic current  peak (iB-iAA)/iB as an indication 
of the degree of electrode coverage by chemisorbed 
amino acid. Other measures obtained from the current -  
potential  curves might  be equal ly valid. For example, 
we have also examined the difference in the electrode 
potential  (evaluated at a constant  current  equal  to 
two-thirds of the background peak current)  between 
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the results for buffer plus amino acid and buffer alone. 
In  fact, as shown in Fig. 2a, good correspondence exists 
between these two parametr ic  measures, ei ther of 
which could be used to characterize the degree of 
amino acid adsorption. The numbered  points in Fig. 2 
indicate the specific amino acid corresponding to the 
numbers  in the fifth column of Table T. 
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The cur ren t  p la teau  observed wi th  Krebs -R inge r  
buffer solut ion alone at  potent ia ls  be tween  750 and 
1000 mV (curve A, Fig. l a ) ,  which  resul ts  f rom forma-  
tion of surface p l a t inum oxides (PtO) or  chemisorbed 
oxygen,  is enhanced by  the presence of amino acids 
(curve B).  This resul t  indicates  that  subs tant ia l  amino 
acid oxida t ion  occurs at  these potentials .  The re la t ive  
increase in cur ren t  induced b y  amino acids at  900 mV 
is p lo t ted  in Fig. 2b vs. the r e l a t ive  decrease in the 
height  of the second anodic peak. The corre la t ion  sug-  
gests tha t  the  oxida t ion  cur ren t  increases wi th  an in-  
crease in the degree of adsorpt ion  of the amino acid. 
However ,  the observed amino acid oxidat ion  cur ren t  
at +900 mV is a t rans ient  cur ren t  which m a y  resul t  
l a rge ly  f rom oxida t ion  of a prev ious ly  chemisorbed 
amino acid and need not  reflect oxidat ion  of addi t ional  
amino acid adsorbed f rom the bu lk  solution. I t  is un-  
c lear  whe the r  any  residual ,  s t eady-s ta te  cur ren t  due to 
bu lk  amino acid oxidat ion would  be propor t iona l  to the 
degree of amino acid adsorption.  Since no s t eady-s ta te  
cur ren t  was measured  in this work,  this question 
cannot be answered.  The s t eady-s ta te  currents  re -  
por ted  by  Rao et al. (7) a re  not  comparable  because 
they  were  ob ta ined  under  ve ry  different  expe r imen ta l  
conditions. 

F igure  lb  shows the effect of amino acids on the 
cu r ren t -po ten t i a l  curve obta ined in the cathodic d i rec-  
tion. At  high potent ia ls  (above app rox ima te ly  300 mV) 
the smal l  cu r ren t  difference be tween  curves A (buffer 
alone)  and B (buffer  plus amino acid)  reflects fu r the r  
oxida t ion  of the amino acid af te r  the anodic p r e p o l a r -  
izat ion period.  The presence of amino acids br ings  
about  a smal l  reduct ion  in the magni tude  of the PtO 
reduct ion  peak  (at  about  --300 mV) .  A smal l  shif t  in 
cur ren t  toward  the an0dic direct ion (or less cathodic 
cur ren t )  is also observed for potent ia ls  more  negat ive  
than  about  --450 mV. The effect of amino acid add i -  
tions in the region of the cathodic P r o  reduct ion  peak  
is different  f rom the effect of urea  addi t ion (5) which 
causes a b roadening  of the cathodic P r o  peak  toward  
negat ive  potent ia ls  wi th  the consequent  reduct ion of 
both the height  of the peak  and the cathodic currents  at  
potent ia ls  negat ive  to the  peak. This difference sug-  
gests tha t  amino acids s l ight ly  inhibi t  the format ion  of 
P tO dur ing  the preceding  anodic prepolar iza t ion  whi le  
urea  inhibi ts  its reduct ion  dur ing  the cathodic sweep. 
Ef]ect of ind iv idual  amino  acids on glucose e lec trooxi-  
da t ion . - -Compar i son  of curves C (addi t ion  of glucose 
+ amino acid) and D (addi t ion  of glucose alone)  in 
Fig. l a  shows that  the second cur ren t  peak  of the 
0anodic sweep in the potent ia l  range  from about  --100 
mV to about  +350 mV is subs tan t ia l ly  increased in the 
presence of glucose and tha t  this increase in cur ren t  is 
s t rongly  inhibi ted  by  the  presence of amino acids. 
F igure  3a shows tha t  there  is a good corre la t ion be-  
tween ic-iGAA, the decrease of the  cur ren t  in the second 
anodic peak  of glucose e lec t rooxidat ion  resul t ing f rom 
addi t ion  of amino acid, and the degree of amino acid 
adsorption.  At  high potent ia ls  (+600 mV) ,  the cur ren t  
obta ined when glucose and an amino acid are  added  to- 
ge ther  (curve C) is h igher  than when the amino acid 
is added  alone (curve B),  but  in genera l  is smal le r  
than wi th  glucose added  alone (curve D).  F igure  3b 
indicates tha t  the re la t ive  cur ren t  increase at  900 mV 
when glucose and an amino acid are  added  to the 
buffer, as compared  to addi t ion of amino acid alone, is 
inverse ly  re la ted  to the degree of adsorpt ion  of the 
amino acid. 

The g lucose-dependent  "anodical ly  d i rec ted  peak"  
observed in the  cathodic potent ia l  sweep be tween 
about  --250 and --400 mV has been in te rp re ted  (3) as 
resul t ing f rom e lec t rooxidat ion  of glucose af ter  a sub-  
s tant ia l  amount  of PtO has been reduced.  Comparison 
of curves C and D in Fig. lb  shows that  the presence of 
amino acids also decreases the height  of this peak. The 
reduct ion of the height  of the anodica l ly  d i rec ted  peak  
is also accompanied b y  a shift  of the peak  toward  more  
negat ive  potentials .  This would  be expected if less g lu-  
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cose were  e lectrooxidized s imul taneous ly  wi th  PrO 
reduction.  F igure  3c demonst ra tes  a good corre la t ion 
be tween  the re la t ive  decrease in the height  of the glu-  
cose-dependent  anodica l ly  d i rec ted  peak  of the ca-  
thodic potent ia l  sweep resul t ing  f rom amino acid addi -  
t ion and the degree of adsorpt ion of the ind iv idua l  
amino acids. 

The effect of amino acids on glucose e lec t rooxidat ion  
is summar ized  in Table  I in which the different  amino 
acids a re  o rde red  according to thei r  inh ib i to ry  power.  
This sequence was obta ined  by  ca lcula t ing  the average  
of (i)  the degree  of amino acid adsorpt ion (iB -- iBAA)/  
iB at  the second anodic current  peak,  (ii) the inhibi t ing 
power  on glucose oxidat ion at  the same current  peak  
(iG -- iGAA)/iO, and (iii) the degree  of inhibi t ion of 
glucose oxidat ion  at  the anodica l ly  d i rec ted  current  
peak  in a cathodic sweep, (iG -- iCAA)/iG. The most 
inh ib i to ry  amino acids are  those wi th  an excess of basic 
charac te r  impar t ed  by  the  presence of free NH2 groups. 
In  addition, there  is a suggestion that  the presence of 
sul fur  m a y  add to the inh ib i tory  na tu re  of the amino 
acids. 

A br ief  invest igat ion was conducted to compare  the 
behavior  of amino acids wi th  ve ry  low (<1.7 m g / d l )  or 
wi th  high (>3.6 m g / d l )  physiological  concentrat ions 
at  a constant  concentra t ion level  of 3 mg/d l .  Since the 
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molecular  weight  of physio logica l ly  significant amino 
acids in Table I does not  differ great ly ,  the molar  con- 
centra t ions  of the different  amino acids were  also com- 
parable .  The resul ts  showed that  the r ank ing  of the 
different  amino acids according to thei r  inh ib i tory  
power  changes in some cases (ci trul l ine,  methione,  
a lanine)  when comparison is made  at  comparable  con- 
centra t ions  (s ixth column of Table  I)  r a the r  than 
physiological  concentrat ion.  

Concentration eJ~ects of amino ac{ds ancl glucose.-- 
Leucine and lysine were  selected for fur ther  s tudy  be-  
cause, whi le  inhibi t ing glucose e lec t rooxidat ion  to 
quite different  degrees, thei r  physiological  concent ra-  
t ion and molecular  weight  differ only  sl ightly,  and 
both a re  a l iphat ic  sa tu ra ted  molecules. They differ 
s t ruc tu ra l ly  in thei r  subs t i tuent  groups, (CH2)~-NH2 
for lysine and CH(CH3)2 for leucine, which make  ly -  
sine a basic and hydrophi l i c  amino acid and leucine a 
neu t ra l  and hydrophobic  amino acid. 

F igures  4a and 4b show the effect of increasing con- 
centra t ions  of leucine and lysine, respect ively,  on the 
cu r ren t -po ten t i a l  curves obta ined wi th  a fast  potent ia l  
sweep. In these exper iments ,  the sweep ra te  was 2 V/  
min, and the e lect rode prepolar iza t ion  t r ea tment  con- 
sisted of a 2 min pulse at  --700 mV pr ior  to an anodic 
sweep and a 2 min pulse at  1150 mV pr ior  to a cathodic 
sweep. The qual i ta t ive  effect of increasing amino acid 
concentra t ion is consistent  wi th  the resul ts  discussed 
wi th  respect  to Fig. 1. The s t ronger  adsorpt ion  of Iysine 
(vs. leucine)  is consistent  wi th  the  more pronounced 
shift  of the second anodic peak  at  about  200 mV and 
the h igher  ra te  of lysine oxida t ion  at  the high poten-  
tials. A plot  of the net  amino acid oxidat ion  cur ren t  
dens i ty  at  950 mV (iAA -- iB d iv ided  by  real  surface 
area)  as a function of amino acid concentra t ion is p re -  
sented in Fig. 5. There  is a h igher  cur ren t  dens i ty  for 
lysine than for leucine with  an indicat ion of sa tura t ion  
in the case of lysine. 

F igure  6 is analogous to Fig. 2 and shows the cor re la -  
tions be tween  (i) the e lectrode potent ia l  shift  in the 
second anodic peak  at  two- th i rds  of the background  
peak  current ,  and (ii) the net  re la t ive  cur ren t  increase 
induced by  amino acid oxida t ion  at  900 mV in the 
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Fig. 5. Net current density at 950 mV during anodic sweep. O 
Lysine (Rf - -  411); A leucine (Rf = 518). 

anodic potent ia l  sweep as a funct ion of the  degree of 
amino acid adsorpt ion  expressed as the re la t ive  de-  
crease in the  height  of the second anodic cur ren t  peak.  
The da ta  were  obta ined  wi th  lysine and leucine in-  
d iv idua l ly  and wi th  s imple mix tures  of the two at  
va ry ing  concentrat ions  in buffer. The solid curves fit- 
t ing the  da ta  points  of Fig. 6a and 6b have been d rawn  
also in Fig. 2a and 2b, respect ively.  Good agreement  is 
observed for the correlat ions wi th  the ind iv idua l  amino 
acid and mix tu re  da ta  obta ined  at  va ry ing  concent ra-  
tions. 

F igure  7 contains cu r ren t -po ten t i a l  curves for a 
series of  different  glucose concentrat ions  t aken  under  
the fol lowing conditions:  alone wi th  buffer (Fig. 7a), 
wi th  &l m g / d l  leucine added  (Fig. 7b),  and  with  3.6 
m g / d l  lysine added  (Fig. 7c). Comparison of these 
three  sets of curves  demons t ra tes  the  decreased elec-  
t rode sens i t iv i ty  to glucose concentra t ion changes in 
both the anodic and cathodic potent ia l  sweeps in the 
presence of added  amino acid. The sensi t iv i ty  is smal le r  
wi th  the more  inh ib i tory  lysine than with  the less in-  
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hibi tory leucine. The effects of glucose and amino acid 
concentrat ions on the net  glucose oxidation current  
(iGAA -- iB) in the anodicaUy directed peak of the ca- 
thodic potential  sweep is shown in Fig. 8. The current  
density is plotted in  Fig. 8a as a funct ion of glucose 
concentrat ion at several concentrat ion levels of lysine 
and leucine. These data have been replotted in  Fig. 8b 
where the net  glucose current  is normalized by that  
measured in the absence of amino acid in  order to show 
the relative decrease in the net  glucose oxidation cur-  
ren t  as a funct ion of coreactant (leucine or lysine) 
concentration. Each data point  is the mean  of the data 
at each glucose concentrat ion plotted in  Fig. 8a. The 
relat ive decrease of current  is independent  of glucose 
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Fig. 8. Dependence of relative glucose current at anodically 
directed peak of cathodic sweep on glucose and coreactant con- 
centrations at sweep rate of 2 V/rain. (a) A, Glucose alone. O 
Leucine at concentrations (rng/dl); B, 1.2; C, 3.1; D, 5.0 A Lysine 
at concentrations (mg/dl); E, 1.4; F, 3.6; G, 5.8. (b) O Leucine, 
A lysine. Each point is mean of values obtained at glucose con- 
centrations of 50, 100, 200, and 300 mg/dh 

concentrat ion in the range of 50-300 mg/dl .  These re- 
sults show that  addit ion of amino acids decreases the 
electrode sensit ivi ty to glucose concentrat ion changes. 

The normalized net  glucose oxidation current  at the 
anodicaUy directed peak is plotted in Fig. 9 as a func-  
tion of the second coreactant concentrat ion for leucine- 
lysine mixtures.  With a constant  physiologic lysine 
concentrat ion (3.6 rag/d1) and increasing leucine con- 
centrations from 0 to 5 mg/dl ,  the net  current  is v i r tu -  
ally constant, and the solution behaves as if it  con- 
tained only the more strongly inhibi t ing lysine. In  con- 
trast, mixtures  with a physiological concentrat ion of 
leucine (3.1 mg/d l )  and varying amounts  of lysine 
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Fig. 9. Net current of anodically directed peak during cathodic 
sweep, in the presence of both lysine and leucine. Sweep rate 1 
V/rain. Glucose concentration constant at 100 mg/dh Rf ~ 779. 
O Leucine (3.1 mg/dl); A lysine (3.6 mg/dl). 
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show increasing inhibi t ion of glucose electrooxidation 
with increasing lysine concentration. This again dem- 
onstrates that the more strongly inhibi t ing component 
controls the behavior of simple amino acid mixtures.  
Figure 10 relates three measures of the extent  of in-  
hibition of glucose electrooxidation to the degree of 
lysine and leucine adsorption. The data used to con- 
struct these plots were taken from current -potent ia l  
curves obtained with potential  sweep rates of 0.5 V/  
min and with varying concentrations of lysine and 
leucine studied individual ly  and in mixtures. These 
plots correlate very well with those in Fig. 3. The 
solid curves fitting the data points in Fig. 10 are also 
drawn in Fig. 3; they show the same general  t rend as 
the data. The lysine and leucine data obtained at 
different concentrations agree well with these same 
curves that correlated a large number  of amino acids 
at their physiological concentration. Although the two 
mixtures in Fig. 9 behaved very differently, all of the 
mixture  data falls smoothly on the same correlations 
as that for the individual  amino acids in Fig. 6 and 10. 
This finding fur ther  validates the use of the relative 
current  decrease at the second anodic peak as a mea-  
sure of the degree of amino acid adsorption. 
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anodic peak induced by leucine and lycine. Glucose concentration 
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Table II. Amino acid mixture (AAM) 

Concentration 
Amino acid (mg/dl) 

Glycine 3.0 
Leucine 7.6 
Alanine 14.9 
Histidine 2.2 
Lysine 3.5 
Arginine 2.0 
Serine 1.1 
Glutamie acid 3.2 
Proline 3.5 
l~ethionine 0,6 
Tryptophan 1.7 
Cysteine 0.8 
Cystine 2.0 
Tyrosine 3.9 

Total 50.0 

E l e c t r o c h e m i c a l  b e h a v i o r  of  c o m p l e x  a m i n o  acid 
m i x t u r e s . - - I n  order to assess the behavior of complex 
amino acid mixtures  at physiological concentration, a 
mixture  of 14 amino acids with the composition shown 
in Table II (total concentrat ion of 50 mg/d l )  was used 
to generate the current -potent ia l  curves shown in Fig. 
11. Comparison with Fig. 1 shows that the electro- 
chemical response of this mixture  and its effect on the 
glucose current -potent ia l  curves is qual i ta t ively sim- 
ilar to that of the individual  amino acids. As would be 
expected, under  equivalent  conditions of electrode real 
surface area, prepolarization, and potential  sweep rate, 
the amino acid mixture  almost totally inhibits glucose 
electrooxidation. Fur ther  s tudy showed that  the sensi- 
f ivity to glucose in the cathodic potential  sweep can be 
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Fig. 11. Current-potential curves (at 0.5 V/rain). (a) Anodic 

sweeps; (b) cathodic sweeps. A, Krebs-Ringer alone; B, K-R with 
amino acid mixture (Table II, 50 mg/dl); C, K-R with amino acid 
mixture (50) -]- glucose (100); D, K-R with glucose (100). 
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restored by one or more of the following changes: (i) 
increase of the prepolarization potential  from 1000 to 
1100 mV; (ii) increase of the potential  sweep rate (e.g., 
from 0.5 to 2 V/rain;  (iii) increase in the electrode 
roughness factor; and ( iv)  reduct ion of t ransport  to 
and from the surface by  placing a membrane  over the 
electrode. Considerably less effort was spent invest igat-  
ing factors which improve glucose sensit ivi ty in the 
anodic potential  sweep. However, experiments  with 
leucine and lysine mixtures  at two sweep rates did in-  
dicate that  a decreased potential  sweep rate can in-  
crease glucose sensit ivi ty in  the anodic potential  
sweeps. Figure  12 shows the anodically directed cur-  
rent  peak of the cathodic potential  sweep obtained 
with different glucose concentrations in the presence 
of 50 mg/d l  of a commercial ly available amino acid 
mix ture  (Freamine,  McGaw Laboratories, Chicago) 
comparable in composition to the mixture  of Table II. 
Glucose sensi t ivi ty is restored by the use of a higher 
prepolarization potential  and a higher sweep rate. 

The effect of total amino acid concentrat ion is shown 
in Fig. 13. The net  current  densi ty at the anodically 
directed glucose-dependent  peak of the cathodic sweep 
is plotted vs. glucose concentrat ion for Freamine  con- 
centrat ions of 50 and 85 mg/d l  in Fig. 13a. Even at 85 
mg/d l  there is still cons iderable  glucose sensitivity, 
bu t  there is also a large effect of amino acid concentra-  
tion. For example, change in Freamine  concentrat ion 
from 50 to 85 mg /d l  causes the current  to decrease to 
one- th i rd  of its init ial  value. The same data are plotted 
on reciprocal coordinates in Fig. 13b. The good l inear-  
i ty of the data on these coordinates suggests that the 
net  glucose oxidation current  density can be repre-  
sented empirical ly as a hyperbolic funct ion of glucose 
concentration. No at tempt  was made to in terpre t  
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with 50 mg/dl of Freamine amino acid mixture. Prepolarization 
potential: 1100 mV; sweep rate: 1.8 V/mln; Rf ~ 600. Glucose 
concentrations: 0, 20, 40, 80, 180, 280, 380 mg/dl (A to G). 

kinetical ly the effect of amino acids on the current  
since the conditions under  which the current  is mea-  
sured involve a number  of t ransient  electrode processes 
such as PrO reduction, glucose oxidation, double layer 
charging or discharging, and probably  some amino acid 
oxidation. 

Conclusions 
A number  of conclusions can be drawn regarding the 

effect of amino acids on fast potential  sweeps obtained 
in Krebs-Ringer  buffer solutions with and without  
glucose: 

1. In  the presence of amino acids the electrochemi- 
cal activity of the p la t inum electrode can be repro- 
duced by applying periodic potent ia l - t ime functions in 
such a way that no cumulat ive effect of amino acid ac- 
tion is present. No hysteresis in the sequence of addi-  
tion of glucose and amino acids is observed. 

2. Individual  amino acids are adsorbed on p la t inum 
at low potentials. They are oxidized at high potentials 
(above + 650 mV) and inhibi t  glucose oxidation in all  
potential  regions of glucose activity. Good correlation 
exists between both the oxidation at high potentials 
and the glucose inhibi t ion of a given amino acid and a 
parameter  obtainable directly from vol tammograms 
with and without  amino acid which indicates the de- 
gree of adsorption of the amino acid. These relat ion-  
ships appear to override any effects caused by the var i -  
ation in chemical composition. 
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3. Order ing  of indiv idual  amino acids according to 
thei r  level  of glucose inhibi t ion indicates  tha t  the main  
factor  d e t e r m i n i n g t h e i r  inh ib i tory  power  is thei r  basic 
character .  The presence of excess NH2 groups causes 
amino acids to be more  inhibi tory.  

4. Lysine and leucine at  the same molar  concentra-  
t ion d i sp lay  very  different  behavior  in terms of ad-  
sorption, oxidat ion  rate,  and glucose inhibit ion.  These 
differences are  a t t r ibu tab le  to the presence of an NH2 
group at  the end of the lysine molecule. This resul t  
suggests that  the adsorpt ion of lysine on the p la t inum 
electrode does not occur solely through the zwit ter ionic 
groups of the molecule  but  must  also involve the sub-  
s t i tuent  group. 

5. Changes in the concentra t ion of lysine and leucine 
a l ter  the i r  degree of adsorpt ion coverage, the ra te  of 
oxidat ion  at  high potentials,  and the glucose inhibi t ion 
power.  These changes can be descr ibed by  the same 
curves which corre la te  ind iv idua l  amino acid data. 

6. Mixtures  of amino acids near  physiologicaI  con- 
cent ra t ion  behave  qua l i t a t ive ly  as ind iv idua l  amino 
acids. Under  condit ions used to s tudy ind iv idua l  amino 
acids, but  wi th  the amino acid mix tures  used, the in-  
h ibi t ion is so overwhelming  that  there  is no glucose 
concentrat ion response. 

7. Glucose sensi t iv i ty  in the cathodic potent ia l  sweep 
can be res tored  by increasing one or more  of the fol-  
lowing parameters :  the  prepolar iza t ion  potential ,  the 
potent ia l  sweep rate,  and the real  surface area  of the 
electrode.  Reducing the t r anspor t  ra te  to the surface 
can also increase  the glucose concentrat ion sensit ivity.  

8. Mixtures  of lysine and leucine behave  as ind iv id-  
ual  amino acids wi th  r ega rd  to thei r  adsorption,  ox ida-  
t ion rate,  and glucose inhibit ion.  They fit the same 
plots re la t ing  the var ious  pa rame te r s  of the i(E) 
curves for ind iv idua l  amino acids at  physiological  
concentrat ions and for ind iv idua l  solut ions of leucine 
and lysine at  various concentrations.  

9. Both leucine and lysine cause a re la t ive  decrease 
in the glucose oxidat ion  cur ren t  which is nea r ly  inde-  
pendent  of the glucose concentrat ion.  

10. When  leucine is added  from 0 to 5 m g / d l  to ly-  
sine solutions at  the physiological  concentra t ion of 
lysine (3.6 m g / d l ) ,  the solutions behave with  respect  
to glucose inhibi t ion  and to amino acid oxidat ion as if 
they  contained only lysine. 

Manuscr ip t  submi t ted  Dec. 24, 1980; rev ised  m a n u -  
scr ipt  received May 5, 1981. This was P a p e r  529 p re -  

sented at  the Seatt le ,  Washington,  Meeting of the So- 
ciety, May  21-26, 1978. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ ished in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 

Publication costs of this article were assisted by 
Giner, Inco,rporated. 
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ABSTRACT 

The e lect rosorpt ion and the po ten t iodynamic  e lec t rooxidat ion  of e thane o n  
pla t in ized p la t inum in 1N H2SO4 has been s tudied  in the 20~176 range.  The 
po ten t iodynamic  I/E profiles run immed ia t e ly  af te r  the  potent ios ta t ic  e lec t ro-  
sorpt ion of the hydrocarbon  show that  three  different  species pa r t i c ipa te  in the 
e lec t rooxida t ion  process. The var ious  e lec t rosorbed species a re  t en ta t ive ly  
re la ted  to the e lec t rosorbed species which are  formed dur ing  the e lec t rosorp-  
t ion of both  methane  and e thylene  on pla t inum.  The e lec t rochemical  process 
is discussed th rough  a complex react ion p a t h w a y  involving electrosorption,  
interconversion,  and e lec t rooxidat ion  processes. 

The e lec t rooxida t ion  of e thane on p l a t inum has been 
s tudied both in acid and a lka l ine  electrolytes .  Data  
for the  e lec t rochemical  react ion are  r epor ted  at  differ-  
ent  t empera tu res  using convent ional  galvanosta t ic  and 
potent ios ta t ic  techniques and mul t ipulse  po ten t io-  
dynamic  per tu rba t ions  (1-14). Al though  the ava i lab le  
informat ion is to some ex ten t  not s t r a igh t fo rward ly  
comparable ,  i t  .has been es tabl ished tha t  the react ion 
occurs th rough  the par t ic ipa t ion  of different  adsorbed 
species which were  denoted as type  I species and type  
II  species. The former  was assigned to an O- type  
species and the l a t t e r  to a CH-~- type  species, respec-  
t ive ly  (15-19). These ass ignments  were  made on the 
basis of t r i angu la r  potent ia l  sweep I/E displays which 
were  also compared  to those resul t ing f rom the po-  
ten t iodynamic  e lec t rooxida t ion  of o ther  re la ted  sub-  
stances and f rom the charge balances  based on the 
potentiodyn,amic da ta  (3, 5-9). F r o m  the corre la t ion 
of resul ts  obta ined  for  different  hydrocarbon  e lec t ro-  
oxida t ion  on p l a t i num in acid e lec t ro ly tes  var ious  
genera l  reac t ion  pa thways  were  pos tu la ted  (5-8, 12- 
14). 

Recent  resul ts  on the e lec t rooxida t ion  of e thylene  
(20, 21) and of  me thane  (22) indicate  that  the ini t ia l  
s tage of the e lect rochemical  react ion is a dissociat ive 
e lec t rosorpt ion of the hydrocarbon.  For  e thylene  the 
pr inc ipa l  adsorbed species is assigned to a CH-conta in-  
ing species, while  for  methane,  there  are,  in principle,  
two O-conta in ing e lec t rosorbed species p redomina t ing  
on the e lect rode surface,  thei r  re la t ive  surface con- 
cent ra t ion  depending  on the e lec t rosorpt ion poten t ia l  
and on the e lec t rosorpt ion t ime (22). These resul ts  
suggest  tha t  for a s a tu ra t ed  hydroca rbon  such as 
e thane at  least  three  ma in  adsorbed  species could 
par t i c ipa te  in the e lec t rochemical  reaction,  the i r  r e l a -  
t ive contr ibut ions  depending  on the physicochemical  
character is t ics  of the e lec t rochemical  in terface  and 
on the potent ia l  p rog ram appl ied  to the interface.  

The p resen t  p a p e r  deals  wi th  the e lec t rosorpt ion 
and the po ten t iodynamic  e lec t rooxida t ion  of e thane 
on p l a t inum in acid e lec t ro ly te  at  different  t e m p e r a -  
tures. I t  shows tha t  three  main  e lec t rosorbed species 
contr ibute  to the e lec t rochemical  reaction.  The po ten-  
t iodynamic  character is t ics  of these species corre la te  
reasonably  wel l  wi th  those der ived  f rom e thylene  and 
methane  e lec t rooxida t ion  and they  suggest  the pos-  
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ane electrosorption. 

sibi l i ty  of present ing  a genera l  react ion scheme for 
the shor t  chain a l iphat ic  hydroca rbon  e lec t rooxidat ions  
which takes  into account the hydroca rbon  e lec t ro-  
sorpt ion reaction, the possible hydrogena t ion  reactions,  
the in terconvers ion react ions involving the different  
e lec t rosorbed species, and the p roper  e lec t rooxidat ion  
of the various adsorbed species y ie ld ing  CO2 and 
hydrogen  ions as final products  a t  the p l a t i num anode. 

Experimental 
A conven t iona l - type  t h r e e - c o m p a r t m e n t  e lectroysis  

cell was employed.  The different  cell  compar tments  
were  connected th rough  cup- type  glass stopcocks lub -  
r icated with  the e lec t ro ly te  solution. Convent ional  
procedures  for the  glass cell c leaning were  used. The 
work ing  electrodes consisted of a p l a t in i zed -p la t inum 
electrode p repa red  as indica ted  in a previous  work  
(21). The ac tua l  e lec t rode  areas  were  eva lua ted  
through the charge corresponding to the hydrogen  
adatom elect rosorpt ion cu r ren t  peaks. The potent ia l  
of the work ing  e lect rode was measured  aga ins t  a h y -  
drogen reference  e lec t rode  at  1 a tm hydrogen  gas 
sa tura t ion  pressure  in the  base  e lec t ro ly te  solut ion 
(e thane- f ree  acid e lec t ro ly te) .  The e lect rode potent ia ls  
in the tex t  a re  r e fe r red  to the  revers ib le  hydrogen 
electrode s c a l e  (RHE).  The countere lec t rode  was a 
large area  p la t inum sheet. 

The acid e lec t ro ly te  (1N H2SO4) was p r e p a r e d  f rom 
Merck p.a. 95-97% H2SO4 and t r ip ly  dis t i l led  water .  
The e lec t ro ly te  solut ion satisfied the pu r i ty  s tandards  
indica ted  in the l i t e ra tu re  (22, 23). Runs were  made  at  
20 ~ 50 ~ and 80~ in the e lec t ro ly te  sa tu ra t ed  wi th  
e thane (C. P. Matheson)  at  1 a tm pressure.  F o r  the  
sake of comparison blanks  were  sys temat ica l ly  made 
using the base e lec t ro ly te  solution under  1 a rm n i t ro -  
gen gas saturat ion.  

P r io r  to the  hydrocarbon  adsorpt ion measurements  
the work ing  electrode was subjec ted  to the p r e t r ea t -  
ment  a l r eady  descr ibed in a recent  publ ica t ion  (21). 
Af te r  the e lect rode p r e t r e a t m e n t  the poten t ia l  of the 
work ing  electrode was held  dur ing  a prese t  t ime, tad, 
at  a fixed value, Ead, for the e thane adsorpt ion.  I m -  
media te ly  a f t e rward  a t r i angu la r  po ten t ia l  sweep was 
appl ied  fro.m Ead (Fig. 1) e i ther  toward  the posi t ive 
(p rogram a) or  the negat ive  potent ia l  direct ion (pro-  
g ram b) ,  at  a potent ia l  sweep rate,  v. The charge r e -  
qui red to e lectrooxidize  the l aye r  of adsorbed h y d r o -  
carbon,  QE, was eva lua ted  by  subs t rac t ing  f rom the 
total  anodic charge,  p rev ious ly  corrected for the double  
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Fig. 1. Potential perturbation programs. Time axis arbitrary 
scale. Step width: A ---- 5 sec; B = 60 see (gas bubbling) -t- 120 
sec (quiescent solution); C ---- tad; D = negative going potential 
sweep; E - -  tH; F = triangular potential sweep. 

layer  effect, the cathodic charge per ta in ing  to the elec- 
trodesorption of the oxygen-conta in ing layer  formed 
dur ing the anodic scan. In this sense b lank  experiments  
served as reference (20). In  order to select the suitable 
v range for the ethane electrooxidation under  hydro-  
carbon readsorpt ion-free condition runs  were made at 
preset values of Ead and tad between the cathodic 
(Es.c) and the anodic (Es.a) switching potentials and 
different v's. From the QE vs. v plot (20) it was con- 
cluded there is practically no ethane readsorption in-  
terference when v ~ 0.3 V/sec. 

The electrosorption of ethane on platinized p la t inum 
was studied at a constant  tad over a rea t ivey  wide 
Ead range (0.1V ~ Ead ~ 0.6V) and at a constant  Ead 
over a large tad range (5 sec ~-- tad ~-~ 90 mill) .  

Results 
The potentiodynamic I /E  dispZays in the ethane- 

saturated electrolyte .--The potent iodynamic HE dis- 
plays depend strongly on the characteristics of each 
potent ial  per turbat ion  program. Thus, the I /E  display 
resul t ing from the first potential  scan in the positive 
potential  going direction run  at Ead : 0.250V, tad : 
10 min, v : 0.4 V/sec, and 80~ (Fig. 2) shows that  
the adsorbed ethane electrooxidation occurs in the 
range ca. 0.4-1.5V. The process is associated ~ with a 
composite anodic current  peak (peak I) at ca. 0.69V 
which consists of a doublet  and with another  com- 
posite anodic current  peak lying at ca. 1.05V (peak II) .  
The lat ter  overlaps with that  related to the oxygen 
electrosorption on plat inum. Likewise, the appearance 
of cur ren t  peaks I and II is related to the remarkable  
decrease of the current  related to the electrooxidafion 
of the hydrogen adatoms, which are located in the 0.25- 
0.4V range. The negative potential  going excursion 
exhibits the already known cathodic current  peak at 
ca. 0.75V related to the oxygen electrodesorption and 
the cathodic current  related to the ini t iat ion of the 
hydrogen adatom electrosorption at potentials close 
to Es.c. Dur ing  the second potential  scan the HE pro- 
file rapidly approaches the characteristics obtained in 
the blanks. 

The I /E  displays run  at a constant  Ead and different 
tad reveal the doublet  s tructure of current  peak I (Fig. 
3). Thus, at the shortest tad'S the current  peak compo- 
nen t  which is located at more positive potentials (peak 
Ib) predominates over that  (peak Ia) which is located 
at more negative potentials. Likewise, the contr ibut ion 
of current  peak II is practically absent. 

On the other  hand, when tad ~" 1 rain the contr ibu-  
tion of current  peak II becomes appreciable and s imul-  
taneously the largest charge contr ibut ion to current  
peak I is due to peak Ia. 

At  a constant  Ead , the total charge related to the 
electrooxidation of adsorbed ethane at tains a l imi t ing 
value after a certain time, tad.ss. This time can be con- 
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Fig. 2. Potentiodynamie I/E profiles run at 0.4 V/sec using the 
perturbation program (a) shown in Fig. 1. Earl ~ 0.25V; tad 
10 min; 80~ real electrode area ~ 87 cm 2. Numbers 1 and 2 
indicate the first and the second potential scans, respectively. 
Profile 2 approaches the blank contour (nitrogen saturated elec- 
trolyte). 

sidered as the m i n i m u m  time required to reach the 
stat ionary surface coverage by the adsorbed species. 
Thus, at 80 ~ and Ead : 0.250V, tad,ss : 10 mln. Under  
the same Ead and tempera ture  conditions, within the 
1 min ~ tad ~ 7 min range, QE increases l inear ly  with 
the logari thm of t (Fig. 4). O n the other hand, at a 
constant  tad, the shape of the electrooxidation I /E  pro- 
file changes with Ead (Fig. 5). Thus, at Ead ---- 0.5 and 
0.15V the current  peak I appears as a small  plateau 
and the contr ibut ion of current  peak II to the total 
charge QE becomes relat ively important .  At  Ead = 
0.6V no ethane adsorption is detected through the po- 
tential sweep technique. At tad ----- tad,ss, QE depends on 
Ead (Fig. 6). The max imum charge related to the 
electrooxidation of adsorbed ethane is found at  Ead --~ 
0.250V, the corresponding charge being QE : 0.27 
mC/cm e of real area. For this case, the major  charge 
contr ibut ion to the total charge QE is that  of current  
peak Ia (Fig. 2). 

The influence of the electrochemical hydrogenat ion 
on the potent iodynamic HE profiles (Fig. 7) is deter-  
mined by including a variable potent ial  holding dur -  
ing the time tit at Es,c ----- 0V (Fig. 1, program b) .  Thus, 
when tH increases the current  peak I becomes th inne r  
and relat ively more symmetric, bu t  the corresponding 
anodic charge remains  constant. The peak height to 
peak width at one-hal f  peak height ratio changes from 
7.7 for ~;H = 0.3 sec to 11 for tH : 5 rain. Furthermore,  
after the ethane adsorption at Ead : 0 .25V,  the poten-  
tial sweep in the negative potential  direction reveals a 
clear and systematic blocking of sites for the electro- 
sorption of hydrogen atoms, par t icular ly  those sites 
corresponding in the highest hydrogen-p la t inum ad- 
sorption energy. On the other hand, the contr ibut ion 
of current  peak II decreases as tH increases. This indi -  
cates that the species related to current  peaks Ib and 
II undergo electrochemical hydrogenation, the former 
yielding the adsorbed species related to current  peak 
Ia and the la t ter  yielding an apparent ly  nonadsorbable  
species. 
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At  constant  Ead and tH the  d is t r ibut ion  of the  anodic 
cur ren t  peaks  is s t rongly  dependent  on tad (Fig. 8). 
Thus, for  tad : 45 sec the cu r r en t  peak  Ib becomes the 
most r e l evan t  one, whi le  at  i~ad ~"  1.5 min the cont r ibu-  
t ion of cur ren t  peak  Ia becomes progress ive ly  more  im-  
por t an t  as tad increases.  Fur the rmore ,  a s  t a d  decreases 
the cur ren t  peak  II  appears  wi th in  a n a r r o w e r  po ten-  
t ia l  range.  

The shape of the I/E contour  depends  also on tm 
Thus, when t H ----- 5 rain the contr ibut ion  of cu r ren t  
peak  II  to the to ta l  charge QE apprec iab ly  decreases.  
Af te r  the e lec t rochemical  hydrogena t ion  the cur ren t  
r e la ted  to the  oxygen e lec t rosorpt ion decreases in the  
0.75-0.95V range.  The corresponding charge  decrease 
m a y  be in  pa r t  compensated  b y  the charge increase  
observed in the  0.9-1.5V range,  jus t  in the  poten t ia l  
range  where  the cur ren t  peak  I I  is recorded.  The 
eva lua t ion  of the  cont r ibut ion  of each reac t ion  occur-  
r ing  in the 0.9-1.5V range  exc lus ive ly  f rom the po ten-  
t iodynamic  da ta  is not  feasible,  but  i ndependen t ly  of i t  
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Fig. 4. Dependence of QE on tad at Earl : 0.25V; 80~ real 
electrode area = 88 cm ~. 

the poss ibi l i ty  tha t  the cu r ren t  peak  II  resul ts  f rom 
the sum of the oxygen e lec t rosorpt ion  cur ren t  and the 
res idual  cu r ren t  of peak  I should, in  pr inciple ,  be d is -  
carded. 

The temperature influence.--The same  type  of ex -  
per iments  a l r eady  descr ibed at  80~ were  also made  
at  20 ~ and  50~ In principle ,  the different  cu r ren t  
peaks in the po ten t iodynamic  I/E displays  are  more  
poor ly  defined as the  t empera tu re  decreases because 
the potent ia l  range  at  which the e thane e lec t roox ida-  
t ion current  peaks  are  observed becomes signif icantly 
more  posi t ive when  the t e m p e r a t u r e  decreases  and, 
consequently,  the poten t ia l  regions corresponding to 
the oxygen e lec t rosorpt ion and to the e thane e lec t ro-  
oxidat ion  are pa r t i a l l y  over lapped  (Fig. 9 and 10). At  
20~ the t ime requ i red  to a t ta in  the m a x i m u m  s teady  
surface coverage by  adsorbed e thane at  Ead ---- 0.250V 
extends  up to t ad , ss  : 90 min. In  this case, the cu r ren t  
due to the electro desorpt ion of the hydrogen  adatoms 
becomes apprec iab le  (Fig. 9). The I/E disp lay  run  at  
1 a tm e thane  sa tura t ion  pressure  at  20~ resembles  tha t  
obta ined  under  1 arm e thylene  sa tura t ion  pressure  a t  
40~ (20) wi th  the  same acid electrolyte .  The anodic 
cur ren t  peak  recorded at  20~ decreases progress ive ly  
by  e lect rochemical  hydrogena t ion  a t  0V when  tH is 
g radua l ly  increased.  Therefore,  the  species fo rmed  
dur ing  e thane  e lec t rosorpt ion on pla t inum,  at  20~ 
behaves  s imi la r ly  to tha t  obta ined  f rom the e lec t ro-  
sorpt ion of e thylene  on the same e lec t roca ta lys t  at  
r e l a t ive ly  h igher  tempera tures .  

The po ten t iodynamic  I/E displays  ob ta ined  a t  50~ 
show a behavior  which is in te rmedia te  be tween  those 
observed at  80 ~ and 20~ (Fig. 10). A t  50~ the HE 
display  presents  the cur ren t  peaks  I and II  and an 
apprec iab le  hydrogen  ada tom elect rosorpt ion current .  
The t ime requ i red  to a t ta in  the s teady  surface cover-  
age by  the adsorbed  species f rom ethane e lec t rosorp-  
t ion at  Ead = 0.25V is tad,ss = 30  m i n .  

Charge measurements related to the electrosorption 
of ethane on pZatinum.--During the  e lec t rosorpt ion  of 
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ethane on p la t inum at 80~ at the max imum electro- 
sorption potential  a current  t rans ient  is recorded whose 
integrat ion from t = 0 up to the t ime required to 
reach the nu l l  cur rent  (after correction for the base- 
l ine) yields the charge (QD) associated with the hy-  
drogen ions produced during the electrosorption pro- 
cess. Immediate ly  after the nu l l  current  condition is 
a t ta ined a l inear  potential  sweep from Ead Up to Es,a 
is r un  so that  the electrooxidation charge of the elec- 
trosorbed species (QE) can be evaluated. Thus, at  Ead 
-- 0.250V the QD/QE ratio is 1.0 • 0.1. 

Kinetic relationships.--Various re levant  kinet ic  re-  
lationships can be derived from the different potentio-  
dynamic I/E profiles. For  this purpose the runs  made 
at 80~ are preferred since the different ethane elec- 
trooxidation current  peaks are more clearly defined. 
Runs made from Ead -'- 0.25V, after  the ethane 
electrosorption dur ing  tad.ss show that  the height  of 
current  peak I, (Ip)i, increases with v (Fig. 11). The 
low potential  sweep data are corrected for the contri-  
but ion of the ethane readsorption on the basis of the 
charges recorded in  the second successive potent ial  
scan at different v. The exper imental  data fit a slight 
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Fig. 6. Dependence of QE at tad,ss on .Cad; 80~ real electrode 
area = 88 cm 2. 

curve, appro,aching a straight line which intercepts 
the origin of the plot as v --> 0. 

The potential  of current  peak I, (Ep)z, shifts toward 
more positive potentials as v increases, fitting a l inear  
(Ep) i/log v plot (Fig. 12). The slope of the correspond- 
ing average straight line is, at 80 ~ equal to 0.100 V/  
decade, a value which is in termediate  between the 
2.3 (2RT/F) ratio and the 2.3 (RT/F) ratio. 

The E/log I plots derived from the ini t ial  portion 
of the current  peak I (Fig. 13) correspond to smooth 
curves whose location in the E/log I plane depends on 
v. In  the low potential  range the slope of the E/ log  I 
plots decreases slightly when v decreases. As v de- 
creases, this slope tends to the 2.3 (RT/F) ratio. 

Discussion 
The number and possible nature oJ the adsorbed 

species.--The potent iodynamic I/E displays related to 
the electrochemical oxidation of ethane on p la t inum 
in 1N HC104 at 60~ (3, 5-7) consist of an  anodic cur-  
rent  peak lying at relat ively low potentials and of a 
broad current  max imum which extends from about  
0.8V up to 1.2V. According to previously reported data 
(3, 5-7), the charge of the first cur rent  peak remains  
practically unchanged upon cathodic hydrogenation.  
The corresponding adsorbed species which are electro- 
oxidized at near  0.TV behaves apparent ly  s imilar ly  to 
the residual  eleetrosorbed species observed dur ing  the 
electrooxidation of methane (14). Contrarily,  the elec- 
trosorbed species associated wi th  the second current  
peak is cathodically desorbed through electrochemical 
hydrogenation. The corresponding species was related 
to the same adsorbed C2H2 species formerly  postulated 
for the ethylene electrosorption on p l a t inum in  the 
acid electrolyte (7). A comparison of the potent iody- 
namic electrooxidation of methane,  ethylene, and eth-  
ane on p la t inum under  hydrocarbon readsorption-free 
conditions seems to indicate that the electrochemical 
behavior of the lat ter  is in termediate  between that  of 
methane and e{hylene. The ma x i mum charge for the 
electreoxidation of the ethane electrosorbed species in 
1N HC104 at 60~ has been estimated as 0.56 mC/cm2 
(5), a charge which is more than tr iple of that  found 
for methane  adsorbate (14). This is par t ly  due to the 
fact that  e thane is more soluble in ,aqueous electro- 
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lytes  than  methane.  Thus, the  e thane  so lubi l i ty  in 
wa te r  a t  60~ and 1 a tm is 1.8 • 10-6 m o l / c m  s (5).  

The p resen t  po ten t iodynamic  I/E displays  indicate  
tha t  a t  leas t  th ree  different  adsorbed species a re  p ro -  
duced dur ing  the e lec t rosorpt ion  of e thane on p la t i -  
nized p la t inum.  The re la t ive  surface concentra t ion of 
the var ious  adsorbed species depends  o n  the t e m p e r a -  
ture, on the e lec t rosorpt ion  potent ial ,  and on the d u r a -  
t ion of the  e lec t rosorpt ion  process. Therefore,  f rom the 
da ta  p resen ted  in this l~aper i t  seems reasonable  to 

I i I I 

O~ (19 1.2 1.5 

P o t e n t i a l  I ( V )  

conclude that  the so-cal led type  I species (14) ac tua l ly  
corresponds at  least  to two different  adsorbed species, 
whose re la t ive  contr ibut ions to the total  e l ec t roox ida-  
t ion charge depend  on the e lec t rosorpt ion  conditions.  
Thus, the cur ren t  peak  I appears  as the sum of 
cur ren t  peaks  Ia and Ib. The spl i t t ing  of cur ren t  
peak  I is more  evident  at 80~ The prev ious ly  de -  
scr ibed exper iments  also indicate  tha t  an in te rcon-  
vers ion of the adsorbed  species re la ted  to the  cu r -  
ren t  peaks  Ia and Ib is feasible  through cathodic hy -  

6~ . . . . .  I ~ . . . . .  1/ '~ ' 
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I;ig. 8. Potentlodynamic I/E profiles run at 0.4 V/sec using the perturbation program (b) shown in Fig. I at different tad. Earl - -  
0.25V; tH = 5 rain at 0V; 80~ real electrode area = 10! cm 2. (a) tad = 45 sec; (b) tad = 1.5 mini (c) tad = 5 rain. 
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Fig. 9. Potentiodynamlc I/E profiles run at 0.3 V/see using the 
perturbation program (a) shown in Fig. I .  Ead ~ 0.25V; t~d ---- 90 
min; 20~ real electrode area : 74 cm 2. 
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Fig. 10. Potentiodynamie I/E profiles run at 0.3 V/sec using the 
perturbation program (a) shown in Fig. I. Eaa ~ 0.25V; tad ~ 
20 mln; 50~ real electrode area = 90 cm 2. 
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Fig. 11. Dependence of (Ip)I on V. ~ad ---~ 0.25V; tad = 10 
rain; 80~ real electrode area - -  85 cm2. 

drogenation. The interconversion process is more  
clearly distinguished in the potentiodynamic runs 
made at the shortest tad. These results correlate with 
those recently discussed for the potentiodynamic elee- 
trooxidation of methane on the same e lectrocata lys t  

i i 

.-. o.7 . . . . . . ~ " :  

0,6 ...o."" 
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Fig. 12. Dependence of (Ep) !  on log v. Earl " -  0.25V; tad = 10 
mln; 80~ real electrode area ---- 85 cm 2. The slope of the 
dashed line is 0.100 V/decade. 

where the current peak Ia w a s  assigned to the electro- 
oxidation of the COH adsorbed species and the current 
p e a k  Ib was associated with the electrooxidation of the 
CO adsorbed species (22). 

The current peak II obtained during the potentio- 
dynamic oxidation of adsorbed ethane on platinized 
platinum in 1N H2SO4 coincides with that  a lready ob- 
served in the electrooxidation of adsorbed ethylene 
(20). The lat ter  was earl ier  at tr ibuted to the electro- 
oxidation of a C2H2 adsorbed species (20). This species 
can be cathodically desorbed and it can be assigned to 
the type II species referred to in the l i terature (14). 
The Cell2 species seems to be par t icular ly  relevant 
during the electrooxidation of ethane at low tempera-  
tures. The relative contribution of type I species and 
type II  species to the total electrooxidation charge is 
strongly influenced by the temperature. The contri- 
bution of the former becomes progressively more 
relevant than that  of the lat ter  as the temperature 
increases. Therefore, these results show that  the po- 
tentiodynamic electrooxidation of ethane follows a re-  
action pattern which is rather more complex than 
those earl ier  thought (5, 6, 8, 12, 13), since at least 
three different adsorbed species can participate in the 
electrooxidation reaction. However, independently of 
the number of the adsorbed species the electrooxida- 
tion process can be accounted for through the occur- 
rence of electrosorption processes in the early stages 
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Fig. 13. E/log I plots derived from potentiodynamic runs at 
80~ Earl ~ 0.25V; tad : 10 min; real electrode area == 85 
cm 2. (I-1) v ~ 0.05 V/sac; ( e )  v ~ 0.15 V/see; ( G )  v : 0.47 
V/sec. 
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of the reaction,  as ear l ie r  pos tu la ted  by  other  authors  
(2, 4). 

The da ta  der ived  in this work  on the e thane elec%ro- 
sorpt ion process corre la te  wi th  the change in the  elec-  
t rode  potent ia l  wi th  t ime approaching  tha t  of the h y -  
drogen e lect rode tha t  is observed upon contact  of the 
e lec t roca ta lys t  wi th  the e thane - sa tu ra t ed  e lec t ro ly te  
solution (2, 4). This was fo rmer ly  exp la ined  by  as-  
suming that  the cor responding  open-c i rcu i t  potent ia l  
is de te rmined  by  the equi l ib r ium amount  of hydrogen  
that  is fo rmed by  dissociat ive adsorpt ion  of e thane on 
p la t inum in 5N H2SO4 at 25~ (2). In  agreement  wi th  
this the cathodic hydrogena t ion  of the e lec t rosorbed 
e thane at  25~ yields  backward  ethane as the ma in  
product  wi th  smal l  quant i t ies  of me thane  (2). 

The electrosorption and the po~entiodynamic electro- 
oxidation processes.mThe resul ts  obta ined  for  {he e th-  
ane e lec t rosorpt ion at  a constant  potent ia l  and for the 
potent iodynamic  e lec t rooxidat ion  of the res idual  e lec-  
t rosorbed species under  e thane- f ree  readsorp t ion  con- 
ditions (v - -  0.3 V/sec)  can be in te rp re ted  in terms of 
an e lec t rosorpt ion  process involving at  least  the fol -  
lowing three  overa l l  react ions  

C2H6 = (C2H2) + 4H + -5 4e [ la ]  

C2H6 -5 2H20 : 2(COH) 4- 8H + + 8e [ lb ]  

C2H6 -5 2H20 = 2(CO) + 10H + +10e  [ lc]  

where  the parentheses  denote the different  adsorbed 
species. The poss ibi l i ty  tha t  the different  adsorbed  
species may  be l inked  th rough  in terconvers ion surface 
processes can be fo rmal ly  expressed in the fol lowing 
way  

(C2H2) -5 2H20 = 2(COH) -5 4H + -5 4e [2a] 

(C2H2) -5 2H20 : 2(CO) -5 6H + -5 6e [2b] 

(COH) : (CO) + H + + e [2c] 

React ions [2a] and  [2b] a re  comprised wi th in  the r e -  
act ion fo rmal i sm ear l i e r  proposed  for the surface re -  
actions tak ing  pa r t  in the e lec t rooxidat ion  of p ropane  
on p l a t inum in 37 mol percent  HF at 90~ (24, 25). 
Otherwise,  react ion [2c] has been recen t ly  pos tu la ted  
to in t e rp re t  the cathodic hydrogena t ion  of one of the  
species formed dur ing  the e lec t rosorpt ion  of me thane  
in 1N H~SO4 at 60~ (22). 

As i t  can be deduced f rom the po ten t iodynamic  HE 
profiles the  type of  adsorbed  species p redomina t ing  on 
the e lec t roca ta lys t  surface depends  s t rong ly  on the 
tempera ture .  According to the anodic cu r ren t  peak  
ass ignment  a l r eady  discussed at  low t empera tu res  the  
C2H2 species p redomina tes  over  the o ther  ones. In  
contrast ,  t h e p a r t i c i p a t i o n  of the CO and COH species 
in the po ten t iodynamic  e lec t rooxidat ion  process be -  
comes r e l a t ive ly  more impor t an t  as the t empe ra tu r e  
increases.  

The s imul taneous  occurrence of three  different  elec-  
t rosorbed species on the e lec t roca ta lys t  suggests tha t  
thei r  po ten t iodynamic  e lec t rooxidat ion  should be fo r -  
ma l ly  in te rp re ted  th rough  the fol lowing overa l l  reac-  
tions 

(C2H2) -5 4H20 = 2CO2 + 10 H + -5 10 e [3a] 

(COH) -5 H20 = COg + 3H + -5 3e [3b] 

( C O )  -5 H20 ---- CO2 -5 2H + -5 2e [3c] 

At  80~ the value of the QD/Q.E rat io  equal  to o n e  
indicates  tha t  react ions [ lb]  and  [3b] p redomina te  in 
the e lec t rosorpt ion and in the po ten t iodynamic  e l e c -  
t r o o x i d a t i o n  processes, respect ively .  Notwi ths tanding,  
the s l ight  curva ture  of the (Ip) i  vs. v plot  (Fig. 11) 
should be re la ted  to the exis tence of more  than one 
adsorbed  species on the electrocatalyst .  Fur the rmore ,  
the l inear  (Ep)~ vs. log v plot  (Fig. 12) indicates  that  
the corresponding e lec t rochemical  react ion is h ighly  
i r revers ible .  The va lue  of the Tafel  slope der ived  f rom 

the l a t t e r  which is in te rmedia te  be tween  the 2.3 (RT/F)  
and the 2.3 (2RT/F) rat ios gives fur ther  suppor t  to the 
complexi ty  of the e lect rochemical  reaction.  

The possible reaction pathway.--The presen t  resul ts  
together  wi th  the da ta  recen t ly  r epor ted  (20-22) f o r  
the e lec t rooxidat ion  of e thylene  and methane  can b e  
corre la ted  th rough  a genera l ized  react ion pa thway  for  
the e lec t rochemical  oxidat ion  of shor t  chain a l iphat ic  
hydrocarbons.  This react ion p a t h w a y  (Fig. 14) in-  
volved three  main  groups of reactions,  namely,  the 
hydrocarbon  e lect rosorpt ion processes, the  e lec t ro-  
oxidat ion  processes of the e lec t rosorbed species, and 
the in terconvers ion processes of the  e lec t rosorbed spe-  
cies. 

F r o m  this react ion p a t h w a y  two l imi t ing  cases can 
immedia te ly  be derived.  Thus, when e i ther  the  e thane 
e lec t rooxidat ion  react ion proceeds at  a low t e m p e r a -  
ture  or the reac tan t  is e thylene  a t  any t empera tu re  in 
the 40~176 range  (20), the ma in  contr ibut ion  to the 
e lect rosorpt ion process is given by  react ion [ la ]  and 
the potent iodynamic  e lec t rooxidat ion  is ma in ly  r ep re -  
sented by  the overa l l  react ion [3a]. Under  these c i r -  
cumstances, the group of species of type  II, tha t  is, the 
CH-a - type  adsorbed species, p redomina tes  on the 
e lect rode surface. For  the  e thylene  e lec t rooxida t ion  the 
corresponding kinet ic  equat ion is associated wi th  a 
Tafel  slope equal  to 2RT/F (20, 21). 

On the other  hand, when e i ther  the  e thane e lec t ro-  
oxidat ion  react ion takes place at  high t empera tu re  or  
the reac tan t  is methane  the e lec t rosorpt ion process and 
the corresponding po ten t iodynamic  e lec t rooxidat ion  
proceed via react ions [ lb ] ,  [ lc] ,  [3b], and [3c] as the 
main  contributions.  The pr inc ipa l  in terconvers ion p ro -  
cess of the adsorbed species is given b y  react ion [2c] 
which expla ins  the observed cathodic e lec t roreduct ion  
of the  CO-species. In  this second l imi t ing  case, two 
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Fig. 14. Possible reaction pathway for the electrochemical oxida- 
tion of CxHy on platinum. CxHy represents either CH4, C2H~, or 
C2H6. [CxHy-n] corresponds to the intermediate formed in the 
initial hydrocarbon electrosorption process. The parenthesis de- 
note potenfiodynamically detectable adsorbed species. The num- 
bers of the reactions correlate with those given in the text for the 
particular case of the electrochemical oxidation of ethane. 



2122 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 198I 

oxygen-containing adsorbed species are involved in the 
electrochemical reaction and no simple kinetic law can 
be obtained. However, at low v the E/log I plots can 
be approximated to a straight line with the slope 
2.3 (RT/F) within a relatively low potential range. A 
similar Tafel slope has been previously reported for 
the stationary electrooxidation of ethane on platinum 
(3). 

At any situation comprised between the two limiting 
cases already referred to, particularly under stationary 
state conditions, the participation of all the above- 
mentioned reactions should be considered. The relative 
contribution of each particular reaction depending on 
the temperature, the applied potential, and the time 
the hydrocarbon saturated electrolyte is left in contact 
with the electrocatalyst. 

The general scheme applied to the potentiodynamic 
electrooxidation of adsorbed ethane on platinum indi- 
cates that the overall anodic current, i, at any poten- 
tial is the sum of the contributions of reactions [3a] 
to [3c] 

-- ~a + i3b § i~c [4] 

where the isa, i3b, and i~c are potential and time de- 
pendent terms. The current associated with each ad- 
sorbed reactant can be expressed through conventional 
rate equations invoIving the interaction energy terms 
of the adsorbed species. Therefore, in this case it is 
difficult to derive a more detailed mechanistic conclu- 
sion for the electrochemical reaction from the cor- 
responding kinetic data. 

The postulated reaction pathway involving different 
chemisorbed species formed through a combination of 
consecutive and alternative steps correlates, in prin- 
ciple, with the general reaction scheme recently pro- 
posed for the electrooxidation of simple organic sub- 
stances at platinum group metals (26). 
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Analysis of the Current-Voltage Characteristics 
of Photoelectrolysis Cells 
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Materials Science Department, University oS Southern California, Los Angeles, CaliJornia 90007 

ABSTRACT 

A theore t ica l  analysis  of the cu r ren t -vo l t age  character is t ics  of photoelec-  
t rolysis  cells is presented.  The resul ts  a re  used to analyze expe r imen ta l  da t a  
for cells using n - t y p e  t i t an ium or tungsten oxide semiconductor  e lectrodes in  
acid e lec t ro ly te  wi th  p la t inum counterelectrode.  F rom the i -V character is t ics  
the quan tum yield,  op t imum cell voltage, and m a x i m u m  elec t rode  efficiency 
can be derived,  as wel l  as the kinet ic  pa rame te r s  of the semiconductor  e lec-  
t rode  (valence and conduct ion band t ransfer  coefficients and exchange cur ren t  
densi t ies) .  The theory  highl ights  cer ta in  parameters ,  such as minor i ty  ca r r i e r  
exchange cur ren t  densi ty  and diffusion length, which have an  impor t an t  effect 
on e lec t rode  efficiency. 

The bes t -known  type of photoelect rolys is  cell  con- 
sists of an n - t y p e  semiconductor  anode and meta l  (usu-  
a l ly  p la t inum)  cathode immersed  in an e lec t ro ly te  
solution. When  the semiconductor  is i l lumina ted  and 
vol tage appl ied  to the cell, a fami ly  of cu r ren t -vo l t age  
curves such as tha t  shown in Fig. 1 is generated.  The 
convent ion to be fol lowed regard ing  sign of cell vol tage  
and direct ion of cur ren t  flow are  as follows. The cell 
vol tage  is tha t  of the semiconductor  wi th  respect  to the 
meta l  and is posi t ive when the semiconductor  is the  
anode. The posi t ive di rect ion of cur ren t  flow is into the 
semiconductor  f rom the ex te rna l  c ircui t  (and  out of i t  
into the e lec t ro ly te ) .  If  the  e lec t ro ly te  is only  an acid 
or  a base, hydrogen  is evolved at  the cathode and 
oxygen  at  the anode. 

The purpose  of this pape r  is to presen t  a theory  of 
these i-V character is t ics  and to show how it can be 
used to analyze  exper imen ta l  results.  F rom the exper i -  
menta l  i-V character is t ics  the quan tum yield,  op t imum 
opera t ing  voltage,  and m a x i m u m  efficiency can be de-  
rived. 

Theory 

The theory  presented  here  is due to Dewald  (1) and 
Ger ischer  (2). The appl ica t ion  to photoelectrolysis  was 
developed in detai l  in (3). I t  wil l  be assumed tha t  the  
semiconductor  is n - type ,  however  there  is no difficulty 
modify ing  the theory  for p - t y p e  semiconductors  or 
p - n  cells in which  both electrodes are  semiconductors  
(3). 

The i-V character is t ics  of Fig. 1 can be unders tood 
qua l i t a t ive ly  as follows. When  the semiconductor  is the  
cathode (negat ive  cell  vol tages)  i t  is in jec t ing  electrons 
into the electrolyte .  Since these are  ma jo r i t y  car r ie rs  
in the  n - t y p e  mater ia l ,  thei r  concentra t ion is h a r d l y  
a l t e red  b y  i l luminat ion.  Consequent ly  the  i-V charac -  
ter is t ic  for negat ive  cell  vol tages shows no effect of 
i l lumina t ion  and is exponent ia l ,  l ike an o rd ina ry  meta l  
electrode.  When  the semiconductor  is the  anode (posi-  
t ive cell  vol tages)  i t  injects  minor i ty  car r ie rs  into the 
electrolyte .  I t  thus becomes sensi t ive to i l luminat ion,  
which can a l te r  the  minor i ty  ca r r i e r  concentra t ion by  
orders  of magni tude .  Minor i ty  car r ie r  flow is by  diffu- 
sion in  the  bu lk  of the  semiconductor ,  leading to 
p la teaus  in the i-V character is t ics  for posi t ive cell 
voltage. These are  remin iscen t  of the common-emi t t e r  
character is t ics  of a b ipo la r  t ransis tor ,  and  have a com- 
mon origin. The l imi t ing  cur ren t  p ropor t iona l  to minor -  
i ty  ca r r i e r  inject ion is typica l  of d i f fus ion-control led 
t ransport .  The increase in cur ren t  at  h igh cell  vol tage  
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oxide, tungsten oxide. 

is caused by  a t rans i t ion  f rom minor i ty  to m a j o r i t y  car -  
r ier  dominance of charge t ransport .  

To develop this theory  quant i ta t ive ly ,  the  Bu t l e r -  
Volmer  equat ion for semiconductors  is postulated.  I This 
equat ion re la tes  the  current  dens i ty  at  the  semicon-  
duc to r -e lec t ro ly te  in ter face  to the overpo ten t i a l  ~ and 
to the e lect ron and hole cDncentrations at  the  surface. 
These concentrat ions are  then  found from cont inui ty  
conditions, leading  to the complete  solut ion for the  i-~ 
character is t ic  of the semiconductor.  This is combined 
wi th  that  of t h e  me ta l  to y ie ld  the cell i -V charac te r -  
istics. 

The cur ren t  across the semiconduc tor -e lec t ro ly te  in-  
terface is 

i --~ in + ip [1] 

where  in is the cur ren t  due to charge exchange  wi th  
the conduction band and i ,  wi th  the valence band. An 
addi t ional  t e rm could be included for charge  exchange 
wi th  surface states, but  for s impl ic i ty  this wil l  be sub-  
sumed in the valence band current .  The re la t ions  be -  
tween these currents  and the overpoten t ia l  a t  the in te r -  
face is 

in=ino[exp(:cpe~] ~ ns" e x p (  :cpe~l ) ]  
k ~ / -- ns kT 

[2] 

1 T h e  fo rmula t ion  of this  equa t ion  fo r  semiconductors is dis- 
cussed in deta i l  in Ref. (3).  

( 
J 

V ' 

Fig. 1. Typical current-voltage characteristics for photaelectroly- 
sis cells using an n-type semiconductor electrode and a metal 
caunterelectrode. The parameter is light intensity in arbitrary 
units. 
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i p ~ _ i p o [ P S * e x p ( : ~ e n ~ _ e x p (  :vpen ) ]  
Ps k kT / kT 

[3] 

where  ino is the conduction band exchange current ,  ~c is 
the  t ransfe r  coefficient for e lectrons crossing the semi-  
conductor -e lec t ro ly te  interface f rom elec t ro ly te  to 

semiconductor ,  ~c is the  coefficient for  t ransfer  in the 
opposite direction,  p is the f ract ion of the overpoten t ia l  
which occurs in the e lectrolyte ,  ns is the e lec t ron con- 
cent ra t ion  at the surface of the  semiconductor  in equi-  
l ibr ium, and ns* is the nonequi l ib r ium value.  In  Eq. 
[3] the analogous quant i t ies  for the  valence band oc- 
cur ( the ar rows above the t ransfer  coefficients a lways  
indicate  the di rect ion of e lec t ron ~ransfer;  hole t ransfe r  
is in the opposite d i rec t ion) .  

The fract ion of the in terface  potent ia l  which occurs 
in the e lect rolyte  depends roughly  on the re la t ive  con- 
duct ivi t ies  of the two phases. For  a metal ,  p = 1 since 
meta l l ic  conduct ivi ty  is much higher  than the e lec t ro-  
lyte.  Fo r  a semiconductor,  p ---- 1 if the semiconductor  
surface is accumula ted  or inver ted,  bu t  p ---- 0 if the 
surface is depleted.  

The currents  in Eq. [2] and  [3] a re  due to tunnel ing 
of  eIectrons f rom an ion in the HeImholtz  p lane  of the 
e lec t ro ly te  to the surface of the semiconductor .  When  
the surface of a heavi ly  doped semiconductor  is de-  
p le ted  the wid th  of the space charge l aye r  may  be 
smal l  enough to pe rmi t  electrons to tunne l  from the 
e lec t ro ly te  to the  in ter ior  of the semiconductor  (4). 
Such tunnel ing currents  would have to be represen ted  
by  addi t ional  terms in Eq. [1]. For  present  purposes,  
however ,  i t  is not  necessary  to include these currents  in 
the quant i t a t ive  model. 

The i -V character is t ics  are obta ined  by  de te rmining  
the rat ios of nonequi l ib r ium to equi l ib r ium car r ie r  con- 
centra t ions  at  the surface of the electrode. These are  

(1 - p)en ) ns*.. _ nw* exp ~ [4] 
7is no 

Ps* Pw* (1 --  p)en 
- -  _ - -  exp [5] 
Ps Po kT 

where  nw*/no and Pw*/Po are  the values  at  the inside 
edge of the  deple t ion  layer ,  which  is assumed to be of 
wid th  w. Since electrons are  the ma jo r i ty  carr iers  the i r  
concentra t ion is ha rd ly  changed by  i l luminat ion,  so 

nw* ----- no [6] 

Fol lowing Dewald  (1), the effect of i l lumina t ion  on the 
concentra t ion of holes at  the inside edge of the  dep le -  
t ion layer  can be found f rom the s t eady-s ta te  ba lance  
equat ion for  holes wi th in  the deple t ion  layer :  

Net  pa i r  genera t ion  ra te  wi th in  deple t ion  l aye r  

= minor i ty  ca r r i e r  flux out  of deple t ion  layer  

The net  genera t ion  ra te  wi th in  the deple t ion  l aye r  
is the genera t ion  due to photon absorpt ion minus the  
recombinat ion.  Dewald  assumes tha t  the minor i ty  car -  
r i e r  diffusion length  is much la rger  than  the wid th  of 
the  deple t ion  region, and consequent ly  wi th in  the de-  
ple t ion layer ,  tha t  surface recombina t ion  dominates  
so that  the recombinat ion  ra te  is Vs(Pw* - -Po ) ,  where  
Vs is the surface recombinat ion  velocity.  This assump-  
t ion wil l  be adhered  to, a l though others  are  possible. 

The minor i ty  car r ie r  genera t ion  due to photon ab -  
sorpt ion at  a depth  x in the  semiconductor  is 

a(E) W(E, x)dE 
g(x)  = ~ 

o E 
[7] 

where  E ---- hv is photon energy,  Eo is the threshold 
energy  for pa i r  creation, a (E) is the absorpt ion  coeffi- 
cient, and 

W ( E , x )  = ( 1 -  R ( E ) ) W o ( E ) e x p  ( - - a ( E ) x )  [8] 

R (E) is the reflectance of the surface ( thin film effects 
are ignored)  and Wo(E) is the spect ra l  rad ia t ion  in-  
tens i ty  s t r ik ing the surface of the semiconductor .  As an 
approx imat ion  it wil l  be assumed tha t  

g(x)  = exp ( - -  ax) [9] 
e 

where  7I/e and a a re  defined in such a way  that  [7] 
and [9] give the same total  number  of pairs  created 
and also the same number  of pairs  c rea ted  wi th in  a 
distance xo from the surface. The detai ls  are given in 
the Appendix .  t is the  total  rad ia t ion  in tens i ty  (W 
cm -2) s t r ik ing  the surface of the semiconductor ,  e is 
the e l emen ta ry  charge, and 7 is a conversion factor  
from l ight  in tens i ty  to cur ren t  densi ty  (mA W - D .  a is 
an average  absorpt ion coefficient whose va lue  depends  
on the depth  xo as specified in the Appendix .  The ap-  
p rox imat ion  is expected to be most val id  when xo is 
chosen equal  to the deple t ion  layer  width.  

The minor i ty  car r ie r  flux out of the deple t ion  l aye r  
is the  hole cu r ren t  (ip) exi t ing from the semiconductor -  
e lectrolyte  interface,  minus the hole cur ren t  enter ing 
f rom the bulk.  Since minor i ty  car r ie r  flow in the bu lk  
is by  diffusion, this flux is Jp = --Dp(dp*/dx),  where  
Dp is the hole diffusion coefficient and the der iva t ive  
is eva lua ted  at the inside edge of the deplet ion layer.  
The minor i ty  concentrat ion profile p* (x) is found from 
the s teady-s ta te  minor i ty  car r ie r  cont inui ty  equat ion 

Lp 2 d2P * P* -- Po 
- -  - -  - -  g ( x )  [ 1 0 ]  

�9 p dx 2 ~p 

where  Lp and Tp are  the minor i ty  car r ie r  diffusion 
length  and bu lk  l ifet ime, respect ively.  These are  re -  
la ted  to the diffusion coefficient by  Dp ---- Lp2/~p. Equa-  
t ion [10] can be solved subjec t  to the bounda ry  con- 
ditions p* --> Po as x --> oo and p* = pw* at x -~ w. The 
solut ion p* (x) is then different ia ted and the der iva t ive  
eva lua ted  at  x = w in order  to find Jp. The resul t  is 

Lp aLpTI exp ( - -  aw)  
Jp = (Pw* --  Po) [11] 

~p e (1 + "~Lp) 

The minor i ty  car r ie r  balance  on the deplet ion layer  can 
be expressed as 

yo ~ ip g ( x ) d x - -  vs(pw* -- Po) = - - - -  Jp 
e 

Using Eq. [9] and [11], this can be solved to y ie ld  

Pw* 7~sI - -  ip 
..=-- 1 + [12] 

Po is 
where  

exp ( - -  aw) 
Cs = 1 - -  - [ 1 3 ]  

l+a - -Lp  
and 

is ePo'~ Lp + = vs / [14] \ Tp / 

Cs and is are  the sa tura t ion  values of the quan tum 
yie ld  and dark  cur ren t  dens i ty  which are  approached  
in the p la teau  region of the i -V characteris t ics .  The 
da rk  sa tura t ion  current  is due to the rmal  genera t ion  
of e lec t ron-hole  pairs,  Lp/~p represen t ing  bu lk  genera-  
t ion and Vs surface generat ion.  

The i-n character is t ics  of the semiconductor  e lect rode 
are  obtained by  subst i tut ing Eq. [2]-[6]  and [12] into 
Eq. [1], and the i -V character is t ics  of the  cell  fol low 
from the rela t ions be tween  the e lect rode overpotent ia ls  
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and the free energy change for the cell reaction. 2 For 
positive cell voltages, n _-- V -- Vt~ where Vtc is the 
threshold voltage for current  flow with the metal  coun- 
terelectrode as cathode 

Vtc = A G / e  -- ~c [15] 

in which AG is the f ree-energy change per electron 
t ransferred and ~c is the overpotential  at the metal  
cathode (a negative number ) .  For negative cell volt-  
ages, n = V - -  V ta ,  where 

V t a  ~- - -  a G / e  --  ~a [16] 

~a being the overpotential  at the metal  anode (a posi- 
tive number ) .  

For  cell voltages greater than a few k T / e  more nega-  
tive than Vta ,  Eq. [lJ becomes 

.-> 

i ( v )  - -  - -  ino exp (--  a n ( V  - -  V t a ) e / k T )  [17] 

In  this case p ~ 1 since the surface of the semiconductor 
is accumulated. Since the metal  anode also loilows a 
Tafel law, it can be shown (5) that 

i ( V )  = - -  io,cen exp (--  A ( e V  - -  A G ) / k T )  [18] 

where 
-9 (-- 

A = [19] 
--> <- 

io.cen ---- (/no) A ~  (io) A~ [20] 
<__ 

and a, io are the anodic t ransfer  coefficient and ex- 
change current  density at the metal  electrode. 

For positive cell voltages the semiconductor surface 
is depleted and p ~ 0. Equat ion [lJ then becomes 3 

i ( V )  = r  + i d ( V )  [21] 
where 

Cs 
~,(V) = [22] 

i+ exp(--,:pe (V --.k.T Vii2) ) 
and 

k T  ipo 
Vi/2 = Vtc -- - -  in  

<- i s  
a p e  

The dark current  is 
( e ( V - - V t c )  ) 

1 -- exp k T  

[23] 

id(V) ~- is [24] <-. (ooe v_vt ,) 
1 + exp k T  

This reaches the saturat ion value i~ for V -- Vtc greater 
than a few k T / e .  For V > >  Vtc, however, the dark cur- 
rent  increases rapidly  for two reasons. When the sur-  
face becomes inver ted its conductivi ty increases and 
p approaches unity,  i.e., the interface potential  drop 
begins to occur in the electrolyte ra ther  than the semi- 
conductor. The dark current  is then 

id(V) ---- is ~- ino exp ~ [25] 

The increase in dark current  is due to major i ty  carriers, 
which are not l imited by diffusion in the bu lk  of the 
semiconductor. 

Another  cause for the increase of dark current  is 
e l e c t r o n  tunne l ing  from the electrolyte to the inter ior  

s C e l l  r e s i s t a n c e  a n d  c o n c e n t r a t i o n  o v e r p o t e n t i a l s  i n  t h e  e lec -  
t r o l y t e  are  i g n o r e d  f o r  s i m p l i c i t y .  
S Substitute [6] and [12] into [2] and [3], and these into 

[1], making  use  of ~ = V - Vt~. 

of the semiconductor rather than its surface (4). This 
is only possible if the surface depletion layer  is th in  
enough and is therefore most l ikely in heavily doped 
semiconductors. Electrons can then tunne l  f rom t h e  
electrolyte through to empty states in  the conduction 
band  in the inter ior  of the semiconductor. This com- 
ponent  of the .dark current ,  which is also due to ma -  
jori ty carriers, has not  been included in the present  
analysis. 

The factors 7 and r determine the efficiency of t h e  
cell as a solar energy converter. The l igh t - to -cur ren t  
conversion factor 7 expresses the fraction of all photons 
in the solar spectrum which are absorbed by the semi- 
conductor creating electron-hole pairs. Details are 
given in  the Appendix. I t  depends only on the optical 
properties of the semiconductor (pr incipal ly the band-  
gap and refractive index) and the spectral dis t r ibut ion 
of the incident  radiation. It does not depend on the cell 
voltage. 

The quan tum yield r is the fraction of electron-hole 
pairs created which are collected. It  depends on the cell 
voltage in two ways. Increasing cell voltage decreases 
the minor i ty  carrier  concentrat ion at the inside edge 
of the depletion layer, and thereby decreases surface 
recombination. This is the effect of the denominator  in 
Eq. [22]. The fraction of minor i ty  carriers lost to re-  
combinat ion falls to one-hal f  at Vii2, given by  Eq. [23]. 
This is also the voltage at which the photocurrent  (i -- 
id) reaches half  its l imit ing (plateau) value. As t h e  
voltage is increased fur ther  the minor i ty  carrier con- 
centrat ion at the inside edge of the deplet ion layer and 
hence the recombinat ion falls to zero. The quan tum 
yield then approaches its saturat ion value given by  
Eq. [13]. This equat ion shows that the l imit ing value 
of quan tum yield depends on the absorption coefficient, 
depletion layer width, and minor i ty  carrier diffusion 
length, reflecting the fact that  only  those holes created 
in the depletion layer  or wi thin  a diffusion length from 
it will  be collected. 

The cell voltage also affects quan tum yield by modu-  
lat ion of the depletion layer  width 

~/.2eeoCb (V) [26] 
w ( V )  = eND 

where e is the dielectric constant  of the semiconductor, 
eo the permi t t iv i ty  of free space, ND the donor concen- 
tration, and ~D(V) the voltage barr ier  height at the 
surface of the semiconductor. To relate this to cell 
voltage requires knowledge of the s tructure of the 
double layers at both electrodes under  nonequi l ib r ium 
conditions. A detailed solution to this problem will 
not be attempted. It  should be noted, however, that 
the barr ier  height and hence the width of the deple- 
t ion layer  will  increase with increasing cell voltage, 
leading to an increasing value of r This is probably 
the reason why the plateau region of the i-V curves 
slopes upward  rather  than being perfectly flat. 

Electrode Efficiency 
The efficiency of the semiconductor photoelectrode 

can be defined as the ne t  free energy produced divided 
by  the solar input. The net  free energy is the free en-  
ergy content  of the chemical product  minus the elec- 
tric power consumed by the electrode. Thus 

n A G  - -  i A ( V  - -  ~c) i(Vtc -- V) 
Efficiency -- -- [27] 

I A  I 

where n is the rate of production (molecules per sec- 
ond) and A is the area of the photoelectrode. The 
overpotential  ~c at the metal  counterelectrode has been 
subtracted from the cell voltage since this loss should 
not be charged to the photoelectrode. 

The electrode efficiency depends on cell voltage 
through Eq. [21]-[27]. There is an op t imum voltage 
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since increasing V increases the quan tum yield but  also 
the electric power consumption. Neglecting id, which is 
usual ly  small at low cell voltages where the op t imum 
occurs, it is found that the condition for max imum 
efficiency is 

exp x 4- x 4- 1 4" ~ "- 0 [28]  
where 
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Table I. Kinetic parameters of forward-biased n-type oxidized 
metal electrodes in 1M H2S04 

~pe (Vmax - V1/2) 
x = [29]  

k T  
4- 

~pe (Vl /2  - Vtc) /,po 
5 = = --  In [30] 

k T  is 

and Vm~x is the cell voltage which maximizes the elec- 
trode efficiency. 

Appl icat ion  to Experimental  Cur ren t -Vo l tage  
Character ist ics  

The foregoing theory can be applied to the analysis 
of i - V  characteristics obtained by experiment.  As an 
example the photoelectrolysis cells reported in (6) wil l  
be used. These consist of T i e 2  o r  w e 3  semiconductors 
immersed in 1M H 2 S O 4  with a p la t inum counterelec- 
trode and i l luminated  by  a xenon lamp (chosen to 
simulate the solar spectrum).  The semiconductor elec- 
trodes were prepared by heating the corresponding 
metal  foil in air for 1 hr  at 500~176 The cell reaction 
i s  H20 ---> H 2  "4- 1/2 0 2 ,  for which ~G = 1.23 eV. The i - V  
characteristics, which are presented in (6), resemble 
Fig. 1 of the present  paper. 

With negative cell voltage hydrogen is evolved at the 
semiconductor cathode and oxygen at the p la t inum 
anode. Figure 2 is a plot of In[i[ vs.  IV 1 which shows 

.-> 
that Eq. [18] is obeyed. The kinetic parameters  an and 
ino, obtained from Fig. 2 using Eq. [18] to [20], are 

listed in Table I. The kinetic parameters  a and io of the 
p la t inum anode were taken from Table II. 

When the cell voltage is positive, oxygen is evolved 
at the semiconductor anode and hydrogen at the plat i-  
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Fig. 2. Plot of I n ( - - / )  vs. - - V  for negative cell voltages and cur- 
rents. 

Semicon- - log i o , c e  ! l <'- - -  log ino 
duc to r  A (mA c m  -2) c~n ( m A  cm -~) 

TiO~ 0.16 2.6 0.22 1.1 
WOs 0.35 5.2 0.84 3.1 

Table II. Kinetic parameters of platinum electrode in acid medium 

Overpotential 
Electrode Gas -log io at i = 1 mA 
function evolved a (mA cm -~) cm -~ (V) 

Cathode  H~ 0.5 0.1 - 0.01 
Anode  O~ 0,6 6.7 0.66 

num cathode. It will be assumed for the sake of anal -  
ysis that  the overpotential  at the p la t inum cathode, 
instead of following a Tafel law, remains constant at its 
value for a current  density of 1 mA cm -2, which is 
--0.01V (from Table II) .  Thus Vtc is also assumed con- 
stant  and equal to 1.24V. 

The quan tum yield r can be obtained by plott ing 
current  as a function of i l luminat ion  intensi ty  with cell 
voltage as a parameter.  This yields a family of straight 
lines with slope dependent  on the voltage. The quan-  
tum yield is obtained, according to Eq. [21], by divid- 
ing this slope by "v 

1 8i / 
r  _ [31] 

"v 81 v 

The saturat ion value r is obtianed by choosing V in 
the plateau region. Rear rangement  of Eq. [22] gives 

% e ( V  - -  V1/2) ipo e ( V  -- Vtc) 
- -  -- exp = .---- exp 
~s -- r k T  ~s k T  

[32] 

Figure 3 shows a plot of l n ~ / ( r  -- e) vs. V for TiO~ 

and WO3 anodes. The values of ~'p and In ipo/is deter-  
mined from these plots are listed in  Table III. 
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Fig. 3. Plot of In r  - -  r vs. V for positive cell voltages 
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Table III. Kinetic parameters of reverse-biased n-type oxidized 
metal electrodes in 1M H2SO4 

P H O T O E L E C T R O L Y S I S  C E L L S  

- log  
-/ ipo is ipo 

S e m i c o n -  ( m A  *- In  - -  ( m A  ( m A  V1/~. 
d u c t o r  W -1) ~r ~p in c m  -s) cm-- ' )  (V)  

T i O s  36.2 0.05 0.12 0.2 0.004 2.3 1.20 
WO~ 47.9 0.10 0.14 0.1 0.007 2.1 1.22 

The cur ren t  dens i ty  is is the va lue  of the da rk  cur -  
ren t  in the  p la teau  region and can be read  d i rec t ly  
f rom the i -V characteris t ic .  The hole exchange  cur ren t  
for  the  semiconductor  electrode,  ip~ can then be calcu-  
lated.  The vol tage  VI/2 can also be r ead  d i rec t ly  f rom 
the i -V character is t ic ,  or  can be ca lcula ted  using Eq. 
[23]. 

The op t imum opera t ing  vol tage can be found using 
Eq. [28]-[30] and the informat ion  in  Table  III. I t  is 
found tha t  for TiOs, V m a x  : 0.9V and the m a x i m u m  
electrode efficiency is 0.02%. For  WO8 the correspond-  
ing values  a re  1.0V and 0.01%. The low efficiencies are  
p robab ly  caused b y  the ve ry  defect ive na tu re  of  the  
semiconductor  e lect rodes  used, l ead ing  to a short  hole 
diffusion length  and, hence, low sa tura t ion  quan tum 
yie ld  ~s. I t  is ins t ruct ive  to inser t  some values into 
Eq. [26] and [13]. Assuming a donor  densi ty  of 1020 
cm -3, d ie lect r ic  constant  of 100, and surface ba r r i e r  of 
1V, the  deple t ion  layer  w id th  is about  10 -e  cm. The 
absorpt ion  coefficient is about  5 • 104 cm -1 (see A p -  
pend ix ) .  Ghosh and Maruska  (7) found the ho.le dif-  
fusion length  to be about  10 -4 cm in s ing le -c rys ta l  
TiO2. According to Eq. [13], this would  l ead  to ~s ~ 0.8, 
s ix teen t imes grea te r  than  that  observed,  and  a corre-  
spondingly  l a rge r  efficiency (,~ 0.3%), which has been  
observed  wi th  single crys ta l  electrodes.  This suggests 
that  the minor i ty  ca r r i e r  diffusion length  in TiO2 pre -  
pa red  b y  oxidizing the meta l  foil is about  10 -6 cm, 100 
t imes smal le r  t han  tha t  in the  single crystal .  The mi -  
nor i ty  ca r r i e r  diffusion length  is then about  the same 
as the  deple t ion  layer  width.  Since the two are  of 
comparable  magni tude ,  modula t ion  of the deple t ion  
l aye r  width  by  the cell  vol tage has a s t rong effect on 
the  quan tum yield,  giving the observed u p w a r d  s loping 
p la teaus  in the  i -V character is t ic .  F l a t t e r  p la teaus  a r e  
to be expected  f rom the single c rys ta l  mater ia l .  

Discussion 
Although  Dewald ' s  pape r  (1) is of ten cited, the  

theory  embodied  in i t  does not  seem to have been ap-  
pl ied prev ious ly  to photoelectrolysis .  I t  is useful  to do 
so since i t  a l lows the der iva t ion  of quan tum yields,  op-  
t imum opera t ing  voltage,  and m a x i m u m  efficiency f rom 
e xpe r imen t a l  i -V  curves. I t  also provides  a different  
v iewpoin t  on the  effect.of fundamen ta l  ma te r i a l  p a r a m -  
eters  on cell  performance.  Thus, for example ,  Eq. [22] 
and [23] indicate  that  a cell capable  of opera t ing  at  zero 
cell  vol tage  requi res  a ma te r i a l  wi th  a large  minor i ty  
ca r r i e r  exchange  cu r r en t  dens i ty  and a small  da rk  sa tu-  
ra t ion  current ,  tha t  is, the rat io  of photogenera ted  holes 
par t ic ipa t ing  in the  cell  react ion to those which  mere ly  
recombine  wi th  electrons should be large.  A large  hole 
exchange  cu r ren t  dens i ty  means  tha t  holes a re  ex-  
t rac ted  f rom the semiconductor  rapidly ,  p revent ing  
thei r  recombinat ion.  The hole exchange cur ren t  dens i ty  
m a y  be as impor t an t  a p a r a m e t e r  as the e lec t ron affin- 
i ty,  which has been  h ighl igh ted  by  previous  theories 
(11). S imi lar ly ,  Eq. [13] focuses a t ten t ion  on the 
impor tance  o~ the m i n o r i t y - c a r r i e r  diffusion length.  I f  
the absorpt ion  length  of the  ma te r i a l  is much l a rge r  
than the wid th  of the deple t ion  layer ,  a la rge  quan tum 
yie ld  can only  be achieved if the diffusion l eng th  is 
la rge  enough 
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should be submi t t ed  by  Feb. 1, 1982. 

APPENDIX 
The pa rame te r s  occurr ing in Eq. [9] a re  defined as 

follows. The average  absorpt ion  coefficient a ' i s  given by  

exp ( - -  axo) 
j.s 
, exp ( - - a ( E ) x o ) ( 1 - - R ( E ) ) W o ( E )  E 

o 

= dE s (1  - -  R ( E )  ) Wo(E) -E  
o 

[A-1] 

where  xo is an a r b i t r a r y  length,  bes t  chosen equal  to 
the  wid th  of the  deple t ion  l aye r  (about  10 -6  cm for the  
e lectrodes s tudied in this pape r ) .  The l i gh t - t o - cu r r en t  
conversion factor  ~/is defined by  

e ~ o  dB 
~=--~- o ( 1 - - R ( E ) ) W o ( E )  E [A-2] 

where  I is the  to ta l  r ad ia t ion  in tens i ty  s t r ik ing  the 
surface 

f Z = Wo(E) dE [A-S] 

To compute a and ~, i t  is convenient  to approx ima te  
the  solar  spec t rum b y  that  of a b lack  body  at  5800 K. 
Thus 

E8 
Wo(E) oc [A-4] 

exp (E/kTs)  -- 1 

where  kTs = 0.50 eV. Fo r  E > >  kTs 

Wo(E) cc E 8 exp ( - -  E/kTs)  [A-5] 

which  can be used to eva lua te  the in tegra ls  in Eq. 
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Fig. 4. Absorption coefficient a as a function for photon energy 
hv for TiO2 and WO8. Experimental points are taken from Crone- 
meyer (9) and Deb (10). The lines indicate values assumed in this 
paper for the purpose of estimating a. 
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[ A - l ]  and [A-2] provided  Eo > >  kTs ( t rue of wide 
bandgap  semiconductors  such as TiO2 and WOs).  

The reflectance is equal  to (n --  1) 'V(n + 1) 2 where  
n is the ref rac t ive  index,  which is assumed to have no 
dispersion. Equat ion [ A - l ]  then becomes 

exp ( - -  aXo) = exp ( - -  a(E)xo) fl, h (Eo, E) dE 
u 

[A-6] 
where  

Wo(E) 
]ph(Eo, E) = [A-7] 

fE  ~ dE E o Wo(E) E 

f~h(Eo, E) is the fract ion of all  photons wi th  energy 
g rea te r  than  Eo which have energy E. Equat ion  [A-2] 
becomes 

4n 15e (1_}_ ( 1 +  E~ ~ 2 )  

7 --  (n- l -  1) 2 ~4kTs kTs / 

e x p ( - -  E__~o ) [A-8] 
kTs 

The threshold energy  Eo may  be less than  the band-  
gap due to band- t a i l i ng  and o ther  effects (8). For  
TiO2 and WOs it is assumed tha t  Eo is 2.9 and 2.7 eV, 

respect ively,  (6, 9, 10), leading to the 7 values  l isted 
in Table  I I I  when n = 2.5. 

The absorpt ion  coefficients a(E) as sumed- fo r  TiO3 
and WO~ are shown in Fig. 4, together  wi th  some ex-  
perimental  points f rom Ref. (9) and (10). Wi th  xo = 
10-8 cm, Eq. [A-6] leads to a = 5 • 104 cm -1 for  both 
TiO2 and WO3. 
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The Photoelectrochemical Behavior of Ferric 
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ABSTRACT 

The influence of dissolved sulfide ion and the f e r r i / f e r rocyan ide  redox  
system on the photoelec t rochemical  behavior  of i ron oxide  has been inves t i -  
gated. Pa r t i cu la r  a t tent ion was given to t rans ien t  behavior  and to clark cur ren t  
phenomena.  An in te rp re ta t ion  of the resul ts  is given in terms of a b a c k - r e a c -  
t ion of photogenera ted  species wi th  conduction band electrons v ia  surface 
s~ates. 

Fer r ic  oxide is a po ten t ia l ly  in teres t ing  semicon-  
ductor  ma te r i a l  for use in semiconductor - l iqu id  j u n c -  
t ion solar  cells. I t  is ve ry  .easily produced,  resists  photo-  
decomposit ion,  and possesses a f la tband potent ia l  close 
to the  hydrogen  evolut ion potential .  Its b andgap of 
2.2 eV allows, in principle,  a solar  energy  conversion 
efficiency of up to 20%. 

Unfor tuna te ly  ferr ic  oxide  a lways  d isp lay~ ~ a low 
quan tum yie ld  o f  pho tocur ren t  when used as a photo-  
anode. Even single c rys ta l  samples  showed a quan tum 
yie ld  of on ly  20% at high anodic polar izat ion (1). One 
reason for  this m a y  be that  two opt ical  absorpt ion  
processes occur in fer r ic  oxide, only  one of which  leads  
to e lec t rochemica l ly  act ive holes (2). 

Other  unusual  complexi t ies  in the behavior  of ferr ic  
oxide  have been revealed;  r e la t ive ly  impor t an t  t r ans i -  
ent  effects exist  (3) which can be modified by  p r e p a r a -  
tion (4), and there  is s t rong evidence from, anomalous  
different ia l  space charge capaci ty  behav ior  of a h igh  

* Electrochemical Society Active Member. 
Key words: charge-transfer, solar cells, surface states. 

densi ty  of a second deep donor level  (5, 6). High 
anodie and cathodic da rk  currents  (7) m a y  be l i nked  
wi th  this l a t te r  phenomenon.  

In the work  descr ibed below, the in fuence  of redox 
reagents  on the behavior  was examined  in  o rde r  to 
t ry  to es tabl ish the  role of the e lec t rochemical  ch, arge- 
transfer mechanism in de te rmin ing  the overa l l  be -  
havior  of ferr ic  oxide. 

Experimental 
Electrodes were  made by  the rmal  ox ida t ion  of  

"ARMCO" iron in which the to ta l  concentra t ion of  al l  
the e lements  C, Mn, P, S, and Si was less than 0.1% 
and the concent ra t ion  of Cu less than  0.15%. I ron  disks 
were  mechanica l ly  polished and ma in ta ined  for 4 h r  at 
610~ in air. The resul t ing  oxide films were  approx i -  
ma te ly  30 ~m thick, the  ou te r  2 ~m consis t ing of a -  
Fe203. Some exper iments  were  also pe r fo rmed  wi th  
a-Fe203 films on i ron  p repa red  by  reac t ive  sputtering 
of ferr ic  oxide  of 99.99% pu r i t y  in an Ar /O2 atmo-  
sphere. The disks were  moun ted  in Perspex holders. 
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The e lect rodes  were  moun ted  in s ingle compar tmen t  
cells wi th  a calomel  re ference  and p l a t i n u m  counter -  
electrodes.  

Al l  chemicals  used were  of Ana l a r  Grade.  Wate r  was 
deionized. A PAR Model  173 poten t ios ta t  was used in 
conjunct ion wi th  a PAR Model  186 lock- in  amplifier,  
a PAR Model  175 Universa l  P rog rammer ,  and a PAR 
Model 4202 Signal  Ave rage r  to de te rmine  t rans ien t  be- 
havior. I l lumina t ion  was f rom a 500W xenon l amp  
fi l tered by  10 cm of wa te r  and the l ight  was i n t e r rup ted  
by e i ther  a PAR Model  192 chopper  or  a Sp ind le r  & 
Hoyer  r ap id  manua l  shut ter .  Capaci ty  measurements  
were  made  by  super impos ing  on the po ten t ios ta t i ca l ly  
contro l led  d-c  vol tage an a-c  vol tage  of a p p r o x i m a t e l y  
100 mV ampl i tude  at  50 or 100 kHz. The a -c  ampl i tude  
and phase angle  were  measu red  in a circui t  in which 
the cell  was placed in series wi th  a resis tance (8). 

Rota t ing  disk e lec t rode  exper iments  were  made  with  
equipment  suppl ied  by  Oxford  Electrodes Limited.  The 
absorpt ion  of sulfide ion on i ron oxide was measured  
using a Beckman 39610 specific electrode.  

Results 
The cu r r en t -vo l t age  dependence  of i ron  oxide  e lec-  

t rodes in the presence of sulfide ion and  fe r rocyanide  
ion are  d i sp layed  in Fig. 1, together  wi th  the  behav ior  
in the b lank  electrolyte ,  1M NaOH. The electrodes 
were  i l lumina ted  in t e rmi t t en t ly  in the course of an  
anodic potent ia l  scan (20 mV sec-1)  w i th  r a the r  shor t  
l ight  pulses, in order  to demons t ra te  genera l  fea tures  
of the i r  overa l l  behavior  ( ful l  l ine) .  The dashed l ine  
shows the pho tocur ren t  under  continuous i l lumina t ion  
wi th  whi te  l ight.  The overa l l  pho tocur ren t  is increased 
m a r k e d l y  in the presence of both  redox systems and 
there  is an obvious suppress ion of the t rans ien t  effects 
observed in the b lank  electrolyte .  S imul taneous ly  the 
anodic da rk  currents  are  enhanced at  potent ia ls  posi -  
t ive of the  s t andard  redox po ten t ia l  of  the couples 
concerned. Measurements  wi th  fe r rocyanide  present  
in lower  concentra t ion (5, 7) did  not  r evea l  these 
effects on the pho tocur ren t  clearly.  

The changes in behavior  shown in Fig. 1 a re  un-  
l ike ly  to be due to the specific adsorpt ion  of the 
charged redox  species, as is for example  the case wi th  
C d S / S  e -  (9). Different ial  capaci tance measurements  
and the d i rec t  measu remen t  of  Sn 2 -  and  F e ( C N ) 6 4 -  
adsorpt ion  by  an Fe208 powder  suspension, in exper i -  
ments  s imi lar  to Gin ley  and But ler ' s  (10) show no 
evidence of adsorpt ion.  

The t rans ien t  behavior  was ex.amined in more de ta i l  
using the s ignal  averager  technique.  In  Fig. 2 the  re -  
l axa t ion  of pho tocur ren t  is shown for  different  l ight  
in tensi t ies  using an argon laser  (~. ---- 488 nm) .  These 
measurements  were  pe r fo rmed  in solutions f ree  f rom 
any  redox  sys tem at  a constant  e lect rode potent ia l  
(UE - -  + 0.2V). The potent ia l  dependence  of  the r e -  
l axa t ion  effects is given in Fig. 3 as ob ta ined  wi th  
and wi thout  a reducing agent  (Sn 2-  and  [Fe(CN)6]4-) .  
This figure shows qui te  c lear ly  that  the transient be- 
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Fig. 2. Relaxation of photocurrent at UE = -~--0.2V in 1M NaOH 
at different light intensities. Light intensity is 100% at 0.7W 
output power of the argon laser. 

havior  d isappears  if a reducing  agent  is added  to the  
electrolyte .  

I t  is in teres t ing  to note tha t  the r e l axa t ion  phe -  
nomena  can also be influenced by  addi t ion  of an oxidiz-  
ing agent  such as [Fe(CN)6]  8-  as shown in Fig. 4. 
According  to this figure the  decay  d isappears  n e a r l y  
comple te ly  at  cathodic potent ia ls  wi th  respect  to the 
s t andard  potent ia l  of this redox  system. The r e l axa t ion  
of the pho tocur ren t  is shown in deta i l  for different  
concentrat ions of [Fe(CN)6]  ~- at  an e lect rode po ten-  
t ia l  of --  0.1V in Fig. 5. In  this potent ia l  range  also 
a considerable  da rk  cur ren t  was observed  (see Fig, 4). 
Its concentra t ion dependence  is given in Fig. 6. I t  
should be emphasized tha t  these measurements  were  
pe r fo rmed  using a ro ta t ing  disk electrode ( ro ta t ion  
speed of 30 rps) so tha t  the cu r ren t  l imi ta t ion  was not  
due to a l imi t ing  ion t r anspor t  in the solution. 

Discussion 
The t rans ient  character is t ic  r e l axa t ion  t imes r e -  

por ted  above are  typ ica l ly  in the  range  of mil l iseconds.  
They  are  thus c lear ly  dis t inct  f rom those measured  in 
hours or even days which  can also be observed  wi th  
me ta l  oxide  e lec t rodes  (15). In  the  l a t t e r  case But le r  
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Fig. 1. Potentiostatic current- 
voltage curves vs. standard 
calomel electrode for ferric ox- 
ide. Anodic scan at 10 mV/ 
sec -1  illumination level approxi- 
mately AM2; solutions as fol- 
lows: (a) 1 molar sodium hydrox- 
ide; (b) 1 molar sodium hydrox- 
ide, 0.5 molar sodium sulfide; 
(c) 1 molar sodium hydroxide, 
0.5 molar potassium ferrocyan- 
ide. Full line under periodic il- 
lumination, dashed line under 
constant illumination. 
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Therma[|y grown 0r Fe203 electrode Potential ( V vs SCE) 

Fig. 3. Transient behavior of _ ~  
the anodic photocurrent at il- 
luminated ferric oxide deter- 0.5V 0.5V 
mined usingthesignalaverager / ; 
technique at fixed electr~ P~ I / ~ ,_  
tential (vs. SCE). Illumination 
level approximately AM2, pulse 
length 100 msec. Solutions used 
as follows: left, 1 molar sodium ~ 0.3 V 0.3V 
hydroxide; center, 1 molar | / ~ _  
sodium hydroxide, 0.5 molar 
potassium ferrocyanlde; right, I 
molar sodium hydroxide, 0.5 ~ . . ~  ~ 
molar sodium sulfide. ~ ~ 0 v 0 v p - - -  

_ _  o 3 v  J 

hight -t ',= [ight----I I - ,~ light 
100ms 

h a s  proposed an explanation in terms of electromigra- 
tion of donors within the space charge layer. In the 
present work we consider only much more rapid tran- 
sient behavior. 

It has previously been suggested that the transient 
behavior and the low quantum yield of photocurrent 
for O2-evolution at Fe2Os-electrodes are due to the oc- 
currence of a back-reaction of the photogenerated 
species with electrons originating from the conduction 
band (3). Previous work in our laboratory revealed 
the influence of sample preparation on the transient 
behavior (4). 

We have analyzed the transient behavior now in 
more detail using the concept of a possible back-reac- 
tion involving electrons from the conduction band. 
Here already problems arise. These are demonstrated 
by the energy diagrams in Fig. 7a-7c. Figure 7a s h o w s  
qualitatively the band bending for the equilibrium 
case assuming as redox system Sn/Sn 2- (dashed 
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Fig. 4. Potentiostafie current-voltage curve far ferric oxide (vs. 
SCE) under periodic illumination by white light, level approximately 
AM2, scan rate 10 mV sec -1. Dashed curve in 1 molar sodium 
hydroxide solution, solid curve in 1 molar sodium hydroxide, 0.1 
molar potassium ferricyanide solution. 
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curve) and [Fe (CN) 6]s-/4- (full curve) ,  r e s p e c t i v e l y .  
As shown in Fig. lb and c the relaxation of the photo- 
current disappears if a reducing agent such as 
Sn 2- or [Fe(CN)6] 4- is added to the electrolyte. 
It disappears, however, only at potentials above 
the standard potential of the redox system. The band 
bending at such polarization is shown in Fig. 7b as- 
suming as redox couple [Fe(CN)6] s- /4- .  Here the 
electron hole pairs created by light were well separated 
by the electric field across the space charge layer. At 
cathodic potentials with respect to the standard poten- 
tial, however, a relaxation of photocurrent is still 
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Fig. 5. Relaxation of photocurrent at UE = --0.1V at different 
concentrations of an oxidizing agent [Fe(CN)6] 3- in 1M NoaH. 
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Fig. 6. Cathodic dark currents under potentiostatir conditions at 
a ferric oxide rotating disk electrode as a function of the con- 
r of potassium ferricyanide in 1 molar sodium hydroxide 
solution. Curves labeled with potentials vs. standard calomel elec- 
trode. Rotation speed 30 rps. 

visible. Assuming the re laxat ion is due to a cathodic 
back-reaction,  the question arises how electrons from 
the conduction band  can reach the surface. Since the 
band  bending  is still  very  large (Use ~ + 1.1V at the 
s tandard potential)  the electron densi ty  at the surface 
must  be ext remely  small. The other possibility for 
electron t ransfer  could be tunne l ing  through the space 
charge layer  as indicated in  Fig. 7c. However, this 
process is also ra ther  unl ike ly  because the thickness of 
the space charge layer  wil l  be far too great (13, 14) 
(in the order of at least 1000A) as derived from c a -  

p a c i t y  measurements .  
These considerations throw some doubt on the con- 

cept of back-react ion by electrons from the conduction 
band  to the photogenerated species. On the other hand, 
however, we have also observed a large cathodic dark 
current  upon addition of the oxidized species of the 
redox system [Fe(CN)6] 4- /3- .  According to the re la-  
tive position of energy levels at the interface this 
cathodic dark current  can only be explained by  elec- 
t ron t ransfer  f rom the conduction band. Consequently, 
we must  conclude that  electrons from the conduction 
band  in the bulk  of Fe203 reach the surface somehow. 
We have no model for this process. Since Fe2Oa has 
not a very well-defined composition one could assume 
a large density of states wi thin  the forbidden zone of 
the space charge layer  and one could speculate that  
the electrons are t ransported via these states. 

All results are now fur ther  analyzed on the basis of 
this model (Fig. 7c) al though we leave open the actual  
electron transfer  mechanism through the space charge 
region. 

Let us first examine the cathodic dark current  upon 
addition of an oxidized species such as [Fe(CN)6] s - .  
Since the cathodic cur ren t  does not  l inear ly  increase 
with concentrat ion (Fig. 6) we have to assume that  
the electrons used for the reduct ion of Ox are directly 
t ransferred to Ox. Assuming a two-step process via 
surface states the cathodic current  i -  is g iven by  

i -  = ekox~NTcox [I] 

kox is the rate constant for the electron transfer from 
the surface states to Ox, NT the density of surface 
states, f the occupation factor of these states and Cox 
the concentration of Ox. The number of electrons 
being transferred from the conduction band into sur- 
face states is given by 

dne/dt  : kzne (1 - -  ~ ) / ~ T  [2] 
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Fig. 7. Energy diagram of a Fe203-redox system interface at 
pH 14. (a) At equilibrium conditions with the Sn/Sn 2 -  (dashed 
curve) and the [Fe(CN)6] 3 - / 4 -  redox couple (full curve); (b) at 
anodic; and (c) at cathodic polarization assuming as redox system 
the Fe(CN)63-/4- couple. The dashed curve indicates the dis- 
tribution of the energy levels of the oxidized and reduced states, 
respectively. 

and the number  of electrons being t ransferred to Ox 
by 

dne/dt  = kox~NTcox [3] 

Inser t ing Eq. [2] and [3] into [1] one obtains 

1 / i -  = 1/Nwe [1/kwne + 1/koxcox] [4] 

A similar model has also beer  applied recent ly  to TiO2 
and SrTiO3 (11). 

We replotted the data from Fig. 6 according to Eq. 
[4] ( 1 / i -  vs. 1/Cox) and obtained straight lines as 
shown in Fig. 8. From the intercept  with the I / i - - a x i s  
one obtains a value for Nwekwne. Since the rate con- 
s tant  kw is expected to depend on the band  bending  
the intercept  should also depend on the electrode po- 
tential. In  the potential  range invest igated here the 
intercept  varies only slightly and the average value 
is given by 

i -  = eNrkrne  = 2.5 10 -5 Acre -2 

i.e., NTkwn e = 1.7 1015 cm -2 sec -1. The slopes of these 
curves yield values of NTkox. They vary  from 6.5 �9 1015 
to 1.6 �9 10 TM l i ters/mol.  It  is ra ther  surpris ing that  the 
kox depends on the electrode potential.  This effect can 
only be understood if the relat ive position of the en-  
ergy levels at both sides of the interface and conse- 
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Fig. 8 .  Reciprocal cathodic 
dark current vs. reciprocal con- 
centration of [Fe(CN)s] 3 - .  
Data from Fig. 6. 
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quent ly  the Helmhol tz  l aye r  var ies  wi th  the  e lec t rode  
potential .  The fact  t ha t  the Mot t -Scho t tky  plots  of 
the capaci ty  are  not  l inear  wi th  poten t ia l  ~4) m a y  be 
an indica t ion  tha t  the  Helmhol tz  po ten t ia l  is changed.  

The re laxa t ion  process of the  anodic pho tocur ren t  
as observed wi th  and wi thout  redox  systems can be 
in te rp re ted  if we include the same cathodic back-  
react ion as discussed above. An  anodic pho tocur ren t  
iph + occurs immed ia t e ly  af ter  l ight  is t u rned  on (Fig. 
1 and 2). In this process e i ther  a redox  couple or  
wa te r  is oxidized. The products  can be e i ther  an in t e r -  
media te  in the wa te r  oxidat ion  (or  oxygen)  or  the 
oxidized species (ox)  of the redox  couple. The l a t t e r  
a re  reduced  by  e lect ron t ransfer  f rom the conduct ion 
band  leading  to the cathodic cur ren t  i - .  The sum of 
both currents  is given b y  

iph = ~ph + - ~- [ 5 ]  

The anodic current is assumed to be determined only 
by the light intensity I and the quantum yield r and 
to be independent of time, i.e. 

iph + - "  ee l  [6] 

whereas  i -  is given by  Eq. [1], 
The kinet ics  of the format ion  and decay of Ox are  

given by  
dcox/dt = •I -- kox~NTCox - -  kncox [7] 

in which  kD is the ra te  constant  descr ib ing the diffu- 
sion of Ox away  from the surface. The corresponding 
term kDCox is only  a rough  approx imat ion  because 
no rma l ly  a diffusion should be descr ibed b y  a concen- 
t ra t ion  gradient .  The e lect ron t rans fe r  f rom the con- 
duct ion band  into surface states and f rom here  to Ox 
is descr ibed by  

NTd~/dt = kTne(1 --  :f)Nw --  koxfNwcox [8] 

in which  ne is the e lect ron dens i ty  in  the  conduct ion 
band and kT the ra te  constant  for  the e lect ron t r ans -  
fer  f rom this band into the surface states.  

Since i t  is impossible  to give an ana ly t ica l  solut ion 
of these different ia l  equat ions we on ly  consider  some 
l imi t ing  cases. Under  s t a t ionary  condit ions Cox and f 

i I 
5 0 0  1000  K O 0  

1 ~ (1 M - I )  
Cox 

and consequent ly  the s t a t ionary  pho tocur ren t  iph,st 
can eas i ly  be der ived.  This cur ren t  is not  a l inear  
function of the l ight  in tens i ty  as also found expe r i -  
men ta l ly  and d isp layed  in  Fig. 9a, where  /ph,st and  
iph + are  rep lo t ted  f rom the da ta  of Fig. 2. I t  should 
be ment ioned,  however ,  tha t  the  ini t ia l  pho tocur ren t  
iph + does depend l inea r ly  on the l ight  in tens i ty  as 
requ i red  by  Eq. [6]. A t  ve ry  high l ight  in tens i ty  the 
cathodic cur ren t  i -  is expected  to be independen t  of 
l ight  intensi ty.  Then one obta ins  

i| "- eNTkwne [9] 

i.e., the cathodic current is entirely determined by the 
electron transfer from the conduction band into the 
surface states. In this case the total stationary photo- 
current is given by 

iph,st ---- iph + -- i| ----- e ( r  -- NTkTne) [10] 

or  the  ra t io  of iph,st and iph + can be expressed by  

( 1 -  iph,st/iph +) ---- (Nwkwne/r l / I  [11] 

using the da ta  given in Fig. 9a one obtains  the curve 
in Fig. 9b. According to this our  l ight  in tens i ty  was 
jus t  sufficient to get  a l inear  dependen t  of (1 --  iph,st/ 
iph +) VS. 1/I. F r o m  the slope of the l inear  par t  of the 
curve in Fig. 9b we obta in  NwkTne/~b ----- 5" 1017 cm - s  
sec -1. Using the va lue  NTkTne = 1.7 1014 cm - s  sea -1  
as obta ined f rom the da rk  cur ren t  measurement s  (see 
above)  then the quan tum yie ld  r can be determined.  
We obtained r ~ 4 �9 10 -4 which is an  e x t r e m e l y  low 
value. One can check this value  by  de te rmin ing  r 
d i rec t ly  f rom the peak  pho tocur ren t  iph +. In this case 
we obta ined r ~ 5 �9 10 -4  which is in reasonable  agree -  
ment  wi th  the first value.  This low quan tum y ie ld  
must  be due to s t rong recombina t ion  effects in the 
bu lk  of the mater ia l .  

In  pr incip le  the  re laxa t ion  phenomena  also give 
some informat ion  abou t  the densi ty  of surface s t a t e s  
NT. A quant i ta t ive  determinat ion ,  however ,  requi res  
a solut ion of Eq. [7] and  [8]. 

Conclusions 
We have inves t iga ted  two aspects of  the photoe lec-  

t rochemis t ry  of fer r ic  oxide  in detai l ;  the influence of 
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Fig. 9. (a) Peak photocurrent iph + and stationary photocurrent 
/ph,st (taken from the curves of Fig. 2) vs. the light intensity I. 
(b) Plot of the function (1 - -  ip~,stliph +) vs. the light intensity I. 

redox reagents on the cathodic dark current and the 
anodic photocurrent. In the former measurements a 
nonlinear dependence of the dark current on redox 
species concentration has been revealed. We take this 
as evidence for the intervention of surface states. 
Insofar as photocurrents are concerned, the main 
observation is that the marked transient behavior is 
suppressed, if a redox system is added or sufficiently 
high intensities are used. Especially with redox sys- 
tems having a rather negative standard potential such 
as Sn/Sn 2-, the relaxation of photocurrent can be 
avoided over a large potential range. This leads us 
to an overall interpretation of the photocurrent be- 
havior of this electrode in terms of cathodic back- 

reactions of the photogenerated species. The surface 
states invoked for the explanation of the cathodic dark 
current behavior are also active in the back-reaction 
mechanism. The influence of sample preparation on 
photocurrent transient behavior (4) is consistent with 
this explanation, since surface-state densities and 
electron tunneling probabilities are sure to be influ- 
enced by crystallinity. 

In spite of the fact that the photocurrent relaxa- 
tion can be virtually eliminated in the presence of the 
S 2- redox species, the Sn/Sn2- redox system is not 
suitable for use in a solar cell because of the cathodic 
standard redox potential. Although Fe2Os is an inter- 
esting material for a photoanode in a photocell be- 
cause of its stability against anodic decomposition, the 
preparation of the material and the surface properties 
have to be considerably improved in order to avoid 
the cathodic back-reaction via the conduction band. 
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ABSTRACT 

Photoelectrochemical cells based on layer- type  semiconductors (i.e., t r an -  
sition metal  sulfides and selenides) have gained substantial  interest  due to their 
reasonably high solar efficiency and good stabi l i ty  against photocorrosion. 
However, the performance of this type of cell may be l imited by irregulari t ies  
in the semiconductor, since edges of the van  der Waals surface exposed to the 
electrolyte may act as recombinat ion centers. To control this effect, chemical 
surface treatments,  based on specific agents which perform selectively on the 
t ransi t ion metal  atoms at the edge sites, have been studied. In particular,  the 
effect of the disodium salt of the ethylene diamine tetracetic acid (EDTA) 
molecule (as well as that of many  other organic molecules) on the perform- 
ance of an n-MoSe2/ I - ,  I2/Pt sample cell has been investigated. The t reat-  
men t  with EDTA general ly improved both short-circuit  cur rent  and power 
output, even if a considerable variat ion in the response from crystal to crystal 
was observed. The stabil i ty of the EDTA effect under  prolonged cell operation 
was also examined. 

In  recent years many  efforts have been directed to 
the investigation of new semiconductor compounds 
suitable for use as electrodes in photoelectrochemical 
solar cells. In  this connection, Tributsch (1-10) has 
proposed t ransi t ion metal  dichalcogenides (such as 
MoSe2, MoS2, and WSe2) as stable electrode materials.  

Indeed, these layer- type semiconductors are charac- 
terized by optical transit ions which occur between two 
d-bands  of the metal  and do not involve metal  and 
chalcogen bonding orbitals, thus assuring good stabil i ty 
against photocorrosion. Furthermore,  the values of the 
energy gap (1.4-1.8 eV) open possibilities of good en-  
ergy conversion efficiencies. 

Detailed studies have been carried out by various 
authors on the behavior  of these photoanodes in contact 
with different aqueous redox electrolytes. The results 
have indicated the I - ,  I2 system as the optimal redox 
couple. Using this couple, relat ively high efficiencies 
and long stabilities have been obtained with MoSe2- 
and WSe2-based cells (8). 

However, many  authors (11-15) have also pointed 
out that the surface morphology of single crystal lay-  
ered photoanodes plays a key role in determining the 
relat ive photoelectrochemical cell behavior, since sur-  
face states and defects great ly increase the rate of 
electron-hole pair  recombination, thus reducing the 
performance in terms of photovoltage, m a x i m u m  power 
output, and thus efficiency. 

Unfortunately,  even under  the most accurate grow- 
ing procedure, defects (crack-like steps, ruptures,  etc.) 
are inevi tably  present  on the van  der Waals surfaces of 
t ransi t ion metal  dichalcogenide single crystals (12). 

In  order to assure opt imum photoelectrochemical be-  
havior for the layered semiconductors and eventual ly  
open the possibility of their  use in the polycrystal l ine 
state, it is necessary to develop surface t reatments  

* Electrochemical Society Active Member. 
Key words: photoelectrochemical cells, layer-type semiconduc- 

tors, surface treatments. 

which may act selectively on the recombinat ion sites 
and which also main ta in  their effect under  the drastic 
conditions of an i l luminated electrode during prolonged 
anodic operation. 

To unders tand  the possible blocking mechanism of a 
chemical agent, it is necessary to briefly examine the 
s tructure of the bonding sites of the semiconductor sur-  
face. Let us then consider a "step" as a defect model. 
Within the step it is possible to have "dangling bonds" 
of both the transi t ion metals and the chalcogene atoms, 
which may easily act as bonding points for various ionic 
species in solution (14). The absorption of a new spe- 
cies onto a surface parallel  to the c-axis (reactive sur-  
face) by means of free metal  bonds may produce new 
surface states near the conduction band, which deter-  
mine  electron tunnel ing  and high electron-hole pair  
recombination. Moreover, the contact with the electro- 
lyte of a reactive surface, in  addition to the surface 
perpendicular  to the c-axis (van der Waals surface),  
causes a new space charge region and electric field. 
These determine a high drift of holes moving toward 
the semiconductor/electrolyte interphase on the reac- 
tive surface, as a consequence of the higher conductiv-  
i ty of the minor i ty  carriers along the van  der Waals 
planes (12). 

These undesired effects may be l imited by specific 
chemical agents which, upon blocking the free metal  
bonds situated at the defect sites, prevent  the electron- 
hole pair  recombination, thus finally improving the 
performance of the semiconductor photoanode. Such an 
approach has been proposed by Park inson  et al. (15), 
who have shown that large organic molecules, such as 
4- te r t -buty l -pyr id ine ,  may indeed temporar i ly  block, 
by a "semi-intercalat ion" process, the t ransi t ion metal  
atoms responsible for the surface state. 

In  this work we have extended the s tudy by exam- 
ining the blocking behavior of many  organic molecules, 
using as a typical testing system the n -MoSe2/ I - ,  I2/Pt 
cell. 

2134 
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Experimental 
MoSe2 single crysta ls  were  k ind ly  provided  by  Dr. F. 

L~vy of the Ecole Poly technique  F~d~rale de Lausanne,  
Switzer land.  These crystals ,  grown by  chemical  t rans-  
po r t  reac t ion  in the  vapor  phase, using halogens as 
t r anspor t  agents  (16), were  n - t y p e  semiconductors  
wi th  a typical  thickness of 0.1-0.3 m m  and an  apparen t  
surface of 0.2-0.5 cm 2. 

The IM KI, 0.01M I2 aqueous e lec t ro ly te  was p re -  
pa red  using high pur i ty  chemicals  and dist i l led water .  
Al l  the  blocking agents  tes ted were  high pur i ty  chem-  
icals. 

The MoSe2 single c rys ta l  was assembled and we lded  
wi th  a conduct ive s i lver  paste  on a brass  cur ren t  col-  
lector. This was then embedded  wi th  epoxy  resin on a 
Teflon holder  in such a way  tha t  only  the van  der  Waals  
surface remained  in contact  wi th  the electrolyte .  The 
countere lec t rode  was a p l a t inum wire  sp i ra l ly  a r ranged  
a round  the semiconductor  photoanode.  

The  semiconductor  surface was i l lumina ted  through 
an optical  window s i tuated at the bo t tom of the  cell. 
The l ight  source was a 100W tungsten iodine l amp wi th  
an in tens i ty  of 100 mW cm -2, s imula t ing  an AM1 i r r a -  
diation. 

The i l lumina t ion  in tens i ty  and un i formi ty  were  reg-  
u l a r ly  contro l led  and measured  by  a Haenni  So la r  118 
l ight  in tens i ty  meter .  

The output  character is t ics  of the cell were  ob ta ined  
by  control l ing the vol tage  wi th  a potent ios ta t  dr iven  by  
a funct ion genera to r  and recording the cu r r en t -vo l t age  
curves wi th  an X-Y recorder .  

To test  the effect of var ious  surface chemical  t r e a t -  
ments,  the  semiconductor  c rys ta l  was kep t  in contact  
wi th  an aqueous solut ion of a given blocking molecule  
for per iods  va ry ing  f rom 1 to 15 hr  at room t emper -  
ature.  In  the case of po lyv iny lpyr id ines  an alcoholic so-  
lu t ion was used. Af te r  washing  wi th  dis t i l led  water ,  the 
crys ta l  was again  assembled in the cell and  the re la ted  
cu r ren t -vo l t age  curves were  de te rmined  under  i l lumi-  
nat ion and in the  dark .  The resul ts  were  then compared  
wi th  those obta ined prev ious ly  wi th  the same un t r ea t ed  
crystal .  

Al l  the measurements  were  car r ied  out  at  room t em-  
pe ra tu re  and in air. In  cer ta in  cases the chemical  t r e a t -  
ments  were  also tes ted at  50-70~ bu t  the  resul ts  w e r e  
not  ve ry  different  f rom those obta ined at  room t e mpe r -  
ature.  

Results and Discussion 
As a l r eady  pointed out, the surface of the l a y e r - t y p e  

semiconductors  inev i tab ly  presents  some defects. How-  
ever,  depending  on the amount  and the type  of these 
defects, the var ious  single c rys ta l  samples  may  be  
b road ly  classified as having "smooth" or  "s tepped" sur -  
faces. 

In  the presen t  invest igat ion,  to be t t e r  evidence the 
effect of the  chemical  t rea tments ,  MoSe2 crysta ls  wi th  
many  superficial  defects  were  p re fe ren t i a l ly  consid-  
ered. 

Various  organic molecules  were  tes ted as possible 
blocking agents. Among these, by-p roduc t s  of  pyr idine,  
wi th  s t ructures  s imi lar  to the  4 - t e r t - b u t y l - p y r i d i n e  in-  
ves t iga ted  by  Park inson  et  al. (15), were  examined.  
As indica ted  in Table  I, where  the effects of these p rod -  
ucts a re  summarized,  some amino-pyr id ines  show cer -  
tain favorable  blocking effects (as ind ica ted  by  the im-  
provements  in the  re la ted  cell I - V  character is t ics)  a c -  
c o m p a n i e d ,  however ,  b y  poor s tabi l i ty .  Indeed,  af ter  
s ho r t - t e rm  opera t ion  of the  e lec t rode  under  i l l umina -  
tion, dras t ic  decreases in per formance  were  observed.  
Moreover,  the  e lect rode response became f requen t ly  
worse  than  tha t  o r ig ina l ly  offered by  the Untreated 
crystal .  

This behav ior  is p robab ly  due to a degrada t ion  of 
the amino group, which in tu rn  causes a change in the 
physicochemical  character is t ics  and  in the  in terac t ion  
mechanism with  the  crys ta l  surface. The change in  in-  

Table I. By-products of pyridine tested as blocking agents 

Molecule 

Improve- Stability of the 
ment of blocking agent 
the I.V to the experi- 
charac- mental con- 
teristic ditions* 

Pyridine Yes Less than 5 hr  
2-AmAnopyridine Yes Less than 1 hr  
3-Aminopyridine Yes  Less  than 1 hr  
2-Amino-6 metylpyridine No 
4-Dimetylaminopyridine No 
2-Vinylpyridine Yes Less than  1 hr 
4-Polyvinylpyridine No 
4-Vinylpyridine Yes  Less  than  1 hr  
2-Polyvinylpyridine Yes Less than 10 hr  

* The blocking agent stability is referred to the power output 
value. 

teract ion mechanism may  resul t  in the format ion  of 
new superficial  states which  can increase the r ecom-  
b ina t ion  ra te  of the e lec t ron-hole  pairs.  

At ten t ion  was the re fore  d i rec ted  to o ther  molecules  
having different  s t ruc ture  and different  bonding mech-  
anism wi th  the semiconductor  surface. Pa r t i cu l a r ly  in-  
te res t ing  appear  in this respect  the disodium salt  of the 
e thylene  d iamine  te t racet ic  acid (EDTA),  the n i t r i lo  
t r iacet ic  acid (NTA) ,  and the cyclohexane d iamine  (1- 
2 ) - t e t r ace t i c  acid (CDTA).  These materi~ls ,  which  are  
wel l  known for the i r  capabi l i ty  to react  wi th  t rans i t ion  
meta l  ions to form coordinat ion compounds,  acted quite 
f avorab ly  on the per formance  of "s tepped" MoSe~ 
crystals .  

For  instance, as typ ica l ly  i l lus t ra ted  in Fig. 1, a c rys-  
tal  wi th  a high react ive  surface and low photovoltage,  
showed a substant ia l  improvemen t  in power  output  and 
da rk  current ,  af ter  having been t rea ted  wi th  EDTA. 
Improvements  of this kind, even if not  to a comparable  
extent,  were  also obta ined wi th  crysta ls  which, even if  
wi th  comparab le  h ighly  defect ive s t ructure ,  p resented  
higher  photovoltages,  i.e., of the o rde r  of 400-500 mV. 

Also beneficial  in terms of e lect rode response appears  
to be the t r ea tmen t  of the MoSe2 crysta ls  wi th  aqueous 
solutions of CDTA and NTA. 
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Fig. 1. Illuminated (top) and dark (bottom) current voltage curve 
before ( ) and after ( . . . . .  ) surface treatment of n-MoSe2 
with EDTA. 
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However, it  must be emphasized that the effect of 
EDTA and related compounds, varied consistently from 
sample to sample of MoSe2. In fact, some crystals with 
a highly stepped surface and having original low photo- 
voltages showed appreciable improvements in response 
after the treatment, while others, still having a com- 
parable defective surface, were affected either a little 
or not at all. 

This discrepancy may be explained on the basis of 
different impuri ty  levels in the various samples consid- 
ered. Indeed, low photovoltage values may be due 
either to superficial defects or to impurities or to both 
of them. When the low values are  prevalent ly related 
to surface defects, the blocking action of EDTA may 
induce consistent improvements, whereas EDTA treat-  
ment cannot be effective when the low response is 
pr imari ly due to impuri ty levels. 

To finally evaluate the EDTA effect on the surface 
states of layer- type  semiconductor photo.anodes, the 
following experiment was carried out. The surface of a 
crystal, whose output characteristics had been recorded 
previously, was scratched with the point of a thin 
needle and the current-voltage curve was again r e -  
c o r d e d .  As shown in Fig. 2, output power and dark cur-  
rent deteriorated (to an extent proportional to the 
number of scratches), this being further evidence of 
the great influence of the condition of the surface on 
the electrode performance. The crystal was then dipped 
for 15 hr in a concentrated EDTA solution. As again 
shown in Fig. 2, the performance of the electrode im- 
proved after this treatment, but not up to the original 
level. Therefore, it  appears that the EDTA molecules 
are not capable of blocking all the active sites produced 
by the scratching procedure. 

No attempt to discuss in detail the binding mech- 
anism of EDTA and related compounds is made here. 
This would require a series of independent measure- 
ments, some of which are in progress in our labora-  
tories. 

In the present work it has appeared of more immedi- 
ate interest to evaluate the stabili ty of the EDTA action 
under prolonged anodic operation at the condition of 
maximum power output. Figure 3 shows that the EDTA 
effect decreases with operation time, even if with a rate 
consistently lower than that reported elsewhere for 
other types of blocking molecules (15). The observed 
decay of the EDTA effect is probably related to a modi- 
fication of its molecular structure, produced by the 
drastic working conditions, such as those determined by 
the oxidant medium (iodine), illumination, and anodic 
oxidation. 

Conclusions 
Because of the short duration of their action, the 

treatment with EDTA, CDTA, and NTA, respectively, is 
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certainly of not immediate practical importance. How- 
ever, the results reported here, in addition to all those 
concerning other attempts of controlling the surface 
state of the photoanodes (15), may be useful in this 
very initial stage of the research on layer- type  semi- 
conductor electrochemical solar cells to profitably a d -  
d r e s s  future efforts in the development of more effec- 
tive and stable blocking compounds. 

At the present level of knowledge in the field, the 
properties that such compounds should have appear to 
be mainly the following: (i) capability of easily react-  
ing with the defective "stepped" surfaces, forming 
stable and strong bonds at the edge sites; (ii) stabili ty 
to solar light; (iii) absence of functional groups sensi- 
tive to anodic oxidation and/or  to oxidizing chemical 
agents present in the electrolyte; (iv) absence of dou- 
ble bonds in the structure; and (v) l(>w steric hin- 
drance. 
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The Role of Electron-Hole Recombination at 
MoS2 and MoSe2 Photoelectrodes 

M. L. Phillips and M. T. Spitler* 
Department of Chem~try, Mount Holyoke College, South Hadley, Massachusetts 01075 

ABSTRACT 

Analys is  of impedance  and cu r ren t -vo l t age  da ta  has r evea led  tha t  e lec t ron-  
hole recombina t ion  p lays  a significant role  in the aqueous photoe lec t rochem-  
i s t ry  of MoSes and MoSs single crystals .  I t  is proposed tha t  this recombina t ion  
shor tens  the l i fe t ime of the photoproduced  hole to such an ex ten t  that  few 
solut ion reductants  a re  able  to react  wi th  holes at  the  surface of these e lec-  
trodes.  The role of this recombina t ion  in d iminishing photocur ren ts  and photo-  
potent ia ls  is discussed wi th in  the context  of the  Ger i scher  mode l  for  semi-  
conductor  e lect rochemist ry .  

Considerable  in teres t  has been d i sp layed  recen t ly  in 
the use of semiconduct ing l a y e r - t y p e  t rans i t ion  meta l  
dichalcogenides  as photoelect rodes  in e lec t rochemical  
cells (1-16). These invest igat ions  resul t  f rom Tr i -  
butsch 's  suggestion (1-4) that  these mate r i a l s  would  be 
s table agains t  photodecomposi t ion under  vis ible  i l lumi -  
nat ion whi le  employed  in an e lec t rochemical  solar  cell. 
In par t icular ,  the group VI dichalcogenides such as 
MoSe2, have  been s tud ied  wi th  r ega rd  to s tab i l i ty  and 
energy  conversion efficiency (1, 4, 9, 10, 12, 14); the 
best  repor ted  efficiencies of s table photoelec t rochemical  
cells using these mater ia l s  under  s imula ted  solar  i l lu-  
mina t ion  have been 10.2% for a WSe2 elect rode and 
9.4% for MoSe2 (16), both  using I 2 / I -  as the redox  
couple. In  addit ion,  poss ibly  the singl e longest  cont inu-  
ous opera t ion  of a photoelec t rochemical  solar  cell  has 
been made  using an MoSe2 elect rode in an I 2 / I -  elec-  
t ro ly te  which ran  for ten months wi th  an efficiency of 
4-5% (13). 

A l though  it has been demons t ra ted  that  the presence 
of halides, in pa r t i cu la r  I - ,  p ro found ly  influences the  
power  output  of these cells (1, 2, 4), the na tu re  of this  
effect is not  ful ly  understood.  An unders tand ing  of the 
e lec t rochemis t ry  of the hal ides  at  these electrodes 
would  requ i re  the de te rmina t ion  on a potent ia l  scale of 
the posit ions of the semiconductor  valence and con- 
duct ion bandedges  over  a wide range of e lect rode bias 
and  a cor re la t ion  of these energet ics  wi th  the kinet ics  
of the  cur ren t  producing reactions.  Such a complete  
p ic ture  of the sys tem has not  ye t  been es tabl ished be-  
yond question. 

In  this work  a sui table  model  was sought  to expla in  
the  kinet ics  of photooxida t ion  of reduc tan ts  at  MoSe2 
and MoS2 elect rodes  wi th  the hope that  some insight  
might  be gained into the in terac t ion  of these solids wi th  
iodide. Using new resul ts  in conjunct ion wi th  exis t ing 
da ta  on the pho tocur ren t -vo l t age  and photopotent ia l  
behavior  of these compounds,  we have de te rmined  that  
e lec t ron-hole  recombina t ion  p lays  a significant role in 
thei r  photoelec t rochemis t ry ,  a factor  which has not 
been p rev ious ly  discussed for MoS2 and MoSe2. We 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: semiconductor,  electrode, energy  conversion. 

demonst ra te  how such a recombina t ion  process can be 
descr ibed by  a minor  extension of the Ger ischer  model  
for semiconductor  e lect rochemist ry;  wi th  this model  
the pho tocur ren t  and photovol tage resul ts  lend  them-  
selves to a s t r a igh t fo rward  in terpre ta t ion .  However ,  
the charac te r  of the t rans i t ion  meta l  d icha lcogenide /  
iodide in terac t ion  st i l l  eludes sa t i s fac tory  explanat ion.  

Experimental 
Crysta ls  of MoS2, and MoSe2 grown by  vapor  t r ans -  

por t  were  obta ined  f rom F. L~vy of the Ecole Po ly -  
technique,  Lausanne,  Switzer land.  Through impedance  
measurements ,  the  donor dens i ty  of the  n - t y p e  crys-  
tals used in these s tudies  was de te rmined  to be 1 • 
1017/cm 3 for MoS2 and 6 • 1017 for MoSe2. 

The thickness of crystals  used for electrodes va r ied  
but  did not  exceed 0.5 mm. A razor  b lade  was used to 
separa te  single crysta ls  f rom aggregates  and to cut  
them to an appropr ia t e  work ing  size. An  e lect r ica l  con- 
tact  was made wi th  conduct ive s i lver  pa in t  be tween  the 
Van der  Waals  surface at the  back-s ide  of the crys ta l  
and a wire;  the  c rys ta l  was then affixed to Teflon 
mount ings  wi th  3M insula t ing  epoxy, leaving an ex-  
posed surface a rea  of 4-10 mm 2. Surfaces were  r enewed  
through press ing a piece of adhesive tape  onto the  
crys ta l  and peel ing off a thin layer .  Before each exper i -  
ment,  e lectrodes were  r insed for 5 sec in 1M ni t r ic  acid 
fol lowed by  deionized water .  

Al l  solutions were  p repa red  wi th  Baker  ana lyzed  re -  
agent  grade  chemicals  in deionized water .  The sup-  
por t ing  e lec t ro ly te  in al l  exper iments  wi th  the  d i -  
chalcogenide electrodes was 0.500M KNOB. The pH was 
adjus ted  wi th  KOH and HNO3. 

The semiconductor  e lectrode was immersed  in elec-  
t ro ly te  in a Pyrex ,  th ree -e lec t rode  cell  under  po ten t io-  
stat ic control  wi th  a p l a t inum countere lec t rode and an 
Ag/AgC1 reference  e lect rode in 0.5M KC1. The poten-  
t ials in this work  are  re fe renced  to this s i lve r / s i lve r  
chlor ide  electrode. The  crys ta l  was i l lumina ted  th rough  
a P y r e x  window wi th  the 578 nm line of a 200W m e r -  
cury arc  l amp  which had  been passed th rough  a Bausch 
and Lomb high in tens i ty  monochromator  set  at  a b a n d -  
wid th  of 10 nm. 
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A PAR Model 175 function generator  supplied the 
input  potential  to a Wenking 70 HVI/90 potentiostat  
at a sweep rate of 10 mV/sec. Impedance measurements  
were made with this system using the lock- in  tech- 
nique. 

The photopotential  measurements  represent  the po- 
tential  difference between a Pt  bu t ton  electrode and 
the semiconductor electrodes under  i l luminat ion  from a 
100W tungsten  lamp using a 680 nm interference filter 
with a bandwidth  of 10 nm. Before i l luminat ion  the two 
electrodes were shorted. The redox potential  of the 
electrolyte was determined using the Pt  electrode and 
the Ag/AgC1 reference electrode, except for the cerium 
solution where the dark potential  of the semiconductor 
electrode was taken as the solution potential. 

Results 
To gain a better unders tanding  of the photooxidation 

reactions at MoS2 and MoSe2 electrodes, photocurrent  
and photopotential  measurements  were made with di- 
lute halides and other reductants  at MoS2 and MoSes 
electrodes. 

Single crystals of these compounds were selected and 
mounted  in such a way as to show m a x i m u m  photo- 
effect. In  order to insure a constant pH for the dura -  
tion of a series of experiments,  the electrolyte was aci- 
justed to pH 1.0. Halide concentrations were 100 times 
less than those of the support ing electrolyte to permit  
resolution of features in the current-vol tage curves not 
dist inguishable in  the higher concentrat ions of halide 
used in most published work in  this field. 

When positively polarized in  0.50M KNOs, the MoSes 
crystals showed an anodic photocurrent  in a reaction 
with water  which even,tually leads to lattice decom- 
position, as has been determined by Tributsch and 
Bennet t  (5). A typical current-vol tage  curve for MoSe2 
in the KNO~ electrolyte is shown in  Fig. 1 (a).  The on-  
set of anodic dark current  consistently occurred at  
+ 900 mV in the inert  electrolyte; photocurrents  started 
at +500 mV and rose with more positive potential  to 
about 800-1000 mV. 

For these compounds, the following equation (25) 
can be used to describe its current-vol tage behavior  
when a depletion layer  is formed at the surface of the 
electrode 

I : ~ �9 [Lp + W ( V  - -  VFB) V2] [1] 

This holds for monochromatic radiat ion where V is the 
electrode potential, VFB is the flatband potential, I is 
the photocurrent,  and ~ is a constant. Lp is the hole 
diffusion length which for these compounds is ,-~ 10 -4 
cm (25) ; W is the width of the depletion region which 
will be less than 10 -5 cm when the band bending is 
less than 0.3V. Given these values for Lp and W it is 
clear that  the photocurrent  should be independent  of 
potential  once a depletion layer  is formed. This be-  
havior has been observed for MoSe2 and MoS2 elec- 
trodes in electrolytes containing high concentrations 
of iodide where the onset of photocurrent  is marked by  
a steep climb of the photocurrent  to saturat ion wi thin  
several tens of millivolts. 

The current  voltage curves shown here for MoSes 
do not follow from Eq. [t].  Instead, they show a grad-  
ual increase in photocurrent  with potential  that  re-  
quires several hundred  millivolts to reach a saturat ion 
level. It  is useful, however, to establish a parameter  
which will  serve to designate the potential  at which the 
slow kinetics of lattice decomposition dominates photo- 
currents  induced by reductants  in the electrolyte; this 
has been done by noting the potential  at which the 
current  reaches 20% of its saturat ion value. These po- 
tentials are indicated in Fig. 1 and compiled in Table I 
for a n u m b e r  of crystals in n i t ra te  solutions. 

The effects of 5.00 mM KBr or 5.00 mM KI on dark 
and i l luminated current-vol tage  curves are shown in 
Fig. l ( b )  and (c). Saturat ion photocurrents were 
reached at +780 mV in B r -  solution and +900-950 mV 
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Fig. 1. Current-voltage curves are shown for illuminated MoSe2 
electrodes immersed in: (a) 0.50M KNO~; (b) 0.50M KNO~ and 
5.0 mM Br- ;  (c) 0.50M KNO3 and 5.0 mM I - .  Light intensity was 
5 mW/cm 2 at 578 nm with a solution pH of 1.0 and an Ag/AgCI 
reference electrode. In (c) illumination was chopped. A current- 
voltage curve in the dark is also provided (d.c.) in (a). The photo- 
current onset parameter is shown as a vertical arrow and denotes 
the potential at which the photoeurrent has reached 20% of its 
maximum value. Also included in (a) is a Mott-Schottky plot used 
to derive the flatband potentials from impedance measurements. 

in  I -  solution. The light was chopped as the electrode 
potential  was swept positive to allow comparison of 
dark and photocurrents.  It  is seen clearly that photo- 
currents  arose in the presence of halides at potentials 
substant ia l ly  negative of the photocurrent  onset in  the 
absence of halides. The photocurrent  onset potentials 
for B r -  and I -  solutions are listed in Table I. No in-  
crease in  photocurrents  was evident  upon addit ion of 
5 mM C1- to the electrolyte. 

It is evident  that at higher halide concentrations sub-  
s tant ial  changes in  the current-vol tage curves do ap-  
pear; the concentrat ion dependence of these changes 
has been studied in detail by Tributsch (2). The data 
here show that  in  the presence of 5 mM halides, what -  
ever changes that  occur in the onset potential  for the 
photodecomposition reaction do not change by more 
than 50 inV. Therefore we conclude that the energies 
of the semiconductor bandedges remain  fixed with re-  

Table I. Photocurrent onset and flatband potentials for MoS2 
and MoSe2 (vs. Ag/AgCI) 

Photocurrent onset parameter: MoS2 1HoSe2 

0.50M NOs- 530 (• mV 600 (~15) mY 
+5 mM Br- 530 (-----30) 550 (--I0) 
+5 mM I- 500 (• 560 (+--30) 

Flatband potentials: 
0.50M NO3- +150 (----~J0) mV --60 (• mV 
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spect  to energy  levels in solut ion wi th in  this 50 mV 
range.  

The n - t y p e  MoS2 crysta ls  were  in genera l  of poorer  
c rys ta l l ine  qual i ty  than  the MoSe2 crystals ,  as ev i -  
denced by  the i r  appearance  and b y  l a rge r  da rk  cur -  
rents  re la t ive  to photocur ren ts  a t  posi t ive potentials .  
In  the  iner t  e lectrolyte ,  the  onset  of anodic d a r k  cur-  
ren t  came around  -5750 mV. F r o m  an onset at  W30O 
mV, photocur ren ts  rose to sa tura t ion  a round  -5920 mV 
and fell  again  af te r  -5980 mV, whi le  da rk  currents  con- 
t inued to increase.  Cur ren t -vo l t age  curves were  mea -  
sured for MoS2 in iner t  e lectrolyte ,  in 5.0 mM KBr, and 
in 5.0 mM KI. Only  the iodide solut ion showed any sig- 
nificant photocur ren ts  negat ive  of a bias of -5550 inV. 
The potent ia ls  for pho tocur ren t  onset using the 20% 
p a r a m e t e r  are  l is ted in Table I. 

A closer examina t ion  of cu r r en t -vo l t age  curves for  
MoSe2 in e lec t ro ly tes  containing Fe +s, Fe (CN)6  -4, and  
hydroquinone  is shown in Fig. 2 where in  the  most posi-  
t ive potent ia l  depic ted  in this figure is st i l l  negat ive  
of the  onset of the cur ren t  from lat t ice decomposition.  

Photopoten t ia l  measurements  a t  these e lect rodes  
were  made  in solut ions containing a va r i e ty  of r edox  
couples as have  been repor ted  b y  other  authors  (4, 8, 9, 
11, 12, 15). The resul ts  are  plot ted in Fig. 3, showing 
the da rk  potent ia l  of t he  e lect rode and its potent ia l  
under  i l lumina t ion  as a function of the redox  potent ia l  
of the electrolyte .  Solut ion concentrat ions for these 
redox  couples were  much h igher  than  the 5 mM used 
in the ha l ide  exper iments ,  being 0.1M in the reduced 
component  in most  cases. Fo r  redox  couples wi th  po-  
tent ia ls  negat ive  of -5600 mV, the photopoten t ia l  of 
MoSe2 electrodes a t ta ins  more  negat ive  values  than the 
MoS2 electrodes.  

Through a Mot t -Scho t tky  analysis  of impedance  
measurements ,  f la tband potent ia ls  were  obta ined  for a 
number  of e lec t rades  used in this s tudy  and are  to be 
found in Table I. These  resul ts  agree  fa i r ly  wel l  wi th  
those values  r epor t ed  by  Gobrecht  (13). However ,  the  
analyses  for a number  of crystals  y ie lded  nonl inear  
slopes and f requency  dispersions. This behav ior  is not  
unusual  (13, 20) and p robab ly  reflects the sens i t iv i ty  
of impedance  measurements  to defects at  the  e lec t rode  
surface which are  known to exis t  for these compounds.  
A Mot t -Scho t tky  plot  for MoSe2 has been included in 
Fig. 1 (a) .  

Discussion 
Electron-ho~e recombination in MoSez and MoSz.m 

Of immedia te  note  in the expe r imen ta l l y  observed 
character is t ics  of these electrodes is the d iscrepancy be-  
tween  the pho tocur ren t  onset potent ia l  and the f la tband 
potent ia l  obta ined  f rom Mot t -Scho t tky  analyses.  Fo r  
MoSe2 this difference is ~650 mV whi le  for MoS2 it is 
only  ~400 mV. This observa t ion  is not  pecu l ia r  to these 
invest igat ions alone as a close examina t ion  of the data  
in the  l i t e ra tu re  (1-15) wil l  r evea l  i t  to be the case in 
most  al l  cu r ren t -vo l t age  curves r epor ted  for these com- 
pounds. 

Wi th  the f la tband potent ia ls  der ived  f rom impedance  
measurements  i t  is evident  tha t  la t t ice  decomposi t ion 
does not occur unt i l  a deplet ion l aye r  is fo rmed with  a 
m a x i m u m  band  bend ing  of  650 mV for MoSe2 and 400 
mV for MoS2. This excess band  bending  can only  be 
expla ined  by  a recombinat ion  of electrons wi th  holes 
which is fas ter  than  the in i t ia l  hole t ransfe r  step in the  
la t t ice  decomposi t ion reaction. 

At  a potent ia l  bias of -t-600 mV, this recombina t ion  
mechanism mus t  become deac t iva ted  so that  la t t ice  de-  
composi t ion occurs. A model  which could account for  
such behavior  involves  assumpt ion  of an e lec t ron t rap,  
or  d is t r ibut ion  of traps,  wi th in  the energy  gap of the  
semiconductor  as is dep ic ted  in Fig. 4. When  the F e r m i  
level  of the  e lect rode is negat ive  of this t rap,  i t  is filled 
by  electrons which can recombine  wi th  holes fas ter  
than the holes can reac t  w i th  the solut ion reductant .  
Once the F e r m i  level  becomes more  posi t ive than  this 
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Fig. 2. The potential dependence of photocurrents a t  MoSe2 as 
measured against an Ag/AgCI reference electrode is depicted for 
solutions containing 0.50M KNO3 and (a) 50 mM hydroquinone, (b) 
50 mM Fe(CN)6 -4 ,  (c) 15 mM FeSO4, (d) 30 mM Br- ,  (e) 15 
mM I - .  The solution was maintained at pH 1.0 with illumination 
conditions as in Fig. 1. The numbers on each curve are the enlarge- 
ment factors necessary to bring the curves onto the current scale 
on the left; photocurrent resulting from lattice decomposition does 
not begin until about -5500 mV. 
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Fig. 3. Along the diagonM line are plotted the measured dark 
potentials (vs. Ag/AgCI) of MoSe2 and MoS2 electrodes immersed 
in solutions with varying redox couples. Under illumination MoSe2 
(x) and MoS2 (0) acquire a more negative potential with the former 
being generally more negative than the latter. The flatband poten- 
tials of these electrodes, as determined by impedance measurements, 
are indicated at the upper left. The electrolyte contains (a) 
quinone/hydroquinone, (b) Fe(CN)6 - 3 / - 4  (c) 12/ I - ,  (d) Fe +s/+~, 
(e) Ru +s/+3,  and (f) Ce +3/+4,  all at pH 1.0. 

t rap,  i t  is empt ied  of electrons and recombina t ion  
ceases. Such a recombina t ion  mechanism has beun 
used prev ious ly  to exp la in  s imi lar  phenomena  at  GaP 
(21) and WSe2 (9) electrodes.  Heretofore,  however ,  
there  has been only  min imal  discussion (13) of the 
poss ibi l i ty  tha t  recombina t ion  may  p lay  a role  at  MoS2 
and MoSe2 electrodes.  1 

I t  is not  c lear  whe the r  this t r ap  is a bu lk  s tate  as is 
found in GaP (21) or  pu re ly  a surface s tate  as is de-  
scr ibed for WSe2 in Ref. (9). Wi th  these da ta  for MoSes 
and MoSs, i t  is not  possible to make  a definite s ta te -  
ment.  However ,  the effect on the photoe lec t rochemis t ry  
is the  same: A fast  e lec t ron-hole  recombina t ion  p r e -  
cludes hole oxidat ion  of reduc tan ts  wheneve r  the  Fe rmi  
level  of the e lect rode is negat ive  of -5 600 mV. 

1 N o t e  added in  p r o o f :  Th i s  p o i n t  has  also b e e n  m e n t i o n e d  in  
the  r e c e n t  publ icat ion F. F. Fan and A. J. B a r d ,  This Journal, 
128, 945 (1981). 
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Fig. 4. A schematic representation of the MoSeJelectrolyte 
interface is given here, featuring surface states extending below 
the conduction bandedge to a level denoted by the energy Et at 
+0 .6V  (vs. Ag/AgCI). A distribution of occupied energy levels is 
also depicted for a solution reductant R which may react with 
holes at the electrode surface. The reductant may be oxidized at 
level "a" or "b." Recombination of the electron and hole through 
these surface states appears to compete effectively with the hole 
oxidation of R as long as the Fermi level, denoted by El, is nega- 
tive of Et. 

Competition between recombination and photooxida- 
tion.--With this model, product ion of anodic photocur -  
ren t  at  a bias negat ive  of +600 mV is possible only if  
hole capture  by  the reduc tan t  occurs fas ter  than  r e -  
combinat ion wi th  an electron. F rom Fig. 1 (b) and (c) 
it  is ev ident  that  B r -  and I -  can do this effect ively at  
MoSe2 electrodes.  A faster  recombina t ion  m a y  be in 
effect a t  the poorer  qua l i ty  MoS2 electrodes because 
only  I -  pho tooxida t ion  is evident  in this potent ia l  
range. Photooxida t ion  of hydroquinone,  fer rocyanide ,  
and Fe +2 is also evident  in this region imply ing  that  
they, too, must  capture  holes at  a ra te  fas ter  than  the 
recombinat ion  can. However ,  this is not  t rue  for C I -  
which produced  no de tec tab le  increase in photocur -  
rents.  

I t  is unclear ,  however,  a t  which point  in the recom-  
binat ion p a t h w a y  the reduc tan t  captures  the hole, at  a 
vacant  t rap or at  the  valence band level.  I t  is possible, 
and indeed l ikely ,  tha t  e lec t ron exchange occurs at  
both as is depicted in Fig. 4. 

I t  can be shown in a s t r a igh t fo rward  manne r  how 
recombinat ion  can be in te rp re ted  in terms of the  
Gerischer  model  for semiconductor  e lec t rochemis t ry  
(22). The discussion here  wil l  focus on the domain 
wi th in  this model  where  the bandedges  r ema in  fixed 
wi th  respect  to energy levels in solution. In  this s i tua-  
t ion i t  is ins t ruc t ive  to examine  an express ion for the  
cur ren t  resul t ing f rom the oxida t ion  of reduc tan ts  by  
holes at  the e lectrode surface 

I ---- e f : k ( E ) V r e d  �9 Wred(E) " D(E) �9 (1 --  f ( E ) ) d E  

[2] 

w h e r e  Cred is the concentra t ion  of the  reductant ,  
Wred(E)  is the d is t r ibut ion  function for the  energy,  E, 
of the electron in the r educ tan t  in solution, D (E) is the 
densi ty  of states of the semiconductor;  f ( E )  is the 
Fe rmi  function, and k (E)  is the  constant  for the elec-  
t ron  t ransfe r  itself. The product  of the last  two te rms 
in this integral ,  D ( E ) ( 1 -  f ( E ) ) ,  represents  the  con- 
cent ra t ion  of holes, p (E),  at  the surface wi th  energy E 

p(E) ---- D(E) (1 --  f ( E ) )  [3] 

In a s t eady-s ta te  s i tuat ion,  p(E) can also be ex -  
pressed as the product  

p ( E )  = G(E)  �9 ~(E) [4] 

w h e r e  G(E) is the  ra te  of genera t ion  of holes wi th  
energy  E and T(E) is the l i fe t ime of the hole at  tha t  
energy  level.  G (E) is a complicated funct ion of i l lu -  
mina t ion  intensi ty,  electr ic  field strength,  hole mot)il- 
ity, and surface hole generat ion;  T(E) reflects the k i -  
netics of the  phenomena  which consume holes, such as 
e lec t ron-hole  recombinat ion  and e lect ron t ransfe r  to 
the  e lectrolyte ,  both  of which are  a funct ion of E. 

F rom Eq. [2], [3], and [4] it  is c lear  that  a fast elec-  
t ron-hole  recombinat ion  wil l  shor ten the overa l l  l i fe-  
t ime of the hole at  the surface, and if the reduc tan t  
cannot  .compete successful ly for  this hole, that  is, if 
k (E) is not  l a rge  enough, oxidat ion  wil l  not  occur. 

Wi th  this  conclusion, we have found it  useful  to de-  
fine a quan tum efficiency for oxidat ion  of the reduc tan t  
by  a hole at  the  valence bandedge  (pa th  b in Fig. 4) for 
t h e  potent ia l  depicted in Fig. 2 

~ ket/[k~et + ~rec ( V )  ] [5] 

Here, ket is a pseudo-f i rs t  o rde r  ra te  constant  for 
e lect ron t ransfer  which includes the concentra t ion o~ 
the reduc tan t  at  the e lectrode surface, and  kre~(V) is 
the recombina t ion  ra te  which is a funct ion of potent ia l  
V. At  a pa r t i cu la r  potent ia l  Vo, wi th in  the  range  
spanned in Fig. 2 where  ket < <  krec(Vo), this reduces  
to  ~ ~ ket/krec(Vo). Considera t ion of p a t h w a y  "a" in 
Fig. 4, where  the reduc tan t  is oxidized at  the t rap,  
changes this result ,  bu t  as long as the ra te  constant  for 
oxidat ion  through "a" is much smal le r  than  tha t  
th rough  "b," this approx imat ion  for r wil l  hold. This 
neglect  of p a t h w a y  "a" is based on the observat ion  
(231 tha t  the more  exoergic  hole oxidat ion  of r educ-  
tants  at  semiconductor  electrodes proceeds fas ter  than  
the less exoergic oxidation.  

Wi th  this fo rmula t ion  for �9 i t  can be seen tha t  at  
potent ia ls  in Fig. 2 where  la t t ice  decomposi t ion does 
not  occur, the re la t ive  magni tudes  of the photocur ren ts  
for the  various reductants  should reflect thei r  re la t ive  
ket values  quan t i t a t ive ly  because Krec(V) is indepen-  
dent  of the na ture  of the redox couple in solution. 

Unfor tunate ly ,  r ea l  in format ion  about  the ra te  of the 
e lect ron t ransfer  is obscured by  the concentrat ion te rm 
in ket, which reflects, as has been noted in Ref. (15), 
specific surface interact ions,  such as adsorpt ion,  which  
disrupt  the expected redox potent ia l  o rder ing  of the  
rates of photooxida t ion  at  these electrode surfaces. 

As the  potent ia l  of the e lectrode is changed,  krec(V) 
should also change as the Fe rmi  level  approaches  and 
passes th rough  the energy levels of the t raps  responsi -  
ble  for recombinat ion.  On the o ther  hand, ket th rough  
p a t h w a y  "b" should not  be a function of potential .  Con- 
sequently,  one would  expect  tha t  the re la t ive  rat ios of 
the photocur ren ts  in Fig. 2 would be independen t  of 
potent ial ,  a predic t ion  which holds to wi th in  10% for 
curves (a) th rough  (d) be tween  W100 and W400 mV. 

The except ion to this behavior  is the cur ren t -vo l t age  
curve for I 2 / I -  which has reached a diffusion l imi ted  
p la teau  by  +200 mV. Photooxida t ion  of I -  mus t  then 
proceed ve ry  fast, p robab ly  assisted by  a s t rong in te r -  
act ion of unknown charac te r  be tween  I -  and the crys-  
tal  surface which has a l r eady  been  shown to have a 
cata lyt ic  effect in the photooxidat ion  of B r -  (15). The 
high veloci ty  of this react ion is also mani fes t  in the 
ve ry  negat ive  photopotent ia ls  depicted in Fig. 3 for  
these electrodes in I 2 / I -  containing solutions. 

This is an unexpec ted  resu l t  consider ing the ene r -  
getics of the hole t ransfer  reaction.  The  I -  oxidat ion  
proceeds much faster  than hydroquinone  or hexacyano-  
fe r ra te  (II)  oxidat ion even though the l a t t e r  have more  
negat ive  redox potentials .  One would  expect  the more  
exoergic  e lec t ron t ransfe r  to occur fas ter  (23), but  this 
is not  the  case here. I t  is l ike ly  that  a unique  mech-  
anism is in opera t ion  for the photooxida t ion  of I - ,  such 
as the Fe rmi  level  p inning model  discussed for this  sys-  
tem in Ref. (2) and (12). We can offer no new evi-  
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dence to suppor t  this p ic ture  of the I -  interact ion,  but  
note that  any  such model  would be compat ib le  wi th  the 
recombina t ion  scheme presen ted  above, so long as i t  
a l lows a fast  hole exchange wi th  iodide tha t  competes 
effect ively wi th  the  e lec t ron-hole  recombinat ion.  

Back-reactions at the electrode sur~ace.--Through 
the MoSe2 da ta  in Fig. 1 (c) i t  can be seen that  I -  func-  
tions as a recombina t ion  agent  for the photogenera ted  
holes and electrons. In this figure a net  photooxida t ion  
of I -  is evident  at  MoSe2 electrodes polar ized negat ive  
of -5500 mV. However ,  the chopped i l lumina t ion  r e -  
veals  tha t  a da rk  reduct ion  cur ren t  also flows at  these 
potent ia ls  even though they  are  posit ive of the f latband 
potent ial .  Given the observat ion  tha t  there  is not  a 
significant change in the f latband potent ia l  wi th  the 5 
mM I -  used in these exper iments ,  this reduct ion reac-  
t ion must  proceed th rough  surs s ta tes  which exis t  
below the conduct ion band  as is shown in Fig. 4. 

Thus, the I -  is s imul taneous ly  oxidized by  holes f rom 
the valence band and regenera ted  th rough  a reduct ion 
reaction. The degree  to which I -  functions as a recom-  
b ina t ion  center  wil l  depend  on the qual i ty  of the crys-  
tal  surface;  a lesser  number  of surface defects wil l  
resul t  in a d iminished d a r k  reduct ion reaction, an in-  
creased photooxida t ion  current ,  and a g rea te r  photopo-  
tential .  This back- reac t ion  and its effect on the photo-  
potent ia l  have been discussed in Ref. (9). 

Photopotentials.--Inspec.tion of the  photopotent ia l  
measurements  depic ted  in Fig. 3 reveals  tha t  i l lumina-  
t ion of the semiconductor  does not  a lways  resul t  in the  
e lec t rode  a t ta in ing  the f la tband potential .  These photo-  
potent ia ls  are  a funct ion of l ight  in tens i ty  wi th  more  
negat ive  potent ia ls  possible th rough  an increase  in 
i l lumina t ion  intensity.  Consequently,  the values  p re -  
sented in Fig. 3 can only be considered as indicat ive  of 
t rends  in the photoe lec t rochemis t ry  of the redox cou- 
ples a t  these electrode surfaces. As has often been re -  
por ted  (4, 8, 9, 15), the photopotent ia l  appears  to p la -  
teau for redox e lect rolytes  wi th  potent ia l  posi t ive of 
0.4V. 

The role of recombinat ion  in this sa tura t ion  of the 
photopotent ia l  can be seen through the expression (22) 
for the photopotent ia l ,  A~, genera ted  at an  n - type  semi-  
conductor  under  i l luminat ion  

kT 
•162 ---- - -  �9 i n  (p*/p) 

e 

Here  p is the in tegra l  of p(E) over  al l  E where  p and 
p* are  the hole concentrat ions  at  the surface in the da rk  
arid under  i l luminat ion.  

For  the redox  couples wi th  potent ia ls  posi t ive of 600 
mV it  is c lear  that  the  recombina t ion  process is respon-  
sible for l imi t ing the photopotent ia l  of electrodes im-  
mersed  in these solutions. For  these very  posit ive redox 
systems, once the  poter~tial of the e lect rode under  i l lu-  
mina t ion  becomes sufficiently negative,  this r ecombina-  
t ion becomes the p redominan t  factor  in de te rmin ing  the 
l ifet ime, T (E),  of Eq. [4] and the reby  effectively reduc-  
ing any fu r the r  increase in p*. Such a recombinat ion  
mechanism has also been assumed to p l a y  a role in 
d iminishing photopotent ia ls  observed  with  GaAs elec-  
t rodes (24). Be tween  -50.6V and the f la tband potent ial ,  
the photopoten t ia l  a t ta ined  by  these electrodes in a 
redox solut ion wil l  depend on the re la t ive  kinet ics  of 
the oxida t ion  and recombina t ion  reactions.  For  redox 
systems wi th  potent ia ls  posi t ive of the energy of the 
valence band, which is -51.2V for MoS2 and  -50.9V for 
MoSe2 (25), the da rk  potent ia l  of the e lect rode should 
be l imi ted  th rough  format ion  of an invers ion l aye r  at  

the surface, as has been repor ted  for these electrodes in 
aprot ic  solvents (8). 
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Modification of Apparent Electrocatalysis for 
Anodic Chlorine Evolution on Electrochemically 

Conditioned Oxide Films at Iridium Anodes 
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ABSTRACT 

Studies of Cl2 evolution kinetics on i r id ium anodes on which oxide films of 
various thicknesses from a mono~ayer upwards were formed by a potent ial  
cycling program, are reported. The mul t i layer  oxide films were of the k ind  
that  exhibi t  reversible reduct ion/oxidat ion behavior. The kinetic exper iments  
conducted in  aq. KC1 at pH 2 give log [current]  vs. overpotential  relations 
having a constant  Tafel slope of 2.3 RT/F for all anode oxide surfaces pre-  
pared, indicat ing that the C12 evolution mechanism is independent  of the 
thickne:ss of the oxide film produced. However, the apparent  exchange current  
densities increase in an almost l inear  way with thickness. The lat ter  behavior  
is a t t r ibuted to an increase in the real area o~ the electrode available for C1- 
discharge, coupled possibly with improved electrocatalysis, e.g., on account 
of changes that can arise in the band  structure of the oxide. Increases of C12 
evolution rates of up to ca. 180')< are found. Effects of C1- adsorption on the 
development  of the ini t ia l  mon olayer of oxide of Ir  were also studied and 
compared with the behavior at P t. C1- adsorption is found to inhibi t  the 
formation of the thick oxide films at Ir. 

The study of the electrochemical properties of metal  
and metal  oxide anodes in reactions such as C12 and 
O2 evolution has been a subject of great interest  in 
recent years (1-5), especially since the development  
by Beer of DSA| electrodes for the chlor-alkali  
indus t ry  (6). 

These anodic reactions normal ly  proceed on a sur-  
face that  is completely or par t ia l ly  covered with an 
oxide film and it is this oxide that  is associated with 
the electrocatalytic properties of the anode, as shown 
by Conway and Novak (7) for the case of Pt, in their 
comparative studies using anhydrous trifluoroacetic 
acid as solvent which enabled them to obta in  oxide- 
free surfaces for C12 evolution on Pt. 

Although, in the case of Pt, the enhanced acit ivity 
is due only to a monolayer,  or less, of oxide, since 
under  normal  conditions O2 evolut ion takes place 
before a thicker oxide can develop (8), other metals, 
such as Ir  and Ru, are known to develop, under  the 
proper conditions, anodically formed oxides thousands 
of angstroms thick (9-14), the characteristics of which 
can be controlled by means of exper imental  variables 
such as growth program, pH, type and concentrat ion 
of the electrolyte, etc. 

In  early work, the C12 evolution reaction had been 
studied by various authors (1-3, 15) on Ir  "metal" 
(presumably bearing some oxide film) and on IrO2 
anodes prepared by thermal  methods. Thus, Chang and 
Wick (15), using the reaction order approach, con- 
cluded that  the ra te -de te rmin ing  step on Ir "metal" 
was the discharge of C1- ion in a "Volmer-Heyrovsky" 
type of mechanism. Consistent with this conclusion 
they found a Tafel slope of 2RT/3F. Yokoyama and 
Enyo (1) arr ived at a similar conclusion, bu t  they 
found the ra te -de te rmin ing  step to be dependent  on 
the overpotentiaI.  Arikado et al. (3), s tudying CI~ 
evolution on IrO2 anodes, proposed the same mecha-  
nism, bu t  K u h n  et al. (2) found their  data to be con- 
sistent with the "Volmer-Tafel"  type of mechanism 
(Tafel slope of RT/2F). 
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Key words:  chlor ine  e lectrocatalysis ,  i r id ium oxide films, elec- 

t rovata lys is ,  at  I r  oxide films; oxide films. 

In  the above studies, however, the states of the sur-  
faces on which C12 evolution took place were not  in  
any way characterized, e.g., in terms of the thickness 
and reversibi l i ty of the oxide films, or in terms of the 
oxide interface and changes of its state which may  
occur dur ing the C12 evolution process. 

I t  is the purpose of this paper  to present  results  
which show how the electrocatalytic properties of I r  
anodes depend on their  surface oxidation history. At 
Ir, as ,at Ru (13) or Rh (16), an oxide film of con- 
trollable and electrochemically characterizable thick- 
ness and state of reversibi l i ty can be formed by an 
anodic/cathodic potential  cycling regime. The develop- 
men t  of a reversibly oxidizable/reducible state of the 
oxide film on Ir, very different from the behavior  of 
Pt, was first described by Stonehart,  Kozlowska, and 
Conway (17) and studied by means of reflectivity by 
Gottesfeld and Conway (18). The formation of such 
film.s was studied fur ther  by various authors, e.g., 
Capon and Parsons (9), Often and Visscher (10), 
Woods (-11, 12), who observed how thickening of the 
oxide film on Ir is determined by the extent  of anodic/  
cathodic cycling. The apparent  thickness of a de- 
veloped oxide film on Ir can be convenient ly  charac- 
terized by a parameter  measur ing the extent  to which 
the charge for oxidation of the film in  the anodic 
sweep of a cyclic vol tammogram exceeds that  for in i -  
tial monolayer  formation on the bare metal. This pa- 
rameter will  be referred to as the "charge enhance-  
ment  factor" (CEF).  

In the present  work, C12 evolution kinetics have 
been studied on a series of oxidized Ir electrodes hav-  
ing varying CEF values and are related to the CEF 
and other features of the oxide film. Also, as the ad- 
sorption of C1- ions at noble metals is known to in -  
fluence their surface oxidation (19), the effects of 
C1- ion with regard to the development  and stabil i ty 
of the anodic oxide film at C12-evolving Ir anodes 
were studied. 

Experimental 
GeneraL--Cyclic vol tammetry  experiments  for Ir  

oxide growth and characterization were performed in 
the usual  way (20). The real area of the Ir electrodes 
was determined, at the monolayer  stage of surface oxi- 
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dation, by in tegra t ion  of the H desorption charge, tak-  
ing the coverage, OH, of H species as 0.65 (21-22) 
(relative to that  for an H monolayer  at Pt)  for mea-  
surements  made between potentials of 0.060 and  0.5V 
EH, and a charge o~ 218 ~C cm-2 for OH -- 1 (23). 
Comparison of real  and geometric area gave a rough-  
ness factor of 2.5-3. 

Electrodes.---Oxidized I r  electrodes, with variable 
but  controlled CEF's, were prepared by electrochem- 
ical gro.wth of oxide films using a cycl ic-vol tammetry  
program with potential  varied be tween 0.060 and 
1.460V EH, at a sweep rate of 100 mV sec -1, in 015M 
H2SO4 at 298 K. Electrodes were made from Engelhard 
high pur i ty  grade I r  wires. 

The electrodes bear ing the conditioned oxide films 
were then t ransferred to an all-glass cell (24) which 
contained 1M KC1 4- 0.02M HC1 and in which the CI~ 
evolution exper iments  were performed. 

IR drop measurements  were made by  means of a 
current  in te r rup t ion  technique using a Nicolet digital 
oscilloscope to record the transients;  the de termined 
resistances were ~1~2. 

Solutions and salts.--A.C.S, analyt ical  grade KC1 
used in this work was recrystallized twice and dried at 
150~ The KC1 solutions at various concentrations 
were made up with analyt ical  grade aqueous H C i  to 
give solutions 0.02M in the acid. BDH "Aristar" grade 
H2SO4 was used to make up the electrolyte solutions 
in which the conditioned Ir  oxide films were prepared 
and characterized, and in which effects of added C1- 
ion on oxide film formation were studied. Water  used 
as a solvent was pyrodistilled, following two regular  
distillations, according to the procedure described 
previously (25). 

Re]erence electrodes.--For all experiments,  a hy-  
drogen electrode in the same solution as that under  
study was employed. Potentials on this scale are re -  
ferred to as V "EH" in  this paper. 

Kinetic measurements . - - In  order to determine the 
electrocatalytic properties of the anode surfaces under  
study, steady-state cur ren t  vs. potential  relations for 
anodic el2 evolution were obtained potentiostatically. 
The potential  was stepped in increments  of 10 mV by 
means of a PD_P-11/34 computer-based system (26) 
and held constant for 10 sec at each value to allow 
current  readings to be collected. Currents  were re-  
corded for ascending and descending directions of po- 
tential  change. C12 (g) (1 atm) was bubbled through 
the solution. All  polarization data were corrected for 
IR drop since most of the electrode surfaces were 
very active for C12 evolution. 

Cl -  ion adsorption.--Chloride ion adsorption experi-  
ments  at Ir were performed in  0.5M H2SO4 by suc- 
cessive additions of known amounts  of s tandard KC1 
solutions by means of a micrometer  pipette fitted wi th  
1 m m  Teflon spaghetti  tubing te rmina t ing  in a fine 
glass tip. The effects of C1- adsorption at the mono-  
layer stage of oxidation were evaluated from changes 
in the Ir  surface oxidation charge measured from cy- 
clic vol tammograms taken after each addition of C1- 
ion, as previously carr ied out in work at Pt  (27). 

Results and  Discussion 

The states of oxide films at cycled Ir anodes.--The 
electrochemical behavior  of Ir  electrodes is charac- 
terized by i vs. V profiles that are s trongly dependent  
on the pre t rea tment  and electrochemical history of the 
electrode (9-12). 

Thus, intially,  a fresh Ir  electrode that has not been 
repet i t ively cycled up to potentials higher than 1.2V 
EH, behaves like any other noble metal, as shown in 
Fig. 1 (this state is labeled "A"). Such electrodes ex- 
hibit  an H adsorpt ion/desorpt ion region between 0.050 

Fig. 1. Cyclic voltammetry i vs. V profiles for Ir electrodes at 
5 X 10 - 2  Vsec -1 ,  298K in 0.SM H2SO4. State A, CEF ~ !; 
state M, CEF = 8; state MB, CEF = 50. 

and ca. 0.45V EH, a double- layer  charging region that 
overlaps with the onset of upd of OH/O species and a 
region of surface oxidation with two broad peaks that  
span the potential  range 0.5-1.45V EH. A nomina l  
monolayer  of IrOH is completed at 1.1V EH (10) and 
that of IrO is near ing completion when 02 gas evolu- 
tion starts. On the cathodic sweep, the i vs. V profile 
shows that  the reduction of the IrOH monolayer  is 
relat ively reversible bu t  that of the IrO and higher 
oxide species is qu i t e  irreversible,  so that  there is 
much hysteresis between the potential  ranges for sur-  
face oxide formation and reduction, as at Pt  (17). 

When the potential  of this type of electrode is re-  
peti t ively cycled between anodic limits Ea ~ 1.4V (e.g., 
1.5 ,-~ 1.TV) and cathodic limits Ec ~ 0.3V EH, the i vs.  
V profile undergoes drastic changes, as shown in  Fig. 1. 
The electrode in a state corresponding to Fig. 1 still 
appears metallic; this state is designated "M." The 
oxidat ion/reduct ion charge increases cont inuously with 
extent  of repetit ive cycling (11), and the i vs. V pro- 
file becomes very reversible (9). At  the same time, 
the H charge decreases by about 20% but  the double-  
layer  charging current  observed between ca. 0.40 and 
0.50V remains essentially constant. The la t ter  be-  
havior has been interpreted previously (4, 12, 28) as 
indicat ing that no change of real area takes place as 
the oxide grows. 

The fact that the charge for H adsorption also re-  
mains almost unchanged is most difficult to account for 
and has led to conflicting views in the l i terature;  thus 
Buckley and Burke (13) proposed that  an outer layer  
of the oxide was reduced to I r  metal  in the cathodic 
scan, thus providing sites for H deposition. On the 
other hand, Woods and others (12, 29) consider that  H 
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deposition takes place on bare metal  sites at the meta l /  
metal  oxide interface below the oxide film. 

As the oxide grows thicker, the first oxidation peak 
is shifted positively unt i l  it overlaps with the main  
oxidation peak as shown in  Fig. 1. This state exhibits 
a metal l ic- to-black t ransi t ion [the electrochromic 
effect recent ly  described in the l i terature (30)] and is 
designated "MB." 

In the case of Ir  anodes prepared for the s tudy of C12 
evolution, with CEF values between I and 182, the 
states of the electrodes span those labeled as A, M, and 
MB (Fig. 1). The modifications to the oxide are as 
follows: State A ~s essentially a monolayer  surface 
oxide state on Ir. In going from A to M or MB, a 
thicker, phase oxide is formed, consisting (5) probably 
of an I r ( I I I ) / I r ( I V )  hydrated oxide. Once the state 
M is at tained (after a few cycles), the type of oxide 
does not  change fur ther  except that the thickness and 
probably  the roughness or porosity increases. As 
greater  film thicknesses are at tained (CEF > 100), the 
film starts to crack macroscvpically (Fig. 2). 

Although exper imenta l  conditions such as rate of 
growth, pH, na ture  of electrolyte, etc., also affect the 
microstructure of these films, in the present  work only 
changes of C12 evolution rates due to an increase in 
CEF were studied, so that  changes of other variables 
were minimized. 

The state of Ir electrode surfaces in H~O as a func-  
tion of C l -  ion concentration.--As ment ioned in the 
section above, in  a cyclic vo l tammet ry  experiment,  an 
Ir  electrode in state A behaves like most other noble 
metals (31). In  this state, when C1- is present, the 
following effects, shown in Fig. 3, are observed: H 
deposition is blocked by the competitive adsorption of 
the C1- ion, so that the charge under  the i vs. V curve 
decreases and the peak potentials are shifted to less 
positive values with increasing C1- concentration. 

Also, a double- layer  charging region becomes bet ter  
resolved since C1- ion adsorption shifts the onset of 
upd of O species towards more positive potentials 
and of H to less positive ones. This el iminates the 
overlap between the regions of H ionization and com- 
mencement  of deposition of oxygen species which 
otherwise almost obscures the double- layer  charging 
region at Ir [and Ru (28) ]. 

Of part icular  interest  here is the displacement of the 
surface oxidation region at Ir to more positive poten-  
tials by blocking on account of strong competitive ad- 
sorption of C1- ion, as also occurs at Pt  (19, 27) but  in  
a somewhat different manner .  This blocking of surface 
oxide formation is convenient ly  measured from the 

Fig. 2. SEM micrograph of an anodic iridium oxide film CEF 
100, showing cracking of the film. 

diminut ion  of oxide formation charge on each anodic 
sweep following successive additions of C1- ion [c~. 
Ref. (27) ]. 

The percent  blocking of format ion of the monolayer  
surface oxide as a funct ion of concentrat ion of C1- ion 
is shown in Fig. 4, compared to that observed (27) at 
Pt  under  similar conditions. As can be seen, both rela-  
tions have the same ini t ia l  slope, bu t  to achieve the 
same percent  blocking, the concentrat ion of C1- ion 
in the case of Ir must  be 10 times larger than that  for 
Pt. This is because surface oxidation of I r  starts al-  
ready at a potential  of 0.45-0.5V EH, making the metal  
surface less sensitive to competitive adsorption by C1-. 

The charge isotherm for monolayer  surface o.xide 
formation as a function of C1- concentration, measured 
at various end potentials in anodic sweeps, is shown 
in Fig. 5, which indicates two regions of influence of 
C1- corresponding to the two broad oxidation peaks 
(previous section) observed in the absence of C1- ion. 

In  the case of Ir anodes on which a thicker oxide has 
been grown in  the absence of C1- ion, the addition of 
this ion produces similar effects in  the H region to 
those observed on the bare metal  in that  region, as 
described above. 

Figure 6 compares these two situations; with the 
thicker oxide (curve 1), it is exper imenta l ly  observed 
that  H deposition is diminished to some extent  by the 
oxide itself so the percent  blocking of the H region at 
low C1- concentrations is higher than that  (curve 2) 
for C1- adsorption effects at the "bare" metal  since 
the blocking effect is calculated as a percentage of the 
H charge measured at the "bare" (oxide free) metal. 
As the C1- concentrat ion increases, the behavior  of 
both types of surface referred to above is remarkab ly  
similar. This indicates that  the oxide film is porous 
enough to allow the C1- ion to reach the "base" metal  
sites undernea th  the oxide film. No time effiects are 
exper imental ly  observed in the C1- ion blocking effect, 
so that diffusion-controlled movement  of C1- ion 
through the pore system does not seem to be involved 
in any way. 

However, in the oxide region, the C1- ion seems to 
have no effect whatsoever. This is as expected, since 
the oxide is already deposited (see the previous sec- 
tion) and does not get reduced to bare metal  in every 
cycle (11) as does an oxide film at Pt. For these condi- 
tions, therefore, C1- ion can have no influence on the 
oxide film behavior at Ir. Continuous cycling of a pre-  
viously oxidized Ir electrode in C1- solution causes 
only a slight decrease in the CEF, probably due to 
some dissolution of the oxide. On the other hand, at-  
tempts to continue growing the thick, reversibly oxi- 
dizable/reducible film in the C1- solution were unsuc-  
cessful; this may be for various reasons, e.g., enhanced 
rate of dissolution of Ir  and /o r  (more l ikely) in ter -  
ference of adsorbed C1- ions with the growth mecha- 
nism either by blocking H deposition that could be 
needed indirect ly for the growth (since a m i n i m u m  
potential  in the cathodic sweep of ca. 0.2V is required 
for oxide growth to be main ta ined  in the cyclic re- 
gime) or by inhibi t ing the under ly ing  metal  surface 
from part icipat ing in the film growth reaction;~ such 
inhibi t ion is most l ikely responsible for the observed 
effect of C1- ion in prevent ing  continued oxide film 
growth at Ir. 

Cl2 evolution kinetics on the conditioned Ir oxide 
fi lms.--The IR drop-corrected log [current-densi ty]  vs. 
potential  curves for C12 evolution on the oxide films at 
Ir, prepared to various extents of oxidation (CEF),  are 
shown in Fig. 7. As can be seen, the apparent  electro- 
catalytic effectiveness of the surfaces of these elec- 
trodes increases with increasing CEF up to a limit, 
after which the C12 evolution currents  become i n d e -  

2 A separate paper is in preparation which discusses the kinet i c s  
and growth mechanism for formation of thick oxide films on Ir. 
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Fig. 3. Series of superimposed 
cyclic-voltammetry i vs. V pro- 
files for Ir in 0.5M H2SO4, with 
successive additions of C I -  ion 
from 1.6 • 10 -8  to 9 • 10 -1  
mol dm -a.  Arrows show direc- 
tions of change of curves with 
increasing [ C I - ] .  

pender/t of the CEF. The relat ion between current  at  a 
given overpotent ia l  and CEF can be represented by a 
l inear  log-log plot (up to the l imit  ment ioned above),  
as shown in Fig. 8. This l ine has a slope close to 1. A 
similar  slope was obtained by  Trasat t i  et aI. (32) for 
O2 evoIution on RuO2, and was a t t r ibuted to increas- 
ing concentrat ion of defects in the films, al though in  
their  case (32) no l imit ing region was found. 

As the overpotent ial  values are quite small, viz. < 
150 mV from the reversible potential,  i t  is impor tant  to 

75 

r Pt (~ upt~ I ' l V / ~  / , , , / + / + / +  
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~ /  ./+/Ir(1)(oxide) / +  

o / + / I  I I I 
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Fig. 4. Percentage of surface oxide, measured as charge for its 

anodic formation, blocked by C I -  as a function of log [ C I - ]  for 
Ir as compared to Pt (27). Supporting electrolyte is 0.5M H2SO4 
for Ir and 0.1M H2SO4 for Pt. (Regions I and II, respectively, 
correspond to the two broad peaks indicated in the cyclic-voltam- 
merry curves of Fig. 3). 

eliminate the influence of the black-reaction in  the 
polarization plots of Fig. 7. When this is done by plot-  
t ing In i / (1  -- exp [--~lF/RT]) vs. n, as in Fig. 9, the 
data become represented by straight lines the slopes of 
which are c~F/RT and the intercepts of which represent  
in io. For all of the Ir oxide electrode surfaces, the 
value of aF/RT was 34 • 4V -f ,  which corresponds to a 
value of a ---- 1 (or a Tafel slope RT / F)  for the CI~ evo- 
lut ion reaction at these surfaces. That  the slope re-  
mains constant  over all the range of CEF values is 
ra ther  impor tant  since such behavior  indicates that  the 
mechanism is the same for all the surfaces developed. 
This allows us to speculate on the reasons for the ob- 
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" ~ + . + ~ + t  
eJ I00 
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Fig. 5. Surface oxide coverages, as charge, at Ir electrodes in 
0.5M H~SO4 -f- xM KCI solutions, as a function of log [ C I - ] ,  
evaluated for different nd potentials of anodic sweeps (regions I 
and II as for Fig. 3). 



2146 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  October 198I 

C4- 

LU a50 / + / ~  

o, 
en 

W 

_:L_ 
0 o I I I 
-5 -4 -3 -2 -I 0 

Log [CONC. KCl, mot .dm --~] 

Fig. 6. Percentage of H deposited, measured with respect to 
initial monolayer H coverage at Ir in state A, which is blocked by 
C I -  as a function of log [ C I - ]  for Ir electrodes. Curve 1, Ir in 
state M; curve 2, Ir in state A. Supporting electrolyte is 0.SM 
H2SO4. 
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currents for CEF = 1, for Ir anodes at 298 K in 1M aq. KCI ~- 
HCI to pH 2. 

served appa ren t  enhancement  of C12 e lec t rocata lys is  on 
a common basis for each of the CEF values  and cor-  
responding states  of the  oxide films. 
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Fig. 9. Ste,,dy-stote log [current-density] vs. overpotential plots, 
corrected for back-reaction current component, for anodic Cl~ 
evolution at It, as in Fig. 7. 

The wel l -def ined  Tafel  slope of R T / F  is an unusual  
value in e lect rode kinet ics  but  three  types  of e x p l a n a -  
tions for such a value  have been proposed  for o ther  
observed examples :  (i) The ra te  is control led  by  a 
heterogeneous chemical  recombinat ion  step in which 
"act ivated"  adsorpt ion  of the CI" in te rmedia te  appl ies  
(33); (ii) the C1- discharge step is fol lowed by  a 
ra te -con t ro l l ing  quas i -chemica l  surface-diffusion step 
(to sites where  CI' is desorbed)  (34); or  (iii) b a r r i e r -  

less discharge (35) applies.  
We shal l  not  t ry  to argue a preference  for  appl ica-  

b i l i ty  of one or o ther  of these mechanisms to the pres -  
en t  resu l t  except  tha t  (iii) is un l ike ly  since a t rans i t ion  
to a Tafel  slope of ca. 2RT/F (fl changing f rom 1 to 
0.5) is not  found wi th  increas ing ~ (Fig. 9). This then 
implies  that  the discharge step is not  ra te  controll ing.  
Also i t  should be ment ioned  tha t  Kuhn  and Mor t imer  
(2) found Tafel  slopes f rom RT/2F to 2RT/F  for C12 
evolut ion on RuO2, Srb  and Mraz (36) the same range  
for  MnO2, and Mori ta  et at., (37) the value R T / F  for  
MnO2 doped wi th  I r  or  Ru. 

Stability of the Ir oxide #Ims.--From a prac t ica l  
point  of v iew i t  is impor t an t  to note that  the anodes 
w i t h  b igger  CEF were  more  s table  wi th  respect  to 
the i r  ac t iv i ty  as a funct ion of time. Thus, an electrode 
wi th  a CEF of 123, when held  at  ~ = 120 mV (appa ren t  
C12 evolut ion current  dens i ty  = 0.10 A cm-2)  for 2 hr,  
lost  only  7 % of its activity,  measured  as C12 evolut ion 
current ,  a t  a given 0. Af t e rwards  a potent ios ta t ic  po-  
la r iza t ion  for 60 sec at  0.0V EH, res tored  the ac t iv i ty  to 
wi th in  1% of the  or ig inal  value,  wi thout  significant 
change of the CEF as measured  by  the oxide redox  
charge. In  contrast,  e lectrodes wi th  in te rmedia te  de -  
grees of oxide format ion  were  less stable.  

Electrodes having a CEF higher  than  50 bore  a 
v is ib ly  b lack  oxide film when polar ized anodica l ly  
[known elect rochromic  effect (33)].  This served as a 
secondary  fea ture  enabl ing f laking of the film, which  
occurs under  cer ta in  conditions, to be observed.  This 
phenomenon is quite evident  dur ing  02 evolut ion in 
the absence of C1- ion, indica t ing  that  this react ion is 
in some way  in t ima te ly  connected wi th  the  s ta te  of the 
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oxide  film. Fo r  C12 evolut ion at  comparable  rates,  how-  
ever,  no f laking is observed  and mechanica l  in tactness  
is preserved.  

Cyclic vo l t ammograms  of the anodes t aken  in 0.SM 
H2SO4 af te r  p ro longed  C12 evolut ion indicate  tha t  the  
e lec t rochemical  redox  behavior  of oxides hav ing  
h igher  CEF's  r emained  essent ia l ly  unchanged,  as ex -  
pected,  since IrO~ does not  grow on anodic potent ia l  
holding (17). However ,  e lectrodes wi th  in t e rmed ia te  
CEF values  l o s t  some of thei r  charge (as much  as 
60% ) over  a t ime per iod  of 10 h r  of C12 evolut ion which  
expla ins  the t ime effects in the i r  ac t iv i ty  for  C12 evolu-  
t ion which  appea r  to arise for  mechanica l  reasons due 
to loss of some oxide mater ia l .  

SEM examination oi the f i lms . - -Our  own SEM 
studies on I r  oxide films grown in H2SO4 show that  
as the CEF increases,  an appa ren t ly  macroporous,  in i -  
t ia l ly  r e l a t ive ly  uncracked  film (Fig. 10) develops 
wide cracks in  be tween  oxide  patches  (Fig. 2). This 
c racking  is also observable  under  the optical  micro-  
scope with  ve ry  thick films whi le  they  are wet.  This 
rules out  the poss ib i l i ty  tha t  the cracking is an a r t i -  
fact  due to exposure  to vacuum in the SEM. 

The oxide s t ruc ture  remains  unchanged  in going 
from a cycling regime in H~S04 to one in Cl- solu- 
tions. Thus, it appears that CI- ion does not chemically 
attack or modify the film, although it probably en- 
hances its dissolution rate by facilitating the formation 
of [IrxCl~] soluble complexes. 

However, after the C12 evolution experiments, SEM 
observation of the morphology of the oxide film 
showed that  subs tant ia l  changes had  occurred.  The 
film had developed widespread  cracking as shown in 
Fig. 11 but, under  high magnif icat ion (Fig. 12), some 
poros i ty  was s t i l l  observable .  Also the surface was 
qui te  homogeneous in te rms of its cracked appea rance  
and no oxide f ragments  had  fal len off due to mechan i -  
cal fai lure.  On the contrary ,  af ter  02 evolut ion had 
taken place for 10 rain at  50 m A / c m  -2 appa ren t  on the 
same electrode prepara t ion ,  pieces of oxide film could 
be seen to have become detached f rom the surface. The 
under ly ing  roughened meta l  is then exposed and the 
remain ing  oxide patches  appear  rough and spongy 
(Fig. 13). This observat ion  may  be unders tood if O2 
evolut ion involves,  in an in t imate  chemical  way, the  O 
species of the oxide film itself, e.g., as an in te rmedia te .  

EIectrocatalysis in the Clz evolution reaction at Ir 
oxides.--In discussing the e lect rode kinet ics  of a reac-  
t ion at  an oxide e lec t rocata lys t  subs t ra te  which is be -  
ing modified in some way,  two factors mus t  be taken  
into account:  (i) The possible change of rea l  a rea  (of 

Fig. 11. SEM micrographs of an iridium oxide film of the same 
thickness as that of the electrode shown in Fig. 10, after being 
used as an anode for CI2 evolution for ca. 10 min at a C.D. of ca. 
50 mA cm -2  showing widespread cracking. 

Fig. 12. SEM micrograph, at higher magnification than that in 
Fig. 11, showing some macraporosity still on the surface and de- 
tails of cracks. 

Fig. 10. SEh4 micrograph of an anodic iridium oxide film, CEF 
50, showing macropores and small amount of cracking. 

Fig. 13. SEM micrograph of an iridium oxide film, CEF __~ 100, 
after being used as an anode far 02 evolution, conditions as in Fig. 
11, showing oxide peeled and peeling off from the surface, and 
roughness of the film. 
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technological  impor tance)  and (it) changes of  intr insic  
e lec t roca ta ly t ic  ac t iv i ty  (of fundamenta l  and techno-  
logical  in teres t ) .  

Fac tor  (it) m a y  be due to changes of energy of ad -  
sorpt ion of in termedia tes ,  changes of t rans i t ion  s tate  of 
the reaction, modifications of electronic band  s t ruc ture  
of the ma te r i a l  due to changes of valence states  of 
metal  ions in the oxide s tructure,  etc. (43). 

C12 evolut ion appears  to proceed by  e i ther  the 
Volmer -Tafe l  or  V o l m e r - H e y r o v s k y  types  of mecha-  
nism (1, 3, 38). The fact tha t  the observed Tafel  slopes 
r ema in  unchanged (Fig. 9) wi th  rad ica l ly  changed 
thickness of the surface  film, means  tha t  the mecha-  
nism remains  unchanged.  Al though  the value  of R T / F  
for  the Tafel  slope cannot  unambiguous ly  be  in te r -  
p re ted  (see above)  in terms of mechanism, i t  is r ea -  
sonable  to suppose tha t  the surface modification could 
affect the b inding energy  of CI" in te rmedia tes  in  the 
reaction. 

However ,  the observed changes of ra te  of the C12 
evolut ion react ion mus t  first be considered in te rms 
of possible changes of real  a rea  of the  substrate .  A l -  
though the Ir  oxide films are  porous and rough, and 
wil l  thus have an area  that  tends to increase  wi th  
thickness,  the impor t an t  p a r a m e t e r  tha t  re la tes  the 
observed  currents  to an area  factor, is the d is t r ibut ion  
of the appl ied  potent ia l  difference across the m e t a l /  
ox ide /e l ec t ro ly te  system, as a function of thicknesses 
and oxida t ion  s ta te  of the film. 

Recent  a-~ ~mpedance measurements  (39) indicate  
a C~ value  of ~ 60 ~F cm-2  at ca. 0.36V EH and of 
760 ~F cm -2 at  0.96V EH (under  the capaci tance 
m a x i m u m )  of the i vs. V profile; thus an a rea  increase  
would seem to have taken place s imply  b y  increasing 
the oxidat ion  s tate  of the film. A t  the same time, the 
conductance of the film was found to change f rom 10-2 
~2 -1 cm-2  to 102 ~2 -1 cm -2 [units as given in Ref. 
(39) ] in going f rom the cathodic end potent ia l  to the 
anodic end potent ia l  in a cyclic potent ia l  change. 

These resul ts  indicate  tha t  the film is not  a ve ry  
good conductor  at  low anodic potent ia ls ;  for these 
conditions, it  can therefore  be assumed tha t  the appl ied  
p.d. is located ma in ly  at the me ta l / ox ide  interface.  This 
could provide  an explana t ion  for the unchanged  H 
ioniza t ion/depos i t ion  and doub le - l aye r  charging po-  
tent ia l  regions, since the system behaves  as I r  me ta l  
in contact  wi th  e lectrolyte .  The l a t t e r  would be ava i l -  
ab le  at  the  me ta l / ox ide  interface  on account of the 
porous na ture  of the film. The behavior  in the H region 
is consistent  wi th  the observed effect of C I -  ion on 
the H adsorp t ion /desorp t ion  region, discussed earl ier ,  
which seems to be independen t  of the film thickness. 

In  o rde r  to account  for the observed resul ts  for C12 
evolut ion rates,  we propose the  following. As the po-  
tent ia l  increases in the anodic direction, the con- 
ductance of the film increases  (39) and the oxide be-  
comes a meta l l ic  conductor;  thus, the oxide film as a 
whole assumes a potent ia l  wi th  respect  to the  elec-  
t ro ly te  as a resul t  of the appl ied  potent ia l  difference. 
Microscopically,  of course, in a porous s t ructure ,  such 
a s i tuat ion would requi re  a d is t r ibut ion  of ox ide - to -  
solut ion in te r fac ia l  potent ia l  drops throughout  the 
thick film when i t  is in the conduct ing state. The rea l  
equiva len t  circuit  for  such a s i tuat ion is then qui te  
complex  bu t  e lements  of i t  wil l  be l ike the circui t  for 
a low resis tance t ransmission line. Some potent ia l  
difference remains,  of course, a t  the me ta l / ox ide  in t e r -  
face and a f ract ion of the appl ied  poten t ia l  is lost 
across the film, due to res idual  IR drop, this amount  
being a l inear  function of the film thickness.  

This would  account for the observed value  of C~ 
under  the  capaci tance m a x i m a  (39) (760 ~F appa ren t  
cm -2) character is t ic  of a surface of la rge  real  area and 
would  be consis tent  wi th  the opt ical  appearance  of the 
film. 

Thus, C12 evolution,  which occurs at  h igh posi t ive 
potentials ,  takes place under  conditions where,  in p r in -  
ciple, the whole surface  of the  oxide is avai lable  for 
e lectron transfer ,  tha t  is, the outer  surface + interface  
of the pore  s t ructure.  As the thickness of the film in-  
creases, an increasing IR drop, coupled wi th  some 
mass - t r anspor t  l imi ta t ions  at  the bot tom of the pores, 
res t r ic ts  the real  a rea  avai lab le  for  the reaction.  

This model  is suppor ted  by  the behavior  of the 
Fe  (CN) 64- /Fe  (CN) 63- r edox  couple at  a ro ta t ing  disk 
of I r  meta l  compared  wi th  that  a t  a disk of oxidized 
Ir, as shown by  Got tesfe ld  (40). 

Fur the rmore ,  the change of locat ion of the  appl ied  
potent ia l  difference wi th  change of conductance of 
the film, has been confirmed in the present  work  b y  
ca r ry ing  out  He evolut ion studies on the same modi -  
fied Ir  anodes. 

According  to the proposed  model, at  cathodic po ten-  
tials, the appl ied  potent ia l  difference is located main ly  
at  the me ta l / ox ide  interface;  thus any increase in real  
a rea  of the oxide film wi th  increas ing CEF is i r r e l evan t  
for the H2 evolut ion reaction, since the oxide cannot  
suppor t  e lect ron t rans fe r  at  the interfaces  of its pore  
s t ruc ture  if i t  is essent ia l ly  nonconducting.  Expe r i -  
men ta l  resul ts  indicate  tha t  the  polar izat ion curves 
for  the  H2 evolut ion react ion remain  essent ia l ly  con- 
stant,  regardless  of the  CEF (see curve for  H2 in Fig. 
8), and exhib i t  a Tafel  slope of ___ 2RT/F. 

Rela ted  work  f rom this labora tory ,  to be publ i shed  
e lsewhere  (41), on the e lec t rocata ly t ic  behav io r  of 
oxidized Ru electrodes for C12 evolut ion showed tha t  
a changed state of monolayer  surface oxida t ion  could 
be induced by  cycl ing at  that  metal,  over  a res t r ic ted  
potent ia l  range, and then C12 evolut ion rates  were  en-  
hanced some 30•  independen t ly  of any  a rea  change, 
which was unambiguous ly  less than  5%. On the o ther  
hand, at the th ickened  oxide films tha t  can be formed 
at  Ru in a s imi lar  way  to those at  Ir,  C12 evolut ion 
rates are  not  found to increase wi th  increas ing CEF 
of the Ru oxide film. This is due to the different,  im-  
pervious charac te r  of the oxide film at  Ru in com- 
par ison wi th  tha t  a t  I r  as can be observed micro-  
scopically.  

The r a the r  sharp  l imi t  in ac t iv i ty  enhancement ,  
which is even tua l ly  reached wi th  increasing CEF (Fig. 
8), could then be exp la ined  in terms of two factors:  
(i) An increas ing IR drop wi th in  the film (which 
would  not  be included in the expe r imen ta l ly  mea -  
sured IR drop in the solution due to the "RC" coupl ing 
in the  equivalent  circuit  of the film itself)  wi th  in-  
creasing thickness that  would account for  falloff of 
the ra te  of ac t iv i ty  increase  wi th  CEF, but  h a r d l y  as 
sharp an inflexion as observed (Fig. 8); and (it) a 
mass - t r anspor t  p rob lem that  renders  the innermost  
regions of the film inact ive because of diffusion control  
l imi ta t ion  in C1- migra t ion  into pores and gas exit .  

We can conclude, then, tha t  the  apparen t  la rge  en-  
hancement  of e lectrocatalysis  of the modified i r id ium 
oxide film for C12 evolut ion is due ma in ly  to an in-  
crease in real,  microscopic surface a rea  wi th  increas-  
ing CEF. Also, tha t  IR drop across the film, coupled 
with diffusion l imitat ions,  accounts for the level ing off 
of the ac t iv i ty  at  CEF's  > 100. By comparison wi th  the 
behavior  of RuO2 films, it  is apparen t  that  the d -  
e lectron configuration of the  I r  oxide films could p l ay  
some smal l  bu t  perhaps  significant role  in the e lec t ro-  
cata lyt ic  process, along lines suggested by  Ar ikado  
et al. (3) for IrOn, a l though compared  to the a rea  
factor in the present  case, it  is a minor  one. A model  
for the in ter fac ia l  potent ia l  d is t r ibut ion  across the 
me ta l / ox ide / e l ec t ro ly t e  system, dependent  on state of 
oxidat ion of I r  in the oxide films, has been proposed 
and wil l  be deal t  wi th  in more  de ta i l  in a for thcoming 
publ icat ion (42), 
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Characteristic Differences in the Surface Space 
Charge Layer of the Red and Green Forms 

of Lutetium Diphthalocyanine 
S. C. Dahlberg, C. B. Reinganum, C. Lundgren, and C. E. Rice* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The surface photovoltage of red and green forms of lu te t ium diphthalo- 
cyanine has been measured in a low pressure ( 2 . 1 0  -9 Torr) env i ronment  
and  these two electrochemically interest ing compounds have characteristic 
differences in their surface space charge layers. The green lu te t ium diphthalo-  
cyanine has an electron depletion layer, while the red material,  prepared by 
iodization, has an electron accumulat ion layer. The photovoltage spectra a r e  
distinctive and are correlated with the differing optical absorptions of t h e  
colored films. The dependence of the dynamical  response of the photovoltage 
on incident  hght  indicates that  photoinduced changes in the electronic popula-  
tions of slow traps and /o r  surface states appear to be present. 

The unusua l  electrochemical properties of the rare  
earth diphthalocyanines were first reported in 1965. 
Kirin, Moskalev, and co-workers reported that films of 
lu te t ium diphthalocyanine in  aqueous potassium chlo- 
ride could be changed from their ini t ial  green to either 
a blue or c innamon red color with a variat ion of the 
applied voltage o'f less than 2V (1-6). This early work 
was reproduced by Nicholson and Pizarrello who also 
discovered several new colors and established that the 
switching times were on the order of 50 msec and thus 
were of obvious interest  for use in electrochromic dis- 
plays (7-11). The chemical species responsible for this 
behavior have not yet  been completely established, but  
EPR observations by Corker et al. suggest that changes 
in the oxidation state of the phthalocyanine  rings are re-  
sponsible for the distinctive color changes (12). Nichol- 
son and Pizzarello have reported that the color changes 
are sensitive to the presence of ambient  gases, par t icu-  
lar ly  oxygen, and that this could be due to the chemical 
b inding  of oxygen throughout  the bulk o~f the film (1O). 
Since these materials  are organic semiconductors, -their 
color change may be associated with changes in their 
surface space charge layer. Therefore, i n  order  to fur-  
ther  characterize the surface space charge regions of 
the differently colored forms, we have measured the 
photovoltaic change in the energy band bending at the 
surfaces of these films. 

Experimental 
The synthesis of the lu te t ium d~iphthalocyanine fol- 

lowed that  reported by  Moskalev and Kir in  (4), and re-  
sulted in ,a mixture  of mono- and diphthalocyanine 
complexes, which are green and blue, respectively, in 
DMF solution. The two products were separated by 
l iquid chromatography in  DMF on an a lumina  column, 
using DMF as eluent. Removal of the solvent from the 
fas ter-e lut ing blue fraction yielded the green form of 
lu te t ium diphthalocyanine along with some phthaloni-  
trile s tar t ing material .  This mater ia l  was heated to 
20O~ in flowing N2 gas to drive off the excess phthal -  
onitri le and thin films were grown by vacuum subl ima-  
tion ( 3 . 1 0  -5 Torr) on both Ni substrates and glass 
slides. A red form of lu te t ium diphthalocyanine con- 
taining iodide counterions was prepared by heat ing 
the green films to 200~ for a few minutes  in flowing 
I2/N2 gas, followed by pure N2 gas to remove unreacted 
Is. Films prepared in  this manne r  appeared reddish- 
purple under  reflected light and brown with t rans-  

, Electrochemical Society Active Member. 
Key words: photovoltage, spectra, surface states. 

mitred light. This chemical approach to producing the 
red lu te t ium diphthalocyanine film is based on the 
work of Moskalev and Kir in  (6), who found that the 
red films formed by iodization had a spectrum similar 
to those formed electrolytically. Both the red and green 
forms appeared to be stabl.e in the air and their  photo- 
voltage did not  degrade following the 250~ bakeup 
which was necessary to achieve a low pressure (~2  �9 
10 -9 Torr) in the surface photovoltage apparatus. 

The retarding potential  electron beam technique used 
for measur ing the photovoltage has been described in 
detail in the l i terature  (13, 14), and involves measuring 
the optical modulat ion of the t ransmission of low en-  
ergy electrons incident on the surface. Measurement  of 
the photovoltage spectra was obtained with phase sen- 
sitive lock-in detection and a mechanical ly  chopped 
Xenon lamp, while the measurement  of the dynamics 
of the photovoltage response were obtained with signal 
averaging and a pulsed dye laser. All of the reported 
photovoltage spectra have been corrected for variat ions 
in the relat ive lamp intensity. Optical absorption spec- 
tra were measured with a Cary 14 spectrometer. 

Results and Discussion 
Figure 1 i l lustrates the photovoltage spectrum mea-  

sured for the green lu te t ium diphthalocyanine film in 
comparison with the optical absorption spectrum of the 
film on a glass slide. The optical absorption of the film 
has maxima at 705 and 670 nm and shoulders at 645 and 
620 nm, in fair ly close agreement  to the 660 nm peak 
and shoulder reported for the green lu te t ium diphthal-  
ocyanine in solution (12). The photovoltage spectrum, 
on the other hand, is dominated by the peak at 800 nm, 
and has smaller  maxima at 593 and 445 nm. Discrepan- 
cies between optical absorption and photovoltage spec- 
tra have been observed for other semiconductors, and 
are at t r ibuted to the fact that  the photovoltage spec- 
t rum is determined both by the optical absorption and 
associated exciton creation, and by the subsequent  dis- 
sociation of these excitons into free charge carriers (15, 
16). Since this lat ter  process depends both on the dis- 
tance of the exciton from the surface and on the "al- 
lowed" or "forbidden" nature  of the electronic t ransi-  
tion, it depends on the wavelength of the light and the 
photovoltage spectra can thus differ somewhat from 
the optical absorption spectra. Figure 2 shows the pho- 
tovoltage spectrum of the red lu te t ium diphthalocy- 
anine film in comparison with the optical absorption of 
the yel low-red lu te t ium diphthalocyanine reported in  
the l i terature  (12). The photovoltage spectrum has 
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Fig. 1. Comparison between the photovoltage and optical ab- 
sorption spectra of the green lutetium dlphthalocyanine film. The 
photovoltage spectrum has been normalized to its value at 580 rim. 

m a x i m a  at  742 and 427 nm, which is in reasonable  
agreement  wi th  the opt ical  absorpt ion  m a x i m a  at  690, 
660, and 470 nm. As wi th  the  green  film, the s l ight  dis-  
c repancy is a t t r ibu ted  to a wave length  dependence for 
exci ton dissociation. Compar ing  the da ta  in Fig. 1 and 
2 indicates  tha t  the dis t inct ive differences in the  photo-  
vol tage  spect ra  of the two forms are  associated wi th  
the i r  differing optical  absorpt ion  spectra.  

F igure  3 i l lus t ra tes  the dynamica l  response of the 
photovol tage  for both  the  green and red  forms of the 
lu te t ium diphtha locyanine  fol lowing 7 nsec laser  pulse 
at  t ime zero. The pulse repet i t ion  ra te  was 7 Hz, which 
a l lowed the samples  sufficient t ime to recover  a s t eady-  
state ' (dark" s ignal  be tween  pulses. The t ime depen-  
dence in Fig. 3 has the form PVoe-t/% where  PVo is the  
ini t ia l  response to the laser  pulse  and T is a charac te r -  
istic exponent ia l  decay time. A nonl inear  leas t  squares 
fit of this equat ion to the da ta  was used to obta in  the 
values  of PVo and T r epor t ed  in the  f igure caption. This 
exponent ia l  form of the pho.tovoltage decay is consist-  
ent  wi th  the different ial  equation. 

dPV 1 
- -  _ PV [I] 

dt 

It  is ev ident  f rom Fig. 3 tha t  the two forms differ in 
the  sign of PVo: The posi t ive signal  observed  for  the 
green form is consistent  wi th  e lect ron deple t ion  at  the 
surface while  the negat ive  signal  observed  for the red  
form is indicat ive of e lect ron accumulat ion  at  the  sur -  
face (17). 

F igure  3 showed the dynamic  photovol tage response 
at  100% of the  laser  intensi ty.  This expe r imen t  has 
been repea ted  for  smal le r  intensi t ies  which  were  
achieved wi th  sui table  neu t ra l  dens i ty  filters and  the 
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Fig. 2. Comparison between the photovoltage spectrum of the 
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Fig. 3. The exponential decay of the photovoltage signal follow- 

ing a 7 nsec laser pulse at time zero. Because of differences in 
spectral response, the data for the green form were obtained at 
580 nm while the red was at 640 nm. A nonlinear least squares fit 
was used to fit Eq. [1] to the experimental data: green (PVo = 
90.5 mV, �9 ~_ 57.3 msec), red (PVo ~ --6.4 mV, 2.3 msec). 
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Fig. 4. The dependence of PVo and �9 on light intensity for the 
green lutetium diphthalocyanine. 

dependence  of the resul t ing  PVo and �9 are  i l lus t ra ted  
in Fig. 4 and 5. For  both the red  and green forms of 
lu te t ium diphthalocyanine,  PVo increases l i nea r ly  wi th  
increasing l ight  in tens i ty  over  the range  of intensi t ies  
examined.  This l inea r  in tens i ty  dependence  is observed 
when the photovol ta ic  change in the energy band bend-  
ing is smal l  compared  to the total  amount  of band 
bending  at  the surface (Vd). This corresponds to the  
s i tuat ion where  the  photovol tage is p ropor t iona l  to the 
minor i ty  car r ie r  injectio.n (brain) which, in turn,  is p ro -  
por t iona l  to the l ight  in tens i ty  (I)  (18) 

JDVo cc Ami n cc [ for PVo < <  Vd [2] 

The da ta  in Fig. 4 and  5 indicate,  however ,  that  the 
red  and green forms differ in the in tens i ty  dependence  
of T: T is d i rec t ly  propor t iona l  to l ight  in tens i ty  for 
the red  form, but  inverse ly  dependent  for the green 
form. In order  to unders tand  the under ly ing  mechanism 
for this difference, i t  is necessary to consider  the decay 
kinet ics  for the  photoinjec ted  minor i ty  carr iers  in these 
mater ia ls .  Combining Eq. [1] and [2] yields  

dAmin 1 
. . . .  ~mi~ [3] 
dt T 

This phenomenological  ra te  law can be compared  to the 
analogous express ion der ived  f rom the photovol tage  
da ta  for po lyarene  (16) and meta l  ph tha locyanine  (19) 
films 

d~min -- k �9 PV 
= . . . . . .  ~ i ~  [4] 

dt Vd 

where  k is de te rmined  by  the mobi l i ty  of  the minor i ty  
car r ie r  under  f latband conditions. Equat ion  [4] is ob-  
ta ined  by  assuming that  the decay  of the photovol tage 
is de te rmined  by  the leakage  cur ren t  of minor i ty  car -  
r iers  in the  bu lk  to the surface against  the opposing 
field of the space charge layer .  Thus the ra te  a t  which 
photo in jec ted  car r ie rs  can reach the surface var ies  wi th  
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Fig. 5. The dependence of PVo and T on light intensity for the 
red lutetium diphthalocyanine. 

t ime since the electr ic field in the space charge l aye r  
is dependent  on the decaying  photvvoltage.  The decay 
kinetics in Eq. [4] therefore  depend l inear ly  on PV and 
this formula  is appl icable  when PVo is apprec iable  
compared  to Vd. As noted previous ly  in Eq. [2], how-  
ever, the expe r imen ta l  resul ts  for lu te t ium d iph tha lo -  
cyanine indicate  that  PVo is small  compared  to Vd and 
therefore  Eq. [3] is s imply  the l imi t ing form of Eq. 
[4] which is appropr ia t e  when the electr ic  field in the  
space charge layer  is, to a first approximat ion,  un-  
changed by  the decay of the photoinjec ted  minor i ty  
carriers .  Compar ing  Eq. [3] and  [4] y ie lds  

Vd 
~ - -  [5] 

k 

On the basis of Eq. [5], the dependence of -c on inci-  
dent  l ight  in tens i ty  i l lus t ra ted  in Fig. 4 and 5 is s imply  
or iginat ing in an intensi ty  dependence  of Vd a n d / o r  k. 
Not enough is known about  the e lectr ical  character is t ics  
of these ra re  ear th  d iphtha locyanines  to be able  to 
predict  wi th  any ce r ta in ty  the  exact  origin of this in-  
tens i ty  dependence.  One reasonable  poss ib i l i ty  is that  
these mater ia l s  have e i ther  bu lk  t raps  or surface s tates  
which change electronic popula t ion  on a t ime scale 
which is slow compared  to the 7 Hz repe t i t ion  ra te  
used in these exper iments .  (Fas ter  electronic t r ans i -  
tions would cause deviat ions from the expe r imen ta l l y  
observed exponent ia l  decay.)  For  example ,  both  the 
red  and green form of lu te t ium d iph tha locyanine  could 
have a photoexci ted electronic t rans i t ion  f rom a filled 
surface state into the conduction band. For  the green 
form, this would lower  the band  bending  at  the deple -  
t ion layer  and thus decrease  �9 wi th  increasing in tens i ty  
as seen expe r imen ta l ly  in Fig. 4. In  contrast,  the same 
t rans i t ion  would increase the band bending  at  the  ac-  
cumulat ion  l aye r  of the red form and thus increase 
wi th  increasing in tens i ty  which  is consistent wi th  the 
observat ions i l lus t ra ted  in Fig. 5. 
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Summary 
The surface  photovol tage  of the red  and green forms 

of lu te t ium d iph tha locyanine  have photovol tage  spec t ra  
which are  charac te r i s t i ca l ly  different  and are  re la ted  
to the optical  absorpt ions  of these two e lec t rochromic  
forms. Dynamica l  measurements  indicate  tha t  the  
green form has an e lect ron deple t ion  layer ,  whi le  the 
red  form has an e lect ron accumula t ion  layer .  Both 
films have a photovol tage  which is l inea r ly  dependent  
on l ight  intensi ty,  which  implies  tha t  the photovol ta ic  
change in the band  bending  is smal l  compared  to the 
total  amount  of energy  band bending  at  the surface. 
The photovol ta ic  r e laxa t ion  is l i nea r ly  dependent  on 
l ight  in tens i ty  for the  red  form and inverse ly  depen-  
dent  for the green form, and this is shown that  this 
is consistent  wi th  the presence of long- l ived  t raps  
which make  the band  bend ing  a n d / o r  f la tband mobi l i ty  
dependent  on l ight  intensi ty.  

Manuscr ip t  submi t t ed  Dec. 11, 1980; rev ised  m a n u -  
script  received Apr i l  24, 1981. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1982 JOURNAL. 
Al l  discussions for  the June 1982 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1982. 

Publication costs of this article were assisted by Bell 
Laboratories. 
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Mechanistic Study of Photoelectrochemical 
Reactions at a p-GaP Electrode 

Kohei Uosaki and Hideaki Kita 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

The pho tocur ren t -po ten t i a l  re la t ions  of a p - G a P  elect rode in var ious  solu-  
t ions are  s tud ied  potent ios ta t ical ly .  Both the  cathodic and anodic photocur -  
rents  are  observed,  i.e., the sign of  photocur ren t  changes at  a cer ta in  poten t ia l  
which we name the potent ia l  of zero photocurrent ,  Vzp. The potent ia l  of zero 
pho tocur ren t  is close but  not  equal  to the f la tband potential .  The or igin of  the 
anodic photocur ren t  is presented.  The log (pho toeu r r en t ) -po t en t i a l  re la t ions 
fol low the Tafel  l ine at  med ium bias potent ia ls  and devia te  f rom it a t  large  
and smal l  bias potent ials .  The mechanism of the cathodic react ions is proposed 
based  on the expe r imen ta l  results.  The r a t e - d e t e r m i n i n g  step is the  supply  of 
photoexci ted  electrons to the semiconductor  surface at  la rge  bias potent ia ls  
and is the electrochemical ,  i.e., surface, process at  med ium and smal l  bias 
potent ials .  A t  the smal l  bias potentials ,  the pho tocur ren t  is enhanced b y  the 
photoe lec t rochemical  reduct ion of oxid ized  species c rea ted  b y  holes in valence 
band. 

Photoeffects on e lect rochemical  react ions at  semi-  
conductor  e lectrodes have been  s tudied ve ry  ac t ive ly  
(1-10), pa r t i cu l a r ly  af ter  Fu j i sh ima  and Honda d rew 
a t tent ion  to the poss ibi l i ty  of direct  hydrogen  p roduc-  
tion by  a pho to -d r iven  e lect rochemical  cell  wi thout  
any  ex te rna l  e lect r ica l  energy  (11). 

However ,  fundamenta l  aspects of photoe lec t rochemi-  
cal react ions  such as react ion mechanism seem not  to 
have  been  wel l  understood.  Most theore t ica l  analyses  
neglected the  potent ia l  drop in the e lec t rochemical  
double (Helmhol tz)  l aye r  (12) and the contr ibut ion  of 
the  charge t ransfe r  process to the overal l  reac t ion  
ra te  (13), a l though the impor tance  of these cont r ibu-  

Key words: semiconductor, photoelectrochemistry, energy con- 
version. 

l ions on the kinetics at  semiconductor  e lectrodes w a s  
pointed out by  Green  many  years  ago (14). We have  
been stressing the impor tance  of the above cont r ibu-  
t ion (15, 16) and have repor ted  some suppor t ing  evi-  
dence (17). Recently,  Bard  et aL have used the word  
"Fe rmi - l eve l  pinning" to express  the s i tuat ion where  
the ent i re  potent ia l  drop occurs wi th in  the Helmhol tz  
l aye r  and repor ted  that  this s i tuat ion is not  unusual  
(18). 

In  this work, we s tud ied  the pho tocur ren t -po ten t i a l  
re la t ions  at p -GaP,  which is one of a few stable  photo-  
cathodes (19), in var ious  solutions to eva lua te  the re-  
action mechanism. The photoelec t rochemical  behavior  
of p - G a P  has been s tud ied  ve ry  ex tens ive ly  (6, 15, 
20-24) and i t  is r epor ted  that  the f la tband potent ia l  
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de te rmined  by  capaci tance measurement  differs f rom 
the so-cal led cri t ical  potent ia l  or  pho tocur ren t  onset 
potent ia l  (20, 21). This difference is usua l ly  exp la ined  
by  surface recombina t ion  wi thout  considering the 
electrochemical  steps (20). The main  concern of this 
paper  is to analyze  the photoelec t rochemical  behavior  
of p - G a P  at smal l  potent ia l  biases which represen t  the 
significant region for prac t ica l  devices. 

Experimental 
A Zn-doped  p - G a P  single c rys ta l  wafe r  was used as 

a work ing  electrode.  The car r ie r  dens i ty  and the spe-  
cific resis tance of the sample  are  6.7 • 101~ cm - s  and  
1.3 ~ �9 cm, respect ively.  An  ohmic contact  was made  b y  
using In-Zn  a l loy and a copper  wire  was a t tached onto 
the ohmic contact  by  soldering.  The semiconductor  
e lectrode surface was covered wi th  epoxy resin except  
for (111) face (Ga) and was placed in a PTFE  elec-  
t rode holder.  The surface area  of the  e lect rode was 
0.0315 cm 2. The electrode surface was etched in HNO3- 
HC1 (1: 1) solut ion before exper iment .  The e lec t ro-  
chemical  cell is s imi lar  to the one repor ted  prev ious ly  
(15). An  Ag/AgC1 elect rode and a P t  wire  were  used 
as a re ference  and a counterelectrode,  respect ively.  A 
500W Xe l amp  (Ritsu Oyo Kogaku)  was used as a l ight  
source and a potent ios ta t  (Wenking  Model  68 FRO.5) 
was used to control  the e lect rode potent ial .  An IRA-20 
(Toshiba) filter was placed be tween  the l ight  source 
and the e lec t rochemical  cell to avoid a hea t  effect. Cur -  
r en t - t ime  re la t ions  were  recorded by  using a Toa 
Model CDR l l A  recorder .  

Al l  solutions used in this work  were  p r e p a r e d  wi th  
t r ip ly  dist i l led wa te r  .and reagent  grade  chemicals.  
Purif ied he l ium gas was passed th rough  the solutions 
for  a t  least  30 min before  exper iments .  Al l  exper i -  
ments  were  carr ied  out at  room tempera ture .  

Results 
The cu r r en t - t ime  relat ions of the  p - G a P  elect rode in 

1M NaOH at severa l  e lectrode potent ia ls  i l lumina ted  
with  pulsed l ight  a re  shown in Fig. 1. S t eady  photo-  
currents  a re  observed a t  all  potent ia ls  invest igated,  
even at  p o,tentials ve ry  close to the f la tband potent ial ,  
VFB, which is N --0.04V vs. Ag/AgCI  (15). Fur ther ,  
the anodic photocurrent ,  which has not  been r epor t ed  
at p - type . semiconduc tor  electrodes,  is observed here  at  
r e l a t ive ly  posi t ive potentials .  Thus, the sign of the 
photocur ren t  changes at  a cer ta in  potential .  The s teady  
photocurrents  of this e lect rode in var ious  solutions a re  
plot ted against  the e lec t rode  potent ia l  in Fig. 2. In  al l  
cases, both  the cathodic and anodic photocurrents  a re  
observed and the pho tocur ren t -po ten t i a l  (Iph-V) re-  
lat ions shift  towards  more  negat ive  potent ia ls  when  
the pH of the solut ion increases. The addi t ion of me thy l  
viologen changes the  shape of the Iph-V re la t ion  d ras t i -  
cally. 

The effect of t ime length  kept  in  da rk  pr io r  to the 
i l luminat ion  is also examined.  The s teady  photocur ren t  
is not  affected b y  changing the t ime length  kep t  in 
da rk  at all  potent ia ls  but  the longer  the t ime kep t  in 
the dark,  the la rger  the ini t ia l  photocur ren t  jus t  a f te r  
the i l lumina t ion  at  potent ia ls  close to the f la tband po-  
tential ,  as shown in Fig. 3. 

Discussion 
Origin of anodic photocurrent.RUsually, only a ca th-  

odic pho tocur ren t  is r epor ted  a t  p - t y p e  semiconductors  
and on ly  an anodic photocur ren t  is r epor ted  at  n - t ype  
semiconductors  wi th  the except ion of a cathodic photo-  
cur ren t  observed at  TiO2 (n - type )  (25). However ,  in 
this work,  we found both the cathodic and anodic 
photocurrents  a t  p - G a P  electrode.  The or igin of the 
anodic photocur ren t  and the reason why  i t  has not 
been  repor ted  are as follows. 

The anodic currents  a t  a semiconductor  e lectrode in 
the dark,  ia, and under  i l luminat ion,  ia*, are  given by  
Eq. [1] and [2], respect ively,  wi th  the assumpt ion  that  
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the e lec t ron t ransfe r  takes place  in a na r row  energy  
range  be low the valence band energy,  Ev (1) 

ia oc CRPs W(Ev) GR(Ev) [1] 
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ia* cc CRPs* W(Ev) GR(Ev) [2] 

where  CR is the concentra t ion of reduced  species and 
Ps and Ps* are  the number  of holes at  the semiconduc-  
tor  surface in da rk  and under  i l luminat ion,  respec-  
t ively,  W(Ev) is the tunnel ing  p robab i l i ty  at  the 
valence  bandedge  and GR(Ev) is the  d is t r ibu t ion  func-  
t ion for finding the reduced  species at  the energy  Ev. 
Thus, the  anodic photocurrent ,  ia,ph, is given b y  

ia,ph : ia*  - -  ia  oc CR(Ps*  - -  P s )  W ( E v )  G R ( E v )  [ 3 ]  

Therefore,  when p~* --  Ps > 0, the anodic pho tocur -  
ren t  should be observed at  both  n - t y p e  and p - t y p e  
semiconductor  electrodes.  Since holes are  the m a j o r i t y  
car r ie rs  of p - t y p e  semiconductors,  Ps is la rge  and, 
therefore,  anodic da rk  cur ren t  is large  at the  potent ia ls  
where  the anodic  photocur ren t  is expected.  Usual ly  
Ps > >  Ps* --  Ps and hence ia ~ ia* .  This is why  anodic 
pho tocur ren t  has not  been repor ted  at  p - t y p e  semicon-  
ductor  electrodes.  For  example ,  in the presen t  work,  
ia = 8.54 ~A/cm 2 and ia* = 10.0 ~A/cm 2 at  --0.1V vs. 
Ag/AgC1 in 1M NaOH. The small  difference be tween  
the two could be measured  b y  the potent ios ta t ic  
method  employed  in this work  bu t  is not  possible to 
be detected by  the sweep method which is usua l ly  em-  
p loyed  in s tudying  the cu r ren t -po ten t i a l  re la t ions at  
semiconductor  electrodes.  

In  this system, the anodic reac t ion  is the decomposi-  
t ion of the e lect rode itself, since no redox  reagen t  is 
added  (6, 26). The anodic  decomposi t ion poten t ia l  of 
GaP  has been ca lcula ted  only  at  pH ---- 7 by  assuming 
the fol lowing react ion (24, 27) 

GaP -{- 6p + + 6H20 ~--- Ga(OH)3  -t- H3PO3 -P 6H + 

[4] 

We reexamined  the the rmodynamic  data  (28-30) and 
ca lcula ted  the anodic decomposi t ion potent ia ls  of GaP 
for a wide pH range  .as shown in Table  I. Anodic  
dissolution occurs a t  pH < 2.56 and pH > 11.7 and 

Table I. The anodic decomposition reactions of GaP and 
corresponding potentials at various pH 

p H < 2  
GaP + 6p+ + 3HeO ~ I-IzPOa + 3H+ 
E = -0 .357 - 0.0295 pH + 0.00985 log [Ga ~*] + 0.000985 log [HsPOs] 
2 < pH < 2.56 
GaP + 6p+ + 3 H e O ~ G a  s+ + H~POa- + 4H + 
E = -0.337 - 0.0394 pH + 0.00985 log [Ga a+] + 0.00985 log [H2POr]  
2.56 < pH < 8.32 
GaP + 0p § + 9/2 H20 m 1/2 Ga203 + HePOs- + 7H + 
E =  -0.315 - 0.0690 pH + 0.00985 log [H~POs-] 
8.32 < pH < 11.7 
GaP + 6p+ + 8 OH- ~- 1/2 Ga~Os + HPOz~- + 7 /2 / -bO 
E = --0.233 - 0.0788 p H  + 0.00985 log [HPO8 s-] 
pH > 11.7 
GaP + 6p+ + 11 OH- ~ G a O l -  + HPO~ ~- + 5I-L~ 
E = 0.170 - 0.108 pH + 0.00985 log [Ga0~- ]  + 0.0985 log [HPO@-] 

The thermodynamic  va lues  used fo r  ca lcula t ion  a r e  all taken  
f r o m  Ref. (28) fo r  phosphorous  co mp o u n d s  an d  f r o m  Ref. (29) 
fo r  ga l l ium compounds  excep t  fo r  AG~ = 91.54 k J .  tool -1 
which  is taken f r o m  Ref. (30). 

passive film is formed at  2.56 < pH < 11.7. The de-  
composit ion potent ia ls  a re  wi th in  the bandgap  of GaP 
for al l  pH range  concerned ,and the react ions expected 
f rom the calculat ion agree  wi th  expe r imen ta l  findings 
(26). The existence of the anodic (da rk)  cur ren ts  even 
at  the potent ia ls  more  nega t ive  than  ~ VFB suggests tha t  
the react ion is ve ry  efficient in ~acid and a lka l ine  solu-  
tions (6, 26). 

Photocurrent o,nset potential and ]~atband potential. 
- - T h e  pho tocur ren t  onset  potent ia l  has a prac t ica l  im-  
por tance  in a solar  energy  conversion. However ,  i t  is 
usua l ly  defined ve ry  vague ly  (20, 21) in a s imi lar  w a y  
to the decomposit ion potent ia l  in e lect rode processes at  
meta l  e lectrodes which has no theore t ica l  significance. 
In  fact, the  va lue  of the pho tocur ren t  onset  po ten t ia l  
var ies  depending on the current  scale chosen, as shown 
in Fig. 2. We propose here  the definition of the photo-  
cur ren t  onset potent ia l  as the potent ia l  a t  which  the 
sign of the pho tocur ren t  changes. By doing so, no 
ambigu i ty  is in t roduced in de te rmin ing  the photocur -  
ren t  onset potential .  To dis t inguish this potent ia l  f rom 
the apparen t  photocur ren t  onset  po ten t ia l  fo rmer ly  
used, we name it  the "potent ia l  of zero photocurrent ,"  
Vzp. At Vzp 

iph --  [iph,c[ -- [iph,al = 0 [5] 

i.e., [iph.c[ = lipa.al [6] 

Buffer .and Ginley repor ted  tha t  the difference be-  
tween VFB and the pho tocur ren t  onset potent ia l  is 0.7V 
for p - G a P  (20). However ,  Vz, de te rmined  in this work  
a re  much closer to VFB in var ious  solutions, a l though 
there st i l l  exists some difference be tween  them up to 
ca. 200 mV. I t  is usua l ly  bel ieved that  one would  ex-  
pect  no pho tocur ren t  at  VFB, because holes and elec-  
t rons created by  i l lumina t ion  recombine  easi ly  under  
the absence of a potent ia l  g rad ien t  in the semicon-  
ductor.  However ,  this is not  necessar i ly  true.  If the 
diffusion length  of holes is large and the anodic reac-  
t ion at  the  valence band is fas ter  than  bo th  the  cathodic 
react ion at  the conduct ion band and the surface re -  
combinat ion reaction,  the pho togenera ted  hole accepts 
e i ther  an e lect ron f rom a reduced species in solut ion 
or  a valence e lect ron of the semiconductor  before  de-  
activation.  Thus, an anodic photocur ren t  should be ob-  
served at  VFB, because the  photocur ren t  observed,  iph, 
is given by  

iph = l i p h , a l -  ]iph,c[ oc ICR(Ps*  - - P s ) W ( E v ) G R ( E v ) I  

- -  [Co(ns* --  ns)W(Ec)Go(Ec)]  [7] 

where  co is the concentra t ion of the oxidized species, 
ns* and ns are  the  concentra t ion of the electrons at  the  
surface under  i l luminat ion  and in the dark,  respec-  
t ively,  W (Ec) is the tunnel ing p robab i l i ty  for the ca th-  
odic re,action at the conduction bandedge, and Go(Ec) 
is the distribution function of oxidized species at the 
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energy Ec. Simi lar ly ,  a cathodic photocur ren t  should be 
observed in the corresponding conditions. In other  
words, only when one of the conditions given in Eq. 
[8] and  [9] is satisfied at  VFB, VFB should coincide 
with  Vzp 

p~* - -  p~ = n s *  - -  n s  = 0 [ 8 ]  

i cR (ps* --  PD W (Ev) GR (Ev) l 

= Ico(ns* --  ns )W(Ec)Go(Ec)[  [9] 

In the present  system, the existence of the anodic 
dark  cur ren t  even at  the potent ia l  more  negat ive  than  
VFB (6, 26) suggests tha t  the anodic react ion is con- 
s iderab ly  fas ter  than  the cathodic react ion near  VFm 
Thus, from the above a rgument  the presence of the 
anodic photocur ren t  is expected  at  VFB in this case as 
exper imen ta l ly  observed.  

In  the solut ion containing methy l  viologen, the Vzp 
is a lmost  ident ical  to the f la tband potential .  In  this 
case, for the react ion MV + + -t- e ~ MV +" the condi-  
t ion given in Eq. [9] seems to be s.atisfied. 

The  pho tocurren t -po ten t ia l  relations and the  reac-  
t ion m e c h a n i s m  of pho toe lec t rochemica l  reduc t ion  re-  
ac t ions . - -The  photoelect rochemical  processes at  ca th-  
odical ly  polar ized semiconductors  are d ivided into two 
parts,  namely,  the bu lk  and the surface processes. The 
bu lk  processes are  (i) absorpt ion of photons and pho-  
toexci ta t ion  of electrons to the conduction band, i.e., 
photogenera t ion  of e lec t ron-hole  pairs,  (ii) migra t ion  
of the photoexc i ted  electrons to the semiconductor  
surface, and (iii) deact iva t ion  of the photoexci ted  
electrons to the valence band, in para l l e l  wi th  (ii) ,  i.e., 
recombinat ion  in the bulk  including space charge layer  
of the semiconductor .  The surface processes are  (i) 
e lect ron t ransfe r  to an oxidized species fol lowed by  
chemical,  e lectrochemical ,  and /o r  desorpt ion processes 
in some cases, (ii) deact iva t ion  of the photoexci ted  
electrons to the valence band at  the surface d i rec t ly  or 
via surface states, i.e., surface recombinat ion.  

Equations [10]-[12] summarize  the bu lk  processes 

by--> pv + + ec -  [10] 

e c -  ~ ( e c - ) s  [11] 

ec-  -t- Pv + ~ recombinat ion  [12] 

where  pv + is the hole in the valence band and ( ec - ) s  
and ec -  are  the electrons in the  conduction band at  
the surface and at  o ther  places, respect ively.  The sur -  
face processes for hydrogen  evolut ion react ion a re  

( ec - ) s  + H30 + + S.C.--> H20 + S.C. --  H [13] 

(ec-)s ,1, H30 + + S.C. - -  H-> Ha "1" HaO + S.C. 
[14] 

S.C. -- H + S.C. -- H--> H2 "1" 2S.C. [15] 

Pv + "1" HaO + S.C. -- H--> S.C. + HsO + [16] 

and those for the recombination are 

(ec-)s Jr (Pv+)s --> Surface recombination [17] 

( e o - ) ~  + [3~-~ [3s, 
[18] 

[:3~ + (p~+) -) ~s~ 

where S.C. is the .semiconductor, S.C.- H represents 
hydrogen  a tom adsorbed  on the semiconductor,  (pv +)s 
is the hole in the valence band .at the surface, [3ss is 
the unoccupied surface state, and [ ~  is the occupied 
surface state. The step expressed in Eq. [18] is t h e  
surface recombinat ion  via surface state. The combina-  
t ion of step [13] and step [16] could be called the 
surface recombinat ion  vi.a adsorbed  hydrogen  s tate  
(31). For  the reduct ion of me thy l  viologen, Eq. [13]- 
[16] should be replaced  by  the fol lowing 

(e~-)s  -t- MV + + --> MV +' [19] 

MV +' + ( p v + ) s ~  MV ++ [20] 

To elucidate  the mechanism of the photoelec t ro-  
chemical  reduct ion react ions at  the  p - G a P  electrode in 
a wide potent ia l  range,  the photocurrents  in logar i th -  
mic scale are  p lot ted  agains t  the e lec t rode  potent ia l  in 
Fig. 4. The log (iph) --  V re la t ions  fol low the Tafel  
l ine at  med ium biased potent ia ls  (--0.4 ,~ --0.7V in 
1M NaOH and ,1,0.2 ,~ --0.05V in 0.5M H2SO4) and de-  
viate  f rom it a t  large  and smal l  bias potentials .  I t  is 
in teres t ing  to note that  the slopes of the Tafel  l ine are  
s imi lar  to those of hydrogen  evolut ion react ion at meta l  
(Ga) electrodes (32). 

The shape of log (iph) --  V re la t ions  at la rge  ca th-  
odic potent ia l  biases suggests that  the r a t e - d e t e r m i n -  
ing step in this poter~tial region is some t r anspo r t - l im-  
i ted process. The devia t ion  occurs at ca. --0.TV vs. A g /  
Agc1 in 1M NaOH both with  and wi thout  methyl  
viologen. This potent ia l  coincides wi th  the apparen t  
pho tocur ren t  onset potent ia l  de te rmined  by  iph 2 - - V  
re la t ion based on a s imple Schot tky  ba r r i e r  model  
wi th  the  assumption that  electrochemic.al processes are  
fast  and step [11] is the r a t e -de t e rmin ing  process 
(20). Thus, the supply  of the photogenera ted  electrons 
to the semiconductor  surface seems to be the r a t e -  
de te rmin ing  step at  the potent ia ls  more negat ive  than  
ca. --0.7V vs. Ag/AgC1 in 1M NaOH and ca. --0.05V 
vs. Ag/AgC1 in 0.5M H2SO4. 

But ler  and Ginley  proposed that  step [18], i.e., sur-  
face recombinat ion  via  surface state, is responsible  for 
the d iscrepancy be tween VFB and the apparen t  photo-  
cur ren t  onset  potent ia l  de te rmined  by  iph 2 --  V re la t ion  
(20). They concluded from IR  photoresponse mea -  
surement  tha t  the localized state which is ,~0.7 eV 
above the top of the valence band acts as the recom-  
binat ion center.  According to the i r  model,  the photo-  
cur ren t  at  s teady state, ip~, is given b y  

iph oc j -- kr[ec-]sNss(1 -- f t)  [21] 

where  j is the flux of the photogenera ted  electrons a r -  
r iv ing at  the surface, kr is the ra te  constant  of the 
surface recombinat ion  reaction,  Nss is the number  of 
surface states,  and ft is the Fe rmi  dis t r ibut ion funct ion 

0.5 -- 2i,' 

< 

�9 ~- - 0 . 5  - -  
r- 

o 

1 
-1.0 - -  

I I I I I I 
-7 -6 -5 -4 -3 -2 

log ( P h o t o c u r r e n t ,  A / c m  2) 

Fig. 4. Tafel plots of the photocurrents of p-GaP in vgrious 
solutions. Curve 1, 1M NaOH; curve 2, 0.5M H2SO4; curve 3, 1M 
NaOH "1" 1.7 mM methyl viologen. 
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for the  surface states. For  the present  system, if  al l  
potent ia l  drop  occurs wi th in  the semiconductor ,  f t  is 
given by  

ft - -  1/[1 q- exp {Et --  EF/kT}] 

: 1/[1 -f exp {0.7 --  (VFB -- Y) /kT}]  [22] 

where  Et is the ene rgy  of the surface s tates  and  V is 
the  e lec t rode  potent ia l  concerned. Since ( 1 -  It) 
changes f rom 0 to 1 sha rp ly  a round  --0.7V vs. VFB, one 
would  expect  sharp change in the pho tocur ren t  po ten-  
t ia l  re la t ion  at  tha t  potent ia l  and not  be able  to ex-  
p la in  the potent ia l  dependence  of the photocur ren t  at  
r e l a t ive ly  smal l  bias potent ia l  (Tafel  re la t ion)  whe re  
1 --  ]t : 1 b y  considering the surface recombina t ion  
via surface states only. 1 The effect of me thy l  viologen 
on i p h -  V" re la t ion  gives some clue to eva lua te  t h e  
mechanism.  In  this case, the photocur ren t  is l a rge r  than  
tha t  wi thout  MV + + at  low bias potent ials .  This can be 
exp la ined  as follows. 

The r a t e -de t e rmin ing  step of the hydrogen  evolut ion 
reac t ion  at  this  po ten t ia l  range  is one of the  s teps 
expressed b y  Eq. [18], [14], or [15], i.e., the e lec t ro-  
chemical  process. The e lect rochemical  reac t ion  ra te  of 
MV + + is fas ter  than  tha t  of hydrogen  evolut ion re -  
act ion and therefore  much la rger  cu r ren t  is observed  
when MV + + is added.  The fact tha t  Vzp wi th  MV + + 
is more  posi t ive than  tha t  wi thout  MV + + also supports  
t h e  fact  that  the cathodic react ion of MV + + is fas te r  
than  hydrogen  evolut ion reaction.  The i,h wi th  MV + + 
is smal le r  than  that  wi thout  MV + + at r e l a t ive ly  nega-  
t ive potentials .  I t  is due to absorpt ion  of l ight  by  MV +" 
crea ted  by  photoelec t rochemical  reduct ion  of MV + +. 

The log (iph) - - V  re la t ions  devia te  f rom the Tafel  
l ine again  at  the .po ten t ia l s  near  VFB, suggest ing some 
fas ter  reac t ion  is involved.  At  this region, the ini t ia l  
pho tocur ren t  jus t  a f te r  i l lumina t ion  depends  on the 
l eng th  of t ime kep t  in  the d a r k  pr ior  to i l luminat ion,  
as shown in Fig. 3. Also, the anodic da rk  cur ren t  s tar ts  
to flow at this potent ia l  region. Thus, this devia t ion  
should be due to the photoelec t rochemical  reduct ion of 
oxid ized  species created by  da rk  oxida t ion  react ion by  
holes in the  valence band,  as shown in Fig. 5. If  the 
reduct ion of the oxidized species is fas ter  than  the 
hydrogen  evolut ion reaction,  much l a rge r  cur ren t  is 
expec ted  at  a g iven potential .  I t  is essent ia l ly  the  
same effect as the addi t ion  of MV + +. The effect of the 
t ime kep t  in the  dark  is expla ined  as the accumula t ion  
of oxidized species in the dark.  2 

In the smal l  bias potent ia l  region where  log (iph) 
--  V re la t ion  deviates  f rom the Tafel  line, the s tab i l i ty  

1 R. H. Wilson proposed a model which takes into account both 
the surface recombination rate and charge transfer rate for n-type 
semiconductors (33, 34). 

The fact that the height of the photocurrent spike just after 
illumination is much smaller when the solution is stirred sup- 
ports this mechanism. 

vB 

RED 

Fig. 5. Contribution of oxidized species created by hole to photo- 
current enhancement at relatively small bias potential. 

of p - G a P  is in doubt  even though the net  cathodic 
pho tocur ren t  is observed,  because the devia t ion  is 
caused by  the photoelec t rochemical  reduct ion of oxi-  
dized species which is the  anodic decomposi t ion p rod -  
uct  of GaP in this case. Since for prac t ica l  devices, t h e  
potent ia l  bias would  be small ,  the s tab i l i ty  of p - G a P  
in this potent ia l  region should be s tudied  more  in 
detail .  
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Semiconductor Electrodes 

XXXVII. Photoelectrochemical Behavior of p-Type CuO in 

Acetonitrile Solutions 
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ABSTRACT 

The photoe lec t rochemical  behavior  of po lycrys ta l l ine  p-Cu~O in aceto-  
n i t r i le  solut ions conta ining a number  of redox  couples [e.g., phtha lon i t r i l e  
( 0 / - - 1 ) ,  n i t robenzene  (0 / - -1 ) ,  me thy l  viologen (-t-2/-4-1)] was invest igated.  
The p-Cu20,  grown by  oxida t ion  of Cu meta l  by  the rmal  methods  or anodiza-  
tion, showed s table  behav ior  unde r  opt ical  i r rad ia t ion  in these solutions.  The 
bandgap,  es t imated  f rom photoacoust ic  spectroscopy (PAS)  and the photo-  
cur ren t  act ion spec t rum Lu solution, was ~2.0 eV and the  f la tband poten t ia l  
was ~ -~0.16V vs. SCE. Scanning e lect ron micrographs  of the t he rma l ly  g rown 
samples  r evea l  we l l -deve loped  crys ta l l i tes  wi th  dist inct  boundaries .  A PEC 
cell  of the form p - C u 2 0 / P h ( C N ) 2 , M e C N / P t  was shown to have an overa l l  
op t ica l - to -e lec t r ica l  energy  conversion efficiency of only  0.05%. The low effi- 
c iency for  such a cell  is ascr ibed to rap id  recombinat ion  processes in  the bu lk  
semiconductor  and a t  the interface.  

Cuprous oxide (Cu20),  which crystal l izes  in a 
cupri te  s t ruc ture  is a ca ta lys t  of choice for a diverse  
va r i e ty  o2 chemical  react ions (1-4).  The optical  and 
e lect r ica l  p roper t ies  of p-Cu20 depead  upon the  con- 
ditions of p repa ra t ion  f rom Cu and 02, i.e., the t em-  
pera ture  and oxygen  pressure  (5). Severa l  workers  (6- 
11) have s tudied the electr ical  proper t ies  of s ingle 
crystals  of this ma te r i a l  and demons t ra ted  tha t  it  is a 
p - t y p e  semiconductor  whose hole conduct ivi ty  can be 
a t t r ibu ted  to copper ion vacancies which act as accep-  
tors for electrons f rom the valence band. Recently,  
Tr ivich et al. (12) s tudied sol id-s ta te  photovol ta ic  cells 
based on this ma te r i a l  and  repor ted  an overa l l  con- 
vers ion efficiency of opt ical  to e lectr ical  energy ap-  
proaching 1% and s ta ted that  efficiencies of 6-12% 
should be possible. Aqueous photoelec t rochemical  
(PEC) cells involving p-Cu20 have also been descr ibed  
(13-14). In  these cells the p-CueO photocathode is un-  
s table  and under  i r rad ia t ion  is reduced  to Cu meta l  

Cu20 + 2H + + 2e-> 2Cu + H~O [1] 

S imi la r  ins tab i l i ty  was observed wi th  CuO electrodes 
(15). In  an aprot ic  solvent  such as acetoni t r i le  
(MeCN),  however ,  such a reduct ion react ion is less 
favorable  because of the unava i l ab i l i ty  of protons. 
Since the bandgap  is 1.9-2.0 eV, and the  repor ted  effi- 
ciencies for photovol ta ic  devices appea red  in teres t ing  
and the ma te r i a l  is inexpensive,  abundant ,  and capa-  
ble of being read i ly  produced in th in  film form, we  
under took  a s tudy  of the PEC proper t ies  of p-Cu20 
p repa red  by  the rmal  and anodic oxidat ion of meta l l ic  
copper in MeCN. The polycrysValline compacts were  
p repa red  by  heat ing a Cu pla te  in a i r  to minimize the 
gra in  bounda ry  effects encountered  in the case of s in-  
t e red  powder  compacts  (16). Studies  of the  PEC be -  
havior  of p-Cu20 were  car r ied  out wi th  MeCN con- 

* Electrochemical Society Active Member. 
Key words: solar energy conversion, photovoltaics, photoacous- 
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ta ining severa l  redox couples including phthaloni t r i le ,  
P h ( C N ) 2 ( 0 / - - 1 ) ,  ni trobenzene,  PhNO2(0 / - -1 ) ,  and  
methy l  viologen MV ( ~ 2 / ~ 1 ) .  Photocathodes  of p-  
Cu20 were  shown to be s table in these solutions under  
intense optical  i r radiat ion.  However ,  the overa l l  opt i -  
ca l - to -e lec t r ica l  energy  conversion efficiencies in the 
PEC cells based on this ma te r i a l  were  low ( <  0.1%). 

Experimental 
Chemicals.--The procedures  for the  purif icat ion of 

chemicals  and solvent  (MeCN) are  given e lsewhere  
(17). Al l  compounds were  s tored inside a hel ium-f i l led  
Vacuum Atmosphere  Corporat ion (Hawthorne,  Cal i -  
fornia)  glove box. Pola rographic  grade,  t e t r a - n - b u t y l  
ammonium perch lora te  (TBAP) ,  dissolved and re -  
crys ta l l ized  f rom ethanol  thr ice and dr ied  under  vac-  
uum ( <  10 -5 Torr)  for three  days, was used as sup-  
por t ing  electrolyte .  The cell employed was a conven-  
t ional  two-compar tmen t  cell of 25 ml capaci ty  conta in-  
ing the p-Cu20,  a P t  counterelectrode,  and a quas i -  
re ference  electrode which was an  Ag wire  immersed  
in the solut ion and separa ted  f rom the main  compar t -  
ment  by  a med ium porosi ty  glass f l i t .  The potent ia l  of 
the e lectrode was checked against  an aqueous sa tu-  
ra ted  calomel  e lectrode (SCE) at  r egu la r  in tervals  and 
was found to be constant. Al l  potent ia ls  repor ted  here, 
unless specified otherwise,  are  given in V vs. SCE. 

P - C u 2 0  w a s  prepa red  by  the method of Trivich et al. 
(12, 18). A Cu plate, 0.8 m m  thick (Alfa  Vent ron) ,  was 
cut to a 2 • 2 cm square,  pol ished wi th  A120~ (0.5 ~m), 
washed with  acetone, and r insed thoroughly  wi th  
double  dis t i l led water .  The plates  were  dr ied  and 
hea ted  in a muffile furnace at  about  900~ for 24 hr. 
Subsequent ly ,  the furnace t empera tu re  was raised to 
1030~ and the samples were heated for an addi t ional  
160 hr. The furnace t empera tu re  was then reduced to 
500~ and at  this t empera ture ,  the samples  were  an-  
nealed for a day, before quenching them in air  at  room 
tempera ture .  Upon quenching, the CuO laye r  formed 
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at the surface peels  off, exposing the Cu20 s in tered  
compacts. The res is t iv i ty  o,f the ma te r i a l  af ter  pol ishing 
wi th  an ul trafine emery  pape r  was ,-~ 30-40 ~ cm. An  
ohmic contact  can be formed by  e i ther  e lec t ropla t ing  
the back  wi th  gold or pa r t i a l  reduct ion  in an H2 a tmo-  
sphere at  100~176 for 30 min. A copper  wi re  lead 
formed the e lect r ica l  contact  and was a t tached to the 
gold-coated  side wi th  s i lver  epoxy  cement  (Al l ied  
Product  Corporat ion,  New Haven, Connect icut) .  This 
contact  was subsequen t ly  covered wi th  5 min epoxy  
cement.  The assembly  was mounted  into 7 mm diam 
glass tubing and was held  in posi t ion wi th  a silicone 
rubbe r  sealant  (Dow C orning Corporatio.n, Midland,  
Michigan) ,  which also served as an effective seal  
against  the seepage of e lect rolyte  solut ion to the r ea r  
of the semiconductor  electrode.  The exposed a rea  of 
p-Cu20 was 0.14 crn 2. The etching procedures  are  given 
below. The mate r i a l  produced b y  the Cu-a i r  react ion 
was shown to be  Cu20 by  x - r a y  diffraction. The x - r a y  
diffraction pa t te rns  corresponded to those repor ted  in 
the  l i t e ra tu re  (ASTM card Index No. 5.0667). 

The p-Cu20 films formed by  anodic polar izat ion of 
a Cu electrode were  grown under  e i ther  l inear  po ten-  
t ia l  sweep or  constant  cur ren t  condit ions in aqueous 
NaOH solutions, mainly,  fol lowing the procedures  de -  
scr ibed  by  Marchiano et al. (19) and Ashwor th  and 
Fa i rhu r s t  (20). The p r e t r ea tmen t  of the Cu electrodes 
pr ior  to oxida t ion  descr ibed in the above papers  was 
employed.  Prepur i f ied  N2 was bubbled  for 1 hr  th rough  
the NaOH solutions, p r io r  to and dur ing  the exper i -  
ments, and  an i'q2 a tmosphere  was main ta ined  over  the 
solutions dur ing  the  anodizations.  The potent ia l  sweeps 
were pe r fo rmed  at scan rates o~ 0.02, 0.2, or 1.0 mV/sec  
wi th  the ini t ia l  potent ia l  a t  --0.8V (for 0.02 mV/sec)  
or --1.20V (for 0.2 and 1.0 mV/sec)  vs. SCE. The gal-  
vanosta t ic  runs were  pe r fo rmed  at  the cur ren t  densi -  
ties repor ted  in Ref. (20). 

Apparatus.--A Pr ince ton  App l i ed  Research (PAR) 
Model 173 po~entiostat and PAR Model 175 Universa l  
p rog rammer  were  used in  al l  exper iments  wi th  posi t ive 
f e e d b a c k / R - c o m p e n s a t i o n  employed  to compensate  for  
~olution resis tance and in te rna l  res is tance of the  elec-  
trode. The i -V curves were  recorded  on a Model  2000 
X - Y  recorder  (Houston Ins t ruments ,  Austin,  Texas) .  
In  solar  cell exper iments ,  the  photovol tage  and photo-  
cur ren t  be tween  the work ing  e lect rode and counter -  
e lectrode as a function o~ load resis tance were  mea -  
sured wi th  a Ke i th ley  Model  179, TRMS Digi tal  Mul t i -  
meter .  The l ight  source was an Oriel  Corpora t ion  
(Stamford,  Connect icut)  450W xenon lamp. Differ-  
ent ia l  capaci tance was measured  wi th  a PAR Model 
HR 8 lock=in amplifier.  Al l  of these solutions were  p re -  
pa red  in the glove box and the cel l  then sealed and re -  
moved for the exper iments .  

Etchants.--(A) For  t he rma l ly  grown p-Cu20,  the 
fol lowing etchants  were  t r ied:  (1) 12M HNO3, (2) 6M 
HNO~, (3) H2SO4:H202:H20; 3:1:1 (by  vo lume) ,  (4) 
HNO3: HsPO4: acetic acid; 17: 41.5:41.5 (by  vo lume) .  In  
etchants  (1), (2), and (3),  the  etching t ime was l im-  
i ted to 10-15 sec while  for (4) the  samples  were  kep t  
immersed  for  15 min. Procedure  (1) exposed we l l -  
developed large  Cu20-crys ta l l i tes  whi le  (2) and (3) 
showed smal l  Cu20 crystal l i tes .  P rocedure  (4) p ro-  
duced a smooth and shiny surface. (B) The anodica l ly  
produced films were  etched wi th  e i ther  (1) 0.01M or 
(2) 0.1M HNOs for 1-2 sec. 

Results and Discussion 
Capacitance measurements.--The locat ion of the e n -  

ergies  corresponding to the edges of the valence and 
the conduct ion bands,  Ev and Er respect ively,  of the 
semiconductor  e lectrode wi th  respect  to solut ion energy  
levels,  is useful  in the selection of appropr ia t e  redox 
couples for opt imizing PEC cell performance.  These 
are  usua l ly  found by  de te rmina t ion  of the f la tband 
potent ial ,  VFB, by  measuremen t  of the e lect rode capaci -  
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tance as a function of app l ied  potential .  If  this capaci -  
tance corresponds to the semiconductor  space-charge  
capacitance,  "V'FB and the acceptor  densi ty  (NA) can 
be computed  f rom Mot t -Scho t tky  plots (21-23). F rom 
these values,  the known or es t imated  effective mass 
of charge car r ie r  and the bandgap,  the band posit ions 
(i.e., Ec and Ev) can be located.  

A dielectr ic  constant  of 7.11 (24) and an effective 
mass of charge  carr iers  0.84mo (25) was employed.  
The bandgap  was measured  by  two me thods  which 
are descr ibed in the next  section; the va lue  de te rmined  
f rom the photocur ren t  action spec t rum was employed  
in the locat ion of the  bandedge.  The capaci tance of 
p-Cu20 was measured  in MeCN containing TBAP as 
suppor t ing  e lec t ro ly te  at  different  f requencies  f rom 
100 to 5000 Hz; Mot t -Scho t tky  plots a re  given in Fig. 
1. The VFB value  de te rmined  at  low frequencies  (100 
and 500 Hz) was located -~ 20 mV posi t ive of tha t  a t  
h igh frequencies (2 and 5 kHz) .  Hence, an average  
value was taken  for computat ion.  These plots were  es- 
sent ia l ly  the same af te r  repea ted  exper iments  over  
severa l  hours and were  unaffected by  the addi t ion  of 
the reducib le  compound phtha loni t r i l e  to the solution. 
F r o m  these plots we es t imate  VFB as + 0.16V vs. SCE 
and NA ------- 4.9 X 1016 em -3. 

Bandgap.--The bandgap  energy,  Eg, of p-Cu20 was 
de te rmined  by  two independen t  methods:  F r o m  the 
photoacoustic spec t rum of the sample  in a i r  (26) and 
f rom the pho tocur ren t  action spec t rum in MeCN/  
TBAP, Ph(CN)2.  The resul ts  of these exper iments  are  
shown in Fig. 2(a)  and (b) .  Note that  a plot  of (~]hv) 2 
vs. hv gives a s t ra ight  line, suggest ing tha t  the  optical  
t rans i t ion  in Cu20 is direct  and  yields  an Eg of 2.00 
eV. The photoacoustic spec t rum signals an onset  of 
l ight  absorpt ion at  638 nm, corresponding to an E~ ---- 
1.94 eV. The bandedge  energies  were  ob ta ined  by  as-  
suming the F e r m i - D i r a c  equat ion 

NA = Nv [1 4- 2 e(Ev-E~)lkT] - 1  [2] 

Nv = 2 (2~mp*kT/h2) 8/~ [3] 
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Fig. I .  Mott-Schottky plot of p-Cu20, in MeCN containing 0.1M 
TBAP supporting electrolyte. O = 100 Hz; [ ]  = 500 Hz; ~ --= 
2000 Hz; and /x ~ 5000 Hz. 
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Fig. 2b. Absorption spectrum of p-Cu20 (photoacoustic tech- 
nique) (curve 2). Corrected action spectrum of the short-circuit 
photocurrent of p-Cu20 (curve 1). Curve 3, background action 
spectrum of the 2.5 kW xenon lamp. 

where Nv is the densi ty of states in the valence band;  
E~ is the Fermi level energy (corresponding to VFB); 
and rap* is the effective mass of holes. This yielded the 
position of the VB edge about 0.1 eV below the Fermi 
level, i.e., at + 0.26V vs. SCE. From the value of Eg, 
2.0 eV, Ec is placed at -- 1.74V vs. SCE. These levels 
are shown in Fig. 3, along with the potentials for the 
solution redox couples employed in this study. 

Cyclic v o l t a m m e t r y . m T o  study the photoinduced 
electron transfer  to reducible molecules in solution, the 
cyclic vol tammetr ic  (CV) response at p-Cu20 in the 
dark and under  i l luminat ion was compared to that  ob- 

E f  . . . . . . . . . . . .  

. . . . . . . .  1 . 7 4  

.Ph (ce)2 * _ 1.72 

P h N 0 2  --1 3 3  

--  .2 
P h  N 2 

AQ 
- - 0 . 9 5  

B Q  - - 0 . 5 2  

- -  0 . 4 3  

. . . . . . . . .  0 . 0 0  
. . . . . . . . .  §  

. . . . . . . . .  + 0 2 6  

Fig. 3. Schematic representation of the energetic situation at 
p-Cu20/solufion interface along with Vredox of various redox 
couples investigated in this work. CB ~ conduction bandedge; 
Ef ~ Fermi level; VB ~- valence bandedge; Ph(CN)2 
phthalonitrile; Ph(NO2) ~- nitrobenzene; AB ~ azobenzene; AQ 
- -  anthraquinone; BQ - -  benzoquinone; MV 2+ ~ methyl viologen 
dication. 

served for these systems at a p la t inum electrode. At 
plat inum, near- revers ible  CV behavior  is observed, so 
that  the redox potential  of the couple can be obtained. 
The procedures and interpretat ions general ly followed 
previous studies from this laboratory (17, 27-29). 

The range of s tabil i ty for the electrode in  the ab-  
sence of an added redox couple was determined from 
the CV behavior  of p-Cu20 in MeCN containing TBAP 
alone, as shown in  Fig. 4(a) .  The dark current  was 
very small  up to -- 1.8V vs. SCE. Under  i l luminat ion,  
no photocurrent  was observed up to -- 1.5V. However, 
at more negative potentials a small and unstable  photo- 
induced cathodic current  was found, which probably 
involves reduction of the Cu20 electrode perhaps in -  
volving trace impurit ies (e.g., H20) in the solvent. 

The addition of a reducible substance to the MeCN/ 
TBAP solution general ly  did not produce an appreci- 
able increase in the dark cathodic cur ren t  for poten-  
tials up to -- 1.60V, demonstrat ing the expected ab-  
sence of dark electron transfer  to solution species at the 
p- type semiconductor/ l iquid interface. Under  i l lumin-  
ation, however, the photogenerated electrons at ener-  
gies corresponding to the conduction bandedge  can 
t ransfer  to solution species, and significant photocath- 
odic currents are produced. For example, the CV re-  
duction of phthalonitr i le  [Ph(CN)2] on Pt, given in 
Fig. 4(b) ,  shows a reversible wave for the reduction 
to the radical anion at -- 1.72V vs. SCE. On p-Cu20, 
only a small  dark reduction current  is seen (Fig. 4c). 
However, under  i l lumination,  significant cathodic cur-  
rent  flows with the onset at potentials more positive 
than those for reduction at Pt (Fig. 4d). Note, how- 



Vol. 128, No. I0 S E M I C O N D U C T O R  E L E C T R O D E S  2161 

D ' 

oosmA 
a~c 

On^ ~ / 1 .u I 

I o ' 2mA . n ~..Q..I~(t,~- \ 

fl e!__  ]111tll ]11!IIII1111] 

I 
-1,8 

-1.8 

&, 

m 

" -~S 
V vs s ( .E  

Fig. 4. Voltammetric curves of Pt and p-Cu20 in MeCN contain- 
ing 10 mM (Ph(CN)2; 0.1M TBAP (supporting electrolyte). Light 
source, 450W xenon lamp. Scan rate = 50 mV/sec. (a) C-V curve 
an p-Cu20 in dark and under illumination in MeCN containing 
0.1M TBAP only; (b) cyclic voltammogram at Pt; (c) dark voltam- 
metric curve on p-Cu20; (d) C-V characteristics under chopped 
light in p-Cu20 before generating radical anions, in the dark; (e) 
C-V characteristic curve of p-Cu20 under continuous illumination; 
(f) same as in (a-e) but after electrochemically generating anion 
radicals; (g) C-V curves on p-Cu20 in dark after electrochemically 
generating anion radicals; (h) transient i-t curves of p-Cu20. The 
electrode was biased at - -0.5V vs. SCE; (i) same as in (a-e) but 
after irradiation for 6 hr, p-Cu20 electrode was biased at - -0.3V 
vs. SCE. 

ever, that  a l though there  is a considerable  "underpo-  
tent ia l"  for the s ta r t  of the reduct ion  of Ph(CN)2,  the 
cathodic pho tocur ren t  r ises r a the r  s lowly wi th  po ten-  
t ia l  and only a t ta ins  a l imi t ing va lue  at  ,~ --0.9V. This 
slow rise in cathodic photocur ren t  can be a t t r ibu ted  to 
apprec iab le  oxida t ion  of the photogenera ted  reduced  

species, Ph  (CN) 2 - ,  at  potent ia ls  be tween  the onset po-  
ten t ia l  and  the l imi t ing  one. This oxidat ion  of the  r e -  
duced form is appa ren t  f rom the  reverse  scan (Fig. 
4e), where  the  cur ren t  crosses the zero cu r ren t  axis at  
more  nega t ive  potent ia ls  than  the or iginal  onset po ten-  
t ia l  and  the  presence of photogenera ted  rad ica l  anion, 

P h ( C N ) 2 -  causes an anodic cur ren t  flow. S imi lar ly ,  if 
the ini t ia l  scan is car r ied  out  wi th  a solut ion tha t  con- 
tains both  pa ren t  and rad ica l  anion, the  onset potent ia l  
occurs at  more  negat ive  values, ,-, --0.6V vs. SCE (Fig. 
4f). Moreover,  as the  concentra t ion of rad ica l  anion is 
increased,  the onset potent ia l  also shifts t oward  more  
negat ive  values.  In  Fig. 4g is shown the effect of r ad i -  
cal anion on the behav ior  of p-Cu20 in dark.  The da rk  
oxida t ion  cur ren t  begins at  --0.6V. Thus the back- 

oxidat ion  of P h ( C N ) ~ '  leads to the observed  shape of 
the pho tocur ren t -po ten t i a l  curve and the fact  that  the 
photocathodic  cu r ren t  remains  smal l  up to --0.SV vs. 
SCE, even though the onset  of pho tocur ren t  occurs 
near  the f ia tband potential .  The presence of surface 
recombina t ion  or  back- reac t ion  be low --0.SV vs. SCE 
is also demons t ra ted  by  the t rans ient  pho tocur ren t -  
t ime behavior  of p-Cu20 in MeCN containing TBAP, 
Ph(CN)20/-1  (Fig. 4h).  Upon i l luminat ion,  the ca th -  
odic cur ren t  shows a sharp  increase,  bu t  then r ap id ly  
drops off as radical  anion accumulates  at  the e lectrode 
surface. When the l ight  is tu rned  off, the cur ren t  drops 
and an anodic cu r r en t  spike appears ,  represen t ing  
oxidat ion  of rad ica l  anion. At  more  negat ive  potent ia ls  
(e.g., --0.9V), only  a flat photocathodic  cur ren t  t r an -  
s ient  appears ,  wi th  no anodic da rk  t ransient .  Af te r  
continuous i l lumina t ion  for  6 hr, wi th  the  p-Cu20 
electrode held  at  --0.3V vs. SCE, the CV behavior  was 
essent ia l ly  unchanged  (Fig. 4i), thus demons t ra t ing  the  
s tab i l i ty  of the semiconductor  electrode.  The behavior  
of p-Cu20 with  Ph(CN)2  was typica l  of t ha t  found 
wi th  o ther  redox  couples. F r o m  the  locat ion of the  en-  
e rgy  levels of these couples wi th  ;espect  to the band-  
edges (Fig. 3), one would predict ,  based  on the ' " ideal"  
model  of the semicunductor / l iqu id  interface,  tha t  a l l  of 
the couples would be pho toreduced  wi th  the potent ia l  
of the onset of pho tocur ren t  Von, located near  VrB. This 
was found to be the case for  solut ions in i t ia l ly  con- 
ta ining only the  oxidized form of the couple.  The 
values of Von and V r e d o x  a r e  given in Table I. In  all  
cases apprec iab le  photocur ren t  flowed only at  poten-  
t ials  s ignif icant ly more  negat ive  than  Von. The l imi t -  
ing quan tum efficiency for  the  photogenera t ion  of 

P h ( C N ) 2 : ,  defined as the  rat io  of the  cu r r en t  (in 
e lec t rons / s -cm 2) to the  absorbed  l ight  flux (in pho-  
tons/s-cm2),  wi th  the p-Cu20 e lec t rode  held  at a po-  
ten t ia l  of --  1.0V where  the  l imi t ing  cu r ren t  is a t -  
tained,  was es t imated  at  500 nm. This va lue  of ). cor-  
responds to an energy  grea te r  than  the  bandgap  of p -  
Cu20. The 500 nm rad ia t ion  was obta ined  by  in te r -  
posing a J a r r e l - A s h  Company (U.S.A.) monochromator  
between the PEC cell and the xenon lamp (2500W 
opera ted  at  1600W); the monochromat ic  l ight  was fo- 
cused on the p-Cu20 electrode.  The photocurrent ,  r e -  
corded on a Model 2000 X - Y  recorde r  (Houston In -  
s t ruments ,  Austin,  Texas) ,  was 0.70 #A/cm 2. The PEC 
cell was then rep laced  and the monochromat ic  l ight  in-  
tensity,  measured  by  a r ad iomete r /pho tomete r ,  Model  
550-1 (Electro Optics Division) was 14.6 ~W/cm 2. These 
values  y ie ld  a monochromat ic  quan tum efficiency of ,~ 
10.5%. 

Effect of p re t rea tmen t . - -The  nature  of the e lect rode 
surface pre t rea tment ,  e.g., via etching, is known  to af-  
fect the  behavior  and  PEC per formance  of SC elec-  
t rodes (30, 31). Four  different  e tchants  were  used in 
this work,  descr ibed in the  expe r imen ta l  section. Elec-  
t rodes t rea ted  wi th  etchants  (2), (3), or  (4) gave large  
da rk  currents  as compared  to those wi th  1 (12M 

Table I. Voltammetric data and onset potential of photocurrent 

E l e c t r o d e  = p -Cu20 ,  VFB = + 0 . 1 6 V  VS. SCE,  NA = 4.87 X 10~e/cm ~ 

Vredox Von 
R e d o x  V v s .  V v s .  V v ~  = 

c o u p l e  a S C E  S C E  i Vredox -- Von i 

Ph (CN) ~(oI-~) - 1.72 + 0.02 1.74 
Ph ( NO2 ) (oi-i> - 1,33 + 0.03 1.36 
AB(O/-1) - 1.28 + 0.04 1.32 
AQ(O/-z) - 0.96 + 0.04 1.00 
BQ(O/-1) -- 0.53 + 0.06 0.59 
MV+-~/+z - 0,43 0.00 0.43 

a A b b r e v i a t i o n s :  P h ( C N ) 2  = p h t h a l o n i t r i l e ;  Ph(NO.~)  ~ n i t r o -  
b e n z e n e ;  A B  = a z o b e n z e n e ;  A Q  = a n t h r a q u i n o n e ;  B Q  = b e n z o -  
q u i n o n e ;  M V  = m e t h y l  v i o l o g e n .  
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HNO~) (Fig. 5). Generally, electrodes that showed 
surfaces with large crystallites and grain boundaries, as 
produced by etching with 12M HNO3, showed a better  
PEC performance than those with smooth and shiny 
surfaces [e.g., as produced by etchant (4) ]. 

Anodically grown Cu~O films.--The PEC behavior of 
p-Cu20 anodic films depended upon the electrochemi- 
cal conditions employed for growing the oxide film and 
the pretreatment  of the Cu electrode before film for- 
mation. The films produced in aqueous NaOH solu- 
tions by linearly scanning the potential showed better  
photoresponse than those prepared by galvanostatic 
oxidation. Among the Cu electrode pretreatments tr ied 
[etching with 6M HNOs, etching with FeC13 in EtOH, 
electropolishing (20), or electropolishing with etching 
in FeCla], etching with HNO3 produced electrodes 
which showed the largest photoeffects. Etching, with 
either FeC13 or the electropolished surfaces, yielded 
Cu20 films which showed a poor photoeffect. For films 
grown by linear scans, the photoresponse depended 
upon the potential scan rate, v, for film growth. Films 
grown at very small v (0.02 mV/sec) exhibited better  
PEC behavior than those grown at higher scan rates 
(0.2 and 1.0 mV/sec). In the linear scan experiments, 
the formation of Cu20 was characterized by a peak 
obtained at --0.4 to --0.5V vs. SCE (20). To avoid 
conversion of the Cu20 to CuO, the potential was not 
scanned beyond --0.35V vs. SCE. Current-potential  

0:0 

b 

I 
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V v= sOE .2mA 

L+) / (,~) 
~ . 2 V  

Fig. $. Current-potential characteristics under chopped light on 
p-Cu20 in MeCN containing 0.2M PhNO2, 0.]M TBAP (supporting 
electrolyte). Light source, 450W xenon lamp. Scan rate, 50 mV/ 
sec. (a) p-Cu20 treated with 12M HNO3; (b) p-Cu20 treated with 
6M HNOs; (c) p-Cu20 treated with H2SO4: H202:HaO = 3:1:1; 
(d) p-Cu20 treated with NHO3:H3PO4; acetic acid = 17:41.5:4.15. 
n', b', c', and d' are in the dark. 

curves in the dark and under chopped illumination for 
p-Cu20 films (grown at 0.02 mV/sec in 1M and 5M 
NaOH) in MeCN/TBAP containing Ph (CN)2 are given 
in Fig. 6. The photoresponse was clearly much greater 
for films grown in 5M NaOH. The beneficial effect of 
slow scan rate and higher NaOH concentration is prob- 
ably caused by the formation of a less random and 
thicker film (20). Some improvement in the onset po- 
tential and photocurrent was achieved by etching the 
anodic Cu20 film with 0.01M HNO8 for 1-2 sec. Etching 
with a more concentrated HNO~ solution (0.1M) de- 
stroyed the photoeffect, presumably because dissolution 
of the CueO film occurred. Films grown in I0M NaOH 
gave a photoresponse similar to those grown in 5M 
NaOH at 0.02 mV/sec: Generally, however, the photo- 
currents at the anodic films were much smaller than 
those at the thermally grown material  for similar solu- 
tion and illumination conditions. 

p-Cu~O/MeCN PEC cells.--The CV behavior can be 
used as a guide for the construction of PEC photovol- 
talc cells, where the open-circuit  potential of the semi- 
conductor ideally (in the absence of recombination) 
approaches VFB and the metal counterelectrode is at 
Yredox. Although the photocurrents found in the CV ex- 
periments with p-Cu20 were rather small, the behavior 
of actual  two-electrode photovoltaic cells is of interest 
because observed responses under these conditions in- 
sure that the effects seen are not merely caused by con- 
ductivity changes under illumination and allow an esti- 
mation of the actual power conversion efficiency of 
such devices. From the energy level diagram (Fig. 3) 
and the voltammetric measurements (Table I) ,  cells 
containing Ph(CN)2 would be expected to show the 
highest open-circuit  voltage, Voo, and the best per-  
formance. The following cell was constructed: p-Cu20/ 

MeCN, TBAP (0.1M), Ph(CN)~ (10 re_M), Ph(CN)2 
(0.1 mM)/Pt .  The p-Cu~O photocathode (0.14 cm 2) and 
the Pt gauze (40 cm ~) counterelectrode were spaced 
about 1.0 cm, with the p-Cu20 electrode about <0.1 
cm from the cell window. The i-V characteristic of 
such a cell, obtained with different load resistances, is 
shown in Fig. 7. The open-circuit  photovoltage was 
0.3V, the short-circuit photocurrent density was 0.4 
mA/cm 2, and the fill factor was 0.51. Note that this 
open-circuit  voltage is considerably lower than the 
value predicted from voltammetric measurements con- 
ducted with solutions in the absence of appreciable 

Ph(CN)2- .  It is, however, about the same as that 
found with solid-state p-CueO cells (12). From the 

T)o.O5rnA o n n rl~0. CATHODIC) n ~ . ~ )  

-,   llllllll 1ILL'" 

O~3 -0,2 ~ / I )  [j ]J u U ''t u ~ " L"(b') 

V vs.  SCE 

Fig. 6. Current-potential characteristics under chopped light on 
p-Cu20 (anodically oxidized) in MeCN containing 10 mM PhCN2; 
0.1M TBAP. Light source, 450W xenon lamp. Scan rate, 50 mV/ 
sec. (a) p-Cu20 prepared in 1M NaOH; (b) p-Cu20 prepared in 
5M NaOH. a' and b' are in the dark. 
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Fig. 7. Photocurrent-photovoltage characteristic of the cell p- 
Cu20/MeCN, 10 mM Ph(CN)2; 0.1 mM Ph(CN)2 ~ TBAP, 0.1 M/  
Pt various load resistances. Irradiation source, 450W xenon lamp. 

data  in Fig. 7 and the l ight  flux of 120 m W / c m  2, the  
overa l l  op t ica l - to -e lec t r i ca l  energy  conversion effi- 
ciency, uncorrec ted  for  absorpt ion  and ref lect ivi ty 
losses, was ca lcu la ted  to be ,-~0.05%. This low va lue  can 
p robab ly  be a t t r i bu ted  to rap id  recombina t ion  p ro -  
cesses both  wi th in  the bu lk  p-Cu20 and at  the  i n t e r -  
face. The currents  were  not  l imi ted  by  mass t ransfer  

and were  unaffected by  st irr ing.  The P h ( C N ) 2 -  was 
in ten t iona l ly  kep t  at a low concentra t ion to decrease 
the l ight  adsorpt ion  by  this in tense ly  colored species 
and to minimize  the  back- reac t ion  at  the p-Cu20 sur- 
face. The photocur ren t  as a funct ion of t ime is shown 
in Fig. 8. The pho tocur ren t  was fa i r ly  s table for at least  
6 h r  a t  which  t ime the expe r imen t  was terminated .  

Scanning e lect ron micrographs  of different  t he rma l ly  
grown specimens af ter  e tching or  pol ishing are  given 
in Fig. 9. Samples  e tched wi th  HNOs (Fig. 9a) showed 
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1 
t i m e / h  

Fig. 8. Plot of photocurrent-output density of the cell p-Cu~O/ 
MeCN, I0 mM Ph(CN)2, 0.1 mM Ph(CN)2~; TBAP = 0.1 M/Pt as 
a function of time. Light source, 450W xenon lamp. 

wel l -deve loped  crys ta l l i tes  wi th  dis t inct  boundaries .  
While  some of the crysta l l i tes  were  ra the r  large,  zones 
of smal le r  crys ta l l i tes  were  also found. There  was no 
m a r k e d  change in the morpho logy  of p -Cu20 surfaces 
af ter  the PEC measurements  (Fig. 9b).  The surfaces of 
electrodes e i ther  pol ished wi th  A1203 (0.5 #m) or  
e tched wi th  HNOs: acetic acid: HsPO4 were  smooth 
(Fig. 9c, d) .  To test  if the smal l  crys ta l l i tes  and numer -  
ous gra in  boundar ies  found wi th  the 12M HNO3 etched 
samples  were  respo.nsible for  the low photovol tages  and 
efficiencies, an e lec t rode  was p repa red  in  which  al l  of 
the small  crys ta l l i tes  were  covered wi th  si l icone rub -  
be r  sealant,  leaving  only  a single la rge  crys ta l  exposed 
to the  solution. However ,  PEC measurements  wi th  this 
e lec t rode  showed no appa ren t  increase in e i ther  the 
photovol tage  or  pho tocur ren t  density.  This suggests 
tha t  there  may  be inheren t  pro.blems in the efficiency of 
poCu~O i.tself, and tha t  m a r k e d  improvemen t  in the 
efficiency wi th  this ma te r i a l  m a y  be difficult. 

Conclusions 

The p-Cu20 photocathode is s table  in MeCN con- 
ta ining a number  of different  redox  couples under  i r r a -  
diation. The photopotent ia l ,  Vph, equal  to (Vredox --  
Von), increases  l inea r ly  wi th  Vreaox, wi th  a slope near  
one. The onset of pho tocur ren t  is located, for al l  cou- 
ples invest igated,  near  the flatband. P r e t r e a t m e n t  of 
the e lect rode plays  an impor t an t  role on the PEC per -  
formance of p-Cu20,  and etching wi th  12M HNO8 was 
found to give a reasonable  pho tocur ren t  and smal l  
da rk  cathodic current .  The 12M HNO3 etched surface, 
which looks mat te  and po lycrys ta l l ine  wi th  dis t inct  
gra in  boundaries ,  exhib i ted  be t t e r  PEC behavior  than  
the one which was shiny and smooth (e.g., p roduced  by  
an HNOs: acetic ac id :  HsPO4 etching) .  

The overa l l  conversion efficiency of op t ica l - to -e lec -  
t r ica l  energy for the  PEC photovol ta ic  cells was low, 
< 0.1%. A br ief  compar ison  of the  l iquid junct ion  pho-  
tovoltaic cells wi th  the  so l id-s ta te  cells is in order.  Un-  
der  s imi lar  i r rad ia t ion  intensit ies,  the Schot tky  ba r r i e r  
Cu /p -Cu20  cells under  the best  condit ions are  repor ted  
to show an efficiency of 0.8% (12). The observed open-  
circuit  photovol tage  (0.30V) and fill factor  (0.39) are  
comparab le  to the values  in the l iquid junct ion cells, so 
that  the lower  efficiency can be t raced  to lower  shor t -  
circui't photocurrents .  Indeed,  even in the sol id-s ta te  
cells, encapsula t ion of the cell  wi th  epoxy  is requ i red  
for op t imum performance.  This encapsula t ion not  only  
reduced reflection losses but  also decreased the ob-  
served  da rk  current .  Moreover,  the res is t iv i ty  of our  
p-Cu~O was ~ 3-4 t imes that  of the Cu20 used in the 
sol id-s ta te  cells and, in the absence of more promis ing  
efficiencies, we did not  find i t  wor thwhi le  to a t t empt  to 
opt imize the  semiconductor  mater ia l .  In  general ,  the 
low photocurrents  and efficiencies in the l iquid  junc-  
t ion cells p robab ly  can be a t t r ibu ted  to r ap id  surface 
and bu lk  recombinat ion  of the pho togenera ted  charge 
carriers .  On the basis of these resul ts  and the  fact tha t  
efficiencies > 1% have not been repor ted  for so l id-s ta te  
cells, unless a significant improvement  in the mater ia ls ,  
characteris t ics ,  and efficiency can be obtained,  p-Cu20 
does not  seem to be a promis ing candidate  for PEC 
solar  energy conversion devices. 
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Fig. 9. Scanning electron mi- 
crographs of p-Cu20, thermally 
grown samples differently 
etched: (a) Etched with 12M 
HHOs, before PEC measurement. 
(b) Etched with 12M HNO3, 
after PEC measurement. (c) 
AI203 (0.5 ~m) polished. (d) 
Etched with HHO~:HsPO4:acetic 
acid = 17:4.15:41.5 by volume. 
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Technical Note 

Intermetallic Growth Dependence on Solder Composition 
in the System Cu-(Pb-Sn Solder) 

K. Kumar, A. Moscaritolo, and M. BrownawelP 
The Charles Stark Draper Laboratory, Incorporated, Cambridge, Massachusetts 02139 

This study examines the dependence of the growth 
kinetics of the  intermetall ic phases CuaSn and CueSn~ 
(formed in the copper, Cu, and lead-tin, Pb-Sn, solder 
laminated structure that  exists in conventional printed 
circuit boards) on the Pb-Sn solder composition that  
is employed. We have recently shown that  in some 
of the commercially produced circuit boards, thermally 
activated growth of the inmrmetall ic regions leads to 
eventual solder separation at the Cu-Cu3Sn interphase 
boundary (1). 

To evaluate and reasonably accurately predict the 
t ime-dependent  performance of these circuit boards 
during service, it is important  to devise accelerated 
tests at temperatures much in excess of operating 
temperature. The design of such a test, however, re -  
quires a knowledge of growth parameters, principally 
the activation energy. Its knowledge allows calculation 
of equivalent time at operating temperature to that 
used for exposure at the temperature of the test. Since 
the value of this activation energy is expected to be a 
function of the composition of the Pb-Sn  solder, one 
needs to know the variation of the activation energy 
as a function of solder composition, over a reasonably 
narrow composition range of interest. The solder com- 
position usually used is about 60 weight percent (w/o) 
Sn. The activation energy variation, therefore, needs 
to be systematically examined for solder compositions 
on either side of this value to take into account the 
effects of variations in plating processes from lot to 
lot and vendor to vendor. Data generated in earlier 
studies (2, 3) were considered inadequate in that  only 
discrete, widely separated solder compositions were 
evaluated. The compositions examined in these earl ier  
studies consisted of solder materials  containing 10, 30, 
60, and 100 w/o Sn. We have now examined the 
growth of the intermetallics using solder compositions 
of 45, 50, 55, 60, 65, and 70 w/o Sn. The samples were 
fabricated by electrodepositing the selected solder 
composition on high puri ty electrolytic grade copper 
sheets which were about 0.0175 cm thick. 

Five specimens, each approximately 1 cm square, 
were sectioned from each solder-plated copper sheet, 
using a jewler 's  saw. Four of these five specimens were 
heat- treated for a fixed time (100 hr) at temperatures 
of 348, 373, 398, and 423K. The fifth specimen was 
retained in the as-plated condition. The intermetall ic 
ba~dwidths in the as-plated samples constituted the 
starting conditions and these were used to calculate 
further growth of the bands which resulted from heat- 
treatments. 

All  of the as-plated and heat- t reated samples were 
mounted at room temperature (with the copper-solder 
interface slightly inclined to the plane of polishing) 

1Permanent  address:  Massachusetts Inst i tute  of Technology, 
Cambridge, Massachusetts 02139. 

Key words: activation energy, percent  Sn variation, Cu~Sn, 
Cu6Sn~. 

in a resin containing cast and polished for metallo- 
graphic examination using standard techniques. The 
selected angle of t i l t  of the copper-solder interface 
allowed amplification of the intermetall ic regions, upon 
polishing, by a factor of ten. The intermetall ic regions 
were photographed on an American Optical Metallo- 
graph at 1000 magnification. Figure 1 is typical of 
what was observed. The intermetallics appeared as a 
set of two blue bands sandwiched in between the cop- 
per substrate and the electrodeposited solder. The two 
bands, as indicated in Fig. 1, were composed of the 
phases Cu~Sn and Cu6Sn~. 

The majori ty of the photographs did not show a 
clear separation of the intermetallic phases. The Cu3Sn 
and Cu6Sn5 intermetallics were found to coexist in a 
narrow region across their interface, with Cu3Sn par-  
ticles dispersed in a Cu6Sn5 matrix. In this case, the 
interphase boundary was assumed to exist at the mid- 
point of this two phase region. The Cu3Sn-Cu and 
Cu6Sns-(Pb-Sn solder) boundaries were also not 
always smooth. The effective widths were taken as the 
average of 9 measurements made along each interface. 
A typical selection criterion for the different bound- 
aries is shown in Fig. 1. The widths of the CusSn, 

Fig. 1. Typical micrograph showing Cu3Sn and CusSn5 inter- 
metallic regions after polishing on a 10 to 1 bias. (Actual width 
is less by a factor of ten than what is observed.) 

2165 
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Cu6Sns, and Cu4Sn 4- Cu6Sn5 in te rmeta l l i c  regions 
were al l  measured  separate ly .  

An Arrhen ius  p lo t  was then constructed wi th  the 
log values of the widths  (of the different  in te rmeta l l i c  
regions) p lot ted  on the ver t ica l -axis ,  and the rec ipro-  
cal values  of the h e a t - t r e a t m e n t  t empera tu re s  p lot ted  
on the hor izonta l  axis. Separa te  plots were  obta ined 
for the CusSn, Cu6Sns, and Cu3Sn 4- Cu6Sn5 widths  
for e a c h  composition. The da ta  were  made  to fit a 
s t ra ight  l ine using a least  squares analysis  (4). 

The equat ion of this l ine is given by  the expression 

In A Ea 
l n x  ~ - -  

2 2RT 

where:  x [in cm] is the increase  in the in te rmeta l l i c  
bandwid ths  for CusSn, Cu6Sns, and Cu3Sn 4- Cu6Sns, 
respect ively,  Ea is the act ivat ion energy  in ca l /mol ,  
R is the gas constant  in ca l /mo l /K ,  T is the t empera -  
ture in K, and  A ---- Dot in cm 2 (where  Do is the di f -  
fusion constant  in cmf/sec and t is fixed t ime in sec 
at  t empe ra tu r e ) .  

The act ivat ion energy  for each solder  composit ion 
and each in te rmeta l l i c  phase was then calcula ted f rom 
the measured  slopes of the various Ar rhen ius  plots 
using the above expression.  The values of the ac t iva-  
t ion energies obta ined  in this w a y  were  then  rep lo t ted  
as a function of the weight  percent  Sn in the  solder. 
The s tudy was then repeated,  i ndependen t ly  of the 
first s tudy,  and the second set of values of the  ac t iva-  
t ion energies  were  l ikewise  p lot ted  as a funct ion of 
the solder  composition. The two different  sets of va lues  
of the act ivat ion energies  were  then averaged  into one 
plot  (see Fig. 2). The values  of the act ivat ion energy  
measured  in the second s tudy  were  al l  wi th in  10% of 
the values obta ined in the first study. The scat ter  ob-  
served  in the data  obta ined for the CuaSn act ivat ion 
energy  plot  was pa r t l y  a t t r ibu ted  to the difficulty in 
de te rmin ing  the posi t ion of the CusSn-Cu6Sn5 bound-  
ary. 

This s tudy  shows that  the act ivat ion energy  de-  
creases wi th  increas ing amounts  of Sn over  the range  
of solder  composit ions tha t  were  examined.  This va r i a -  
t ion of the act ivat ion energy  was in te rp re ted  as be ing  
re la ted  to the presence of v a r y i n g  amounts  of Pb in 
the solder  mater ia l .  As the  react ion be tween  the copper  

I 
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Fig. 2. Activation energy variation with weight percent tin in the 
solder for (A) Cu3Sn, (B) Cu6Sns, and (C) Cu3Sn 4- Cu6Sns. 

and the solder  progresses,  most  of the Pb is re jec ted  
out  of the reacted zones into the solder  regions close 
to the Cu6Sns- (Pb-Sn)  solder  bounda ry  as a P b - r i c h  
phase (1). The diffusion ra te  of the Sn through this 
Pb - r i c h  phase must,  therefore,  s t rong ly  influence the 
kinet ics  of the growth  of the  different  in te rmeta l l ic  
bands. According to this in terpre ta t ion ,  the Pb - r i ch  
phase, which  accumulates  at  the  Cn6Sns- (Pb-Sn)  
solder  boundary ,  mus t  serve as a diffusion ba r r i e r  to 
the Sn atoms for  g rowth  of the severa l  in te rmeta l l ics  
to proceed. Thus the ra te  of in te rmeta l l i c  g rowth  is 
d i rec t ly  influenced by  the accumula t ion  of this Pb- r i ch  
species, which is obviously  a funct ion of the overa l l  
chemical  composit ion of the solder. The calcula ted 
act ivat ion energy  is, therefore,  indicat ive of the effect 
of solder  composit ion on in te rmeta l l i c  g rowth  kinetics.  

These observat ions dispute  ea r l i e r  suggest ions that  
the concentrat ion of Pb has l i t t le  effect in de te rmin ing  
the ra te  of g rowth  of the various compounds (2). Our  
resul ts  also do not  show the presence of a m a x i m u m  
value  for the act ivat ion energy  at  solder  composit ions 
close to 60 w/o  Sn, the poss ibi l i ty  of which was ind i -  
cated in Ref. (3). The value  for the act ivat ion energy  
of Cu3Sn 4- Cu6Sn5 at  this composit ion is s ta ted  to be 
49.64 k J / m o l  K (11.86 kca l /mo l  K) in this  reference.  

I t  should be noted tha t  the gra in  size of the copper  
sheets used in this s tudy  was quite coarse, typ ica l ly  
ranging f rom 20 to 50 micrometers .  The gra in  size 
present  in the copper  base tha t  exists in convent ional  
p r in ted  circuit  boards,  on the o ther  hand, is consider-  
ab ly  more  r e f i ned - -by  at  least  one o rde r  of magni tude .  
The ra te  of react ion of the copper base wi th  the  P b - S n  
solder  in the convent ional  circui t  boards  is, therefore,  
expected to be subs tan t ia l ly  more r ap id  than  wha t  
was observed for the  coarse -gra ined  samples  of this 
study. (This gra in  size effect wi l l  show up as a r e -  
duced value  for  the act ivat ion energy,  in the fine- 
gra ined  circuit  boards,  for any  given so lder  composi-  
tion. In ag reemen t  wi th  this analysis  we have mea -  
sured values of about  12.7, 14.4, and 13.5 k c a l / m o l  in 
commerc ia l ly  produced circui t  boards  formed with  a 
P b - S n  solder  of nomina l  62% Sn composit ion for the 
in te rmeta l l i c  phases Cu6Sns, CusSn, and  CusSn 4- 
Cu6Sns, respect ively . )  The var ia t ion  of the ac t iva t ion  
energy  with  changes in Sn concentra t ion in the P b - S n  
solder  should, however,  be s imi la r  to wha t  was shown 
in Fig. 2, since this is bel ieved to p r i m a r i l y  depend  on 
the diffusion of Sn th rough  the Pb - r i ch  phase located 
on the so lder  side of the Cu~Sns- (Pb-Sn)  solder  
bounda ry  and this is not  expected  to be a s t rong 
function of the  gra in  size of the  copper.  
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Rotating Ring-and Split Ring-Disk Electrodes 
with Interchangeable Disks 
S. Menezes,* L. F. Schneemeyer,* and B. Miller* 

Bel~ Laboratories, Murray Hffl, New Jersey 07974 

The electrochemical insights gained with r ing disk 
electrodes (RRDE) have generated an endur ing in ter -  
est in making their  construction easier and more flexi- 
ble (1). One such means is to provide a readily de- 
mountable  disk (2-5) to facilitate m a n y  types of RRDE 
investigations during which one r ing mater ia l  may 
serve generally. Any study depending on varying the 
disk composition or morphology, or comparing a series 
of disk materials  in  given electrolytes, would be ex- 
pedited by disk interchangeabil i ty.  In  a pr ime example 
of par t icular  current  relevance to us, the s tudy of 
semiconductor disk photoelectrochemistry, these are 
all  p rominent  requisites. The power of the methodol-  
ogy can be extended in certain complicated systems by 
use of a split r ing var iat ion (SRRDE) which provides 
two independent  monitors of the disk reaction rather  
than one (6). 

We have taken a proven design (6) for making 
either RRDE or SRRDE's of relat ively easy pe rmanen t  
construction, compatible with v i r tual ly  any  1/4 in. 
shaft rotator, and modified it to accept demountable  
disks. Impor tan t  to us in this development  is obtaining 
a simple interchange (perhaps 15 min  of easy steps) 
without  sacrificing any theoretical advantages of the 
system, such as speed invar ian t  collection efficiency, 
not found in a most recent demountable  electrode de- 
sign (5). The predecessor permanent  version to ours 
(6) is based on an epoxy adhesive, concentric coupling 
of a disk (rod) and r ing ( tube) ,  with the split r ing 
form completed by appropriate subsequent  slotting of 
the tube. Electrodes already constructed of either form, 
or freshly made up with active disk mater ial  omitted, 
are readily adapted to take a threaded mount  for the 
disk and it  is only required to have a solvent- remov-  
able, gap-fill ing polymer of reasonable adhesive qual-  
ity to have the necessary demountabil i ty,  as will  be 
shown below. 

Demonstrat ion of the practicabil i ty of the new elec- 
trodes is given for several r ing disk combinations, in -  
cluding metal  and semiconductor disk examples. Con- 
firmation of theoretical behavior  and the demounting,  
remounting,  and replacing of disks are amply exam- 
ined. 

Experimental Section 
Apparatus and materials.--The galvanostat-potent io-  

star (6) and motor control-~ I/2 scanning circuitry (7) 
have been described earlier. Scans were recorded using 
an HP Model 7046A X, Y, Y' recorder. Current  ratios 
were obtained with a Burr  Brown 4291 analog divider. 
Electrochemical experiments  were performed under  an 
Ne atmosphere in a three-electrode cell with p la t inum 
counterelectrodes and saturated calomel (SCE) refer-  
ence electrodes. Experiments  employing a semiconduc- 
tor disk utilized a cell with an optical flat bottom, per-  
mit t ing disk i l lumina t ion  with a 100W tungs ten-ha lo-  
gen lamp. Electrolytes were prepared with reagent 
grade chemicals and t r iply distilled water. Single 
crystal n-CdS from Cleveland Crystals was etched for 
a few seconds in concentrated HC1 before scans. 

Electrodes.--The fabrication of pe rmanen t  r ing disk 
and split r ing disk electrodes has been detailed earlier 
(6). Easy mount ing  and demount ing of a desired disk 
have been achieved with modifications shown in Fig. 
1. The center rod is dri l led and tapped to a convenient  

* Electrochemical Society Active Member. 
Key words: ring disk electrodes, demountable disk, electrolytes. 

screw size (4-40 in this ease) as pictured, following 
rod- tube  a l ignment  and bonding. The active disk ma-  
terial may be machined out of an already constructed 
electrode and the hole tapped, as was actual ly done for 
our electrodes. 

Stainless steel Fil l ister  head screws (1/4 in.) with 
the head machined flat serve as convenient  disk 
mounts. The active disk mater ial  is fastened to the 
screw using solder or conducting silver epoxy. Shap- 
ing of the disk may be completed on a lathe with ap- 
propriate cutter  or abrasive. In  the case of the CdS 
disk, an ohmic contact was formed on the back of the 
crystal with G a / I n  eutectic prior to silver epoxy bond-  
ing. 

The disk is threaded to approximate p lanar i ty  to the 
ring, and then the' remaining gap between the r ing and 
the disk is filled with Loctite 430 adhesive (Loctite 
Corporation, Newington, Connecticut) .  Cure wi thin  
minutes  was obtained using Loctite Tak Pak Accelera- 
for. Excess adhesive was removed, and the r ing and 
disk made coplanar, by polishing. To demount,  the 
gap-filling adhesive was removed by dipping the elec- 
trode assembly in  ul t rasonical ly agitated d imethyl-  
formamide (DMF) at --40~ for several minutes,  
after which it is readily unthreaded.  To assure facile 
removabili ty,  the threads were protected from the gap- 
filling adhesive by coating those nearest  the disk with 
Fluorolube Grease GR-90 before insertion. Care was 
taken to keep the sides of the r ing and disk free of this 
grease. 

Results and Discussion 
An Au r ing -P t  disk assembled as above was exam- 

ined in 5 mM Fe(CN)6 -4 + 1M KC1. The disk was 

L 0.250" 
I- 

~ ..... 

TO FILL ~ ~ 

DISK 

--0.022" 

~-RING 

- -  4 - 4 0  SCREW 

Fig. 1. Schematic diagram of a demountable disk, ring disk 
electrode. 
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potent ios ta t ted  at  0.5V and the r ing  at --0.2V vs. SCE 
to oxidize Fe (CN6-4  and reduce product  Fe (CN)8 -8 at  
their  respect ive  l imi t ing  currents.  F igure  2(a)  shows 
Levich plots of the disk and r ing - l imi t ing  currents,  
iD and JR, VS. ~1/2 for speed scanned at  1 rpm 1/2 sec -1 
be tween zero and 10,000 rpm. Both plots a re  l inear  
above ~400 r p m  as expected (8) and the rat io  of thei r  
slopes yields  a collection efficiency of 0.34 in good 
agreement  wi th  tha t  ca lcula ted  (9) f rom the nominal  
geomet ry  of the RRDE in Fig. 1. 

To test the RRDE reproduc ib i l i ty  a f te r  repea ted  de-  
mount ing and remount ing  by  the descr ibed procedure,  
the disk electrode was un th readed  af te r  dissolving the 
adhesive in DMF, reassembled,  and pol ished l igh t ly  to 
assure its p lanar i ty .  The r ing collection exper imen t  of 
Fig. 2 (a) was then repeated.  The second set of Levich 
plots obta ined  in a f resh solut ion of the same composi-  
tion essent ia l ly  super imposed  those of Fig. 2 (a) .  In this 
run, the constancy of the collection efficiency of the 
r ing  disk in the above configuration was examined  
over  the same range  of ro ta t ion speed by  obtaining the 
rat io  of r ing  to disk current ,  N, d i rec t ly  wi th  the ana-  
log d iv ider  in Fig. 2 (b) .  Ring cur ren t  was corrected 
for a smal l  measured  res idual  before  division. This 
plot  also gives a value  of 0.34 for ~1/2 ~ 20 rpm 1/2. 

F igure  3 shows iD ~ ED and iD --  iR plots obta ined in 
0.1M Fe(CN)6  -4  + 1M KC1 at an i l lumina ted  n-CdS 
electrode act ing as a photoanode.  The h igher  concen- 
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Fig. 2. Pt disk and Au ring potentiostatted at 0.5V and --0.2V 
vs. SCE, respectively, in 5 mM Fe(CN)6 - 4  ~ IM KCI. Speed 
scanned at 1 rpm t/2 sec -~.  (a) First mounting of disk, iD (solid 
line) and iR (dashed) vs. ~1/2. (b) Remounting of disk, iR/iD 
N VS. ~1/2 
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Fig. 3. iD - -  ED and iR - -  iD curves under disk potential scan 
at 5 mV/sec for illuminated n-CdS disk Pt ring in 0.1M Fe(CN)6 -4  
- -  1M KCI. Ring potential - -0 .2V vs. SCE, speed 1600 rpm. 

t ra t ion of Fe (CN)6  -4  was employed in this case to 
suppress the competi t ion of surface corrosion processes 
under  the  given i l lumina t ion  intensity.  The level ing of 
iD above 600 ~A occurs f rom photon flux l imitat ion.  In 
the accompanying iD --  iR scan, the r ing  is held on the 
reduct ion wave  of Fe (CN)6  -8 to collect Fe(CN)6  -~ 
resul t ing f rom photo-ox ida t ion  at  the n -CdS disk. The 
slope of this t race yields  an exper imen ta l  value  for N 
of 0.32, which compares  closely wi th  the calculated 
0.34. This agreement  of N values indicates  that  al l  the 
anodic photocur ren t  at  n -CdS in the l inear  region of 
the  plot  resul ts  f rom efficient pho to-ox ida t ion  of 
Fe (CN)6  -4  and the cur ren t  contr ibut ion  to surface 
processes is minimal .  

We appl ied  an SRRDE, constructed by  mount ing the 
Pt  d isk  used above in a gold spl i t - r ing,  to a s i tuat ion 
where  s imul taneous  moni tor ing  of two oxidat ion  states 
of a redox species is ve ry  he lpfu l  in resolving the disk 
reactions.  F igure  4 show r ing  collection (product  de-  
tection) and shie lding ( reac tan t  removal )  measure -  
ments  dur ing reduct ion of Cu( I I )  at a P t  disk. The 
Pt  disk t race shows a two-s tep  reduction,  Cu( I I )  to 
Cu( I ) ,  and Cu( I )  to Cu(0),  l abe led  A and B, respec-  
t ively,  before the  onset of H2 evolution. The dashed 
curves show currents  iR + and iR-  at the two Au half  
r ings which were  potent ios ta t ted  at  ER + = 0.4V and 
ER-  = - -03V,  respect ively.  The cur ren t  in the upper  
ha l f - r ing  trace, iR +, resul ts  from the oxidat ion  of 
Cu( I )  genera ted  at  the disk. Fo r  the first reduct ion  
wave, i t  reaches a corresponding l imi t ing va lue  and 
drops back to zero when the second reduct ion wave, B, 
starts.  A t  these potentials ,  the Cu( I I )  is reduced  
fu r the r  to Cu(0)  at  the disk and no product  reaches 
the ring. The r ing-sh ie ld ing  curve, JR-, moni tors  
Cu (II)  species at  a potent ia l  corresponding to the l im-  
i t ing current  of the first disk step, A. When no cur ren t  
flows at the disk at  posit ive potentials ,  iR-  measures  
the l imi t ing cur ren t  of Cu (II)  which can be quan t i t a -  
t ive ly  re la ted  to iD at  A by  the re la t ion JR- : 0.52iD 
for this ha l f - r ing  geometry.  JR- decreases by  the 
amount  NiD when the disk consumes Cu( I I )  on the A 
~lateau.  Since the flux of Cu( I I )  to the r ing is un-  
changed dur ing  the second reduct ion wave, iR-  re -  
mains  constant. The r ing and disk curves shown in Fig. 
4 are  scaled by  app rox ima te ly  the geometr ic  factor  for 
a ha l f  ring, N/2. We note that  agreement  between the 
exper imenta l  N/2 of 0.140 and 0.145 for the two indi -  
v idual  methods of detect ion and the ca lcula ted  0.29 for 
the combined half  r ings is as expected.  

Conclusions 
The var ie ty  of exper iments  per formed  i l lus t ra t ing  

the  desired demountabi l i ty ,  in terchangeabi l i ty ,  and 
theoret ica l  per formance  of these electrodes confirms 
the design objectives.  The me thy lcyanoac ry la t e  gap-  
filling adhesive  selected provided  both easy remova l  
in the presence of the p r i m a r y  epoxy  mount ing and 
shr ink  po lye thy lene  tubing used above it, and good 
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Fig. 4. Pt disk potential scan at 5 mV/sec in 2 mM CuCI2 -f- 
0.SM KCI with Au split ring. Half rings held at 0.4V (JR +) and 
--0.1V (i]~-) vs. SCE. Speed 1600 rpm. 
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evidence of adequa te  seal ing proper t ies  and resistance 
to typica l  aqueous environments .  The savings in time, 
effort, and cost by  having a few basic RRDE or  SRRDE 
structures,  as in Fig. 1, to mate  wi th  the read i ly  p re -  
pared  d i sk - t ipped  screws can be amply  testified to 
from our  own exper ience  wi th  the construct ion of 
m a n y  dozens of such pe rmanen t  electrodes.  
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ABSTRACT 

Insights into the t ransport  and deposition of oxygen in silicon oxidation at 
700~ have been obtained by isotope label ing and use of the ion microprobe 
mass analyzer  for profiling. The results are consistent with interst i t ial  diffusion 
of 02 as the prime support  of the interracial  oxidation reaction. Vacancy mi-  
gr.ation was observed near  the surface with a very low diffusion coefficient. 
The SiO2-Si interface is found to be diffuse with the interface reaction fol- 
lowing a perfusive-precipi tat ion model. This model is shown to explain the 
profile features observed and agrees well  with l i terature data for diffusion 
coefficient and rate of reaction with silicon. 

W. A. Tiller (1) expressed the point of view that 
the oxidation of silicon is controlled by the migrat ion 
of O = interstitials. In  his t reatment ,  a "free volume 
supply condition" is assumed to be a problem for the 
02 migrat ion proposed by Doremus (2) since this con- 
dition requires greater free energy than O2 transport  
and requires large vacancy migration. Significant 
amounts  of vacancy migrat ion have been el iminated by 
Rosencher, Straboni,  Rigo, and Amsel (3) in their art i-  
cle which utilized lsO2 label ing and depth profiling with 
a Van de Graaff accelerator. The depth resolution of 
this technique, however, is insufficient to obtain pro~les 
usable for modeling of the reaction. 

To obtain bet ter  profiles for modeling, the ion micro- 
probe mass analyzer (IMMA) was used in a similar 
isotope labeled study. The resolution of this ins t ru-  
ment  is sufficient to yield diffusion coefficients that  are 
of the order of those for oxygen in silicon over the 
temperature  range studied by Deal and Grove (4), Law 
(5), and Irene (6). The conditions of sample prepara-  
tion were selected to allow a l inear  rate for most of 
the reaction. This simplifies the modeling problems and 
also allows clear inspection of the interface reaction 
if the model by Blanc (7) is operative. 

Experimental Method 
The silicon samples were obtained from Electronic 

Space Products, Incorporated, as 0.25 mm thick, single 
crystal wafers of about 2 cm diam. The three samples 
used were a p-type, 100 oriented, with a resistivity 
of 29.2 ~cm, a p-type, 111 oriented, with a resistivity 
of 181 ~cm, and an n-type,  111 oriented, with a re-  
sistivity of 36.3 ~cm. These samples were oxidized in 
a tube furnace capable of an ul t rahigh vacuum. The 
temperature  chosen for oxidation was 700~ According 
to Deal and Grove (4), the oxidation at this tempera-  
ture is l inear  for at least 5 days. After  evacuation to an 
ul t rahigh vacuum (<  2 • 10 -6 Pa outside the tube 
furnace area) ,  the container tube was backfilled with 
3.3 kPa of 1602 and the reaction allowed to proceed for 
10 days. After 10 days, the tube was evacuated and 
backfilled with 3.3 kPa of lsO2 and the reaction allowed 
to proceed for another  ten days. 

Key words: oxidation, silicon, ion microprobe, SIMS. 

The cooled samples were t ransferred through air 
into the IMMA. The depth profiling capabili ty of this 
ins t rument  was utilized by sput ter ing wi th  a 5 nA, 
21.5 keV N2 + ion beam and measur ing the evolved 
160- and 1so-  ions. The sput ter ing was confined to a 
rastered area of 31 by 39 #m. Electronic aper tur ing 
minimized etch pit edge effects and maximized the 
depth resolution. Experience with other samples indi-  
cates that the depth resolution of the IMMA for these 
conditions is bet ter  than 10 n m  of real distance per 
decade drop in signal. A sputter ing rate of 17.7 nm 
min  -1 in silicon metal  was determined for these beam 
conditions using a boron- implanted  silicon calibration 
standard. This translates into 9.0-15.0 nm min  -1 equiv-  
alency of silicon metal  in SiO2 depending upon the 
assumption made. An equivalency rate of 12 nm min  -1 
was chosen as a compromise unt i l  a more accurate cali- 
brat ion is available. (The distance equivalency of sili- 
con metal  in SiO2 is given by 0.47 of real distance since 
it is assumed that the expansion is constrained by the 
rigid surface geometry and takes place almost com- 
pletely in the vertical direction.) 

Results 
Some typical profiles are shown in Fig. 1. Four main  

features may be identified in these prefiles: 
1. A very sharp tail ing of the 1so-  signal from the 

surface inward  accompanied by a rise in the 160- 
signal. Some surface enhancements  are probably pres- 
ent, but  the inward  tail ing is real since it is reflected 
in the 160 to 180 ratio. If the gradient  is due to diffu- 
sion of some species, then the diffusion coefficient is 
between about 3 • 10 -23 m 2 sec -1 for the N ( l l l )  
sample, and about 1.7 • 10 -23 m 2 sec -1 for the P ( l l l )  
sample. A diffusion gradient  of this magni tude  is in-  
sufficient to sustain the overall  rate of oxidation. 
(These values were obtained by assuming that the IsO 
gradient  from the surface was established dur ing the 10 
day lsO2 exposure. Diffusion equations imply that  the 
na tura l  logari thm of the gradient  as shown in the dis- 
cussion is 1/~/~Dt for a semi-infinito solid (8) where  
D is the diffusion coefficient and t is the exposure 
time.) 
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Fig. 1. Typical IMMA depth profiles of oriented silicon wafer 
which had been oxidized at 700~ with 1602 for 10 days followed 
by 1802 for 10 days. (Actual oxide depth is about twice the silicon 
metal equivalence depth. The location of Xs, the defined trans- 
formation boundary, is at about 3 min sputtering time.) 

2. An increase in  the t 8 0 -  signal at about 20 nm and 
a max imum at about 30 n m  into the sample. This hump 
was observed in the Van de Graaff experiments  (3). 
However, this is not a sharply defined layer  as pre-  
viously assumed but  rather  a broadened peak. This 
cannot be explained by lack of depth resolution of the 
IMMA profiling which is bet ter  than 10 n m  real dis- 
tance per decade of signal drop. Indeed, this apparent  
lack of reso lu t ion  can be explained along with the 
shallow valley of 1so-  at about 20 nm silicon equiva-  
lent  by the model which will  be presented here. 

3. A relat ively rapid decay of the 160- signal at 
about  the position of the 180- hump followed by a 
similar drop in  the 1sO- signal. On a l inear  scale, this 
decay is S-shaped, and the position of an inflection 
point may be identified within a 3 nm distance. 

4. A very  broad tail ing of both the 160- signal and 
1sO- signal into the silicon metal  phase. This lat ter  
tai l ing may be interpreted as the decay of oxygen into 
the metal  by diffusion. The calculated diffusion coeffi- 
cient from this .tail is, wi thin  exper imental  error, the 
expected value from the l i terature  data (9). 

Discussion 
General 5eature.--The overall  conclusion, which is 

the same as Rosencher et al., is that  the species that  
migrates through the product layer  and supports the 
interracial  oxidation reaction does not involve oxygen 
lattice positions. The sharp diffusion gradient  in  the 
180- signal at the outer surface, feature 1 described in 
the results section, is probably  the result  of vacancy 
migrat ion on the oxygen sublat t ice of SiO2 phase. I t  
is not due to the diffusion gradient  of oxygen-bear ing  
species responsible for most of the oxidation, since the 
diffusion coefficient of ~ 3 • 10 -23 m 2 sec -1 is much 
too low to support the overall  reaction rate. Even with 
a concentrat ion of migrat ing oxygen of 1.0 mol frac- 

tion, a product film of ~ 7 nm would be formed in 20 
days with this diffusion coefficient. 

Elimination of point defect migration mechanisms.- 
Deduction of the most l ikely migra t ing  species is ac-  
c o m p l i s h e d  by e l iminat ing possibilities. One possibility 
is the migrat ion of charged monatomic interst i t ials  
where the local equi l ib r ium with oxygen vacancies is 
assumed as required in the t rea tment  by Wagner  (10). 
Diffusion of these interst i t ials  is from the high c o n c e n -  
trat ion region of the gas-product interface to the low 
concentrat ion region of the product-si l icon interface 
(as required whenever  the activity follows the concen- 
t rat ion) .  For  this first possibility, it is fur ther  assumed 
that the interst i t ial  concentrat ion profile is too low and  
flat to be seen by the IMMA. If this second assumption 
were not t rue and the feature 1 gradient  were indeed 
due to the interst i t ial  concentration, then the measured 
diffusion coefficient of 3 • 10 -28 m e sec -1 is insufficient 
to support  the overall  reaction rate. 

With these assumptions, the feature 1 tai l ing of the 
180- signal would be due to exchange of the inters t i t ia l  
oxygen with lattice oxygen by way of format ion-and  
filling of vacancies. The local equi l ibr ium condition 
requires that this process be very fast compared to the 
diffusion process. The tail ing would, therefore, be a re-  
flection of the diffusion gradient. This again yields a 
diffusion coefficient of ,~ 10 -23 m e sec -1 for the overall  
diffusion of oxygen which is too low to support  the 
overall  reaction rate. 

Another  possibility is to el iminate the local equil ib-  
r ium condition and allow oxygen gas to react with va-  
cancies on the product  surface to yield a charged 
atomic interstitial.  Under  these conditions, the flux of 
vacancies to the surface must  equal the flux of oxy- 
gen intersti t ials through the product layer. Again, the 
observed diffusion coefficient of ~ 10 -28 m 2 sec -1 for 
these vacancies is insufficient. 

Fur ther  evidence for e l iminat ing all atomic inters t i -  
rials, charged or uncharged, from importance in the re-  
action arises from the fact that in the parabolic rea lm 
the rate is proportional to the oxygen pressure. The 
only way for atomic oxygen migran t  to yield this be-  
havior is for oxygen gas (molecular oxygen in gen- 
eral) to react with a steady and large supply, i.e., con- 
stant, of vacancies on the oxygen sublattice. This would 
yield atomic oxygen interst i t ials  whose concentrat ion 
is proportional to the oxygen pressure. The IMiVIA 
profile yielding a diffusion coefficient of ~ 3 • 10 -23 
m 2 sec -1 for the vacancies el iminates this possibility. 

The conclusion is, therefore, that  the mechanism is 
basically that  postulated by Doremus (2), i.e., dissolved 
02 migration, and modeled by Blanc (7) to take into 
account the complete l inear-parabol ic  behavior.  The O~ 
must  decompose on the silicon metal  itself, and other 
precondit ioning of the oxygen on the outer surface such 
as reaction with vacancies, decomposition to ions, etc., 
lead to either insufficient rates, incorrect gradients, or 
scrambled profiles. 

Details of the proposed modeL--The question raised 
by the profile shape, especially feature 3, is "why is 
the 180 hump smeared out?" Since it  is concluded that  
Doremus'  model for thick film oxidation is correct, then 
the assumption that the dissolved O~ concentrat ion is 
about 0.01 mol fraction is correct. If one then assumes 
that  the SiO2-Si interface is atomically sharp, as as -  
s u m e d  by Rosencher et aL and by Ti l ler  but  not ex- 
plicit ly in Blanc's model, then the tail ing is due to 
draining of the interst i t ial  oxygen. However, there is 
insufficient oxygen stored up in the oxide film to ex- 
plain the gradual  tai l ing into the isO hump. Fur the r -  
more, this still does not explain the tailing into the 
metal  phase, that  is features 3 and 4, at any concentra-  
tion of 02 in the film. 

This question can be resolved by assuming that  the 
interface is not sharp, but  is ra ther  diffuse as clearly 
seen from features 3 and 4. Blanc's model is still opera-  
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t i re  except that the interface reaction follows the per-  
fusive-precipi tat ion model. In this model (11), the O2 
is assumed equil ibrated with oxygen dissolved in  the 
silicon. Precipitat ion of oxide from the supersaturated 
silicon proceeds in te rna l ly  unt i l  the metal  is distorted 
sufficiently to drastically increase the diffusion coeffi- 
cient of oxygen. The mathematics of the model have 
been derived analyt ical ly  with some reasonable ap- 
proximations by Kirkpatr ick (12) and applied to water 
oxidation of u ran ium (13). The equations of interest  in 
this case are 

d In P/dx]x=~s ---- [Us (ln Us)/(1 -- Us) ] A/akUs/D 

[1] 

where P = the fraction of mater ia l  that  is product 
(SIO2), x ---- the distance into the sample from gas-solid 
surface, Xs ---- the position where D becomes "large", 
i.e., the reaction front, Us ---- the mol fraction of metal  
remaining  at Xs, a -- the stoichiometric ratio (a = 2 
for SiCh), D : the diffusion coefficient of oxygen in 
silicon metal, and k ---- a microscopic rate constant per 
Avrami 's  l imited growth case (14). 

The rate constant, k, in  some cases can be measured 
independently,  and Us should be calculable from the 
metal 's  mechanical  properties. Us in the present case 
may be obtained by noting that  xs is the inflection point 
(12) of the 1sO- profile tai l ing into the metal. (The 
procedure used to o.btain this inflection point was as 
follows. The total oxygen signal was plotted, point by 
point, on a l inear  scale. The slope of this plot was taken 
as the l inear  connection of each point. The inflection 
point was assumed to be between the two points whose 
connecting l ine segments had the greatest negative 
slope.) Once the position of the inflection point is 
found, the extent  of the reaction is calculated as the 
ratio of the total oxygen content at xs (or the average 
of the two points on either side of inflection) to the 
total oxygen content  at the outer plateau or oxygen 
maximum. The rate constant, k, may be obtained by 
measuring the distance for one decade drop in the log 
tangent  of the product at the inflection point, ~x0.1, and 
rear ranging  Eq. [1] to 

k ---- (5.3) D (1 -- Us) '2 (~x0.1) -2 Us-3 (ln Us) -~ a -~ 

[2] 

The diffusion coefficient, D, is obtained from the long 
tail of oxygen into the metal, feature 4. The concentra-  
tion profile for pure diffusion is given by the expression 

c ---- Co [1 -- e r f ( x /A /4Dt ) ]  [3] 

The slope of the log of the concentrat ion as a function 
of depth can, therefore, be shown to be 

0 In c/Ox = Oc/cOx = -- exp (--  x2/4Dt) /  

%/=Dr [1 -- e r f (x /~ /4Dt ) ]  [4] 

The log tangent  of the total oxygen content  by a dif- 
fusion process as x --> 0 is therefore 

0 In c/axlz=o = 1/~/~D{ [5] 

For de termining this tangent  from the IMMA output, 
it was convenient  in this case to define a ~xl/e as the 
distance over which the tangent  l ine decreased by a 
factor of 2. This quant i ty  was estimated graphically 
from the output  of the IMMA in the feature 4 tail. 
This gives the diffusion coefficient as 

D : 0.66 (~xl/~)2/t  [6] 

A more precise method of de termining D does not ap- 
pear to be justified for this study. If Eq. [2] and [6] 
are combined, it is noticed that the k is independent  of 
the IMMA depth profiling rate calibration. 

The overall l inear  rate, Vs, may be calculated by the 
equation 

vs = -- (kco/In Us) ~/D/akUs [7] 

where Co is the dissolved oxygen content at xs. The 
usual method of calculating Co is to extrapolate the 
ideal solubility law (Sieverts' or Henry's law) beyond 
the terminal solubility. According to Logan and Peters 
(9), the terminal solubility, CT -- the mol fraction of 
oxygen dissolved in silicon metal  in equi l ibr ium with 
SiO2, is given by the equat ion 

CT ~-- 278 exp (--26,700/T) 

The activity of oxygen from SiO2 is given by 

P o -  1.46 • 109 exp (--108,800/T) 

according to the listed thermodynamic  data (15) on 
cristobalite. Extrapolat ing by ideal solubil i ty 

Co : CT/(Po2)'/2 

Co thus calculates to be 1.7 • 10 l~ mol fraction at 100 
kPa 02 pressure, a result  which is much too large. 
Ideal solubil i ty apparent ly  does not apply in this case, 
and an al ternate  scheme of de termining Co is required. 
This a l ternate  scheme is to back-extrapolate  the tail 
due to diffusion in  the metal  to Xs. This extrapolated 
value is then divided by  the total oxygen content  at 
the outer plateau and mult ipl ied by  0.67 (i.e., the tool 
fraction of O in  SiO2 is 0.67). All of these measure-  
ments  have a great deal of uncertainty,  especially the 
Us and Co. Furthermore,  it may be possible that diffu- 
sion of 02 through the product may begin to be a 
l imit ing factor. Nevertheless, the calculated vs is fa i r ly  
close to the vs observed by the direct measurement  to 
Xs. The values for the eight profiles measured are 
given in Table I. The diffusion coefficient is in good 
agreement  with the extrapolated value from Logan and 
Peters (9) data, since the extrapolation of their  data in -  
troduces an uncer ta in ty  of a factor of 104 (10-Is-10 -22 
m s sec -D.  The overall  rate is in good agreement  wi th  
the l inear  rate by Deal and Grove (4) of 3 • 10 -14 
msec -1, and by Law (5) and Irene (6) for which the 
extrapolated values are 1.5 • 10 - i s  msec -1 and 7 • 
10 -14 msec -1. The pressure used in the present  study 
was about 0.33 that  used by Deal and Grove, and Irene, 
but  about 5000 times that  used by Law, yet the l inear  
rates for all four measurements  are aboLit the same. 
This is probably indicative of the nonideal  oxygen solu- 
bility, and that  the silicon metal  is s imply saturated 
at ms even at very low pressures. The value of k of 4 
X 10-5 sec -1 found is quite low compared to other 
oxidation reactions such as copper where k is about 
0.11 sec -1 as determined by IMMA, and iron where k 
is 150-300 sec -1 calculable from data by  Turkdogen 
et al. (16, 17). It may be that the SiO2 precipitates are 
not formed by the l imited isometric growth but  ra ther  
formed as needles or platelets. 

Given the agreement  between the model and ob- 
servations of l inear  rates, it is concluded that the per-  
fusive-precipi tat ion model applies. Knowing this, the 
shallowness of the valley in the 1sO- signal can be ex- 
plained without  assuming exchange between the mi-  
grat ing intersti t ials and the oxygen on the oxygen sub- 
lattice, al though a small  amount  of exchange may  be 
present  but, as previously demonstrated, unimportant .  
The ~sO enters into the permanent  sublattice by react-  
ing with the residual silicon metal  which remains un -  
reacted after the boundary,  at Xs, passes. (The move-  
ment  of the boundary  is very similar  to a shock front  
which leaves a decaying trail  behind it.) 

Several problems arise using only the IMMA profiles 
to analyze for the various constants needed for the 
perfusive-precipi tat ion model. The depth profiling cal- 
ibrat ion enters directly into both the calculated and 
observed vs. However, if the cal ibrat ion changes from 
the oxidizing layer to the metal, then the calculated 
vs is more affected than the observed vs. The reason 
is that the calculated vs is proportional to (cal ibrat ion 
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Table I. Parameters obtained and calculated from IMMA depth profiling of oxidized silicon 

hXz/s D Co (mole ~Xo.z k Us vs  ta lc .  v~ oh,. 
S a m p l e  a n d  r u n  (nm) (m s sec-~) fraction) (nm) (sec -z) (fraction) (msec-Z) (msec-Z 

P(l l l ) - - I  89 3.1 x 10 -sz 0.038 20 3.4 x 10 -s 0.78 4.0 x 10 -i~ 1.6 x 10 -i4 
P(III)--2 140 7.7 x I0 -st 0.020 31 3.5 x 10 -5 0.75-0.80 3.3 x 10-~I 1.5 x I0 -ll 
P ( l l l ) - - 3  78 2.4 x 10 - ~  0.063 24 3.5 x 10 -5 0.41-0.73 2.8 x 10 -14 1.6 x 10 -z'  
P ( l l l ) - - - 4  49 9.4 x 10 -ss 0.068 24 7.7 x 10 -6 0.75 1.6 x 10-~4 1.4 x 10-~' 
P ( 1 0 0 ) ~ 1  104 4.2 x 10 "~i 0.022 11 1.2 x 10- t  0.85-0.93 9.6 X 10 - l i  1.9 X 10 - ~  
P ( 1 0 0 ) - - 2  86 2.9 x 10 -~t 0.006 17 3.6 x 10 -~ 0.83-0.89 9.8 x 10 -~s 2.3 X 10 - i l  
N ( l l l ) - - I  60 1.4 x 10 - ~  0.046 16 2.6 x 10 -5 0.69-0.82 2.6 x 10 -l~ 1,7 x 10 - i '  
N ( I I I ) - - 2  138 7.5 x 10-~z 0.014 12 2.6 x 1O-~ 0.69-0.76 5.0 X i0  -z~ 1.4 x i0  - i '  
Average values 93 3.4 x i0 -~ 0.035 19 6.9 x i0 -s 0.8 3.7 x I0 -z~ 1.7 x I0 -~, 
Calculated from 

averages 2.6 • 10 -m 3.9 x 10 -~ 4.5 • 10 -i, 
Literature values (4, 8) 3.0 x I0-~' 

in  metal)  2 divided by the cal ibrat ion in the oxide; 
whereas the observed Vs is proportional only to the 
cal ibrat ion in the oxide to the first power. The selec- 
tion of the final inflection on the zso-  signal is diffi- 
cult. This produces a large uncer ta in ty  in Us which is 
most serious in the calculation of vs since the term 
(In Us) is used. The uncer ta in ty  in  the position of the 
inflection point does not great ly affect the position of 
xs or the value of Ax0.1 or Co. Uncertaint ies  in the log 
scale slopes of Ax0.z and hxi/2 arise main ly  from back- 
ground oxygen signals for which no compensation was 
made. Background also produces an uncer ta in ty  in  the 
value of Co. It  will  cause the measurement  of both Ax0.1 
and Axl/2 to be high; whereas since Co is a back- 
extrapolated number  dependent  on both hxl/2 and the 
background in  opposite senses, the relationship be-  
tween Co and background is uncertain.  One would 
probably  expect the background to produce a high 
calculated value for v~; whereas it had no effect on the 
observed Vs. The sensi t ivi ty of the IMMA to the 
evolved ions has no effect provided it is equal for 
both z60- and i 8 0 -  which is the normal  case. 

As a final point  of interest, if the presented model is 
correct, then the l inear  rates should be calculable at 
other temperatures.  The constant  k has been shown 
for other systems to be relat ively tempera ture  insensi-  
tive, and the value for Co should not change, since it is 
at the saturat ion value even at very low oxygen pres-  
sures. This leaves only the diffusion coefficient with a 
significant tempera ture  dependence. This dependence 
can be obtained using the diffusion coefficient found in  
this work and the high temperature  diffusion coefficient 
found by Logan and Peters (9) to yield a (H*/R) of 
44 • l0 a. The extrapolated calculated l inear  rate is 
given in Fig. 2 along with the exper imental  data. 
Again, the agreement  is good. 

1~176176 o Deal & Grove 

, J \ o  '::n: 

"J 0.1 - Calculated D: 
Combining Logan and Peters / a",,~ 
with Cristy and Condon / ~ 

O.Ol I I 1 I ",., 
0.6 0.7 0.8 0.9 1.0 1.1 

1/T(K - 1 ) x  10 3 

Fig. 2.. Comparison of the experimental linear reaction rates for 
silicon oxidation with the calculated linear rote using a k of 4 X 
10 -5  sec -1  and diffusion coefficient from combined data of Logan 
and Peters and the value found from IMMA. 

Conclusion 
For silicon oxidation at 700~ it  is concluded from 

IMMA data that: 
1. The only migrat ing species of importance in  the 

product layer is dissolved 02. 
2. Generally,  the kinetics follow the kinetics pro- 

posed by Doremus (2) and modeled by Blanc (7). 
3. The silicon-oxide interface reaction is a perfusive-  

precipitat ion reaction and can be modeled to yield the 
measured l inear  rates with no variable parameters.  

4. Vacancies in  the product oxygen sublattice are 
probably present  at very low concentrat ions and mi -  
grate with a diffusion coefficient of about 10 -28 m s 
sec - i  and are un impor tan t  in the overall  reaction ki-  
netics. 

5. Atomic ionic oxygen interst i t ials  in the oxidized 
layer  are not  present  to any great extent  since lat t ice- 
dissolved O2 mixing is not observed, and the IMMA 
profiles ma y  be modeled by the perfusive-precipi tat ion 
model alone. Furthermore,  the reaction order with re-  
spect to oxygen in  the parabolic range and the l imited 
mobil i ty of vacancies indicates that atomic oxygen in-  
terstitials of any type are not re levant  to the overall  
reaction. 

6. The values of the kinetic constants obtained from 
the IMMA profiles are: 

D (O in Si) = about 3.4 • 10 -21 m 2 sec -1 
at 700~ 

Manuscript  submit ted Sept. 30, 1980; revised m a n u -  
scrip~ received ca. April  27, 1981. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1982 JOURNAL. 
All discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 

Publication costs ol this article were assisted by the  
Union Carbide Corporation. 

LIST OF SYMBOLS 
P fraction of mater ia l  that is product  (SiO~) 
x distance into the sample from the gas-solid sur-  

face 
Xs position where D becomes "large," i.e., the re-  

action front  
Us mole fraction of metal  remaining  at xs 
a stoichiometric ratio (a = 2 for SIO2) 
D diffusion coefficient of oxygen in silicon metal  
k a microscopic rate constant  per Avrami 's  l im-  

ited growth case (14) 
~xi/2 the distance for the log tangent  of total oxygen 

content to decrease by a factor of 2 in innermost  
tail 

k (the microscopic, 
rate constant)  = about 4 X 10 -5 see -1, 

Us (mole fraction 
silicon remaining  
at "interface") = about 0..80. 

These parameters  yield a calculated velocity for the 
interface penetrat ion of about 4 • 10 -14 msec -1 which 
is in good agreement  with the observed velocity and the 
values obtained from the li terature.  
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t 

Ax0.1 

Vs 

co 
H* 

the total time of oxygen exposure, i.e., 1.7 • 
I0 6 sec 
the distance for the log tangent of the product at 
the inflection point to drop by one decade 
overall linear rate or reaction front movement 
velocity 
the dissolved oxygen content at Xs 
act ivat ion en tha lpy  of the  oxidat ion  reac t ion  
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Comparison of the Etching and Plasma 
Characteristics of Discharges in CF, and 
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University o] Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

Exper iments  were  pe r fo rmed  to explore  the  corre la t ion  (or lack  thereof)  
be tween  the surface effect and p lasma character is t ics  of discharges in CF4 and 
NF~. The optical  emission f rom exci ted  fluorine can be g rea t ly  enhanced  by  the 
di lut ion of these gases wi th  helium, ye t  the  etch ra te  of Si (or SiO2) is de- 
creased by  this dilution.  The effect of bias ing the sample  wi th  respect  to the 
p lasma  potent ia l  was invest igated,  and for NFs, evidence was found for  a re-  
action involving a negat ive  ion. 

There  have been many  repor ts  on the effects of var i -  
ous addi t ives  on the character is t ics  of discharges used 
for etching semiconductors.  Most of these studies have 
concentra ted  on the effects of hydrogen  or oxygen  as 
an addi t ive  to the var ious  fluorine donor gases such as 
CF4 (1-8). Due to the h igh ly  react ive  na ture  of free 
hydrogen  or  oxygen atoms, i t  is difficult to de te rmine  
which of severa l  processes, occurr ing ei ther  on the 
surface or  wi th in  the volume of the discharge,  affects 
the etch rate.  

Hel ium was used as a d i luent  in these exper iments  
since i t  wi l l  not react  chemical ly  wi th  e i ther  Si, S i Q ,  
or SigN4. In addition, the first exci ted state of he l ium 
is metas tab le ,  19.8 eV above the ground state, which is 
sufficient to excite, dissociate, or  ionize any other  gas 
(wi th  the except ion of neon) (9). Thus, while  ground 
s tate  he l ium is chemical ly  inert ,  exci ted he l ium reacts 
v igorously  in the volume of a discharge.  

A d-c  hol low cathode discharge (10) was used to 
excite the gases in o rder  to s impl i fy  the diagnostics 
such as measurements  of ion cur ren t  to the sample. 
Unlike a posi t ive column discharge,  the hollow cathode 
discharge is an  electron beam produced plasma, and 
thus is capable  of producing  a stable, uniform, glow 
discharge in CF4 and NF3 (a h ighly  e lec t ronegat ive  
gas) ,  at  low pressures  and low power  levels.  

F igure  1 is a schematic  d iag ram of the  hollow ca th-  
ode used for the exper iments .  The cathode was a 5 in. 
long, 1-3/8 in. ID stainless steel  nipple.  S ix  stainless 
steel  rods were  a t tached to the a luminum anode pla te  

* Electrochemical Society Active Member. 
Key words: plasma processing, negative ions, emission enhance- 

ment, gas discharge. 

and wrapped  wi th  nickel  wire  to form a coaxial  meta l  
basket.  A re ta in ing pla te  held  a quar tz  window over a 
5/8 in. hole in the  anode p la te  and a Maycor  insula tor  
separa ted  the anode from the cathode. The etchant  gas 
flowed into the cathode, past  the sample  which was 
mounted  on the front  of the wa te r  cooled probe, and 
was pumped  through  a fore  l ine t rap  and out  of the 
sys tem by  a mechanical  pump. The pressure  was 
moni tored  using a capaci tance manomete r  and the 
opt ical  emission was observed th rough  the quar tz  
window using a McPherson 350 m m  monochromator  
and an RCA 31034 photomul t ip l ier .  

Dur ing  the exper iments ,  the anode was grounded,  
the cathode was dr iven  negative,  and the probe con- 

Fig. I. Schematic of the hollow cathode discharge used in these 
experiments. 
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taining the sample was biased with respect to floating 
potential,  which was a few tens of volts negative with 
respect to the anode. The gas flow rate, total pressure, 
and discharge current  were all held constant  at 3.3 1/ 
min  (STP),  0.25 Torr, and 50 mA, respectively. For 
these operating conditions, the discharge voltage 
varied between 300 and 1000V. The remain ing  con- 
trolled parameters  were gas mix, probe bias, distance 
from the plasma, and etch gas (CF4 or NF~). 

Experimental Results 
Optical emission.--In recent years, a strong correla- 

tion has been demonstrated between the intensi ty  of 
the optical emission of excited fluorine from a CF4: O_~ 
discharge and the etch rate (1, 3, 5, 7, 8). To investigate 
this correlation further,  hel ium was added to a CF4 
discharge. 

Figure 2, a part ial  energy level diagram of hel ium 
and CF4, i l lustrates the possibilities afforded by the ad- 
dition of hel ium to a CF4 discharge. The first two ex- 
cited states of helium, the 21S and 23S, are both meta-  
stable. Ei ther  metastable can ionize the CF4 to create 
CF4 +, or to create CF8 + and a free fluorine, via the 
Penn ing  reactions shown in  Eq. [ la]  and [ lb] .  

He* (M) H- CF4-* CF4 + + e + He [la] 

He* (M) + CF4---> CF8 + -~- e 4- F + He [ lb]  

In  addition, the 21S state has enough energy to 
s imultaneously  dissociate and excite a fluorine atom to 
the 2D state, according to Eq. [2], greatly enhancing 
the fluorine emission at 704 nm (and also the lines of 
the quar te t  system) (11) 

He* (21S) + CF 4 --> CF3 + F* + He [2] 

Figure 3 demonstrates the dependence of the relative 
in tensi ty  of the 704 nm emission and the etch rates of 
Si and SiO~ upon the concentrat ion ratio of CF4 to 
helium. These data were taken with the sample at 
floating potential  and located at the edge of the nega-  
tive glow. As il lustrated, the 704 nm emission can be 

He CF3 + F 
1 S 3 s 2 D 2p 

22 

20 

18 

16 

z4 

>,12 

8 

6 

4 

2 

2 
2 

704nm 

98 

Fluorine 
Ground 
State ' 

DCF 

m 

r 
I 

-F  

Fig. 2. Partial energy level diagram of helium and CF4 showing 
the energy transfer from the helium 21S metastable to CF4. 
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pressure and current density. Note the increase in emission and 
lack of correlation between it and the etch rates. 

enhanced by a factor of approximately 12, using a 5:1 
mixture  of He: CF4. While the optical emission is en-  
hanced and passes through a maximum, the Si etch 
rate decreases monotonical ly as the hel ium concentra-  
t ion increases. Also, it should be noted that  while the 
SiO~ etch rate is enhanced by the addition of helium, 
the max imum does not coincide with the fluorine 
emission peak. These trends are not part icular  to the 
CF4:He mixtures  as the same general  behavior is ob- 
served when a more conventional  etchant  gas mixture,  
95% CF4 + 5% O3, is diluted with helium; the var ia-  
tions of the fluorine emission and the etch rates of Si 
and SiO2 with these mixtures  are similar to those 
shown in Fig. 3. Furthermore,  these characteristics are 
not a peculiari ty of the electron distr ibution of the 
hollow cathode as similar effects are seen when the 
plasma is excited by an rf induct ion discharge (12). 

There is a point which should be clear from this 
data: The spectral emission of atomic fluorine is not 
necessarily correlated with the etch rate of ei ther Si 
or SiO2, for different gas mixtures.  Within  a part icular  
gas mixture,  however, the spectral emission will  be 
indicative of the excitation density of the plasma, and 
thus, as a discharge parameter  affecting the optical 
emission is varied, the etch rate should correlate well 
with the emission. For example, the etch rates of Si 
and SiO2 and the 704 nm emission were monitored as a 
function of discharge current,  for a constant  gas mix. 
As the current  was varied, the optical emission and the 
etch rates changed in a synchronous manner .  

Correlation with ion current.--The relationship be- 
tween the etch rate and the saturated ion current  to 
the sample was investigated. To measure this current,  
the sample probe was replaced by a double probe 
which consisted of an inner  conducting rod insulated 
from an outer tube. A nickel wire mesh covered the 
open end of the outer tube. By biasing the inner  rod 
300V negative with respect to the outer case, the elec- 
t ron current  to the rod became negligible and only the 
current  carried by positive ions was measured. There-  
fore, the saturated ion current  consisted of ions that 
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were formed in the discharge and diffused to the nickel 
mesh. 

The data in Fig. 4 were taken by moving the sample 
and double probes downstream from the edge of the 
visible glow. As shown, there is an excellent correla- 
tion between the etch rate of SizN4 and the saturated 
ion current  to the sample; the etch rate tracks the cur- 
rent  over two orders of magnitude.  The Si and SiOe 
etch rates behaved quite differently, however. As the 
sample is moved downstream from the active plasma, 
the etch rates decrease rapidly a t  first, and then con- 
t inue to decline very slowly. It  would appear that the 
dominant  etch mechanism for SisN4 is associated with 
positively charged species impinging upon the sample. 
For Si and SiO2 though, it seems that the etch rates 
close to the discharge are dominated by processes in-  
volving positively charged species, whereas neutra l  
species, due to their longer lifetimes, have a greater 
effect far ther  away from the active plasma. 

To explore the effect of charged species on the etch 
rate further,  the sample probe was main ta ined  in a 
fixed position at the edge of the negative glow and its 
bias was varied with respect to the grounded anode 
(13-15). As shown in Fig. 5, when the probe was biased 
more negative with respect to floating potential, the 
positive ion current  to the sample increased due to pair 
production in the sheath. The SiO2 etch rate tracked 
this current,  implying that positively charged species 
may contr ibute to the etch mechanism. When the probe 
was biased positive with respect to floating potential, 
an increased current  due to negative carriers reaching 
the sample had no effect on the etch rate. 

To determine how much of the etch rate increase 
could be a t t r ibuted to physical sputter ing when the 
probe was biased negative with respect to the anode, 
an argon discharge was used under  conditions similar 
to the CF4 discharge. When the sample probe was 
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biased 300V negative, an etch rate of 100 A/ra in  was 
observed. (Etching did not occur in the absence of the 
bias.) This etch rate is comparable to the enhancement  
obtained when pure CF4 was used, indicat ing that 
physical sputter ing was responsible for the enhanced 
etch rate as opposed to the decomposition of chemi- 
sorbed species or chemical reactions involving the ions 
(13, 14). This will be discussed in fur ther  detail along 
with the results of the NF3 experiments.  

Etching with NF3.--While there have been many  
papers and discussions associated with the etching 
characteristics of discharges in CF4 (and with O2), 
comparat ively little has been published for NF~ (16. 
17). Some of the practical aspects of etching with this 
gas-are listed below. 

1. The etch rates of Si, SIO2, and SisN4 are at least a 
factor of 10 faster with discharges in NF8 as opposed 
to CF4. 

2. The etch rate of Si can be 25 times that of SIO2. 
3. The products of a discharge attack photoresist 

very  slowly. 
4. NF3 does not etch Si, SIO2, Si3N4, or photoresist in 

the absence of a discharge. 
Presumably,  much of the contrast in the etch rates 

of NF~ and CF4 can be at t r ibuted to the fact that all 
const i tuent  products of the NF~ discharge are gases 
and the problem of carbon build up is nonexis tent  
(13). 

The same type of experiments,  as described for CF4, 
were performed using NF3 as the etch gas. The 704 nm 
emission intensi ty  from a discharge in NF3 is much 
larger than from a discharge in CF4 and can be en-  
hanced as shown in Fig. 6. In contrast to the results 
using CF~, the etch rates of both Si and SiO2 show a 
monotonic decrease with an increase of hel ium concen- 
tration. 

Figure 7 shows the variat ion of the etch rates and 
saturated ion current  as a funct ion of distance from 
the edge of the negative glow. The etch rates of Si and 
SiO2 exhibit  a slow decrease with distance from the 
glow, as opposed to the ion current  which drops 
rapidly. Unlike CF4, there appears to be no relat ion- 
ship between the ion current  and the etch rate, even in 
the immediate  vicinity of the discharge (compare Fig. 
7 with Fig. 4 for equal values of distance).  This would 
imply dominat ion of the etch rate by processes involv-  
ing neut ra l  species, even close to the glow, whereas 
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CF4 exhibited a stronger dependence on positively 
charged species near  the discharge. 

Although it appears that neutrals  play the dominant  
role in  the case of NFs, it is interest ing to note the 
effect of increasing the flux of charged particles to the 
sample. As shown in Fig. 8, the etch rate is enhanced 
for a bias below floating potential  and follows the 
positive ion current  similar  to the data in Fig. 5 for 
CF4. When the probe is dr iven above floating potential, 
however, there is a rapid increase in the etch rate 
which was not observed in CF4. 
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to the sample as a function of the probe to anode voltage. There 
is a large etch rate increase for the small potential change when 
the probe is driven above floating potential, in contrast to CF4. 

To explore this difference in behavior,  a simple cy- 
l indrical  Langmuir  probe was inserted into the dis- 
charge. The probe consisted of an 8 mil  diam tungsten  
wire prot ruding 1/2 cm from the end of a glass sup- 
port. The end of the wire was placed at the edge of 
the negative glow. 

When biased below floating potential, the probe 
characteristics are similar for discharges in CF4 and 
NF3; however, when biased positive, there is a distinct 
difference as shown in Fig. 9. In  the CF4 discharge, the 
current  increases dramatical ly for a 30V change above 
floating potential  which is indicative of electrons as 
current  carriers. This large increase does not occur in 
the NF~ discharge. Instead, the current  rises very 
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slowly,  indica t ing  tha t  the  car r ie rs  are  massive nega-  
t ive ly  charged ions formed in the discharge.  These 
character is t ics  are  very  s imilar  to the probe charac te r -  
istics of an iodine discharge,  as observed by  Emeleus 
and Woolsey, where  negat ive  ions are  known to exist  
(18). 

Conclusions 
The exper iments  inves t igat ing the corre la t ion  be-  

tween the opt ical  emission and the etch ra te  of the 
sample  show that  the  addi t ion  of he l ium to NFs or  CF4 
discharges increases the genera t ion  rate,  and thus 
emission, of exci ted fluorine; never theless  the etch rate  
does not  correlgte  wi th  the  exci ted  s tate  populat ion.  
These da ta  are  not  necessar i ly  in contradic t ion with  
previous  theories as wil l  be discussed below. 

A number  of react ions should be considered in 
formula t ing  a hypothesis  to expla in  these results  

e + CF4 (NFj )  ~ e + CF8 (NFf) + F* [3] 

e + F ~ e + F* [4] 

F* --> F + hv [5] 

e + CF4 (NFj )  ~ e + CF~ (NFf)  + F [6] 

Exci ted fluorine m a y  be produced  by  the resonant  
energy  t ransfer  f rom the hel ium metas tab le  according 
to Eq. [2] or  by  direct  e lectron impact  as descr ibed by  
Eq. [3] and [4]. On the other  hand, ground state 
fluorine, which can be a ma jo r . con t r ibu to r  to the etch 
mechanism (1, 3, 4, 19), m a y  be produced by  an elec-  
t ron dissociation (Eq. [6]) in addi t ion to the processes 
descr ibed by  Eq. [2] th rough  [4], coupled with  Eq. [5]. 

The dependence  of the optical  emission on the 
he l ium par t i a l  pressure  could be a t t r ibu ted  to a shift  in 
the mean energy  of the e lect ron d is t r ibut ion  function 
which, in turn, would affect the exci ta t ion ra te  of 
e i ther  CF4 (NFj )  or a tomic fluorine as descr ibed by  
Eq. [3] and  [4]. This is not  ve ry  l ike ly  to occur wi th  
the hollow cathode discharge, however,  since most of 
the exci ta t ion is caused by  high energy electrons which 
were  accelera ted  through the cathode fall. Even though 
improbable ,  this possibi l i ty  was tested by  adding a 
trace amount  of argon to CF4 ( N F j ) : H e  mix tures  and 
moni tor ing an argon emission l ine (20, 21). Vi r tua l ly  
no dependence  of the Ar* emission upon the he l ium to 
fluorine donor concentra t ion was found. Consequently,  
for creat ing exci ted fluorine under  the exper imen ta l  
conditions used here, the da ta  in Fig. 3 and 6 indicate  
tha t  the  exci tat ion t ransfe r  f rom he l ium to CF4 (or 
NFj )  via Eq. [2] is much more  impor tan t  than  direct  
e lectron impact  excitat ion.  

The optical  emission monitors  the exci ted  popula t ion  
(F*) and not  the more numerous  fluorine ground state 
densi ty  (which was not measured  dur ing  these exper i -  
ments ) .  Thus the da ta  of Fig. 3 and 6 show tha t  the 
contr ibut ion of the exci ta t ion t ransfer  (Eq. [2]) to the 
product ion of atomic fluorine is small.  This can expla in  
why  the etch rates  of Si and SiO2 in NFj, and Si in CF4, 
behave  as shown in Fig. 3 and 6. As the he l ium con- 
centra t ion increases, the product ion of fluorine by  re-  
act ion [6] decreases due to a di lut ion effect. Even 
though the  fluorine produced via  Eq. [6] is diminished,  
i t  st i l l  overwhelms  the amount  of fluorine produced by  
the react ions of Eq. [2]-[5] .  

The probe bias ing exper iments  show that  the etch 
ra te  of SiO2 increases in propor t ion  to the ion current  
when the probe is biased negat ive  wi th  respect  to float- 
ing potent ial ,  for both NF~ and CF4 discharges.  In the 
case of CF4, the increase can be a t t r ibu ted  to physical  
sput ter ing.  This does not imply,  however,  that  ions 
formed in the CF4 discharge do not contr ibute  to the 
etch mechanism in other  ways. In fact, the sa tura ted  
ion cur ren t  da ta  in Fig. 4 indicate  that  processes in-  
volving posi t ive ions dominate  the etch ra te  near  the 
discharge. Since the Langmui r  probe character is t ics  
indicate  that  the p lasma potent ia l  for the CF4 dis-  
charge is only  a few volts above floating potential ,  

these ions wil l  be  nonbal l is t ic  and  contr ibute  to the 
etch mechanism through a chemical  process as opposed 
to physical  sput te r ing  (13, 22). 

The probe da ta  for NF3 also indicate  that  ions formed 
in the discharge can contr ibute  to the etch mechanism 
via chemical  processes. When the probe was biased 
280V negat ive  wi th  respect  to the anode, an etch rate  
increase of 400 A / m i n  was observed (Fig. 8). Recal l ing 
tha t  an argon discharge y ie lded  an etch ra te  of only  
100 A /min ,  i t  would appear  tha t  this increase cannot 
be accounted for solely b y  physical  sputter ing.  In ad-  
dition, when the probe was biased jus t  20-30V above 
floating potential ,  the etch ra te  was enhanced by  400 
A / m i n  for  NF~. The Langmui r  probe  character is t ics  
and e lect ron impact  studies both indicate  the  produc-  
tion of negat ive  ions in the NF~ discharge (23, 24). 
Since these negat ive  ions could only gain 20-30V cross- 
ing the sheath, i t  is h ighly  un l ike ly  that  sput te r ing  can 
account for the 400 A / m i n  enhancement  observed.  
Once again, the ions seem to be react ing chemical ly  at  
the surface or par t ic ipa t ing  v igorously  in the decom- 
posit ion of chemisorbed species. 

In  summary,  there  appear  to be a number  of pro-  
cesses and e tchant  species cont r ibut ing  to the etch 
mechanism for discharges in NF3 and CF4. I t  is appa r -  
ent, for both  gases, tha t  posi t ive ions have the capabi l -  
i ty  of contr ibut ing  to the etch mechanism through 
chemical  reactions. In addition, large quanti t ies  of neg-  
at ive ions also appear  to be formed in NF3 discharges;  
there  is evidence that  these ions can par t ic ipa te  v igor -  
ously in the etch mechanism. 

Manuscr ip t  submi t ted  Sept. 19, 1980; revised m a n u -  
script  received Apr i l  21, 1981. This was Pape r  107 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the So-  
ciety, May  11-16, 1980. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. I, 1982. 

Publication costs of this article were assisted by the 
University o] Illinois. 
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Dielectric Breakdown and Device Evaluation 
of Fritted Glass Compositions 

D. L. Flowers* 
Motorola, Semiconductor Research and Development Laboratory, Phoenix, Arizona 85008 

ABSTRACT 

Dielectric breakdown studies have been conducted on gl~ass compositions 
of in teres t  for device passivation. It was found that a 900~ sealing glass, 50 
weight percent  (w/o)  lead oxide, 10 w/o alumina,  40 w/o silica gave dielec- 
tric b reakdown protection two to three times greater than 1 micrometer  of 
thermal  SiO2 or CVD phosphosilicate glass. The dielectric s t rength of this glass 
(168 V/~m) is lower than that  of thermal  SiO2 (780 V/p~n) or CVD phospho- 
silicate glass (840 V/#m).  When 3% or 11% B208 is subst i tuted for small  
amounts  of the consti tuents in a 70 w/o PbO, 20 w/o SiO2, 10 w/o A1208 
glass, sealing temperature  is lowered from 850 ~ to 650 ~ or 560~ respectively. 
Dielectric s trength is also lowered from 300 to 50 V/#m. It is shown that these 
low sealing temperatures,  low dielectric s t rength glasses, could protect moat  
etched devices from arcing with avalanche breakdowns to a targeted 1.3 kV 
but  reverse leakage is quite high, i.e., 300-500 #A at 1 kV. This compares to the 
50 w/o  PbO glass with 20 ~A leakage and the 70 w/o PbO glass (850~ with 
10 ~A leakage at 1 kV. In an at tempt  to obtain lower fusion tempera tures  and  
to overcome the high leakage seen with the boron-conta in ing glasses, a new 
glass without  boron was made. It contains 5 w/o GeO2 and 5 w/o ZnO in  
place of like amounts  of SiO2 and A1203 in  the 70 w/o PbO glass ment ioned 
above. The fusion temperature  was reduced from 850 ~ to 650~ When used on 
moat etched devices as a passivant, the new glass protected easily to 1.3 kV 
with only 10 ~A reverse leakage at 1 kV similar  to the parent  850~ fusing 
glass. The properties of this glass make it an excellent  candidate as a passivant  
for devices where a relat ively low fusion tempera ture  is required. 

Dielectric b reakdown of device passivation is of 
pr ime importance to the semiconductor industry.  Both 
yield and rel iabi l i ty  are directly impacted by the 
qual i ty and type of passivation used. Dielectric b reak-  
down of thermal ly  grown films of silica and phos- 
phosilicate glass have been reported by Snow et al. 
(1). The effect of processing parameters  on the break-  
down has also been reported (2). Distefano et al. (3) 
developed a theoretical model which explains the 
"pr imary" or electronic breakdown of the films cate- 
gorized by Fritzsche (4). According to the lat ter  
author, there are also "secondary" and "ter t iary" 
breakdown modes. The secondary breakdown mode is 
postulated to be due to inhomogeneit ies in the film, 
perhaps crystaltites of quartz in  the amorphous silica 
in the case of SiO~. The tertiary, lowest voltage 
breakdown is assumed to be due to pinholes or weak 
spots in the film. 

Passivation of semiconductor devices by fused, 
fr i t ted glass films has been used extensively in the 
indus t ry  bu t  no studies of the dielectric b reakdown 
behavior of these films on silicon have been reported. 
It was the purpose of this work to determine the di- 
electric breakdown of some glass compositions fusing 
between 560 ~ and 900~ (5). They can be described 
as derivat ives of lead-alumino-s i l ica tes  conta in ing 
small  amounts  of boron, germanium, zinc, and /or  
cadmium oxides to modify fusion temperature.  It  was a 
fur ther  objective to determine their  l imitat ions for 
device use. Some unexpected differences in behavior  

* E lec t rochemica l  Society Act ive  Member .  
Key  words :  glass, passivity,  defec t s .  

compared to that of silicon dioxide and phosphosilicate 
glass passivation were noted. 

Experimental 
Wafers used id  this study were 5.1 cm in  diameter,  

430 ~m thick. They were ~100> phosphorus-doped, 
CZ, 0.001-0.074 ~l-cm material .  Cleaning before glass 
application was done by: (i) 1 min  10:1 H20:48% 
HF at 50~ (ii) 20 min  DI cascade water  rinse; (iii) 
20 min  p i ranha  (85% HzSO4, 15% H202) at 100~ 
(iv) 20 min DI cascade water  rinse; (v) 1 min  10:1 
H20:48% HF at 50~ (vi) 20 min  DI cascade water  
rinse; (vii) blow dry-N~. 

The fri t ted glass, suspended in an organic solvent-  
polymeric binder,  was spun on the wafers and photo- 
l i thographically pat terned wi th  a conventional  con- 
tact aligner. They were then fused in an air ambient  
for 5 min at temperatures  noted in  the text. 

To compare with the dielectric breakdown for the 
fri t ted glass compositions, some wafers were steam 
oxidized at 1000~ and tested. Thicknesses obtained 
were 550 and 960 nm. In  addition CVD passivation 
was also applied to test wafers and evaluated. The 
CVD film was a sandwich structure of 200 n m  of u n -  
doped SiO2 at the air and silicon interface and 400 n m  
of 4 weight percent  (w/o)  phosphorus-d0Ped SiO2 in 
the middle. A l u m i n u m  dots, 500 nm thick, were evapo- 
rated on the glassed wafers through a meta l  mask 
(cold substrate.)  Two pat terns were evaluated to 
determine the effect of dot size and proximity  on the 
dielectric measurements .  These were 500 ~m dots, 
1240 ~m apart, or, 940 #m dots, 6000 ~m apart. 
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Wafers  were  p robed  wi th  a Tek t ron ix  Model  576 
curve t r ace r  wi th  e i ther  a s t anda rd  2.5 kV or  a h igh  
voltage 5 kV at tachment .  App l i ed  vol tage  was r amped  
at  ,~100 V/sec  un t i l  b r e a k d o w n  occurred.  P rob ing  
was done in  the d-c  mode wi th  the dots b iased posi -  
t ive ly  or  nega t ive ly  as follows: (i) In  an a i r  ambient ;  
(ii) wafer  surface covered wi th  xylene;  (iii) wafer  
surface dehydra t ed  b y  a hexame thy l  disi lazane 
(HMDS) t rea tment .  This consisted of spinning the ma-  
te r ia l  on the  wafe r  (3K rpm, 30 sec) and  baking  2 
rain, 200~ N2. 

Four of the glasses were tested on p+n moat- 
etched, high voltage diodes. The moat depth was 80 
• 5#m.  

Results and Discussion 
Dielectr ic  breakdown oS steam o~dde and pho~pho- 

si l icate glass (CVD) . - -To  compare  the resul ts  of this  
s tudy  of glass compositions,  the dielectr ic  b r eakdown  
of s team grown SiO2 arid a CVD phosphosi l icate  glass 
sandwich  was evaluated.  The measured  die lect r ic  
s t reng th  of s t eam SiO2 was 675 _ 60 V//ml for the  
550 nm film and 781 • 130 V/#m for the 960 n m  film. 
The phosphosi l icate  glass sandwich  had  a somewha t  
h igher  value, 846 _ 104 V/~m. The dielectr ic  s t reng th  
for  s t eam oxide  is in the  mid range  of  tha t  r epo r t ed  
by  Klein  et al. (6, 7) and  is somewhat  h igher  than  
that  r epor ted  by  Deal  (8). The h igher  va lue  for  phos-  
phosi l icate  glass, also observed by  Chou and Eldr idge  
(2), is a t t r ibu ted  to the phosphorus  in the  glass. 

Fo r  device types  having  high avalanche  b r e a k d o w n  
voltages, (>1  kV) ,  the use of s team oxide as a passi-  
r a n t  is not  commerc ia l ly  a t t rac t ive  because the  t ime 
requi red  to grow ve ry  thick oxide  is qui te  long and 
th ick oxide films tend  to crack. Also, the inheren t  
posi t ive charge at  the oxide interface  tends to l imi t  
the b r e a k d o w n  (avalanche)  tha t  can be achieved.  The 
glass pass ivat ion  process overcomes these d rawbacks  
of t ime and posi t ive in ter fac ia l  charge (9). In  addit ion,  
the h igher  dielectr ic  constant  (e ---- 10-17) of the  
glasses compared  to amorphous  SiO2 (e = 3.9) can 
drop a g rea te r  por t ion  of the appl ied  vol tage  across 
the glass thickness  to minimize  the danger  of a i r  ioni-  
zation. 

Dielectric breakdown of 900~ sealing glasses.raThe 
composit ion of the glasses examined  in this sect ion 
are  shown in Table I and resul ts  of b r eakdown  studies  
a re  shown in Table II. The effect of probe  ambien t  
and  glass thicknesses on the b r eakdown  proper t ies  
are  also included.  I t  is seen tha t  the  b reakdown  vol t -  
age for 5-16 /~m films is much h igher  than  tha t  for 
commonly  used thicknesses of s team oxide or  phospho-  
si l icate glass pass ivat ion discussed earl ier .  However ,  
the  dielectr ic  s t reng th  of the glasses is seen to be 
lower  than tha t  of s team oxide or  the  phosphosi l icate  
glass sandwich.  I t  is in teres t ing  to note tha t  the di-  
electr ic  s t reng th  of these glasses is much grea te r  
when measured  on th inne r  films. This is t aken  as ev i -  
dence tha t  a h igher  s t reng th  d ie lec t r ic  region above 
silicon is fo rmed when  fusing the glass powder .  The 
na tu re  of the high dielectr ic  s t reng th  in ter face  is u n -  
known.  If  one considers tha t  only  50A of oxide  should 
be grown on silicon in the  10 min fusion of the f l i t t ed  
glass powder  at  9O0~ in d ry  oxygen, on ly  about  4V 
can be added  to the b reakdown  vol tage of the film. 

The mode of b r eakdown  for  these glasses is different  
than  tha t  for s team oxide or  phosphosi l icate  glass. The 

Table II. Dielectric breakdown of 900~ sealing glasses 

Glass P r o b e  B r e a k d o w n  Die lec t r i c  
t h i c k n e s s  am- vo l t a ge  s t r e n g t h  B r e a k d o w n  

(~m)  b len t  (V)  ( V / ~ m )  m o d e  

1 A 
16.0 • 1.5 Ai r  1 7 6 0 -  153 110 ~ 10 Con t inuous  a rc  
7.0 • 0.5 A i r  1133 • 374 162 • 47 Con t inuous  a re  

16.0 ~" 1.5 Xylene  2020 • 273 127 • 16 Con t inuous  a re  
7.0 • 0.5 Xylene  200'5 • 335 286 • 49 C o n t i n u o u s  a rc  

2. B 
14.0 • 2.1 Ai r  1450 • 87 103 • 6 C o n t i n u o u s  a r e  

5.5 • 1.0 Air 130,5 • 167 228 • 30 Continuous a r e  

14.0 • 2.1 Xylene  2133 • 34 152 • 3 Con t inuous  a r c  
5 . 5 -  1.0 HMDS 1565 -- 172 284 • 31 Self  h e a l  a rc  a t  

130~-1400V, 
arcs continu- 
ously 

Continuous are 
Continuous are 

Continuous arc 
Continuous arc 

3. C 
17.5 • 1.5 Ai r  1730 -~ 177 99 ~- 10 
15.2 ----- 1.3 Ai r  1300 -~ 200 86 ~ 13 

17.5 • 1.5 Xylene  2500 • 320 143 • 18 
15.2 • 1.3 Xylene  2450 • 270 160 -~ 18 

D 
20.5 -4- 1.5 Ai r  20,52 -~ 203 100 -~ 13 
17.0 • 2.0 Ai r  1952 • 162 115 • 9 
10.5 • 2.0 A i r  1750 + 195 165 • 18 

20.5 • 1.5 Xylene  2~50 • 480 125 + 23 
17.0 + 2.0 Xylene  2167 -~ 167 127 _--. 13 
10.5 • 2.0 BMDS 196 -- 182 182 + 17 

Continuous arc 
Continuous are 
Continuous arc 

Continuous arc 
Continuous arc 
Continuous are 

l a t t e r  two pass ivants  b roke  down  in a single event.  
This has been a t t r ibu ted  by  Fr i tzsche  to be u l t ima te  
or  electronic b r eakdown  occurr ing be tween  700 and 
900 V/#m (4). The deposi ted glasses however ,  in the  
thickness used, b reak  down by  a different  mechanism,  
which occurs before  the  u l t ima te  or  electronic b r e a k -  
down potent ia l  is reached.  Fur ther ,  i t  takes  place by  
an arcing mechanism from the edge of the  dot  being 
probed  and to severa l  mi l l imete rs  across the  glass. 
Arc ing  continues unt i l  pa r t  of the  me ta l  on the dot  
has burned  away,  the glass fails, and the device shorts.  
This manner  of b r eakdown  has been descr ibed  by  
Kle in  et al. as a single hole event  p ropaga t ing  to ad-  
j acen t  sites (6, 7). The u l t imate  die lect r ic  s t reng th  
of the glass was not  de te rmined  because the  films 
were  too th ick  to reach  u l t imate  b r e a k d o w n  before  
arc ing occurred.  

By using a xy lene  film on the wafers  being probed,  
a closer approach  to electronic b r e a k d o w n  was made 
but  not  reached.  T rea tmen t  of the  glassed wafe r  sur -  
face by  HMDS which removes  adsorbed  wa te r  gave 
effects s imi lar  to xylene.  

Dielectric breakdown o] glasses fusing at or below 
850~ is of ten a need in device technology 
for pass ivat ion glasses fusing wel l  be low 900~ e.g., 
premeta l l i zed  wafers,  shal low junct ion  devices, etc. A 
number  of such glasses were  p repa red  and the i r  
b r eakdown  proper t ies  were  eva lua ted  and  corre la ted  
wi th  composition. The glasses, the i r  composition, and 
fusion t empera tu re  are  shown in Table III. As can be 
seen in glass H and glass I, smal l  amounts  of boron 
added  to the glass sys tem lead, a lumino si l icate g rea t ly  
depress  the seal ing tempera ture .  As a resul t  these are  
of grea t  in teres t  in ex tend ing  device technology.  

Dielectr ic  b r eakdown  associated wi th  these glasses is 
shown in Table IV. The highest  d ie lec t r ic  b r eakdown  

Table IlL Composition of glasses fusing below 850~ 

Table I. Composition of 900~ sealing glasses 

Glass Compos i t ion  

A 
B 
C 
D 

40 w / o  SiO~ : 50 w / o  PbO : 10 w / o  AleO~ 
3 w / o  V205 r e p l a c i n g  PbO in A 
2.8 w / o  Mn~Oa r e p l a c i n g  PbO in A 
1.3 w / o  V~O~ + 1.3 w / o  Mn208 r e p l a c i n g  PbO in  A 

Compos i t ion  Fus ion  
t e m p e r -  

Glass SiO~ PbO A12Oa B ~ O 3  ZnO O t h e r  a tu r e  (~ 

E 20 70 10 
F 38 42 10 10 
G 20 40 9 20 10 
H 18 70 9 3 
I 22 62 5 11 

1 CdO 

850 ~ 
800" 
750" 
050" 
560 ~ 
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Table IV. Dielectric breakdown of glasses fusing below 850~ 

Break-  Break-  
Glass  d o w n  down 

th ickness  Probe  vo l tage  s t rength  
(~m)  ambient (V) (V/~m) B r e a k d o w n  mode 

1. E (850~ 
7.5 ----- 1.0 Air  2223 • 86 296 - -  11 Single  spark e v e n t  

b r e a k d o w n  
6.5 + 1,0 Air  1950 • 77 301 ---4"-- 12 Single  spark e v e n t  

b r e a k d o w n  

7,5 _ 1.0 X y l e n e  2333 • 92 310 • 12 Single  spark e v e n t  
b r e a k d o w n  

6.5 • 1.0 Air  2000 • 65 309 • 10 Single  spark e v e n t  
b r e a k d o w n  

2. F (800~ 
7.1 ----. 1.0 Air  910 - -  205 128 • 29 Cont inuous  are 
7.1 --  1.0 X y l e n e  1450 - -  165 208 • 23 S ingle  spark ev ent  

b r e a k d o w n  
3. G (750"C) 

13.2 • 1.0 Air 488 _ 143 37 • 11 Single spark e v e n t  
b r e a k d o w n  

10.7 • 1.5 Air 400 ~ 55 38 ----- 5.0 Single spark e v e n t  
b r e a k d o w n  

13.2 • 1.2 HMDS 510 • 20 39 ... 1.4 Single spark e v e n t  
b r e a k d o w n  

4. H (650~ 
16.5 • 1.5 Air 844 • 163 51 • 10 Single spark event 

b r e a k d o w n  
16.5 ~ 1.5 HMDS 1040 • 72 63 • 4,3 Single spark event 

b r e a k d o w n  
5. I. (560~ 

6.0 ----- I Air 300 -- 25 50 -- 3.8 Single spark event 
breakdown 

6.0 • 1 HMDS 310 • 20 52 • 3.3 Single spark event 
breakdown 

s t rength of the glasses tested in  'the entire s tudy was 
seen in  glass E. The value of 301 V/#m is much higher 
than that  of glass A, 162 V/#m. A notable observation 
separat ing these glasses from those reported in Table 
II is that the breakdown mode (except for glass F - - a i r  
probe ambient)  has changed from continuous surface 
arcing to a single hole or spark event similar  to that  
reported by Fritzche (4). Single event  breakdown oc- 
curs before surface leakage causing arcing type break= 
down. Changing the probe ambient  from air  to xylene 
or HMDS changes the measured dielectric s t rength 
very li t t le for the boron glasses consistent with single 
event  breakdown. For the zinc containing glass F, 
however, the use of xylene changed the mode of 
breakdown from mul t ip le  event  (arcing) to single 
event. As such, the breakdown strength was improved 
62%. This i l lustrates how changing consti tuents in the 
glass can change the breakdown mode. 

Correlation of dielectric strength and fusion tem- 
perature with composition.--Figure 1 compares dielec- 
tric s t rength  and fusion tempera ture  as they are varied 
by glass composition. It  is seen that  the addition of 
only 3% boric anhydride,  to glass A lowers the fusion 
temperature  from 9000 to 650~ However, the dielec- 
tric s t rength is depressed 60%. The addition of 10% 
zinc oxide, glass F, lowers the fusion temperature  100~ 
yet depresses the dielectric s t rength only slightly. In -  
creasing the concentrat ion of lead oxide from 50%, 
glass A to 70%, glass E, decreases the fusion tempera-  

3O0 ~ Glass A. 
I SO%w PbO 40%w S~O 2 

l~w AI203 

2O0 

g 1o0 

2181 

0 E-70% PbO 

~ i  B-~% V2g 5 0~1.5% V205 
1,4% Mn2O 3 

0 < _ _ _ _ - - - - - - - ~  0 A 
F-10% ZnO i 

C~2,B~' MnzO 3 

1-11% 82o 3 H-3% 8203 G-ZO~ BzO3+ IO~ zno 

Fusion T~perature (~ 

Fig. 1. Dielectric strength and fusion temperature for various 
glass compositions (ref: Table I and Table III). 

ture  50~ but  raises the dielectric s t rength  83%. 
In  the glasses fusing at 9O0~ the addit ion of 3% 
vanad ium pentoxide, glass B, raises the dielectric 
s t rength 21% but  the addit ion of 2.8% Mn203, glass 
C, lowers it  44%. These results i l lustrate  an impor tant  
effect that small  changes in glass composition have o n  
fusion temperature  and dielectric strength.  

Evaluation of moat etched diodes passivated with 
~ow temperature ~usion glasses.--Because the b reak-  
down voltage of m a n y  devices used with glass passiva- 
tion is considerably higher, BV = 1-2 kV, than the 
observed dielectric breakdown of the passivation, par-  
t icular ly the boron-conta in ing  glasses, it  was decided 
to test the 11% boric anhydr ide  glass, I, on a moat-  
etched, high voltage diode. Comparison with d i o d e s  
passivated by higher  dielectric s t rength  glasses A and 
E would help qualify the boron-containing,  low tem- 
perature glasses for high voltage device use. In  addi-  
tion, a glass containing 5% germanium oxide, and 5% 
zinc oxide to depress the fusion tempera ture  of glass A 
was also tested, glass 3, 650~ fusion, for potential  use 
if the boron-conta in ing  glass failed to qualify. The 
germanium oxide glass was expected to have bet ter  di-  
electric properties than the boron glass because of 
germanium's  relat ion to silicon in the periodic table. 
Results are shown in Table V. 

The breakdown voltages at avalanche on the diodes 
with all four glasses were about  the same. The leakage 
of the boron containing glass I was quite high. This 
means that  boron in the glass is in t roducing easily 
activated surface states at the interface. Photosensi t iv-  
i ty experiments  also confirm the presence of added 
surface states as shown later. In  addition, immediate ly  
after sealing, the boron-conta in ing  glass evidences 
some electronic instabi l i ty  which disappears after 24 hr  
storage at room temperature.  The ge rmanium zinc 
containing glass J with no t rans ient  electronic insta-  
bi l i ty  has the lowest leakage of all. 

Table V. Breakdown (avalanche) properties of moat-etched diodes passivated with selected glass composition 

Glass IR at 1 kV (/LA) 
f u s i o n T  BV at IR (~A) (kV) 

(~ Composition (w/o) A f t e r  fuse  After 24 hr After 24 hr 

1, 
2. 

3. 

4. 

5. 

No  glass  ~ 1 0 A  nat ive  ox ide  Wa lko ut  to ~400V,  t e n d e n c y  to  arc 

A 40 50 10 20 • 9 20 ___ 8 1.25 • 0.04 
(900~ SiO~-PbO-A120~ (20 • 5/LA) 

J 15 5 70 5 5 12 ~ 5 12 - -  5 1.29 ----- 0.03 
(650~ SiO2-GeO2-PbO-A1203-ZnO (10 - -  2 ~A)  

I 22 62 11 5 Channe l  off scale  220 ---+ 80 1.30 • 25 
(560~ SiOs-PbO-BsOs-AI~O~ ~5 0 0 V ( >500/LA) 

E 20 70 I0 -- I0• 1.28 • 
(850 ~ C) SiO~-PbO-Al~O3 ( 10 ----- 2/~A) 
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In another  set  of exper iments  to fu r the r  qua l i fy  and  
character ize  glass J and  glass I, the firing t empera tu re  
of these glasses on moa t  e tched diodes was inves t i -  
gated. Results  are  shown in Table  VI. The b r eakdown  
and leakage  obta ined  in both  these glasses a re  i m -  
proved by  ra is ing the firing t empe ra tu r e  about  50~ 
The wafers  were  tes ted wi th  and wi thout  a film of 
xy lene  on them to de te rmine  any  change in b r e a k -  
down vol tage or  leakage  due to the added  dielectr ic  
film. There  was none. 

The final poin t  tha t  was brief ly s tudied  here  con- 
cerns pho tocur ren t  in the glasses diodes. On first tes t -  
ing i t  was noted tha t  glass I caused the diodes to be -  
come ve ry  photosensi t ive  wi th  la rge  channel  cur ren ts  
developing.  To test the  pho tocur ren t  in a semiquan t i t a -  
t ive way, wafers  wi th  no glass, glass J, and glass I 
were  probed in  darkness  and in d immed  room l ight  a t  
5 and 10V. Detai ls  are  shown in Table  VII.  

These da ta  show tha t  the diode ~vithout pass ivat ion 
has leakage currents  tha t  are enhanced by  l ight  due to 
photosensi t ive states tha t  are  at  or  nea r  the sil icon 
oxide interface.  Pass iva t ion  wi th  glass J does ve ry  
l i t t le  to change tha t  leakage.  Glass I, on the o ther  
hand, introduces addi t ional  surface s ta tes  i l lus t ra ted  
by  higher  leakage,  enhanced by  i l luminat ion.  The r ea -  
son for  these s tates  is ev iden t ly  re la ted  to the boron in 
the  gIass. A l though  not  s tudied in this work,  qua l i t a -  
t ive ear l ie r  observat ions  indica ted  tha t  glass A has 
l ight  sens i t iv i ty  s imi la r  to glass J. 

Summary and Conclusions 
Eight  glass composit ions were  s tudied  wi th  respect  

to the i r  dielectr ic  b r eakdown  behavior .  This was done 
to help character ize  f l i t t ed  glass device pass ivat ion and 
screen new candida tes  for p roduc t  use. Fusion t em-  
pe ra tu res  for the  glasses tes ted  ranged  f rom 900 ~ to 
560~ To achieve the fusion t empera tu re  range  noted, 
the base glass A composit ion was sui table  modified. 
This was most  not iceably  effected by  vary ing  the com- 
posi t ion rat ios and b y  the addi t ion of smal l  amounts  of 
ZnO, B208, CdO, or  GeO2. The dielectr ic  b r eakdown  of 
s team oxide and a CVD phosphosi l icate  glass sandwich  
were  compared  with  tha t  of the fused glass powders.  

I t  was shown that  the dielectr ic  b r e a k d o w n  of glass 
A, 1.1-1.8 kV, for thicknesses of 1-16 gin, is cons iderably  
h igher  than  tha t  of  s team oxide (0.73 k V  for 1 gin).  
The appl ica t ion  of a film of xy lene  or  HMDS t r ea tmen t  
on the surface of the test  device d id  not  change the 

Table VI. Comparison of diode breakdown voltage for glass I 
and glass J fused at different temperatures* 

F i r i n g  
t emp.  

Glass  (~ BV (kV)  a t  IR (~A) 

1. J 650" 1.29 ---+ 0.03 a v a l a n c h e  10 • 2 
700 ~ 1.38 • 0.04 ava l anche  5 --+ 2 

2. I 560 ~ 1.30, sof t ,  no a v a l a n c h e  >500/~m 
600 ~ 1.69, soft ,  no a v a l a n c h e  333 • 28 

* Eva lua t ed  24 h r  a f t e r  g lass  fus ion.  

TaMe VII. Determination of pbotocarrent in glass I and glass J 

R e v e r s e  c u r r e n t  (hA)  
Volt- Photocur -  

Glass  age  L i g h t  off L i g h t  on r e n t  (hA)  

1. None  5 100 ~ 50 800 ~ 50 
10 150 -~ 50 1000 ~ 50 

2. J 5 150--  33 750 ~ 50 
(5% AhOy, I0 250 • 50 1050 ~ 50 

5% ZnO, 
5% GeO) 

3. I 5 450 • 150 1500 ~-~ 200 
(11% BeOs) 10 550 ----- 250 1600 ~ 100 

70,0-~100 
850"+_100 

600-----88 
800+_100 

1050+350 
1050----.350 

value of the b r e a k d o w n  vol tage of s team oxide  or  
phosphosi l icate  glass. I t  d id  increase the measured  
b reakdown voltage to 2.0-2.3 kV for the tes ted l ead  
aluminosil icates,  glasses A and E. 

The mode of b r eakdown  for  s team oxide or the phos-  
phosi l icate  glass sandwich  is a s ingle hole event  in -  
d icat ive  of electronic (p r imary )  b r eakdown  of the 
passivation.  The mode of b r e a k d o w n  for  the l ead  a lu -  
minosi l icates  was d is t inc t ive ly  different.  Electronic  
b reakdown  was not  reached before  surface arcing oc- 
curred.  This has been descr ibed as a mul t ip le  site 
event  w i th  ini t ia t ion at  the probe site fol lowed by  
propagat ion  (arcing) to ad jacen t  sites. The appl ica t ion  
of the  xy lene  film or  HMDS t r ea tmen t  on the lead  a lu-  
minosi l icates  did not change this mode of breakdown.  
It  s ignif icant ly raised the threshold  value.  This is t aken  
to mean  tha t  surface leakage  causing significant vol t -  
age  drops  along the surface is causing arcing. The 
xylene  film o r  HMDS t r ea tmen t  reduces the leakage  
and hence raises the threshold  vol tage for  arcing. 

The calcula ted dielectr ic  s t reng th  increased for al l  of 
the f l i t t ed  glass powder  pass ivants  tes ted as the 
thickness decreased.  This is t aken  to mean  that  a 
h igher  dielectr ic  s t reng th  region  exists be tween  the 
fused glass film and the sil icon wafer.  The reason for 
this is unknown.  The highest  dielectr ic  s t rength  m e a -  
sured,  305 V/#m, was tha t  of glass E which  contains 
20 w/o  more  PbO than does glass A which has a 
dielectr ic  s t rength  of 168 V/#m, both being measured  
6 ~m thick. Lowest  d ie lect r ic  s t rengths  were  seen wi th  
the glasses containing smal l  amounts  of boron, 40-50 
V/~m. The lead  aluminosi l icates  b r eakdown  in a mul t i -  
ple event  wi thout  reaching electronic  breakdown,  
while  the  boro lead  aluminosi l icates  d isp lay  p r i m a r y  or  
single event  b reakdown wi th  the  low die lect r ic  
s t rength  noted. 

To de te rmine  if  low dielectr ic  s t reng th  boron con-  
ta ining glass I fusing at  560~ could be used to passi-  
va te  high vol tage devices,  i t  was applied,  pa t te rned ,  
and fused on p + n  diode wafers  wi th  t a rge ted  avalanche  
b reakdown to --1.0 kV. A new glass, J, was also p repa red  
using ge rmanium and zinc to lower  the fusion t empera -  
ture to 650~ Probe resul ts  showed the boron-con-  
ta ining glass I d id  a l low the diodes to reach stable,  
high voltages, >1.0 kV, wi thout  b r eakdown  of the 
passivation.  Reverse  leakage  was qui te  high, however ;  
>300 ~A at 1 kV. The  ge rmanium-z inc  glass also a l -  
lowed high, s table  voltages,  >1.0 kV, to be reached 
with  the addi t ional  advan tage  of low reverse  leakage,  
i.e., ~10 ~A at 1 kV cf. 20 #A for glass A, the s tan-  
da rd  900~ fus ing glass. 

F rom these results  i t  is concluded that  glasses w i th -  
out boron could be used for high vol tage passivation.  
The new glass, J, using ge rman ium and zinc to lower  
fusion tempera ture ,  is a s t rong candidate  for  a lower  
t empera tu re  glass passivant .  
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ABSTRACT 

The results of a s tudy of laser -annealed  Au-Ge  ohmic contacts to GaAs are 
presented. The specific contact resist ivity was observed to decrease wi th  in-  
creasing laser energy density while the grain size of the polycrystal l ine micro-  
s tructure (as observed by  transmission electron microscopy) increased. At 
higher energy densities, both parameters  were found to remain  constant  wi th in  
the exper imenta l  conditions used. Transmission electron micrographs, and 
sput ter ing Auger electron spectroscopic data showing Ga, As, and  Ge redis-  
t r ibut ion wi thin  the Au-Ge film are also presented. 

Recent research has focused on using laser i r radia-  
t ion for making ohmic contacts to GaAs because the 
localized, short durat ion heat ing of a laser beam was 
expected to result  in negligible GaAs decomposition 
and therefore improve contact quality. Results ob- 
tained for laser-annealed ohmic contacts (1, 2) have 
so far shown no significant improvement  in contact 
properties over contacts made by conventional  furnace 
alloying. A more detailed s tudy of laser-annealed 
ohmic contacts, focusing on the materials properties, 
therefore seems necessary. 

Transmission electron microscopy (TEM) is useful  
not only for microstructural  s tudy of materials  but  also 
for identification of mater ia l  types and phases. It has 
been used to study the alloying of thin films of Au (3) 
and A u - G e - I n  (4) on GaAs. However, only the micro- 
s t ructural  properties of these contacts were investi-  
gated. 

We report  here a study of laser-annealed A u - G e /  
GaAs ohmic contacts using TEM to correlate the 
microstructure and the electrical properties as ob- 
tained from specific contact resistivity measurements.  
Specifically, the variat ion of the specific contact re-  
sistivity as a function of the laser energy density was 
measured and is presented along with variations in the 
microstructure and the compositional depth profile as 
measured by Auger electron spectroscopy (AES). 

Sample Preparation and Experimental Procedure 
Te-doped (100) n-GaAs substrates of carrier con- 

centration, 2 X 1018 cm -3 were used. They were first 
cleaned in  tr ichlorethylene,  acetone, and methanol.  An 
oxide was then grown in deionized water  and etched 
off with HC1. An Au-Ge layer of 100OA thickness was 
deposited in vacuum (2 • 10 -6 Torr) from an alloy of 
eutectic composition [Au-Ge(12%)]  which was evap- 
orated to completion in a resistance heated tungsten  
boat. This deposition was done through a metal  evap- 
oration mask of parallel  slits that resulted in the con- 
tact s t ructure shown in Fig. 1. 

�9 Electrochemical Society Active Member. 
Key words: semiconductor, alloy, contacts, analyses, infrared. 

Ohmic contacts were formed by single pulse i r radia-  
tion of the AuGe film with a pulsed Nd-YAG laser of 
1.06 micron wavelength,  30 nsec pulse duration,  and 
beam spot diameter of 0.1 cm. The pulse energy density 
was varied from 0.6 to 3 J / cm 2. 

The ohmicity of the contacts was determined from 
curve tracer I-V plots while the specific contact re- 
sistivity was determined by a four-probe measurement  
technique as shown in Fig. 1. Curren t  (10 mA) is 
passed through two of the contact pads while the 
voltage between one of the cur ren t -car ry ing  pads and 

r , - - - - - - ,  

~"X .05 .2Scm crll 

a. 

n-GaAs 

b. 

Ro 
, /  

(cm) 
Fig. 1. (a) Four-point probe geometry for ohmic contact mea- 

surements; (b) resistance measured as a function of distance. 
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each of the inner  pad  is measured.  The resistance 
var ia t ion  as shown in Fig. lb  has been der ived  by  
Schuld t  (5) by  solving Laplace 's  equat ion numer ica l ly  
wi th  the ohmic contact  p lane as a bounda ry  and is 
given by  

R ( x )  = (pB/HW)X 

(~ + (pB/~w) l n 4 / ( 1  - exp ( -~D/ / -D  + ~ p~,~- [11 

where  PB is the bu lk  r e s i s t i v i t y , / - / i s  the sample  th ick-  
ness, W sample  width,  D contact  length, and f (pc, D/I-I) 
is a resistance p a r a m e t e r  which is a function of the 
specific contact  res is t iv i ty  pc and the ohmic contact  
geometry.  Using Ro, the in tercept  from the four -p robe  
measurements ,  the specific contact  res i s t iv i ty  pc, was 
obta ined f rom numer ica l  solutions for f(0c, D/It)  (5). 
Pr io r  to the measurements ,  the sample  was scr ibed 
into rec tangula r  s tr ips  in a direct ion pe rpend icu la r  to 
the  A u - G e  stripes. This was to ensure cur ren t  flow 
paths  only in the planes  perpendicu la r  to the contact  
p lane and along the length  of the  GaAs strip. Equat ion 
[1] is val id  only for this geometry.  

The samples  were  p repa red  for TEM examina t ion  by  
chemical  je t  pol ishing with  bromine  methanol  from the 
back side of the subs t ra te  so that  only  the top surface 
was observed.  

Results 
Figure  2 shows the I -V character is t ics  of contacts 

formed under  var ious  conditions. The as-depos i ted  
Au-Ge  film is a rect i fy ing contact  as Fig. 2a shows, but  
a f te r  laser  i r rad ia t ion  at  0.6 and 1.1 J/cm~, the contact  
becomes ohmic (Fig. 2b, c). The change in the specific 
contact  res i s t iv i ty  as the laser  energy  dens i ty  is var ied  
is shown in Fig. 3. I t  can be seen that  the electr ical  
proper t ies  of the  contacts are  improved  at  h igher  laser  
energy densities. The corresponding micros t ruc tura l  
changes are  shown in Fig. 4 in which the micros t ruc-  
ture of the contact  i r r ad ia t ed  at  0.6 J / c m  2 appears  
s imi lar  to that  of the  as-depos i ted  A u - G e  film. The 
gra in  size of the contacts i r r ad ia t ed  at  1.1 J / c m  2 has 
increased signif icantly whi le  the grains show features  
which were  not  observed in the other  contacts f abr i -  
cated at  lower  energy  densities. The resul ts  obta ined 
are  summar ized  in Fig. 5 which compares  the measured  
res idual  resistance Ro of the contacts and the corre-  
sponding grain  size. At  energy densit ies h igher  than 
1.1 J / c m  2, both the specific contact  res i s t iv i ty  and the 
gra in  size seem to remain  constant. 

The TEM diffraction pa t te rns  also showed changes 
corresponding to the format ion  of ohmic contacts by  
laser  i r radiat ion.  For  example ,  three  r ings can be ob- 
served in the diffraction pa t te rns  of Fig. 4b and c which 
do not exist  in the diffraction pa t t e rn  of the a s -de -  
posi ted AuGe film shown in Fig. 4a. By matching  la t -  
t ice spacings, these ex t ra  r ings have been identified 
with  germanium.  The dark  field image shown in Fig. 6 
was obta ined with  the object ive  ape r tu re  of the TEM 
on the G e ( l l l )  ring. I t  indicates  segregat ion of Ge at  
the gra in  boundary .  The white  spots wi th in  the grains  
were  also found to be germanium.  

Using Auger  analysis  combined with  argon ion 
sputtering,  measurements  were  made on the as -depos-  
i ted samples  as wel l  as the laser  i r r ad ia t ed  samples in 
order  to observe the changes in the composit ion depth 
profile of the contacts corresponding to the observed 
electr ical  and micros t ruc tu ra l  changes (as a function 
of laser  energy dens i ty) .  The e lementa l  depth  d is t r ibu-  
tions of oxygen  (503 e u  gal l ium (1070 eV),  ge rma-  
nium (1147 eV),  arsenic (1228 eV),  and gold (2024 eV) 
are  shown in Fig. 7 for the as-depos i ted  AuGe film. 
The essential  fea tures  of this profile (such as the 
sharp in terface)  do not change with  laser  i r radiat ion.  
There appears,  however ,  to be an increasing red is t r i -  
but ion of all  the e lements  present  with increasing laser  
energy  density. In Fig. 8, the profiles of Ga and As 
show a significant red is t r ibu t ion  of these two elements.  

Fig. 2. Current-voltage characteristics of Au-Ge contacts. (a) As- 
deposited; (b) laser-irradiated at 0.6 J/crn2; (c) loser-irradiated 
at 1.1 J/cm ~. 
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Fig. 4. TEM micrographs and diffraction patterns of Au-Ge con- 
tact films. (a) As-deposited; (b) laser-irradiated at 0.6 J/cm-~; 
(c) laser-irradiated at 1.1 J/cm 2. 

Within the energy density range used, this redis t r ibu-  
t ion does not  reach the surface and thus no gal l ium 
segregation at the surface was observed as was the 
case with furnace alloyed Au-Ge  (and Au-Ge-Ni)  
ohmic contacts (6). Figure 9 shows a corresponding 
decrease in  the Ge profile which indicates a redis t r ibu-  
tion of Ge into GaAs. This could not be confirmed by 
the present  AES data because of the coincidence of the 
arsenic and germanium Auger electron transit ions at 
1147 eV. 

Discussion 
It has been observed that  pulsed laser anneal ing  of 

implanted semiconductors results in melting, the dura-  
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Fig. 6. TEM micrographs of laser annealed Au-Ge film showing 
Ge segregation at grain boundaries. (a) Bright field image, 1.1 J/ 
cm~; (b) dark field image, 1.1 J/cm 2. 
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tion of which is longer than the pulse width of the 
laser beam (7, 8). Specifically, it was found that  the 
durat ion of mel t ing increased with the laser energy 
density and that for Te- implanted  GaAs, the melt  
durat ion was approximately 1 ~sec at an energy 
densi ty of 1 J / cm -2 (7). In  view of the short t ime 
periods involved in laser annealing,  it seems that  the 
drastic change in microstructure observed in this work 
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could not be due to solid-state diffusion (the solid- 
state diffusion length is much less than the grain sizes 
observed).  This kind of microstructural  change is 
therefore due to melt ing of the Au-Ge  film and an ad- 
jacent  layer of the GaAs substrate. By analogy with 
observations of laser anneal ing of a luminum on sili- 
con (9), this mel t ing is followed by rapid regrowth of 
Ge-r ich GaAs with a top layer of alloys or compounds 
of Ga-Ge, Au-Ga,  and Au-Ge. This kind of structure, 
consisting of successive layers of GaAs heavily doped 
with Ge; Au-Ge,  Ni-Ga, and Au-Ga  alloys and com- 
pounds has been observed in  furnace alloyed Au-Ge-  
Ni ohmic contacts (10). 

The grain size of a polycrystal l ine s t ructure  which 
has regrown from a melt  is related to a growth param-  
eter which is known to vary  inversely as the regrowth 
velocity (11). The regrowth velocity however, has 
been shown to also vary  inversely as the energy density 
of the laser beam (7). Thus, the increase in grain size 
observed in this work may be a t t r ibuted to an increase 
in the growth parameter  as a result  of a decrease in 
the regrowth velocity with energy density. The de- 
crease of the specific contact resist ivity on the other 
hand may  be due to an increased Ge doping of the Ge- 
rich GaAs layer  (12). In GaAs, Ge may go into either 
Ga or As vacancies depending on the temperature  and 
the vapor pressures (13) of As and Ga. It  appears 
that the constancy of the specific contact resistivity at 
the higher laser energy densities is due to an increas- 
ing concentrat ion of Ge in  As sites, instead of in Ga 
sites as is required for n - type  doping. 

Our AES results showing l imited redis tr ibut ion of 
Ga and As are in contrast to previous results obtained 
for furnace alloyed Au-Ge-Ni  ohmic contacts (6) 
which showed significant Ga and As concentrations at 
the contact surface. Limited Ga and As segregation as 
was found here may  be due to an incomplete mixing  
of the melt  from which the regrowth takes place. It  
was found for implanted  Si, from numerica l  calcula- 
tions, that the mel t - f ron t  velocity is substant ia l ly  
greater than the velocity of mass diffusion (14). The 
observed AES profiles for Ga and As are thus probably 
related to the dis tr ibut ion of Ga and As in the melt  
which is "frozen" into the ohmic contact layer  dur ing 
solidification. 

The observed redistr ibutions of Ga and As can result  
in Ga and As vacancies in the GaAs substrate. Hence, 
the substrate concentrat ion of vacancies should be 
higher in  the furnace alloyed contacts than in the 
laser-annealed ones since there is less redis t r ibut ion in 
the latter. One would therefore expect laser-annealed 

ohmic contacts to have improved contact reliability, 
since contact rel iabil i ty has been suggested to depend 
on vacancy formation in GaAs (15). 

C o n c l u s i o n  

We have presented results showing a decrease in the 
specific contact resistivity with energy density for laser 
annealed Au-Ge ohmic contacts. We have at the same 
time shown the correlation between the measured con- 
tact resistivity and the microstructure observed by the 
TEM. In  addition, AES results were presented to show 
the redis t r ibut ion of Ga and As as a result  of the laser 
annealing.  
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ABSTRACT 

The t rans ients  associated wi th  the deposi t ion of sil icon ep i t ax ia l  films in 
a hor izonta l  reactor  have been invest igated.  An under s t and ing  of these  t r an -  
sients is impor t an t  for the fabr icat ion and control  of the submicron films tha t  
wi l l  be requ i red  to accommodate  VLSI  designs. In  o rde r  to invest igate  these 
t ransients ,  severa l  exper imen t s  were  carr ied  out in which  the s t eady-s t a t e  
deposi t ion of ep i tax ia l  silicon was pe r tu rbed  by  a b r u p t l y  va ry ing  the flow o f  
sil icon species en te r ing  the reactor.  The response of the ep i tax ia l  sys tem to 
these per tu rba t ions  was de te rmined  by  measur ing  the resul t ing  dopant  d is t r i -  
but ion in the silicon film. A physical  model  tha t  emphasizes the role of the  
adsorbed  l aye r  on the silicon surface was used to exp la in  and s imulate  the 
behav ior  of the ep i tax ia l  system. By compar ing theore t ica l  s imulat ions  and 
expe r imen ta l  results,  the t ime constant  of the silicon deposi t ion process was 
es t imated  to be in the 20-30 sec range.  

Submicron  sil icon ep i tax ia l  films are  becoming in-  
creas ingly  impor t an t  wi th  the deve lopment  of VLSI  
technology. Epi tax ia l  l ayer  thicknesses in the  0.5-1.5 
/~m range  are  needed to accommodate  the smal l  cell  
sizes requ i red  for VLSI  designs. The t ransients  associ- 
a ted  wi th  the first few minutes  of growth,  however ,  
impose severe  l imi ta t ions  on the fabr ica t ion  of such 
thin films. As is descr ibed e lsewhere  (1), the dopant  
incorpora t ion  process in a s i l ane /a r s ine  ep i tax ia l  sys-  
tem requi res  severa l  minutes  to rega in  s teady s tate  
when a pe r tu rba t ion  such as a step change in dopant  
gas flow is imposed on the reactor .  S imi lar ly ,  the 
dopant  incorpora t ion  process requires  severa l  minutes  
to reach  the expected s t eady-s ta te  condit ion at  the  
beginning of the deposi t ion step (2). Consequently,  the 
ep i tax ia l  dopant  concentra t ion reaches the expected  
doping level  only  for films th icker  than  that  corre-  
sponding to this in i t ia l  t ransient .  Because this t rans ient  
per iod  corresponds to a t rans i t ion  layer  1-2 ~m thick, 
the expected s t eady-s t a t e  doping level  m a y  not  be 
achieved in submicron sil icon films. 

In  addi t ion to the dopant  incorpora t ion  process, the 
silicon deposi t ion process must  also go th rough  a 
t rans ien t  per iod dur ing  the ini t ia l  stages of growth,  
i.e., some t ime is requ i red  before  the expected s teady-  
s ta te  ep i tax ia l  g rowth  ra te  is established.  A complete  
unders tand ing  of the t ransients  associated wi th  both  
the dopant  incorpora t ion  and silicon deposi t ion p ro -  
cesses is cr i t ical  to the fabr ica t ion  and control  of sub-  
micron ep i tax ia l  films. 

The dopant  incorpora t ion  process has been the sub-  
ject  of previous  invest igat ions (1-4).  The work  p re -  
sented here  deals  p r i m a r i l y  wi th  the silicon deposi t ion 
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process. The main  objec t ive  of this work  was to in-  
ves t iga te  the t rans ient  associated wi th  the es tabl ish-  
ment  of a s t eady-s ta te  silicon growth  ra te  and the 
effect of this t rans ient  on the ep i tax ia l  doping level.  
The s implest  technique tha t  could have been used to 
de te rmine  this t rans ien t  was to ca r ry  out  a series of 
deposit ions for different  g rowth  t imes and then mea -  
sure the resul t ing  ep i tax ia l  l ayer  thicknesses.  However ,  
this method is imprecise because ve ry  shor t  in i t ia l  t ime 
in terva ls  are needed in order  to obta in  informat ion  on 
the ini t ia l  t ransient .  Moreover,  the effect of the  ini t ia l  
t rans ien t  on the film thickness could get compensated  
by  tha t  of the final t ransient ,  t he reby  concealing the 
informat ion  being sought. The most des i rable  approach  
would  be to measure  the film thickness cont inuously as 
the  film is being deposited. Dumin  (5) developed an 
in te r ferometr ic  technique tha t  measured  the thickness 
of silicon films as they  were  being deposi ted on sap-  
phi re  substrates.  This technique ut i l ized the in f ra red  
emission f rom the sapphi re  subs t ra te  and f rom the 
growing film. The rad ia t ion  f rom the sapphi re  subs t ra te  
was pa r t i a l ly  t r ansmi t t ed  th rough  the silicon and pa r -  
t ia l ly  reflected in the silicon, es tabl ishing an in te r fe r -  
ence pa t t e rn  which was used to de te rmine  silicon film 
thickness.  Shaw (6), on the other  hand, developed a 
g rav imet r ic  technique in which the weight  of the 
growing ga l l ium arsenide crys ta l  was cont inuously 
measured.  The use of these techniques,  however ,  poses 
severa l  difficulties when  appl ied  to the ep i tax ia l  deposi-  
t ion of silicon. The in te r fe romet r ic  technique is best  
sui ted to cases in which the index of ref rac t ion  of the 
film being deposi ted is different  f rom that  of the sub-  
strate,  whi le  the g rav imet r i c  technique measures  not  
only the weight  of the subs t ra te  but  tha t  of the sub-  
s t ra te  suppor t  as well.  

In  this paper ,  a different  technique is used to inves t i -  
gate the t rans ien t  associated wi th  the silicon deposi t ion 
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process. As discussed below, i t  consists of pe r tu rb ing  
the s t eady-s ta te  deposi t ion of silicon by  ab rup t ly  Z 
changing the flow of silicon species enter ing the re -  
actor. This pe r tu rba t ion  introduces a t rans ient  per iod ~D 
dur ing which the si l icon growth  ra te  varies  wi th  time, 
the reby  affecting the dopant  concentra t ion of the g row-  "~ 

&.. 

ing epi tax ia l  film. By s tudying  the resul t ing ep i tax ia l  "E 
dopant  profile, the t rans ient  in the sil icon deposi t ion 
process can be inves t iga ted  (7). In  the fol lowing sec- 
tions, the exper iments  carr ied out to s tudy the t r an -  
sient response of the silicon deposi t ion process are  de-  u 
scribed. Fol lowing this, a physical  model  capable  of "~ 
expla in ing  the resul ts  of the exper iments  is discussed, o .  
Final ly ,  ep i tax ia l  dopant  profiles ca lcula ted  using the C~ 
model  are  compared  to measured  profiles, and the t ime 
constant  associated wi th  the t rans ient  response of the 
silicon deposit ion process is est imated.  

Equipment and Experimental Details 
The epi tax ia l  reactor  used in this work  was a hor i -  

zontal, r f -hea t ed  Unipak VI (Sola Bas ic-Tempress)  
that  opera tes  a t  a tmospher ic  pressure .  The quar tz  r e -  
a c t o r  tube has an effective cross section of 26 cm 2 S,lane 
above the susceptor.  The sil icon ca rb ide-coa ted  g raph-  
i te susceptor  has the  dimensions 56 cm ( length)  • 11.4 
cm (width)  and is t i l ted  at  an angle of 1.5 ~ Hydrogen  
was used as the car r ie r  gas at  a veloci ty  of 67 cm/sec  
above the susceptor  (a t  room t empera tu re ) .  S i lane  was 
used as the  silicon source wi th  pa r t i a l  pressures  ad-  
jus ted  in the 10 -4 a tm range to produce silicon growth  
rates  of 0.34 and 0.17 #m/min.  Ars ine  di lu ted  in hyd ro -  
gen was used as the dopant  source wi th  pa r t i a l  p res -  
sures ad jus ted  in the 10 -11 arm range  to produce  epi-  
tax ia l  doping levels in the 1015/cm 3 range. The cor-  
rec ted  deposi t ion t empera tu re  at  the wafer  surface was 
app rox ima te ly  1050~ The opera t ing  conditions used 
in this work  were  opt imized so that  (i) the sil icon 
growth  ra te  was a l inear  funct ion of the silane par t i a l  
pressure  and (ii) the  growth  ra tes  and film resis t ivi t ies  
along the length  of the susceptor  were  uniform. 

The dopant  profiles in the epi tax ia l  layers  were  de-  
t e rmined  by  capac i tance-vol tage  measurements  on 
p lana r  p - n  junct ions and deep-dep le t ion  MOS s t ruc-  
tures (8). The fabr ica t ion  deta i l s  of the C-V s t ructures  
are  expla ined  e lsewhere  (1). Because of the low dif-  
fus ivi ty  of arsenic in sil icon (9), the heat  cycling du r -  
ing the fabr ica t ion  of these s t ructures  produced a dif-  
fusion length  of only  0.01 #m (1). The epi tax ia l  doping 
levels used in this s tudy  (,-- 1015/cm 3) were  low enough 
to al low the requi red  depth  profiling and high enough 
to produce a r e l a t ive ly  short  Debye  length  (10). 

Experiments and Results 
The exper iments  car r ied  out to s tudy  the t rans ient  

response of the silicon deposi t ion process are  descr ibed 
in this section. These exper iments  take advan tage  of ,~ 
the  fact  that,  as i l lus t ra ted  in Fig. 1 (1), the arsenic E 
concentrat ion in an ep i tax ia l  film var ies  wi th  sil icon ~ ,  
g rowth  ra te  for  a given ars ine par t ia l  pressure.  This [D 
g rowth - r a t e  dependence  allows the s tudy of g rowth-  
ra te  var ia t ions  dur ing silicon deposit ion by  examin ing  X 
the corresponding var ia t ions  in ep i tax ia l  arsenic con- c o 
centrat ion.  

Five exper iments  are descr ibed in this section, each ~ 2 
4 - -  of them address ing a different  aspect  of the t rans ient  c- 

phenomena.  The first expe r imen t  is descr ibed wi th  the u 
aid of Fig. 2. At  t ime t = 0 (see Fig. 2a) si lane and t- o 
arsine were  in jec ted  into the reactor  tube to begin o 
the deposition. Both flows were  ad jus ted  to establ ish 
the deposi t ion condit ion 1 in Fig. 2b, corresponding to c~ o. 
a uni form epi tax ia l  arsenic concentrat ion N~ and a si l i-  o 
con growth  ra te  gl. The ars ine flow was held  constant  r~ 
throughout  the ent i re  deposi t ion cycle. At  t = to the 
si lane flow was ab rup t ly  lowered  by  decreasing the 
flow set t ing on the s i lane rotameter .  The new s t eady-  
s ta te  deposi t ion condit ion is indica ted  by  2 in Fig. 2b, 
corresponding to a un i fo rm epi tax ia l  arsenic concentra-  

Silicon growth rate,g 

Fig. 1. Dopant concentration of uniformly doped epitaxial layers 
as a function of growth rate (1). 
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Fig. 2. Experiment to study the transient response of the silicon 
epitaxial process (see text). 

t ion N2 and a growth  ra te  g2. The resul t ing  arsenic p ro-  
file in the ep i tax ia l  film (Fig. 2a) contained informat ion  
on the response of the silicon ep i tax ia l  system to the 
abrup t  step change in si lane flow. F igure  3 shows the 
measured  arsenic concentra t ion as a funct ion of dis-  
tance from the surface of the ep i tax ia l  film for the 
decreasing step in si lane flow shown in the inset. The 
epi tax ia l  system g radua l ly  moved from one s teady-  
s ta te  condit ion to the next.  The t ransi t ion occurred 
over  a distance of app rox ima te ly  1 ~m, corresponding 
to severa l  minutes  of deposition. F igure  4 shows the re -  
sult  of an exper imen t  s imi lar  to that  descr ibed in Fig. 
2, except  tha t  the s i lane flow was a b r u p t l y  increased 
ra the r  than  decreased as indica ted  in the inset. The 
profiles in Fig. 3 and 4 show s imi lar  behavior ,  wi th  the 
t ransi t ion occurr ing app rox ima te ly  over  the same dis-  
tance, and indicate  the presence of significant t ransients  
in the silicon deposi t ion process. The s imi la r i ty  in the 
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Fig. 3. Experimentally observed dopant concentration as a func- 

tion of distance from the surface of the epitaxial film for the de- 
creasing step change in silane flow indicated in the inset. 
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Fig. 4. Experimental dopant profile for an increasing step change 
in silane flow. 

dopant profile for increasing and decreasing silane gas 
flows suggests the importance of analogous physical 
mechanisms in the two cases. In  an at tempt to study 
the importance of gas flow dynamics, epitaxial  dopant  
profiles were measured at different positions along the 
length of the susceptor. To this effect, three wafers 
were used in  each of the experiments  described above 
as indicated in Fig. 5, and dopant profiles were mea-  
sured in each wafer. No differences were observed in 
the measured profiles from wafer to wafer in a given 
experiment.  The physical mechanisms responsible for 
the t ransients  observed here are discussed in the fol- 
lowing section. 

The  next  exper iment  is described with the aid of Fig. 
6. Silane and arsine were injected into the reactor at 
t = 0. At t -- tt, the silane flow was interrupted,  and at 
t = t2 silane was injected back into the epitaxial  sys- 
tem. The arsine flow was not in te r rupted  unt i l  the end 
of the second deposition step at t = tD. The dashed line 
in Fig. 6 represents the response of the silicon growth 
rate to the abrupt  changes in silane flow conditions at 
t = tl and t = t2. It  considers the fact that  the silicon 
deposition process needs some time to stop after t = tl  
and, similarly,  that  it needs some time to reestablish a 
steady-state silicon growth rate after t = t2. As a re-  
sult of these growth-ra te  variations, the epitaxial  
arsenic concentrat ion can be expected to increase after 
t = tl  (see Fig. 6) and decrease after t -- t2 unt i l  the 
s teady-state  epitaxial  condition is reestablished. Figure 
7 shows the measured epitaxial  arsenic profile corre- 
sponding to this experiment.  The actual gas flow condi- 
tions are indicated in the inset. The pronounced peak 
in the arsenic profile clearly indicates the presence of 
appreciable t ransients  in the silicon epitaxial  system. 

In  the experiments  described above the silane flow 
conditions were varied while the arsine flow was held 
constant. In  the following experiments  both the silane 
and arsine flows were varied with time. The next  ex- 
per iment  is described with the aid of Fig. 8. Figure 8a 
shows the silane and arsine flows as functions of time, 

Si l icon substrate 
Susceptor  14-14 cm--~ ~', ~ / "  

I'~ 5 6  cm "I 

Fig. 5. Experimental arrangement. Dopant profiles were measured 
in each wafer. 
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Fig. 6. Experiment to study the transient response of the silicon 
epitaxial process (see text). 
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Fig. 7. Experimental dopant profile for the gas flows as functions 
of time indicated in the inset. 
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Fig. 8. Experiment to study the transient response of the silicon 
epitaxial process (see text). 

and Fig. 8b shows schematically the var iat ion of epi- 
taxial arsenic concentrat ion with silicon growth rate 
for two different arsine flows. At t -- 0 silane and 
arsine were injected into the reactor tube and their 
flows were adjusted to produce a silicon growth rate gb 
and an arsine flow fn. This deposition condition is indi-  
cated by L in Fig. 8b. The epitaxial  system was then 
allowed to reach steady state and establish a un i form 
epitaxial  arsenic concentrat ion N (see Fig. 8b). At 
t = to both the silane and arsine flows were abrupt ly  
increased and adjusted to produce a growth rate g~ 
and a flow rate fH, respectively. The new deposition 
condition H (see Fig. 8b) was designed to produce the 
same epitaxial  arsenic concentrat ion N. The epitaxial  
system was expected to change its s teady-state  operat-  
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ing condit ion from L to H following pa th  1, 2, or 3 in 
Fig. 8b. Pa th  2 was expected if the dura t ion  of the 
t rans ient  per iod was negligible,  while  pa th  1 or 3 was 
expected if the t rans ient  t ime was non-negl igible .  (I t  
is shown in the next  section that  pa th  3 is not phys i -  
cal ly  possible in this exper iment . )  In o rder  to de te r -  
mine which pa th  was fol lowed the dopant  profile in the 
resul t ing ep i tax ia l  film was measured.  A peak or dip in 
the otherwise un i form dopant  profile would  indicate  
whe ther  pa th  1 or  3, respect ively,  was followed. F igure  
9 shows the measured  arsenic concentrat ion as a func-  
tion o.f distance f rom the surface of the epi tax ia l  film 
for this exper iment .  The corresponding si lane and 
arsine flows as functions of t ime are  indica ted  in the 
inset. The profile shows a definite peak, indica t ing  that  
the epi tax ia l  system went  from L to H via pa th  1 (Fig. 
8b).  The two s teady-s ta te  doping levels in Fig. 9 are  
not the same. This is bel ieved to be due to lack of ve ry  
accurate  control  on the flow sett ings of the rotameters .  
The presence of a peak  in this exper iment  confirms the 
existence of non-negl ig ib le  t ransients  in the silicon epi-  
tax ia l  system. 

An exper imen t  s imilar  to tha t  descr ibed in Fig. 8 ex-  
cept  tha t  the si lane and arsine flows were  a b r u p t l y  de-  
creased ra the r  than increased at t = to was also car-  
r ied out. In  this case, the opera t ing  condit ion of the 
epi tax ia l  system was changed f rom H to L in Fig. 8. 
As ment ioned above, pa th  2 was expected to be fol-  
lowed if the dura t ion  of the t rans ient  per iod  was negl i -  
gible. F igure  10 shows the measured  epi tax ia l  dopant  
profile for the silane and ars ine flows as functions o.f 
t ime indicated in the inset. The profile shows a definite 
dip, indicat ing tha t  the ep i tax ia l  system went  f rom H 
to L fol lowing pa th  3 (see Fig. 8b) and confirming the 
presence of significant t ransients  in the silicon epi-  
tax ia l  system. The extent  of the dip in Fig. 10 is ap-  
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Fig. 9. Experimental dopant profile for the gas flows as functions 
of time indicated in the inset. 
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Fig. 10. Experimental dopant profile for the gas flows as func- 
tions of time indicated in the inset. 

prox ima te ly  equal  to that  of the  peak  in Fig. 9. The 
magni tudes  of the dip and peak, however,  differ 
slightly. This d iscrepancy in the magni tudes  is smal le r  
than 2 • 1013/cm a and is be l ieved to be due to ar t i facts  
in the measurement  technique.  

In this section, the exper iments  car r ied  out  to s tudy 
the t ransients  associated wi th  the sil icon deposi t ion 
process were  described.  The results  of these exper i -  
ments  indica ted  the presence of t ransients  of non-  
negl igible  dura t ion  in the silicon epi tax ia l  system. A 
physical  model  capable  of expla in ing  the results  ob-  
ta ined here  is discussed in the next  section. 

Physical Model 
In o rder  to expla in  the exper imen ta l  resul ts  de-  

scr ibed in the previous section, a physical  model  of the 
deposi t ion process is required.  The model  used here  
builds on the model  for arsenic incorpora t ion  in silicon 
ep i t axy  repor ted  e lsewhere  (2, 3). In this section, the 
basic fea tures  of the arsenic incorpora t ion  model  are  
rev iewed and then used to expla in  the exper imen ta l  
results.  

The arsenic incorpora t ion  model  can be summar ized  
wi th  the aid of Fig. 11 as follows. When an arsenic-  
containing species in the gas phase is in the vic ini ty  
of the silicon surface (Fig. l l a )  it  undergoes  a process 
of adsorption.  The adsorbed arsenic species diffuses on 
the surface unt i l  it  finds an incorpora t ion  site to which 
it can attach. This incorpora ted  arsenic a tom is then 
quickly  covered by  subsequent ly  a r r iv ing  silicon atoms. 
r l  (Fig. 11) is the rate  at  which arsenic species are  
adsorbed on the silicon surface, and is given by  (2) 

[ Ns0D(t) ] [1] 
r l ( t )  ---- kmr PD ~ KAKp 

where  kmf is a kinet ic  coefficient associated wi th  the 
r a t e - l imi t ing  step of the arsenic incorpora t ion  process 
(2), PD ~ is the input  arsine pa r t i a l  pressure,  Ns is the 
surface densi ty  of adsorpt ion sites per  unlit area,  eD is 
the fract ion of adsorpt ion sites occupied by arsenic spe-  
cies, and KA and Kp are  the rmodynamic  constants re -  
la t ing the ep i tax ia l  arsenic concentra t ion to the con- 
centra t ion of arsenic  species in the adsorbed layer  a n d  
gas phase, respect ive ly  (2). r2 (Fig. 11) is the ra te  a t  
which arsenic is covered by  sil icon atoms and is given 
by  (2) 

Ns~D (t) 
r~(t) = g( t)  ~ [2] 

KA 

where  g is the silicon growth  rate.  The adsorbed layer  
p lays  an impor t an t  role in this model. I t  consists of a 
popula t ion  of hydrogen,  silicon, and arsenic species 
occupying adsorpt ion  sites and capable  of moving on 
the solid surface. The model  assumes that  the concen-  
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Fig. i l .  Simplified model for dopant incorporation into growing 
silicon epitaxial films: (a) steps taking part in the doping process; 
(b) equivalent circuit representing the doping process. 



Vol. 128, No. 10 S I L I C O N  E P I T A X I A L  F I L M S  

t ra t ion of arsenic in the growing epi tax ia l  film (N) 
is p ropor t iona l  to the concentra t ion of arsenic species in 
the adsorbed layer ,  i.e. (2) 

Ns~D 
N -- - -  [3] 

KA 

In this model, rl is viewed as the rate at which the 
adsorbed layer increases its population of arsenic spe- 
cies. Similarly, r2 is viewed as the rate at which the 
adsorbed layer decreases its population of arsenic spe- 
cies due to the silicon-covering step. In steady state, 
i.e., when the arsine and silane flows entering the reac- 
tor have r ema ined  unchanged for a "long" time, r l  = 
r2. Consequently,  0D remains  unchanged  (see Eq. [1] 
and [2]) and so does N (see Eq. [3]).  However ,  when 
the ars ine a n d / o r  si lane flows va ry  wi th  t ime r l  and r2 
m a y  not  be equal  and, as a result ,  ~D and N m a y  also 
va ry  wi th  time. In this case, the ra te  of change of ~D 
(and N) can be ca lcula ted  f rom (2) 

dOn (t)  
r l  (t) --  r~ (t)  = Ns [4] 

dt  

By using Eq. [1], [2], and [3], Eq. [4] can be r ewr i t t en  
as (2) 

[ N ( t ) ]  d N ( t )  
kmf PD~ (t)  ~[p g ( t ) N ( t )  -~ KA d---~ 

[5] 

Equat ion [5] summarizes  the  arsenic incorporat ion 
model  and  re la tes  PD~ g ( t ) ,  and N ( t ) .  The red is -  
t r ibut ion  of arsenic in the  epi tax ia l  film dur ing silicon 
deposi t ion was neglec ted  here  because of the  low dif -  
fus iv i ty  of arsenic in silicon. 

F igure  l l b  shows an equiva lent  circui t  (3, 4) r epre -  
sent ing the arsenic incorpora t ion  model  descr ibed 
above. The "current"  in the circuit  represents  the net  
flow of arsenic species. R1 represents  the l imi ta t ion  im-  
posed by  the r a t e - l imi t ing  mechanism on the flow of 
arsenic species. R2 represents  the  step by  which  silicon 
atoms cover arsenic atoms dur ing  growth.  P D  ~ r ep re -  
sents the "vol tage" which dr ives  the current ,  i.e., the  
dr iv ing  force for the arsenic incorpora t ion  process. The 
capaci tor  accounts for the accumulat ion  of arsenic spe-  
cies in the adsorbed  layer .  In  the equivalent  circui t  
of Fig. l l b ,  R1 - (kmf) - i ,  Re( t )  -- [ g ( t ) K p ]  - i ,  and 
C - KAKp,  and the vol tage  across the capaci tor  is p ro -  
por t iona l  to 0 D and N (see the Append ix ) .  Notice tha t  
Re is p ropor t iona l  to the  reciprocal  of the sil icon 
gro,wth rate.  

The arsenic incorpora t ion  model  descr ibed  above can 
now be used to expla in  the resul ts  of the exper iments  
descr ibed in the  previous  section. Because al l  exper i -  
ments  can be expla ined  analogously,  only the  exper i -  
men t  descr ibed in Fig. 8 is discussed here  wi th  the 
help of Fig. 12. In  tha t  exper imen t  the ars ine and si lane 
flows were  both adjusted,  before  and af ter  t = to, to 
produce  the same ep i tax ia l  arsenic concentrat ion N in 
s teady  state. The abrup t  increase in arsine flow at t --- 
to resul ts  in an ab rup t  increase in the ra te  r i  at  which 
arsenic  species adsorb  on the silicon surface (see Eq. 
[1]).  S imi lar ly ,  the ab rup t  increase in si lane flow at 
t ---- to increases the si l icon growth  ra te  the reby  in-  
creasing the ra te  re at which arsenic species in the  ad-  
sorbed layer  a re  covered by  silicon atoms (see Eq. [2], 
Fig. 12a). I f  the si l icon g rowth  ra te  reaches the  new 
s t eady-s t a t e  ra te  " ins tantaneously ,"  then both r l  and 
r2 increase  b y  the same amount  and reach  the new 
s t eady-s t a t e  ra tes  ins tantaneously.  Consequently,  ~D 
remains  unchanged dur ing  the t rans i t ion  (see Eq. [4]) 
and  so does N. This s i tuat ion corresponds to the epi-  
tax ia l  system moving f rom L to H via  pa th  2 (see Fig. 
8). However ,  if the silicon growth  ra te  requires  some 
non-negl ig ib le  t ime to reach  the new s teady-s ta te  rate,  
then r l  > r2 for  a br ie f  per iod  of t ime which resul ts  
in an increase in eD (see Eq. [4]) and, consequently,  
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Fig. 12. Physical model used to explain the behavior of the epi- 
taxial system: (a) steps taking part in the doping process and sili- 
con growth; (b) equivalent circuit with R2 changing "instantane- 
ously;" (c) equivalent circuit with R2 changing gradually. 

an increase  in N. Eventual ly ,  as the silicon g rowth  ra te  
approaches  the new s teady-s ta te  rate,  both  0D and N 
gradua l ly  fal l  back to the i r  s t eady-s t a t e  levels.  The end 
resul t  is a "peak" in the resul t ing  epi tax ia l  arsenic 
profile, in agreement  wi th  the exper imen ta l  observa-  
t ion shown in Fig. 9. 

The equiva lent  circuit  in Fig. 12 can also be used to 
expla in  the exper iment .  F igure  12b shows the s i tuat ion 
that  exists when the silicon g rowth  ra te  reaches the 
new s teady-s ta te  ra te  ins tantaneously .  In this case, R2 
decreases a b r u p t l y  and, consequently,  r2 increases 
ab rup t ly  compensat ing the ab rup t  increase in ri.  As a 
result ,  the amount  of charge accumula ted  in the  ca-  
paci tor  (which corresponds to ~D in the model)  re -  
mains unchanged.  F igure  12c shews the s i tuat ion tha t  
exists  when the silicon growth  ra te  approaches  the new 
s t eady-s t a t e  gradual ly .  In  this case, R2 decreases 
g radua l ly  and r l  > r2 for a br ie f  per iod  of time. This 
increases the  amount  of charge s tored in the capacitor.  
Eventual ly ,  as R2 reaches its s t eady-s ta te  value,  the 
charge in the capaci tor  falls  back to the s t eady-s t a t e  
level. 

In  this section, the  arsenic incorpora t ion  model  was  
rev iewed and then used qua l i ta t ive ly  to expla in  the 
resul t  of one of the exper iments  descr ibed in the p re -  
vious section. I t  was concluded tha t  the  exper imen ta l  
resul ts  can be expla ined  if i t  is assumed that  the sil icon 
deposi t ion process needs some non-negl ig ib le  t ime to 
regain  s teady state af ter  a pe r tu rba t ion  is imposed on 
the si lane flow. A more  quant i ta t ive  discussion is given 
in the next  section in which arsenic profiles ca lcula ted  
f rom Eq. [5] a re  compared  to expe r imen ta l  profiles. 

Comparison of Theory and Experiments 
Equat ion [5] has been used successful ly to s imulate  

ep i tax ia l  deposit ions in which the ars ine flow var ied  
wi th  t ime while  the si lane flow was kep t  constant  (2). 
I t  is shown in this section tha t  Eq. [5] can also be 
used to s imula te  ep i tax ia l  deposit ions in which  both the 
ars ine and silane flows va ry  wi th  t ime. Epi tax ia l  
dopant  profiles corresponding to the exper iments  de- 
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scr ibed above are  computed  here  using Eq. [5] and 
are compared  to measured  profiles. 

As discussed by  Johnson and Panousis  (10), the  p ro-  
files measured  by  the capaci tance-vol tage  technique 
are  a closer represen ta t ion  of the ma jo r i t y  car r ie r  dis-  
t r ibut ion  than they  are  of the impur i ty  dis tr ibut ion.  
For  this reason, the theore t ica l  profiles shown in this 
section do not  correspond to impur i t y  dis t r ibut ions  but  
to ma jo r i t y  car r ie r  distr ibutions.  The theoret ica l  ma jo r -  
i ty  car r ie r  d is t r ibut ions  were  obta ined  by  using the 
impur i ty  dis t r ibut ions  obta ined f rom Eq. [5] and com- 
put ing  a one-dimensional  solution to Poisson's  equa-  
tion. The computer  p rogram SEDAN was used to ob-  
tain the  Poisson solut ion (11). 

In  order  to use Eq. [5] to calcula te  impur i t y  p ro-  
files, the silicon growth  ra te  was assumed to respond  
exponent ia l ly  to an ab rup t  change in si lane flow. As 
an i l lustrat ion,  the equations solved numer ica l ly  to 
obtain the impur i t y  profiles corresponding to the ex -  
pe r imen t  descr ibed in Fig. 8 are  given below: 

0 < t ----- 15 min 

N( t )  -- g ' ( t ) N ( t )  KA dt kmf P 1 - -  K---~ = ~ [6] 

g ' ( t )  = gl [1 -- e x p ( - -  t i t s ) ]  [7] 

s x = g ' ( t )d t  [8] 

15 < t ~ 2 3  min 

[ N ( t )  ] t iN( t )  
- -  g " ( t ) N ( t )  = K A ~  [9] kmf P 2 -  K----~ 

g"( t )  -- g l e x p [ - -  ( t - -  15)/vs] 

+ g 2 { 1 - - e x p [ - -  ( t - -  15)/vs]} [10] 

SI x = g ' ( t )d t  + ~ g " ( t ) d t  [11] 

where  ~s is defined here  as the t ime constant  of the 
silicon deposi t ion process. The values  of kmf, Kp, and 
KA for a given ep i tax ia l  system and opera t ing  condi-  
tions can be obtained expe r imen ta l l y  (2). For  the epi-  
tax ia l  reac tor  and deposi t ion condit ions used in this 
work  these values  are  kmf : 4.85 X 1019/cm2 sec atm, 
Kp : 1.05 X 1026/cm8 arm, and KA : 5.7 X 10 - s  em 
(2). P~, P2 and gl, g2 were obta ined  f rom the corre-  

sponding ars ine flows and si lane flows, respect ively.  
Therefore,  the only unknown in the above equations 
is Vs. F igure  13 shows measured  (solid l ine)  and calcu-  
la ted  (dashed and dot ted  l ines) dopant  profiles cor-  
responding to this exper iment .  Three  s imulat ions  are  
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shown, each corresponding to a different  value  of vs. 
Al l  s imulat ions predic t  the peak  in the dopant  profile 
observed exper imenta l ly .  In order  to fit the s t eady-  
s ta te  levels of the calculated profiles to those of the  
measured  profile the values  of P~ and P2 (see Eq. [6] 
and [9]) were  s l ight ly  adjusted.  The best  fit to the  
measured  profile was o.btained wi th  ~s : 30 sec. 

F igure  14 shows measured  (solid l ine)  and s imu- 
la ted  (dashed and dot ted  l ines) dopant  profiles corre-  
sponding to the exper iment  descr ibed in Fig. 10. The 
equations used in these s imulat ions are  s imi lar  to Eq. 
[6]-[11].  Three  s imulat ions  are  shown, each corre-  
sponding to a different  value  of Vs. Al l  s imulat ions  p re -  
dict the dip in the dopant  profile observed expe r imen-  
tal ly.  The best  fit to the  measured  profile was obta ined  
using T~ : 20 sec. The d isagreement  be tween  the 
values of Ts obta ined f rom Fig. 13 and 14 is due to the 
d iscrepancy in the magni tudes  of the peak  and dip, 
respect ively.  As ment ioned  earl ier ,  this d iscrepancy is 
bel ieved to be due to l imita t ions  in the resolut ion of 
the capaci tance-vol tage  technique used to measure  the  
profiles. 

The expe r imen ta l  resul ts  shown in Fig. 3, 4, and 7 
were  also s imula ted  using vs : 20-30 sec. The s imu-  
la ted  and measured  profiles were  almost  indis t inguish-  
able, confirming the va l id i ty  o.f the physical  model  and  
the  t ime constant  for the silicon deposit ion process dis-  
cussed here. 

Summary and Conclusions 
In this work, the t rans ients  associated wi th  the depo-  

sition of silicon ep i tax ia l  films in a convent ional  chemi-  
cal vapor  deposit ion reactor  were  invest igated.  The ob-  
ject ives  of this work  were  (i) to es t imate  the d u r a -  
t ion of the t rans ient  per iod  that  precedes the es tabl ish-  
ment  of a s t eady-s ta te  deposi t ion ra te  and (ii) to s tudy  
the effect of this t rans ien t  on the dopant  concentra t ion 
of the growing epi tax ia l  film. The technique used to 
invest igate  these t rans ients  consisted of pe r tu rb ing  the  
s t eady-s t a t e  deposit ion of silicon b y  ab rup t ly  va ry ing  
the si lane gas flow and then s tudying  the effect of this 
pe r tu rba t ion  on the ep i tax ia l  dopant  concentration.  A 
physical  model  capable  of expla in ing  the behavior  of 
the epi tax ia l  sys tem dur ing  the t rans ient  per iod was 
described.  Epi taxia l  dopant  profiles corresponding to 
the exper iments  carr ied  out  in this work  were  calcu-  
la ted using the model  by  assuming tha t  the sil icon 
growth  ra te  responds exponent ia l ly  to an ab rup t  va r i a -  
t ion in silane flow. The theoret ica l  profiles were  found 
to agree fa i r ly  well  wi th  the measured  profiles when 
the t ime constant  used for the exponent ia l  response of 
the silicon deposi t ion process was in the 20-30 sec 
range. The physical  mechanisms responsible  for  the  
t rans ient  behavior  of the silicon deposi t ion process are  
cur ren t ly  under  investigation.  P r e l i m i n a r y  resul ts  
seem to indicate  that  gas flow dynamics  do not  p l ay  
a dominant  role, as suggested by  the fact tha t  the  m e a -  
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sured  profiles shown in Fig. 3 and 4 were  independen t  
of the posi t ion of the subs t ra te  a long the length  of the  
susceptor.  Equat ion  [5] summarizes  the model  d e -  
s c r i b e d  here  and can be used to design the si lane and 
ars ine  gas flows as functions of t ime tha t  produce  the 
des i red  i m p u r i t y  d is t r ibut ion  in the ep i tax ia l  film. 
Therefore,  Eq. [5] should a l lbw a be t te r  control  of the 
doping level  in submicron ep i tax ia l  films. 
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A P P E N D I X  
The ars ine pa r t i a l  pressure  in equ i l ib r ium wi th  the  

ep i tax ia l  arsenic concentra t ion is given by  (2) 

N 
PD,eq : [A-1] 

Kp 

By using Eq. [ A - l ] ,  Eq. [5] can be r ewr i t t en  as 

dPD,eq 
kmf[PD ~ --  PD.eq] --  gKpPD,eq -" KAKp -~ [A-2] 

which can also be wr i t t en  as 

PD ~ --  PD,eq PD.eq dPD,eq 
- -  - -  C - -  [ A - 3 ]  

RI R2 dt 

where  R1 -- (kmD-1, R2 - (gKp) -1, and C =- KAKp. 

By subst i tu t ing Eq. [3] into Eq. [ A - l ]  

N s 0 D  
PD,eq -" 

KAKp 
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The Application of Temperature Gradient Zone Melting 
to Silicon Wafer Processing 

Mike Chang* and Richard Kennedy 
General Electric Company, Syracuse, New York 13221 

ABSTRACT 

High vol tage semiconductor  devices f ab r i ca ted  wi th  deep p - t y p e  isolat ion 
regions are  now pract ical .  By employ ing  the t empera tu re  g rad ien t  zone m e l t -  
ing technique (TGZM),  s t ructures  can now be fabr ica ted  tha t  were  not  possi-  
ble before  using only so l id-s ta te  diffusion techniques. In  this s tudy,  var ious  
processing a l te rna t ives  are  discussed and analyzed.  High vol tage  SCR devices 
have been made  using the TGZM approach  and process l imitat ions,  based on 
the cur ren t  s t a t e -o f - the -a r t ,  are  described.  Car r ie r  l ifet imes,  b locking vol tage  
capabil i t ies ,  and leakage  cur ren t  levels  have been measured  and  indicate  tha t  
the processes used are  effective. 

The t empera tu re  g rad ien t  zone mel t ing  (TGZM) p ro -  
cess can y ie ld  deep p - n  junct ions  at  a much fas ter  
ra te  than  convent ional  so l id-s ta te  diffusion techniques 
(1, 2, 6-10). As an example ,  an a luminum pa t t e rn  can 
migra te  th rough  a 400 ~m thick sil icon wafer  in jus t  
about  10 min  at  1200~ By contrast ,  convent ional  
boron diffusion would  requ i re  app rox ima te ly  o n e  
month  at  1250~ diffusion s imul taneous ly  f rom both 
sides, to achieve a comparab le  s t ructure .  This unique 
fea ture  of the TGZM method  allows p - t y p e  connections 
to be made  th rough  any thickness of s i l icon wafer .  

* Electrochemical Society Active Member. 
Key words: semiconductor, devices, thermomigration, process. 

In  one applicat ion,  this type  of deep connection can 
be used to join two p- layers ,  diffused f rom opposing 
sides of a silicon slice. Thus, the  p - n  junct ions  t hem-  
selves never  ex tend  to the edge of the  s t ructure .  Sepa-  
ra t ion  and passivat ion of the two blocking junct ions  
can be achieved b y  etching grooves on one side of the 
slice to expose the junctions,  fol lowed b y  backfi l l ing 
the grooves wi th  a sui table  passivant .  A typica l  SCR 
s t ruc ture  fabr ica ted  v ia  TGZM isolat ion is shown in 
Fig. 1 (2). 

I t  is also of in teres t  tha t  the ma te r i a l  p resen ted  here  
can also be used for o ther  appl ica t ions  such as field 
grids of a field control  thyr i s for  (FCT) ,  ve r t i ca l  s o l a r  
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Fig. 1. A typical SCR structure fabricated with TGZM isolation 

cells, etc. In this paper, the technique of TGZM iso- 
lation, together with its processing characteristics, is 
described. 

Experimental 
The TGZM technique was used to introduce an iso- 

lat ion region into a silicon structure. The necessary 
active p - n  junct ions  were formed by convent ional  
solid-state diffusion processes. The TGZM procedure 
and the complete s tructure fabrication process will be 
described separately. In actual  practice, these separate 
processes can proceed in any  sequence. 

Migration.~An a luminum-s i l icon  droplet  was al-  
lowed to migrate through a silicon slice at a given 
temperature,  with a specific tempera ture  gradient  
through the slice. A quartz lamp system Fig. 2) was 
used as a heat source. It performed quite well; how- 
ever, there are a l ternat ive systems, such as a modi-  
fied epitaxial  reactor, that  perform equal ly  well. The 
details of the quartz lamp system have been discussed 
elsewhere (3) bu t  the wafer  support ing mechanism 
is worth ment ioning  here. 

Any finished surface of a silicon wafer, be it lapped, 
chemically etched, or mechanical ly polished, is not 
microscopically flat, nor is any other solid surface. 
Therefore, it is impossible for a silicon wafer to lie on 
another  solid surface and main ta in  a continuous, un i -  
form contact. Rather, there are numerous  point  con- 
facts, which means that  uni form thermal  conduction is 
not possible. In such a situation, the required un i -  
directional temperature  gradient  cannot  be main ta ined  
and the direction of migrat ion will be unpredictable.  

The use of an air cushion is the ideal way of achiev- 
ing uniform thermal  conduction. In  this work, an air-  
cushion effect was s imulated by using a 3 quartz pin 
system to support  the wafer. The results were reason- 
ably good across the wafer except in the immediate  
vicini ty of the point  contacts. The next  most l ikely 
way of achieving a continuous contact would be to 

LAMP COMPARTMENT 

WORK CHAMBER 

HEAT SINK 

use a l iquid support  system. Molten t in and a luminum 
support  systems are possibilities cur rent ly  being in-  
vestigated by the author. 

In order to produce a p- type isolation grid in an 
n- type  silicon wafer  by TGZM, l iquid a luminum-s i l i -  
con droplets mus t  be migrated through the wafer. A 
simple calculation shows that  8.128 • 1017 a luminum 
atoms/cm ~ is adequate to dope a 400 #m thick silicon 
wafer to a concentrat ion of 2 • 1019 atoms/cm 8. This 
is equivalent  to a 0.1349 ~m thick slice of solid a lu-  
minum. However, for migrat ion of an a luminum-s i l i -  
con droplet, approximately 1 ~m of a l u m i n u m  is re- 
quired. In this study, four methods (Fig. 3) were de- 
veloped for interfacing an a l u m i n u m  ar ray  wi th  the 
silicon surface. 

Groove method.--A network of grooves 10-20 ~m 
deep is etched into the silicon surface. The a luminum 
pat tern  is then introduced into the grooved regions. 
These grooves contain the a l u m i n u m  grids and keep 
the mol ten a luminum from spreading over the wafer 
surface dur ing the thermomigra t ion  process. 

Oxide channels.--An array  of windows is opened 
into an oxidized silicon wafer surface by conventional  
photolithographic techniques. After the a luminum is 
pat terned into these windows, the oxide borders con- 
tain the mol ten  a luminum during processing in  much 
the same way as the grooves. 

MOS method.--The a l u m i n u m  pa t te rn  is applied 
directly to an oxidized silicon surface (4). This in -  
vestigation showed that  the a luminum reacts with the 
oxide forming a porous material ,  probably mostly a lu-  
minum oxide. The rest of the a luminum then migrates 
through this porous mater ia l  and alloys with the sili- 
con Iorming the a luminum-s i l icon  droplet. This porous 
oxide has the effect of confirming the a l u m i n u m  to the 
pat terned area. 

Direct application method.pi t  was determined that  
none of the above methods are necessary to keep the 
a luminum from spreading out on the silicon surface 
dur ing migration, provided that  the a l u m i n u m  pat te rn  
is sintered before migrat ion takes place. Thus, the pat-  
tern can be applied directly to the silicon wafer  sur-  
face without  any prior surface preparation.  

The a luminum pat te rn  can be formed by any of 
several conventional  methods. In one case, the entire 
surface of the silicon slice is first coated with a lumi-  
num, and then the pat tern  is delineated photolitho- 
graphically using a suitable a luminum etch. In  another  
photolithographic technique, a photoresist pa t te rn  is 
first formed on the wafer followed by a layer  of evapo- 
rated a luminum.  Then the photoresist mater ia l  is de- 

AL 
AL ,#' SiO 2 

Si ~ SI 

(A) GR00V c METHOD (C) MOS METHOD 

AL AL 

Si  

(B) OXIDE CHANNEL METHOD (D) DIRECT INTERFACE METHOD 

Fig. 2. A schematic diagram of a quartz lamp system for TGZM Fig. 3. Four different methods of creating aluminum patterns on 
operation, the surface of a silicon wafer for TGZM operation. 
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composed. Since the a l u m i n u m  adheres only to the 
uncoated area, the excess a luminum outside these 
areas can be easily removed. The a l u m i n u m  pat te rn  
can also be formed by evaporat ion through a metal  
shadow mask. 

The prepared wafers are loaded into the TGZM 
chamber  with the a l u m i n u m  pat te rn  side facing the 
heat  sink. This s tudy showed that  best results were 
achieved using a three-par t  tempera ture  cycle, a 
r amp-up  period, a soak period, and a r amp-down 
period. During the r amp-up  period, the a luminum be-  
gins to react with the silicon to form the a l u m i n u m -  
silicon solution. By proper manipula t ion  of the ramp-  
up cycle, the required  s inter ing operation, ment ioned 
earlier, can be insti tuted. Migration begins dur ing this 
period, though at a relat ively slow rate; it proceeds at 
its highest rate dur ing the soak period. The a luminum 
gradual ly  freezes out of the emerged a luminum-s i l i -  
con droplet on the hot surface of the wafer dur ing the 
r amp-down  part  of the cycle. The ramping  portion of 
the cycle has the added benefit of reducing thermal  
shock stresses. In  a typical  run,  a 10 mil  wide pa t te rn  
with 4 #m thick a l u m i n u m  will migrate  through a 
400 ~m thick silicon slice using the following cycle: 1 
min  ramp-up ;  8 min  soak; 3 min  ramp-down.  The soak 
tempera ture  is 1200~ wi th  a tempera ture  gradient  
around 50~ 

Device fabrication.--Most power semiconductor de- 
vice fabricat ion processes involve at least two diffu- 
sion operations. For example, an n-base  thyristor 
can be made with a deep p- type  diffusion followed by 
an n - type  emit ter  diffusion. In certain instances, these 
two diffusion cycles can be combined into a single 
s imultaneous operation. The purpose of TGZM isola- 
t ion is to connect a diffused p-layer,  on one side of the 
slice, to an opposing p - layer  on the other side. Three 
different sequences of TGZM and diffusion were 
studied. 

Dil~usion /~rst.--The TGZM isolation operation is per-  
formed after all  the diffused junct ions  have been cre- 
ated. A surface c lean-up follows TGZM to remove 
rough areas. Subsequent  operations, such as groove 
etching, passivation, and metall ization, can then pro- 
ceed. 

TGZM f i r s t .~The  TGZM operation is first performed 
on the raw silicon wafers, after which the wafers are 
mechanical ly lapped or chemically etched (or both) to 
yield smooth surfaces. Convent ional  wafer processing 
operations, i.e., oxidation, diffusion, etc., can now be 
performed on these wafers t reat ing them as if they 
were raw silicon slices. 

TGZM intermediate.--In some applications, for exam-  
ple, cer ta in  power transistor structures, more than two 
diffusion operations are required. In  these cases, it  may 
prove advantageous to inser t  the TGZM operation after 
one or more diffusion steps have been performed, bu t  
before completion of the entire structure.  In  this 
work, TGZM was employed in a power transistor  
fabrication process jus t  after the ini t ia l  deep collector 
diffusion cycle was completed. 

Dur ing  the course of this investigation, SCR (sili- 
con control rectifier), diode, and power transistor  
structures were fabricated using the TGZM process. 

Results and Discussion 
Migration results vs. aluminum pattern preparation. 

- - I n  the groove method of pa t te rn  preparation,  the 
mechanical  s t rength of the silicon wafer is significantly 
reduced by the etched grooves. This l imita t ion can be 
devastat ing to product  yield if the groove depth be-  
comes a substant ia l  fraction of the total wafer thick- 
ness. This method is, however, the most effective way 
of keeping the a luminum pat tern  from surface spread- 
ing. The oxide channel  and MOS methods do not  me-  

chanically weaken the s t ructure  bu t  do introduce an -  
other problem. That  is, the mater ia l  formed by  the 
reaction of molten a luminum with the silicon oxide 
is extremely tough and difficult to remove. Its pres-  
ence inhibi ts  the growth of good oxide in  those areas 
during subsequent  processing. Because of its abrasive 
nature,  it can decrease photoresist mask life due to 
mechanical  damage. The direct a luminum-s i l icon  cou- 
pling eliminates the above ment ioned problem. But, it 
may leave a somewhat  bumpy  surface (Fig. 4), which 
can be reduced to a reasonable level by  adequate con- 
trol of migrat ion conditions. 

Limitations and problems.--There are some instabi l i -  
ties inherent  in the TGZM process (1, 2, 6) ; ways have 
been found to overcome some of these and to deal 
with the others. 

Linewidth.wThe surface tension of a l iquid pattern 
l ine varies inversely wi th  the l inewidth.  If the l ine-  
width decreases to a specific size, the surface tension 
becomes high enough to cause the l iquid l ine to break 
up into discrete surface droplets, which may or may 
not migrate (6-8). Of course, there wil l  be no migra-  
tion in those areas void of the l iqu id .  The critical point  
at which breakup occurs depends on TGZM conditions, 
the thickness of a luminum,  and the surface condition 
and crystal or ientat ion of the silicon. These studies 
have shown no problems with l inewidths greater  than 
2 mils. 

Silicon wafer thickness.--There seems to be no upper  
l imit  on wafer thickness for successful migration.  
A luminum has been migrated through a 9.25 in. thick 
slice of silicon in 4 hr  with no difficulty whatsoever. 
However, since the TGZM process, by its very  nature ,  
causes damage on the silicon slice that tends to 
weaken the wafer structure,  there probably  is a lower 
l imit  on wafer thickness. This work shows that  wafers 
less than 8 mils thick are too fragile after  TGZM to 
allow processing without  excessive breakage. 

Stress and damage.--Even though care is t aken  to 
minimize stresses due to thermal  shock, TGZM does, 
after all, employ high tempera ture  and short times, 
which often leave the silicon stressed and damaged. 
These defects become visible when the wafer  surfaces 
are etched. 

Silicon crystal orientation.--As the width  of the a lu-  
m i n u m  line approaches its lower limit, a critical s i tua-  
tion occurs between the silicon crystal or ientat ion and 
the direction of pa t te rn  lines on the wafer (9). If the 
lines are not properly or iented with the crystal  lattice, 
broken lines, distortions, and other undesirable  phe-  

Fig. 4. A picture shows the roughness of TGZM surface in which 
the TGZM aluminum pattern was directly applied to a bore silicon 
surface. 
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nomena  wil l  occur. This p rob lem disappears  as the 
wid th  of the  l ine increases.  Fo r  example ,  10-20 mil  
wide circle pa t te rns  have been successful ly migra ted  
through po lycrys ta l l ine  si l icon which, of course, had  
many  crysta l  subdomains  wi th  different  or ientat ions  
as shown in Fig. 5, where  the r i gh t -hand  side wafer  is 
top side up and the l e f t -hand  side wafer  is bo t tom 
side up. 

Silicon surface condition.--When the quar tz  l amp  sys-  
tem is used, the effectiveness of migra t ion  depends  
highly  on the ref lect ivi ty  of the  silicon surface. The 
lower  the ref lect ivi ty  ( the g rea te r  the absorp t ion) ,  
the fas ter  the  drople t  migrates .  Sil icon wafers  wi th  a 
rough or  da rkened  surface have a favorable  ra t io  of 
absorpt ion ra te  to reflection rate.  This inves t igat ion 
has shown that  a l apped  surface yields  fas ter  m ig ra -  
tion than a chemical ly  e tched surface  which, in turn, 
is be t t e r  than a mechanica l ly  pol ished surface.  I t  was 
also discovered tha t  a l aye r  of sil icon oxide, which  
acts as an antiref lect ion barr ier ,  provides  addi t ional  
increases in migra t ion  rates.  

Device fabrication.win this sect ion the processing 
sequence exper iments ,  i.e., TGZM first vs. diffusion 
first, are  compared  and anal~'zed. This s tudy  shows 
that,  when condit ions permi t ,  the best  approach  is to 
do the TGZM opera t ion  first. 

"Diffusion first.--In this approach,  the  TGZM opera -  
tion is accomplished a f t e r  a l l  of the semiconductor  
junct ions have been formed.  Since the s t ruc ture  is 
basical ly  complete  at  this point, i t  is obvious tha t  the 
active area  of the  s t ruc ture  should not  be s ignif icant ly 
damaged  o r  al tered.  As noted earl ier ,  TGZM always  
leaves some surface scars, which  mus t  be removed  be-  
fore subsequent  processing can proceed. I t  is a lmost  
impossible  to remove M1 of the TGZM dam,age wi thout  
adverse ly  affecting the active s tructure.  I f  all  of the  
damage is not  removed,  the oxide  qua l i ty  in the  TGZNI 
area  wil l  be poor, and the remain ing  rough spots m a y  
cause problems in photol i thographic  processing. F igure  
6 shows the process sequences for  both  "diffusion first" 
and "TGZM first" methods.  

"'TGZM/~rst".--When TGZM is pe r fo rmed  first on r aw  
silicon wafers,  p rac t ica l ly  al l  of the TGZM scars can 
be removed  before junct ion format ion  takes  place. 
Lapp ing  fol lowed by  chemical  etching, or  l app ing  
alone, has been effective in obta in ing  acceptable  wafer  
s t ructures  af ter  TGZM. Al l  subsequent  diffusion, oxi-  
dation, and photo l i thographic  processing steps can be 
per formed  in the same way  as wi th  r aw  mater ia ls .  An 

Fig. 5. A circular aluminum pattern migrated through a poly- 
crystalline silicon wafer. The right-hand side wafer is top side up 
and the left-hand side wafer is bottom side up. 

Fig. 6. Process sequences for the "diffusion first" method and 
the "TGZM first" method. 

addi t ional  advantage  f rom employing  TGZM as a first 
processing step is the l a t e ra l  diffusion f rom the isola-  
t ion region tha t  occurs dur ing  r egu la r  junct ion  diffu- 
sion. This l a te ra l  diffusion expands  the TGZM region 
an addi t ional  10-20 mils  on each side (Fig. 7). An 
abrup t  junct ion is changed to a h ighly  graded junct ion 
resul t ing  in a cons iderably  be t t e r  b locking vol tage  
capabi l i ty .  This diffusion of the TGZM region also 
tends to close any  gaps in the TGZM region tha t  might  
have occurred dur ing  migrat ion.  Final ly ,  since the 
junct ion has diffused to an a rea  remote  f rom the or ig i -  
nal  border,  i t  is less affected by  res idua l  stress or  
damage in the or iginal  TGZM region. In  spite  of the 
advan tage  associated wi th  l a t e ra l  diffusion, i t  mus t  be 
noted that  ex t r a  a rea  is required,  which  can be p ro -  
hibi t ive  in fabr ica t ing  ve ry  smal l  devices. 

Out-diffusion of the a luminum atoms dur ing  subse-  
quent  diffusion operat ions  can also be hand led  ad- 
vantageously. In this invest igat ion,  out-diffusion has 
been used wi th  a p - t y p e  i m p u r i t y  source, dur ing  
c losed- tube diffusion, to form graded deep blocking 
junctions.  A boron source is also inc luded to enhance  
the surface concentra t ion of the p - layer .  The resul ts  
of one of these diffusion exper iments  a re  shown in 
Fig. 8. In open- tube  diffusion, these out-dif fused a lu -  
minum atoms can be oxidized and purged  away,  wi th -  
out affecting diffusion or  oxidat ion  results ,  b y  p ro -  
v id ing  a sufficient oxygen  flow. 

An  addi t ional  advan tage  f rom a process yield point  
of v iew is that, since TGZM occurs first, the s ta r t ing  
thickness of the wafer  is not  l imited.  The wafer  is 
r educed  to its final thickness on ly  af te r  the TGZM 
opera t ion  has been completed.  

Device evaluation.--In this study,  TGZM is used 
only to in t roduce  an ex t ra  p - t y p e  isolat ion wal l  into 
an exis t ing device, which, obviously,  a l ters  the  p h y -  
sical  s t ruc ture  of the device. A n y  possible  nega t ive  
effects on device character is t ics  resul t ing  f rom the 
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TGZM operation can be detected by device evaluation. 
In a typical example, an SCR was fabricated from 50 
~-cm, 400 ~m thick n - type  silicon wafers. The carrier 
lifetime measurements  (open-circui t  decay method) 
showed values of 10-20 ~sec at high inject ion levels, 
which is comparable to equivalent  devices processed 
without  TGZM. Another  way of evaluat ing the effec- 
tiveness of the TGZM operation is to compare block- 
ing-voltage capabilities. These SCR's showed a block- 
ing capabil i ty of 1600V in  both directions, which is 
approximate ly  80% of the theoretical bu lk  avalanche 
breakdown voltage for this resistivity range. The leak-  
age current  level at 1600V was abou t  1.5A, as shown 
in Fig. 9, which suggests a good lifetime. The low 
leakage is a funct ion of the superior surface passiva- 
tion obtained with glass. I t  should be noted that the 
p lanar  structures studied in this invest igat ion are 
more adaptable to glass passivation than conventional  
mesa types. 

Various devices have been made with this process. 
These devices have blocking voltages as high as 2500V 
and a cur ren t -ca r ry ing  capabil i ty of up to 600A. Some 
of these devices are shown in Fig. 10. Thei r  character-  
istics are listed in Table I. This table does not  imply  
any l imit  for devices fabricated by the TGZM tech- 
nique;  it is presented only to indicate the extent  of 
the present  work. 

Table I. The characteristics of some devices made with TGZM 
isolation and glass passivation 

C u r r e n t  ra t-  B l o c k i n g  
D e v i c e  i n g s  (RMS)  ( v o l t s )  

C106 4 600 
BC57(C147)  63 1690 
C190 650 80() 
4 0 M M  950 >2600 

Summary 

The temperature  gradient  zone mel t ing  technique 
was used to create deep p -n  junct ions  in  silicon at 
greatly reduced processing times. In  this study, TGZM 
process variat ions related to power semiconductor 
structures have been investigated. The specific results 
of this investigation are summarized as fSllows. 

1. TGZM has proven to be an effective means of 
fabricat ing power semiconductor s t ructures  that  could 
not be made solely by solid-state diffusion. 

2. A method of loading wafers in  the TGZM work 
chamber to assure a unidirect ional  tempera ture  gra-  
dient  was demonstrated.  

3. Of the four methods of interfacing an a luminum 
array with a silicon wafer, the direct application ap- 
proach proved to be the simplest. 

4. The introduct ion of slow heat ing and cooIing 
segments of the TGZM tempera ture  cycle was effective 
in  reducing thermal  shock stresses and el iminated 
the need for presinter ing the a l u m i n u m  pattern.  

5. Of the two basic processing sequences studied, 
the "TGZM-first" approach proved to yield significant 
advantages. 

6. Based on the current  s ta te-of- the-ar t ,  TGZM is 
l imited to 2 rail a l u m i n u m  pat te rn  l inewidths and 
silicon wafer thicknesses greater  than  8 mils. 

7. Al ignment  of the a luminum pat te rn  to the crystal  
lattice was shown to be necessary only  on very  nar row 
linewidths. 

8. It  was demonstrated that  a rough and darkened 
silicon wafer surface yielded the highest rate of mi-  
gration. 

9. Characteristics of a typical SCR st ructure  fabr i -  
cated with TGZM isolation regions have been de- 
scribed. 
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Fig. 9. The characteristics of an SCR made with TGZM isolation 
and glass passivation. 
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ABSTRACT 

Good control of the diffusion profile on Zn in GaAs is essential in many  
practical applications. By photoluminescence measurements  the Zn distr ibu-  
tion obtained in several diffusion runs at 850~ with GaZn:GaAs sources was 
determined. Under  well-defined diffusion conditions, complementary  error  
funct ion distr ibutions of the impur i ty  were found. This is justified admit t ing 
that  a nonequi l ib r ium in gal l ium vacancy concentrat ion may be noticeable 
for a relat ively long time (up to 60-90 mi n ) ;  in this case the subst i tu t ional-  
interst i t ial  mechanisms are no longer valid and the diffusion becomes purely  
substi tutional.  The coefficient for subst i tut ional  diffusion is Ds : 1.5 X 10 - n  
cm 2 sec-L Complications due to the source composition and to the surface 
status of the substrate are also described. 

The Zn diffusion mechanism in  GaAs can be well  
understood on Lhe basis of a subst i tu t ional- in ters t i t ia l  
model (1) in which the equi l ibr ium concentrat ion of 
Ga vacancies is the controll ing factor for the impur i ty  
diffusion. The diffusion is explained by means of the 
existence of a "fast" inters t i t ia l  ion Zni m+ (m -- 1, 2 
degree of ionization),  which reacts with a gal l ium va-  
cancy VGa to produce a "stationary" subst i tu t ional  ion 
Zns -  and (m -b 1) holes 

Zni m+ -}- VGa - - -  Zns -  -b (m + 1) e + [1] 

The amount  of inters t i t ia l  Zni depends on [VGa] and 
hence from the AS part ial  pressure PAs4 through the  
equi l ibr ium constants K1 and Ks 

[Zni m + ] K1 K2 
-- - -  [2] 

[Zns-  ] [VGa] [PAs4] 

In this model, the effective diffusion coefficient D is 
a funct ion of a power of the dopant  concentrat ion 
Czn, whose exponent  goes from zero [very high PAs4 
(2, 3)] to three [low P.~s4, low tempera ture  (4, 5)].  In  
the first case, for PAs4 ~ 2 arm, [VGa] is so high that 
[Zni] falls to negligible values (Eq. [2] ); only the dif- 
fusion of Zns is significant and the diffusion process 
reverts  to the subst i tu t ional  one, with Ds = cost --  

10 -11 cm 2 sec -1 even at Czn ~ 1020 cm - s  at 900~ 
Lowering PAs4, [Zni] increases and inters t i t ia l  diffu- 
sion becomes dominant ;  if the equi l ibr ium of [VGa] 
exists, D is proport ional  to C z n  m + l  and a "supergaus- 
sian" profile is obtained 

( x) Izcm+1) 
Cz~=Cs i---- [3] 

xj 

with Cs ---- surface concentration and xj ---- junction 
depth. 

More complex profiles are known with noninteger 
values of (m ~- I) (6, 7) and with a double diffusion 
front (2, 7). 

With properly prepared GaAs substrates, diffusions 
performed at 850~ and with an As pressure which 
corresponds to the GaAs dissociation pressure, gave 
a complementary error function distribution of the 
Zn (D = const), which apparently contrasts with all 

Key words: GaAs technology, photoluminescence measurements 
on GaAs:Zn, diffusion profiles of Zn in GaAs. 

published exper imental  data. For  an interpretat ion,  
it is assumed that, in our diffusion conditions, the 
[V~a] is out of equi l ibr ium for a t ime which is not  
negligible. This must  be taken into account in  order  
to achieve complete control of the diffusion process. 

Experimental 
In order to optimize a Burrus- type  diffused LED, 

we needed a diffusion process which allowed precise 
control of the Zn profile, of the Zn surface concentra-  
t ion (between 1010 and 4 X 1019 cm-~) ,  and of the 
junct ion  depth (between 4 and 7 #m). 

More than th i r ty  tests were performed on 2 X 1018 
cm -3 Si doped GaAs wafers, (100) oriented, disloca- 
tion content  (EPD) less than 300 cm -2, polished 
on one side, supplied by Sumitomo. Before Zn diffu- 
sion about 70 ~m were etched awa~ by chemical-  
mechanical  polishing employing a solution (1000 
H2:O2:5 NH4OH); after the final chemical etching 
(5 H2SO4:H202:H20) the correct value of EPD w a s  
found, indicat ing that  all work damage was removed. 

Slices of 4 cm 2 area were sealed in a quartz ampul  
of about 70 cm 8, evacuated at  10 -0 Torr. The total 
weight of the source was lg, with Zn concentrations 
xzn 1 between 3.5 and 13 atomic percent  (a /o) .  A 
quant i ty  of GaAs varying  from 0 to 150 mg was added 
to the source. 

Diffusion times varied from 15 rain to some hours. 
The Cs and Zn profiles were measured by photo- 
luminescence (PL) on a bevelled ( ~  2 ~ sample using 
as excitation light the 6471A line of a Kr  laser, 
focused to a 5 #m spot. 

I t  is well  known that  both the peak wavelength 
km and the full width half ma x i mum Ak of the PL 
spectrum are related to the Zn concentrat ion in  GaAs. 
However, the spectra are ra ther  flat and therefore km 
cannot be accurately identified and Ak, in  nonun i -  
formly doped samples, depends on the concentrat ion 
gradient  below the excitat ion spot  

For these reasons we chose a different cal ibrat ion 
which is shown in Fig. 1. The normalized PL spectra 
of four uni formly  Zn-doped samples whose carrier  
concentrat ion was measured by  the Hall  effect are 
shown in the figure; the axis labeled d goes through 
the 80% relat ive in tens i ty  of the spectra and gives the  
abscissa for the required calibration curve, shown in 
Fig. 2. 

2199 
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.S8 .90 ' ,)~ pm 
Fig. 1. PL spectra of uniformly doped GaAs:Zn samples. Curves 

A, B, C, and D refer to doping levels of 1028 , 3.5 X 10 ~s, 9 X 
10 ~s, and 4 X 10 TM cm -3,  respectively. 
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Fig. 2. Calibration curve Czn vs. d, obtained from Fig. 1. The 
closed circles are experimental Cs values for diffusions with As- 
saturated sources having the indicated a/o of Zn content. 

Although this choice may be considered empirical, 
we found that  the shift in the low energy side of the 
PL spectrum is much more sensitive to the doping 
level variations;  furthermore,  i t  is the least affected 
by the PL contr ibut ion arising from the mater ia l  
under ly ing  the point  under  measurement ,  which may 
severely influence the whole PL spectrum, par t icular ly  
when measurements  are made close to the p -n  junc -  
tion (8). 

An absolute accuracy bet ter  than 10% was estimated 
for this method. 

xj measurements  were made by  SEM on reverse 
biased samples and sheet resistance Rs was measured 
by the four-point  method. The residues of solid GaAs, 
if present, were removed from the l iquid source and 
weighed to know the final composition of the source. 

To unders tand  the importance of surface status, 
diffusions were added for comparison on in ten t ional ly  
damaged wafers; these were obtained by lapping their  
surfaces with 5 ~m AlzO3 (measured depth of the 
damage 40-50 ~m) and removing only 10-20 /~m by  
polishing. 

Results 
Figure 3 shows the relationship between xj and ~/~ 

for diffusions performed with more than 100 mg of 
solid GaAs in  the source. 

By the procedure i l lustrated in the preceding sec- 
t/on, it was verified that  this quant i ty  of GaAS (cor- 
responding to an AS content  of about 5-6 a/o)  was 
necessary to reach the equi l ibr ium composition of the 
source at the diffusion temperature,  so as to have an As 
saturated source. This agrees with published experi-  

xj -- 
Iron 

5 

~- * I t I I I 

50 d 
Fig. 3. Plot of xj vs. %/~, at different xzn 1, for As-saturated 

sources. 

menta l  data about  the te rnary  phase diagram GaAsZn 
(9). 

All sources having a lower amount  of solid G a b s  
gave deeper profiles with some single defects on the 
wafer surface, due to As out-diffusion, and with fair 
reproducibi l i ty  of Cs, for constant Xzn I and diffusion 
times. 

Figure 4 refers to diffusions with As saturated 
sources and shows the correct dependence of Cs from 
(Xzn I) '/2, Cs being lower than  the Zn solubil i ty l imit  in 

GaAs (10). 
Among the profiles of Fig. 5, A is typical  for equi-  

l ib r ium sources with t --~ 60-80 min:  It  is a comple- 
men ta ry  error function distr ibution with Ds _~ 1.5 X 
10 -11 cm 2 sec-1; diffusion with t < 60 min  on damaged 
substrates showed a double front profile (Fig. 5B). 

For t --~ 120 rain, "supergaussian" profiles (m -}- 1 = 
2) were always found both for damaged and normal ly  
processed wafers. Diffusion conditions and exper imen-  
tal results for the data reported in Fig. 5 are sum- 
marized in Table I. 

Figure 6 compares the calculated values of Rs for 
erfc and "supergaussian" (m + 1 -- 3) distributions;  
exper imental  points confirm PL profile measurements.  

Discussion and Conclus ions 
Erfc profiles are quite unusua l  for Zn in GaAs; they 

are expected for very  high As pressures and  for Cz, 

Table I. Experimental conditions for profiles shown in Fig. 5 

P r o f i l e  A B C 

S o u r c e :  xzn 1 ( a / o )  7 7 7 
GaAs (rag) 150 150 150 
GaAs residue 

(rag) 50 50 50 
Diffusion time (rain) 60 60 120 
Cs ( • 10 TM cm -8) 2.1 2.1 2.1 
xj (gin) 5.5 6.3 8.5 
Surface status Good Damaged Good 
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Fig. 4. Surface concentration C s  vs.  XZn 1. The slope of the 

straight line is 0.5. 
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Fig. 5. Dopant profiles for diffusions of Table I 

lower than intr insic  carrier  concentrat ion nt [2 ~ 101~ 
cm -3 at 850~ (11)] possibilities that are excluded in 
our experiments,  where the As par t ia l  pressure is 
10 -4 arm or less (12) and Czn ~ >  hi. 
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Fig. 6. Calculated dependence of Rs from x~, for erfc and "super- 

gaussian" (n ~ 3) distributions at Cs ---- 2.1 X 1019 cm 3. Closed 
circles refer to 40, 60, 80 min diffusions with As-saturated source 
and Xzn 1 ~ 7%. Open circle comes from a 120 min diffusion, with 
the same source. 

However, we observed erfc profiles in  more than 
ten diffusion runs  (profile 5A). 

On the other hand, wi th  similar  sources and the 
same substrates, double f ront  and "supergaussian" 
profiles were found also (profiles 5B, 5C). 

The main  difference between the two sets of diffu- 
sions regarded only the t rea tment  of the surfaces and 
the diffusion times. 

The si tuation can be understood by  considering 
that, if growing and processing the crystals permi t  
the exclusion of consistent sources of Ga vacancies 
in the bulk, their  diffusion from the surface must  con- 
trol the final distr ibution of Zns. Actually,  the as-  
sumption that  [VGa] is always near  its equi l ibr ium 
value dur ing the diffusion may be correct for highly 
dislocated crystals and for diffusion times large 
enough to permit  the VCa equil ibrium. However, if 
the defect content  of the substrate is low, VGa mus t  be 
considered out of equi l ibr ium in the first step of the 
diffusion. In  this case the reactions [1] and [2] ind i -  
cate that the slowly diffusing vacancies control the 
diffusion process by decreasing [Zni]. 

The diffusion becomes a pure ly  subst i tut ional  o n e ,  
with a constant  Ds. 

From the profile 5A we found Ds ~-~ 1.5 X 10 - l l  cm 2 
sec-1 which is very  close to the diffusion coefficient 
measured for diffusions performed in  excess As pres-  
sure (2, 3) and agrees with the value 6 • 10 -10 c m S  
sec -1 at  1000~ (7), if one assumes a decrease of 1-2 
orders of magni tude  for a tempera ture  reduct ion from 
1000 ~ to 850~ 

By comparison of profiles 5A and 5C, it  may  be 
concluded that  a time between 60 and 120 rnin is 
needed to reach the VGa equi l ibr ium at 850~ 

A nonl inear  relat ionship between x~ and N/t leads 
to shorter diffusion depth for ~ ~ 60-80/re.in; this is 
in agreement  with the conclusions of other  w o r k s  
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employing a lower temperature  range 600~176 (13), 
and confirms other exper imental  results at 875~ [Ref. 
(14), Fig. 3]. 

We may conclude that  in  practical a p p l i c a t i o n s ,  
when shallow junct ions are required, the subl inear  
dependence xj --> ~ and the existence of profiles less 
steep than the "supergaussian" must  be taken into 
account to ensure a good reproducibi l i ty  of the dif- 
fused region. 
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Low Pressure Vapor Phase Epitaxy of GaAs in 
a Halogen Transport System 

N. Piltz, E. Veuhoff, K.-H. Bachem,* P. Balk,* and H. LiJth 
Physikalisches Institut and Institute of Semiconductor Electronics/SFB 56, 

"Festk6rperelektronik," Aachen Technical University, D-5100 Aachen, Germany 

ABSTRACT 

Deposition of GaAs from the Ga-AsH~-HC1-H2 system at 1023 K and pres-  
sures from 1 down to 0.01 bar  leads to controlled growth rates ranging from 40 
to 1 ;~m/hr. Due to the surface kinetic l imitat ion of the process, very  uni form 
films are obtained at reduced pressures. The background impur i ty  level is 
low; 77 K electron mobilities of 73,000 cm 2 V -1 sec -1 were obtained for not  
purposely doped samples with electron concentrations in the upper  1014 cm -3 
region. Using H2S as a dopant, the electron concentrat ion increases l inear ly  
with the H2S pressure. The sulfur-doped films show the same values for the 
mobil i ty and the saturat ion concentrat ion of electrons as layers obtained 
at atmospheric pressure. 

Transport  in a chlorine system (1, 2) provides a 
convenient  technique for the preparat ion of GaAs 
layers of reproducible thickness and well-defined im-  
pur i ty  content. These features make the t ransport  ap- 
proach at tract ive for the fabrication of optoelectronic 
and microwave devices. However, in the classical tube-  
type reactor, operating at atmospheric pressure, un i -  
form epitaxial  growth is only possible on a l imited 
substrate area. Moreover, the rates tend to be of such a 
magni tude that thickness control in the submicron re- 
gion presents some difficulties. 

Sui tably tow growth rates of approximately 1 nm/h r  
may be obtained with the MBE method (3) at the price 
of using rather  complicated equipment.  Experience 
from the silicon technology indicates that both low 
growth rates and excellent control of film thickness 
over a substant ial  number  of samples may be obtained 
by carrying out the deposition of silicon or insulators 
from the vapor phase at low pressures (4, 5). Such 
uniform deposition can only be expected if all sub-  
strates are exposed to the same gas phase composition, 
which means that no appreciable depletion of the gas 
phase should occur in the deposition region. This con- 

* Electrochemical Society Active Member. 
Key words: film growth, kinetics, doping, electron mobility. 

dition will be met if the growth process is slow, i.e., 
the growth rate should not be determined by mass 
t ransfer  (diffusion) in the gas phase, but  be l imited by 
the kinetics of the reaction at the surface. 

For I I I -V compound semiconductors the feasibili ty 
of the low pressure technique has only been demon-  
strated for the organometall ic chemical vapor deposi- 
tion (MOCVD) process, using t r imethyl  gall ium and 
AsIts. However, in this case the growth process is ap- 
parent ly  l imited by mass transfer ra ther  than by sur-  
face kinetics (6, 7). The study described in the present  
paper was concerned with the behavior  of the inor-  
ganic system Ga-AsHj-HC1-H2, also at low pressures. 
It  will  be shown that for typical exper imental  condi- 
tions the deposition rate is kinetical ly l imited and 
that a wide range of growth velocities is available by 
varying  the hydrogen pressure. 

The Growth Rate for Mass Transport 
Limited Conditions 

The max imum possible growth rate will be obtained 
for conditions where the process is mass t ransport  
controlled in the l imiting case of complete removal  of 
the supersaturat ion in the gas phase. The value of the 
max imum rate for a given flow rate and surface area 
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of the sample may be calculated from the actual and 
equi l ibr ium concentrations of the reactive components 
in the system 

GaC1 4- V4 As4 4- V~ H2 ~ GaAs 4- HC1 [1] 

Figure 1 shows the calculated max imum growth rate 
for a substrate area of 1 cm 2 and a gas velocity of 0.8 
cm/sec (the same value as used in our experiments)  
as a function of the hydrogen pressure. The GaC1 and 
AsH~ pressures have been indicated in the figure; they- 
are typical  for the operat ion of this system at atmo- 
spheric pressure. The rate exhibits a square root de- 
pendence below 2 �9 l0 -2 bar. At higher pressures the 
slope decreases because the growth process becomes 
l imited by the amount  of gall ium available in the gas 
phase. Therefore, at higher GaC1 pressures the curve 
not only shifts to the right, but  the square root depen- 
dence also extends to higher hydrogen pressures. It 
can be recognized from the figure that  the rates are in 
the range of 50-1000 #m/hr .  Varying the AsH3 and 
GaC1 pressures around the values used in Fig. i will  
affect the rate data. However, for the combinations of 
parameters  covered in the exper imental  par t  of this 
s tudy the above-ment ioned range still applies for the 
calculated rate values. 

In  practical cases the diffusion l imitat ion will lead to 
slower deposition. For surface l imited growth not only 
lower rates should be observed, but  also different 
pressure dependences than those derived from thermo- 
dynamic considerations may be expected. 

E x p e r i m e n t a l  
The growth of GaAs in an inorganic chlorine t rans-  

port system at low pressures presents some specific 
problems. As shown above, thermodynamic  considera- 
tions predict that  for a given pressure and flow rate 
of the GaC1 and AsHs enter ing the substrate zone the 
amount  of mater ial  available for deposition, and thus 
the growth rate, will decrease when lowering the hy-  
drogen pressure. Due to the increased diffusivity of 
the gas species at lower pressures, the wall  of the re-  
actor downstream of the deposition zone, which is 
general ly  at a lower temperature  than the substrate, 
will more effectively compete with the substrate for 
the reactants. For the same reason one expects the re- 
actor design to become increasingly critical for obtain-  
ing efficient reaction between HC1 and the Ga source. 

With these considerations in mind a low pressure 
deposition apparatus was designed capable of operating 
at low gas flows, for example 30 cm 3 S T P / m i n  at 
6.5 �9 10 -e  bar through a reactor of 60 mm diam. In  our 
experiments  we used a gas velocity of 0.8 cm/sec, 
which was held constant  in all cases. Figure 2 shows a 
schematic of the reactor. The source chamber  was 
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Fig. 1. Calculated dependence of maximum growth rate on H2 

pressure for two GaCI pressures for complete exhaustion of gas 
phase; surface area: 1 cm2; gas velocity: 0.8 cm sec - 1 .  
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Fig. 2. Schematic diagram of low pressure reactor 

constructed to achieve opt imum interact ion between 
the Ga melt  and the gas phase and thereby efficient 
production of GaC1. Furthermore,  the present  design 
minimizes back-diffusion of AsH8 to the Ga melt. 
Similarly, the layout of the deposition chamber is such 
that  diffusion to the colder part  of the reactor, where 
condensation on the walls might take place, is impeded. 
The temperature  of the source was 1023 K in all ex- 
periments,  that of the substrate was the same except in 
the experiments where the temperature  dependence of 
the rate was investigated. To allow a high supersatura-  
tion of the gas phase without r isking deposition at the 
reactor walls the temperature  in the central  part  of 
the reactor, where pure AsH2 was injected, was higher 
than that  at the substrate. HC1 was generated by re -  
duction of AsC13 with hydrogen at 1023 K and subse- 
quent  condensation of the arsenic. The doping gas H2S 
was injected together with AsH8 over a bypass directly 
into the deposition zone. The sulfur  concentrat ion in 
the gas phase was determined photometrical ly using 
the methylen  blue method. (8). Total pressures in the 
range of 0.01-1 bar  could be main ta ined  using a rotary 
pump of 30 m~/hr capacity. Cooling traps and an acti- 
vated carbon filter between pump and reactor provided 
adequate protection of the pump against  the reactive 
gases from the deposition system and impeded back- 
diffusion of oil into the reactor. 

Substrates were semi- insula t ing (100) oriented 
GaAs wafers which were etched in  an H202/H2SO4/ 
H20 mixture  before deposition. The epitaxial  system 
was purged by a number  of pumping and flushing 
cycles, the lat ter  with hydrogen at atmospheric pres- 
sure. Before each epitaxial  run  the substrate was an-  
nealed for 5 min  in an AsH3 atmosphere at 1023 K in 
order to remove residual contaminants  such as oxygen 
and carbon (3) from the surface. 

The thickness of the epitaxial layers was determined 
microscopically after staining (9) to an accuracy of 
approximately 0.3 ~m. Hall mobilities and electron 
concentrations were measured using the method of 
van der Pauw (10). 

R e s u l t s  
Figure 3 shows the dependence of growth rate on the 

pressure of the carrier gas (hydrogen),  which was 
varied over a wide range (0.01-1 bar) .  Below 0.2 bar 
the growth rate increases l inear ly  with hydrogen 
pressure (closed circles), whereas at a higher pressure 
this l inear i ty  turns  into a square root ~ dependence 
(open circles). It  may be seen that the growth rate can 
be varied from approximately 1 to 40 ~m/hr.  In  the 
following figures the dependence of rate on experi-  
menta l  parameters  is shown for two hydrogen pres- 
sures: one in the l inear  range at lower pressure and 
one in  the square root range at higher pressures. 

The influence of growth tempera ture  on the rate is 
demonstrated in Fig. 4. The curves exhibit  a max imum 
at the same temperature,  independent  of hydrogen 
pressure, but  the slope of the low temperature  flank is 
larger in the low hydrogen pressure region. 

The dependence of the rate  on the GaC1 and AsH3 
pressures is shown in Fig. 5 and 6, respectively. In  the 
former case it exhibits a max imum which moves to a 
higher GaC1 pressure for the higher hydrogen pressure 
region. The rate exhibits a 1/4 order dependence on 
AsH3 pressure for both ranges of hydrogen pressure. 
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Fig. 4. Growth rate vs. reciprocal growth temperature for two 
hydrogen pressures. 

I t  reaches  a s a tu ra t i on  va lue  wh ich  shif ts  to a h ighe r  
AsH~ pressu re  for  the  h i g h e r  hyd rogen  pressure  range.  
In  all expe r imen t s  the  subs t ra t e  was kep t  at  1023 K. To 
ob ta in  the  h ighe r  hyd rogen  pressure  da ta  in Fig. 4, the  
GaC1 pressure  was increased  f rom 5.5 to 7 �9 10 -8 b a r  
in  o rde r  to r e m a i n  in the  reg ion  of the  descending  
flank to the  r i gh t  of the  m a x i m u m  in Fig. 5. The  same 
change  was made  to ob ta in  the  u p p e r  curve  in Fig. 6. 

A s tudy  of the  u n i f o r m i t y  of film g r o w t h  ob ta ined  in 
our  a p p a r a t u s  ind ica ted  w i t h i n  e x p e r i m e n t a l  e r ro r  
(0.3 #m) the  same th ickness  over  the  en t i re  sample  
a rea  of 12 cm 2 for  a 6.0 ~m deposi t  g rown at  6.5 �9 10 -3  
bar.  This should  be compared  w i th  a th ickness  v a r i a -  
t ion of 0.7 ~m on a l ayer  of the  same area  and  4.7 #m 
tota l  th ickness  g rown at  1 bar.  

Besides the  influence of the  ep i tax ia l  p a r a m e t e r s  on 
the  g rowth  rate,  the  doping behav io r  has  also been  
inves t igated .  F igure  7 r ep resen t s  the  resul t s  of doping  
expe r i men t s  in the  low pressu re  system. It  shows the  
e lec t ron  concen t r a t ion  (n)  m e a s u r e d  at 77 I{ as a func -  
t ion of  H2S p ressu re  for two hyd rogen  pressures.  Bo th  
curves  show a l inear  increase  of n wi th  H2S pressure  
and  a r a t h e r  a b r u p t  s a tu ra t ion  of the  e lect ron concert- 
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t r a t i on  at  a p p r o x i m a t e l y  3 �9 10 is c m - ~ / A  decrease  in 
h y d r o g e n  pressure  by  a fac tor  of 5 requ i res  the  same 
reduc t ion  in H2S pressure  in  o rde r  to ob ta in  films wi th  
same e lec t ron  concentra t ion .  However ,  the  s a tu ra t i on  
va lue  does not  appea r  to be affected by this  decrease.  

The cor responding  Hall  mobi l i t ies  are p lo t ted  in Fig. 
8 toge the r  w i th  the  data  f rom Halt  m e a s u r e m e n t s  for  
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Fig. 7. Electron concentration (77 K) vs. H2S pressure for low 
pressure VPE GaAs; parameter: hydrogen pressure. 

unin ten t iona l ly  doped material.  The solid line repre-  
sents the phenomenological  curve from Ref. (11); it is 
based on samples grown from the vapor phase at at-  
mospheric pressure. Our data points are close to this 
curve except at electron concentrations below 2 .  1015 
cm -3, where the mobil i ty  data systematically lie above 
the curve. Mobilities up to 73,000 cm2/Vsec were ob- 
tained for samples wi th  n in the high 1014 cm -3 region. 

Discussion 
As may be seen in Fig. 3, the growth rate can be 

varied over more than one order of magni tude  by 
changing the hydrogen pressure between 10-2 and 1 
bar. However, the square root dependence expected 
from thermodynamic considerations (Fig. 1) only ap- 
pears at higher pressures. The l inear relationship at 
low pressures indicates that  the hydrogen molecule is 
involved in the ra te- l imi t ing  step. This behavior  would 
fit the simple model that the reduction of adsorbed 
GaC1 to Ga by Ha is the ra te- l imi t ing  process in the 
growth reaction. The same considerations have been 
made to explain the behavior of a chlorine t ransport  
system with a hydrogen- iner t  gas mixture  (12). In  this 
case also a l inear  relationship was found between rate 
and hydrogen pressure, but  at a hydrogen pressure be- 
tween 0.2 and 1 bar  at a total pressure of 1 bar. 

The different slopes of the growth rate above and be- 
low 0.2 bar  (Fig. 3) suggest that the ra te- l imi t ing  steps 
are different in these two regions. This was the reason 
for s tudying the dependence of the rate on growth 
temperature  (Fig. 4) for a hydrogen pressure in the 
l inear  range and one in the square root range of Fig. 3. 
The curves show the familiar  max imum (13, 14). 
Especially the increasing growth rate with increasing 
temperature  below 1050 K is indicative of a surface 
reaction l imited regime. The slopes at temperatures 
below the maximum, i.e., the activation energies, are 
indeed different in the two regions of hydrogen pres- 
sure. 

On the other hand, it was reported for the organo- 
metall ic low pressure system (6, 7) that the growth 
rate depends nei ther  on growth temperature  for any 
hydrogen pressure nor on the hydrogen pressure itself 
at a constant  molar  fraction of t r imethyl  gallium. Be- 
cause of these results, and since the rate can only be 
varied by the flow of t r imethyl  gallium, it has been 
concluded that the rate is always l imited by the mass 
t ransfer  of t r imethyl  gallium. 

The model ment ioned at the beginning  of this chapter 
implies that adsorbed GaC1 plays an impor tant  role in 
the growth mechanism and that  at large surface con- 
centrations of this compound blocking of growth may  
occur. At a low hydrogen pressure the density of ad- 
sorbed GaC1 molecules at the surface will be higher  
because less GaC1 will  be reduced to Ga than at a 
higher hydrogen pressure. This model is supported by 
the dependence of the growth rate on GaC1 and AsH3 
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Fig. 8. Hall mobility (77 K) vs. electron concentration; solid line: 
phenomenological curve from (11). 

pressure (Fig. 5 and 6). The ma x i mum in the rate vs. 
GaC1 pressure plot is observed also at atmospheric 
pressure (13, 14) and has been explained by a similar 
GaC1 adsorption model (15, 16) where growth is as- 
sumed to be inhibi ted by adsorbed GaC1 molecules at 
high GaC1 pressures. The max imum value is reached 
earlier at lower hydrogen pressures, since under  these 
conditions the density of adsorbed GaC1 will be higher. 
Because of this higher density, fewer sites will  be 
available for arsenic adsorption at lower hydrogen 
pressure, which would lead to a re tardat ion of growth. 
Indeed, this behavior  is observed (Fig. 6). Also, satu- 
rat ion of the growth rate is reached at a lower AsHs 
pressure in the case of a lower than at a higher hydro-  
gen pressure. 

A comparison of Fig. 1 and 3 shows that  the growth 
rates, which are calculated assuming the max imum 
conversion permit ted by thermodynamics,  exceed the 
measured rates by more than an order of magnitude.  
This result  and the observed dependence of growth 
rate on gas phase composition all fit the content ion that 
at temperatures  below 1050 K the growth process is 
kinetically controlled (13, 14). This finding indicates 
that below 1050 K the chloride growth process meets 
an impor tant  condition for uniform growth. The tem- 
perature region above 1050 K was not investigated in 
this study, since the temperature  dependence of the 
rate in this range points to mass t ransfer  l imited 
growth. 

For the fabrication of devices the doping behavior  in 
this low pressure system is equal ly important.  As can 
be seen from Fig. 7, reproducible doping is possible 
using H2S as a doping gas. We have argued in an 
earlier paper (17) that at atmospheric pressure the 
sulfur uptake appears to be kinet ical ly determined. 
Furthermore,  we found in the la t ter  case for (100) 
substrates a l inear  increase of electron concentrat ion 
with H2S pressure, which abrupt ly  saturates at 3 �9 10 Is 
cm -3, whereas the sulfur  incorporation goes on beyond 
3 .  10 is cm -s. SIMS measurements  (17) indicate for 
this region a cont inuat ion of the l inear  uptake. 

The solubil i ty curves from the low pressure system 
(Fig. 7) thus show the same behavior  as those obtained 
at atmospheric pressure. Therefore, we propose that  
the incorporation mechanism is the same in both cases. 
Since H2S is the dominant  sulfur species in the gas 
phase at our exper imental  conditions the data suggest 
that H2S could react directly with an adsorbed GaC1 
molecule followed by the incorporation of sulfur at the 
same site. A lower hydrogen pressure implies a larger 
density of unreacted GaC1 and consequently a larger 
rate of sulfur  uptake would result, as observed in Fig. 
7. 

Above the saturat ion of the electron concentration, 
sulfur  probably  continues being incorporated as at at-  
mospheric pressure, but  in an electrically neut ra l  im-  
pur i ty  complex (17). This contention is supported by 
the strong decrease of the Hall mobil i ty near 3 �9 10 TM 

cm-3 (Fig. 8). 
From Fig. 8 we recognize that the background dop- 

ing can be reduced to values below 1015 cm -~. This 
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res idual  impur i ty  level  might  be p redominan t ly  due to 
silicon, as found for films obta ined  from VPE systems 
opera t ing  at a tmospher ic  pressure  (18), because the 
ma te r i a l  of the epi tax ia l  appara tus  and the s tar t ing 
mater ia l s  are the same in both cases. As discussed in an 
ear l ie r  paper  (11) the solid line is based on da ta  for 
undoped and su l fu r -doped  VPE samples and represents  
the "universal"  behavior  of the mobi l i ty  in the range  
1016 ~ n ~ 10 is cm -3, independent  of growth  system 
and exper imen ta l  parameters .  A t  h igher  concentra-  
tions the mobi l i ty  becomes dependent  on the type  of 
dopant  due to the different  solubi l i ty  l imits  of donors 
in GaAs. At  lower concentrat ions the mobi l i ty  is ve ry  
sensi t ive to res idual  contaminants  in the growth  sys-  
tem, such as copper (19) or carbon (20), which m a y  
cause compensat ion of the mater ia l .  The good fit of our 
exper imenta l  da ta  to the phenomenological  curve in-  
dicates that  the layers  grown in the low pressure  sys- 
tem have the same low compensat ion as those obta ined  
f rom systems at  a tmospher ic  pressure.  Fur the rmore ,  
the da ta  at  low elect ron concentrat ions suggest  tha t  the 
level  of res idual  contaminat ion  in this system appears  
to be lower  than in those opera t ing  at  a tmospher ic  
pressure.  

Conclusions 
We have inves t iga ted  a new method  for the growth  

of GaAs layers,  the inorganic  chlor ine t ranspor t  system 
at low pressures.  As in the system opera t ing  at a tmo-  
spheric pressure,  the growth  process as wel l  as the in-  
corpora t ion  of the dopant  sulfur  from H2S appear  to be 
k ine t ica l ly  controlled. The growth  mechanism depends 
on the hydrogen  pressure.  The dependence of growth  
ra te  on gas phase composit ion indicates that  the ra te -  
l imi t ing step is de te rmined  by  the specific composit ion 
of the gas phase;  pa r t i cu la r ly  at low hydrogen  pres-  
sures the reduct ion of GaC1 to Ga by  hydrogen  ap-  
pears  to p l ay  an impor tan t  role. The growth  ra te  can 
be var ied  cont inuously over  the wide range of 1-40 
~m/hr;  it  is constant  across a r e la t ive ly  large  area. 

This behavior  of the growth  ra te  indicates that  this 
low pressure  system presents  some specific advantages  
compared  to the systems opera t ing  at a tmospher ic  
pressure.  The un i formi ty  of the  growth  ra te  across 
la rger  areas makes  the system pa r t i cu l a r ly  in teres t ing  
for product ion purposes. Fur the rmore ,  growth  rates, 
which so far  could be obta ined only in the very  differ-  
ent  VPE and MBE systems separate ly ,  can in the low 
pressure  approach be achieved in one run  in a single 
system by only  vary ing  the hydrogen  pressure.  This 
makes  feasible the control led  growth  of mul t i l aye r  
s t ructures  wi th  thicknesses of the single layers  differ-  
ing by  more  than one order  of magni tude.  Examples  
are the growth  of a buffer l ayer  fol lowed by  the thin 
act ive layer  for field effect t ransis tors  or  the growth  of 
laser  s tructures.  

The background  doping can be reduced to a level  
below 1015 cm -8. Using sulfur  as a dopant  electron, 

concentrat ions up to 3 �9 10 TM cm -8 are  easi ly  obtained.  
The high 77 K mobi l i ty  value of app rox ima te ly  73,000 
cm2/Vsec for e lectron concentrat ions in the upper  
10 TM cm -8 region, is also indicat ive  of the easy pur i ty  
of the mater ia l .  
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ABSTRACT 

An n-channe l  single level  polycide (WSi2 on po ly -S i ) ,  22.5 nm gate oxide  
technology, using elect ;ron-beam di rec t  wr i t ing  for  l i thography  wi th  min i -  
m u m  fea ture  size of 1 ~m, has been developed to fabr ica te  NMOS circuits.  
Low resis tance (2.7 ~2/[B) polycide interconnect ions and smal l  d imension 
(1 ~ n )  devices are  the  unique features  of this process. The overa l l  process is 
descr ibed in this paper .  Polycide deposit ion,  anneal ing,  etching, and oxida t ion  
are  discussed in detail .  Cross sections (0.5K to 2K) of polycide dynamic  RAM 
ar rays  have been successful ly fabr ica ted  by  this polycide technology. The 
advan tage  of using low resistance polycide in in tegra ted  circuits  is demon-  
s t rated.  

Po lycrys ta l l ine  sil icon is commonly  used as a gate-  
e lec t rode  and in te rconnec t ion- l ine  ma te r i a l  in 
MOSFET in tegra ted  circuits. Decreas ing l i thographic  
dimensions and sca led-down device s t ruc tures  (1) 
have  led to a h igher  level  of in tegra t ion  and increas-  
ing impor tance  of in terconnect ion technology. The ex-  
t end ib i l i ty  of po ly -S i  to smal l  devices in a VLSI  c i r -  
cuit  env i ronment  is l imi ted  b y  its r e l a t ive ly  high 
sheet  resis tance (33-50 ~ / [~ ) .  A meta l l ic  sil icide layer  
on po ly -S i  (cal led polycide)  could reduce  the sheet  
resis tance by  over  an o rde r  of magni tude,  t he reby  
reducing IR drops and R-C t ime constants.  This com- 
posite me t a l - s i l i c i de /po ly -S i  s t ruc ture  combines the 
advantages  of a we l l -under s tood  and character ized 
SiO2-to-polysi l icon in ter face  wi th  a low res is t iv i ty  
silicide. These me ta l  si l icides mus t  be able  to wi th -  
s tand processing chemicals,  h igh tempera tures ,  and 
oxidat ion.  In  addit ion,  i t  mus t  be possible t o  pa t t e rn  
them into f ine- l ine  s t ructures .  The u t i l iza t ion  of 
evapora ted  WSi2 on po ly -S i  for  in terconnect ions  in 
FET's  was first proposed by  Crowder  and Zi r insky  
(2, 3). Since then, WSi2, MoSi2, TaSi2, and  TiSi2 de-  
posi ted on po ly -S i  for in terconnect ion appl icat ions  
have been inves t iga ted  (4-10). Most of the work  has 
concent ra ted  on the ma te r i a l  p roper t ies  of the sil icides 
or  character is t ics  of single devices, such as a compar i -  
son be tween  the polycide  and po ly -S i  devices in te rms 
of resis tance in  po ly -S i  lines, f la tband voltage,  th resh-  
old voltages,  and  gate in t eg r i ty  (2, 6, 7). F r o m  these 
previous  studies, i t  is c lear  tha t  polycide devices have 
al l  the advantages  of po ly -S i  devices and, in addit ion,  
much lower  sheet  resistance.  This pape r  repor ts  the 
first successful  a t t empt  to app ly  WSi2 polycide in in -  
t egra ted  circuits  wi th  min imum fea ture  size of 1 ~m. 
To develop this we l l -con t ro l l ed  polycide  process, i t  
is necessary  to gain a deta i led  under s t and ing  of depo-  
sition, anneal ing,  etching, and  oxida t ion  of polycide.  
These studies as wel l  as work  re la ted  to polycide gate  
in tegr i ty  a r e  described.  Polyc ide  devices and cross 
sections (0.5K to 2K) of s ingle polycide dynamic  RAM 
ar rays  (11) have  been fabr ica ted  by  this process. The 
circuit  pe r fo rmance  is shown to be g rea t ly  enhanced 
by  the low resis tance polycide interconnect ions.  The 
resul ts  of this work  demonsta te  the  feas ib i l i ty  and 
advantages  of app ly ing  polycide to VLSI  wi th  ex -  
t r eme ly  high dens i ty  circuits.  

A 1;~m Polycide Device Process 
This process has evolved  f rom a 1 ~m single po ly -  

Si process (12) r epor t ed  before  wi th  t igh te r  d imen-  

Key words: polycide interconnections, processing, annealing, 
etching, oxidation, gate integrity, device characteristics. 

sional control. F igure  1 shows the schemat ic  of the 
basic polycide MOSFET along and across the  channel  
length  direction. In the cross sections, a composite  
l aye r  of 150 nm WSi2/150 nm po ly -S i  is shown as the 
gate e lect rode and interconnect ion.  E l e c t ron -beam 
direct  wr i t ing  for l i thography  (13), react ive  ion e tch-  
ing (RIE) (14), and p lasma etching, as wel l  as ion 
implan ta t ion  are  used ex tens ive ly  th roughout  the  p r o -  
cess to achieve control  of fabr ica t ing  smal l -d imens ion  
devices. Six  masks  are  used to fabr ica te  a r r ays  of 
single polycide dynamic  RAM's. Mask 1 is for  the 
a l ignment  marks,  Which are  used for  au tomat ic  chip 
a l ignment  dur ing  al l  subsequent  mask  exposures.  This 
is the first mask  level  and also the only one defined by  
optical  l i thography,  because no a l ignmen t , i s  requ i red  
at  the first level.  The a l ignment  marks,  consist ing of 
200 nm WSi2, are  defined via  WSi2 lift-off.  The au to-  
matic  reg is t ra t ion  signal  in a vec tor -scan  E - b e a m  ex -  
posure sys tem (15) is obta ined as an ave raged  s ignal  
f rom many  unidi rec t ional  beam sweeps across the  
mark  by  detect ing backsca t te red  high energy  e lec-  
t rons (13). The signal  acquired by  signal  averaging  
f rom a pedesta l  of 0.2 ~m WSi2 on an Si subs t ra te  is 
app rox ima te ly  five t imes la rger  than  tha t  acquired by  
a pedes ta l  of 0.5 ~m po ly -S i  which was used before  
(12). The improvemen t  of the  a l ignment  s ignal  sub-  

ONE-MICRON SINGLE POLYCIDE MOSFET 

WSi 2 - -  
PO LY-S i ~ ' ~  7-~ R \ 

i " __ -cvos,o  
' ,.+ ' ?____p, . . . . .  

260nm 

- ~ ~ W S i  2 15Onto 
PO LY-S i 150nm 

Fig. 1. Schemotic cross sections olong and across the channel 
length direction of the basic single polycide MOSFET structure. 
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s tan t i a l ly  reduces the t ime requ i red  for a l ignment ,  
which, in turn, enhances the th roughput  of E - b e a m  
l i thography.  An oxidat ion  mask  for  semi- recessed  
field oxidation,  consist ing of n i t r ide  on oxide, is e tched 
with  mask 2 outside the active device areas.  The field 
th re sho ld -ad jus tmen t  i m p l a n t  for  isolat ion is pe r -  
formed af ter  pa t t e rn ing  and before  the semi- recessed  
oxide is grown. Af te r  field oxidat ion,  the oxidat ion  
mask is comple te ly  removed  f rom the act ive device 
areas. Mask 3 defines the  a r e a  for  As 75 and B n HiC 
(high capaci tance)  implants  (16) in the  s torage region 
of the dynamic  RAM cells. The pa t t e rned  resis t  shields 
the res t  of the wafer  f rom the HiC implants .  A n  en-  
hancement  channel  imp lan t  occurs a f te r  the gate  
oxide is grown. WSi2 is deposi ted by  E -beam co- 
evapora t ion  onto POC13-doped poly-Si .  A c rys ta l l i -  
zation anneal  is fol lowed by  the deposi t ion of a l aye r  
of CVD SIO2. This pass ivat ion  of WSi2 /po ly-S i  (poly-  
cide) is then fol lowed b y  a homogenizat ion anneaI  
to obta in  a homogeneous WSi2 film. The polycide  gates 
are  pa t t e rned  by  mask  4. The se l f -a l igned  source /  
d ra in  As 75 implan ta t ion  is done af te r  gate pat terning.  
The final meta l  A1 is isolated from the polycide  and 
diffusion lines by  an oxide s tack consist ing of both 
the rmal  and CVD SIO2. The contact  holes are  e tched 
in this isolat ion s tack using mask  5, and  the final 
me ta l  is de l inea ted  by  mask  6 via  lift-off.  Table  I 
outl ines the process sequence for  this po lyc ide  tech-  
nology. 

In  this process, l i t hography  is achieved b y  a vec tor -  
scan e l ec t ron -beam exposure  sys tem wi th  posi t ive r e -  
sists. Since exposure  area l  f ract ion is kep t  less than  
0.5 at  the mask  levels  to reduce E - b e a m  exposure  
time, an A1 pa t t e rn  t rans fe r  technique is used on 
masks  2 and 4. A doub l e - l aye r  resist  sys tem is ex -  
posed and  developed first, and an evapora ted  A1 film 
is then l i f ted  off to obta in  the desired pat tern .  Pa t -  
terns a re  etched by  react ive  ion e tching (RIE).  In te r -  
ferometr ic  in situ detect ion of the e tching process is 
ut i l ized (17). The genera l  e tching s t ra tegy  is to etch 
~80% of the stack b y  RIE for near -ze ro  e t c h  bias. 
The etching is then completed  by  a select ive p lasma 
etch (mask 4 polycide pa t t e rn )  or  we t -e tch ing  (mask 
2 oxidat ion  mask  and mask  5 contact  holes) .  The e tch-  
ing of contact  holes was repor ted  before  (12), and it 
is not  repea ted  here. 

Polycide Studies 
The polycide technology is an enhancement  of 

po ly -S i  technology. Its m a j o r  var ia t ions  f rom po ly -S i  
technology occur in the deposit ion,  anneal ing,  etching, 
and oxida t ion  of polycide. These steps have been 
s tudied in deta i l  and the resul ts  are summar ized  be-  
low. Since polycide gate in tegr i ty  (clieleetric s t rength)  

Table I. Process sequence for I ~m polycide technology 

Sta r t ing  subs t r a t e - -P - type  ~ 1 0 0 ~  4 ~-cm sil icon 
Back-side I / I - - A r  ~o I / I  fo r  g e t t e r i n g  

Mask 1--define a l i gnmen t  m a r k s  
WSie deposit ion,  lift-off 
F o r m  n i t r ide /ox ide  s tack 

Mask 2--def ine  oxidat ion mask  in the  act ive  device  a r e a  
Field I / I - - l o w  dose B n I / I  
Grow semi- recessed  oxide 
Str ip oxidat ion mask  
Grow sc reen  oxide 

Mask 3--def ine HiC implan t  mask  
HiC l / I - - l o w  dose As TM and  B ~ I / l  
F o r m  WSi~/POCI~ doped poly-Si s tack 
Crystal l izat ion annea l  
CVD SiOe deposi t ion 
Homogen iza t ion  annea l  

Mask 4---define polycide ga tes  
S o u r c e / d r a i n  1~I - -h igh  dose As ~ I / I  
Etch back 
F o r m  t h e r m a l  oxide, CVD oxide, PSG 

Mask 5---define contac t  holes 
F o r m  a th in  me t a l  b a r r i e r  

Mask 6--def ine A1-Si-A1 stack 

was found to be different  f rom po ly -S i  gates under  
some conditions, it  is also discussed in this section. 

Deposition of Polycide 
In the polycide process, 150 nm po ly -S i  is deposited 

on the wafer  by  LPCVD and doped wi th  POCI3. A 
l aye r  of 150 n m  WSi2 is then deposi ted on this film 
by dual  e l ec t ron -beam evapora t ion  (9). To ensure a 
clean interface  be tween  po ly -S i  and WSi2, the wafers  
are  cleaned and dip etched in a buffered HF solution 
immed ia t e ly  p r io r  to WSi2 deposition. To obta in  s toi-  
chiometr ic  WSi2, evapora t ion  rates  of 0.5 nm/sec  for 
Si and 0.2 nm/sec  for W are  control led  au tomat ica l ly  
th rough  a feedback circuit.  The Si evapora t ion  ra te  is 
low enough to p reven t  the  deve lopment  of a large  
the rmal  grad ien t  in the evapora to r  hear th ,  the reby  
avoiding the "spi t t ing" of Si. The subs t ra te  Si wafers  
are  kep t  a t  room t empera tu re  in a vacuum of 3-6 • 
10 -6 Torr  dur ing the evaporat ion.  The thickness uni -  
fo rmi ty  is wi th in  •  and the composit ion of W and 
Si is wi th in  •  The final thickness of WSi2 is 75- 
80% of the  sum of the two evapora t ion  components  
W and Si. I t  was found tha t  57 nm tungsten and 143 
nm Si form 150 nm WSi2. I t  wil l  be shown in the sec- 
tions "Homogenizat ion Anneal ing"  and  "Polycide  Gate  
In tegr i ty"  tha t  150 nm WSi2/150 nm po ly -S i  provides  
sufficient conduct iv i ty  and good gate characterist ics.  

Annealing of Polycide 
As-depos i ted  tungsten si l icide is an amorphous  

mix tu re  of W and Si and, as a result ,  pos t -depos i t ion  
anneal  is essent ial  for control lable  processing. The de-  
tails  on the  anneal ing  character is t ics  of tungsten s i l i -  
cide have been  repor ted  (10). In  this paper ,  only  the 
process - re la ted  studies a re  discussed. Since si l icide 
films can be p repa red  wi th  var ious  W- to -S i  ra t ios  
using the co-evapora t ion  technique,  WSil.6, WSi2, and  
WSi2.3 films were  examined.  The anneal ing  of these 
as-depos i ted  films was pe r fo rmed  in a purif ied A r  or  
N2 ambient ,  bu t  no difference was observed.  However ,  
the O2 and H20 content  in the anneal ing  furnace  mus t  
be minimized  to p reven t  film corrugat ion,  which is 
re la ted  to the undes i red  oxida t ion  dur ing  film an-  
nealing. The normal  anneal ing  furnaces and opera t ion  
procedures  were  modified to faci l i ta te  sil icide an-  
nealing.  

Crystallization.--The as-depos i ted  amorphous  tung-  
s ten si l icide crystal l izes  a f te r  appropr ia t e  annealing.  
Based on x - r a y  diffraction analysis,  the evapora ted  
tungsten silicides wi th  the above three  W - t o - S i  ra t ios  
crysta l l ize  be tween  600 .~ and 700~ The diffraction 
pa t t e rn  of te t ragonal  WSi2 is c lear ly  observed af ter  
the films are  annea led  above these t empera tu res  (10). 
However ,  the S i - r i ch  WSi2.8 and WSi2 films c rys ta l -  
lize at  the low end of this t empera tu re  range  (625~ 
The W-r i ch  WSil.6 crys ta l l izes  at 675~ I t  is specu-  
la ted  tha t  the difference lies in the ava i l ab i l i ty  of Si 
atoms near  the W atoms in the si l icide films. 

The reason for crysta l l iz ing tungsten silicide is to 
s tabi l ize  the as -depos i ted  film. The  as-depos i ted  film 
is sensi t ive both to nc>rmal processing chemicals, 
(for example ,  c leaning solutions containing NH4OH 
or HC1) and to oxygen at  e levated  tempera tures .  
Therefore,  the crys ta l l iza t ion  anneal ing  should be 
done immedia t e ly  af ter  the film is deposited.  Crys ta l -  
l iza t ion of tungsten silicide can be achieved by  an-  
neal ing the si l icide films above 700~ 

Homogenization annealing.--From He + backsca t t e r -  
ing analysis,  the as -depos i ted  film does not  a lways  
have a uni form W- to -S i  rat io of 1:2 throughout  the 
ent i re  film. A homogeneous WSi2 film is desi rable  to 
obtain control lable  e tching as descr ibed in the nex t  sec- 
tion. In a s tudy  of homogenizat ion of WSil.6, WSi2, 
and WSi2.3 (10), i t  was found tha t  the homogenizat ion 
of WSil.6 can be ob ta ined  at  8O0~ however ,  WSi2.s 
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requi res  an annea l  a t  1000~ To ensure  tha t  the  film 
is homogeneous,  1000~ anneal ing  is carr ied  out. 

Annea l ing  of the WSi2 film also reduces  the  film r e -  
sist ivity.  F igure  2 shows the sheet  resis tance vs. an- 
neal ing  t empera tu res  and times. The reduct ion of the 
res is t iv i ty  occurs dur ing  the first 10 rain of the an-  
neal,  a f te r  which  res is t iv i ty  reaches a s a tu ra t ion - l i ke  
stage. As shown in Fig. 2, the res i s t iv i ty  of WSi2 is a 
s t rong funct ion of t empera ture .  The min imum re -  
s is t iv i ty  of WSi2 can be obta ined  a f te r  1000~ annea l -  
ing. I t  is also observed tha t  the res i s t iv i ty  of WSi2 film 
is on ly  de t e rmined  b y  the h ighest  t empe ra tu r e  t r e a t -  
ment.  As shown in Fig. 2, the samples  annea led  first a t  
lower  t empera tu res  (800 ~ or  900~ can read i ly  reach  
low res is t iv i ty  by  a subsequent  high t empe ra tu r e  
(1000~ anneal .  Hence, the var ious  low t empera tu re  
t rea tments  in a typical  process do not  affect the final 
res i s t iv i ty  of the silicide. 

The gra in  size of the  sil icide film appears  to cor-  
re la te  wi th  the res i s t iv i ty  of the silicide. T E l  micro-  
graphs  of WSi2 annea led  a t  800~176 are  shown in 
Fig. 3. Smal l  and nonun i fo rm grains  a re  observed  in 
films annea led  at  800 ~ or  900~ [Fig. 3 (a )  and  (b ) ] .  
Pro longed  h e a t - t r e a t m e n t  a t  these t empera tu re s  does 
not  increase the gra in  size (TEM pictures  not  shown 
here) .  This  corresponds wel l  wi th  the sa tu ra t ion - l ike  
behav ior  of res is t iv i ty  observed in Fig. 2. A 1000"C 
annea l  resul ts  in un i form grains  ~100 n m  [Fig. 3 (c ) ] .  
This gra in  size is sui table  for  f ine-l ine pat terning.  As 
is shown in the section "Polycide Etching," 1 ~m 
polycide  lines can be defined with  smal l  e tching bias. 

Surface morphology and adhesion.--The WSi2.3 and 
WSi2 films have  ve ry  smooth surfaces even af te r  
1000~ anneal ing.  However ,  the  surface  of W- r i ch  
WSi~.6 film is rougher,  more  g ra iny  (10), and less ad-  
hesive to the  unde r ly ing  po ly -S i  l a y e r  than  are  the  
other  films. Af t e r  anneal ing,  the WSil.6 film has a 
t endency  to pee l  a t  the edge of the wafer .  On the 
o ther  hand, the  S i - r i ch  film, WSi2,3, requi res  a longer  
annea l ing  t ime (15-30 min)  a t  1000~ to become 
homogeneous.  This has an impac t  on device design 
due to the diffusion of dopants  dur ing  the p ro longed  
anneal .  Table  II  summarizes  and compares  the differ-  
en t  compositions. Fo r  device fabr icat ion,  s te ich iomet -  
ric WSi2 was chosen r a the r  than  W - r i c h  or  S i - r i ch  
films. 

Phosphorus diffusion in poZycide.--During annea l -  
ing, the dopant  phosphorus  atoms in po ly -S i  migra te  
into the WSi2. This P migra t ion  is observed by  SIMS 
measurements  as shown in Fig. 4, where  P concen -  
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Fig. 2. Resistivity of WSi2 on poly-Si vs.  annealing time and 
temperature. 

Fig. 3. Bright field TEM micrograph of WSi2 palycide annealed 
at (a) 800~ (b) 900~ and (c) 1000~ 

t ra t ions  are  p lot ted  vs. the depth  f rom the  surface of 
the WSi2 /po ly-S i  stack. Al l  the P atoms are  confined 
to the po ly -S i  l aye r  p r io r  to anneal ing.  I f  the  po ly -  
cide is pass iva ted  b y  a thin CVD SiO2 pr io r  to an -  
neal ing at  1000~ the phosphorus  atoms diffuse into 
and accumulate  a t  the  surface of the WSi~. The CVD 
SiO2 effect ively prevents  P f rom out-dif fus ing into the 
anneal ing  ambient .  If  the SiO2 is absent,  s ignificant 
out-dif fus ing of P f rom polycide  occurs and the dop-  
ant  is lost to the ambient .  This out-diffusion of P has 
two impor t an t  effects. Firs t ,  the  concentra t ion  of P 
in WSi2 has a dras t ic  effect on the  p l a sma  etch ra te  of 
WSie. Out-diffusion of P atoms resul ts  in an u n c o n -  

Table II. Tungsten silicide annealing 

WSi2.s WSi~ WSi~. 6 

Crys ta l l i za t ion  625 ~ C 625 ~ C 675 ~ 
H o m o g e n i z a t i o n  1000~ S00~176 800~ 
A d h e s i o n  Good Good P e e l i n g  
S u r f a c e  Morpho logy  Smoo th  Smoo th  R o u g h  
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Fig. 4. Atomic distribution of P in WSi2 polycide. Before anneal- 
ing, P atoms are confined to poly-Si. After 1000~ annealing with 
an oxide cap layer, P diffuses into WSI2. Without the oxide cap, a 
large amount of P outdiffuses into the annealing ambient. The 
oxide cap is not shown in this figure. 

t ro l lab le  concentra t ion of P in the polycide,  and is an 
impor t an t  source of e tching variat ions.  Secondly,  the 
P concentra t ion in po ly -S i  affects the f latband vol tage  
of the MOSFET's .  If the r ema in ing  ac t iva ted  P in 
the po ly -S i  is too low ( < 5  X 10 TM cm-3 ) ,  the th resh-  
old vol tage of the device could shif t  f rom the de-  
signed value. Fo r  these t w o  reasons, a l aye r  of SiO2 
on the polycide dur ing  annea l ing  is essent ia l  for  a 
control lable  polycide  process. 

Polycide Etching 
Polycide  etching is a c r i t ica l  step in  polycide  

MOSFET technology, because the  channe l - l eng th  
control  depends on e tch-b ias  control. In  this 1 ~m 
FET technology, an e tching technique has been de-  
veloped to achieve a bias of less than  0.1 #m per  line. 
In other  words,  the difference be tween  the etched 
polycide l ine and its etch mask  is less than  0.05 #m 
per  edge. The basic r equ i remen t  of the process  is to 
etch the WSi2/n + po ly -S i  s tack shown in Fig. 5 
select ively to a thin gate oxide. The difficulty in e tch-  
ing polycide has been repor ted  (5, 6). The p robe lm is 
to etch the top l aye r  of sil icide and then po ly -S i  
wi thout  a significant loss of definition by  overe tching 
the sil icide or  undercu t t ing  the poly-Si .  In  addit ion,  
the the rmal  oxide mus t  not  be at tacked.  A two-s tep  
etching s t ra tegy  was ut i l ized and the A1 pa t t e rn  
t rans fe r red  f rom resis t  l i f t-off  was the  mask  for e tch-  
ing. This two-s tep  etching technique uses an RIE step 
to control  the l inewidth,  fol lowed b y  a p lasma  etching 

(a) 

~, I ] ~ RESIST 

/ ~ /  / s i 0 2  40nm 
- -WSi  2 15Ohm 
: - -  Poiy-Si 15Ohm 
" ~  Si 02 22.5 nm 

(b) 

~ S i O  2 
\ ~ P o l y - S i  

GATE OXIDE 

RIE: I00 mTorr 
CF 4 + 40% 02 
40 SCCM, 0.27 watts/cm 2 
SUBSTRATE ELECTRODE 

PLASMA: I00 mTorr 

SiO 2 CF 4 + 40% 02 
(C) Po ly -S i~  ~"-WSi2 40 SCCM, 0.27 wolts/cm 2 

GATE OXIDE COUNTER ELECTRODE 

Fig. 5. Schematic diagrams of polycide etching. (a) AI patterns 
defined via resist lift-off, (b) RIE to etch WSi2 and half of the 
poly-Si layer, (c) plasma etching to remove the remaining poly-Si. 

step to s top at the under ly ing  oxide. The  RIE step 
removes the top CVD oxide, the WSi2 film, and about  
half  of the  n + polysil icon. P l a sma  e tching se lect ively  
bu t  i sot ropical ly  removes the  remain ing  polysil icon. 
The RIE step was r e l a t ive ly  s t r a igh t fo rward  bu t  the 
p lasma etch ra te  of WSi2 va r ied  considerably.  Af te r  
it  was found tha t  the O2 content  in the  CF4 e tchant  
gas and the amount  of phosphorus  remain ing  in the 
polycide s ignif icant ly affect the p lasma etch ra te  of 
V~Si2, a we l l -con t ro l l ed  process was developed.  Se-  
quent ia l  RIE and p lasma etching of polycide  is pe r -  
fo rmed in a flexible diode system. The reac tor  has two 
independent  electrodes,  each wi th  a match ing  ne t -  
work  and rf  power  supply.  A more de ta i led  descr ip-  
t ion of the flexible diode sys tem is given e lsewhere  
(18). In  this apparatus ,  RIE and p lasma etching can 
be pe r fo rmed  by  sequent ia l ly  power ing  the subs t ra te  
and the counterelectrode.  This flexible diode etching 
system is wel l  su i ted  for polycide  etching (19). 

Reactive ion etching step.--The CVD oxide, WSi2 
film, and app rox ima te ly  half  of the po ly -S i  film are  
etched by  RIE. That  is, power  is appl ied  to the sub-  
s t ra te  e lect rode while  the countere lec t rode floats. This 
step is carr ied  out in CF4 -{- 02. I t  is character is t ic  of 
RIE that  etch rates  are  insensi t ive to the doping level,  
method  of deposit ion,  degree of crysta l l in i ty ,  etc. In -  
deed, the etch ra te  of WSi2 was obsel"ved to be con- 
s tant  from run  to run  even though detai ls  of the p ro -  
cessing varied.  The etch profile of the polycide s tack 
is ver t ica l  when etching is ca r r ied  out  in 25 mTor r  
CF4 + 02. A slope is in t roduced  when the pressure  
of the e tchant  gas is ra ised to 100 mTorr ,  which is the 
RIE condit ion used in this technology as shown in 
Fig. 5 (b ) ,  because a s loped polycide etch profile is 
prefer red .  

Plasma etching step.--The po ly -S i  remain ing  af te r  
RIE is e tched by  p lasma etching. That  is, r f  power  is 
appl ied  to the countere lec t rode  while  the subs t ra te  
e lectrode is a l lowed to float. The under ly ing  gate 
oxide  provides  an etch stop because the n + po ly -S i  
to SlOe e tch- ra te  rat io in this etching mode is 50:1. 
The final profile of the etched polycide s tack depends  
on the WSi2 to po ly -S i  e t ch- ra te  rat io  dur ing  p lasma  
etching. Ini t ia l ly ,  the ra t io  was unaccep tab ly  large  
and va r i ab le  f rom run  to run  (be tween  2.5 and 5 to 1) 
in CF4 -t- 20% O2 as the resul t  of a va r ia t ion  in the 
p lasma etch ra te  of WSi2. The fast  l a t e ra l  a t tack  of 
WSi2 often resul ted  in a gross undercu t  wi th  respect  
to the mask.  Based on numerous  exper iments ,  i t  was 
found tha t  the P concentra t ion in polycide and the O2 
content  in the e tchant  gas are  the two cri t ical  p a r a m -  
eters affecting the p lasma  etch rate.  These effects are 
discussed next.  

Effect of phosphorus concentration in poZycide.--As 
discussed in the section "Phosphorus  diffusion in 
polycide,"  homogenizat ion anneal ing  causes P to 
migra te  into the WSi2 (Fig. 4). Since 1000~ anneal  
is no rma l ly  r equ i red  to homogenize WSi2, this mig ra -  
tion is inevi table .  As shown in Fig. 4, a 40 nm CVD 
SiO2 on the WSi2 /po ly-S i  s tack  'provides a ba r r i e r  
agains t  phosphorus  out-diffusion.  The etch ra te  of 
WSi2 pass ivated  wi th  CVD SiO2 (solid curve in Fig. 
4) is about  60% higher  than tha t  wi thout  the oxide 
film (dashed curve in Fig. 4) (333 n m / m i n  vs. 200 
n m / m i n ) ;  while the etch ra te  of the n + po ly -S i  wi th  
SiO2 pass ivat ion is only 20% higher  than  tha t  wi thout  
SiO2 (83.5 n m / m i n  vs. 62.2 n m / m i n ) .  The rap id  
change of etch ra te  of WSi2 suggests tha t  the SiO2 
cap l aye r  is imp.ortant. The samples  wi thout  the SiO2 
cap layers  have an unstable  etch ra te  of WSi2 ma in ly  
because the out-diffusion of P is not  control lable .  By 
adding  a CVD SiO2 top l aye r  on the polycide s tack 
before  anneal ing,  reproduc ib le  etch rates  of WSi~ 
and n + po ly -S i  a r e  achieved.  
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Effect of Oz content in etching gas . - -To be t t e r  unde r -  
s tand  the etch ra te  sens i t iv i ty  to var ia t ions  in p lasma 
conditions, the  p lasma  etch rates  of both  WSi2 and n+ 
polysi l icon were  obta ined for  various concentrat ions  
of oxygen  in CF4. F igure  6 plots p lasma  etch ra te  
vs. the pe rcen t  of 02 in CF4 at  constant  pressure  
and incident  power  wi th  only  s l ight  var ia t ions  in gas 
flow. The curve indicates  a modera te  var ia t ion  in the 
p lasma  etch ra te  of n + polysil icon, which reaches  a 
m a x i m u m  value  at  app rox ima te ly  25%. The tungsten 
silicide etch ra te  also reaches  a m a x i m u m  at  about  
25%; however,  the increase is much greater .  The etch 
ra te  rat io  of WSi2 to n+ polysi l icon in the region be -  
tween 10 and 30% 02 in CF4 is much g rea te r  than 
one. The large  etch ra te  ra t io  dur ing  the p lasma step 
is unfavorab le  since this would resul t  in a subs tan t ia l  
pu l l -back  of the WSi2 with  respect  to the polysil icon. 
The etch ra te  ra t io  is app rox ima te ly  one in the region 
be tween  30 and 35% 02 in CF4. However ,  the tung-  
s ten si l icide etch ra te  in this region is sensi t ive to 
the  composit ion of the e tchant  gas. In  the region be-  
yond 35% oxygen in CF4, the tungs ten  sil icide etch 
ra te  ac tua l ly  drops  be low tha t  of the n + polysil icon, 
and  becomes less sensi t ive to the percen t  O2 in CF4. 
Al though  the n+ po ly -S i - to -WSi2  etch ra te  ra t io  is 
about  2:1 in this region, the slope in t roduced in the 
RIE s tep [Fig. 5 ( b ) ]  minimizes  the unde rcu t  of 
po ly -S i  [Fig. 5 (c ) ] .  An SEM micrograph  of an etched 
polycide l ine is shown in Fig. 7. The sloped s idewal l  
and an etch bias of less than  0.1 ~m are  the special  
fea tures  of this polycide etching process. 

Oxidation of Polycide 
An etch back procedure  is r equ i red  (12) to remove 

the t r apped  holes in the field oxide in o rder  to im-  
prove the threshold  vo l tage  in a MOSFET process. 
P - e t ch  (12) was ut i l ized to remove NT0 nm of SiO2 
in the field region and also the thin gate oxide on the 
source /dra in .  In  general ,  to ensure good insulat ion 
be tween the sou rce /d ra in  and gate electrode,  a the r -  
mal  oxida t ion  is requi red  a f te r  the etching. In  this 
polycide technology, the oxidat ion  involves polycide  
as wel l  as Si substrate .  The oxida t ion  mechanism of 
polycide has been studied. I t  is genera l ly  agreed that  
the under ly ing  silicon diffuses th rough  the WSi2 film 
to form SiO2 on the surface (20). To oxidize polycide  
s t ructures  wi th  a m i n i m u m  fea tu re  size of 1 ~m, an 
iner t  gas p r e - annea l i ng  step is essential .  This p re -  
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Fig. 6. Plasma etch rate of W5i2 and poly-Si in CF4 mixed with 
various percents of 02. 

Fig. 7. SEM cross section of an etched polycide line ~ 1  ~m. The 
etch bias is less than 0.1 ~m. 

annea l ing  procedure  al lows the wafers  to hea t  up to a 
t empera tu re  at  which  Si diffusion th rough  WSi2 is 
adequate  before oxidat ion  of polycide begins. Ex -  
posure of WSi2 to 02 at  t empera tu res  be low 900~ 
usua l ly  results  in film corrugat ion  caused by  the 
format ion  of vola t i le  WO3 or by  the stress in the 
silicide film due to local  format ion  of W- r i ch  phases. 
With  this p re -annea l ing  procedure,  1 ~m polycide 
lines can be oxidized successfully. F igures  8 and  9 
show the cross sections of oxidized polycide  l ines on 
both the thin gate oxide and on th ick oxide regions. 
CVD SiO2 is then deposi ted conformal ly  on the po ly-  
cide s truciures.  

The oxida t ion  ra te  of WSi2 /po ly-S i  is roughly  60% 
of the  ra te  of n + poly-Si .  The dielectr ic  s t reng th  of 
the oxide on polycide is 2-4 m V / c m  which is s imi lar  
to tha t  of SiO2 grown on poly-Si .  The composite CVD 
SiO.~ and thermal  oxide on polycide form a re l iab le  
isolat ion layer  be tween  the A1 and devices. 

Polycide Gate Integrity 
The dielectr ic  s t r eng th  of gate oxide  under  the  

polycide is an impor tan t  r e l i ab i l i ty  issue in polycide  
technology. Exper iments  have been car r ied  out  to in-  
vest igate  the die lect r ic  s t reng th  (gate  in tegr i ty )  of 
po ly -S i  gates vs. polycide  gates. I t  was found tha t  
annea l ing  and oxida t ion  of polycide has a min ima l  
effect on the gate  in tegr i ty .  F o r  la rge  a rea  ( 1 . 8 2 •  
10 -2 cm 2) th in  oxides (22.5 r im),  a polycide gate 
y ie ld  of 95-99% (b reakdown  vol tage > 2 MV/cm)  is 
observed for  samples  annea led  or  oxidized a t  1000~ 
Therefore,  for  WSi2 150 n m / p o l y - S i  150 nm/SiO2 22.5 
nm gate electrodes,  the gate in tegr i ty  is ident ica l  to 
po ly -S i  gate electrodes.  However ,  there  are  two im-  
por tan t  factor's which  degrade po lyc ide-ga te  in tegr i ty .  
First ,  the gate in t eg r i ty  depends  on the thickness of 
po ly-S i  under  the WSi2 film. As shown in Fig. 10, the 
gate b r eakdown  yie ld  of polycide  electrodes is a 
s t rong function of the po ly -S i  thickness,  whi le  the 
po ly-S i  gates wi thout  WSi2 exhibi t  no such depen-  
dence. In fu l ly  processed device runs, 150 n m  WSia/  
150 nm poly-Si /22.5 nm oxide has a y ie ld  above 90%. 
However ,  th inning  down of the  po ly -S i  reduces  t h e  
yield.  Therefore,  po ly -S i  thickness is an  impor t an t  
p a r a m e t e r  in polycide  processing. This observat ion  
agrees wi th  the resu l t  r epor ted  before  (8), obta ined  
by  measur ing  MSOS capacitors.  Secondly,  a buffered 
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Fig. 8. SEM micrograph and drawing showing a cross section of a 
WSi2 polycide-gate FET with 1 ~m effective channel length. 

Fig. 9. SEM micrograph and drawing showing a cross section of 
a WSi2 polycide-gate structure on the gate oxide and the field 
oxide. 
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Fig. 10. Percentage of good gate breakdown devices for poly-Si 
and WSi2/poly-Si electrodes with various poly-Si thickness. 

HF (BHF)  etch can r ead i ly  pene t ra te  the  po,lycide 
s tack and a t tack  the thin gate oxide undernea th ,  
especial ly  a f te r  the polycide is oxidized.  Exper iments  
show tha t  samples  not  exposed to BHF have a po ly-  
c ide-ga te  y ie ld  of 99%. Samples  p r epa red  b y  an 
ident ica l  process, bu t  w i th  the addi t ion  of a 30 sec 
BHF dip on the polycide stack, have a gate y ie ld  of 
only  16%. The conclusion is tha t  exposure  of the  
polycide  gate to BHF mus t  be avoided.  Since i t  is 
s t andard  procedure  for contact  hole opening to ex-  
pose wafers  to BHF pr io r  to deposi t ion of metal ,  
me ta l - t o -po lyc ide  contacts  mus t  be located on the 
field oxide  for re l iabi l i ty .  In  summary ,  the use of 
polycide gate e lec t rodes / in te rconnect ions  places some 
constraints  on the  processing to re ta in  the in tegr i ty  of 
the gate oxide. If  care is t aken  to process wi th in  these 
constraints,  the polycide gate is as re l iab le  as t he  
po ly -S i  gate. 

Device and C i r c u i t  Results 
This 1 #m polycide FET technology has been suc-  

cessfully appl ied  to fabr ica te  cross sections (0.SK to 
2K) of single polycide dynamic  RAM ar rays  (11), 
which a re  subsets of a 256K dynamic  RAM. F r o m  this 
fu l ly  processed run, the  sheet  resis tance of polycide 
was de te rmined  to be 2.72 • 0.04 (Iv) ~1/[3 compared  
to 38.2 • 0.19 ( lv)  ~I/D for a po ly -S i  control.  The 
me ta l - t o -po lyc ide  c o n t a c t  resis tance is also much 
lower  than  m e t a l - t o - S i  contact  resistance.  Fo r  1 • 
1 ~m 2 contacts, the me t a l - t o -po lyc ide  contact  res i s t -  
ance is ~--0.92 per  contact  compared  to m e t a l - t o - S i  
contact  resis tance of ~ 1 5 ~  per  contact. The AL (gate  
length  at  mask  level-effect ive  channel  length)  is 0.61 
_ 0.05 ~m (Iv) ,  which is wel l  wi th in  the process spe-  
cification and is indicat ive  of the  t ight  control  of this 
technology. Compara t ive  IDS (d ra in - to - source  cur -  
ren t )  vs. Vcs (ga te - to-source  vol tage)  wi th  Vsx = 
--2V (subst ra te  bias) and VDS = 0.1V (d ra in - to -  
source vol tage)  are  p lo t ted  in Fig. 11. The difference 
be tween  the I -V  character is t ics  of po ly -S i  and po ly -  
cide gates is less than  0.1V. I t  has been observed 
r epea ted ly  that  the threshold  vol tage  of polye/de thin 
gate devices is a l i t t le  h igher  than  tha t  of po ly -S i  
gates. However ,  the difference is wi th in  0.1V, which is 
equiva lent  to the normal  spread  of threshold  vol tages 
in both the po ly -S i  and polycide gates. The reason for 
this difference is not  ye t  known, bu t  the difference is 
too smal l  to be s~gnificant. The shor t -channe l  effect 
and the subs t ra te  sens i t iv i ty  of polycide gate devices 
are  ident ica l  to those of po ly -S i  devices. Hence, po ly -  
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vice with W / L  - -  2.4, Vns = 0.1V, and Vsx = --2V. 

cide devices are  func t iona l ly  equiva len t  to the po ly -S i  
devices, even down to 1 #m dimensions.  However ,  the 
sheet  res is tance is improved  by  a fac tor  of 14 and the 
contact  resis tance b y  a factor  of 18. Both of these are  
impor t an t  improvements  for VLSI  circuits where  a 
large  number  of in terconnect ions  and contact  holes is 
uti l ized. F igure  12 shows an SEM micrograph  of the 
dynamic  RAM array.  The un i fo rm A1 bi t  l ines and 
clear  polyc ide  wordl ines  demons t ra te  good process 
control. No gate shorts  are  observed,  and al l  of the 
cross sections (0.5K to 2K) are  functional .  F igure  13 
shows the word l ine  (128 and 256 bits)  r i se t ime im-  
p rovemen t  achieved by  polycide  vs. poly-Si .  The 
measured  r ise t ime agrees wi th  c i rcui t  s imula t ion  re -  
sults. A factor  of ten improvemen t  in the r i se t ime of 
the polycide  word l ine  over  the po ly -S i  word l ine  
c lear ly  demons t ra tes  the c i rcui t  advan tage  of polycide 
technology. 

Conclusions 
The 1 #m polycide ( W S i J p o l y - S i )  FET technology 

has been shown to be v iable  for VLSI  circuits. The 

Fig. 12. SEM micrograph of part of a 2K bit dynamic RAM array 
with WSi2 polyeide wordlines and AI bit lines. 
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resis tance of po ly -S i  in terconnect ion lines is reduced 
by  a factor  of 14 by  apply ing  silicide on poly-Si .  The 
me ta l - t o -po lyc ide  contact  resis tance is also improved  
by  a factor  of 18 in cont ras t  to the m e t a l - t o - S i  con- 
tacts. Due to the reduct ion in resis tance , the word l ine  
r i se t ime in a dynamic  RAM a r r a y  is improved  by  a 
factor  of ten. The polycide  MOSFET is measured  to 
be func t iona l ly  equ iva len t  to the po ly -S i  FET even 
down to 1 #m dimensions.  Func t iona l  polycide dy -  
namic  RAM ar rays  c lear ly  demons t ra te  the  va l id i ty  
of this polycide technology and also the circuit  ad -  
vantages  of polycide e lec t rodes / in te rconnect ions  in a 
VLSI  environment .  Coupled wi th  advanced  l i tho-  
graphic  and pa t t e rn ing  capabil i t ies ,  polycide  can be 
used to fabr ica te  dense circuits wi th  low propaga t ion  
delays for fu ture  VLSI.  

Al though this work  is concent ra ted  on single level  
polycide technology, wi th  some modification, po ly -  
cide should be appl icable  to a double  po ly  process. 
Wi th  improvemen t  of l i thographic  capabi l i ty ,  t / ~  
polycide technology should also be ex tendib le  to the  
submicron technology. 
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Kinetics of High Pressure Oxidation of 
Silicon in Pyrogenic Steam 

Reda R. Razouk,* Liang N. Lie,* and Bruce E. Deal* 
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Research and Development Laboratory, Palo Alto, California 94304 

ABSTRACT 

The kinetics of high pressure  oxidat ion  of silicon in pyrogenic  s team were  
inves t iga ted  for  ambien t  pressures  of 5-20 arm and for oxidat ion  t empera tu re s  
of 800~176 A l inea r -pa rabo l i c  model  was used in the analysis  of the data.  
Both ra te  constants of the analyt ic  model  were  found to be l inea r ly  p ropor -  
t ional  to pressure  for the ent ire  range  of t empera tu re  and pressure.  F ixed  
oxide charge  and in ter face  state densit ies for  oxides grown at  high pressure  
were  found to be s l ight ly  h igher  at  lower  tempera tures ,  pa r t i cu l a r ly  be low 
900~ than for  oxides grown at  1 arm. Electron t rapp ing  by  ava lanche  in-  
ject ion in oxides grown on (111) Si at 5 arm in pyrogenic  s team (800~ 
y ie lded  effective t rap  densit ies  and capture  cross sections s imi la r  to t h o s e  
obta ined  at  1 arm. 

Higher  packing densit ies and improved  device per -  
formance are  among the requ i rements  for developing 
VLSI  (ve ry  large  scale in tegra t ion)  technology. In  
order  to achieve these goals, both hor izonta l  and ver t i -  
cal dimensions mus t  be scaled downward.  These re-  
duced dimensions imply  that  be t te r  control  of dopant  
diffusion and red is t r ibu t ion  wil l  be requi red  and that  
defect  format ion  dur ing  the rmal  oxidat ion  and other  
the rmal  anneal ing  processes must  be minimized.  In  
many  cases junct ion  movement  may  have to be r educed  
to a lmost  zero. The use of high pressure  oxidat ion  m a y  
have a significant impact  on ab i l i ty  to meet  the above 
requirements .  Oxidat ion  of silicon in high pressure  
s team allows the growth  of films of the order  of 1 ~m 
on (100) subs t ra tes  at  800~ in less than  2.5 hr, t he reby  
leading the w a y  toward  a subs tant ia l  reduct ion  in 
dopant  redis t r ibut ion.  Fur the rmore ,  publ ished repor ts  
by  Tsubouchi et al. (1) and by  Katz  and Kimmer l ing  
(2) indicate  a reduct ion in oxidat ion  induced s tacking 
faul ts  dur ing  high pressure  oxidation.  This reduct ion 
m a y  be due to the increased oxida t ion  ra te  or the re -  
duced oxidat ion  time. 

* Electrochemical Society Active Member. 
Key words: rate constants,  oxide charges, oxidation, high pres- 

sure. 

Although high pressure  oxida t ion  of silicon was car -  
r ied out  a lmost  20 years  ago (3), commercia l  units 
have only recent ly  been avai lable  (4) for high pressure  
oxidat ion  in high volume in tegra ted  circuit  fabricat ion.  

This repor t  on the kinet ics  of high pressure  oxidat ion 
in pyrogenic  s team uses the  l inea r -pa rabo l i c  oxidat ion 
re la t ionship  (5) to describe the oxide g rowth  and to 
character ize  the pressure  dependence of the  l inear  and 
parabol ic  ra te  constants B/A and B. The oxidat ion  pa -  
rameters  under  inves t igat ion include silicon or ien ta -  
tion, (100) and (111), t empera tu re  (800~176 
pressure  (1-20 a tm pyrogenic  s team) ,  and time. Elec-  
t r ical  p roper t ies  of pressure  grown oxides have been 
invest igated.  The dependence of oxide charge densit ies 
and t rapp ing  proper t ies  on oxidat ion and anneal ing  
conditions have been de te rmined  and compared  wi th  
those of oxides produced  at  1 atm. 

The Thermal Oxidation Process 
The the rmal  oxida t ion  of silicon proceeds by:  (i) 

absorpt ion  of the  oxidizing species into the outer  l aye r  
of oxide a l r eady  formed;  (ii) diffusion of the species 
th rough  the oxide; and  (iii) react ion of the oxidizing 
species wi th  silicon at  the Si-SiO2 in ter face  to produce  
new SIO2. The growth  kinetics of the rmal  silicon d i -  
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oxide films have been the subject  of intensive efforts 
by m a n y  investigators in the last 20 years, and a var i -  
ety of relationships describing the growth of silicon 
dioxide films in dry oxygen and in steam have been 
proposed. The most general ly  accepted is the l inear -  
parabolic relationship developed by Deal and Grove 
(5). This relationship is expressed as 

Xo 2 + Axo = Bt  + xi 2 + Axi  [1] 

which can be rewr i t ten  as 

Xo 2 + Axo = B ( t  + ~) [2] 

where B ---- parabolic rate constant  (~m2/hr), B / A  = 
l inear  rate constant  (~m/hr) ,  xi = ini t ial  oxide thick- 
ness, and �9 ----. (xi 2 4- A x D / B .  

The rate constants B and B / A  are related to the oxi- 
dation process as follows 

B = 2DeffC*/Nt [3] 

A ---- 2Deff(1/k + 1/h) [4] 

B / A  = C*/N~(1 /k  + 1/h)  [5]  

where Deft is t he  effective diffusion coefficient of the 
oxidizing species and incorporates any  enhancements  
in the t ranspor t  rates, C* is the equi l ibr ium concentra-  
t ion of the oxidant  in the oxide, N1 is the number  of 
oxidant  molecules incorporated into a un i t  volume of 
the oxide layer, h is the gas-phase t ransport  coefficient, 
and k is a constant dealing with the oxide silicon in ter -  
face reaction. 

The general  oxidation relationship as summarized 
by Eq. [1]-[5] indicates a pressure dependence of 
both the parabolic rate constant  (B) and the l inear  
rate constant  ( B / A )  through their dependence on the 
equi l ibr ium concentrat ion of the oxidant  (C*) in the 
oxide which is assumed to be related to the part ial  
pressure by 

C* ---- KP [6] 

The activation energies of the rate constants have 
been examined by various authors and found to vary  
from 0.7 to 0.78 eV for B and 1.83 to 2.05 eV for B / A  
(5-8). An  impor tan t  aspect of the kinetics of oxide 
growth under  pressure is the dependence of the rate 
constants on the pressure of the oxidizing species. Al-  
though questions about the charge state of the diffusion 
species are still a mat ter  of controversy, it is known 
that  the permeat ion of oxygen through fused silica is 
l inear ly  proportional to oxygen pressure (9), and the 
dependence of the parabolic rate constant  on pressure 
for oxidation below 1 a tm (5) was found to agree 
quite well with the l inear i ty  predicted by a l inear  
parabolic model for both dry 02 and steam oxidations. 
Evidence indicates, al though not conclusively, that  the 
diffusing species is molecular  oxygen in  the case of dry 
02, and for steam oxidation it is some form of water  
molecule. 

In  this paper we deal exclusively with the l inear-  
parabolic law of Deal and Grove and test its applica- 
bi l i ty to the modeling of oxide growth at high pressure 
and the resul tant  pressure dependence of the oxidation 
rate constants. Results published in this area indicate 
a l inear  pressure dependence on both rate constants 
for atmospheric and lower pressure oxidations (5, 10), 
and up to 10 atm (11). A less than l inear ly  propor-  
t ional dependence was observed by Tsubouchi e ta l .  (1) 
(steam, 6.4 a tm) ,  and by Zeto (12) (dry Oe, 500 atm).  
The la t ter  could quite possibly be due to a saturat ion 
of the oxygen solubil i ty in the thermal  oxide at these 
pressures. 

Experimental  Procedure 
p-Type (100) and (111) silicon wafers of resist ivity 

5-9 ~ - c m  and 1-3 l%-cm, respectively, were used in the 
investigation of the oxidation kinetics as well as for 
oxide charge determination.  The wafers were chem- 

mechanical ly  polished on one side and etched on the 
other. The preoxidation cleaning sequence consisted of 
hot sulfuric acid, aqua regia, and 1:10 HF/H20 with 
appropriate deionized water  rinses. The wafers were 
dried by a sp in /d ry  cycle and subsequent ly  loaded in 
the oxidation tube in a ni t rogen ambient.  

The high pressure oxidation system used in the ex- 
per iments  was purchased from GaSonics (Mountain 
View, California),  and can operate at pressures UP to 
25 atm. The oxidation ambient  is obtained by the reac- 
tion of hydrogen and oxygen at temperatures  exceeding 
700~ All gases are obtained from liquid sources with 
booster pumps used to increase the pressure to the 
1000-1200 psi needed for efficient system operation. 
Mass flowmeters are used to monitor  gas flow. During 
oxidation the system pressure is increased with the 
shell pressure main ta in ing  approximately 15 psi differ- 
ential  from the pressure inside the oxidation tube, the 
shell pressure being higher. Figure 1 i l lustrates a typi-  
cal oxidation cycle and indicates the presence of pres- 
sure fluctuations when the system is ful ly pressurized 
as well as a l inear  increase in pressure dur ing the 
init ial  phase of pressurization. The oxidation tempera-  
ture was monitored cont inuously by means of a ther-  
mocouple and all experiments  were carried out in a 3 
in. tube. No temperature  instabi l i ty  was observed dur-  
ing pressurization. 

The oxidation cycle used in this work is summarized 
as follows: (i) Wafers are loaded in ni t rogen at tem- 
perature;  (ii) loading door is closed and system acti- 
vated; (iii) system is purged for 5 min  in dry O2; ( iv)  
system is purged for 5 min  in steam; (v) pressurization 
starts with the wafers in the steam ambient;  (vi)  
wafers are oxidized for the preselected time; (vii)  de- 
pressurization starts. The steam flow terminates  and is 
replaced by ni t rogen flow. Depressurization is complete 
in 3-4 min;  and (viii)  the wafers are purged in  ni t ro-  
gen for an addit ional 7 rain and pulled from the fur-  
nace in N2 (pull  time approximately 2 min) .  We will  
refer to this anneal /cool  process as ni t rogen slow pul l  
or N2 SP. 

Table I indicates the pressurization time required to 
reach a given pressure. These times are used in the 
analysis of the data in the next  sections. Pressurizat ion 
in ni t rogen was not used in order to avoid any interac-  
tion between ni t rogen and the substrate at high pres~ 
sure which could alter the oxidation kinetics. 

Oxide thickness was measured by a Gaer tner  L-116 
Automatic Ellipsometer and addit ional measurements  
were carried out on a Nanometrics "Nano Spec/AFT" 
micro spectrophotometer. 

Wafers to be used for oxide charge measurements  
were metallized following oxidation with A1-4% Cu- 
2% Si by cold flash evaporat ion and given a postmet-  
allization anneal  (PMA) in  a 10% H2 in N2 ambient  at 
400~ for 10 min. High frequency and quasistatic C-V 
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Fig. 1. Typical oxidation cycle in a GaSonics high pressure oxi- 
dation system showing the ambients used and the pressure change 
in both the tube and the shell. 
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Table I. Pressurization time for various pressures 

Oxidation 
pressure Pressur iza t ion  

( a t m )  t ime  (min)  

5 4 •  
I0 8 • 0.5 
15 I 0 ~ ' I  
20 13 • 1.5 

measurements  were used to calculate the densities of 
fixed oxide charges (ND and interface traps or states 
(Dit); bias stress measurements  were performed to 
obtain the mobile ionic charge density Nm. Electron 
t rapping by avalanche inject ion was used to observe 
charge t rapping in  the oxides. 

Results and Discussion 
Oxide growth data.--Oxide growth data were ob- 

tained for 5, 10, 15, and 20 atm in a pyrogenic steam 
ambient.  Temperatures  investigated were 800 ~ 850 ~ 
900 ~ 950 ~ and 1000~ The m i n i m u m  oxidation t ime 
was 30 min, which was selected to allow the system 
sufficient t ime Lo reach pressure and stabilize. Figure 
2 shows the kinetic data obtained at a pressure of 20 
atm for various oxidation temperatures.  The orienta-  
tion effect is clear and the results show that more than 
a micrometer  of oxide can be grown in less than 30 
min  at 950 ~ and 1000~ Figure 3 shows the oxide 
thickness obtained for oxidations at 900~ at various 
pressures. The effect of pressure on the parabolic rate 
constant  can be estimated from this graph by noting 
that a micrometer of oxide requires approximately 
11-12 hr at 1 atm, but  only  2.3, 1.2, and 0.6 hr  at 5, 10, 
and 20 atm. The oxidation t ime shown in Fig. 2 and 3 
is the t ime from the onset of pressurization to the onset 
of depressurization. The lat ter  is carried out  in a n i t ro-  
gen environment .  

Rate constant determination.--The determinat ion  of 
the oxidation rate constants is critical to the under -  
s tanding of the role pressure plays in the oxidation 
process. Considerable care was taken in the calculation 
of the rate constants to ensure that the resul t ing com- 
parisons with the 1 a tm data are meaningful .  

Fig. 2. Oxide thickness vs. oxidation time for (100) and (111) 
silicon oxidized in pyrogenic steam at a pressure of 20 arm and at 
temperatures of 800 ~ 850 ~ 900 ~ 950 ~ and 1000~ Oxidation 
time includes pressurization time in steam. 

Fig. 3. Oxide thickness vs. oxidation time for (100) and (111) 
silicon oxidized in pyrogenic steam at a temperature of 900~ and 
at pressures of 1, 5, 10, and 20 arm. Oxidation time includes 
pressurization time in steam. 

The general  oxidation relationship [i] can be rewri t -  
ten as 

Xo 2 - x i  2 + A (Xo - -  x i )  = B t  [6] 
o r  

(Xo+Xi)  + A = B  ~ 
Xo - -  Xl 

A plot of (Xo + xi) vs. (t/Xo -- xi) can be used to ob- 
tain the rate constants B and B/A.  The ini t ial  oxide 
thickness used (xi) is necessary in order to account for 
the pressurization time. During that time, pressure 
increases from 1 arm to the set pressure, resul t ing in a 
continuous change in the oxidation rate constants. By 
using an "init ial  run" long enough (30 min)  for the 
system to pressurize and stabilize, the ini t ial  oxide 
thickness x~ can be obtained. In  all subsequent  figures 
xi is the oxide thickness following a 30 min  oxidation 
cycle. 

Figure 4 shows a plot of (Xo + xi) vs. ( t / x o - - x i )  
for oxidations at 850 ~ 900 ~ and 1000~ at 10 arm. The 
rate constants B and B / A  can be extracted from the 
slope and intercept  of the lines. It should be noted that  
this technique results in values of B and B / A  based 
upon relat ively thick oxides as a result  of the mi n imum 
time requirements  necessary for a reproducible xi cou- 
pled with the fast oxidation rates in  steam ambients  at 
high pressure. Figure 4 also indicates that a larger 
number  of data points is needed to obtain accurate 
values Of the rate constants, and that slight variat ions 
in the fitting of the data, par t icular ly  at low tempera-  
tures, can result  in considerable differences in the 
values of the rate constants. The calculation of rate 
constants based upon high tempera ture- th ick  oxide 
data can result  in substant ial  variations in B / A  while 
in the case of low tempera tu re - th in  oxide data large 
variations in  the calculated values of B are obtained. 

In  view of the preceding discussion, a different ap- 
proach for calculating the rate constants was taken. 
This approach allowed us to model the oxidation and 
supplied us with data on the relationship between B 
and B/A ,  allowing us to observe the effect of small  
variations in  one rate constant  on the other. In  this 
method the oxidation cycle was divided into several 
interval~ as shown in Fig. 5 with the oxide thickness at 
the end of each in terval  identified (xl through xf). 
Equations were then wri t ten  for each interval  based 
upon the general  oxidation relationship of Deal and 
Grove 
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Fig. 4. (Xo + xi) vs. (tlxo - -  xi) for (100) and (111) silicon oxi- 
dized at 850% 900 ~ and 1000~ in pyrogenic steam at 10 atm, 
Slope of line is B and intercept is - -A.  
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Fig. 5. Typical oxidation cycle showing the various regions con- 
sidered in modeling the oxidation. 

x, ~ 0 [7] 
1 

x 2 = - ~ [ - - A  + A / ( A 2 + 4 B ' ( t 2 - - t l ) ) ]  [8] 

I 
x3=-{ [-  A 

+ ~/A ~ + 2B' (t8 -- t2) (P + 1) + 4x~ ~ + 4Ax~] [9] 

1 
x4 = y [-- A + ~/A 2 + 4B'P (t4 -- t3) + 4x8 2 + 4Ax3] 

[10] 
1 

x~ - - - ~  [-- A 

+ ~/A 2 + 2B' (t~ -- t4) (P + 1) + 4x4 ~ + 4Ax4] [11] 

where the parabolic rate constant  B = B'P and B' = 
rate constant  at 1 atm. The above equations can be 
simplified by wri t ing for a general  oxidation in terval  

ati  -- tl+l -- ti 
and 

xi 2 + Axi  : Bi hti + xi-12 + Ax I - I  

Equations [7]-[11] can then be reduced to 1< 
x f = y  - - A  

) (~t2 + ~q) + 

[12] 
Results obtained using rate constants determined 
through the use of Eq. [6] and plots of (Xo + xi) vs. 
( t / X o -  xi) are in very good agreement  with experi-  
menta l  values for oxidation temperatures  greater  than 
900~ For lower oxidation temperatures,  the rate con- 
stants could not be determined with sufficient accuracy 
by this technique and in  some cases were found to 
model the exper imental  data poorly. Fur thermore,  the 
data suggested the presence of a second activation en-  
ergy for B and possibly B/A  and this result  was in 
need of verification. A more direct method for rate con- 
stant determination,  with immediate  feedback on the 
modeling of the exper imental  data was therefore used. 
In this method, Eq. [7]-[11] are used to calculate the 
rate constants that  would yield the best estimate of 
oxide thickness over the entire temperature  range. The 
calculation was done by obtaining the locus of B/P 
and B/AP points that for a given oxidation will yield 
the exper imenta l ly  measured oxide thickness. The in-  
tercept of the loci for various oxide thicknesses yields 
the values of B/P and B/AP that  would, when used 
with this model, result  in an oxide thickness estimate 
typically less than +_ 3% of the exper imenta l ly  ob- 
tained value. An example of this method is shown in  
Fig. 6 where for each of two oxide thicknesses a band is 
shown represent ing variat ions of _+ 2%. 

For a given oxidation condition ( temperature,  pres- 
sure, and silicon orientat ion) up to five oxide thickness 
values were used in  the manne r  shown in  Fig. 6 to de- 
termine the values of B and B/A. The rate constants 
thus obtained are summarized in Fig. 7 and 8 and in-  
clude B and B/A values from data at 1, 5, 10, 15, and 
20 arm. The solid and dotted lines in the figures repre-  
sent 5, 10, 15, and 20 times the rate constants at 1 atm, 
while the data with error bars represent  the values _of 
B and B/A  which will yield a fit of the exper imental  
oxide thickness wi th in  __ 3% as determined by Eq. 
[7]-[11]. These results show that  the rate constants 
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Fig 7. Linear rate constant B/A vs. IO00/T for (100) and (i11) 
silicon wafers oxidized in pyrogenic steam as obtained from 1, 5, 
and 10 arm data. 

are proport ional  to pressure and indicate the presence 
of a second activation energy at 900~ and below, par-  
t icularly in the case of the parabolic rate constant. For 
B the activation energy increases from 18 kcal /mol  
(0.78 eV) above 900~ to approximately 27 kcal /mol  
(1.17 eV) below this temperature,  while for B/A the 
activation energy change is less pronounced and varies 
from 47.4 kcal /mol  (2.05 eV) to about 38 kca l /mol  
(1.60 eV). This change in activation energy is neces- 
sary when modeling the oxide growth by a l inea r -pa ra -  
bolic relationship. It  should be noted that the change 
occurs at a temperature  of 900~176 and could be 
indicative of s t ructural  changes in the oxide at these 
growth temperatures,  possibly related to the viscous 
flow postulated by  EerNisse (13, 14). The apparent  in-  
crease in activation energy associated with the para-  
bolic rate constant below 9O0~ was noted earl ier  in the 
results on atmospheric pyrogenic steam oxidation (8). 

The normalized values of the parabolic rate constant  
B are shown in  Fig. 9 as a funct ion of pressure. The 
range shown at each pressure represents data gathered 
at five different temperatures  (800 ~ 850 ~ 900 ~ 950 ~ 
and 1000~ The results indicate clearly that in the 
range of 1-20 atm the parabolic rate constant  is l inear ly  
proport ional  to pressure. Similar ly  B/A is also propor-  
t ional to pressure, therefore indicat ing that  the pr imary  
pressure effect is on the parabolic rate constant  B and 
that  the dependence of B/A on pressure comes about 
through the dependence of B. 

Oxide charges.--High frequency, quasistatic, and bias 
stress C-V measurements  were carried out on p- type 
(100) and (111) silicon MOS structures. In  cases where 
the oxide thickness was too large to allow for a mean-  
ingful  C-V plot, the oxide thickness was reduced by 
etching in a buffered HF solution prior to the evapora- 
tion of a luminum fieldplates (by cold flash) on the sur-  
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Fig. 8. Parabolic rate constant B vs. IO00/T for (100) and (111) 
silicon wafers oxidized in pyrogenic steam as obtained from data 
at 1, 5, 10, 15, and 20 arm. 

face. Figure 10 shows the fixed oxide charge levels for 
oxidations at 5, 10, 15, and 20 atm for comparison 
purposes with those grown in the same tube at 1 atm. 
All  oxides were cooled in Ne following a 10 min  anneal  
also in N2. The high pressure oxides were found to 
yield higher fixed oxide charge densities par t icular ly  
for (111) silicon at temperatures  below 900~ Bias 
stress measurements  (300~ +50 V/~m, --30 V/#m) 
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Fig. 9.  N o r m a l i z e d  p a r a b o l i c  r a t e  c o n s t a n t  B(P, T)/B(1, T) vs. 
pressure for (I00) and (111) silicon wafers oxidized in pyrogenic 
steam at 1, 5, 10, 15, and 20 arm for the temperature range 
800 ~ - 1000 ~ C. 
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Fig. 10. Fixed oxide charge density vs. temperature for oxides 
grown on (100) and (111) silicon in pyrogenic steam at 1, 5, 10, 
15, and 20 atm. 

indicated a mobile ionic charge density (Nm) as low as 
2 • 10t0/cm 2 and as high as 2.5 • 1011/cm2 with no 
part icular  pressure dependence. Interface state densi-  
ties at midgap, as measured by the quas is ta t ic  tech- 
nique, were very similar to those obtained at 1 arm and 
were characterist ically low (15). I t  should be noted 
that  no at tempts were made at stabilizing the oxides by 
phosphorus gettering. 

An invest igat ion of the charge anneal ing character-  
istics of oxide charges in high pressure grown oxides 
was conducted in  order to examine the differences, if 
any, in oxide charge anneal ing properties. Samples 
were oxidized at 800~ at I and 15 atm to grow about 
2000A of SiO2. The wafers were cooled and pulled (2 
min)  in  N2. Following oxidation, the wafers were an-  
nealed in argon at 800% 900% and 1000~ for various 
times, and Fig. 11 presents the resu l tan t  anneal  curves 
a n d  indicates no observable difference between 1 a n d  
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Fig. 11. Fixed oxide charge density vs. postoxidation Ar anneal 
time. Samples were initially oxidized in steam at 800~ at 1 or 
15 atm and subsequently annealed in argon for various times. 

15 a tm oxides for anneals  at 900 ~ and 1O00~ At 800~ 
some differences were noted with the I a tm oxides 
yielding lower charge densities. Evidence indicates that 
the higher values obtained at 15 atm can be reduced 
(I0-15%) by an anneal  in N2 at high pressure for 30 
rain. 

It should be pointed out that values of fixed oxide 
charge are very sensitive to anneal  gas pur i ty  and that 
the increasingly higher values of charge density with 
decreasing temperature  may be a reflection of the 
presence of impuri t ies  such as oxygen in the ni t rogen 
anneal  ambient.  

Electron trapping by avalanche charge injection was 
carried out on oxides grown on p- type  ( I l l )  silicon 
wafers oxidized in pyrogenic steam at 5 arm (800~ 
N2 cooled). Typical flatband voltage shifts obtained are 
shown in Fig. 12; they first increase and then decrease 
in a manne r  typical of steam grown oxides. These re-  
sults are similar to those obtained at l a tm in  pyro-  
genic steam at 800~ values of effective trap densities 
of 5-6 X 1012/cm 2 and capture cross sections of 2-3 • 
10 -17 am 2 can be obtained from the init ial  charging 
period. 

Summary and Conclusions 
The kinetics of high pressure oxidation in pyrogenic 

steam at temperatures  of 800~176 and pressures up 
to 20 atm have been investigated. A l inear-parabol ic  
model was used to analyze the data and a l inear  pres-  
sure dependence is observed for both the l inear  and 
parabolic rate constants. These results are in agree- 
ment  with previous measurements  carried out at pres-  
sures less than 1 a tm (5) and at 10 a tm (11). 

The deviations from l inear i ty  observed by other au-  
thors (1, 12) may be due to the effect of pressurization 
time on the calculation of the rate constants as well  
as difficulties in  obta ining both rate constants s imul-  
taneously for some temperature  and pressure combina-  
tions. For the case of high temperature,  high pressure 
oxidation, B can be calculated accurately whereas B/A 
values will have large errors. The reverse is t rue for 
low temperature  situations. 

Oxide charge density measurements  have been car- 
ried out and charge levels compatible with MOS pro- 
cessing technology have been observed. In cases where 
high charge densities are obtained, they may be ef- 
fectively reduced by short t reatments  at higher tem- 
peratures. Electron t rapping characteristics in oxides 
grown at 5 arm are the same as those observed in 1 arm 
oxides. 
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A New Approach to Liquid Phase Electroepitaxy (LPEE) 
of III-V Compounds 

S. Isozumi, 1 C. J. Herman, A. Okamoto,* J. Lagowski,* and H. C. Gatos* 
Department of Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

A new configuration of LPEE is described in which the substrate is placed 
between  two wells  containing a solution. This configurat ion e l iminates  p rob-  
lems associated wi th  the contact  to the back-s ide  of the substrate .  I t  also en-  
ables s imul taneous  observat ion  of e lec t roepi tax ia l  g rowth  and dissolution p ro -  
cesses on the opposite sides of the substrate,  and provides  a unique means  for 
~n situ moni tor ing  of the g rowth  (and dissolut ion) kinetics.  

Increas ing efforts have recen t ly  been devoted to 
l iquid phase e lec t roep i taxy  (LPEE) as a novel  ap-  
proach to the growth  of I I I -V  compounds.  In  this 
method  growth  is in i t ia ted  and  sus ta ined b y  passing 
an electr ic cur ren t  through the growth  cell  conta ining 
the solution and the substrate.  In most instances the  
g rowth  process is p r i m a r i l y  control led  by  the e lec t ro-  
migra t ion  of the solute toward  the subs t ra te  (1).  
Pe l t i e r  cooling at  the solut ion interface  can provide  
addi t ional  d r iv ing  force for growth.  Thus, the key  
advantages  of e l ec t roep i t axy  are  associated with  the 
d i rec t  control  of the g rowth  ra te  by  electr ic cur rent  
whi le  the  overa l l  t empera tu re  of the system is ma in -  
t a ined  constant.  These advantages  have been demon-  
s t ra ted  in the studies of microscopic growth  ra te  (2), 
dopant  modula t ion  (3),  composi t ion modula t ion  (4),  
and the modula t ion  of recombina t ion  centers  in the  
crys ta l  (5). 

In  LPEE systems employed  thus far  (6) e lectr ic  
cur ren t  is passed th rough  the solution, substrate,  and 
a meta l  contact  at  the back-s ide  of the substrate .  A 
thin me ta l  foil (a) or mul t i l ayers  (b) have been  
used for the contact  be tween  the subs t ra te  and a 
graphi te  pedestal .  This type  of contact  to the sub-  
s t ra te  has a not iceable  e lectr ical  resis tance which 
can be comparable  to the overa l l  resis tance of the 
sys tem at g rowth  t empera tu re s  (6). Thus, i t  leads 

* E lec t rochemica l  Society Act ive  Member .  
1 On leave  f r o m  Fuj i t su  Labora tor ies ,  L imi ted ,  1015 Kamuko- 

danaka, Kawasaki, Japan. 
Key words: LPEE, dissolution, kinetics. 

to undes i rab le  localized Joule  heating,  pa r t i cu l a r ly  at 
high cur ren t  densities.  Fur the rmore ,  local var ia t ions  
in the contact  resis tance lead to var ia t ions  in the 
thickness of  the  e lec t roep i tax ia l  layers  (6). 

In  the LPEE configuration developed in this in-  
vestigation,  the subs t ra te  is posi t ioned be tween  two 
ident ica l  large  segments  of s a tu ra t ed  solution. Thus, 
p repara t ion  of back-s ide  contact  to the subs t ra te  is 
e l iminated  and the resis tance be tween  the meta l  and 
the graphi te  is phys ica l ly  separa ted  f rom the sub-  
strate.  Fur the rmore ,  in situ moni tor ing  of the epi -  
tax ia l  g rowth  process becomes possible th rough  m e a -  
surements  of the resis tance changes associated wi th  
the growing layer .  

Growth System and Experimental Procedure 
The appara tus  employed  in the p resen t  work  is 

shown in Fig. 1. A boron n i t r ide  (BN) s l ider  is posi-  
t ioned be tween  the two segments  of the  graphi te  
holder  which contains the  solution. With  the a id  of 
this s l ider  the subs t ra te  is b rought  be tween  the two 
segments  of the solution. A stainless steel  cur ren t  
e lectrode is th readed  into each of  the two graphi te  
segments and a thermocouple  shie lded wi th  stainless 
steel  is posi t ioned close to each of these segments  
(1 m m  from the cell wal l ) .  The stainless s teel  shields 
a re  in electr ical  contact  wi th  the graphi te  segments  
and thus are  used to de te rmine  the poten t ia l  drop 
changes across the solution resul t ing  f rom changes in 
the res is tance (i.e., thickness)  of  the growing layer 
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Fig. 1. Top view of apparatus for electroe#taxial growth with- 
ant frock-contact. The holder segments are of grapMte and the 
slider of BN. 

(all o ther  electrical resistance components  in the 
system are constant  at a constant  tempera ture) .  

Cr-doped (100) GaAs (500 #m thick) and Si-doped 
(100) GaAs (n -- 3 X 10 TM cm -3, 340 #m thick) were 
used as substrates. Growth  (or dissolution) area was 
0.40 cm 2, and each solution segment  contained 9g of 
Ga saturated with GaAs at 850~ Undoped layers 
(n ---- 3 X 10 TM cm -8) were grown on the Si-doped 
n + substrates, and undoped or Se-doped (n -- 4 X 
10 TM cm -3) layers were grown on the Cr-doped sub-  
strates in an H2 atmosphere. After  saturat ion of the 
solution the substrate was brought  into position and 
the electric current  was passed through the two solid- 
solution interfaces. Thus, on the side of the substrate 
with a positive polari ty with respect to the solution 
growth took place, whereas dissolution took place on 
the opposite side. The applied current,  the tempera-  
ture of the solution, and the voltage across the solu- 
tion segments were measured at 1 min  intervals  and 
stored by a computerized measurement  system. 

After  100 rain of current  flow the substrate was 
separated from the solutions by the BN slider, and 
then tempera ture  was rapidly decreased. Dur ing  the 
100 rain runs the tempera ture  variat ions were wi thin  
0.5~ The samples were cleaved and etched in AB 
etchant  for 30 sec for the de terminat ion  of the thick- 
ness and thus for the de terminat ion  of the average 
growth or dissolution rate. 

Results and Discussion 
Resis tance  m e a s u r e m e n t s . - - I n  order to achieve re-  

l iable moni tor ing of the resistance changes due to 
changes in thickness of growing layers and /or  the sub-  
strate the component  resistances of the system were 
determined (and their  stabil i ty assessed) at the 
growth temperature  (850~ The resistance of the 
system including that  of the stainless steel electrodes, 
of the solution and of the electrical contacts were 
found to be 1.1 X 10-1~. The resistance of the 
growth cell including the resistance of the solution 
and that  of the contacts be tween the cell walls and 
the solution was measured employing the stainless 
steel shields of the thermocouples and was found to 
be 1.2 X 10-3~2, while the resistance of the solution 
was estimated to be less than 3 X 10-4~. Thus, the 
resistance of the stainless steel electrodes is the 
major  par t  of the resistance of the overall  system. 
All  of the above resistances were reproducible and 
exhibited no variat ions for extended periods of t ime 
at the growth temperature.  

The resistances of the substrates at the onset of 
growth as de termined by  the stainless shield probes 
are shown in Fig. 2. These values include the cell re-  
sistance of 1.2 X 10-89z pointed out above. Thus, the 
resistance of the Si-doped (n +) substrates was 0.9 X 
10-8~ (1.1 X 10 -2 ~-cm)  and that  of the Cr-doped 
substrates 9.9 X 10-8~ (7.9 X 10 -2 ~ -cm) .  Cr-doped 
substrates behave as intr insic (n ---- 2 X 101~ cm-8) .  
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Fig. 2. Changes in the resistance in growth cell during current 

flow (9 A/cm 2) at 850~ Each curve represents: (a) no substrate 
in cell; (b) undoped growth on n + substrate; (c) n + growth on 
Cr-doped substrate; (d) undoped growth on Cr-doped substrate. 

The resistivity values obtained in the present  mea-  
surement  are quite reasonable. 

The changes in resistance of the GaAs mater ia l  
during the growth process are also shown in Fig. 2. It  
is seen that  a significant change in the resistance 
took place for the n + layer  growing on Cr-doped 
substrate and for the undoped layer  growing on n + 
substrate. For the undoped layer  growing on a Cr- 
doped substrate, only a small  change in resistance 
is observed. 

In  the present  LPEE configuration, growth takes 
place on one side of the substrate  and, s imul tane-  
ously, dissolution on the other  side. Thus, the resist- 
ance changes in Fig. 2 include contr ibutions from 
both effects. If a growth and a dissolution proceed 
with velocities vc and VD, respectively, the rate of 
resistance change is 

dR~dr ---- Vcpn/S -- VDps/S [1] 

w h e r e  pL and ps are the resistivities of the layer  and 
of the substrate, respectively, and S is the growth 
area. VG and VD exhibit  a t rans ient  behavior  at ini t ial  
stages of the growth. In  general, PL can also vary  
with t ime due to impur i ty  segregation effects. I t  will  
be shown below that  in  the absence of interference 
from Joule heating at the substrate vG ---- VD, and the 
uti l ization of expression 1 for the analysis of experi-  
menta l  data is simplified. 

G r o w t h  process vs. d i s so lu t ion . - -The  exper imenta l  
results on the average growth and dissolution rates 
as a function of electric current  density are given in  
Fig. 3 and 4 for n + and Cr-doped substrates, respec- 
tively. 

It  is seen from Fig. 3 that the growth and dissolu- 
tion rates are similar  and increase l inear ly  with cur-  
ren t  density up to about 12 A/cm 2. Such behavior  is 
consistent with a theoretical model of electroepi- 
taxial  growth kinetics (1). According to this model, 
in the absence of convection, vG and VD can be ex-  
pressed as 
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current density with Cr-doped substrate (500 ~m thick) at 850~ 

VG ~--- 

and 

VD -= 

( [ A T p l -  ATj) dC / D ~1/2 Co 

Cs -- Co dT 5 ~ - ~ / j  -5 ;~E Cs -- C------~o 

[2a] 

(IATp] + ATj) dC ( D )*/, Co 

Cs -- Co dT L ~ -5 ~E Cs -- C------~ 

[25] 

where ATp and ATj are the change of tempera ture  at 
the interface due to the Pelt ier  effect and Joule heat-  
ing, respectively; C~ and Co are the solute concentra-  
tion in the solid and in the solution, respectively; D 
is the diffusion coefficient of the solute in the solution, 
t is the time, ~ is the mobil i ty  of the solute, and E 
is the electric field in the solution. 

For the polari ty employed in  the present  experi-  
ments, ATp corresponds to cooling at the growth 
interface and to heat ing at the dissolution interface. 
Thus, Tj wi l l  lead to a decrease in the growth rate 
and an increase in the dissolution rate. Since up to 
about 12 A /cm 2 vc and VD are approximately the 
same (Fig. 3), Tj must  be insignificant for n + sub-  
strafes. 

At higher values of current  density both growth 
and dissolution are significantly enhanced. This be-  
havior can readily be expressed assuming that  sig- 
nificant convection is generated in the growth and 
dissolution segments. In  the presence of convection 
the expressions for vG and VD become (1) 

IATp] -- ATj dC D Co [3a] 

va = c ,  - co  d-T- L ~" + ~E Cs - C-----: 

IATpl -5 A T j  dC D Co 
- -  -~  + ~E - -  [Sb] 

VD - -  Cs -- Co dT L Cs -- Co 

where 8 is the thickness of the boundary layer which 
decreases with increasing convective flow. Since the 
values of vG and VD remain the same (Fig. 3), ATj 
is not significant as compared to AT m Thus, convection 
is apparently generated by Joule heating from the 
substrate, e.g., at the solution-graphite contacts. 

In the case of Cr-doped substrates, the growth and 
dissolution rates are different (Fig. 4). Even in the 
region of linear dependence on current density (up 
to about 8 A/cm 2) VD is greater than vG. At higher 
current densities the difference between the two 
rates becomes even more pronounced. This behavior 
is apparently associated with Joule heating of the 
Cr-doped substrate, which, at the growth tempera- 
ture, has a resistivity about one order greater than 
that of the n + substrate. For the geometric configura- 
tion of the present cell, the temperature increase at 
both sides of the substrate with resistance, R, is ATj : 
RI2/2GI where I is the current and GI is the heat 
conductivity of the solution. The value of Gi for the 
Ga-As solution is not known; however, a rough esti- 
mate based on the value of liquid Ga near room 
temperature  [0.09 cal/sec-cm2-~ (7)],  for current 
density of 10 A/cm 2 and R : 9 X 10-s~, shows that 
ATj values of the order  of 0.5~ can be reached; 
these values are comparable to the magni tude  of 
the temperature  change due to the Pelt ier  effect and 
account for the observed difference between VG and 
YD. 

Above 9.5 A /cm 2 (Fig. 4) the dissolution rate in -  
creases precipitously apparent ly  due to tu rbu len t  
convection caused by increased Joule heat ing and 
thus increased thermal  gradients. The higher Pelt ier  
coefficient of the Cr-doped substrates as compared to 
that of the n + substrates mus t  also be a contr ibut ing 
factor. The observed nonun i fo rm dissolution of the 
Cr-doped substrates is clear indicat ion of tu rbu len t  
convection at the substrate-solut ion interface. 

As pointed out in previous studies (1) convective 
flow can be reduced by decreasing the solution thick- 
ness. However, depletion of a solution with reduced 
thickness would l imit  the ma x i mum thickness of the 
LPEE layer. This l imita t ion can be overcome with a 
mul t isubst ra te  configuration in which paral lel  sub-  
strates are positioned between thin solution layers. 
Joule and Pelt ier heating can also be reduced by 
employing th inner  wafers. An LPEE cell into which 
these features are incorporated is cur rent ly  being 
tested. 

Resistance changes induced by growth.--On the 
basis of the above analysis of the dissolution and 
growth processes, the resistance changes shown in 
Fig. 2 can now be interpreted.  In  the case of Fig. 2b 
the resistance change corresponds to the growth of an 
undoped layer  on n + substrate. As pointed out earlier, 
vG can be here considered equal to VD. Thus, Eq. [1] 
reduces to dR/dr = (PL - -  Ps) V G / S  and the overal l  
resistance increase is due to the fact that  #L is greater 
than ps. Indeed, after an ini t ial  t rans ient  period 
dR/d t  becomes constant  indicat ing that growth and 
dissolution proceed with a constant  rate. 

Consistent with the LPEE model (1) this steady- 
state growth is controlled by electromigration and 
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vG = VD = #ECo/Cs -- Co. If  ~L > >  Ps, then dR~dr ,-~ 
pLvc/S and the res is tance change provides  a d i rec t  
measure  of the  g rowth  kinetics.  I f  vG is k n o w n  the 
resis tance change can be used for the de te rmina t ion  
of PL. The resul ts  of such measurements  are  shown 
in Fig. 5, where  the resis tance of a growing undoped 
l aye r  a t  850~ is p lo t ted  agains t  the l aye r  thickness.  
Fo r  comparison the res is tance of Cr -doped  GaAs 
(which behaves  as intr insic  ma te r i a l )  measured  in 
the cell  a t  850 ~ is also shown as a funct ion of th ick-  
ness. I t  is seen tha t  the res is t iv i ty  is ident ica l  in both 
cases. 

In  the  case of Cr -doped  substrates ,  a decrease in 
the to ta l  resis tance is observed dur ing  growth  of 
both  undoped  and n + layers  (Fig. 2d and c, respec-  
t ive ly) .  The res is t iv i ty  of the undoped  l aye r  at  850~ 
is ve ry  s imi lar  to tha t  of the  subs t ra te  (both  behave  
as in t r ins ic  ma t e r i a l ) ;  thus express ion [1] can be 
r ewr i t t en  as dR~dr ~ (vG - -  VD)Ps/S and the res is t -  
ance decrease indicates  tha t  VD > VG; this finding is 
consistent  wi th  the resul ts  of Fig. 4. A much l a rge r  
decrease in the res is tance takes  place for  the n + 
l aye r  (Fig. 2b) since here  not  only  VD > VG, bu t  also 
ps >> ~L. Accordingly,  dR~dr ~ - -  VDPs/S, and thus 
the res is tance change provides  a direct  measure  of 
dissolution rate. 
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Fig. 5. Resistance of undoped LPE layers grown on n + substrate 

(C)), and resistance of Cr-doped GaAs ( �9  

Summary 
A new e lec t roepi tax ia l  configurat ion was developed 

in which the back- s ide  e lec t r ica l  contact  to the sub-  
s t ra te  is e l iminated,  thus r ende r ing  e lec t roep i taxy  
more  amenable  to prac t ica l  applicat ions.  This con- 
f iguration can eas i ly  be ex tended  to s imul taneous  
growth  on a number  of pa ra l l e l  subs t ra tes  separa ted  
by  re la t ive ly  thin layers  of solution. 

Uti l izing this new configurat ion the s imul taneous  
s tudy of g rowth  and dissolut ion processes on the 
opposi te  sides of a subs t ra te  became possible for  the  
first t ime. Exper iments  wi th  n + subst ra tes  showed 
that  both processes exhib i t  the same rates, consistent  
wi th  the theoret ica l  model  of e lec t roep i tax ia l  g rowth  
kinetics.  In contrast ,  the high resis tance of Cr -doped  
subst ra tes  leads to pronounced Joule  hea t ing  which  
promotes  dissolution over  growth.  

Detai led analysis  of the res is tance components  in 
the growth  sys tem showed that  in situ observat ion  of 
the growth  or  dissolution process is possible ut i l iz ing 
the difference in the resis tance be tween  the subs t ra te  
and the LPEE laye r  a t  the growth  t empera tu re .  
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ABSTRACT 

The self-diffusion of gal l ium in gal l ium arsenide has been studied over the  
temperature  range 1100~176 using radiotracer  techniques. Gal l ium ar-  
senide samples were diffused with 72Ga evaporated layers under  known  pres- 
sure of arsenic in sealed capsules. Following diffusion, layers were removed 
from the surface using anodic oxidation followed by oxide dissolution, and the 
ZfGa concentrat ion in each layer  was measured by  counting the 7-radiation.  
This sectioning method, which allows accurate determinat ion of very  shallow 
profiles, has allowed measurements  of the diffusion coefficient to be made at  
lower temperatures  than those employed by Goldstein, and the significance of  
the profile shapes measured is discussed in  relat ion to the existence of possi- 
ble "tails" in the profiles. It is concluded that  there is only evidence for a 
single diffusion mechanism in the concentrat ion and temperature  range stud-  
ied. Diffusion coefficients obtained in the temperature  range 1025~176 
are from 3 • 10 -25 cmf/sec -1 to 9 • 10 -15 cm2/sec -1 under  a constant  arsenic 
pressure (PAsf) of 0.75 arm, and lead to an activation energy of the order of 
2.6 __ 0.5 eV and a pre-exponent ia l  factor of 4 • 10 -5 _+ 16 X 10 -5 cm ~ sec -1. 
The results are discussed in comparison with previous measurements  by 
Goldstein. The measured diffusion profiles are the first reported under  k n o w n  
arsenic pressure and final surface concentrat ion of gallium. 

The conspicuous lack of GaAs self-diffusion data and 
conflict between the l i t t le existing data (1, 2) high-  
lighted the need for information in this area of GaAs 
technology. It  is hoped that  the present self-diffusion 
data, carried out under  controlled conditions, will  help 
to clarify the nat ive point  defect si tuation and con- 
tr ibute to the unders tanding  of impur i ty  diffusion and 
redis t r ibut ion of dopants dur ing device preparation.  

Material  
GaAs was supplied by M.C.P. Electronics Limited. 

(100) slices were cut from an undoped Bridgman 
grown crystal and were n- type  with a carrier concen- 
trat ion of 2.2 X 1016 cm -8, mobil i ty of 4270 cm 2 V -1 
sec -1, resistivity of 0.068L1 (at 300K),  and an init ial  
etch pit density of 4000 cm -2. The slices were mechani-  
cal ly/chemical ly  polished on both sides, and as x - r ay  
double crystal rocking curves showed the slice to be of 
good, uniform crystal perfection, it was considered 
unnecessary to do any further slice preparation. The 
final slice dimensions were 2.5 • 2.5 X 0.05 cm. 

Experimental Technique 
Capsule design.--In order to prevent  loss of arsenic 

from GaAs to the vapor phase (at temperatures  in ex- 
cess of about 640~ it was necessary to employ an 
enclosed anneal ing  technique. This was achieved by 
enclosing the slices in silica capsules. The capsule 
design was influenced by factors such as the slice 
dimensions, ease of loading and unloading,  minimizing 
the capsule volume and thermal  mass, heating the slice 
as l i t t le  as possible dur ing sealing, and the abil i ty to 
offer support  to the slices at the high anneal ing tem- 
peratures (1025~176 The final capsule design is 
presented in Fig. 1. It consisted of a semicylinder 
formed from silica and open at one end. After loading, 
an end cap with an outlet  to vacuum was sealed onto 
the main  body. 

All  the capsules were washed in  10% HF for 1/2 hr, 
followed by repeated r insing and boiling in deionized 
water. They were then dried in the diffusion furnace 
(at the diffusion temperature)  for several hours, with 
high pur i ty  ni trogen flowing through the furnace to 
sweep away any expelled vapors. 

* Electrochemical Society Active Member. 
Key words: anodie oxidation, radioisotope. 

Annealing conditions.--In order to main ta in  the 
surface qual i ty of the slices during the long anneal ing 
periods of about 24 hr, several factors were found to be 
of the utmost importance, these were: e l iminat ion of 
water  vapor from the silica ware by baking, reduction 
of temperature  gradients in the system to <I~  the 
achievement  of a good vacuum in the capsule prior to 
the final sealing, minimizing the volume and thermal  
mass of the capsules, and the addit ion of arsenic to 
create a m i n i mum pressure of 0.75 arm dur ing the an-  
neal (see the Appendix) .  

Each slice was annealed in the following manner .  
Radioactive gallium, containing 72Ga, half-l ife of 14.1 
hr (obtained from the Isotope Production Unit, Har-  
well) was evaporated onto one face of the slice 
through a circular mask. The slice was introduced into 
the capsule along with the required amount  of arsenic 
(see the Appendix) .  The end cap was then sealed onto 
the ma in  body after which the capsule was flushed 
with argon then evacuated to about 8 X 10 - s  arm be-  
fore being finally sealed. The capsule was introduced 
into the furnace where it  remained at the diffusion 
temperature  __1~ for roughly 24 hr. At the end of the 
anneal  the capsule was allowed to air cool (about 2~ 
sec-1).  One end of the capsule was locally cooled on a 
lead block to avoid arsenic condensation on the slice. 

Mesa preparation.--In order to obtain absolute Ga 
concentrat ions and to avoid high level contaminat ion a 

FI RST 
SEAL F INAL 

ARSENIC 
VACUUM 

FIRST SEAL END CAP ONTO MAiN BODY. 
FINAL SEAL. CAPSULE SEALED OFF UNDER VACUUM 

Fig. 1. Silica capsule design. Capsule length, width, and volume 
are 9 cm, 2.8 cm, and 24 cm, respectively. Capsule made from 0.2 
cm thick silica. 
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mesa of known area was prepared for profiling, 
roughly in the middle of the Ga diffused area, af ter  the 
anneal. However ,  it became evident  during the exper i -  
ments that  the creation of the mesa had not fu l ly  
achieved its aim and that  radioact ive Ga was present  
on the slice outside the mesa area. Contaminat ion 
problems and the ways in which they were  solved are 
discussed later. 

The mesa was masked off by one of two methods. A 
solution of black wax was sprayed through a circular  
stencil  to give a wel l -def ined area. After  careful  re-  
moval  of the stencil  the slice was held just above a hot 
plate  to ensure that the black wax  coalesced leaving a 
p inhole- f ree  mask. The slice was then left  unti l  the 
black wax  was dry. The a l te rna t ive  was simply to 
stick a circular  piece of polyvinyl  chlor!de (PVC) ad- 
hesive tape onto the area to be masked. Af ter  masking, 
the slices were  etched for 2 min in freshly prepared 
1% Bre/CH~OH solution to remove  approximate ly  9 ~m 
from eve rywhere  but  the masked area, thus creating. 
the mesa. Since the expected detectable Ga diffusion 
depth was less than 5 #m, the etching lJrocedure should 
have removed all  the radioact ive Ga outside the mesa 
area. The black wax  masks were  removed after  etching 
by repeated rinsing i n  t r ichloroethylene.  The PVC 
masks were  also removed by soaking in t r ichloroethyl -  
ene, which swelled and lif ted off the mask. In both 
cases the slices were  finally thoroughly  rinsed in de- 
ionized water .  Both the wax and PVC masking tech- 
niques proved satisfactory. However  the PVC mask 
was favored as it was a cleaner process. 

Anodic oxidation.--The mesa area on each slice was 
profiled using the anodic oxidation technique, reported 
by Hasegawa and Har tnagel  (3), fol lowed by oxide 
dissolution, to remove  thin ( typically 250-500A) 
paral le l  layers of GaAs from the mesa area. Hasegawa 
and Har tnagel  (3) reported l inear relationships be- 
tween the anodization voltage, thickness of anodic 
oxide grown, and thickness of GaAs consumed during 
oxide growth. Ear l ie r  calibration work was in close 
agreement  with these reported values. The thickness 
of each layer  removed from the mesa could therefore  
be var ied and was chosen by using the appropriate  
anodization voltage. Each anodic oxide had a wel l -  
defined in ter ference  color which was used to check 
that  the anodization had proceeded correctly. 

The equipment  used for the anodizations is shown 
schematical ly  in Fig. 2. It consisted of a hollow cylin-  
drical polytet raf luoroethylene (PTFE)  jig which con- 
tained a central  hole (1.6 cm diam) at one end. The 
slice was placed on a silicone rubber  washer  and was 

60w. ILLumination. 
4 

~ I ------CircuLar Pt. w i re  
~ c a t h o d e .  ~ " Anodizing fluid. 

(~ ~--~..~'-Rubber washer. 
(~ -'~ ~ \ ~S[ice. 
~ "~Brass c~ Pl'ate~ 

~ ~  "~-~R T.F.E. jig. 
i 

Fig. 2. Anodizing apparatus 

positioned over  the hole so the mesa was centra l ly  po- 
sitioned. The jig was clamped ver t ica l ly  and a circular  
p la t inum wire, placed just  above the exposed port ion 
of t h e  slice, acted as the cathode. Electrolyte  (a 
buffered 3% aqueous solution of tar tar ic  acid and 
propylene glycol) was pipet ted into the hole unti l  the 
cathode was wel l  covered (_~2 cmS). All  anodizations 
were  carr ied out wi th  60W i l luminat ion direct ly above 
the j ig and were  for 7 min each. 

After  anodization the electrolyte  was pipet ted f rom 
the hole and retained in a 10 cm ~ plastic phial, The 
anodized area was rinsed with  deionized water  which 
was also collected. The slice was then removed from 
the jig (which was washed and dried before the next  
anodization) and the oxide color checked against  a 
s tandard before a few drops of 20% HC1 were  pipet ted 
onto the anodized area to remove the oxide. This fluid, 
containing the dissolved oxide, was v e r y  careful ly  
poured into the phial via a funnel  as was the final 
r insing water.  The slice was thoroughly washed in de- 
ionized water  before the next  anodization. All  phials, 
pipettes, and funnels were  used once only to prevent  
cross contamination. The electrolyte  was retained for 
measurement  as well  as the dissolved oxide layer  since 
finite dissolution of gal l ium and arsenic occurs during 
the oxidat ion process. 

Radioactivity counting.--The 72Ga present  in the 
l iquid collected in the phials fol lowing anodization and 
str ipping was counted in a NaI (T1) well  scinti l lation 
counter, J. & P. Counter  Ratemeter  MS310. Absolute 
values of Ga concentrat ion were  obtained b y  compari-  
son of the radioact ivi ty  in each sectioned layer  to that  
of a known standard. The s tandard consisted of a 
known weight  of i r radiated Ga containing 72Ga (spe- 
cific act ivi ty identical  to the 72Ga diffusion source) dis- 
solved in a known volume of aqua regia. It was chosen 
to be in the form of a solution since the radioactive Ga 
collected from the profiled areas was also in solution. 

Observation and prevention of 7~Ga contamination 
outside the mesa area.--As mentioned above, effects 
due to the presence of 72Ga outside the mesa area were  
observed during the course of the experiments.  These 
took two forms, namely:  type 1, the observat ion of 
some anomalously high values of Ga concentrat ion 
deep in the profile, "spikes";  and type 2, the appearance 
of low concentrat ion tails in the profiles. 

The problem of contaminat ion was not recognized 
ini t ia l ly  since the final surface Ga concentrations were  
low. Under  these circumstances the initial count rates 
from the sections were  re la t ive ly  low thus prevent ing  
deep profiling. Also, radioact ive Ga was not present in 
sufficiently high concentrations to cause noticeable 
contamination. These conditions resul ted from a poor 
evaporat ion technique, but  when this was improved, 
and high final surface concentrations were  achieved 
( through a larger  quant i ty  of 72Ga diffusion source),  
type 1 and type 2 contaminat ion effects were  observed. 

Autoradiographs were  obtained from the slices on 
removal  f rom the furnace and after mesa creation in 
order to see the radioact ive Ga distr ibution over  the 
slice at these two stages. 

On removal  f rom the furnace:  The original ~2Ga 
evaporated area was clear ly  visible, but  a high level  of 
72Ga was also present  on two edges of the front  face 
(Fig. 3). ~2Ga was also found to be on the back face of 
the slice. 

Af te r  mesa creation: The mesa area could be clearly 
seen. While there was no detectable 72Ga on the back 
face, some 72Ga still  remained on the two edges of the 
front  face. 

The 72Ga on the front  face, outside the mesa area, 
was removed by careful  lapping. The back face and 
four sides were  also lapped off in order  to be sure of 
complete removal  of 72Ga from these areas. Af ter  
lapping the slice was washed thoroughly  and then re-  
peatedly  boiled in concentrated HC1 (to dissolve any 
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GALLIUM DIFFUSED 
AREA 

\ AREAS OF HIGH GG CONCENTRATION 

OUTSIDE ORIGINAL EVAPORATED 

AREA. 
Fig. 3. Schematic representation of slice on removal from furnace 

free gal l ium),  unt i l  the radioactive level of the con- 
centrated HC1 fluids was reduced to near  background. 

Profiles obtained from slices using this preparat ion 
procedure were found to be free of Ga "spikes" (type 
1 contaminat ion) .  However, low Ga concentrat ion 
"tails" were still apparent.  It  was thought that  the 
"tails" may have been a result  of some systematic but  
low level contamination. This type of contaminat ion 
could arise if a proport ion of radioactive Ga contained 
in the 20% HCI etch (used for anodic oxide layer re- 
moval)  was adsorbed onto the slice. This adsorption 
phenomenon in acid solutions is well known (4), for 
example, gold onto silicon and silver and copper onto 
germanium. The amount  of radioactive mater ia l  ad- 
sorbed can be reduced to negligible proportions by 
addition of sui tably  large quanti t ies of nonactive ma-  
terial to the acid solution (5). In this work adsorption 
of 72Ga was minimized by the addition of nonactive 
GaC13 to the 20% HC1 solution used dur ing sectioning. 

Systematic investigation of contaminat ion showed 
that the following procedures must  be followed in 
order to obtain a profile unaffected by contamination:  
(i) The use of autoradiographs to check that 72Ga is 
present  in  the mesa area only. (ii) Removal (prefer-  
ably by mechanical  means) of radioactive Ga from all 
areas other than the mesa. This should be checked 
again by autoradiographs. (iii) The minimizat ion of 
radioactive Ga adsorption, from acid solution, onto the 
slice by the addition of nonactive gal l ium to the acid 
solution. 

A profile obtained, following these procedures, is 
presented in Fig. 4. It can be seen that nei ther  type 1 
nor type 2 contaminat ion effects are observed. Pits in  
the original surface, or those that develop at high tem- 
peratures, can also give rise to "tails." However, since 
minimizat ion of 72Ga adsorption el iminated "tails" it 
appears, that  in this case, pi t t ing was not responsible 
for the observed "tails." 

I t  is clear that great care must  be taken to avoid con- 
tamination,  however, comparison of the diffusion co- 
efficients obtained from profiles affected and unaffected 
by  contaminat ion (24 hr d i f fus ionannea l s  at 1050~ 
and 0.75 atm PAs2) shows that the diffusion coefficient 
was relat ively unaffected by both types of contamina-  
tion effects observed. This is so since the diffusion co- 
efficients were estimated from data covering the first 
two orders of magni tude  drop in Ga concentrat ion 
where the low level contaminat ion was insignificant 
and where "spikes" were not observed. 

Results and Discussion 
The diffusion anneals were carried out over the tem- 

perature range 1100~176 in order to obtain an 
estimate for the activation energy of gall ium diffusion. 
Ga profiles (PAs2 : 0.75 arm) are presented in Fig. 4, 
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0.75 atm in order to observe the temperature  depen-  
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est imated f rom the profiles by using the method of 
least squares to obtain the curves of best fit. In most 
cases the evaporated 72Ga acted as a l imited diffusion 
source so a Gaussian solution was used. When it was 
unclear  whether  the source was l imited or infinite, 
both Gaussian and erfc solutions were  used to obtain 
curves of best fit to the exper imenta l  data. Diffusion 
coefficient data obtained in the present  work  and those 
reported by Goldstein (1) are plotted vs.  1 / T  and pre-  
sented in Fig. 8. Q and Do values were  calculated f rom 
a least squares fit to all points using unit  weights  and 
,were found to be 2.6 _ 0.5 eV and 4 X 10 -5 • 16 X 
10 -5 cm 2 sec -1, respectively.  The errors in Q and Do 
were  calculated from the residuals of the least squares 
fit. It  is stressed that  the ranges of the calculated errors  
are only appropriate  to the specific exper imenta l  con- 
ditions used in this work. Fur the r  data are required to 
obtain a more accurate est imate of the act ivat ion 
energy. However,  the act ivation energy is significantly 
less than that  reported by Goldstein (1) for Ga diffu- 
sion in GaAs. If Goldstein's exper imenta l  data are ex-  
t rapolated to the tempera ture  range studied in this 
work, then there  is broad agreement  be tween  the two 
concerning the order of the diffusion coefficient. There 
is, however,  a discrepancy between the two observed 
activation energies which is wel l  outside the range of 
exper imenta l  error. I t  is known (6) that  Goldstein 
conducted his diffusion anneals at the arsenic-r ich 
side of the phase field, whereas  the present  results 
were  obtained under  compara t ive ly  ga l l ium-r ich  con- 
ditions. The discrepancy in act ivat ion energies may  be 
due to differences in arsenic pressure conditions and /o r  
a change in the dominant  diffusion mechanism. 

The very  small  values of the Ga diffusion coefficients 
and the high Ga concentrations present  in the profiles 
suggest that  a simple interst i t ial  mechanism (i.e., no 
exchange with  latt ice vacancies) is not operative, and 
this seems highly unl ikely  also on theoret ical  grounds. 
Low diffusivity and high act ivat ion energies are often 
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associated with diffusion via vacancy mechanisms, and 
indeed this was the manner  in which Goldstein chose 
to in terpret  his results. However, a rigorous evaluation 
of the diffusion mechanism of Ga in GaAs must  con- 
sider all the possible mechanisms, including diffusion 
of Ga atoms via vacancies on the gal l ium sublattice, 
diffusion of Ga atoms via vacancies on the gall ium and 
arsenic sublattices, and the various interst i t ial  mech- 
anisms such as the interst i t ialcy mechanism and the 
inters t i t ia l -subst i tu t ional  (dissociative) mechanism. 
Although it is not possible yet to discriminate between 
these possibilities for gall ium in gal l ium arsenide, 
some comments are possible. Self-diffusion of Ga via 
gall ium and arsenic vacancies requires a significant 
concentrat ion of ant i - s t ruc ture  defects, but  Van Vech- 
ten (7) has proposed that such defects should be pres- 
ent in significant concentrations in I I I -V compounds, 
and Schneider (8) has reported ESR evidence for AsGa 
defects in GaAs. Regarding the in ters t i t ia l -subst i tu-  
tional (dissociative) mechanism, it was pointed out by 
Casey and Pearson (9) that such a mechanism could 
lead to a relat ively slow effective diffusion rate even 
for a fast interst i t ial  diffusion. Considering next  the 
interst i t ialcy mechanism, this would seem to be fa- 
vored by models (10) involving "spli t- interst i t ial"  
gal l ium defects used to in terpret  lattice parameter  (11) 
and in terna l  friction (12) measurements  on quenched 
GaAs. The mechanism suggested by Goldstein, namely,  
diffusion via vacancies on the gal l ium sublattice, must  
also be considered. Van Vechten's (7) calculated 
enthalpy of formation of VGa is 2.31 eV, and his calcu- 
lated enthalpy of migrat ion of Vaa via second nearest  
neighbor sites is 2.7 eV, which would predict an activa- 
tion energy of self-diffusion by this mechanism of 5 eV, 
assuming constant composition for the GaAs (com- 
pared with our  estimate of 2.6 eV). These calculations 
are not yet well substantiated, however, and it is also 
extremely unl ike ly  that constant  composition was 
achieved in our experiments by keeping constant 
arsenic pressure, so we cannot at present rule out this 
mechanism either. It has also been suggested (2) that 
AB divacancies might be involved in self-diffusion of 
I I I -V compounds. However, it is not believed to be a 
valid suggestion for GaAs because of the low values of 
Q and Do obtained in this work. The most sensitive 
way of discr iminat ing between the various possibilities 
is to investigate the dependence on arsenic pressure at 
constant temperature.  

Two diffusion anneals were carried out at l l00~ 
(PAs2 ---- 0.75 arm) for times of 22.5 and 17 hr, see Fig. 
5. Despite a sixfold increase in the amount  of 72Ga 
source, the diffusion coefficients of 8.85 X 10 -15 and 
7.54 X 10 -15 cm 2 sec -1 were in close agreement  with 
each other. This indicates that the techniques devel-  
oped are reliable and enable reproducible results to be 
obtained. On all the profiles a fall in the Ga concentra-  
tion is observed close to the surface ( _< 0.3 ~m). It is 
believed that this depletion is a result  of preferential  
removal of Ga from the sample surface. Reactions 
through which this is achieved are not clear, however 
it is known (13, 14) that gal l ium reacts with water 
vapor and also silica at high temperatures,  forming 
volatile gal l ium suboxide 

2Ga(L) ~- H20~v) --> Ga20(v) -~ H2(v) 

2Ga(L) + SiO2(s) --> Ga2OCv) + SiO(v) 

If the vapor pressure of this volatile suboxide is rela- 
tively high at the diffusion temperature then an appre- 
ciable amount of gallium may be removed from the 
surface in order to fulfill reactions such as those above, 
resulting in a drop in Ga concentration close to the 
surface. 

Two of the profiles also exhibited low concentration 
"tails." As discussed above these tails are due to low 

level contaminat ion and not a complex diffusion mech- 
anism. The tails may affect the in terpre ta t ion of the 
profiles but  not the estimate of the diffusion coefficients, 
since the diffusion coefficients were estimated from 
data over the first two orders of magni tude  drop in Ga 
concentrat ion where the low level contaminat ion was 
shown to be insignificant. 

No definite conclusion concerning the diffusion mech- 
anism of Ga in GaAs may be drawn from the work 
carried out so far. However, it does indicate that  over 
the temperature  and concentrat ion range investigated 
there is a single mechanism operative rather  than a 
complex one. There is an obvious need for fur ther  in-  
formation on diffusion, especially at different arsenic 
pressures. This work is current ly  in progress. It is 
clear, however, that Ga diffuses extremely slowly in 
GaAs even at elevated temperatures,  a measurable  
diffusion depth of about 1 ~m being achieved after a 
24 hr anneal ing period at temperatures  near 1050~ 
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APPENDIX 

Arsenic Pressure Calculation 

The Ideal Gas Law was used to calculate the amount  
of arsenic needed to create the required arsenic pres-  
sure in the capsule. It was assumed that  all the ele- 
menta l  arsenic in the capsule went  into the vapor phase 
and that at the diffusion temperature  the dominant  
species was As2. 

mRT 
Ideal Gas Law PV -- - -  

M 

where P ---- arsenic pressure, atm; V ~- capsule volume, 
cm'~; m ---- weight arsenic, g; R ~ Universal  Gas con- 
stant  82.05 atm cm 8 g m o l - l K - 1 ;  T ---- absolute tempera-  
ture K; and M ---- molecular  weight arsenic _-- 149.84. 

REFERENCES 
1. B. Goldstein, Phys. Rev., 121, 1305 (1961). 
2. D. L. Kendall ,  in "Semiconductors and Semimetals," 

Vol. 4, R. K. Willardson and A. C. Beer, Editors, 
pp. 163-259, Academic Press Inc., New York 
(1968). 

3. H. Hasegawa and H. Hartnagel,  This Journal, 123, 
713 (1975). 

4. P. -J. Holmes, Editor, "The Electrochemistry of 
Semiconductors," p. 266, Academic Press, New 
York (1962). 

5. M. Brown, Ph.D. Thesis, Southampton Universi ty  
(1977). 

6. B. Goldstein, Private communication. 
7. J. A. Van Vechten, Czech. J. Phys., B.30, 388 (1980). 
8. J. Schneider, Paper  15, l l t h  In terna t ional  Confer- 

ence on Defects and Radiat ion Effects in Semi-  
conductors, Sept. 1980, Oiso, Japan (Inst. Phys.).  

9. H. C. Casey and G. L. Pearson, in "Point Defects 
in Solids," Vol. 2, J. H. Crawford and L. M. Sl i t -  
kin, Editors, Chap. 2, P l enum (1975). 

10. P. Fewster, Private communication. 
11. H. Ports and G. Pearson, J. Appl. Phys., 37, 2098 

(1966). 
12. B. K. Chakraver ty  and R. W. Dreyfus, ibid., 37, 631 

(1966). 
13. C. Frosch and L. Derick, This Journal, 105, 695 

(1958). 
14. C. Cochran and L. Foster, ibid., 109, 149 (1962). 



Phase Relationships in CaS-Rare Earth Sulfide Systems 
H. L. Tsai and P. J. Meschter* 

Department of Chemical, Metallurgical and Polymer Engineering, 
University of Tennessee, Knoxville Tennessee 37916 

ABSTRACT 

Phase relationships in the CaS-Y2Sa, CaS-Dy2S3, CaS-Er~Ss, and CaS- 
Yb2S3 systems have been determined between 800 ~ and 1200~ at  Ps2 ---- 3 X 
10 -6 atm. All  four dopants show significant solid solubil i ty in CaS (15-30 m/o  
at 1200~ Approximate Ps2/Po2 ratios required to avoid oxygen contamina-  
tion of the mixed sulfides are derived. Variat ion of the lattice parameter  of 
the CaS phase with dopant content indicates an increase in  size of the dopant  
ion upon dissolution. The x - ray  diffraction pa t te rn  of monoclinic fl-CaY2S4 
has been determined.  The ;~-phase may be regarded as a slight distortion of the 
orthorhombic low tempera ture  a phase. 

Calcium sulfide doped wi th  a rare  ear th  sesqui- 
sulfide such as Y2S8 has been proposed as a solid 
electrolyte system for sensing of sul fur  activities by 
Worrel l  (1, 2). The dopant  cation on a Ca site is 
effectively positively charged (e.g., Yca'), and is com- 
pensated for by  the formation of vacancies on the 
cation sublat t ice Vca". If enough dopant  is added so 
that  the n u m b e r  of extrinsic ionic defects greatly 
exceeds the number  of defect electrons or electron 
holes over a wide range of temperature  and Psa, 
then the mixed sulfide has tion "~ 1 over this domain 
and can in  principle be used as a solid electrolyte 
for sulfur  activity or part ial  pressure measurement .  

An effective dopant  mus t  have a significant range 
of solid solubil i ty in  CaS. F lahaut  et al. (3, 4) have 
identified Y2S3, Dy2S~, Er2S3, and Yb2S3 as having 
extended solutions in  CaS, with typical solubilities 
a round 20 mole percent  (m/o)  rare earth sulfide. 
Their  mixed sulfides were sintered in  quartz capsules 
under  vacuum, so that  nei ther  the sulfur  nor  the 
oxygen chemical potent ial  was well defined. Worrell  
et al. (1) report  very  l imited (<1 m/o)  solubil i ty 
of Y2S3 in CaS after heating for 14 hr at 900~ in  an 
H2-I-I2S mixture  of unspecified Ps2. Worrell  et al. 
at t r ibute  Flahaut ' s  results to oxygen and /o r  carbon 
impuri t ies  in the lat ter 's  samples. 

In order to resolve this discrepancy, we have de- 
termined phase relationships and lattice parameters  
in the b inary  systems of CaS with Y2S~, Dy2Ss, Er2Ss, 
and Yb2S3 containing up to 40 m/o  rare earth sulfide 
over the tempera ture  range 800~176 at  a fixed 
Ps2 of 3 X 10 -6 atm. The chemical potential  of oxy- 
gen in the system was approximately  controlled by 
runn ing  all exper iments  in the presence of graphite. 
We have also determined the x - r ay  diffraction pat-  
te rn  and lattice parameters  of monoclinic ~-CaY2S4, 
which is in equi l ibr ium with the saturated CaS solid 
solution above about  ll00~ 

Sample Preparation and Experimental Procedure 
Pure  CaS (--325 mesh, 99.99%) and the doping 

materials,  Y2S3, Yb2Ss, Dy2S~, and Er2S3 (--200 mesh, 
99.9%) were obtained from Cerac, Incorporated. 
Samples containing 1-40 m/o  rare ear th  sulfide were 
prepared by mixing  weighed amounts  of each dopant  
powder and CaS powder in  the required proportions, 
cold pressing in a hydraulic  die at 90,000 psi, and sin-  
tering for 1 day at 1350~ in a purified 1:1 H~-H2S 
mixture.  During the sintering, the pellets were sur-  
rounded by a bed of powder  of the same composi- 
tion wi thin  a graphite boat, which was in tu rn  en-  
closed in  a graphite tube plugged with graphite wool 

* Electrochemical Society Active Member. 
Key words: doping, lattice parameter, x-ray diffraction. 
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at both ends. P re l imina ry  experiments  showed that  
these precautions were necessary to prevent  contami-  
nat ion of the samples with oxygen from traces of CO2 
or H20 in the sur rounding  gas stream. The pellets 
after pres inter ing Were examined by x - r ay  diffraction 
to check for completeness of reaction and absence 
(to <5% ) of oxide or oxysulfide phases. 

A vertical  res is tance-wound furnace with a 1s/s in. 
long hot zone (_+1~ controlled to bet ter  than +_2~ 
over any run, was used to equil ibrate  the samples. 
P la t inum/Pt -13% Rh thermocouples placed near  the 
furnace windings and next  to the sample were used, 
respectively, to control the furnace tempera ture  and 
measure the sample temperature.  The quench tank  
was a brass cylinder filled with oil fitted directly to 
the bottom of the vert ical  reaction tube. 

The equi l ibrat ion atmosphere was a mixture  of 
99.99% I-I2 (major impur i ty  5 ppm H20) and 99.5% 
H2S containing nomina l ly  250'0 ppm C2H6, 800 ppm 
C3Hs, 30 ppm (CH3)2S, H20, and CO2, and 70 ppm 
N2. The gases were purified by passage over succes- 
sive columns of molecular  sieves and P205. Flow 
rates and part ial  pressures of the gases were fixed 
and measured by cons tant -pressure-head capil lary 
manometer/f lowmeters .  The gases were mixed in a 
column of glass beads before in t roduct ion into the 
furnace. 

The presintered pellets were packed into a 1 in. 
long cylinder in a graphite crucible and the upper  end 
plugged with graphite wool. The crucible was hung  
from graphite rods in the hot zone of the furnace. To 
start a run, the furnace was evacuated to check gas- 
tightness, the H2S/H2 mixture  introduced, and the 
furnace heated to the desired temperature.  The sam- 
ples were kept at tempera ture  for times summarized 
in Table I. To check whether  these times were suffi- 
cient to achieve equil ibrium, addit ional runs  with pro- 
longed holding times were performed at 1200 ~ and 
800~ to verify that  the lattice parameters  were u n -  
changed with time. A run  at 700~ in which equi l ib-  
r ium was not  achieved after 400 hr, was excluded. 
After equil ibration,  the samples were quenched by 
releasing the crucible into the oil bath. 

Table I. H2S/H2 ratios and equilibration times for CaS-R2S~ 
samples 

Temper- Equilibration 
ature (~ PlI2s/Pt t  2 time (hr) 

800 ~ 1.13 x 1041 125, 150 
850 ~ 7.21 x 10 '-~ 125 
900 ~ 4.78 • 10 -~ 100 

1000 ~ 2.30 • 10 -2 100 
1050 ~ 1.67 x i 0  ~ 50 
1200 ~ 7.25 • 10 -3 20, 100 
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Several  prel iminary experiments  with  CaS-Y2S3 
samples had been done to determine the best equiva-  
lent  Ps2 to use in the gas stream. Runs at 800~ and 
Ps2 < 10-6 arm resulted in the formation of a hexag-  
onal phase of s to ichiometry  Y202S, whi le  no o x y -  
sulfide was found after a run at Ps~ --  3 • 10-6 arm 
and 800~ Therefore, Ps2 ---- 3 • 10 -6 arm was  chosen 
for all equilibration runs. This Ps2 corresponds to the 
H2S/H2 ratio at each temperature shown in Table I. 
X - r a y  analysis showed minor amounts,  at worst,  of 
oxysul~de  contaminants after equilibration runs 
except  in the case of CaS-Yb2Sm where  formation of  
"Yb~O2S" l imited valid results to 1050~176 

The lattice parameters of the CaS solid solution 
phase present in the quenched samples  were  deter-  
mined by a diffractometer method using CuK~ radi- 
ation. The parameters were  determined from the high 
angle (620), (622), and (444) reflections of the CaS 
phase and extrapolation of a lattice parameter vs. 
cos 2 o plot to 8 : 90 ~ A Debye-Scherrer  camera with  
CuK~ radiation was  used to determine the diffraction 
pattern of /~-CaY2S4 after quenching from 1200~ 

Results and Discussion 
The solubil i ty l imits  for each CaS-rare earth sul-  

fide sys tem were  obtained by plotting the lattice 
parameter of the CaS solid solution vs. mol  percent 
dopant as shown in Fig. 1 for CaS-Y2S3. The uncer-  
tainty in the measured lattice parameter is _0.0OlA 
for any composit ion in the CaS phase field. The lat-  
tice parameter varies l inearly wi th  m / o  dopant to 
--+0.06% (-+3 standard deviat ions)  in any system.  The 
intercepts of the least squares lines at 0% R2S3 are 
all in good agreement  (-+0.002A) with  the lattice pa- 
rameter  of pure CaS of 5.6948A from The Powder  Dif-  
raction File. The solubil i ty l imits  given in Table II 
were  obtained from the intersections of the least 
squares lines for the single phase CaS solid solu-  
tions with the average lattice parameters  of the 
CaS phase in the two-phase  samples; The presence or 
absence of the second phase, which  was in al l  cases 
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Fig. I. Variation of lattice parameter with dopant concentration 
in the CaS-Y2S3 system. 

Table II. Solubility limits of Y2S.~, Dy2S:3, Er2S3, and Yb2S3 in CaS 

T e m p e r -  
a t u r e  ( ~  m / o  YeS3 m / o  DyeS3 m / o  Er2S8 m / o  Yb~Ss 

800 ~ 10.9 • 0,1 - -  - -  
859 ~ - -  9.9 - -  1.2 10.5 + - -  0.8 - -  
90@ ~ 1 3 . 8 •  0.6 - -  - -  - -  

lOOO ~ 16.3 - -  0.5 - -  - -  - -  
10500 17.1 - -  0.6 12.8----- 0.9 11.4 - -  0.6 25,2 • 0.4 
1200 ~ 21,1 - -  1,0 14.6 ~ 0.5 17.7 ~ 0.7 29.0 +-- 1.9 
120'0 ~ 

F l a h a u t  (4)  18 20 22 - -  

CaR2S4, was confirmed directly from the diffraction 
pattern. 

The phase diagrams of CaS-CaR2S4 systems are all 
qualitat ively similar to the CaS-CaY2S4 sys tem shown 
in Fig. 2. Agreement  wi th  Flahaut ct al. (3 ,4)  for 
this sys tem is good, although the solubilities of this 
study are noticeably larger above 1000~ Flahaut's 
solubil ity l imits  for Dy2S3 and Er2S3 are larger than 
ours at 1200~ Both studies show extended ranges 
of solid solubil i ty of all dopants in CaS, with solu-  
bilities ranging up to 29 m / o  Yb2S3 in CaS above 
1200~ 

The reported solubil i ty of Y2S3 in CaS of WorreU 
et aL (1) is much  smal ler  than those found here. 
These workers  had no internal getters near the sam-  
ple to react wi th  oxidizing impurit ies  in the gas 
stream, nor did they identify the second phase in 
equil ibrium with  their saturated CaS solid solution. 
Results from our prel iminary experiments  at 700 ~ 
1000~ without graphite getters a lways showed the 
existence  of hexagonal  "Y202S" in CaS-Y2Ss sam-  
ples. The diversion of yt tr ium to this compound, 
which is apparently nearly insoluble in CaS, lowers  
the apparent extent  of the CaS phase field. In e x -  
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Table III. Least squares analyses of the lattice parameters of CaS doped with Y2S3, Dy2S3, Er2S3, and Yb2S3 

Dopant Dy~S~ Y=Ss Er~S~ Yb2S~ 

Observed parameter  (A) 5.6932-(0.176 ---+ 0.010)X 5.6938-(0.210 • 0.006)X 5.6946-(0.287 -- 0.015)X 5.6963-(0.171 • 0.002)X 
Calculated parameter  (A) 5.6938-0.340X 5.6935-0.371X 5.6936-0.449X 5.6935-0.519X 
F l a h a u t  e t  aL (4) 5.6952-0.148X 5.6904-0.226X 5.6934-0.274X - -  

X is mole fraction of R~8. 

t reme cases, v i r tua l ly  all of the y t t r i um was found in  
the oxysulfide and the CaS was near ly  pure, thus re-  
producing the results of Worrell  et al. (1). 

Since the oxygen-sul fur  balance in and around the 
samples dur ing  pres inter ing and phase equi l ibrat ion 
is critical to successful de terminat ion  of phase equi-  
l ibr ia  in these systems, it  is of interest  to estimate 
the Ps2/P02 ratios which obtain in the presence and 
absence of graphite getters, respectively. This esti- 
mat ion  requires s imultaneous solution of the reac- 
tion equi l ibr ia  

C(gr)  + CO2 ---- 2CO 

C(gr)  + H20 ---- CO + H2 

H2 + 1/2 O2 = HuO 

H ~ +  ~/2 S~ = H2S 

KI -~ Pco2/Pco2 [I] 

KII ---- PH2Pco/PH20 [II] 

K m  -~ PH2O/PH2PO21/= [III] 

KIV ~ PH2S/PH2PS21/= [ I V ]  

using reasonable assumptions of concentrations of H2, 
H20, H2S, CO, CO2, and 02 in  the incoming gas 
stream. For example, in our pres inter ing runs at 
1350~ [PH2]i ~- [PH2S ] i  : 0.5 atm. Assuming ineffi- 
cient get tering of the incoming gas as a worst case, 
one may estimate [PH20]i---- 1 • 10 -4 a im and [Pc02]i 

3 • 10 -5 arm, with ini t ia l  concentrat ions of CO 
and O2 being negligible relative to these. The equi-  
l ibr ium constants KI and Kzi are large, so one may 
assume the funct ion of carbon is to convert  essen- 
t ial ly all  of the CO2 and H20 to CO and H2. Then 
Pco ~ 1.6 • 10 -4 atm, and using s tandard  thermody-  
namic data for Eq. [ I ] - [ I I I ] ,  Pco~ : 6.2 • 10 -12 atm, 
PH20 ~ 8.0 • 10 - s  atm, and Po2 ---- 1.2 • 10 -24 a tm 
are calculated. From the equi l ibr ium of reaction [IV], 
PH2 ---- 0.64 arm, PH2S ~-- 0.36 atm, and P s2 : 0.07 arm. 
Thus the Ps2/P02 ratio is about 6 • 1022. Similar  cal- 
culations for the equi l ibra t ion runs at 800~176 
yield Ps2/P02 ratios on the order of 1019-1022. Small  
amounts  of oxysulfide which appear in some of these 
runs  show that  this ratio is close to the ratio re- 
quired to convert  oxysulfide to sulfide. Without  a 
carbon getter, on the other hand, the Ps2/Po2 ratio is 
about  10 TM at 1350~ which is clearly insufficient to 
produce the mixed sulfide system. 

The presence of graphite at un i t  activity in  our ex- 
per iments  raises the question of carbon contamina-  
tion. In  several  sample preparat ion and equi l ibrat ion 
experiments  the samples had no measurable  weight 
change (___0.5%) dur ing  the runs. In experiments  
where significant amounts  of oxysulfides were formed, 
noticeable weight  changes were recorded. Str ict ly 
speaking, our  results refer  to the qua te rnary  Ca-R- 
S-C system, bu t  it is considered that  these results are 
reasonably representat ive of the Ca-R-S ternaries. 

The least  squares analyses of the lattice parameter  
var iat ion of CaS doped with Dy2S3, Y2S3, Er2S3, and 
Yb2S~ wi th in  the solid solubil i ty range are given in 
Table III. The values marked "calculated" are based 
on ionic radii  derived by Flahaut  et al. (4) for six- 
fold coordination from the lattice parameters  of pure 
metal  sulfides. These radii are 1.02, 0.93, 0.92, 0.90, 
and 0.88A for Ca 2+, Dy ~+, YZ+, Er a+, and Yb 8+ ions, 
respectively. A radius of 1.824A was deduced for S 2- 
f rom the lattice parameter  of pure CaS. Both our 
observed lattice parameter  values and those of F lahau t  
(line 3 in Table III)  are larger than the calculated 

values, and are in good agreement  with each other 
(see also Fig. 1). 

Because of the large ionic radius of $2- ,  the forma- 
tion of inters t i t ia l  anions is not  favored. The differ- 
ence between measured and calculated lattice pa-  
rameters  thus must  be due to a small  increase in  
size of the R 8+ cation in the solid solutions, com- 
pared with the calculated value. The observed value 
was especially large in comparison with the calcula- 
tion in the CaS-Yb2Sa system. This result  may be due 
to a par t icular ly  large expansion of the Yb 8+ ion, or 
to diversion of Yb to the oxysulfide, which it was im-  
possible ent i re ly  to prevent  in this system. I t  is note-  
worthy that  there is no correlation beween solubil i ty 
limits and the difference in radii  between Ca 2+ and 
the dopant  ion. In fact, the ion Nd 8+, which is v i r -  
tual ly  the same size as Ca 2+, has v i r tua l ly  no solu- 
bi l i ty in  CaS (4). 

The lattice parameters  of ~-CaY2S4 and ~-CaY2S4 
were calculated from their  x - r a y  diffraction patterns. 
The lattice parameters  of orthorhombic a-CaY2S4 
quenched from 1000~ (a ---- 12.89A, b ---- 13.03A, c -- 
3.87A) are in agreement  with those of F lahau t  et al. 
(3) (a _-- 12.94A, b : 13.03A, c -~ 3.86A). The x - r ay  
pat tern of monoclinic ~-CaY2S4 taken from the 40% 
Y2S3 in CaS sample quenched from 1200~ is shown 
in Table IV. The lattice parameters  are a ---- 12.88A, 
b ---- 13.04A, c :_ 4.02A, ~ ~_ 93.48 ~ . The f~ s t ructure  
may be regarded as a small  distortion of the ortho- 
rhombic ~ lattice. 

All the CaR2S~ compounds bu t  CaDy2:S4 showed 
conversion to the f~-form below 1200~ The major  
difference in the two pat terns is the existence of the 
(200) l ine at small  diffraction angles and the non-  
appearance of the (120), (220), and (130) lines in 
the 8- as compared with the a-form. 

Summary 
Phase relationships in the CaS-Y2S~, CaS-Dy2S3, 

CaS-Er2S3, and CaS-Yb2S3 systems have been deter-  
mined at Ps2 ~ 3 • 10 -6 a tm between 800 ~ and 

Table IV. X-ray diffraction pattern for monoclinic fl-CaY2S4 

I n t e n s i t y  dobs (A) deal (A) I n d e x e s  

W 6.43 6.43 200 
VS 3.60 3.60 230 
VW 3.42 3.42 021 
* 3.22 3.22 400, 211_ 
M 2.91 2.91 240, 131 
M 2.85 2.85 131, 301 
* 2.79 2.78 311 
VS 2.62 2.61 321 
M 2.45 2.44 401 
VW 2.40 2.40 421, 411 
W 2.184 2.186 051 
V W  2.170 2.167 151 
M 2.138 2.144 151, 160, 600 
W -2.034 2.036 620 
* 1.989 1.983 012 
VS 1.927 1.928 212 
VW 1.883 1.881 122 
S 1.803 1.800 460 
M 1.702 1.708 370 
* 1.661 1.660 560 

I n d e x i n g  b a s e d  on a = 12.88A, b = 13.04),, c = 4.02A, f~ = 93.48% 
* I n t e n s i t y  u n c e r t a i n  be c a use  of  co inc idence  w i t h  CaS lines.  
VS = v e r y  s t rong ,  S = s t rong ,  M = m o d e r a t e ,  W = weak ,  VW 

= v e r y  weak .  
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12O0~ The solubi l i t ies  of the dopant  sulfides are  
r e l a t ive ly  large  (15-30 m/o  at  1200~ depending  on 
dopan t ) ,  in ag reemen t  wi th  resul ts  of F l a h a u t  et aL 
(4). The much smal le r  a p p a r e n t  solubil i t ies of Worre l l  
et al. (1) are  p robab ly  the resu l t  of oxygen  contami-  
nat ion and format ion  of r a r e - e a r t h  oxysulfides.  Va r i -  
a t ion of la t t ice  p a r a m e t e r  of the CaS solid solut ion 
indicates an increase in size of the dopant  ion over  
theoret ica l  predic t ions  based on ion sizes in the  pu re  
sulfides. The x - r a y  pa t t e rn  of ~-CaY2S4 has been 
de termined,  and shows a monoclinic  s t ruc ture  which 
represents  a smal l  dis tor t ion of the low t empera tu re  
or thorhombic  phase.  
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The Effect of S03 Gas on the Surface Tension 

of Molten Na SO, 

G. J. Yurek* and R. E. Deeter 
Department oi Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The surface tension of molten Na2SO4 has been me'asured as a function of 
the partial pressure of SOs gas in equilibrium with the melt (10 -9 ~ Pso3 

10 -I atm) over the temperature range of 1175-1400 K. The surface tension, 
�9 , is independent of Psos over the range of partial pressures employed. The 
temperature dependence of r is given by 

-- 2.568 X 10 -I  -- 6.05 X 10-ST 

where r has units of N/m and T }s the absolute temperature. The density of 
Na2SO4 is independent of Pso3 for 10 -9 "~ Pso3 ~ 10-i atm at 1200 and 1250 K, 
thereby confirming that Na2SO4 is virtually stoichiometric under these con- 
ditions. 

The surface tension of mol ten  salts  has been de te r -  
mined by  most invest igators  under  condit ions for  
which the the rmodynamic  state of the sa l t  was not  
fixed precisely,  e.g., the surface tension of mol ten  
Na2SO4 has been de te rmined  only  in the presence 
of n i t rogen gas. Two exceptions to this genera l  s t a t e -  
ment  a re  noted. Kozakevi tch  (1) measured  the sur -  
face tension of l iquid  FeO at ,~1700 K and  at  1 arm 
pressure  as a funct ion of oxygen par t i a l  pressure.  
Under  these conditions, the composit ion of l iquid FeO 
varies  f rom about  23 to 24 weight  percent  ( w / o )  O 
as the oxygen pa r t i a l  pressure  var ies  f rom ,~10 -19 to 
10 - s  atm. For  this var ia t ion  in Po2, the surface ten-  
sion of l iquid FeO decreases f rom 0.585 to 0.500 N/m,  
indica t ing  tha t  fer r ic  ions are  surface active. 

Moiseev and S tepanov  (2) measu red  the surface 
tension at  1 a tm pressure  of Na2CO3 and Li2CO3 mel ts  
tha t  were  equ i l ib ra ted  wi th  gas mix tures  containing 
va ry ing  amounts  of N2, O2, and CO2. The surface t en-  
sion of Na2CO3 was not  a function of the gas composi-  
tion, but  the surface tension of Li2CO3 was h igher  
when the mel t  was in contact  wi th  CO2 or  CO2-O2 
mixtures  by  abou t  0.006-0.008 N / m  than  when the 
mel t  was in contact  wi th  air. More significant changes 
in the surface tension of Li2CO3 resul ted  when  add i -  
tions of Li20 were  made  to the melt .  In  the  l a t t e r  

- Electrochemical Society Active Member. 
Key words: surface tension, molten salts, Na~SO~. 

case, which is discussed more  fu l ly  l a t e r  in this 
paper ,  an increase  in the surface tension wi th  in -  
creasing concentra t ion of Li20 was a t t r ibu ted  to the  
presence of a h igher  concentra t ion of ( 0 2 - )  anions, 
which have a h igher  effective dipole momen t  t h a n  
(CO32-) anions. 

Pure  mol ten  salts,  such as Na2SO4, that  contain 
polya tomic  ions m a y  be considered quas i -b ina ry  the r -  
modynamic  systems (e.g.. Na20 + SOs) if  the com- 
posit ion of the sal t  can be given by  a single var iable ,  
e.g., the mole fract ion of Na20, XNa20. The effect of 
Psos on the composit ion of mol ten  Na~SO4 m a y  be  
descr ibed by  the fol lowing equ i l ib r ium 

Na2SO4(1) ----SO3(g) + (Na20) [I] 

where the parentheses around Na20 are used to in- 
dicate that this component is dissolved in the melt. 
The equilibrium constant for Eq. [I] is given by 

K1 = aNa2oPso3/asa2so4 [2] 

The s tandard  state for SO3 gas is taken  as pure  SO3 
gas at 1 arm pressure  at  the t empe ra tu r e  of interest .  
The the rmodynamic  s tate  of the qua s i -b ina ry  Na20-  
SO3 system is de te rmined  ful ly  i f  the t empe ra tu r e  
and the ac t iv i ty  of e i ther  Na20 or  SOs are  specified. 
This would  be t rue regardless  of the va lue  of aNa~SO4. 

At  ve ry  low Pso~ and at  h igh Po2, the composit ion 
of Na2SO4 m a y  change by  format ion  of perox ide  
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(O2~-) or  superoxide  ( 0 2 - )  anions, i.e., by fo rma-  
tion of Na202 or  NaO2 neu t r a l  species. A t  high Ps08 
the composi t ion of Na2SO4 may  change by  format ion  
of pyrosul fa te  anions, ($2072-) .  If  significant quan t i -  
ties of (O2- ) ,  (O22-),  or ($2072-) anions were  
formed at  ve ry  low or  ve ry  high Ps08, respect ively,  
then Na2SO4 could not  be considered a quas i -b ina ry  
mix tu re  of Na20 + SOs. 

Molten Na2SO4 m a y  be considered a quas i -b ina ry  
sys tem for Ps08 in the app rox ima te  range  of 10 -1 -  
10 -9 arm because its composit ion does not  change sig-  
nif icantly in this r ange  even though the ac t iv i ty  of 
Na20 according to Eq. [1] varies  b y  eight  orders  of 
magni tude  (3-6).  Indeed,  Na2SO4 is nea r ly  stoichio- 
met r ic  (x~a20/xs03 = 1.0) for this range  of Ps08, so 
that  changes in the concentra t ion of (O ~ - ) ,  as wel l  as 
changes in the concentra t ions  of (O2- ) ,  (O22-),  and 
(S~O72- ), a re  ve ry  small .  

In  pr inciple ,  the surface tension of mol ten  Na2SO4 
should be a funct ion of Ps08 (i) if the concentra t ion 
of ions wi th  h igher  or lower  effective dipole moments  
than  (SO42-) were  changed signif icant ly wi th  a 
change in Ps08 o r  (ii) if one or  more  of those species 
tha t  change in concentra t ion by  a smal l  amount  wi th  
a change in Ps08 [i.e., (O2- ) ,  (O2- ) ,  (Ch~-) ,  or  
(S2Ov 2 - )  ] were  h igh ly  surface active. Only  the l a t t e r  
possibi l i ty  could app ly  in the case of nea r ly  stoi-  
chiometr ic  Na2SO4. The purpose  of this paper  is to 
present  the resul ts  of a s tudy  of the effect of Psos 
(10 -9  < Pso~ < 10 -1 a tm)  on the surface tension of 

Na2SO4. 
Experimental Procedures 

The surface  tension of mol ten  sodium sulfa te  was 
measured  using the doub le - tube  m a x i m u m  bubble  
pressure  method.  The appa ra tus  employed  is i l lus-  
t ra ted  schemat ica l ly  in Fig. 1. The genera l  pr inciples  
involved in the de te rmina t ion  of the surface tension 
of a l iquid phase by  the m a x i m u m  bubble  pressure  
method  have long been  es tabl i shed  (7,8) .  In  this  
method,  a gas is forced th rough  a cap i l l a ry  tube tha t  

is pa r t i a l l y  immersed  in a l iquid to fo rm a bubble  
at  the t ip of the tube. The pressure  in  the bubble  
re la t ive  to the sur rounding  pressure  m a y  be  measured  
wi th  an oil manome te r  or  o ther  sui table  device for  
measur ing  pressure.  The m a x i m u m  pressure  in the  
bubble,  before  the  bubble  detaches f rom the tube,  
comprises a contr ibut ion  f rom the hydros ta t ic  head of 
the l iquid and a contr ibut ion  f rom the surface forces 
tha t  oppose an increase in the  gas- l iqu id  surface area.  
Thus, a knowledge  of the dep th  of immersion,  the 
m a x i m u m  bubb le  pressure ,  and  the radius  of the  
cap i l l a ry  tube al lows the surface tension of the 
l iquid to be calculated.  S t a n d a r d  tables  are  avai lab le  
(9) to correct  the  calculat ion for  the fo rmat ion  of 
nonspher ical  bubbles,  which  a lways  form unless e x -  
t r emely  f ine-bore cap i l l a ry  tubes are  employed.  

In the doub le - tube  m a x i m u m  bubble  pressure  
method,  the m a x i m u m  bubble  pressure  is measured  
in two cap i l l a ry  tubes of different  rad i i  tha t  a re  im-  
mersed  the same dep th  in the melt .  The difference 
in the m a x i m u m  bubble  pressures  for  the two tubes 
depends only on the radi i  of the tubes, t he reby  e l imi-  
na t ing  the need to measure  the dep th  of immers ion  of  
the tubes. 

The tubes used in this  inves t iga t ion  were  Pt-10% 
Rh tha t  had  d iameters  of a p p r o x i m a t e l y  0.1 and 
0.3 cm. The tubes were  t ape red  at  the i r  t ips to p ro -  
vide a wel l -def ined bubble  d i ame te r  a t  the poin t  of  
m a x i m u m  pressure  in the bubble .  The inner  d iame-  
ters of the tubes were  measured  at  low magnif icat ion 
(2-7X)  using a sp l i t - image  eyepiece that  was ca l i -  
b ra ted  agains t  a s tage micrometer .  The reproduc ib i l -  
i ty  of these measurements  was good, i.e., the s t andard  
devia t ion  f rom the average  measured  d iamete r  was 
a lways  less than 0.25% of the diameter .  The change 
in the d iameters  of the tubes upon hea t ing  was taken  
into account using the the rmal  expans iv i ty  of the al- 
loy. 

The Pt-10% Rh tubes, which were  about  17.5 cm 
long, were  we lded  to s tainless  s teel  extension tubes,  

Fig. 1. Schematic illustration of the double-tube, maximum bubble pressure apparatus employed to measure the surface tension of molten 
Na2S04. 
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which, in turn, were  connected to the gas-supply line 
by flexible Teflon tubing. The stainless steel extension 
tubes were  wrapped wi th  Pt  foil to prevent  corro- 
sion products on the stainless steel f rom fall ing into 
the melt. The bubble tube assembly was cemented 
firmly into a stainless steel support  tube, which served 
to align the two tubes and mainta in  the two tubes at 
equal depths of immersion. The support  tube could 
be moved ver t ica l ly  through the water -cooled  brass 
top of the alumina furnace tube to vary  the depth of 
immersion of the tubes in the melt. 

The mel t  was contained in a Pt  crucible at the bot-  
tom of the a lumina furnace chamber,  which was 
heated by a helical  silicon carbide heat ing e lement  
and mainta ined at a constant t empera tu re  by a pro-  
port ional  controller.  Al though it is not shown in Fig. 
1, the region of the furnace chamber  be tween the Pt  
crucible and the stainless steel tube support  contained 
a lumina cylinders that  were  solid except  for holes 
that  were  provided for the bubble tubes and a gas 
inject ion tube. These a lumina cylinders acted as heat  
shields to help mainta in  a long constant t empera ture  
zone in the furnace chamber.  The constant t empera -  
ture zone, measured f rom the bot tom of the furnace 
chamber,  was about 15 cm long. An extended constant 
tempera ture  zone helps minimize convect ive currents,  
which can cause ra ther  severe fluctuations in the 
measured bubble pressures. The open ends of the 
silicone oil manometers  depicted in Fig. 1 were  actu-  
ally connected to an a lumina tube that  was posi- 
t ioned just  above the mel t  in the furnace chamber.  
Thus, the pressure in the bubbles was measured re la -  
t ive to the pressure in the furnace. 

The tempera ture  of the silicone oil manometers  was 
monitored during each exper iment  using high preci-  
sion mercury  thermometers .  Smal l  changes in density 
of the silicone oil wi th  a change in room tempera ture  
were  taken into account in calculat ing the surface 
tension of the Na2SO4. The change in height  of sili-  
cone oil in the two legs Of the manometers  were  mea-  
sured using a cathetometer .  

Granular  anhydrous Na2SO4 (see Table I for analy-  
sis) was employed in these experiments .  The Na2SO4 
was dried at 600~176 for 1-2 weeks under  vacuum. 
Af ter  t ransferr ing the Na2SO4 to the surface tension 
apparatus, it was heated under  flowing dry Ar  at 
600~ for about  12 hr  before the tempera ture  of the 
salt was raised above its mel t ing  point. 

The surface tension of mol ten Na2SO4 at a constant 
tempera ture  and total  pressure of 1 a tm was mea-  
sured as a function of the par t ia l  pressures of SO2 
and 02 (or, equivalent ly,  SO.~) gases that  were  in 
equi l ibr ium with  the melt. The par t ia l  pressure of 
SOs gas in equi l ibr ium with the mel t  was calculated 
using the equi l ibr ium constants (16) for the react ion 

SO2(g) -{- 1/2 O2(g) = SOs(g)  [3] 

and the volume fractions of SOe and O2 in the initial 
gas mixtures.  The gas mixtures  employed were  ei ther  
premixed  Ar-SO2-O2 or mixtures  produced by com- 
bining pure gases and /o r  p remixed  gases using con- 

s tant-head capil lary flowmeters. The compositions 
of the input  gases, the flow rates, and the equi l ibr ium 
values of Pso3 at 1200 and 1250K are presented in 
Tables II and III. Six gas mixtures  were  employed 
to measure the surface tension at 1200 and 1250 K for 

10 -9 ~ Pso3 ~ 10-1 atm. Before mixing,  the Ar, 02, 
and the Ar-O2 mixtures  were  passed through anhy-  
drous Mg(C104)2 and P205 to remove  wate r  v a p o r  
and through "Ascari te"  to remove  CO2. The SO2 and 
Ar-SO2-O2 mixtures  were  passed through P205 to re-  
move traces of water  vapor. 

The oxygen contents of the Ar-970 ppm SO2 and 
the Ar-97 ppm SO2 (Table II) were  measured by 
Matheson Gas Products. We verified the oxygen con- 
tents by using a calcia-stabil ized zirconia solid elec- 
t rolyte cell wi th  air as the reference electrode. The 
uncer ta in ty  in the analyses for 02 and SO2 in the pre-  
mixed  gases is reported to be less than 2% by Mathe-  
son. The  gases were  not analyzed fur ther  by us for 
the SO2 content. 

The t ime requi red  to equi l ibrate  SO2-O2 gas mix -  
tures wi th  molten Na2SO4 has been measured using 
sodium /3-A1203 solid electrolyte  cells (15). Equi l i -  
brat ion is achieved in the presence of a P t -wi re  cata-  
lyst in 1-2 hr for 10 -2 < Pso3 < 10-1 a tm and in ~3  
hr for Pso3 ~ 10 -3 atm. Lin (4) confirmed these 
times for equi l ibrat ion using the rmograv imet r ic  tech- 
niques. Data are not available to indicate the t ime re-  
quired to equi l ibrate  mol ten  Na2SO4 wi th  a g a s  
phase that  has Pso3 < 10-3 arm. In the present  in-  
vestigation, the gases with low equi l ibr ium values of 
Pso3 were bubbled through the mel t  via P t - R h  bubble  
tubes for at least 15 hr  before a measurement  w a s  
made to ensure that  equi l ibr ium was achieved. The 
surface tension did not change when these gas mix -  
tures were  bubbled through the melts for an addi-  
t ional 15 hr or more. 

A var iable  head gas bleeder  and a needle  va lve  
were located in the gas l ine after the gas mix ing  
chamber  but  before the manometers  and furnace as- 
sembly. These were  employed to regulate  the flow of 
gas to the bubble tubes. The rate of bubbling can af- 
fect the measurement  of pressure in a bubble, and it  
is usually recommended that  the rate  of bubbling be 
in the range of one bubble per second for low viscos- 
i ty melts and up to 60 sec for more viscous melts 
(10). In the present  study, rates of one bubble per 
15-20 sec were  found to yield reproducible  results. 

Excess gas f rom the bleeder  was passed into the 
furnace and flowed over  the surface of the melt. 
Flowing the gas mix ture  over  the mel t  dur ing the 
entire exper iment  in addition to bubbling the gas 
mix ture  through the mel t  via the bubble tubes before 
the exper iment  served to equi l ibrate  the mel t  with 

Table II. Gases employed in this investigation* 

Gas A: UHP 02 (99.95% 02 min); Gas B: Anhydrous SOe (99.98% 
SOs min); Gas C: UHP Ar (99.999% Ar); Gas D: Ar-4.8% O~; Gas 
E: Ar-6.8% SO2; Gas F: Ar-970 ppm O~-9 ppm O:; Gas G. At-97 

ppm S0~-8 ppm 02 

* Matheson Gas Products. 

Table I. Analysis* of granular anhydrous Na2SO4 used in this 
work (w/o) 

Table III. Flow rates of input gases and equilibrium SOs partial 
pressures at 1200 and 1250 K (total pressure ~ 1 atm) 

Heavy Insoluble Gas 
Arsenic Chloride metals matter Iron mix- 
0.0001 0.001 0.0005 0.01 0.001 ture 

Loss on Nitrogen 
ignition compounds  Phosphate 

0.59 0.0905 0.0{)2 

* Mallinckrodt analytical reagent grade--manufacturer's analy- 
sis. 

I 
II 
III 
IV 
V 
VI 
VII 

log Pso a 
Flow rates of input 

gases, cmS/min 1200 K 1250 K 

8.16, Gas A: 8.16, Gas B -1.11 -1.26 
22.83, Gas D: 6.96, Gas E -3.13 -3.29 
21.76, Gas D: 6.63, Gas F -- 5.03 -- 
13.60, GasD: 7.47, Gas F -- --5.05 

Gas F - 6.14 - 6.3 
Gas G -7.16 -7.32 

5.84, Gas C: 2.92, Gas G -9.13 -9.3 
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the gas mixture,  thereby fixing the thermodynamic  
state of the salt melt. 

Gas that passed through the needle valve was di- 
rected, with the aid of stopcocks, to only one of the 
bubble tubes. While the pressure was being measured 
in one bubble  tube, gas at approximately  the maxi -  
m u m  pressure was main ta ined  in the other tube to 
el iminate changes in the depth of the melt  that  would 
occur if the melt  moved up the tube that  was not  
in use. 

The surface tension apparatus was also used to de- 
termine the densi ty of Na2SO4 by measur ing the max-  
imum bubble  pressure in a single tube at two depths 
of immersion of the tube in the melt. By measur ing 
the surface tension at two depths of immersion of the 
two tubes in each experiment,  the data obtained could 
also be used to determine the density of Na2SO4. 

Results and Discussion 
Density ol Na2SO4.--At least two measurements  of 

the density of Na2SO4 were made at each of six 
values of Pso3 employed at 1200 and 1250 K. In  total, 
27 measurements  were made at 1200 K and 12 mea-  
surements  were made at 1250 K. The results are plot- 
ted in Fig. 2. Within the precision of the measure-  
ments, the density of Na2SO4 is independent  of Pso~ 
in the range of 10-9-10 -1 atm. The average values 
of the density are 2.09 _+ 0.04 and 2.06 __ 0.02 g/cm s 
at 1200 and 1250 K, respectively, the uncertaint ies  be-  
ing one s tandard deviation from the average values. 

Constant  values of the densi ty of Na2SO4 over the 
range of Pso3 employed indicate that  the Na2SO4 is 
v i r tua l ly  stoichiometric over this range of Psoj. A 
variat ion in the density of Na2SO 4 at higher values 
of Psos could occur, however, by the dissolution of 
SO~ in NaeSO4 to form pyrosulfate anions according 
to the react ion 

SOs (g) + Na2SO4 (1) ---- Na2S2Or (1) E4] 

The solubil i ty of SOs in Na2SO4 at 1200 K varies from 
,~0.1 atomic percent  (a/o) Na2S2Or at Pso~ ---- 0.01 
arm to ,~0.3 a/o Na2S2Or at Psos ---- 0.08 a tm (4). 
Thus, changes in the concentrat ion of ($2072-) 
anions, and corresponding changes in the densi ty of 
Na2SO4, are expected to be negligible for the low 
values of Psos employed in the present  s tudy (maxi-  
m u m  Psos ---- 0.08 arm).  At low values of Psos and 
high values of P02, the composition of Na2SO4, and 
its density, may change by  formation of Na202 and 
NaO2. Although data are not available for the rela-  
tive concentrat ions of the lat ter  oxides of Na in 
Na2SO4, the observation of constant  values of the 
density of Na2SO4 for values of Ps03 as low as 10 -9 
arm indicates that  significant quanti t ies  of these ox- 
ides were not  formed. 

The densities measured in the present  work are 
about 2% higher than those obtained by Jaeger, who 
used a hydrostatic weighing technique, which is a 
much better  method to measure densities than the 
max imum bubble  pressure method. Use of the la t ter  
method requires a measurement  of the max imum 
bubble  pressure in a single tube at two different 
depths of immersion and a measurement  of the dif- 
ference in the depths of immersion.  

In the present  investigation, the difference in  the 
depths of immersion was m e a s u r e d  using a Vernier  
scale on a rack and pinion that  was used to support  
the bubble  tubes. An error of 2% in  the difference 
in the depths of immersion, which would correspond 
to about  0.02 cm in the present  case, would yield 
an error of about 2% in the density. 

The densities of Na2SO4 obtained by  Jaeger (11) 
were employed in the present  invest igat ion to calcu- 
late the surface tension of Na2SO4 using the data ob- 
tained with the double- tube ma x i mum bubble  pres-  
sure method. Jaeger 's measurements  of the densities 
of molten salts are general ly  considered to be ac- 
curate (12). In  any case, an error in the densi ty of 
10% yields an error of less than 0.5% in the surface 
tension when the double- tube  method is employed. 

Surface tension of Na2SO4.--The surface tension, ~, 
of molten Na2SO4 was measured at 1200 and 1250 K as 
a function of Pso3 ( 10-9 < Pso3 < 10 -1 a tm).  The re-  
sults, which are presented in Fig. 3, demonstrate  that 

is not a function of Psos for the range of conditions 
studied. 

The reproducibi l i ty  of the measurements  of the sur-  
face tension was good, i.e., the largest value of one 
s tandard deviation for four measurements  of ~ at any 
one Pso3 was ___0.5% (__.0.0009 N / m) .  The overall  u n -  
certainty of the measurements  is estimated to be 
___1% (,-~ _+0.002 N / m) ,  which includes the uncer ta in -  
ties involved in measur ing the diameters of the b u b -  
ble tubes (_+0.001 cm) and in measur ing  the maxi -  
mum pressure in the bubbles with silicone oil m a n -  
ometers (__0.001 cm in the difference of the height of 
the legs of the manometer ) .  Thus, the slight apparent  
variat ion of ~ with Psos shown i n  Fig. 3 is wi thin  the 
limits of the exper imental  uncer ta in ty  of the mea-  
surements.  The bars around the points in Fig. 3 rep- 
resent one s tandard deviat ion from the average value 
for two to four measurements  at each Psos. Each of 
the three points without  bars represents the value of 
two measurements  that  yielded the same value of ~. 

To test the accuracy of the measurements  of the 
surface tension of Na2SO4, measurements  of the 
surface tension of water  at room tempera ture  and of 
K2SO4 at 1400 K were made and compared to well-  
established values for these quantities.  Six measure-  
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Fig. 3. Dependence of the surface tension of molten Na2SO4 at 
1200 and 1250 K on the partial pressure of SOs gas. 

ments of the surface tension of H30 at 293 K yielded 
an average value of 0.07265 _+ 0.00153 N/m, which is 
in good agreement  with the value of 0.07275 N / m  re- 
ported in the In te rna t iona l  Critical Tables (13). Two 
measurements  of the surface tension of K2SO4 at 
1400 K were made at each' of two part ial  pressures of 
SO8. The average values were 0.1381 and 0.1398 _+ 
0.00.06 N / m  at 2.2 X 10 -2 and 10 -5 atm of SO3, re-  
spectively. Assuming that  the surface tension of 
K2804 is independent  of Psos, one obtains an average 
value for the four measured values of 0.1389 N/m.  The 
lat ter  value agrees wi thin  1% of the value of 0.1381 
N / m  obtained by Nei thammer  and Peake (14), who 
used a s ingle- tube max imum bubble  pressure appa-  
ratus with ni t rogen gas. On the basis of these results, 
one can conclude that the accuracy of the present  
measured values of the surface tension of Na2SO4 is 
good. 

The average values of ~ at 1200 and 1250K are 
0.1845 _+ 0.00.09 and 0.1825 __. 0.0006 N/m, respectively, 
which were calculated from all of the measurements  
made at one tempera ture  based on the conclusion 
that  ~ is independent  of Psos. The lat ter  conclusion 
should be reserved for the range of values of Pso8 
employed in the experiments.  At  higher Pso8 and 
lower temperatures,  or at lower Pso8 and higher tem- 
peratures, Na2SO4 may contain sufficient ($20~ 3-)  or 
(O 3- )  anions, respectively, to affect the surface ten-  

sion. 
Moiseev and Stepanov (2) measured the effect of 

various additives to Li3CO8 on its surface tension. Ad-  
ditions of Li20 to mol ten Li2CO8 at 765~ caused a 
steady increase in the surface tension of Li2COs from 
about 0.242 N / m  at 0 mole percent  (m/o)  Li~O to 
about 0.260 N / m  at 31 m/o  Li20. The increase in  sur-  
face tension was a t t r ibuted to the increased concen- 
t ra t ion of (O 3 - )  anions in  the melt, which have a 
higher effective dipole moment  than (CO~ 2-)  anions. 
Fur ther  increases in  the concentrat ion of dissolved 
Li20 from 31 to 48 m/o  caused a decrease in the 
surface tension, which was a t t r ibuted to the forma-  
t ion of (L iCe3 - )  complexes in the melt  [at 31 m/o  
Li20 in  Li2CO8 there are approximately  three (Li + ) 
cations per (COs 3- )  anion].  

By analogy with the results of Moiseev and Step-  
anov (2), the surface tension of Na2SO4 may increase 
at very low Pso8 in equi l ibr ium with the melt  (high 
aNa20) because of the increased concentrat ion of (O 8-) 
anions. The surface tension of Na2SO4 at values of 

Pso3 < 10 -9 atm has not  been measured in the pres-  
ent  study because the P t -Rh  bubble  tubes and the Pt 
crucible would be dissolved by the highly basic salt 
(15). 

To determine the temperature  dependence of the 
surface tension of Na2SO4, measurements  were made 
at a constant  part ial  pressure of SO3 gas equal to 10 -5 
atm over the tempera ture  range of 1175-1400K. Un-  
der these conditions, the activity of Na20 in  Na2SO4 
varies from 3.1 X 10 -18 at 1175 K to 4.3 X 10 -9 at 
140'0 K, which is in the range of aNa2O for which ~ is 
independent  of Pso8 (or aNa3O) at 1200 and 1250 K. 
A plot of the surface tension vs. temperature  is 
shown in Fig. 4. The application of l inear  regression 
to the data yields, 

= 2 .568 X 1 0 - 1  - -  6.05 X 1 0 - S T  [5]  

where  ~ has uni ts  of  N / m  and T is the absolute tem-  
perature.  The correlation coefficient for the l inear  re-  
gression analysis is 0.998. Note that  r changes by  only 
~0.013 N / m  over the range of tempera ture  invest i-  
gated. 

Jaeger (11) measured the surface tension of Na2SO4 
using the s ingle- tube m a x i m u m  bubble  pressure 
method over the tempera ture  range of 1173-1350K. 
His results, which were obtained using ni t rogen gas, 
may be represented by the following quadrat ic  equa-  
tion (10) 

= 4.765 X 10 -I  -- 5.32 X 10-4T + 2.43 X 10-ST 2 

[6] 

Jaeger's values for ~ of Na2SO4 are about 5% higher 
than the values measured in the present investigation. 
Janz et al. (10) have pointed out that Jaeger's mea- 
surements of the surface tension of molten salts are 
generally 2-8% higher than measurements made more 
recently., 

The quadratic temperature dependence of ~ found 
by Jaeger (11), if it is real, indicates that the sur- 
face tension at higher temperatures is greater than 
expected by a linear extrapolation of his data ob- 
tained at lower temperatures. Higher temperatures 
and low Pso3 in the gas phase (pure N2 was used by 
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Jaege r )  causes the reac t ion  in Eq. [1] to move to the 
r ight .  Thus, i t  is conceivable  tha t  a sufficiently h igh  
aNa20 was a t ta ined  in Jaeger ' s  melts  a t  the highest  
t empera tu res  to cause a smal l  increase in the  surface 
tension of the Na2SO4. To tes t  this premise,  the sur -  
face tension of Na2SO4 should be measured  as a func-  
t ion of t empe ra tu r e  for  wel l -def ined,  low values  of 
PSO3 (high aNa20). In the  meant ime,  the high accuracy 
of the  measurements  made  in the p resen t  inves t iga-  
t ion indicates  tha t  Eq. [6] provides  a be t t e r  r ep re -  
senta t ion  of the t empe ra tu r e  dependence  of  the  sur -  
face tension of  Na2SO4 than that  repor ted  b y  Jaeger .  

Summary 
The dens i ty  and the surface tension of Na2SO4 are  

independen t  of Pso8 for pa r t i a l  pressures  in the  range  
of 10-1-10 -9 a tm at 1200 and 1250K. The  constant  
value  of the dens i ty  indicates  tha t  Na2SO4 is v i r t ua l ly  
s toichiometr ic  for this range  of Pso~. A change in the 
surface tension of Na2SO4 wi th  Pso8 would  requi re  
e i ther  a large  change in composit ion wi th  Pso3 [ large 
change in the concentrat ions  of (O2- ) ,  (022- ) ,  
( 0 2 - ) ,  or  ($2072-) wi th  a change in Psos], or  a 
smal l  change in the concentra t ion of a h ighly  sur -  
face-act ive  species. The concentra t ions  of ( 0 8 - ) ,  
( $ 2 0 ~ - ) ,  (O2- ) ,  and (028- ) change b y  a smal l  
amount  as Pso3 is changed  f rom 10 -1 to 10 -9 atm; 
however ,  because  the surface tension of Na2SO4 is 
constant  for this range  of Psoj, none of these species 
can be considered to be h igh ly  surface active. The 
surface tension of Na2SO4 is a l inear  function of t em-  
pe ra tu re  (1175-1400 K)  when  Pso3 is held  constant  at  
10-5 arm. 
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Thermodynamics of Nickel-Aluminum-Oxygen 
System Between 900 and 1400 K 

F. A. Elrefaie* and W. W. Smeltzer* 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada LSS 4M1 

ABSTRACT 

Equi l ib r ium oxygen  pressures  of the un iva r i an t  systems Ni-NiO-NiAl204, 
and Ni-NiA12.5404.sI-A1203 were  de te rmined  be tween  I123 and  1423 K using 
galvanic  cells wi th  ca lc ia-s tabi l ized  zirconia  as the  solid e lectrolyte .  S l ip -  
cast tubes of a two-phase  mix tu re  of ~- and a-Al~Os were  used as e lec t ro ly te  
in cells to de te rmine  the equ i l ib r ium oxygen pressures  of the un iva r i a n t  
Ni-NiAI2.5404.sI-A1203 be tween  923 and 1173 K and  the dissociat ion pressure  
of A12:O3 equi l ib ra ted  wi th  (Ni -Al )  al loys containing 0.17, 1.19, and 2.36 atomic 
percent  Al  at  1213 K. The free energy  of format ion  of NiA12.~404.Sl was de te r -  
mined  be tween  923 and 1423 K. An electron probe  microana lyzer  was used 
to de te rmine  the composit ion of oxides  and al loy phases of the  t e r n a r y  
Ni-A1-O sys tem tha t  coexist  wi th  each o ther  a t  1273 K. The Ni-A1-O iso therm 
at 1273 K and Ni -AI -O equi l ib r ium oxygen pressure  d i ag rams  at  1213 a n d  
1273 K are  presented.  

Equ i l ib r ium oxygen pressures  of the coexistences of 
the Ni-A1-O sys tem have not been ex tens ive ly  inves t i -  
gated, p robab ly  due to the very  low oxygen  pressures  

* Electrochemical  Society Active Member. 
Key words: solid electrolyte, emf, equilibrium. 

encountered.  The free energy  of format ion  of n ickel  
spinel,  N i O .  (1 + x)A12Q,  has been de te rmined  at  
t empera tu res  in the range  973-1673 K using galvanic  
cells wi th  ca lc ia-s tabi l ized zirconia as solid e lec t ro-  
lyte  (1-4) or by  equi l ibra t ing  the mix tu re  N i - N i O .  
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(1-}-x)A120~-A12Oa 1 with a CO/COs atmosphere (5). 
Published data, however, are in  poor agreement.  Alu-  
m i n u m  activities in Ni-A1 alloys containing between 15 
and 60 atomic percent  (a/o) A1 were studied over the 
tempera ture  range 1185-1455K using isopiestic mea-  
surements (6). Values of a luminum activities in alloys 
containing 69.96-99.46 a/o A1 at temperatures  in the 
range 956-1200 K have been evaluated from electromo- 
tive force measurements  with AICls in NaC1. KC1 
liquid electrolyte (7). Nickel activities in Ni-A1 alloys 
are reported at 1273 K (8, 9). The Ni-A1 system is well 
established (10) and the phase relations in the sub-  
solidius region of the NiO-A12Oa quas i -b inary  system 
are reported between 1273 and 2193K (11). The lack 
of compositional data for the t e rnary  Ni-A1-O isotherm 
and the development  of the two-phase mixture  of ~- 
and a-A1203 electrolyte to sense reversibly oxygen 
pressures as low as those of A1-A1208 equil ibria (12, 
13) led us to- ini t ia te  this work to determine the Ni- 
A1-O isotherm and the oxygen pressures for equil ibria 
involving alloy and oxide phases at temperatures  in 
the range 923 and 1423 K. 

Exper imental  
Equi l ibr ium oxygen pressures of the coexistences Ni- 

NiO-NiA1204, Ni(s)-NiA12.5404.s1-A12Os, and (Ni-A1) al- 
loy-A1208 were determined from emf measurements  on 
the following cells 

Ni, NiO, NiA12041ZrOf(%CaO) INi, NiO [I] 

Ni, NiA12.5404.sl, A12031ZrO2 (-t-CaO)INi, NiO [II] 

W, WS2, Na2SI~- and a-A12031Ni, NiA12.5404.sl, A1208 

[Ill] 

(Ni-0.17 a/o AI) alloy, AI2OsIZrO~ (H-CaO) INi, NiO 

[IV] 

(Ni-AI) alloy, Al2Oa]#- and a-AIBOsIW, WS2, NaBS 

[V] 

A previously described cell assembly (14) that con- 
tained a 30 cm long tube of calcia-stabilized zirconia 
was used to measure the emf's of cells [I], [II], and 
[IV] between 1123 and 1423 K. The emf of cell [III] 
was measured between 923 and 1173 K while the emf 
of cell [V] was measured at 1213 K using a previously 
described cell assembly (15) which contained a 10 cm 
long ~- and a-A1203 tube as the electrolytic membrane  
between the anode and cathode compartments.  

A potential  shown by cells [I], [II], [III], and IV] 
at a temperature  in the investigated range was very 
steady, wi thin  +-1 mV or less, for periods investigated 
up to 45 rain. When the temperature  was changed, a 
new steady state was reached after 2-4 hr with furnace 
temperature  stabilization occurring within 20-40 min. 
Reversibil i ty of cells [I] and [II] was checked by 
charging or discharging a cell through an external  cir- 
cuit momentar i ly ;  the cell emf re turned very rapidly to 
a value within at most +-1 mV from the original  value. 
A thermal  disturbance method was used to check the 
reversibil i ty of cells [III] and [V]. The cell tempera-  
ture was cycled several times then fixed at the pla teau-  
a t ta ining temperature;  the emf at tained its original 
value, to _1  mV, wi thin  5 min  and remained at this 
potential  for the investigated period. 

Reference Ni,NiO electrodes were tablets pressed 
from 1:1 mixture  of Ni and NiO. The W, WS2, NafS 
reference electrodes of cells [III] and [V] were pre-  
pared as described previously (16). The working elec- 
trodes were fabricated as tablets from mixtures  of the 
metallic and oxide phases. Compositions of mixtures  
used for prepar ing tablets to be used as electrodes and 
for phase composition and identification analyses are 
given in Table I. Such tablets were annealed for a 

AhO8 is used to represent a-Al~03 in the text. 

Table I. Starting compositions of coexisting alloy and oxide phases 

The starting contents of t h e  p e l l e t s  
in weight percent 

Pellet* 
A1 Ni NiO NiAhO4* * a-AhOs 

P-1  - -  50  25 2 5  - -  
P -2  - -  50  - -  25  25 
P -3  0 .05  49 .95  - -  - -  50  
P - 4  0 .25  4 9 . 7 5  - -  - -  50  
P -5  0 .50  49 .50  - -  - -  50 
P -6  1 .15  4 8 . 8 5  - -  - -  50  
P -7  6.0,0 44 .00  - -  - -  50  
P -8  11 .00  3 9 . 9 0  - -  - -  50 
P -9  13 .50  36 .50  - -  - -  50 
P-IO 15.00 3 5 . 0 0  - -  - -  50  
P - 1 1  17 .50  32 .50  - -  - -  50  

* P-1 and P-2 tablets were annealed at 1000~ for 60 days w h i l e  
t h e  other pellets were annealed for 30 d a y s  a t  1000~ 

** NiAhO~ was prepared as we d e s c r i b e d  p r e v i o u s l y  (11). 

period of 30-60 days under  flowing h igh-pur i ty  argon 
gettered of oxygen using Zr chips. X- ray  analyses con- 
firmed the presence of the desired phases in each tablet  
after annealing,  while compositions of these phases 
were determined using EPMA (electrode probe micro- 
analysis) technique. Materials used and their  sources 
are listed in Table II. 

Results 
Cell [ / ] . - -Electromotive force values of cell [I], 

Fig. 1, fit the least squares expression 

E (mV) 
= 0.7 ( _  0.03) + 0.0032(+-- 0.0002) T ( •  0.1 mV) [1] 

Cell [ / / ] . - -Electromotive force values represent ing 
the un ivar ian t  equi l ibr ium Ni, NiA12.5404.Sl, a-A1203 
are plotted in Fig. 2; the l inear  plot fits the least 
squares expression 

E(mV) ---- 64(___ 2.5) + 0.047(__. 0.002) T (-- 1.0 mV) 

[2] 

Cell [III].--The variat ion with temperature  of the 
emf of this cell, Fig. 3, is described by the least squares 
l ine 

E(mV) ---: 1117(+- 3) -- 0.444(• 0.003) T ( _  2mV)  
[3] 

Cell [ IV].- -Unstable  emf's were exhibited by this 
cell; this electrical instabi l i ty  was not amenable  to cor- 
rection by coulometric dis turbance or by temperature  
cycling of the cell. 

Cell [V].--The emf of cell [V] was determined only 
at 1213 K. The investigated working electrodes were Ni 
containing 0.17, 1.19, or 2.36 a/o A1 alloys equil ibrated 
with A12Q; the emf values obtained were 19 • 1, 119 
__. 2, and 151 _ 1 mV, respectively. 

Compositions determined by EPMA for the coexist- 
ing oxide and alloy phases at 1273 K are recorded in  
Table III. The intensi ty  of the A1 x- ray  signals obtained 
from the metallic phases of Ni-NiO-NiA1204 and Ni- 
NiA12.5404.sl-A1203 coexistences would not be dist in- 
guished from the background intensi ty  which indicates 
that these phases were essentially pure nickel. 

Table II. Materials used in this investigation and its sources 

Material Source and t y p e  

Nickel powder 
Aluminum powder 
Tungsten powder 
Nickel oxide powder 
Aluminum oxide powder (~) 
Tungsten sulfide powder 

Sodium sulfide powder 
( anhy. ) 

Ventron, Alfa Products: 99.9% 
Ventron, Alfa Products: 99.8% 
Fisher Scientific: Purified 
Fisher Scientific: 99.8% 
Ventron, Alfa Products: 99.99% 
Ventron, Alfa Products: Labora- 

tory grade 
Ventron, Alfa Products: Labora- 

tory grade 
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Table IlL The EPMA analyses of coexisting oxide and alloy phases 
at 1273 K 

Aluminum Nickel oxide 
content of content of the 

Coexisting the alloy oxide phase 
Pellet phases (a/o) (m/o ) 

P-1 AHoy ( 3 ' )  - -  
Nickel oxide - -  9 ~ , , 0  
Nickel spinel - -  50.0 

P-2 Alloy (,~,) - -  

Nickel spinel - -  4"~.0 
,~-AlsOs - -  2.0 

P-3 AHOy (3') 0.17 
~-AhOs - -  1.9 

P4 Alloy (,y) 1.19 
a-Al~Oa - -  1.7 

P-6 Alloy (,y) 2.36 
a-AhOa - -  1 " , 6  

P-6 Alloy (~/) 23.1 - -  
c~-AlsOa - -  1.3 

P-7 Alloy (B) 38.1 
a-A12Oa - -  I.I 

P-8 Alloy (~8) 44.6 
a-AhOa - -  1.0 

P-9 Alloy (B) 48.6 - -  

a-Al20~ - -  1.0 
P-IO AHoy (~) 53.7 

a-AL~)8 - -  0 . 8  

Discussion 
Ni-NiO.--This coexistence was used as a reference  

e lect rode in cells [I] and [II].  S tee le  (17) has de-  
scr ibed the s t andard  f ree  energy  of fo rmat ion  of NiO, 
AG~ (NiO),  b y  

AG~ --  -55,965 + 20.29 T ca l /mol  ( _  130 cal) ,  

(900-1400 K)  [4] 

The equi l ib r ium oxygen pressure  of the Ni,NiO co- 
existence,  Po2*, is therefore  given by  

log Po2* (arm) --  T {-8.869 • , 

(900-1400K) [5] 

5 . 6  I I I I I I I 

5.4 

5.2 

5.0 

4.8 

> 
E 4.6 
IE 

uJ 4.4 

4.2 

4.0 

3.8 

3.61 I I I I I I I 
1123 1173 1223 1273 1323 1373 1423 

TEMPERATURE, K 
Fig. 1. The variation of emf with temperature for cell [I] 

132  

130 

128 

126 

> 124 
E 

~ 122 
h J  

120 

118 

116 

114 

I I I i I I I �9 
2. . 

I I I I I I I 

1123 1173 1223 1273 1323 1373 1423 
TEMPERATURE, K 

Fig. 2. The variation of emf with temperature for cell [11] 

700  

680 

> 
E 660 

LC 

~J 640 

620 

600 

,\: 
\'\, 

I I 

\R 
i i i I I I i  

923 973 1023 1073 1123 1173 
TEMPERATURE, K 

Fig. 3. The variation of emf with temperature for cell r i l l ]  

Ni-NiO-NiAlz04 coexistence.--Since the overa l l  r e -  
act ion in cell  [I] can be descr ibed  by  t rans fe r  of oxy -  
gen f rom the cathode to the  anode compar tment ,  the  
cell emf is g iven by  

RT 
E -- in  Po2*/Po2 [6] 

4F 

where  Po2 is the equ i l ib r ium oxygen  pressure  of the 
Ni-NiO-NiA1204 coexistence. Values  of Po2 be tween  
1123 and 1423 K, therefore,  were  ca lcula ted  by  means  
of Eq. [1], [5], and  [6], and  found to fol low the re l a -  
t ion 

log Po2 (a tm)  = T ~- 8.804 • 
$ 

[1123-1423 K] [7] 

The oxygen  pressure  of this coexistence ca lcula ted  
f rom Eq. [7] a t  1273K is 3.76 • 10 -11 arm which  is 
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s l ight ly  less than  the value  of 4.48 X 10 -11 a tm for the 
dissociation pressure  of NiO equi l ib ra ted  wi th  Ni. The 
EPMA analyses  of the phases of this coexistence a t  

1273 K indica ted  the fol lowing:  the spinel  composit ion 
corresponded to the s toichiometr ic  formula  NiA1204, 
NiO dissolves app rox ima te ly  1 mol percen t  (m/o)  of 
A1203, and the metal l ic  phase  was essent ia l ly  pure  Ni. 

Ni-NiAlz.~404.sl-AlzOs coexistence.--Cells using cal-  
c ia -s tab i l ized  zirconia as e lec t ro ly te  wi th  a Ni,NiO ref -  
erence electrode,  cell [II] ,  or the two-phase  ~- and 
~-A1203 e lec t ro ly te  and W, WS2, Na2S as s tandard  elec-  
trode, cell [III] ,  were  inves t iga ted  to s tudy this system. 
The best  l ine th rough  the emf values  obta ined  f rom 
cell [II] be tween  1123 and 1423 K was represen ted  by  
Eq. [2]. Also the  emf da ta  of cell  [III]  obta ined over  
the t empera tu re  range 923-1173 K is found to follow 
re la t ion [3]. Elec t romot ive  force of the cell 

W, WS2, Na2SI~- and ~-A12OsINi, NiO 

was measured  be tween  923 and 1198 K (15) and found 
to follow the re la t ion  

E(mV)  ---- 1180(+_ 4) -- 0.396(_+ 0.004) T (+_ 2 m V )  

[8] 

By subt rac t ing  express ion [3] from [8], we obta ined 

E ( m V )  ---- 63(___ 5) + 0.048(+_ 0.005) T (+_ 3 m V )  [9] 

Rela t ion [9] describes the emf dependence  of the cell 

Ni, NiA12.5404.sl, A!2Os[fl- and ~-AI2061Ni, NiO [VI] 

on tempera ture .  Excel lent  agreement  be tween  Eq. [9] 
and [2] demonst ra tes  the appl icab i l i ty  of using the 
two-phase  ~- and a-A1206 e lec t ro ly te  in probes to sense 
oxygen potent ia ls  as low as those of the Ni -  
NiA12.5404.sl-A1208 coexistence. 

The react ion in cells [II] and [VI] can be wr i t t en  as 

02~ = 02~ [A] 

where O2 c and O2 a are oxygen in the cathode and 
anode compartments, respectively. Alternatively, the 
overall cell reaction can be written as 

NiO + 1.27A1203 :- NiA12.5404.sl [B] 

By considering reaction [A], the variation of the equi- 
librium oxygen pressure of the Ni-NiA12.5404.sI-AI203 
univariant system with temperature is obtained by 
combining expressions [2], [5], and [6]; these calcula- 
tions give 

log Po2 (a tm)  _-- 25,754T ~- 7.921 ( +_ 6~_) 

(923-1423 K) [10] 

where  Po2 is the equ i l ib r ium oxygen pressure  of the 
Ni-NiA12.5404.sl-A120~ coexistence. The value  of Po2 at  
1273 K equal  to 4.90 X 10 -18 arm is app rox ima te ly  two 
orders  of magni tude  less than  the dissociation pressure  
of NiO equi l ib ra ted  wi th  Ni. At  1273 K, the spinel  in 
this coexistence was found by  EPMA to contain 56 m / o  
A1206; therefore,  i t  can be represen ted  by  the fo rmula  
NiA12.~404.sl. The E P M A  results  also indica ted  tha t  
A1206 contains 0.4 a /o  Ni but  the so lubi l i ty  of A1 in Ni 
necessary to s tabi l ize this coexistence was found to be 
too smal l  to be de te rmined  by  this technique. 

The var ia t ion  wi th  t empe ra tu r e  of the free energy  
of format ion  of NiA12.5404.sl f rom its b ina ry  oxides,  
~G(NiA12.~404.s~), given by  react ion [B], is r e la ted  to 
emf values  of cell [II] by  

~G(NiA12.~O~.s~) ---- -- 2FE [11] 

Values for the aG-T re la t ion obtained by  combining 
re la t ions  [2] a n d [ l l ]  are  given in Table IV together  
wi th  those values obta ined  by  var ious  invest igators .  
The t empera tu re  coefficient obta ined in this inves t iga-  

Table IV. The free energy of formation of nickel spinel, 
NiO �9 (1 -I- x)AI203, from its binary oxides 

AG ( c a l / m o l )  = 
a + b T  + C T  ~ + d T l o g T  + e / T  Temper- 

ature Refer- 
b C x 1@ d e x 10 -4 range (K) emce 

- 2 , 952  - 2 . 168  623-1423  T h i s  w o r k  
- 1 ,499  - 2 .31  1~00-1400  ( 4 )  
- 1 , 5 6 0  - 2 . 4 4  1173-1673  ( 5 )  
- 5 ,553  - 0 .42  1306-1471  ( 2 )  
- 1,527 + 0.558 - 3.597 + 0.927 - 1.028 973-1473 (3)  

tion, --2.168 ca l /deg-mol ,  is in good agreement  wi th  
values  repor ted  b y  Jacob and Alcock (4), --2.31 ca l /  
deg-mol,  and Lenev and Novokhatski i  (5), --2.44 ca l /  
deg-mol.  

(Ni-Al)-Al203 equilibria.--The EPMA resul ts  dem-  
ons t ra ted  that  A1208 coexisted p rac t i ca l ly  wi th  the 
(Ni-A1) a l loy over  its ent i re  composit ion range.  The 
dissociation pressure  of A1203, therefore,  decreased 
f rom the equi l ib r ium oxygen  pressure  of the Ni-  
NiAI2.5404.sl-Al~O3 un iva r i an t  system to values defined 
by  the A1-A1203 equi l ibr ia  wi th  increasing A1 al loy 
content.  In  this invest igat ion,  the  dissociat ion pressure  
of A1206 equi l ib ra ted  wi th  Ni-A1 alloys containing 0.17, 
1.19, 2.36 a /o  A1 was de te rmined  by  re la t ing  the emf  
values  of cell [V] wi th  thermochemica l  da ta  of the 
cell  react ion 

WS2 -{- 2(Na20)~ : 2Na2S -{- 02 + W [C] 

where  O2 is oxygen  of the (Ni-A1)-A12Oz coexistence. 
For  this reaction,  we can wr i t e  

AG ---- 2AG~ -- 2hG~ 

- -  ~G~ -- 2RT in aNa20 + RT In Po2 [12] 

Here, aNa2O is the Na20 ac t iv i ty  of the a-A1203 and ~- 
A1206 coexistence and Po2 is the dissociation pressure  
of A1206 equi l ib ra ted  wi th  the (Ni-A1) alloy. Upon 
subst i tu t ing AG ---- - -4FE in re la t ion  [12] and r e a r -  
ranging,  we obta in  

1 
log Po2 --  - -  [2~G~ + AG~ 

2.303RT 

+ 2RT In aNa20 --  5G~ -- 4FE] [13] 

Values of Po2 of the work ing  electrodes of cell [V] 
were  ca lcula ted  at  1213 K using Eq. [13], the measured  
values of E and the thermochemica l  da ta  r epor ted  
in our previous  publ ica t ion  (15). The obta ined  values 
of Po2 are  5.7 >< 10 -~4, 1.2 X 10 -~5, and 3.7 X 10 -26 
for  Ni al loys containing 0.17, 1.19, and 2.36 a /o  A1 in 
equi l ib r ium wi th  A1206, respect ively.  I t  is apparen t  
f rom these resul ts  that  the e lectr ical  ins tabi l i ty  of cell 
[IV] can be expla ined  on the basis of electronic con- 
duction in the ca lc ia-s tabi l ized zirconia e lec t ro ly te  be -  
cause the oxygen pressures  imposed by  the coexistence 
(Ni-0.17 a/o. A1)-A12Oa at  1213 K, 5.7 X 10 -24 atom, is 
less than the value  of oxygen  pressure  defined by  the 
lower  e lect rolyt ic  domain  bounda ry  of ca lc ia-s tabi l ized  
zirconia (18). 

Thermodynamic properties of Ni-Al  alloys.--The A1 
ac t iv i ty  of an alloy, aA1, equ i l ib ra ted  wi th  A1203 is 
given by  

[ ~G~ (Al~O6) ] [14] 
aA1 ---- Po2-3~ exp 2RT 

where  Po2 is the  dissociation pressure  of A1203 equi l i -  
b ra t ed  with  the alloy. Values of aAl given in Table V 
were  calculated using re la t ion  [14]. The value  of the 
A1 act iv i ty  coefficient was essent ia l ly  constant,  7A1 --~ 4 
X 10 -6, at 1213K over  the range  2.36-0.17 a /o  A1 
corresponding to Henr ian  solut ion behavior .  This value  
is to be compared  wi th  ~A1 = 8 X 10 -7 repor ted  a t  

1273 K (9). 



Vol. 128, No. 10 T H E R M O D Y N A M I C S  OF N i -A 1-O  S Y S T E M  2241 

Table V. Activity and activity coefficient of AI in Ni-AI alloys 
(referred to liquid AI as standard state) 

Tem- 
per- 

a t u r e  
Coexistence (K)  aA, XA, 7A, 

(Ni-2.36 alo Al)-Al~Oa 1213 1.0 • I0 -9 0.0236 4.2 x I0 -s 
(Ni-l.19 a/o AI)-AI~O~ 1213 8.0 x I0 -I~ 0.0119 6.8 x i0 -s 

(Ni-0.17 alo AI)-AI20~ 1213 4.0 x i0 -11 0.0017 2.4 x I0 -s 
Ni-NiAI~.~O~.sl-AI~O8 1213 2.0 x 10 -is --1 • 10 -11. -- 

1273 1.0 x i0  -I~ ~-i x i01~* 

* T h e s e  v a l u e s  o f  XA1 w e r e  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n  XA~ = 
aAI/~/A1. 

As emphasized previously,  A1 a l loy contents neces-  
sa ry  to s tabi l ize the Ni-NiA12.~404.sl-AI203 coexistence 
were  too smal l  to be detected by  EPMA. If  one con- 
siders the values  of 7A1 at  1213 and 1273 K, an a tom 
fract ion of A1 equal  to ~ 1 X 10 -11 , i.e., < <  1 ppm 
of A1, is ca lcula ted for s tabi l iza t ion  of the Ni-  
NiA12.5404.sz-A120~ coexistence. 

Ni-Al-O isotherm at 1273 K . - - T h e  i so therm shown in 
Fig. 4 was compiled f rom the resul ts  repor ted  in Table 
III. In  this d iagram,  the  NiO and A1208 phase fields 
have been enlarged  to i l lus t ra te  the ve ry  l imi ted  solu-  
b i l i ty  of A1 in NiO, 1.87 a /o  A1, and of Ni in A120~, 
0.4 a /o  Ni. A va lue  of 0.051 a /o  was repor ted  (10) for 
oxygen  solubi l i ty  in Ni at  1273 K and mol ten  A1 dis-  
solves ~_ 0.005 a /o  oxygen  (10). Accord ingly  the  curve  
represen t ing  oxygen so lubi l i ty  in the al loy is schematic  
because of the l ack  of in format ion  to es tabl ish  a de-  
fined boundary .  L imi t ing  composit ions of the  meta l l ic  
phases were  taken  f rom the Ni-A1 b ina ry  sys tem (10). 
As the figure indicates,  A1203 equi l ibra tes  wi th  Ni-A1 
alloys essent ia l ly  over  its whole composit ion range.  
Nickel  so lubi l i ty  in A12Oa decreases wi th  increas ing A1 
content  of the al loy:  A120~ equi l ib ra ted  with  Ni-0.17 
a /o  A1 al loy contains 0.38 a /o  Ni and 0.16 a /o  Ni when 
equi l ib ra ted  wi th  a Ni-53.7 a / o  A1 alloy. The spinel  
phase, which  has a homogenei ty  range  be tween  50 and 
56 m/o  A1203, coexists essent ia l ly  wi th  pure  nickel.  

Equilibrium oxygen pressure diagram ]or the Ni- 
Al-O system.~Figures 5a and b show the var ia t ion  of 
the equ i l ib r ium oxygen  pressure  wi th  the Ni meta l  
a tom fraction,  XNi ---- nNi/(nNi ~-hA1), of the solid 
phases at  1213 and 1273 K, respect ively.  Dissociation 

pressures  of pure  NiO were  ca lcula ted  using re la t ion 
[5] while  the oxygen pressures  of the un iva r i an t  sys- 
tem Ni-NiO-NiA1204 and Ni-NiA12.5404.s1-A1203 were  
obta ined f rom relat ions [7] and [10], respect ively.  Dis-  
sociation pressures  of A12Os equi l ib ra ted  wi th  al loys 
containing XA1 ~-- 0.0236 at  1213 K were  de te rmined  in 
this inves t igat ion whi le  Po2 values  corresponding to 
al loys containing 0.6 --~ XA1 --~ 0.05 were  eva lua ted  by  
considering the fol lowing re la t ion  

[ 2AG~ ] 
Po2 = aA1-4/~ exp 3RT [15] 

Values of aA1 used in Eq. [15] to calculate  Po2 at  1213 K 
were  ca lcula ted  by  considering the aAi and AHA1 data  
repor ted  by  S te ine r  and K o m a r e k  at 1273 K over  the 
composit ion range  0.6 ~-- XA~ --~ 0.15; aA1 at  XNi = 0.95 
was calcula ted from the thermochemica l  data  repor ted  
by  Schaefer  (7) and  Hu l tg ren  et at. (9) a t  1273K. 
Results  given by  Schaefer  (7) for aA1 were  used to 
calculate  the dissociation pressure  of A1203 at  1273 K. 
The d iagrams show that  the oxygen  pressure  of the Ni-  
NiA12.~404.sl-A1203 coexistence is less than that  of Ni, 
NiO equi l ib r ium by _~ 2 orders  of magni tude.  With  
increasing A1 content  o~ the alloy, the oxygen pressure  
decreases most m a r k e d l y  over  the a l loy composit ion 
range XA1 < 0.1 and i t  subsequent ly  decreases wi th  A1 
content  to the  va lue  corresponding to the A1-A1203 
b ina ry  equi l ib r ium (19). 

Acknowledgments 
This research  is based  on the thesis submi t ted  b y  

F. A. Elrefa ie  to McMaster  Universi ty ,  in pa r t i a l  ful -  
f i lment for award  of the Ph.D. degree. He gra te fu l ly  
acknowledges awards  of an A l u m i n u m  Company  of 
Canada Fel lowship  in Meta l lu rgy  and a Nat iona l  Re-  
search Council  of Canada Gradua te  Studentship.  The 
authors  were  indebted  to D. A. R. K a y  and E. O. Hi le-  
man, Jr.,  for helpful  discussions. 

Manuscr ip t  submi t ted  Jan.  26, 1981; rev ised  manu-  
script  received Apr i l  21, 1981. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1982 JOURNAL. 
Al l  discussions for  the June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 

Publication co~ts o] this article were assisted by 
McMaster University. 

U-AI, 

SPINEL 

SPINEL 
+NiO 

40 
+ SPINEL "~ 

Ni § NiO 

SPINEL 

,40 
Fig. 4. NI-AI-O isotherm at 

1273 K. 

20, 
L + 

a-~J2o 3 '20 

2'0 40 60 80 Ni 



2242 J. Electrochem. Sac.: SOLID-STATE SCIENCE AND TECHNOLOGY October I98i 

- 8  I I I I /  I I I I 
I 
I SPINEL + NJO 

=-AI20:5+ SPINEL I /P02 =4.2x I0 -12 
-12 I f  Ni+ SPINEL 

I /  r I t" t / P02 = 4"9X10"14 

- I (  
I 

-,,-AI2% 
I -2( ~- 

t 
" ~  OA [ ;,'-alloy § a-AI O. 3 
0.? - ~  F" 2 _ 

-28 / 

52 
i [ i i 

i / _  t It 
-56[--_~Lelloy+,-A~0_3 - c~ r . I~ '+~ I~'1~+, ' 

AI-AI203I \ I II~I I I [ 

,, / I l l  ,J I J I ,  , 
O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

( 0 ) NICKEL ATOM FRACTION ( ~ - ~ - n )  
- , ,N i -  ,,At t 

1215K 
-8  

I I ! ] .Ni-NiO 
I.L/(5.0 x I0 -12) 

-12 

-16 

-2O 

~ - 2 4  

-28  

-52 
~-afloy + 

< 

-:36 

1.0 0 

( b )  

SPINEL + NlO 
,/Po~ = 5.8 xIO'" 

=-AI203+SPINEL Ni + SPINEL 
I *' f PO~= 4"9 x 10-13 

1273K 
I 

- -  a-A~203 

7-alloy + a-AI203 

(.Po2=6.0xlO -29 f 7 alloy +a-AI203 / _  

B-alloy + a -AI205 / 

f/P02 =8.1 x10"34 ~ 

AI-A1203 I III 

I II t I I I  I i [ 
OJ 0.2 0.5 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

NICKEl ATOM FRACTION( nNi ~ 
\ F1Ni+ hAl / 

Fig. 5. Ni-AI-O equilibrium oxygen pressure diagram: (a) at 1213 K, (b) at 1273 K 

---Ni-NiO 
(4.5 x I0 -u) 

REFERENCES 

1. J. D. Tretjakow and H. Schmalzried, Bar. Bun- 
senges. Phys. Chem., 69, 396 (1965). 

2. V. A. Levitsky and T. N. Rezukhina, Neorg. Mater., 
2, 145 (1966). 

3. Grzegorz Rag, Rocz. Chem., 50, 147 (1976). 
4. K. T. Jacob and C. B. Alcock, J. Solid State Chem., 

20, 79 (1977). 
5. L. M. Lenev and I. A. Novokhatskii, Russ. J. Inorg. 

Chem., 10, 1307 (1965). 
6. A. Steiner and K. L. Komarek, Trans. Metaff. Sac. 

AIME, 230, 786 (1964). 
7. S. C. Schaefer, USA Bur. of Mines, Rep. No. 7993 

(1975). 
8. R. E. Hanneman and A. U. Seybolt, Trans. Metall. 

Sac. AIME, 245, 434 (1969). 
9. R. Hultgren, P. D. Desai, D. T. Hawkins, M. Gleiser, 

and K. K. Kelly, "Selected Values of the Thermo- 
dynamic Properties of Binary Alloys," p. 191, 

American Society for Metals, Metals Park, Ohio 
(1973). 

10. M. Hansen, "Constitution of Binary Alloys," Mc- 
Graw-HiLl Book Co., New York (1958). 

11. F. A. Elrefaie and W. W. Smeltzer, Oxid. Met., In 
press. 

12. N. S. Choudhury, This Journal, 120, 1663 (1973). 
13. F. A. Eirefaie and W. W. Smeltzer, To be published. 
14. H. Davies and W. W. Smeltzer, This Journal, 119, 

1362 (1972). 
15. F. A. Elrefaie and W. W. Smeltzer, ibid., 128, 1443 

(1981). 
16. W. W. Liang and J. F. Elliott, ibid., 123, 617 (1976). 
17. B. C. H. Steele, in "Electromotive Force Measure- 

ments in High Temperature Systems," C. B. A1- 
cock, Editor, p. 3, American Elsevier Publishing 
Co. (1968). 

18. J. W. Patterson, This Journal, 118, 1033 (1971). 
19. JANAF Thermochemical Tables, Second Edition 

(I971). 



Technical 

Influence of Semiconducting Character of 
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Several  contradictory results have been reported on 
t h e  influence of semiconducting character of synthetic 
PbS crystals and /o r  na tura l  galena crystals on its cor- 
rosion rate. Simkovich and Wagner  (1) found that  the 
corrosion rate in 6M HNO3 at 60~ for synthetic PbS 
crystals increased in the order Pb-excess ( n ) P b S  < S- 
excess (p) PbS < stoichiometric PbS ~ Bi2S3 doped 
(strongly n) PbS < AgfS-doped (strongly p) PbS. The 
corrosion rate was highest for Ag2S-doped (strongly p) 
PbS, and PbS with excess S (p-type) corroded at a 
sl ightly higher (30%) rate than Pb-excess PbS (n-  
type).  However, this increase in corrosion rate of PbS 
with p-semiconduct ing character was not monotonic. 
On the other hand, Seltzer and Wagner  (2) found that  
BifS3-doped (n )PbSe  crystals dissolved much more 
rapidly than Ag2S-doped (p) or undoped PbSe, a semi- 
conductor very similar to PbS. 

Eadington and Prosser (3) worked with PbS powder 
prepared by addit ion of a sodium sulfide solution to a 
lead n i t ra te  solution, after which the nonstoichiometry 
of PbS was adjusted by heating in a sulfur  atmosphere. 
They found that  the oxidation rate by dissolved 02 of 
the PbS powder in  aqueous suspension increased mono- 
tonically with its p-character.  On the contrary, Eading-  
ton (4) found that  the ini t ial  dissolution rate of ground 
galena and synthetic PbS powder in 10-SM HNO8 at 
room temperature  increased with the n-charac ter  of 
the sample, al though the dissolution rate decreased to 
a much lower, constant  value for all the samples be-  
fore dissolution of a monolayer  had been reached. 
This author  believes that experiments  with PbS pow- 
der are especially prone to artifacts, as it is known 
that  polycrystal l ine n -PbS  chemisorbs 02 immediate ly  
a f t e r  exposure to air. 

The results reported here, al though not quanti tat ive,  
present  a clearcut difference between n-  and p-PbS. 

Experimental 
The synthesis and condit ioning of PbS crystals have 

been described elsewhere (5). PbS powder was ob- 
tained by a wet method. Crystals were then obtained 
by the Br idgman-Stockbarger  method in a vertical  fur-  
nace, with the powder inside an evacuated, sealed silica 
tube. The semiconducting character of these crystals 
was changed by heat ing at 500~ in a controlled sulfur  
pressure. Resistivities of the crystals were in the range 
0.002-0.02 ~ .  cm. Unfortunately,  the PbS ingot broke 
easily into small pieces, and the small  size of the crys- 
tals prevented the measurement  of Hall effect and cor- 
rosion rates; their semiconducting character was ob- 
tained from the sign of the thermoelectric power. The 
crystals were embedded in Araldi t  at the end of a 
length  of Pyrex tubing, electrical contact to the inner  
side being made with mercury.  They were polished 

Key words: semiconductors,  corrosion, potential. 

with 5.0 ~m a lumina  (Buehler No. 1) on AB Microcloth 
(Buehler) .  

Ultrapure water  was obtained from a Milli-RO -}- 
Milli-Q system from Millipore. Reagents were of ana-  
lytical grade. Potentials were measured against a satu- 
rated calomel electrode with a Leeds and Northrup 
pH-meter ,  Model 7415, input  impedance > 1013 ~�9 Ex- 
periments  were conducted in the open and without  
stirring. 

Results 
1:1 conc. HNOs:water (6.5M HNO3).--The n- type  

crystals acquired in about 1 min  a potential  of + 270 
�9 . .  + 325 mV, and took a black tarnish. On the other 
hand, the p-samples remained at - - 4 0 . . .  +20 mV for 
about 8 min, after which the potential  increased to. 
§ 250 . . . -}- 300 mV; the black tarnish was sl ightly 
less than for the n-samples.  

1:1 conc. HNOs:acetone (6.5M HNO3).--After 1 min 
all the samples had very  positive potentials, -t- 290 to 
-~ 350 mV. They took beaut i ful  tarnishing colors, the 
n-samples  more quickly ( <  1 min)  than the p-samples 
( >  2 min) .  

6M HN03, 10% in acetone.--The n-samples  took in 2 
rain a potential  of + 170 . . . -~ 330 mV, while the p- 
samples remained at potentials negative vs. SCE for at 
least 11 min. The most p- type  sample kept a negative 
potential  for 36 min, after which the exper iment  was 
interrupted.  Correspondingly, it remained shiny, while 
the other p-samples took beaut i ful  blue and red tar-  
nishing colors. On the other hand, the n-samples be- 
came blackish. 

1M HNO3.--In all cases the potential  increased with 
time, but  after 10 min  the rate of increase only was --~1 
mV/min.  At 10 min  the potential  of the n-samples  was 
-b 1 5 5 . . .  + 170 mV, while that of the p-samples w a s  
- -  10 . . . 0 mV. All samples remained shiny. 

10-4M HNO3.--After 10 min  the potential  changed 
less than 1 mV/min.  It  was + 270 . . . -p 260 mV for 
the n-samples,  and 40 mV for the p-samples. All sam- 
ples remained shiny. 

Deionized water from the Milli-Q ~- Milli-RO sys- 
tem, with dissolved oxygen as the only oxidant.--After 
10 rain the potential  increase was of only a few mV/  
min. The potential  increased with n-character ,  from 
-- 130 mV for the more p- type to + 150 mV for the 
more n- type  PbS. All  samples remained shiny�9 

Discussion 
For the six solutions studied, the potential  of polished 

PbS crystals increased with n-semiconduct ing charac- 
ter. At least some of the corrosion products remain  on 
the surface, affecting the value of the potential,  which 
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wil l  not  correspond to the intersect ion of anodic and 
cathodic lines in an Evans diagram.  This makes  i t  im-  
possible to cor re la te  the corrosion mechanism wi th  the 
potent ia l  fol lowing the classical s tudy  of Ger ischer  
wi th  ge rmanium (6). 

The opposite behavior  of the potent ia l  (potent ia l  de-  
crease wi th  increas ing n-semiconduct ing  charac ter )  
was repor ted  prev ious ly  (7) for PbS  pel le ts  s in tered 
at  500~ wi th  a densi ty  80% of that  of crys ta l l ine  PbS. 
We a t t r ibu te  this difference in the behavior  to the 
poros i ty  of the pellets,  as we have now found tha t  the 
res is t iv i ty  of n-  (and also s l igh t ly  p - )  pel le ts  had 
changed wi th  time, undoub ted ly  due to bu lk  oxidat ion  
of PbS  by  a tmospher ic  oxygen. This is c lear ly  seen in 
Table I. Only  the more  p - t y p e  sample  did not  change 
its resis t ivi ty,  whi le  that  of the more n - type  sample  
increased  by  2 orders  of magni tude.  This is a cIear 
proof tha t  the bu lk  of the  PbS  pel lets  was accessible 
to oxygen,  which reac ted  wi th  n - t y p e  (and also 
s l ight ly  p - t ype )  samples,  consuming free electrons. 

I t  becomes obvious tha t  the previous  resul ts  (7) ob-  
ta ined wi th  s in tered PbS pel lets  could correspond to 
samples  oxidized to a var iab le  ex ten t  by  a tmospher ic  
oxygen. 

I f  i t  is accepted tha t  l a rge r  posi t ive poten t ia l  in-  
creases correspond to h igher  corrosion rates,  the h igher  

Table I. Change with time of the resistivity of PbS pellets, 
previously slntered at 500~ in vapor of sulfur at the temperature 

shown 

R e s i s t i v i t y / ~  �9 c m  

S u l f u r  S e m i c o n d -  A f t e r  
temp./ 'C type Initial 5 y e a r s  

t 67 n 0.04 3.04 

80 n 0.11 2,83 

-Y, 90 n 0.28 0,19 

104 p 9.57 1,52 

110 p 1.13 1,61 

130 p 0.21 0,19 

corrosion ra te  of n - P b S  crystals  would imply  a dona-  
tion of conduct ion-band electrons to the oxidant .  This 
does not seem probable ,  as typical  oxidants  take elec-  
trons f rom the valence band. 

I t  is r e ma rka b l e  tha t  a difference in corrosion be-  
havior  exists at  al l  be tween  n-  and p - type  PbS, as its 
bandgap  is only  0.41 eV. A p p a r e n t l y  there  is only  one 
s imi lar  case, tha t  of sil icon etching in HNOa + H F  
aqueous solutions (8), where  the corrosion ra te  was at  
a m a x i m u m  for p -S i  wi th  a res is t iv i ty  in the range  
0.1-0.001 ~ .  cm. Also a ma x imum in the  th ickness-  
res is t iv i ty  curve has been repor ted  for the insoluble  
"surface porous film" tha t  grows on top of a th icker  
active "porous silicon layer"  in the  anodic oxidat ion of 
p -S i  in 50% HF aqueous solut ion (9). 
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The cost of photovol ta ic  devices can be lowered  sub-  
s t an t i a l ly  if efficient photovol ta ic  solar  cells can be fab-  
r ica ted  f rom polycrys ta l l ine ,  r a the r  than  f rom single 
crystal ,  silicon. Po lycrys ta l l ine  silicon subs t ra tes  for  
solar  cell  fabr ica t ion  can be fo rmed  by  sol idifying mol-  
ten si l icon as unsuppor ted  sheets. Typical  methods in-  
clude the  Web-Dendr i t i c  process (1) and the d ie -based  
techniques such as Edge Fed  Growth  (2) and  Stepanov 
(3). Al though solar  cells of acceptable  qual i ty  have a l -  
r e a d y  been manufac tu red  f rom silicon sheet  obta ined  
by  these techniques,  cer ta in  problems  st i l l  remain.  
Some of the problems  resul t  f rom the difficulty of 
main ta in ing  constant  sheet  pa rame te r s  such as wid th  
and thickness dur ing  sheet  growth.  The use of dies 
helps to minimize this pro~blem, but  introduces another  
p roblem tha t  stems f rom the incompat ib i l i ty  of mol ten  
silicon wi th  most  mater ia ls .  The use of silica as a die 
ma te r i a l  is p rec luded  because at  the t empera tu re  of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member, 
Key words: silicon sheet,  solar cells, sodium fluoride. 

sheet  growth  (,~ 1410~ this ma te r i a l  softens and the 
die loses its shape. Graphi te  is t he rma l ly  s table at  this 
t empera ture ,  but  i t  reacts  wi th  silicon to fo rm SiC. The 
format ion  of SiC can be reduced to a l aye r  a few mi-  
crometers  th ick on the graphi te  surface (Fig. 1) by  us-  
ing high dens i ty  graphi te ;  however ,  SiC is soluble in 
mol ten  silicon, and upon solidification of the sheet, SiC 
precipi ta tes ,  t he reby  degrading  the c rys ta l l in i ty  of the 
Si. A t t empts  to coat  the graphi te  wi th  a va r i e ty  of in-  
ert  ceramic coa t ings- - inc lud ing  oxides,  ni tr ides,  car -  
bides, borides, and sil icides ( 4 ) - - h a v e  only been  p a r -  
t ia l ly  successful because the coatings can be a t t acked  
by  the mol ten  silicon t rans fe r r ing  impur i t ies  to the 
silicon. 

This pape r  describes a method to cast si l icon sheet  
that  uses graphi te  as the construct ion mate r i a l  for c ru -  
cibles and dies and uses fused salts, such as NaF, to 
avoid the reac t ion  be tween  Si and graphite .  

The ma jo r  nove l ty  in t roduced in this work  consists of 
the  deve lopment  of a coating for the  mol ten  silicon, 
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Fig. 1. Silicon melted in a graphite crucible with a liquid barrier 
coating. 

r a the r  than  for the die itself. The method rel ies  on fa-  
vorable  values  of the  surface tensions be tween  mol ten  
salts, mol ten  silicon, and graph i te  (5). For  example ,  
when  Si and NaF  are  mel ted  at  1430~ sil icon is 
s t rongly  wet ted  by  NaF,  whereas  the NaF does not  we t  
the  graphi te .  This combined surface tension behavior  
p revents  sil icon f rom contact ing the graphi te  (Fig. 1) 
and  thus f rom reac t ing  apprec iab ly  wi th  it. Wi th  the 
NaF  coating, l iquid sil icon can be pressed in a g raphi te  
rod-p i s ton  sys tem to form a flat pool of silicon that,  
upon cooling, solidifies into a sheet  of silicon pro tec ted  
and separa ted  f rom the graphi te  by  the mol ten  NaF  
salt. The sheet  can then be removed  or  a l lowed to cool 
fu r the r  unt i l  the sal t  solidifies. In  the l a t t e r  case, the 
sheet  is r emoved  by  dissolving the sal t  in an aqueous 
solution. Final ly ,  a br ief  discussion is p resented  on the 
effects of the impur i t ies  of the or iginal  mater ia l s  on the 
pu r i ty  of the resul t ing  sil icon sheet. 

Experimental 
High pu r i t y  si l icon par t ic les  were  mixed  wi th  r e -  

agent  g rade  NaF in propor t ions  ranging f rom 20 to 50 
weight  percen t  (w/o)  Si. The silicon par t ic le  sizes 
r anged  f rom 0.1 to 1 cm. A shal low graphi te  crucible  
(2.5 m m  high, 2.5 cm ID) was loaded wi th  S i - sa l t  mix -  
tures  so tha t  the  silicon would pa r t i a l ly  f i l l  the g raph-  
i te  crucible  (Fig. 2). Sal t  mix tures  containing N a F -  
CaF2 and NaF-Na2SiO8 were  used in addi t ion to pure  
NaF. The loaded crucible  was covered wi th  a g raphi te  
l id to which pressure  was appl ied  by means  of a meta l  
weight  (Fig. 2). Pressures  of 0.07-0.50 Nw/m2 were  
applied.  The ensemble  was p laced  on an a l u m i n a  ped-  
estal  inside a quar tz  chamber,  and  heat ing was p ro-  
v ided  by  induct ion in the graphi te  crucible,  lid, and 
meta l  weight.  For  each exper iment  the  system was first 
evacua ted  and then flushed wi th  argon dur ing  actual  
melt ing.  The t empe ra tu r e  was moni tored  b y  optical  
pyromet ry .  The ra te  of heat ing was about  100~ per  
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min and the samples  were  kept  at  1430 ~ __ 20~ for  I -3  
rain to a l low the sil icon to mel t  and coalesce into a flat 
pool under  the  pressure  of the  me ta l  weight.  The 
power  was then tu rned  off, and  the sample  t emper -  
a ture  was quenched by  a r ap id  flow of argon. The cool- 
ing ra te  was about  300~ per  rain. Af t e r  r emova l  
f rom the reactor ,  the ensemble  was immersed  in an 
aqueous acid solution. Typical ly,  the graphi te  l id could 
be removed  easily;  however,  the bonding l aye r  of N a F  
between the Si disk and the graphi te  crucible  requ i red  
about  30 rain in the  acid solution before  the Si d i sk  
could be detached f rom the crucible.  

The surface of the silicon disk was e tched and resis-  
t iv i ty  measurements  were  made  wi th  a four -po in t  
probe. In  pa ra l l e l  exper iments ,  the level  of impur i t ies  
in silicon before and af ter  mel t ing  in contact  wi th  NaF  
was analyzed by  p lasma emission spectroscopy (PES)  
and arc  emission spectroscopy (AES) .  X-rays ,  scanning 
electron microscopy (SEM),  and energy dispers ive  
analysis  (EDAX) were  also used to character ize  the  
silicon disk and the graphi te  walls. 

The silicon samples  for PES analysis  were  p repa red  
by slow digestion of silicon in an HNO~-HF solution. To 
minimize interferences of the silicon signal with that of 
the other impurity elements, the final level of silicon in 
the acid solution was reduced to less than I00 ppm by 
weight by concentration in an excess of HF. The solu- 
tion was then di lu ted  wi th  1N HC1 and in jec ted in the  
PES system. Blanks  of the solut ion (wi thout  sil icon) 
t rea ted  in an " ident ica l  manner  were  used to cal i -  
b ra te  the system. In addit ion,  small ,  w e l l - d e t e r m i n e d  
amounts  of silicon (as si l icate)  were  in t roduced in the 
b lank  solut ion to de te rmine  its influence on the peak  
in tens i ty  of o ther  elements.  The in ter ferences  were  
ve ry  smal l  or  negligible.  In  any case, background  
blanks  were  used to correct  the  final readings.  

Results and Discussion 
The dimensions of the  silicon disks produced  by  

pressing in mol ten  salts  (Fig. 3a) r anged  f rom 2 to 3 
cm in d iameter  and 1 to 3 m m  in thickness.  For  a given 
amount  of silicon, the thickness depended bas ica l ly  on 
the pressure  exe r t ed  by  the meta l  weight.  The min i -  

Fig. 2. Silicon pressing sysiem Fig. 3. Silicon sheer 
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m u m  thickness was l imited by the height of the shal- 
low crucible. Thinner  sheets were produced by reduc- 
ing the height of the crucible, but  bet ter  control of 
pressing and temperature  is required to obtain more 
consistent results than those achieved with the system 
described, which was designed only to. demonstrate 
feasibility. As shown in Fig. 3a, the disks were slightly 
smaller in diameter than the graphite crucible. As a re- 
sult of silicon expansion dur ing solidification, it is de- 
sirable to reduce the diameter  to avoid cracking of the 
silicon sheet or the walls of the graphite crucible. 

Similar  results were obtained with pure NaF, Na- 
CaF2 (1:1) mixtures, and NaF-Na2SiQ mixtures  with 
up to 10 w/o of Na2SiO~. Mixtures with a higher con- 
tent  of Na2SiOa (20 w/o)  resulted in the formation of 
numerous  small silicon spheres instead of a single sili- 
con pool and were not used for pressing experiments.  

The silicon sheets obtained by this technique were 
easily detached from the graphite cup by leaching the 
layer  between the Si and the graphite with a 1N HC1 
solution. The solubili ty of this layer in HC1 solutions 
indicates the presence of a salt between both phases 
(Fig. 1) instead of the strongly attached SiC phase 
that forms when molten silicon contacts high density 
graphite. SEM and EDAX analyses als0 showed that a 
layer of salt separated the silicon from graphite. 

Since pur i ty  of silicon is a major  requi rement  for 
good solar cell efficiency, the impur i ty  t ransfer  between 
Si and NaF was monitored by analyzing the silicon be- 
fore and after mel t ing in NaF. Emission spectrographic 
analysis of the s tar t ing NaF and plasma emission spec- 
trographic analysis of the s tar t ing semiconductor sili- 
con sample are shown in the second and third columns 
of Table I, respectively. The impur i ty  level for the sam- 
ple labeled "Semiconductor silicon" represents con- 
taminat ion  during handl ing or l imitations of the ana-  
lytical ins t rument  used, ra ther  than true impur i ty  con- 
tent  in the semiconductor itself. It is used exclusively 
as a background reference. Comparison with the values 
in the fourth column shows that some impurit ies such 
as B, A1, Cr, Fe, and also Na were t ransferred to the 
silicon from NaF. 

The mechanism by  which Na is t ransferred from NaP 
to Si probably starts with the reduction of NaF by Si to 
produce Na and SiF4 according to 

4NaF(1) + St(l)  -> 4Na(g) + SiF4(g) [1] 

The generation of SiF4 when an Si-NaF mixture  was 
heated at 1400~ was exper imental ly  verified by con- 
densing the SiF4 as a solid using liquid ni t rogen and by 

Table I. Impurity transfer studies (plasma emission spectrography) 
(ppm by wt) 

S e m i c o n d u c t o r  Na-contaminated 
s i l i c o n  s i l i c o n  

I m p u r .  Before After Before After 
i t i e~  N a F *  m e l t i n g  m e l t i n g  melting melting 

B < 3 0  0.0 7.7 4.8 4.6 
P - -  0.0 0.7 0.7 0.13 
A s  - -  0.0 0.6 0.10 0.6 
A I  < 2 . 5 - 5  0.7 15 0.80 3.0 
T i  6 - -  
v 5 o o ~ G 4  oo0 
Cr <3.5-5 0.1 3.5 1.3 3 
M n  <4 0.4 0.5 0.55 0.0 
T e  < 7 - 3 0  0.5 32 2.5 6 
Co  - -  - -  2.5 0.02 0.4 
N i  <8 0.0 2.6 2,4 4.5 
Cu <4 0.0 0.1 0.31 1.2 
Z n  - -  2 0.3 0.28 0.06 

No - o.o ~ 05  1.3 
Cd - -  0.0 0.1 0,02 0.33 
P b  20 0.0 0.1 0.28 0.44 
N a  -- 0.0 > 4 0 0 0  80 3.0 
K -- 0.3 1.0 0 .50 4.8 
Ca 10-100 0.7 1.7 0.26 0.14 
M g  - -  0.0 1.0 0.50 4.0 

hydrolyzing the collected gas with water to yield 1IF, 
H2SiF6, and silica gel. As written, reaction [1] has a 
free energy of reaction of +28.2 kcal /mol  Si at 1700 K, 
as estimated from values from the JANAF tables. As- 
suming ideal behavior and uni ty  activities for NaF 
and St, this free energy corresponds to an equi l ibr ium 
pressure of Na of 0.2 arm at the Si /NaF interface. Thus, 
reaction [1] provides a source of Na that can enter the 
Si phase. Most t ransi t ion metals such as Fe and Co 
can be injected in the Si by a similar mechanism. The 
dr iving force for the t ransfer  of other impuri t ies  such 
as A1 is less clear. Assuming ideal behavior  of the 
impur i ty  fluorides in the molten NaF, the estimated 
equi l ibr ium activities of the metallic impurit ies pro- 
duced by reaction of their corresponding fluorides with 
silicon are very low and should not be dr iven into the 
silicon. Improved models used to explain the t ransfer  
of impurit ies into the silicon should probably include 
factors such as the presence of silicon surface oxide 
layers, and the production of silicon subfluorides in 
addition to SiF4 (6). 

Since impurit ies play such an impor tant  role in the 
performance of the Si solar cell, it is clear that we 
must  use NaF of pur i ty  greater than indicated in  Table 
I. However, the injection of Na will naturally occur 
with any type of NaF. Accordingly, we examine the 
ease of distilling the Na out of silicon. Mass spectromet- 
ric studies showed that Na is readily removed from 
silicon heated in vacuum at temperatures as low as 
600~ The removal of Na is much more complete at 
higher temperatures. For example, heating in vacuum 
at 1200~ for 5 rain yielded silicon with less than 10 
ppm o.f Na. The last two columns in Table I show the 
analysis of a silicon sample, ir~tentionally doped with 
80 ppm of Na, before and after melting under vacuum 
for 3 rain. Although the effect of the Na contamination 
on solar cell performance is not well known, the resi- 
dual 3 ppm of Na is not expected to greatly affect the 
quality o.f the formed silicon. 

The transfer of impurities from NaF to Si affects the 
Si resistivity. ResistivLties of semiconductor (Sin St) 
and solar grade silicon (So St) are substantially de- 
creased after melting in the presence of reagent grade 
NaF, as shown in Table II. The information in Tables I 
and II suggest that the decrease in resistivity is due to 
the injection of boron, sodium in large quantities, and 
also other impurity elements such as A1 and Fe. Since 
the resistivity of Sm Si doped with a few ppm of B will 
be around 0.i .~I era, and the reduction by two orders of 
magnitude of the Na content only resulted in a small 
increase in the resistivity, it seems that B content is 
the major factor contributing to the drop in resistivity 
produced by melting silicon in contact with reagent 
grade NaF. Na and the other impurities seem to exert 
only a minor effect on the resistivity. This feature could 
be of practical importance since impurities added to 
NaF can be used to dope Si and to tailor its resistivity. 

It is clear from the above results and discussion that 
impurities can be easily transferred from the NaF to 
the silicon phase, and that if solar cells were manufac- 
tured from silicon sheets cast in reagent grade NaF, 
they would exhibit a poor performance, on the other 

Table [I. Effects of silicon resistivity 

S m  Si  S o  St* 
( + NaF) ( + NaF) Si(Na) Si(Na) 

melt, melt, vac, vac, 
Sample 3 rain 3 min. 7 rain. 3 min. 

treatment 1450 ~ 1450~ 1400~ 1450~ 

R e s i s t i v i t y  ( P~cm ) 
before treatment > 104 ~ I0 ~ 0.07 0.09 

Resistivity (~cm) 
after treatment 50 1.6 0.22 0.20 

* Wacker silicon, with impurity levels at or below 1 ppm, as de- 
' A r c  e m i s s i o n  s p e c t r o s c o p y ,  termined by PES. 



Vol. 128, No. 10 SOLAR CELLS 2247 

hand, it has been shown (6) that  when silicon of lower 
pur i ty  (with an impur i ty  content  in the hundreds  of 
ppm wt level) is mel ted with the same type of NaF, 
most of the metall ic impuri t ies  concentrate in the salt 
phase; thus, the final content  and dis tr ibut ion of im-  
purit ies in  silicon is very  similar to the Sm Si case. 
These results indicate that the possibility of producing 
silicon sheet with acceptable impur i ty  levels depends 
on the ini t ia l  impur i ty  concentrat ion of the NaF and 
the relat ive amount  of NaF used during melting. 

Conclusion 
A technique has been developed to form silicon sheet 

in a graphite die without  the undesirable  formation of 
SiC. Silicon is melted in  the presence of a mol ten salt 
that wets the silicon, prevent ing  it ~rom reacting with 
the graphite walls. The silicon coalesces into a pool that  
is flattened to a disk by  a graphite piston. Silicon is so- 
lidified in this condition to form flat sheets. High pur i ty  
NaF can be used as coating salt. Some Na is chemically 
pumped into the silicon sheet during melting, but  it 
may be readi ly .extracted by vacuum evaporation. With 
improved mechanical  and thermal  control and the use 
of high pur i ty  NaF, it may  be possible to produce sili- 
con sheet with geometry and structures suitable for 
solar cell fabrication. 
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A New Anodic Etch for the Observation of 
Dislocations in n-GaAs 

Kohei Nagata, Satoshi Komiya, Akihiro Shibatomi, and Sinji Ohkawa 
Fuji tsu Laboratories Limited, 1015 Kamikodanaka,  Nakahara-ku,  Kawasaki  2II, Japan 

There have 'been many  reports on the relat ion be-  
tween electrical characteristics of devices and crYstal 
defeots in  semiconductor materials.  It  is well known  
that a threading dislocation in the epitaxial  layer  can 
effect the fast degradation of the double heterostructure 
lasers and light emit t ing diodes (1, 2). Dislocations in  
the epitaxial  layer  are due to dislocation propagation 
from the substrate crystal (3, 4). I t  is very important ,  
therefore, to have high qual i ty  substrates for good de- 
vice performance. For this purpose, many  methods of 
reveal ing crystal growth defects have been developed. 
The chemical etching method is the simplest one. 
The AB-etch developed by Abrahams and Buiochi (5) 
and St i r land (6) and mol ten KOH etch as reported by 
Grabamaier  and Watson (7) and Ishii et al. (3) are 
general ly used for GaAs but  these techniques are more 
difficult and elaborate. Electrolytic etching techniques 
of GaAs have been already reported by Tranchar t  et al. 
(8), and Faktor  and Stevenson (9). Green has reported 
an anodic etch technique using ammonium and hydrox-  
ide as a simple method for revealing defects (10). 

In  this paper, we report a new anodic etch using sul-  
furic acid for the observation of etch pit in GaAs. 

Experimental 
Figure 1 shows the exper imental  a r rangement  for 

SAA etching. The dimensions of the container and a 
cathode of p la t inum were 8 X 5 X 7 cm 3 and 3 • 4 • 
0.05 cm 8, respectively. The electrolyte in  the container 
was st irred dur ing SAA etching. The composition of 
the electrolyte was one par t  of 5% aqueous solution of 
sulfuric acid and three parts of propylenglycol.  

Key words: anodic etch, dislocation, GaAs crystal, etch pit. 

Native oxide films of GaAs are dissolved in the solu- 
t ion (pH ~- 10). The pH value of the electrolyte used 
in  this study, therefore, was held to 1.3 in order to etch 
GaAs crystal anodically. Propylenglycol  in the electro- 
lyte was used to make anodic oxidation stable and re-  
producible (11). 

<001>-or ien ted  n+-GaAs  wafers with carrier con- 
centrat ions and defect densities of 10 is cm -3 and 5000 
cm -2, respectively, were mirror-pol ished mechanical ly 
and chemically after slicing. Then the wafer  were 
etched chemically to remove a 9-11 ~m thick layer  
with 90: 5:5 ~- H2SO4: HzO2: H20. An a luminum r ibbon 
was contacted onto the surface of the wafer as an an-  
odic contact. D-C current  was supplied by a constant  
voltage source through a variable  resistor Rs. The etch- 
ing current  was con,trolled by adjust ing the output  
voltage and the resistance of Rs which was much higher 
than the resistance of the electrolyte to keep the etch- 
ing current  constant. The current  and voltage between 
anode and cathode were monitored and recorded by a 
mul t i -pen  recorder. In  this study, all of the SAA etches 
were carried out in  the dark in order to e l iminate  pos- 
sible effects of l ight i l lumination.  The etched surface of 
the wafer was examined with an optical microscope. 

Results and Discussion 
Figure 2 shows a typical etch pit pat tern  revealed 

on a St-doped GaAs wafer by the SAA etch under  the 
current  density of 1.5 m A / c m  2. It  is clearly observed 
that there are two kinds of etch pits, that is, the cross- 
like pit and dot-like pit. The dependence of the shape 
of these pits on the current  density, dopant, and etch- 
ing t ime were examined. Current  densities of 1-2 m A /  
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Fig. 2. Etch pit pattern revealed on an Si-doped GaAs wafer by 
the SAA etch at a current density of 1.5 mA/cm ~. 

cm 2 and etching times of i0-15 rain are sufficient to re- 
veal defects as the cross-like and dot-like pits, and 
then the size o.f the cross-like pit increases with cur- 
rent density. 

Figures 3 and 4 show the etching depth and the size 
of the cross-like pit under the same current density of 
1.5 mA/cm 2 as a function of the etching time, respec- 
tively. For 10 rain etching, the size of the cross-like pit 
is about i0 #m which is easily observed by using an 
optical microscope. The mean-etched thickness for 10 
min is about 0.3 ~m. Therefore, the crystal defects can 
be detected for the thickess less than 1 ~'n. 

The etching properties of the SAA etch were ex- 
amined for Te-, Zn-, and Sn-doped GaAs wafers in 
addition to Si-doped ones (see Fig. 2). Figure 5 (a)- 
(c) are the microphotographs of the etch pits on Te-, 
Zn-, and Sn-doped GaAs wafers, respectively. Both of 
the cross-like and dot-like pits were observed on the 
Te-doped GaAs, and no. cross-like pit and only low 
density dot-like pits were observed on the Zn-doped 
GaAs. The Sn-doped GaAs has similar behavior to the 
Zn-doped GaAs. This indicates that electrochemical 
properties of the defect are related to the species of 
the doped impurities but detail of the interaction be- 
tween defect and impurity is not clear. 

In o rder  to invest igate  the  re la t ion  be tween  the etch 
pits .revealed by  the S A A  etch and crys ta l  defects,  
these etch pits were  compared  to the etch pits by  the 
mol ten  KOH. 

S i -doped  GaAs wafer  was etched by  the SAA etch. 
The wafe r  was chemical ly  pol ished by  HfSO4-H2Of- 
H20 e tchant  to remove the surface layer  of about  10 #m 
in thickness.  Af te r  that,  the wafer  was etched b y  the 
SAA etch once again  in o rder  to examine  the re l i ab i l i ty  
o2 these etch pits, and Fig. 6(a)  shows this etch pi t  
pat tern .  Each b lu r r ed  shal low pit  close to the cross-  
l ike  pi t  indicates  the af te r image of the corresponding 
cross- l ike  pi t  first revea led  by  the SAA etch. Thus, 
each of the cross- l ike  and do t - l ike  etch pits  was r ep ro -  
ducible  be tween  the successive SAA etches. Final ly ,  
this wafer  was etched for 4 min by  the mol ten  KOH at 
300~ a f te r  pol ishing by  HfSO4-HfO.2-HfO etchant,  and 
the etch pi t  pa t t e rn  is shown in Fig. 6(b) .  F rom com- 
par ison be tween  these etch pi t  pat terns ,  we can see 
that  both  of the cross- l ike and do t - l ike  etch pits  corre-  
spond to the etch pits by  the mol ten  KOH and dislo- 
cations in the GaAs wafer.  

F igure  7 shows the deta i led  shape of the cross- l ike 
pi t  on the etched surface. Four  bars  which compose the 
cross- l ike  shape are  or ien ted  to the four equiva len t  
<100> direct ions on the (001) surface but  do not  in-  
tersect  at  one point. This de ta i led  shape shows the non-  
equiva lency be tween  the two pe rpend icu la r  <110>  
and <i-10> direct ions in the (001) plane of GaAs. The 
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Fig. 6. (a) Etch pit pattern revealed on an Si-doped GaAs by the 
SAA etch. (b) Etch pit pattern revealed on the same area by the 
.molten KOH etch for 4 min at 360~ after it was polished by 
H2SO4:H202:H20 ---- 90:5:5 for 6 rain. 

Fig. 5. The dopant dependence of the etching characteristics of 
the SAA etch. The photographs (a), (b), and (c) are the etch 
features an the Te-doped, Zn-doped, and Sn-doped GraAs, respec- 
tively. 

nonequiva lency  has been observed in various phenom- 
ena and mostly a t t r ibuted to the relat ion between the 
(001) face and ( l l l ) A o r  ( l l l ) B  face (11-13), but  the 
nonequiva lency  of the cross-like pit is not due to the 
different polarities between the two (111) planes be- 
cause of its fine s t ructure  described recently. The geo- 
metrical  relat ion between a cross-like pit and a hexag-  
onal  pit revealed by mol ten KOH is schematically 
shown in Fig. 7 (4). In order to examine the inner  
s tructure of the cross-like pit, two cleaved {Ii0) sur-  
face, A-A'  and B-B'  in Fig. 8, were observed. It is 
found that  the etched feature ~s clearly platelike, and 
these plates consist of the (10n) and  (01n) plane be-  
cause the intersection between their plates and (001) 
plane are oriented to the ~100> or ~010> direction. 
The value of n was determined from the angle (e) 
between the (001) surface of the wafer and etched 
plate on the cleaned {iI0} surfaces. The calculated an-  
gle is 35.26 ~ for n = 1 and the observed angle is 34 • 
2 ~ . The fine structure of the cross-like pit estimated 

Hexagonal Pit 
Cross-Like Pit 

, \ (/00t) / A  

(111)B / /~"" ' f  X ,'7. :" [110] 

~.~,~.~../' A'/ ,,i~ ./ [1103 [100] 

/ ~i11)A [(]T1)A 
Fig. 7. The geometrical relationship between a cross-like pit and 

a hexagonal KOH-induced pit on GaAs (001). 

from these results is shown in Fig. 8. The platelike 
erosion progresses into the crystal and the cross-like 
etch pit consists of five plates, two {011}, two {101}, and 
one {110}. The {101} and {011} planes are crystallo- 
graphically and geometrically equivalent.  However, the 
(]10) plate is not etched and only the a r rangement  of 
the five plates (as shown in Fig. 8) is revealed, though 
the two perpendicular  (110) and (110) plane.s to the 
(001) surface are equivalent  to each other. In addition, 
the formation of this cross-like pit depends on dopants. 
The etching due to electrochemical process should be 
related to the distr ibution of the electrical fields in  
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Fig. 8. Illustration of the fine structure of the cross-like pit 

neighborhood of dislocations, while  a chemical  etch p i t  
is f requent ly  re la ted  to the ( l l l ) A  or ( l l l ) B  plane. 
However ,  i t  is not  a lways  clear  whe the r  this resul t  
means such d is t r ibut ion  of dopants is due to in terac t ion  
be tween dopants  and dislocation. 

Conclusion 
The etching behavior  of pi ts  by  the anodic etch us-  

ing sulfuric  acid and propylenglycol  (SAA etch) are 
examined  for n +-GaAs.  

1. Opt imum conditions for the SAA etch are cur ren t  
densi ty  of 1 m A / c m  2 and pH value of 1.3. Clear  etch 
pits can be revea led  wi th  smal l  etching depth  of 0.3 ~m. 

2. The SAA etch reveals  two kinds of etch pits. A 
cross- l ike  pi t  consists of four l ines or iented to <100> 
and <010>.  The cross- l ike pi t  is observed in the S A A -  
etched n + - G a A s  wafer  doped wi th  Si or Te whi le  no 
cross- l ike pi t  is revea led  in Zn-  or  Sn-doped  GaAs. 
The do t - l ike  pi t  was found in all  GaAs samples.  

3. Compar ing  the S A A - r e v e a l e d  pits wi th  etch pits  
revea led  by  the mol ten  KOH, the SAA-e t ch  pi t  is found 
to correspond to dislocation. 

4. The cross- l ike  pi t  is formed by  etching {110} plane 
select ively and its shape on the (001) surface indicates 
nonequivalency be tween  the two perpend icu la r  <110> 
directions. 
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ESCA and SIMS Studies of the Passive Film on Iron 
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The passivity of iron in borate buffer 
(pH 8.4) solution has been investigated by many 
researchers using various techniques (i.e., in- 
situ electrochemical methods, radiotracer 
measurements, M~ssbauer spectroscopy, electro- 
modulated reflectance, Raman spectroscopy and 
ellipsometry, ex-situ Auger, ESCA and electron 
diffraction techniques). Discrepancies exist, 
however, in interpreting these measurements and 
what they indicate concerning the structure of 
the passive film on iron. These discrepancies 
are not surprising in view of the difficulty of 
carrying outstructural measurements on the 
very thin passive films (< 50 ~). The ex-situ 
methods are also complicated by the possibility 
of structural changes after removal from the 
passivating medium. 

The question of the presence of protons and 
their chemical form on and in the passive layer 
of iron is of considerable importance in under- 
standing passivation. Some advocates of the 
sandwich model (i) have suggested that the out- 
er y-Fe203 layer is produced from the inner 
layer of Fe304 through the substitution of pro- 
tons for ferrous ion in the Fe304. Protons 
have been assumed to the most likely slow charge 
carriers in the passive film in the a.c. impe- 
dance studies of Chen and Cahan (2). The in- 
vestigations of the existence of H in the pas- 
sive films have been carried out by radiotracer 
(tritiated water) measurements. Using this 
method Okamoto and Shibata (3) showed that 
bound water was present in the passive film of 
stainless steel in 0.05 M sulphuric acid. Using 
a similar method, Kudo et al. (4) estimated the 
content of bound water in the passive film of 
iron, formed in sodium borate buffer solution, 
to be Fe203.1.99 H20. Yolken et al. (5) have 
also proposed that H in the passive film is 
present as part of the y-Fe203 spinel lattice. 

Electrochemical Society Active Member 

Key words: Passivity, borate buffer, 
ESCA, SIMS. 

Recently O'Grady (6) used Mossbauer spectroscopy 
to examine in-situ the film on iron and report- 
ed that the film was not in any known forms of 
stoichiometric oxides or hydroxides. He pro- 
posed that the passive film was amorphous iron 
oxides and polymeric in nature. The proposed 
model consisted of FeO 6 octahedra in a chain- 
like structure bonded together by di-oxy and 
di-hydroxy bridging bonds. These chains are 
linked with each other by water molecules. 

In the present work ex-situ ESCA and SIMS 
techniques were used to study the pasdive films 
on pure iron. The SIMS studies placed special 
emphasis on hydrogen in the films using both 
H~O and D20 borate buffer solutions, while ESCA 
a~lowed the study of oxygen in the film as OH- 
and O =. Of special interest is the question 
whether the protons are in the form of OH- and 
H20 in the film. It should be noted that SIMS 
is mostly a qualitative tool. The yield of 
various fragments ejected from the specimen 
during rare gas sputtering is strongly dePen- 
dent on the chemical and physical properties of 
the specimens. Large working curve shifts occur 
even with small changes in chemical composition 
and physical structure. Calibration is very 
difficult and with the passive films probably 
impossible. Nonetheless qualitative identifica- 
tion of various mass fragments and depth pro- 
filing for minor constituents can prove quite 
interesting. 

The SIMS measurements were carried out on a 
3M Company ISS-SIMS spectrometer with a vacuum 
of typically 10-8 Torr. The operating para- 
meters were: primary ion beam voltage of 3 keV, 
beam current of i00 nA, and pressure of 2xi0-5 
Torr Ar. The ion beam with FWHM of 670 ~m was 
rastered over an area of 3mm x 3mm at a frequency 
of i000 Hz in the x-direction and i00 Hz in the 
y-direction. The signal was gated so that the 
data were collected for only 4% of the rastered 
area located centrally. The pure iron specimens 
were polished with the final step using 0.05 ~m 
alumina. They were cathodically reduced at 
-0.35 Vvs. RHE for 20 minutes in the borate 
buffer (pH 8.4) and then stepped to anodic po- 
tentials of 0.65, 1.05 or 1.45 V vs. RHE for 
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30 minutes. After passivation, the sample was 
removed from the electrochemical cell, rinsed 
with triply distilled water and then stored in 
a vacuum desiccator until just before intro- 
duction into the SIMS spectrometer. 

A proton peak was observed in the positive 
and negative ion spectra although this peak was 
partially blocked by an instrument artifact. A 
strong mass 17 peak corresponding to OH- was 
found in the negative ion spectrum without any 
appreciable positive or negative ion mass 18 
corresponding to water. The mass OH--17 peak 
was comparable to height to that of O--16 peak. 
The most likely explanation for the OH--17 peak 
is that the film contained protons only in the 
form of OH- and not any significant amount of 
H20 molecule as such. The failure to observe a 
positive or negative ion H20 peak is not assoc- 
iated with any special difficulty in producing 
such charge species from H20 or an instability 
problem. Various workers have observed both 
H20+ and H20- spectra in SIMS studies of oxide 
films containing water; e.g. the studies of 
vanadium oxide by Benninghoven et al. (7). The 
possibility exists, however, that the protons 
may be introduced into the film during transfer 
from the electrochemical cell to vacuum environ- 
mentor from the vacuum environment and not 
during the passivation. Even with pre-bake out, 
the vacuum in the instrument only reached low 
10 -8 Torr because of the high contamination 
level in the spectrometer with its many users. 
Furthermore, the samples were in the instrument 
at higher pressure during the prolonged period 
necessary to achieve even this modest vacuum 
(up to 5 hr). 

As a check on this question, the pure iron 
has been passivated in a borate buffer solution 
made up in 99.8% D20. Because of protons in 
the boric acid and water of hydration in the 
borax, the final deuterium concentration was 
only % 98%. The passivation film was formed in 
this solution, rinsed with pure 99.8% D20 and 
transferred into the SIMS spectrometer using 
the same procedure as before. The negative ion 
spectrum showed only a small mass 2 peak for D- 
and a small mass 18 peak but the mass 17 peak 
remained high. Since no mass 18 peak was ob- 
served with the undeuterated buffer, this peak 
is most likely due to OD-. Barring some large 
isotope discrimination effect during the pas- 
sivation, these observations imply a rapid ex- 
change of the deuteri~ in the film with protons 
originating from water in the environment during 
the transfer and/or in the spectrometer. 

To check further into this situation, the 
passivation of iron in a borate buffer solution 
was made up from anhydrous sodium borate, boric 
acid snd 99.8% D20 to obtain an % 99.8% deute- 

rated solution. It was then rinsed with D20 
and transferred into a plastic bag directly 
connected to the sample inlet system of the 
spectrometer. The bag has been flushed with 
dry N 2 and the D20 used for rinsing has been 
placed in an open beaker within the plastic 
bag so as to keep the D20 vapor high compared 
to that of any H20 whic~ might diffuse through 
the plastic into the bag from the outside en- 
vironment. The SIMS negative ion spectra ob- 
tained with this arrangement for the passive 
film on iron passivated in both the ~ 98% 
deuterated borate buffer and ~ 99.8% deuterated 
buffer are shown in Figs. la, b. The D--2 and 
OD--18 peaks are larger than without the glove 
bag but still much smaller than the correspond- 
ing H--I and OH--17 peaks. The high OH--17 
peak and much smaller OD--18 peaks undergo a 
rapid decrease in heights as the film is sput- 
tered away. The OH--17 peak decreased to 1/3 
of its original height and the D--2 and OD--18 
peak disappear. Simultaneous examination of 
the Fe +, 0-, and FeO + peaks indicate that ~ 12 
min. is required to sputter away the passiva- 
tion layer. On the basis of the apparent pro- 
file in Fig. 2, most of the D-, OD- and OH- 
appear to reside on the surface of the film. 
The residual OH--17 after removal of the film 
is instrumental background. 
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Fig. 2. SIMS peak area vs sputtering time for 0-, OH-, D- 
and OD for iron _passivated in deuterated Borate 
buffer at 0,65 V vs RBE 

On the basis of these results, the deuterium 
in or on the film appears to be exchanging in 
some way with protons of the atmosphere or in 
the vacuum. In the experiments with the 
plastic bag containing D20 vapor, the most 
likely proton source for-this exchange is H20 
contamination in the spectrometer. This water 
vapor in the spectrometer does not contribute 
any direct OH2-18 peak to the spectrum but can 
adsorb on the surface, exchange protons for 
deuterium in the film and/or dissociate to 
yield adsorbed H and OH. An OH--17 peak also 
shows up in the spectrum for iron specimen 
covered with a Fe203 layer produced by air oxi- 
dation at 4500C but-it is much smaller than 
for the passive film produced in borate buffer. 

Another factor which may hav~ also contri- 
buted to the large OH -17 and H--I peaks for 
the passivation layers produced in the deu- 
terated borate buffer is possibly a large ki- 
netic effect discriminating against D. For the 
98% D - 2% H buffer, a kinetic isotope effect 
of ~ 102 would be needed to explain the ratio 
of OH--17 to OD--18 in Fig. la and even a 
larger effect for the 99.8% D - 0.2% H in Fig. 
lb. Such a large kinetic isotope effect seams 
unlikely. On the other hand the substantial 
increment of 3.5 fold in the ratio of OD-/OH- 
for the buffer with close to 100% D vs. that 
with 98% D (Fig. la and b) cannot be explained 
on the basis of D - H exchange during the 
transfer or in the SIMS apparatus. It appears 
that a substantial amount of the OH- in the 
films produced in the deuterated buffer orig- 
inated from the small amount of H in these 
solutions. This implies a significant kinetic 
isotope effect but further work is required 
to confirm this. 

The substitution of D for H in the buffer 
shifts the pH because of changes in the ioni- 
zation constants K for boric acid as well as 
water. The extent of the shift has not yet 
been examined in the present research but would 
not be expected to be more than a fraction of a 
pH unit on the basis of the known shift in the 
pH for H20 (pK = 13.9965) vs. D20 (pK = 14.955 
at 250C) (8). The apparent pD and pH obtained 
with a glass electrode were the same within a 
tenth of a unit but this is not necessarily a 
direct indication that the D + and H + activities 
were the same. 

On the basis of the comparison of the SIMS 
spectra for the films produced in the deuter- 
ated and undeuterated bufferswith respect to 
various species (Fe +, 0-, FeO +, OH-, OD-), it 
does not appear that the deuteration perturbed 
the properties of the passivation layer sig- 
nificantly other than introducing OD and D on 
or in the surface layer. 

The ESCA measurements were directed to the 
examination of oxygen in the film and parti- 
cularly the question of oxygen in the form of 
OH as compared with O =. The ESCA spectra have 
been run on a Varian IEE-15 spectrometer. The 
vacuum on this instrument is in the range 10 -6 
- 10-7 Torr. The specimens were handled in the 
same way as for the SIMS with the exception of 
the transfer technique. For the ESCA, the 
samples were transferred in air into the ESCA 
spectrometer. Fig. 3a shows the O(is) spectrum 
for iron passivated at 0.65 V vs. RHE after de- 
convolution with a DuPont curve resolver. Before 
any sputtering, two peaks are evident at 532 
and 529.4 eV and are assigned to OH-and 0 =, 
respectively, and a very small peak evident at 
533.8 eV which may be due to water physically 
adsorbed on the surface. With argon ion sput- 
tering, the OH- peak in the ESCA spectrum at 
532 eV decreases and finally disappears after 
3 min. of sputtering (Fig. 3b). On the basis 
of Fe(2p) spectrum as well as that for 0(Is) 
it appears that the passive film has been com- 
pletely sputtered away at this time. The 529.4 
eV peak then approaches a limiting value which 
does not decrease further with sputtering. This 
behavior is probably caused by residual oxygen 
or water in the relatively poor vacuum of the 
spectrometer. 

The 532 eV peak for OH is much smaller be- 
fore sputtering for the film produced at 1.05 V 
vs. RHE than 0.65 V. This agrees with the de- 
crease in OD -18 peak in SIMS negative ion 
spectrum for iron passivated at 1.05 V. With 
sputtering the spectrum on this film behaves 
similarly to that of the sample passivated at 
0.65 V although 4 min. is now required to re- 
move the film. It is questionable to reach any 
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quantitative conclusions concerning the 0 in 
the film from the ESCA measurements because of 
intrinsic oxygen contamination. Nonetheless 
they lend some support to the results obtained 
from SIMS. 

Both the SIMS and ESCA data obtained with 
sputtering indicate that the OH in the passive 
film is principally at or very near the outer 
surface. While " static SIMS ", in principle 
is sensitive only to one and at the most two 
atomic layers, this depth resolution is not 
realized with sputtering in the present study 
because of the nonuniformity of the sputtering 
and the possibility of driving species further 
into the film. Nonetheless very little OH if 
any appears to be located more than 5 to i0 
into the film and it is possible that most of 
the OH is just adsorbed in the surface. The 
major portion of the film appears to be free of 
protons in the form of OH or H20. Yolken et 
al. (5) in their radiotracer measurements also 
found that the H resided in the outer part of 
the passive film. 

A decrease in the OH concentration in the 
film at more anodic passivation potentials is 
to be expected on the basis that the protons 
should tend to migrate out of the film upon 
standing at relatively anodic potentials. Fur- 
ther, the proton concentration in the film 
could be expected to be the lowest near the 
substrate if the protons slowly migrate out of 
the film into the electrolyte when the film is 
held at anodic potentials for prolonged pe- 
riods. It is surprising, however to find the 
majority of the film so void of OH. One possi- 
bility is the loss of water from the ~ilm du- 
ring the extended exposure to the I0- Torr 
vacuum of the spectrometer. 

Acknowledgement 

The authors wish to thank the Office of 
Naval Research for supporting this research. 

References 

i. M.C. Bloom and L. Goldenberg, Corros. Sci., 
5, 623 (1965). 

2. C.T. Chen and B.D. Cahan, submitted to 
this journal. 

3. G. Okamoto and T. Shibata, Nature, 206, 
1350 (1965). 

4. K. Kudo, T. Shibata, G. Okamoto and M. Sa- 
to, Corros. Sci., 8, 809 (1968). 

5. H.T. Yolken, J.Kruger and J.P. Calvert, 
Corros. Sci., 8, 103 (1968). 

6. W.E. O'Grady, This journal, 127, 55 (1980). 
7. A. Benninghoven, C. Plog, H. Fehmer and 

K.H. Mueller, Verh. Dtsch. Phys. Ges., 
6, 584 (1975). 

. R.C. Weast, "Handbook of Chemistry and 
Physics", 49th edition, CRC Press, Cleve- 
land (1968). 

(a) 

, , J ,  r ~  It [,, 
538 533 530 527 

BINDING ENERGY ( eV ) 

A Before Sputtering (b) 
B 1 Min. Sputtering 
C 2 Min. Sputtering 
D 3 Min. Sputtering A 

536 533 530 527 

BINDING ENERGY ( eV ) 

Fig. 3. The 0(Is) spectrum for the passive film on iron grown in 
borate buffer at 0.65 V vs RHE 
(a) before sputtering (b) before and after sputtering 

Manuscript submitted July 14, 1981; 
revised manuscript received ca. Aug. 4, 1981. 

Publication costs of this article were 
assisted by Case Western Reserve University. 



Emf Measurements on the Li-AI/FeS Couple 
in LiF-LiCI-LiBr Electrolyte 

Zygmunt To.mczuk,* M. F. Roche,* and D. R. Vissers* 
Argonne National Laboratory, Chem~eat Engineering Division, Argonne, Illinois 60439 

In a previous paper (I), the reactions of 
the FeS electrode of LiAI/LiCI-KCI/FeS cells were 
determined by a combination of phase studies, 
cyclic voltammetry experiments, and emf mea- 
surements. In this earlier work, six elec- 
trochemical reactions were considered, wi~h 
three of them involving the KCI of the elec- 
trolyte to form J phase (ELiK6Fe24S26CI). 
Because of the interference from J phase, it 
was not possible to experimentally determine 
the emf Vs. temperature curve for the FeS § 
Li2FeS 2 (~X) transition. In this paper we re- 
port our measurements on the LiAI/LiF-LiCI- 
LiBr/Fe$ cell inwhich the direct determination 
of the emf of the FeS + Li2FeS 2 transition is 
possible. Additionally, the emf of the 
Li2FeS 2 § Li2S transition was measured and 
compared with that obtained for LiCI-KCI 
eutectic. 

The experimental procedure and cell con- 
struction were similar to that reported 
earlier (I). The principal difference was 
that LiF-LiCI-LiBr (22.1-30.9-47.0 mol %) was 
used as the electrolyte. The FeS electrode 
contained a mixture of 3.0 g FeS, 2.0 g 
Li2FeS2, and 0.5 g Fe powders. The Li2YeS 2 
was prepared by heating an equimolar mixture 
of FeS and Li2S at ~800~ in a graphite cru- 
cible for several weeks. X-ray diffraction 
analysis verified that the product was Li2FeS 2. 
Most of the emf measurements for the FeS § 
Li2FeS 2 transition were made without cycling 
the cell before making measurements; however, 
some measurements were made after the cell had 
been discharged once and then charged. All of 
the Li2FeS 2 § Li2S measurements were made after 
a complete discharge and then partial charge 
(~30% of the theoretical capacity). A Keithley 
model 191 digital multimeter (input impedance 
>109g) was used for the measurements. As a 
check on the reproducibility of the results 
data were obtained for both increasing and 
decreasing temperatures. 

The experimental results are shown in 
Fig. i. A linear regression analysis of the 
data indicated that the FeS § Li2FeS 2 data 
could be fit by 

E(in mV) = 1338.9 + 0.0133T (K) [i] 

and the Li2FeS 2 § Li2S data by 

E(in mV) = 1432.11 - 0.147T (K) [2] 

Equations [i] and [2] were combined to yield 
the FeS § Li2S transition 

E(in mV) = 1385.8 - 0.067T (K) [3] 

The slopes of these three equations are 
slightly more positive than those reported 
for measurements in LiCI-KCI eutectic elec- 
trolyte. However, the emf's computed from 
equations [1]-[3] agree with those for 
LiCI-KCI eutectic electrolyte (see Table I). 
This agreement supports our earlier con- 
clusion (i) that the calculated values for 
the FeS + Li2FeS 2 and FeS § Li2S transitions 
in LiCI-KCI were within several millivolts of 
the correct values. 

The free energy of formation of Li2S at 
cell operating temperatures was computed from 
Equation [3] and the thermodynamic data for 
LiAI (2) and FeS (3). The computed value is 
-100.22 kcal/mol at 700 K. The free energy 
of formation of Li2FeS 2 was then computed 
using the derived value for Li2S and Equa- 
tion [2]. The resulting value is -125.45 
kcal/mol at 700 K. The free energy change 
for the chemical formation of Li2FeS 2 from 
FeS and Li2S was computed using Equation [i] 
and [3]. The computed value is -0.45 kcal/mol 
at 700 K, a value which is in agreement with 
that computed earlier (i). 

Electrochemical Society Active Member 
Key words: fused salts, free energy~ 
EMF, cell 

2255 



2 2 5 6  J. Electrochem. Soc.: ACCELERATED BRIEF COMMUNICATION October 1981 

ACKNOWLEDGEMENT 1.360 

The authors express their gratitude to 
R. K. Steunenberg, D. L. Barney, P. A. Nelson 
and L. Burris for their support and encourage- 
ment during this study. This work was con- 
ducted under the auspices of the U. S. Depart- 
ment of Energy. 

i. 

2. 

3. 

REFERENCES 

Z. Tomczuk, S. K. Preto and M. F. Roche, 
This Journal, 128, 760 (1981). 

N. P. Yao, L. A. Heredy, and R. C. 
Saunders, This Journal, 118, 1039 (1971). 

JANAF Thermochemical Tables, The Dow 
Chemical Company (1977). 

I I I I | 
Z~ DECREASING TEMPERATURE 
0 INCREASING ~ ' - ~ X  

1.350 -- O 

~ FeS --.~- Li2S 
( CA~LCULATED USING FeS~--X and ~....,..~.......~.~_ X LizS DATA 

,3,o'32~ r I I I 
7 0 0  725 750  775 8 0 0  825 

TEMPERATURE, K 

- i  1.340 

> 

J CD 
,~ 1.330 I..- ._/ 
o 

Table I. Comparison of emf data in LiCI-KCI 
and in LiF-LiCI-LiBr electrolytes 

Transition 
Temp., 

Emf, mV 

K LiCI-KCI a LiF-LiCI-LiBr 

Li2FeS 2 § Li2S 673 
723 
773 

FeS § Li2FeS 2 673 
723 
773 

FeS § Li2S 673 
723 
773 

1334.6 1333.1 
1325.7 1325.7 
1316.8 1318.3 

1352.2 1347.8 
1351.1 1348.5 
1350.0 1349.1 

1343.0 1340.7 
1338.0 1337.3 
1333.0 1334.0 

Fig. i. Emf Vs. temperature data for FeS + 
Li2FeS 2 (EX) and X § Li2S transitions 
in LiF-LiCI-LiBr electrolyte. 
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ABSTRACT 

The e lec t rochemical  behavior  of methanesul fonic  acid, e thanesulfonic  acid, 
and sulfoacetic acid as fuel  cell e lect rolytes  was s tudied in a ha l f -ce l l  a t  va r i -  
ou,s tempera tures .  The ra te  of the e lec t ro -ox ida t ion  of hydrogen  at  115~ was 
ve ry  high in  methanesul fonic  acid. The ra te  of the e lec t ro -ox ida t ion  of p ro -  
pane  in al l  three  acids was low even at  135~ Fur ther ,  there  is evidence for  
adsorpt ion  of these acids on the p l a t i num electrode. I t  was concluded tha t  a n -  
h y d r o u s  sulfonic acids are  not  good elect rolytes ;  wa te r  solutions are  required .  
Sulfonic  acids containing unpro tec ted  c a rbon -hyd roge n  bonds are  adsorbed  
on p l a t i num and p robab ly  decompose dur ing  electrolysis.  A comple te ly  subs t i -  
tu ted  (f luorinated)  sulfonic acid would  be the p re fe r r ed  e lectrolyte .  

This research  was d i rec ted  toward  the inves t igat ion 
of improved  fuel  cell  e lec t ro ly tes  sui table  for  the low 
t empera tu r e  (under  200~ fuel  cell. A comprehensive  
r ev iew of the fuel  cell e lec t ro ly te  p rob lem has been  
made  (1). Al l  of the inorganic  acids, phosphoric,  su l -  
furic, hydrochlor ic ,  perchloric,  and  hydrofluoric,  as 
wel l  as the  "super  acids," are  deficient in one or more  
physical ,  chemical,  or  e lec t rochemical  p r o p e r t y  when 
eva lua ted  in te rms of the es tabl ished character is t ics  of 
the " ideal"  e lec t ro ly te  (2). The des i red  proper t ies  of a 
fuel  cell  e lec t ro ly te  are:  (i)  good ionic conduction;  
(it) prope r  vapor  pressure  and viscosi ty character is t ics ;  
(iii) a good m e d i u m  for the oxida t ion  of the fuel;  (iv) 
a good solvent  for the act ive mate r i a l s  and for ma te r i a l  
t ranspor t ;  (v) chemical ly  and e lec t rochemical ly  s table 
over  the opera t ing  t e m p e r a t u r e  range;  (vi) noncorro-  
sive to fuel  cell  conta iner  mater ia l s ;  (vii) proper  sur -  
face tension character is t ics  (should not  we t  Teflon 
bonded electrodes or foam excess ively  when  bubb led  
wi th  gases) .  

The shortcomings of  inorganic  systems have sug-  
gested organic acids as a l ternat ives ,  ma in ly  because  i t  
was fe l t  tha t  the ab i l i ty  to a l te r  the s t ruc ture  of an 
organic  molecule  a l lowed for a f lexibi l i ty  not  ava i lab le  
wi th  inorganic  systems. One impor t an t  proper ty ,  l ack-  
ing, for  example ,  in phosphor ic  acid, was the ab i l i ty  to 
suppor t  the e lec t ro -ox ida t ion  of propane.  Fo r  fu ture  
advancement  in the fuel  cell  field, the deve lopment  of 
a direct  h y d r o c a r b o n - a i r  fuel  cell  has a high pr ior i ty .  

The first organic acid s tudied  in any  depth  and also 
giving promis ing  resul ts  was t r i f luoromethanesul fonic  
acid used as its monohydra t e  (3-6).  The impor t an t  
f inding in this work  was to demons t ra te  convincingly  
tha t  the deve lopment  of new improved  e lec t ro ly tes  was 
a route,  a l t e rna t ive  to electrocatalysis ,  which  could 
l ead  to improved  fuel  cell  per formance .  

A rev iew of the l i t e ra tu re  and an examina t ion  of 
the physical  and chemical  proper t ies  of cer ta in  organic  
sulfonic acids, namely ,  methanesulfonic ,  ethanesulfonic,  
and  sulfoacetic,  indica ted  that  these acids w a r r a n t e d  
fu r the r  invest igat ion.  The specific object ive  of the p res -  

* Electrochemical Society Active Member. 
Key words; fuel cells, electrolytes, electro-oxidation. 

ent  research  was to eva lua te  t h e s e  ac ids  elec t rochemi-  
cally, pa r t i cu l a r ly  the i r  ab i l i ty  as elec t ro ly tes  to suppor t  
the  e lec t ro -ox ida t ion  of hydrogen  and propane.  

Experimental 
Preparation, purification, and analysis of electrolytes. 

- -Methanesu l fon ic  acid, e thanesulfonic  acid, and  sulfo- 
acetic acid, were  eva lua ted  as fuel  cell  e lectrolytes ,  and 
sulfuric  acid and t r i f luoromethanesulfonic  acid mono-  
hydra t e  w e r e  used as " reference"  electrolytes .  Some 
phys ica l  p roper t ies  of the  three  acids compared  to those 
of phosphoric  acid, sulfuric acid, and t r i f luor0methane-  
sulfonic acid monohydra te  are  given in Table  I. 

The methanesul fonic  ac id  was Eas tman  95% prac t ica l  
grade  dis t i l led  twice under  vacuum. The doub le -d i s -  
t i l led  acid was fu r the r  c leaned b y  main ta in ing  a fuel 
cell e lec t rode  at 0.5V for about  15 hr  in the t h r e e - com-  
pa r tmen t  cell  in which the expe r imen t  was to be pe r -  
formed. The methanesul fonic  acid was ana lyzed  at  
three  stages to fol low the possible oxidat ion  or  reduc-  
t ion of the compound:  (i) the as-suppl ied,  95% p rac -  
t ical  grade;  (it) the  doub le -d i s t i l l ed  mater ia l ;  and (iii) 
the 80% (water )  solut ion of the double -d i s t i l l ed  acid 
which was e lec t ro lyzed at  0.9V and 100~ for 20 hr. 
The analyses  were  conducted b y  obta in ing  nuc lear  
magnet ic  resonance spec t ra  and gas chromatograms.  
Analys is  by  in f ra red  absorpt ion  was found to lack suf-  
ficient sensi t ivi ty.  A Var ian  Associates A60 ana ly t ica l  
NMR spec t rometer  was used for  the  proton analysis  
and a Bruke r  WP-80, 18C NMR spectrometer ,  for the 
carbon analysis.  Deu te r ium oxide (D20) was used as 
a solvent  and t e t r amethy l s i l ane  as an ex t e rna l  s tan-  
dard.  The t e t r amethy l s i l ane  peak  was set at  0.00 ppm 
af ter  p rope r ly  phas ing and max imiz ing  the resolut ion 
and the spectra  were run  over  a 1000 Hz range  using a 
250 sec sweep time. The gas chromatograms  were  ob-  
ta ined wi th  a H e w l e t t - P a c k a r d  5830A Gas Chromato-  
g raph  wi th  a 18850A recorder .  A 1% solut ion of the  
acid in e ther  was in jected into the column (a 3% OV- 
225 column) .  A flame ionizat ion de tec tor  was used to 
obta in  a chromatogram of the acid. The expe r imen t  
was p rog ra mme d  f rom 50 ~ to 150~ wi th  a 10% per  min  
hea t ing  ra te .  
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Table I. Physical properties of fuel cell electrolytes 

Melt- Specific conduct- 
ing Boiling Solubility ance at 4O~ Contact angle on 

Compound point point in water (9-x cm-~) Teflon (degrees) 

Methanesulfonie acid, 19-20 167/10 mm Miscible in all 0.019 (98 w/o) 93.59 (100%) 
CI-hSO~H proportions 

Ethanesulfonic acid, -17 123/1 mm Very soluble 0.009 at 
CHs-CH2-SOsH 25~ (98 w/o) 

Sulfoacetic acid, 84-86 245d Very soluble 0.464 (58% H~) 90.15 ~ (58% H~O solu- 
HOsS-CH2-COOH solution ) tion ) 

Phosphoric acid, H~PO~ 4~..35 Y= H~O, 213 Very soluble 0.1381 (85% H20 >90 (58% H20 solution) 
solution)  

Sulfuric acid, HsSO~ 10.36 338 (98.3 % ) Miscible in all 0.790 (50 % H20 >90 (50 % H~O solution ) 
proportions solut ion)  

Trifiuoromethanesul- 33.8 21%219 Miscible in all 0.01122 (100% ?2.83 (106%) 
fonic acid, monohy- proportions 0.5750 (40% H~O 
drate CF~SOsH �9 H~O solution) 

The ethanesulfonic acid was supplied by Aldrich and 
Company, vacuum distilled to remove impurities,  and 
fur ther  cleaned in the cell by electrolyzing at 0.bV with 
a cleaning electrode for about  15 hr. 

The sulfoacetic acid was supplied by Eas tman as 
black crystals in semi-solid form and 98% purity.  The 
acid could be further  purified by  forming the Pb salt 
with PbCO3 and freeing the acid by  precipi tat ing PbS. 
However, the traces of sulfide that  remained in  solution 
poisoned the Pt  electrode dur ing the electrochemical 
experiments.  The sulfoacetic acid of 98% pur i ty  was 
used in  the electrochemical experiments  described 
below. 

Electrochemical techniques.--Two types of experi-  
ments  were performed: (i) polarization studies with 
argon, hydrogen, and propane in the three electrolytes. 
The electrical apparatus,  the th ree-compar tment  cell, 
the reference system, and the method of p re t rea tment  
of the gases have been described in  previous publ ica-  
tions (2). All  potentials reported are vs. the dynamic 
hydrogen electrode (7); (ii) cyclic vo l tammetry  ex-  
periments  with apparatus and techniques previously 
described (6). 

Results and Discussion 

Methanesul~onic acid.--In pre l iminary  experiments  
the systems were calibrated with polarization curves 
obtained by the electro-oxidation of I.ia in  trifluoro- 
methanesulfonic acid monohydrate  over the tempera-  
ture range of 80~176 and cyclic vol tammetr ic  scans 
in 4N sulfuric acid and in  tr if luoromethanesulfonic acid 
monohydrate.  The results obta ined  from exper iments  
with the monohydrate  were similar to those previously 
reported in this laboratory (3) and the vol tammetr ic  
sweeps in sulfuric acid were identical to those reported 
in the l i tera ture  (8). 

The polarization curves for argon, propane, and hy-  
drogen in an 80% CH3SOsH solution at 115 ~ and 135~ 
are given in Fig. 1, For  hydrogen oxidation clear-cut  
l imit ing currents  were observed, 78.8 and 108 ~A/cm2 
at 115 ~ and 135~ respectively. There was no definite 
Tafel region in the hydrogen polarization curve. The 
oxidation currents  for argon and propane increased 
with overvoltage. At an overvoltage of 0.3V the cur-  
rents for Ar  were 0.64 and 1.6 ~A cm -2 at 115" and 
135~ respectively, while for propane values of 5.5 
and 7.5 ~A cm-~ were obtained. Above 0.65V the cur-  
ren t  density for Ar and propane increased rapidly and 
reached peak currents,  or l imit ing currents  at about 
0.90V vs. DHE. At 135~ the peak currents  were almost 
the same for both Ar and propane, suggesting that  the 
oxidation current  of the electrolyte, per se, exceeded 
that due to the electro-oxidation of propane. 

The inspection of the cyclic vol tammograms of the 
acid taken over a range of temperatures  revealed some 
significant characteristics. At room temoera ture  and 
up to 80~ the hydrogen, double layer, and oxygen film 

regions were well  defined and separated in  the positive 
going par t  of the curve. At  90~ a strong oxidizing 
peak at 1200 mV and a shoulder- l ike peak at 760 mV 
started to appear; at higher tempera ture  (115 ~ and 
135~ those peaks increased and the hydrogen struc-  
ture  began to lose its fine structure.  But  the m o s t  
dramatic change was that, in the cathodic scan, the 
cur ren t  crossed into the anodie current  domain  directly 
following the reduct ion of the Pt  oxide. This must  be 
characteristic of the presence of an electroactive spe- 
cies. Cyclic vol tammograms at 26 ~ and 115~ in Fig. 2 
i l lustrate this behavior. To fur ther  s tudy this phenom-  
ena, a background vol tammogram with 4N I-I2SO was 
run  and then a few drops of methanesulfonic  acid w a s  
added to the cell. A typical  cyclic vol tammogram for 
4N H2SO was obtained at 80~ (Fig. 3). After a d d i -  
tion of a few drops of methanesulfonic acid it  w a s  
observed that  there was no change in  the background 

l 
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Fig. 1. Polarization curves for argon, propane, and hydrogen in 
an 80% CH,~SO~H solution at 115 ~ and 135~ 
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Fig. 2. Cyclic voltammograms in 80% solution of methanesul- 
fonic acid at 26 ~ and 115~ 



Vol. 128, No. 11 F U E L  CELL E L E C T R O L Y T E S  2259 

Z 4 N  H2SO 4 ~ 5 drops CH3SO~H 

: - -  - .  , . - - -  O "  C 

- 2  

o I O ~ i i ' o51 , , , , IOf i , , 

ELECTRODE P O T E N T I A L  ( V O L T S  vs D H E  ) 

Fig. 3. Cyclic voltammogram in 4N H2S04 to which was added a 
few drops of CH3SO~H. 

curve.  However ,  when the solut ion was hea ted  u p  to  
l l0~ the effect of methanesul fonic  acid became ap -  
parent .  A s t rong oxidiz ing peak  at  1.02V was then ob-  
se rved  and  in the r e v e r s e  scan to the cathodic side, the  
cu r ren t  crossed over  to the anodic a rea  a f te r  the  r e -  
duct ion of the p l a t i n u m  oxide.  

F r o m  these observat ions,  i t  is then  concluded tha t  
methanesul fonic  acid is d issocia t ively  adsorbed  

R - - H - ~  R(ads . )  + H(ads . )  

At  sufficiently large  potent ia l ,  the radica l  is desorbed 
and cont r ibutes  to the  h igh  oxida t ion  current .  Then,  in 
the reverse  scan, a f te r  the reduct ion  of the oxide l aye r  
on Pt, a p roduc t  of the h igher  potent ia l  e lectrolysis  r e -  
act ion is oxidized on the ox ide - f ree  p l a t i num surface.  

To exp la in  some of these e lec t rochemical  results ,  t h e  
methanesul fonic  acid was analyzed  using 1H NMR, lsC 
NMR, and gas ch roma tog raphy  techniques,  the  las t  
being most  informat ive .  

The 1H NMR spec t ra  were  recorded  employ ing  as -  
suppl ied,  double-d is t i l led ,  and e lec t ro lyzed  samples.  In  
these spect ra  two peaks  were  obtained:  peak  I, a t -  
t r ibu ted  to the  --CH~ group and peak  II, a t t r ibu ted  to 
the combined effect of the  sulfonic group and solvent.  
The posi t ion of peak  I I  changes f rom sample  to sample  
and the shif t  is t abu la t ed  in Table  II. The presence of 
H20 in the sample  tends to shif t  the spec t rum to a 
lower  p p m  va lue  so the shif t  of peak  I I  to 5.2 ppm is 
i n t e rp re t ed  as the  presence of a new structure .  

The 18C NMR spect ra  were  not  pa r t i cu l a r ly  in fo rma-  
t ive bu t  seemed  to indicate  an i m p u r i t y  in al l  th ree  
samples.  

These NMR spec t ra  were  run  at  60~ (pro ton)  a n d  
at room t empera tu r e  (carbon) .  The gas chromatog-  
r a p h y  ana lyzed  the acid samples  at  e leva ted  t e m p e r a -  
ture  (up to 150~ The chromatograms  obta ined  f rom 
the double -d i s t i l l ed  sample  of methanesul fonic  acid and 
the acid tha t  had  been  e lec t ro lyzed  at  0.gv and 100~ 
for 20 h r  are  d i sp layed  in Fig. 4 and 5, respect ively .  I t  
is appa ren t  tha t  the e lectrolysis  at  100~ was effective 
in p roduc ing  severa l  f ragments  or  new compounds.  
These analyses  suggest  tha t  methanesul fonic  acid is 
uns tab le  a t  100~ and 0.9V. 

Table II. The positions of the absorption peaks in the 1H NMR 
spectra of methanesulfonic acid samples 

Spectrum 

*Position of *Position of 
peak I peak II 
(ppm) (ppm) 

As-supplied sample 1.5 4.8 
Double-distilled sample 1.5 4.55 
Electrolyzed sample 1.5 5.2 

* These positions are over a 1000 Hz range using a 250 sec 
sweep time. 
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Fig. 4. Chromatogram obtained with a double-distilled sample of 
methanesulfonic acid, 
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1&77 

STOP 

0-35 
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Fig. 5. Chromatograms obtained with a sample of methanesul- 
fonic acid that had been electrolyzed at 0.9V for 20 hr at 100~ 

EthanesuZfonic ac id . - -Po la r iza f ion  curves  were  o b -  
t a i n e d  with Ar, propane,  and H~ in a 50% acid-H~O 
solut ion of e thanesulfonie  acid. At  115~ the l imi t ing-  
cur ren t  for  hydrogen  was 27.6 ;~A/cm~, a b o u t  h a l f  o f  
the cur ren t  obta ined  with  methanesul fonie  acid. Also, 
the polar iza t ion  curve did  not  show a dis t inct  T a f e l  
region (Fig. 6). Fo r  p ropane  and  Ar,  t h e r e  w e r e  n o  
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Fig. 6. Polarization curves for argon, propane, and H2 in 50% 
solution of ethanesulfonic acid at 115~ 

c lea r -cu t  l imi t ing  currents  but  the cu r r en t  dens i ty  for  
p ropane  was s l ight ly  h igher  than  for  Ar.  A t  an  over -  
vol tage of 0.3V the cu r ren t  dens i ty  for  p ropane  was 
1.2 ~A-cm -2 compared  to 0.65 ~A cm -~ for At .  

The cyclic v o l t a m m o g r a m  of the  50% acid solut ion 
at  different  t empe ra tu r e  is shown in Fig. 7. I t  is in-  
teres t ing to note tha t  a t  room tempera tu re ,  e thanesu l -  
fonic acid exh ib i ted  e lec t rochemical  behav io r  s imi lar  
to tha t  of methanesul fonic  acid at  h igher  tempera tures .  
This suggests  tha t  e thanesulfonic  acid is s t rongly  ad- 
sorbed on the p l a t i num elec t rode  surface. As we in-  
creased the t empera tu re ,  i t  is observed  tha t :  (i)  the  
oxidat ion  p e a k - c u r r e n t  increases;  (ii) the P t -ox ide  
reduct ion  cur ren t  s l igh t ly  decreases;  (iiO the e lec t ro-  
oxida t ion  cur ren t  of the e lec t roact ive  species increased;  
and ( iv)  the definit ion of the  hydrogen  peaks  decreases 
and a lmost  comple te ly  d isappears  above  85~ F r o m  
those observat ions,  i t  is concluded tha t  e thanesulfonic  
acid is s t rongly  adsorbed  on the ]Pt surface and a t  
sufficiently high t empera tu re ,  inhibi ts  the  hydrogen  
and oxidat ion  reactions.  This behav ior  appears  to be 
character is t ic  of a p l a t inum electrode in s t rong con- 
cen t ra ted  acidic electrolytes .  

SuI]oacetic a c i d . ~ T h e  polar iza t ion  curves for argon, 
propane,  and hydrogen  in a 50% acid solut ion are  
shown in Fig. 8. The cur ren t  dens i ty  for  hydrogen  ox i -  
dat ion at  an overvol tage  of  0.3V was 38 ~ A / c m  2 at 
115~ The polar iza t ion  curves for argon and p ropane  
did not  exhib i t  a l imi t ing  cu r ren t  dens i ty  but  i t  can 
be r e m a r k e d  tha t  the  cur ren t  ob ta ined  wi th  p ropane  
was a lmost  the same as wi th  argon. The vo l t ammogra m 
for the acid shown in Fig. 9 did  not  show any special  
behavior .  I t  d id  not  appea r  that  sulfoacetic acid is 
adsorbed on the P t  e lect rode f rom the s tudy  of the  

Ethane SuffonLc Acid 50% ,, / / - ' ~ " ' ~  - ~ i~,~ 5~ 
, ]  

! , i I f 

, . ' "  - -  - .  ~ . . ~ 7 5  o C 
4 0  ~ i / J 

i i / J "  [ 

; ! / / 
20  i ~ / '  . , / /  2 7  ~ 

ul 0 . 0  

o 

- ~ 0  

- 4 0  

I . . . .  ! . . . . . . . . . . . .  OO 0 5  I 0  

ELECTRODE POTENTIAL ( V O L T S  v* DHE) 

Fig. 7. Cyclic voltammogram in 50% solution of ethanesulfonic 
acid at 27 ~ 75 ~ and 115~ 
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115=C 

- - -  . . . .  " , ( ' I I~ . . . . . . .  1 0  ' [ ( l / o r - -  ~ ~ 

Fig. 8. Polarization curves for argon, propane, and H2 in 50% 
sulfoacetic acid solution at i15~ 
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Fig. 9. Cyclic voltammogram in 50% solution of sulfoacetic acid 
at 77~ 

cyclic vo l t a mmogra m at different  t empera ture .  How-  
ever,  i t  must  be r e m a r k e d  tha t  the commerc ia l ly  
avai lab le  sulfoacetic acid appears  to be of uncer ta in  
qual i ty  to use as an e lec t ro ly te  and no sui table  method  
of purif icat ion has been worked  out  despi te  cons ider -  
able  effect to recrys ta l l ize  the compound using conven-  
t ional  organic  chemis t ry  methods.  

Conclusions 
The three  e lect rolytes  a re  compared  by  tabu la t ing  

the cur ren t  densit ies achieved wi th  hydrogen,  argon, 
and p ropane  in Table  III. 

Cer ta in  conclusions may  be d r a w n  wi th  r ega rd  to 
the three  sulfonic acids. The polar iza t ion  studies in-  
dicate tha t  an e lec t ro ly t ic  solution, 8(]% in me thane -  
sulfonic acid and 20% in H20 supports  high cur ren t  
densi t ies  wi th  H2, bu t  shows l i t t le  promise  wi th  p ro -  
pane. The resul ts  ob ta ined  wi th  H2 agree  wi th  resul ts  
obta ined  by  Reber t  et al, (9) in a s tudy  wi th  p l a t i n -  

Table III. Summary of current density values obtained in 
different electrolytes 

Current densities (~A/cm~) at 0.3V 
over potential 

Hydrogen Propane Argon 

s 115~ 135~ 115~ 135~ 115~ 135oC 

Methanesulfonic 
acid, CH~SO3H 78.8 108 5.5 7.5 0.64 

Ethanesulfonie 
acid, C~HsSO3H 27.6 1.2 0.65 

Sulfoacetic acid, 
HO3SCH~COOH 38 3,3 6.4 

Trifluoromethanesulfoaic 
acid, monohydrate 122 296 
CF~SOsH ' H~O 

1.6 
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ized-platinum rotating disk electrodes. They found that 
at the same potential and comparable rotation speeds, 
methanesulfonic acid supports currents that are more 
than an order of magnitude higher than those obtain- 
able in phosphoric acid. They did not study propane. 
The practical grade (95%) methanesulfonic acid 
darkens during electrolysis probably due to further de- 
composition. The cyclic voltammetry studies indicate 
that methanesulfonic acid is decomposed at elevated 
temperatures and high potentials. Analysis of this 
acid by N'MR and gas chromatography also indicates 
that this acid decomposes into different fragments or 
forms new compounds during electrolysis, particularly 
at temperatures 100~ or above. 

The polarization studies with ethanesulfonic acid in- 
dicate that this acid as an eIectrolyte does not support 
high current densities either with H~ or propane. 
Ethanesulfonic acid is also completely adsorbed on the 
Pt electrode. For these reasons this compound does 
not appear to be a promising fuel cell electrolyte. 

From these results it is concluded that sulfonic 
acids, such as CH3SO3H or CH~--CH2---SO~H, contain- 
ing terminal methyl groups unprotected by fluorina- 
tion, are strongly adsorbed on the platinum surface 
and decompose relatively easily during electrolysis. 
It now appears necessary that the sulfonic acid electro- 
lytes to be evaluated in future studies should be 
properly substituted to protect the molecule against 
electrolytic oxidation or reduction. 

During the course of the investigation it became 
apparent that it would be necessary to work with aque- 
ous solutions rather than the anhydrous acids. The 
anhydrous acids are poor ionic conductors--the con- 
duction process is achieved with hydrated protons. 
Further, there is evidence that many of these com- 
pounds are thermally unstable at temperatures over 
IO0~ 

The commercially available sulfoacetic acid appears 
to be of uncertain quality to use as an electrolyte and 
no suitable method of purification has been worked 
out. Furthermore, the acid is chemically unstable in 
the 80~176 range. 
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Electrochemical Reactivity of Strong Sulfuric Acid: 
Some Unusual Behavior at Pt Electrodes 
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ABSTRACT 

In ve ry  strong, 98%, sulfur ic  acid cyc l i c -vo l t ammet ry  exper imen t s  a t  P t  
revea l  unusua l  reduc t ion  and oxida t ion  processes as dis t inct  f rom those as- 
sociated with  e lec t rodeposi t ion and ionizat ion of atomic H, and surface oxide 
fo rmat ion  and reduct ion,  which  are  fami l ia r  in d i lu te  aqueous solutions of 
I.I2SO~ at  Pt. No reduct ion  processes are  observed  on a less e lec t roca ta ly t ic  
metal ,  Au, under  the  same conditions. Holding  the poten t ia l  of a P t  e lec-  
t rode near  the  HH+/H2 poten t ia l  (EH)  in 98% H2SO4 gives r ise to reduct ion  of 
the acid, p roduc ing  a species tha t  is immed ia t e ly  chemisorbed and becomes 
oxidized in the  adsorbed state in a fol lowing anodic potent ia l  sweep over  the 
"surface oxide format ion"  Potent ia l  region.  In the  succeeding cathodic sweep, 
a la rge  cathodic cur ren t  peak  follows surface oxide reduction.  By means  of 
chemical  s imula t ion  exper iments ,  i t  is shown tha t  the reduct ion  behav ior  is 
accounted for first by  format ion  of SO2 or  H S O s -  at  potent ia ls  near  EH, fol -  
lowed  by  oxidat ion  to a species, poss ibly  adsorbed  d i th ionate  ($2062-) ,  or 
some other  chemisorbed su l fu r -oxygen  species, in a fol lowing anodic sweep. 
This oxida t ion  process cannot  be f rom SO2 or I-ISO3- back  to H2SO4 or  HSO4-  
since, in the nex t  cathodic sweep, a r e - reduc t ion  occurs in a wel l -def lned  peak, 
a l i t t le  posi t ive to EH. Exper imen t s  a t  a ro t a t ed  P t  d isk  e lec t rode  enable  dis-  
t inct ions to be made  be tween  processes associated wi th  s t rong ly  bound  chemi-  
sorbed species  and o ther  species tha t  can be spun off into solution, giving 
d iminished currents  in  successive cyclic vo l t ammograms .  Addi t ions  of smal l  
quant i t ies  of wa te r  diminish the reduct ion  reac t ion  observed in 98% HHaSO4. 

In the course of exper imen t s  (1) on the surface ox i -  
da t ion  of P t  in nonaqueous  media  conta ining t races  
of water ,  we inves t iga ted  the  behav ior  of P t  e lectrodes 
in ve ry  s t rong 98% sulfur ic  acid. Some unusua l  and 
in teres t ing  bu lk  and surface e lec t rochemical  processes 
a re  found which  are  not  observed in  o rd ina ry  aqueous 
solutions of I.I2SO4. At  the 98% level  of concentra t ion  
of H2SO4, the  med ium is essent ia l ly  a nonaqueous  so- 
lu t ion  wi th  H30 + and HSO~-  ions as the  e lec t ro ly te  
at  about  1.1M concentrat ion.  Some higher,  condensed 
sulfur ic  acid species, e.g., I ' i28207, a r e  also p resen t  in 
t races (2).  

Studies  in ve ry  s t rong acid media  are  of in teres t  in 
fue l -ce l l  technology where  acids such as H3PO4 and 
CF~SO3H are  used a t  ca. 85% concentrat ions,  of ten at  
e leva ted  tempera tures .  

As far  as we are  aware,  no previous  studies of the  
e lec t rochemical  surface r eac t iv i ty  of pu re  H2SO~ to 
give chemisorbed decomposi t ion products  at  e lect rode 
interfaces have been r epo r t ed  except  in the work  of 
Arv ia  et  al. (3) who inves t iga ted  e lec t rochemical  su r -  
face processes at  I r  in 96% H2SO4.  In this work,  how-  
ever, only  the usual  surface react ions  of I r  a re  r e -  
vea led  wi th  H adsorpt ion  and surface oxide  fo rmat ion  
regions being observed in the no rma l  way,  bu t  wi th  
d isp lacement  of these two processes to more  negat ive  
and more  posi t ive potent ials ,  respect ively ,  due to 
HSO4-  ion adsorpt ion,  as is known in more  di lute  so-  
lutions at  P t  wi th  SO42- (4) and I.ISO4- ion (5),  de -  
pending  on concentra t ion and pH. 

A n  in te res t ing  s tudy  was also made  b y  Arv ia  et aL 
(6) on the e lec t rochemis t ry  of fuming  sulfur ic  acid  
containing var ious  concentrat ions  of SOs and smal l  
quant i t ies  of SO~, and compara t ive ly  on 97.4% H2SO4 
in the same paper .  Most of this work  was concerned 
wi th  the  s t eady- s t a t e  cu r r en t -po ten t i a l  behav ior  a r l s -  
ing f rom reduct ion  of SOs at  s t a t ionary  and ro ta ted  
P t  electrodes,  which gives rise to SO2 and some S. 

* Electrochemical Society Active Member. 
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ited, Tunney ' s  Pasture,  Ottawa, Canada. 

Also, the cathodic evolut ion  of H2 and the anodic de-  
composit ion to 02 and persul fur ic  acid was inves t i -  
gated. The question of adw species tha t  migh t  be 
involved in the  react ions  was not  t r ea ted  in this work,  
In  work  by  Lal  et al. (7-10) and by  Lou~ka (11-13), 
however ,  adsorbed  species f rom SO2 solutions and  S 
layers  formed f rom I.I2S and SO2 were  recognized and 
invest igated.  As we discuss later ,  some of these resul ts  
a re  r e l evan t  to the in t e rp re t a t ion  of the exper iments  
in the presen t  work.  

Arv ia  et aI., in a series of papers  (14), have also 
r epo r t ed  unde rpo ten t i a l  deposi t ion of H and surface 
oxida t ion  of P t  and  I r  in KHSO4 and NaI-ISO4/KHSO4 
melts .  

In  the p resen t  paper ,  we r e p o r t  some unusua l  r e -  
duction and oxida t ion  processes at  P t  in 98% HH2SO4 
at  o rd ina ry  tempera tures ,  s tudied  b y  means  of the 
l inea r  po ten t iodynamic  sweep method  and re l a t ed  p ro -  
cedures. At t empts  to iden t i fy  the p r inc ipa l  i n t e rmed i -  
ates involved  were  made  by  means  of chemical  s imu-  
la t ion  exper iments  using l ike ly  species such as SO2, 
dithionite,  and di thionate.  

Experimental 
Method.--A convent ional  sys tem for app ly ing  single 

and repe t i t ive  l inear  po ten t ia l  sweeps to an e lec t rode  
was used, employing  the equ ipment  and p rocedure  
re fe r red  to in previous  publ ica t ions  (5, 15, 16). In  
the cyc l i c -vo l t ammet ry  mode, the  sys tem enables  a 
series of sweeps in an anodic or  cathodic  di rect ion to 
be made to successively more  posi t ive or  more  nega -  
t ive potent ials ,  respect ively ,  us ing the t r igger ing  ca-  
pab i l i ty  for sweep reversa l  at  a constant  sweep ra te  
which is p rov ided  by  a Se rvomex  L F  141 funct ion 
genera tor  opera t ing  on a Wenk ing  potent iostat .  This 
sys tem also al lows the potent ia l  to be he ld  conveni-  
en t ly  at  a control led  fixed value  (potent ia l  "holding" 
exper imen t )  for recorded  t imes before  a fol lowing 
anodic or cathodic sweep is ini t iated.  This type  of ap -  
para tus  enabled cu r r en t -dens i ty  (i) vs. potent ia l  (V) 
profiles to be recorded,  as descr ibed prev ious ly  b y  us 
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(1, 5, 16) and by other authors, e.g., Ref. (15). Most 
experiments were conducted at 298 K at a Pt  disk 
electrode (Pine Instrument Company) that could be 
rotated when desired. Some comparative experiments 
were made at a high puri ty  grade Au wire. 

H2SO~ electrolyte:--B.D.H. Aristar  pure ( 9 8 % )  
H~SO4 was used as the electrolyte, init ially without 
dilution. This is the acid which gives, at ordinary con- 
centrations (0.5 ,-, 1M), the best clean aqueous solu- 
tion of H2SO4 for cyclic-voltammetry experiments at 
Pt, as we have described in earl ier  papers (5, 16). In 
some experiments, where controlled small additions of 
water are made, pyrodisti l led water  (16) was used. 

Cell.--A small 3-compartment cell capable of being 
fitted to a rotating disk electrode system was used, as 
described previously (1). It was provided with a com- 
partment  in which either a reversible HMH+ electrode 
or an (~ + ~)PdH electrode was situated. 

Reference electrodes.--A plat inized-Pt  hydrogen 
electrode was employed as the reference electrode di-  
rectly in the strong H2SO4. In the 98% HeSO4, the 
potentials are not true reversible potentials but  rather  
steady mixed potentials due to the slow electrocata- 
lytic reduction reaction involving HeSO4 which is the 
subject of this paper. Very satisfactorily steady poten- 
tials (-+- < 1 mV) could, however, be maintained 
over an hour or so. In some experiments the (a + 
~)PdH reference electrode was used. Potentials on 
all graphs to be shown below are on the scale of the 
He/H + electrode in the same solution as that in which 
the working Pt  or Au (see below) electrodes were 
studied. This scale is designated for convenience by 
EH. 

Potential programs.--The potential- t ime programs 
shown in Fig. 1 were applied to the working Pt elec- 
trode in 98% H2SO4 in order to investigate the nature 
of the observed electrochemical reactivi ty of H2SO4 
and to distinguish the currents from those arising in 
the normal way [cf. (5, 15, 16)] from underpotential  
deposition of H, or OH and O species; the potentials 
employed were adjusted on the function generator 
and the potentiostat and read with an accuracy of 
1 mV on a high impedance digital millivoltmeter. At 
all times, the lat ter  instrument was used to monitor 
numerical ly the various potentials involved at sweep 

reversal and in constant potential holding experiments 
(see below). 

( i ) Cyclic-voltammetry at 70 m V  sec-  Z.--Cyclic- 
voltammetry experiments were first made by means of 
a repetit ive symmetrical  t r iangular  sweep, referred to 
as program (i) (Fig. 1). Several potential limits to 
the cathodic and anodic sweeps were employed and 
are defined on the experimental  i vs. V profiles shown 
in Fig. 2a and b and Fig. 3a and b. Experiments in this 
mode established the normal i vs. V profiles for the 
surface processes at Pt in 98% H~SO4, as shown in Fig. 
2 and 3. 

(ii) Cyclic-voltammetry experiments over progres- 
sively decreasing ranges of potentiaL--These were 
made by reversing the sweep at successively increas- 

Fig. 2. (a) Cyclic-voltammetry i vs. V profiles for Pt in 98% 
H2SO4 at 70 mV sec -1  at 298 K, [program (i)]. Deslgnations of 
principal anodic and cathodic processes are shown. (b) As in Fig. 2 
(a) but with holding the potential constant at the positive end of 
the anodic sweep giving rise to growth of the surface oxide at Pt 
(70 mV sec -z ,  298 K). Curves 1 to 9 for ~t~,a = 0, 5, 10, 15, 20, 
60, 120, 240, and 360 sec. 

V 

+ 1,22 v 

~ -0.23 V 

program ( i )  

Vorious limits o,v .p 
"\  A " 

of V (0) (b)  

V 

- -  "-0.22 V ~ -  . . . .  J -  0,22 V 
(a) r " ,  c (b) 

t t 

Fig. i. Potential programs 

Fig. 3. (a) Cyclic-voltammetry i vs. V profiles for Pt in 98% 
H2SO4 at 70 mV sec -1  at 298 K showing the effects of reversing 
the direction of potential sweep at successively more positive 
potentials in the anodic sweep direction [program (lib)]. (b) As in 
Fig. 3 (a), but showing the effects of reversing the direction of 
potential sweep at successively less positive potentlals in the 
cathodic sweep direction [program (iia)]. 
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ing potent ia ls  in the  anodic or  successively decreas ing 
potent ia ls  in the cathodic sweep directions.  These p ro -  
cedures are  i l lus t ra ted  in Fig. 1 and are  r e fe r r ed  to as 
p rograms  (i ib)  and  ( i ia) ,  respect ively .  These p ro -  
cedures give informat ion  on wha t  processes observed  
in, e.g., a cathodic sweep (where  a cur ren t  peak  arises)  
are conjugate  to processes in the  pr ior  anodic sweep, 
or  vice-versa ,  as shown in Fig.  3a and b. The changing 
potent ia l  l imi ts  in  the p rograms  (i ia)  and  ( l ib)  a re  
ev ident  f rom the potent ia l s  of  reversa l  of the series 
of curves shown in Fig. 3a, b. 

(iii) Potential  holding exper imen t s .wHold ing  the po-  
ten t ia l  at  e i ther  the end of an anodic sweep for a t ime 
~h,a [p rogram (il ia) ] or  at  the  end of a cathodic sweep 
for a t ime,  ~h,c [p rogram ( i i ib ) ]  fol lowed by  in i t ia t ion  
of a fu r the r  cathodic or anodic sweep, respect ively,  
enabled  the format ion  and reac t iv i ty  of products  of 
slow processes to be followed. I t  was in these exper i -  
ments, w i th  .cathodic hold ing  of the  poten t ia l  nea r  
(--0.2V EH) the s t eady- s t a t e  hydrogen  e lec t rode  po-  
tent ia l  (see above) ,  tha t  the  unusua l  r eac t iv i ty  of 
H2SO4 was observed.  The potent ia ls  at  which cathodic 
or  anodic holding for t imes ~n was ma in ta ined  a r e  

shown la t e r  in the respect ive  figures. 
Af te r  each change of conditions, e.g., potent ia l  ho ld -  

ing, the e lec t rode  was a l lowed to r e tu rn  to the r e p r o -  
ducible  s ta te  genera ted  in i t ia l ly  as in sect ion (i) 
above b y  repe t i t ive  anodic /ca thodic  cycl ing [p rogram 
( i ) ]  un t i l  the in i t ia l  i vs. V curve, corresponding to 
the  cyc l i c -vo l t ammet ry  profile shown in Fig. 2, was 
recovered.  This i vs. V profile, unde r  continuous cy-  
cling, was exac t ly  reproduc ib le  f rom one expe r imen t  to 
another  and be tween  different  P t  e lectrodes wi th  no r -  
mal iza t ion  to the same rea l  area. I t  was also v i r t ua l ly  
ident ica l  wi th  the in i t ia l  anodic and  cathodic i vs. V 
profile observed  when  an electrode,  p recyc led  in 1M 
aq H~SO4, was  t r ans fe r red  to the 98% H~SO4. 

Real electrode area. - -The real  a rea  of the disk P t  
e lec t rode  used in most  of the expe r imen t s  was de t e r -  
mined, in the usual  way, f rom the charge for desorp-  
tion of the underpo ten t i a l  deposi ted  H l aye r  measured  
sepa ra te ly  in 0.05m aq H2SO4, using the figure 2.10 C 
m -2  for the H monolayer  at  P t  [cf. (17)].  Af t e r  sev-  
e ra l  days '  exper iments  in the 98% H2SO4, the rea l  a rea  
of the e lectrode de t e rmined  by  the H accommodat ion  
r ema ined  unchanged  wi th in  0.5%. 

Exper imen t s  at A u . - - I n  order  to es tabl ish  how spe-  
cific the observed H2SO4 reduct ion  was to Pt, compara -  
t ive exper iments  were  car r ied  out on a noble  me ta l  
less e lec t roca ta ly t ic  than  Pt, viz., Au. 

Reflectance e x p e r i m e n t s . ~ I n  order  to see if  chemi-  
sorbed in t e rmed ia te  species which arise, as shown later ,  
in the reduct ion  of H2SO4 can be d is t inguished f rom 
other, e.g., surface oxide, species on the electrode,  
re la t ive  reflectivi t ies ( h R / R )  were  measu red  in the  

tl 
cyc l i c -vo l t ammet ry  exper iments  using the appara tus  
and procedures  p rev ious ly  descr ibed (18). 

Results and Discussion 
Phenomenology of the ef]ects.--CycZic-voltamme~ry 

and potent ial-holding exper iments:  programs (i) and 
(iii) . - -The  unusua l  e lec t rochemical  r eac t iv i ty  of H~SO4 
at  P t  arises in the cathodic holding exper iments ,  ( i i ib) .  
However ,  i t  is first necessary  to show the no rma l  b e -  
havior  of a P t  e lect rode in 98% H2SO4 unde r  condi-  
tions where  the unusual  react ions e i ther  do not  t ake  
place s ignif icant ly in the t ime scale of an anod ic /ca th -  
odic sweep at  25 mV sec -1 or a t  all,  if the  po ten t ia l  
range  in the sweep is ad jus ted  appropr ia te ly .  

F igure  2a shows the i vs. V profiles for  a P t  e lec-  
t rode in 98% H2SO4 over  the potent ia l  range  --0.244 to 
~- 1.210V EH and wi th  cycling over  successively d i -  
minished  ranges  of potent ia l  in the  anodic (Fig. 3a) 

or cathodic (Fig. 3b) sweeps. These figures define 
the genera l  behavior  of P t  in the 98% H2SO4 wi thou t  
any  fu r the r  added  water .  Character is t ic  regions of 
the i vs. V profile are  des ignated  by  Ia, IIa,  Ic, IIc, etc., 
where  "a" and "c" denote  anodic and cathodic p ro-  
cesses, respect ively.  

Under  the above conditions,  the observed currents  
a re  p r edominan t ly  for surface  processes since the  r e -  
duced cur ren t  densit ies,  i /s ,  ( viz.,  the appa ren t  pseudo-  
capaci tance per  uni t  a rea)  are  a lmost  constant  wi th  
changing sweep rate,  s, a f te r  a g iven holding period,  
Th,c. 

The i vs. V profiles for  P t  in 98% H~SO4 under  the 
condit ions of Fig. 2 and 3 differ subs tan t ia l ly  f rom 
those wel l  known (5, 15, 16) for  P t  in di lute  (~0.05M) 
aqueous H2SO4. Pr incipal ly ,  no region of unde rpo ten -  
t ia l  deposi t ion of H is seen, i.e., before  H2 is evolved at  
the most negat ive  end of a cathodic potent ia l  sweep. 
This is p re sumab ly  due to s t rong adsorpt ion  of H~SO4 
molecules and HSO4-  ions and to the changed na tu r e  
of the solvent.  The regions Is, I Ia  (Fig. 2a) of the 
anodic sweep, which are  p re sumab ly  a t t r ibu tab le  in 
the usnal  w a y  to surface oxida t ion  (since, e.g., the 
charge in the  reduct ion  peak  increases loga r i thmi -  
ca l ly  wi th  t ime of holding at  the posi t ive end of the  
anodie sweep and the hysteresis  be tween  fo rmat ion  
and reduct ion  regions increases wi th  t ime of anodic 
hold ing) ,  are  broad  and a lmost  s t ructureless ,  showing 
less we l l - r e so lved  states than  are  observed in a d i lu te  
aqueous solution (15, 16) of H2SO4. 

An oxide reduct ion region,  which appears  to be con- 
juga te  wi th  the broad  surface oxidat ion  region, Ia, IIa,  
shows a peak  (IIc)  and  a shoulder  ( Ic) .  A s imi lar  be -  
hav ior  is only  resolved in more  di lute  H2SO4 solutions 
under  special  low t empera tu r e  condit ions (I9) or wi th  
w e a k l y  adsorbed  anions, e.g., C104-.  That  the  cur ren ts  
in the region  Ia, c and  IIa,c cor respond to surface p ro -  
cesses is indica ted  b y  app rox ima te  constancy (to 5%) 
of the charges Under the curves in exper iments  con- 
ducted at  var ious  sweep rates.  

Appl ica t ion  of the potent ia l  hold ing  p r o g r a m  (i l ia)  
a t  the posit ive end of an anodic sweep gives the resul ts  
shown in Fig. 2b. Only  growth  of the surface oxide  oc- 
curs, as indica ted  by  the increas ing reduct ion  charges 
wi th  time, ~:h,a, in the  cathodic sweep which  increase  
logar i thmica l ly  in Th~a. This is the normal  k ind  of be -  
havior,  e.g., as observed (20, 21) in di lute  solutions at  
Pt. 

I t  is under  the cathodic holding p rog ra m (ii ib) tha t  
the unusual  behavior  of tt2SO4 is observed.  When the 
potent ia l  is held  at  the negat ive  end of a cathodic 
sweep at  --0.244V, EH for var ious  times, ~h.c, an in -  
creasing anodic cu r ren t  appears  in i t ia l ly  over  the  sur -  
face oxide region in a fol lowing anodic sweep (Fig. 4). 
With  increas ing ~h.~, the currents  in fol lowing anodic 
sweeps af ter  the holding per iod:  (a) in i t ia l ly  increase 
bu t  even tua l ly  reach  a sa tura t ion  l imi t ;  (b) are  in-  
dependent  of solut ion mass - t r ans fe r  ra te  a t  a ro ta ted  
electrode [see the fol lowing section];  also, (c) a com- 
ponent  of anodic cur ren t  in these anodic sweeps ap -  
pears  a t  a lower  than  usual  (Fig. 2) anodic potent ia l ,  
giving a shoulder.  IIIa,  (Fig. 4), on the anodic i vs. V 
profiles af ter  holding for more  than  20 sec. 

As this shoulder  cur ren t  appears  and  increases  wi th  
increas ing ~h.c, the  oxide  reduct ion  cu r ren t  profile (Ic, 
I Ic)  diminishes  and a new cathodic cu r ren t  peak  (IIIc)  
appears  and progress ive ly  increases wi th  increas ing 
�9 h.c, even tua l ly  reaching saturat ion.  This behav ior  is 
i l lus t ra ted  in the  succession of i vs. V profiles shown 
in Fig. 4 for  var ious  t imes of holding.  

The dependence  of the ex t ra  anodic currents  which  
appea r  over  the oxi6e format ion  region and of the new 
cathodic currents  which appear  in the cathodic sweep, 
and also of the oxide reduct ion  charges, on t ime of 
cathodic holding, Vh,c, is shown as in tegra ted  charges in 
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Fig. 4. A series of anodic followed by cathodic cyclic-voltammetry 
curves for Pt in 98% H2SO4 at 298 K after various times ~ .e  of 
holding the potential constant at --0.244E. Sweep rate 70 mV 
see-l ;  times Th,c: curve 1, 0; curve 2, 5; curve 3, 10; curve 4, 15; 
curve 5, 20; curve 6, 40; and curve 7, 80 sec. 

Fig. 5. There  appea r s  to be some induct ion per iod  in 
the fo rmat ion  of w h a t e v e r  species (see l a t e r )  that  gives 
r ise to the ex t r a  cathodic peak  in the cathodic sweep 
which  fol lows the first anodic sweep a f te r  holding.  
Al l  the  charges de r ived  f rom in tegra t ion  of the  cu r -  
ren ts  over  var ious  regions of the i vs. V profiles cor-  
respond,  in o rde r  of magn i tude  ( see  Fig. 5), to values  
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oxide reduction region Ic, IIc. 
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for  mono laye r  processes, suggest ing the role  of chemi-  
sorpt ion in the react ions  involved.  

If, a f te r  the expe r imen t  a t  a series of successively 
increas ing cathodic holding times, the e lec t rode  is 
a l lowed to be f ree ly  cycled [ cyc l i c -vo l t ammet ry  mode 
( i ) ] ,  the new cathodic peak  IIIc  g radua l ly  diminishes,  
the currents  over  the surface oxida t ion  region diminish,  
and the surface oxide  reduct ion  region even tua l ly  re -  
covers to its in i t ia l  charge and peak  currents .  As this 
recovery  takes  place (slowly,  as shown in Fig. 6), an 
isopotent ia l  point  (22) is observed be tween  the series of 
decreas ing cur ren t  peaks  at  0.05V for process I I Ic  and 
the series of increas ing surface oxide reduct ion  cur -  
rents  Ic and  IIc. This suggests tha t  there  is a coupl ing 
be tween  the processes, Ic, IIc, and  the reduct ion  p ro -  
cess, IIIc,  p robab ly  th rough  adsorp t ion  and occupancy 
of surface sites on the P t  e lec t rode  b y  two species. 

Behavior at the rotated P t  electrode.--If the  expe r i -  
ments  cor responding to the  resul ts  shown in Fig. 4 
and 6 are  pe r fo rmed  a t  a ro ta t ing  P t  d isk  e lec t rode  
(1000 ~ 3000 r p m ) ,  the  in i t ia l  (Th.e --" 0) i VS. Y p ro -  
file shown in Fig. 2a remains  unchanged.  If, however ,  
the cathodic holding expe r imen t  is car r ied  out  under  
ro ta t ion  conditions, the deve lopment  of the enhanced 
anodic and new cathodic currents  in fo l lowing sweeps 
(as shown in Fig. 4) is re ta rded ,  bu t  eventual ly ,  as 
Th.e --> 90 sec (Fig. 7) the  same (sa tura t ion)  anodic 
cur ren t  profiles are  a t t a ined  as in the s tat ic  solut ion 
wi th  Th.c --~ 45 see (curve for  I Ia  + I I I a  in Fig. 5). 
This resul t  suggests tha t  (a) the immedia te  p roduc t  of 
reduct ion  becomes spun-off  into solution, bu t  (see' 
below) m a y  become r e - adso rbed  af te r  its format ion;  
and (b) the p r i m a r y  reduct ion process involves H2SO4 
ra the r  than  ano the r  species such as H2S~O7 (2) a t  
low concentrat ion,  since e lec t rode  rota t ion r e t a rds  
r a the r  than enhances the reduct ion  process;  thus, if  the  
reduct ion  effects observed in 98% H2SO4 were,  in 
fact, due to a smal l  concentra t ion of e lect roact ive  
H2S207, ro ta t ion  would  tend  to enhance r a the r  than  
diminish  the observed  reduct ion effects, due to the  
expec ted  faci l i ta t ion of mass t rans fe r  of H2S207 mo-  
lecular  to the e lec t rode  surface under  ro ta t ion  condi-  
tions. 

A n  exper imen t  in which the  cathodic holding is 
conducted at a s t a t ionary  P t  d isk  electrode,  bu t  the 

Fig. 6. "Recovery" of initial cyclic-voffammetry i vs. V profile 
[Fig. 3(a)] after a series of 25 repetitive potential sweeps at 70 
mV sec -1,  following a period Th~c of holding the potential at 
--0.244V EH. Time scale of the succession of the 25 curves is de- 
termined by the sweep rate of 70 mV sec -1  and the potential 
range of 1.54V. 
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Fig. 7. Cyclic-voltammetry i vs. V profiles for a Pt disk electrode 
in 98% H2S04 at 70 mV sec -1  after 0 and 90 sec cathodic hold- 
ing, with ("rot") and without ("stat') electrode rotation at 3000 
rpm. Current-density profiles in regions Ilia, Ila are independent 
of electrode rotation. 

fo l lowing anodic sweep is t aken  wi th  or  wi thout  ro-  
tat ion at  3000 rpm, shows (Fig. 7) tha t  the  profiles 
of the e x t r a  anodic currents  tha t  pass at  the ro ta ted  
electrode on the anodic sweep immed ia t e ly  fol lowing 
the reduc t ion  dur ing  the t ime Th,c, are  ident ical  w i th  
those observed  at  the s t a t ionary  e lect rode unde r  o the r -  
wise the same conditions. This suggests that ,  a l though 
the immedia te  produc t  (say "X") of reduct ion  in the 
cathodic holding expe r imen t  m a y  be a species weak ly  
adsorbed  and hence able  to be spun a w a y  into solu-  
t ion (as indica ted  b y  the resul t  r e fe r red  to in the 
previous  p a r a g r a p h ) ,  even tua l ly  a s t rongly  bound 
species (say "Y") becomes, and remains,  chemisorbed 
up to a sa tura t ion  l imi t  (Fig. 4 and 5) a t  the P t  e lec-  
t rode dur ing  the subsequent  anodic sweep. 

If, however ,  a f te r  cathodic holding for 80 sec wi th -  
out  rotat ion,  free potent ia l  cycling is a l lowed to occur 
as in Fig. 6, but  now wi th  e lect rode rotat ion,  the 
cathodic peak  currents  m a r k e d  IIIc  and the ex t ra  
anodic currents  (marked  I l i a  and I Ia)  which over lap  
with  the or ig ina l  surface  oxide format ion  region 
Ia ~ IIa, r ap id ly  decay  (as shown in Fig. 7) a lmost  
to the level  of cur rents  in the ini t ia l  i vs. V profile (cf. 
Fig. l a )  wi thout  holding. This shows tha t  whi le  the 
species (Y, say)  which  or iginates  f rom the species X 
produced in the cathodic holding t r ea tment  is a chemi-  
sorbed species, it  can, however ,  fol lowing oxidat ion  
on the surface in processes Ia W IIa  -t- I I Ia  (Fig. 4), 
be spun away  into the bu lk  solut ion af te r  reduct ion  
and slow desorpt ion in the  nex t  cathodic sweep, so 
that  currents  in subsequent  cathodic and anodic sweeps 
progress ive ly  diminish;  Y i tself  and its products  of 
oxida t ion  in I I Ia  and IIa  are  bound species unaffected 
by mass - t r ans fe r  condit ions (Fig. 7). 

The reduct ion process in IIIc  appears  to be associ- 
a ted wi th  a species tha t  arises f rom IIc and is loosely 
bound on the surface since e lect rode rota t ion e l imi-  
nates  most  of the reduct ion  cur ren t  in this region a l -  
most f rom its commencement  in the IIIc  region (Fig. 
7), ye t  the r e m a i n d e r  of the anodic and cathodic 
i vs. V profile is independen t  of rotat ion,  e.g., a f te r  
�9 h,c = 90 sec. However ,  under  successive cycl ing con- 
di t ions (Fig. 6) a f te r  Th,c = 90 sec wi th  no rotat ion,  i t  
then takes  ca. 20 cycles (ca. 400 sec) for the peak  
cur ren t  at I I Ic  to decay to the level  in Fig. 7 a f te r  1 
cycle wi th  rotat ion,  so tha t  the species being reduced 
at  the surface in IIIc  remains  in some loose a t t achment  
to the Pt  sufficient for reox ida t ion  immed ia t e ly  in the 
fol lowing anodic sweep wi th  l i t t le  loss of the level  

of currents  over  the regions IIIa ,  and Ia (Fig. 4). 
(Possibly  a po lymer ic  form of S or a polysulf ide is 
involved.)  The l a t t e r  resu l t  indicates  c lea r ly  tha t  
the  species genera ted  a t  the  end of the  cathodic sweep 
through  the IIIc region (e.g., the top curve,  Fig. 6) i.q 
the same as tha t  fo rmed in the  in i t ia l  holding per iod 
for ~h,r s e c .  

Possible mechanism of the e~ects: eZucidation by  
chemical s imulat ion exper imen t s . - -The  resul ts  of Fig. 
4, 5, and 6 suggest  tha t  a product ,  X, de r ived  f rom 
the sulfur ic  acid is first fo rmed b y  reduct ion  near the 
Hs/H+ s teady  potent ial .  Some of  X, p r o b a b l y  in  a 
fu r the r  reduced  chemisorbed state Y (see be low) ,  
then  becomes oxidized to a species Yo in the fol lowing 
anodic sweep. The reduct ion  of H~SO4 to form detect- 
able X and Y, as indica ted  by  its subsequent  oxida t ion  
to Yo and the fol lowing reduct ion  of Yo in the next  
cathodic sweep, is qui te  slow, requ i r ing  ca. 20 sec for  
format ion  of  a de tec table  adsorbed  in te rmedia te  at 
298 K. 

In the next  cathodic sweep, fol lowing fo rmat ion  of 
u by  oxidat ion  of  Y der ived  f rom X, Yo is reduced  to 
a species "Z", giving (Fig. 4) the subs tant ia l  peak  
IIIc on the cathodic i vs. V profile nea r  the  Hs /H  + 
potent ia l .  The reduct ion  cu r ren t  giving Z depends  on 
how much X, and hence Y (and thus Yo f rom Y),  were  
produced  in the cathodic holding.  

The observat ion  of the reduct ion  peak  IIIc p ro -  
ducing Z, af ter  oxida t ion  of X and Y to Yo species in  
the previous  anodic sweep, means  tha t  the  process of 
oxidat ion of X or Y is not r e - fo rma t ion  of H2804 or 
HsSG4-  ion (i.e., Yo is not one of these species)  since 
HeSO4 (or H S O 4 - )  i tself  is not  r ap id ly  reduced  in a 
single cathodic sweep, as follows f rom the behavior  
in Fig. 2, and  f rom the fact  tha t  the p r i m a r y  r educ -  
t ion process which  takes place  dur ing  cathodic ho ld-  
ing is quite slow. 

Considerat ion of the chemis t ry  of 98% H2SO4 sug-  
gests that  the first reduct ion  produc t  X is l ike ly  to 
be SOs or  HSO3-  produced e i ther  f rom H2SO4 mole-  
cules or  any  dissolved SOs presen t  [cf. Ref. (6)] .  
However ,  the l a t t e r  poss ib i l i ty  is qui te  un l ike ly  since 
the concentra t ion of SC)s in 98% HsSO4 (ca. 1~r in 
H20) is known to be vanish ingly  smal l  (2). The effects 
are  un l ike ly  to be due to o ther  advent i t ious  impur i t ies  
since we have found prev ious ly  (16) wi th  this B.D.H. 
acid, and in the presen t  work, tha t  its solut ions in 
pyrodis t i t l ed  wa te r  give  exce l len t  cyclic vol tamrno-  
grams for  P t  wi thout  any  i m p u r i t y  problems.  This is 
also indica ted  by  the behav ior  of Au (see l a t e r )  in 
this acid. 

Since only monolayer  magni tudes  of in te rmedia tes  
in the H2SO4 reduct ion are  produced  in the exper i -  
ments  (e.g., see Fig. 5), d i rec t  chemical  analyses  and 
character iza t ions  were  not  feasible,  especia l ly  in ex-  
cess of 98% H2SO4. However ,  chemical  s imula t ions  of 
the behavior  of severa l  l ike ly  in termedia tes ,  by  add i -  
t ion of known sulfur  compounds in t race amounts,  
were  found to be profi table  for the purpose  of ind ica t -  
ing some of the in i t ia l  processes tha t  t ake  place. 

First .  in o rder  to test  the poss ib i l i ty  tha t  X is SO2 
(or H S O s - ) ,  a smal l  amount  of SOs was added  (as 
SO~ 2-  in a c rys ta l  of NasSO3) to the 98% H2SO4 in 
which the potent ia l  of the P t  e lec t rode  was being 
cycled as in Fig. 2a (ful l  potent ia l  r ange) .  I m m e d i -  
a te ly  the character is t ics  of Fig. 4 were  developed,  in-  
cluding quan t i t a t ive ly  the finer details .  Therefore,  
the in i t ia l  reduct ion  of HsSOa is ev iden t ly  to SOs or 
HSO3-.  However ,  it  is known [e.g., Ref. (7)]  tha t  
SO2 i tself  can be reduced  at  P t  to sul fur  species in 
lower  oxidat ion  states, e.g., HeS or S. This could ex-  
p la in  the ini t ia l  effects of e lect rode ro ta t ion  in the 
cathodic holding exper iment ;  thus, SOs (X) is first 
produced and some can be spun away,  but  some more  
s t rongly  bound reduced species Y, such as one-s i te  
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and two-s i t e  chemisorbed S and corresponding SO 
species (7, 8) are  even tua l ly  bui l t  up on the surface 
f rom the SO2 and give r ise the anodic sa tu ra t ion  

H2SO4 or S(~3 
Cathodic 
holding 
(,h,~) 

X 

Rotat ion 

(23): 2SO32- --> S206 s -  ~u 2e. This suggests an a l t e r -  
nat ive pa thway  for the reduct ion and reoxida t ion  
processes observed in 98% H~SO4 at  Pt, as fol lows:  

(s low) \ 

! 

SO2 or  HSO3 ~ 

Anodic sweep (not  the pr inc ipa l  anodic r eox ida t ion  process 
since no peak  can be given on a fol lowing cathodic  s w e e p  for 
such a process)  

Anodic  sweep (cur ren ts  independen t  of ro ta t ion)  

$2062- Yo 

Cathodic sweep (peak  I I Ic)  

. . . . . . . . . . . . . . . . .  �9 Some spin  off into bu lk  solut ion on repe t i t ive  recycl ing  

cur ren t s  for pa r t i a l  reox ida t ion  of these species in 
regions I Ia  + I I I a  (Fig. 4, 5, and 7) when Th,c is suf-  
f iciently long (90 sec).  The subsequent  oxida t ion  of 
these s t rongly  bound species, or of the SO2 in i t ia l ly  
produced,  in the  anodic sweep  fol lowing the t ime zh.c 
cannot  be back  to H2SO4 or SOa, otherwise  no fur ther  
facile reduc t ion  of Yo to Z in the nex t  cathodic sweep 
would  be observed,  as we ment ioned  earl ier .  

There  is some induct ion t ime in the deve lopment  of 
the species (Y) tha t  is oxidized in the anodic sweeps 
af te r  cathodic holding and af ter  this induct ion t ime 
an ex t ra  anodic cur ren t  shoulder  ( I I Ia)  appears  on 
the anodic sweep. I t  is when this shoulder  is developed 
tha t  the  r e - r educ t ion  peak,  IIIc,  on the subsequent  
cathodic sweep is developed (Fig. 4). The efficiency 
of the product ion  of Y and Yo from X depends  on the 
mass - t r anspo r t  condit ions and these de te rmine  the 
induct ion time. 

The chemis t ry  of the  oxy-  and th io -oxy-ac ids  of sul-  
fur  is ve ry  complex (23) and a n u m b e r  of possibi l i t ies  
exists  for the iden t i ty  of the species Y and Yo. Gen-  
e ra l ly  speaking,  there  are  two types  of species tha t  
m a y  be involved:  (a) t h io -oxy -ac id  or anion species 
that  m a y  be produced  in an adsorbed  s tate  on the 
electrode,  but  correspond s to ichiometr ica l ly  to known 
molecules  or ions; or  (b) chemisorbed species, not  
necessar i ly  known  molecules,  de r ived  f rom reduct ion 
of SO2 (produced in i t i a l ly  f rom the I--I2SO4) and f rom 
the reox ida t ion  of these species on the e lec t rode  sur -  
face, e.g., Ref. (7, 8). Firs t ,  we shal l  dea l  wi th  possi-  
bi l i t ies  of type  (a) .  

The expe r imen t  wi th  added  SO~ as SOs 2-  gives the 
unambiguous  conclusion tha t  the ini t ia l  p roduc t  (X) 
of e lec t rochemical  reduc t ion  of H2SO4 at  P t  is SOs or  
HSO3-.  Products  of fu r the r  reduct ion  could be di-  
th ioni te  (X', see be low) ,  and of subsequent  r eox ida -  
t ion in the  fol lowing anodic sweep, t hey  could be SOs 
(or  H S O s - )  or d i th ionate  ($206s- ) ,  or  the corre-  

sponding acids or  acid anions. Su l foxy la te  or  sulfoxyl ic  
acid, S(OH)e ,  is un l ike ly  to be the species Yo as the 
S in this compound is in a lower  valence  s ta te  than  
that  of S in SOs or  H S O s -  and is v e r y  uns tab le  (23). 

A first poss ib i l i ty  for considerat ion is that ,  in i t ia l ly ,  
a f te r  shor t  per iods  of cathodic holding, SO2 can, in 
fact, be to some ex ten t  reoxid ized  back  to I-IsSO4 (or 
SOs) in an anodic sweep, but ,  dur ing  longer  t imes of 
reduct ion,  ~h.c, SO2 can be reduced  fu r the r  to d i th io-  
n i te  ion, SsO42-. This could be then reoxid ized  on the 
fo l lowing anodic sweep to the species Yo tha t  can be 
r e - r educed  in the cathodic peak  IIIc. Thus Yo would  
be SOs and Z $204 s -  again.  

A chemical  s imula t ion  expe r imen t  wi th  addit ion of  
di th ioni te  (as Na2S204) was unproduc t ive  as the 
$2042-, or  the  cor responding  acid, is immed ia t e ly  
decomposed by  98% H2SO4 to SOs, and some HsS and 
col loidal  S. Only  the character is t ics  of added  SO2 are  
observed.  $204 s -  appears  therefore  to be too uns tab le  
to be a l ike ly  in t e rmed ia t e  giving rise to Y as SO2. 

The e lec t ro ly t ic  oxida t ion  of SO2 or  SO,~ 2-  to di-  
thionate,  however ,  is r epo r t ed  in the  ea r ly  l i t e r a tu re  

Here  i t  is supposed tha t  the species Yo (which can- 
not be H2SO4 or SO3) is $2062-, fo rmed in the anodic 
sweep over  regions Ia and IIa  f rom X (SO2 or  H S O s - ) ,  
and that  $2082- can be reduced  wi th  fac i l i ty  back  to 
SOe or H S Q -  in the  cathodic sweep (peak  I I Ic) ,  fo l -  
lowing its format ion  f rom SO2 or HSO3- .  

A fu r the r  s imula t ion  expe r imen t  was pe r fo rmed  in 
which $2062- (as the Na + sal t )  was added  at  the be -  
ginning of the surface oxidat ion  region (Ia)  in an 
anodic sweep. No enhancement  of anodic currents  is 
observed under  these conditions,  bu t  on the fol lowing 
cathodic sweep, the cathodic cur ren t  peak  IIIc  nea r  
the H2 reference  potent ia l  is observed,  as in the ex-  
pe r iments  wi th  slow reduct ion  of the  H2SO4 (Fig.  4) 
in the absence of an added  compound.  A subsequent  
anodic /ca thodic  cycle gave a subs tan t ia l  increase  in 
this cathodic ueak;  the behav ior  of added  $2062- is 
i l lus t ra ted  in Fig. 8. 

These observat ions  are  consis tent  wi th  Yo be ing  an 
adsorbed form of $2062- (or  HS206-  or di thionic 
acid) since if Yo is $2062- and i t  is added  at  the  be -  
ginning of the surface oxida t ion  region, no ex t ra  
anodic currents  should  be observed;  this is as found. 
Moreover,  if Yo is $2062- formed from the SO2 or 
HSO3-  produced in the reduct ion  exper imen t s  in 
H2SO4, then it could be reduced  back  to SO2 or  H S O s -  
(or some other  species such as HsS) in the cathodic 
peak  sweep (peak  I I I c ) ;  this is observed in the  s imu-  
la t ion expe r imen t  (Fig. 8). 

Fig. 8. Cyclic-voltammograms at 70 mV sec -1  for Pt in 98% 
H2S04 with dithionate added on the anodic sweep at 0.48V Eft- 
Curve 1, initial anodic sweep i vs. V profile without holding and 
without addition of $2062-. Curve 2 (beyond 0.48V), after addi- 
tion of 10 -4  mol $2062- (no change). Curves 3, 4, 5 i vs. V pro- 
files for successive potential sweeps after completion of 1, 2 follow- 
ing addition of the dithionate. 



2266 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  I98i  

I t  should be noted tha t  most  of the th io -oxy-ac ids  
of S, and  thei r  anions, a re  uns table  in acid med ium but  
$20~ 2-  is known to be the leas t  uns tab le  (23). I t  does, 
however ,  decompose in H2SO4 wi th  evolut ion of SO2, 
as was observed in the  presen t  exper iments .  Since this 
SO2 could form Yo on the anodic sweep, wha teve r  Yo 
is, another  s imula t ion  expe r imen t  was car r ied  out  
by  cycling the e lect rode only over  the potent ia l  range  
up to the onset of surface oxidat ion  (0.48V) (Fig. 8), 
i.e., over the range where  Yo could be reduced on a fol -  
lowing cathodic sweep, but  where  no oxidat ion  peaks  
for  any  species such as SO2 fo rmed  f rom some decom- 
posit ion of added  $20~ 2-  would  be observed.  S~Os 2-  
was added  and again  gave, under  these conditions,  a 
reduct ion peak  on the cathodic cycle, s imi lar  to tha t  
observed in the exper imen t s  on reduct ion of HaSO4 or  
wi th  added SO2 or  HSOa- .  

These resul ts  suggest  tha t  the in t e rmed ia te  Yo could 
be $2062- (or HS206-  or  di thionic acid)  or, more  
l ikely,  $2062- in an adsorbed  state. We nex t  consider  
(b) ,  chemisorbed species. 

Possible chemisorbed species .~Not  al l  the  fea tures  
of the reduct ion  behavior  of H2SO4 can be accounted 
for s imply  in terms of plausible ,  "s table"  chemical  
in te rmedia tes  such as di thioni te  or d i th ionate  species, 
even if they  are  chemisorbed.  I t  has a l ready  been 
ment ioned  tha t  the  lack of an effect of e lec t rode  ro -  
ta t ion ra te  on the anodic i vs. V profile observed af te r  
reduc t ion  of the H2SO4 to SO2 for t imes ~h,c indicates  
tha t  a species in a chemisorbed s tate  is der ived  f rom 
SO2 (X) and sa tura t ion  coverage can be a t t a ined  as 
measured  by  the subsequent  ox ida t ion  cur ren t  profile 
( I I Ia  -F I Ia ) .  This opens up a number  of possibi l i t ies  
for  the iden t i ty  of species Yo, or  Z, o ther  than in  
terms of known chemical  in te rmedia tes  of the k ind  
considered above. 

Some insight  into the na tu re  of the chemisorbed 
species that  ev iden t ly  might  be involved in the r e -  
duct ion of H2SO4 can be gained f rom the work  o f  
Lal  et al. (7-10) and of Lou~'ka (11-13) who s tudied 
chemisorbed S-con ta in ing  species at  Pt, der ived  f rom 
H2S and SO2 in aqueous medium.  Both Loucka  (11, 
13) and Lal  et al. (7, 8) concluded that  an oxygena ted  
S species arose in chemisorpt ion  f rom e i ther  SO2 or  
H2S solutions (9) at  P t  when the Pt  surface was sub-  
jec ted  to an  anodic sweep. Br idged  and  l inear  " P t - S - O "  
species (valencies  and bonding not  defined) were  p ro -  
posed, based on cyc l i c -vo l t ammet ry  exper imen t s  on 
0.SM aq H2SO4 solutions containing SO2 and H2S. 
Doubly  and s ingly  bound  S and $2 species p roduced  
in successive reduct ion  stages f rom SO2 were  also 
postulated.  Species such as " P t - S - O "  would  be qual i -  
t a t ive ly  consis tent  wi th  the observat ion  tha t  the r e -  
duction peaks  in the "surface oxide" region, observed  
in the p resen t  work, a re  r e l a t ed  in some coupled w a y  
to the reduct ion  process IIIc  nea re r  the H region,  as 
indica ted  by  the isopotent ia l  point  (Fig. 6). When  
the species X and some der ived  oxidized form Yo i s  
produced  on the electrode,  the bound surface oxide 
reduct ion charge on the fol lowing cathodic sweep is 
diminished,  bu t  the charge associated wi th  the " re -  
reduct ion"  process at  I IIc  is increased.  The process 
IIIc can ev iden t ly  produce  a product  which is desorbed 
as indica ted  by  the exper imen t s  a t  a ro ta ted  e lec t rode  
(Fig. 7). This product  is un l ike ly  to be r egenera ted  
SO2 since the resul ts  show tha t  a t  potent ia l s  n e a r  the  
cathodic side of the peak  IIIc, SO2 is s t rongly  adsorbed.  
Poss ibly  the s tep IIIc  involves reduct ion of the p rev i -  
ously  adsorbed  species to H2S. A t  the  moment  the 
na ture  of the var ious  chemisorbed species remains  
speculat ive.  

An  a t t empt  was made b y  means  of re la t ive  reflec- 
t iv i ty  measurements  to dis t inguish qua l i t a t ive ly  be- 
tween the surface oxide species genera ted  in the re -  
gions Ia, IIa, and the species associated wi th  the e x t r a  

currents  observed in this reg ion  and I I Ia  (Fig. 4) a f t e r  
cathodic holding. Thus the surface oxide  mono laye r  
formed at  P t  normaUy gives an increas ing ly  negat ive  
(AR/R)  signal  wi th  increas ing posi t ive potent ial .  

I[ 
Figure  9 shows how (AR/R)  varies  wi th  poten t ia l  in II 
anodic and cathodic sweeps fol lowing cathodic holding. 
The potent ia l  range  is the  same as tha t  in Fig. 4, so 
tha t  both  the regions where  e x t r a  anodic currents  
pass in I I I a , +  Ia  § IIa, and  the region  where  the 
cathodic peak  IIIc  ar ises  are  covered in this  d iagram.  

F igure  9 shows tha t  the  genera l  shape of the  
(AR/R) vs. V re la t ions  r emains  the same whi le  the  

II 
chemisorbed reac t ive  species p roduced  on cathodic 
holding is r emoved  b y  successive anodic /ca thodic  
cycling, but  the in tens i ty  of the (AR/R)  signal  fal ls  II 
as less of the species remains  on the electrode.  In  the 
anodic direction,  the ref lect ivi ty  fea tures  of surface 
oxidat ion  are  not  lost despi te  the deve lopment  of ex t ra  
oxidat ion  charge ( ~  4.20 C m -2, Fig. 5) over  the  
surface oxide format ion  region. This suggests [cf. Ref. 
(7, 8, 11, 13)] that  the adsorbed  species genera ted  by  
cathodic holding and oxidized in the fo l lowing sweep, 
is in a state i n t ima te ly  connected wi th  the develop-  
ment  of the surface oxide film as we have impl ied  
ear l ie r  in discussing the cyclic vo l t ammograms  a n d  
the isopotent iaI  point  observed therein.  

Relation to surface oxide ~ormation and reduct~on.~ 
The d iminut ion  of the surface oxide  reduct ion  peak  
as l a rge r  ex tents  of reduct ion  of H2SO4 are  a l lowed 
to take place (Fig. 4) dur ing  cathodic holding,  p r o b -  
ab ly  arises because the surface oxide  par t ic ipates ,  
dur ing  the anodic sweep af te r  holding, in the oxidat ion  
of SO2 or of a reduced  a n d / o r  chemisorbed (7-13, 24) 
form, to $2062- or to o ther  adsorbed species such as 
-S -O (9), so that  less oxide  is formed dur ing  the 
t ime of tha t  anodic sweep. The e xpe r ime n t  where  
cathodic holding was carr ied  out  at  the  s ta t ionary  a n d  
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Fig. 9. Relative reflectivity (AR/R) profiles for Pt in 98% 
II 

H2SO4 as a function of potential (sweep rate 70 mV sec -1 ,  298 K) 
at Pt in the presence of the adsorbed species generated by cathodic 
holding for 60 sec and in its absence during a repetitive sweep or 
during its decline after holding. Designations as in Fig. 2(a). Curve 
1, behavior on repetitive cycling, as in Fig. 2(a); curve 2, after 60 
s~c holding at cathodic end af sweep, one cycle; curve 3, third cy- 
c]e after the 60 sec cathodic holding; lower curve for 0.1M aq 
H2SO4 for comparison. 
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ro ta t ed  electrode,  showing tha t  ro ta t ion had no effect 
on anodic currents  observed on the subsequent  anodic 
sweep, impl ies  tha t  $2062- or S-O-spec ies  are  being 
fo rmed  in an adsorbed  state, thus  compet ing with  
fo rmat ion  of some of the  surface oxide  tha t  would  
otherwise  have  been produced  on the anodic sweep 
as in Fig. 2 wi thout  any  reduct ion  of H2SO4. The com- 
plete  absence of an observable  upd region  for t t  at 
Pt  (Fig. 2a) indicates  that  s t rong adsorpt ion  of H2SO4 
molecules  a n d / o r  HSO4-  ions is occur r ing  as well.  

The conclusions concerning $2062- or S - O - a d s o r p -  
t ion a re  suppor ted  b y  the behavior  observed  when  the 
poten t ia l  is held  constant  for  some t ime at  the end of 
the anodic sweep, fol lowing slow reduct ion  of tteSO4 
dur ing  cathodic holding:  then a no rma l  quan t i t y  (cf. 
Fig. 2) of surface oxide becomes again  observable .  I t  
was also concluded by  Geronov et al. (25), that  r e -  
duct ion of SO2 at  Pt, in this case in CH~CI%T, leads  to 
format ion  of  an adsorbed  species tha t  r a p i d l y  t r ans -  
forms into a pass iva t ing  film of d i th ionate  (sic; prob-  
ab ly  di thioni te  in the i r  case) .  

Role of water . - -Fol lowing the work  descr ibed  above 
in "98%" H,~SO4, some exper imen t s  were  pe r fo rmed  
wi th  contro l led  addi t ions  of wa te r  to give concent ra -  
tions of 0.275, 0.55, and  1.IOM of added  H20 in the  
98% H2SO4. As shown in the series of i vs. V profiles 
in Fig. 10, addi t ion of wa te r  al lows some upd of H 
to arise before  significant H2 evolut ion currents  ap-  
pear.  Also, in the presence of added  water ,  cathodic 
holding,  fol lowed b y  an anodic cathodic sweep, p ro -  
duces less of the reduced  and reoxid izable  species as 
the w a t e r  content  is increased.  Even tua l ly  no rma l  b e -  
havior  of an aqueous H2SO4 solut ion is recognized 
where  reduct ion  effects are  in'significant. 

Since, wi th  r e l a t ive ly  smal l  addi t ions of water ,  the  
reduct ion  react ion is cons iderab ly  diminished,  ye t  the  
concentra t ion of H2SO4 is st i l l  ca. 17M, this behav ior  
suggests tha t  the reduct ion  to SO2 and another  in te r -  
media te  does not  take  place  f rom molecu la r  H2SO4 bu t  
poss ibly  f rom the smal l  concentration2 of H2S207 tha t  
is p resen t  at  equ i l ib r ium wi th  H2SO4 molecules  (2). 
The added  wa te r  of course, even at  the highest  con- 
cent ra t ion  of 1.1M could only  produce 1.1M of ex t ra  
H30 + and HSO4-  ions, i.e., ca. 5.8 real  percent ,  so 
tha t  most  of the H2SO4 remains  as un- ionized  mole -  
cules. 

Behavior at Au . - - In  order  to examine  if  the reduc-  
tion of H2SO4, or  HeSeO7 contained in it, is a s imple 
e l ec t ron- t r ans fe r  process or  one requ i r ing  chemisorp-  
tion and eIectrocatalysis ,  the behavior  of a gold elec-  
t rode  in 98% HeSO~ was examined  comparat ive ly .  
An  excel len t  cyc l i c -vo l t ammet ry  profile is ob ta ined  
at  Au, with no evidence of i m p u r i t y  effects [cf. Ref. 
(5, 16)], confirming the high degree of  pu r i t y  of 
B.D.H. Ar i s t a r  H2SO4. The genera l  fea tures  of this 
curve for Au are  s imi la r  to those for Au in aqueous 
H2804. Cathodic holding for up to 2 min at  the same 
po ten t i a l  as a t  P t  revea led  absolu te ly  no indicat ion of 
any  reduct ion  of the HeSO4. The subsequent  anodic 
and cathodic sweeps were  ident ica l  wi th  those unde r  
r epe t i t ive  cycl ing conditions. Under  the same condi-  
tions as at Pt, addi t ion of SOs (as SO,32-) also gave no 
reac t ion  currents ,  e i ther  in anodfc or cathodic sweeps. 
This is con t ra ry  to wha t  has been found in aqueous 
solutions (24) and the absence of such an effect here  
mus t  be a t t r ibu ted  p r e sumab ly  to the s t rong adsorp-  
tion of H2SO4 [cf. Ref. (5)]  a t  Au and the differeng 
effective cathodic range  of potent ia ls  therefore  in-  
volved. Adsorp t ion  and reac t iv i ty  of S (as S 2 - )  at  Au  
are  also k n o w n  (26). 

I t  is therefore  to be concluded tha t  the react ion of 
H2SO4 reduct ion  observed at  P t  is associated wi th  the  

~ H o w e v e r ,  t he  r o t a t i o n  e x p e r i m e n t s  m e n t i o n e d  on  p. 2265 o n  
b e h a v i o r  a t  t he  r o t a t e d  P t  e l e c t r o d e  w o u l d  no t  s u p p o r t  th i s  con- 
clusion unless  the r o t a t i o n  ef fec t  is m o r e  c o n n e c e d  with  spin-off 
of SO.~, restrict ing further  reduct ion a n d / o r  chemisorpt ian to Y. 
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Fig. 10. Cyclic-voltammetry i vs. V profiles for Pt in 98% H2SO4 
with small additions of extra water. Sweep rate 58 mV see-i; 
298 K. (a) Anadic/cathodic cyclic-voltammograms without cathodic 
holding. (b) Behavior after cathodic holding for 20 sec or, sepa- 
rately, anodlc holding for 20 sea Concentrations of HzSO4, after 
additions of water, as indicated. 

cata lyt ic  and adsorpt ive  proper t ies  of this me ta l  and 
t h a t  H2SO4, or  H2S207, is not  easi ly  reduced  in an 
e l ec t ron- t r ans fe r  process not involv ing  chemisorpt ion 
and electrocatalysis .  

Conclusions 

98% H2SO4 can be reduced at  P t  e lectrodes nea r  
the s teady  potentiM of a hydrogen  e lec t rode  in the  
same solution. Chemical  s imula t ion  exper imen t s  dem-  
ons t ra te  tha t  the iden t i ty  of the in i t ia l  p roduc t  of the 
observed slow reduct ion of H 2 S O 4  i s  S O 2  o r  H S O 3 - .  A 
chemisorbed species der ived  f rom SO2 is oxidized in a 
fol lowing anodic sweep not  back to H2SO4 or  SO3 but 
to an adsorbed  in te rmedia te  Yo that  is r educed  back  to 
a species that  is r e l a t ive ly  eas i ly  desorbed into solut ion 
at  the end of a subsequent  sweep nea r  the H2/H + 
s teady  potential .  S imula t ion  exper imen t s  show, tha t  i t  is 
possible that  the species (Yo) der ived  f rom SO2 is di-  
thionate or di thionic acid, p robab ly  s tabi l ized in some 
state by  adsorpt ion  at  the P t  electrode.  I t  is most  l i ke ly  
tha t  chemisorbed in termedia tes ,  der ived  f rom SO2, or 
f rom the added $2062-, which are  not no rma l  s table  
compounds, are  involved.  

No reduct ion of 98% H2SO4 or  e lec t roac t iv i ty  of 
SO2 (or HSO3- )  is obse rved  at  Au u n d e r  the  same 
condit ions as at  Pt. By comparison,  therefore,  the 
observat ion  of react ions which  take  place at  P t  indi-  
cate that  an e lect rode surface, where  e lec t rosorpt ion  
and e lect rocata lys is  can occur, is  r equ i red  for  the ini -  
tial stage of reduct ion  of H2SO4 to SO~.. 
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Reactions of Scratched Copper Electrodes in 
Aqueous Solutions 

G. T. Burstein* and R. C. Newman 1 

Department of Metallurgy and Materials Science, University of Cambridge, Cambridge CB2 3QZ, England 

ABSTRACT 

The behavior of copper electrodes scratched under potential control in 
aqueous electrolytes is presented. In alkaline solution the metal surface shows 
the presence of two distinct types of oxidized monolayer, ascribed to CuOH 
and Cu20, each formed over a unique potential range well below the revers- 
ible potential for bulk Cu20 formation. The Cu20 monolayer is a necessary 
precursor to passivation of the metal, and in sulfuric acid solution only the 
CuOH monolayer is observed. This monolayer acts as an intermediate laver in 
both the dissolution and passivation processes and probably also exists during 
steady-state hydrogen evolution. Addition of ammonia to alkaline electrolytes 
modifies the CuOH monolayer, probably by incorporation of NHs, rendering 
formation of Cu20 more difficult. 

Determination of the kinetics of reaction between 
scratched metal electrodes and aqueous electrolytes 
gives quantitative information on fast electron transfer 
steps (1-6). The scratched iron electrode (1) reacts 
very rapidly to form an Fe(I)  species adsorbed to com- 
plete coverage to the metal surface. Given the nominal 
composition of FeOH, this monolayer is affected by 
some anions in the electrolyte such as C1- and H2PO4- 
(2). Silver has been shown to react anodically with 
the formation of single adsorbed monolayers of AgOH 
and Ag20 (3, 4). These monolayers are formed at po- 
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underpotential  monolayers. 

tentials well below the reversible potential for bulk 
Ag20 formation and the behavior is in complete accord 
with results obtained from fast potential sweeping and 
potential pulsing experiments on polished silver sur- 
faces (3). Thus, at least in the case of silver, these 
underpotential reactions are not uniquely a property 
of the heavily cold-worked scratch surface. Further, 
at pH 14, scratched silver shows a small potential 
range in which no oxidation reaction oecurs: Under 
these conditions it is possible to determine the zero 
charge potential of the unreacted metal surface (3, 7). 

The fast electron transfer reactions that occur from 
scratched surfaces have been used to interpret the 
rate of stress-corrosion cracking in some systems (5, 
6, 8). The relevance of bare surface reaction kinetics 
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to mechanically assisted corrosion processes such as 
stress-corrosion cracking and corrosion fatigue has 
prompted investigation of dissolution and passivation 
processes on dynamically strained wire electrodes (9); 
however, the ill-defined rate of bare surface genera- 
tion in this type of experiment renders difficult the 
quantification of this type of result. 

The ohmic potential drop to potentiostatically con- 
trolled scratched electrodes in relat ively resistive solu- 
tions has been calculated (10): This type of calcula- 
tion is necessary because of the very large current den- 
sities that flow from the freshly generated metal  sur-  
face. It is worthy of note that  when pure copper is 
scratched in solutions containing NO2- in open circuit, 
reduction of the anion to NI-Ia occurs (11, 12). 

In the present paper we examine the behavior of 
potentiostatically controlled scratched copper elec- 
trodes and describe the effects of ammonia on the re-  
actions that occur. 

Experimental 
Rotating disk electrodes (8 mm diam) were pre-  

pared from pure Cu (Johnson-Matthey, 99.999%) by 
mounting into Perspex and sealing with Araldite. The 
technique used to scratch potentiostatically controlled 
rotating disk electrode was described previously (1-6). 
The diamond stylus tracked with a weight of ,.~2g, 
creating a shallow scratch ~3 #m deep and 40 ~rn wide 
at a rotation rate of 100 Hz and a l inear scratching 
velocity of ,~2 msec-1. The contact times of the stylus 
varied from 0.2 to -~1 msec. By using the slope of the 
rising current transient during the actual scratching 
process to calculate the bare surface current density is 
the resulting value is independent of the contact time 
of the stylus and also independent of any small i r -  
regularit ies occurring in the scratch width. Thus 

1 dI 

2~r~y dt  

where dI is the change in current on the  e lectrode  in 
time dt due to scratching, r is the distance of the 
scratch from the center of rotation, ~ is the rotation 
rate of the disk, and y the scratch width. The maxi-  
mum scratch depth is small compared with its width 
and is thus ignored. The total charge density qs re-  
quired to bring the scratch back to a steady state was  
also measured; this was calculated from the total area 
under the current transient, and is given b y  

qs -" 2nr~ytc Idt 

where tc is the contact time of the stylus. The quantity 
2~r~ytc is the area of the scratch surface. Where re-  
equilibration of the scratch surface took longer than 
5 msec, the qs values quoted are for 5 msec after  init ial  
contact of the stylus. 

The potential of the working electrode was m e a s u r e d  
relative to a saturated calomel electrode via a Luggin 
capil lary probe positioned ~40 mm below the working 
electrode. All potentials are presented relat ive to the 
normal hydrogen electrode and have been corrected 
for the liquid junction potential between the working 
and reference electrolytes. Corrections have also been 
made for the ohmic potential drop in the electrolyte 
due to the current from the scratch using calculations 
and measurements of the resistance to flow of current 
to narrow strip electrodes (10). 

The counterelectrode was a circular plat inum foil, 
3() mm diam, containing a small concentric hole through 
which the Luggin capil lary probe emerged. Electro- 
lytes were prepared from analytical grade reagents 
and doubly distilled water  and were purged with de- 
oxygenated nitrogen before and during experiments. 
Ammoniacal electrolytes were made up to a constant 

concentration of (NHa + NH4 + ) at 1.0M, the la t ter  
being added as (NI4_~)2 SO4. Where necessary Na=SO4 
was added as supporting electrolyte to give approxi-  
mately constant ionic strength. Measurements were 
made at a temperature of 293 __. 2 K. Potentials were 
controlled with a Wenking potentiostat (Type OPA 
69). Current transients were recorded in a transient 
recorder (Datalab Type DL 905) and displayed on an 
oscilloscope or chart recorder. 

Results 
Bare surface polarization curves and charge density 

curves for copper in 1.0M KOH are shown in Fig. 1. 
The anodic reaction is accelerated by orders of mag- 
nitude at all potentials above --900 mV (NHE) when 
compared with the steady-state current densities ib 
(also shown in Fig. 1). At  potentials more negative 
than --900 mV (NHE) the cathodic reaction, repre-  
senting the evolution of hydrogen, is also great ly ac- 
celerated. Both anodic and cathodic branches of the 
bare surface polarization curves do indeed represent 
electron transfer reactions and are not accounted for 
by non-faradaic double layer charging processes, since 
the bare surface charge densities, qs, are too large at  
all potentials to represent the lat ter  process. Only in 
the region of the bare surface mixed potential En~s, at 
Eros _+ 25 mV, does qs fall below 100 ;~C cm -s, ac- 
counted for quite clearly by the fact that the anodic 
and cathodic reactions occur at comparable rates over 
this small range. 

Anodic current density plateaus occur between --800 
and --550 mV (NHE) and between --500 and --350 
mV (NHE). These correspond to plateaus in charge 
density qs, at 145 +_ 26 and 378 • 58 ~C cm -~, respec- 
tively; although the lat ter  is ra ther  poorly defined it 
is in quantitative agreement with that found for the  
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Fig. 1. Bare surface electrochemistry of copper in 1.0M KOH. 
(a) is. (b) qs after complete re-equilibration (Q) ,  or 5 msec after 
first stylus contact ( l l ) .  (c) ib obtained from potential sweeping at 
10 mV sec -1 .  Broken line denotes is corrected for ohmic drop (10). 
Black points anodic; white points cathodic. ~ ~ 100 Hz. 
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silver electrode in the same electrolyte (3) (see be- 
low). Between --120 and +80 mV (NHE) is decreases 
with increase in E. This potential  range corresponds 
to a rise in the steady-state current density ib, where 
copper dissolves anodically to give CuO2. 2- in solution 
prior to passivation of the metal by CuO. I t  should be 
noted that during this process qs increases continu- 
ously. The maximum anodic current density observed 
on the scratch surface is 8 A cm-2. Typical current 
transients obtained at different potentials in L0M KOH 
are shown in Fig. 2. 

Fur ther  bare surface polarization curves measured 
in nonammoniacal electrolytes are shown in Fig. 3-5. 
In 1.0M H2SO4 the maximum anodic current density, Ss, 
is 1 A cm-~, and qs shows a maximum at 208 • 58 
~C cm-2 covering the long potential range --250 to 
4-250 mV (NHE). The second plateau in is and qs does 
not occur in this electrolyte. Figures 4 and 5 also show 
plateau anodic charge densities in borate solutions. 

Results obtained for ammoniacal electrolytes a t  
three pH values are shown in Fig. 6-8. The diagrams 
show regions in which both is and qs are independent 
of E. Regions of potential are also shown where is de- 
creases with increase in E, although there is no paral lel  
decrease in qs. The potential range over which t h e  
latter effect occurs commences with the onset of 
anodic activity of the electrode as a whole, as can be 
seen by inspecting the appropriate values of ib in Fig. 
6-8. These features of the bare surface polarization 
curves are discussed below. 

The bare surface mixed potentials Eros are plotted 
in Fig. 9 as a function of pH, together with the re-  
versible potentials for stable equilibrium reactions 
given by Pourbaix (13) for copper in noncomplexing 
solutions. Solution species are plotted at a concentra- 
tion of 10-6M. The values of Eros, which represent po- 
tentials at which the rates of oxidation of copper and 
reduction of hydrogen on the scratch are equal, all  
lie well below the thermodynamic equilibrium po- 
tentials. The anodic reactions on the scratch are thus 
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Fig. 3. Bare surface electrochemistry of copper in 1.0M H2SO4. 
(a) is. (b) qs. (c) ib. Broken line denotes is corrected for ohmic 
drop (10). Black points anodic; white points cathodic. ~ ~ 100 Hz. 

occurring at an underpotential  compared with the 
equilibrium potentials for bulk reactions. In the non- 
ammoniacal electrolytes two regions of pH dependence 
occur: For pH < 8, OEms/OpH = --57 mV, while f o r  
pH > 11 the bare surface mixed potential is indepen- 
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Fig. 2. Current transients obtained from scratc~hing copper in 

1.0M KOH at the following potentials in m V (NHE): (a) --1060, 
(b) --760, (c) --385, (d) +65,  (e) -I-540. 
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Fig. 4. Bare surface electrochemistry of copper in 0.5M Na2SO4 
+ 0.05M (H3BO3 + Na2B4OT), pH ~ 7.3. (a) is .(b) qs after 
complete re-equilibration (O),  or 5 msec after first stylus contact 
( l l ) .  (c) lb. Broken line denotes is corrected for ohmic drop (10). 
Black points anodic; white points cathodic. ~, ---_ 100 Hz. 
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Fig. 6. Bare surface electrochemistry of copper in 1.0M (NH3 + 
NH4+),  pH = 7.25. (a) is. (b) qs after complete re-equilibration 
( e )  or 5 msec after first stylus contact ( I ) .  (c) lb. Broken line 
denotes is corrected for ohmic drop (10). Black points anodic; white 
points cathodic, w = 100 Hz. 
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Fig. 8. Bare surface electrochemistry of copper in 1.0M NH3 -F 
0.SM Na2S04, pH = 11.6 (a) is. (b) qs after complete re-equilibra- 
tion ( e )  or 5 msec after first stylus contact ( I ) .  (c) ib. Broken 
line denotes is corrected for ohmic drop (10). Black points anodic; 
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dent of pH. In ammoniacal electrolytes the values of 
Eros are more positive and give for pH < 10. aEms/apH 
-- 137 mV, but this also tends toward pH independence 
a t  h i g h  pH.  
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Fig. 9. Bare surface mixed potenti-l Eros of copper aS a function 

of pH. Black points from nonammoniacal electrolytes; white points 
from ammoniacal electrolytes containing ].0M (NH3 -~- NH4+). 
(11) from an acetate buffer solution containing 0.5M HOAc + 
0.bM HaOAc. Also shown are the following equilibrium lines from 
Pourbaix (13): (a) Cu = Cu ~+ + 2e-  with (Cu 2+) = 10-6M, 
(b) 2Cu + H~O = Cu20 + 2H + + 2e-.  

Discussion 
Nonammoniacal electrolytes.~In a previous  paper  

we showed tha t  the cur ren t  and charge densit ies  passed 
on scratched s i lver  surfaces in 1.0M KOH were  not  
s ignif icantly different  f rom those ob ta ined  by  po-  
ten t ia l  puls ing or r ap id  poten t ia l  sweeping exper i -  
ments  on unscra tched  si lver  surfaces. Two different  
adsorbed  oxidized monolayers ,  des ignated  AgOH and 
Ag20, were  proposed  to account  for  anodic charge  den-  
sities of ,,,150 and ~300 ~C cm -2, respect ively ,  ob-  
ta ined  by al l  three  techniques;  these monolayers  were  
shown to exist  over  two consecutive potent ia l  ranges,  
both well  below the potent ia ls  at  which anodic ac t iv i ty  
of the  meta l  is expected (13). The fact  tha t  a l l  three  
techniques showed s imi lar  behavior  indicates  tha t  
these observat ions  are  not  influenced signif icant ly by  
the h ighly  defect ive na tu re  of the surface produced by  
scratching.  F igure  1 shows tha t  copper  behaves  in  a 
ve ry  s imi lar  way  when scra tched in 1.0M KOH, wi th  
two dis t inguishable  p la teaus  in the anodic qs vs. E 
curve (145 and 378 ~C cm --2, respec t ive ly)  at  low po-  
tentials.  I t  is not  possible to compare  these resul ts  ob-  
ta ined on scratched copper  d i rec t ly  wi th  those ob ta ined  
f rom rap id  poten t ia l  sweeping  or  po ten t ia l  puls -  
ing exper iments  owing to in ter ference  f rom the hyd ro -  
gen e lect rode reaction.  Thus no zero charge po ten-  
t ia l  is observed for scra tched copper  [as was obta ined  
for  s i lver  (3)]  owing e i ther  to fo rmat ion  of adsorbed 
hydrogen  or  oxida t ion  of Cu, or  both, at al l  potent ia ls  
a round  the bare  surface mixed  potential .  The two p la -  
teau charge densit ies  in the anodic region are  ascr ibed 
to format ion  of single adsorbed  monolayers  of CuOH 
and Cu20, respect ively.  One would  expect  a monolayer  
of Cu~O to contain app rox ima te ly  twice as many  Cu + 
ions pe r  uni t  a rea  as CuOH, in l ine wi th  comparisons of 
o ther  ox ide -hydrox ide  molar  densi ty  ratios.  Both of 
these monolayers  occur at  potent ia ls  we l l  be low the 

equi l ib r ium potent ia ls  requi red  for  multilayer oxide 
fo rmat ion  (13). 

The ful l  sequence of react ions  exh ib i ted  by  the 
scratched Cu e lec t rode  in 1.0M KOH is g iven in Table 
I. At --350 mV (NHE) qs rises above  378 /~C cm- l ,  
represen t ing  growth  of a mu l t i l a ye r  film of Cu20, in 
ful l  ag reement  wi th  the va lue  of Eo --  --356 mV 
(NHE) (13). Dissolut ion as CuO22- also occurs and 
this contr ibutes  to the  r ise in ib. Fo rma t ion  of Cu~O 
and CuO on the ba re  surface in Table  I is described 
in terms of the ne t  reactions,  and the mechanisms 
are  unknown.  Thus for  example  the unde rpo ten t i a l  
monolayer  of Cu~O m a y  occur in one step 

2Cu -~- OH- --> CU2Oads Jr H+ Jr 2e- 

or may form from the previously formed CuOH mono- 
layer 

CU Jr CUOHads -~ CUZOads + H + + e- 

The effects of scratching on the oxygen evolution 
reaction (Eo = +400 mV (NHE)] are also unknown 
because of in te r fe rence  f rom the  copper ox ida t ion  r e -  
actions. 

The resul ts  ob ta ined  in 1.0M HsSO4 (Fig. 3) differ 
f rom those shown in Fig. 2 in tha t  qs is a lmost  constant 
at  208 ~C cm -2 over  a l a rge  poten t ia l  range.  This 
charge dens i ty  is consis tent  with,  a l though s l igh t ly  
grea te r  than  tha t  assigned to fo rmat ion  of a mono-  
layer of CuOH in the a lka l ine  solution, and the mono-  
l aye r  of Cu~O is not  formed.  In the bora te  electrolytes 
(Fig. 4 and 5) the h igher  charge dens i ty  plateau,  at 
300 to 400 /~C cm-~,  is observed a l though p la teaus  at 
around  150/~C cm -2 are  obscure. The ful l  analyses  of 
these charges are  given in Table  II, toge ther  wi th  
those ob ta ined  from the ammoniaca l  e lectrolytes .  

I t  is impor t an t  to real ize tha t  in 1.0M H2SO4 on ly  
the CuOH monolayer  is formed. The monolayer  of 
adsorbed Cu~O, which is apparent at potentials below 
the Cu/bulk Cu20 reversible potential in neutral and 
alkaline solutions, was not found in acid solution. In= 
spection of the /b VS. E curve for the acid electrolyte 
(Fig. 3) shows that there is no tendency for the metal 
to passivate. Clearly, the first monolayer of Cu20 is 
a necessary precursor for passivation, whereas the 
adsorbed CuOH monolayer acts as an intermediate 
layer in both the dissolution and passivation processes. 
Indeed, the CuOH layer probably participates in the 
hydrogen evolution reaction as well, since Fig. 1-5 in- 
dicate that the layer is present at potentials where 
hydrogen evolution occurs in the steady state. It is 
for this reason, of course, that the hydrogen evolution 
reaction is accelerated on scratching. In the regions 
where/s is cathodic in Fig. I-5 values of qs show that 
more than a monolayer of hydrogen is reduced on 
the scratch surface before a steady state is reestab= 
lished. 

Ammoniacal electrolytes.--The in t roduct ion  of 1.0M 
(NH3 + NH4 +) into neu t ra l  e lect rolytes  (Fig. 6) pro= 
foundly  affects the behavior  of the scra tched copper  
electrode.  Values of qs in the potent ia l  range --150 to 
+50 mV (NHE) were  62 ~C cm -~, compared  wi th  333 
~C cm -2 in the absence of ammonia  (see Table  I I ) .  
The Cu20 monolayer  is thus not  formed in the  am-  
moniaca l  solution. Indeed, the  values  of qs are  even 
smal ler  than  that  expected  for  a monolayer  of CuOH, 
and i t  is c lear  tha t  NH3 mus t  be incorpora ted  into the 
monolayer  latt ice,  so tha t  the number  of copper atoms 
requi red  to form the oxidized monolayer  is decreased.  
The proposed monolayer  for ammoniaca l  e lect rolytes  
is Cu (NH.~)OH, in which  the cat ion is now Cu (NHs)+ ,  
occupying a grea te r  surface area  per  cat ion than  Cu + 
for nonammoniaca l  e lectrolytes .  The format ion  of the 
ammonia-con ta in ing  monolayer  might  be expected  to 
h inder  fur ther  react ion to produce  the Cu20 mono laye r  
and thus impede  pass ivat ion  of the  m e t a l  a t  h igher  po-  
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Table I. Reactions of scrcttched copper in 1.0M KOH and steady-state surface composition as a function of E 

2 2 7 5  

Steady-state surface  
E, mV (NBE) Bare surface  react ions  composi t ion 

< -900 H~O + e--~ Hads + OH- 8- << 1 
0CuOH 

--900 to --550 Cu + OH- -* CuOH~a, + e- 8C~OH = 1 
--550 to --500 Cu + OH- -* CuOH~ds + e- 8CaOH + 0Cu~O = 1 

2Cu + OH--+ Cu~Oad, + H + + 2e- 
-500 to --350 2Cu + OH--* Cu2Oad, + H + + 2e- 8cu~o = 1 
-350  to - 1 5 0  2Cu + OH- -* Cu20~ + H + + 2e- Cu~O (mult i layer)  
> - 1 5 0  Cu + OH--* CuO, + H+ + 2e- CuO (mult i layer)  

Table II. Analysis of plateau charge densities passed on a bare copper surface in several electrolytes. Error limits are standard deviations 
aver the number of points given. The adsorbed surface monolayers give the proposed stoichiometries, each at complete monolayer coverage. 

Adsorbed 
Number  of surface 

Electrolyte  pH E, mV (NHE) qs (~C cm -s) points monolayer  

1.OM KOH 14 --600 to - 6 0 0  145 • 26 9 CuOH 
1.0M KOH 14 - 5 0 0  to -400  378 • 58 4 Cur 
0.5M K~4OT 9.8 --250 to --200 352 -- 25 2 Cu~O 
0.5M Na2SO4 + 0.05M 7.3 - 4 5 0  to --50 388 • 55 5 Cu20 

(H3BO3 + Na~B4OT) 
1.0M H~SO~ -0 .16  - 2 5 0  to +275 208 • 58 26 CuOH 
1.0M NH3 + 0.SM 11.6 -490  to - 3 5 0  233 -- 33 6 CuOH 

Na2SO~ 
1.OM (NH3 + NH4+) 9 .5  - 3 9 0  to  --170 133 • 32 10 CuOH + 

+ SO42- Cu (NH~) OH 
1.0M (NI-I8 + NHa+) 7.25 - 1 5 0  to +50 62 • 15 12 Cu(Ntia)OH 

+ SO~ ~- 

tentials, since the p r o c e s s  

Cu + Cu(NH3) OHads--> Cu2Oads + NI-t4 + + e -  

requires removal  of NI~+  ra ther  than  H +, as in the 
react ion 

Cu + CuOH~ds~ Cu~O~ds + H + + e- 

This is reflected in the far higher steady-state dissolu- 
tion current densities ib shown for ammoniacal elec- 
trolytes (compare Fig. 6-8 with Fig. i, 4, and 5). In 
this respect it is noteworthy that the main product of 
steady-state anodic dissolution of Cu in these am- 
moniacal electrolytes is Cu(NHs)2 +, which is soluble 
to the extent of 0.05M in equilibrium with Cu20 (14). 

For higher pI-I, on the other hand, the values of qs 
shown in  Table II for ammoniacal  electrolytes are 
higher; this is probably  due to reversion of the mono-  
layer  to CuOH with increase in hydroxide concentra-  
tion. This is also reflected in  the Eros vs. pH curve 
(Fig. 9): at high pH Eros approaches the same con- 
s tant  value for both types of electrolytes. Values of 
the dissolution current  density ib, however, are not a 
direct consequence of whether  the ini t ia l  monolayer  is 
CuOH or Cu(NH3)OH, since formation of the mono-  
layer  is not  the ra te -de te rmin ing  step in  the total  dis- 
solution process. Subsequent  steps also clearly involve 
complexing ligands. This has a l ready been described 
for the scratched iron electrode in  chloride and b i -  
carbonate electrolytes (2). Both C1- and HCO3- cause 
pi t t ing of iron, bu t  only C1- enters  the format ion of 
the ini t ial  monolayer.  

Effects of electrolyte resistance.--Many of the bare  
surface polarizat ion curves shown in  Fig. 1 and 3 - 8  
exhibi t  regions in  which is decreases as E becomes 
more positive. The feature is shown most dramatical ly 
in  Fig. 1 and 6-8 and is invar iab ly  associated with a 
rise in ib, represent ing an increasing rate of anodic 
dissolution of Cu from the unscratched surface. I t  is 
not  seen in  electrolytes in which Cu is passive (Fig. 4 
and 5); nor  is it  seen in  the sulfuric acid system. The 
effect is associated invar iab ly  wi th  ohmic potent ia l  
drops (10) which occur on and near  the scratched sur-  
faces owing to a combinat ion of high electrolyte re-  
sistance and high anodic scratch cur ren t  densities. The 
consequence of this is to superimpose on the anodic 

current  t rans ient  emana t ing  from the scratch, a c a t h -  
o d i c  current  t rans ient  resul t ing from a lowering o f  
the electrode potent ial  on an area sur rounding  t h e  
scratch when the electrode as a whole is dissolving o r  
carries a readi ly reducible film. The effect may  include 
two components:  a decrease in  the rate of s teady-sta te  
anodic dissolution of the area sur rounding  the scratch, 
or electrochemical reduct ion of surface oxidized spe- 
cies. Thus for example, in Fig. 1 in the potent ial  region 
in which steady-state  dissolution as Cu(I I )  (in the 
form of CuO22-) occurs from the electrode as a whole, 
scratching the electrode causes a t rans ient  reduct ion in  
the rate of s teady-state  dissolution on an area sur-  
rounding the scratch, giving an apparent  lowering o f  
the value of is with increasing E. The fur ther  possible 
effect of the ohmic potential  drop is to reduce oxidized 
ions on the surface, for example by  the following re-  
actions: 
on the scratch 

Cu + H20 -~ C U O H a d s  + H + + e -  

o n  the sur rounding  surface 

2CuO + H + + 2e -  --> Cu20 + O H -  

Either or both mechanisms may explain the effect a s  
it is observed in 1.0M KOH (Fig. 1) since it  occurs in  
a potential  region [commencing at --150 mV (NHE)]  
where both CuO22- and CuO can form (13). The ef- 
fect has also been observed for the scratched silver 
electrode (3) at potentials  where AgO is reduced 
t rans ient ly  to Ag20 on the area sur rounding  the 
scratch. 

In  1.0M H2SO4 (Fig. 3) the ohmic potential  drop 
effect is not observed, despite overall  dissolution of 
the electrode, since the ohmic resistance of the e l e c -  
t r o l y t e  is small, and the values of is are themselves 
lower. In  the ammoniacal  environments ,  however, 
where the electrolyte resistance is high, the effect is 
clearly observed where the entire electrode is dissolv- 
ing as Cu (NH3)2 +. 

Previous work on scratched and rapid ly  s t ra ined 
brass electrodes in ammoniacal  electrolytes (8, 15) has 
overlooked these effects and thus obtained values of 
is which are too low. While the effect has not  yet  been  
ful ly quantified, it  is clear that  the electrode surface 
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area  over  which i t  ex tends  is large  compared  wi th  the 
scra tch  area  since is is large  compared  wi th  lb. I t  fol-  
lows tha t  an increase in the rat io  of the scratch area  
to the to ta l  e lectrode a rea  would  decrease the ohmic 
potent ia l  effect, and this has indeed been demons t ra ted  
by  the use of lacquered  and pa r t i a l l y  lacquered  elec-  
trodes. Appropr i a t e  posi t ioning of the Luggin  capi l -  
l a ry  probe  would also be of some benefit, bu t  this  is 
imprac t icab le  because (i) the p rox imi ty  of the scra tch-  
ing stylus and (ii) the  d iamete r  of the probe  t ip which  
would  have to be smal l  compared  wi th  the  scratch 
size. 

Conclusions 
1. Scra tching of Cu e lect rodes  at  constant  po ten-  

t ia l  resul ts  in grea t ly  acce lera ted  anodic oxida t ion  and 
cathodic reduct ion cur ren t  densities.  Up to 8 A c m  -~  
of anodic react ion have been recorded.  

2. Copper  carr ies  two surface oxidized monolayers  
a t  potent ia ls  ve ry  much more  nega t ive  than  the  Cu /  
Cu20 revers ib le  potential .  These underpo ten t i a l  mono-  
layers  are  des ignated  as CuOH and Cu20 and account 
for anodic charge  densit ies of ~150 and 300-400 ~C 
cm -2 on the scratch surface, each occurr ing to com- 
plete  coverage. The former  exists at  the lowest  acces- 
sible anodic potent ia ls  on the scratch and p robab ly  
even into the region where  hydrogen  evolut ion is the  
dominan t  e lect rode reaction.  

3. The Cu20 mono laye r  occurs only  in neu t ra l  and 
a lka l ine  solutions and  is a necessary  p recursor  to 
pass ivat ion  of the me ta l  a t  h igher  potent ia ls  b y  a 
th icker  film of Cu~O. 

4. The s t eady-s ta te  anodic dissolution of Cu occurs 
th rough  an adsorbed mono laye r  of CuOH at  complete  
coverage. The s t eady-s ta te  evolut ion of hydrogen  on 
Cu also occurs th rough  this monolayer ,  at  least  a t  low 
cathodic overpotent ia ls .  

5. The presence of 1.0M (NH3 -5 NH4 +) in the elec-  
t ro ly te  resul ts  in format ion  of an adsorbed  monolayer  
of C u ( N H s ) O H  in the neu t ra l  pH range at  potent ia ls  
ve ry  much more  nega t ive  than  the Cu/Cu20 r eve r s i -  
ble potential .  This mono laye r  is not  r ead i ly  conver ted  
to a Cu20 monolayer ,  and resul ts  in dissolution of the 
meta l  as Cu(NHs)2 + at  h igher  anodic potentials .  

6. The scratched copper  e lect rode does not y ie ld  a 
potent ia l  of zero charge since e lec t ron t rans fe r  occurs 
at  al l  potent ia ls  for  al l  pH. 
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Protective Coatings by Anodic Coupling Polymerization 
of o-Allylphenol 
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ABSTRACT 

The anodizat ion of Fe sheets in hydroalcohol ic  solutions of o -a l ly lpheno l  
containing a l ly lamine  leads to in situ fo rmat ion  of coherent  coatings. These 
coatings consist of thermose t t ing  po lyoxypheny lenes  which af te r  the rmal  cu r -  
ing have good adhesion and impa r t  corrosion pro tec t ion  to the  substrate .  The 
anodizat ion t ime and electr ic  power  consumpt ion are  comparab le  wi th  those 
typical  of a convent ional  e lec t rophoret ic  coating. 

A route  for achieving the in situ format ion  of th ick 
(10-20 ~m) po lyoxypheny lene  coatings,  having pos-  

s ible  appl icat ions  for  me ta l  protect ion,  has been re -  
cent ly  out l ined  (1, 2). The process m a y  be rea l ized  
by  anodizing, at  the me ta l  surface to be coated, hyd ro -  
alcoholic solutions of phenol  containing a sui table  
amine  [a l ly lamine  gave the bes t  per formances  (2)] .  
However ,  the da ta  so fa r  r epor ted  have shown tha t  

Key words: film, corrosion, organic, electrolysis. 

the process is not  ye t  compet i t ive  wi th  o ther  conven-  
tional "paint ing"  techniques.  In compar ison wi th  the  
e lec t rophoret ic  deposi t ion (3) of p re fo rmed  polymers,  
the ma jo r  handicaps  were :  ex tended  electrolysis  times; 
l imi ted  corrosion resis tance of the  coatings ( f rom salt 
fog tests) ,  and poor adhesion unde r  stress ( f rom coni-  
cal ma nd re l  and  d rawing  tests) .  

The fac t  tha t  the e lectrolysis  t ime was too long was 
main ly  re la ted  to the  low useful  e lectrolysis  current 
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(<10 mA/cm2) .  In situ phenol  polymeriza t ion ,  in fac t ,  
did  not  to lera te  high appl ied  voltages,  1 because e i ther  
pass iva t ion  of the subs t ra te  occurred especia l ly  when 
Fe  sheet  anodes were  coated, or  r up tu r e  of the film 
being  fo rmed  took place. The l imi ted  corrosion r e -  
s i s t a n c e  and poor adhesion were  l i ke ly  re la ted  to the  
s t ruc ture  of the polymer .  The po lymer  p robab ly  was, 
ab initio, exceed ing ly  b ranched  and c ross - l inked  a n d  
thus could ne i the r  take  apprec iab le  advan tage  f rom 
the rmal  cur ing  nor  have e las t ic i ty  enough to to lera te  
stresses and deformations.  Through the ut i l iza t ion of 
o -a l ly lpheno l  ins tead  of phenol  we now have overcome 
such handicaps.  

The a im of this paper  is to descr ibe  both the fea tures  
of o - a l l y l p h e n o l / a l l y l a m i n e  in situ polymer iza t ion  o n -  
to Fe sheet  anodes and the pro tec t ive  per formances  of  
the resu l t ing  c o a t i n g s .  

Experimental 
Apparatus and procedure.--The coat ing r u n s  w e r e  

pe r fo rmed  in a single compar tmen t  cell  descr ibed 
p rev ious ly  (1, 4) by  app ly ing  a constant  vol tage be -  
tween the sample  of Fe sheet  (anode)  and a P t  coil 
(.cathode) facing the sheet. Phys ica l  p roper t ies  of the 
coated specimens were  de te rmined  according to ASTM 
methods.  The composit ion of the po lymer ic  mater ia l ,  
once recovered  f rom the substrate ,  was inves t iga ted  
by  in s t rumen ta l  ana ly t ica l  techniques, inc luding p y -  
rolysis  coupled to mass spectroscopy (5) and t he rmo-  
grav imet ry .  In format ion  on the molecu la r  weights  and  
the i r  d is t r ibut ion  was obta ined  by  vapor  pressure  
osmomet ry  and gel pe rmea t ion  chromatography .  Other  
expe r imen t a l  deta i ls  are  r epor ted  in e i ther  the tables  
or the captions of the figures. 

Chemicals.--All compounds used in this s tudy  were  
commerc ia l ly  ava i lab le  r eagen t  grade  chemicals.  The 
react ion med ium consisted of wa te r / a l coho l  mixtures .  
The  p r e f e r r ed  s t andard  composi t ion was:  o - a l l y l -  
phenol  6 ml, a l ly lamine  6 ml, cellosolve 2 ml, KOH 
0.5g, al l  dissolved in a s t anda rd  100 ml of H20/CH8OH 
(equal  vo lumes) .  The Fe  sheets [23.5 • 2.5 • 0.05 cm 
(1, 2)]  were  d ipped in a lka l ine  c leaning ba th  pr io r  to 

coating. 
Results 

Characteristics of the electrolytic process.--The for-  
mat ion  of coatings on Fe  sheet  anodes f rom the o-  
a l l y lpheno l / a l l y l amine  sys tem bears  many  s imilar i t ies  
to systems based  on phenol  as descr ibed in preceding  
papers  (1, 2). Thus, the coating ma te r i a l  is p roduced  
b y  a y ie ld  not fa r  f rom 2F/ tool  of monomer  consumed. 
An oxida t ive  coupl ing process is therefore  s t rongly  
supported,  whereas  the engagement  of the ally1 group 
in an e lec t ro ly t ic  po lymer iza t ion  mus t  be discarded.  

The format ion  of a coherent  and homogeneous  coat-  
ing is indicated,  dur ing  electrolysis,  by  a smooth con- 
t inuous cur ren t  decrease.  Such cur ren t  t rans ients  a re  
qua l i t a t ive ly  affected by  expe r imen ta l  var iab les  such 
as monomer  and amine  concentrat ion,  t empera ture ,  
composit ion of the medium,  and appl ied  voltage.  

However ,  it  must  be noted that  the high vol tages 
appl ied  here  ( ~  15V) do not  cause the  d ramat ic  passi-  
va t ion  phenomena  observed  e l sewhere  (1, 2). This 
behav ior  is i l lus t ra ted  in Fig. 1 and 2. F igure  I shows 
the cu r ren t  t rans ients  obta ined  dur ing  the coat ing 
process for  var ious  appl ied  voltages.  In  each case the  
sheets were  un i fo rmly  coated: The high res idua l  cu r -  
rent  tested at  the h ighest  vol tage  is due to the r e l a -  
t ive ly  low elect r ica l  resis tance of the  wet  film. F igure  
2 shows the cu r r en t -po ten t i a l  curves obta ined  po ten-  
t i odynamica l ly  on a ro ta t ing  Fe  microdisk.  Anode 
insula t ion  by  fi lming is ev ident  here  only  for ve ry  

1 Not more than 3-5V could be generally applied to an elec. 
trolyzer having a cell constant ~20 cm, and for solutions having 
X = 3-8 msec (1). 
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Fig. I. Current transients during the anodization of Fe sheets in 
the standard composition (o-allylphenol 0.456 mol liter - i ,  allyl- 
amine 0.800 mol liter - i ,  cellosolve 0.200 mol liter - i ,  KOH 0.09 
mol liter - i ,  in H20/CH3OH at t ~ 25~ for increasing applied 
voltages. 

low potent ia l  sweep rates  (i.e., long electrolysis  
t imes) .  

As ment ioned  before,  the fact  tha t  the o - a l l y l p h e n o l /  
a l ly l amine  system tolera tes  fa r  h igher  vol tages  than  
pheno l -based  systems is ve ry  impor t an t  f rom a p rac -  
t ical  point  of view, as fas ter  coat ing opera t ions  a r e  
achieved. This m a y  be deduced f rom the da ta  of 
Table  I. The decrease of coulombic yie ld  tak ing  place  
as the vol tage  is increased to 16V is quite acceptable  
considering tha t  both  coating thickness  (mg /cm 2) and 
deposi t ion t ime become typica l  of a convent ional  e lec-  
t rophore t ic  process. ~ 

Molecular weights.--In previous  work,  the  coat ing 
ma te r i a l  obta ined f rom phenol, when dried,  pa r t i a l l y  
dissolved only in tr if luoracetic acid. By contras t  the 
(uncured)  products  f rom a l ly lphenol  consist of a 
ma jo r  f ract ion soluble in common organic  solvents  
(acetone)  and a minor  insoluble  fraction.  The la t ter ,  
which consti tutes the inner  l aye r  in contact  wi th  the  
metal ,  may  become impor t an t  in some e xpe r imen t a l  
conditions. 

Table II  shows how the expe r imen ta l  var iab les  in-  
fluence both Mn and the ra t io  of soluble to insoluble  
fractions. Constancy (in the range  2000-3000) of Mn 
obta ined  for different  condit ions indicates  tha t  the 
t e rmina t ion  step is ma in ly  de te rmined  by  inso lubi l i ty  
of the chains, which  cannot  thus undergo  fu r the r  
anode oxidat ion.  The h igher  Mn resul t ing  e i ther  a t  a 
h igh percentage  of me thano l  ( runs  8-9) or  wi th  
e thanol  and  propanol  ins tead  of methanol  ( runs 20- 
21), therefore  takes into account the increased solu-  
b i l i ty  of the po lymer  in the medium,  w he re by  chain 
prec ip i ta t ion  takes place for h igher  degrees of po ly -  
merizat ion.  The inverse  dependence  of Mn on mono-  
mer  concentra t ion which seems indica ted  by  runs  1 

ZThe current passed is about ten times higher here than in 
electrophoresis, but power consumption (i x t x v) is of the 
same order. 
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Fig. 2. Current-potential (vs. SCE) curves obtained from the 
stondurd composition by o rotating (]000 r/min) Fe microonode 
(area 0.03 cm2). The dashed line refers to the oxidation of the 
background system alone; the other curves refer to increasing 
sweep rotes (mV see-l). 

and 5-7 is not surprising when considering that poly- 
mer chains are built  up step by step at the anode and 
that the probabil i ty of oxidizing and coupling the 
same chains again increases with monomer dilution. 
The formation of the insoluble fraction seems to be 
favored by the highest temperatures, methanol con- 
centrations, and electrolysis times, but depends in- 
versely on the amine concentration (runs 17-19). 
Neither applied voltage nor charge transferred has 
any influence. 

Molecular weight distributions were estimated, us- 
ing polystyrene as a standard, by gel permeation 
chromatography, as shown in Fig. 3. 

Table I. Features of electrolytic coating process for various voltages 
applied* 

A u p l i e d  I in i t ia l  I f inal  C u r r e n t  
volt, a g o  T ime  C h a r g e  ( m A /  ( m A /  y ie ld  

(V) ( m i n )  (C) c m  ~) cm 2) ( m ~ / C )  

3.0 50 81 2.78 0.59 0.577 
5,0 15 78 8.52 1.39 0.564 

10,9 8 86 23.33 5.00 0,477 
16.0 3 74 31.48 10.55 0.400 

* Cond i t ions :  o -aUylphenol  0.456 mol  liter-~; a l l y l a m i n e  0.800 real 
l l ter-1;  ce l losolve  0.200 rea l  liter-Z; H~O/CH3OH 50% b y  v o l u m e ;  
--- 25~ T h e  c o a t i n g  y ie ld  ( m g / c m  ~) r a n g e d  f r o m  1.7 (3V) to  1.3 
(16V). 

Reproducibility of coating performances.--Figure 3 
refers to samples selected from a series of 50 sheets, 
all coated one after the other, with the same 100 ml of 
standard solution. The good independence of molecu- 
lar  weights on the progressive number of the sheets 
constitutes a first test of reproducibil i ty for the sys- 
tem. 

Confirmation is provided by the constancy of the 
coulombic yield (mg/C ~ 0.55) observed during the 
coating process for all these 50 sheets. However, in a 
limited volume of solution, repeated coating runs lead 
to a kinetic decline. This is shown in Fig. 4 where the 
coating yield (mg/cm 2) obtained on each sheet after 
30 rain of electrolysis (i.e., average coating rate) is 
plotted vs. the progressive number of sheets. This 
behavior is determined by progressive impoverishment 
of the monomer from the solution (compare dashed 
curves a and b of F ig .  4). For  the same voltage and 
electrolysis time, a concentration decrease in effect 
results in a reduced transfer of current. However, 
since from a practical point of view it is very easy to 
achieve automatic control of both monomer concen- 
tration in solution and thickness of coatings formed 
(by the coulombs passed), it may be concluded that  
system features 8 are such as to allow application in 
continuous processes. 

Protective features ol the coatings.--When with-  
drawn from the anodization bath, the coated sheets 
appear homogeneous and coherent, their color vary-  
ing from pale yellow to brown yellow. 

Wet film adhesion to the substrate is good enough to 
allow rinsing in running water  before drying. When 
the samples are cured in an oven at 150~176 for 
20-30 min a fine gloss is obtained. Thermal treatment 
further improves resistance toward chemicals and 
organic solvents as well as any other protective fea- 
ture. 

Table III  shows the properties of samples obtained 
on varying either o-al lylphenol/al lylamine concen- 
trations or electrolysis voltages. Each sample was pre-  
pared with the same current passed. The very good 
results of the conical mandrel  and drawing tests, 
evidencing strong adhesion coupled to elasticity, are 
to be noted. Remarkable improvements are fur ther-  
more shown in the salt fog tests: The time scale of 
resistance to salt corrosion, especially for samples 
prepared by fast electrolysis (high voltages), is now 
more than an order of magnitude higher than the data 

~ T h e  gas  c h r o m a t o g r a p h i c  ana lys i s  of  t h e  so lu t i ons  a f t e r  re -  
p e a t e d  c o a t i n g  o p e r a t i o n s  p e r f o r m e d  on  d i l~eren t  days  s h o w e d  
on ly  d i m e r s  as b y - p r o d u c t s ;  h o w e v e r ,  t h e s e  a r e  eas i ly  e n g a g e d  in  
t h e  a n o d i c  coup l ing ,  

Table II. Features of the coating and molecular weight of the product for various experimental conditions 

R u n  T e m p  o -Al ly lpheno l  A l l y l a m i n e  V o l t a g e  E lec t r .  t i m e  Yie ld  Inso lub le  
No. (~ A lcoho l  (%) ( r e a l / l i t e r )  ( r e a l / l i t e r )  (V) ( m i n )  C o u l o m b s  ( r a g / C )  (%) M~. 

1 25 M e t h a n o l  50 0.456 0,804) 4.0 65 100 0.60 17.7 2660 
2 25 M e t h a n o l  50 0.456 0.800 8.0 18 100 0,52 10.0 2320 
3 25 M e t h a n o l  50 0,456 0.800 12.0 9 100 0.42 10.0 2110 
4 25 M e t h a n o l  50 0.456 0.800 16.0 4 30 sec  100 0.40 7.0 2420 
5 25 M e t h a n o l  50 0.110 0.200 8.0 38 22 0.30 27.6 3030 
6 25 M e t h a n o l  50 0.228 0.40,0 8.0 49 60 0.53 8.9 2630 
7 25 M e t h a n o l  50 0.684 1,200 8.0 5 60 0.62 5.2 2030 
8 25 M e t h a n o l  85 0,228 0,400 8.0 20 60 0.15 63.7 3220 
9 25 M e t h a n o l  70 0,228 0.400 8.0 46 60 0,20 20.8 3050 

19 25 M e t h a n o l  35 0.228 9.409 8.0 10 60 0.65 7.4 2160 
I I  45 Methanol 50 0.456 0.800 8.0 47 I00 0.60 56.3 2520 
12 35 Methanol 50 0.456 0.80~ 8.0 23 1()0 0.60 20.8 2670 
13 13 M e t h a n o l  50 0.456 0.800 8.0 13 100 0.54 0.1 1630 
14 25 M e t h a n o l  50 0.456 0.800 8.0 44 209 0,53 6,7 2280 
15 25 M e t h a n o l  50 0.456 0.80'0 8.0 2 30 0.65 5.8 2000 
16 25 M e t h a n o l  50 0.456 0.80,0 8.0 1 15 0.66 4.3 2360 
17 25 M e t h a n o l  50 0.456 0.270 8.0 34 100 0.54 26.5 2700 
18 25 M e t h a n o l  50 0.456 0.132 8.0 69 100 0.50 45.1 2500 
19 25 M e t h a n o l  50 0.456 0.066 8.0 40 40 0.58 56.4 2500 
20 25 P r o p a n o l  50 0.456 0.800 8.0 18 100 0.39 8.6 3750 
21 25 E t h a n o l  50 0.456 0.800 8.0 27 100 0.49 5.0 3220 

* D e t e r m i n e d  b y  v a p o r  p r e s s u r e  o s m o m e t r y  in  a c e t o n e  a t  40~ 
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Fig. 3. Gel permeation of unpuriff~d coating samples obtained 
from a solution utilized for repetitive coating runs. Progressive 
number of the sheet equal to: - -  - 10; 30; . . . .  50. Chromo- 
tographic conditions: column #m Styragel 500 A; solvent THF I 
ml/min; detector u.v. 254 nm. 

previously reported (800 hr as against 24 hr (1) and 
48 hr (2)) .  

Table IV shows the influence on physical properties 
of either the temperature of the electrolytic bath or 
the amount of current passed. An increase in tempera-  
ture seems to increase the resistance to salt corrosion, 
while the number of coulombs passed (which con- 
trols the thickness of the polymer film) improves 
that resistance until the coating is between 10-15 ~m 
thick. As regards the influence of the medium on 
physical properties, it  must be mentioned that in 
nearly methanolic solvent (85%) only thin films (1- 
2 #m) are obtained, by a low current yield. During 
the electrolysis these films rapidly passivate the sub- 
strate, but when submitted to physical tests, neither 
give (making due allowance for their thinness) im- 
proved protection to the metal nor benefit from curing. 
The reason for this is discussed below. 

Composition of the coating materiaL--The elemen- 
tal compositions of either the soluble or the insoluble 
fractions are not far from the theoretical provisions 
of an allylsubstituted polyoxyphenylene, although 
some nitrogen is present (see Table V). With respect 

I ~,. "~.~~ 
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80 
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h~i~r of d~.~ 
Fig. 4. Left-side scale: polymer yield (mg/cm 2) obtained after 

a fixed electrolysis time as a function of the number of the samples 
coated. Right-side scale: carve a, volume decrease (%); curve b, 
o-allylphenol decrease (%). 

to this fact it must be noted that the amount of nitro- 
gen (which derives from the amine) is many times 
higher in the coatings obtained from phenol (2.5-6%). 
Similari ty for both the soluble and insoluble fractions 
also exists in the infrared and mass spectroscopy pat-  
terns. The second technique, after pyrolysis of the 
samples at t ~ 260~ and ionization by a 70 eV elec- 
tron beam, mainly shows peaks of the structure: 

m/e n 

2 6 6  2 

-- "-- H 2 398 3 
530 4 

The thermal curing reaction was examined by both 
infrared and thermogravimetry.  

Table III. Physical properties of samples obtained for various o-allylphenol concentrations and applied voltages 

o-Allylphenol ( rea l / l i te r )  0.228 0.456 0.684 0.603 
Allylamine ( rea l / l i te r )  0.400 0.800 1.200 0.533 

Voltage (V) 8.0 4.0 8.0 12.0 16.0 8.0 8.0 
Thickness  (~m) 10 18 14 12 10 14 16 
Cross cut  adhesion Very good Very  good Very  good Very  good Very  good Very  good Very good 
Microholes /cm ~ 0 0 0 2 10 0 0 
Conical mand re l  (ASTM Very good Very good Very  good Very  good Very  good Good Good 

test) 
Drawing  (ASTM test)  Very  good Very good Very  good Very  good Very good Good Good 
Hardness* 6H 6H 6H 6H 6H 6H 6H 
Salt fog res is tance (h) ** 200 150 170 500 800 180 220 
U.V. res is tance (h) >300 >30,0 >300 240 240 >300 >300 

* D e t e r m i n e d  by  graph i te  s tandards .  
** ASTM method  Bl17. 

Table IV. Physical properties of samples.obtained for various temperatures and coulombs 

T e m p e r a t u r e  (~ 13 35 45 25 25 25 25 25 
Coulombs 100 100 100 15 30 60 150 200 
Thickness  (~m) 14 18 15 2.5 4 9.5 25 30 
Microholes /cm 2 0 0 0 50 20 0 0 2 
Hardness  6H 6H 6H 6H 6H 6H 6H 6H 
Adhes ion  + elasticity Very good Very good Very good Very  good Very good Very  good Good Good 
Salt  fog res is tance  (h) 120 280 500 70 280 400 150 120 

The anodizat ion solution had  the  s t anda rd  compos i t ion .  
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On comparing infrared spectra obtained from sam- 
ples before and after thermal curing, the following 
variations may be outlined: (i) The uncured samples 
show three bands in the range 3000-2840 cm -1, typical  
of allyl C-H stretching, and a sharp band at 1640 
cm -1, which may be ascribed to --HC--CH2 stretch- 
ing; (ii) in the cured samples, the morphology of the 
bands between 3000-2840 cm -1 changes, although the 
respective v do not. At the same time the band at 1640 
cm-1 becomes very feeble, and a new absorption ap- 
pears between 1750-1650 cm-1 (maximum at 1715 
cm-1),  which may be ascribed to C=O. 

Different results are obtained from the thermo- 
gravimetric analysis when the experiments are per-  
formed in either nitrogen or air. Under N2 a slow 
weight Ioss takes place up to pyrolysis conditions: at 
285~ an exothermic reaction occurs (by DTG). Under 
air, the weight of the samples increases from 140~ 
the reaction reaching its maximum at 170~ pyrolysis 
occurs at 230~ 

An oxidative cross-linking is thus strongly sup- 
ported as the main curing process. I t  must also be 
noted that  since the polymer has a To at 328K, it 
passes through a viscous quasi-melting state in the 
oven before reacting with oxygen. 

Discussion 
In order to explain the results shown by o-al lyl -  

phenol, it  seems useful to summarize the mechanism 
of in si tu coating formation. 

In the electrochemical coupling of phenoxide anions, 
the anode substitutes the copper salt amine complex 
catalyst (6) 

n ~ - - 0  ~ / H 0 0 

For the chemical polymerization the exhausted (re-  
duced) copper catalyst is continuously restored (oxi- 
dized) by oxygen; electrochemically the continuity of 
the oxidation is provided by the anodic potential. The 
polymerization reaction is not limited to head-to- ta i l  
coupling, but also involves the ortho positions: For 
this reason 2,6-dimethylphenol is usually used for 
obtaining technologically useful linear polymers (6). 
We have also shown (2) that during anodic coupling 
of phenol in the presence of amines, 4 a side reaction 
frequently takes place between quinol-ether poly- 
meric (I) intermediates (6-8) and amine according to 
the following scheme 

* + Ar O @ R_N=~/H..~ .R  Base H..I ~ 

~H 0/~<"0 A ~A~)'~ 1 | r  R O'-~Ar 
Ar r 

The  am i ne  has  a f u n d a m e n t a l  role  as inh ib i tor  of Fe  oxidat ion 
in t h e  anodie f o rm a t ion  of po lyoxypheny lene  coat ings  onto Fe  
shee ts  (2).  

Table V. 

E l e m e n t a l  analysis  

C H N 

Theore t i ca l  compo- 
sition 81.2 6.7 

Soluble f rac t ion  79.2 5.31 0.70 
Insoluble  f rac t ion  77.8 4.65 9.78 

The reaction with amines is favored by the electron- 
attracting ortho substituents which increase the elec- 
trophilieity of quinol-ether meta positions. I t  is prob-  
able that other nucleophilic molecules or ions such as  
OH-  may attack the same positions. In this last case, 
the newly formed phenolic group might be engaged in 
the oxidative coupling, thus contributing strongly 
toward cross-linking. As regards o-allylphenol, the 
o-al lyl  group reduces the occurrence either of coup- 
ling in ortho or attack in meta by amine and OH- .  
Branching and cross-linking are therefore strongly 
reduced with respect to phenol polymers. The l ineari ty 
of the chains leads to two consequences: Uncured 
coatings have good solubility; and in the oven, before 
curing, the coating material  may melt, thus achieving 
complete and homogeneous spreading onto the sub- 
strafe. 

However, the same should also hold for other alkyl 
substituted phenols, whereas we have observed the 
formation of poorly adhering coatings from, for in- 
stance, 2,6-chmethylphenol. The reason for the peculiar 
behavior of o-allylphenol is thus to be found in a 
strong interaction of the allyl  group with the sub- 
strate, which causes adsorption of the monomer and 
bonding to the metal of the polymer as it is formed. 

These considerations seem strongly supported by 
the following macroscopic evidence: 

1. High voltages are tolerated during deposition. 
This fact is also related to the linearity of chains 
which, swollen by solution, do not cause excessive 
electric resistance. 

2. There is strong adhesion of the polymeric ma- 
terial to the substrate. Such adhesion (which may 
also be related to the morphology of the chains as de- 
termined by the allyl group) cannot be due to some 
product of the oxidative cross-linking because films 
dried below 100~ adhere strongly. In addition the 
reactivity of the allyl group allows thermal curing, 
whereby the molecular complexity is increased so as 
to obtain good resistance to chemical and physical 
agents. 

3. Furthermore, since polyoxyphenylene chains are 
cross-linked in this way through nonrigid bridges 
composed of several aliphatic carbon atoms, the 
cured coatings retain sufficient elasticity to cope with 
any stress or deformation of the substrate. 

Concluding Remarks 
From the low electrical resistance of the wet films 

(Fig. 1) it may be deduced that "throwing power" i s  
ra ther  low. Indeed by varying some experimental  con- 
ditions (e.g., by increasing either temperature or 
methanol percentage) throwing power may increase, 
but the benefits generally are lower than the disad- 
vantages. From this point of view, therefore, in situ 
electropolymerization of allylphenol is at a disad- 
vantage compared to classical electrophoretic coat- 
ings. Another hindrance to practical applications is 
the fact that inorganic pigments cannot be entrapped 
in the film during its in si tu formation. Such pigments 
often contribute significantly to the life of the elec- 
trophoretic coatings. 

The advantages of preparing the po lyoxy- ( a l l y l ) -  
phenylene coatings by the electrolytic orocess pre-  
sented in this paper are: (i) good corrosion resistance 
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of the coatings; (ii) simplicity of the electrolytic pro-  
cess; (iii) stabili ty of the solutions (the electro- 
phoretic bath instead is a metastable colloidal system) ; 
(iv) strong adhesion, which l ikely originates from 
interactions existing ab initio between monomer and 
substrate (for this same reason the substrate does not 
require, apart  from cleanness, any part icular  pre t rea t -  
ment) ;  and (v) good abil i ty of bonding organic over- 
paintings. 
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Substrate Effects on Zinc Deposition from 
Zincate Solutions 

I. Deposition on Cu, Au, Cd and Zn 

M. G. Chu,* J. McBreen,* and G. Adzic *'1 
Brookhaven National Laboratory, Department oS Energy and Environment, Upton, New York 11973 

ABSTRACT 

The deposition of zinc on Cu, Au, and Cd from alkaline zincate solutions 
has been investigated using cyclic voltammetry, potential pulse methods, 
x - ray  diffraction, and scanning electron microscopy. Deposits on Zn were 
examined by scanning electron microscopy and x - r ay  diffraction. In the case of 
Au and Cu approximately a mono]ayer of zinc is formed in the underpotential  
deposition region prior to bulk deposition. The respective underpotential  
shifts of Au and Cu are 0.45 and 0.22V and are in good agreement with the 
difference in work function between zinc and the substrate. Electrodeposited 
zinc forms an undetermined surface brass phase on Cu and two alloys (AusZn 
and AuZn3) with Au. The deposits on all substrates are oriented preferential ly 
paral lel  to the basal plane. 

In a recent study of inorganic oxide additives in 
pasted zinc electrodes it was found that in many cases 
the oxide was reduced to the metal prior to deposition 
of zinc (1). Thus the effect the additives have on the 
zinc electrode could be due to a substrate effect. Ac- 
cordingly, an investigation of zinc deposition on var i -  
ous substrates was carried out. Work on Ag substrates 
has been reported (2). In this case zinc deposition is 
a complex process involving underpotential  deposi- 
tion, alloy formation, and growth of bulk zinc. 

Most morphological studies on zinc electrodeposition 
have been carried out on either Zn (3-9) or Cu (10- 
13) substrates. Detailed t reatment  of deposition habits 
on single crystal Zn has been carried out in both 
sulfate (10) and zincate (4, 9) electrolytes. In the 
lat ter  case at low overvoltages (50 mV) layered de- 
posits were found. There have been two detailed 
studies of zinc deposition on single crystal Cu from 
sulfate solution (10, 11). The zinc deposits are of the 
layered or ridge type with an orientation parallel  to 
the basal plane. OxIey and Fleischrnan studied zinc 

* Electrochemical Society Active Member. 
1Present  address, Inst i tute  of Chemical Power Sources, ICTM, 

Beograd, Yugoslavia. 
Key words: amalgam, bat tery,  electrodepositlon, nucleation. 

deposition on Zu, Cu, Ag, and Cd under conditions of 
activation control and diffusion control (14, 15). In 
the case of diffusion-controlled deposition the ini t ia-  
tion period for dendrite growth appeared to be a func- 
tion of the substrate. In the case of activation-con- 
trolled deposition the weight of nonadherent deposit 
for 27C of Zn/cm 2 varied with the substrate accord- 
ing to Cu ~ Zn ~ Ag ~ Cd. For an identical quanti ty of 
deposit under diffusion control the weight of nonad- 
herent deposit decreased in the order Cu ~ Ag ~ Zn 
Cd. Cadmium-plated current collectors have been used 
in zinc-ferrocyanide (16) and nickel-zinc batteries 
(17). 

Despic (13) has investigated the deposition of zinc 
on Cu and Au in sulfate solutions. In both cases he 
found underpotential  deposition of zinc and a low 
nucleation overvoltage for bulk deposition. Kolb, in 
his review (18), mentions underpotential  deposition 
of zinc from sulfate solution on Au. 

It  is well known that copper turns to a gray color 
when coupled with zinc in alkaline solutions (19, 20). 
This apparent ly is due to alloy formation. 

Even though it is known that the substrate greatly 
affects the adherency of zinc deposits in alkaline elec- 
trolyte and that in some cases there is evidence for 
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al loy  fo rmat ion  wi th  the  substrate ,  no sys temat ic  
s tudy  has been car r ied  out  on the  effects of var ious  
subs t ra tes  on zinc deposit ion.  The purpose  of the pres -  
ent  work  was to e lucidate  the reasons for  the sub-  
s t ra te  effect on the morpho logy  and dissolut ion b e -  
havior  of zinc deposi ts  in a lka l ine  electrolyte .  

In  the presen t  s tudy  the deposi t ion of zinc on po ly -  
crys ta l l ine  subs t ra tes  of Cu, Au, Cd, and Zn was in-  
ves t iga ted  using cyclic vo l t ammet ry ,  potent ia l  pulse  
methods,  scanning e lect ron microscopy, and x - r a y  
diffraction. The da ta  were  analyzed  for evidence of 
underpo ten t i a l  deposi t ion of zinc, a l loy  formation,  
and deposi t  morpho logy  and or ientat ion.  

Experimental 
CeiL--The cell was the  same as tha t  used for depo-  

sit ion on A g  (2). 

Working electrode.mTwo types  of work ing  e lec-  
t rodes were  used. One was a s imple "flag" type  sheet  
e lec t rode  (1 X 1 cm);  the o ther  was a machined  disk 
e lect rode (0.686 cm2). The electrodes were  po lyc rys -  
ta l l ine  and were  at  least  99.998% pure.  The p r e p a r a -  
t ion of the e lectrodes is g iven below. No common 
elect rode p repa ra t ion  method  could be used because 
of the differences in the  meta l lu rg ica l  and  chemical  
proper t ies  of the metals .  

Copper.--Copper sheet  e lectrodes were  first im-  
mersed  in di lute  HNO~ for a few seconds and then  
washed  w i th  t r i p ly  dis t i l led  water .  Copper  disk e lec-  
t rodes  were  moun ted  in the  holder  and  pol ished suc-  
cessively wi th  600 gr i t  SiC paper ,  Microcut  sheets 
(Buehler  L imi ted ) ,  5 and 0.5 ~m alumina.  The elec-  
t rodes were  then washed  wi th  t r ip ly  dis t i l led  wa te r  
p r io r  to incorpora t ion  into the  cell. 

Gold.--Gold sheets were  degreased  in acetone and 
washed wi th  t r ip ly  dis t i l led water .  

Cadmium.--Cadmium sheet  e lectrodes were  first 
immersed  in a solut ion of 75% fuming  ni t r ic  acid and 
25% wate r  for  5-10 sec, then washed wi th  t r ip ly  dis-  
t i l led water .  The cadmium disk e lect rodes  were  po l -  
i shed successively wi th  600 gr i t  SiC and Microcut  
sheets  and  were  r insed wi th  t r i p ly  dis t i l led  water .  

EIectrolytes.--The elec t ro ly tes  were  p r e p a r e d  f rom 
t r ip ly  dis t i l led  water ,  reagent  grade  KOH, and ZnO 
(New Je r sey  Zinc U S P - l g ) .  

Electrochemical studies.--After assembly,  the solu-  
tions were  deaera ted  b y  bubb l ing  n i t rogen  th rough  
the solut ion for 15 rain pr ior  to the  s t a r t  of measu re -  
ments. The n i t rogen was purif ied b y  passage th rough  
molecular  sieves. The cyclic v o l t a m m e t r y  studies were  
made  in vol tage envelopes tha t  were  more  nega t ive  
than --0.63V 2 for  copper  and --1.1V for cadmium.  
At  no time, except  for  cyclic v o l t a m m e t r y  on Au, did 
the vol tage go into a po ten t ia l  reg ion  where  the sub-  
s t ra te  could oxidize. 

In  the  case of Cu and Au two types  of potent ia l  s tep 
exper iments  were  car r ied  out. In  one case e lec t rodes  
were  held in i t ia l ly  at  a potent ia l  of --1.0V and then  
pulsed to potent ia ls  be tween  --1.1 and --1.25V for 
100 sec. This was fol lowed by  an anodic pulse to --1.0V. 
The purpose  of this potent ia l  profile was to quan t i fy  
the charge associated wi th  underpo ten t i a l  deposi t ion 
of zinc. Measurement  of the charge on the anodic 
pulse gives more  accurate  resul ts  because  of the  
smal le r  contr ibut ion  of hydrogen  evolut ion to the  
total  current .  In  the o ther  exper iments  the  e lectrodes 
were  held  in i t i a l ly  at  --1.0V and then pulsed to in -  
c reas ingly  negat ive  potent ia ls  be tween  --1.30 and 
--1.46V for  1O0 sec. This was fo l lowed by  an anodic 
pulse  to --1.25V for  100 sec, fol lowed b y  a second 
anodic pulse to --1.0V. The purpose  of the l a t t e r  po-  

2 All po ten t ia l s  a re  wi th  r e s p e c t  to an  H g / H g O  r e f e r e n c e  e l e c -  
t r o d e  in t h e  s a m e  elect ro lyte ,  

ten t ia l  profile was to quant i fy  the  charge  associated 
wi th  bu lk  zinc deposi t ion and aIIoy formation.  The 
cathodic potent ia l  which first y i e lded  anodic charge  
on puls ing to --1.25V was t aken  to indicate  the onset  
of zinc deposit ion.  The difference be tween  this po ten-  
t ia l  and the Nernst  potent ia l  is the  nuclea t ion  over -  
voltage.  In  the case of Cd the poten t ia l  profile was 
first to hold the  e lect rode at  --1.1V then  pulse to 
potent ia ls  be tween  --1.25 to --1.46V for 100 see and 
a final pulse to --1.1V. In a l l  the exper iments  p a r -  
t icular  care was t aken  to p reven t  dissolut ion of  the 
subs t ra te  dur ing the course of the  exper iments .  

Scanning e~ectron microscopy and x-ray di~Jraction. 
- - S a m p l e  p repa ra t ion  for the  scanning e lec t ron 
microscopy and the x - r a y  diffract ion studies was as 
fo l lows :  The zinc was deposi ted  on the "flag" sheet 
electrodes unt i l  a r equ i red  number  of coulombs was 
deposited.  The e lec t rode  was immed ia t e ly  r emoved  
f rom the electrolyte ,  washed r e pe a t e d ly  in dis t i l led  
water ,  r insed  in acetone, air  dried,  and s tored in a 
desiccator  unt i l  moun ted  in e i ther  the  scanning elec-  
t ron microscope or  the x - r a y  goniometer .  The x - r a y  
diffraction pa t t e rn  was de te rmined  using Cu-Ka  r ad i -  
ation. The samples  p r epa red  for the morpho logy  and  
deposi t  or ien ta t ion  studies were  deposi ted  f rom 8.4M 
KOH + 0.74M ZnO. Fou r  samples  on Cu, Au, and  Cd 
subStrates were  prepared .  The deposi t ion condit ions 
were  0.5 C /cm ~ at  --1.40V, 2 C /cm 2 at  --1.42V, 5 
C/cme a t  --1.44V, and 2 C/cm~ a t  15 m A / c m  2. On Zn 
on ly  2 C/cm~ samples  deposi ted at  15 m A / c m  2 were  
examined.  

Results 
Cyclic voltammetry.--Figure 1 shows cyclic vo l t -  

ammograms  on Cu sheet  in the vol tage  envelope  --0.6 
to --1.4V in 1M KOH + 10-SM ZnO. There  is a we l l -  
defined underpo ten t ia l  deposi t ion pa t t e rn  at  --1.08V. 
There  are  two o ther  dissolut ion peaks  a t  --1.18 and 
--1.32V. On the anodic sweep there  is a smal l  ca th -  
odic cur ren t  peak  at  --1.0V. 

The cyclic vo l t ammograms  on Au were  ve ry  de -  
penden t  on the posi t ive l imi t  of the  vol tage  envelope.  
When the posi t ive l imi t  was --0.45V no clear  u n d e r p o -  

I O.I rnA/crn 2 

I O0 mV 

50 rnV/s 

Fig. 1. Cyclic voltommograms on Cu sheet in IM KOH + 10-~M 
ZnO in the potential envelope --0.6 to --1.4V; sweep rate 50 mV/ 
sec .  
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t en t ia l  deposi t ion p a t t e r n  could be  observed.  However ,  
when  the posi t ive  l imi t  was ex tended  into the  oxide  
region  (Fig. 2) a c lear  unde rpo ten t i a l  deposi t ion pa t -  
t e rn  was found a t  --0.85V. The resul ts  a re  ve ry  s imi la r  
to those found b y  Despic in sulfa te  solut ions (13). 

F igu re  3 is a cyclic v o l t a m m o g r a m  on Cd in 1M 
KOH 4- 0.08M ZnO in the vol tage  envelope --1.1 to 
1.42V. There  was no evidence of unde rpo ten t i a l  dep -  
osi t ion or  a l loy  formation.  The cur ren t  pa t t e rn  can be  
ascr ibed  s imply  to zinc deposi t ion and dissolution. 

Inves t iga t ions  were  also car r ied  out in 6M KOH 
4- 0.8M ZnO and in 8.4M KOH 4- 0.74M ZnO. The 
overa l l  fea tures  of the cyclic vo l t ammograms  were  
s imi la r  to those r epor t ed  here.  

Potentiostatic pulse studies.--Figures 4-6 show the 
cu r r en t  t rans ients  for  cathodic a n d  anodic pulses on 
Cu, Au, and Cd subs t ra tes  in 8.4M KOH + 0.74M ZnO. 
A l l  anodic pulses were  at  --1.25V. 

F igure  7 shows a compar ison  of anodic s t r ipp ing  
charges for two potent ios ta t ic  pulse  profiles on Cu and 
A u  in 8.4M KOH + 0.74M ZnO. The resul ts  indica te  
tha t  in both  cases at  --1.25V a p p r o x i m a t e l y  a mono-  
l aye r  of underpo ten t i a l  deposi ted zinc is fo rmed pr io r  
to bu lk  deposit ion.  In  the  case of bu lk  deposi t ion most  
of  the deposi t  is s t r ipped  at  --1.25V. When  deposi t ion 
is car r ied  out  a t  more  negat ive  potent ials ,  the  second 
anodic pulse to --1.0V resul ts  in the  dissolution of 
addi t iona l  zinc (up to 30 mono laye r s ) .  

F igu re  8 shows the resul ts  on Cd. The resul ts  are 
consis tent  wi th  s imple  deposi t ion of zinc wi th  a high 
nuclea t ion  overvol tage.  Complete  dissolut ion of the  
bu lk  deposi t  occurs a t  --1.25V and no addi t iona l  
anodic dissolut ion was observed  at  --1.1V. 

X-ray difIraction.--In addi t ion  to the diffract ion 
l ines for  Zn and Cu, the  deposi t  on zinc had  diffract ion 
peaks  at  28 --  24.8 ~ 37.7 ~ 42.1 ~ and 57.7 ~ The s t rong 
diffract ion peak  at  42.1 ~ could be a t t r ibu ted  to the 
hexagona l  Cu-Zn brass  phase,  and  the peak  a t  37.7 ~ 
to the  7 brass  phase.  Unfor tuna te ly ,  the  o ther  s t rong 
reflections for  these phases coincide wi th  those of  
copper.  In the case of the  deposi t  on Au there  were  
m a n y  reflection peaks  tha t  could not  be a t t r ibu ted  to 
Au  or Zn. These were  20 --  22.7 ~ 25.5 ~ 27.9 ~ 32.3 ~ 
46.2~ 47.7 ~ , 49.20 , 52.0 ~ , 53.4 ~ , 54.8 ~ , 63.7 ~ , and  67.3 ~ , 

I m A  
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- 1 .4 /  

/ 
1.3 - I . 2  - I . I  

50  mV/s 

Fig. 3. Cyclic voltammogram on Cd disk (0.686 Cm 2) in the IM  
KOH 4- 0.08M ZnO in the potential envelope --1.1 to --1.42V; 
sweep rate 50 mV/sec. 
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Fig. 2. Cyclic voltammograms on Au sheet in 1M KOH 4- 10-~M 
ZnO in the potential envelope 0.7 to --1.35V; sweep rate 50 mV/ 
sec. 
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Fig. 4. Current transients for zinc deposition on Cu sheet at vari- 
ous potentials for 100 sec, followed by an anodlc stripping pulse at 
- -  1.25V. 

Some of the peaks  (22.7% 27.9% 32.3% 47.7% and 49.2 ~ 
could be a t t r ibu ted  to the cubic 71-AuZn8 phase  (49.2% 
52.0 ~ . 53.4% 54.8 ~ , and 67.3 ~ ) whi le  o thers  could be a t -  
t r ibuted  to the t e t r agona l  a -AusZn phase.  The  dif f rae-  
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Fig. 5. Current transients for zinc deposition on Au sheet at 
various potentials for 100 sec, followed by an anodic stripping pulse 
at - -  1.25V. 
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Fig. 6. Current transients for zinc deposition on Cd sheet at 
various potentials, for 100 sec, followed by an anodie stripping pulse 
at - -  1.25V. 

tion peak at 46.2 o is common to  both phases. In the  
x-ray pattern for the deposit on Cd only reflections 
that could be attributed to either Cd or Zn were found. 

Deposit orientation and morphology.--The deposits  
on al l  four  subs t ra tes  had  an or ienta t ion  that  was p re f -  
e ren t i a l ly  para l l e l  to the basal  plane.  The morphology  
of the deposits  on Cu, Au, and Cd are  shown in Fig. 
9-11. On Cu, Au, and Cd the deposi t  consisted of hex -  
agonal  platelets .  On Cd the p la te le ts  were  l ayered  and 
more  compact  than those of Cu. On Zn the morpho logy  
was ident ica l  to tha t  found by  Bockris  et al. (9) 
and the or ienta t ion  was pa ra l l e l  to the basal  plane.  
Deposi t  or ienta t ion  and morphology  did not va ry  with  
the deposi t ion condit ions invest igated.  

Discussion 
Quant i ta t ive  t r ea tmen t  of the cyclic vo l t ammograms  

and the cathodic cur ren t  t rans ients  is essent ia l ly  im-  
possible because of the unknown cont r ibut ion  of the 
hydrogen  evolut ion reaction.  Never theless  the e lec t ro-  
chemical  resul ts  y ie ld  va luab le  in format ion  which 
complements  the resul ts  of the scanning electron mi-  
croscopy and x - r a y  diffraction analysis.  

Underpotential deposition of zinc.--The resul ts  in 
Fig. 1, 2, and 7 indicate  tha t  app rox ima te ly  a m o n o -  
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Fig. 1. Anodic stripping charge vs. deposition potential for zinc 
an Cu and Au sheet in 8.4M KOH + 0.74M ZnO. Potential profiles 
are given in figure. Deposition time, 100 sec. 
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Fig. 8. Anodic stripping charge vs. deposition potential for zinc 
and Cd sheet in 8.4M KOH + 0.74M ZnO. Potential profile is 
given in figure. Deposition time, 100 sec. 

l ayer  of underpo ten t i a l  deposi ted  zinc is fo rmed o n  
Au and Cu, a t  --1.25V, pr ior  to bu lk  deposit ion.  If  one 
takes  the underpo ten t ia l  shift  as the difference be-  
tween the bulk  and mono laye r  s t r ipping  peaks  (18), 
then the respective underpotential shifts on Au and 
Cu are 0.45 and 0.22V. These are in good agreement 
with the difference in work function between zinc and 
the substrate (18). According to Trasatti (21) the 
work function for Cd is lower than that of Zn and 
in agreement with the empirical relationship (18); no 
underpotential was observed on Cd. 
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Fig. 9. Scanning electron mlcrograph of zinc deposit on Cu sheet. 
Deposit conditions were 2 C/cm 2 at 15 mA/cm 2 from 8.4M KOH -I- 
0.74M ZnO. Magnification 5400 X. 

Fig. 10. Scanning electron micrograph of zinc deposit on Au 
sheet. Deposit conditions were 2 C/cm 2 at 15 mA/cm 2 from 8.4M 
KOH ~ 0.74M ZnO. Magnification 5400• 

The cyclic vol tammogram on Cu (Fig. 1) is fair ly 
complex. Apar t  from the underpotent ia l  deposition 
pa t te rn  with a current  peak at --1.08V, there is a 
shoulder on the cathodic current  scan between --1.2 
and --1.35V. On going to more negative potentials, an 
anodic current  peak develops at --1.18V. When the 
cathodic scan goes into the zinc deposition region, a 
third anodic peak appears at --1.32V. This behavior  is 
very similar to that  found for cadmium deposition 
on Au in acetate buffered CdSO4 electrolyte (22). The 
cathodic current  shoulder between --1.2 and --1.35V 
and the anodic peak at --1.18V can be ascribed to alloy 
formation in the potential  region between the Nernst  
potential  and the underpotent ia l  deposition region. 
The anodic peak at --1.32V can be ascribed to dissolu- 
t ion of bu lk  zinc. 

One peculiar  feature of the cyclic vol tammogram 
on Cu is the small  cathodic cur ren t  at --I :0V on the 
anodic sweep. This can be explained by the inhibi t ion  
of hydrogen evolution by the adsorbed zinc layer. Such 
inhibi t ion by underpotent ia l  deposited layers is well  
known (23, 24). On the anodic sweep, when  the layer  
is stripped, hydrogen evolution occurs and the current  
makes an excursion into the cathodic region at ap-  
proximately -- 1.0V. 

The behavior  of zinc on Au is very similar in some 
respects to zinc on Cu. In addition to underpotent ia l  
deposition of zinc, there is evidence for alloy forma-  

Fig. 11. Scanning electron micrograph of zinc deposit on Cd 
sheet. Deposit conditions were 2 C/cm 2 at 15 mA/cm 2 from 8.4M 
KOH ~- 0.74M ZnO. Magnification 5400• 

tion as the cathodic scan is extended to potentials be-  
tween the underpotent ia l  deposition region and the 
Nernst  potential.  Underpotent ia l  deposition of zinc 
on Au is enhanced by extending the cyclic vol tammo- 
grams into the oxide region. This may be due to a re- 
ordering of the Au surface. Also, i t  has recent ly been 
found that the adsorption behavior  of metals can be 
modified by extended polarization at a preset poten-  
tial (25). One proposed mechanism is that  the ad- 
sorption behavior is modified by adsorbed or absorbed 
oxygen. A similar mechanism may apply here. 

Bulk deposition and alloy Jormation.--As in  the case 
of Ag (2), there is no discernible nucleat ion overvolt-  
age for zinc deposition on Cu and Au substrates (Fig. 
7). Similar  results were found by Despic (13, 26) for 
zinc deposition on Cu and Au in sulfate solutions. 
However, in this present  case there is evidence for 
alloy formation between the underpotent ia l  deposition 
potential  and the Nernst  potential,  and this may ac- 
count for the apparent  absence of a nucleat ion over-  
voltage. 

The cyclic voltammetry,  potential  pulse studies, and 
x- ray  diffraction analysis confirm alloy formation in 
the case of both Cu and Au. In  the case of Cu diffrac- 
tion peaks that  could be a t t r ibuted to either a ~,-brass 
or a hexagonal Cu-Zn brass phase were observed. The 
overlap of the other strong lines of these phases with 
those of copper precluded unequivocal  de terminat ion 
of the alloy phase. In  the case of Au the si tuat ion 
is much clearer since several diffraction peaks could 
be un ique ly  a t t r ibuted to either the AuZn3 or the 
Au3Zn phase. These two alloys are probably found at 
different depths in the substrate. The results in  Fig. 7 
indicate the formation of an alloy to a depth of at least 
30 monolayers in both cases. 

The cyclic voltammetry,  potential  pulse, and x - r a y  
analysis measurements  on Cd are consistent with sim- 
ple zinc deposition with a high nucleat ion overvoltage. 
The absence of alloy formation is in  agreement  wi th  
the finding that  the solubil i ty of Zn in Cd is pract ical ly 
nil at IO0~ (27). 

Deposit morphology and orientation.--The basal  or i -  
enta t ion of the deposit on Cu is in  agreement  wi th  
that found on single crystal copper in  sulfate solutions 
and with that found when zinc is condensed on Cu 
from the vapor phase (28). The hexagonal  growth 
habit  is typical for growth of a hexagonal  close- 
packed crystal s tructure oriented paral lel  to the basal 
plane (29). Visual inspection of the scanning electron 
micrographs of the deposits obtained on Cu, Ag (2), 
and Cd indicates that the density of the zinc deposit 
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increases in the order Cu > Ag > Cd. This is the order 
of decreasing peak current for the anodic stripping 
pulse at --1.25V (Fig. 7). It is also the order of in- 
creasing deposit adherency that was found by Oxley 
and Fleischman (14, 15). Copper substrates in particu- 
lar encourage the growth of an active hexagonal de- 
posit with many kink sites and edges. This encourages 
the growth of a deposit whose surface area increases 
with thickness. This also results in an increase in the 
dissolution activity of the deposit with increasing 
thickness. 

Summary 
1. Approximately a monolayer of zinc is formed on 

polycrystalline Cu and Au prior to bulk deposition. 
There is excellent agreement between the underpoten- 
tial shift and the difference in work function between 
the substrate and zinc. 

2. Alloy formation of zinc with the substrate was 
found in the case of Cu and Au. Copper forms an un- 
determined brass phase, and Au forms Au3Zn and 
AuZn3. 

3. Bulk deposition proceeds without any detectable 
nucleation overvoltage on Cu and Au. On Cd the nu- 
cleation overvoltage is high. In all cases the deposits 
are preferentially oriented parallel to the basal plane. 
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Substrate Effects on Zinc Deposition from 
Zincate Solutions 

II. Deposition on Pb, TI, Sn, and In 

J. McBreen,* M. G. Chu,* and G. Adzic *'1 
Brookhaven National Laboratory, Department of Energy and Environment, Upton, New Yor~ 11973 

ABSTRACT 

The deposi t ion of zinc on Pb, T1, Sn, and In has been  inves t iga ted  using 
cyclic vo l t ammet ry ,  potent ia l  pulse  methods,  x - r a y  diffraction, and  scanning 
e lec t ron microscopy.  There  is no evidence of underpo ten t i a l  deposi t ion on a n y  
of the subs t ra tes  and the nucleat ion overvol tage  is 30-40 mV. Tha l l ium forms a 
surface a l loy wi th  zinc and there  is evidence tha t  zinc diffuses into Pb. In  the 
case of Sn  and T1 the deposi t  had an  in te rmedia te  or ienta t ion  and on Pb and In  
the deposi t  was or ien ted  pe rpend icu la r  to the basal  plane.  Deposi t  or ien ta t ion  
has been cor re la ted  wi th  the degree of mismatch  of zinc wi th  the  substrate .  The 
morpho logy  of the zinc was dense on al l  subs t ra tes  and there  was no evidence 
for the hexagona l  type  of deposi t  that  is usua l ly  found on Zn and Cu. 

The deposi t ion of zinc on Sn and Pb has been  in -  
ves t iga ted  by  Oxley  and Fle i schman (1,2) .  They  
found tha t  the deposi ts  were  more  adheren t  than  on 
Cu, Ag, or Cd, wi th  the best  adherency  being on Pb. 

There  is an extens ive  l i t e ra tu re  on the effect of Pb  
and Sn ions on zinc deposi ts  in  a lka l ine  e lec t ro ly te  
(3-7).  In i t ia l  work  was car r ied  out  by  K u d r y a t z e v  
(3). Since then severa l  inves t igators  have confirmed 
tha t  Pb  (4-6) and Sn (7) ion addi t ions  inhib i t  zinc 
dendr i te  growth.  I t  has also been shown tha t  Pb  ion 
addi t ions  affect the specific a rea  of the zinc deposit ,  
suppress  se l f -discharge,  and improve  the mechanica l  
and discharge character is t ics  of the e lectrodes (5).  
The effect of Pb  ion addi t ions  on zinc deposi ts  in aque-  
ous zinc chlor ide and zinc sulfate  e lect rolytes  has been 
inves t iga ted  (8, 9). In  both cases addi t ions  of Pb  ions 
change the deposi t  and promote  zinc growth  pe rpe n -  
d icular  to the basa l  plane.  

In  recen t  years  there  have been severa l  repor ts  on 
the effect of PbO, T1203, SnO2, SnC12, HzO, In208, and 
In (OH)3  addi t ions  to the pas ted  ba t t e ry  zinc elec-  
t rodes  (10-13). I t  has been found tha t  in the case of 
PbO and Tl~O8 addi t ions  to zinc electrodes in n ickel -  
zinc cells tha t  the  oxides are  reduced  to the  me ta l  
pr ior  to zinc deposi t ion on the first charge (13). The 
mechanism b y  which these addi t ives  modi fy  the elec-  
t rode  has been a t t r ibu ted  to a subs t ra te  effect. 

The presen t  s tudy  was pa r t  of an inves t igat ion of 
subs t ra te  effects on zinc deposi t ion on severa l  meta ls  
f rom zincate  solution. The techniques used were  cyclic 
vo l tammet ry ,  po ten t ia l  pulse  methods,  scanning e lec-  
t ron  microscopy,  and x - r a y  diffraction. 

Experimental 
CeiL--The cell  for the e lec t rochemical  s tudies  is de -  

scr ibed e lsewhere  (15). 

Working electrode.--Two types of work ing  electrodes 
were  used. One was a s imple "flag" type  sheet e lec-  
t rode (1 • 1 cm) ; the  o ther  was a machined  d isk  e lec-  
t rode (0.686 cm2). The electrodes were  polycrys ta lHne 
and were  at  least  99.998% pure .  The p repa ra t ion  of the 
Pb, T1, In, and Sn e lect rodes  is g iven below; no com- 
mon e lec t rode  p repa ra t ion  method  could be used. 

Lead.--Lead sheet  was first immersed  in a solut ion 
of 20% hydrogen  peroxide  and 80% glacial  acetic acid 
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for  15 sec, then  washed  wi th  t r ip ly  dis t i l led w a t e r  
(14). The lead  disk electrodes were  first pol ished wi th  
600 gri t  SiC paper  and then chemical ly  e tched in a 
solut ion of 80% glacial  acetic and  20% hydrogen  p e r -  
oxide  for  15 sec. F ina l ly  the  e lect rode was r insed  wi th  
methanol .  

Thallium.--The prepa ra t ion  of tha l l ium cheer was 
the same as tha t  for  l ead  sheet  electrode.  The tha l -  
l ium disk electrodes were  pol ished wi th  600 gr i t  SiC 
and then  washed in 6N KOH fol lowed by  a r inse in 
t r ip ly  dis t i l led water .  

Indium.--Indiurn electrodes were  first washed in 
acetone and r insed  wi th  t r i p l y  d is t i l led  water .  

Tin.--Tin sheet  e lect rode was only washed  wi th  
t r ip ly  dis t i l led water .  The tin disk electrodes were  
first pol ished wi th  600 gr i t  SiC paper  and then washed 
with  t r ip ly  dis t i l led  water .  

Electrolytes. - - T h e  e lect rolytes  were  p repa red  f rom 
t r ip ly  dis t i l led water ,  r eagen t  grade  KOH, and ZnO 
(New Je r sey  Zinc USP-19) .  

Electrochemical studies.--After cell  assembly,  the  
solutions were  deaera ted  by  bubb l ing  n i t rogen  th rough  
the solutions for 15 min pr io r  to the s ta r t  of measu re -  
ment.  The n i t rogen was purif ied by  passage th rough  
molecular  sieves. The cyclic v o l t a m m e t r y  was made  in 
vol tage envelopes that  were  more  negat ive  to --0.84V 
for Pb, --0.9V for T1, --1.15V for In, and  --1.2V for 
Sn. At  no t ime did the vol tage scan go into a po ten-  
t ia l  region where  the subs t ra te  could oxidize. Double  
ca thodic-anodic  pulse measurements  were  made  in an  
effort to quant i fy  the  amount  of the deposit ,  de te rmine  
the nucleat ion overvol tage,  and  obta in  fur ther  e v i d e n c e  
for  a l loy formation.  This p rocedure  consisted of  
a cathodic pulse for 100 sec at  increas ingly  nega t ive  
potenta ls  be tween  --1.25 and --1.46V fol lowed by  an  
anodic pulse at  --1.25V for 10O sec and a final pulse  to 
a potent ia l  s l ight ly  negat ive  of the dissolut ion po ten-  
t ia l  of the substrate.  In  the case of Pb, T1, In, and Sn, 
the  respect ive  potent ia ls  of the final anodic pulses 
were  --1.0, --1.0, --1.19, and  --1.15V. The cathodic 
deposi t ion potent ia l  which first y ie lded  an anodic 
charge at --1.25V was taken  to indicate  the onset  of 
zinc deposit ion.  The difference be tween  this potent ia l  
and the Nernst  po ten t ia l  is the  nuclea t ion  overvol tage.  
Any  addi t ional  dissolution tha t  occurred on s tepping  
to potent ia ls  more posi t ive to --1.25V was ascr ibed to 
zinc tha t  had a l loyed or  diffused into the substrate .  

2287 
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Scanning electron microscopy and x-ray dif]raction. 
- - S a m p l e  p repa ra t ion  for the scanning e lect ron m i -  
croscopy and the x - r a y  diffraction studies was as fol -  
lows, The zinc was deposi ted on the "flag" sheet  e lec-  
t rodes at  a fixed potent ia l  unt i l  a r equ i red  number  of 
coulombs was deposited.  The e lec t rode  was imme d i -  
a te ly  removed  f rom the electrolyte ,  washed r epea t ed ly  
in dis t i l led water ,  r insed  in acetone, a i r  dried,  and  
s tored  in  a desiccator  un t i l  moun ted  in e i ther  the scan-  
ning e lect ron microscope or  the  x - r a y  goniometer .  The 
diffraction pa t t e rn  was de te rmined  using Cu-Ka  r ad i -  
ation. The sample  p repa red  for the morpho logy  and 
deposi t  or ienta t ion  studies was deposi ted f rom 8.4M 
KOH + 0.74M ZnO. Four  samples  on each subs t ra te  
were  prepared .  The deposi ted condit ions were  0.5 
C/cm2 at  --1,40V, 2 C /cm 2 at  --1.42V, 5 C /cm ~ at  
- -  1.44V, and 2 C /cm 2 a t  15 mA/cm% 

Results 
Cyclic voltammetry.--Figure 1 is a cyclic vo l t am-  

mogram on a Pb disk electrode in 1M KOH -~ 0.08M 
ZnO in the poten t ia l  envelope --0.83 to --1.45V. The 
cathodic cur ren t  has a dis t inct  nuclea t ion  loop with  
no zinc deposi t ion occurr ing on the cathodic sweep t i l l  
a potent ia l  of --1.4V is reached.  Cyclic vo l t ammo-  
grams wi th  negat ive  l imits  a t  --1.43V disp layed  one 
anodic cur ren t  peak  at  --1.28V. When  the negat ive  
l imi t  was ex tended  to --1.45V a second anodic peak  
appeared  at  --1.S5V (Fig. 1); when  the l imi t  was 
--1.55V a th i rd  anodic peak  appea red  at  --1.3V. Re-  
sults in Fig. 2 show the effect of var ious  vol tage a r -  
rests  on the anodic behav ior  Of the cyclic vo l t ammo-  
gram. F igure  3 shows cyclic vo l t ammograms  for tha l -  
l i u m  in 1M KOH + 0.08M ZnO in the  vol tage  envelope 
--0.9 to --1.4 and --1.45V. There  is no evidence of 
underpo ten t i a l  deposi t ion on T1. A t  --1.4V there  is no 
zinc deposit ion.  At  1.45V there  is deposi t ion and a ve ry  
dis t inct  nuclea t ion  loop. F igure  4 shows cyclic v o l t a m-  
mograms for  more  nega t ive  l imits down to --1.65V. 
When the negat ive  l imi t  is --1.65V another  anodic 
peak  is observed --0.SV. The ma in  fea ture  of zinc dep -  
osition on T1 is tha t  there  is no underpo ten t i a l  deposi -  
tion; there  is evidence of a nuclea t ion  overvol tage  
for zinc deposition. The behavior  of Sn is shown in 
Fig. 5. There  is no evidence of underpo ten t ia l  dep-  
osition or  a l loy formation.  Almos t  ident ica l  resul ts  
were  found on In substrates.  

Potentiostatic pulse studies.--Figures 6-9 show the 
cur ren t  t ransients  for cathodic and anodic pulse  on Pb, 

~ F )  I tmA 
/ ! 
/ i" \i 

Fig. 2. Cyclic voltammograms on Pb disk (0.686 cm 2) in 1M KOH 
-]- O.08M ZnO; sweep rate 10 mV/sec. (Curve 1) continuous cyclic 
voltammograms, (curve 2) with a 5 sec anodic arrest at --1.3V, 
(curve 3) with a 5 sec anodic arrest at --1.21V. 

I ~ 1 . ~ _ ~  1 -I , I j  , - 0 , 9 ,  

t -I ,5 

/ E vs. Hg/HgO 

I I I 
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Fig. 1. Cyclic voltammograrn on Pb disk (0.686 cm 2) in 1M 
KOH -~ 0.08M ZnO; sweep rate 100 rnV/sec. Negative limit 
- -  1.45V. 

Fig. 3. Cyclic voltarnmegrams for TI disk (0.686 cm ~) in 1M 
KOH -F 0.08M ZnO; broken line for a negative limit at --1.4V; 
solid line for a limit at --1.45V. Sweep rate 100 rnV/sec. 

T1, Sn, and In subst ra tes  (1 • 1 cm) in 8.4M KOH + 
0.74M ZnO. Cathodic pulses v a r y  f rom --1.40 to 
- -1 .46V.  All  anodic pulses were  at  --1.25V. 

Figures  10 and 11 show the anodic s t r ipp ing  charge 
for var ious  potent ios ta t ic  pulse profiles in 8.4M KOH 
+ 0.74M ZnO for Pb, T1, In, and Sn, respect ively .  On 
Pb and T1 substrates ,  most  of the  dissolut ion of bu lk  
deposi t  occurs at  --1.25V; the  r e m a i n d e r  of  the  deposi t  
is s t r ipped  at  --1.0V. On In  and Sn substrates ,  a l l  of 
the  dissolution of bu lk  deposi t  occurs at  --1.25V; no 
dissolution was observed at  the  h igher  potent ial .  

X-ray di~raction result.--In the case of the T1 sam-  
ple p repa red  for morphology  and deposi t  or ienta t ion  
studies s t rong diffract ion peaks  at  20 = 23.6 ~ 26 ~ 
27.2 ~ 31 ~ 38.5% and 48.5 ~ were  observed.  In  the case of 
Pb, In, and Sn, al l  the diffraction peaks  could be a t -  
t r ibu ted  to e i ther  zinc or the substrate .  
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Fig. 4. Sweep rate dependence of cyclic voltammograms on TI 
disk (0.686 cm 2) in 1M KOH + 0.08M ZnO. Sweep rat-~s: (curve 
1) 100 mV/sec, (curve 2) 50 mV/sec, (curve 3) 20 mV/sec. 

Deposit, orientation and tnorphology.--The zinc de-  
posits on both  Pb and In were  or ien ted  pe rpend icu la r  
to the basa l  plane.  On T1 and Sn the deposi t  had an in-  
t e rmed ia te  or ientat ion.  F igures  12 to 15 show scan-  
ning e lec t ron micrographs  of zinc deposi ts  on each 
substrate .  There  is no evidence of the hexagona l  s t ruc-  
tures  found on Ag (15), Cu and Cd (16). On In  and  Sn 
the deposits  had  a ve ry  dense appearance .  

Discussion 
Zinc deposition.--No underpo ten t i a l  deposi t ion was 

observed on any  of these substrates .  This is to be e x -  
pec ted  since the  w o r k  funct ion for  Sn is on ly  0.05 eV 
h igher  than  tha t  of zinc and for the  other  meta ls  is 
cons iderab ly  lower  (17). The nuclea t ion  overvol tage  
is h igh on al l  metals .  Tha l l ium was the only ma te r i a l  
wi th  which zinc formed an alloy. This was confirmed 
by  the addi t ional  anodic peak,  a t  app rox ima te ly  

I 20 rnA/c m 2 

2O s 

l E A = - I . 2 5  V 
1.41 v 

. . . . . . . . .  1.42 V 
\ . . . . .  1 .44V 

\ - -  1.46 V 

l!i 

Pb, 3 5 %  K O H + 6 O g / L  ZnO 

Fig. 6. Current transients for double cathodlc/anodic pulse ex- 
periments on Pb sheet in 8.4M KOH + 0.74M ZnO. Deposition 
potentials are indicated on the figure. Anodic pulses were to 
- -  1.25V. 
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Fig. 7. Current transients for double cathod|c/onodic pulse ex- 
periments on TI sheet in 8.4M KOH 4- 0.74M ZnO. Deposition po- 
tentlals are indicated on the figure. Anodic pulses were to --1.25V. 
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Fig. 5. Cyclic voltammograms an Sn disk (0.686 cm 2) in 1M 
KOH "l- 0.08M ZnO; sweep rate 50 mV/sec. 

Fig. 8. Current transients for double cathodic/anodic pulse ex- 
periments on Sn sheet in 8.4M KOH -J- 0.74M ZnO. Deposition 
potentials are indicated on the figure. Anodic pulses were to 
- -  1.25V. 
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I 20 mA/cm 2 

E A = - I . 2 5 V  10 1 
. . . . .  1.40 V 
. . . .  1.41V 
. . . . . . . .  1.42V 
. . . . . . . .  1.44V 
- -  - 1 . 4 6 V  IO~ 

In, 3 5 %  K O H + 6 0  g/L ZnO 

Fig. 9. Current transients for double cathodic/anodic pulse ex- 
periments an In sheet in 8.4M KOH + 0.74M ZnO. Deposition 
potentials are indicated an the figure. Anodic pulses were to 
- -  1.25V. 

--1.0V, in the cyclic vo l t ammograms  (Fig. 5). The 
double  anodic pulse also showed addi t iona l  d issolu-  
t ion on going to --1.0V. This addi t iona l  dissolut ion 
was observed  on the cyclic vo l t ammograms  at  slow 
sweep ra tes  and in the po ten t ia l  pulse  measurements  
af ter  holding the electrode at --1.25V for per iods  as 
long as 300 sec. Thus i t  could not  be ascr ibed to r e -  
s idual  pass iva ted  zinc. In  addit ion,  the  x - r a y  diffrac-  
t ion resul ts  showed severa l  diffraction peaks  tha t  could 
not  be ascr ibed to e i ther  Zn or T1. No l i t e ra tu re  da ta  
for  x - r a y  pa t te rns  of Zn-TI  al loys could be found. 

The cyclic v o l t a m m e t r y  resul ts  (Fig. 4 and 5) and 
the  double  anodic pulse measurements  (Fig.  11) ind i -  
cate that  ahoy  format ion  of zinc wi th  T1 is qui te  
different  than  al loy format ion  wi th  Ag (15), Au or Cu 
(16). There is no evidence for a l loy format ion  at  po-  
tent ia ls  posi t ive to the Nerns t  potent ial ,  Ac tua l ly  the 
cyclic vo l t ammogram displays  a nuclea t ion  loop (Fig. 
4) and no zinc is deposi ted at  potent ia ls  more  posi t ive 
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Fig. t0. Anodic stripping charge vs. deposition potenttal for Pb 
and TI sheet in 8.4M KOH + 0.74M ZnO. Deposition time was 
100 sec. Potential profiles are indicated on the figure. 
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Fig. 11. Anodic stripping charge vs. deposition potential from 
Sn and In sheet in 8.4M KOH + 0.74M ZnO, Deposition time was 
100 sec. Potential profiles are indicated on the figure, 

to --1.4V. A p p a r e n t l y  the presence of bu lk  zinc is r e -  
qui red on the T1 surface before  a l loy  formation.  There  
is a poss ibi l i ty  tha t  in the  case of Ag, Au, and Cu, the 
underpo ten t i a l  deposi ted  l aye r  cata lyzes  al loy fo rma-  
tion at  potent ia ls  posi t ive to the  Nerns t  potent ia l .  I t  is 
difficult to quant i fy  the  amount  of a l loy format ion  
f rom the double anodic pulse measurements .  On pu ls -  
ing to --1.25V, the cur ren t  ta i led  off (s lowly)  over  a 
long per iod of t ime (Fig. 7). This may  be due to some 
al loy dissolution at  --1.25V af ter  s t r ipping the bu lk  
deposit.  

The behavior  of zinc on Pb  is ve ry  complex as ind i -  
cated by  the cyclic v o l t a m m e t r y  and poten t ia l  pulse  
measurements .  The behavior  was s imi lar  in  some r e -  
spects to tha t  observed wi th  subs t ra tes  tha t  a l loyed  
wi th  zinc. However ,  no P b - Z n  al loy is known and the 
x - r a y  diffraction da ta  showed only  reflections for Pb  
and Zn. The cyclic vo l t ammograms  indicate  tha t  there  
are at  leas t  three  dissolution processes. This could be 
ra t ional ized on the basis of dissolution of nonep i tax ia l  

Fig. 12. Scanning electron micrograph of n zinc deposit on Pb 
sheet. Electrolyte was 8.4M KOH @ 0.74M ZnO. Deposition con- 
ditions were 2 C/cm2 at 15 mA/cm 2. Magnification 5 4 0 0 X .  



Vol. 128, No. 11 S U B S T R A T E  E F F E C T S  ON ZINC DEPOSITION 2291 

Fig. 13. Scanning electron micrograph of a zinc deposit on TI 
sheet. Electrolyte was 8.4M KOH +0.74M ZnO. Deposition condi- 
tions were 2 C/cm 2 at 15 mA/cm 2. Magnification 5400X. 

Fig. 14. Scanning electron micrograph of zinc deposit on Sn 
sheet. Electrolyte was 8.4M KOH + 0.74M ZnO. Deposlt[on con- 
ditions were 2 C/cm 2 at 15 mA/cm ~. Magnification 5400• 

lar  mechanism may be operative here. I t  is known  that  
the diffusivity of Zn in Pb is abnormal ly  high (19, 20). 
It  is about  six orders of magni tude  higher than the self- 
diffusion of Pb in Pb. Extrapolat ion of the data of Ross 
et al. (19) indicates a diffusivity of 8.24 X 10 -11 cm 2 
sec-1 for Zn in  Pb at 25~ If one assumes that  the a r e a  
under  curve 3, Fig. 3 is due to dissolution of zinc that  
diffuses into Pb, then the amount  of Zn in  the substrate 
is 1.4 • 10-~C. The total  zinc that  diffuses into the Pb  
is given by 

where F is the Faraday  constant, A the electrode a r e a ,  
D the diffusivity of Zn in Pb, Co the concentrat ion of 
zinc directly beneath  the Pb surface, and t the t ime 
the substrate was covered with Zn (21). The total t ime 
t, including the arrest time, was 78 sec. This yields a 
value of Co of 0.06 atom percent  Zn in Pb, a value that  
is reasonably close to the theoretical solubil i ty of Zn 
in  Pb  (22). 

The electrochemical behavior  of the zinc deposit on 
In and Sn was unique in that the deposit activity does 
not increase with deposit thickness (Fig. 9 and 10). 
The l imit ing discharge current  on stepping to --1.25V 
does not change with thickness. This would indicate 
that  the surface area of the zinc remains  constant  as 
the deposit grows. This may be a feature associated 
with epitaxial  growth perpendicular  to the basal  
plane. The str ipping current  behavior  also differed 
from that of Pb and T1 in that  there was no tai l ing of 
the current.  This is consistent with no interact ion o f  
the zinc with the substrate bulk. 

Deposit morphology and orientation.--The zinc de- 
posits on Pb, T1, In, and Sn differed from those found 
on Ag (15), Cu, Au, Cd, and Zn (16) in  that  the de- 
posits were not oriented paral lel  to the basal  plane. 
Consequently the deposits did not display the usual  
hexagonal platelets that  are obtained from growth in 
a direction paral lel  to the basal plane. 

The only correlation that can be made is that sub-  
strates with atomic radii close to that of zinc encourage 
growth paral lel  to the basal plane, and substrates wi th  
atomic radii  much larger than  zinc encourage growth 
perpendicular  to the basal plane. The la t ter  deposits 
tend to be more dense. Table I summarizes data on the 
interatomic distances in the substrates invest igated 
(23) and give the degree of mismatch wi th  the basal  
plane spacing of zinc. It is best to compare substrates 
that  do not form alloys with zinc such as Cd, Sn, In, 
and Pb, since alloy formation cer tainly must  rearrange 
the atoms of the substrate. In  going from Cd to Sn  to 
In  and Pb the deposit changes from a basal  to an 
intermediate  and then to a perpendicular  orientation. 
According to Finch and his co-workers (24), the cri t i-  
cal mismatch is about 15%. This appears to be the 
case here. 

Summary 
1. The nucleat ion overvoltage for zinc on Pb, T1, Sn, 

and In in alkal ine zincate solutions is 30~ InV. 

Table I. Substrate interatomic distance in comparison to 
interatomic distances in the zinc basal plane 

Fig. 15. Scanning electron micrograph of zinc deposit on In sheet. 
Electrolyte was 8.4M KOH + 0.74M ZnO. Deposition conditions 
were 2 C/cm 2 at 15 mA/cm 2. Magnification 5400• 

growth, epitaxial  growth, and zinc that  d i f f u s e s  i n t o  
the lead. The concept of the dissolution of epitaxial  
and nonepi taxia l  growth has been invoked to explain 
the dissolution of Cd deposits on Cu (18), and a simi- 

Differences with 
interatomic distance 

Interatomic of Zn in basal 
Metal distance (A) plane (%) 

Cu 2.556 -4.1 
Ag 2.889 8.4 
Au 2.883 8.1 
Cd 2.979, 3.293 11.78 
Sn 3.02, 3.17 13.32 
In 3.24, 3.37 21.57 
T1 3.401, 3.456 29.68 
Pb 3.500 31.3 
Zn 2.665, 2.912 
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2. Tha l l ium is the on ly  me ta l  that  al loys wi th  Zn 
dur ing  deposition. 

3. As opposed to the deposi ts  found on Ag, Cu, Au, 
Cd, and Zn, the deposits  were  not  o r ien ted  para l l e l  to 
the basal  plane.  On Sn and T1 the deposi t  had an in-  
te rmedia te  or ien ta t ion  and on In  and Pb  the deposi t  
was or iented  pe rpend icu la r  to the basal  plane.  Deposit  
or ienta t ion and morpho logy  has been  cor re la ted  wi th  
the degree  of mismatch  of Zn wi th  the substrate .  
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Electrodeposition of Silicon from Solutions of 
Silicon Halides in Aprotic Solvents 

A. K. Agrawal* and A. E. Austin* 
Battelle, Columbus Laboratories, Columbus, Ohio 43201 

ABSTRACT 

Amorphous  sil icon has been e lec t rodeposi ted  f rom nonaqueous baths  using 
SiHCI~ as the silicon source. A typical  ba th  composit ion was 1.0M SiHC18 in 
p ropy lene  carbonate  containing 0.1M te t r abu ty l  ammonium chloride as the  
suppor t ing  electrolyte .  Deposits were  made potent ios ta t ica l ly  at  a round  --2.5V 
vs. Pt  reference  at  t empera tu res  35~176 under  an argon a tmosphere .  A 
var ie ty  of mate r ia l s  including Pt, Ti, Ti-6A1-4V alloy, n-Si ,  and i nd ium- t in  
oxide coated fused sil ica were  used for the substrate.  The as -depos i ted  silicon 
contains some hydrogen  bonded as Sill2 or Si l l .  The qual i ty  and hydrogen  con- 
tent  of the deposi ts  are control lable  by  select ing the p roper  ba th  composit ion 
and opera t ing  tempera ture .  The e lect rodeposi t ion Process offers an inexpens ive  
route  for producing  , - S i  films for possible solar  cell applicat ions.  

The successful deve lopmen t  of low cost solar  cells 
for l a rge-sca le  t e r res t r i a l  power  genera t ion  calls for  
new technology for a t ta in ing  requi red  cost reduct ions 
of 30-fold f rom the present .  Amorphous  sil icon films 

* Electrochemical Society Active Member. 
Key words: amorphous silicon, solar cell, electrodeposition, non- 

aqueous bath. 

produced by  var ious  vapor  phase deposi t ion processes 
are being ac t ive ly  considered for  solar  cell  appl ica-  
tions (1). We inves t iga ted  e lect rodeposi t ion as a p ro -  
cess for producing silicon d i rec t ly  on low cost meta l  
substrates.  As is wel l  known, silicon cannot  be e lec t ro-  
deposi ted from aqueous e lect rolytes  because of h y -  
drolysis  of its salts and very  large  negat ive  potent ia ls  
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requi red  for  the cathode. The use of a wide range  of 
nonaqueous organic  solvents  was invest igated.  A p -  
p ropr ia te  med ia  were  found to be solutions of silicon 
ha/ ides  in d ipolar  aprot ic  organic  solvents  that  are  
essent ia l ly  anhydrous  (2). The process y ie lded  a m o r -  
phous si l icon of 1-5 #m thickness on a va r ie ty  of sub-  
strates.  Process details,  deposi t  qual i ty ,  and composi-  
t ion of the e lec t rodeposi ted  a-si l icon are  discussed 
here. 

System Development 
In i t i a l ly  a number  of solutes (si l icon source- -ch lo ro  

and bromo si lanes ma in ly ) ,  nonaqueous solvents, and 
suppor t ing  e lec t ro ly tes  ( t e t r aa lky l  ammonium salts)  
were  inves t iga ted  for the process. The screening was 
done b y  cyclic v o l t a m m e t r y  exper iments  and fol lowed 
by  e lec t rodeposi t ion onto a p l a t i num or  Ti-6A1-4V 
subs t ra te  [see Ref. (2)] .  Af te r  extens ive  t r ia ls  the  
most sui table  choices for the solute, solvent,  and sup-  
por t ing  e lec t ro ly te  were  t r ichlorosi lane,  p ropy lene  
carbonate  (PC),  and t e t r aa lky l  ammonium chlorides,  
respect ively .  The main  considerat ions in the  select ion 
were  s tab i l i ty  of var ious  components  in the ba th  at  
opera t ing  cathode potent ia ls  in the an t ic ipa ted  t em-  
pe ra tu re  range  of 35~176 and  the p roduc t  quali ty.  

Al though  SiHC13 is qui te  soluble  (>liV[) in PC, the  
SiHCI3 is ba r e ly  ionized in the solvent.  As a resu l t  the 
solut ion conduct iv i ty  is e x t r e m e l y  low (35 smho cm -1)  
for  an efficient opera t ion  of the ceil. Te t r aa lky l  am-  
monium chlorides were  therefore  added to the cell  to 
increase the conduct iv i ty  of the ba th  and the reby  r e -  
duce the opera t ing  cell  voltages.  

Cyc l i c  v o l t a m m e t r y . - - - P r e l i m i n a r y  cyclic vo l t am-  
m e r r y  exper iments  were  done on p l a t inum electrodes 
in PC wi th  t e t r abu ty l  ammonium chlor ide  (TBAC) as 
the suppor t ing  e lec t ro ly te  bu t  wi thout  any  SiHC18 
present .  This was done to check the iner tness  of the  
ba th  and also to de te rmine  the safe work ing  potent ia l  
range.  In  the vo l t agrams  no cur ren t  waves, e i ther  
cathodic or  anodic, were  observed in the potent ia l  
range  ,1,0.8 to --3.0V vs.  Pt. This indica ted  an absence 
of react ions and proved  the iner tness  of the bath.  
However ,  when the scanning was ex tended  beyond the 
above potent ials ,  in  separa te  exper iments ,  large  cur -  
ren t  waves  resul ted  at  both  ends. These waves  were  
due to the b r eakdown  of the  ba th  constituents.  The 
potent ia l  range  beyond --3.0V vs.  Pt  was therefore  
considered unsafe for the cell opera t ion  but  safe be -  
tween ,1,0.8 and --3.0V vs.  Pt. Chloride ion oxidat ion  
s tar ts  beyond  +0.8V vs. Pt. 

A cyclic vo l t ag ram for SiHCI3 in PC and TBAC is 
shown in Fig. 1. Two reduct ion  waves  at  cathodic po-  
tent ia ls  near  --1.2 and --2.3V vs. Pt  are  evident .  Dur -  
ing scanning in the posi t ive d i rec t ion  f rom the most  
negat ive  potent ia l  --2.7V vs.  Pt, no anodic waves  cor-  
responding to e i ther  of the cathodic waves  were  ob-  
served.  This impl ies  tha t  the cathodic react ions  a re  
h igh ly  i r revers ib le .  The first wave  at  --1.3V vs.  Pt  is 
thought  to be f rom the reduct ion  of t race amounts  of 
HC1 presen t  in the bath.  This HC1 resul ts  f rom a re-  

act ion be tween  SiHC13 and H20, which finds i ts w a y  
as a t race i m p u r i t y  in PC or  TBAC. In the second 
cycle the first wave  comple te ly  disappeared,  p r o b a b l y  
because of an exhaus t ion  of HC1 from the bath.  F o r m a -  
tion of HC1 by  hydrolys is  of chlorosilanes,  e.g., RsSiC1 
1. H_on -> R3SiOH -t- HC1, and the reduct ion  of HC1 
on electrolysis  in nonaqueous  solvents  have  been re-  
ported by Corr iu  e t  al. (3). 

The second wave in the vo l t ag ram in Fig. 1 is f rom 
the reduct ion of SiHC18 to ~-Si. The cu r ren t  peak  is 
located at  --2.3V vs.  Pt. Repea ted  cycl ing of the  po-  
ten t ia l  be tween  ,1,0.8 and --2.7V vs.  Pt  p roduced  a 
gradua l  shr ink ing  of the peak  and also a s l ight  nega-  
t ive shif t  of the peak  potent ia l  in successive cycles. 
These changes are  thought  to be f rom a bu i ldup  of 
a-Si  deposit  on the  subs t ra te  dur ing  each cycle and 
the resul t ing  I R  drop therein.  The presence of only  a 
s t rong single peak,  af ter  the HC1 removal ,  suggests  
tha t  the reduct ion of SiHC13 is essent ia l ly  a one-s tep  
process. Mul t ip le  peaks  corresponding to s tage-wise  
reduct ion of SiHC18 were  never  observed.  

Experimental  
All  exper iments  including screening expe r imen t s  

were  done inside a d r y  glove box under  an  argon 
a tmosphere .  In i t i a l ly  a reagen t  grade  PC af te r  ca re -  
ful  d ry ing  over  molecu la r  sieves and purif icat ion by  
vacuum frac t ional  dis t i l la t ion was used for  the  sol-  
vent. The dis t i l la te  was kep t  at  al l  t imes under  an  
argon atmosphere .  Gas chromatographic  analysis  of 
the dis t i l la te  gave a m a x i m u m  of 10 ppm H20 and 100 
ppm propy lene  glycols. The conduct iv i ty  of the dis-  
t i l la te  was 0.5-1.0 ~mho. Later ,  high pur i ty ,  ve ry  low 
water ,  glass dis t i l led PC from Burdick  and Jackson  
Labora tor ies  was used in a l l  exper iments ,  wi thout  any  
fu r the r  t rea tment .  Cyclic v o l t a m m e t r y  resul ts  and the 
qual i ty  of deposits  wi th  the l a t t e r  PC just if ied its use. 
Tr ichlorosi lane used as solute was f rom Si la r  Corpo-  
ration.  Te t r aa lky l  ammonium chlorides,  i.e., tetra- 
ethyl  (TEAC),  t e t r ap ropy l  (TPAC) ,  TBAC, t e t r a -  
pen ty l  (TPnAC) ,  and  t e t r ahexy l  (THAC) were  ob-  
ta ined f rom the Vent ron  Corpora t ion  and these were  
purif ied by  recrys ta l l i za t ion  under  argon a tmosphere  
according to the procedures  descr ibed in Mann  (4).  

Elect rodeposi t ion exper iments  were  car r ied  out  po-  
ten t ios ta t ica l ly  in Teflon cells using an in te rna l  p laU- 
num reference  electrode.  A Teflon cell of 15 ml ca-  
pac i ty  used wi th  2 cm d iam subs t ra tes  is shown in 
Fig. 2. The countere lec t rode was made f rom vi t reous  
carbon, whereas  a va r i e ty  of subs t ra tes  were  used for 
the cathode, including Pt ,  Ti-6A1-4V alloy, commer -  
c ia l ly  pure  t i tanium, n-si l icon,  and t r anspa ren t  ind ium-  
tin oxide on fused silica. Al l  meta l l ic  subst ra tes  were  
mechanica l ly  pol ished to a mi r ro r  smooth finish for  
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Fig. 1. A cyclic voltammogram of platinum substrate at 35~ in 
PC containing 0.1M TBAC and 0.2M SiHCI3. 
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Fig. 2. A Teflon cell used in electrodeposition experiments 
shown disassembled. 
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use as a cathode. These were  c leaned wi th  deionized 
wa te r  and r insed off w i th  acetone pr ior  to use. A 
deposi t ion poten t ia l  a round --2.5V vs. Pt  was used 
in most  of the exper iments .  

Deposits were  made  at  35~176 Exper imen t s  above 
35~ requ i red  a hea ted  pressure  chamber  for  the  cell  
because of the high vola t i l i ty  of SiHCls (bp 33~ 
For  runs  at  high t empera tu re s  the Teflon cell af ter  
assembl ing and filling wi th  the solut ion was sealed in 
the chamber .  The chamber  was then pressur ized wi th  
argon. The pressure  was ma in ta ined  at  20-30 psi 
(140-210 kPa)  above the vapor  pressure  of SiHC13 at  
the  opera t ing  t empe ra tu r e  of the  cell, e.g., 110 psig 
(800 kPa)  for a 90~ run.  This p reven ted  the loss 

of SiHCI~ f rom.the  cell. 
Dur ing  deposi t ion the cell  cu r ren t  was moni tored ,  

and in most  cases a d igi ta l  in tegra tor  was also used 
to show the cumula t ive  charge passed at  any  time. 
Deposi t  thickness was calcula ted using F a r a d a y ' s  l aw 
assuming 4 e lec t ron t ransfe r  reduct ion,  100% cur ren t  
efficiency, and a deposi t  dens i ty  of 2.0 g / c m  3. The 
thickness was checked in a few instances  by  weight  
gain  of the subs t ra te  and a measurement  of the t ape red  
section of the deposit  wi th  SEM. A good correspond-  
ence be tween  the calcula ted thickness and measured  
thickness suppor ted  the assumptions.  

Results and Discussion 
In very  ea r ly  exper iments  a t a n k - t y p e  300 ml  ca-  

pac i ty  ba th  was used as a cell. The ba th  was reused  
3 or 4 t imes for the deposi t ion wi thout  changing the 
solut ion bu t  af ter  rep lenish ing  the SiHC13. I t  was 
noticed tha t  the s ta r t ing  currents  in subsequent  runs, 
under  ident ica l  opera t ing  conditions,  were  smal le r  
than  in the  previous  runs.  I t  was reasoned  tha t  some 
by -p roduc t  is genera ted  dur ing  the SiHC18 reduction.  
This b y - p r o d u c t  adsorbed  on the cathode surface in 
compet i t ion wi th  the active SiHCls species and h in-  
dered  the reduct ion  process. As a result ,  the pract ice  
was changed to using a fresh ba th  for each deposit.  
However ,  in o rde r  to save on expensive  chemicals  the 
cei l  design was changed and the volume was reduced  
to ,~15 ml solut ion for a 2 cm diam substrate.  Al l  the 
resul ts  descr ibed here  are  for  the l a te r  pract ice  using 
the new cell. 

A typical  deposi t  made  on Ti-6A1-4V subs t ra te  at  
35~ is shown in Fig. 3. A typica l  ba th  contained 
0.1M TBAC and 0.25M SiHC13. The s ta r t ing  currents  
in genera l  were  2-5 m A / c m  2, b u t  decayed  r ap id ly  af te r  
about  0.5 min at  a ra te  propor t iona l  to t - ' l ,  to t - I  

(where  t is t ime)  wi th  th ickening of the  deposi t  (see 
Fig. 4). The drop in current  wi th  t ime was p a r t l y  due 
to the IR drop in the growing film, and for the res t  the 
reasons are  not  comple te ly  unders tood  at  this t ime. 
A 1 ~m thick deposi t  r equ i red  more  than  1000 min. 
The process was subsequent ly  improved  to give be t t e r  
yields.  The effect of process variables ,  such as solute 
concentrat ion,  t empera tu re ,  and the size of cation in 
the suppor t ing  e lec t ro ly te  are  discussed below. The 
suppor t ing  e lec t ro ly te  used in most  of the exper iments  
was TBAC at  0.1M concentra t ion unless ment ioned  
otherwise.  

Temperature . - - Increas ing the  t empe ra tu r e  above 
35~ resul ted  in  a h igher  s ta r t ing  cur ren t  which r e -  
mained  h igher  dur ing the course of deposition. The 
e lect rodeposi t ion currents  for two t empera tu res  of 
35 ~ and 70~ are  shown in Fig. 4 for comparison.  I t  
should be noted in the figure tha t  a l though the cur ren t  
for the 70~ run  is h igher  by  at  least  a factor  of two 
over  most  of the  deposi t ion period,  the  ra te  o f  decay  
for the two runs  is almost  identical .  The ident ical  
na ture  of two curves suggests tha t  the deposi t ion 
process in both cases is the same. The act ivat ion 
energy  for the process was ca lcula ted  f rom the A r -  
rhenius  plots of i vs. 1 /T shown in Fig. 5, for  the t em-  
pe ra tu re  range  35~176 Three  t ime in terva ls  0.1, 1, 
and  100 min  were  chosen for  the  calculations,  bu t  all 
three  gave the same value  of ac t iva t ion  energy  2 • 
0.2 kcal. The low act ivat ion energy  for the process 
suggests that  the r a t e -de t e rmin ing  step is p r o b a b l y  
an e lec t rosorpt ion  process. Higher  t empera tu re s  
usua l ly  r e su l t ed  in th icker  and smoother  deposits.  De-  
posit  thickness of ~-1 ~m could be obta ined  in about  
1000 rain by  opera t ing  the ceII a t  TO~ as opposed to 
N0.5 ~m at 35~ 

Solute concentrat ion.- -The solute concentra t ion in 
the ba th  in the range 0.1-1.0M had a significant effect 
on the ra te  of cur rent  decay as wel l  as on the qua l i ty  
of deposit.  The ra te  of decay, pa r t i cu l a r ly  in the first 
10 min, was cons iderab ly  r e t a rded  wi th  increas ing 
SiHCI3 concentrat ion.  Consequent ly  a deposi t  of 1 ~m 
thickness could be produced in about  an hour  or  less 
wi th  1.0M SiHC13 in the ba th  at  50~ or  higher.  The 
deposits were  also more un i fo rm and smoother  in 
t ex tu re  than those made wi th  lower  concentrat ions  
of SiHC18. Concentra t ions  above 1M SiHCI8 offered 
no fur ther  improvements .  

Al though the ra te  of cu r ren t  decay was affected b y  
the solute concentrat ion,  the s ta r t ing  cur ren t  changed 
l i t t le  wi th  the increas ing SiHCI3 concentrat ion.  The 
s ta r t ing  cur ren t  was s t r ic t ly  dependen t  upon the type  
of subs t ra te  used for the  cathode. 

Fig. 3. Photomacrograph of silicon deposff on titanium alloy 
( 4 x ) .  

I S u b s t r a t e  T w 6 A I - 4 V ,  2 cmz 

o o l  
o I I IO IOO LO00 

M inu tes  

Fig. 4. Comparison of the electredeposition current for two 
temperatures, 35 ~ and 70~ at - -2.5V vs.  Pt with 0.25M SIHCI~. 
Substrate area: 2 cm 2. 
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Fig. 5. Arrhenius plots of I vs. 1 /T  at 0.1, 1, and 100 rain 

Supporting electro~yte.--From the low act ivat ion 
energy  and the cur ren t  decay  behav ior  dur ing  the 
deposit ion,  i t  was hypothes ized tha t  the  process is 
adsorpt ion  controlled.  I t  was, therefore,  concluded 
tha t  b y  changing the cation size of the suppor t ing  
e lec t ro ly te  in the bath,  the deposi t ion ra te  and the 
qual i ty  of the deposit,  pa r t i cu l a r ly  the morphology,  
could be controlled.  As a result ,  si l icon deposi t ion was 
expe r imen ted  using different  suppor t ing  e lect rolytes  
of the t e t r a a l k y l a m m o n i u m  chloride series. The t e t r a -  
a l k y l a m m o n i u m  chlorides used in the  exper imen t s  
were  TEAC, TPAC, TBAC, TPnAC,  and THAC. The 
concentra t ion of the suppor t ing  e lec t ro ly te  in each of 
the exper imen t s  was kep t  constant  a t  0.1M. The nomi-  
nal  ba th  t empera tu re  was 35~ and the SiHC13 con- 
cent ra t ion  0.SM. 

The morpho logy  of the Si deposi t  and the deposi t ion 
cur ren t  decay both were  s t rong ly  affected by  the 
size of the cat ion in the bath.  In  general ,  the deposits  
were  coarser  wi th  increas ing cation size; w i th  smal le r  
cations TEAC and TPAC the deposits were  ve ry  
smooth, at  2000 magnificat ion wi th  SEM no separa te  
nodules could be detected.  Wi th  THAC, the deposi ts  
were  e x t r e m e l y  coarse and loosely adheren t  to the 
t i t an ium substrate .  The adherence  appeared  to improve  
wi th  lower ing  of the cation size in the bath.  

The s ta r t ing  cur ren t  on the Ti subs t ra te  in al l  the 
cases was 2.6 __ 0.2 mA/cm~, i r respect ive  of the cat ion 
size. However ,  a f te r  a few monolayers  of  Si deposi t ion 
the cur ren t  decay was g rea t ly  affected b y  the cat ion 
size. The sma l l e r  the cation in the  bath,  the h igher  
was the ra te  of cur ren t  decay. The cu r ren t  decay wi th  
TEAC was so rap id  tha t  deposi t  thickness was l imi ted  
to only ~-,0.3 ~m before  the deposi t ion ra te  reached 
to nea r ly  zero (,~0.01 m A / c m  ~) value.  With  THAC, 
on the other  hand, the ra te  of decay was ve ry  small ,  
and the cur ren t  s tayed wi th  deposi t ion at  about  1 
m A / c m  2. The s ta r t ing  cur ren t  of 2.6 m A / c m  2 appears  
to be control led only  by  the n u m b e r  of active sites 
ava i lab le  on the Ti subs t ra te  for  the adsorpt ion  of 
act ive SiHCI~. I t  is only  af te r  the  first few mono-  
layers  that  the cat ion size of the  suppor t ive  e lec t ro ly te  
became impor tant .  

In  o rde r  to improve  the morpho logy  of  electro- 
deposited silicon, mixed  suppor t ing  e lec t ro ly tes  of 
TBAC and  TPAC were  t r ied  in the  bath.  Typical  ex -  
per iments  w i th  the  mixed  TBAC and TPAC e lec t ro-  

ly te  were  made  at  50~ and  cathode poten t ia l  of 
--2.6V vs. Pt. The to ta l  concentra t ion  of the mixed  
e lec t ro ly te  in the  ba th  was a lways  ma in ta ined  a t  0.1M 
wi th  1.0M SiHCI3. The T P A C : T B A C  composit ions 
t r i ed  were  1:100, I0: I00, 50: 50, I00: 10, and I00: I. The 
op t imum composit ion for  T P A C : T B A C  was found to 
be I00: i0. With  this T P A C : T B A C  rat io  good deposi ts  
of about  1 #m could be ob ta ined  in less than  2 hr. 
Wi th  any  o ther  mix tu re  the  ra tes  were  s ignif icant ly 
lower.  

The nodule  size in the deposits  in genera l  decreased 
wi th  the increasing propor t ion  of TPAC in the mix -  
ture. For  comparison purposes,  four  deposi ts  f rom 
different  ba th  composit ions are  shown in Fig. 6. The 
lower  two of the deposits  in Fig. 6 are  f rom pure  
e lectrolytes  TPAC and TBAC, whereas  the  upper  
ones are  f rom 10:100 TPAC to TBAC and 10:100 
TBAC to TPAC ratios.  The deposi t  f rom the ba th  wi th  
10:100 TBAC to TPAC rat io  is fine gra ined  and 
smoother  in comparison to the  others.  Table  I gives 
the deposi t  thickness  and thei r  res is t ivi ty ,  as mea-  
sured in the solution, f rom different  e lec t ro ly te  mix -  
tures. The res i s t iv i ty  genera l ly  increased w i th  de-  
creasing nodule  size and increas ing smoothness.  

Composition and properties.--Silicon deposits  were 
ana lyzed  for composit ion wi th  EDAX, Auge r  spec-  
t rometer ,  and SIMS. The EDAX analysis  showed no 
o ther  meta l l ic  e lement  besides Si. Trans fe r  of speci-  
mens f rom the deposit  d ry  box to the  Auge r  chamber  
resul ted  in surface oxidat ion  of deposits.  This p ro -  
duced insula t ing film on the specimen surface, and 
subsequent ly  presented  problems  wi th  Auger  ana ly -  
sis because of the e lect ron charging.  A u g e r  analysis  
af ter  argon spu t te r ing  showed Si[LL peak  at  92 eV. 
Analyses  wi th  SIMS indica ted  Si, oxygen ( - 3 %  SiO),  
and less than  0.01% of trace impur i t ies  C, Mg, A1, E:, 
and Na in the deposits. Chlorine was not  detected with  
e i ther  SIMS or  Auger  in any of the deposits  analyzed.  

The deposi ts  contain some hydrogen,, whi,ch is 
dr iven  off on anneal ing  wi th  a threshold  at  350~ 
and a peak  of evolut ion at  470~ The amount  of h y -  
drogen in the deposits  var ied  wi th  the  deposi t ion t em-  

Fig. 6. Micrographs of silicon deposits made with varying sup- 
porting electrolyte ratio of TBAC and TPAC on titanium substrate 
at 50~ 
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Table I. ~-Si characteristics from mixed TBAC and TPAC 
electrolyte baths 

Ratio Thickness  Resistivitya 
TBAC:TPAC (~m) (fl-cm x 10~) 

O:lOO 0.36 12 
i:I00 0.68 12 

iO:IO0 0.91 1.5 
50:50 0.51 7.5 

100:10 1.36 3.9 
100:1 1.07 2.3 

a Resis t ivi ty  as m e a s u r e d  in deposi t ion cell  us ing  a W a y n e - K e r r  
br idge.  

pera ture .  The hydrogen  in deposits  made  at  35~ w a s  
de te rmined  by  the rmal  evolut ion in mass spectrometer ,  
whereas  o ther  deposits  were  ana lyzed  b y  nuc lea r  
react ion wi th  I~N b e a m  (5).  The hydrogen  content  
was es t imated  to be 35% in deposi ts  made  at  35~ 
20% at  50~ and only 16% at 90~ 

There  is indicat ion f rom inf ra red  spectra  tha t  the 
hydrogen  in deposi ted sil icon is chemical ly  bonded 
in the form of Si l l ,  Sill2, and  Sills,  most ly  as Sil l2 
(6, 7). The na ture  of bonding changes f rom SiH~ to 
S i l l  as the t empera tu re  of the deposi t ion ba th  is 
raised;  the  change was detected by  a shift  in the IR 
absorpt ion  spect ra  at 2100 cm-1  and appearance  of 
absorpt ion band at  650 cm -1. The IR absorpt ion  spec-  
t ra  of e lec t rodeposi ted  silicon was in te rp re ted  in the 
l ight  of work  by  Lucovsky et  aL (8) wi th  amorphous  
silicon produced by  o ther  techniques.  

The e lec t rodeposi ted  silicon showed photoconduc-  
t ion as wel l  as photovol ta ic  propert ies .  The na tu re  of 
hydrogen  bonding  in the deposits  and some of the i r  
photoelect r ic  p roper t ies  are  subjects  of another  pape r  
(9). 

Amorphous  na tu re  of the deposi ts  was de te rmined  
wi th  x - r a y  diffraction and t ransmission e lect ron d i f -  
fraction. X - r a y  diffract ion of sil icon deposits  p roduced  
no c rys ta l l ine  pa t t e rn  bu t  only  a b road  diffused band,  
indicat ive of amorphous  mater ia l .  Transmission elec-  
t ron diffraction at  100 kV of free silicon films tha t  
were  l i f ted off f rom the substrate,  gave also diffused 
r a the r  than a crys ta l l ine  pat tern .  At  100 kV any  micro-  
c rys ta l l in i ty  of the o rder  of 10-20A would  have been 
easi ly  revealed.  Fo r  the presen t  purposes,  the de -  
posi ted ma te r i a l  is therefore  considered amorphous.  

Conclusions 
Amorphous  silicon can be deposi ted f rom a non-  

aqueous ba th  containing PC as solvent,  SiHC18 as 

solute, and t e t r aa lky l  ammonium chlorides as the sup-  
por t ing  electrolytes .  The deposit  g rowth  is nodu la r  
1-3 ~m in size. An increase  in ba th  t empera tu re  (35 ~ 

T ~ 145~ and solute concentra t ion (0.1 ~ C --~ 
1.0M) favors fas ter  deposi t ion rates,  more  un i form and  
smoother  deposits. Nodule  size and therefore  smooth-  
ness can also be control led  b y  using a mixed  suppor t -  
ing e lect rolyte  f rom the t e t r a a lky l  ammonium chloride 
series. 

As deposi ted a-s i l icon contains some bonded  hy -  
drogen as Sill2 or  Sil l .  The hydrogen  is d r iven  off on 
anneal ing  at  t empera tu res  ~470~ The e lec t rodeposi -  
t ion process offers an inexpens ive  route  for  producing  
~-Si films for possible solar  cell  appl i ca t ions .  
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Resistance to Flow of Current to Scratched Electrodes 
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ABSTRACT 

The e lec t ro ly te  res is tance to flow of cur ren t  to a scratched electrode is cal-  
cu la ted  assuming the scratch to be shal low and represen ted  by  a r ec tangu la r  
p l ana r  strip. The resul t ing equat ion agrees  wi th  expe r imen ta l l y  measured 
ohmic resis tances to long, na r row  rec tangu la r  s t r ip  electrodes.  Also p resen ted  
are correct ions to the prev ious ly  publ i shed  fo rmula  for  the ohmic resis tance to a 
disk  e lec t rode  due to finite dimensions of the countere lec t rode  and the electro- 
chemical  cell  for  systems wi th  rad ia l  symmet ry .  

Rapid  mechanica l  scra tching or  abras ion of po ten-  
t ios ta t ica l ly  contro l led  me ta l  e lectrodes in aqueous 
e lec t ro ly tes  provides  a method  of examin ing  the elec-  
t rochemical  proper t ies  of meta l  surfaces in i t ia l ly  free 
f rom oxide films (1-10). Under  ex te rna l  potent ia l  con- 
trol, in i t i a l ly  passive e lect rodes  can reac t  a t  ve ry  
high anodic cur ren t  densi t ies  on scra tching before  re-  
ve r t ing  to the passive state. I m p o r t a n t  fea tures  of an 
expe r imen ta l  device for  s tudying  scratched e lec t rodes  
are  a r ap id  ra te  of ba re  surface generat ion,  an ac-  
cu ra te ly  known  ba re  surface  area, and min ima l  sur -  
face hea t ing  dur ing abrasion.  These cr i ter ia  a re  sa t i s -  
fied most  closely by  a device which creates a single 
n a r r o w  sha l low scratch on a ro ta t ing  disk e lect rode 
(6-10). The purpose  of the  present  pape r  is to con- 
s ider  the effects of e lec t ro ly te  resis tance dur ing  elec-  
t rochemical  react ions  at  scra tched e l ec t rodes  under  
potent ios ta t ic  control,  where  the cur ren t  passing on 
the scra tched surface flows to a counterelect rode.  The  
re la ted  p rob lem of the open-c i rcu i t  potent ia l  d i s t r ibu-  
tion across a scratch in a passive film has been inves t i -  
gated by  Doig and F lewi t t  (11) and Melvi l le  (12). 
However ,  the use of s imi lar  open-c i rcu i t  resul ts  to 
cri t icize the  soundness of the potent ios ta t ic  scratching 
technique (11) is not  val id  since the cur ren t  d i s t r ibu-  
t ion in the two cases is qui te  different.  Many  po ten t io -  
s tat ic  scra tching exper iments  are  pe r fo rmed  on speci-  
mens whose overa l l  surfaces are  not  coated: the area 
of exposed meta l  carr ies  a s low s t eady-s t a t e  reaction. 
Ohmic potent ia l  changes occurr ing a round  the scratch 
due to high cur ren t  densi t ies  f rom the scratch i tself  
can in ter fere  wi th  measurements  of scratch cur ren t  
densities.  This has been observed when the e lec t rode  
as a whole  is act ive or  carr ies  a r ead i ly  reducib le  oxide  
film (7, 9 ) ) .  

Newman  (13) has presented  a calculat ion of the 
ohmic poten t ia l  drop due to cur ren t  flow be tween  
a ro ta t ing  d isk  e lec t rode  embedded  in an insula t ing  
surface and a countere lec t rode  at  infinity. He solves 
the Laplace  equat ion for the potent ia l  d is t r ibut ion  by  
t r ans fo rming  to ro ta t iona l  el l ipt ic  coordinates  (oblate  
sphero ida l  coordina tes) .  This exact  method  of solut ion 
is only  possible because of the s y m m e t r y  of the p rob -  
l em and is not  ava i lab le  for more  genera l  e lec t rode  
geometries.  Here  we show that  knowledge  of the  ap -  
p rox ima te  form of the cur ren t  d is t r ibut ion  near  the  
e lec t rode  leads to accurate  expressions for  the  ohmic 
poten t ia l  d rop  for  var ious  e lect rode shapes, in pa r -  
t icular  a thin s t r ip  of finite length  represen t ing  a 
scratch in a passive film. The technique also al lows 
calculat ion of the correct ions requ i red  for  counter -  
e lectrodes of finite size and dis tance f rom a ro ta t ing  
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disk work ing  electrode.  Confirmat ion of the  ca lcula-  
tions is obta ined  by  measur ing  the ohmic resis tance to 
segments  of n a r r o w  s t r ip  e lectrodes using a double  
galvanosta t ic  pulse  technique.  

Mathematical Model 
Consider  a p lane countere lec t rode  s i tua ted  a t  a 

posit ion z : 0 (where  z is the  axis pe rpend icu la r  to 
the p lanes  of the  counter  and  work ing  e lec t rodes) ,  
and a p lane  work ing  e lect rode of given geomet ry  em-  
bedded  in an insula t ing  plane at  z = d. The Laplace  
p rob lem for the ohmic component  of the poten t ia l  
given b y  

V2~ --  0 [1] 

m a y  be considered as having  the fol lowing bounda ry  
conditions 

r  a t  z = 0  [2a] 

0r 1 
~ - - - - f ( x , y )  at  z - - d  [2b] 
Oz 

where  x and y are  the  axes pa ra l l e l  to the  counter  and 
working  e lect rode surfaces, f ( x ,  y) is zero on the in-  
sula ted por t ion of the p lane  z = d and represents  the 
cur ren t  d is t r ibut ion  at  the sur face  of the work ing  
electrode.  The exact  va lue  of f (x ,  y)  is such tha t  the  
value  of r is constant  on the surface of the electrode.  
However ,  calculat ion wil l  proceed by  assuming forms 
of f (x ,  y)  close to, but  not  necessar i ly  ident ica l  to, 
the rea l  expression.  The first class of geometr ies  that  
we consider  wil l  use an infinite p lane  countere lec t rode  
at z = 0. A fu r the r  ideal ized calculat ion wil l  y ie ld  est i -  
mates  for the correct ions due to finite countere lec t rode  
and cell  size. The mode l  deals  first wi th  the  disk 
e lect rode as considered by  Newman  (13) and proceeds 
to an e lect rode geomet ry  represen t ing  tha t  of a finite, 
long, narrow,  r ec tangu la r  scratch. 

Disk working electrode with p~ane countere~ectrode 
of infinite size.--Here the b o u n d a r y  value  p rob lem is 
solved by  Four ie r -Besse l  t r ans form in the rad ia l  d i -  
rection. Detai ls  are given in Append ix  A. For  compar i -  
son wi th  the resul ts  of N e w m a n  (I3)  we consider  two 
cur ren t  d is t r ibut ions  on the disk e lect rode of rad ius  a 

f ( x , y )  = aio(a2 -- r2)-~/= for  r < a [3a] 

S(x,Y) = i o  for r < a  [3b] 
where  

x2 + y~ = r2 [4] 

The dis t r ibut ion  rep resen ted  b y  Eq. [3a] is the same as 
tha t  for the exact  p rob lem solved wi th  the counter -  
e lect rode and probe  at  infinity. Equat ion  [3b] is an 
art i f icial  d i s t r ibu t ion  included to show the re la t ive  
insens i t iv i ty  of the ohmic resis tance to the precise fo rm 
of the  cur ren t  d is t r ibut ion  on the electrode.  F o r  d > >  
a Eq. [3b] gives 

2297 
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, ,  
- - ~ - -  1 - 2 ~  [B] R : I 4ar 

where  ~ : ln(2/,~) : 0.2206. This gives a smal l  cor-  
rect ion to the resul t  of Newman  (13) 

1 
R = [6] 

4a~ 

due to the  finite dis tance of the counterelect rode.  For 
Eq. [3a] the po ten t ia l  var ies  across the disk. Taking  
the potent ia l  at  the center  of the disk as represen ta t ive  
we find 

Vo 1 ( ~ . . )  
-- : �9 1 - 2~ [7] 

Taking the potent ia l  at  the edge of the disk as repre- 
sentative we find 

Ra "7"Va ~ 2 ( 1  a )  = = [8 ]  

Thus any sui table  average  of Eq. [7] and [8] gives a 
s imi lar  resul t  to Eq. [5], for  example  

R = 2ar "~ "~'~ : 3.6an [9] 

A constant  cur ren t  d i s t r ibu t ion  also c lear ly  gives a 
reasonable  va lue  for the ohmic resis tance.  

Disk working electrode with plane counterelectrode 
of finite size.--This uses a d i sk - shaped  countere lec t rode  
of rad ius  p, coaxia l  wi th  the work ing  e lec t rode  and 
distance d f rom it. Fo r  this case we also define the 
cell as a coaxial  cy l inder  of rad ius  c. Using cyl indr ica l  
polar  coordinates  (r, 0, z) the Laplace  Eq. [1] is 
solved subjec t  to the fol lowing bounda ry  condit ions 

0r 1 
: - -  ~(r, 0) at z : 0, d [10a] 

Oz r 

0r 
: 0  at r : c  [10b] 

Or 

This now restr ic ts  cur ren t  flow to wi th in  the  finite 
cell  and  specifies the cur ren t  d is t r ibut ion  on the 
counter  and  work ing  electrodes.  The p rob lem given 
by  Eq. [1] and  [8] wi th  d is t r ibut ion  of the  form [3a] 
is solved in the manner  given in Append ix  B using a 
Four ie r -Besse l  ser ies  expansion.  The solut ion is 

d 1 1 
R =  + - -  

~o'C 2 ,/~'a' n = l  ~ n 2 J o 2 ( ~ n )  

[ sin(ina/c) sin(~np/e) ] + [11] 
a p 

where  the ~n are  the posi t ive solutions of the  equat ion 
J l (~n)  : 0. The first t e rm on the r i gh t -hand  side of 
Eq. [11] is s imply  the e lec t ro ly te  resis tance wi th in  the  
cy l indr ica l ly  shaped cell. The second and th i rd  terms 
are  the  end correct ions  for  the finite size of the  w o r k -  
ing and counterelectrodes,  respect ively .  F o r  a/c < <  1 
the second t e rm is the  res is tance found prev ious ly  for  
the disk e lect rode wi th  c and d infinite (section above) .  
The first and th i rd  terms,  be ing  independen t  of a, 
should represen t  a good es t imate  of the correct ion for 
finite cell  geomet ry  for smal l  scratches as wel l  as disk 
electrodes and, hence, wi l l  be negl igible  for  smal l  
scratches. Note tha t  for  p/c = 0.5 the th i rd  t e r m  is 
ha l f  the  first term.  

Rectangular strip working electrode and p~ane 
counterelectrode.--We now consider  the ohmic r e -  
sistance to flow of cur ren t  be tween  a finite l eng th  
rec tangu la r  s t r ip  e lect rode ( length  v --  2b, wid th  

w = 2a, b > a) and a p l ana r  counterelectrode.  This 
shape of work ing  electrode is selected since i t  most  
accura te ly  represents  a r ec t angu la r  scratch of neg l ig i -  
b le  dep th  in a me ta l  surface. Detai ls  of the  calculat ion 
are  given in A p p e n d i x  C for the fol lowing cur ren t  
d is t r ibut ions  analogous to those used above 

1(x, y) = aio(a2 -- x2)-'/~, --a ~ x ~ a ,  

- - b ~ y ~ b  [12a] 

] (x ,y )  =io ,  - a ~ x L a ,  - - b ~ y ~ b  [12b] 

For  d is t r ibut ion  [12a] we have  for d > >  b > a 

1 
R -~ 2 ~ b  l n { 2 [ ( 1  + bS/aS) 1/2 -t- b/a]} [13] 

For  the addi t ional  inequa l i ty  that  b > >  a, Eq. [13] 
simplifies to 

1 
R - -  , I n  (4b/a) 

2 ~ b  

For  cur ren t  d is t r ibut ion  [12b], and  for d > >  b > >  a 

1 
R = [ln(2b/a) -.}- 1] [14] 

2 ~ b  

Equat ion  [13] wi l l  be used for  comparison wi th  the  
expe r imen ta l l y  de t e rmined  ohmic res is tances  (see 
be low) .  

Exper imenta l  
The appara tus  used for scratching po ten t ios ta t i ca l ly  

control led ro ta t ing  disk e lect rodes  has been descr ibed  
p rev ious ly  (6-10). The e lec t rochemical  cell  used for  
measurement  of the ohmic poten t ia l  drop was s imi lar  
in design and dimensions;  its in te rna l  d iamete r  was 
10.5 cm and its capaci ty  1000 cm 8. 

The work ing  electrodes were  designed to s imulate  
r ec t angu la r  scratches and were  made  in the  fol lowing 
way. Rota t ing  electrodes were  p repa red  in which the 
edges of copper  foils of var ious  thicknesses  were  ex -  
posed to the electrolyte ,  as shown in Fig. 1. Three  
foil thicknesses were  used:  39, 126, and 936 ~m. The 
foils were  set in epoxy  res in  so tha t  the r ec t angu la r  
edges were  exposed, wi th  the insula t ing resin fo rm-  
ing the ro ta t ing  disk (8 m m  d iam) .  Surfaces were  
ab raded  to a 1200 gr i t  finish, c leaned ul t rasonical ly ,  
and degreased.  Different  lengths  of the resul t ing  
straight ,  narrow,  r ec t angu la r  s t r ip  copper e lectrodes 
were  exposed b y  app ly ing  a thin mask  of lacquer  to 
insula te  va ry ing  propor t ions  of the e lec t rode  length. 
Rotat ion at  33 Hz was used for convenience to remove  
bubbles  adher ing  to the work ing  e lect rode surface;  
however,  e lect rode ro ta t ion  had  no effect on the m e a -  
sured ohmic potent ials ,  

Fig. 1. Schematic diagram of rectangular strip electrode em- 
bedded in an insulating rotating disk. 
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The countere lee t rode  was a c i rcu la r  p l a t i num disk 
of 5 cm d iam moun ted  symmet r i ca l l y  be low the w o r k -  
ing e lec t rode  surface at  a d is tance of 6 cm. A smal l  
hole cut th rough  the center  of the countere lec t rode  
a l lowed a Luggin  probe  to emerge  th rough  i t  f rom the 
bo t tom of the cell. The probe  t ip of ,~1 m m  in te rna l  
d i ame te r  was posi t ioned 4 cm ve r t i ca l ly  be low the 
work ing  e lec t rode  surface. This probe  dis tance is ef-  
fec t ive ly  infinite wi th in  this cell  geometry.  Potent ia ls  
were  measured  wi th  respect  to a sa tu ra t ed  ca lomel  
reference  electrode.  

Elec t ro ly tes  were  p repa red  f rom ana ly t i ca l  grade 
reagents  and dis t i l led  water .  Thei r  conduct ivi t ies  were  
measured  to __+2% wi th  a conduct iv i ty  b r idge  (Wayne -  
K e r r  B642 Auto -Ba lance  Universa l  Br idge) .  

The ohmic resis tances were  measured  using a double  
ga lvanos ta t ic  pulse  technique,  de l ivered  f rom a po-  
tent ios ta t  (Wenking  Type  OPA 69, response t ime 1 
~sec) p r o g r a m m e d  to opera te  as a galvanostat .  Square  
cur ren t  pulses were  genera ted  b y  feeding the output  
of a wave fo rm genera to r  (Chemical  Electronics Type  
WG 91) into the potent iostat .  Double  cur ren t  pulses, 
each of 3 msec durat ion,  were  used, bo th  in the anodic 
direction.  The in i t ia l  cu r ren t  dens i ty  was zero, and the 
first pulse  (A) was ad jus ted  to give an anodic cur ren t  
dens i ty  of ,-,2 A cm -2. The second pulse (B) was 
ad jus ted  to increase  the anodic cu r ren t  dens i ty  to 
- ,4  A cm -2. Pulse  A a l lowed fast  e lec t rode  processes 
such as double  l aye r  charging to approach  comple-  
tion; the ins tantaneous  poten t ia l  change, which  oc- 
curred as a resu l t  of the cu r ren t  pulse  B, was used as 
a measure  of the ohmic poten t ia l  drop in the e lec t ro-  
lyte.  This was checked by  measur ing  the ohmic po-  
tent ia l  drop  as a function of the cur ren t  ampl i tude  
of pulse B for  constant  e lect rode length  and width,  
demons t ra t ing  tha t  the re la t ionship  was indeed ohmic 
(see be low) .  Elec t rode  response to the  double  pulse 
was s tored in a t rans ien t  recorder  (Data lab  Type  
DL 905) and d isp layed osci l lographical ly .  The work ing  
e lect rode was resurfaced  be tween  measurements  to 
p reven t  significant recession of the me ta l  surface into 
the  epoxy  resin mount  due to anodic dissolution. 

Al l  expe r imen t s  were  pe r fo rmed  at  291 ___ 2 K. 

Results  a n d  Discussion 
Figure  2 shows the re la t ionship  be tween  the m e a -  

sured  poten t ia l  change AE, due to cur ren t  pulse  B and 
the pulse ampl i tude  AI, for  constant  ampl i tude  of 
pulse A. The re la t ionship  is ohmic and  the slope gives 

the  e lec t ro ly te  resis tance R (25.3~ measured  f rom 
Fig. 2; 23.9~ ca lcula ted  f rom Eq. [13] ). F igu re  2 also 
shows one measu remen t  for  a different  ampl i tude  of 
pulse A, which yields a s imi la r  value  of R." 

The resis tance to flow of cur ren t  th rough  an acetate  
buffer solut ion (0.75M HOAc, 0.75M NaOAc)  to rec -  
t angu la r  e lectrodes of th ree  different  widths,  w ( - -  2a),  
is p lo t ted  as a funct ion of inverse  e lect rode l eng th  
v -1 (v ---- 2b) in Fig. 3. The solid l ines in Fig. 3 r ep re -  
sent  the theoret ica l  e lec t ro ly te  res is tance p red ic ted  
f rom Eq. [13] using the measu red  e lec t ro ly te  con- 
ductivi ty.  Deviat ion f rom the p red ic ted  behav ior  oc- 
curs for the wides t  e lect rode (w ---- 936 ;~m) for  v -1 
> 0.4. This represen ts  the condit ion v / w  --  b / a  < 
2.5 and is, in fact, expec ted  f rom Eq. [13], which  is 
not symmet r i ca l  in a and b. A p a r t  f rom this the ex-  
pe r imen ta l  da ta  are  in excel len t  ag reemen t  wi th  the  
theore t ica l  predict ions.  S imi l a r  behav ior  is shown in 
Fig. 4 for  different  e lect rolytes  of severa l  conduct iv i -  
t ies: again significant devia t ion  f rom the pred ic ted  
behavior  occurs only  for  v / w  < 2.5. 

I I I I 

750 

~ 500250 ~ : ~  

I I I I 

1 2 3 4 v 1 mml 
Fig. 3. Electrolyte resistance as a function of electrode length 

for 0.75M HOAc, 0.75M NaOAc, ~ - -  3.3 ~ - I  m - ] .  Q ,  w : 39 
Fm; t ,  w : 126 ~m; ~7, w : 936 ~m. The lines shown are the 
theoretical lines calculated from Eq. [13].  
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Fig. 2. Measured potential change as a function of applied cur- 
rent pulse (B) amplitude ( Q ) .  Also shown is one point ( 0 )  from 
pulse A. Electrolyte: I M  KOH, ~ ~ 15.4 ~ - 1  m - l .  Strip electrode, 
w ~ 39 ~m, v ---- 5.48 ram. 
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Fig. 4. Electrolyte resistance as a function of electrode length. 

i ,  0.53M (NH4)2SO4,~ ~ 7.0 s - 1  m - t ,  w : 58 ~m; Q ,  1M 
KOH, ~ ~ 15.4 s - 1  m -1 ,  w ~ 126 ~m; V ,  1M H2SO4, a ~- 
32.8 ,O, - 1  m -1 ,  w : 39 /~m .The lines shown are the theoretical 
lines calculated from Eq. [13].  
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The pred ic ted  dependence  on e lect rode wid th  using 
Eq. [13] is shown in Fig. 5 for  b > >  a (v > >  w), 
and agreement  is ob ta ined  wi th  the  measured  data. 
Measurements  were  also made  in  severa l  different  
e lectrolytes  as a funct ion of solut ion conduct ivi ty,  and 
these are  shown in Fig. 6 toge ther  wi th  the  theore t ica l  
l ines f rom Eq. [13]. The g raph  shows tha t  the mea -  
sured resis tance is indeed  inverse ly  p ropor t iona l  to 
the e lec t ro ly te  conduct ivi ty ,  and  the da ta  a re  in accord 
wi th  Eq. [14]. ]~igure 6 also shows tha t  the measured  
ohmic potent ia ls  l ie across the  e lec t ro ly te  and are not  
due to any  surface film on the electrode.  

However ,  in e lec t ro ly tes  in which  a h igh ly  res is t ive  
film grows on the me ta l  surface dur ing  cu r ren t  pulse  
A, one would  expect  the  measured  ohmic resis tances 
to be h igher  than  those p red ic ted  f rom Eq. [13] b y  

I I I I t I 1 

150 ~ o 

1 0 0  

5O 

I t I I I I I 

-1.5 -1.0 -0.5 
log (a, mm) 

Fig. 5. Dependence of electrolyte resistance on width of strip 
electrode for constant length (4.0 mm). 0.75M HOAc, 0.7SM 
NaOAc, �9 ---- 3.3 ~ - 1  m - t .  The line shown is that calculated from 
Eq. [13]. 
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Fig. 6. Electrolyte resistance as a function of conductivity for 
v ~ 1.6 mm. G ,  w = 39 #m; O, w ~ 126 ~m. The lines shown 
are calculated from Eq. [13]. 

an amount  equal  to the ohmic resis tance of the film. 
Two such cases are shown in Fig. 7. In  both  of these 
e lectrolytes  (1M K2COa, p H  11.6 and 0.5M KaCOs, 
0.SM KHCO~, pH 9.8) the  copper  e lect rode surface was 
green af ter  galvanosta t ic  pulsing, owing to format ion  
of a copper carbonate  film. In both  these cases the 
measured  resis tances were  cons iderab ly  higher  than 
those p red ic ted  f rom Eq. [13]. Fur the rmore ,  succes-  
sive galvanosta t ic  double  pulses in these e lec t ro ly tes  
wi thout  resurfac ing the e lect rode be tween  measure -  
ments  gave ohmic resis tances which  increased wi th  
the number  of pulses, showing tha t  fi lm th ickening 
occurred.  Whether  this increased resistance is due to 
the film lat t ice i tself  or to the e lec t ro ly te  resis tance 
wi thin  pores in the film is not  known.  Clearly,  how-  
ever, a work ing  e lect rode which  does not  produce sal t  
films in carbonate  electrolytes ,  such as P t  or  Au, could 
be used to de te rmine  the ohmic resis tances of these 
solutions. 

It is c lear  f rom Eq. [13] (and Eq. [14]) tha t  for a 
r ec tangu la r  scratch in a ro ta t ing  d isk  e lect rode the 
min imum ohmic po ten t ia l  drop across the e lec t ro ly te  
is achieved when the scratch length  and wid th  a r e  
both  minimum, since the to ta l  cur ren t  I (--- vw~) 
decreases more  r ap id ly  wi th  decrease  in scratch a rea  
than  does R, and thus the produc t  IR also decreases.  
Prac t ica l  l imi ta t ions  on the scratch area, however ,  
arise f rom the ab i l i ty  to detect  ve ry  smal l  cu r ren t  
t ransients  ar is ing f rom ve ry  smal l  scratches. The 
technique which has been employed  in recen t  ex -  
per iments  to scratch ro ta t ing  disk electrodes (6-10) 
used a d iamond stylus assembly  which was a l lowed 
to fal l  under  its own iner t ia  onto the disk creat ing a 
long ( ~ 2  m m ) ,  na r row  (,~40 ~m) scra tch  at  a dis tance 
of ~2  m m  from the center  of the  disk, at  a ra te  de te r -  
mined  b y  the e lect rode ro ta t ion  rate .  This has s im- 
plified the calculat ion by  imposing the inequa l i ty  b 
> >  a (see above) .  I t  also ensures tha t  the scra tch  is 
of constant  width,  t he reby  approx ima t ing  r ec t angu la r -  
ity. The ends of the scratch, which are  the contact-  
mak ing  and con tac t -b reak ing  regions,  are  t apered :  
Under  the above conditions they  comprise  only ~5% 
of the total  scratch area. As b approaches  a, not  only  
mus t  Eq. [13] be used in its ful l  form, bu t  the scratch 
ceases to be app rox ima te ly  rec tangular ,  and  the equa-  
tion becomes inaccurate.  Thus a long n a r r o w  scratch, 
of sufficiently large  area  to provide  a de tec table  cur -  
ren t  t ransient ,  provides  the most  quant i f iable  react ion 

I 

8001 o _ 

I 
1 2 3 4 5 

v-1 ram-1 
Fig. 7. Measured resistance as a function of electrode length 

(for w = 39 #m) for carbonate electrolytes, 0 ,  upper line: 0.5M 
K~CO3, 0.5M NaHCO3, r - -  8.2 ~ - 1  m-1.  I ,  lower line: IM 
K2CO3, ~ = 11.4 ~ - l  m-1.  The lines shown are calculated from 
Eq. [13]. 
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parame te r s  of the f resh ly  genera ted  m e t a l  surface.  
The mode l  descr ibed above  also assumes tha t  the  
scratch has no depth.  Fo r  the  exper imen t s  descr ibed  
(6-10) the scra tch  dep th  of ,-~3 #m was sma l l  com-  
p a r e d  wi th  the  width,  and  was thus  negl igible .  

Doig and F lewi t t  (11) have cr i t ic ized the scra tched 
e lec t rode  technique using calculat ions made  for  the  
ohmic poten t ia l  drop  to a scra tch  in  a me ta l  surface 
unde r  open-c i rcu i t  conditions.  In  tha t  case the  cur -  
r en t  f rom the scra tch  as anode flows to the  unscra tched  
a rea  of the same specimen act ing as cathode. I t  is 
fal lacious to app ly  tha t  ca lcula t ion  d i rec t ly  to a 
po ten t ios ta t i ca l ly  contro l led  scra tched disk, however ,  
since the  cur ren t  now flows to a countere lec t rode  and 
not  to o ther  par t s  of the work ing  electrode.  Tha t  this  
is so is demons t ra ted  by  the ab i l i ty  to record  a cur ren t  
t rans ient :  if  a l l  the cur ren t  f rom the scratch flowed 
to o ther  par t s  of the  work ing  e lec t rode  no t rans ien t  
would  be detectable .  Doig and F lewi t t  showed tha t  
for  a scratch cu r ren t  dens i ty  of 0.3 A cm-2  flowing 
f rom a scra tch  10 ~m wide to the  su r round ing  un-  
scra tched me ta l  surface in  a solut ion of  conduct iv i ty  
10 ~2-1 m - ~  the ohmic potent ia l  drop could be as high 
as 500 mV. However ,  under  the potent ios ta t ic  condi-  
t ions ac tua l ly  used in these exper iments ,  and  wi th  a 
scra tch  length  of 2 mm, Eq. [13] gives the ohmic 
poten t ia l  drop as only 6 mV. 
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A P P E N D I X  
A. Disk Working Electrode with Plane Counterelectrode of 

Infinite Size 
The p rob l em to be solved is 

V2~, = 0 [A-l] 

r  for z = 0  [A-2] 

O~b d i - -  = - - J ( r )  for r < a  
Oz 

CA-3] 
:0 for  r > a  

I n  cy l indr ica l  po la r  coordinates  (r,o,z) we have 
axia l  s y m m e t r y  and m a y  take  

Y; ~, : A (k)Jo(kr) sinh (kz)dk  [A-4] 

where  Jo is the  zero o rde r  BesseI funct ion of the  first  
kind.  This form of r satisfies [ A - l ]  and [A-2] ;  the  
t rans form A ( k )  is de te rmined  by  [A-3] th rough  the 
re la t ion  

0r ~o ~ - ~  d = kA(k )Jo(kr )  cash ( k d ) d k  

Inve r t ing  this express ion gives 

s ~cosh (kd)  �9 A ( k )  = rI(r)Jo(kr)dr  

w h i c h  is then  subs t i tu ted  in [A-4] to give an expres -  
sion for  r 

(a) F o r  
f ( r )  = aio(a ~ -- r 2) -'/, 

t h e n  
ago sin (ak) 

thus 
~ sin (ak) 

�9 0(r ,  d) = ioa k Jo (k r )  t anh  ( k d ) d k  

In  o rde r  to find the ohmic drop we eva lua te  V/I,  where  
V is the potent ia l  at  the disk electrode,  given by  r d) 
and  I is the  to ta l  cur ren t  flowing. The l a t t e r  is given by  

s I = 2~rf(r)dr = 2~ra2io 

Evaluat ing  V we have 

�9 ~(0,  d) = ioa yo ~ __sin(ak) tanh(kd)dk  [A-5] 
k 

For  d > >  a, tha t  is to say, the countere lec t rode  many  
disk radi i  away  from the work ing  electrode,  t a n h ( k d )  
differs f rom unity,  while  ( s in (ak ) ) / k  is g iven to a 
good approx imat ion  by  the constant  va lue  a. So we 
m a y  wr i te  [A-5] as 

~ , ( 0  �9 d) = ioa [ ~  s in ( a k )  dk 
k 

f: - -  i o  a '2 (1 --  t anh  ( k d ) )  dk + ioaO 

[o 
=Goa y-Inq-+ 0 

[ R = - - ~  1 - -  
I 4a~ 

and the correct ion for  the finite countere lec t rode  dis-  
tance to the Newman  resul t  (13) 

R = ( 4 a ~ ) - 1  

is of the  o rder  a / d ( < <  1) as might  be expected.  
0 (a/d) 3 represents  a l l  terms of o rder  (a/d) 3. 

(b) F o r l ( r )  - -  Go 

by  s imi la r  a rguments  to above 

~ ( 0 ,  d) = aio ~o ~ ~Jx (ak) tanh(kd)dk  
k 

~ a i o ( 1 - - 1 n  2--5- a ) 
d 

and so 

Ro = 1 -- In 
~a~ 

Also 

~r = . . .  1 - - I n  

whence 

Ra = ~ 1 - -  In 
~2ao. 

B. Disk Working Electrode with Plane Counterelectrode of 
Finite Size 

The p rob lem to be solved is 

V~r = 0 

a~ 1 
- - = - - f l ( r )  at  z = d  
Oz 

1 
= - - ~ 2 ( r )  at  z = 0 

~r 

0r 
- - = 0  at r = c  
Or 

A sui table  represen ta t ion  of ~ sat isfying [B- l ]  
[B-3] is 

n = l  x. C / 

[B-i] 

[B-2] 

[B-3] 

and  

~A (k)  ---- 
cash (kd)  k 
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[B-4] 

where the la's are the positive roots of Ji(In) = O. We 
take 

fz(r) = ioa(a ~ -- r 2 ) - ~  for  r < a 

----0 for  c > r > a  

~2(r) = ioa2p- i (p2 - - r z )  -y~ for r < p  

=0 for c > r > p  

Then, as in Appendix A 

2a2/0 
~rd 0 _ - -  

c 2  

2io 
~dn -- 

An2Jo 2 (Xn) 

sin exp a sin 
pc . -  T . -  c . T .  

1 - - e x p  ( 2kcd ) 

2/0 
0"811 

~n2Jo 2 (Xn) 

a2 s in (  ~ - ~ >  e x p (  tnd ) -- a s i n ( ~ )  
p c  x c / e 

2knd)  
exp - - - - ~ /  -- 1 

for n = 1, 2, 3 . . . .  

If d/c > 1 and a/p is not  too small, then the first 
term in the expansion for An and the second term in 
the expansion for Bn 
ignored, giving 

r 0) -- r 0) d 

I ~ c  2 

~ ~=~ ~n~Jo2(~n) a 

are both small and may  be 

-~ sin(-~-> ) 

P 
C. Rectangular Strip Working Electrode and Plane Counterelectrode 

The problem to be solved is 

V2r = 0 [C- l ]  

r  at z = 0  [C-2] a 

0r 1 
- - - - - - ] ( x , y )  at z = d  [C-3] A(k )  
Oz r An 

b 
The rectangular  strip is given by Ix] ~ a, Iyl ~ b; Bn 
](x,  y) = 0 outside these limits, c 

The solution is found in terms of a double Fourier  d 
t ransform in x and y 

E 

' I : S :  6r = ~ ~ Al(k l )Aa(k2)  exp i ( k lx  + kaY) I 
1o 

where sinh (kz) dkidk2 Ji 
k 

k2 : kl 2 -4- k22 0 
P 
r This form satisfies [C-1], [C-2], and [C-3] and yields R 

~ 
] (x ,y )  = ' ~ 2  ~ e x p i ( k l x  + k2y) V 

W 

Ai (k i )A2(k2)k  cosh (kd)dkldk2 [C-4] y 
g 

(a) Suppose the current  density on the rectangular  
strip is constant, io 

I ~- 4ab/0 ~.n 

Invert ing [C-4] gives 

A1 (ki)A2 (k2) k cosh (kd) 

l: s ----: io a b exp - - i (k ix  + k2y) dxdy 

Therefore 

r162 0, d) 

l o t  ~ ~ sin (kla) 
- - "  

sin (kla) sin (k2b) 
-- 4/0 

ki k2 

sin (k2b) tanh (kd) 

k2 k 
dkldk2 

To evaluate this integral we t ransform to polar co- 
ordinates: kl -= k sin e, k2 : k cos 8, dkidk2 = kdkdO, 
and note that  only  a very small error  is made by  put -  
ting tanh(kd) = 1. Then 

�9 r 0, d) 

4% ~ '~  {'~/2 s in(ak  sin o)sin(bk cos o) 
= Jo ! dkdo ~2 ~, 0 k 2 cos 0 sin 0 

The k integration gives 

=b 
a sin 8 > b cos 0 

2 sin 0 

~ a  

a sin 0 < b cos o 
2 cos 0" 

leading to a final answer of 

r162 0, d) ~ - ~  aio [ l n  ( - ~ )  + 1 ] 

for a long thin strip, where b > >  a. This gives 

R = ~  In + 1  
2==b 

(b) For the more realistic current  distribution 

f (x ,  y) = aio(a 2 -- x 2)-V 5 lxl < a, lyl < b 

the calculation is similar, with ( s in (kza ) ) /k i  replaced 
by Jo (akD. The final result for this case is 

R =  2rob In 2 1+~-~ +a 

for d > >  b > a. 

LIST OF SYMBOLS 
radius of disk-shaped working electrode; half- 
width of strip working electrode 
t ransform of potential 
coefficient in expansion for potential 
half- length of strip working electrode 
coefficient in expansion for potential 
radius of cylindrical cell 
distance between working and counterelec- 
trodes 
electrode potential 
current density 
current  
zero order Bessel function 
first order Bessel function 
wave number  
terms of o r d e r . . .  
radius of counterelectrode 
polar coordinate 
resistance 
length of strip working electrode 
potential difference 
width of strip working electrode 
cartesian coordinate 
cartesian coordinate 
polar, cartesian coordinate 
ln(2/~) 
polar coordinate 
positive roots of equation Ji  (kn) = 0 
electrolyte conductivity 
potential 
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ABSTRACT 

Complex  plane imped,an~ce d iagrams  were  used to de te rmine  the ionic con- 
duc t iv i ty  of F e - d o p e d  ~-a lumina  over  the composi t ion range  Nal.sA19.s6- 
Fe1.14017.15 (10% Fe by  weight)  to Nal.3A17.18Fe~.s2017.15 (30% Fe by  weight ) .  
The influence of s ta r t ing  ma te r i a l  [Fe208, Fe2(C204)~ �9 6H20, Fe(C204) �9 2H20, 
Fe (NOs) s  ' 9H20] upon gra in  bounda ry  and b u l k  proper t ies  was studied. The 
ionic conduct iv i ty  of all  doped mate r ia l s  increased over  tha t  of undoped /3 -a lu -  
mina.  The best  ma te r i a l s  ob ta ined  resul ted  f rom doping wi th  Fe  (C204) �9 2H20. 
At  the  10% doping level,  bu lk  conduct iv i ty  reached a m a x i m u m  coinciding 
wi th  a m i n i m u m  in act ivat ion energy.  Electronic conduct iv i ty  was inves t iga ted  
by  a "floating" blocking technique. The electronic conduct iv i ty  was smal l  
at  the 15% dopant  level,  r epresen t ing  <10-8% of the total  conduct ivi ty,  but  in-  
creased rap id ly  and at  the 30% dopant  level  was ,-~0.1% of the total  conduc-  
t ivi ty.  P r e l i m i n a r y  M5ssbauer  studies showed a s teady  increase in the Fe  ( I I I ) /  
Fe  (II)  ra t io  as dopant  levels increased.  

A previous  s tudy  of E-a lumina  doped wi th  smal l  
amounts  of i ron [ca. 2 weight  pe rcen t  ( w / o ) ]  inves t i -  
gated the oxida t ion  states and site s y m m e t r y  of the 
i ron  dopant  and concluded tha t  both  F e ( I I )  and 
F e ( I I I )  were  p resen t  a f te r  a i r  s in ter ing  (1). Conduc-  
t iv i ty  resul ts  for i ron -doped  ~-a lumina  containing up 
to 8 w/o  Fe showed an increase  in bu lk  conduct iv i ty  
up to 4 w /o  Fe  whi le  8 w / o  ma te r i a l  was of lower  
dens i ty  and conduct iv i ty  when the same s in ter ing  
condit ions were  used (2). I t  becomes apparen t  tha t  
s in te r ing  condit ions must  be ad jus ted  as the dopan t  
leve l  changes in o rde r  to achieve the m a x i m u m  den-  
s i ty  and conduct iv i ty  pa r t i cu l a r l y  when h igher  doping 
levels  are  a t tempted .  

In  the presen t  s tudy  i ron doping of 10-30 w / o  has 
been car r ied  out, and changes in bu lk  and gra in  bound-  
a ry  conduct iv i ty  a re  repor ted.  The influence of s t a r t -  
ing ma te r i a l  and  s in ter ing  conditions on the proper t ies  
of the s in tered pel le ts  has also been  studied. I t  was 
an t ic ipa ted  tha t  high doping levels  of i ron  in f l -alu-  
mina  could be a t t a ined  because Fe203 and A1203 form 
solid solut ions across the whole  composi t ion range  and 
E-a lumina analogs of the type  MFe11017 are  also known  
(3, 4).  

Experimental 
Sodium f l -a lumina (Alcoa XB-2 "Superground")  

was doped wi th  i ron using F e ( I I I )  n i t ra te ,  Fe208, 
F e ( I I )  oxalate ,  and F e ( I I I )  oxa la te  as s ta r t ing  ma te -  
rials.  In  some of the samples  invest igated,  Na2COs 
was added  as a s ta r t ing  ma te r i a l  in o rder  to see the 
influence on the final Na + concentrat ion.  The pres -  
ence of Na2CO3 seemed to have no effect on the out-  
come. However ,  the impor t an t  factor  for ma in ta in ing  
sample  cont ro l  wi th  r ega rd  to Na + concentra t ion in -  

Key words: complex plane analysis, Fe-beta-alumina, solid 
electrolyte. 

volved a fresh packing  of coarse E-a lumina powder 
sur rounding  the pellets.  Al l  samples  were  packed  in 
300 mesh ~-a lumina  dur ing  sintering.  Deta i ls  of the 
doping and firing procedures  have been publ i shed  
prev ious ly  ( I ) .  

Pel le ts  of app rox ima te ly  1.27 cm d iam and 0.2 cm 
thickness were  i sos ta t ica l ly  pressed and then sintered.  
S in te r ing  t ime and t empe ra tu r e  necessary  to y ie ld  
highest  dens i ty  ma te r i a l  ( typ ica l ly  3.15-3.25 g / e m  S) 
were  de te rmined  for each iron concentrat ion.  Mate r ia l  
of the highest  dens i ty  inva r i ab ly  also exh ib i ted  the 
highest  conductivi ty.  In general ,  0-I0 w /o  Fe  ma te r i a l  
could be s in tered  at  1600~ for 3 hr  whi le  15-25 w/o  
Fe was s intered at  1540~ for 3 hr. Recent  measu re -  
ments  wi th  more h ighly  doped i ron (>25%)  indicate  
tha t  s inter ing t empera tu re  must  be decreased to about  
1500~ to achieve op t imum results.  When  pel le ts  are 
fired at too high a t empe ra tu r e  they  shr ink  to a 
smal l  d iamete r  bu t  are  porous and are  of low density,  
mechanical  s trength,  and conduct ivi ty.  Al l  samples  
were  fired in air. 

The s intered disks were  p repa red  for e lec t rode  dep-  
osition by  polishing with  successively finer grades of 
sil icon carbide  paper .  F in ish ing  was accomplished by  
polishing wi th  9, 6, and 3 ~m diamond impregna ted  
l app ing  wheels. The pol ishing solvent  was ethanol.  
The pol ished samples  were  then u l t rasonica l ly  c leaned 
in acetone. The disks were  then hea ted  at 300~ for  
24 hr  before  electrodes were  applied.  

Electrodes were  deposi ted on the disks by  a Tech- 
nics, Incorpora ted  H u m m e r  Spu t t e r ing  and Deposi-  
t ion ins t rument  using a gold target .  The electrodes 
were  nomina l ly  2.5 ~m thick. 

Complex  impedance / admi t t ance  d iagrams  were  r e -  
corded be tween  25 ~ and 325~ by  placing the sample  
in a furnace  which was inside a he l ium-f i l led  glove 
box (Over ly  P-100).  Accura te  t empe ra tu r e  control  
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was achieved by a digital setting Eurotherm con- 
troller. Measurements from 10 -~ to 10 +6 Hz were 
made using a Schlumberger-Solartron 1174 Frequency 
Response Analyzer interfaced to a Hewlet t -Packard 
9845-S desktop computer. Most often impedance mea- 
surements were taken directly and inversion of the 
data to the admittance mode, if desired, was par t  of 
the 9845 program. The computer was programmed to 
accept measurements from the frequency response 
analyzer in the a,b (cartesian coordinates) mode and 
generally 16 data points per decade of frequency were 
taken, although this feature was programmable. In 
addition to tabulating the results, the program output 
was in the form of a complex plane plot which could 
then be fit to a series of semicircles and straight lines 
by curve fitting routines (5). An example is shown in 
Fig. 1. 

A correction program was incorporated to com- 
pensate for inductive and capacitive effects observed 
at high frequency (10~-106 Hz). The signal across the 
sample was normally 100 mV but other signals may 
be selected as part  of the computer program. 

X-ray  diffraction patterns were obtained using a 
diffractometer to determine percentage of /~"-alumina 
present. 

Sodium analysis was accomplished by  dissolving 
the samples in boiling, concentrated phosphoric acid 
and analyzing the solution by atomic absorption. Ex- 
changeable sodium was also determined by ion ex- 
changing the samples with molten AgNO~ and mea- 
suring the mass change (2). 

Results 
An equivalent circuit which approximates poly- 

crystalline ~-alumina has been reported (2, 6) which 
allows the calculation of bulk and grain boundary 
effects from complex plane diagrams. Values re-  
ported here were determined using the techniques re-  
ported previously (2) plus computer program curve- 
fitting routines developed since the previous study 
(5). 

The conductivity in all doped samples increased 
compared to undoped /~-alumina. However, differences 
were observed depending on the starting material  
used for doping. Densities, sodium content, conduc- 
tivities, and activation energies were all sensitive to 
the starting composition. Because firing resulted in 
decomposition of all starting materials to the oxide 
form but the observed final Fe ( I I / I I I )  ratio was 
dependent on firing conditions, these differences were 
at tr ibuted to differences in particle size and attain- 
ment of homogeneity. In general it was found that 
doping with Fe( I I )  oxalate gave pellets with the 
highest density and conductivity at each doping level 
investigated�9 Therefore, results with th i s  part icular  
dopant starting material  will be emphasized. Results 
are shown in Table I for all Fe( I I )  oxalate composi- 
tions. In addition, other ma te r i a l s  with data of par -  
ticular interest discussed in the text are also pre-  
sented. 

A maximum bulk conductivity, ~b, was observed at 
--10 w/o Fe followed by a steady decrease in the 
conductivity values up to the highest levels in- 
vestigated to date (30 w/o) .  At the same time the ac- 
tivation energy for bulk conductivity was a mini-  
mum at the 10 w/o doping level. These trends can be 
seen in Fig. 2 and Fig. 3. At first it was thought that 
the decrease in conductivity reflected less- than-opti-  
mum sintering conditions as was experienced for 
early work with 8 w/o iron doped ~-alumina (2). 
However, densities near theoretical were obtained for 
several samples and all attempts to improve the den- 
sity and conductivity over those shown in Table I 
have failed. 
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Fig. 1. impedance diagram showing experimental data and 
mathematical fitting into semicircle and straight line components. 
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Fig. 2. Bulk conductivity at 25 ~ and 300~ as a function of iron 
content. 
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Fig. 3. Activation energy of bulk (X) and grain boundary ( 0 )  as 
a function of iron content. 

The grain boundary conductivi ty  also reached a 
m a x i m u m  in the same doping region as the bulk 
conductivity but the actual peak value was  observed 
at 15 w / o  Fe as shown in Table I and Fig. 4. The 
activation energy showed the same small  trend toward 
lower  values in the 10-20 w / o  doping region as did 
the activation energy for bulk conductivity.  

Grain boundary contribution to the total resistance 
of a sample  at 300~ was  so smal l  that measured 
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Fig. 4. Grain boundary conductivity at 25~ as a function of 
iron content. 

values are not very  meaningful .  The cross-over t e m -  
perature above which  bulk resistance was  the domi-  
nant factor occurred a l itt le above room temperature  
(<80~ for most  materials ) .  B e l o w  this temperature  
grain boundary resistance was  greater than the bulk 
resistance. 

Admittance  diagrams in the 10-2-10 -4 Hz fre-  
quency range gave no evidence  for the ex is tence  o i  
any appreciable electronic conductivity,  i.e., the 
lowest  frequency semicircle  had a real -axis  intercept 
of zero mhos (infinite resistance)  within exper imenta l  
accuracy (Fig. 5). This conclusion was  supported by 
d-c measurements  wi th  gold blocking electrodes 
(Fe-doped #-alumina is not stable in the presence of 
sodium so that the traditional Wagner blocking tech-  
nique was not poss ible) .  A reasonably stable s teady-  
state current was  reached after 1-2 days at each ap- 
plied voltage, and a plot of current vs. applied vol t -  
age is shown in Fig. 6. The slope of the l ine indicated 
a resistance of 2.3 X 106~ which translated to a 
conductivity  value of 1.2 X 10 -7  (~l-cm) -1 for 15% 
Fe-doped #-alumina.  Since true equi l ibrium m a y  not 
have been reached, this probably represents  a m a x i -  
m u m  value for electronic conductivity  in this "float- 
ing" sys tem (i.e., no reference potential  as in a Wagner 
blocking technique) .  The bulk conductivi ty  for this 
material  was 7.9 X 10 -3 (~l-em) -~ at 25~ so that 
electronic conductivity  contributed <10-3% of the 
total conductivity.  As can be seen from Table I the 

COMPOSIT ION:  2 0 %  F e ( l l l ) o x a l .  
E L E C T R O D E S =  G o l d  

T E M P E R A T U R E :  2 9 8  

A C  S I G N A L :  4 0 0  

40 

+ + 
o ~ = ~ + rr) 

~t i o o tg w 

' I ' i ~ / r l ~ ,  , i I . . . .  I . . . .  , i i i i , 
5 I0 ~5 20 

")r E -  4 I /OHMS 

Fig. 5. Admittance diagram for 20% Fe in /~-alumina doped 
from Fe(lll) oxalate. Low frequency intercept of zero (within ex- 
perimental uncertainty) gives no evidence for electron hopping. 
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Fig. 6. Plot of current vs. applied voltage for 15% Fe in B- 
alumina doped from Fe(ll) oxalate. 

percentage  electronic conduct iv i ty  increased  r a p id ly  
to nea r ly  0.1% when the i ron  content  reached  30%. 
Roland r epor t ed  (7, 8) tha t  eIectronic conduct iv i ty  in 
i ron -doped  B-alumina was significant a t  these doping 
levels  and pro jec ted  tha t  a t  53 w/o  Fe  electronic con- 
duc t iv i ty  would  equal  ionic conduct ivi ty.  Resul ts  f rom 
this s tudy  show tha t  the percentage  electronic con- 
duc t iv i ty  does increase  wi th  increasing Fe  content  
but  the poin t  at  which  ti - -  te would  not  be reached  
unt i l  at  leas t  60 w/o  Fe  were  p resen t  assuming the 
observed t rend  continued.  This point  wil l  be discussed 
fur ther  l a te r  on. 

A cri t ical  factor  in the e lec t rochemical  proper t ies  
of i ron -doped  B-alumina is the F e ( I I I ) / F e ( I I )  rat io.  
I t  is wel l  known that  me ta l  ions in the plus two oxi -  
dat ion s tate  tend to increase the conduct iv i ty  of B-alu-  
mina,  p r o b a b l y  by  incorpora t ing  more  conduct ive Na + 
a n d / o r  by  decreas ing the concentra t ion  of O 2-  in t e r -  
s t i t ials  needed for  charge compensat ion.  A MSssbauer 
s tudy of low i ron doping showed the exis tence of 
both F e ( I I )  and F e ( I I I )  in nea r ly  equal  propor t ions  
(1). A more  accurate  calculat ion based  on peak  areas  
a t t r i bu tab le  to F e ( I I )  and F e ( I I I )  shows tha t  the 
F e ( I I I ) / Y e ( I I )  ra t io  was about  1.7 a t  the  2.95 w / o  
doping level. Higher  doping levels  also showed the 
existence of F e ( I I ) ,  but  p r e l i m i n a r y  resul ts  indica ted  
tha t  the F e ( I I I ) / F e ( I I )  ra t io  increased to 4 at 20 w/o  
Fe and to 7 at 25 w/o  Fe. Detai ls  of the M6ssbauer  
s tudy  wil l  be publ i shed  later .  S imi la r  resul ts  showing 
an increase  in the Fe  ( I I I ) / F e ( I I )  ra t io  at  h igher  dop-  
ing levels  were  also r epo r t ed  by  Burzo and Arde l ean  
in thei r  work  wi th  i ron-doped  glasses (9). 

Ano the r  factor  which  was considered to p l ay  a role 
in the e lec t rochemical  proper t ies  o f ' F e - ~ - a l u m i n a  was 
the possible presence of B"-alumina.  Low doping 
levels of Fe r epor t ed  prev ious ly  showed only single 
phase ;~-alumina (1, 2). However ,  Mg 2+ s,tabilizes the 
~"-form and perhaps  o ther  M 2+ ions could p l ay  the 
s tabi l iz ing role to produce  composit ions of the type  
Na2-xMl-x2+Al~0+xOzr. X - r a y  diffract ion pa t te rns  of 
~-a lumina  doped wi th  at  leas t  10 w/o  Fe genera l ly  in -  
d ica ted  the presence of the ;~"-phase. The amount  of 
~"-phase remained  smal l  even at  high doping levels  
which may  be a resul t  of the smal l  amount  of F e ( I I )  
in h igh ly  doped Fe-/~-alumina.  Amounts  of ~"-pha~e 
es t imated  from diffraction l ine intensi t ies  are  given 
in Table I. The technique for es t imat ing ~/~" involved 
compar ing di f f rac tometer  peak  heights  for the fol-  
lowing d-spacings:  d _-- 2.039 and d _~ 1.939 for  fl com- 
pared  to d --  1.978 for fl"; d --  2.687 and d ---- 2.514 for 

compared  to d _-- 2.605 for  ~". The peak  heights  were  
normal ized  to the peak  heights  r epor ted  for  pure  0 

and B"-alumina. I t  should be noted tha t  the  ma te r i a l  
showing the h ighest  bu lk  conduct iv i ty  [10 w/o  f rom 
iron ( I I )  oxala te]  also contained the h ighest  concent ra -  
t ion of ~"-a lumina.  

Discussion 
Previous  work  involving M (II)  doping showed tha t  

conduct iv i ty  increases cor re la ted  wel l  wi th  M ( I I )  
content  and also wi th  sodium content  (2). One possi-  
ble charge  compensat ion  mechanism involves rep lace-  
men t  of an A I ( I I I )  by  an M ( I I )  in  the spinel  b lock  
wi th  incorpora t ion  of an addi t iona l  sodium ion in  the 
conduct ion plane.  When B-alumina is doped wi th  iron, 
some of the i ron is p resen t  as F e ( I I )  and, therefore,  
this mechanism would  be possible.  However ,  un l ike  
o ther  plus two meta l  dopants  such as Mn, Co, and Ni, 
the sodium content  did  not  continue to increase a s  

the dopant  level  increased (2). In  Table  I i t  can be 
seen tha t  wi th  h igher  doping levels the sodium con- 
tent  did  not  cor re la te  wel l  wi th  doping level  and, i f  
anything,  was no h igher  than  undoped  B-alumina.  

These resul ts  a re  not  unexpec ted  when one con- 
s iders  the MSssbauer results.  As the dopant  level  in -  
creased the percentage  F e ( I I )  decreased so r ap id ly  
that  the concentra t ion of Fe  (II)  in 25 w/o  Fe  was less 
than in 20 w/o  Fe  (3 vs. 4%).  The m a x i m u m  concen- 
t ra t ion  of F e ( I I )  p robab ly  occurred in  the  10-20 w / o  
region which corre la tes  wel l  wi th  conduct ivi ty .  

Another  charge compensat ion  mechanism involves  
a decrease in blocking oxide in ters t i t ia ls  as the  
NI(II)  concentra t ion increases. One would  p red ic t  a 
decrease in act ivat ion energy  for  this mechanism and 
no necessary change in sodium content.  As can be seen 
in Fig. 3, the lowest  ac t iva t ion  energies  were  observed 
wi th  10-20 w/o  Fe, but, if  anything,  a s l ight  increase  
at  low doping levels compared  to undoped B-alumina 
[data  taken  f rom Ref. (2)]. Thus, i t  appears  that  at  low 
doping levels (<5  w/o  Fe)  a significant amount  of 
F e ( I I )  is p resen t  which incorpora tes  addi t ional  so-  
d ium ions resul t ing  in an increase in bu lk  conduct iv i ty .  
At  h igher  doping levels the amount  of Fe  ( I I )  reaches  
a m a x i m u m  in the 10-20 w/o  region and this doping 
is at  least  pa r t i a l l y  charge compensated  b y  a decrease  
in oxide in ters t i t ia ls  leading to a lower  act ivat ion 
energy.  At  doping levels >20 w/o  Fe the  amount  of 
Fe  (II)  drops, and the conduct iv i ty  begins to fa l l  as the 
act ivat ion energy  begins to increase.  

This s imple p ic ture  is c louded b y  the presence of 
~"-phase. One would  expect  a h igher  conduct iv i ty  for  
~"-form compared  to 8, and this m a y  account  for some 
of the increased conduct iv i ty  in the 10-20 w/o  r e -  
gion. However ,  fl"-phase was also found in the 30 
w/o  mate r i a l  so tha t  the previous  a rgumen t  involv-  
ing F e ( I I )  concentrat iaons p robab ly  predominates .  

The increas ing electronic conduct iv i ty  at  h igh dop-  
ing levels most  l ike ly  reflects the shor ter  average  dis-  
tance be tween  i ron atoms. I f  an e lec t ron hopping  
mechanism exists  it  would  be necessary  to main ta in  
a significant amount  of F e ( I I )  in the s t ruc ture  at  
h igh doping levels. I t  was shown in a previous  s tudy  
(1) tha t  F e ( I I I )  m a y  be reduced  to F e ( I I )  in /~-alu- 
mina  by  t r ea tmen t  wi th  90% N j 1 0 %  H2 a t  1200~ 
An increase in the F e ( I I )  content  a t  h igh doping 
levels m a y  resul t  in a subs tant ia l  increase  in e lec-  
t ronic conduct ivi ty  making  these mater ia l s  po ten t i a l ly  
va luable  mixed  conductors.  The F e ( I I I ) / F e ( I I )  ra t io  
is most  p robab ly  a sensit ive funct ion of s inter ing t em-  
pe ra tu re  and s inter ing a tmosphere  and this fact  could 
expla in  the h igher  e lectronic  conduct iv i ty  values  r e -  
por ted  by  Roland (7, 8). However ,  no in format ion  on 
the Fe  ( I I I ) / F e  (II)  rat io is ava i lab le  for his mater ia ls .  
At  present  we are cont inuing these studies of p -a lu -  
mina  h ighly  doped with  i ron to invest igate  the possi-  
b i l i ty  of increasing the electronic conduct iv i ty  (and 
possibly  the ionic oonduct ivi ty  as wel l )  b y  increas ing  
the amount  of Fe  ( I I ) .  
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ABSTRACT 

A s tudy  was ca r r i ed  out  on the  effect of cadmium, a ma jo r  impur i t y  in 
commercia l  zinc electrolytes ,  on the zinc p la t ing  cur ren t  efficiency in acid 
sulfate  baths.  The synthet ic  e lec t ro ly te  (200 g .  dm -8 Zn ++ and 0-100 r a g .  
dm-~Cd  + +) was cont inuously  c i rcula ted th rough  the electrolysis  cell. The elec-  
t rolys is  was carr ied  out  wi th  a cur ren t  dens i ty  of 480-490 A - m  -~ at  37~ 
Hydrogen  overpotent ia l ,  po tent ia l  sweep, atomic absorpt ion,  x - r a y  diffraction, 
and e lec t ron microscopy were  used to de te rmine  the effect of cadmium on 
the behavior  of the zinc plate.  The resul ts  indicate  that  cadmium m a y  e i ther  
increase or decrease the  zinc p la t ing  cur ren t  efficiency. Fo r  Cd + + tess than  20 
m g .  d m  -s ,  increas ing  cadmium concentrat ions  in the e lec t ro ly te  reduce the 
hydrogen  overpo ten t ia l  and the zinc p la t ing  cur ren t  efficiency. Fo r  Cd ++ 
grea te r  than  20 mg �9 dm -3, increas ing cadmium concentrat ions cause a refine-  
ment  in the s t ructure  of the zinc p la te  wi th  subsequent  increase in the hydrogen  
overpo ten t ia l  and in the  zinc p la t ing  cu r ren t  efficiency. The incorpora t ion  of 
cadmium into the zinc pla te  ne i ther  significantly a l ters  the crys ta l  or ien ta t ion  
of the deposi t  nor  a l ters  the hydrogen  evolut ion mechanism.  

The effects of meta l l ic  ion impur i t ies  on the e lec t ro-  
winning  of zinc f rom acidic sulfa te  solut ions have  
been the subjec t  of a large  n u m b e r  of invest igat ions  
(1-3).  Metal l ic  impur i t i es  a re  known  to affect the 
cur ren t  efficiency, deposi t  morphology,  and product  
pur i ty .  In  general ,  me ta l  impur i t ies  more  noble than  
zinc and having  less negat ive  hydrogen  overvol tages  
tend  to reduce the cur ren t  efficiency (4) and accelera te  
the  ra te  of dissolution of the e lec t rodeposi ted  zinc in 
both  acidic and a lkal ine  media  (5, 6). Al though  l ead  
is a more  noble metal ,  lead ions are  recognized to 
e i ther  increase or  not  affect the  zinc p la t ing  cur ren t  
efficiency (1, 7). This effect is a t t r i bu ted  to a more  
nega t ive  hydrogen  overvol tage  on lead  [--1.09V for 
Pb, --0.75V for Zn in H2804 at 16~ and 1 A .  m -2  
(8)] .  S imi lar ly ,  magnes ium also is known  to r e t a r d  

the  corrosion of zinc (9). 
Cadmium also has a large  hydrogen  overvol tage,  

bu t  there  is d i sagreement  in the l i t e r a tu re  concerning 
its effects on zinc electrodeposi t ion.  I t  has been re -  
po r t ed  tha t  cadmium increases  (10), does not  affect 
(11), and  decreases  (1, 7) the cur ren t  efficiency. I t  
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ciency, 

also has been repor ted  that  cadmium re ta rds  zinc cor-  
rosion (12-14) as wel l  as accelerates  i t  (15). The 
presen t  work  was unde r t aken  to c lar i fy  the effects of 
cadmium impur i t ies  on the e lec t rowinning  of zinc. 

Experimental 
Cell.--The expe r imen ta l  cell  (Fig. 1) w a s  c o n -  

s t r u c t e d  of Lucite.  The grooves in the  side wal ls  pe r -  
mi t ted  the main tenance  of a un i fo rm and reproduc ib le  
e lect rode gap of 3.7 cm. The e lec t r ica l  connections 
were  sealed at  the gas l ight  lid, so tha t  the ra te  of 
hydrogen  evolut ion dur ing  deposi t  dissolution could 
be measured  using a soap-bubb le  f lowmeter  at  out le t  
G when the spent  e lec t ro ly te  out le t  (F)  was closed. 

The cathodes were  cut f rom 0.35 m m  thick a lumi -  
num foil. Before use, they  were  t r ea ted  for  2 rain 
wi th  2.0M NaOH solution, washed  wi th  dis t i l led water ,  
t r ea ted  wi th  0.05M H2SO4 solution, washed again wi th  
dis t i l led water ,  and dr ied  in an oven at 100~ This 
cathode p r e t r e a t m e n t  p rocedure  was found to be  
essential  in order  to obta in  reproduc ib le  results .  The 
backs, edges, and uppe r  faces of the cathodes were  
masked  wi th  " invis ible  sellotape." By so decreas ing 
the effective a rea  of the cathode compared  wi th  tha t  of 
the  anode, a un i form deposi t  was obtained.  The anode, 
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Fig. 1. Electrolytic cell. A, slot for cathode; B, slot for lead 
anode; C, electrical connection to cathode; D, electrical connec- 
tion to anode; E, inlet; F, outlet; G, hydrogen outlet to flowmeter; 
H, opening for reference electrode. 

made from lead containing 2% silver, was anodized in 
2M H2SO4 for 1 hr at 360 A .  m -2 before use. 

Reagents.--The electrolyte was prepared by dis- 
solving Fisher certified ZnSO4 1 and H2SO4 in  double 
distilled water  to yield a solution containing 62 
g �9 dm-8  Zn and 200 g � 9  -8 free acid. Cadmium sul- 
fate (Analar,  B.D.H.) was used for making  a stock 
solution containing 2.0 g .  dm -8 Cd +.+ which was 
fur ther  di luted as required to be added as 5 cm 3 aliquots 
to 500 cm 3 of zinc electrolyte. 

Measurements.--A cathodic current  densi ty of 480- 
490 A .  m -2 was main ta ined  dur ing all the electro- 
deposition experiments.  Cathodic voltages were mea-  
sured against a saturated calomel electrode (SCE) 2 
using a Corning pH meter, Model 7. Fresh electrolyte 
was pumped to the cell at a constant  rate of 2.0 cm s �9 
rain - I  using a Teflon-l ined solution meter ing pump. 
The temperature  of both the cell and electrolyte was 
main ta ined  at 37 ~ _ I~ in a constant  tempera ture  
bath. 

Unless otherwise specified, the electrolysis was 
carried out for 90 rain. For  current  efficiency deter-  
minat ions the cathode was removed from the cell 
immediate ly  after a run,  washed with distilled water, 
dried at 60~ and weighed to constant  weight. For  
cathode dissolution experiments  the pump was shut 
off immediate ly  after the electrolysis, the cell outlet 
closed, and the rate of hydrogen evolution measured 
with a soap-bubble  gas flowmeter. 

The current  efficiency determinat ions  were repro-  
ducible to __+ 0.3%, while the t ime required to dis- 
solve the deposit in  a sulfuric acid solution varied 
by  + 10 min  for apparent ly  identical  plates. 

Results and Discussion 
The effect of cadmium on the zinc plat ing current  

efficiency is shown in Fig. 2. The electrolyte contained 
200 g .  dm -3 H2SO4 and 62 g .  dm - s  Zn  ++ with 
varying  cadmium concentrations. It  can be seen from 

1 I m p u r i t i e s :  ~ F e  0.0093%, P b  0.0008%, A s  0,2 p p m ,  M n  1 p p m .  
-" A l l  v o l t a g e s  a re  r e p o r t e d  v s .  SHE unless  otherwise  noted,  
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Fig. 2. Effect of cadmium concentration on zinc plating current 
efficiency. Electrolyte: H2S04 200 g" dm -3 ,  Zn 62 g" dm -3.  
Temperature 37r 

the figure that  the current  efficiency has a m i n i m u m  
at about 20-25 mg �9 d in-3  Cd + +. Increasing cadmium 
concentrations to this level  causes a decrease in the 
zinc plat ing current  efficiency, while increasing cad- 
m i u m  concentrat ion above this level causes an in -  
crease in the zinc plat ing current  efficiency. This be-  
havior is undoubtedly  the cause of some of the con- 
fusion concerning cadmium effects on cur ren t  effi- 
ciency. In the range 0-20 r ag .  dm-S Cd ++, Kerby  
and Ingraham (1) reported a decrease in the zinc 
plat ing current  efficiency from 92% to 80% with 
increasing cadmium concentration. Simi lar ly  Nikiforov 
(16) has reported increasing cur ren t  efficiency with 
decreasing cadmium concentrat ion for concentrat ions 
less than 6 rag .  dm -8. These observations are in  
agreement  wi th  our  work. 

For a greater concentrat ion range Turomshina  and 
Stender  (9) reported no change in the zinc plat ing 
current  efficiency with 10 mg �9  dm -3 Cd + +. As can be 
seen from Fig. 2, the current  efficiency is very  sensi- 
tive to small  concentrat ions of Cd + + and a small  
concentrat ion of Cd + + impur i ty  would result  in there 
being no apparent  difference in the current  efficiency 
with the 100 mg � 9  -3 Cd + + solution. Figure  2 also 
shows that at concentrat ions greater  than ~100 m g .  
dm -8 cadmium does not seem to greatly al ter  the 
current  efficiency and it is possible to speculate that 
the reduction in zinc plat ing current  efficiency re-  
ported by Turomshina  and Stender  (9) for a 1000 
mg �9 dm-~, Cd ++ was the result  of increased cad- 
mium plating. 

Since the major  competing reaction with zinc dep- 
osition at low impur i ty  levels is hydrogen evolu- 
tion, the effect of cadmium on the hydrogen over-  
potential  was studied. Zinc deposits f rom the elec- 
trolytes containing various cadmium concentrations 
were immersed in  a sulfuric acid bath  (200 g .  
dm -3 without  Zn ++ or Cd ++ present)  at 37~ 
The cathodic potentials required to yield a current  
density of 480 A .  m -2 were recorded. Using the cal- 
culated value for the reversible hydrogen potent ial  
for this solution at 37~ (--0.2576V vs. SCE; see Ap-  
pendix A), the hydrogen overpotentials  were calcu- 
lated and the results plotted in Fig. 3. The results show 
that  the magni tude  of the hydrogen overpotent ial  
~c displays a m a x i m u m  for the zinc deposit obtained 
from an electrolyte containing 20 rag .  dm -8 Cd ++. 
It  is clear that  the m i n i m u m  for the zinc pla t ing cur-  
rent  efficiency observed in Fig. 2 is related to the 
m a x i m u m  in  the hydrogen overpotent ial  observed in 
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Fig. 3. Hydrogen overpotential for zinc plated from solutions 
containing various cadmium concentrations. Electrolyte: 2M H2SO4. 
Temperature - -  37~ Erev ~ - -0.2576V. Current ~ 480 
A " m -2 .  

Fig. 3. A t  low cadmium concentra t ions  (~--20 r a g .  
d m  -8)  increas ing  cadmium concentrat ions  cause a 
decrease  in the magni tude  of the hydrogen  overpo ten-  
t ia l  and hence cause an increase  in the ra te  of hyd ro -  
gen evolution.  This resul ts  in a lower  zinc p la t ing  
cu r ren t  efficiency. Conversely,  increas ing cadmium 
concentrat ions  g rea te r  than  20 r a g .  dm -8  cause an 
increase  in the  magni tude  of  the  hydrogen  overpo ten-  
t ia l  which improves  the  zinc p la t ing  cur ren t  efficiency 
as observed in Fig. 2. 

In  o rder  to e luc ida te  the effect of cadmium on the 
hydrogen  overpo ten t i a l  of the zinc deposits,  po la r iza -  
t ion profiles were  measured  for pure  zinc and pure  
cadmium pla tes  e lec t rodeposi ted  f rom solutions w i th -  
out  added  impur i t i es  and  tes ted  in a sulfur ic  acid 
e lec t ro ly te  wi thout  Zn ++ or  Cd ++ present .  The r e -  
sults are  shown in Fig. 4. Fo r  cu r ren t  densi t ies  less 
than  10 A .  m -2 the profile for zinc remains  hor izon-  
ta l  at  the po ten t ia l  --0.75V. This por t ion of the curve 
reflects the equ i l ib r ium poten t ia l  of 0.76V for the 
react ion Zn+ + + 2 e -  -+ Zn at 35~ At  g rea te r  cu r ren t  
densi t ies  the evolut ion  of hydrogen  begins.  F r o m  30- 
800 A .  m -2  a second l inea r  region is found. The 
Tafel  slope of --0.105 resul ts  f rom the kinet ics  of the  
hydrogen  evolut ion  reac t ion  on zinc. The t ransfe r  c o -  
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Fig. 4. Polarization plot of pure zinc plate and pure cadmium 
plate from solutions containing only zinc or cadmium ions, respec- 
tively. Electrolyte: 200 g �9 dm - 3  H~S04. Temperature ==- "17~ 

efficient, ~, ca lcula ted  f rom the Tafel  slope is 0.58 a n d  
indicates  tha t  H30 + + e -  ~ Haas + H~O is the r a t e -  
de te rmin ing  step (17). This f inding is in ag reemen t  
wi th  tha t  of o ther  workers  (6, 18-20). Measurement  of 
the hydrogen  evolut ion t rans fe r  coefficient in pure  
sulfuric  acid solutions for zinc p la tes  ob ta ined  f rom 
solutions wi th  cadmium concentrat ions f rom 0 to 100 
r a g .  dm -3 produced  an average  t r ans fe r  coefficient 
of 0.498 wi th  a devia t ion  of __. 0.078. These measu re -  
ments  show tha t  the t ransfe r  coefficient does n o t  
change signif icant ly wi th  the addi t ion  of cadmium to 
the p la t ing  bath.  Thus the  r a t e - d e t e r m i n i n g  step for 
the hydrogen  evolut ion reac t ion  does not  change wi th  
the addi t ion of cadmium to the p la t ing  ba th  and can-  
not  be the cause of the m a x i m a  observed  in  Fig. 2 
and 3. 

The polar iza t ion  plot  in Fig. 4 reveals  tha t  h igher  
cur ren t  densi t ies  can be sus ta ined on pure  cadmium 
p la te  than  on pure  zinc pla te  for  the same potent ia l .  
There  is some var iance  in the l i t e r a tu re  concerning 
this point. Values of hydrogen  overpo ten t i a l  on zinc 
and cadmium in 2N H2SO4 a t  25~ are  r epor ted  to be  
0.926 and 1.211V at 500 A .  m -2, respec t ive ly  (21). 
Mante l l  (22) gives values  of 1.06 and 1.22V a t  100 
A .  m 2 for  zinc and cadmium in 2N H2804 at  25~ 
These indicate  tha t  cadmium has the g rea te r  over -  
potent ia l  in cont ras t  to tha t  shown in Fig. 4. However ,  
hydrogen  bubble  overvol tages  repor ted  by  Glass tone 
(23) for  Zn and Cd are  0.70 and 0.48V in 1N sulfur ic  
acid at  room tempera ture .  More recent  da ta  by  P icke t t  
(24) at  25~ give values  of  0.94 and 0.90V at  100 
A �9 m -2  for  Zn and Cd, respect ively.  These  differences 
m a y  reflect the  effect of different  i m p u r i t y  levels  in 
the zinc and cadmium plates.  F r o m  the e xpe r imen t a l  
resul ts  of Fig. 4 i t  is c lear  that,  for  the zinc and  
cadmium plates  obta ined  f rom the synthet ic  e lec t ro-  
lyres, zinc has a h igher  hydrogen  overpo ten t ia l  than  
cadmium. The approx ima te  exchange cur ren t  densi t ies  
es t imated  f rom Fig. 4 (by  ex t rapo la t ion  of the l inear  
por t ion of the V vs. log i plot)  are  0.4 and 1.5 A �9 m -~  
for  zinc and cadmium,  respect ively,  again  indica t ing  
that  the hydrogen  is more  easi ly  evolved on cadmium 
than on zinc. Whi le  these values  are  quite different  
f rom theore t ica l  exchange cur ren t  densities, they  a r e  
in good agreement  wi th  those r epor t ed  (0.2 A .  m -2)  
b y  Lowenhe im (8). The resul ts  indicate  tha t  for  
p la t ing  baths  in the absence of o ther  de l ibera te  im-  
pu r i ty  additions,  the incorpora t ion  of cadmium into 
the zinc pla te  should cause an increase in the hydrogen  
evolut ion rate.  Thus the zinc p la t ing  cur ren t  efficiency 
should decrease  wi th  increas ing  cadmium content  in 
the zinc plate.  This would expla in  the  in i t ia l  decrease  
in the cu r ren t  efficiency observed in Fig. 2. To confirm 
that  cadmium was be ing  incorpora ted  into the zinc 
plate,  the zinc deposits were  ana lyzed  for  the i r  c a d -  
m i u m  content.  

The resul ts  of the atomic absorp t ion  analysis  a r e  
shown in Fig. 5. In  o rder  to ensure  complete  ioniza-  
t ion of the sample,  ionizat ion was car r ied  out  using 
e i ther  a flame or  a g raph i te  furnace.  Comparab le  re -  
suits were  obta ined  in e i ther  case. I t  is c lear  f rom 
Fig. 5 tha t  the percen t  of cadmium in the deposi t  
increases monotonica l ly  wi th  cadmium concentra t ion 
in the electrolyte .  The increase  is l inear  for cadmium 
concentrat ions  less than  _~ 50 r a g .  dm -s .  This be -  
hav ior  s imply  demonst ra tes  tha t  a t  these concent ra -  
tions c a dmium is unde r  l imi t ing  diffusion cu r ren t  
control. Calculat ions (see Append ix  B) show that  
the l imi t ing  diffusion currents  are:  ill+ --" 17,000 A .  
m-~;  /cA++ ~ 0.6 A .  m - 2  ( m a x i m u m  at a concen-  
t ra t ion  of 100 r a g .  d m - 8 ) ;  izn++ ~" 670 A - m - 2 .  
Thus under  these conditions,  the pa r t i a l  cur ren t  for  
cadmium pla t ing  (iCd~-+) is p rouor t iona l  to the cad-  
mium concentra t ion in the  bu lk  of the e lec t ro ly te  
(25). 
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Fig. 5. Cadmium content of zinc plate from electrolytes with 
various cadmium concentrations, by atomic absorption analysis. 
Deposits from electrolyte: 200 g �9 dm -~  H2SO4, 62 g �9 dm. -~  Zn. 
Current density 480 A �9 m -2 .  Temperature 37~ Sample ioniza- 
tion, by flame Q ;  by graphite furnace � 9  

An increase in cadmium concentration in the elec-  
trolyte results in a zinc plate with a greater cadmium 
content, which promotes the hydrogen evolution re-  
action and decreases the zinc plating current effi- 
ciency. While this explains the current efficiency and 
overpotential behavior at low cadmium concentra- 
tions (--~ 20 m g . d m  -8) seen in Fig. 2 and 3, the 
behavior at greater cadmium concentrations (>  20 
r ag .  dm -8) is not explained by this model. 

In order to study other possible changes in the re-  
action, cyclic potential  sweep measurements were 
conducted for the zinc plates in a sulfuric acid bath 
(200 g .  dm-3) .  Some typical potential  scans are 
shown in Fig. 6. A relat ively high sweep rate (100 
m V .  sec -1) was used to reduce the effect of chang- 
ing surface area during the measurement. The sam- 
ples were masked so that the same geometrical area 
was represented. From the potential scans i t  is clear 
that there are no hydrogen adsorption peaks. This 
is consistent with the fact that hydrogen does not 
strongly adsorb on zinc (6). The composition of the 
plate does, however, affect the rate of hydrogen 
evolution at any potential. In Fig. 7 the variation of 
the cathodic current density with plate composition 
is shown at various potentials. These measurements 
were conducted at room temperature (23~ and 
again show that a maximum cathodic current density 
(hydrogen evolution rate) is found for the zinc 
plates obtained from solutions with 20 m g .  dm -8 
Cd + +. No obvious changes in the hydrogen evolution 
reaction mechanism are apparent from these measure- 
ments. To determine whether any macroscopic change 
in the zinc deposit was caused by changes in the 
cadmium content, scanning electron micrographs were 
taken. The results are shown in Fig. 8. It is clear from 
the photographs that a certain amount of grain re-  
f inement does take place with increasing cadmium 
content. This grain refinement of the zinc plate has 
also been reported by Mackinnon, Brannen. and 
Kerby (26) for increasing cadmium content in in-  
dustrial  acid sulfate baths. Other changes in zinc 
plate morphology from the presence of impurities 
have also been reported. The concentration of lead 
in the plating solution has been shown to alter both 
morphology and orientation (27). Antimony and glue 
additions will likewise alter the surface plate charac- 
teristics (4). In addition to impurities, overpotential  
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Fig. 6. Potential sweep profiles of zinc plates. Electrolyte: H2SO4 
200 g" dm -8 .  Temperature = 22.5~ Sweep rate = 100 
mV.  sec -1 .  Zinc plates obtained from synthetic industrial elec- 
trolyte containing 200 g �9 dm - 3  H2SO4, 62 g �9 dm -~  Zn, and (a) 
0 mg �9 dm - ~  Cd; (b) 15 mg �9 dm - 8  Cd; (c) 20 mg �9 dm-3 Cd; 
(d) 25 mg �9 dm -8 Cd; (e) 50 mg �9 dm -a Cd; (f) 100 mg �9 dm -3 
Cd. 

can have an important  role in the type of crystal  
growth (28). The work of Vagramyan, Leach, and 
Moon indicated that  at low overpotentials metal  
deposition causes crystal growth to take place along 
close-packed crystal directions while at higher over- 
potentials more random growth occurs. X- ray  diffrac- 
tion patterns of the zinc plates were measured to 
determine whether there were any changes resulting 
from the differences in cadmium content. The analysis 
of the patterns showed no change in the orientations 
with the exception of the weakening of the (102) 
with greater cadmium concentrations. The preferred 
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Fig. 7. Cathodic current density for zinc plated from solutions 

containing various cadmium concentrations. Electrolyte 200 
g �9 dm - 3  H2SO4. Temperature = 22.5~ Potential: (a) 0.7V; (b) 
0.758V; (c) 0.858V; (d) 0.888V. 
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Fig. 8. Scanning electron micrographs of deposit morphology. 
Zinc deposit from solution containing 200 g .  dm -3  H2SO4 -~ 
various cadmium concentrations. Temperature z 37~ Current 
density 480 A �9 m -2.  A, 0 Cd + +; B, 10 mg �9 dm -~  Cd + +; C, 
15 mg �9 dm -~  C d + + ;  D, 20 mg �9 dm -~ C d + + ;  E, 25 mg �9 dm -3  
C d + + ;  F, 50 mg ' dm -3  C d + + ;  G, 100 mg �9 dm -3  Cd + + .  

orientations (112), (002), and (103) were not affected, 
but the patterns from the zinc plates with greater 
cadmium concentrations were more continuous with 
less spread in the diffraction bands. This change re-  
sulted from the fine grain size at higher cadmium 
concentrations. Changes in crystal structure orienta- 
tion can be ruled out as the cause of the increase of 
hydrogen overpotential  with cadmium concentration. 

One change that is apparent  (from Fig. 8) with 
increasing cadmium concentrations is the increase in 
the number of crystallites and finer grain size in the 
zinc plates. The change in crystallite size causes a 
change in the surface area of the sample. Based on a 
fixed geometrical area, a decrease in the surface 
area would result in an increase in the current den- 
sity and hence a greater apparent  overpotential. I t  
is par t ia l ly  due to this effect that shiny platinum 
has a greater hydrogen overpotential than platinized 
platinum. From the scanning electron micrographs 
in Fig. 8 it is clear that increasing cadmium concen- 
trations cause smoother deposits and hence the sur- 
face roughness factor should decrease. The variation 
of overpotential with surface morphology has been 
studied by Bockris and Raxumney (29). They found 
that the transition in surface morphology from large 
pyrimidal  crystal structures to finer polycrystall ine 
structures was accompanied by an increase in over- 
potential. During zinc deposition, increasing over- 
potential has been found to cause smaller crystalli tes 
(28). For the deposition of copper, the magnitude of 
the increase of the overpotential was reported to be 
~120 mV (29). From Fig. 2, the increase in the 
magnitude of the hydrogen overpotential is about 92 
mV and therefore it is not unreasonable to assign 
the cause of the increase to the change in morphology" 
of the zinc plates. Although the change in morphology 
does not affect the reaction mechanism (since the 
transfer coefficient did not change with zinc plate 
composition), the exchange current density could be 
affected. The hydrogen exchange current density de- 
pends on surface activity as well as on the effective 
surface area. If surface area change is ignored for 
the moment, a decrease in the exchange current den- 
sity would increase the overpotential. The decrease 

in the exchange current density could be caused by  
the transition to fine grain deposits (29). Thus three 
factors must be considered to explain the overpoten- 
tial behavior. The first is the co-deposition of cad- 
mium with zinc. This init ial ly results in a surface 
with a greater hydrogen exchange current density. 
The second factor is the increased number of nuclea- 
tion sites resulting from the cadmium co-deposition. 
This results in a finer grained deposit. The third factor 
is the decrease in the hydrogen exchange current 
density resulting from the change in surface mor-  
phology. Thus a maximum would be expected in the 
hydrogen exchange current density for the zinc deposit 
with increasing cadmium content. Support  for this be-  
havior is given in Fig. 9. The hydrogen exchange cur- 
rent density determined from potential sweep data in 
sulfuric acid (200 g �9 dm -a without Zn++ or Cd ++ 
present) at 22.5~ is plotted against cadmium concen- 
tration in the plating bath. An average of 10 runs was 
used for each point. A distinct maximum is formed at 
20 rag .  dm-3 Cd++. Although data from potential  
sweeps at 100 m V .  sec-1 must be viewed with some 
caution, the relative behavior of the zinc deposits is 
clear. An advantage of the data from the potential 
sweeps is that there is little area change during the 
course of the measurement. From Fig. 9 the exchange 
current density does increase init ial ly with increasing 
cadmium content up to about 20 mg �9  - s  Cd + +. At 
greater cadmium concentrations the exchange current 
density decreases as a result of the change in morphol- 
ogy (finer deposits) and the decrease of the effective 
area. The magnitude of the change in the exchange 
current density is much larger  than would be pre-  
dicted by a surface area changes and mus~ be pr imari ly  
due to the increase of activity of the fine grained de- 
posits. 

Conclusions 
The effect of cadmium o n  the zinc plating current 

efficiency in acid sulfate baths is dependent on cad- 
mium concentration. At less than about 20 mg�9  dm -8 
Cd + +, increasing cadmium concentrations lower the 
zinc plating current efficiency by decreasing the hy-  
drogen overpotential on the zinc plate. This effect 
is superseded at greater cadmium concentrations by 
the refinement of the zinc plate and subsequent in-  
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Fig. 9. Hydrogen exchange current density for zinc plated from 
electrolytes containing various cadmium concentrations. Data from 
potential sweep measurements. Electrolyte H2SO4 200 g .  dm -8. 
Temperature ~ 22.5~ Sweep rate ~ 100 mV �9 sec -1.  (Average 
of 10 runs per determination.) 
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crease of the  hydrogen  overpo ten t i a l  as a r e su l t  of 
the morpho logy  change and sur face  a r ea  d e c r e a s e .  
The incorpora t ion  of cadmium into the  zinc p la te  
does not  cause any  significant change in the  crys ta l  
or ienta t ions  of the  zinc p la te  nor  does i t  a l t e r  the  
m e c h a n i s m  of hyd rogen  evolution.  
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A P P E N D I X  
A. Theoretical Hydrogen Voltage 

Elec t ro ly te  

--  200 g � 9  -3 H~SO4 -{- 62 g �9 d m  - s  Zn + + 

p H  = 0.35 

H +  -t- e -  ~____ �89 H2 

RT ( P H 2 )  '/~ 
�9 H - -  r  ~ - -  In - -  

F all+ 

RT 2.303 RT 
- --  In (PHi) ~/~ W logo I-I + 

F F 

at  P~2 --  1 atm, e~ : --0.0215V vs. SHE at 37~ and 
at  37~ SCE ---- 0.2361V vs. SHE (30) and (eH)37oC ---- 
--0.2576V vs. SCE. 

The cont r ibut ion  of the l iquid  junct ion  potent ia l  for 
the  SCE in this solut ion is es t imated  as follows. The  
P l a n c k - H e n d e r s o n  theory  (31) gives 

[ ~i ki(Mis --  Mia) 

l o g [  ~i ~.ilZilMiR 
Y-,i kiIZiIM~ ] 

where  Ei ---- l iquid  junct ion potent ia l ,  ~i ---- equiva lent  
conduct iv i ty  for ion i, MiR --  concentra t ion of ion i in 
reference  electrolyte ,  Mi~ : concentra t ion of ion i in 
solution, and Z~ ---- charge on ion. 

The concentra t ions  of the [H+],  [HSO4-] ,  [SO4=], 
and  [Zn ++] are  ca lcula ted  in Append ix  B, [K +] and 
[C1-]  a re  assumed to be comple te ly  dissociated at  
sa tu ra t ion  at  37~ 

Equiva len t  ion conduct ivi t ies  (~)  at  infinite di lu t ion 
+37~ were  ob ta ined  by  graphica l  in te rpola t ion  of da ta  
g iven  by  Quist  and  Marsha l l  (32). 

Walden ' s  Rule was used to ex tend  the da ta  to the 
concent ra ted  solutions. F rom this the above equat ion 
yields  the  va lue  Ej _~ 0.0183V indica t ing  tha t  the  over -  
potent ia ls  m a y  be in e r ror  by  this amount.  

B. Limiting C.rrent Density Calculations 
Elect ro ly te  2.04M H2SO4 -t- 0.948M ZnSO4 at  37~ 

pH -- 0.35. The l imi t ing cur ren t  densi t ies  m a y  be es t i -  
ma ted  f rom the equat ion (17) 

ZFDC ~ 
i l i  m - -  

(1 - -  t ) S  

where  Z is the charge on the ion, F is F a r a d a y ' s  con- 
stant,  D is the diffusion coefficient, C ~ is the  concent ra -  
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t ion of the ion in the bulk  of the  solution, t is the t r ans -  
po r t  number ,  and S is the  diffusion l aye r  thickness.  

The concentrat ions  of [SO4 =] W [HSO4-]  were  cal -  
cula ted  knowing  the dissociation constant  for  H2SO4. 

Fo r  2M H2SO4, [SO4 =] ---- 0.7, [HSO4-]  = 1.3, K~ --  
7.24 X 10 -3  at  37~ (33, 34) 

~'H+ �9 "Yso4 = (H+)  �9 (SO4 =) K2= 
HSO4-  (HSO4- )  

(H +) �9 (SO4 =) 
_~ 0.01 

(HSO4- )  

[H +] ---- 1.92, [HSOa- ]  - -  2.17, [SO4 =] = 0.821, 

[Cd ++ ] _~ 0, [Zn ++ ] --- 0.948 
The t r anspor t  number  

il ZiCikl 
ti -- -- - -  

iT Z ZiCik! 

using Xis7oc ~ [equiva lent  conduct iv i ty  . . / n - 1  �9 m~ 
equiv. - i )  ] tH+ ---- 0.60, tZn+ + = 0.10, tCd+ + - -  0, t~SO4-- 
= 0.17, tS04= = 0.13 and using 6 _~ 0.03 cm, i.e., bound-  
a ry  l aye r  thickness wi th  some s~irring f rom gas evolu-  
tion 

in+ __. 17,000 A �9 m-~,  izn+ + _~ 670 A �9 m -2  
for 

[Cd + + ]  - -  5 m g  � 9  - s  iCd++ ___3 X 1 0 - ~ A . m - S  

[Cd + +]  = 100 m g � 9  drn - s  iCd+ + __~ 0.6 A �9 m - $  

Despi te  the assumptions  in using l i  ~ for ki and a diffu- 
sion layer  thickness 0.03 cm i t  is c lear  tha t  Cd + + wil l  
be diffusion controlled.  
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Effects of the Brine Impurities on the Cell Performance 
of the Diaphragm-Type Chlor-Alkali Cell 

F. Hine,* M. Yasuda,* and K. Fujita ~ 

Nagoya Institute o~ Technology, Nagoya 466, Japan 

ABSTRACT 

A labora to ry  cell equipped  wi th  the deposi ted asbestos d i aph ragm was 
opera ted  wi th  impure  br ine  to invest igate  the effects of the hardness  on the 
cell  performance.  The concentra t ion d is t r ibut ion  of NaOH in the d i aph ragm 
was es tabl i shed  by  three  factors:  diffusion, migrat ion,  and the hydrau l i c  flow. 
I t  is poin ted  out  tha t  the migra t ion  flux was l a rge r  than  the diffusion flux 
under  the opera t ing  condit ions of the d i aph ragm cell. 

The a m a l g a m  process is bes t  for producing  chlo-  
r ine  and pure  caustic. However ,  no new construct ions 
using ama lgam cells are  being announced at  present ,  
and many  ama lgam cell  p lants  a re  being conver ted 
to d i aph ragm cells, especia l ly  in Japan,  due to en-  
v i ronmenta l  concerns wi th  m e r c u r y  pol lu t ion  (1). I t  
is es t imated  tha t  now about  70% of the  wor ld  p ro -  
duct ion of chlor ine and caustic comes f rom d iaph ragm 
cells. 

Al though  the d i aph ragm cell  process has a long 
history,  innovat ions were  de layed  by  a poor marke t  
for the impure  caustic and the r e l a t ive ly  high con- 
sumption of energy,  both  e lect r ic i ty  and steam. 

Recently,  the invent ion of d imensional ly  s table 
anodes (DSA) by  Beer (2), and the deve lopmen t  of 
the  modified asbestos d iaphragms  (3, 4), for  example ,  
the H A P P  of Hooker  and the TAB of Diamond 
Shamrock,  have b rought  a new phase in d i aph ragm-  
type  ch lo r -a lka l i  technology. 

The d-c  electr ic  power  for cell opera t ion  and s team 
for evapora t ing  the weak  caustic l iquor  are  ma jo r  
energy  requirements ,  thus the overa l l  consumpt ion of 
energy  by  these factors must  be minimized.  

Consumption of electr ic  power  could be opt imized 
by  the reduct ion of severa l  factors:  the anode over -  
vol tage (2, 5); the cathode overvol tage,  (6-11);  the 
solut ion IR drop, especia l ly  the bubble  effects of chlo-  
r ine and hydrogen  gases (12-24); and the IR drop 
through  the d i aph ragm (16). This paper deals with 
this last  factor.  

The br ine  is fed to the e lec t ro ly t ic  cells after 
purif icat ion and under  pH control,  if necessary.  Even  
so, the hardness  (Mg 2+ and Ca 2+) in the anoly te  may  
plug the porous d iaphragm,  resul t ing  in a g radua l  in -  
crease in the cell  vol tage  for  l ong- t ime  operat ion.  
This also decreases the br ine  flow ra te  because the 
hydrau l i c  resis tance of the porous d i aph ragm in-  
creases. 

The t r anspor t  of O H -  through  the d i a p h r a g m  is 
by  diffusion, migrat ion,  and hydrau l ic  flow. Al l  these 
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factors are  affected signif icantly b y  p lugging  of the 
d iaphragm wi th  precipi ta tes .  This causes changes in 
the opera t ing  conditions affecting cell  pe r fo rmance  
(17). 

In  this paper  the l imi ta t ions  on hardness  of the  
feed br ine  based on expe r imen t a l  resul ts  of an  ac-  
ce le ra ted  test  a re  discussed. The t r anspor t  phenom-  
ena of NaOH through the d i aph ragm was also studied. 

Experimental 
A small  "Lucite" cell  as shown in Fig. 1 was used. A 

t i t an ium sheet, 2 cm long, 2 cm wide, and  0.5 m m  
thick, coated wi th  a t he rma l ly  deposi ted mix tu re  of 
RuO2 and TiO2 was used as the anode. The cathode 
was made of Ni sheet  (2 • 2 cm).  A modified asbestos 
ma t  was used as the d iaphragm.  Chrysot i le  fiber [5g of 
Hooker,  Grade  H- l ,  0.4g of E-CTFE powder  (Al l ied  
Chemical,  "Halar  5004"), and a smal l  amount  of sur -  
factant  in 2M NaOH] was vacuum-depos i t ed  on a steel  
mesh, d r ied  at  120~ for 1 hr, pee led  off f rom the 
mesh, then hea ted  at  270~ for 3 hr  for setting. The 
thickness was about  4 ram, and the effective area  was 
19.6 cm 2 (5 cm d iam) .  

Two Lugg in -Habe r  probes  were  located about  0.5 
m m  from the d i aph ragm to measure  the IR drop. A 

Fig. 1. An experimental electrolytic cell 
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saturated calomel electrode, Hg/Hg~C1Jsatd. KC1 (at 
30~ was used as a reference electrode for the anode 
Luggin, and a mercuric oxide electrode, Hg/HgO/3.5m 
NaOH (at 30~ was employed for the cathode Lug- 
gin. 

Electric heaters were located in both the anode 
and the cathode compartments to maintain the solution 
temperature. A magnetic st i rrer  was located under 
the cathode compartment.  

A saturated NaC1 solution, 5.1m NaC1 prepared with 
pure salt and distilled water, in the brine reservoir 
(ca. 50 liters) was pumped up to the level tank (ca. 
10 liters) located about 3m above the cell. The brine 
was fed to the anode compartment at a given rate. 
The electrolytic solution passed through the diaphragm 
and flowed out of the cathode compartment to the 
catholyte reservoir by gravity. 

Chlorine l iberated at the anode was collected in a 
gas holder (ca. 5 liters) located about 3.5m above the 
cell and was sent to an absorption column containing 
caustic soda solution. Hydrogen generated at the cath- 
ode was purged to the air  after a water  wash. 

The required amounts of MgCl2 or CaC12 were 
added to the brine reservoir  to investigate the effects 
of these brine impurities. 

The rate of feed brine was adjusted to yield a 50% 
decomposition with respect to pure brine. The flow 
rate decreased and the NaOH concentration in the 
catholyte increased when an impure brine was fed to 
the cell. 

The current density was kept constant during each 
experiment. 

The amperage and the IR drop were recorded con- 
tinuously whereas the flow rate of the electrolyte 
was measured at certain intervals, say every 30 rain. 
The catholyte effluent was t i t rated every 24 hr. Thus 
the current efficiency for production of caustic soda 
(C.E. in percent) was calculated by Eq. [1] 

Practical  amount of NaOH produced 
C.E.(%) - 

Theoretical amount of NaOH to be produced 

X 100 [1] 

A three-compartment  cell i l lustrated in Fig. 2 was 
employed to determine the diffusion and migration of 
OH-.  The cell was equipped with a cation exchange 
membrane ("Nation 390") between the anode compart-  
ment and the center compartment to eliminate trans- 
port of OH-  and C1- as well as hydraulic flow of the 
electrolytic solution. Each compartment has a volume 
of about 300 cm. The alkali  strength in the cathode 
compartment was kept  constant at 2.2m NaOH during 
the experiment, whereas 5m NaCI (pH _~ 2) was fed 
to the center compartment at  the s tar t -up time. The 
NaOH concentration in this room increased with time 
due to diffusion of OH-.  Thus the "superficial" diffu- 
sion coefficient of O H -  through the diaphragm can be 
evaluated. 

The electrolyte level was equalized to avoid a 
hydraulic pressure between adjacent compartments. A 
reflux condenser was located on the top of each com- 
par tment  to minimize the change of the solution com- 
position by evaporation. 

The anode, cathode, and reference electrodes were 
the same as for the cell shown in Fig. 1. 

The potential drops between the Luggin probes were 
recorded continuously. The electrolytic solutions in the 
three compartments were t i t rated at intervals to obtain 
the transport  of OH-.  The pH of the anolyte was un- 
changed during the experiments. 

The diaphragm thickness was varied: 1.2, 2.4, and 4.8 
mm. The material  was the same as in the cell in Fig. 1. 
The current density (0 ,~ 25 A/dm2) and the solution 
temperature (30 ~ ~ 90~ were varied. 

Results and Discussion 
E#ects oi the brine hardness.--It was confirmed 

that the flow rate of brine, the IR drop, the NaOH 
concentration, and the current efficiency were un- 
changed for 10 days or more when the purified brine 
was fed to the electrolytic cell. 

Figure 3 shows the results obtained during electrol- 
ysis of brine containing 100 rag/ l i ter  Mg 2+ at  10 
A/dm 2 current density. For three days, all the data 
were unchanged during the electrolysis of a pure 
brine. When an impure brine was fed to the anode 
compartment of the cell, the flow rate decreased with 
time due to plugging of the diaphragm, which re-  
sults in a rise in the caustic strength in the catholyte. 
Also the IR drop increased gradually. The current 
efficiency decreased, presumably due to the enhance- 
ment of diffusion. Similar results would be obtained 
with impure brines containing different amount of 
the hardness, either Mg or Ca. 

On the other hand, the IR drop decreased, as shown 
in Fig. 4, when the brines containing hardness of a 
high concentration were electrolyzed at relat ively 
high current densities. The caustic strength of the 
catholyte increased considerably. A signficant reduc-  

pure i m p u r e  ~ ]00 
3,0 - brine .- brine ~ 

�9 95 
2,8 �9 

== 2,6 90 

2,4 85 

I I I I I I i Z I i J i 

1,6 o ~  0,52 

I0~ 0,50 o~ I'Ll decrease 

l.O ~ 0,46 

Fig. 2. A three-compartment electrolytic cell 

[ ~ I I I I I I I I I 
0 4 6 8 lO I2 I4 

Days on l ine 

Fig. 3. Flow rate, IR drop, NaOH concentration, and current 
efficiency. Conditions: current density ~ 10 A/din2; Mg 2+ con- 
centrat ion - -  100 rag/liter. 



2316 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November  1981 

4,4 I00 

4,o 
9s 

3,2 

2.8 85 ~ 

3,8 

3,4 ~ - 1,26 

~ 1,22 

L,18 ~ 

,T 2,6 

2.2, brine .6'r"~ Ee" " ~  

1 l I L i i I 1 i 1 L I 

0 2 4 6 8 I0 12 14 
DQys on llne 

Fig. 4. Flow rate, IR drop, NoON concentration, and current effi- 
ciency. Conditions: current density - -  30 A/dm2; Mg 2+ concen- 
tration - -  80 mg/liter. 

100 

50 

5 

1 I I I l l  
5 

Current d e n s i ~ m  z) Percent 
I0 20 30 decren_.se 
o z~ [] .... 10% 

\ 

\, 
t 

%% 

, �9 �9 " 20% 

\ 

X % 

% "% ~,,> 

i0 50 100 

Mg content (mg?l) 

Fig. 5. Days an line vs. Mg content as functions of the percent 
reduction of the brine flow and the current density. 

tion in the electrical resistivity of the diaphragm is 
due to a rise in the caustic strength (see Table I). 
The brine flow, the NaOH concentration, and the 
current efficiency are affected by the brine hardness, 
but the IR drop depends on the solution composition 
in the diaphragm and the operating temperature 
rather than on the clogging of the diaphragm. 

Since the flow rate of electrolyte decreases gradu- 
ally with time due to plugging, and influences the 
cell performance, it can be used as a parameter for 
evaluating the effects of hardness in feed brine. In 
Fig. 3, for example, the flow rate decreased by 10% 
for 1.3 days and by 20% for 3.2 days after switching 
the feed brine. 

The diaphragm of the laboratory cell was plugged 
more quickly compared to commercial cell operation 
since the feed brine contained Mg 2+ at a relatively 
high concentration (100 mg/liter) in this experiment. 
The operable period is, of course, extended when the 
brine hardness is decreased. Figure 5 illustrates the 
operable period vs. Mg content based on the ac- 
celerated test with relatively high contents of Mg 
in the feed brine (i0 ~ 10(} mg/liter). Experiments 
were conducted, using the galvanostatic method, at 
10, 20, and 80 A/dm~. The dotted line shows the 10% 
decrease of the flow rate and the solid line the 20% 
decrease. It is clear that the operable period is recip- 
rocally proportional to the Mg content. Plugging oc- 
curs quickly at high current densities since the flow 

Table I. Resistivity of mixed solutions of NaCI and NoaH at 
50~ 

C o m p o s i t i o n  (M) 
Res i s t iv i ty  

NaC1 NaOH (~-cm) 

Satd .  (ca .  5.1M) 3.06 
2.5 3.79 
2.5 2.5 2.05 
5 1 2.21 
4 2 2.04 
3 3 1.91 
2 4 1.76 

rate of the brine is large to yield a given decomposi- 
tion (50%); but the product of period (d) and cur- 
rent (i) was almost constant (Table II). Magnesium 
in the feed brine precipitates as hydroxide and is 
collected or filtrated on the asbestos mat. Magnesium 
hydroxide is a typical compressible precipitate (18, 
19), and hence the rate of brine flow may decrease 
appreciably within a short time if the pressure drop is 
high. Since the pressure differential through the dia- 
phragm is small, say one tenth of the brine filter, the 
effect of the compressibility of precipitate on the 
flow rate seems to be small. 

Figure 6 illustrates similar results for Ca in the 
feed brine, which are essentially the same as for 
Mg. However, it is important that the i • d increases 
with an increase in the current density (see Table 
II), probably due to a different mechanism of plug- 
ging of the diaphragm by Ca precipitate than by Mg 
precipitate. Although these results were obtained by 
the accelerated test by electrolysis of brines contain- 
ing a very high hardness concentration, they agreed 

Table If. Operable periods with impure brine at various current 
densities. Hardness: 10 mg/fiter Mg 2+ or  Ca 2+ 

P e r c e n t  re- C u r r e n t  
B r i n e  d u c t i o n  of  dens i ty ,  $ D a y s  

i m p u r i t y  b r i n e  f low ( A / d m  2) (d)  i • d 

Mg 10 10 13.5 135 
20 7.0 140 
30 4.7 141 

Ca 

20 

( a v g )  138.7 

10 32.3 323 
20 16.1 322 
30 12.0 360 

(avg)  335.0 

10 10 20.5 205 
20 15.2 304 
30 11.7 531 

20 10 53.0 530 
20 36.0 720 
30 27.0 810 
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Fig. 6. Days on line vs. Ca content as functions of the percent 
reduction of the brine flow and the current density. 

wel l  wi th  our  p l an t  experiences.  In  prac t ica l  ope ra -  
tion, the b r ine  level  is var ied  in accordance wi th  the 
pe rmeab i l i t y  of the d i aph ragm so as to keep  the flow 
ra te  and, hence, the percen t  decomposi t ion constant.  

The flow ra te  of the b r ine  conta ining 2.5 m g / l i t e r  
Ca th rough  a commercia l  d i aph ragm cell opera ted  at  
31 A / d m  2 would  decrease by  about  20% when the 
br ine  leve l  is unchanged  for 100 days  of operat ion,  
which  agrees  wi th  Fig.  6. 

In  conclusion, we be l ieve  tha t  Fig.  5 and 6 a re  ap -  
pl icable  as a guide to commercia l  cell operat ion.  

The concentra t ion  dis t r ibut ions  of Mg and Ca in 
the d i aph ragm were  de te rmined  since thei r  behav io r  
seems to differ. A d i aph ragm mat  a f te r  e lectrolysis  was 
sliced into four  equal  sections (1 m m  thick each) .  
Each segment  was immersed  in di lute  HC1 (1 ,~ 3N 
HC1 depending  on the amount  of p rec ip i ta te ) ,  and the 
Mg content  in the f i l t rate  was measured  by  atomic 
absorp t ion  spect rochemical  analysis.  Beca.use a smal l  
amount  of Mg f rom the chrysot i le  fiber is dissolved 
b y  the acid solution, this effect was ca l ibra ted  for. A 
la rge  amount  of magnes ium hydrox ide  is deposi ted 
in the  first and the second segments  on the anode side 
as shown in Fig. 7 since the asbestos mat  became com- 
p le te ly  a lka l ine  due to back -mig ra t i on  of O H - .  On the 
contrary ,  Ca was prec ip i ta ted  more  un i fo rmly  th rough-  
out  the porous mat.  

Since the Mg content  in the b r ine  was high, an 
amount  of Mg(OH)2  was deposi ted on the surface of 
diaphragm,  whereas  Ca did not  do so. This is c lear ly  a 
f i l t rat ion mechanism associated wi th  chemical  reaction.  
According to chemical  analysis,  the ca tholyte  conta ined 
0.2 ,-, 0.5 m g / l i t e r  Mg or  1.5 ,~ 2.5 m g / l i t e r  Ca, due 
to leakage  since the b r ine  hardness  was signif icantly 
higher.  

MacMull in  states in a p r iva te  l e t t e r  tha t  "magnes ium 
deposits  on the d i aph ragm surface facing the anodes 
and pene t ra tes  to a lesser  ex ten t  in the  calcium. Cal-  
c ium is deposi ted throughout  the d i aph ragm and 
Hine 's  work  indicates  that  at  low value  of calc ium 
might  be expected  tha t  calcium washed  through.  Mag-  

Fig. 7. Distribution of magnesium and calcium precipitates in the 
diaphragm (5 cm diam and 0.4 cm thick) after electrolysis. 

nesium hydrox ide  is cons iderab ly  less soluble than 
calcium hydroxide ."  

Permeation of the brine without electrolysis.--Ex- 
per iments  wi thout  e lectrolysis  were  conducted  so as 
to separa te  diffusion f rom migra t ion  of alkali .  The 
catholyte  consis.ting of NaC1 and NaOH was c i rcula ted 
be tween  the rese rvo i r  (ca. 60 l i te rs )  and  the cathode 
compar tmen t  to keep the solut ion composit ion con- 
stant.  The hydrau l ic  head be tween  the anoly te  and the 
catholyte  was kep t  constant  a t  60 cm, which  cor re -  
sponded to the flow ra te  requ i red  for  e lectrolysis  of 
pure  b r ine  at  50% decomposi t ion and 15 A / d m  2. A 
smal l  cur ren t  (1 A / d i n  2) was swi tched on brief ly at  
cer ta in  in terva ls  to de te rmine  the IR drop through  the 
d iaphragm.  

As is shown in Fig. 8, the  flow ra te  decreased g radu-  
ally,  and  the electr ic  resis tance of the  d i aph ragm b e -  
came la rge r  due to plugging,  whereas  the  anoly te  p H  
was unchanged  dur ing  exper iment .  The phenomena  
were  the same for electrolysis,  bu t  b locking was 
r ap id  because of a different  d i s t r ibu t ion  of prec ip i ta tes  
in the mat  as shown in Fig. 9. Both Mg and Ca de-  
posi ted closely to the cathode side. 

Since Mg 2+ deposits  as Mg(OH)2,  the concentra t ion 
d is t r ibut ion  of Mg indicates  the O H -  dis t r ibut ion  in 
the porous mat.  Consequently,  the  expe r imen ta l  resul ts  
would  show that  the contr ibut ion  of migra t ion  for an 
overa l l  pe rmea t ion  of a lka l i  dur ing  electrolysis  is s ig-  
nificant compared  wi th  diffusion. 

Experiments with a three-compartment cell.--An ex-  
ample  of the resul ts  obta ined  wi th  the t h r e e - c o m p a r t -  
ment  cell (Fig. 2) is shown in Fig. 10. The NaOH con- 
cent ra t ion  in the cathode compar tmen t  and  in the  
center  compar tmen t  increased a lmost  p ropor t iona l ly  
to the t ime of electrolysis.  

I t  is wel l  known tha t  the diffusion flux unde r  s t eady-  
state condit ions is r epresen ted  b y  the equat ion  
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Fig. 8. Flow rate, electric resistance of the diaphragm, and the 
pH of analyte at zero current. Mg ~+ concentration - -  50 mg/liter. 

dC 
j = --DA - .  [2] 

dx 

Assume that  dC/dx is equal  to &C/L, where AC is 
the difference of the O H -  concentrat ion be tween two 
sides. Thus the diffusion coefficient D can be obtained 
by Eq. [2]. 

Figure  11 shows the Arrhenius  plots for diffusion. 
The activation energy is evaluated to be about  3 ,~ 4 
kcal/mol.  

It  is well  known  that  the diffusion coefficient for 
electrolytes at room tempera ture  is in  the order of  
10-5 cm2/sec (20) whereas the exper imenta l  results 
in  Fig. 11 show it to be in the order of 10 - s  cm~/see 
because of l imitat ions of mass t ranspor t  through the 
diaphragm. The diffusion flux through the porous 
medium depends on the formation factor, Fc, of the 
medium 

220 I 
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"~ 0.4 _ 

0.2 - 
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Fig. 10. NoON concentration and IR drop as functions of the 
time of electrolysis. Conditions: diaphragm thickness - -  2.4 mm. 
Temperature = 70~ Current density ---- 20 A/din 2. 

D O x~ 
F~ = - -  = - -  [SJ 

D 

An equat ion for D ~ vs. t (~  was established by  the 
method of least squares. The data listed in  the In t e r -  
nat ional  Critical Tables (20) were employed. Thus D ~ 
at 30~ was calculated to be 1.88 X 10 .5 cm2/sec, com- 
pared to 0.55 X 10 .2  cm2/sec for D (see Fig. 11). 

Subst i tu t ing these data into Eq. [3] 

1.88 
Fc "-- ,'~ 3.42 

0.55 

On the other hand, Fc can also be obtained by  the 
ratio of the specific resistances as follows (17) 

[41 y c  , - - -  ~ 

Po 

where p is the superficial resistivity of the porous me-  
d ium in  12 �9 cm and po is the resistivity, also in  F~ �9 cm, 
of the electrolyte. From Fig. 10, the electric resistance 
of a porous diaphragm of 19.6 cm2 in  area and  0.4 cm 

Fig. 9. Distribution of magnesium and calcium precipitates in the 
diaphragm (5 em dlom and 0.4 cm thick) without electrolysis. 
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Fig. 11. Diffusion coefficient as a function of the temperature 
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thick filled with 2.5m NaCl is est imated to be 0.2811. 
Therefore 

0.28 X 19.6 
p : ___ 13.72 8 �9 era 

0.4 

The specific resistance of 2.5m NaCl is 3.79 G. cm (see 
Table I). Thus, we have Fc as follows 

18.72 
Fc = ~ __~ 3.62 

It is clear that  both calculations agree well  with e a c h  
other. 

Mass transport through the diaphragm.--The mass 
t ransport  problems through the diaphragm in  chlor- 
alkali  cells have been invest igated by m a n y  a u t h o r s  
[see Ref. (17) ]. 

Stender  et al. have calculated the mass t ransport  of 
OH- ,  Joa (24) 

dC 
JOH = -- D -- + UC [5] 

dz 

u D 
U =----i - v [6] 

R T  K 

In tegra t ing  Eq. [5] with the boundary  conditions 

C = C ~ at x = 0 (at cathode side) 
and 

C : 0 at x = ~ (at anode side) 

Equations [7] and [8] are obtained 

CoU 
JOH "-- [ 7 ]  

and 

( U -- x)) 
C l--exp \--'~ (6 

-- = [8] (u) 1 -- exp -- ~- 

where the thickness of the alkaline zone 6 is assumed 
to be equal to the thickness of diaphragm L. Also the 
current efficiency for OH- is 

1 
C.E.(%) = • 100 [9] 

1 + -- 1 -- e x p  -- 
v D / /  

When a thin diaphragm is employed, U5 < <  D. There-  
fore 

1 
C.E.(%) = - -  X I00 [I0] 

D 

v~ 

When U > 0, the C vs. x curves become convex as 
shown in Fig. 12 (see Eq. [8]). When U < 0, on the 
other hand, the curves are concave. Assume that  D = 
10 -5 cm2/sec, 6 = 0.5 cm, v = 10 -~ cm/sec, K ---- 0.5 
mho/cm, T ---- 373 K, and i -- 0.2 A / d m  e, therefore for 
practical operation, we have 

U8 
,-~--7 

D 

Consequently,  the C vs. x curves are clearly concave, 
and the reduct ion of current  efficiency is controlled by 
migrat ion and diffusion of O H - .  

The flux of alkali  through a un i t  area of the dia-  
phragm (A = 1 in Eq. [2]) in a th ree-compar tment  
cell, jOH, can be represented by the sum of the diffu- 
sion flux, 3oH(d), and the migrat ion flux, i o n ( m ) ,  since 
there is no flow of br ine  
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Fig. 12. Distribution of the NaOH concentration in the diaphragm 

jOH = 3off(d) + jori(m) 

dC 
ion (d )  = - - D  

d r  

3oH(m) = - - -  

Assuming that 

dC 

dx 
we have 

F D F 
C~ : -- 

R T  K R T  

[11] 

[12] 

DC ,d~ [18] 
dx 

C d@ he 
- -  -- and - -  -- 

5 dx  8 

joH(m) F 
K -- --~ Ar [14] 

ion(d)  - -  R T  

where K is the ratio of jOH (m) to jos  (d). The diffusion 
flux ion (d )  can be obtained by exper iment  without  
electrolysis, whereas the O H -  flux dur ing electrolysis 
is the sum of jo~(d)  and joH(m). Thus ]OH(m) can be 
evaluated. Factor  K, calculated by Eq. [i4], is listed 
in  Table III  and is in  good agreement  with experiment.  
The K is proport ional  to the IR drop, but  the l ine in 
Fig. 13 is independent  of other factors. 

Since the IR drop through the diaphragm in  prac-  
tical cells is 0.3 ,-~ 0.4V, i on (m)  is one order of mag-  
ni tude greater than ion(d ) .  Therefore, i on (m)  mus t  
be minimized to improve the current  efficiency. Opera-  
t ion at high temperatures  is feasible for this purpose 
because D and ~ increase. Use of a th in  diaphragm 
decreases K since 3on(d) increases, whereas i on (m)  
remains constant  because A~/8 is unchanged.  

At high current  densities, both 4r and K become 
large. On the other hand, the flow rate  of the br ine  is 
increased proport ional ly to the current  densi ty to 
keep the br ine  decomposition constant. Since the effect 
of the flow rate on the current  efficiency is larger than 
that of other factors under  operat ing conditions, opera-  
tion at high cur ren t  densities, say 25 ,-~ 35 A / d m  2, is 
desirable to improve the current  efficiency. 
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Table III. Mass transfer of O H -  through the diaphragm. 
Diaphragm thickness = 2.4 mm (an example). 

jOH (m)/jo~(d) 
Current IR OH- fiux 

Temp density drop jo~ (m) + jOH (d) Experi- Calcu- 
(~ (A/dm '~) (mY) (g-ions/liter hr) mental lated 

30 0 0.015 
1 26 0.025 0.67 1.0 
5 95 0.065 3,3 3,0 

50 0 0.020 
1 18 0.030 0.50 0.65 
5 80 0,080 3.0 2.9 

10 150 0.120 5.0 5.4 
70 0 0.030 

1 14 0.0~5 0.17 0.47 
5 60 0.090 2.0 2,0 

10 110 0.135 3.5 3.7 
15 158 0.180 5.0 5.4 
20 205 0.255 7.7 6.9 

90 0 0.035 
1 11 0.040 0.14 0.35 
5 50 0.085 1.4 1.6 

I0 100 0.135 2.9 3.2 
15 138 0.190 4.4 4.4 
20 190 0.200 6.4 0.1 
25 235 0.290 7.3 7.5 

Conclus ion 
The pe r f o rmance  o f  d i a p h r a g m - t y p e  ch lo r -aJka l i  

cel ls is re la ted  c losely  to the  t r anspo r t  phenomena  of 
O H -  and the physicochemical  p roper t ies  of the d ia -  
phragm. The overa l l  mass - t r ans fe r  th rough  the d ia -  
ph ragm is composed of the diffusion flux, the migra t ion  
flux, and the hydrau l ic  flow. Of these, diffusion and 
migra t ion  have been discussed in this paper .  

The concentra t ion  d is t r ibut ion  of a lka l i  in the d ia -  
ph ragm wi thout  e lectrolysis  differs g rea t ly  f rom tha t  
wi th  e lectrolysis  because the  migra t ion  flux is signifi- 
cant ly  large.  Also the O H -  concentra t ion d is t r ibut ion  
varies  wi th  the cur ren t  dens i ty  for the same reason. 

Hardness  in the feed br ine  deposits  in the porous d ia-  
ph ragm and affects the e lect r ica l  conduct ion and  mass 
t r anspor t  th rough  the d iaphragm.  Cell  per formance  
as measured  b y  the cur ren t  efficiency and the cell  vo l t -  
age becomes less favorable  as the d i aphragm is plugged.  
The l imits of hardness  in the  feed br ine  have been dis-  
cussed wi th  the resul ts  ob ta ined  by  an accelera ted  test  
involving electrolysis  of br ines  containing h igh  h a r d -  
ness concentrat ions.  

/ 
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Fig. 13. The ratio of the migration flux to the diffusion flux vs. 

/R-drop curve under various conditions of the diaphragm thickness 
and the solution temperature. 
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LIST OF SYMBOLS 
A area  (cm 2) 
C concentra t ion (mols /cm 3) 
C ~ concentra t ion of O H -  in ca tholyte  ( tools /  

cm 3) 
C.E. cur ren t  efficiency wi th  respect  to O H -  (%)  
D diffusion coefficient in d iaphragm (cm2/sec) 
D ~ diffusion coefficient in solut ion (cm~/sec) 
d days on line (days)  
F Fa raday ' s  constant  (23,060 kca l /g -equ iv .  �9 V) 
Fc format ion  factor  
i cur rent  densi ty  (A/cm2) 
j flux (mols /cm 2 �9 sec) 
jo~ overa l l  flux of O H -  (mols/cm2 �9 sec) 
~oH(d) diffusion flux of O H -  (mols /cm 2 . sec) 
3oH(m) migra t ion  flux of O H -  (mols /cm 2 �9 sec) 
K ra t io  jOH (m)/jOH (d) 
L thickness of d i aphragm (cm) 
R gas constant  (1.987 ca l /mol  �9 K)  
T t empera tu re  (K) 
U see Eq. [6] (cm/sec)  
v flow rate  (cm/sec)  
x dis tance (cm) 

thickness of a lka l ine  zone (cm) 
e void f ract ion 
,, e lectr ical  conduct iv i ty  (mho/cm)  
p electr ic  res is t iv i ty  of d i aphragm (12 �9 cm) 
po electr ic res is t iv i ty  of e lec t ro ly te  (~  �9 cm) 
r potent /a l  (V) 
~r potent ia l  difference (V) 
x tor tuos i ty  
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Growth of Thick Anodic Oxide Films on Nickel 
in Borate Buffer Solution 

B. MacDougall* and M. J. Graham 
Division of Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada KIA  OR9 

ABSTRACT 

Anodic  galvanosta t ic  charging of nickel  in pH 7.63 bora te  buffer solution 
produces  a finely porous oxide film which is d is t inct ly  different  f rom the passive 
film of NiO. The porous film which is p robab ly  NiOOH can grow to thicknesses 
in excess of 1000A. It  is reduced  to a lower  oxidat ion  state dur ing ga lvano-  
s tat ic  reduction,  giving a dist inct  cathodic potent ia l  arrest .  The oxide, how-  
ever,  r emains  on the surface dur ing  the cathodic t r ea tment  and reapp l i ca t ion  
of the anodic  charging current  resul ts  in an anodic ar res t  tha t  is a lmost  the  
mi r ro r  image  of the cathodic arrest .  The revers ib le  conversion charge increases  
wi th  increas ing t ime of polar iza t ion  in the 02 evolut ion region,  in conjunct ion 
with  an increase in porous film thickness as de te rmined  by  x - r a y  emission 
and A u g e r  e lect ron spectroscopies.  In  fact, the conversion charge is a close 
moni tor  of porous film thickness over  a wide range  of thicknesses and has 
been used to s tudy  film growth  kinet ics  as a funct ion of t empera ture ,  charging 
rate,  and pr io r  e lec t rode  t rea tment .  The kinet ics  of porous oxide growth  are 
i n t e rp re t ed  in terms of an outer  porous film growing on top of an inner  com- 
pac t  film, the la t te r  p robab ly  being the passive film. It  is suggested that  
b r eakdown  and repa i r  events  in the compact  inner  film genera te  the Ni 2+ 
which  is incorpora ted  into the porous film, and  tha t  the  s tab i l i ty  of the  passive 
film thus de te rmines  the growth  ra te  of the porous film. This model  expla ins  
the influences of t empera tu re  and e lect rode surface condit ion on oxide growth  
ra te  as wel l  as the exis tence of b r e a k a w a y - t y p e  kinet ics  and its dependence  
on charging rate.  

The anodic oxida t ion  of n ickel  in the passive po ten-  
t ial  region has been ex tens ive ly  s tudied  in a va r i e ty  
of e lectrolytes ,  e.g., bora te  buffer solut ion (1-3) and 
neu t ra l  and  acid sulfate  solutions (1, 4-22). The com- 
posi t ion of the passive oxide film formed in neu t ra l  
and  acid solutions is genera l ly  thought  to be NiO 
wi th  a m a x i m u m  thickness r epor ted  anywhere  f rom 
12_~ (4, 13, 23, 24) to 18A (1, 9). In bora te  e lectrolyte ,  
cons iderably  th icker  oxide films can be grown at  
potent ia ls  in the  oxygen evolut ion region (1-3, 25, 26). 
The oxide formed in this potent ia l  region is a h igher  
oxide of nickel,  p robab ly  NiOOH (26). Unl ike  the 
passive film of NiO, this oxide gives a dis t inct  ga l -  
vanosta t ic  reduct ion  a r res t  which is be l ieved to be 
associated with  its conversion to a lower  oxide of 
nickel,  e.g., Ni(OH)2  (or NiO).  Subsequent  anodic 
charging of the lower  oxide also gives a dist inct  po-  
ten t ia l  a r res t  as the lower  oxide converts  back again  
to the h igher  oxide (1, 27). This e lect rochemical  con- 
version react ion is smi la r  to that  proposed  for  charg-  
ing  and discharging the n ickel  e lect rode in the nickel  
a lka l ine  ba t t e ry  (27, 28), and whi le  extens ive  research  
has been publ i shed  in this a rea  [cf., for example ,  (29)],  
l i t t le  work  has appea red  concerning the kinet ics  and 

* Elect rochemical  Society Active Member.  
Key words:  e lectrode,  passivity, oxidation,  conversion,  defects.  

mechanism of anodic growth  of th ick  conversion oxide 
films on nickel  surfaces by  di rec t  oxida t ion  of the 
metal .  The present  inves t iga t ion  considers the fac-  
tors influencing the growth  kinet ics  of th ick anodic 
oxide  films on nickel  in pH 7.65 bora te  buffer solution, 
and  a model  wi l l  be suggested for  the mechanism of 
film growth.  

Experimental 
Polycrys ta l l ine  specimens, 1 X 2.5 X 0.02 cm thick, 

were  p repa red  f rom Mater ia ls  Research Corpora t ion  
zone-ref ined nickel  sheet  of 99.996% pu r i t y  (4). They  
were  degreased  wi th  benzene, chemical ly  polished,  
e lect ropol ished for 2 rain at  23~ in a 57 volume pe r -  
cent  sulfuric acid solut ion at  0.5 A cm-2,  and  then 
annea led  at  800~ in a vacuum of 10 - s  Torr.  T h e  
specimens were again  e lec t ropol ished immed ia t e ly  be -  
fore use in an exper iment .  Potent ia l s  quoted in this  
pape r  are  r e fe r red  to the sa tu ra ted  calomel  e lect rode 
which is 0.245V wi th  respect  to the s t anda rd  revers ib le  
hydrogen  electrode. Elect ropol ished nickel  e lect rodes  
were  ga lvanos ta t ica l ly  anodized wi thout  cathodic re -  
duc t ion  of the pr ior  oxide film. Solut ions were  de -  
ae ra ted  pH 7.65 bora te  buffer, and were  analyzed  for  
Ni 2+ by  carbon rod atomic absorpt ion  spectroscopy, 
the lower  l imi t  of detect ion by  this method be,:ng 0.2 
~g cm -~ (sample  area  = 5 cm~; cel l  vo lume  = 50 
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ml) .  X - r a y  emission (30, 31) and A u g e r  e lect ron spec-  
t roscopies (Physica l  Electronics Incorpora ted  Model 
590) were  used to de te rmine  oxide film thicknesses.  

Results 
Cathodic and anodic galvanostatic charging profiles.-- 

Figure  1 shows the cathodic and anodic charging p ro -  
files for e lect ropol ished nickel  e lectrodes anodized for 
var ious  t imes at  80 #A cm -~ in the oxygen  evolut ion 
region [potent ials  >0.95V (25, 26)]. Anodic  charging 
generates  a species which, when the charging po la r i ty  
is switched f rom anodic to cathodic,  undergoes  r educ -  
t ion and gives a dis t inct  po ten t ia l  a r res t  at ~0.75V. 
When reduct ion of this species is complete,  the po ten-  
t ia l  r ap id ly  shifts into the hydrogen  evolut ion region. 
Upon immedia t e  reappl ica t ion  of the anodic charging 
current ,  an  anodic a r res t  occurs a t  about  the  same 
poten t ia l  as the cathodic  ar res t ;  the cathodic and 
anodic a r res t  charges are  equivalent .  Oxides  formed 
at potent ia ls  in the passive region do not  give r ise to 
this revers ib le  a r res t  since the ,-,12A thick passive film 
of NiO (4, 13, 23, 24) is iner t  to both  conversion to a 
higher  oxide of nickel  and to cathodic reduct ion.  Dur -  
ing anodic charging in the oxygen  evolut ion  region,  a 
ve ry  finely porous (26) h igher  oxide of nickel  is gen-  
erated,  perhaps  NiOOH as has been prev ious ly  sug-  
gested by  a number  of worke r s  (1, 3, 27). The charge-  
consuming reac t ion  would  thus be associated wi th  
in terconvers ion  of the n ickel  ion in the oxide be tween  
the 3 +  and 2 +  oxida t ion  states  e.g., b y  a reac t ion  
such as 

N i 0 0 H  + H + + e--> Ni (OH)2  

The te rm "conversion charge" wi l l  denote the cathodic 
a r res t  charge associated wi th  this reaction.  

To invest igate  the  kinet ics  of the  conversion reac-  
tion, a constant  quan t i ty  of h igher  oxide was formed 
(e.g., by anodizing at  80 #A cm -2  for 24 hr  at  25~ 
and this was reduced and reoxidized at charging ra tes  
of 4, 80, and 200 # A c m  -2. The conversion charge was 
constant  (6.6 _ 0.3 mC c m - e )  at  al l  three  charging 
ra tes  indica t ing  tha t  the conversion react ion is a rapid,  
revers ib le  process under  act ivat ion r a the r  than  diffu- 
sion control.  A fixed quan t i ty  of porous oxide gives 
the same conversion charge at  al l  e lec t ro ly te  t em-  
pera tures  f rom 5 ~ to 45~ so that  the kinet ic  resul ts  
obta ined for g rowth  of the conversion oxide at d i f -  
ferent  t empera tu res  may  be d i rec t ly  compared.  

Oxide l~lm examination.--The degree of hyd ra t i on  o f  
oxides in the above conversion reac t ion  is st i l l  open 
to question. Electrodes removed  f rom solut ion in the  
oxidized s tate  were  b lue -b l ack  in color, bu t  this  color-  
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Fig. 1. Cathodic and anodic galvanostatic charging profiles, at 
80 #A cm -~,, for nickel electrodes anodized at 80 #A cm - 2  for 
various times in the 02 evolution region: ( - - - )  30 min; ( . . . )  2 
hr.; (- ) 24 hr. The charging current was switched from cathodic 
to anodic as soon as the potential shifted into the H~ evolution 
region (i.e., --1.06V); for comparison, the profiles are centered at 
the point of transition from cathodic to anodic charging. 

al ton s lowly d isappeared  and the oxide film even tua l ly  
became t ransparent .  (This is exac t ly  wha t  happens  
when an oxidized electrode is ca thodica l ly  reduced  
in solution, i.e., the da rk  color becomes less dist inct  
dur ing  the cathodic conversion a r res t  and  at  the  end 
of the a r res t  the film is t ransparent . )  Because the 
films change wi th  time, diff• are presented  in 
a t tempt ing  phase identif icat ion of the oxide in the 
oxidized state;  reflection e lec t ron diffraction of a thick 
oxide film did  confirm, however ,  the  presence of #- 
NiOOH in addi t ion to NiO. Oxide films in the reduced  
state examined  by  e lect ron diffraction and Auger  spec- 
t roscopy appea red  to be NiO ra the r  than Ni(OH)2.  I t  
may  be, though, tha t  the porous film in the  reduced  
state is Ni(OH)2,  but  that  this species dehydra tes  in 
the vacuum system, i.e., Ni(OH)2  --> NiO + H20. In  
any  event,  the conversion reac t ion  of Ni 3+ --> Ni 2+ in-  
volves a 1-electron t ransfer ,  and assuming a cur ren t  
eƒ of 100%, the amount  of oxide can be est i -  
ma ted  f rom the conversion charge.  The conversion 
charge increases wi th  increas ing t ime in the oxygen 
evolut ion region (Fig. 1), and thus the  measured  
conversion charge can be used to de te rmine  the 
kinet ics  of porous oxide growth,  p rovided  tha t  the 
re la t ionship  be tween  conversion charge and quant i ty  
of porous oxide is constant  over  a wide range of film 
thicknesses.  To check this, e lectrodes anodized at 80 
# A c m  -2 for  30 rain and 24 hr  (a t  25~ were  r e -  
moved f rom the solut ion and ana lyzed  for  oxygen 
content.  The conversion charges for the  30 rain and 
24 hr  t r ea tments  were  2.2 mC cm -2  and 6.6 mC cm -~, 
respect ively,  compared  wi th  an increase in oxygen 
content  (as de te rmined  by  x - r a y  and Auger  tech-  
niques)  f rom 0.54 (__+0.05) to 1.27 (___0.13) ~g oxygen 
cm -~  (25). This increase  in oxygen  thus  corre la tes  
reasonably  wel l  wi th  the conversion charge increase.  
The re la t ionship  holds even for ve ry  th ick films ( -  10 
~g oxygen cm-2 ) ,  indica t ing  tha t  the oxide g rowth  
kinet ics  can be de te rmined  f rom galvanosta t ic  charg-  
ing exper iments .  

Kinetics o:f porous oxide growth.--Figures 2 and 3 
show the increase in conversion charge wi th  t ime of 
anodic charging at  4, 80, and 200 ~A cm -~ for e lec t ro-  
ly te  t empera tu res  of 5 ~ 25 ~ and 45~ It  is immed i -  
a te ly  evident  tha t  the  t empera tu re  at  which the 
oxide is grown plays  a much more  impor tan t  role  than  
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(--0--) 25~ (--<}--) 45~ 
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charge was determined by cathodic charging at 80 #A cm -2. 

the anodizing current .  Obviously,  the  cur ren t  efficiency 
for oxide  growth  is h igher  at  the lower  charging rate,  
bu t  the values  are  --~1% at  a l l  charging rates  and 
t empera tu res  wi th  most  of the charge being con- 
sumed by  oxygen  evolut ion (25). When  the film is 
sufficiently thick, b r e a k a w a y - t y p e  kinet ics  are  ob-  
served wi th  the oxide g rowth  ra te  increas ing r ap id ly  
(Fig. 4 and 5). I t  is also seen in Fig. 5 tha t  oxide 
growth  is much fas ter  on etched nickel  (e lec t ropol -  
ished and then etched for 60 sec in 5% HNOs) than  on 
e lec t ropol ished nickel.  

Discussion 
Previous  e lec t rochemical  and Auge r  resul ts  suggest  

tha t  the conversion oxide has a porous s t ructure ,  and  
tha t  the poros i ty  is on too fine a scale to be detected 
by  e lec t ron  microscopy (25). I t  is difficult to expla in  
the conversion charge kinet ic  curves (Fig. 2-5),  where  
the ra te  slows and then increases dramat ica l ly ,  on 
the basis of g rowth  processes of the porous oxide  
alone. A more  reasonable  model  of the oxidat ion  
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Fig. 5. Increase in conversion charge with time of anodic charg- 
ing at 80 #A cm -~ at 25~ for electropellshed nickel ( ~ O - - )  
and etched nickel ( - -A - - ) .  Etching was in 5% HN03 far 60 sec. 

mechanism would  involve the presence of a compact 
oxide film benea th  the outer  porous film. I t  is sug-  
gested tha t  the compact  film is the 9-12A passive film 
of NiO as i l lus t ra ted  schemat ica l ly  in Fig. 6. I t  is 
known f rom previous  work  that  the passive oxide  has 
a defect  charac te r  and the local b r eakdown  of the 
film, in the  passive potent ia l  region, genera tes  Ni 2+ 
in solution. In  the oxygen  evolut ion potent ia l  region,  
the Ni 2+ ar is ing f rom passive film b r e a k d o w n  could 
be oxidized to a h igher  oxide  of n ickel  and  this would  
give rise to the porous film, perhaps  b y  the reac t ion  

Ni z+ + 2HBO--> NiOOH + 3H + + e 

An alternative reaction would be 

2Ni 2+ + 3I-I~O *-> Ni2Os + 6H + + 2e 

which has a revers ib le  potent ia l  of 0.2V (vs. Hg2Cla). 
In  the proposed model  for porous film formation,  
growth  would  be contro l led  solely by  the f requency  of 
breakdown  events  in the passive film which  would  
depend on the s tab i l i ty  of the pass ive  film as wel l  as 

FILM 
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N] + H20 . NIO + 2H + + 2E 

NzO + 2H +-  ; NI 2+ + H20 

NI - - . 'N I  2+ + 2E 

N~ 2+ + 2H20---~NIOOH + 3H § + E 

OR 

2NI 2+ + 3H20---~NI203 + 6H + * 2E 

NIOOH + H + + E -"NI(OH) 2 CONVERSION 

Fig. 6. Schematic illustration of the growth of the thick porous 
film on top of the compact passive film of NiO. The reaction se- 
quence indicates the possible mechanisms for growth and conver- 
sion of the porous film. 
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the e lec t ro ly te  environment .  I t  is known tha t  the s ta te  
of perfect ion of the passive film increases  and the 
anodic corrosion cur ren t  (due ma in ly  to Ni --> Ni ~+ 
+ 2e) decreases wi th  t ime of anodizat ion af ter  a po-  
tent ia l  step into the passive region, the decrease being 
rap id  at  first and then quite slow (24). I t  m a y  be tha t  
the ini t ia l  rap id  decrease of anodic  cur ren t  wi th  t ime 
corre la tes  wi th  the  in i t ia l  s lowing down of the  oxide  
growth  kinet ics  in the  oxygen  p la teau  region (Fig.  
2-4). That  is, as the passive film becomes more  perfect ,  
less Ni2+ is genera ted  so less porous film can form. 
The l i n e a r - t y p e  kinet ics  (cf. Fig. 5, E. Pol.)  could be 
associated wi th  the passive film reaching  a v i r tua l  
s teady  state of perfect ion and therefore  having a con- 
stant  b reakdown  frequency,  af ter  some t ime of anodi -  
zation in the oxygen region. This would  corre la te  
wi th  the almost  constant  corrosion cur ren t  in the 
passive potent ia l  region af te r  long t imes of po ten t io-  
s ta t ic  holding. The resul ts  then  suggest  tha t  the  
changes in the corrosion cur ren t  wi th  t ime of potent io-  
s tat ic  holding in the  passive poten t ia l  region are  
s imi lar  to the changes in the n ickel  dissolution cur ren t  
in the oxygen p la teau  region dur ing  ga lvanos ta t ic  
oxidat ion.  

The b r e a k a w a y  kinet ics  (Fig. 4 and 5), observed 
af ter  the porous film has reached a significant th ick-  
ness, can be exp la ined  by  a localized pH decrease  a t  
the base of the porous film, i.e., in the  v ic in i ty  of the 
passive film. This arises because the oxida t ion  reac -  
t ion genera tes  protons  which  must  diffuse out  f rom 
the body of the porous film for pH equi l ibrat ion.  When  
the  porous film is too thick, the  protons are  not  able to 
diffuse out  r ap id ly  enough for pH equi l ibrat ion,  so tha t  
a local decrease in pH occurs [cf. (32 ) - (35 ) ] .  The 
f requency of b r e a k d o w n  even t s  a t  the passive film is 
h ighly  dependen t  on the solut ion p H  wi th  the  resu l t  
tha t  a decrease  in p H  causes this  f requency  to increase.  
This resul ts  in more  r ap id  genera t ion  of Ni ~+ and con-  
sequent ly  a more  rap id  g rowth  of the porous  film. 
Growth  kinet ics  at 4, 80, and  200 ~A cm -2 suppor t  this 
in te rp re ta t ion  (Fig. 4), b r e a k d o w n  occurr ing a t  a 
lower  porous film thickness at  200 ~A c m - 2  since the 
h igher  charging cur ren t  is genera t ing  a more rapid,  
local  pH change. At  4 ~,A cm -2, a much th icker  oxide 
film is r equ i red  before  b r e a k a w a y - t y p e  kinet ics  are  
observed.  

This model  of porous oxide film growth  r ead i ly  ex -  
plains the prev ious ly  noted thickness aniso t ropy 1 f rom 
gra in  to gra in  on po lycrys ta l l ine  n ickel  e lectrodes 
(25). I t  has been  es tabl ished in a number  of ea r l i e r  
papers  tha t  the defect  charac te r  of the passive oxide 
film is h igh ly  dependen t  on the crys ta l  or ien ta t ion  
of the subs t ra te  (23), the passive film on some grains  
being more defect ive than on others. Thus, wi th  a 
polycrys ta l l ine  sample,  those gra ins  wi th  the most 
defect ive passive film wil l  have the  highest  g rowth  
rates for  the porous film. The ra te  of the porous film 
growth  on a pa r t i cu l a r  me ta l  gra in  is therefore  a 
moni tor  of the s tab i l i ty  of  the passive film on tha t  
grain. 

The proposed model  also expla ins  the  observat ions  
regard ing  tempera ture ,  anodic charging rate ,  and  the  
influence of surface p re t r ea tmen t  on porous oxide  
growth kinetics.  Wi th  increasing tempera ture ,  the 
porous film growth  ra te  increases d r ama t i ca l l y  (Fig. 
2 and 3). To quan t i fy  this  increase  wi th  increas ing 
e lec t ro ly te  t empera tu re ,  the  ex tens ive  l i n e a r - t y p e  
growth  region can be used (cf. for example ,  Fig. 5). 
Growth  kinet ics  for  the porous film in this region are  
(charging ra te  80 ~,A c m - 2 ) :  0.6A hr  -1 at 25~ and 
5.5A hr  -1 at  45~ This compares  wi th  an increase  
of the  corrosion cur ren t  in the passive potent ia l  r e -  
gion f rom 0.01 #A cm-~  at  25~ to 0.1 p.A cm-Z at  

�9 This thickness anisotropy is also evident during cathodic 
charging of a thick, dark porous film; the oxide on some grains 
becomes transparent long before that on other grains. 

45~ Thus, the increase in the porous film growth  ra te  
wi th  t empera tu re  follows the increase  in cur ren t  m e a -  
sured  in the passive poten t ia l  region, a resul t  to be 
expected if the dual  oxide model  is correct. The ob-  
servat ion  tha t  the anodic charging ra te  has l i t t le  in-  
fluence on the growth  kinetics of the porous film is 
also to be expected  since the  anodic charging cur ren t  
should have l i t t le  or  no influence on the defect  char -  
ac ter  of the under ly ing  passive film. Wi th  increased 
anodic current ,  the  oxygen  p la t eau  potent ia l  shifts  in  
the anodic direct ion and the ex t ra  charge is consumed 
by oxygen evolution.  The influence of surface p r e t r ea t -  
ment  on the g rowth  ra te  of porous films (Fig. 5) is 
unders t andab le  in te rms .of the much less s table  
p r io r  oxide film on etched nickel  (86). Since the p r io r  
oxide is less stable,  the anodic corrosion cur ren t  is 
h igher  wi th  more  Ni 2+ avai lab le  for incorpora t ion  into 
(and therefore  growth  of) the porous film. In the 

proposed  model  where  the passive f i lm persis ts  be -  
nea th  the porous oxide, any  factor  which  increases the 
corrosion ra te  of the passive film also increases the 
growth  ra te  of the porous film. 

Summary 
Anodic galvanosta t ic  charging of n ickel  in pH 7.65 

bora te  buffer  solut ion produces  a finely porous oxide 
film whose thickness is dependent  on the t ime of 
charging and the e lec t ro ly te  t empera ture .  The anodi -  
ca t ly  formed porous film is p robab ly  ~-NiOOH which 
undergoes  a facile cathodic reduct ion to a lower  oxi -  
dat ion state, l ike ly  Ni (OH)~. The conversion f rom the 
higher  to lower  oxide, and vice versa,  gives a dis t inct  
ga lvanosta t ic  a r res t  s t ructure ;  the a r res t  charge is 
re la ted  to the quan t i ty  of porous oxide and can thus 
be used to s tudy the kinet ics  of porous film growth.  
The kinet ics  are  exp la ined  b y  a model  which  suggests  
tha t  the  compacr passive film persists  benea th  the  
porous film and controls  the l a t t e r ' s  growth. Fac tors  
which  increase the  corrosion ra te  of the passive film 
(e.g., increas ing t e m p e r a t u r e  and different  surface 
p re t r ea tmen t )  also increase the growth  ra te  of the  
porous film, suggest ing tha t  b r e a k d o w n  and r epa i r  
events  in the  under ly ing  passive film provide  Ni ~+ 
which is anodica l ly  incorpora ted  into the porous film. In  
fact, the measured  corrosion cur ren t  of the passive 
film appears  to d i rec t ly  de te rmine  the growth  ra te  
of the porous film. 

Manuscr ip t  submi t ted  Feb.  23, 1981; revised manu-  
scr ipt  received ca. June  5, 1981. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be publ ished in the June 1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t t ed  by  Feb.  1, 1982. 

Publication costs of this article were assisted by the 
National Research Council oy Canada. 
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Effect of Surface Etching and Morphology 
on the Stability of CdSe/S : 
Photoelectrochemical Cells 

Gary Hodes* and Joost Manasseh 
Department of Plastics Research, The We~zmann Institute o~ Science, Rehovot, Israel 

and David Cahen* 
Department of Structural Chemistry, The Weizmann Institute of Science, Rehovot, Israel 

ABSTRACT 

The stability of single crystal CdSe photoelectrodes in polysulfide electro- 
lyte is shown to be a function of the etching treatment used. This is explained 
by changes in real electrode surface area caused by different etchants, lead- 
ing to a variation in real photocurrent density. The effect of photocurrent 
density on stability is measured, and used to semiquantitatively explain the 
observed variation in stability wi~h etching. The effect is shown to be con- 
sistent for three different crystal faces, and is extended to polycrystalline 
electrodes. 

Since the earliest reports showing that polychalco- 
genide electrolytes can stabilize n-Cd-chalcogenides 
as photoanodes in a photoelectrochemical cell, PEC, 
(1-3), it has becomes apparent that this stability is very 
ill defined. For example, the stability of the CdSe/poly- 
sulfide system has been reported to vary between min- 
utes (4) to months (5). The variables which have been 
shown to affect the degree of stability are: electrode 
crystal structure and exposed crystal face, electrolyte 
composition, stirring, and photocurrent density (5-8). 

In the CdSe/Sz = system it has been shown that sta- 
bilization of the photoanodes is connected with the 
exchange of Se from the CdSe by S from the electro- 
lyte leading to a polycrystalline CdS layer on top of 
the CdSe (1,4-6, 9-11). Under favorable circumstances 

* E lec t rochemica l  Society Act ive  :Member. 
Key  words :  CclSe photoe lec t rodes ,  pho toe lec t rode  sur face  area, 

photoetching. 

cell output is stable because the CdS layer stops grow- 
ing after reaching a certain thickness (probably less 
than ~100A), at which point Se/S exchange is re- 
p{aced by S/S exchange. If, however, Se/S exchange 
continues, even at a much reduced rate, the CdS layer 
continues to grow. This thicker layer will start to 
impede the transfer of minority carriers from the bulk 
solid to the solution phase, leading to increased deac- 
tivation. The resistance to the transfer of the minority 
carriers can be due to blocking by the higher bandgap 
CdS layer and/or reduced electrical conductivity of 
this layer. However, the similar stability behavior of 
CdS, where such a blocking layer is not expected, sug- 
gests that the degradation in output is due primarily to 
the increased polycrystallinity of the surface CdS layer, 
leading either to trapping and recombination of holes 
at the grain boundaries (8, 10, 11) or if the surface layer 
is porous and inactive, impeding the dissolution of 
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photogenera ted  S [which is the  r a t e - d e t e r m i n i n g  step 
(12) ] away  f rom the act ive surface th rough  the porous 

CdS l aye r  (8, 9). 
Therefore  photocorrosion is r e la ted  to the compet i -  

t ion be tween  severa l  possible react ions  b y  the photo-  
genera ted  holes: oxida t ion  of polysulf ide f rom the 
solut ion (the desired react ion)  ; ox ida t ion  of the f reshly  
formed CdS layer ,  which renews  the so l id /so lu t ion  in-  
terface;  or  oxida t ion  of the CdSe itself, which is the  
photocorrosion reac t ion  and leads  to increased S / S e  
substi tut ion,  and eventual ly ,  degrada t ion  of the  out -  
put. A n y  change in condit ions which faci l i ta tes  the  
overa l l  e lec t rochemical  oxida t ion  of polysulf ide and r e -  
moval  of the react ion photoproducts  f rom the surface, 
should change the balance  of the compet i t ive  react ions 
in favor  of decreas ing exchange,  and  thus  increas ing 
stabil i ty.  We have shown tha t  po lycrys ta l l ine  e lectrodes 
are  more  s table  than  single crys ta l  ones, and expla in  
this by  the h igher  rea l  surface area  of the less smooth 
polycrys ta l l ine  electrodes,  leading  to a lower  rea l  
pho tocur ren t  dens i ty  (5) which  has prev ious ly  been 
shown to cause increased s tab i l i ty  (6). This fol lows 
f rom the compet i t ive  na ture  of the possible react ions 
(13); if the pho tocur ren t  densi ty  is not  too high, the  
oxidat ion  of polysulf ide (ac tua l ly  the  dissolution of S 
f rom the surface)  can occur as fast  as (or  fas ter  than)  
the hole flux to the surface. At  h igher  pho tocur ren t  
densit ies (i.e., grea te r  hole f luxes),  if the  overa l l  po ly -  
sulfide oxida t ion  step cannot  keep up wi th  the a r r iva l  
of holes at  the surface, we expec t  degrada t ion  accord-  
ing to the  pr incip les  p rev ious ly  discussed. 

This p ic ture  is, however ,  too simple,  and  the purpose  
of the work  repor ted  here  is to invest igate  more fu l ly  
than prev ious ly  the effect of real  surface area  of CdSe 
photoelectrodes,  together  wi th  the influence of severa l  
e tching t rea tments ,  on the output  s tab i l i ty  of these 
e lect rodes  in polysulf ide electrolyte .  By t ry ing  to 
achieve a picture,  tha t  is as complete  as possible,  of 
the various factors influencing the ou tput  s tab i l i ty  of 
such PEC's, i t  m a y  become feasible to man ipu la t e  the 
var iables  influencing these factors in such a w a y  so as 
to achieve stable PEC's wi th  output  s tab i l i ty  unde r  nor -  
mal  d a y / n i g h t  conditions, that  is constant  for years.  

Experimental  
All  the CdSe crystals  were  cut  f rom the same boule,  

which was "as -grown"  ( f rom Dr. W. Gir iat ,  IVIC, 
Caracas) ,  wi th  an app rox ima te  res is t iv i ty  of 15 ~cm. 
Crysta ls  were cut along the (0001), (1010), and (1120) 
faces. Al l  or ientat ions were  checked by  x - r a y  diffrac-  
tion. Using the anomalous  dispers ion factors the (0001) 
face was shown to be the Cd-one (14). P o l y c ~ s t a l l i n e  
CdSe electrodes were  p repa red  by  pa in t ing  an aqueous 
s lu r ry  of CdSe (Alfa  99.999%) mixed  wi th  a ZnC12 flux 
onto a Ti substrate,  and anneal ing  10 min at  630~ in 
argon (15). Single crys ta l  e lectrodes were  al l  pol ished 
to a mi r ro r  finish using a lumina  pol ishing suspension 
clown to 0.3 ~m. The different  etching t r ea tments  on 
these pol ished electrodes were,  a l l  a t  room t e m p e r a -  
ture:  

1. Dip in 4% Bre in MeOH for 5 sec; rinse wi th  po ly -  
sulfide (S~ =) and then wi th  water .  Repeat .  Br2/MeOH. 

2. Dip in CrO3:HChH20 in 6:10:4 w / w  rat io,  for  5 
sec; r inse  wi th  Sx = and then  wi th  water .  Repeat .  
"CrOs." 

3. Dip in f resh aqua regia,  15 sec; r inse  wi th  Sx =, 
then wi th  water .  Repeat .  AR. 

4. AR fol lowed b y  "CrOs," i.e., as 3, fol lowed b y  2. 
5. AR fol lowed by  photoetch,  i.e., as 3, fol lowed b y  

i l lumina t ion  in HNO~: HCI: H20 (0.3: 9.7: 90) e lectrolyte ,  
short  circui ted to a carbon countere lec t rode in the  
same electrolyte ,  under  AMI i l lumina t ion  for 4-5 sec; 
then r ins ing in S :  2-  and  H20 (16). The po lycrys ta l l ine  
e lect rode was etched for 4-5 sec in 3% HNO3 in HC1 
(aqua regia  was too vigorous an e tchant  for  these th in  

l aye r s ) ,  r insed in Sx ~- and water ,  and photoetched as 
above. 

The e lec t ro ly te  in a l l  cases was 1M each  KOH, Na2S, 
and S in deionized water .  The exper iments  were  all  
car r ied  out  using the same bu lk  solut ion s tored under  
argon. Each s tab i l i ty  run  was obta ined using a fresh 
quan t i ty  of this solution. The s tab i l i ty  runs  were  carr ied  
out potent ios ta t ica l ly  under  essent ia l ly  shor t -c i rcu i t  
condit ions using P t  counter  and  reference  electrodes.  
The cell  was the rmos ta t ed  in a wa te r  ba th  a t  35~ 
and no s t i r r ing was employed.  I l lumina t ion  was b y  a 
s tabi l ized quar tz - iod ine  lamp, and i l lumina t ion  was  
control led to give the requ i red  pho tocur ren t  dens i ty  in 
all  cases�9 In some cases, where  the  photocur ren t  den-  
s i ty in i t ia l ly  increased  wi th  t ime for constant  i l l umina -  
tion, which  of ten happens  in this system, the  i l l umina -  
t ion in tens i ty  was reduced  s l igh t ly  to ma in ta in  the  
ini t ia l  current ,  (otherwise a meaningfu l  comparison 
could not  be made) .  

Results and Discussion 
I t  has been shown previous ly  (6) that  the (0001) face 

of a CdSe crys ta l  is less s table  as a photoanode in S~ ~-  
than the (1120) face. Since we wished to compare  the 
effect of change in surface roughness  by  use of different  
etchants,  which could p re fe ren t i a l ly  expose planes  
other  than tha t  in i t ia l ly  chosen, we had  to ver i fy  tha t  
the var ious  etchants  did  not  expose any crys ta l  face (s) 
preferent ia l ly .  Therefore,  we inves t iga ted  three  differ-  
ent  faces, name ly  (O001), (1010), and  (1120), assuming 
that, if p re fe ren t i a l  exposure  of a more  s table face did  
occur upon etching, the dependence  on e tchant  of these 
three  faces would  be different. F igures  1 and 2 show 
the pho tocur ren t  densit ies of these faces af ter  the va r i -  
ous etching t rea tments ,  as a funct ion of time, p lo t ted  
on a logar i thmic  scale. The (0001) and (10~0) faces 
behaved  ident ica l ly  (wi th in  expe r imen ta l  e r ro r ) .  The 
in teres t ing  resul t  is that,  in spi te  of en t i re ly  different  
s tabi l i t ies  of the (11~0) face on the one hand  and the 
(0001) and (10~0) faces on the o ther  hand, they  r e -  
spond very  similarly~ to the var ious  etching t rea tments .  
Stabi l iza t ion by  a factor of ,--50 is obta ined  when going 
f rom the en t i re ly  smooth surface to one tha t  has been  
photoetched.  This behav ior  indicates  that  we are  not  
deal ing wi th  p re fe ren t i a l  exposure  of more  or less 
s table faces b y  the different  e tchants  used. 

To corre la te  these resul ts  wi th  the effects of the 
var ious  e tchants  on the  real  surface area,  we show in 
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Fig. 1. Output stability of the (101"0) face of a CdSe crystal in 
a polysulfide electrolyte (1M each KOH, Na2S, and S) at 35~ 
. . . . . .  Polished and BrjMeOH (for (0001) face) or "CrO3" (for 
(101"0) face) etched; . . . . . .  aqua reg~a (AR) etch followed by 
"Cr03" etch; . . . . . .  AR etch; ~ AR etch followed by photo- 
etch. An essentially identical picture was obtained for the (0001) 
(Cd) face. 



VoZ. I28, No. 11 SURFACE ETCHING AND MORPHOLOGY 2327 

&-- 
E 25 

2o 
t--- 

z 15-  
UJ 
L 3  

z ~ I O -  
n,- 
a : ;  

o 5 -  

"1- 
13_ 

0.1 

I I 1 I I I I I I 

�9 ... 

i \ - 

\ 
I I [ I I I I I 

Q2 Q5 I 2 5 I0 20 50 

TIME (hrs) 

Fig. 2. As Fig. 1, but for the (112"0) face 
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Fig. 3-11 SEM pictures of the surfaces of the 3 faces, 
each after 3 different etching treatments. (SEM pic- 
tures of the BrJMeOH or "CrOa" only, etches are not 
shown, since these surfaces were all mirror-smooth, and 
featureless under the SEM.) 

Figures 3, 4, and 5 show AR + Br~/MeOH, AR, and 
AR + photoetch for the (0001) face of CdSe. We can 
see an increase in surface roughness going from Fig. 3 
to 5. Figures 6, 7, and 8 [for the (10[0) face] and 9, 10, 

Fig. 5. SEM micrograph of (0001) face after AR + photoetch 

Fig. 6. SEM micrograph of (101"0) face after AR + "CrO3" etch 

Fig. 3. SEM micrograph (10,000 times magnification) of the 
(0001) face after AR followed by BrJMeOH etch. 

Fig. 4. SEM micrograph of (0001) face after AR etch 

Fig. 7. SEM micrograph of (10I"0) face after AR etch 

and 11 [for the (1120) face] show precisely the same 
trend, although the etch patterns vary from one face 
to another. Figure 12 shows a photograph of the (1120) 
crystal face with 3 differently etched regions. Even such 
a visual observation of the surface shows the strikingly 
different effects of different etchants. 

Thus, the increase in stability in going from left to 
right in Fig. 1 and 2 correlates with an increase in sur- 
face area, in agreement with our reasoning given previ- 
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Fig. 8. SEM micrograph of (1010) face after AR + photoetch Fig. 11. SEM micrograph of (1120) face after AR + photoetch 

crease in the  active surface area  b y  the same factor, 
i t  is of in teres t  to see if such var ia t ion  is sufficient to 
expla in  the  effect of s tabi l i ty .  F igure  13A shows the 
effect of pho tocur ren t  dens i ty  on s tab i l i ty  for the  
smooth, B r J M e O H  etched, (0001) face (we have given 
the x - a x i s  in time, and not  coulombs, in o rde r  to faci l i -  
tate comparison wi th  other  figures).  In  Fig. 13B these 
and s imi lar  da ta  a re  used to show d i rec t ly  the  depen-  
dence of the amount  of photocharge  tha t  can be  passed, 
as a function of in i t ia l  pho tocur ren t  densi ty.  

Because of the  long measur ing  t imes  at  lower  cur-  
ren t  densities,  the curve could not  be ex tended  in this  
direction.  But based on genera l  exper ience  we expect  
the curve to s t ra ighten  out  and to give a pract icably in -  
finite l i fe t ime at  some finite lower  (<10 m A / c m  2) cur -  
ren t  density.  The s t rong dependence  of s tab i l i ty  on the 
in i t ia l  pho tocur ren t  densi ty ,  also descr ibed in Ref. (6), 

Fig. 9. SEM micrograph of (1120) face after AR + "CrO~" etch 

Fig. 10. SEM micrograph of (1120) face after AR etch 

ously on the basis of the  difference be tween  single 
crys ta l  and po lyc rys ta l l ine  CdSe. 

Al though  we have  no t  ye t  developed a method,  
re l iab le  enough to measure  these var ia t ions  in surface 
area  quan t i t a t ive ly  (but  diffuse reflectance toge ther  
wi th  photoacoust ic  measurements  do show some p rom-  
ise in this respect),  and in any case, such measurements  
would  be of l imi ted  value,  since an increase  in r ea l  
surface a rea  by  a cer ta in  factor  need not  reflect  an  in-  

Fig. 12. Photograph (10X magnification) of a (117.0) face of a 
CdSe crystal. The three different regions are obtained after: AR 
followed by "CrO3" etch (llghtest region); AR etch alone (middle 
region); and AR followed by photoetch (darker region). 
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Fig. 13A. Effect of photocurrent density variation (by varying 
illumination intensity) on stability of polished, and subs.~quently 
Br2/MeOH etched, (0001) CdSo crystal at 35~ 

can be seen clearly.  Using Fig. 13A we can under s t and  
the resul ts  shown in Fig. 1 and 2. Those were  obta ined  
at  an ini t ia l  cur ren t  dens i ty  of 25 m A / c m  2. We see f rom 
Fig. 13A tha t  a roughness  fac tor  of ,~1.6 (24.5 mA/15 
m A ) ,  which would  decrease rea l  cu r ren t  dens i ty  to 
~,15 mA/cm% would  increase the  l i fe t ime b y  a factor  
of about  fifty. The SEM pictures  in Fig. 3-11 show tha t  
the range  of roughness  factors resu l t ing  f rom the d i f -  
fe rent  t r ea tments  a re  p r o b a b l y  much higher  and t h e  
most  logical  exp lana t ion  for  the increased s tab i l i ty  is 
therefore  this increase  in surface area  wi th  concurren t  
decrease  in rea l  cu r ren t  density.  

As ment ioned  earl ier ,  the increase in active surface 
area  need not  be the same as the  increase  in rea l  sur -  
face area,  and wil l  p robab ly  be smaller ,  since the pres -  
ence of smal l  pores  of o ther  surface i r regula r i t i es  m a y  
lead to t r anspor t  p roblems  which could pa r t i a l l y  offset 
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Fig. |3B. Dependence of the amount of photocharge, that can be 
passed through a CdSe electrode (as in 13A) until destabilization, 
on the initial photocurrent density. The data are from Fig. 13A 
( e ,  A )  and similar ones obtained with crystals cut from the same 
boule ( X ,  O ) .  e ,  X ,  i-h Only photocharge passed until the 
current density decreases to 5 mA/cm 2 is taken into account, be- 
cause of varying behavior and long measuring times at lower 
r~urrent densities. A :  As e ,  but for the photocharge passed at 
constant current density ( ~  initial current density), i.e., while the 
electrode is 100% stable. 

the gain  due to increased  surface area.  This makes  i t  
ve ry  difficult to t rea t  the above effect in any  more  
quant i ta t ive  detai l .  

Since our  or ig inal  reasoning  for  the effect of s u r f a c e  
area  on s tabi l i ty  came f rom the comparison be tween  
single c rys ta l  and thin l aye r  po lycrys ta l l ine  CdSe (5), 
i t  is of in teres t  to see how the most  s table  form of a 
single crys ta l  photoe tched (1150) face compares  in 
s tab i l i ty  wi th  photoetched thin l aye r  electrodes.  This 
is shown in Fig. 14. Note the high pho tocur ren t  den-  
sities used here  (50 m A / c m  2) in o rder  to measure  a 
degrada t ion  in a r easonab ly  short  per iod of t ime. Whi le  
there  is a definite difference in s tab i l i ty  be tween  the 
two electrodes,  the difference is cons iderab ly  less than  
tha t  noted ear l ie r  in compar ing  po lycrys ta l l ine  CdSe 
with  the AR-e tched  (0001) face of CdSe, for wha t  a r e  
now obvious reasons. The main  difference is in the  s low 
and diminishing ra te  of deac t iva t ion  of the  po lyc rys t a l -  
l ine electrode,  compared  wi th  the single crystal .  This 
slow rate  of deact iva t ion  is character is t ic  of our  po ly -  
crys ta l l ine  electrodes.  I t  may  be due to the ve ry  large  
degree of surface i r r egu la r i t y  of these electrodes (see 
Fig. 15). Some areas  wi l l  be photoe lec t rochemica l ly  
more  active than others. Thus, the more  act ive ones 
m a y  deact iva te  first, since the local cur ren t  dens i ty  at  
them wil l  be r e l a t ive ly  high. As the  pho tocur ren t  falls, 

60 I I I I I 

E 5 0 - - ~  ~ ~'~"~' .~......~. 

I 

~ 50-- 
t--- 

g 
~ 2o 

L F I 
I0 20 50 

TIME Chrs) 

I I 
40 50 60 

Fig. 14. Comparison of sta~ffity of thin layer polycrystalline 
painted CdSe (3% HNO~ in HCI etch followed by photoetch) 
(broken line), and (!120) face of single crystal CdSe (AR followed 
by photoetch) (solid line). 

Fig. 15. SEM micrograph (10,000X magnification) of a painted 
polycrystalline CdSe electrode after 3% HNO~ in HCI etch and use 
in Sx = solution. 
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the prev ious ly  less active areas  now become ( re la t ive ly  
speaking)  the most  active, bu t  a t  a lower  cur ren t  den-  
sity, hence a s lower ra te  of deact ivat ion.  While  this ex -  
p lanat ion  is admi t t ed ly  r a the r  simplistic,  i t  can serve  
as a basis for expla in ing  the slow and decreasing ra te  
of deact ivat ion of po lycrys ta l l ine  electrodes.  

I t  should be noted that  the e lec t ro ly te  used here  (1M 
each O H - ,  S 2- ,  S) is fa r  f rom being  the most  s tab i l iz -  
ing e lec t ro ly te  for  this system. Therefore ,  the s tab i l i ty  
results  shown here  should not  be in te rp re ted  as reflect-  
ing the m a x i m u m  a t ta inable  s tab i l i ty  of this system. 
In a more  s tabi l iz ing electrolyte ,  the s tab i l i ty  wi l l  in 
fact be much grea te r  (8). 

Al though not  the main  point  of this  study,  i t  is of in-  
teres t  to a t t empt  to under s t and  the difference in s ta-  
b i l i ty  of the var ious  faces. A possible reason may  be 
found by  considering the number  of bonds tha t  have to 
be b roken  to free a Cd ~+ ion f rom the surface. In  the  
(1120) p lane  there  are  two in -p l ane  bonds and one into 
the bu lk  phase. The (1030) plane has only  one in -p l ane  
bond and one or two into the bu lk  phase, while  the  
(0001) p lane  has no in -p lane  bonds  bu t  one or three  

into the bu lk  phase. Thus, one could argue tha t  the 
(1120) plane is more  s table  since a lways  three  bonds  
need to be b roken  in o rder  to free a Cd ion. If  this is 
so, then the decomposi t ion potent ia l  of a semiconductor  
photoelect rode mus t  be dependent  on the crys ta l  face 
exposed. The different  bonding at  the surface m a y  also 
influence the e lec t rochemical  react ion th rough  different  
sur face-solu te  interact ion,  and thus change the re la t ive  
energet ics  of the two compet ing processes. In  this case, 
the decomposi t ion potent ia l  need not  necessar i ly  
change. F ina l ly ,  if  photocorrosion is connected wi th  the 
diffusion of Cd 2+ through  the bu lk  to the  surface, such 
as has been  r epor t ed  to occur for  CdTe photoanodes  
(17), then the va ry ing  s tab i l i ty  of different  faces m a y  
be due to va ry ing  rates  of diffusion (or  migra t ion  in 
the space charge l ayer )  of the  Cd2+ in the different  
crys ta l  directions.  

According  to the s t rong dependence  of l i fe t ime on 
cur ren t  density,  we might  expect  the e lect rode at  con- 
s tant  i l lumina t ion  to be less s table at  short  c ircui t  than  
at  m a x i m u m  power,  because of the h igher  cur ren t  den-  
s i ty  passed. But according to our  exper ience  this is not  
t rue  and we find tha t  at  constant  i l luminat ion,  most  of 
our  electrodes are  more  s table  at  shor t  c ircui t  than  at  
m a x i m u m  power.  We shall  dea l  wi th  this in te res t ing  
phenomenon in a subsequent  publicat ion.  Suffice here  
to note that  apparent ly ,  cur ren t  dens i ty  is not  the 
only p a r a m e t e r  influencing stabil i ty,  but  the e lectrode 
potent ia l  under  the  actual  work ing  condit ions p lays  a 

role as well. In view of the r a t e -de t e rmin ing  dissolut ion 
of sulfur, i t  is l ike ly  that  changes in e lec t rode  potent ia l  
influence the s tab i l i ty  through var ia t ions  in surface po-  
tent ia l  (or changes in the Helmhol tz  l aye r ) ,  r a the r  than  
s imply by  a change in band  bending.  
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ABSTRACT 

The equiva len t  conductance,  viscosity, and  IHNMR spect ra  of severa l  
mol ten  symmet r i c  and  asymmetr ic  m e t h y l p y r i d i n i u m  hal ides  were  measured  as 
a funct ion of t empera ture .  F rom these measurements ,  correla t ions  b e t w e e n  
structure,  spectra,  and t r anspor t  proper t ies  were  made.  F rom these correla t ions  
conclusions about  the dynamics  of motion in these and  in o ther  organic m e l t s  
were drawn.  

Molten py r id in ium salts alone or  in combinat ion wi th  
mol ten  a luminum hal ides  are  of considerable  impor -  
tance as the e lec t ro ly te  in ba t te r ies  and as the solvent  
for  synthet ic  and  mechanis t ic  studies of organic  and in -  
organic  compounds.  In  recen t  years  they  have also be -  
come impor t an t  as a possible hea t  s tor ing media  in solar  
hea t ing  and ai r  condi t ioning systems as wel l  as solvents  
for  coal sohibi l izat ion and decomposi t ion react ions (1). 
In  addi t ion  to these prac t ica l  considerat ions,  mol ten  
py r id in ium sal ts  offer a convenient  vehicle  for  u n d e r -  
s tanding  the na tu re  of the mol ten  state because the i r  
r e l a t ive ly  low mel t ing  points  make  them accessible to 
NMR techniques as wel l  as to convent ional  t r anspor t  
measurements .  This, combined wi th  the m y r i a d  differ-  
ent  py r id in ium salts that  a re  eas i ly  synthesized,  makes  
i t  possible to observe  the effects of smal l  s t ruc tu ra l  
changes, such as moving a me thy l  group f rom the 4 to 
the  3 posi t ion on the pyr id ine  ring, on both t r anspor t  
and  spect ra l  proper t ies .  F rom these effects a qua l i ta -  
t ive unde r s t and ing  of molecular  mot ion in these and 
p robab ly  o ther  mol ten  organic  l iquids can be obtained.  

In  an ear l ie r  s tudy  (2) we repor ted  the equiva len t  
conductance,  A, of 4 - m e t h y l p y r i d i n i u m  bromide  to be 
about  8% lower  than  the conductance of N - m e t h y l -  
p y r i d i n i u m  bromide  over  app rox ima te ly  the same 
t empera tu re  range.  We a t t r i bu ted  this surpr i s ing  r e -  
sul t  to complex fo rmat ion  in the 4 -methy l  salt  which 
reduces  the n u m b e r  of charge  car r ie rs  pe r  uni t  volume 
re la t ive  to the  N - m e t h y l  salt. The complex  p robab ly  
forms by  means  of hydrogen  bonding be tween  the 
n i t rogen pro ton  and the bromide  ion and this, of 
course, cannot  occur in the N - m e t h y l  sal t  (3-5).  The 
~HNMR spec t rum of 4 - m e t h y l p y r i d i n i u m  bromide  
showed no l ine wid th  b roaden ing  g rea te r  than 0.02 
ppm, over  a nea r ly  50 ~ t empe ra tu r e  range,  indica t ing  
the ba r r i e r  to complex  format ion  is less than about  
40 k J / m o l  (1). There  is, however ,  a change in pro ton  
chemical  shift,  as the anion changed f rom B r -  to CI - ,  
tha t  correlates  wel l  wi th  the conductance da ta  and 
this is discussed later .  Here in  we ex tend  our  inves t iga-  
t ion to include o ther  symmet r i ca l  m e t h y l p y r i d i n i u m  
salts as wel l  as the a symmet r i ca l  m e t h y l p y r i d i n i u m  
halides. We also assess the na tu re  of the complex  spe-  
cies in 4 -me thy lpy r id in ium chloride and in 4 -me thy l -  
py r id in ium bromide  and es t imate  the magni tude  of 
thei r  associat ion constants.  In  addit ion,  we comment  
on the mechan i sm of molecu la r  mot ion  in m e t h y l -  
py r id in ium melts .  

Experimental Details 
All  t ransfer  operat ions  were  car r ied  out in a d ry  

box in which N2 gas was c i rcula ted over  molecu la r  
* Electrochemical Society Active Member. 
Key words: molten pyridinium salts, transport properties, 

HNMR spectra. 

sieves to remove  water .  A fiber optic l ight  p ipe  w a s  
used to conduct  l ight  into the Dow Corning 710 oil  
which served  as the hea t  bath.  The f lexible l ight  p ipe  
g rea t ly  faci l i ta ted the densi ty  and viscosi ty measu re -  
ments.  The ba th  was he ld  constant  to __. 0.1~ A 
Var ian  CFT-20 NMR machine  wi th  var iab le  t e m p e r a -  
ture capabi l i ty  was used to obta in  the 1HNMR spectra.  

The p repa ra t ion  of the salts, conduct iv i ty  measu re -  
ments,  dens i ty  measurements ,  viscosi ty measurements ,  
and 1HNMR techniques are  al l  descr ibed in deta i l  
e l sewhere  (6-9).  

Results 
The density, ~, the specific conductance,  ~, the  v is -  

cosity, n, and the 1HNMR spect ra  of mol ten  2 -me thy l -  
py r id in ium chloride (2-mepyr /HC1) ,  2 - m e t h y l p y r i d i n -  
ium bromide  ( 2 - m e p y r / H B r ) ,  3 -me thy lpy r id in ium 
chloride (3-mepyr /HC1) ,  and 3 - m e t h y l p y r i d i n i u m  
bromide  ( 3 - m e p y r / H B r )  were  measured  as a funct ion 
of t empera tu re  over  an a pp rox ima te ly  50~ t e m p e r a -  
ture  range.  These salts, together  wi th  the i r  mel t ing  
points, are  shown in Fig. 1. The n's of 4 - m e t h y l p y r i d i n -  
ium bromide  and chloride as wel l  as the  n of N-  
m e t h y l p y r i d i n i u m  chloride (N-mepyr /C1)  were  m e a -  
sured as a function of tempera ture .  The K of mol ten  
4-mepyr /HC1 was also measured  as a funct ion of t em-  
perature .  The values  of p used to compute  n and A 
for the  symmet r i c  salts  were  taken  f rom an ea r l i e r  
s tudy  (7). The 1HNMR spec t ra  of the  three  mol ten  
4 -me thy lpy r id in ium hal ides  were  ob ta ined  re la t ive  to 
an ex te rna l  s t andard  of e i ther  (CHs)2SO or  (CI-I3)2SO2. 
F igure  2 shows the spec t rum of 4 - m e p y r / H I  at  172~ 
re la t ive  to (CHs)2SO2. F igures  3 and 4 show the s p e c -  

4 

CH 3 
H + X- H + X- 

X-=CI-, T M =89~ X-=CI-, T M =96~ 

X-: Br-, TM: 78~ X-:Br-, T M :96~ 

Fig. 1. The asymmetric methylpyridinium halides, their melting 
points, and the numbering system used in this study. 
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-CH 3 

N-H a /3 

Fig. 2. The HNMR spectrum of 4-mepyr/HI relative to (CHa)~S02 
at 172~ 

GH~ DMSO 

N-H a j y  

Fig. 3. The HNMR spectrum of 2-mepyr/HCI relative to DMSO 
at I00~ 

CHj DMSO 

Fig. 4. The HNMR spectrum of 3-mepyr/HCI relative to DMSO 
at I00~ 

tra of 2-mepyr /HC1 and 3-mepyr/HC1, respectively,  a t  

100~ re la t ive  to DMSO. There  was no discernable 
peak nar rowing  or chemical  shift  change as a func-  
tion of t empera tu re  grea ter  than 0.02 ppm in any of 
the melts so only one spect rum of each cation need be 
shown. 

Table I lists the chemical  shifts, 8, for the several  
asymmetr ic  methy lpyr id in ium salts studied, re la t ive  
to a s tandard of DMSO. Table II lists the 5's for the 
symmetr ic  methy lpyr id in ium salts re la t ive  to an ex -  
ternal  s tandard of (CH~)2SO2. The (CHs)2SO2 peak 
is 0.45 ppm downfield f rom DMSO. Table  I I I  lists the 
densities of the asymmetr ica l  melts. 

Figure  5 is a graph of In ~ vs.  T -1  for the four asym- 
metr ic  salt melts  and it should be noted that  there  is 
a slight, but  distinct, curva ture  in the plots. F igure  6 
shows the In ~ vs  T -1  behavior  of the symmetr ic  melts  
and here  the graphs are l inear  over  the tempera ture  

Table I. The proton chemical shifts of the asymmetric pyridinium 
holides relative to DMSO 

S a l t  - CH8 a %' B N - H  

2-mepyr/HC1 0.42 6.43 5.58 6.21 13.62 
2-mepyr/HBr 0.63 6.51 5.76 6.43 13.26 
3-mepyr/HC1 0.09 6.54 5.68 6.15 13.87 
3-mepyr-HBr 0.28 6.71 5.90 6.34 13.30 

Table II. Proton chemical shifts, 8, of 4-methylpyridinium halides 
in ppm relative to an external standard of CH3SO~CH3 

Melt ~ /] CHs N-H A(H - a) h(a - 8) 

4-mepyr C1 6.25 5.28 -0.16 13.68 7.43 0.97 
4-mepyr Br 6.42 5.44 0.03 12.66 6.24 0.98 
4-mepyr I 6.62 5.67 019 11.66 5.04 0.95 

Table III. Density of asymmetric pyridinium salts as a function of 
temperature p (g/cm 3) = a + bT(K) 

Temperature 
Salt a - ( b  x 10 ~) r a n g e  (K) 

2-mepyr/HC1 1.334 0.5657 363-408 
2-mepyr/HBr 1.711 0.7279 350-395 
3-mepyr/HC1 1.329 0.5525 374-419 
3-mepyr/HBr 1.690 0.6890 370-415 

range studied. Figure  7 shows In A vs .  T -1 for the four  
methylchlor ides  while Fig. 8 is a plot  of In • vs .  T - 1  
for the four  methy l  bromide isomers. I t  is obvious 
f rom Fig. 7 that  N-mepyr /C1 is a much bet ter  conduc- 
tor than the 4-methyl  salt and that  this unexpected  
phenomenon first observed in the bromide  melts  is 
even  more pronounced in the chloride melts. 

Discussion 
To val idly compare propert ies  of one mel t  wi th  

those of another,  the melts must  be in the same state. 
In order to ensure they are in the same state, a r e fe r -  
ence state must  be agreed upon. Historically, most 
authors, including us, have used the salt 's normal  mel t -  
ing point, T~, as the reference state and compared 
propert ies at a convenient  mul t ip le  of TM. This is 
tantamount  to saying that  each salt is in the same 
state if i t  is the same re la t ive  distance into its l iquid 
range on a p vs .  T plane. This, of course, assumes that  
the start  of the l iquid range is TM, but  recent  evidence 
has called this assumption into question, especially for 
complicated salts l ike the methy lpyr id in ium halides 
(10). 
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Fig. 5. Log of the viscosity (in cp) vs. IO00/T for each of the 
asymmetric methylpyridinium halides. 
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symmetric methylpyridinium halides. 
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Fig. 8. Log  of  the  e q u i v a l e n t  c o n d u c t a n c e  vs. I O 0 0 / T  f o r  t h e  f o u r  
methylpyridinium bromides. 

For  these systems, a more  appropr i a t e  s t andard  s tate  
is e i ther  the boi l ing point,  Tb, or  the  glass t rans i t ion  
t empera tu re ,  T~. Since we do not  know the T, 's  for  our  
salts  and m a n y  of them dissociate before  they boil, we 
have  selected a "common t empe ra tu r e "  of 425 K as the 
reference  state.  

Table  IV lists viscosities, densit ies,  equ iva len t  con-  
ductances,  and Walden  products  of the e ight  salts  a t  
425 K. This choice of re fe rence  impl ies  tha t  al l  of the 
compounds have the same l iquid range and, mutatis 
mutandis, tha t  Tg is a more  re l iab le  approx imat ion  to 
the s ta r t  of the l iquid s tate  than  is T~. 

Enough evidence f rom measurements  of the l iquid 
ranges of d i subs t i tu ted  benzenes exists to suppor t  our  
choice of reference state. To site one exarcple,  the o-, 
m-,  and p-f luorotoluenes boil  at  388, 387, and  385 K, 
respect ively ,  have Tg's of 120, 122, and  123 K, respec-  
t ively,  but  have TM'S, of 211, 185, and 216 K, respec-  
t ive ly  (10). 

Evidence for the existence oJ complex spec ies . - -  
Compar ing  the equiva len t  conductance of an N - m e t h y l  
sa l t  wi th  the  equ iva len t  conductance of the  cor re -  
sponding 4 -me thy l  salt,  over  the  ent i re  t e m p e r a t u r e  
range,  indicates  tha t  the  N - m e t h y l  sal t  is the  be t t e r  
conductor.  Because isomers a re  being compared,  and  
the N - m e t h y l  mel ts  are  s l igh t ly  more  dense than  the 
4 -methy l  melts ,  suggest ing mot ion is r e l a t ive ly  more  
restr ic ted,  the most p laus ib le  exp lana t ion  for  this  
difference in A is tha t  there  a re  fewer  charge car r ie rs  
pe r  uni t  volume in the 4 -me thy l  salts  than  in the 
corresponding N-me thy l  sal ts  because complex  species 
a re  present .  The a l t e rna t ive  explanat ion,  tha t  there  
are the same number  of charge car r ie rs  pe r  uni t  
volume, but  t hey  move slower,  is s t i l l  possible,  b u t  
based on the spectroscopic da ta  and observed viscos- 
it ies is far  less l ikely.  The  format ion  of a complex  
almost  cer ta in ly  involves hydrogen  bonding be tween  
the ni t rogenic  proton and the hal ide  ion, which  means  
we should obta in  fu r the r  evidence for  the  exis tence 
of a complex  f rom the 1HNMR spect ra  of the three  
4 -me thy lpy r id in ium ions (Fig. 2 and Table  I I ) .  In  
these melts  the  r ing  and methy l  protons are  deshie lded  
more  by  the I -  than  by  B r - ,  and more by  B r -  than  
by  CI - ,  so tha t  there  is ac tua l ly  a s ign reversa l  of 8 
for  CHs re la t ive  to the d imethylsu l fone  ex te rna l  s tan-  
dard .  On the contrary ,  the n i t rogenic  pro ton  is de-  
shie lded more  b y - t h e : C 1 -  than  b y  the B r -  and more  
by  the B r -  than the I - .  This d ramat ic  change in 
chemical  shift  order  corre la tes  ve ry  wel l  wi th  the  con-  
duc t iv i ty  da ta  and is compeIl ing evidience for  be l i ev -  
ing that  the N - H  + forms a s t ronger  hydrogen  bond 
with  C1- than  i t  does wi th  B r - .  I t  p robab ly  does not  
h y d r o g e n  bond to I -  at  al l  (5). In  an isolated me thy l -  
py r id in ium ion, the pro ton  is wel l  shie lded b y  the 
ni t rogen 's  lone pa i r  of electrons,  p r e sumab ly  located 
in an sp~ orbi tal .  The ha l ide  ion s t rongly  a t t rac ts  
this proton,  pa r t i a l l y  dis lodging i t  f rom the p ro tec -  
t ion of its shie lding electrons,  and causes i t  to resonate  
at  a lower  frequency.  This phenomenon is more  p ro -  
nounced in the C1- melts  than  in the  B r -  mel ts  due 
to the  l a rge r  charge to volume ra t io  in C1- than  in 
B r - .  This same t rend  is p resen t  in the  asymmet r i c  
chlorides and bromides  as well.  The reasons why  the 
r ing  protons respond to the ha l ide  di f ferent ly  a re  st i l l  
not  pe r fec t ly  clear,  but  i t  is ve ry  l ike ly  tha t  hydrogen  
bonding is not  the ma jo r  factor. P r o b a b l y  exigencies  
of packing  are  responsible  for  the  observed chemical  

Table IV, Transport properties, densities, and Walden products of 
the four isomers of methylpyridinium chloride and the four isomers 

of methyipyrldlni-m bromide et 425 K 

A(cm~(f~ p 
I s o m e r  equiv. ) -~) V ( cp ) ( g / c m  a ) AV 

2-mepyr/HC1 6.68 3.90 1.093 26.1 
3-mepyr/HC1 6.58 3.87 1.094 33.2 
4-mepyr/HC1 6.61 5.06 1.094 33.5 
N-mepyr/C1 10.5 6,24 1.137 65.5 
2 - m e p y r / H B r  7.76 4.78 1,401 37.1 
3 - m e p y r / H B r  8.41 6,65 1.397 55.9 
4 - m e p y r / H B r  6.55 5.41 1.405 35.4 
N-mepyr/C1 9.00 7.27 1.445 65.4 
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shifts. The crys ta l  s t ruc ture  of py r id in ium iodide ind i -  
cates the I -  is sandwiched  be tween  the ~ clouds of 
two py r id in ium r ings (11) and i t  is not  un l ike ly  tha t  
this sort  of s t ruc ture  would  tend  to pers is t  in mol ten  
4 -mepyr /HI .  Oa the o the r  hand,  the  C I -  i o n ,  b y  
vir tue of its s t rong tendency  to form hydrogen  bonds 
wi th  the ni t rogenic proton,  wi l l  reside much of the  
t ime at the N-H+ end of the molecule,  as i t  does in 
solid pyr id in ium/HC1 (12). The B r -  wi l l  occupy an 
in te rmedia te  position, on the  average.  This means  t h e  

I -  ion per tu rbs  the pyr id ine  r ing  cur ren t  more  than  
the B r -  and the B r -  pe r tu rbs  i t  more  than  the C1-. 
The r ing  current ,  which  d iamagne t ica l ly  shields p ro -  
tons, wil l  be leas t  effective in the iodide, nex t  leas t  
effective in the B r -  melts,  and most  effective in the  
C1- mel ts  at  shie lding protons  on ne ighbor ing  mole-  
cules; hence the observed order  of deshie lding of the 
r ing  protons and CH3 groups (13). These phenomena  
taken together ,  account for  the  observed  chemical  
shifts in a qual i ta t ive  w a y  and when  cor re la ted  w i t h  
the conduct iv i ty  data  y ie ld  f a i r ly  decent  evidence for 
the existence of some sort  of complex  species in these 
melts.  

The N-H + contribution to the conductivity.--Before 
discussing the na tu re  of the  complex,  we comment  on 
the protonic  cont r ibut ion  to the conduct ivi ty.  I t  is 
obvious tha t  the  2- and 3 -me thy lpy r id in ium chlorides 
have about  the same viscosities, bu t  the 3 -methy l  
salt 's  equiva len t  conductance is 22% greater .  The most  
l ike ly  reason for this, since the molecu la r  dimensions,  
densit ies,  and molecular  geomet ry  are  so similar ,  is 
tha t  the re  is a g rea te r  protonic  contr ibut ion  to the 
conduct iv i ty  of the 3 -me thy l  salt,  than  to the conduc-  
t iv i ty  of the 2 -methy l  salt  (3, 4, 14). The 3 -me thy l -  
pyr id ine  is less basic than the 2 -me thy lpyr id ine  (15), so 
its pro ton  is held  less t ight ly  and can make  a g rea te r  
contr ibut ion  to the conductivi ty.  The - - C I ~  group at  
the  2 posi t ion of the r ing would  also in te r fe re  wi th  
facile p ro ton  t ransfer  (or complex format ion  for tha t  
ma t t e r )  thus fu r the r  reduc ing  the proton 's  cont r ibu-  
t ion to the 2 -me thy l  salt 's  conductivi ty.  A s imi lar  
protonic  contr ibut ion  is p robab ly  occurr ing in the 
b romide  melts,  as well,  though here it seems less p ro -  
nounced. At  this point  i t  is unclear  if an actual  Gro t t -  
huss mechanism occurs (Fig. 9b),  in which there  is a 
t ransfer  of charge or  v i r tua l  movemen t  wi thout  an ac-  
tual  pro ton  diffusion, or  a hopping mechanism occurs, 
in which a given pro ton  hops f rom site to site, and  
dur ing  one of i ts excursions reaches an electrode.  
Nevertheless ,  there  is a lmost  cer ta in ly  some protonic  
contr ibut ion  to the conductance and this contr ibut ion  
seems to be grea ter  in the chlor ide melts  than  in the 
bromide  melts.  

The nature of the complex species and equilibria in 
the melts.--The spectroscopic and conduct iv i ty  da ta  
suggest  tha t  in melts  containing N-H +, an equ i l ib r ium 
of the sort  

m e p y r / H  + H- X -  ~ m e p y r H + X  - r m e p y r  + HX [1] 

is p resen t  wi th  the pro ton  osci l la t ing wi th in  its double  
m i n imum poten t ia l  well.  This sor t  of  equ i l ib r ium has 
been suggested b y  Shuppe r t  and  Angel l  to exist  in 
py r id in ium HC1 mel ts  (4). Since  ne i ther  spect ra l  
measurements  nor  chemical  analysis  has tu rned  up any  
evidence of free me thy lpy r id ine  or  HX, we th ink  
these species are  p resen t  in ve ry  low concentra t ion and 
consequent ly  the pr inc ipa l  equ i l ib r ium is s imply  

mepyr  -H+ -t- X -  ~ m e p y r H  + . . .  X -  [2] 

A rough est2mate of the association constant,  KA, for 
4 -mepyrH + . . . X -  can be made  using the fol lowing 
l ine of reasoning. If  there  were  no complex  format ion  
in the 4 -methy l  melts,  thei r  conductivi t ies  would  be  
s imi lar  to those of the corresponding N - m e t h y l  melts  
because the  respect ive  molecu la r  sizes, densit ies,  and  

~ t.i + 

R 

_b 

c 

Fig. 9. Contributions to molecular motion in methylpyridinium 
malts, a, Methyl groups interfering with each other as ions pass 
each other (in plane); b, possible Grotthuss mechanism; c, out of 
plane rotation about the C . . .  N axis. 

symmet r i es  are  s imilar .  We therefore  assume tha t  t o  

a first approx ima t ion  the measured  A's for  the  
N - m e t h y l  salts  a re  the A's the corresponding 4 -me thy l  
salts  would  have if they  were  comple te ly  dissociated. 
We nex t  a t t r ibu te  the lower  conductance of the 
4 -methy l  salts  to fo rmat ion  of the  complex species de -  
scr ibed by  Eq. [2]. The degree of dissociation can be 
approximated ,  as i t  is in the case of w e a k  e lec t ro ly te  
solutions, by  the Ar rhen ius  notion. 

a ~ (A4.meth/AN.meth)4~2:5 K [3] 

KA is then given b y  the expression 

[4-mepyrH+ . . .  X - ]  1 --  a 
KA -- = [4] 

[ 4 - m e p y r - H  + ] I X - ]  ca~ 

where  c is the average  concentra t ion in moles  pe r  
l i te r  a t  425 K. It  is possible to fur ther  correct  the  
A4-meth for protonic  contr ibut ion  b y  assuming this 
protonic contr ibut ion  is roughly  the same as i t  is in 
the 3 -methy l  melt .  The protonic  contr ibut ion  to the  
3 -methy l  mel t ' s  conductance is es t imated  in the fol-  
lowing manner .  If  the difference in conduct iv i ty  be -  
tween the 3 - m e p y r  melts  and the corresponding 
2 -mepyr  salts  is most ly  due to the protonic  cont r i -  
bution,  and if this contr ibut ion is negl ig ible  in the 
2 -methy l  salts  for the reasons ment ioned  earl ier ,  then 
at  Tc the protons contr ibute  1.90 (12 equ iv . ) -1  cm ~ to 
the 3-mepyr /HC1 conductance and 0.65 (12equiv.) -1 
cm 2 to the 3 - m e p y r / H B r  conductance.  Sub t rac t ing  
these values  f rom the appropr i a t e  A4-meth'S gives a 
corrected conductance A'4-meth which contains only  
contr ibut ions f rom the m e t h y l p y r i d i n i u m  ion and the 
hal ide  ion. The value  of A' for the  chlor ide is 4.71 
cm~ (~  equiv.)  - I  and for the b romide  i t  is 5.90 cm~ 
(12 equiv . ) -1 .  Values  for  KA, a, and  AG, the free en -  
e rgy  of complex formation,  are  l i s ted  in Table  V. 

Al though the method for  es t imat ing  the KA'S is 
somewhat  convoluted,  the values  obta ined  give at  
leas t  correct  o rde r  of magni tude  associat ion con- 
stants.  The grea te r  bas ic i ty  of the 4 -me thy lpy r id ine  
than the 3 -me thy lpyr id ine  almost  cer ta in ly  reduces 
the protonic  contr ibut ion  to the 4 -me thy l  mel t ' s  con- 
ductivi ty,  bu t  this is compensated  for  because if  there  

Table V. Association constants for 4-mepyr/HCI and 4-mepyr/HBr 

~G 
Salt a KA (k J/tool) 

4 - m e p y r / H C I  0.448 3.81 • 10 ~ 3.4 
4 -raepyr /HBr 0.655 9.9 • 10 -~ 8.2 
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were  no lab i le  protons and  no hydrogen  bonding the 
conductance of the 4 -me thy l  sa l t  should be  a bi t  
h igher  than tha t  of the N - m e t h y l  sal t  (which  serves as 
the Ao in the Ar rhen ius  equat ion)  because of lower  
density.  Moreover,  the  KA of the B r -  mel t  is smal le r  
than that  of the C1- melt ,  as is expected based on the 
differences in  charge dens i ty  of the halide.  These KA'S 
represen t  a significant complex  ion contr ibut ion  to 
the  s t ruc ture  of the  4 -me thy l  chlor ide  and b romide  
mel ts  and  ce r t a in ly  wi l l  influence t r anspor t  proper t ies .  

Comparison between asymmetric and symmetric 
salts.--The most  obvious difference be tween  the sym-  
metr ic  and asymmet r i c  isomers of a given sal t  is the 
mel t ing  point;  the symmet r i c  salts  mel t ing  consider-  
ab ly  h igher  than the corresponding asymmet r i c  salts 
(this difference also persists  in the iodide mel ts )  (16). 
A second difference is tha t  the In ~] vs. T -1 graphs  
for the a symmet r i c  salts  exh ib i t  some cu rva tu re  
whi le  the In ~ vs. T-1 graphs  for the symmet r i c  mel ts  
are  l inear .  

In  contras t  to these differences, both  symmet r i c  and  
asymmet r i c  salts  of a pa r t i cu la r  ha l ide  ion have s imi-  
l a r  viscosities at  a common tempera ture .  For  example ,  
a t  the s t anda rd  tempera ture ,  425 K, which  is jus t  
above the high t empera tu re  end of the asymmet r i ca l  
sal t ' s  l iquid range,  and jus t  be low the symmet r i ca l  
salts '  mel t ing  point,  4 -mepyr /HC1 has an ex t r apo -  
la ted ~] of about  4.5 cp whereas  the 2- and  3 - m e p y r /  
HCI have ~'s equal  to about  4.6 cp. T h e  conduct ivi t ies  
of the salts  are  also r e l a t ive ly  unaffected by  sym-  
m e t r y  per se. For  instance, the  conductances of 2- 
and  4 -me thy lpy r id in ium chloride lie on essent ia l ly  the 
same curve. Taking  these da ta  in the  aggregate,  we 
conclude that  symmet ry ,  per se, has r e l a t ive ly  l i t t le  
effect on t r anspor t  p roper t ies  or spec t ra l  propert ies ,  
bu t  manifes ts  i tsel f  ma in ly  th rough  differences in ob-  
served mel t ing  points  and  pro tonic  contr ibut ions to 
the mel t ' s  conduct ivi ty.  F a r  and away,  a more  s ig-  
nificant factor  in de te rmin ing  re la t ive  values of t r ans -  
por t  p roper t ies  is the presence or absence of hydro -  
gen bonding. This conclusion is in sharp  cont ras t  to 
one reached ea r l i e r  (8, 9) where  we suggested sym-  
metry ,  r a the r  than  H-bonding,  was the most  impor -  
tan t  fac tor  in de te rmin ing  t r anspor t  proper t ies  in 
py r id in ium melts.  Our  ea r l i e r  conclusion was a r -  
r ived  at  using a mel t ing  point  reference  state, and the 
difference be tween  the two conclusions d rama t i ca l ly  
i l lus t ra tes  the impor tance  of the pa r t i cu la r  reference  
s tate  used. 

The role of hydrogen bonding.--We can now as-  
semble  the  diverse  resul ts  of our  exper iments  into a 
f a i r ly  coherent  pa t t e rn  and assess the  contr ibut ion of 
hydrogen  bonding  to s t ruc ture  and to ionic motion. 

The equiva len t  conductance of the symmet r ica l  
chlor ide and b romide  mel ts  decreases 37% and 
27%, respect ively ,  when the me thy l  group is moved 
f rom the n i t rogen to the 4 posi t ion of the ring. At  the 
same t ime ~ decreases 19% and 25%, respect ively .  
The only  plausible  exp lana t ion  for these resul ts  is 
the one we suggested ea r l i e r  and  that  is that  com- 
p lex  fo rmat ion  reduces  the number  of charge carr iers  
pe r  uni t  vo lume the reby  lower ing  the conductivi ty.  
These same complexes  reduce the  mel t ' s  viscosi ty by, 
in effect, lower ing  inter ionic  fr ic t ion and shor tening  
the length  of the hydrogen-bonded  species along the 
C4-N-H+-X - axis re la t ive  to the separa ted  ions (i7,  
18). Therefore,  the H-bonded  salts are  poorer  con- 
ductors, bu t  less viscous than  the N - m e t h y l  melts.  

Undoubtably ,  addi t ional  factors are  also cont r ibu t -  
ing to the differences in t r anspor t  proper t ies  be tween  
the two types  of melt .  Fo r  example ,  wi th in  the t ime 
f rame of diffusional motion, the N - m e t h y l  mel t  m a y  
st i l l  have vest iges of its crys ta l  s~ructure in which the 
hal ide  ion is above and to one side of the  r ing  (as i t  is 

in the N - m e p y r / I  crys ta l  (19). This f luctuating a sym-  
m e t r y  wil l  increase the in ter ionic  fr ic t ion due to one 
me l t  l aye r  in te r fe r ing  wi th  another  and  consequent ly  
increase  the viscosi ty re la t ive  to the hydrogen  bonded 
melts.  However ,  these factors a re  difficult to isolate  
and seem much less impor tan t  than  hydrogen  bond-  
ing itself.  

We th ink  the fact  tha t  the  corresponding N - I t +  
containing chlorides and  bromides  have such s imi la r  
A's is one more  indica t ion  of the impor tance  of hy -  
drogen bonding. The C1- ion forms s t ronger  hyd ro -  
gen bonds than  the B r -  ion, and consequent ly  has i ts 
mobi l i ty  cons iderably  reduced.  Wha t  might  be con- 
s idered  "normal"  behavior  is exh ib i ted  by  the 
N~methyl  salts, in which  there  is a 14% decrease in 
A be tween  the C I -  and the B r -  mel ts  and a 13% 
decrease be tween  the B r -  and I -  melts  (2, 16). 

Details of ionic motion and melt structure.--The 
pr inc ipa l  charge car r ie r  in al l  of the  py r id in ium mel ts  
s tudied is the ha l ide  ion. This is consis tent  wi th  our  
ear l ie r  resul ts  and those of King and co -worke r s  (20, 
14, 2). At t rac t ive  forces and steric factors dominate ,  
hence the re la t ive ly  low ra t io  of about  1.1 for E ,  to 
EA and the l ikely,  ve ry  l i t t le  if any, expans ion  upon 
melt ing.  Bloom and Reinsborough (21) found P y r /  
HC1 expands  only  2% on mel t ing  and p r e l i m i n a r y  r e -  
sults in our  l abo ra to ry  indicate  3 -me thy lpy r id in ium 
chloride ac tua l ly  contracts  when  it  melts .  This should 
be contras ted  wi th  typica l  inorganic  sal ts  which  ex -  
pand 15-25% on mel t ing  and have En/EA rat ios of  be -  
tween 2 and 5 (22, 23). 

I t  is difficult to ident i fy  pa r t i cu la r  modes of mot ion 
tha t  are favored  over  others  because there  is no spe-  
cial difference be tween symmet r ica l  and asymmet r i ca l  
salts  wi th  r e g a r d  to the i r  t r anspor t  p roper t ies  and  
re l a t ive ly  l i t t le  difference be tween  viscosi ty and con- 
duc t iv i ty  wi th  r ega rd  to energies  of act ivat ion.  The  
best  one can say is i t  looks as if  inplane  rotat ion,  o r  
rocking back and for th  about  an axis pe rpend icu la r  to 
the plane of the molecule, may  be favored  over  out  of 
p lane ro ta t ion (Fig. 9c). In o ther  words,  the cations 
t rans la te  as ro ta t ing  or rocking weighted  disks r a the r  
than ro ta t ing  weighted  cylinders.  The reason for a r -  
r iv ing at this conclusion is tha t  all  of the  cations 
sweep out about  the same area, bu t  the a symmet r i c  
cations sweep out  cons iderab ly  l a rge r  cy l indr ica l  vol-  
umes, ro ta t ing  out  of p lane  (9c), than  do the sym-  
metr ic  cations. Since the asymmet r i c  ions requ i re  
g rea te r  volumes, and space is a t  a premium,  they  
should have h igher  viscosities and h igher  energies  of 
activation. This is con t ra ry  to our  expe r imen ta l  r e -  
sults. Because the p l ana r  a rea  of the d iskl ike  cation is 
cons iderably  grea te r  than half  the  area  of an edge, 
and because only one end is charged, the ion is p re -  
vented f rom f ree ly  rotat ing.  Consequent ly  i t  is un -  
l ike ly  tha t  the cations are  t rans la t ing  as ro ta t ing  
spheres as are  the hal ide  ions. 

The E~/Eh rat io  of ,--1.1 fu r the r  implies  that  viscosi ty  
and conduct ivi ty  meet  wi th  the same sort  of bar r ie rs .  
(24). Ions are moving past  each other,  Fig. 9a, and i t  
mat te rs  l i t t le  whe the r  two cations pass each other  or  a 
cation and anion pass each other, the energies r equ i red  
are  quite s imilar .  

Errors and comparison with other workers.--Com- 
par ing  our  pro ton  chemical  shifts in the 2 -mepyr / t IC1  
mel t  wi th  the chemical  shifts in the same mel t  r e -  
por ted  by  Angel l  and Shuppe r t  (25) we agree wi th in  
exper imen ta l  e r ror  on the location of the ~, /~, 7, and 
methy l  peaks,  but  differ by  --0.85 ppm on the N-H + 
chemical  shift, ours being 16.2 ppm and theirs  being 
17.05 corrected to TMS. One possible reason for  this 
d iscrepancy is tha t  a t race of wa te r  m a y  sti l l  be p res -  
ent in our  melts,  but  not in theirs.  This w a t e r  molecule  
would  tend to l ie on, or  near,  the N-H + and shield i t  
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from the magnetic field. On the other hand, they used 
an internal standard of (CH~)4NC1 which exchanges 
with H + and with other CI~+ groups (25), but also 
increases the CI- concentration which would deshield 
the N-H+ proton and cause it to resonate at lower 
frequencies. There does not seem to be any other melt 
spectra in the literature to compare our data with. 
Our melting point of 89~ for 2-methylpyridinium chlo- 
ride is identical to the one reported by Angell, Hodge, 
and Cheeseman for the same compound and our spe- 
cific conductances are within • of theirs (3). Our 
conductivity data for the N-mepyr/C1 is within __2% 
of the values reported by King and co-workers (20). 

Overall, we estimate our equivalent conductance 
data to be correct to • and our viscosity data to 
be accurate to • Our analyses of the pyridinium 
salts were in all cases 99~-%. 

Perhaps the largest error in this study is the as- 
sumption that all the melts have the same liquid range, 
but since no conclusion depends on an exact knowl- 
edge of T~ or Tb, this error should not seriously 
affect our conclusions 

Conclusion 
By systematically varying the structure of the 

methylpyridinium cation and changing the anion, cor- 
relations between structure, spectra, and transport 
properties in molten pyridinium salts can be made 
in a relatively simple and straightforward manner. 
From these correlations, several conclusions can be 
reached about the structure of the melt and its 
relation to transport properties. The conclusions drawn 
are the following: 

I. Hydrogen bonding exerts a strong influence on 
transport properties, species present, and melt struc- 
ture. 

2. Symmetry of the cation, per se, 'has little influence 
on either melt sCructure or transport properties. 

3. The anion is the principal charge carrier in the 
methylpyridinium melts. 

4. There are complex species in the 2-, 3-, and 
4-methylpyridinium chloride and bromides. 

5. There is probably a protonic contribution to the 
conductivity of those melts in which the N-H + is 
present. The protons move either through a Grotthuss 
mechanism or through a hopping mechanism. 

6. In the molten pyridinium halides, and probably 
in molten organic salts generally, attractive forces 
dominate over repulsive forces, and there is very 
little free space, hence the E~/EA ratio of 1.1. 
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ABSTRACT 

Polarographic studies of the electroreduction of sulfur dioxide in dimethyl- 
formamide containing 0.1M tetraethylammonium perch/orate have shown that 
at 20~ the mechanism of electroreduction is given by the reactions 

SOs + e ~ SO~- [1] 

SOs + SO2- ~ S20~- I{2 [2] 

2SO2- ~- SO + SOs ~- K1s [13] 

The standard rate constant for the electron transfer reaction [1] has been 
found to be 1.0 _ 0.2 cm/sec. This rate of electron transfer is very fast, being 
of the same order of magnitude as that observed for reduction of aromatic 
hydrocarbons (21). The association constant, K2, for reaction [2] has been 
found to be 8400 _+ 2000 dm~ mol-~. This is an order of magnitude larger 
than the association constant measured in bulk solution using ESR spectros- 
copy (20). In addition to formation of the complex, $20~-, the results show 
that a second follow-on reaction is also important. Evidence is presented that 
this follow-on reaction is the disproportionation of SO2- to form SO and 
SO3 ~-. The equilibrium constant for this reaction has been found to 0.6 -+- 0.4. 
The dimerization of SO2- to form dithionite is not important during the 
initial stages of reduction at room temperature and over the range of SO~ 
concentration (1 X 10-4-5 X 10 -s) used in these experiments. However, at 
low temperatures, the formation of dithionite is favored. 

In recent years considerable effort has gone into 
the development and commercialization of the lithium- 
sulfur dioxide battery. While these efforts have re- 
sulted in successful exploitation of this battery system, 
there remain a number of environmental (1) and 
safety (2) problems to be solved. 

By contrast, work reported on the basic chemistry 
and electrochemistry of the reduction of sulfur dioxide 
has been limited. While it is generally agreed that the 
major product formed during the discharge of the 
lithium-sulfur dioxide battery is lithium dithionite, 
previous work has indicated that the reduction mech- 
anism is influenced by the choice of solvent and elec- 
trolyte. 

It is generally agreed that the initial one-electron 
transfer step 

SO2+e~SO~- E~ ~ [I] 

is followed by one or more follow-on reactions. In 
N',N-dimethylformamide (DMF), a stable, blue para- 
magnetic product is formed (3-7) which has been 
ascribed to a complex of the form 

SOs- + xSO2~ (SO2)~SO~- K2 [2] 

The number, x, of neutral SO2 molecules in the com- 
plex has been the subject of some controversy. Thus, 

* Electrochemical Society Active Member. 
Key words: high energy density batteries. 

Dinse and Mobius (5) concluded that x -- 2 by mea- 
suring the ratio of the concentrations of (SO2)zSO2- 
and SO2- using ESR spectroscopy. On the other hand, 
Rinker and Lynn (4) concluded that x -- 1. The recent 
work of Kastening and Gostisa-Mihelcic (6) which was 
based on ESR measurement of the [(SO2)xSO2-]/ 
[SO2-] ratio coupled with direct electrochemical mea- 
surement of the SO2 concentration has shown that the 
complex has the stoichiometry $204- (i.e., x ---- 1). 
This is also in agreement with kinetic measurements 
made by the same authors (8). K2 was determined to 
be 230 dm ~ mol-~ at 25~ The larger value of x -- 2 
obtained by Dinse and Mobius appears to be the 
result of their failing to correct for the change in the 
bulk SO2 concentrations after electrolysis. However, 
since details of the experiments are not given in their 
paper this cannot be confirmed. 

In addition to the formation of the complex species, 
$204-, dimerization of the SO e- to form dithionite 
has also been shown to be important (9) 

2SO2-~-8204 = K~ [3] 

Reaction [3] is the major follow-on reaction in di- 
methylsulfoxide solution, the value of /4:3 being 105 
dm 8 tool -~ at 55~ 

In view of the potential importance of studies of the 
basic electrochemistry and chemistry of the reduction 
process in helping to resolve some of the remaining 
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problems of the pr imary  l i th ium-sul fur  dioxide ba t -  
tery and in  indicat ing directions for fur ther  improve-  
men t  of the system (e.g., the development  of a re- 
chargeable Li/SO~ bat tery) ,  we have recent ly under -  
taken a systematic s tudy of the effect of solution com- 
position on the kinetics and mechanism of the electro- 
reduct ion of sulfur  dioxide in  nonaqueous media. In  
this paper, we describe results that  we have obtained 
for the electroreduction of SO2 in  solutions of 0.1M 
te t rae thy lammonium perchlorate (TEAP) in  DMF. 
Addit ionaI work on the effect of solvent and electrolyte 
on the kinetics and mechanism of the electroreduction 
of SOa will  be described in another  paper as will 
results of s imultaneous electrochemical-electron spin 
resonance measurements .  

Experimental 
Current -poten t ia l  data were obtained using a PAR 

Model 170 Electrochemistry System. All measurements  
were made in a jacketed 3-electrode glass cell. The 
working electrode was normal ly  a dropping mercury  
electrode except in  the cyclic vol tammetr ic  experi-  
ments  where a hanging mercury  drop electrode was 
used. The eounterelectrode was a p la t inum cylinder 
and the reference electrode a silver wire in a solution 
of 0.05M AgNO3 and 0.05M TEAP in  DMF. This solu- 
tion was changed daily because of photoreduction of 
the Ag +. The solution in the reference electrode com- 
par tment  was isolated from the working solution by 
frit ted glass disks. 

Kinetic data for the electron transfer process were 
obtained using the phase sensitive a-c admit tance 
method described previously (10). Admit tance data 
were obtained as a funct ion of d-c potent ial  in the 
vicini ty of the d-c half -wave potent ial  over the fre-  
quency range from 160 to 1050 Hz using a 10 mV 
(peak- to-peak)  a-c signal. Pulse polarographic mea-  
surements  were also made for many  of the systems. In  
these experiments,  a potential  pulse is applied for 45 
msec at the end of the drop life, the average current  
being measured during the final 5 msec. 

The procedures followed for pur i fying and drying 
the DMF (Aldrich Spectrophotometric grade) and 
TEAP (Eastman) have been described previously (10- 
12). Anhydrous  SOs was used as received from Mathe- 
son. A stock SOs solution was prepared by  bubbl ing  
SO2 in DMF. The concentrat ion of the stock SOs solu- 
tion (,-,0.5M) was determined by titration. All solvents, 
salts, and stock solutions were stored in a controlled 
atmosphere glove box (Vacuum Atmospheres Limited) 
where the argon atmosphere was cont inual ly  purged of 
oxygen and water. Fur ther  di lut ion of the stock SO2 
solution to prepare the working solutions (0.1-5 
mM) was carried out  in  the glove box and all solu- 
tions were bubbled  with argon to remove traces of 
oxygen. The experiments  were conducted in  the same 
glove box. The temperature  of the cell was ma in -  
ta ined constant  by  passing methanol,  controlled at the 
desired temperature,  through an outer  jacket sur-  
rounding  the working compar tment  of the cell. 

Results 
Cyclic voltammetry.--Reduction of sulfur dioxide in 

a 0.1M TEAP/DMF solution gives a well-defined cyclic 
vol tammogram as shown in  Fig. 1. The presence of a 
fol low-on reaction is indicated by the appearance of 
more than one oxidation peak on the reverse sweep 
and the ratio of the peak anodic to the peak cathodic 
currents  for the reduction reaction which is less than 
one (13). These results are in quali tat ive agreement  
with those reported earlier by Mar t in  and Sawyer (3). 

D-C polarography.--In order to s tudy the reduction 
process in more detail, d-c polarographic measure-  
ments  were made as a function of both SO2 concentra-  
tion and temperature.  These polarograms are broader 
than is expected for a simple one-elect ron t ransfer  

- 0 , 4  -0 '6  -0 "8  - [ ' 0  - I  -1"4 -1'5 
POTENTIAL VS Ag/Ag § (V) 

Fig. 1. Cyclic voltammogram for the reduction (forward sweep) 
of lO-SM S02 at a hanging mercury drop electrode in N,N-di- 
methyfformamide containing O,1M tetraethylammonium perchlorate 
with varying sweep rates, as indicated. 

reaction, plots of log (i/id -- i) having nonlinear slopes 
greater than 59 mV per decade. In addition, the half- 
wave potential is dependent both on SO2 concentration 
and temperature. 

The effect of concentration on the half-wave poten- 
tial is shown in Fig. 2 and on the plots of log (i/id -- i) 
VS. E in Fig. 3. It is seen that, as the concentration is 
increased, there is a positive shift of the half-wave 
potential and a marked increase in the curvature of the 
log (i/id -- i) plots. There is also a linear variation of 
the limiting current, id, with concentration. The half- 
wave potential and shape of the polarograms were 
found to be independent of drop time in the range 
from i to 5 sec. 

Figure 2 also shows that decreasing the temperature 
causes a positive shift of the half-wave potential As 
one might expect, there is also a marked decrease in 
the limiting current. The plots of log (i/ia -- i) vs. E 
(Fig. 4) show that the polarograms are sharpened as 
the temperature is decreased. 

A-C polarography.--A-C admit tance measurements  
were made on each of the SO2 solutions in order to 
measure the rate of electron t ransfer  (10). Above 0~ 
the a-c admit tance data give good Randle 's  plots 
(Fig. 5). At  lower temperatures  deviation from l in-  
eari ty is observed. Analysis of the a-c data allows (10) 
both the s tandard rate constant for the electron t rans-  
fer reaction and the diffusion coefficient to be deter-  
mined (see Table I).  In calculating these parameters,  
allowance has been made for the fact that, at the 
s tandard electrode potential, E1 ~ the SO2 concentra-  
t ion is less than half the bu lk  SOs concentrat ion as a 
result  of the fol low-on reaction. The actual concentra-  
t ion was determined from the d-c polarograms. 

The a-c peak potential  (as measured from the peak 
of the out-of-phase component of the a-c admit tance)  
was found to be 20-50 mV negative with respect to the 
half -wave potentials from d-c polarography and inde-  
pendent  of concentrat ion and temperature,  having a 
constant value of --1.30V against the Ag/Ag + refer-  
ence electrode. 

Pulse polarography.--Pulse polarography was used 
to study the reduction process for times intermediate  
between those used for the d-c and a-c measurements.  

Table I. A-C polarography analysis 

T e m p  ks D (era 2 
(~ (cm sec-~) sec -I) • I0 e 

30 1.2 8,68 
25 1.0 6,76 
20 0.9 5.23 
10 0,7 3.03 
0 0.5 1,69 

- 10 O.4 0.90 



Vol. 128, No. 11 E L E C T R O R E D U C T I O N  OF S U L F U R  DIOX1DE 2339 

0 "2 

-1'28 

-1"26 

>= 

~ 4.24 
w 

-I.22 

-1"2 

~ 0 ~  ( real I-~ x 103) 
�9 4 .6 .8 I 1.2 1.4 1.6 1.8 2 
! i | �9 i | | i i 

I z i z I 
-I0 0 I0 20 :30 

TEMPERATURE (=C) 

Fig. 2. Effect of reactant con- 
centration and temperature on 
the half-wave potential far the 
electroreduction of SO~ in the 
same solution as Fig. 1. 

More specifically, the current  was sampled at the end 
of a 45 msec pulse. This can be compared with times 
in  the 1-6 msec range used in  the a-c measurements  
and the 2 sec drop time used for most of the d-c mea-  
surements.  Pulse polarography measurements  were 
made using both cathodic and anodic sweeps. 

Pulse polarograms obtained for solutions of SO2 in 
0.1M TEAP/DMF using a negative sweep give half- 
wave potentials which are negative with respect to the 
d-c half -wave potentials. In  addition, the plots of 

log ( i / i d -  i) VS. E (Fig. 6) are more l inear  and have 
slopes closer to 59 mV per decade. 

When the potential  is swept positively from a point 
on the reduct ion wave, the pulse polarogram has two 
distinct waves (Fig. 7): one at  --1.3V and one at 
--0.7V. The relat ive heights of the two waves depend 
both on concentrat ion and ini t ial  potential.  Table II  
gives the heights of the two waves as a funct ion of 
init ial  potential  for several different concentrat ions of 
SO2. At the higher concentrations (~10-SM) a slight 

I 7x10"4  M 

5x  EO'3~/ 

I ! I 
-2-1,1 - I  2 - 13  - I .4  

Potenhal  vs  A g / A g + ( V )  

Fig. 3. Plots of log [ i / i d  - -  i ]  against electrode potential on 
the basis of d-c polarographic data for the electroreductlon of S02 
with varying concentration of 502 as indicated. Electrolyte as in 
Fig. 1. 
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I i I 
-I .2 -I .3 - I .4 

Potenf io lvsAg/Ag+ (V) 

Fig. 4. Plots of log [ i / i d  - -  i ]  against electrode potential on 
the basis of d-c polarographic data for the elecfroreduction of S02 
with varying temperature of the electrochemical cell as indicated. 
Electrolyte as in Fig. 1. 
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Fig. 5. Randle's plot of a-c admittance data for the electroreduc- 
tion of lO-SM S02 in the same system as Fig. 1. 

m a x i m u m  is observed  in the wave  a t  --0.7V suggest ing 
that  weak  adsorpt ion  is t ak ing  place (14). 

Discussion 
As discussed earl ier ,  previous  work  has shown tha t  

the SO2- produced in the p r i m a r y  e lec t ron t ransfer  
s tep can undergo the two fol low-on react ions  [2] and 
[3]. In  the discussion that  follows, the expe r imen ta l  r e -  
sults are  discussed in i t ia l ly  in te rms of react ions [1] 
to [3] assuming x ---- 1 (i.e., the complex is assumed to 
have the s to ichiometry  $204- ) .  

In format ion  regard ing  the mechanism of the  e lect ro-  
reduct ion  of SO2 in TEAP/DiViF solutions can be ob-  
ta ined by  compar ing  the expe r imen ta l  po la rograms  
wi th  theore t ica l  predic t ions  based on the proposed 
mechanism. In  our descr ipt ion of the shape of the d-c  
polarograms,  we  assume tha t  react ions [2] and [3] are  

~._._j OP 
g~ 

�9 i J 10_3 M 

5 XIO-~M / x 10.4M 

/ 
/ 

I I I 
-2-1.14 - I .20  - I .30 - I . 4 0  - I .50 

POTENTIAL VS Ag/Ag + (V) 

Fig. 6. Plots of log [ i / id - -  i] against potential for pulse polaro- 
graphic data obtained with varying S02 concentrations as indi- 
cated. Other conditions as in Fig. 1. 

at equi l ib r ium7 This assumpt ion is suppor ted  by  the 
observat ion  tha t  the measured  ha l f -wave  potent ia ls  a re  
independen t  of drop time. The present  approach  differs 
f rom that  of Bonneter re  and Cauquis (9) who have  
described their cyclic volt~nmetric and rotating disk 
studies of the reduction of SO2 in dimethylsulfoxide 
in terms of dimerization of SO~- using a reaction layer 
approximation. If it is assumed that the Nernst and 
Ilkovi~" equations hold, then the following general ex- 
pression can be derived (see Appendix) which de- 
scribes the shape of the d-c polarogram 

E - - E l ~  F -~ 

-F [4] 
g 

This  a s sumpt ion  is no t  va l id  on t h e  t i m e  scale used  fo r  the 
a-c, pulse  po la rograph ic ,  and cyclic v o l t a m m e t r i c  measurements. 

Fig. 7. Pulse polarogram for 
the oxidation of the reduction 
products of a 10 -3M S02 solu- 
tion with an initial potential for 
the positive sweep of - -1.6V vs. 
the reference electrode. Other 
conditions as in Fig. 1. 

1 2~A 
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l I I 
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where id is the l imit ing current  and g the Ilkovi~ con- 
stant. 

I t  is of interest  to consider the s impler  situations 
where either reaction [2] or [3] predominates.  

When K3 : 0 (i.e., complex formation is the domi- 
nan t  fol low-on react ion),  Eq. [4] can be simplified to 
give 

{ E--El~ F I n  ~ 

[s] 

In this case it can be shown that the follow-on 
reaction [2] causes a shift of the polarogram to posi- 
tive potentials and broadens the wave so that plots of 
log (i/id- i) VS. E have slopes greater than 59 mV 
per decade. 

If, on the other hand, it is assumed that dimeriza- 
tion of SO2- according to [3] is the major follow-on 
reaction (Le., K2 = 0), then Eq. [4] can be simplified 
to give 

E -  El~ = F Y - - q - - -  

[61 

In  this ease, a positive shift of the polarograms is 
also predicted, bu t  the polarographic waves are sharp-  
ened so that  slopes of less than  59 mV per decade are 
obtained from plots of log (i//d -- i) VS. E. 

I t  follows that  the qual i tat ive behavior  of the d-c 
polarograms (Fig. 3) obtained for the reduction of SO~. 
in  0.1M TEAP/DMF solutions at room tempera ture  
corresponds to the predictions based on Eq. [5]. 

The exper imental  shift of the half -wave potential  
with respect to the s tandard potential  for the S O J S O e -  
couple can be compared with theoreticaI predictions. 
Thus subst i tu t ing the relationships that, at  the half -  
wave potent ia l  

id g[SO2] ~ 
i : -- - -  - -  [7] 

2 2 

then, from Eq. [5], the dependence of the hal f -wave 
potential  on SO2 concentrat ion can be wr i t ten  

( K2[SO2]~ ) 
R T  In 1 -~ [8] Ell2 -- Et ~ : F 2 

Thus, a plot of exp ((El/2 -- E I ~  against [SO2] ~ 
should be l inear  with a slope of K 2 / 2  and uni t  in ter -  
cept. A value of E1 ~ = --1.30V is obtained 2,3 from the 
peak potential  of the out-of-phase  component of the 
a-c admittance.  Figure 8 shows values of exp ( (E1/2 - -  
E I ~  plotted against  [SO~] ~ From the slope, a 
value of K2 = 8400 • 2000 dm 3 mo1-1 is obtained for 
the association constant  for reaction [2]. On the other 
hand, the intercept  is found to be 2.5 • 0.8, that is, not 
un i ty  as predicted by  Eq. [8]. The large value of the 
intercept  suggests that  some other reaction is con- 
t r ibu t ing  to the shift of the hal f -wave potential. 

Some support  for this conclusion is obtained from the 
pulse polarographic experiments.  Regarding the two 
distinct waves observed on the positive sweep, the first 
at --1.3V is ascribed to the oxidation of SO2-. The 
second wave at --0.7V has been ascribed previously 
by Mar t in  and Sawyer  (3) and ourselves (15) to oxi-  
dat ion of the complex species S~04-. As ment ioned 
previously, the relat ive heights of these two waves are 
dependent  on both SO2 concentrat ion and ini t ia l  po- 
tent ial  (Table II) .  From these results it is seen that  

The assumption is made that the diffusion coefficients for SO, 
and SO,- are equal. 

3 As discussed later in the paper, on the time scale used for 
the a-c measurements, the follow-on reaction is sufficiently slow 
that the reaction can be considered as a simple o n e - e l e c t r o n  
transfer reaction. In this case, the peak of the out-of-phase com- 
ponent of the a-e admittance will occur when the surface concen- 
trations of [SO21 and [SO,-] are equal. The situation in this case  

is similar to that described by Fawcett and Lasia (10). 

ELECTROREDUCTION OF S U L F U R  DIOXIDE 

Table II. Pulse polarography--anodic sweeps 

[SO2] wave 2 
m o l  dm -8 Initial potential 

x 10 -8 volts vs. Ag/Ag+ wave 1 

5 . 0  - -  1 .4  0 . 3 1  
1 . 6 7  - 1 .6  0 . 5 4  
1 .0  - -  1 .6  0 . 6 1  
0 . 7 0  - -  1 . 6  0 . 7 7  
0.58 - -  1.6 0.56 
0 .5  - -  1 .6  0 . 6 0  

- -  1 . 3 6  0 . 5 8  
- 1 , 2 4  1 .0  
- 1 . 2 0  1 .83  

0.20 - 1.6 0.93 
0167 -- 1.6 0.79 
0.10 - 1.4 1,18 

2341 

the relat ive in tensi ty  of wave 2 wi th  respect to wave 1 
decreases with increasing SO2 concentrat ion instead of 
increasing l inear ly  with increasing SO2 concentrat ion 
as one would anticipate on the basis of $20~- being 
formed by reaction [2]. In  addition, an  estimate of 
the s tandard potential  E2 ~ for $204- oxidation can be 
obtained from the association constant  K2. On the basis 
of fundamenta l  thermodynamics,  the s tandard poten-  
tial for the reaction 

2SO2 + e~- 8204- E2 ~ [9] 
is given by 

R T  
E2 ~ -- El ~ : In K2 

F 

Assuming K2 : 8400 dm s tool -1, it is found that stan- 
dard potential  for the 2SO2/$204- couple is 226 mV 
more positive than that  for the S O J S O 2 -  couple 
whereas a 600 mV difference is observed between the 
two oxidation waves in the pulse polarogram. 

For these reasons it is concluded that  the assign- 
men t  of the wave at --0.7V to oxidation of $204-  is 
incorrect. The failure to observe an oxidation wave 
for $204- can be explained by  reaction [2] being suf- 
ficiently labile that  the $204- is completely removed 
dur ing the 45 msec pulse due to oxidation of the SO2- 
(reaction [2]). 

The wave at --0.TV must  therefore be ascribed to the 
oxidation of another  product produced dur ing the re-  
duction of sulfur  dioxide. Since this reaction causes a 
potential  shift that is independent  of SO2 concentra-  
tion, it is concluded that the reaction is first or pseudo- 
first order. The following suggestions can be made: 

(a) Format ion of a cation complex 

TEA + + SO2- ~- TEA �9 SO2 [10] 

(b) Format ion of an anion complex 

C104- + SO2- ~ (C104 �9 SO2) 2- [11] 

(c) Format ion of a solvent complex 

DMF + SO2- ~ (DMF �9 SO2) - [12] 

(d) Disproport ionation 

2SO2- ~ SO + SO~ 2- Kla [13] 

The formation of a complex between SO2- and either 
the cation or the anion of the support ing electrolyte 
(reactions [10] and [11]) can be e l iminated since the 
ratio of the two waves in  the anodic pulse polarogram 
has been found to be independent  of the concentrat ion 
of the support ing electrolyte. The two waves were also 
observed at the same potential  in  hexamethylphosphor-  
amide indicat ing that  the reaction does not  involve for- 
mat ion  of a complex with the solvent. However, the 
results are consistent with a disproportionation of the 
SO2- according to reaction [13]. In  this scheme the 
wave at --0.7V can be a t t r ibuted to the oxidation of 
SOa 2-. If it is assumed that  the equi l ibr ium for this 
reaction is established slowly compared to the 45 msec 
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Fig. 8. Graphical determina- 
tion of the association constant 
K2 and the disproportionation " 

constant K13 according to Eq. 
[15] from plots of the exponent 
of the shift in half-wave paten- ~ 5 
tim from the standard potential uJ 
against the bulk S02 concen- 
tration. 

x 

X x 

X 

I I 
0 0'2 0-4 

pulse then it  is clear that  two oxidation waves corre- 
sponding to oxidation of SO2- and SOs~- will  be ob- 
served. In  addition, at low SO2 concentrat ions where  
the formation of the S204- complex is negligible, the 
ratio of the SO~ 'z- wave to the SO2- wave should be 
constant. 

As the SO2 concentrat ion is increased, the ratio of 
the SOs 2-  wave to the SO2- wave should decrease be-  
cause the contr ibut ion that  the complex makes to the 
SO2- wave will increase. This is observed exper imen-  
tal ly where the ratio of the two waves goes from 1.2 
in a 10-4M SO2 solution to 0.3 in a 5 X 10-3M SOs 
solution. Using data for the free energy of formation 
of Li2SOs and SOs, it has been estimated (16) that E ~ 
for the system 2Li + SO3 --> Li~SO~ is ,~3.7V. The cor- 
responding value for 2Li -5 2SO2 -> Li2S204 is about  
3.0V. This indicates that  the oxidation wave for SOz 2- 
should occur approximately  700 mV more positive than 
the oxidation wave for SOu-. This is in  reasonable 
agreement  with the exper imenta l ly  observed potential  
shift (600 mV). 

The SO formed in  reaction [13] is expected to fur-  
ther disproportionate (17) to form elemental  sulfur  
and SO2. This mechanism is supported by the work of 
Rinker  and Lynn  (18) who have shown that  both 
sulfite and elemental  sulfur are formed dur ing the 
reduction of SO2 in DMF at sodium amalgam. Similar  
reactions have been postulated for the decomposition 
of dithionite in aqueous media (19). Experiments  to 
measure the oxidat ion potential  of SO~ 2- directly were 
unsuccessful because of the Iow solubil i ty of the avai l -  
able sulfi%e salts. 

It is easily shown that, when the disproportionation 
reaction is included in the reaction scheme, the shape 
of the d-c polarogram is given by the expression 

E -- El ~ : F In 

11-5 2K1~V.+ K ~ ( ~ )  ) ] [14] 

I I I I I I I I 
o 6  , , 4  ,.6 ,.8 2 

and the corresponding shift in half-wave potential by 
the relationship 

Rr  SO I~ ) 
E1/2  - -  E1 ~ --: F T 

[15] 

Equation [15] is of the same general  form as Eq. [8]; 
however, in this case a plot of exp (El/2 -- EI~ 
against  [SO2] ~ should give a l inear  plot with intercept  
1 + 2K131/2 and a slope equal to KJ2 as before. From 
the exper imental  intercept  (Fig. 8) of 2.5 _ 0.8, a 
value of K18 ---- 0.6 _ 0.4 is obtained. At low concentra-  
tion the ratio of the two waves in the anodic pulse 
polarogram should be approximately 1/KI3 '/2. Using the 
value of Kls ----- 0.6 obtained above, it is seen that  the 
ratio of the two waves should be about  1.3 at low SO2 
concentrations. Experimental ly,  a ratio of 1.2 is ob- 
served for a 10-4M solution, the lowest concentrat ion 
measured. 

An estimate of K2 can also be obtained by measur-  
ing the surface concentrat ion of SO~ at the equi l ibr ium 
potential. As a result  of the fol low-on reactions, the 
surface concentrations of SO2 and SO2- are less than 
half of the bulk  concentrat ion at the s tandard potential. 
It  can be shown (Appendix)  that the following rela-  
t ionship holds 

[SO2] ~ -- 2(1 + Kl~ 1/2) [SO~]~=~1~ 
K2 : [16] 

[SO212~=mo 

It  follows that  a plot of [SO2]~ against  
[SO2]E=~0 should give a straight l ine with slope equal 
to K~ and intercept  2 (1 + K13'/~). A plot of these data 
are shown in Fig. 9 from which the estimates K2 : 
2400 _+ 2000 and K13 : 0.4 ___ 0.1 are obtained. The 
value for Kls is in  agreement  with the potential  shift 
analysis, bu t  the K~ value does not agree with the pre-  
vious estimate. On the whole, however, we feel the 
potential  shift analysis is more reliable as it is less 
affected by distortions which occur on the upper  part  
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Fig. 9. Graphical determina- 
tion of the association constant 
K2 and the disproportionation 
constant K13 from a plot of the 
ratio of the bulk SO2 concen- 
tration [SO2] ~ to the SO2 con- 
centration at the electrode sur- 
face at the standard potential 
[SO2]~=EO against [SO2]E=EO 
according to Eq. [ |6 ] .  

of the wave and which become more significant as the 
SO2 concentrat ion is increased. This distortion is prob-  
ably due to a second reduct ion process. 

The values of K2 obtained from these measurements  
are at least an order of magni tude  higher than the 
value of 600 dm ~ mo1-1 determined by Laman et aL 
(20) in TEAP solutions and of 230 dm 3 mo1-1 deter-  
mined by Kastening et al. (6) in t e t rae thy lammonium 
bromide solution using ESR spectroscopy. 

The reason for the large difference in the value of 
K2 obtained by the two methods is not clear. I t  is in -  
teresting to note, however, that  ESR transients  mea-  
sured using a constant  current  pulse (20) can only be 
simulated if the Iarger (i.e., electrochemical) value of 
K2 is used. This suggests that  the ESR measurement  
underest imates  the value of Ks for some reason. 

As the tempera ture  is decreased, considerable 
changes occur in the reaction mechanism. Positive 
shifts in  the hal f -wave potential  along with a sharp-  
ening of the d-c polarogram all point  to an increasing 
contr ibut ion of the dimerization reaction (reaction 
[3]) to the reduction mechanism as the temperature  
is lowered. This suggestion is confirmed by the ob- 
servat ion that  the intense ESR signal due to the para-  
magnetic  complex $204- in a par t ia l ly  reduced 0.05M 
SO2 solution completely disappears when the sample is 
cooled to 77 K. At room temperature,  our own results 
as well as those of Kastening and Gostisa-Michelcic 
(6) indicate that  the contr ibut ion of the dimerization 
reaction is not significant. From Ref. (6) it can be 
shown from the ratio of the two paramagnet ic  species 
and the SO2 concentrat ion measured after electrolysis 
that very  little if any of the SO2- formed dur ing  the 
ini t ia l  stages of the electroreduction of SO2 dimerizes 
to form $204 = at room temperature.  

Dithivnite is, of course, the major  product  when  the 
electroreduction is carried to completion (i.e., one 
electron per SO~ molecule).  In  addition, other complex 
species such as S~O6 ~- have been observed by Mar t in  
and Sawyer  (3) dur ing the later  stages of the electro- 
reduction. 

Analysis of the d-c polarographie l imit ing cur ren t  
data yields a diffusion coefficient of 1.52 X 10 -2 cm 2 
sec -~ at 20~ A least squares fit of the l imit ing current  
data as a funct ion of tempera ture  yields an activation 
energy of 8.5 _ 0.3 kJ  mol - I  for the diffusion process. 

Analysis of the pulse polarograms recorded using a 
cathodic sweep (Fig. 6) show clearly that  the follow-on 
reactions have much less influence on the shape of the 
pulse polarogram than on the d-c polarogram. Thus, 
the half -wave potentials are closer to the s tandard  
electrode potential  and plots of log ( { / i d -  i) against  
E are much more l inear  and have slopes closer to 59 
inV. Systematic deviations remain,  however, indicat ing 
that  one or more of the fol low-on reactions are fast 
enough to influence the shape of the pulse polarograms. 

In  order to obtain informat ion on the kinetics of 
the electron transfer  reaction, phase sensitive a-c 
admit tance measurements  were made. For tempera-  
tures above 0~ the a-c admit tance data give l inear  
Randle's  plots as shown in  Fig. 5. These results indi-  
cate that, under  these conditions, the follow-on reac- 
tion is sufficiently slow that the reaction can be con- 
sidered as a simple one-electron t ransfer  reaction on 
the t ime scale used for these measurements .  In  addition, 
the half -wave potentials are considerably more nega-  
tive than those determined from d-c polarography and 
are independent  of concentration. These results indi -  
cate that, by using a-c polarography, the pr imary  elec- 
t ron transfer step can be studied wi thout  interference 
from follow-on reactions. The observation that  devia- 
tions from l inear i ty  are observed in the Randle 's  plots 
for frequencies less than about 160 Hz in the 10-3M 
solution provides a crude estimate of the half-l ife of 
the SO2- radical which must  be about 10 msec under  
these conditions. The influence of the SO2 concentra-  
tion on the rate of conversion of SO2- into $204- can 
be seen by the fact that deviations from l inear i ty  are 
observed at higher frequencies as the concentrat ion 
of the SO2 is increased. 

The results indicate that the electron transfer  rate is 
very fast. At 25~ ks ---- 1.0 _ 0.2 cm/sec. The uncer-  
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t a in ty  in de te rmin ing  ks is h igh  as rates  of this o rde r  of 
magni tude  are  at  the l imi t  of the a-c  admi t tance  tech-  
nique. Analys is  of the effect of t empera tu re  on the ra te  
of e lect ron t ransfer  al lows an act ivat ion energy of 20.4 
k J / m o l  to be determined.  Electron t ransfer  rates  for 
the e lec t roreduct ion of  aromat ic  hydrocarbons  are  of 
the  same order  of magni tude  (21) as those measured  
for the reduct ion of SO2. 
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A P P E N D I X  

Shape of ~ho d-r Polarogram 
In descr ibing the shape of the  d-c  po la rog ram it  is 

assumed in i t ia l ly  that :  
(a) The mechanism of reac t ion  is as follows 

A + e ~ A -  e lec t ron t ransfer  [ A - l ]  

A + A -  r A2-  K2 complex format ion  [A-2] 

2 A -  r A2 s -  Ks d imer iza t ion  [A-3] 

(b) That  react ions [A-2] and [A-3] are  in equi l ib-  
r ium; therefore  

[A~- ] 
K2 ---- [A-4] 

[,4] [ A - ]  
and 

[A~2-] 
Ks --  - -  [A-5] 

[ A - ] ~  

(c) That  the  A / A -  coup}e de te rmines  the electrode 
potent ia l  and that  the Nernst  equat ion holds 

[A] P=expl (E--E0)F } 
[A-----] -- RT [A-6] 

(d) Tha t  the I lkov i~  equat ion holds; i t  follows tha t  

i ---- g ( [A]  ~ --  [A]0) [A-7] 
and 

id = g[A] ~ [A-8] 

where  [A] ~ is the  bu lk  SO2 concentra t ion and [A]o, 
the concentra t ion at  the  surface. 

(e) Tha t  the sys tem is a t  s teady  s tate  (i.e., flux in - -  
flux out)  ; thus 

gA {[A] ~ --  [A]0} ---- gA[A- ]o  

+ 2gAS- [As - ]0  + 2gAs-2 [As-Z]0 [A-9] 

and assuming 

gA -~- gA- : 2gAf-- : 2gAS--2 : g [A-10] 

we then find tha t  

h 
-- : [A] ~ -- [A]o + [A-]0 + [As-] + [A2 2-] 
g 

[A-11] 

Subs t i tu t ing  [A-4] to [A-1O] into [A-11] we find that  

id (id --  i) (id --  i) (id --  i) 2 (id --  i) ~ 
-- - -  + - -  + K 2 -  + K3 g g gp g~p gfp2 

[A-12] 
The equat ion for P is 

P = "2- i I + K f - -  g 

[A-13] + [ ( 1 + K z ~  + g 

F r o m  [A-6] 
RT 

E -- Eo = in P [A-14] 
F 

The above expression describes the shape of the po- 
larogram in the general case where both reactions 
[A-ZJ and [A-3] are important. It is also of interest 
to consider the special cases where: 

(a) K3 ---- 0 (i.e., complex formation is the dominant 
follow-on reaction). In this case, E q. [A-4] can be sim- 
plified to give 

E -- E0 = ...... in 1 + K 2 - -  
F g 

[A-15] 

At the half-wave potential i = id/2. Substitution of this 
relationship into [A-15] allows the following relation- 
ship to be obtained for the shift of the half-wave po- 
tential with respect to the standard potential 

( RT in 1 + - -  [A-16] E1/2 -- E0 -- F 2 

Measurement  of the shif t  of the  ha l f -wave  potent ia l  
thus al lows Ks to be determined.  

An  es t imate  of K2 can also be obta ined  f rom the 
concentra t ion of A at  E0 which can be obta ined  f rom 
the d-c  po la rogram using the Ilkovi~" equat ion at  E ---- 
E0, P = 1 and [AlEs ~- [A-lEo.  Subs t i tu t ion  into 
[A-11] thus yields  

[Af - ]~o  = [A] ~ --  2[ALE0 [A-17] 
therefore  

[ A f - ]  [A] ~ --  2[ALE 0 
K~ = ...... = [A-18] 

[A] [ A - ]  [A]fEo 

(b) Ks ---- 0 (i.e., d imer iza t ion  is the ma jo r  fo l low-on 
react ion) .  In this  case Eq. [14] can be simplified to 
give 

R T , l n  { l ( i d - - i ~  
E--Eo--  F - - ' ~ l  

-% 

+ (1 + ~ 4 K 3 i / g ) ]  ~ [A-19] [1 
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ABSTRACT 

The effect of solvent and supporting electrolyte on the mechanism of the 
electroreduction of SO2 has been studied using polarography. It has been 
found that both the solvent and the electrolyte have a strong influence on the 
course of the reduction process. The reduction proceeds via the free r~dical 
intermediate S~O4- in systems containing large cations but leads directly to 
$204 = when the system contains small cations. In addition, it has been shown 
that the stability of the $204- decreases with increasing basicity of the sol- 
vent. These effects have been interpreted in terms of ion pairing in the system. 

The reduction of sulfur dioxide is industrially im- 
portant for both the operation of the newly developed 
(1) high energy density lithium/sulfur dioxide battery 
and for the manufacture of dithionite salts (2) which 
are used in large quantities as an industrial reducing 
agent. In a previous paper (3), polarographic studies 
of the electroreduction of SO2 in 0.1 mol dm-3 solu- 
tions of tetraethylammonium perchlorate (TEAP) in 
N,N-dimethylformamide (DMF) have been described. 
In agreement with earlier work (4-8) it was found 
that, in this medium, the reduction process proceeds 
via a stable, blue paramagnetic complex of SO2 and 
SO2- having a 1:1 stoichiometry. Both ESR (9) and 
Raman (10) spectroscopic studies indicate that this 
species is a loosely bonded charge transfer complex. 
The polarographic studies have shown that the initial 
stages of the electroreduction process in 0.1 mol dm -3 
TEAP/DMF can be explained in terms of the following 
reactions 

(a) Electron transfer 

S02 + e ~ SO~-  [1] 

(b) Complex formation 

802  ~- S O 2 -  ~ $2!O4- Kal -" 8400 dm 3 tool -1 [2] 

and 

* Electrochemical Society Active Member. 
Key words: sulfur dioxide, high energy density batteries. 

(c) Disproportionation 

2SO2- ~ SO ~ SO32- Kd -- 0.6 [3] 

At later stages of the reduction process a red com- 
plex that has been ascribed (4) to the complex species 
SO2. $2042- and finally dithionite are formed (10). 

There are indications, however, that the choice of 
solvent and electrolyte has an important effect on the 
reduction mechanism. For example, Bonneterre and 
Cauquis (11) concluded that the major follow-on 
reaction in dimethylsulfoxide solution is the dimeriza- 
tion of SO2- to form dithionite according lo the re-  
action 

2SO2-  .~  S2042- Ka2: [4] 

In the present paper, we report results of studies 
that we have carried out to examine the effects that 
both the solvent and the electrolyte have on the 
mechanism of the electroreduction of sulfur dioxide 
in nonaqueous media. 

Experimental 
The electroreduction of dilute solutions (,~10-~ tool 

dm -3) of sulfur dioxide has been studied using three 
different solvents and six different supporting electro- 
lytes. The solvents, which were chosen for their dif- 
ferent solvating abilities, included N, N-dimethyl 
formamide (DMF) (Aldrich Spectrophotometric grade), 
acetonitrile (AN) (Aldrich Spectrophotometric grade), 
and hexamethylphosphoramide, HMPA, (Sigma). The 
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suppor t ing  electrolytes ,  which  were  chosen for va r i a -  
t ion of cat ion size, inc luded t e t r a e thy l ammon ium pe r -  
chlorate  (TEAP)  (Eas tman) ,  t e t r a b u t y l a m m o n i u m  
perch lora te  (TBAP)  (Eas tman) ,  po tass ium perchlo-  
ra te  (F isher ) ,  sodium perch lora te  (Ana la r ) ,  and l i th -  
ium perch lora te  (Research Inorganic  Chemical  Com- 
pany) .  The procedures  fol lowed for  pu r i fy ing  and d r y -  
ing the solvents  and  salts  have been  descr ibed p re -  
v iously  (12-14). 

Al l  potent ia l  measurements  given in this paper  were  
measured  agains t  a re ference  e lec t rode  tha t  consisted 
of a s i lver  wire  in a solut ion of 0.05 tool d m - ~  AgNOa 
and 0.05 mol  dm-Z TEAP in the  solvent  be ing  used 
for the  exper iment .  The reference  e lect rode solut ion 
was changed dai ly  due to photodecomposi t ion of Ag + 
in DMF. Other  detai ls  of the e lect rochemical  methods  
used to make the e lect rochemical  measurements  have 
been descr ibed in the first pa r t  of this s tudy  (3).  Elec-  
t ron  spin resonance  measurements  were  made  using a 
Var ian  E-L ine  spectrometer .  The e lec t rochemical  ESR 
cell used fur  these measurements  was s imi lar  to tha t  
designed by  Goldberg  and Bard  (15). This cell  was 
filled and sealed in the glove box to exclude mois ture  
and a i r  and  ESR measurements  were  then made af ter  
pa r t i a l  e lectrolysis  of the solution. 

Results and Discussion 
Effects of  cation on the  m e c h a n i s m  of  reduct ion ~n 

D M F . - - T h e  resul ts  to be descr ibed in this sect ion show 
that  the mechan i sm of reduct ion of SOs becomes more  
complex  when suppor t ing  electrolytes  o ther  than  TEAP 
or TBAP are  used in DMF solvent.  

A comparison of the  cyclic vo l t ammograms  in d i f -  
ferent  e lect rolytes  shows a t rans i t ion  f rom a quasi -  
revers ib le  reduct ion  in TBAP and TEAP to an  i r r eve r s -  
ible reduct ion when  a smal l  cat ion such as Li  + is used. 
The cyclic vo l t ammograms  of SO2 in TBAP are  a lmost  
ident ica l  to those presented  ea r l i e r  for  TEAP (3).  
These vo l t ammograms  show a quas i - revers ib le  peak  at  
--1.3V and a minor  oxidat ion  peak  at  about  --0.7V, t he  
l a t t e r  be ing  a s c r i b e d  (3) to the  oxida t ion  of SO8 ~-  
produced f rom reac t ion  [3]. When  LiC104 is used as 
e lec t ro ly te  (Fig. 1), the reduct ion reac t ion  is essen-  
t ia l ly  i r revers ib le ,  the  SO2 being removed  r ap id ly  b y  
a fo l low-on reaction.  In  this case, there  is evidence for  
the format ion  of an addi t ional  m a j o r  p roduc t  which is 
oxidized at  more posi t ive potent ia ls  ( - -1 .0V).  Only  a 
smal l  oxida~tion peak  is observed a t  --0.TV. In  TEAP 
and LiC104 solutions, a l inear  re la t ionship  is observed  
be tween  ip, the  peak  cu r ren t  of the reduct ion  wave,  
and v'/= where  v is the  sweep  rate .  

2 0 0  mV/s 

~0 

.,f/ 
.O!l~, ' .0!6 ' .018 ' o110 ' .1!2 1 .1!4 I .1!6 

POTENTIAL VS Ag/Ag + (V) 

1 2~A 

Fig. 1. Cyclic voltammograms for the reduction (forward sweep) 
of 10 -~  mo[ dm - 3  S02 at a hanging mercury drop electrode 
(HMDE) in N,N-dirnethyl formamide (DMF) containing 0.1 tool 
dm -3  LiCI04 with varying sweep speeds as indicated. 

The cyclic vo l t ammograms  of 802 in 0.1 mol  d m  -8 
KC104 and NaC104 (Fig. 2 and 3) a re  more  complex.  
The dis t inct  p rewave  and large  oxida t ion  wave  on the 
reverse  sweep seen in KC10~ solut ion is character is t ic  
(16) of product  adsorpt ion.  

For  both  NaC104 and KC104, ip/v'/, decreases wi th  
increasing v. This behavior  is ascr ibed to produc t  ad-  
sorpt ion in both electrolytes .  This suggest ion is con- 
f irmed by  d - c  and pulse po la rographic  measurements  
as discussed later .  Because of p roduc t  adsorpt ion,  in te r -  
p re ta t ion  of the number  and posi t ion of the oxida t ion  
peaks observed in KC104 and NaC104 is difficult. Qual i -  
tat ively,  however,  i t  appears  tha t  the cyclic vo l t am-  
mogram of SO2 in KC104 most  closely resembles  tha t  
in TEAP while  the vo l t a mmogra m in NaC104 more 
closely resembles  tha t  in LiC104. 

In o rder  to s tudy the reduct ion process in more  de-  
tail, d -c  polarographic  measurements  were  also made  
on al l  of the  solutions. Both the  shape and  the ha l f -  
wave  potent ia l  were  dependen t  on the na ture  of the 
base electrolyte .  This is i l lus t ra ted  in Fig. 4 where  
plots of log (i/id -- i) VS. E are  presented.  The ha l f -  
wave  potent ia ls  and l imi t ing  cu r r en t  constants,  based 
on m a x i m u m  currents ,  are  given in Table  I. 

The d -c  po la rog ram of SO~ in TBAP is v i r t ua l ly  
ident ica l  wi th  tha t  in TEAP which has been  descr ibed 
in deta i l  p rev ious ly  (3). The d-c  polarographic  da ta  
are  consistent  (3) wi th  the reduct ion proceeding via  
react ions [1]- [3] in both  electrolytes .  

The shape of the  d -c  po l a rog ram for SOs in LiC104 
or  LiBr  is qui te  different  (Fig. 4) f rom tha t  de -  
scr ibed above for SO2 in TEAP. In this case, the 
fo l low-on react ion causes the po la rog ram to be sha rp -  
ened so tha t  plots of log (i/id -- i) VS. E have a slope 
of about  45 mV pe r  decade, the  ha l f -wave  poten t ia l  

5 0  mv/S 

i I I L -~4 I ~, ' -o'.~ -o'8 -,'o -/~ 
POTENTFAL VS A~/A~+(V ") 

Fig. 2. Cyclic voltammograms for the reduction of 10 -8  mol 
dm -3  S02 at an HMDE in DMF containing 0.1 real dm -~  KCI04 
with varying sweep speeds as indicated. 

l l pA  

-o!2 -o!4 -o!s -OIE 4!0 . ~12 . ~14 
POTENTIAL VS Ag/Ag§ 

Fig. 3. Cyclic voJtammogram for the reduction of 10 -8  rnol 
dm -3  S02 at an HMDE in DMF containing 0.1 mol dm -3  NoCI04 
with varying sweep speeds as indicated. 
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POTENTIAL. vs Agg~g*{V) 

Fi 9. 4. Plots log ( i / i d  - -  i )  against electrode potential on the 
basis of d-e polamgraphic data for the electroreducfion of SO2 in 
DMF containing different e l e c t r o l y t e s  as indicated. 

being --1.18V. The effects of temperature on the half- 
wave potential and limiting current constant are 
shown in Table II. 

This behavior is consistent (3) with a change of 
mechanism so that dimerization of the SO2- to form 
dithionite (reaction [4]) becomes the major follow-on 
reaction, i.e. 

2SO2- ~--- $2042- Ka~ [4] 

Dithionite is known (17) to be the major product in 
the discharge of the lithium/sulfur dioxide battery. 

If it is assumed that reaction [4] is at equilibrium 
on the time scale used to make the d-c polarographic 
measurements and that the Nernst and Ilkovi~" equa- 
tions hold then the shape of the d-c polarogram is 
described (3) by the equation 

[5] 

where E ~ is the standard electrode potential for the 
SOe/SO2-.couple, id is the limiting current, and g is 
the Ilkowc coefficient. At the half-wave potential, 
Eq. [5] reduces to 

Table I. D-C polarographic data. Reduction of SOs in DMF using 
various supporting electrolytes 

T E A P  K C I O 4  N a C I O ~  L i C I O 4  

H a l f - w a v e  p o t e n t i a l  ( v o l t s  
vs .  A g / A g + )  - 1.263 - 1.212 - 1.187 - 1.183 

L i m i t i n g  c u r r e n t  c o n s t a n t  
( id/cm~/~ ~/~) 2.532 2.576 2.509 2.873 

Table II. D-C polarographic data. Reduction of 502 in 0.1m 
LiCIO4/DMF at variou~ temperatures 

T e m p  Half-wave potential Limiting current con- 
(~ (volts vs. Ag/Ag+) stant (id/cm~/~t~/~ 

- i 0  - -  1 . 2 2  2 . 1 3 5  

0 - -  1 . 2 1  2 . 3 2 2  
20  - 1 . 1 9 5  2 ,873  

EV, -- E ~ -- ~F In ~- (I Jr X/2Kas [SO~] o) [6] 

Taking the value of E ~ -- -1.30V estimated from a-c 
polarographic measurements as described later, then 
from the half-wave potential of --1.18V at 24~ a 
value of 23.3 • 106 dm ~ tool -1 is obtained for Kay. 

ESR measurements support this change in reduc- 
tion mechanism in changing ~rom TEAP to LiC104 
solutions. In LiC104 solutions no paramagnetic inter- 
mediates are detected even at relatively high SO2 
concentrations (~10-2m). Under similar conditions an 
intense ESR signal is detected (6, 7, 9) for the polaro- 
graphic complex $204- in TEAP solutions. The mea- 
surement of diffusion-limited currents for the reduc- 
tion of SO2 in TEAP and LiCIO4 also reflects the dif- 
ference in reduction mechanism. In TEAP the limit- 
ing currents (and hence the apparent diffusion co- 
efficient of SO2) are significantly lower (Fig. 5) than 
the LiC104 solutions. This is undoubtedly caused by 
the scavenging of SO2 by SO2- to form S~O4-. 

Interpretation of the d-c polarograms for SO~ in 
KC104 and NaC104 solutions is more difficult. In both 
systems distinct adsorption prewaves are observed. 
This is in agreement with the cyclic voltammogram 
for SOs in KC104 solutions which also showed effects 
due to product adsorption (Fig. 1). At 53~ the 
polarogram for the reduction in NaC104 solution shows 
a distinct kinetic maximum. From the cyclic voltam- 
metric and d-c polarographic data, it appears that 
the situation in KCI04 and NaCIO4 solutions is inter- 
mediate between that in TEAP and LiC104. It is thus 
probable that both S~O4- and $204" are formed by 
reactions [2] and [4] in these solutions. Pulse polaro- 

5 ' 8  I i I I I I 

5'6 

5.4 

5.2 
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5"0 

4 " 8  -- 

I 
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I I I I I 
3"2 3"4 3"6 3"8 4-0 

I/T (o K-  I ) 

Fig. 5. Effect of temperature on the limiting current constant for 
the reduction of S02 in DMF containing TEAP and LiCI04 as in- 
dlcated. 
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graphic measurements support this conclusion. Using 
a negative potential sweep, the Pulse polarogram for 
SO2 in all of the electrolytes consists of a single w a v e  
that gives a linear plot of log (i/id -- i) VS. E (Fig. 6). 
It is seen that  there is a regular increase in slope of 
these curves from 68 to 46 mV per  decade in going 
from TEAP to LiC104. This change of slope can be 
attr ibuted to the shift in mechanism from formation of  
the free radical complex S~O4- in TEAP to the forma- 
tion of dithionite in LiCIO4. The theoretical descrip- 
tion of the shape of the d-c polarogram when b o t h  
reactions [2] and [4] contribute has been given pre-  
viously (3). It can be shown that  this gradual change 
of slope is consistent with the transition from one  
product to the other (i.e., S~O4- to $2042-). 

The pulse polarographic data obtained using a posi- 
tive potential sweep from various points on the reduc- 
tion wave provide some information regarding the 
reaction mechanism. As has been discussed in detail 
previously (3), the pulse polarogram of SO2 in TEAP 
solutions obtained using a positive potential sweep 
shows two distinct waves, one wave at --1.3V that 
is at t r ibuted to the oxidation of SO2-, and a second 
wave at --0.7V that is at tr ibuted to oxidation of S O ~ - .  
The failure to detect a wave due to oxidation of 
SsO4- was at tr ibuted to the labile equilibrium that 
exists between SOs-  and SeO4-. I t  is believed that 
this equilibrium is sufficiently rapid that all of the 
$204- is depleted through oxidation of SO2- before 
the current is sampled at the end of the 45 msec pulse. 

The anodic pulse polarograms of SO~ in KC104 (Fig. 
7) and NaC104 are more complex, the polarograms 
exhibiting large maxima. This behavior has been 
described by Flanagan and co-workers (18) who have 
shown that this effect is caused by product adsorption. 
This is in agreement with the d-c polarographic and 
cyclic voltammetric results which have also indicated 
that  product adsorption is taking place as discussed 
previously. It is interesting to note that, when the 
initial potential is set just  at the foot of the d-c po- 
larogram, a small wave at --0.7V is observed. This 
indicates that the disproportionation of SOs- to form 
SOs 2- takes place in these solutions as well. 

LIClO 4 /~TEAP 
/oNaCI04 / 

- 2  I i I 
-I'1 - I .2 - I '~  -1"4 

P O T E N T I A L  vs Ag/Ao § (V) 

Fig. 6. Plots of log ( i / i d  - -  i )  against electrode potentlol on the 
basis of pulse polorogrophic data for the electroreduction of S02 
in DMF containing different electrolytes as indicated, 

.,'.4 .,'.~ -,'.o ~o:~ _g~ _o'.~ 
POTENTIAL VS Ag/Acj+ (V) 

Fig. 7. Pulse polarogram for the oxidation of the reduction 
products of a 10 -3  real dm -a  S02 in DMF contaZning 0.1 mol 
dm -3  KCI04 with initial potential as indicated. 

In LiC104 solutions (Fig. 8), the anodic pulse 
polarogram shows three distinct waves at --1.3, --1.0, 
and --0.7V. At --1.3V the net current flowing is cath- 
odic indicating that the SO~- produced in the pr imary 
reduction is completely removed during the 45 msec 
pulse. The major  oxidation wave occurs at --1.0V 
and probably results from oxidation of dithionite 
which is thought to be the major product from the 
follow-on reactions. A small wave is also observed 
at --0.7V indicating that some SOa 2- is also produced. 

The experiments described above indicate that the  
electrolyte cation has a strong influence on the course 
of the electroreduction process. Thus, in TEAP solu- 
tions, the reduction process proceeds via the free 
radical complex $204- as well as a red complex tha~ 
has been ascribed to SO2 �9 $2D42- on route to dithio- 
nite on complete electrolysis. In LiC104 solutions, on 
the other hand, dithionite is formed directly by dimer- 
ization of SO2-. The influence of electrolyte cation 
on the mechanism of reduction can be explained in 
terms of the effect of ion pairing on the position of 
the various equilibria (19). It appears that  the forma- 
tion of dithionite is favored when strong ion pairing 
occurs in solutions containing a small cation such as 
lithium. On the other hand when a large cation such 
as TEA + is used and ion pairing is expected to be 
weak, the formation of the complex species is fav- 
ored. With Na + and K + in solution, the degree of 
ion pairing is expected to be intermediate between 
these two extremes. 

I , ._112 I _ilO I ..01.8 I .016 I .0~.4 

POTENTIAL VS Ag /Ag  § (V) 

Fig. 8. Pulse polarogram for the oxidation of the reduction 
products of 10 -3  real drn-~ in DMF containing 0.1 real dm -~ 
LiCI04 with initial potential as indicated. 
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E f I e c t s  o l  s o l v e n t  o n  t h e  m e c h a n i s m  o l  reduction.-- 
As ment ioned  previously ,  the e lec t roreduct ion  of su l -  
fu r  dioxide has been  s tudied  in three  different  sol-  
vents  (DMF, HNIPA, and AN)  of va ry ing  solvat ing  
ab i l i ty  to examine  the effect of  solvent  on the mecha-  
nism of react ion.  Measurements  have  been  made  in 
each of these solvents  using TEAP, NaC104, and 
LiC104 as e lect rolyte .  

The d -c  po la rograph ic  da ta  for the reduct ion  of 
SO2 in 0.1 mol d in -3  solut ions of  TEAP in each of 
the th ree  solvents  a re  shown in Fig. 9. The shapes 
of the  log ( i / i d  - -  i )  plots  a re  ve ry  s imi lar  in HMPA 
and DMF. On the o ther  hand,  in AN a m a r k e d  b road-  
ening of the curve  occurs a t  negat ive  potent ia ls  s imi lar  
to tha t  seen at  h igh SO~ concentra t ions  in  DMF (3). 
I t  is possible tha t  this  b roaden ing  is due to a second 
reduct ion  process  such as the  d i rec t  reduc t ion  of 
S~O4-. I t  was also noted tha t  there  is a f a i r l y  large  
var ia t ion  in l imi t ing  cu r ren t  which  can be re la ted  
to the var ia t ion  in diffusion coefficient due to a cor-  
responding  var ia t ion  in so lvent  viscosity. 

The genera l  fea tures  of the po la rograms  in al l  sol-  
vents  wi th  TEAP as e lec t ro ly te  suggest  tha t  the 
reduct ion  of SO2 in these systems proceeds v ia  r e -  
actions [1]-[3] .  In  this case the shif t  in the  h a l f - w a v e  
po ten t ia l  can be re la ted  (3) to the  equ i l ib r ium con- 
s tants  Eal  and  Kd b y  the re la t ionship  

E'/= -- E ~ = --F In 1 + 2 Kd V= + --E-" [SO2] = [7] 

where [SO2] ~ is the bulk SOs concentration. 
Using the method described earlier (3), the dispro- 

portionation constant Kd was determined to be 1.5 in 
HMPA. The pulse polarogram for SO2 in AN (Fig. 
10) obtained using a positive potential sweep is quite 
different than that obtained in DMF or IIMPA. In 
AN, a fairly weak broad wave is observed at about 
--0.85V which is absent when the initial potential is 
held at the foot of the reduction wave. This indicates 
that SO32- is not produced in this reaction and that 
Kd -- 0.0 in AN. The broad wave at --0.85V is tenta- 
tively ass igned to the oxida t ion  of S204--. 

An es t imate  of the  s t anda rd  potent ia l  for the  p ro -  
cess SO~ + e ~ SO2- was obta ined  f rom the  peak  

AN 

F 

-2 -,:o -,'.; -}-2 .:3 
P O T E N T I A L  VS A g / A g + ( V )  

Fig. 9. Plots of log ( i / i d  - -  i )  against electrode potential on the 
basis of d-c polarographic data for the electroreduction of SO2 in 
various solvents as indicated containing 0.1 mol dm - 3  TEAP. 

f 2~A 

\ 

- is -I.4 -i.2 -t.o -o,~ -o.6 ..c~a 

POTENTIAL VS ~9/Ag+~V~ 

Fig. 10. Pulse polarogram for the oxidation of the reduction 
products of 10 - a  mol dm - a  S02 in AN containing 0.1 mol dm -~  
TEAP with initial potential as indicated. 

potent ia l  of the ou t -o f -phase  component  of the a -c  
admit tance.  Using the measured  d-c  po la rographic  
ha l f -wave  potent ia ls  and Eq. [7], values  of Eal  = 
0, 8400, and 17,000 dm ~ m o l - I  are  obta ined  in HMPA, 
DMF, and AN, respect ively .  F r o m  these results,  i t  is 
seen tha t  the solvent  has an impor t an t  effect on the  
s tab i l i ty  of the complex  and thus the reac t ion  mecha-  
nism. These resul ts  provide  fu r the r  evidence of the 
impor tance  of ion pa i r ing  in de te rmin ing  the posi t ion 
of equ i l ib r ium among the var ious  components  of the 
reac t ing  system. As the bas ic i ty  of the solvent  de-  
creases (20) (HMPA > DMF > AN) the ab i l i ty  of 
the cation in the sys tem to in te rac t  wi th  nega t ive ly  
charged components  of the react ion sys tem increases;  
thus, i t  appears  that  the nega t ive ly  charged  complex  
$204-  is most s table in AN where  it can most s t rongly  
in terac t  wi th  the cation, in this case, TEA + . 

The e lec t roreduct ion  of SO2 was also s tudied in 0.1 
mol d m - ~  solutions of LiC104 and NaC104 using each 
of the th ree  solvents. In these electrolytes ,  the ex-  
pe r imenta l  resul ts  are  compl ica ted  by  the appa ren t  
k ine t i ca l ly  l imi ted  reduct ion in HMPA and e x t r e m e l y  
s t rong adsorpt ion  of product  in AN. Because of these 
complications,  ve ry  few conclusions r ega rd ing  the 
effect of solvent  on the react ion mechanism could be 
reached.  Perhaps  the most  revea l ing  resul ts  are  the 
data  obta ined by  pulse po la rog raphy  recorded using a 
negat ive  sweep wi th  0.1 mol dm-Z  LiC104 e lec t ro ly te  
(Fig. 11). F rom these curves i t  is concluded tha t  the 
fo rmat ion  of d i th ioni te  is the  m a j o r  fo l low-on reac -  
t ion in AN and DMF. In HMPA (Fig. 11) the  s lope of 
the log ( i / i  d - -  i)  plot  is much la rger  (,,, 91 mV per  
decade)  and the ha l f -wave  potent ia l  is cons iderab ly  
more  posi t ive than  that  measured  using d -c  po la rog-  
raphy.  I t  is suggested tha t  this behavior  is the resul t  
of a kinet ic  l imi ta t ion  of the reduct ion  of SO2 in this 
system. 

The ve ry  s t rong product  adsorpt ion  tha t  occurs in 
AN leads to some curious results.  In LiCIO4 or  NaC104 
solutions, it  is not  possible to record  a d-c  po la ro-  
g ram because  the e lect rode becomes blocked by  the 
adsorbed  product .  As shown in Fig. 12, the no rma l  
pulse po la rogram recorded  in 0.1 mol dm -a  solut ion 
of LiC10~ in AN using an anodic sweep also shows 
d rama t i ca l l y  the effects of adsorpt ion.  In  this case a 
large  adsorpt ion  peak  is observed  at  ve ry  posi t ive 
potent ia ls  r a the r  than the no rma l  oxida t ion  waves 
seen when HMPA or  DMF are  used as the  solvent  
(Fig. 12). This gives the  no rma l  pulse  po la rogram a 

ve ry  unusual  appearance .  

Conclusions 
These studies have ind ica ted  tha t  the choice of 

solvent  and e lec t ro ly te  has a ma jo r  effect on the 
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the basis of pulse polarographic data for the electroreduction of 
SO~ in various solvents as indicated containing 0.1 real dm -3  
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Fig. 12. Pulse polarogram for the oxidation of the reduction 
products of 10 -3  real drn-3 S02 in various solvents as indicated 
containing 0.1 real dm-~ LiCl04. 

mechanism of reduction of sulfur dioxide in nonaque- 
ous media. The influence of solvent and electrolyte 
on the reaction mechanism can be interpreted in 
terms of ion pairing in the system. 

In DMF solution, it has been shown that, in solu- 
tions containing a large cation such as TEA + which 
leads to relatively weak ion-pairing, the reduction 

process proceeds via the free radical complex SzO4- 
during the initial stages of electrolysis. When a small 
cation such as Li+ is used, on the other hand, 
dithionite is formed directly by dimerization of the 
primary reduction product SO2-. In addition, it has 
been shown that the stability of $204- decreases with 
increasing basicity of the solvent. 

Manuscript submitted Feb. 9, 1981; revised manu- 
script received May 29, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by the 
De]ence Research Establishment Ottawa. This article 
was issued as DREO Report No. 849. 
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Electrocatalysis for Chlorine Electrode Reaction 
on RuO  Electrode in NaAICI4 Melt 

I. Uchida,* H. Urushibata, and S. Toshima 
Department of Applied Chemistry, Faculty o~f Engineering, Tohoku University, Aramaki-Aoba, Set~dai 980, Japan 

ABSTRACT 

In mol ten  A1C18-NaC1 wi th  nea r  equimolar  compositions,  e lec t rocata lys is  
of the chlor ine e lect rode react ion (2C1- = C12 -~ 2 e - )  on RuO2 electrodes h a s  
been inves t iga ted  at  175~ Mel t - s t ab le  RuO2 electrodes were  p r e p a r e d  b y  a 
the rmal  decomposi t ion method on semiconduct ive  SnO2 films deposi ted on 
P y r e x  substrates .  Tafel  re la t ionships  for chlor ine evolut ion and reduct ion  were  
s tud ied  as functions of p C I ( =  - - log  a c l - )  and  pa r t i a l  pressure  of C12, a n d  
severa l  k inet ic  pa r ame te r s  inc luding  reac t ion  orders  wi th  respect  to C1- a n d  
CI~ were  de te rmined .  The mechanis t ic  analysis  based on the theore t ica l  kinet ic  
der iva t ives  revea led  tha t  the chlor ine e lec t rode  react ion on RuO2 obeys a 
Volmer -Tafe l  type  mechanism under  the  ac t iva ted  Temkin  condit ion:  C1- = 
Clad d- e -  ( fast) ,  Clad -{- Clad ~ C!2 (s low).  The exchange cu r ren t  dens i ty  at 
the s t andard  condi t ion (pC1 = 1.1, Pc12 = 1 a tm)  was 132 _ 22 ~A/cm~, a n d  
this figure was found to be 15-20 t imes l a rge r  than  tha t  on glassy  carbon 
electrodes.  The difference of this e lec t roca ta ly t ic  ac t iv i ty  was ascr ibed  to the  
mechanis t ic  difference be tween  the two e lec t rode  mate r i a l s  and  not  to the  
difference of e lect rode roughness.  Capac i ty  da ta  to check this v iewpoin t  were  
also presented.  

Elect rocata lys is  of the chlor ine e lec t rode  reac t ion  in 
mol ten  sa l t  systems is of special  in teres t  f rom the 
v iewpoin t  of deve loping  mol ten  sal t  ba t t e r ies  and 
e lec t ro ly t ic  me ta l  winn ing  processes. The only  a n o d e  
m a t e r i a l  ava i lab le  so fa r  is carbon,  which  is not  suf-  
f icient ly s table  in  ch loroa lumina te  melts ,  showing con- 
s iderab le  swel l ing and dis in tegra t ion  (1, 2). In  p rev i -  
ous works  (3, 4), we have shown tha t  Sb -doped  tin 
oxide  acts as s table  work ing  electrodes for chlor ine 
evolution.  High ly  doped SnO2 having  ca r r i e r  densi t ies  
of the o rde r  of 1O 20 cm -8 behaves  as an e lec t ron-  
tunnel ing  e lec t rode  which al lows the e lec t ron to pass 
th rough  the space charge layer  formed at  the semi-  
conduc to r /me l t  in ter face  (5).  The compara t ive  s tudy  
ca r r i ed  out  on SnO2 and glassy carbon (GC) electrodes 
showed tha t  the polar iza t ion  behav ior  for chlorine 
evolu t ion  on SnO2 increas ing ly  approached  tha t  on 
GC wi th  increas ing car r ie r  dens i ty  (4). In  this case, 
however ,  e lec t roca ta ly t ic  ac t iv i ty  would  not be ex -  
pected for  SnO2 elect rodes  because the e lect ron tun -  
ne l ing  process governs  the chlor ine  evolution.  Con-  
s ider ing  tha t  SnO2 can be ut i l ized as a ca ta lys t  sup-  
po r t  and a cu r ren t  collector,  we have proposed  the 
poss ib i l i ty  of developing  DSA- type ,  SnO2-based elec-  
t rocata lys ts  usable  in mel ts  by  app ly ing  the ox ide-  
coat ing techniques employed  in the  product ion  of 
DSA. 

DSA-type electrodes used for the electrolysis of 
brine have a multilayer structure consisting of the 
upper layer of electrocatalyzers such as RuO2 and 
the intermediate layer of titanium dioxide acting as 
the catalyst support which is formed on the under- 
lying titanium substrate (6), and their physicochemi- 
eal properties and electrochemical behavior have been 
studied extensively (7-12). Specially for chlorine 
evolution, a number of studies have been carried out 
with various electrochemical techniques (13-17). 
I ~ a k u r a  et  aL s tudied the react ion mechanism and 
ca ta ly t ic  ac t iv i ty  for  chlor ine  evolut ion on severa l  
kinds of me ta l  oxides (RuO2, IrO2, MnO2 etc.) on the 
basis of crys ta l  field theory  (18, 19). Kazar inov  et aL 
r epor ted  the double  l aye r  s t ruc ture  on Ru-T i  oxide 
anodes in var ious  e lec t ro ly te  solutions (20), and Rol l -  
son et al. inves t iga ted  the e lec t rochemical  behav ior  of 

* Electrochemical Society Active Member. 
Key words: fused salts, Tafel slope, electrocatalysis, anode. 

RuOx electrodes in organic  solvents  (21). Al though  
there a re  so m a n y  works  concerning ru then ium oxide 
anodes, no workers  have repor ted  the e lec t roca ta ly t ic  
effect of ru then ium oxide on chlor ine evolut ion  in 
mol ten  sal t  systems. 

One of the problems  for the use of  so-ca l led  D S A -  
type  anodes in chlor ide  melts  is the ins tab i l i ty  of Ti 
substrates.  I f  the oxide anode has a p inhole  or a crack  
and Ti meta l  comes into contact  wi th  melt ,  anodic 
dissolution of Ti wil l  take  place vigorously.  To avoid 
this problem,  ru then ium oxide used in this work  w a s  
prepa red  on SnO2 films on P y r e x  substrates .  Wi th  
the electrodes thus prepared ,  we examined  the elec-  
t roca ta ly t ic  effect for  chlor ine evolut ion  and the r e -  
duction in this mel t  sys tem at 175~ and car r ied  out  
the mechanis t ic  s tudy  using kinet ic  pa rame te r s  col-  
lected under  var ious  conditions.  In comparison wi th  
the kinet ic  behavior  of the chlor ine e lect rode r e a c -  
t ion on glassy carbon electrodes in the  same me l t  
sys tem (22), the sal ient  fea ture  of r u then ium oxide 
as the e lec t roca ta lyzer  has been  demonst ra ted .  

Experimental 
Melt preparation.--The AR grade  NaCI and A1C18 

which was rendered  iron free by  subl imat ion  were  
mixed  under  a d ry  n i t rogen atmosphere .  Af te r  me l t -  
ing the mixture ,  a sequence of purif icat ion procedures  
(HC1 gas t rea tment ,  A1 displacement ,  and p ree lec t ro l -  
ysis)  was pe r fo rmed  as descr ibed p rev ious ly  (23, 24). 

EZectrodes.--Ruthenium oxide was p r e p a r e d  on Sb-  
doped tin oxide films wi th  the rmal  decomposi t ion of 
RuC18. The SnO2 films were  p repa red  on r ec t angu la r  
P y r e x  glass plates  b y  a sp ray  method  using t i n ( IV)  
chlor ide  solution containing 5 mol  percen t  (m/o )  
SbC13 (23). A di lute  n -p ropano l  solution of RuC13. 
3H20 (0.02M) was appl ied  to the thin SnO2 film by  
the dip coating method,  and then the l iquid film of 
RuCI3 on the SnO2 subs t ra te  was dr ied  in an oven 
at  120~ for 30 rain and hea ted  in a i r  at  5O0~ for 
20 rain. This procedure  was r epea ted  20 t imes to 
a t ta in  un i form coating of the oxide film, and f inal ly 
the e lect rode thus p repa red  was annea led  for  10 hr  a t  
500~ in air. 

Visual  inspect ion showed that  the SnO2 film was 
covered wi th  a b lue-b lack ,  compact  l aye r  wi th  sa t i s -  
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fac to ry  uniformity.  SEM observa t ion  revea led  a po re -  
free s t ructure,  and x - r a y  analysis  showed the presence 
of a l l  the pr inc ipa l  l~uO2 peaks  in compar ison  wi th  
those of ASTM cards (Fi le  No. 21-1171). The unde r -  
ly ing  SnO2 film acts as a ca ta lys t  suppor t  as wel l  as 
a cur ren t  collector.  The adhesion of RuO2 to SnO2 was 
proved qui te  sat isfactory.  No damage  was observed  
when the e lec t rode  was subjec ted  to gent le  scraping 
or the rmal  shocks. 

The e lec t r ica l  contact  wi th  the e lec t rode  was made  
through a gold layer  which was p r in t ed  on the SnO2 
film by using a gold pa in t  (C-5040, Sumitomo Mining 
Company) .  The unnecessary  pa r t  of the oxide  surface 
and the gold contact  were  insula ted  wi th  a th ick  l aye r  
of Teflon coat ing (30-J, Mitsui  F luorochemica l  Com-  
pany) .  These techniques were  descr ibed in previous  
pape r  (23). Detai ls  of the e lec t rode  construct ion are  
shown in Fig. 1. Herea f te r  this  type  of e lect rode is 
cal led the SnOe-based RuO2 electrode.  

P r io r  to exper iments ,  the e lect rode surface was 
s l ight ly  pol ished wi th  fine a lumina  powder  (0.3 #m, 
Buehier  L imi ted)  and  degreased  wi th  a methanol  solu-  
t-ion of NaOII.  Then, i t  was soaked in a mixed  acid 
of concent ra ted  HNO3 and H2SO4 for 1 hr  and washed 
thoroughly  wi th  dist i l led water .  Af te r  the above  sur -  
face conditioning,  the  e lect rode was dr ied  in an oven 
(120~ for 12 hr. 

Glassy  carbon electrodes (GC) were  sealed into 
P y r e x  tubes as descr ibed prev ious ly  (25). Thei r  sur-  
face condi t ioning was s imi lar  to tha t  of the RuO2 
electrode.  The countere lec t rode  was a W sheet  w i th  a 
large  area. 

Two types of reference  electrodes,  whose construc-  
tions were  descr ibed  prev ious ly  (22), were  used:  the  
Al  reference  e lect rode confined in a P y r e x  bulb  (mem-  
b rane  type)  and  the chlor ine e lect rode on a large  a rea  
GC rod under  an a tmospher ic  pressure  of chlor ine (gas 
e lec t rode  type) .  The mel t  composi t ion of the r e fe r -  
ence room was an NaCl - sa tu ra t ed  NaA1C14 melt .  A l l  
the potent ia ls  quoted wi thout  descr ipt ion are  given 
wi th  respect  to the gas electrode.  

Apparatus and procedures. lExperiments  were pe r -  
fo rmed in a P y r e x  vessel  at  175~ The e lec t rochemical  
cell  assembly  equipped  wi th  gas de l iver ing  systems 
(N2 and C12) and a t empera tu re  control  sys tem were  
essent ia l ly  the same as tha t  in previous  works  (22, 

Fig. 1. Electrode construction of the SnO2-based Ru02 electrode. 
a, Au lead; b, printed Au layer; c, Pyrex; d, SnO2-based Ru02 
covered with Teflon; e, SnO2-based Ru02 electrode surface. 

23). Ni t rogen  gas was rendered  oxygen  free by  pass-  
ing i t  th rough  hea ted  copper fibers and dry ing  i t  wi th  
anhydrous  Mg(C104)~ and P205. Chlorine gas was 
dr ied  by  passing i t  th rough  concent ra ted  H2SO4 and 
anhydrous  Mg(C104)2. The gas de l iver ing  sys tem had 
a gas mixing  chamber  where  N2 and C12 were  mixed  
at  a des i red  rat io.  The gas mix tu re  was blown into 
the me l t  for 1 h r  and a l lowed to flow over  the me l t  
dur ing  the exper iments .  The gases sampled  f rom the  
mixing  chamber  were  subjec ted  to iodomet ry  for 
de te rmina t ion  of the pa r t i a l  pressure  of  chlor ine  (22). 

The concentra t ion of chloride ion depends  on the 
mel t  composit ion (NaC1 + A1C13). At  the equ imolar  
composition, chlor ide  ion ac t iv i ty  de t e rmined  b y  the 
ac id-base  equ i l ib r ium of Eq. [3] is 10 -2.5~ ( - - l og  
a c l -  = 2.54 : pC1) (29). The highest  ac t iv i ty  of C1- 
(pC1 = 1.1) is a t ta ined  in the me l t  sa tu ra ted  wi th  
NaC1 (49.75 m/o  A1Clz) which is used as the s tandard  
s tate  in this mel t  (29). Al l  the measurements  ca r r i ed  
out in this w o r k  were,  therefore,  s ta r ted  wi th  this 
s t andard  condition, and then  pC1 was changed by  
pa r t i a l  electrolysis.  P a r t  of chlor ide  ion in the cell 
compar tmen t  which was separa ted  f rom a counter -  
e lect rode with  a f r i t t ed  disk was removed  coulo- 
me t r i ca l ly  by  chlor ine evolution,  and the exact  pC1 
value  was de te rmined  f rom the shif t  of chlor ine  elec-  
t rode  potential .  The use of the off-gas react ion to 
change pC1 and of the gas e lect rode as a pC1 indica-  
tor  e lect rode were  descr ibed p rev ious ly  (22). 

Measurements  of vo l t ammograms  and different ia l  
capacit ies  were  carr ied  out  as descr ibed p rev ious ly  
(22-24). Fo r  measurements  of Tafel  re la t ionships ,  a 
logar i thmic  amplif ier  (Ph i lb r ick  Nexas,  4350) was 
used for curve tracing. Tafel  plots were  a lways  s ta r t ed  
f rom the rest  potent ia ls  wi th  a scan ra te  of 1 mV/sec  
and were  recorded on an X - Y  recorde r  (Watanabe  
Denki,  WX 4401). 

Results and Discussion 

Electrode roughness.--Many workers  observed la rge  
background  cur ren t  levels  of the  o rde r  of severa l  
m A / c m  2 in aqueous systems wi th  thei r  RuO2 electrodes 
p repa red  on Ti subs t ra te  (8-12), ascr ibing the 
anomaly  to e lect rode roughness.  The surface roughness  
is an impor t an t  factor  in calculat ion of the exchange 
current  density,  which is a measure  of the e lec t ro-  
cata lyt ic  ac t iv i ty  to be examined  in this s tudy.  In  
o rde r  to check the roughness  of our  RuO2 electrodes 
p repa red  on SnO2, the dif ferent ia l  capac i ty  and back-  
ground cyclic vo l t ammograms  were  measured  and 
compared  wi th  those of meta l  e lectrodes as shown in 
Fig. 2 and 3. The anodic l imi t  of the mel t  is chlorine 
evolut ion tak ing  place  at  potent ia ls  posi t ive to ca. 
2.1V vs. A1, and we have the double  l aye r  region at  
less noble potentials .  The capaci ty  value  of the SnO~- 
based RuO2 e lec t rode  in the double  l aye r  reg ion  was 
25-30 ~F/cm 2 on the basis of geometr ic  area, which is 
comparable  to those of P t  and W electrodes,  while  
the GC showed la rge  discrepancy.  Fe l lne r  et aL r e -  
por ted  that  the double  l aye r  capaci ty  on Hg electrodes 
in the mel t  at  160~ is 14-20 ~ / c m  2 at  a potent ia l  
range  f rom 0.1 td 0.7V vs. A1 (26). Adopt ing  Fe l lners '  
value  as a t rue capaci ty  of the double  layer ,  we m a y  
conclude tha t  the roughness  factor  of our RuOa elec-  
t rode  is 1.5-2.0, whi le  tha t  of GC is 6-8. This fea ture  
was confirmed by  the background  vo l t ammograms  
shown in Fig. 3. 

The background  cur ren t  levels  for GC observed in 
the double l aye r  region were  severa l  t imes as large  
as those for  the  RuOe electrode, whereas  the  anodic 
cur ren t  due to chlor ine evolut ion increased more 
r ap id ly  on the RuOe electrode,  than  on GC despi te  its 
l ower  roughness,  indica t ing  the m a r k e d  ca ta ly t ic  ac-  
t iv i ty  of the RuO2 electrode.  I t  is wide ly  accepted tha t  
the roughness of T i - suppor ted  RuO2 electrodes la rge ly  
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Fig. 2, Capacity vs. potential curves for different electrode ma- 
terials in the melt of pCI - -  1.1 at f = 1 kHz. a, GC; b, W; c, 
Pt; d, SnO2-based Ru02. 

depends on coating methods and annealing conditions 
(7-12). The estimated values of their roughness factor 
show large scattering; below I0 (21) and 8-20 (10) 
for compact RuOe electrodes and 60-200 (10) and 
above 200 (9) for porous RuO2 electrodes. Rolison 
et al. prepared Ti-supported RuOx electrodes with low 
roughness factors below 10 and observed low back- 
ground current levels less than 100 /~A/cm~ (21), 
which are comparable to the background current 
levels obtained in this work. Similarly low current 
levels were also observed in aqueous solutions with 
SnO2-based RuO2 electrodes (27). All the evidence col- 
lected with SEM observation, capacity measurements, 
and background voltammograms, therefore, indicates 

(a) 

I50/J.Acn~ 2 

J 
A ( b  
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Fig. 3. Background cyclic traces in the melt of pCl  = 1.1 at 
v - -  50 mV sec - I .  (a) SnO2-based RuO2 electrode, (b) GC elec- 
trode. 

that the real surface area of our RuO~ electrode is 
not considerably different from the geometric area, the 
ratio of the real to the geometric area being estimated 
to be two at most. The causes of the low roughness 
can be attributed partly to the optically flat surface of 
the Pyrex substrate, the use of dilute coating solutions 
(0.02Nl RuC13), and the relatively long annealing 

time (10 hr at 500~ 

Comparison oi Tafel plots between SnOz-based 
Ru02 and GC electrodes.--Figure 4 shows the Tafel 
plots for chlorine evolution and reduction in the melt 
of pCl _-- 1.1 on (a) GC and (b) RuO2 electrodes. At 
low overpotentials chlorine evolves from free chloride 
ions whose activity is specified by the pCl value, and 
the current plateau is ascribed to the diffusion process 
of C1- (28), because the limiting value depends on 
pC1, irrespective of electrode materials. The cath- 
odic limiting current is due to the diffusion of CI~ 
(22), depending on the partial pressure of CI~. 

There are two overall reactions concerning chlorine 
evolution 

Cls + 2e- = 2CI- [i] 

2A/~C17- + Cls + 2e- -- 4A/C14- [2] 

The standard potential of reaCtion [2] is located at 
0.62V positive to the potential of reaction [1] (pC1 ---- 
1.1, PCl2 ---- 1 arm) according to the thermodynamic 
calculation using the equilibrium constant (K ---- 1.06 
• 10 -7) of the following acid-base reaction (29) 

2AlCh- = A12C17- 4- C1- [3] 

In the present study, we are concerned with reaction 
[1], which is the primary reaction taking place at low 

pC1 and low overpotentials. 
The polarization behavior obtained during reverse 

scanning is not shown in Fig. 4 for simplicity. Deep 
scanning (0 "~ 500 mV) resulted in so-called hysteresis 
curves and subsequent scanning showed different 
results. However, those changes in the polarization 
easily recovered to the original one by agitating the 
bulk melt, and irreversible changes indicating surface 
degradation were not observed. The hysteresis effect 
is ascribed to the change in pC1 at the electrode sur- 
face. 

The chlorine evolution on semiconductive SnO2 
electrodes is less reversible than that on GC as re-  
ported previously (4). Hence, the reversible be- 

I 

0-3 / (a) 

0.1 

> 0 ' 

-o.1 " ' -  

-0.2 

-0.3 

-0.4 
-5 , - -  - - 2  

[og( i I Acnff 2) 
Fig. 4. Comparison of Tafel plots between SnO2-based RuO2 and 

GC electrodes in the melt of pCI ~ 1.1 under an atmospheric 
pressure of CI2. (a) GC electrode, (b) SnO2-based RuO2 electrode, 
(c) curve (b) corrected for concentration overvoltages. 
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havior  of cu rve  (b) is obviously  ascr ibed to the  ac-  
t iv i ty  of the e lec t roca ta lyzer  p r epa red  on SnO2. Be-  
cause of the improved  revers ib i l i ty ,  the  Tafel  region 
of the  RuO2 electrode is na r row  and l a rge ly  curved,  
showing a g rea t  pa r t i c ipa t ion  of the diffusion process. 
In  o rde r  to obta in  k inet ic  parameters ,  the concent ra-  
tion overvol tage was cor rec ted  wi th  the convent ional  
method  descr ibed by  Ve t te r  (30). The dot ted  l ine in 
Fig. 4 shows the correc ted  Tafe l  plots.  The anodic  
(b+)  and cathodic ( b - )  Tafel  slopes were  72 • 8 
and --105 + 8 mV/decade ,  respect ively ,  and the ex-  
change cu r ren t  densi ty  (io) based  on the geometr ic  
a rea  was 132 • 22 ~ k / c m  2 for severa l  exper iments .  
The io value  on GC was 8.9 #A/cm 2 based on the geo-  
metr ic  area, be ing  in good ag reemen t  wi th  the previous  
result ,  8.6 • 0.8 ~A/cm 2 (22). Compar ing  the two /o'S 
i t  is seen tha t  the  fo rmer  value  is 15 t imes l a rge r  
than  the la t te r  value,  or more  if t ak ing  into account  
the h igher  roughness  of GC electrodes.  The  e lec t ro-  
ca ta ly t ic  ac t iv i ty  of the RuO2 elect rode is therefore  
qui te  noticeable.  

The reaction mechanism on Ru02 electrode.uFor 
the  overa l l  reac t ion  [1], the fol lowing e l emen ta ry  re -  
actions have been proposed (1, 22, 31-33) 

overa l l  

2CI-  : C12 -I- 2 e -  

C1- = Clad + e -  [4] 

Clad + C 1 -  = C12 + e -  [5]  

Clad + Clad = CI~. [6] 

Using the s toichiometr ic  n u m b e r  (~) defined by  re -  
act ion [7], one can specify  possible  combinat ions  of 
the  above e l emen ta ry  reac t ions  

v = RT [7] 
E - e 0  

Near -equ i l i b r ium polar iza t ion  behav ior  (i vs. E) ob-  
ta ined  in the mel t  of pC1 = 1.1 is shown in Fig. 5, the  
so-ca l led  polar iza t ion  resistance,  (OE/Oi)~_~o, being 

easi ly de te rmined .  The v va lue  ca lcula ted  f rom the 
io and the n ( =  2) values  was 0.94, being close to 
uni ty.  Therefore ,  the reac t ion  mechanisms  correspond- 
ing to the fact  tha t  v = 1 a re  three  combinat ions  of 
t hem 

t j  
.< 

~  

iG 60- 

4 0 - ~  

20 

I I 

0 4 8 -8 -4 

-4O. 

-60- . 
Ic  

E I m V  

Fig. 5. Micropolarization behavior of SnO2-based RuO2 electrode 
in the melt of pCI ~ 1.1 under Pc]2 ~ 1 atm. 

(A) fast, reac t ion  [4] + slow, reac t ion  [5] 

(B) fast, react ion [4] + slow, react ion [6] 

(C) fast, reac t ion  [5] + slow, reac t ion  [4] 

The ra te  equat ions for  the above react ion schemes 
have  to involve  some adsorp t ion  i so therm which the 
adsorbed  in t e rmed ia te  obeys. Langmui r ,  nonac t iva ted  
Temkin,  and  ac t iva ted  Temkin  isotherms are  appl ied  in 
fo rmula t ing  the ra te  equations,  and  then  the theoret ical  
kinet ic  pa ramete r s  a re  subjec ted  to comparison wi th  
the expe r imen ta l  values  to de te rmine  which react ion 
scheme is the most  probable .  Mechanist ic  analysis  based 
only on Tafel  slopes, however ,  would fa i l  in the de te r -  
mina t ion  because some of the isotherms y ie ld  the same 
Tafel  slope for the different  schemes. In  connection 
wi th  this, k inet ic  analyses  based on react ion orders  are 
quite informat ive .  In  a previous  s tudy (22), the r e -  
act ion orders  wi th  respect  to C1- and C12 p layed  de-  
cisive roles in de te rmin ing  the react ion mechanism of 
chlorine electrode react ion on GC elect rode in the 
melt .  

F igures  6 and 7 show the dependence  of Tafel  plots  
on pC1 and Pc12 (par t i a l  pressure  of CI~), where  the 
concentra t ion overvol tages  are  correc ted  for each plot.  
Cathodic Tafel  plots showed s l igh t ly  curved fea tures  
which  were  p r e suma b ly  due to expe r imen ta l  unce r -  
t a in ty  of the  cathodic diffusion cur ren t  (idc). The cor-  
rect ion t e rm (1 --  i/ida) is v e r y  sensi t ive to the iac 
va lue  because ava i lab le  i values  are  l imi ted  only to one 
o rde r  range  be low the  idc. U s i n g  those data,  we can 
obtain six kinet ic  pa ramete r s ;  th ree  reac t ion  orders  of 
io, ia, and  ie wi th  respect  to CI - ,  and also s imi la r  th ree  
pa ramete r s  wi th  respect  to C12. The former  three  p a -  
r amete r s  were  ca lcu la ted  f rom Fig. 8, where  anodic 
cu r ren t  values  (ia) a t  E .~ 0.105V, cathodic cu r ren t  
values  (i~) a t  E --  --0.030V, and io values  a re  p lo t ted  
agains t  - -pCI  ( = I o g a c l - )  a t  a constant  Pcl~ ( - - 1  
arm) .  The l a t t e r  ones were  ob ta ined  f rom Fig. 9 
where  ia and ir a t  E = _0.080V and io were  p lo t ted  
agains t  pa r t i a l  pressures  of CI~ at  a constant  pC1 
( =  1.1). The react ion orders  thus collected are  sum-  
mar ized  in Table 5. 

0.14 

0.10 

0.06 

0.02 
> 0 
I..iJ -0.02 

-0-06 

-0.I0 

-..,%.o\ 

i 

Fig. 6. pCI dependence of Tafel plot for chlorine electrode on 
SnO2-based RuO2 in NaAICI4 melts under an atmospheric pressure 
of CI2 at 175~ ( Q )  pCI ~ 1.1, ( e )  pCI ~ 1.58, (11) pCI ~- 
1.78, ( A )  pCI ---- 2.02. 
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Fig. 7. PcI2 dependence of Tafel plot for chlorine electrode on 

SnO2-based RuO2 in a NaAICI4 melt of pCI ~ 1.1 at 175~ ( � 9  
Pc12 ~ 1 atm, (O)  Pc]2 = 0.52 atm, (11) Pct2 ~ 0.22 atm, (A )  
Pc12 = 0.11 atm. 
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Fig. 8. pCI dependence of current (i) under a constant PcI2 ( :  1 
atm). a, Anodic current densities at E ----- 105 mV; b, cathodic cur- 
rent densities at E ~ - -30  mV; c, exchange current densities. 

The da ta  shown in Table  I were  inspected  first f rom 
the v iewpoin t  of the  i, derivat ives ,  which  mus t  be 
the  most  re l i ab le  pa r ame te r s  because the i r  definit ion 
does not  involve  any  a r b i t r a r y  choice of e lec t rode  po-  
tential .  The theore t ica l  i ,  der iva t ives  wi th  respect  to 
pC1 and Pc~ are  t abu la t ed  in Table  I I  for the mecha-  
nism (A) ,  (B),  and  (C) wi th  the th ree  adsorpt ion  

Table I. Experimental reaction orders with respect to C I -  and 
CI2 on a RuO2 electrode in NaAIC[4 melt at 175~ 

(0 log io/O log acl-)Pmr 0 

(O lOg io/O log Pen~)pm 0.6 

(O log i . /O log ac]-)E, Pcl~ 1.2 

(0 log igO log acl-)E, PC12 --1.1 

(O log ia/a log Pen~)E, ~cl 0 

(0 log i d a  log Pm2)E, ~c~ 1.0 

-2.5 

-3.0 

U 

-3.5 
O1 
O 

-4.0 

-4.5 

a �9 
o, �9 ,o t l ~  

b J "  
E l f  

. J  

-io -o16 -0'.2 6 
log( Pa2/at m) 

Fig. 9. PCl2 dependence of current (i) at a constant pCI ( =  1.1). 
a, Anodic current densities at E = 80 mV; b, cathodic current 
densities at E = - -80  mV; c, exchange current densities. 

isotherms.  The table  was constructed on the bases of 
our calculat ions descr ibed p rev ious ly  (22) and l i t e r a -  
ture  (34). Since the expe r imen ta l  i .  der iva t ives  are  0 
wi th  respect  to C1- and 0.6 wi th  respect  to C12, i t  ~s 
seen at  first glance tha t  mechanism (B) under  the  
ac t iva ted  Temkin  i so therm is the  most  p robab le  
scheme. 

The va l id i ty  of the Temkin  condi t ion can be seen 
in the anodic and Cathodic reac t ion  orders  wi th  re -  
spect  to C1-. Table  I I I  shows both  theore t ica l  r eac -  
t ion orders  for  mechan i sm (B) wi th  the  different  iso-  
therms (22, 35). Apparen t ly ,  on ly  the  ac t iva ted  Temkin  
isotherm gives a t endency  consistent  wi th  the resul ts  
shown in Table I. This mechanis t ic  conclusion was 
also confirmed by  comparison be tween  the theore t ica l  
and expe r imen ta l  react ion orders  wi th  respect  to C12. 
As shown in Table IV, the former  values  for the anodic 
and cathodic processes are  0 and 1, being in exce l len t  
ag reement  wi th  the expe r imen ta l  values.  

Fo r  mechanism (B) under  ac t iva ted  Temkin  con- 
dition, the fol lowing ra te  equat ion is der ived  (22, 36), 
assuming a quas i - equ i l ib r ium state for the fast  p ro -  
cess, reac t ion  [4] 

kr 
fast, e l -  ~ Clad -]- e -  

k - 4  

k6 
slow, Clad--~ Clad ~ C12 

k - 6  

i = 2Fk6 (/{4) 2c1-~)aci-2<1-~) exp [2 (1 --/~) yE] 

-- 2Fk-6  (K4) -2/3act- -2/3Pc12 exp (--2fi lE)  [8] 

where  K4 : k4/k-4,  f : F /RT,  fl is the symmet r i c  
factor  of the adsorpt ion  process, and E is the poten t ia l  
difference f rom the reference  electrode.  Neglect ing  the 
b a c k w a r d  reaction,  we obta in  Tafe l  re la t ionships  
for the  anodic and cathodic  processes 

l n i a  = In (2Fk6) + 2(1 - -  8) In  (K4) 

+ 2(1 --  8) In ( a c l - )  + 2(1 --  ~) fE [9] 

Inic  • In (2Fk-6)  --  2~in  (K4) 

--  2flln ( ac ] - )  + In (Pc12) --  2ME [10] 

The kinet ic  der iva t ives  shown in Table IV are  eas i ly  
ob ta ined  f rom react ions  [9] and  [10]. Some of the  
reac t ion  orders  involve  the p a r a m e t e r  fi, which is u s u -  
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Table II. The theoretical reaction orders (io derivatives) with respect to C I -  and CI2 in the chlorine electrode reaction 

Langmuir 

Nonactivated Activated 
e : 0 0 : 1 Temkin Temkin 

Mechanism x y x y x y x ~/ 

(A) 0,~ 0.7~ 0.~ 0.2~ 0.5 0.75 0.5 0,5 
(B) 0 1 0 0 0 1 0 0.5 
(C) 0.5 0.25 0.5 - 0.25 0.5 0.25 0.5 0 

In calculations, symmetry  factor of electron transfer step (c~) and adsorption step (~) were assumed as 0.5. x = (a log io /a  log 
aol-)Pel ~, y = (8 log io/O log Pol~)~cl. 

Table III. The theoretical reaction orders with respect to C I -  for 
mechanism (B) under different adsorption isotherms 

Langmuir 

Reaction order 8 ~- 0 0 ~ 1 

Nonacti- Acti- 
vated vated 

Temkin TemKin* 

(0 log ia/0 log ao~-)E, Pcl~ 2 0 2 1 

(0 log ic/a log acl-)B, Pr 0 - 2  0 -1  

*/~ = 0.5. 

Table IV. Theoretical Tafel slopes and reaction orders for 
mechanism (B) under activated Temkin condition 

(a log io/O log acl-)ecl = 0 

(a log io/O log Pcl~)~cl 1 - B 

(0 log i~/a log aCId)E, ecl ~ 2(1 -- ~/ 

(0 log ir log acl-)~, rct 2 -2fl 

(o log iala log Pci~)~, ~r 0 

(O log ir log Pcl=)E, vc~ 1 

(OE/O log ia) 1/2(1 - #)f* 

(aE/a log ie) - 1/2#]' 

* f' = F/2,3RT. 

a l ly  r e g a r d e d  as 0.5 as a s sumed  in the  f o r e g o i n g  sec-  
tions. Thus  the  # value ,  w h i c h  can  be  ca l cu la t ed  w i t h  
the  da t a  s h o w n  in Tab l e  I, m a y  be  used  to e v a l u a t e  
the  cons i s t ency  of  o u r  conclusion.  The  ca lcu la t ed  
was 0.4 f r o m  the  io de r iva t i ve ,  and  0.4 and  0.55 
f r o m  the  r eac t ion  o rde r s  w i t h  r e spec t  to C l - .  Us ing  
the  a v e r a g e  v a l u e  of  # ( =  0.45), we  can  also ca lcu la te  
the  t heo re t i c a l  Ta fe l  slopes;  b+ -~ 80.9 m V  and  b -  - -  
--98.9 mV, be ing  in good a g r e e m e n t  w i t h  the  e x -  
p e r i m e n t a l  r esu l t s  (b+ = 72 • 8 m V  and  b -  ---- --105 
_ 8 m V ) .  Thus  the re  is no incons i s t ency  in ou r  m e c h -  
anis t ic  analysis .  

The  po la r i za t ion  b e h a v i o r  of  the  RuO2 e l ec t rode  
s h o w n  in Fig. 4 is aga in  r e p r e s e n t e d  in a d i f f e ren t  
m a n n e r ,  t a k i n g  into  accoun t  the  p r e s e n t e d  reac t ion  
mechan i sm.  The  r a t e  e q u a t i o n  [8] can be  r e w r i t t e n  
as fo l lows  

i / [ 1  - -  e x p  ( - - 2 ~ ) ]  = / o e x p  [ 2 ( 1  - -  # ) f n ]  [ 1 1 ]  

w h e r e  ~ is the  ove rvo l t age .  I n  th is  case  t he  r e f e r e n c e  
e lec t rode  is the  r e v e r s i b l e  ch lo r ine  e l ec t rode  (pCl  - -  
1.1, Pc12 = 1 a rm) ,  h e n c e  ~ -=-- E fo r  the  cond i t ion  of  
Fig.  4. S ince  the  b a c k w a r d  reac t ion  is not  e m i t t e d  in  
r eac t ion  [11], t he  p lo t  of log  {i / [1  --  exp  ( - - 2 f ~ ) ] }  v s .  

descr ibes  the  po l a r i za t i on  b e h a v i o r  c o r r e c t e d  for  
the  b a c k w a r d  r eac t ion  ra te  o v e r  a b r o a d  r a n g e  of  
c u r r e n t  dens i ty  (37) and  gives  a s t r a igh t  l ine  w i t h  
the  s lope of  2(1 --  # ) F / 2 . 3 R T .  F i g u r e  10 shows this  
r e l a t i onsh ip  in a po t en t i a l  r ange  w h e r e  the  c o n c e n t r a -  
t ion o v e r v o l t a g e  can  be neg l ig ib le .  The  # v a l u e  

( - - 0 . 4 5 )  o b t a i n e d  f r o m  the  s lope and  the  io v a l u e  
at  ~ ---- 0 aga in  co inc ided  w i t h  the  above  values .  

Consequen t ly ,  the  ch lo r ine  e l ec t rode  r eac t ion  on 
RuO2 in NaAICl4 m e l t  w i t h  n e a r  e q u i m o l a r  compos i -  
t ions occurs  accord ing  to a V o l m e r - T a f e l  mechan i sm,  
w h e r e  the  Ta fe l  r eac t ion  ( a t o m - a t o m  r e c o m b i n a t i o n )  
is a r a t e - d e t e r m i n i n g  s tep for  bo th  anodic  and  ca th -  
odic react ions .  This  m e c h a n i s m  is in con t ras t  w i t h  
tha t  on GC, w h i c h  obeys  a V o l m e r - H e y r o v s k y  t y p e  
m e c h a n i s m  i n v o l v i n g  the  H e y r o v s k y  r eac t i on  ( a t o m -  
ion  r e c o m b i n a t i o n )  as a r a t e - d e t e r m i n i n g  step, i.e., 
m e c h a n i s m  (A)  as r e v e a l e d  p r e v i o u s l y  (22). M e c h a -  
n i sms  (A) ,  (B) ,  and  (C) a r e  ana logous  to the  
m e c h a n i s m  of h y d r o g e n  e l ec t rode  in aqueous  systems.  
I t  is w i d e l y  accep ted  tha t  in acidic  so lu t ions  the  h y -  
d r o g e n  e v o l u t i o n  on h i g h l y  ca ta ly t i c  subs t ra tes  such  
as P t  obeys  the  V o l m e r - T a f e l  mechan i sm,  w h i l e  the  
V o l m e r - H e y r o v s k y  m e c h a n i s m  p reva i l s  on  o t h e r  m e t -  
als such  as Au  and Ni, g iv ing  s m a l l e r  e x c h a n g e  cu r -  
r e n t  dens i t ies  (38). S i m i l a r  k ine t i c  co r re l a t ion  seems 
to be  app l i ed  to ch lor ine  e v o l u t i o n  in  aqueous  sys tems.  
S e v e r a l  au thors  sugges t ed  t h a t  the  r a t e - d e t e r m i n i n g  
s tep of t he  ch lo r ine  e v o l u t i o n  is the  Ta fe I  r eac t i on  on  
R u e 2  e lec t rodes  (6, 16, 39) and  the  H e y r o v s k y  r eac t i on  
on v i t r eous  (39) and  g raph i t e  e l ec t rodes  (40). T h e  
e l ec t roca t a ly t i c  a c t i v i t y  of  R u e 2  e lec t rodes  in  t he  
mel t ,  w h i c h  is associa ted  w i t h  the  Ta fe l  reac t ion ,  m a y  
be  u n d e r s t a n d a b l e  f r o m  this  p h e n o m e n o l o g i c a l  aspect .  

Conclusions 
R u t h e n i u m  ox ide  e lec t rodes  h a v e  a no t i ceab le  e l ec -  

t roca t a ly t i c  effect  on the  ch lo r ine  e l ec t rode  r eac t ion  in  
m o l t e n  NaA1C14. The  e x c h a n g e  c u r r e n t  dens i ty  a t  the  
s t a n d a r d  condi t ions  (pC1  ---- 1.1, Pc12 ---- I arm, at  
175~ is 132 _ 22 # A / c m  2, wh i l e  the  co r r e spond ing  {o 
on GC is 8.9 ~ A / c m  2. The  ch lo r ine  e v o l u t i o n  obeys  
a V o l m e r - T a f e l  type  m e c h a n i s m  u n d e r  the  ac t i va t ed  
T e m k i n  condi t ion  

C1- - -  Clad + e- ( fas t )  

Clad + Clad ~ C12 (slow) 

~ -3.0 . . . . . .  

~-3.5 , . . ~ ~  
~- e~o.O,.,...,r ~ 
I e e e ~ e ~  

-40 , ~ . ~  

-4.5 
-20 -16 6 10 20 30 

~/rnV 
Fig. 10. Polarization behavior of SnO2-based Ru02 electrode 

corresponding to the data of Fig. 4. The data were plotted accord- 
ing to Eq. [11]. 
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The rate-determining step is the combination (Tafel) 
reaction. The chlorine reduction also obeys the same 
mechanism in the reverse direction. 
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Electrochemical Photovoltaic Cells Based 
on n-GaAs in Propylene Carbonate 

M. E. Langmuir,* P. Hoenig, and R. D. Rauh* 
EIC Laboratories, Incorporated, Newton, Massachusetts 02158 

ABSTRACT 

Electrochemical photovoltaic cells (EPC's) have been characterized based 
on n-GaAs and propylene carbonate electrolytes. Photovoltages are limited to 
,,-0.7V due to electrode corrosion and lack of specific adsorption by the redox 
systems studied. Polarization of photo and counterelectrodes, resulting from 
low redox solubilities and electrolyte conductivities, are responsible for lower 
fill factors and short-circuit photocurrents for nonaqueous compared to aque- 
ous EPC's. Potentially, these losses can be offset by higher voltages and long- 
term stabilities, particularly if specifically adsorbing redox couples can be 
found. 

Nonaqueous electrolytes hold the promise of en- 
hancing long-term stability in electrochemical photo- 
voltaic cells (EPC's). In this paper we characterize 

�9 Electrochemical  Society Act ive  Member .  
Key words: photoelectrochemistry,  propy lene  ca rbona te ,  gal- 

l ium arsenide. 

n-GaAs, propylene carbonate (PC) based EPC's with 
regard to limitations on photovoltage and photocur- 
rent. 

Propylene carbonate has been chosen as a represen- 
tative solvent for its wide anodic and cathodic stability 
range, and because we have established procedures for 
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its effective d ry ing  and purif icat ion (1). In  addit ion,  
PC suppor ts  a s table  L i + / L i  reference e lect rode (2) 
which is s imple to use and which can be employed 
wi thout  danger  of solut ion contaminat ion.  We note, 
however ,  that  the low conduct iv i ty  of PC electrolytes  
( re la t ive  to H20) p robab ly  prevents  its use in prac t ica l  
devices as cu r ren t ly  conceptualized.  Nevertheless ,  the  
aspects of photoelec t rochemical  opera t ion  discovered 
in  PC can be genera l ized  to other  nonaqueous systems. 

We wil l  first ask: Wha t  are  the  l imits  to the  photo-  
vol tage in such a cell? In the ideal  two-e lec t rode  EPC, 
the countere lec t rode senses the res t  po ten t ia l  of the 
solution and is thus equiva lent  to Vredox. The photo-  
e lectrode has a m a x i m u m  onset vol tage  corresponding 
to its f latband potential ,  V~B, leading to the  re la t ion  

VOC "-" VFB ~ Vredox [1 ]  

This s imple  re la t ion  is fundamenta l  to EPC opera -  
tion. The re la t ion  is meaningless,  however,  if the  redox 
couple in the cell  is not  oxidized or reduced by  the 
photoelect rode so as to s tabi l ize i t  against  photocorro-  
sion. Thus, we fu r the r  specify the l imi t ing  photovol t -  
age in a s table  cell  b y  

Voc (max)  --  VFB -- Vc [2] 

w h e r e  Vc is the anodic or cathodic corrosion potent ia l  
of the  photoanode or  photocathode,  respect ively.  One 
of the poteri t ial  advantages  of nonaqueous solvents is 
to a l low the maximiza t ion  of Eq. [1] through the m a x -  
imizat ion of Eq. [2] assuming that  corrosion react ions 
are rendered  more  difficult than  in HeO. 

Two factors appear  to complicate  the use of Eq. [1] 
as a s imple predi.ctor for cell design. The first is that  
VFB is influenced by  the redox  couple when specific 
adsorpt ion  occurs. For  example ,  in the aqueous-based  
CdX/Xn -2, X -2 cells (X = S, Se, or  Te),  VFB iS shifted 
negat ive  by  such adsorpt ion  (3). Most documented 
cases of this k ind  of influence on VFB occur in prot ic  
media  due to ac id-base  equi l ibr ia  involving surface 
OH or XH groups (4). Thus, we might  be able to test 
Eq. [1] in aprot ic  media  l ike  PC wi thout  this add i -  
t ional  var iable .  

The o ther  complicat ing fac tor  involves the observa-  
t ion that  ha l f -ce l l  photovol tages  equivalent  to VFR are  
often unat ta inable .  In  so l id-s ta te  Schot tky  ba r r i e r  de-  
vices, this is often ascr ibed to the in te rmediacy  of 
"surface states" (5). The l a t t e r  may  be v iewed as sur -  
face-bound  redox centers  which act a s  very  efficient 
captors  of electrons or holes. As a result ,  such centers  
"pin" the Fe rmi  level, thus res t r ic t ing  the photovol t -  
age. I t  may  be possible to modify,  chemical ly,  such 
states. Improvement s  in cell opera t ion  due to cer ta in  
semiconductor  etching t rea tment ,  oxidation,  hydro -  
genation, or t r ea tmen t  wi th  Ru +3 have  been ascr ibed 
to such sur face-s ta te  modification (6-9). Recent  ob-  
servat ions by  Wrighton,  Bard and co-workers  suggest  
Fe rmi  level  p inning at  some semiconductor  l iquid 
junct ions (10). 

The o ther  ma jo r  question regard ing  ceil operat ion 
concerns the factors which  influence the  photocurrent .  
The  effects on pho tocur ren t  yields  of redox  potent ial ,  
in terac t ion  of the e lec t ro ly te  wi th  the electrode sur -  
face states, and the doping, orientat ion,  and crys ta l l ine  
qual i ty  of  the photoelect rode are  l i t t le  understood.  
Surface states can, for example ,  influence the vol tage 
onset and sharpness  of  the r ise of pho tocur ren t -vo l t age  
curves. Recombinat ion via the surface has been used 
to expla in  the so-cal led  "foot p rob lem"  in EPC i -V  
curves, character is t ic  of inefficient electrodes wi th  low 
fill factor  (3, 11). 

Exper imental  
Materials preparation and handling.--Several differ-  

ent  redox couples were  employed in this study. Acety l  
ferrocene (acFc) ,  ferrocene (Fc) ,  and NN ' - t e t r a -  
m e t h y l - p - p h e n y l e n e d i a m i n e  (TMPD) were  subl imed 
before use. I~ was also subl imed in vacuo before use. 
Both K I  and t e t r abu ty l ammonium bromide  (Eas tman)  

were  dr ied  in vacuo over P205. Bromine (Ventron,  
u l t r apure )  was used as received.  The p ropy lene  car -  
bonate  (PC),  LiAsF6 e lec t ro ly te  p repara t ion  and pur i -  
fication were  descr ibed prev ious ly  (1). 

Al l  manipula t ions  were  car r ied  out  in an Ar-f i l led  
glove box containing ~10 ppm H20. The acFc +, Fc +, 
and TMPD + were  produced by  electrolysis  of acFc, 
Fc, and TMPD solutions at  constant  current .  Concen- 
t ra t ions were  verified spect rophotometr ica l ly .  

Electrochemical cell and reference electrode.--Most 
exper iments  were  car r ied  out  in a demountab te  thin 
l aye r  photoelec t rochemical  research  cell  shown in Fig. 
1. The cell  has a l iquid  pa th  length  of , ,0.4 mm. 
I r r ad ia t ion  occurs th rough  an opt ica l ly  t r anspa ren t  
e lectrode of t in oxide (NESA) or  i nd ium- t in  oxide 
(NESATRON).  

The electrodes are  mounted  in a Macor machinable  
glass block. F i l l ing  was carr ied out  in the glove box 
(~10 ppm tteO, Ar  a tmosphere)  th rough  the holes 
conta ining the demountab le  P t  electrodes.  The photo-  
e lectrode is p rovided  with  an ohmic contact  and a Ni 
lead  wire  and is sealed into the block using an epoxy 
cement  p rev ious ly  tested for solvent  compat ibi l i ty .  Al l  
the des i red  e lec t rochemical  and photoelec t rochemical  
measurements  can be made  in this cell. Typical ly,  one 
of the Pt  e lectrodes served  as a reference  electrode,  
p lac ing  Vreaox at 0 volts in each cell. 

As the  suppor t ing  e lec t ro ly te  in the cells was LiAsF6, 
we were  able  to ca l ibra te  the in te rna l  reference  elec-  
t rode vs. L i + / L i  (in a separa te  measuremen t ) ,  since 
PC is compat ib le  wi th  Li metal .  The L i + / L i  po ten t ia l  
is known vs. aqueous SCE in a va r ie ty  of nonaqueous 
solvents. The l iqu id- junc t ion  correc ted  value  of 
E ~  is --2.94V vs. (SCE)aq in PC (12). The 
potent ia ls  of some of the specific redox solutions in PC 
which we have employed are  l is ted in Table I. 

Electrode materials.--All  invest igat ions  were  car r ied  
out on the ~100~  face of an n -GaAs  crys ta l  (0.11 ~2- 
cm, pa r t i a l ly  Zn compensated)  of 0.07 cm 2 area. Usual ly  
the n -GaAs  surface was etched pr io r  to each exper i -  
ment  according to the procedures  of Kohl  and Bard  
(13), which produced  a shiny surface wi th  a nonuni -  
form dis t r ibut ion  of etch pits (etch A) .  In severa l  ex-  
pe r iments  on the effects of surface p repara t ion  on 
n -GaAs  photoelectrodes,  the mat te  etching procedure  
of Parkinson,  Heller,  and Mil ler  was employed,  which 
produced  a high area, nonrefiect ive surface (etch B).  
Etch ]3 fol lowed by  t r ea tmen t  for 30 sec in a 0.01M 
RuC13, 0.1M HNOz solut ion is denoted as etch C. 

Photoelectrochemical measurements.--I l lumination 
of the work ing  e lect rode was achieved with  a 150W 
xenon lamp, the output  of which was passed through a 
wate r  filter wi th  P y r e x  windows. Light  in tens i ty  was 
measured  using an EG&G Model 450 Rad iome te r /  

SS 
$5 

v b 

Fig. 1. Demountable thin layer photoelectrochemical research 
cell. The crystal (c) is mounted in a Macor block (b), which also 
contains holes (f) for filling and auxiliary wire electrodes. The 
optically transparent counterelectrode (OTE) is separated by a 
Teflon spacer (t), and has an Ag epoxy reinforced electrode con- 
tact (a). The package is confined using Viton rubber spacers (v) 
and staiMess steel front and back plates (ss) with holes for elec- 
trodes (e). The plates are secured with bolts and wing nuts 
through the four corner holes. 
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Table I. Measured redox potentials for couples in propylene 
carbonate 

TO'redo I 
Couple* (vs..SCE=q) * * 

Brs/Br- (0.01M/0.05M) + 0.96 
acFc+/acFc (0.O07M/0.03M) + 0.59 
Fc+/Fc (0.007M/0.063M) + 0.34 
Is/I- (0.01M/0.05M) + 0.16 
TMPD+/TMPD (0.01M/0.0gM) -0.01 
Li+/Li - 2.94 

* aeFe:  ace ty l  f e r r o c e n e .  Fc:  f e r r o c e a e .  TMPD: t e t ramethy l -  
phe ny l ened i ami ne .  

* * Liquid junct ion  cor r e c t e d  values .  

Photometer  at a constant distance f rom the source. 
The cell  was then always placed at that  distance. The 
intensi ty  was adjusted using various neutra l  density 
filters. Al though the Xe source yields an imperfect  
representa t ion of the solar spectrum, it is a convenient  
whi te  l ight source and is used here to compare results 
under  typical  broad band radiation. 

Cur ren t -vo l t age  curves were  obtained wi th  a 
Wenking LT73 potentiostat.  A function generator  
special ly designed for vo l t ammet ry  provided a 
l inear  vol tage scan with  a preset  s tar t ing vol tage and 
adjustable  scan rate. The cur ren t -vo l tage  curves were  
measured on an X-Y recorder.  

Half -ce l l  measurements  were  made with respect to 
o n e  of the Pt  in terna l  reference electrodes, using the 
window OTE as the counterelectrode.  For  solar cell 
measurements ,  the OTE was ei ther  shorted to the P t  
reference  electrode, or was used as both the counter  
and reference electrode. Both configurations gave 
equiva len t  results. 

Linear  sweep vo l tammograms of the redox couple on 
n -GaAs  were  obtained for different l ight intensities 
using a Pyrex  filter to e l iminate  the u.v. component  
below 320 nm of the 150W Xe arc spectrum. The scan 
rate  was 20 mV/sec  for all  cases. The repor ted  data 
are not corrected for reflection or l ight absorption by 
the OTE or the solution and therefore  give a true pic- 
ture  of the efficiency of the cell operated as a solar cell. 
Measurements  of output  stabil i ty of the solar cells 
were  made at the potential  yielding the m a x i m u m  
power  on the cell 's figure of mer i t  i - V  curve. 

Results and Discussion 
Factors influencing the photovoI tage . - -A typical  

series of cur ren t -vo l tage  curves are shown in Fig. 2 
for the cell 

I PC, 0.01M LiAsF6 optical ly 
n -GaAs  F c + / F c  (0.007/0.063M) t ransparent  electrode 

In this cell, which contains a ra ther  dilute redox elec-  
trolyte, the mechanisms of current  and vol tage con- 
trol  are evident.  In the dark, no anodic cur ren t  flows. 
However ,  a dark cathodic current  is observed with  an 
onset of around --0.2V1 vs. Pt / redox .  The magni tude 
of this current  is proport ional  to the concentrat ion of 
oxidized species. Its onset is considerably posit ive of 
the flatband potent ial  of n-GaAs (see below).  

The posit ive onset of dark current  with respect to 
VFB is indicat ive of a process involving the tunnel ing 
of electrons f rom the conduction band through the 
space charge region. We have measured this onset as a 
function of Vredo x. In Fig. 3, the voltage onset of dark 
current  (Vdark) is plotted v s .  Vredox, both on the aque-  
ous SCE scale. In the region f rom 0 to + I V  vs. SCE, 
Vdark is d i rec t ly  proport ional  to Vredox. This result  
would  be consistent wi th  a surface-s ta te  control led 
barr ie r  potential,  which would render  VFB --  Vredox 
independent  of Vredox. It  is also possible that  the dark 
react ion occurs via a few meta l - l ike  areas on the 
crystal  surface. 

Re turn ing  to Fig. 2, we see next  that, on irradiation,  
an anodic photocurrent  is produced. The onset of 
photocurrent  at each intensi ty corresponds to the open- 
circuit  voltage, Vow. It  occurs at the voltage where  
dark and photocurrents  are exact ly  equal. Thus, the 
dark  cur ren t -vo l tage  behavior  of the photoelectrode is 
impor t an t - in  determining the open-ci rcui t  vol tage of 
the cell. If  Vdark always occurred at the same potential,  
we  might  hope to adjust  Vredox to minimize the dark 
current  effect. This is, however ,  not the case, as seen in 
Fig. 3. 

Even though a dark current  always opposes the 
photocurrent ,  regardless of Vredox, cells studied here 
wi th  large separations be tween  Vredox and the apparent  
flatband vol tage (see below) still have larger  open- 
circuit  voltages. In Fig. 4, the open-c i rcui t  photovol t -  
ages of these cells are plotted v s .  Vredox. Note that  
these are photovoltages of two-e lec t rode  cells in which 
the counterelectrode is the OTE. The measurements  
were  made at a high l ight intensity, where  the photo-  
vol tage exhibits saturation. For the couples studied, 
the var ia t ion of Voc at saturat ion is quite  l inear  wi th  
Vredo x for any given crystal  and surface preparation.  
For  crystals cut f rom the same slice, but  for different 
runs of the same pol ishing/e tching regime, photovol t -  
ages are reproducible  to about  --+10%. 

Electrochemical measurements were made in both two- and 
three-electrode configurat!ons. For the cell featured in Fig. 2, the 
counterelectrode has been shown to  be  more polarizable than the  
n-GaAs, and due to its larger area has a negligible contr ibut ion  
to the total cell polarization at the current levels employed. In 
other systems where the  redo x  reactions have kinet ic  l imitat ions ,  
such as in h-/I- cells, this is not always the  case.  
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Fig. 2. Current vs. voltage at various light intensities for the 
photoelectrochemical cell n-GaAs (0.07 cm2)lFc+(0.007M), Fc 
(0.063M), LiAsF6(0.1M), PCINESATRON OTE. Light source is an Xe 
arc, Pyrex filter. 
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Fig. 3. Variation of voltage onset of cathodic dark current (Vdark) 
with redox potential (Vredox) for the half-cell n-GaAslredox 
couple, 0.1M LiAsF6, PC. 
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Fig. 4. Variation of open-circuit voltage (Voc) with redox poten- 
tial (Vredox)  for the photoelectrochemical cell n-GaAs redox couple, 
0.1M LiAsF6, PCINESA OTE. Illumination is 150W Xe source, 55 
mW/cm 2. 

An impor t an t  point  concerning photovol tages  in 
photoelec t rochemical  cells is i l lus t ra ted  by  the case of 
the B r 2 / B r -  couple, which is an except ion to the above 
discussion. Wi th  Br2 present ,  GaAs corrodes even in 
the da rk  according to the react ion 

2GaAs -F 3Br2-> 2Ga +8 H- 6 B r -  [3] 

Hence, the redox couple is ineffective in s tabi l iz ing the 
semiconductor .  In these cases, the  cell  exhibi ts  a vol t -  
age in the dark,  app rox ima te ly  given b y  the difference 
Vredox -- Vc.  This bucking vol tage acts in series wi th  
the photovoltage,  which is now VFB -- Vc. The differ-  
ence VFB - -  Vredox can be made  large  by  choosing any 
redox couple, but  the resul t ing  photovol tages  cannot  
be re la ted  to the band  bending  in the photoelectrode 
unless i t  is es tabl ished that  the redox couple is indeed 
photoe lec t rochemica l ly  oxidized or reduced.  

In Fig. 5, Voc and V d a r k  Of the semiconductor  are  
summar ized  along wi th  Vredox, but  wi th  al l  potent ia ls  
p resented  on the aqueous SCE scale. I t  is seen that  Voc 
under  high l ight  intensi t ies  is about  --0.2V for the 
~n-GaAs ha l f -ce l l  regard less  of the redox couple in 
solution. This e i ther  represents  the f la tband potent ia l  
of n-GaAs,  or  is the effective potent ia l  of a surface 
level  which, when  reduced  at more negat ive  potentials ,  
i s  to ta l ly  effective in quenching the photocurrent .  

Also shown in Fig. 5 are  the values of Voc for each 
cell at  the  lowest  l ight  in tens i ty  used, 0.26 m W / c m  2. 

Vredox Vdark Voc(0,25 mW/cm 2) Voc (55 mWlcm 2) 

I ~ ! i T , ~ I ~ I I Br2 /Br -  

i T 1 i (JcFc+/flcFc 

I , ! , I ' I I ~ I I -  

, i i I I "N~ I TMPD+/TMpD 
+1,0 0,8 0,6 O,q 0,2 0 -0,2 -O,q 

V vs, SCEGQ (VOLTS} 

Fig. 5. Diagram showing variations of Ydark and Voc at low and 
high light intensity, with redox couple potential for n-GaAs photo- 
electrochemical cells in PC. 

Except  for the case of B r J B r - ,  these are  close to the 
vol tage onsets of cathodic da rk  current .  The t rend is 
toward  a la rger  difference be tween  high and low in-  
tens i ty  Voc'S wi th  increas ingly  posi t ive Vredox (dis-  
counting, again, B r 2 / B r - ) .  The slopes dV/d ( log  I)  in 
the l inear  region of these plots a re  revealed  in Table 
II. In  a classical photodiode,  this slope is 59 mV, but  in 
these cells it  is usual ly  somewhat  larger.  This phenom-  
enon has been noted recent ly  by  Saka ta  et al. (14) for 
some other  photoelec t rochemical  cells. They assign a 
value of 5 to the  rat io 59 m V / ( d V / d ( l o g  I ) ) .  A small  
value  of 8 means  tha t  the photocur ren t  is effective in 
overcoming the da rk  current ,  as is cer ta in ly  expected 
under  condit ions of large  band bending. In general ,  
the onset of da rk  cur ren t  is more  l ike ly  to de te rmine  
the onset  of pho tocur ren t  at  low intensi ty.  However,  
the onset of photocur ren t  tends toward  VFB at sa tu ra -  
tion. Hence, measurements  made at  low in tens i ty  are  
more  l ike ly  to show "Fermi  level  pinning," since Vdark 
is p ropor t iona l  to Vredox (Fig. 3). 

One majo r  issue to be resolved  in these and other  
n - G a A s  cells is the  t rue  posi t ion of the f la tband poten-  
tial. Capac i tance-vo l tage  analysis  obta ined in the da rk  
indicates  a f la tband potent ia l  for n -GaAs  in PC of 
--1.1 _ 0.2V vs. SCE, in agreement  wi th  Kohl  and 
Bard  in acetoni t r i le  (13), a l though considerable  f re -  
quency dependence  character izes  the  slope of the 
Mot t -Scho t tky  plots. However ,  o ther  es t imates  of VFB 
can be made  by  observing the intersect ion of da rk  and 
l ight  {-V curves (cf. Fig. 2) or by  measur ing  the bias 
vol tage at which the ins tantaneous photovoltage,  ob-  
ta ined  using a pulsed dye laser,  is zero (Fig. 6). Both 
methods give a VFB of about  --0.2V vs. SCE. In add i -  
tion, the plot  of Voc v s .  Vredox shown in Fig. 4 e x t r ap -  
olates to the same value  of VFB- Compar ison with  
Table II  indicates  that ,  if  the more  posi t ive values of 
VFB are  accepted, then the redox  couples employed  al l  
have potent ia ls  ly ing wi th in  the n -GaAs  gap. If  the 
va lue  of --1V is accepted, then  severa l  of the couples 
l ie benea th  the valence bandedge,  and it would be sur-  
pr is ing if they  could react  wi th  photogenera ted  holes. 

We have tested the s tab i l i ty  of the n -GaAs  cell wi th  
all  the couples and found over  severa l  hours operat ion 
at  1 mA/cme that  only  the B r J B r -  cell shows s ignif i -  
cant  degrada t ion  of photocur ren t  or change in elec-  
t rode surface morphology  as de te rmined  by  micro-  
scopic examinat ion.  Fur the rmore ,  in all  cases except  
B r 2 / B r - ,  the photoelec t rochemical  oxidat ion  of the 
redox species can be observed v isua l ly  at  the n -GaAs  
surface. Al though this does not prove total  s tabi l iza-  
tion, i t  does indicate  that  hole t ransfer  to the reduced 
redox species is by  far  the dominant  process except  
wi th  B r - .  Exper iments  wi th  just  B r -  in the e lect rolyte  
show no visual  evidence of Br2 product ion at  the i r -  
r ad ia ted  n -GaAs  surface. 

Therefore,  the accumula ted  resul ts  cast doubt on the 
va l id i ty  of C-V measurements  for predic t ing  VFB in 
this case. I t  is possible tha t  surface states accessible 
only at  potent ia ls  < - -0 .2V vs. SCE influence the ca-  
paci tance  at  cathodic voltages,  leading to anomalous ly  
negat ive  values  for  VFB de te rmined  in this manner .  

Photocurrents, fill ]actors, and cell e~ciencies . - -The 
other  impor t an t  fea tures  of Fig. 2 a re  re la ted  to the 
photocurrents .  For  l ight  intensi t ies  of up to 2.5 roW/  

Table II. Variations of photovoffage with light intensity for the cell 

n-GaAs ] PC, redox,  0.1M LiAsF6 [ NESA OTE 

d V / d  59 m V  
Vredox (lOg I) ~ - 

So lu t ion  ( m e a s )  (mV)  d V / d ( l o g  I) 

Br2 /Br -  
aeFc+ /aeFc  
F c + / F c  
Ie/I- 
TMPD+/TMPD 

(0.01/0.05M) 0.96 50 1.3 
(0.007/0.03M) 0.59 170 0.35 
(0.007/0.063M) 0.34 125 0.47 
(0.01/0.05M) 0.16 88 0.67 
(0.01/0.09M) - 0 . 0 1  55 1.1 
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Fig. 6. Instantaneous photovoltage as a function of electrode bias 
on internal reference scale. 

cm2, the photocurrents  are l imited by the number  of 
photons absorbed by the n -GaAs  and thus by the n u m -  
ber of holes produced. At the higher intensities, the 
photocurrents  become l imited by  the supply of ferro-  
cene to the electrode surface. An approximation of the 
s teady-state  diffusional current  is given by Eq. [4] 
(16) 

IO00nFCD 
i (mA/cm 2) -- [4] 

d 

where d is the electrode separation (--0.04 cm), C is 
the concentrat ion (in mols/cmO), and D the diffusion 
coefficient. In the present  case, C : 6.3 • 10-5 reals 
cm-3  and 10 -5 is a reasonable value for D (15). The 
resul t ing l imit ing current  is --1.5 mA/cm 2. Experi-  
menta l  results of the l imit ing photocurrents  observed 
for oxidation of 0.05M I -  and 0.032M acFc at n -GaAs 
are plotted as a funct ion of l ight in tens i ty  in  Fig. 7. 

0.1 
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[] acFc+/acFc, O. 014/0,031 

n-GaAs AREA 0,07 CM 2 

I i i 
0.05 0.53 5.30 5~.0 

LIGHT INTENSITY, mW/cm 2 

Fig. 7. Limiting photocurrent as a function of light intensity for 
n-GaAs in PC, 0.1M LiAsF6, redox couple, NESA countcreleetrode. 

The diffusion-l imited current  densi ty in  both cases is 
,-,1.4 mA / c m 2, a t ta ined at l ight intensit ies >5 m W /  
c m  2 for these concentrations, close to that  predicted by 
Eq. [4]. 

The fill factor or "squareness" of the current -vol tage  
curves in the region between 0 volts and Voc is an im- 
por tant  variable  in determining cell efficiencies. As 
shown in  Fig. 8, contr ibut ions to the final curve arise 
from polarizations at the photoelectrode and counter-  
electrode, as well as from solution resistance. The 
production of photocurrent  is also sensitive to the effi- 
ciency of light absorption and to lifetime of minor i ty  
carriers. Cells based on n -GaAs /p ropy lene  carbonate, 
Fc+ /Fc  (0.007/0.063M) have been tested in which we 
have varied the counterelectrode, the concentrat ion of 
support ing electrolyte, and the surface t rea tment  of 
the n-GaAs. Some of the results are summarized in 
Table III, and indicate some of the l imitat ions of the 
present  system. 

All  cells listed in Table III  exhibited diffusionally 
l imited currents  at high light intensities. Efficiencies in 
the range where currents  were l imited only by the hole 
flux, i.e., 0-2 m W / c m  2 white light, were 4-8% while 
efficiencies at solar intensities were ~1%.  Kohl and 
Bard (13) have reported the same type of decrease in 
efficiency with increasing in tensi ty  for n - G a A s /  
acetonitr i le-based systems. Short-circui t  photocur-  
rents were enhanced by 25-30% by employing a black 
matte  etched GaAs surface ra ther  than a reflective 
shiny surface. Another  increase in photocurrents  was 
observed by decreasing the sheet resistance of the opti- 
cally t ransparent  counterelectrode. NESA glass (SnOx, 
150 a - c m )  gave short-circuit  currents  which were 
about 50% less than the more conductive, though --20% 
less transmissive, NESATRON (SnO~. In2Oo-z, 5 a -  
cm). Fill  factors and efficiencies were also enhanced in 
the NESATRON cells, despite a reduction in voltage 
which may relate to NESATRON's higher optical ab-  
sorption. An at tempt  to decrease the surface recombi-  
nat ion velocity by adsorbing Ru +s on the n-GaAs sur-  
face proved unsuccessful (surface t rea tment  C, in  the 
table).  In the original work by Heller and co-workers, 
a pre t rea tment  in Se-2/Se~ -2 aqueous electrolyte was 
employed (6, 7). We have demonstrated in other work 
that  such pre t rea tment  is also necessary for observa-  
t ion of the Ru +3 effect in nonaqueous electrolytes (17). 

At high light intensity,  concentrat ion polarization 
develops for all these cells over the first minute  of cell 
operation. This effect is demonstrated in Fig. 9 for a 
cell based on 0.007M Fc +, 0.063M Fc, and is due, at 
least in part, to the l imit ing concentrat ion of Fc achiev- 
able in PC. The wavelength of the incoming light has a 
significant effect on the cell efficiency. This is due to 
the wavelength dependence on solution and semicon- 
ductor absorbances, as well  as that of photocurrent  
production due to differences in l ight penetrat ion 
depth into the semiconductor. For the GaAs cell, sev- 

Table III. Effects of n-GaAs surface treatments on performance 
of the EPC n-GaAs I Fc + (0.007M), Fe(0.053M), LiAsF6(0.1M), 

PCINESA OTE. Figures in parentheses are for NESATRON OTE. 

Source  in tens i ty  ( m W / c m  2) 
(150W Xe  arc,  300-1200 n m )  

0.9 6.7 .~3 

Etch A 
Vo~ (V)  0.53 
isc (mA/cm ~) 0.17 
Pmaz ( m W / c m  2) 0.04 

(%) 4.4 
Etch B 

Vo~ (V) 
isc (rnA/cm~) 
P~= (mW/cm ~) 

(%) 
Etch C 

Voc (V)  0.52 
i~c (mA/cm 2) 0.14 
Pm~x (mW/cm ~) 0.04 

(%) 4.4 

0.55 0.59 
1.7 1.7 
0.23 0.28 
3.4 0.5 

0.55 (0.46) 0.58 
0.23 (0.40) 1.7 
0.06 (0.07) 0.26 
6.9 (7.8) 3.9 

D 

0,59 (0.54) 
2.1 (2,91) 
0.44 (0.7) 
0,8 (1.32) 

0,54 
L65 
0.24 
0.45 
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Fig. 8. Hypothetical steady-state current-voltage curves illus- 
trated for half-cell components of an electrochemical photovoltaic 
cell (solid line) and for the resulting full cell (broken line). 
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Fig. 9. Output and stability of photoelectrachemical cell n-GaAs 
(0.07 cmS)lFc + (0.007M), Fc (0.063M), LiAsFe (0.SM) PCI 
NESATRON aTE under high intensity white light iflumination. 

eral experiments  were done with monochromatic light 
using a 765 n m  interference filter and a power of 0.9 
mW/cm 2. At this wavelength,  absorbance by Fc + is 
small, and the cell action spectrum is near ly  maxi-  
mized. As shown in Fig. 10, instantaneous conversion 
efficiencies of 14% were obtained, followed by relaxa-  
tion to a somewhat lower steady-state value of 9% due 
to electrode polarization. These values are comparable 
with those reported by Kohl and Bard for GaAs in 
acetonitri le using red light. White l ight from the Xe 
source of the same intensi ty  gave ~6.6% conversion 
efficiency. 

Conclusions 
Measurements  of n -GaAs photoelectrodes with a 

variety of redox couples in PC electrolytes have in-  
dicated several l imit ing factors in EPC devices. Photo- 
voltages were sensitive to the position of Vredox, b u t '  
were l imited to ~,-,0.7V by decomposition of the semi- 
conductor. Redox couples which lie too positive of VFB, 
are l ikely to act as etchants; indeed, Br2 is a common 
etchant for GaAs. Furthermore,  the redox couples ex- 
plored in  this work appear not to have adsorptive ef- 
fects on the onset of photocurrent,  which occurred at a 
common potential  of ,-~--0.2V vs. SCE in all the PC- 
based systems. In aqueous solutions, negative shifts of 
VFB due to adsorption of redox species can provide an 

0,01 
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0,03 
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0,04 
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t~ 

Vcel I = O, 28V 
Pout = 0'06 mW/cm2 

Xe Arc t ! / 17= 6.6% 

~-- ~= 8,~ 

f~" 765 -+ 5 nm 

i t 
I Pout = 0,08 mW/c 

4~.._ 7/= 13,92 "q = 8,9% 

, , , , , , , , j  , , , , 
0 2 4 6 lO 30 50 
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Fig. 10. Output and stability of photoelectrochemical cell n-GaAs 
(0.07 cmS)]Fc + (0.007M), Fc (0.063M), LiAsF6 (0.SM) PC I 
NESATI~ON aTE under white light ( ...... ) and monochromatic 
( - - - )  illumination of 0.9 mW/cm 2. Cells operated at voltages 
(Veen) yielding maximum power. 

increased range of photovoltages, e.g., n-GaAs /aque -  
ous Se2 -2, Se -2 devices. Although more posi t ive-lying 
redox couples can stabilize GaAs in PC than in water  
(e.g., ferrocene, I s - ) ,  photovoltages are no greater in 
the nonaqueous systems due to the lack of such ad- 
sorptive effects. Nevertheless, nonaqueous systems do 
have the advantage of allowing a wider  var ie ty  of 
stabilizing redox couples than aqueous solutions. We 
anticipate that  less noxious electrolytes than alkal ine 
Se~-2/Se-2 can be developed in nonaqueous systems. 

We have shown that  efficiencies degrade seriously 
with increasing light in tensi ty  in PC-based electro- 
lytes. We assume these losses to be related to l imited 
redox electrolyte solubil i ty and low electrolyte con- 
ductivity. Such losses are accumulated at both cell 
electrodes and are manifested as reductions in short-  
circuit currents  and fill factors. We note that  even the 
most conductive nonaqueous electrolytes, such as those 
based on acetonitrile, are still at least ten times more 
resistive than their  aqueous counterparts.  Neverthe-  
less, if high photovoltages can be achieved in nonaque-  
ous systems because of their increased stabilizing 
range, then high efficiencies can be achieved even with 
reduced currents, i.e., Pmax ---- 10 mA / c m 2 X IV, rather  
than Pmax ---- 20 m A / c m  2 X 0.JV. However, surface ad- 
sorbed redox couples in nonaqueous electrolytes or 
other semiconductor surface modifications may be 
necessary to achieve such high voltages. 
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Photoelectrochemical Evaluation of the 
n-CdSe/Methanol/Ferro-Ferricyanide System 
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Rockwell International, Microelectronics Research and Development Center, Thousand Oaks, California 91360 

ABSTRACT 

Factors  l imi t ing  the shor t -c i rcu i t  photocur ren t  for  the n - C d S e / m e t h a n o l /  
f e r ro - fe r r i cyan ide  sys tem to 17.5 m A / c m  2 have  been  identified. The pr inc ipa l  
l imi t ing  factor  is a p p a r e n t l y  specific adsorpt ion  of hexacyanofe r ra te  species 
on the e lect rode surface, which occurs at  h igher  redox  couple concentra t ions  
and slows the overa l l  charge t rans fe r  process. Ion pa i r ing  also occurs, r e -  
sul t ing in a low mass t r anspor t  ra te  ( smal le r  diffusion coefficients and  in-  
creased solut ion viscosi ty) ,  and p robab ly  enhances the  degree  of specific 
adsorpt ion.  

In  a previous  publ ica t ion  (1), the sys temat ic  de -  
ve lopment  of a nonaqueous  f e r ro - f e r r i cyan ide  elec-  
t ro ly te  for  s tabi l iza t ion of n -CdSe  photoanodes  was 
described.  Select ion of the solvent  was discussed in 
terms of inheren t  s tab i l i ty  provided,  the ra te  of the 
redox reaction,  the  t endency  t oward  specific adsorp-  
t ion of the redox species, and the equi l ib r ium po-  
ten t ia l  of the redox  couple wi th  respect  to the  f la tband 
potent ia l  (a t t a inab le  open-c i rcu i t  vo l tage) .  Resul ts  
were  p resen ted  for cells of the type  n -CdSe /me thano l ,  
F e ( C N ) 6 3 - / 4 - / P t  which had  been opera ted  for up to 
700 h r  a t  6 m A / c m  2 wi th  no de tec table  degrada t ion  
in e i ther  the e lec t rode  surface or  the photoresponse.  

Al though the Fe (CN) 63 - /4 - /me thano l  sys tem itself  
was subsequent ly  found to be pho to ly t ica l ly  uns tab le  
(subst i tu t ion for cyanide  s lowly  occurs) ,  addi t ional  
work  was w a r r a n t e d  since this  sys tem serves as a 
p ro to type  for s tabi l iz ing nonaqueous  redox  e lec t ro-  
lytes. In the presen t  paper ,  the factors l imi t ing  the 
a t t a inab le  pho tocur ren t  for  n -CdSe  in this sys tem 
are discussed. 

Electrolyte Preparation 
T e t r a e t h y l a m m o n i u m  fe r r i cyan ide  was p repa red  by  

the meta thes is  of Ag3Fe(CN)6 wi th  Et~NBr (where  
Et _-- e thyl )  in me thano l  (2), rec rys ta l l i zed  twice f rom 
an ace ton i t r i l e -ace tone  mixture ,  and  then subjec ted  to 
high vacuum to remove  traces of solvent.  T e t r a e t h y l -  
ammonium fer rocyanide  was p repa red  as an off-whi te  
c rys ta l l ine  powder  b y  anaerobic  neu t ra l iza t ion  of 
H4Fe(CN)6 (3) wi th  excess Et4NOH (Southwes te rn  
Ana ly t i ca l  Chemicals)  in water ,  t r ea ted  in vacuo to 
remove  the solvent,  and  recrys ta l l i zed  f rom an i - p r o -  
pano l / ace tone  mix tu re  in an iner t  a tmosphere .  This 
chemical  p rocedure  for  p repa r ing  the a i r - sens i t ive  

* Electrochemical Society Active Member. 
~Present address: Solar Energy Research Institute, Golden, 

Colorado 80401. 
Key words: semiconductor photoanodes, nonaqueous solvents, 

performance characteristics. 

(Et4N)4Fe(CN)6 is fas ter  and less tedious than  the 
e lec t rochemical  synthesis  used prev ious ly  (1).  Te t r a -  
e thy l ammon ium f luoroborate  was p rec ip i t a t ed  f rom 
a solut ion of E h N B r  and 48% fluoroboric acid in 
e thanol  b y  addi t ion  of i -propanol ,  and  was then re-  
crystal l ized twice f rom ethanol.  The methanol  solvent  
(Baker  Ana lyzed)  was ref luxed over  Mg, and then  
f rac t iona l ly  dis t i l led  unde r  an iner t  a tmosphere .  

Electrodes 
Reference electrodes were  isola ted in a separa te  

compar tmen t  which  was connected to the  main  celI 
th rough  a med ium glass frit.  Both  Ag/AgC1 and 
sa tu ra t ed  calomel  reference electrodes were  used wi th  
comparab le  results.  

The P t  disk e lec t rode  (0.13 cm 2) used to s tudy  the 
kinetics  of the Fe  ( C N ) 6 3 - / 4 - / P t  reac t ion  was moun ted  
concentr ic  and  flush wi th  the  end of a 12 m m  diam 
K e l - F  cyl inder  by  hot  pressing.  Af te r  mounting,  the  
e lect rode was pol ished on successively finer aqueous 
a lumina  powder  s lurr ies  to 1 ~m par t ic le  size, and 
was then cleaned u l t rasonica l ly  in water .  Before each 
use, the e lect rode was fu r the r  c leaned by  immers ion  
in boi l ing concent ra ted  ni t r ic  acid. 

The n -CdSe  electrodes (0.18 cm 2 X 1 m m  thick)  
were  cut f rom rods suppl ied  by  Cleveland Crystals ,  
Incorpora ted  (Cleveland,  Ohio) and had  f rom 10 TM 

to l0 ss c a r r i e r s / c m  8. Ohmic contacts  were  made  with  
an I n - G a  alloy. Before use, n -CdSe  e lect rodes  were  
pol ished tb 0.05 ~m par t ic le  size, then etched in 3M 
nitr ic  acid or a 1:25 mix tu re  of concent ra ted  ni t r ic  
and  hydrochlor ic  acids (wi th  comparab le  resu l t s ) .  
Fo r  l o n g - t e r m  studies, n -CdSe  e lect rodes  were  
mounted  in K e l - F  b y  hot  pressing. Results  for  elec-  
t rodes moun ted  in silicone adhes ive / sea lan t  (Dow 
Corning Corporat ion,  Midland,  Michigan)  were  com- 
parable .  



2364 J.  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  November  1981 

Electrochemical Measurements 
All  e lect rochemical  measurements  were  made  in  

P y r e x  glass cells inside an iner t  a tmosphere  d r y  box 
using a PAR Model  173 Po ten t io s t a t /Ga lvanos t a t  in 
conjunct ion wi th  a PAR Model  175 Universa l  P ro -  
grammer.  The effects of solut ion resis tance were  a l -  
ways e l imina ted  by  electronic  {R compensat ion.  Elec-  
t rodes were  i l l umina ted  b y  a tungs ten-ha logen  l a m p  
through  a quar tz  window. The i l lumina t ion  in tens i ty  
was measured  with  a Pyroe lec t r ic  Rad iomete r  (Mo- 
lectron, Sunnyvale ,  Cal i fornia) .  

Results and Discussion 
Per formance  character is t ics  were  measured  for n -  

CdSe photoanodes  in methanol  solut ions as a funct ion 
of the f e r ro - fe r r i cyan ide  redox couple concentrat ion.  
The bes t  output  pa rame te r s  (5.5% conversion effi- 
ciency, F F  = 0.47) were  obta ined for e lectrodes wi th  
5 X 1016 carr iers/cmZ in solutions containing 0.25M 
each of chemical ly  p repa red  Fe (CN)6  a - / 4 .  species. A 
typica l  p o w e r  curve is shown in Fig. 1. The measured  
open-c i rcu i t  vol tage  is ve ry  close to the m a x i m u m  
value  expected  for  this system (0.7V). Pho tocur ren t  
measurements  as a funct ion of l ight  in tens i ty  ind i -  
cated tha t  the m a x i m u m  stable shor t -c i rcu i t  cu r ren t  
is 17.5 m A / c m  2 in s t i r red  solutions and 7.5 m A / c m  2 in 
uns t i r red  solutions (at  95 mW/cm2) .  Trans ient  photo-  
currents  were  l a rge r  a t  h igher  l ight  in tensi t ies  bu t  
r ap id ly  decayed  to the s t eady  values.  Currents  of 
17.5 m A / c m  2 were  passed for  as long as 2 hr. 

Possible causes for such pho tocur ren t  l imi ta t ions  
include decreased redox react ion ra te  a n d / o r  inade-  
quate  mass t r anspor t  of the redox  species in the 
e lec t ro ly te  caused b y  ion pa i r ing  a n d / o r  specific ad -  
sorp t ion  of one or  both  of the  e lec t roact ive  species. 
The inheren t  e lect rode kinet ics  for  the f e r ro - f e r r i -  
cyanide  couple in methanol  were  s tudied b y  cyclic 
v o l t a m m e t r y  at  a ro ta t ing  P t  d isk  e lec t rode  (4). 
Kinemat ic  viscosi ty measurements  were  made  as a 
funct ion of the redox couple concentra t ion so tha t  the 
re la t ive  effects of changes in the fluid flow cha rac te r -  
istics, r eac tan t  diffusion coefficients, and  e lec t ron t r ans -  
fer  ra te  could be ascertained.  The dependence  of  the 

pho tocur ren t  for n -CdSe  photoanodes  on l ight  in ten-  
s i ty was de t e rmined  in both the m e t h a n o I / f e r r o - f e r r i -  
cyanide  and the es tabl ished aqueous polysulf ide sys-  
tems as a means  of detect ing so l id-s ta te  l imitat ions.  

F igure  2 shows plots of the d i f fus ion- l imi ted  currents  
(in) for the f e r ro - f e r r i cyan ide  react ion at  a ro ta t ing  
P t  disk e lect rode as a funct ion of the r edox  couple 
concentrat ion.  Fo r  both  the  anodic and cathodic 
branches,  iL goes th rough  a m a x i m u m  at  about  0.15M 
Fe (CN )6  ~ - /4 - .  Also, at  concentra t ions  above 0.05M, 
specific adsorpt ion  becomes significant, as indica ted  by  
higher  Tafel  slopes (180-250 mV/decade )  than ob-  
ta ined  at  lower  concentrat ions  (~120 m V / d e c a d e ) .  
The decrease in {L at  h igher  concentrat ions could r e -  
sul t  f rom a decrease  in the diffusion coefficient of  the 
hexacyanofe r ra te  species, s temming from increased 
ion pair ing,  a n d / o r  an increase  in the e lec t ro ly te  
viscosity. That  {n is p rac t i ca l ly  diffusion l imi ted  at  al l  
r edox  couple concentrat ions is shown by  the Levich 
plots (4) in Fig. 3. 

F igure  4 shows plots of the diffusion coefficients for  
the  Fe (CN) 63-/4-  species (calculated f rom the Levieh 
equat ion)  and the e lec t ro ly te  k inemat ic  viscosi ty 
(measured  with  a Cannon-Fenske  viscometer)  vs. the 
redox  couple concentrat ion.  The viscosi ty is p rac t ica l ly  
constant  at  low F e ( C N ) 6 3 - / 4 -  concentrat ions  bu t  in-  
creases sharp ly  at  about  0.2M, which corresponds ap-  
p r o x i m a t e l y  to the m a x i m u m  in the d i f fus ion- l imi ted  
cur ren t  for the redox reac t ion  (0.15M). However ,  the  
diffusion coefficient decreases by  a lmost  an o rde r  of 
magni tude  (from 28 X 10-6 to 3 X 10-6 cm2/sec) f rom 
0.01 to 0.1M Fe(CN)68-/4-,  indica t ing  that  considerable  
ion pa i r ing  occurs even at  r e l a t ive ly  low redox couple 
concentrat ions.  Ion pa i r ing  of hexacyanofe r ra te  species 
wi th  t e t r a a l k y l a m m o n i u m  cations in solvents  wi th  low 
acceptor  numbers  has also been detected po la rograph i -  
cally (2). 

The relative effects of the electrolyte kinematic vis- 
cosity (v) and the diffusion coefficients (D) in reduc- 
ing the diffusion-limited currents can best be seen by 
plotting D 2/3 and v -I/6, which are the terms appear- 
ing in the Levieh equation (4) 

{L --  1.94 X 107 CRDR2/3~-I/6~ 1/2 

E I I I I 
n-CdSe/METHANOL, Et4NBF4, Fe{CN)3-/4-/p t 

18 LIGHT INTENSITY ~ 104 mW/cm 2 

EFFICIENCY ~ 5.5% 
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Fig. 1. Photocurrent density vs .  voltage for the cell n-CdSe/ 
methanol, 0.25M Fe(CN)6 :~ - /4 - ,  0.1M Et4NBF4/Pt under illu- 
mination at 104 mW/r 2. 
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Fig. 2. Diffusion-limlted currents vs. the Fe(CN)63- /4 -  concen- 
tration for a rotating 0.13 cm 2 Pt disk electrode in methanol/O.1M 
Et4NBF4 electrolyte containing equal concentrations of the oxi- 
dized and reduced species. The scan rate was 20 mV'/sec and iL 
was determined at an overvoltage of 1.00V in each case. 
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Fig. 3. Levich plots (4) for the F e ( C N ) 6 3 - / 4 -  reaction at a 
rotating Pt disk electrode in methonol/0.]M Et4NBF4 (conditions 
same as for Fig. 2). 

where iL is in mA/cm 2, CR is the concentration of re-  
actant in mol/ml,  DR is the reactant diffusion coeffi- 
cient in cm2/sec, v is the electrolyte kinematic viscosity 
in cm2/sec, and = is the disk electrode rotation rate 
in rpm. Such plots are shown in Fig. 5, where v -I/s 

is seen to decrease linearily and relatively slowly (note 
scale difference) with Fe(CN)6 s-/4- concentration, 
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Fig. 4. Plots of the diffusion coefficients (D) of Fe(CN)63-/4- 
species and the kinematic viscosity of 0.]M Et4NBF4/methonol 
solutions as functions of the F e ( C N ) 6 3 - / 4 -  concentration. 
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whereas D21S decreases sharply to about 0.1M a n d  
then more gradually. Thus, the decrease in iL at con- 
centrations above 0.15M results from a combination 
of the effects of v -1/6 and D2/3. 

Plots of the short-circuit  photocurrent at single 
crystal n-CdSe photoanodes in 0.25M Fe(CN)68- ]4 - /  
methanol and in aqueous polysulfide electrolyte vs. 
l ight intensity are shown in Fig. 6. The linear plot 
(passing through the origin) for the aqueous system 
indicates that solid-state limitations are not predomi-  
nant. Therefore, the nonlineari ty in the methanol]  
Fe (CN)s 3- /4-  plot and the upper limit of 17.5 mA/cm 2 
for the steady-state photocurrent are apparent ly  as- 
sociated with electrolyte effects. The data can be ade-  
quately explained by assuming the occurrence of strong 
specific adsorption of a ferricyanide species, which is 
the product of the photoelectrochemical redox reac-  
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Fig. 6. Short-circuit currents vs. light intensity (tungsten-halogen 
lamp) for nlCdSe electrodes in 0.25M tetraethylammonium 
Fe(CN)6a-/4-/O.IM Et4NBF4/methano l  and in aqueous  2.2M 
Na2S/0.1M S/0.1M NaOH electrolytes. 
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tion. Thus, at the lower light intensities, for which the 
currents are lower, the reaction rate is under mixed 
electron transfer/product desorption control, i.e., the 
rates of electron transfer (which is determined by the 
availability of photoholes in the semiconductor) and 
product desorption are comparable. As the light inten- 
sity (and consequently the current) is increased, the 
electron transfer rate increases and product desorp- 
tion becomes the slow reaction step. In this case, higher 
currents can be passed for a short time but product 
accumulation on the electrode surface ultimately limits 
the current to a constant value determined by the rate 
of desorption. This model is consistent with the transi- 
ent photocurrents (at the higher light intensities) de- 
caying to the steady-state value (Fig. 6), and with the 
higher Tafel slopes (on Pt) for higher redox couple 
concentrations. The adsorbed species may be either the 
ferricyanide species normally present in solution or 
some reaction intermediate, and it may be ion paired 
since the viscosity data indicate that ion pairing is 
prevalent at Fe (CN)sa-/4- concentrations above 0.1M. 
Note that specific adsorption is known to also occur 
for the aqueous polysulfide system but would not affect 
the linearity of the corresponding plot in Fig. 6 if ad- 
sorption/desorption is fast compared to the electron 
transfer step, which involves two electrons. 

Summary and Conclusions 
The photocurrent for n-CdSe photoanodes in the 

methanol/ferro-ferricyanide system is limited to 17.5 
mA/cm~, apparently by specific adsorption of ferri- 

cyanide redox species. Ion pairing in this system also 
has a pronounced effect on the redox couple diffusion 
coefficients and the electrolyte viscosity at higher redox 
couple concentrations. Such factors would be expected 
to be of general importance in photoelectrochemical 
cells employing nonaqueous electrolytes. 
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Technical Notes 

Kinetics of Electroless Copper Plating 
V. Mass Transport at Cylindrical Surfaces 

Francis M. Donahue* 
Department of Chemical Engineering, The University of Michigan, Ann Arbor, Michigan 48109 

In a previous communication, properties of mass 
transport in electroless copper plating baths were 
presented for the common case of linear transport (1). 
Since some studies have been performed on cylindrical 
samples (2-4), it is worthwhile to determine the ef- 
fects of this geometry on mass transfer phenomena. 

The steady-state mass balance for a transporting 
species, "j," for cylindrical geometry in the absence of 
a homogeneous reaction and with concentration vari- 
ation only in the radial direction is 

d2q 1 dcj 
+ - -  _ 0 [i] 

dR2 R dR 

The boundary conditions for the case considered here 
are  

c j=cs j  at R = R o  [2a] 
and 

cj - -  CbJ at R : Ro + 8 [2b] 

* Electrochemical Society Active Member. 
Key words: mass transport, baths, plating. 

The solution of Eq. [1] for these boundary conditions is 

l n (  R ~  ) 
R 

cj = c~j + (esj -- cbj) [3] 
( R o §  

in \ - - - - R ~  / 

The flux of the transporting species at the sample- 
solution interface is 

Nj = --lO-aDjm(dcJdR)~=~o [4] 

Differentiating Eq. [3] and setting R = Ro, the flux be- 
comes 

8/Ro 
Nj = (10-aDam/8) (Csj -- Cbj) [5] 

ln(1 § 8/Ro) 

Comparing Eq. [5] with Eq. [la] of Ref. (1) shows 
that the flux at a cylindrical sample reduces to that for 
linear transport when the ratio of the boundary layer 
thickness to the sample radius is less than 0.1. 
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The boundary layer thickness for rotating cylinders 
can be computed from the macroconvection mass 
transfer coefficient (1) and the diffusivity. The bound- 
ary layer  thickness for the cylinders used by Dumesic 
and co-.workers (3) at the lowest rotation speed (150 
rpm) was computed using Donahue's corrected value 
of the macroconvection mass transfer coefficient (1) 
and their  diffusivity for cupric ion. Since the ratio, 
8lEo, was less than 0.01, the flux of cupric ion was 
correctly described by the authors in terms of the 
l inear transport  equation. 

When microconvection controls the transport  process 
(e.g., in the absence of forced convection, but the 
presence of gas evolution), the boundary layer  thick- 
ness is a function of the plating rate (1), i.e. 

8 : 0.026 rp -0.5S [6] 

Insertion of Eq. [6] in Eq. [5] provides some insight 
into the roles of plating rate and sample radius under 
these conditions. However, it is more convenient to 
define an "effective" mass transfer coefficient, kcj', by 

lO S Nj 
kcj' : [7] 

Csj -- CbJ 
or, from Eq. [5] 

Djm/Ro 
k~j' = [8] 

in (I + 8/Ro) 

which can be rearranged to 

kcj' 1/Ro 
[9] 

Djm In (1 + ~/Ro) 
where the right-hand side of the equation is a function 
of the plating rate and sample radius and independent 
of the transporting species. Figure i shows the behavior 
of the left-hand side of this equation as functions of 
sample radius and plating rate. From this figure one 
concludes that the stationary cylinders of Dumesic and 
co-workers (3) exhibited linear transport even at the 
lowest plating rates. On the other hand, the wire sam- 
ples of Donahue and co-workers (2, 4), i.e., Ro = 0.016 
cm, exhibit substantial deviation from the linear trans- 
port line even at the highest plating rates. Therefore, 
when computing interfacial concentrations, they cannot 
use the linear transport equations given previously 
(1), but must use Eq. [5]. 
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LIST OF SYMBOLS 
cj concentration of species "j" (M) 
Cbj bulk concentration of species "j" (M) 
csj int.erfacial concentration of species "j" (M) 
Dim diffusivity of species "j" in the solution (cm2/ 

see) 
kcf "effective" mass transfer coefficient of species "]" 

(cm/sec) 
Nj flux of species "j" (mol/cm~-sec) 
R radial  distance (cm) 
Ro cylinder radius (cm) 
r ,  plating rate (~m/hr) 
8 mass transfer boundary layer thickness (cm) 
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Electrodeposition of Palladium on Iron and Steel for 
Electrochemical Hydrogen Permeation Studies 

R. [}river* 

CSIRO Division o] Applied Physics, Sydney, Australia 2070 

In the highly sensitive electrochemical technique for 
studying hydrogen permeation in metals (1, 2), a thin 
test membrane acts as a bipolar electrode in a two- 
compartment cell. A fraction of the hydrogen produced 
at the cathodically polarized (inlet) side diffuses 
through the membrane and is oxidized as it  reaches the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key words: membrane,  permeation, meta l s .  

anodically polarized (exit) side. To obtain meaningful 
permeation rate data, it is necessary to ensure that  
ionization of hydrogen at the exit surface occurs much 
faster than the competing, nonelectrochemical, hydro-  
gen atom recombination reaction, and that the mea- 
sured ionization current is free of any spurious com- 
ponents associated with anodic dissolution or passiva- 
tion of the exit surface. 
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In pr incipal ,  these object ives  m a y  be achieved by  
coating the exi t  surface  wi th  a ve ry  thin l ayer  of pa l -  
ladium, an iner t  and h igh ly  pe rmeab le  ma te r i a l  which 
has v i r tua l ly  no effect on the overa l l  ra te  of hydrogen  
t ransport .  Elect rolyt ic  deposits  have usua l ly  been  em-  
ployed,  bu t  descr ipt ions  of the p la t ing  methods  are  
both meager  and conflicting and ve ry  l i t t le  a t ten t ion  
has a p p a r e n t l y  been d i rec ted  at  moni to r ing  the th ick-  
ness or  in tegr i ty  of the coatings. As poin ted  out  b y  
Heidersbach  et al. (3), there  is wide  var ia t ion  in exis t -  
ing hydrogen  pe rmea t ion  da ta  and this could be due 
pa r t l y  to poor  control  of the pa l l ad ium deposi ts  appl ied  
to m e m b r a n e  exi t  surfaces. 

The p resen t  work  was unde r t aken  to es tabl ish  a 
s imple  and re l iab le  l abo ra to ry  method  for ob ta in ing  
good qua l i ty  pa l l ad ium electrodeposi ts  on i ron and 
steel,  the mate r ia l s  most  commonly  used in hydrogen  
diffusion studies. A s imple poros i ty  tes t  was used tb 
de te rmine  the m i n i m u m  deposi t  thickness  for  complete  
coverage.  The chemical  factors under ly ing  the ope ra -  
t ion of the p la t ing  ba th  are  discussed briefly. 

Experimental 
Sample preparation.--Plating exper iments  were  pe r -  

fo rmed  on coupon specimens of surface area  4-10 cm 2, 
cut  f rom Johnson Mat they  "Specpure"  i ron sheet, 1.0 
m m  thick, and f rom br igh t  mi ld  steel  sheet, 0.78 m m  
thick. Af te r  degreas ing in hot  pe t ro l eum (bp 100 ~ 
120~ any  rus t  or  oxide  b loom was removed  by  t r ea t -  
ment  wi th  a commerc ia l  ac id-based  rust  remover ,  or 
a l te rna t ive ly ,  by  appropr i a t e  p ickl ing in 0.5M H2SO4, 
The former  p rocedure  had  the advan tage  of leaving a 
b r i l l i an t ly  clean surface, a lmost  f ree  of etching. The 
samples  were  then r insed  in dis t i l led  water ,  d r ied  wi th  
alcohol, and f inal ly pol ished wi th  steel  wool. 

Plating solution.--The alka l ine  p la t ing  e lec t ro ly te  
was p repa red  f rom pa l l ad ium d iammine  dini t r i te ,  
Pd(NHs)~(NO2)2~ ( "Pa l l ad ium P Sa l t " ) ,  using the 
composi t ion recommended  by  Hedr ich  and Raub (4), 
i.e., 0.1M Pd(NH~)2(NO2)2, 100 g/1 NH4NOa, and 10 
g/1 NaNO2, wi th  addi t ion of sufficient ammonia  to ad -  
jus t  the pH be tween  8 and 10. I t  is convenient  to dis-  
solve the pa l l ad ium complex  in ammonia  solut ion be -  
fore adding the other  consti tuents.  The  solut ion is then  
d i lu ted  a p p r o x i m a t e l y  to volume and pH ad jus ted  
(using g radua ted  indica tor  pape r )  e i ther  by  fu r the r  
addi t ion  of ammonia  or  by  warming  the solut ion to 
expel  the excess. The quest ion of the op t imum ba th  pH 
is discussed later .  The same ba th  may  be p repa red  jus t  
as convenien t ly  by  subst i tu t ing  0.1M pa l l ad ium ni t ra te ,  
Pd(NO3)2, for the n i t r i te  complex,  in which case the 
requ i red  sodium ni t r i te  concentra t ion is 24 g / l i te r .  

Electroplating procedure.--Experiments to es tabl ish 
a sa t i s fac tory  p la t ing  procedure  were  pe r fo rmed  in a 
s imple beake r  cell. The cur ren t  source was a Wenking  
Model  POS73 scanning potent ios ta t  opera ted  in gal-  
vanosta t ic  mode wi th  an ex te rna l  control  resistor.  The 
anode was a sheet  of b r igh t  p l a t inum foil, the area  of 
which  was comparab le  wi th  tha t  of the cathode speci-  
men. The cell was first filled wi th  0.5M I-I2SO 4 and the 
specimen was ac t iva ted  by  anodic polar izat ion at  5 
m A / c m  2 for 30 sec. The cell  and electrodes were  then 
r insed  qu ick ly  wi th  di lute  ammonia  to ensure com- 
plete  remova l  of hydrogen  ions, the p la t ing  solut ion 
introduced,  and deposi t ion commenced immedia te ly ,  
wi thout  s t i rr ing,  a t  a cu r ren t  dens i ty  of 20 m A / c m  2. 
The cur ren t  was ma in ta ined  at  this value  for 30 sec, 
and then reduced  un i fo rmly  at  0.5 m A / c m  2 sec to a 
constant  value  of 5 m A / c m  2 and deposi t ion cont inued 
for  a fu r the r  18 min. P la ted  specimens were  dr ied  wi th  
alcohol, and the coating thickness was de te rmined  f rom 
the  gain in mass. Al l  exper imen t s  were  conducted at  
22~ 

Porosity t e s t . - -Poros i ty  was assessed using a method 
based on the F e r r o x y l  test  for detect ing pinholes in 

t inpla te  (5). Specimens were  jus t  submerged  in  a 
solut ion containing 0.2M K~[Fe(CN)6]  and 0.0025M 
KC1. Exposed iron is r ap id ly  at tacked,  and wi th in  a few 
minutes,  the presence of pores  is r evea led  by  te l l ta le  
spots of "blue  rust"  formed by  reac t ion  be tween  fe r -  
rous and fe r r i cyan ide  ions. 

Results and Discussion 
Although various p la t ing  solutions have been men-  

t ioned for pa l l ad ium (6), the above formula t ion  is 
be t t e r  sui ted to l abo ra to ry  appl icat ions  and under  ap-  
p ropr i a t e  condit ions is capable  of y ie ld ing  smooth de-  
posits wi th  a high gloss, even f rom an uns t i r r ed  bath.  
The given procedure  y ie lded  pore - f r ee  coatings 1.5- 
1.6 ~m in thickness for a total  p la t ing t ime of about  19 
rain, corresponding to a cur ren t  efficiency of 55-60% 
(at  100% cur ren t  efficiency, the Pd  deposi t ion ra te  a t  
5 m A / c m  2 is 0.138 ~m/min ) .  Deposits  genera l ly  dis-  
p layed  some poros i ty  at  thickness  < 1.3 ~m, a l though 
this could be as l i t t le  as 1-2 po re s / cm 2 a t  about  1 ~m. 
Sample  cleanliness is essent ial  for  the a t t a inmen t  of 
po re - f r ee  deposits. Except  in the case of e x t r e m e l y  
thin foil specimens, a pa l l ad ium coat ing of about  2 ~m 
wil l  not  ma te r i a l l y  affect the hydrogen  pe rmea t ion  
kinetics.  

The r e l a t ive ly  high in i t ia l  cu r ren t  dens i ty  was de-  
s igned to obta in  more  or less comple te  coverage  a s  

soon as possible. This procedure  was p r o m p t e d  by  the 
gradua l  format ion  of an unident if ied prec ip i ta te  con- 
ta ining i ron  dur ing deposi t ion a t tempts  at cur ren t  
densi t ies  < 1 m A / c m  2. In i t ia l  p la t ing  densit ies  exceed-  
ing 20 m A / c m  2 are not  recommended,  as the  deposi t  
s t ruc ture  m a y  suffer due to increas ing hydrogen  con- 
tent  (7), The fo l low-up p la t ing  dens i ty  of 5 m A / c m  2 
was chosen to maximize  current  efficiency and to 
minimize the degree  of hydrogen  ion bu i ldup  at  the 
anode, the effects of which are  discussed later .  

With  this bath,  d ischarge of pa l l ad ium takes  place  
f rom the t e t r ammine  pa l l ad ium (II)  ion, fo rmed ac-  
cording to the equ i l ib r ium 

Pd(NH3)~(NO2)2 + 2NHa ~ [Pd(NI~)4]~+  + 2NO~- 

and hence the per formance  is v e r y  dependen t  on the 
pH. As the pH is lowered,  the t e t r ammine  g radua l ly  
rever ts  to the insolubIe d iammine  complex  and pa l -  
l ad ium deposits  (7) obta ined  at  pH 7-8 r epo r t ed ly  
contain occluded Pd (NH~) 2 (NO2) 2. This can even tua l ly  
lead to b l i s te ry  coatings at  pH < 7. As the pH in-  
creases, reduct ion  of the [Pd(NI~)4]2+  ion occurs at  
more negat ive  potent ia ls  which favor  discharge of hy-  
drogen.  These effects de te rmine  the r ecommended  
opera t ing  range of pH 8-9. Since the ba th  loses am-  
monia  cont inuously  on exposure  to the a tmosphere ,  
r egu la r  pH checks are  essential .  

The low cur ren t  efficiency of this bath,  even under  
op t imum condit ions of pH and cur ren t  density,  is ap-  
p a r e n t l y  due to reduct ion of n i t r i te  a n d / o r  n i t ra te  ions 
(4), r a the r  than  hydrogen  discharge,  which only  be-  
comes impor t an t  at  h igh pH or at  cu r ren t  densi t ies  
>30 mA/cme.  The efficiency of the uns t i r r ed  ba th  also 
depends  on the pa l l ad ium concentrat ion,  which should 
be ma in ta ined  fa i r ly  close to the r ecommended  va lue  
of 0.1M. When the pa l l ad ium content  had  been de-  
p le ted  by  20-30%, the observed cur ren t  efficiency 
dropped  be low 50%, and more  impor tan t ly ,  deposits  of 
given thickness were  s ignif icant ly more  porous than 
those from a r e l a t ive ly  fresh solution. Efficiency and 
per formance  were  ful ly  res tored  by  appropr i a t e  evapo-  
rat ion.  Al te rna t ive ly ,  the ba th  m a y  be rep len ished  b y  
addi t ion of the pa l l ad ium complex  dissolved in d i lu te  
ammonia .  In the absence of p rope r  p H  control,  the 
ba th  can be deple ted  ve ry  r ap id ly  b y  crys ta l l iza t ion 
of Pd(NHz)e(NOe)2  on the anode, where  the dis-  
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charge of hydroxyl  ions causes a substant ia l  drop in  
local pH, i.e. 

2 O H -  -~ 02 4- 2H + 4- 4e 

followed by 

[Pd(NHs)4] 2+ + 2NO2- 4- 2H + 

-> Pd(NHs)2(N02)2 -5 2NI-I4 + 

At  5 m A / c m  2, crystal l ization was only  observed at  
pH --  8, bu t  higher current  densities might  be ex-  
pected to exacerbate this problem. 

Conclusion 
Good qual i ty  pa l lad ium electrodeposits on i ron a n d  

s t e e l  may be readi ly  obtained from an uns t i r red  bath  
at room temperature.  Complete coverage and passi- 
vat ion of these substrates requires an electroplated 
coating >1 #m and preferably 1.5-2 #m thick. A pal la-  
d ium layer  of these dimensions wil l  not  affect the ra te  
of hydrogen t ranspor t  through ferrous specimens. The 
coatings should be indiv idual ly  checked for porosity 
as this could vary  with d i f f e r e n t  subs tra te s .  

Manuscript  received March 24, 1981. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in  the June  1982 JOURNAL. 
All discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 
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Dependence of Flatband Potentials of n-Ti02 
on Electrolytes and Electrolyte Concentrations 

James R. Wilson and Su-Moon Park* 
Department of Chemistry, University of New Mex/co, Albuquerque, New Mexico 87131 

The flatband potential  of a semiconductor electrode 
is an impor tant  parameter  in designing a photoelectro- 
chemical cell. The importance of the flatband potential  
of a given semiconductor mater ia l  in locating energy 
levels of the conduction and valence bands (1-3), and 
for predict ing its stabilities has been discussed else- 
where (4-6). F la tband  potentials have been reported 
to be dependent  on the pH of the medium (1, 3). The 
pH dependency of flatband potentials has been charac- 
terized by a straight l ine with a slope of 59 mV/pH 
according to the equat ion 

EFB "- EFB ~ -- 0.059 pH 

where EFB ~ is the value at pH -- 0. The pH dependency 
is ascribed to the adsorption of the hydroxyl  ion at the 
electrode surface (1), which in  tu rn  is dependent  on 
the pH of the medium. 

In  the present  note, we report  the effect of electro- 
lytes and electrolyte concentrat ions on the flatband 
potential  of an n-TiO2 electrode. This s tudy was carried 
out on the assumption that electrolyte species other 
than the hydron ium or hydroxyl  ion could also be the 
potent ial  de termining species at the semiconductor-  
electrolyte interface. 

Reagents used were of reagent  or analyt ical  reagent 
grade and obtained from Baker, Eastman Organic, Mal- 
l inkrodt,  or Merck. Most reagents were used as re-  
ceived, bu t  a few salts were recrystallized from double 
distilled water. A Pr inceton Applied Research (PAR) 
175 Universal  Programmer,  a PAR 173 potentiostat-  
galvanostat,  and a PAR 176 I /E  converter  have been 
used to control the potential  at the working electrode 
and to record the photocurrent.  A Tectronics Model 
5115 storage oscilloscope was used to record faster 
measurements  such as the capacitance current  pro- 
duced by applying a small  t r iangular  a-c signal ( _  10 
mV) superimposed on a d-c bias potential. An Oriel 
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450W Xe arc lamp powered by  an Oriel 8540 Universal  
power supply was used as a light source. Monochro- 
matic l ight was produced by an Oriel 7240 mono-  
chromator (bandpass = 20 nm) .  The i l luminat ion  in -  
tensi ty was measured with the In terna t ional  Light 
Model 700 Radiometer. The pH was monitored by a 
Cambridge 5-700 combinat ion electrode with a Sargent-  
Welch Model NX Digital pH meter. The photocurrent  
was recorded on a Houston Model 2000 X-Y recorder. 

The electrolyte concentrat ion was controlled by dis- 
pensing small  volumes of a concentrated electrolyte 
solution from a buret.  This has the advantage of main-  
ta ining the same electrode position in the solution 
throughout  the experiment.  

An n-TiO2 electrode, furnished by Dr. Mike A. 
Butler, Sandia Laboratories, was cut from a large 
single crystal perpendicular  to the c-axis. The TiO2 
electrode was doped in a quartz tube furnace under  
the hydrogen atmosphere at 450~ for 2 hr, whenever  
necessary. The electrode thus doped had a donor den-  
sity of ,--1.0 X 1019/cm 3, as measured from the slope of 
a Mott-Schot tky plot (1, 2). 

Due to the irreproducibit i t ies encountered in flatband 
potential  measurements  by the Mott-Schot tky method 
(7, 8), a photoresponse method (9) was used. This 
method is based on a measurement  of the photocurrent  
(I) as a function of the applied potential  (E). From 
the I-E measurements,  a plot o f /2  vs. E was obtained. 
The flatband potential  was then obtained from the in -  
tercept of the E-axis. Since the results obtained from 
this method were feared to be affected by exper imenta l  
parameters  such as the voltage scan rate and the wave-  
lengths of light i l luminated  (10), we employed a scan 
rate of 1 mV/sec and a wavelength  of 360 n m  for 
electrode i l lumination.  The i l luminat ion  in tensi ty  was 
about 0.71 mW/ c m 2. In  order to check the reproducibi l -  
i ty of this method, the pH dependency of the flatband 
potential  was obtained; an ext remely  well-correlated 
straight l ine with a slope of --53 mV/pH was observed. 
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Of eight  inorganic  salts  studied, only  one showed a 
sl ight  concentra t ion effect on the f la tband potent ial .  
Compounds such as NaC1, KC1, NaI, KNO.~, Na2SO4, 
K2804, and NaC104 did not show any effects. The 
values of f latband potent ia ls  of TiO2 were  the same in 
solutions of these salts and independen t  of thei r  con- 
centrations.  Addi t ion  of NaH2PO4 to wa te r  moved the 
f la tband poten t ia l  to a more  posi t ive value,  which  
would be  expected f rom the resu l tan t  change in pH. 
While  the f ia tband po.tential var ied  s l ight ly  wi th  
NaH.~PO4 concentrat ion,  EFB values corrected against  
the corresponding change in pH were  constant.  

The fact  tha t  most inorganic salts did not exer t  any  
effects on f la tband potent ia ls  indicates  tha t  both  cations 
and anions of the sal ts  s tudied d id  not  show significant 
specific adsorpt ion  toward  the e lect rode mater ia l .  A 
smal l  change in the f la tband potent ia l  when NaH2PO4 
was added  has been ascr ibed to the  change in pH due 
to the  hydrolys is  of the  salt. Thus, we decided to pe r -  
form the same s tudy  for complexing  agents. Complex-  
ing agents used were  NaCN, sodium citrate,  e thy lened i -  
amine te t raace t ic  acid (EDTA), and 8-hydroxyquinol ine .  
Of these, ne i ther  NaCN nor  sodium ci t ra te  showed any 
significant effects, while  EDTA and 8 -hydroxyqu ino l ine  
did. The effect of the concentra t ion of EDTA on the 
f la tband poten t ia l  of n-TiO~ is shown in Fig. 1. Note 
that  the  measurements  were  made  in solutions of pH's  
11 and 12. The in te rcept  of the two curves shown in 
Fig. 1 was ident ical  wi th  the EFB values  tha t  were  ob-  
ta ined  at  pH ---- l l  and 17. wi thout  EDTA presen t  for 
its pH-dependence  studies. The effects shown in Fig. 1 
were  not  observed  at lower  pH's. This indicates that  the 
dissociated form ( y 4 - )  of EDTA (H2Y 2 - )  according to 
the equ i l ib r ium reac t ion  

H~Y z -  --> 2H + + y 4 -  

is impor t an t  as a po ten t ia l  de te rmin ing  species a~ the 
e lec t rode  surface. Indeed,  when  the shif t  in the fiat- 
band  poten t ia l  is normal ized  by dividing i t  b y  the  
molar  concentra t ion of the dissociated form of EDTA 
( [ y 4 - ] ) ,  i t  was app rox ima te ly  constant  wi th  about  9% 
average  deviat ion.  The normal ized shif t  thus ca lcula ted  
was ~,0.36 V / M  y 4 -  The fact that  y 4 -  is a potent ia l  
de te rmin ing  species also implies  that  the complexa t ion  
of y 4 -  wi th  surface ions m a y  be responsible  for the 
observed results.  

For  8-hydroxyquinol ine ,  the resul ts  were  similar .  No 
effects were  observed at  low pH, whereas  the f la tband 
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Fig. 1. The f lathand potential of an n-TiO2 electrode as a func- 
tion of the EDTA concentration. Wavelength of l ight i l luminated 
was 360 nm. 

potent ia l  shif ted to a more posit ive direct ion at  h igh 
pH, where  hydrox ide  on the 8 -hydroxyquino l ine  (8- 
HQ) molecule  would be dissociated. The shif t  in the  
f la tband potent ia l  was to the ex ten t  of 0.14V at a 8- 
hydroxyquino l ine  concentra t ion of 27 raM. At  a higher  
8-HQ concentrat ion,  no photocur ren t  was observed. 

We a t t r ibu te  the observed behavior  to the complexa-  
t ion of donor ions such as Ti 3+ at  the semiconductor  
surface. W"nen EDTA or 8-hydroxyquinoline is present 
in the solution, the dopants at the surface may be com- 
plexed, shifting the energy levels of the electron donor 
ions. We believe that the surface complexation affects 
the energy level of the semiconductor more than of 
the solution side. This will shift the flatband potential 
in a more positive direction. The complexation effect 
was more dramatic for 8-HQ, probably because it forms 
the insoluble complex (precipitate), possibly blocking 
the electrode surface. 

The reason that  the  addi t ion  of cyanide and c i t ra te  
did not  affect the f la tband poten t ia l  m a y  be tha t  these 
ions are not  s t rong enough complexing agents toward  
Ti 3+. I t  is r ead i ly  pred ic ted  that  both  EDTA and 
8-hydroxyquino l ine  would  be s t ronger  complexing  
agents  than  c i t ra te  and cyanide  for  Ti s+, a l though 
no quant i ta t ive  da ta  except  for EDTA are avai lab le  
in the l i t e ra tu re  (11). F u r t h e r  work  is in progress  in 
our  l abo ra to ry  along the l ines described.  
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Photoactivity of Polycrystalline c -Fe 03 
Electrodes Doped with Group IVA Elements 

John H. Kennedy,* Menahem Anderman, and Ruth Shinar 

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

Success in obta in ing  significant photocur ren ts  wi th  
polycrys ta l l ine ,  SiO2-doped ~-Fe203 photoanodes  (1) 
gave rise to a s tudy  of the photoelec t rochemical  p rop-  
er t ies  of  o ther  group IVA elements  as dopants.  Re-  
cently,  photochemical  proper t ies  of SnO2- and CaO- 
doped a-Fe203 electrodes were  inves t iga ted  e lsewhere  
(2) bu t  only  1 and 5% doping levels  were  studied. 

In  the p resen t  work  a-Fe203 ma te r i a l  was mixed  
wi th  0.002-5 atomic percent  (a /o )  GeO2 and SnO2 and 
with  0.01-5 a /o  ( in i t ia l  composit ion) PbO2. Emission 
spectroscopy and x - r a y  diffraction were  used to check 
the ini t ia l  and  final doping levels and for the possible 
presence of two-phase  mater ia ls .  Photoe lec t rochemi-  
cal resul ts  were  compared  to those obta ined  at Si ( I V ) -  
and Ti (IV) -doped  ~-Fe208 electrodes.  

Experimental 
Electrodes were  p repa red  f rom high puri ty ,  99.999% 

a-Fe208 (Alfa  Products )  b y  mix ing  with the dopant  
powder,  pressing,  and s inter ing as descr ibed e lsewhere  
(1). The dopants  were  Alfa  Products  99.9% GeO2, B 
and A 99% SnO2 or  Alfa  Products  99.9% SnO2, and 
Research Organ ic / Inorgan ic  Chemical  Corpora t ion  
95% PbO2 or  Apache  99.9% PbO2. 

Pressed pel lets  were  s in tered at  1250~176 for 
3-40 hr. Table  I summarizes  the dopant  concentrat ions,  
s in ter ing tempera tures ,  and s inter ing t imes needed to 
p repa re  the best  electrodes.  The electrodes were  1.29 
cm d iam when  in i t i a l ly  pressed bu t  some shr inking  
occurred dur ing  s in ter ing  so tha t  final e lectrodes were  
~1  cm 2. 

Elect r ica l  connections were  made  using s i lver  epoxy  
as prev ious ly  descr ibed (3). Densit ies were  75-90% of 
the theore t ica l  value,  and resis tances measured  at  1 
kHz wi th  a conduct iv i ty  br idge  were  usua l ly  50-2500~. 

Samples  containing Ca 2+ (s ta r t ing  mater ia l :  Mathe-  
son, Coleman & Bell  CaCO3) and Pb 2+ (s ta r t ing  mate -  
r ia l :  Mal l inckrodt ,  Ana ly t i ca l  Reagent  PbO) were  
also prepared .  0.5 a /o  Ca2+-doped ~-Fe203 pel lets  were  
s in tered at  1370~ for about  15 hr  and at  1330~ for 
70 hr. In  both cases the resis tances were  ve ry  high 
(>200 k ~ ) .  0.5 a /o  pb2+-doped  electrodes were  sin- 
t e red  at  1370~ for 5 hr. Resistances were  ~2  k~. 

Pe l le t  weight  was checked before  and af ter  sintering.  
Differences be tween  s ta r t ing  and final dopant  concen- 
t ra t ion were  also de te rmined  by  emission spec t ro-  
scopy. Both powders  and ground s in tered pel lets  of 
pure  and doped ~-Fe203 were  analyzed  by  a Norelco 
x - r a y  diffractometer .  

The cell a r rangement ,  and opt ical  and e lec t rochemi-  
cal measuremen t  procedures  were  descr ibed prev ious ly  
(1). Lamp in tens i ty  was measured  with  a Yel low 
Spr ings  Ins t rumen t  Company  Ket te r ing  Model 65A 
radiometer ,  and the pho tocur ren t  spect ra  were  no rma l -  
ized to the l amp output  spectrum. When using a 
monochromator  l ight  intensi t ies  in the range 350-560 
nm were  4-18% m W / c m  2. The lamp intensi ty  at  the 
e lec t rode  surface was about  300 m W / c m  2 when no 
monochromato r  was employed.  This was reduced  to 
about  180 m W / c m  2 when  a fi l ter was used (pass l ight  
<540 nm). 

Results 
No loss of weight  dur ing  s in ter ing  was observed in 

the case of  pure  ~-Fe203, Si 4+-, Sn4+-, and Ge 4+- 

* Electrochemical Society Active Member. 
Key words: semiconductor electrode, polycrystalline, doped 

a-Fr phetoaetivity. 

(s in tered  at  1300~ doped electrodes,  bu t  some loss of 
weight  was observed  in Ge4+-doped  pel lets  s in tered at  
~1350~ p robab ly  due to some evapora t ion  of GeO2 at  
high s inter ing t empera tu res  (4). 

A significant weight  loss was observed in the Pb 4+- 
doped pel lets  as expected,  since PbO2 decomposes at  
290~ and PbO, the final decomposi t ion product ,  mel ts  
at  888~ and evapora tes  apprec iab ly  (4). 

Emission spectroscopy confirmed the above results.  
Si 4+-, Ge 4+-, and Sn4+-concentra t ions  in the ground 
pel lets  (a f te r  s in ter ing)  were  the same, wi th in  exper i -  
men ta l  error ,  as in the mixed  powders  (before s in ter -  
ing) .  In  the case of Ge4+-doped pel le ts  a reduct ion  in 
the final concentra t ion of the  dopant  was observed 
when s in tered at  r e l a t ive ly  high tempera tures .  For  
example ,  the final doping level  of the 0.5 a /o  Ge (IV) 
sample  s in tered at  1350~ for 13 h r  was ~0.1 a/o.  I t  
should be kep t  in mind that  emission spectroscopy is 
not  a h ighly  accurate  ana ly t ica l  technique but  signifi-  
cant  differences be tween  ini t ia l  and final composit ion 
could be read i ly  observed.  For  the l ead -doped  elec-  
t rodes only low levels of  lead (~200 ppm)  were  ob-  
served in the final s intered pel lets  independen t  of in i -  
t ia l  concentrat ion,  s inter ing tempera ture ,  or  s in ter ing  
time. 

X - r a y  pa t te rns  of ground s intered pel lets  indica ted  
the exis tence of single phase a-Fe203 even at doping 
levels of 5 a /o  GeO2 and SnO2. On the other  hand, 
x - r a y  diffraction of the  s ta r t ing  mix tu res  containing 
as l i t t le  as 0.5 a /o  GeO2 and SnO2 c lear ly  showed the 
presence of dopant  phases along wi th  ~-Fe203. Also, 
no evidence for  the presence of o ther  phases was found 
for electrodes containing up to 2 a /o  SIO2. 

Most of the photoact iv i ty  exper iments  were  carr ied  
out  on low doping level  electrodes.  High doping levels 
were  used main ly  to check for possible weight  loss 
dur ing  s in ter ing  and for the  presence of two-phase  
mater ia ls .  

To ensure homogenei ty  in the electrodes some pel lets  
were  s in tered  at  e levated  t empera tu res  for ve ry  long 
periods (>3  days)  compared  to the t ime requi red  to 
obta in  pel lets  of r e la t ive ly  low resistance.  No not ice-  
able  change in the photoac t iv i ty  could be observed by  
the long s inter ing cycle. In addition, some s in t e red  
samples  were  ground and resintered.  Occasional ly  
densities were  s l ight ly  improved  but  no significant 
changes in the photoac t iv i ty  were  observed.  

Photocur ren t  densi ty  vs. appl ied  potent ia l  at 400 nm 
for ~-Fe208 electrodes doped wi th  group IVA elements  
is shown in Fig. 1. The indica ted  doping levels are  
those of the final electrodes.  In i t ia l  concentrat ion for 
the l ead -doped  electrode is given in parentheses.  

The photocur ren t  was measured  in 1F NaOH. Results  
for 0.05 a /o  Ti4+-doped electrodes are  also shown for 
comparison.  Dark  currents  in the range shown were  
a lways  lower  than 8 ~A/cm 2. As can be seen the elec- 

Table I. Composition and sintering conditions for group IVA-doped 
~-Fe203 electrodes 

Sintering Sintering 
Doping level temper- time, 

Dopant (a/o) ature, ~ hr 

SiO2 0.25-2 1350 20-30 
GeO2 0.002-0.01 1300 5-20 
SnO2 0.002-0.01 1300-1370 8-15 
PbO~ 0.05-0.2 (initial) 1330-1370 7-30 
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Fig. 1. Photocurrent density as a function of applied potential at 
400 nm for ~-Fe2Oa electrodes doped with group IVA elements and 
with TiO~. Solution: 1F NaOH. 

t rodes doped wi th  group IVA e l emen t s  exhib i ted  sig- 
nificant photocur ren ts  even at  0V vs. SCE in a basic  
solution. The highest  photocurrents  at  r e l a t ive ly  low 
potent ia ls  (<0.5V vs.  SCE) were  observed at 2 a /o  
Si4+-doped electrode.  Al though  there  were  differences 
in photocur ren ts  at  low appl ied  potent ia ls  among the 
different  electrodes the photocur ren t  p la teau  values  
reached at  h igher  potent ia ls  ( ~ I V  vs.  SCE) were  
about  the same for nea r ly  al l  electrodes.  

F igure  2 shows the spectra l  response for the photo-  
cur ren t  (quantum)  efficiency in 1F NaOH for severa l  
electrodes.  In  genera l  there  was no significant differ-  
ence be tween  the effect of GeO2 and SnO2 as dopants.  
Both of the lower  doping levels 0.002-0.01 a /o  showed 
higher  photocur ren t  densi t ies  at  0V vs. SCE than  those 
obta ined  at  h igher  (>0.05 a /o)  doping levels. At  dop-  
ing levels  >1  a /o  the photocur ren ts  at 0V vs. SCE were  
negl ig ib le  for both dopant  types. This doping level  
effect is demons t ra ted  in Fig. 3 for S n ( I V ) - d o p e d  
electrodes.  I t  should be noted that  this effect was not 
observed for SiO~-doped electrodes and we did not 
succeed in p repar ing  TiO2-doped electrodes at  a level  
lower  than 0.05 a/o. Photoelec t rochemical  per formance  
of al l  e lectrodes r epor ted  was s table  for long periods 
(>3  days at  0.4-1.8 mA)  of i r radia t ion.  The onset of 
pho tocur ren t  spect ra l  response ( ~ b a n d g a p )  of a l l  
group IVA-doped  electrodes was the same wi thin  ex-  
pe r imenta l  error .  A va lue  of ~2.2 eV was obta ined by  
plot t ing (~hv) ~/2 vs.  by, where  ~ is the pho tocur ren t  

t50 
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A P P L I E D  P O T E N T I A L  ( V  vs._=. S C E )  

Fig. 3. Photocurrent density as a function of applied potential at 
400 nm for ~-Fe203 electrodes doped with various amounts of 
Sn(IV). Solution: IF NaOH. 

(quan tum)  efficiency. An example  for SiCk- and 
GeO2-doped electrodes is shown in Fig. 4. 

The tu rn -on  vol tage for severa l  SIO2-, GeO2-, and 
SnO~-doped electrodes was measured  as a funct ion of 
pH as shown in Fig. 5 for the SIO2- and GeO2-doped 
electrodes.  S t ra igh t  l ines were  obta ined  for each elec-  
t rode wi th  slopes in the range  of - - (60-68)  mV/pH.  
These resul ts  were  wi th in  expe r imen ta l  e r ror  of --59 
mV/pH,  the value  expected  for the pH dependence  of 
the f la tband potential .  Al though  the tu rn -on  vol tage 
does not correspond exac t ly  to the f la tband potent ia l  
(3) the pH dependence  is usua l ly  identical .  The tu rn -  
on vol tage shif ted to negat ive  potent ia ls  as the dopant  
level  decreased,  as can be seen in Fig. 3 for S n ( I V ) -  
doped electrodes.  

I t  had been observed prev ious ly  (1, 5) that  d ipping  
S i ( I V ) -  and Ti (IV) -doped  electrodes in 1F KT at pH 
9 improved  photocurrents  observed in s t rong base 
solution. However ,  d ipping G e ( I V ) -  and Sn ( I 'V) -  
doped electrodes d id  not  s ignif icantly improve  the 
photocurrent .  Soaking  in KI  solut ion appears  to be 
effective only for e lectrodes showing less than  opt i -  
mum photoac t iv i ty  perhaps  by  removing surface re -  
combinat ion sites. I t  should be noted tha t  undoped 
high p u r i t y  ~-Fe~Os was h igh ly  resis t ive and exhib-  
i ted no pho tocur ren t  dur ing  the tenure  of our  exper i -  
ments. 
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Fig. 2. Spectral response for photocurrent efficiency (uncorrected 
for reflection losses at the cell window and the electrode surface) 
of doped ,,-Fe203 electrodes in 1F NaOH. 
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Discussion 
I t  appears  tha t  a l l  IVA elements  a re  effective dop-  

ants for  a-Fe2Os photoanodes.  This is consistent  wi th  
the genera l  a l iovalent  doping concept that  the -+-4 ion 
in t roduces  an  e lec t ron into the  conduct ion band  

M (IV) M (IV)Fe -5 ecb' 

One could argue tha t  group IVB elements  should be 
equa l ly  effective whereas  the expe r imen ta l  evidence 
indicates  that  t i t an ium is not  as effective as silicon. 
The  difference m a y  l ie  in the  addi t ional  energy  levels  
in t roduced  by  the a l iovalent  me ta l  ion centers  present .  
A TiFe" center  m a y  t rap  an e lec t ron to form Tile x, i.e., 
a T i ( I I I )  ion. Such centers  m a y  also act as e lectron 
hole recombina t ion  sites the reby  decreasing photocur -  
ren t  efficiency. Lower  members  in group IVB may  not 
d i sp lay  this behavior ,  and r ecen t ly  Horowitz  (6) 
showed that  single c rys ta l  Fe203 doped with  ZrOe was 
more  effective than  t i tan ium doping. 

A second conclusion is tha t  pho tocur ren t  decreases 
at  a given appl ied  potent ia l  as the  doping level  in-  
creases as shown in Fig. 3 for  S n Q - d o p e d  electrodes. 
This is expected  when one considers the effect of donor 
dens i ty  on space charge l aye r  thickness.  As the donor 
dens i ty  increases the space charge l aye r  becomes 
th inner  and fewer  photons are  absorbed  in the space 
charge region. Photons may  st i l l  be absorbed  at  a 
g rea te r  depth  in the F e 2 Q  electrode but  hole mobi l i ty  
is so low that  few reach the space charge region to be 
dr iven  to the surface. The apparen t  shift  in t u rn -on  
vol tage  to more  anodic values wi th  increas ing doping 
level  is not  expected a l though this point  was observed 
and discussed in a previous  paper  (3). 

However ,  i t  must  be  kept  in mind  tha t  the  dopant  
may  p lay  o ther  roles besides in t roducing  electronic 

defects especia l ly  at  high doping levels.  For  example,  
they  m a y  act as t raps  and recombina t ion  centers  l ead-  
ing to lower  pho tocur ren t  efficiency at  h igh doping 
levels.  

The resul ts  wi th  l ead -doped  electrodes are  more  
difficult to expla in  because the final oxidat ion  s tate  is 
not  -54 as wi th  the  o the r  dopants.  In  fact, doping with  
PbO gave electrodes wi th  photoetec t rochemical  p r o p -  
er t ies  s imi tar  to PbO2-doped electrodes.  Doping wi th  a 
-5 2 ion could l ead  to p - t y p e  ma te r i a l  a l though doping 
with  Ca( I I )  p roduced  only h igh ly  resis t ive electrodes.  
However,  the  behavior  of l ead -doped  ~-Fe203 elec-  
t rodes indicates  that  i t  is n - t y p e  l ike  o ther  members  of 
group IV. Because doping levels need not be high, and 
in fact, be t te r  per formance  is observed wi th  lower  
doping levels  (Fig. 3) i t  m a y  be that  t races  of P b ( I V )  
account for  the photoe lec t rochemical  behavior .  F r e d -  
l e i n  and Bard (7) also observed n - t y p e  behavior  for 
single c rys ta l  ~-Fe2Oa grown f rom a PbO melt.  The Pb 
content  was 1-10 a/o,  but  photocur ren ts  were  smal l  
unless hea t - t r ea ted .  These authors  assumed tha t  lead 
was present  as Pb  (IV) because the electrodes were  n -  
type. Al l  e lectrodes were  s table  for long per iods  of i l -  
lumina t ion  wi th  many  e lect rodes  being s tudied over  
per iods  of severa l  weeks wi th  no significant change in 
photoelec t rochemical  propert ies .  
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ABSTRACT 

The env i ronmen ta l  s tabi l i ty  and the fa i lure  mechanisms of a ca thodica l ly  
chromated  l e a d / t i n  (38/62) al loy jo in t  bonded  wi th  an e thy lene -ac ry l i c  acid 
(EAA) copolymer  have been inves t iga ted  in acidic solutions. Immers ion  of 
the jo in t  in acidic solutions causes r ap id  decrease in pee l  s t rength  and f inal ly 
in ter rac ia l  separat ion.  ESCA analysis  of the pee led  surfaces shows tha t  this  
decrease in pee l  s t reng th  is due to an in te r rac ia l  degrada t ion  be tween  the 
chromate  film and the under ly ing  al loy (consist ing both of l ead  and t in 
phases) .  The re ten t ion  time, dur ing  which a jo in t  re ta ins  the in i t ia l  pee l  
s t rength,  decreases wi th  increas ing anode cur ren t  dens i ty  of the  a l loy  in 
acidic solutions or with decreasing polarization resistance. This result sug- 
gests that the interracial failure at the chromate-alloy interface results from 
anodic dissolution of the underlying alloy. A failure mechanism of the 
chromated alloy joint in acidic solutions has been proposed: The degradation 
at the chromate-alloy interface occurs through rapid anodic dissolution of the 
lead phase and slow anodic dissolution of the tin phase. 

The long- t e rm exposure  of me ta l  joints  bonded  with  
e thy lene-ac ry l i c  acid (EAA) copolymers  to humid  en-  
v i ronments  causes the loss in jo int  s t rength  (1-4).  We 
have  repor ted  tha t  cathodic chromate  t r ea tments  of 
l e a d / t i n  al loys g rea t ly  enhances the env i ronmenta l  
s tabi l i ty  of the a l loy joints  bonded  wi th  an E A A  co- 
po lymer  and that  the jo in t  s t rength  is kep t  unchanged  
in dis t i l led w a t e r  for more  than  2 years  (5, 6). How-  
ever, these jo ints  seem to have poor env i ronmenta l  
s tab i l i ty  in acidic solutions since both  lead  and t in  
meta ls  a re  rap id ly  corroded in acidic solut ions (7).  
This paper  is concerned wi th  the env i ronmenta l  s ta -  
b i l i ty  in acidic solutions and the fa i lure  mechanisms 
of a ca thodical ly  chromated  l e a d / t i n  a l loy jo in t  bonded  
wi th  an EAA copolymer.  

Experimental 
The p repara t ion  of T-pee l  specimens consisting of 

adherend  (0.5 m m ) - a d h e s i v e  (0.2 m m ) - a d h e r e n d  (0.5 
ram) and the T-pee l  tes t ing were  descr ibed e lsewhere  
(5). The adhe rend  used was a ca thodica l ly  chromated  
l e a d / t i n  (38/62) alloy. The adhesive used was an 
EA_A copolymer  ( I )  suppl ied  by  Union Carbide Com- 
pany  (mel t  index 50 g/10 min, acryl ic  acid content  
20 weight  percent ,  dens i ty  0.96 g / cm a, glass t rans i t ion  
t empera tu re  31~ To eva lua te  the env i ronmenta l  s ta-  
b i l i ty  of the joints,  the peel  specimens were  immersed  
in acidic solutions, and the T-pee l  s t rength  was men-  

Key words: ESCA, anodic dissolution, interfacial degradation, 
metal-polymer joint. 

sured at 25~ immed ia t e ly  af ter  immersion.  The pH 
range  of the solutions was 0,8-5.6, and the t empe ra tu r e  
range was 20~176 The acidic solutions were  
2-HOCOC6H4COOK-HC1 (pH 0.8, 2.5, and  3.2), 
CH3COONa-HC1 (pH 4.5), 2-HOCO6H4COOK-NaOH 
(pH 5.0), and CHsCOOH-CHsCOONa (pH 5.6) buffers. 

The corrosion resistance of un t r ea t ed  and chromated  
al loy sheets in acidic solutions were  eva lua ted  f rom 
anode current  dens i ty  (Ip) by  a potent ios ta t ic  method  
or f rom polar iza t ion  resis tance (Rp) (8-10) by  a coulo- 
static method (11-15). The potent ios ta t ic  measu re -  
ments  were  made  using a Hokuto potent iometer ,  and  
the anode cur ren t  densi ty  was measured  at  an ove r -  
potent ia l  of 50 mV under  n i t rogen  gas. The surface 
area  of un t rea ted  and chromated  al loy sheets used as 
the work ing  electrodes was ca. 2 cm ~. A p la t inum sheet  
of ca. 2 cm2 and a sa tu ra ted  calomel  e lectrode were  
used as the counter  and reference  electrodes,  respec-  
t ively.  The anode cur ren t  densi ty  decreased wi th  t ime 
of apply ing  overpoten t ia l  and leve led  off af ter  30-60 
sec. The leveled-off  anode cu r ren t  dens i ty  was  r e -  
corded as an I~ value.  The coulostat ic  measurements  
were  made  using a Hokuto ga lvanos ta t  connected 
wi th  a pulse genera tor  (pulse wid th  10 ~sec) wi thout  
removing dissolved oxygen.  The ove rpo ten t i a l - t ime  
curves were d isp layed on a s torage oscilloscope. The 
amount  of charge densi ty  appl ied  was 0.1-0.3 ~C/cm e, 
and the induced ini t ia l  overpotent ia l s  were  in the 
range 2-10 inV. The polar izat ion resis tance ca lcula ted  
f rom the ove rpo ten t i a l - t ime  curves decreased wi th  
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wate r  immers ion  of a l loy  sheets and l eve led  off after 
ca. 20 min  immersion.  The leve led-off  po lar iza t ion  r e -  
sistance was recorded as an Rp value. To check the 
va l id i ty  of the Rp values  measu red  by  the coulostat ic  
method,  Rp values  of a l loy sheets in var ious  acidic 
solut ions were  also measu red  f rom polar iza t ion  curves.  
In  this  case, Rp values  were  ca lcula ted  using Rp -~ 
Baflc/Io(fla "~ ~c), where  ~a and/~c are  anodic and ca th-  
odic Tafel  slopes, respect ively,  and  Io is corrosion cu r -  
ren t  density.  The Rp values  measu red  f rom the coulo-  
s ta t ic  measurement s  were  in ag reemen t  wi th  those 
f rom the polar iza t ion  curves  wi th in  an  e r ro r  of 20%. 
The amount  of oxides on the a l loy  surfaces was m e a -  
sured  b y  e lec t ro ly t ic  reduc t ion  in an aqueous solut ion 
of 0.1 m o l / l i t e r  NI-I4C1 at  a cons tant  cur ren t  dens i ty  of 
90 #A/cm2 under  n i t rogen  gas, in the same w a y  as 
in the previous  w o r k  (5). 

The or ig inal  chromated  a l loy and E A A  surfaces be -  
fore bonding  and the f rac tu red  surfaces of the joints  
were  ana lyzed  by  x - r a y  photoe lec t ron  spectroscopy 
(ESCA).  ESCA spec t ra  were  recorded on an A.E.I. ES 
200 spec t romete r  using AI  k~1,~2 radia t ion.  Typica l  
opera t ing  condit ions were :  x - r a y  gun, 10 kV, 20 mA; 
pressure  in the  sample  chamber,  1 • 10 -7 Torr.  The 
b ind ing  energies  were  ca l ib ra ted  wi th  respect  to the  
carbon ls e lec t ron peak  at  284.9 eV due to res idua l  
pump oil on the sample  surface. Electron probe  x - r a y  
microanalys is  (XMA) was also used for  the surface 
analysis  of ch romated  a l loy sheets. XMA was carried 
out using a Shimazu EMX-SM7. XMA da t a  were  t aken  
at  a probe  opera t ing  vol tage  of 15 kV and a sample 
cur ren t  of 1 nA. 

Results and Discussion 
Chromate films on a lead~tin alloy surface.--Figure 

1 shows an SEM mic rograph  and lead  and t in  images  of 
a l e a d / t i n  (38/62) a l loy surface  ca thodica l ly  chro-  
ma ted  for  5 sec. The presence of a chromate  film on the 
a l loy  surface was not  detected by  XMA analysis  be -  
cause its film thickness  was much  th inne r  (ca. 100A) 
(5) than  the XMA sampl ing  dep th  (severa l  mic rom-  
e ters ) ,  whereas  i t  was detected by  ESCA and IMA (ion 
mic roana lyze r )  (5). F r o m  the lead and t in images  
(Fig. 1), it  is appa ren t  tha t  the a l loy surface consists 

both  of lead  and t in  phases.  The XMA analys is  
showed tha t  the t in content  in the lead  phase and the 
lead  content  in the t in phase were  less than  a few pe r -  
cent. 

I t  is wel l  k n o w n  tha t  most  chromate  films deposi ted 
on me ta l s  have considerable  cracks  (16). F igu re  2 
shows the changes in oxygen ls  ESCA spec t rum of the 
chromated  a l loy  surface wi th  heating.  The chromated  
a l loy sheet  was hea ted  in ESCA chamber  for  20 min  at  
each t empera tu re ,  and ESCA spect ra  f rom its a l loy 
surface were  measured  immed ia t e ly  a t  the  same t e m -  
pera ture .  The in tens i ty  of oxygen ls decreases wi th  
increas ing hea t ing  t empera tu res  and a f te r  hea t ing  at 
180~ reaches  ca. 70% of tha t  hea ted  at  6O~ The dis-  
appea red  oxygen  l s  peak  at  532.3 eV has been assigned 
to adsorbed  oxygen or  wa te r  by  Ansel l  et al. (17). F igure  
3 shows the  changes in the  amount  of a l loy oxides of 
the chromated  a l loy  surface wi th  hea t ing  for 20 rain at  
each tempera ture .  The amount  of oxides on the chro-  
ma ted  a l loy  surfaces corresponds  to tha t  of the u n d e r -  
ly ing  a l loy  oxides at cracks of the chromate  film. The 
amount  of oxides increases g radua l ly  wi th  hea t ing  at  
t empera tu re s  of more  than  100~ and then increases 
r ap id ly  wi th  the rup tu re  of chromate  film due to the 
mel t  of  the unde r ly ing  a l loy at  ca. 183~ These resul ts  
indicate  that  many  cracks, which are  p robab ly  formed 
b y  contract ion in volume due to escaped water ,  are  
presen t  in the chromate  film on the al loy surface hea ted  
at  t empera tu re s  of more  than  100~ Since chromated  
a l loy joints  were  p repa red  b y  hea t ing  for 5 min wi th  
a hot  press at  120~ (5), the  chromate  film in the 
jo ints  should have  m a n y  cracks. 

Fig. !. An SEM micrograph (a) and lead (b) and tin (c) images 
of a chromated lead/tin (38/62) alloy surface. 

Bond durabili ty.--Figure 4 shows the changes in 
peel  s t rength  wi th  immers ion  in a CHsCOONa-HC1 
buffer (pH 4.5) for  a chromated  a l loy  joint .  F igure .  5 
shows the change in peel  s t rength  re ten t ion  t ime  (du r -  
ing which the ini t ia l  peel  s t reng th  is kep t  unchanged)  
wi th  immers ion  tempera ture .  The peel  s t rength  r e t en -  
t ion t ime decreases wi th  increas ing immers ion  t em-  
pe ra tu re  and was only  5 days at  70~ On the o ther  
hand, the pee l  s t rength  re ten t ion  t ime of the chro-  
ma ted  a l loy jo in t  immersed  in dis t i l led  wa te r  at  50~ 
was more than  2 years  (6). Apparen t ly ,  the jo in t  de-  
te r iora tes  more  r ap id ly  in the acidic solut ion than  in 
dist i l led water .  SEM observat ions  of f r ac tu red  surfaces 
showed that  the smal l  areas  or spots of peel  s t rength  
_~ 0 kg/cm,  different  in peel  s t rength  f rom the sur -  
rounding  area  of pee l  s t reng th  which  was 6.0-6.5 k g /  
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Fig. 2, Changes in oxygen ls ESCA spectrum with heating for a 
chromated alloy surface. The alloy was heated in ESCA sample 
chamber for 20 rain at each temperature. Heating temperatures 
were: (a) 60~ (b) 120~ (c) 180~ 
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Fig. 5. Arrhenius plot far peel strength retention time of a 
chromated alloy joint in a CH3COONa-HCI buffer (pH 4.5). 

cm, appeared over the whole part of the interface, the 
area and number of the spots increased gradually with 
immersion, and then finally an interracial separation 
occurred. 

Table I summarizes the peel strength retention times 
of the chromated alloy joint in various acidic solutions. 
In most cases, the peel strength retention time de- 
creases with decreasing pH of acidic solutions. How- 
ever, there are some exceptions: the peel strength 
retention time in a CH~COONa-HC1 buffer (pH 4.5) 
at 50~ and that in a 2-HOCOC6I-~COOK-HC1 buffer 
(pH 3.2) at 50~ 

Locus of :faiIure.--Figure 6 shows ESCA spectra of 
fractured chromated alloy and EAA surfaces of chro- 
mated alloy joints peeled with low peel strength after 
immersion in a CH~COONa-HC1 buffer (pH 4.5), to- 
gether with those of original chromated alloy and EAA 
surfaces. Each fractured surface peeled with low peel 
strength after immersion in the other buffers showed 
ESCA spectra similar to those in Fig. 6. The fractured 
alloy surface shows the increase in tin intensities 
(metal peak, 484.3 eV; oxide peak, 486.5 eV), the de- 
crease in oxygen intensity (532.3 eV), and the disap- 
pearance of chromium oxide (577.0 eV). On the other 
hand, the fractured EAA surface shows the decrease in 
carbon intensity (285.0 eV), the remarkable increase in 
oxygen intensity, and the appearance of tin and chro- 
mium oxides. Apparently, the exposure of tin and chro- 
mium oxides on the fractured EAA surface is due to the 
transfer from the chromated alloy surface. Further, the 
remarkable increase in oxygen intensity on the frac- 
tured EAA surface is due to the transfer of the chro- 
mate film from the alloy surface. On the other hand, 
the increase in tin intensities on the fractured alloy 
surface is probably due to exposure of the underlying 
lead/tin alloy by the transfer of the chromate film to 
the EAA surface. These results indicate that the failure 
occurs between the chromate film and the underlying 
alloy, although it is not clear whether the failure 
occurs at the chromate-underlying alloy oxide layer 
interface, in the alloy oxide layer, or at the alloy oxide 
layer-alloy metal interface. On the other hand, the 
water absorption of the EAA copolymer was as low as 
ca. 0.44 w/o in the pH 4.5 buffer at 50~ This value 

Table I. Peel strength retention time in various acidic solutions 

T e m p e r -  Pee l  s t r e n g t h  
a t u r e  r e t e n t i o n  t i m e  

Acidic solut ion pH (~ (days)  

2-HOCOCd-I4COOK-HC1 buf fe r  0.8 50 30 
2-HOCOCd-I4COOK-HC1 buf fe r  2.5 50 40 
2-HOCOCeH~COOK-HC1 buf fe r  3~2 50 40 
CH~COONa-HC1 buf fe r  4.5 70 4 
CH3COONa-HC1 buf fe r  4.5 60 10 
CH.~COONa-HC1 buffer  4.5 50 26 
CH~COONa-HC1 buf fe r  4.5 40 64 
2-HOCOC~I4COOK-NaOH buffe r  5.0 50 >900 
CHaCOOH-CH~COONa buf fe r  5.6 70 75 
CH~COOH-CH~COONa buf fe r  5.6 40 609 
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Fig. 6. ESCA spectra of original chromafed alloy (a) and EAA 
(b) surfaces and fractured chromated alloy (c) and EAA (d) sur- 
faces of a chromated alloy joint peeled with low peel strength 
after immersion in a CH3COONa-HCI buffer (pH 4.5). 

was nearly equal to that (0.36 w/o) in distilled water. 
Therefore, the mechanical properties of EAA copoly- 
mer such as stress-strain and failure behavior were 
not affected by immersion in acidic solutions. As a re- 
sult, as long as the failure occurred cohesively in the 
EAA copolymer, the initial peel strength was kept 
unchanged (6). Thus, the decrease in peel strength 
occurs in acidic solutions with the change in locus of 
failure from the EAA copolymer to the chromate- 
underlying alloy interface. 

Relationship between bond durability and affoy cor- 
rosion.~It  seems likely that the interracial failure be- 
tween the chromate film and the underlying alloy in 
acidic solutions is due to anodic dissolution of the 
underlying alloy. To clarify the relation between the 
decrease in peel strength and the chromated alloy cor- 
rosion, the anode current density (Ip) from the poten- 
tiostatic method and the polarization resistance (Rp) 
from the coulostatic method were measured for un- 
treated and chromated alloys in acidic solutions, in 
which immersion tests of chromated alloy joints were 
carried out. Figure 7 sho'.v~ the changes in Ip value 
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Fig. 7. Arrhenius plots for Ip values of untreated ( O )  and 
chromated ( O )  alloy sheets in a CH3COONa-HCI buffer (pH 4.5). 
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with immersion temperature for untreated and chro- 
mated alloy sheets in a CHsCOONa-HC1 buffer (pH 
4.5). On both the surfaces, the Ip value increases with 
increasing immersion temperature. The I~ values on 
chromated alloy are ca. 1/500 times those on untreated 
alloy. Since the chromate film itself is corrosion-resist- 
ant, the Ip values measured on chromated alloy surfaces 
mean those on regions uncovered with the chromate 
film [e.g., grain boundaries (5) and cracks in the chro- 
mate film]. The Ip values on untreated and chromated 
alloy surfaces show the same temperature dependence 
(Fig. 7). This fact also supports the view that the lp 
value on chromated alloy surfaces measures a leak cur- 
rent density from the underlying alloy. Therefore, the 
corrosion properties of chromated alloys depend on both 
the area uncovered with the chromate film and the 
corrosion of the underlying alloy itself. In this paper, 
since the chromate treatment was carried out under 
the same conditions, the area uncovered with the chro- 
mate film is thought to be the same for all chromated 
samples. Accordingly, since the corrosion resistance of 
the chromated alloy can be related to that of untreated 
alloy, the I ,  and Rp values of untreated alloy in acidic 
solutions were compared with the peel strength reten- 
tion time of chromated alloy joints in acidic solutions. 

Figures 8 and 9 show log-log plots of Ip and Rp of 
untreated alloy vs. peel strength retention time for 
chromated alloy joints at various immersion tempera- 
tures in various acidic solutions. In spite of the use of 
different acidic solutions and different immersion tem- 
peratures, the peel strength retention time is inversely 
proportional to the lp value and proportional to the Rp 
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Fig. 8. Log-log plot of Ip vs. peel strength retention time of 
chromated alloy joints at various immersion temperatures in various 
acidic solutions. 
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Fig. 9. Log-log plot of Rp vs. peel strength retention time of 
chromated alloy joints at various temperatures in various acidic 
solutions. 
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value. In other words, the peel strength retention time 
increases with decreasing anodic dissolution of the 
underlying alloy, i.e., decreasing Ip value or increas- 
ing Rp value. Thus, it is concluded that the decrease in 
peel strength is due to the anodic dissolution of the 
underlying alloy. 

Failure mechanism in acidic solutions.NFigure 10 
shows a schematic diagram of chroraated lead/tin al- 
loy-EAA interfaces degraded in acidic solutions. The 
alloy surface consists both of lead and fin phases (Fig. 
1). Since the lead phase was corroded more rapidly 
than the tin phase when untreated alloy sheets were 
immersed in acidic solutions, the lead phase-EAA 
interface of chromated alloy joints are assumed to 
degrade rapidly in acidic solutions by anodic dissolu- 
tion of lead according to the reaction. 

Pb + 2H + --> Pb 2 + Jr H2 

Therefore, the joint strength of chromated alloy joints 
is due mainly to interracial forces at the tin phase-EAA 
interfaces. In chromated alloy joints immersed in 
acidic solutions, hydrogen ions diffuse into the adhe- 
sive joints along the lead phase-chromate film inter- 
faces and reach the tin phase-chromate film interfaces. 
At the same time, hydrogen ions may diffuse through 
the EAA copolymer, pass through the cracks (Fig. 2) 
of chromate film, and then reach the tin phase-chro- 
mate film interfaces. Subsequently, at the tin phases 
in contact with the chromate film, the growth of tin 
oxide layer and the anodic dissolution occur gradually 
according to the reaction 

S n + 2 H + ~ S n  ~+ JrH2 

The decrease in peel strength occurs simultaneously 

i - ; "  ' ' " " " "  ' ~ " , ' "  " . A D H E S I V E  " " �9 ' " ' , ' . '  . ' " ' " 

l /  ' - ' "  : "" ." " "~ " ". " . " '. "'CHROMATE FILM " 

Pb / , ~  r ~  O.I }Jm 

Fig. 10. Schematic diagram of chromated lead/tin aIIoy-EAA 
interfaces degraded in acidic solutions. 

with anodic dissolution of the tin phases. After com- 
plete anodic dissolution of all the tin phases in contact 
with the chromate film, interracial separation occurs 
between the chromate film and the underlying alloy. 
In conclusion, the environmental stability of chromated 
lead/tin alloy joints in acidic solutions depends on the 
corrosion properties of the tin phase in acidic solutions, 
and the failure of chromated alloy joints proceeds with 
anodic dissolution of the tin phases. 

The I~ and Rp values of untreated alloy were 1.0 
~A/cm 2 and 3.2 k~-cm 2 in distilled water, respectively. 
It is estimated from Fig. 8 and 9 that the peeI strength 
retention time of chromated alloy joints is more than 
10 years in distilled water. This estimation is in fair 
agreement with an experimental result (6) that the 
decrease in peel strength of chromated alloy joints does 
not occur even after immersion in distilled water for 
2 years. 
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ABSTRACT 

The environmental stability and the failure mechanisms of a eathodically 
chromated lead/tin (38/62) alloy joint bonded with an ethylene-acrylic ac id  
(EAA) copolymer (20 weight percent acrylic acid) have been inves~tigated in 
alkdline solutions. The environmental stability has been compared with that  
of the alloy joint bonded with an ethylene-ethyl acrylate copolymer grafted 
with acrylic acid (EEA-g-AA). The peel strength of the EAA joint decreases 
rapidly with immersion in alkaline solutions. This decrease in peel strength 
results from stepwise swelling of the EAA adhesive layer from the edges of 
the joint to the inside, which swelling occurs by alkaline ions diffusing into 
the joint inside. On the other hand, the decrease in peel strength of the  
EEA-g-AA joints occurs from stepwise interfacial degradation from the 
joint edges, with no swelling of the EEA-g-AA adhesive layer. The interfacial 
failure mechanism is d~scussed in comparison with that of the EAA joint. 

Cathodically chromated lead/tin alloy joints bonded 
with an ethylene-acrylic acid (EAA) copolymer have 
high peel strength in dry conditions (1) and show high 
environmental stability in distilled water (2). How- 
ever, immersion of the joints in acidic aqueous solu- 
tions causes a rapid decrease in peel strength and 
finally an interfacial separation (3). This decrease in 
peel strength is due to an interracial degradation or 
failure between the chromate film and the underlying 
alloy. This interfaciaI failure is due to anodic dissolu- 
tion of the underlying alloy. In alkaline solutions, on 
the other hand, lead/tin alloys are corroded since both 
lead and tin are amphoteric metals (4). Therefore, it is 
interesting to see whether the interracial failure of 
lead/tin alloy joints occurs in alkaline solutions via 
the same mechanism as that in acidic solutions or via 
the other failure mechanism. This paper is concerned 
with the environmental stability in alkaline solutions 
and the failure mechanism of a cathodically chromated 
lead/tin (38/62) alloy joint bonded with an EAA co- 
polymer used in previous papers (1-3). The failure 
mechanism in alkaline solutions is compared with that 
of the alloy joint bonded with an ethylene-ethylacry- 
late copolymer grafted with acrylic acid (EEA-g-AA). 

Experimental 
The preparation of T-peel specimens consisting of 

adherend (0.5 mm)-adhesive (0.2 mm)-adherend (0.5 
ram) and the T-peel testing were described elsewhere 
(1). A cathodically chromated lead/tin (38/62) alloy 
sheet was used as the adherend. An EAA copolymer 
sheet (EAA-1), used in previous works (1-3), w a s  
used as the adhesive in this work, together with an 
ethylene-ethyl acrylate copolymer grafted with acrylic 
acid (EEA-g-AA). The EEA copolymer, supplied by 
Nippon Unicar Company, was homogeneously grafted 
with acrylic acid in benzoyl peroxide-containing xyl- 
ene solutions at 120~ under nitrogen gas (5). The 
properties of ethylene copolymers investigated in this 
work are given in Table I. To evaluate the environ- 
mental stability of the joints, the peel specimens were 

Key words: ESCA, i n t e r r a c i a l  d e g r a d a t i o n ,  m e t a l - p o l y m e r  in ter -  
face ,  adhes ive  joint .  

immersed in alkaline sohitions at temperatures of 
40~162 and the T-peel strength was measured at  
25~ immediately after immersion. The alkaline solu- 
tions used were: H3BO4 ~- KC1-NaOH (pH 8.0 a n d  
8.5), NaHCO3-NaOH (pH 10.0), Na2HPO4-NaOH (pH 
11.0), and KC1-NaOH (pH 12.0 and 13.0) buffers, a n d  
0.1N NaOH solution (pH 14.0). The locus of failure of 
these joints was determined from analysis of the frac- 
tured surfaces by x-ray photoelectron spectroscopy 
(ESCA) and scanning electron microscopy (SEM). 

Results and Discussion 
Water immersion test.--Figure 1 shows the changes 

in peel strength with immersion at various tempera- 
tures in an NaHCOa-NaOH buffer (pH 10.0) for an  
EAA-1 joint. Figure 2 shows the changes in peel 
strength with immersion in various alkaline solutions 
at 50~ for the same EAA-1 joint. The peel strength 
decreases rapidly at relatively high pH values and 
temperatures as in acidic solutions (3). The peel 
strength retention time (during which the initial peel 
strength is kept unchanged) decreases with increasing 
immersion temperature or pH of alkaline solutions. 
Figure 3 shows the changes in peel strength in various 
alkaline solutions at 50~ for an EEA-g-AA joint. The 
peel strength retention time also decreases with in- 
creasing pH of alkaline solutions. However, the peel 
strength retention times of the EEA-g-AA joint is 

Table I. Properties of acrylic acid-containing copolymers 

S a m p l e  

Mel t  Glass  
index  t ran-  

(ASTM Acryl ic  E thy l  Den- s i t ion 
D1238) acid ac ry la t e  s i ty  t e m p e r -  

(g/10 con ten t  c on t e n t  ( g /  a tu r e  
min )  ( w / o )  ( w / o )  c m  3) (~ 

EAA-I* 50 20 - -  0.96 31 
EAA-2 * 9.0 8 - -  0.932 12 
EAA-3 * 11.0 3.5 - -  0.925 - 5 
EEA-g-AA# 6.4 4.7 18 0.931 - 27 

* Ethy lene-acry l ic  acid copo lymer .  
t E thy lene -e thy l  ac ry la t e  copolymer grafted with acrylic acid. 
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Fig. 1. Changes in peel strength with immersion in an NaHCO~- 
NaOH buffer (pH 10.0) for an EEA-i joint. Immersion tempera- 
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Fig. 2. Changes in peel strength with immersion in various alka- 
line solutions at 50~ for an EAA-1 joint. Alkaline solutions were: 
(A) 0.1N NaOH solution, pH 14.0; (~t) KCI-NaOH buffer, pH 
12.0; (A)  Na2HPO4-NaOH buffer, pH 11.0; ( Q )  NaHCOa-NaOH 
buffer, pH 10.0; (1--I) H3BO4 -I- KCI-NaOH buffer, pH 8.5; ( J )  
H3BO4 + KCI-NaOH buffer, pH 8.0. 
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Fig. 3. Changes in peel strength with immersion in various al- 
kaline solutions at 50~ for an EEA-g-AA joint. Alkaline solutions 
were: (17) KCI-NaOH buffer, pH 13.0; ( ~ )  KCI-NaOH buffer, pH 
12.0; (A)  Na2HPO4-NaOH buffer, pH 11.0; ( Q )  Nat!COa-NaOH 
buffer, pH 10.0. 

longer  than  those of the  EAA-1 jo in t  when both  the 
jo ints  a re  immersed  in the  same a lka l ine  solution; the  
E E A - g - A A  jo in t  is more  s table  in  a lka l ine  solutions 
than  the EAA-1  joint.  

Locus of ]ailure.mThe peel  s t rength  of the EAA-1  
jo in t  decreases as r ap id ly  in a lkal ine  solutions as in 
acidic solutions. However ,  the progress  of the in t e r -  
facial  fa i lure  in a lkal ine  solutions has been found to 
be signif icantly different  f rom tha t  in acidic solutions. 
Immers ion  of the jo in t  in acidic solut ions causes first 
the smal l  areas  or the spots of peel  s t rength  ~ 0  k g /  
cm over  the whole  par t  of the interface,  nex t  the  in-  
creases in the a rea  and the number  ef the spots, and 
f inal ly an in te r rac ia l  separa t ion  (3).  In a lka l ine  solu-  
tions, on the o ther  hand,  the fa i lure  ini t ia tes  f rom the 
edges of the jo in t  in contact  wi th  the a lka l ine  solutions 
and proceeds into the jo in t  inside wi th  wa te r  i m m e r -  
sion. F igure  4 shows SEM micrographs  of f r ac tu red  
chromated  a l loy  and E A A  surfaces of the EAA-1  jo in t  
pee led  af te r  immers ion  in an NaHCO3-NaOH buffer  
(pH 10.0). The SEM micrographs  show a dis t inct  
f ront  of fa i lure  on both  the pee led  surfaces. On the 
peeled a l loy surface, the pa r t  of smooth surface cor-  
responds to the undegraded  region of the jo in t  inside, 
which was pee led  wi th  a high peel  s t rength  s imilar  to 
the ini t ia l  peel  s trength.  The pa r t  of rough surface 
corresponds to the degraded  region ef the jo in t  edges, 
which was pee led  wi th  a low peel  s t rength  of ca. 0 
kg/cm.  The rough surface topography  resul ts  f rom the 
res idual  adhesive,  which  had been t r ans fe r red  f rom 
the adhesive side to the al loy side through the cohesive 

Fig. 4. SEM micrographs of fractured chromated alloy (a) and 
EAA (h) surfaces of an EAA-1 joint peeled after immersion in an 
NaHCO3-NaOH buffer (pH 10.0). 

fa i lure  of the adhesive layer .  On the o ther  hand, on 
the peeled EAA side, r e m a r k a b l e  swel l ing ef the E A A  
adhesive was observed  on the deg raded  region. The 
f ront  of swel l ing coincided app rox ima te ly  wi th  the 
f ront  of the in te r rac ia l  degrada t ien .  The undegraded  
EAA surface, pee led  wi th  high peel  s t rength,  shows a 
rough surface topography  s imi lar  to tha t  peeled in d ry  
condit ions (1). This rough topography  resul ts  f rom 
plast ic  deformat ion  of the adhesive.  

F igure  5 shows ESCA spect ra  of the f r ac tu red  chro-  
ma ted  a l loy and EAA surfaces cor responding  to those 
of Fig. 4, together  wi th  those of or iginal  chromated 
a l loy and E A A  surfaces. The degraded  par t s  ef  both  
the peeled surfaces show an overa l l  ESCA spec t rum 
s imi lar  to that  of the  or iginal  adhesive surface,  a l -  
though there  is a sl ight  ESCA peak  of tin. This ESCA 
resu l t  and the presence of the res idual  adhesive on 
the degraded  al loy surface (Fig. 4a) indicate  tha t  the- 
fa i lure  of the degraded  region of the jo in t  occurs 
wi th in  the adhesive when  the jo in t  is peeled.  On the 
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Fig. 5. ESCA spectra of original chromated alloy (a) and EAA 
(b) surfaces and fractured chromated alloy (c) and EAA (d) sur- 
faces of an EAA-1 joint peeled with low peM strength after im- 
mersion in an NaHCO3-NaOH buffer (pH 10.0). 

other  hand, peeled al loy and EAA surfaces of the d ry  
jo in t  (1) and the undeg raded  region of immersed  
joints  showed ESCA spect ra  s imi lar  to those (c, d) of 
Fig. 5. This resul t  indicates  tha t  the locus of fa i lure  in 
the d r y  jo in t  or  in the undegraded  region of the jo int  
inside, in which the ini t ia l  peel  s t rength  is kep t  un-  
changed, also is the cohesive fa i lure  of the adhesive 
itself. In  o ther  words, both  the undegraded  and de-  
g raded  regions of the  EAA-1  joint  resul t  in cohesive 
fa i lure  wi th in  the adhesive in spite of the significant 
difference in peel  s t rength.  This fact  suggests tha t  the  
decrease in peel  s t rength  of EAA-1  joints  resul ts  from 
the decrease in mechanica l  or cohesive s t rength  of 
the E A A  adhesive,  bu t  not  f rom anodic dissolution of 
the under ly ing  a l loy  (3, 6-8) and f rom d isp lacement  
of the adhesive by  wa te r  (9). 

Failure mechanism of EAA-1 joints in alkaline solu- 
tions.--The anode cur ren t  dens i ty  (Ip) (3) at  an 
overpo ten t ia l  of 50 mV and the poIar iza t ion  resis tance 
(Rp) (3) of a l e a d / t i n  (38/62) al loy in the a lka l ine  
solutions used were  of the o rder  of 100 ~A/cm 2 and 
500 ~t-cm e, respect ively .  The es t imated  peel  s t reng th  
re ten t ion  t ime in a lka l ine  solutions, which  was ob-  
ta ined  f rom the above Ip and Rp values  using the r e l a -  
t ion be tween  peel  s t r eng th  re ten t ion  t ime and Ip or  
Rp in Fig. 8 or 9 of the previous  paper  (3), is more  
than 10 years.  In  fact, however ,  the  jo in t  degrades  
r ap id ly  in a lka l ine  solutions; the measured  pee l  
s t rength  re ten t ion  t ime is of the o rde r  of 10-100 days 
(Fig. 1 and 2). This d i sagreement  indicates  that  anodic 
dissolut ion of the under ly ing  a l loy is not  the p r ime  
cause for the  jo in t  de te r iora t ion  in a lka l ine  solutions, 
a l though i t  is the p r ime  cause for the jo in t  fa i lure  in 
acidic solutions. 

Table  II  shows wa te r  absorpt ion  test  resul ts  of 
EAA-1  and E E A - g - A A  copolymer  sheets (used as a d -  
hesives in this paper )  immersed  in an NaHCO3-NaOtI  

Table II. Water absorption test of acrylic acid-containing 
copolymer sheets (0.5 mm thick) immersed in an NaHCO3-NaOH 

buffer (pH 10.0) in the range 40~176 

Acrylic 
acid Water absorption (wlo) 

content 
Sample (w/o) 40~ 50~ 6O~ 70~ 

EAA-I* 20 26.2 61.0 128.2 190.4 
EAA-2* 8 <0.01 --0.08 0.1 0.3 
EAA-3* 3.5 <0.01 ~ 0 . 0 3  ~0.06 0.2 
EEA-g-AAt 4.7 5.2 6.2 8.2 11.2 

Ethylene-acrylic acid copolymer. 
t Ethylene-ethyl acrylate copolyraer grafted with acrylic acid. 

buffer (pH 10.0) in the t empe ra tu r e  range  40~176 
unt i l  there  was not  fu r the r  increase in weight.  Table  
I I I  shows those immersed  in three  buffers of p H  8.5- 
12.0 at  50~ Tables  II  and I I I  also include those of 
two o ther  E A A  copolymers  (EAA-2 and EAA-3)  con- 
ta ining lower  acryl ic  acid contents.  EAA-1  sheets 
show much h igher  wa te r  absorpt ion  values  than  those 
of EAA-2,  EAA-3,  and E E A - g - A A  sheets, cor respond-  
ing to i ts h igh acryl ic  content  [20 weight  p e r c e n t  
( w / o ) ] .  Fur the rmore ,  the wa te r  absorpt ion  of the  
EAA-1 copolymer  increases wi th  increas ing immers ion  
t empera tu re  and pH of a lka l ine  solutions. Also, i t  was  
observed  that  EAA-1 sheets were  signif icantly swollen 
and became mechanica l ly  weak  at  r e l a t ive ly  high 
wate r  absorpt ion,  whereas  EAA-2,  EAA-3,  and EEA-  
g - A A  sheets  were  not  swollen. The significant swel l -  
ing of EAA-1,  which  is p robab ly  due tu ionizat ion or  
dissociation of carboxyl  groups in the copolymer,  also 
indicates  that  the de te r iora t ion  of EAA-1  joint  in a lka -  
l ine solutions occurs wi th  decreas ing mechanica l  
s t rength  of the bu lk  E A A  due to i ts r e m a r k a b l e  swe l l -  
ing. 

F igures  6 and 7 show the degraded  depth  f rom the  
edges of T-pee l  specimen vs. the square root  of im-  
mers ion t ime in an NaHCO3-NaOH buffer  (pH 10.0) 
at var ious  t empera tu res  and in var ious  a lka l ine  solu-  
tions at  50~ corresponding to Fig. 1 and 2, respec-  
t ively.  The degraded  depth  corresponds to the region 
pee led  wi th  low peel  s t rength  of ca. 0 k g / c m  and to 
the swollen region of the EAA-1  adhesive layer .  In  
other  words, the degrada t ion  or  fa i lure  front  of the 
in terface  coincides wi th  the swel l ing f ront  of the 
EAA-1 adhesive layer .  In  an NaHCOs-NaOH buffer 
(pH 10.O) at 40 ~ and 50~ (Fig. 6 and 7) and  in an  
H3BO4 + KC1-NaOH buffer (pH 8.5) at  50~ (Fig. 7), 
the degraded  depth  is p ropor t iona l  to the square  root  
of immers ion  time. This resul t  indicates  that  fa i lure  
of the EAA-1  joint  occurs wi th  swel l ing of the  E A A  
adhesive layer  by  a lka l ine  ions diffusing into the jo in t  
inside through the adhesive layer .  

On the other  hand, in an NaHCOs-NaOH buffer 
(pH 10.0) at  60 ~ and 70~ (Fig. 6), in a 0.1N NaOH 
solution (pH 14.0) a t  50~ in a KC1-NaOH buffer  (p t t  

Table III, Water absorption test of acrylic acid-containing 
cepolymer sheets (0.5 mm thick) in three buffers of pH 8.5-12.0 

at 50~ 

Sample 

Acrylic acid Water adsorption (w/o) 
content 
(w/o) pH 8.5* pH 10.0 ** pH 12.09 

EAA-1 + 20 43.0 61.0 174.2 
EAA-2$ 8 <0.01 ~0.08 0.2 
EAA-3$ 3,5 <0.01 ~0.03 ~0.03 
EEA-g-AAw 4.7 6.0 6.2 5.2 

* H3BO4 + KC1-NaOH buffer. 
** NaHCO3-NaOH buffer. 
t KC1-NaOH buffer. 
$ Ethylene-acrylic acid copolymer. 
w Ethylene-ethyl acrylate copolymer grafted with acrylic acid. 
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12.0) at  50~ and in an  Na2HPO4-NaOH buffer (p i t  
11.0) at  50~ (Fig. 7), the degraded  depth  deviates  
from the l inear  re la t ion  wi th  the square root of im-  
mers ion t ime and accelerates  wi th  immers ion  time. 
In  these cases, the two adherends  were  bent  outside 
f rom each other  by  a r emarkab l e  swel l ing of the EAA 
copolymer  adhesive (see Tables II  and I I I )  sandwiched 
by  the two adherends.  This waved  swel l ing caused 
gaps be tween  the adherend  and the adhesive.  Al though  
the degraded  depth  values  in Fig. 7 devia te  f rom the 
l inear  re la t ionship  wi th  the square root  of immers ion  
time, they  give l inear  lines when rep lo t ted  against  im-  
mers ion t ime (Fig. 8). This l inear  re la t ionship  ind i -  
cates tha t  a lkal ine  solutions easi ly  reach the fa i lure  
f ront  of EAA joints  (or the swell ing front  of EAA ad-  
hesive l ayer )  th rough  above-men t ioned  gaps be tween  
the adherend  and the adhesive.  

Failure mechanism o] EEA-g-AA joint in alkaline 
solutions.--The wate r  absorpt ion  of E E A - g - A A  sheets 
having  a low acryl ic  acid  content  is low in a lka l ine  
solutions (Table  I I )  and  does not  increase app rec i ab ly  
wi th  increas ing p i t  of a lka l ine  solutions (Table  I I I ) ,  
whereas  that  of EAA-1  sheets is high and increases 
apprec iab ly  wi th  increas ing pH. The E E A - g - A A  sheets 
are  not  swollen in a lka l ine  solutions , whereas  the 
EAA-1 sheets are  apprec iab ly  swollen. These resul ts  
indicate  tha t  a lka l ine  ions diffuse into the bu lk  EAA-1,  
but  do not diffuse into the bu lk  E E A - g - A A  copolymer.  
However ,  it  has been observed that  the fa i lure  of the 
E E A - g - A A  joint  also ini t iates  from the edges of the 
jo in t  and proceeds g radua l ly  into the jo in t  inside in a 
manne r  s imi lar  to tha t  of EAA-1  joint .  F igure  9 shows  
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immersion time. An EAA-1 joint was immersed at 50~ in various 
alkaline solutions: (&) 0.1N NaOH solution, pH 14.0; ((If) KCI- 
NaOH buffer, pH 12.0; (A) Na.~HPO4-NaOH buffer, pH 11.0. 
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Fig. 9. Degraded depth from the edges of T-peel specimen vs. the 
square root of immersion time. An EAA-g-AA joint was immersed 
at 50~ in various atkaffne solutions: (ID) KCI-NaOH buffer, pH 
13.0; ( ( } )  KCI-NaOH buffer, pH 12.0; (A) Na2HPO4-NaOH 
buffer, pH 11.0; ((2)) NaHCOa-NaOH buffer, pH 10.0. 

the re la t ion  be tween  the degraded  depth  f rom the 
edges of T-pee l  specimen and the square root of im-  
mers ion  t ime in var ious  a lka l ine  solutions at  50~ The 
degraded  depth  is p ropor t iona l  to the square root  of 
immers ion  time. The bu lk  E E A - g - A A  copolymer  sheet  
has low wate r  absorpt ion values  in these a lka l ine  
solutions, and its use as an adhesive resul ts  in no gap 
be tween  the adherend  and the adhesive.  Al l  the resul ts  
suggest  that  the ra te  of the jo in t  fa i lure  also is con- 
t ro l led  by  diffusion of a lka l ine  ions along the a l loy-  
adhesive interface.  

Based on the we l l -documen ted  phase s t ructures  of 
mult iphase  po lymers  such as block and graf t  copoly-  
reefs, po lymer  blends,  and in t e rpene t r a t ing  ne tworks  
(10), it  is reasonable  to assume tha t  the gra f ted  

po ly (ac ry l i c  acid) wi th in  E E A - g - A A  undergoes  phase 
separat ion.  The presence of the gra f ted  po ly (ac ry l i c  
acid) phase domains  at  the  a l loy-adhes ive  in ter face  is 
responsible  for  the high peeI s t reng th  (~-- 4 k g / c m )  of 
the chromated  a l l o y - E E A - g - A A  jo in t  (Fig. 3), be -  
cause the base EEA copolymer  before  graf t ing gives 
only low peel  s t rength  (ca. 0.5 k g / c m ) .  In  ana logy  wi th  
the above-ment ioned  fa i lure  mechanism of EAA-1 
joints,  i t  is t empt ing  to assume that  the decrease in 
peel  s t rength  of a l l o y - E E A - g - A A  joints  in a lkal ine  
solutions occurs wi th  swell ing of the poly  (acryl ic  acid) 
domains at  the in terface  b y  a lkal ine  ions diffusing into 
the jo int  inside along the interface.  We discuss in more  
detai ls  the fa i lure  mechanism of  E E A - g - A A  joints  in 
a l a te r  paper .  
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Kinetics for the Reaction of Hydrogen with a 
Plutonium-1 Weight Percent Gallium Alloy Powder 

Jerry L. Stakebake 
Rockwell International, Golden, Colorado 80401 

ABSTRACT 

Kinet ics  for the reac t ion  of hydrogen  wi th  p l u t o n i u m - i  w /o  ga l l ium w e r e  
measured  using powder  p repa red  "in situ." The rates  obeyed a f i r s t -order  ra te  
law and were  independen t  of t empera tu re  f rom --29 ~ to 355~ A pressure  de-  
pendence propor t iona l  to P I/2 was observed at  pressures  less than  1 kPa.  
F r o m  1 to 70 kPa  the pressure  dependence  r ap id ly  decreased.  Total  pressure  
dependence  could be accura te ly  descr ibed by  a L a n g m u i r  equation.  Resul ts  
indicate  an adsorp t ion-con t ro l led  reac t ion  at  low pressures  and a reac t ion-  
control led  process at  h igh pressures.  

P lu ton ium hydr ide  is f r equen t ly  employed  as an  in-  
t e rmedia te  for p repa r ing  the me ta l  or  n i t r ide  powder  
and as such plays  an impor t an t  role in the nuclear  
industry .  Even though a number  of expe r imen ta l  s tud-  
ies have been car r ied  out  to descr ibe  the  phys ico-  
chemical  proper t ies  of the  p lu ton ium-hydrogen  system, 
severa l  areas  are st i l l  poor ly  defined. Ear l ie r  studies 
(1-7) have descr ibed  in de ta i l  the equ i l ib r ium be-  
havior  and the rmodynamic  proper t ies  of p lu ton ium 
hydr ide .  Much less information,  however ,  is ava i lab le  
on the kinetics of the  react ion of hydrogen  wi th  p lu to-  
nium. Some kinet ic  da ta  for the react ion of hydrogen  
wi th  p lu ton ium coupons have been  repor ted  by  Bower -  
sox (8, 9) and  Colmenares  et al. (10). A recent  r epor t  
(11) has also descr ibed the decomposi t ion kinet ics  of 
p lu ton ium hydr ide  in bo th  the two-phase  region  be -  
low Pull0.95 and in the  nonstoichiometr ic  region be-  
tween  PuHL95 and Pull3. Much of the ea r ly  exper i -  
menta l  kinet ic  da ta  were  influenced by  oxide films on 
the me ta l  coupons which  increased the impor tance  of 
hydr ide  nuclea t ion  in the reaction. Hydrogen  diffusion 
also p lays  a role in coupon hydr id ing  and this process 
is l ikewise  not  understood.  Therefore,  addi t ional  work  
is requ i red  in o rder  to fu l ly  unde r s t and  the kinet ics  
of p lu ton ium hydr id ing  as wel l  as the factors which 
influence the kinetics.  

Hydrogen  reacts  r ap id ly  and exo the rma l ly  wi th  p lu -  
tonium metal .  The react ion is, however ,  s t rong ly  in-  
fluenced b y  impur i t i es  in the gas phase hydrogen  or  
on the p lu ton ium meta l  surface. When  impur i t ies  a re  
presen t  the reac t ion  is character ized by  a per iod  of 
inhib i t ion  fol lowed by  a nuclea t ion  process on the 
p lu ton ium surface. El iminat ion  of the effect of impure  

Key words: adsorption, corrosion, metals. 

hydrogen  can be aecomp-lished th rough  gas purif icat ion 
techniques. Oxide films on the surface are  more  diffi- 
cult  to el iminate.  To accomplish this successful ly the  
sample  must  be p repa red  in sit~ without  exposure  to 
air. The p rob lem of a surface film contaminant  was 
deal t  wi th  in another  w a y  by  Bowersox (8, 9). P lu to -  
n ium coupons were  hea ted  under  vacuum to about  
300~ During such a t r ea tmen t  the PuO2 surface film 
is conver ted  to PuO or  more  l ike ly  a Pu  (C,O) phase  
(12). This ma te r i a l  is cata lyt ic  and enhances the dis-  
sociation of hydrogen  thus promot ing  the hydr id ing  
reaction.  When p lu ton ium coupons were  t r ea ted  in this  
manner ,  hydr ide  nucleat ion sites were  r ap id ly  gen-  
e ra ted  and inhibi t ion caused by  the oxide film w a s  

near ly  zero. The p rob lem wi th  this type  of approach  
was tha t  the t rue p lu ton ium-hydrogen  react ion was  
not  being studied. The approach  used in the presen t  in-  
vest igat ion was to pur i fy  the  hydrogen  gas and then 
p repare  a p lu ton ium powder  in situ. This procedure  
resul ts  in  a r e l a t ive ly  clean sample  wi th  a high su r -  
face area.  

A second prob lem in measur ing  p lu ton ium hydr id ing  
kinetics arises f rom the exo the rmal  na tu re  of the reac-  
tion. The hea t  of fo rmat ion  of p lu ton ium hydr ide  
varies  f rom --38 to --50 kca l /mo l  depending  on the 
composit ion of the hydr ide  (3). Se l f -hea t ing  of the 
sample  dur ing  react ion makes  it difficult to obta in  iso- 
the rmal  kinet ic  data. Use of a hea t  s ink bonded  to the 
p lu ton ium coupon can a l levia te  the p rob lem to a 
degree (8, 9). However ,  this was not  prac t ica l  in the 
present  invest igat ion.  The significance of not  ma in t a in -  
ing s t r ic t ly  i so thermal  condit ions wil l  be discussed 
later .  

This paper  describes the resul ts  f rom an inves t iga-  
t ion of the hydr id ing  kinet ics  of a p lu ton ium-1  weight  
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percent  (w/o)  gal l ium alloy powder. The metal  pow- 
der was used because it could be prepared with a clean 
surface and any bulk  hydrogen diffusion effects would 
be minimal.  Measurements  were carried out over a 
temperature  range of --29~176 and at hydrogen 
pressures of 20 Pa to 67.96 kPa. Kinet ic  data were 
evaluated with the reaction model used for u r a n i um 
powder (13). 

Experimental 
MateriaIs.--Plutonium metal  used in this invest iga-  

tion was a p lu ton ium-ga l l ium alloy which was sta- 
bilized in the delta phase. The gal l ium concentrat ion 
was 1.03 w/o. There was a total of 1335 ppm of metall ic 
impuri t ies  including 855 ppm of americium. Americ ium 
is present  as a radiolytic decay product of p lu ton ium-  
241. Coupons for this s tudy were machined to a thick- 
ness of 3 m m  from cast rods. Individual  samples 
weighed about 1.Sg. They were cleaned by mechani-  
cally polishing the surface and immediate ly  loaded on 
the vacuum microbalance. 

Ul t rapure  hydrogen (99.999%) and argon (99.999%) 
were used in this investigation. These gases were in -  
troduced into the system through a bed of u ran ium 
hydride to fur ther  minimize oxygen contamination.  
However, surface reactions between hydrogen and the 
stainless steel walls of the vacuum system still pro-  
duced some water  vapor contaminat ion.  

Apparatus.--The exper imental  apparatus used for 
this invest igat ion has been described in  detail else- 
where (13). A Cahn Model 100 microbalance was in -  
corporated into a stainless steel vacuum system. Mini-  
mum pressures at ta inable were in the 10 -6 Pa (10 -8 
Torr) range. Hydrogen pressures dur ing reaction were 
controlled with a Granvi l le-Phi l l ips  pressure control-  
ler and could be varied from 10 -4 Pa to 105 Pa. Pres-  
sures were measured with an ionization gauge or a 
capacitance manometer .  Sample temperatures  were 
varied with a resistance heater controlled with a power 
proport ioning programmer.  The thermocouple for 
measur ing the sample tempera ture  was located beside 
the sample and inside the vacuum system. Output  from 
the microbalance, thermocouples, and pressure meters  
were collected with a data acquisit ion system and pro- 
cessed using a computer. 

Procedure.---Plutonium powder was prepared by  
hydriding and then dehydriding a 1.5g p lu tonium 
coupon. Hydride sites were nucleated on the coupon 
by exposure to 6.65 kPa of hydrogen at 20~ for 2 rain. 
Bulk hydriding was then performed slowly in 67 Pa 
of hydrogen at 20~ Although slow, this process pro- 
duced the highest surface area for the powder. De- 
hydr iding was accomplished by heat ing the sample at 
450~ under  vacuum. The objective dur ing dehydrid-  
ing was to at ta in  a reasonable rate and still minimize 
any sinter ing of the powder. Surface areas for the pow- 
ders were calculated from the argon adsorption iso- 
therm, obtained at --196~ using the BET (14) 
method. Powder hydriding rates were then measured 
over a range of temperatures  (--29~176 and pres-  
sures (0.020-67.96 kPa) .  Following each run  the sam- 
ple was dehydrided at 450~ and reused for the next  
hydr iding run. A total of fifteen different p lu ton ium 
samples were used throughout  the course of this in -  
vestigation. 

Reaction Kinetics 
The reaction model used to describe the reaction of 

hydrogen with p lu ton ium metal  powder is called the 
"Progressive Conversion" model (15). This model as- 
sumes that once hydrogen is adsorbed on the surface 
diffusion into the bulk  is very rapid and not rate deter-  
mining.  Thus, the reaction takes place uni formly  
throughout  the particle and not strictly at the meta l [  
hydride interface. The general  reaction equation is 

Wt = Win{1 -- [1 -~- k ( n  -- 1)Mo(n-1)t]l/1-~) [1] 

where Wt = hydrogen reacted in  time, t; Wm -- total 
hydrogen reacted; k -- rate constant;  n = order of the 
reaction; and Mo ---- mi l l igram atoms of metal  ini t ia l ly  
available. In  the special case where the reaction is 
first-order (n __= 1), Eq. [1] becomes 

Wt - W m  (1 - e -kt )  [2] 

This equation was used throughout  this s tudy to evalu-  
ate rates of reaction. 

Results and Discussion 
Plutonium powder characterization.--Gallium metal  

present  in this p lu ton ium alloy powder is nonreact ive 
with respect to hydrogen. The role of gal l ium is to 
stabilize the p lu ton ium in  the delta phase. This meta l  
phase is more reactive with respect to hydrogen than 
the room temperature  alpha phase found in pure 
plutonium. The most logical reason for the increased 
reactivi ty is the greater meta l -meta l  atomic spacing in 
the delta alloy. In  this s t ructure  the f-electrons are 
more localized and are not  involved in  metallic bond-  
ing (16). Thus, it  has been proposed that  they are 
available for the rapid chemisorption of hydrogen dur -  
ing the hydr iding reaction (17). One ini t ia l  concern 
was that  gal l ium would become segregated dur ing the 
hydr id ing/dehydr id ing  cycles. This would result  in a 
mixture  of alpha and delta phase material.  X- ray  dif- 
fraction analysis of the metal  powder showed that  the 
metal  was in  the delta phase and there was only a 
trace of alpha plutonium. Apparen t ly  the gal l ium re-  
mains un i formly  distr ibuted throughout  the powder. 

When the ini t ia l  hydr id ing of a p lu ton ium coupon 
was carried out in 26.6 kPa of hydrogen at 200~ the 
reaction was very rapid. Powder formed in this m a n n e r  
contained large particles (Fig. 1). Addit ional  hydr id-  
ing and dehydriding did not reduce the particle size 
because of the high tempera ture  (450~ required for 
dehydriding. For this invest igat ion the ini t ia l  coupon 
was nucleated in 6:65 kPa of hydrogen at 20~ for about  
2 rain. Dur ing  this stage about I% of the total reac- 
t ion took place. The remainder  of the coupon hydrid-  
ing was carried out at 20~ in 67 Pa of hydrogen 
over a period of about  5 hr. Powder  formed by this 
method was finer and more uni form than that pre-  
pared by rapid, high temperature  hydr iding (Fig. 2). 

Particle sizes of the powder used were measured 
with a Quant imet  720 particle analyzer. The particle 
size distr ibution is shown by a log-normal  plot in Fig. 

I . The count mean  diameter  (CMD) was 5.0 urn, while 
he s tandard deviation, cg, was 13.4. Total surface areas 

Fig. 1. Plutonium-1 w/o gallium powder prepared at 200~ in 
26.6 kPa of hydrogen. 
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Fig. 2. Plutonium-I w/o gallium powder prepared at 20~ in 
0.067 kPa of hydrogen. 
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Fig. 3. Log-normal size distribution of plutonium alloy powder. 
The count median diameter for the particles was 5.0 /~m and the 
geometric standard deviation ~g was 13.4. 

of the samples  were  measu red  w i th  the  BET (14) 
technique using argon adsorpt ion  at --196~ The sur -  
face a rea  of this powder  was ca lcula ted  to be 0.16 m2/g. 
Al l  of the powders  used in this s tudy  had surface 
areas  on the o rde r  of 0.1-0.2 m2/g. This range  was too 
smal l  to es tabl ish  any  surface area  dependence  for  the 
reaction. 

Kinetic evaluation of powder hydriding.~The ap-  
p l icab i l i ty  of the  "Frogress ive  Conversion" model  dis-  
cussed ea r l i e r  was eva lua ted  under  al l  of the condi-  
t ions of this invest igat ion.  A typica l  eva lua t ion  is 
i l lus t ra ted  in Fig. 4. This pa r t i cu la r  hydr id ing  run  was 
made  at  an ini t ia l  t empera tu re  of 30~ in 1.06 kPa  of 
hydrogen.  Because of the hea t  of reac t ion  the average  
t empe ra tu r e  of this run  was 130~ I t  is ev ident  that  
both  Eq. [1] and [2] fit the  da ta  qui te  well.  Using Eq. 
[1] the ra te  constant ,  k, was 1.60 min  -1 and the ca lcu-  
l a ted  order  was 0.91. Equat ion  [2] for  a f i r s t -o rder  r e -  
act ion produced  a ra te  constant  of 1.46 m i n - L  For  the 
purpose  of this inves t igat ion al l  da ta  were  eva lua ted  
using Eq. [2]. 

Effects of temperature on powder hydriding.~Hy- 
dr id ing  of p lu ton ium meta l  re leased  significant amounts  
of heat. With  the expe r imen ta l  se t -up  being used, this 
hea t  could not  be d iss ipated  and the  ne t  resul t  was 
an increase  in sample  tempera ture .  This effect is shown 
in Fig. 5. Because of the r a p i d  hea t  re lease  t he rma l  

"•lO 

z i 

~ l S T - O R D E R  (2)  

_ . . . . . .  t GENERAL EQUATION (1) 

~ ' ~ D A T A  

ELAPSED TIME (minl 

Fig. 4. Evaluation of plutonium powder hydriding rates at 30~ 
and 1.06 kPa using Eq. [1] and [2]. 
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Fig. 5. Exothermic behavior of plutonium powder hydridlng at 
100~ in 0.067 kPa of hydrogen. 

gradients were established between the sample and the 
wall of the chamber. These gradients, which were most 
pronounced at low pressures and temperatures, are 
believed to cause the discontinuities observed in Fig. 
4 and 5 through their effect on the microbalance. Dis- 
continuities have been observed at about 0.1-0.2 rain 
af ter  the s ta r t  of a run  for a l l  exper imen t s  at  t em-  
pe ra tu res  less than  140~ and pressures  less than  1.33 
kPa.  

When  the main  purpose  of an inves t iga t ion  is the 
measurement  of react ion rates,  the  inab i l i ty  to ma in -  
tain i so thermal  condit ions could presen t  a problem.  
Table I summarizes  da ta  obta ined  over  a range of 
t empera tu res  for two pressure  levels,  0.067 and 26.6 
kPa  (0.5 and 200 Torr ) .  Tempera tu res  being r epor t ed  

Table I. Effect of temperature on the hydriding rate of 
plutonium-1 w/o gallium alloy powder 

P r e s s u r e  To T.~iax. T~vg. k 
Run (kPa)  (~ (~ (~ (rnin -1) 

827 0.0@7 68 140 126"+'9 0.45 
030 0.067 55 127 119+__13 0.40 
031 0.067 77 162 156-----8 0.40 
832 0.067 216 266 261----.8 0.47 
833 0.067 -33 27 5 •  0.42 
834 0.067 6 62 35--16 0.48 
835 0.067 233 323 315~14 0.41 
838 0.0'67 30 80 73--+-__8 0.44) 
839 0.0@7 30 83 76-~--8 0.40 
864 26.60 30 142 103+___28 1.78 
665 26.60 244 372 355-----9 1.69 
866 26.60 120 226 193-----17 2.10 
867 26.60 --96 47 -29-----43 2.68 
869 26.60 24 148 106+___27 2.02 
870 26.60 --31 109 50• 2.88 
871 26.60 175 315 277-'-22 2.25 
872 26.60 48 184 129-----30 2.42 
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were gas-phase temperatures  measured next  to the 
sample. Because of the significant self-heat ing dur ing 
reaction, an average temperature  was calculated for 
each run. In  the first set of exper iments  at 0.067 kPa, 
an at tempt was made to hold the temperature  near  its 
maximum. With the exception of the low tempera ture  
runs  833 and 834, heat was supplied to the sample with 862 
a furnace and tempera ture  programmer.  The effective- 827 880 
ness of this approach is shown by the s tandard devia- 831 
tions of the temperature.  This technique was not  used 882 833 
for the higher pressure experimen'ts. The lack of t em-  834 
perature programming coupled with reaction rates 835 838 
which were near ly  five times larger  resulted in  signifi- 839 

853 cant ly  higher s tandard deviations for the average tern- 844 
peratures. 849 

854 Since actual powder temperatures  were unknown,  840 
no at tempt  was made to evaluate the temperature  de-  841 

842 pendence for powder hydr iding using the Arrhenius  843 
equation. Examinat ion  of the gas-phase temperatures  848 

850 shown in  Table I indicate that tempera ture  apparent ly  847 
has little effect on the hydr iding rate. This is indicat ive 855 

859 of a very small  activation energy. Addit ional  work is 659 
required, however, to measure actual powder tem-  810 

s12 peratures and to evaluate the nonisothermal  kinetics. 860 
Studies made with p lu ton ium coupons have shown 864 

866 some temperature  dependence. Activat ion energies 869 
have been reported to range from 2 to 6 kca l /mol  870 

871 (8-10, 18). Since in the case of bu lk  coupons such pro- 872 
cesses as nucleat ion and diffusion play a significant 861 
role, activation energies may be associated with these 
processes and not the direct reaction be tween pluto-  
n ium and hydrogen. 

Ef]ects of  hydrogen  pressure on p o w d e r  hydr id ing  
ra t e s . - -Exper imen ta l  runs  were conducted at pressures 
of 20 Pa (0.15 Tort )  up to 67.96 kPa (510 Torr) .  Tem-  
peratures were nonisothermal  and the var ia t ion  dur ing  
the invest igat ion ranged from an average of --29 ~ to 
355~ Earl ier  in this discussion it was shown that  
hydr id ing rates were essentially independent  of tem- 
perature. Only a slight inverse temperature  dependence 
was noted at higher pressures, e.g., 26.6 kPa. This type 
of behavior  was at t r ibuted to the role of adsorption at 
low temperatures  and hydride decomposition at high 
temperatures.  The decomposition reaction becomes sig- 
nificant at about  350~ (11). Because of this tempera-  
ture influence at the temperature  extremes, runs  at 
temperatures  less than 0~ or greater than 350~ were 
not used in evaluat ing pressure effects on hydr iding 
rates. 

Data from all runs at various pressures are listed in 
Table II. These data were analyzed using the equation 

khyd "- hoP n [3] 

where khyd is the first-order rate constant, P the hy-  
drogen pressure in kPa, ko is a constant, and n is the 
order of the hydrogen pressure dependence. A plot of L5o 
the data using this equation is shown in Fig. 6. A dis- p 
cont inui ty  is noted at about 1 kPa (8 Torr) indicat ing ~ L00 
the pressure dependence might  be evaluated for two z 
pressure ranges. For the pressure range 0-1 kPa (0-8 o ~ o.so 
Torr)  n is equal to 0.45 while for pressures greater  ,,, 
than 1 kPa n is 0.11. } o.oo 

In  the low pressure region the rate is proport ional  to 
P'/~. This relationship is typical for dissociative adsorp- ~ -0.50 

n~ 
tion of hydrogen. For  pressures greater  than 1 kPa the 9 
pressure dependence of the reaction is proportional to ~ -too 
0.11 or very  near ly  equal to zero. This type of behavior  z 
is simiIar to the Langmui r  adsorption isotherm and ~ -LS0 
suggests that hydrogen adsorption may play a major  
role in the overall  hydr iding kinetics. 

Using Langmuir ' s  kinetic derivation (19) for the ad-  
sorption isotherm, 6 is the fraction of the surface cov- 
ered with hydrogen and 1 -- 0 is the fraction bare. If 
hydrogen is adsorbed dissociatively 

Table II. The effect of pressure on the rate of hydriding of 
plutonium-1 w/o alloy powder 

Pressure k 'rAvg. 
Run (kPa) (rain-l) ("C) 

0.020 0.25 76 • 8 
0.667 0.45 126 --+ 9 
0.067 OAO 119 • 13 
0.067 0.40 156 - -  8 
0.067 0.47 261 ~ 8 
0.067 0.42 5 • 13 
0.067 0.48 35 + 16 
0.067 0.41 315 -4- 14 
0.067 0.40 73 • 8 
0.067 0.40 76 -4- 8 
0.075 0.41 94 ~ 16 
0.120 0.64 61 + 6 
0.250 0.86 105 + 15 
0.332 0.84 103 -- 15 
0.665 1.23 164 __ 7 
0.665 1.23 84 • 12 
0.665 1.22 100 -- 11 
1.0,64 1.46 130 -- 9 
2.128 1.68 145 • 14 
2.128 1.60 105 +--- 19 
3.19 1.80 106----. 20 
3.42 1.52 107 • 19 
5.32 1.70 96 • 16 
6.65 1.68 238 • 17 
6.65 1.69 144 "4- 24 
6.65 1.86 63 +-- 24 

13.30 2.0'6 107 --  18 
26.60 1.78 103 - -  28 
26.60 2.10 193 • 17 
26.60 2.02 106 -- 27 
26.60 2.38 50 -+- 35 
26.60 2.25 277 • 22 
26.60 2.42 129 ----- 30 
67.96 2.21 108 -4- 20 

K 
Hf(gas) ~ H(chem)  -{- H(chem)  [4] 

The rate of adsorption may then be wri t ten  as  

vl --  k i P ( 1  --  o) 2 [B] 

and the rate of desorption is 

, - 1  ---- k - l e  ~ [6] 

At equi l ibr ium the rates are equal and 

o = ( k l P ) X ~  
1 -- O \-~_~ -= (KP)  '/2 [7] 

Upon rearranging Eq. [7] becomes 

(KP  ) '/~ 
o = [8] 

1 -l- (KP) ,/2 

The pressure dependence of the surface coverage i s  
shown in Fig. 7. At high pressures 8 is independent  of 
pressure while at low pressures e ~ (KP) Vf. 

In  considering the hydr id ing of p lu ton ium powder 

k~ 
Pu  + H (chem) ----> PuH~ [91 

~ L46 pOlJ 

k=L48p o4~ o / ~  

/ 
-5.0-4.0-3.0 '-210 -,.'0 0.'0 ,.~'2.'0 35 410 s.o 

LN (PRESSURE kPo) 
Fig. 6. Effect of hydrogen pressure on plutonium powder hydrid- 

ing rates with temperatures varying between 5 ~ and 315~ 
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oVS~(Kp) l J'2 

8-1 

Fig. 7. Variation in surface coverage as a function of pressure 
for Langmuir-type adsorption. 

the t empera tu res  were  kep t  sufficiently low so tha t  the  
reverse  decomposi t ion reac t ion  was negligible.  The 
ra te  of hydr id ing  has been  found to fol low a f i r s t -order  
process. If  the ra te  of hydr id ing  is p ropor t iona l  to the  
hydrogen  surface coverage the  f i r s t -order  ra te  is 

khs~ = k2e [10] 
o r  

k2 (KP) ,/2 
kh~d --  [11] 

1 -F (KP)  I/2 

The re la t ionship  given in  Eq. [11] has exac t ly  the  
same form as seen in Fig. 7. At  pressures  less than  
0.02 kPa  (KP)  1/2 < 1, Eq. [11] becomes 

khyd - ~  k2 (KP) I/2 [12] 

where  the ra te  of hydr id ing  is p ropor t iona l  to pv~ and 
adsorpt ion  is ra te  determining.  At  high pressures  
(>1000 kPa)  where  (KP)  1/~ > 1 Eq. [11] becomes 

khyd --  k2 [13] 

Under  these condit ions the hydr id ing  ra te  is equal  
to k2 and is independen t  of hydrogen  pressure .  This 
behav ior  has been observed for the hydr id ing  of p lu to-  
n ium-1 w/o  ga l l ium powder  as i l lus t ra ted  in  Fig. 6. 

Equat ion [11] can be tested for the hydr id ing  of p lu -  
tonium powder  by  r ea r rang ing  to the fo rm 

p W 1 p ,/2 
- -  - -  b [14] 
khyd k2K'/2 k2 

Plot t ing  P'/2/khya agains t  pv2 gives a s t ra ight  l ine 
wi th  the  slope 1/k2. Such a plot  is shown in Fig. 8. 
F r o m  an evalua t ion  of the da ta  k2 was found to be 2.69 
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Fig. 8. Modified Langmuir plot for the pressure dependence of 
plutonium-1 w/o gallium hydriding rates on the hydrogen pressure. 

3.50 

.=_ 
E 
I-- 
z 2.50 

g 

W 

~ 1.512 

W 

0.5C 

0 2b  ' 4E, ' 6'o ' BE, ' 100 
PRESSURE (kPa) 

Fig. 9. Variation of experimental and predicted plutonium-1 
w/a gallium powder hydriding rates with pressure. 

min -1 and K was equal  to 0.66 k P a - k  Using these 
constants  hydr id ing  ra tes  have been pred ic ted  over  the  
pressure  range  0-100 kPa.  Results  a re  shown by  the 
solid l ine in Fig. 9. P red ic ted  ra tes  obta ined  f rom Eq. 
[11] are  in good agreement  wi th  the expe r imen ta l  
values  f rom 0 to 70 kPa.  

Conclusions 
The react ion kinet ics  for the hydr id ing  of p lu to -  

n ium-  1 w /o  gal l ium were  measured  using a me ta l  pow-  
der  p repa red  "in situ." This technique successful ly 
minimized  oxide format ion  which  in t roduces  a p r edom-  
inan t  hydr ide  nucleat ion and growth  step in the reac-  
t ion sequence. Powder  hydr id ing  was found to be inde-  
pendent  of t empera tu re  f rom --29 ~ to 355~ Hydr id ing  
rates  exhib i ted  a hydrogen  pressure  dependence  which  
could be descr ibed b y  a modified L a n g m u i r  equation.  
At  pressures  less than  1 kPa  rates  were  p ropor t iona l  
to P1/2 indica t ing  dissociat ive adsorpt ion  of hydrogen  
was ra te  controll ing.  Above 1 kPa  the pressure  depen-  
dency decreased wi th  complete  independence  being 
pred ic ted  at  about  1000 kPa.  In  the  high pressure  re -  
gion the rates  are reac t ion  controlled.  
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Oxide Films 
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ABSTRACT 

Highly  conduct ive and t r anspa ren t  films of i nd ium- t in  oxide have been 
spu t t e r -depos i t ed  f rom an oxide target .  The effects of annea l ing  in oxidizing 
or  reducing a tmospheres  on the el.ectrical and opt ica l  p roper t ies  of these films 
have been de termined.  The e lect ron concentra t ion and re la ted  opt ical  p rop -  
ert ies are  revers ib le  functions of the oxygen  pa r t i a l  pressure  in the annea l ing  
atmosphere .  The form of this re la t ionship  is consis tent  wi th  a defect  model  in 
which most  of the Sn dopant  is p resen t  in neu t ra l  complexes wi th  in te rs t i t i a l  
oxygen.  The Hal l  mobi l i ty  and re f rac t ive  index  are  changed i r r eve r s ib ly  by  
annea l ing  as a resul t  of subt le  changes in film st ructure .  

Highly  t r anspa ren t  and e lec t r ica l ly  conduct ing thin 
films are  useful  in a wide va r i e ty  of applicat ions,  for 
example ,  t r ansparen t  Jou le  hea t ing  elements,  i n f r a r ed -  
reflecting coatings t r anspa ren t  in the visible,  and 
t r anspa ren t  e lectrodes a l lowing opt ical  and  e lect r ica l  
access to sol id-s ta te  devices. The oxides of Cd, In, Sn, 
and Sb have usua l ly  been  found to have the best  com- 
binat ion of proper t ies  (1). In  par t icular ,  films of in -  
dium oxide containing some t in oxide are  wide ly  used 
where  sheet  resistances of  less than 10 ~ / s q  are  r e -  
quired.  

F i lms  of i nd ium- t in  oxide (ITO) can be p repa red  by  
sp ray  hydrolysis ,  but  for  most  electronic applicat ions,  
sput ter ing,  evaporat ion,  or  chemical  vapor  deposi t ion 
methods are  necessary  to achieve the r equ i red  un i -  
formity.  Spu t t e red  films have been p repa red  by  using 
e i ther  convent ional  spu t t e r ing  f rom hot -pressed  oxide 
targets  (2) or  react ive  spu t te r ing  f rom meta l  targets  
(3). With  oxide targets  the op t imum composit ion has 
been repor ted  to be 5-20 mol percent  (m/o)  SnO2 
in In203 (4). 

The proper t ies  of these films are  sensi t ive to the 
prepa ra t ion  conditions, in pa r t i cu la r  the oxygen par t i a l  
pressure  in the sput te r ing  a tmosphere  (5). F i lm p rop -  
er t ies  can also be modified by  annea l ing  in e i ther  oxi -  
dizing or  reducing  atmospheres.  I t  would  therefore  be 
desi rable  to develop an unders tand ing  of the effects of 
film s t ruc ture  and s to ichiometry  on e lect r ica l  conduc-  
t iv i ty  an({ opt ical  t ransmission.  This has been achieved 
to some ex ten t  for  pure  In203 films (6, 7). In the pres -  
ence of Sn, however,  the s i tuat ion is much more  com- 
plex. Prec ip i ta t ion  of meta l l ic  clusters (8) or poss ibly  
an Sn~O4-1ike phase (9) has been repor ted  in some 
situations.  Al though  the presence of tin leads to a 
h igher  conductivi ty,  it  is not  c lear  wha t  its role  is or 
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wha t  the mechanism is for the changes in conduc t iv i ty  
observed when these films are  annealed.  

We will presen t  resul ts  obtained for films deposi ted 
by  rf  sput te r ing  from a ho t -p ressed  oxide target .  Dep-  
osition pa rame te r s  have been opt imized to y ie ld  films 
having high electr ical  conduct iv i ty  and t ransparency .  
We wil l  not descr ibe the dependence  of film proper t ies  
on spu t te r ing  pa rame te r s  in detai l ,  since our  resul ts  
are s imi lar  to those r epor t ed  prev ious ly  (10). Instead,  
the resul ts  of anneal ing  ITO films at  var ious  pa r t i a l  
pressures  of oxygen  wil l  be discussed. We wil l  show 
that, if  the films are not  reduced  to the point  of p ro -  
ducing a meta l l ic  phase,  the  effect of annea l ing  on 
conduct ivi ty  is a revers ib le  function of oxygen  par t i a l  
pressure.  These changes in conduct iv i ty  can be in te r -  
p re ted  in terms of the format ion  of neu t ra l  clusters of 
t in wi th  in te rs t i t i a l  oxygen.  Annea l ing  also affects the 
opt ical  p roper t ies  of these films, in some cases re -  
vers ibly,  as a resul t  of the i r  re la t ionship  to the f ree-  
car r ie r  concentrat ion.  

Experimental Methods 
An r f  diode spu t t e r ing  sys tem was used (Fig. I ) .  I t  

has two notable  features.  Firs t ,  the  ta rge t  is p laced 
be low the subs t ra te  so tha t  ma te r i a l  spu t te red  upward  
is collected. Second, the  subs t ra tes  were  loaded 
through an evacuable  load lock, thus avoiding expo-  
sure of the t a rge t  to the a tmosphere  and p reven t ing  
adsorpt ion  of mois ture  by  the ta rge t  mater ia l ,  which is 
somewhat  hygroscopic.  As a resul t  the  r u n - t o - r u n  re -  
p roduc ib i l i ty  was ve ry  h igh  af ter  in i t ia l  outgassing and 
p respu t t e r ing  of new targets.  The sput te r ing  chamber  
is a stainless steel  cy l inder  pumped  by  an oil diffusion 
pump with  a cold trap.  Sys tem pressures  of 1 • 10-7 to 
5 • 10 - s  Torr  were  typ ica l ly  obta ined  be tween  runs. 
Dur ing  sputter ing,  a thro t t le  va lve  of fixed d iamete r  
was used to l imi t  pumping  speed, and both  argon and 
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oxygen  of high pu r i t y  were  in t roduced  to the cham-  
ber  th rough  mete r ing  valves.  

A 20 cm d iam ho t -p ressed  d isk  of In203 containing 9 
m/o  of SnO2 was used as a target .  This was bonded  
to a wa te r - coo led  copper  plate.  The subs t ra tes  were  
c lamped into recesses in a 3 m m  th ick  a luminum disk 
which  in tu rn  was bol ted  to a 12 m m  thick copper  
plate.  This p la te  ac ted  as a hea t  sink. Ei ther  the sub-  
s t rafes  or  a s tainless steel  shield could be ro ta ted  into 
posi t ion over  the  target .  The t a r g e t - t o - s u b s t r a t e  dis-  
tance was 3.5 cm. To s tabi l ize  the system, p respu t t e r ing  
onto the stainless s teel  shield was a lways  done for 30 
min before  deposi t ion onto the substrates .  Wi th  a new 
target ,  p respu t t e r ing  for 8-12 hr  was necessary  before  
film proper t ies  became reproduc ib le  f rom run  to run.  
An increased  outgassing ra te  was observed dur ing  the 
first few hours  of this procedure.  

Pol ished fused quar tz  disks 5 cm in d i ame te r  and  
0.05 cm thick were  used as substrates .  These were  
c leaned using ammon ia -hyd rogen  peroxide  and hyd ro -  
chloric ac id -hydrogen  peroxide  mix tures  (11). 

Optical  measurements  were  made  at  n e a r - n o r m a l  
incidence using a Cary  14 t w o - b e a m  spec t rophotometer  
in the visible and n e a r - i n f r a r e d  region and a Beckman 
AR10 spec t ropho tomete r  in the  2-10 ~m range.  Sheet  
resis tances were  measu red  using a four -po in t  tungsten 
probe, and  bo th  sheet  res is tance and Hal l  coefficients 
were  measured  b y  the van  der  Pauw method.  Good 
ag reemen t  (___5%) was found be tween  the two methods  
for sheet  resistance.  For  the  van  der  Pauw measu re -  
ments  the  films were  etched into a c lover leaf  pa t t e rn  
by  using convent ional  pho to l i thography  wi th  hot  hy -  
dr iodic acid as an e tchant  (12). S i lver  paste  contacts 
were  used. 

The measurements  were  made  using a-c  cur ren t  and 
a d -c  magnet ic  field of 4.3 koe. In  some cases e lect r ica l  
measurements  were  made  at  h igh t empera tu res  at  
var ious  oxygen pa r t i a l  pressures ,  also b y  the van  der 
Pauw method.  To do this the samples  were  enclosed in 
a quar tz  tube in a furnace  placed between  the poles 
of an e lect romagnet .  Mixtures  of argon wi th  traces of 
oxygen  were  passed th rough  the tube,  and the oxygen 
concentra t ion  in the  exi t  gas was measu red  wi th  a 
commerc ia l  so l id-s ta te  oxygen meter .  Fo r  these high 
t empe ra tu r e  measurements ,  p ressure  contacts were  
made  by  sp r ing- loaded  nickel  wires.  F i l m  thickness 
was measured  by  using a prof i lometer  to de te rmine  the 
average  he ight  of an  etched film edge. Annea l ing  was  
done in a hor izonta l  tube furnace.  The annea l ing  am-  
b ien t  was es tabl ished b y  p lac ing  the samples  in a 
quar tz  tube  and flowing the appropr i a t e  gas over  them 
at ,~0.5 cm/see.  

Results and Discussion 
A series of films 5000-10,000A thick were  deposited 

while  spu t t e r ing  pa rame te r s  such as gas composi t ion 
and pressure ,  power,  and  subs t r a t e - t a rge t  spacing were  
va r ied  so as to optimize film propert ies .  That  is, these 
parame te r s  were  va r ied  to obta in  the  h ighest  ra t io  of 
v i s ib l e -wave leng th  t ransmiss ion to sheet  res is tance for  
films in this thickness range.  
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Fi lms  spu t t e red  in an a tmosphere  conta ining a few 
percent  of oxygen  had  a high resis t ivi ty .  For  example ,  
films ~7000A thick deposi ted at  a power  of 500W in an 
argon plus 5% oxygen  a tmosphere  at  a to ta l  pressure  
of 2 X 10 -2  Tor r  had a sheet  res is tance of 2-5 X l0 s 
fl /sq.  In contrast ,  films of this thickness  deposi ted in 
pure  argon under  the  same condit ions had  a sheet  r e -  
sistance of ~ 5  ~/sq. Sheet  res is tance decreased  wi th  
increase in spu t te r ing  power,  as r epor t ed  prev ious ly  
(10). Thus the sheet  resis tance of films ,-,7000A thick 
deposi ted f rom pure  argon at  2 • 10-3 Torr  decreased 
f rom ,~9 ~ / s q  at  200W to ~ 4  ~ / s q  at  600W. 

Repea ted  p respu t t e r ing  and deposi t ion in pure  argon 
gradua l ly  reduced  pa r t  of the ta rge t  surface, as ev i -  
denced by  the deve lopmen t  of a ve ry  da rk  meta l l ic  
appearance .  F i lms  deposi ted f rom such a ta rge t  had  
sheet  resis tances a factor  of two or  more  h igher  than  
those f rom a f resh ta rge t  surface obta ined  by  abrad ing  
away  the da rkened  surface layers.  S imi la r  observat ions  
have been repor ted  e lsewhere  (2). P respu t t e r ing  at  a 
reduced power  of 300W in a 50% O2 plus 50% Ar  a tmo-  
sphere p reven ted  this darkening,  a ppa re n t l y  by  reoxi -  
dat ion of the ta rge t  surface. P respu t t e r ing  was there-  
fore always  carr ied  out  unde r  these condit ions for 30 
rain before  each deposi t ion run. Changing the p re -  
spu t t e r ing  a tmosphere  to pure  argon for  1-10 rain 
before film deposi t ion had no effect on film proper t ies .  
Severa l  hours of deposi t ion in pure  argon were  re -  
qui red before  significant reduct ion of the target oc-  
curred,  so tha t  only  minor  changes in t a rge t  condit ion 
would  be expected  dur ing  a single deposi t ion run.  

On the basis of these results,  al l  subsequent  films 
were  deposi ted  at  500W in a pu re  argon a tmosphere ,  
pressure  2 • 10 -2 Torr, a f te r  p re spu t t e r ing  in an 
a rgon-oxygen  mix tu re  as described.  The oxygen  flow 
was s topped ~ 3  rain before  deposi t ion was begun. With  
this procedure,  shee t  resistances were  reproducib le  to 
wi th in  ___5% from run  to run. F igure  2 shows the sheet 
resistance of deposi ted films and the opt ical  t r ansmis -  
sion at  500 nm, af ter  averag ing  in te r fe rence  fringes, 
both  as functions of the total  deposi t ion time. Under  
these conditions the deposi t ion ra te  was 8.5 A/sec,  so 
that  the film thickness increased f rom 5100A af ter  10 
rain to 30,600A af te r  60 rain. The sheet  resis tance cor-  
responding ly  decreased,  reaching  a value  of less than  
1 ~ / s q  af ter  60 min. The transmission,  on the o ther  
hand, increased for the first 25 rain of deposi t ion and 
at  this poin t  was l imi ted  only b y  the ref lect ivi ty  of the 
film. The decrease in t ransmiss ion of th icker  films is 
p r e sumab ly  due to bu lk  absorpt ion  adding  to reflec- 
t ion losses. The decrease at  shor t  t imes is not  u n d e r -  
stood. 
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Fig. 2. Dependence of sheet resistance and transmission at 500 
nm on total deposition time in 2.0 • 10 -2  Torr Ar at 500W power. 
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If the h igher  res is t iv i ty  of films deposi ted in Ar-O2 
mixtures  were due on ly  to differences in car r ie r  con- 
cent ra t ion  resul t ing f rom differences in oxygen content,  
i t  should be possible to br ing  al l  films to the same 
res is t iv i ty  by  equi l ibra t ing  them wi th  the same oxi-  
dizing or reducing atmosphere .  This should take  place 
at  a t empera tu re  sufficient to al low rap id  oxygen dif -  
fusion wi th in  the bu tk  of the  film. In fact, when  films 
were  annea led  at  200~ the res is t iv i ty  did  change and 
equi l ib r ium was reached wi thin  ~30 min. F igure  3 
shows the sheet  resis tance of a r e l a t ive ly  res is t ive film 
as a funct ion of t ime at  200~ in n i t rogen containing 
,,~20 ppm of oxygen.  This film was deposi ted in an A r  
+ 5% 02 mixture .  The equ i l ib r ium sheet  resis tance f o r  
severa l  films is shown in Fig. 4 as a funct ion of annea l  
conditions. These d~ta were  obta ined  us ing films 
~8000A thick deposi ted in pure  argon, giving an as-  
deposi ted sheet  resis tance of 3.5 ~ / s q  (curves a) ,  and 
at  oxygen levels of 5% (curves b) and  10% (curves c) ,  
resul t ing  in as -depos i ted  sheet  resis tances of ,~2200 
and 7000 ~/sq ,  respect ively.  The coated disks w e r e  
cleaved into halves,  and the halves were  annea led  in 
e i ther  N2 -5 200 p p m  O2 (broken l ines in Fig. 4) or 
Nz + 10% H2 + 50 p p m  H20 (solid l ines) .  Annea l s  
were  car r ied  out  for 30 rain at 100~ and repea ted  at  
100~ in te rva ls  above this. The sheet  resistances de -  
creased with  increas ing anneal  t empera ture ,  approach-  
ing each o ther  and reaching a m in imum at 300~176 
At  h igher  t empera tu res  the sheet  resistance increased 
r ap id ly  and the films acquired a da rk  metal l ic  appea r -  
ance, indica t ing  reduct ion of the oxides to a meta l l ic  
phase. The fact  that  al l  samples  did  not  reach the 
same res is t iv i ty  indicates  tha t  s imple differences in 
ini t ia l  oxygen s to ichiometry  do not  en t i re ly  exp la in  
the increase in res is t iv i ty  for films deposi ted at the 
h igher  oxygen  levels.  Differences in s t ruc ture  were  
therefore  looked for which could exp la in  these differ-  
ences in resist ivi ty.  

F igure  5 is an SEM picture  of the surface of a film 
~8000A thick. This pa r t i cu la r  film was deposi ted in 
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pure  Ar, but  an appa ren t ly  ident ica l  surface morpho l -  
ogy is seen for films spu t te red  in Ar-O~ mixtures .  The 
films consist of crysta l l i tes  1000-2000A_ in d iamete r  
which  form the rounded  hil locks seen in Fig. 5. This 
s t ructure  is ve ry  s imi lar  to tha t  repor ted  b y  F r a s e r  and 
Cook (2) for  d - c - spu t t e r ed  films. Cleaved cross sections 
of s imi lar  films were  also examined  by  SENI. Al though  
this in s t rument  was opera t ing  near  the  l imi t  of resolu-  
tion, a co lumnar  gra in  s t ruc ture  could be seen wi th  
gra in  boundar ies  ex tend ing  pe rpend icu la r ly  f rom t the 
film surface to the substrate.  X - r a y  diffraction spectra  
show the films to have the bcc In2Q structure .  Al l  
films had  a p redominan t Iy  [100] t ex tu re  wi th  a lesser  
tendency to a [111] or ientat ion.  The O2 level  in the 
sput te r ing  a tmosphere  had no effect on this surface 
appearance  or  orientat ion.  Both [111] (2) and [100] 
(4) or ientat ions have been repor ted .  The la t t ice  pa -  
r ame te r  was 10.17A for al l  ITO films, as compared  wi th  
10.12A for In20~ depos i ted  f rom a pure  In208 ta rge t  
in the same system. Fan  et al. (5) found t the la t t ice  
pa r ame te r  a = 10.23A for highly  t r anspa ren t  films and 
an appa ren t ly  different  phase wi th  a _-- 10.1hA in da rk  
films deposi ted at  low oxygen level. These authors  
used a target  containing 15 m/o  SnOe compared  wi th  
9 m/o  in the p resen t  work. The present  films p re sum-  
ab ly  correspond with  the i r  t r anspa ren t  films, the re~ 

Fig. 5. SEM micrograph of film surface 
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duction in a from 10.23 to 10.17A resul t ing from the 
reduced Sn concentration. Anneals  at 400~ in either 
N2 or O2 for 30 min  had no effect on either the surface  
appearance or the x - r ay  diffraction pat terns  of any  
of the films. Thus the differences in resist ivi ty (Fig. 4) 
for films deposited at various oxygen levels and then 
all annealed .at 400~ in  the same atmosphere appar-  
en t ly  resul t  from differences in  s t ructure  which are 
beyond the resolution of the methods we have used. 

Hall  coefficient measurements  were made to c har ac -  
terize  fur ther  the effects of annea l ing  on low resist ivi ty 
films. All  films were n- type.  The carr ier  concentrat ion 
n was obtained from the Hall  coefficient R, using the 
expression R -- r/ne. The Hall  factor r has been ap- 
proximated by un i ty  in view of the high electron con- 
cent-rations. In  any  case, the absolute value of n is not  
critical to in terpre ta t ion  of the results. In  early ex- 
periments  it was observed that  for a given film, if it  
was not  reduced to a metall ic phase, e.g., by heat ing 
in  hydrogen at temperatures  above 400~ n is a re -  
p r o d u c i b l e  funct ion of the annea l ing  atmosphere. For  
example, a series of anneals  were carried out at 400~ 
on a single film ---12,000A thick unde r  reducing, then 
oxidizing, and then again reducing conditions. The 
results are given in  Table I. Annea l ing  in  reducing 
conditions increased n as compared with the as-de-  
posited film. Annea l ing  in oxygen reduced n to below 
its ini t ia l  value. Subsequent  anneals  in  mildly  oxidiz- 
ing, neutral ,  and reducing conditions increased n unt i l  
i t  reached essential ly the same value it  had after  the 
first anneal  in reducing conditions. These changes in 
n could not be a t t r ibuted  to changes in  the film or 
grain boundary  structure,  since such changes would 
not  be reversible. On the other hand, the mobi l i ty  de- 
creased in most instances after anneal ing in either 
oxidizing or reducing atmospheres; this could be at-  
t r ibuted to s t ructural  changes. 

To determine whether  surface effects are impor tan t  
to the annea l ing  behavior, as has been suggested (13), 
measurements  were made on films of various thick- 
nesses. If the observed changes in n were due to a 
surface phenomenon,  they would decrease in magni -  
tude l inear ly  with increases in film thickness. Fi~,ure 6 
shows n for films ranging in thickness from ,,3000 to 
~18,000A. Results for both as-deposited films and 
films annealed at 400~ for 30 min  in N~ 4- 5% H2 are 
shown. Before annealing,  the results are quite s trongly 
dependent  on the film thiekness. This is probably  due 
to re la t ively  small changes in the actual oxygen part ial  
pressure dur ing  sputtering. An ini t ial  adsorption of 
oxygen from the sput ter ing atmo*phere followed by  
a gradual  release has been reported (5) in a similar  
system. At some point  an opt imum oxygen level was 
apparent ly  reached, giving rise to the max imum in n 
observed. This variat ion is almost total ly removed by 
the anneal,  indicat ing the result  of such anneals to be a 
bulk  effect fQr these films. However, note that, al-  
though the dependence of n on deposited-film thick- 
ness can he removed by  annealing,  variat ions in doping 
level from substrate  to surface could exist. It  has been 
reported that the surface of as-deposited ITO films 
may  be t in - r ich  (9). This could be true for our an-  
nealed films but  only if the t in- r ich  layer  increased in  

Table I. Results of a series of anneals at 400~ on an ITO film 
12,000~. thick 

Electron 
Time concentra- Mobility 

Atmosphere (rain) tion (cm -~) (cme/Vsec) 

As deposited 5 .6 9  x 10 ~ 27 .9  
N e  + 5 %  He  3 0  1 .18  x 1021 18 .8  
Oe 150  1 .96  x i 0  ~~ 4 .81  
N2 + 1 %  O~ 60 2 . 3 7  • 10  ~~ 5 .24  
N2 120  3 . 7 5  • 10  ~~ 4 . 9 7  
N2 + 5 %  H~ 120  1 .21  x 1 0  = 2 .16  
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Fig. 6. Electron concentration vs. film thickness for both as- 
deposited films and films annealed for 30 min at 400~ in N2 Jr 
5 %  H2. 

thickness l inearIy with increases in  total  film thick- 
ness so that  the average value of n remained constant, 
the result  shown in  Fig. 6. 

To summarize these observations, n is un ique ly  de- 
termined by the temperature  and composition of the 
anneal ing ambient  for a par t icular  film, if it is not  re -  
duced  enough to cause a phase change, for example, by 
annea l ing  under  s trongly reducing conditions above 
450~ Furthermore,  the changes in n caused by an-  
neal ing result  from a bulk effect. To determine n as 
a function of the oxygen part ial  pressure Poe, conduc- 
t ivity and Hall  coefficient were measured by the van 
der Pauw method at high temperatures  while samples 
were held in a flowing argon-oxygen mixture.  The 
range of temperatures  over which measurements  could 
be made was small, because below 250~ changes oc- 
curred too slowly and above 450~ the films were 
easily reduced and darkened or developed cracks after 
a few hours at high temperature.  Figure 7 shows 
equi l ibr ium values of n as a funct ion of Po~ at 320 ~ 
and 400~ for a film 8300A thick. The mobilit ies at 
these temperatures  were 15.3 and 14.3 cm~/Vsec, re-  
spectively, and were independent  of n. Over a wide 
range of Po~, n is proport ional  to po~ -~ .  Measurements  
at in termediate  temperatures  overlap these but  are of 
the same form with m = 0.14 ___ 0.01. The same type o f  
relationship bu t  with m ---- 0.166 has been reported for 
pure sintered In203 powder above 600~ (13). The 
values of n reported for pure In203 are, however, sev- 
eral orders of magni tude  below those shown in Fig. 7 
for a t in-doped film. 
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Fig. 7. Equilibrium carrier concentration as a function of oxygen 
partial pressure for a film 8300A thick. Lines show fit to n ,~ 
Po2 - m  with values of m given. 
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In undoped In20~ this behavior  was a t t r ibu ted  to the  
presence of oxygen vacancies which  act as doubly  
ionized donors and a re  the dominant  contr ibutors  to n 
(13). In  the  presen t  case this is obviously  not  the s i tu-  
a t ion since the presence of Sn in the la t t ice  has in-  
creased n substant ia l ly .  On the o ther  hand, i f  al l  o f  
the Sn s imply  subst i tu ted  for In and dona ted  one elec-  
tron, then n would  be equal  to the  to ta l  t in concent ra-  
tion, i.e., n = [Sz~z~] --  [Sn]T ~ 1.4 • 10~l/cm 8, and 
independen t  of Po~. In fact, the measured  va lues  of n 
are much less than  the total  t in concentrat ion,  as n o t e d  
previous ly  for  t in concentra t ions  above a few p e r c e n t  
(14). In the In20~ structure,  O 2-  ions occupy on ly  % 
of the t e t r ahed ra l  inters t ices  formed b y  the In s+ ion 
lattice.  I t  might  be expected,  therefore,  tha t  addi t iona l  
oxygen ions could be accommodated  easi ly  into the  
remain ing  inters t ices  and act as double  acceptors  to 
compensate  any Sn 4+ ions in t roduced onto In 3+ sites. 
The oxygen  pa r t i a l  pressure  would  then  influence n 
through the reac t ion  

O i "  ~ 2e -f- 1/20~ [1] 

n2po~ 
K1 = ~ [2]  

[ O z " ]  

Since n < <  [Sn]T, i.e., n < <  1.4 • 102Z/cm s over  the 
range of our  measurements ,  most  of the SnIn is com- 
pensated,  therefore,  2[Of ' ]  ,-~ [Sn]w. Subs t i tu t ing  this 
into Eq. [2] gives 

( KI [Sn]T  ) y~ 
n _ Po~- '/, [ 3 ]  

2 

Obviously  the va lue  of m _-- 1/4 pred ic ted  b y  this 
model  does not  agree  wi th  our  results.  Making  the as-  
sumpt ion tha t  in te rs t i t i a l  oxygen can accept  only  one 
e lect ron leads to n ~ Po~-~/~, in even worse agreement  
wi th  exper iment .  On the o ther  hand, if the  Sn 4+ ions 
form pairs  in associat ion wi th  the ex t ra  oxygen  ion to 
form a neu t r a l  complex  of local  s to ichiometry  Sn204, 
this could be reduced at  low oxygen levels to give 
pairs of SnIn donors 

{ (2SnIn)OI}* ~ 2Snin -I- 2e -{- 1/~ 02 [4] 

[Sn,.] ~n~po~.'/, 
K~ = [5 ]  

[{ (2Snzn) OI}] 

Since most  of the Sn is not  e lec t r ica l ly  active, 
[{ (2Snin)Oi}] ~ [Sn]T/2, and since on the o ther  hand  
Sz~in is the dominan t  donor, n ~[Sr]~n]. Subs t i tu t ing  
these approximat ions  into Eq. [5] gives 

( K2[Sn]T ) u 
n _~ 2 P ~  Y' [6 ]  

i.e., m ----0.125, in reasonable  ag reemen t  wi th  the  value  
0.14 _ 0.01 obta ined f rom our high t e m p e r a t u r e  m e a -  
surements .  Clusters  of more  than two Sn 4+ ions m a y  
be expected at  h igher  Sn levels unt i l  a d is t inct  separa te  
SnO2 phase is formed. The fact  that  the conduct iv i ty  o f  
films deposi ted at  a high oxygen level  can never  be in-  
creased by  annea l ing  to as high a va lue  as for films 
deposi ted in pure  argon could be a t t r ibu ted  to a much 
grea te r  degree  of format ion  of large  SnO2-1ike com- 
plexes  of this type  dur ing  deposi t ion as a resul t  o f  th e  
grea te r  oxygen  ion avai labi l i ty .  Fan  et al. (5) have 
shown in deta i l  the effect on n of oxygen level  in th e  
sput te r ing  atmosphere .  They r epor t  n to decrease  ve ry  
s teeply  wi th  increases in oxygen par t i a l  pressure  in 
the region where  h igh ly  t r anspa ren t  single phase  de -  
posits were  obtained,  also indicat ing the fo rmat ion  of  
neu t ra l  complexes under  oxidizing conditions. 

Al l  films were h igh ly  t r anspa ren t  in the visible r e -  
gion.  The t ransmiss ion  spec t rum for a film ,~8000A 
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Fig. 8. Transmission spectrum for film ,~8000A. thick, as-de- 
posited (solid line) and after 30 min anneal at 400~ in N2 -~ 
10% H2 (broken line). 

thick (Fig. 8) shows an absorpt ion  edge at  300-350  
nm and in ter ference  fr inges at  longer  wavelengths .  
F igure  8 also shows the spec t rum af te r  this film w a s  
annealed  in N2 -t- 10% H2 at  400~ for 30 rain. This 
annea l  increased n f rom 5.76 to 11.2 • 1020/cm 8. I t  also 
reduced  the opt ical  t ransmission,  shif ted the absorpt ion  
edges, and shif ted the in ter ference  fringes. Transmis -  
sion was reduced  as a resul t  of any  anneal  in e i ther  
oxidizing or reducing  atmospheres .  The re f rac t ive  in -  
dex, calculated f rom the spacing be tween  in te r fe rence  
fringes, was also reduced  by  any  annea l ing  procedure.  
F igure  9 shows the ref rac t ive  index for  both  the as-  
deposi ted and annea led  films of Fig. 8. The reduct ion in 
index resul t ing  f rom annea l ing  is surpr i s ing ly  large.  

The shif t  in the  sho r t -wave l eng th  absorpt ion  edge 
depended  on the na tu re  of the  annea l ing  a tmosphere  
in the same way  tha t  n does, i.e., anneals  in reducing 
and oxidizing a tmospheres  gave shifts in opposite di-  
rections. F igure  10 shows the shif ts  in the absorpt ion  
edge of a single film resul t ing  f rom a series of anneals  
and the e lec t ron concentrat ions  resul t ing  f rom each 
anneal .  At  values  of a above 103 cm -1, the square  of 
the absorpt ion  coefficient is l i nea r ly  p ropor t iona l  to 
the photon energy.  A re la t ionship  of this sort  is e x -  
pec ted  for  d i rec t  a l lowed t ransi t ions  and has been re -  
por ted  for pure  In203 films (15). By ex t rapo la t ing  the 
l inear  regions to zero absorpt ion  coefficient, values  of 
the appa ren t  d i rec t  gap were  obtained.  F igure  11 shows 
these results  as a funct ion of e lect ron concentrat ion.  A 
l inear  re la t ionship  is observed  be tween  n ~/~ and  the 
appa ren t  gap, as would  be expected if  this shift  can be 
a t t r ibu ted  to the Moss-Burs te in  effect (16). In  the 

case of parabol ic  bands the shif t  hE --  m 
8m 

If the  effective electron mass me is much smal le r  than  
the effective hole mass, then m _~ me. With  this as-  
sumption,  the da ta  of Fig. 11 give me : 0.64 too. This 
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Fig. 9. Refractive index of film ~ 8 0 0 0 A  thick, as deposited 
(solid line) and after 30 min anneal at 400~ in N2 @ 10% H2 
(broken line). 
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Fig. 10. Energy dependence of square of absorption coefficient for 
film ~ 8 0 0 0 A  thick. Curve 1: as deposited, n = 5.76 • 10~~ 
cmS; curve 2: after 30 min 400~ anneal in N~ + 10% H2, n = 
11.2 X I02~ curve 3: after 150 min 400~ anneal in 0~, n = 
1.96 X 102~ 3. 

can be compared with somewhat lower reported values 
of 0.54 mo (14) and 0.5 mo (17) obtained by varying 
the Sn concentration to vary n. Since Sn doping 
at the high levels used would be expected to shift the 
absorption edge to shorter wavelengths (as a result of 
the alloying effect), by an amount proportional to the 
Sn concentration (Vegard's law) this method would 
be expected to underestimate me. Recently a value of 
0.55 mo was reported by others also using the annealing 
method to vary n (18). 

The optical properties in the infrared depend 
strongly on n. Figure 12 shows the transmission and 
reflection spectra of an as-deposited film ~4000A thick 
having n = 3.8 X 102~ a. As discussed in detail 
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Fig. 12. Transmission T and reflectivity R in the infrared for a 
film ,-~4000A thick with n = 3.8 • 102~ 8. 

previously (10, 14), free-carrier absorption dominates 
the optical properties at wavelengths longer than the 
plasma wavelength, which is N1.8 #m for this particu- 
lar film. 

From the reflectivity and transmission data for both 
as-deposited and lkT2 -k H2 annealed films, the value of 
the optical absorption coefficient ~ was calculated over 
a range of photon energies of 0.5-4.5 eV (Fig. 13). 
Both the Moss-Burstein shift at higher energies and 
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the opposite shift at low energies due to the change in 
plasma frequency are illustrated. 

Conclusions 
Highly conductive and transparent films of ITO can 

be deposited from an oxide target by maintaining the 
target surface in an oxidized condition but depositing 
films from a pure argon ambient. The electron concen- 
tration in these films and properties which depend on 
it, such as the absorption edges, are affected reversibly 
when the films are annealed in mildly reducing or oxi- 
dizing conditions. This behavior can be rationalized in 
terms of the formation of neutral complexes of Sn 
with oxygen interstitials. Other properties, such as the 
electron Hall mobility and the refractive index, change 
nonreversibly, apparently because of permanent struc- 
tural changes. 
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ABSTRACT 

The image contrast of color television tubes is reduced by the diffuse 
reflection of ambient light at the tube face. A recent method used to com- 
pensate this effect makes use of color filters, which are transparent to 
the phosphor light and absorb the rest of the visible spectrum. The subject 
of this paper is an investigation of the fundamental optical capability of the 
color filter concept. The main emphasis is placed on the sandwich systen% 
involving a filter layer between the phosphor layer and the screen glass. Ex- 
periments were performed on 5 • 5 cm 2 test samples, using a spectrophotom- 
eter for the reflection measurements and a scanning electron microscope for 
measuring the phosphor light output. They yield a gain in brightness con- 
trast performance (BCP) of 15-28% for combinations of red or blue phos- 
phors with commercially available inorganic filter pigments. The correspond- 
ing increase of brightness can be twice as high if the contrast is held constant. 
Model calculations, assuming isotropic light scattering within the powder layers 
and linear superposition of multiple reflections between adjacent layers, show 
good agreement with the experimental results. Ideal square filters yield a 
BCP gain of 100-120%, whereas a shift of real phosphor spectra or filter 
spectra along the wavelength axis only yields a gain of a few percent. The 
conclusion drawn is that the inorganic filter pigments used set a practical 
limit to the gain in BCP that can be achieved with the color filter concept. 
Some results on mixtures of phosphors and filters are included. The expem- 
mentally found BCP gain amounts to about 7-10%, i.e., only about one-half 
of the sandwich gain. A simplified model leads to approximately the same 
values. The different optical behavior of a color pigment in sandwich and 
mixture arrangements is apparently due to differences in the effective optical 
path length for ambient light and phosphor light. 

Brightness and contrast are important parameters 
determining image quality in color television. Both 
can be improved by an enhanced light output. A 
further improvement of contrast, i.e., the ratio of 
useful (image) light to disturbing (reflected ambient) 
light becomes possible by lowering the tube reflection. 
This can be achieved, for example, by blackening the 
screen glass or by filling the empty space between 
phosphor areas with a black powder. A third method, 
which has recently come into use (1-3), involves spec- 
tral filtering. Each of the three phosphors (red, green, 
and blue) is combined with a suitable filter material, 
which is transparent in the spectra| region of phos- 
phor emission and absorbent in the rest of the visible 
spectrum. In this way the phosphor light is hardly if at 
all attenuated, while the ambient light is strongly re- 
duced after being reflected at the tube face. 

The color filter concept is explained in more detail 
in Fig. 1. In a normal, nonfilter tube (on the left) high- 
energy electrons out of the vacuum penetrate into the 
phosphor layer, where they are absorbed and generate 
visible light, which reaches the observer through the 
glass of the screen. The thin aluminum backing func- 
tions as a definite electrode and serves as a mirror for 

Key words: cathodoluminescence, inorganic, reflectance, solids. 

the visible light. In the sandwich-type filter tube an 
additional filter layer is placed between each phosphor 
layer and the screen glass, which must be traversed 
by the phosphor light as well as by the light from the 
surrounding. These filter layers, usually inorganic 
color pigments, have to be applied with exactly the 
same geometry as the three-color phosphor dots or 
lines. 

A filter effect similar to the sandwich arrangement 
can be achieved by mixing each phosphor with its 
corresponding color pigment. The mixture-type filter 
tube is preferred in practice because of its technologi- 
cal simplicity. Besides contrast improvement, the color 
filter concept offers the adwantage of enlarging the 
selection of phosphors, because unsuitable chromaticity 
coordinates can to some extent ~be corrected by the 
filter. The quality gain as a result of color filtering is 
usually (1) expressed in terms of the brightness con- 
trast performance (BCP), which is defined for the red, 
green, and blue color components, respectively, as fol- 
lows 

( B ) w i t h  / [ B ~ withOut 
BCP = - ~  filter \ ' ~  ) filter [1] 

Here B stands for the tube brightness per color and R 

2395 
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Fig. !. Filter concept. Light-generating system of a normal, i.e., 

nonfilter tube (left) and of filter tubes with sandwich or mixture 
arrangement (right). A ~ aluminum, P ~ phosphor, F ~ filter, 
G -- glass. 

denotes the diffuse reflection of the tube for white am- 
blent light, with the specular reflection at the f i r s t  
glass surface excluded. Both B and R are measured 
with a photopic d e t e c t o r .  

The subject of this paper is an investigation of the 
fundamental  optical capabili ty of the color filter con- 
cept in color television. The main emphasis is on t h e  
sandwich system, results of which have not yet been 
published. Though somewhat less advantageous for 
fabrication than the mixture, the sandwich can be re-  
garded as a model system with a more easily under-  
standable mode of operation. 

The measurements of the complete color filter sys- 
tems are assisted by optical model calculations, based 
on spectrometer measurements on simplified systems, 
i.e., pigment layers on glass in the case of a sandwich 
and tb_ick powder layers of pigmented phosphor in the 
case of a mixture. In the case of the mixture, satis- 
factory agreement between theory and experiment 
has uot yet been achieved, probably because of greater 
complexity and additional interaction between phos- 
phor and pigment particles. In the sandwich case, 
which generally shows greater BCP gains, reasonable 
agreement between theory and experiment is obtained. 
This agreement supports further predictions of the 
theory, i.e., selection of suitable color pigments and 
their appropriate concentration ranges and an estimate 
of the theoretical limits of the color filter concept. 

Exper imenta l  
Sample preparation.--All experiments were made 

with small test samples of 5 • 5 cm 2 with clear glass 
slides as substrates. Layers of phosphor or p igment  
were prepared by several techniques, the simplest one 
being sedimentation of a particle suspension in an o r -  
g a n i c  liquid. Electrophoretic deposition is used espe- 
cially for pigment suspensions, applying charging addi-  
tives and an upward electrical field. In the lacquer 
technique some polymer, e.g., nitrocellulose, is incorpo- 
rated in the suspension, so that  a lacquer film can be 
prepared by centrifuging. PoIyvinylalcohol plus am- 
monium dichromate (pva, adc) is another example 
of a lacquer material, which can be photohardened 
in the usual way (4), thereby facilitating the prepara-  
tion of sandwiches. 

Mixtures are prepared by coating the surface of t h e  
phosphor particles with pigment. The adherence of 
the pigment particles (typical diameter 0.1 #m) o n  t h e  
phosphor particles (diameter about 5-10 #m) is usually 
improved by the addition of latex. On top of the phos- 
phor Iayer an aluminum film about 0.2 #m thick is 
evaporated, supported by an auxil iary nitrocellulose 
film. Final ly a l l  volatile, organic components are re-  
moved by baking out at 430~ 

Investigated pigments are commercially available 
types of cobalt blue, ul t ramarine blue, cobalt green, 
green chromium oxide, cadmium red, and red iron 
oxide. Standard b lue /green/ red  phosphors are u s e d :  
Z n S :  Ag/(Zn,  Cd) S: Cu or Y2SiOs: Tb/Y202S: Eu. 

Optical measurements.--The l ight paths shown i n  
Fig. 1 are only schematic. In real i ty  pigment as well 
as phosphor particles strongly scatter light. Reliable 
measurements of their optical properties can there- 
fore only be performed with goniophotometers or  w i t h  
spatially integrating detectors. We used the Zeiss DMR 
21 automatic spectrophotometer including a 150 mm 
diam integrating sphere. 

The measurements consisted of reflection of complete 
color filter systems of sandwich or mixture type (com- 
pare Fig. 1), reflection and transmission of pigment 
layers on glass slides, and reflection of pigmented phos- 
phor in 5 mm glass cuvettes (so-called Re). Reflection 
values are related to the reflectivity of the BaSO4 stan- 
dard. If necessary the influence of the cover glass is 
eliminated, according to the theory in the section on 
Theory Sandwich. 

Measurements usually extend from 380 to 800 nm 
wavelength. With respect to phosphor emission and eye 
sensitivity the range from 700 to 800 nm is of less im- 
portance, but it serves as an additional control, pro- 
viding nearly absorption-free regions. The continuous 
measurement values are digitized every 10 nm and f e d  
into a computer. 

Brightness measurements.--The brightness of the 
"glass-filter/phosphor-A1 film" samples under cathode- 
ray excitation was measured in a scanning electron 
microscope (type: Philips PSEM 500). The excitation 
conditions were chosen in such a way as to simulate a 
"TV-like" phosphor load see (Table I) .  The. light out- 
put, i.e., the brightness, was measured with a photopic 
detector (type: Osram-Si-Vx cell),  the spectral sen- 
sitivity of which is well matched to the "eye sensitiv- 
ity." This detector was incorporated into the PSEM 
and mounted close to the sample. 

Theory  Sandwich 
The optical action of a sandwich-type color filter 

tube takes place in the four- layer  sandwich glass- 
f i l ter-phosphor-aluminum (GFPA);  compare Fig. 1. 
The main experimental  variations concern the F-par t .  
Because of the difficult preparation of a GFPA sand- 
wich, an FG sandwich is a much more favorable test 
sample. In the following a model is presented, which 

Table I. Conditions of electron beam excitation 

PSEM 500 30 AX tube 

H i g h  vo l t age*  25 k V  25 kV 
B e a m  c u r r e n t  0.1 ~A 300 ~A 
Spot  d i a m e t e r  30 ~m 1.5 m m  
Scanned a r e a  4.8 • 3.6 mm~ 50 • 40 cm~ 
N u m b e r  of  l ines  62.5 625 
Line  f r e q u e n c y  15 kHz 15 kHz  
C u r r e n t  dens i ty*  in  ~1.4 x 10 -= A/cm~ ~1.7 x 10 -~ A / c m  ~ 

the  spot  
Exc i t a t i on  t ime* ,  t 0.42 ~sec 0.2 #sec 

* Parameters  relevant for comparison of PSEM 500 with 30 AX 
tube. 

t Excitation time pe~ phosphor e lement  and frame scan, calcu- 
lated from spot diameter divided by l ine frequency and length 
of scanned area. 
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al lows the evalua t ion  of the BCP of a G F P A  sandwich 
f rom reflection and t ransmiss ion measurements  of an 
F G  sandwich.  

The model  involves  (i) the in te r re la t ion  be tween  
the opt ical  p roper t ies  of single layers  and  sandwiches;  
(ii) averag ing  according to the  eye sens i t iv i ty  Vx, the  
phosphor  emission spec t rum Ex, and  the ambien t  i l -  
lumina t ion  N~; and (iii) normal iz ing  of  " tube wi th  
fi l ter" re la t ive  to " tube wi thout  filter." Assumpt ions  
are  (a) one-d imens iona l  calculation,  Le., no l a t e ra l  or  
angu la r  effects; (b) addi t ion  of l ight  intensit ies,  i.e., 
no in te r fe rence  effects, which  should be a l lowed for 
diffusely scat ter ing phosphor  and p igment  layers ;  and 
(c) no opt ical  contact  be tween  glass and powder  layer ,  
in o ther  words  a smal l  gap be tween  them. 

Let  p~, p~, ~1, and ~2 be the reflection and t ransmiss ion 
of two homogeneous layers.  I f  the two layers  are  com- 
b ined  to fo rm a sandwich,  a geometr ic  series of m u l -  
t iple  reflections be tween  adjacent  surfaces occurs (see 
Fig. 2a). The overa l l  t ransmiss ion TI~ and reflection #12 
therefore  fo l low 

�9 12 = ~1~(1 + p~p2'+~pt~p~ ~ + . . . )  

= ~1~/(1 - ~,~) [2] 

m~ --  m + ~ (l + mp~. + m ~  ~ + . . .  ) 

= #1 "~ #21:12/( 1 - -  @1@~) [ 3 ]  

F r o m  Eq. [2] and [3] i t  is ev ident  tha t  the ove ra l l  
t ransmiss ion is commuta t i ve ,  bu t  no t  the overa l l  re -  
f lection, i.e. 

"~12 -~ "f21, p12 * #~1 [4] 

If  the s ingle layers  are  not  homogeneous,  bu t  have a 
reflection which depends on the direct ion of l ight  in-  
cidence, Eq. [3] has to be rep laced  b y  

p12 "-- Pl '  2C p2l~12/(1 -- PlP2) [3a] 

p~ and p~' being  the reflection of l ayer  No. 1 from the 
r ight  and the left  side, respect ively .  

The proper t ies  of a single l ayer  can be de te rmined  
f rom the sandwich proper t ies  by  resolving Eq. [2] and 
[3], e.g. 

pl : ('~,22#12 - -  #2~12 e)  / (T22 - -  p22"~12 e)  [5]  

�9 ~ : ~ ( 1  - #~mD/(~ - # ~ i ~  ~) [6] 

A different  p rob lem arises if  l aye r  No. 1 is a p l ana r  
l ight  source. The t ransmission of l ight  emi t ted  by  this 
l ight  source th rough  a filter l ayer  (No. 2) in f ron t  of 
i t  follows s imi la r ly  (see Fig. 2b) as 

�9 (1)~ : "~(1 + #~pe + p12p2 2 + . . . )  

= ~ / ( 1  --  raP2) [7] 

Equat ion [2], [3], and [7] can be ex tended  for  more 
than  two layers  by  spli t t ing,  e.g. 

�9 l ~  = ~l~/~ = ~ l ~ / ( 1  - ~l#~) [8]  

with  ~z2, p2~ according to Eq. [2] and [3]. The k ind  of 
sp l i t t ing  has no influence, i.e., *t~/s =- z~/=s. 

The reflection of the TV-sandwich  G F P A  is ob-  
ta ined by  spl i t t ing into G F  and P A  

pGFPA = pGF "~- pPA~GF2/ (1  - -  pFGpPA) [9]  

based on Eq. [3a]. pGF is ca lcula ted  f rom PFG and *Fr 
using Eq. [5] and [6]. By the same k ind  of spli t t ing,  
for  the t ransmiss ion of the p l ana r  l ight  source A P  
through  the sandwich  FG (in front  of i t )  i t  fol lows 
from Eq. [7] tha t  

T(AP)FG = ~ F G / ( 1  - pFCPPA) [10] 

Tube  reflection R and re la t ive  br ightness  T a re  ob-  
ta ined by  spectra l  averag ing  

R -- f p~FPAVxNxdX/ fVxNxdX -- r [11] 

Layer I 

1 
. p  

Layer 2 

,-,2 ~2 
~I H2 H1 

1 1 1  / 

"1:1 "1:2 

"[:I"1:2 P2P1 
....9 

2 2 
"Ci"C2 p~ p ~ 

-~ I I 1:2 
^ .9 

( -c2 P2Pl _ 

2 

Fig. 2. Light intensities induced by multiple reflections in a 
sandwich. (a, top) ~12 and p~2, (b, bottom) ~(1)2. 

T = f~(AP)FGV• [12] 

The specular  reflection r at  the first glass surface usu -  
a l ly  amounts  to 0.04. T is p ropor t iona l  to br igh tness  B, 
so tha t  on the grounds of definition [1] BCP becomes 

B C P =  - ~  filter ~ ) f i l t e r  [13] 

The screen "wi thout  filte~" forms a t h r e e - l a y e r  sand-  
wich GPA, which can be eva lua ted  s imi la r ly  to GFPA.  
Its character is t ic  values R and T are  de t e rmined  by  
m'A and by  the glass p roper t ies  PG and ~G, which are  
connected with  in te rna l  glass t ransmiss ion # and first 
surface reflection r 

PG : r + 92(1 --  r ) 2 r / ( 1  --  r2~}2) [14] 

�9 G = (1 --  r ) ~ / ( 1  --  r~# ~) [15] 

The computer  model  descr ibed permi t s  the in t roduc-  
tion of art if icial  f i l t e r -phosphor  combinat ions  as w e l l  
Severa l  cases are  of in teres t :  (i) Real  spect ra  of fi l ter 
or  phosphor, may  be shif ted along the wave leng th  axis 
in order  to obta in  be t t e r  coincidence. (ii) Square  filters 
r epresen t  the ideal  case. With  sui table  cu t -on  and 
cut-off wavelengths  they  form the theore t ica l  l imi t  of 
the color filter concept. (iii) A fur ther  ideal iza t ion  
resul ts  f rom n a r r o w - b a n d  or even monochromat ic  
phosphors.  

The chromat ic i ty  coordinates,  X, Y of the th ree  
televis ion phosphors  mus t  obey in te rna t iona l  s tandards .  
Since the chromat ic i ty  may  be influenced by  color 
filters, a control  is necessary.  For  this purpose  X and Y 
of each phosphor- f i l te r  combinat ion are  calcula ted in  
the known way  by  forming three  in tegra ls  of Ex .  
T(AP)FG mul t ip l ied  by  the three  co lor -match ing  func-  
tions, fol lowed by  normal iza t ion  (5). Smal l  color v a r i -  
ations can quan t i t a t ive ly  be expressed in mul t ip les  of 
"just  not iceable  difference," r ep resen ted  by  the so-  
c a l l e d  MacAdam ell ipse (6) in the  X,Y plane.  

Results 
Results  are  given for the  measured  opt ical  prop-  

erties of the subsys tem "filter glass" (FG) ,  the ca lcu-  
la ted opt ical  p roper t ies  of the complete  sys tem "glass-  
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fi l ter-phosphor-aluminum" (GFPA) including the 
model BCP, and the experimental ly determined BCP. 
Figures 3 and 4 show two typical examples of red pig- 
ments Cd(S,Se) and a-Fe2Oa. In Fig. 3a transmission 
�9 vo and reflection pFG spectra of thin pigment layers on 
glass are to be seen. Because of the scattering nature 
of the pigment particles the curves of transmission and 
reflection closely resemble each other, i.e., in regions 
with low absorption both transmission and reflection 
are high, and vice versa. 

Figure 3b shows the reflection pGFI'A Of the complete 
sandwich GFPA and the transmission T(AP)FG Of the 
light source AP through the filter FG in front of it. 
They are calculated from Fig. 3a assuming a constant 
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Table tl. Theoretical R, T, and BCP values of color filter 
sandwiches with two typical red pigments* 

F i l t e r  m g / c m  ~ R T BCP 

Cd(S,Se)  0,099 0.323 0.8~0 1.25 
a-FeeO~ 0.016 0.306 0.727 1.17 
No f i l te r  - -  0.763 0,984 1 

* Calcu la ted  on t h e  bas i s  of  s p e c t r o m e t e r  m e a s u r e m e n t s  of  pig- 
m e n t  l ayers  on g lass  subs t r a t e ,  

PPA = 0.80 and no glass blackening. The main feature 
is a steepening of the absorption edges due to the 
mirror  action of the PA-double  layer. Averaging with 
the emission Ex of YzO2S:Eu4.25 phosphor and a 
"white" ambient light Nx delivers theoretical values 
for the tube reflection R, relative brightness T, and 
BCP, listed in Table II. 

The superior behavior of Cd(S,Se) pigment com- 
pared to =-Fe203 pigment, evidently caused by the 
steeper absorption edge, appears correspondingly in 
the thickness dependence of BCP (Fig. 4, thin lines). 
Experimental BCP values of complete color filter sand- 
wich systems, determined by reflection and brightness 
measurements, are included in Fig. 4. They exhibit 
good agreement with the theoretical values for both 
maximum BCP and optimum filter thickness. 

An example for a blue pigment is shown in Fig. 5 
and 6, arranged as for Fig. 3 and 4. A cobalt blue layer  
of 0.22 mg/cm 2 thickness in combination with E~ of 
ZnS:Ag phosphor yields model values R ---- 0.350, T = 
0.869, and BCP = 1.30. Figure 5b contains addit ionally 
the measured reflection curve of a complete sandwich 
with a comparable thickness of 0.21 mg/cm 2. The agree- 
ment with the calculated pGFPA is satisfactory; larger 
deviations below 420 nm originate in the assumption of 
a constant pPA. Still  better agreements can be achieved 
by taking into account a slight glass absorption and the 
angular dependence of glass reflection. 

02 

0 
400 500 600 nm 700 

Fig. 3 (a, top) TFG and pFG o f  tWO red pigment layers on glass, 
measured in a spectrometer; (b, bottom) ~(AP)FG and PGFPA cal- 
culated from (a), together with E~ of red phosphor Y202S:Eu. 
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Fig. 4. B•P as a function of pigment weight in a sandwich filter 
system. The two red pigments are cadmium red and iron oxide. Thin 
lines refer to model calculations. 
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Fig. 5. (a, top) ~FG (thin line) and pFo of a cobalt blue layer on 

glass, (b, bottom) T(AP)FG (thin line) and pGFPA calculated from 
(a), together with Ex (dotted line) of blue phosphor ZnS:Ag. The 
thick dashed line is the measured reflection pGFPA. 
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Fig. 6. BCP as a function of cobalt blue pigment weight in a 
sandwich filter system. The two thin, dashed and full lines refer to 
model calculations, based on differently deposited pigment layers. 

The thickness dependence of BCP is plot ted in Fig. 6, 
for both model  calculations and exper imenta l  values. 
The agreement  is not  so good as wi th  the two red pig- 
ments, which may  be an effect of p igment  processing. 
The strong influence of prepara t ion technique can be 
seen by comparing the two thin lines: the dashed and 
the full  ones correspond to different methods of de-  
positing the pigment.  

F igure  7 presents results  of a green pigment.  In this 
example  a layer  of 0.06 m g / c m  2 cobalt  green in combi-  
nat ion wi th  the green phosphor (Zn ,Cd)S :Cu  yields 
R -- 0.520, T _ 0.764, and BCP -- 0.94, i.e., only a loss. 
There  is l i t t le  hope of finding a f i l ter-phosphor  com- 
bination with  a clear BCP gain, e i ther  wi th  l i ne -emi t -  
t ing or b road-band  phosphors, s imply because of the 
high eye sensi t ivi ty in the green spectral  region. 

The results  obtained so far  wi th  color filter sand- 
wiches are summarized in Table III, the BCP maxima  
of real  f i l ter-phosphor combinations ranging f rom 1.15 
to 1.45. Among the blue pigments  cobalt  blue is ex-  
ceeded by u l t ramar ine  blue. Unfortunately,  however,  
the la t te r  has poor t empera tu re  stability. As expected, 
idealized square filters offer much higher  BCP gains, as 
i l lustrated in Fig. 8. While the usual green phosphor 
(Zn,Cd)S:  Cu even with  an ideal square filter exhibi ts  
only 1.09, the l ine-emi t t ing  green phosphor Y2SiOs:Tb 
with  a 20 nm square filter yields a surpris ingly high 
BCP of 1.65. Nar row-band  phosphors with the abil i ty 
to t ransmi t  their  whole l ight  output  through 10 nm 
square  filters would offer BCP values of 3.39, 2.74, and 
4.02 for the red, green, and blue regions, respect ively.  
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Fig. 7. (a, top) TFG (thin line) and pFG of a cobalt green layer 
on glass; (b, bottom) T(AP)FG (thin line) and PGFPA calculated 
from (a) together with Ex of green phosphor (Zn,Cd)S:Cu (dotted 
line). 
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Fig. 8. Emission spectra Ex of blue, green, and red phosphors, 
together with transmission ~F of ideal square filters. 

The influence of the p igment  on the phosphor chro-  
mat ic i ty  is expressed in the changes hX, hY of the 
chromatici ty  coordinates (see Table I I I ) .  Up to opti-  
mum pigment  thicknesses there  is only  a small  shift, 
p rovid ing  a slight expansion of the accessible color 
t r iangle  toward the purple  line [about 1 or  2 steps of 
"just  noticeable difference" (6) for the two blue pig- 
ments  and about 3 or  4 steps for the two red pigments,  
respectively,  exceeding the s tandardized E.B.U. ta le r -  

Table III. Summary of color filter sandwiches. Maximum BCP obtained by experiment and by model calculation of real and 
idealized filter phosphor combinations, respectively 

P h o s p h o r  F i l t e r  BCPmax m~ BCPmax e~p ~ X *  AY* 

Y~O~S:Eu~.~ Cd(S~Se) 0.13 mg/cm 2 1.27 
Y~O2S:Eu~.~s a-Fe~O3 0.92 mg/cm 2 1.16 
Y~O2S :Eu~.~5 "Ideal" 605-635 nm 1.99 
Mona,brain. 620 nm "Ideal" 10 nm width 3.39 
ZnS:Ag Co-Blue 0.28 mg/cm ~ 1.32 
ZnS:Ag Ultramarine 0.25 mg/cm 2 1.45 
Z n S  :Ag "Ideal" 405-495 nm 2.18 
M o n o c h r o m .  450 n m  "Ideal" l0 nm width 4.02 
( Z n , C d )  S : C u  C o - G r e e n  - -  < 1  
( Zn,Cd ) S: Cu "Ideal" 495-585 nm 1.09 
Y~SiO~: Tb Co-Green - -  < 1 
YeSiO~: T b  " I d e a l "  535-555 1.65 
Monochrom. 540 nm "Ideal" 10 nm width 2.74 

1.28 0.0098 -- 0.0096 
1.15 0.0069 --0.0068 

1.17 0.0002 - 0.0017 
0.0002 - 0.0034 

* Filter-induced chromaticity displacements AX and AY according to CIE 1931 (5). 
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ances (7) by  no more than a factor  of 2]. On the o ther  
hand, this shift  can be used to compensate  the green  
shift  of cer ta in  high efficiency red  or blue  phosphors.  
For  example ,  Y~O2S phosphor  wi th  3 ins tead of 4.25% 
Eu exhibi ts  a chromat ic i ty  d isp lacement  (AX ---- 
--0.0093, AY ---- 0.0086), which is l a rge ly  canceled b y  
0.13 m g / c m  2 Cd (S,Se) .  

P igment  as we l l  as phosphor  ma te r i a l s  f r equen t ly  
exist  in the form of  mixed  crystals ,  and  composi t ional  
var ia t ions  can be s imula ted  b y  shif t ing rea l  spect ra  
along the wave length  axis. Our model  calculat ions r e -  
veal, however ,  that  no essent ia l  BCP improvements  
can be obta ined  in this way. In the case of filter va r i a -  
tion, BCP increases by  only  about  1% at the most. 
Shif t ing of phosphor  spect ra  yields up to 5% addi t iona l  
BCP gain, bu t  at the cost of an in to lerable  chromat ic i ty  
change (AX --  0.015, AY = --0.033 for  Z n S : A g ) .  

Discussion 
The expe r imen ta l l y  de te rmined  BCP of sandwich-  

type  filter tubes ranges f rom about  1.15 to 1.25 for com- 
merc ia l ly  avai lab le  red  or  blue  pigments .  Up to now no 
gain has been found for the green color. The f i l ter-  
induced chromat ic i ty  changes exceed the percept ion  
threshold only slightly.  They can be used ~ e i ther  for a 
s l ight  increase of color gamut  or  for  the green shif t  
compensat ion of cer ta in  high efficiency phosphors.  

Reasonable  agreement  is obta ined  be tween  exper i -  
ments  and sandwich model  calculations,  r egard ing  both 
m a x i m u m  BCP value  and op t imum p igment  l aye r  
thickness.  F r o m  this fact  the o ther  model  predict ions  
acquire a h igher  probabi l i ty ,  too. The model  thus helps 
one in making  a selection f rom among numerous  com- 
merc ia l  pigments.  Those p resen ted  belong to the best  
ones according to model  calculations.  

Ano the r  impor tan t  model  predic t ion  concerns the  
wave leng th  shifts of rea l  spectra.  Only  about  1% 
addi t ional  BCP gain appears  to be possible, unless ex -  
cessive chromat ic i ty  d isplacements  take place. The re -  
fore, essent ia l  improvements  cannot resul t  f rom va r i -  
at ions of mixed  crystals.  The most  impor t an t  point  is 
the slope of absorpt ion  edges. In this respect  com- 
merc ia l  p igments  are  p robab ly  optimized,  because in 
accordance wi th  color theory  (8) the most  sa tu ra ted  
colors are  those wi th  rec tangu la r  spectra l  charac ter i s -  
tics, the so-ca l led  opt imal  colors. The conclusion is 
therefore  d rawn  that  the present  fi l ter p igments  form 
a prac t ica l  l imi t  and essent ia l ly  h igher  BCP gains are 
not to be expected.  

Ideal  square filters y ie ld  BCP values  of 2-2.2 for the 
red  and the blue, i,e., a gain of 100-120%, whi le  the 
por t ion achieved by  rea l  filters amounts  to about  1/4 
to 1/3. This is ano ther  indicat ion of the l imi t ing char -  
actor  of the  presen t  pigments ,  since square  responses  
are, of course, quite unreal is t ic .  A fur ther ,  even more  
u topian  BCP improvemen t  results  f rom n a r r o w - b a n d  
phosphors  wi th  10 nm square filters. 

Fo r  al l  three  stages, i.e., rea l  filters, square  filters, 
and n a r r o w - b a n d  phosphors  wi th  10 nm square  filters, 
the same sequence green, red, and blue of increas ing 
BCP is observed.  This is ev ident ly  due to the increas ing 
wave leng th  distance (about  15, 70, 105 nm)  f rom the 
m a x i m u m  of eye sensit ivi ty,  which  faci l i ta tes  the dis-  
c r imina t ion  be tween  passband  and re jec t ion  band.  At  
the th i rd  stage, however ,  differences be tween  green,  
red, and blue would  d i sappear  if the b a n d w i d t h  ap-  
proaches  zero. In this case, wi th  T ---- 0.984 and R ---- 
0.037, BCP arr ives  at  its absolute  l imi t  4.55, as long 
as ant iref lect ion coatings are  excluded.  

As a l r eady  stated,  b lackening  of screen glass is f re -  
quent ly  used for contras t  improvement .  F r o m  Eq. [7] 
one can see tha t  br ightness  or  re la t ive  br ightness  T is 
a pp rox ima te ly  p ropor t iona l  to glass t ransmission ~G. 
F rom Eq. [3] i t  follows tha t  tube reflection R var ies  
app rox ima te ly  as a function of TG 2. So indeed  contrast ,  

which is p ropor t iona l  to B/R,  increases app rox ima te ly  
as 1/~G, but  at  the cost of a loss in B. On the o ther  
hand, BCP, forming a k ind  of geometr ic  means of con- 
t ras t  and br ightness ,  to a first approx imat ion  does not  
depend on ~G, since xG and square root  of TG 2 cancel out. 

A given BCP gain can lead  to different  results,  de- 
pending on the choice of zG. If, for  example ,  xQ of the 
fi l ter tube is increased so tha t  R (wi th  fi l ter)  equals  
R (wi thout  filter) then  B (wi th  fi l ter) becomes B 
(without  filter) t imes BCP. Al te rna t ive ly ,  Tc of the 

filter tube can be chosen so that  contrast  remains  con- 
stant,  whe reby  the br ightness  rat io becomes approx i -  
ma te ly  BCP squared.  As the BCP cr i ter ion  cannot de- 
cide which of these a l te rna t ives  is to be prefer red ,  we 
propose a new cri terion,  as demons t ra ted  in Fig. 9. 
Rela t ive  br ightness  T is p lo t ted  as a funct ion of tube 
reflection R. The curve is ob ta ined  by  var ia t ion  of in-  
t e rna l  glass t ransmiss ion ~ f rom 1 (i.e., no glass b l ack -  
ening) to 0 ( total  glass b lacken ing) .  The absolu te ly  
best  combinat ion  of T and R is no doubt  T ---- 1 and 
R ~ - 0 .  

We now put  fo rward  the hypothesis  tha t  a rea l  com-  
binat ion (T, R) is the be t t e r  the shor ter  its distance 
f rom the " ideal  point"  (T : 1, R = 0). F rom this the  
op t imum ~ for the tube wi thout  filter turns  out  to be 
~op ~- 0.66, corresponding to ~G ---- 0.61, which agrees  
surpr is ingly  well  wi th  the qual i ty  m a x i m u m  known 
from practice.  For  sandwich filter tubes wi th  0.03 and 
0.1 m g / c m  2 Cd(S ,Se) ,  bop equals 0.79 and 0.89, respec-  
t ively,  agreeing wi th  the exper ience  tha t  the more  
filter e lements  (color p igments  or  also b lack  ma t r i x  
be tween  phosphor  areas) are  a l r eady  present ,  the lower  
the op t imum glass blackening.  Of course, this is not  
an absolute cri terion,  which would  requi re  de ta i led  
physiological  knowledge,  but  i t  can help  one to find a 
reasonable  compromise  be tween  br ightness  and  con- 
trast ,  especial ly  if supp lemented  by  empir ica l  ca l ib ra -  
t ion points.  

Out look  for M ix tu re  Systems 
Typical results of mixture-type color f i l ter systems 

are shown in Fig. 10. RCP of the combination a-Fe20~ 
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Fig. 9. Relative brightness T vs. reflection R (inclusive specular 
component) for a nonfilter tube and two sandwich filter tubes with 
0.03 and 0.1 mg/cm~ Cd(S, Se), calculated from ~FG and PFG mea- 
surements by variation of the internal glass transmission ~. At ~ z 
~%p the distance from the ideal point passes through a minimum. 
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Fig. 10. BCP as a function of pigment concentration in a mixture 
filter system. The dashed lines refer to model calculations. (a, top) 
Red plgment ~-Fe203; (b, bottom) cobalt blue. 

with  Y202S:Eu phosphor  reaches 1.07 at  about  0.3% 
p igment  concentrat ion.  For  cobal t  blue wi th  Z n S : A g  
phosphor  a m a x i m u m  BCP value  of about  1.1 is 
achieved at  about  4% p igment  concentrat ion.  In  both  
examples  the  mix tu re  yields only about  half  the BCP 
gain of the sandwich (see Fig. 4 and 6, and Table I I I ) .  

Conver ted  to the phosphor  l ayer  thicknesses of about  
3.5 m g / c m  2 for the red  and 3 m g / c m  2 for the blue, the 
op t imum p igment  concentra t ion corresponds to l aye r  
thicknesses  of about  0.12 m g / c m  e for cobal t  b lue  and 
0.01 for a-Fe203, which are  again  on ly  about  half  of  
the op t imum thickness  values  of the sandwiches.  This 
implies  tha t  at  low p igment  quant i t ies  the BCP of 
sandwiches and of mix tures  rises in app rox ima te ly  the 
same way, but  tha t  the BCP of sandwiches continues 
i t  r ise  up to about  twice as high a p igment  quan t i ty  as 
with  mixtures .  

A qual i ta t ive  exp lana t ion  for  this behavior  can be 
de r ived  from elect ron absorpt ion by  the fi l ter p igment  
ins tead  of the phosphor,  which occurs in mix tures  only.  
But  in v iew of the  low actual  p igment  concentra t ion i t  
is c lear  tha t  this mechanism is not sufficient. The main  
cause is p robab ly  the s imple  fact  tha t  the filter l aye r  
in a sandwich sys tem has to be crossed twice by  the 
ambien t  l ight,  bu t  only  once b y  the phosphor  l ight,  
whereas  in a mix tu re  system the paths  for both kinds 
of l ight  are  app rox ima te ly  equal.  Fo r  a final u n d e r -  
s tanding  the different  mechanisms of l ight  sca t ter ing  
in sandwiches  and mix tu res  have to be t aken  into ac-  
count. In mix tures  wi th  a smal l  p igment  c o n c e n t r a t i o n  
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the optical  in terac t ion  be tween  phosphor  and p igment  
proceeds ma in ly  b y  sca t ter ing  at  the phosphor  p a r -  
ticles, which are  large  compared  to the l ight  wave -  
length. In  sandwiches the f i l t e r - re levan t  l ight  sca t t e r -  
ing happens  among subwave leng th  p igment  par t ic les  
wi th in  the p igment  layer .  

The essent ia l  expe r imen ta l  findings can be r e p r o -  
duced by  a s implif ied empi r ica l  model ,  the  resul t s  o f  
which are  included as dashed lines in Fig. 10. I t  is as-  
sumed tha t  l ight  genera t ion  takes place only in a th in  
surface region of the phosphor  l aye r  ad jacen t  to the  
a luminum film. By fo rmal ly  regard ing  the l aye r  wi th  
the phosphor-f i l te r  mix tu re  as a filter l ayer  and com- 
bining a v i r tua l  l igh t -emi t t ing  l aye r  wi th  the a lumi -  
num film, i t  is possible to t rea t  a m i x t u r e - t y p e  co lor  
filter sys tem wi th  the  same computer  p rog ram as the  
sandwich.  

Transmission and reflection of this type of "fil ter" 
l aye r  are  de te rmined  on the basis of the K u b e l k a -  
Munk theory  (9),  which  enables  a w e a k l y  absorbing,  
scat ter ing mate r i a l  to be descr ibed wi th  the  a id  of 
an absorpt ion  coefficient K and a sca t ter ing  coefficient 
S. Measurements  of R~, the reflection of an "infinitely" 
th ick  powder  layer ,  y ie ld  the rat io  K/S.  S can be 
evaluated,  for  example ,  f rom reflection measurement s  
o f  layers  wi th  different  finite thicknesses.  S depends,  as 
s ta ted above, ma in ly  on the phosphor.  This is c o n -  
f i rmed by our  measurements ,  which  give values  of 
about  500 cm2/g for the  blue phosphor  and 400 cm2/g 
for the red one, n e a r l y  independen t  of p igment  add i -  
t ion and wavelength.  So a r e la t ive ly  s imple measure -  
ment  of R~ is genera l ly  sufficient to obta in  a reasonable  
predic t ion  of the BCP of a complete  mix tu re  system. 

Conclusion 
The action of color filters in color te levis ion tubes 

can be unders tood wi th  the help of r e l a t ive ly  s imple 
models, especial ly  in the case of sandwiches.  BCP gains 
up to about  25% have been obta ined  in sandwiches  
wi th  commercia l  filter pigments.  This appears  to be a 
prac t ica l  l imit ,  which  could not  be  essent ia l ly  ex -  
ceeded. M ix tu r e - t ype  color filters, though more  favor -  
able  for production,  exhibi t  only  about  one-ha l f  of 
the  sandwich BCP gain. 
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Phosphorus-Doped Molybdenum Silicide 
Films for I.SI Applications 
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Fujitsu Laboratories Limited, 1015 Kamikodanaka, Nakahara-ku, Kawasaki, Japa~ 

ABSTRACT 

The properties of phosphorus-doped molybdenum silicide as a gate e lec -  
trode, interconnecting material, and impuri ty diffusion source for LSrs  have 
been studied. The phosphorus-doped molybdenum silicide films were deposited 
by co-sputtering using specially designed Mo and Si targets in a PHs/Ar  
atmosphere. PH8 decomposed to P and H2 during sputtering and the phos- 
phorus combined with Mo and Si. Typically, a phosphorus concentration of 
1.5 • 1021 cm-~ in the films was used. As-deposited films (Mo/Si ----- 0.5) 
had amorphous structure and high resistivity. After the films were annealed 
at temperatures above 800~ they became polycrystalline and resistivity 
was decreased. The resistivity of the film with a Mo/Si ratio of 2 to 1 w a s  
7.5 X 10 -5 ~-cm with annealing at 1000~ in N2. Phosphorus was able to dif- 
fuse from the doped molybdenum silicide films to the Si substrate during 
annealing in 02. After high temperature annealing up to ll00~ the contact 
resistance between the molybdenum silicide and the silicon substrate w a s  
below 2 • 10 -6 ~t-cm 2. The rel iabi l i ty  of doped molybdenum silicide gate 
MOSFET's is as good as polysilicon gates and the threshold voltage shift is 
within • mV under stress conditions of 2.5 MV/cm for 1000 hr  at 150~ 

As LSI device dimensions continue to decrease, the 
conductivity of the polysilicon used for interconnec- 
tions and gates is beginning to limit the circuit per-  
formance. 

Previous investigators have expIored the use of re-  
fractory metals such as Mo and W for gate electrodes 
and interconnections in MOSFET circuits (1-6). These 
metals have significantly higher conductivity than 
polysilicon, but do not have the abili ty to withstand 
the chemical reagents and oxidizing ambient used in 
LSI fabrication. 

In order to overcome these disadvantages, the re- 
fractory metal silicides, such as MoSi2 and WSi2, have 
been proposed because of their resistance to oxidizing 
ambient and chemical reagents (7-11). I t  has been 
reported that the contact resistance between the mo- 
lybdenum silicide and the silicon substrate was in- 
creased by high temperature annealing, but this prob- 
lem has never been solved completely (12, 13). More- 
over, as the contact region cannot be doped through 
the silicide, it must be doped prior to gate electrode 
deposition. Sometimes, a slight shift of threshold volt- 
age appears due to the mobile ions in the oxide films 
when silicide is used as the gate electrode (7). 

We have developed phosphorus-doped molybdenum 
silicide films in order to overcome just these problems. 
This film has several advantages for LSI fabrication. 

In this paper we discuss the properties of these 
phosphorus-doped molybdenum silicide films, the 
composition of films, the behavior of the phosphorus in 
the films, the electrical properties of the contact be- 
tween the silicide and the silicon substrate, and MOS 
device characteristics. 

Deposition of Phosphorus-Doped Molybdenum 
Silicide Film 

The phosphorus-doped molybdenum silicide film 
was deposited by a d-c magnetron co-sputtering tech- 
nique. A conceptual diagram is given as Fig. 1. The 
deposition was performed from specially designed Si 
and Mo targets as shown in Fig. 2. A larger proportion 
of the Mo target (99.95%, 150 mm diam) was covered 
with fan-shaped high-puri ty Si. 

* Electrochemical Society Active Member. 
Key words: molybdenum silicide, contact resistance, diffusion, 

MOSFET. 
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Fig. 1. Conceptual diagram of the phosphorus-doped co-sputter- 
ing apparatus. 

Fig. 2. Photograph of the specially designed Si and Mo targets 
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The chamber  was pumped  down to 4 • 10-~ Torr  
(5.3 • 10-5 Pa)  and backfi l led to sput te r ing  pressure,  
6 X 10 -8 Torr  (0.8 Pa ) ,  by  in t roducing  A r  and PHi.  
Typical ly ,  PHs pa r t i a l  p ressure  of 1.1 X 10 -8 Tor r  
(0.15 Pa)  was used. The rat io of Mo to Si in the  de -  

posi ted films could be va r ied  b y  changing the posit ions 
of the Si and the spu t te r ing  pressure.  The phosphort-s 
concentra t ion is var ied  by  control l ing the rat io of PH3 
and A r  in the spu t te r ing  gas. The deposi t ion ra te  was 
10-15 A/sec  and d -c  power  was 160-220W. 

Crystal Structure 
Sil ic ide films of var ious  Mo/Si  ra t ios  were  deposi ted 

on the t he rma l ly  grown SiO2. The Mo/S i  rat io in the 
film was measured  by Ruther ford  backsca t te r ing  using 
4He+ ions at  380 keV and 3He++ ions at  300 keV. 
S t ruc tu re  in format ion  was obta ined using x - r a y  dif -  
f rac t ion techniques.  When  t h e  Mo/Si  rat io  was lower  
than  0.5 as -depos i ted  films were  an amorphous  s t ruc-  
ture. The amorphous  film became a po lycrys ta l l ine  
s t ruc ture  af ter  h igh t empera tu re  anneal ing.  The re l a -  
t ion be tween  anneal ing  t empera tu re  and x - r a y  diffrac-  
t ion traces is shown in Fig. 3. The Mo/S i  rat io  in this  
film was 0.45 (Mo:Si  ---- 1:2.2). This figure shows that  
the si l icide film is crys ta l l ized at anneal ing  t empera -  
tures  above 800~ and exhibi ts  a t e t r agona l  MoSi2 
s t ruc ture  (JCPDS cards 6-0681). 

On the o ther  hand, as -depos i ted  films wi th  Mo/Si  
rat ios h igher  than  0.5 were  crys ta l l ized a l i t t le  as 
shown in Fig.  4. F igure  4 (a )  shows the Mo~Si phase 
for an Mo/S i  rat io of 2.7, and  Fig. 4 (b)  shows MoSi~ 
(hexagonal  s t ruc ture)  for  an Mo/Si  rat io  of 0.9. Af te r  
anneal ing  above 800~ the MoSi~ s t ruc ture  changes 
f rom hexagonal  to te t ragonal .  

X - r a y  diffract ion traces for var ious  Mo/S i  rat ios are  
shown in Fig. 5. The sil icide films on SiO2 were  an-  
nealed at  1000~ for 20 min in N~. F igure  5(a)  shows 
the s imple  phase Mo~Si for an Mo/Si  rat io  of 2.7 (Mo: 
Si : 1: 0.37). When the Si ra t io  in the film is increased,  
the film produces  Mo~Si~ and MoSi2, as shown in Fig. 
5(b)  for an Mo/S i  rat io  of 0.9 (Mo:Si  _-- 1:1.1). The 
MoSi2 phase  is for  an  M o / 8 i  ra t io  of 0.5 (Mo: Si _-- 1: 2) 
only, as shown in Fig. 5 (c).  When the Mo/S i  rat io falls  
0.35 (Mo:Si  ---- 1:2.9), as in Fig. 5 (d ) ,  the film has the 
MoSiv. phase  only.  

Composition of the Films 
The depth  concentra t ion profile of the samples  be -  

fore and af ter  anneal ing  was obta ined  by  Ruther ford  

Mo:Si= I : 2.2 Anneal Temp. 
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Fig. 4. X-ray diffraction traces of as-deposited films for various 

Mo/Si ratios: (a) 2.7, (b) 0.9, and (c) 0.5. 
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Fig. 3. X-ray diffraction traces as a function of the annealing 
temperatures. The Mo/Si ratio is 0.45. 

backsca t te r ing  spect ra  analysis.  The sil icide films de-  
posi ted on SiO2 and Si were  annea led  for  20 rain at  
1000~ in N2. The Mo/S i  ra t ios  of the  samples  were  
0.35 (1:2.9) and 0.82 (1:1.2) for S i - r i ch  si l icide and 
Mo-r ich  sil icide films, respect ively,  as compared  to 
MoSi2. The film thickness was 780A. 

F igure  6 shows the backsca t te r ing  spect ra  of the 
sample  before  and af ter  annealing.  The sample  was Si -  
r ich  si l icide film deposi ted on SiO2. In  the spect ra  of 
the annea led  sample,  the  center  of the  Mo spec t ra  is 
~slightly h igher  than  one side, and the shoulder  is 
broad.  This indicates  that  the  rat io  of Mo decreased 
s l ight ly  at  bo th  the si]icide surface and at  the s i l ic ide /  
SiO2 interface.  A model  of this is shown in the  upper  
r i g h t - h a n d  corner  of Fig. 6. 
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Fig. 6. Backscatterlng spectra of the thin film on SiO2 before 
and after annealing at 1000~ for 20 min in N2. The Mo/Si ratio 
is 0.35. 

Figure  ? shows the backsca t te r ing  spect ra  of the Si-  
r ich si l icide on Si before  and af te r  annealing.  Af te r  
anneal ing,  the presence of the  phase  is confirmed by  
the height  of the respect ive  "step" in the  backsca t t e r -  
ing spectra,  indica t ing  a region wi th  a 1:2 Mo/S i  ratio.  
The wid th  of the Mo spect ra  is decreased and the in-  
ter face  be tween  the si l icide and Si moves toward  the 
surface af te r  annealing.  This indicates  tha t  excess Si in 
the  film is p rec ip i ta ted  at  the  s i l ic ide /Si  in terface  and 

the film is recrys ta l l ized  as a double l aye r  of MoSi2 and 
Si, as shown in the upper  r igh thand  corner  of Fig. 7. 

The spec t rum of the Mo-r ich  silicide film on SiO2 is 
shown in Fig. 8. This spec t rum shows tha t  the rat io of 
Mo increases at  the  surface and at  the  s i l ic ide /Si  in te r -  
face, and the Mo/S i  rat io at  the middle  of the film ap-  
proaches  MoSi2 af ter  h igh t empera tu re  annealing.  A 
model  of this is shown at the top of Fig. 8. 

The spect ra  of the  Mo-r ich  film on Si are  shown in 
Fig. 9. The spec t rum of the annealed  film indicates  that  
Si diffuses into sil icide f rom the Si subs t ra te  and forms 
a 1:2 Mo/S i  ratio.  The film thickness  increases unt i l  
the composit ion changes to MoSi2 as shown in Fig. 9. 

These backsca t te r ing  spect ra  indicate  the fol lowing 
results.  The composit ion profile of the  as-depos i ted  
sample  is un i form from the si l icide surface to the 
sil icide/SiO2 or  Si interface.  The composit ion profiles 
of the films on Si change to 1:2 Mo/Si  rat io  af ter  an-  
nealing. On the other  hand, the composit ion profiles of 
the films on SiO2 va ry  f rom the middle  of the  film to 
the surface or the sil icide/SiO2 interface.  The middle  
of the films approaches  1:2 Mo/S i  ratio.  
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Behavior of Phosphorus in Molybdenum Silicide Films 
The sput ter ing gas was analyzed by a mass analyzer. 

The mass spectra of the sput ter ing gas are shown in 
Fig. 10. Before sputtering, H20, P, PHi, PH2, PHi, and 
Ar signals were observed i n  the atmosphere. During 
sputtering, P, PH, PH2, and PH3 signals disappeared, 
and the H2 signal increased. Thus, it is clear that  PH3 
gas decomposes into P and H2, and the phosphorus is 
combined with Mo and Si dur ing  the deposit. 

Phosphm:us-doped molybdenum silicide films with 
various Mo/Si ratios were deposited on thermal ly  
grown SiO2. The film thickness was about 3000A. The 
phosphorus concentrat ion was measured by  neu t ron  
activation analysis (14). The doped silicide films on 
SiO2, were i r radiated for 6 hr in  the center of a nuclear  
reactor at a flux of 3.7 • 1022 n/era  2 �9 see. Subsequent ly  
the  phosphorus was chemically separated and then 
precipitated. The precipitate was ~-counted several 
times dur ing  the next  30 days to determine the amount  
of  radioactive P-32. The weight of phosphorus in the 
film was measured through this radioactive tracing 
process. 

Figure 11 shows the relat ion between the phosphorus 
concentrat ion in the as-deposited films and the Mo/Si 
ratio when the film was deposited by sput ter ing under  
PH3 at 1.1 • 10 -8 Torr. When the Mo/Si ratio is less 
than 0.5, the phosphorus concentrat ion in the film is 
about  1.5 • 1021 cm -3. When the Mo/Si ratio is greater 
than 0.5,  the phosphorus concentrat ion decreases. 
These films were sl ightly crystallized as described in  
the previous section. The phosphorus concentrat ion 
may be related to the crystall ization of as-deposited 
films. When the total pressure was 6 • 10 -8 Torr and 
the PH3 part ial  pressure was below 1.1 • 10 -3 Torr, 
the phosphorus concentrat ion appeared to be propor-  
t ional to the exponent  of the PH~ part ial  pressure as 
shown in Fig. 12. 

The doped silicide films were annealed in O2 and N2 
from 800 ~ to 1000~ for 20 rain. The phosphorus con- 
centrat ion in the film was measured by neut ron  activa- 
tion analysis. Figure 13 shows the relat ion between the 
phosphorus concentrat ion and the anneal ing tempera-  
ture. When anneal ing above 900~ in N2, the phos- 
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phorus concentrat ion decreases to a level of 2.5 • 10 TM 

cm -3 at 1000~ for 20 min. On the other hand, in O2 
annealing,  the phosphorus concentrat ion remained 
almost the same as before annealing.  Moreover, when 
the doped silicide film covered with CVD SiO2 of 
2000A was annealed in  N2, the phosphorus concentra-  
tion was almost the same as before annealing.  There-  
fore, thermal  oxide film formed by O2 anneal ing on the 
silicide prevents  the out-diffusion of phosphorus from 
the doped film. 

The chemical state of phosphorus was investigated 
by x - r ay  photoelectron spectroscopy (XPS).  

Typical XPS spectra of phosphorus 2p core level in  
the doped silicide film is shown in Fig. 14. For compari-  
son, XPS spectra of phosphorus in the doped molyb-  
denum film, doped polysilicon film, and phosphorus 
evaporated film are also shown in  Fig. 14. All  spectra 
were calibrated by the carbon Cls as a l ine at 285.0 eV. 
The doped molybdenum film was deposited on SiO2 by 
sput ter ing with red phosphorus on the Mo targets. The 
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doped polysi l icon was deposi ted by  CVD wi th  PHi, 
Sill4, and N2 gas at  700~ The phosphorus  film was 
evapora ted  on SiO2 f rom a red  phosphorus source wi th  
a tungsten heater .  The phosphorus spectra  in a s -de -  
posi ted si l icide film has a peak  at  129.5 eV (El ) ,  as 
shown in Fig. 14. The peak  va lue  of phosphorus 2p in 

> ,  

p= 

P 2P 

Phos. in MoSi2 

140 155 150 
Binding Energy (eV) 

I:ig. |4. X-ray photoelectron spectra of the phosphorus 2p electrod 
core level in the doped molybdenum silicide film, doped polysilicon 
film, doped molybdenum film, and phosphorus evaporation film. 

doped molybdenum film and doped polysi l icon was 
observed to be the same. The peak  value  of phosphorus 
2p in the evapora ted  phosphorus  film is 130.1 eV (E2), 
as shown in Fig. t4. This value  is the same as that  for 
red  phosphorus as r epor ted  by  Pe lav in  (15). 

This chemical  shift  is not  fu l ly  understood.  The peak  
value  of phosphorus in mo lybdenum film and in doped 
polysi l icon is the same as in the doped sil icide film, but  
is different  f rom tha t  of r ed  phosphorus.  Therefore,  it  
is thought  that  the phosphorus  in the film was incor-  
pora ted  in ters t i t ia l ly ,  as in phosphorus implan ted  into 
SiO2 (16). 

F igure  15 shows the phosphorus  2p spect ra  of the 
film before  and af ter  annealing.  The film was annealed  
at  1000~ for 20 min in 02 and was etched off the 
the rma l ly  grown SiO2 on the silicide. The annea led  
film displays  the two peaks  such as E1 (129.5 eV) and 
E2 (130.1 eV).  

The l ine shape of spect ra  E2 is corresponding to red 
phosphorus.  This indicates tha t  some phosphorus in the 
film m a y  be ga thered  at  the gra in  bounda ry  af ter  high 
t empera tu re  anneal ing  because the film was c rys ta l -  
lized. Then the phosphorus formed the metal l ic  s tate 
of red phosphorus.  These two peaks are  t en ta t ive ly  
in te rp re ted  as due to the in te rs t i t i a l  s tate (cor respond-  
ing to El)  and meta l l ic  s ta te  (corresponding to E~) of 
phosphorus.  

Phosphorus Diffusion into Si Substrate 
Phosphorus -doped  mo lybdenum sil icide was de-  

posi ted on p - t y p e  (100) Si and the diffusions were  
pe r fo rmed  in Oe at  the nominal  diffusion t empera tu re .  
The thickness of the films was 3000A, the Mo/Si  rat io  
was 0.45 (Nio:Si _-- 1:2.2), and the phosphorus con- 
cent ra t ion  was 1.5 X 1022 cm -8. The phosphorus  con- 
centra t ion profiles were  de te rmined  by  the incrementa l  
sheet res is t iv i ty  method using the anodic oxida t ion  
technique. The profiles for var ious  diffusion t imes at 
900~ and var ious  diffusion t empera tu res  for 20 rain 
are  shown in Fig. 16 and 17, respect ively.  

These profiles are  s imi lar  to those obta ined from 
other  diffusion sources such as doped polysi l icon (17), 
or  PSG. High surface concentrat ions are  obta ined wi th  
r e l a t ive ly  low t empera tu re  diffusion. XPS and Auger  
analysis  confirmed tha t  sufficient phosphorus is a lways  
suppl ied at  the s i l ic ide/Si  interface and a high surface 
concentra t ion is obtained.  Therefore,  this is a ve ry  a t -  
t rac t ive  technique for  fabr ica t ing  MOS LSI's .  

Ohmic Contact with Si Substrate 
The major  advantage  of polysi l icon gate technology 

is the excel lent  ohmic contact  be tween the gate elec-  
t rode  and the Si subs t ra te  in a bur ied  contact. The 
same advantage  is requ i red  if sil icide gate technology 
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Fig. 15. X-roy photoelectron spectra of the phosphorus 2p elec- 
tron core level in the films before and after annealing. 
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is to replace polysilicon technology. However, the con- 
tact resistance between the molybdenum silicide and 
Si often becomes high due to a highly  resistive layer  
formed dur ing anneal ing  at the sil icide/Si interface 
(12) or related to film deposition and stress (13). 

The measured contact resistance between the silicide 
and silicon n + layer is shown in  Fig. 18 as a funct ion 
of anneal ing  tempera ture  in  Oz. The Mo/Si ratio in  the 
film was 1:2.0 (MoSiD. The contact resistance was 
measured by a 1000 contact hole chain with a contact 
area of 4 • 4 ;~m e. The contact resistance between 

nondoped silicide and the n + Si layer  increased with 
higher anneal ing temperatures,  while the contact re-  
sistance of the doped silicide and the n + Si layer  was 
below 2 X 10 -6 r~-cm, up to 1100~ These results may 
be explained as follows. When the nondoped silicide/ 
Si was annealed at high temperature,  the donor im-  
pur i ty  of the Si surface decreased and a highly re-  
sistive layer  was formed at the silicide/Si interface. 
The presence of enough phosphorus in the doped sili- 
cide films prevented the formation of a high resistive 
layer, even after anneal ing at tempera ture  up to 
l lO0~ 

Resistivity 
The effect of the Mo/Si ratio on film resistivity was 

evaluated. The resist ivity of as-deposited films is quite 
high. As the anneal ing temperature  increases, the re-  
sistivity decreased. The relat ion between the resist ivity 
of annealed films and the Mo/Si ratio is shown in  Fig. 
19. The films were annealed for 20 min  at 1000~ in  Nf. 
The resistivity decreases as the Mo/Si increases. The 
resistivity of MoSi2 is 7.5 • I0 -5 r~-cm. This value is 
lower than  that of NioSi2 obtained from hot press 
targets. Because hot press targets have a significant 
level of impurit ies such as carbon, oxygen, and alkali  
ions, its impuri t ies  raise the film resist ivity (18, 19). 

Phosphorus concentrat ion had no influence on the 
resist ivi ty of the films. 

M O S  Device Characteristics 
VFB dependence on the Mo/Si ratio.--Using various 

Mo/Si ratios for the gate electrodes, MOS diodes hav-  
ing a 5 • 10 _3 cm -2 gate area were fabricated on 
thermal ly  oxidized p- type  (100) Si, with 1 • 1016 
cm -3 doping density. The gate oxide was 400A thick 
and was grown in dry O2 at 1000~ 

The samples were annealed at 1000~ in N2 for 20 
rain to reduce the resistivity and to crystallize the film, 
and then annealed at 450~ in forming gas (5% H~, 
95% Nf) for 30 rain to minimize surface states. 

Capacitance was measured as a function of gate volt-  
age at a frequency of 1 MHz. The flatband voltage, Vfm 
was measured from the C-V plot. The VFB of the sili- 
cide gate is shown in  Fig. 20 as a funct ion of the Mo/ 
Si ratio. The figure also shows the VFB Of the molyb-  
denum and n + polysilicon gate. The VFB of the MOS 
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face, however,, this phenomenon is not completely 
understood. 

Mobile ions.--Mobile ions in the gate oxide were 
measured by the t r iangular  voltage sweep (TVS) 
method with a temperature  of 230~ and voltage sweep 
velocity of 33 mV/sec (21). The mobile ion density as 
a funct ion of anneal ing  tempera ture  for nondoped and 
phosphorus-doped silicide gates is given in Fig. 21. The 
Mo/Si ratio in this test was 1: 2. 

Mobile ion density was about  1 X 1011 cm-~ in the 
nondoped silicide gates annealed below 900~ and 
density decreased to 5 • 10 t0 cm -2 after 1000~ an-  
nealing. Mobile ion density of doped silicide gates an-  
nealed above 900~ in O2 were below the TVS sensi- 
t ivity level (<109 cm-2) .  After  high temperature  an-  
nealing, phosphorus diffuses slightly from the doped 
silicide to the SiO~ surface, and its oxide surface, layer  
includes phosphorus and had a strong mobile ion 
gettering effect as in a phosphosilicate glass. 

Reliability of MOSFET's.--MOSFET's were fabri-  
cated using doped silicide for the gate electrode. The 
Mo/Si ratio was 1:2 (MoSi~), a 7 l]-cm CZ p- type Si 
wafer was used as the substrate, and the gate oxide 
thickness was 400A. The doped silicide film of 3000A 
was deposited and pat terned by plasma etching. 
Arsenic was ion- implanted  in  the source and drain  
regions, and CVD SiO2 film of 8000A was deposited for 
surface passivation. The doped MoSi~ was annealed at 
1000~ for 20 min  together with activation of the 
source and drain implanted layers. A l umi num-con -  
ta ining silicon was metallized through contact holes 
and annealed at 400~ for 10 rain in forming gas. 

The current-vol tage  characteristics of the MOSFET's 
are shown in Fig. 22. Effective channel  length and 
width are (a) 20 and 100 #m, and (b) 2 and 19 #m, 
respectively. Threshold voltage, Vth, for long channel  
(20 ~m) is 0.5V and for short channel  (2 ~m) is 0.3V. 
Size effect of Vth is observed for channel  lengths 
smaller than 3.0 ~m. 

The Vth shifts of the MOSFET after bias and tem- 
perature  stress (BT stress) are listed in Fig. 23, where 
+ and -- indicate the gate bias polarities with respect 
to source, drain, and substrate. The test MOSFET had 
a channel  length of 20 ~m and width of 100 ~m. The 
electric field was ___2.5 MV/cm and the temperature  
was 150~ After  _ B T  stress for 1000 hr, shifts of Vth 
were wi thin  --+20 mY. Nonionic Vth shifts were not ob- 
served under  these stress conditions. Effective electron 
mobil i ty  was 620 cm~/V,  sec and had no influence 
before and after BT stress. This indicates that the 
phosphorus-doped MoSt2 gate MOSFET is very stable, 
as in the polysilicon gate structure. 

diode gradual ly  increases from --1.0 to --0.2V as the 
Mo/Si ratio increases. When the Mo/Si ratio decreases, 
the VFB of the annealed silicide gate rises to the value 
for an n + polysilicon gate. If the Mo/Si ratio increases, 
VFB approaches the value for a molybdenum gate. The 
VFB of the MoSt2 gate is --0.45V. 

From measur ing with the quasi static C-V method 
(20), the surface state density in  the midgap was 
found to be below 3 X 10 ~~ eV -~ cm -2 and was con- 
s tant  for various Mo/Si ratios. Further ,  the fixed 
charge in  the oxide did not vary  with different Mo/Si 
ratios. Thus, the VFB shifts observed for the MOS di- 
odes were main ly  due to the difference of the effective 
work-funct ion  for molybdenum silicide. As described 
in  the previous section, the excess Si or Mo in  the sili- 
cide films on the SiO2 moves toward the silicide/SiO2 
interface and then forms an St-r ich or Mo-rich layer  
after high temperature  annealing.  It  is confirmed that 
the effective work funct ion of the silicide films is de- 
termined by the Mo/Si ratio at the silicide/SiO2 in te r -  
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Fig. 21. Mobile ion density ~n the gate oxide films as a function 
of annealing temperatures. 
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~ig. 22. Current-voltage characteristics of the phosphorus-doped molybdenum fillclde gate MOSFET's. Effective channel length and 
width are (a) 20 and 100 #m, (b) 2 and 19 #m, respectively. 

Conclusion 
Phosphorus -doped  mo lybdenum silieide was de-  

posi ted by  co-sput te r ing  Mo and Si in Ar  containing 
PH3. PH8 was decomposed to P and I-I2, and the phos-  
phorus combined wi th  Mo and Si. As-depos i ted  films 
(Mo/Si  --~ 0.5) exhib i ted  amorphous  s t ruc ture  and the 
res i s t iv i ty  was high. At  high anneal ing  t empera tu re s  
the films became polycrys ta l l ine  and res is t iv i ty  was 
decreased.  Af te r  anneal ing  at  1000~ for 20 min, the 
res is t iv i ty  of film with  an Mo/S i  rat io  of 1:2 was 7.5 X 
10 -5 a - c m .  This value is one order  of magni tude  lower  
than  that  of polysilicon. As the propor t ion  of Si in-  
creases in the film, the res is t iv i ty  also increases. 

Af te r  h igh t empera tu re  annealing,  the excess Si in 
S i - r ich  si l icide film on SiO2 and the excess Mo in Mo- 
r ich  si l icide on SiO2 move to the  surface and the si l i-  
cide in terface  both. At  these locations, S i - r i ch  or  Mo- 
rich silicide layers  were  formed.  

The silicide films on Si wi th  var ious  Mo/Si  rat ios are  
changed in composit ion to a MoSi2 af ter  high t empera -  
ture  anneal ing.  

When the sil icide is covered with  SIO2, phosphorus 
can diffuse f rom the films into the Si subs t ra te  as in 
doped polysil icon, so the contact  region need not be 
doped pr ior  to gate e lectrode deposition. 

Good ohmic contact  be tween  the phosphorus -doped  
mo lybdenum silicide and Si subs t ra te  is main ta ined  
because the phosphorus prevents  the format ion  of a 
h ighly  resis t ive l aye r  at  the s i l ic ide /Si  in terface  du r -  
ing high t empera tu re  anneal ing.  Contact  resistance 
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Fig. 23. Threshold voltage shifts of MOSFET's with effective 
channel length of 20 #m after bias and temperature stress. 

was below 2 • 10 -6 ~%-cm 2 af ter  anneal ing  at  t empera -  
tures up to l l00~ 

Vth shifts are  wi th in  --+20 mV under  stress conditions 
of --+2.5 MV/cm for 1000 h r  at  150~ and mobile  ions in 
the film were  no longer  de tec table  a f te r  annealing.  The 
re l iab i l i ty  of phosphorus-doped  mo lybdenum silicfde 
gate technology is comparab le  to polysi l icon gate  tech-  
nology. 

These impor t an t  advantages  make  doped molyb-  
denum silicide ma te r i a l  technology a v iable  a l te rna t ive  
to polysi l icon in LSI  fabricat ion.  
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Shaping of Bulk Semiconductor Samples 
by Photolithography and Chemical Etching 

J. S. Blakemore, R. S. Mand, 1 and E. H. Wishnow 
Oregon Graduate Center, Beaverton Oregon 97006 

ABSTRACT 

Semiconductor  bu lk  samples,  sui table  for charac ter iza t ion  of electronic 
proper t ies ,  have been made  b y  s imul taneous  deep pa t t e rned  mesa  e tching 
f rom opposing faces of pol ished wafers.  Outl ines  of the samples  to be p r o -  
duced were  de l inea ted  b y  areas  of h a r d - b a k e d  photores is t  on those faces, 
wi th  m i r r o r - i m a g e  masks  a l igned for  the  two opposing faces. Sample  outl ines 
thus c rea ted  included the we l l - know n  "b r idge - shaped"  and "c lover -shaped"  
forms used for e lect r ica l  character izat ion.  The etching act ion was quenched 
when  canyons etched f rom the two faces met, re leas ing  ind iv idua l  sample  
shapes. An  H2SO4/H202/H~O etch was used in mak ing  GaAs samples,  f rom 
pol ished wafers  of (100), (110), ( I l l ) ,  and  (211) or ienta t ions;  wafers  of 
thickness  in the  range  0.2-0.5 m m  could be used wi thout  excessive u n d e r -  
cutt ing.  P r e l i m i n a r y  resul ts  a re  r epor ted  for si l icon samples  made  b y  this 
method,  using an  HNC~/HF/H20  etch.. 

Numerous  techniques have been developed for the 
charac ter iza t ion  of (nominal ly  homogeneously  doped)  
bulk  semiconductor  mater ia l s  (1). When the e lect r ica l  
res is t iv i ty  is modera te  (no more than a few hundred  

cm),  some basic proper t ies  of isotropic monocrys ta l -  
l ine mate r ia l s  can be assessed with  reasonable  accu- 
r acy  f rom measurements  on a bulk  ingot  or  sl iced com- 
plete  wafer,  using contactless or t empora ry  probe 
methods.  However ,  many  charac ter iza t ion  methods re-  
quire  a bu lk  sample  of specific size and shape. There 
are  special  p roblems  associated with  the in te rpre ta t ion  
of data  for an anisotropic  solid (2, 3), for ma te r i a l  
wi th  inhomogeneous doping (4), or for a porous ce- 
ramic  sample  (5). However ,  the concern of the pres -  
ent  work  was s imply  to a r r ive  at  desi red sample  shapes 
for isotropic monocrys ta l l ine  semiconductors,  wi th  a 
p r i m a r y  in teres t  in semi- insu la t ing  GaAs. 

In t r i ca te  sample  shapes can be produced,  in p r in -  
ciple, b y  mechanical ,  chemical,  and e lect rochemical  
methods of at tack.  For  the high res is t iv i ty  GaAs of 
in teres t  to us, e lect rochemical  a t tack  by  spark  erosion 
cut t ing was not  possible. This method has been used 
for h igh ly  conduct ing semiconductors  6), though is 
more  t r ad i t iona l ly  thought  of as a method for shaping 
metal l ic  samples  (7). 

Mechanical  shaping techniques include use of a 
d iamond cut-off  wheel,  s t r ing  saw, a i rborne  abras ive  
par t ic le  s t ream, and ul t rasonic  impact  cut ter  head. For  
semiconductors  which do not  cleave excessively r ead i ly  
(such as Ge and Si) ,  complex sample  shapes have been 
made in many  labora tor ies  using a l iquid s lur ry  of 
abras ive  part ic les ,  d i rec ted  by  an ul t rasonic  tool wi th  
a "cookie-cut te r"  impac t  head  (8). Since a th in  GaAs 

1Present  address: School of Applied Physics, University of 
Bradford, Bradford, England. 

Key words: sample shape, mesa etching, gallium arsenide, sili- 
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wafer  is prone to cleavage on {110) planes,  impact  
cut t ing is much less  a t t rac t ive  for that  mater ia l ,  if the 
desired sample  shape is to include arms wi th  na r row  
necks. We have been able to use mechanica l  methods 
for mak ing  bu lk  GaAs samples  in s imple shapes such 
as a f i lamentary  one wi thout  s idearms;  but  a t tempts  to 
use impac t  cut t ing for shapes wi th  na r row s idearms 
had re l a t ive ly  poor success. 

At  that  point, we were  encouraged (by  Dr. P. K. 
Bha t t acha rya )  to a t t empt  sample  shaping by  unusu-  
a l ly  deep mesa etching, using photol i thographic  de-  
l ineat ion for the areas  to be pro tec ted  from etching. A 
shal lower  version of this is, of course, a common p ro -  
cedure for e lectr ical  isolat ion of a thin conduct ing 
l aye r  on a semi- insu la t ing  subs t ra te  (9), or  one sep-  
a ra ted  f rom the under ly ing  ma te r i a l  by  a p - n  junction. 

This paper  repor ts  on a procedure  we have found 
sa t i s fac tory  for  mak ing  GaAs samples,  wi th  s imul tane-  
ous mesa  e tching from the opposing faces of a wafer  of 
thickness up to app rox ima te ly  0.5 mm. The etching 
action produced an a r r a y  of "canyons" into the two 
faces. The etching action was quenched when  the 
canyons f rom the opposing faces met, an event  sig- 
na l led  by  the release of ind iv idua l  sample  shapes. 

Some samples have s imi lar ly  been made  of silicon, 
and Fig. 7 and 8 wil l  show the appearance  of these. 
Whereas  the  p rocedure  for GaAs has become a rout ine  
in this laboratory ,  tha t  for silicon is p r e l i m i n a r y  and 
not  optimized. 

Some Useful Sample Shapes 
The s implest  shape for measurements  of the basic 

electronic t ranspor t  pa rame te r s  of a semiconductor  
(conductivity,  Hal l  effect, etc.) is an e longated fila- 
me n t a ry  bar,  of uni form cross section. If  this cross sec- 
t ion is rec tangular ,  then the rec tangu la r  pa ra l l ep iped  
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shape can be simply made with a series of cuts by a 
diamond wheel or str ing saw. That shape was used in 
Pearson and Bardeen's  1948 invest igat ion (10) of car- 
r ier  t ransport  in  doped silicon, wi th  electroplated areas 
on ends and sides for current  contacts and potential  
probes. 

I t  is advantageous to have potential  contacts re- 
moved from the region of current  flow. This led to the 
adoption of more intr icate sample shapes, often cut by  
impact gr inding (8) through a paral lel-faced wafer. 
Among these shapes one of the most useful  has been 
the "bridge-shaped" one; a f i lamentary bar  with Side- 
arms. Those sidearms were "dumb-bel l"  shapes as 
utilized and i l lustrated by Pearson and Suhl (11) and 
by  Debye and Conwell (12). Such dumb-be l l  shapes 
can provide large areas for minimizat ion of contact 
resistance, though are not necessary if the contacting 
procedure provides an adequately small  specific con- 
tact resistance, in ~ - c m  2. 

Figure  1 i l lustrates a br idge-shaped sample we have 
made by the procedure of photol i thography and chem- 
ical etching described in the present paper. The sample 
shape of Fig. 1 uses simple rectangular  sidearms; the 
shape analyzed by Jandl  et al. (13) as a "double- 
cross." Jandl  et al. showed that relat ively short 
rec tangular  arms could permit  adequate isolation of 
the contact pad areas from the current  flow in  the 
ma in  bar. Thus current  density and electric field 
s trength are essentially constant  throughout  the vol- 
ume being analyzed, for a br idge-shaped or double-  
cross sample of semiconductor mater ial  which is iso- 
tropic and uni formly  doped. 

In  contrast, some other geometries cause the equi-  
potential  surfaces to be markedly  nonplanar ,  and un-  
equal ly  spaced. That  is not a problem for some semi- 
conductor materials,  par t icular ly  if measurements  are 
to be made exclusively of low field t ransport  in the 
dark. However, some semiconductors are less tolerant  
of field nonuniformity ,  especially if high electric fields 
and /o r  a photoconductive response is to be involved. 

The sample shapes most commonly used for which 
the field pa t te rn  is markedly  nonuni form are based on 
the theorem of van der Pauw (14, 15) for the resistance 
of a flat sample with peripheral  contacts. These shapes 
include the simple rectangular  slab with corner con- 
tacts (16), the "Greek cross" (17), and the "clover" 
shape s that  van der Pauw proposed and i l lustrated 

2This shape has attracted many names in the ensuing liter, 
ature, including "iron cross," "papal cross," "Maltese cross," and 
others. 
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(14, 15). Figure 2 i l lustrates a clover-shaped sample of 
GaAs, made by the method described in the present  
paper, and p r io r  to the evaporation of Au :Ge  contact 
areas in  the outer corners. 

Experimental Procedures for GaAs Samples 
As noted in the introduction, the procedure we 

evolved consisted of removal  of unwanted  bulk ma-  
terial sur rounding  designated sample outlines by 
chemical etching, this action proceeding from both 
faces of a wafer simultaneously.  Meanwhile, the 
sample areas themselves were protected with hard-  
baked photoresist. This section describes the procedure 
as evolved for making GaAs bulk  samples of satisfac- 
tory outl ine shape and profile. 

Many factors determine the outcome when parts of a 
semiconductor wafer are protected by photoresist, and 
adjacent  unprotected portions are chemically etched. 
Thus, etching may be carried out in  a plasma cham- 
ber, or in a liquid. Our work as reported here used 
aqueous etches. 

The etching rate in aqueous solution depends on the 
strength and freshness of the ingredients,  on the solu- 
tion temperature,  and often on crystal or ientat ion 
(18, 19). Highly preferent ial  etching can sometimes be 
turned to advantage;  thus, Otsubo et al. (20) used 
citric ac id /pe rox idee tches  into {100} GaAs to create 
flat-bottomed holes, and grooves of "tsuzumi" (hand-  
drum) profile. [An even more  dramatic anisotropy of 
the etching rate has been demonstrated in the work of 
Kendal l  (21) with (110} silicon, using KOH-based 
etches to make deep nar row grooves.] However, our 
preference was for an etch that would work with more 
or less facility for GaAs wafers of various orientations. 

The etch composition and s trength that  we have 
found par t icular ly  useful for the present  purpose with 
GaAs of various orientations has been (2)H2SO4- 
(1)H202-(1)H20, used in the tempera ture  range 70 ~ 
80~ Iida and Ito (22) showed that the H2SO4/H202/ 
H20 system includes some compositions that are highly 
selective, but  found that the above-ment ioned compo- 
sition gave good polishing action for most low index 
planes of GaAs with, of course, an inferior response 
for the gall ium ( l l l A )  plane. This has been our ex-  
perience also. When the above-cited etch composition 
is used at 80~ for a ( I l l )  GaAs wafer, the at tack rate 
on the ( l l l A )  plane is only about 30% slower than on 

Fig. 1. A bridge-shaped sample of chromium-doped semi-insulat- 
ing GaAs, created from a polished 0.45 mm thick wafer of (21]) 
orientation, by etching inwards from both faces while the desig- 
nated sample area was protected by photoresist. Etching was 
carried out in (2)H2SO4-(1)H202-(1)H20 at 80~ 

Fig. 2. A clover-shaped sample of semi-insulating GaAs, made by 
the same method as the sample of Fig. 1. The polished starting 
wafer here was of (100) orientation, 0.53 mm thick. 
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the ( l l l B )  plane (7 #m per rain, compared with 10 ~m 
per rain),  but  microscopic examinat ion of a par t ly  
consumed wafer  shows the attacked ( l l l A )  surface to 
be much more pitted than the opposite face. 

Figure 3 i l lustrates the effect of various etching times 
on the total thickness reduction of wafers with orien- 
tations of (100), (110), (111), and (211), determined 
from microscopic measurement  of the decrease of 
distance between bottoms of opposing etched canyons. 
These measurements,  the consequences of using the 
above-cited etch at 80~ correspond to an etching rate 
of some (10 _+ 1) ~m/min  for fresh etch acting on a 
GaAs surface with any  orientat ion other than ( l l l A ) .  
That  rate, and the reduction of some 30% for (111A), 
is in general  agreement  with the findings of Iida and 
Ito (22) for etching rate vs. composition, orientation, 
and temperature.  Figure 3, and similar results obtained 
with other wafers, shows no signs of any pre-etching 
induction period. Provided the etching solution is 
freshly prepared, and of large enough quant i ty  so that  
reaction products do not slow the action, then etching 
reduces thickness at an essentially l inear  rate unt i l  
sample separation occurs. For a wafer 0.5 rnm thick, 
this requires about 25 rain for most orientations, and 
perhaps 28-30 min  for a {111} wafer. 

The wording of the preceding paragraph was chosen 
to indicate that reliable etching at a constant rate was 
obtained when the etch (i) was used fresh, and (it) 
w a s  of volume sufficient to minimize the effects of dis- 
solved etching products on the cont inuat ion of the pro- 
cess. Thus, for a par t -wafer  of area 5 cm 2 and thick- 
ness 0.5 ram, one may need to etch away about 0.75g 
of GaAs to separate out individual  samples. It  would 
be our practice not to a t tempt  this with less than 100 
ml of mixed etch, with vigorous st irr ing of the etch 
throughout  to minimize the bui ldup of etch products 
near  the surfaces under  attack. 

Since the procedure required that  a wafer remain  in 
the etch for a t ime of up to half  an hour  at a temperar  
ture of 70~176 it was extremely impor tant  that the 
photoresist over designated sample areas adhere as 
strongly as possible. That  called for some changes from 
the photoresist procedures normal ly  encountered in 

the integrated circuit industry,  where etch depths are 
typically no more than a few micrometers, and etch 
durations quite short. 

Our objectives of etching completely through wafers 
up to a considerable thickness also placed requirements  
on the layout of any sample shape on the mask, that 
this allow for inevitable undercut t ing.  Resist adhesion 
and undercut t ing  are related, since any  tendency of 
the resist to "lift off" around the edges will  open up 
new terr i tory for undercut t ing.  

Figure 4 shows part  of a (211) GaAs wafer bear ing a 
repetit ive array of hardened photoresist areas (each of 
the van der Pauw clover shape) after etching for 1 
rain. The unprotected areas have been etched to a 
depth of some 10 #m. It will be observed that  the re- 
sist has curled up from one corner, and is showing 
signs of doing so at two adjacent  corners. That lack of 
adherence is unacceptable in view of t h e  20 or more 
minutes  of addit ional etching time that would be 
necessary to complete separation of samples from each 
other. 

The results of etching a wafer for a longer period of 
time are exemplified by the almost edge-on view 
shown in Fig. 5. The wafer here was of (100) or ienta-  
tion, pat terned on both faces with photoresist, etched 
at 80~ for 7 rain, and cleaved to permit  s tudy of the 
profiles of the canyons etched from the opposing faces. 
Note in Fig. 5 that (i) overhanging ledges of photore- 
sist ju t  out above the canyon walls, (it) the canyon 
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Fig. 3. Total reduction in wafer thickness (sum of amounts 
thinned from opposing sides) vs. etching time, for GaAs in 
(2)H2SO4-(1)H20~-(1)H20 at 80~ These are representative data 
for wafers etched in large quantities of the etchant, with ample 
stirring, so that effects of etchant exhaustion and/or poisoning 
were minimized. The results for (100), (110), and (211) are all 
essentially the same. The total thinning rate is smaller for (111) 
wafers because of the slower attack rate for the (111A) face. 

Fig. 4. Part of a repetitive pattern for making clover-shaped 
samples, as formed into hardened resist areas on the surface of a 
(211) GaAs wafer. One minute in the H2SO~/H202/H20 etch has 
removed some 10 #m of material from the unprotected areas. Note 
that poor adherence of the photoresist for this wafer has already 
led to curling back from some outer corners. 

Fig. 5. An edge-on view of a 400 Fm thick (100) GaAs wafer, 
which had been (a) patterned with hardened resist so that resist 
edges would lie along < 0 1 1 >  directions, (b) etched at 80~ for 
7 min, and then (c) cleaved to permit the edge-on view. 
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floors are essentially flat and parallel,  and ({ii) the 
canyon walls curve in  a m a n n e r  appropriate for com- 
plete nonselect ivi ty of etching action. Somewhat  to our 
surprise, we have found the canyon wall  shapes to 
curve in essentially the same fashion for any  (100) 
wafer (whether  the edges of the resist are aligned 
with <010> or <011> types of or ientat ion) ,  and also 
for wafers of other orientations including (111). 

The l i terature  provides ample citations for etch pits 
produced in  GaAs [and other zincblende structure 
solids such as InSb (23)] which show marked facets of 
preferent ial  etching. Thus Iida and Ito (22) showed 
that  slow action of an H2SO4/H2OJH20 etch on (100) 
could produce a f lat-bottomed pit  of trapezoidal cross 
section (overhanging canyon walls) when the edge of 
the resist-protected area was parallel  to <010> or 
<001>. We have not observed this to happen with the 
relat ively speedy etching action of the 2: 1:1 composi- 
tion at 80~ With any  orientat ion of the wafer and any 
a l ignment  of the mask pattern,  the canyon wall  shows 
a curved profiile such as that in Fig. 5. Incidental ly,  
that figure shows undercut t ing  to have proceeded by 
some 40 ~m at a stage when the canyon floor lies some 
75 ~m below the original wafer surface plane. 

Through the courtesy of M. Pope and M. Wright, 
photographic masks were made for us through which 
photoresist couId be exposed. These masks had repet-  
itive pat terns for sample shapes (such as bridge-shape 
and clover-shape).  It  was necessary to have pairs of 
masks which were mirror  images of each other, so 
that  a matched pair placed to sandwich a prepared 
wafer would register the same pat tern  on both surfaces 
of that  wafer. A simple mechanical  fixture was con- 
structed which enabled the pair  of masks to be aligned 
with respect to each other, in respect of x, y, and e. 

Mask pairs of these kinds were made with opaque/  
t ransparent  pat ternings  suitable for use with positive 
resist, and addit ional  pairs of the converse opacity for 
use with negative resist. Our first crude attempts at 
sample separation were made using a negative resist3 
on the wafer faces, and were (not surpris ingly)  
accompanied by  f requent  failures owing to resist de- 
tachment  dur ing the lengthy etching. There can be 
little doubt that the procedure can be made to work 
perfectly well  with negative resist applied and baked 
properly;  but  we have not persisted w i th  this ap- 
proach. For since it happened that we were successful 
ra ther  soon in persuading positive resist4 to stay in 
place unt i l  etching was complete, all our subsequent  
work has been based on the positive resist approach. 
Thus, for this we have been using masks with opaque 
areas where designated sample areas are to be pro- 
tected from the etching action. 

Photoresist as used in the integrated circuit indus t ry  
is applied typical ly by spinning, with a resist layer  
thickness of perhaps 1 ~m, and an emphasis on the 
abil i ty to create nar row l inewidths (24). Our require-  
ments  were quite different. High spatial resolution was 
not  important ,  but  a tenacious and adherent  resist 
layer on both faces was very important.  These require-  
ments  were met most readily by dip coating of sui tably 
prepared wafers, at a temperature  (T ~ 20~ and 
viscosity that would provide a hardened film thickness 
in the range 12-17 ~m. 

Our wafer preparat ion now requires that both faces 
of the wafer be polished. That  admit tedly involves 
extra work, but  we have found that  undercu t t ing  pro-  
gresses more slowly under  photoresist that  is firmly 
adherent  to a polished face. 

Thus the procedure as it  has evolved comprises 
mechanical  polishing of both faces, degreasing, baking 
dry at 90~ cooling to room temperature,  photoresist 
application by dip coating, a 1 hr "soft bake" at 90~ 
cooling to 25~ exposure to U.V. radiat ion through a 

a MOS-Grade Negative Photoresist, available from KTI Chemi- 
cals, of Sunnyvale, California. 

AZ-1350J Positive Resist,  available f rom the Shipley Company, 
of Newton,  Massachusetts.  

matched pair of facing masks, development  in di luted 
(Shipley AZ-351) resist developer, water  rinse, air  dry, 
and then a 2 hr "hard bake" at 160~ When cooled for 
handling,  the wafer is then ready for etching. 

Two physical ar rangements  have been used for etch- 
ing. In  one of these, the wafer (and its eventual  daugh-  
ter samples) is supported above a glass frit  in the etch- 
ing solution, while bubbled  ni t rogen gas is supplied 
from below to provide agitation. The other ar range-  
ment  uses a magnetic  st irrer  wi th in  the beaker of etch 
on a hotplate. (The lat ter  a r rangement  simplifies 
positive control of the temperature.)  The clover- 
shaped sample of Fig. 2 happened to have been made 
using the first of these systems, while the br idge-  
shaped sample of Fig. 1 was made using the magnetic  
st irr ing system. 

The clover-shaped sample of Fig. 2 came from a 
wafer 0.53 mm thick. Thus one might expect the 
per iphery of the top and bottom sample surfaces to 
retreat  by some 200-250 ~m if etching and undercut t ing  
were completely isotropic. A comparison of this sample 
with mask dimensions shows that the upper  per iphery 
has actually been cut back by  (215 +_ 10) ~m. How- 
ever, Fig. 6 shows a magnified edge-on view of one 
corner of this sample, and one may see that  the cusped 
profile protrudes by only ~100 ~m. This was obtained 
by  al lowing the etching to continue for some 30 sec 
after the first sample was seen to "calve" from the 
parent  wafer. Now such a sample would normal ly  have 
the resist stripped from top and bottom faces (w~th 
acetone and /or  Shipley 1112A "photoresist s tr ipper") ,  
and then be etched over-its entire surface prior to con- 
tacting, in order to remove the mechanical  damage 
associated with the prior polishing procedures. That  
addit ional etching would fur ther  reduce the peripheral  
protuberance before the sample was ready for electri-  
cal measurements.  

A clover-shaped sample with a pro tuberant  profile 
as just  described and i l lustrated is in technical viola- 
tion of a requi rement  of van  der Pauw's  theorem 
(14, 15), that a sample be of constant thickness over 
its entire cur ren t -bear ing  area. However, a pro tuber-  
ance of the size described appears to involve an error 
in the analysis of van  der Pauw resist ivity and Hall  
measurements  of less than 3% by direct measurement ;  
an error in  the (expected) sense of making the re-  
sistivity (using van  der Pauw's  expression) appear 
slightly low. That  estimate of the error involved was 
obtained by first measur ing a sample as resul t ing frord 

Fig. 6. A magnified edge-an view of one corner of the clover- 
shaped sample of Fig. 2. This shows details of the edge profile 
resulting from undercutting prior to sample separation, and the 
partial rounding off of this cusped protuberance during an addi- 
tional 30 sec of etching after separation. 



2414 J. E~ectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  November  1981 

the pho to l i thography /e tch ing  process, and then using 
an abras ive  par t ic le  s t ream to " t r im up" the r e - en t r an t  
port ions of the sample  per iphery .  

The GaAs b r idge - shaped  sample  of Fig. 1 shows 
s imi lar  imperfect ions  of profile. In that  case, these 
would be enough to requi re  tha t  the usual  conversion 
[~ = ( L / w t ) ( I / V ) ]  from resis tance to bu lk  conduc-  
t iv i ty  be modified to t ake  account  of the s l ight ly  non-  
r ec tangu la r  cross sect ion of the  bar.  Whereas  the 
br idge  sample  of  Fig. 1 has a thickness  t ---- 0.45 ram, 
we have usua l ly  resor ted  to th inner  wafers  when  the 
desire was for Hal l  da ta  wi th  GaAs br idges  of more  
nea r ly  perfect  geometry.  Of course, a sample  shape 
and profile such as that  of Fig. 1 is per fec t ly  adequate  
for  photoconduct ive  or  various re la t ive  measu re -  
ments.  

Thus, for most  of our  purposes  in measur ing  GaAs 
of res is t iv i ty  up to the semi- insu la t ing  range,  the 
procedure  as descr ibed above needs l i t t le  fu r ther  
opt imizat ion.  

Preliminary Results with Silicon Samples 
A procedure  for making  silicon samples  by  s i m u l -  

taneous etching f rom both sides of a masked  wafer  
has not  been tested by  us so far  beyond the stage of 
crude feasibil i ty.  Results  we obta ined  show tha t  the 
etch we used, of (2 )HNO3-(2) I - IF- (1 )H20  composi-  
t ion (25), was not ideal  for this purpose.  

F igure  7 shows a c lover -shaped  sil icon sample, made  
f rom a (100) wafer  that  had been pol ished on both 
faces, equipped wi th  pa t t e rned  photores is t  as descr ibed 
in the previous  section, and etched in the H N O J H F /  
H20 solut ion unt i l  ind iv idua l  samples  separated.  With  
the etch brought  to a t empe ra tu r e  of 30~ pr ior  to the 
in t roduct ion  of the wafer,  separa t ion  of ind iv idua l  
samples  f rom a wafer  ,~0.4 m m  thick would occur in 
app rox ima te ly  3 min. As is well  known (19, 25), this 
is a fas t -ac t ing  etch. 

I t  wiI1 be appa ren t  f rom Fig. 7 tha t  the pe r iphe ry  of 
this sample  (of 0.37 m m  thickness)  was undercu t  much 
more  severe ly  than for  the GaAs samples  prev ious ly  
i l lus t ra ted.  The extent  of the undercut t ing  is shown 
c lear ly  in the en la rged  edge-on view Fig. 8 provides  of 
one corner  of that  sample. In this instance, etching 
action was quenched with  wa te r  as soon as possible 
a f te r  the re lease  of indiv idual  samples  was spotted, 
thus the cusp t ip was not apprec iab ly  eroded. However,  
note also in Fig. 8 that  the edge of the sample  blends 
toward  the upper  and lower  surface faces in convex 
arcs. This shows that  the etching action had p re fe ren-  
t i a l ly  a t tacked  the wafe r /pho to res i s t  interface.  

Fig. 7. A silicon clover-shaped sample, made by photomasklng 
and chemical etching of a polished (100) wafer 370 #m thick. 
Etching was carried out in (2)HNO3-(2)HF-(1)H20 at T ~ 30~ 
and sample separation occurred (with severe undercutting as may 
be seen) after etching from both faces simultaneously for 150 sec. 

Fig. 8. An enlarged edge-on view of one corner of the silicon 
sample of Fig. 7. The convex curvature of the edge surface ad- 
jacent to the top and bottom faces indicates that the etch had 
preferentially attacked the (SiO2-rich) silicon surface under the 
edge of the resist layer. 

That  p re fe ren t ia l  a t tack  is inheren t  in the mech-  
anism by  which an etch of the H N O J H F / H 2 0  fami ly  
at tacks silicon (19, 25), because the inevi table  SiO2 
layer  on the silicon surface is a t tacked by HF, the com- 
p lexan t  in the mixture .  That  promotes  undercut t ing,  
and l if t-off of the photoresis t  shapes. When we have 
a t t empted  to make  silicon samples, but  wi th  the etch 
solution cooled, to slow down the react ion rate,  the 
photoresist has always lifted off before the canyons 
from the two faces have had an opportunity to meet. 

Thus one can envisage preferable etching approaches 
for making silicon samples. One possibility is that the 
wafer might first receive a quick dip in HF (to remove 
SiOs from the exposed areas), then be rinsed, and 
placed for an extended period in an etch (such as an 
alkaline one) that has a preference for dissolution of 
Si itself rather than SiO2. 
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Parameter Dependence of RIE Induced Radiation 
Damage in Silicon Dioxide 

L. M. Ephrath,* D. J. DiMaria, and F. L. Pesavento 
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Radiation damage in silicon dioxide films exposed to reactive ion etching 
(RIE) in CF4 has been investigated. Capacitance-voltage ((C-V) and photo- 
current-voltage (photo l-V) techniques were used to monitor charge trapping 
and location after the films were incorporated into MOS capacitors. Blanket 
etched films were used to study the trapping characteristics of bulk, neutral, 
radiation-induced traps as a function of position in the reactor, rf peak-to- 
peak ~'oltage, and pre-RIE high temperature annealing. The trapping character- 
istics of films etched in a CF4 + H2 mixture were also studied. Oxide films 
etched in CF4 + H2 show reduced trapping when compared with oxides etched 
in CF4. The ability of gate electrode materials to shield an underlying oxide 
during RIE was also tested. It was determined that aluminum and n + poly- 
silicon are effective in shielding oxide from RIE induced radiation damage. 

React ive ion etching (RIE) is a direct ional ,  d ry  e tch-  
ing technique that  has been used in our l abo ra to ry  to 
fabr ica te  micron dimension FET logic and a r r a y  chips 
( l ,  2). RIE is used at  severa l  levels of processing in-  
c luding definit ion of recessed oxide isolation, polysi l i -  
con gate electrodes,  and contact  holes to polysi l icon 
and diffused regions. Extens ive  use of RIE is requi red  
for the del ineat ion  of fine lines and openings wi th  no 
undercu t  of the etch mask. RIE is, however,  carr ied  
out  in a rad ia t ion  envi ronment ;  subst ra tes  are  sub-  
jected to b o m b a r d m e n t  by  electrons, ions, and photons. 
For  this reason, exper iments  have been carr ied  out to 
de te rmine  the effect of RIE on the re l i ab i l i ty  of de-  
vices. RIE induced t rapp ing  was charac ter ized  by  ex-  
posing a b lanke t  oxide film to RIE, incorpora t ing  the 
etched oxide into an MOS device, and inject ing charge 
into the conduct ion band of the oxide by  avalanche  
injection. The numbers  and cross sections of the traps,  
the  densi ty  of t r apped  charge, and the centroid  of the 
t r apped  charge d is t r ibu t ion  were  de te rmined  by  C-V 
and photo I -V techniques (3). Three  dis t inct  t r app ing  
sites were  observed (4). The first was a bu i ldup  of 
posi t ive charge at  the si l icon-si l icon dioxide interface.  
These posit ive t r apped  charges present  a coulombic 
capture  cross section for electrons in the range of 10 -12 
and 10 -13 cm 2 and have a densi ty  of about  1012 posit ive 
cha rges /cm 2. These t r apped  posi t ive charges are  be -  
l ieved to be holes which were  genera ted  in i t ia l ly  by  
ionizat ion across the bandgap  of the oxide. Some of the 
free posi t ive charges in the sil icon dioxide  valence 
band  are  subsequent ly  t r apped  at  p re -ex i s t ing  sites 
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damage. 

near  the interfaces.  The second type  of t r app ing  site is 
created by  ion implan ta t ion  damage  wi th in  about  5 nm 
of the surface. These t raps  are  observed only when a 
nonetching gas such as 02 is used to clean the surface. 
Presumably ,  an etching gas such as CF4 removes  its 
damage as it  is p roduced  leaving only a res idual  when 
etching is stopped. The th i rd  type  of t rap  is a neu t ra l  
t r app ing  center. These sites are  d i s t r ibu ted  approx i -  
ma te ly  un i formly  throughout  the bu lk  of the oxide. 
The electronic capture  cross sections of these t raps are  
be tween  10 -14 and I0 -17 cm 2 and thei r  densi ty  is be -  
tween 1011 and 1012 cm -2. These t raps are  ve ry  s imi lar  
to those observed by  Aitken,  Young, Pan, and Ning 
(5-7) for oxides exposed to much h igher  energy  r ad ia -  
t ion than in the presen t  case (20-25 keV x - r a y s  or 
e lectrons) .  In  the compara t ive ly  low energy envi ron-  
ment  of RIE, the occurrence of t r app ing  in the bu lk  
suggests, by  process of el imination,  the involvement  of 
photons which are  sufficiently energet ic  to pene t ra te  
the oxide. Ion energies are  not sufficient to pene t ra te  
the oxide, and' energet ic  electrons would  not reach the 
cathode because of its negat ive  bias. High energy  
photons, though, would  be crea ted  in the reactor  when 
secondary  electrons which are accelera ted  across the 
cathode da rk  space s t r ike  ground planes.  Photons 
genera ted  by  secondary  electrons in an rf  sput te r ing  
configuration have been shown to degrade  the s tab i l i ty  
of MOS devices (8). Secondary  electrons va ry  in 
energy depending on when  they  are  emi t ted  dur ing  the  
r f  cycle, b u t s o m e  may  have energies corresponding to 
the full  p e a k - t o - p e a k  voltage. Photon energies,  then, 
could also approach this value.  The t rapped  posit ive 
charge and the ion implan ta t ion  damage were  not  
s tudied beyond thei r  in i t ia l  charac ter iza t ion  (Table I ) .  
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Table I. Summary of trapping center data 

Cross 
section Density Anneal 

Trapping center (cm -~) (cm-~)  Source T~ 

Positive charge 10-L%10 -13 10 ~-~ Photons 400 
Implantation damage 10-~-10 -~s 10~ Ions 1000 
Neutral center I0-Z4-10 -~7 10n-I0 TM Photons 600 
Background 10 -zv 10 ~ -- - -  

The trapped positive charge is annealed at a low tem- 
perature of 4O0~ on the a luminum gated structures 
used in  this study. The implanta t ion damage can be 
el iminated by dip etching the oxide since the damage 
is confined to the surface or by avoiding the use of a 
nonetching gas. The neutra l  traps, however, are pres- 
ent throughout  the bulk  of the oxide and an anneal  of 
600~ or more is required for their  removal. Thus, 
they must  be avoided or annealed before a luminum 
meta l lurgy  is in place. 

In the present  study, the RIE parameter  dependence 
of the neut ra l  traps was studied. The RIE parameters  
that  were varied include position of substrate in the 
reactor, rf voltage, and composition of etching gas. 
Finally, the abil i ty of gate electrode materials  to shield 
an under ly ing  oxide from RIE radiat ion damage was 
evaluated by etching oxide films masked with a lumi-  
num or n + polysilicon patterns. 

Experimental 
RIE system.--The reactive ion etching system used 

in this work is shown in Fig. 1. The substrates were 
loaded onto an 18 cm diam a luminum plate. The a lu-  
m i n u m  plate was mechanical ly and electrically con- 
nected to the water-cooled copper rf cathode. A per-  
forated anode plate which is attached to the grounded 
chamber was placed 3.3 cm from the cathode in order 
to prevent backsputtering of aluminum sputtered from 
the substrate holder. A perforated anode plate was 
used so that wafers could be monitored visually during 
etching, and also to ensure an adequate and uniform 
supply of etchant in the vicinity of the wafers. The 
chamber was evacuated with a 6 in. oil diffusion pump 
and then backfilled with 40 sccm CF4 to establish a 
dynamic pressure of 3.33 Pa (25 milliTorr). During 
etching, 0.25 W/cm 2 is delivered to the cathode. Under 
these conditions, the peak-to-peak voltage is 860V. The 
d-c voltage at the cathode is approximately one-half 
of the peak-to-peak voltage (9). The etch rate of sili- 
con dioxide in CF4 is about 50 nm/min. 

Sample preparation.--Dry silicon dioxide films of 
150 nm thickness were grown on boron-doped, <100> 
orientation, 0.1-0.5 ~ -cm resistivity p- type silicon sub- 
strates. The oxide films were then exposed to a CF4 or 
CF4 + He plasma to etch approximately 50 nm of sili- 
con dioxide. The wafers were then cleaned to remove 
metals and hydrocarbons from the surface of the oxide 
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in alkali and acid peroxide solutions using a procedure 
similar to that used by Irene (10), but without  HF. 
Some wafers received a buffered HF dip at this point 
in order to remove ~10 nm from the surface of the 
oxide. After cleaning, some wafers were annealed in 
an N2 ambient  for 30 min. Anneal ing  temperatures 
ranged from 600 ~ to 100O~ Circular a luminum dots, 
13.5 nm in  thickness and 5.2 X 10 -~ cm 2 in  area, were 
then evaporated in  vacuum from resistively heated 
t an ta lum boats or rf heated crucibles. Finally,  the 
backs of the wafers were stripped and metallized, and 
a forming gas anneal  at 400~ for 20 rain was carried 
out. 

Techniques.--To investigate the enhanced electron 
trapping characteristics of silicon dioxide layers ex- 
posed to plasmas in an RIE system, avalanche injec-  
tion (11, 12) and in terna l  photoemission (13-15) 
techniques were used to inject  electrons from the 
contacts of the MOS structures into the oxide. The 
exper imental  apparatus for avalanche inject ion (16) 
and in terna l  photoemission (17) have been described 
in other publications. As the electrons traverse the film 
in the presence of an applied electric field, some of the 
carriers are trapped into sites created dur ing RIE. This 
t rapping is not par t icular ly  sensitive to the mode of 
carrier injection: avalanche inject ion from the silicon 
or in ternal  photoemission from the a luminum or sili- 
con. The t rapping rate is n o t p a r t i c u l a r l y  sensitive to 
the average field in the oxide layer which is consistent 
with the weak field dependence of the capture process 
for radiat ion induced neut ra l  traps recent ly reported 
by Ning (7). This weak field dependence is in contrast 
to the strong field dependence of electron capture on 
trapped holes (3, 7, 18). 

The bui ldup of this trapped charge is sensed through 
the in te rna l  electric field it creates near  the contacts by 
the capacitance-voltage (C-V) (19, 20) and photocur-  
rent-vol tage (photo I-V) (18, 21, 22) techniques which 
are well described in the l i terature.  The voltage shifts 
between the C-V curves depend on the product xQ 
where Q is the charge per uni t  area and x is the 
centroid of trapped charge in the oxide layer measured 
with respect to the a luminum-oxide  interface (19, 20). 
The voltage shifts between photo I-V data for both 
positive and negative polari ty allow separate deter-  
minat ion of x a n d  Q (18, 21). The combinat ion of the 
C-V and photo I -V techniques can also be used to sep- 
arate silicon-silicon dioxide interface t rapping from 
bulk oxide t rapping (18, 21, 22). Also by s tudying 
charge bui ldup as a function of time, electron capture 
cross sections r and areal trap densities Nt can be de- 
termined (3). These quanti t ies (x, Q, Zc, and Nt) are 
used to characterize the different traps created by the 
exposure to RIE plasmas in the following sections. 
Only a very small amount  of t rapping was seen for the 
charging conditions used on samples fabricated in an 
identical manner ,  but  not exposed to RIE (4). The 
results were reproducible for different locations within 
a sample, and for samples fabricated over a time span 
of several months. 

Results and Discussion 
RIE parameter dependence.--It was suggested earlier 

that the n e u t r a l  traps are created in  the relat ively low 
energy env i ronment  of RIE by  photons. To substan-  
gate  this view, substrates were loaded onto the 
grounded perforated plate with the oxide film fac- 
ing away from the cathode. In  this way, the oxide 
film is no longer subjected to bombardment  by ener-  
getic ions. The oxide film is also protected from sec- 
ondary electrons from the cathode by the silicon sub- 
strate. The oxide film is, however, still exposed to 
photons that are created when secondary electrons 
strike the walls of the reactor. A plot of the volume 
density of trapped charge as a funct ion of avalanche 
inject ion t ime (Fig. 2) shows that the oxide etched 
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Fig. 2. Volume trapped charge density as a function of avalanche 
injection time far oxides exposed to RIE on the electrode and on a 
ground plane. Constant avalanche current = 8 X 10-9A. 

by RIE and the oxide exposed only to energetic pho- 
tons show enhanced t rapping relative to that measured 
in  the control. Data points are taken at 44 sec intervals  
and so are represented by a solid line. The error bars 
included for data plotted against an expanded scale in 
Fig. 7 are representat ive of data shown in Fig. 2-6. 

In  the second experiment,  the rf power was varied 
in order  to vary  the rf peak- to-peak voltage. Etch 
times were increased as voltage was decreased so that  
the amount  of oxide removed was constant. The pur -  
pose of this exper iment  was to determine whether  
the in t roduct ion of traps exhibited a threshold in the 
regime of power and pressure that  is appropriate for 
RIE. As can be seen in  Fig. 3, enhanced t rapping was 
observed for all  oxides etched by RIE even though 
rf  peak- to-peak  voltage was reduced by more than a 
factor of two, from 730 to 330V. Thus, radiat ion dam- 
age is not avoided by etching for longer times at lower 
rf  voltages. It is not possible to carry out RIE at lower 
voltages. RIE requires low pressures to main ta in  ver-  
tical etching and a low pressure discharge could not be 
sustained at voltages below 330V. It is possible, how- 
ever, to reduce voltage if the requi rement  for direc- 
t ional etching is suspended. For the third experiment,  
pressure was increased to simulate plasma etching. 
Oxygen was added to CF4 so that  a direct comparison 
could be made with oxides etched in  a commercial  
barrel  plasma etcher. The pressure of the CF4 + 
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Fig. 3. Volume trapped charge density as a function of avalanche 
injection time for oxides exposed to RIE with rf peak-to-peak volt- 
ages between 730 and 330V. Constant avalanche current 
2 X 10-9A. 

2 0 % 0 2  etching gas was increased to 0.5 Torr  which 
results in  an rf  peak- to-peak voltage of 120V. The 
t rapping data (Fig. 4) show that neut ra l  traps are not 
created dur ing plasma etching or dur ing  etching under  
plasma etching-l ike conditions in the RIE reactor. For 
completeness, an oxide was etched by  low pressure 
RIE in  the CF4 + O2 mixture  to assure that  the addi-  
tion of O2 was not  the significant-factor. As expected, 
this oxide shows the presence of neut ra l  traps with a 
t rap density that is approximately equal to that  of an  
oxide etched in CF4. 

The fourth and last exper iment  carried out with 
blanket  etched oxide films was to add H2 to CF4. This 
exper iment  was suggested by speculation that  the 
neut ra l  traps were created by breaking or re laxing 
,bonds in  the lattice of the oxide (6). If correct, the 
diffusion of atomic hydrogen into silicon dioxide might  
anneal  neut ra l  traps in a way that  is analogous to the 
reduct ion in dangling bond density in amorphous sili- 
con by atomic hydrogen (23). The data in Fig. 5 show 
that  the addition of H~ does lead to a significant re-  
duction in t rapped charge when compared with an 
oxide etched in  CF4 alone. A peak- to-peak  voltage of 
810V was measured. This value is slightly higher than  
that  measured dur ing RIE in  CF4. While the effect of 
adding H2 is reproducible and consistent with annea l -  
ing of traps by atomic hydrogen, it was not possible 
to reduce trap density by int roducing hydrogen in  
other ways. Trapping was not reduced by  exposing 
oxides to a hydrogen plasma before or after RIE in  
CF4 or by anneal ing oxides in  forming gas (90% N2/ 
10% H~) at 1000~ before RIE in CF4. 
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Fig. 4. Volume trapped charge density as a function of ava- 
lanche injection time for oxides exposed to RIE in CF4 + 02 and 
plasma etching in RIE and barrel-type plasma reactors. Constant 
avalanche current - -  2 • 10-9A. 
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lanche injection time for oxides exposedto  RIE in CF4 and CF4 + 
H2. Constant avalanche current = 2 X 10 -gA. 
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Gate shieIding.--The purpose  of exper iments  car r ied  
out  wi th  b lanke t  oxide  films is to unders tand  the na -  
ture  and p a r a m e t e r  dependence  of the neu t ra l  traps.  
Dur ing  FET processing, however,  the gate oxide is 
covered by  the ma te r i a l  tha t  is used as a gate electrode. 
With  this fact  in mind, the ab i l i ty  of polysi l icon and 
a luminum to shield an under ly ing  gate oxide f rom 
the in t roduct ion of neu t ra l  t raps  was tested. 

The procedure  used to fabr ica te  the samples  begins 
wi th  the same cleaning and oxidat ion  steps descr ibed 
earl ier .  Af te r  the oxide was grown, a 350 nm thick film 
of silicon was deposi ted b y  chemical  vapor  deposi t ion 
on some subst ra tes  and then  doped n+ by  the deposi -  
t ion and d r ive - in  of POCI~. The polysi l icon plus 50 nm 
of oxide was etched using pa t t e rned  photores is t  to 
de l inea te  32 mi l  d iam dots. On o ther  oxidized sub-  
strafes,  32 rail  diam, 400 nm thick a luminum dots were  
evapora ted  by  resis t ive heating.  50 nm of oxide was 
then etched by  RIE. Approp r i a t e  control  wafers  were  
inc luded to de te rmine  background  t rapp ing  in the ox-  
ide, to provide  a reference for the degree  of shielding 
by  the gate electrode,  and to provide  a comparison 
with  wet  etching of polysilicon. The data  in Fig. 6 show 
tha t  400 nm of a lurninum does shield the oxide. The 
shie lded oxide  exhibi ts  the same increase  in t r apped  
charge dens i ty  as the control, whi le  the unshie lded 
oxide again shows enhanced t rapping.  The t rapp ing  
da ta  for  oxides covered by  polysi l icon plus resis t  du r -  
ing RIE also show that  the oxide has been effectively 
shie lded (Fig. 7). The t r apped  charge dens i ty  for the 
react ive  ion etched s t ruc ture  is shown on an expanded  

2.0  xlO 16 
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>- 1.5 E NO R I E  
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Fig. 6. Volume trapped charge density as a function of ava- 
lanche injection time for oxides exposed to RIE with and without 
an aluminum etch mask. Constant avalanche current = 8 X 
10-9A. 
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Fig. 7. Volume trapped charge density as a function of avalanche 
injection time for oxide after RIE of polysilicon electrode. Sample 
in which polysilicon was wet etched serves as a control. Constant 
avalanche current = 8 X 10-9A. 

scale wi th  the t r apped  charge dens i ty  obta ined for a 
s t ructure  that  was wet  etched. The two samples  show 
the same low dens i ty  of t r apped  charge. In  fact, the 
t r apped  charge densi ty  measured  for both  samples  is 
app rox ima te ly  half  that  measured  on s imi lar  s t ruc-  
tures wi th  a luminum electrodes.  This reduct ion is a t -  
t r ibu ted  to a decrease in background  oxide t rapping  
as a resul t  of the high t empera tu re  deposi t ion and 
doping of the polysi l icon films. Other  differences in 
plots of the t r apped  charge densi ty  as a funct ion of 
the avalanche  inject ion t ime on the A l - g a t e d  controls 
(compare  Fig. 2 and 6 wi th  Fig. 3;'4, and 5) are  due 
to differences in the magni tude  of the avalanche  cur-  
rent  used. 

S u m m a r y  
The pa rame te r  dependence  of neu t ra l  t raps in t ro-  

duced dur ing  RIE has been inves t iga ted  under  wors t  
case condit ions of b l anke t  etching and also wi th  a gate 
e lectrode in place. Dur ing  b lanke t  RIE of silicon di-  
oxide, neu t ra l  t raps are  created.  These t raps  are  re -  
moved by  a 600~ anneal  and so are  of concern only  if 
an RIE step occurs a f te r  a luminum meta l lu rgy  is in 
place. The t rap  dens i ty  is reduced by  adding H2 to the 
etching gas. Neut ra l  t raps  were  not in t roduced when  
the reactor  was opera ted  under  p lasma e tch ing- l ike  
conditions. Final ly ,  it  is concluded that  oxide is effec- 
t ive ly  shielded dur ing  RIE by  a polysi l icon or  a lumi -  
num gate electrode. 
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ABSTRACT 

In this pape r  the Ru the r fo rd  backsca t te r ing  technique  combined wi th  
channel ing  is used to s tudy  the s to ichiometry  and perfec t ion  of molecu la r  
beam ep i tax ia l  layers  of InA1As and InGaAs.  Corrobora t ive  evidence f r o m  
SIMS and Auger  profi l ing are  used to supplement  the RBS studies. 

In  recent  years  molecular  beam ep i t axy  (MBE) has 
emerged  as a va luable  tool for the growth  of electronic 
qua l i ty  ep i tax ia l  layers  of many  compound semicon-  
ductors  (1, 2). The improvemen t  of l aye r  qual i ty  de-  
pends cr i t ica l ly  on the deve lopment  of ana ly t ica l  tech-  
niques wi th  which to character ize  the ma te r i a l  p rop-  
erties.  These include pa ramete r s  such as mobil i ty ,  con- 
duct ivi ty,  doping profile, deep level  densi t ies  and en-  
e rgy  levels, and crys ta l  perfectionu In this paper  we 
consider  the appl ica t ion  of Ruther fo rd  backsca t te r ing  
(RBS) in eva lua t ing  the s t ructure  and qual i ty  of mo-  
lecular  beam ep i tax ia l  InGaAs and InA1As l aye r  s t ruc-  
tures. We also consider  the use of ion beam channel ing 
for the measuremen t  of c rys ta l  perfection,  wi th  pa r -  
t icular  in teres t  in the  interfaces  be tween  he te roep i -  
tax ia l  MBE layers.  RBS has many  l imita t ions  in the 
present  context  including:  (i) Poor sensi t iv i ty  in the 
measurement  of l ight  e lements  such as a luminum in 
mat r ixes  incorpora t ing  re la t ive ly  heavy  atoms such as 
indium; and (ii) the inab i l i ty  to resolve neighbor ing 
atoms in the per iodic  table  (i.e., such as ga l l ium and 
arsenic) .  In  o rde r  to resolve any ambigui t ies  ar is ing 
f rom these l imitat ions,  complementa ry  studies have 
been conducted wi th  secondary  ion mass spec t romet ry  
(SIMS) and spu t t e r / auge r  profiling. 

Experimental Procedures 
Lat t ice  matched  In0.~3Ga0ATAs layers  were  grown on 

(100) InP  subs t ra tes  by  MBE. Subs t ra tes  were  hea t  
c leaned in situ under  s tabi l iz ing arsenic fluxes at  505~ 
for 2 min (3). A concentr ic  double cell was used for 
ga l l ium and ind ium to improve  the spat ia l  and depth  
composit ion un i fo rmi ty  of InGaAs layers,  whi le  sepa-  
ra te  a luminum and ind ium cells were  used for g rowth  
of InA1As alloys. Lat t ice  mismatching  to InP sub-  
s t ra tes  measured  by  x - r a y  diffract ion were  ~alao < 
1 X 10 -3 for InGaAs and • < 2 X 10 -3  for InA1As. 
Layers  grown on GaAs subst ra tes  were  not  la t t ice  
matched.  Typica l  subs t ra te  t empera tu res  (Ts) ---- 490~ 
for InGaAs and Ts = 510~ for InA1As. Low field elec-  
t ron mobil i t ies  of un in ten t iona l ly  doped InGaAs layers  
were  as high as g30o = 8800 em2/Vsee wi th  n300 ---- 1 X 
1016 cm -3 and ~77 = 15,000 cm2/Vsec wi th  n77 = 8.5 X 
1015 cm -3, while  un in ten t iona l ly  doped InA1As layers  
were  of high resistance (p > 3 X 10 -a  11 cm).  Single 
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Engineering, University of Leeds, Leeds, England LS2 9JT. 

Permanent  address: Sakaki Laboratory, Institute of Industrial 
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crys ta l  ep i tax ia l  a luminum layers  were  grown on s o m e  
of the samples  (below 120~ wi thout  exposure  to air  
to obtain Schot tky  barr iers .  

The basic pr inciples  under ly ing  the RBS/channe l ing  
techniques have been discussed ex tens ive ly  in the  
l i t e ra tu re  (4-7) and  consequently,  only  a br ief  sum-  
m a r y  wil l  be provided  here.  A col l imated  beam of 
2-2.5 MeV t i e  + ions is d i rec ted  onto the crysta l  surface 
and the energy  dis t r ibut ion  of par t ic les  sca t tered  
th rough  an angle e degrees is measured  using a surface 
ba r r i e r  nuclear  par t ic le  detector.  This energy spec-  
t rum of the backsca t te red  ions yields in format ion  on 
the mass and depth  d is t r ibut ion  of the sca t ter ing  ions 
(5). When  the ion beam is incident  in a r andom crys ta l  
direction,  the nea r  surface composit ion of the  crys ta l  
may  be deduced f rom the Ruther fo rd  scat ter ing l aw 
(6). The re la t ive  concentra t ion NA and NB of species 
A and B may  be deduced f rom the respect ive  yields  Y 
using the approx imate  equat ion (5) 

NA. Y ( A )  [S]A ( Z B )  2 

NB = Y(B)  [S]B ~'A [1] 

where  ZA and ZB are the atomic numbers  for the atoms 
A and B and the [S] terms are  the compound stopping 
powers  in the  crys ta l  for scat ter ing f rom the species A 
or B, respect ively,  given by  the express ion (5) 

[S ] o~t 
[S]A = kA~[S]in + ~ [2] 

cos (e) 

kA 2 is the k inemat ic  factor  for the atoms A (or B) 
and e is the scat ter ing angle defined in the inset  of 
Fig. 1. The s topping powers  [S]in and IS]out correspond 
to the  ingoing and sca t tered  beam. For  the compounds 
used in this work  IS] was ob ta ined  f rom the s topping 
powers  of the e lements  concerned by  the use of the 
Bragg law (4, 8). 

Results and Discussion 
The s t ra igh t fo rward  use of RBS in  the measurement  

of the e lementa l  composit ion (8) was of value  to the 
present  study.  F igure  1 shows a spec t rum obta ined 
for random incidence from an InzAlcl -x)As l aye r  1.5 
~m thick (x = 0.4) grown on GaAs. The r andom 
spect ra  were  obta ined by  a!igning the crysta ls  to the 
<100> axis and  then  carefu l ly  misa l igning to find a 
random direction. In  this figure we show both  the 
compound ( raw)  RBS spec t rum obta ined  b y  sca t te r -  
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Fig. 1. Rutherford backscattering spectrum (RBS) obtained from 
an InxAI l -xAs crystal (x ~ 0.4) grown on a GaAs substrate. 
(Incident helium ion energy Ei ~ 2.0 MeV scattering angle 8 
168~ Both the composite spectrum and its component parts are 
shown. 

ing 2 MeV He + ions through 168 ~ together with the 
individual  component spectra from the indium, arsenic, 
and a luminum and the substrate GaAs. In  order to 
estimate the component  spectra, a simple i terat ive 
procedure (ga) based upon the work of Ref. (9b) 
was used. For each component spectrum an increase in  
yield with depth was obtained by normalizing the sur-  
face yield of each of the spectra to un i ty  and using the 
Rutherford scattering relationship [i.e., yield ~ (en-  
ergy) -2] to generate the depth dependence of the 
spectrum. In  InA1As grown on GaAs, for example, the 
GaAs substrate spectrum would be extracted first. 
The procedure described above would then be used for 
the In  spectrum, followed by the As and finally the A1 
spectra. The heavier  ind ium atoms give the clearest 
near-surface  spectrum, while the much lighter a lumi-  
num spectrum superimposed on the relat ively large 
background is more difficult to resolve and hence has 
the largest uncertainty.  From this spectrum the value 
o f  x from the ind ium spectrum and (1 - -  x) from the 
a luminum spectrum may readily be obtained. 

RBS spectra have been obtained for a range of 
InxAll-xAs samples with x ranging between 0 and 1. 
The values of x and (1 -- x) and the arsenic concen- 
t rat ion obtained from the corresponding RBS spectra 
are shown by the circular and t r iangular  points in  
Fig. 2 as a function of the values predicted from the 
molecular  beam cell fluxes. The full lines are the best 
straight lines through the exper imental  points. The 
arsenic concentrat ion is stoichiometric (i.e., at 50%) 
in all the layers grown with x varied between 0 and 1. 
This is as expected from thermodynamic  considera- 
tions. Observation of the ind ium concentrat ion again 
confirms that  the x values measured by RBS agree 
well with those estimated from the MBE flux monitor  
(3). The one departure  from this behavior is that  of a 
layer  with x -~ 0.2 (Fig. 3); here RBS estimates a 
value near  to x = 0.1, which is confirmed by repeated 
measurements  at different areas over the crystal sur-  
face. Another  interest ing feature of this spectrum is 
the appearance of a surface indium peak where the 
local x value rises to near  the predicted x = 0.2. The 
reproducibi l i ty  of the surface ind ium peak across the 
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Fig. 2. A summary of-the results obtained from a series of crystals 
grown with the value of x in InxAI l -zAs varied from 0 to 1. The 
upper graph shows the normalized (stoichiometric value ~- 1.0) 
arsenic concentration as a function of x. In the lower graph the 
RBS values of x for indium and (1 - -  x) for aluminum are plotted 
as a function of the predicted MBE flux values. 

surface, confirms that  it  is not  a local segregation of 
ind ium [as would be expected with spitt ing from the 
ind ium or a luminum source (10)]. The surface ind ium 
peak in this case arises from the surface accumulat ion 
of ind ium [or preferent ial  incorporat ion of A l ( G a ) ]  
in the nucleat ion stages, dur ing growth at high sub- 
strafe temperatures  or low As4 fluxes. Fur ther  con- 
firmation comes from SIMS studies (Fig. 3 inset) 
where results show that  the ind ium concentrat ion falls 
by about 10% at about 0.5 micron inside the surface. 
The spatial uni formi ty  of the surface ind ium accumu- 
lat ion was also confirmed by the SIMS studies. (Note 
that  the very high arsenic yield near  to the surface is 
an artifact of the present  SIMS technique possibly as- 
sociated with residual surface oxide persisting dur ing 
the erosion process.) In  comparison with the SIMS 
profiles, RBS spectra are relat ively easy to in terpre t  
and they yield quant i ta t ive  data. However, the prob-  
lem of obtaining an a luminum profile from the spec- 
t rum shown in Fig. 3 is not tractable, making com- 
p lementary  SIMS profiles invaluable.  

The abil i ty of the backscattering technique to mea-  
sure ind ium profiles is again indicated in  Fig. 4(a) 
which shows an RBS spectrum of a 1.5 vm lattice 
matched InGaAs.crys ta l  grown on an InP  substrate. 
The ind ium profile extracted from this spectrum shows 
two regions of different composition, one at the surface 
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Fig. 3. RBS spectrum from an InAIAs crystal (x - -  0.2) grown 
an a GaAs substrata. In this case Ei = 2.5 MeV and e ---- 170 ~ . 
Both the channeled < 1 0 0 >  and random spectra are shown. Also 
shown in the inset is the corresponding SIMS profile. 

and a second peak  app rox ima te ly  0.3 ~m inside the  
crystal .  This ind ium fluctuation was the  resul t  of in-  
d ium surface segregat ion  at the r e l a t ive ly  high growth  
t empe ra tu r e  (489~ This was done to de te rmine  the 
upper  t empera tu re  l imi t  to the growth  and to iden t i fy  
the g rowth  problems  tha t  occur in this high t empera -  
ture  regime.  We note tha t  the  surface ind ium concen- 
t ra t ions  indicate  an almost  100% increase over  the 
bu lk  ind ium value.  Note also tha t  the close p rox imi ty  
of the ga l l ium and arsenic atomic masses makes  i t  
difficult for the profiles to be separa ted  unambiguous ly  
f rom this spectrum.  The reverse  si tuation,  namely  a 
drop  in ind ium concentra t ion at  the surface, was asso- 
c ia ted wi th  an ins tab i l i ty  in the ind ium effusion cell  
t empe ra tu r e  control  and is c lear ly  shown in Fig. 4(b)  
whe re  the ind ium concentra t ion in InA1As fal ls  f rom 
the va lue  corresponding x = 0.8 to x = 0.72. Note 
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Fig. 4(a). RBS spectrum from on InGaAs crystal grown lattice 
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Fig. 4(b). RBS spectrum from an InAIAs crystal (x ---- 0.8) 
grown on a GaAs substrate. (Ei = 2.5 MeV, 0 = 170~ 

also tha t  i t  becomes more  difficult to ident i fy  f luctua-  
tions unambiguous ly  where  the  ind ium and arsenic 
spect ra  overlap.  

In some potent ia l  device appl icat ions  where  the  de-  
vice active l aye r  is of a composit ion tha t  does not  
la t t ice  match  tha t  of the subs t ra te  used, i t  is necessary 
to grade the rat io of the component  e lements  to reduce  
mismatch  s t ra in  and s t ra in  induced defects etc. (i.e., x 
in In=Al l -=As) .  Such s t ruc tures  provide  good test  
vehicles for ma te r i a l  charac ter iza t ion  techniques.  RBS 
alone can provide  informat ion  on the compound com- 
posit ion and its depth  dependence.  When  comple-  
mented  by  channel ing measurement ,  however,  infor -  
mat ion  on crys ta l  qual i ty  may  also be obtained.  This 
l a t t e r  point  is discussed la ter .  The  crys ta l  ana lyzed  in 
Fig. 5 (a) is an InxAl l -xAs  sample  where  x was s tepped 
down from 1.0 at  the in terface  in 20% steps to 0 at  the  
surface. To avoid oxidat ion  of the AlAs surface re -  
gion a thin InAs layer  was deposi ted  on the top sur -  
face. This is seen as the near  surface peak  at  the h igh  
energy  end of the spec t rum of Fig. 5 (a ) .  F r o m  the 
main  spec t rum the ind ium yie ld  is r ead i ly  ob ta ined  by  
ex t rac t ing  the arsenic profile, which is known to be a 
constant  f rom the rmodynamic  considerat ions  and is 
also confirmed from sput te r  Auger  and SIMS profil ing 
studies. The ind ium profile lies close to tha t  p red ic ted  
by  the growth  pa rame te r s  and is again  confirmed by  
the Auge r  and SIMS results.  The steps in the  com- 
posi t ion are apparen t  only  for Inx (x s tepped f rom 
1.0 to 0.8) which is also confirmed by  Auger  sput te r ing  
profiles. The 20% steps f rom x ---- 0.8 down to x = 0 
are  reduced due to mismatch  s t ra in - induced  in terdi f fu-  
sion at  the  h igh  growth  t e m p e r a t u r e  (480~ This  
s t ra in  becomes appa ren t  in the channel ing measu re -  
ments  discussed la te r  in this paper .  I t  is in teres t ing  to 
note tha t  the  Auger  sput te r  profil ing of the inverse  
l aye r  s t ruc ture  (i.e., where  x was s tepped in  20% in-  
crements  f rom 0 at  the in terface  to 1.0 at  the  surface)  
grown at  375~ [inset shown in Fig. 5 ( b ) ]  shows dis-  
crete  steps, a l though this is not observed  on the cot -  
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responding RBS spec t rum as the ion beam energy  and 
incident  angle  were  not opt imized for the best  depth  
resolution.  The RBS spec t rum again  i l lus t ra tes  the 
difficulty of ex t rac t ing  the a luminum profile. The ex -  
t rac ted  ind ium and a luminum signals are  compared  
to the Auge r  profiled resul ts  in Fig. 5 (b) inset. Here  
both  techniques confirm the re la t ive  in t eg r i ty  of the  
ind iv idua l  a l loy layers  and interface  regions when 
grown at  the lower  t empera ture .  

So far  we have considered only the basic RBS tech-  
nique. The fol lowing considers the use of the channel -  
ing process (6) to invest igate  bu lk  l aye r  crys ta l  qua l -  
i ty  and more  impor t an t ly  the crys ta l l ine  perfec t ion  of 
interfaces.  F igu re  6 shows two RBS spect ra  obta ined  
for a l igned and r andom incidence f rom a mu l t i l aye r  
s t ruc ture  consist ing of an InGaAs (2500A)/InA1As 
(1000A)/ InP ( subs t ra te ) .  Using the channel ing tech-  
nique there  a re  two basic measures  of c rys ta l  quali ty,  
the min imum yie ld  x~in and the dechannel ing ra te  

(-- dxmin/dz) where  z is the depth  of the pene t ra t ion  
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in the crys ta l  (11). These pa rame te r s  provide  only a 
re la t ive  measure  of  crysta l  quali ty.  In order,  therefore,  
to provide  a s t andard  we note tha t  for channel ing 
along the <100>  axis in a good qual i ty  GaAs l aye r  
values of Xmin N 0.04 and ~ ~ 10 -4 ( r im) -2  are  typical .  
For  the  crys ta l  shown in Fig. 6 (i.e., channel ing along 
the <100> axis) we obtain near  surface values  of 
Xmin(In) ~ 0.04 and a ( In )  : 5 X 10 -4  (rim) -1. The 
min imum yie ld  shows excel len t  agreement  wi th  the 
best  GaAs expe r imen ta l  resul ts  (12). In  the case of 
the dechannel ing ra te  ~, this resu l t  is a factor  five 
la rger  than  that  typical  of p r e mium grade GaAs. How- 
ever  there  are two reasons why  this is reasonable.  In  
the first instance dechannel ing is a much more  sensi-  
t ive p a r a m e t e r  than  the min imum yield.  Wood and 
Morgan (12), for example ,  have observed fourfold in-  
creases in ~ in GaAs ep i tax ia l  l ayers  at  a g rowth  in-  
terface. A second impor tan t  considerat ion arises f rom 
the d i spar i ty  in the atomic numbers  of the  component  
a tomswind ium,  arsenic, and a luminum.  A large  dis-  
pa r i ty  gives rise to a much la rger  intr insic  dechanne l -  
ing rate.  In  the case of p l ana r  channeling,  computer  
s imulat ion (13) resul ts  show tha t  this factor  alone 
could resul t  in a 300% increase in going f rom GaAs to 
a ma te r i a l  such as InA1As. In  v iew of these cons idera-  
tions i t  is concluded tha t  the value  of a = 5 X 10 -4 
( n m ) - I  is comparable  to those obta ined  for h igh -g rade  
ep i tax ia l  layers  and indicates  tha t  the uppermos t  
InA1As layer  exhibi ts  a high degree  of perfect ion,  
jus t i fy ing the care in la t t ice  matching  to the sub-  
s t ra te  InP. 

A second in teres t ing  fea ture  of these spec t ra  m a y  
be more c lear ly  seen in the inset  to Fig. 6, which shows 
an enlarged  plot  of the near  surface ind ium peaks  (i.e., 
the indium in the InA1As and the InGaAs) .  At  the  in-  
terface be tween  these two layers  the ind ium channel -  
ing curve undergoes  an ab rup t  t rans i t ion  resul t ing  
in a fourfold  increase in the dechannel ing p a r a m e t e r  
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a ( In )  (i.e., ~ increases from 5 X I0 -4  to 20 X 10 -4 
( n m ) - l ) .  This indicates that  the lattice structures are 
strained at the interface, p resumably  a result  of im-  
perfect matching, local segregation, or diffusion of 
group III  elements wi th in  the alloy sublatt ice across 
the interface. I t  is clear that such s t rain can result  in  
undesirable  deep levels which could adversely affect 
the performance of FET's  made from such layers. Fu r -  
ther  clarification of the interface s t ra in  may  be gained 
from the random spectrum of Fig. 6. At the interface 
the ind ium yield decreases indicat ing that  a deficiency 
of ind ium occurs dur ing the t ransi t ion from the 
growth of InGaAs to InA1As. The ind ium deficiency at 
the interface is fur ther  evidence for accumulat ion of 
ind ium in these two te rnary  alloys growing under  con- 
ditions of low As4 fluxes or high tempera ture  sub-  
strates. The total ind ium deficiency at the interface 
corresponds to a total equivalent  of 1.5 monolayers of 
pure indium. Because of the l imited depth resolution 
(,~200A) it  is not  known how localized this deficiency 
is. 

A third measure possible from a channel ing spec- 
t rum is the area under  the surface indium, gallium, 
and arsenic peaks (9). These peaks give the ratio of 
unscreened components in the surface disordered layer. 
From the <100> channel  spectrum shown in the inset 
of Fig. 1 we obta in  a value of N ( I n ) / N ( G a  -5 As) m 
0.63 which is significantly larger  than the expected 
bulk  value of 0.36. One of the difficulties of this mea-  
surement  is that  the Ga and As peaks cannot  be sepa- 
rated and hence the source of the nonstoichiometry 
cannot  be identified. Before leaving the topic of in ter -  
faces we note in the random spectrum in Fig. 3 that 
there exists a dip in the gal l ium yield when  InA1As is 
grown on a GaAs substrate which is explained by an 
A1/Ga exchange and redis t r ibut ion reaction dur ing 
growth of the first few atomic layers of any  a l u m i n u m -  
containing alloy or .compound on any  ga l l ium-conta in-  
ing alloy or compound. It  is also observed that the 
dechannel ing curve in  Fig. 3 undergoes an abrupt  in -  
crease as the interface between InA1As and the GaAs 
substrate is approached. This is presumably  a result  
of the interface strain expected since this interface 
is not lattice matched. The dechannel ing results indi -  
cate that this s t ra in extends some 2000A into the epi- 
taxial  layer. 

In  order to fur ther  investigate the value of channel-  
ing measurements ,  studies have been carried out on 
the range of samples studied earlier (i.e., those with 
InxAll -zAs for x ranging from 0 to 1). The clear t rend 
in these results is that the best channel ing (i.e., lowest 
Xmin) was obtained in crystals with x _~ 0.5 (i.e., the 
InP  lattice matched system). We note also that  layers 
grown on GaAs (not lattice matched) give poorer 
channeling.  For example, in the case of x ---- 0.8 [Fig. 
4 (b ) ]  the crystal s t ructure is so poor that  it is very 
difficult to observe any channel ing dips with any de- 
gree of certainty. The same conclusions may be drawn 
for other crystals with variable x [Fig. 5 (b)] ,  the near  
s u r f a c e  Xmin(In) : 0.52, confirming that  the crystal-  
l in i ty  is very  poor. 

Another  example of the value of this technique is 
shown in Fig. 7 in the spectrum from a lattice matched 
layer of InGaAs/ InP.  This layer  exhibited a very low 
mobil i ty  compared to normal.  The reason for this low 
mobil i ty  is apparent  from the RBS spectra shown in 
Fig. 7. Consider first the random spectrum. This shows 
a series of peaks in the ind ium concentrat ion cu lmina t -  
ing with a large surface accumulat ion (i.e., a I5-20% 
increase over the average bulk  value) .  These oscilla- 
tions occur and can be seen even when the ind ium and 
GaAs spectra overlap. Clearly any var iat ion in ind ium 
concentrat ion must  be matched by a complementary 
change in  the gallium. Of part icular  interest  is the 

3 T h e  b a c k g r o u n d  correction procedure used to extract t h e  su r -  
f a c e  peaks w a s  t h a t  d e s c r i b e d  b y  Morgan and Wood in R e f .  ( i l l  
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Fig. 7. RBS spectrum of an fnAIAs grown on a GaA~ substrate 
[Ei ~ 2.5 MeV (He ions), e ~ 170~ 

channeled spectrum; here the oscillations are greatly 
amplified (i.e., a max imum of 100% change).  The rea-  
son for this greater sensit ivi ty lies in the nature  of the 
channel ing process. The channeled component  of the 
beam is screened from violent collisions. However, 
when the ind ium concentrat ion increases, the channel  
becomes distorted and some channeled ions are no 
longer screened, resul t ing in  the increased backscatter-  
ing. In  this way the effect of the ind ium fluctuations 
are amplified (i.e., 10% variat ion in the random RBS 
spectrum becomes a 100% change).  

Conclusions 
Both random and channel ing RBS have been used 

with complementary  sputter  Auger  and SIMS tech- 
niques to study epitaxial  InA1As and InGaAs mul t i -  
layer  structures on (100) InP  and GaAs substrates. 

Results indicate that at higher temperatures  or re-  
duced arsenic fluxes ind ium accumulates on the surface 
d u r i n g  growth of both InGaAs and InA1As alloys. The 
net  effect is to leave an ind ium deficiency at near  sub-  
strate layer  interface regions. The effect was confirmed 
by observing depth fluctuations of the I n / G a  ratio in  
layers grown with in tent ional ly  fluctuating arsenic 
fluxes. A fur ther  effect seen only by  RBS was the 
preferent ial  exchange of a l u m i n u m  for gal l ium at the 
nucleat ion stage of InA1As on GaAs substrates or on 
InGaAs layers. 
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Plasma Oxide FET Devices 

A. K. Ray* and A. Reisman* 
IBM T. J. Watson Research Center, Yorktown Heights, New York  10S98 

ABSTRACT 

Plasma  oxidat ion  techniques descr ibed in this issue (1, 2) by  the authors  were  
employed  alone, or in conjunct ion  wi th  the rmal  oxidat ion  processes in the  
fabr ica t ion  of n -channe l  polysi l icon gate field effect t ransistors.  Hor izonta l  
dimensions were  de l inea ted  using opt ical  l i thography,  and  r anged  f rom 2.5 
~m m i n i m u m  dimensions up, to enable  assessment  of device pa ramete rs .  
The character is t ics  of 500~ p lasma oxidized s t ructures  were  compared  to 
those fabr ica ted  in a convent ional  manner  at  1000~ Gate  oxides  were  35 n m  
th ick  and field p l ana r  oxide regions were  350 nm thick. Using wafers  of a 
g iven resis t ivi ty,  the th ick and thin oxide thresholds  of p lasma  oxide struc = 
tures  were  h igher  than  the i r  t he rmal  counterpar t s  due, it  is bel ieved,  to the  
absence of surface boron deple t ion  in p lasma oxidized regions.  In  l ine wi th  
this, threshold  sens i t iv i ty  to subs t ra te  bias (subs t ra te  sensi t iv i ty)  was grea te r  
in p lasma  oxidized s t ructures  for a given s ta r t ing  background  subs t ra te  
doping level.  Also because of the absence of impur i t y  spreading,  the  sheet  
res i s t iv i ty  of n + junct ions  was h igher  in p lasma oxidized s t ructures .  Aside  
f rom doping leve l  effects which can be advan tageous ly  accommodated  for  by  
appropr i a t e  device design, p l a sma  oxidized devices a re  o therwise  qui te  com- 
pa r ab l e  to thei r  the rmal  counterpar ts .  They  exhibi t  obvious device design and 
process control  a t t r ibu tes  due to shor ter  processing t ime at  h igh t empera -  
tures, i.e., absence of oxidat ion  induced s tacking faults,  confinement  of 
junctions,  and absence of surface impur i t y  deplet ion.  In  n -channe l  devices, 
the absence of boron deple t ion  dur ing  p lasma oxidat ion  has enabled the fab-  
r icat ion of surface and junct ion  ion - imp lan ted  devices wi th  lower  boron doses 
and lower  subs t ra te  sensi t ivi ty.  

In  the fabr ica t ion  of micron  or submicron device 
s t ructures ,  the re  is an increas ing in teres t  in the use of 
lower  processing t empera tu res  to minimize  impur i ty  
red is t r ibu t ion  and defect  generat ion effects. Oxidat ion  
is a key  process in semiconductor  device fabricat ion.  
High t empera tu re  oxidat ion  is accompanied in add i -  
t ion to the problems ment ioned above by  surface de-  
ple t ion of impur i t ies  (3), oxida t ion  enhanced diffu- 
sion (4), genera t ion  of s tacking faul ts  (4, 5), and so- 
cal led bird 's  beak  genera t ion  (6). In  Par t s  I and II the 
authors  have descr ibed a low t empera tu re  p lasma  oxi-  
dat ion process (1, 2) in which  uni form thickness oxides 
exhib i t ing  excel lent  physical  and electr ical  proper t ies  
can be grown on 57 mm diam silicon wafers.  In  the 
process described,  an oxygen p lasma is genera ted  at 
pressures  above 10 mTorr  in an electrodeless  fused 

* Electrochemical Society Active Member. 
1 See Parts I and II prior to reading this paper: This Journal, 

128, 2460, 2466 (1981). 
Key words: silicon, oxygen plasma, boron depletionj substrate 

sensitivity. 

silica react ion chamber  using a 3 MHz rf  genera tor  
and a 1 k W  power  output .  The sys tem is pumped  con- 
t inuously  dur ing oxidat ion and the oxygen  pressure  is 
var ied  by  vary ing  the oxygen flow rate.  Si l icon wafers  
are  placed on e i ther  side of an rf  coil, mounted  pe r -  
pendicu lar  to the direct ion of gas flow, wi th  the si l i -  
con surfaces to be oxidized facing away  from the 
plasma. Oxide grows p r imar i l y  on the silicon surfaces 
facing away  from the plasma,  whi le  much  th inner  ox-  
ide  grows on the silicon surfaces facing the  plasma. 
The t empe ra tu r e  of the wafers  dur ing  p lasma  ox ida-  
t ion is about  500~ and is measured  b y  a Chromel -  
Alumel  thermocouple  p laced ad jacent  to the wafers.  
The p lasma oxides can be grown at  ra tes  less than, 
equal  to, or grea ter  than that  obta inable  via d ry  the r -  
mal  oxidat ion  processes at  1000~ depending upon 
oxygen par t ia l  pressure,  wafer  posit ion re la t ive  to the 
rf  coil, t empera ture ,  and genera tor  output  power.  The 
h igh- low thickness un i formi ty  of the g rown oxide 
was be t te r  than ___5% and the s tandard  devia t ion  was 
of the  order  1-3%. The etch ra te  and ref rac t ive  index 
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of the a s -g rown  p lasma  oxides were  comparab le  to 
the rmal  oxides grown at  1000~C. The a s -g rown  oxides 
exhib i ted  la rge  negat ive  f la tband vol tages wi th  high 
in ter face  t rap  dens i ty  (3 X 101S/cm ~' eV) .  However ,  
af ter  a convent ional  low t empera tu re  pos tmeta l l i za -  
t ion anneal  (400~ 20 min, forming gas) ,  the in terface  
charge  and t rap  densit ies  decrease to 6 X 10 l~ The 
e lect r ica l  b r eakdown  s t rength  (3-4 MV/cm)  was 
somewhat  lower  than the the rmal  counterpar t .  How-  
ever,  a f te r  a postoxidat ion h e a t - t r e a t m e n t  at  1000~ 
for 15 min in d ry  O~, fol lowed by  5 min in Ar, the  
b reakdown  s t rength  improved  to 7-8 MV/cm and the 
in terface  charge and t rap  densit ies  d ropped  fur ther  to 
the 2 X 10 l~ The proper t ies  of p lasma grown oxides 
af te r  a short  anneal  at  1000~ are  thus comparable  
to the  the rmal  oxides grown at  1000~ The thickness  
change associated wi th  this anneal ing  t r ea tment  is less 
than 5 nm. In addit ion,  boron deple t ion  effects are  
absent ,  as a re  ox ida t ion- induced  s tacking faul ts  and 
bi rd ' s  beak  effects (2). El iminat ion  of the b i rd ' s  beak  
is due solely to the fact  that  an oxide pad is not  r e -  
qu i red  under  the  oxida t ion  mask  to avoid defect  gen- 
era t ion dur ing  the low t empera tu r e  p lasma oxidat ion.  
Based on these results,  the present  s tudy  was con- 
ducted to eva lua te  p lasma oxides in terms of po ly -  
c rys ta l l ine  sil icon insula ted  gate FET device charac-  
teristics.  

Experimental Techniques 

Polysi l icon gate FET devices were  fabr ica ted  using 
opt ical  l i thographic  techniques in conjunct ion with  the 
p lasma oxida t ion  process alone, or  in combinat ion 
wi th  t he rma l  oxidat ion.  For  the present  studies,  
p lasma oxide growth  rates  cons iderably  fas ter  than 
1000~ d r y  oxida$ion ra tes  were  employed.  For  ex-  
ample,  35 nm gate oxides were  grown in 5 min and 
350 nm field oxides  were  grown in 330 min. The com- 
pa rab le  t imes for d r y  the rmal  oxidat ions at 1000~ 
would  have been 38 and 1220 rain, respect ively.  The 
p lasma oxides were  al l  grown at  500~ 30 mTor r  sys-  
tem pa r t i a l  pressure,  1 kW genera to r  output  power,  
and  a genera to r  f requency  of 3 MHz. As mentioned,  
the growth  of these p lasma oxides occurs on the sur -  
faces of the wafers  facing away  from the p lasma 
which  was descr ibed ea r l i e r  (2). No ex te rna l  bias was 
appl ied  to the  wafers.  There  were  three  oxidat ion  
steps involved in the device fabr icat ion;  field isolat ion 
oxidat ion,  gate insula tor  oxidation,  and s imul taneous  
source-dra in :  gate e lectrode oxidation.  Four  groups of 
wafers,  two in each group, were  employed in the ex -  
per iments .  These included:  (A)  wafers  wi th  p lasma 
field, p lasma gate insulator ,  and p lasma source-dra in :  
gate  e lect rode oxidations,  (B) wafers  wi th  p lasma 
field, p lasma gate insula tor  oxidations,  and the rmal  
gate  e l ec t rode : source -d ra in  oxidation,  (C) wafers  
wi th  p lasma field oxidat ion,  the rmal  gate insulator ,  
and the rma l  gate e l ec t rode : source -d ra in  oxidations,  
and (D) control  wafers  wi th  the rmal  field, t he rmal  
gate insulator ,  and the rmal  sou rce -d ra in :ga t e  elec- 
t rode oxidations.  In o rder  to keep the device fabr ica -  
t ion process as s imple as possible, no field or channel  
ta i lor ing  implan ts  were  employed in this first series of 
exper iments ,  and source and dra in  regions were  
formed by  diffusion. In addit ion,  field regions were  
p l ana r  (as opposed to semi -ROX configurat ions) .  0.5 
~2-cm p - t y p e  (B ,~ 3.2 X 1016/cm z) Czochralski  grown 
silicon wafers  were  used as substrates .  About  350 nm 
of b lanke t  field oxides were  grown over the ent i re  
wafe r  using e i ther  p lasma or t he rma l  oxidat ion  tech-  
niques as the s ta r t ing  point. Fie ld  regions were  sub-  
sequent ly  defined using s tandard  photo l i thographic  
techniques.  Gate  oxides (35 nm)  were  then grown 
using p lasma  or the rmal  oxida t ion  processes. Wafers  
wi th  p lasma  gate insula tors  were  given a pos tox ida -  
t ion h e a t - t r e a t m e n t  at  1000~ for 15 min in d ry  02 
fol lowed by  5 min in At .  As ment ioned before,  "this 
h e a t - t r e a t m e n t  reduces the in terface  t raps  and charge 
density,  and improves  the b r eakdown  s t rength  of 

p lasma oxides. Dur ing  this postoxidat ion h e a t - t r e a t -  
ment,  as mentioned,  about  5 nm of the rmal  SiO2 is 
g rown in addi t ion to the 30 nm of p lasma gate oxide 
a l r e a dy  presen t  on the  wafers.  If  the  pos toxidat ion  
anneal ing  of the p lasma oxides is conducted only  in an 
iner t  a tmosphere  (a rgon) ,  the in terface  electr ical  
p roper t ies  of the oxides are  essent ia l ly  equiva lent  to 
those obta ined using the procedure  descr ibed (2). 
The b r eakdown  s t rength  of the oxides fol lowing iner t  
gas anneal ing  does not  improve  however ,  a l though i t  
is st i l l  adequate  for device applications.  Our  normal  
p rocedure  is to use the two-s tep  anneal ing  procedure  
so as to obta in  the h igher  b r eakdown  s t rength  oxides. 
Wafers  wi th  convent ional  the rmal  oxides received a 
1000~ 5 rain Ar  postoxidat ion hea t - t r ea tment .  Af te r  
;growing field and gate oxides, about  350 nm of un -  
doped polysi l icon films were  deposi ted over  the wafers  
and subsequent ly  doped with  phosphorus.  Polysi l icon 
gate electrodes,  source, and dra in  regions were  defined 
by  photol i thography.  Source  and dra in  were  then 
formed by  phosphorus diffusion. Fol lowing  source-  
d ra in  diffusion, I00 nm of oxides were  grown over  
these regions using p lasma or the rmal  oxidat ion  p ro -  
cesses. Subsequent  device fabr ica t ion  steps, e.g., CVD 
SiO2 deposi t ion (250 nm) ,  PSG formation,  contact  
meta l lurgy ,  pre  (500~ 30 rain, forming gas) and 
post  (400~ 20 min, forming gas) meta l l iza t ion  an-  
neals  were  common to al l  wafers.  

Results and Discussions 
Threshold  vol tage comparisons of FET devices were  

made using a s tandard  I-'V technique.  Measurements  
were  made  on devices wi th  a 10.8 #m channel  l ength  
and an 89.5 #m channel  width,  unless otherwise  spe-  
cified. About  ten devices on each wafer  were  mea -  
sured to obtain the average threshold  voltage. F igure  
1 shows the I-V character is t ics  of FET devices in 
wafer  type  A which were  fabr ica ted  using only p lasma 
oxidat ion  steps. Threshold  measurements  were  made  
wi th  a source-subs t ra te  bias  of --1V wi th  the source 
grounded and 0.1V appl ied  be tween  the source and 
drain.  The threshold  vol tage as de te rmined  f rom the 
s t ra ight  l ine  por t ion of the  curves was 0.88 _+ 0.07V. 
F igure  2 shows the I-V character is t ics  of FET devices 
in control  wafer ,  type  D. The  threshold  vol tage  of 
FET devices made  by  convent ional  processes was 
0.74 _ 0.065V. Compar ing  slopes of the s t ra ight  lines 
in Fig. 1 and 2, i t  is seen that  the channel  t ranscon-  
ductance of FET devices fabr ica ted  wi th  p lasma oxi-  
dat ion processes is essent ia l ly  the same as those fab-  
r ica ted  by  convent ional  the rmal  techniques.  The  the r -  
mal  oxide devices exhib i ted  lower  threshold  voltages,  
but  the spread  in threshold  vol tages is essent ia l ly  the 
same for the two types of wafers.  This spread  is quite 
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Fig. 1. I-V characteristics of FET devices fabricated using only 
plasma oxidation steps. 
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Fig. 2. I-V characteristics of FET devices fabricated using only 
thermal oxidation steps. 

1.6 

common in devices which do not have channel  implan t  
ta i lor ing  and is due to bu lk  doping variat ions.  F igure  3 
shows the var ia t ion  of the  threshold  vol tage  wi th  
channel  mask  length  for the  four types of wafers  being 
examined.  The effective channel  length  for each device 
size which would  differ f rom the mask  length  by  a 
va lue  Al could not  be de te rmined  f rom the mask  set 
employed,  because the device wid th  was different  for 
each channel  length.  The channel  etch to lerance  for  all  
devices should, however ,  be  the  same and the al  va lue  
would  depend  then on junc t ion  diffusion spreading  in 
each wafer  type. Consequently,  the comparison of 
s imi lar  devices in Fig. S is of less value  than  dev ice - to -  
device comparison along each curve, and the re la t ive  
posi t ion of one curve to the  others. Devices on al l  the 
wafers  showed the expected short  channel  effect below 
L _-- 3.5 ~m. The s t ra igh t  l ine por t ions  for  the wafer  
types  A and B m a y  have a s l ight  upward  slope, because 
the large  devices (L _-- 50.8 ~m, W --  508 ~m) in both 
wafer  types  A and B exhib i t  thresholds  of 1.1-1.2V 
compared  to values  a round  0.88V for somewhat  smal le r  
devices (L _-- 10.8 ~m, W -- 89.5 ~m). Corresponding 
devices on wafer  types C and D, both of which  have 
the rmal  gate  insulators  show no such effect. If  we now 
examine  the curves for wafer  types  C and D of Fig. 3, 
i t  is seen that  devices on wafer  type  D appear  to show 
a lower threshold  than  corresponding devices on wafer  
type  C. This is bel ieved to be due to surface boron 
deplet ion (7) in wafer  type  D which underwen t  the r -  
mal  field oxidat ion  as compared  to wafer  type  C which 
underwen t  p lasma field oxidation.  Since wafer  types 
C and D both received a the rmal  gate insula tor  ox ida -  
t ion sequence, the re la t ive  threshold difference cannot 
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Fig. 3. Variation of thin oxide threshold voltage with channel 
mask length. 

be due to gate  insula tor  thickness difference be tween  
them. This was verified via C-V measurements  on 
capaci tor  pads present  on the device wafers  on which 
f latband values  were  also de te rmined  to insure  tha t  the 
difference could not  be a t t r ibu ted  to difference in in-  
sula tor  charge levels.  More definit ive boron deplet ion 
exper iments  which confirmed the above are  discussed 
m o r e  fu l ly  below. 

F igure  4 shows the va r ia t ion  of th in  oxide  threshold  
vol tage as a funct ion of subs t ra te  bias  voltage. I t  is 
seen that  the  control  wafer  D exhibi ts  s l igh t ly  lower  
subs t ra te  sensi t iv i ty  than  the p lasma oxidized devices. 
This is also consistent  wi th  the existence of a boron 
deplet ion effect in the  control  wafers.  The boron deple-  
tion effect is even more  pronounced in the subs t ra te  
6ensi t ivi ty  curves for  A1 gated th ick oxide devices 
(Fig. 5). Thermal  th ick oxide devices (D) have  much 
lower  thresholds  compared  to p lasma thick oxide 
devices (A, B, and C), again  consistent  wi th  boron 
deplet ion effects in the former .  The sl ight  var ia t ion  in 
thresholds  of th ick p lasma oxide  devices in wafer  types 
A, B, and C is p robab ly  due to var ia t ion  in oxide th ick-  
ness (493, 507, and 509 nm, respect ive ly)  or  bu lk  sub-  
s trafe doping level  variat ions.  
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Fig. 4. Variation of thin oxide threshold voltage as a function of 
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The absence of boron depletion effects dur ing plasma 
oxidation was confirmed via pulsed C-V measurements  
on polysilicon gated capacitors in separate experi-  
ments. 350 n m  of SiO2 was grown on 2 ~ - c m  p- type  
(B ,~ 8 • 1015/cm 8) silicon wafers using either plasma 
oxidation at 500~ or thermal  oxidation at 1000~ 
These thick oxides were grown to enhance boron de- 
pletion effects, if present, as they would be in a con- 
vent ional  field oxidation. The thick oxides were then 
stripped off, and thin oxides (35 nm)  were grown on 
the same wafers by plasma or thermal  oxidation pro- 
cesses. Polysilicon gated capacitors were formed on 
this thin oxide, and the boron concentrat ion profile 
near  the Si-SiO2 interface was determined via the 
pulsed C-V technique. Figure 6 shows the boron con- 
centrat ion profile near  the Si-SiO2 interface after 
plasma oxidation, indicat ing the absence of boron de- 
pletion effects. Figure 7 shows the boron concentrat ion 
profile after thermal  oxidation. The boron concentra-  
tion gradual ly  decreases from its bulk  value as the 
Si-SiO2 interface is approached. In Fig. 6 and 7 the 
profile is shown to wi thin  2LD of the Si-SiO2 interface, 
(LD ---- Debye length) ,  because at <~2LD the pulsed C-V 
data are not considered reliable. The sheet resistivity 
of n + junct ions for devices with thermal  source-drain:  
gate electrode oxidation was lower (30 ~/[3)  than de- 
vices with plasma source-dra in :ga te  electrode oxida- 
t ion (41 ~2/[3). This is an indication of the formation 
of deeper junct ions dur ing  the thermal  source-drain:  
gate electrode oxidation step at the higher tempera-  
tures employed, since the same doping cycle was used 
for all the wafers dur ing ini t ial  source-drain  forma- 
tion. The sheet resist ivity of polysilicon gate electrodes 
(25 ~/[~)  was essentially the same for all wafers. 

The results of the first device test run  led to the 
fabricat ion of a second device test run  to test semi- 
ROX plasma field oxides against  thermal  field oxides. 
Plasma oxidation was used only to grow field oxides in  this test run  with the gate oxides being grown ther-  
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mal ly  at 800~ During the gate oxide growth at 800~ 
we would expect min imal  surface boron depletion. The 
absence of boron depletion dur ing plasma oxide growth 
should enable the fabrication of ion- implan ted  devices 
with lower boron field doses than that used in con -  
vent ional  processing. The use of lower boron doses in 
field ion implanta t ion should also result  in lower junc-  
tion capacitance and lower substrate sensitivity. Field 
ion implantat io n conditions were chosen so as to ob- 
tain the same thick oxide thresholds for the plasma 
and thermal  thick oxide devices with --0.75V on the 
substrate. For the plasma field oxides, boron implan ta -  
tion dosage was 1.15 X 10 TM and 80 keV while that  for 
thermal  field oxides was 7.5 X 10 TM and 65 keV. 
About  450 nm of semi-ROX plasma field oxides were 
grown on wafer type E at 550~ 15 reTort  system 
pressure, and 1 kW generator output  power in  6.5 hr. 
200 nm of MgO on top of 5 nm of SiO2 was used as an 
oxidation mask. About  450 nm of thermal  field oxides 
were grown on wafer type F at 950~ As mentioned 
above, gate oxides (22.5 nm)  were grown on all wafers 
by thermal  oxidation at 800~ Channel  tai loring ion 
implanta t ion (B ,~ 1.1 X 1022, 34 keV) was employed 
in this test run, and source-drain regions were formed 
via ion implantat ion.  Other device fabrication steps 
were essentially the same as described before. Figure 
8 shows the thick oxide thresholds for polysilicon gate 
plasma (wafer E) and thermal  (wafer F) thick oxide 
devices as a function of substrate voltage. At --0.75V 
substrate bias voltage, the threshold for the thermal  
thick oxide devices is about 1V higher than the plasma 
oxide devices. It  is seen from Fig. 8 that the plasma 
oxide devices have much lower substrate sensit ivi ty 
compared to the thermal  oxide devices because of the 
lower boron dosage required for field ion implantat ion.  
It is thus possible to obtain desired threshold voltage 
accompanied by lower substrate sensit ivi ty in plasma 
oxide devices by adjust ing ion implanta t ion  conditions, 
since no boron is lost to the grown oxide via a boron 
depletion effect. 

Since the thin oxides in both types of wafers were 
grown thermal ly  at 800~ and same channel  tai loring 
ion implanta t ion was used, we expected the thin ox- 
ide threshold voltages to be the same for both wafers. 
Figure 9 shows the variat ion of thin oxide threshold 
voltage as a function of substrate bias voltage for the 
two types of wafers. Thin  oxide devices have similar  
thresholds and substrate sensitivity. Threshold mea-  
surements  were made on devices with nominal  di- 
mensions (L ---- 10.8 #m, W ---- 89.5 ~m). Since plasma 
field oxides were grown at much lower tempera ture  
compared to thermal  field oxides, there will be less 
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dopant  red i s t r ibu t ion  in p lasma oxidized s t ructures  
and as a consequence, the boron concentra t ion near  
the semi -ROX edges m a y  be less for p lasma field ox-  
ides compared  to the rmal  field oxides. This could lead 
to leakage  along the width  of an FET channel  often 
cal led "s idewalk  leakage."  This effect would  be more 
pronounced for na r row width  devices. In  o rder  to ex-  
amine  this phenomenon,  the subthreshold  cha rac te r -  
istics of thin oxide  FET devices wi th  nominal  d imen-  
sions L ~ 3.18 ~m and W -- 3.18 ~m were  determined.  
F igure  10 shows the subthreshold  I -V character is t ics  
of FET devices wi th  p lasma  (E) and the rmal  (F)  field 
oxides. Both devices exhib i t  s imi lar  subthreshold  be-  
havior  wi th  no indicat ion of abnormal  leakage current ,  
i.e., normal  subthreshold  conduction character is t ics  a re  
observed.  

Conclusions 
The character is t ics  of FET devices fabr ica ted  using 

p lasma oxidat ion  processes were  found to be normal  
and comparable  to devices fabr ica ted  in convent ional  
manner .  Wi th  a given s ta r t ing  subs t ra te  resis t ivi ty,  
the threshold  vol tages of p lasma oxide devices are  
h igher  than the rmal  oxide devices because of the ab-  
sence of boron deplet ion effects dur ing p lasma ox ida-  
tion. A h igher  observed subst ra te  sensi t iv i ty  of p lasma 
oxide devices is also consistent  wi th  the absence of the 
boron deplet ion effect. The h igher  sheet res is t iv i ty  of 
n + junct ions  in p lasma  oxide devices is p re sumab ly  
due to the format ion  of shal lower  junct ions because 
of the lower  sou rce -d ra in :ga t e  e lectrode oxidat ion 
tempera ture .  The doping level  employed dur ing 
source-dra in  format ion  can be ad jus ted  for desi red 
junct ion sheet  resist ivi ty.  I t  has been demonst ra ted  
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tha t  a requi red  threshold  vol tage  and lower  subs t ra te  
sens i t iv i ty  in the field regions can be achieved in 
p lasma oxide devices by  using lower  dosage implants ,  
since no excess boron is lost to the grown oxide via a 
boron deplet ion effect. A s imi lar  but  smal le r  effect 
would  occur in the channel  regions. In  general ,  then, 
p lasma oxide devices have advantages  over  the rmal  
oxide devices in terms of lower  processing t empera -  
tures, absence of defects, absence of surface dopant  
deplet ion and junct ion depth  containment ,  as wel l  as 
minimiza t ion  of "bi rd ' s  beak"  phenomena.  
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A Modified SEM Type EB Direct Writing System 
and Its Application on MOS LSI Fabrication 
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ABSTRACT 

A modified SEM type  e lec t ron beam exposure  machine  adopts  an auto-  
reg i s t ra t ion  funct ion and i t  is conver ted  to a d i rec t  wr i t ing  purpose  system. 
One-ch ip -one  field and ch ip -by -ch ip  reg i s t ra t ion  scheme is adopted  to in-  
crease the field size and to e l imina te  s t age - re l a t ed  problems,  such as  l a s e r  
in te r fe romet r ic  control  complex i ty  and s tage movemen t  slowness. 2 #m ru le  
64 k ROM, sh runk  to 4/10 f rom the or ig inal  design, is used as a device for 
tes t ing the deve loped  EB system capabi l i ty .  0.8 ~m high, 2 ~m wide, L - s h a p e d  
step made  f rom bulk  Si is used as reg is t ra t ion  marks  and ___0.1 ~m of 2 level  
ove r l ay  accuracy is achieved.  Al though  no special  opt imizat ion  or  device de -  
sign modif icat ion is done on the shr inkage,  the  device fabr ica ted  b y  al l  EB 
di rec t  wr i t ings  and d ry  e tching process shows no not iceable  difference in elec-  
t r ic  functions f rom one made  by  photo l i thographic  (DSW) processes. The 
sys tem is s table  wi thout  in tensive maintenance  jobs and over lay  accuracy 
th rough  the process (7 exposing levels)  is be t t e r  than  ___0.25 #m, a l though the 
reg is t ra t ion  m a r k  s t ruc ture  is changed by  the fabr ica t ion  processes. I t  becomes 
c l e a r  tha t  this k ind  of d i rec t  wr i t ing  machine  is ve ry  useful  for r e sea rch  of EB 
l i t hog raphy  and the LSI  development .  

Mas te r  mask  fabr ica t ion  using e lect ron beam ex-  
posure  has become usable  on the fac tory  level.  A 
ras te r  scanning machine  is most popula r  for this pu r -  
pose (1-3).  

However ,  i t  is not  c lear  ye t  which  is the bes t  sys tem 
for d i rec t  wr i t ing  and there  is no commercia l  machine  
used for production.  For  a whi le  the e lec t ron beam 
direct  wr i t ing  machine  was used as an expe r imen ta l  
or  LSI  deve lopment  purpose  tool, due to the smal l  
th roughput  f rom its se r ia l ly  exposing na ture  but  
quick tu rn  around time. The sys tem under  these c i r -  
cumstances should have the fol lowing character is t ics  
to compete  wi th  ever  improving  photo l i thographic  ma-  
chines (4):  (i) Ach ievab i l i ty  of h ighly  accurate  re -  
regis t ra t ion,  even though the wafer  is d is tor ted  (5) 
and the reg is t ra t ion  m a r k  is degraded  by  the fabr ica -  
t ion processes; (it) reasonable  th roughput  to fabr ica te  
developing  devices; (iii) high s tab i l i ty  and high up-  
t ime rat io;  and (iv) connection to computer  a ided  de-  
sign sys tem is possible. 

To sa t is fy  ( i) ,  a vector  scanning e lect ron beam ex-  
posure i s  one of the best  ways,  because of its scheme 
to reg is te r  the wr i t ing  pa t t e rn  on a chip by  chip basis, 
using regis t ra t ion  marks  on each chip corner. If  chip 
b y  chip reg is t ra t ion  is possible, necessary stage move-  
men t  accuracy becomes less and re reg i s t ra t ion  could 
be real ized even wi thout  laser  in te r fe romet r ic  control. 
I t  also reduces the EB sys tem cost and complexity.  

Abou t  (i i) ,  a one-ch ip-one  field s t ra tegy  for large  
field would  be one of the be t te r  choices, since i t  can 
reduce the s tage movement  time, which  could be a 
l a rge  pa r t  of exposing t ime af ter  the advent  of h igh 
resolu t ion  high speed DAC for s teer ing the e lect ron 
beam. Whi le  this technique  resul ts  in b igger  wr i t ing  
field distort ion,  if al l  the exposure  is accomplished by  
the same machine,  there  should not  be any p rob lem 
including over laying.  

To sat isfy  (iii), magnet ic  field scan and separa t ion  
of main  scan and correct ion for re reg i s t ra t ion  are  im-  
portant .  About  ( iv) ,  PG-3000 format  1 could be an in-  
terface. 

The sys tem developed in this research  is a vector  
scanning type  using prelens  double  deflection cor rec -  

* Electrochemical Society Active Member. 
Key words: electron beam exposure, direct writing system, 

auto-registration, MOS LSI process, registration mark. 
1 A pattern data format, proposed by David W. Mann Company. 

t ion for reg is t ra t ion  and postlens main  scanning. F ie ld  
size is r e l a t ive ly  large,  5 ram. It  can accommodate  
var ious  developing test  devices l ike 64 K ROM, 4 k 
stat ic RAM, 256 k bubble  device, SAW device, etc. I t  
could give impor tan t  in format ion  for l a rge r  scale in te -  
gration, which is often an a l ly  of these devices (6). A 
test ing tool selected for c la r i fy ing  the sys tem charac-  
terist ics th rough  its direct  wr i t ing  appl ica t ion  is a 64 k 
ROM which  s imply  reduced  the convent ional  5 ~m 
rule  into the 2 #m rule.  Emphasis  was placed on de-  
t e rmin ing  degrada t ion  in reg i s t ra t ion  marks  on the 
wafer  by  the process chosen to fabr ica te  the 64 k ROM. 
The technologies used in the process were  not  only  a 
direct  wri t ing,  but  react ive  sput te r ing  in combinat ion 
wi th  beam resists. 

System Description 
A vector  scan e lec t ron  beam system 2 is modified 

for direct  wr i t ing  by  the adopt ion of au to - reg i s t ra t ion  
system. A block d iag ram of the sys tem is shown in 
Fig. 1. The e lect ron beam column has a main  post lens 
magnet ic  scanning coil and an addi t ional  smal l  pre lens  
double deflection coil for reg is t ra t ion  purposes.  Main  
scan is achieved by a combinat ion of posi t ioning p u r -  
pose high accuracy 16 bit  DAC and f i l l - in mode high 
speed 12 b i t  DAC. Accelera t ing  vol tage  is set at  20 
kV, but  is ad jus tab le  f rom 2.5 to 30 kV. A tungsten 
f i lament is used for its high s tabi l i ty .  Also, a single 
crys ta l  LaB6 is used sometimes for tests. The modified 
machine is ba lanced to opera te  at  an equiva lent  0.5 
MHz data  ra te  wi th  e lect ron resis t  sensi t ivi t ies  of 5 
~C/cm 2 for W fi lament and 30 ~C/cm 2 for single c rys ta l  
LAB6. The column can provide  a min imum beam d iam-  
e ter  less than  500A at 56 m m  work ing  distance. Typi -  
cal probe size used for this work  is 0.25-0.40 ~m. Beam 
b lank ing  is electrostat ic.  A scint i l la tor  sys tem is u s e d  
to provide  video signals for setup and regis t ra t ion.  
Regis t ra t ion  has been accomplished in two stages. 

Firs t ,  the  wafe r  is rough ly  reg is te red  in the  stage 
movement  direct ion and wr i t ing  field, using la rge  
wafer  regis t ra t iorr  mark.  Next,  the wr i t ing  field is finely 
and au tomat ica l ly  regis te red  on a chip by  chip basis 
using chip reg is t ra t ion  mark.  F igures  2 and 3 show the 
wafer  set t ing errors  in shift  and rotat ion,  respect ively,  
wi thout  p re reg i s t ra t ion  to the cassette. Both er rors  

LEBES, ETEC Corporation, Hayward, CA 94544. 
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include that  of wafer to cassette and that  of cassette to 
column. They are fundamenta l ly  gaussian distribution. 
From the data, the auto-regis trat ion system correction 
range was designed to shift • ~m and rotate _+2.5 ~ 
at maximum. Field size is adjustable _2%.  Any correc- 
tion is accomplished by 12 bit mult ipl icat ion DAC in X 
and Y directions, separately. Resolutions are 0.073 ~m 
in shift, and 0.045 and 0.039 ~m at the field corner in 
ro ta t ion  and magnification, respectively. Drive ampli -  
tier for registration correction has high level response, 
close to 10 MHz. After  registrat ion pat tern  wr i t ing  
commences, the system can select a data file to expose, 
and mult iple  chip fabrication is possible aiming at 
small  volume but  quick fabrication. 

Pat terns  are exposed in serpentine, rectangular,  or 
raster  format with pat tern  generat ion providing sev- 
eral pr imit ive shapes such as rectangles, paral lelo-  
grams, and triangles. Proximi ty  correction has not been 
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Fig. 3. Wafer setting error (rotation) 

included, because of the relat ively large design r u l e  
employed. 

Wri t ing  Method  and Hysteresis 
To minimize the settl ing time, jumping  distance from 

one pat tern  to another  is restricted through subfield 
sorting (7). For this method, a basketweave shift be- 
tween subfields is the best (8). However, it causes a 
hysteresis error at the connection point of each sub- 
field stripe. This error comes from magnet izat ion of 
stage parts in the column by leakage field. 

This problem is part ial ly al leviated by shielding with 
Permalloy,  as shown by the dotted l ine in  Fig. 4. How- 
ever, a system aiming at a large field, like the present 
one, cannot escape from the error completely. Stripe 
raster shift should be adopted. Using this method, the 
error is completely eliminated. A drawback is that  
longer settl ing time (typically 20 times the subfield 
jump time) is needed when the subfield is shifted 
from one corner to the other of a stripe. It  is, how- 
ever, only  10 msec (field jump settl ing time) X 20 
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(number of stripes), making 200 msec. There is no 
problem compared with writing time, typically 3 min/  
chip for 64 k ROM. 

Pattern Data Preparation 
The pattern data are first created in an interactive 

computer aided design (CAD) system, and are output 
in PG-3000 format. The shapes are sorted to minimize 
long jumps between shapes using a large computer 
system (ACOS-700). 

Consequently, pat tern writ ing time will  contain 
minimum overhead necessary for settling the deflection 
system. This is achieved by first sorting the chip data 
into subfields through which the writing will progress 
in a stripe raster  fashion. 

The typical size of a subfield is 1/20 of the field size. 
Within a subfield, the shapes are connected to compact 
the data. The resulting set of sorted records is then 
translated into code in the format required by the 
modified E-beam machine. Typical CPU time to treat  
100 k data is about 10 min. 

Resist Process 
A key to this work is the resist system, which must 

provide high durabi l i ty  against reactive sputter etch- 
ing and adequate sensitivity. Commercial availabil i ty 
of resists might be another important  factor in order 
to make the fabrication process reliable. AZ-24003 was 
chosen as a positive electron resist (9) and NER-1 was 
chosen as a negative electron resist. The former is a 
well-known photoresist. The lat ter  is made from nar-  
row molecular weight dispersion polystyrene, which is 
easily available as molecular weight standard synthe- 
sized by living polymerization. Selection of negative 
resist molecular weight is important. The higher the 
molecular weight is, the greater the severity of the 
swelling problem and the "kissing" problem between 
lines, while soaking in the developer. A 4:1 te t rahy-  
drofuran-ethanol  mixture was selected as a low swell-  
ing developer. However, the smaller the molecular 
weight, the stronger the tensile stress and the more 

Shiu lev  Comuanv.  N e w t o n .  MA. 

Table I. Direct writing resist characteristics 

severe the distortion in the L-shaped pat tern results, 
This is due to the polymer cross-linking by exposure 
and concomitant volume shrinkage. 

Relatively large 600 k molecular weight was chosen 
to optimize swelling and shrinking problems.,  I t  is 
called NER-I. Table I shows a summary of character-  
istics for both resists. 

Linewidth Control  and Registrat ion M a r k  
All EB direct writing process is practically usable 

when the device patterns are directly etched by EB 
resist mask; without metal  mask transfer step the 
registration mark is compatible with the process. De- 
lineation accuracy values, when using SIO2, Si3N4, 
poly-Si,  and A1 are _0.15, ___0.15, ___0.15, and --0.25 + 
0.15 ~m, respectively. I t  is achieved by using reactive 
sputter etching (10) and highly durable EB resist 
against dry etching mentioned above. 

For accurate registration, it is desirable to fabricate 
registration marks using electron beam exposure. The 
registration marks used i n  this work are 0.8 ~m high 
silicon pedestals, which are completely compatible with 
the silicon process. The fabrication process is illus- 
trated in Fig. 5. There are several advantages to the 
process: (i) There is no foreign material  like refrac- 
tory metal, CVD poly-Si, etc.; (ii) the resist area for 
the registration mark is small and resist deformation 
caused by dry etching does not affect pat tern accuracy. 

I. Electron Beam Exposure and Development 

EB Resist ~ Si02 

Wafer registration 

ma x x k r k \  chip registration mark 

2. Dry Etching of Si02 and Si 

resist F-- - I - - -7  
shrinkage / ] ~ ~ . ,  

3. Remove resist and wash out Si02 

Fig. 5. Si pedestal registration mark fabrication process with EB 
resist mask and dry etching. 
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Fig. 6. Deviation in detected position from desired position 

The l a rge r  the continuous resis t  area,  the more  cr i t ica l  
the pa t t e rn  deformat ion  or  posi t ional  shift. (iii) Device 
area;  cleanliness is pro tec ted  by  the SiO2 dur ing  the 
process. The SlOe is e tched a w a y  af te r  the process. 
F igure  6 shows the X direct ion and Y direct ion de tec-  
t ion accuracy for  the  reg i s t ra t ion  m a r k  coated b y  d i f -  
fe rent  thickness resists. There is no notable  difference 
be tween  them. Af t e r  two scans, the detect ion accuracy  
is be t t e r  than  0.1 ~m. Though the reason for r e l a t ive ly  
la rge  e r ro r  in  the first scan is not  clear,  i t  could be 
because  of res is t  deformat ion  by  the first beam scan. 
I t  is des i rable  to pract ice  d u m m y  scanning before  the 
detection. F igure  7 shows an example  of the two layer  
reg is t ra t ion  accuracy  for  the 5 m m  field. Since the sys-  
tem has field distort ion,  the  reg i s t ra t ion  condit ion 
shown b y  the ar rows is s l ight ly  different  for  different  
positions. They are, however ,  w i th in  • ~m. 

Direct Writing Process and the Function of the 
Fabricated Device 

The direct  wr i t ing  process i~s fundamen ta l ly  an n -  
channel  polysi l icon MOS process. F igure  8 shows key  
steps in the etching process. Table  II  shows exposure  
and doping processes. Af t e r  reg is t ra t ion  m a r k  pa t t e rn -  
ing, device areas  were  isolated by  boron diffusion in 
the field and by  the local  oxida t ion  of silicon (LOCOS).  
Threshold  vol tages for d r ive r  enhancement  t rans i s tor  
and load deple t ion  t rans is tor  are  ad jus ted  by  boron ion 
and arsenic ion implanta t ions ,  respect ively.  Gate  in-  
sula tor  thickness was 400A; 5000A CVD polysi l icon 
was used as gate metal l izat ion.  The polysi l icon was 
covered by  1600A CVD Si3N4. Arsenic  ions were  im-  
p lan ted  to form the se l f -a l igned source and drain.  
Wafers  were  annea led  at  1000~ in a s team a tmosphere  
to form the s idewal l  insula tor  of  the polysi l icon gate  

Fig. 8. Fabrication step draw- 
ings. 

5mrn Field 

OVERLAY ACCURACY 

Registration 

Distortion 

# 

0.1pm 
! I 
10 pm 

Exposure Shift ( IJm) Rotation 
level X Y (min) 

1 -t12.8 93.4 - 12.9 

2 27.6 -1129 -25.2 

Fig. 7. 5 mm field overlay accuracy 

and th ick silicon dioxide on the source and dra in  by  
heav i ly  doped arsenic enhancing oxidation.  Af te r  Si3N4 
removal ,  phosphorous  was t he rma l ly  diffused into the 
polysil icon. Double layers  of phosphorous si l icate glass 
and  CVD SiO2 were  used as an insulator .  PSG made  
i t  possible to topograph ica l ly  smooth the device sur -  
face, p reven t ing  discont inuing the A1 meta l l iza t ion  and 
thin SiO2 e l imina ted  the wet t ing  and poor resis t  ad -  
hesion problems  of PSG. Contact  holes were  etched 
into the  double  l aye r  to wr i t e  ROM information.  Phos-  
phorous -doped  polysi l icon 0.2 #m th ick  and 1.2 ~m A1 
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Table II. N-MOS process parameters used for the experiment 
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starting material P-type,  50,O,-cm (511) 

exposure [~1~ registration mark (2p.m) 

exposure l~2} ~ocos pattern (2p.m) 

field [ / I  liB+, IOOKeV, 2xlOl~crn -2 

I~ocos oxidation IO00~ 4hr,  0.8/~m Si02 

gate oxidation 950~ 85rain dry 02 , 400A 

channel [ / [  UB+, 150KeV, 3xlO ~) cm -2 
40KeV, SxlO H crn -2 

exposure [~5] Load pattern (5/~m) 

depletion Tr [ / I  TSAS+, 150KeV, 2xlO I~ c~ 2 

exposure [ 4 ]  Direct contact 

exposure [ 5 ]  Gate pattern (2~m) 
7 5  + S/D I / I  As ,150KeV, 5xlOmcrn -2 

exposure {6~} Contact pattern (2.5/~m} 

exposure [7] A~ pattern (2/zm space) 

exposure [~8J Pad pattern 

were continuously deposited and etched as intercon- 
nectars. Annealings to remove the irradiation damage 
were carried out in H2 atmosphere at 450~ 

Figure 9 shows an overall  view of the fabricated 64 k 
RaM and enlarged views. The 2.5 ~m contact hole is 
centered in 3 #m width A1 metallization. It is clear 
that the registration mark is kept well through the 
fabrication processes. Details are discussed in the fol- 
lowing section. 

Figure 10 shows a function of the device fabricated 
by all E-beam direct writing. As can be seen, the rise- 
time for the fall time of the signal are unbalanced. It 
was, however, assumed that the input and output buffer 
is not optimized, although high reduction (4/10) has 
been accomplished. The same design rule device, fab- 
ricated by photolithographic process (DSW), has 
shown very similar results (11). 

Overlay Accuracy 
Table I I I  shows an example of overlay accuracy 

through the process. The Vernier method was adopted 
to measure the accuracy. On the table, for example, 
GR-load shows overlay accuracy for load I / I  pat tern 
on the guard ring pattern. 

The overlayed pattern always has lit t le X and Y 
shift and distribution. The shift error  origin is not 
clear, but the registration mark structure change 
caused by unbalanced resist or material  coating of the 
mark  are considered reasons. Similar phenomena are 
often discussed on A1 metallization coverage. 

Table III. Overlay accuracy through the all EB direct 
writing process 

GR- Load 

GR- D.Contact 

GR- Gate 

Gate- Contact 

Contact- AI 

X [/.~m ] 

- 0.02 0.13 

0.12 0.03 

0.13 0.06 

0.08 0.08 

0.07 0.07 

y [/~rn] 

y o" 

- 0.05 0.13 

- 0 . 0 4  0.12 

0.07 0.12 

O.O2 0.03 

0.09 0.06 

Fig. 9. Overall and magnified view of 64 k ROM 

Fig. 10. An example of output waveform 

Even considering shift and distribution, the results 
shows that  the system well satisfied the required • 
~m overlay accuracy, using registration mark damaged 
by various coating and etching processes. 

Conclusion 
The systems described here are a fundamentally 

modified SEM machine, not those machines which could 
be fabricated only by a huge company laboratory. The 
systems are easily modified to research fundamental 
electron optics and new strategy to write pattern, such 
as double deflection correction, hysteresis, and stripe 
scanning. It has, however, enough capability to fabri-  
cate LSI such as 64 k RaM by all direct writing pro- 
cess. The beam is focused into a small diameter area, 
less than 500A. 

The system could be used for quick fabrication of a 
wide variety of devices, like bubble memories, Joseph- 
son circuits, GaAs FET, etc. It is also used for new 
resist evaluation, research in physics related to elec- 
tron beam damage, electron scattering, and delineation 
limitation. 
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A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Section 
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ABSTRACT 

X - r a y  l i t hog raphy  has been appl ied  to fabr ica te  n -MOS devices s u c h  a s  
t rans is tor  matr ixes ,  r ing  oscil lators,  and MOS capacitors.  A p ropaga t ion  de lay  
t ime as low as 200 psec/gate ,  and about  0.12 pJ  p o w e r - d e l a y  p roduc t  were  
obta ined f rom the r ing  osci l la tor  wi th  0.7 ~m effective gate  length.  F r o m  t h e  
threshold  vol tage measurements  of the t rans is tor  matr ixes ,  it  was found that  
the s t andard  threshold  vol tage deviat ion in MOSFET's  wi th  1.5 ~m effective 
gate length  in a chip and the devia t ion  in a wafe r  were  as low as 5 and  7 
mV, respect ively .  

X - r a y  l i thography  has been expected to be useful  
as a fine pa t t e rn  repl icat ing technique,  because of its 
high resolut ion and product iv i ty .  Recently,  a high 
power  x - r a y  l i thographic  sys tem using a wa te r -coo led  
ro ta t ing  Si anode for x - r a y  source and a beam v ib ra -  
t ion method for mask a l ignment  has been developed 
and its pe r fo rmance  was demons t ra ted  (1, 2). An  S iN /  
SiO2/SiN sandwich s t ructure  membrane  mask (3) 
has also been developed and was appl ied  to fabr ica te  
po ly -S i  gates in r ing osci l lators (2). 

In this exper iment ,  MOS devices have been fabr i -  
cated using the above-men t ioned  x - r a y  l i thographic  
system for four  mask  levels. The present  paper  de-  
scribes the x - r a y  l i thography  process fol lowed by  d ry  
etching, and also the device characteris t ics .  

X-Ray Lithography Process 
The IC chips which have been fabr ica ted  in this ex-  

pe r imen t  contain t ransis tor  matr ixes ,  r ing oscillators,  
and MOS capacitors.  Of the five l i thographic  steps, 
local  ox ida t ion  of sil icon (LOCOS) (4),  gate, contact  
hole, and  meta l l i za t ion  were  processed b y  x - r a y  l i -  
thography.  Only  the channel  doping s tep  was p ro -  
cessed b y  photo l i thography.  In o rder  to examine  the 
x - r a y  exposure  influences on the devices, a few wafers  
in the lot were  processed by  pho to l i thography  th rough  
al l  l i thographic  processes. 

A wate r -coo led  ro ta t ing  Si anode x - r a y  source was 
opera ted  at 20 kW (20 kV, 1A) e lect ron beam input  
power,  which  genera tes  about  6 • 10 -5 W / S r  SiKa 
x - r a y  radiat ion.  

Key words: fine pattern, x-ray mask, dry etching, transistor 
matrixes. 

X - r a y  masks  (3) consist ing of an SiN (0.2 #m)/SiO~ 
(l .0 ~ m ) / S i N  (0.2 ~m) sandwich s t ruc ture  were  p re -  
pared  by  CVD for SiN and by  r f - spu t t e r ing  for  SiO2, 
respect ively.  The membranes  have as high as 85% 
t ransparency  for both  the SiK~ line and visible light.  
X - r a y  absorber  pat terns ,  consisting of a 0.8 #m thick 
gold, were  fabr ica ted  by  a double l i f t -off  method  (5),  
in which  1.2 ~m thick poly imide  spacer  pa t te rns  a re  
used for gold pla t ing masks. 

Detai ls  of the x - r a y  l i thographic  levels are  shown in 
Table I. In  three  mask  levels,  i.e., LOCOS, gate, and  
metal l izat ion,  negat ive  resis t  SEL-N I has been used. 
F igure  1 shows a scanning e lec t ron mic rograph  of 2 
#m gate pa t te rns  exposed in a 0.8 ~m thick SEL-N. The 
S E L - N  pa t te rns  show t rapezoida l  cross sections. This 
is caused by  the swel l ing of SEL-N pa t t e rns  in a de -  
veloper  fol lowed by  shr inking  in r insing solution and 
pos tbaking  process. The swel l ing magni tude  changes, 

1 SEL-N is produced by Somar Industy Corporation, in Japan. 

Table I. X-ray lithographic levels 

Etch 
rate 
ratio 

Etching ( film/ 
Level Film Resist method Gas resist) 

LOCOS SiO~ SEL-N Wet etching --  
(0.7 ~m) 

Gate Poly-Si S E L - N  Reactive spur- CBrF3 3.5 
(0.4 ~m) (1.0 ~m) ter etching 

Contact PSG FBM Reactive sput- C~_F6 1.3 
(0.8 ~m) (1.0 ~m) ter etching 

Metalli- A1 SEL-N Plasma etching CCh 1.0 
zation ( 0.8 ~m ) ( 1.5 ~m) 
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Fig. i. Scanning electron mlcrograph of 2 ~m gate patterns ex- 
posed in a 0.8 #m thick SEL-N. Fig. 3. Reactive sputter etched 2 #m poly-Si gates 

depending  on the res is t  volume, and also on the k ind  of 
developer .  In  this exper iment ,  me thy l  alcohol was used 
for developer ,  which  resu l ted  in r a the r  smal l  swell ing.  
However ,  in contact  hole level,  negat ive  resists,  inc lud-  
ing SEL-N,  are  ha rd  to use because of the large  re-  
s i s t -covered  area  tha t  leads to conspicuous swel l ing 
(na r rowing  or  p lugging up of the contact  holes) .  In  this 
level,  therefore,  a posi t ive resis t  poly  hexaf luorobuty l  
me tac ry ra t e  (FBM) (6) was used, which  showed l i t t le  
swell ing in the  developer .  A scanning e lect ron micro-  
g raph  of 4 ~m wide contact  holes, exposed in a 1.3 ~m 
thick FBM, is shown in Fig. 2. FBM contact  holes p re -  
se rved  squar i sh  shoulders ,  and  the side wal ls  were  in -  
c l ined f rom the surface at  75 degrees.  

Dry  etching has been employed  for  cons t ruc t ing  
gates, contact  holes, and wiring.  The etching me thod  
af ter  each l i thographic  step is p resented  in Table  I 
wi th  gases used, and film to res is t  e tch ra te  ratio.  A 
scanning e lect ron mic rograph  of 2 ~m po ly -S i  gates 
e tched by  react ive  sput te r  e tching (7) is shown in 
Fig. 3. Side wal ls  of the po ly -S i  gates show 45 ~ ,~ 50 ~ 
tilts, which reflect SEL-N pa t t e rn  profile used for e tch-  
ing mask.  F igure  4 is an SEM photograph,  which ind i -  
cates good step coverage of the  po ly -S i  gate at  the 
0.5 ~m guard  r ing project ion.  

F igure  5 shows the appearance  of a luminum me ta l -  
l izat ion in the t rans is tor  ma t r i x  af ter  p lasma  etching. 
Al though  the etch resis tance of SEL-N agains t  p lasma  

Fig. 4. Scanning electron micrograph showing good step coverage 
at the 0.5 ~m step. 

Fig. 5. 3 #m wide aluminum metallization in a transistor matrix 

Fig. 2. Scanning electron micrograph of 4 ~m wide contact holes 
exposed in a 1.3 Fm thick FBM. 

etching using CC14 is the same as tha t  of a luminum,  a 
cons iderably  th ick (~1.5 ~,m) S E L - N  resis t  l ayer  is r e -  
qui red for x - r a y  exposure  of the meta l l iza t ion  level,  
because the decrease in the resist  thickness at the  
shoulder  of contact  holes is significant. In this case, 0.8 
~m thick, 3 ~m wide, 2 ~m gap a luminum meta l l i za t ion  
is successful ly fabricated,  as shown in Fig. 5. 
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The x - r a y  masks  were  a l igned to the wafer  using the 
beam v ibra t ing  method  (1, 8). The a l ignment  marks  on 
the wafer  were  made  by  pre fe ren t ia l  e tching using 
hydraz ine  solution. I t  was found that  the S / N  of this 
m a r k  was not  changed th rough  the  five l i thographic  
processes. Therefore,  the same m a r k  was used for  al l  
l i thographic  processes wi thout  any  protect ion.  The 
to ta l  a l ignment  e r ro r  by  the above-men t ioned  method  
was found to be less than  0.3 ~m (2~) in a 2 in. d i am 
wafer,  f rom measurements  using vern ie r  pa t te rns  
which were  made  in each l i thographic  process. 

Device Character ist ics  
An example  of the threshhold  vol tage (Vth) d is t r i -  

but ion for t rans is tor  mat r ixes  wi th  1.5 ~m effective 
gate length  is shown in Fig. 6. The upper  numera l  in 
each of the  s ix teen  squares  shows Vth, the average  
values  of  the  Vth of 120 FET's  in the  t rans is tor  mat r ix .  
The lower  numera l  shows r the s t andard  devia t ion  in 
the Vth. The average  va lue  of ~o, over  al l  chips in the 
wafer,  r ep resen ted  by  ~o, is 5.0 mV. The s t andard  Irth 
devia t ion  in the  wafer,  ~1 is 6.7 mV. Other  wafers  show 
a s imi lar  tendency.  These resul ts  show h ighly  uni form 
character is t ics  in devices made  by  x - r a y  l i thography  
fol lowed by  d ry  etching. 

F igure  7 is a pho tomicrograph  of  the r ing osci l la tor  
fabr ica ted  b y  x - r a y  l i thography.  The r ing  osci l la tor  is 
a 31-stage E /D  mode unit  wi th  a f an - in  and fan -ou t  
rat io of 1. Effective channel  length  is 0.7 #m in the 
dr iver  t ransistors ,  and 2.3 #m in load transistors .  

The output  wave fo rm for the r ing osci l la tor  a t  Vdd = 
5V is shown in Fig. 8. The osci l lat ion per iod  is 12.5 
nsec, which  corresponds to 202 psec /ga te  p ropaga t ion  
de lay  time. The p o w e r - d e l a y  product  is about  0.12 
p J /ga te .  

The C-V curve for  the MOS capacitor ,  fabr ica ted  
using x - r a y  l i t hography  for  four  mask  Ievels and tha t  
by  using pho to l i thography  for al l  mask  levels,  is shown 
in Fig. 9. Both MOS capaci tors  have the same design, 
and have been made  in the same lot, except  for the 
l i thographic  processes. There  was no special  anneal ing  
process af ter  the x - r a y  l i thographic  process. F igure  9 
shows that  there  is no x - r a y  rad ia t ion- induced  damage 
in the MOS capacitor ,  when every  s t andard  process is 
over.  I t  is repor ted,  however ,  that  the  C-V curves f rom 
MOS capaci tor  i r r ad i a t ed  b y  A1K~ (8.3A) shif t  f rom 
the or iginal  s ta te  (9-11). I t  is considered that,  in the  

••-- 
V 

}g:o 
Left =1.51Jm 

Fig. 6. An example of Vth distribution map in the wafer 

Fig. 7. Ring-oscillator fabricated by x-ray lithography 

Fig. 8. Waveform of ring-ascii|afar fabricated by x-ray ffthog- 
raphy. 
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Fig. 9. C-V curve for MO$ capacitor fabricated by x-ray lithog- 

raphy and that by photolithography. 

presen t  exper iment ,  r ad ia t ion- induced  damage  was an-  
nealed out  a t  the high t empe ra tu r e  processes, such as 
impur i t y  diffusion, oxidization,  and CVD. 

Conclusions 
MOS devices, such as t rans is tor  ma t r ixes  wi th  1.5 

~m effective channel  length, r ing osci l lators wi th  0.7 
~m effective channel  length,  and capaci tors  for  C-V 
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measurements ,  have  been fabr ica ted  using x - r a y  
l i thography,  inc luding au tomat ic  mask  al ignment .  

Resul ts  ob ta ined  f rom the p resen t  s tudy are  as 
follows. 

1. High cont ras t  x - r a y  masks  wi th  0.8 ~m th ick  gold 
pa t te rns  have been p repa red  on S iN/SiO2/SiN mem-  
b rane  by  double  l i f t -off  method.  

2. A l ignmen t  marks  made  by  p re fe ren t i a l  e tching 
work  wel l  th rough  al l  mask  processes wi thout  any  p ro -  
tection. 

3. High reg is t ra t ion  accuracies,  be t t e r  t han  --+0.3 ;~m 
(2r on 2 in. wafers ,  were  real ized.  

4. Dry  etching is successful ly appl ied  to fabr ica te  
po ly -S i  gates, PSG contact  holes, and a luminum meta l -  
l izations. 

5. S t a n d a r d  devia t ion  in  Vth as low as 5 mV in a 
chip, about  6.7 mV in a wafer ,  was realized. 

6. P ropaga t ion  de lay  .t ime reaching  202 psec/gate ,  
and  the p o w e r - d e l a y  produc t  of 0.12 p J / g a t e  were  ob-  
ta ined  f rom the r ing  oscil lator.  

7. No x - r a y  exposure  damage  in devices has been 
observed  f rom the C-V measurements ,  wi thout  any  
special  anneal ing  af ter  the x - r a y  l i thography  pro-  
cesses. 
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Measurement of the Diffusion Coefficient 
of Gallium in Molten Germanium 

E. D. Bourret, 1 J. J. Favier, and O. Bourrel 
Laboratoire d'Etude de la Solidification, 

Centre d'Etudes Nucleaires de Grenoble, 85X, 38041 Grenoble Cedex, France 

ABSTRACT 

The diffusion coefficient of 72Ga in mol ten  ge rman ium has been  measured  
at  T ~ 1219 K using the shear -ce l l  technique. The concentra t ion profile was 
ob ta ined  f rom the in tens i ty  of the ,y-emission detected in the range  0.740-0.900 
MeV. The diffusion coefficient was found to be 2.1 • 10 - s  m2seo - I  a t  this 
t empera ture .  

The accura te  de te rmina t ion  of diffusion coefficients 
of solute in the l iquid  phase (DL) is becoming more  
and more  impor t an t  for the  unders tand ing  of solidifica- 
t ion in meta l lu rg ica l  processes as wel l  as in c rys ta l  
growth.  Up to now, ve ry  few measurements  of these 
coefficients have been made  (1). In  the ge rma n ium-  
ga l l ium system, the lack  of da ta  for DL has been  
poin ted  out  by  different  authors  (2, 3). In  o rde r  to re -  
late  the diffusion phenomenon to the segregat ion  dur -  
ing solidification, an accurate  value  of the diffusion 
coefficient near  the solidus t empe ra tu r e  is bad ly  
needed.  This is of p r ime  impor tance  for  de t e rmin ing  
the type  of mass t r anspor t  which  took place dur ing  the 
growth  of G e - G a  crys ta l  in a mic rograv i ty  envi ron-  
men t  (2, 4). This paper  repor ts  the measurements  of DL 
at 1219 K. 

1Present  address:  Depar tment  of Materials Science and Engi- 
neering, Massachusetts  Inst i tute  of Technology, Cambridge, Mas- 
sachusetts  02139. 

Key words:  shear-cel l  technique, gallium, diffusion. 

The mel t ing  point  of pure  ge rman ium is Tm -" 
1210.4 K. 

Experimental Procedure 
Measurements  were  made  using the shear -ce l l  tech-  

nique developed by  Po ta rd  et at. (5). The shear -ce l l  
consists of severa l  graphi te  disks moun ted  coaxia l ly  
in which three off-center holes (1.5 mm diam) are 
drilled to form three capillaries when they are aligned. 
As shown ir~ Fig. i, solvent and solvent ~c solute metals 
were kept separate until an experiment was begun by 
al igning the upper  and the lower  capi l lar ies  in a 
ver t ica l  position. Af te r  diffusion, the disks were  ro -  
ta ted so tha t  the l iquid columns were  sheared.  This las t  
ro ta t ion  of the disks avoids subsequent  change of con- 
cent ra t ion  due to solidification; thus there  was no need 
for quenching the samples. Upper  capi l lar ies  were  
filled wi th  pure  ge rmanium and lower  capi l lar ies  con- 
ta ined  the di lute  al loy ge rman ium-ga l l ium.  Diffusion 
occurs from bot tom to top for p reven t ing  addi t iona l  
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Fig. !. The sheer-cell: 1, filling; 2, diffusion; 3, shearing 

effects due to segregat ion  of gal l ium. Densit ies  of ga l -  
l ium and ge rman ium are, respect ively,  5.91 and 5.32 
g / cm s. In  o rde r  to obta in  a d i rec t  and precise  concen- 
t ra t ion  measuremen t  of the samples,  72Ga was used as 
a rad ioac t ive  t racer .  Under  i r r ad ia t ion  b y  the rmal  neu-  
trons, ga l l ium of normal  isotopic composition, which  
contains 39.8% of 71Ga, produces  72Ga. 72Ga emits  ~ -  
par t ic les  wi th  a m a x i m u m  energy  of 2.54 MeV, fol-  
lowed by  7-emiss ion wi th  a m a x i m u m  energy  (96%) of 
0.835 MeV. One gram of ga l l ium was i r r ad i a t ed  for 
700 sec under  a neut ron  flux of 1.6 • 10 z9 nm -8 s e c - L  

The active ga l l ium was then mel ted  wi th  pure  ger -  
man ium to obta in  a G e - G a  al loy containing about  600 
ppm of Ga. 

Diffusion occurs at 1219 K, a "stabi l izing" grad ien t  of 
100 K m -1 being ma in ta ined  be tween  the bo t tom and 
the top of the cell  to reduce convection. 

Results 
A pract ica l  diffusion t ime was de te rmined  f rom theo-  

re t ica l  considerat ions  to be 20 min. A p r e l i m i n a r y  ex -  
per iment ,  using nonact ive gal l ium, confirmed tha t  
this t ime was correct.  The ga l l ium was found to diffuse 
over  4 disks. Concentra t ion measurements  which  were  
made, in this case, by  x - r a y  fluorescence cannot be used 
to eva lua te  the diffusion coefficient since, due to the 
smal l  size of the samples,  the  surface of in tegra t ion  is 
ve ry  small  and induces large exper imen ta l  errors.  In  
the shear -ce l l  configuration, the bounda ry  value  prob-  
lem is tha t  of diffusion be tween  a pa i r  of semi- inf ini te  

solids. A solut ion of Fick 's  second law ( 0 +  = D 02C ) 
OX2 ' 

with the bounda ry  condit ions C = Co at x > 0 at  t = 0 
a n d C = O a t x < 0 a t t = 0 i s g i v e n b y  co( ) 

C(x , t )  =-~- l + e r f  

Knowing  x, t, and  C (x, t ) ,  D is g iven by  

1 

4b~t 
b being the slope of 

2C ) z 
er r -1  ~oo 1 = 2X/ -~  

The ga l l ium concentra t ion is p ropor t iona l  to the in-  
tens i ty  of the -y-rays emi t ted  with  an energy  in the  
range 0.740-0.900 MeV. Each measurement  was cor-  
rec ted  to account for the weight  of the sample  and the 
in tens i ty  of the 72Ga peak  as a function of t ime (t0.5 = 
51,000 sec for 72Ga). If  the  in tens i ty  of the  source at  t is 
h, then at t -{- At, i t  wil l  be 

It+at --  I t e x p  ( - k a t )  [1] 

k being the d is in tegra t ion  constant,  ~ ---- 0.693/to.5. The 
mean  in tens i ty  dur ing  ,~t is 

T =  I t - ~ - J 0  exp ( -  Xt) dt  [2] 

and then  
0.693 At/t0.s 

It -- I [3] 
1 --  exp ( - -  0.693 ht/t0.s) 

The in tens i ty  represents  the accumula ted  counts pe r  
t ime units. E v e r y  measu remen t  is correc ted  using a 
reference  t ime; in this  case, the reference  t ime is t = 0 
at  the beginning  of the countings. 

Ano the r  correct ion is made  to account for the dead  
t ime of the detector.  To account  for  the  dead time, an 
apparen t  ha l f - l i fe  is de t e rmined  using the decreasing 
curve  of the ac t iv i ty  of 72Ga (log N --  --  ~t) (Fig. 2). 
This curve exhibi ts  three  different  slopes cor respond-  
ing to three  apparen t  half- l ives ,  as shown in Table I. 
The appa ren t  ha l f - l ives  are  used to calculate  the in-  
tens i ty  of accumula ted  counts per  t ime uni t  (Eq. [3]) .  
The concept of apparen t  ha l f - l ives  is used because the 
corre la t ion  (Table  I)  w i th  s t ra igh t  l ines is good enough 
so tha t  specific correct ions for each count ra te  ac-  
cording to Fig. 2 are  not  necessary  and the correct ive 
calculat ions are  then simplified. Final ly ,  the diffusion 
coefficient obta ined f rom the measurements  repor ted  
in Fig. 3 is DL ~ 2.1 • 10 - s  m2sec -1 at  T = 1219K. 
The coefficient of de te rmina t ion  for the s t ra ight  l ine is r 
0.999. 

In  ear l ie r  studies, Schmidt  and Verhoeven (6) mea -  
sured this diffusion coefficient at T --  1303K. The  
method used was the cap i l l a ry - r e se rvo i r  technique and 
led  to the va lue  of 2.4 • 10 - s  m2sec -1. 

Considering an act ivat ion energy  of 0.32 eV given by  
Kodera  (3), this value,  cor rec ted  to 1219K, becomes 
2.0 • 10 - s  m2sec -1, which  is in good ag reemen t  wi th  
our direct  measurements  at  this tempera ture .  

The shear -ce l l  technique is a ve ry  appropr ia te  one 
for  direct  measuremen t  of the  interdiffusion coefficient 
in the v ic in i ty  of the l iquidus t empera tu re  (less than  
10 K above) and should be used before  inves t igat ing 

z 
1 , '  

\ .  
N 

- \  
\ 

\ 

\ , \T  3 

dead 20% 
t ime  

l o ,  o- 

Fig. 2, Decreasing curve of the 7~Ga activity 
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solidification problems  for which mass t r anspor t  takes  
place pa r t l y  b y  diffusion. 

Table I. Correction due to the amount of dead time 

Apparent 
Dead Coefficient of half-life 
time ~ determination (hr) 

I0-20% 0.0425 0.999 16.3 
0-i0% 0.046.~ 0.998 14.9 
0 0.0491 1 14.1 
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A Mathematical Assessment of Chemical Diffusion 
Measurements in Transition Metal Oxides 

Francois Morin* 
Institut de Recherche d'Hydro-Qu~bec, Varennes, Quebec, Canada J0L 2PO 

ABSTRACT 

The re l axa t ion  method  lends i tself  to the measuremen t  of chemical  diffusion 
coefficients in t rans i t ion  meta l  compounds.  By means  of var ious  ma themat i ca l  
calculations,  i t  is shown that  the significance of expe r imen ta l  resul ts  can 
be g rea t ly  improved~ A be t te r  insight  into the in te r re la t ions  be tween  phys ica l  
pa r ame te r s  l ike nonstoichiometry ,  defect  mobil i ty ,  and e lect r ica l  conduct iv i ty  
should be gained by  p roper  considera t ion of var ious  expe r imen ta l  pa ramete rs .  
The effects of many  pa rame te r s  such as slow surface reaction,  la rge  depa r tu re  
f rom stoichiometry,  and  vary ing  defect  mobil i ty ,  are  reviewed.  The elec-  
t r ica l  conduct iv i ty  is pe r fec t ly  equiva len t  to Weight measurements  when 
p rope r ly  appl ied  to re laxa t ion  exper iments .  Moreover,  in some cases, i t  may  
contain some specific in format ion  regard ing  the in te r re la t ion  be tween  elec-  
t ronic and ionic defects. 

Chemical  diffusion in t rans i t ion  meta l  compounds is a 
common phenomenon.  It  has a l r eady  been  associated 
wi th  var ious  impor t an t  physical  processes l ike  oxide 
growth  and s in ter ing  of ceramics.  There  is also a re -  
newal  of in teres t  in the  search for new ba t t e ry  elec-  
t rode  mater ia ls .  Various  formal isms have a l r eady  been 
deve loped  in o rder  to descr ibe the basic mechanisms 
involved in the course of chemical  diffusion (1-7),  most  
of t hem la rge ly  based on C. Wagner ' s  t r anspor t  theory.  
Besides, most  of our point  defect  theory  originates  

* Electrochemieal Society Active Member. 
Key words; defects, dielectrics, diffusion, kinetics. 

from Wagne r  and Schot tky  (8). Wagne r  et al. also 
appl ied  the  s imple mass act ion l aw to point  defects  
for severa l  oxides (9-11). This las t  approach  was con- 
s iderab ly  developed and also descr ibed wi th  a con- 
venient  nota t ion by  KrSger  and Vink (12-13). There  
are  a few wide ly  accepted examples ,  l ike  CoO and 
Cu20, where  the diffusion and the point  defect  theories 
merge in a s imple manner  (14). Such a s imple p ic ture  
is also commonly  t r ans fe r red  to other  compounds. 

Severa l  controvers ia l  a rguments  were  set for th  in 
the recent  years,  r egard ing  e i ther  coulombic in te rac-  
tions (15) or the p reva l en t  exis tence of c lus tered  de-  
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fects (16-17) and nonrandom walk diffusion (18). In 
view of those complex considerations, the usual t reat-  
ment of experimental data looks rather  crude. Any 
comparison of experimental  data with a more sophisti- 
cated theory would be faced with a crucial problem re-  
garding the actual precision of those data. Thus, ex- 
perimental diffusion phenomena would require a de- 
gree of accuracy that is neither intrinsically available 
for certain types of experiments nor has been com- 
pletely evaluated in a peculiar experimental  method. 

The relaxation method might be one of the most 
suitable means for studying chemical diffusion with 
both a high precision and a simple procedure. The 
compound is first equilibrated with the outer atmo- 
sphere, whether pure oxygen or an oxidizing-reducing 
mixture. The compound must thus possess a nonnegli- 
gible electronic conductivity. The chemical activity of 
that atmosphere is suddenly changed from its original 
value to a different one and the evolution of the defect 
within the compound is normally recorded as a varia-  
tion in weight or electrical conductivity vs. time�9 
Diinwald and Wagner (19) also formulated the ana- 
lytical solutions for various sample shapes such as 
plates, cylinders, and spheres. An equivalent solution 
has been described by Newman for brick-shaped sam- 
ples (20)�9 A few comprehensive reviews on the subject 
are available (21-23). The precision commonly reached 
with the relaxation method might suffice normally if 
the aim were simply to verify a largely accepted dif- 
fusion mechanism coupled with a very simple defect 
model. However, if one wants to make full use of 
this method, further consideration must be given to 
the various sources of error�9 Certain criteria have al-  
ready been suggested by J. B. Wagner et  al. (21, 23, 
24) such as the equivalence between oxidation and 
reduction runs, the effect of gradated sample sizes or 
diluted atmospheres for nonnegligible surface reac- 
tions, and also some preference for thermogravimetry 
instead of electrical conductivity. Such criteria deserve 
a complete mathematical analysis of all experimental  
parameters as has already been described (25). The 
basic simplicity of relaxation experiments is not an im- 
pairment of the significance of their results�9 Analysis 
of the relaxation method is considerably refined and 
more completely described here. 

The Relaxation Technique and Its Analytical Solution 

The chemical diffusion coefficient D is unequivocally 
defined by Fick's first law 

Ji : - D "  0c~ [11 
0z 

where ci is the concentration of the chemical species, 
but can also sometimes be considered as a point de- 
fect concentration, and Ji is the flux of the same species. 
In the case of a transient concentration state, the pre-  
ceding equation becomes, according to the mass con- 
servation law 

0ci .0 / ~ .  0cl.~ 
[2] \ J Ot Ox Ox 

which is equivalent to Fick's second law of diffusion. 

If D is concentration independent, Eq. [2] then reads 

~ = D �9 ~ [3] 
,Or Ox ~ 

The following set of time and boundary conditions 
fully describes the normally expected conditions for 
relaxation experiments 

c i (x ,O)  : C o  at t - - 0  

ci(0, t) : c f  at t > 0  

where Co is the initial equilibrium concentration within 
the sample, cf is the final equilibrium concentration, 

and ~: is the length along the diffusion axis. Equation 
[3] can be extended to a three-dimensional case. Ac- 
cording to Newman (20), the concentration ci in a 
prism with overall dimensions equal to 2aI, 2a~, and 
2a8 is expressed by the following relation 

c i ( X , T )  --  Co" f(Xl,  T1) �9 f(X2, T2) " f (X 3 ,  T3) [4] 

where 

2 
(--i)~ exp {-- T(n + ~/z)~n ~} f ( x ,  T) = -- ~ �9 

�9 cos { ( n  + ~/2)= �9 X }  

Dt 
T'-~ 

a s 

X = x l a  

The reduced coordinate X varies from zero to one 
while T varies from zero to infinity. The average 
concentration ~ is a more readily accessible parameter  
than the local concentration c i (X ,  T )  so that 

C: Cf- (el- Co) s s s f(Xl, T1) 

�9 ] (X2,  T2) �9 S(X3, Ts) �9 d X l  �9 dX~ "dX~ [5] 

Again, c can be transformed to a dimensionless pa-  
rameter  

cr : (cf - c ) l ( c~  - Co) [6] 

By introducing Eq�9 [6] into Eq. [5] and integrating 

Cr = g(T1)  �9 g (T2)  " g ( T s )  [7] 
where 

1 
g(T) = - ~  0 (n + ~ ) 2 '  exp  {--  T �9 (n  + V2)'~. ~ )  

For equilibration runs, er is usually interpreted in 
terms of weight or electrical conductivity variat ion 
vs. time. Therefore, both a relative weight Wr and a 
relative electrical conductivity have to be defined 

~ = (~f - ~ )/(~f - ~o) [8] 

W~ = ( W f  - W ) / ( W ~  - Wo) [9] 

In most cases, Wr can be shown to be strictly equiv- 
alent to Cr. But ~r is identical to Cr only when a l inear 
relationship between ~ and ci is obeyed and when the 
average conductivity is measured perpendicular to the 
diffusion axis. Any approximation of Eq. [7] or any 
actual departure from the ideal case should be as- 
sessed in comparison with that solution. A correction 

parameter, h D / D  is accordingly defined 

(~D-/~) 
so that 

Dtrue "- Dapparent [I + (AD/D) ] 

The significance of Dtrue and Dapparent is two-fold. 
First, if all conditions are fulfilled for the exact ap- 

plication of Eq. [7], Dtrue is derived directly from that 

equation and Dapparent c o m e s  out from the approxi-  
mations usually encountered with the same equation. 
Second, if any departure from the ideal relaxation case 

Occurs, Dtrue is then derived from a more appropriate 

exact numerical solution. Then, Dapparent comes out 
from the normal analytical equation since that equa- 
tion is often assumed to still correctly apply to the 
experimental case. 
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A Detailed Approach to Various Errors on 
There are several  potent ial  error  sources associated 

with the re laxat ion method. The precision of D and, 
consequently,  its physical significance can be enhanced 
only if those error  sources are proper ly  identified and 
controlled. The most common ones are listed in  Table 
I. Mathematical  handl ing  is s t ra ightforward for t y p e s  
one and two while numer ica l  in tegrat ion is required  
for the thi rd  type. I t  has been found convenient  to i l-  
lus t ra te  each case numerical ly .  General ly  speaking, 

values of AD/D can be extrapolated readi ly up  to  
about 10%. All errors do not  add up necessarily, bu t  
the m a x i m u m  uncer ta in ty  cri ter ion may prove to be 
useful  for type two. Not all the error sources men-  
t ioned in Table  I lend themselves to a global statistical 
analysis based on the least squares fit. Some of those 
errors always behave in  a systematic manner .  Others 
would vary  randomly  from one relaxat ion run  to an-  
other, bu t  would systematical ly affect any single ex-  

periment .  The graphical  representa t ion of D vs. cr 
bears much significance in  finding potent ial  error 
sources and also in evidencing unexpected phenomena.  

Consequently,  a normalized representat ion of AD/D 
vs. er has been developed and is used throughout  the 
present  analysis. 

Mathematical approximations.--The most common 
tendency when handl ing  a large n u m b e r  of re laxat ion 
data wi th in  any  single run,  is to use a l inearized graph-  
ical fit of these data and to measure the resul t ing slope. 
Equat ion [7] does not Iend itself readi ly  to that  opera-  
tion unless some approximat ion is made. In  fact, the 
summat ion  represented by g(T)  rapidly reduces to its 
first t e rm as Cr tends toward zero. Hence, a l inear  re -  
lat ionship between In  Cr and  T should work properly at 
low Cr values (19-21) and it  also corresponds to the 
common practice. For  the three-dimensional  case 

Dt : In (512/~ s) -- In (Cr) [11] 

+ - - +  
a22 

Analogous relationships can also be easily deduced 
for one- and two-dimensional  processes. By comparing 
such equations with the reference analyt ical  equation, 
one gets the results shown in Fig. 1. One-, two-, and 
three-dimensional  approximations,  such as in Eq. [11], 
are i l lustrated by means of specific examples. All  cor- 
responding curves were identified with their  respec- 
tive dimensional  ratios. The worst approximation usu-  
a l ly  per ta ins  to the three-dimensional  equation. Under  
certain unfavorable  geometrical conditions, Eq. [11] 
would even lose all of its original  sense. 

Another  common approximation consists of neglect-  
ing either one or two diffusion axis out of the three 
possible ones. This is i l lustrated in  Fig. 2. Equat ion 

Table  I. Identi f icat ion of most common error sources in relaxation 
experiments 

Classification Description 

I. Mathematical ap- 
proximations 

2. Experimental un. 
certainties 

3. Nonanalytical con- 
ditions 

Reduction to a two- or a one-dimensionaI 
diffusion process 

Reduction to a simple logarithmic equa- 
tion 

Uncertainties on co, cf, and c, respectively 
Uncertainties on time and dimensions 
Uncertainties on temperature and partial 

pressure 
Slow surface reaction 
Initial gas exchange period 
Large departure from stoichiometry; mov- 

ing boundaries 
Concentration dependent mobility 
Temperature and pressure fluctuations 

during reequilibratian 

- '  I I I I I I I I | 

z<~ +t0 4-dit : :  

4.0 0.8 0.6 0.4 0.2 0 
t:O Cr t=aO 

Fig. I. Validity range for the use of a simple Iogarithmlc rela- 
tionship between Cr and T. One- ,  two-, and three-dimensional 
cases are considered. 

I I I I I I I I I 

-20 

t : t : 20  

0 I 1 I I I l I I I 
~.0 0.8 0.~ 0.4 02 0 
t=O Cr t=e)  

Fig. 2. Appl icat ion of the full  analyt ical  equation, reduced to 
a two- or a one-dimensional diffusion process. The last f igure, far  
any ratio, corresponds to the specifically neglected sample dimen- 
sion. 

z~ -~0 

[7] has been successively applied to the full and to the 
approximated sample geometries. The last  figure ap- 
pear ing in  any  one ratio, corresponds actual ly to the 
neglected dimension. In  contradist inction with Fig. 1, 

the correction factor ~D/D never  completely disap- 
pears. Only for the most favorable cases does it remain  
within acceptable limits. 

Actual uncertainty on cr.--Most of the accuracy of 
relies on a precise determinat ion of Cr dur ing the re-  
equi l ibrat ion process. A crude estimate of the uncer-  

ta inty  of/~,  due to Cr, is a mathemat ical  derivat ion of 
the reference equation and is shown in Fig. 3, main ly  
reflecting the mathemat ical  behavior  of Eq. [7]. Based 
on this behavior, it is often believed that the best  pre-  

I I I I I I I I I 

+20 

z~ + ~0 

o I I 1 I I I I I ~ 
4.0 0.8 0.6 04 0.2 
t=O Cr t=cO 

Fig. 3. Effect of the relative uncertainty ACr/er an the correc- 

tion factor  AD/D, for a one-dlmensional diffusion process. 
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cision of D might  be obta ined  for the lowest  cr values,  
i.e., the  longest  diffusion times. However ,  the overa l l  
unce r t a in ty  of Cr is normal ly  not  constant  due to its 
definition given by  Eq. [6]. In fact, the re la t ive  con- 
cent ra t ion  Cr is the combinat ion  of th ree  expe r imen-  
t a l ly  independent  var iables :  co, the ini t ia l  defect  con- 
centrat ion,  c, the evolving average  defect  concentra t ion 
and cf, the final defect  concentrat ion.  An op t imum Cr 

range for the de te rmina t ion  of ~ becomes ev ident  when 
those three  terms are  deal t  wi th  sepa ra te ly  as in Fig. 4. 
That  range  is more  or less defined by  the f lat tened 
por t ion of those three  curves. I t  should v a r y  somewhat  
f rom one exper imen ta l  case to another  but,  roughly  
speaking,  i t  wi l l  ex tend f rom about  Cr - -  0.55 to Cr 
0.1. By averaging  wi th in  such a region,  the precision of 

values wil l  be increased.  

Other experimental parameters.~In Eq. [7], the un-  
cer ta in ty  of T is ra ther  s imply  es t imated  more  d i rec t ly  

by  considering D, t, and a~ and adding  the uncer ta in -  
ties for those te rms together.  A high degree  of accu-  
racy  can be r ead i ly  achieved on the measu remen t  of 
t ime except  for the  absolute de te rmina t ion  of the 
origin t = 0 at  the s ta r tup  of the exper iment .  Mathe-  
mat ica l ly  speaking,  t ha t  unce r t a in ty  is r ead i ly  calcu-  
lated. In  practice,  however,  there  is some r isk  tha t  the 
lack of precis ion on t = 0 be i nadve r t en t ly  used as a 
fitt ing p a r a m e t e r  for the whole expe r imen ta l  curve. 
Slow pressure  changes are  more specifically deal t  wi th  

la te r  on. The expected uncer t a in ty  of D due to sample  
dimensions is ve ry  easi ly  deduced for the s implest  
cases. Fo r  a one-d imens iona l  diffusion process, i t  is 
equal  to 2(~a/a), and equal  to 6(sa/a) for a per fec t ly  
cubic sample,  ha/a is the unce r t a in ty  on one single di-  

mension. For  any in te rmedia te  sample  geometry,  hD/D 
would s tand somewhere  be tween the two former  
values. 

Final ly ,  D is also in t r ins ica l ly  influenced by  t empera -  
ture, and more  occasionally,  by  pa r t i a l  pressure.  Wi th  
a perfect  constancy of these two pa rame te r s  dur ing  

any single run, the unce r t a in ty  of ~ is l imi ted  to the 
lack of precis ion on tempera ture .  I t  is r a the r  insensi-  
t ive to an exact  absolute  value of the pa r t i a l  pressure.  

For  example,  ~ varies  by  about  0.9% for a I~ va r i a -  
t ion in CoO at 1000~ Much grea te r  a t tent ion  should 
be paid  to the t empera tu re  or the pa r t i a l  pressure  fluc- 
tuat ions dur ing  the course of a single reequi l ib ra t ion  
exper iment ;  Cr is then apprec iab ly  affected t h r o u g h  its 
expe r imen ta l ly  f luctuating c and cf components.  The 
surface concentra t ion cf is ins tan taneous ly  modified 

while  c is influenced more  progressively.  The t rue  
diffusion coefficient is only s l ight ly  affected compared  

to the estLmated D. That  also expla ins  why  the use-  
fulness of the exper imen ta l  da ta  become severe ly  l im-  
i ted at  cr close to zero, i.e., at  the larges t  values of t. 

Departure from the analytical soIution.--The th i rd  
type  of error,  in Table  I, is r e la ted  to the occurrence of 
nonana ly t ica l  exper imen ta l  conditions.  Mathemat ica l  
solutions for var ious  specific sets of condit ions can be 
developed by  means  of numer ica l  analysis  and, more  
precisely,  wi th  Crank-Nicholson 's  method  (26). Li t t le  
would no rma l ly  be added  to our  presen t  aims by  dea l -  
ing wi th  two and three  diffusion axes. Emphasis  is 
p laced on the one-d imens iona l  process. Two-  and 
th ree -d imens iona l  diffusional processes are  expected 
to behave  in quite an analogous manner  and this has 
been checked a l r eady  for a few cases. 

Initial partia~ pressure modification.--According to 
Eq. [7], the  surface concentra t ion must  be ab rup t ly  
modified at t ime t = 0, which is a condi t ion difficult 
to achieve. The gas handl ing  opera t ion  is a t ime-con-  
suming process and slow surface react ions are  also 
l ike ly  to occur. The use of pure  oxygen  apprec iab ly  
simplifies the rap id  es tab l i shment  of new par t i a l  pres-  
sures, but  l imits  the  phys ica l ly  achievable  pa r t i a l  p res -  
sure ranges. In many  circumstances,  gas mix tures  must  
be employed,  which implies  e i ther  an addi t ional  gas 
flushing or gas sweeping operat ion.  A specific example  

is depicted in Fig. 5. The grea tes t  effect on hD/D ap-  
pears  immedia t e ly  af ter  empty ing  out the gas mixture .  
More explici t ly,  the value  T = 0.0015 is app rox ima te ly  
equiva lent  to t = 10 sec for a 1 m m  thick CoO sample  
at  1000~ For  the qui te  common case where  no flush- 
ing opera t ion  is used, the gas composit ion changes 
only very  progress ively,  in a more  or  less logar i thmic  
manner ,  even wi th  a rap id  switching be tween  different  
mixtures .  This process can be accelera ted  by  fas ter  
sweep rates, bu t  wi th  an apprec iab le  pena l ty  on the r -  
mograv imet r ic  measurement  accuracy.  Close a t tent ion  
to the ini t ia l  pa r t i a l  pressure  modification is especial ly  
impor tan t  wi th  fas ter  reequi l ib ra t ing  compounds.  

Slow surface reaction.--At the beginning  of the r e -  
l axa t ion  process, the incoming defect  flux in the first 
few layers  of the solid sample  is, theoret ical ly ,  ex -  
t r emely  large.  The surface react ion m a y  not be fast  
enough to accommodate  such a flux, wi th  the resu l tan t  
occurrence of some devia t ion  f rom the t rue surface 
equi l ib r ium concentrat ion.  This depar tu re  f rom the 
ideal  reequi l ib ra t ion  process vanishes more or Iess r ap -  
id ly  as the re laxa t ion  process goes on, but  the ac tual  

de te rmina t ion  of ~ remains  affected for longer  times. 
In  the fol lowing somewhat  simplif ied model, the sur -  
face react ion ra te  is assumed to be propor t iona l  to 
the surface concentra t ion depar tu re  f rom equi l ib r ium 

I I I I I I I I I 

\ ~  1:ACo/(Cf-Co)=+0.02 
+ 2 0  \ \  2 :  A C f / ( C f -  Co) : - 0 . 0 2  , 

z~ +I0 

0 I J t I t ( ~ 
4.0 0.8 0.6 0.4 0.2 0 
t=O Cr t=oO 

Fig. 4. Reconsideration of the uncertainty on Cr in view of its 
experimental components Co, of, and c for a one-dimensional 
diffusion process. 

+2C 

zc~ 0 
z~ 
,Q 

-20 

I . I  I I I 

\ \  
rl = ~ - o - ~  

i 1 l l l 
4.o 0.8 0.6 
t=O Cr 

t I I I 

I.O -cf 
0.5 

O 
0 T I T 

t.0 

0 cf 

O T 2 T 

I L I 
0.4 0.2 

I 
0 

t=oD 

Fig. $. Effect of a gas. emptying operation for two distinct cases. 
Cs is the instantaneous surface concentration. 
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wi th  the ou te r  a tmosphere .  Hence 

j (0 ,  t )  - -  A{ci(0, t )  - -  cf} [12] 

By combining With Fick 's  first equat ion 

Oci I 
( ~ - x  ~==0 = {c~(0,t) - -  cf} B [13a] 

where  C is defined as (ci --  Co)/(cf - -  Co). Conse-  
quent ly  

( OC ) :B{1--C(O,t)} [ 1 3 b ]  
~'X :~=0 

where  j i(0, t)  is the flux at  the gas-sol id  interface,  A 
is a constant  specific to the gas mixture ,  and B is 

equal  to (A �9 a/~)). Equat ion  [12] is analogous to the  
d ry ing  process a l r e ady  discussed by  N e w m a n  (27) and 
the wust i te  surface  react ion model  used by  Land le r  
and K o m a r e k  (28) for a combined surface and volume 
r a t e - l im i t ed  process. Other  models  have also been de-  
scr ibed and discussed at  some length  (29-31). But  the  
main  purpose  of the presen t  approach  is to quan t i fy  
the effect of a surface r a t e - l im i t ed  react ion on the  de -  

t e rmina t ion  of ~ r a the r  than ident i fy ing  the exact  sur -  
face mechanism responsible  for tha t  r a t e - l imi t i ng  ac-  
tion. Equat ion [13b] has been in t roduced  as a bounda ry  
condit ion for  the numer ica l  in tegra t ion  of Fick 's  second 

law. The resul ts  for AD/D are  shown in Fig. 6. To scale 
up  the  phenomenon,  var ious  values  were  a t t r i bu ted  to 
B, e.g., B : 25 leads to a l imi t ing  surface flux equal  
to the  flux tha t  would  be theore t ica l ly  observed  at  
cr : 0.976 in the absence of a slow surface reaction. 
Since the  ind iv idua l  curves un ique ly  depend on the 
magni tude  of B, the presen t  numer ica l  solut ion is con-  
cen t ra t ion  independent .  In  contradis t inct ion to Fig. 5, 
and to the e r ror  on the es t imat ion  of t ime at  t : 0, 
the re  is a l a rge ly  pers i s ten t  effect of the surface r e -  

act ion o n  Dapparent, even at  ve ry  low Cr values.  
Oxid iz ing- reduc ing  mix tures  l ike  H J H 2 0  and CO/  

CO~ are  qui te  suscept ib le  to the k ind  of phenomenon 
p resen t ly  discussed. Expe r imen ta l  resul ts  on wust i te  
have  been  discussed at  some length  b y  5. B. Wagne r  
et al. (24). Even pure  oxygen  should theore t i ca l ly  not  
be over looked for a pa r t l y  surface r a t e - l imi t i ng  action. 

Large stoichiometric variations.--Several compounds 
l ike  FeO, MnO, and UO2 exhib i t  la rge  depar tu res  f rom 
stoichiometry.  Large  concentra t ion var ia t ions  have 
of ten been appl ied  to those compounds for r e l axa t ion  
exper iments .  On fundamen ta l  grounds,  the effect of a 
l a rge  s toichiometr ic  var ia t ion  wi thin  any single r e -  
l axa t ion  expe r imen t  is two-fo ld :  (i) the o u t e r  c rys ta l  
surface  cannot  be considered any  more  as a fixed 
boundary ,  in the case of a mobi le  cationic sublat t ice;  

and  (ii) the re  should be a s t ress - induced  effect due to 
the concentra t ion  gradient .  Case one mus t  be  numer i -  
ca l ly  integrated.  The apparen t  va lue  of ~r (see Eq. [8] ),  
i.e., its value  ob ta ined  wi thout  correct ing the in i t ia l  
sample  dimensions for the cont inuously  advancing  
boundaries ,  depar t s  f rom the ac tual  value  of Cr or, else, 
Cr. I t  can be shown tha t  

Cr = 1 -  (a f /a)[1-  (~r)app] [14] 

where  a is the  ins tantaneous  sample  d imension and af, 
the final one. Weight  and  apparen t  conduct iv i ty  va r i a -  
tions va ry  in exac t ly  the same way, so tha t  a s t r ic t ly  
equiva len t  equat ion also holds for Wr. The correct ion 
to be brought  vs. Cr, to compensate  for the depa r tu re  

f rom the t rue  D value,  is shown in Fig. 7. The o ther  
effect, concerning in te rna l  stresses in the  course of di f -  
fusion, has been theore t ica l ly  discussed at some length  
e lsewhere  (32-33). P rac t i ca l ly  speaking,  there  is no ab-  
solute  need for large  s toichiometr ic  var ia t ions  except  
for more  sensi t iv i ty  in a few the rmograv ime t r i c  ex-  
pe r imenta l  procedures.  

Concentration-dependent diffusion coe~cient.--The 
eventua l  defect  mobi l i ty  var ia t ion,  which  has some-  
t imes been r epor t ed  for  t rans i t ion  meta l  compounds 
(22, 34), is a r a the r  controvers ia l  problem.  That  phe-  
nomenon is l ike ly  to be accompanied  by  e i ther  a change 
in the  defect  na ture  or by  defect  interact ions.  Taking  

into account the sole effect of ~ var ia t ion  and numer i -  
ca l ly  in tegra t ing  Fick 's  second law lead  to the  resul ts  

shown in Fig. 8. In  tha t  solution, D = f(ci)  was defined 
as fol lows 

5 = 5 ,o + (5 ax - 5m n.) �9 (cjcm=) El ] 
Because D is concentra t ion dependent  and should 

l ikewise  v a r y  cont inuously  dur ing  the course of the re -  
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zc~ 0 
z~ 
<3 

-40 

I I I I I I I I I 

T 
Wr ,(O-r )~ 

I I I I I I I I I 
4.0 0.8 0.6 0.4 0.2 0 
t=0 Cr t:oC) 

Fig. 7. Description of a large departure from stoichiometry in 
M e O z + p  Here, y varies between 0 and 0.05. 
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Fig. 6. Effect of a slow surface reaction on ,~D/D. B is used here 
as a scaling parameter and it is proportional to the surface reac- 
tion rate constant. 
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Fig. 8. Study of a chemical diffusion coefficient linearly de- 
pendent on concentration. 
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l axa t ion  process, ]-~true is a r b i t r a r i l y  t aken  as equal  to 

its a r i thmet ic  mean, (Dmax + Drain')/2" Whenever  the 

correct ion factor  AD/D is appl ied  to the ana ly t i ca l ly  

calculated D values,  the correc ted  /~ va lue  becomes 
ident ical  to the preceding  a r i thmet ic  mean.  F r o m  Fig. 

8, the  ana ly t ica l  I~ va lues  should be s l igh t ly  b iased  
e i ther  pos i t ive ly  or  nega t ive ly  depending  on reequ i l i -  
b ra t ion  being an oxidat ion  or a reduct ion  process. The 
expected ana ly t ica l  devia t ion  dur ing  the course of a 
single expe r imen t  is somewhat  smothered  bo th  b y  the 
ac tua l  diffusion process and by  the use of  the  a r i t h -  

met ica l  average  on I~. A t rue  ~ var ia t ion  vs. concent ra-  
t ion would  consequent ly  be more  easi ly  detected b y  
severa l  smal l  successive concentra t ion changes over  a 
des i red  range,  ins tead  of a single l a rge  concent ra t ion  
variat ion.  

Thermogravimetric and Electrical Conductivity 
Measurements 

One last  and ma jo r  point  of in teres t  in r e l axa t ion  ex-  
pe r iments  is the  physical  means  used in measur ing  
the concentra t ion evolut ion wi thin  the sample.  Weight  
and  e lect r ica l  conduct iv i ty  a re  the most  sui table  and 
the most  w ide ly  used phys ica l  proper t ies .  The p re fe r -  
ence for e i ther  of these must  be discussed on its respec-  
t ive merits.  Theore t ica l ly  speaking,  one ma jo r  advan-  
tage in using weight  is tha t  i t  a lways  re la tes  more  d i -  
rec t ly  to a chemical  component  ac t iv i ty  than  conduct iv-  
i ty  would, in agreement  wi th  a per fec t ly  genera l  t he r -  
modynamica l  formula t ion  of diffusion. However ,  s t ruc-  
tu ra l  in te rp re ta t ion  of defects is usua l ly  done current ly ,  
hence inva l ida t ing  the preceding  argument .  E xpe r i -  
men ta l l y  speaking,  t h e r m a l  noise, s imple buoyancy,  
and  gas flow effect l imi t  the  useful  sens i t iv i ty  of weight  
measurements .  These factors can be quite wel l  con- 
t ro l led  in carefu l ly  des igned exper iments .  An  add i -  
t ional  difficulty m a y  come from the in i t ia l  gas handl ing  
procedure  associated wi th  a r ap id  weight  var ia t ion.  The 
accuracy of t he rmograv ime t r i c  measurements  depends  
on the magni tude  of the absolute  concentra t ion c h a n g e .  
Weight  var ia t ions  are  thus eas i ly  recorded  for l a r g e  
s toichiometr ic  changes bu t  a t  the same time, t hey  be -  
come r a the r  less sensi t ive at  low defect  concentrat ions.  

Fo r  the  counterpar t ,  e lec t r ica l  measurements  can in-  
t r ins ica l ly  be made  ve ry  precise so that  the i r  accuracy 
is usua l ly  l imi ted  by  ex te rna l  factors l ike t empe ra tu r e  
and par t i a l  pressure  control. The re la t ive  er ror  made  in 
conduct iv i ty  measurements  being genera l ly  constant ,  
makes  them ve ry  sui table  for ex tended  defect  concen- 
t ra t ion  ranges. The e lect r ica l  conduct ivi ty  is r e la ted  
to ce, the free e lect ron concentra t ion or  else the elec-  
t ron  hole concentra t ion in the fol lowing w a y  

O'e --  ~e " qe " Ce [ 1 6 ]  

where  #e is the  e lec t ron  mobil i ty,  qe is the e l emen ta ry  
charge,  and the mobi l i ty  ~e is no rma l ly  considered to 
be constant .  The mobi l i ty  is quite of ten t e m p e r a t u r e  
dependent ,  but  to a much lesser  degree  than  the de -  
pa r tu re  f rom stoichiometry.  Four  different  conduct iv i ty  
types have been accordingly  d is t inguished in Table IL 
The first two types,  showing a l inear  re la t ionship  be -  
tween  e lec t ronic  and ionic defectS, are  r e ad i l y  com- 
pa t ib le  wi th  r e l axa t ion  exper iments .  Type  IV is the 
main  except ion to the  use of e lect r ica l  conduct iv i ty  
measurements .  The conditions for types I and II  do not  
need to be s t r ic t ly  obeyed to be used for r e laxa t ion  ex -  
per iments  because the e lect r ica l  conduct iv i ty  is in t i -  
ma te ly  re la ted  to defect  concentra t ion  and to defect  
nature.  In  fact, ~ only needs to be unequivoca l ly  r e -  
la ted to the depa r tu re  f rom stoichiometry.  The effect of 
an even tua l  nonl inear  re la t ionship  be tween ~r and Cr 
can be r ead i ly  eva lua ted  b y  numer ica l  in tegra t ion  of 

Table II. Electrical conductivity in nonstoichiometfic compounds 
in relation to the relaxation method 

Conductivity type Example Ref. 

I. Electrical conductivity is directly propor- CoO (36) 
tional to departure from stoiehiometry; 
electronic mobility is temperature  de- 
pendent  

If. Electrical conductivity is directly propor- MnS (36) 
tional to departure from stoiehiometry; 
electronic mobility is temperature  inde- 
pendent 

III. Electrical conductivity is dependent on non- MnO (37) 
stoichiametry; a mixed defect  state pre- 
vails for a certain oxygen activity range. 

IV. Electrical conductivity is identified with NbO (38) 
metall ic conduction; it  is independent of 
nonstoichiometry 

that  re la t ionship.  A power  law be tween  equ i l ib r ium 
values  of r and c-i is t aken  here  as an  example  

= constant  �9 Ci r [17] 

In this type  of equation,  ci is no rma l ly  dea l t  wi th  as 
a defect  concentrat ion.  The presen t  t r ea tmen t  pa r t l y  
resembles  tha t  descr ibed b y  Campbel l  and  O'Keeffe 
(35), and r can e i ther  be thought  of as an a r b i t r a r y  
exponent  or  i t  can be deduced f rom a l r eady  exis t ing 
expe r imen ta l  da ta  on ~ and ci. Fo r  example ,  r - -  3/4 
m a y  also be in te rp re ted  in te rms of n~ equal  to 4 and 
n• equal  to 3. One other  example  is that  of r equal  to 
0.5. Again,  tha t  m a y  also correspond to n~ ---- 8 and 
n• ---- 4 in Me20. Typical  calculations,  r epor ted  in Fig. 
9 and 10, have been pe r fo rmed  for var ious  r and  cf/co 
ratios. Oxidat ion  and reduct ion  processes are  ident if ied 
by  cf/co g rea te r  or  smal le r  than  unity,  respect ively .  
These resul ts  can also be  summar ized  as follows: 
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(Cf/Co) = OA 
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=1.25 
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I I I I I l I I I 
1.0 0.8 0.6 0.4 0.2 
t=O Cr t=O0 

Fig. 9. Nonlinear dependency between electrical conductivity and 
concentration. The effect is shown for various concentration ratios, 
during both oxidation and reduction runs. 

+20 

~c:~ 

<3 

I I I I I I I I I 

(cf/co} = 2.0 

=0,5 / 

-2c 
I I I I I I I I I 

4.0 0.8 0.6 0.4 0.2 0 
t=O Cr t=e)  

Fig. |0. Nonlinear dependency between electrical conductivity 
and concentration. Effect of an inverted power law coefficient on 

the correction factor AD/D. 
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1. The effect on AD/D is most  impor t an t  du r ing  about  
the first  half  of the  r e l axa t ion  run;  i t  d iminishes  a symp-  
to t ica l ly  at  the  ve ry  end of the exper iment .  

2. The g rea te r  the  depa r tu re  of r f rom unity,  the  

g rea te r  the correct ion factor  ADID; AD/5  reverses  sign 
when  r goes f rom r < 1 to r > 1. 

3. ~D/D increases  wi th  increas ing cf/co depa r tu r e  
f rom uni ty ;  t ha t  effect is symmet r i ca l  for  low enough 

hD/D values.  

4. The non l inea r i ty  effect on D tends to become negl i -  
gible as r or  cf/Co tend toward  unity.  

Other  empir ica l  re la t ionships  be tween  r and  ci have  
also been  tested. The observat ions  are  quite analogous 

to those p rev ious ly  formula ted .  Therefore,  the  AD/D 
behavior  is not  specifically t ied to a pecul ia r  r e la t ion-  
ship, bu t  is gene ra l ly  dependent  on (i) the  degree  of 
cu rva tu re  be tween  v and ci, combined wi th  the  magn i -  
tude  of the concent ra t ion  change and on (ii) the  abso-  
lute  sign of that  curvature .  

Final ly ,  Fig. 11 is an exact  represen ta t ion  of the most  
genera l ly  accepted defect  model  in cuprous oxide. Neu-  
t ra l  cat ion vacancies are  assumed to be the ma jo r  de-  
fects and  e lect r ica l  conduct ion would  come from the 
s imul taneous  and minor  exis tence of e lec t ron holes and 
s ingly  ionized cat ion vacancies (14). The presen t  cal -  
culat ions provide  the guidel ines for correct ing eventua l  
r e laxa t ion  exper iments  in Cu20 or for probing  the ac-  
tua l  exis tence of the preceding model.  

In  brief,  the effect of a nonl inear  re la t ionship  be -  
tween  �9 and ci is predictable .  The calculat ions involved 
in tha t  process can e i ther  be used to correct  diffusion 
coefficient measurements  or, inversely ,  to detect  the  
exis tence of a non l inear  re la t ionship  be tween  those two 
fundamen ta l  pa ramete rs .  

Electrode configuration.--The electr ic  conduct iv i ty  
technique should no rma l ly  be quite a t t ract ive.  None-  
theless, the re  is a ve ry  common source of discrepancies  
which is d i rec t ly  re la ted  to the e lect rode configuration. 
Fo r  r e l axa t ion  exper iments ,  there  should be two basic 
types  of  e lec t rode  configurat ion as i l lus t ra ted  in Fig. 
12. According  to type  a, the electr ic  cur ren t  is pe r fec t ly  
para l l e l  to the diffusion axis th rough  the whole sample.  
Hence, the average  conduct iv i ty  is r e la ted  to the  a v e r -  
age defect  concentra t ion  by  the fol lowing equat ion 

s # - -  COl~tanl �9 (1/ci) ' dx [18a] 

or, since ~ = 1/p 

/r ~" = constant  (1/ci) �9 dx [18b] 

where  p-is the average  sample  res is t ivi ty .  The e lec t rode  
is s imul taneous ly  assumed to be per fec t ly  porous and 
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Fig. 11. Characterization ot the cuprous oxide model behavior 
during relaxation runs with electrical conductivity. 

W ~ ~  Type o 
-Infinitely long sample 
-Perfectly porous electrodes 
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~ / /  / /  ~ /  ~ ,~ / /  I|-Perfectly impervious elect,odes 

Fig. 12. Idealized electrode arrangements for relaxation runs 

per fec t ly  conducting. In  type  b, the cu r ren t  flow is 
s t r ic t ly  pe rpend icu la r  to the diffusion axis and  the elec-  
t rodes are  assumed to be comple te ly  impervious  to di f -  
fusion. Hence 

- s 
constant  �9 c~ �9 dx  [19a] 

o r  

"~ -- constant  �9 c [19b] 

The two preceding  sets of equat ions  represen t  a 
per fec t ly  l inear  re la t ionship  be tween  ~ and ci. The d i f -  
ference be tween  Eq. [18b] and [19a] is obvious. Thus, 
d i rec t ly  subst i tu t ing Cr for  ~r would  lead  to erroneous 
results  in the first case. Regard ing  type  a configuration, 
the assumpt ion tha t  the  e lect rode l aye r  is per fec t ly  
porous is h a r d l y  feasible.  Type  b is to be prefer red .  The 
use of electr ic conduct iv i ty  measurements  would  thus 
be l imi ted  to one-  and  two-d imens iona l  processes. Any  
in te rmed ia te  configuration would  lead  to a nonohmic 
in te rp re ta t ion  of the  measurements .  Wrapp ing  the di f -  
fusion samples  wi th  e lect rode wires  at  a finite l ength  
f rom one another  is one such case. I t  leads  to at  least  
pa r t i a l l y  incorrect  resul ts  unless  a ful l  specific ma the -  
mat ica l  t r ea tmen t  is a l lowed for it. Such a t r e a tmen t  
would  be ra the r  l eng thy  and cumbersome.  The elec- 
t rode  configuration suggested here is s impler  and more  
rel iable.  

Fina l  C o m m e n t s  

The re laxa t ion  method  has been discussed here  f rom 
the exper imenta l i s t ' s  point  of view. Al l  calculat ions 
were  based on a ve ry  few fundamenta l  equat ions or  
else on ve ry  s imple assumptions.  These calculat ions 
were  developed to le t  the re laxa t ion  method  gain  
more  potent ia l  r ega rd ing  the s tudy  of defect  diffusion 
and point  defect  behavior  in  t rans i t ion  meta l  com- 

pounds. The actual  significance of D has not been d is -  
cussed outside its basic definit ion given by  Eq. [1]. 
That  would na tu ra l ly  be the next  impor t an t  step in dis-  
cussing presen t  diffusion theories.  

A graphica l  represen ta t ion  of D vs. Cr is suggested to 
give a be t te r  s ta t is t ical  weight  to al l  da ta  dur ing  any  
single exper imen t  and to make  use of all  the in fo rma-  
tion contained wi thin  any da ta  set. Severa l  numer ica l  
examples  have been worked  out  in o rde r  to obta in  
more  specific ideas about  the ac tua l  effects of the  most  
common er ror  sources. Those examples  were  most ly  
done in dimensionless  pa r a me te r s  so tha t  they  might  
be  t r ans fe r red  to the prac t ica l  design or  assessment  of 
exper iment .  Moreover,  an op t imum range  for  Cr tha t  

would  lead  to more  accura te  D values  has  been  ind i -  
cated. 

The e lect r ica l  conduct iv i ty  measurements  app l ied  to 
the reequi l ib ra t ion  method  were  thorough ly  discussed. 
As long as there  is a nonstoichiometr ic  dependency  of 
e lec t r ica l  conduct ivi ty ,  this measu remen t  technique ap-  
pears  to be useful  for al l  defect  concentra t ion ranges.  
Large concentra t ion changes should genera l ly  be 
avoided.  Nevertheless ,  the  e lect r ica l  conduct iv i ty  m a y  
then, on the  base of preceding calculations,  be a useful  
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means of detecting some eventual nonlinear relation- 
ship between ~ and ci. 

Finally, experimental papers on the relaxation 
method are still very representatively described by 
Childs et al. (23). Quite surprisingly, there is only a 
limited number of works in the field and there is ample 
room for further experimental development. The most 
useful aspect of the present mathematical analysis is in 
redesigning relaxation experiments so that not only 
more precise and reproducible data are made available, 
but also the experimental observations keep in pace 
with the constantly developing defect theory. In that 
sense, relaxation experiments have been performed 
recently on CoO and they are reported extensively 
elsewhere (39). Not only do we observe a clear tend- 

ency for Dcoo to vary  with the oxygen activity but 

any discrepancy with previous assumptions on Dcoo is 
explained by the present analysis. 

Manuscript submitted Dec. 18, 1980; revised manu- 
script received May 15, 1981. This was Paper 357 pre- 
sented at the Hollywood, Florida, Meeting of the So- 
ciety, Oct. 5-10, 1980. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb, 1, 1982. 

Publication costs of this article were assisted by the 
Institut de Recherche d'Hydro-Qu~bec. 
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by Different Transport Agents: Experimental Results 

and Application of Two Thermodynamic Models 
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ABSTRACT 

In o rder  to exp la in  the differences expe r imen ta l l y  observed  in the  chemical  
vapor  t r anspor t  of t i t an ium dibor ide  by  var ious  t r anspor t ing  agents  we have  
used the rmodynamics  to model  the process. Two different  ca lcula t ing methods  
have been under taken .  The first one is based upon the considera t ion of  the 
t r anspor t  process as two successive the rmodynamic  equi l ibr ia  whose chemical  
composi t ions have  been ob ta ined  by  minimiza t ion  of the  Helmhol tz  free energy.  
The second one refers  to the Richardson and Nol~ing model  and accounts for the 
mass  t r anspor t  b y  calcula t ing the flux functions of the vapor  phase  const i tu-  
ents. The  compar ison be tween  expe r imen t s  and  resul ts  of each calcula t ing 
method  shows tha t  the two models  give fu l le r  informat ion,  cont r ibute  to a 
sa t i s fac tory  exp lana t ion  of the exper iments ,  and  a l low one to chose avail= 
able  t r anspor t ing  agents.  

In  o rde r  to grow t i t an ium dibor ide  s ingle  crysta ls  
of a r e l a t ive ly  la rge  size (about  a few mi l l ime te r s ) ,  
we have unde r t aken  a set of chemical  vapor  t r ans -  
por t  exper imen t s  in sealed tubes using a grea t  va r i e ty  
of t r anspor t  agents :  1 halogens,  hydrogen  halides,  t i t a -  
n ium and boron halides,  t e l l u r ium te t rachlor ide .  
While  doing these long- las t ing  expe r imen t s  we could 
r evea l  ve ry  di f ferent  behaviors  for  each t r anspor t  
agent  (1, 2). This is the set  o f  resul ts  we use to tes t  
predic t ive  models  based upon the rmodynamic  con- 
s iderat ions.  Two different  types  of  approaches  are  
tes ted  in this  way. As both use the  minimiza t ion  of a 
t he rmodynamic  funct ion of the system,  the i r  s imula -  
taneous implemen ta t ion  is ve ry  easy. The compara -  
t ive s tudy  of the i r  respect ive  pros  and cons points  
out  how pe r t inen t  a s imul taneous  use of both  models  
is in p red ic t ing  the t r anspor t  phenomenon  in closed 
tubes.  

Experimental 
Exper iments  have been car r ied  out  in si l ica sealed 

tubes  (6 m m  d iam 100 m m  long, and 12 m m  diam 
100 m m  long) .  The s ta r t ing  mate r i a l s  are  indus t r ia l  
t i t an ium d ibor ide  powder  ( >  99%),  halogen,  and 
halides.  The quant i t ies  are  about  300 mg of TiB2 (an 
excess) and 6 • 10 -4 mol of t.a. pe r  10 cm3. The tube 
is a i r  evacua ted  to 10 -5 Tor r  for  6 hr  then  sealed 
under  low pressure  t r anspor t  agent.  The ampuls  are  
hea ted  b y  electr ic  hor izonta l  furnaces  in t empe ra tu r e  
g rad ien t  of  10 deg. cm -1 for one month.  

Exper imen t s  have been car r ied  out  for  nine t r ans -  
por t  agents  and t r anspor t  was Observed except  in the 
case of TiI4. The t r anspor t  occurs f rom the cold to 
the  hot  end of the  tube  wi th  some t.a., f rom the  hot  to 
the  cold end wi th  the  others.  Table  I gives the  ex -  
pe r imen ta l  observat ions  wi th  an average  eva lua t ion  
of the  amount  t r anspor ted  in each case. 

Chemical  analyses  have been made  by  spec t rophoto-  
met r ic  measurements  on the t r anspor t ed  crystals .  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  c h e m i c a l  v a p o r  t r a n s p o r t ,  f lux f u n c t i o n ,  t h e r m o d y -  

n a m i c  mode l ,  t i t a n i u m  d ibo r ide ,  t r a n s p o r t  a g e n t .  
1 t .a.  in the following text. 

They show a variation in the boron-titanium ratio 
when changing the transport agent. 

After cooling of the ampul, in most cases the tube 
was unpolished showing an etching of silica at the 
source end. Gaseous or liquid halides remain on the 
tube and except in the case of tellurium halides no 
solid compound other than TiBs appears at the sink 
end. 

First Thermodynamic Model: Equilibria in Closed Tubes 
The model consists in decomposing the transport 

process into two successive equilibria. The first one 
is at the source end of the tube  at  t e m p e r a t u r e  T1 t ak -  
ing into account the  powdery  t i t an ium diboride,  the  
t ranspor t  agent,  and the sil ica of the tube.  The com- 
posi t ion of this sys tem at equ i l ib r ium is de t e rmined  
by  minimizat ion  of the Helmhol tz  free energy.  2 The 
gas phase  of this equ i l ib r ium causes the  t ranspor t .  

The second equi l ib r ium sys tem consists of the  gas 
phase taken  at  the s ink end of the tube  toge ther  wi th  
si l ica at  T2 t empera tu re .  A second minimiza t ion  of  
the  Helmhol tz  free energy  gives the composit ion of 
the s ink sys tem at equi l ibr ium.  

2 The  c o m p u t e r  p r o g r a m  u s e d  f o r  t h e  m i n i m i z a t i o n  is a s l i gh t ly  
mod i f i ed  v e r s i o n  of t h e  one  u s e d  f o r  t h e  m i n i m i z a t i o n  of the 
Gibbs free,  energy (3). 

Table I. Data and results for TiB2 transported from T1 to T2 

TiB2 
transported 

t .a.  T~ (K)  T~ (K) ( m g / m o n t h )  

12 1125 1225 50 
- BIs 1050 1200 50 
A HCI 1075 1225 10 

TeCl~ 1255 1125 150 
b~ TeBr~ 1255 1125 150 
V BBr3 1235 1105 150 

Ch 1270 1125 20 
b, TiBr4 1320 1270 10 

TiCh  1300 1100 0 
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S u c h  sys tems  a r e  of  g r ea t  c o m p l e x i t y  because  o f  
the  n u m b e r  of  chemica l  r eac t ions  w h i c h  a re  feas ib le  
b e t w e e n  ha logen ,  t i t an ium,  boron,  si l icon, and  o x y g e n  
bu t  the  n u m b e r  of  cons t i tuen t s  is no t  l im i t ed  in t he  
ca lcu la t ion  me thod .  The  on ly  l imi t  is the  k n o w l e d g e  
of  the  t h e r m o d y n a m i c  va lues  of  a l l  t he  compounds .  
A l l  the  va lues  used  in t he  ca lcu la t ions  a re  r e p o r t e d  
a t  the  end  of  the  t e x t  in  t he  A p p e n d i x .  

T h e  H e l m h o l t z  f r e e  e n e r g y  is m i n i m i z e d ;  t ha t  is, 
the  v e r y  one  w h i c h  fa l l s  to a m i n i m u m  at  e q u i l i b r i u m  
in a sea led  tube  ( u n d e r  cons tan t  V and  T ) ,  L e t  us 
cons ide r  a s y s t e m  i n v o l v i n g  r phases,  each  phase  i t -  
se l f  i n v o l v i n g  Nv cons t i tuents .  The  H e l m h o l t z  f r ee  
e n e r g y  is 

F=G--PV 

af te r  the  Eu l e r ' s  t h e o r e m  

N, 

G=~ ~ 
./=1 

w i t h  G~ --  - -  ~ o  + RT In  P~ ( fo r  o n e  g a s e -  
P,T 

OUS species  for  e x a m p l e  

r ~v~ 
: r #we ] F ~ ~ n,v +,r (I--r 

"RT L RT 7=I i=l 

1 ~ ~ @,nTRT 
RT ~=i ~=1 

r N~ 
, :  o ) 

P ~ En(,'L--R--~--.t-r In-,  +lnn~Y--1 
RT ~=~ i=1 V 

+ (I - r In ~Y ] 

with n~ -- mols of the {th species in 7th phase; ~o  -- 
standard chemica l  p o t e n t i a l  of  the  i th  species  in  t he  
7th phase ;  r = 1 if  a gaseous  phase ;  r = 0 i f  n o n g a s -  
eous phase ;  a7  = ac t i v i t y  of  the  i th  species  in the  ~th  
nongaseous  phase ;  and  V = v o l u m e  of t he  tube .  

The  nongaseous  phases  a r e  a s sumed  to be  pu re ,  
t he i r  a c t i v i t y  is t a k e n  equa l  to 1, and the  c h e m i c a l  
po ten t i a l  g r ad i en t s  a re  con t i ngen t  on the  t e m p e r a t u r e .  
The  gaseous  c o m p o u n d s  a re  a s sumed  to f o l l o w  the  
idea l  gas law.  

The  compos i t ions  of  the  two  equ i l i b r i a  h a v e  b e e n  
ca lcu la ted  for  t he  f o l l o w i n g  condi t ions :  t e m p e r a t u r e  
g r a d i e n t  1200-1300 K (or  v ice  v e r s a ) ,  t r a n s p o r t  agen t  
6 X 10 -4  mol ,  v o l u m e  of the  tube  10 cm3 and  w i t h  
five ser ies  of  t r a n s p o r t  agents :  (i)  ha logen  CI~, Brs, 
I2; (ii) h y d r o g e n  ha l ides  HC1, HBr ;  (iii) t e l l u r i u m  
ha l ides  TeCI~; (iv) t i t a n i u m  ha l ides  TiCI~, TiBr~, 
TiI~; (v)  boron  ha l ides  BCI~, BBrs,  BI~. 

The  set  of  ca lcu la t ions  p rov ides  a n u m b e r  of  i nd i -  
cat ions.  The  who le  set  o f  n u m e r i c a l  r esu l t s  g ives  too 
m a n y  tables,  so we  h a v e  l im i t ed  the  p r e s e n t a t i o n  to 
one  ser ies  of  t r a n s p o r t i n g  agents ,  t he  bo ron  ha l ides  
fo r  e x a m p l e  (Tab le  I I ) .  This  t ab le  shows  the  c o m -  
p l e x i t y  of  the  v a p o r  phase  and  the  n o n - n e g l i g i b l e  
ro le  of  si l ica;  as to the  p r e sence  of t i t a n i u m  d ibo r ide  
at  the  s ink  it  m e a n s  the  su i t ab i l i t y  of  the  chosen t e m -  
p e r a t u r e  g r a d i e n t  (if  the  g r a d i e n t  is no t  in  the  good 
d i r ec t ion  we  do no t  ob t a in  TiB2 a t  the  s ink) .  

In  the  o r d e r  to d e t e r m i n e  the  a m o u n t  of  TiB~ e x -  
pec ted  a t  the  s ink  w h e n  the  e q u i l i b r i u m  s ta te  has  
been  reached ,  we  h a v e  r e p o r t e d  in  Tab le  I I I  the  ca l -  
cu la ted  va lues  wh ich  ind ica te  the  t e n d e n c y  of the  
sys tem to t r a n s p o r t  TiBf,  t o g e t h e r  w i t h  e x p e r i m e n t a l  
r e su l t s  w h e n  ob ta ined .  The  p o o r  a g r e e m e n t  b e t w e e n  
the  two  sets of  resu l t s  is obvious .  So, w h i l e  TIC14 is 

Table II. Compositions in mo/s of source and sink equilibria by 
minimization of the Helmholtz free energy for BCla, BBr~, and BI3 

as transport agents 

Source  Sink 
l<TiBs> + l<SiO~> Gas phase  of  the  I r~ 

+ 60.10 -~ BX~ equilibrium + l<SiO~> 
T1 = 1300 K Ts = 1200 K 

(mad (tool) 
BCh 

TiCL 1,77 x i0 -e TiCL 6.9 x i0-' 
TiCh 1.4 x 10-v TiCh 3 x I0 -s 
BClz 2.2791 x i0-~ BCh 2.0082 x 10.4 
BCb 3 x I0 -s SiCL 2.9327 x 10-4 
BCIO 3 x 10-s SiCh 7.11 x i0 -6 
SiCI~ 2.6630 x 10.4 SIC12 1.3 x 10 -7 
SiCh 1.815 x i0 -~ <SiO~> 9.9998144 X 10-I 
SiCb 5.0 x 10-7 <B203> 1,238 x I0-~ 

<TiBf> 9.9999805 • i0 -~ <TiBs> 1.19 x I0 -~ 
<SiOf> 9.9971803 x 10-I 
<B~O~> 1.8796 x 10.4 

P = 5.46 arm P = 4.95 arm 

Source  Sink 
T~ = 1300 K Ts = 1200 K 

(real)  ( m o l )  
BBrs 

Br 2 x i0 -s Br 1 x 104 
TiBn 4.3 x i0-7 TiBr~ 3.7 x 10-~ 
TiBr8 6 x i0 -s TiBrs 3 x i0 -s 
BBrs 6.362 x i0 -~ BBr~ 4.790 • 10 4 
BBrO 2 x i0 -s BBrs 1 x 10s 
SiBr4 4.0141 x I0-~ SiBr~ 4.1358 x 10-t 
SiBr2 7.7 x 10 -~ SiBr2 1.6 x i0 -7 

<TiBs> 9.9999948 • I0 -I <SiOs> 9.9998841 X I0-~ 
<SiOf> 9.9959781 x 1 0 - I  <B~Os> 7.7 x 10 4 
<BfOs> 2.6810 x I0 -~ <TiB~> 9 x 10-s 

P = 4.98 a t m  P = 4,55 arm 

Source  Sink 
T1 = 1209 K T~ = 1300 K 

(real )  ( too l )  
BI3 

Is 1,291 • I0 -~ Is 1.439 x 1O -~ 
I 9.17 x i0 -e I 1.692 x I0 -~ 
TiL 2.08 x i0 -e Tih 2.02 x I0 -e 
BI3 1.6 x 10-7 TiI3 2 x 10 ~ 
Sih 4,3852 x 10 -a BIs 1.3 X 10-' 
SiIs 1.04 • I0 -e SiL 4,3327 • 10 .4 

<TiBf> 9.9999787 x 10-I SiI2 6.30 x I0 -e 
<SiOf> 9.9956041 X I 0 - ~  <SiO~> 1 
<B203> 2.9305 x i0 -~ <B~Os> 0 

<TiBs> 2 x 10 4 
P = 4.57 arm P = 525 a tm 

Table III. Number of mols of TiB2 "deposited" at sink when gas 
is first equilibrated with TiB2 at source and experimentally 

transported amounts (after one month) 

Transport Calculated Experimental 
agent values (mol) (mg TiBf) 

HBr 7,0 x 10 -6 -- 
TiCh 2,0 x 10-s 0 
HCI 1.7 x 10-s 10 
TiBr~ 1.5 x 10-~ i0 
BCh 1.2 x 10-6 
TeCI~ 1.1 • i0 -e 150 
Cl~ 6.6 x 10-~ 20 
BBr8 9 • 10 -s 150 
Br2 4 x 10 -s 
BI~ 2 • 10 -s 50 
I2 2 x 10 -8 50 

Table IV. Percentages of silicon halides in the source vapor phase 

ZSiXn ~ S ~ n  

t.a. Z N  t.a. Z N  

BI3 0.95 TeCh 0.30 
BBr8 0.86 4Br 0.128 
BCls 0.55 HC1 0.08 
Is 0.54 TiBr4 0.013 
Brs 0.51 TiCh 0.004 
CI~ 0.30 

Z SiXn: number of m o l s  of  all s i l icon halides.  
N: total  mo l  n u m b e r  of  the  gaseous  phase.  
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expected to work a hundred times better than BI~, 
it is the latter which produces experimental transport. 

In Table IV the relative importance of the silicon 
halides in the vapor phase is reported. These values 
represent maximum limits of silica etching never 
reached in facts because of the passivation of the 
tubes. 

So this first model gives the appropriate transport 
direction, accounts for the silica etching, but does not 
enable us to anticipate the importance of mass trans- 
port. In such experiments in which weak transport 
occurs (few milligrams a month), it seems interesting 
to implement a method which optimizes, or at least 
provides indications about the speed of transport; 
that is the reason why we refer to the Richardson 
and Nol~ng model. 

Second Model  
In his thesis (6) Richardson has demonstrated (4, 

5) the influence on the transport rate of all the vapor 
species, even when they had very low partial pres- 
sures. Moreover, when studying the transport of SnO2 
by iodine and sulfur (4), he points out the competi- 
tion between two tin halides that constitutes a case 
similar to ours in which the titanium is present in 
the gas phase as TiX~ and TiX4, both responsible for 
the transport of TiB~ (in a few cases TiX2 also ap- 
pears). 

We have applied this model to our systems to pre- 
dict the rate of chemical transport. The principal as- 
sumptions are that the gaseous diffusion follows the  
laminar flow model, that the system has reached a 

steady state, and that the total pressure is equal to 
the average value of the pressures at sink and source 
calculated by the first method. Then, the reactions 
of the walls of the ampul are assumed infinitely ki- 
netically hindered so that the fluxes are position in- 
dependent. It is therefore necessary to neglect all the 
products of reactions with silica. The Gibbs free en- 
ergy of the systems TiBs/t.a. is minimized at the as- 
sumed pressure successively at source and sink tem- 
perature. The results of these minimizations for a 
number of transport agents experimentally tested are 
reported in Tables V-XII, the compositions of the 
equilibria are given as partial pressures (atm) for 
the gaseous species and number of reals for the solid 
ones. These partial pressure values allow us to obtain 
the flux functions of the various species. 

In the approximation of the experimental model 
the flux function of a species can be written as 

(T To 

1 T 

with 
-- P~ + P~ p~ -- ~ . .... 

Table V. 12 6 X 10 - 4  tool, <T iB2>  1 mo], T1 " -  1200 K, T2 = 1300 K, P : 3.3 otm 

Compositions of source (I) 
and sink (2) equilibria T~ - T1 P t  

Gas phase P ' i  (atm) P,~ (arm) 
TiL 1.7878 1.1674 
Tils 2.325 • I0 -s 4.471 • 10 -a 
BIs 4.628 x 10 -2 5.602 x 10 -2 
I2 1.1876 1.5066 
I 2.769 x I0 -~ 5.655 x 1O -~ 

Solid phases  n h  (mol) n~s (mol) 
<TiB~> 9.9978 x 10- ~ 9.9983 X 10 -~ 
< B >  4.26 • 10- ' 3.25 x 100~ 

-6.204 x 10 -3 1.477 
2.146 x 10-~ 3.4 x I0 -~ 
9.97 x i0-5 5.11 x 100~ 
3.19 x 10 ~3 1.347 
2.89 x 100 a 4.21 x 100' 

P~2 - P% 
X~r 

T2 -- T1 
= -1.65 x 10- s 

T a b l e  VI. CI2 5 X 10 - 4  mol. < T I B 2 >  1 real, Tz - -  1300 K, T2 : 1200 K, P = 3.4 a t m  

Compositions of source (i) 
and sink (2) equilibria 

P'~ - Pr 

T~ - Ti  P-~ 

Gas phase P% (atm) P% (atm) 
TiCh 1.07333 1.10326 -2.993 x 100 ~ 1.0883 
TiCI8 5.996 x 100 2 3.10 • 100 ~ 2.986 x 10 -i 4.5 x 10 -s 
BCIs 2.26641 2.26656 - 1 . 6  x 100 s 2.2665 

Solid phases  n q  ( real )  n% (mol )  p% - p% 
<TiBia> 9.99879 x 1O -I 9.99880 x 10 -~ ~ ;~(r 

T2 - Ti 
= -2 .72  x 104 

Table VII. HCl 6 X 10 - 4  real, <T iB2>  1 real, Tz - -  1200 K, 72 - -  1300 K, P : 5 atm 

Compositions of source (I) 
and sink (2) equilibria 

P% - P~i 

T2 - -  Ti Pc 

Gas phase P q  (atm) P~2 (atm) 
TiCL 4.8217 • I0 -i 4.3795 x 10 -I -4.42 • 1O-~ 4.60 x 10 -i  
TiCh 1.729 x I0 --~ 3.271 x I0 -~ 1.54 x I0 -i 2.500 x 10 -2 
BCls 8.9738 x I0 -i 8.3116 x 100' -6.62 x 10 -i 8.64 x 10 -i 
HCI 1.1144 1.3613 2.469 x 100 ~ 1.2379 
BHCb 1.0154 x 10 -i  1.099 x 10 -~ 8.45 x i0 -6 1.058 x I0 -i 

Solid phases  n q  (mol )  n,~ (mol)  P ~  - P~l 
<TiB~> 9.99949 x 1001 9.99952 • 10 ~ Z X~, 

T2- -  TI  
= -1 .09  x 10.-4 
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Table VIII. TeCI4 6 X 10 -4  real, <T iB2>  1 reel, rz = 1300 K, T2 : 1200 K, P : 7 arm 

Compositions os source (i)  
and sink (2) equilibria rt~ 2 -- el' 1 P~ (aim) 

Gas phase  Ph (atm) P~ (atm) 
TiCh 1.9660 2.2038 -2.378 x I0 -~ 
TICh 9,158 x 10 -~ 4,893 • I0 -~ 4,265 x I0-' 
BCh 4.1151 4,5056 -3 .905 x l0 s 
TeCI~ 2.52 x 10 ~ 8.80 • 10-' 1.64 • 10 -s 

Solid phases  nq (mol )  ~ (tool) P~s - P ~  
<TiB=> 9,997589 • I0 -~ 9.997595 Z X~, 
<Te> 4,069 x I0-~ 5.486 • I0-' T2 - T~ 

Z k~, P~ 

2.085 
7.02 x 10~ 
4.3103 
1.71 • I0 -~ 

= -9 .26  • 10--~ 

Table IX. TiCI4 6 X 10 -4  real, <T iB2>  1 reel, T~ = 1300 K, Ts = 1200 K, P = 6 atm 

Compositions os source (1) 
and sink (2) equilibria 

P ~  -- P q  

T~ -- T1 

Gas phase  P ~  ( a tm)  P~s ( a t m )  
TICh 5.4203 5.6685 -2 .48  • 10-~ 
TiCls 4.830 x 10-~ 2.762 x 10-~ 2.07 x 1O --~ 
BCh 9.664 • 10-~ 5.525 x 10-~ 4.14 • 10-4 

Solid phases  n q  (tool) ~% (mol )  p ~  -- pr 
< T i B ~  9.99995 • 10 -~ 9,99997 X 10-~ ~ k~, 

T2 -- T~ 

]~ k~r P~ 

5.5444 
3.796 x 10-~ 
7.59 x 10-~ 

= -1 .08  x 10-'~ 

Table X, TiBt4 6 X 10 - 4  real, < T i B 2 >  1 reel, T1 " -  1300 K, T2 - -  1200 K, P --- 6 arm 

Composi t ions  of source  (1) 
and  s ink (2) equi l ibr ia  

P ~  - P q  

T~ -- T* 

Gas phase P~ ( a tm)  Pr (aim) 
TiBr~ 5,3474 5.6560 --3,086 x 1O -~ 
TiBr~ 5,4136 • 10 -~ 2.8612 • l0 -~ 2.55 • l0 -~ 
TiBr~ 1.925 x I0 -S 4.46 x I0-' 1.48 • 10-s 
BBn 1,0694 • 10-~ 5.737 • I0-~ 5.15 x 10 -~ 

Solid phases ~ (real) ~% (reel) p ~ -  p q  
<TiB~> 9,99994 • I0 -~ 9,99997 • I0-, ~ k~, 

T~ -- T~ 

Xtf P~ 

5,502 
4.14 x 10 -~ 
1.18 x 19 -~ 
8.31 x i0 -~ 

= -1 .32  • 10-~ 

Table XI. BI3 6 X 10 -4  real, <T iB2>  1 mol, T1 ~ 1200 K, T2 - -  1300 K, P ~ 4.7 atm 

Compositions of  source (I) 
and sink (2) equilibria 

P ~  -- P ~  

T~ - T, 

Gas phase  P q  ( a im)  PCs ( a tm)  
T i L  2.8663 2.0-252 -8 .41  x 10 ~ 
TiI~ 3.323 x 10 -~ 6.772 x 10 ~ 3.45 x 10 -~ 
B h  6.595 x 10-~ 8.468 x 10 -~ 1.87 X 10 -~ 
Lo 1.5038 1.9843 4.80 X 10 -~ 
I 3 . 1 0 5 1  x l0 -~ 6.490 x 10 -1 3.38 X l0 -~ 

Solid phases  ~ q  (mol )  n ~  (tool) P ~  - P q  
<TiB~> 9.99655 X I0 -~ 9.9972 X 10-I Z k~ 
< B >  1.281 • 10 ~ 1.151 X 1O -a T2 - -  T~ 

Z X~ P~ 

2.4457 
5.05 x i0 -~ 
7.53 • i0 -= 
1,744 
4.80 x i0 -~ 

�9 =--1 .43 x 10 -s 

Table XII. BBr3 6 X 10 -4  mol, <T iB2>  1 real, T1 = 1300 K, T2 - -  1200 K, P : 5 otto 

Compositions of source (1) 
and sink (2) equilibria 

P ~  -- P q  

T2 -- TI P~ 

Gas phase P ~  ( a t m )  P ~  ( a t m )  
T iBr4  6.407 x 1O--" 6.107 • 10 -~ 3,0 • 10 -~ 
TiBr~ 4.694 x 10 -~ 1.999 x 10 4 2.69 • 10 -~ 
BBrs 4.9305 4.9367 -6 .2 4  >~ 10 -~ 
Br  4,67 • 10-' 9,5 • 10 -6 3,7 • 10 -e 

Solid phases  ~ q  ( real )  ~t~ ( real )  p ~ -  p ~  
< T i B ~ >  9.99991 • 10 -1 9.99992 • 10 -1 Y X~, 
<B> 2.72 • I0 -~ 2.50 X i0 -~ T2 -- TI 

ZX~rP~ 

mean pa r t i a l  p ressure  va lue  be tween  the two equi -  
l ib r i a  

AP~ Pi2 --  P~I 

AT T~ -- TI 

6.26 x 10 -~ 
3.34 x 10 -s 
4.934 
2.61 x 10-~ 

= 1.14 x 10 -~ 

T,  + T 2  
T - -  

2 

is a constant  used in the  re la t ionsh ip  ~ = Do (Po/P)  
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(T/To)~ to describe the temperature and total pres- 
sure variation of the diffusion coefficient. Its value 
lies between 1.5 and 2. 

~r is the stoichiometric coefficient of the r th ele- 
ment in the i species where r is present only in the 
vapor phase (here r is the halogen).  The relation 
between ~ and the flux of the i species is 

aT 

AZ 

in which ax is the length of the tube and Do the mean 
diffusion coefficient; this single average value re- 
places the diffusion coefficients Do. 

Richardson and NoiSing (4, 5) wished to optimize 
the flux function, in this paper we shall only com- 
pare the values of this function for different trans- 
port agents. 

The transport of TiB~, for the titanium~part, being 
due to TiX3 and TiX~, we can write 

e[TiB2] = ~[TiX~] + ~b[TiX4] 

1 = R§ Po ~- 
[](TiXD + f (TiXs)]  

(Table XIII)  show The different values obtained 
that, with the exception of BBr3, the functions 
of the halides have opposite signs. Therefore, there 
is a competition between them and only one is re-  
sponsible for the transport.  

A means of comparison of the transport agents in 
spite of the different values of P and Do is the con- 
sideration of the ratio 

flux of the transporting halide 

flux of the second halide 
R - -  

When the ratio tends toward 1 (equal fluxes), in-  
finitely slow transport  is expected. The values of R 
for the various transport  agents are reported in Table 
XIII  against the amounts experimental ly trans- 
ported. There is now a very good agreement between 
the two series of results except for TeC14 and CIr. 

These two transport  agents will  be studied to-  
gether with TiBr4 and TIC14, all of them producing an 
R value close to 1. Let us consider the case of C12: 
For that carrier, just like for TIC14 and TeC14, there 
appears neither boron (unlike the cases of BI~, BBr3, 
and I2) nor BHC12 (unlike the case of HC1) and, as 
C12 acts only as a solvent and is completely consumed, 
the relation between the part ial  pressures results in 

1 
P [ v i c l 3 ]  @- P[TiC14] -- ~--P[BCIS] 

2 
P~BClSl] = _--- Ptotal 

and 

The model assumes the same pressure at source and 
sink and, in the absence of chemical potential  gra-  

dient, transport becomes impossible. The same phe- 
nomenon occurs in the case of TeCI4 (with t rans-  
port of tel lur ium in the process). In the cases o f  
TiBr4 and TIC14, transport  can be described by the 
equation 

9TiX4 + <TiB2> ~-- 10 TiX3 + 2BXs 

and as we started from TiX4, we necessarily have 

P[TJx3] = 5P[BX3] 

which gives for the flux functions 

r -- 5r 
n o w  

1 

In the absence of solid boron we shall  have 

'r = --4,5 ~[BX3] 
and 

r 5 
- -  - - -  -- -- 1,11 (of., Table XlII )  
~b [TiX4] 4 , 5  

These few equations explain why the Richardson 
model predicts no transport  in these cases. To under-  
stand why two of these transport  agents still give 
experimental  transport, it is necessary to come back 
to the first model and to consider Table IV showing 
the side reactions with silica of the tube. In the c a s e  
of TIC14 and TiBr4, there is almost no attack so that  
the restraints on the part ia l  pressures remain and, 
as predicted, there is no transport. On the contrary, 
in the case of C12 and TeC14, silicon halides are formed 
by attack of the tube, and the restraints fal l  down, 
and the transport  becomes possible. 

Conclusion 
The application of thermodynamics and flux func- 

tions, while pointing out their  limitations, provides 
a useful insight into investigating transport  system. 

The grouping of the two submitted models brings 
an approach of the complicated chemical p r o c e s s e s  
which occurs. From that approach we deduce the 
transport  direction and the importance of the wall 
etching as well as its influence on the transport.  
Lastly, it allows one to make a priori choice between 
the different transport  agents. 

Manuscript submitted Nov. 7, 1980; revised manu- 
script received April  6, 1981. This was Paper 425 pre-  
sented at the Los Angeles, California, Meeting of the 
Society, Oct. 14-19, 1979. 

Any discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. I, 1982. 

Publication costs of this article were assisted by the 
l~cole Nationale Sup~rieure de Chimie. 

Table XII I .  Results of calculations after the R;chardsLon model 

t .a.  BBrs  BI~ I~ HC1 T i B n  T i C h  T e C h  Cl~ 

f (T iX4)  - 3  • 10 -~ 4.9 x 10 -a 3.8 x 10 -~ 3.9 x I0-~ 2.3 x 10 -~ 1.9 • 10 -a 4.5 x 10 -~ 2.7 x 10 -~ 
Y(TiXs) - 2 . 7  x 10 ~ - 3 . 4  x 10 -~ - 2 . 7  x 10 -5 - 1 . 6  x 10-4 - 2 . 6 0  x 10-~ - 2 . 1  x 10 -3 - 4 . 9  x 10 -4 - 3 . 0  • 10 -~ 
t ,h .* TiBr~ + T i B n  TH~ TiI4 T i C h  TiBr~* * T i C h  TIC18 TIC18 
R** j 142 138 2.25 1.11 1.11 1.1 1.1 
exp .  ( r a g )  150 50 50 < 1 0  < 1 0  o 150 20 

" t .h,  = h a l i d e  e f f e c t i v e  i n  t h e  t r a n s p o r t .  
�9 " = + T i B m  w i t h  f ( T i B r 2 )  ---- --1.5 x 10 ~ .  

" ' "  = def ined in the  t e x t  as: f ( T i X ~ / $ ( T i X s ) .  
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APPENDIX 

The various constituents taken into account in equilibria calculations are: 

C1 Ca) Br (a) < T e >  (e) <Til l2> Ca) 
C12 Ca) Br2 Ca) Te (e) <TiB2> Ca) 
TiC1 (a) BBr (a) Te2 (e) <TiB> (a) 
TiC& (a) BBr~ (a) TeCI~ (e) <Ti>  (a) 
TIC13 (a) BBrs (a) TeCl4 (d) Ti (a) 
TiCl4 (a) TiBr (a) <~iTe~> (f) TiO (c) 

<TIC12> (a) TiBr2 (a) TiTe (e) ~iO2 (c) 
BCI~ (a) TiBr3 (a) Te,O (e) <TirOs> (c) 
BCI (a) TiBr4 (a) TeO2 (e) <Ti~05> (e) 
SIC14 (b) <TiBrz> (a) Te~Oz (e) 
SIC13 (a) SiBr4 (d) <SiO2> (a) 

( cristobalite ) 
SIC12 (b) SiBr2 (d) <B> (a) <SisTis> (d) 
SiC1 (a) BBrO (a) BOg (a) Si02 (a) 
B,CIO (a) HBr (a) B202 (a) SiO (a) 
TiCIO (a) BHBr2 (a) B203 (a) <Si> (a) 
TiCI20 (a) (B203) (a) Si (a) 
C1H (a) I (a) H~ (a) O3 (a) 
C1HsHSi (a) I2 (a) H (a) I-I4Si (a) 
C12H2Si (a) BI (a) BH2 (a) H20 (a) 
ClI-ImSi (a) BIa (a) BH8 (a) 
C1HO (a) BI~ (a) B~H~ (a) 
BHCI~ (a) TiI (a) B10H,4 (a) 

TiI~ (a) BH~O3 (a) 
TiI3 (a) B~H303 (a) 
TiI4 (a) BH202 (a) 

<TiI~> (a) BHO (a) 
si~ (d) 
SiI4 (d) 

(a) JANAF thermochemical tables, U.S. Department of Commerce, N.B.S., 2rid ed., Dow Chemical Co, Mid- 
land, MI (1971). 

(b) 5ANAF thermochemical tables, U.S. Deparment of Commerce, N.B.S., supplement (1974). 
(c) JANAF thermochemical tables, U.S. Department of Commerce, N.B.S., supplement (1975). 
(d) I. Barin, O. Knacke, and O. Kubaschewski, "Thermochemical Properties of Inorganic Substances," Spring- 

er Verlag, Berlin, Heidelberg, New York, supplement (1977). 
(e) K. C. Mills, "Thermodynamic Data for Inorganic Sulfides, Selenides and Tellurides," Butterworths, Lon- 

don (1974). 
(f) For <TiTe2> the following thermodynamic values have been used: ayegs ~ = --50900 cal tool-i ,  after Mills 

(e), $29s ~ = 28 cal. deg. -1 mol-1, estimated by the Latimer's method (e), the function C~ -- H~gs/T has been 
estimated to 35.1 cal. deg. -1 at 800 K (e) and the approximations of the method being taken of, it has been con- 
sidered as a linear function of the temperature: GT -- H~gs = 23.785 -- 0.01414T. 
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Vacuum Plasma Electron Beam Melting of Reactive 
and Refractory Metals and Their Alloys 

One Step Melting of Low Oxygen Content Titanium Scrap by Using VPEB 

S. Kashu, K. Watanabe, M. Nagase, and C. Hayashi 
Vacuum Metallurgical Company, Limited, P.O. Box 1I, Yachimata, Inba-gun, Chiba 289-11, Japan 

and Y. Yoneda 
ULVAC Corporation, 2500, Hagizono, CMgasak~-$M, Japa~ 253 

ABSTRACT 

Vacuum plasma electron beam (VPEB) melting with a hot hollow cathode 
gives satisfactory results for recovery of tow oxygen content t i tanium scraps 
and Zircaloy-2 scraps. The yield of relat ively high vapor pressure elements, 
such as Cr, can be controlled easily to meet with the tolerance. The VPEB 
has a high energy density and purification effect which is similar to that  of 
high voltage electron beam melting. Power input of the VPEB to a target  of a 
molten pool is by far  more stable and the yield of materials  throughout the 
melting of reactive and refractory metals and their alIoys is quite satisfactory 
compared to those of high voltage EB or the vacuum arc melting process. 
The VPEB process is also safer, easier to operate, and suitable for automa- 
tion. Three examples of VPEB application at VMC-ULVAC are described 
in this paper. 

A simple recycle process of reactive metal  and alloy 
scrap to sound ingots is aimed at. Low oxygen content, 
loose-shape t i tanium scraps (Fig. 1), the chemical 
composition of which is shown in Table I, are melted 
by using VPEB. Oxygen content of the VPEB melted 
ingots satisfied the high quality level of JIS Grade-1 
specification. One-step melting of high puri ty reactive 
metal  scrap by using VPEB is feasible both technologi- 
cally and economically. 

Figure 2 illustrates a VPEB one-step recycle furnace. 
A schematic drawing of the furnace is shown in Fig. 
3. By using a 200 mm diam water-cooled copper cruci- 
ble and an ingot pulling mechanism, a lm length of t i-  
tanium ingot (weight 130 kg) is produced. Melt stocks 
of t i tanium scraps, which are represented in Table Ii, 
are charged to a material  feeding chamber and moved 
over the lip of the crucible. An I8 in. gate valve is a t -  
tached to the furnace for semicontinuous feeding of 
the melt stock. A 20 in., 8 m3/sec oil ejector pump, a 
1 m3/sec mechanical booster pump, and a rotary piston 
pump with a capacity of 7 mS/rain are equipped in 
series. A d-c power supply of 100V and 3 kA maximum 
output is used as the VPEB power source. 

Figure 4 il lustrates the melting operation. An ex- 
ample of operating parameters are represented in 

Key words: VPEI3, titanium, metals. 

Table I. JIS* chemical composition of Ti in ppm 

H O N F e  

G r a d e  1 <150 <1500 <500 <2000 
G r a d e  2 <150 <2000 <500 <2500 
G r a d e  3 <150 <3000 <700 <3000 

* JIS H 4670. 

Table III. Figure 5 illustrates the surface of the one- 
step melted titanium ingot. Table IV represents the 

Fig. I. Loose shape titanium recycle scraps 

2453 

Fig. 2. Overall view of the VPEB one-step recycle furnace 
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~ ~- Focusing Coil 
~ . i = ~ j - - T a  Hollow Cathode 
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[ ~=~ I ~ ~200mm Dia. Water Cooled 

 JL. 
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Fig. 3. Schematic drawing of VPEB one-step recycle furnace 

Table IV. Typical value of oxygen content 

O~ content (ppm) 

Ingot No. Material  Ingot* 

T 750 
ii 650 B 1070 

T 710 
12 580 B 950 

T 750 
13 670 B 1040 

770 
14 750 1030 
15 580 T 610 

B 680 

* T: Top of the ingot. B: Bottom Of ingot. 

Table Va. Chemical analysis of 3 mm od Ti wire 

Impuri ty  content  (ppm) 

Lot No. O Fe C 

W-1 750 490 130 
W-2 710 300 110 
W-3 690 410 93 
W-4 730 430 140 
W-5 670 360 75 

Average value 710 400 110 

Table Vb. Impurity level of JIS Grade-1 Ti wire 

~mpurity content  (ppm) 

O Fe C 

Lower l imit  400 200 50 
Average 650 450 100 
Upper l imi t  850 600 150 

Table VI. Chemical composition of Zircaloy-2 

Sn Fe Cr Nt 

1.20-1,70 0.07-0,20 0.05-0.15 0.03-0,08 

Table VII. Preliminary test of VPEB melt 

Raw 
mato- 

I II HI VI r i ~  

Fig. 4. Molten pool of titanium is bombarded by means of VPEB 

results of the oxygen level of the recycled ingot. Table 
V represents the results of the chemical analysis of the 
3 mm diam titanium wire which is forged and drawn 
from an ingot made by the VPEB process. A standard 
chemical analysis value of a commercially used high 

Table II. Typical value of oxygen content 

Ti scraps O (ppm) 

No. 1 630 
No. 2 750 
No. 3 790 
No. 4 830 
No. 5 500 

Table III. Operating parameter of VPEB for Ti scrap melting 

Operating pressure (Pa) 6.7~9.3 
VPEB out put  Voltage (V) 80 ~ 85 

Current (kA) 1.8 ~ 2.0 
Wattage (kW) 140 ~ 170 

Melting rate  (kg /h r )  23 

Operating pressure  1.2 1.1 1.2 5.3 
(At  Pa) 

Melting t ime (rain) 7 0.5 2 2 
VPEB melt ing power 50,4 51.6 52.8 51,4 

(kW) 
Charged weight  (g) 1049 1466 1322 1458 
Weight  loss (g) 2 2 1 <1 
Chemical analysis 

(%) Sn 1.27 1.38 1.35 1.39 
Ni 0.052 0.053 0.054 0.054 
Cr 0.023 0.060 0.018 0.058 
Fo 0.104 0.120 0.117 0.124 

Table VIII. Operating parameter of VPEB 

Operating pressure Ar 1.9-2.0 Pa 
Voltage 44-50 (V) 
Current  1500-1700 (A) 
Melting power 70-80 (kW) 
Melting $peed Approx. 1.6 (kg/min)  
Hearth size w 125 • D 135 x L 1650 (ram) 

Table IX. Operating parameter of VAR 

Operating pressure 0.7-1.3 Pa 
Voltage 32 (V) 
Current  5700 (A) 
Melting power 182.4 (kW) 
Melting speed 5.2-5.8 (kg/min)  
Crucible size ID 250 (ram) 

1.40 
0.057 
0.097 
0.139 
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Fig. 6. Vapor pressure of additional elements of Zircaloy-2 

Fig. 5. One-step melted titanium ingot 

purity grade titanium wire is also shown as the refer- 
ence. 

A low oxygen content 200 mm diam titanium ingot 
can be produced by VPEB one-step melting. Results 
a r e  shown as follows: (i) The increase of the oxygen 
content level by one-step melting is less than 100 ppm. 
(ii) The melting rate of titanium one-step melting is 
0.2 kg /kA-  min. This value is acceptable in practical 
application. (iii) Variations of pressure, voltage, and 
current are very small so that extremely stable opera- 
tion continues throughout melting. (iv) Argon gas 
consumption for VPEB discharge is small and can be 
neglected. It is, however, possible to recycle the argon, 
if required. (v) Operating experience has proved that 
the VPEB process is economically advantageous. 

Direct Recovery of Zircaloy-2 Scrap by Using VPEB 
Zirealloy (Table VI) scraps are conventionally 

shipped back to a chemical processing plant. In this 

Scrap Material 

(~) Finished Ingot 

(]~) VPEB 1 st  Melt 

Cathode 

VPEB t 

Water Cooled Cu Hearth 

(~) V A  R 

Fig. 7. General view of the VPEB scrap recycle furnace 

L~ VPEB 2rid Melt 

Cathode 

I i  
Additional Material I ~l VPEB 

@ Consumable 

Electrode 

Fig. 8. Process of direct re- 
covery of Zircalay scrap. 
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Table X. Chemical analysis of finished ingot (%) 

Sn Fe Ni Cr Rate of Cr 
A~TM B-350 1.20q,70 0.07-0.20 0.03.0,08 0.~5-0.15 addition 

Raw material* 1.49 0.139 0.051 0.082 
Ingot I TC-I 1.59 0.149 0.060 0.122 0.059 

TS-I 1.35 0.142 0.053 0.124 0.059 
BC-1 1.52 0.136 0.049 0.120 0.059 
BS-I 1.48 0.141 0.046 0.123 0.059 
Average 1.53 0.142 0.051 0.122 0.059 

Ingot 2 TC-2 1.67 0.149 0.060 0.151 0.061 
TS-2 1.59 0.140 0.054 0.142 0.061 
BC-2 1.50 0.116 0.046 0.134 0.061 
BS-2 1.48 0.106 0.043 0.125 0.061 
Average 1.56 0.127 0.051 0.138 0.061 

Ingot 3 TC.3 1.52 0.144 0,054 0.102 0.025 
TS-3 1.49 0.138 0.052 0.098 0.025 
BC-3 1.46 0.125 0.047 0.091 0.025 
BS-3 1.45 0.II0 0.045 0.100 0.025 
Average 1,48 0.129 0.049 0.098 0.025 

Ingot 4 TC4 1.69 0.127 0.060 0.087 0 
TS-4 1.66 0.123 0.059 0.087 0 
BC4 1.54 0.098 0.047 0.073 0 
BS4 1.53 0.095 0.047 0.072 0 
Average 1.60 0.110 0.054 0.080 0 

"Average value of 10 sampling, 
Top 

Sampling TS i ~  

Position 
T 

paper, however, a new process for direct recovery of 
Zircaloy scrap is proposed. Surface-cleaned Zircaloy 

Fig. 9. VPEB melting of Zircaloy scrap for electrode 

Bottom 

Ingot . . ~ B  S 

C 

scraps are converted in a specially designed vacuum 
plasma electron beam furnace to an electrode for vac- 
uum arc remelting which is a part of a conventional 
process. Sufficient mechanical strength and electrical 
conductivity are the two factors required with the 
VPEB processed electrode, while compensation for 
chromium loss (Fig. 6) during the melting was con- 
sidered. The result of the development work is satis- 
factory and the new process can be a big improvement. 

Figure 7 illustrates the specially designed VPEB 
scrap recovery furnace. Scraps are Iaid on a water- 
cooled copper hearth which has dimensions suitable 
for electrode to successive VAR. The hearth is mov- 
able back and forth in the vacuum chamber while 
VPEB bombards the surface of the scraps. A simple 
scanning mechanism is equipped for the VPEB gun. 
A chromium charging mechanism feeds the necessary 
addition of chromium granules following the first melt 
down. A larger charging mechanism feeds Zircaloy 
scraps over the first melt for additional second melt- 
ing as is illustrated in Fig. 8. VPEB melting in this ap- 

Fig. 10. Schematic drawing of 
the VPEB melting equipment. 

Power Source 

l gZZA___ 

Quadrupole Residual 
Gas Analyzer 

Gas Flow Controller 

S, I' I ; .  
I~1 L i  I * - - +  

2 
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Rotating & 
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Patent Pending 
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Fig. 11. Minimum current for 
Tu melting. 
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pl icat ion is a imed  at  jo in ing  scraps to a sa t i s fac tory  
electrode,  so a complete  mel t  down of the charge is 
not  required.  F igure  9 i l lus t ra tes  mel t ing  operat ion.  
A n  example  of the  opera t ing  pa r ame te r s  a re  r ep re -  
sented in Tables  VII  and VIII.  Table  IX represents  the 
pa rame te r s  for  successive VAR operat ion.  Table  X 
represents  the resul ts  of chemical  analysis  of the fin- 
ished ingot. 

The addi t ion  of chromium is not  requ i red  at  least  
for  severa l  recyclings.  This is a favorab le  resul t  for  
ac tua l  production.  Chromium loss as a whole is kep t  
smal l  because of the  r e l a t ive ly  short  t he rmal  h is tory  
of the electrode.  However ,  it  wil l  be requ i red  to add 
chromium if, for  example ,  atI scraps charged a re  of 
chips and thin sheets. 

500 

Fig. 12. Corresponding voltage 
for Ta melting. 

The VPEB is considered to be the ideal heat source 
for the direct recovery of Zircaloy scraps. VPEB is 
operable at low voltage and medium to high vacuum. 
There is no danger of damage to the water crucible 
with sufficient power density to melt down refractory 
metals. PowEr input can be controllable and main- 
tained constant for as much time as is required. Prac- 
tically any shape of raw stock can be charged. 

Melting Tantalum by Using VPEB 
Tanta lum ingot  is convent ional ly  produced  by  using 

ei ther  a vacuum arc (VA) furnace  or  high vol tage  
e lect ron beam (HVEB) furnace.  A vacuum s in ter ing  
(VS) furnace  has been  an a l t e rna t ive  for producing  
smal le r  rod shapes. An  example  of VPEB melt ing,  
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Fig. 13. Electrical I~wer input 
vs. operating flow rate. 
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which is new, economical, versatile, easy for main te -  
nance and operation, and produces a similar grade of 
purification to that of HVEB, is presented in this 
paper. 

Figure 10 il lustrates a schematic of the equipment.  
Melting and purification of a t an ta lum rod or ingot by 
using the VPEB is aimed at. A mechanical  drive gives 
rotat ion and push=pull transfer motion to the t an ta lum 
rod through vacuum- t igh t  seals while VPEB melts the 
surface. A quadrupole residual gas analyzer  (RGA) is 
used for dual  purpose: moni tor ing the pur i ty  of back-  
ground env i ronment  and gaseous or vapor composi- 
tion degassed dur ing  the melting. Par t ia l  pressure of 
any active gases or vapors which may react with hot 
t an ta lum must  be kept below a certain level. Argon 
pressure to keep VPEB is roughly between 3 X 10 - 1  
and 10 Pa measured in the vacuum chamber. Figures 

Table XI. VPEB operating parameters 

Ta melted rod (22~b x 500 L 3.15 kg) 

Ar flow Pres- Pool Pool di. 
rate (1 sure Power depth ameter 
#sec) (Pa) input (ram) (mm) 

250 4.3 220A 1.2-1.5 3-4 
(5.15 kW) 

250 0,27 220A 5.0-7.0 15-17 
(5.45 kW) 

Cathode: Ta 7r x 8r x 55 L. Cathode distance: 13 ram. Rotat- 
ing speed: 1 rpm. 

Ar Flow Rate (lusoc) 

11 and 12 i l lustrate the mi n i mum current  and corre- 
sponding voltages required for mel t ing the t an ta lum 
surface, respectively. Shift of operat ing pressure was 
made by changing pumping speed and argon flow rate. 

Figure 13 represents electrical power input  v s .  oper- 
ating flow rate. Table XI summarizes a comparison of 
operating parameters  at the two typical conditions. 
Details of basic experiment  and data were published 
e/sewhere (1, 2). Table XII  represents some of the 
purification effects obtained for surface mel t ing of 
powder compacts 22 mm r • 500 mm L, 76% density 
made by hydrostatic compaction of 100 mesh Ta. Car- 
bon powder was addi t ional ly mixed for the No. 02 
series in  order to promote oxygen removal  by CO reac- 
tion. The result  indicates that part ial  pressure of H20 
and the total pressure played a major  role in this case. 
Figures 14 and 15 represent  monitored gas composition 
dur ing the processing. 

A new product, SMTR (3) (surface melted tan ta-  
lum rod) is an example of optimized use of VPEB. The 
SMTR has pure, dense, and sound surface made by 
VPEB melt ing while the inside (central  portion) of 
the rod is composed of sintered smaller density tan-  
talum. Figure 16 represents an example of the process 
flow. Figure 17 i l lustrates the purification effect at the 
surface. Figure 18 il lustrates radial  density var iat ion 
from the surface to the center. Average density before 
and after surface mel t ing is 76% and 88%, respec- 
tively. The fabricated square rod 5 X 5 mm cross sec- 
tion and annealed at 1200~ t hr  showed mechanical  
properties represented in Table XIII, which is, by far, 
over the specification JIS H4701. Similar  surface t reat -  

Table XII .  Surface purification effect of SMTR 

Sam- 
ple 
No. 

Surface Surface Surface PHaO Po 2 
before after hardness (Pa) (Pa) 
melting melting after before before 
02 ppm 02 ppm melting Pre~ melting melting 

Hv sure 4, $ 
C ppm C ppm (1 kg) (Pa) melting melting 

01-5 BIO 490 172 5.1 0.05 7 • 10 -~ $ 
47 8 172 5.1 0.13 

02-I 920 420 175 5.1 0.05 7 x 10-' 

410 30 175 B.1 0.13 
01-7 B70 111 86 0.33 0.009 5 x I0 -~ 

4, r 
42 S 86 0.33 0.01 4 x 10 -t 

02-3 940 142 82 0.33 0.008 8 x 10 ~ 
4, 4, 

530 24 82 0.33 0.01 4 x I0 -~ 
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ment  applied for VA melted ingot el iminates surface 
machin ing  and results in more uti l ization of the preci-  
ous metal.  A few percent  of evaporat ion loss which is 
unavai lable  in  the case os HVEB purification is not 
necessari ly the case for SMTR: That  is also valuable  
for saving t an ta lum metal. 

VPEB MELTING 

Hydrostatic Press 

3000kg/ml 
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Major operat ing parameters  to be considered in  the 
VPEB are listed as follows: (i) voltage, (ii) current,  
(iii) cathode to target  distance, (iv) flow rate of oper- 
at ing gas, (v) vacuum pressure of operat ing gas, and 
(vi) impur i ty  levels of residual  gases. Geometrical  
configurations of structures inside the vacuum chain- 

Table Xlll. Mechanical properties of SMTR processed Ta rod* 

Tens i l e  strength 
(kg/mm 2) Elongation (%) 

46.4 Average 57 Average 
46.9 46.7 53 47 
46.8 31 

" Size:  5 x 5 ram. Heat-treatment: 1200~ x 1 hr.  JIS specifio 
cations: JIS H4701: Tap-0, tensile strength (kg/mm 2 >25; e longa-  
t ion  (%) >25; and Tap-l/4 H, tensile strength (kg/rnm 2) >36; 
e l o n g a t i o n  (%)  >20 .  
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ber  should be pa id  due considerat ion wi th  respect  to 
gas flow pa t t e rn  and e lect r ica l  field dis t r ibut ion.  Mag-  
netic confinement can improve  concentra t ion of the 
plasma,  wi th  addi t ional  expense.  

In  summary ,  appl ica t ion  of VPEB requi res  careful  
design of system. Opera t ion  of VPEB, however ,  has 
big advantages  in re l i ab i l i ty  ( s tab i l i ty)  and safe ty  
over  VA or  HVEB. VPEB is usable  for producing  both 
large ingots and  smal l  d iamete r  rods s ta r t ing  f rom 

powder  compact,  sponges, or any  shape of r a w  stock. 
I t  is also usable  for control led  hea t ing  which varifies 
appl ica t ion  in a va r i e ty  of hea t - t r ea tments .  Energy  
dens i ty  at  a t a rge t  surface can be as high as 104 k W /  
cm2, which is sufficient for surface mel t ing  of re f rac-  
tory  meta ls  and alloys. VPEB can of ten be an a l t e rna -  
t ive shor t -cu t  process of an exis t ing product ion line; 
va luable  for  ra t iona l iza t ion  or saving labor,  energy,  
and thus  cost. 
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The Formation of SiO2 in an RF Generated 
Oxygen Plasma 

I. The Pressure Range Below 10 mTorr 

A. K. Ray* and A. Reisman* 
IBM Thomas ~. Watson Research Center, York town Height, New York 10598 

ABSTRACT 

This pape r  deals  wi th  the fo rmat ion  of SiO2 on sil icon in an r f  genera ted  
oxygen  p lasma in the  pressure  range  be low 10 mTorr .  A companion pape r  
describes the behavior  of the oxide growth  process in the pressure  range above 
10 mTorr .  The oxide was formed in an open- tube  pumped  fused silica sys tem 
wi thout  subs t ra te  biasing. Oxide format ion  ra te  was s tudied as a funct ion of 
subs t ra te  t empera ture ,  conduct iv i ty  type, res is t ivi ty ,  distance f rom the end 
of the p lasma  genera t ing  coil, oxygen  pressure,  and genera tor  power  output .  
Based on the resul ts  obta ined  on masked  substrates ,  using the s i l icon-mask 
interface  as a marker ,  i t  was de te rmined  tha t  wi th in  the l imits  of expe r i -  
men ta l  error ,  al l  the oxide  formed in the pressure  range  s tudied  was de -  
posi ted on the surface and not  a resul t  of oxidat ion.  The ra te  of deposi t ion 
increased wi th  increasing power,  decreas ing pressure,  and decreas ing wafe r  
to p lasma  genera t ion  zone distance. This ra te  was t empe ra tu r e  independen t  
and was unaffected b y  subs t ra te  parameters .  Excel lent  un i fo rmi ty  was ob-  
ta ined  over 56 m m  d iam wafers,  ___3-5%. The proper t ies  of the oxide deposi ted 
at  600~ and above are  on ly  s l igh t ly  poorer  than  the rma l  oxides grown at  
1000~176 They exhib i t  somewhat  h igher  fixed charge and interface  s tate  
dens i ty  whi le  the b r e a k d o w n  strength,  etch rate,  and re f rac t ive  index are  
essent ia l ly  the  same as t he rma l  oxides. A key  observa t ion  of the p lasma  
process conducted at  pressures  be low 1O mTor r  is tha t  the oxide a lways  
forms on the sil icon surface facing the plasma. This is opposite to the resul ts  
ob ta ined  at  h igher  pressures  descr ibed in  P a r t  I I  of this s tudy.  

I t  is to be ant ic ipa ted  tha t  as semiconductor  devices 
are  scaled to smal le r  dimensions,  i.e., less than  1 ~m 
ground rules,  cu r ren t ly  employed  chip processing tern- 

* Electrochemical Society Active Member. 
Key words: silicon, plasma, oxidation, SEM. 

pera tures  wil l  tend to become incompat ib le  wi th  de-  
s ired device designs, because impur i t ies  present  in 
shal low junct ions a n d / o r  in surface threshold  ad jus t -  
ing layers  wil l  tend to redis t r ibute .  The p rob lem wil l  
be compounded fu r the r  by  surface deple t ion  of i ra-  
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pur i t ies  dur ing  oxidat ion  (1), ox ida t ion  enhanced dif -  
fusion effects (2), and the genera t ion  of subs t ra te  de-  
fects (2, 3). Two of the p r i m a r y  high t empe ra tu r e  
processes to be contended wi th  are  oxidat ion,  and  ion 
implan ta t ion  damage  anneal ing  and act ivat ion.  

As a first s tep in evolving a lower  t empe ra tu r e  p ro-  
cessing sequence, the authors  have focused on the oxi-  
da t ion  process. One might  assume, ini t ia l ly ,  tha t  the 
lower  the t empe ra tu r e  at  which one can conduct  an 
oxida t ion  process, the bet ter .  This is not  necessar i ly  
t rue  f rom a stress point  of view. If, for example ,  the  
intr insic  stress a t  the oxide format ion  t empe ra tu r e  
tends toward  zero, then any  t empe ra tu r e  excursions 
above this t empera tu re  wil l  force the oxide into ten-  
sion, mak ing  i t  suscept ible  to cracking at  mask  open-  
ing corners. To minimize  this problem,  oxida t ion  p ro -  
cesses should be conducted at  the highest  possible 
t e m p e r a t u r e c o n s i s t e n t  wi th  i m p u r i t y  redis t r ibut ion,  
surface depletion,  and defect  genera t ion  constraints.  

High pressure  and p lasma oxidat ion  processes both 
offer potent ia l  for use at  lower  tempera tures .  The high 
pressure  approach  (4, 5) is in cur ren t  use, bu t  for 
l a rge  areas  (5) is conducted only  in wet  oxygen am-  
b ient  a tmospneres ,  and at  modera te  pressures,  up to 
25 arm. In d r y  oxygen,  pressures  in excess of I00 a tm 
would  be requi red  (4) to achieve oxida t ion  rates  com- 
pa rab le  to we t  oxidat ion.  Such a p r e s s u r e - t e m p e r a -  
ture  combinat ion  is not  achieved read i ly  on a prac t ica l  
basis for a va r i e ty  of technical  reasons which wil l  be 
discussed by  us at  a l a te r  time. Very  high oxidat ion  
rates  have, however ,  been repor ted  using p lasma 
anodizat ion approaches  (6-15) at t empera tu res  as low 
as 170~ (12). Two genera l  problems encountered in 
using p lasma  approaches  have  been  the difficulty in 
achieving un i form growth  over  areas  grea te r  than  1-2 
cm 2 (6, 7) and the genera l ly  poor e lectr ical  and defect  
character is t ics  of the oxides (7, 12). Pa r t i a l  r e spu t t e r -  
ing of the grown oxides has been  considered b y  
Kra i t chman  (8) and others  (12, 13), but  none of the 
repor ts  considered ser iously the poss ibi l i ty  of spu t t e r -  
ing f rom the wal ls  of the reac t ion  chamber  onto the 
wafe r  surface as an effect to be contended with.  In 
addit ion,  using p r e sumab ly  s imi lar  expe r imen ta l  tech-  
niques, different  workers  have obta ined significantly 
different  results.  Lingenza (6) repor ted  power  and 
t empe ra tu r e  dependencies,  bu t  no subs t ra te  bias vol t -  
age dependency  on oxidat ion  rate.  He also found p a r a -  
bolic g rowth  behavior  for b iased oxidat ions and non-  
parabol ic  g rowth  in unbiased  oxidations.  Skel t  and 
Howells  (7) and Kra i t chman  (8), however ,  saw no 
t empera tu re  dependency,  and Kra i t chman  impl ied  that  
there  was no power  dependency.  Fu r the rmore ,  
Kra i t chman  found parabol ic  g rowth  behavior  for both  
biased and unbiased  oxidations,  even when constant  
cur ren t  b ias ing (as opposed to constant  vol tage)  was 
employed.  Pu l f r ey  and Reche (12), on the other  hand, 
observed l inear  kinet ics  in constant  cur ren t  anodiza-  
tions. 

The presen t  s tudy  was p rompted  by  the noted dis-  
crepancies  among the repor ted  resul ts  and by  a desire  
to see if  un i form growth  could be achieved over  large  
areas. In  addit ion,  i t  was des i red  to opera te  in an 
electrodeless  sys tem to avoid  possible e lect rode spu t -  
ter ing contaminat ion  effects. I t  was fel t  also tha t  the  
p lasma and sample  t empera tu res  should be independ-  
ent ly  control lable  to a degree at  least, by  separa t ing  
the p lasma genera t ion  and oxida t ion  zones, and that  
the  effects of t empera tu re  and power  on both oxide  
qual i ty  and growth  kinetics r equ i red  be t te r  unde r -  
s tanding.  Independen t  t empe ra tu r e  control  was ac-  
complished by  separa t ing  the p lasma  genera t ion  and 
oxida t ion  zones, wi th  the sample  being placed at p re -  
de te rmined  distances f rom the p lasma  genera t ion  zone 
in a res i s tance-hea ted  por t ion of a react ion chamber.  
Exci ted  species dr i f t  f rom the p l a sma  genera t ion  re -  
gion to the oxidat ion  zone at  the d r i f t  veloci ty  of the 
low pressure  flowing gas. 

This paper  deals  wi th  the pressure  regime below 10 
mTor r  while  a companion paper ,  Pa r t  II, is concerned 
wi th  the pressure  regime > 10 mTorr  for reasons 
which wil l  become obvious. 

Experimental Techniques 
The exper imen ta l  setup for p lasma oxida t ion  ~n the 

pressure  regime be low 10 mTor r  is shown schemat i -  
ca l ly  in Fig. 1. Ul t rah igh  pu r i t y  bot t led  oxygen  
(99.999%) was purif ied fu r the r  by  hea t ing  to 1000~ 
in a quar tz  chip bed  to decompose any  hydrocarbons  
p resen t  to CO2 and H20. These contaminants  were  
removed subsequent ly  in a l iquid n i t rogen trap.  The 
l iquid ni t rogen t rap  could be used to remove CO2 and 
H20 wi thout  l iquefying the oxygen  because the oxy -  
gen pressures  employed  (2-100 mTor r )  were  less than  
the vapor  pressure  of oxygen  at  the boi l ing point  of 
nitrogen. The vapor  pressures  of CO2 and H20 at  l iq-  
uid n i t rogen t empera tu re  are  es t imated  to be of the 
o rde r  of 10 -5 and 10 - s  mTorr ,  respect ively.  For  an 
opera t ing  pressure  of 10 mTorr ,  this corresponds to 
m a x i m u m  values  of 1 ppm of CO2 and 1 ppb of H20 
in oxygen,  assuming equi l ib r ium obtains. The purified 
oxygen was used to genera te  an oxygen  p lasma in the 
80 m m  ID, 100 cm long fused sil ica react ion chamber  
by  a var iab le  f requency  (0.5-8 NIHz) rf  generator .  A l l  
exper iments  were  conducted at  0.5 MHz unless o the r -  
wise specified. Elec t r ica l  coupling to the sys tem was 
effected by  a six tu rn  coil of 0.25 in. OD Cu tubing 
placed a round  the reac tor  tube and connected to the 
rf  genera tor  by  appropr ia t e  cables. In  our expe r imen-  
tal  system, only  the genera tor  ou tput  power  was 
known. An es t imate  of the power  input  to the p lasma 
could not  be made. Hence, a var ia t ion  of the  genera to r  
output  power  was considered as a var ia t ion  of the pow-  
er input  to the plasma. The coupling mechanism was 
assumed not  to change with  power  and pressure  va r ia -  
tions. The sys tem was pumped  cont inuously  dur ing  
the exper iments ,  and the pressure  in the chamber  was 
control led by  regula t ing  the oxygen mass flow into 
the react ion chamber  using a mass flow controller .  The 
pressure  in the react ion chamber  was measured  by  a 
thermocouple  gauge located at  the exi t  end of the re -  
action tube. In o rder  to avoid coupling to the rf  field, 
the  thermocouple  gauge was p laced  remote  to the  
p lasma genera t ing  region. Most of the silicon wafers  
used were  56 m m  diam p - t y p e  wi th  a nominal  res is t iv-  
i ty  of  10 l~ cm. The wafers  were  c leaned pr ior  to an 
exper imen t  by  a process descr ibed e lsewhere  (16). A 
wafer  was placed,  on a quar tz  sample  holder,  pe rpen -  
d icular  to the direct ion of gas flow. The t empera tu re  
of the wafer  was, as ment ioned above, var ied  and con- 
t ro l led  by  an ex te rna l  res is tance hea ted  furnace.  The 
t empera tu re  of the wafer  was measured  by  a Chromel -  
A lumel  thermocouple  placed ad jacent  to it. SiO2 film 
thickness was measured  using an IBM 7840 F i lm 
Thickness Ana lyze r  (17). The IBM 7840 F.T.A. m e a -  
sures combined reflectance of the films and subs t ra te  
in the wave leng th  range  of 380-750 nm and computes  
the thickness  of the  film from the opt ical  constants  of 
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Fig. 1. Schematic diagram of the experimental plasma oxidation 
system. 
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the film and substrate. The film thicknesses measured 
by the F.T.A. were checked with the values obtained 
el l ipsometrical ly and found to agree to bet ter  than 
--+5%. Since the IBM 7840 F.T.A. can be programmed 
to measure oxide thickness automatical ly at 21 pre-  
de termined locations over the entire wafer, and is 
much more rapid in  use than the ellipsometric mea-  
surement  available to us, it was used to gather the 
uni formi ty  data. The electrical properties of plasma 
SiO2 were determined by measurements  of fixed 
charge density, surface-state density, and electrical 
breakdown strength in conventional  fashion, i.e., C-V 
measurements  and ramp voltage breakdown measure-  
ments. 

Results and Discussions 
In  an ini t ial  experiment,  a silicon wafer was placed 

perpendicular  to the direction of gas flow 20 cm down- 
stream from the end of the rf induct ion coil. The tem- 
perature  of the wafer was main ta ined  at 650~ An  
oxygen plasma was generated at 5 mTorr  and a gen- 
erator output  power of 4.5 kW at 0.5 MHz. About  50 
n m  of SiOz was formed in  4 hr  on the surface of the 
wafer facing the plasma. No SiO2 was formed on the 
other side of the wafer. Thickness uni formi ty  of the 
SiO~ film formed was bet ter  than  -+5%. Under  the 
same conditions, but  with increasing pressure in the 
chamber, the thickness of SiO2 formed decreased sig- 
nificantly. Consequently, to s tudy the effect of pressure 
on oxide formation, the generator  output  power was 
subsequent ly  increased to 7 kW to increase oxide 
thickness to reasonable values. Figure 2 shows the 
thickness of SiO2 formed in 4 hr  as a funct ion of sys- 
tem oxygen pressure at 7 kW. The pressure was 
changed simply by changing the rate of oxygen input  
to the system. Since pressure was found to vary  l in-  
early with oxygen input  rate in the pressure range 
studied, the flow rate and, therefore, the l inear  gas 
stream velocity were constant. The oxygen flow rate 
was 2.1 scmS/min at 30 reTort  pressure, and the l inear  
gas stream velocity was 20 cm/sec. As seen in Fig. 2, 
the oxide thickness obtained after 4 hr shows two 
distinct regimes when plotted in log-log fashion. The 
oxide thickness decreases from 350 n m  in 4 hr at 1.5 
mTorr  to 40 nm in 4 hr at 7 mTorr  with approximately  
a 1.4 power dependency on pressure. Above 7 mTorr,  
the rate decreases much more slowly, i.e., to the 0.1 
power. Even with the high (7 kW) output  power em- 
ployed, the SiO2 thickness at 30 mTorr  is only 34 nm 
in  4 hr. If one wants  rapid growth, it is evident  from 
Fig. 2 that  the operat ing pressure should be as low as 
possible in the exper imental  configuration described. 
An operat ing pressure of 2.5 mTorr  was then chosen 
for the low pressure studies, because below 2.5 mTorr  

it was difficult to ignite and main ta in  an oxygen 
plasma. The behavior  at this pressure is representa-  
tive of the range up to about  10 mTorr.  The variat ion 
of oxide thickness with position of the silicon wafer 
outside the confines of the rf coil was studied at 650~ 
2.5 mTorr  and 4.5 kW generator  output  power. Figure 
3 shows the data obtained in a 2 hr  series of growth 
experiments.  The oxide thickness decreases sharply 
with increasing distance up to 12 cm. At distances 
greater than 12 cm, the oxide thickness remains more 
or less constant. As the thickness uni formi ty  was 
found to vary  more in the region from 7-12 cm than 
in the region greater than 12 cm, a distance of 20 cm 
from the end of the rf coil was then chosen for most 
of the experiments.  Experiments  were also conducted 
with the wafer in  a horizontal position. The rate of 
SiO~ formation was greatly reduced compared to ver-  
tical mounting,  and a significant SiO2 thickness gradi-  
ent  was generated across the axial direction of the 
wafer. 

The effect of generator  output  power on the thick- 
ness of oxide formed in  1 hr was studied at 650~ and 
2.5 mTorr,  the wafer being placed vert ical ly at a dis- 
tance of 20 cm from the end of the rf coil. With in-  
creasing power, the oxide thickness increases l inear ly  
with power up to 6 kW and above 6 kW, the oxide 
thickness increases as (power) 4.5, Fig. 4, bu t  as might  
be expected from the large slope of the curve, the 
thickness uni formi ty  of the SiO2 formed was poor at 
the higher power. An output  power of 4.5 kW yields a 
reasonable oxide formation rate and good thickness 
uniformity.  With the preceding as a basis for choosing 
a usable set of exper imental  conditions, the kinetics of 
SiO2 formation were studied at 2.5 mTorr  02 pressure, 
4.5 kW of generator output  power, and the silicon 
wafer placed vert ical ly at a distance of 20 cm from 
the end of rf coil. Figure 5 shows the thickness of 
SiO2 formed at 600~ as a function of time. It is seen 
from Fig. 5 that  the oxide thickness varies l inear ly  
with time in the entire oxide thickness range up to 
160 nm. Thermal  oxidation of silicon at high tempera-  
tures in dry oxygen, of course, follows l inear parabolic 
kinetics to a first approximation. The proposed model 
of a conventional  thermal  oxidation process (18) is 
that  there are three basic steps: (i) the t ransfer  of 
oxidant  from the gas phase to SiO2 at the gas-SiO2 
interface; (ii) the t ransport  of oxidant  through the 
SiO2 to the Si-SiO2 interface and (iii) the reaction of 
oxidant  with Si to form SiO2 at the Si-SiO2 interface. 
In a film growth process, the step (i), depending on 
the temperature,  l inear  gas stream velocity, and the 
film thickness, may or may not be rate l imit ing (19). 
In  a conventional  thermal  oxidation process, step (i) 
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is usual ly  not rate limiting. The step (ii), if i t  is a 
diffusion-controlled process, follows parabolic kinetics. 
The third step determines the oxidation rate and fol- 
lows l inear  kinetics. If step (iii) alone determines the 
rate of oxidation, then the rate of oxidation should 
depend on the temperature,  the orientation,  and the 
doping level of silicon wafers and should not depend 
on oxide thickness, 

Figure 6 shows the thickness of SiO2 formed at 600~ 
as a funct ion of t ime for <111> and <100> orientated 
Si wafers. The rate of SiO2 formation on <111> sur-  
faces is seen to be the same as that  on <100> Si wafers 
while both are seen to be l inear  with time. Oxide 
formation was found not to depend on silicon dopant  
concentrat ion either. Figure 7 shows the thickness of 
oxide formed in 3 hr at 600~ for both p- and n - type  
wafers of different resistivities. Oxide formation rate 
was found to be independent  of temperatures  also. 
Figure  8 shows the thickness of SiO2 formed as a 
funct ion of t ime for three different temperatures.  In  
another  series of experiments,  about 307.5 nm of dry 
thermal  SiO2 were first grown at 1000~ on Si wafers, 
and these wafers were then used as substrates for sub-  
sequent  plasma experiments.  Figure 9 shows the oxide 
thickness of these wafers as a function of t ime of ex- 
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posure to the oxygen plasma, The oxide thickness still 
increases l inear ly  with time, and the rate of increase is 
the same as that observed for bare silicon wafers. The 
data for bare silicon wafers is taken from Fig. 8. From 
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the above exper imental  results, it would appear that 
the second process does not determine the rate of 
formation of SiO~ under  the growth conditions studied. 
Furthermore,  the temperature,  wafer orientation, and 
resistivity independence of oxide formation rate made 
questionable the possibility that the l inear  kinetics ob- 
served are due to a combinat ion of steps (i) and (iii) 
and raised the possibility that the oxide formed in our 
experiments was not the result  of a reaction between 
silicon and oxygen, bu t  was due to a deposition of SiO2 
in the fused silica reaction chamber at the high rf 
generator  output  power and low operat ing pressure 
employed. The possibility existed that  SiO~ or a silicon 
oxygen species, e.g., SiO sputtered from the wall  of the 
reaction chamber, could react with oxygen and de- 
posit SiO2 on the silicon wafers. In  order to test this 
hypothesis, a silicon wafer was par t ia l ly  masked with 
A1 (400 n m  thick) and then exposed to the plasma 
under  the standard set of conditions described. After  
about 800 nm of 8iO2 was formed, the wafer was 
cleaved, the A1 was etched in dilute HC1, and the cross 
section was examined in an SEM. It is clear from the 

SEM micrograph (Fig. 10) that  SiO2 formed on both 
the exposed Si surface as well  as over the A1, indicat-  
ing that the SiO2 is deposited oxide. Using the silicon- 
a luminum interface as a marker,  it appears that very 
little, if any, silicon is oxidized dur ing this process. 
Whether SiO2 molecules are sputtered as such, and 
then deposited, or whether  a species such as SiO is 
sputtered which reacts with oxygen homogeneously 
or at the silicon surface to form SiO2 could not be de- 
termined. We consider the direct sput ter ing of SiC~ to 
be un l ike ly  since the properties of the deposited SiO2 
are quite different from those of convent ional ly  sput-  
tered silica (20). The refractive index of oxides de- 
posited at 600~ and at lower temperatures  was mea-  
sured by el l ipsometry at 632.8 nm and was in the range 
1.461-1.465. The etch rate of the plasma deposited SiO2 
was comparable to that of dry thermal  SiO2 grown at 
1000~ The etch rates were compared by  etching 
s imultaneously  the thermal  and plasma oxides in 1:9 
(49% HF:40% NH4F) solution at room temperature.  
The etch rate was determined by  measur ing the change 
in oxide thickness dur ing  etching. The etch rates at 
room temperature  were in  the range of 74-76 rim/rain. 
In  order to evaluate the electrical properties of the 
plasma-deposi ted SiO2, about  75 nm of plasma de- 
posited was formed on 2 s cm p- type  <100> oriented 
Si wafers at 600~ No other high tempera ture  heat-  
~reatment was given to the oxide. A l u m i n u m  dots 32 
mil  in diameter  were evaporated on the oxide through 
a metal  mask. A l u m i n u m  was also evaporated on the 
back side of the wafers for electrical contact. A post- 
metal l izat ion anneal  in forming gas at 400~ for 20 
min  was given to the capacitors. Figure 11 shows the 
high frequency C-V curve of these capacitors. The high 
frequency C-V  curve was obtained at 1 MHz with a 
voltage ramping rate of 0.2 V/sec. Well-defined inver -  
sion and accumulat ion regions were obtained. The 
hysteresis effect observed between the inversion and 
accumulat ion regions may be due to the presence of a 
large n u m b e r  of surface states. Surface-state  densi ty 
measured by the quasi-state technique was about 1012/ 
cm 2 eV at midgap. With surface-state density so high, 
the expression for VFB in  terms of fixed positive charge 
becomes complicated. So effective charge density (Qf) 
was calculated from the flatband voltage (VFB) deter-  
mined via the high frequency C-V  curve according to 
the formula 

Q~ 

Cox 

where eros : work funct ion difference between A1 and 
the semiconductor, taken as --0.TV for 2 ~ cm p- type 
silicon, Cox = oxide capacitance per un i t  area, and 
Qr -- effective charge per uni t  area.. 

The calculated effective charge density from the VFB 
is 1.3 X 10 -3 C / m 2 which is equivalent  to 8 X 1011/ 
cm 2 singly charged centers. A high tempera ture  
(1000~ postoxidation hea t - t rea tment  was given to 
some wafers, but  this did not  reduce effective charge 
density appreciably. Electrical breakdown strength 
was measured on one hundred  A1-S1Oa-Si capacitors 
in accumulation. Figure 12 is a histogram showing the 

Fig. I0. SEM microgroph of the cross section of a silicon wafer 
after Si02 formation. 
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different breakdown strengths for one hundred plasma Si02 
capacitors. 

number of breakdown events at different breakdown 
strengths. The breakdown strength is high and there 
are few low field breakdown events. 

Conclusions 
From our experimental results, it can be concluded 

that the SiO2 formed on the surface of a silicon wafer 
facing the plasma in a low pressure (<10 mTorr) oxy- 
gen plasma is deposited oxide. The deposited oxide is 
believed to be sputtered material from the wall of the 
quartz reaction plasma. The exact mechanism (sput- 
tering or reactive sputtering) of SiO2 formation is not 
clear. Since the properties of the deposited oxide bear 
more of a resemblance to thermal oxides grown at 
1000~ than sputtered oxide, we believe that reactive 
sputtering is the mechanism of oxide formation. The 
rate of oxide deposition increases with increasing 
power input to the plasma and decreasing pressure and 
distance of the wafer from the plasma. The increase of 
oxide formation rate with decreasing pressure is due 
to the fact that at pressures less than 10 mTorr, wall 
sputter deposition appears to be the primary mechan- 
ism of oxide formation. The sputtering phenomenon 
leading to deposition rather than oxidation is a func- 
tion of pressure only and does not depend on the 
distance of the wafer from the plasma generating zone. 
Clearly, however, the rate of deposition in such a pro- 
cess will depend on the distance. Very uniform deposits 
are obtained only under certain experimental condi- 
tions. The use of high power or positioning the wafer 

too close to the plasma results in less uniform deposits. 
The properties of the deposited oxide are probably 
related to the purity of the quartz reaction chamber. 
Refractive index, etch rate, and electrical breakdown 
strength of the oxides deposited at 60O~ are com- 
parable to those of thermal SiO2 grown at 1000~ 
Fixed charge and surface state densities are higher. 
Limited results indicate that the oxides deposited at 
lower temperatures have properties similar to those 
deposited at 600~ This technique thus may have po- 
tential for forming passivation layers for interconnec- 
tions where conventional high temperature CVD 
methods cannot be used. The companion paper that 
follows describes the plasma system behavior at pres- 
sures greater than 10 mTorr which is dramatically 
different from that described here. 

Manuscript submitted Dec. 18, 1980; revised manu- 
script received April 27, 1981. This was Paper 167 pre- 
sented at the St. Louis, Missouri, Meeting of the So- 
ciety, May 11-16, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOLm~AL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 
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The Formation of SiO  in an RF Generated 
Oxygen Plasma 

II. The Pressure Range Above 10 mTorr 

A. K. Ray* and A. Reisman* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

This paper  describes the formation of SiO~ in  an r f  generated oxygen  
plasma in the pressure range above 10 mTorr.  The exper imenta l  setup used 
for this s tudy is the same as that described in  Par t  I of this study. Using the 
s i l icon-mask interface as a marker  and examining  the cross section of silicon 
wafers after oxide formation,  it was concluded that  the mechanism of oxide 
formation in the pressure range 10-100 mTorr  is growth of SiO2. A unique  
and unexpected result  of the plasma process conducted at pressures greater  
than 10 mTorr  is that  oxide growth occurs pr imar i ly  on the surface of the 
wafer facing away from the plasma, in sharp dist inction to the observations 
made at pressures less than 10 mTorr  where  the oxide forms only on the 
surface facing the plasma. A key exper imenta l  p a r a m e t e r  is the confinement 
of the plasma by  the wafer which was observed only at pressures greater  
than 10 mTorr  and at generator  frequencies from 0.5 to 3 MHz. Oxide growth 
rate  was studied as a funct ion of pressure, power, f requency of the a~plied 
field, and substrate parameters  to determine the opt imum growth conditions. 
The etch rate, refractive index, stress, fixed charge, interface states, and 
breakdown strength of plasma oxides grown at 500~ compare very  favor-  
ably to thermal  oxides grown at ll00~ 

In  Par t  I of this study (1), it was concluded that the 
SiO2 formed in a low pressure oxygen plasma is a 
deposited oxide. The deposited oxide is believed to 
result  from the sput ter ing of SiO2 or an oxygen-si l icon 
species from the wall  of the fused silica reaction cham- 
ber. Because of the long mean free path at low pres- 
sures, it is possible for the sputtered mater ia l  to de- 
posit on a wafer  placed as far as 20 cm :from the plasma 
generat ing region. The sputter  yield is therefore ex- 
pected to be minimized with increasing pressure and 
decreasing power input  to the plasma. In  this paper, 
we describe the in situ oxidation of Si at higher pres-  
sures and lower power in the plasma system. The re-  
sults are unique  in that at elevated pressures, not only 
does deposition cease, but  oxidation occurs pr imar i ly  
on the silicon surface facing away from the plasma. 

Process and Kinetic Studies 
When the operat ing pressure was increased to 30 

rnTorr and power output  from the generator  was re-  
duced to 1 kW, no detectable SiO2 was formed on a 
silicon wafer  placed at a distance of 20 em from the 
end of the r f  coil. Consequently, for experiments  in the 
high pressure regime (>10 mTorr ) ,  the wafer was 
placed closer (2 cm) to the coil. Under  this condition, 
surprisingly,  the plasma was confined by the wafer and 
the bu lk  of the SiO2 was formed on the surface of the 
wafer facing away from the plasma (the wafer back 
side) while a much th inner  oxide was formed on the 
surface facing the plasma (the wafer front side). The 
high- low thickness uni formi ty  of the oxide formed on 
the back side was better  than __+5% and the s tandard 
deviat ion was of the order of 1-3%. The thin oxide 
formed on the front  surface was much less uniform. 
For example, on a 56 mm diam silicon wafer, there is a 
region around the wafer per iphery where oxide thick- 
ness is considerably greater  than in the central  area. 
This region of greater oxide thickness increases with 
increasing oxidation time. After about 5 hr  of oxidation 
at 540~ there was a region 6 mm wide a round the 
per iphery where oxide thickness was about 200 nm as 

* Electrochemical Society Active M e m b e r .  
Key words: silicon, plasma, oxidation, SEM.  

compared to an average oxide thickness of about 65 
n m  in the centra] area. During the same oxidation 
time, about 300 nm of SiO~ was formed on the back 
side. An ini t ial  explanat ion for this observation that  
came to mind  was that the oxide formed in equal 
amounts  on both surfaces, but  that the SiO2 formed on 
the surface facing the plasma was resputtered. In  ad- 
dition, it was to be determined whether  the oxide films 
formed were wal l -sput tered  oxides, as was the case at 
low pressures, grown oxides, or combinations of the 
two with resput ter ing complicating the picture. To re-  
solve these questions, the results required analysis ac- 
cording to the schematic representat ion depicted in  
Fig. 1. In  Fig. 1, the expected wafer cross section is 
depicted for the possible cases, in situ growth only, 

BEFORE OXIDATION AFTER OXIDATION 

SiO 2 ~ o x  

GROWTH ONLY 
dox 

sioz 
Si .~ 

GROWTH + RESPUTTERING 

S'02  '02d i' 
GROWTH + WALLSPUTTER 
DEPOSITION 

Fig. 1. Schematic representation of the cross section of a silicon 
wafer for the possible cases, growth only, growth @ resputtering, 
and growth + wall-sputter deposition. 
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growth  plus resput ter ing ,  and g rowth  plus wa l l -  
spu t te r  deposit ion.  On the l e f t -hand  side of Fig. 1 the 
s i tuat ion before  oxide format ion  is shown where  pa r t  
of the sil icon a rea  is masked  agains t  oxide  formation.  
Using the s i l i con-mask  in ter face  as a marker ,  i t  is 
possible to d is t inguish among the possible cases men-  
t ioned earl ier .  I f  the Si-SiO~ interface  is be low the 
or ig inal  si l icon surface ( s i l i con-mask  in te r face) ,  then 
c lear ly  some of the  SiO2 at  least  is being formed by  a 
growth  mechanism because silicon is consumed from 
the subs t ra te  dur ing  the oxide  format ion  process. The 
thickness of SiO2 would  be app rox ima te ly  twice the 
dis tance ( l)  of the Si-SiO~ in ter face  be low the s i l icon-  
mask  interface.  This value  should equal  the measured  
oxide thickness (dox) if r e spu t te r ing  and deposi t ion 
are  both absent.  If  g rowth  and respu t te r ing  take  place 
s imul taneous ly  and the ra te  of respu t te r ing  is less than 
the ra te  of growth,  then for the  same amount  of ox ida -  
tion, as in the  case above, the Si-SiO2 bounda ry  wi l l  be 
at  the same dis tance (l)  f rom the S i - m a s k  interface,  
bu t  the  measured  oxide  thickness (dox) wil l  be less 
than 2 ( l)  and there  wi l l  be thickness a s y m m e t r y  re l a -  
t ive to the marker .  I f  g rowth  and wa l l - spu t t e r ing  take  
place s imul taneously ,  then oxide would form over the 
mask  as wel l  as on the silicon substrate .  As a result ,  
the appa ren t  thickness of the mask ing  layer  would 
change a f te r  oxide  formation,  and  the SiO2 boundary  
would  again  be unsymmet r i ca l  wi th  respect  to the 
s i l i con-mask  interface.  If the respu t t e r ing  ra te  is 
g rea te r  than  the g rowth  rate,  no oxide would  be de-  
tected and the unmasked  silicon surface would drop 
be low the s i l i con-mask  interface.  Final ly ,  if  al l  p ro -  
cesses occur s imultaneously,  e.g., deposition, ox ida -  
tion, and resput ter ing,  mask  thickness would increase,  
and a s y m m e t r y  a round  the mask  level  would resul t  
except  in the un l ike ly  event  that  the respu t te r ing  ra te  
and deposi t ion ra te  a re  identical .  200 nm thick MgO was 
used as a mask  to examine  these possibili t ies.  The rea -  
son for select ing MgO as a mask  is discussed later .  
F igure  2 is an SEM micrograph  of the cross section of 
a sil icon wafer  af ter  oxide  fo rmat ion  on the MgO 
masked  sil icon surface which faces away  from the 
plasma. It  is evident  f rom the p ic tu re  that  oxide  
fo rmed  on this surface is grown oxide and not de-  
posi ted oxide. There  is also no evidence of respu t te r ing  
or  wal l - spu t te r ing .  F igure  3 shows the cross section of 
the wafer  a f te r  oxide  format ion  on the MgO masked  
silicon wafer  surface which faces the plasma. Even 
though the oxidat ion  was car r ied  out for the same 
length  of t ime as for the back  side, the distance of the 
Si-SiO2 in ter face  from the or ig inal  silicon surface is 
much less compared  to that  in Fig. 2, indica t ing  that  
oxida t ion  has t aken  place to a much lesser  ex tent  on 
the front  surface. However ,  the oxide is symmet r i ca l  
a round  the or ig inal  si l icon surface. Consequently,  i t  
may  be concluded that  the th inner  oxide grown on the 
f ront  surface is due to a reduced  oxidat ion  rate,  and 
not due to growth  plus s imul taneous  respu t te r ing  of 
oxide. Fur ther ,  there  is no evidence of deposi t ion on 
e i ther  surface of the wafer.  The difference in ox ida -  
tion rate,  for  the back  side and front  side oxidat ions  
is bel ieved to be due to se l f -b ias ing of the wafer  in the 
plasma. This phenomenon is being examined  cu r r en t ly  
and wil l  be discussed when our exper iments  are  com- 
pleted.  F u r t h e r  in teres t ing  observat ions  are  as follows. 

When two sil icon wafers  a re  placed one behind the 
other,  g rea te r  than 5 m m  apart ,  the oxide thickness on 
~he back  side of the wafer  closest to the p lasma is un i -  
form and signif icant ly grea te r  than tha t  on the  back 
side of the second wafer.  For  separa t ion  distances less 
than 5 mm, the oxide  thickness un i fo rmi ty  on the first 
wafer  degrades  significantly. When the two wafers  are  
p laced  in direct  contact  wi th  each other, the back side 
of the second wafer  only  is oxidized. The design of the 
wafer  ho lder  was found to be cr i t ical  for obta in ing  
uni form oxide growth.  In o rder  to get un i form growth  
o v e r  an ent i re  wafer,  the wafer  has to be mounted  
ve r t i ca l ly  and suppor ted  only at  its base. Other  moun t -  

Fig. 2. SEM micrograph of the cross section of a silicon wafer 
after SiO:z formation on an MgO masked silicon surface which faces 
away from the plasma. 

Fig. 3. SEM micrograph of the cross section of a silicon wafer 
after oxide formation of an MgO masked silicon surface which 
faces the plasma. 
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ing configurations, e.g., horizontal  placement,  wafer  
support  on its bottom and edges, etc. lead to nonun i -  
form growth. 

Our process of plasma oxidation involves placing the 
silicon wafer vert ical ly perpendicular  to the direction 
of the gas flow with the surface to be oxidized facing 
away from the plasma. This is true for a Wafer located 
on either side of the rf induct ion coil. Thus, two wafers 
can be oxidized s imultaneously using this plasma oxi- 
dation technique. The rate of oxidation is a strong 
function of the position of the wafer relative to the 
edge of the coil, decreasing sharply with increasing 
distance. For the exper imental  results to be discussed 
below, the wafer(s)  was placed at a distance of 2 cm 
from the end of the r f  coil. Since the wafer lies adja-  
cent to the plasma generat ion region, the temperature  
of the wafer is determined to some extent  by plasma 
heating. It takes about 15 rain for the temperature  of 
the wafer to stabilize when  the plasma is ignited. To 
study the kinetics of oxidation at a par t icular  tempera-  
ture, the wafer was brought  to an init ial  tempera ture  
using the resistance heat furnace and then a hel ium 
plasma was struck at the desired pressure. When the 
wafer tempera ture  stabilized, the gas input  was 
changed over to oxygen. The lat ter  step takes about a 
minute.  A control wafer was heated in a he l ium plasma 
for 30 min  to determine whether  any oxide is formed 
during the preheat ing stage due to contaminants.  No 
detectable amount  of SiP2 formed. The temperature  of 
the resistance heated furnace was varied to obtain the 
desired oxidation temperature,  independent  of the 
power used to generate the plasma. To study the 
kinetics of oxide formation on two surfaces of a wafer 
s imultaneously,  wafers polished on both sides were 
oxidized for different lengths of time. As ment ioned 
before, the oxide thickness on the front side is less 
uniform. The average oxide thickness on the front side 
was computed from the thickness measurements  on a 4 
cm diam central  area of the wafer. Figure 4 shows the 
thickness of oxide grown at 540~ on the back and 
front  sides of a wafer as a function of time. Oxide 
thickness on the back side was about 4-5 times the 
oxide thickness on the front side. In order to analyze 
the kinetics of oxidation, the data was plotted as log 
d vs. log t (Fig. 5). Both curves follow essentially the 
same behavior. The oxide thickness appears to increase 
as t in the init ial  oxidation phase ~nd as t 1/2 :~or longer 
oxidation times. It is interest ing to note that for the 
back side of the wafer, the t ~/2 law is obeyed at an oxide 
thickness of 150 nm whereas for the front  side, the t 1/2 
law prevails at an oxide thickness of 40 nm. I f  neut ra l  
species are responsible for oxidation, then the onset of 

iO00~ -- . . . . . . . .  t . . . . . . .  
L 

540~ 50 mTorr, I kW, 50 MHz 

x I00 

IC ~ [ I I ' I Ill ' I ' 1111 

0.I 1.0 IO 
TIME (hrs)  

Fig. 5. Thickness vs. t ime for the data shown in Fig. 4 plotted as 
log d vs. log t. 

a parabolic law for two different oxide thicknesses 
would imply that oxidation on the two surfaces is due 
to different species being responsible for oxidation on 
each side of the wafer. If we assume that plasma oxi- 
dation follows l inear-parabol ic  kinetics (2), then in 
the parabolic regime dox cc Col/2 and in the l inear  
regime dox cc Co where dox is the oxide thickness grown 
in a fixed time and Co is the concentrat ion of oxidizing 
species in the gas phase. The two lines in  Fig. 5 are 
more or less parallel  indicat ing that  the difference in 
the oxidation behavior of the two surfaces cannot be 
explained on the basis of different concentrat ions of 
oxidizing species present on either side of the silicon 
wafer. However, if the oxidizing species is charged, 
then in addition to the oxidizing species itself, the 
electric field (V/dox) would affect the rate of oxidation 
and the onset of parabolic behavior (3). V is the ap- 
plied or built in potential difference across the oxide. 
Studies are in progress to examine such built in po- 
tentials and the role they play in the plasma oxidation 
mechanism. 

Figure 6 shows the thickness of the oxide grown on 
the back side of a wafer in 1 hr at 425~ as a function 
of oxygen pressure in the reaction chamber. Below 
i0 reTort, the oxide thickness is seen to increase 
sharply with increasing pressure while above I0 mTorr, 
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Fig. 4. Thickness of Si02 grown at  540~  on the back and front 
sides of a wafer as a function of time. 
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it  decreases s lowly wi th  increas ing pressure.  The effect 
be low 10 m T o r r  m a y  be exp la ined  by  the increase  in 
concentra t ion of the  oxidiz ing species wi th  increas ing 
pressure  and the effect above  10 mTor r  m a y  be ex -  
p la ined  by  the loss of oxidizing species due to an in-  
crease in recombina t ion  ra te  with increas ing pressure.  
I t  is to be reca l led  f rom the previous  pape r  tha t  at 
pressures  less than  10 mTorr ,  when wa l l - spu t t e r i ng  
is the  p r i m a r y  mechanism for oxide formation,  the 
ra te  of oxide format ion  on the f ront  side of a wafe r  de-  
creases wi th  increas ing pressure.  This is a comple te ly  
different  phenomenon than  that  shown in Fig. 6, which 
refers  on ly  to the process of oxidat ion  t ak ing  place on 
the back  side of a wafer .  Concomitant  wi th  the  p ro-  
cess of oxida t ion  shown in Fig. 6, a t  pressures  below 
10 mTorr ,  deposi t ion of oxide  is t ak ing  place on the 
f ront  side of  a wafe r  in accordance  wi th  the  discussion 
in P a r t  1. I f  an exper imen t  is conducted,  however ,  at  
pressures  in excess of 10 mTorr ,  the '  f ront  side deposi -  
t ion ceases and, of course, the process descr ibed in Fig. 
6 continues to occur. One o the r  point  wi th  respect  to 
Fig. 6 which descr ibes  back-s ide  oxida t ion  is tha t  the 
exper iments  were  conducted at  genera to r  ou tput  
powers  in which  the f ront -s ide  deposi t ion ra te  was 
ve ry  smal l  compared  to the ra te  of oxidat ion.  This 
point  is impor t an t  because in the  exper iments  to be de-  
scr ibed at  a l a te r  date,  i t  wil l  be shown tha t  the back-  
side oxida t ion  ra te  is affected by  the thickness of an 
oxide on the front  side. One o ther  impor tan t  aspect  of 
the pressure  effect is at  pressures  less than  10 mTorr ,  
the p l a sma  is not  we l l  confined b y  the si l icon wafer ,  
whi le  a t  p ressures  g rea te r  t han  10 reTort ,  the vis ible  
p lasma is to ta l ly  confined by  the wafer.  This confine- 
ment  phenomenon which i s s t r i k i n g  to observe depends 
not  only  on the pressure  bu t  also on the f requency  of 
the appl ied  field. The confinement is r ead i ly  obta ined  
f rom 0.5 to 3 MHz and ve ry  difficult to obta in  at  13.6 
MHz. When  confinement is not  obtained,  the back-s ide  
oxida t ion  ra te  is d r ama t i ca l l y  decreased.  F igure  7 
shows the thickness of oxide grown as a funct ion of 
t ime for  two genera to r  output  powers.  Since with  in -  
creasing power  f rom 1 to 2 kW, there  is only  a smal l  in-  
crease in oxide  thickness,  most  of our  exper iments  
were  car r ied  out  wi th  1 k W  power.  The effect of the 
f requency  of the appl ied  field on the thickness of the 
g rown oxide as a funct ion of t ime is shown in Fig. 8. 
Wi th  increase in f r equency  f rom 0.5 to 3 MHz, there  is 
about  a 20% increase  in oxide thickness.  The h igher  
f requency  was used in most exper iments  to obta in  
h igher  growth  rates.  As shown in Fig. 9, the thickness  
of oxide grown in a fixed t ime expe r imen t  was found 
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not to depend on the res is t iv i ty  of a sil icon wafer.  At  
these low oxidat ion  tempera tures ,  dopants  are  p rac t i -  
cal ly  immobi le  and they  are  not  expected  to p l ay  a 
role  in the  oxida t ion  rate.  Oxide thickness  as a funct ion 
of t ime for  <111>  and <100>  or ienta t ion  silicon 
wafers  is shown in Fig. 10. Oxide thickness was found 
to be independen t  of silicon or ienta t ion  also, suppor t ing  
the ra te  da ta  which indicate  a mass t ranspor t  l imi ted  
growth  process. Since the l inear  regime, if at  al l  p res -  
ent  in our  exper iments ,  was p robab ly  confined to t imes 
less than  10 min, no dis t inct ion be tween  the two silicon 
or ientat ions  was possible for the ini t ia l  s tage of the 
growth  process. The effect of t empe ra tu r e  on the th ick-  
ness of oxide grown as a funct ion of t ime is shown in 
Fig. 11. Tempera tu re  has more  of an effect in the p a r a -  
bolic regime than  in the ini t ia l  regime. If  we define a 
parabol ic  ra te  constant  Kp as do~ = Kpt for the p a r a -  
bolic regime,  then the act ivat ion energy  of Kp is found 
to be 0.16 eV compared  to 1.3-2.3 eV (4, 5) observed for  
the the rmal  oxidat ion of silicon. This is, of course, ex-  
pected in view of the low tempera tu res  at which we 
are  able to effect oxidat ion.  I t  should be noted, based 
on the above, that  at  540~ growth  rates  comparab le  
to d r y  the rmal  ox ida t ion  at  1100~ can be achieved by  
p lasma  oxidat ion,  bu t  the oxida t ion  ra te  is s t rongly  
l imi ted  by  the wafer  distance f rom the p lasma zone. 
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room temperature,  and the Si-SiO~ interface was ex- 
amined using SEM. It  is evident  from Fig. 12 that  the 
bird 's  beak effect is apparent ly  absent  in plasma oxi- 
dation. SigN4 directly on top of silicon surface may 
minimize the bird 's  beak effect in conventional  oxida- 
t ion but  the stress at the Si~N4-Si interface dam- 
ages the under ly ing  silicon at high temperatures.  In  
order to avoid the generat ion of dislocations and other 
defects, a pad oxide must  be used be tween the Si3N4 
and the silicon surface. This pad oxide provides a 
diffusion path for oxidation and gives rise to a bird 's  
beak. The abi l i ty  to plasma oxidize silicon at lower 
temperatures  enables one to place the oxidation mask 
in direct contact with silicon and thereby el iminate 
bird 's  beak formation. 

Properties of Plasma Grown SiO~ 
The properties of plasma SiO2 grown at 500~ were 

studied and were compared to thermal  SiO~ grown at 
l l00~ The results are summarized in  Table I. The 
refractive indexes were determined at 632.8 nm using 
ellipsometry. The etch rates of plasma and thermal  
SiO~ were compared by etching s imultaneously  the 
two types of oxide in 1:9 (40% HF:49% NH4F) solu- 
t ion at room temperature.  The stress (~F) at the Si- 
s~ interface was calculated knowing the film thick- 
ness (tD, substrate thickness (ts), and the radius of 
curvature  of the silicon substrate (R), using the 
formula 

E~ ts s 1 
= _ _  

r 6(l--~s) tf R 

where Es = Young's modulus of the silicon substrate 
and "vs = Poisson's ratio. 

In  order to get an accurate measurement  of the 
radius of curvature,  7 mil  thick wafers polished on 
both sides were used. About  450 nm of SiO2 were 
grown by plasma oxidation or by thermal  oxidation at 
ll00~ Oxide was then etched from one surface of the 
wafers. The compressive stress in SiO2 results in elas- 

Masking Studies 
Some interest ing observations were also made when 

a mask mater ial  was used. Ligenza (6) reported using 
A1 as an oxidation mask. However, in our case, A1 
oxidized preferent ia l ly  to Si and the rate of silicon 
oxidation, when  50% of the wafer was uni formly  
masked with A1, was a factor of approximately three 
less than that of an unmasked silicon wafer. This be-  
havior indicates a large sticking coefficient on the A1 of 
the oxidizing species and is reminiscent  of epitaxial  
growth behavior  on Ge and ZnO reported previously 
by one of the authors (7-9). However, when MgO was 
used as a mask material,  exposed Si areas oxidized at 
the same rate as that of a b lanke t  silicon wafer. SiaN4 
was also found to be an effective oxidation mask ma-  
terial and like MgO did not  affect growth rate on un -  
masked surfaces. However, difficulty was encountered 
in  etching Si3N4 preferent ia l ly  to SlOe after plasma 
oxidation using this masking material.  SIMS studies 
indicated that  the surface of the SisN4 is oxidized, 
probably  to SiOxN~ dur ing  plasma oxidation. The bird's 
beak effect described by Bassous et aI. (10) was ex- 
amined using 200 nm of IV[gO as a mask. After about 
380 nm of plasma oxide was grown, the MgO was dis- 
solved in  a sa turated ammon ium oxalate solution at 

Fig. 12. SEM micrograph of the cross section of a silicon wafer 
after oxide growth showing the apparent absence of bird's beak 
effect. 
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Table I. Properties of plasma Si02 grown at 500~ compared to 
thermal Si02 grown at 1100~ 

Plasma SiO-~ Thermal SiO_~ 
500~ growth lt00~ growth 

Properties temperature temperature 

Etch rate in 1:9 BHF (nm/min) 74-76 75 
Refractive index 1.461-1.465 1.462 
Stress  (dynes/cm ~) 1.5-1.6 x i0 ~ 3.1-3.4 • 10 ~ 
Fixed charge  (No./cm ~-) 2-6 x 10 ~o 2 x 10 ~o 
Interface states (No./cm 2 eV) 2-6 x 10 TM 2 x 10 ~o 
Retention time (sec) ~100 > 500 
Breakdown strength (MV/cm) 4-8 10 
Boron depletion Absent Present 
Bird's beak effect Absent Present 
Oxidation-induced defects Absent Present 

tic bending of the wafer. The radius of curvature  of 
the silicon wafer was determined by an automatic 
x - r ay  diffraction technique d~scribed by Segmuller  
et al. (11). The stress for plasma oxide was determined 
to be 1.5-1.6 X 109 dynes /cm 2 and that of thermal  
oxide was 3.1-3.4 X 109 dynes/cme. The difference in 
stress can be explained by the different growth tem- 
peratures and the subsequent  cooling to room tempera-  
ture. If we assume that s train at the Si-SiO2 interface 
is proport ional  to the difference in thermal  contraction 
of Si and SiO2 dur ing cooling from the growth tem- 
perature,  and that the intr insic stress at the growth 
tempera ture  is negligible, then we can write strain cc 
(~Si  - -  ~SiO2) AT where ~si and ~slo~ are the coefficients 
of expansion of Si and SiO2, respectively, and AT is the 
difference between the growth temperature  and room 
temperature.  Thus, the ratio of stress in plasma oxide 
(500~ and thermal  oxide (1100~ is expected to 
be (1100 -- 23)/(500 -- 23) : 2.27, close to 2.1, the 
ratio of the exper imental ly  determined stress values. 
Since the deformation in silicon is elastic in na ture  as 
evidenced by the absence of slip in the oxidized wafers, 
t h e  rate of cooling from the growth temperature  to 
room tempera ture  is not  important.  

Fixed charge and interface-state density for oxides 
grown on <100> Si wafers were determined using 
high f requency and quasi-static C-V techniques. As- 
grown oxides exhibited large negative flatband volt-  
ages and high surface-state density (3 X 101~/cm 2 eu  
Figure  13 shows high frequency (solid line) and quasi- 
static (dotted line) C-V curves of A1-SiO2-Si capaci- 
tors with only a s tandard postmetal anneal  (400~ 20 
min, forming gas). No high tempera ture  postoxidation 
hea t - t rea tment  was given to these capacitors prior to 
metal l izat ion nor  were they premetal  annealed at a 

lower temperature.  The postmetal anneal  fixed charge 
densi ty calculated from the flatband voltage was 
6 • 1010/cm ~, and the surface-state density at midgap 
was found to be 6 • 1010/cm 2 eV. When, in addition to 
the s tandard postmetall ization anneal,  a postoxidation 
hea t - t r ea tment  (1000~ 20 min, Ar) was given, both 
the fixed charge and surface-state density values 
dropped to 2 • 101~ Another  postoxidation hea t - t rea t -  
ment  at 1000~ for 15 min  in dry 02 followed by 5 rain 
in Ar also reduced the fixed charge and surface-state 
density to the same value. However, the postoxidation 
hea t - t rea tment  in dry 02 also improved the breakdown 
strength of plasma oxides considerably. A breakdown 
strength histogram on one hundred  capacitors with 
different postoxidation hea t - t rea tments  is shown in 
Fig. 14. Plasma oxides without  any  postoxidation heat-  
t rea tment  exhibited breakdown strengths of 3-4 MV/ 
cm. The postoxidation hea t - t rea tment  at 1000~ in Ar 
did not change this breakdown histogram. However, 
after postoxidation hea t - t r ea tment  in  oxygen, the 
breakdown strength increased to 7-8 MV/cm. During 
the hea t - t rea tment  in oxygen, another  5 nm of thermal  
SiO2 were formed in addition to the 35 nm of plasma 
oxide already present  on the wafer. The improvement  
in breakdown strength cannot be accounted for by 
this addit ional  5 nm of thermal  SiO~. The improve-  
men t  is also not due to the densification of SiO2 at high 
temperature  since the argon anneal  at the same tem- 
perature  did not improve breakdown characteristics. It 
is possible that some kind of stoichiometric change in 
plasma oxide takes place dur ing anneal ing  in oxygen. 
One aspect of our exper imental  technique which is sus- 
pect is the use of l iquid ni t rogen baffled mechanical  
pumping  to main ta in  desired pressures dur ing oxida- 
tion. This is accompanied unavoidably  by oil back 
streaming which may incorporate carbon into the ox- 
ide films. The oxygen t rea tment  may remove these de- 
fects. 

In order to establish the presence or absence of oxi- 
dat ion- induced stacking faults and other defects, about 
400 nm of plasma SiO2 were grown on a silicon wafer, 
the oxide was subsequent ly  stripped in BHF and the 
silicon surface was etched in Wright  etch for 40 sec. 
The etched silicon surface was then examined using 
optical microscopy. No oxidat ion- induced stacking 
faults or other defects were observed. Plasma oxida- 
tion thus has definite advantages over thermal  oxida- 
tion from the defect and bird 's  beak el iminat ion point 
of view, both of which advantages arise because of the 
lower oxidation temperatures  employed. 
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Conclusions 
From the exper imen ta l  resul ts  descr ibed in this 

paper ,  we can conclude tha t  oxide format ion  in an oxy-  
gen p lasma in the pressure  range  above 10 mTor r  is 
solely due to silicon oxidat ion.  Tl~e process of oxida t ion  
involves placing the wafer  sur tace  to be oxidized fac-  
ing away  from the plasma,  close to the p lasma  genera-  
~ion region, and pe rpend icu la r  to the  direct ion of gas 
flow. The oxide thickness grown in a fixed Ume exper i -  
ment  increases wi th  increas ing power,  t empera ture ,  
f requency  of the appl ied  field, and decreases wi th  in-  
creasing pressure  and dis tance of the wafer  from the 
plasma. Oxide thickness was found to be independen t  
of the res is t iv i ty  and crys ta l lographic  or ienta t ion  of 
the wafer.  The growth  ra te  and proper t ies  of SiO2 
grown in an oxygen p lasma at  500~ were  comparable  
to t he rma l  SiO2 grown at  1000~176 Low fixed 
charge and in te r face -s ta te  densi t ies  were  obta ined  
fol lowing only a low t empera tu re  pos tmeta l l iza t ion  
anneal.  Fol lowing a short  postqxidat ion anneal  in a r -  
gon or oxygen,  these values  improved  fur ther  by  a 
factor  of three. Breakdown s t rength  improved  consid-  
e rab ly  fol lowing a br ief  pos toxidat ion h e a t - t r e a t m e n t  
at  1000~ in d ry  O2, but  not in argon. Bird 's  beak  and 
ox ida t ion- induced  defects were  both found to be ab-  
sent  in p lasma grown oxides. 

Manuscr ip t  submi t t ed  Dec. 18, 1980; rev ised  m a n u -  
scr ipt  received Apr i l  27, 1981. This was Paper  167 p re -  

sented at  the St. Louis, Missouri,  Meet ing of the  So-  
ciety, May 11-16, 1980. 

Any  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ ished in the June  1982 JOURNA'.. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t t ed  by  Feb. 1, 1982. 

Publication costs of this article were assisted by IBM 
Corporation. 
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Preparation and Electrical Properties of 
Single Crystals of Controlled Stoichiometry 

S. A. Shivashankar, ~ R. Arag6n, ~ H. R. Harrison, C. J. Sandberg, and J. M. Honig 

Purdue University, West Lafayette, Indiana 47902 

ABSTRACT 

V208 crystals  have been grown b y  the sku l l -me l t ing  technique and sub-  
sequent ly  annea led  in CO2/CO a tmosphere  to produce  crysta ls  of contro l led  
s toichiometry.  Crysta ls  were  charac ter ized  b y  x - r a y  Laue  back-ref lec t ion  
photography,  la t t ice  pa r ame te r  refinement,  polar ized  reflected l ight  mi -  
croscopy, neu t ron  and gamma ray  diffraction, and the rmograv ime t r i c  analysis.  
Deviat ions f rom str ict  s toichiometry,  V2-~O8, were  found to fol low the 
re la t ion  y ~ fo2 ~/4 in the dependence  on oxygen  fugacity.  The dependence  of 
e lect r ica l  res i s t iv i ty  on t empera tu re  was measured  for two different  samples,  
and the var ia t ion  of the t empe ra tu r e  of me ta l - i n su l a to r  t rans i t ion  wi th  
sample  composit ion was de termined.  

As is by  now wel l  recognized, V~O~ and its d i lu te  a l -  
loys wi th  other  t ransi t ion meta l  sesquioxides undergo 
a va r i e ty  of spec tacular  me ta l - in su la to r  transit ions,  
which can be dras t ica l ly  a l te red  by  smal l  changes in 
sample  composition. A p p r o x i m a t e l y  400 publ icat ions  
have been cata logued by  us which deal  wi th  var ious  
aspects  of this problem.  It  has also been known for 
some t ime that  small  depar tu res  from the 3/2 rat io  of 
o x y g e n / v a n a d i u m  cons iderably  affect the  physical  
p roper t ies  of V203 or  i ts alloys. While  there  is genera l  
agreement concerning the overall effects, various 
workers in the field differ from each other in their de- 
tailed findings. This points up the need for a method 
that permits precise control to be achieved over the 
exact oxygen stoichiometry. The object of the present 
publication is to report on progress in this particular 
area. 

~ P r e s e n t  a d d r e s s :  IBM T h o m a s  J. W a t s o n  R e s e a r c h  Cen t e r ,  
Y o r k t o w n  H e i g h t s ,  New Y o r k  10598. 

~ P r e s e n t  a d d r e s s :  D e p a r t a m e n t o  de  Fis ica ,  U n i v e r s i d a d  Na- 
c iona l  de L a  P l a t a ,  L a  P l a t a ,  Pcia .  de  B u e n o s  Ai res ,  A r g e n t i n a .  

Key words: electrical  properties of V20~, preparation of V~O~ 
single crystals,  anneal ing procedures for V20~. 

A va r i e ty  of techniques have been used to obta in  
samples  of nonstoichiometr ic  vanad ium sesquioxides;  
these may  be briefly summar ized  as follows: For  po ly -  
c rys ta l l ine  samples, t r ea tmen t  of V2Os or of o ther  vana-  
d ium oxides  in CO2/H2 or CO2/CO mixtures  at h igh 
t empera tu res  ( I -3 ) ,  genera t ion  of ceramic s in tered 
bodies by  reac t ion  of V203 with  a small  quan t i ty  of 
V2Os or of VO in evacuated  quartz  ampuls  (4-8), r e -  
duct ion of VO2 whiskers  under  a va r i e ty  of low pa r t i a l  
pressures  of oxygen at  1500~ (9) ; for growth  of single 
crystals, use of TeCl4 or HCI as a chemical transport 
agent in a gradient furnace (5, 8, 10-12), and growth 
of bulk single crystals by the Verneuil flame-fusion 
technique (13, 14), utilizing different I12/O2 ratios, and 
by the Reed trl-arc technique (15, 16). 

Physical investigations carried out on the resulting 
ceramic specimens include phase equilibria studies (I, 
3, 4, 15, 17), heat capacity measurements at ordinary 
temperatures (9) and in the cryogenic temperature 
range (I0), lattice parameter determinations by x-ray 
diffraction techniques (2, 5, 8, II), magnetic suscepti- 
bility investigations (2, 4, 6, 8, 14), electrical resistivity 
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measurements  (4, 5, 8, 11-14), Seebeck coefficient s tud-  
ies (13), optical  measurements  (9), e lec t ron microscope 
imaging (12), NMR and MSssbauer  techniques (7, 8), 
and inelast ic  neut ron  spin-fl ip sca t ter ing  invest igat ions  
(7). 

Growth of Single Crystals 
The common deficiency in most  of the techniques for  

growing single crysta ls  is the lack of adequa te  control  
over  the  ambient .  This is mani fes ted  in a recent  in -  
vest igat ion on V2Oa single crysta ls  grown in this l ab -  
o ra to ry  e i ther  by  the  Reed t r i - a rc  technique (15, 16) or  
by  CVT, using TeCI~ as the t r anspor t ing  agent  (16). 
Wi th  the  aid of polar ized  reflected l ight  microscopy 
Arag6n  (18) has demons t ra ted  the occasional presence 
of h igher  oxide  phase domains in these VuOa single 
crystals ,  even though they  appear  to be single phase 
and homogeneous in x - r a y  diffraction pat terns .  To 
r e m e d y  this problem,  and to obta in  a homogeneous 
sample  of prec ise ly  defined s toichiometry,  thin slices 
cut f rom single c rys ta l l ine  boules were  annea led  in a 
va r i e ty  of different  CO2/CO buffering atmospheres .  By 
a l t e r ing  the CO2/CO rat io  one m a y  precise ly  control 
the equ i l ib r ium fugaci ty  of oxygen,  fo2, and the reby  
achieve the  var ia t ions  in oxygen  s to ichiometry  dis-  
cussed below. 

Single  crysta ls  of V2Oa were  grown in a sku l l -me l t -  
ing appara tus ;  the principles ,  techniques, and  opera t ing  
procedures  have been r epea ted ly  descr ibed  e lsewhere  
(19-26). Provis ion was made  for opera t ion  in a vac-  
uum/gas  chamber  (volume ~ 125 l i ters)  for control  
of the  ambien t  (25, 26). The charge for each skul l -  
me l t e r  run  consisted of app rox ima te ly  500g of V.20~ 
powder  obta ined  b y  reducing 99.9% Cerac /Pu re  V~O~ 
(p laced  in a lumina  boats)  in flowing hydrogen  at 
1000~ for 10 hr. Traces of wa te r  p resen t  in the hydro -  
gen used for reduc t ion  were  removed  by  passing the 
gas over  copper  mesh at  0~ A susceptor  is requ i red  to 
in i t ia te  the  mel t ing  of the V2Os powder  in the skul l  
mel te r ;  i t  was found tha t  a r e l a t ive ly  smal l  po lyc rys ta l -  
l ine piece (10-20g) of p rev ious ly  produced  V208 served 
this purpose  ve ry  well.  Two separa te  runs  wi th  CO2/ 
CO mix tures  in the rat io  of 25/75 were  ca r r i ed  out, em-  
p loying  gas flow rates  in the range 5-10 l / r a in  at d i f -  
fe ren t  stages of the mel t ing  process. Al though these 
exper imen t s  had to be t e rmina ted  ea r ly  because of 
technical  difficulties ar is ing f rom the high e lect r ica l  
conduct iv i ty  of V203 at e leva ted  tempera tures ,  single 
crysta ls  as la rge  as 10 • 6 • 5 m m  3 were  never theless  
obta ined  in  the  center  of the boules. These crystals  
were  s ingula r ly  f ree  of voids and cracks that  of ten 
b lemish  V203 crysta ls  grown by the t r i - a r c  (Czochral-  
ski)  technique.  This ma te r i a l  then served  as the s t a r t -  
ing point  for the anneal ing  process descr ibed below, 

Subsolidus Annealing Procedures 
Specimens grown by the above process were  an-  

nea led  under  contro l led  C O J C O  atmospheres  at  t em-  
pe ra tu res  be low the i r  mel t ing  point. F igure  1 provides  
in format ion  on the s tab i l i ty  range of the  var ious  va -  
nad ium oxides;  the  upper  par t  of this phase d i ag ram 
is t aken  f rom the compila t ion by  Okinaka  et al. (27) 
of expe r imen ta l  resul ts  publ i shed  b y  Ka t su ra  and co- 
worke r s  (1, 3). The V 2 O J V O / V  boundar ies  were  cal-  
cu la ted  by  us f rom da ta  on the free energies  of fo rma-  
tion collected by  Reed (28). As the da ta  incorpora ted  
in the phase d i ag ram (Fig. 1) are  t aken  f rom different  
sources, the phase  boundar ies  as indica ted  are  not  con- 
s idered to be precise. Inc luded in this d iagram is a set 
of we l l - ca l ib ra t ed  )r values  corresponding to a va r i e t y  
of different  CO2/CO mixtures ,  as specified by  Deines 
et aI. (29). I t  is seen that  as one lowers  the rat io  r ~- 
CO2/(CO2 + CO), the  volume percentage  of CO2 in the 
mixture ,  f rom app rox ima te ly  90% to about  5%, one 
should be able to genera te  V20~ composit ions border ing  
f rom the most oxygen - r i ch  to the  most  oxygen-poor .  

Most of the anneal ing  runs  were  car r ied  out a t  1200~ 
in a hor izonta l  res is tance furnace  60 cm in length,  
under  a typical  gas flow of 2,0-50 cm/min.  Provis ion 
was made  for rap id  quenching of the specimens at  the 
end of the run  in the contro l led  a tmosphere .  Gas flow 
was carefu l ly  regu la ted  by  ut i l iz ing two-s tage  regu-  
la tors  on the gas cylinders.  The des i red  C O J C O  rat io  
and mix ing  of the gases was achieved wi th  a Matheson 
7372 gas p ropor t ioner  equipped wi th  precis ion NRS 
f low-control  valves.  V2Q single crystals ,  cut into thin 
plates  by  use of a low-speed  d iamond whee l  saw, were  
p laced in a sil ica tube p lugged loosely wi th  si l ica wool. 
Sil ica wool  by  its baffling act ion aids the  equi l ib ra t ion  
of the sample  wi th  the flowing gas mixture .  Calcula-  
tions (30) based on es t imated  cat ion diffusion ra te  con- 
s tants  for A1208, Cr203, and Fe203 (31) showed tha t  
anneal ing  t imes of ,~75-100 h r  should suffice to gen-  
e ra te  a un i form oxygen  s to ichiometry  in plates  of 300 
micron thickness of V203 at  1200~ Annea l ing  t imes of 
75 hr  were  genera l ly  used. 

A few runs  were  also car r ied  out  in a ver t ica l  res is t -  
ance furnace  at  1400~ however ,  because of large  t em-  
pe ra tu re  grad ien ts  and fluctuations the anneal ing  con- 
dit ions could not  be regu la ted  as closely. 

Severa l  anneal ing  exper iments  were  also car r ied  out  
wi th  solid buffers: VO/V20~, Fe /FeO,  FeO/Fe304,  and 
Ni/NiO,  corresponding to values  of log 502 (a tm) --  
--21.4, --14.8, --12.3, and --10.1, respec t ive ly  at  1000~ 
(32). Specimens to be annea led  were  cut into plates  
app rox ima te ly  250 microns in thickness and placed in 
a silica tube wi th  roughly  five t imes thei r  weight  of 
the solid buffer mixture .  The tube was then evacu-  
ated, sealed, and placed in a furnace at 1000~ for 100 
hr, and f inal ly quenched to room tempera ture .  

Characterization 
Samples  were  charac te r ized  by  severa l  different  

techniques.  

X-ray Laue back-reflection photography.--Laue pho-  
tography  was used p r i m a r i l y  to confirm tha t  the  domi-  
nant  phase present  in the annea led  single crysta ls  was 
the  corundum V203 phase.  At  1200~ the co rundum 
phase covers the  range  --7.7 > log ]o2 > --24.7 (nomi-  
na l ) .  

X-ray lattice parameter refinement.--Lattice p a r a m -  
eters  of annea led  single c r y s t a l s w e r e  de te rmined  and 
refined with  an ENRAF NONIUS CAD-4 dif f ractome-  
ter, cont ro l led  by  a P D P - 8 / e  minicomputer .  Molyb-  
denum K~I and Kc~2 rad ia t ion  was used, wi th  a g raph i te  
monochromator  in the detector  arm. With in  the de tec-  
tion l imi t  of rough ly  2-5%, no ex t raneous  phases were  
found in single crystals  annea led  under  the condit ions 
specified above. 

Polarized rejected light microscopy.--Annealed 
single crysta ls  were  examined  b y  polar ized  reflected 
l ight  microscopy which is a sensi t ive technique for de-  
tect ing ex t raneous  phases. Samples  annea led  in the 
sol id-sol id  buffer mix tures  ment ioned above  showed 
evidence of phase segregation.  By contrast ,  samples  an-  
nealed under  CO2/CO proved to be consis tent ly  mono-  
phasic in the range --7.7 ~> log ]o2 > --14.7 (nominal,  
1200~ Al l  e lectr icaI  measurements  were  ca r r i ed  out  
on single crysta ls  annea led  in these gaseous buffered 
atmospheres .  

Neutron and gamma ray diffraction.--Skull-melter 
V203 crysta ls  annea led  in CO2/CO have  recen t ly  been 
examined  by  neut ron  and gamma r a y  diffract ion (33). 
Compared  to unannea led  V203 grown by the t r i - a r c  
technique,  these samples  showed very  much n a r r o w e r  
and ta l le r  diffraction peaks.  The annealed  samples  also 
proved to be of very  homogeneous composition. 

Thermogravimetric analysis.--The oxygen  content  of 
the samples  annealed  at  ~r oxygen pa r t i a l  p res -  
sures was de te rmined  by  the rmograv ime t r i c  tech-  
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Fig. 1. Stability diagram of part of the V-O system in log foe" 
temperature representation. Solid lines (with dashed extrapola- 
tions) are phase boundaries; dotted lines, C02/C0 gas mixtures; 
numbers are volume percentages of C02, i.e., COJ(CO + C02). 
Note melting paint of V~O~ = 1%7~ 

niques. A single c rys ta l  weighing  app rox ima te ly  2 0 0  
mg was annea led  at  a series of different  Joe in the range  
--8.0 > log ]oa ~> --12.0 at  1200~ for 80 hr, quenched 
at  the end of each anneal ing  run, and weighed  wi th  a 
precision of • 1 ~g. As a final step, the sample  was 
annea led  at  a va lue  of log :fo~ ---- --11.0 at  1200~ and 
reweighed;  this is thought  to correspond to the  condi-  
t ion requ i red  to achieve s to ichiometry  (1). The sample  
was then  oxidized in pu re  oxygen  to V~O~ at  670~ in 
a du Pont  951 The rmograv ime t r i c  Analyzer .  This in-  
s t rumen t  is capable  of 0.4% accuracy in different ia l  
weight  measurements .  I t  was thus de te rmined  for the  
sample  annea led  at  log fo~ = --11.0 at  1200~ tha t  the 
final composit ion was given by  V2-,O3, wi th  y < 0.001. 
F r o m  the mass  de te rmina t ions  a t  the  different  fo~, va l -  
ues i t  was possible to es tabl ish  a correspondence b e -  
tween  composi t ion and equ i l ib r ium oxygen fugaci ty  a t  
a given t empera tu re .  

The resul ts  so obta ined  are  shown in Fig. 2 as a plot  
of log y (in V~-yO3) vs. log foe (oxygen  fugaci ty)  
at  1200~ leas t - squares  fitt ing of the  da ta  yields  a 
s t ra ight  l ine wi th  a slope of 0.74. This power  l aw m a y  
be unders tood in te rms of the  s imple  po in t  defect  
scheme (34) 

1 1 
v3,  + ~. o2 = ~- v~= + v4, + ~ o~- 

2 

where,  in the KrSge r -V ink  notat ion,  Vv = denotes  a 
neu t ra l  v a n a d i u m  vacancy.  This scheme predic ts  an 
equi l ib r ium vacancy  concentra t ion  

[V  8 + ] 
[Vv =] = K ( T )  ~ :fo~ ~/4 

L V 4 * J  

where  K (T) is the  equ i l ib r ium constant  and  concent ra -  
tions a re  t aken  to be equiva len t  to the corresponding 
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Fig. 2. Deviation from stoichiometry (y in V~-~03) as a funo. 
tion of log fo2 for V~03 at 1200~ 

activities.  This is equ iva len t  to the observed  re la t ion  
y , -  foe 3/4 (34, 35). 

Electr ical  Measurements  
We conclude wi th  a br ie f  r epor t  on the  var ia t ion  of 

the e lect r ica l  p roper t ies  of Ve-yO3 wi th  increas ing y,  
p r epa red  as descr ibed above. F igu re  3 shows the va r i a -  
t ion of the  e lect r ica l  res i s t iv i ty  p wi th  t empe ra tu r e  T 
for samples  wi th  y --  0.0 and 0.017, d isp laying  the 
sharp,  f i r s t -order  t rans i t ion  f rom metal l ic  (M) to the 
an t i fe r romagnet ie  insula t ing  (AFI )  phase. Whi le  the  
progress ive  lower ing  of the  t rans i t ion  t empe ra tu r e  (Tt) 
in Ve-yO3 wi th  increas ing y has been prev ious ly  re -  
por ted  (4, 8), new fea tures  emerge  f rom the p resen t  
invest igat ion.  Trans i t ion  t empera tu res  as low as 14 K 
have been observed,  in contras t  to the prev ious ly  low-  
est t rans i t ion  t empe ra tu r e  of ~50 K repor ted  ea r l i e r  
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Fig. 3. Metal-insulator transition in Ve-~03 for single crystals of 
widely different stoichiometry, log p vs. I /T.  (a) y = 0.0, Tt = 
152 K; (b) y - -  0.017; Tt = 26 K. 
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(8). The resistivity discontinuity remains large for all 
y; indeed Ap increases from about l0 s Q-cm at y -- 0 
(r t  -- 152 K) to about 1012s at y ___ 0.017 (Tt ---- 
14.0 K). At the same time the hysteresis in the transi- 
tion temperature (d~Tt) increases from 12 to 63K. 
Earlier studies showed constant values of Ap and hTt 
independent of the deviation from stoichiometry (8). 

Figure 4 shows a phase diagram for V2-~O3 based on 
electrical resistivity measurements. This provides a 
modification of the phase diagram given by Ueda et al. 
(8), by extending the M-AFI boundary to ,~11 K for 
y ~ 0.017. Tt declines at first rather slowly with in- 
creasing y, until a range approaching y ~_ 0.014 is 
reached; there is then a precipitous decline in Tt with 
further departures from strict stoichiometry. The M- 
AFI transition disappears altogether at a critical value 
of y ~ 0.018; for greater departures from the 3/2 ratio 
of O/V, the material remains metallic at all tempera- 
tures and undergoes antiferromagnetic ordering below 
11 K. This AF ordering, investigated earlier by Ueda 
et al. (6) through M6ssbauer studies, was confirmed in 
our present studies by the observations of anomalous 
behavior of electrical resistivity near the magnetic or- 
dering temperature. A more detailed discussion of 
these findings will be provided elsewhere. 
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p-Type NiO as a Photoelectrolysis Cathode 
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ABSTRACT 

F r o m  an expe r imen ta l  s tudy of p - t y p e  Ni0.gsLi0.~20 as a cathode for the 
photoelect rolys is  of water ,  we have de te rmined  its f la tband poten t ia l  [+0 .1V 
(SCE) at  a pH of 9.2] and its bandgap  (3.47 eV, ind i rec t ) .  The e lec t ron  affinity 

of NiO is only  1.4 eV, which is unusua l ly  smal l  compared  to most  o ther  
oxides; this is due to the valence band  being ma in ly  n ickel -3d  type  ins tead  
of the  usual  oxygen-2p  type.  The re levance  of 3d valence bands  to the pe r -  
formance of semiconduct ing photoelect rodes  is discussed. 

The photoelect rolys is  of wa te r  using semiconduct ing 
electrodes has been the subject  of in tens ive  research  
recen t ly  (1, 2). F o r  solar  applicat ions,  e lec t rode  ma te -  
r ials  must  have the fol lowing proper t ies  ( apa r t  f rom 
being good conductors ) :  (i) A bandgap  l a rge r  than  
1.23 eV bu t  smal le r  than  3 eV; (ii) a f la tband po ten -  
t ia l  which is sufficiently negat ive  (for n - t y p e  photo-  
anodes)  or  posi t ive (for p - t y p e  photocathodes)  so 
that  a deple t ion  l aye r  of the  p rope r  sign is formed 
wi thout  the need for an ex te rna l  bias, and (iii) ex -  
cel lent  chemical  s tabi l i ty ,  bo th  in the da rk  and under  
i l luminat ion.  The last  r equ i r emen t  l imi ts  the  field of 
possible mate r ia l s  to oxide semiconductors.  Near ly  a l l  
oxide mate r ia l s  inves t iga ted  so far  have been n- type .  

Stoichiometr ic  NiO is an insulator ,  bu t  it  can be 
doped wi th  l i t h ium to give a good conduct ing p - t y p e  
mater ia l .  The conduct iv i ty  mechanism has been a sub-  
jec t  of some controversy,  bu t  an exhaus t ive  rev iew 
(3) of expe r imen ta l  da ta  shows tha t  the free holes 
move, wi th  low mobil i ty,  in a na r row  valence band 
made up ma in ly  of 3d- type  wavefunct ions  or ig i -  
nat ing f rom the  Ni 2 + ions. Because of the low mobi l i ty ,  
heavy  doping is necessary  to achieve acceptable  con- 
duct iv i ty ;  this, in turn,  wiI1 produce  n a r r o w  de -  
ple t ion l aye r  widths  so tha t  the efficiency of an NiO 
photocathode is expected  (and found)  to be low. 
However ,  since both  f iatband poten t ia l  (4) and  b a n d -  
gap da ta  (5) are  avai lable ,  we thought  it  wor thwhi l e  
to measure  the proper t ies  of NiO as a photocathode.  

In  this pape r  we r epo r t  the  pho tocur ren t -po ten t i a l  
character is t ics  and the spec t ra l  quan tum efficiency of 
Nio.gsLi0.o20. F r o m  the da ta  we obta in  the  f la tband 
poten t ia l  and bandgap,  which  are  in good ag ree -  
ment  wi th  the l i t e ra tu re  values.  We then  calculate  
the e lect ron affinity of NiO, which  is much smal le r  
than  the values  r epor ted  for  most  o ther  oxides;  we 
propose tha t  this is due to the d - t y p e  valence  band.  
Final ly ,  the impl icat ions  of our  resul ts  for  the search 
for sui table  solar  photoanodes  are  discussed. 

Exper imental  
Polycrys ta l l ine  samples  of Nio.~Li0.0~O and 

Ni0.95Li0.050 were  p r e p a r e d  by  thorough ly  gr ind ing  
NiO powder  (Fischer  Reagent  Grade)  mois tened wi th  
the appropr i a t e  quan t i ty  of LiNO3 solution. Af t e r  
drying,  disks (area  1.2 cm 2, thickness 0.1 cm) were  
pressed and subsequent ly  fired at  1000~ for 12 h r  in  
air. The disks were  then reground,  re-pressed,  and 
f inal ly fired for  24 h r  at 1450~ dur ing  the final 
firing the disks were  embedded  in NiO(Li )  powder  
to p reven t  l i th ium loss b y  evaporat ion.  Disks so p r e -  
pa red  had  reproducib le  and s table  photoelec t ro ly t ic  
proper t ies .  If  the final firing was done at  a lower  
t empera tu re ,  then photocur ren ts  s lowly decreased in 
t ime; we ascribe this to l i t h ium leaching.  Qua l i t a t ive ly  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
Key words; semiconductor, e l ec t rode ,  p h o t o e l e c t r i c i t y ,  electroly- 

sis. 

the po lycrys ta l l ine  samples  wi th  2 and 5% Li, and a 
single c rys ta l  sample  wi th  0.2% Li, showed the same 
behavior ;  the 2% Li samples  (wi th  a res i s t iv i ty  of 9 
__ 1 ~lcm) showed the larges t  photocurrents ,  and al l  
data  r epor ted  are  for this composit ion.  

Exper iments  were  pe r fo rmed  in a one -compar tmen t  
cell; solutions ( f rom r e a ge n t -g r a de  mate r i a l s )  were  
flushed cont inuously  wi th  hydrogen  or oxygen.  The 
countere lec t rode was 7 cm 2 of p la t in ized  Pt. Al l  po-  
tent ia ls  are  wi th  respect  to SCE; measurements  were  
made potent ios ta t ical ly .  Photocur ren t  measurements  
were  made with  pulsed l ight  f rom a 150W xenon  arc  
(0.81 W / c m  2 in tens i ty  at  the sample ) ;  the t ime de-  
pendence was recorded wi th  a d igi ta l  s torage oscil lo-  
scope. Fo r  the quan tum efficiency (~]) measurements  
the monochromat ic  l ight  pulses were  shaped such 
that  only  the ins tantaneous  photocur ren ts  were  m e a -  
sured wi th  a lock- in  amplifier .  Fo r  a given sample  
the ~] values were  reproduc ib le  to __3%, bu t  va r i a -  
tions of --+20% were found be tween  different  samples.  

Results 
On exposing the sample,  in hydrogen- f lushed  0.1M 

Na2HPO4 solution, pH ~- 9.2, to "white"  xenon arc 
l ight  the cell  cur ren t  increased wi th in  one msec to a 
m a x i m u m  value;  it  then decayed re l a t ive ly  s lowly  to 
a smal le r  s t eady-s t a t e  value.  We define (Fig.  1) im as 
the ins tantaneous  pho tocur ren t  and  is as the s t eady-  
s ta te  photocurrent ,  both  corrected for the da rk  cu r -  
ren t  id. These currents  are  shown in Fig.  2 as a func-  
t ion of sample  potent ial .  This genera l  behav ior  was 
observed  in 0.1M phosphate  solut ions ranging  in pH 
f rom 1 to 12, in 0.2M solutions of Na2SOs, Na2HPOs, 
Na2CO3, and in 0.01M KOH. Changing the counte r -  
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Fig. 1. The current response of Nio.9sLio.o20 to a light pulse. 
Electrolyte: 0.1M Na2HP04, pH - -  9.2, H2 flushed. Sample poten- 
tial --0.45V (SCE). 
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Fig. 2. The instantaneous photocurrent ira, the steady-state 
phetocurrent is, and the dark current id of Nio.osLio.o20 as a 
function of sample potential V(SCE). Electrolyte: 0.1M Na2HPO4, 
pH - -  9.2, H2 flushed. 

electrode from Pt to metallic La0.gSr0.1CoO8 made no 
difference. Only in 0.01M KOH solutions flushed with 
oxygen was  is much larger, approximately 90% of 
ira in the potential range of 0 to --1.0V. In phosphate 
solutions the onset potential VON, defined where ~m 
equals 1 #A (Fig. 2) was equal to 3-0.07 _ 0.05V 
(SCE) at pH ~ 9.2; it shifted regularly 0.056 _ 0.005 
V / p H  unit more positive with decreasing pH. The 
quantum efficiency ~l (defined as the ratio of the in- 
stantaneous photocurrent density and the incident 
photon flux) is shown as a function of the photon 
energy (hv) in Fig. 3. ~ is proportional to the optical 
absorption coefficient a if the depletion layer width 
and the minority carrier diffusion length are both 
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smaller than =-1 (6); these conditions are met in our 
heavily doped samples. Then the b andgap Eg can be 
determined from a linear plot of (~lhv) 1/n vs. (hv); 
the most linear plot was obtained with n _-- 2 (Fig. 4), 
indicating that the optical transition from the valence 
to the conduction band is indirectly allowed. Eg was 
found to be equal to 3.47 _+ 0.04 eV (average for five 
samples). 

Discussion 
The value of the bandgap for NiO found by us is at 

the lower end of the range (3.4-3.7 eV) of values 
determined from absorption measurements (5). The 
spread in the reported values for Eg is probably due 
to the existence of strong crystal field absorption and 
lithium-induced optical absorption in the visible, 
which overlaps the bandgap absorption (7). These 
complications are unimportant for the photoetectroly- 
sis experiment, which is sensitive only to that part of 
the overall absorption spectrum in which electron-hole 
pairs are produced by photon absorption. 

At least two reactions are possible at the NiO 
cathode: hydrogen generation by photoelectrolysis 
and reduction of NiO according to NiO 3- HaO 3- 2 e -  
--> Ni 3- 2 OH-.  The decomposition potential for the 
latter reaction is --0.62V (SCE) at pH = 9.2; the 
rapid rise in the dark current id for sampIe potentials 
less than --0.9V (Fig. 2) suggest that there the NiO 
reduction contributes substantially to the cell cur- 
rent. However, in the potential range --0.9 to 3-0.1V 
the instantaneous photocurrent im is large with re- 
spect to ia; we assume that here the dominant reaction 
is photoelectrolysis. 

The rapid rise in the photocurrent, on exposing the 
sample to light, and its subsequent slow decay to a 
lower steady-state value have been observed previ- 
ously for the n-type photoanodes TiO2 and Fe20~. 
Hardee and Bard (8) have proposed the following 
explanation for this behavior: On exposure to light 
an intermediate electrolysis product is formed by a 
fast forward (cathodic) reaction; this intermediate 
is unstable at the applied electrode potential and is 
subsequently re-oxidized in a slower back-reaction. 
The back-reaction slows down with increasing cath- 
odic potential, so that at sufficiently negative poten- 
tial is will be equal to ira. This explanation may be 
valid for p-type NiO as well, but our experimental 
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resul ts  give no indicat ion of the na tu re  of the  in t e r -  
media te  species. However ,  the im vs. V curve (Fig. 2) 
has the character is t ic  shape of a photoelect rolys is  
curve,  and w e  take  the  f la tband poten t ia l  VFB of NiO 
equal  to or  s l ight ly  more  posi t ive than  the onset  po-  
ten t ia l  VON. At  pH = 9.2, VFB is therefore  -]- 0.1 _ 
0.05V (SCE).  

A possible objec t ion  can be ra ised  agains t  this  
identif icat ion of VFB wi th  VON, since in some p - t y p e  
mate r ia l s  [LuRhO3 (9), GaP  (10)] VON is not  iden t i -  
cal to V F B .  The cleares t  case is p -GaP ,  where  VON is 
0.7V more negat ive  than  the VFB de te rmined  f rom a 
Mot t -Scho t tky  plot  of the  different ia l  capacitance.  
This is due to the presence of an act ive e lec t ron-hole  
recombinat ion  center  s i tuated 0.7 eV above the va l -  
ence band;  evidence for this is a smal l  m a x i m u m  in 
the quan tum efficiency spec t rum at  a photon  energy  
0.7 eV less than  the bandgap  energy.  We consider  i t  
ve ry  improbab le  tha t  a s imi la r  s i tua t ion  exists  for  
NiO, for the fol lowing reasons. Firs t ,  a careful  search 
for  a smal l  m a x i m u m  in ~ at  photon energies  less 
than  Eg was a fai lure.  Secondly,  our VFB value,  ex -  
t r apo la t ed  f rom pH _-- 9.2 to pH : 1 by  0.059 m V / p H  
unit,  is ~0.58V; this is v e r y  close to the va lue  
(-~0.64V SCE) found prev ious ly  (4) f rom a Mot t -  
Schot tky  plot.  Therefore  we take  VFB --  +0.1V at 
pI-I _-- 9.2. 

We can now calculate  the e lec t ron affinity EA of 
NiO f rom the re la t ion  (10) 

EA - - - -  e~'rFB - -  Eg -}- e~EF ~- eVH ~ 4.74 [1] 

Here AEF is the  energy  difference be tween  the Fe rmi  
level  and the top of the  valence band,  and  VH is the 
potent ia l  drop in the Helmhol tz  l aye r  due to absorbed  
H + / O H  - ions; we t ake  the SCE level  4.74 eV be low 
vacuum (Fig.  5). AEF, ca lcula ted  (3) f rom the hole 
concentra t ion and the hole effective mass  (6  too) is 
less than  0.1 eV for our  samples,  and can be neglected.  
In  genera l  VH is pH dependent  according to VH = 
0.059 (PH-Po) where  Po is the pH of zero charge for  
the NiO-solut ion  interface.  F rom elect rophores is  ex-  
per iments  (11) Po has been es t imated  as 10.2 for  NiO, 
wi th  a p robab le  accuracy of one pH unit .  A t  pH ---- 
9.2, VH is therefore  un l ike ly  to be l a rge r  than  0.1V, 
and it can be neglected as well.  Taking  al l  unce r t a in -  
ties into account, we find therefore  EA : 1.4 _ 0.2 eV 
(Fig. 5). 

In NiO the valence bared is therefore  located 4.9 
eV be low the vacuum level ;  for most  o ther  oxides 
the  valence band  lies 7.0-7.5 eV be low vacuum (12, 
13). This is due to the fact  tha t  in NiO the valence 
band  is made  up ma in ly  f rom Ni-3d type  wave  func-  
tions (3), ins tead of O-2p wave  functions as for 
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Fig. 5. Energy band scheme for NiO. The widtb of the 3d valence 
band is uncertain [Ref. (3)]. 

most o ther  oxides. Photoemiss ion expe r imen t s  (14) 
indeed show a p -bandedge  app rox ima te ly  2 eV be low 
the d-bandedge .  The O-2p band is therefore  at  i ts  
usual  posi t ion of 7 eV be low vacuum, bu t  i t  is not  
the valence band  in NiO. 

But ler  and Gin ley  (15) have proposed a scheme to 
calculate  both Po and EA for  a compound f rom the 
e lec t ronegat iv i t ies  o~ the const i tuent  atoms. F o r  NiO 
such a calculat ion leads  to a p red ic ted  Po of  8.5 (in 
fa i r ly  good agreement  wi th  the expe r imen ta l  value  
of 10.2), and an EA of 4.01 eV, (in contras t  wi th  the 
expe r imen ta l  va lue  of 1.4 eV) which would  place the 
valence band at 7.5 eV below the vacuum level.  This 
is ve ry  close to the posi t ion of the O-2p band,  and i t  
suggests s t rongly  tha t  the predic t ions  f rom the But le r  
and Gin ley  scheme wil l  be correct  for oxides  wi th  
O-2p valence bands, but  wi l l  be incorrect  for m a t e -  
r ia ls  wi th  d - t y p e  valence bands.  

I t  is c lear  f rom our  resul ts  tha t  p - t y p e  NiO is not  
a good photocathode for solar  photoelectrolysis ;  a l -  
though the spontaneous band  bend ing  is sufficiently 
large (0.8V), its large  bandgap  and the back- reac t ion  
r ende r  i t  unsui table .  However ,  ma te r i a l s  which, l ike 
NiO, have EA + Eg ~ 5.0 eV could be good photo-  
anodes  if  they  had  n - t y p e  conduct ivi ty.  Fo r  the  p res -  
en t ly  known n - t y p e  oxide  photoanodes  the  sum of 
EA and Eg seems to be 7-7.5 eV (12), so tha t  mate r ia l s  
wi th  su i tab ly  smal l  Eg do not  opera te  spontaneously,  
but  need an ex te rna l  bias to form the deple t ion  layer .  
Our  resul ts  show tha t  n - t y p e  oxides wi th  a 8d valence 
band could have the des i rable  combinat ion  of both  
smal l  Eg and smal l  EA, if  the 3d valence band  lies at  
least  2 eV above the O-2p band. Regre t t ab ly  we can-  
not  test this predic t ion  wi th  NiO, since i t  cannot  be 
doped n- type .  

F r o m  the rev iew (2) of  the  da ta  p re sen t ly  ava i l -  
able, i t  is a l r e a dy  c lear  tha t  not  a l l  3d semiconduct ing 
oxides wil l  have  sui table  valence bands;  for  example ,  
the oxides containing Fe3+ (Sd 5) and Zn 2+ (3d 10) ions 
have a valence band app rox ima te ly  7 eV be low vac-  
uum. However ,  photoemiss ion da ta  for Cu~O (3d 10) in-  
dicate a valence band  5.3 eV below vacuum (16); this  
value  is confirmed b y  photoelect rolys is  exper imen t s  
on Cu20 (17). P r e l i m i n a r y  exper iments  by  us on 
CuO(3d 9) also indicate  a valence band  at  app rox i -  
ma te ly  5 eV. Therefore,  as a speculat ion,  we suggest  
that  oxides based on Cu +, Cu2+, Ni2+, and  poss ibly  
Co 2+, if they  can be made n- type ,  m a y  be promis ing  
mater ia l s  for  b ias - f ree  solar  photoanodes.  

Summary 
The f latband poten t ia l  of p - t y p e  NiO, de te rmined  

f rom the potent ia l  dependence  of the  ins tantaneous  
photocur ren t  of an NiO/electrolyte/l :Ct cell, is -p0.1V 
(SCE),  in good ag reemen t  wi th  the l i t e ra tu re  value;  
the NiO bandgap,  de t e rmined  f rom spec t ra l  quan-  
tum efficiency data,  is 3.47 eV. Taken together ,  these 
two pa ramete r s  indicate  tha t  the conduct ion band  in 
NiO lies unusua l ly  high, only  1.4 eV be low the  vac -  
uum level.  This, in turn,  is due to the fact that  the  
valence band  is made  up of ma in ly  8d- type  w a v e -  
functions,  ins tead of oxygen-2p  type  wavefunct ions  
as is the case for  the m a j o r i t y  of oxides inves t iga ted  
so far.  I f  ma te r i a l s  wi th  3d valence  bands  can be 
made  n - type ,  then  t hey  offer the  poss ib i l i ty  of con- 
s t ruct ing solar  photoelec t ro lys is  cells which  would  
opera te  wi thout  an ex t e rna l l y  appl ied  bias. 
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Investigations into the Electrochromism of 
Lutetium and Ytterbium Diphthalocyanines 

David Walton, Brian Ely, and George Elliott 
Marconi Research Laboratories, Great Baddow, Chelmsford, Essex, England 

ABSTRACT 

A comparison was made  be tween  the inf rared ,  electronic,  and  e lec t ron 
spin resonance  spectroscopic proper t ies  of lu te t ium and y t t e rb ium d iph tha lo -  
cyanines,  in the solid state as ana ly t i ca l ly  pure  powders ,  and af te r  vacuum 
subl imat ion  as th in  deposi ted films. No significant differences were  observed.  
Spectroscopic  analysis  of the subl imed films dur ing  e lec t rochromic  changes 
showed tha t  the lu te t ium and y t t e rb ium complexes  behaved  in a s imi lar  
manner .  Both gave ident ica l  var ia t ions  in thei r  electronic spec t ra  wi th  po-  
tent ial .  Elect ron spin resonance  da ta  demons t ra ted  tha t  the oxida t ive  color 
change is not  associated wi th  a change in pa ramagne t i sm,  a l though the s h a p e  
of the s ignal  f rom t h e  lu te t ium complex  was a l te red  upon oxidat ion.  The 
y t t e r b i u m  complex  d isp layed  no ESR s ignal  before  or  a f te r  e lec t ro-oxida t ion .  

Diphtha locyanine  complexes  of r a r e - e a r t h  e lements  
a re  of  in te res t  in v iew of thei r  e lec t rochromic  p rop -  
er t ies  (1-3).  The lu te t ium complex d isp lays  four colors 
(orange,  green, blue, and purp le ) ,  when  an appl ied  po-  
ten t ia l  is va r i ed  be tween  ,~ •  (vs. aqueous A g /  
AgC1 reference)  in a sui table  e lect rolyt ic  system. S imi-  
l a r  resul ts  are  ob ta ined  Whether the complex is de-  
posi ted as a thin film on an e lec t rode  surface (3) or in 
solut ion in d i m e t h y l f o r m a m i d e  (4). 

Recent  invest igat ions  into the e lec t rochromic  changes 
of the Lu complex have concerned the var ia t ion  in ESR 
spec t rum of solutions in d ime thy l fo rmamide  (4), the 
charge  t r anspor t  phenomena  dur ing  oxida t ion  (5-7) 
and  a t tempts  to isolate the  oxidized species (8). In  this  
pape r  we wish to repor t  the resul ts  of some e lec t ro-  
chemical  and  spectroscopic studies made  on lu te t ium 
and y t t e rb ium diphthalocyanines .  Comparisons are  
made be tween  the infrared,  visible,  and e lec t ron spin 
resonance  spect ra  of the ana ly t i ca l ly  pure  solids and 
subl imed films of the complexes deposi ted on to con- 
duct ing glass for e lec t ro-opt ica l  devices. The vo l t am-  
m e t r y  and  the  changes  in the visible and e lec t ron  
spin resonance  spec t ra  of  the  deposi ted films dur ing  the 
e lec t rochromic  t ransformat ions  are also invest igated.  

Experimental 
Preparation.--The complexes are  p r epa red  by  the re -  

act ion of the r a r e - e a r t h  aceta te  sal t  wi th  excess of 
phtha loni t r i le ,  according to the method  of McKay  (9). 

Key words: electrochromism, rare-earth diphthalocyanines, elec- 
tronic spectra, electron spin resonance spectra. 

The requ i red  product  was isolated f rom the mix  by  ex-  
t ract ion into chloroform. Solvent  evapora t ion  gave a 
green powder  which was carefu l ly  washed  wi th  or -  
ganic solvents (acetic anhydr ide ,  methanol ,  acetone) to 
remove traces of a pers is tent  impur i ty .  

The res idual  deep -g reen  powder  gave e lementa l  
analyses  for the empir ica l  fo rmula  M Pc2H where  M -" 
Lu, Yb, and Pc --  C~H18Ns. 
Thus: 

LuPc2H theore t ica l  C, 64.00; H, 2.77; N, 18.65% 

found C, 64.15; H, 2.79; N, 18.57% 

YbPc2H theore t ica l  C, 64.10; H, 2.77; N, 18.69% 

found C, 64.01; H, 2.79; N, 18.85% 

Yields 30-40%. 

This procedure  is advantageous  since no l eng thy  chro-  
matographic  purif icat ion is employed,  and the product  
is obta ined in an unsolva ted  condition. The empir ica l  
fo rmula  is in ag reemen t  wi th  the resul ts  of a recen t  
x - r a y  s t ruc tu ra l  analysis  on neodymium d iph tha lo -  
cyanine  (10) though the presence of the unique  pro ton  
has not been es tabl ished unequivocal ly ,  and its role  
in the  bonding of the molecule  is not  clear. 

Film deposition.--15 mg of the povcdered d iph tha lo -  
cyanine complex was placed in a sil ica crucible,  15 c m  
above which a 50 cm 2 square of commerc ia l ly  ava i lab le  
t in -ox ide  coated conduct ing glass was posit ioned.  The 
conduct ing glass was a s tandard  commercia l  product ,  
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Nesa glass, of 80-100 ~/square ,  supplied by P P G  In-  
dustries Incorporated, Pit tsburgh.  The apparatus was 
evacuated to ,,-10 -5 Torr  and the crucible heated in-  
directly to ,~450~ Subl imat ion of the complex oc- 
curred, giving a uni form film, pale green in color, of 
thickness ,~2000A. 

Apparatus.--Infrared spectra were recorded on Pye-  
Unicam Model SP3-10O spectrometer, and visible spec- 
tra on a Hitachi Pe rk in -E lmer  Model 204, all  recorded 
at room temperature.  ESR spectra were recorded on a 
Varian Model E3 spectrometer. F i lm thicknesses were 
measured by the interference fringe method on a 
Reichert  Zetopan research microscope. 

Electrolyses were performed using a laboratory-  
bui l t  solid-state potentiostat, based on operational  am-  
plifier circuits, and operat ing in a conventional  three-  
electrode mode. The working electrode comprised a 
slide of t in-oxide coated conducting glass with a work-  
ing area 2 • 1 cm, upon which the diphthalocyanine 
complex had been deposited by sublimation. This was 
suspended in an aqueous electrolyte, containing either 
5% Na2SO4 or 5% KC1, at pH 6-7, degassed with argon. 
An EIL standard aqueous s i lver /s i lver  chloride refer-  
ence electrode was employed in all instances. A suit-  
able counterelectrode was a 1 cm 2 piece of p la t inum 
foil. 

For  cyclic vol tammetry,  the potential  sweep was 
dr iven by a Commodore PET personal computer  em- 
ploying a Hewlett  Packard 59303A digital to analogue 
converter  working on an IEEE 448 bus through the 
external  input  of the potentiostat. Scans could be in i -  
t iated at any intermediate  potential  between the preset 
positive and negat ive limits, and the potent ial  could be 
var ied l inear ly  be tween the limits s tar t ing in either 
ini t ia l  sweep direction. Curren t /po ten t ia l  curves were 
recorded on a Philips PM8131 X-Y recorder. Potentials  
were moni tored on a Fluke series 8600A digital mul t i -  
meter. 

Electrolysis procedure.--The durat ion of electrolysis 
and the potential  required varied with thickness of the 
diphthalocyanine film. Electrolyses were continued 
unti l  the color change was complete. Similar  results 
were obtained whether  the potential  was stepped di- 
rectly to the final value or progressively varied to this 
value over a period of several seconds. Typical ly at 
+1.5V the ini t ia l ly green-colored film became orange 
over a period of a few seconds, with the passage of an 
electric current.  The orange species was air stable over 
several hours. The slide could be removed from the 
electrolysis cell, washed with distilled water, dried in a 
stream of ni t rogen gas, and placed in a spectrometer. 
By this means the ESR spectra of the oxidized species 
were recorded. By re tu rn ing  the slide to the electrolysis 
cell and main ta in ing  a potential  of ,~ 0V, the green 
coloration returned.  Reduction at ~ --0.8V gave a blue 
species. This was not air stable and re turned uni formly  
to green over a period of a few minutes  on removing 
from the cell. Fur ther  reduction a t  ,-~ --1.3V resulted 
in the formation of a deep purple coating. This also was 
unstable  in air, and on removal from the cell it re-  
verted uniformly to blue over a period of a few sec- 
onds, and then to green in a few minutes.  The purple 
and blue species could also be converted to green 
wi thin  the electrolysis cell, in  the absence of air, by 
the application of a small  positive potential. To obtain 
the visible spectra of the reduced species, the elec- 
trolysis was performed in an especially adapted cell 
with windows of optical glass, placed directly in the 
beam. 

All reagents and chemicals were of analyt ical  grade, 
purified by conventional  methods. 

Results 
Spectral properties of thin films o~ diphthalocyan~ne 

complexes.--The infrared, visible, and electron spin 
resonance spectra of sublimed films of the diphthalo- 

cyanine complexes were compared with the corre- 
sponding spectra of the solid powders and no significant 
differences were observed. 

The infrared spectrum of a lu te t ium diphthalocyanine 
film sublimed directly onto a potassium bromide disk 
is given in Fig. 1. The y t te rb ium complex gives an  al-  
most identical  spectrum. The characteristic peaks at 
1320 cm -1, 1112 cm -*, and 724 cm-~ are observed in  
the nujol  mulls  of the powder samples. [The presence 
of absorptions at 2220 cm -1, 1515 cm -1, 1361 cm -1, 760 
cm -1, and 631 cm -1 (sharp) in the crude product, ob- 
tained directly from chloroform extraction, shows the 
presence of a persistent impuri ty,  removed by careful 
solvent washings. ] 

Comparison with other published infrared spectra 
shows a very close correspondence in the prominent  
lines for other rare earth complexes, as shown in Table 
I, which lists the results of MacKay et al. (9), Kir in  
et al. (11), Ki r in  et al. (12), Moskalev and  Ki r in  (13), 
and Misumi and Kasuga (14). There are some dis- 
crepancies, for example, we do not find a l ine in the 
region of 1070~1078 cm -1, and it is possible that  this 
only appears in  the b lue  form of the ra re -ea r th  com- 
plex. Some of the other workers have listed several 
other minor  peaks, which we did not detect in our 
analysis. It  is possible that  some of the spectra could 
indicate the presence of impurit ies;  a part icular  exam- 
pl_e is the spectrum published by Corker et al. (4), 
which would indicate a high proportion of the colorless 
persistent  by-product  which we found in  our crude 
preparation,  and also reported by MacKay et al. (9). 

The visible spectrum of a green sublimed y t t e rb ium 
diphthalocyanine film on conducting glass slide is 
shown in Fig. 2, curve (a),  and displays a broad main  
peak at 668 nm, the half  peak width being 55 nm, and 
a distinctive weak and  broad peak at 463 nm. The 
shape of this spectrum is very similar to that of green 
solutions of the complex as powder dissolved in  a 
range of organic solvents, though the peaks are na r -  
rower in solution. Thus, in chloroform: lu te t ium com- 
plex main  peak 660.5 nm (~ ---- 1.71 X 105), half  peak 
width 19 nm, and weak broad peak at 458 nm;  y t te r -  
b ium complex, 661 n m  (e -- 1.59 X 105 ) half  peak 
width 19 nm, 457 n m  (weak).  Solvatochromic effects 
do not appear to be pronounced in the visible spectra 
of the green complexes, and the wavelengths of maxi-  
m u m  absorption, k max, of the lu te t ium (yt terb ium) 
complex in methanol  solution is 657 n m  (658 nm) ,  and 
in  dimethylsulfoxide solution is 661 n m  (661.5 nm) .  

' I i ! w I 
14o0 i000 60O 

Wavenumber (cm -I) 

Fig. 1. Infrared spectrum of lutetium diphthalocyanine, as sub- 
limed film on potassium bromide disk. 
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Table I. Prominent infrared lines (cm -1 )  

2481 

This paper Ref. (9) Ref. (11) Ref. (12) 
LuPc2H GdPceH NdPc~I-I Nd2Pcs 

Ref. (13) Ref. (14). Only "metal sensitive" lines listed 

NdPc~I YPc2H ErPc2H LaPc~H CePczI-I NdPc~H EuPc~H ErPco.H YbPc2H 

724 725 726 725 
740 741 740 740 
778 778 772 771 
682 881 878 880 

1060 1054 1060 1060 
1070 1075 1075 

1112 III0 1112 1114 
1320 1314 1326 
1370 1360 
1450 1 ~ 0  1448 
1650 1600 1604 

726 728 729 
738 743 743 
768 780 783 
874 883 884 880 884 881 885 886 887 

1056 1052 1057 1059 1050 1056 1062 1063 1064 
II-06 IH0 i~3 1084 1070 1072 1077 1075 1078 

1321 1321 1327 

These solvents span a wide range of dielectric constants 
(Table II) .  These results suggest the ground and ex- 
cited states of the t ransi t ion to be similar  in polarity, 
unlike, e.g., merocyanine  dyes where a change of di-  
electric produces a considerable shift in wavelength of 
max imum absorption (20). 

The electron spin resonance spectrum of solid, ana-  
lyt ical ly pure, lu te t ium diphthalocyanine powder at 
room tempera ture  displays a single resonance at 3390G, 
the half  peak width being 9.7G. This is slightly sharp-  
ened by cooling to l iquid ni t rogen temperatures,  bu t  
no s tructure is observed. Similar  structureless signals 
are obtained in chloroform and purified d imethylform- 
amide solutions. The sharp single l ine at g ,-~ 2 indicates 
that  the unpa i red  electron is located on the porphyr in  
r ing and not on the metal. 

When  a subl imed film of lu te t ium diphthalocyanine 
on t in-oxide coated glass is suspended in the beam, 
the same signal is observed, though broader, the half  
peak width being 22.0G. 

Yt te rb ium diphthalocyanine shows no ESR signal at 
all, whether  in the solid state, in solution, or as a sub-  
l imed film. 

Electrochemical trans]ormations using cyclic voltam- 
metry.--Figure 3 shows the cur ren t /poten t ia l  curve 
for a subl imed film of lu te t ium diphthalocyanine on 
conducting glass, suspended in 5% aqueous sodium 
sulfate solution. Potentials  are referred to aqueous 
s i lver /s i lver  chloride, and the sweep rate was 10 mV /  
sec. 

2" 

, . s 
400 50O 60O 7 

Wavelength (rim) 

Fig. 2. Electronic spectrum of ytterbium diphthalocyanine as 
sublimed film on conducting glass. Variation with electrode po- 
tential. (a) �9 green form (,~0V); (b) - - -  electro-oxidized 
orange species ( ~  +1 .5V) ;  (c) - -o- -e lectroreduced blue species 
( ~  --0.SV). (Electrolyte 5% aqueous KCI, potentials w.r.t, aque- 
ous Ag/AgCI reference film thickness ~2000A) .  

Table II. 

Solvent 

Absorp- Absorp- 
Dielectric Dipole tion max tion max 
constant moment LuPc.oH YbPc~H 

e ~ (nm) (nm) 

CHCh 4.81 1.15 660.5 661 
CH30H 32.7 2.87 657 658 
(CH~) 2SO 46.7 3.9 661 661.5 

Curve (a) shows the first full  oxidat ion/ reduct ion  
cycle, s tar t ing with an ini t ia l ly green film at 0V. At 
+ l . 5 V  the color becomes orange and an oxidation cur-  
rent  is passed. No reduction current  is observed in  this 
region upon scan reversal  and the potential  is swept to 
--0.2V before the green color reappears and a reduct ion 
current  is observed. The shape and definition of these 
waves depend very  much upon the sweep rate, and 
faster scan rates are unsatisfactory. The green/orange  
change is color reversible but  the difference of ,~l.7V 
between the oxidative and reductive reactions suggests 
/hat  chemical processes are associated with the electron 
t ransfer  reactions. Fur ther  reduction to --1.0V pro- 
duces a blue coloration with the passage of a reduct ion 
current.  Scan reversal produces an oxidation wave at 
--0.2V with the reappearance of the green color. These 
results are reproducible over several cycles. 

Curve (b) displays the first b lue /g reen  reductive 
cycle, l imit ing the voltage sweep between 0 and --1.6V, 
s tar t ing from green at 0V, and demonstrates that  this 
change is independent  of the orange /green  t ransfor-  
mation. It is less sensitive to scan rates and good peaks 
of similar  "quasi-reversible" shape are obtained a t  
140 mV/sec. There is a l inear  rise of current  with s c a n  
rate, and a close to l inear  increase in the peak separa- 
tion potential  wi th in  the range of scan rates 10 mV/sec 
--> 140 mV/sec. 

Fur the r  reduction at potentials beyond --1.6V re-  
sults in a purple  coloration in the film, but  an i l l-  

I o x  

o+g g~b 

, , /7, 
-i .ov 

0.2 mA 

Ired 

Fig. 3. Lutetium drphthalocyanine as sublimed film on conduct- 
ing glass. Cyclic voltammetry in 5% aqueous KCI vs. aqueous Ag/  
AgCI reference, film thickness 2000A, slide area ~ 2  cm 2. Scan 
rate 10 mV/sec, 1st cycle. Letters refer to color changes, g = 
green, o ---- orange, b ~ blue. (a) full oxidation reduction 
cycle: start 0V, initial sweep anodic. (b) - -  - reduction cycle only: 
start 0V, initial sweep cathodic. 
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defined wave is observed together wi th  current  due to 
solvent  breakdown and is not  shown in  the figure. 

The above results are for a film thickness ,~ 2000A. 
Variations in  the film thickness affect the vol tammetry,  
par t icular ly  of the green/orange transformation.  

Electronic spectra.--Figure 2 shows the visible spec- 
t rum of a single film of y t t e rb ium diphthalocyanine 
sublimed on to conducting glass in  (a) the ini t ial  
green, (b) the oxidized orange, and (c) the reduced 
blue forms. All spectra were recorded in situ in an 
electrochemical cell fitted with optical glass sides, and 
the potentials employed were 0V, +I.hV, --0.SV, re-  
spectively (vs. aqueous Ag/AgC1 reference, 5% aque- 
ous KC1 electrolyte).  The results from the lu te t ium 
complex are very similar and the sets of data from 
both complexes are given in Table III. 

These spectral changes are of a similar form to those 
obtained from electrochemical t ransformations of a 
solution of lu te t ium diphthalocyanine in carefully pur i -  
fied dimethylformamide (4). Purification of the solvent 
is necessary because green solutions of lu te t ium and  
y t t e rb ium diphthalocyanines in  d imethyl formamide  
gradual ly  become blue on s tanding in  the absence of 
an electrode potential. The mechanism of this change 
is not clear though it has been reported that  green 
solutions of gadolinium diphthalocyanine became blue 
upon the addit ion of base (9), and that  Russian work-  
ers have added hydrazine to solutions of lu te t ium diph- 
thalocyanine in DMF to improve solubility, giving deep 
blue solutions (6, 15, 16). 

We have established that  the addit ion of t r ie thyl -  
amine to green solutions of lu te t ium and y t t e rb ium 
diphthalocyanines in dimethylsulfoxide, methanol,  ace- 
tone, and freshly purified dimethylformamide (vacuum 
distilled from anhydrous  CuSO~), produces an imme-  
diate blue coloration. I t  has not been shown with cer-  
t a in ty  that  this base-produced blue color is due to 
the same species as that produced by electrochemical 
reduction. There are similarit ies in the electronic spec- 
tra of both species. The spectrum of the electroreduced 
blue species is given in curve (c) of Fig. 2. A distinc- 
t ive twin peak is observed, that  at shorter wavelength 
being more intense than that  at long wavelength.  A 
similar  shape is observed in  basified solutions though 
in these instances there is some distortion in  the shape 
of the long wavelength peak, and also a weak "shoul- 
der" at  ~560 nm that  is not  present  in  the spectrum 
of the electrochemically reduced form. Comparative 
data for blue species in methanol,  acetone, d imethyl-  
sulfoxide, and d imethyl formamide solutions, compared 
to the electroreduced blue species as a th in  film a r e  
given in Table IV. Blue solutions in the above solvents 
are air stable. Solutions in dimethylformamide have 
retained their  color over several months, and evapora-  
t ion yields dark  crystals which are solvated (12). The 
electrochemically produced blue coloration in thin solid 
films is unstable  in air, and re turns  to the green form 
over a period of a few minutes.  

Color changes which paral lel  the electrochemical 
color changes can be induced by chemical oxidants 

Table IlL Electronic spectra of lutetium and yttei'bium 
diphthalocyanines as sublimed films an conducting glass. Variation 

with electrode potential 

Poten- Metal 
tiaI~ c o m .  Characteristic absorptions, 
(V) Color plex knm (absorbance b) 

0 G reen  Lu 
0 G r e e n  Yb 

+ 1.5 Orange  Lu 
+ 1.5 O r a n g e  Yb 
-- 0.8 Blue Lu 
--O.B Blue Yb 

668 n m  (1.32) 463 (weak ,  broad) 
668 n m  (1.46) 465 (weak ,  b road)  
698 n m  (0.56) 493 (broad ,  0.43) 
700 nm (0.60) 496 (broad, 0,48) 
634nm (1.3Q) 714 (0.60) 
637 nm (1,42) 713 (0.66) 

�9 Potentials vs. aqueous Ag/AgC1 reference, 5% aqueous KC1 
electrolyte,  

b Both films ~ 2000A in thickness. 

Table IV. Electronic spectra of blue forms of lutetium and 
ytterbium diphthalocyanines 

Metal Abs (M) 
corn- 

Medium plex Az k2 b Abs (k~) 

Solution in DMF ~ Lu 614 693 1.91 
Yb 616 688 1.95 

Solution in MeOH �9 Lu 617 696 1.89 
Yb 619 689 2.06 

Solution in Acetone �9 Lu 609 691 1.90 
Yb 611 687 1.94 

Solution in DMSO �9 Lu 617 692 1.91 
Yb 619 690 1.93 

Thin  film in Na~S~O~ �9 aqueous  Lu 635 7{~5 1.70 
(2%)/NaeSOa (2%) Yb 637 703 1.43 

Th in  film at  --0,8V e lec t rore-  Lu 634 714 1.88 
duced (5% KCI) Yb 637 713 1,82 

a Solutions were prepared by dissolving the green solid com- 
plex in the required solvent and were converted to blue by the  
addition of a trace of EtaN. 

b This peak is somewhat misshapen on the spectra of solutions 
prepared as above. Sharper det%nition is observed in the spectrum 
of a DMF solution that has been eluted from a chromatographic 
column packed with neutral alumina lsee Ref. (17)]. 

and reductants.  Figure 4 displays the visible spectra of 
a film of lu te t ium diphthalocyanine on a glass slide in  
(a) ini t ia l ly  green form, (b) oxidized to orange after 
~.1 min  in 4% (w/v)  aqueous acidified eeric sulfate 
solution, (c) reduced to blue after ~ 1 min  in a mix= 
ture of 2% sodium dithionite/2% sodium sulfite solu- 
tion, (d) purple after 2 rain in  4% aqueous sodium di- 
thionite solution. The orange species is air stable bu t  
the blue and purple forms revert to green on removal 
from solution. The spectra were recorded in a cell 
with optical glass sides using a Grubb-Parsons  ex-  
per imental  spectrometer based on a D2 monochromator  
unit. The data from the chemically reduced blue spe- 
cies are included in  Table IV for comparison. The dif- 
ficulty in  arrest ing the reduction process at the blue 
stage reflects the difference between chemical reduction 
and electrochemical reduction, where a precise poten-  
tial can be applied to achieve ma x i mum effect in a 
system where species can exist in  several oxidation 
states. 

Electron spin resonance.--In the green form lu te t ium 
diphthalocyanine has a single ESR absorption [Fig. 5, 
curve (a) for a thin film on conducting glass]. Upon 
electro-oxidation a t  + I .8V in  5% aqueous sodium 
sulfate (w.r.t. aqueous Ag/AgC1 reference) for several 
minutes,  the absorption remains of similar ampl i tude 
bu t  has become much sharper [Fig. 5, curve (b) ] .  The 

~3S 660 

. , . . .  .... 4 . . . . . . . . . . . . .  . , / " , ~  
" " ' v ' - , ~ . . ~ - "  " ' . .  ," I \ ~ 8 o  700 
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~ ' O.6 

~avel*n~,h 

Fig. 4. E[ectronic spectrum of lutetium diphthalocyanine as sub- 
Greed film on to glass. Color changes induced by chemical axi- 
dants/reductonts. (a) ~ initial green form; (b) ~ 0 - -  orange 
after H I  min in 4% aqueous ceric sulfate solution; (c) - - -  blue 
after ~1 min in aqueous mixture of 2% sodium sulfite + 2% 
sodium dithionite; (d) . . . .  purple after MS rain in 4% aqueous 
sodium dithionite solution. 
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Fig. $. Lutetium diphthalocyanine as sublimed film on conduct- 
ing glass. Change of electron spin resonance spectrum with oxida- 
tion potential. (a) green form (,~OV); (b) - - -  orange form 
(,~ + l .SV) .  (Electrolyte 5% aqueous Na2SO4, potentials v s .  aque- 
ous Ag/AgCI reference. Instrumental conditions: room tempera- 
ture, modulation amplitude 5G, power 2 mW). 

color of the  film is orange.  The color change is, the re -  
fore, not  associated wi th  a loss of pa ramagne t i sm in 
the  system. If  e lec t ro -ox ida t ion  is cont inued for 1 hr, 
a 30% loss in in tens i ty  of the  sharp signal  is observed,  
bu t  on re tu rn ing  to the green form at 0V, the b roader  
absorpt ion  reappears  a t  its ful l  intensi ty.  The slide 
was r emoved  f rom the e lect rochemical  cell, washed,  
and dr ied  before  p lac ing in the cav i ty  of the spec-  
t romete r  at  room tempera ture .  

In  5% aqueous KC1 e lec t ro ly te  a more  rap id  n a r r o w -  
ing of the  signal  is observed,  concomitant  wi th  the 
rap id  appearance  of the  orange  coloration. F u r t h e r  
e lectrolysis  for  ,~ 1/z hr  resul ts  in the to ta l  loss of the  
sharp  signal,  but,  on re tu rn ing  to the  green form at 
0V the ful l  in tens i ty  of the in i t ia l  b road  absorpt ion  is 
restored.  

I t  seems tha t  exhaus t ive  e lectrolysis  resul ts  in a to ta l  
loss of signal.  We have  confirmed tha t  this  occurs in 
solutions of lu te t ium d iphtha locyanine  tha t  are  e lec t ro-  
oxidized in DMF/0.1M t e t r a b u t y l a m m o n i u m  t e t r a -  
f luoroborate,  as has been  recorded  (4), but  the color 
change f rom green  to orange is associated wi th  a sha rp -  
ening of the  signal,  not  a loss of pa ramagne t i sm.  This 
resul t  is suppor ted  by  the behav ior  of films of y t t e r -  
b ium diphthalocyanine .  This complex is ESR inact ive  
in the green form. It  remains  inact ive af ter  e lec t ro-  
oxida t ion  to orange at  -{-1.8V even af te r  ,~ 1 hr  of elec-  
trolysis,  though the color change occurs in less than  1 
rain. No change of pa ramagne t i sm occurs in this sys-  
tem. 

Some comparat ive ,  bu t  less de ta i led  measurements  
were  made  on ho lmium and europium d iph tha locya-  
nines. Solid samples  showed ESR signals that,  com-  
pared  wi th  lu te t ium,  were  only 0.01 t imes the  va lue  in 
the  case of ho lmium and 0.1 t imes the va lue  in the  case 
of europium;  the  y t t e r b i u m  signal  was v i r tua l ly  zero. 
Thin films of Ho and Eu did not show sufficiently la rge  
signals to enable  differences to be observed be tween  
the green and orange forms Of the complex,  the glass 
subs t ra te  giving a small  res idual  s ignal  which masked  
the smal l  responses due to the rare  ea r th  compounds.  

Discussion 
The observat ion  of ESR signals f rom both the in i -  

t i a l ly  green  and the e lec t ro-oxid ized  orange  forms of 

lutetium diphthalocyanine is in accord with the evi- 
dence of Nicholson and Pizzarello (5, 6) who measured 
an approximately two-electron change from charge- 
transport data during electro-oxidation, employing 
aqueous sodium sulfate and potassium chloride elec- 
trolytes. These results do not necessarily conflict with 
those of Corker  e t a l .  (4) who r epor t ed  tha t  in d ime th -  
y l fo rmamide  solut ion wi th  t e t r a b u t y l a m m o n i u m  te t r a -  
f luoroborate  suppor t  e lectrolyte ,  the e lec t ro -ox ida t ion  
to a "ye l low- red"  species was concomitant  wi th  a 
loss of ESR signal  and the r emova l  of one electron,  
since the  expe r imen ta l  condit ions were  different  in this 
l a t t e r  instance. 

If  the e lec t ro-ox ida t ion  is a mult i=stage reac t ion  in 
which  the color change and modificat ion of the  ESR 
signal  a re  dis t inct  f rom the eventua l  loss of the ESR 
signal,  then the re la t ive  ra tes  of these processes m a y  
differ in solut ion compared  to a solid film, pa r t i cu l a r ly  
if ionic migra t ion  (5, 6) as wel l  as e lec t ron t ransfe r  ~s 
impor t an t  dur ing  the t ransformat ion.  Fur the rmore ,  the 
behavior  of lu te t ium d iph tha locyanine  in dimethyl= 
fo rmamide  solut ion appears  to be complicated,  and the 
na ture  of al l  species tha t  may  be presen t  is not  certain.  
Ana ly t i ca l  da ta  publ i shed  by  Ki r in  et al. (12) suggests 
tha t  a blue  product  obta ined  f rom d ime thy l fo rmamide  
solut ion m a y  have the composit ion R2Pc8 3DMF, where  
R is the r a r e - e a r t h  atom. 

The difference in behav ior  of the  ESR signal  in  so-  
d ium sulfate  solut ion as compared  to potass ium chlo-  
r ide  solut ion is pa ra l l e l ed  by  the observat ions  of Nich-  
olson and Pizzarel lo (18) who also not iced a difference 
be tween  these electrolytes .  They  showed tha t  the p rop-  
agat ion of the anodic react ion b o u n d a r y  in a thin film 
of lu te t ium d iph tha locyanine  depended  on the  na tu re  
of the ambien t  gas, and tha t  the bounda ry  ceased to 
move in sodium sulfate e lec t ro ly te  if oxygen  was ex -  
cluded, but  this was not  t rue  in potass ium chlor ide  
electrolyte .  I t  was concluded that  oxygen  was bound  
in the  red  form of the d iph tha locyanine  p r e p a r e d  in 
sodium sulfate electrolyte .  Raynor  et al. (19) have  
s tudied the origin of ESR signals in d iamagnet ic  
phtha locyanines  of Zn, Ni, Pd, and P t  and have  sug-  
gested that  oxygen is the cause of a subs tant ia l  pa r t  
of the  signal,  bu t  is not p resen t  as a s imple  radica l  
wi th  the unpa i red  e lec t ron localized on t h e  oxygen.  
We conclude that  the difference in ESR behavior  of 
the lu te t ium complex in aqueous sodium sulfate  and  
potass ium chloride e lect rolytes  m a y  represen t  the  
different ial  up take  of oxygen fol lowing an in i t ia l  two-  
e lect ron change to the  orange species. However ,  the 
exis tence of the or iginal  ESR signals in the green 
lu te t ium complex,  and the much lower  ESR responses 
f rom the holmium, europium, and pa r t i cu l a r ly  y t t e r -  
b ium complex  are  not  eas i ly  exp la ined  b y  this s imple  
model, and fur ther  work  is r equ i red  to e lucidate  the  
s t ruc ture  of these species. 
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Excitation into Charge Transfer Band of Y20 S:Eu 
Lyuji Ozawa* 

Matsushita Electric Industrial Company, Limited, Central Research Laboratories, Moriguchi, Osaka, Japan 

This note describes the mode of excitation into the 
charge transfer band of Y202S:Eu phosphor. In gen- 
eral, the radiative transition impurities (i.e., activator 
ions) in crystals can be optically excited in three 
ways; by (i) direct excitation into absorption of the 
ions (direct), (ii) excitation into associated activator- 
host absorption (i.e., charge transfer band, CTB), 
and (iii) indirect excitation via absorption of host 
lattice (host), i.e., radiative recombination of mobile 
electron-hole pairs (radiation-induced carriers) at 
activator ions. This can be seen comprehensively in 
excitation spectrum giving rise to luminescence. Fig- 
ure 1 shows, for instance, the excitation spectrum of 
the Eu +z luminescence line at 627 nm (SD0 -~ TF 2 
transition) of Y202S:Eu; the spectrum consists of 
the small and narrow direct excitation lines (4fs 
transition), and a broad and strong CTB overlapped 
partially with a host band (shadowed). It has been 
believed that the CTB excitation belongs to the host 
excitation (1) because the CTB partially overlaps 
with the host absorption band and the hole photo- 
conductivity has been suggested in Y202S:Eu under 
the CTB radiation (2). It has then been said that the 
CTB is an essential necessity to obtain the efficient 
cathodoluminescence phosphors (3). A question is 
raised as to whether the CTB belongs to the host e x -  
citation. 

An experimental difficulty in determining the e x -  
citation mode of the CTB is that by either way of 
the photoexcitations, the activator ions emit the same 
characteristic activator luminescence even though the 
excitation mechanisms involved are quite different. 
Thus, the ambiguity always remains in the discussion 
of the CTB excitation if the study has been made 
with the measurements of the luminescence or excita- 

* Electrochemical Society Active Member. 
Key words: luminescence, phosphor. 

tion spectra alone. It has recently been shown that 
the concentration dependence (CD) curve of activa- 
tor luminescence provides us with a powerful tool to 
clarify the excitation mode of activator ions (4). 
There are two excitation modes to be considered for 
the luminescence study in the flrst-order approxi- 
mation: (i) direct excitation and (ii) indirect excita- 
tion through mobile carriers. The mode of the excita- 
tions can be clearly distinguished if the measurements 
of the CD curves are made on powdered phosphor 

Fig. 1. Excitation spectrum of Y~O2S:Eu (0.01) giving rise to 
luminescence line at 627 nm (SDo -~ 7F2 transition). The spectrum 
consists of host absorption band (host), charge transfer band (CTB), 
and direct excitation lines of Eu +~ (direct). 
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screens. For  direct excitat ion of activator ions, the 
t ime-averaged luminescence intensit ies from phos- 
phor screen, obtained under  constant  intensity,  has 
a l inear  dependence on activator concentrat ion "C" 
in  the concentrat ion region where the concentrat ion 
quenching mechanisms are neglected, and the no rma l -  
ized CD curve exhibits no crystal  size effect (5). 
When the activator luminescence is due to the radia-  
tive recombinat ion of the mobile carriers (created by 
host lattice absorption) at activator ions, the CD 
curve has two slopes, depending on C, in  which C* 
at the discont inui ty  (i.e., inflection of the curve) 
shows the crystal size effect due to the mobile car-  
riers; C* decreases as the crystal size increases (4-6). 
We use this dis t inguishable different appearance in 
the CD curves to clarify the mode of the CTB excita- 
tion of Y~_O2S: Eu. 

Figure  2 shows the CD curves of the Eu +8 lumi -  
nescence l ine at 627 n m  of Y202S:Eu under  i rradiat ion 
of electron beam (CL), host-photoexcitat ion using the 
200 n m  radia t ion (PL-host ) ,  CTB excitat ion by  the 
820 n m  radia t ion (PL-CTB) ,  and direct photoexcita-  
t ion using the 417 n m  radiat ion (PL-direct ) .  We used 
the 200 n m  radiat ion for the PL-host  to keep away 
from the en tanglement  of the CTB in the excitation. It  
can be seen that  the CD curve of the PL-host  is almost 
ident ical  with tha t  of CL, because the activator ions 
in  both cases are p redominan t ly  excited through the 
mobile carriers created in  the crystal (6). Both curves 
have two slopes and the value of C* shows the crys- 
tal  size effect. The normalized curve for the PL-direc t  
fits in  with the theoretical curve of C(1 -- C)12 (uni ty  
slope below C _-- 1 X 10 -2 and opt imum C = 8 • 
10 -2 ) (5) and the curve exhibits no crystal size 
effect. 

Referr ing the CD curves of the PL-host  and PL-  
direct, it has been revealed that  the mode of the CTB 
excitat ion actual ly belongs to the direct excitation. 
The CD curve for the CTB has un i ty  slope, instead 
of two slopes, in the region below C -- 3 X 10 -8 and 
exhibits no crystal size effect. There is no evidence 
to show that  the luminescence process at the Eu +3 is 
de te rmined  by the mobile carriers. The curve ob-  
ta ined clearly indicates that  the CTB excitat ion falls 
unde r  the category of direct excitation by  incident  
radiat ion ra ther  than  the category through host - la t -  
tice excitat ion 
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Fig. 2. Concentration dependence curves of Eu +~ luminescence 
of Y202S:Eu under irradiation of various excitation modes; elec- 
tron beam (CL), host photoexcitation using 200 nm radiation (PL- 
host), charge transfer photoexcitatien with 320 nm radiation (PI.- 
CTB), and direct photoexcitation using 417 nm radiation (PL- 
direct). 

I r radia t ion of the CTB radiat ion of Y202S: Eu prob-  
ably creates an Eu +2 and a hole as a consequence of 
the electron (charge) t ransfer  f rom anion (O-2 or 
S - - 2 )  to Eu ~=8. Since hole photoconductivi ty has 
been suggested in Y202S:Eu unde r  i r radiat ion of 
the CTB radiat ion (2), the Eu +2 may be stable at 
room tempera ture  and does not release the electron; 
the luminescence may occur as the Eu +2 captures the 
the free hole (4). Because Eu ions in the crystal 
never  move out f rom their  occupied lattice sites dur -  
ing the luminescence process, the absorption (and 
subsequent  luminescence)  is definitely l imited in the 
volume where the CTB radiat ion has been penetrated.  
In  other words, the place at which the luminescence 
occurs is not determined by the free holes which move 
out from the location created. The penet ra t ion  of the 
CTB radiat ion into the powdered phosphor screen is 
determined by (a + 8 ) -1  where  ~ and ~ are absorp- 
t ion and scattering coefficients, respectively. The 
value of ~ changes with C; i.e., ~ _~ kC where k is 
expressed in  cm -1 and depends only on the oscillator 
s t rength of the absorption. When the activator con- 
centrat ion is below 3 X 10 -a, ~ < <  /3, and the pene-  
t rat ion volume is determined by /~-1 and the cross 
section of the radiat ion beam; both are constant, re-  
sui t ing in the l inear  dependence of luminescence in -  
tensities on C (5). The penetra t ion depth is decreased 
with increasing activator concentrat ions beyond 3 • 
10-3 (~ < 8);  subsequently,  the apparent  op t imum 
activator concentrat ion moves to C -- 5 X 10-2 (5). 

The results of the CD curves suggest that  the CTB 
and host absorption bands possibly occur at different 
levels, and the part ial  overlap in the excitat ion spec- 
t r um (Fig. 1) is not  real; they are apparent ly  over-  
lapped. If it is so, the band  model may be inadequate  
to explain the luminescence process of the Eu +8 in 
Y~O2S:Eu which has been considered (1, 3). 

In conclusion, it has been shown that the excitat ion 
into the charge t ransfer  band falls under  the category 
of the direct excitation by the incident  radiation, 
which the excitation is restricted in the penetra t ion 
volume of the incident  radiation. Therefore, it can be 
said that  the presence of the charge t ransfer  band  is 
not  essential  to obta in  the efficient cathodolumines-  
cence phosphors. The efficient activator cathodolumi-  
nescence is p redominant ly  due to the radiat ive recom- 
binat ion of the mobile electron-hole pairs at  the ac- 
t ivator ions, and the n u m b e r  of the electron-hole 
pairs created in the penet ra t ion  volume would be 
about  100 times the n u m b e r  of the direct excitation 
of the act ivator  ions by  the incident  electrons. 

Manuscript  received May 26, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1982 JOURNAL. 
All  discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 
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Erratum 

Concentration Profiles in Electrowinning Circuits 

I. Current Efficiency 

F. M. Kimmerle, R. L. LeRoy, and O. Vittori 
(This Journal, Vol. 128, No. 9, pp. 1864-1869) 

Due to the Canadian postal disruptions, proofs of this 
article were not  received in  t ime for correction. Figure 
2 was mislabelled, and should be replaced by  the fol- 
lowing 

W 
. 1.0 >- 

Z 
bJ 

1.1_ 
14. 
LU 

0 .5  

Z 
Ld 
n- 
r,- 

, f A E I / 2  = 5 x O.05SV i t 2 = l  [ . 

.EI/2 = 5 xO.O59V i1~2= 3i~ 

~ e ' ~ * " ~ % - / ~ E i / 2  = 5 x 0.059V i tz  = lOi l  

~ f  - -~ ' . - - . . . . .~ , ,  ~ EI/2 =SxO.OSgV i12 = 30i| 

/ 
I 

I ~ l  I i 
0.0 1.0 2 .0  3 .0  4 .0  

LIMITING CURRENT: TOTAL CURRENT RATIO ( ip/~..i ) 

Fig. 2. Current efficiency variation for kinetic parameters charac- 
teristic of metal deposition in competition with hydrogen evolution, 
(~n)l = 2.0 and (c~n)2 = 0.5. 

In  the discussion of Fig. 1 and 2, case 1 should have 
stated that efficiency approaches the asymptotic value 
e~ -- 1 when the current  density is much tess than the 
l imit ing current  density, in situations where the t rans-  
fer coefficient for metal  deposition is less than  that for 
the competing reaction. 

Before Eq. [3], the requi rement  for a funct ion de- 
scribing current  density should have read that it must  
vary in a monotonic fashion from case 1 to case 2, and 
that 

l i r a , = , |  and l i m , = O  
C--..> Qo C - > O  

In  the discussion of Fig. 5, the s ta tement  concerning 
the dependence of current  efficiency on ii/~i should 
have noted that it can be approximated by two 
s t ra ight- l ine  portions at concentrations above 0.01M. 
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Determination of the Measurable Low Limits of 
Oxygen Ion-Conducting Solid Electrolytes 

T. A. Ramanarayanan* 
Exxon Research and Engineering Company, Corporate Research-Science Laboratories, Linden, New Jersey 07036 

Oxygen ion-conducting solid electro- 
lytes based on Zr02 and Th02 are widely used 
for the measurement of oxygen chemical poten- 
t ia ls  in high temperature gaseous environ- 
ments, melts and solid phases ( I ) .  These 
electrolytes have also applications in deter- 
mining the kinetics of diffusion-control led 
processes (2) and the rates of surface 
reactions (3). 

In most applications of oxygen- 
conducting solid electrolytes, the ionic 
transference number of the electrolyte, t ion, 
must be unity. At extremely low P02 values, 
the ionic transference number of the electro- 
lyte is decreased by the introduction of 
excess electronic conduction. Thus, espe- 
c ia l l y  for low oxygen partial pressure 
measurements, there is a need to establish 
the low P02 l imi ts (above which tion > 0.99) 
as a function of temperature. Since these 
low P02 l imi ts  are extremely sensitive to the 
presence of minute impurity levels in the 
electrolyte (4), the measurable low P02 l imits 
can vary between two electrolytes of nearly 
identical chemical composition. 

In the present communication, a 
simple experiment for the determination of the 
low P02 l imi ts of an oxide-ion conducting 
electrolyte is discussed. The technique has 
been used for establishing the low P02 l imits 
of Zr02 (~5% CaO) solid electrolyte tube pur- 
chased from Degussa. 

The electrochemical 
present experiments may be represented as: 

p l  

O 2 

02- 
< 

ZrO 2 (5% CaO) (9 "2 

> 
e -  

cell used in the 

Air C) [A] 

p l l  

O 2 

in which the le f t  hand electrode is extremely 
pure hydrogen. I t  would be nearly impossible 

experimentally to obtain a P02 : 0 in the 
hydrogen electrode. For one thing, even the 
best purification ensures only a f in i te 
extremely low P02 level. Secondly, a reaction 
between the H2 gas and the quartz tube in 
which the electrochemical cell was placed is 
possible in principle: 

Si02(s) + H 2 = H20 + SiO(g) [ I ]  

At a temperature of IIO0~ which is in the 
middle of the temperature range used in the 
current study, the equilibrium constant, KI, 
for reaction [ I ]  equals 2.05 x 10-16. 
Assuming that both H20 and SiO are generated 
by reaction [ I ]  only, one can assume that 
PH20 ~ PSiO. With this assumption, one cal- 
culates at llO0~ a PH20 value of 1.43 x 10-8 
atm. This amount of water vapor in H2 would 
correspond to a P02 of 3.6 x 10-34 atm, which 
is extremely low. I t  is not suggested here 
that the reaction [ I ]  proceeds to equilibrium, 
but only that even i f  i t  did, the P02 in the 
hydrogen stream would be very low. 

According to Schmalzried (5,6), the 
Emf of cell A under these conditions is given 
bY, 

I/n+p, I/n /n+p,, I/n 7 
E - nRT I '  8 02 p@l 02 

- 4 T  I n l ~ I / n  + p I/n+p, ~ ]  -~ [2] 
L ~ 02 0 02 

where n = 4 for a stabil ized zirconia electro- 
lyte,  P~ and P8 refer to the P02 values at 
which the ionic conductivity of the electro- 
lyte equals the positive hole conductivity 
and excess electronic conductivity respec- 
t ive ly .  As discussed by Schmalzried (5,6), 
for P~ >> P02 >> P8 >> P02, equation [2] 
reduces to 

P8 : P'' exp (-4 EF/RT) [3] 
O 2 

Equation [3] applies to cell [A] and the PO 
values can be determined from the measured 
open c i rcu i t  Emf values as a function of 

*Electrochemical Society Active Member. 
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temperature. From the PO values, the l imi t ing 
low P02 values which can be measured using a 
Zr02 (~5% CaO) Degussa e lect ro ly te can be cal- 
culated as follows. 

The excess electronic transference 
number, t e, of the e lectro ly te at low oxygen 
part ial  pressures is given by, 

a e t - [4] 
e ae § ~ion 

where o e and Oion are the excess electronic 
conductivity and ionic conductivi ty, respec- 
t i ve ly .  For stabi l ized zirconia e lect ro ly tes,  
at a given temperature, aion is a constant and 
ae = ~e ~ POp - i /~  where ae ~ is a constant ( I ) .  
Thus, Eq. [~] can be rewri t ten in the form, 

1 _ 1 + k I14 [5] 
t e PO 2 

where k = aion/Oe ~ By de f in i t ion ,  P02 = PO, 
when t e 0.5. Upon subst i tut ion into Equ. 
[5], 

k = (p9)- I /4  [6] 

hence 

p I /4 

1 : 1 + [7] 
t e 

I f  the lowest P02 value measurable with the 
ZrO2-based e lect ro ly te is denoted by P02 L, 
then, 

t e = 0.01 for  po 2 = PL02 [8] 

Equation (8) corresponds to the generally 
agreed ionic transference number of >0.99 for 
an acceptable sol id e lectro ly te.  Upon substi-  
tut ion of Eq. [8] in Eq. [7 ] ,  

pL = 994 P@ [9] 
O 2 

The experimental cell arrangement 
used in the present study is shown in Fig. ( I ) .  
A degussa ZrO 2 (~5% CaO) sol id e lect ro ly te 
tube (3/8" O.D. x I /4"  I .D.)  was plat inized 
over a I"  length on the inside and outside 
using platinum paste (Engelhard #6082). The 
paste was thinned with xylene and brushed on 
to the cleaned sol id e lect ro ly te surface. The 
coated portion was heated gradually to 800~ 
in a furnace, held at th is temperature for one 

hour and furnace-cooled to room temperature. 
A series of four coatings was applied in th is 
manner. Platinum lead wires were used to con- 
tact the inside and outside Pt paste. A slow 
stream of dry a i r  was circulated through the 
inside of the e lect ro ly te tube using a small 
alumina tube. The e lect ro ly te tube was 
surrounded by an outer quartz tube. The outer 
surface of the e lect ro ly te tube was exposed 
to a stream of high pur i ty  hydrogen. High 
pur i ty  hydrogen gas from a gas cyl inder was 
fur ther  pur i f ied by passing through an 
Engelhard platinum catalyst ( for  conversion 
of any 02 to H20); the water vapor was subse- 
quently absorbed in a series of magnesium 
perchlorate towers. 

The electrochemical cel l  was heated 
in a non-inductively wound tube furnace. A 
grounded Inconel tube was used around the 
quartz tube to eliminate stray Emfs. The 
cell was i n i t i a l l y  heated to a temperature of 
750~ (~ I~ The open c i r cu i t  Emf devel- 
oped across the cell was measured using a 
Hewlett Packard electronic voltmeter. 
The cell Emfs were observed to increase 
s l i gh t l y  with the f lowrate of H2; the f low- 
rate dependence vanished beyond a certain 
f lowrate. The actual f lowrate where this 
occurred was not measured since no flowmeter 
was placed in the system. The f lowrate 
independent Emf was taken to be the correct 
Emf value. An Emf reading was considered 
steady i f  the random variat ion over a two 
hour period was within + 1 mV. Emf readings 
were taken at 50~ intervals up to 950~ 

The experimentally measured Emf 
values are shown as a function of temperature 
in Fig. 2. Shown in Fig. 3 are the P9 values 
calculated using Eq. [3] .  The temperature 
dependence of PO follows the expression: 

log P9 = 4.77 - 35,130T [ I0 ]  

Fig. 3 also contains the P9 values reported 
by Patterson (7) and by Schmalzried (6) for 
the Zr02 (7 I/2% CaO) e lect ro ly te.  Lln Fig. 
4, the l imi t ing low P02 values, P02 , 
obtained using Eq. [9] have been plotted as a 
function of temperature. The temperature 
dependence of P02 L can be expressed by the 
re lat ion:  

log pL = 12.75 - 35,130 [ I I ]  
02 T 

Also shown in Fig. 4 are the l im i t ing  P02 
values of the Zr02 (7 I/2% CaO) e lectro ly te 
according to Patterson (7). In Fig. 4 are 
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also shown the coexistence P02 values of two 
commonly used metal-metal oxide reference 
electrodes, the Fe-FeO electrode and the Cr- 
Cr203 electrode. I t  is readily seen that the 
Degussa Zr02 (5% CaO) electrolyte can accu- 
rately measure the P02 of the Fe-FeO elec- 
trode, but not the Cr-Cr203 electrode. 

There are a few points which must be 
mentioned in connection with measurements 
involving cells of the type A. First of a l l ,  
since the electrolyte exhibits some electronic 
conduction under conditions involved in 
measurements with cell A, even under open 
circuit conditions, there is electronic trans- 
port through the electrolyte from the low P02 
side to the high P02 side. Such transport is 
accompanied by oxygen ion transport in the 
opposite direction. I t  is conceivable that 
the oxygen arriving at the lef t  hand electrode 
of cell A by transport through the electrolyte 
raises the P02 at the left  hand electrode/ 
electrolyte interface locally. This effect 
should be more serious at low flow rates; at 
the higher flow rates, the oxygen is rapidly 
carried away in the hydrogen stream. This 
would in principle explain why the cell Emf 
would increase with flow rate in a certain 
range. 

Another effect to be concerned about 
is the possibility of a chemical reaction be- 
tween Zr02 and Pt at the lef t  hand electrode 
where conditions are reducing. Meschter and 
Worrell (8) have determined the Gibbs' energy 
of formation of the intermetallic compound 
ZrPt3 using electrochemical measurements 
involving a ThO2-Y203 electrolyte. They have 
estimated that the reaction, 

ZrO 2 + 3 Pt + 2 H 2 = ZrPt 3 + 2 H20 

is possible at 800~ at P02 values below 
~I0-25 atm. No ZrPt3 could be detected by 
X-ray diffraction on the platinized surface 
of the electrolyte tube after completion of 
experiments with cell A. 

Shores and Rapp (9) have reported 
on the possibility of proton conduction in 
Th02 base electrolytes in the presence of H2- 
H20 environments. However, no such con- 
duction has been reported for Zr02 based 
electrolytes. Wagner (lO) found the solu- 
b i l i t y  of water vapor in Zr02 containing 8 or 
17% Y203 in the temperature range, 900~ - 
lO00~ to be extremely small, of the order of 
13-30 ppm. Thus, i t  is assumed in the present 
study that there is no significant proton con- 
duction in the Zr02 (5% CaO) electrolyte. 
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Direct Observation of Surface States at the 
TiO  Electrolyte Interface 

Withana Siripala and Micha Tomkiewicz* 
Department of Physics, Brooklyn College ol CUNY, Brooklyn, New York 11210 

Relaxation Spectrum Analysis was suggested (1) 
as a general technique for mearsurements of 
charge accumulation modes and their correspo- 
nding relaxation times at the space charge 
layer of a semiconductor with strong emphasis 
on semiconductor liquid junction interfaces. 
Among all the reported results(2-4),none was, 
as yet, confirmed by an independent technique. 

We wish to report here, evaluation of param- 
eters of surface states that were observed 
on the surface, of single_crystal TiO 2 in con- 
tact with an aqueous electrolyte, using the 
Relaxation Spectrum Analysis technique and 
subband gap spectral response. 

Fig. 1 shows the impedance spectrum of single 
crystal TiO 2 in contact with phosphate buffer. 
For detailed explanation of the experimental 
technique, the reader is referred to reference 
( i ) .  

The equivalent circuit was found to consist of 
two parallel passive capacitive elements with 
distinctive relaxation times. The dependence 
of the capacitive elements on the electrode 
potential is shown in fig. 2. The space charge 
capacitance Csc , obeys the Mott-Schottky 

6 
TiO2 in Phosphate Buffer, p H = 6 5  

5 - Potential = - 0 2 V  vs SCE 

. . . . . .  " ' " . . %  ~). r 

Q4 ~ r , /  ~ Css Csc 
3- . . ' . ' . . . .  o.  

J 
i . . .  . . . . . . . . . . . . . . . .  .... 

f, Hz 

Fi~. I. Impedance response curves for n-type 
TiO 2 in 0.33 m phosphate buffer.On the right- 
hand corner is the equivalent circuit constr- 
ucted from the curves in the manner explained 
on ref. (I). Area = 0.07 cm 2. 

,o ,02 L o 3 L o 4 ,o ,061o2 

Bss 
5 x 10 -3 

O 
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relation over an extended range of potentials, 
from which the flatband potential and the 
doping level of the crystal were evaluated. 
The dependence of Css on the electrode poten- 
tial, also shown in fig. 2., is more complex. 
It is dominated by a single gaussian distri- 
bution, centered around 0 V vs SCE. Similar 
behavior was found with surface states that 
were introduced on purpose by chemical modi- 
fication of Ti02(5-~) and by unmodified Ti02 
under certain surface preperation condltions 2. 
The difference between the states observed 
here and those that were previously reported 
is that the relaxation times of the surface 
states in the previously reported examples 
were all fast and limited by the series re- 
sistance of the electrolyte. This resulted 
in our inability to distinguish the surface 
state capacitance from the space charge layer 
capacitance.The surface state capacitance in 
those reports was evaluated from the deviatio- 
ns of the observed capacitance from the expec- 
ted Mott-Schottky behavior. In the present 
case the states are much slower and their re- 
laxation time clearly distinguishable from 
that of the space charge layer. The possible 
origin of the gaussian distribution of the 
surface states was previously reported(5-6). 
From the maximum amplitude of the ~aussian 
distribution coverage of 1.8 x 1013/ cm 3 was 

5G 

L~ 2 

C 
-LO 0 ' +I'O' ' ' +~ 

POTENTIAL (V vs SCE) 

->O 

% 
o 

G 

Fi~. 2. Mott-Schottky plot of Csc (left scale) 
and the variation of Css with potential (right 
scale), o - Csc , X - Css 
The solid lines are theoretically based on 
linear behavior of the Mott-Schottky plot 
and gaussian lineshape for Css. 
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estimated. From the potential of the maximum 
of the gaussi&n distribution and from the 
intercept of the Mott-Schottky plot, we can 
infer that the surface states are located 
around 0.8 eV from the bottom of the conduct- 
ion band, or approximately 2.2 eV above the 
top of the valence band. 

(4) M.Tomkiewicz, J.K.Lyden,R.P.Silberstein 
and F.H.Pollak: Proc. of the ACS Symposium 
on "Photoeffects at Semiconductor Electrolyte 
Interfaces", A.J.Nozik, ed. 146, 267 (1981) 

(5) M.Tomkiewicz: J. Electroch. Soc. 127, 
1518 (1980). 

The influence of the surface states on the 
band gap light induced current voltage behav- 
ior will be discussed in the full manuscript 
which will follow this letter. Fig. 3 shows 
the spectral response of subband gap illumina- 
tion with a clearly distinctive peak at 550 nm 
which is equivalent to photon energy of 2.2 eV. 
This can only be due to light induced electron 
ejection from the top of the valence band to 
the surface states. From fig. i. it is obser- 
ved that the states are relatively fast states 
with relaxation times in the millisecond ran ~ 
ge and can efficiently communicate with the 
bulk of the semiconductor. 

(6) M.Tomkiewicz: Surf. Sci. I01, 286 (1980). 
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Full analysis of these results, their implic- 
ation on the photoelectroehemical behavior of 
TiO 2 and the relation between the surface 
states reported here and those that were re- 
ported in the literature will be discussed in 
subsequent publications. 
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Fi$. 3. Subband gap spectral response of the 
same c r y s t a l  as i n  f i g . 1  and 2. 
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Rechargeable Lithium/Vanadium Oxide Cells 
Utilizing 2Me-THF/LiAsF  

K. M. Abraham,* J. L. Goldman,* and M. D. Dempsey 
EIC Laboratories, Incorporated, Newton, Massachusetts 02158 

ABSTRACT 

Vanad ium oxides  of var ious  composit ions were  synthesized and eva lu -  
a ted  as rechargeab le  cathodes in cells of the type  L i / 2 M e - T H F / L i A s F d V -  
oxide,  C. The  most  useful  composit ions were  found to be VO~.17, VOs.t9, and 
the Fe  or  the Cr subs t i tu ted  oxide of appa ren t  composit ion,  M0.18V0.s7Os~.17. In  
high Capacity cells, VO2.17 exh ib i ted  a capaci ty  of ,~0.55 e l ec t rons /vanad ium 
( e - / V )  at  cu r ren t  densi t ies  of 0.5, 1, and 2 m A / c m  2 and 0.45 e - / V  at  4 
m A / c m  2. The exce l len t  r echargeab i l i ty  of this oxide  in prac t ica l  cells wi th in  
cycl ing l imits  of 3.0 and 1.9V was demons t ra ted  by  ex tended  cycl ing of a cell  
wi th  an average  cathode ut i l iza t ion of ,~0.52 e - / V  in over  200 cycles. The 
first d ischarge of VO2.19 resu l ted  in a capaci ty  of ~ 1  e - / V  at  cur ren t  densi t ies  
as high as 2 m A / c m  2. In  the  first charge of this oxide a loss in capaci ty  of 
15-20% of the first discharge occurred even at  charge cur ren t  densi t ies  as 
low as 0.1 m A / c m  2. Moreover,  in ex tended  cycling, the  capaci ty  of this oxide  
s lowly  decl ined in ea r ly  cycles, d iminishing to ~0.70 e - / V  by  about  the 15th 
cycle and r ema in ing  fa i r ly  s teady thereaf te r .  These per formance  cha rac te r -  
istics of VO~.19 were  r ep roduced  in a 5 A - h r  pr i smat ic  cell. Both types  of 
oxide requi re  carbon in the  ca thode for acceptable  pe r fo rmance  wi th  the  re -  
sult  that  the oxides have  only  modera t e  vo lumet r ic  energy  densit ies.  ~Incor- 
pora t ion  of meta ls  such as Cr or Fe  into the vanad ium oxide la t t ice  appears  
to be a useful  approach  to the synthesis  of new and useful  cathode mater ia ls .  

L i th ium secondary  ba t t e ry  technology has been  ac- 
t ively pursued  for  more  than  20 years  (1).  Some 
s t r ik ing  advances  have  been made  in the  pas t  ten 
years.  These have been made  possible b y  the d is -  
coveries (2) of new organic  so lven t /L i  sa l t  systems in 
which the Li e lec t rode  can be recharged  wi th  high 
efficiency. Especia l ly  no t ewor thy  are  the  EIC Sys tem 
(3),  2Me-THF/LiAsF6,  and  the Exxon  e lec t ro ly te  (4),  
1,3-dioxolane/LiC104. Unfor tuna te ly ,  the 1,3-dioxo- 
lane/LiC104 sys tem shows a t endency  to de tonate  
upon impact  and  therefore  has been  abandoned  (5).  
Recent ly ,  we have demons t r a t ed  100-200 deep  d is -  
charge cycles in h igh  capac i ty  Li/TiS2 cells ut i l iz ing 
2Me-THF/LiAsF6  e lec t ro ly te  (6). 

Considerable  progress  has also been  made  in the  de -  
ve lopment  of rechargeab le  cathode mate r ia l s  (7). The 
most  ex tens ive ly  s tudied and promis ing  mate r i a l s  a re  
s01id-state cathodes which undergo in te rca la t ion  or  
topochemical  react ions  wi th  Li. Among  these, only  
TiS2 has rece ived  any  significant deve lopmenta l  effort. 
Our  recent  s tudies  (6) demons t ra ted  the excel len t  r e -  
vers ib i l i ty  and  chemical  compat ib i l i ty  of TiS2 in prac- 
t ical 'Li  cells u t i l iz ing  2Me-THF/LiAsF~.  Despi te  its 
impress ive  pe r fo rmance  character is t ics ,  TiS2 does not  
have the energy  dens i ty  requ i red  for  m a n y  poten t ia l  
appl ica t ions  of secondary  Li  cells. Therefore,  new ma-  
ter ia ls  wi th  improved  energy  densi t ies  a re  of g rea t  
interest .  

A po ten t ia l ly  a t t r ac t ive  group of  mate r i a l s  are  the  
t rans i t ion  meta l  oxides. P r e l i m i n a r y  s tudies  of severa l  

* Electrochemical  Society  Act ive  Member.  
Key words:  bat tery  cathodes ,  cycling, energy density. 

ru t i le  and pe rovsk i t e - r e l a t ed  oxides  have been carried 
out  r ecen t ly  by  M u r p h y  and co -worke r s  (8, 9). These 
studies have indica ted  tha t  severa l  v a n a d i u m  oxides,  
pa r t i cu l a r ly  V6013, a re  po ten t i a l ly  a t t rac t ive  mate r i a l s  
as high energy  dens i ty  cathodes for  Li  cells. The reac- 
tion of V6013 wi th  n -BuLl  resul ts  in  an up take  of 
~,gLi per  mol  of V60~8 leading  to a theore t ica l  spe- 
cific energy  of ~850 W - h r / k g  (8). However ,  there  has 
not  been a clear  demons t ra t ion  of the  pe r fo rmance  
character is t ics  of the oxide  in prac t ica l  cells. In  v iew 
of the recent  demons t ra t ion  f rom this l a bo ra to ry  
(3, 6) that  2Me-THF/LiAsF6  is a h igh ly  des i rable  elec-  
t ro ly te  for rechargeab le  Li cells, we have inves t iga ted  
in detai l  ~ the  per formance  character is t ics  of V6Ots and 
re la ted  oxides in high capaci ty  cells u t i l iz ing this 
e lectrolyte .  The resul ts  are  p resen ted  in this paper .  

Experimental 
Synthesis and Characterization of Vanadium Oxides 

Stoichiometric V601~; (VOs.z~).--The oxide  was p r e -  
pa red  according to the react ion shown in Eq. [1] 

650°C 
13V205 + 4V ) 5V6013 [1] 

In a typical  p repara t ion ,  an in t imate  mix tu re  con-  
sisting of 11.82g (65 mmols)  of V205 (Al fa -Ven t ron)  
and 1.02g (20 mmols)  of powdered  V (Al fa -Vent ron ,  
--325 mesh)  was hea ted  in an evacuated,  sealed 
quartz  tube for 24 hr  at 650°C. An x - r a y  pa t t e rn  of 
the da rk  powder  was in sa t is factory  agreement  wi th  
that  repor ted  by  Wi lhe lmi  et al. (10). Samples  were  
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also prepared using heat ing times 8 and 16 hr (11). 
Al though all  the samples exhibi ted ve ry  s imilar  x - r a y  
patterns, t h e  re la t ive  intensities of the l ines in the 
pat tern  of the 24 hr  sample, listed in Table  I, ex -  
hibi ted the best match to the data of Wilhelmi  and 
co-workers .  Therefore  we consider the 24 hr  sample 
to be the most desirable. This was fu r the r  borne out 
by cycling data (vide infra). A scanning electron 
micrograph of the 24 h r  sample is shown in Fig. 1. The 
mater ia l  is h ighly crystall ine,  the crystals being 10- 
40 #m long and 5-10 ~m wide. The c rys t a l  size dis- 
tribution, however ,  var ied  f rom one prepara t ion to 
the other  and had no apparent  effect on cathode 
utilization. This mater ia l  wil l  be r e fe r red  to as V601~ 
(s ) .  

Nonstoichiometric VsO1z; (VO~.zg).--In a typical 
preparat ion,  17.33g NH4VO8 contained in a graphi te  
boat were  heated in a flowing argon a tmosphere  (flow 
rate, 450 cmS/min)  with the fol lowing t empera tu re  
regime:  Ini t ia l ly  the t empera tu re  was raised f rom 25" 
to 400~ in about  ~/e hr. The t empera tu re  was then in-  
creased to 450~ and the sample was kept  at this t em-  
pera ture  for another  2 hr. Finally,  the mater ia l  was 
annealed at 550~ for 1 hr. The dark product  weighed 
I2.73g. The composition of the oxide was calculated to 
be VO~.19. Its x - r a y  pa t te rn  (Table I) is v e r y  much 
similar to that  of the stoichiometric  oxide. The S E M  
of the mater ia l  revea led  it to be composed of 4-5 ~m 
particles. The mater ia l  wi l l  be re fe r red  to as V601~ 
(NS). 

Other vanadium oxides from NH4VO~.--In optimiz-  
ing the synthesis of VOe.19 f rom NH4VOa, it was found 
that  a ve ry  careful  control o f the Ar  flow rate  was of 
utmost  importance in obtaining the desired product.  
The Ar  flow rate controls the residence t ime of the 
l iberated NH~, the reducing agent  which determines  
the V to O ratio in the oxide product.  In  different 
preparat ions wi th  Ar  flow rates significantly lower  
than 450 cm3/min, 1 oxides of the compositions VOl.ss, 
VO2, VO2.04, and VO2.0s were  obtained at the same 
tempera ture  ranges. X - r a y  pat terns  of these oxides 
(11) were  different f rom those of  VOs.19. All  these 

oxides exhibi ted electrochemical  characterist ics in-  
ferior  to those of VO2.19 (vide infra). 

Metal substituted vanadium oxides, (Vo.sTMo.1302.17), 
M-= Cr, Mo, or Fe)2.--Following the synthesis of 
VO~.~7 f rom V2Os and V, meta l  substi tuted vanad ium 
oxides wi th  an overal l  meta l  to oxygen ratio of 1:2.17 
were prepared by heat ing V~O5 (65 mmols)  wi th  Cr, 
Mo, or  Fe (20 mmols)  at 650~ for 24 hr. X - - r a y  pat-  

The Ar flow rate required to obtain VOs.19 may vary with sam- 
ple s~ze and the container tube size. 

t This formulation is based on analogy to the synthesis of 
V60,s(S) as shown in Eq. [1]. 

Table II. Debye-Sherer x-ray patterns of metal-substituted 
vanadium oxides 

Vo.sTCl"o.~O~.17 Vo.svFeo. 130.z.1~ Vo.sTMoo.~O2.17 

d(obs), A I(obs) d(obs),A I(obs) d(obs),A I(0bs) 

5.60 M 5.01 M 
4.79 W 4.39 W 
4.29 VS 3.52 VS 
4.02 M 3.34 S 
3.36 S 2.98 M 
2.85 S 2.69 M 
2.73 W 2.50 W 
2.58 M 2.00 S 
2.13 W 1.84 M 
1.98 M 1.72 VW 
1.90 M 1.70 VW 
1.85 W 1.61 W 
1.77 M 1.59 VW 
1.74 W 1.55 W 
1.64 W 1.51 W 
1.55 VW 
1.51 W 
1.48 W 

4.69 W 
3.86 W 
3.17 S 
2.68 W 
2.41 M 
2.13 W 
2.01 ,VW 
1.86 W 
1.65 M 
1.59 W 
1.52 VW 
1.43 w 

terns of these materials  are g iven in Table II. The 
SEM photograph of the iron derivative is shown in 
Fig. 2. These data confirmed the crys ta l l in i ty  of  
these materials.  

Lithium Cell Studies 
The oxides were  evaluated  in cells of the type 

L i /2Me-THF,  LiAsF6/VeO13, C 

Fig. 1. SEM photograph of stoichiometric V6013. Magnification 
IO00X. 

Table I. Debye-Sherer x-ray patterns of V02.17 and V02.19 

VeO1s ( Wilhelmi, * 
VO,-.1~ V02.19 [Ref. (I0) ] ) 

d ( o b s ) ,  A I(obs) d(obs), A I(obs) d(obs), A I(obs) 

5.85 W 5.81 W 5.85 W 
5.40 V W  4.94 W 4.97 V W  
4.87 W 3.49 S 3.51 VS 
4.52 V W  3.28 S 3.32 S 
3.46 VS 2.91 M 2.96 M 
3.29 S 2.66 M 2.67 S 
2.93 M 2.47 W 1.99 M 
2.65 M 1.98 S 1.98 M 
2.47 W 1.83 S 1.84 S 
1.98 S 1.70 M 1.61 M 
1.83 M 1,61 M 1.56 W 
1.69 V W  1.54 M 1.54 S 
1.65 V W  1.49 W 1.51 V W  
1.60 W 1.40 W 
1.54 W 1.35 M 
1.50 W 

* Lines identified as "VVW" are not listed here.  
Fig. 2. SEM photograph of Fe substituted vanadium oxide. Mag- 

Mfication IO00X. 
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Electrolyte preparation.~2-Methyltetrahydrofuran, 
2Me-THF, obta ined  f rom Aldr ich  Chemical  Company,  
was dis t i l led  over  CaH~ on a spinning band  f rac t ion-  
a t ing column ( P e r k i n - E l m e r  251) in an A r  a tmosphere  
at  a 5:1 ref lux rat io.  The middle  70% fract ion was 
collected. The dis t i l led solvent  was t r ea ted  wi th  neu-  
t ra l  a lumina  (F i sher  Scientific Company)  and a 1.5M 
LiAsF~ e lec t ro ly te  was p repa red  by  adding  an  ap -  
p rop r i a t e  amount  o f  LiAsF~ (U.S. Steel  A g r i - C h e m i -  
cals, e lec t rochemical  grade)  to cooled (~0~  2Me- 
THF. The cooling is necessary  t o  minimize  possible 
decomposi t ion (12). The solut ion was pree lec t ro lyzed  
be tween  two Li  e lect rodes  (~1  m A / c m  2 for ~16 hr) 
pr ior  to use. 

Cathode preparation.~The cathodes were  p repa red  
as pressed  powder  electrodes.  A n  in t imate  mix tu re  
consist ing of 70 weight  percen t  (w /o )  V~Ol~, 20 w/o  C 
(Shawin igan  50% compressed) ,  and  10 w/o  Teflon was 
p repa red  in a b lender .  The mix tu re  was pressed on 
e i ther  side of an expanded  Ni screen (Exmet  Corpora -  
t ion 5Ni7-4/0) at  a pressure  of 1000 lb / i n .2 .  The elec-  
t rodes  typ ica l ly  had  a thickness  of 1-2 mm, depending 
on the loading capacit ies.  

Test cells.--Most of the exper imen t s  were  carr ied  
out  in a pr i smat ic  glass cel l  (11). In  these cells, the  
e lec t rode  package  comprised  one cathode f lanked on 
e i ther  side by  an Li electrode,  wrapped  in 1 mil  th ick 
Celgard  2400 (Celanese Corpora t ion)  separa tor .  The 
Li e lec t rode  was fabr ica ted  f rom a 15 mi l  th ick  Li  foil  
(Foote  Minera l  Company)  by  press ing the foil  to one 
side of an  expanded  Ni screen.  Each e lec t rode  had  an 
a rea  pe r  side of 8 crn~ (3.2 • 2.5 cm) .  The cell  was 
comple ted  wi th  an appropr ia t e  amount  of 2 M e - T H F /  
1.5M LiAsF6. 

Tests were  also car r ied  out  in he rme t i ca l ly  sealed 
l abo ra to ry  cells (11). The e lec t rode  package  in these 
cells comprised  two cathodes and th ree  anodes, a r -  
ranged  in an  a l t e rna t ing  fashion wi th  Li forming the 
ou te r  e lectrodes in the stack. The cell  typ ica l ly  had  a 
capaci ty  of ~500 m A - h r  based on a theore t ica l  capac-  
i ty  of 1 e - / V .  The Li  capac i ty  was ~2.7 A-hr .  

Large  he rmet i ca l ly  sealed pr i smat ic  cells (5 A - h r  
capaci ty)  were  constructed and tested wi th  nonstoi -  
chiometr ic  V601~ as the cathode matera l .  The cell  con- 
ta ined  a s tack of r ec t angu la r  electrodes.  The cell can 
consisted of deep d r a w n  stainless steel  (SS-316) wi th  
the fol lowing dimensions:  width,  5.76 cm; depth,  1.97 
cm; height,  5.59 cm; wal l  thickness,  0.057 cm. The 
cover  contained two g l a s s - to -me ta l  compression seals 
for e lect r ica l  terminals .  Other  cell specfications were  
as follows: cathode:  16.1g nonstoichiometr ic  oxide  (70 
w / o ) ,  20 w/o  C, and 10 w/o  Teflon. Theore t ica l  ca th-  
ode capaci ty  was 5 A - h r  (based on 1 e - / V ) .  The cell  
had seven cathodes;  each cathode was 5.0 X 3.75 cm 
per  side; to ta l  area, 265 cm ~. The anode was 5.18g Li  
(20 A - h r ) .  The cell  had  e ight  anodes;  each was 5 • 
3.75 cm. Total  a rea  was 265 cm~. The separa to r  was 
Celgard  2400, double  wrap.  The e lec t ro ly te  was ,~20g, 
2Me-THF/1.5M LiAsF~; the  cell  weight  was l15g 
(about  half  of this weight  is due to cell  can and 

cover ) .  
Cells were  cycled ga lvanos ta t ica l ly  or  po ten t ios ta t i -  

ca l ly  using s t andard  in s t rumen ta l  techniques s imi lar  
to those descr ibed p rev ious ly  (13, 14). For  ex tended  
cycl ing of the cells, a microprocessor  cont ro l led  ga l -  
vanos ta t  cycler,  bui l t  in-house,  was used. Data  col-  
lection and r e t r i eva l  were  done with  a Bascom- 
Turne r  Series  8000 Recorder  equipped  wi th  micro-  
processor  accessories. 

Results and Discussion 
Synthesis and Characterization of the Oxides 

The synthesis  of V~O~3 (S) was opt imized  and we 
found tha t  hea t ing  for 24 h r  at  650~ was the  most  

desirable .  Reduct ion react ions  of V205 s imi la r  to those 
in Eq. [1] have also been car r ied  out  w i th  Cr, Mo, or 
Fe to obta in  wha t  are  be l ieved  to be the  corresponding 
meta l  der iva t ives  of V8018, namely ,  Mo.TsV~2Ols. A l -  
though the x - r a y  pa t t e rns  of the mixed  me ta l  oxides  
have not  been indexed,  the  absence of oxide  phases  
corresponding to the meta l  reduc tan ts  suggests  these  
mater ia l s  to be mixed  meta l  oxides produced  b y  the 
inser t ion of the meta l  reduc tan ts  into the  v a n a d i u m  
oxide latt ice.  The formula t ion  suggested here  for  the  
mixed  meta l  oxides are  based on ana logy  to the  syn-  
thesis of VO~.17. Al te rna t ive ly ,  the mate r i a l s  can be 
fo rmula ted  as MxV2Os, where  x --  ~0.31, as in the 
case of the  p rev ious ly  r epor ted  Fe0.s3V205 (15). In -  
deed, our  x - r a y  da ta  for the  Fe  der iva t ive  closely re -  
semble those for Fe0.~VzOs. The s t ruc tu ra l  s imi lar i t ies  
be tween  V6018 and Fe6.88VzO5 are  discussed in Ref. 
(15). The not iceable  differences in the  x - r a y  pa t t e rns  
of the mixed  meta l  der iva t ives  shown in Table  II  seem 
to suggest  tha t  they  are s t ruc tu ra l ly  not  identical .  I t  
should be noted tha t  s t ruc tures  such as Na~-xMoxV6015 
have been identif ied (16) in which Mo +6 ions en te r  
the oxide s tructure,  subs t i tu t ing  V +5 ions. The e labo-  
rate  x - r a y  studies needed  for the ful l  s t ruc tu ra l  cha r -  
acter izat ion of the mixed  meta l  oxides were  beyond  
the scope presen t  s tudy since our  work  emphasized 
the i r  e lec t rochemical  p roper t ies  in Li cells. Neve r the -  
less, the present  work  opens up possibi l i t ies  for  the  
synthesis  of new and useful  cathode mater ia ls .  

The fo rmat ion  of VO2.~9 from NI-I4VO3 a p p a r e n t l y  
follows the react ions depic ted  in scheme [2], wi th  
NHs reducing  the ini t ia l  decomposi t ion product ,  VOw.5 

NH4VOs "-> ~ NI-I~-/~ 1/2 I-I~O } [2] 

VO219 + oxida t ion  products  of NI-~ 

Because of the ve ry  compl ica ted  phase re la t ions  in 
the V-oxygen  b i n a r y  system, and the na r row  compo-  
si t ional  and s tab i l i ty  ranges of the V6013 phase  (17, 
18), it  is necessary  to ma in ta in  a str ict  control  of the  
res idence t ime of the  l ibe ra ted  NH3 over  the oxide  to 
obta in  the des i red  product .  In  our  synthesis  of VO2.19, 
we achieved this by  main ta in ing  an A r  flow ra te  of 
450 cmS/min. By main ta in ing  Ar  flow ra tes  consider-  
ab ly  lower  than  this, we have synthesized VOl.ss, VOw, 
VO2.04, and VO2.0s whose x - r a y  pa t t e rn  and e lec t ro-  
chemical  proper t ies  were  s ignif icant ly different  f rom 
those of VO2.19. Some of these lower  oxides p r o b a b l y  
are  not homogeneous oxide  phases (17, 18). We also 
note tha t  even wi th  the opt imized  synthesis,  d i f ferent  
p repara t ions  of V60~s (NS) y ie lded  mate r ia l s  wi th  V 
to O rat ios f rom 1:2.18 to 1:2.20. 

The crys ta l  s t ruc ture  of V8018 (S) was descr ibed  by  
Wilhe lmi  and co-workers  (10) and recen t ly  by  
M u r p h y  and co-workers  (8). This s t ructure  contains 
two perovski te  cavit ies per  V60~3 s t ruc tu ra l  unit.  Each 
cavi ty  contains 15 d is tor ted  square  p y r a m i d a l  sites 
which belong to two groups compris ing 3 and 12 sites, 
respect ively .  I t  is not  known how the s l ight ly  o xygen -  
r ich s t ruc ture  of V60~s (NS) differs f rom tha t  of 
V6013 (S) .  We have found tha t  when  V6Ols (NS) is 
hea ted  in vacuum at 650~ it is conver ted  to a more  
crys ta l l ine  ma te r i a l  whose e lec t rochemical  p roper t ies  
approach  tha t  of V6013 (S) .  In  ana logy  wi th  V205, 
which  loses oxygen  when hea ted  at  600~ in vacuum 
(17), i t  is possible tha t  hea t ing  of V6013 (NS) leads  
to the loss of the addi t ional  oxygens  and t rans forms  it  
to the more  s table  V6013 (S) .  

Discharge characteristics of NH4VOs decomposition 
products.--The p r i m a r y  discharges  of the  oxides,  
VOLss, VO2, VO2.04, VO2.0s, and VO2.19, ob ta ined  ga l -  
vanos ta t ica l ly  at  0.5 rnA/cm 2, are  shown in Fig. 3. The 
da ta  indicate  tha t  the cathode capacit ies  and  the po-  
tent ia ls  at  which the discharges  proceed depend  on 
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the composition of the oxide. Thus for VOLss, although 
the discharge begins at -~2.8V, the cell polarizes 
rapidly to ~l.8V, at which potential most of the dis- 
charge proceeds. The discharges of VOB and VO~.04 
show a voltage plateau at ~2.45V. The discharge 
curve for VO2.0s shows two potential plateaus at  
~2.45 and ~2.05V. The discharge of VO~.19 is charac- 
terized by two voltage plateaus at -,2.70 and 2.50V, a 
downward sloping potential region at ,~2.3V, and 
another plateau at 2.1V. The highest capacity is ex- 
hibited by VO2.19 with 1.1 e - / V  to a 1.7V cutoff. The 
potential profiles observed here for VO2.19 are identi-  
cal to those reported by Murphy (8), for V8Ols, pre-  
pared from NH4VOs. 

Walk and Gore have studied the discharge charac- 
teristics of Li/V205 cells (19). In the first discharge 
of V205 about 20% of the capacity occurs at potentials 
above 3.0V. Thus the pr imary  discharge characteristics 
of the oxides with their  unique potential  profiles ap-  
pear to be useful in evaluating material  purity. 

Cycling behavior of V~OI3(NS).--The first two 
cycles of a cell utilizing this oxide are shown in Fig. 4. 
The discharge proceeds in discrete potential steps, 
indicating that Li incorporation is accompanied by 
phase transitions of the oxide lattice. The discharge 
shows a fair ly sharp cutoff to 1.9V with a capacity of 
~1.0 e - / V  in the first discharge. In the first charge, 
typically only 80-85% of this capacity is recharged. 
The capacity in the second cycle is near ly  100% of 
that in the first charge. 

The potential plateaus in the first discharge occur at 
the approximate Li compositions in Li~V~O18 of 0 ~ x 
~--- 0.95, 0.95 ~ x ~-~ 2.75, 2.75 ~ x ---~ 3.65, and 3.65 ~ x 

6.05. A capacity of nearly 4Li/V60~ is obtained at 
potentials >2.1V. This may involve the occupation of 
2Li per cavity in the perovskite structure of the oxide. 
Of the additional two Li discharging at ~2.1V, one is 

probably taken up by each cavity. I t  should be noted 
that with nBuLi, nearly 8Li can be incorporated into 
V6013(NS), suggesting that the maximum Li capacity 
in V6018(NS) is 4Li per  cavity (8, 11). 

The 15-20% capacity loss in the first charge was in- 
dependent of the current densities between 0.10 and 
2.0 mA/cm2. This fraction appears to involve mostly 
the capacity at the higher voltage regions, i.e., pri-  
mari ly  from the 2nd and 3rd phase regions. With con- 
tinued cycling between 1.9 and 3.0V, the relative ratios 
of the capacities involved in the various phase re-  
gions of 2nd discharge are maintained. Because of the 
distinct changes in the potential  profiles of the first 
and second discharges, we ascribe the capacity loss 
to Li which occupies irreversibly some sites in the 
oxide lattice. This is fur ther  substantiated by our ob- 
servation that a similar irreversibil i ty is not exhibited 
by V6013(S); vide infra. It should be noted that prior 
studies from this laboratory have clearly demon- 
strated (3, 6, 12) the electrochemical s tabil i ty of the 
electrolyte in the region of 1.9-3.0V. 

Cycling behavior of V6018(S) and related ox ides . -  
The first two cycles of a cell utilizing V6OIs(S) are 
shown in Fig. 5. The discharge proceeds in three dis- 
tinct voltage steps corresponding to a capacity of 
~0.55 e - / V .  The end of discharge is indicated by a 
very small plateau at ~2.0V and then a clear potential 
drop to 1.9V. In the present cell the three upper 
plateaus occur to the approximate Li compositions in 
Li~V6013 ternary of 0 ~ x ~ 0.75, 0.75 ~ x ~ 1.5, and 
1.5 < x ~ 3.0. Practically 100% rechargeabil i ty is ob- 
served in the first charge. Moreover, very few changes 
in the voltage profiles or capacities occur with con- 
tinued cycling between voltage limits of 1.9 and 8.0V 
(vide infra). 

Figure 6 compares the first cycles of three different 
samples of V6018(S) obtained using heating times 

Fig. 4. The first two cycles of 
nonstoichiometric V6013. Cur- 
rent density = 0.5 mA/cm 2. 
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Fig. 5. The first two cycles of stoichiometric V6013. Current 
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Fig. 6. The first cycles of V6013(S) samples prepared at 650~ 
'.sing heating times of 8, 16, and 24 hr. Current density "- 0.5 
mA/cm 2. 
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respectively of 8, 16, and 24 hr. There is very little 
difference in the potential  profiles of the cycles of 
the three materials.  However, the 24 hr sample ex- 
hibited the highest specific capacity. Moreover, the 
capacities of the 8 and 16 hr samples decreased with 
cycling while that  of the 24 hr  sample remained prac- 
tically unchanged. The SEM data revealed the 24 hr 
sample to have the most uniform crystal size distr ibu- 
tion. It was also found from x - r ay  data that  although 
these materials had similar x - ray  patterns, the rela-  
tive intensities of the lines at 3.52 and 3.32A showed 
a systematic variation with heating time, with the 
pattern of the 24 hr sample exhib i t ing  the best match 
to the data reported by Wilhelmi (10). It appears that  
the inferior electrochemical performance, i.e., the 
lower capacities and diminishing utilization with 
cycling, of the 8 and 16 hr samples are due to crystal 
imperfections. The nature of these crystal imperfec- 
tions is not clearly understood, however. The effect of a 
heating time longer than 24 hr  has not been evaluated 
in our studies. 

The significant difference between the VeO13(S) 
and V6013 (NS) at ambient temperature is the absence 
of the plateau in the discharge Of the la t ter  at ,,~2.1V. 
Consequently, V60~s(S) exhibits approximately 0.33 
e - / V  less capacity than V6018 (NS). The maximum ca- 
pacity of the stoichiometric oxide determined by the 
nBuLi reaction is 4Li/V6013 or 0.66 e - / V  (7). This 
corresponds to the incorporation of 2Li per  cavity 
in the oxide lattice. 

The maximum capacity of 4Li per V6Ols(S) at a m -  
b i e n t  temperature appears to be determined by kinetic 
factors. This was indicated by the observation that by 
discharging the cell at 60~ an additional capacity of 
0.33 Li /V was obtained with the extra capacity ap- 
pearing at ~2.1V, as in V6Ols(NS). However, the re-  
charge at 60~ was only 85% of the discharge, i.e., 
0.72 e - / V .  This resembles the ambient temperature 
behavior of V6OI3(NS) and suggests that similar Jr- 
reversibil i ty mechanisms are probably operative in 
both cases. When the cell was returned to room tem- 
perature, its behavior resembled that prior to the 
cycle at 60~ But it  appeared that the high tempera-  
ture discharge had induced an irreversibi l i ty in the 
oxide with the result  that the ambient temperature 
cathode utilization after the discharge at 60~ showed 

a declining trend, falling below 0.4 e - / V  after a 
few cycles. 

Typical cycles of the cells containing the metal  
substituted vanadium oxides are depicted in Fig. 7 
and 8, respectively. The first discharge of the Fe sub- 
stituted oxide resulted in a capacity of 0.49 e - / m o l  
o~ total metal. The discharge, although it shows a 
close similari ty to that of V60~s(S), does not exhibit 
well-defined potential plateaus as observed in the 
latter. The first recharge was nearly 100% efficient. 
With continued cycling there was very litt le change 
in the potential profiles of the cycles although the 
capacity gradually decreased with utilizations of 0.34 
e - / m e t a l  at the 15th and 0.24 e - / m e t a l  at the 50th 
cycles. The close similarities in the potential profiles 
of the cycling of V6013(S) and the Fe derivative seem 
to indicate that the two oxides have very similar crys- 
tal structures. Indeed, they have very similar x - r ay  
patterns. Since the capacity of the Fe-V oxide was 
not better  than that of VO (S),  we did not investigate 
the mixed metal oxide in any great detail  as a cathode 
material. The specific energy of the oxide correspond- 
ing to the first discharge is 320 W-hr /kg.  

The first discharge of the Cr derivative to 1.gv pro-  
ceeded at two ma jo r  potential  plateaus. The upper 
plateau region occurred at ~2.3V and involved a ca- 
pacity of 0.56 e - / m o l  of the total metal. The second 
plateau occurred at ,~2V and involved a capacity of 
0.22 e - / t o t a l  metal. In the first charge only the upper 
plateau region was rechargeable. In the second cycle, 
the discharge involved a capacity of 0.Se- with a re -  
charge efficiency of ,,,85%. With continued cycling, 
this capacity decreased, and the cathode utilizations 
were 0.42 and 0.33 e -  at the 16th and 38th cycles. 
The specific energy of the oxide corresponding to the 
second discharge was 350 W-hr /kg.  
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Fig. 7. Typical cycles of Fe substituted vanadium oxide cathode. 
Current density = 0.25 mA/cm 2. 
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Fig. 8. Typical cycles of Cr-substituted vanadium oxide. Current 
density - -  0.25 mA/cm ~. 
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The discharge capacity of the Mo oxide was only 
0.2 e - /mo l  of total metal. This low capacity, though 
practically not interesting, was quite reversible. 

Attempts to modify the structure of V601~ by metal 
substitution resulted in new materials. Their electro- 
chemical properties were not superior to those of 
V6013 itself. However, the results are promising. A 
systematic study is presently underway to further 
evaluate mixed metal oxides as cathode materials. 

Rate-capacity behavior o] VsO1~.~Figure 9 shows 
the discharges of a 51 rail thick cathode utilizing 
VsO13(S) at current densities ranging from 0.5 to 8 
mA/cmS. The cathode, based on 1 e - /V,  had a ca- 
pacity density of 20.9 mA-hr/cm~. A capacity of ,-0.55 
e - / V  was obtained at current densities of 0.5, 1.0, 
and 2.0 mA/cm 2. At 4 mA/cm 2, the capacity was 0.45 
e- /V.  With an Li cycling efficiency of 97%, the volu- 
metric energy density, calculated using the practical 
electrode dimension is ~260 W-hr /dm 8 at current 
densities ~4.0 mA/cm~. However, this does not take 
into account the volume required for the electrolyte. 

Similar behavior was exhibited by VsO13(NS). At 
current densities ~2.0 mA/cm ~, a capacity between 
1 and 1.1 e - / V  was obtained in the first discharge. 
At 4 mA/cm~, the initial cathode utilization was 0.87 
e- /V.  As discussed in the next section these capacities 
decreased with cycling. 

These results suggest that Li cells with VsO~s cath- 
odes potentially have high rate capabilities. An 
amount of ~20 w/o carbon in the cathode matrix ap- 
pears to be sufficient for obtaining these high rate 
performances. The diffusion coefficient of Li + in 
V~O~ seems not to have been determined. The present 
data suggest that it is quite high, probably approach- 
ing those found in layered compounds such as TiSs 
which exhibit h~igh rate discharge capabilities in Li 
cells (20). 

At lower temperatures, i.e. <0~ the cells ex- 
hibited relatively poorer rate characteristics. For ex- 
ample, at 0~ a cell with VsOls(S) and 2 Me-THF/ 
1.SM LiAsFs exhibited a capacity of 0.41 e - / V  at 
0.25 mA/cm e, but practically no capacity at 0.5 re_A/ 
cm~. Although not investigated in detail, it appears 
that at lower temperatures, the rate is primarily 
limited by the electrolyte. 

Rechargeability o] VsOIs.--A detailed study (11) 
of the factors which affect the rechargeability of the 
vanadium oxides revealed the following: (i) High 
capacity cathodes utilizing both types of V6Ol~ re- 
quire carbon in the electrode matrix to obtain even 
an acceptable primary discharge. I t  was determined 

l.O 
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Fig. 9. Capacities of a Li/V6Ozs(S) cell at various current 
densities. Cathode has 313 mA-hr, 1 e - / V  capacity. Cathode 
thickness = 51 mils. 
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that an optimal amount of carbon which would permit 
high rate discharges was about 20% by weight of the 
cathode mix. (ii) Control of the lower voltage limit of 
cycling is of utmost importance especially with 
V6Ola(NS) to avoid irreversible reduction of the 
oxides. 

Potentiostatic discharges of cathodes utilizing 
V6013(S) and V6018(NS) were performed to evaluate 
the nature of electrode processes ~ at potentials be- 
tween 1.3 and 1.9V. Each cathode was initially dis- 
charged at 1.9V and then the potential was lowered 
to 1.3V at 0.1V intervals. At each potential the current 
was allowed to decay to ~10 gA. The results are tabu- 
lated in Table III. The capacity at the 1.9V discharge 
corresponded to 1.17 e - / V  for VsOI~(NS) and 0.71 
e - / V  for the V6OIa(S). /~t 1.8 and 1.7V only little 
additional capacities were obtained. At 1.6V, however, 
additional capacities of 1.49 e - / V  for V0013(S) and 
0.71 e - / V  for V6OI~(NS) were found. This substantial 
difference seems to suggest that the discharge pro- 
cess at 1.6V is due to the cathode material and not the 
solvent. The electrolyte itself did not show any sub- 
stantial current on a carbon electrode down to 1.3V 
(~1). The integrated capacities of the two oxides for 
discharges at 1.9, 1.8, 1.7, and 1.6V were remarkably 
close being equivalent to ~14 e-/V6013 formula. This 
would correspond to the reduction of all the V in the 
oxide to V +2. The high capacity reduction at 1.6V in 
both of the oxides occurred at the low rate of ~0.06 
mAlcm~. 

After the high capacity reduction the cathode ex- 
hibited little rechargeability even potentiostatically. 
Also, in agreement with the results of the potentio- 
static studies, we found that the cathode performance 
degraded significantly during galvanostatic cycling 
with lower voltage limits LI.SV. The rate of degrada- 
tion, however, was less in VBO13(S) than in 
V601~ (NS). 

The average oxidation states of V in VsOIa, Li4V6013, 
Li6V6013, and LisVsOl~, respectively, are -{-4.33, -b3.66, 
H-3.33, and q-3.0. Our data suggest V+4.~8 ~ V+S.88 
as the redox limits with least structural irreversibility. 

V6018(S) exhibits excellent rechargeability be- 
tween cycling limits of 3.0 and 1.9V. Figure 10 shows 
a plot of cathode utilization vs. cycle number for a 
hermetically sealed laboratory cell utilizing V6013 (S). 
The cell with a cathode capacity density of 12 mA= 
hr/cm2 and a total capacity of ~500 mA-hr, based on 
1 e-/V, was cycled at a current density of 1.0 mA/cm 2 
for both discharge and charge. The average cathode 
utilization in over 200 cycles was ,-0.52 e-/V. Some 
typical cycles are shown in Fig. 11. The mid-discharge 
potentials show no change when going from the first to 
the 200th cycle, although the later discharges exhibit 
more of a linear, but sloping, voltage profile. The 
latter indicates that minor structural perturbations of 
the oxide lattice may occur in the cycling, but has no 
effect on its performance as a cathode. Indeed, when 
the current density was lowered to 0.5 mA/cm2 at the 
198th cycle, the capacity increased to 0.6e-/V and re- 
mained nearly constant in the next 10 cycles at the 
same rate. The cell was cycled 260 times before it 
was terminated. These cycles were obtained in a 
period of more than 5 months, indicating the ex- 
cellent system compatibility at ambient temperature. 

Table  I l l .  Potent iostat lc  discharges of V6Oz3 

Capacity (e-IV) at volts Total 
capacity.. 

Oxide 1.9 1.8 1.7 1.6 e-lV 

VeO~a(S) 0.784 0.020 0.074 1,493 2.371 
VeO13 (NS) 1.160 0.173 0.342 0.707 2.383 
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Fig. 10. Cathode utilization vs. 

cycle number for a hermetic 
laboratory test cell utilizing 
V8018(S). Current density - -  1 
mA/cm 2. Cathode area - -  40 
cm~. Cathode capacity - -  500 
mA-hr (based on ! e - / V ) .  
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Fig. 11. Typical cycles of the 
cell shown in Fig. 10. 

The Li cycling efficiency has exceeded 96%, as we 
found previously in Li/TiS~ cells (6). 

Figure 12 shows a plot of cathode utilization vs. cy- 
cle number for a cell with V8013(NS). The cathode 
based on 1 e - / V  had a capacity density of 5.6 mA-hr /  
cm 2. In the first discharge at 1.0 mA/cm2 the capacity 
was 1.1 e - /V.  In the second discharge the capacity 
decreased to 0.88 e - /V.  With further cycling the ca- 
pacity showed a continued, but slow, decline, dimin- 
ishing to ~0.65 e - / V  at the 19th discharge. There was 
very little change thereafter up to the 40th cycle. A 
probable reason for the decline in capacity in the 
early cycles may be related to the insulating charac- 
teristics of lithiated phases, Li~V6Ols, x > 4 (8). In 
each cycle a small fraction of the highly lithiated 
oxide phases probably gets isolated in the electrode 
matrix and loses electronic contact with the bulk of 
the material. The electronically isolated material is 
electrochemically not utilized. Supporting this view 
is the fact that after the second cycle the potential 
plateaus of the cycles remain the same despite the 
lower capacities (see below). The average capacity 
achievable in high capacity nonstoichiometric oxide 
cathodes appears to be ~0.7 e - /V,  corresponding to 
a specific energy of 450 W-hr/kg. The actual energy 
densities achieved in practical cells are discussed 
below. 

With both of the oxides there were only small 
effects of discharge current densities up to 2.0 mA/cm 2 

on cathode utilization. However, it appeared that good 
rechargeability is achieved with a charge current 
density of --~1.0 mA/cm ~. 
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Fig. 12. Cathode utilization vs. cycle number for a cell utilizi.g 
V6013(NS). Cathode area = 16 cm 2. Cathode capacity = 100 
mA-hr (based on I e - / V ) .  Current density = 1 rnA/cm ~. 



2500 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December 1981 

4,0 
>o 

3,0 
Fig. 13. Typical cycles of the 

5 A-hr nominal capacity pris- 
matic cell. Discharge current = ~ 2,0 
300 mA. Charge Current = 200 
raA. 

],0 

t i I I I I P I I 

25 

] I I [ I ] ~ I 
4 8 12 16 20 24 28 32 

Performance characteristics of high capacity pr i s -  
matic cells.--Approximately 5 A - h r  capacity,  he r -  
metic  pr i smat ic  cells were  f ab r i ca ted  wi th  V6013 (NS) .  
Some typ ica l  cycles a re  shown in Fig. 13. The 5 A - h r  
nominal  capaci ty  cell  r ep roduced  the pe r fo rmance  
character is t ics  achieved i n  the  smal l  l abo ra to ry  cells. 
For  example ,  the capaci ty  in the  first d ischarge  a t  a 
cur ren t  of 140 m A  (0.5 m A / c m  2) was 5.04 A-h r .  The 
first charge  at  the  same cur ren t  was 83% efficient, w i th  
a capaci ty  of 4.17 A-h r .  F r o m  the second cycle on-  
ward  the cell  was cycled with  currents  of 300 m A  for 
discharge and 200 m A  for charge,  The decrease  in  ca -  
pac i ty  wi th  cycl ing in this  cell  occurred at  a much 
s lower  ra te  than in the l abo ra to ry  cell  wi th  V6018(NS). 
The capacit ies were  3.66 A - h r  in the  10th cycle, 3.51 
A - h r  in the 20th cycle, and 3.2 A - h r  in the  40th cycle. 
The g rav imet r i c  and  vo lumet r ic  energy  densi t ies  
which correspond to these capacit ies  a re  shown in 
Table  IV. Test ing of the  cell  was d iscont inued when  
it deve loped  a pa r t i a l  shor t  a t  the  45th cycle, man i -  
fested by  a longer  charge input  than  the previous  
discharge.  The pa r t i a l  shor t  resul ts  f rom dendr i t e  
pene t ra t ion  through the separator .  We had prev ious ly  
identif ied this  as a m a j o r  fa i lure  mode also in 0.5 
A - h r  Li/TiS2 cells (6). In the  la t ter ,  however ,  this  
occurred at  a much la te r  s tage in the cycling, i.e., 
typ ica l ly  a f te r  100-150 deep discharge cycles. 

Conclusions 
Specific capacit ies,  po ten t ia l  profiles, and r echa rge -  

ab i l i t i es  of vanad ium oxide cathodes a re  h igh ly  de -  
penden t  on the oxide composit ion.  The composit ions,  
VO2.17 and VO~.19 have  proper t ies  sui table  for f ab r i -  
cat ing rechargeable ,  nonaqueous  Li  cells.  Whereas  the  
specific capac i ty  of VO2.17 is lower  than  tha t  of VO~.10, 
i t  cycles more  revers ib ly .  Pe r fo rmance  character is t ics  
identif ied in low capac i ty  l a b o r a t o r y  cells can be r e -  
produced in high capac i ty  prac t ica l  cells. The sys-  
tem L i / 2 M e - T H F / L i A s F d V 6 O I s  has acceptable  s ta -  
b i l i ty  at  ambien t  t empera tu re  for m a n y  prac t ica l  ap -  
plications,  as evidenced by  ex tended  cycl ing studies.  

Table IV. Energy densities* achieved in a hermetically sealed 
prismatic cellt 

1st 2nd 10th 20th 40th 
dis- dis- dis- di~  dis- 

charge  charge  charge  charge  charge  

Capacity,  A-hr 5.04 4.07 3.66 3.51 3.2 
Gravimetric  energy  den- 

sity,  W-hr/kg 102 81 73 70 64 
Volumetric energy den. 

sity, W-hr/dm 8 183 146 131 126 115 

* About half of the cell weight (llSg) is due  to the  can and 
cover.  Cell volume = 64 cm 3. 

The cell utilizes nonstoiehiometric V~O13 with 5 A-hr (1 a-/V) 
capacity.  

Time, hr. 

A pe r fo rmance - l imi t i ng  character is t ic  of these cells 
was identif ied to be i r revers ib le  reduct ion  processes a t  
potent ia ls  be low 1.7V. In  a high capaci ty  (5 A - h r )  
pr i smat ic  cell  u t i l iz ing VO2.19, a specific energy  of 
102 W - h r / k g  and an energy  dens i ty  of 183 W - h r / d m  3 
were  achieved.  These energy  densi t ies  were  reduced  
by  17% in the second discharge and ~30% in the  
20th discharge.  Wi th  the  h igh ly  revers ib le  VO2.1r, 
based on the same cell  design, the  specific energy  
would  be ~60 W - h r / k g  and the energy  dens i ty  would  
be ~115 W - h r / d m  3. 

The two majo r  factors l imi t ing  the vo lumet r ic  en-  
e rgy  densit ies  are  the  amount  of carbon requ i red  for 
fabr ica t ing  an acceptable  cathode and the amount  of 
Li r equ i red  to achieve a specified n u m b e r  of cycles. 
Considerable  improvements  in vo lumet r ic  energy  den-  
s i ty m a y  be possible  by  the use of metal l ic  conduct ive 
addi t ives  to the V8013 and by  improvemen t s  in the  Li  
cycl ing efficiency. 
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Insoluble Sulfide Positive Electrodes for Organic 
Electrolyte Lithium Secondary Batteries 

Fred W .  Dampier *'z 

EIC Corporation, Newton, Massachusetts 02158 

ABSTRACT 

The behavior of CuS, NiS, SIS2, MnS2, and FeS as positive electrades for 
rechargeable Li cells was investigated using a 1M LiAsF6/THF electrolyte. Of 
these sulfides CuS gave the best performance delivering 1.6 and 0.98 eq/mol 
of CuS at 1 m-A/cm 2 after 4 and 20 cycles, respectively. These capacities 
translate into specific energies of 348 and 211 W-hr / lb  based on the weight 
of CuS and actual cell voltages. It was found that both NiS and SiS2 can be 
cycled for 40 cycles but the capacities were not adequate for bat tery appli-  
cations. Deterioration of the Li electrode due to reaction of the Li with the 
electrolyte and reduction of the electrolyte on the CuS electrode below ~l .5V 
appear  to be the main factors limiting the cycle life of the Li-CuS cell. 

Monosulfldes of the transition metals such as CuS 
and NiS have been extensively studied as positive 
electrodes for pr imary Li/organic electrolyte cells 
(1-7). Pr imary  Li-CuS batteries have been developed 
by several manufacturers (1, 6) and 112 W-hr / lb  has 
been achieved (1) for D-size cells. The monosulfldes 
previously have been considered of minimal reversi-  
bi l i ty because of the low solubility of alkali  and other 
metal  sulfides in organic electrolytes (9) and their  
lack of a crystal structure favoring intercalation of 
Li + similar to TiS2 (8). However, when exploratory 
work (10) with a CuS positive electrode revealed that 
the Li-CuS cell is reversible, it was decided to in- 
vestigate the behavior of CuS and other insoluble sul- 
fides as positive electrodes. 

In this paper results are presented of an investiga- 
tion of the behavior of CuS, NiS. SIS2, MnS2. and FeS 
positive electrodes in rechargeable Li cells. The selec- 
tion of these sulfides for investigation was made on 
the basis of the specific energy calculations presented 
in Table I, cost, elemental abundance, and previous 
work reported in the l i terature (1, 2, 9). The results 
have been evaluated pr imari ly  in terms of the merits 
of each material  for practical application in high en- 
ergy density rechargeable batteries. 

Experimental 
Cell construction.--The cells consisted of two Li 

negative electrodes (3.5 X 3.5 cm) on either side of 
the sulfide positive electrode, separated by two layers 
of a 0.025 mm thick polypropylene separator (Celgard 
2400). Cells were assembled by wrapping the positive 
electrode in a "U" fold of two layers of separator, then 
sandwiching the wrapped electrode between two Li 
electrodes. The element was then inserted into a rec- 
tangular  glass cell case (inside L • W • H: 4.5 • 1.5 

* Elec t rochemica l  Socie ty  Ac t ive  Member. 
~ P r e s e n t  address :  GTE Labora to r i e s ,  I n c o r p o r a t e d ,  W a l t h a m ,  

Massachuse t t s  02254. 
Key  words :  l i th ium,  o rgan ic  e lec t ro ly tes ,  e n e r g y  storage, tetra- 

hydrofuran. 

• 7.0 cm), using polypropylene shims to insure a snug 
fit. 

The Li electrodes (3.5 • 3.5 cm) were prepared by 
pressing a layer of 0.38 mm thick Li foil (Foote Min- 
eral Company) on both sides of a 0.08 mm thick 3 
Nil0-3/0 grid (Exmet Corporation). Either pressed 
powder or Teflon bonded positive electrodes were used 
depending on the properties of the sulfide active ma-  
terial  and the purpose of the part icular  test. Pressed 
powder sulfide positives were prepared following a 
procedure described earlier (7) by pressing a blend of 
50% active material,  45% graphite (No. 1651, South- 
western Graphite Company) and 5% polyethylene 
powder (Microthene FN-500, U.S. Industrial  Chemi- 
cals) onto a 3 mil thick Ni5-4/0 grid. 

The Teflon bonded positive electrodes (2.54 • 2.54 
cm) were prepared by pressing a mixture of 50% sul- 
fide active material, 50% Shawinigan carbon black, and 
du Pont No. 30 Teflon dispersion on an Exmet 5 

Table I. Specific energies of insoluble sulfide positive electrodes 

No. of W-hr /  
Compound  Eq. wt.* e l ec t rons  E ~ * * lb 

A. Complete reduction 

B. 

NiS 52.32 2 2.02 469 
CuS 54.74 2 2.23 495 
FeS 50.69 2 1.97 471 
MnS 50.44 2 1.36 328 
MnS~ 66.47 4 2.00 366 
AgeS 130.64 2 2.26 212 
VS 48.40 2 1.50 376 
CoS 52.44 2 1.97 457 

Pa r t i a l  Reduc t ion  to  monosulf ide  

SiS~ 53.10 2 2.27 520 
TiS.~ 63.00 2 1.87 361 
MnS~ 66.52 2 2.65 484 
FeS~ 66.98 2 2.63 514 

* Inc ludes  we igh t  of r e q u i r e d  Li. 
** Th e  cell  po ten t ia l s  w e r e  c o m u u t e d  f r o m  the free  energies  

of f o r m a t i o n  at  25~ t ab u l a t ed  by  Gibson and S u d w o r t h  (19), ex- 
cep t  f o r  FeS2 w h e r e  the  NBS (26) va lue  was  used.  
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Ni5-5/0 grid and sintering the dried (overnight at 
105~ electrodes at -~300~ for 20 rain under flowing 
argon. The procedure was similar to the one described 
earl ier  by Holleek and co-workers ( l l ) .  

E~ectrolyte preparation.--Tetrahydrofuran (THF) 
(MC/B, Chromatoquality) was dried by  passage 
through a glass column (height, 38 cm) filled with 
Linde 4A molecular sieves. The solvent was then 
passed through a second 38 cm column of fresh sieves, 
to achieve a water  absorption capacity equivalent to 
a 76 cm column. Lithium hexafluoroarsentate (LiAsFs, 
electrochemical grade) was obtained from United 
States S tee l  Agri-Chemical Division, and was used as- 
received. 

The preparation of the electrolyte and the construc- 
tion of cells were all carried out in an argon-filled glove 
box with a relative humidity maintained at less than 
0.002% (0.5 ppm),  as measured by a dew point hy-  
grometer (Alnor Instrument Company, Niles, Illinois).  

Positive electrode materials.--The CuS, SIS2, and 
FeS used to prepare positive electrodes were obtained 
commercially from Fisher, Atomergic Chemetals, and 
Fisher, respectively. However, the NiS and MnS2 used 
in the present work were synthesized. 

Nickel sulfide (~-NiS) was formed by  dissolving 
146g of NiSO4 �9 6H20 (Harshaw) in 600 ml of distilled 
H20 to which 100 ml of 14M NI-I4OH was added fol- 
lowed by 170 ml of 24% (NI-I4)sS solution (Fisher Cer- 
tified). The NiS precipitate was filtered and washed 
until the washwater  gave a negative test with di-  
methylgloxime (0.16 #g detection l imit) .  The precipi-  
tate was then dried at 120~ for 48 hr  in a tube fur-  
nace flushed with N2. 

Manganous disulfide, MnS2 (Hauerite) was prepared 
using the procedure developed by Biltz and Welch- 
mann (12). In brief, 5g of MnSO4 �9 H20 (Fisher, Certi-  
fied) was dissolved in 20 ml of water then 20 ml of a 
boiling potassium polysulfide solution was added. The 
potassium polysulfide solution was prepared by dis- 
solving 25g of anhydrous K2S (Fisher) in 100 ml of 
water, bringing the solution to a boil, then adding 25g 
of sulfur (Ventron Corporation) in small portions over 
a 20 hr period. The s lurry thus obtained was evapo- 
rated to dryness under vacuum in a glass tube, sealed, 
then heated to 170" _ 10~ After  60 hr  at this tem- 
perature the tube was broken open and the product 
was collected, washed first with 1 l i ter  of hot water  
then with methanol without exposing it to air. Excess 
S was next removed from the MnS2 by treatment with 
CS2 in a Soxhlet extractor for 24 hr. Final ly  the com- 
pound was vacuum dried for 24 hr  over NaOH at 
100~ and transferred under  vacuum into the glove 
box. 

R e s u l t s  a n d  D i s c u s s i o n  

Copper sulfide.--The capacity change as a function 
of cycle number for Li-CuS cells using a 1M LiAsFe/ 
THF electrolyte and discharged to 1.5 and 1.45V are 
shown in Fig. 1 and 2, respectively. Over 300 cycles 
were obtained for the Li-CuS cell described in Fig. 2 
by replacing the Li electrodes and the electrolyte after 
cycles 41 and 204. Since the capacity was greatly im- 
proved for more than 30 cycles each time the cell was 
refurbished, there is no indication that a cycling limit 
was reached for the CuS electrode even after 300 
cycles. Examination of disassembled cells indicated 
that the capacity loss on cycling was probably due 
pr imari ly  to deterioration of the Li electrode. However, 
other factors which will  be discussed later such as 
electrolyte reduction at the CuS electrode toward the 
end of discharge also appear to be involved. 

The CuS electrodes used in cells 1-3 were of the 
Teflon-bonded type described earl ier  and contained 
49% CuS in cells 1 and 2 and 73% CuS in cell 3. The 
nominal capacities of the electrodes were calculated 
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Fig. I. Capacity changes of Li-CuS cells as a function of cycle 
number, iD = ic = 1.0 mA/cm 2. Voltage limits: I.SV on D, 2.9V 
on C. Nomina| capacities 6.4 and ]8 mA-hr/cm 2 for cells ] and 3, 
respectively. Li electrodes and electrolyte replaced at point A. 
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Fig. 2. Capacity changes of an Li-CuS cell as a function of 
cycle number, iD = ic = ].0 mA/cm ~. Voltage limits: 1.45V on 
D and 2.90V on C. Nominal capacity cell 2, 8.4 mA-hr/cm 2. A, B n  
Li electrodes and electrolyte replaced. 

on the basis of a 1.0 eq/mol CuS utilization and 6.45 
cm 2. 

The decline in capacity with cycle life observed for 
the Li-CuS cell as shown in Fig. 1 demonstrates that 
with LiAsF6/THF the cell cycles well with lit t le loss 
in capacity for about 35 cycles, after which the capac- 
i ty rapidly falls. This same basic trend is seen in Fig. 
2 although the voltage limits are slightly different and 
the Li electrodes were replaced. The voltage limits 
for cell 1 (Fig. 1) were init ial ly 1.5V on discharge and 
3.0V on charge, but near the end of the fifth charge, 
the cell potential suddenly became erratic and failed 
to reach an endpoint, behavior typical of dendrite 
shorting. The charging voltage limit was then set at 
2.90V and no further problems with dendrite shorting 
were encountered. 

Because the Li-CuS cell has a long sloping discharge 
curve extending below 1.3V at 1 mA/cm2 (Fig. 3) it 
was thought that a 1.50V discharge cut-off might 
needlessly sacrifice capacity. Thus, for cell 2 the dis- 
charge cut-off was extended to 1.45V and as Fig. 2 
shows, considerable extra capacity was obtained with- 
out any sacrifice in cycle life. 

During cycling, the charge time for the Li-CuS cell 
was approximately 30% shorter than the discharge 
time for the first four cycles yielding A-hr  efficiencies 
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Fig. 3. Electrolyte decomposition compared at Teflon-bonded 
carbon black and CuS electrodes, i = 1.0 mA/cm2; IM LiAsF6/ 
THF, CuS electrode capacity 20.4 mA-hr/cm ~ at 1.0 eq/mol CuS. 

greater than 100% (see Fig. 4 and Table II). Since 
it is known from previous voltammetric work (13) 
that 1M LiAsFB/THF resists reduction down to the 
Li potential on a Ni working electrode, the only ex- 
planation remaining to account for the extra discharge 
capacity is that the electrolyte is either being reduced 
on the CuS or the carbon black added to the electrode 
to increase its conductivity. 

To determine the extent of electrolyte reduction at 
CuS and Shawinigan carbon black, Teflon-bonded 
electrodes made of each of these materials were dis- 
charged to 0.10V vs. Li. The results which are pre- 
sented in Fig. 3 show that below 1.4V much more 
electrolyte is reduced on CuS than on carbon. Since 
a greater capacity would be expected at the carbon 
black electrode with its high surface area and porosity, 
it seems likely that CuS or one of its reduction prod- 
ucts m a y  be a ca ta lys t  for  the reduct ion  of LiAsF6/  
THF. This conclusion is re inforced  b y  the fact  tha t  of 
the  o the r  oxide  and sulfide posi t ives  which  have  been  
inves t iga ted  in Li  cells such as TiS2, SIS2, and  MnO2 
al l  except  NiS give A - h r  efficiencies less than  100% 
as would  be expected.  E lec t ro ly te  decomposi t ion  has  
also been  observed  b y  Eich inger  (5) a t  s in tered  Ni 
and CuS in LiC104/DMF. 

Al though  e lec t ro ly te  reduct ion  a t  the  CuS e lec t rode  
near  the  end of d ischarge  m a y  lead  to some minor  de -  
t e r io ra t ion  of the  CuS electrode,  the  ma jo r  factor  re= 
ducing cycle l ife of the  L i -CuS  cel l  appears  to be 
de te r iora t ion  of the  Li electrode.  The Li  e lec t rodes  
removed  f rom Li -CuS,  cell  No. 2 a f te r  41 cycles 

4,0 

3,0 

~ 2,0 

d 

1,0 

' ' I I ' 

C 

J 
~ D  

0,4 0,8 1,2 
EQUZVALB, n-slMoLE OF CuS 

Fig. 4. Charge-dlscharge curves of the Li-CuS cell for the first 
cycle. Cell 2, iD ~ iC "-- 1.0 mA/cm 2. 

Table II. A-hr efficiencies during cycling for Li-CuS and 
l.i-Ni$ cells* 

CuS A-hr NiS A-hr 
Cycle No. efficiency (%) efficiency (%) 

1 138 123 
2 - -  110 
3 140 111 
4 119 119 
5 107 114 
6 106 117 
7 103 118 

10 92 113 
20 101 144 
30 90 ii0 
40 104 142 

" CuS efficlencies for  cel l  No.  2. 

were  found to be sh iny  except  for  the  pa r t  op -  
posite the CuS posi t ive which  was d a r k  brown.  
Al though the Li  in this da rk  a rea  opposi te  the  CuS 
e lec t rode  was heav i ly  corroded,  when  the  surface film 
was scratched a w a y  it  was found tha t  considerable  
Li r ema ined  and the 0.38 m m  thick foil  was in no 
place consumed through  to the  Exmet  grid. However ,  
when cell  No. 2 was d isassembled af te r  205 cycles the  
Li  e lect rodes  were  found to consist of a pas t e - l i ke  
mix tu re  of b rown  prec ip i ta te  and  smal l  Li  granules  
(<0.5 mm)  down to the  Exmet  gr id  wi th  no t race  of  
the or ig inal  Li foil. The  in te re lec t rode  space and the  
separa to r  also contained an apprec iab le  quan t i ty  
(~0.5g)  of a b rown prec ip i ta te  which m a y  be s imi lar  
to the LiL2Fl.~Aso.6eOl.1 po lyme r  r epor t ed  b y  Koch 
(13, 14). These observat ions  suggest  tha t  cell  No. 2 
was on ly  capable  of ve ry  sha l low cycles b y  cycle 204 
because the  Li  e lect rode had de te r io ra t ed  to such an  
ex ten t  tha t  al l  the Li foil  was consumed and the  Li  
granules  which r ema ined  were  e lec t r ica l ly  isola ted 
f rom the cur ren t  col lector  by  a coat ing of reac t ion  
products .  The la rge  increase  in the  cycl ing capac i ty  
of cell  No. 2 a f te r  cycle 205 when  the cell  was reas -  
sembled  wi th  new Li e lect rodes  fu r the r  confirms tha t  
the  cycle l ife of the  cell  was l imi ted  p r i m a r i l y  b y  fa i l -  
ure  of the Li electrode.  

Knowing  the amount  of Li o r ig ina l ly  presen t  on the 
Li  electrodes,  Qo, the  amount  of Li  p l a t ed  dur ing  the  
162 cycles f rom cycles 42 to 204, Qp, the coulombic 
cycl ing efficiency of the  Li electrode,  E can be com- 
pu ted  for cell  No. 2 us ing the re la t ion  

= 1 -F - - Q r  - Qo I'1] 
Q, 

where  Qr is the amount  of Li  foil  r ema in ing  on the 
gr id  of the  Li  e lec t rode  at  the  end of the  exper iment .  
For  cell  No. 2, Qr --  0, Qo --  568 C /cm 2, Qp --  2480 
C /cm 2, therefore  f rom Eq. [1] the average  cycl ing 
efficiency of the  Li  electrode,  E was 77% f rom cycles 
42 to 204. This is comparab le  wi th  the  88.0% average  
Li  cycl ing efficiency obta ined  b y  Koch and co -worke r s  
(15) for the  Li  e lec t rode  in ha l f -ce l l s  wi th  1.5 L iAsFe /  
THF e lec t ro ly te  cycled at  5.0 m A / c m  2 to a dep th  of  1.1 
C /cm 2. I t  is l i ke ly  tha t  the somewha t  lower  average  
efficiencies observed for the  L i / C u S  cell  were  due  to 
the g rea te r  cycle depth  and the l a rge r  n u m b e r  of 
cycles. Thus the  l imi ted  cycle l i fe  of the  L i / C u S  cell  
observed  in the  p resen t  s tudy  is due to the  fa i lure  of 
the  Li  e lec t rode  and can be  accounted for  in t e rms  o f  
the  known inefficiency of the  Li  e lec t rode  in LiAsF6/  
THF found in the ea r l i e r  work  in hal f -cel ls .  Nei ther  
fa i lure  of the CuS posi t ive e lec t rode  nor  e lec t ro ly te  
reduct ion  at the posi t ive e lec t rode  appea r  to be factors  
l imi t ing  the cycle l ife a l though they  m a y  cause the  
g radua l  decl ine in capac i ty  observed  wi th  increas ing 
cycle number .  
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The thick coating of brown precipitate found on 
the separator of cell No. 1 when it  was disassembled 
was analyzed using the method described by Koch 
(14). After three washings with distilled HsO using a 
centrifuge and drying (2 hr at  110~ 0.459 of solid 
was obtained for analysis. Although infrared spectra 
(KBr pellet) of the material  showed a much weaker 
absorption peak at  795 cm -1 than expected, character-  
istic octahedral crystals of AssO~ were obtained when 
the brown solid was heated to 400~ in a capil lary 
tube. From these and other analytical tests it  w a s  
concluded that the brown precipitate found coating 
the separator from cell No. 1 was similar to th e  
Lil.2Fl.~so.66Om polymer described by Koch (14) 
produced by the reduction of LiAsFe/THF electrolyte 
at the Li electrode during cycling. 

In principle, analysis of the CuS electrode and t h e  
electrolyte for other electrolyte reduction products 
would lead to an understanding of the effect of elec- 
trolyte reduction at the positive electrode on cycle 
life. However, such studies were not carried out be-  
cause it was clear that the low cycling efficiency of 
the Li electrode (Le., 77%) was the major  problem and 
that future efforts should be directed toward the 
search for electrolytes with greater  anodic stability. 

Typical charge-discharge curves for the Li-CuS cell 
at 1.0 mA/cm 2 are shown in Fig. 3 and 4. The distinct 
plateau which occurs at ,~0.28 to 0.5 eq/mol suggests a 
simple stepwise reduction of CuS to CusS as postulated 
by previous workers (3). However, examinations in 
our laboratory (16) of the CuS used in the present 
work (Fisher, ACS reagent) by modal analysis (grain 
counting with a petrographic microscope) revealed 
that the CuS contained ~89% CuS as covellite and 
10% CusS as chalcocite. Investigations (17, 18, 22) of 
the structure of covellite using x - r ay  diffraction tech- 
niques have shown that it is not a simple cupric salt 
but a more complex compound which could be repre-  
sented as Cu41CusZI(S2)~S~ in which only one-third 
of the Cu is present as Cu(II ) .  

The cathodic reduction of covellite is obviously a 
very complex process and although numerous reac- 
tions are possible the following reaction steps are 
tentat ively suggested on the basis of the l imited 
amount of data presently available 

Li -t- 1/2 Cu4ICusn (S~)~Ss-> 1/2 Cu6x(S~)sS -F 1/2 LisS 

[2] 

Li-t- 1/6 Cu6I(Ss)~S-> Cu-t- 1/3 LisS2-t- 1/6 LisS [3] 

Li -F 1/2 LisS2 "-> LisS [4] 

The equilibrium potentials of reactions [2] and [3] vs. 
Li+/Li  were estimated as 2.40 and 2.04V, respectively, 
using the potentials calculated from the tabulated 
values of the free energies of formation (19) for the 
reduction of CuS and Cuss by L/. From voltammetric 
studies in DMSO (20) it appears that reaction [4] oc- 
curs at approximately 1.99V vs. Li+/Li .  However, th e  
work of Rauh and co-workers (10, 21) in THF indi- 
cates that the reduction of disulfide is kinetically diffi- 
cult and substrate dependent and may proceed at  
much lower potentials at  rates greater  than ~0.5 
mA/cm ~. 

The discharge curve for CuS given in Fig. 4 s h o w s  
a first plateau ending at 0.28 eq/mol which corresponds 
to a utilization efficiency of 93% based on reaction [2] 
taking into account that the CuS active material  was 
~89% covellite. On the other hand, for the Li-CuS 
cell described in Fig. 3 the first discharge plateau 
ended at 0.5 eq/mol which is higher than the 0.30 eq/  
tool expected. This increased capacity could be due to 
uneven distribution of CuS in the paste or changes 
in the covellite produced during sintering at 300~ 
but the exact cause of the increase is not known. 

Crystallographic studies (17, 22) have indicated that 
CuS as covellite has an ABAACA type layer structure 
but the S-S distance between A layers is so short 
[i.e., 2.09A (17)] that  a strong covalent bond would 
be assumed rather  than van der Waals bonding as in 
TiS2 (8). Thus an intercalation type discharge-charge 
mechanism appears unlikely for covellite. The plateau 
observed in the discharge curve suggests a hetero- 
geneous discharge mechanism such as postulated in 
reactions [2]-[4] but  it  is possible that the reaction 
mechanism could include both displacement and topo- 
tactic steps. To determine the overall  reaction mecha- 
nism for the covellite electrode it is clear that exten-  
sive x - r ay  studies will be required. Such studies were 
beyond the scope of the present investigation. 

Nickel sulfide.--The capacity change as a function 
of cycle number for the Li-NiS cell using an LiAsFs/ 
THF electrolyte is compared in Fig. 5 with results for 
the Li-CuS cell. The Li-CuS cell is clearly far  superior 
both in terms of cycle life and capacity. The NiS cell 
described in Fig. 5 used a Teflon-bonded electrode 
(1.1 mm thick) containing 30% NiS and 70% carbon 
black with a nominal capacity of 6.1 mA-hr /em s cal- 
culated on the basis of a 1.0 eq/mol utilization. Pressed 
powder NiS electrodes (41 mA-hr / cm s) were also 
tested but they cycled poorly, the utilization dropping 
below 0.2 eq/mol by the eighth discharge. 

Similar to TiS~ (23), NiS gives a high utilization 
on the first discharge but fails to accept sufficient 
charge to duplicate the discharge performance during 
the second and following cycles. Since the discharge 
curve for the Li-NiS cell shows a single long plateau 
at ~1.6V at 1 mA/cm s (see Fig. 6), the capacity is 
highly dependent on the value of the discharge cut-off 
potent ia l  Thus, when a Li-NiS cell was discharged to 
a 1.04V cut-off, a capacity of 2.0 eq/mol was obtained, 
part  of which was probably due to reduction of the 
electrolyte toward the end of discharge. Another in- 
dication of electrolyte reduction, as described earl ier  
for CuS, are A-hr  efficiencies greater than 100%. A 
comparison of the A-hr  efficiencies for NiS and CuS 
in Table II shows that the A-hr  efficiencies are some- 
what smaller for NiS but they remain well abov~ 
100% much longer than CuS where they stabilize near  
100% after about 10 cycles. 

Charge-discharge curves typical for the Li-NiS cell 
at 1.0 mA/cm 2 are shown in Fig. 6. The discharge 
curve for NiS has only a single plateau which would 
be expected since Ni (I) has no appreciable degree of 
stability. However, the potential fails to show a sharp 
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Fig. 5. A comparison of the cycling performance of Li cells with 
CuS, NiS, and SiS2 positive electrodes, iD = ir ---- !.0 mA/cm 2. 
CuS results are for cell 1. 
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Fig. 6. Charge-discharge curves of the Li-NiS cell. iD ---- ic  = 
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upturn  indicat ing the end of charge, even  for c e l l s  

charged to 3.80V. 
Since the ~-NiS used in the present  work was syn-  

thesized in our labora tory  using a procedure  s imilar  to 
the one described by Jasinski  and Burrows (2) and 
la ter  used by Pistoia (25), it is no tewor thy  that  our  
NiS cells outperformed the ear l ier  cells [e.g., 1.28 com- 
pared to 0.88 and 0.49 e q / m o l  to a 1.5V cut-off for the 
cells in Ref. (2) and (25), respect ively] .  The grea ter  
capacity of our cells can be a t t r ibuted in par t  to the 
use of L iAsF6/THF which is much more conductive 
and less viscous than the LiCIO4/PC and LiC104/EC 
used in the ear l ie r  work. 

Silicon disull~de.mThe cycling per formance  for the 
Li-SiS2 cell using an LiAsF6/THF electrolyte  is shown 
in Fig. 5. Compared to CuS which gives almost ten 
times the capacity af ter  ten cycles, the SiS2 electrode 
is of margina l  interest  for pract ical  batteries.  The 
SiS2 electrodes used in this study were  of the pressed 
powder  type (0.9 mm thick) described ear l ier  and 
were  40% SIS2, 54% graphite,  and 6% polyethylene.  
Pressed powder  SiS2 electrodes were  used because the 
prepara t ion  of Teflon-bonded electrodes involves the 
use of a water  paste and SiS2 hydrolyzes ve ry  rapidly  
to form H2S and SIO2. 

The A - h r  efficiencies calculated for the Li-SiS2 cell  
described in Fig. 5 were  all less than 100%. Thus SiS2 
does not appear  to act as a catalyst for the reduct ion 
of the L i A s F J T H F  electrolyte  even down to a 1.0V 
discharge cut-off. The SiS2 (rhombic)  used to pre-  
pare the electrodes is reported (24) to have a layer  
s t ructure  but  it is not known if the bonding be tween  
the layers is van der  Waals favoring Li intercalat ion 
or covalent.  

Typical  charge-discharge curves for the Li-SiS2 cell 
are shown in Fig. 7. The pecul iar  peak in the first 
charge curve at 0.22 e q / m o l  remains  wel l  defined for 
the first 15 cycles af ter  which it weakens  unti l  it dis- 
appears after 30 cycles. F rom observations of the SiS2 
as it was received from the manufac tu re r  in large 
lumps, it was evident  that  it was a heterogeneous 
mix ture  about 90% SiS2 and 10% impurities.  Thus the 
plateaus in the charge-discharge  curves are probably  
due to the heterogeneous nature  of the active material .  

Manganese disul f ide.--The iV~nS2 which was synthe-  
sized was evaluated using pressed powder  electrodes 
(45.2% MnS2, 50.1% graphite,  4.6% polyeth~zlene) to 
avoid the possibili ty of MnS~ decomposit ion if a 
Teflon-bonded construction was used. The open-ci rcui t  
potent ial  of the Li-MnS2 cell was  3.29V immedia te ly  
af ter  it was assembled which is h igher  than the 2.65V 
OCP predicted in Table  I. However ,  when  an Li-MnS2 
cell was discharged at 1.0 m A / c m  ~ the potent ial  drop-  
ped to 2.35V within  30 sec, and to 1.45V af ter  5 rain. On 
recharge  the potent ial  rose to the 4.00V charge l imit  
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Fig. 7. Charge-discharge curves for an Li-SiS2 cell, iD = 1.0 

mA/cm 2, ic ---- 0.75 mA/cm 2. Voltage limits: 1.0V on D, 3.80V on 
C. 

within 4 min at 1 m A / c m  2. The second discharge w a s  
no bet ter  than the first, the potent ia l  dropping to 
1.57V after  3 rain. The capacity of the MnS2 electrode 
tested was 13 m A - h r / c m  2 based on a 1.0 e q / m o l  ut i l i -  
zation. Thus, the first discharge amounted to a ut i l iza-  
tion of only 0.013 e q / m o l  which indicates that  MnS2 
is for all practical  purposes e lect rochemical ly  inert.  

Ferrous sul]~de.--When an L i -FeS  cell wi th  FeS a s  
~-pyrrhot i te  was discharged at 1.0 m A / c m  2 the poten-  
tial fell  f rom the 3.16V OCV to 1.47V in 18 min. On 
recharge at 1.0 m A / c m  2 the potent ial  rose to the 2.90V 
l imit  wi thin  less than 2 min. The capacity of the 
Teflon-bonded FeS electrode was 3.4 mA-hr / cm~  
based on a 1.0 e q / m o l  utilization. Thus the first dis- 
charge yielded only 0.18 eq /mo l  to a 1.45V voltage 
l imit  which indicates that  f l -pyrrhot i te  is not a prac-  
tical electrode mater ia l  for room tempera tu re  Li ba t -  
teries. Even when the current  density was lowered to 
0.10 m A / c m  2 after  two cycles, the uti l ization for the 
third cycle was still only 0.12 eq/mol .  

These results for the FeS electrode are of some in- 
terest  because they demonstrate  that  at 0.1 m A / c m  2 
negligible reduction ~ of the L i A s F d T H F  electrolyte  
occurs down to 1.45V on ei ther  FeS or carbon since 
the electrode contained 50% carbon black. Fu r the r -  
more, because the electrode could not be charged be-  
low 2.90V, the results for FeS clearly demonstra te  that  
l i t t le  capacity can be obtained by cycling just  the 
electrolyte  on carbon. These findings, along with  
others previously discussed, provide fur ther  evidence 
that  the CuS electrode is intr insical ly revers ible  dur -  
ing deep cycling. 

Conclusions 
The specific energies achieved during cycling for the 

five insoluble sulfides which were  invest igated are 
compared in Table III. Out of this group only CuS per -  

Table III. Specific energies achieved for various insoluble sulfides 
as positive electrodes for rechargeable lithium batteries* 

Positive i 
electrode E1/2 ( mA/ 
material (V) cm 2) 

W-hr/-lb achieved at cycle number 

1 4 10 x y 

CuS 1.70 1.0 268 348 235 211(C20) 164(C30) 
NiS 1.62 1.0 299 Ii0 74 61 (C2O) 61(C30) 
S}$2 1.12 1.0 86 41 27 24(C20) 21(C30) 
MnS~ 1.85 1.0 2 - -  - -  
FeS 1.86 1.0 46 
WiSe (27) 2.0 2-10 224 206 ~76) 179 (~121) 
VO2.~s~ (28) 2.4 0.16 ~32S 285(C5) 255(C35) 

* The specific energies were calculated using actual cell poten- 
tials and only the weight os the positive electrode active materials 
omitting the weight of the Li anode, carbon, grids, and hardware.  
E1/2 is the mid-discharge potential. 
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formed sufficiently well to merit consideration for use 
in practical Li secondary batteries. Although VO2.188 
clearly outperformed both CuS and TiS2 in terms of 
specific energy for the first 35 cycles, the only avail- 
able data (28) are for small thin VO2.1s6 electrodes 
(i.e., 1.3 cm 2, 1.9 mA-hr /cm 2) discharged at very low 
rate. The TiS2 electrode gives excellent cycle life at 
moderate rate, but ~recent (28) performance gains 
compared to earlier work (23, 29) appear to be the 
result of improved methods of electrode fabrication 
and the choice of electrolyte. Since the active mate- 
rial loading for the TiS~ electrode described in Table 
III was not reported (28), it is somewhat difficult to 
compare the TiS2 data with the present results for CuS 
which were obtained using electrodes with Ioadings up 
to 18 mA-hr /cn~ that were not optimized. However, 
even with the available information, it is clear that 
CuS will continue to merit consideration for recharge- 
able batteries because of its high specific energy, ready 
availability, and its low cost compared with other 
positive electrode materials. 

The main problem with the CuS positive electrode 
does not appear to be the intrinsic reversibility of CuS 
but rather the decline in capacity observed during 
cycling with electrodes with practical loadings. It has 
been concluded from chemical analysis and inspection 
of Li electrodes from failing cells that deterioration of 
the Li electrode clue to reaction of Li with the electro- 
lyte is the major cause of the capacity decline seen 
during cycling. 

Reduction of the LiAsF6/THF electrolyte on the CuS 
electrode toward the end of discharge also limits the 
cycle life of the Li-CuS cell but it is a much less seri- 
ous problem. In principle, electrolyte reduction at the 
CuS electrode couId be greatly reduced and the cycle 
life improved by raising the discharge cut-off from 
1.45 to 1.55V or higher. However, the Li-CuS cell has 
a discharge curve with a long plateau extending be- 
low 1.55V and any gain in cycle life would involve 
some sacrifice in capacity. A more fundamental solu- 
tion to the problem of capacity decline would be the 
selection of an eIectroIyte more resistant to reduction 
at the Li electrode than LiAsF6/THF. 
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Cathode-Limited Li/SOCI  Cells 
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ABSTRACT 

The ambient  temperature  discharge characteristics of cathode-l imited 
Li/SOC12 cells have been investigated at discharge rates ranging over five 
orders of magni tude  (from about 2 ~A/cm2 to about 0.5 A/cm2).  The cell 
voltages and discharge capacities (per uni t  cathode volume) are compared 
as a funct ion of discharge current  density. The use of a l ternat ive  cathode 
materials  which catalyze the electroreduction of 8OC12 is discussed, as are 
the dependencies of the average load voltage and the cathode uti l ization 
efficiency upon cathode thickness at high discharge rates. The relat ionship 
between the interelectrode spacing and the high rate discharge character-  
istics of cathode-l imited Li/SOC12 cells has also been investigated. 

Various aspects of the ambien t  tempera ture  dis- 
charge characteristics of cathode-l imited Li/SOC12 
cells have previously been  reported (1-3). (A cath- 
ode-l imited cell is one whose discharge terminates  due 
to the exhaust ion of the carbon black cathode ca- 
pacity.) Presented here are the results of an  invest iga-  
t ion of the discharge characteristics of cathode-l imited 
Li/SOC12 cells in  which the effects of vary ing  dis- 
charge rate, cathode thickness, cathode composition, 
and interelectrode separation have been explored. 

Experimental 
Description of the cells and test procedures.--The 

electrolyte was a 1.5-1.8M solution of LiAIC14 in SOC12. 
The anodes were cut f rom a 0.76 m m  thick sheet of 
l i th ium metal. Unless otherwise indicated, the cathodes 
contained 91% Shawinigan  acetylene black and 9% 
PTFE and ranged in  thickness between 0.025 and 1.3 
mm. The th innes t  cathodes (0.025-0.280 m m  thick) 
were supported upon sheets of 0.127 m m  thick nickel 
foil. Expanded nickel screen was used as the current  
collector for the thicker cathodes. Unless otherwise 
specified, nonwoven glass fiber paper 0.127 mm thick 
was used as the separator material.  The electrodes and 
electrolyte have been described in more detail in  a 
preceding paper  (1). 

Two different cell constructions were employed. For 
cells discharged at rates above 0.1 m A / c m  2, the cells 
were contained within  sealed glass envelopes: The de- 
tails of the construction of these glass envelope cells 
have been described previously (1). For cells dis- 
charged at rates below 0.1 m A / c m  2, the long discharge 
times required the use of a different cell construction. 
At these lower rates, AA-size stainless steel cylindrical  
cans were used to contain the cells. The l i th ium anode 
was first pressed onto the inside wall  of the can. Next, 
a cyl inder  of porous glass separator paper  was placed 
within the can. Final ly,  a 13 cm 8 sheet of cathode ma-  
terial  was shaped into a cyl inder and inserted into the 
center  of the can. Nickel metal  lead wires were welded 
to the can and to the cathode substrate, and the can 
containing the cell was completely immersed within  a 
pool of electrolyte contained wi th in  a glass tube. A 
glass cap was sealed to the tube through which passed 
two metall ic feedthroughs which had been welded to 
the nickel l e a d w i r e s .  Every  cell contained large ex- 
cesses of both l i th ium and SOC12. 

The cells were all discharged to te rminat ion  across 
constant  loads, the voltages being recorded as a 
funct ion of t ime by the use of a datalogger. F r o m t w o  
to four cells were discharged at each rate. Reported 
below are the averaged results obtained from each set 

* Electrochemical Society Active Member. 
Key words: cathode, discharge, polarization, capacity, catalysis. 

of duplicate tests. All  of the cells were discharged at 
room temperature  (between 22 ~ and 25~ 

Scanning electron microscopy.--The spent cathodes 
were removed from the cells discharged at rates be-  
low 0.1 m A / c m  2. Disassembly of the cells was carried 
out in an iner t  atmosphere. A ny  adhering LiA1C14 salt 
was washed from each cathode by a brief  immers ion in  
excess distilled propylene carbonate. After  drying, the 
now bri t t le  cathodes were "flexed" so as to cause them 
to fracture into a n u m b e r  of pieces. These segments of 
spent cathode material  were mounted  and t ransferred 
to a JSM-U3 scanning electron microscope without  ex- 
posure to the air. After  the sample chamber  had been 
evacuated, the cathode cross sections were examined 
microscopically. 

Data analysis.--The cell voltage vs. t ime data were 
first t ranscribed to graph paper from the datalogger 
tapes. The average discharge voltages (Eavg) were ob- 
tained by averaging over each discharge curve to the 
point  at which the voltage began to decline rapidly.  
The average discharge rate (Iavg) was calculated by  
dividing Eavg by the constant  load (R). The current  
density was calculated by dividing Iavg by  the geo- 
metric surface area of cathode (A).  The discharge 
durat ion (t) was taken to be the t ime elapsed from 
the ~beginning of the discharge to the point  at which 
the cell voltage had reached 90% of Eavg. In  order to 
compare cathodes of different thicknesses, the dis- 
charge durat ion was normalized by  dividing by  the 
cathode thickness (T).  The discharge capacity (C) 
was obtained by a graphical in tegrat ion of the dis- 
charge curve from the beginning  of the discharge to 
the point  at which the cell voltage had reached 90% of 
Eavg. (The capacity is expressed below per un i t  cath- 
ode area and per un i t  cathode thickness.) The time re-  
quired for the voltage on load to drop from 90% of Eavg 
to 70% Eavg divided by  the discharge durat ion has been 
taken as a measure of the relative rate of voltage de-  
cline at the end of the approximate ly  l inear  port ion of 
the discharge curve. 

Results and Discussion 
The Li/SOC12 cell is characterized by  a high open- 

circuit voltage (about 3.650V) and by  the fact that, 
when discharged unde r  constant load or constant  c u r -  
rent  conditions at moderate rates, the voltage on load 
remains relat ively constant  unt i l  close to the end of 
the discharge when a relat ively rapid voltage decline 
is observed. However, the higher the discharge rate, 
the larger is the voltage range spanned dur ing the 
initial, l inear  portion of the discharge curve. 

This effect is demonstra ted in Fig. 1 which contains 
typical discharge curves for cells discharged with 
average current  densities ranging from a few micro- 
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Fig. 1. Li /$0Ci2 cell discharge curves 

amps pe r  cm 2 to more than  a t en th  of an amp p e r  
cm2. The da ta  p lo t ted  in  Fig.  l ( a )  th rough  1 (f)  a r e  
summar ized  in Table I in  which  are  l i s ted  the  average  
cur ren t  densit ies,  the  average  discharge voltages,  and  
the vol tage range  spanned  dur ing  the first 80% of the  
discharge.  

Addi t iona l ly ,  as shown in Fig. 1, the increas ing dis-  
charge ra te  resul ts  not only  in an increase in the  slope 
of the  a p p r o x i m a t e l y  l inear  por t ion  of the  discharge 
curve, but  also in a decrease in the re la t ive  ra te  of 
vol tage  decl ine at  the end of the app rox ima te ly  l inear  
por t ion  of the curve.  The t ime requ i red  for  the vol t -  
age on load to drop  f rom 90% of  Eavg to 70% of Eavg 
expressed  as a percentage  of the discharge dura t ion  
has been taken  as a measure  of this  character is t ic  of 
the  Li/SOC12 discharge curve. I t  has been found that,  
at v e r y  low ra tes  (be tween  2 and 20 ~A/cm2),  the t ime 
requ i red  for E to drop  f rom 0.9 Eavg to 0.7 E a v g  is, on 
the average,  about  4% of the discharge durat ion.  At  
in t e rmed ia te  ra tes  (be tween  0.3 and 10 mA/cm2) ,  the  
t ime requ i red  for E to decrease f rom 0.9 Eavg to 0.7 Eavg 
is, on average,  about  9% of the  d ischarge  durat ion.  
However ,  a t  h igh discharge rates  (be tween  10 and 200 
mA/cm2) ,  the t ime requ i red  for  E to drop f rom 0.9 
Eavg to 0.7 Eavg is about  30% of  the  discharge durat ion.  

These observat ions  can be convenien t ly  summar ized  
by  not ing that,  as the average  discharge ra te  increases,  
the average  vol tage on load decreases  and the app rox i -  
mate  shape of the discharge curve changes f rom tha t  
of a s tep funct ion to tha t  of a downward  ramp.  

The average  vol tage on load is p lo t ted  as a funct ion 
of the logar i thm of the average  cur ren t  dens i ty  in 
Fig. 2 for discharge ra tes  ranging  f rom 2.7 #A/cm~ to 
0.21 A/cm2. Over this range  of discharge rates ,  Eavg 

Table I. Li/SOCI2 cell polarization characteristics 

lavg/A (A/cm=) E~,v= (V) AE (V) 

2.69 x 10-~ 3.58 0.02 
5.38 x 10-'~ 3.54 0.05 
1.69 • 104 3.49 0.07 
6.56 x 10-6 3.28 0.14 
1.60 x 10 "a 2.97 0.20 
1.03 x 10-z 2.58 0.25 
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varies  f rom 3.58V (close to the  open-c i rcu i t  vol tage)  
to 2.07V. Pronounced  changes in slope are  observed 
to occur at  cur ren t  densit ies of about  3 and 60 m A / c m  2. 

The discharge dura t ion  per  uni t  cathode thickness  is 
p lo t ted  as a function of the  average  cur ren t  dens i ty  on 
a log- log scale in Fig. 3. Each point  on this  g raph  cor-  
responds to a point  in the preceding  log cur ren t  den -  
s i ty  v s .  cell vol tage plot  (Fig. 2). Again,  not ice  the 
pronounced  changes in slope occurr ing  at  cur ren t  den-  
sities of about  3 and 60 m A / c m  2. The l i nea r i t y  of the  
log cur ren t  dens i ty  v s .  log discharge dura t ion  plot  is 
an example  of a genera l  re la t ionship  first expressed by  
Peuker t  (4). (In this equation,  ~ and/~ are constants.)  
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More recently,  it has been observed that  the Peuker t  
equat ion can be used in general  to describe the dis- 
charge behavior  of p r imary  as well  as secondary bat -  
teries (5). Such batteries characterist ically del iver  a 
l imit ing capacity at low rates. Thus, Peuker t - type  
equations are not general ly  useful  to express the dis- 
charge behavior  of p r imary  batteries at low discharge 
rates. However,  the cells described here did not dis- 
play a l imi t ing capacity even at rates in the microamp 
per cm 2 range. 

The relat ionship between the current  density and 
the discharge dura t ion (per uni t  cathode thickness) 
corresponding to the three segments of the Peuker t  
plot defined by  the two above-ment ioned changes in  
slope can be expressed as follows (where the uni ts  of I 
are amperes per cm 2 and those of t / T  are seconds per  
micrometer  of cathode thickness).  

For  3 X 10 .6  A /cm 2 --~ I ~ 3 X 10-8 A/cm2, 

I ( t / T )  o.s4 - -  0.167 [2] 

For 3 • 10 -3 A /cm 2 --~ I --~ 6 • 10 .2  A / c m  2, 

I ( t / T )  ~ = 0.0954 [3] 

For 6 • 10 -2 A /cm 2 ~-- I ---- 2 • 10 -1 A / c m  2, 

I ( t /T )0 .52  = 0.0846 [4] 

The data presented in Fig. 3 can be equiva lent ly  
expressed by plot t ing the logar i thm of the cur ren t  
densi ty vs.  the discharge capacity per uni t  cathode 
volume. Thus, in Fig. 4 the discharge capacities (in 
units  of m A - h r  per cm 2 of cathode area for a 50 #m 
cathode thickness) are plotted as a funct ion of the 
logari thm of the current  density for discharge rates 
between 2 ~A/cm 2 and 0.2 A /cm 2. When the data are 
plotted in this fashion, the absence of a l imit ing ca- 
pacity at low discharge rates is even more striking. 
In fact, at very low rates the measured capacities are 
much larger than would be predicted from an extrapo-  
lat ion of the higher rate  data. 
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The genera l ly  accepted overall  Li/SOC12 discharge 
reaction can be wr i t ten  as (6) 

4Li -t- 2SOC12--> 4LiC1 4- S + SO2 [5] 

The S and SO2 are soluble in the excess SOCI~ elec- 
trolyte. However, the negligible solubil i ty of the LiC1 
causes it to precipitate within the porous carbon black 
cathode as it is formed therein. Thus, the l imi t ing 
capacity of a cathode-l imited cell should be calculable 
from the amount  of LiC1 that  can be contained wi th in  
the cathode pores. 

Scanning electron micrographs of the edges of spent 
cathode mater ia l  were used to determine the thick- 
nesses of the ful ly discharged cathodes. The cathodes 
from the cells discharged at the 2.7 #A/cm 2 rate were 
found to have increased in thickness from about 30 #m 
to about  55 ~m dur ing the 9 month  discharge period. 
Assuming the entire pore volume of the expanded 
cathodes to be filled with crystal l ine LiC1, a cathode 
ini t ia l ly 50 #m thick would, after being so expanded, 
yield a capacity of about 11 m A - h r  per  cm 2 of geo- 
metric  surface a rea - -ha l f  the electrical capacity ac- 
tual ly  obtained. This observation suggests that, at least 
for discharge rates in the microamp per cm 2 range, the 
commonly accepted discharge reaction may not  apply 
and that much less LiCI (or other insoluble discharge 
product) is formed per mole of oxidized metall ic l i th-  
ium than is formed at higher  rates. Alternat ively,  
given enough time, it may be possible for the LiC1 
reaction product to dissolve and be deposited upon 
surfaces other than wi thin  the porous cathode. 

As shown in Fig. 2, cathode-l imited Li/SOC12 cells 
with th in  PTFE bonded carbon cathodes polarize to a 
relat ively small  degree when discharged at cur rent  
densities no higher than a few mil l iamps per cm 2 of 
geometric surface area. However, much  more severe 
polarization is encountered at higher discharge rates, 
the more severe the greater the current  density. Thus, 
a l ternat ive cathode materials  have been sought by the 
use of which improved performance characteristics 
might be a t ta ined at moderate to high discharge rates 
(2,7,8) .  

As shown in Fig. 5 and 6, sizable increases in  both 
cell operating voltage and discharge capacity have 
been realized by enriching the carbon voltage and 
discharge capacity have been realized by  enriching 
the carbon black cathode with 9 weight percent  (w/o)  
finely divided metall ic p la t inum.  In  particular,  as 
shown in Fig. 5 for discharge rates between 1 and 
150 m A / c m  2, between 200 and 300 mV improvements  
in cell operat ing voltage may be achieved by the use 
of such cathodes. Moreover, as shown in Fig. 6, sizable 
increases in discharge capacity (from 50 to 100%) 
have also been found to result  from the use of such 
p la t inum-enr iched  cathode materials.  

Even with the use of catalytic cathode materials,  
however, Li/SOC12 cells often exhibit  l imit ing cur-  
rents considerably below those that  would be re-  
quired to satisfy certain applications. It  is t rue that, as 
shown in Fig. 7 for the s tandard cathode material ,  
somewhat higher load voltages may be achieved by 
increasing the cathode thickness. However, the higher 
the discharge rate and the greater the cathode thick- 
ness, the smaller  is the improvement  in polarization to 
be gained by a given increase in thickness. This effect 
is demonstrated in Table II in which the average load 
voltage is listed as a funct ion of cathode thickness for 
Li/SOC12 cells discharged at 25~ with the s tandard 
1.8M LiA1C14 electrolyte, with s tandard carbon black 
cathodes, and at a constant 58 m A / c m  2 rate. As shown, 
an increase in cathode thickness beyond about  0.25 
mm has no significant effect upon cell polarization at 
this moderately  high discharge rate. 

The effect of increasing cathode thickness upon cath- 
ode uti l ization efficiency parallels the relat ionship be-  
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tween cathode thickness and polarization. The dis-  
charge capacity per unit  cathode vo lume (for a 1 cm ~ 
geometric cathode surface area) is plotted vs. the cath- 
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Fig. 7. Li/SOCI2 polarization curves with 0.05 and 1.3 mm 
cathode thicknesses. 

ode thickness  in Fig. 8 for  Li/SOC12 cells d ischarged at 
25~ with  the s t andard  e lectrolyte ,  wi th  s tandard  car -  
bon b lack  cathodes, and at  a 30 m A / c m  2 discharge 
rate.  As shown, the cathode ut i l iza t ion efficiency de-  
creases s teadi ly  wi th  increas ing cathode thickness,  the  
most r ap id  var ia t ion  in ut i l iza t ion efficiency occurr ing  
with  thicknesses less than  about  0.15 mm. Thus, the  
th icker  the cathode, the less efficiently is the added  
cathode pore  volume ut i l ized in the s torage of solid 
discharge products .  [This effect is also demons t ra ted  
in the  P e u k e r t - t y p e  plot  contained in Fig.  6 of Ref. 
(1) for  cur ren t  densit ies ranging  be tween  3 and 100 
mA/cm2.]  The rapid  decrease in ut i l iza t ion efficiency 
wi th  increas ing cathode thickness reflects the  fact  
that  the h igher  the discharge rate,  the more  the LiC1 
discharge produc t  tends to be p re fe ren t i a l ly  deposi ted  
near  to the  surface of the cathode which faces the 
l i th ium anode (1, 9). Thus, the h igher  the d ischarge  
rate,  the more the  por t ion  of the  cathode neares t  the 
anode is ut i l ized more  effect ively than  are  the  in te r io r  
port ions of the cathode. 

Both of the observed effects, the  re la t ive  insens i t iv-  
i ty  of the load vol tage to cathode thickness  and the re-  
duction in cathode ut i l izat ion efficiency wi th  increas ing 
thickness,  resul t  from the same cause - - the  r e l a t ive ly  
poor conduct iv i ty  of the 1.SM LiA1CLt e lec t ro ly te  solu-  
t ion (2 • 10 -2  ~ - 1  cm-Z a t  25~ As the cathode is 
t r aversed  f rom the side facing the l i th ium anode 
to the  interior ,  the I-R losses accumulate ,  effectively 

Table II. Li/SOCI~ average load voltage vs. cathode thickness 
for I = 58 mA/cm 2 

C a t h o d e  t h i c k -  A v e r a g e  l o a d  
h e s s  ( m i l s )  v o l t a g e  ( V )  

2 2 . 8 2 •  
11 2 , 8 8 •  
30 2 .88~0.01 
40 2 , 8 8 " ~ 0 . 0 1  
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Fig. 8. Li/SOCI2 cathode utilization vs. cathode thickness 

nega t ing  the  reduct ion  in overvol tage  tha t  would  
o therwise  resul t  f rom a reduct ion  in the  specific cur -  
ren t  dens i ty  ( the discharge ra te  pe r  uni t  of rea l  ca th-  
ode surface a rea) .  Moreover ,  as the  p rec ip i ta t ing  LiC1 
bui lds  up wi th in  the cathode pores,  the  more  severe  
these I-R losses become. Thus, the  h igher  the  cu r ren t  
densi ty,  the more  the discharge reac t ion  tends to con- 
cent ra te  t oward  the side of the cathode neares t  the  
anode. The resu l t ing  p re fe ren t i a l  bu i ldup  of LiC1 at  
the ent rances  to the cathode pores  fu r the r  magnifies 
the I-R losses leading  to an  even less un i fo rm ca th-  
ode u t i l iza t ion  profile. I t  is this ever  worsening  mass 
t r anspor t  s i tuat ion which is responsible  for  the change 
in shape of the discharge curve wi th  increas ing d is -  
charge ra te  and for the steep decl ine in d ischarge  
capaci ty  tha t  accompanies  an  increase  in d ischarge  
rate.  

In  o rde r  to demons t ra te  the  magni tude  of the  effect 
of solut ion I-R losses upon the high ra te  pe r fo rmance  
character is t ics  of ca thode- l imi ted  Li/SOC12 cells as 
wel l  as to de te rmine  quan t i t a t ive ly  the  impor tance  of 
in te re lec t rode  spacing in the  de te rmina t ion  of these 
character is t ics ,  the fol lowing exper imen t s  were  pe r -  
formed.  Li /SOCla cells wi th  0.050 m m  th ick  s t anda rd  
carbon b lack  cathodes and wi th  the s tandard  1.8M 
LiA1CI4 e lec t ro ly te  were  d ischarged at  25~ across 4, 
7, and 10Q loads. F ive  thicknesses of glass fiber sepa-  
ra tor  paper  were  used, the app rox ima te  thicknesses  
being 0.068, 0.14, 0.2I, 0.34, and 0.45 ram. Glass -coa ted  
meta l  weights  were  used to ensure good in te r fac ia l  
contact  be tween  the cell components.  Thus, the  in t e r -  
e lect rode separa t ion  was es tabl ished by  the separa to r  
thickness.  At  least  two cells containing each of the  
five thicknesses of s epa ra to r  paper  were  discharged to 
t e rmina t ion  across each of  the th ree  constant  loads. 
The average  load vol tages and discharge rates  are  
compared  in Fig. 9. 

In general ,  the  grea te r  the in te re lec t rode  spacing, 
the lower  was the average  load vol tage  at  constant  
cur ren t  density.  S imi lar ly ,  the  appa ren t  l imi t ing  cu r -  
rent  decreased m a r k e d l y  wi th  increas ing in te re lec-  
t rode spacing. However ,  the discharge capacit ies  were  
found to be independen t  of the in te re lec t rode  sepa-  
rat ion.  Qual i ta t ive ly  s imi la r  resul ts  were  obta ined  
when  the ent i re  series of exper imen t s  was repea ted  at  
65~ 

Perhaps  the most s t r ik ing  resul t  of these measu re -  
ments  is the  l i nea r i ty  of the  Tafe] plot  obta ined wi th  
the 0.068 mm in te re lec t rode  spacing, indica t ing  tha t  
the  intr insic  l imi t ing  cur ren t  de t e rmined  by  the k i -  
netics of the Li/SOC12 discharge reac t ion  is wel l  in 
excess of 500 m A / c m  2 at  room tempera ture ,  wi th  a 
cathode thickness of only  0.05 mm, and in the absence 
of any  cata lyt ic  cathode mater ia ls .  
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Fig. 9. Li/SOCI2 polarization curves with varying separator 
thicknesses. 

Summary 

The ambien t  t empe ra tu r e  discharge character is t ics  
of ca thode- l imi ted  Li/SOC12 cells have  been  inves t i -  
gated at  discharge ra tes  ranging  over  five orders  of 
magni tude  (from about  2 ~A/cm 2 to about  0.5 A/cm~) .  
The discharge character is t ics  of these cells have been 
summar ized  and compared.  As the average  discharge 
ra te  increases, the average  vol tage on load decreases  
and the approx ima te  shape of the  discharge curve 
changes from that  of a s tep funct ion to tha t  of a down-  
ward  ramp.  Con t ra ry  to expecta t ions ,  no l imi t ing  ca -  
pac i ty  was found, even at  discharge rates  as low as a 
few microamps  pe r  cm 2. Fur the r ,  the  cells d ischarged 
at  the lowest  cur ren t  dens i ty  so far  examined  (about  
2.7 ~A/cm ~) exhib i ted  capacit ies  twice those expec ted  
assuming the va l id i ty  of the  commonly  accepted over -  
all  d ischarge react ion.  

Sizable increases in both  cell  opera t ing  vol tage  and 
discharge capaci ty  have  been  rea l ized by  enr iching the 
carbon b lack  cathode wi th  finely d ivided meta l l i c  
p la t inum which catalyzes the e lec t roreduct ion  of the  
SOC12. Improvement s  in the high ra te  d ischarge  cha r -  
acterist ics  of ca thode- l imi ted  Li/SOC12 cells can also 
be accomplished b y  increases in cathode thickness.  
However ,  the magni tudes  of these improvements  fire 
l imi ted  by  solution I-R losses which become increas-  
ingly  severe the h ighe r  the discharge ra te  and the 
grea te r  the discharge durat ion.  These solut ion r e -  
sistance effects are  also responsible  for  the r ap ld  de -  
cline in average  load vol tage  that  resul ts  f rom an  
increas ing in te re lec t rode  spacing at  high d ischarge  
rates.  I t  has been shown that ,  at  room t empera tu r e  
and in the absence of any  ca ta ly t ic  cathode mater ia ls ,  
the intr insic  l imi t ing cur ren t  de t e rmined  b y  the k i -  
netics of the Li/SOC12 discharge react ion is we l l  in 
excess of 500 m A / c m  2. 
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Any  discussion of this paper  wil l  appear  in a Discus- 
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should be submi t ted  by  Feb. 1, 1982. 
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Effects of Deep Cycling on Lead Positive Plates 
C. P. Wales* and A. C. Simon *'1 

Naval Research Laboratory, Washington, DC 20375 

ABSTRACT 

Character is t ics  of the act ive ma te r i a l  in lead posi t ive p la tes  were  de te r -  
mined by  l ight  and  e lect ron microscopy,  and by  surface area  analysis  as the  
plates  were  cycled.  Ave rage  size of PbSO4 in d ischarged plates  g radua l ly  
decreased with  cycling. Some PbO2 usua l ly  r emained  wi th in  the PbSO4 crys-  
tals. Capaci ty  loss was main ly  caused by  la rge  areas  developing  where  the 
PbO2 did not  reduce  on discharge.  The ra te  of capaci ty  loss decreased  
f rom 1.7 to 0.9% per  cycle as discharge cur ren t  dens i ty  increased f rom 125 to 
2000 A / m  2 (3 hr to 4 min discharge ra tes ) .  Capaci ty  loss was on ly  0.3% per  
cycle a t  18 A / m  2 (24 hr  ra te )  which suggests a different  react ion mechanism.  
Surface a rea  of the active ma te r i a l  increased as discharge cur ren t  dens i ty  
increased.  The values for charged and discharged surface areas  tended to ap -  
p roach  e a c h  o ther  with  cycling. 

Ene rgy  const ra ints  in the USA have  caused an in -  
creased focus on the use of e lectr ic  vehicles.  This 
in te res t  has  d i rec ted  our  a t ten t ion  to the  effects of 
power  demands  on the l ead -ac id  ba t t e ry  and to the 
question of the differences in e lec t rode  micros t ruc-  
lu re  tha t  might  be produced ~by different  ra tes  of dis-  
charge.  As the  first s tage of our  invest igat ion,  the  
effect of different  ra tes  of discharge on the negat ive  
e lec t rode  was s tudied (1). In the presen t  work  the 
inves t igat ion has been ex tended  to the  posi t ive plate .  

Fo rmed  posi t ive p la tes  may  have  var ious  s t ructures  
depending on paste  composition, t rea tment ,  and fo rm-  
ing conditions.  Despi te  the  ini t ia l  differences, p la tes  
cycled the  same way  are  conver ted  to p rac t i ca l ly  the 
same micros t ruc ture  af ter  cycling, wi th  the  s t ruc ture  
be ing  a funct ion of cur ren t  dens i ty  and mode of ope ra -  
t ion (2). Cur ren t  dens i ty  has a large  effect on posi t ive 
e lectrodes of l ead-ac id  ba t te r ies  because the  ra te  at  
which react ions  take  place is governed by  diffusion 
and crys ta l l iza t ion processes, wi th  the  react ion ma in ly  
involving dissolved Pb + + ions ra the r  than  so l id-s ta te  
react ions (3). Other  impor t an t  factors tha t  affect 
s t ruc ture  are  the t e m p e r a t u r e  and the propor t ions  of 
~-PbO~ and ~-PbO2 in the  p la te  (4, 5). 

Discharges begin  wi th  nuclea t ion  of PbSO4 on PbO2 
surfaces tha t  are  in contact  wi th  the electrQlyte. F u r -  
ther  growth  of PbSO4 depends  on dissolut ion of n e a r -  
by  PbO~ arid deposi t ion of PbSO4 on the surface of 
the PbSO4 (6). Par t ic les  of inact ive  PbO2 tha t  r e -  
main  wi th in  the PbSO4 at  the  end of a discharge form 
a conduct ive ne twork  and serve as nuclei  for  c rys ta l -  
l izat ion of the PbO2 dur ing  charge (6, 7). 

* Electrochemical Society Active Member. 
1 International Lead Zinc Research Associate at Naval Research 

Laboratory. 
Key words: particles, electrode, current density, discharge. 

Experimental 
The posi t ive and negat ive  p la tes  used in this s tudy  

were  commercia l  p la tes  of the type  used in au tomot ive  
bat ter ies .  The active mate r ia l s  had  not  been  formed.  
Posi t ive p la te  size was 144 X 122 • 1.75 mm, not  in-  
cluding the tabs. The grids were  4% an t imony- lead .  
Before pu t t ing  a posi t ive pla te  in use, active ma te r i a l  
pel le ts  were  removed  to outl ine seven equal  areas  as 
descr ibed ea r l i e r  (1). A p p r o x i m a t e l y  61.6g of un-  
formed active ma te r i a l  remained,  which was 64% of 
the  amount  or ig ina l ly  present .  

Expe r imen ta l  cells and procedures  were  genera l ly  
the same as in our negat ive  e lect rode s tudy (1), ex -  
cept  that  the cells contained one posi t ive p la te  and 
two negat ive  plates.  The forming  charge began  wi th in  
30 sec af te r  a posi t ive pla te  was put  into 1.150 sp gr  
acid. A posi t ive p la te  was formed 18 h r  at  50 A / m  ~ 
fol lowed by  22.5 h r  at  20 A / m  2. Then the acid was 
ad jus ted  to 1.255 sp gr  and ma in ta ined  at 1.250-1.260 
dur ing  the cycling. The two negat ive  plates  in a cell  
had  a much grea ter  capaci ty  than  the one posi t ive 
p la te  and were  fo rmed  separa te ly .  

Posi t ive plates  were  d ischarged at  18, 125, 500, or  
2000 A / m  2 geometr ic  area.  This resu l ted  in discharges 
lasting,  respect ively ,  24 hr, 3 hr, 0.5 hr, and 4 rain 
dur ing  the first six cycles. F ina l  cell potent ia ls  were  
1.8, 1.75, 1.5, and 1.0V. A pa r t i cu l a r  posi t ive plate  was 
a lways  discharged at  the  same cur ren t  dens i ty  for  i ts 
ent i re  life. Ad jus tmen t s  to cell  cur ren t  were  made  
af te r  r emova l  of each sample,  so that  posi t ive p la te  
cur rent  dens i ty  r emained  constant.  Capaci ty  discharges 
were  done at  cycles 1-6 and every  10 cycles thereaf te r .  
In al l  o ther  cycles the posi t ive plates  were  d ischarged 
to 80% of the previous  capaci ty  discharge.  Cycl ing 
was done at  room t empera tu r e  (19~176 Charges 
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were  a lways  done a t  31.25 A / m  ~, except  for the form- 
ing charge.  

Samples  cut f rom the posi t ive p la tes  were  washed  
45-60 min  in  d is t i l led  w a t e r  and  then  d r i ed  at  60~ 
F rac tu r ed  cross sections of the  act ive ma te r i a l  were  
examined  using an AMR Model  1000 scanning e lec-  
t ron microscope.  Other  p la te  por t ions  were  impreg -  
na ted  wi th  plastic,  cut  into cross sections, polished,  
and examined  by  opt ical  microscopy.  The BET surface 
area  was de te rmined  wi th  a Micromer i t ics  Model  2205 
surface a rea  analyzer ,  us ing about  5g of act ive m a t e -  
r i a l  b roken  into pieces tha t  were  5 m m  or  smaller .  
The ma te r i a l  was degassed 40 rain at  10O~ in argon 
before  analysis .  

Results and Discussion 
Figure  1 shows the change in discharge capacity 

with  cycling. Values  for the first 26 cycles a re  averages  
of resul ts  f rom two or three  posi t ive p la tes  tha t  were  
cycled independent ly .  Ind iv idua l  measurements  dev i -  
a ted  b y  an average  of 2.3% f rom the va lues  in Fig.  1. 
Values  given for cycles 32-76 are  ind iv idua l  measu re -  
ments.  When capaci ty  decl ined rap id ly  as a p la te  ap-  
proached fa i lure  the discharge poten t ia l  somet imes 
reached the cut-off  value  and a p la te  would  be 100% 
discharged before  the nex t  r egu la r ly  scheduled ca-  
pac i ty  discharge.  Capacit ies  a re  compensated  for  the  
removal  of samples  and are  given as if the quan t i ty  of 
act ive ma te r i a l  used at cycle 1 had  remained  constant .  
Capac i ty  and s t ruc ture  changed more  r a p i d l y  wi th  the  
deep discharges used in the  Present  work  than  they  
would  have changed if SAE cycles had  been used. 

Dur ing  the ea r ly  cycles the  capaci ty  va r ied  inverse ly  
wi th  cur ren t  density,  as one would  expect  (Fig. 1). 
Al l  three  posi t ive plates  cycled at  125 A / m  2 showed a 
much grea te r  ra te  of capaci ty  loss than did the  p la tes  
cycled at  the  o ther  cur ren t  densit ies.  P la tes  d ischarged 
at  18 A / m  2 ma in ta ined  the i r  capaci ty  much longer  
than  plates  d ischarged at  125-2000 A / m  2. The differ-  
ence be tween  the capaci ty  obta ined  at  cycles 30-50 
when  using 125-2000 A / m  2 and the capaci ty  when  us-  
ing 18 A / m  2 suggests tha t  a change in discharge 
mechanism occurred be tween  18 and 125 A / m  2. 

F igure  2 gives capaci t ies  as a pe rcen t  of the  capaci ty  
obta ined at cycle 1. I f  pa r t  of the act ive ma te r i a l  be -  
comes inact ive  af ter  a cer ta in  number  of cycles, then 
capaci ty  would  be expected  to decrease more r ap id ly  
when cells were  cycled at the  lower  cur ren t  densi t ies  
because a l a rge r  p ropor t ion  of the active ma te r i a l  is 
reduced  as cur ren t  densi ty  is decreased.  In  agreement  
wi th  this, Fig. 2 shows that  the ra te  of capaci ty  loss 
did increase  as discharge current  dens i ty  decreased 
f rom 2000 to 125 A / m  2. At  18 A / m  2, however ,  the  
t rend  is reversed  and the capaci ty  loss is s ignif icant ly 
lower.  This suggests  s t rong ly  tha t  the  discharge is 
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Fig. l. Capacity discharges of positive plates. Discharge current 
densities are given on the curves. 
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Fig. 2. Positive plate capacity relative to the capacity at cycle I. 
For clarity the individual values at cycles 1-5 are omitted. 

limited by a different mechanism at 18 A/m 2 than a t  
125-2000 A/m 2. At the lowest current density used in 
this work the reaction apparently had sufficient time 
so that diffusion processe9 did not limit cell capacity. 

The rate of capacity loss was 0.3% per cycle for 
discharges  at  18 A / m  ~. This is the  same as the  ra te  of 
loss when negat ive  plates  were  cycled at  18 A / m  2 (1). 
The posi t ive plates  lost capaci ty  at about  1.7, 1.2, and 
0.9% per  cycle when discharged at  125, 500, and  2000 
A / m  2 (Fig. 2). These values  are  al l  h igher  than  the 
0.7% per  cycle loss obta ined  when negat ive  p la tes  
were  cycled at 125-2000 A / m  2 (1).  

The changes in posi t ive p la te  potent ia ls  dur ing  d is -  
charge are  shown in Fig. 3. Potent ia l s  were  lower  in 
the first pa r t  of a discharge at  cycle 1 and in the early 
cycles than  they  were  at  l a te r  cycles. The cycles be -  
tween  1 and 26 gave potent ia ls  in te rmedia te  be tween  
those shown in Fig. 3. Polar iza t ion  of the  act ive m a -  
te r ia l  increased when cur ren t  dens i ty  was increased.  
The increased polar izat ion was indica ted  in Fig.  3 by  
the lowered  potent ia l  dur ing  the first hal f  of a dis-  
charge, and b y  a decrease in the amount  of discharge 
tha t  was obta ined  before  the  po ten t ia l  began  to fa l l  
rapidly .  

Since the negat ive  plates  in the expe r imen ta l  cell  
had cons iderably  more  capaci ty  than  the posi t ive 
plates,  the negat ive  plates  only va r i ed  a few hun-  
dredths  of a vol t  dur ing  the course of a discharge.  
Therefore,  approx imate  cell potent ia ls  can be ob ta ined  
by  adding  0.96, 0.96, 0.95, and 0.89V, respect ively ,  to 
the values  shown in Fig. 3 for discharges  at  18, 125, 
500, and 2000 A / m  2. 

Structure of discharged plates.--The effect of d is-  
charge cur ren t  dens i ty  on PbSO4 crys ta l  size was  i ra-  
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Fig. 3. Discharge potentials between the positive plate and the 
Hg/Hg2SO4 reference electrode. Potentials are shown for cycles 1 
and 26 at four rates of discharge. The current density used at 
cycle 1 was repeated in all subsequent discharges. 
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media te ly  evident  af ter  a single discharge of the posi -  
t ive plates.  Scanning  e lect ron microscope photographs  
of f rac tu red  cross sections af te r  discharges  a r e  s h o w n  
in Fig. 4 and 5. The PbSO4 size va r ied  inverse ly  wi th  
cur ren t  density.  The m a j o r  changes in PbSO4 crys ta l  
size wi th  cycl ing are  summar ized  in Table  I for  the  
first 26 cycles. The size ranges  were  based on ~ m e a -  
surements  of SElYl photographs.  To help  minimize  
sampl ing  error ,  the  photographs  were  usua l ly  t aken  
f rom at least  three  different  samples  of each electrode,  
and f rom two electrodes tha t  were  i ndependen t ly  
given the same cycl ing t rea tment .  Al though  most  o f  
the act ive ma te r i a l  was  in the  range  of sizes given in 
Table  I, one could also find par t ic les  o u t s i d e  t h e s e  
ranges.  

The average  size of the PbSO4 g radua l ly  decreased 
wi th  cycling, pa r t i cu l a r ly  in the ea r ly  cycles (Table  
I ) .  When using the lower  discharge ra tes  of 18 a n d  
125 A/m2 the size decrease  occurred over  a longer  
number  of cycles. Samples  t aken  la te r  than  cycle 26 
f rom posi t ive plates  d ischarged at  125-2000 A / m  2 
contained the  same size PbSO4 as was found at  cycle 
26 (Table I ) .  However ,  at  18 A/m2 average  PbSO4 size 
s lowly  decreased for about  ano ther  20 cycles a l though 
remain ing  in the  5-10 #m range.  

Some PbO~ was a lways  presen t  in the discharged 
plates,  and can be seen in Fig. 4 and 5. The amount  o f  
PbO2 remain ing  at  the end of a discharge increased 
as discharge cu r ren t  dens i ty  increased (compare  Fig. 
4 and 5). The increased PbO2 reflects the  lower  dis-  
charge capaci ty  obta ined  at  the  h igher  currents .  The  
amount  of PbO~ in d ischarged electrodes also increased  
as the n u m b e r  of cycles increased.  At  the  end of  
cycle 6 discharge at  125-2000 A / m  2 most of the PbSO4 
was obscured by  a PbO~ covering. As the  cycl ing con- 
t inued fewer  and fewer  PbSO4 crystals  were  vis ible  
at  the  end of a discharge because of the  increas ing  
presence of PbO~. Af t e r  discharges at  18 A/m~, much 

Fig. 5. Positive active materlal at the end of cycle 1 discharge 
at 2000 A/m 2, the 4 rain rate. Here the smaller PbSO4 size and 
increased amount of PbO2 compared to Fig. 4. 

less PbO2 was present  and the amount  of PbO2 in-  
creased more  s lowly  wi th  cycling. 

The examina t ion  of e lect rode cross sections b y  op t i -  
cal microscopy revea led  some things not  ev ident  f rom 
examina t ion  by  the scanning e lec t ron microscope and 
confirmed others.  The first d ischarge of the posi t ive  
plates  p roduced  closely packed  PbSO4 (Fig. 6). The 
PbSO4 crystals  of ten contained PbO2, wi th  the amount  
of PbO2 wi th in  the PbSO4 increas ing  as discharge 
cur ren t  increased.  The SEM examinat ions  gave no 
hint  of the  large  amount  of PbO2 inside the PbSO4 
crystals .  These PbO2 par t ic les  p l ay  an impor t an t  pa r t  
in the recharge  process (6, 7). As the cycl ing was con-  
t inued, the active ma te r i a l  g r adua l ly  changed its con- 
s is tency (Fig. 7). 

Dur ing  discharges at  18 and 125 A / m  ~ the PbO2 was 
reduced to PbSO4 at  sites th roughout  the  electrode.  
Al though e lect rodes  d ischarged at  125 A / m  2 had  the  
same s t ructure  at  the outer  l ayers  as in the  in ter ior  
at  cycle 1, there  was a t endency  for  large  par t ic les  to 
form in the in te r io r  of the e lect rode as cycling at  125 
A/m~ continued. Electrodes d ischarged at  18 A/m2 did  

Table J. Range of sizes that were common for PbSO4 crystals in 
discharged positive plates (~m) 

Current density (A/m~) 
Cycle 18 125 500 2000 

Fig. 4. Positive active material at the end of cycle I discharge at 
18 A/m 2, the 24 hr rate. The smallest particles are PbO2, Medium 
size and large crystals are PbSO4. 

1 Most 10-20 Most 2-6 Most 0.5-3 Most 0.5-3 
Many 1-10 Some 1-I0 Some 3-8 Some 3-8 

6 Most 5-10 Most 1-5 Most 0.5-3 Most 0.5-3 
Some  1.20 Some 5-10 Some 3-5 Some 3-5 

16 Most 5-10 Same as Most 0.5-3 Same as 
Few over  cycle 6 Few 3-5 cycle 6 

10 

26 Most 5-10 Most 1-5 Same as Same as 
Scarce over  Some 5-8 cycle 16 cycle 6 

10 
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Fig. 6. Cross section through part of the positive plate at the 
end of cycle 1 discharge at 500 A/m 2, the 0.5 hr rate. Lightest 
color is Pb02, medium gray is PbS04, and darkest gray is void 
space between the active material particles. 

not  develop a difference be tween  the ou te r  layers  and  
the inter ior .  When  using discharges  at  500 or  2000 
A / m  2, the PbSO4 formed m a i n l y  near  the surfaces of 
the e lec t rode  wi th  some areas  in  the in te r io r  showing 
no reduct ion  of PbO~. Bode et al. r epor ted  s imi la r  r e -  
sults for the effect of d ischarge  cur ren t  dens i ty  on 
PbSO4 content  (8).  The areas  shown in Fig. 6 and 7 
were  in the  outer  30% of the plate ,  the  regions where  
most of the reduct ion  and oxidat ion  took place  when 
discharges were  done at  500 A / m  2. Diffusion became 
an increas ingly  l imi t ing  factor  at  the h igher  cur ren t  
densit ies.  The amount  of PbO2 remain ing  in the  center  
of a d ischarged p la te  was larges t  for  2000 A / m  2. Even 
af ter  56 cycles using 2000 A / m  2 as the  discharge rate,  
some of the centra l  areas  st i l l  had  PbO2 appa ren t l y  
unchanged  since the forming charge.  

The amount  of PbO2 tha t  r emained  at the  end of a 
d ischarge  g r adua l l y  increased wi th  cycling. Large  
areas  developed where  the act ive ma te r i a l  consisted 
en t i r e ly  of PbO2 at the end of a discharge.  For  ex -  
ample,  af ter  cycle 26 discharge at  125 A / m  2, an es t i -  
mated  30-40% of the active ma te r i a l  r emained  in the 
form of areas  of PbO2 wi thou t  PbSO4. Even at  18 
A / m  2 about  15-25% of the  act ive ma te r i a l  consisted 
of separa te  PbO2 areas  at the end of cycle 26 discharge.  
Af te r  cycle 1 discharge at  18 or  125 A / m  2, no la rge  
areas  consist ing on ly  of PbO2 were  found, a l though 
much PbO2 r ema ined  wi th in  the. PbSO4 crystals .  

A t  the h igher  discharge cur ren t  densit ies,  the  de -  
ve lopment  of increasing amounts  of inact ive PbO~ in 
the outer  layers  was p a r t l y  offset b y  a g radua l  a t t ack  
on the PbO2 in the inter ior ,  the PbO2 which had  t aken  
l i t t le  pa r t  in discharges at the ea r ly  cycles. As a result ,  
the amount  of PbO2 in the  in te r io r  g radua l ly  decreased 
wi th  cycling. This active ma te r i a l  in the  in te r io r  mus t  
have p reven ted  capaci ty  f rom fal l ing as r ap id ly  as 
would  have  taken  place if al l  of the act ive ma te r i a l  
had  been used at  cycle 1. 

Fig. 7. Cross section through part of the negative plate at the 
end of cycle 26 discharge at 500 A/m 2. Compare with Fig. 6. 

The a m o u n t  of void space in d ischarged act ive m a -  
te r ia l  increased as discharge cur ren t  dens i ty  increased.  
At  any given cur ren t  dens i ty  the  amount  of voids also 
increased with  cycling. The increase  in poros i ty  tha t  
occurred in 26 cycles can be seen b y  compar ing  Fig.  
7 wi th  Fig. 6. Because PbO2 occupies a smal le r  vo lume 
than PbSO4, the increase in void space is a t t r ibu ted  
to the la rger  amount  of PbO2 in discharged electrodes.  

The decrease in discharge capaci ty  wi th  cycl ing ap -  
peared  to resul t  f rom fa i lure  of PbO2 to reduce to 
PbSO4, r a the r  than  f rom PbSO4 not  oxidiz ing on 
charge. Inc reas ing ly  la rge  amounts  of PbO2 rema ined  
at  the end of a discharge as capaci ty  decreased,  while  
the  amount  of PbSO4 in a charged e lec t rode  r ema ined  
low. Loss of active ma te r i a l  f rom the pla tes  was not  
a ma jo r  factor  dur ing  the first ha l f  of the  cycling. 
Shedding of active ma te r i a l  became a p rob lem la te  in 
the cycle life and m a y  have cont r ibu ted  to the final 
drop in capacity.  

Severa l  differences were  evident  be tween  the s t ruc-  
tures in d ischarged posi t ive p la tes  and  the s t ruc tures  
in negat ive  plates  tha t  had  been discharged at  the  
same current  densi t ies  (1). The PbSO4 size tended to 
increase when negat ive  plates  were  cycled, in contras t  
to the decrease in size for  posi t ive plates.  The PbSO4 
concentra t ion was only a l i t t le  l a rge r  near  the  sur -  
faces of negat ive  plates  than in the  in te r io r  a f te r  d is-  
charges at  2000 A / m  2, whi le  s t rong differences were  
found in posi t ive plates.  Negat ive  plates  also differed 
in showing an increase in the amount  of d i scha rged  
active ma te r i a l  r ema in ing  at the end of charges.  The 
posi t ive and negat ive  plates  were  s imi la r  in having  
app rox ima te ly  the same ranges  for  sizes of PbSO4, 
and having  increas ing amounts  of charged act ive ma-  
te r ia l  r emain ing  at the end of discharges  a s  the  
e lectrodes were  cycled. 

Structure of charged plates.--Charged pla tes  tha t  
were  given an equal  number  of cycles genera l ly  r e -  
sembled each o ther  when  examined  by  the SEM re -  
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gardless  of which  discharge ra te  was used. Charged 
active ma te r i a l  consisted of c lumps of PbO2 conta ining 
smal l  PbO2 crysta ls  about  0.1-0.3 ~m in size. A few of 
the PbOz clumps contained smal l  PbSO4 crystals .  
Typica l  c lump size was 1-4 ~m af ter  cycle 6 charge,  
decreased be tween  cycle 6 and 16, and then r ema ined  
app rox ima te ly  constant .  Clump size was smal les t  in 
e lectrodes tha t  had  been  discharged a t  18 A / m  2. 

When  cross sections of charged posi t ive p la tes  were  
v iewed by  opt ical  microscopy ve ry  l i t t le  PbSO4 was 
found..,The charged plates  tha t  had  a lways  been dis-  
charged at  18 A / m  s had  a un i form s t ruc ture  th rough-  
out  the active ma te r i a l  wi th  PbO2 presen t  as smal l  
part icles .  Charged pla tes  given repea ted  cycles wi th  
discharges at  125 A / m  2 g radua l ly  deve loped  l a rge r  
PbO2 clumps in the in te r io r  of the plates  whi le  the 
PbO~ nea r  the surface  remained  small .  The PbO2 
clumps were  r a n d o m l y  d i s t r ibu ted  at  cycle 6 when  
using 125 A / m  ~ but  were  ma in ly  in the  cen te r  of a 
cross section at  cycle 16 and la ter .  

The centers  of charged plates  tha t  had  been dis-  
charged at  500 o r  20.00 A / m  2 a lways  had large  clumps 
of PbO2 which resembled  the PbO2 presen t  a t  the  end 
of the forming  charge.  The smal l  change from the ap-  
pearance  af te r  the forming charge p robab ly  resu l ted  
f rom the PbO~ in the p la te  in te r io r  undergoing  on ly  
a s l ight  reduct ion  dur ing  the discharges,  fol lowed by  
oxidat ion  dur ing  charges. Charged electrodes given 
26 or more  cycles using 2000 A / m  2 as the discharge 
ra te  had sma l l e r  par t ic les  in the  in te r io r  near  the  
gr id  than  e lsewhere  in the inter ior ,  but  these par t ic les  
near  the  gr id  were  st i l l  l a rge r  than  the PbO2 in the 
ou te r  layers .  

Par t ic les  in the outer  layers  of a charged e lect rode 
a lways  d ischarged at  500 A / m  2 resembled  the small  
par t ic les  found when  using 18 or  125 A / m  2. In  charged  
plates  a lways  d ischarged at  2000 A/m2, par t ic les  in 
the outer  layers  were  much lar~er  than those formed 
at the lower  ra tes  at  cycle 6. The PbSO4 developed  
dur ing  a d ischarge  at  2000 A / m  ~ was on the surface of 
large  PbO2 clumps. The centers  of the or iginal  PbO2 
clumps were  not  reduced  in the  ea r ly  cycles, but  in 
l a t e r  cycles increas ing amounts  of smal l  PbO2 clumps 
were presen t  in the outer  layers  of plates  a lways  dis-  
charged at  2000 A / m  2. 

Active material consistency.--The consistency of the  
act ive ma te r i a l  was s t rong ly  affected b y  cycl ing con-  
ditions. Fo r  the cycle 1 discharges the  active ma te r i a l  
was much ha rde r  at  18 A / m  2 than  at  h igher  cur ren t  
densities.  Charged active ma te r i a l  was a lways  a l i t t le  
softer  than  d ischarged active ma te r i a l  at  the same cy-  
cle. Al though the act ive ma te r i a l  was fas tened f i rmly 
to the grids ini t ia l ly ,  i t  g r adua l ly  softened with  cycl ing 
and became qui te  f ragi le  by  the t ime tha t  over  50% of 
the or ig inal  capaci ty  had  been lost. The grids became 
increas ing ly  br i t t l e  wi th  cycling. 

These changes can be cor re la ted  wi th  s t ruc tura l  
changes observed  in the act ive mater ia l �9  The unusua l ly  
large  PbSO4 crystals  tha t  develop dur ing  cycle 1 dis-  
charge at 18 A / m  2 (Table  I)  give the active ma te r i a l  a 
hardness  never  found under  o ther  conditions. Sma l l e r  
PbSO4 crysta ls  present  more  oppor tun i ty  for movement  
when a force is appl ied,  and resul t  in softer  act ive 
mater ia l .  In  addit ion,  PbO~ par t ic les  are  much smal le r  
than PbSO4 and give the  act ive ma te r i a l  less s trength.  
The increas ing amounts  of the PbO2 tha t  became in -  
active wi th  cycl ing perhaps  resul ted  f rom loss of 
phys ica l  contact  wi th  the  conduct ing grids.  I f  so, this  
lack of contact  would  cont r ibu te  to the  loss of s t rength  
that  was observed.  

Surface area.--It has been shown tha t  the  surface 
area  of formed posi t ive plates  increased as the p ro -  
por t ion  of fl-PbO~ to ~-PbO2 increased  (5, 9, 10). For  
formed pla tes  wi th  high ~-PbO2 content,  the BET spe-  

cific surface area  decreased as acid concentra t ion de-  
creased, f rom 7.5 m2/g in 3.5M H2SO4 to 5.2 m2/g in 
1.5M H2SO4 (5). Capaci ty  was not  p ropor t iona l  to the  
surface area  of formed plates  (5). Fo rmed  posi t ive 
p la tes  in the presen t  work  ave raged  5 m2/g, which is 
reasonable  for  a mix tu re  of ~- and ~-PbO2. 

Current  dens i ty  had  a s t rong effect on the  specific 
surface area  of d ischarged electrodes (Fig. 8). The 
values r epor ted  in the presen t  work  for  cycles 1-27 
were  averages  of surface areas  measu red  f rom two or  
three  electrodes tha t  were  cycled independent ly .  A 
sample  consisted of 14 pel le ts  of active mater ia l �9  Su r -  
face areas  f rom the ind iv idua l  e lectrodes had  an ave r -  
age var ia t ion  of 0.43 m2/g f rom the values repor ted  
here. Repet i t ion  of a measu remen t  usua l ly  gave less 
than  1% var ia t ion  when surface area  was 5 m2/g or 
greater .  Accuracy  decreased when surface area  was 
low, wi th  repea ted  measurements  differing by  1-4% 
for 1-3 m2/g. These var ia t ions  were  smal le r  than  
s t ruc tura l  var ia t ions  wi th in  the samples.  

The values  in Fig. 8 can be compared  to resul ts  of 
Voss and Freund l i ch  (5) where  /~-PbO2 pla tes  would 
be expected  to give BET specific surface areas  of 
about  2.0, 3.0, and 5.2 mS/g af te r  discharges at  18, 125, 
and 350 A / m  2, respect ively.  Cycle number  was not  
specified. Wiesener  and Re inhard t  r epor t ed  surface 
area  of about  3 m~/g in the ear ly  cycles for  cells d is-  
charged at wha t  was appa ren t ly  the 2 h r  rate,  wi th  
surface areas  s lowly  r is ing to about  4.5 m2/g at  cycle 
7O (10). 

The large PbSO4 crystals  tha t  were  p roduced  at  a 
low cur ren t  dens i ty  (Fig. 4) cause a low surface a rea  
for  electrodes d ischarged slowly.  Discharged e lec-  
t rodes had l a rge r  surface areas  when h igher  cur ren t  
densi t ies  were  used because the average  size of the  
PbSO4 crystals  was smal le r  and also because less 
PbSO4 formed before  the discharge ended,  which re -  
sul ted in l a rge r  amounts  of PbO2 remaining.  

Charged active ma te r i a l  a lways  had a h igher  sur -  
face area  than discharged active ma te r i a l  (compare  
Fig. 8 wi th  Fig. 9);  an expected  resul t  because PbO2 
par t ic les  are much smal ler  than  PbSO4 crystals .  One 
might  expect  al l  of the charged electrodes to give the 
same surface area, since al l  used the same charge cur -  
r en t ly  density.  However ,  the s t ructures  p roduced  dur -  
ing discharge were  not en t i re ly  des t royed  dur ing  
charge. Consequently,  e lectrodes wi th  the lowest  su r -  
face area  af ter  a discharge tended to have the lowest  
area  af ter  being recharged.  The differences in sur -  
face area  of the  charged active ma te r i a l  were  not 
n e a r l y  as grea t  as the differences in the  discharged 
active mater ia l .  As cycl ing progressed the values for 
charged and discharged surface areas  tended to ap-  
proach each other. This was caused by  increas ing 
amounts  of PbSO4 remain ing  in the  charged  electrode 
and increasing amounts  of PbO2 remain ing  in the dis-  
charged e lec t rode  as the capaci ty  s lowly decreased 
wi th  cycling. 
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Fig. 8. BET specific surface areas of positive active material at 
the end of capacity discharges. 
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Fig. 9. BET specific surface areas after charge~ at 31.25 A /m 2. 
These positive electrodes were always discharged at the current 
densities given on this figure. 

The specific surface area of unformed positive a c -  
t i v e  material  was 0.7 m2/g, probably not significantly 
different from the 0.8 m2/g for unformed negative 
active material  (1). At the end of the forming charge 
the specific surface area of the positive active material  
had increased to about 5 m2/g while the negative ac- 
tive material  had decreased to only 0.2 m2/g. Through- 
out the cycling the charged negative active material  
had only 3-4% of the surface areas given in Fig. 9 
and discharged negative plates had only 4-6% of the 
values given in Fig. 8. This difference was caused by 
the high surface area of the PbO2 particles always 
present in positive plates and the low surface area of 
the Pb particles in negative plates. It is surprising that 
discharged plates had such a great difference in sur- 
face area, since the sizes of PbSO4 in positive and 
negative plates were comparable. Obviously the PbO2 
and Pb that remained in the discharged plates had a 
strong effect on specific surface a r e a .  

Summary and Conclusions 
Positive plate capacity decreased with cycling be- 

cause of PbO2 failing to be reduced during discharge, 
instead of PbSO4 not being oxidized during charge. An 
increasing proportion of the active material  became 
inactive as the electrodes were cycled. The rates of ca- 
pacity loss were 0.9, 1.2, 1.7, and 0.3%, respectively, 
for discharges at 2000, 500, 125, and 18 A/m ~. There 
were indications that the reaction at I8 A /m 2 was 
limited by a different mechanism than the diffusion 
processes which limit discharges at the higher rates. 

The PbSO4 crystal size varied inversely with current 
density and gradually decreased with cycling, part icu-  
lar ly  in the early cycles. The PbSO4 crystals often 
contained PbO2 that was not evident until  the PbSO4 
crystals were cut open. In addition, as the cycling 
continued increasingly large areas of PbO2 remained 
in discharged electrodes. The amount of void space in 

discharged electrodes increased with cycling and when 
discharge current density increased. 

The active material  consistency was strongly af- 
fected by cycling conditions. The hardest active mate-  
rial was obtained after the initial discharge at 18 
A / m  2, and was caused by the unusually large PbSO4 
crystals that developed. At all discharge current den- 
sities the active material  gradually softened with 
cycling as smaller crystals developed. The active m a -  
t e r i a l  became quite fragile by the time that half of 
the original capacity was lost, and the grids became 
increasingly brittle.  

Fur ther  work should be done to determine the r e a -  
s o n s  for the apparent  change in mechanism when low 
discharge rates are used. Work should also be done to 
determine why part  of the PbO2 becomes inactive with 
repeated cycling. The inactivity may result par t ly  from 
a change in the PbO~ structure, and par t ly  from loss of 
electrical contact. 

A c k n o w l e d g m e n t  

This work was supported by the U.S. Department of 
Energy's Applied Battery and Electrochemical Re- 
search Project under interagency agreement EC-76-A- 
31-1003. Thanks are extended to the International 
Lead Zinc Research Organization, Incorporated, for 
their support of one of the authors and for permission 
to participate in this investigation. 

Manuscript submitted May 11, 1981; revised manu- 
script received July 7, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. l, 1982. 

Publication costs of this article were assisted by the 
Naval Research Laboratory. 

REFERENCES 
1. C. P. Wales, S. M. Caulder, and A. C. Simon, This 

Journal, 128, 235 (1981). 
2. A. C. Simon and S. M. Caulder, ibid., 118, 659 

(1971). 
3. D. Berndt, "Power Sources 2," D. H. Collins, Editor, 

p. !7, Pergamon Press, Oxford, England (1970). 
4. P. Reinhardt, M. Vogt, and K. Wiesener, J. Power 

Sources, 1, 127 (1976). 
5. E. Voss and J. Freundlich, "Batteries 1," D. H. Col- 

lins, Editor, p. 73, Pergamon Press, Oxford, En- 
gland (1963). 

6. A. C. Simon, C. P. Wales, and S. M. Caulder, This 
Journal, 117, 987 (1970). 

7. A. C. Simon, S. M. Caulder, and J. T. Stemmle, 
ibid., 122, 461 (1975). 

8. H. Bode, H. Panesar, and E. Voss, Chem. Ing. Tech., 
41, 878 (1969). 

9. D. Kordes, ibid., 38, 638 (1966). 
10. K. Wiesener and P. Reinhardt, Z. Phys. Chem. 

Leipzig, 256, 285 (1975). 
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ABSTRACT 

Corrosion behavior  of plated nickel in formamide-water  mixtures  has been 
s t u d i e d  at 25~ galvanostatically covering the whole range of solvent com- 
position. It has been observed that  solvent composition has a pronounced 
effect on the corrosion behavior  of nickel  and it has been found that  nickel  
is anodically active in water - r ich  solvent composition region while it be-  
comes passive in formamide-r ich  region. 

Corrosion studies of metals and alloys in nonaqueous 
media have been the center of interest  dur ing recent  
years (1-7) because of the wide use of organic sol- 
vents in different industries,  chemical laboratories, and 
development  of new energy sources. Corrosion in  such 
cases affects the qual i ty of chemical product, leads to 
failure of chemical units,  and reduces the life of 
batteries, etc. From this view point  the corrosion 
studies in nonaqueous media have attracted the at-  
tent ion of researchers in this field. However, while 
using nonaqueous solvents, the presence of water  is 
hardly  avoidable in m a n y  cases. So, studies on the 
effect of water on the corrosion of metals and alloys 
in organic solvents are quite essential to prevent  cor- 
rosion in such media. Although some results have been 
reported in l i terature (8-20) on such work, the con- 
tent  of water  has been kept very  low in these invest i -  
gations. Therefore it was of interest  to make a sys- 
tematic s tudy on electrochemical behavior  of metals in  
aqueous b ina ry  mixtures  of organic solvents cover- 
ing the whole range of solvent composition. Also, such 
work is of importance in view of growing interest  in  
aqueous b inary  mixtures  of organic solvents in m a n y  
fields; simply by  changing the composition of mixed 
solvent various physicochemical properties like viscos- 
ity, dielectric constant, solvent structure,  percentage 
content  of protic and aprotic constituents, etc. can be 
easily varied. Such variat ion will cer tainly affect the 
solvation abil i ty of the solvent mixture  and electrical 
conductivity of the solution which in tu rn  will  in-  
fluence the s tructure and consequently the na ture  of 
electrical double layer formed at meta l / solut ion in te r -  
phase which governs the behavior  of metals in  contact 
with such solutions. 

While choosing a class of aqueous b ina ry  mixtures  
for such work, previous work on amide-water  mixtures  
was kept in view. Studies of different physicochemical 
properties of aqueous b inary  mixtures  of amide(s)  
have shown (21) that  nonsubst i tu ted amide (e.g., 
fo rmamide) -wa te r  mixtures  behave in a quite differ- 
ent manne r  as compared to mono-  and di-subst i tuted 
amides (e.g., N-methyl formamide  and N,N-dimethyl-  
fo rmamide) -wate r  mixtures.  But the main  st imulus 
for the present  work was given by our previous work 
on conductance of various electrolytes in different 
amide (s) -water  mixtures.  Very pronounced effect of 
dehydrat ion of ions by the cosolvent (amide) [i.e., 
the detachment  of some of the water  molecules as- 
sociated with an ion in pure water  as a result  of the 
addition of the cosolvent due to stronger solvent-sol-  
vent  (water-cosolvent)  interact ion than ion-solvent  
(water)  interaction] was observed in DMF-wate r  

mixtures  (22) in a water- r ich solvent composition re-  
gion, while the same effect was observed in an amide-  
rich region in formamide-water  mixtures  (23). In  
view of the above, it has been p lanned to make a sys- 

Key words: corrosion, passivit.y, formamide-water mixtures, gal- 
vanostatic, infrared, x-ray, scanning electron microscope. 

tematic invest igat ion of the electrochemical behavior 
of various metals in  different amide (s) -water  mix-  
tures. As a first step in  this direction, it was decided 
to choose formamide-water  mixtures  for the present  
work covering the whole range of solvent composition. 
Fur ther ,  due to wide use of nickel  for protective and 
decorative purposes, this metal  has been chosen for 
the present  investigation. 

This paper contains studies on corrosion behavior  
of plated nickel  in formamide-water  mixtures  at 25~ 

Experimental 
Formamide (L.R., B.D.H.) was purified as sug- 

gested by Dawson et al. (24). Formamide-wate r  mix-  
tures of compositions 2, 15, 25, 40, 50, 60, 75, and 98 
mol percent  (m/o)  formamide were prepared by 
weight using doubly distilled water. 

The galvanostatic method was used for the polariza- 
tion studies. Constant  current  was drawn from a 
power supply ranging between 5 ~A and 100 mA. 
Nickel was electroplated on a scratch-free mechani -  
cally polished copper electrode using Watts '  bath (25). 
The working nickel-plated electrodes had areas of 
2 cm 2 with a 4 cm long tag for electrical connection. 
The thickness of the nickel coating was sufficient ( ~  
0.1 mm) to avoid any interference of base metal  
(copper) in the corrosion study. The experiments  
were carried out with 100 ml test solvent mixtures  in  
a Pyrex glass cell and an electronical ly controlled 
air thermostat  was used to main ta in  the tempera ture  
at 25 ~ • 0.5~ The potent ial  measurements  were made 
by a precision potent iometer  (Pye, Catalogue No. 
7569 P) with reference to a saturated calomel elec- 
trode. The nul l  point was detected with the help of a 
multiflex galvanometer  (Type MG-4).  To minimize the 
IR drop in solution a Luggin capillary was used 
with a calomel electrode. The tip of the capil lary was 
kept very close ( ~  0.5 mm) to the surface of the test 
electrode. For each composition of the solvent mixture,  
the variat ion of open-circui t  potent ial  with t ime w a s  
measured. It was observed that  a practically constant  
potential  was at ta ined after 1 hr  in almost all  the cases. 
Current -potent ia l  measurements  were made after the 
test electrode at tained a constant  potent ial  in the test 
solution. Measurements were made in  solvent mixtures  
of different compositions ment ioned earlier. Cathodic 
polarizations were determined first, the open-circui t  
potential  was then re-established, and anodic polar i-  
zations were determined.  

Results and Discussion 
The anodic and cathodic polarization behavior  of 

the plated nickel in galvanostatic mode in different 
compositions of formamide-water  mixtures  are shown 
in Fig. 1 covering the whole range of solvent  compo- 
sition. For clear depiction, the cathodic curves for all  
the solvent compositions are not  shown in the figure 
because the cathodic pa t te rn  in solvent mixtures  other 
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Fig. !. Polarization behavior of plated nickel in different com- 
positions of formamide-water mixture. 

than shown in the figure is almost the same and some 
of them overlap with each other. As it is clear f rom 
the figure, nickel is cathodically more polarized than  
anodically in each case. However, the change in  the 
solvent composition does not  appreciably change the 
cathodic behavior  of the metal  indicat ing similar  cath- 
odic reaction irrespective of the solvent composition. 
But  a change in solvent composition has a very  pro-  
nounced effect on the behavior  of anodic dissolution of 
the metal. As can be seen from the figure, in  water -  
rich (2-25 m/o  formamide)  and in formamide-r ich  
(60-100 m/o  formamide)  solvent composition regions, 
anodic curves shift toward higher current  densi ty with 
the increase of formamide content  in the solvent  mix-  
ture while a reverse t rend was observed in  in te r -  
mediate solvent compositions (25-60 m/o  formamide) .  
In  addit ion to this, it  was interes t ing to observe the 
formation of a greenish-white  sluggish mater ia l  in 
water - r ich  solvent  mixtures  (up to 40 m/o  forma-  
mide) .  It  was formed in the vicini ty of the test elec- 
trode and settled down in the cell; while in  forma-  
mide-r ich  solvent  mixtures  (beyond 60 m/o  forma- 
mide) a l ight green coloration of the test solution was 
observed which deepened with the increase of forma-  
mide content  in the solvent mixture.  

In order to discuss the role of solvent composition 
on the behavior  of anodic dissolution of nickel, it is 
preferable to start  with an extreme case, say pure 
water, and to proceed with the effect of addit ion of 
formamide in water. As is known  and observed in the 
present  investigation also, nickel is almost passive in 

pure  water. It  can be seen from Fig. 1 that  addit ion of 
even small  amounts  of formamide (e.g., 2 m/o)  acti- 
vated the surface and started the dissolution of the 
metal. Fu r the r  addition of formamide led to a shift 
of the curve (Fig 1, curves B and C) more and more 
toward higher current  densi ty indicat ing that  metal  
dissolution is increasingly facilitated in these solvent 
mixtures.  This t rend persists up to 25 m/o  formamide 
solvent composition. It can also be seen from the figure 
(curves A, B, and C) that no clear passivity was ob- 
served in  these cases. However, beyond 25 m/o  forma- 
mide content  in solvent mix ture  the reverse t rend w a s  

observed up to 60 m/o  formamide solvent composition. 
It is interest ing to note that  in  the solvent  mix ture  
containing 40 m/o  formamide the electrode surface 
tends toward passivation though clear passivity was 
not observed. This shows that  this par t icular  solvent  
composition is the t ransi t ion composition from clear 
dissolution toward the tendency for passivation. In  
this par t icular  case beyond a certain current  density 
(~1  m A / c m  ~) fluctuations in  the potent ial  dur ing  
measurements  were observed (shown by dotted l ine in  
Fig. 1, curve D).  It appears from this observat ion that  
the film ini t ia l ly formed at the surface either does not  
adhere properly to the surface or is porous a n d / o r  
loses  its protectiveness. The fluctuations in potent ial  
appeared to be associated with rapid passivation 
and then activation of the electrode possibly caused by  
spalling. Such spalling has been observed by  other  
researchers (7, 12, 13) also in  the case of zinc, cad- 
mium, and beryl l ium. As formamide content  is fur ther  
increased in the solution mixture,  clear passivi ty was 
observed and the passive region shifted toward the 
lower current  densi ty region (Fig. 1, curves E and F) .  
The earliest passivity (i.e., at lowest current  densi ty)  
was observed in  the solvent mixture  containing 60 m/o  
formamide. Fur ther  addition of formamide (i.e., form- 
amide > 60 m/o)  resulted in  a shift of the passive re-  
gion again toward the higher current  density and this 
t rend persisted right up to the pure formamide. The 
present  results are similar  to those of Demo (10) who 
reported that  a low water content  in organic solvents 
Ied to passivation but  in the presence of a high water  
content  the film lost its protectiveness and corrosion 
was enhanced. 

The results obtained in the present  invest igat ion can 
be explained in the light of the following probable 
phenomena which may  be governinq factors for the 
observed active-passive behavior. First, the electro- 
chemical dissolution of nickel;  second, its (nickel ion) 
preferent ia l  solvation with formamide and third, the 
reaction of this solvated ion with water  forming some 
insoluble anodic product in the water - r ich  region. The 
diffusion of nickel ions from the phase boundary  to the 
bu lk  of the solution is also an addit ional  governing 
factor. In  the water- r ich region (up to 25 m/o  forma-  
mide solvent composition) it seems that  nickel com- 
plex with formamide is not  stabilized and the third 
phenomenon ment ioned above is favored giving in-  
soluble sluggish compound. As formamide is fur ther  
increased in the solvent mixture,  the third phenome-  
non is expected to be less favored due to a dec rea se in  
the water  content  and at the same time an increase in 
formamide increases appreciably the kinemat ic  vis- 
cosity of the solvent mixtures  which hinders  the tilt- 
fusion of nickel ions into the bu lk  of the solvent. Prob-  
ably for this reason nickel ions are accumulated at 
the surface and passivity is observed. Thus an increase 
in formamide content  from 40 to 60 m/o leads to an 
early passivation. In  solvent mixtures  sufficiently rich 
in formamide (>60 m/o)  formation of nickel complex 
is probably  favored. In  this region, it  can be l ikely 
that the high dielectric constant  (~110) plays an im-  
por tant  role in stabilizing the nickel complex with 
formamide. Hence, with an increase in formamide 
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Fig. 2. Scanning electron microgroph of the working electrode after the polarization studies. In 15 m/o F: a, 1250X; b, 2500X. In 40 
m/o F: c, 1250X; d, 1250X; e, 2500X. In 60 m/o F: f, 2500X; g, 5000X; h, lO, O00X. 
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content,  more  and more  nickel  ions are  t aken  away  
f rom the phase b o u n d a r y  because they  can be s tab i l -  
ized in the bulk,  resul t ing  in the shif t  of pass ive r e -  
gion toward  the h igher  cur ren t  density.  This is also 
ev ident  ~rom an increas ing ly  deeper  color  of the  solh-  
t ion wi th  the  increase  of fo rmamide  content .  

As is c lear  f rom the above discussion, the  effect of 
wa te r  content  on the  anodic dissolut ion behav io r  of 
meta l  in nonaqueous  med ium is ve ry  complex,  p a r -  
t i cu la r ly  i f  the  whole  range  of solvent  composi t ion is 
covered.  Its net  effect depends  on the compet i t ive  effect 
of o ther  const i tuents  of the solution. So i t  seems diffi- 
cult  to assign any  pa r t i cu l a r  effect of water ,  whe the r  
it  enhances  the dissolut ion or  passivat ion.  Such com-  
p l ex i ty  has been rea l ized  b y  others  also (10, 17). 
F a r i n a  and co -worke r  (17) observed  tha t  in the p res -  
ence of an increas ing quan t i ty  of wa te r  the s tab i l i ty  of 
the oxide  film becomes g rea te r  in case of i ron in 
me thano l  whi le  the addi t ion  of wa te r  increases  the  
dissolution ra te  of i ron in DMF. So i t  requi res  ex ten -  
si've inves t igat ion before  coming to any  definite con-  
clusion r ega rd ing  the role of wa te r  in corrosion be -  
hav io r  of metals .  

The s luggish anodic products  obta ined  in different  
solvent  mix tures  r ich in wa te r  (2, 15, 25, 40 m/o  F ) ,  
were  decanted,  washed wi th  acetone, and d r i ed  in a 
vacuum desiccator.  They  were  subjec ted  to in f ra red  
and x - r a y  analyses  and were  found to be the same. 
The in f r a red  spec t rum shows a b road  band  at  3400 
cm -1 due to v(OH) and a band  at  300 cm -1 showing 
n icke l -oxygen  bonding.  This indicates  the  presence of 
n ickel  hyd rox ide /n i cke l -ox ide .  The x - r a y  powder  pa t -  
tern  of the  mater ia l ,  subsequent ly ,  showed the  pres-  
ence of n ickel  oxide (NiO) and n ickel  hydroxide .  
However ,  a few addi t iona l  l ines also appea red  in the  
pa t t e rn  but  were  not  sharp  enough to help  in the  
identif icat ion of the definite consti tuent.  Fo rma t ion  of 
such me ta l  hyd rox ide  con tamina ted  wi th  respect ive  
meta l  has been repor ted  by  ea r l i e r  inves t igators  (14- 
18) for zinc, cadmium, and magnes ium dur ing  anodic  
dissolution.  

The surface of each work ing  e lect rode was e x -  
amined  by  scanning e lect ron microscope a f te r  sub jec t -  
ing these to the e lec t rochemical  studies.  An inspect ion 
of these pho tomicrographs  reveals  tha t  t hey  can be 
classified into three  categories  depending on the com- 
posi t ion of the solvent  mixture ,  viz: (i) 2-25 m/o  
formamide,  (ii) in the v ic in i ty  of 40 m/o  formamide ,  
(iii) f rom 50 m/o  up to pure  formamide.  I t  is r e m a r k -  
able  to note that  the galvanosta t ic  s tudies lead  to the  
same conclusion also (Fig. 1). The represen ta t ive  
pho tomicrographs  f rom each group are  shown in 
(Fig. 2a-h) .  The pho tomicrographs  a and b show no 
film format ion  on the surface and the meta l  surface 
was in the  process of cont inuous dissolut ion in the  first 
case. An uneven  film format ion  is observed  in the sec- 
ond case (Fig. 2c-e) which appears  to be an oxide  
layer .  The spal l ing of the  surface becomes more  ap -  
pa ren t  as different  zones of the same surface are  
scanned (Fig. 2c, d) .  A uni form compact  l aye r  (urob-  
ab ly  oxide  l ayer )  is c lear ly  rea l ized in the  th i rd  case 
where  complete  pass iv i ty  was observed  b y  po la r iza -  
t ion s tudies  (Fig. 2f, g, h ) .  

Conclusions 
It  can be concluded here  tha t  for  n ickel  in fo rma-  

m i d e - w a t e r  mixtures ,  a solvent  m ix tu r e  conta ining 
25 m/o  fo rmamide  is most corrosive whi le  in 60 m / o  
fo rmamide  solvent  composit ion,  the  ear l ies t  pass iva-  
t ion is observed.  

OF PLATED NICKEL 2521 

The explana t ions  given above for the  observed  
anodic dissolut ion behavior  of n ickel  in solvent  m i x -  
tures  t aken  for  the p resen t  work  are  not  too conclu-  
sive or sufficient to propose a genera l  mechanism;  
it requires  fu r the r  invest igat ions  of the  same and 
o ther  s imi lar  systems cover ing o ther  pa rame te r s  also. 
The work  along these lines is in progress  and wil l  fo l -  
low this communicat ion.  
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Two-Layer Formation of Passivating Films on 
Cobalt in Neutral Solution 

Toshiaki Ohtsuka and Norio Sato* 
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Faculty o] Engineering, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

Layer  structure and thickness of passivation oxide films on cobalt have 
been investigated at s tat ionary and t rans ient  states in  solution of 0.30 mol 
dm -S boric acid-0.075 mol dm-3  sodium borate mixture  of pH 8.4 by means  
of chemical analysis and in situ el l ipsometry combined with electrochemical 
measurements.  A two- layer  s t ructure  composed of an inner  CoO and an 
outer COs-AO4 is found in  a potent ial  range more positive than 0.75V (vs. 
the hydrogen electrode at the same solution).  The nonstoichiometry changes 
from h ~- 0 to 0.33 with increasing anodic potential.  The outer  CO~-AO4 
layer  thickness increases l inear ly  with potential,  whereas the inner  layer  
thickness is not  a simple function of potential,  but  depends on the film forma- 
t ion procedure. A step-wise potent ial  increase gives an ini t ia l  rapid growth 
of the outer  CO~-AO4 layer followed by a gradual  thickening of the inner  
CoO layer. The t ransient  film growth behavior  is in terpreted in  terms of a 
field-assisted ion diffusion mechanism, and the self-diffusion coefficient in 
the inner  CoO layer  is estimated to be D/cm sec -1 = 6.5 X 10 -21 ,~ 2.6 • 
10-~~ 

The previous papers (1-4) have shown that  the 
passive oxide film on cobalt is potential  dependent  in  
neut ra l  boric acid-sodium borate solution of pH 8.4. 
At  potentials more negative than  0.86V, referred to 
the hydrogen electrode in the same solution (HESS),  
a sl ightly soluble oxide film of CoO 2 ~ 3 n m  thick 
is formed unde r  s tat ionary potentiostatic conditions 
(2-3). At more positive potentials a two-layered film 
is formed, consisting of an inner  CoO and an outer 
Co3-~O4 layer  (2-3). The nonstoichiometry A of the 
outer layer depends on the anodic potential ,  changing 
from A -- 0 at 1.15V to A = 0.33 at 1.4V. The outer 
layer  thickness increases l inear ly  with the potential,  
whereas the  inne r  layer  thickness is not  a simple func-  
tion of potential.  In the present  paper  the kinetics and 
mechanism of electrochemical formation of two- 
layered oxide films on cobalt were studied by  using 
a potential  step technique associated wi th  the ellipso- 
metric measurements .  

Experimental 
The specimens were prepared from cobalt rods of 

99.99% pur i ty  (Johnson-Mat they Limited) into poly- 
crystall ine sheets 0.8 mm thick with the surface area 
of 5 or I0 cm 2. The specimen pre t rea tment  was the 
same as that described in the previous papers ( I -4) .  
The electrolytes were prepared from doubly dis- 
tilled water  and analytical  grade reagents. Anodic 
formation of the passive films on cobalt was performed 
in a mixture  of 0.30 mol dm -S boric acid and 0.075 
tool dm -3 sodium borate solutions at pH 8.4. Cathodic 
reduction of the passive films was conducted in  a 
mixture  of boric acid and sodium borate solutions at 
pH 6.5. A boric acid solution at pH 5.3 and a mixture  
of 0.5 mol dm -S NH4C1 and 0.5 tool dm -S NH4OH at 
pH 9.6 were also used for spontaneous dissolution of 
the passive films. Fur thermore,  a solution of boric 
acid-sodium borate mixture  at pH 6.4 containing 
Co(II)  ions at concentrat ion of 1.03 mg dm -S was 
used for anodic deposition of a Co(III)  oxide film 
from Co(II)  ions on a Pt  electrode with the surface 
area of 10 cm 2. All  the solutions were deaerated by 
bubbl ing  purified n i t rogen gas for more than 24 hr. 

* Electrochemical Society Active Member. 
Key words: metals, anode, ellipsometry, passivity. 

The ell ipsometer used was of horizontal  type with a 
quar te r -wave  plate placed on the side of incident  
beam. The fast axis of the plate was fixed at a 45 ~ 
orientation. Measurements  were made by the s tandard 
nul l  method at a wavelength of k /nm = 546 and at an 
incidence angle of O1 = 73.303 ~ (3, 5). 

All measurements  were made at 20.0 ~ __ 0.2~ The 
potential  of cobalt electrodes was measured in refer-  
ence to a saturated calomel electrode (SCE) and 
converted to a scale of the hydrogen electrode in  the 
same solution (HESS).  

The amount  of cobalt ion dissolved into solutions 
was analyzed by a colorimetric ni t roso-R-sal t  method. 

Result 
Two-layer structure of passivation films.--Figure 1 

i l lustrates the results of ellipsometric measurements  
(Fig. la ) ,  the amount  of dissolved Co(II)  ion from 
the passive film, Wd, and the decay of potential,  r 
(Fig. lb )  dur ing  a galvanostatic cathodic reduction of 
a passive film on cobalt. The passive film was formed 
by 1 hr  oxidation at a constant  potent ial  in the solu- 
tion of pH 8.4 and the reduct ion was performed at a 
constant  current  in the solution of pH 6.5. The loci of 
polarizer azimuth P and analyzer  azimuth A are di-  
rectly plotted in Fig. la, where Po and Ao correspond 
to the oxide-f lee  reference surface of cobalt; Po = 
28.68 ~ and Ao = 4.43 ~ determine the complex refrac-  

^ 
rive index of metall ic cobalt, n c o =  2.83-3.86i (2, 3). 
The loci 5P vs. 5A exhibit  two breaks at the points 
marked on Qc o and Qc M, which a p p e a r t o  correspond 
to two breaks observed in  Wd VS. Qc and r vs. Qr 
curves. In  view of the previous results (3, 4), it is 
found that Qc o is the cathodic charge required for the 
nonstoichiometry 5 of the outer COs-AO4 layer  to de-  
creases to ~ ---- 0, and that  Qc M is the charge required 
for the outer layer  to be completely reduced to Co n+ 
ions. Thus, the reaction for Qr and the reaction for  
Q M _ Qc o are respectively represented by  reactions 
[A] and [B] 

84 84 
Cos-~04 + - - H  + + -- e 

3 3 

-~ 1 -- ~- Co~04 + --{-H20 [A] 

2522 
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Fig. 1. Cathodic reduction of a passive film at constant C.D., 
ie - -  5 #A cm -~  in borate solution of pH 6.5. The film was formed 
at constant potential, ~ = 1.34V, for 1 hr in borate solution of pH 
8.4. (a) Change of ellipsometric parameters P and A during the 
reduction. (b) Amount of dissolved Co(ll) from the film Wd and 
potential decay �9 as a function of cathodic charge Qe passed 
during the reduction. 

Co804 + 8H+ "t- 2e ~ Co s+ "f- 4H~O [B] 

The thi rd  stage of film reduct ion af ter  Qo M is the re -  
duct ion of the inne r  CoO layer. 

To de termine  the complex refractive indexes of 
the layers, the best fit approach was made be tween  
the theoretical  5A vs. 5P loci for different complex 
refract ive indexes and the exper imenta l  ones by  taking 
into account the approximate film thickness estimated 
from the film charge in  anodic oxidation and in cath-  
odic reduction. The complex refractive indexes thus 

^ 
de termined for the outer  layer  are nca~os -- 3.2-0.95i 

A ^ 
and nco8o4 ---- 3.2-0.5i, and for the inne r  layer  ncoo -- 
2.3-0.1i (2, 3). In  Fig. 1 the theoretical lines are also 
d rawn  for various thicknesses of the outer  and the  
inner  layers. 

F igure  2 shows the 8A vs. 8P loci dur ing  the spon- 
taneous dissolution of the passive film in two different 
solutions of 0.5 mol dm -3 NH4OH-0.5 mol dm-8  
NH4C1 mixture  at pH 9.6 and of 0.30 mol dm -8 boric 
acid at pH 5.3, where no composition change of the 
film appears to occur dur ing  the dissolution because 
of the absence of applied cathodic cu r ren t .  The 8A vs. 
5P curves in Fig. 1 and 2 are almost the same. 

Transient behavior.--To elucidate the layer  growth, 
ellipsometric t rans ient  measurements  of the film were 
carried out in two-step oxidation, in which, after re-  
newal  of the solution containing no dissolved cobalt 
ion, a potent ia l  step was applied to a preoxidized co- 
bal t  electrode. Figure 3 shows a 8A-SP curve observed 
after a potent ia l  step from 1.04 to 1.24V is applied to 
a passivated cobalt that  has been oxidized at �9 ---- 
1.04V (V) for 1 hr. The filled circle in Fig. 3 indicates 
the values of 5P and 5A observed after  direct 1 hr 
oxidation at 1.24V star t ing from the oxide-free cobalt 
surface. It  is noted that  more than 6 hr of oxidation 
is required for the 8P-6A value of two-step oxidat ion 
to reach that  of direct one-step oxidation for 1 hr. 

By superimposing on the results of Fig. 3 the theo- 
retical  8P-SA loci calculated for two- layered  films 
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Fig. 2. Change of elllpsometric parameters P and A and poten- 
tial decay during spontaneous dissolution of a passivation film in 
solutions of 0.5 real dm -8  NH4OH-0.5 mol dm -~  NH4CI mixture 
( A )  and of 0.3 mol dm -~  boric acid ( O ) -  The break marked by 
t M in the 8P-~A loci corresponds to a point where the potential 
decays from the first to the second wave. 
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Fig. 3. Change in ~A vs. ~P loci with time during the second 
step at (I> = 1.24V in two-step oxidation in borate solution of 
pH 8.4. The electrode was first oxidized at �9 = 1.04V for 1 hr 
(1st step) and after renewal of the solution was oxidized further 
at <I> - -  1.24V (2nd step). 

A 
with the complex refractive indexes, ncao ---- 2.3-0.1i 

^ 
and nco8o4 ---- 3.2-0.5i, as a funct ion of layer  thickness, 
the thickness of the both layers can be evaluated as 
a funct ion of t ime dur ing oxidation. In  Fig. 4 and 5 
the thickness change thus estimated is plotted to- 
gether with the current  densi ty (C.D.) change. In  Fig. 
4 the thickness for 1.54V oxidation at which gaseous 
oxygen evolves on the electrode was est imated using 

A 
the complex refractive index of nout = 3.2-0.95i for 
the outer Co20~ layer. It  is seen that in i t ia l ly  the 
outer layer  increases accompanying no appreciable 
growth of the inner  layer  and that  the inne r  layer  
begins to thicken after  the outer l ayer  grows to a 
certain thickness comparable to the thickness formed 
by direct one-step oxidation. I t  is noted that  the inner  
layer  formed by  two-step oxidation is th inne r  t han  
that  formed by direct one-step oxidation. This is due 
to the anodic deposition of a Co (III)  film from Co (II)  
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1.54V in two-step oxidation in borate solution of pH 8.4. The elec- 
trode was first oxidized at �9 ~ 1.04V for 1 hr. The arrows on the 
right side indicate C.D.'s and thicknesses in direct one-step oxida- 
tion for 1 hr. 
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Fig. 5. Anodic C.D. and thicknesses of the two layers as a func- 
tion of time during the second step at �9 ---- 1.04V in two-step oxi- 
dation in borate solution of pH 8.4. The electrode was first oxidized 
at �9 ---- 1.24V for 1 hr. The arrows on the right side indicate C.D. 
and thicknesses in direct one-step oxidation. 

ions in aqueous solution produced  pr io r  to the  film 
formation,  as is shown later .  

When  the po ten t ia l  is s tepped  down (Fig. 5), an  
ini t ia l  cathodic cur ren t  causes a decrease  of the  ou te r  
l aye r  thickness,  p roducing  a s l ight  increase  of the  
inner  l aye r  thickness,  and then  a definite decrease  of 
the  inner  l aye r  th ickness  occurs toward  a s t eady-  
s ta te  value of 4.0 mn  wi thout  y ie ld ing  any change 
in the outer  l aye r  thickness  a f te r  the  C.D. turns  to be 
anodic. 

The p re fe ren t i a l  g rowth  of the outer  layer ,  which  
occurs in an ini t ia l  per iod  of potent ia l  s tep oxida t ion  
(Fig. 4), also takes  place dur ing  galvanosta t ic  ox ida -  
tion, as shown in Fig. 6. In  this case the anodic C.D. 
of 1 #A cm -2 was appl ied  to a pass iva ted  cobal t  e lec-  
t r ade  tha t  has been  oxidized at  1.03V for 1 hr.  Before  

3 i i r 

o.1O/o 
" o/ 

2 L to ta l  ...o.O/o Lout 

E _ "]. o I ~ 1 7 6  I 
d I 

�9 Lin _ __ 
0 \.--,-,--,--.--o--',--.--. �9 

1.6 
O3 

1.4 ~.~" 

~" 1.2 " ~ "  T 

1.0 

o o'.5 ,o ,15 21o 2:s 
Q I mC cm -2 

Fig. 6. Change in thickness and potential during galvanostatic 
oxidation at i = 1 ~A-cm-~ of a film-covered cobalt electrode 
(Lm - -  1.1 nm and Lout - -  0.9 nm) which has been oxidized at 

- -  1.03V in borate solution of pH 8.4. The arrow in the figure 
indicates the amount of charge passed at which the complex 
refractive index of Co3-~O4 layer begins to change. 

the  ga lvanos ta t ic  oxidat ion,  the film has consisted of 
the inner  l ayer  of 1.1 nm and the outer  l ayer  of 0.9 
nm. Appl ica t ion  of a smal l  anodic cur ren t  first causes 
a r ap id  increase  of the outer  l a y e r  wi th  a decrease  
of the inner  l aye r  and then the film of a single Co804 

l aye r  (A --  3.2-0.5i) wi th  a l inear  r ise of potent ia l .  
^ 

Final ly ,  the  film t ransforms to Co208 (n = 3.2-0.95i) 
wi thout  producing  any  increase  of the inner  layer .  

In  Fig. 7 the change in the 8A vs. 6P loci is i l lus-  
t ra ted  for the  second step of ox ida t ion  at  different  
potent ia ls  in the r ange  of t w o - l a y e r  formation,  s t a r t -  
ing f rom a pass iva ted  cobal t  e lec t rode  tha t  has been 
oxidized at 1.04V for 1 hr. The 8P-SA value  cor re -  
sponding to the film formed b y  di rec t  one-s tep  ox ida -  
t ion for  1 hr  lies on the ex t rapo la t ed  growth  l ine of 
two-s tep  oxidat ion.  At  potent ia ls  more  posi t ive  than  
1.34V the locus of the  second step oxida t ion  even 
af ter  22 hr  ( � 9  does not  reach  the value  of the  pass i -  
va ted  e lec t rode  d i rec t ly  oxidized in one step for  1 
hr  ( � 9  The second step oxida t ion  at  1.54V gives r ise  
to t r ans format ion  of Co30~ to Co~O3 in an in i t ia l  

2.5 
~1.24V 

o One StePt I h 

'~  " ~ 1.04V Start Point 

<s ~ ' ~ 4 V  
. ~ e ~  ~ q ~  ~ ~ ~ / (  1.04V, Ih)  

0 "3 2 Hnrn) 
n "3 .2 -  i-0.95 

- o . 5  _ ~  , - ' ~  ~ ' - ~  ' - '2  ' 
0 

~ P = P -  Po / d e g .  

Fig. 7. Change in 6A vs. 8P loci during the second step at 
different potentials in two-step oxidation in borate solution of pH 
8.4. The electrode was first oxidized at @ = 1.04V for 1 hr. The 
filled circles indicate the values of 8P and 8A after 22 hr of the 
second step in two-step oxidation and the open circles the values 
after 1 hr in direct oxidation. 
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per iod,  as sugges ted  b y  a change in  the  complex  r e -  
^ 

f ract ive  index f rom n = 3.2-0.5i to 3.2-0.95i. 
Comparisons  of the  th ickness  and the  final C.D. a r e  

made in Fig. 8 be tween  di rec t  1 h r  ox ida t ion  and  two-  
s tep 22 h r  oxidat ion.  In  this figure the th ickness  a n d  
the  C.D. in the  po ten t ia l  region where  the  film of a 
s ingle CoO laye r  is fo rmed  is also plot ted.  In  the po -  
ten t ia l  reg ion  for  a t w o - l a y e r  film format ion  the final 
anodic C.D. in two-s t ep  oxida t ion  is o n e - t e n t h  t imes  
as  smal l  as tha t  in d i rec t  one-s tep  oxidat ion.  Difference 
in C.D. be tween  the po ten t ia l  regions of Co~O4 a n d  
Co203 fo rmat ion  can be seen in two-s tep  oxidat ion,  
bu t  becomes indis t inct  in d i rec t  one-s tep  oxidat ion.  
The thickness  of the  ou te r  l a y e r  does not  depend  on 
whe the r  the  film is fo rmed  b y  one-s tep  o r  two-s t ep  
oxida t ion  and increases  n e a r l y  l i nea r ly  wi th  po ten t ia l  
except  for the film fo rmed  above 1.4V. The inner  
l aye r  thickness,  however ,  differs in different  ox ida t ion  
procedures .  I t  appears  tha t  the inner  l aye r  thickness  
of two-s t ep  ox ida t ion  is l a rge r  a t  po t en t i a l s  be low 
1.2V and smal le r  at  potent ia l s  above 1.3V than  tha t  
of d i rec t  one-s tep  oxidat ion.  F r o m  the above resul ts  
i t  fol lows tha t  the thickness  of the  ou te r  l aye r  is de -  
t e rmined  on ly  b y  the oxida t ion  potent ia l ,  whereas  the 
thickness of the i nne r  l aye r  is dependen t  on the ox i -  
dat ion procedure .  

Anodic deposition o~ Co(H) ion in soZution.--The 
previous  w o r k  (1) has shown tha t  the  amoun t  of 
Co (I I )  ion dissolved in solut ion was 0.5 ~g cm-~  in 5 
sec oxida t ion  and 0.03 ~g .cm-2 in 1 h r  oxida t ion  at  
constant  po ten t ia l  1.34V s ta r t ing  f rom the  f i lm-free  
surface. This means  tha t  the Co( I I )  ion dissolved in 
solut ion in the  ini t ia l  per iod  of anodic  pass ivat ion  is 
anodica l ly  deposi ted  on the pass iva ted  cobalt .  Ano the r  
evidence on the anodic deposi t ion is given f rom an  
expe r imen t  in which P t  e lec t rode  is po ten t ios ta t i ca l ly  
oxidized for  1 hr  in the  boric  ac id -sod ium bora te  so- 
lut ion of pH 8.4 conta ining Co( I I )  ion of concent ra -  
t ion 1.03 mg d m  -8. F igure  9 shows the amoun t  of 
Co( I I )  ion anodica l ly  deposi ted  f rom the solut ion to 
form a cobalt  oxide  film on Pt,  which was es t imated  
f rom the decrease  of Co( I I )  ion concentra t ion  in the  
solut ion a f t e r  potent ios ta t ic  1 h r  oxida t ion  at  constant  
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Fig. 8. Comparison of film thickness and anodic C.D. between 
one-step and two-step oxidations in borate solution of pH 8.4. The 
film thickness and anodic C.D. were measured after 1 hr for one- 
step oxidation and after 22 hr for two-step oxidation. 
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Fig. 9. Amount of cobalt ion anodically deposited on Pt elec- 
trode from borate solution containing Co01) ions. The amount of 
cobalt ion deposited was estimated from the decrease of Co(ll) 
ion in solution during potentiostatic oxidation (A )  and the 
cathodic Co(ll) ion dissolution from the film into solution of pH 
6.5 during subsequent galvanostatic reduction at i = 10 ~A-cm -'~ 
(0 ) .  

potent ia l .  The amount  of Co( I I )  deposi ted  was also 
eva lua ted  f rom the amount  of Co( I I )  ion dissolved 
f rom the film on Pt  b y  ga lvanos ta t ic  reduc t ion  at  10 
#A cm -z  in the boric  ac id-sod ium bora te  solut ion of 
pH 6.5. The anodic oxida t ion  of Co( I I )  ion in the  so- 
lu t ion to fo rm the film takes  place  at  potent ia l s  more  
posi t ive than  1.2V, which is in ag reemen t  wi th  the  
potent ia l  at  which an a b r u p t  i n c r e a s e  of the  inner  
l aye r  thickness as wel l  as the  ou te r  l aye r  nons to i -  
ch iomet ry  a commences.  

Discussion 
Potential distribution in the passivation f i lm.--We 

consider  the t w o - l a y e r e d  s t ruc ture  of an inner  CoO 
and an outer  Co3-~O4 shown in Fig. 10 and the po-  
ten t ia l  d is t r ibut ion  in the  film shown in Fig. 11. I f  the 
react ions be tween  the phases  a re  in equ i l ib r ium at  
al l  the in terphases ,  the  i r revers ib le  po ten t ia l  d i f fer-  
ences in CoO (II  phase)  and  in Co3-~O4 (I I I  phase)  
a re  g iven b y  

~ I I  = ~Co0/~o304 -- r [I] 

A ~ I I I  - "  ~C00/Co3--~04 -- ~Co0/Co304 [2] 

where  @co/coo, @coo/co3o4, and @coo/cos-~o4 are  the  po-  
tent ia ls  of e lec t rode  systems consist ing of Co/CoO, 
Co/CoO/Co304, and Co/CoO/Co3-~O4, respect ively .  I f  
we assume the poten t ia l  of eeco/coo to be 0.14 _ 0.04V 
vs. HESS, t h e r m o d y n a m i c a l l y  es t imated  b y  GShr  (6),  
and the po ten t ia l  of r to be 0.75V, expe r i -  
men ta l l y  es tabl ished b y  the authors  I(Y, 4 ,7) ,  the  i r -  
revers ib le  po ten t ia l  difference in the  CoO phase  is 

~ r  ----- 0.61 _ 0.06 [3] 

I t  is this po ten t ia l  difference which  creates  the  d r i v -  
ing force for  g rowth  of the CoO layer .  I t  fol lows f rom 
Eq. [2] that  the i r revers ib le  po ten t ia l  difference in 
the  outer  Co3-~O4 phase can not  be defined as a c o n -  
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s tant  value,  but  var ies  depending  on the nons to ichiom-  
e t ry  a. 

Thermodynamica l ly ,  we can descr ibe  the ou te r  I a y e r  
composi t ion as a funct ion of e lect rode potent ial .  The 
layer  s t ruc ture  m a y  also be t he rmodynamica l l y  de -  
scribed, but  a number  of kinet ic  pa rame te r s  a re  r e -  
qui red for  the de te rmina t ion  of the composit ion p ro -  
file in depth,  

A kinetic model /o r  two-layer formation.--There 
have been  only  a few theore t ica l  s tudies on the two-  
l aye r  g rowth  on metals .  Yurek,  Hir th ,  and  Rapp  (8) 
and Shaw and Rolls (9) have  der ived  k ine t ic  equa-  
tions of t w o - l a y e r  g rowth  for  r e l a t ive ly  th ick o x i d e  
scales on metals .  We propose here  a kinet ic  mechanism 
of t w o - l a y e r  g rowth  in anodic oxide films, which e x -  
plains  the observed  t rans ient  behav io r  of anodic oxide  
film on cobalt.  Fo r  s implif icat ion we assume tha t  the 
diffusing ion th rough  the film toward  the solut ion is 
Co(H)  ion and that  the inner  and  the outer  layers  a re  
CoO and Co~O4, respect ively.  Fu r the r ,  we assume the 
react ion scheme shown in Table I, where  subscr ipts  I, 
IIa, IIb, I I Ia ,  IIIb,  and IV indicate  respec t ive ly  the  
locations in the e lect rode sys tem i l lus t ra ted  in Fig. 
10. The reac t ion  ra te  is expressed in te rms of tool flux 
of coba l t ( I I )  ion kx(x=a,b,.. .)/mol-Co(II) ion see -1  
c m - 2 .  

F r o m  the mass balance  of t r ans fe r r ing  ions, the  
fol lowing re la t ionship  can be obta ined  among the r e -  
act ion r a t e s  

/Ca "- kb [4] 

kb "- kc ~- kd [5] 

kc -- k~ [6] 
and 

ke --  kf -~- kg [7] 

We now in t roduce  the fol lowing quant i t ies  for  the 
reac t ion  ra tes  

i i z /A-cm -2  = 2Fkb [8] 

i m / A - c m  - s  = 2Fke [9] 

idiss/A-cm -~  : 2Fkt [10] 

idepos/A-cm -~ : 2Fkh [11] 

where  in and im correspond respec t ive ly  to the  i o n i c  
C.D. of diffusing Co( I I )  ion th rough  the inner  CoO 
and the outer  Co304 layers ,  and  idiss and idepos to the 
dissolut ion C.D. and the deposi t ion C.D. These ionic 
C.D.'s can be used to descr ibe  the three  expe r imen ta l l y  
measurab le  quanti t ies ,  ia, /-,in, and Lout by  tak ing  the 
mass balance  given b y  Eq. [4], [5], [6], and [7] into 
account. F rom react ions  [a], [b], [g], and [hi ,  the  
anodic  C.D. tha t  can be measured  is given b y  

ia --  F 2ka --  2kd -F -~  kg -k -~  kh 

4 1 1 

Table I. Reaction scheme for growth of CoO/Coa04 two-layered 
film on Co 

Rate (tool-Co 
Reaction ion sec -z cm --~) 

E l i  i C o  ,d iiaCo ~" 4- 2 I  e -  ka 

[b] I IaCO y'+ --> IIbCO 2§ ~b 

[C] IIbCO 2"+ -'> IIIaCO ~+ kc 

[d]  IIbCO 2+ + IIIaCOaO~ + 2I e ,--> 4I IbCoO ka 
[el ]zlaCo ~+ ~ zHbCO 2+ ke 

If]  IIlbCO 2+ .-> IvCO2+ ~f 
[g] mbCo~ + 4/3iv H20 -~ 1/3IIIb CO~O4 + 8/3IV H + 

+ 2/3i e k= 
[h] wCo~ + 4/3~v H~O -* 1/3Izzb Co~Or + 8/3iv H+ 

+ 2/3z e kh 

I i:[ m ~7 
! 

Co [na CoO rrb ma C03-zxO4"mb H20 
I 

e-~e  - e e . . . .  e / 

Co-----Co 2 - Co ~ -  Co 
co  -co . co% - co 2* 
e~I e Jl 

t "~" HzO 

Fig. 10. Illustration of phase arrangement and reactions in two- 
layered passive films on cobalt. 

~To ~: ~b I ma lU Tffbl 
Co CoO CO3_AO 4 H20 

Fig. 11. A model of potential distribution in the two-layered 
passive film on cobalt. Dotted lines indicate the possible potential 
distribution at equilibrium for Co/CoO and Co/CoO/Coa04 elec- 
trodes. 

Since the inner  l aye r  increases in thickness by  reac-  
t ion [dj ,  the g rowth  ra te  can be descr ibed f rom Eq. 
[6] and [7] in te rms of in and im 

dLin 
'dt --  8FkdLcoo 

--  4 (in --  iIII) Lcoo [13] 

where  Lcoo/nm cm~ C -1 is the thickness  of CoO 
equiva lent  to 1 C cm -2 of Co (II)  ion. The outer  l aye r  
grows by  react ions [g] and [h], ~ and its thickness de -  
creases by  react ion [all 

dLou.__..~c : 2F(kg + k h -  3kd)Lco3o4 
dt 

= {iiIi --idiss + idepos --  3 (~II --  ira)  }~Co3O4 [14] 

where  Lco3o4/nm cm~ C-1  is the thickness  of Co304 

equiva lent  to 1 C cm -2 of Co( I I )  ion. Values of Lcoo 

and Lco~o4 were  expe r imen ta l l y  obtained;  Lcoo/nm cm s 

C - I  : 9.1 • 10 2 and ~co3o4/nm cm 2 C - I  : 7.7 • 10 2 
(2, 3). F rom Eq. [13] and [14] it  is ev iden t  that  the 
growth  of one layer  is s t rongly  dependen t  on the ionic 
C.D. of the diffusing Co (If)  ion in the o ther  layer .  

I t  is assumed tha t  the ionic flux th rough  the l aye r  i s  
a function of electr ic  field s t rength  E = A@/L fol low- 
ing the Cabre ra -Mot t  theory  (10, 11.). 

iii -" iii,o exp (Bn A@II/LLn) [15] 

i m =  ira,0 exp (Bin A@iii/Lout) [16] 

where  in,0 and im,o indicate  the ionic self-diffusion 
C.D. at zero field, and BII and Bm are  constants given 
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below 
BII : ZI IanF/RT [17] 

BIII :  Z m a m F / R T  [18] 

in which Zii  or  Z m  is the  ionic va lency  of mig ra t ing  
ion, and ali or  a in  the j ump ing  dis tance for  ion m i -  
grat ion.  

Equat ions  [12]-[16],  which  r ep resen t  the increas ing 
or decreas ing thickness  of the layers ,  can be used to 
under s t and  qua l i t a t ive ly  the observed  t rans ien t  be -  
havior  and m a y  pred ic t  the thickness  in some cases. 

Film th ickness  at steady s ta t e s . - -A t  the s ta t ionary  
state,  where  ( d L ~ / d t )  : O, (dLo, t /dt)  = O, and 
(dia/dt) ---- 0, the ionic t ransfe r  across e v e r y  in te rphase  
is equal  to the ionic diffusion th rough  every  l aye r  

iss  : i l I  = i I I I  "-- idiss [19] 

where  iss represents  the anodic  C.D. at  the s ta t ionary  
state. Correspondingly ,  the thicknesses a re  de t e rmined  
by  Eq. [15] and [16]. As ~r remains  equal  to the  i r -  
revers ib le  po ten t ia l  difference given by  Eq. [1] or 
[3] i r respect ive  of the anodic potent ia l ,  the thickness 
of the inner  layer ,  Lin, is de te rmined  by  the dissolu-  
t ion rate ,  idiss, of the outer  layer .  I t  fol lows therefore  
tha t  the inner  layer ,  even if it  is soluble, wil l  grow to 
a cer ta in  thickness  in the  presence of the pro tec t ive  
ou te r  layer .  Since the ou te r  l aye r  sustains an increas-  
ing poten t ia l  difference A@II I with anodic potent ia l  
A@T, its th ickness  wil l  increase wi th  anodic potent ia l  
at  the  s t a t ionary  s tate  

A@III = AOT - -  hOII  [20] 

In our expe r imen t a l  resul ts  the th ickness  of the  
outer  l aye r  satisfies the above pred ic t ion  for both  one-  
s tep and two-s tep  oxida t ion  films, as shown in Fig. 8, 
whereas  the thickness  of the inner  l ayer  behaves  d i f -  
f e ren t ly  depending  on the format ion  procedure.  I t  is 
thus suggested tha t  the outer  l a y e r  can approach  the 
s ta t ionary  thickness more  quickly  than  the inner  layer .  

Anodic deposition of Co(II)  in so lu t ion .~The  dif-  
ference in the inner  l aye r  thickness  be tween  one-s tep  
oxida t ion  film and two-s tep  oxida t ion  film is caused 
by  the anodic deposi t ion react ion [h] in Table I, 
which occurs only  in the one-s tep  oxidat ion.  As shown 
in Fig. 8 and 9, the poten t ia l  at  which the anodic dep-  
osition f rom Co( I I )  ion commences is in ag reemen t  
wi th  the potent ia l  at  which an ab rup t  change of the  
inner  l ayer  thickness  is observed.  A quest ion is now 
raised w h y  the inner  CoO layer  does become thick, 
when Co (II)  ions in the solut ion are deposi ted  to form 
the outer  l aye r  of h igher  valence oxide. As the outer  
l ayer  thickness increases by  anodic deposi t ion f rom Co 
ion, the ra te  of Co (I I )  ion diffusion in the  outer  l aye r  
decreases because of a decreas ing electr ic  field in ten-  
s i ty  in the l aye r  according to Eq. [16] and even tua l ly  
becomes negl igible  compared  wi th  the  ionic diffusion 
ra te  in the inner  l aye r  

ill > >  {llI "" 0 [21] 

F r o m  Eq. [13] the re fore  the inner  l aye r  g rowth  ra te  is 

dL..._2_~ 
= 4~zx~coo [22] 

dt 

which means  that  a lmost  al l  Co(H)  ions f l owing  
th rough  the inner  l aye r  to the CoO/Co304 in te rphase  
go into react ion [d] to fo rm a new CoO laye r  at  the 
expense  of the  ou te r  Co804 layer .  In  this case the  inner  
CoO l aye r  may  th icken wi thout  any  diffusion of 
Co( I I )  ion th rough  ou te r  Co~-AO4 l aye r  which is a 
b a r r i e r  against  ion flow. By two-s tep  oxidat ion,  be -  
cause of the absence of dissolved Co( I I )  ions in  the  
solution, the film growth  requi res  the  diffusion of 

Co( I I )  through both the layers  and hence the  film 
growth  ra te  is smal l  compared  wi th  tha t  in one-s tep  
oxida t ion  where  the anodic  deposi t ion is involved.  

Inner layer growth . - -As  shown in Fig. 4, when  an 
anodic potent ia l  s tep was appl ied  to a pass iva ted  co-  
balt,  the outer  l ayer  was observed to grow first in an 
in i t ia l  per iod  of t ime unt i l  its thickness  reached  a 
s t eady  value,  where  dLout/dt ----- 0. The in i t ia l  g rowth  
of the outer  l ayer  was fol lowed by  a g radua l  increase  
of the inner  l ayer  thickness  in the la te r  per iod  of 
t ime while  the outer  l aye r  th ickness  r emained  con- 
stant.  Therefore,  for the l a t e r  s tage of film growth,  we  
obta in  by  subst i tu t ing  dLout/dt ---- 0 and idepos = 0 into 
Eq. [13] and Eq. [14] the fol lowing equat ions  

dLin _ (iIz - -  idiss)Lcoo [23] 
dt  

i a  = i I I  [24] 

Equat ion [23] means  tha t  the dissolution ra te  of  the  
outer  l aye r  p lays  a large role in de te rmin ing  whe the r  
the inner  l ayer  increases or decreases  af ter  the ou te r  
l ayer  reaches  the s ta t ionary  thickness.  F r o m  Eq. [18] 
and the resul t  shown in Fig. 4 and 5, i t  fol lows tha t  
the poten t ia l  s tep f rom 1.04 to 1.24V causes the inner  
l ayer  to grow because iii > idiss and tha t  the  reverse  
potent ia l  step br ings  about  a decrease of the inner  
l ayer  because iii < idiss. 

The g rowth  ra te  of the inner  l aye r  can be descr ibed  
f rom the resul ts  of Fig. 4 and f rom Eq. [24] b y  assum-  
ing the Cabre ra -Mot t  re la t ion  of  Eq. [15]. F igu re  12 
shows the re la t ionship  be tween  the logar i thm of 
anodic C.D. iii and the inverse  of the inner  l aye r  th ick-  
ness dur ing  the second step oxida t ion  at  1.24V af te r  
the ou te r  l aye r  reaches  the s ta t ionary  thickness.  F r o m  
the slope and in tersec t  of the curve, BII Aq~n/em --- 4.3 
�9 10 -7 and in .0 /A-cm-2  = 1.2. 10 -8 . I f  we assume 
Ar = 0.61(V) f rom Eq. [3], Bi , / cm  V -1 = 7.1 X 
10 -7. F rom the value  of BII Eq. [17] gives ai i /cm -- 1.8 
• 10 - s  a t  ZII = 2, and a i i / cm  = 3.6 • 10 - s  at  Z = 1. 
By compar ing the es t imated  aii values  wi th  the  dis -  
tance between the ne ighbor ing  Co ions in CoO, ca lcu-  
la ted to be 0.30 nm from the la t t ice  constant  of 
0.426 nm, it is l ike ly  tha t  the migra t ing  species is 
monovalen t  cobal t  vacancy.  The ionic conduct iv i ty  K 
at low fields m a y  be wr i t t en  as 

OIii 
: = i l I , o B I I  [26] 

0 ( A ~ I I / L i n )  (Ar  

10 4 I I I I I 

6 

4 

cJ 
10_7 

"- 6 
._o 

4 
_o 

2 / 
/ 

/ 
1 0 - 6  _ 

6 
I L I I l 

0 0,2 0.4 0.6 0 .8  1.0 1.2 

L i n  - I  / nm -I 

Fig. 12. Relation between inverse of the inner layer thickness and 
the anodic C.D. in logarithmic scale. Data correspond to the re- 
suits of @ = 1.24V oxidation in Fig. 4. 
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and is es t imated to be K/S cm - I  = 8.5 • 1015. F u r t h e r -  
more,  the self-diffusion constant  D of moving  species 
in the  inner  l aye r  m a y  be es t imated  using Eins te in-  
Ners t  re la t ion  (12), as fol lows 

in.oBllRT 1 
D =  zR~ " 'C 'co j r26] 

where Cco/mol cm - s  is the  number  of tool  of CoO in 
unit  volume and  is ca lcula ted  to b~ Cco/mol cm -a  = 
0.086 f rom the la t t ice  constant.  We es t imate  tha t  D/cm 2 
sec -~ = 6.5 • 10 -22 for Z = 2 and D /cm s sec -1 --  2.6 
• 10-20 for Z = 1. No comparab le  self-diffusion con- 
s tant  can be found in the l i t e r a tu re  and the es t imated  
values  in this  work  are  1020 t imes as l a rge  as the  
value  ex t rapo la t ed  f rom the diffusion da ta  for CoO 
obta ined  at  h igh t empe ra tu r e  above 1200 K b y  Richard -  
son et  al. (13) and by  Chert et al. (14). The discrep-  
ancy m a y  be a t t r ibu ted  to a la rge  concentra t ion of 
la t t ice  defects in  the  anodic oxide  film. 

Conclusion 
The fol lowing conclusions m a y  be drawn;  
1. Cobal t  is covered wi th  a t w o - l a y e r e d  oxide  film 

consist ing of  an i n n e r  CoO and an  ou te r  Co~O4 or  
CoROa in the  passive poten t ia l  region more  posi t ive 
than  V/V vs. HESS --  0.75 in neu t r a l  boric  ac id-so-  
d ium bora te  solut ion at  p H  8.4. 

2. A g rowth  model  is p resen ted  for  e lec t rochemical  
t w o - l a y e r  formation,  which expla ins  the  observed  de-  
pendence  of film thickness on the po ten t ia l  and  on the 
t ime of oxidat ion.  

8. The outer  l aye r  reaches  wi th in  1 h r  the  s ta t ionary  
thickness which increases nea r ly  l i nea r ly  wi th  the  
e lect rode potent ia l ,  and the inner  CoO l a y e r  requires  
much longer  oxida t ion  t ime before  the s ta t ionary  
thickness is reached.  The inner  l aye r  thickness  tha t  
grows in a few hours '  ox ida t ion  depends  not  only  on 
the poten t ia l  bu t  also on the oxida t ion  procedure .  I t  
is revea led  that  the  g rowth  of the inner  CoO l aye r  is 
influenced by  the ionic diffusion in the outer  layer .  

4. Anodic  deposi t ion of a Cos-nO4 l aye r  (0 ~ A 
0.33) f rom Co( I I )  ion in  solut ion of pH 8.4 can take  
place at Co( I I )  ion concentrat ions as smal l  as 1.03 
mg d m - S  in the  po ten t ia l  region more  posi t ive than  
1.2V. Therefore,  the anodic oxide film on cobal t  b e -  
comes th ick in the  presence of Co( I I )  ion in  solu-  
tion. 

5. The ion migra t ion  in the anodic oxide  film is 
l ike ly  to be assisted b y  high electr ic  field and r e p r e -  
sented by  the ra te  equat ion i --  io exp (Bhr  for 
each ind iv idua l  layer .  

6. The self-diffusion coefficient in the  i nne r  CoO 
laye r  is es t imated  to be D/cm2 sec-1  --  6.5 • 10-31 
,~ 2.6 • 10 -20. 
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ABSTRACT 

Trans is tor  act ion is r epor ted  at  e leva ted  t empera tu re s  in a ceramic  s t ruc-  
ture  composed of two ZrO2 e lec t rochemical  cells separa ted  b y  an enclosed 
volume. The "emi t te r"  cell  pumps  O2 f rom an ambien t  a tmosphere  into the 
volume (base region)  where  i t  is r e t u r n e d  to the ambien t  by  the  "col lector"  
cell. Elect r ica l  operat ion,  analogous to tha t  of semiconductor  t ransis tors ,  can 
be unders tood  in terms of the l imi t ing  currents  caused by  the P t  cathode of 
the collector cell.  Smal l - s igna l  vol tage  and cu r ren t  gain  are  i l lus t ra ted  in 
common t rans is tor  ex t e rna l  c i rcui t  a r rangements .  The resul ts  for each a r -  
r angemen t  also serve to i l lus t ra te  var ious  e lec t rochemical  aspects  of ZrO2 
cells. A s imple model  is descr ibed which accounts for the main  s t eady-s t a t e  
character is t ics .  The f requency  response of the device is de t e rmined  p r i m a r i l y  
by  the d o u b l e - l a y e r  capac i ty  of the Pt /ZrO2 interface.  This approach  to t r an -  
sistor act ion should be  appl icab le  to o ther  e lec t rochemical  systems.  

In a previous  pape r  (1) i t  was shown tha t  t rans is tor  
act ion could be observed  in an e lec t rochemical  ceramic  
s t ruc ture  composed of two ZrO2 oxygen-concen t ra t ion  
cells separa ted  b y  an enclosed volume. Complemen ta ry  
to a concept  by  Le taw and Bardeen  (2) using l iquid  
e lect rolytes ,  t h e  presen t  approach  to t rans i s to r  act ion 
is genera l  and should be appl icab le  to a number  of 
e lec t rochemical  systems.  The purpose  of this  pape r  is 
to e labora te  on the opera t ion  of the  device. In  pa r t i cu -  
lar,  opera t ion  is i l lus t ra ted  in a number  of common 
t rans i s to r  configurations (common base,  common emi t -  
ter ,  common col lector) .  A s imple  ana ly t ica l  model  is 
pu t f o rward  which accounts for  the  main  s t eady-s t a t e  
character is t ics .  Those p roper t i e s  of the  e lect rolyte ,  
e lectrode,  or  e l ec t rode /e l ec t ro ly t e  combinat ion  w h i c h  
de te rmine  or l imi t  the device opera t ion  a re  discussed. 
In  some cases the  device proves  to be a convenient  
s t ruc ture  for  s tudying  cell  p roper t ies  such as cathodic 
polar iza t ion  phenomena .  

F o r  the  presen t  e lec t rochemica l  system, the  high 
opera t ing  t e m p e r a t u r e  and low f requency  response 
which  a t t end  oxygen  ion conduct ing solid e lec t ro ly tes  
would  undoub ted ly  l imi t  device usefulness to special  
appl icat ions.  One such appl ica t ion  is tha t  of 02 sensing 
in the  au tomot ive  exhaus t  where  the  02 concentra t ion  
provides  a convenient ,  r e a l - t ime  measure  (3) of en-  
gine in take  a i r - t o - f u e l  ra t io  ( A / F ) .  The l a t t e r  quan-  
t i ty  is a key  p a r a m e t e r  influencing m a n y  aspects  of 
engine per formance .  High sens i t iv i ty  O~ sensors based 
on the proper t ies  of the presen t  device s t ruc ture  could 
be useful  for  engine diagnost ics  or  in the  feedback  
control  of A / F  especia l ly  wi th  r ega rd  to engines op-  
e ra t ing  in the  fuel-eff icient  lean  A / F  region.  

Experimental 
The device is shown in Fig. la .  The act ive compo-  

nents  are  two e lec t rochemical  cells whose e lec t ro ly tes  
are  in the  fo rm of disks of ceramic  ZrO~ doped wi th  
8 mol percen t  Y203. The disks have  a typica l  d i ame te r  
of 1.0 cm and a thickness of 0.1-0.2 cm. The m a t e -  
r i a l  was ob ta ined  f rom the Ceramic Products  Division 
of the Corning Glass Works.  Because of the  la rge  con- 
cen t ra t ion  of oxygen  vacancies in t roduced  by  the dop-  
ant, the ma te r i a l  is a s t rong O = ionic conductor  (4) 
and wel l  su i ted  for use as a solid e lect rolyte .  Spu t t e red  
Pt  films with  thicknesses  ranging  f rom 0.5-1.0 ~m 
were  used as electrodes.  As a resul t  of s inter ing dur ing  
high t e m p e r a t u r e  firing (800~176 the films adopt  
a porous sponge- l ike  s t ruc ture  (5).  P t  paste  was also 
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used for  electrodes,  but  spu t t e red  films gave the most  
reproduc ib le  results .  The cells are  separa ted  by  an en-  
closed volume defined by  a hol low ceramic spacer  (0.1 
cm in length)  jo ined  to each cell  wi th  ceramic glue 
(Aremco 552) or  glass f r i t  (Genera l  Electr ic  R E - X ) .  
As discussed below, some types  of opera t ion  requi re  
the volume to have  a smal l  leak  to the  ambient .  This 
can be accomplished by  mak ing  the seals somewha t  
l eaky  or b y  dr i l l ing  a smal l  hole into the spacer  or  cell  
face. S imi la r  s t ructures  for  O2-sensing appl ica t ions  
have  been discussed (6).  

The device is opera ted  in a furnace  at  t empera tu re s  
ranging  f rom 600 ~ to 1000~ The ambien t  a tmosphere  
is fixed by  the use of ca l ibra ted  gases containing O2 
at  pa r t i a l  pressures  ranging  f rom 10 -2 to 10 kPa  in N2. 
The total  pressure  is 100 kPa.  The typ ica l  e lec t ro ly te  
resis tance dur ing  opera t ion  was on the o rde r  of 50~. 

Principles of Transistor Operation 
Electr ical  opera t ion  is based on the e lec t rochemical  

pumping  of 02 f rom the ambien t  into the  enclosed 
volume (base region)  by  one cell  ( the emi t te r )  whi le  
at the  same t ime collecting and r e tu rn ing  tha t  O2 to 
the ambien t  wi th  the o ther  cell ( the col lec tor) .  The 
use of ZrO2 cells as ve ry  efficient 02 pumps  in this  
pa r t i a l  p ressure  region is wel l  es tabl ished (7-9).  The 
ove ra l l  e lec t rochemical  reac t ion  step is given b y  Eq. 
[1] 

O2 (gas)  -t- 4 e -  (e lect rode)  ~- 2Vo'" (e lec t ro ly te )  

~--- 2Oo (e lec t ro ly te )  [1] 

where  Vo" represents  an oxygen- ion  vacancy  and e is 
the electronic charge (5, 10-13). Numerous  studies of 
ZrO2 cells have brought  out the  complex i ty  of the 
in te rmedia te  steps which  combine to produce  the 
overa l l  reaction. When  ionic cu r ren t  is d rawn,  one 
of these steps can become ra te  l imi t ing  lead ing  to 
e lect rode polar iza t ion  phenomena.  Fo r  the  02 pa r t i a l  
pressures  and electrodes used in this work,  these 
studies indicate  min ima l  polar iza t ion  associated wi th  
the anodic re lease  of oxygen,  whi le  under  certain 
conditions,  la rge  cathodic polar iza t ion  can occur  on 
the up take  of oxygen.  This polar iza t ion  is r e l a t ed  to the  
l imi ted  ab i l i ty  of the  P t  e lectrodes to de l ive r  O2 to 
the e l ec t rode /e lec t ro ly te  interface.  The specific in te r -  
media te  step respons ib le  for this l imita t ion,  which 
p lays  an impor t an t  role in the presen t  device ope ra -  
tion, has not  ye t  been unambiguous ly  identified.  The 
actual  e lec t rochemical  step does not  appear  to be rate 
l imi t ing  for T > 700~ and an equ i l ib r ium exchange  
cur ren t  density,  io ~ 1 A / c m  2, has been  de t e rmined  
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for  porous P t  e lect rodes  in this t empe ra tu r e  range  
(14). 

If  an O2 pa r t i a l  pressure  difference exists  a t  opposing 
sides of a ZrO2 cell, an emf is developed whose magn i -  
tude is given at  equ i l ib r ium by  the Nerns t  equat ion 
(Eq. [2]) 

e m f  -- (RTI4F) In (PI /P2)  [2] 

where  R and F are  the gas and  F a r a d a y  constants  
while  P1 and P2 r ep resen t  the  effective oxygen  p re s -  
sures or  act ivi t ies  at  the  opposing e l ec t rode /e l ec t ro ly te  
interfaces.  In  the  analysis  given be low Eq. [2] is used 
to represen t  the  cell  emf 's  even though ionic cu r ren t  
is drawn.  The use of an equ i l ib r ium resu l t  to descr ibe  
a nonequi l ib r ium si tuat ion is just if ied when  the cur -  
ren t  densit ies d rawn  are  cons iderab ly  less than  io. 

In the following, device opera t ion  is discussed p r i -  
mar i ly  in the context  of the common-base  (CB) con- 
figuration. This wi l l  begin wi th  a qual i ta t ive  discus-  
sion of s t eady-s ta te  character is t ics  and  the corre-  
sponding a -c  amplif icat ion funct ions tha t  can be 
real ized because of these character is t ics .  Fo l lowing  
this is a more deta i led  discussion of those cell  p a r a m -  
eters  which define s t eady-s t a t e  operat ion.  Next  a s im-  
ple model  descr ibing s t eady-s ta te  behav ior  both  in 
the CB and o ther  configurations is pu t  for th  and com- 
pared  with exper iment .  Smal l - s igna l  pa rame te r s  com- 
monly  used to compute  t rans i s tor  amplif ier  gain a n d  
impedance  coefficients a re  der ived  f rom the s t eady-  
s ta te  model.  With  increas ing frequency,  the  devia t ion  
in smal l - s igna l  behav ior  f rom tha t  p red ic ted  by  the 
s t eady-s ta te  pa rame te r s  is discussed in t e rms  of  severa l  
capaci t ive effects. The curves  shown on subsequent  
figures a re  expe r imen ta l l y  de r ived  unless express ly  in-  
dicated.  

Steady-state operation.--Figure l b  shows the  device 
wi red  in the  CB configuration. In  n o r m a l  opera t ion  
the emi t t e r  cell  is " fo rward  biased"  b y  VE to emi t  02 
f rom the ambien t  into the base region.  At  the  same 
t ime the col lector  cell  is " reverse  biased" by  Vc 
through the load resis tor  RL to collect the emi t ted  02 
and re tu rn  i t  to the ambient .  The emi t t e r  and collector  
currents  a re  labe led  by  Iv. and Ic, respect ively .  Wi th  
the base electrodes of each cell  connected,  one has a 
three  t e rmina l  device b iased l ike an n - p - n  semicon-  
ductor  t ransis tor .  Because of the  pa r t i cu l a r  device 
s tructure,  e lec t r ica l  opera t ion  is also similar .  In  fact, 
the device can be used to pe r fo rm  a number  of com- 
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Fig. I .  a, Schematic view of the Zr02 transistor, b, Transistor 
wired in the CB configuration. 

mon t rans is tor  funct ions including a -c  or  smal l - s igna l  
voltage,  current ,  and power  amplification.  

To under s t and  device opera t ion  qual i ta t ive ly ,  imag-  
ine tha t  IE has been fixed at  a nomina l  value  to pump 
02 into the enclosed volume.  I f  the collector cell  is 
open circuited,  a s teady  s tate  wi l l  occur when the 
flux ( i J4e )  of 02 molecules  en te r ing  the  volume 
equals  the flux leav ing  by  means  of a l eak  aper ture .  
The s teady  s tate  wi l l  be charac te r ized  b y  an O2 p a r -  
t ia l  p ressure  in the  base,  P ( B ) ,  as wel l  as an  absolute  
pressure ,  which are  grea te r  than  the i r  counterpar t s  in 
the ambient .  These pressure  differences "dr ive"  the 
leakage  flux. I f  there  were  no leak, only  a nul l  emi t t e r  
cur ren t  would  be possible in s teady  s tate  (neglect ing 
a number  of smal l  effects or  processes such as elec-  
t ronic conduct iv i ty  which would  i nva r i a b ly  resul t  in 
a finite value of IE). In  this case VE would  genera te  a 
t rans ient  e m i t t e r  cu r ren t  which bui lds  a P ( B )  value  
jus t  large  enough to produce  a Nerns t  emf  at  the  
emi t t e r  cell  which exac t ly  offsets VE. If  a collector  
bias of p rope r  po la r i ty  is now appl ied,  O2 molecules  
wil l  be w i thd rawn  from the base at a ra te  given by  
Ic/4e. As Ic is increased,  P ( B )  decreases wi th  com- 
mensura te  changes occurr ing in O~ leakage.  In  pa r -  
t icular ,  as P ( B )  fal ls  be low P ( A )  (the O2 pa r t i a l  
pressure  in the ambien t ) ,  the di rect ion of leakage  
changes and O2 is d r a w n  into the  volume. As discussed 
below, the  pr inc ipa l  leakage  mechanism is one in 
which O2 diffuses th rough  its ca r r i e r  gas (e.g., N2 o r  
CO2) in response to differences be tween  P ( B )  and 
P ( A ) .  Because of the device s t ructure ,  Ic must  even-  
tua l ly  saturate .  The m a x i m u m  sa tura t ion  value  would  
equal  the fixed va lue  of IE plus a leakage  cont r ibut ion  
equiva lent  to the  m a x i m u m  flux of O2 molecules  tha t  
the leak  ape r tu re  wil l  pass [occurr ing for P ( B )  < <  
P ( A ) ] .  In pract ice this m a x i m u m  value  is n o t  
achieved.  As the  s t eady-s t a t e  va lue  of P ( B )  decreases,  
a point  is reached  where  the col lector  cathode cannot  
de l iver  02 at  a g rea te r  rate,  and the cathode becomes 
comple te ly  polarized.  As a consequence P (B) sa tura tes  
at  some finite value and the m a x i m u m  leakage  cur ren t  
is not  qu i t e  real ized.  

With  an opera t ing  poin t  es tabl ished in the  sa tu ra -  
t ion region, the collector cell  presents  a high effective 
a-c  impedance  since smal l  changes in collector  bias, 
AVc, serve p r i m a r i l y  to modula te  the  degree of cathode 
polar izat ion.  By ad jus t ing  Vc, the to ta l  impedance  of 
the col lector  circuit  can be fu r the r  increased by  choos- 
Jng an a rb i t r a r i l y  la rge  value of RL. At  the same time, 
the impedance  of the emi t t e r  c ircui t  remains  low, 
consist ing p r i m a r i l y  of the e lec t ro ly te  res is tance RE. 
Accordingly ,  a modula t ion  in emi t te r  current ,  hIE, can 
be achieved wi th  a modest  var ia t ion  in emi t t e r  bias, 
AVE. If  AIE is small ,  the  col lec tor-ce l l  cur ren t  wil l  
undergo a nea r ly  ident ica l  modulat ion,  AIc, whi le  st i l l  
r emain ing  in a sa tu ra ted  condition. However ,  the c01- 
lector  cur ren t  is d rawn th rough  a much h igher  r e -  
sistance resul t ing  in a h igher  vol tage modula t ion  
(=AICRL). As in the case of a semiconductor  t rans i s -  
tor, the a-c  gain or rat io  of col lector  circui t  to emi t t e r  
c ircui t  vol tage  modula t ion  is given wi th in  a cer ta in  
range  by  RL/RE. Simi la r  considerat ions hold for  gain 
coefficients in o ther  configurations. In  many  cases these 
coefficients or o ther  device pa rame te r s  serve to isolate 
var ious  e lec t rochemical  aspects  of ZrO2 cells for  s tudy.  

Results and Discussion 

Figure  2 shows a plot  of Ic vs. VcB (the col lector  o r  
output  character is t ic)  for  various values of IE at  T = 
800~ and P ( A )  = 1.0 kPa.  Voltages are  measured  
with  respect  to the common lead whi le  currents  are 
posi t ive in the direct ions shown. As discussed, Ic 
shows sa tura t ion  behavior  wi th  increas ing col lector  
bias. Higher  sa tura t ion  currents  occur for l a rge r  IE. 
Each curve in the fami ly  is l abe led  both wi th  IE, which  
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Fig. 2. Collector current vs. collector to base voltage (output 
characteristic) for the CB configuration. 

is held  constant ,  and wi th  the emi t t e r  bias a t  s a tu ra -  
tion. F igure  3 shows the cor responding  input  or  emi t -  
te r  charac ter i s t ic  in which  IE is p lo t ted  agains t  VEB a t  
constant  values  of Vcm The sign of VEB has  been  
changed in this  figure to avoid the  appea rance  of  a 
negat ive  input  resistance.  Inspect ion  of both  curves  
shows tha t  the  emi t t e r  res is tance remains  low 
(~60~2) while  the  dynamic  col lector  res is tance is 
large  ( ~ 2  X 104~2) at  sa tura t ion.  Refe r r ing  to the  
collector  character is t ic ,  as Vc and accordingly  VcB are  
increased,  sa tu ra t ion  even tua l ly  t e rmina tes  wi th  a 
"b reakdown"  in which Ic begins to increase  again.  As 
is discussed more  fu l ly  below, b r e a k d o w n  is accom- 
panied  by  a large  decrease  in P ( B )  which  is reflected 
as a large  increase  in input  resis tance in the  input  
charac ter i s t ic  (see the  VCB = 1.5V curve in Fig. 3). In  
Fig. 2, O2 leakage  th rough  leak  aper tu res  is ev idenced 
b y  the  fact  t ha t  Ic  > IE. Gas l eakage  can be identif ied 
wi th  the  electr ical  cur ren t  ( leakage  cur ren t ) ,  Is,  
flowing in the  base lead  as expressed  in Eq. [3] 

IB ---: IC -- IE  [3] 

The ma in  factor  which de te rmines  the  essent ia l  f ea -  
tures  of the  col lector  charac te r i s t ic  is the  O2 t rans fe r  
l imi ta t ion  of the  col lector  ca thode ment ioned  p r e v i -  
ously. This process,  as wel l  as tha t  of leakage,  can be, 
inves t iga ted  by  opening the emi t t e r  c i rcui t  and m e a -  
sur ing the leakage  curve (IE ---- 0) of the  charac ter i s t ic  

i II i 
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Fig. 3. Emitter current vs. emitter to base voltage (input charac- 
teristic) for the CB configuration. 
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while  moni tor ing  the emi t t e r -base  vol tage  VEB. The  
open emi t t e r  cell  acts as an  O~. pressure  sensor a l lowing  
de te rmina t ion  of P(B) f rom the Nerns t  equat ion when  
P ( A )  is fixed by  the use of ca l ib ra ted  gases. F igu re  4 
shows a plot  of Ic and  VEB VS. VCB for this  case wi th  
the  same ambien t  condit ions as Fig.  2. The  impor t an t  
point  is tha t  V~B, and hence P ( B ) ,  sa tura tes  (at  the  
same value  of Vcs that  Ic sa tura tes )  ind ica t ing  tha t  
Ic is l imi ted  b y  the polar iza t ion  of the  collector.  F o r  the  
case shown, the  O2 pa r t i a l  pressure  at  sa tu ra t ion  is 
P ( B O )  = 3 • 10 -a  kPa  of ( the ex t r a  labe l  O iden t i -  
fy ing condit ions where  the on ly  e lec t r ica l  cu r r en t  
flowing in the base  and  col lector  circuits  resul ts  f rom 
O2 leakage) .  By  va ry ing  P (A) one finds tha t  the  sa tu-  
r a t ed  leakage  current ,  Ico, can be re la ted  to P ( B O )  
by  Eq. [4] 

/co = (1 /RDc)P"(BO)  [4] 

Here  RDc (on the o rde r  of 5.0 k P a - A - 1  for  0.5 #m 
electrodes)  represents  the  "res is tance"  the cathode 
presents  to the  de l ive ry  of O2 whi le  n is a constant  
having values  ranging  f rom 0.5 < n < 1.0. The DC in 
the subscr ip t  suggests that  the resis tance is r e la ted  to 
a diffusion process in the  cathode. 

As has been r epor t ed  by  o ther  authors  (5, 10, 12), 
the  values  of these pa rame te r s  are  s t rong ly  dependen t  
on the method  of e lec t rode  appl icat ion,  thickness,  s in-  
t e r ing  t empera tu re ,  and  heavy  cu r ren t  passage (,~1 
A / c m  2 in 100 kPa  02).  These factors de te rmine  the 
t ex tu re  of the  e lec t rode  which in tu rn  governs  the  
detai ls  of the cathodic polar izat ion.  When  n --  1, a 
l imi t ing process involving molecu la r  O2 (e.g., pore -d i f -  
fusion) is l ike ly  and when n = 0.5, a process involv ing  
atomic O is l imit ing.  A sys temat ic  s tudy  of these ef -  
fects was not  per formed.  In this  work  consis tent  a n d  
r epea tab le  resul ts  were  found using spu t t e red  P t  e lec-  
trodes.  

We assume tha t  Eq. [4] is the l imi t ing  form of a 
more  genera l  02 t r ans fe r  express ion for  the  cathode 
which can be approx ima ted  b y  Eq. [5] 

Ic = (1/RDc) ( P ( B )  --  P ( C B )  • [5] 

where  P ( C B )  represents  the effective O2 pa r t i a l  p res -  
sure  at  the e l ec t rode /e l ec t ro ly t e  in te r face  of the  
cathode. As VcB increases  in the  sa tura t ion  region,  a 
large  effective O~ pa r t i a l  pressure  difference develops  
across the  cathode (P (CB)  < <  P ( B ) )  and  Eq. [5] 
approaches  the l imi t ing  form of Eq. [4]. At  low values  
of VcB, Eq. [5] is the main  re la t ionship  de te rmin ing  
the cu rva tu re  of the collector  character is t ic ,  as is d is-  
cussed in the s t eady-s ta te  model  deve loped  la ter .  

The dependence  of l eakage  cur ren t  on O2 pressure  
can be charac ter ized  b y  a single p a r a m e t e r  ob ta ined  
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Fig. 4. Collector current and emitter to base voltage vs. collector 
to base voltage with the emitter cell open circuited. 
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from the data such as that of Fig. 4 in the presatura- 
tion region. The relation shown in Eq. [6] holds over 
a wide range of P(B) values 

IB : (1/RDL) (P(A) -- P (B) )  [6] 

Similar to the constant in Eq. [4], RDL represents the 
resistance of the leak to the flux of Oz. Figure 5 shows 
a typical plot of IB vs. P(B) from which the RDL 
value is obtained. 

Breakdown . - -When  the collector bias is increased, 
a breakdown region which is characterized by an in -  
creasing collector current eventually results, as in the 
case of semiconductor transistors. Although device 
operation is precluded in this region, a brief discussion 
of breakdown properties is useful for illustrating fur- 
ther how the present structure can be used to study 
interesting aspects of ZrOz cells in a variety of gase- 
ous ambients. 

The essential features of breakdown are illustrated 
in Fig. 4. For that case, the open emitter voltage starts 
to depart from its saturation value (0.134V) at VCB 
1.2V and rises sharply to approximately 0.85V, corre- 
sponding to P(B) : 1.1 • 10 -14 kPa, where it peaks 
and eventually begins a slight decline. Simultaneously, 
Ico starts to increase gradually from its saturation 
value. With increasing VCB, /co rises more rapidly and 
for a range of collector voltages the slope of the curve 
may in some circumstances yield a dynamic resistance 
which approaches the bulk electrolyte resistance of 
the collector cell. Operation in this region is sluggish, 
being attended by long-term drifts in all electrical pa- 
rameters not fixed by the external circuit. For ex- 
ample, as YCB just reaches the point of breakdown, 
the drifts are in the direction of increasing values of 
VcB while Ico slowly decreases to a steady-state value. 
If VCB is caused to increase beyond 3-4V, however, 
Ico tends to increase continuously with time. These 
drifts are probably associated respectively with a re- 
duction and finally decomposition of the collector elec- 
trolyte (7) consistent with the low values of P(B) 
indicated by VEB.  The details of breakdown are sys- 
tematically influenced by the composition of the am- 
bient gas phase both in the amount of Os present and 
in the nature of the carrier gas employed. For example, 
the onset of breakdown occurs at smaller VCB values 
as P(A) decreases. 
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Fig. $. Collector current vs. 02 partial pressure in the base with 
the emitter open circuited. 

Employing single ZrO2 cells in the form of platelets 
or tubes, numerous authors (9, 15) have observed 
current breakdown subsequent to a saturation region. 
Yanagida et al. (10) suggested that with increasing ap- 
plied voltage, the effective 02 partial pressure at the 
Pt/electrolyte interface of the cathode, P(CB), has 
been lowered sufficiently to reduce the electrolyte re- 
sulting in an enhanced degree of electronic conduc- 
tivity. Initially present only at the cathode surface, 
this conductivity would eventually spread throughout 
the electrolyte as VCB increases. Such a surface con- 
ductivity could render the entire electrolyte surface 
active for taking up the ambient 02, thereby remov- 
ing a portion of the electrode polarization and allow- 
ing additional O2 to be pumped. We have observed 
that if Vc is initially applied so that VcB lies in the 
breakdown region and is then removed, VEB and the 
open-circuit value of VcB remain at high values 
(~0.8V) for a period of time before each relaxes to 
0.0V. The longer that Vc is applied, the longer it takes 
for the relaxation to occur. Recovery times are even 
longer if the O2 content in the ambient is reduced 
.These observations are consistent with a cumulative 
reduction of the electrolyte. After Vc has been re- 
moved, the reduced ceramic continues to pump 02 
until it eventually equilibrates with P(A) .  Lower 
P (A) prolongs the relaxation. 

Using open-ended tubular electrolytes, others (9) 
have found that the very low O3 pressures (e.g., 10-14 
kPa) achieved with 02 pumping are not due to the 
complete electrochemical removal of O~, but are a 
consequence of the presence of CO2, H20, or other 
oxygen-bearing species present as impurities in the 
feedgas. With sufficient pumping voltage, these species 
are electrolyzed producing CO or H2 whose reaction 
with the remaining O2 is catalyzed by the Pt elec- 
trodes. Since these oxidation reactions are strongly 
favored, very low O2 pressures will result if the stoi- 
chiometric ratio for the unreacted species can be ap- 
proached (e.g., if [Pco(B)/Pof(B)]  ~ 2). For a given 
pump voltage this condition will be promoted if the 
feedgas contains larger C02 or tt20 pressures or lower 
O2 pressures. Figure 6 shows plots of Ico and V~B vs. 
VcB for the same device when the ambient gases are 
nominally 0.25% 02 in CO2 and 0.25% Os in Nf~. The 
behavior is nearly identical until breakdown, which 
occurs much earlier for the ambient containing CO2. 
For the present interpretation, the COs result is ex- 
plained by a substantial COs electrolysis which quickly 
produces enough CO to eliminate the remaining 02. 
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The da ta  shown in Fig. 7 a re  also consis tent  w i th  
these resul ts .  When  Os is in jec ted  into the  base  'with 
a f o r w a r d - b i a s e d  emi t t e r  cell, the  b r e a k d o w n  moves  
to h igher  VCB vol tages  due to the increased  va lue  of 
P ( B )  at  sa tura t ion.  Besides the  progress ive  negat ive  
shif t  of the charac ter i s t ic  due p r i m a r i l y  to the  IR drop 
in the  emit ter ,  the main  fea ture  is the shif t  of the  
b r e a k d o w n  to h igher  VCB with  increas ing  IE. This 
coupl ing be tween  ou tpu t  (col lector)  and input  ( emi t -  
te r )  c i rcui ts  is a form of in te rna l  vo l tage  feedback  
which, a l though presen t  in convent ional  semiconductor  
t ransis tors ,  is much l a rge r  in the p resen t  device. 

At  low collector  voltages,  VEB is negat ive  for posi-  
t ive values of IE. This is due to both  the IR drop in the 
emi t t e r  e lec t ro ly te  and  the Nerns t  emf resul t ing  f rom 
the " o v e r p r e s s u r i n g "  of the  base [P (B)  > P ( A ) ]  
when the in jec ted  O~, ins tead of being e lec t rochemi-  
cal ly  collected, is forced out  the  leak. This is also 
seen in Fig.  2 where,  wi th  increas ing  IE, the  Ic ----- 0 
in te rcept  shifts to nega t ive  VcB values  as the  base is 
overpressured .  

In  summary ,  the ma in  processes occurr ing  at  b r e a k -  
down appea r  to be accountable  in te rms of phenomena  
p rev ious ly  observed wi th  ZrO2 cells. As was the  case 
in the p r io r  discussion of cathode polar izat ion,  the  
p resen t  device s t ruc ture  al lows these processes to be 
mani fes ted  in a m a n n e r  which is pa r t i cu l a r l y  con- 
ven ien t  for s tudy.  

Steady-state modeL--Using the  values  of  RDC and 
RDL obta ined  f rom the leakage  curve,  the  s t eady-s t a t e  
device behav io r  can be modeled  by  assuming tha t  each 
cell  represen ts  a circui t  e l ement  which  shows an IR 
drop due to e lec t ro ly te  res is tance and a Nernst  emf  
consis tent  wi th  the 02 pa r t i a l  pressures  at  each e lec-  
trode. For  an emi t t e r  circuit  wi thout  an ex te rna l  
series resistor ,  one has  

RT P (A) 
VE = IERE - -  in ~ [7] 

4F P ( B )  

whi le  for the col lector  circui t  

RT P ( A )  
V c = I c ( R L + R c )  + ~ i n - -  [8] 

4F P ( C B )  
and 

VCB = Vc --  ICRL [9] 

Equat ions  [3] and [5]-[8]  a l low computa t ion  of the  
input  and  ou tput  charac ter i s t ics  for  any  su i tab le  i n -  
dependen t  var iable .  

. 8  

. 6  

. 4  

r . 2  
I- 
.J 
o 

0 
m 
al 

> - .2  

- . 4  

- . 6  

i 

P ( A )  , I . 0  k P a  

T -  8 0 0  ~ 

" rE=  OmA 

S 

i i i 

2 

I I I I 

.5 1.0 i .5 2 .0  

V c B  ( V O L T S )  

Fig. 7. Emitter to base voltage vs. collector to base voltage for 
various emitter currents. 

A l imi t ing  case occurs when  leakage  is nonex is ten t  
(RDL ~ oO ) and the O2 t r anspor t  l imi ta t ion  b y  the  
col lector  cathode is negl ig ible  (RDc ---~ 0). In  tha t  case 

] P ( B )  = P ( A )  exp ~ (Vc --  IE(RL "-~ RC)) 

and 
I B  ---: 0, 

IE =Ic -" 

[Zo] 
P(CB) = P(B) 

Vc + VE 

(RL -t- Rc "t- RE) 

As is reasonable, the external current is determined 
by the series combination of applied voltages and 
ohmic resistances, the base electrodes acting as short 
circuits.  The s t eady-s t a t e  value  of P ( B )  is exponen-  
t ia l ly  p romoted  by  IE which  injects  O2 and d iminished  
by  Vc which  wi thd raws  O~. 

Using pa rame te r s  appropr i a t e  for the da ta  of Fig. 2 
(RDL -- 9.68 X 102 k P a - A - * ,  RDC ---- 5.9 k P a - A  -z,  RE 
---- 60~, Rc --  56Q, P ( A )  ---- 1.0 kPa,  T = I 0 7 3 K ) ,  
Fig. 8 shows the collector  character is t ic  ob ta ined  f rom 
a solution of the above equations.  There  is reasonable  
ag reemen t  wi th  Fig. 2 if  the  b r e a k d o w n  phenomenon  
which is not  inc luded in the  mode l  is ignored.  At  low 
values  of VCB the curva ture  of the  measured  ou tput  
character is t ic  has as much as 30% lower  cur ren t  va l -  
ues than  the computed  data.  This m a y  in pa r t  reflect  
an overs impli f ied choice of n and RDC to specify  the  
cathode polar izat ion.  Al though  the model,  and  the  
l a t t e r  aspect  in par t icu la r ,  is not  exact,  i t  proves  ve ry  
useful  for de te rmin ing  t rends  in device behav ior  wi th  
p a r a m e t e r  var iat ions.  

The ex ten t  of the  02 ac t iv i ty  drop tha t  develops  
across the  cathode is shown by  the mode l  resul ts  of 
Fig. 9 where  P ( B )  and P ( C B )  are  p lo t t ed  as a func-  
t ion of VCB for IE --  0 and 2 mA. At  a given VCB bo th  
P ( B )  and P ( C B )  increase  wi th  increas ing  emi t t e r  
current .  

F ina l ly ,  unl ike  a semiconductor  t ransis tor ,  the  p res -  
ent  device has four  ex te rna l  t e rmina l s  if  the base  leads  
of the emi t t e r  and col lector  cells a re  not  connected.  
This al lows a degree  of f lexibi l i ty  in b ias ing as shown 
by the three  a l t e rna te  a r r angemen t s  of Fig.  10 which  
all  resul t  in nea r ly  equiva len t  CB- type  per formance .  
The ma jo r  effect of the  different  a r r angement s  is to 
a l low the po la r i ty  of the  b ias ing for  each cel l  to be  
var ied.  Fur the r ,  for  the  a r r angemen t s  of Fig.  10b and  
10e, the  l ow- f r equency  input  and ou tput  s ignals  wi l l  
be in phase  which is no rma l  for  CB mode,  whi le  for  
the  a r rangement s  of Fig. 10a and b the  signals wi l l  
be 180 ~ out  of phase which is a n e w  feature.  
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Small-signal analysis.--As discussed previously, the 
device can be used as a small-signal amplifier in a 
manner analogous to that  for npn transistors. In the 
CB mode Vc and VE are adjusted to establish an oper- 
ating point on the output characteristic. The slope of 
the load line is set by RL. Inspection of Fig. 2 shows 
that  even with a near  vertical load line (low RL), 
current gain, GI : AIc/~IE (where h signifies small-  
signal values),  will never exceed unity as is typical 
for the CB mode. For a load line with a much smaller 
slope, voltage gain, Gv -- AVcB/AVEB, can be realized. 
In fact voltage gains of 70 have been measured. Phys- 
ically, gain results because the input modulation 
nVEB, produces a small variation in P (B) ,  which 
under saturation conditions and with a large RL, pro-  
duces a much larger  percentage variation in P(CB) .  
The la t ter  variation, through the Nernst term in Eq. 
[8], provides the dominant modulation of the col- 

lector-cell  voltage drop. 
Characterization of amplification properties is most 

conveniently done using the standard small-signal pa-  
rametrization of the steady-state input and output 
characteristics for a given mode. These parameters 
quantify the components of a smalI-signal equivalent 
circuit from which the low-frequency a-c response 
of the device can be computed. Hybrid parameters  are 
used in the present work and their properties are dis- 

cussed in Ref. (16). Choosing a typical operating point 
in the saturation region for the data under discussion, 
one finds (Fig. 2) that  the current amplification factor 
~rb -- (AIc/AIE)vCB -- 1.00 indicating that all of the 
emitted current is collected. The conductance hob -- 
(aIc/aVcB)IE -- 2 • 10-4 mhos shows the small slope 
of the saturated collector characteristic. The e m i t t e r  
input resistance hib "-- (~VEs/~IE) = 60~ is accounted 
for by the emitter  electrolyte resistance. This quantity 
is most easily obtained from Fig. 3. The reverse ampli-  
fication factor IZrb = ( A V E B / A V c B ) I  C --- 10 - 2  and c a n  
most easily be obtained from Fig. 7. This parameter  
quantifies the internal  feedback proper ty  discussed 
previously. In this case ~rb is larger  than for Si transis- 
tors (~10 -4) and reflects the fact that P(B)  is chang- 
ing slightly in the region of collector saturation with 
the result that the Nernst component of VEB is af- 
fected. Using these parameters, well-known formulas 
(16) exist for computing gain coefficients as well as 
input and output resistances in the various amplifier 
operating modes. Useful and instructive approxima- 
tions to these coefficients can be obtained from the 
model equations. For example, although a variation 
hVEB will produce a modulation ~P(B) ,  a reasonable 
approximation is that h In ( P ( B ) / P ( A ) )  is small in 
Eq. [7] so that the input resistance RI~ is given by  

AVEB 
RIN = ~IE ~ RE [11]  

Further,  in the region of saturation P(CB) < <  P(B)  
and Eq. [3], [5], and [6] can be used to obtain a cur-  
rent  gain Gz given by 

AIc RDL 
GI "- hI--~ "~ RDL -~- RDC [12] 

Using RDL and RDC values for the sample of Fig. 2, 
G1 ,~ 0.994 while the measured gain is essentially 
unity for low values of RL (the effect of RL on gains 
for the actual and model results in discussed more 
fully below). GI < 1.0 because an increase in IE pro- 
duces a corresponding increase in P(B)  which serves 
to reduce the leakage current Im Since the collector is 
drawing both the emitted and leakage currents, 
(AIC/AIE) < 1. Final ly  from Eq. [9] one finds t h a t  
~VcB : -- ~IcRL. Using Eq. [11] and [12] in this r e -  
l a t i o n  yields a voltage gain given by  

AVcB RBLRn -" G I R L  R L  [13] G V - - - - - -  
hVEB (RDL + RDC)RE RE RE 

For low RL (<  104~) experimental  results reasonably 
approximate this prediction. 

The model can also be used to separately calculate 
all of the small-signal hybrid parameters.  The results 
are only simple under saturation conditions where one 
finds ~Urb : hob : 0, hib : RE, and afb "-  R D L / ( R D L  -~ 
RDC)- The null result for the first two parameters is 
consistent with the neglect of any breakdown pro-  
cesses in the model which results in "hard" satura-  
tion behavior. This model deficiency leads to errors 
when one attempts to calculate limiting amplification 
parameters [e.g., maximum possible voltage or cur- 
rent gains, maximum (minimum) input (output) re-  
sistances]. For example, the model calculation shows 
voltage gain increasing indefinitely with RL, whereas 
experimental ly the gain saturates at high RL. Perusal 
of the small-signal analyses shows that  this saturation 
is expected due to the nonzero values of ~rb and hob. 
Although the model is not accurate in these limiting 
calculations, it proves useful for identifying device 
parameters which should be modified to improve 
amplification features. 

Common emitter (CE) and collector (CC) configura- 
tions.--As with semiconducting transistors, the present 
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device can be wi red  in the CE a n d  CC configurations. 
Qua l i t a t ive ly  a l l  of the  s t eady-s t a t e  and  a -c  f e a tur e s  
n o r m a l l y  associated wi th  these configurat ions are 
mani fes ted  by  the p resen t  device. These include both  
a-c  cu r ren t  and vol tage  gain in the  CE mode as wel l  
as cur ren t  gain  in the  CC mode.  As wi th  the  CB mode,  
model  calculat ions provide  a good qual i ta t ive  descr ip-  
t ion of s t eady-s t a t e  character is t ics .  Low f requency  gain  
pa r ame te r s  de t e rmined  by  RI)L, RDc, and  o the r  e x -  
t e rna l  circui t  pa r ame te r s  a re  in  reasonable  ag reemen t  
wi th  exper iment .  Since no n e w  device  pa r ame te r s  or 
cell  character is t ics  are  r evea led  b y  these modes,  the i r  
de ta i led  p roper t i e s  a re  not  discussed. 

Frequency response.raThe sma l l - s igna l  f r equency  r e -  
sponse of the  device is de t e rmined  by  two capaci t ive  
aspects  of the s t ructure .  The most  impor t an t  is the  
double  l aye r  capaci ty  of the col lector  cathode which  
is p rominen t  under  condit ions of col lector  saturat ion.  
The second is the  pseudocapac i ty  associated wi th  
changing the value  of P ( B )  wi th in  the  base  volume.  
Specifically,  t r ans ien t  cur ren ts  in excess or deficit of 
s t eady-s t a t e  values  mus t  be d r a w n  in the emi t t e r  c i r -  
cuit  to modi fy  P ( B )  which in  t u rn  de te rmines  the  
amount  of cur ren t  d rawn  in the col lector  circuit .  The 
magni tude  of  these t ransients ,  and  cor responding ly  
the  pseudocapaci ty ,  wi l l  be p ropor t iona l  to the  mag-  
n i tude  of the base volume. Elec t r ica l ly  these effects a re  
mani fes ted  by  changes in the  Nerns t  emf. In  semicon-  
duct ing t ransis tors  the  analog is the  so-ca l led  diffusion 
pseudocapac i ty  in which  the emi t t e r  must  i n j e c t / w i t h -  
d r a w  an excess of minor i ty  car r ie rs  f rom the base 
in o rde r  to suppor t  a diffusion cur ren t  of minor i ty  
car r ie rs  across the  base. 

Which of the two capaci t ive  effects l imi t  the f re -  
quency response depends  on the e x t e r n a l  ciricuit .  RL 
is the  key  pa rame te r .  As discussed below, the  double  
l aye r  capac i ty  (C) is on the  o rde r  of 0.1 X 1 0 - s F  for  
the  p resen t  device geomet ry  and opera t ing  condit ions.  
When  in series wi th  R L : 10312, one has  a t ime con- 
s tan t  �9 = RLC ~ 0.1 sec. Fo r  the same condit ions,  the  
t ime constant ,  ~p, associated wi th  the  pseudocapaci ty ,  
Cp, is a p p r o x i m a t e l y  10 -2 sec (see be low) .  Hence 
double  l ayer  effects a re  l imit ing.  Large  values  of RL 
(wi th  the  a t t endan t  loss of f requency  response)  a re  
appropr i a t e  to achieve vol tage gain in the  CB mode.  
In the CC and CE modes however ,  ve ry  low values  
of RL are  app rop r i a t e  for rea l iz ing a -c  cur ren t  gain. 
Al though double  l aye r  effects would  then  be g rea t ly  
reduced,  pseudocapac i ty  emerges  as the  response l im i t -  
ing factor.  

Because the double  l aye r  capaci ty  at  the  Pt /ZrO2 
interface  is so large,  pseudocapaci t ive  effects a re  usu-  
a l ly  of secondary  impor tance  and wil l  not  be dis-  
cussed in detai l .  I t  is wor th  not ing however  tha t  ~p 
is not de te rmined  solely by  the resistance,  RE, of the  
emi t t e r  circuit.  This is because  the  l eak  and the 
sa tu ra ted  col lector  cell  act as effective shunt  resis tances 
of Cp. This can be unders tood by  consider ing tha t  both  
act to modera te  or  offset the  effect of the  emi t t e r  cell  
in changing P ( B ) .  In  pract ice  the effective shunt  r e -  
sistance of the  collector  is qui te  smal l  ( , -1~)  and f ixes  
Tp at a p p r o x i m a t e l y  10 .2  see for  devices used in  this  
work.  More de ta i l  on this  aspect  wi l l  be given in a fu-  
ture  pub l ica t ion  (17) concerning use of the  device  as 
an 0 2  sensor.  

The double  l a y e r  capac i ty  of the  Pt /ZrO2 in te r face  
is wel l  i l lus t ra ted  in the  CB configuration.  F igure  11 
shows expe r imen ta l  resul ts  for  the  ro l l  off in smal l -  
signal  CB vol tage  gain, Gv = hVCB/hVEB, wi th  in-  
creasing f requency  for  severa l  va lues  of RL. Also 
shown is the  phase  angle  b y  which the ou tput  lags 
the input.  The drop  in response occurs at  lower  f re -  
quencies for l a rge r  RL values  indica t ing  tha t  capaci ty  
in the col lector  circuit  is the cause of the  ro l l  off. 
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Fig. 11. Experimental results for a combined frequency plot of 
the normalized small-signal voltage gain and the phase shift of 
the collector voltage relative to the emitter voltage for various 
RL values. The zero frequency gains in each case are G (RL = 
I04D,) = 30, G (RL = 10312) = 12, G (RL = 1020,) = 3. 

Previous  studies (18) have  shown tha t  the appa ren t  
double  l aye r  capacit ies  at  the  Pt /ZrO~ in ter face  can  
be very  high, on the o rde r  of severa l  h u n d r e d  ~F/cm~. 
Dur ing  opera t ion  in the  sa tura t ion  region,  the  modu la -  
t ion hVcB is l a rge ly  accomplished b y  changes in the  
polar iza t ion  emf which mus t  be suppor ted  b y  the 
cha rg ing /d i scharg ing  of the cathode double  l aye r  ca -  
pac i ty  th rough  RT.. This capaci ty  was s tudied  b y  b ias-  
ing the  collector  to the sa tura t ion  region and moni to r -  
ing the t rans ien t  response of Ic to super imposed  vo l t -  
age pulses of 0.1V. If  no anode polar iza t ion  is assumed,  
and since the  cathode is b locking for  any  s t eady-s t a t e  
increase in current ,  the  cathode is i sola ted for t r an -  
sient capaci ty  studies.  The t ime in tegra l  of  the  ob-  
served  changing current ,  when  d iv ided  b y  the vol tage  
increment ,  y ie lds  a capaci tance of a p p r o x i m a t e l y  250 
~F/cm 2" at 800~ For  a 0.35 cm2 cathode a rea  and 
RL : 10aQ, one finds T = RLC ~ 0.09 sec and (1/2xr)  

2 Hz, a f requency  in the range  of most  r ap id  gain 
decrease  (Fig. 11). This capaci ty  was found to be  in-  
dependent  of bias vol tage  in the  sa tu ra t ion  region.  

The capaci ty  measured  wi th  the pulse  technique 
increased wi th  t empera tu re  as shown in Fig. 12, wi th  
an act ivat ion energy  hE = 10.5 kca l /mol .  A s imi la r  
t empe ra tu r e  dependence  was found b y  Chu and Seitz 
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Fig. 12. Collector cathode double layer capacity vs. I / T  com- 
puted from experimental results. 
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(19). As far as the authors know, no adequate theory 
has been advanced to explain these capacitive prop- 
erties. It seems reasonable to speculate that the large 
apparent  capacities may in part  be due to the part ial  
reduction and oxidation of the electrolyte adjacent 
to the Pt cathode as it attempts to come to equilibrium 
with changing values of P(CB) during voltage appli-  
cations. Such an effect would also be promoted by 
higher temperatures as is observed. 

As RL is reduced, the frequency response of the de- 
vice improves until  the pseudocapacitive effects dis- 
cussed previously become limiting. As mentioned at 
the beginning, the low frequency response dictated by 
these effects coupled with a high operating tempera-  
ture will undoubtedly l imit  the usefulness of the pres- 
ent device to special applications. 

Summary 
In summary, the present device illustrates an ap-  

proach to transistor action in which a chemical species 
at a high ambient act ivi ty is emitted into a base region 
from which it is collected and returned to the 
ambient. Voltage, current, and power gain can 
be realized by the appropriate choice of external  cir- 
cuits and their  parameters. As mentioned previously, 
this approach appears general and hence applicable to 
a variety of other electrochemical systems. For a given 
atomic species chosen as a charge carrier, a reasonable 
first choice of emitter and collector electrolyte would 
be dictated by the necessity of high ionic conductivity. 
The key technical problem would probably be the fab- 
rication of a leak-t ight  or near ly  leak-t ight  base 
structure or medium which would support a large 
variation in the activity of the species. The specialized 
circumstances attending the use of different elec- 
trochemical systems will probably result in equally 
specialized applications. 
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Reduction of Concentration Overpotential in 
Pulsed Current Electrolysis 

A. A. Bedrossian I and H. Y. Cheh* 
Department of Chemical Engineering and Applied Chemistry, Columbia University, New York, New York 10027 

ABSTRACT 

Pulsed current electrolysis reduces irreversibil i t ies from mass transfer 
limitations. This results in an increase of the reacting species concentration 
in the diffusion layer  and a reduction of the concentration overpotential.  
Consequently, high values of instantaneous currents have often been applied 
in practice. In this paper, theoretical calculations are presented for the re-  
duction of concentration overpotential by pulsed current electrolysis. Ex- 
perimental  verification of the theoretical results is given. 

Recently, the application of pulsed current to elec- 
trochemical systems has gained a great deal of at ten-  
tion. Cheh (1) and Ibl (2) have reported independently 
mass transfer studies of pulsed current electrolysis by 
using a Nernst diffusion model. Hale (3, 4) and Vis- 

* E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
Present address: Halcon Research and Development Corpora- 

tion, N e w  Y o r k  N Y  10016. 
Key words: concentration overpotential, pulsed electrolysis. 

wanathan et al. (5) have included convection as well 
as diffusion in mass transfer calculations. It has also 
been shown, that for short pulses under reasonable 
convective conditions, calculations based on the diffu- 
sion model yield adequate results (5). In this paper, 
calculations on the reduction of concentration over- 
potential by pulsed current electrolysis are reported. 
Experimental verification of these calculations is pre- 
sented. 
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Theoret ical  
Concentra t ion  overpoten t ia l  is defined by 

RT c i  

nF Cb 

where  ~le is the  concentra t ion  overpotent ia l ,  ci and Cb 
are  the  concentra t ion  of the reac t ing  species at  the 
e lec t rode-so lu t ion  interface  and in the bu lk  solution, 
respect ively ,  and  R, T, n, and  F have  the i r  usual  mean-  
ings. 

Under  d-c  e lectrolysis  condit ion the  concentra t ion 
overpotent ia l ,  (~dc)b is f r equen t ly  expressed  in te rms 
of the  l imi t ing cur ren t  dens i ty  for the react ion by  

where  

RT l n ( 1  / d e )  
(~de) l ---- n F  (/~c) l [2] 

(iae)i = -- nFDcb/~ [3] 

iae is the  app l ied  d-c  cur ren t  density,  (ide)l is the d -c  
l imi t ing cur ren t  dens i ty  for the reaction,  D is the di f -  
fusion coefficient of the  react ing ion, and  ~ is the th ick-  
ness of the diffusion layer  under  direct  cur ren t  condi-  
tions. 

In  accordance  wi th  the Nerns t  diffusion model,  ci 
under  pulsed cu r ren t  and per iodic  state condit ions (1) 
can be ca lcula ted  along the lines given in (1) : 

Dur ing  per iods  when  the cu r r en t  is on 

(ci - -  C b ) n F D  

ip8 

0o 
8 ~ .  e x p [ - - ( 2 j - -  1)eaT] 

K 2 j=l  (2j - -  1) 3 

(exp [ (2j --  1) 3ao] - -  exp [ (2j --  1 ) ~a01 ] ) 

( e x p [ ( 2 j  -- 1)3a#] --  1) 
[4] 

Dur ing  per iods  when the cur ren t  is off 

( c i - -  cb)nFD = - - 8  ~ e x p [ - - ( 2 j  -- 1)3a~J 

ip~ II 2 j=l  (2j -- 1) 2 

where  

(exp [ (2j --  1) 2ao] - -  exp [ (2j - -  1) ~aol] ) 
[5] 

( e x p [ ( 2 j  --  1)Ca0] --  1) 

a = I l eD /483  [6] 

Dur ing  per iods  when the cur ren t  is off 

(~p)e 

(~d~) e 

[ /p 8 ~ exp[--(2j--l)2a,] 
= in  1 (~2)~ 112 ~=~ ~ -  ~~ 

(exp [ (2j --  1 ) 2ao] - -  exp [ (2j --  1 )3a01 ] ) ]/ 
ip 

l n ( 1  ( i : ) i )  [9] 

where  (~p)e is the  concentra t ion  overpo ten t i a l  under  
pulsed and per iodic  state conditions. 

Since 01p)c is a funct ion of t ime in a g iven period,  
the average  reduct ion  for one comple te  cycle is given 
by  

1 - '  
L ~ -  avg 01 + 03 

[101 
�9 Eq.X91 

Equat ions [8]-[10] provide  a complete  descr ip t ion  os 
the  reduct ion  of concentra t ion overpoten t ia l  under  
pulsed conditions. Numer ica l  evaluat ions  of these equa-  
tions are  i l lus t ra ted  at  var ious  values  of i p / ( i d c ) i  and 
aO = 0.5. Typica l  resul ts  f rom Eq. [8] and [9] at 01/0 = 
0.4 are  shown in Fig. 1. In  this figure, the region, 0 < 
a~ --~ 0.2, represents  the per iod  when  the  cur ren t  is on 
whereas  the region, 0.2 < aT L 0.5, is the per iod  when 
the cur ren t  is off. I t  is seen that  the concentra t ion over -  
potent ia l  increases dur ing  the on-per iod  and the con- 
cent ra t ion  overpo ten t i a l  decreases dur ing  the  off- 
period. Results  f rom Eq. [10] a re  p re sen ted - in  Fig. 2 
which shows the  average  va lue  of the concentra t ion 
overpoten t ia l  under  pulsed condit ions as a function of 
appl ied  pulsed cur ren t  dens i ty  and du ty  cycle. At  
ve ry  low currents,  the  appl ica t ion  of pulsed cu r ren t  has 
l i t t le  effect on the mass t ransfe r  of the system. This 
fact  is responsible  for the resul t  t ha t  as i p / ( i d c ) l  -'> 0, 
(~p)c/(~dc)c "-> 01/0. On the o ther  hand, when iv in-  
creases, the  value of (~,)c/(~ld~)~ decreases. This is 
because as the  d-c  l imi t ing  cur ren t  dens i ty  is ap-  
proached,  the  value  of (~dc)c also increases drast ical ly .  

= t - N o  [7] 

ip is the appl ied  pulsed cur ren t  density,  0 is the cycle 
t ime of the pulse, 01 and 02 are  the on and off per iod 
of the pulse, respect ively,  and N is the  number  os cy-  
cles a l r e ady  passed. 

By combining Eq. [1] to [5] and by  assuming tha t  ip 
is equa l  to /de, the reduct ion  of concentra t ion over -  
potent ia l  by  pulsed cur ren t  e lectrolysis  when the sys-  
tem has reached a per iodic  s ta te  can be ca lcula ted  by:  

Dur ing  per iods  when  the cu r r en t  is on 

(~P)------.LC=ln[ 1 i~ 
(nae)~ (ide)l 

8 ~ e x p [ - - ( 2 j - -  1)2a~] 

1 I1 ~ ~=1 ( 2 j - -  1) 2 

( e x p [ ( 2 j  --  1)2ao] --  1) 

i p  

2 

F 

1.0 

0 , 8  - -  

0.6 - -  
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Fig. 1. Instantaneous values of 01p)e/(r~dc)c. Duty cycle = 0.4, 
aO = 0,5. 
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Fig. 2. Theoretical and experimental values of the average re- 
duction of concentration overpotential. (a0 = 0.5). 

Exper imental  
The exper imenta l  system consisted of a Pine Ins t ru-  

men t  rotat ing Pt  disk electrode (area = 0.46 cm2), a Pt  
counterelectrode, a saturated calomel reference elec- 
tro.de with a Luggin capil lary and an electrolyte con- 
ta ining 3 mM K4Fe(CN)6 and 3 mM K~Fe(CN)6 in 1M 
KC1. A Tacussel function generator (Model G STP-3C) 
and a Kepeo power supply (Model BOP36-1.5M) were 
used as cu r ren t  sources for d-c and pulsed current  
electrolysis. The potent ial  between the rotat ing disk 
electrode and the reference electrode was measured and 
recorded on a Tektronix  oscilloscope (Model 5103N). 
In the present  system, it was found that the location 
of the reference electrode had a negligible effect on the 
overpotential  measurements.  

In  order to compare exper imental  results with those 
predicted by Eq. [8] and [9], overpotentials under  both 
d-c and pulsed conditions were measured. It was also 
found that  the activation overpotent ial  contr ibuted a 
significant portion of the total overpotential.  In the 
presence of an excess support ing electrolyte, the con- 
centrat ion overpotential  is represented by the differ- 
ence between the total and the activation overpotent ial  
(6). Direct cur rent -potent ia l  relationship was mea-  
sured at six rotat ion speeds in order to determine the 
d-c l imit ing current  densities, t ranspor t  properties, ki-  
netic parameters,  act ivation and concentrat ion over-  
potentials. Exper imenta l  cur rent -potent ia l  curves are 
given in Fig. 3 and detailed analyses of the results 
are presented in the Appendix. Based on the mea-  
sured values of t ransport  properties, the cycle times 
for pulses were chosen for different rotat ing speeds 
such that aa was always 0.5. The applied pulse current  
densities were 0.2, 0.4, 0.6, and 0.8 of (idc)l. Experi-  
mental  pulsed current -potent ia l  quahta t ive ly  similar 
to those in  Fig. 1 were recorded on an oscilloscope at 
duty cycles of 0.2, 0.4, 0.6, and 0.8. The average poten-  
tial over an entire cycle was then integrated graphi-  
cally. After  subtract ing the activation overpotent ial  
from the total overpotential,  the exper imental  concen- 
trat ion overpotential  results are included in Fig. 2. 
There is good agreement  between the theoretical and 
exper imental  results. 

Conclusions 
The reduction of concentrat ion overpotential  by 

pulsed current  electrolysis was calculated by using a 
Nernst  diffusion model. The results were compared 
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Fig. 3. Current-potential behavior for the ferri-ferrocyanide sys- 
tem. 

with exper imental  measurements  which were made 
in a ferr i - ferrocyanide system with an excess of sup- 
port ing electrolyte. Good agreements were obtained 
between the theoretical and exper imental  results. 
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APPENDIX 

Evaluation of Diffusion Coefficients of [ Fe(CN)6] -s  and 
[Fe(CN)] - 4  

The d-c l imit ing current  densities for both cathodic 
and anodic reactions w e r e  measured from cur ren t -  
potential  curves at six rotation speeds. The kinematic  
viscosity for the electrolyte was measured by an 
Ostwald viscometer and was found to be 0.01 cm2/sec. 
The diffusion coefiicien~ was then calculated by the fol- 
lowing equation which was first derived by Newman 
(7) 

0.62048nF~Sc-~/3~l/2~w~Cb 
(idc) I = [A-1] 

1 -t- 0.298Sc -1/3 + 0.14514Sc-a/z 

where v is the kinematic  viscosity of the electrolyte, 
is the rotat ion speed, and Sc is the Schmidt number  
which is v/D. The diffusion coefficients which fitted best 
results from the six rotat ion speeds were found to be 
6.9 • 10 -6 cm2/sec for [Fe(CN)6] -3 and 8.4 • 10 -6 
cme/sec for [Fe(CN)6] -4 at 22 ~ • I~ Once the dif-  
fusion coefficients are known, the thickness of the 
Nernst  diffusion layer can be calculated readily by 
Eq. [3]. 
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Evaluation of the Kinetic Parameters 
We begin  wi th  the Bu t l e r -Vo lmer  equat ion to r ep re -  

sent  the f e r r i - f e r rocyan ide  sys tem 

11 [A-21 

where  io is the  exchange  cu r r en t  densi ty,  ~ is the  t r ans -  
fer  coe~cien t ,  and  il,a and il,e a re  the  anodic and ca th-  
odic l imi t ing  cur ren t  densities.  By different ia t ing i 
w.r.t.~l and eva lua t ing  the resu l t  at  ~ : 0, we obta in  

io ---- [A-3] 

R---T -F il,~ il,a ,=o 

This equat ion al lows one to eva lua te  ia f rom exper i -  
menta l  da ta  at  each ro ta t ing  speed. The average  value  
of io over  the six ro ta t ion speeds was found to be 5.73 
m A / c m  2. The t rans fe r  coefficient a can then be eva lu -  
a ted  by  app ly ing  Eq. [Aml] to the exper imen ta l  data. 
The value  of a was es t imated to be 0.16. 

Fo r  a sys tem wi th  an excess suppor t ing  electrolyte ,  
~1 is the  sum of ~c and 11a where  ~a is the act ivat ion 
overpoten t ia l  which can be de te rmined  by  

, - - - - i o [ e x p ( ~  - - e x p (  - - ( 1 - - a ) n F  ~ a ) ]  
RT 

[A-4] 
uc can now be de te rmined  by  subt rac t ing  ~a from 
which has been de te rmined  exper imenta l ly .  

LIST OF SYMBOLS 
a a constant  defined in Eq. [6] 
Cb, ci concentra t ion of reac t ing  ion at the e lect rode 

surface and in the buIk  solution, respect ive ly  

D 
F 
i 
idc, iv 

(idc)l 
il,a, il,c 

io 
n 
N 
R 
Sc 
T 
t 

8 

~a, ~lc 

diffusion coefficient of reac t ing  ion 
F a r a d a y ' s  constant  
cur ren t  dens i ty  
d-c  cur ren t  density,  and pulsed cur ren t  den-  
sity, respec t ive ly  
d -c  l imit ing cur ren t  dens i ty  
anodic l imi t ing cur ren t  dens i ty  and cathodic 
l imi t ing cur ren t  density,  respec t ive ly  
exchange cur ren t  dens i ty  
number  of electrons t r ans fe r red  in reac t ion  
number  of cycles in a pulse Wain 
universa l  gas constant  
Sclunidt  number  
t empera tu re  
t ime 
t ransfe r  coefficient 
thickness of the Nernst  diffusion layer 
overpo ten t ia l  
ac t ivat ion overpo ten t ia l  and pulse concent ra-  
tion, respec t ive ly  

(11de)c, ( ~ p ) c  d-c concentra t ion overpo ten t ia l  and pulse 
concentrat ion overpotent ia l ,  respect ive ly  

el, e2, ~ on- t ime,  off-time, and cycle t ime of a pulse, 
respect ive ly  

v k inemat ic  viscosity of the e lec t ro ly te  
T t ime defined in Eq. [7] 

rota t ion speed 
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Investigation of Laser-Enhanced Electroplating Mechanisms 
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ABSTRACT 

The mechanism responsible  for the ve ry  high pla t ing rates  a t  e lectrodes 
i l lumina ted  by  a laser  beam was invest igated.  Absorp t ion  of the  laser  energy 
by  the e lect rode resul ts  in a localized increase in t empera tu re  at  the me ta l -  
solut ion interface.  This leads to: (i) a shift  in the  rest  potent ia l ,  (ii) an in-  
crease in the charge t ransfe r  rate,  and (iii) s t rong micros t i r r ing  of the  solu-  
t ion due to the rmal  gradients  and, at high laser  power  densit ies,  to s t rong 
local boiling. Verif icat ion of the first two effects was achieved by  measur ing  
the enhancement  in p la t ing  ra tes  as a funct ion of overpotent ia l ,  l aser  power,  
and  subs t ra te  thickness  and by  compar ing  these resul ts  wi th  measu re -  
ments  using solutions at var ious  bulk  tempera tures .  Observat ion  of the 
cathode through a video monitor ,  as wel l  as detect ion of bubb le  fo rmat ion  
using a min ia tu re  microphone,  verified that  a corre la t ion  exists be tween  the 
eject ion of bubbles  f rom the cathode and sharp increases  in the current .  
Appl ica t ion  of l a se r -enhanced  e lec t ropla t ing  for maskless  genera t ion  of pa t -  
terns  is also briefly discussed. 

A large  local  increase of cu r ren t  dens i ty  at  the  po in t  
of incidence of a laser  beam on a cathode was first 
r epor ted  b y  von Gutfe ld  et al. (1-3).  P la t ing  ra tes  en-  
hanced by  as much as a factor  of 1000 were  r epor t ed  
for nickel,  copper,  and gold deposit ion.  I t  has been 
shown (2-4) tha t  electroless p la t ing  and e lec t roetching 

* E l e c t r o c h e m i c a l  Socie ty  Act ive  Member .  
1Present  address: W e r n e r  F[t~hmann AG, R ings t r a s se  9, 8600 

Dubendor f ,  Swi tzer land .  
Key words :  ba t t e ry ,  boi l ing,  mask ing ,  mass  transport. 

ra tes  can also be subs tan t ia l ly  increased  b y  absorption 
of laser  l ight.  

In  this pape r  a s tudy of the enhancement  mechanism 
is presented.  The aim was to inves t iga te  whe the r  the  
laser  enhancement  is due only  to s t rong micros t i r r ing  
of the solution or  whe the r  it  is due to a significant in -  
crease in the charge t r ans fe r  rate.  In  o ther  words,  if  
the  react ion were  not  mass t r anspor t  l imi ted,  would  
the react ion ra te  be influenced signif icant ly b y  the  
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laser light absorption? In  order to answer this question 
the laser-enhanced plat ing rates were measured as a 
function of overpotential .  Solution 

Previous experiments  showed that  back i l luminat ion  
of a thin cathode led to the same enhancement  as tha t  Electrode 
for front i l luminat ion  (1). Hence a significant cont r ibu-  Laser 
tion of a photocatalytic effect is excluded. We therefore 
postulate that the phenomena  involved are related to 
a local increase of tempera ture  at the meta l -solut ion 
interface as a resul t  of laser l ight absorption. The find- 
ings reported in this paper  permit  us to elaborate on a 
thermal  model for the explanat ion  of the observed 
plat ing current  enhancements .  The influence of the 
laser power and the substrate thickness (which influ- 
ences the radial  heat  flow in the cathode) on the dep-  
osition rate and on the plated spot diameter  were also 
investigated. 

F u n d a m e n t a l  Studies 
Experimental conditions.--Experiments were con- 

ducted under  potentiostatic control in a Pyrex glass 
cell containing vertical electrodes approximately 1 cm 
on a side, Fig. 1. The laser light was directed normal ly  
onto the cathode through a small  hole in  the anode. 
The anode consisted of a copper plate, the cathode of a 
thin film of gold or copper. Thin films were used to re-  
duce heat dissipation in the cathode. In some experi-  
ments a small, well-defined, active area was required. 
The cathode was then covered by a photoresist layer  a 
few microns thick, except for a hole of the same diam- 
eter as the laser beam, measured to ~ l / e  of its maxi -  60 
m u m  intensity.  The details of this s t ructure  are given 
in Fig. 2. The laser beam diameter  was adjusted by  
positioning a microscope objective lens (2.5•  at  a 
distance from the sample so that  67% of the laser power 
was incident  on the active area of the cathode. The laser 
wavelength was chosen so that  the laser beam was es- 
sential ly not absorbed in the electrolyte, but  was at 
least par t ia l ly  absorbed at the cathode. The experi-  
mental  conditions are summarized in Table I. 

Enhanced plating rates as a function of overpoten- 
tial.--Figure 3 shows the polarization curve for the 
system Cu/CuSO4 without  laser irradiation.  In  this 
curve one clearly distinguishes the overpotential  re-  
gion in which the current  is mass t ransport  l imited 
from the region where charge t ransfer  is the l imi t ing 
step of the reaction. Figure 4 shows the polarization 
curve of the same system with periodic i r radiat ion by 
the laser. Here the laser beam diameter  was equal to 

Table I. Experimental conditions 

CuSO~, 0.05M 
H.~SO~, 1M 
Metallic film: Au or Cu 
Metallic film thickness: 500-10,000A 
Beam diameter: 100-500/~m 
Incident laser power density: 0.1-2 kW/cm ~ 
Wavelength: 5145A 

that of the active cathode area (i.e., 200 #m). Periodic 
pulsing of the laser was used to prevent  excessive plat-  
ing bui ldup that  would result  from continuous i r radi-  
ation. This ensures a more accurate measurement  of 
the plat ing enhancement ,  since the cathode is little 
changed during the short dura t ion  of the laser pulses. 
Figure 5 shows the same polarization curve as Fig. 4, 
but  with a logari thmic current  scale. The logari thmic 
current  scale allows a more accurate reading of the 
current  enhancement .  The apparent  slower current  re-  
sponse is due to an artifact of the apparatus.  The dif- 
ferent  overvoltage regions of the comb-shaped curves 
(Fig. 4 and 5) are analyzed in more detail below. 

The mass transport controlled region.--According to 
the l imit ing current  plateau of the polarization curve 
of Fig. 3, the mass t ransport  controlled deposition ex-  
tends from an overpotential  of --200 to --650 mV. In  
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Fig. 3. Polarization curve for copper electrodeposition at room 
temperature with the cathode of Fig. 2 (current and overvoltage 
are negative). Electrode diameter, 550 #m; voltage scanning speed, 
4 mV/sec. 
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Fig. I. Schematic of the apparatus 
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Fig. 2. Structure of the cathode and typical thicknesses of the 
various layers. 
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Fig. 4. Polarization curve for copper electrodeposition with 
periodic laser illumination (cathode of Fig. 2). Laser power, 210 
mW; electrode diameter ~ laser beam diameter _-- 200 ~m; 
voltage scanning speed, 5 mV/sec. 
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Fig. 5. Polarization curve for copper electrodeposition with 
periodic laser illumination on cathode of Fig. 2 (log current scale). 
Incident laser power, 500 mW; electrode diameter, 200 ~m; voltage 
scanning speed, 5 mV/sec. 

this region the m a x i m u m  enhancement  ~ measured on 
an electrode of the same size as the laser beam is 400 X, 
Fig. 5. A current  density of more than 18 A /cm 2 is 
reached. This plat ing rate, which is extremely high for 
this dilute solution, corresponds to a deposit growth 
rate of more than 6 ~m/sec. Other exper iments  in  the 
mass t ransport  controlled region, with the electrode 
not defined by a hole in the photoresist but  ra ther  
on a pla in  wafer of 1 cm 2 area, resulted in enhanced 
plat ing rates of more than 1000X, like those reported 
earlier (1). The apparent  discrepancy is due to a 
smaller  l imi t ing current  density without  laser for large 
area electrodes. A decrease in the electrode size to very  
small  dimensions leads to diffusion which is no longer 
one dimensional  but  spherical, and thereby increases 
the value of the l imit ing current  for these small  area 
cathodes. The influence of the electrode diameter  on 
the l imit ing current  density is shown in Fig. 6. The en-  
hancement  ratio for an electrode with an area much 
larger than the cross section of the laser beam is de- 
termined taking into account the small  area i rradiated 
by the laser. However, the enhancement  is referred to 
the l imit ing current  density of the large electrode, 
thus such cathodes show enhancements  three times 
larger than the values shown in Fig. 4 and 5. 

We at t r ibute  the enhancement  of the l imit ing cur-  
rent  to s t i r r ing through local convection of the solu- 
tion due to a strong thermal  gradient  near  the cath- 
ode interface (1,2).  We have also found that  for 
higher laser power densities local boil ing of the solu- 
tion produces strong addit ional  stirring. Observation of 
the cathode through a video monitor  showed that the 
bubbles were ejected into the solution normal ly  from 
the vertical  electrode. The effect of this addit ional  st ir-  

-~ T h e  e n h a n c e m e n t  is t he  ra t io  of  t he  p la t ing  c u r r e n t  obta ined 
with  and  w i t h o u t  l a se r  i l luminat ion.  

ring has been measured quant i ta t ive ly  by  recording 
the l imit ing cur ren t  densi ty  for the copper deposition 
while the cathode was i l luminated  by  pulsed laser 
light, the in tensi ty  of which produced boil ing of the 
solution at the cathode. The bubble  formation gener-  
ated an acoustic wave which was detected with a min i -  
ature microphone attached to the external  wal l  of the 
cell. Figure 7 shows both the acoustic wave (trace A) 
and the l imit ing current  (trace B) s imul taneously  re-  
corded on a dual  beam oscilloscope. Six milliseconds 
after the beginning  of the light pulse, trace A showed 
a sharp increase in the acoustic signal due to boi l ing 
of the solution, and at the very same time the l imit ing 
current  increased by a factor of 4. This increase in  t h e  
l imit ing current  is due to the s t i r r ing generated by  the 
ejection of one or more bubbles  in the solution. 

The charge transSer controlled region.--The comb- 
shaped curves of Fig. 4 and 5 also show significant in -  
creases in the current  for overpotentials  well  below 
the region where the react ion is mass t ransport  
limited. The increase in  the reaction rate is believed 
to be due to higher tempera ture  produced in the 
region of laser l ight absorption. The influence of t em-  
perature  on the reaction rate has been studied quant i -  
tat ively in a separate exper iment  in which the entire 
volume of the electrolyte was heated. The results are 
shown in Fig. 8. At a potential  of --20 mV an increase 
of temperature  from 25 ~ to 85~ speeds up the reaction 
by a factor of more than 50. 

It is seen from the curves of Fig. 8 that  a shift of 
rest potential  toward more positive values occurs with 
increasing temperature.  This shift in rest potent ial  i s  
shown in more detail  in Fig. 9. A shift of the equi l ib-  
r ium potential  with increasing tempera ture  is expected 
from thermodynamic  considerations (5). The shift of 
the rest potential  has been measured as a funct ion of 
the laser power (Fig. 10) on an electrode of the same 
diameter  as the laser beam. By comparing the results 
of Fig. 9 and 10 one obtains a relationship between the 
incident  laser power density and the temperature  at 
the interface, Fig. 11. The domain of extrapolat ion 
(B-C) gives approximate values for the interfacial  
temperature  as a function of incident  laser power den-  
sity. A separate exper iment  showed that  for laser 
power densities between B and C, strong boil ing oc- 
curred with bubbles ejected normal ly  from the cath- 
ode. This is consis tent  with the temperatures  obtained 
by extrapolation. 

Due to the positive shift of the rest potent ial  at the 
hotter part  of the cathode it is possible to plate locally 
on a large electrode with no background plating. This 
is achieved by main ta in ing  the cathode at the poten-  
tial value corresponding to the rest potent ia l  of the 
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Fig. 6. Influence of the electrode diameter on the limiting cur- 
rent density of copper deposition without laser irradiation. 

Fig. 7. The influence of boiling on the stirring of the solution. 
Trace A: acoustic signal; trace B: limiting current density for the 
system described in Table I. Abscissa, 10 msec/div for A and B; 
ordinate, 2 mA/div for & Substrate: see Fig. 2, with Cu 1800A, no 
photoresist. Laser pulse length, 45 msec; duty cycle, 1/4; incident 
laser power during the on time, 320 mW. Laser beam diameter, 
approximately 200 ~m. 
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Fig. 8. Influence of temperature on the polarization curves of 
Cu/CuS04. A rotating disk electrode (200 rpm) with a diameter 
of 7.6 mm was used. 
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Fig. 11. Rest potential shift as a function of laser power density, 
indicated by , and of temperature indicated by . . . .  . The 
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to in the text. 

trode, plating occurs there and on ly  there. Accord- 
ing to the definition of enhancement  previously  given,  
the enhancement  approaches infinity; however  the ab- 
solute current increase is found to be one order of 
magnitude lower than under mass transport controlled 
conditions. Figure 12 shows the current densities ob- 
tained at different overpotentials as a function of the 
laser power density. The curve at n = 0 corresponds 
to the conditions for no background plating; the 
curve at ~ = --50 mV is in the charge transfer con- 
trolled region, and the one at ~ = --600 m V  is in the 
mass transport controlled region. 

The shift of the rest potential  has other implications.  
The situation in which two regions of different rest 
potentials are e lectrical ly  connected constitutes a 
battery. Thus, laser l ight focused onto a copper e lec-  
trode immersed in an electrolyte wi l l  result  in s imul -  
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Fig. 10. Rest potential shift for the system Cu/CuS04 as a func- 
tion of laser power density. 

system Cu/Cu § + at room temperature. Since the i l -  
luminated part then has a more posit ive rest potential  
than the potential  imposed on the rest of the elec-  
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Fig. 12. Laser-enhanced current densities for different overpoten- 
rials as a function of the laser power density. Base: Nb, 200 J~/ 
1500A. evaporated on glass; electrode diameter, 200 /zm; over- 
potential values referred to room temperature. 
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taneous p la t ing  and etching wi thout  the  use of an  
e lect r ica l  circuit .  For  the solut ion in Table  I, p la t ing  
occurs in the  region of h igher  t empera tu re ,  i.e., the  
region of laser  l ight  absorpt ion,  whi le  s imul taneous  
e tching occurs in the  colder  ad jacen t  regions.  F o r  a 
c i rcular  beam, this  wil l  resu l t  in a p la ted  cen t ra l  c i r -  
cular  spot su r rounded  by  an e tched annulus,  Fig. 13. 
The necessary  condi t ion for  p la t ing  in  the  ho t t e r  r e -  
gion is a posi t ive shif t  of the res t  po ten t ia l  wi th  in -  
creasing t empera tu re ,  which is not  a un iversa l  b e -  
hav ior  for e lec t rochemical  systems. The t empe ra tu r e  
coefficient for  the potent ia l  shif t  is de te rmined  b y  the 
negat ive  of the en t ropy  change for  the  cell  react ion 
(5). Reference  (5) gives the t e m p e r a t u r e  coefficient 
of the equ i l ib r ium potent ia l  for  severa l  systems,  both  
posi t ive and negat ive  shifts are  tabula ted .  The sys tem 
n ickeI /n icke l  c i t ra te  has been s tudied in our  l a b o r a t o r y  
(6). I t  has a negat ive  res t  po ten t ia l  shif t  wi th  in-  
creasing tempera ture .  According to this, we expect  dis-  
solut ion to occur at the  ho t te r  region and p la t ing  on 
the ad jacen t  colder  annulus.  This is shown in Fig.  14 

Fig. 13. SEM micrograph of copper deposited with no external 
electrical circuit. Base Nb, 200 .~/Cu, 1800A evaporated on glass; 
incident laser power, 450 mW. 

for a n ickel  cathode immersed  in n ickel  c i t ra te  solut ion 
in conjunct ion with  a focused laser  beam. 

Laser-enhanced pZating mechanism: thermal  ~nodel. 
- - F r o m  the considerat ions above we postu la te  tha t  
in the presence of laser  l ight  the enhancement  of the  
react ion ra te  is due to an increase of t empe ra tu r e  at  
the  meta l - so lu t ion  interface,  which has th ree  separa te  
effects: (i)  s t rong mic ros t i r r ing  of the solut ion due to 
the rmal  gradients ,  wi th  addi t iona l  s t i r r ing  at  high 
laser  power  densi t ies  due to s t rong local  boi l ing of 
the solution; (ii) an increase in the  charge t rans fe r  
ra te  with increas ing  t empera tu re .  This effect is more  
dependent  on the na tu re  of the  system m e t a l / e l e c t r o -  
lyte  than the micros t i r r ing  of the solution. F o r  aque-  
ous p la t ing solutions the s t i r r ing  wil l  not  va ry  sub-  
s t an t i a l ly  f rom one sys tem to another ,  bu t  the  va r i a -  
t ion of the react ion ra te  wi th  t empe ra tu r e  at  the  in t e r -  
face is s t rongly  dependen t  on the system; and (iii) a 
shift  in the rest  potent ial .  The direct ion and magni tude  
of the shift  depends  on the system used. 

Since the t empe ra tu r e  change at  the  in ter face  is r e -  
sponsible for the enhancement  of the reaction,  severa l  
exper iments  were  unde r t aken  in  which the t em-  
pe ra tu re  at  the in terface  could be varied.  This was 
achieved b y  changing e i ther  the  th ickness  of  the  
meta l l ic  l aye r  of the  cathode or the inc ident  laser  
power  density.  For  these exper imen t s  the  e lec t rode  
was main ta ined  at  the  res t  po ten t ia l  and the resu l t ing  
p la t ing  in the i l lumina ted  region  occurred  wel l  be low 
the l imi t ing current .  The total  charge,  Q, for  each de -  
posi t  was equal  to 5 • 10-4C. The laser  was appl ied  
for sufficiently long t ime in terva ls  to insure  s t eady-  
state the rmal  condit ions at  the interface.  The l a ser  
beam d iamete r  was a p p r o x i m a t e l y  200 ~m; the  th ick-  
ness of the meta l l ic  film of the cathode (on a glass 
subs t ra te)  was va r ied  be tween  500 and 10,000A. The 
main  effect of increas ing the meta l l ic  l aye r  th ickness  
is a decrease  in the  m a x i m u m  t empera tu r e  a t ta ined  
by  the cathode interface due to the increased r ad ia l  
hea t  flow. The rad ia l  hea t  diss ipat ion occurs ma in ly  
in the meta l l ic  l aye r  because of i ts much h ighe r  hea t  
conduct iv i ty  compared  to tha t  of the  suppor t ing  glass 
substrate .  For  th ick meta l l ic  layers  we expec t  a l a rge r  
p la ted  spot  diameter .  This t r end  is observed  in Fig. 
15. The increase of spot d i ame te r  for subs t ra te  th ick-  
nesses ranging  f rom 500 to 10,000A var ies  b y  a factor  
of 2. The t empera tu re  along the rad ia l  d i rect ion de-  
creases r a p i d l y  wi th  increas ing dis tance f rom the 
center  for  values  g rea te r  than  the beam radius,  so 
tha t  p la t ing does not ex tend  much beyond  the beam 
ci rcumference  even with  the  th ickes t  layers  inves t i -  
gated here.  F igure  15 also shows tha t  an increase of 
the meta l l ic  film thickness  decreases the  laser  en-  
hanced current .  We a t t r ibu te  this  d i rec t ly  to the  lower  
in ter rac ia l  t empera ture .  

Fig. 14. SEM micrograph of nickel etching and plating with no 
external electrical circuit. Solution: NiSO4, 0.2M; Na3cit., 0.1M; 
pH, 6.5. Base: Ni, 5000~ on glass; incident laser power, 650 mW. 
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Fig. 15. Influence of the metallic film thickness on deposition 
rate and resulting deposited spot diameter. Q ~ 5 �9 10-4C for 
each deposit; incident laser power, 100 mW. 
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With increas ing lase r  power  (main ta in ing  fixed 
beam d iamete r )  we observed the expected  t rends  for  
the enhanced cur ren t  and p la ted  spot d iameter ,  Fig. 
16. Fo r  an incident  laser  power  ranging  f rom 100 to 
300 m W  the laser  enhanced cu r r en t  increases b y  a 
factor  of 13, whereas  for  the  same power  range  the 
p la ted  spot d i ame te r  increases b y  a fac tor  of 2. This 
can again  be exp la ined  by  the s t rong ly  nonl inear  
rad ia l  t empera tu re  profile in conjunct ion wi th  a sub-  
l inear  p la t ing  enhancement  tha t  occurs for smal l  t em-  
pe ra tu re  increases  above  ambien t  (2). 

A p p l i c a t i o n s  
Copper  lines in  microcircui ts  have been  connected 

or b r idged  using the l a se r -enhanced  e lec t rop la t ing  
method,  Fig. 17. The br idges  were  made  b y  manua l  
t rans la t ion  of a hor izonta l  cathode under  a focused 
laser  beam. A lens wi th  a magnif icat ion factor  of 20 
was used. The br idg ing  work  was done at  low over -  
potent ia l  condit ions which resul ted  in a lmost  no back -  
ground plat ing.  The e lect r ica l  res is tance of these laser  
p la ted  br idges  is low. The solut ion Used for this  c i rcui t  
repa i r  expe r imen t  was CuSO4, 0.5]VI/H2SO4, 0.01M. 

Improvement s  in the optics used to focus the  beam 
made  i t  possible to reduce the wid th  of the p la ted  l ine 
to 2 ~m. F igure  18 shows a l ine p la ted  on an e lec t rode  
using a copper  f luoborate  solut ion under  t he rmoba t -  
t e ry  conditions,  i.e., without  an ex te rna l  power  source. 
This wid th  is consistent  wi th  the  l imi ta t ions  expec ted  
f rom both diffract ion theory  and f rom the abe r ra t ion  
produced  by  the e lec t ro ly te  layer .  However ,  we be-  
l ieve this width  is not  the lowest  a t t a inab le  size. One 
can expect  a smal le r  width  wi th  the  use of a more 
e labora te  lens design and poss ibly  b y  decreas ing the 
dwel l  t ime of the laser  on the cathode. 

Fo r  prac t ica l  appl icat ions  we see at  least  two im-  
por t an t  reasons for  p la t ing  in the  low overpo ten t ia l  
region:  (i) the poss ibi l i ty  of avoiding,  or min imiz ing ,  
background  p la t ing  and (ii) a be t te r  qual i ty  of deposi t  
than  tha t  obta ined  in the mass t r anspor t  contro l led  
region.  

Besides offering a means  for maskless  pa t t e rn  gen-  
era t ion th rough  the use of a scannable  laser  beam,  
this technique can also resul t  in a m a j o r  cost saving 
when precious meta ls  are  to be deposi ted select ively.  
Clear ly  the  technique is most  useful  for  localized, 
smal l  a rea  pla t ing.  

A c k n o w l e d g m e n t s  
We are  gra tefu l  for exper t  technical  assistance by  

D. R. Vigl iot t i  th roughout  the expe r imen ta l  phase of 
this work.  In  addi t ion  we thank  C. Al io t ta  for  assis t -  
ance with  the  SEM's and B. Stoeber ,  J. D. Olsen, and V. 

Fig. 17. SEM micrograph of a laser-enhanced plated bridge. 
Solution: CuS04, 0.SM; H2S04, 0.01M. Laser power, 360 mW; laser 
light focused through a lens 2 0 X ;  base: Nb, 200A/Au,  1500A 
with electroplated copper lines. 
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Fig. 16. Influence of the laser power on the deposition rate and 
deposited spot diameter. Q ~_ 5 ' 10-4C for each deposit; metallic 
film thickness, IO,O00A.. 

Fig. 18. Laser plated line of copper. Base: Nb, 200 A/Cu,  1000A 
evaporated on glass; laser beam focused through a microscope 
lens 2 0 X ;  incident power, 50 mW. 
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Ceramic-Coated Positive Current Collectors for 
I.i-AI/LiCI-KCI/FeS  Batteries 

G. Bandyopadhyay 
Argonne National Laboratory, Materials Science Division, Argonne, Illinois60439 

ABSTRACT 

Severa l  e lec t ronica l ly  conduct ing ceramic and meta l l ic  coatings were  in-  
ves t iga ted  to de te rmine  the i r  po ten t ia l  for  use as cur ren t  collectors in the 
posi t ive e lect rodes  of L i -A1/mol ten  LiC1-KC1/FeS2 ba t t e ry  cells. S ta t ic  and 
in -ce l l  corrosion tests in l abora to ry - sca le  cells were  pe r fo rmed;  the  s tat ic  
tests were  cons iderab ly  more  severe  than  the in -ce l l  tests. Chemical  vapor  
deposi ted (CVD) TiC and TiN coatings on inexpens ive  i ron-based  subst ra tes  
showed significant promise  in both tests. Analys is  of the resul ts  led to the  rec-  
ommenda t ion  tha t  the coating qua l i ty  and thickness,  the  subs t ra te  type,  
the coat ing procedure,  the design of the cell  components,  and the e lec t ro-  
chemical  condit ions be opt imized  to achieve m a x i m u m  coating s t ab i l i ty  in 
l ong - t e rm  opera t ion  of Li-A1/FeS2 cells. 

High per formance  Li -A1/ i ron  sulfide secondary  ba t -  
ter ies  are being developed by  Argonne  Nat ional  Lab-  
o ra to ry  (ANL) (1) for electr ic  vehicle  propuls ion and 
for energy  s torage in electr ic  u t i l i ty  systems. In  the 
cells of these bat ter ies ,  negat ive  electrodes of solid 
l i t h i u m - a l u m i n u m  al loy and posi t ive e lectrodes of 
i ron sulfide (e i ther  FeS  or  FeS2) are  used. A t  an  
opera t ing  t empera tu re  of 400~176 the e lec t ro ly te  
LiC1-KC1 remains  in a mol ten  state (the eutectic m e l t -  
ing point  of the e lec t ro ly te  is 352~ The overa l l  
reac t ion  that  t a k e s  place in the Li-A1/FeSx (x = 1 or  
2) cell on discharge can be wr i t t en  as (2) 

2xLi-A1 + FeSx--> xLi2S + Fe + 2xA1 [1] 

where  the  composi t ion of the posi t ive e lect rode at  
complete  discharge of a s toichiometr ic  celI would  be 
Li2S and Fe. The reverse  of these react ions occurs on 
recharg ing  the cell. 

Since the presence of l i thium, l i t h ium-a luminum,  
and i ron sulfides makes  the cell  env i ronment  ve ry  
react ive  at  e leva ted  tempera tures ,  the select ion of 
sui table  mater ia l s  for var ious  cell  components  is ex -  
t r emely  cri t ical  for successful per formance  and com- 
mercia l iza t ion  of these bat ter ies .  The deve lopment  of 
one such key  component ,  the  posi t ive cur ren t  col-  
lector, is the  subject  of this s tudy.  

Al though low carbon or stainless steel  pe r forms  
reasonably  wel l  as the nega t ive  cur ren t  collectors in 
Li-A1/FeSx cells, extens ive  static,  e lectrochemical ,  and 
in -ce l l  corrosion test ing of severa l  commonly  ava i l -  
able  meta ls  and meta l l ic  al loys indica ted  tha t  the  
selection of a sui table  corros ion-res is tant ,  cost-effec-  

Key words: corrosion, chemical vapor deposition, titanium ni- 
tride and titanium carbide coatings. 

tive posit ive cur ren t  col lector  poses a much more  
difficult p rob lem (2-5).  This is pa r t i cu l a r ly  t rue for 
FeSf - type  electrodes,  in which the sul fur  ac t iv i ty  
is cons iderably  h igher  than tha t  in F e S - t y p e  e lec-  
trodes. Since L i -A 1 /Fe Sf - t ype  cells must  be developed 
in order  to achieve the  l ong - t e rm commercia l iza t ion  
goals, it is important to identify and/or develop suit- 
able positive current-collector materials for such cells. 
The only metal or metallic alloy that is known to ex- 
hibit the required chemical stability in an FeSf-type 
electrode environment is molybdenum. However, 
molybdenum is expensive and difficult to fabricate in 
the shapes required for current-collector applications. 
Efforts are therefore underway to identify alterna- 
tive positive current-collector materials for FeS~-type 
cells. E lec t r ica l ly  conduct ing ceramic coatings on in-  
expensive  meta l l ic  subst ra tes  are  being considered for  
such cur ren t -co l lec tor  applicat ions.  The select ion of 
sui table  ceramics for coatings and the inves t iga t ion  of 
the s tabi l i ty  of these coatings in s tat ic  and in-ce l l  
corrosion envi ronments  is the  subject  of this paper .  

Selection of Materials 
The cr i ter ia  for the selection of ceramic coat ing 

mate r ia l s  for cur ren t -co l lec tor  appl ica t ion  include (i) 
sufficient e lectronic conduct iv i ty  of the  ceramic for  
adequate  cur rent -co l lec t ion  efficiency, (ii) corrosion 
resis tance in the FeS2 and LiC1-KC1 env i ronment  at  
400o-500~ (iii) resis tance to spal l ing under  mechani -  
cal and the rma l  stresses, and (iv) cost effectiveness. 
Severa l  meta l  borides,  carbides,  ni t r ides ,  and  doped  
oxides are  known to be good electronic conductors  
(6-8), and the coating technology of m a n y  of these 
mater ia l s  is wel l  developed (7, 9). Kuora  et al. (10, 11) 
and Claar  et al. (12) have pe r fo rmed  p re l im ina ry  
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t he rmodynamic  s tab i l i ty  calculat ions on the borides,  
carbides,  and ni t r ides  of iron, niobium, tan ta lum,  t i t a -  
nium, and z i rconium wi th  respect  to the format ion  of 
meta l  sulfides at ,-~400~176 in the  presence of FeS2. 
The calculat ions indicate  that  i ron boride,  TiB2, TiN, 
TiC, TaC, and n iob ium carbides  should be s table  in 
an FeS2 environment .  The oxidat ion  potent ia ls  of 
TiN, TiC, TaC, FeB, and Nb2C in LiC1-KC1 were  ca l -  
culated and measured  b y  Kuora  et al. (10, 11). These 
da ta  indica ted  that  the above-men t ioned  mate r i a l s  
could be sui table  for  posi t ive cur ren t -co l l ec to r  app l i -  
cation in the Li-A1/FeS2 ba t t e ry  cell  if  the charge 
vol tage was l imi ted  to 2.2V. The density,  mel t ing  
point, e lect r ica l  res is t ivi ty ,  t he rmal  expans ion  coeffi- 
cient (which is impor tan t  for  compat ib i l i ty  wi th  the 
subs t ra tes) ,  and  oxidat ion  potent ia l  of severa l  of the  
candidate  coating mate r ia l s  and Mo and  Fe  are  
l is ted in Table  I. 

Experimental Procedure 
Test specimens.--Most of the coated specimens for 

stat ic corrosion tests were  coupons ,-~25.4 X 25.4 • 0.5 
m m  in size. Coated screens (60 mesh)  were  also tested 
for  the i r  s tabi l i ty ,  because s imi la r  screens m a y  be 
needed in-ce l l  to p reven t  movement  of e lect rode pa r -  
ticles f rom the i r  respect ive  positions. For  in -ce l l  tests, 
coated posi t ive components  (identified l a t e r )  were  
used in Iabora to ry-sca le  L i -AI /FeS2  ceils. 

AIS I  1008 steel  and ANL-5-01 a l loy subst ra tes  were  
used. ANL-5-0  a l loy  was selected because i t  has ex-  
h ibi ted  be t t e r  corrosion resis tance than low carbon 
steel  in an FeS env i ronment  (14). 

Chemical  vapor  deposi t ion (CVD) and r f - spu t t e r ing  
techniques were  used to coat the substrates .  The Mate -  
r ials  Technology Corpora t ion  of Dallas,  Texas, p r e -  
pared  most of the  CVD coatings (e.g., TiC. TiN, 2 TiCN, 
TiB2, and combinat ions  of TiC and TIN),  and r f -  
spu t te red  coatings (e.g., Cr, Mo, MoS2, MoSi2, Cr  ,5 
TiN, Mo -F TiN, TiC 4- TiN, and TiN .5 TiC) were  
p repa red  by  Hohman P la t ing  Company,  Dayton,  Ohio. 
The CVD coat ing thicknesses were  var ied  f rom 5 to 
25 ~m; the total  coating thickness in a l l  r f - spu t t e r ed  
samples was ~ 7  ~m. 

Static corrosion tests.--The test  specimens were  
placed in a g raphi te  crucible  in an argon-f i l led glove 
box and were  comple te ly  covered wi th  one of the  
fol lowing powders  or  powder  mix tu res :  ( i )  equa l -  
volume mix tures  of FeS2 (--50 4-150 size fractions3) 
and LiC1-KCi ( - -50 size f ract ion)  which s imula ted  
the fu l ly  charged pos i t ive-e lec t rode  env i ronment  in 
a cell; (ii) FeS2 (--50 .5150) to s tudy  the effect of 
sulfide alone on the corrosion behavior ;  (iii) eutect ic  
LiC1-KCI (--50)  to s tudy  the corrosion due to salt;  

1 ANL-5-0 is an  in-house ANL alloy wi th  the  composi t ion [weight  
p e r c e n t  ( w / o ) ]  95.SFe-4.SMo. 

CVD-TiN coat ings  a lways  inc luded an ~1  ~m u n d e r l a y e r  o f  T i C  
fo r  i m p r o v e d  a d h e r e n c e .  

These  size f rac t ions  a re  s imi lar  t o  t h o s e  u s e d  i n - c e l l  f o r  e l e c -  
t r o d e  fabr ica t ion,  

Table I. Properties of some selected materials* 

E l e c -  
t r i c a l  L i n e a r  O x i d a t i o n  

Melt ing resis- t h e r m a l  potent ia l  
M a t e -  D e n s i t y  p o i n t  t i v i t y  e x p a n s i o n  (vs. Li) 

r i a l  ( g / c m  8) ( ' C )  ( / ~ - e m ) t  (~m/m-~162  (V) 

T i N  5.43 2950 21-25 9.4 3.16 
T i C  4.25 3150 53-105 7.5 2.67 
TiB~ 4.52 2980 9-15 8 . 1  - -  
NbC 7.82 3760 51-74 6.9 - -  
FeB 7.15 1540 - -  - -  2.64 
Mo 10.20 2620 5.2 5.6 2.70 
FO 7.87 1539 9.7 14.7 2.13 

~ F r o m  Ref. (6, 7, 10, and 13). 
R o o m - t e m p e r a t u r e  values.  

$ B e t w een  O and  1000~ 

and (iv) equa l -vo lume mix tures  of i ron sulfide (FeS2 
or FeS in --50 ,5150 size f ract ions)  and  LiC1-KC1 
containing Fe powder  (--325) to s tudy  the effect o f  
sulfur  activityl  which var ied  wi th  S : F e  mol  rat io  in 
the corrosion bath,  on the corrosion behavior .  

The crucibles were  then  hea ted  to 500~ and were  
main ta ined  at that  t empe ra tu r e  for  the dura t ion  of 
the s tat ic  tests. Af te r  the tests, the specimens were  
cleaned in wa te r  and alcohol, weighed,  and  examined  
macroscopica l ly  and microscopical ly .  

The stat ic test  condit ions were  cons iderably  more  
severe than  those in the in -ce l l  tests. The coatings 
that  exh ib i ted  super ior  pe r fo rmance  in the s tat ic  tests 
were subsequent ly  tes ted for in -ce l l  s tabi l i ty .  

In-cell tests.--In-cell tests were  pe r fo rmed  in smal l -  
scale, unsealed pr i smat ic  Li-A1/FeS2 cells, s imi lar  to 
those tha t  had  been used for separa to r  test ing (15, 
16). A schemat ic  represen ta t ion  of the smal l - sca le  
cells (7.6 x 12.7 cm),  which were  descr ibed in de ta i l  
e l sewhere  (15, 16), is shown in Fig. 1. The cells were  
assembled in the semicharged state. The posi t ive and 
negat ive  electrodes consisted of powder  mix tu res  of 
FeS, Li2S, and eutectic e lec t ro ly te  ( - -50 -55150 size 
f ract ions) ,  and Li-A1 (17.45 w/o  Li ) ,  A1, and  e lec t ro-  
lyte  ( --50 ,5150 size f ract ions) ,  respect ively .  The ma-  
ter ia ls  were  mixed  in sui table  propor t ions  and 
amounts  4 and then hot  pressed  at  450~ The s tab i l i ty  
of coated posit ive components  such as the par t ic le  
r e t a ine r  screen, the e lect rode frame,  and the cu r ren t -  
collector p la te  in a cell env i ronment  were  examined  
in these tests. 

Results and Discussion 

Characterization of as-received coatings.--Optical 
and scanning-e lec t ron  microscopy indica ted  tha t  the 
as - rece ived  coatings on AISI  1008 steel  and ANL-5-0  
a l loy were,  in general ,  un i form and dense with  good 
adherence  to the substrate .  Typical  micrographs  of 
CVD-TiN and -TiC coatings are  shown in Fig. 2. 
However ,  the edges of the coupon specimens some-  
t imes revea led  the presence of cracks or  spal led  coat-  
ings, indica t ing  the difficulty of coating sharp  edges 
and corners of specimens.  Rf - spu t t e red  coatings ap -  
peared  to adhere  wel l  to the substrate ,  wi th  poros i ty  
often detected on the surface. The spu t te red  coat-  

The  propor t ions  of var ious  ac t ive  ma te r i a l s  d e t e r m i n e d  the 
level  of c h a r g e  fo r  the  cell, w h e r e a s  the  a m o u n t s  d e t e r m i n e d  the  
theore t i ca l  capaci ty  in (A-hr)  of  the  ceils. 
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Fig. 2. Scanning electron 
micrographs of AISI 1008 steel 
specimens coated with (a) CVD- 
TiN and (b) CVD-TiC. 

ings on sharp edges sometimes showed cracking or 
local spalling, s imilar  to that  observed on CVD-coated 
samples. 

As discussed below, CVD-TiN and -TiC coatings 
showed the most promise and were  thdrefore examined 
in more detail. Auger  spectroscopy of these coatings 
indicated the presence of adsorbed oxygen on the 
surface. The bulk of the coatings, also examined  by 
Auger  spectroscopy after  removing  the surface by 
sputtering,  did not  show evidence of any impurit ies.  
Residual stresses 5 (which could influence the coating 
stabil i ty significantly in a corrosion env i ronment )  on 
the CVD-TiN and -TiC coated AISI  1008 coupons 
(coating thickness ~10 ~m) were  de termined  by x - r a y  
diffraction analysis. Data were  obtained only on the 
square faces, as the edges were  too na r row for effec- 
tive measurements ;  the surface measurements  were  
made in the x and y direction at several  locations on 
the square faces. The elastic constants used for these 
calculations and the range of calculated surface resid-  
ual stresses are shown in Table II. Al though the 
e lashc-constant  data contain uncertaint ies  that  can 
introduce systematic proport ional  errors in the stress 
values, the presence of significant compressive but  
near ly  uni form residual  stresses on the coated surfaces 
is evident.  

Static corrosion tests.--The first series of static cor-  
rosion tests was per formed to ident i fy the coatings 
that showed enough promise to war ran t  fur ther  in-  
vest igat ion and deve lopment  for fu ture  applications. 
The static test results f rom several  coated AISI  1008 
steel coupons and a few selected monoli thic  ceramics 
that  were  tested in equal=volume mixtures  of LiC1- 
KC1 and FeS2 at 500~ are summarized in Table III. 
Note that  hot -pressed TiN and TiC showed no evi -  
dence of corrosive attack, indicat ing the inherent  sta-  
bi l i ty of these mater ia ls  in the environment ,  whereas  
TiB2 showed ,~4% weight  loss during a 300 hr  test. 

Residual  s tress  m e a s u r e m e n t s  w e r e  done  by Lamda Research ,  
Incorporated ,  Cincinnati ,  Ohio. 

Table II. Elastic constants* and calculated surface residual 
stresses on CVD-TiN and -TiC coated AISI 1008 steel 

Elastic Surface 
m o d u l u s  Poisson's  residual 

Coating (MPa)  rat iot  stress (MPa) $ 

TiN 250,3 • 10 ~ 0 . 2 6  - 1 3 1 0 t o - 1 4 4 8  
TiC 310.3 x 10 ~ 0.18 - 1 3 7 9  to - 1 8 6 2  

* From Ref. (6 and 17). 
t Poisson's ratio for TiN is assumed here to be similar to that 

for  SiN. 
* Negative s ign indicates  compres s ive  s tresses .  

The CVD-TiC, -TIN, and -TiCN coatings provided 

significant protection to the low carbon steel substrate, 
although some attack 6 was observed from the edges 
and corners of the specimens. In contrast, CVD-TiB2 
and all the rf-sputtered coatings and coating combi- 
nations (including the TiC and TiN coatings) ex- 
hibited severe or complete reaction in ~300 hr, and 
therefore were not considered for further investiga- 
tion. 

In their present quality and form, the CVD-TiC and 
-TiN were still vulnerable to corrosion. Additional 
tests were therefore performed to identify the cause 
and location of coating failures in these specimens in 
the static experiments. Several variables were con- 
sidered during these tests. Table IV gives results on 
the percent weight loss of AISI 1008 steel and ANL- 
5-0 a11oy substrates, both uncoated and coated with 

6 The extent of attack is described later. 

Table Ill. Summary of static corrosion test* results in FeS2 -I- 
LiCI-KCI (1:1 volume) at 500~ 

Materials P e r f o r m a n c e  

Hot  pressed:  TiN,  TiC 

Hot  pressed:  TiBs 

CVD coatings: TiC, TiN (with un- 
derlayer of TIC), TiCN 

CVD coating: TiB2 

Rf-sputtered coating: Cr, Mo, MoS-~, 
MoSis, (Cr + TIN), (Mo + TIN), 
(TiC + TIN), (TiN + TiC) 

No evidence of chemical 
attack 

Some attack a f t er  300 hr 
of corros ion  

S e v e r e  attack or c o m p l e t e  
react ion  in ~300  hr  

* M a x i m u m  tes t  durat ion  1000 hr. 

Table IV. Data from static corrosion tests performed at 500~ 
for 300 hr 

Weight loss as p e r c e n t  of  
Coating total weight of coa ted  

Thick- sample after corros ion  in 

Compo- ness FeS2 + LiC1- 
Substrate sition (~m) LiC1-KC1 KC1 FeS~ 

AISI 1008 s tee l  

ANL.5-0 alloy 

N o n e  - -  100.00 0.80 100.00 
T iN  10 22.30 2.50 0.22 

19 32.50 2.45 4.92 
23 42.40 1.40 3.22 

TiC 10 3.91 0.22 0.28 
13 37.10 0.52 2.59 

N o n e  - -  100.00 0.77 ~100.00 
T iN  10 2.08 0.13 0.03 

16 100.00 0.41 4.02 
20 1{)0.00 0.80 3.15 

TiC 5 42.5 0.46 0.05 
10 100.0 1.18 1.41 
13 6.8 + 0.03 0.04 
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various thicknesses of CVD-TiN and -TIC, in three 
different corrosion environments (FeS2, LiC1-KC1, and 
equal volume mixtures of FeS2 W LiC1-KC1). The 
data show several important features: (i) In general, 
the coatings provided protection to the substrate; the 
protection was greatest in an FeS2 environment. (ii) 
The FeS2 -]- LiC1-KC1 environment was much more 
corrosive than either FeS2 or LiC1-KC1 alone. ,  (ii~) 
The corrosion resistance of the specimens was strongly 
dependent on the coating thickness. (iv) The sub- 
strates that were tested in this study did not appear 
to influence the stabili ty or corrosion resistance of 
the coatings. 

Extensive microstructural examinations were per-  
formed to determine the nature of the coating failures 
in these samples. In all  corrosion-tested specimens, 

the attack appeared to have initiated at the edges and 
corners of the specimens. Typical examples of such 
attack in LiC1-KC1 and FeS2 environments are shown 
in Fig. 3. Although the weight loss of the coated speci- 
mens in these environments was ~5% (Table IV), 
the vulnerabil i ty of the coating at sharp corners and 
edges is evident. The specimens tested in the FeS2 
LiC1-KC1 environment exhibited much more severe 
corrosion of the substrate in the areas exposed by  
spalIing of the coating. Figure 4 shows an example of 
exaggerated substrate corrosion initiated from the 
edge of the sample. Although the LiC1-KC1 eutec~ic 
did not react with the substrates to any significant 
degree (Table IV), its presence in the sulfide environ- 
ment resulted in exaggerated corrosion, probably be- 
cause the molten salt contributed to ear ly failure of 

Fig. 3. Composite scanning 
electron micrographs of the 
edges of CVD-coated AISI 1008 
steel specimens showing coating 
spalled after corrosion tests for 
300 hr at 500~ (a) 10 #m 
thick TiN in LiCI-KCI; (b) 10 
~m thick TiN in FeS2; (c) 10/zm 
thick TiC in FeS~. 
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Fig. 4. Scanning electron m|crograph of CVD-TiN coated AISI 
1008 steel specimen tested in FeS.~ + LiCI-KCI (equal volume 
mixture) at 500~ for 300 hr, showing severe corrosion of the 
substrate adjacent to relatively unaffected coating. Initiation of 
attack on the substrate was due to coating failure at the edges. 

the coat ing a n d / o r  faci l i ta ted t r anspor t  of sulfide 
ions to the react ion site. 

The vu lne rab i l i t y  of the  coated samples  at  the  cor-  
ners  and edges is p robab ly  re la ted  to the  difficulty in 
coating these areas.  We noted  ea r l i e r  tha t  a subs tan-  
t ia l  compressive s tress  exists  on the  coated surfaces 
of the  sample.  Al though no in format ion  is ava i lab le  
about  the  stresses at  the edges and corners,  one can 
speculate  tha t  la rge  compressive stresses on the sur -  
faces could genera te  significant shear ing  stresses at  
the corners.  Such stresses would  t end  to spal l  the  
coating f rom these regions.  The effect of the  res idua l  
stresses should be even more  significant in the  p res -  
ence of a corrosive env i ronment  such as sal t  or  sul-  
fide, which  might  l ead  to s t ress-corros ion cracking of 
the coatings at the  sharp  corners  of the specimens.  

The surface res idua l  stresses in the  coatings are  
expected to depend  on the coating thickness,  the  sub-  
s t ra te  types,  and the coating p repa ra t ion  procedure.  A 
deta i led  s tudy  of these pa rame te r s  and the i r  r e l a -  
t ion to the coating s tab i l i ty  and corrosion resis tance 
of the specimens is beyond  the scope of this inves t iga-  
tion. However ,  the s t rong dependence  of the  sample  
pe r fo rmance  on the coating thickness  (Table  IV) is 
p r o b a b l y  r e l a t ed  to the  effect of coat ing thickness  on 
surface res idual  stresses which, in turn,  de te rmines  
the t endency  of the coatings to spail.  

To de te rmine  the  effect of su l fur  ac t iv i ty  on coat-  
ings, s tat ic  tests were  pe r fo rmed  on TiN-coa ted  AISI  
1008 steel by  va ry ing  the S : F e  tool ra t io  in the cor-  
rosion bath.  In  Fig.  5, the ac t iv i ty  of sulfur  a t  500~ 
and percent  sample  lost a f te r  300 h r  corrosion tests 
are shown as a function of S : F e  mol  rat io.  A sharp  
drop  in corrosion ra te  was observed  as the  composi-  
t ion shif ted s l ight ly  to the i ron- r i ch  side of FeS2. The 
drop in corrosion ra te  corresponds to the r ap id  d rop  
of the sulfur  act ivi ty.  Note tha t  the coat ing was vu l -  
nerable ,  a l though to a much smal le r  extent ,  even in 
an FeS + LiC1-KC1 envi ronment .  This is p robab ly  
because  the  coating fa i lure  was in i t ia ted  b y  the h igh  
res idual  stresses and the corrosion envi ronment .  S u b -  
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Fig. 5. (Top) sulfur activity and (bottom) corrosion of 5 #m 
TiC + 10 #m TiN-coated samples as a function of S:Fe mol ratio. 

sequently,  the sul fur  ac t iv i ty  essent ia l ly  de te rmined  
the corrosion rates  of the substrate .  

Severa l  s tat ic  tests in FeS2 + LiC1-KC1 at 500~ 
were  pe r fo rmed  on 60 mesh AISI  1008 screens coated 
with  CVD-TiC and -TiN (coat ing thickness  va r ied  
f rom 2 to 10 ~m) to s tudy  the poss ib i l i ty  of using such 
screens as posi t ive par t ic le  re ta iners  in the  cell. T h e  
resul ts  showed tha t  the  coated screens were  severe ly  
a t tacked  by  the corrosion env i ronment  in  <300 hr,  
indica t ing  that  the coating s tab i l i ty  can be s t rongly  
influenced by  the geomet ry  of the  specimens.  

The stat ic  corrosion test  resul ts  as r epor t ed  above 
indicate  tha t  the coatings wi l l  p r o b a b l y  need fu r the r  
improvement  to be s table in l o n g - t e r m  applicat ions.  
Since surface res idual  stresses are  expec ted  to p l ay  a 
key  role in coating s tabi l i ty ,  i t  wi l l  be impor t an t  to 
invest igate  the effect of the type,  geometry ,  and phys -  
ical and  mechanica l  s tate of the  substrate ,  the va r i -  
ables of the coating processes, and the coat ing th ick-  
nesses on the res idual  stress and its distribution~ and 
on the corrosion resis tance of the specimens.  In  add i -  
t ion to opt imizing the qual i ty  and the thickness  of 
the coating to minimize  the  res idual  stresses on the 
surfaces, one can recommend,  based  on the cu r ren t ly  
avai lab le  stat ic corrosion tes t  data,  the  fol lowing 
modifications for  improved  in-ce l l  pe r fo rmance  of 
the coatings: (i) design the cur ren t  collectors and  
frames wi thout  sharp corners  and edges, and (ii) 
main ta in  s l ight ly  i ron- r i ch  FeS2 in the  posi t ive elec-  
t rodes to take  advan tage  of the  prec ip i tods  reductiorI 
of sulfur  ac t iv i ty  jus t  be low the fu l ly  charged state 
and the reby  reduce corrosion on the posi t ive com- 
ponents.  

In-ceff tests.--Despite the vu lne rab i l i t y  of p resen t ly  
avai lab le  TiN and TiC coatings in s ta t ic  corrosion 
tests, l abora to ry - sca le  in -ce l l  tests were  pe r fo rmed  us-  
ing TiN-coa ted  posit ive components  because  the  in-  
cell  test  condit ions are  cons iderab ly  mi lde r  ( lower  
t empera tu re  and lower  sulfur  act ivi ty,  as compared  to 
FeSta for  a m a j o r i t y  of the  charge-d i scharge  cycl ing 
t imes)  than  those of the  stat ic tests. No a t t empts  were  
made to incorpora te  the above-men t ioned  r ecommen-  
dat ions in these p r e l im ina ry  in -ce l l  tests. 
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Four  l abora to ry - sca le  Li-A1/FeS2 cells were  a s -  
s e m b l e d  with  50 A - h r  theore t ica l  capaci ty  u s i n g  p o s i -  
t ive  components  made  of monol i th ic  TiN or CVD-TiN 
coated AISI  304 stainless steel.  The cells were  ope r -  
a ted  be tween  charge and discharge cut-off  potent ia ls  
of 2.1 and 1.0V, respect ively.  Table  V lists t h e  ce l l  
numbers ,  the ma te r i a l s  used for  separa tors  and posi-  
t ive components,  the  number  of days  and cycles of  
operat ion,  the coulombic efficiency and ut i l iza t ion of  
the  cells at  a cur ren t  dens i ty  of 50 m A / c m  2, and the 
cause for  t e rmina t ion  of the  tests. The cell  cans, n e g a -  
t ive  frames,  and  negat ive  par t ic le  r e t a ine r  screens  in 
al l  these cells were  made  of AIS I  304 stainless steel. 
The coulombic efficiency and u t i l iza t ion  in these cel ls  
are  comparab le  to those of s imi lar  l abora to ry -s ize  
L i -A1/FeS  cells (15, 16). 

Note f rom Table V tha t  cell  MS-5 was assembled  
u s i n g  a monoli thic  ho t -p ressed  TiN plate .  The pla te  
w a s  placed be tween  the  t w o  pos i t ive  e lec trodes .  Cur -  
rent  collection f rom the posi t ive side was a c h i e v e d  
through  the TiN p la te  and  also th rough  the  pos i t ive  
f rames tha t  were  in contact  w i t h  the  TiN plate.  T h e  
cur ren t  l eadout  was we lded  to the f rame.  D u r i n g  
pas t - t e s t  examinat ion,  the TiN pla te  broke  into s evera l  
pieces. However ,  the  thickness  of the  pla~e d id  not  
change dur ing  the cell  operat ion,  and  no  reac t ion  
produc t  was detected.  This is in ag reemen t  wi th  the  
stat ic corrosion test  results ,  which indica ted  that  T i N  
is stable in FeS2/LiCI-KCI at 500~ 

Cell MS-6 was assembled using coated current- 
collector plates, frames, and screens. During disas- 
sembly of this cell, no attempt was made to identify 
the cause of the internal short that developed during 
operation; the primary purpose was to examine the 
positive components without damaging them during 
disassembly. The current-collector plate and the 
frames did not show any evidence of corrosion (Fig. 
6). However, the screens were extensively corroded. 
The corrosion of coated screens is in agreement with 
the static test results. 

Since the coated screens performed poorly in-cell, 
MS-8 was assembled without positive particle retainer 
screens. To prevent particle movement in this cell, 
s intered MgO separa tors  (,--55% theore t ica l  dens i ty ) ,  
which are  character ized by  e x t r e m e l y  smal l  pores  
(average  d iamete r  <1.0 /~m) and a na r row  pore  size 
d is t r ibu t ion  (15), were  used. Pos t - t es t  examina t ion  
of this cell  showed no evidence of corrosion a t tack  on 
the coated components  (Fig. 7). Local  coat ing loss 
was somet imes detected;  however ,  the  subs t ra tes  did  
not  show any  evidence of corrosive at tack,  thus ind i -  
cat ing that  coating loss m a y  have  occurred dur ing  the 
cut t ing of the cell and sample  prepara t ion .  S in te red  
MgO separa tors  pe r fo rmed  sa t is fac tor i ly  in this  ceil  
and did not  exhib i t  any  evidence of chemical  react ion 
or active ma te r i a l  in the separa to r  (Fig. 8). 

Cell  MS-9 was assembled using coated posit ive cur -  
ren t -co l lec to r  plate,  frames,  BN fabric  separators ,  
and mo lybdenum screens for  posi t ive par t ic le  r e t en -  
tion. Again,  the  pos t - tes t  examina t ion  of  this  ce l l  

Fig. 6. Photographs of positive current-collector plate, frame, 
and screen after test in cell MS-6. 

showed no evidence of corrosion a t t ack  of the  coated  
components.  

The in -ce l l  test  results ,  as p resen ted  above, ind ica te  
that  monol i th ic  TiN was chemical ly  s table  in  the  cell  
envi ronment .  T i t an ium ni t r ide  coated AISI  304 s ta in-  
less steel  cur ren t -co l lec tor  p la tes  and f rames exhib i ted  
no evidence of corrosive at tack,  indica t ing  tha t  such 
coatings are indeed a t t rac t ive  candidates  for  use in 
an Li-A1/FeS2 cell. Use of s tainless  steel  ins tead  of low 
carbon s teel  as the subs t ra te  m a y  have  cont r ibu ted  
somewhat  to the  be t te r  s tab i l i ty  of the  in -ce l l  posi-  
t ive components;  s tainless  steel  is known to be m o r e  
corrosion res is tan t  than  low carbon s teel  in  the  p o s i -  
t i v e - e l e c t r o d e  env i ronment  (4). However ,  s tat ic  tests 
of uncoated stainless steel  in FeS2/LiC1-KC1 resul ted  
in severe  corrosion (4). Thus, the coating mus t  have  
provided  significant pro tec t ion  to the  substrate .  The 
coated par t ic le  r e t a ine r  screens, however ,  were  un -  
s table in the cell  envi ronment ;  thus, the screens wi l l  
have  to be modified, or  different  ma te r i a l s  used. A l -  
te rna t ive ly ,  screens m a y  be e l imina ted  f rom the cell  
assembly,  as demons t ra ted  in cell  MS-8, by  using s in -  
t ered  separators .  

The s tab i l i ty  of T iN-coa ted  cur ren t  collectors and 
f rames in the l abora to ry-s ize  Li -A1/FeSe cells in 
sho r t - t e rm  tests is ve ry  encouraging.  The resul ts  i n -  
d icate  that  a modera te  improvemen t  in the  coating 
quali ty,  p roper  select ion of the  type  and the condit ion 
of the  substrate,  some changes in the design of the  
cur ren t  collectors and frames,  and an opt imized e lec-  
t rochemical  condit ion for cell  operat ions  might  lead  
to l ong - t e rm s tabi l i ty  of these coatings in  the Li -A1/  
FeS2 cel l  envi ronment .  

Table V. Li-AI/FeS2 cells: component descriptions and performance data 

Cell 
number Separator 

Positive components 

Current-col- 
lector plate Frame Screens 

Cou- 
Days of lombic 

operation/ Utili- efll- 
number ration ciency 
of cycles (%) (%) Cause of termination 

MS-5 BN fabric Hot-pressed TiN Hastel- 
(1.9 mm thick) loy B 

MS-6 BN fabric 10 ~m TiN coating on 
Type 304 SS 

MS-8 Sintered MgO / 
(-JJ5% theo- 
retical den- 
sity) 

MS-9 BN fabric 

Hastelloy B (200 mesh) 30/48 45.0 

10 /~m TiN coating on 20/15 61.0 
100 mesh Type 304 SS 

None 25/23 61.0 

100 mesh molybdenum 15/12 61,0 

90.0 Voluntarily terminated 

100.0 Internal short 

80.0 Break in the welded Joint 
in the positive current~ 
collector plate 

90.0 Internal short 
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Fig. 8. Composite photograph of a polished section from cell 
MS-8 showing the sintered MgO separator. 

Fig. 7. Micrographs of polished section of coated current col- 
lector for cell MS-8. (a, top) Metallographic section and (b, bottom) 
SEM photograph. 

Summary and Conclusions 
Several electronically conducting ceramic and me- 

tallic candidate coatings and coating materials were 
investigated to determine their  potential  for use in 
positive components of Li-A1/FeS2 bat tery cells. 
Chemical vapor deposited (CVD) and rf-sput tered 
coatings on inexpensive iron-based alloy substrates 
were considered. Static corrosion tests, which were 
considerably more severe than the in-cell  tests, indi-  
cated that although none of the coatings tested in this 
investigation were completely satisfactory, CVD-TiC 
and -TiN coatings showed significant promise. The 
failure in the CVD-TiC and -TiN coatings in the 
static tests was initiated from the corners and edges 

of the specimens. The high compressive s u r f a c e  r e -  
s i d u a l  stresses, which were measured on the coated 
specimens by x - ray  diffraction, and the corrosive 
media probably produced stress-corrosion cracking 
and spallation of the coatings. The coating stabil i ty 
was strongly dependent on the coating thickness and 
the geometry of the specimens. 

The coatings performed significantly bet ter  in the 
in-cell  tests because of the milder (lower temperature 
and lower sulfur activity) corrosion environment than 
that in the static tests. Monolithic TiN current-collec- 
tor plate and TiN-coated AISI 304 stainless steel 
positive current-collector plates and frames were com- 
pletely stable in Li-A1/FeS2 cell after ~30 days of 
operation. The coated particle retainer screens, how- 
ever, were unstable; therefore, alternate materials, 
modification, or ehmination of the screens will  be re-  
quire& 

Analysis of the static and in-cell  test results led to 
several recommendations for application of the CVD- 
TiN and -TiC coatings in Li-A1/FeS2 cells. Since sur-  
face residual stresses are expected to play a key role 
in the coating stability, they must be minimized 
through optimization of the coating quality and thick- 
hess, the substrate type, the coating procedure, and 
the design of the cell components. Designing positive 
cell components without sharp corners and edges 
should significantly improve the coating stability. In 
addition to optimizing coating quality and the ~ompo- 
nent design, maintaining slightly iron-rich FeS2 in the 
fully charged condition is recommended for improved 
coating performance. Optimized coating quality and 
electrochemical conditions for cell operation, and an 
improved cell design, should lead to long-term sta-  
bil i ty of these coatings in Li-A1/FeS2 cells. 
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ABSTRACT 

Some physicochemical properties of the mixed solvents of propylene car- 
bonate and 1,2-dimethoxyethane dissolving various salts have been measured 
at 3O~ in order to clarify the mixing effect of the organic electrolytes for 
high energy density batteries. The vapor pressure and laser Raman spectra 
of the mixed solvents provided significant information regarding the solvent- 
solvent interactions. Ionic conductivities under infinite dilution condition were 
determined by the measured molar conductivities of the salts and transport  
numbers of the ions; the Stokes' radii of the ions in the mixed solvents were 
also estimated. A specific solvation of cations with 1,2-dimethoxyethane in 
the mixed solvents seems to give captured cations like a crown ether does. 
These solvent-solvent and ion-solvent interactions mainly contribute to the 
excellent conductance of the electrolyte using the mixed solvents. 

In the course of development of high energy density 
batteries with organic electrolytes, solutions containing 
mixed solvents have been used as the electrolyte so- 
lutions. For instance, mixed solvents of propylene car- 
bonate (PC) with 1,2-dimethoxyethane (DME) (I, 2), 
7-butyrolactone with tetrahydrofuran (3), and the 
like have been employed to obtain good cell perform- 
ance. Among the properties of the solvents, low viscos- 
i ty and high dielectric constant are important in ob- 
taining a highly conductive electrolyte, because the 
former contributes to low resistance for ion transport 
in the solution and the lat ter  serves to lower the ionic 
dissociation energy. The excellent mixing effect of the 
solvents on the conductivity has been reported in pre-  
vi.ous papers (4-8). Up to the present however, the 

* Electrochemical Society Active Member. 
Key words: mixed organic solvent, electric conductivity, Stokes' 

radius, specific solvation. 

reason for the improvement of the conductivity by 
mixing the solvents has not been appreciably clari- 
fied, in spite of the brief discussion connected with the 
data of dielectric constant and viscosity (7, 8). 

In this work, the fundamental properties of the  
mixed solvents of PC and DME dissolving some salts 
were investigated in order to explain their synergistic 
effects. The examined characteristics are vapor pres- 
sure, viscosity, laser Raman spectrum, electric conduc- 
tivity, and transport  number of ion. From these data, 
some of the information concerning the solvent-solvent 
and ion-solvent interactions was obtainable, and the 
behavior of the ions in the mixed PC-DME system was 
discussed in detail. 

Experimental 
PC and DME were purified by the methods described 

previously (5, 9). Water contents were determined by 
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Kar l  F i sher  t i t ra t ion  and were  be low 80 mg �9 d m - a  in 
PC and 50 m g .  dm -3  in DME. The LiC104 was an 
ex t ra  pu re  r eagen t  by  Kanto  Kagaku  Company  L im-  
ited. NaC104, KC104, NH4C104, (CzHs)4NC104, LiC1, and 
LiBr  were  of the  same grade  b y  Wako Pu re  Chemical  
Industr ies ,  Limited.  LiBF4 and LiPF6 were  obta ined  
f rom Mori ta  Chemical  Industr ies ,  Limited.  These re -  
agents  were  used af te r  d ry ing  under  reduced  pressure  
at  the  appropr ia t e  t empera tu res  (80~176 for 24 hr. 

The  vapor  pressure  of the  solvents  and solutions was 
measured  by  a s tat ic  method  (10). The viscosity, d i -  
e lectr ic  constant,  and e lec t r ica l  conduct iv i ty  were  mea -  
sured  b y  the same methods  as in the previous  paper  
(8). The t r anspor t  numbers  of Li + and C104- ions 
were  de t e rmined  through  measur ing  the e lec t romot ive  
force of the  concentra t ion cell  wi th  a l iquid  junction,  
Eq. [1], as used by  Hoare  and Wiese (11) 

Li [ LiC104 (x  mol . d m - 8 ) ,  PC-DME ] PC-DME, 

LiC104 (0.001 tool �9 dm -a )  I Li [1] 

The t r anspor t  number  of C104- ion was ca lcu la ted  by  
using Eq. [2] 

E = - -  ( 2 R T  t c lo4 - /F )  In (x/0.001) [2] 

where  E and tclo4- a re  the e lec t romot ive  force of the  
cell, Eq. [1], and the t r anspor t  number  of C104- ion, 
respect ively,  and  o ther  symbols  have the i r  usual  mean-  
ings. 

Molar  conduct iv i ty  and Stokes '  rad ius  of an ion were  
eva lua ted  in  the  usual  methods  b y  using the  exper i -  
men ta l  values  of specific conduct ivi ty,  t r anspor t  num-  
ber, and viscosity. Al l  measurements  were  carr ied  out  
at  30~ unless  o therwise  noted. 

Results and Discussion 
The vapor  pressure  of a mixed  organic solvent  is r e -  

la ted  to the fundamen ta l  p roper t ies  of t h e r m o d y n a m -  
ics. Usually,  the  vapor  pressure  of rea l  mixed  organic 
solvent  is given by  Eq. [3] 

p --  p~ A + pOBXB,,/B [3] 

where P, P~ and P~ are the vapor pressures of the 
mixed solvent and the pure solvents, A and B, respec- 
tively. XA and Xs are the molar fractions of A and B in 
the mixed solvent, and ~A and 7B are the activity coeffi- 
cients of A and B. If both ~A and ~B are unity, Eq. [3] 
is identical with Raoult's equation and the mixed sol- 
vent is an ideal liquid. The measured vapor pressure 
of the PC-DME system at various temperatures is 
shown in Fig. i. Positive deviations from the straight 
lines in the figure indicate ~ > 1 and a nonideal con- 
dition formed by mixing the two solvents. It is con- 
sidered that a certain association of the PC molecules 

160~ 

in the pure  solvent  is weakened  by  addi t ion of DME, 
which  is suppor ted  by  the resul ts  of laser  R a m a n  
spectra  discussed in a l a t e r  section of this paper .  This 
in terac t ion  be tween  PC and DME molecules  would  
be one of the  causes of the excel len t  conductance of 
PC-DME solutions of LiC104 and NaC104. 

The mix ing  effect of the solvents on the electr ic  con- 
ductance can be be t te r  unders tood under  the infinite 
di lu t ion condition. Table  I shows the l imi t ing  mola r  
conductivit ies,  A ~, of some sal ts  consist ing of un iva len t  
cations and anions in PC-DME mixed  system. The va l -  
ues of A ~ were  de te rmined  by  ex t rapo la t ing  the molar  
conduct ivi t ies  measured,  A, to zero concentra t ion in 
the A v s .  C'/g plots (C represents  the concentra t ion of 
the salt,  10 -3 =< C < 10 -2  mol  �9 dm - s )  (7, 8). The A = 
in the  solutions composed of  a h igher  percentage  of 
DME (or 100% DME) was not  de t e rminab le  b y  the 
above procedure  because  of non l inea r i ty  of the  plots. 
This is also the case for  75% DME containing LiC1. 
The mola r  conduct ivi t ies  of the  sal ts  inc rease  wi th  in-  
creasing DME concentra t ion in the  solvent.  I t  suggests 
that  under  such infinite d i lu t ion condit ion ion- ion  in-  
teract ions are  fa i r ly  weak  and then the molar  con- 
duct iv i ty  ma in ly  depends on the degree  of fac i l i ty  in  
ion  movement ,  or  the ionic mobil i ty .  By Eq. [4], the 
l imi t ing  ionic mobi l i ty ,  ui ~, can be cor re la ted  to the  
l imi t ing  molar  ionic conductivi ty,  }~i ~, which is fu r the r  
ca lcula ted  f rom the l imi t ing molar  conduct iv i ty  and 
t r anspor t  numbers ,  ti ~~ by  using Eq. [5] 

ui= = ~ i = / F  [4] 

~.i~ = ti ~ A = [5] 

where  subscr ip t  i denotes  the types  of  the ions. 
In  order  to de te rmine  the ~.i =, the  l imi t ing t r anspor t  

numbers  of Li+ and C104- ions were  measured  in the 
PC-DME mixed  sys tem and the resul ts  a re  l i s ted  in 
Table  II. The t r anspor t  number  of Li + ion increases  
wi th  increasing DME concentra t ion  in the  solvent.  In  
Fig. 2 the  l imi t ing molar  ionic conduct ivi t ies  or ionic 
mobil i t ies  of Li + and C104- are  shown as a funct ion 
of DME content  in the  solvent.  The mola r  ionic  
conduct ivi t ies  increase wi th  DME concentra t ion be -  
cause of lower ing of the solvent  viscosity. However ,  
some differences are  observed  in the  var ia t ions  of 
molar  ionic conduct ivi t ies  of these two kinds  of ions, 
and i t  impl ies  some different  ion-so lvent  in teract ions  
depending on the kind of ions. 

For  o ther  cations and anions, l imi t ing  mola r  ionic 
conduct ivi t ies  are  shown in Table  III,  in which  m e a -  
sured viscosi ty of the solvent  is included.  The values  of 
ki = were  calcula ted by  subst i tu t ing the da ta  of the  l im-  
i t ing molar  conduct ivi t ies  of the salts, A~, into Eq. [6] 

~,lVi+ oo --. AMCIO4OO __ ~.Ct04- oo [6-a] 

XX- =o - -  ALIX =, __ ~,Li+ oo [ 6 - b ]  

where  M + and X -  represen t  the  ca t ion and the anion, 

~ 
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Fig. I. Correlation between composition and vapor pressure of 
PC-DME mixed system at various temperatures, curve 1, 20~ 
curve 2, 25~ curve 3, 30~ curve 4, 40~ 
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Fig. 2. Umltlng molar ionic conductivities (~,=) and mebilltles 
(uD of Li + ( e )  and C[04-  ( G )  in PC-DME mixed system. 



2554 d. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1981 

Table I. Limiting molar conductivlties of some salts in PC-DME mixed system 

DME A = (C~-z cra= tool-Z) 
cone.  
( v/o ) LiC10, NaC104 KC10, NI-I,C104 (C2H~) ~NC104 LiC1 LiBr LiBF4 LiPFe 

0 29.5 30.3 36.4 41.3 34.9 20.8 28.5 34.0 29.3 
25 45.4 46.8 49.3 53.9 49.2 37,0 41.4 49.0 40.4 
50 63.2 65.9 72.2 67.0 68.4 47.5 54.0 63.8 55.0 
75 92.0 92.6 89.6 91.2 87.0 - -  73.0 88.6 81.5 

Table Ih Limiting transport numbers of Li + and C104- ions 

DME conc.  = = 
(v/o) tm + tom~- 

0 0.28 0.72 
25 0.41 0.59 
50 0.43 0.57 
75 0.48 0.52 

respect ively.  I t  is obvious f rom Table I I I  that  the molar  
conductivi t ies  of al l  ions tend to increase wi th  increas-  
ing DME content  in the solvent  s imi la r ly  to those of 
Li + and C104- ions. Thus, the  low viscosi ty of DME 
would ma in ly  contr ibute  to the  high conduct iv i ty  of 
the solution. 

Genera l ly ,  ionic mobi l i ty  depends on both viscosity 
of the solvent  and size of ion. F rom the  da ta  presented  
above, Stokes '  radius  of the ion, Rs, which corresponds 
to the size of ion in solution, is eva lua ted  by  Stokes '  
equation,  Eq. [7] 

Rs = ZiF2/6~o ~.i ~r NA [7] 

where  Zi, F, ~o, and NA are  number  of ionic charge, 
F a r a d a y  constant,  viscosi ty of the solvent,  and  Avo-  
gadro constant,  respect ively.  The Stokes '  r ad i i  of the 
ions were  ca l ibra ted  b y  the method using a series of 
t e t r a a l k y l a m m o n i u m  ions (12), and the resul t ing  radi i  
a re  shown in Table  IV. Every  anion tends to have 
increasing Stokes '  rad ius  wi th  an increase  in DME 
content.  This seems to be due to the  rep lacement  of 
solvat ing PC molecules  by  DME added�9 On the other  
hand, the  radi i  of the cations, especial ly  Li+ and Na + 
ions, a re  a lmost  constant  in the solutions containing 25- 
75% DME. In Fig. 3, Rs of the ions in 10.0% PC solvent  
and 50% PC-50% DME mixed  solvent  are  p lo t ted  
agains t  the c rys ta l lographic  radi i  of  the ions, Rc, cited 
f rom the l i t e r a tu re  (13). Rs of the  anions decreases  
wi th  increas ing Rc both  in 100% PC solvent  and  in 50% 
PC-50% DME mixed  solvent,  which is the genera l  phe-  
nomenon observed  in hydra t ion .  The cations in 100% 

PC solvent  behave  a lmost  in the same manner .  How- 
ever,  Rs of the cations in the mixed  solvent  are  scarcely  
different  f rom one another .  Such unique  character is t ics  
wi th  respect  to the Stokes '  r ad i i  of cations may  be ex-  
p l icable  from the v iewpoin t  of a specific (or select ive)  
solvation. 

Ano the r  in format ion  on the ion-so lvent  in teract ion 
is ob ta inab le  f rom some spectroscopic data. F igure  4 
shows typ ica l  laser  Raman  spect ra  of the  PC-DME-  
LiC104 sys tem in the C ~ O  region. Wi th  LiC104 dis-  
solved in PC, the wave  n u m b e r  of the C = O  s t re tching 
band  of PC (1782 cm -1) is shif ted to a h igher  value  
and the in tens i ty  decreases to a cer ta in  extent .  This 
means  the solvat ion of Li+ ion with  PC molecules 

/ 
through a coordinated bond such as Li + - - -  O = C  

\ 
On the other  hand, the shifts of the wave  number  to- 
w a r d  higher  values wi th  the addi t ion of DME to PC are  
due to the weakening  of C = O  bond by  added DME. 
This suggests that  the  degree of the in termolecule  asso- 
ciation of PC is reduced  by  the addi t ion  of DME. Such 
a phenomenon suggest ing a so lvent -so lvent  in teract ion 
would  re la te  to the exper imen ta l  resul ts  of vapor  p res -  
sure  of the mixed  solvent  shown in Fig. 1, and the 
exce l len t  conductance of PC-DME containing perch lo-  
rates. In  the case of PC-DME mixed  system containing 
LiCIO4, the influence of IAC104 addi t ion on the shift  of 
wave  number  is r a the r  smal l  in the high DME content  
region; it  might  be because of the decreasing solvation 
of Li + ion wi th  PC in the mixed  solvents. Since the 
var ia t ion  of the  C - - O - - C  s t re tching  band of DME was 
not r e ma rka b l e  either,  the in terac t ion  be tween  Li + ion 
and DME molecules was not discussed f rom this v iew-  
point. 

As a measure  of the ion-solvent  interact ion,  the 
solvat ion number  of the ion, Ns, was es t imated  by  Eq. 
[8] 

4 
N s  = " ~ -  ~; (Rs 3 - -  Rc 3)/Vs [8] 

Table IlL Viscosity of the solvent and limiting molar ionic conductivities of some ions in 
PC-DME mixed system 

DME k | (~-z c m  2 tool- l )  
c o n e .  ~o 
( v / o  ) ( cP ) Li § Na+ K + NH~+ ( C:H~ ) 4N* C10,-  C1- Br-  BF4- PF~- 

0 2.24 8.3 9.1 15.2 20.1 13.7 21.2 12.5 20.2 25.7 21.6 
25 1.45 18.6 20.0 22.5 27.1 22.4 26.8 18.4 22.8 30.4 21.8 
50 0.94 27.2 29.9 ~36.2 31.0 32.4 36.0 20.3 26.8 36.6 27.3 
75 0.62 44.2 44.8 41.8 43.4 39.2 47.8 - -  28.8 44.4 37.3 

Table IV. Stokes" radii of some ions in PC-DME mixed system 

DME Rs ( n m )  
c o n c .  
(V/O) Li+ Na  + K+ NH~+ (C~H~) 4N + C1Oc C1- Br-  BF~- PF6- 

0 0.48 0.46 0.36 0.32 (0.40) * * 0.31 0.41 0.32 0.28 0,31 
25 0.41 0.40 0.38 0,35 0.39 0.36 0.42 0.38 0.32 0.39 
50 0.42 0.41 0.37 0.40 0.40 0.37 0.47 0.42 0.37 0.42 
75 0.41 0.41 0.42 0.42 0.43 0.40 0.49 0.41 0.44 

Rc ( n m ) *  0.060 0.095 0,133 0,148 0.400 0.200 0 . ~ 1  0.195 - -  - -  

�9 Crysta l lographic  ionic radius.  
�9 * By the  as sumpt ion  in Ref ,  (12)�9 
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Fi 9. 3. Correlation between crystallographic ionic radius (Re) and 
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Fig. 4. C ~ O stretching band in PC-DME-LICIO4 system. (A) 
Wave number of the band as a function of the solvent composition, 
C): solvent, e:  solution of 1 mol. dm -3 LiCIO4. (B) Variation 
Of the band, 1: PC, 2: PC + 1 mol'dm -3 LiCIO4, 3: PC + 
DME (1 :i), 4: DME. 

where  vs is the  molecular  volume of the solvent,  being 
considered to be 0.142 nm 3 for PC and 0.174 nm ~ for  
DME based on molecu la r  weight  and density. I t  was 
assumed in the calcula t ion that  the cations are  solvated 
p re fe ren t i a l ly  wi th  DME in the mixed  solvents  owing 
to the reason exp la ined  la ter ,  whi le  the anions are  
solvated wi th  PC and DME in the same rat io as the 
bu lk  composi t ion of the solvent.  The da ta  of Rs shown 
in Table IV represen t  the va l id i ty  of this assumption.  
The resul t ing  solvat ion numbers  of the ions are  sum-  
mar ized  in Table  V. The sl ight  increase in Ns of the 
anions wi th  the DME content  may  be associated wi th  
the decrease  in the  die lect r ic  constant  of the  solvent  
(8). Among  the cations, Li + and Na + ions seem to 
be h ighly  subject  to the  specific solvat ion wi th  DME 
in the  mixed  solvents.  Their  solvat ion numbers  g rea t ly  

Table V. Salvation number 

D M E  Ns  
COliC. 
( v / o )  Li+ N a  + K+ NHt+ (C.~H5) 4N + C104- C1- B r -  

0 3.2 2.8 1.3 0.9 (0) * 0.6 2.2 0.7 
25"* 1.7 1.5 1.3 1.0 0.0 1.0 1.9 1.3 
50** 1.8 1.6 1.2 1.4 0.0 1.1 2.6 1.8 
75** 1.7 1.6 1.7 1.7 0.4 1.4 - -  2.8 

* B y  t h e  a s s u m p t i o n  i n  R e f .  (12) .  
** F o r  t h e  s p e c i f i c  s a l v a t i o n  of c a t i o n s  w i t h  D M E .  
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Fig. 5. A model for specifically solvated cation with two mole- 
cules of DME. 

decrease with mixing DME into PC, and those in the 
mixed solvents are almost constant in the range of 
25-75% DME. The specific solvat ion of the cations 
wi th  l a rge r  Rc (K + and NH4 + ) is r e l a t ive ly  weak.  
These phenomena  would  be caused by  not  only  an 
electrostat ic  c i rcumstance bu t  also a spa t ia l  re la t ion 
be tween  the ion and the solvent  molecule.  

I t  m a y  not be so genera l  for ions to be solvated 
select ively wi th  such molecules  hav ing  lower  dielec-  
t r ic  constant  as DME in the  PC-DME mixed  solvents  
(er --  64.4 for PC, 7.2 for DME).  However ,  the  presen t  
case seems to be analogous to tha t  in the  specific solva-  
tion of Li + ion wi th  THF (14, 15). A scheme presen ted  
in Fig. 5 is proposed as a model  for the specific solva-  
t ion with  DME, suggest ing the s tab i l i ty  of a lka l i  meta l  
cations cap tured  by  crown e thers  in PC solvent  (161. 
The specific solvat ion wi th  DME would  resu l t  f rom the 
s t rong coordinate  bond by  two oxygen a toms whose 
configuration is spa t ia l ly  significant. In  the present  
work,  however ,  any  definit ive evidence b y  the spec-  
troscopic method was not  ob ta ined  concerning the 
direct  in terac t ion  be tween  the cat ion and the oxygen  
atoms of DME. According to the s te reochemis t ry  of 
DME, the number  of the molecules  solvat ing a cat ion 
must  be less than  two as shown in Table  V. For  the 
cations wi th  l a rge r  ionic size, K + and NH4 +, therefore,  
the  coordinat ion of DME becomes weak  to give a 
poorer  specific solvation. Consequently,  the  specific 
solvat ion of cations wi th  DME, decreasing the i r  Stokes '  
radii,  contr ibutes  to the improvemen t  in the conduc-  
t iv i ty  of the PC-DME mixed  solutions of LiC104 and 
NaC104. That  is, the ionic mobil i ty,  or the ionic con- 
duct ivi ty,  of Li + and Na + in the PC-DME mixed  sol-  
vent  is increased because of the r e l a t ive ly  smal l  rad ius  
of the solvated ion, as well  as owing to the sui table  
viscosi ty and dielectr ic  constant  of the solvent.  
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Electrochemical Nitration of Aromatic 
Hydrocarbons in Aprotic Media 

J. M. Achord and C. L. Hussey* 
Department o$ Chemistry, The Universit~ oJ Mississippi, University, Mississippi 38677 

ABSTRACT 

The electrochemical nitration of anthracene, naphthalene, 1-nitronaphtha- 
lene, and toluene was examined in aprotic solvents. Controlled potential elec- 
trolysis of anthracene in acetonitrile containing tetra-n-butylammonium nitrite 
resulted in low yields of 9-nitroanthracene. Oxidation of naphthalene in aceto- 
nitrile containing N204 at potentials insufficient to oxidize N204 resulted in high 
yields of 1-nitronaphthalene, while electrolysis of naphthalene at potentials 
sufficient to oxidize N204 resulted in moderate yields of dinitronaphthalenes. 
Similar experiments involving cooxidation of N~O4 and toluene gave moderate 
yields of 2- and 4-nitrotoluene in both acetonitrile and nitromethane. Nitronium 
ion was electrogenerated and used to effect nitration of toluene and 1-nitro- 
naphthalene in acetonitrile. The nitrotoluene isomer distributions obtained 
were similar to those observed during nitration of toluene with nitronium 
salts. The results obtained during coelectrolysis of either 1-nitronaphthalene 
or toluene with N~O4 were interpreted in terms of electrophilic attack by 
nitronium ion solvated via eiectrolytically generated acid. Coelectrolysis of 
tetra-n-butylammonium nitrate and toluene in acetonitrile and nitromethane 
did not produce nitrated products. However, electrolysis of solutions of IANO3 
and toluene in nitromethane gave low yields of mononitrotoluenes. Rotating 
disk measurements of the oxidation half-wave potentials of several nitro- 
aromatic hydrocarbons are presented. 

Several investigators have demonstrated that it is 
possible to electrochemically induce the nitration of 
aromatic hydrocarbons in aprotic media (1-5). Elec- 
trochemical nitration experiments have resulted in 
products which suggest direct nitration of the aro- 
matic ring (1-5) and nitration of the alkyl side chain 
on alkyl substituted aromatic hydrocarbons (2). A 
variety of solvents, supporting electrolytes, and nitrat- 
ing agents have been employed for these studies. How- 
ever, the general approach used in most electro- 
chemical nitration experiments was similar. The aro- 
matic hydrocarbon to be nitrated was oxidized anod- 
ically in aprotic solvents that contained either dis- 
solved nitrite or nitrate salts, or dinitrogen tetroxide. 

A number of aromatic hydrocarbons have been 
successfully nitrated by means of these electrochemical 
nitration procedures. Oxidation of anthracene at a 
platinum anode in molten tetra-n-butylammonium ni- 
trate resulted in the formation of 9-nitroanthracene, 
1,10-dinitroanthracene, and 9,10-dinitroanthracene (1). 
Electrolytic oxidation of mesitylene at a platinum 
electrode in nitromethane containing tetra-n-butylam- 
monium nitrate gave 2-nitromesitylene and 3,5-di- 
methylbenzyl nitrate (2). Electrolysis of naphthalene 
at a carbon anode in this same solvent and supporting 

* Electrochemical Society Active Member. 
Key words: organic, free radicals, electrolysis, synthesis. 

electrolyte resulted in small amounts of 1-nitronaph- 
thalene (2). Electrochemical oxidation of anthracene, 
anisole, N,N-dimethylaniline, naphthalene, trimeth- 
oxybenzene, and several dimethoxybenzenes in aceto- 
nitrile containing AgNO2 yielded mononitro ring sub- 
stituted products (3). Both 1- and 2-nitronaphthalene, 
the latter in small quantities, were obtained when 
naphthalene was oxidized at platinum electrodes in 
acetonitrile containing N204 (4, 5). 

Two different mechanisms have been suggested to 
account for the nitrated products obtained during elec- 
trochemical nitration experiments involving oxidation 
of aromatic hydrocarbons in solutions containing 
NO2- and N204. These mechanisms include reaction of 
the electrogenerated aromatic hydrocarbon radical 
cation with NOe radical (3, 4) and homogeneous ac id  
catalyzed nitration of the aromatic hydrocarbon by 
anodically generated acid (5). Nitrated products ar i s -  
ing  from experiments involving NO~- ion in aprotic 
solvents have been attributed to electrophilic attack 
by electrogenerated NO2 + ion or reactions involving 
NO.~ radical (2). 

The electrochemically induced nitration of several 
aromatic hydrocarbons was studied in acetonitrile 
and nitromethane containing either NO~-, NO2 (N204), 
or NO3-. This study was undertaken in order to gain 
additional insight into the mechanistic aspects and  
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synthetic  ut i l i ty  of electrochemical n i t ra t ion  pro- 
cedures. The results of this invest igat ion are r e p o r t e d  
in this paper. 

Experimental 
Chemicals.--Anthracene and naphtha lene  (Fisher 

ACS Certified Reagents)  were recrystall ized before 
u s e .  1-Nitronaphthalene (Aldrich) and toluene (Fisher 
ACS Certified Reagent)  were used wi thout  fur ther  
t reatment .  Spectrophotometric grade acetonitrile,  
MeCN, (Burdick and Jackson) was stored over 3A 
molecular  sieve (Linde) and passed througll  a column 
containing fresh molecular  sieve and activated a lumina  
direct ly into the electrolysis cell. Fur the r  at tempts to 
pur i fy  this solvent resulted in  degradation of its qual-  
ity. Spectrophotometric grade ni t romethane,  MeNO~, 
(Aldrich, Gold Label)  was stored over molecular  s i e v e  
prior to use. The support ing electrolyte, t e t r a - n - b u t y l -  
a m m o n i u m  hexafluorophosphate, TBAFP, was syn-  
thesized and  purified according to s tandard  p r o c e d u r e s .  
Dini t rogen tetroxide, N204, (Matheson 99.5%) was 
contaminated with N~Oa as received. The green N203 
contaminant  was e l iminated by  passing dry  oxygen 
gas through the chilled, liquified N204 unt i l  a golden 
b rown color was obtained. Appropriate  amounts  o f  
N~O4 were introduced volumetr ical ly  into the electrol-  
ysis cell. For simplicity the amount  of N204 used in 
each exper iment  is denoted by  the NO2 formal concen- 
tration. L i th ium nitrate,  LiNO~, (J. T. Baker, reagent) ,  
t e t r a - n - b u t y l a m m o n i u m  nitrate,  TBANO~, (Fluka, pu-  
rum) ,  and t e t r a - n - b u t y l a m m o n i u m  nitri te,  TBANOz, 
(Fluka, pu rum)  were dried at 70~ under  vacuum for 

24 hr. 
Instrumentat ion.--Vol tammetric  oxidation half -wave 

potential  measurements  were made using an  AMEL 
Model 552 potentiostat  programmed by  means of an  
AMEL Model 566 funct ion generator.  Current  poten-  
tial curves were recorded on a Houston Model 100 
X-Y recorder. Controlled electrode rotat ion was pro-  
vided by means of a Pine Ins t ruments  Model ASR 
electrode rotator. The cell and electrodes used f o r  
these measurements  were very similar to those de- 
tailed in a previous publ icat ion (6), except that  the 
glassy carbon working electrode was provided with a 
longer  shaft. Potentials  are reported with respect to 
an Ag/Ag + (0.01M) reference electrode isolated from 
the bulk  solution via a Vycor plug. The cell was 
thermostated to 25.0 ~ +_ 0.2~ in  a water  bath. 

Controlled potential  electrolysis exper iments  were 
coulometrical ly monitored by coupling the potent io-  
star to an  AMEL Model 731 digital integrator.  A 
three-electrode sealed cell of convent ional  design with 
a working volume of approximately  60 ml  was used 
dur ing  these experiments.  The workin~ electrode was 
a p la t inum gauze basket and the counterelectrode was 
a p l a t inum wire spiral separated from the working 
electrode compar tmen t  via  a fine porosity f l i t ted disk. 
Solutions were prepared and the cell was filled and 
sealed in a ni t rogen atmosphere in  a KSE d r y  b o x  
equipped with a 3 CFM iner t  gas purifier. 

Product identification and analysis.--Products aris-  
ing from electrochemical n i t ra t ion  exper iments  were 
analyzed using gas-l iquid chromatography (GLC). 
Gas chromatographic analyses were performed using a 
Hewlet t -Packard  Model 5710A gas chromatograph 
equipped with a flame ionization detector. The chro- 
matograph was furnished with l m  • ~/4 in. copper 
columns packed with 8% OV-3 on Gas Chrom-Z. It  
was operated over a tempera ture  range of 80~176 
with hel ium carrier gas. Products resul t ing from ex-  
per iments  involving naphtha lene  were analyzed also 
using a Waters Associates l iquid chromatograph 
equipped with a u.v. detector operated at 254 nm. 
The liquid chromatograph contained a Wha tman  
Part is i l  PXS column and employed a mobile phase o f  
92% cyclohexane-8% ethyl  acetate ( v / v ) .  The iden-  

t i ty of all  reported products was confirmed by com- 
parison of their  mass spectra and chromatographic re-  
tent ion properties with those of authent ic  samples. 
A Hewlet t -Packard  Model 5985 gas chromatograph/  
mass spectrometer system was used to obtain m a s s  
spectra. 

Results 
Electrolysis o~ anthracene and TBANOz in MeCN.--  

Solutions of anthracene (0.05M) and TBANO2~ (0.1M) 
in MeCN containing 0.1M TBAFP were electrolyzed 
at 1.2V vs. Ag/Ag + following the procedure of Lauren t  
et al. (3). The applied potent ial  was sufficient to oxi-  
dize both anthracene and TBANO2 (Table I) .  Large 
bubbles of b rown NO2 gas were produced at the cell 
anode and high currents  were observed. The former  
observation is consistent with data which indicate 
that NO2 is a product of the oxidation of NO2- in  
aprotic solvents (10, 11). Controlled potent ial  electrol-  
ysis was cont inued unt i l  approximately 1.0F of charge 
per  mole of anthracene was passed. The resul t ing solu- 
tion was yellow and GLC analysis revealed that  
some anthracene had been converted to 9 -n i t roan thra -  
cene in low yield, ca. 1.2%. The overall  results obtained 
using anthracene and TBANO2 were very  similar  to 
those reported by Laurent  et al. (3) for controlled po- 
tent ial  electrolysis of anthracene and AgNO2 in  MeCN. 
The copious quanti t ies of NO2 gas formed at the anode 
f requent ly  in te r rup ted  electrical contact be tween the 
working electrode and the counterelectrode dur ing  
electrolysis. As a result, this n i t ra t ion  procedure w a s  
found difficult to control and was not  fur ther  in -  
vestigated. 

Electrolysis of naphthalene and N~04 in MeCN.--  
Controlled potential  electrolysis exper iments  w e r e  
performed on solutions of naphtha lene  and N204 (0.1M) 
in MeCN containing 0.1M TBAFP. These experi -  
ments  were conducted as a funct ion of naphtha lene  
concentration, applied potential,  and charge passed. 
The results that were obtained dur ing these studies are 
most convenient ly  described in terms of the applied 
potent ial  employed, since the dis t r ibut ion and com- 
position of products obtained were markedly  depen-  
dent  on the applied potential .  

Potentials  below approximately  1.75V resulted in  the 
formation of 1-ni t ronapthalene in comparat ively high 
yields (Table II) .  Smal l  amounts  of 2 -n i t ronaph-  
thalene could also be detected. The ratio of 1-ni t ro-  to 
2-ni t ronaphthalene  was approximately  17 _ 3. The 
potential  used for these experiments,  1.50V, was suffi- 
cient to oxidize naphtha lene  (Table I) ,  bu t  insufficient 
to oxidize N204. Figure 1 shows a plot of the percent  
yield based on the current  of 1-ni t ronaphthalene  prod-  

Table I. Voltammetrc oxidation half-wave potentials a 

Compound E1/~ ~ (V) Ref. 

Anthracene  0.84c (7) 
Anthracene  1.12 • 0.02 This work 
1,S-dinitronaphthalene 2.07 -- 0.01 This work 
1,8-dinitronaphthalene 2.05 ~- 0.~)1 This work 
LiNO8 1.77 e (8) 
Naphthalene 1.34% 1.31 c (7) 
Naphthalene 1.33 "4- 0.01 This work 
NO~(N~O4)a 1.82 (4) 
1-nitronaphthalene 1.62o (9) 
1-nitronaphthalene 1.81 • 0.02 This work  
2-nitrotoluene 2.29 -~ 0.~2 This work 
4-nitrotoluene 2.22 • 0.02 This work  
TBANO2 0.58 This work 
TBANOa 1.76 c (8) 
Toluene 1.98% 1.93 ~ (7) 
Toluene 1.85 • 0.01 This work 

a Oxidation half-wave potentials were  est imated from current-  
voltage curves obtained for the compound of interest  at a glassy 
carbon electrode rotating at 3.98 rad see -1 in MeCN containing 
O.IM TBAFP. 

b Unless  otherwise noted, potentials are reported vs. the Ag/Ag§ 
(0.01M) reference  electrode. 

c vs. Ag/Ag+ (0.1M). 
a N~O~ is the  species oxidized at this potential. 
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Table II. Results for electrochemical nitration of naphthalenes 

% Yield 
Charge ni t ronaphtha lenes  c 

Start ing  Conc. E p a s s e d  b 
materiala  (M) (V)  (%) 1- 1,5- 1,0- 

Naphtha lene  0.025 1.50 100 91 - -  - -  
N a p h t h a l e n e  0.050 1.50 100 64 - -  - -  
N a p h t h a l e n e  0.100 1.50 100 92 - -  - -  
Naphthalene 0.050 1.75 105 40 12 I0 
N a p h t h a l e n e  0.025 2.05 100 19 15 13 
N a p h t h a l e n e  0.050 2.00 100 32 20 18 
N a p h t h a l e n e  0.050 2.00 200 - -  28 26 
Naphtha l ene  0.100 2.00 100 79 2 1 
1-NRronaph- 0.050 2.00 105 - -  20 21 

tha lene  
Naphtha lene  0.{)50 2.50 100 13 24 22 

Experiments were conducted in MeCN conta in ing  0.2M NO~ 
and 0.1M TBAFP. 

b 100% of the  c h a r g e  passed  is equiva lent  to 1.0 F /rea l  of  start- 
ing materia l .  

o Based an the  a m o u n t  o/starting materia l .  

uct obta ined  vs. the  charge passed, where  100% of 
the charge is equiva lent  to 1.0F of charge per  mol of 
naphtha lene .  Data  wi th  which  to construct  this plot  
were obta ined by  per iod ica l ly  analyz ing  smal l  samples  
of solut ion by  GLC taken  f rom the work ing  e lect rode 
compar tmen t  of the cell  dur ing  the course of severa l  
e lectrolysis  exper iments .  

F igure  1 indicates  that  the product ion  of 1-ni t ro-  
nap tha lene  under  the condit ions employed  outruns  the  
percentage  of charge passed through the cell, i.e., the  
format ion  of 1 -n i t ronaphtha lene  f rom naph tha lene  is 
essent ia l ly  complete  af ter  only  a smal l  f ract ion of the 
charge necessary to effect the one-e lec t ron  oxida t ion  
of naph tha lene  has been provided.  The role of ad-  
vent i t ious wa te r  added  to the e lectrolysis  cell was also 
examined.  I t  is significant f rom a prac t ica l  synthet ic  
v iewpoin t  that  the  quan t i ty  of wa te r  in t roduced into 
the MeCN used in these exper imen t s  is not dele ter ious  
to the format ion  of 1-n i t ronaphthalene ,  a t  leas t  wi th in  
the concentra t ion range  s tudied (Fig. 1). 

Formation of dinitronaphthalenes.--Controlled po-  
tent ia l  e lectrolysis  of solutions of naph tha lene  and N204 
in MeCN at potent ia ls  equal  to or exceeding  1.75V 
resul ted  in the format ion  of 1-n i t ronaphthalene ,  1,5- 
d in i t ronaphtha lene ,  and 1 ,8-din i t ronaphthalene  (Table  
I I ) .  Smal l  amounts  of 2 ,3-din i t ronaphthalene  were  also 
detected,  but  the  y ie ld  of this  ma te r i a l  was a lways  less 
than 2%. A significant amount  of in t rac table ,  t a r r y  
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Fig. 1. Variation of the current yield of 1-nitronaphthalene with 
the charge passed during electrolysis of a solution of N204 (0.1M) 
and naphthalene (0.025M) in MeCN @ 0.1M TBAFP at 1.50V vs. 

Ag/Ag + (0.01M). O ,  MeCN containing ca. 6 X 10-3M H20; 
[] ,  MeCN containing ca. 2 X 10-2M H20; A,  MeCN contain- 
ing less than 6 • 10-3M H20. 

mater ia l  could also be isolated dur ing  these exper i -  
ments.  However ,  a t tempts  to iden t i fy  or  fu r the r  char -  
acterize this ma te r i a l  were  unsuccessful.  The y ie ld  of 
d in i t ronaph tha lene  products  obta ined  af ter  passage of 
1.0F of charge per  mol  of naph tha lene  appears  op-  
t imum when the naph tha lene  concentra t ion is approx i -  
ma te ly  25% of the NO2 formal  concentrat ion.  F u r t h e r  
e lectrolysis  unt i l  2.0F of charge per  mol  of naph tha lene  
are  p rov ided  somewhat  improves  the overa l l  ma te r i a l  
y ie ld  of d in i t ronaphtha lenes .  The amount  of d in i t ro -  
naph tha lene  compounds formed at  a fixed rat io  of 
naph tha lene  to NO2 increased with  the appl ied  po-  
tential .  The d is t r ibut ion  of d in i t ronaph tha lene  isomers 
obta ined f rom the e lec t rochemical  n i t ra t ion  of n a p h -  
thalene,  ca. 52% 1,5- and 48% 1,8-, is d is t inc t ly  differ-  
ent  than that  observed for most chemical  ni t ra t ions ,  
app rox ima te ly  33% 1,5- and 67% 1,8- (12). The d i -  
n i t ronaph tha lene  isomer d is t r ibu t ion  observed  did not  
change apprec iab ly  wi th  the  appl ied  poten t ia l  over  the  
potent ia l  range  invest igated.  

The da ta  collected in Table I indicate  that  potent ia ls  
equal  to or g rea te r  than  1.75V are  sufficient to oxidize 
both naph tha lene  and N204. F u r t h e r m o r e  the d in i t ro -  
naph tha lene  products  obta ined  would appear  to o~igi- 
nate by  a mechanism that  is at  least  in pa r t  different  
than tha t  which resul ts  in mononi t ronaphtha lenes .  
Evidence to suppor t  a n i t ra t ion  mechanism tha t  is 
different  than the process which produces  mononi t ro -  
naphtha lenes  can be obta ined f rom Fig. 2. This figure 
shows plots of the ma te r i a l  y ie ld  of 1 -n i t ronaph tha lene  
and the combined mate r i a l  yields  of 1,5- and 1,8-dini- 
t ronaph tha lene  vs. the percent  charge passed dur ing  
a control led  potent ia l  e lectrolysis  expe r imen t  a t  2.25V. 
Data  wi th  which to construct  these plots were  ob ta ined  
in the  same manne r  as was the da ta  used to construct  
Fig. 1. 

Examina t ion  of Fig. 2 reveals  that  1 -n i t ronaph tha-  
lene is r ap id ly  formed from naph tha lene  in the  same 
fashion as was descr ibed in the previous  section. The 
format ion  of d in i t ronaph tha lene  products ,  which ap-  
pear  af ter  app rox ima te ly  75% of the charge has been 
passed based on 1.0F of charge per  mol of naph tha -  
lene, appears  closely associated with the cumula t ive  

1~176 I 
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Fig. 2. Dependence of the material yield of 1-nitronaphthalene 
and dinitronaphthalenes on the charge passed during electrolysis of 
a solution of N20~ (0.1M) and naphthalene (0.025M) in MeCN 
0.1M TBAFP at 2.25V vs. Ag/Ag + (0.01M). G ,  1-nitronaphtha- 
lene; ['7, dinitronaphthalenes.  
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electrolysis  process. The plots  shown in Fig. 2 suggest  
tha t  the  d in i t ra t ion  of naph tha l ene  proceeds th rough  
rapid,  in te rmedia te  format ion  of 1 -n i t ronaphtha lene  in 
high yield.  This step is fol lowed b y  a s lower  n i t ra t ion  
process, which  resul ts  in the  fo rmat ion  of d in i t ronaph-  
thalenes  concurrent  wi th  the  d i sappearance  of 1-ni t ro-  
naphtha lene .  The absolute  va lue  of the  slope of the  
descending por t ion  of the  plot  for  the oxida t ion  of 
1 -n i t ronaphtha lene  at  2.25V, 0.33, indicates  tha t  a sub-  
s tan t ia l  por t ion  of the charge passed involves  the  
oxida t ion  of solute species o ther  than  1 -n i t ronaph tha-  
lene, e.g., N204. The ascending por t ion of the plot  for  
format ion  of d in i t ronaph tha lenes  was s l ight ly  smaller ,  
0.20. If  i t  is assumed tha t  the oxida t ion  of 1 -n i t ronaph-  
tha lene  is essent ia l  to the format ion  of d in i t ronaph tha -  
lenes, then the oxidat ion  of 1 -n i t ronaphtha lene  does 
not  correspond to the format ion  of d in i t ronaph tha lenes  
wi th  100% efficiency. A paras i t ic  process, most  l ike ly  
oxida t ion  of 1 -n i t ronaph tha lene  to give high molecu la r  
weight  mate r ia l s  (5, 13, 14) p robab ly  takes  place. I t  
was also possible to obta in  a rat io and y ie ld  of 1,5- and 
1 ,8-dini t ronaphthalenes  by  control led  poten t ia l  e lec-  
t rolysis  of solut ions of 1 -n i t ronaphtha lene  and N204 
in MeCN which  were  similar ,  wi th in  expe r imen ta l  
error ,  to that  ob ta ined  f rom electrolysis  of solut ions 
containing naph tha lene  and N204 (Table  I I ) .  

Electrolysis ol toluene and N204 in MeCN and MEN02. 
- -E lec t ro lys i s  exper imen t s  were  conducted wi th  solu-  
tions of to luene and N204 in MeCN and MeNO~ to ob-  
tain addi t ional  in format ion  about  e lec t rochemical  n i -  
t ra t ion  processes ut i l iz ing N204. Control led  poten t ia l  
e lectrolysis  exper imen t s  at  potent ia ls  equal  to or  in 
excess of 1.75V resul ted  in the format ion  of 2- and 
4-n i t ro to luene  (Table  HI) and smal l  amounts  of 
3-ni t ro toluene.  The y ie ld  of the l a t t e r  was less than  
3%. The yie ld  of 2- and 4-ni t ro to luenes  ob ta ined  
var ied  with  the appl ied  potent ia l  (Table  I I I ) .  Con- 
t ro l led  poten t ia l  e lectrolysis  exper iments  were  con-  
ducted at  2.00V with  solutions of toluene and N204 
in MeCN to which a smal l  amount  of wa te r  had  been 
added.  The resul ts  ob ta ined  (Table  I I I )  indicate  tha t  
wa te r  exer ts  a s l ight  r e t a rd ing  effect on the fo rmat ion  
of n i t ro to luene  products .  An electrolysis  expe r imen t  
was conducted with  toluene and N204 dissolved in 
MeNO2 at an appl ied  poten t ia l  of 2.00V. The resul ts  o f  
this exper iment ,  shown in Table III,  were  gene ra l ly  
the same as those obta ined  using MeCN as the sol-  
vent,  but  the combined yields  of n i t ro to luenes  were  
less than observed with  MeCN under  the same condi-  
tions, e.g., 39% for NIeCN vs. 26% for MeNO2. The 
isomer  d i s t r ibu t ion  for the n i t ro to luenes  p roduced  
dur ing  the e lectrolysis  exper iments  r epor ted  in this 
section, ca. 60% 2- and 40% 4-ni t rotoluene,  was com-  
pa rab le  to that  r epo r t ed  for  chemical  n i t ra t ion  of 
to luene (15). I t  did not  change wi th in  expe r imen ta l  

Table III. Results for electrochemical nitration of toluene 

% Yie ld  
Charge  n i t r o t o l u e n e s  e 

E passed  b 
Elec tro lys i s  m e d i u m ,  (V)  ( % ) 2- 4- 

0.2M NO2 in MeCN 1.75 100 23 14 
0.2M NO2 in MeCN 2.00 100 23 16 
0.2M NO2 in MeCN 2.00 200 34 22 
0.2M NO2 + 0.02M H ~  

in MeCN 2.00 100 20 13 
0.2M NO2 in MeNOs 2.00 I00 15 II 
0.2M NO~ in  MeCN 2.50 100 27 18 
0.2M NO~ in MeCN 2.50 200 36 25 
0.04M LiNOa in MeCN 2.50 100 _ N 
0.04M LiNOs in MeNO2 2.50 100 6 4 

a Solu t ions  w e r e  0.05M in to luene  and  0.1M in TBAFP.  
b 100% of the  c h a r g e  p a s s e d  is e q u i v a l e n t  to 1.0 F / r e a l  of s tar t -  

i ng  mater ia l .  
c Based on the  a m o u n t  of  s tart ing  mater ia l ,  

er ror  over  the  potent ia l  reg ion  invest igated.  
Appl ied  potent ia ls  of 1.75V or  grea te r  were  sufficient 

to oxidize both toluene and N204. Fu r the rmore ,  the  EI/~ 
value for to luene oxida t ion  is s imi lar  to tha t  for oxi -  
dat ion of l - n i t r ona ph tha l e ne  (Table  I ) .  On this basis 
the e lectrolysis  process by  which n i t ro to luenes  a re  
formed would  be expected  to be s imi lar  to tha t  b y  
which d in i t ronaph tha lenes  are  produced  f rom 1-ni t ro-  
napthalene .  F igure  3 shows a plot  of the pe rcen t  
y ie ld  as a funct ion of the charge passed dur ing  con- 
t ro l led  potent ia l  e lectrolysis  exper imen t s  at  2.00V. The 
format ion  of n i t ro toluenes  dur ing these exper iments ,  
a lbei t  somewhat  inefficient, never the less  closely fol-  
lows the cumula t ive  charge passed in a manner  s imi lar  
to that  observed dur ing  electrolysis  exper imen t s  in 
which d in i t ronaphtha lenes  are  formed (Fig.  2). The 
slope of this plot,  0.30, was s imi lar  to tha t  observed  
dur ing  format ion  of d in i t ronaphtha lenes .  

Electrogenerated NO2 + ion in MeCN.nCauquis  and 
Serve  (16) r epor t  that  NO2 undergoes  a one-e lec t ron  
oxida t ion  to NO2 + ion in aprot ic  solvents.  Solut ions of 
NO2 + in d ry  MeCN are  known  to exhib i t  considerable  
s tab i l i ty  (17). Control led  poten t ia l  e lectrolysis  a t  an 
appl ied  potent ia l  of 2.00V was pe r fo rmed  on solutions 
of N204 (0.1M) in MeCN tha t  d id  not  contain  aromat ic  
hydrocarbons  to examine  the poss ib i l i ty  of effecting 
n i t ra t ion  wi th  e lec t rochemica l ly  genera ted  NO2 + ion. 
Toluene and 1 -n i t ronaph tha lene  were  added  to elec-  
t ro lyzed  solutions of N204 in MeCN in separa te  ex -  
per iments  af ter  the  appl ied  potent ia l  was discontinued.  
Din i t ronaphtha lenes  and mononi t ro to luenes  formed in 
these solutions were  moni to red  as a funct ion of t ime 
using GLC. A plot  of the combined yields  of d in i t ro-  
naphtha lenes  and mononi t ro to luenes  vs. elapsed t ime 
is shown in Fig. 4. Data  used to construct  this  p lot  were  
obta ined af ter  passage of 1.0F of charge pe r  mol  of 
1 -n i t ronaphtha lene  or toluene added  a f te r  cessat ion of 
the  electrolysis.  The react ion of bo th  to luene and 
naph tha lene  wi th  e lec t rogenera ted  NO~ + ion appea red  
rap id  dur ing  the first few minutes  and then s lowed 

40 I 
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"~ 20 
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0 0 

0 
0 

I 
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% C h a r g e  

I 
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Fig. 3. Material yield of mononitrotoluenes as a function of 
charge passed during electrolysis of a solution of N204 (0.1M) and 
toluene (0.05M) in MeCN -~- 0.1M TBAFP at 2.00V vs. Ag/Ag § 
(0.01M). 



2560 Z. Electrochem. Soc.: ELECTROCttEMICAL SCIENCE AND TECHNOLOGY December 1981 

6 0  

4 0  

20 

I I I I I 
O 1.O 2D 3.0 

T i m e [ h r l  

Fig, 4. Variation of the yield of nitrotoluenes and dinitro- 
napbtbolenes with time offer the addition of toluene and 1-nitro- 
nopbtbalene to solutions of N204 (0.1M) in MeCN + 0.1M TBAFP 
that were electrolyzed at 2.00V vs. Ag/Ag + (O.01M). Q, dinitro- 
napbthalenes; ~ ,  nitrotoluenes. 

considerably as time progressed. The nitrotoluene 
isomer distribution obtained from this experiment was 
67% 2-nitrotoluene and 33% 4-nitrotoluene. It was in 
excellent agreement with values reported for nitron- 
ium salt nitrations of toluene (15). The quantity of 
3-nitrotoluene ~ormed during these experiments was 
not subjected to detailed examination. However the 
amount produced appeared to be very small. The 
nitration of 1-nitronaphthalene by the same procedure 
resulted in a dinitronaphthalene isomer distribution 
of approximately 39% 1,5- and 61% 1,8-dinitronaph- 
thalene. Unfortunately there appears to be a paucity 
of literature data concerning the dinitronaphthalene 
isomer distribution resulting from nitronium salt ni- 
trations of 1-nitronaphthalene with which to com- 
pare this data. The yield of dinitronaphthalene prod- 
ucts obtained after 3 hr was slightly greater than ob- 
served during cooxidation of naphthalene with N204. 

Electrolysis of toluene and NO3- in MeCN and 
MeNOz.--The anodic oxidation of NO~- ion in aprotic 
solvents has been studied by several investigators (8, 
18-20). Although there is some argument as to the ac- 
tual mechanism by which NO3- ion is oxidized, most 
workers suggest that species like NO2 +, NO3", or N205 
may be formed during the oxidation process. Electro- 
chemical nitration experiments were conducted on 
solutions of toluene and NO3- in both NIeCN and 
MeNO2 at applied potentials of 2.00V to examine the 
nitration capability of these solutions during oxidation 
of NOz-. The applied potential employed was sufficient 
to oxidize both NO3- and toluene (Table I). 

The results of these experiments were highly de- 
pendent on the source of NO8- and the solvent chosen. 
For example, the use of TBANO3 as the source of 
NO3- in electrolysis experiments conducted in both 
MeCN and MeNOe did not result in the formation of 
nitrotoluenes. When solutions of toluene in MeNO2 
were saturated with LiNO3 and electrolyzed at 2.00V 
small amounts of 2- and 4-nitrotoluene could be de- 
tected (Table III).  The isomer distribution of nitro- 
toluenes formed was 60% 2- and 40% 4-nitrotoluene. 
Mononitrotoluenes were not observed when similar 
solutions of toluene and LiNOa in MeCN were electro- 
lyzed at 2.00V. The yield of nitrotoluenes obtained 

during these experiments was generally very inferior 
to that found during experiments with N204. Significant 
quantities of low boiling compounds were observed 
with GLC after coelectrolysis of NO8- ion and tolu- 
ene in MeCN and MeNO~. It is quite likely that the 
NOa- oxidation products attack the solvent or sup- 
porting electrolyte to produce these species. Similar 
effects have been reported during oxidation of NOs- in 
MeCN (8). 

Discussion 
Information obtained during the present study con- 

cerning the formation of 1-nitronaphthalene from 
naphthalene and N~O4 during electrolysis supports the 
acid catalyzed homogeneous nitration mechanism pro- 
posed by Eberson et aI. (5). It  is obvious that 1-nitro- 
naphthalene is formed during electrolysis experiments 
by a rapid nitration reaction that is independentof the 
cumulative charge. A similar type of process is prob- 
ably responsible for the formation of 9-nitroanthracene 
during the electrolysis of anthracene and TBANO2 in 
MeCN, since the experimental conditions are funda- 
mentally the same as those employed during oxidation 
of aromatic hydrocarbons in solutions containing NO2. 
It is also quite likely that at least some of the prod- 
ucts reported by Laurent et al. (3) arise through a 
similar mechanism. 

The process or agent responsible for the production 
of dinitronaphthalenes and nitrotoluenes during elec- 
trolysis experiments involving cooxidation of the 
parent hydrocarbon and N204 appears different from 
that proposed by Eberson et al. (5). The formation 
of these products seems closely associated with the 
direct electrolytic production of the active nitrating 
species. If dinitronaphthalenes originated via the same 
route that produces 1-nitronaphthalene, then forma- 
tion of dinitronaphthalenes in significant quantities 
would be expected concurrent with the production of 
1-nitronaphthalene during experiments at 1.50V. How- 
ever, applied potentials of 1.75V and above are requi- 
site to effect nitration of aromatic hydrocarbons less 
reactive than naphthalene. 

It is interesting to speculate about the process which 
results in the formation of dinitronaphthalenes and 
nitrotoluenes during coelectrolysis of the parent hy- 
drocarbon and N204. It has been demonstrated that 
nitronium ion can be electrogenerated in MeCN con- 
taining N204 at potentials above 1.75V and used to ni- 
trate toluene and 1-nitronaphthalene. The nitrotoluene 
isomer distribution obtained during this procedure 
was almost identical to that reported for nitration of 
toluene using NO2PF6 or NO2BF4 in sulfolane (Table 
IV). Nitronium salt nitration is thought to arise through 
electrophilic attack by NO2 + from an unsolvated ion 
pair, e.g., NO2+PF8 - (15,21). The dinitronaphtha- 
lene and nitrotoluene isomer distributions that result 

Table IV. Isomer distribution far toluene nitration 

I s o m e r  dis- 
t r ibu t ion  (%) 

Temp 
Nit ra t ion  sys t em (~ 2- 3- 4- Res 

75% ( v / v )  HNO~-H2SO, 
in sulfolane 25 56.3 2.6 41.0 (21) 

30% ( v / v )  HNOs-H~SO4 
in sulfolane 25 62.0 3.4 34.6 (21) 

NO2BF~ in MeNO~ 25 65.7 3.2 31.1 (15) 
NO2PF~ in sulfolane 25 67.6 1.4 31.0 (15) 
N205 in sulfolane 25 65.1 3.1 31.8 (15) 
E lec t rochemica l  

(N~O4 in MeCN, 2.00V) 25 58 ~ 2  40 This  work  
E lec t rochemica l  

(N-~O~ in MeNO% 2.00V) 25 58 - -  42 This  w o r k  
E lec t rochemica l  a 

(NO2+ in MeCN) 26 67 - -  33 This  work  

To luene  was added  to a solut ion of e l e e t r o g e n e r a t e d  NO~. 



Vol. 128, No. 12 AROMATIC HYDROCARBONS 2561 

from coelectrolysis experiments suggest less positional 
selectivity for the nitrating species than attack by 
unsolvated nitronium ion. This could result from 
steric effects. Although NO2+PF6 - ion pairs are anodi- 
cally generated above 1.75V, the parent hydrocarbons 
are also oxidized. It is probable that hydrogen ion is 
also produced at the anode by one or more of the pro- 
cesses proposed by Eberson et al. (5). Under the.~e 
conditions the NO2 + ion may be solvated in some way 
by anodically generated acid. This would lead to an 
increase in size or bulkiness for this nitrating agent 
and account for steric factors which could decrease the 
quantity of 2-nitrotoluene and 1,8-dinitronaphthalene 
obtained during coelectrolysis experiments compared 
to experiments involving unsolvated nitronium ion. A 
similar solvation effect is known to decrease the quan- 
tity of 2-nitrotoluene obtained during nitration of 
toluene by NO2 + ion solvated in sulfuric acid (15, 21). 

Although a direct comparison cannot be made, the 
yields of nitrated compounds obtained via electro- 
chemical nitration of aromatic hydrocarbons in organic 
solvents containing N204 appear comparable to those 
reported for conventional chemical nitration processes. 
This is especially true when the quantity of nitrating 
reagents expended in the latter procedures are con- 
sidered. Nitration of aromatic hydrocarbons by means 
of electrogenerated NO2 + ion also has interesting pos- 
sibilities and is the subject of further investigation in 
this laboratory. The yields obtained in the present 
study for electrochemica] nitration experiments utiliz- 
ing either NO2- or NC~- ion were inferior to those 
obtained using N204 or electrogenerated NO2 + ion. The 
low yields obtained during experiments with NO3- ion 
preclude definitive information concerning the agent 
by which nitration occurs during concurrent oxidation 
of NO3- ion and aromatic hydrocarbons. However, 
the isomer distribution of 2- and 4-nitrotoluene prod- 
ucts was identical to that observed during similar ex- 
periments with N204. 

Acknowledgment 
The authors acknowledge financial support of this 

work by the Chemistry and Materials Science Depart- 
ment, Lawrence Livermore National Laboratory 
through Subcontracts 4288309 and 2207701. Helpful dis- 
cussions concerning this work were held with Dr. R. R. 
McGuire and Mr. C. Coon of LLNL, and Dr. J. S. 

Wilkes, F. J. Seller Research Laboratory, USAF Acad- 
emy. 

Manuscript submitted April 13, 1981; revised manu- 
script received June 1, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs of this article were assisted by the 
Unlversitiy o] Mississippi. 

REFERENCES 
1. G. R. Davies and B. J. Woodhall, J. AppL Electro- 

chem., 1, 137 (1971). 
2. K. Nyberg, Acta Chem. Scand., 25, 3246 (1971). 
3. A. Laurent, E. Laurent, and P. Locher, Electrochim. 

Acta, 20, 857 (1975). 
4. C. L. Perrin, J. Am. Chem. Soc., 99, 5516 (1977). 
5. L. Eberson, L. Jonsson, and F. Radner, Acta Chem. 

Scand., B32, 749 (1978). 
6. C. L. Hussey, T. M. Laher, and J. M. Achord, This 

Journal, 127, 1484 (198C). 
7. L. Eberson, in "Organic Electrochemistry," M. M. 

Baizer, Editor, pp. 447-468, Marcel Dekker, New 
York (1973). 

8. R. S. Rao, S. B. Milliken, S. L. Robinson, and C. K. 
Mann, Anal. Chem., 42, 1076 (1970). 

9. H. Lund, Acta Chem. Scand., 11, 1323 (1957). 
10. G. Cauquis and D. Serve, C. R. Acad. Sci. Paris, Set. 

C, 270, 1773 (1970). 
11. C. E. Castellano, J. A. Wargon, and A. J. Arvia, J. 

Electroanal. Chem. Interracial Electrochem., 47, 
371 (1973). 

12. E. R. Ward, C. D. Johnson, and L. A. Day, J. Chem. 
Soc., 487 (1959). 

13. K. Nyberg, Acta Chem. Scand., 25, 3770 (1971). 
14. K. Nyberg, ibid., 27, 503 (1973). 
15. G. A. Olah, S. J. Kuhn, and S. H. Flood, J. Am. 

Chem. Soc., 83, 4571 (1961). 
16. G. Cauquis and D. Serve, C. R. Acad. Sci. Paris, Set. 

C, 267, 460 (1968). 
17. S. J. Kuhn and G. A. Olah, J. Am. Chem. Soc., 83, 

4564 (1961). 
18. H. Schmidt and H. Stange, Z. Anorg. Allg. Chem., 

293, 274 (1957). 
19. G. Cauquis and D. Serve, C. R. Acad. Sci. Paris, Set. 

C, 262, 1516 (1966). 
20. M. Colombi, G. Fiori, and L. Form,aro, Y. Electro- 

anal. Chem. Inter]aciat Electrochem., 44, 21 
(1973). 

21. G. A. Olah, S. J. Kuhn, S. H. Flood, and J. C. Evans, 
J. Am. Chem. Soc., 84, 3687 (1962). 

Trapping of Anodically Generated Cations with 
Carbon Monoxide: The Anodic Koch Reaction 

James P. Coleman* 
Monsanto Company, Corporate Research and Development, St. Louis, Missour~ 63166 

ABSTRACT 

Aliphatic carbenium ions, generated via anodic oxidation of saturated 
hydrocarbons in strongly acidic solutions, may be trapped efficiently with car- 
bon monoxide, at atmospheric or elevated pressures, to yield earboxylic acids. 
Product distribution in the case of n-pentane oxidation may be explained in 
terms of kinetic vs. thermodynamic control in the carbonylation step. 

Although a few investigations have been made (I-5), 
the use of carbon monoxide in organic electrosynthesis, 
an .area which offers some interesting possibilities, has 
not been extensively investigated. I report here the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member. 
K e y  w o r d s :  a n o d i c  K o c h  r e a c t i o n ,  a l k a n e  c a r b o x y l a t i o n ,  carbon 

monoxide,  fluorosuHonic acid.  

results of some preliminary studies on the anodic oxi- 
dation of alkanes in strong acids in the presence of 
carbon monoxide at both atmospheric and elevated 
pressures. 

The direct anodie oxidation of alkanes in anhydrous 
fluorosulfonie acid has been demonstrated (6), and, 
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al though the exact details of the oxidation mechanism 
are still the subject of some discussion (6-10), it  has 
been shown that  the overall  reaction involves two- 
electron oxidation to an in termediate  carbenium ion 
which undergoes fur ther  reactions dependent  on the 
na ture  of the acid medium 

Rll 
-2e, FSO3H ~ R+ 

_H + 
(I) 

RosO2F 

R' C02H2 + 
Ketones 

Polymer 

The object  of the present  study was to trap the 
carbenium ion (I),  formed under  these conditions, 
with carbon monoxide and, thus, accomplish an anodi-  
cally assisted Koch reaction (11) leading to a car-  
boxylic acid 

R+ CO~ RC0+ H20 RCO2H 

The carboxylat ion of saturated hydrocarbons has 
been reported previously. 

An t imony  pentafluoride in fluorosulfonic acid (12) 
or in  l iquid hydrogen fluoride (13) has been used to 
convert, respectively, methane to acetic acid and meth-  
yleyclopentane to cyclohexanecarboxylic acid. Satu-  
rated hydrocarbons with ter t iary  C- -H bonds may be 
carboxylated in less acidic media by using protonated 
olefins as hydride-abstracting agents (14) in stoichi- 
ometric quantities. 

Anodic oxidation would seem, however, to offer the 
possibility of a more attractive approach to carboxyla-  
tion of saturated hydrocarbons without the use of addi- 
t ional reagents and generat ion of by-products.  

Experimental 
Reactions were carried out at constant current  using 

a Lambda Model LP-412A-FM power supply. Pre-  
l iminary  vo l tammetry  was carried out using a cell de- 
scribed previously (6), a Wenking 70HVI/90 potentio- 
stat, an Exact Electronics Model 505 function generator,  
and a Pd-H2 reference electrode (15). 

Three different preparat ive cells were used dur ing 
the course of this work. The first, cell [1], was a con- 
vent ional  glass H-cell, 40 ml volume, with s intered-  
glass divider, Pt  gauze anode (4 cm2), and with a 
sintered-glass gas sparger directly below the anode. 
The second cell, cell [2], was a similar H-cell  wi thout  
the bu i l t - i n  gas sparger. Instead, the anode was a disk 
(18 m m  diam) of p la t inum gauze mounted on the bot- 
tom of a s intered-glass disk of the same diameter  
sealed to a tube through which gas was passed into the 
cell. Cell [3] was a modified pressure reactor, a Par r  
Model 4521, 1 l i ter Monel autoclave. The autoclave was 
equipped with a glass liner, a mechanical  st irrer made 
of Teflon, and two pla t inum-foi l  electrodes (10 cm 2) 
mounted  on a Teflon holder and situated 6 cm apart  
on either side of the agitator and  close to the bottom 
of the reactor. Electrical connection was made wi th  a 
commercial ly available "Conax" insula ted power lead 
seal, and tempera ture  was monitored with a glass- 
coated thermocouple (type J) immersed in the cell 
solution. Working volume was typically 100 ml. 

Fluorosulfonic acid (Allied) and tr i f luoromethane-  
sulfonic ~acid (3M Company) were distilled prior to 
use. Solutions of water  in fluorosulfonic acid were pre-  
pared at --60~ and allowed to warm to room temper-  
ature. 

Electrolysis at atmospheric pressure was carried out 
by sparging a hydrocarbon-sa tura ted  stream of carbon 
monoxide over the anode operat ing at constant current.  

The pressure cell was operated remotely from out-  
side a specially designed area, part  of a larger high 
pressure reaction facility. Electrolyte and excess hy-  
drocarbon were charged into the cell which was sealed 
and pressurized wi th  carbon monoxide, typically to 
1000 psig, and electrolysis at constant  cu r r en t  was 
begun. 

Products were isolated by carefully quenching the 
acidic solutions in  icewater (vigorous hydrolysis of 
FSO3H), extraction with methylene  chloride, and back- 
extract ion of carboxylic acid product into sodium car- 
bonate solution. Acidification of the carboxylate  solu- 
t ion allowed carboxylic acid and neut ra l  products to be 
isolated separately. 

Analysis of the products was carried out by GC, 
NMR, and mass spectrometry. 

GC analysis utilized two co lumns- -a  10-ft, 10% 
PEGA-I% I-I~PO4 on Chromosorb W, 55~ or a 14-ft 
5% FFAP on Chromosorb W 80~ min to 175 ~ at 10~ 
min. 

Samples were esterified with methanol-HC1 prior to 
analysis. Authent ic  samples of cyclohexanecarboxylic 
acid, methylcyclopentanecarboxylic  acid, n-hexanoic  
acid, 2-methylpentanoic  acid, 2-ethylbutyr ic  acid, and 
cyclopentanecarboxylic ,acid were employed as s tan-  
dards. 

NMR spectroscopy was performed on a Var ian T-60 
spectrometer and mass spectra obtained on a Varian 
MAT CHTA mass spectrometer. 

Cautionary note.--Fluorosulfonic acid is prepared by 
combining anhydrous HF and sulfur trioxide, has some 
of the safety hazards ,of both and, thus, should be 
treated with extreme caution. During the course of 
this investigation an unopened 5" pint  bottle of fluoro- 
sulfonic acid exploded for no apparent  reason, causing 
considerable damage but, fortunately,  no injur ies  since 
the appropriate safety precautions were being taken. 
The value of such safety precautions in handl ing this 
mater ial  cannot be overemphasized. 

Results 
Studies at atmospheric pressure showed that carbon 

monoxide had no effect on the previously reported (6) 
vo l tammetry  of cyclohexane in fluorosulfonic acid- 
potassium fluorosulfonate (ED _-- 1.12V vs. Pd/H2).  No 
competing oxidation of carbon monoxide was evident  
under  these conditions. Preparat ive  studies at 1 atm 
were, therefore, init iated while the high pressure re-  
actor was being constructed. 

Cyclohexane was selected as the substrate for init ial  
s tudy because of its relat ive ease of oxidation and pre-  
dicted simplicity of product distribution. 

Table I shows the results obtained by oxidizing cy- 
clohexane at a p la t inum anode in fluorosulfonic acid 
solutions saturated with carbon monoxide at 1 atm. 

With KFSO~ as the electrolyte a modest 18% cur-  
rent  efficiency for the formation of cyclohexanecar- 
boxylic acid was observed. 

The major  product  under  these conditions was a 
mixture  of hydrocarbon oligomers containing small  
amounts  of the ketone (II) formed in a manner  de- 

(If) 

scribed previously (6). By using water  as the electro- 
lyte (H30 + FSO3-) ,  and t rapping agent for acylium ca- 
tions, current  efficiency was increased to almost 60% 
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Table I. Anodic carboxylation of cyclohexane at atmospheric 
pressure in fluarosulfonic acid a 

Electro lyte  

RCOsH Ratio of car- 
Charge current boxylic acid 
passed efficiency b to neutral 
(C) (%) preducto 

FSOaH-KFSO3 (0.1M) 1260 18 0.23 
FSO~H-H=O (0.SM) 1170 37 0.69 
FSO~H-H~O (1.SM) 1179 57 2.1 
FSO3H-H~O (3.0M) 1170 56 3.1 
FSOstt-H~O (3.0M) 0 No products  f o r m e d  

(18 hr)  

ANODIC KOCH REACTION 
R H  

/ 

ROSO2F 1-2e. -H § 

R § 

Oligvmer Ketones RCO" 

. oll 
RCO2H~ 

Cell 1, 50 mA, 25~ CO = 100 ml/min. 

b Crude product  >95% O/CO2I-I. 

O 
\ ~ - x l l  

Oligomeric products, traces of ~ C ~ c ~ .  earlier work. 

with a concomitant  decrease in  the formation of neu-  
tral  products. Increasing water  concentrat ion beyond 
1.SM did not give any fur ther  increase in current  effi- 
ciency. 

It  should be noted that  the carboxylic acid formed 
from cyclohexane in this m a n n e r  is almost exclusively 
the unrea r ranged  material ,  cyclohexanecarboxylic acid. 
Only trace amounts  of methylcyclopentanecarboxyl ic  
acid were observed. 

n - P e n t a n e  was the next  system studied, and results 
are shown in Table II. At ambient  tempera ture  cur ren t  
efficiency was lower than for the analogous reaction 
with cyclohexane and a mixture  of three isomeric acids 
was obtained, the rearranged mater ial  predominating.  
Upon repeat ing this reaction at --25~ a cleaner, more 
efficient reaction was observed, yielding, almost exclu- 
sively, the rearranged product. In  contrast, the first 
pressure reaction, at 1000 psig, yielded a mix ture  of 
products derived main ly  from the unrea r ranged  carbon 
skeleton. Fur the r  reactions in  the high pressure elec- 
trolysis system are summarized in Table III. Cyclo- 
hexane was carboxylated more efficiently than at 

2'563 

Olefin etc. 

-H~/ H20 
" R~ ~ RICO*~R1CO2H2 § 

ROH~ 

R + = secondary carbenium ion 
R~ = tertiary carbenium ion 

Scheme I. Reaction pathways in anodic carboxylation of alkanes 

atmospheric pressure, again with almost exclusive for- 
mat ion of unrea r ranged  product. The limits of sustain-  
able current  density for this reaction were not pursued 
but  increasing from 10 to 20 mA/cm~ had no deleterious 
effect. 

An al ternat ive  solvent system, the more expensive 
but  more easily handleable  tr if luoromethanesulfonic 
acid, was studied briefly. As may be seen from Table 
III, respectable bu t  sl ightly lower yields were obtained 
for the carboxylat ion of cyclohexane in  tr if luorometh- 
anesulfonic acid. 

Cyclopentane gave results s imilar  to cyclohexane in  
fluorosulfonic acid, n - pe n t a ne  was discussed previously 
and n -hexane  gave an unresolved mixture  of C7 acids 
with 69% current  efficiency. 

Discussion 
The direct, anodic oxidation of saturated hydrocar- 

bons to give carbenium ion-derived products in 
strongly acidic solutions is well established (6-10). The 
present work has demonstrated that carbon monoxide 
will function efficiently as a nucleophile in such sys- 
tems, giving carboxylic acid products without under- 
going a competing oxidation process. 

The results obtained may be understood by reference 
to Scheme (I). Electrolytic oxidation provides a simple 
method of converting the saturated hydrocarbon RH 

Table II. Anodic carboxylation of n-pentane in fluorosulfonic acid 

Electrolyte  T (~ 

Carboxylic 
CO Charge acids, current 

pressure passed (C) efficiency (%) 
Carboxylic acids, 
distribution (%) 

Ratio of car- 
boxylic acid to 
neutral product c 

FSOsH-HsO (1.5M) a 25 1 atm 

FSO~H-H~O (1.SM) �9 - 25 1 atm 

FSO~H-H=O ( 1.6M ) b 25 1000 psig 

1080 40 

1080 74 

1080 57 

//•/COaI-I 62 

CO~I 29 

CO~-I 9 

/ ~ C O z t I  95 

CO~I 1 

AA 
~ COsH IS 

CO2H 31 

i.i 

12 

4.5 

a Cell 2, 50 mA,  CO = 100 ml /min .  
b CelI 3, 200 mA.  

Oligomerie  products;  traces  o f  unsaturated  ketones .  
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Table III. Anodic carboxylation of alkanes at elevated pressure (1000 psig CO) a 

Carboxyl]c acids. 
Current densRy Charge current efficiency Carboxylic acids, 

Substrate Electrolyte (mA/cm s) passed (C) (%) distribution 

Cyclohexane FSOsH-H~O (1.SM) 10 8640 83 ~ CO~H ( 99 % ) 

Cyelohexane FSO~q-H~O (1.SM) 20 17,280 82 .CO~I (99%) 

Cyclohexane CFsSOaI-I-H~O (1.SM) 10 17,280 60 I ~ J  CO~[-I (99%) r-%/ 

Cyclopentane F S O s H - H 3 0  (1.SM) 20 17,280 80 ~"J  COzH (99%) 

n-Pentane FSO~H-H~O (1.SM) 20 17,280 57 See Table II 

n-Hexane FSOaI-I-HsO (1.SM) 20 17,280 69 Mixed C~ acids 

Cell 3, 100-150 ml electrolyte, 20g alkane. 

into the  secondary  ca rben ium ion R +. Compet i t ion be-  
tween the var ious  react ion pa thways  shown then de-  
termines  the d is t r ibut ion  of products  obtained.  

The first observat ion  made,  r egard ing  the beneficial  
effect of wa te r  in this system, may  be exp la ined  in 
terms of acy l ium ion t rapping.  Carbonyla t ion  of  the  
ca rben ium ion R + is revers ib le  (16) and, at  ambien t  
t empera tu re  in the absence of a nucleophile  such as 
wa te r  (H30 + ) to t rap  the acy l ium ion, side react ions  
via  depro tona t ion  to form the olefin wil l  be significant. 
Fur ther ,  in the absence of an acyla t ing  agent,  the p rod -  
ucts of such side react ions wil l  be s imply  ol igomeric  
hydrocarbons  (8). The fluorosulfonate anion is not 
th rought  to p l ay  a significant role in s tabi l iz ing the 
secondary  ca rben ium ion, R +, at  ambien t  t empera tu res  
a l though the  fo rmat ion  of secondary  f luorosulfonate 
esters  at  low t empera tu r e  has been  proposed (9),  and 
me thy l  and  e thy l  f luorosulfonates have been genera ted  
anodica l ly  under  s imi lar  condit ions (17). 

The pr inc ipa l  factors influencing the product  d is t r i -  
but ion obta ined f rom a given ca rben ium ion appear  to 
be tempera ture ,  CO pressure,  and  R + s t ructure .  

If  we consider  the  resul ts  obta ined  wi th  n -pen t ane  
vs. cyclohexane,  it  is apparen t  tha t  in the l a t t e r  case, 
under  the  condit ions employed,  kinet ic  control  p re -  
domina ted  at  all  t imes and the react ion path,  as wi th  
cyclopentane,  is s imply  the ver t ica l  l ine in Scheme ( I ) .  
In  the  case of n -pen t ane  we observe a mix tu re  of k i -  
netic and the rmodynamic  control,  the balance  of which 
may  be changed by  modify ing  conditions. In agreement  
wi th  previous  work  (18) the in i t ia l ly  formed car -  
ben ium ions are  the  secondary  cations resul t ing  f rom 
proton  loss at  the 2- and 3- positions. No p r i m a r y  
products  were  obse rved  

CH 3 (CH2)3CH 3 

+ 
.~.~ ..~ CH3CHCH2CH2CH3 

+ 
CH3CH2CHCH2CH 3 

+ 

CH2(CH2)3CH 3 

With  carbon monoxide  at  e leva ted  pressure  this mix-  
ture  of ca rben ium ions is t r apped  efficiently to give 
a product  mix tu re  represen ta t ive  of the ca rben ium ions 
in i t ia l ly  formed. However ,  a t  low t empera tu r e  and low 
carbon monoxide  pressure,  the carbonyla t ion  react ion 
is much s lower  and almost  complete  r ea r r angemen t  to 
the  more  s table t e r t i a r y  carbenium ion occurs pr ior  to 
carbonylat ion.  At  ambien t  t empera tu re  and low pres-  
sure, condit ions are  be tween  the two previous  ex t remes  
a l though st i l l  in favor  of the t he rmodynamica l ly  con- 
t ro l led  product .  

n - H e x a n e  gives a more  complex  produc t  mix tu re  and 
no a t t empt  was made in this case to s tudy  its behavior  
in detail ,  a l though one would expect  to observe phe -  
nomena  s imi lar  to those observed  wi th  n-pentane .  

No products  of fur ther  oxida t ion  of in i t ia l ly  fo rmed  
earboxyl ie  acids were  observed  in these react ions  as 
long as the hydrocarbon  subs t ra te  was not  depleted.  
This is to be expected  since in t roduct ion  of the elec-  
t r on -wi thd rawing  --CO2H2 + group has been shown to 
r ende r  the pa ren t  hydroca rbon  less suscept ible  to fu r -  
ther  oxida t ion  (19). 

Fu r the r  oxidat ion  of carboxyl ie  acids can occur at  
h igher  potentials ,  wi th  products  der ived  f rom oxida t ion  
of the hydroca rbon  chain, r a the r  than  K o lbe - type  
products ,  being ob ta ined  (19, 20). 

Summary and Conclusions 
The t r app ing  of anodica l ly  genera ted  a l iphat ic  ca r -  

ben ium ions wi th  carbon monoxide  has been demon-  
s t ra ted  for  the first t ime;4allowing the efficient ca rbox-  
y la t ion  of sa tu ra t ed  hydrocarbons  in s t rongly  acidic 
solutions. In  the  present  s tudy,  e lec t ro ly t ic  oxidat ion  
has s imply  been used as a convenient  means  of gen-  
era t ing the  ca rben ium ion f rom the corresponding 
hydroca rbon  wi thout  g rea t  a t tent ion  being pa id  to the 
e lec t rode  reaction.  

The resul ts  obta ined  m a y  be r ead i ly  in t e rp re t ed  in 
terms of numerous  equi l ibr ia  set up in such acidic 
solutions. 

The possibi l i ty  of using this approach  for  the car-  
boxyla t ion  of other, more  complex systems suggests 
i tself  and wil l  be pursued.  

Manuscr ip t  submi t ted  March 25, 1981; rev ised  manu-  
scr ipt  rece ived  June  1, 1981. This was Pape r  437 p re -  
sented at  the St. Louis, Missouri,  Meet ing of the  So-  
ciety, May 11-16, 1980. 

A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1982 JOURNAL. 
Al l  discussions for the  June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 

Publication costs o~ this article were  assisted by the 
Monsanto Company.  

REFERENCES 
1. T. Inoue and S. Tsutsumi,  J. Am.  Chem. Soe., 87, 

3525 (1965). 
2. D. M. Fenton,  U.S. Pat. 3,481,845 (1969). 
3. B. E. Conway, J. W. Loveland,  and W. C. Neikam, 

U.S. Pat. 3,252,878 (1966). 
4. D. Cipris and I. L. Mador,  This Journal, 125, 1954 

(1978). 
5. G. Silvestr i ,  S. Gambino,  G. Fi lardo,  M. Guainazzi,  

and R. Ercoli, Gaz. Chim. It., 102, 818 (1972). 
6. J. Ber t ram,  J. P. Coleman, M. Fle ischmann,  and  D. 

Pletcher ,  J. Chem. Soc. Perk in  II, 374 (1973). 
7. S. Pit t i ,  F. Bobil l iar t ,  A. Thiebault ,  and M. Herlem, 

Anal. Lett. ,  8, 241 (1975). 



Vol 128, No. 12 ANODIC 

8. S. Pitti, M. Herlem, and J. Jordan, Tetrahedron. 
Lett., 3221 (1976). 

9. J. P. Coleman and D. Pletcher, J. Electroanal. 
Chem. Interracial Electrochem., 87, 111 (1978). 

10. J. Devynk, P. L. Fabre, A. Ben-Hadid, and B. 
Tremillon, J. Chem. Res. (M), 2467 (1979). 

11. See for example, J. Falbe, "Carbon Monoxide in 
Organic Synthesis," Springer-Verlag, Berlin 
(1970). 

12. H. Hogeveen, J. Lukas, and C. F. Roobeek, Chem. 
Commun., 920 (1969). 

13. R. Paatz and G. Weisgerber, Chem. Bet., 10@, 984 
(1967). 

KOCH REACTION 2565 

14. Y. Souma and H. Sano, Bull. Chem. Sac. Jpn., 47, 
1717 (1974). 

15. M. Fleischmann and H. Hiddlestone, J. Instr. Sci., 
1, 667 (1968). 

16. H. Hogeveen, Adv. Phys. Org. Chem., 1O, 29 (1973). 
17. J. P. Coleman and D. Pletcher, Tetrahedron. Lett., 

147 (1974). 
18. H. P. Fritz and T. Wurminghausen, J. Chem. Sac. 

Perkin II, 610 (1976). 
19. D. Pletcher and C. Z. Smith, J. Chem. Sac. Perkin I, 

948 (1975). 
20. C. J. Myall, D. Pletcher, and C. Z. Smith, J. Chem. 

Sac. Perkin I, 2035 (1976). 

Oxidation of Aikylbenzenes by Electrogenerated 
Hydroxyl Radical 

Tomokazu Matsue, Masamichi Fujihira,* and Tetsuo Osa* 
Pharmaceutical Institute, Tohoku University, Aobayama, Senda{ 980, Japan 

ABSTRACT 

The oxidation of some alkylbenzenes by the hydroxyl  radical, which is pro- 
duced by the reaction of Fe 2+ with H202 electrogenerated from O2 in aque- 
ous solution, was carried out. In the reaction, Fe s+, generated by the a b o v e  
reaction, is also reduced to Fe 2+ at the potential of reduction of O~. The re-  
action products are hydroxylated products of the aromatic rings and side- 
chain oxidation products. In the oxidation of toluene at  [H + ] = 0.2M, t h e  
yield of the former was higher than that of the latter, whereas the opposite 
was observed in the oxidations of ethylbenzene and cumene. From the re-  
sults obtained at [H + ] : 0.001M, it appears that a-hydrogen abstraction from 
the side chains by  the hydroxyl  radical  might make a certain contribution 
to the formation of side-chain oxidation products. The current efficiencies 
at low concentration of Fe 2+ were very high, and the yields of the corre- 
sponding alcohols were very low, indicating that the carbonyl compounds 
were produced by the reaction between intermediate radicals and O2 dis- 
solved in the solution. The relatively high yield of the meta-isomer under O~ 
saturated in solution can be explained by the fast addition of 02 to hydroxy-  
cyclohexadienyl radical followed by elimination of Ha2" to yield phenolic 
products. Although the influence on the addition of a-cyclodextrin to the elec- 
trolyte solution on the regio-selectivity of phenol formation was small, it 
was observed that the para-isomer forms are slightly high. 

The combination of hydrogen peroxide and a fer-  
rous salt, "Fenton's reagent" (I) ,  is an effective oxi- 
dant of various types of organic compounds. The actual 
oxidant of Fenton's reagent is the hydroxyl  radical (2) 
generated by the reduction of hydrogen peroxide with 
ferrous ion 

H202 ~- Fe 2+ -> Ha' + Ha- + Fe 3+ [1] 

Oxidation of aromatics by the hydroxyl  radical has 
been extensively investigated (3-19), and the products 
have usually been phenols and side-chain oxidation 
products. From radiation chemistry and spectroscopic 
results with u.v. and ESR, Walling et al. (4) concluded 
that the oxidation of substituted benzene derivatives 
by hydroxyl  radical proceeded by the mechanism (5) 
i l lustrated in Scheme i. The addition of the hydroxyl  
radical  to an aromatic ring such as toluene is rapid com- 
pared with the hydrogen abstraction from the side 
chain (13, 16). However, in the hydroxyl  radical  oxi-  
dation of some aromatic compounds in which C-H 
bond energies of the side chain are relat ively low, hy-  
drogen abstraction may make a certain contribution to 
the reaction. This paper describes a study of the re-  
action of several alkylbenzenes with the hydroxyl  
radical generated by an electrochemical method which 

* Electrochemical Society Active Member. 
Key words: Fenton's reagent, hydroxyl radical, a-cyclodextrin, 

hydroxylation. 

is apparently very different from the homogeneous 
conditions investigated by previous researchers. The 
presence of oxygen dissolved in electrolyte solution 
affected the product distribution. The effect of a-cyclo- 
dextrin (a-CD) on product distribution was also in- 
vestigated. This molecule has the ability to include 
various compounds in its cavity in aqueous solution 
(20). 

Ha" + 

R 

0 
H OH OH 

H2~ ~ H § 

R 
Fe 2+ @ s i d e - c h a i n  

> oxidation 

Scheme I. The schematic mechanism for oxidation of aromatics 
by hydroxyl radical. 
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Experimental 
All  electrolyses were  carr ied out  using a Yanaeo 

VE-8 controlled potent ia l  electrolyzer.  The electrolysis 
cell was a divided H- type  with  a graphi te  cathode ( 3 0  
X 20 X 2 mm)  purchased f rom Tokai  Carbon Com- 
pany (G 2080), a Pt  gauze anode, and a sa turated 
calomel electrode (SCE) as the reference electrode in-  
serted near  the cathode. The catholyte consisted of 10 
~1 of substrate  and FeSO4 dissolved in 50 ml  of aque-  
ous H2SO4 solution and was st i rred with  a magnet ic  bar. 
Oxygen gas (1 atm) was bubbled through the catho-  
lyte  so that  a constant concentrat ion of oxygen  in 
solution was maintained.  The electrode potent ial  of the 
cathode at [H +] = 0.2M and at [H +] = 0.02M was 
set at --0.5V vs. SCE, and at  [H +] -- 0.001M was set 
at --0.6V vs. SCE. 

Af ter  electrolysis,  the  catholyte  was ex t rac ted  wi th  
e ther  and this extract  was concentrated under  a re -  
duced pressure for gas chromatography.  Gas chro-  
matographic  analyses were  carried out using Shimadzu 
GC-6A and GC-4CM chromatographs equipped wi th  
flame ionization detectors;  oven tempera tures  were  
p rogrammed f rom 80 ~ to 200~ Nitrogen was used as 
the carr ier  gas. The columns used in the analyses were  
2m X 3 mm~, SUS packed with  Carbowax 20M, DEGS, 
denatured lanolin, Silicon OV-1, and Silicon DC-560. 
Denatured lanolin was par t icular ly  suitable for sepa- 
rat ion of recta(m)-  and para(p)- isomers of phenolic 
products. Current  efficiencies were  de te rmined  accord-  
ing to the mechanism proposed by Wall ing et aL (4), 
i.e., one hydroxy l  radical  and one aromatic  molecule  
produce the corresponding phenolic product  or alcohol, 
and two hydroxyl  radicals are consumed in forming 
the corresponding carbonyl  compound. The current  
was mainta ined below 5 m A  since the cur ren t  effi- 
ciencies showed a tendency to decrease wi th  h igher  
values. 

Cyclic vo l tammetr ic  exper iments  were  carr ied o u t  
using a convent ional  e lectrochemical  ins t rument  wi th  
a glassy carbon electrode in aqueous 0.1M H2SO4 solu-  
tion. The potentials were  refer red  to an SCE. The cell 
design used for cyclic vo l t ammet ry  was similar  to that  
previously  described (21). 

The dissociation constants of a-CD complexes were  
determined by spectrophotometr ic  method (22). 

Results 
The electrochemical  generat ion of hydroxyl  radical  

was carr ied out by the reduct ion of oxygen in the 
presence of Fe e+ in aqueous solution. The cyclic 
vo l tammograms of oxygen (air sa turated)  and Fe s+ on 
a Tokai glassy carbon electrode in aqueous 0.1M 
H2SO4 solution are shown in Fig. 1. The peak poten-  
tial of the reduct ion of FeB+ was more  posit ive than 
the onset potent ial  of the reduct ion of oxygen. There-  
fore, Fe ,3+ generated by the react ion be tween  Fe 2+ and 
H202 was  reduced to regenera te  Fe ~+ in the reduct ion 
of oxygen. F r o m  the results, the fol lowing mechanism 

50 }JA C 20 p, 

I I I 
0.5 0 - 0 . 5  

s ! V vs. 5Cs 

Fig. 1. Cyclic voltarnmograms at Tokai glassy carbon electrode 
in aqueous 0.1M H2S04 solution: (A) under N2 saturated; (E) 
under air saturated; (C) 1.0 X 10 -3M Fe2(SO4)z under N2 
saturated. 

was deduced for the generat ion of hydroxyl  radical  
by the e lect rochemical  method  

02 + 2H + + 2e ~ H202 [2] 

H202 + Fe 2+ --> HO" + HO- + Fe 8+ [3] 

I 
Fe 8+ + e ~ Fe 2+ [4] 

The reaction products in the oxidations of a lkyl -  
benzenes (toluene, ethylbenzene,  and cumene)  by 
e lec t rogenera ted  hydroxy l  radical  were  general ly  
classified into hydroxyla ted  products of aromatic  rings 
and oxygenated ones of side chains. The electrolysis 
t ime was restr icted to an hour  to avoid fu r the r  oxida-  
tions of the react ion products. The results a re  sum-  
marized in Tables I-III .  

In the oxidat ion of toluene by e lec t rogenera ted  
hydroxyl  radical at [H + ] = 0.2M, the hydroxyla t ion  
of the aromatic  ring predmoina ted  over  the s ide-chain 
oxidation, whereas  the opposite results were  observed 
in the oxidations of e thylbenzene and cumene.  Most of 
the s ide-chain oxidat ion products  were  carbonyl  c o r n -  

Table I. Oxidation of toluene by electrogenerated hydroxyl radical 
at O~ 

Yield (%) * 

[H § ] [Fe ~* ] Cresol 
Run (M) (1K) PhCHO (o:m:p) C.E.*" 

i t  0.2 0.05 38 38 
2 0.2 0.05 20 67 (40:54:6) 9 
3~ 0.2 0.05 25 64 (40:54:6) 3 
4 0.2 0.005 61 30 (47:45:8) 24 
5 0.02 0.05 8 82 (41:53:6) 9 
65 0.02 0.05 13 74 (43:50:7) 3 
7 0.001 0.05 14 79 (44:50:6) 9 
8 0.001 0.005 16 71 (53:36:11) 10 
9w 0.2 0.01 6 (11) 6 (53:3:43) 

* Based on all products detected by gas chromatography. 
** Current efficiency. 
? At room temperature. 
t a-CD was added to the  electrolyte (concentration of a-CD 

was 1.0 • 10-2M). 
w Result by Walling et al., yield was based on H~O2; number in 

parenthesis is yield of benzyl alcohol. 

Table II. Oxidation of ethylbenzene by electrogenerated hydroxyl 
radical at O~ 

Yield (%) 
[H+] [Fe ~+] 

Run (M) (M) PhCOCHa EP (o:m:p)* C.E. 

1 0.2 0.05 64 21 (44:49:5) 15 
2** 0.2 0,05 64 20 (59:38:12) 5 
3 0.2 0.005 83 9 (48:41:11) 63 
4 0.02 0.05 40 43 (41:52:7) 
5 0.001 0.05 45 43 23 
6 0.001 0.005 49 39 (43:30:19) 30 

* EP = ethylphenol. 
** a-CD was added to the electrolyte (concentrat ion of  a-CD; 

1.0 • 10-2M). 

Table IlL Oxidation of cumene by electrogenerated hydroxyl 
radical at O~ 

Yield (%) 
[H+] [Fe~] 

Run (M) (M) PhCOCI-I8 i-PP (o:m:p)* C.E. 

1 0.2 0.05 40 19 (47:43:10) 11 
2"" 0.2 0.05 19 27 (46:38:16) 5 
3 0.2 0.005 80 7 (39:37:24) 53 
4 0.02 0.05 24 47 (46:48:6) 9 
5 0.001 0.05 36 41 8 
6 0.001 0.005 48 42 (30:45:25) 22 

* i-PP = iso-propylphenol. 
** a-CD was added to the electrolyte (concentration of a-CD; 

1.0 • 10-2M). 
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pounds;  benzaldehyde was obtained from toluene and 
acetophenone from ethylbenzene and cumene. Forma-  
tion of the corresponding alcohols, which may be in -  
termediates in the formation of carbonyl  compounds, 
b iphenyl  derivatives, and bibenzyl  derivat ives was 
very low. In  e thylbenzene oxidation, s ide-chain oxi-  
dat ion occurred only at the a-position. Products of 
#-position oxidation, such as ~-phenethyl  alcohol and 
phenylacetaldehyde,  could not  be detected. In  cumene 
oxidation, phenol  could not be detected al though the 
auto-oxidat ion of cumene at high acidity results in  
the formation of phenol  as the ma in  product  (23). 

The pH of the reaction med ium had a great in -  
fluence on the product  distr ibution.  The yields of 
the corresponding phenolic products at [H + ] = 0.001M 
were higher than those observed at [H + ] : O.2M since 
the low proton concentrat ion lessens the conversion 
from the hydroxycyclohexadienyl  radicals (adducts) to 
the cation radicals of the s tar t ing materials  (15). The 
concentrat ion of Fe 2+ dissolved in  the electrolyte solu- 
tion also affected the yields of the phenolic products. 
At [H +] : 0.2M, lowering the concentrat ion of Fe 2+ 
resulted in a decrease in the yields of phenolic prod-  
ucts and an increase in the current  efficiencies. Under  
such a condit ion ([H +] : O.2M, [Fe 2+] _-- O.O05M), 
high yields of s ide-chain oxidation products were also 

Discussion 
The first reaction in  the oxidation by Fenton 's  re-  

agent is the generat ion of hydroxyl  radical  f rom hy-  
drogen peroxide and Fe 2+ in  the react ion medium. 
Since the rate constant  for this step [2.2 • 102 M -1 
sec -1 (24)] is very  low in  comparison with those for 
the subsequent  reactions, the generat ion of hydroxyl  
radical  is the ra te -de te rmin ing  step in  the oxidation 
of aromatics by Fenton ' s  reagent.  F u r t he r  reduct ion by  
Fe e+ converts the in i t ia l ly  formed hydroxyl  radical  
to hydroxyl  anion and this step acts as a major  com- 
petit ive reaction with the oxidation of aromatics by  
hydroxyl  radical. Accordingly, in  order to realize a 
high efficiency, it is necessary that  the rate of react ion 
between a substrate and the radical be greater  than 
that  of the competitive reduction. 

The react ion mode of aromatics with hydroxyl  
radical may be classified into two types. One is hy -  
drogen abstraction from the side chain by  hydroxyl  
radical, and the other is the addition reaction of the 
radical to the aromatic ring. In  the oxidation of 
toluene by hydroxyl  radical, the la t ter  reaction takes 
precedence over the former (13, 16). However, the 
contr ibut ion of the former reaction to the oxidations of 
e thylbenzene and cumene becomes larger, since the 
a-hydrogen in these cases are more easily abstracted 

rate constant  (M -1 sec -1)  

kz 
H202 + Fe 2+ --> HO" + HO- + Fe ~+ k~ = 2.2 X i0 ~ [5] 

k2 
HO" + Fe 2+ --> HO- + Fe s+ k2 = 3 • I0 s [6] 

k3 (" hydrogen abstract ion k3 H abst. ~-- 4 • l 0  s 

HO" + RH--> i [7] 
addit ion k~add.-  3 X 109 

RH = toluene 

observed as well  as high current  efficiencies. The 
lower Fe 2+ concentrat ion minimizes the reduct ion of 
the in termediate  cation radicals, formed in the oxi~- 
dations, back to the s tar t ing materials  (5). However, 
the yields of the phenolic products were almost inde-  
pendent  of the acidity and of the concentrat ion of 
Fe 2+ when the proton concentrat ion was less than  
0.02M. The temperature  dur ing  electrolysis had an in -  
fluence on the reaction. The oxidation of toluene at  
low tempera ture  (0~ gave a higher yield of cresol 
(67%) than that  observed at room temperature.  

The results obtained for the oxidation of toluene in  
the present  work by the electrochemical method when 
compared with those obtained for homogeneous oxida- 
tion by hydroxyl  radical  as carried out by Wall ing 
et al. (4) differed in the following ways: (i) The yield 
of cresol isomers was higher, (ii) the yield of benzyl  
alcohol was lower, and (iii) the yield of m-isomer  of 
cresols was re la t ively high and that of p- isomer  was 
low (e.g., o :m:p  isomer ratio of cresol at [H +] = 
0.2M was 40:54:6).  Similar  results were observed in  
the oxidations of e thylbenzene and cumene. 

The addit ion of a-CD to the electrolyte solution had 
li t t le effect on the product  distr ibution.  In  toluene oxi- 
dation, a slight increase in  the yield of s ide-chain 
oxidation products was observed. The addit ion of 
a-CD for e thylbenzene oxidation resulted in a slight 
increase in  the p- isomer  ratio of ethylphenol,  a l-  
though it did not affect the overall  yield of e thyl-  
phenol  isomers. In  cumene oxidation, a small  en-  
hancement  of overall  yield of iso-propylphenol, ac- 
companying an increase of the p- isomer  was observed. 
The current  efficiencies were decreased by the addit ion 
of a-CD. 

The pH of the reaction medium is one of the im-  
por tant  factors de termining efficiencies. The equi l ib-  
r ium in Eq. [8] must  lie to the r ight  at low proton 
concentrat ion (3). FeOOH 2+ produced in this equi-  
l ib r ium decomposes and this is followed by fur ther  
reaction as shown below 

H202 + Fe 8+ ~ H +  + FeOOHS+ -> FeOS+ + I-IsO [8] 

FeO 3+ + H202 --> Fe 3+ + HsO + 02 [9] 

Consequently,  the efficiency of the reaction may be 
low at low proton concentrations. Indeed, from our 
results, current  efficiencies became low with decreas- 
ing acidity. 

Next, we consider the characteristics of the oxida- 
tion by electrogenerated hydroxyl  radical in  the pres-  
ent work. The half-l ife of hydrogen peroxide formed 
by the reduction of oxygen at electrode surface is 6.3 
X 10 -2 sec under  the pseudo-first-order condition; 
[Fe 2+] ---- 0.05M ([Fe 2+] > >  [H202]). According to 
the Einstein-Smolchowski  equation (25), average dis- 
tance of H202 t ransport  by diffusion from the elec- 
trode surface dur ing  6.3 X 10 -3 sec is 1.3 • 10 -8 cm, 
assuming a diffusion coefficient of HsO2 of 1.35 X 
10 -5 cm 2 sec -1 (26). The thickness of the reaction 
layer may extend about 10 -~ cm from the electrode 
surface. Most of the oxidation therefore should proceed 
in the diffusion layer. On the other hand, the concen- 
trat ion of the substrate may be higher due to adsorp- 
tion than that  of the bulk  solution. Accordingly, the 
oxidation by the electrochemical method was expected 
to be influenced par t ly  by the electrode surface and the 
solution near  the electrode. The results, however, did 
not differ greatly from the results observed in the 
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homogeneous oxidat ion  except  for the effect of oxy-  
gen which is descr ibed  la ter .  

A reasonable  mechanism for the  ox ida t ion  of toluene 
and e thylbenzene  by  e lec t rogenera ted  h y d r o x y l  r ad i -  
cal is i l lus t ra ted  in Scheme 2 and may  be compared  
with  the one proposed  by  Wal l ing  et al. (4). In  the  
present  reactions,  the role of oxygen  as the ox idan t  
in phenol  fo rmat ion  mus t  be la rge  since the  r e l a t i ve ly  
high yields  of the  m- i somers  and low yie lds  of  the  
p- i somers  differed f rom those in  the  previous  w o r k  
where  Fe  D+ a n d / o r  Cu 2+ veas used as ox idant  (4, 5). 
These resul ts  are  in agreement  wi th  the r epor t  (4) 
that  the yie ld  of the p - i somer  was low in the  homo-  
geneous oxida t ion  of toluene by  h y d r o x y l  rad ica l  in 
the presence of excess oxygen.  The isomer  d is t r ibu t ion  
of the phenol ic  products  can be regu la ted  by  the  r e -  
ac t iv i ty  of ox idant  wi th  adducts  and by  the equi l ib -  
r ium be tween  the adducts  and cat ion radicals  fo rmed  
by  thei r  dehydra t ion .  The fol lowing pa th  c can be  
proposed in o rde r  to exp la in  the  r e l a t ive ly  high yield 
of the m- i somer  and low yie ld  of the p- i somer ,  ob-  
served in solut ions sa tu ra ted  wi th  oxygen.  The add i -  
t ion of oxygen to the  adducts  is considered to be v e r y  
fast as suggested b y  Dor fman  et al. (17), and the r e -  
sul t ing h y d r o x y c y c l o h e x a d i e n y l p e r o x y  radicals  are  
conver ted  eas i ly  to y ie ld  phenols.  The fast  react ion of 
oxygen wi th  the adducts  seems to cont r ibu te  to the 
re la t ive ly  high y ie ld  of the  m- isomer ,  whereas  using 
Fe  ~+ as the ox idan t  for s tep c the i somer  d is t r ibu t ion  
must  be de te rmined  by  the equ i l ib r ium and N I H - t y p e  
shif t  a s  suggested by  Wal l ing  et  al. (4). Thei r  resul ts  
suggest  that  the  ra te  of the oxida t ion  by  FeD+ m a y  be 
much smal le r  than  that  of oxygen  addi t ion to the  ad -  
ducts. 1 The fast addi t ion  of oxygen  also causes the  
low yie ld  of b iphenyl  der ivat ives .  However ,  the  exac t  
mechanism for s tep c is s t i l l  unclear .  

The cur ren t  efficiency and produc t  d i s t r ibu t ion  were  
g rea t ly  affected b y  Fe  2+ concentra t ion because  of the  
reduct ion of the  in t e rmed ia te  cat ion rad ica l  back  to 
the s tar t ing ma te r i a l  as shown in, Scheme 2, pa th  d. 
Direct  e lec t ron t rans fe r  f rom the subs t ra te  to h y d r o x y l  
rad ica l  is p reven ted  (4).  The in te rmedia te  cat ion 
radical  undergoes  depro tona t ion  and forms the rad ica l  
(pa th  e) which  yields  the s ide-cha in  oxida t ion  p r o d -  
ucts. According  to the mechanism proposed  by  Snook 
and Hami l ton  (6), the alcoholic compounds,  fo rmed 
by  the oxidat ion  of the above radical ,  react  again  wi th  
h y d r o x y l  rad ica l  to produce  the carbonyl  compounds,  
pa th  g. However ,  i t  is deemed that  ano ther  pa thway ,  
i.e., react ion of the above rad ica l  wi th  oxygen  in so-  

l T h e  a d d i t i o n  r a t e  of o x y g e n  t o  a lky l  r a d i c a l s  is c o n s i d e r e d  to  
be a lmos t  d i f fus ion  c o n t r o l l e d  ( 2 8 ) " w h e r e a s  t h e  o x i d a t i o n  r a t e  of  
t he  r ad i ca l  b y  m e t a l  ion seems  to  be  l o w e r  (27).  J u d g i n g  f r o m  the 
r a t i o  of t h e  y ie lds  o f  t h e  p h e n o l i c  p r o d u c t s  to  t h o s e  of  t h e  side- 
c h a i n  o x i d a t i o n  p r o d u c t s  in  t o l u e n e  o x i d a t i o n  in  t h e  p r e s e n c e  of  
F e  ~+ (4) ,  t h e  r a t e  c o n s t a n t  f o r  t h e  a d d u c t  o x i d a t i o n  b y  F e ~  s h o u l d  
be--~5 x l~M-~sec-L 

HO. + 

biphenyl derivatives 

,(~2 R CH2R 0 2 CH2R ~CH2R 

H ~ H OH 

t 

Fe 2+ ~2R + -- O | @ @ 

R = H,CH 3 

lut ion (pa th  f) to form the carbonyl  compounds wi th -  
out the  format ion  of alcohols (29), m a y  make  a l a rge  
contr ibut ion.  This conclusion is de r ived  f rom the fol -  
lowing observat ion:  (i) The yields  of alcoholic com- 
pounds and b ibenzyl  der iva t ives  were  ve ry  low com- 
pa red  with  those observed in the  homogeneous ox ida -  
tions in the  absence of oxygen  (4).  (ii) The cur ren t  
efficiencies at  low Fe 2+ and high pro ton  concentrat ion,  
where  r e l a t ive ly  h igh  yie lds  of the  carbonyl  com- 
pounds were  observed,  were  ve ry  h igh  compared  wi th  
those at  o ther  condit ions;  these resul ts  indicate  tha t  
one h y d r o x y l  rad ica l  was consumed in the  fo rmat ion  
of one molecule  of the  carbonyl  compounds.  Oxygen  
addi t ion  to the radica l  is considered to be e x t r e m e l y  
fast  and is p robab ly  diffusion cont ro l led  in many  in-  
stances (28), so that  the yields  of b ibenzyl  der iva t ives  
m a y  be low. In cumene oxidat ion,  the  me thy l  grot~p 
is p robab ly  lost in carbonyl  format ion  f rom the pe roxy  
radical .  

Next,  we must  consider  the contr ibut ion made  by  
hydrogen  abs t rac t ion  by  h y d r o x y l  radical ,  pa th  b. The 
ac id -ca ta lyzed  conversion of the adduct  to the in t e r -  
media te  cation rad ica l  can occur to a lesser  ex ten t  
when the pro ton  concentra t ion is less than  0.02M, be -  
cause the yields  of the  phenol ic  products  were  a lmost  
independen t  of pro ton  and Fe 2§ concentra t ions  under  
such conditions. In  such circumstances,  the phenols  a r e  

formed via  addit ion,  pa th  a, and a g rea t  dea l  of the  
s ide-cha in  oxidat ion  products  are  formed via pa th  b. 
In toluene oxida t ion  b y  h y d r o x y l  rad ica l  at  [H § ] - -  
O.001M, most  of the products  were  cresol isomers,  
which indicates  that  the addi t ion of the radica l  to the 
aromat ic  r ing  occurs more  eas i ly  than  the hydrogen  
abs t rac t ion  f rom the side chain by  the radical .  How-  
ever,  the  yields  of phenol ic  products  in the oxidat ions  
of e thy lbenzene  and cumene were  on ly  40-50% at  
[H + ] = 0.00IM. Accordingly ,  hydrogen  abs t rac t ion  
f rom the ~-posi t ion m a y  make  a cer ta in  cont r ibut ion  
to the  react ion in the  oxidat ions  of these compounds.  

F ina l ly ,  the  effect of a -CD added  to the e lec t ro ly te  
solution mus t  be discussed. By the addi t ion  of ~-CD, 
sl ight  increases in the p - i somers  of the  phenol ic  p rod -  
ucts were  observed  in e thy lbenzene  and cumene oxi -  
dations. This fact  m a y  be  accounted for b y  the fol -  
lowing argument .  When these compounds are  inc luded 
in a -CD's  cavity,  o-  and m-posi t ions  of the  subs t ra tes  
are not  subject  to a t tack  of the hyd roxy l  rad ica l  since 
these posi t ions are  b locked by  the inner  wal l  of ,~-CD 
(30-32). On the other  hand,  the  p -pos i t ion  is open to 
the solut ion so tha t  the  p - i somer  is fo rmed  p re fe ren -  
t ia l ly  (Fig. 2). However ,  in the case of toluene in-  
c luded in ~-CD, the side chain seems to be open to 
the solution because the toluene oxida t ion  by  hyd roxy l  
radical  in the presence of a-CD yie lded  more  s ide-  
chain oxidat ion  products  than  phenol ic  products .  A l -  
though the included subs t ra te  is r ap id ly  rep laced  b y  
free molecules  in solut ion (22), 60-80% of subs t ra te  
is inc luded in ~-CD at any  ins tance under  the  presen t  
condit ions as the  dissociat ion constants  of a - C D - a l k y l -  
benzene (toluene, e thylbenzene,  and cumene)  com- 
plexes  are  2-5 X 10-SM (no r e m a r k a b l e  difference in 
the values among the th ree  complexes  is observed) .  
In  spite of the fact tha t  such r e l a t ive ly  high inclusion 
complexes are  a t ta ined,  a-CD had on ly  a smal l  effect 
on the  produc t  dis t r ibut ions .  The cu r r en t  efficiencies 

Scheme 2. The schematic mechanism for oxiaations of toluene Fig. 2. Selective attack of hydroxyl radical to p-position of sub- 
and ethylbenzene by electrogenernted hydroxyl radical in this work. strate included in ~-CD. 
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in the  presence of ~-CD were  ve ry  low for  a l l  cases .  
These resul ts  m a y  be exp la ined  in the fol lowing two 
ways:  (i)  since the subs t ra tes  can be inc luded in  the  
in te r io r  of the  ~-CD's cavity,  the  h y d r o x y l  rad ica l  
can  scarce ly  a t tack  the subs t ra te  in a-CD,  but  c a n  a t -  
t a c k  f ree  subs t ra te ;  (ii) the  h y d r o x y l  rad ica l  r e a c t s  
with added  a-CD in a compet i t ive  reac t ion  wi th  t he  
oxida t ion  of subs t ra te  b y  the radical .  

Manuscr ip t  submi t t ed  Dec. 4, 1980; rev ised  m a n u -  
scr ip t  rece ived  ca. March  20, 1981. 

A n y  discussion of this  pape r  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in the June  1982 JOURNAL. 
Al l  discussions for the June  1982 Discussion Sect ion 
should be submi t t ed  by  Feb.  1, 1982. 

Publication costs of this article were assisted by 
Tohoku University. 
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Anodic Evolution of Oxygen on Sputtered 
Iridium Oxide Films 

S. Hackwood,* L. M. Schiavone,* W. C. Dautremont-Smith,* and G. Beni* 
Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

We report on the electrocatalytic properties of sputtered iridium oxide 
films (SIROF's) in acidic electrolytes. Long term stability (240 hr) is dem- 
onstrated. Typical steady-state currents are 75 mA/cm 2 at 1.85V (vs. RHE), 
which is 50% higher than previously reported. Inaddition, we introduce a 
new method of determining Tafel slopes based on the short-time decay of 
the oxygen evolution reaction (OER) current, corrected for the capacitative 
component. Tafel plots are presented for samples Of different thickness and 
degree of hydration. The high current density and absence of corrosion dem- 
onstrate the superior catalytic properties of SIROF's vs. iridium over the en- 
tire voltage range investigated. 

The product ion  of hydrogen  is an impor t an t  com-  
merc ia l  process, pa r t i cu l a r ly  as hydrogen  can be used 
as a nonpol lu t ing  fueI  ( I ) .  A s imple  and clean w a y  of 
producing  hydrogen  is by  e lectrolysis  of wa te r  (2). 
The technology of e lect rolys is  can be subs tan t ia l ly  im-  
proved and many  research  efforts have been a imed in 
this direction.  At  present ,  e lectrolysis  has a low effici- 
ency due to the high ac t iva t ion  overvol tage  for oxy-  
gen evolution.  In addit ion,  for most metals ,  e lectrolysis  
is accompanied  by  corrosion at  high anodic potentials .  
Thus, much recent  r e s e a r c h  has been focused on find- 
ing a be t te r  ca ta lys t  for the oxygen  electrode.  

* Electrochemical Society Active Member. 
Key words: electrolytes, Tafel slopes, decay. 

Commercia l  e lect rolyzers  using a lka l ine  e lect rolytes  
employ  anodes such as n i cke l -p l a t ed  iron and fe r ro -  
nickel  al loys (3). More advanced  electrolyzers ,  how-  
ever,  use acid electrolytes ,  as for example ,  the  solid 
po lymer  e lec t ro ly te  (SPE)  e lec t ro lyzer  developed by  
Genera l  Electr ic  (4). Fo r  this acidic e lec t ro lyzer  a 
number  of anode mater ia l s  have been proposed,  e.g., 
b ina ry  and t e rna ry  al loys of Pb, Ir, Ru, Ti, Ta, Nb, Zr, 
and W. In acidic electrolytes ,  it  has been es tabl ished 
tha t  i r id ium shows the highest  ca ta ly t ic  ac t iv i ty  for 
the oxygen  evolut ion react ion (OER).  

These findings are  based on a pu re ly  empir ica l  ap-  
proach. F e w  studies have  been  a imed at es tabl ishing 
the intr insic  factors affecting the OER so that  we lack  
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the informat ion necessary for a theoretical approach 
for finding better  electrocatalysts. Semi-empir ical ly  
(5), it has become accepted that a good OER catalyst 
must  (i) have a relat ively high electronic conductiv- 
ity; (ii) be capable of existing in a number  of valence 
states; and (iii) have a high affinity for adsorbed O H -  
intermediates.  Moreover, the electrode must  not cor- 
rode; hence research has been restricted to the noble 
metals and their alloys. 

Recent studies (6-9) have pointed out that a com- 
mon factor among different electrodes known to be 
good electrocatalysts for OER (for example, It, Ru, 
Ni) is the presence of a relat ively thick surface oxide 
film. These thick oxide films have a large ion insert ion 
charge capacity. In  many  cases (10) reversible ion 
insertion, with concomitant  oxidation reduction, is 
accompanied by changes in the optical and electrical 
properties of the films, i.e., the films exhibit  electro- 
chromism. An example is the electrochromism of 
anodic i r id ium oxide films (AIROF's) (11). AIROF's 
show good electrocatalytic activity for the OER, pro- 
ducing a higher current  density at a given overvoltage 
than bare i r id ium (8). 

The electrochromic reaction in AIROF's takes place 
in the region of ~ I V  vs. reversible hydrogen electrode 
(RHE) in 0.5M H2SO4 and is thus a precursor of the 
OER which occurs with significant rate at ~ l .5V (vs. 
RHE). Although the relationship between anodic elec- 
trochromism and OER catalysis is not yet understood, 
it is possible that high electronic conductivity in com- 
b ina t ion  with the increased O H -  content  in the colored 
state favors the OER. 

Although AIROF's have higher OER rates than Ir, 
they dissolve at significant rates at low voltages (1.4- 
1.6V vs. RHE), and very rapidly at voltages above 1.6V 
(vs. RHE) in acidic solution (8). Therefore, they are 
of little use as practical catalysts. In a study of the 
electrochromic behavior of i r idium oxide films, we 
produced films by reactive sput ter ing (12). These 
sputtered i r idium oxide films (SIROF's) showed elec- 
trochromic behavior similar to that of AIROF's but  
with significantly higher stabil i ty in acidic electro- 
lytes. We expected, therefore, that SIROF's might 
show superior s tabil i ty to that of AIROF's under  OER 
conditions. In  the sputter  deposition of a thin film, 
highly energetic species in the vapor phase impinge 
onto a cold substrate. This rapid quenching may pro- 
duce metastahle structures that are thermodynamical ly  
unstable at room temperature.  

Cyclic vol tammograms for sputtered i r idium oxide 
films (SIROF's) are similar to those for AIROF's but  
differ in detail, e.g., the potential  at which the peak in 
the oxidat ion-reduct ion current  occurs is ,~0.80V 
(RHE) rather  than ~0.95V (RHE). Both vol tammo- 
grams at quas i -equi l ibr ium rates are near ly  symmetric 
about the voltage axis within the range +0.25 -> + 1.25 
(vs. RHE) resul t ing in  excellent reversibi l i ty when 
operated wi thin  this range of potentials where electro- 
chromism is observed. We have previously shown (13) 
that SIROF's exhibit  a high OER electrocatalytic 
activity (similar to AIROF's) but, in contrast to 
AIROF's, are stable OER electrocatalysts. 

In this paper we report a detailed characterization 
of the electrocatalytic activity of SIROF's. In the next  
section we describe the film preparat ion and describe 
the general  parameters  necessary to produce films with 
high catalytic activity. In the "Results" section we re-  
port the effects of hydration,  and the long- term sta- 
bil i ty tests for oxygen evolution. We then report  the 
catalytic activities of films prepared under  different 
sput ter ing conditions. F ina l ly ,  we analyze the intrinsic, 
as opposed to steady-state, activity of SIROF's. For 
this purpose, we introduce a new method of measur ing 
the intr insic catalytic activity, based on application of 
a pulsed voltage. In this way we have obtained Tafel 
plots over a wide voltage range. In the final section 
we summarize the main  conclusions drawn from these 

measurements  and discuss the general  implications of 
this work for electrocatalysis research. 

E x p e r i m e n t o l  
Film preparation.---SIROF's were deposited on tan-  

ta lum or on quartz substrates. For depositions on 
quartz, s tandard photoresist pa t te rn ing  and lift-off 
techniques were used to produce a sharp edge in the 
SIROF, at which a stylus ins t rument  was used to 
measure film thickness (14). Electrocatalytic activity of 
SIROF's was investigated using t an ta lum substrates. 
The substrates were washed in  detergent  bath, rinsed 
in distilled water, ul t rasonical ly cleaned in isopropyl 
alcohol, and vapor degreased in isopropyl alcohol. 
SIROF's were deposited from an i r idium target in an 
02 plasma using a conventional  diode rf  sput ter ing 
system as described in Ref. (12). The pressure of oxy- 
gen in the sput ter ing chamber was 8 or 20 mTorr. 
Deposition times ranged between 29 min and 4 hr 
producing films of thickness 200-3200A. 

Electrochemical characterizat ion.--The electrochem- 
ical properties of the SIROF's were examined in 0.5M 
H2SO4 electrolyte made up from spectroscopic grade 
sulfuric acid and deionized water. Using potentiostatic 
control, the current  voltage characteristics of the 
SIROF's were examined in the potential  range --0.25- 
+l .15V vs. a saturated calomel reference electrode. 
The cyclic voltammograms, for both AIROF's and 
SIROF's, recorded at a sweep rate of 100 mV/sec, are 
shown in  Fig. t. 

SIROF's and AIROF's are ion- inser t ion  materials, 
and the vol tammograms in the range of 0-1V (vs. 
SCE) show almost complete reversibili ty.  1 A charge 
capacity, hQ, can be defined as the charge inserted 
when the potential  is stepped between two arbi t rar i ly  
chosen limits, hQ is related to the film thickness and 
the number  of accessible i r id ium sites (10). For 
SIROF's over the potential  step of 0-1V, the number  of 
accessible sites is ~0.7 per Ir  atom. 

Electrocatalytic ac t iv i t y . - -The  electrocatalytic activ- 
ity of SIROF's was examined by measur ing the OER 
current  in 0.5M H2SO4 in the voltage range 1.50-2.50V 
(vs. RHE). OER current  characteristics were examined 

hit  is interest ing that the hydrogen peaks are missing. This  
absence has been observed also for AIROF's grown on tin oxide 
[see J. L. Shay, G. Beni, and L. M. Schiavone, Appl. Phys. Lett., 33, 
942 (1978)] and interpreted as due to the nonexposure of the sub- 
strate to the solution. On the other hand, the peak absence could 
be due to the presence of organic impurities in the deionized 
water. [See B. E. Conway, Anal. Chem., 45, 1331 (1973).] 

H 

2 0 0  

400  

- iO0 

- 200  

l T )' l r T - - - - - - T - -  

V vs SCE (volts) 

SIROF 

0.8 t . 0  

AIROF 

L _ _ _ _ _ I ~ . _ . 3 _ _ L  L I • L J ~  

Fig. 1. Cyclic voltommogroms for SIROF's ond AIROF% recorded 
at a sweep rote of ]00 mV sec -1 ,  in 0.SM H2504. 
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for  SIROF's  as a funct ion of: (i) degree  of hydra t ion ,  
(ii) t ime, and (iii) film thickness.  The response of 
SIROF's  to a square  wave  vol tage  be tween  the OER 
voltage,  and  a lower,  more  cathodic vol tage  was also 
inves t iga ted  to provide  a measure  of the  in t r ins ic  
ca ta ly t ic  ac t iv i ty  f rom which  Tafel  plots  could be 
constructed.  On complet ion  of these exper iments ,  the 
cyclic v o l t a m m o g r a m  and charge  capac i ty  of the 
S IROF were  remeasured .  In  addit ion,  the  e lec t ro ly te  
was ana lyzed  for  i r id ium content  by  the  s tannous io-  
dide method  descr ibed  in Ref. (15), and b y  atomic 
emission. The e lec t ro ly te  solut ion was s t i r red  th rough-  
out  the exper iments ,  and  al l  of the da ta  r epor ted  are  
correc ted  for  IR losses in the  e lectrolyte .  

Results 
In  this section we r epor t  measurements  of (i) the 

effect of hyd ra t ion  on the ca ta ly t ic  ac t iv i ty  of SIROF's ,  
(ii) s t eady - s t a t e  oxygen  evolut ion currents ,  and (iii) 
Tafel  plots  for var ious  films. 

Hydration.--Figure 2 shows the oxygen  evolut ion 
cur ren t  as a funct ion of t ime at  1.95V (vs. RHE) for 
an as -depos i ted  SIROF (3000A thick)  of to ta l  charge 
capac i ty  hQ ---- 70 mC cm -2. The cur ren t  increases  by  
a p p r o x i m a t e l y  20% dur ing  the first few minutes  of 
operat ion,  but  then decreases.  A cur ren t  decay s imi lar  
to this occurs for most  o ther  mate r i a l s  used as OER 
anodes. The in i t ia l  increase  in the  S IROF OER cur ren t  
is poss ib ly  due to an "opening" of the film s t ruc ture  by  
hydra t ion .  Volume changes induced by  the e lec t ro-  
chromic process in as -depos i ted  SIROF's  have been 
recen t ly  r epor t ed  (14). I t  has been shown tha t  
SIROF's ,  a f te r  a few ion- inser t ion  cycles, expand  by  
incorpora t ion  of water ,  and  hydra t ion  increases  the 
ra te  of  ion inser t ion  by  about  an o rde r  of magni tude .  
S imi la r ly ,  we see f rom Fig. 2 tha t  hydra t ion  also in-  
creases the oxygen  evolut ion current .  

The effects of hydra t ion  are  also evident  in the 
cyclic vo l t ammograms  shown in Fig. 3. The solid l ine 
shows the vo l t ammogram produced  on ini t ia l  cycl ing 
of an as -depos i ted  SIROF be tween  0 and 1V (vs. SCE) 
in 0.5M H2SO4, and the dashed l ine is tha t  of the same 
sample  a f te r  10 min of  OER. The to ta l  charge  t r ans -  
fe r red  increases  on hydra t ion ;  in this case hQ increases 
f rom 51 to 57 mC cm -2. This increase  could be due to 
an increase  in the  number  of sites exposed to the elec-  
t rolyte,  which is consistent  wi th  the  p ic ture  of a more  
"opened" s t ruc ture  of the film. F igures  2 and 3 thus 
indicate  that  hyd ra t ion  of the deposi ted films is im-  
por t an t  for good OER cata ly t ic  activity.2 

An alternative explanation of the OER current  max imum is 
adsorption of impurit ies  from deionized water.  

r162 

250 AT 1.95V (vs. RHE) 
FOR AS DEPOSITED SIROF 

AQ = 7OmC cm -2 

I i I 
O 5 lO 15 

t (min) 

Fig. 2. Oxygen evolution current as a function of time at 1.95V 
(vs. RHE) for an as-deposited SIROF (3000A. thick) of total charge 
capacity ~Q - -  70 mC cm -2 .  
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Fig. 3. The solid line shows the voltammogram produced on ini- 
tial cycling of an as-deposited SIROF between 0 and 1V (vs. SCE) 
in 0.5M H~S04 and the dashed line is that of the same sample 
after 10 rain of OER. 

Steady-state current.--Figure 4 shows the oxygen  
evolut ion cur ren t  at  1.95V (vs. RHE) for a film of total  
charge capaci ty,  (measured  a f te r  hydra t ion )  /~Q __. 70 
mC cm -2  and film thickness  as deposi ted  of ,`3200A. 
The in i t i a l ly  high cu r ren t  decreases wi th  t ime and 
reaches a s teady  s tate  a f te r  ~5  days. This s t eady-s t a t e  
cur ren t  remains  constant  at  ,~75 m A c m  -2  for over  18 
days  ( the t ime l imi t  of the expe r imen t ) .  

The SIROF did not  corrode dur ing  OER, and no 
i r id ium was detected in the electrolyte .  The vo l t am-  
mogram and total  hQ recorded af te r  18 days  of OER 
were  unchanged  f rom the ini t ia l  values.  In  contrast ,  at  
1.95V (RHE),  pu re  i r id ium corrodes. In  Ref. (16) the 
measured  corrosion cur ren t  is 58 #C/cm -2  per  cycle of 
po ten t ia l  sweep. 3 At  this ra te  an amount  of i r id ium 
meta l  equ iva len t  to tha t  contained in the spu t te red  
film would  be lost  in app rox ima te ly  20 min. 

F igure  5 shows the OER cur ren t  for SIROF's  of 
three  different  thicknesses.  Thickness (d) and charge 
capaci ty  (AQ) of the SIROF's  a re  shown in the inset  
in the upper  r ight  corner  of the figure. The OER cur-  
ren t  dens i ty  is seen to be dependent  on film thickness,  
but  not l inea r ly  as for thickness vs. charge density.  
There  is a difference in the OER currents  for the two 
th icker  films of on ly  50%, whereas,  the thicknesses  of 
the two films differ by  a factor  of , ,7.  I t  has been 
pos tu la ted  (8, 17) for AIROF's  tha t  the high ca ta ly t ic  
ac t iv i ty  is due to a h igh ly  porous s t ructure .  This, 
'however,  does not  seem to be t rue  for  S IROF ' s .  A 
h igh ly  porous s t ruc ture  impl ies  a high surface to vol-  

a Note that noble metals  dissolve faster under alternating cur- 
rents. 
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Fig. 4. Oxygen evolution current at 1.95V (vs. RHE) for a film 
of total charge capacity, (measured after hydration) ~Q = 70 mC 
cm - 2  and film thickness (as deposited) of ,`3200JL. 
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Fig. 5. OER current for 51ROF's of three different thicknesses 

ume rat io,  independen t  of fi lm thickness increases.  I t  
the ca ta ly t ic  ac t iv i ty  were  due to the number  of act ive 
surface sites, ac t iv i ty  and OER cur ren t  would  be 
l inea r ly  dependent  on film thickness.  The th innes t  film 
shows subs tan t ia l ly  lower  OER; this is, however ,  not  
due to an int r ins ic  factor,  but  to poor  mechanica l  s ta-  
bi l i ty,  as evidenced by  loss of port ions of the film. (I t  
is possible tha t  a cr i t ical  thickness of the spu t te red  film 
must  be reached before  a mechanica l ly  s table  l aye r  is 
obtained.)  

Tafel plots.--There has been uncer ta in ty  in how to 
measure  the in t r ins ic  ca ta ly t ic  ac t iv i ty  of oxide films 
(18). The difficulty ar ises  because the  OER cur ren t  de-  
cays at  a va r i ab le  ra te  f rom its in i t ia l  va lue  to the 
s t eady-s ta te  va lue  which  m a y  not  be achieved for a 
number  of  days.  The ca ta ly t ic  ac t iv i ty  is usua l ly  (8) 
measured  by  the value  of the  OER cur ren t  a f te r  an a r -  
b i t r a r i l y  specified time, (e.g., 10 min  fol lowing the on-  
set of OER).  This, however ,  l eads  to er rors  in the in-  
t e rp re ta t ion  of  the Tafel  slopes because,  in many  cases, 
decay t imes v a r y  With different  vol tages plots. A 
fu r the r  difficulty wi th  this type  of measuremen t  is that  
the in i t ia l  value  of the OER cur ren t  is dependent  on 
the  h is tory  of the  anode. 

To overcome this problem,  we have employed  a 
pulse technique which  gives a measure  of intr insic  
ca ta ly t ic  act ivi ty.  In  Fig. 6 (a ) ,  we show the cur ren t  
response to an appl ied  0.5 Hz square  wave  voltage,  
pulsed be tween  +1.95 and +0.05V (vs. RHE).  The 
cur ren t  corresponding to the anodic vol tage  is p lo t ted  
as a solid line, whereas  the cathodic cur ren t  is shown 
as a dashed line. The sharp cur ren t  spikes are  due to 
t h e  charging  and discharging of the overa l l  film ca-  
paci tance  (double  l aye r  and ion inser t ion) .  The OER 
cur ren t  is measured  by the s lowly  decaying cur ren t  
fol lowing the in i t ia l  cu r ren t  spike. By ex t rapo la t ing  
these cu r ren t  decays to in tersect  the cur ren t  axis at  
t - -  0, we Obtain a measure  of the OER current .  F igure  
6 (b )  shows the cu r ren t  obta ined under  vol tage d r iv -  
ing condit ions ident ica l  to those of Fig. 6 (a )  but  fol-  
lowing 5 rain polar iza t ion  at  +0.05V (vs. RHE).  I t  can 
be seen tha t  the  OER currents  are  unchanged.  This 
procedure  of de te rmin ing  int r ins ic  ca ta ly t ic  ac t iv i ty  is 
reproducible ,  and has been repea ted  on many  samples  
under  different  conditions. 

Using this me thod  we have been able to construct  
Tafel  plots  for  SIROF's  and compare  them wi th  Tafel  
plots  obta ined  for  i r id ium.  F igure  7 shows Tafel  plots 
for  i r id ium and an SIROF in the potent ia l  range  1.5- 
2.2V (vs. RHE) .  The figure shows tha t  a t  low voltages 
the Tafel  plots  of i r id ium and SIROF differ subs tan t i -  
al ly.  A t  the  lowest  vol tages  the cur ren t  for  SIROF is 
a pp rox ima te ly  two orders  of magni tude  h igher  than 
that  for i r idium. At  high voltages, the oxygen  evolu-  
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Fig. 6. Pulse technique to measure intrinsic catalytic activity. In 
(a), we show the current response to an applied 0.5 Hz square 
wave voltage, pulsed between + 1 . 9 5  and +O.05V (vs.RHE). The 
current corresponding to the anodic voltage is plotted as a solid 
line, whereas the cathodic current is shown as a dashed line. In 
(b) is shown the current obtained under voltage driving conditions 
identical to those (a) but following 5 rain polarization at +O.05V 
(vs. RHE). It can be seen that the OER currents are unchanged. 

t ion currents  are  s imilar .  The dashed l ine del ineates  
the vol tage  region above  which I r  corrodes (16) at  a 
ra te  g rea te r  than  200 ~A cm-% 

Final ly ,  F igure  8 compares  the Tafel  plots of three  
different  samples  of SIROF's .  The samples  were  de-  
posi ted at  oxygen  pressures  of e i ther  20 or 8 mTor r  
wi th  a total  charge capaci tance hQ of 70 and 35 mC 
cm-~,  respect ively ,  as indica ted  in the  upper  left  in-  
set. F r o m  the figure, i t  can be seen tha t  the intr insic  
ca ta ly t ic  ac t iv i ty  of these films is similar .  
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Fig. 7. Tafel plots for iridium and an SIROF in the potential 
range 1.5-2.2V (vs. RHE). 



Vol. 128, No. 12 ANODIC EVOLUTION OF OXYGEN 2573 

2.4 

2.2 

u , I  ' - r  

e w  

> 2.0 

1.8 

100 

Q p 
(mC cm -2) (p. Hg) 
X 35 20 
�9 70 20 

�9 70 8 

�9 X 

i 

200 

X v  

X v 

� 9 2 1 5  

0.5M H2SO 4 

I I I I 

400 600 800 1000 

i(mA cm -2) 

Fig. 8. Tafel plots of three different samples of SIP, OF's. The 
samples were deposited at oxygen pressures of either 20 or 8 
mTorr with a total charge capacitance AQ of 70 and 35 mC cm -2 ,  
respectively, as indicated in the upper left inset. 

Conclusions 
From these results, we can draw two main conclu- 

sions. Firstly, sputtered iridium oxide films show high 
OER catalytic activity. In the steady state the oxygen 
evolution reaction current is 75 mA cm-e (geometric 
area) at 1.95V (vs. RHE), which is approximately 
equal to that for bare iridiUm. The intrinsic (i.e., 
measured with the voltage pulsing technique) OER 
current shows that the catalytic activity of SIROF's is 
approximately two orders of magnitude larger than 
that of bare iridium at low overvoltages and approxi- 
mately equal to bare iridium at high overvoltages. 

Secondly, SIROF's show excellent corrosion re- 
sistance, even at high overvoltages. We observed no 
corrosion during 18 days of operation at 1.95V (vs. 
RHE) in 0.5M HeSO4. In addition, no corrosion was ob- 
served during the pulsed experiments. 

Our results demonstrate, also, that the catalytic ac- 
tivity is not simply due to a large effective surface area 
because of a macroscopically porous structure. In 
fact, no significant change of catalytic activity was ob- 
served for films differing in thickness by almost an 
order of magnitude. Thus, the superior activity of 
iridium oxide is not due to a large number of iridium 
atoms exposed to the electrolyte, but is a property of 
the oxide itself. 

It is conceivable that by reactively sputtering, we 
are not simply producing a large surface area cata- 
lyst, but a material which could not be formed under 
thermodynamic equilibrium. Indeed, the free energy 
of the SIROF is likely to be far higher than the free 
energy of iridium oxide. We may thus expect the 
structure to be amorphous or to contain a large num- 
ber of oxygen vacancies. This structure may be re- 
garded also as a "microscopically porous" structure. 
This hypothesis should be substantiated by detailed 

x-ray structure analysis of the films. Work in this 
direction is in progress (19, 20). A large number of 
vacancies favors the OER because hydroxyl anions 
have easy access (via the vacancies) to the bulk of the 
film. In this case the "oxide-path" of oxygen evolution 
(21) would be the rate-determining mechanism of the 
reaction. 

Finally, we speculate that our interpretation of the 
high catalytic activity and high stability of SIROF's (if 
correct) is also applicable to other oxides, since the 
SIROF's catalytic properties are due to the particular 
structure formed during sputtering, and not to a high 
number of metal ions exposed to the electrolyte. 

Manuscript submitted March 12, 1981; revised manu- 
script received June 5, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JOURNAL. 
All discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 

Publication costs or this article were assisted by Bell 
Laboratories. 
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Moderate Temperature Na Cells 
III. Electrochemical and Structural Studies of Cro. Vo. S 2 

and Its Na Intercalates 
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ABSTRACT 

Cathodic behav ior  of the l aye red  mixed  me ta l  sulfide, Cro.sV0.sS2, has 
been s tudied in a rechargeab le  Na cell  having  the configurat ion 

Liquid Na/~"-A12Os/Na + -conta in ing  electrolyte/Cro.sVo.sS~ 

The cell  operates  at 130~ and ut i l izes  as e lec t ro ly te  a 1M solut ion of NaI 
in 1 ,2 -b i s (2 -me thoxy-e thoxy)e thane ,  ( t r ig lyme) .  The first d ischarge of 
Cro.sVo.sS2 y ie lded  a capaci ty  of 0.95 e / m o l e  of the sulfide. However ,  the  re -  
chargeable  capaci ty  was l imi ted  to ~70% of the  first discharge.  The mecha-  
nism of discharge of Cr.o.sV0.~S2 involves  Na in tercala t ion.  More than  one 
crys ta l lograph ica l ly  dis t inct  phase has been  identif ied in the  composi t ional  
range, 0 < y - -  1 in Na~Cr0.sVo.sS2. 

The l ayered  t rans i t ion  meta l  disulfides and d i -  
selenides have received widespread  in te res t  as re -  
chargeable  cathodes for  e lec t rochemical  cells u t i l iz ing 
a lka l i  me ta l  anodes (1, 2). While  most  of the in teres t  
has been  in rechargeab le  Li cells, some recent  studies, 
pa r t i cu la r ly  from this labora tory ,  have exp lored  the 
usefulness of severa l  dichalcogenide cathodes for sec- 
onda ry  Na cells (3-6).  Thus, we have eva lua ted  the 
cathodic behavior  of the  disulfides (3), TiS2, VS2, and  
Nbl.IS2, and the diselenides (4), TiSe~ and VSe2 in a 
modera te  t empe ra tu r e  Na cell. This cell, which is a 
modification of the rechargeab le  Na / so lub le  S cell  
we descr ibed ear l ie r  (7 ,8) ,  ut i l izes a ~"-A12Oz solid 
e lec t ro ly te  separa to r  and  an organic  e lec t ro ly te  com- 
prising NaI in 1 ,2 -b i s (2 -me thoxy-e thoxy)e thane ,  ( t r i -  
g lyme) .  Our  x - r a y  s t ruc tura l  studies (3,4) of the 
e lec t rochemical ly  cycled cathodes showed tha t  in all  
t ransi t ion meta l  chalcogenides,  the cathode reac t ion  
involved Na in te rca la t ion  dur ing discharge and de-  
in terca la t ion  dur ing  recharge.  

The topochemical  reac t ion  of the l aye red  t rans i t ion  
meta l  dichalcogenides  wi th  Na is of ten accompanied 
by  s t ruc tu ra l  changes of the host  la t t ice  so that  in a 
given Na~MX2 t e rna ry  more  than one c rys t a l log raph-  
ical ly  dis t inct  phase appears  wi th  the degree  of in te r -  
calat ion (2, 9-12). These c rys ta l lographic  changes are  
often revea led  in the e lec t rochemical  discharges which 
show potent ia l  p la teaus  closely corre la t ing  the  s t ruc-  
tura l  changes (3, 4). In the case of the  disulfides in-  
vest igated,  these s t ruc tura l  changes affected cathode 
rechargeabi l i ty .  Thus with  VS2 and TiS2 cathodes, only  
the Na associated wi th  cer ta in  phase regions of the  
NayMS2 t e r n a r y  was rechargeab le  (3, 5). 

The mixed  meta l  disulfide, Cr0.sVo.sS2 presents  an 
in teres t ing  si tuat ion since the s t ruc tura l  character is t ics  
of the Na in terca la tes  and consequent ly  its e lec t ro-  
chemical  proper t ies  would be influenced by  both Cr 
and V. In this pape r  we presen t  our  resul ts  on the  
s t ruc tura l  and e lec t rochemical  p roper t ies  of Cr0.sV0.sS2 
and NayCro.sV0.sS~. 

Experimental 
All  the exper imen t s  were  conducted in the  absence 

of a i r  and mois ture  under  an argon a tmosphere  in a 
Vacuum Atmospheres  d ry  box or by  using s t andard  
procedures  employed  for the manipu la t ion  of a i r  sensi-  

* Electrochemical Society Act ive  Member .  
Key  words: cathode, cycl ing,  x-ray,  phases. 

t ive compounds (13). E lementa l  analyses  were  carried 
out by  Ga lb ra i th  Ana ly t i ca l  Services,  Knoxvi l le ,  
Tennessee.  

Synthesis of the sulfides.--Cro.sVo.sS2.--The sulfide 
was synthesized via a two-s tep  process combining the 
procedures  of Van Laa r  (14) and M u r p h y  (15). In i -  
t i a l ly  LiCr0.~V0.sS2 was synthesized by  the react ion of 
H2S wi th  an in t imate  mix tu re  of Li~CO~, V20~, and 
Cr~O3 presen t  in the mol  ra t io  of 1:0.5:0.5 at  700~ 
for 16 hr. 

The ai r  sensi t ive LiCr0.sV0.sS2 thus obta ined  was 
de l i th ia ted  by  the reac t ion  of an I2/CHaCN solut ion 
at  room tempera ture .  The da rk  Cr0.sVo.sS2 produced  
was washed severa l  t imes with  CH~CN and dried 
in vacuo at ~150~ The ma te r i a l  was charac ter ized  
by  x - r a y  and e lementa l  analyses.  The D e b y e - S h e r r e r  
x - r a y  data,  shown in Table I, is consistent  wi th  a 
l ayered  1T-CdI2 type  s t ruc ture  wi th  a = 3.22A and 
c = 5.71A. 

VS2.--The compound was synthesized in the same 
manner  as that  of Cr0.sV0.sS2 using Li2CO8 and V205 
(3, 16). I t  exhib i ted  a 1T-CdI2 s t ruc ture  (16). 

Sodium intercalates oS Cro.sVo.sS2.--Sodium in te r -  
calates of var ious  composit ions were  p repa red  b y  add- 
ing the disulfide to a requis i te  quan t i t y  of Na- 
naphthalide (0.3M in THF)  and s t i r r ing  the resul t ing  
mix tu re  for 3 days at  room tempera tu re .  In  p repa r ing  
the ful ly  in te rca la ted  compounds,  Nal.oMS2, a 30% e x -  
cess of the naph tha l ide  solut ion was in i t i a l ly  used. 
The sodiated compound was separa ted  b y  filtration 
and dr ied  in vacuo in i t ia l ly  at  room t e m p e r a t u r e  and 
then at ~70~ for 12 hr. The f i l t rate was analyzed  for 

Table I. X-ray diffraction data of Cro.5Vo.sS2 

d (obs ) ,  A d (caD,  A I/Io hk l  

5.71 5.71 40 0 O 1 
2.78 2.79 5 1 0 O 
2.49 2.50 1OO 1 0 1 
2.01 1.99 65 1 0 2 
1.61 1.61 30 1 1 0 
1.57 1.57 25 1 0 3 
1.55 1.55 1O 1 1 1 
1.43 1.43 10 0 0 4 
1.35 1.35 10 2 0 1 
1.27 1.25 5 2 0 2 

a = 3.22A and  c = 5.71A. 

2574 
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unreacted  Na-naphtha l ide  by t i t ra t ing  an  aqueous 
solution of the filtrate with a s tandard solution of HC1 
acid. The composition of the sodium intercalate thus 
obtained was fur ther  checked by e lementa l  analysis 
and showed good agreement.  

X- ray  powder pat terns  of the samples were r e -  
c o r d e d  using CuK~ radia t ion and a Debye-Sl~errer 
camera. 

Electrochemical celL--The electrochemical cell incor-  
porat ing a ~"-A12Oa tube was of the same type d e -  
s c r i b e d  previously (3, 7). The sulfide cathodes w e r e  
fabricated in the form of pressed electrodes from a 
cathode mix consisting of ,-,50 weight percent  (w/o)  
sulfide, 40 w/o Shawinigan  carbon (50% compressed),  
and 10 w/o  Teflon (du Pon t  7A), as described pre-  
viously (3, 4). The electrolyte was a 1M solution 
of NaI in 1 ,2-bis(2-methoxy-ethoxy)ethane,  t r iglyme 
(3). The assembled cell had the configuration 

Liquid Na/fi"-A120~/triglyme-NaI/Cro.sVo.sS2 

The cells were cycled galvanostat ical ly after thermo-  
stat ing at 130~ (3, 4, 7). 

Results and Discussion 
Structure of Cro.sVo.sSe.--The disulfide has a hex-  

agonal layered 1T-CdI2-type s tructure similar  to that  
of TiS2 or VS2. The uni t  cell parameters  a _-- 3.22A 
and c --~ 5.71A are comparable to those of VS2, a = 
3.22A and c = 5.74A, and  TiS2:, a _-- 3.41A and c -- 
5.69A. VS2 has only recent ly  been characterized (16). 
The existence of the hexagonal ly  layered mixed metal  
sulfides, CrNV1-NS2 and FeNV1-NS2 has been estab- 
lished in the recent  studies of Murphy  and co-workers 
(15). Their  studies, however,  emphasized Cro.75Vo.25S2, 
focusing on the i r  use as reversible cathodes in  non -  
aqueous solvent Li cells. The s t ructural  data on 
Cr0.sVo.sS2 are reported here for the first time. 

Electrochemical behavior oS Cro.sVo.sS2--An elec- 
trochemical cell incorporat ing a Cro.~Vo.sS2 cathode 
was discharged at a low rate, i.e., at 0.5 m A / c m  2, to 
determine the capacity and the shape of the discharge 
curve. Typical discharge curves for two different 
cells are shown in Fig. 1 and  2. The first discharge 
corresponds to a capacity of 0.95 e /mol  of Cr0.sVo.~S2. 

2.5 

2.0 

o 

~1.5 

1.O 

E/Cro. 5Vo. 5S2 

0.25 0.50 O.75 
[ I I 

I I I I I 
20 40 60 80 lO0 

Cell capacity, mAh 
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I 

D1 f 

Fig. I. Galvanostatic discharges and charges of the ceil, liquid 
Na/~"-AI2OJtriglyme, Nal/Cro.sVo.sS2 at 130~ Curves D1 and 
1:)2 are the first and second discharges. Curve C1 is the first charge. 
Current density ~ 0.5 mA/cm ~. 
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Fig. 2. The eighth cycle of a liquid Na/fl"-AI2Og/triglyme, Nal/  
Cro.sVo.sS2 cell at 130~ Current density - -  0.5 mA/cm 2. 

The discharge shows a somewhat gradual  but  definite 
end point  to 1.1V. The first discharge is characterized 
by three potential  regions spanning the Na composi- 
t ional ranges (y) approximately  at 0 < y < 0.17, 
0.17 < y ~ 0.55, and 0.55 < y :~ 0.95. In  the first charge, 
only 70% of this capacity was recharged to 2.5V. The 
charge curve shows a definite end point  at this 
stage. The capacity in the second discharge was 0.67 
e/Cro.sV0.sS2. Capacity losses with fur ther  cycling were 
minor  and occurred in a gradual  fashion, reflecting, as 
we found previously (3), electrode s t ructural  factors. 
However, the later cycles, i l lustrated in Fig. 2 by cycle 
8 of a second cell, do not show the mult is tep charac- 
teristics seen in the early cycles; but  ra ther  the poten-  
tial profiles of the later  cycles are almost l inear.  

The Debye-Sherrer  x - r ay  pa t te rn  of a Cr0.sV0.sS2 
cathode cycled nine  times and terminated  at the end o f  
the discharge is tabula ted in Table II. The pat tern,  o n  
the basis of the s t ructural  data discussed below for 
NayCr0.sV0.sS2 ternaries, can be assigned to two differ- 
ent crystallographic phases of the NayCro.sV0.sS2 ter -  
nary. Evident ly  Na discharge into and recharge from 
Cr0.5V0.sS2 involves intercalat ion and deintercalat ion,  
respectively. The processes are, however, accompanied 
by crystallographic phase changes in  the Na~Cr0.sV0.sS2 
ternaries.  

Structural aspects o~ the NayCro.~Vo.sSe ternaries.-- 
Sodium intercalates of Cr0.sV0:sS2 and VS2 were pre-  
pared by reaction of the respective sulfide with Na- 
naphthalide.  The x - r a y  pa t te rn  for NayCro.sVD,sS2 
where y = 1 is shown in Table III. The pa t te rn  can 
be satisfactorily indexed for a 3R rhombohedra l  s t ruc-  
ture with space group RUM, isomorphic with Nal.0TiS2 
(17) and Nal.0CrS2 (18). The lattice parameters  are 
a _ 3.52A and c ---- 19.65A. In  this structure,  which 
may be designated as the t r igonal  ant ipr ismatic  (TAP) 
form, su l fu r  forms a cubic close packing while the 

Table II. X-ray diffraction data of cycled* Cro.sVo.sS2 

d, A d (caD, A I/Io hkl 

7.05 7.08 0.8 0 0 3 (TP) 
6.53 6.55 0.8 0 0 3 (TAP)  
2.60 2.59 1,0 1 0 4 (TAP)  
2.40 2.34 0.4 0 1 5 (TP) 
2.07 2.06 0.2 1 0 7 (TAP,  TP) 

* Many of the expected l ines in the x-ray pattern were  absent,  
probably due to interference from the  carbon and Teflon present  
in the electrode. 
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Table  III. X-ray diffraction data of Naz.oCro.~Vo.sS~ Table V. X-ray diffraction data of Nal.oVS~* 

d (ObS), A d (caD, A I/Io hkl hkl 

d (obs), A d (caD, A I/Io H-phase TAP phase 
6.55 6.55 0.7 o 0 3 
3.02 3.01 0.i 1 0 1 
2.60 2.69 I.O 1 o 4 7.24 7.30 0.3 0 0 1 
2.08 2.06 0.3 1 0 7 6.58 6.58 0.3 0 0 3 
1,91 1.91 0.5 0 1 8 2.80 2.79 0.3 I 0 0 
1.76 1.76 0.8 I I 0 2.60 2.60 1.0 I 0 4 
1.70 1.70 0.1 1 1 3 2.37 2.37 0.5 1 0 1 
1.56 1.54 O.l O 1 I! 2.20 2.20 0.2 1 0 2 
1.50 1.51 0.1 2 O 2 2.07 2.07 0.4 1 0 7 
1.45 1.46 0.4 0 2 4 1.90 1.92 0.5 O 1 8 
1.29 1.29 0.3 2 0 8 1.82 1.82 O.1 0 0 4 
1.20 1.20 0.3 0 2 i0 1.77 1.77 0.5 I I 0 

1.70 1.71 0.2 i 1 3 
1.61 1.61 0.2 I 1 0 

a = 3.52A. C = 19.65A. 1.54 1.55 0.2 I 1 11 
1.46 1.46 0.8 0 2 4 
1.37 1.38 0.1 2 0 1 

t rans i t ion  meta l  a toms and Na occupy d is tor ted  oc ta-  1.33 1.32 0.1 2 0 2 
1.30 1.30 0.3 hedra l  in ters t ices  in a l t e rna te  l aye rs  (14). 1.20 1.2o 0.3 

We have also prepared Na intercalates of nora- 1.16 1.i7 0.i 
inal compositions Nao.~Cro.sVo.sSs, Nao.4Cro.~Vo.sS~, 
Nao.oCro.sVo.sS~ and Nao.sCro.sV0.sS~. The composi- 
tions Nao.2Cro.sV0.sS2 and Nao.4Cro.sVo.~Sz appeared to 
be homogeneous phases whereas the other materials 
constituted a mixture of the TAP phase and of the 
phase corresponding to Na0.4Cro.sVo..~Ss. The x-ray pat- 
tern of the latter material is tabulated in Table IV. 
The ternary appears to have a phase isostructural with 
that of N%TiS~ for 0.38 <~ y < 0.72, discussed by 
Rouxel (17). This phase, which may be designated as 
the trigonal prismatic (TP) phase, (space group R3M) 
has a rhombohedral structure with Na occupying 
trigonal prismatic sites and the transition metal 
atoms octahedral sites. The lattice parameters of 

Na0.4Cro.sVo.sS2 are a = 3.24.A and c -- 21.24.A. An iso- 
structural phase was identified also in the Na~VS2 ter- 
naries for 0.3 -~ y ~ 1 by Wiegers (11). It is to be 
noted that these N%VS2 compositions of Wiegers were 
prepared by a high temperature route. 

For Nal.0VS2, Wiegers identified two other phases, 
a TAP phase isostructural with NaCrSs and a hexag- 
onal form isostructural with LiyTiSe (19) or LiVS~ 
(14). For comparison with the low temperature syn- 
thetic route employed in the present study for 
NayCro.sVo.sS2, we have prepared Nao.sVS~ and 
Nal.oVSe by the Na-naphthalide reaction. The struc- 
tural dsta for Nal.oVS~ are listed in Table V. The 
sample contains a mixture of the hexagonal form, 
a = 3.22A, c = 7.3A and the TAP form, a = 3.54A 
and c = 19.74A. The results are in agreement with 
those of Wiegers and support his suggestion that the 
TP form of NaLoVS2 is a high temperature form. Our 
samples of Nao.4VS2 and Nao.sVS~ were homogeneous 
TP phases with c -- 7.08A and 6.94A, respectively. A 
sample of NaVS2 we obtained electrochemically (3) 
had the hexagonal structure. 

It thus appears that the structural characteristics of 
Na~.oCro.~V0.~Ss more closely resemble that of 
NaLoCrSe in that only the TAP phase is present. Our 
samples of Na~Cro.oVo.~Ss, y = 0.6 and 0.8, were 
heterogeneous mixtures with the components having 
lattice parameters identical to those of Nao.~Cro.~Vo.~S~ 
and Na~Cr0.sVo.~S~. Only a poorly defined pattern was 

Table IV. X-ray diffraction data of Nao.4Cro.sVo.sS9 

d (obs), A d (cal), A I]Io hkl 

7.08 7.08 1.0 0 0 3 
2.78 2.75 0.1 1 0 1 
2.37 2.34 0.8 0 1 5 
2.08 2.06 0.4 1 0 7 
1.94 1.93 0,4 O 1 8 
1.76 1.77 0.1 0 0 12 
1.68 1.69 0.3 1 0 10 
1.62 1.62 0.2 1 1 O 

a = 3.24A, o = 21.24A. 

2 0 8  
0 2 1 0  
1 1 12 

* A mixture of trigonal antiprismatic (TAP) (a = 3.54A, c = 
19.74A) and hexagonal (H) (a = 3.22A, and c = 7.30A) phases. 

obtained ~or Nao.~Cro.sVo.sS~; but, from the magnitude 
of the d values apparently corresponding to the (ooi) 
reflections, the phase appears to be a second stage 
compound, as found in the low Na content intercalates 
of TiS2 and VS~. 

Cell chemistry in relation to phase changes.--The 
s t ruc tu ra l  da ta  p resen ted  above show tha t  p r o b a b l y  
three  c rys taUographica l ly  d is t inct  phases a re  presen t  
in the NayCr0.sVo.sS2 t e rna ry  for 0 < y ~ 1. But, our  
x - r a y  da ta  are  insufficient to obta in  the  exact  b r e a k -  
points  in the phase-compos i t iona l  re la t ionships .  How-  
ever,  we can a t t empt  at  a cor re la t ion  f rom the  d is -  
charge curve shown in Fig. 1. The two po ten t ia l  p l a -  
teaus observed in the  Na composi t ional  (y)  ranges,  
y ~ 0.17 and 0.17 ~ y - -  0.55 m a y  correspond to a 
second stage phase and a first s tage t r igonal  pr i smat ic  
phase, respect ively .  The x - r a y  da ta  p resen ted  in  Table  
II  for  the  cycled cathode, having the nomina l  composi-  
t ion Na0.9Cr0.sV0.sS2, show tha t  it  contains both TP and 
TAP phases~ Then, the th i rd  potent ia l  region,  spanning  
the range 0.55 ~ y - -  0.95, m a y  encompass  both a b i -  
phase region,  compris ing the TP and TAP phases  and 
a single phase region,  compris ing the TAP phase. Fo r  
a biphase region, one expects  a cor responding p la t eau  
in the vol tage=composi t ion curve. However ,  our cell  
da ta  are  a resul t  of both  kinet ic  and the rmodynamic  
factors and a t rue  p la teau  region is not  observed in 
the discharge curve at  the  composi t ional  range  0.55 

y - -  0.95. For  the same reasons,  the  b iphase  regions 
expected  (20) at  the beg inn ing  of the  discharge and 
at the t rans i t ion  stage f rom the second s tage compound 
to the first s tage TP phase are  not  c lear ly  seen in the  
discharge curve. I t  is to be noted that ,  previous ly ,  we 
found (3) correla t ions  among the phase-compos i t iona l  
regions and the discharge profiles of TiS~ and VS2 
cathodes. I t  is no tewor thy  that  in the  first d ischarge of 
Cr0.sVo.~S2, Na in terca la t ion  is achieved for  v i r t ua l ly  
al l  values of y, 0 ~ y --~ 1.0. In  this respect ,  Cro.sV0.sS~ 
resembles  VS2 (3).  In  TiSs on the other  hand,  the d is -  
charge was l imi ted  to 0.85 N a / m o l  of TiS2. 

The f rac t ional  r echa rgeab i l i ty  (i.e., 70%) of the  ca-  
pac i ty  in the  first discharge of Cr0.5V0.sS2, except  for  
the specific capaci ty  involved,  resembles  the  behav io r  
of the  o ther  sulfides we p rev ious ly  invest igated,  
namely,  TiS~, VS2, and Nbl.IS2. In  a l l  cases, a f ract ion 
of the capaci ty  in the first d ischarge is not  r echa rged  
in the fol lowing charge. In  general ,  i t  appears  tha t  a t  
low values  of y in the Na~MX2 te rnar ies  the  c rys ta l lo -  
graphic  phase presen t  is a second s tage phase  and tha t  
the  Na involved in this  phase is not  rechargeable ,  a t  
least  a t  the rates  employed  in our  studies. 
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Table VI. Specific energies of Na/MS2 couples based on 
experimental capacities and voltages 

Metal Equivalents/  Mid-discharge Specific energy 
sulfide mol of MS2 voltage (V) (W-hr/kg)  

Cro, 5Vo.~S2 0.70 1.9 273 
VS~* 0.70 1.8 258 
Tis~* 0.65 1.7 215 
Nbl.~S2* 0.50 1,5 119 

* Data from Ref, (3),  

Our data indicate that the maximum rechargeable 
capacity of the Cro.sV0.sS2 cathode is 0.7 e/mol.  With 
an average cell voltage of 1.9V, the theoretical spe- 
cific energy of the cathode is 273 W-hr/kg. The specific 
energies of the Na/MS2 couples tabulated in Table VI 
show that Cr0.sV0.sS2 outperforms TiS2, VS2, or 
Nbl.IS2. 
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Solubility Products of Metal Oxides in Molten Salts 
by Coulometric Titration of Oxide Ion Through 

Zirconia Electrodes 
M. L. Deanhardt *~1 and K. H. Stern* 

Nava~ Research Laboratory, Chemistry Division, Washington, D.C. 20375 

ABSTRACT 

Solubility products of nickel and cobalt oxides in molten NaC1 (1100 K) 
and Na2SO4 (1200 K) have been measured by coulometric titration of the 
respective chlorides (NiC12, CoC12) and sulfates (NiSO4, CoSO4) with elec- 
trochemically generated oxide ion, using a stabilized zirconia electrode a s  
an oxide pump. The metal oxide equilibria were complicated by competitive 
paths leading to Na202, NaNiO2, and NaCoO2 formation. Activity coefficients 
of soluble nickel and cobalt salts were also determined from a comparison of 
experimental data and thermodynamic calculations, 

A knowledge of the behavior of metal oxides in 
molten salts is important in understanding corrosion 
processes in marine-operated gas turbines, molten salt 
fuel cells and batteries, salt processing baths, and solar 
energy storage by molten salts. Measurement of the 
solubility of metal oxides used as protective coatings 
in such systems is needed. This information should aid 

* Electrochemical  Society Active Member. 
Key words: ceramics,  cell, current, emf. 
1Present  address: Chemistry Department,  George, Mason Uni- 

versity, Fairfax, Virginia  22030. 

in the development of new materials and in the pre- 
vention of hot corrosion. 

Recent studies (1, 2) have shown that stabilized 
zirconia (SZ), an oxide-conducting solid electrolyte, 
can function as an 02-  ion pump in molten NaC1 at 
1100 K and Na2SO4 at 1200 K. By applying a voltage 
to the cell 

l I Mullite Melt Pt Melt (Na +) -~Na20 SZ O2(Pt) [!] 
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the O 2- ion concentration of  the melt under  s tudy 
may  be increased or decreased by driving the reaction 
at the 02 electrode 

�89 02 + 2e-  ~ 0 2 -  (in melt) [2] 

left or right. The O 2- activity in ~he melt  is measured 
potentiometrically with another SZ electrode using the 
cell 

I Melt + 
Ag AgCl or  Ag2SO4 (10 m/o)  

I Mullite Melt + 
(Na +) Na20 i 1SZ O2 (Pt) [3] 

The reaction and emf of cell [3] in molten NaC1 are 

2Ag(s)  + ~ O2(g) + 2NaCl(1) 

2Age1 (i) + Na20 (i) [4] 

RT ln ( aA~cl~aNa~o ) 
Ecell = E ~ -- 2---F" Po~ ~ aNacl 2 [5] 

Similarly, the reaction and emf of cell [3] in molten 
N a ~ S O 4  are 

2Ag(s)  + ~ O~(g) + Na2SO4(1) 

= Ag~SO4(1) + Na20(1) [6] 

RT ( aA,~so4aNa2o ) 
Ecen "- E ~ -- - -  In [7]  

2F Pos '/~ aNa2so4 

The SZ electrode in cell [1] (referred to as the gen- 
erating electrode) serves as an 0 2 -  ion source, while 
the SZ electrode in cell [3] (referred to as the indi- 
cating electrode) serves as an 02 -  ion monitor. 

It is known (3-5) that  in Na20-NaC1 and Na20- 
Na2SO4 melts, oxide is part ial ly converted to peroxide 
according to the following reaction 

Na20 + ~ O~ ~:~ Na202 [8] 

At constant 02 pressure 

[Na~O2]/[Na20] = KelPo2 '/' = K'el [9] 

where the brackets denote mol fractions. Cell [3] re- 
sponds only to changes in the activity of Na20 in the 
melt. The following relationships between the mea-  
sured emf in Eq. [5] and [7] and equivalents of charge 
Q passed through cell [1] have been derived and veri-  
fied (2) : 

1. Electrolysis of  Na20 into the melt  

( o ) 
RT In [Na20]o + 2n(K'el + 1) Ecell - -  E ~ - -  2"-"F-- 

[10 ]  
2. Electrolysis of Na20 out of the melt  

Eeell : E ~ 

where 

-- 2 F R ' - ~ T l n [ ( [ N a 2 0 ] a - - ~ )  / ( K ' e l + l ) ]  [11] 

RT ( ~/Na20 aAgcl 2 ) 
E ~ = E ~ -- ~ In for NaC1 

2F Po2 I/2 aNacl 2 

RT ( ~7Na20 aAg2SO4 ) 
E ~ = E ~ -- ~ In for Na~SO4 

2F P02 '/' aNa2SO4 

where n = total number  of moles, 7Na2o ---- activity co- 
efficient of Na20, [Na20]o ---- initial ( impuri ty)  concen- 
tration of Na~O, and [Na20]a ~ added concentration 
of Na20. I t  is assumed that the electrolysis is slow 
enough that  the oxide/peroxide equilibrium (Eq. [8]) 
is maintained at all times. 

In the present work, this technique has been applied 
to the measurement  of the solubility products of NiO 

and CosO4 in NaCl at l l00K,  and NiO and CoO in 
Na2SO4 at 1200 K. Solubility products were determined 
from coulometric t i tration curves, obtained by measur-  
ing the charge passed through the generating SZ elec- 
trode as a function of the emf of the indicating cell [3]. 
Oxygen pressure above the melts was ~0:2 atm. Ac- 
tivity coefficients of sodium oxide in both NaC1 and 
Na2SO4 were needed in order  to define the solubility 
products in terms of mol fractions. Values of "ma2o 
have been reported in an earIier work  (6). It  is also 
possible to 'calculate values of ~ma2o using the data of 
Ref.  (2). These calculations, along with a comparison of 
the values of ~Na2o obtained from the two studies, a r e  
given in this work. Gupta and Rapp (7) recently mea-  
sured the solubility of nickel and cobalt oxide in molten 
Na2SO4 as a function of salt basicity (log aNa2o). Their 
results, as well as results of thermodynamic calcula- 
tions, are compared with the results of this study. A 
prel iminary report  of this s tudy (8) can be found else- 
where. 

Experimental 
Experiments were carried out in a hel ium-oxygen-  

filled (20% O3) dry  box (Vacuum/Atmospheres  Corpo- 
ration) with a recirculating dry  train in which mois- 
ture  and C02 were  generally kept below 1 ppm. The 
electrodes, cell design, and experimental  techniques 
have '  been described elsewhere (1, 2). High pur i ty  
(99.8%) alumina crucibles were used in all experi-  
ments. 

Reagents.--Reagent grade NaC1 and Na2SO4 were  
vacuum-dr ied  at 500~ before use. Anhydrous  NiC12 
and COC12 (Alfa Products)  were used without  pre-  
treatment. Anhydrous  NiSO4 and COSO4 were pre-  
pared from reagent-grade hydrate  salts using a pro- 
cedure described by Sanderson (9). The prepared 
salts were analyzed for puri ty by atomic absorption 
analysis of Ni and Co. All weighings and t ransfer  
operations were  carried out in the dry  box in which 
the experiments  were done. 

Procedures.--The emf of cell [3] was measured with 
a high impedance electrometer (Keithley Model 616). 
Cathodic potentials were applied to the generating SZ 
electrode using a PAR 173 potentiostat/galvanostat .  
The charge passed through cell [1] was measured with 
a PAR 179 digital coulometer. Since the coulometric 
titrations were generally run overnight, charge passed 
and emf's measured were recorded automatical ly on a 
Fluke 2200B data logger. 

Least squares fits of the experimental  data were cal- 
culated using a Hewlett  Packard  Model 9815S com- 
puter and its associated software. The titration curves 
were plotted with a Hewlett  Packard  Model 9865A 
digital plotter interfaced to the 9815S computer. 

The melts were analyzed for their Co and Ni con- 
tent before each titration. Samples were taken by dip- 
ping cold ceramic rods (high pur i ty  alumina) into the 
melt. The quenched-mel t  samples were analyzed using 
a Perkin Elmer Model 360 atomic absorption spectro- 
photometer.  

Results 
Solubility products of nicke~ and cobalt oxides.--The 

metal ion was added to the melt as NiC12 and COC12, 
respectively, in NaC1, and as NiSO4 and COSO4 in 
Na2SO4. As 0 3 -  is coulometrically added to the melt, 
the insoluble metal  oxide precipitates. A plot of emf 
vs. Q results in a t i tration curve. An  example of such a 
plot is shown in Fig. 1 for the titration of NiC12 in 
molten NaC1. Similar titration curves were observed 
for COC12 in a molten NaC1, and NiSO4 and COSO4 in 
molten Na2SO4. 

The reduction of oxygen to oxide could be carried 
out by either controlled potential electrolysis or con- 
trolled current electrolysis. In either case, care was 
taken not to exceed the electrolysis potential at which 
zirconia is reduced to substoichiometric ZrO2 (2). A 
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Fig. 1. Titration of NiCl2 with Na20 in molten NaCI. [NiCI2]o 
---- 3.18 X 10-4; T --  1100 K; Po2 = 0.213 atm; (C)) experi- 
mental points: ( ) least squares fit using Eq. [24]; A. Ksp ~- 
2.8 • 10 -12, Kel - -  6, Ke2 "-- 4.4 • 10-4;  B. Ksp ~ 2.8 • 
10 - 1 2  Kel ~ Ke2 - "  O. 

typ ica l  t i t r a t ion  took ,~24 hr  a t  an e lectrolysis  cur ren t  
of ,.,2.5 m A  and a to ta l  Q of ,-~2000 ~equiv. The 24 h r  
per iod  was ample  t ime for  the genera ted  prec ip i ta te  to 
equ i l ib ra te  wi th  the melt .  This was subs tan t ia ted  by  
obta in ing  s imi la r  t i t ra t ion  curves a t  longer  t ime in-  
te rva ls  and lower  cur ren t  densities.  Close agreement  
be tween  the ca lcula ted  and observed end points  of the  
t i t ra t ion  curve also indicates  p rec ip i t a t e -me l t  equi l i -  
brat ion.  

Two s table  forms of n ickel  oxide  exis t  in both mol ten  
NaC1 and  Na2SO4. In  acidic mel ts  ( low oxide ac t iv i ty)  
the  p redominan t  form of nickel  is NiO. Before  the end 
poin t  of each t i t rat ion,  the  oxide ac t iv i ty  remains  low 
due to the fol lowing react ions  

NiC18 + Na~O ~=~ NiO + 2NaCl [12] 

NiSO4 + Na20 ~ NiO -5 Na2SO4 [13]  

Af te r  al l  of the n ickel  prec ip i ta tes  as NiO, the mel t  
becomes basic (high oxide  ac t iv i ty) .  In  basic melts ,  
NiO reacts  wi th  Na80 and 02 to form NaNiO2 (7) 

NasO + 2NiO + ~'z O2 ~ 2NaNiO2 [14] 

(The presence of Na2NiO2 in the mel t  is unl ikely ,  espe-  
c ia l ly  in the  presence of oxygen.  Using the rmodynamic  
da ta  in Table  I, the equ i l ib r ium constant  for the re -  
act ion 

Na2NiO2 + 1/4 02 ~---- NaNiO2 -~ ~ Na20 [15] 

is 4.4 • 102 at  1100 K and 1.6 • 102 at  1200 K. A t  the 
oxygen  pressures  and Na20 act ivi t ies  encountered  du r -  
ing the  t i t ra t ions,  the ac t iv i ty  ra t io  of NaNiO8 to 
Na2NiO2 would  be  g rea te r  than 105.) 

The form of cobalt  oxide depends  on the t empe ra tu r e  
and oxygen  pressure  according  to the fol lowing equi -  
l i b r ium 

3CoO + �89 02 ~- Co~O4 [16] 

Using thermodynamic data in Table I, the equilibrium 
pressures of oxygen, Poe, at 1100 and 1200 K are 0.015 
and 0.55 arm, respectively. At 1100 K and 0.2 atm 02, 
the  s table  fo rm of cobal t  oxide,  Co304, prec ip i ta tes  up 
to the end poin t  

CoC12 + Na20 + 1/6 O 2 ~  1/3 Co804 + 2NaC1 [17] 

At  1200K and 0.2 a t m  08, the  s table  fo rm of cobal t  
oxide,  CoO, prec ip i ta tes  

CoSO4 + Na~O ~ CoO + Na2SO4 [18] 

In basic melts (past the end point), cobalt oxide reacts 
with NasO and 02 to form sodium cobaltate, NaCoO2, 
as indicated in the following equations 

Na20 + 2/3 Co80~ + 1/6 02 ~-- 2NaCoO2 [19] 

Na20 + 2CoO + 1/2 02 ~=~ 2NaCoO2 [20] 

As sodium oxide  is added  coulometr ica l ly  to each 
melt ,  th ree  equi l ib r ia  are  establ ished.  For  example ,  
in the  case of n ickel  in mol ten  NaC1 the equi l ibr ia  a re  
represen ted  by  Eq. [8], [12], and [14]. Each t i t r a t ion  
curve can be der ived  theore t i ca l ly  b y  consider ing al l  
three  equi l ib r ia  s imultaneously.  For  brevi ty ,  theore t ica l  
calculat ions are  discussed be low only  for  the  case of 
n ickel  in mol ten  NaC1. 

The Ksp is defined in terms of t h e  equ i l ib r ium con- 
s tant  for reac t ion  [12], v i z .  

Ksp = 1/K12 = [NasO] [NiC12] [21] 

and the  equ i l ib r ium constant  for  reac t ion  [14] is 

K'e8 --  KesPo21/' ~- [NaNiOs]8/[Na20]  [22] 

The equi l ib r ium constant  for  reac t ion  [8] is defined in 
Eq. [9]. Le t t ing  Q equal  the number  of equivalents  of 
charge  passed th rough  cell  [1], the amount  of oxide  
tha t  reacts  to form NiO, Na202, and NaNiO2 at  equi l ib-  
r ium is Q/2n - [Na20]. I t  is assumed tha t  the in i t ia l  
Na20 concentra t ion in the mel t  is negligible.  The 
amount  of NiO formed is [NiC12]o --  [NiC12], where  
[NiC12] o is the in i t ia l  concentra t ion of NiCI2~ Combin-  
ing these two re la t ionships  resul ts  in the fol lowing 
equat ion 

Q/2n- [NasO] ---- [NiCls]o- [NiCI2] 
+ [Na202] + ~[NaNiO2] [23] 

Substitution of Eq. [9], [21], and [22] into Eq. [23] 
yields 

Q/2n - [NiC18] o -- KsD (I/[Na20] ) + K'el -]- I) 

( [Na20] ) + K'e2 '/2 ( [Na20] v=/2) [24] 
The relationship between [Na20] and the emf of cell 
[3] can be ca lcula ted  f rom Eq. [5] 

{ 2F (E~ [25] [Na20] -- exp -~- 

E ~ can be calculated from the standard potential of 
cell [3] (10, ii), the activity coefficient of Na20 (see 
Discussion section), and the activity coefficients of 
the binary salts used in the reference electrode (10, 
12). For molten NaCI at 1100 K and 20% 02, E ~ -- 
--0.520V. For molten Na2SO4 at 1200 K and 20% 02, 
E ~ = --I.037V. Substitution of Eq. [25] into Eq. [24] 
gives the Ecell --  Q re la t ionship  for the  t i t ra t ion  of 
NiC12 wi th  NaaO in mol ten  NaC1 

Q / 2 n  - [NiCla]o --  

_Ksp [exp~ 2F (Eo, Ecen) ]-i 

exp K'  (E ~ "~- ( el ~- 1) -- Ecell) 

[ ~ 2F (E~ ~ / 2 ] [26] K'e V2 exp + 2 - ~ -  

The th ree  equi l ib r ium constants  in Eq. [26] were  cal -  
cula ted  for each t i t ra t ion  by  mul t ip le  regress ion ana ly -  
sis (13) which prov ided  the  m i n i m u m  sum of squares  
of differences be tween  the observed and ca lcula ted  
values  of Q. Results  a re  l is ted in Table II. Equ i l ib r ium 
constants in Eq. [26] a re  defined in terms of mol f rac -  
tions. The numbers  in parentheses  indicate  the  range  
of the da ta  for four  t i t rat ions.  Equi l ib r ium constants  
ca lcula ted  in this manner  were  used to plot  the t i t r a -  
t ion curve labe led  A in Fig. 1. In  addit ion,  mul t ip le  re -  
gression analyses  were  used to de te rmine  Ksp values  
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Table I. Thermodynamic data 

AG~ (1100 K) AG~ (1200 K) Refer- 
Compound (kJ/mol) (kJ/mol) e n c e  

Table III. Activity coefficients of soluble salts of nickel and cobalt 

(Liter- Refer- 
Melt Salt ~, (This work) * ature) e n c e  

NaCI NiCh (2 .2-5.8)  • 10-~ 2.36 x 10-s (14 )  
(1100  K )  N a N i O s  (0.3-1.2)  x 10~ 

CoCI~ (0 .6-2 .2)  x 10-~ 1.57 x 10 -~ (15)  
NaCoO2 (3.4-5.6) x 10 ~** 

Na~SO~ NiSO2 (2:0-9.6) X 10 ~ 0.11-0.24 (7) 
(1200 K) N a N i O 2  5.2-6.6 2.8-84 (7) 

CoSO, (0.7-1.9) • i0 -e 0.60-3.0 (7) 
NaCoO2 1.3-4.1"* 2.8-84t (7) 

AgCI(1) -7.33 • I0~ (I0) 
Ag~SO~(1) -3.33 • I0 s (Ii) 
CoCI~(1) --1.70 x l0 s (16) 
CoO(s) -1.5~ x 1~ -1.50 • 10 ~ (16) 
CmO~(s) -4.89 x I0 ~ -4,51 x i0~ (16) 
CoSO~(s) -4.45 x 10 ~ (16) 
N a C I ( 1 )  -3.11 • 10 ~ (16) 
NaNiO~(s) -3.19 x 10 ~ -3.00 x 1O ~ (17) 
NaeNiO~(s) --3.98 • 10~ -3.74 x 102 (17) 
NasO(s) -2.67 x 10 s --2.50 x 10 ~ (16)  

N a 2 0 2 ( S )  - 2 . 7 8  x 10 ~ - 2 . 5 4  x 10 s (16)  
Na~O~(1) -8.94 x 102 (16) 
N i C D ( s )  -1.43 • 102 (18) 
N i O ( s )  -1.41 x 10~ -1.32 • 10~ (18) 
NiSO~(s) -4.05 x 10 ~ (18) 
S O ~ ( g )  - 2 . 6 1  x l 0  s (16 )  

a s s u m i n g  no  p e r o x i d e ,  n i c k e l a t e ,  o r  c o b a l t a t e  f o r m a -  
t i o n  (i.e., Ke~ = K~2 --  O). T h e  c u r v e  l a b e l e d  B in  Fig.  
1 w a s  c a l c u l a t e d  f r o m  t h e s e  da ta .  D u e  to a c a l c u l a t i o n  
e r r o r ,  t he  B - l a b e l e d  c u r v e s  in  t h e  p r e l i m i n a r y  r e p o r t  
of t h i s  s t u d y  (8) w e r e  p l o t t e d  i n c o r r e c t l y .  

Also  i n c l u d e d  in  T a b l e  II  a r e  e q u i l i b r i u m  c o n s t a n t s  
c a l c u l a t e d  f r o m  t h e r m o d y n a m i c  d a t a  in  T a b l e  I. T h e r e  
a r e  no  d a t a  r e p o r t e d  in  t h e  l i t e r a t u r e  fo r  (AG~ NaCoO2. 
In  o r d e r  to c a r r y  o u t  t he  ca l cu l a t i ons ,  w e  h a v e  a s s u m e d  
that (hG~ NaCoO2 = (hG~ NaNi02. 

Activity coefficients o] soluble salts o] nickel and 
cobalt.--The d a t a  in  T a b l e  I I  w e r e  u s e d  to c a l c u l a t e  
t h e  a c t i v i t y  coeff ic ients  of t h e  s o l u b l e  sa l t s  of  n i c k e l  
a n d  coba l t  i n  t h e  t w o  mel t s .  E a c h  a c t i v i t y  coef f i c ien t  
w a s  c a l c u l a t e d  u s i n g  t h e  e x p e r i m e n t a l  e q u i l i b r i u m  con -  
s t a n t  ( de f ined  i n  t e r m s  of r ea l  f r a c t i o n s ) ,  t he  t h e r m o -  
d y n a m i c  e q u i l i b r i u m  c o n s t a n t  (de f ined  in  t e r m s  of 
a c t i v i t i e s ) ,  a n d  t h e  a c t i v i t y  coeff ic ient  of  Na20 .  T h e  
c a l c u l a t e d  v a l u e s  a l o n g  w i t h  l i t e r a t u r e  v a l u e s  a r e  g i v e n  
i n  T a b l e  III .  T h e  s t a n d a r d  s t a t e s  f o r  t h e  saI t s  a r e  t h e  
p u r e  so l ids  ( p u r e  l i q u i d  f o r  CoC12) a n d  t h e r e f o r e  t h e  
a c t i v i t y  coeff ic ients  m e a s u r e  d e v i a t i o n s  f r o m  R a o u l t ' s  
l aw.  T h e  a c t i v i t y  coeff ic ient  f o r  NaCoO2 i n  b o t h  
NaC1 a n d  Na2SO~ is b a s e d  o n  t he  a s s u m p t i o n  t h a t  
( a G ~  NaCoO2 = (~G~ ~aNiO2. 

Discussion 
T h e  t o t a l  n u m b e r  of mo l s  of  N a 2 0  a d d e d  to a NaC1 

o r  Na2SO4 m e l t  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
c h a r g e  p a s s e d  t h r o u g h  t he  g e n e r a t i n g  SZ  e l e c t r o d e .  
T h e  i n d i c a t i n g  SZ e l ec t rode ,  w h i c h  m o n i t o r s  t h e  u n -  
r e a c t e d  o x i d e  ion  i n  t h e  me l t ,  r e s p o n d s  o n l y  to t h e  
a c t i v i t y  of s o d i u m  oxide .  I n  o r d e r  to m e a s u r e  t h e  so lu -  
b i l i t y  p r o d u c t s  of  n i c k e l  a n d  c o b a l t  ,oxides in  t e r m s  of  
tool  f r ac t ions ,  i t  is n e c e s s a r y  to k n o w  t h e  a c t i v i t y  co-  
eff ic ient  of  N a 2 0  in  t h e s e  sys t ems .  

In  a r e c e n t  s tudy ,  S t e r n  (6) r e p o r t e d  t h e  a c t i v i t y  
coeff ic ients  of N a 2 0  in  m o l t e n  NaC1 ( l l 0 0 K )  a n d  
Na2SO~ ( 1 2 0 0 K )  to b e  1.07 • 10 -4  a n d  3.6 • 10 -4  , 
r e s p e c t i v e l y .  T h e s e  d a t a  i n d i c a t e d  l a r g e  n e g a t i v e  d e -  

* Range for four t i t r a t i o n s .  
** Assuming (AG~ = (AG~ 
? Assuming "/xaco% = 'y,~a~o r 

v i a t i o n s  f r o m  R a o u l t ' s  l a w  fo r  t h e  N a 2 0 - N a C 1  a n d  
Na20 -Na2SO4  mel t s .  T h e  w o r k  was  b a s e d  o n  t h e  ce l l  
r e a c t i o n  

~/2 W ( s )  + N a 2 0 ( s )  + ~ O2(g)  

= ~ W S ~ ( s )  + Na~O(1)  [27] 

T h e  a c t i v i t y  of Na~O i n  t he  m e l t  w a s  m e a s u r e d  w i t h  
a n  SZ e lec t rode .  T h e  rea l  f r a c t i o n  of  N a 2 0  w a s  c a l c u -  
l a t e d  f r o m  t h e  a d d e d  a m o u n t  of  N a~O, t he  k n o w n  e q u i -  
l i b r i u m  c o n s t a n t  of  Eq. [9], a n d  t h e  a s s u m p t i o n  t h a t  
~/Na202 = 7Na20. 

I n  a n o t h e r  r e c e n t  w o r k  (2) ,  w e  r e p o r t e d  o n  t h e  use  
of t h e  SZ e l e c t r o d e  to t r a n s p o r t  o x i d e  ion  i n t o  a n d  o u t  
of  m o l t e n  sal ts .  T h e  cel l  r e a c t i o n s  w e r e  t he  s a m e  as in  
th i s  s t u d y  ( r e a c t i o n s  [4] a n d  [6 ] ) .  O x i d e  i on  w a s  
a d d e d  e l e c t r o c h e m i c a l l y  to  m o l t e n  NaCI  a n d  Na~SO4 
v i a  t h e  SZ e l ec t rode ,  e x p e r i m e n t a l l y  v e r i f y i n g  t h e  
Ece~-log Q r e l a t i o n s h i p  of Eq. [10]. W h e n  Q/2n(K'e~ 
+ 1) > >  [Na~O]o, e x p e r i m e n t a l  p lo t s  o f  Ecell VS. l og  Q 
w e r e  l i n e a r  w i t h  t h e  e x p e c t e d  --2.303RT/2F s lopes .  T h e  
v a l u e  o f  7~aao c a n  b e  c a l c u l a t e d  f r o m  t h e  i n t e r c e p t  
of  t he  EceH - log  Q plot .  T h e  i n t e r c e p t  is e q u a l  to E ~ + 
2.303RT/2F log  [2n(K'e~ + 1) ] ,  w h e r e  7Na~O is i n c l u d e d  
in  t h e  E ~ t e r m .  A g a i n ,  i f  one  a s s u m e s  t h a t  7Na202 -" 
'~Na20, t h e  v a l u e  of  K'el  c a n  b e  c a l c u l a t e d  f r o m  t h e  
t h e r m o d y n a m i c  d a t a  i n  T a b l e  I. F r o m  t h e s e  c a l c u l a -  
t ions ,  t h e  a v e r a g e  v a l u e s  of  t h e  a c t i v i t y  coeff ic ients  of  
NasO in  m o l t e n  NaC1 (1100 K )  a n d  Na2SO4 (1200 K )  
a r e  1.7 • 10 -~  a n d  4.5 • 10 -4,  r e s p e c t i v e l y .  

A c t i v i t y  coeff ic ients  f r o m  the  two  w o r k s  a r e  t h u s  in  
r e a s o n a b l e  a g r e e m e n t  w i t h  o n e  a n o t h e r ,  w e l l  w i t h i n  a 
f a c t o r  of two.  S i n c e  t he  cel l  r e a c t i o n s  in  t h i s  w o r k  a n d  
t h e  w o r k  of  Ref.  (2) a r e  t h e  s ame ,  a n d  t h e  e l e c t r o -  
c h e m i c a l  a d d i t i o n  of  Na~O is p r o b a b l y  m o r e  a c c u r a t e  
t h a n  t h e  d i r e c t  a d d i t i o n  of  Na20 ,  w e  b e l i e v e  t h a t  t he  
n u m b e r s ,  1.7 • 10 -4  a n d  4.5 • 10 -~, a r e  t h e  m o r e  
r e l i a b l e  v a l u e s  of  7N,2O a n d  a r e  t h e r e f o r e  u s e d  i n  th i s  
s tudy .  

T h e  d a t a  in  T a b l e  I I  i n d i c a t e  t h a t  t h e  m a j o r  r e a c t i o n  
of  N a 2 0  in  t h e  m e l t s  is f o r m a t i o n  of  t h e  i n s o l u b l e  m e t a l  

Table Ih Equilibrium constants derived from titration and thermodynamic data 

Sample E q u i l i b r i u m  c o n s t a n t *  E q u i l i b r i u m  c o n s t a n t * *  
S o l v e n t  t i t r a t e d  R e a c t i o n  ( t i t r a t i o n  data) (thermodynamic d a t a )  

NaCI NiCI2 NiO + 2NaCI ~ NiCls + Na~O (1.9-4.9) x 10 -12 1.82 • i0 -I~ 
(1109 K) Na~O + 1/2 02 ~ Na~O2 2-6 3.11 

Na~O + 2NiO + 1/2 O2 ~ 2NaNiO~ (0.2-4.4) • t0 -~ 1.57 x 1O~ 
CoCh 1/3 CosO4 + 2NaC1 ~ CoCl~ + Na20 + 116 O2 (0.9-3.3) 10-n 3.34 x 10 -~v 

NasO + 1/2 02 ~ Na2Os 1-17 3.11 
Na20 + 2/3 CocO4 + 1/6 O2 ~ 2NaCoO~ (1 .8-6.6)  • 10 -~ 1,25 • 102t 

NiSO~ NiO + Na~SO4 ~ NiSO4 + N a 2 0  (1 .6-8 .0)  x 10 - ~  7.02 x 10 - ~  
NasO + 1/2 02 ~ Na20~ 8-71 1.40 
Na20 + 2NiO + 1/2~O2 ~ 2NaNiO2 (4.9-8.0) • 10 ~2 4.79 • 10 s 

CoSO4 CoO + Na~SO~ ~ CoSO, + Na~O (0.8-2.2) x i0 -~0 7.30 x 1O -~ 
Na~O + 1/20e ~- Na20.~ 3-12 1.40 
NasO + 2CoO + 1/2 02 m 2NaCoO2 (0.4-3.9) • 10 -~ 1.54 x 10et 

Na2SO~ 
(1200 K) 

~ Defined in terms of real fractions. 
** Defined in terms of activities. 
t Assuming (~G~ = (~G~ 
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oxides:  NiO, CosO4, and CoO. The compet ing equi l ib r ia  
(i.e., peroxide,  nickelate ,  or  cobal ta te  format ion)  a re  
not significant before  the  end points  of the t i t rat ions.  
This is borne  out  b y  curves  A and B in Fig. 1. Curve A 
(compet ing  equi l ib r ia  assumed)  and  B (compet ing 
equi l ib r ia  ignored)  are  ident ica l  up to the  end point  
of a t i t ra t ion.  This also expla ins  the  close ag reemen t  
be tween  the observed  and ca lcula ted  end points  as  
shown in Table  IV. The observed end point  was de-  
t e rmined  b y  t ak ing  the second der iva t ive  of the  t i t r a -  
t ion curve;  the ca lcula ted  end point  was based  on the 
in i t ia l  amount  of me ta l  added  to the  melt .  

The t i t ra t ion  curves  s t rong ly  suggest  tha t  compet ing 
equi l ibr ia  exis t  in these systems. The Na~O act ivi t ies  
a f te r  the  end points  a re  lower  than one would  expect  
based only  on meta l  oxide  formation.  Forma t ion  of per -  
ox ide  and n icke la te  or  cobal ta te  wou id  indeed lower  
the ac t iv i ty  of Na20 af te r  the t i t ra t ion  end point. Con- 
f i rmat ion of Na202 in NaC1 and Na2SO4, and NaNiO2 
in NaeSO4 has  been  repor ted  in the l i t e r a tu re  (3, 4, 7). 

The ca lcula ted  ac t iv i ty  coefficients for NiCI~ and 
COC12 in mol ten  NaC1 (Table  I I I )  agree ve ry  wel l  wi th  
values  r epo r t ed  by  H a m b y  and Scott  (14, 15). Compar -  
able  values  of the ac t iv i ty  coefficients of NaNiO2 and  
NaCoO2 in mol ten  NaC1 were  not ava i lab le  in the l i t e r -  
ature.  The ca lcu la ted  ac t iv i ty  coefficients of soluble 
sa l t s  of n ickel  and cobal t  in mol ten  Na2SO4 were  com- 
pa red  wi th  da ta  of Gupta  and Rapp  (7). In  o rde r  to 
compare  the ac t iv i ty  coefficients for NaNiO2 wi th  the 
va lue  ob ta ined  by  Gup~a and Rrapp, the i r  va lue  of AG~ 
was changed to tha t  used in this work.  Good ag reemen t  
occurs for the  ac t iv i ty  coefficients of NaNiO2 and 
NaCoO~; however ,  our  ac t iv i ty  coefficients for  NiSO4 
and COSO4 were  at  leas t  a factor  of ten lower  than  
those repor ted  by  Gupta  and Rapp.  

Ano the r  w a y  of express ing  the da ta  in Table  II  is 
to r epor t  the  so lubi l i ty  of n ickel  and cobal t  oxides as 
a funct ion of sa l t  bas ic i ty  ( - -  log aNa20). This type  of 
in format ion  should assist in developing be t t e r  ma te -  
r ia l s  to combat  mol ten  sal t  corrosion.  Plots  of  so lubi l i ty  
vs. sal t  bas ic i ty  are  given in Fig. 2 and 3. Solubi l i t ies  
are defined in t e rms  of the soluble me ta l  concentrat ion.  
Fo r  example ,  in  the  case of NiO in mol ten  NaCI, the  
so lubi l i ty  is equa l  to the  sum of [NiC12] + [NaNiO2]. 
Each of the  concentrat ions  can be ca lcu la ted  as a func-  
t ion of sodium oxide ac t iv i ty  using the appropr ia t e  
equ i l ib r ium constants  r epor ted  in Table II. Sol id l ines 
in Fig. 2 and 3 indicate  the ac tua l  range  of sodium oxide 
act ivi t ies  encountered  dur ing  the t i t ra t ions;  dashed 
l ines are  ex t r apo la t ed  values.  

The so lubi l i ty  of  NiO in mol ten  Na2SO4 (curve A) 
is compared  to the  da ta  of Gupta  and Rapp  (7) (curve 
C) in Fig. 3. The curves  agree  wel l  in t e rms  of the  posi -  
t ion of m in imum solubi l i ty;  however ,  the solubi l i ty  of 
NiO de te rmined  in t h i s  s tudy is about  an order  of 
magni tude  h igher  than  tha t  r epo r t ed  by  Gup ta  and 
Rapp. The i r  da ta  were  ca lcula ted  at an  oxygen pressure  
of 1 arm ins tead  of the  0.2 arm used in this study,  but  
this  difference would  on ly  s l ight ly  shift  the solubi l i ty  
at  h igh sodium oxide  activit ies,  since [NaNiO2] is de-  
penden t  on Po2. 

Conclusions 
The resul ts  of this s tudy  c lear ly  show tha t  the SZ 

e lec t rode  can be used to de te rmine  the solubi l i ty  p rod -  
ucts of me ta l  oxides in mol ten  salts. So lubi l i ty  products  
of NiO and CoO (CocO4 in mol ten  NaC1) have  been 

Table IV. Typical titration curve end points 

Observed Calculated 
Sample end ooint  end point  

Solvez~t t i t ra ted  (/~equiv.) (/~equiv. ) 

NaC1 NiCla 1130 1110 
(1100 K) CoCla 1230 1230 

Na~SO4 NiSO~ 1130 1 0 6 0  
( 1200 K) Co~O~ 1130 1080 
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Fig. 2. Solubility of cobalt oxide. ( ~ )  Oxide activities en- 
countered during titration, ( - - - )  extrapolated values. (A) CoO in 
molten Na2SO4, [CoSO4]o = 7.77 X 10 -4 ,  Po2 = 0.200 atm, 
Ksp = 1.0 X 10 - l ~  Ke2 = 4.2 X 10 - 3  �9 (B) Co304 in molten 
NaCI, [CoCI2]o = 3.60 X 10 - 4  , Po2 = 0.200 atm, Ksp = 
9.0 X 10 -12 , Ke2 = 1.8 X 10 - 5  �9 

1 

i L i i 

-Log 8~,~ 

Fig. 3. Solubility of nickel oxide. ( ) Oxide activities en- 
countered during titration, ( - - - )  extrapolated values. (A) NiO in 
molten Na2SO4, [NiSO4]o = 7.67 X 10 -4 ,  Po2 =- 0.202 atm, 
Ksp = 1.6 X 10 - i i ,  Ke2 = 4.9 X 10 - 2  �9 (B) NiO in molten 
NaCI, [NiCI2]o = 3.18 X 10 - 4  �9 Po2 = 0.213 arm, Ksp = 2.8 
• 10 -12,Ke2 = 4.4 X 10 - 4  �9 (C) Data of Gupta and Rapp (7). 

de te rmined  in mol ten  NaC1 and Na2SO4 as have equi -  
l ib r ium constants  of compet ing equi l ibr ia  leading  to the  
format ion  of Na202, NaNiO2, and NaCoO2. Act iv i ty  co- 
efficients of soluble  salts  of nickel  and cobal t  were  also 
ca lcula ted  and compared  with  l i t e r a tu re  values.  

Manuscr ip t  submi t t ed  Feb. 2, 1981; rev ised  m a n u -  
scr ipt  received ca. June  12, 1981. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the June  1982 JoU~AL. 
Al l  discussions for  the June  1982 Discussion Sect ion 
should be submi t ted  by  Feb. 1, 1982. 

Publication costs of this article were assisted by the 
Nava~ Research Laboratory. 
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Adsorption of Benzo-(f)-Quinoline on Gold and the 
Kinetics of the Quinone-Hydroquinone and the 

Iron(lll)/Iron(ll) Systems 
G. M. Schmid* and T. A. Holmes 1 

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

ABSTRACT 

The adsorption of benzo - ( f ) -qu ino l i ne  on gold electrodes in  1.0M H~SO4 
was estimated from differential capacity data. Between O.0 and +0.7V a d -  
sorpt ion  is near ly  independent  of potential  and can be fitted equal ly well 
to the F r u m k i n  isotherm and to the isotherm with virial  coefficients, AG~ ~.~ 
--35 kJ tool -1. Apparent  s tandard rate constants for the qu inone-hydro-  
quinone system were obtained from low overpotential  (--+20 mV) and those 
for the F e ( I I I ) - F e ( I I )  system from impedance (20-800 Hz) measurements .  
F o r  the qu inone-hydroquinone  system the rate constant  decreases expo- 
nent ia l ly  with benzo - ( f ) -qu ino l ine  coverage from ka ~ : 2.0 X 10 -3 cm sec -1 
at o : 0 to ka ~ : 3.2 • 10 -4 cm sec -1 at 0 ---- 0.40. For the F e ( I I I ) - F e ( I I )  
system the decrease is f rom ka ~ : 1.3 • 10-2 cm sec -1 at 0 -- 0 to ka ~ -" 4.2 
X 10 -3 cm sec -1 at e ---- 0.20, again exponent ia l  in 8. The decrease cannot  be 
explained by changes in the outer Helmholtz plane, hr caused by b e n z o - ( f ) -  
quinoline, since hr calculated for the qu inone-hydroquinone  system are 3 
to 4 times larger than those obtained for F e ( I I I ) - F e ( I I ) .  The decreases are 
ascribed to changes in free energy of activation due to interact ion between 
the adsorbed layer and electroactive species. 

The abil i ty of organic and inorganic molecules and 
ions adsorbed at interfaces to control the rate of an 
electrochemical reaction has long been of interest.  
Such a substance may  exert  t h i s  control in several 
ways: (i) The substance may form a surface film 
which acts as a physical barr ier  to restrict the diffu- 
sion of ions or molecules to or from the electrode sur-  
face. (ii) The interact ion of the substance with the 
surface metal  atoms may prevent  these metal  atoms 
from part icipating in the electrochemical reaction. This 
simple blocking effect decreases the number  of surface 
metal  atoms at which reaction can occur, in proport ion 
to the coverage at the electrode surface. (iii) If the 
electrode reaction involves the formation of adsorbed 
intermediates,  the presence of adsorbed substances 
may interfere with the formation of these in termedi -  
ates. Reaction may then proceed by al ternate  paths 
through other intermediates  containing the adsorbed 
substances, thus affecting the activation energy of the 
reaction. (iv) Finally,  the adsorption of substances on 
the electrode may change the structure of the electri-  
cal double layer  at the electrode solution interface, 
which will affect the rates of the electrochemical pro- 
cesses (1). 

* Electrochemical Society Active Member. 
1 Present address: IBM Corporation, Essex Junction, Vermont 

05432. 
Key words: electrochemical kinetics and adsorption, quinone- 

hydroquinone, Fe(III)-Fe(II), benzo-(f)-quinoline coverage, Au 
electrodes. 

The substances in  question f requent ly  act  as in -  
h ibi tors .  It  is often not possible to assign a simple 
general  mechanism of action to an inhibftor because 
the mechanism may change with exper imental  condi- 
tions such as inhibi tor  concentration, the pH of the 
solution, the na ture  of the anions in the solution, the 
nature  of the metal,  and the extent  of reaction to form 
secondary inhibitors.  One approach to a bet ter  unde r -  
s tanding of the mechanism by which corrosion inhib i -  
tors operate is to simplify the electrochemical s ys t em.  
Thus, much work has been done in de termining the 
effect of the adsorption on mercury  and solid metals 
of organic inhibitors on the kinetics of simple charge 
transfer  reactions (2-5). 

Weber et al. (6) and Kuta  and Smoler (7) as well 
as Miiller and Lorenz (8) were among the first to 
suggest the equation 

ke = (1 - -  o) ks=0 + 0ke=l [ 1 ]  

for the s tandard rate constant, ks, of an electrochemi- 
cal reaction at a given value of the fractional coverage, 
e. Here ke=o and ks=l are the value of the s tandard 
rate constant  for e ---- 0 and e = 1, respectively. For  
ke=0 >> ko=l and o < 1, Eq. [1] becomes the "block- 
ing equation" 

ko ~_ (1 -- e) ko=o [2] 

Sa thyanarayama (9) suggested the following relat ion 
to describe his exper imental  resul t s  
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k0 --~ (1 -- 8)bko.=o [3] 

where b is a constant  (b > 1) which accounts for 
lateral  repulsive interact ion between adsorbate mole-  
cules. Niki and Hackerman (10) have suggested that  
the electrochemical reaction will  proceed only at those 
sites where at the same t ime b water  molecules are 
present  on the electrode surface and that  the surface 
area occupied by such an aggregate will  correspond to 
the cross section of the activated complex. The proba-  
bi l i ty  of finding b water  molecules s imul taneously  in  
neighboring positions is (1 -- e) b, so that  a re la t ion-  
ship of the type of Eq. [3] may be expected. Lipkowski 
and Galus (11) obtained Eq. [3] by using the F lory-  
Huggins (12) isotherm in describing the adsorption 
of the activated complex. 

Substant ia l  deviations from these relations are ob- 
served (11, 13-16). To account for these deviations 
Parsons (17) proposed after  F r u m k i n  (18) that  the 
change in the potent ial  at the outer  t te lmholtz  p lane  
(OHP),  due to surfactant  adsorption, be taken into 
account when  in terpre t ing  kinetic data. Damaskin and 
Afanas 'ev  (4) have suggested that  the potent ial  at the 
plane corresponding to the center of the activated 
complex may be useful  in describing the electrochemi- 
cal reaction rate as a funct ion of fract ional  coverage. 
This potent ial  can differ from that calculated by P a r -  
sons' method. Sa thyanarayama (19) discusses an ele- 
men ta ry  electrostatic model where the dipole and its 
mir ror  image give rise to a potent ial  at the site where 
the activated complex is located. 

Dur ing  surfactant  adsorption on the electrode sur-  
face, one can expect a change in the interact ion be-  
tween the e lect roact ive  species and the surface layer  
as the solvent molecules are replaced by  adsorbate 
molecules. A change in the free energy of act ivation 
of the electrochemical reaction following the change 
in the surface layer  s tructure dur ing  adsorption can 
be taken into account in  terms of the activity coeffi- 
cient of the electroactive species in the t ransi t ion 
state of the reaction. This idea has been formalized by 
Parsons (20), Danilov and Loshkarev (21), Avilova 
e t  al.  (22), and Afanas 'ev and Ternovskoi  (23) to 
various degrees of complexity and usefulness. 

The effect of the adsorpt ion  of benzo - ( f ) -qu i no l i ne  
on electrochemical reaction rates has been studied by 
several authors (24-29). However, a correlation be-  
tween fractional  coverage data and rate constants is 
still not  available. The present  work is an a t tempt  at 
such a correlation on gold electrodes for the F e ( I I ) /  
Fe ( I I I )  and the qu inone /hydroqu inone  system. 

Experimental 
A four electrode system was used consisting of test 

electrode, polarizing electrode, auxi l iary  electrode, and 
reference electrode. 

The test electrode was a gold bead of 0.13 cm 2 geo- 
metric area made by  heat ing a 7.9 • 10-8 cm diam 
wire of fine gold (Engelhard Industr ies)  in a hydro-  
gen-a i r  flame. The electrode was inserted into a Teflon 
holder and the assembly slipped into a glass tube 
which could be mounted in the top of the cell. The 
electrode was cleaned with warm chromic-sulfuric  
acid solution and rinsed thoroughly with t r ip ly  dis- 
tilled water. 

The polarizing electrode was a 1.0 mm diam plat i -  
n u m  wire bent  into a circle such that  the test elec- 
trode was in  rthe center and in the same horizontal 
plane as the polarizing electrode. The auxi l iary  elec- 
trode was a p la t inum cylindrical  gauze (Engelhard 
Industr ies)  of approximate ly  500 cm2 apparent  surface 
area. Both of these electrodes were plated with gold 
from a thiosulfate bath prepared according to Zak 
(30). The reference electrode was a saturated calomel 
electrode (SCE). All potentials  are reported vs .  the 
normal  hydrogen electrode (NHE). 

All solutions were prepared from water  distilled 
from alkal ine permangana te  and twice more from a 
quartz still. The support ing electrolyte was 1.0M sul-  
furic acid made from Mall inckrodt  ACS grade 98% 
sulfuric acid. It  was purified by electrolyzing between 
gold electrodes for 12 hr at 10 mA. Ferric  sulfate and 
ferrous sulfate stock solutions, 0.1M each, were pre-  
pared from Fisher Scientific Company certified re-  
agent ferric sulfate and ferrous sulfate, respectively. 
The test solutions were prepared volumetr ica l ly  from 
the standardized stock solutions using deaerated, elec- 
trolyzed 1.0M sulfuric acid for dilution. Quinone and  
hydroquinone  test solutions were prepared gravi-  
metr ical ly  just  prior to each exper iment  from Fisher  
Scientific Company purified grade quinone  and J. T. 
Baker  purified grade hydroquinone.  A 0.1M b e n z o - ( f ) -  
quinol ine (R.S.A. Corporation) stock solution was 
prepared gravimetr ical ly  without  fur ther  purification. 

The electrochemical cell was cleaned dai ly with 
warm chromic-sulfuric  acid and thoroughly r insed 
with electrolyzed support ing electrolyte. Pr ior  to mak-  
ing measurements ,  the electrochemical cell was purged 
of oxygen with a constant  s t ream of hel ium (99.99%) 
for at least 30 rain. Dur ing  measurements  he l ium was 
passed over the test solution. The test solution was 
replaced at least three times a day with fresh solu- 
tion. This procedure produced reproducible results. 

Prior  to the kinetic measurements ,  the differential  
capacity was measured in  support ing electrolyte alone 
or with benzo - ( f ) -qu ino l ine  at 17 different potentials 
be tween --0.05 and 1.65V. Polarizat ion of the test 
electrode was accomplished using a Sensit ive Research 
Ins t rumen t  Corporation potent iometer /vol tmeter .  The 
test solution was potentiostated at --0.05V and de-  
aerated for 30 min. Measurements  were taken every  
10 min (20 rain for high concentrat ions of b e n z o - ( f ) -  
quinol ine)  at 100 mV intervals  in  quiescent solutions 
and were made in  the anodic direction only. At  the 
end of each run,  the solution was replaced with fresh 
solution and the procedure repeated. At each poten-  
tial, data were taken between 3.50 and 10,000 Hz (usu-  
ally at five frequencies) using a General  Radio 1608-A 
bridge 'wi th  an external  oscillator (General  Radio 
1310-A). The ampli tude of the a l te rnat ing  cur ren t  ap-  
plied to the electrode was less than 5 mV rms and was 
monitored with a Hewle t t -Packard  Model 400 HR 
vacuum tube voltmeter.  An external  nu l l  detector 
(General  Radio Model 1232-A) was used for bridge 
balance. The bridge was operated in the floating mode. 
A 10 Henry  choke isolated the d-c from the a-c cir-  
cuits. Potentials  were measured vs .  SCE using a 
Keithley 610 BR electrometer (1014~ input  impedance) .  
To achieve bridge balance, it was sometimes neces- 
sary to insert  a decade resistor (General  Radio 1432-J) 
in series with the in te rna l  resistor of the bridge. 

The support ing electrolyte solution was then re-  
placed by the electrochemically active test solution. 
The test solutions were st irred for 15 min  prior  to 
the taking of any measurements .  The kinetics of the 
qu inone-hydroquinone  system were determined from 
steady-state Iow overpotent ia l -cur rent  density data. 
Measurements were made over a range of 20 mV 
through the equi l ibr ium potential  in  2.5 mV steps 
using a Wenking 61 TRS potentiostat  monitored by a 
Keithley 660 guarded differential voltmeter.  Apparen t  
effective exchange currents  were obtained from the 
slopes of the po ten t ia l -cur ren t  curves. The F e ( I I ) /  
Fe ( I I I )  system was studied using the faradaic im-  
pedance technique. The total impedance of the cell was 
measured as a funct ion of the f requency between 20 
and 800 Hz. The solution resistance and the differential 
capacitance were subtracted (31) and the series re-  
sistive and capacitive components of the reaction im-  
pedance plotted vs .  ,o-~/2. 
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Results and Discussion 
Adsorption o:f benzo-(f)-quinoline in 1M sulfuric 

acid solutions.--ffhe base dissociat ion constant  in  
aqueous solut ion for  b e n z o - ( f ) - q u i n o l i n e  is 7.76 X 
10 -6 (32). Hence in acidic solut ions this  compound 
wil l  be pro tona ted  to the  quinol ine cation. 

Different ia l  double l aye r  capaci tance vs. potent ia l  
da ta  in 1M H2804 wi th  var ious  concentra t ions  of 
b e n z o - ( f ) - q u i n o l i n e  are  shown in Fig. 1. The doubIe 
l aye r  capaci ty  was ob ta ined  b y  ex t rapo la t ion  of the 
s t ra igh t - l ine  plots  of capac i ty  vs. ~-~/~ to infinite f r e -  
quency. F requency  dispers ion in the  range  measured  
was < 10%. The 1M H2SO4 curve is charac ter ized  b y  
an ever  increas ing capaci tance up to +0.8V where  a 
smal l  m a x i m u m  occurs fo l lowed b y  a s l ight  decrease  
in capaci tance up to + l .2V.  At  this point  a rapid 
decrease  in capaci tance occurs indica t ing  the adsorp-  
t ion of water .  

Upon the addi t ion of benzo-  (f) -quinol ine  to the  su l -  
furic acid solution, a subs tant ia l  reduct ion  in the  d i f -  
fe ren t ia l  capaci tance is seen for  each concentra t ion 
unt i l  at  0.1M b e n z o - ( f ) - q u i n o l i n e  a v i r t ua l l y  flat ca-  
pac i t ance -po ten t i a l  curve is obta ined  be tween  +0.4 
and + l .4V.  At  concen t ra t ions  of b e n z o - ( f ) - q u i n o ] i n e  
grea te r  than  1.0 • 10-SM it  is seen tha t  even at  + l . 6 V  
t h e  capaci tance does not  a t ta in  the  same magn i tude  
as that  found in 1M H2SO4 indica t ing  tha t  the  adsorp -  
t ion of wa te r  is h indered  by  the presence of the benzo-  
(f) -quinoline.  

The  f rac t ional  coverage for each concentra t ion  
s tudied of b e n z o - ( f ) - q u i n o l i n e  be tween  0.0 and + l . 2 V  
was ca lcula ted  according to (33) 

C6 : (1 - e) Co=o + eCo=l [4] 

Where Co is the differential capacity at coverage 8, 
and Co=o and Ce 1 are the corresponding capacities 
at 0 : 0 and  e : 1, respect ively .  The capacit ies  m e a -  
sured in 0.IM b e n z o - ( f ) - q u i n o l i n e  were  assumed to 
represen t  Co=1. This is p robab ly  a ve ry  good assump-  
tion since the capaci tance da ta  for  0.01 and 0.1M 
b e n z o - ( f ) - q u i n o l i n e  did  super impose  for  the po ten-  
t ials be tween  0.8 and 1.2V and were  ve ry  s imi lar  over  
the  r ema inde r  of the  poten t ia l  reg ion  covered.  The 
resul ts  are  shown in Fig.  2. Each of the  f rac t ional  
coverage curves shows a smal l  m in imum centered  at  
+0.3V. Only  the  10-sM b e n z o - ( f ) - q u i n o l i n e  curve 
shows a decreas ing f rac t ional  coverage with  increas-  
ing potent ia l .  The remain ing  three  h igher  concent ra -  
tions increase wi th  increas ing potent ial .  
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Fig. 1. Differential capacitance vs. potential in 1.OM H2S04 
with various concentrations of benzo-(f)-quinoline. Curve A, 1.OM 
H2S04; curve B, 1.OM H2S04 plus 1.0 • 10-5M benzo-(f)-quino- 
line; curve C, 1.OM H2S04 plus 1.0 • 10-4M benzo-(f)-quinoline; 
curve D, 1.0M H2S04 plus 1.0 X 10-~M b~nzo-(f)-quinoline; 
curve E, 1.0M H2S04 plus 1.0 X 10-2M benzo-(f)-quinoline; 
curve F, 1.0M H2S04 plus 1.0 • 10-1M benzo-(f)-quinollne. 
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Fig. 2. Fractional coverage, 8 vs. potential in 1.0M H2SO~ with 
various concentrations of benzo-(f)-quinoline~ Curve B, 1.0M H2S04 
plus 1.0 • 10-5M benzo-(f)-quinoline; curve C, 1.0M H~SO~ plus 
1.0 • I0 -4M benzo-(f)-quinoline; curve D, 1.0M H2S04 plus 1.0 
• i0 -8M benzo-ff)-quinoline; curve E, 1.0M H2S04 plus 1.0 • 
10-2M benzo-(f)-quinoline. 

Between  0.0 and +0.7V the f rac t ional  coverage-  
concentration curves can be fi t ted equa l ly  wel l  to the 
F r u m k i n  i so therm (34) and to the i so therm wi th  v i r ia l  
coefficients (35), two isotherms especia l ly  sui ted to 
the adsorpt ion  of organic  molecules.  The resul ts  are 
shown in Table I. Both i so therms have an a r b i t r a r y  
constant,  a, which represents  the two-d imens iona l  in -  
teract ion be tween  the adsorbed  part ic les .  In a l l  cases, 
the constant  is less than  zero, ind ica t ing  a repuls ion  
be tween adsorbed molecules.  Both i so therms show 
s imi lar  var ia t ion  in the  pa r a me te r s  a and B wi th  po -  
ten t ia l  wi th  a being smal les t  and  B la rges t  a t  +0.3V. 
This behav ior  might  be expec ted  f rom a large  organic  
molecule  close to the potent ia l  of zero charge. The 
l a t t e r  has been repor ted  in the v ic in i ty  b y  var ious  
authors  (36). Adsorp t ion  is a lmost  independen t  of 
potent ia l  as indica ted  by  the almost  constant  free 
~nergy of adsorpt ion,  AG~ 

Electrochemical kinetics of the quinone-hydroqui- 
none system.--Typical plots of the  cur ren t  dens i ty  vs. 
overpoten t ia l  a re  shown in Fig. 3. F rom the slopes of 
the least  squares s t ra ight  l ines (corre la t ion coefficient 
0.9959) the appa ren t  effective exchange cur ren t  den -  
sities were  calcula ted using the low overvol tage  a p -  
p rox imat ion  (37), assuming a one-s tep,  two-e lec t ron  
reaction. These resul ts  are  shown in Table I I  along 
with  the expe r imen ta l l y  de t e rmined  equi l ib r ium po-  
tential ,  Ee. 

The charge t ransfer  coefficient, ~, and the  appa ren t  
s t andard  ra te  constant,  ka o, were  de te rmined  using the 
fol lowing expressions  

Table I. Calculated values of a, B, and ~G~ for the Frumkin 
isotherm and the isotherm with virial coefficients 

Frumkin isotherm" 
I s o t h e r m  wi th  virial 

coefficients* ~ 

AG~ AG~ 
E B • 10 "~ ( k J /  B • 10-" ( k J /  

(V) a (1/moI)  mol )  a ( I / tool)  tool) 

0.05 --3.51 4.08 --32.0 --5.12 0,927 --34.0 
0,15 -3 .95  6.61 --33.2 --5.51 1,44 -35 .1  
0.25 --4.42 8.39 -33 .8  -5 .82  1.56 -35 .3  
0.35 --4.58 9.03 --34.0 --5.97 1.67 -35 .5  
0.45 --3.91 4.28 --32,1 --5,36 0.824 --33.7 
0.55 --3.66 5.88 --32,9 --5.39 1.52 --35.3 
0.65 --3.19 6.22 --33.1 --5,02 1.82 --35.7 
0.75 --2.36 2.60 --30.9 --4.55 1.02 --34,3 

0 
* F r u m k i n  i so the rm:  B c  = exp ( - -2a6) .  

1 - - 6  
** I s o t h e r m  wi th  vi r ia l  coefficients: Be = 6 exp ( - 2 a 0 ) .  
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Fig. 3. Typical plots of current density vs. overpotential for the 
quinane-hydroquinone e l ec trochemica l  system in 1.0M H2S04. /X 
7.47 • IO-4M quinone plus 9.79 • 10-4M hydroquinone; @ 
7.47 • 1 0 - 4 M  quinone plus 2.40 • 1 0 - 4 M  hydroquinone. 

In (io/cQ) = - -anFEe/RT + In (nFka o) [5] 

112 (io/CH2Q) = (1 -- a) nFEe/RT + In (nFka ~ [6] 

The plot  is shown in Fig. 4. The s tandard rate  con-  
stant was found to be 1.98 • 10 -3 cm sec -1 at a 
formal  potent ia l  of 0.8879V. The cathodic charge t rans-  
fer  coefficient de te rmined  f rom the var ia t ion  of the 
quinone concentrat ion was 0.57, and f rom the var ia t ion  
of the hydroquinone  concentra t ion it was 0.38. This 
discrepancy may  indicate that  the react ion proceeds 
as two separate  one-e lec t ron  steps and not as a con- 
certed two-e lec t ron  transfer.  This resul t  is not  un-  
expected  and has been observed by o ther  invest iga-  
tors (38-41). In this case, the measured  effective e x -  
change current  represents  2io,lioJ(io,1 + io,s), where  
i0,i and i0,2 are the exchange currents  of the two sepa- 
rate  steps. 

Electrochemical kinetics of the quinone-hydroqui-  
none sys tem in 1.0M H2S04 wi th  benzo-( f ) -quino-  
l ine.--The results of the kinet ic  exper iments  in the 
presence of b e n z o - ( f ) - q u i n o l i n e  are presented :in 
Table III together  wi th  the corresponding data for  
1.0M H2SO4. It is seen that  the charge t ransfer  coeffi- 
cient increases wi th  increasing b e n z o - ( f ) - q u i n o l i n e  
concentration,  but  then decreases again. I t  is fel t  tha t  

Table II. Apparent exchange current densities, io a, and equilibrium 
potentials at various quinone, Q, and hydroquinone, H2Q, 

concentrations in 1.0M H2S04 

io a • 10a Ee (V  
So lut ion  (A cm-~) vs. NHE) 

2.81 • 10-~M Q 182 0.6759 
5.18 • 10-~M Q 222 0.6893 
1.!1 • 10-~M Q 309 0.6935 
1.68 x IO-~M Q 409 0.6981 

H2Q concentration = constant = 7.55 x 10"4M 
2.4 • 10-~M I-I~Q 195 0.7024 
4.70 • lO-4M H~Q 266 0.6948 
9.79 • 10-4M HsQ 345 0.6854 
2.01 • 1O-~M HsQ 472 0.6767 

Q concent ra t i on  = c o n s t a n t  = 7.47 • 10-~M. 
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Fig. 4. Plot of In (io/CQ) and In (io/CH2~) vs. Ee for the variation 
of the concentration of quinone, Q ,  with constant hydroquinone 
concentration, and for the variation of the concentration of hydro- 
quinone, Ak, with constant quinone concentration in 1.0M sulfuric 
acid. 

this behavior  does not  represent  a change in mecha-  
nism, but  is the result  of normal  exper imenta l  error.  
The average va lue  of the charge t ransfer  coefficient 
for the var ia t ion of the quinone  concentrat ion was 
found to be 0.54 • 0.09, and for the var ia t ion of the 
hydroquinone  concentrat ion 0.44 • 0.05. The formal  
potent ial  was found to be 0.6877 _ 0.0017V, independ-  
ent  of the concentrat ion of benzo- ( f ) -qu ino l ine .  The 
dependence of the s tandard rate constant on coverage 
is logar i thmic and this is shown in Fig. 5. In 1.0 • 
10-2M b e n z o - ( f ) - q u i n o l i n e  (0 = 0.75) and in 1.0 • 
10-1M b e n z o - ( f ) - q u i n o l i n e  (0 = 1 .0 ) ,  the exper i -  
menta l ly  de termined  values of the current  densi ty  
with applied overvol tage  were  those of background 
only and were  not different f rom those de te rmined  in 
1.0M H2SO4 with  no electroact ive species added. 

Evere t t  et al. (40) studied the qu inone-hydroqu i -  
none system on rhodium in 1.0M HC104. The s tandard 
rate  constant was de termined  at various coverages of 

Table III. Charge transfer coefficient, standard rate constant, and 
A~b2 for the quinone-hydroquinone system, in 1.0M H2S04 with 

and without added benzo-(f)-quinoline 

k a  o 

Concentra- • 10~ 
tion of benzo- (cm 4r Ar * 
(f)-quinoUne 0 aQ aH=Q sec -I ) (mV) (mV) 

0 0.0 0.57 0.38 1.98 - -  
1.0 • 10~M 0.05 0.56 0.45 1.70 - 9  4 
1.0 • 10-4M 0.20 0.62 , 0.50 0,815 45 22 
1.0 • 10-~M 0.40 0.42 0,42 0,316 112 56 

aQ = 0.54 • 0.09 

~H=Q = 0.44 • 0.05 

* Calculated according to Eq. [7] with Z = 0, a = 0.5, and n = 
1 (two one-electron steps, intermediate protonation) (38). 

** Calculated according to  Eq. [7] w i t h  Z = 0, a = 0.5, and n = 
2 (one two-electron step). 
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Fig. 5. Variation of the standard rate constant with fractional 

coverage for the quinone-hydroquinone system. 

oxygen and was found to decrease l inear ly  up to e ----- 
0.75 and remain  constant  at higher coverages. This 
behavior  was explained as being due to the geometric 
blocking model showing that the charge t ransfer  re-  
action is much more rapid at free rhodium than at 
oxygen-covered rhodium. However, the model can-  
not explain the logari thmic dependence found here 
for benzo - (f) - quinoline. 

Due to the adsorption of the benzo- ( f ) -qu ino l ine ,  
the potential  at the OHP, r will change as the con- 
centrat ion is varied. In  the absence of a geometric 
blocking effect, the change in this potential,  hr can 
be calculated according to (17) 

ka~ = exp -- (Z + no) ~ A r  [7] 
ka o 

where ka 0 is the s tandard rate constant  at some frac- 
t ional coverage e, and Z is the charge of the reduced 
species. The results of these calculations are in -  
cluded in Table III. 

Changes in the surface layer  s tructure resul t ing 
from interact ion between electroactive species and 
the surface layer  will al ter  the free energy of act iva- 
tion and this will result  in the inhibi t ion or accelera- 
tion of the electrochemical reaction. Afanas 'ev  and 
Ternovskoi (23) and Avilova et al. (22) have sug- 
gested that  i n t h e  presence of adsorbed molecules, the 
concentrat ion of the electroactive species wi th in  the 
surface layer is determined by  an addit ional  free 
energy term associated with the t ransfer  of electro- 
active molecules from the bulk  of the solution into 
the structured surface layer. They suggested the equa-  
tion (23) 

ka e "-" ka ~ exp (--2a~e) 

where a is a constant  characterizing the interact ion 
between the adsorbate molecules and ~ is a constant  
describing the degree to which the surface layer  is 
disturbed when an electroactive molecule is incorpo- 
rated into the surface layer. Thus a plot of In (kae/ka o) 
vs. e should yield a straight l ine with a slope of --2a7. 

This is indeed observed as is evident  in Fig. 5. The 
least squares fit for the l ine is In (kae/ka ~ : 14.80B 
+ 0.09. The intercept  of -t- 0.09 is small  and can be 
ascribed to exper imenta l  error. 

Electrochemical kinetics of  the F e ( I I ) / F e ( H I )  8ys- 
t e m . - - A  typical plot of the resistive and capacitive 
components of the faradaic impedance is shown in  
Fig. 6. The plots are l inear  and are near ly  parallel.  
Thus, Rr is the sum of charge t ransfer  and diffusion 
impedance and 1/~Cr is solely the diffusion imped-  
ance. The charge t ransfer  resistance can t h e n  be de- 
termined by extrapolat ing the reaction resistance to 
infinite frequency, 1/,~/2 _-- 0, since the diffusion im-  
pedance then goes to zero. 

From the charge t ransfer  resistance the apparent  
exchange current  densities were calculated and are 
shown in Table IV, together wi th  the observed equi-  
l ibr ium potentials.  From these data the charge t rans-  
fer  coefficient was found to be 0.58 for the variat ion 
of the Fe ( I I I )  concentrat ion at constant  Fe ( I I )  Con- 
centrat ion and 0.51 for the var iat ion of the Fe( I I )  
concentrat ion at constant  Fe ( I I I )  concentration. The 
s tandard rate constant  is 1.30 • 10-2 cm sec -1 at the 
formal potent ial  of 0.6678V. 

The F e ( I I ) / F e ( I I I )  system is a wel l -s tudied reac- 
tion due to its simplicity (38). On p la t inum Gerischer 
(42) found the charge t ransfer  coefficient to be 0.58 in 
1.0M H2SO4 and the s tandard rate constant  was 3 X 
10 -8 cm sec -1. In  1.0M HC104 Randles and Somerton 
(43) found the s tandard rate constant  to be 5 X 10 -8 
cm sec -1. Anson (44) determined the s tandard rate 
constant for the iron system in 1.0M H2SO4, 1.0M 
NaHSO4, and 1.0M NaHSO4 plus 1.0M Na2SO4 and 
found that the rate constant  was highest at 5.3 X 
10 -8 cm sec -1 in 1.0M H2SO4 solution and decreased 
to 2.7 X 10-8 cm sec-1 and 1.4 X 10 -8 cm sec-1 for 
the 1.0M NaHSO4 and 1.0M NaHSO4 plus 1.0M Na2:SO4 
electrolytes, respectively. Angel l  and Dickinson (45) 
found 7 X 10 -3 cm sec -1 in 0.5M H2SO4 and Samec 
and Weber (46) obtained 3.2 X 10 -8 cm sec-1 in 0.5M 
H2SO4 and 8.0 X 10 -8 cm sec -1 in 0.5M Na2SO4 of pH 
of 2.2. On rhodium in 1.0M HC104 the charge t ransfer  
coefficient is 0.59 and the s tandard rate constant 4.60 
X 10 -4 cm sec-1 (40). This rate constant  is general ly  
lower than usual ly  found for the F e ( I I ) / F e ( I I I )  sys- 
tem, but  this is probably  due to the electrode mate-  
rial used. 

It is seen that the charge t ransfer  coefficient deter-  
mined in this work on gold is in agreement  with 
those values determined by other investigators. The 
s tandard rate constant  determined here, 1.30 X 10-3 
cm sec -1, is in good agreement  with the value of 1.0 
X 10-3 cm sec-1 found i n  0.SM H2SO4 (45). Both are 
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Fig. 6. Resistive and capacitive components of the faradaic 
impedance for 4.75 X 1 0 - 3 M  Fe(ll) and 1.29 X 1 0 - 2 M  Fe(l l l )  
in 1.0M sulfuric acid. 
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Table IV. Charge transfer resistance, apparent exchange current 
density io a, and equilibrium potentials at various Fe(ll) and 

Fe(lll) concentrations in 1M H2S04 

C h a r g e  
t r a n s f e r  

resistance io �9 • lO ~ Ee ( V  
S o l u t i o n  ( ~ )  ( A  c m  -2) v s .  N H E )  

1.25 • 1 0 ~ M  F e ( I I I )  58.6 3.37 0.6283 
2.01 • I 0 - 3 M F e ( I I I )  40.7 4.86 0.6427 
3.57 • 1 0 ~ M  F e  ( H I )  33.0 5.98 0.6605 
6 . 6 6 x  10-SM F e  ( I I I )  27.9 7.08 0.6749 
1.29 • 10-~M F e  ( l l I )  24.3 8.15 0.6740 

Fe(II) concentration : c o n s t a n t  = 4.75 • 1O-3M 

1.19 • 10-~M F e ( I I )  69.5 2.84 0.6940 
2.38 • 10--~i  F e ( H )  52.3 3.78 0.6785 
4.75 • 1 0 ~ M  F e ( I I )  33.0 5.98 0.6608 
9.50 • 10-~M F e ( I I )  25.6 7.72 0.6443 
1.90 • 10-2M F e ( I I )  20.6 9.58 0.6290 

F e ( I I I )  c o n c e n t r a t i o n  : c o n s t a n t  = 3.57 • 10-sM 

higher by a factor of 102 than the one determined by 
Bockris et al. in 1M H2SO4 (47). 

Electrochemical kinetics of the Fe(II) /Fe(III)  sys- 
tem in 1.0M H~S04 with benzo-(f)-quinoline.--The re-  
sults of the kinetic experiments in the presence of 
benzo-(f ) -quinol ine  are presented in Table V together 
with the corresponding data for 1.0M H2SO4. Experi-  
ments at 1.0 • 10-3M benzo-(f) -quinol ine  (0 -- 0.40) 
were highly irreproducible and are omitted. 

The standard rate constant found in 1.0M H2SO4, 
1.30 X 10 -2 cm sec-1, decreased to 1.01 X 10 -3 cm 
sec -1 in 1.0 • 10-~M benzo-(f ) -quinol ine  and to 4.21 
• 10 -8 cm sec -1 in 1.0 • 10-4M benzo-(f)-quinol ine.  
In 1.0 • 10-SM benzo-(f)-quinol ine,  the charge 
transfer coefficient is 0.48, and 0.51 in 1.0 • 10-4M 
benzo-(f) -quinol ine.  These two values are generally 
lower than those found in the l i terature,  but agree 
well with the charge transfer coefficient found in 1.0M 
H2SO4 for the variation of Fe ( I I )  concentration (a ---- 
0.51). In the presence of 1.0 • 10-SM benzo- ( f ) -  
quinoline the formal potential  was found to be 0.6704V, 
and for 1.0 • 10-4M benzo- ( f ) -qu ino l ine  the formal 
potential was 0.6708V. These values are in good agree- 
ment with the formal potential calculated in 1.0M 
H2804 ( E ~  : 0.6678V). 

A comparison of the 4r values calculated according 
to Eq. [7] with those obtained for the quinone-hydro- 
quinone system (Tables III  and V) shows the la t ter  to 
be larger by a factor of 2-4. This would indicate that 
changes in the r potential are not the principal 
cause for the reduction in the standard rate constant, 
although the effective r potential may well be differ- 
ent for the two systems because of differences in the 
distance of closest approach. Still  the decrease in the 
rate constant with coverage appears to be logarithmic, 
In (kae/k~ o) : --5.68e ~ 0.01. This may well indicate 
that both systems are inhibited by similar mechanisms. 
Again, the intercept, ~-0.01, is small and probably due 
to experimental  error. 

The explanation that the adsorption of benzo- ( f ) -  
quinoline increases the free energy of activation due 

Table V. Charge transfer coefficient, standard rate constant, 
and ACs for the Fe(ll)/Fe(ll[) system in 1.0M H2S04 with and 

without added benzo-(f)-quinoline 

Concentration 
of b e n z o - ( f ) -  k~o • 10 a Ar 

q u i n o l i n e  ~ a * ( c m  s e e  -1 ) ( m V  ) 

0 0.0 0.51 13.0 
1.0 • 1 0 ~ M  0.05 0.48 10.1 2 .6  
1.0 • 10-4M 0.20 0.51 4.2 11.5 

�9 Obtained from exper iments  at constant F e  ( I I I )  concentration.  
�9 * C a l c u l a t e d  according to Eq. [7] with Z --- 2. 

to interaction between adsorbed layer and electro- 
active species is reasonable since the adsorbed layer 
is expected to increase the positive charge of the elec- 
trode surface by elimination of sulfate species dur-  
ing adsorption. This effectively increases the electro- 
static repulsion between the more positively charged 
surface layer and the electroactive species, here posi- 
t ively charged also. Thus, electrostatic repulsion in 
the F e ( I I ) / F e ( I I I )  system plays a role similar to the 
difficulty in penetration of the adsorbed layer  in the 
quinone-hydroquinone system. 

Conclusions 
The adsorption of benzo-(f) -quinol ine  on gold elec- 

trodes in 1.0M I-I2SO4 between 0.0 and +0.7V can be 
described by the Frumkin isotherm and the isotherm 
with virial  coefficients. In this potential  range, ad-  
sorption is almost independent of potential. The ap- 
parent standard rate constant for both the quinone- 
hydroquinone and the F e ( I I I ) / F e ( I I )  system is a n  
exponential function of coverage at 0 ~-- 0.40 and 0 
0.20, respectively. Such an exponential function would 
be expected if changes in the r caused by 
the adsorbed species are the principal cause for the de- 
crease in rate constant. However, the changes calcu- 
lated for the quinone-hydr0quinone system are 2-4 
times larger  than those for the Fe ( I I I ) -Fe  (II) system. 
Alternatively, an exponential decrease in rate constant 
can be caused by an increase in free energy of activa- 
tion due to interaction between adsorbed layer and 
electroactive species. 

Manuscript submitted Feb. 18, 1981; revised manu- 
script received June 12, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1982 JO~m~AL. 
All  discussions for the June 1982 Discussion Section 
should be submitted by Feb. 1, 1982. 
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Effect of Sinusoidal A.C. on the Kinetics of 
Cu/Cu" Reaction in Acidic Sulfate Solution 

Srinivasan Venkatesh *,z and Der-Tau Chin* 
Department of Chemical Engineering, Clarkso~ College of Technotogy, Potsdam, New York 13676 

ABSTRACT 

A study has been made of the effect of high amplitude a.c. on the kinetics 
of a copper rotating disk electrode in acidic copper sulfate solutions. It was 
found that the rest potential was shifted toward the negative direction, and 
the exchange current density and the Tafel slopes increased with the super- 
imposition of a.c. A mathematical model which took into account the peri- 
odical change in the surface concentration, the double layer capacity, the sur- 
face and the ohmic overpotential, was proposed to explain the observed 
phenomena. 

This work is concerned with the effect of a high 
amplitude alternating current (a.c.) on the kinetics 
of copper deposition and dissolution reactions in acidic 
copper sulfate solutions. 

The kinetics of this system without any superim- 
posed a.c. have been extensively investigated. Mattson 
and Bockris (1) performed galvanostatic measurements 
of copper electrodes. They concluded that the reaction 
was controlled by a redox process between cupric and 
cuprous ions and arrived at the following consecutive 
reaction steps 

Cu ~+ + e -  ~ Cu + (rate-determining step) [1] 

Cu + + e -  ~-- CUads [2] 

Cuads ~- Cu [3] 

Hurlen (2) found that the rate of this reaction was 
independent of pH in the pH range 0-5. Bockris and 
Kita (3) performed experiments on different types of 
copper electrode surfaces, such as electrodeposited 
copper and He-quenched copper. They found that the 
kinetic parameters changed with the nature of the cop- 
per surfaces. Several other investigators (4-19) con- 
firmed that the Cu/Cu 2+ electrode reaction in aqueous 
sulfate and perchlorate solutions involved two consecu- 

* Electrochemical Society Active Member. 
1Present  address: Hooker Chemical Company, Niagara Falls, 

New York 14302. 
Key words: electrodeposition, dissolution, polarization, impe- 

dance. 

tire charge transfer steps with Cu + as the interme- 
diate. Hurlen et al. (20) studied experimentally the ki- 
netics of the Cu+/CU charge transfer step. Their re- 
sults conformed with the earlier morphological data on 
the spiral and pyramidal growth of Cu electrodeposits 
(21). 

Sheshadri (22) has studied the growth of single 
crystals of Cu on nickel from acidic CuSO4 solutions 
and has shown that superimposed a.c. brought about 
morphological changes in Cu deposits. He observed a 
gradual truncation of pyramids to smooth and flat de- 
posits in the presence of a.c. The effect of a.c. on the 
corrosion of copper concentric neutral wires in under-  
ground environments has been investigated by Kruger 
et al. (23). They found that a.c. caused accelerated at- 
tack with pit formation and that the oxygen avail- 
ability and the presence of chloride ions in solution 
favored the attack on the wires. 

In the present work, a sinusoidal a-c modulation 
method has been used to study the kinetics of the 
copper electrode in sulfuric acid with the rotating disk 
electrode. In this method, a constant alternating cur- 
rent is passed through the electrode-electrolyte inter- 
face, and the resulting time-averaged (or d-c) elec- 
trode potential is measured as a function of d-c density 
at the electrode (24-26). A mathematical model taking 
into account the double layer capacity, the ohmic drop, 
and the change in the electrode surface concentration 
is proposed to predict the effect of a.c. 
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Experimental 
A copper rotating disk was used as the working elec- 

trode. The detai ls  of the expe r imen ta l  setup are  given 
in Ref. (27) and  a re  only  briefly descr ibed  here.  A 
P y r e x  cell  was used to accommodate  the work ing  e lec-  
t rode,  the  countere lect rode,  a Luggin  capi l la ry ,  a t he r -  
mometer ,  and  a gas bubbler .  The copper work ing  e lec:  
t rode  was modified f rom a Pine  In s t rumen t  DT r ing  
electrode,  as descr ibed b y  Chin (28). I t  consisted of a 
Teflon suppor t  rod and  a rep laceab le  copper  disk e lec-  
t rode  of 0.794 c m  in d iameter .  The ro ta t ion  of the  e lec-  
t rode  was p rov ided  by  a Pine In s t rumen t  PIR high 
speed rotator .  The countere lec t rode  was a p l a t inum 
screen. A sa tu ra t ed  calomel  e lect rode was used as the  
re fe rence  e lec t rode  and  was  p laced  in  a separa te  r e f -  
erence compar tment .  Both the reference  and the w o r k -  
ing e lec t rode  compar tments  were  filled wi th  the  same 
e lec t ro ly te  under  s tudy.  The Luggin  cap i l l a ry  was 
placed along the axis of ro ta t ion about  2 m m  from the 
e lec t rode  surface. The e lec t ro ly te  was 0.025-0.15M 
CuSO4 in 0.5M H2SO4 and was deaera ted  by  bubbl ing  
N2 for 2-3 h r  p r io r  to the  s t a r t  of exper iment .  A l l  the  
measurement s  were  car r ied  out at  22 ~ • I~ 

The  e lec t r ica l  c i rcui t  for  a -c  modula t ion  is shown in 
Fig. 1. The cu r ren t  was cont ro l led  b y  connect ing a 
k n o w n  res is tor  across the reference  and the  work ing  
e lec t rode  te rmina ls  of a Wenk ing  LT73 potent ios ta t  and 
by  control l ing the vo l tage  drop  across them. The s i -  
nusoidal  s ignal  inpu t  to the poten t ios ta t  was ad jus ted  
b y  an audio osci l la tor  and  power  ampli f ier  (Genera l  
Radio  Type  1308-A). The d-c  potent ia l  deve loped  
across the reference  and the work ing  electrodes,  CDc, 
was measu red  wi th  a d-c  e lec t rometer  (Ke i th l ey  602 
Solid S ta te ) .  The  a l t e rna t ing  potent ial ,  cAC, was mea -  
sured  wi th  a t rue  rms vo l tme te r  (Hewle t t  Pa c ka rd  
3466) a f te r  f i l ter ing the d -c  potent ia l  t h rough  a di f -  
fe ren t ia l  ampl i f ie r / f i l te r  (Tekt ron ix  AM502). The a l -  
t e rna t ing  poten t ia l  waves  were  observed  on an osci l lo-  
scope (Tek t ron ix  SC503). 

The chemical  composi t ion 2 of the  copper -d i sk  e lec-  
t rode  was de t e rmined  by  a spec t rographic  analysis.  The 
e lec t rode  was in i t ia l ly  pol ished wi th  400 and 600 gr i t  
e m e r y  pape r  and then e lec t ropol ished in chromic acid. 
The e lec t rode  was fu r the r  c leaned in 20% ni t r ic  acid, 
r insed  wi th  dis t i l led  water ,  5% H2SO4, again  wi th  dis-  
t i l led water ,  and  t r ans fe r red  to the  cell. 

A sinusoic}al a.c. of known  m a g n i t u d e  and f requency  
was appl ied  to the  cell, and the new rest  potent ia l  of 
the  copper  e lec t rode  was measured  by  le t t ing  d.c. equal  
zero. The difference be tween  the new res t  potent ia l  
and  the equ i l ib r ium e lec t rode  poten t ia l  wi thout  a.c. 
was computed  as a shif t  in the  rest  potent ial ,  ~sh. Sub-  
sequent ly ,  by  va ry ing  the d.c. across the cell, the re -  
su l t an t  d -c  po ten t ia l  and  t h e  a l t e rna t ing  potent ia ls  
were  measured  to obta in  the cathodic and the anodic 

Spectrographic analysis of copper disk electrode (weight per- 
cent) :  Cu, 99.93; Ag, 0.0005; A1, 0.001; Ni, 0.002; Zn, <0.01; Sn, 
<0.002 Fe, 0.50; Mg, 0.00D3; Si, 0.003. 

pOTENTIOSTAT 
DC ELECTROMETER 

EF. C E L L S ~  I .":-AMPLIFIER LTER 

~'IE' I 

, 

AC SIGNAL ":" - 
GENERATOR 

Fig. 1. A-C modulation electrical circuit 

polar iza t ion  curves.  The exchange cur ren t  densi t ies  
and the  Tafel  slopes were  obta ined  by  the Tafel  ex-  
t rapo la t ion  method.  The waveforms of the a l t e rna t ing  
potent ia ls  were  observed  wi th  the oscil loscope and the 
osci l lograms were  t aken  at  var ious  app l i ed  a -c  and d-c  
values.  

A set of fa rada ic  efficiency tests was performed.  The 
e lect rodes  were  r insed  wi th  d is t i l led  water ,  dried,  and 
weighed before the s ta r t  of each exper iment .  The elec-  
t rodes were  then p re t r ea t ed  by  the p rocedure  men-  
t ioned ear l ie r  and t r ans fe r red  to the cell. The exper i -  
ments  were  pe r fo rmed  at  var ious  d-c  values  super im-  
posed wi th  25 m A / c m  2 rms a.c. Af t e r  each run,  the 
e lec t rode  was r insed  wi th  dis t i l led water ,  dried, and 
weighed  again  to de te rmine  the weight  loss or  gain of 
the electrode.  Assuming  a two-e lec t ron  t ransfe r  re -  
action, the faradaic  efficiency was de termined.  Af te r  
the fa rada ic  efficiency test, the e lect rode surface  was 
coated wi th  a th in  l aye r  of gold using a gold spu t te re r  
( In te rna t iona l  Scientific Company PS2 coat ing un i t ) ,  
and was examined  under  a scanning e lec t ron micro-  
scope ( In te rna t iona l  Scientific Company  S u p e r  Min i -  
SEM).  

Results 
Polarization curves.--Figure 2 shows a set of po la r i -  

zat ion curves for the copper  ro ta t ing  disk e lect rode in 
0.05M CuSO4 + 0.5M H2SO4 when 60 Hz s inusoidal  a.c. 
was super imposed  across the cell. The values  of a -c  
va r ied  f rom 0 to 150 m A / c m  2 rms. The da ta  were  ob-  
ta ined  at  a ro ta t ional  speed of 2500 rpm; at  t h i s  speed 
no apprec iab le  concentra t ion  polar iza t ion  was ob-  
served. The polar iza t ion  curves were  p lot ted  af ter  
compensat ing  for the ohmic drop. The  anodic and the 
cathodic Tafel  slopes for the polar iza t ion  curve wi thout  
a.c. were  41.5 and --142.2 mV, respect ively ,  in good 
agreement  wi th  the  values  of 42 and --128 mV repor t ed  
by  Bockris and Ki t a  (3). I t  can be seen tha t  there  was 
a shif t  in the rest  potent ia l  t oward  the nega t ive  d i rec-  
t ion unt i l  a cr i t ical  va lue  was reached.  Thereaf ter ,  the 
res t  potent ia ls  were  shif ted back  in the noble d i rec-  
tion. The anodic and the cathodic Tafel  slopes and the 
exchange  cur ren t  dens i ty  were  changed b y  a.c. The 
change is of an appa ren t  p rope r ty  of a-c  rectif ication,  
and the values  wi th  super imposed  a.c. could be re -  
garded  as the appa ren t  Tafel  slopes and the appa ren t  
exchange cur ren t  density.  Fu r the rmore ,  wi th  super -  
imposed a.c. the  anodic and the cathodic Tafel  l ines no 
longer  in tersec ted  at  the rest  potent ia l ;  hence, an ap-  
pa ren t  anodic exchange cur ren t  dens i ty  ioa, and an 
appa ren t  cathodic exchange  cur ren t  dens i ty  ioc were  
calculated.  

Evaluation of kinetic parameters.--Figures 3 and 4 
show the appa ren t  exchange cur ren t  densit ies and the 
Tafel  slopes as a funct ion of super imposed  a.c. The ap-  
pa ren t  cathodic exchange cur ren t  densi ty  and the 
magni tude  of the appa ren t  cathodic Tafel  slope in-  
creased consis tent ly  wi th  increas ing a.c. At  h igh  values  
of a.c., the apparen t  cathodic Tafel  slopes ( - -  ~c) were  
close to infinity. The ioa curve in i t ia l ly  increased wi th  
a.c., reached a m a x i m u m  around  50 m A / c m  2 rms a.c., 
and  then  decreased wi th  fu r the r  increase  in a -c  densi-  
ties. The appa ren t  anodic Tafel  slope, ;~a, also exhib i ted  
the  same behavior ,  bu t  it  peaked  somewhere  be tween  
25 and 50 m A / c m  2 rms a.c. F igure  5 shows the rest  po-  
tent ia l  shift,  Csh, which exh ib i ted  a m in imum around 
50 m A / c m  2 rms a.c. The appa ren t  exchange cur ren t  
densities,  the appa ren t  Tafel  slopes, and the shif t  in 
the  res t  potent ia ls  are  t abu la t ed  in Table  I. 

A-C potentials o~ the copper electrode.JIn Fig. 6, the 
resul t ing  root  mean  square  of the  a l t e rna t ing  vol tage  
( A u  component  of the  copper  e lec t rode  poten t ia l  due 
to the  passage of a.c. is p lo t ted  agains t  the d -c  po ten-  
tials. I t  is seen tha t  as the d-c  potent ia l  increased in 
the  noble di rect ion f rom the res t  potent ial ,  the resu l t -  
ing AV decreased.  This indicates  tha t  the  impedance  to 
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Fig. 2. Polarization curves for 
Cu in 0.05M CuSO4 + 0.SM 
H2SO4 for various superimposed 
a.c. (60 Hz) at a rotational 
speed of 2500 rpm. 
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a.c. decreases when the d-c potential  was shifted away 
from the rest potential.  Increasing the d-c potential  
in the active direction (from the rest Potential)  de- 
creased the result ing AV, unti l  the superimposed a.c. 
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reached 50 m A / c m  2 rms. Thereaf te r  at  h igher  AV 
values, the AV decreased with  increasing d-c potent ial  
in the act ive direction. The oscil lograms of the re-  
sultant  AV at various a-c and d-c  densities were  r e -  

Table I. Effect of 60 Hz a.c. on the kinetic parameters of the Cu/Cu + + reaction in 0.05M CuSO4 "-I- 0.SM H2SO4 

Superimposed io= ioo ~rest (mV r (mV 
a.c. (mA/cm2 rms) ( m A / c m ~ )  (mA/cmS) ~= (mY) -~c (mV) vs. SCE) r (mV) vs. SCE) 

0 0.455 0.456 42.9 106 30 0 30 
2 0.5 0.35 42.2 104 29 -- 1 30 
5 0.759 0.818 41.1 103 24 -- 9 33 

10 1.06 2,94 42.7 144 20 -- 14 34 
25 5.06 6.11 99.4 157 8 -- 24 33 
50 5.88 17.6 73.7 261 4 -- 29.5 33.5 
75 4.88 35.6 40.0 556 4 -- 28 32 

100 4.86 38.3 57.7 671 5 -- 28.5 33.5 
150 3.92 43.8 31.2 1089 10 --24.5 34.5 
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Fig. 4. Anodic and cathodic 
Tafel slopes at various super- 
imposed a.c. (60 Hz) for Cu in 
O.05M CuS04 + 0.SM H2S04. 

-10I~ 
-4o l i I L I [ 

o ao 40 6o 80 ,oo ,20 t4o ,6o 

SUPERIMPOSED AC , mA/cm z RMS 

Fig. 5. Rest potential vs. superimposed a.c. (60 Hz) for Cu in 
O.05M CuS04 + 0.SM H2S04. 

corded on a storage oscilloscope. It was found that  
the AV waveforms  were  sl ightly distorted f rom the 
sinusoidal shape. 

Results of the faradaic efficiency tests.--The results 
obtained f rom the faradaic efficiency tests are sum- 
marized in Table II. The exper iments  were  per formed 
for both anodic and cathodic reactions. At 25 m A / c m  2 
rms a.c., the efficiency tests were  done at three different 
d-c values;  one in the anodic, and two in the cathodic 
region. The faradaic efficiencies de termined  in all the 
tests were  close to 100%, assuming that  two electrons 
were  t ransfer red  in the overal l  electrode reaction. As- 
suming the efficiency to be 100%, the number  of elec-  
trons t ransfer red  was found to be two, as shown in the 
last column of Table  III. It can be concluded f rom these 
results that  the number  of electrons t ransfer red  did n o t  
change during the application of a.c. 

At  the end of the faradaic eff iciency test, the elec- 
trode surface was examined under  an SEM. Figure  7 
shows the effect of 25 m A / c m  2 rms of a.c. on the 
morphology of copper deposits obtained with  10C of 

charge at a cathodic d-c densi ty of 4 m A / c m  ~. I t  is 
seen that  a.c. great ly  increased the grain size of the 
copper deposits. In the anodic dissolution region, a.c. 
was found to increase the  size of pits. The results 
were  s imilar  to the application of a.c. o n  t h e  zinc 
electrode in zinc chloride solutions (29). 

Effect of CuS04 concentration oi kinetic parameters. 
- - T h e  a-c modulat ion exper iments  were  also per formed 
at different concentrat ions of CuSO4. The Cu /Cu  ~+ 
react ion was found to be of a first order  wi thout  the 
presence of a.c. When a.c. was superimposed, the ap- 
parent  Tafel  slopes (and hence the apparent  t ransfer  
coefficients) changed with  increasing concentrat ions o f  
CuSO4. Since the t ransfer  coefficients have to be c o n -  
s t a n t  to de termine  the react ion order, the react ion 
order  when a.c. was super imposed was not determined.  
However ,  the kinetic parameters  der ived f rom the po- 
larizat ion curves at different concentrat ions of CuSO4 
are reported in Table III. 

Effect of a-c Srequencies.--Figure 8 shows the effect 
of a-c f requency on the polarizat ion curves at 25 m A /  
cm 2 rms a.c. It is seen that the shift  in the rest  potent ia l  
decreased with  increasing a-c frequency.  The a-c f re-  
quency seemed to affect the cathodic Tafel  region near  
the rest potential.  Otherwise,  there  was no significant 
effect on the cathodic Tafel  region. On the anodic por-  
tion, higher  a-c frequencies  shifted the polarization 
curves toward the zero a-c curve, 

Discussion 
The behavior  of the polarizat ion curves obtained by 

the a-c modulat ion can be a t t r ibuted to the faradaic 
rectification process as explained in Ref. (24). There  
are other  possibilities by which a.c. could influence 
the kinetics of the Cu-elect rode reaction. These in-  
clude: (i) the effect of a.c. on the r a t e -de te rmin ing  
step and the number  of electrons t ransfer red  in the 
overal l  electrode reaction; (ii) the format ion of a cop- 
per-sul fa te  complex under  the influence of a.c.; a n d  

Table II. Results of the faradaic efficiency test 

Run 
number 

iAC iDC ~DC Total 
( m A / e m  2 ( m A /  ( m V  vs .  CAc charge 

rms) cm~) SCE)  ( m V  r m s )  (C) Region 

Faraday 
efficiency 

(7 %) 

No. elec- 
trons trans- 
ferred (n) 

CU267 O 10 50 0 39.90 A n o d .  93.0 
CU268 0 - 4 - 80 0 10.60 Ca th .  107.0 
CU269 25 30 107 130 45.32 A n o d .  100.7 
CU271 25 - 4 - 40 150 9.56 Ca th .  100.3 
CU272 25 - 35 - 271 89 43.32 Ca th .  97.0 

2.15 
1.87 
1.99 
1.99 
2.06 
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Fig. 6. Resultant a-c potential 
vs. d-c potential at various su- 
perimposed a.c. (60 Hz) for Cu 
in O.05M CuS04 -t- 0.SM H2S04. 
The arrows indicate~ the elec- 
trode rest potentials. 
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(iii) c h a n g e  in  t he  su r f ace  cha r ac t e r i s t i c s  of  t he  c o p p e r  
e lec t rode .  The  r e su l t s  o f  t h e  f a r a d a i c  eff ic iency t e s t  
c l e a r l y  r u l e d  ou t  t he  first  poss ib i l i ty ,  fo r  the  n u m b e r  of 
e l ec t rons  t r a n s f e r r e d  in  t he  C u / C u  2+ r e a c t i o n  w a s  two,  
w i t h  a n d  w i t h o u t  t he  app l i ca t i on  of  a.c. To e x a m i n e  the  
s econd  poss ib i l i ty ,  an  a - c  m o d u l a t i o n  e x p e r i m e n t  w a s  
also c a r r i e d  out  u s ing  a Cu r o t a t i n g  d isk  e l e c t r o d e  in  
0.05M Cu(C104)2 and  0.5M HC104. This  w a s  done  to 
c o m p a r e  t h e  b e h a v i o r  of  Cu in  H2SO4 to t h a t  in  HC104 
e l e c t r o l y t e  w i t h  s u p e r i m p o s e d  a.c. The  p o l a r i z a t i o n  
c u r v e s  o b t a i n e d  in  HC104 so lu t ion  at  zero  a.c. a n d  25 
m A / c m 2  r m s  s u p e r i m p o s e d  a.c. a re  s h o w n  in  Fig.  9 
a f t e r  c o m p e n s a t i n g  fo r  t h e  o h m i c  d rop  in  the  e l e c t r o -  
lyte.  P e r c h l o r a t e  ion  is k n o w n  to be  a n o n c o m p l e x i n g  
agent .  Due  to t he  s i m i l a r i t y  in  t he  b e h a v i o r  of t he  p o -  
l a r i za t ion  c u r v e s  in  HC104 a n d  H2SO4, i t  can  be  con -  
c l u d e d  t h a t  t h e r e  w a s  no  c o m p l e x  f o r m a t i o n  of  Cu w i t h  
t he  su l f a t e  ions  in  H2SO4 e lec t ro ly te .  O n  the  o t h e r  
hand ,  t h e  S E M  p h o t o m i c r o g r a p h s  e x e m p l i f y  t h e  
c h a n g e s  in  t he  su r f ace  m o r p h o l o g y  w i t h  a.c. Hence ,  
t he  o b s e r v e d  b e h a v i o r  can  be i n t e r p r e t e d  as a s u r f a c e  
p h e n o m e n o n  and  the  a - c  rec t i f ica t ion.  

T h e  effect  of  a - c  rec t i f i ca t ion  on  the  b e h a v i o r  of  t he  
p o l a r i z a t i o n  c u r v e s  can  be  e x p l a i n e d  by  a m a t h e m a t i c a l  
m o d e l  of a r o t a t i n g  d i sk  e lec t rode ,  t a k i n g  in to  acco u n t  
t he  su r f ace  c o n c e n t r a t i o n  change ,  the  doub le  l a y e r  ca -  
pac i ty ,  t h e  o h m i c  res i s tance ,  and  the  c o n c e n t r a t i o n  
o v e r p o t e n t i a l .  

] I I I 1 i I 1 
80 120 160 200 240 280 

RESULTANT AV, mV RMS 

T h e  to t a l  c u r r e n t  dens i ty ,  i, is g i v e n  by  a d - c  c o m -  
ponen t ,  iDC, a n d  an  a.c. c o m p o n e n t  

i = iDC "~- ~p s in  ~t [4] 

w h e r e  ip is t he  p e a k - t o - p e a k  v a l u e  of a.c. and  ~ is the  
a -c  f r e q u e n c y .  The  d - c  p o r t i o n  a ids  t he  c h a r g e  t r a n s f e r  
r eac t ion .  A p a r t  of the  a.c., ifAc, also c o n t r i b u t e s  to t h e  
ch a rg e  t r a n s f e r  reac t ion .  The o t h e r  par t ,  ic, ch a rge s  up  
t h e  d o u b l e  l a y e r  a n d  is the  c a p a c i t a n c e  c u r r e n t .  Hence ,  
t he  to ta l  c u r r e n t  d e n s i t y  can  be  w r i t t e n  as 

i : iDa + ip s in ~t ---- iDC + ifAC ( t)  + ic ( t )  [5] 

The  to ta l  f a r ad a i c  c u r r e n t  d e n s i t y  is 

if = iDC -~- ifAC [6] 

F o r  a m e t a l / m e t a l - i o n  s y s t e m  of t he  t y p e  

M n+ + n e -  --> M [7] 

if m a y  be  g iven  by  the  B u t l e r - V o l m e r  e q u a t i o n  (30) 

c~ 

[ 8 ]  

w h e r e  ~ a n d  ~ a re  t he  anod ic  a n d  t h e  ca thod ic  t r a n s f e r  
coefficients ,  ~s is t h e  s u r f ace  o v e r p o t e n t i a l ,  io is t he  e x -  

Table III. Effect of a.c. (60 Hz) and concentration of CuS04 on the kinetic parameters of the Cu/Cu + + reaction 

~oa toe Crest (mV CequlL (mV 
C o n c e n t r a t i o n  (mA/cm 2) (mA/cm 2) B~ (mV) -/3~ (mY) vs. SCE) r (mV) vs. SCE) 

S u p e r i m p o s e d  a.c. = 0 mA/cm~ r m s  

0.025M CuSO~ + 0.5M H2SO4 0.272 0.28 26.8 138 
0.05M CuSO~ + 0.5M H~SO4 0.455 0.456 22.9 106 
0.1M CuSO~ + 1M H.~SO4 0.77 0.775 24.8 106 
0.15M CuSO4 + 1.5M H2SO4 0.878 0.878 22.7 87.1 

Superimposed a.c. = 5 mA/cm 2 r m s  

0.025M CuSO~ + 0.5M H2SO~ 1.08 1.01 31.6 114 
0.05M CuSO~ + 0.5M H2SO~ 0.759 0.818 41.1 103 
0.1M CuSO4 + 1M H2SO4 0.937 1.66 36.3 131 
0.15M CuSO~ + 1.5M H~SO~ 0.580 1.26 39.8 100 

Superimposed a.c. = 25 mA/cm~ r m s  

0.025M CuSO~ + 0.SM H~SO~ 2.53 11.0 54.1 362 
0.05M CuSO4 + 0.5M H~SO4 5.06 6.10 99.4 157 
0.1M CuSO~ + 1M H~SO~ 3.25 9.17 67.0 196 
0.15M CuSO~ + 1.5M H2SO* 4.49 7.81 85.0 165 

S u p e r i m p o s e d  a.c. = 50 mA/cm 2 r m s  

0.025M CuSO~ + 0.5M H2SO~ 1.84 16.9 36.1 564 
0.05M CuSO4 + 0.5M H2SO4 5.88 17.6 73.7 261 
0.1M CuSO~ + 1M H2SO4 6.69 16.0 77.8 209 
0.15M CuSO~ + 1.5M I-I~SO, 12.8 24.0 135 257 

22 0 22 
28 0 28 
39 0 39 
42 0 42 

10 -1.3 11.3 
24 - 9.0 33.0 
33 --2.0 35.0 
33 --2.2 35.2 

0 --114 11.4 
8 -- 25.0 33.0 

10 -- 23.3 33.3 
18 - -20 .0  38.0 

- 8 - 18.0 10.0 
4 - 2 9 . 5  33.5 

- -4  - 3 3 . 0  29.0 
4 --34.3 38.3 
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Fig. 7. Scanning electron micrographs of the Cu deposits after 
experiments at various cathodic d-c densities in 0.05M CuSO4 
0.5M H2SO4. The d-c and a-c densitiees (60 Hz) at which the ex- 
periments were performed are indicated on each picture. Mag- 
nification 280;<. 

change current  density, and 7 is a kinetic parameter.  
The capacitance cur ren t  may be expressed as 

d 
~,c = ~ (Cd,~,)  [9] 

where Cdl is the double layer  capacity which is a func-  
t ion of ~]s. Combining Eq. [8] and  [9] and  assuming 
that  a, 8, and 7 do not  change with the application of 
a.c., one has 

) i ---- /DC "F ip sin ~t = exp ~ ~ ~, ic c__., ( ,mF 
c| 

-- exp k - -  - - ~ -  as + ~ (CdmD [10] 

at 
t = 0, ~ls = llDC [11] 

where ~IDC is the d-c overpotential.  
The total overpotential  is equal  to the sum of the 

surface overpotential,  the concentrat ion overpotential ,  
and the ohmic overpotential  

= ~s + ~conc + ~ohm [12] 

R T  Cs 
~lconc -- - ~  In -- [13] 

c| 

~ohm = i, pl [14] 

where p is the specific resistance of the electrolyte and 
I is the distance between the reference capil lary and  
the working electrode. 

To determine the surface concentration, cs, one needs 
the convective diffusion equat ion for the mass t rans-  
port of ionic species 

'OC OC rO~C 
--- L = D ,- [15] 
,Ot Fvy OY OY 2 

The boundary  conditions are 

c (y, O) = c| 

c(oo, t) ---- c| [16] 

if(t)  - - D - - 0 c  (0, t )  = 
OY nF 
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Fig. 8. Effect of a-c frequency 
on the polarization curves at 25 
mA/cm 2 rms superimposed a.c. 
for Cu in 0.05M CuSO4 + 0.5M 
H2SO4. 
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Fig. 9. Polarization curves for 
Cu in 0.05M copper perchlorate 
+ 0.5M perchloric acid at 0 
and 25 mA/cm 2 rms superim- 
posed a.c. (60 Hz). Speed of ro- 
tation = 2500 rpm. 
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E AC 

- L 2 0  ~ 

I 
0 0.1 

Here c is the concentrat ion of the ionic species and c= 
is the bulk  concentration, y is the axial coordinate, D 
is the diffusion coefficient, vy is the velocity compo- 
nents  in  the y direction, if is the faradaic current  den-  
sity, n is the n u m b e r  of electrons transferred,  and F is 
the Faraday constant. The major  assumptions involved 
are that there is an excess of support ing electrolyte and 
uniform current  dis t r ibut ion on the electrode surface. 

The foregoing model has been solved numer ica l ly  
with a digital computer. The details of the solution pro- 
cedure are given in Ref. (27). The calculations were 
performed for the a-c modulat ion of a copper rotat ing 
disk electrode in  0.05M CuSO~ and 0.51Yl H2SO4. The 
polarization curve, i.e., d-c current  density vs. the d-c 
potential, was evaluated by feeding the inpu t  parame-  
ters, io, a, and ~ obtained from the exper imenta l  polar-  
ization curve without  a-c. A value of 0.4 was chosen 
for the kinetic parameter,  7, as suggested by Newman 
(30). An exper imental  value of the double layer  capac- 
i ty of 56 ~F/cm 2 was used for the calculation. This 
value was obtained by Bockris and co-worker  (8, 10) 
and was independent  of the electrode potential  for 
--200 mV < ~s < 200 mV. 

[ 1 
1.0 I0 I00 

DC DENSITY, mA/cm ~ 

Figure  10 shows the polarizat ion curves obtained 
from the theory at a superimposed a.c. of 25 m A / c m  2 
rms (60 Hz). The curves were plotted after the com- 
pensat ion for the ohmic potential  drop in the electro- 
lyte. For comparison, the exper imental  values without  
any superimposed a.c. and at 25 m A / c m  2 rms a.c. are 
also shown in  the figure. The theoretical curves clearly 
demonstrate  that  the a-c rectification is directly re-  
sponsible for (i) the shift in  rest potential  toward the 
negative direction, (ii) an increase in the exchange 
current  density, and (iii) an increase in both anodic 
and cathodic Tafel slopes. These results qual i ta t ively 
agree with the observed phenomena.  Since the mathe-  
matical  model assumes that real kinetic parameters,  
such as io, Pa, ~c, and ~ are not affected by the super im-  
position of a.c., the new exchange cur ren t  density and 
the Tafel slopes can be regarded as an apparent  prop- 
erty associated with the high ampli tude a-c rectifica- 
tion. 

Despite the similarit ies between the theoretical  and 
the exper imental  polarization curves, there is_a lack 
of quant i ta t ive  agreement.  The theory seems to over-  
predict the effect of a.c. The discrepancy can be at-  

Fig. 10. Theoretical and ex- 
perimental polarization curves 
for Cu RDE in 0.05M CuSO; + 
0.SM H2SO4 at 25 mA/cm 2 rms 
superimposed a.c. at 60 Hz. The _T 
experimental curve obtained ~_ 
without a.e. is shown by the z 
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t r ibu ted  to var ious  reasons, such as the roughening  of 
the  e lec t rode  surface dur ing  the expe r imen ta l  po la r -  
izat ion measurements ,  the fo rma t ion  of an oxide l aye r  
dur ing  the anodic dissolut ion runs, and the nonuni form 
cur ren t  d i s t r ibu t ion  on the disk electrode.  F u r t h e r  r e -  
sults ob ta ined  f rom the model  wilI  be publ i shed  in a 
l a t e r  report .  

Conclusions 
A s tudy  has been made  of the  effect of h igh ampl i -  

tude  s inusoidal  a.c. on the kinet ics  of  the copper  elec-  
t rode  in acidic sulfa te  solut ions using a ro ta t ing  d isk  
electrode.  I t  was found that  the  anodic exchange  cur -  
ren t  densi t ies  increased wi th  increas ing a-c  densi t ies  
un t i l  a cr i t ica l  va lue  of 50 m A / c m  2 rms was reached;  
thereaf ter ,  the  anodic exchange cur ren t  dens i ty  s ta r ted  
decreas ing w i th  fu r the r  increase  in a -c  densities.  The 
cathodic exchange  cur ren t  densi t ies  increased  wi th  in-  
creas ing a.c. The appa ren t  values  of the  Tafel  slopes 
increased wi th  a-c  superimposi t ion.  The rest  potent ia ls  
were  shif ted in the negat ive  d i rec t ion  unt i l  the cr i t ical  
a -c  dens i ty  and fu r the r  increase in a.c. shif ted the  res t  
potent ia l  back  toward  the noble  direction.  A m a t h e -  
mat ica l  model  has been proposed to predic t  the  phe-  
nomena  of the  high ampl i tude  a -c  rectification. The 
numer ica l  resul ts  showed the character is t ics  s imi lar  to 
those observed  in  the expe r imen ta l  polar iza t ion  m e a -  
surements .  
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LIST OF SYMBOLS 
c concentra t ion of the ionic species, m o l / m  ~ (mo l /  

cm 8) 
Cs surface concentra t ion of the ionic species, mo l /  

m 3 (mo l / cm 3) 
c~ bu lk  concentra t ion  of the  ionic species, mo l /  

m s (mo l / cm 8) 
Ca1 double  l aye r  capacitance,  F / m  2 ( F / c m  2) 
D diffusion coefficient of the  ionic species, m2/sec 

(cm2/sec) 
F F a r a d a y  constant ,  9.65 • 107 C/kg-equ iv .  

(96500 C/g  equiv.)  
i cu r ren t  density,  A / m  2 ( A / c m  2) 
io exchange  current  density,  A / m  2 ( A / c m  ~) 
ioa anodic exchange cur ren t  density,  A / m  2 ( A / c m  2) 
io~ cathodic exchange cur ren t  density,  A / m  2 ( A /  

cm 2 ) 
iAC AC density,  A / m  2 ( A / c m  2) 
i~ capaci tance cu r ren t  density,  A / m  2 ( A / c m  2) 
iDC d-c  densi ty,  A / m  2 ( A / c m  ~) 
if to ta l  fa rada ic  cur ren t  density,  A / m  2 ( A / c m  2) 
ifAc faradaic  por t ion  of iAC, A / m  2 ( A / c m  2) 
i ,  ampl i tude  of a -c  density,  A / m  2 ( A / c m  2) 
l d is tance be tween  the work ing  e lect rode and the 

reference  capi l la ry ,  m (cm) 
n number  of electrons t r ans fe r red  in the electrode 

reaction,  kg equiv . /mol  (g equ iv . /mol )  

R gas constant,  8.314 J / m o l  K (1.987 ca l /mol  K) 
t t ime, sec 
T absolute  t empera tu re ,  K 
y axia l  coordinate,  m (cm) 

Greek symbols 
anodic t r ans fe r  coefficient, d imensionless  
cathodic t ransfer  coefficient, d imensionless  

fla anodic Tafel  slope, V 
~c cathodic Tafel  slope, V 
~/ kinet ic  p a r a m e t e r  in  Eq. [8], dimensionless  

overpotent ia l ,  V 
~conc concentra t ion overpotent ia l ,  V 
~DC d-c  overpotent ia l ,  V 
~ohm ohmic overpotent ia l ,  V 
~ls surface  overpotent ia l ,  V 
v k inemat ic  viscosity, m2/sec (cm2/sec) 

specific resis tance of the e lectrolyte ,  ~ �9 m ( a  �9 
cm) 

CAC a-c  component  of the e lec t rode  potent ia l ,  V 
r d-c  component  of the  e lec t rode  potent ia l ,  V 
~equiL the rmodynamica l  equ i l ib r ium elec t rode  po ten-  

tial, V 
~brest res t  e lec t rode  potent ia l  when  iDC is zero, V 
Csh shift  in the rest  e lect rode potent ial ,  V 

a-c  frequency,  Hz ( r ad / sec )  
speed of rotat ion,  r ad / sec  
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Protection of Semiconductor Photoanodes with 
Photoelectrochemically Generated Polypyrrole Films 
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ABSTRACT 

Results  are  p resen ted  which  show tha t  pho toe lec t rochemica l ly  g e n e r a t e d  
po lypyr ro le  films pro tec t  semiconductor  photoanodes  (e.g., Cd chalcogenides,  
GaAs,  and Si ) ,  f rom degrada t ion  whi le  pe rmi t t i ng  e lec t ron  exchange  be tween  
t h e  semiconductor  and the e lectrolyte .  The pe r fo rmance  character is t ics  and  
s tab i l i ty  of such f i lm-covered photoelec t rodes  are  d i s c u s s e d .  

In an ear l ie r  b r ie f  communicat ion  (1), we descr ibed 
the  elect rochemical  genera t ion  of conduct ing p o l y p y r -  
role films on n -GaAs  and the character is t ics  of the  re-  
sul t ing photoanodes.  I t  was demons t ra ted  tha t  such 
po lymer  films inhibi t  pho todegrada t ion  of the semi-  
conductor,  p r e sumab ly  by  impeding  ion /so lvent  t r ans -  
port. Good photoanode per formance  character is t ics ,  
f rom an e lec t rochemical  solar  cell  s tandpoint ,  were  
also  observed,  as might  be expec ted  for films having 
high electronic conduct ivi ty .  For  po lypyr ro le  e lec t ro-  
deposi ted on meta l l ic  electrodes,  conduct ivi t ies  in the 
10-100 FL -1 cm -1 range  have been repor ted  (2). 

In  the  presen t  paper ,  detai ls  of our  ea r l i e r  work  and 
resul ts  obta ined  for o ther  semiconductor  mate r ia l s  are 
presented.  Emphasis  is on the s tabi l izat ion provided  by  
po lypyr ro le  films and the i r  effect on the photoanode 
per formance  characteris t ics .  The role of redox couples, 
both in the e lec t ro ly te  and incorpora ted  wi th in  the 
po lymer  matr ix ,  is also discussed. 

Experimental Details 
Unless o therwise  noted, po lypyr ro le  films were  elec-  

t rodeposi ted  f rom mechan ica l ly  s t i r red  acetoni t r i le  
solutions containing 0.SM pyr ro le  and 0.2M Et4NBF4 
(suppor t ing  e lec t ro ly te ) .  Based on a few exper iments ,  
comparab le  resul ts  were  obta ined  for films deposi ted 
f rom analogous methy lene  chlor ide electrolytes ,  and 
f rom aqueous H2SO~ solutions (p t I  1.5-1.9) containing 
0.2-0.5M pyrrole .  The countere lec t rode  was a 25 cm2 
P t  foil. Deposi t ion on Pt  e lectrodes was per formed  at 
a constant  potent ia l  of +0.85V vs. SCE (sa tura ted  
calomel  e lec t rode) .  Deposi t ion on n - t y p e  semiconduc-  
tors was pe r fo rmed  under  tungs ten-ha logen  i l l umina -  
t ion (100 m W / c m  2) at  constant  po ten t ia l  (0.45V vs. 
SCE for n -GaAs ,  0.2V for the Cd chalcogenides,  and 
0.4V for n -S i )  such tha t  the current ,  which remained  
p rac t i ca l ly  constant  except  for an ini t ia l  spike, was in 
the 2-3 m A / c m  2 range. Based on the charge passed 
(20 mC/cm2) ,  the film thickness used in the presen t  
work  was 50-100 monolayers .  Al l  e lectrode potent ia ls  
are  repor ted  vs. SCE and measurements  were  made 
wi th  IR  compensation.  I l lumina t ion  for  photoresponse 
studies was also provided  by  a tungs ten-ha logen  lamp. 
Addi t iona l  expe r imen ta l  detai ls  a re  given e lsewhere  
(1). 

Semiconductors  were  single crysta ls  (~0.2 cm 2) and 
were  pol ished using aqueous a lumina  s lurr ies  to 1 ~m 
par t ic le  size before mount ing  in RTV silicone rubbe r  
(M-Coat  C, M-Line  Accessories,  Romulus,  MI) .  Crys ta l  
or ienta t ions  were  pe rpend icu la r  to the  c-axis  for  CdS 
and CdSe, <111>  for CdTe, and <111>  or  <110>  
(comparab le  resul ts)  for GaAs. Ohmic contacts  were  
made by  s tandard  techniques. GaAs electrodes were  
etched in a 1:1 mix tu re  of concent ra ted  I-I2804 and 
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polymer films. 

30% H~O2 for about  15 see (unt i l  mat te  b lack  finish 
was obta ined)  pr ior  to use. Si e lectrodes were  e tched 
in 49% aqueous H F  solut ion for 10 ~ec. CdSe, CdTe, 
and  CdS electrodes were  etched in 4M I-I"NO~, concen- 
t ra ted  HNO3, and 6M HC1, respect ively.  CdSe and 
CdTe were  d ipped in a polyse lenide  solut ion af ter  
etching. 

Results and Discussion 
Elect rodeposi ted  po lypyr ro l e  films were  first p re -  

pa red  (on P t  e lectrodes)  by  Diaz et al. (2), who also 
inves t iga ted  thei r  e lec t r ica l  and e lec t rochemical  p rop -  
er t ies  (2-4).  They found that  films depos i ted  f rom a c e -  
t o n i t r i l e / t e t r a e t h y l a m m o n i u m  te t raf iuorobora te  elec-  
t ro lytes  a re  adheren t  (on meta l  e lectrodes)  and con- 
sist of po lymer ized  pyr ro le  units  plus BF4-  anions, 
typ ica l ly  in the rat io  of about  4:1 (2). The films are  
s table  in a i r  to at  least  250~ (3) and as electrodes in 
both aqueous and nonaqueous e lect rolytes  (2-4).  
Revers ib le  e lec t rochemical  ox ida t ion  of the film is 
ev ident  f rom cyclic v o l t a m m e t r y  and is associated wi th  
a t rans i t ion  f rom insula t ing  ( reduced  form)  to h ighly  
conduct ing (oxidized form) behavior  (4). This film 
redox process involves exchange of anions be tween  the 
film and the electrolyte ,  as evidenced by  the depen-  
dence of the redox potent ia l  on the na tu re  of the elec-  
t ro ly te  (4). Anodic  of the t rans i t ion  potent ia l  (about  
--0.2V vs. SCE in both aqueous and acetoni t r i le  solu-  
t ions) ,  po lypyr ro le  films exhib i t  e lec t rochemical  be -  
hav ior  s imi lar  to tha t  observed for P t  electrodes,  i.e., 
solut ion redox  react ions occur revers ibly .  Data  ob-  
ta ined  in our  l abo ra to ry  are  in genera l  ag reement  wi th  
these results,  except  tha t  the films appear  to s lowly 
decompose wi th  potent ia l  cycling in aqueous solutions 
(containing f e r ro - f e r r i cyan ide )  of pH > 13, long-  
t e rm s tab i l i ty  above pH 10 being quest ionable.  

Elec t roact ive  species can also be incorpora ted  in the 
film matr ix .  For  example ,  po lypyr ro l e  films containing 
Fe (CN)68.  are  produced f rom ace toni t r i le  e lect rolytes  
containing this anion ins tead of BF4- .  Cyclic vo l t am-  
mograms for a p o l y p y r r o l e - F e  (CN)63.  film (on Pt)  in 
an aqueous f e r ro - f e r r i cyan ide  solut ion are  shown in 
Fig. 1. Vo l t ammet ry  peaks  corresponding to the 
F e ( C N ) 6  ,~-/4- redox  reac t ion  are  evident  at  about  
0.2V. The l inear  dependence  of the  peak  heights  on 
sweep ra te  and the near  coincidence of the anodic and 
cathodic peak  potent ia ls  a re  character is t ic  of a sur -  
f ace -bound  redox  species. The vo l t ammet r i c  behavior  
depicted in Fig. 1 was unchanged  af te r  more  than 50 
cycles. Upon t ransfe r  of such e lect rodes  to solut ions 
not  conta ining e lec t roact ive  species, the  peaks  corre-  
sponding to the F e ( C N ) ~ 3 - / 4 -  react ion g radua l ly  dis-  
appear  as the redox  species is lost to the solution. 
Likewise,  the f e r ro - fe r r i cyan ide  react ion on p o l y p y r -  
role films deposi ted f rom solutions containing only 
BF4-  anions in i t ia l ly  exhibi ts  the revers ib i l i ty  char -  
acter is t ic  of P t  (some peak  separa t ion)  but  the anodic 
and cathodic peaks become more  coincidental  wi th  po-  
tent ia l  cycl ing in the f e r ro - fe r r i cyan ide  solution. 

2 5 9 6  
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, , I I 
POLYPYRROLE-HEXACYANOFERRATE FILM ON PT 
AQUEOUS Fe(CN)63-/4- 

--~ 1 5 0  p A  2 0 0  m V / \ / S / ~  

t < 5o 

I -  

I I I I I 
-1.5 -1.0 -0.5 0 0.5 

POTENTIAL (V vs SCE) 

Fig. 1. Cyclic voltammograms at various sweep rates for a poly. 
pyrrole-Fe(CN)6 3 -  film on Pt (,~,0,1 cm 2) in aqueous 0.1M 
Fe(CN)6 3 - / 4 -  solution (pH ,-,10). 

These results show that electroactive species can be 
incorporated within polypyrrole films and clearly 
demonstrate the mobili ty of anions in the polymer 
matrix. 

Photoanode stabil ization.--As discussed previously 
for n-GaAs (1), polypyrrole films stabilize semicon- 
ductor photoanodes against degradation while permit-  
ting electron exchange with the electrolyte. This is 
i l lustrated for n-GaAs in Fig. 2, n-CdSe in Fig. 3, and 
n-Si  in Fig. 4. In all cases, the short-circuit  photocur- 
rent for the unprotected (bare) semiconductor decays 
rapidly (within a few minutes),  presumably because 
of formation of an insoluble blocking surface layer of 
photodecomposition product, whereas that for the 
polypyrrole-coated photoanodes remains practically 
constant. Note that  polypyrrole films also afford n- 
GaAs electrodes protection from dissolution in aqueous 
electrolytes, although in this case stabilization is less 
obvious since the photodecomposition products are 
typically soluble (5). At longer times, the film gen- 
eral ly  peels from the semiconductor surface in taro and 
the photocurrent decays. This is evident in Fig. 4 for 
coated n-Si after about 3 min. However, in some cases 
the film remains intact for several days (Fig. 2) and 
charge equivalent to more than the total weight of the 
crystal is passed without significant weight loss or 
degradation of the surface (inspected after film re-  
moval) .  Roughening the semiconductor surface by 
abrasion prior to film deposition appears to improve 
the film adhesion. 
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Fig. 2. Short-circuit photocurrent vs. time for bare and polypyr- 
role-coated n-GaAs electrodes in methanol/O.2M Fe(CN)63- /4 - /  
0.1M Et4NBF4 solution. 
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Fig. 3. Short-circuit photocurrent vs. time for bare and polypyr- 
role-coated n-CdSe electrodes in aqueous 0.2M Fe(CN)64-/O.1M 
Fe(CN)68- solution (pH ,-,13). 

Peeling problems may be associated with the per-  
meabil i ty of polypyrrole films to solvent/solute 
species, since film stabili ty appears to depend on the 
nature of the redox couple and/or  pH of the electro- 
lyte and in certain instances semiconductor decomposi- 
tion underneath polypyrrole films is apparent. For 
example, polypyrrole-coated n-CdSe photoanodes are 
stabilized by Fe (CN) 68-/4- electrolytes (pH _-- 10-]3), 
but in Fe 3+/2+ perchlorate solutions (pH ---- 1), a red 
layer, presumably Se ~ forms within a few minutes 
under the polymer film (which appears to be intact).  
These and related observations with a variety of semi- 
conductor materials suggest that polypyrrole films are 
permeable to solvent/solute species, and that some 
photodecomposition may occur at the film-semicon- 
ductor interface, eventually causing the film to peel. 
The anion mobili ty discussed in the preceding section 
is in accord with this view. Insoluble decomposition 
products, e.g., hydroxides, Se ~ etc., may in some cases 
collect at the semiconductor-film interface and hinder 
or slow further degradation. 

The apparent  permeabil i ty  of polypyrrole films to 
solvent/solute species poses a serious question regard-  
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Fig. 4. Short-circuit photocurrent vs. time for bore and polypyr- 
role-coated n-Si in aqueous 0.2M Fe(CIO4)2/O.1M Fe(CI04)3/ 
0.1M HCI04 solution. 
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ing the long- te rm stabil i ty of solar conversion devices 
employing such films. However, it may be possible to 
c i rcumvent  this problem. For example, sufficiently 
large immobile anions or redox species included in 
the film dur ing electrodeposition would be expected to 
significantly reduce the film permeabil i ty.  Encourage- 
ment  for this approach is provided by the observed 
oxidat ion/reduct ion of the Fe (CN)63- /4 -  wi thin  the 
polypyrrole film matr ix  (see preceding section). Al-  
though the hexacyanoferrate  species was found to be 
mobile in  polypyrrole, there are many  larger organic 
redox species for which this should not be the case. For 
example, we have deposited conducting polypyrrole 
films on Pt  from acetonitrile/0.01M Cu(SPc) /0 .1M 
pyrrole, where SPc is the te t rasulfophthalocyanin 
tetraanion. The photoelectrochemical properties of 
such films are cur ren t ly  under  investigation. Other 
approaches are, of course, also possible, including the 
use of other conducting polymer films or a synergistic 
combinat ion of film and electrolyte redox couple to 
provide long- te rm photoanode stability. Along these 
lines, we have deposited polyani l ine films (6) on var i -  
ous semiconductors with results comparable to those 
obtained for polypyrrole. 

Output characteristics of coated photoanodes.--Poly- 
pyrrole films apparent ly  do not significantly affect the 
semiconductor energy levels impor tant  in photoelec- 
trochemical processes. Thus, for film-coated electrodes, 
the flatband potential  (VFB) determined by a-c im- 
pedance or from the photocurrent  onset, is practically 
unchanged, compared to the bare  electrode, and re- 
mains dependent  on the pH of the electrolyte. Also, 
except for the Cd chalcogenides and Si in acidic ferro- 
ferr icyanide solutions, where appreciable cathodic 
dark currents  are observed, the measured open-circui t  
photovoltages (Voc) are general ly  close to the expected 
values (VR - -  V F B ) ,  where VR is the electrolyte redox 
potential.  This is i l lustrated by the data in Table I, for 
which VFB values were determined from the photo- 
current  onset and may  not correspond to those mea-  
sured by a-c impedance in  all cases. The VR values, 
which were measured at a Pt  electrode, correspond 
well with the s tandard handbook E ~ values. Note that 
the Voc values for polymer-coated n-GaAs and n-CdTe 
in  ferro-ferr icyanide solution containing excess C N -  
are practically equivalent  to the bandgap of the re- 
spective semiconductors. The increase in Voo produced 
by excess C N -  can be accounted for by the observed 
negative shift in VEto but  i rreversible photooxidation 
of adsorbed C N -  (e.g., to C N O - )  may also play a role. 
Since the cell voltage rapidly goes to zero when the 
electrode i l luminat ion  is interrupted,  the effect of the 
lat ter  is probably  small. 

Table I. Measured and calculated open-circuit voltages (Voc) for 
various polypyrrole-coated photoanodes in aqueous solutions 

C a l c u -  
S e m i c o n -  E l e c -  VFB ( V  l a t e d  Voc M e a s u r e d  

d u c t o r  t r o l y t e  ~ vs. SCE) (VR - VFu) Vor 

n - G a A s  A - 0.5 1.0 0.95 
B - 0 . 5  0.8 0.6 
C - 1.1 1.3 1.2 
D -- 1.3 1.5 1.37 

n-CdTe A - 0.2 0.7 0.55 
B --  0.2 0.55 0.2 
C - 1.15 1.4 1.2 
D - 1.25 1.5 1,3 

n - C d S e  A - O.1 0.6 0.5 
B - 0.1 0 .45 O.1 
C - 0.8 1.0 0.9 
D - - 1 . 1  1.3 1.1 

n - C d S  A - 0.4 0.9 0.65 
B --  0.4 0 .75 0.3 
C --  0.8 1.0 0.9 
D - 1.3 1.5 1.25 

n -S l  A 0.0 0.5 0.4 

* Electrolyte A is 0.2M FeS+/0.1M Fe ~§ perchlorates (pH = 1, VR 
= 0.51V); electrolyte B is 0.2M Fe(CN)~4-/0.1M Fe(CN)~ e- (pH = 
1, VR = 0.35); electrolyte C is 0.2M Fe(CN)64-/0.1M Fe(CN)~ a- (pH 
= 13, Vs = 0.22); and electrolyte D is 0.2M Fe(CN)6~-/0.1M 
Fe(CN)~-/0.1M CN- (pH = 13, VR = 0.22V). 

The effect of the polymer film on the photocurrent  
was difficult to ascertain since results for films pro- 
duced under  ostensibly the same conditions were var i -  
able, probably  because of the difficulties associated 
with reproducing the substrate surface and film thick- 
ness. The lat ter  was assumed to be directly propor-  
t ional to the charge passed dur ing  deposition which 
may not be a valid assumption, especially since some 
semiconductor photodegradation undoubted ly  occurs 
as deposition is  initiated. In  some cases, the photocur- 
rents for the polymer-coated electrodes approached 
those for the bare semiconductor but  the behavior 
depicted in Fig. 5 was more typical. In  this case, the 
film is seen to reduce the photocurrent  by about 30%. 
This reduction could be due to light absorption within 
the film or enhanced charge carrier recombinat ion as- 
sociated with interface states formed at the semicon- 
ductor-film interface. As mentioned previously, the 
reduction in open-circui t  voltage (Fig. 5) is apparent ly  
due to cathodic dark current  introduced by the film, 
which suggests that  interface states may play a role. 
However, if such effects are not too pronounced, per- 
formance characteristics for polypyrrole-coated elec- 
trodes could approach those for the bare semiconduc- 
tor for sufficiently thin films. Of course, a compro- 
mise would be required between photoanode stabil i ty 
and performance. 

S u m m a r y  and  Conclusions 

The results presented here show that  electrodeposited 
polypyrrole films suppress photodegradation of semi- 
conductor photoanodes while permit t ing efficient elec- 
t ron exchange with the electrolyte. Performance char-  
acteristics a t ta inable  with such film-coated photoan- 
odes are typically comparable to those obtained for the 
bare electrode. Peeling is current ly  a problem which 
appears to be associated with permeabi l i ty  of the film 
to solvent/solute species. One promising approach for 
future  work is to incorporate immobile redox species 
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Fig. 5. Photoeurrent-voltage curve for bare and polypyrrote- 
coated n-CdSe in aqueous 0.2M Fe(CIO4)JO.OSM Fe(CIO4)3/O.1M 
HCI04 solution. 
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in  the film to reduce permeabi l i ty  to electrolyte sol- 
vent /so lu te  species. 
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Technical Notes 

Properties of Borosilicate Glass Capillaries Used in 
Computer-Controlled Electrocapillary Measurements by 

the Maximum Bubble Pressure Method 
Takashi Kakiuchi 1 and David M. Mohilner* 

Department of Chemistry, Colorado State University, Fort  Co~ns, Colorado 80523 

In  our  previous studies of organic electrosorption 
(1, 2) in which the electrocapil lary curves were mea-  
sured by a computer-control led  capi l lary electrometer  
(3,4) the precision of the measurements  was ___0.1 
mNm -1 and we were of the opinion that  a single cali- 
bra t ion of the m a x i m u m  bubble  pressure (MBP) 
capil lary would remain  valid over a period of m a n y  
months.  Recently, in  prepara t ion  for a new study on 
the effect of t empera ture  on organic electrosorption, 
because of the low tempera ture  coefficient of in te r -  
facial tension, we improved the in s t rumen t  (5) so that  
the 95% confidence limits of a triplicate measurement  
are now --+0.02 mNm -1. We decided it would be wise, 
with this greatly improved precision, to test whether ,  
in fact, the presumpt ion  that  a capil lary cal ibrat ion 
remains  valid over an extended period of t ime real ly  
is justified. We therefore moni tored two MBP capil- 
laries, one over a period of 41/2 months,  the other over 
a period of 8~/2 months,  with almost dai ly calibrations. 
The surpr is ing result  of this s tudy was that, in  fact, 
the radius of both capillaries increased approximate ly  
l inear ly  with t ime and that  this increase is significant 
for accurate electrocapil lary measurements .  The pu r -  
poses of this note are to report  the results of t h e s e  
measurements  and also to give what  we have found 
to be the best method of prepara t ion  of rel iable  MBP 
capillaries. 

Preparation of MBP Capillaries 
The method of prepar ing MBP capillaries which we 

report  here has been developed empir ical ly  over a 
period of several years. It  is the method which we 

* Electz-ochemical Society Active Member. 
1Permanent address: Department of Agricultural Chemistry, 

Kyoto University, Kyoto, Japan. 
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sure. 

have found yields the most rel iable capillaries. T h e  
capillaries are drawn from 0.5 m m  borosilicate capil-  
la ry  tubing. A 15 cm length of this capil lary tub ing  
is first but-sealed to a 15 cm length of ~/4-in. OD boro-  
silicate glass tubing.  (~/4 in. OD tubing is employed be-  
cause we use Teflon Swagelok unions to connect the 
capil lary to the mercury  reservoir.)  The glass is then 
soaked in ethanol saturated with KOH for 5 hr to re-  
move any traces of greasy material .  Then it is r insed 
in distilled water  and soaked for 5 hr  in  a mix ture  of 
concentrated sulfuric and ni tr ic  acids, r insed with 
distilled water, and dried in the oven at 130~ After 
this precleaning the glass is immersed in an aqueous 
solution of 5% HF and 30% HNO~ for 5 min. This 
mixture  is s imilar  to the one recommended by Crawley 
(6) as a universal  glass cleaning reagent.  The HF 
etches a thin layer  of glass from the capil lary wall  s o  
that the new surface formed is less dependent  on its 
history. The capil lary is then r insed thoroughly with 
triple distilled water  and dried in  the oven at 130~ 
Then the capil lary is d rawn using a fairly cool gas- 
oxygen flame and examined with a Bausch and Lomb 
stereozoom microscope at 120• to see if its radius is 
approximately correct. A correct radius is approxi-  
mately  7.0 ~m. If the radius is correct the capil lary is 
ben t  into a "U" shape. [For a photograph of an  MBP 
capil lary see Fig. 2, Ref. (3).] To be correct the n a r -  
rowest portion of the capil lary must  be several mil l i -  
meters long and be gent ly  tapering. The cap i l l a ry  is 
then cut where narrowest  wi th  a silicon carbide knife  
and annealed at 550~ for 2 hr to remove s t rain around 
the bend. 

The capillary bore is next  dewetted. This is ab-  
solutely necessary because if solution penetrates  be-  
tween the glass wall  and the mercury  the effective 
radius will change with electrode potent ia l  due to t h e  
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interact ion of the electrical double layers on the mer-  
cury and on the glass. The glass surface is always 
negat ively charged (7) whereas the charge on the 
mercury  varies f rom negat ive to positive. The in te r -  
action be tween the two double layers (8) can produce 
appreciable hydrostatic pressure when the mercury  is 
negat ively charged causing a decrease in  the effective 
radius. Water  vapor from a beaker  of water  at room 
temperature  is first d rawn through the capil lary for 2 
hr  using an aspirator in order to ensure tha t  the glass 
surface has a sufficient densi ty of OH groups. The 
bore of the capil lary is then dewetted wi th  freshly 
distilled l iquid t r imethylchlorosi lane and r insed wi th  
chloroform. We had original ly dewetted our  MBP 
capillaries (1) with dimethyldichlorosi lane which had 
been recommended by Payne  (9), but  careful check- 
ing with our improved capi l lary electrometer  has 
shown that  the radius of the capillaries dewetted wi th  
this compound exhibit  a shor t - te rm instabi l i ty  which 
is probably  due to the formation of polymethyls i lox-  
ane produced from the excess water  which is always 
inside the capillary. Evident ly  pieces of this po lymer  
can move to the capil lary orifice causing the effective 
radius to become narrower.  There is no possibility of 
polymer formation with t r imethylchlorosi lane and the 
hexamethyls i loxane which does form with the excess 
water  is easily washed out with the chloroform. 

After  the capil lary has been dewetted it  is filled 
with mercury,  placed in an electrolyte solution, and 
its potent ia l  adjusted to that  of the electrocapiUary 
maximum.  Then it is pressurized to determine what  
pressure will  push the mercury  to the orifice. If the 
pressure is correct (about 80 cm mercury)  the tip 
is recut  removing only about 1 m m  of glass, because 
the end of the capil lary must  be wet by  the solution 
in order to get a correct MBP measurement .  

MBP Capil lary Calibration Over an Extended Period of 
Time 

The calibrations of the MBP capillaries were all 
based on the sessile drop measurements  of mercury  
in an aqueous 0.05M Na2SO4 solution at 25~ re-  
ported in 1961 by Smolders and Duyvis (10) which 
is the most accurate absolute de terminat ion  of the in -  
terfacial tension of a mercury  electrode available. Their  
reported va lue  of the interracial  tension at the electro- 
capil lary m a x i m u m  is 426.2 • 0.2 m N m  -1. The refer-  
ence electrode employed when cal ibrat ing in this 
solution was a glass sodium ion electrode (Orion 94- 
l l A ) .  However we found (5) that actually this refer-  
ence electrode is not stable enough for use with our  
new level of precision and the very stable two phase 
lead amalgam-lead  sulfate electrode (11) is incon-  
venient  to use in calibration. Therefore we have 
adopted a secondary standard, 0.1M NaC1, b y  cal ibrat-  
ing a capil lary wi th  0.05M Na2SO4 and de te rmin ing  
the interfaciaI tension at the electrocapillary maxi -  
mum at 25~ The value of the interfacial  tension at 
the electrocapillary max imum in 0.1M NaC1 at 25~ is 
425.78 • 0.02 m N m - L  The reference  electrode used 
when cal ibrat ing in 0.1M NaC1 is the Ag/AgC1 e l ec -  
trode of the thermal  electrolyte type (12). 

Figures 1 and 2 are plots of the measured radius of 
the two capillaries (A and B, respectively) vs.  the date 
of calibration. In  the case of capi l lary A (Fig. 1), i t  
was calibrated near ly  daily vs. 0.05M Na2SO4 for a 
period of 3 months. Then the capil lary was stored 
in tr iple distilled water  for 51/2 months. F ina l ly  it was 
calibrated five more times vs.  0.1M NaC1. Note that  
these last calibrations fall on the least squares s traight  
line established for the cal ibrat ion vs. 0.05M Na2SO4. 
Capil lary B (Fig. 2) was calibrated only vs. 0.1M NaC1 
for a period of 4i/~ months. 

The fact that  the radius of capi l lary A cont inued to 
increase at a constant  rate when it was stored in  tr iple 
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Fig. 1. Calibration of capillary A. Points to left were calibrated 
with 0.05M Na2SO4. Points to right were calibrated with 0.1M 
NaCI. During period between the two sets of points the capillary 
was immersed in triple distilled water. 
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Fig. 2. Calibration of capillary B. Calibration was made using 
0.IM NaCI. Points marked with X indicate when capillary was 
inadvertently dried for 15 rain. 

distilled water  for 51/2 months  suggests that  the glass is 
swelling by  absorption of water  molecules at the 
capil lary tip. This Phenomenon is s imilar  to the swell-  
ing of a piece of macaroni  on cooking, and therefore 
we have decided to refer to the phenomenon  as the 
"macaroni  effect." 

The fact that  the slopes of the least squares cali- 
bra t ion lines for the two capillaries are different is 
probably due to the fact that  the wal l  thicknesses of 
the two capillaries were different. For  capil lary A 
the rate of increase of radius was 0.0016 ~m day -1. For  
capil lary B the rate was 0.0028 ~m day-1.  For example,  
this means that for capil lary A, if the true value of 
tt~e interracial  tension is 425.78 m N m  -1, and if the 
ini t ia l  radius was 7.13 ~m, the apparent  interfacial  
tension calculated on the assumption of an unchanged 
capil lary radius would be --0.67 mNm -1 in error  in  
one week. Since the exper imenta l  error  in  our mea-  
surements  (5) is only • mN m -1 this would con- 
sti tute an unacceptable error. In  the case of capil lary 
B if the ini t ia l  radius was 7.33 #m, the error in  one 
week would be --1.1 m N m  -1. Thus one sees that  as- 
suming the capil lary radius remains  constant  for only  
a week can result  in  errors in  the interracial  tension 
which are 30 to 50 times larger  than the 95% con- 
fidence limits of the measurement .  Moreover occa- 
sionally for reasons which are not  real ly  clear, a cali- 
bra t ion can exhibi t  an excursion which might  be as 
large as the straight l ine produced in two months  (cf. 
Fig. 2). (It is possible that these excursions might  be 
due to movement  of mercuric  oxide, which is un -  
avoidable, to the orifice.) The one large excursion in 
Fig. 2 marked X was due to the fact that  the capi l lary 
was inadver ten t ly  dried for 15 min. Note, however,  
that  after this drying the cal ibrat ion did eventua l ly  
re tu rn  to the straight line. We take this phenomenon  
as fur ther  proof that what  is happening  is the swell-  
ing of the glass. 

These measurements  make it clear that  the only 
safe procedure is to calibrate the MBP capil lary daily. 
We have adopted daily cal ibrat ion as our  s tandard 



Vol. 128, No. 12 B O R O S I L I C A T E  G L A S S  C A P I L L A R I E S  2601 

procedure  and we s t rong ly  r ecommend  this. Ac tua l ly  
a ca l ibra t ion  only requi res  about  11/2 h r  inc luding  t ime 
for r ins ing the cell  and  deaera t ion .  We ca l ibra te  by  
measur ing  in t r ip l ica te  the m a x i m u m  bubble  pressure  
at  on ly  11 points  in the v ic in i ty  of the e lec t rocapi l -  
l a ry  max imum.  We de t e rmine  by  digi ta l  computer  the 
in te r rac ia l  tension at  the  m a x i m u m  by  means  of a 
l e a s t  s q u a r e s  cubic fit to the average  pressures .  
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Photovoltage Response to Temperature Change 
at Oxide Semiconductor Electrodes 

Benjamin Reichman *'1 
Christopher Newport College, Newport News, Virginia 23606 

and Charles E. Byvik 
NASA Langley Research Center, Hampton, Virginia 23665 

One of the  most  impor t an t  pa rame te r s  in de te rmin ing  
the energy  convers ion efficiency of a semiconductor  
photoe lec t rode  used in a photoelec t rochemical  cell is 
i ts  f la tband potent ia l  (FBP) .  The more  negat ive  the 
f la tband poten t ia l  wi th  respect  to hydrogen  for an n-  
type  semiconductor  used to photoelect rolyze  water ,  the 
h igher  the  ene rgy  conversion efficiency. The flat- 
band  potent ia l  of a h igh ly  doped n - t y p e  semiconductor  
e lect rode is de t e rmined  by  the e lec t ron affinity (EA) 
of the e lec t rode  ma te r i a l  and the vol tage  drop across 
the Helmhol tz  l aye r  (1, 2). The EA is a bu lk  p a r a m e t e r  
of the  semiconductor  ma te r i a l  and can be changed 
only by  modi fy ing  the bu lk  composition. The potent ia l  
drop  across the  Helmhol tz  l ayer  is dependent  on the 
s ta te  of the e lec t rode  surface and on the solut ion 
used. The Helmhol tz  l aye r  potent ia l  drop is de te r -  
mined  by  the point  of zero zeta po ten t ia l  (pzzp) (1, 2) 
of the  semiconductor  surface. Measurements  of the  
pzzp for  some n - t y p e  semiconduct ing mate r i a l s  have 
been repor ted  by  But le r  et al. (2). These measu re -  
ments  were  made  ma in ly  on oxide semiconductor  m a -  
te r ia l s  in powder  form and corre la t ion  be tween  the 
pzzp and the e lec t ronega t iv i ty  was suggested. They 
also discuss the  effect of t empe ra tu r e  on the  f la tband 
potent ia l  of oxide electrodes (3). 

We wish to r epor t  the resul ts  of a s tudy of the  effect 
of cell t e m p e r a t u r e  on the onset  potent ia l  of some 
n - t y p e  oxide  semiconductor  electrodes.  We show tha t  
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the change of the onset  potent ia l  wi th  t empe ra tu r e  is 
due to the  potent ia l  change across the Helmhol tz  layer .  
The amount  of this change depends  on the pzzp of the 
semiconductor  electrode.  The pzzp of some n - t y p e  
semiconduct ing oxide electrodes was de te rmined  based 
on these t empe ra tu r e  measurements ,  and was found to 
be in genera l  agreement  wi th  the values  given else-  
where  (2). This technique can be used to de t e rmine  the 
pzzp of semiconductor  electrodes.  

Experimental 
Single  crysta ls  of TiO~ ( ru t i l e ) ,  SrTiOs, and  ~-Fe20~ 

and po lycrys ta l l ine  WO3 were  used as electrodes.  The 
first two single crys ta l  e lectrodes were  etched in hot  
5% phosphoric  acid, and  the th i rd  was e tched wi th  6M 
HC1. The po lycrys ta l l ine  WO~ was formed by  hea t ing  
a tungsten disk to 5O0~ in air. Ohmic contacts  to the 
single crys ta l  e lectrodes were  formed wi th  I n - H g  al loy 
and a wire  was a t tached using si lver  paste. The wire  
was inser ted  through a glass tube, and the unexposed 
surface covered wi th  epoxy. The onset potent ial ,  which  
is r e la ted  to the f la tband potent ial ,  was taken  from the 
pho tocur ren t -vo l t age  recordings  using a convent ional  
th ree -e lec t rode  system. The l ight  f rom a 150W xenon 
lamp was chopped and the pho tocur ren t  recorded using 
a lock- in  amplifier.  The cell was  held  inside a s t i r red  
and hea ted  wa te r  bath.  A revers ib le  hydrogen  e lect rode 
(RHE) was used as a reference  e lect rode for most of 
the exper iments .  In  some exper iments  conducted in 
basic solutions, an Hg/HgO electrode was used as a re f -  
erence e lect rode for comparison.  Solutions of NaOH 
(pH ---: 18) and H2SO4 (pH ~ 2) were  used. 
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Results and Discussion 
Several  changes in the photocurrent-vol tage curves 

were noted on increasing the temperature  of a photo- 
electrochemical cell where TiO2, SrTiO3, Fe20~, or WO8 
were used as photoanodes. These changes are demon-  
strated for the case of SrTiOs as an example in Fig. 1. 
Generally,  with increasing cell temperature,  (i) the 
onset potential  for the photocurrent  (which is related 
to the FBP) is shifted to more positive potentials, ( i i )  
the ini t ia l  slope of the current-vol tage curve increases, 
and ( i i i )  the saturat ion photocurrent  increases. These 
effects, for SrTiO3, give rise to an overall increase in 
the solar- to-chemical  energy conversion efficiency up 
to cell temperatures  of about 80~ then efficiency 
decreases. These general  trends exist up to 150~ and 
are discussed elsewhere (4). Here, the Change in the 
onset potential  with cell temperature  is studied in more 
detail. In  Fig. 2, the change in the onset potential  of 
the photocurrent  is shown for several n - type  oxide 
semiconductor electrodes as a function of temperature.  
A l inear change of the onset potential  (with respect 
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Fig. I. Typical photocurrent-voltage curves for an SrTiO3-based 
photoehctrolysis cell in O.1M NaOH for temperatures ranging from 
room temperature to 150~ 
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to the reversible hydrogen electrode RHE) is observed 
in all the cases. The slope of the change is different 
from electrode to elctrode, the highest slopes observed 
for Fe208 and SrTiO3, and the lowest for WO3. These 
measurements  were repeated with solutions of differ- 
ent pH, and in  Fig. 2 it can be seen that  the slope of 
the onset potential  vs .  temperature  is about the same 
for each electrode with solutions of either pH = 13 or 
p H =  2. 

The FBP of the semiconductor electrode with respect 
to a reference electrode can be described by Eq. [1] 

VFB : E A  --  AFC -- ApH -- Eo [I] 

where E A  is the electron affinity of the semiconductor 
(in volts), AFC is the potential  difference between the 
conduction bandedge and the Fermi  level of the semi- 
conductor, ApH is the voltage drop across the Helmholtz 
layer, and Eo is the potential  of the reference elec- 
trode with respect to vacuum. In  principle, the tem- 
perature change can affect the FBP (VFB) with respect 
to a reference electrode by changing hFC, the Helm- 
holtz layer (a~H), and the potential  of the reference 
electrode with respect to vacuum (Eo). The potential  
difference between the conduction band and the Fermi 
level for a nondegenera te ly  doped n- type  semicon- 
ductor is 

R T  n 
AFC = In  [2] 

F N c  

where n is the free carrier density, Nc is the density of 
states in the conduction band, and F is Faraday 's  con- 
stant. 

The voltage drop across the Helmholtz layer at oxide 
semiconductor surfaces can be wr i t ten  as (2) 

2 . 3 R T  [H + ] 2.3RT 
A p H  : ~ log -- - -  (pH -- pHpzzp) 

F [ H  + ]pzzp F 
[3] 

where pHpzzp is the pH of the solution at which the 
voltage drop across the Helmholtz layer  is zero. When 
inserted into Eq. [1], one gets 

R T  n 2 . 3 R T  
V F B  - -  E A  --  - -  in  - -  (pH -- pHpzzp) -- Eo 

F N c  F 
[4] 

Equat ion [4] shows the explicit  dependence of the 
FBP on the potential  drop in the Helmholtz layer  as 
well as the we l l -known dependence of the FBP on 
the pH of the solution. The dependence of VFB on the 
temperature  is also expressed here. If a reference elec- 
trode which is reversible to hydrogen ions is chosen 
(e .g . ,  H2/H + or Hg/HgO),  the FBP with respect to this 
electrode will  in  principle be independent  of the pH 
since 

2.3RT 
Eo -- 4.5V -- ~ .  pH 

F 
Then 

~VFB 2 .3R R n 
- -  -- - -  pHpzzp -- - -  in  - -  [5] 

5T F F Nr 

This resulting equation predicts that the FBP of an 
oxide semiconductor electrode will shift linearly with 
increasing temperature to a more positive potential 
with a slope which is independent of the pH of the so- 
lution and which is determined by the magnitude of 
the pHpzzp. The more basic the electrode surface, the 
higher the pHpzzp, resulting in a larger change in the 
FBP with cell temperature. The dependence of the 
onset potential with temperature for the electrodes 
studied is shown in Fig. 2. It should be noted that the 
dependence is linear and the slopes are positive as in- 
dicated by Eq. [5]. The pHpzzp for each electrode was 
determined using Eq. [5] and the slopes of these curves 
for pH : 2 and pH : 13 solutions, and are given in 
Table I. Also given in Table I are the carrier concen~ 
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Table I. Comparison of the pHpzzp determined for two-solution pH values with values cited in the 
literature for the oxide semiconductor electrodes. The semiconductor parameters used in Eq. [5] are 

also listed. The carrier concentrations were determined from Mott-Schottky plots. The slopes, are taken from Fig. 2 

VF~ VS. RHE Slope pHp~,p pHp,,p 
Electrode pH (25~ (25~ (mV/deg)  n (cm -~) Ne (cm -~) pHpzzr (average) ( l i tera ture)  

Fe~[:)3 2 +0.5 2.9 5,1 x 10~ 2.4 x 10 ~ 9.8 9,3 8.6 
13 + 0.4 2.7 8.8 

SrTiO3 2 -0 .18  2.25 3.2 x I ~  1 6.8 x 10 ~g 8.9 9.3 8.6 
13 -0.24 2.4 9.7 

TiO2 2 +0.11 1.15 6.2 x 10~3 3.0 x 10 = 4.1 5.0 5.8 
13 --0.07 1.5 5.8 

WOs 2 +0.53 0.1 7.6 x 10 a' 9.8 x 1~ s 0.5 0.5 0.43 

t ra t ions  and dens i ty  of s ta tes  for  each of the semicon-  
ductor  mate r i a l s  which  were  used to de te rmine  the 
magn i tude  of the  second te rm on the r i gh t -hand  side 
of Eq. [5]. The average  va lue  for the  pHpz~p of each 
e lec t rode  is shown in Fig. 3. I t  should  be noted tha t  
the  tungs ten  t r ioxide  sample  is degenera te ly  doped 
and therefore  the  second t e r m  on the r i gh t -hand  side 
of Eq. [5] is zero. Also shown in Table  I and Fig. 3 a re  
pHpzzp values  for  these semiconductor  mate r i a l s  t aken  
f rom the l i te ra ture .  The curve  d r a w n  in Fig. 3 is t aken  
f rom Ref. (2). Good ag reemen t  is observed  be tween  
the values  ob ta ined  in this work  and the values  t aken  
f rom the l i te ra ture .  Since Eq. [5] p rope r ly  describes 
the  observed  behav ior  of the  onset  po ten t ia l  of  the  
oxide  semiconductors  r epor ted  here,  the changes in 
the  F B P  wi th  t e m p e r a t u r e  are  a t t r i bu ted  to t he rma l  
effects on the  potent ia l  across the  Helmhol tz  layer .  
The rma l - i nduced  changes in the  pzzp [see Ref. (5)] ,  
EA, Eo, and AFC [see Ref. (3)]  for  TiO2 are  of smal le r  
significance than  found in this study.  The smal l  d i f -  
ference in the  pHp=p measured  at  different  pH values  
(see Table  I )  may  be due to the devia t ion  f rom the 
idea l  59 m V / p H  dependence  at  298 K of the  f ia tband 
potent ial .  

I t  is in te res t ing  to note  tha t  in  t e rms  of the cor re la -  
t ion suggested b y  But le r  and Gin ley  (2) be tween  the 
e lec t ronega t iv i ty  of the semiconductor  and  the pHpzzp, 
the pHpzzp of Fe203 is expected to be  more  acidic than  
found. However ,  the  va lue  ob ta ined  by  us for this  ma-  
te r ia l  is closer to tha t  of SrTiO3 as is observed  also by  
others  f rom measurements  wi th  the powder  mater ia ls .  
The  t r end  in  the slopes (hence the  pHp~p) observed  
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Fig. 3. Comparison of the literature values of the pHpzzp with 
values determined in this work as a function of electronegativity. 
The line is taken from Ref. (2). 

with  the o ther  mate r i a l s  a re  as pred ic ted  f rom the 
corre la t ion  of the  pHpzzp wi th  the  e lec t ronega t iv i ty  (2) 
of the  semiconductor :  smal les t  for WO8 and highest  for  
SrTiOm 

This conclusion leads  to two impor t an t  considerat ions  
for choosing semiconduct ing ma te r i a l s  to be  used as 
photoelect rodes  in a photoeldct rochemical  cell. Firs t ,  
the  FBP  of the photoelec t rode  is dependent  on the EA 
of the e lect rode ma te r i a l  and on the potent ia l  across 
the Helmhol tz  layer .  The FBP  is more  negat ive  the 
smal le r  the EA and the more  acidic the  e lec t rode  sur -  
face ( smal le r  pHp=p). Whi le  the  EA of the  e lec t rode  
mate r i a l  cannot  in pr incip le  be changed,  the  pHpzzp can 
be changed (6). I t  was sugges ted  (6) tha t  b y  b ind ing  
more  acidic groups to the  surface of TiO2, for example ,  
the FBP  could be shif ted to more  negat ive  values.  The  
method  we descr ibe here  can be used to eva lua te  in a 
r e l a t ive ly  easy w a y  any  change in the  ac id i ty  of the  
e lec t rode  surface fol lowing t rea tment .  (The common 
methods  of eva lua t ing  the pHp~zp of the mate r ia l s  in 
the powder  form wil l  not  be  appl icab le  here.)  

Second, we discussed the poss ibi l i ty  of increas ing the 
so l a r - to -chemica l  energy  conversion efficiency of a 
photoelec t rochemical  cell  by  increas ing the cell  t em-  
pe ra tu re  (4). Fo r  SrTiO8 and TiO2, the pho tocur ren t  
increases by  increas ing the cell  t e m p e r a t u r e  and the 
overa l l  efficiency begins to increase. At  cell  t e m p e r a -  
tures  h igher  than  about  80~ the efficiency begins to 
decrease because  the onset  potent ia l  for these mate r i a l s  
has shif ted to more posi t ive values.  

Our  s tudy suggests tha t  by  decreas ing the va lue  of 
the  pHpzzp (e.g., b y  b ind ing  acidic groups to the  sur -  
face) ,  the amount  of the t he rma l ly  induced shift  in the  
onset  potent ia l  of the photoelect rodes  m a y  be reduced,  
thus improving  the efficiency of the photoe lec t rochem-  
ical  cell  by  increas ing the t empera tu re .  
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing 
in the Journa~ oS The Electroche~nicaL Society, Vol. 127, No. 12, 
December 1980, and Vol. 128, No. 1, 2, 3, and 4, January,  February,  
March, and April 1991. 

Electrochemical Aspects of the Cadmium 
Impregnation Process 

T. Palanisamy, Y. K. Kao, D. Fritts, and J. T. Maloy 
(pp. 2535-2544, Vol. 127, No. 12) 

R. Barnard and F. L. Tye: 1 The authors are to be 
commenctect on a general ly  interest ing and useful  
paper. However, their preference for oxidation of hy-  
drogen adsorbed by nickel ra ther  than discharge  of 
nickel cadmium alloy as the more l ikely cause of the 
"stepped discharge" profile is surprising. 

In an earl ier  paper  Barnard  et al. 2 checked whether  
hydrogen adsorption by the nickel  sinter could ac- 
count for the secondary step. The results showed 
clearly that  hydrogen adsorption was far too small  to 
account for the instances of large stepped-discharge 
profiles. Concerning the findings by Frit ts  et al. de- 
picted in their Fig. 11, it  is agreed that  the increased 
hydrogen adsorption takes place as the cathodic poten-  
tial is increased, but  under  equivalent  conditions the 
contr ibut ion by Ni~Cd21 is much greater. The region 
studied by Frit ts  et al. (--1.1 to --0.7V SCE) is always 
complicated by  the overlap of hydrogen oxidation, 
nickel cadmium alloy Oxidation, as well  as nickel  hy-  
droxide formation. Studies concerning bulk 'y-Ni~Cd21 
confirm the thin film behavior and indicate that the 
discharge involves the near stoichiometric formation 
of both Ni(OH)2 and Cd (OH)~. Hydrogen adsorption 
by this a11oy also contributes a negligible discharge 
capacity. 

T. Palanisamy,  8 Y. K. Kao, 4 D. Fritts, 5 and J. T. 
Maloy: 8 We appreciate the interest  by  Barnard  and Tye 
in our paper. 

Since our  main  interests were in the impregnat ion  
process and the qual i ty  of the cadmium electrodes pre-  
pared according to our  new suggestions, we have not  
gone into the details of "stepped discharge" profile. 
But we have concentrated in br inging  out the impl i -  
cations of our results and their relevance to the cad- 
mium electrode in actual  use. 

The results in Fig. 11 of our paper, as agreed by 
Barnard et al., t ranslate  into stepped discharge be-  
havior in Ni-Cd batteries. We concede, as indicated 
in our original text, that other factors such as ex-  
cessive carbonation of the electrolyte and the forma-  
tion of alloys like NisCd21 can lead to similar discharge 
curves. However, conditions that  promote one or more 
of the above contributions can be identified. One 
would expect NisCd21 alloy to be formed from ra ther  
reactive Ni metal  produced by  reduct ion of Ni(OH)2 
either formed by corrosion of the Ni s inter  or by  
deliberate addition as in the reference of Barnard  
et al. 2 Higher depths of discharge of the negative 
electrode (compare the potentials for the reaction 

1Berec Group Limited, Group Technical Cen,tre, Tottenham, 
London, England N15 3TJ. 

R. Barnard, K. Edmondson, J. A. Lee, and F. L. Tye, J. Appl. 
Electrochem., 6, 107 (1976). 

3 University of Dayton Research Insti tute,  Dayton, Ohio 45469. 
4 Department  of Chemical and Nuclear Engineering,  Universi ty 

of Cincinnati, Cincinnati, Ohio 45221. 
U.S. Air Force Aeropropulsion Laboratory, Wright-Patterson 

AFB, Ohio 45433. 
8Department  os Chemistry, Seton Hall University, South Or- 

ange, New Jersey 07079. 

M(OH)2 ~ 2e ~ M q- 2 O H -  where M : Ni, Cd) 
will tend to increase the amount  of Ni(OH)2 and 
thereby Ni~Cd21 on subsequent  charge/overcharge.  

The contr ibut ion of the oxidation of absorbed hy-  
drogen to the stepped discharge curve is expected to 
be predominant  in situations favorable for the evolu-  
tion of hydrogen. When the nickel  substrate is not  
completely covered with active cadmium material  (as 
in the microelectrode work shown in  our  figure), the 
accidental formation of NisCd21 is stoichiometrically 
l imited by the available cadmium and hydrogen evolu-  
tion on nickel would be the predominant  reaction 
during overcharge. Thus, in those cases when the 
loading of active cadmium mater ia l  per void volume 
is low, the contr ibut ion of the oxidation of absorbed 
hydrogen to the stepped discharge curve is expected 
to be high. 

Clearly the stepped discharge behavior  arises from a 
combinat ion of factors as suggested in  our  paper  and 
they are all  impor tant  depending on the cycling re-  
gime, loading level, overcharge conditions, and depth 
of discharge, to ment ion  a few. 

Effect of Plating Parameters on Electrodeposition 
of NiFe 

J. Horkans (pp. 45-49, Vol. 128, No. 1) 

A. H. Du Rose: 7 In this paper and in the preceding 
1979 paper [Ref. (8) in the paper under discussion], 
the author presents not only information on NiFe 
deposition but interesting data on hydrogen evolution. 

The author evidently does not believe boric acid 
acts as a buffer in Ni or NiFe solutions so possibly 
the word "folklore" should have been used instead of 
"lore" (p. 45). Actually Table II shows two cases in 
which boric acid has prevented burned deposits at 
higher current density by preventing alkalization 
when {i is approached. "As a guide," is values for hy- 
drogen, determined from the 1979 paper, may be used; 
2.8 mAcm -2 for solutions 1 and 2, 0.8 for 3 and 4, 28 
for 5 and 6, and 8 mAcm -2 for solutions 7 and 8. Un- 
fortunately the current densities for solutions at pH 
2 in both papers were not carried to the limiting 
current density. 

The author expects (p. 48) a buffer to decrease the 
efficiency and also lead to less anomalous deposition. 
However, the effect on efficiency would depend on the 
effective pK of the buffer and the current density or 
cathode film pH. Results in Table II are inconsistent 
and interpretation of the thickness data in the 1979 
paper is difficult because of deposit distribution ques- 
tions and the low current density used for the 1600 
rpm rate of agitation. 

Boric acid probably lowers the precipi tat ion pH of a 
basic iron compound as it does for nickel. One might  
therefore expect more anomal ism when boric acid is 
present  at least for the pH 3 solutions. In  this connec- 
tion it would be of interest  to know at what  pH the 
basic iron compound forms, and how this corresponds 
with the Dahms and Croll mechanism at low current 
density or low pH. Is adsorbed FeOH a factor? 

In terpre ta t ion of the results in this paper  depends 
much on the interest ing results given in  the 1979 
paper on He evolution in sulfate and chloride solutions. 
It is surpris ing that this difference has not been noted 

Retired, PineUas Park, Florida 33565. 
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before,  a l though one would  l ike  more  assurance tha t  
the CI~ and O2 f rom the insoluble  anode had  no effect 
at the  cathode.  

Assuming  the ii values  to be correct,  i t  would  be 
of in teres t  to t ry  to ra t ional ize  the  difference be tween  
chlor ide  and sul fa te  solut ions in accordance  wi th  some 
vers ion of the Stokes and Robinson "hydra t ion  cor-  
rec t ion"  [Ref. (9) in the  pape r  unde r  discussion].  
NaC1 wil l  increase  and Na~SO4 decrease  the  ac id i ty  of 
acid solutions inc luding  bor ic  acid. So, e.g., at  pH 2, the  
sulfate solut ion contains more  acid (by  some i n t e r p r e -  
ta t ion)  than  the chlor ide  solution. This m a y  be due no t  
only  to different  degrees  of hydra t ion  of Na + but  also 
of H +. 

Calcula t ion  wil l  show tha t  two of the  c i t ra te  (pK 
3.08, 4.75, 5.4) protons  were  involved  in H~ evolu t ion  
in Fig. 6 of the  1979 pape r  (af ter  correc t ing  for  H + 
diffusion and using D = 6.65 • 10 - s  cm 2 sec -1 for 
ci t r ic  ac id) .  Poss ib ly  the cathode pH did not  go high 
enough to use the las t  hydrogen.  Therefore  i t  would  
not  be expected  tha t  bor ic  acid ( t e t rabora te  or  the  
t r imer )  would be effective where  the  p K  in NaC1 and 
Na2SO4 solutions a re  ~6.2 and 8, respec t ive ly  [Table  
4, Ref. (9) in the p a p e r  under  discussion].  In  a n icke l  
solut ion the p K  for boric  acid is lower  and i t  can act 
as a buffer  a t  an advantageous  pH. 

As suggested b y  the author ,  the  dissociat ion ra te  
of the buffer  is a fac tor  to be considered.  Also i t  
should be noted tha t  there  is a wide d i spa r i t y  in e x -  
pe r imen t a l l y  de te rmined  cathode film pH values.  There  
m a y  not  be a m a r k e d  r ise in pH unt i l  the  H20 d is -  
charge reac t ion  is closely approached  produc ing  O H - .  

J. Horkans:S There  is no quest ion tha t  bor ic  acid 
p lays  an impor t an t  role  in the  e lec t rodeposi t ion  of Ni 
and NiFe. Du Rose argues tha t  the effect of bor ic  acid 
is due to i ts role as a buffer. The pape r  under  d iscus-  
sion uses the  definit ion tha t  a buffer  is a p ro ton  r e se r -  
voir  or  s ink which  opposes a pH change. In  the  case 
of NiFe  deposit ion,  the  buffer  would  p rov ide  protons  
to resis t  the  surface a lka l iza t ion  due to H2 evolut ion.  
Given this definition, ne i the r  this  nor  the  ea r l i e r  p a -  
per9, also discussed, shows evidence of buffer ing b y  
boric  acid. 

Table  II  does show instances  where  I-I~BOs p r e -  
vents  bu rn ing  of deposits,  but  this  in i tself  is not  ev i -  
dence tha t  buffer ing occurs. If  H3BO3 is buffer ing ac-  
cording to the above definition, then the  increased  
supp ly  of protons  at  the  e lec t rode  surface wi l l  resu l t  
in  a decrease  in the  cur ren t  efficiency of  the  a l loy  
plat ing.  On the cont rary ,  Table  I I  shows tha t  I-IsBO3 
does not  decrease  the  cur ren t  efficiency. I t  is not  va l id  
to say t ha t  the  effect on efficiency depends  on the  p K  
of the  buffer and the p H  at the in terface;  if the  p K  
of the  acid is too high, it  is not  serv ing  as a buffer.  A l -  
t e rna t ive ly ,  if its dissociat ion ra te  is too low, i t  cannot  
buffer under  the dynamic  condit ions occurr ing near  
the e lec t rode  dur ing  H2 evolut ion.  For  this  l a t t e r  r ea -  
son, the equ i l ib r ium pH measurements  of Du Rose 10 
m a y  not  be d i rec t ly  appl icab le  to the  nonequ i l ib r ium 
condit ions dur ing  meta l  deposit ion.  

There  m a y  be o ther  mechanisms,  such as adsorpt ion,  
th rough  which H3BO~ can influence NiFe deposit ion.  
Boric acid is shown to have the la rges t  effect u n d e r  
condit ions where  i ron hydrox ide  prec ip i ta t ion  is most  
extensive,  i.e., near  the hydrogen  l imi t ing  current ,  a t  
h igh pH, and in SO42- solutions. Pe rhaps  some influ- 
ence of H3BO3 on Fe (OH)2  prec ip i ta t ion  is possible,  
as Du Rose suggests,  but  this is specula t ive  as yet.  
There  is no firm e x p e r i m e n t a l  evidence which  could 
es tabl ish  the  va l id i ty  of e i ther  of the  above  mecha-  
nisms. 

SIBM C o r p o r a t i o n ,  T h o m a s  J.  Watson Research Center, York- 
town Heights,  N e w  Y o r k  10598. 

~J. H o r k a n s ,  This Journal, 125, 1861 (1979). 
~oA. H.  Du  Rose ,  Plating, 64, 52 (1977). 

As Du Rose does not  specify  in wha t  w a y  he finds 
Table I I  to be inconsistent ,  a r ep ly  to this  comment  
cannot  be given. The fact  tha t  the cur ren t  dens i ty  in  
footnote 9 was not  near  the  H~ l imi t ing  cu r ren t  does 
not  inval ida te  the  conclusions concerning the  effects of  
anion and H~BO3 on the efficiency of Ni deposit ion.  

The r e m a i n d e r  of the discussion cont r ibut ion  con- 
cerns footnote 9, not the  present  paper .  The anion de -  
pendence of hydrogen  l imi t ing  cur ren t  cannot  be ex -  
p la ined  by  a "hydra t ion  correction," since these solu-  
tions are  at  constant  pH and, by  definition, have  the  
same acidity.  Such a model  is also p rec luded  b y  the 
fact tha t  the  addi t ion  of Na2SO4 to NaC104 solut ion 
d id  not  increase the H2 l imi t ing  current .  I t  is also un -  
l ike ly  that  reduct ion of gases evolved at  the counter -  
e lect rode is cont r ibut ing  to the observed current .  The 
low solubi l i ty  of O~ in solut ion impl ies  tha t  i t  could 
contr ibute  only  a smal l  f ract ion of the observed  cu r -  
rent.  Chlorine is more  soluble in H~O than  02, ye t  
the He l imi t ing  currents  in C1- -con ta in ing  solutions 
are  lower  than those in C1- - f r ee  solutions. This shows 
that  C12 reduct ion  currents  a re  insignificant.  

In  calcula t ing the  number  of pro tons  which  citr ic 
acid contr ibutes  to the hydrogen  evolut ion cur ren t  in 
a pH 3.0 solut ion 0.75M in NaC1 and 0.1M in ci tr ic 
acid, one must  consider  the  concentra t ions  of the  v a r i -  
ous c i t ra te  species. Only  H4Cit and H3Ci t -  a re  p resen t  
at  significant concentra t ions  (0.054M and 0.0451Yl, r e -  
spectively,  as ca lcula ted  f rom the p K  va lues) .  I f  on ly  
the first pro ton  is avai lable ,  the  pro ton  rese rvo i r  wi l l  
have a concentra t ion of 0.054M; if two protons  are  
avai lable ,  this va lue  becomes 0.15M (2 • 0.054 + 
0.045); if  three,  0.25M (3 • 0.054 -t- 2 • 0.045). The 
observed l imi t ing  cur ren t  of Fig. 6 in footnote 9 l ies 
be tween  the values  p red ic ted  f rom two and th ree  
cont r ibu ted  protons,  assuming al l  species have  a d i f -  
fusion coefficient of 6.65 • 10 -6 cm2/sec. The diffu- 
sivit ies of the ions need not  be the  same as tha t  of the 
undissociated acid, however ,  and  thus  i t  is difficult to 
say how many  protons  f rom citr ic acid par t i c ipa te  in 
the e lect rode reaction.  Whe the r  a g iven p ro ton  does 
so depends,  as s ta ted above,  on its pK, the  in te r fac ia l  
pH, and the ra te  of  dissociation. 

Reaction Model for Iron Dissolution Studied by 
Electrode Impedance 

I. Experimental Results and Reaction Model 

M. Keddam, O. R. Mattos, and H. Takenouti 
(pp. 257-266, Voh 128, No. 2) 

M. Cid and M. C. PetitPiM. Keddam, O. R. Mattos, 
and H. Takenout i  have pe r fo rmed  an impress ive  piece  
of expe r imen ta l  work  on i ron  dissolution.  We would  
l ike to raise  two points.  

i. In the i r  pape r  the authors  based to a la rge  ex ten t  
thei r  in te rp re ta t ion  on the assumpt ion tha t  the h igh  
f requency  arc consists of only  one t ime constant.  This 
is in contradic t ion wi th  the pape r  by  H. Schweieker t ,  
W. J. Lorenz, and H. F r iedburg ,  12 according to which  
this arc  must  be in t e rp re t ed  b y  two over lapp ing  t ime 
constants.  Can the authors  comment  on the poss ib i l i ty  
of decomposi t ion of an impedance  loop in two or sev-  
e ra l  poor ly  separa ted  t ime constants? 

2. In  the model  proposed,  the f requency  dependence  
of the impedance  is accounted for b y  coverage r e l a x a -  
t ion effects. Can the authors  give addi t iona l  i n fo rma-  
tion on the de l imi ta t ion  be tween  this approach  and an 
a l te rna t ive  way  as surface r e l axa t ion  in t roduced  b y  
Schweicker t  et al.? TM 

i . 
11 L a b o r a t o i r e  de  M e c a m q u e  P h y s i q u e ,  Un ive r s i t~  de  B o r d e a u x  I, 

33405 Ta lence ,  Cedex ,  F r a n c e .  
~e H. Schwe~cker t ,  W. J.  Lorenz ,  a n d  H. F r i e d b u r g ,  This Journat~ 

127, 1693 (1980). 
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M. K e d d a m ,  13 O. R. M a t t e s ,  14 a n d  H. Takenout i : l~  
Both comments  are ve ry  central  to the discrepancy 
exist ing be tween our approach of the iron anodic dis- 
solution and that  adopted by W. J. Lorenz and c o -  
w o r k e r s .  Most of our argumenta t ion  was emphasized 
in the Discussion 15 of the i r  last paper.  TM Unfor tuna te ly  
it seems that  our remarks  and comments  re la ted to 
the present  Discussion were  not sufficiently answered.  

1. A very  large number  of impedance data on solid 
electrodes is now available. With pract ical ly  no ex-  
ception, when per formed over  a wide range of f re -  
quencies their  loci in the complex plane consist in an 
association of more or less depressed semi-circles.  This 
holds not only for the high frequencies loop considered 
in footnote 16, but  also for the loops exhibi ted at lower  
frequencies  by electrodes submit ted to dissolution or 
deposition. When model ing a-c behaviors  it turns out 
that  the very  basic problem is to est imate whe the r  
each depressed semi-circle  can be resolved in a few 
over lapping t ime constants or represented by a prac-  
t icali ly infinite number  of t ime constants ( transmission 
line) such as a Warburg  impedance.  In fact, this is 
known to be an ex t remely  difficult task. The s tate-  
ment  that  a distorted impedance loop must be defi- 
ni tely resolved into two t ime constants ra ther  than 
into a higher  number  can  be advocated only by fitting 
high precision exper imenta l  data and by producing a 
complete set of statistical parameters  showing that  
s tandard and systematic deviations are at their  mini -  
mum. To our knowledge this was not done in the 
present  case. Moreover,  as we have  shown, ~7 pulse 
techniques (e.g.,  galvanostat ic  double pulse is) are of 
no help since they absolutely requi re  the a pr ior i  as- 
sumption that  the impedance actual ly obeys a postu-  
lated equivalent  circuit. Obviously such an assump- 
tion makes the problem under  consideration meaning-  
less. 

2. This second point deals wi th  the very  origin of 
the t ime or f requency dependence of the me ta l / e l ec -  
t rolyte interphase.  In the present  state of knowledge  
this problem is somewhat  of a semantic nature.  The 
so-called "surface re laxat ion"  can be mere ly  re~arded 
as an aphorism since of course we are faced w i t h  r e -  
l a x a t i o n  phenomena taking place at the electrode sur-  
face. On its own, this terminology does net  throw any 
light on what  real ly relaxes. A crude assimilation of 
the surface to the geometr ic  area (roughness effect) 
is completely  i r re levant  since re laxat ion  associated 
with  pass(vat(on, e.g., Fig. 6, E~ in the paper  under  
discussion, should arise f rom a steadily decreasing 
electrode area. The observed re laxat ion processes in-  
cluding the d-c  behavior  of the electrode as their  low 
f requency  l imit  are most l ike ly  related to the abi l i ty  
of the surface to locally allow electron transfer.  In 
that  sense the t e rm of "site" may be convenient ly  
used, each t ime constant being induced by the var ia -  
tion of the surface density of distinct kinds of sites. 
Now the problem remains of the exact  na ture  of these 
sites. It seems to us that  this aspect can be clarified 
on the basis of an exhaust ive  exper imenta l  work  
focused on the influence of composition and s t ructure  
of both phases on the interphase behavior.  In our 
opinion, our paper  brought  serious evidence that, in 
the present  case, these sites s t rongly depend on the 
electrolyte  pH and must involve some kind of chemical  
bond between surface atoms and electrolyte  species. 

~3Groupe de Recherche No. 4 du C.N.R.S., "Physique des 
Liquides et Electrochimie," Associe ~ l'Universite" Pierre et Marie 
Curie, 75230 Paris Cedex 05, France. 

1~ COPPE/UFRJ, Rio de Jane(re, ZC.00 Brazil. 
~3 M. Keddam, O. R. Mattes, and H. Takenouti, This Journal 128, 

1294 (1981). 
~o H. Schweickert, W. J. Lorenz, and H. Friedburg, ibid., 127, 1693 

(1980). 
~v C. Gabrielli, M. Keddam, O. R. Mattes, and H. Takenouti, J. 

Electroanal. Chem. Interracial Electrochem., 117, 147 (1981). 
~SH. Schweickert, A. A. E1 Miligy, A. Melendez, and W. J. 

Lorenz, ibid., 68, 19 (1976). 

Therefore,  it is quite reasonable to propose a m o d e l  
with par t ia l  surface coverages for character izing these 
sites. This is not at all ha rmfu l  to the idea tha t  t h e s e  
sites are also under  the dependence of crystal lographic 
or solid-state propert ies  on the meta l  side but  up to 
now this was not supported by convincing proofs. On 
the contrary, exper iments  per formed with  i ron-base 
amorphous alloys hence free of crystal lographic kinks 
or defects have shown a behavior  nea r ly  s imilar  to 
crystal l ine iron. 19 This seems to fur ther  substantiate 
our interpretat ion.  

Electron Transfer Reactions at Passive Tin Electrodes 

s. Kapusta and N. Hackerman (pp. 327-332, Vol. 128, No. 2) 

J. O'M. B o c k r i s  a n d  S. U.  M. Khan:2O The theoret ical  
in terpre ta t ion made by the authors of their  results in 
a study of redox reactions at passive tin electrodes 
evokes some comments  because of the (par t ly  a d -  
m i t t e d )  lack of consistency between theory  and ex-  
periment .  

Exper imenta l ly ,  the authors wel l  confirm t h a t  the  
l inear  Tafel  re lat ion is obtained both in the c a t h o d i c  
and anodic region for the redox reaction, K3Fe(CN)6/  
K4Fe(CN)6, they used. This resul t  also supports the  
ear l ier  reported Tafel  l inear i ty  for s imilar  redox re-  
actions on passive iron by Olmedo e t a l . ,  ~1 and on 
other  metal  electrodes by several  authors. 2~-24 

The basic model  used by the authors (cf., Eq. [20]) 
to represent  cu r ren t /overpo ten t i a l  re lat ion involves 
thermal  fluctuation as the origin of energy  states in 
the ions in solution to and f rom which electrons ex-  
change with the meta l  oxides. If the energy states in 
ions in solution arise by means of such fluctuations, 
however ,  the distr ibution is Gauss(an (cf., Eq. [20]), 
and hence, a nonl inear  Tafel  re lat ion is always ex-  
pected, in contrast  to exper imenta l  observation.  It  is 
evident  f rom the Gauss(an distr ibution of energy  s ta te  
used in Eq. [20] that  cu r ren t /ove rpo ten t i a l  re lat ion 
should show m a x i m u m  at h igher  overpotent ia l  range 
(l~]] ~-- 2V), where  a l imit ing region does not  appear  
and if the proper  value of reorganizat ion energy, ~, 
is used. The value of ?~, used by the authors, is that  
of Hale. 25 However ,  this value is erroneous because 
the image terms were  neglected in the calculation. 

The fluctuation concept was int roduced by Levich 20 
to provide a physical in terpre ta t ion  of the cont inui ty 
of Tafel  lines. The thought  process is that  the o u t e r  
sphere solvent molecules, due to their  v ibra t ional  
motion, interacts with the redox ion, giving rise to 
fluctuation in the energy of the central  redox ion suf- 
ficient for it to be activated. However ,  this v iew ends 
up with the Gauss(an distr ibution of energy states and 
a nonl inear  Tafel  line. 

We therefore  suggest an a l ternat ive  model.  There 
are sufficient classical modes of motion (e.g.,  t ransla-  
tion) in the solvent  to give the redox complex enough 
interact ion to affect the act ivat ion of the ion solvent 
bond. There is spectroscopic evidence ~7-29 of classical 
motion of solvent molecules in water.  In such a model,  
the energy distr ibut ion is Maxwell(an,  and the quan-  

1~ o. R. Mattes, Doctoral Thesis, University of Paris (1981). 
~ODepartment of Chemistry, Texas A&M University, College 

Station, Texas 77843. 
~1 A. M. T. Olmedo, R. Perciro, and D. J. Schiffrin, J. Electro- 

anal. Chem. InterSaciaL Electroohem., 74, 19 (1976). 
-"-~ F. C. Anson, N. Ruthjen, and R. D. Frisbee, This Journal, 117, 

477 (1970). 
-~ R. V. Moshtev, Electrochim. Acta, 16, 2039 (1971). 
2~ K. Niki and H. Mizola, J. Electroa~al. Chem. Interfacia~ Elec- 

trochem., 62, 307 (1976) 
J. M. Hale, in "Reactions of Molecules at Electrodes," N. S. 

Hush, Editor, Interscience, London (1971). 
26 V. G. Levich, "Physical Chemistry: An Advanced Treatise," 

Vol. 9B, chap. 12, H. Eyring, D. Henderson, and W. Jest, Editors, 
Academ~-c Press, New York (1970). 

ev D. Eisberg and W. Kaufmann, "The Structural Properties of 
Water," Oxford University Press, Oxford (1969). 

es j. Schiffer and D. F. Horn(g, J. Chem. Phys., 49, 4150 (1968}. 
.~9 R. E. Moore, O. Ferral, F. M. Koeppl, and A. J. Krisge, J. Am. 

Chem. Soc., 93, 1 (1971). 
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turn statistics are similar  to those considered in the 
theories of react ivi ty  in gas and l iquid phases.~O,Sl 
Thus, one can have a cur ren t /overpoten t ia l  re lat ion 
of the following type: For cathodic current ,  ~c, we ge t  

ic : c f p ( E ) ~ ( E ) P T ( E ) D o x ( E ) d E  [1] 

where c is a constant, p ( E )  is the densi ty electron s ta t e  
in metal,  ] (E)  is the Fermi  dis t r ibut ion of electron, 
PT(E) is the tunne l ing  probabi l i ty  of electron, and 
Dox(E) is the dis t r ibut ion of electronic states of oxi- 
dized ions in solution, which is expressed in  this 
model as: 

Expressing p(E),  ] (E) ,  and Dox(E) in Eq. [1], we 
get 

1 
ic : C 1 f E I/" PT(E) 

[e(~-E,)/~T + i] 

exp [-- (Eo + ~eo~lc -- E)/kT]dE [2] 

where c ~ is a constant, Eo is the ground electronic 
state energy of oxidized acceptor obtained from Born- 
Haber cycle for the process M(e) + A + -> M---A, ;~ 
is the symmetry factor around 0.5, and ~]c is the cath- 
odic overpotential and negative. After integration, the 
expression [2] gives 

ic = io exp (--fleo~lc/kT) [3] 

where io is essentially independent  of potential.  T h u s ,  
one gets a l inear  Tafel relat ion from this model for 
which the dis tr ibut ion is Maxwel l ian (c]., Schmick-  
ler32). 

S. K a p u s t a  a n d  N .  H a c k e r m a n :  33 We appreciate Dr. 
Bockris' and Dr. Khan 's  comments since they raise 
impor tant  questions regarding the present  state of 
unders tand ing  of charge t ransfer  at semiconducting 
and metal  electrodes. 

Our Eq. [20] can be analyt ical ly  solved with cer ta in  
assumptions, e.g., that  charge t ransfer  occurs ma in ly  
wi thin  1 k T  at the edge of the conduction band  or, in  
the case of metals, the Fermi  level. Taking bare metal  
electrodes as an example, we obta in  for the cathodic 
current  densi ty 

[ i~ = ioexp ~ exp 4 k T ~  [1] 

and an equivalent  expression for the anodic current .  
Here io is the exchange current  density, basically in -  
dependent  of potential,  ~. is the reorganizat ion energy 
of the redox couple in solution, and ~1 is the overpoten-  
tial. Other symbols have their  usual  meaning.  

As has been shown by  Levich, 84 no exponent ia l  re-  
lat ion between current  and potential  can be expected 
from Eq. [1] which is in contradict ion with experi-  
menta l  results. Only for the case ~. < <  ~1 can Eq. [1] 
be approximated by 

ic -- ,o exp < - ~ T  ) [2] 

Theoretical and exper imenta l  evidence~5 indicates 
that  ~ values are about 1-2 eV for most redox couples, 
i.e., within  the exper imenta l ly  accessible overpotent ia l  
range. In part icular ,  the value of ~ : .  1.2 eV for th e  
Fe (CN)64/3- couple gives the best  agreement  w i t h  

~OE. A. Moelwyn-Hughes, "Chemical Statistics and Kinetics of 
Solutions," Academic Press, New York (1971). 

~A. M. North, "The Collision Theory of Chemical Reactions 
in Liquids," Barnes and Noble, New York (1964). 

a~ W. Schmickler, J. EtectroanaL Chem. InterSacia~ Electrochem., 
82, 65 (1977). 

Department of Chemistry, Rice University, Houston, Texas 
77001. 

V. G. Levich, in "Advances in Electrochemistry and Electro- 
chemical Engineering," Vol. 4, P. Delahay, Editor, Interscience, 
New York (1966). 

J. M. Hale, in "Reactions of Molecules at Electrodes," N. S. 
Hush, Editor, W iley-Interseience, London (1971). 

our exper imental  results. The same value w a s  u s e d  
by Heusler  36 on passive Nb electrodes. Lower values 
have also been reported: 0.65 eV, 34 0.4 -4- 0.2 eV, a7 a n d  
0.75 eV.38 It is l ikely that  these discrepancies can be 
accounted for by  uncertaint ies  in the de terminat ion  of 
other parameters  used in solving Eq. [20], e.g., flatband 
potential,  donor energy, effective mass of the electron, 
etc. 

The use of the "l inear  approximation,"  Le., Boltz- 
m a n n  distribution, to represent  the energy levels in  
solution instead of our Eq. [1] and [2] (Gaussian) 
results in a solution of Eq. [20] having constant  t rans-  
fer coefficient, i.e., l inear  Tafel slopes. 89-41 It seems, 
however, that the use of three-d imensional  t rans la-  
t ional modes is inconsistent  with the model used for 
the charge t ransfer  reaction. An al ternat ive  explana-  
tion of the constancy of the t ransfer  coefficient with 
potent ial  can be found considering the effect of i nne r  
sphere vibrat ion on outer  sphere reactions, as pro- 
posed by Schmickler. 4~ This results in an apparent  
l inear  dis t r ibut ion of energy levels in solution arising 
from the two ( i . e . ,  inner  and outer sphere) harmonic  
contributions.  

Exothermic Reactions Among Components of 
Lithium-Sulfur Dioxide and Lithium-Thionyl 

Chloride Cells 
S. Dallek, S. D. James, and W. P. Kilroy 

(pp. 508-516, Vol. 128, No. 3) 

M. A.  M u e l l e r  a n d  M. $.  D o m e n i c o n i # 2  In  this c o m -  
m u n i c a t i o n ,  the authors report  the results of a very  
wel l -s t ruc tured  series of experiments  designed to 
identify components of Li /soluble cathode cells which 
may react so vigorously to cause batteries to explode. 
With respect to the Li/SOC12 system, we have con- 
ducted a similar investigation, and in general  our  data 
agree with those reported by  the authors. However, 
with respect to the reactivi ty of the ini t ia l  compo- 
nents  of the Li/SOCl~-system, we wish to offer an 
a l ternat ive  in terpre ta t ion  of the data. 

On the basis of the data shown in Fig. 8 (E) of the 
paper under  discussion, the authors concluded that  
the ini t ia l ly present  components of an undischarged 
bat tery  are quite unreact ive even after the l i th ium 
had melted. We had observed this same phenomenon,  
as shown in Fig. 1 (B) below, and were in i t ia l ly  pUZ- 

a6K. E. Heusler and M. Schulze, Electrochim. Aeta, 20, 237 
(1975). 

a7 R. Memming and F. Moellers, Bet. Bunsenges. Phys. Chem., 
76, 475 (1972). 

SSR. A. Van den Berghe, F. Cardon, and W. P. Gomes, Surf. 
Sci., 39, 368 (1973). 

~sW. Schmickler and J. Ulstrup, Chem. Phys., 19, 217 (1977). 
4o W. Schmickler, J. Electroanal. Chem. Interfaciat Eleetrochem., 

82, 65 (1977). 
41 W. Schmickler, Electrochim. Acta, 20, 137 (1975); ibid., 21, 161 

(1976) ; Ber. Bunsenges. Phys. Chem., 77, 991 (1973). 
42 Altus Corporation, San Jose, California 95112. 
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A. ul (B.7O3 ,~j) § [socl 2 L;AlCl4H.r~]{100,~r> 

B. Li (3,122mg) + [ ~12  LiAECI4{1.~)](100HI) 

2~g 22~ 24B 25Z 
Temper=s (~ 

Fig. 1. 
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zled by the results. The stabil i ty of the system below 
180~ can be explained by the protective LiC1 film on 
the anode; a b o v e  180~ we were surprised that  this 
film apparent ly  continued to prevent  a direct r e a c -  
t ion  between Li and SOC12. On the assumption that  
these results were dependent  on the exper imenta l  
conditions, we prepared a sample in which the l i th-  
ium was placed between two stainless steel plates and  
compressed to and main ta ined  at a pressure repre-  
sentative of that found in  Li/SOC12 batteries.  The r e -  
a c t i v i t y  of the components unde r  these conditions is 
considerably different above the mel t ing point  of Li, 
as shown in Fig. I (A) above. In  this case, a substan-  
tial exothermic reaction between the components is 
observed. It would appear, therefore, that  above 
180~ the system is in only a metastable state, and 
that the thermodynamica l ly  favored reaction between 
molten l i th ium and thionyl  chloride can proceed unde r  
conditions in which the LiC1 loses its abi l i ty  to act as 
a protective barrier.  We believe such conditions gen-  
eral ly prevail  in  complete Li/SOCI~ cells, and are the 
principal  reason for the phenomenon knovcn as " ther-  
mal  runaway."  

We therefore conclude that  the ini t ial  components of 
an undischarged Li/SOCI~ bat te ry  must  be considered 
very  reactive after the l i th ium has melted, and that  
it is only under  a l imited set of conditions that  the 
components may coexist without  exothemic reaction. 

S. D a l l e k ,  S. D. J a m e s ,  a n d  W. P. K i l r o y :  43 Mueller  
and Domeniconi suggest that our failure to observe a 
reaction between Li and SOC12-LiA1C14 at the mel t -  
ing point  of Li is due to a significant depar ture  of our  
DSC tests from bat te ry  conditions, viz.,  to our  lack 
of the Li compression that  exists in most if not all Li 
batteries. In their very interest ing experiment,  Li com- 
pressed between stainless steel plates reacted violent ly  
as soon as the Li melted. 

We may speculate that, in Mueller  and Domeniconi 's  
experiment,  when Li melted (with its 20% volume 
increase) the spring pressure extruded a large, virgin,  
unpassivated Li surface which immediate ly  reacted 
violent ly with the hot SOCI~ giving their exotherm. 
However, we doubt that this si tuation holds in the 
jel lyrolled C and D cells where most of the explosions 
have been reported. Here Li is contained on metal  
Exmet where on melting, Li flow could occur perpen-  
dicular  to the plane of the Li without creating a sub-  

~Naval Surface Weapons Center, Electrochemistry Branch, 
White Oak, Silver Spring, Maryland 20910. 

stantial  amount  of fresh Li surface. The possibility 
should also be considered that  the spring mater ia l  
acted as a catalytic surface (like C black) for the re-  
duction of SOCI~ and when Li melted, a shorted, high- 
rate cell was created. This si tuation also would not  
normal ly  be present  in a real battery.  We rei terate 
that their  exper iment  is very interest ing;  it cer ta inly 
requires fol low-up tests to elucidate its nature.  

The Hydrogen Evolution Reaction on Electrodeposited 
Gold, Nickel, and Zinc Rotating Disk Electrodes 

P. C. Andricacos and H. Y. Cheh (pp. 838-840, Vol. 128, No. 4) 

R i c h a r d  H a y n e s # 4  Several  points should be ques- 
t ioned regarding this paper: 

1. The val idi ty of the kinetic constants derived from 
the data might  be questioned regarding the lack of a: 
(i) definition of steady state and (ii) statistical t rea t -  
ment  of data for such a l imited range of potential,  
current,  and rotat ional  speed. 

2. The contribution,  if any, of deposition of hydro-  
gen from H20 is not considered especially regarding 
point  (i). 

3. Mechanism and ra te -de te rmin ing  steps for the 
hydrogen evolut ion reaction are not un ique ly  deter-  
mined by Tafel slopes and dependencies on proton 
concentration. These mechanisms and ra te -de te rmin ing  
steps have been shown to be a funct ion of the metal,  
solution, and overpotential .  45 From the data presented 
here it is not possible to be so conclusive. A n u m b e r  
of other possibilities could explain the observed data. 

P. C. A n d r i c a c o s  a n d  H. Y. Cheh:46 1. A careful anal-  
ysis on the accuracy of our  data was made dur ing  
our work. For sake of brevity,  we did not include our 
analysis in the paper. The statements made in our 
paper  concerning our data are correct. 

2. The l imit ing current  density for hydrogen evolu- 
tion is consistent with the Levich equation. We con- 
clude that the deposition of hydrogen from H20 can- 
not be a significant reaction in our  study. 

3. We have stated in our paper that  our results are 
consistent with certain mechanisms. We have not  
claimed that mechanisms and ra te -de te rmin ing  steps 
are un ique ly  determined by  Tafel slopes and de- 
pendencies on proton concentration.  

44western Electric Comuany, Engineering Research Center, 
Princeton, New Jersey 08540. 

4ZR. Haynes, Electrochim. Acta. 16, 1129 (1971). 
48 Department of Chemical Engineering and Applied Chemistry, 

Columbia University, New York, New York 10027. 

Erratum 

In the paper "Electrochemistry and Reactions of  
Transi t ion Metal and Oxygen Ions in Dimethyl  Sulf-  
oxide" by Fred C. Frederick and Keith E. Johnson, 
which appeared in the October 1981 issue of the 
JOURNAL, pp. 2070-2073, Fig. 2 should appear as 
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t .5 I 0  05  0 - - 0 . 5  - - I . 0  --L5 - -2 .0  - -2 .5  

P O T E N T I A L  ( V vs.  SCE ) 

Fig. 2. Cyclic voltammogram of Mn(l l l )  in DMSO solution. Solid 
line: with 02 wave included. Broken line: corrected for 02. 

The figure caption is correct as it  appears. 
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Lattice Defects in Semiconducting Hgl-xCdxTe Alloys 
I. Defect Structure of Undoped and Copper Doped Hgo.sCd o. Te 

H. R. Vydyanath* 
Honeywell Electro-Optics Center, Lexington, Massachusetts 02173 

ABSTRACT 

Undoped  Hgo.sCdo.2Te crystals  were  subjec ted  to high t e m p e r a t u r e  equi l -  
ib ra t ion  at  t empera tu re s  ranging  f rom 400 ~ to 655~ in var ious  Hg a tmo-  
spheres.  Ha l l  effect and mobi l i ty  measurements  were  car r ied  out  on the  crys-  
tals  quenched to room t e m p e r a t u r e  subsequent  to the h igh  t e m p e r a t u r e  
equi l ibra t ion.  The var ia t ion  of the hole concentra t ion  in the  cooled crys ta ls  
at  77 K as a funct ion of the  pa r t i a l  pressure  of Hg at  the  equi l ib ra t ion  t em-  
pera tures ,  together  wi th  a comparison of the  hole mobi l i ty  in the undoped 
samples  wi th  that  in the copper -doped  samples,  has y ie lded  a defect  mode l  for  
the undoped  Hg0.sCd0~Te crystals ,  according to which, the  undoped  crys ta ls  
a re  essent ia l ly  in t r ins ic  at the equi l ib ra t ion  t empera tu re s  and the nat ive  
acceptor  defects  are  doubly  ionized. Nat ive donor defects  appea r  to be negl i -  
gible in concentrat ion,  imply ing  tha t  the p - t o - n  conversion in these al loys is 
ma in ly  due to res idua l  fore ign donor impuri t ies .  The t he rmodynamic  con- 
s tants  for  the in t r ins ic  exci ta t ion  process as wel l  as for  the incorpora t ion  of 
the doubly  ionized na t ive  acceptor  defects in the undoped  crysta ls  have  been  
a r r ived  at. Copper  appears  to be incorpora ted  on meta l  la t t ice sites act ing as 
a single acceptor  w i th .  l i t t le  compensat ion.  Results  on the heav i ly  copper-  
doped samples  indicate  tha t  the quench f rom the equi l ib ra t ion  t empera tu re s  
was imper fec t  resul t ing  in a large  f rac t ion of the  copper  p rec ip i ta t ing  dur ing  
the quench. F r o m  resul ts  of exper imen t s  where  the cooling ra te  f rom the 
equi l ibra t ion  t empera tu re s  was in ten t iona l ly  va r ied  in the undoped  samples,  a 
qua l i ta t ive  corre la t ion  was es tabl i shed  be tween  the quenching efficiency and 
the presence of macroscopic defects  such as voids and inclusions in the  
samples,  

The impor tance  of the pseudob ina ry  semiconduct ing 
Hgl -xCdxTe alloys as a useful  in f ra red  detector  ma te -  
r i a l  has long been  recognized (1, 2). The bandgap  of 
these al loys is va r iab le  depending on the propor t ions  
of HgTe and CdTe presen t  in them; the var iab le  band-  
gap makes  these al loys sui table  for in f ra red  de tec tor  
appl ica t ions  over  a wide spec t ra l  range.  

Considerable  devia t ions  f rom s to ichiometry  arise in 
these al loys p r e p a r e d  at  e leva ted  tempera tures ;  these 
devia t ions  resul t  in e lec t r ica l ly  active point  defects 
which  in tu rn  influence the ca r r i e r  concentra t ion and 
the l i fe t ime in the  mater ia l .  Very  l i t t l e  informat ion  
exists  on the sys temat ic  inves t igat ion of the na ture  of 
defects and the var ia t ion  of the concentra t ion of these 
defects in these al loys as a function of the phys ico-  
chemical  condit ions of p repara t ion .  In fact, much dis-  
ag reement  prevai l s  r ega rd ing  the or igin of p - t y p e  to 
n - t y p e  conversion in these al loys (2-5). 

As pa r t  of a p rog ram a imed at  inves t iga t ing  the de-  
fect s t ruc ture  of the undoped  Hgl -xCdxTe al loys as 
wel l  as the mode of incorpora t ion  of dopants,  the p res -  
ent  pape r  repor ts  on the s tudy of  the undoped  and 
copper -doped  Hg0.sCd0.2Te. 

Based on the resul ts  of Hal l  effect and mobi l i ty  
measurements  on the undoped  and copper -doped  crys-  
tals  quenched to room t empera tu r e  subsequent  to high 

* Electrochemical Society Active Member. 
Key words: lattice, defects,  copper doping, Hgl_~Cd~Te, hole 

mobility, semiconductors.  

t empera tu re  equi l ibrat ion,  defect  models  for the un-  
doped and copper -doped  Hg0.sCd0.2Te have  been a r -  
r ived  at. Thermodynamic  constants  for the in t r ins ic  
exci ta t ion constant  and the incorpora t ion  of the na t ive  
acceptor  defects have been evaluated.  These constants  
sa t i s fac tor i ly  exp la in  the e lec t r ica l  da ta  in the undoped 
as wel l  as the copper -doped  crystals .  

Experimental 
Starting materiaL--The composi t ional  un i fo rmi ty  of 

the  Hgl -xCdxTe al loy samples  used in the inves t igat ion 
was x =- 0.2 __ 0.005. Most of the exper iments  were  
car r ied  out  wi th  s ta r t ing  ma te r i a l  tha t  was free of 
macroscopic defects such as precipi ta tes ,  pores, and 
Hg or Te inclusions; in a few exper imen t s  whe re  the 
in tent  was to es tabl ish  the effect of macroscopic defects 
on the efficiency of quenching the high t empe ra tu r e  
equi l ibr ium,  ma te r i a l  wi th  a r e l a t ive ly  high dens i ty  
of voids and inclusions was used. In o rder  to assure  
ourselves tha t  equ i l ib r ium was a t t a ined  at  t empera -  
tures  as low as 400~176 wi th in  reasonable  anneal ing  
per iods  (2-3 weeks) ,  and also to increase  the efficiency 
of quenching the high t empera tu re  equi l ibr ium,  the 
thickness of most  of the Hg0.sCd0.2Te samples  used in 
the presen t  inves t igat ion was res t r ic ted  to --~ 0.04 cm. 
The res idual  donor  or acceptor  concentra t ion in the 
s ta r t ing  undoped Hg0.sCd0.2Te ma te r i a l  was --~ 1016 
am-3.  

2609 
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Copper doping . - -Doping  to different  concentrat ions  
of  copper  was obta ined  by  evapora t ing  var ious  amounts  
of copper  on to the surface  of the undoped samples  and 
subsequent ly  diffusing in the copper in a known  a tmo-  
sphere of Hg. Copper  concentra t ion ob ta ined  in the  
doped samples  was de te rmined  by  atomic absorpt ion  
analysis  car r ied  out  by  Photometr ics ,  Incorporated,  
Lexington,  Massachusetts .  

I t  is to be noted tha t  the samples  used for  copper  
diffusions at  t empera tu re s  be low 400~ had been p re -  
v iously  annea led  at  250~ for severa l  months  in  order 
to reduce the  na t ive  acceptor  defect  concentra t ion to 
less than  1015 cm -3. Since copper  has a high diffusivi ty 
in Hgl-xCd~Te al loys (6-7),  diffusion t imes of 6-8 
weeks were  found adequa te  for un i fo rm doping of sam-  
ples (0.04 cm thick)  at  t empera tu res  be low 400~ un i -  
form doping at  these t empera tu res  was confirmed by  
sequent ia l ly  l app ing  away  the ma te r i a l  f rom both  sides 
of t he  samples  and making  cer ta in  tha t  the hole con- 
centra t ions  did not  change. 

High temperature annealing.--Prior to the  anneals,  
crysta ls  were  c leaned in organic  solvents  fol lowed by  
a Br -me thano l  etch and  a final r inse in DI water .  A n -  
neal ing exper iments  in  var ious  pa r t i a l  pressures  of Hg 
were  car r ied  out  in evacuated  quar tz  ampuls  contain-  
ing a smal l  amount  of Hg also, to ob ta in  the des i red  
Hg vapor  pressure.  In those exper iments  where  the de-  
s i red Hg pressure  was high enough, an i so thermal  setup 
was used where  the free Hg and the Hg0.sCd0.2Te 
samples  were  kep t  at  the same tempera tu re ;  the vapor  
pressure  of Hg in such a setup depended  on the amount  
of free Hg in the ampul  and the vo lume of the  ampul.  
In  exper iments  where  the des i red  Hg pressure  was 
low a t w o - t e m p e r a t u r e  zone setup was used; the 
Hg0.sCdo.2Te crysta ls  were  kept  at  the h igher  t empera -  
ture  end of the ampul  and the free Hg at  the  lower  
t empera tu re  end; the vapor  pressure  of Hg obta ined  
corresponded to the  sa tura t ion  pressure  of Hg at  the 
lower  t empe ra tu r e  and was independen t  of the amount  
of Hg in the ampul.  The l imi ts  of Hg pressure ,  wi th in  
which  the solid is s table at  a given tempera ture ,  were  
obta ined  f rom the pa r t i a l  p r e s s u r e - t e m p e r a t u r e  da ta  
for HgTe (8) and Hgl -xCdxTe alloys (9-10). 

Equi l ib ra t ion  periods ranging  f rom 16 to 24 hr  were  
used for anneal ing  at  t empera tu res  of 500~ or  g rea te r  
and a two week  equi l ibra t ion  was used for anneal ing  
t empera tu res  of 4600 and 400~ Subsequent  to the an-  
neals, the samples  were  r ap id ly  quenched in ice water ,  
to freeze in as much of the high t empera tu re  equi l ib -  
r ium as possible; in a few cases the  samples  were  a i r  
cooled f rom the equi l ibra t ion  tempera tures .  

Electrical measuremcnts.--Hall effect and res is t iv i ty  
measurements  were  made  using the van der  Pauw 
method (11). Magnet ic  field s t rengths  of 400 and 4000G 
were  used for the measu remen t  of the Hal l  coefficient. 

Results 
Only those Hal l  coefficient measurements  where  the 

Hall  coefficient RH did not  va ry  wi th  va ry ing  magnet ic  
field s trength,  (400-4000G) were  used in eva lua t ing  the 
hole concentrat ions  in the crystals .  This ensured  that  
the samples  did  not  show mixed  conduct ion (12) and 
the car r ie r  concentra t ion was given by  

1 

I R H I q  

Figure  1 shows the var ia t ion  of the Hal l  coefficient as 
a function of the  t empera tu re  of measuremen t  for  the 
undoped samples  equ i l ib ra ted  at  different  t empera tu re s  
under  known par t i a l  pressures  of Hg and quenched to 
room t empera ture .  I t  is evident  f rom the figure that  at  
t empera tu res  exceeding 145 K the contr ibut ion  f rom 
the in t r ins ic  car r ie rs  becomes impor tant ,  whereas  at  
t empera tu res  be tween  77 and 145 K the Hal l  coefficient 
is t empe ra tu r e  independen t  indica t ing  that  the nat ive  
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Fig. 1. Hall coefficient as a function of measurement tempera- 
ture for undoped Hgo.sCdo.2 samples equilibrated at the indicated 
temperatures and partial pressures of Hg and quenched to room 
temperature. 

acceptors  are  comple te ly  ionized at  77 K for concent ra-  
tions ranging  f rom 1017 to I0 Is cm -3. Based on this in-  
ference, all  the Hal l  effect measurements  on the un-  
doped samples  were  carr ied  out  a t  77 K, and the r e -  
sul t ing hole concentra t ion was assumed to give a mea -  
sure of the  na t ive  acceptor  defect  concentra t ion in-  
corpora ted  at  the h igher  equi l ibra t ion  tempera tures .  

F igure  2 shows the hole concentrat ions  at  77 K as 
a funct ion of the pa r t i a l  pressure  of Hg for the  un-  
doped crysta ls  annea led  at  var ious  t empera tu res  and 
quenched to room tempera ture .  The samples  are  in -  
va r i ab ly  p - t y p e  for al l  pa r t i a l  pressures  of Hg 
( throughout  the  exis tence region)  at  t empera tu re s  
grea te r  than  400~ and the hole concentra t ion is 
roughly  inverse ly  propor t iona l  to the pa r t i a l  pressure  
of Hg, Prim Phase  bounda ry  l imits  at  each t empe ra tu r e  
a re  indica ted  by  arrows in the figure. The solid lines 
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Fig. 2. Hole concentration at 77 K as a function of the partial 
pressure of Hg for undoped Hgo.sCdo.~ crystals annealed at various 
equilibration temperatures and quenched to room temperature; 
solid lines correspond to the values calculated on the basis of the 
defect model discussed in the text. 
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T,~ 

shown in the  figure correspond to t h e  hole concent ra -  
t ions ca lcu la ted  on the basis  of the  defect  model  for 
the undoped  crystals ,  to be discussed later .  

F igu re  3 shows the  var ia t ion  of the Hal l  coefficient as 
a funct ion of the  t empe ra tu r e  of measu remen t  for 
crys ta ls  doped wi th  different  copper  concentrat ions.  
Jus t  as wi th  the  undoped  crystals ,  most  of the copper  
p r e s e n t  in  the  e lec t r ica l ly  act ive form appears  to be 
comple te ly  ionized be tween  77 and  145 K, and a t  t em-  
pe ra tu res  g rea te r  t han  145 K the cont r ibut ion  f rom the 
in t r ins ic  car r ie rs  becomes significant. The to ta l  amount  
of the  e lec t r ica l ly  act ive copper  concentra t ion  in  the 
samples  was in fe r red  f rom the hole concentrat ions  ob-  
ta ined  at  145 K. 

F igure  4 shows the hole mobi l i ty  at  77 K for the  un-  
doped crys ta ls  as a funct ion of the hole concentrat ion.  
The da ta  indicate  tha t  the hole mobi l i ty  decreases wi th  
increase  in hole concentrat ion.  F igure  5 shows the hole 
mobi l i ty  at  77 K in var ious  copper -doped  samples.  The 
t empera tu re s  at  which  the var ious  copper  diffusions 
were  done are  also ind ica ted  in the figure. I t  is ap -  
pa ren t  f rom Fig. 4 and 5 tha t  the coppe r -doped  samples  
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Fig. 3. Hall coefficient as a function of measurement temperature 
for copper-d0ped Hgo.sCdo.s crystals. 
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Fig. 4. Experimental and calculated hole mobility at 77 K as a 
function of the hole concentration for undoped Hg0.sCdo.~ crystals; 
curves 1 and 2 show the calculated mobility due to impurity scat- 
tering (curve 1 for singly ionized centers and curve 2 for doubly 
ionized centers), line 3 shows the mobility due to lattice scatter- 
ing, and curves 4 and 5 show the overall mobility calculated by 
reciprocally combining the impurity scattering mobility and the 
lattice scattering mobility (curve 4 far singly ionized centers and 
curve 5 for doubly ionized centers). See Appendix A for details of 
calculations. 
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Fig. 5. Experimental and calculated hole mobility at 77 K as a 
function of the hole concentration for copper-doped Hgo.sCdo.2 
crystals; curves 1 and 2 show the calculated mobility due to im- 
purity scattering (curve 1 for singly ionized centers and curve 2 
for doubly ionized centers), line 3 shows the mobility due to lattice 
scattering, and curves 4 and 5 show the overall mobility calculated 
by reciprocally combining the impurity scattering mobility 
(curve 4 for singly ionized centers and curve 5 for doubly ionized 
centers). See Appendix A for details of calculations. 

have higher  hole mobil i t ies  than the undoped samples  
conta ining s imi lar  hole concentrat ions.  The mobi l i t ies  
ca lcula ted  on the basis of the  combined ionized im-  
pur i ty  and la t t ice  sca t ter ing  a re  also shown in the 
figures. 

F igure  6 compares  the e lec t r ica l  conduct iv i ty  at  77 K 
obta ined in the undoped  crysta ls  conta ining a r e l a t ive ly  
la rge  concentra t ion  of voids and inclusions (,~1000 pe r  
cm 2) wi th  those containing a negl ig ible  concentra t ion  
of these (----- 20 per  cm ~) subsequent  to anneals  a t  500~ 
in different  pa r t i a l  pressures  of Hg and air  cooled or 
quenched to room tempera tu re ;  the voids and inclu-  
sions in the samples  were  app rox ima te ly  10-30 ~m in 
d iameter ,  and depending on how the bu lk  crystals  were  
grown, the inclusions were  e i ther  Hg r ich or Te rich. 
F igure  7 shows the e lec t r ica l  conduct iv i ty  at  77K,  
obta ined  in the undoped crysta ls  containing a la rge  
concentra t ion of voids and inclusions and which were  
a i r  cooled to room t empera tu r e  subsequent  to anneals  
at  500~ in different  pa r t i a l  pressures  of Hg. F igures  
6 and 7 c lear ly  show tha t  the  e lect r ica l  conduct iv i ty  
var ia t ions  as a funct ion of the pa r t i a l  pressure  of Hg 
are  s imi lar  for undoped  crysta ls  wi th  and wi thout  
voids and inclusions tha t  were  quenched to room tern- 
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Fig. 6. Electrical conductivity at 77 K for various sets of undoped 
Hgo.sCdo.2Te crystals containing different concentrations of voids 
and inclusions, and quenched or air cooled subsequent to appeals 
in different Hg pressures at 500~ 
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Fig. 7. Electrical conductivity at 77 K for undoped Hg0.sCd0.2Te 
crystals containing a large concentration of voids and inclusions 
and air cooled subsequent to anneals in different Hg pressures at 
500~ C. 

pe ra tu re  subsequent  to equi l ib ra t ion  at  500~ the re -  
sults a re  also s imi lar  for the undoped crystals  conta in-  
ing v i r t ua l ly  no voids and inclusions and which were  
a i r  cooled f rom 500~ However ,  considerable  sca t te r  
is obta ined  in the resul ts  for the undoped crysta ls  con- 
ta ining a la rge  concentra t ion of voids and inclusions 
and which  were  a i r  cooled f rom 5000C. 

Discussion 
Defect equilibria.--The w a y  in which the concentra-  

tions of defects v a r y  as a function of the phys icochem-  
ical  condit ions of p repa ra t ion  ( t empera ture ,  pa r t i a l  
pressure  of Hg or pa r t i a l  p ressure  of Te2, a n d / o r  the 
dopant  concentra t ion)  can be a r r ived  at  by  ut i l iz ing 
the quasichemical  approach  developed by  KrSger  and 
Vink (13). The quasichemical  approach  has been used 
in many  b ina ry  compounds to es tabl ish  defect  models  
(14). In  such an approach,  atomic and electronic de-  
fects are  considered as chemical  species and defect  for-  
mat ion  react ions along wi th  the corresponding mass  
action rela t ions are formulated.  The concentrat ions  of 
all  the defect  species compris ing the e lec t roneu t ra l i ty  
condit ion and the dopant  balance  equat ion (for the 
doped crysta ls)  are  then expressed in terms of the re le -  
vant  mass act ion constants  and the concentra t ion of one 
defect  species. This resul ts  in equat ions containing the  
var ious  mass act ion constants  and the concentrat ions  of 
one single defect  species; numer ica l  solut ion wil l  then 
y ie ld  the concentra t ion of this defect  species for given 
values  of the mass action constants.  Once the concen- 
t ra t ion of one defect  species is de te rmined  the concen- 
t ra t ions  of al l  the  o ther  defect  species can be eva lua ted  
via the mass act ion relat ions.  

Defect format ion  react ions and mass action rela t ions 
for var ious  defect  species are  l is ted in Table  I. The de-  
fect notat ions are  according to the scheme of KrSger  
and Vink (13), in which the ma jo r  symbol  indicates the 

defect, the  subscr ipt  denotes the type  of la t t ice  site 
occupied, and the superscr ip t  indicates  the charge. Su-  
perscr ip ts  p r ime  ( ')  and dot  ( ' )  s tand for effective 
negat ive  and posit ive charges, respect ively,  whi le  a 
cross (x)  s tands  for  a neu t r a l  charge.  Thus V"Hg in-  
dicates a doubly  nega t ive ly  ionized vacant  la t t ice  site 
of Hg. Square  b racke t s  indicate  concentrat ions  ex-  
pressed as site fractions.  The na t ive  acceptor  defect  
species considered in this paper  are the  vacancies of Hg 
ins tead of the in ters t i t ia ls  of Te. Elect r ica l  measure -  
ments  cannot  d is t inguish  be tween  the two species and 
hence the resul ts  wi l l  be the same if  in ters t i t ia ls  of Te 
are  considered as the  na t ive  acceptor  defect  species 
instead. Recent  work  on the defect  s t ruc tu re  of CdTe 
(15, 16) de te rmined  by  Hal l  effect and t racer  self-  
diffusion da ta  indicates  the presence of apprec iable  
concentra t ions  of Te in ters t i t ia l s  in addi t ion  to the  
vacancies of Cd. Al though the resul ts  of the p resen t  
work  showed no evidence of presence of any  na t ive  
donor  defects such as Hgi or Vwe, etc. in any  apprec i -  
able  concentrat ion,  Table I includes these defects also 
for  purposes  of l a t e r  discussion in the paper .  

Defect state in the cooled crystals.~Ideally, in situ 
high t empera tu re  physical  p rope r ty  measurements  and 
measurements  on the crysta ls  quenched f rom the 
equi l ibra t ion  t empera tu re s  should both  be used to a r -  
r ive at  defect  states p reva i l ing  at  the high t empe ra tu r e  
as wel l  as in the  cooled crystals ;  much informat ion  re -  
gard ing  prec ip i ta t ion  of atomic defects dur ing  quench-  
ing can be obta ined  by  corre la t ing  the  defect  s tate in 
the cooled crysta ls  wi th  that  ob ta ined  at the equ i l ib ra -  
tion tempera tures .  CdTe (15-19) is on ly  one of the few 
mate r ia l s  that  has been s tudied ex tens ive ly  f rom such 
a viewpoint .  In  the presen t  work, however ,  the defect  
s ta te  in the  cooled crys ta l  shall  be used to der ive  in-  
format ion  r ega rd ing  the  defect  s ta te  p reva i l ing  at  the  
equi l ib ra t ion  tempera tures .  

While  a t t empt ing  to deduce the high t e m p e r a t u r e  de-  
fect s ta te  of the crystals  f rom measurements  on the 
crysta ls  quenched to room t empera tu r e  f rom the high 
t empe ra tu r e  physicochemical  conditions, a few as-  
sumpt ions  are  made.  The assumptions  a re  (i) tha t  the  
electrons and the holes recombine  dur ing cooling, (ii) 
that  al l  the atomic defects at the high t empe ra tu r e  are  
frozen in, and (iii) that  the intr insic  ca r r i e r  concen- 
t ra t ion  ni ---- K~ ~/~ at the measurement  t empera tu re  ~ 
concentra t ion of the e lec t r ica l ly  act ive atomic defects 
so tha t  the F e r m i  level  is p inned  a t  the defect  level  
and the car r ie r  concentra t ion in the cooled crystals  
gives the concentra t ion of the atomic defects cor re-  
sponding to the high t empe ra tu r e  equi l ibr ium.  The first 
assumpt ion is a lways  satisfied and the th i rd  one is also 
satisfied as long as the ca r r i e r  concentra t ion measure -  
ment  t empera tu re  is low enough for ni to be low. The 
second assumpt ion requi res  tha t  the crysta ls  be 
quenched fast  enough tha t  the prec ip i ta t ion  of the 
atomic defects is not given rise to. 

Approximation to the electroneutrality condition and 
dopant balance condition.--When the e l ec t roneu t ra l i ty  

Table I. List of the defect formation reactions, mass action constants, electroneutrolity condition, and dopant balance equation 

Reaction Mass action relation 

1. O - ~ e '  + h ' ; E l  Kl = [e ']  [ h ' ]  
2. Hg$Hg -'> V'Hg -t- 2h" § H g ( g ) ;  H"VH~ K"VH~ = [V"Hs] [h ' ]2  Ptcs 
3. V~Hz--> V'H~ + h ' ;  E~lv K.zv = [V'Hg] [h ' ] / [V~H~] 
4. V'Hg--> V'Hg + h ' ;  Ea2v Ka~v = [V"Hg] [ h ' ] / [ V ' ~ g ]  
5. (Hgo.sCdo,2)Te (S) -~ 0.8 ( H g ( g )  + 0.2 C d ( g )  + 1/2 Te ~ (g ) ;  K(Hg0.sCd0.2Te) = pHg0"SpCd0"~pTes 1/~ 

HHg0.sCd0.2Te 

O ~ V'~g + V " T e ;  H ' s  
H g z ~ - ~  V"Rg + H g " t ;  H"F 
Hg(1)  ~ H g ( g ) ;  HH~ 
Te(1)  ~ 1/2 Te~(g ) ;  H~e 

6. K ' s  = [V"H~] [ V ' ' T e ]  
7. K"~ = [V"Hg] [ H g " l ]  
8, KHg = pH~/aHg 
9. KTe .~ pTe~121aTe 

10. E l e c t r o n e u t r a l i t y  condition: 
[e ']  + [CU'Hg] -F [V'Hg] "}" 2[V#Hgi = i h ' ]  "~ [ C u ' l ]  Jc [ H g ' l ]  + 2 [ H g " l ]  + 2 [ V " T e ]  

Copper balance equation: 
[CU'Hgi ~" [Cu" i] ~- [Cutoti  

11. 
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condi t ion and the dopant  ba lance  equat ion (Table  I)  
a re  app rox ima ted  by  only  the dominan t  member s  (20), 
one can ob ta in  the  var ia t ion  of the  defect  concent ra-  
t ions as a funct ion of  Prig and the to ta l  copper  concen-  
t ra t ion  (for copper -doped  crys ta ls )  in the form 

Concent ra t ion  cc PHgr ['Cutot] s 

where  r and  s are  smal l  in tegers  or  fractions.  
Tab le  I I  l ists the exponents  of Prig and [Cutot] for 

the  va r ia t ion  of  the  concentra t ions  of the  d i f ferent  de -  
fects for var ious  approx imat ions  to the e l ec t roneu t ra l -  
i ty  condit ion.  

Native acceptor  defects.~The fact  that  the  hole con- 
cen t ra t ion  in the  undoped  c rys ta l s  is p ropor t iona l  to 
prig -1 (Fig. 2) indicates  tha t  the crys ta ls  are  essent ia l ly  
in t r ins ic  at  the  high t empe ra tu r e  (Table  II, e lec t ro-  
neu t r a l i t y  approx ima t ion  [e'] _-- [ h ' ] ) ;  however ,  as 
can be noted f rom Table  II, for a s i tua t ion  where  the 
crys ta l  is intr insic,  all  the na t ive  acceptor  defects  v a r y  
as prig -1 i r respec t ive  of the charge  s ta te  of the defects. 
In  o rde r  to es tabl ish  the  charge  s tate  of the na t ive  
acceptor  defects  dominan t  in the  undoped  crys ta ls  the 
e lec t r ica l  character is t ics  of the undoped  and the ac-  
ceptor  doped  crys ta ls  wi l l  be compared.  F igure  4 shows 
tha t  the hole mobil i t ies  in the  undoped c rys ta l s  at  77 K 
decrease  wi th  an increase  in the hole concentra t ion 
indica t ing  tha t  the  cont r ibu t ion  of  ionized i m p u r i t y  
sca t te r ing  to the  hole mobi l i t ies  is substant ia l .  If  so, 
the fact  tha t  a ma jo r i t y  of the  copper -doped  crysta ls  
shown in Fig. 5 have h igher  mobi l i t ies  than  the un= 
doped crys ta ls  indicates  tha t  the ionized impur i t y  scat-  
te r ing  is less in the copper -doped  crystals ;  the resul ts  
can be exp la ined  if  copper  is a single acceptor  occupy-  
ing Hg la t t ice  sites and the na t ive  acceptor  defects in 
the undoped  crysta ls  are  doubly  ionized. Based on the 
theory  of ionized impur i t y  sca t ter ing  (21) for compar -  
able  hole concentrat ions,  the mobit i t ies  due to ionized 
i m p u r i t y  sca t te r ing  in the  copper -doped  crys ta ls  con-  
ta in ing x number  of s ingly  ionized copper  centers  can 
b e e x p e c t e d  to be twice tha t  in the undoped  crysta ls  
conta ining x/2 n u m b e r  of the doubly  ionized na t ive  

Table II. Variations of the defect concentrations as a function of 
Prig and/or copper concentrations for various approximations to 

the electroneutrality condition 

T y p e  of defect  and approxi-  [ ] cr prHg[CUtot]S 
m a t i o n  to the  e lect ro-  
neutrality condition r s 

Hole  concen- 
tration in the  

coo led  crys ta ls  

r s 

i, [e'] = [h'] = X/~ 0 0 
[V'agl - 1 0 
[V'ag] - 1 0 
[Hg" t] +i 0 
[ H g " , l  +1 0 
IV'" T~] + 1 0 
[CU'Hg] = [Cutot] 0 1 

9,, [Cu'Hg] = [Cutot] ffi [h'] 0 1 
tV*ug] - i  --2 
[V'Eg] - 1  -I 
[Hg" ~] + 1 + 1 
[Hg~" t] + 1 +2 
[V"T~]  +1 +2 

3. [h'] = 2 [ V ' ~ ]  - 1 / 3  0 
[e'] + 113 0 
[V'Br - 213 0 
[Hg" 4 ] + 213 0 
[ H g ' "  ~] + 1/3 0 
IV ' "  Te] + 1/3 0 
[CU'Hg] = [Cutot] 0 1 

4. [V"~,l = [ V " T e ]  = ~ 0 0 
[e'] 112 0 
[b ' ]  - 1 1 2  0 
[V'~] - 112 0 
[Hg" ~ ] + 1/2 0 
[H g ' "  ~ ] 0 0 
[CU'Hg] ~- [Cutot] ~ 0 1 

5. [V"Hg] ~-" [ H g " l ]  = ~ /K ' v  0 0 
[e'] 112 0 
[ h ' ]  --1/2 0 
[V'Hi~] --112 0 
[Hg" i ] "~" 112 0 
[ H g ' " ,  l 0 0 
IV ' "  Tel 0 0 
[Cu'~g] = [Cutot] O 1 

- I  0 
- 1  0 
+ I  0 
+ I  0 
+1 0 

0 1 
0 1 

- 1 / 3  0 

acceptor  defect  centers. Also, in those crys ta ls  where  
the e lec t r ica l ly  act ive copper concentra t ion  exceeds the 
in t r ins ic  car r ie r  concentra t ion  at the anneal ing  t em-  
peratures ,  thus ex t r ins ica l ly  doping them, the nat ive  
acceptor  defect  concentra t ion decreases wi th  an in-  
crease in the copper  concentra t ion as a consequence of 
the mass act ion effect. As can be seen f rom Table II, 
as soon as the  crysta ls  become ext r ins ic  wi th  copper  
doping and  the e l ec t roneu t ra l i ty  app rox ima t ion  be= 
comes [Cu'Hg] = [h ' ] ,  the  doub ly  ionized na t ive  ac-  
ceptor  defects decrease in propor t ion  to the square  of 
the copper  concentra t ion in the  crys ta ls  ( [V ,  Hg] cc 
[ C U t o t ] - 2 ) .  This is shown schemat ica l ly  in Fig. 8. 
Hence, in samples  doped wi th  copper  to g rea te r  than  
the intr insic  ca r r i e r  concentrat ion,  the concentra t ion of 
the doubly  ionized nat ive  acceptor  defects  is consider= 
ab ly  depressed.  If the na t ive  acceptor  defects were  
s ingly ionized, thei r  concentra t ion  would  decrease  in an 
inverse  l inear  propor t ion  to [Cutot] as soon as the  cop- 
pe r  concentra t ion exceeds the  intr insic  ca r r i e r  concen- 
t ra t ion  (Table II  and Fig. 8); however ,  the hole mobi l i ty  
of such samples  should be no different  f rom tha t  of  the 
undoped crysta ls  for comparable  hole concentrat ions.  
I t  m a y  be argued tha t  the l a rge r  hole mobi l i ty  in the  
heav i ly  copper -doped  samples  (Fig. 5) m a y  resul t  f rom 
shor t ing paths  due to the high concentra t ions  of cop- 
per;  however ,  the fact  tha t  the hole mobi l i ty  in the  
copper=doped samples  decreases  for hole concent ra-  
t ions in excess of 1019 cm -3  (Fig, 5) rules  out  this  ex -  
planat ion.  I t  should also be noted f rom Fig. 4 and 5 
tha t  the hole mobil i t ies  are  essent ia l ly  the same for 
both  the copper -doped  and the undoped  samples  when 
the hole concentra t ion  is less than 1017 cm -3. This re -  
sult  indicates tha t  ionized impur i t y  sca t ter ing  is p rob-  
ab ly  less significant for hole concentra t ions  less than 
10 t7 cm -3. Hole mobi l i t ies  ca lcula ted  by  rec iproca l ly  
combining the mobi l i ty  due to la t t ice  sca t ter ing  and 
the mobi l i ty  due to ionized impur i t y  sca t ter ing  (see 
Append ix  A for deta i ls )  are  also shown in Fig. 4 and 5 
for the  cases of s ingly  ionized and doubly  ionized scat -  
ter ing centers;  c lear ly,  for the undoped  crystals ,  the  
ag reemen t  be tween  the e xpe r ime n t a l  values  and the 
calculat ions is be t t e r  for the case of the doubly  ionized 
sca t ter ing  centers,  whereas  for the  copper -doped  crys-  
tals  the  agreement  is be t t e r  for the case of the s ingly  
ionized scat ter ing centers.  I t  should be noted tha t  the 

/ /  
T = FIXED EXTRINSIC RANGE / I /  
PHg = FIXED / / 

,N,R,NSIC, N E / 
J 

!ii . . . . .  7 

//l'x < /o  
[v".g? o. [ . " 1 / i  / < 

, 
' 

fF n I 
[Hg"'l ~ [VTe"] / ~ % O .  

I , 

[co' 7=~ / Hgj i 
LOG CONCENTRATION OF COPPER 

Fig. 8. Schematic variation of [e'] ,  [h ' ] ,  [Cu'Hg], [V"Hg] 
(or [Te ' i ] ) ,  [V'Hg] (or [Te'i]), and [Hg" i ]  (or [V"Te])  as a 
function of the electrically active copper concentration in 
Hgo.sCdo.2Te at a fixed temperature and partial pressure of Hg. 
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Brooks -Her r ing  express ion (21) used for calculat ing 
the mobi l i ty  due to ionized impur i t y  sca t ter ing  is ap -  
pl icable  only for nondegenera te  semiconductors  and  
hence the mobi l i ty  calculat ions shown in Fig. 4 and 5 
for hole concentrat ions  in excess of 1019 cm -3 should 
not  be deemed significant; for such large  ca r r i e r  con- 
centra t ions  impur i t y  banding  effects also become im-  
portant .  

Absence o~f co~npensation in the undoped and copper- 
doped crystals.--Absence of compensat ion in the un-  
doped as wel l  as the  copper -doped  crysta ls  of  
Hg0.sCd0.2Te is evidenced by  a few inferences.  First ,  
the hole mobi l i t ies  in the undoped crysta ls  are  only  de -  
penden t  on the hole concentra t ion  and are  independen t  
of the t empe ra tu r e  of anneal ;  if  there  was any compen-  
sat ion by  na t ive  defects, the concentra t ion of these 
defects would be expected to be exponen t ia l ly  depen-  
dent  on t empera tu re  and the mobi l i ty  dependence  on 
the hole concentra t ion  would  not  have  been  nea r ly  as 
l inear  as shown in Fig. 4. Second, if  the undoped crys-  
tals had a considerable  concentra t ion of na t ive  donor  
defects compensat ing  the na t ive  acceptor  defects the 
concentra t ion of these nat ive  donor defects  would  
have cons iderably  increased  via  the  mass act ion effect 
as soon as the copper  concen t ra t ion  exceeded the in-  
t r insic  ca r r i e r  concentra t ion and the crys ta l  became 
extr ins ic  (Table  II  and Fig. 8). Since the copper -doped  
crystals ,  in  fact, have h igher  mobil i t ies  than  the un -  
doped crysta ls  for comparab le  hole concentrat ions,  the  
undoped  and the copper -doped  crysta ls  seem to be  un -  
compensated  and the na t ive  donor defect  concentra t ion 
in Hg0.sCd0.~Te seems to be negligible.  Absence  of com- 
pensat ion also has been es tabl ished in Hg0.6Cd0.4Te 
(22). 

Origin of p-type to n-type conversion.--In the ab-  
sence of any  sys temat ic  defect  s tudies in Hgl-xCdxTe 
various reasons for p - t y p e  to n - t ype  conversion have 
been proposed  (2-5, 23, 24). Reynolds  et ai. (23) ob-  
served that  the  Hg0.sCd0.2Te crys ta ls  annea led  unde r  
Hg- sa tu r a t ed  condit ions conver ted  to n - t y p e  be low 
360~ and the electron concentra t ion was independen t  
of t empe ra tu r e  of anneal  be low 360~ The t empera tu re  
independence  of the e lect ron concentra t ion under  Hg-  
sa tu ra ted  condit ions led them to conclude that  the crys-  
tals  were  n - t y p e  due to res idual  donors in the  crysta ls  
and  not due to any nat ive  donor defects. S imi la r  in-  
ferences and conclusions were  r epor ted  recen t ly  by  
Bar t l e t t  et al. (24) for  Hg0.sCd0.2Te. Schmit  and Stelzer  
(25) observed tha t  their  undoped Hg0.6Cd0.4Te samples  
also tu rned  n - type  at  t empera tu res  be low 350~176 
under  Hg- sa tu r a t ed  conditions. Also the conversion 
t empera tu res  were  different  for different  samples.  A l -  
though the t empe ra tu r e  independence  of the e lec t ron 
concentra t ion in the undoped  crystals  of Hg0.sCd0.~Te 
(23, 24) and Hg0.6Cd0.4Te (25) for Hg- sa tu r a t ed  con- 
di t ions does not, by  itself, ru le  out  the n - t y p e  conver-  
sion to be due to nat ive  donor defects  (see Append ix  
B),  the fact  that  the different  samples  in the exper i -  
ments  of Schmit  and Stelzer  (25) conver ted  to n - t y p e  
at  different  t empera tu re s  indicates  that  the conversion 
in these samples  was due to res idual  fore ign donors in 
the crystals ,  the samples  wi th  a h igher  res idual  foreign 
donor concentra t ion being able to conver t  to n - t ype  at  
a h igher  tempera ture .  Also i t  was noticed in the present  
work  tha t  cer ta in  of the p - t y p e  samples  (1015-10 TM 
cm -3)  did not conver t  to n - t ype  even when annea led  in 
H g - s a t u r a t e d  condit ions at  t empera tu re s  be low 350~ 
If  the n - t y p e  conversion occurs due to nat ive  donor 
defects the inab i l i ty  to conver t  some of these samples  
is difficult to explain.  In these samples  the res idual  ac-  
ceptor  impur i t y  concentrat ion exceeded the res idual  
donor  impur i ty  concentra t ion and hence p - t y p e  to n-  
type  conversion was not possible at  any  tempera ture .  
These a rguments  suppor t  our conclusion in the p re -  
vious section tha t  the na t ive  donor defects  in 
Hg0.sCd0.2Te are  negl igible  in concentrat ion;  (p robab ly  

much less than  1015 cm -8 at  350~176 The conver-  
sion to n - t y p e  in Hg0.sCd0.2Te, as wel l  as Hg0.6Cd0.4Te 
does not  appear  to be due to na t ive  donor defects. 
The assumpt ion that  the  p - t y p e  to n - t y p e  conversion 
in Hg1-xCdxTe al loys occurs due to nat ive donor de-  
fects appears  er roneous  (2-5),  and  such a conversion 
only occurs due to res idual  donor  impur i t ies ;  also the  
conversion is only  possible for samples  wi th  res idual  
donor  i m p u r i t y  concentra t ion exceeding  the res idual  
acceptor  i m p u r i t y  concentra t ion in the crystals .  

Correlation of the quenching efficiency with the pres- 
ence o] voids and inclusions.--Results of Fig. 6 and 7 
indicate  tha t  the  e lect r ica l  conduct iv i ty  var ia t ions  in 
the cooled c rys ta l s  a t  77 K as a funct ion of the  pa r t i a l  
pressure  of Hg at  the equi l ib ra t ion  t empera tu res  can 
be a sensi t ive funct ion of the cooling rate,  pa r t i cu l a r ly  
for samples  containing a large  concentra t ion of voids 
and inclusions ( ~  1000 per  cm~). For  samples  conta in-  
ing a r e l a t i ve ly  :small concentra t ion  of voids and  inclu-  
sions (--~ 20 pe r  cm ~) the resul ts  are  app rox ima te ly  the 
same except  under  ve ry  low H g  pressures  where  the 
a i r -cooled  samples  have smal le r  e lectr ical  conduct iv i ty  
than the quenched samples  (Fig. 6). Elect r ica l  con- 
duct ivi ty,  r a the r  than  hole concen'tration, has been  
plot ted  in Fig. 6 and 7 for ease of comparison of the 
resul ts  of different  anneals;  for instance, some of the 
a i r -cooled  samples  showed mixed  conduct iv i ty  due to 
the  format ion  of thin n - t y p e  invers ion layers  formed 
by  a reduct ion in the  hole concentra t ion due to p re -  
c ipi ta t ion of na t ive  acceptor  defects dur ing  cooling 
a n d / o r  pa r t i a l  type  conversions of the samples.  When  
such layers  a re  thin, the overa l l  conduct iv i ty  is st i l l  
dominated  by  holes (p#~ > n~n) even if the Hal l  co- 
efficient is negat ive  (n~2n > p~2p), hence e lect r ica l  con- 
duc t iv i ty  for  such samples  was assumed to reflect the  
bu lk  crys ta l  p roper t ies  be t te r  than the Hal l  effect re -  
sults. I t  can be in fe r red  f rom Fig. 6 and 7 that  the  cool- 
ing ra te  obta ined  f rom air  cooling the samples  is not 
high enough to re ta in  the high t empera tu re  equi l ib r ium 
in the samples  containing a la rge  concentra t ion of 
voids and inclusions, thus resul t ing  in a reduct ion of 
the  concentra t ion  of the na t ive  acceptor  defects a t  
500~ The diffusion distances for equi l ib ra t ion  are 
lower  in the presence of a large  concentra t ion of voids 
and inclusions, hence crys ta ls  containing a large  con- 
cent ra t ion  of these can come to equ i l ib r ium at an in-  
t e rmedia te  t empe ra tu r e  be tween  500~ and room tem-  
pe ra tu re  dur ing  a i r  cooling, whereas  crystals  conta in-  
ing fewer  of them re ta in  the high t empera tu re  equi-  
l i b r ium to a g rea te r  degree. I t  should also be noted 
f rom Fig. 7 tha t  quenching in ice wa te r  is fast  enough 
for crysta ls  containing a la rge  concentra t ion of voids 
and inclusions to re ta in  the 500~ equi l ibr ium.  A l -  
though exper iments  wi th  va ry ing  cooling ra tes  were  
not  unde r t aken  at h igher  t empera tu re s  it  is reasonable  
to assume tha t  the effect of the presence of voids and 
inclusions on the quenching efficiency is g rea te r  at  
t empera tu re s  h igher  than  500~ and lower  at  lower  
tempera tures .  

Analysis of the carrier concentration in the undoped 
crystals.--In the de ta i led  analysis  of the ca r r i e r  concen- 
t ra t ion  in the cooled crystals ,  the complete  e lec t roneu-  
t r a l i ty  condit ion is considered. In  o rde r  to dis t inguish 
the  high t empera tu re  state of the crys ta l  f rom the low 
t empera tu r e  state of the crys ta l  (cooled crysta ls)  sub-  
scripts  HT (high t empera tu re )  and  LT ( low t empera -  
tu re )  are  used. 

For  the undoped crystals ,  knowing  tha t  the na t ive  
accepter  defects a re  doubly  ionized and that  the na t ive  
donor defects are  negl igible  in concentra t ion and ne-  
glect ing the influence of res idual  donors and acceptors,  
the complete  e l ec t roneu t ra l i ty  condit ion becomes 

[e']HW -~- 2[V"Hg]HT = [h']HW [1] 

Express ing [e'] and [V"Hg] in te rms of the mass action 
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constants ,defined in  Table I, we obta in  

(Ki] [h'])HT 4. (2K"vHgl [h']~ PHe)HT -- [ h ' ]~ r  [2] 
Or 

[h ']~T 8 -- (Ki [h ' ] )  H'r --  2 (K"vHglPHg) H~r 

The concentrat ion of holes obtained in  the cooled crys- 
tals is given by  

[h']LT = 2[V"HgSHT -- (2K"vHgf [h']ZPHg)HT 
or 

[h']HW = (2K"VHglPHg) HT'~[ [h']LT V2 [3] 

Combinat ion of [2] and [3] with some simplification 
gives 

[h']LT 8/~ (2K"VI{S]pHg) HT 1/~ 4- (Kl) Z~T [h']LT 

- -  (2K"VHgJPHg)HT [4] 

For given values of Ki and K"wg at various tempera-  
tures, the solution of Eq. [4] gives the hole concentra-  
t ion in  the cooled crystals as a funct ion of Prig. By a 
procedure of tr ial  and error, the values of Ki and K'vHg 
were optimized at each tempera ture  to give the best  fit 
be tween  the exper imenta l ly  observed hole concentra-  
tions and the calculated values. The calculated values 
are shown in Fig. 2 as solid lines. The agreement  be-  
tween the exper imenta l  values and the calculations ap- 
pears to be wi th in  limits of exper imental  error. 

Mass action constants  Ki and K"v~g determined from 
the present  invest igat ion (valid for temperatures  be-  
tween 4000 and 655~ are given by 

Ki = 5.77 X 10 -4 exp (--0.57 eV/kT)  (Site Fr)2 [5] 

and 

K"v~ ---- 7.9 • 102 exp (--2.24 eV/kT)  (Site Fr)  s atm 

[6] 

Noting that  there are 1.26 • 1022 molecules/cm ~ in 

Hg0.sCd0.2Te, we get 

Ki -- 9.16 • 10 ~0 exp (--0.57 eV/kT)  cm -~ [7] 
and 

K"v~ ---- 1.58 • 1069 exp (--2.24 eV/kT)  cm -9 a tm 

[8] 

Both Ki and K"v~ influence the absolute values of the 
carr ier  concentrat ion obtained in  the cooled crystals 
and the var ia t ion of the carrier  concentrat ion as a 
funct ion of PHi. From Table II, it can be seen that 
the hole concentrat ion in the cooled crystals (equal to 
twice the concentrat ion of the doubly ionized nat ive 
acceptor defects at the anneal  tempera ture)  is expected 
to be proport ional  to pH~ -~ for crystals which are in-  
trinsic, whereas it is expected to be proport ional  to 
prig -1/3 for crystals which are extrinsic with the s i tua-  
t ion [h'] ---- 2 [V"~]  at the high temperature.  Thus, for 
a given value of K"w~, if the chosen K~ value was such 
that  [V"~]  was comparable in concentrat ion to [e'] 
and [h '] ,  at the high temperature ,  the power depen-  
dence of the calculated hole concentrat ion in the cooled 
crystals was between --1/3 and --1. On the other 
hand, if the chosen Ki values were high compared to 
the hole concentrat io~ in  the cooled crystals, the cal- 
culated hole concentrat ion var ied strictly as prig -1.  
The absolute values of the caIcutated hole concentra-  
tions depended both on K' and K"v~. In  order to show 
how sensitive the calculated hole concentrat ions are to 
the var iat ion in the Ki values at the anneal  tempera-  
tures, the hole concentrat ions in  the cooled crystals 
were calculated as a function of PH~ for Ki values 25% 
higher and 25% lower than given by expression [7] 
for Ki. The calculated hole concentrat ions in  the cooled 
crystals for Ki values given by the expression as well  
as for K~ values • 25% are shown for T = 500~ in  
Fig. 9; the K"vHg value in the calculations was kept  
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Fig. 9. Defect model calculations of the hole concentrations at 
77K for undoped Hgo,sCdo.2Te annealed at 500~ in various 
partial pressures of Hg and quenched to room temperature; solid 
line 2 represents calculations using Ki values given by expression 
[7] of the text, whereas the dashed lines 1 and 3 correspond to 
calculations using Ki values differing from those of expression [7] 
by __+25%; experimental points are also shown for comparison. 

constant  as given by expression [8]. It appears that 
+_.25% variat ions in  Ki do not  affect the calculations 
adversely. 

Assuming simple parabolic conduct ion and  valence 
bands and nondegenera te  semiconductor  statistics the 
expression for Ki is wr i t t en  as 

Ki : 2(memh) s/2 (~kT/h2) 3 exp ( - -  Eg/kT) cm -6 

[9] 

where me and mh are the effective masses of electrons 
and holes, respectively, and Eg is the energy gap. E~ _-- 
E~(0) + aT where Eg(0) corresponds to the energy 
gap at 0 K. A l inear  increase of the energy gap with in -  
crease in tempera ture  has been verified by various re-  
searchers for temperatures  up to 400 K (26-30). To the 
author 's  knowledge, no measurements  on the energy 
gap or the intr insic  carrier  concentrat ion at tempera-  
tures much in excess of 400 K exist in the l i terature.  
If we assume the l inear  tempera ture  dependence of 
the gap to hold good at temperatures  greater than  
400 K, with Eg(0) ~ 0.1 eV (3) and inclusion of the T 3 
term in the exponent  term (Eq. [9]), we get 0.32 eV 
for the enthalpy associated with Ki. This value is lower 
than the value of 0.57 eV found from the present  in-  
vestigation expressions [5] and [7]).  The possible non-  
paraboLicity of the bands at the higher temperatures  
and a nonnegl igible  tempera ture  dependence of the ef- 
fective masses of carriers may account for the higher 
entha lpy  associated with Ki given by expression [71. 

'The  dependence of the calculated hole concentrat ions 
in  the cooled crystals on the value of K"vH~ can be 
judged by  the inspection of Eq. [4] which indicates 
that  for crystals which are intr insic  at the anneal ing  
temperature,  the second term on  the le f t -hand  side 
dominates, with the result  that  the hole concentrat ion 
in the cooled crystals is proport ional  to the value of 
K"VHJKI. As a result  it is not hard to realize that  for 
given values of Ki the hole concentrat ions in the cooled 
crystals depend on K"vHg in just  the opposite way a s  

they did with Ki for fixed K"vHg values. Thus, just  a s  

•  variat ions in  K~ did not  adversely affect the cal- 
culations (Fig. g), we believe similar  variat ions can be 
tolerated in the value of K"vHg. 
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F r o m  the  presen t  work  the en tha lpy  for  the react ion 

HgHg x -> V"Hg -1" 2h" 4" Hg (g) 

has been es tabl ished to be 2.24 eV. 
Fo r  comparison wi th  CdTe, the  en tha lpy  associated 

wi th  the react ion 

Cdcd ~'-> V"ca 4-  2h" 4"  Cd(g) 

is eva lua ted  to be 4.72 eV (15). The h igher  en tha lpy  
associated wi th  a s imi la r  defect  reac t ion  for  CdTe is 
reasonable  in v iew of the  fact  tha t  CdTe has a l a rge r  
mel t ing  point  and bandgap  than  Hg0.sCd0.2Te and,  
hence, s t ronger  bonding. 

Table  I I I  summarizes  the values  of some of the  mass 
act ion constants  defined in Table  L Inc luded in the 
table  a re  the  values of Ki and K " v ~  appl icable  for T 
= 400~176 as wel l  as the Ki value  appl icable  for  T 
= 27~176 

The mass act ion constants  Ki and  K"vi-ig es tabl i shed  
f rom the presen t  work  can exp la in  the resul ts  on in -  
d i um-doped  (31). Iod ine -doped  (32) and phosphorus-  
doped Hg0.sCd0.2Te (33) sat isfactori ly .  

De~ect isotherms for undoped Hgo.sCdo.zTe.--Once 
the values  of Ki and K"vHg are  known, i t  is possible to 
calculate  the concentrat ions  of var ious  defects as a 
function of Prig at  any  given tempera ture .  Such a de -  
fect i so therm for T = 500~ is shown in Fig. 10. As can 
be .seen f rom the figure, the crys ta l  is essent ia l ly  in-  
t r insic  except  a t  low Hg pressures  at  h igher  t e m p e r a -  
tures where  na t ive  acceptor  defects begin to become 
comparable  in concentra t ion  to in t r ins ic  carr iers .  

Hole concentration in undoped Hgo.sCdo.~Te under 
Hg-saturated and Te-saturated conditions.--The high-  
est and the lowest  Hg pressures  in the expe r imen ta l  
da ta  indica ted  b y  ar rows in Fig. 2, correspond to the  
Hg pressure  under  Hg- sa tu r a t ed  condit ions and the 
Hg pressure  under  Te- sa tu ra ted  conditions,  respec-  
t ive ly  (8-10). F igure  11 shows the hole concentra t ion  
var ia t ion  in the  cooled crysta ls  as a funct ion of t em-  
pe ra tu re  of equi l ibra t ion  for Hg- sa tu r a t ed  and Te-  
sa tu ra ted  conditions. The t empera tu re  dependences  of 
the hole concentra t ion are  given b y  

[h-] ( t tg  sa tu ra ted)  

�9 - 1.54 X 10~ exp (--1.13 eV/kT)  cm -3 
and 

[h ' ]  (Te sa tu ra t ed )  

= 2,36 X 1020 exp (--0.314 eV/kT)  cm -~ 

Isohole concentration plot ]or Hgo.sCdo.zTe.--Knowl- 
edge of Ki and K"VHg permi ts  us to calcula te  hole con- 
centra t ions  in the cooled crystals  as a funct ion of the 
physicochemical  condit ions of prepara t ion ,  namely ,  p~g 
and T. Such "a plot  is shown in Fig. 12, As can be seen 
f rom Fig. 12, the undoped  ma te r i a l  is p - t y p e  th rough-  
out  the  exis tence  region for  a l l  t empera tu re s  as long 
as the res idual  foreign acceptor  concentra t ion is 
grea ter  than the res idual  foreign donor concentra t ion 
in the  crystals .  This figure is different  f rom the isocar-  
r ie r  concentra t ion plot  r epor ted  in Ref. (2, 4) where  

Table III. Values of the parameters for the equilibrium constants 
K = Ko exp (--H/kT) defined in Table I 

Equilibrium Ko (Site Fr, 
eonstan~ arm) H (ev) Source 

I .  KI  5.77 x 10-~ 0.57 ] T h i s  w o r k  
2. K 'VHg 7.9 x 10 a 2.24 f (400~176 
3. K i  1.4 x tO -5 0.354 (27~176 
4. KHg0.sCdo.~Te 2.75 X 10 ~ 2.06 R e f .  (10)  
5. K~g  7.84 x lO ~ 0.62 "[ 
8. KT~ 1.82 x i 0  a 1.27 [ R e f .  (8) 

T h e r e  a r e  1,26 x 10 ~2 m o l e c u l e s / c m  s i n  Hgo,sCdo.~Te. 
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Fig. I0. Calculated defect concentrations as a function of the 
partial pressure of Hg at the equilibration temperature of 500~ 
das, hed line represents the calculated hole concentration in the 
cooled crystals at 77 K; experimental points are also shown for 
comparison. 
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Fig. 11. Calculated hole concentration lines at 77 K as a func- 
tion of temperature for undoped Hgo.sCdo.2Te equilibrated in Hg- 
saturated and Te-saturated conditions and quenched to room tem- 
perature. Calculations for temperature ranges outside the experi- 
mental work reported in this paper are shown dashed; intrinsic 
carrier concentration as a function of temperature is also shown. 

p - t y p e  to n - t y p e  conversion was a t t r ibu ted  to nat ive  
donor defects. I t  can also be seen that  the highest  de-  
via t ion f rom s to ichiometry  (or the highest  hole concen- 
t ra t ion  in the cooled crysta ls)  a t t a inab le  in undoped  
Hgo.sCd0.2Te is < 3 X I018 cm -~. 

Defect isotherms Jor copper-do~ed Hgo.sCdo.2Te.-- 
With the assumpt ion tha t  al l  of the  e lec t r ica l ly  act ive 
copper  is p resen t  as CU'Hg, defect  concentrat ions  as a 
function of the e lec t r ica l ly  act ive copper  concentra t ion 
and Prig can be calculated.  As before,  we define h igh  
t empe ra tu r e  and low t empera tu r e  s ta tes  of the  crys ta l  
using subscripts  HT and LT, respect ively.  The com- 
ple te  e lec t roneu t ra l i ty  condi t ion and the copper  ba l -  
ance equat ion are  
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Fig. 12. Calculated isohole concentration lines at 77K for 
Hgo.sCdo.2Te as a function of the partial pressure of Hg and 
temperature of equilibration. 
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Fig. 13. Calculated defect concentrations as a function of the 
electrically active copper concentration in the crystals at the 
equilibration temperature of 500~ and Prig = 3 atm; dashed line 
corresponds to the calculated hole concentration in the cooled 
crystals at 77 K. 

[e']HT + 2['V"Hg]HT "~- [CU'Hg] "-- [h ' ]HT [10] 
and 

[Cu'Hg]HT = [Cutot]~T [11] 

In  t e rms  of the  mass  act ion constants  Ki and K"vHg, 
the e l ec t roneu t r a l i t y  condit ion is r ewr i t t en  as 

( K i / [ h ' ] )  HT 2: 2(K"vHg/[h.]2pHg) HT 

-~ [Cutcr -" [h ']HT [12] 
or  

[h']HT 3 -- [h']HT 2 [Cutot] 

-- Ki[h ' ]HT : 2(K"vHg/PHg) HT [13] 

In  the  cooled crystals ,  the  hole  concent ra t ion  is given 
by  

[h']Lw : 2[V"Hg]HT -~ [Cu Hg]HT 

"-- 2[V"Hg]HT -~ [Cutc~t]HT [14] 

or, express ing [V"Hg] in t e rms  of K"vHg and [h ' ] ,  we  
get  

[h']LT : (2K"vHg/[h']2PHg)~T + [Cutot]HW [15] 

Wi th  the knowledge  of the  mass act ion constants  Ki 
and K"vHg es tabl i shed  for  the  undoped crystals ,  defect  
concentra t ions  ([V"Hg], [h']HT, [h']LW, etc.) as a func-  
t ion of copper  concent ra t ion  for  a f ixed Prig or as a 
funct ion of Prig for fixed copper concentra t ion can be 
ca lcu la ted  f rom Eq. [13] and [15]. F i g u r e  13 shows 
the defect  i so therm for T ---- 500~ and Prig : 3 arm as 
a funct ion of the  total  copper  concent ra t ion  in the c rys -  
tal.  S imi l a r i t y  be tween  Fig. 8 and 13 is to be noted.  
Whi le  Fig. 8 is d r a w n  wi th  approx ima t ion  to the neu-  
t r a l i t y  condition, Fig. 13 has been d rawn  wi th  the  con- 
s idera t ion  of the complete  e l ec t roneu t ra l i ty  condition. 

Imper]ect quench ]or heavRy copper-doped sa~nples. 
- - T h e  e lec t r ica l ly  active copper  concentra t ion  in va r i -  
ous samples  as in fe r red  f rom the  Hal l  effect measu re -  
ments  was found to be lower  than  the to ta l  copper  
concentra t ion  in the  samples  in fe r red  f rom atomic ab-  
sorp t ion  analysis  (Table  IV) .  F r o m  arguments  in the  
previous  sections, compensat ion  by  na t ive  donor de -  

fects or by copper interstitials (acting as donors) is 
ruled out as the explanation. On the other hand, pre- 
cipitation of copper during quenching or the solubility 
limit of copper at the equilibration temperatures can 
explain the discrepancy. If the explanation is one of 
the solubility limit, it is hard to reason why samples 
having total copper concentration less than 10 TM cm -8 
also show electrically active copper less than the total 
amount of chemically inferred copper concentrations. 
Owing to the high diffusivity of Cu in Hgl-xCdxTe (6, 
7), we are inclined to believe that precipitation of 
copper as CuTe or Cu2Te during quenching results in 
the electrically active copper (as found by Hall effect 
measurements) to be less than that obtained by chemi- 
cal analysis.  The  fact tha t  the  f ract ion of e lec t r ica l ly  
act ive copper  decreases for h igher  and h igher  copper  
concentrat ions  (as de te rmined  b y  chemical  analys is )  
also supports  the view tha t  p rec ip i ta t ion  occurs dur ing  
quenching since the  diffusion dis tance be tween  copper  
atoms for p rec ip i ta t ion  to occur can be expec ted  to de-  
crease as [Cutot]-8. Efforts to improve  the quenching 
efficiency b y  b reak ing  open the ampuls  and quenching 
the samples  d i rec t ly  in wate r  did  not  resul t  in any  im-  
provement .  I t  appears  t h a t  the h igh  diffusivi ty  of cop- 
per  resul ts  in an imperfec t  quench f rom the equ i l ib ra -  
t ion tempera ture .  H we bel ieve  tha t  p rec ip i ta t ion  oc-  
curs dur ing  quenching, the  solubi l i ty  of e lec t r ica l ly  

Table IV. Comparison of the concentrations of electrically active 
copper and the total amount of copper (as determined from atomic 

absorption analysis) for samples doped with copper at 5000 
and 600~ 

Total copper con- ElectricaUy active 
Temper- centration (cm -3) copper concentration 

ature (~ (atomic absorption) (em-~) (Hall effect) 

3.4 • 10 ~ I0~ 
1.6 • 10 a~ 5 • 101s 

500 8.7 • I~ 4.3 • 1018 
600 2.2 • 1~ 5 • 1(~ ~ 
600 4.S • i0 ~~ 1.3 x i0 ~9 
BOO 3 x 10 ~~ 1 ~  
600 8.6 x 10 TM 4.8 x I0 TM 
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active copper  at  T = 500~176 appears  to be in ex-  
cess of 1020 cm -s .  

Conclusion 
Latt ice  defect  models  for undoped and copper -doped  

Hgo.sCd0.2Te have been es tabl i shed  via  Hal l  effect and  
mobi l i ty  measurements  on crys ta ls  equ i l ib ra ted  unde r  
different par t i a l  pressures  of Hg at  h igh t empera tu res  
and quenched to room tempera ture .  According to the 
models,  na t ive  donor  defects a re  negl ig ible  in concen- 
t rat ion,  na t ive  acceptor  defects are doubly  ionized, 
and copper  acts as a single acceptor  occupying Hg l a t -  
t ice sites. Equ i l ib r ium constants  for  the intr insic  ex-  
c i ta t ion constant,  as wel l  as the incorpora t ion  of the 
doubly  ionized nat ive  acceptor  defects, have  been 
established.  
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A P P E N D I X  A 
Calculations of Hole Mobility at 77 K in Undaped and 

Copper-Doped Hgo.sCdo.2Te 
The decrease  of hole mobi l i ty  at  77 K wi th  an in-  

crease in the hole concentra t ion in the undoped crysta ls  
(Fig. 4) indicates  tha t  the contr ibut ion  of ionized im-  
pu r i t y  sca t ter ing  to the mobi l i ty  at  77 K is not negl ig i -  
ble. 

For  a nondegenera te  semiconductor  wi th  parabol ic  
bands,  the mobi l i ty  due to ionized impur i ty  scat ter ing 
as given b y  the Brooks -Her r ing  express ion (21) is 

~I--2712~-3/2 (kT) 3/2 (eoes) 2 (too)-,12 (m*/mo)-1 /2  

x N1-1 kn(1 + b) - 1 +"---~ [A-1I 
where  

24m0 (m*/mo)k,2 (.~o~D 
b - [A-2] 

e2 ~i2 p ' 
and 

p '  - -  p -5 (NA -- ND -- p) (p -5 ND)/NA [A-3] 

In expressions [ A - l ] ,  [A-2],  and  [A-3] ,  k is the 
Boltzmann's  constant,  T is the t empera ture ,  ,o is the 
free space permi t t iv i ty ,  es is the stat ic dielectr ic  con- 
stant,  mo is the  free electron mass, (m*/mo) is the ef-  
fect ive mass  ra t io  of holes, NI is the number  of scat -  
ter ing centers  g iven by  the total  number  of ionized 
donors and acceptors,  e is the electronic charge, and ]% 
is P l anck ' s cons t an t .  Wi th  T ---- 77 K, (m*/mo) (holes) 
---- 0.7 (34). ,s ---- 17.5 (3) the expression for the  mobi l -  
i ty  due to ionized impur i t y  scat ter ing becomes 

~I = 8 X 102~ N1-1 In(1 -5 b) 1 + b 

[A-4] 
and 

b = 9.42 • 10IS/p ' [A-5] 
In general 

N~-- ([A'] -5 [D']) -5 4([A"] -5 [D"] 

+ 9 ( [ A ' ]  + [D'"] )  + . . .  [A-6] 

where  [A'] ,  [A"], [A'"],  etc. a re  the concentrat ions  of 
the s ingly  charged,  doubly  charged,  and t r ip ly  charged  
acceptors;  a s imi lar  definition holds for the donor 
concentrat ions  [D'] ,  [D"] ,  [D"-] ,  etc. The mul t ip ly ing  
factors of 4, 9, etc. in Eq. [A-6] arise because the 
centers are doubly  (z = 2) and t r ip ly  (z = 3) charged,  
etc. For  the  case where  the undoped  and the copper -  
doped crysta ls  a re  not  compensated  (as discussed in 
the main text)  we have 

NI -- [A'] -5 4[A"] -5 ... [A-7] 

Since the defects are completely ionized at 77 K in both 
the undoped and the copper-doped crystals (see main 
text for details), p' = p (77 K) for the undoped as well 
as the copper-doped crystals. Using Eq. [A-4] and 
[A-5], ~i was calculated as a function of p (77 K) for 
the case of (i) NI = [A'] ---- p (77K) (dominance of 
singly charged centers) and (ii) NI = 4[A"] = 2p 
(77 K) (dominance  of doubly  charged centers) .  

The calcula ted mobil i t ies  due to ionized impur i t y  
scat ter ing for the  cases of the dominances of the s ingly  
charged centers  and dominance  of the doubly  charged 
centers are shown as dashed l ines in Fig. 4 and 5. Ex-  
t rapola t ing the hole mobi l i ty  due to la t t ice  scat ter ing 
to be 700 cm2/Vsec at  77 K the overa l l  hole mobi l i ty  
as a funct ion of the hole concentra t ion at  77 K was cal-  
cula ted  b y  rec iprocal ly  combining the mobi l i ty  due  to 
ionized impur i t y  scat ter ing and tha t  due to la t t ice  scat-  
ter ing 

1 1 1 1 
1/#TOT -- - -  -5 "- 

~lattice /~Jonized 700 -5 .--iZionized [A-8] 

The ca lcula ted  overa l}  hole mobi l i ty  as a funct ion of 
the hole concentra t ion is shown in Fig. 4 and 5 as solid 
lines. 

A P P E N D I X  B 

Temperature Independence of the Native Donor Defect 
Concentration 

Results of Reynolds  et al. (23) on Hg0.sCd0.2Te and 
of Schmit  and Stelzer  (25) on Hg0.6Cd0.4Te indicate  
tha t  the  crysta ls  tu rn  n - t y p e  below 300~176 under 
H g-sa tu r a t e d  condit ions and the e lec t ron  concent ra -  
tion under  Hg-sa tu ra t ed  condit ions remains  indepen-  
dent of the anneal  tempera ture .  

If the conversion is thought  to be due to some sor t  of 
nat ive  donor defects, i t  r emains  to exp la in  under  wha t  
c i rcumstances  the  t empera tu re  independence  could 
arise. Fo r  an explana t ion  of this we consider  the fol-  
lowing react ions 

( - -  ~H,) 
Hg(1) --> H g ( g ) ;  K,  -- Prig "-- (K1)0 exp 

kT 
[B- l ]  

[Hg",] [e,]2 
Hg (g) --> Hg"l] -5 2e'; Ks -- 

Prig 

= (K2)0 exp ( - -  ~H2/kT) [B-2] 

O *  e'-5 h';  Ks = [e'] [h ' ]  = (K~)0 exp (--~H~/kT) 

[B-3] 

Two e lec t roneu t ra l i ty  approx imat ions  can be consid- 
ered: 

Case 1: [e'] ~ [h ' ]  ---- ~/Ks. 

Case 2: [e'] ~ 2 [Hg"t] .  

Case 1: [e'] = [h '] .  F r o m  Eq. [B-2],  [Hg"i]  --  
K2p~g/[e']2. Subs t i tu t ing  [e'] = [h ']  = x/K3 from 
[B-3] and for Prig f rom [B- l ] ,  we get 

K1 Ks 
[Hg"l]  = -  

Ks 

(K1)0(K2)0. e x p (  --  ~ H I -  M-/2 -5 AH: 
- (K3)0 k kT ) 

If AH~ _-- ~H1 -5 AH2, [Hg"i]  wi l l  be independen t  of 
temperature and the elect ron concentra t ion under  Hg-  
sa tu ra ted  conditions wi l l  be independent  of temper- 
ature in the cooled crystals.  
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Case 2: [e'] ~ 2 [Hg"i] 

From [B-2], 

[Hg"i] ---- K2 pHg/[e']~ 

= K2 prig/4 [Hg"t] 2 
or  
[Hg"t] "- (Ks Prig/4) 1,'3 

_ ((K2)o(K,)o4)1/3 e x p (  _ AH1 _ hH2 "3 tr ) 

Thus if ~H, -- --~H~, [Hg"i] will be independent of 
temperature and the electron concentration in the 
cooled crystals under Hg-saturated conditions will also 
be independent of temperature. 

It should be noted that while Hg"i are considered for 
the native donor defects here, the arguments are simi- 
lar if V"Te a r e  considered instead. 
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Lattice Defects in Semiconducting Hgl_ Cd Te Alloys 
II. Defect Structure of Indium-Doped Hgo.sCdo. Te 

H. R. Vydyanath* 
Honeywell Electro-Optics Center, Lexington, Massachusetts 02173 

ABSTRACT 

Hall effect measurements were carried out on indium-doped Hgo.sCd0.~Te 
crystals quenched to room temperature subsequent to equilibration at 500 ~ 
and 600~ under various partial pressures of Hg. All the indium-doped crys- 
tals were n-type under moderate to high partial pressures of Hg whereas they 
were p-type at very low Hg pressures. The concentration of electrons ob- 
tained in the cooled crystals was lower than the intrinsic carrier concentra- 
tion at the equilibration temperatures. Also the electron concentration was 
much lower than the indium concentration in the crystals and was found to 
increase with increasing Hg pressures at the equilibration temperatures 
and with increase in the total indium present in the crystals. These inferences 
have led to a defect model according to which most of the indium is incor- 
porated as In2Te3 (S) dissolved in Hg0.sCd0.2Te (S) with only a small fraction 
of indium acting as single donors occupying Hg lattice sites. Based on such a 
model, calculated electron concentrations in the cooled crystals as a function 
of indium concentration and partial pressure of Hg are in agreement with the 
experimentally observed values. 

The role of indium as a donor and its influence on 
the native defect structure has been investigated in 

* Electrochemical Society Active Member. 
Key words: defect, indium doping, Hgl-=Cd~Te, electron mobil- 

ity, semiconductors. 

CdS (1-2) and CdTe (3-4). However, such a syste- 
matic investigation into the mode of incorporation of  
indium and its influence on the native defects has not 
so far been carried out for Hgl-xCd~Te alloys. The 
defect structure of undoped Hgo.sCd0.~Te, the thermo- 
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dynamic  constants  for  the  incorpora t ion  of  the  na t ive  
acceptor  defects,  and the in t r ins ic  exci ta t ion  constant  
in Hg0.sCd0.2Te have  been es tabl ished in the  preceding  
paper  (5) he reaf te r  r e fe r red  to as pa r t  I. The p resen t  
work  was unde r t aken  to s tudy  the behavior  of ind ium 
in Hg0.sCd0.2Te as a funct ion of the physicochemical  
condit ions of p repa ra t ion  (Prig, T, i nd ium concent ra -  
tion, etc.) and to exp la in  the proper t ies  of the  i nd ium-  
doped crystals  wi th  the knowledge  of the defect  s t ruc-  
ture of the  undoped crysta ls  (5).  

Exper imental  
Ind ium was evapora ted  onto the surface of the  

undoped Hg0.sCd0.sTe crysta ls  (x  --  0.2 __. 0.005) and 
the ind ium was diffused in at  600~ and Prig --  10 
a tm and at  500~ and Prig ---- 3 arm. Diffusion 
t imes of 24 h r  at  600~ and 7 days  at  500~ into 
samples  of thickness ~0.04 cm were  found to be  
adequa te  for  the  homogeneous diffusion of indium. 
The concentra t ion of ind ium in each sample  was de te r -  
mined f rom atomic absorpt ion  analysis  car r ied  out  b y  
Photometr ics ,  Incorpora ted ,  Lexington,  Massachusetts .  
The res idual  i m p u r i t y  concentra t ion  in the s ta r t ing  
undoped Hg0.sCd0.2Te was ~10 TM cm -s .  The thicknesses 
of the samples  were  minimized  as much as possible in 
o rder  to improve  the quenching efficiency f rom the 
equi l ibra t ion  t empera tu res  as wel l  as to assure  t he r -  
modynamic  equi l ib r ium wi th in  reasonable  equ i l ib ra -  
t ion times. The equi l ibra t ion  procedure  in var ious  Hg 
a tmospheres  is s imi lar  to tha t  descr ibed  in pa r t  I. 
Subsequent  to the equi l ibrat ion,  the  samples  were  
quenched to room tempera tu re ;  in a few cases the  
samples  were  a i r  cooled to room t e m p e r a t u r e  f rom the 
equi l ibra t ion  tempera tures .  The samples  were  lapped,  
polished,  and etched in Br -me thano l  solution. Hal l  
effect and e lect r ica l  res i s t iv i ty  measurements  were  
made  using the van der  P a u w  method (6). Magnet ic  
field s t rengths  of 400 and 4000G were  used for  the Hal l  
effect measurements .  

Results 
As ment ioned  in pa r t  I, on ly  those Hal l  effect r e -  

sults which did not  va ry  wi th  the magnet ic  field and 
thus showed no m i x e d - t y p e  conduct ion were  used in 
eva lua t ing  the ca r r i e r  concentra t ions  in the  samples  
using the expression 

1 

RHq 

The Hal l  effect da ta  on al l  the  samples  doped to r ea -  
sonable concentra t ions  of ind ium and annea led  at  
med ium to h igh  par t i a l  pressures  of Hg showed n - t y p e  
conduct iv i ty  and the e lec t ron concentra t ion in the 
samples  at  77 and 300 K did not  v a r y  much, indica t ing  
that  the ind ium was al l  ionized at  77 K. F igures  1 and 
2 show the e lec t ron concentra t ion in the  cooled crys-  
tals as a funct ion of the to ta l  ind ium presen t  in the 
samples  at  T ---- 500 ~ and 600~ for  var ious  pa r t i a l  
pressures  of Hg. F r o m  the figures, i t  is appa ren t  tha t  
the electron concentra t ion in the samples  increases 
wi th  an increase in the to ta l  ind ium concentra t ion in 
the samples  and also increases as the pa r t i a l  p ressure  
of Hg at  the equi l ibra t ion  t empera tu re s  increases.  I t  is 
to be noted that  a l though the e lect ron concentra t ion is 
a funct ion of the to ta l  ind ium present  in the crystals ,  
the e lect ron concentra t ion is much lower  than  the to ta l  
amount  of ind ium presen t  in the  crystals .  

F igure  3 shows the e lec t ron mobi l i ty  at  77 K in va r i -  
ous i nd ium-doped  samples as a function of the e lec t ron 
concentrat ion.  These mobil i t ies  are  lower  than values  
r epor ted  for Hgo.sCd0.2Te samples  conta ining low 
donor  concentrat ions (7).  

F igure  4 shows a comparison of the e lec t ron concen-  
t ra t ion  obta ined  at 77 K as a function of the pa r t i a l  
pressure  of Hg at  500~ for crystals  that  were  doped 
with  var ious  ind ium concentra t ions  and were  a i r  
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Fig. 1. Electron concentration at 77 K as a function of the total 
indium concentration for Hgo.sCdo.2Te crystals annealed at 500 ~ 
and 600~ under the indicated partial pressures of Hg and 
quenched to room temperature. 
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Fig. 2. Electron concentration at 77 K as a function of the partial 
pressure of Hg for Hgo.sCdo.2Te crystals doped with various 
amounts of indium and annealed at 500 ~ and 600~ and quenched 
to room temperature. 

cooled or quenched to room tempera tu re .  I t  appears  
f rom the resul ts  tha t  h igher  e lec t ron concentra t ions  
are  obta ined  in the a i r -coo led  samples  than  in the  
quenched samples,  the deviat ions be tween  the two sets 
of samples  being g rea te r  at  lower  Hg  pressures .  

Discussion 
The approach  ut i l ized in a r r iv ing  at  a defect  model  

for the i nd ium-doped  Hg.0.sCd0.~Te is s imi la r  to tha t  
used for  the undoped and copper -doped  Hg0.sCd0.~Te 
in par t  I. Also any defect  model  that  is es tabl i shed  to 
expla in  the expe r imen ta l  resul ts  in the i nd ium-doped  
crystals  should be consistent  wi th  the observat ions  in 
the undoped and the copper -doped  crysta ls  of pa r t  I. 

Choice of a defect modeI.--Based on the value  of 
the in t r ins ic  exci ta t ion constant  Ki a r r ived  at  for 
Hgo.sCd0.2Te (par t  I) for t empera tu re s  be tween  400 ~ 
655~ da ta  shown in Fig. 1 and 2 indicate  that  the  
e lect ron concentra t ion obta ined  in the  cooled crysta ls  
is much less than the in t r ins ic  ca r r i e r  concentra t ion at  
the equi l ibra t ion  tempera tures .  

Three  different  models  can be considered to exp la in  
the electron concentra t ion da ta  shown in Fig. 1 and 2. 

In  the first model  considered,  a f ract ion of the in -  
d ium is assumed to be present  as s ingly  pos i t ive ly  
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charged donors occupying Hg lattice sites while the 
rest of it is assumed to be present as negatively 
charged associates of singly positively charged indium 
on Hg lattice sites and doubly negatively charged 
native acceptor defects. Most of the indium is as- 
sumed to be self-compensated as given by the electro- 
neutral i ty approximation 

[in'Hg] ----- [ (InHgVHg)'] ---~ [ I n t o t ] / 2  

For such a model the dependence of [e'] on [Intot] and 
PH~ is inferred from the reaction 

2e' + In'Hs -~- Hgz~g ~ ( I n H g V H g ) '  -~- Hg (g) 

and the mass action constant 

K(InHgVHg) -- [(InHsVHg)']PHg/[e']S[In'Hg] [1] 
with 

[(InH~Vng)'] -- [ I n ' ~ ]  -- [Intot]/2 

[e'] cc [Intot]OpHgV, from [I] 

Although this model quali tat ively explains the weak 
donor activity of indium it predicts an independence 
of electron concentration as a function of the total in-  
dium present in the samples, contrary to the results 
shown in Fig. 1 and 2. 

In the second model considered, most of the in-  
dium is assumed to be present as neutral  triplets 
(InHgVHgInHg) ~ formed by  the association of two singly 
positively charged indium donor species on Hg lattice 
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Fig. 4. Electron concentration at 77 K as a function of the partial 
pressure of Hg for crystals doped with different indium concen- 
trations and quenched or air cooled subsequent to equilibration at 
500~ 
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sites with a doubly negatively charged native acceptor 
defect; a small fraction of the indium is assumed to be 
present unassociated on Hg lattice sites acting a s  
donors. 

The reaction of interest is 

2e' + 2in'Hg -}- Hgx~-~  (InHgVHglnHg) z -~ Hg(g)  

and the mass action relation is given by 

KcInHgVHgInm~)x = [ (InHgVHgInHg) X]pHg/[e']qIn'Hg] s 

I S ]  

Since we know that the electron concentration ob- 
tained in the cooled crystals is less than the intrinsic 
carrier concentration at the equilibration temperatures,  
the electroneutrali ty condition at the equilibration 
temperatures can be approximated by 

[e'] -- [h'] - -~ /K!  

and for [(InHgVsgInHg) x] -- [Intot]/2 as the approxi-  
mation to the indium balance equation [In'Hg] cc 
[Intot]V2PHg '/2 at the equilibration temperatures. Al-  
though this model qualitatively explains the variation 
of electron concentration as a function of the indium 
in the crystals and the part ial  pressure of Hg at the 
equilibration temperatures, the calculated electron 
concentration in the cooled crystals considering the 
complete neutral i ty condition shows a much steeper 
dependence on Prig than observed experimentally.  
Also, the model predicts the crystals will  turn p- type  
even at Hg pressures close to saturation pressures, 
contrary to the results of Fig. 2. 

The third model considered is one where most of 
the indium is assumed to be present as In2Te~ dis- 
solved in Hg0.sCd0.~Te, with a small  fraction of In on 
Hg lattice sites acting as donors. The dependence of the 
electron concentration on the indium in the crystals 
and Prig can be inferred from the reaction describing 
the incorporation of InHg from the In2Te3 (S) dissolved 
in Hg0.~Cdo.2Te. 

The reaction of interest is 

In2Te3(S) + Hg(g)  "-> HgXHg + 2In'Hg + 2e' + 3Te~we 

The mass action relation is given by  

K ( I n 2 T e 3 - - I n ' H g )  "-- [In'Hg]2[e']~/aIn~we3PHg [3] 

where aIn2Te8 is the activity of In,Tea (S).  

For 

[e'] = [h'] --~/Ki >> [In'Hs] 

from relation [3] 

[In'HE] o~ a l n 2 T e s V a p H g ~  o :  71m2Tes�89189 [4] 

where "nn2Te3 and Xzn2Te3 stand for the activity coeffi- 
cient and the mol fraction of In~Tes(S) dissolved in 
(Hg0.sCdo.2)Te (S).  

In the cooled crystals at 77 K 

[e']77K = [In'HE ] -- 9.[V"Hg ] oc Xin2Te3~pHg*/~ 

= [Intot] ~'pH, '/' [5] 

Hence, the dependence of e' in the cooled crystals on 
the indium concentration in the samples and the par- 
tial pressure of Hg at the equilibration temperatures 
is explainable. 

A defect situation where the crystal is saturated 
with the dopant has been observed for iodine-doped 
CdS (8) where CdI2(S) was present as a pure second 
phase; however, the concentration of the iodine donor 
species on sulfur lattice sites was independent of the 
activity of CdI2(S), acdi2 since acdI2 was taken to be 
unity for pure CdI2(S). In  the present case, if the 
In2Te3(S) does not dissolve in Hg0.sCd0.2Te(S) but  re-  
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mains  as a pure  second phase,  the  ac t iv i ty  of  In~Tes (S) 
becomes un i ty  and the e lec t r ica l ly  act ive f ract ion of 
ind ium [In'Hg] becomes independen t  of the ac t iv i ty  of 
In2Te3 and in tu rn  becomes independen t  of the  amount  
of In~Te~ (S) or the to ta l  amount  of i nd ium presen t  in 
the crystals  (Eq. [3 ] - [5 ] )  con t ra ry  to our  exper i -  
menta l  observat ions  (Fig. 1 and 2). Howev~er, if  
In2Te3 (S) dissolves in Hg0,sCd0.2Te (S) ,  the ac t iv i ty  of 
In2Te8 (S) ,  aIn2We3, becomes a var iable ,  increas ing wi th  
increasing amount  of the  dissolved In2Tes(S) and 
reaching  a va lue  of un i ty  when the so lubi l i ty  l imi t  is 
reached,  and  In2Te3(S) becomes a pure  second phase.  
Fo r  such a si tuation,  the e lec t r ica l ly  active f rac t ion of 
ind ium [In'Hg] becomes a funct ion of the ac t iv i ty  of 
In2Tes(S) and the reby  a funct ion of the  amount  of 
In~Te3(S) or  the to ta l  amount  of  ind ium presen t  in 
the crysta ls  (F_,q. [ 3 ] - [5 ] ) ;  the e lect ron concentra t ion 
in the cooled crysta ls  which  is d i rec t ly  p ropor t iona l  to 
the amount  of the e lec t r ica l ly  act ive ind ium be -  
comes a funct ion of the to ta l  ind ium presen t  in the  
crystals  (Eq. [5]) .  Hence the dissolut ion of In2Tea(S) 
in Hg0.sCd0.eTe(S) is an essent ia l  r equ i remen t  in e x -  
p la in ing  the dependence  of the  e lec t ron concentra t ion 
in the cooled crysta ls  on the  total  ind ium presen t  in 
the crystals .  I t  should also be ment ioned  at  this s tage 
tha t  if ind ium in in te rs t i t i a l  sites is considered to be 
the donor  species ins tead of ind ium on Hg la t t ice  si tes 
the incorpora t ion  react ion is wr i t t en  as 

In~Te~(S) + 3Hg(g)  -> 2In't  + 2 e ' +  3Hg=z~g + 3Te~Te 

and the mass act ion constant  

K = [In'i]S[e']'~/ain2Te3PHg 3 

for an int r ins ic  c rys ta l  wi th  [e'] -- [h ' ]  ---- X/KI 

[In' i]  cr pHS3/2ain2We31/~ 

The elect ron concentra t ion in the  cooled crysta ls  for  
such a s i tuat ion can be expected  to be dependen t  on 
Prig much more  than expe r imen ta l l y  observed.  Also, 
such a model  predic ts  that  the crysta ls  t u rn  p - t y p e  at  
Hg pressures  close to sa tura t ion  pressures  con t r a ry  to 
the expe r imen ta l  resul ts  (Fig. 1 and 2). Thus, in a d d i -  
t ion to the  r equ i remen t  tha t  In2Te3(S) be in solid 
solut ion of Hgo.sCd0.2Te(S) the r equ i r emen t  tha t  the  
ma jo r i t y  of the e lec t r ica l ly  act ive ind ium be presen t  
subs t i tu t iona l ly  on Hg la t t ice  sites r a the r  than  in in t e r -  
s t i t ia l  sites mus t  also be satisfied in order  to exp la in  
the expe r imen ta l  results .  

The fact tha t  the expe r imen ta l  resul ts  requi re  tha t  
In~Tes be in solut ion of Hg0.sCdo.~Te up to about  1-2 
tool percen t  (m/o)  is not  unreasonable .  HgTe, CdTe, 
and In~Te3 al l  have  zinc b lende  s t ructures  wi th  not  
too l a rge ly  different  la t t ice  pa rame te r s  (6.43A for 
HgTe, 6.47A for CdTe, and 6.15A for In2Te~) and, in 
fact, i t  has been es tabl ished b y  Wool ley  et  al. (9) 
and Spencer  (10) tha t  amounts  of up to 15 m / o  In~Tes 
dissolve in HgTe and the ene rgy  gap increases  wi th  
increas ing In2Tea concentra t ion somewhat  signif icantly 
beyond about  5 m/o.  We assume however ,  tha t  in our  
exper iments  for In2Te~ concentra t ion less than  1 m/o ,  
the influence on the energy  gap of Hg~.sCd0.~Te is 
negligible.  The assumpt ion appears  just i f ied since no 
drast ic  var ia t ion  in the concentra t ion of car r ie rs  is 
encountered  wi th  increas ing  ind ium concentra t ion in 
the crystal .  Pure  In~Tes is known to be p - t y p e  with  
an energy  gap of 0.3 eV (10) and in fact  one of the 
samples  tha t  was doped to 5 • 1021 a toms/cma of in -  
d ium showed excessive In~Tes fo rmat ion  and the 
sample  was p - type .  

P r e l i m i n a r y  x - r a y  and Auge r  analysis  da ta  aiso 
seem to suppor t  the  model  of ind ium being  presen t  as 
In,Tea (S) dissolved in Hg0.sCdo.~Te (S) .  Auger  analysis  
of the surface of a sample  conta ining g rea te r  than 
1(~ ~1 cm -~ of ind ium indica ted  the surface to be r ich in 

ind ium and t e l l u r ium and the composi t ion corre-  
sponded to In2Te~. X - r a y  analyses  indica ted  evidence 
of la t t ice p a r a m e t e r  changes wi th  an increase in the 
concentrat ion of ind ium f rom 3 • 1019 cm -8 to 3 X 1020 
cm -3 with  no evidence of the presence of a second 
phase,  whereas  clear  evidence of the presence of a 
second phase was obta ined  in samples  containing 
grea te r  than 1021 cm-8  of indium. Al though  not  en-  
t i r e ly  conclusive, these da ta  seem to suppor t  the idea  
that  In2Tes(S) is soluble in Hgo,sCd0.2Te f rom 1 to 5 
m / o  at  500~176 

Analysis  o] the carrier concentration in the cooled 
crystals . - -Denot ing the high t empera tu re  defect  s ta te  
by  subscr ip t  HT, the complete  e lec t roneu t ra l i ty  con- 
di t ion and the ind ium balance  equat ion can be wr i t t en  
a s  

[e']HT -t- 2[V"Hg]~T ----- [In', ,g]~T + [h']HT [6] 
and 

[In'H~]HT + 2[ In2Te3]H/- -  [Intot] [7] 

Express ing  all  the quant i t ies  in the  e lec t roneu t ra l i ty  
condit ion [6] in te rms of the mass act ion constants  de -  
fined in pa r t  I, we get  

[e']HW ~- 2K"vHg [e ']H~/Ki  2 Prig ---~ [In'H~] 4- Ki/[e ' ]a*r  

o r  

2[e']3HW K"vHg/Ki 2 Prig Jc [e']2HT 

- -  [In'H~] [e']zzr - -  Kl = 0 [8] 

Owing to the n a r r o w  bandgap  of Hgo.sCd0.2Te, the 
correctness of the assumpt ion of Ki --  [e'] [h ' ]  --- 
constant  for a fixed t empe ra tu r e  for  la rge  donor  or  
acceptor  concentrat ions  is arguable .  Since al l  our  ex -  
pe r imen ta l  resul ts  have shown sys temat ic  var ia t ions  
of car r ie r  concentrat ions  as a funct ion of the  imposed 
physicochemical  condit ions in accordance with  the 
mass action approach,  we feel our  assumpt ion is a va l id  
one. 

In the crysta ls  quenched to room t empera tu re  f rom 
the equi l ib ra t ion  t empera tu res  

[e']77K -" [In'Hg]HT -- 2[V"Hg]HT 
or 

[ e ' ] 7 7  K = [ I n ' H g ]  - -  2K"VHg [e']HT2/Ki 2 PHs [9] 

values of the mass action constants  Ki and K"VHg are  
given by  (par t  I)  

Ki : 9.16 • 104o exp (--0.57 e V / K T )  cm-~  [10] 
and 

K"vHg : 1.58 • 1069 exp (--2.24 eV/KT)  cm -9 a tm [11] 

wi th  the knowledge  K"vHg and Ki (Eq. [81) gives 
[e']HW and [ V " ~ ]  as a function of [In'H~] for  var ious  

pa r t i a l  pressure.,' of Hg. 
The product  of the mass act ion constant  defined by  

Eq. [3] and the ac t iv i ty  of In2Tea(S),  K(zn~Tes-Zn'Hg) 
aln2Te3 and [e']vv K are  also i m m e d i a t e l y  obta ined as 
a function of [In'H~] f rom Eq. [3] and [9], respec-  
t ively.  Comparison of the calcula ted [e']7v K as a func-  
t ion of [In'Hg] wi th  the expe r imen ta l  values  of Fig. 1 
gives the concentra t ion of the  e lec t r ica l ly  act ive f rac-  
t ion of ind ium as a function of the total  ind ium presen t  
in the crystals  as shown in Fig. 5. Values  of 
gcIn2We3--In'Hg)aIn2Te3 ca lcula ted  ea r l i e r  as a funct ion 
of [In'He] can then  be re la ted  to the total  ind ium con- 
cent ra t ion  in the crysta ls  and in tu rn  to the amount  of 
In2Te3 present  in the crystals  f rom the ind ium balance  
Eq. [6]. F igure  6 shows K(in2We3--Ig'Hg)aln2We3 as a func-  
tion of [In2Tez] presen t  in the crystals .  Since the slope 
of the curves on the log- log  scale is different  f rom 
unity,  i t  appears  tha t  the ac t iv i ty  coefficient of In2Te3(S) 
dissolved in Hg0.sCd0.2Te (S) is not  constant,  but  var ies  
wi th  the amount  of In2Tes(S) .  Once the values  of  
g(In2We3-In'Hg)aIn2We3 as a function of In~Te3(S) a re  
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Fig. 6. Calculated value of the product of the mass action con- 
stant Kczn2Tes'Zn'~g) and the activity of In2Te3(S) in solution of 
Hgo.sCdo.2Te(S) (=[In'H~]2[e' ]2/pHg; expression [3] in the 
text) as a function of the concentration of In~Te~ present in the 
indium-doped crystals subsequent to equilibration at 500 ~ and 
600~ 

known from Fig. 6, it  is possible to calculate [e']~? ,c, 
[e']Hw, [V"Hg]HT, [In'Hg], and [InsTes] as a funct ion 
of [Intot] and p~g from Eq. [3], [7], [8], and [9]. 

Figures 7 and 8 show the  calculated defect con- 
centrat ions at T ---- 500~ Prig : 3 atm, and T -- 600~ 
Prig - -= 10 arm as a funct ion of the ind ium concentra-  
t ion in the crystals. Calculated values of the carrier 
concentrat ions in the cooled crystals are also shown 
along with the exper imenta l  values. The agreement  
between the calculated values and the exper imental  
ones appears satisfactory. The figures also predict that  
the crystal is essentially intr insic  with most of the 
ind ium being present  as InsTe~ with only a small  frac- 
tion present  as single donors occupying Hg lattice 
sites. The concentrat ion of the nat ive acceptor defects 
is essentially constant  in the figures since the part ial  
pressure of Hg is kept constant  and the crystals are 
essentially intrinsic.  

Figure 9 shows the calculated defect concentrat ions 
at T ---- 500~ as a function of the part ial  pressure of 
Hg for a fixed ind ium concentrat ion in the crystal. It  
can be noticed from the figure that  al though the total 
ind ium concentrat ion is fixed in the crystal, the amount  
of the electrically active ind ium varies as a funct ion 
of the part ial  pressure of Hg as predicted from the in -  
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Fig. 7. Calculated defect concentrations ( [e ' ] ,  [h ' ] ,  [Y"ffg], 
[ In'Hg], and [In2Tes]) as a function of the total indium present 
in the indium-doped Hgo.8Cdo.2Te crystals subsequent to equilibra- 
tion at 500~ and Prig = 3 atm; dashed lines show the calculated 
carrier concentrations obtained in the cooled crystals at 77 K; 
experimental points are also shown for comparison. 
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Fig. 8. Calculated defect concentrations ([e'] ,  [h ' ] ,  [V"Hg], 
[In'He], and [In2Te3]) as a function of the total indium present 
in the indium-doped Hgo.sCdo.a:'re crystals subsequent to equilibra- 
tion at 600~ and Prig = 10 atm; dashed lines show the cal- 
culated carrier concentrations obtained in the cooled crystals at 
77 K; experimental points are also shown for comparison. 

corporation reaction for InHg from In2Te3(S) (Eq. 
[3]). The concentrat ion of the nat ive  acceptor defects 
([V"Hg]) also varies in Fig. 9 since the part ial  pres-  
sure of Hg is a variable. The calculated electron con- 
centrat ion values at 77 K as a funct ion of p~g are in  
agreement  with the exper imental  values shown in  the 
figure. The p to n t ransi t ion in the cooled crystals 
(Fig. 7 through 9) occurs when [In'ag] : 2[V"~s]. 

Figures 10 and 11 show the calculated electron con- 
centrations at 77 K for various ind ium concentrat ions 
in the crystals at T = 500 ~ and 600~ as a funct ion of 
Prig. Agreement  be tween the calculated values and the 
exper imental  ones appears satisfactory. 
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[ In'~g], and [In2Te3]) as a function of the partial pressure of 
Hg at the equilibration temperature of 500~ for a fixed indium 
concentration of 1.8 X 102~ cm -3  in Hgo.sCdo:~Te crystals; 
dashed lines show the calculated carrier concentrations obtained 
in the cooled crystals at 77 K; experimental points are also shown 
for comparison. 

It  is interesting to note from Fig. 8 through 11 that 
even for very high indium concentrations the crystals 
turn p- type under low Hg pressures thus demonstrat-  
ing the complexity of dopant incorporation in defect 
semiconductors. 

Effect of cooling rate on the electron concentration. 
- -The  results of Fig. 4 indicate that the electron con- 
centration obtained in the indium-doped samples 
which are air cooled from 500~ is higher than in 
the ones quenched from 500~ the deviation being 
greater at lower Hg pressures. This implies that the 
native acceptor defects frozen in the air-cooled sam- 
ples is lower than in the quenched samples, thereby 
increasing the electron concentration in the samples 
air cooled from the equilibration temperatures. It is 
not presently clear why the native acceptor defects 
rather  than the indium atoms tend to precipitate out 
during air cooling. 

Electron mobility in the indium-doped samples . -  
As shown in Fig. 3, the electron mobili ty at 77 K in the 
indium-doped samples is on the order of 104 cm~/Vsec, 
decreasing to lower values for electron concentrations 
exceeding 10 is cm-S. These values are an order of 
magnitude lower than reported previously (7) for 
low donor concentrations (<1015 cm-3) .  The data 
shown in Fig. 3 correspond to various indium-doped 
samples containing indium concentrations varying 
from approximately 5 • 10 TM cm-Z to greater than 
10 ~ cm-~; these samples also contain doubly ionized 
native acceptor defects varying from 10 iv cm-3 to 
5 X 10 Iv cm -z  in concentrations corresponding to the 
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Fig. 10. Calculated electron concentration at 77 K in various 
indium-doped Hgo.sCdo.2Te crystals as a function of the partial 
pressure of Hg after the crystals are annealed at 500~ and 
quenched to room temperature; experimental points are also shown 
for comparison. 
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Fig. 11. Calculated electron concentration at 77 K in various 
indium-doped Hgo.sCdo.2Te crystals as a function of the partial 
pressure of Hg after the crystals are annealed at 600~ and 
quenched to room temperature; experimental points are also shown 
for comparison. 

annealing temperature of 500~176 under various 
part ia l  pressures of Hg. The large electrically active 
indium concentrations (1017-101s cm-~) and the com- 
pensating doubly ionized native defect concentrations 
probably account for the much lower mobilities. 

Conclusion 
A defect model for indium-doped Hg08Cd0.2Te has 

been established from Hall effect measurements on 
indium-doped crystals equilibrated under various par-  
tial pressures of Hg and temperatures and quenched 
to room temperature. According to the model, most of 
the indium is incorporated into the crystals as 
In2Te~(S) dissolved in Hg0.sCdo.2Te(S) with only a 
small fraction being present as single donors occul~y- 
ing the Hg lattice. 
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Lattice Defects in Semiconducting Hgl_ Cd Te Alloys 
III. Defect Structure of Undoped Hgo.6Cdo.4Te 

H. R. Vydyanath,* J. C. Donovan, and D. A. Nelson 
Honeywell Electro-Optics Center ,  Lexington, Massachusetts 02173 

ABSTRACT 

Hal l  effect measurement s  were  car r ied  out  on undoped  Hg0.6Cd0.4Te crys-  
tals  quenched to room t empera tu r e  subsequent  to equi l ib ra t ion  at  t e m p e r a -  
tures va ry ing  f rom 450 ~ to 720~ under  var ious  pa r t i a l  pressures  of Hg. The 
var ia t ion  of the  hole concentra t ion as a funct ion of the  pa r t i a l  p ressure  of 
Hg indicates  tha t  the na t ive  acceptor  defects  are  doub ly  ionized. Nat ive  donor  
defects are  found to be negl ig ible  in concentra t ion  and the p - t y p e  to n - t y p e  
conversion is shown to be due to res idual  donors and not  due to na t ive  donor 
defects. The rmodynamic  constant  for the incorpora t ion  of the  doub ly  ionized 
na t ive  acceptor  defect  has  been  establ ished.  

Schmi t  and Ste lzer  (1) have r epor t ed  e lec t r ica l  da ta  
on Hg0.6Cd~.4Te crystals  annea led  at  var ious  t e m p e r a -  
tures  under  Hg- sa tu ra t ed  and Te - sa tu ra t ed  conditions.  
Brebr ick  and Schwar tz  (2) have recen t ly  ana lyzed  
these da ta  on the  basis of a defect  model  tha t  assumes 
al l  the p - t y p e  crysta ls  to be compensa ted  b y  na t ive  
donor defects  and predic ts  the  conversion of p - t y p e  
to n - t y p e  in the crysta ls  to be due to na t ive  donor  
defects. Conclusions of recent  defect  s t ruc ture  inves t i -  
gat ion in undoped  Hgo.sCdo.~Te (3) a re  in cont rad ic-  
t ion to those of Brebr ick  and Schwar tz  (2). Since an 
exact  power  dependence  of the hole concentra t ion on 
the pa r t i a l  pressure  of Hg at the annea l ing  t e m p e r a -  
tures  is not  possible to eva lua te  f rom the expe r imen ta l  
resul ts  of Schmit  and Stelzer  (2), which were  done 
under  Hg- sa tu ra t ed  and Te - sa tu ra t ed  condit ions only,  
the p resen t  work  was unde r t aken  to obta in  addi t ional  
e lec t r ica l  da ta  at  var ious  in t e rmed ia te  pa r t i a l  p res -  
sures of Hg in addi t ion  to those of Schmi t  and Sel tzer  
(1). These da ta  have enab led  us to es tabl ish  a more  
precise  power  dependence  of the  hole concentra t ion on 
the pa r t i a l  pressure  of Hg at  the annea l ing  t e m p e r a -  
tures;  the  hole concentra t ion in the cooled crystals  has  
been found to va ry  as prig -1/s indica t ing  tha t  the 
dominan t  na t ive  acceptor  defects  at  the annea l ing  
t empera tu res  a re  doubly  ionized. Jus t  as for  undoped  
Hg0.sCdo.2Te (3) the e lec t r ica l  da t a  in Hg0.6Cdo.4Te 
have  been exp la ined  sa t i s fac tor i ly  on the basis that  
the na t ive  acceptor  defects are  doubly  ionized, tha t  
the na t ive  donor  defects a re  negl ig ible  in concent ra -  
tion, and tha t  the conversion to n - t y p e  in Hg0.6Cdo.4Te 
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crysta ls  is due to res idua l  foreign donors.  The depend-  
ence of the hole concentra t ion on the pa r t i a l  p ressure  
of Hg and the t empe ra tu r e  of equi l ibra t ion  has led 
to the es tab l i shment  of the t he rmodynamic  constant  
for the  incorpora t ion  of the  doub ly  ionized na t ive  
acceptor  defect.  

Experimental 
The composit ion of the crysta ls  used in the present 

work  corresponded to x ---- 0.4 +_ 0.005. The res idua l  
impur i t y  concentra t ion was <1018 cm -s .  In  o rder  to 
improve  the efficiency of quenching the h igh  t e m p e r a -  
ture  equi l ibr ium,  the thickness of the samples  was 
res t r ic ted  to <0.04 cm. Equi l ib ra t ion  p e r i o d s  ranged  
from 24 h r  at t empera tu re s  >500~ up to 2-3 weeks  at  
450~ The procedure  of equi l ib ra t ing  the  samples  in 
var ious  Hg pressures  and quenching the samples  sub-  
sequent  to equi l ib ra t ion  is ident ica l  to tha t  of p a r t  I 
(3). I t  should be ment ioned  here  tha t  whi le  Schmit  
and Ste lzer  (1) used Te powder  along wi th  the  sam-  
plea for equi l ibra t ion  under  Te - sa tu ra t ed  conditions,  
we have used equiva len t  Hg pressures  (4-6).  Subse-  
quent  to the equi l ibrat ion,  the  samples  were  quenched 
to room tempera ture .  The samples  were  lapped,  p o l -  
ished, and etched in B r - m e t h a n o l  solution. Ha l l  effect 
and electr ical  res i s t iv i ty  measurements  were  made  
using the van  der  P a u w  method  (7). Magnet ic  field 
s t rengths  of 400 and 4000G were  used for the Hal l  
effect measurements .  

Results 
As ment ioned  in par t  I (3) only  those Hal l  effect 

resul ts  which  did not  v a r y  wi th  the  magnet ic  field 
and, thus, showed no m i x e d - t y p e  conduction, were  
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used in eva lua t ing  the hole concentrat ions in the  sam-  
ples using the express ion 

1 

RHq 

Hal l  coefficient as a funct ion of t e m p e r a t u r e  of  m e a -  
surement  is shown in Fig. 1 for  undoped (Hg0.6Cd0.4)Te 
samples  equ i l ib ra ted  at  the  indica ted  t empera tu re s  
and p a r t i a l  pressures  of Hg. I t  can be in fe r red  f rom 
the figure that  the  ionizat ion of the  na t ive  acceptor  
defects appears  to be complete  a round  190-200 K and 
at  h igher  t empera tu res  intr insic  car r ie rs  begin  to be -  
come impor tant .  We have used hole concentra t ion 
measurements  at  192 K to infer  the concentra t ion of 
nat ive  acceptor  defects  present  at  the  equi l ibra t ion  
tempera tures .  F igures  2 and 3 show the hole concen-  
t ra t ion at 192 K as a funct ion of the pa r t i a l  pressure  
of Hg for  var ious  equi l ibra t ion  t empera tu res  ranging  
f rom 4500 to 720~ The hole concentra t ion increases 
with decrease  in the pa r t i a l  pressure  of Hg, but  more  
weak ly  than was found for  Hgo.sCd0.~Te (pa r t  I)  (3)- 
In undoped Hg0.sCdo.~Te the hole  concentra t ion va r ied  
as p~g-z  (par t  I ) ,  whereas,  resul ts  of Fig. 2 and 3 
indicate that  the hole concentra t ion  in undoped 
Hg0.6Cdo.4Te var ies  as prig-l/3 and increases  wi th  in-  
crease in t empera ture .  

F igures  4 and 5 show the mobi l i ty  of holes at  77 and 
192 K as a funct ion of the hole concentrat ion.  The 
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hole mobi l i t ies  at  77 K are  lower  than  those obta ined 
for  Hgo.sCdo.2Te (par t  I )  (3).  

Discussion 
The quasichemical  approach  used to a r r ive  at  the 

defect  model  has a l r e a dy  been descr ibed in pa r t  I 
(3) and, hence, is not deta i led  here.  

Native acceptor defects.--The fact tha t  the  hole 
concentra t ion in the crystals  is p ropor t iona l  to prig -z]8 
(Fig. 2 and 3) indicates  that  the na t ive  acceptor  de -  
fects are, doubly  ionized. The fo rmat ion  and ionizat ion 
of these defects can be descr ibed by  the fol lowing 
react ion and mass action re la t ion  

HgZHg --> V"Hg -~- 2h" + Hg (g) ; H"VHg [1] 

K"VHg-" [V"Hg] [h']~PHg [2] 
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If  the e l ec t roneu t ra l i ty  condit ion is domina ted  by  
V"~s and h" then  we have 

[h ' ]  ~ 2 [V"~g] > [e'] 

F rom express ion [2] we get  

[h ']  ----- [2K"vHg]I/S p~g -1/8 

The dominance  of V"H~ at  the  equi l ib ra t ion  t em-  
pe ra tu res  impl ies  tha t  the  undoped  (Hg.0.0Cd0.4)Te 
crysta ls  are  not  intrinsic,  un l ike  undoped  (Hg0.sCd0.~)Te 
crysta ls  (pa r t  I ) ,  in Hg0.6Cd0.4Te, a t  the anneal ing  
t empera tu res  

[h ' ]  = 2 [ V " ~ ]  > -v/Ki > [e'] 

whereas ,  in Hg0.sCd0.2Te 

2[V"Hg] < [e'] --  [h ' ]  %/Ki ( p a r t I )  

Thus, a l though the nat ive  acceptor  aspects a re  
doubly  ionized in both x --  0.2 and x ---- 0.4 crystals ,  
the dependence  of the hole concentra t ion on the pa r t i a l  
pressure  of Hg in the cooled crystals  is different  for 
the two composit ions.  

The fact that  the in t r ins ic  ca r r i e r  concentra t ion for  
the  x ---- 0.2 ma te r i a l  is h igher  than  that  for the x --  
0.4 is a consequence of the  lower  bandgap  for the x ---- 
0.2 mater ia l .  

Comparison o] present experimental results with 
previous work.---Our expe r imen ta l  resul ts  differ f rom 
those of Schmi t  and Ste lzer  (1) at  h igher  t e m p e r a -  
tures of equi l ib ra t ion  as wel l  as for Te - sa tu ra t ed  con- 
ditions. We did not  observe any  decrease in the hole 
concentra t ion at T > 600~ as found by  Schmit  and 
Stelzer.  Also, we obta in  h igher  na t ive  acceptor  defect  
concentra t ions  (or  h igher  hole concentra t ions)  under  
Te- r i ch  condit ions than  Schmit  and  Stelzer  did. I t  is 
to be  noted that  the  e lect r ica l  da ta  in Ref. (1) were  
obta ined  for crysta ls  annea led  in Hg vapor  and Te2 
vapor,  wi th  Hg or Te being at  the same t empe ra tu r e  
as Hg0.6Cd0.4Te It  is known tha t  the  sa tura t ion  Hg 
pressure  over  Hgo.~Cd0.4Te (4-6) is less than tha t  of 
pure  Hg itself, the difference being h igher  at  t em-  
pe ra tu res  grea ter  than  500~ Hence, by  exposing the 
Hg~.6Cdo.4Te crysta ls  to s a tu ra t ed -Hg  vapor  at g rea te r  
than  500~ in the  exper iments  of Schmit  and Stelzer  
(1), composi t ional  changes in the samples  may  have 
arisen. Also, s imi lar  a rguments  app ly  for anneals  in 
sa tu ra ted  Te2 vapor,  r epor ted  in Ref. (1). In  addit ion,  
it  is also known (4-6) tha t  the pa r t i a l  pressures  of 
Te2 over  Hgo.6Cdo.4Te under  Te - sa tu ra t ed  condit ions 
are  orders  of magni tude  lower  than  pa r t i a l  pressures  
of Hg under  Te- sa tu ra ted  conditions. Hence, de pe nd -  
ing on the kinet ics  of the  different  equi l ibra t ion  p ro -  
cesses and depending  on the fact that  dur ing  the hea t -  
up of the samples  and the t e l lu r ium source, the sample  
may  not have s tayed wi thin  the exis tence region, 
composi t ional  changes for  anneals  under  Te - sa tu ra t ed  
condit ions may  also have r isen in the exper iments  of 
Ref. (1). In the p resen t  work,  however ,  equi l ibra t ions  
under  Te - sa tu ra t ed  condit ions were  done in Hg vapor  
at  equ iva len t  pa r t i a l  pressures  of Hg (4-6) r a the r  
than  in Tee vapor.  As discussed in par t  I, macroscopic  
defects  such as voids, Hg or  Te inclusions, etc. can 
affect the  quenching efficiency of the  crystals .  P r e s -  
ence of these m a y  also account  for  the  lower  hole 
concentrat ions  obta ined b y  Schmit  and Ste lzer  (1).  

p-type to n-type conversion in undoped 
(Hgo.6Cdo.4)Te--Schmit and Stelzer  (1) found the 
undoped (Hg0.6Cd0.4)Te samples  conver ted  f rom p -  
type  to n - t y p e  under  Hg-sa tu ra t ed  condit ions at  t em-  
pe ra tu res  be low about  350~ The conversion t em-  
pe ra tu res  for the two crystals  that  they  exper imen ted  
with  were  different  and the e lec t ron concentra t ion in 
both samples  was independen t  of the equi l ib ra t ion  

t empe ra tu r e  at  t empera tu res  be low the conversion 
tempera tures .  If  the p - t y p e  to n - t y p e  conversion is 
due to nat ive  donor  defects, a t empe ra tu r e  dependence  
of the e lect ron concentra t ion should be expected  jus t  
as is observed for the hole concentra t ion  (1) unless  
the enthalpies  associated wi th  the  vapor iza t ion  of 
Hg(1),  the  in t r ins ic  exci ta t ion constant,  and the in -  
corpora t ion  of the  na t ive  donor  defects  a re  of-such a 
sign and magn i tude  tha t  the e lec t ron concentra t ion 
in the cooled crystals  is independen t  of the  anneal  
t empera ture .  For  detai ls  see Append ix  B of pa r t  I. 
However ,  if the conversion is due to nat ive  donor de -  
fects, the p - t y p e  to n - t y p e  conversion t e m p e r a t u r e  
should be the same for different  samples  as long as na -  
tive donor defects are l a rge r  in concentra t ion than  the 
foreign donors. Thus, even if the  t empe ra tu r e  in-  
dependence  of e lec t ron concentra t ion under  Hg- sa tu -  
r a t ed  condit ions can be expla ined  on the basis of 
nat ive donor  defects, different  conversion t empera -  
tures  for  different  samples  cannot  be exp la ined  unless  
the conversion is due to foreign donor impur i t ies  
present  in the crystals .  Hence, the  concentra t ion  of 
nat ive  donor defects  in undoped  (Hgo.6Cd0.4)Te crys-  
tals appears  to be negl ig ib le  and, at least,  less than  
1015 cm -8 at  300~ 

Absence o] compensation.--While a t t empt ing  to ex-  
plain the low expe r imen ta l  mobil i t ies  of holes in 
(Hg0.6Cd0.OTe, Scott  et al. (8) assumed tha t  a l l  the  
undoped p - type  samples  were  heav i ly  compensated.  
This impl ied  that  the compensat ion  mechanism in 
thei r  crystals  was p robab ly  a resul t  of the dominance  
of e i ther  Schot tky  defects ( [V"Hg] : [V"Te] ) o r  
Frenke l  defects ([V"ng] ---- [Hg" i ] )  (2). Evidence of 
any  such compensat ion in our samples  is lacking.  
F igure  4 indicates  tha t  the  hole mobi l i t ies  a t  77 K va ry  
(a l though only  w e a k ly )  as a funct ion of on ly  the  
hole concentra t ion in the  crystals ,  i r respec t ive  of the 
pa r t i a l  pressure  of Hg" and the t empe ra tu r e  of the  
anneal.  If  there  was any compensat ion b y  na t ive  donor 
defects,  the concentra t ion of these defects  can be ex -  
pected to be exponent ia l ly  dependent  on t empe ra tu r e  
and the mobi l i ty  dependence  on the hole concent ra -  
t ion would not have been as l inear  as shown in Fig. 4. 

I t  should be pointed out that  mobi l i ty  resul ts  s imi lar  
to those of Scott  et al. (8) ment ioned  above, have  
been observed by  others  (9-14). For  instance, e lec t ron 
and hole mobil i t ies  less than pred ic ted  b y  the Brooks-  
Herr ing  expression for the ionized impur i t y  sca t te r ing  
(9) have been repor ted  by  Reynolds  et al. (10) for  
(Hg0.sCd0.2)Te. These authors  expla in  the d iscrepancy 
to be due to the inadequacy  of the  Brooks -Her r ing  
formula  for doping levels on the order  of 10 TM cm - s  
in the n - t y p e  ma te r i a l  and of 10 TM cm-8  in the p - t y p e  
mater ia l ,  and they  choose not  to invoke compensat ion  
as the reason. Ionized impur i t y  mobi l i ty  calculat ions 
at  77 K in degenera te ly  doped n - t y p e  GaAs (11), n -  
type  HgSe (12), and p - t y p e  Ge (13) at  77 K where  
the  Brooks -Her r ing  formula  has cons iderab ly  over -  
es t imated  the mobil i t ies  due to ionized i m p u r i t y  scat-  
ter ing have also been repor ted.  Recent  calculat ions of 
Nishizawa et al. (14) for hole mobil i t ies  due to ionized 
impur i ty  scat ter ing in (Hgo.s2Cd0.1s)Te y ie lded  values  
4.5 t imes l a rge r  than  the expe r imen ta l l y  measured  
mobil i t ies .  According  to these authors ,  the  d iscrepancy  
be tween  the theore t ica l  and  expe r imen ta l  mobil i t ies  of 
holes due to ionized impur i ty  scat ter ing is a common 
fea ture  of m a n y  semiconductors .  In view of these 
a rguments  it  appears  that  more thorough calculat ions 
of hole mobil i t ies  in Hgl -zCdxTe  alloys are  needed.  

Mass action constant K"vHg.--Since the  power  de-  
pendence of the hole concentra t ion on the pa r t i a l  p res -  
sure of Hg in the cooled crysta ls  does not  appea r  to 
be grea te r  than  1/3, the only  dominan t  species at  the  
anneal ing  t empera tu res  appear  to be the  holes and 
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the nat ive  acceptor defects ([e'] < <  [V'Hg] ---- 
[h ' ] /2 ) .  Assuming that  [h'] = 2[V"Hg] at the high 
temperature  as well  as in  the cooled crystals, from 
Eq. [2] we get 

K"VHg = ([h']:8/2)pHg [3] 

Using a procedure of tr ial  and error, an expression for 
K"VHg in the form of Ae-~/k~ was  arr ived at, which 
best explained the exper imenta l  results  of Fig. 2 and 
3 at various temperatures.  Greater  emphasis was 
placed on the results at lower anneal ing  temperatures  
with the assumption that  results from the highest t em-  
perature anneals  may suffer from a greater  quenching 
inefficiency. The value of K"vHg was evaluated to be 

K"vHg = 6.61 X 1065 exp (--2.29 eV/kT)  (cm -9 atm) [4] 

or, in  terms of site fractions, (there are 1.33 X 102~ 
molecules/cm3 in Hg0.6Cd0.4Te) 

K"wg = 0.279 exp (--2.29 eV/kT)  site FrS arm [5] 

The hole concentrat ions calculated based on this value 
of K"vHg are shown in Fig. 2 and 3 as solid lines. The 
agreement  between the exper imental  results and the 
calculated values appears satisfactory. 

Since Hg0.6Cd0.4Te melts at a h igher  tempera ture  
than Hg0.sCd0.~.Te and has a greater  bandgap,  the en-  
thalpy associated with the incorporat ion of the doubly 
ionized acceptor defect can be expected to be higher in 
x = 0.4 mater ia l  than  in x ---- 0.2 material .  The en-  
thalpy for x = 0.4 from Eq. [4] is 2.29 eV, whereas, 
that for x -- 0.2 mater ia l  established in  part  I is 2.24 
eV. 

Since the intr insic  carriers do not  dominate the 
e lectroneutral i ty  condition in  x --  0.4 mater ia l  for 
temperatures  be tween 450~176 evaluat ion of the 
intr insic excitation constant  Ki ---- [e'] [h'] was not  
possible. However, from the results of Fig. 2 and 3 it  
appears that the intr insic carr ier  concentrat ion is less 
than 3 • 10 TM cm -3 at 450~ and less than 3 X 101~ 
cm -3 at 720~ These upper  limits of the intr insic 
carrier concentrat ions are lower than those extrapo- 
lated from the empirical expressions for ni for x = 0.4 
in  l i tera ture  (15). 

Hole concentrations for anneals under Hg-saturated 
and Te-saturated conditions.--With the knowledge of 
the part ial  pressures of Hg under  Hg-saturated and 
Te-satura ted conditions (4-6) and the value of K"VHg 
(expressions [4] and [5] ) established in the previous 
section, the hole concentrat ions in  the crystals cooled 
to room temperature  after anneals  at different t em-  
peratures can be calculated from Eq. [3]. Figure  6 
shows the calculated hole concentrat ions under  Hg- 
saturated and Te-satura ted conditions. It  is to be noted 
that the calculations assume the concentrat ions of the 
residual donors and acceptors to be negligible in com- 
parison with the nat ive defect concentrat ions at the 
anneal  temperatures.  Figure 6 shows the exper imenta l  
results of the present  work, as well as those of Schmit  
and Stelzer (1). It is clear from the figure that  
quenching inefficiencies or the presence of voids and 
inclusions in the mater ia l  (part  I) can cause scatter 
in the data, par t icular ly  at higher  temperatures.  Also, 
the decrease of hole concentrat ion with increase in 
tempera ture  at T > 600~ for Hg-saturated conditions 
observed in Ref. (1) appears to arise from the quench-  
ing inefficiencies and is not a real effect since our re-  
sults show a continuous increase in hole concentrat ion 
with increase of temperature  from 450 ~ to 720~ 
Residual impur i ty  concentrat ions were neglected in 
the e lectroneutral i ty  condition used to arr ive at the 
hole concentrat ion calculations detailed in the pre-  
vious section. At lower temperatures  of anneal ing the 
presence of residual  donor concentrat ions can con- 
siderably affect the hole concentrat ion i n  the sam- 
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Fig. 6. Calculated hole concentration lines at 192 K as a func- 
tion of a.nealing temperature for undoped HgomCdo.dTe equili- 
brated in Hg- and Te-saturated conditions. 

ples. The Appendix details the calculation of the hole 
concentrat ion in the crystals in the presence of residual 
donors. Such a calculation assuming a residual  donor 
concentrat ion of 1016 cm-8 is shown as a dashed l ine in  
Fig. 6. It is clear from the figure that  the results of 
Ref. (1) at 375~ unde r  Hg-sa tura ted  conditions can 
be explained if the crystals are assumed to have ap-  
proximately  10 TM cm-3  residual  donors. 

The expressions for the hole concentrat ions in the 
cooled crystals as a funct ion of tempera ture  for Hg- 
saturated and Te-saturated conditions are given by  

[h'] (Hg-saturated)  --3.61 X 10 ~~ 

exp (--0.58 eV/kT)  cm -~ [6] 
and 

[h'] (Tesa tu ra ted)  -- 3.65 X 1019 

exp (--0.33 eV/kT) em -s [7] 

Isohole concentration plot.--Hole concentrat ion cal- 
culations as a funct ion of the anneal  tempera ture  and 
the part ial  pressure of Hg as detailed in the two pre-  
vious sections enable  us to draw lines of constant  
deviation from stoichiometry as a function of t em-  
perature and partial  pressure of Hg. A plot of such 
lines of constant hole concentrat ion is shown in Fig. 7. 
The upper  and lower Hg pressures wi thin  which the 
solid is stable at each tempera ture  were obtained from 
references (4-6). Comparison of this plot with a simi- 
lar one for Hg~.sCdo.2Te (part  I, Fig. 12) indicates 
that the concentrat ion of nat ive acceptor defects ob- 
tained in x ----- 0.4 mater ia l  is lower than in  x = 0.2 
material.  The temperature  dependence of the hole con- 
centrat ion in the cooled crystals is also shallower for 
x ---- 0.4 than for x ---- 0.2 owing to the fact that  the 
x _-- 0.2 crystals are intr insic at the anneal  tempera-  
tures, whereas the x = 0.4 crystals are not. 
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Hgo.oCdo.4Te as a function of the partial pressure of Hg and 
temperature of annealing. 

Hole mobility in Hgo.6Cdo.4Te.--Figures 4 and 5 
show that the hole mobility at 77 K decreases with 
increase in hole concentration whereas it is relatively 
independent of the hole concentration at 192 K indicat- 
ing that the hole mobility at 192 K is almost completely 
dominated by lattice scattering whereas ionized im- 
purity scattering contributes to the mobility at 77 K. 
The absolute hole mobility at 77 K as well as its de- 
pendence on the hole concentration in Hgo.6Cd0.4Te are 
less than in Hgo.sCd0.2Te (part I) (3). 

Conclusion 
Based on the variation of the hole concentration as 

a function of the partial pressure of Hg in crystals an- 
nealed at various temperatures and quenched to room 
temperature, the dominant native acceptor defects in 
undoped Hg0.6Cd~.4Te have been established to be 
doubly ionized. The mass action constant describing 
the incorporation of the doubly ionized acceptor defect 
explains the experimental results satisfactorily. 
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APPENDIX 
Hole Concentration Calculations in Hgo.6Cdo.4Te Containing 

Residuals Donors 
Electroneutrality condition: 

High temperature 

2[V"Hg]HT ~-- [h ']HT + [D']  [A-l]  

Cooled crystals 

[h']LT = 2 [V"Hg]HT -- [D'] [A-2] 

Subscripts HT and LT in Eq. [A-l]  and [A-2] refer 
to the high temperature and low temperature defect 
states, respectively; [D'] refers to concentration of re- 
sidual donors in the samples, assumed to be always 
ionized and independent of anneal temperature. 

Expressing the species in Eq. [A-lJ and [A-2] in 
terms of the mass action constant K"VH~ (Eq. [2] of 
main text) we get 

2 K"VHg/([h']2HTpHg) --  [h']HT-Jr- [D ' ]  
or  

[h']3HW -~ [h']2HT[D '] -- 2K"vHg/PHg [A-3] 

In the cooled crystals 

[h']LW " -  2K"vHg/([h']2HTPH~) -- [D'] [A-4] 

with the knowledge of K"VH~ (Eq. [2] of the m'ain 
text) hole concentration in the cooled crystals can be 
calculated from Eq. [A-3] and [A-4] for various fixed 
residual donor concentrations in the crystals. 
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The Properties of LPCVD SiO  Film Deposited 
by SiH,CI  and Mixtures 
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ABSTRACT 

The d is t r ibu t ion  of C1 in LPCVD SiO2 film deposi ted by  Si~2Cl~ and N20 
was measured  by  IMMA. C1 was d i s t r ibu ted  b roa d ly  nea r  the  SiO2-Si in t e r -  
face even in unannea led  film. In  th ick  LPCVD SiO2 films on Si, surface rough-  
ness was observed af te r  the rmal  oxidat ion.  C1 was m a r k e d l y  pi led  up near  the  
in terface  be tween  the t he rma l ly  grown oxide and the Si substrate .  In  th in  
films, surface roughness  induced by  oxidat ion  was not  observed.  C1 d i s t r ibu-  
t ion af te r  oxida t ion  was a lmost  the same as that  of unannea led  film. The C1 
p i l e -up  is not  caused b y  oxidat ion,  bu t  b y  the  exis tence of the  Si-SiO2 in t e r -  
face. The cause of surface roughness  is a t t r ibu ted  to a smal le r  concent ra-  
t ion of oxygen  than  C1 at  the interface.  

CVD (chemical  vapor  deposi ted)  SiO~ film, which  is 
indispensable  to Si p l ana r  technology, has been  formed 
convent ional ly  by  the reac t ion  of Sill4 and O2 at  about  
400~ at  a tmospher ic  pressure.  LP  ( low p r e s s u r e ) -  
CVD SlOe film formed by  the react ion of SiH2C12 and 
N20 at  about  900~ has been examined,  because i t  is 
denser,  its thickness  is more  uniform, and because 
samples  a re  easier  to produce compared  wi th  conven-  
t ional  CVD SiO2 film (1). Oxidat ion  t r ea tmen t  a f te r  
deposi t ion of the LPCVD SiO2 film on Si, however ,  in-  
duces surface roughness.  Many  bumps on the SiO~ sur-  
face and many  etch pits on Si a r e  observed.  

Surface  roughness m a y  be caused b y  HC1 or C12 p ro -  
duced by  the decomposi t ion of SiH2C12, since s imi lar  
phenomena  have  been observed  in HC1 oxida t ion  (2-4).  
There  may  be a high concentra t ion of C1 ions in the 
LPCVD SiO2 film. In  this  paper  the  C1 d is t r ibu t ion  in 
the LPCVD SiO~ film was inves t iga ted  by  ion micro-  
probe  mass ana lyzer  ( IMMA).  C1 dis t r ibut ion,  the 
re la t ion be tween  surface roughness  and C1 dis t r ibut ion,  
and the mechanism of surface roughness  were  s tudied 
before  and af ter  oxida t ion  and before  and af te r  N~ 
anneal.  To inves t iga te  the C1 d is t r ibut ion  in the  
LPCVD SiO2, whose growth  mechanism is different  
f rom tha t  of the rmal  SiO2, we s tudied the effect of C1 
on the SiO2-Si interface.  We are  thus able  to de te rmine  
under  which condit ions useful  LPCVD SiO2 film could 
be produced.  

Experimental 
LPCVD SiO2 films were  formed on silicon wafers  by  

the react ion of SiH2C12 and N20 at  0.6 Tor r  at about  
900~ The two r eac t an t  gases, cont ro l led  by  mass 
flowmeters,  were  mixed  in the reactor .  The evacuat ion 
system consisted of  a mechanical  booster  pump and 
ro t a ry  pump. The flow ra te  of SiH2C12 was va r i ed  f rom 
15 to 50 cmS/min. The N20 flow rate  was fixed at  100 
cmZ/min. The growth  ra te  was f rom 55 to 70 A/min .  
The films were  deposi ted on 2 in. Si wafers  set ve r t i -  
ca l ly  on a quar tz  boat, pe rpend icu la r  to the gas flow. 
Thickness of the  film was measured  b y  e l l ipsometry .  
The index  of ref rac t ion  of the film, n, was f rom 1.44 
to 1.46. In f r a red  spec t rum of the f i lm showed the ab-  
sorpt ion at  9.4 ~m caused by  the S i - - O  bond. The ab-  
sorpt ion of S i - - N  bond was not  observed  at 12 ~m. 

To invest igate  the C1 red i s t r ibu t ion  of the film, the  
samples  were  oxidized in d ry  Oe ambien t  or annealed  
in N2 ambient .  Since the samples  were  oxidized or  an-  
nealed in the  furnace  different  f rom that  used in depo-  
sition, the possibi l i t ies  of C1 in these ambients  were  
e l iminated.  
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The different  flow rates  of SiH~C12 in our growth  
condit ion did not influence the  chlor ine concentrat ion 
and dis tr ibut ion.  

The depth  profile was analyzed as follows. The sur-  
face of the  sample  was coated by  Au evapora t ion  to 
reduce charge accumulat ion  and spu t t e r - e t ched  with  
a focused p r ima ry  ion beam (,~18.5 keV, O2 +, 20 ~m~). 
In  o rder  to get  a uni form sput te r ing  y ie ld  the beam 
was ras t e r - scanned  over  a small  a rea  on the sample  
surface  (400 • 320 ~m). The electronic ape r tu re  sys-  
tem was used to e l iminate  the c r a t e r -wa l l  effect. In te-  
g ra ted  85C1+ secondary  ion in tens i ty  was measured  
dur ing  a 40 sec period. A t  the same time, 28Si+ signals 
in the ma t r i x  were  counted to normal ize  the C1 ion in-  
tensity.  The depth  of the  c ra te r  was measured  by  Ta ly -  
step wi th  a mechanical  stylus. The sput te r ing  rates  
were  approx ima te ly  constant  i.e., Rs = 4 A/sec.  A l -  
though previous  researchers  have exper ienced  insula tor  
sample  charging problems which  have caused the re-  
d is t r ibut ion  of mobile  ions, we did not exper ience  this 
phenomenon,  and  we were  able to confirm that  the C1 
ions had  not been  red i s t r ibu ted  by  the a s - implan ted  
profile of C1 in SiO2 film about  1000A thick. The ins t ru -  
ment  used in this s tudy was an Appl ied  Research Lab -  
orator ies  ion microprobe  mass analyzer .  

Results 
Characteristics o~ Cl distribution.--Figure l a  shows 

C1 dis t r ibut ion  in an LPCVD SiO2 film of 2400A. F igure  
l b  shows the C1 d is t r ibut ion  af ter  the N~ annea l  at  
l l00~ for 1 hr. The two films were  chemical ly  p re -  
etched to p reven t  accumulat ion  of an electr ical  charge 
on the film. We found that  C1 ions are  not  un i fo rmly  
d is t r ibu ted  at  all  depths  and the peak  concentra t ion is 
about  1019 ions /cm 3. 

The m a x i m u m  C1 ion in tens i ty  in the  LPCVD SiO~ 
film appeared  to be at  about  500A f rom the SiO2-Si 
interface.  This is subjec ted  to an e r ror  of about  100A, 
however ,  because the in terface  cannot  be prec ise ly  
moni tored  by  Si ion intensi ty.  Si ion in tens i ty  g radu-  
a l ly  changes near  the SiO2-Si in ter face  because of 
the  difference of the sput te r ing  ra te  and the yie ld  of 
SiO2 and Si. 

To ver i fy  the IMMA measurement ,  we measured  the 
C1 ion intensi ty  of C1 ion - implan ted  SiO2 ( implan ta t ion  
conditions:  60 keV, 5 X 1015 ions /cm 2) film deposi ted 
by Sill4 and 02 at  420~ The measur ing  conditions 
were  the same as Fig. 1. F igure  2 shows the resul t ing  
C1 distr ibut ion.  This profile agrees wi th  the Gaussian 
profile which is based on the LSS theory.  M a x imum 
ion intensi ty  is near  the theore t ica l ly  p red ic ted  depth  
of 515A. This resul t  confirms tha t  the ion intensi ty  of 
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Fig. 1. CI distribution of o chemically pre-etched LPCVD SIO2 

film (a) as deposited (b) after N2 anneal at  1100~ for 1 hr. 

secondary ion 35CI + has a l inear  relat ion to the Cl con- 
centration. 

To verify the accuracy of the CV 5 in -dep th  profile 
in thick SiO2 film, eight points (Q21 to Q28) on the 
sample surface were analyzed at different depths. The 
results are shown in Fig. 3a. In  this figure, N repre-  
sents the number  of sampling times. Figure 3b shows 
the in -depth  profile of the same sample, but  the areas 
analyzed were ion etched prior to depth-profile anal -  
ysis to determine the influence of ion etching on these 
points. The resul tant  profile of C1 dis tr ibut ion is repro- 
ducible. Dis t r ibut ion in nonetched sample is the same 
as that in etched samples. The number  of C1 ions 
escaping from the side walls of craters is negligible 
and the knock-on C1 ions or electrical fields induced by  
sput ter ing do not affect Cl distribution. Figures 3a and 
b show that C1 has a flat dis t r ibut ion near the SiO2 
surface and piles up near  the interface. 
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Fig. 2. Cl ion intensity of CI ion-implanted CVD SiO2 as de- 
posited. 

The Cl dis t r ibut ion in  samples of three different 
thickness, 1500, 2600, and 6000A, before and after ther -  
mal oxidation is shown in Fig. 4. The characteristics of 
the C1 distr ibution are as follows: (i) C1 ions are dis- 
t r ibuted broadly near  the interface as the film is de- 
posited. C1 dis tr ibut ion is fiat near  the surface. ({0 Be- 
fore anneal ing the magni tude  and profile of C1 distri-  
but ion near  the interface are independent  of the film 
thickness. (ii{) C1 ions move toward the newly formed 
interface as the thermal ly  oxidized layer  grows. (iv) In  
the 6000A film, C1 concentrat ion near  the interface in-  
creases and its profile becomes sharp after oxidation. 
The addit ional  C1 ions come from outside the pi le-up 
region. In the 1500 and 2600A films, the C1 profile re-  
mains unchanged after oxidation, although, of course, 
distr ibution shifts to the new interface. (v) C1 distri-  
but ion remains unchanged after the N2 anneal  at 
l l00~ for 1 hr. 

Surface roughness is observed only in the 6000A 
film. This can be at t r ibuted to the remarkable  pi l ing-  
up of C1 at the interface. The surface roughness in-  
duced by oxidation is accompanied by the redis t r ibu-  
tion of C1. (In thin films surface roughness is not  ob- 
served after a 1 hr oxidation.) Pancake shapes in thick 
LPCVD SiO2 films, as shown in Fig. 5a, are observed 
after oxidation. Their  diameter  is from 5 to 10 ;~m, 
measured by Talystep. The center of the risen area is 
about 3000A high. Many etch pits are observed on the 
silicon surface after removal  of SiO2 by diluted HF, as 
shown in Fig. 5b. The approximately 300A deep pits 
are square or rectangular  because of the anisotropic 
etching to the Si(100) wafer. A schematic drawing of 
a section of the SiO2-Si s tructure is shown in Fig. 6. 
We can assume that SiO2 thickness is constant over 
the convex and concave regions because the oxygen in-  
tensi ty in these regions, measured by EPMA, is con- 
stant. 
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After N~ annealing of the film surface roughness is 
not observed. Oxidation following N2 annealing, how- 
ever, induces surface roughness. The fact that C1 distri- 
bution remains unchanged after N2 annealing suggests 
that no surface roughness would be produced after 
the annealing, but that surface roughness would be in- 
duced after oxidation. 

The influence o~ CI distribution.--The influence of 
C1 ions in SiO2 on the etching rate and on flatband 
voltage VFB was investigated. The rate of etching to 
LPCVD SiO2 and to conventional CVD SiO2 is shown 
in Fig. 7. The rate of etching to CVD SiC% (deposited 

Fig. 5. (a) Surface of a thick LPCVD Si02 film after 1000~ 
anneal. 
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Fig. 4. CI in-depth profile for three different thickness as de- 
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interface after oxidation at 1000~ for I hr. 

Fig. 5. (b) Surface of Si after removal of Si02 layer of the same 
sample as (a). 
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Fig. 6. Schematic illustration of the section of Si02-Si when 
surface roughness is observed. 

by Sill4 and 02 at 420~ at atmospheric pressure) is 
constant, since this film does not include C1 ions. The 
rate of etching to LPCVD SiO2 film decreases when 
the film becomes less than 1500A thick. This tendency 
is also observed in another etchant, NH4F:HF = 60:1. 

Figure 8 shows the thickness dependence of VFB on 
MOS structures In-type (100) 2-3 ~-cm Si] obtained 
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from the step etching film about 6000A thick. These 
data show that negat ive charges accumulate near  the 
interface. To estimate the magni tude  of these charges, 
we assumed that the charges were dis tr ibuted as in  
Fig. 9. The negative charge density p is defined as 

= - - b p 0  ( b > 0 )  [1] 

where  po is the densi ty of un i formly  distr ibuted posi- 
tive charge and b is a constant. The flatband voltage 
shift, hVFB, caused by fixed charges in  SiO2 is given 

Si 

?o 

0 

)o 

5iO2 AI 

x=d x=d-o ~) 
X = 0  

Fig, 9. Assumed charge distribution in LPCVD SiO~ film 

1 
~'.~o a x p ( x )  d x  [2]  ~VFB = - C--j --q-- 

where  Co is the oxide capacitance and d is the oxide 
thickness, hVFB has a m i n i m u m  value at  d -- ab. The 
difference of ~VFB between d -- 0 and d = ab is 

6 V F B =  p_~0 b ( 1 - - b )  a2 [3] 
2e0 

The results show that  6VFS = --0.SV and ab = 2500A. 
If a = 1000A, then  b = 2.5, p = 1.4 X 101~ qcm -z and 
p0 = 0.56 X 1016 qcm -8. Since the order of magni tude  
of C1 concentrat ion is 10~9 cm -s,  the small  portion of 
C1 has a negative charge. 

Both the etching result  and VFB resul t  do not bear 
directly on the profile of C1 dis tr ibut ion but  do indicate 
that the film is not uniform. 

Discussion 
C1 ions are dis tr ibuted broadly near  the SiO2-Si 

interface as the LPCVD SiO2 film is deposited. It  is 
well known that C1 ions distr ibute at the interface in  
HC1/O2 oxidation. In  thermal  oxidation, SiO2 films 
grow by the reaction of Si and 02 and the growth rates 
depend on the film thickness. However, since the 
growth of SiO2 at the interface by HC1/O2 oxidation is 
s imultaneous with the pil ing up of Ct, it is not  clear 
in the case of thermal ly  grown film whether  the cause 
of the C1 pi le-up is oxidation or the existence of the 
interface. On the contrary, CVD films grown by the 
chemical reaction of gases without  consuming Si sub-  
strate and the growth rates are constant. The differ- 
ence between the growth mechanism of the rmal ly  
grown film and CVD film leads us to conclude that, in 
the case of CVD film, C1 distr ibution is determined not 
by the mechanism of Si oxidation but  by the existence 
of the SiO2-Si interface. If the cause of the C1 pi le-up is 
existence of the interface, then  it is clear that  the 
profile of C1 concentrat ion is independent  of the thick- 
ness of unannea led  LPCVD film. If the cause of C1 
pi le-up were the oxidation, C1 in LPCVD film would 
pile up at the SlOe surface or distr ibute uni formly  
because the oxidation of SiH2C12 in gas phase occurs at 
the surface. 

The effect of the interface on C1 distr ibution can also 
be seen in the redis t r ibut ion of C1 after the N2 anneal -  
ing of Cl- implanted  SiO2 film as is shown in Fig. 10. 
The dis tr ibut ion of C1 in convent ional  CVD films be-  
fore anneal ing is shown in Fig. 2. C1 redistr ibutes 

A 
In 

E 

~ 

U) 
c- 

E 

E 
O 

"O 
c- 
O 
U 

(J) 

1.0 , , , , 

I 
I 

0 8 -  I 

0.6 I o c t  ~ 

X=Rp / 

0.4 ; !, 

_ c 4 -  .o_I 

1000 200O 

Dep th  f rom S u r f a c e ,  X (~, )  

Fig. 10. CI ion intensity of CI ion implanted CVD SiO9 after 
oxidation at 1000~ N2 for 1 hr. 



2634 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY December 1981 

at the interface after N.2 annealing,  al though the extra 
implanted C1 ions are diffused out. The peak concen- 
trat ion of C1 after N22 anneal ing of the Cl- implanted 
SiO2 film is 10 TM ions cm -3. This value is equal to that  
of C1 in unannea led  LPCVD SiO2 film. Although we 
cannot explain the mechanism for C1 peak formation 
near  the SiO.2-Si interface, we believe that C1 ions in  
SiO~ are at tracted to the interface by the existence 
of the interface. 

Cl profile aster heat-treatment--Because thermal  
oxidation in some way causes the movement  of the 
SiO2-Si interface, C1 ions move toward the interface 
as the thermal ly  oxidized layer  grows. The velocity of 
C1 ions moving toward the interface is higher than the 
velocity of .the interface movement  caused by oxida- 
tion, as shown in Fig. 4. In  this sense C1 ions are mobile 
in SiO2 film. 

Because the C1 profile is unchanged in th in  films and 
the total number  of C1 ions is preserved after oxidation 
and N22 annealing,  C1 ions do not diffuse out by thermal  
treatment.  C1 ions are stably incorporated in SiOa film. 

Cause of surface roughness.--After the oxidation of 
thick LPCVD SIO22 film, the C1 profile near  the in ter -  
face changes remarkably .  This behavior is explained 
as follows: In thermal  oxidation oxygen diffuses 
through oxide and reacts on silicon. The concentrat ion 
of diffused oxygen ions at the interface depends on the 
thickness of the film, but  the concentrat ion of C1 ions 
near the interface is independent  of the thickness of 
unannea led  film. Oxygen competes with C1 in reaction 
on Si. Since the oxygen concentrat ion at the interface 
is sufficiently large in thin films, the reaction of Si-O 
is dominant  and SiO2 is formed even though C1 reacts 
on Si. In a thick film, because of the insufficient supply 
of oxygen to the interface, the Si-C1 formed by the 
reaction of Si and C1 cannot be completely t ransformed 
into SiO2 and remains as a gas phase of Si-O-C1. 
Pancake shapes are then formed. The gas of Si-O-C1 
lifts the SiO2 layer. C1 induces etch pits on the Si 
wafer. It is for this reason that surface roughness is 
observed only in thick films. 

The following experiment  shows clearly the thick- 
ness dependence of surface roughness. After the depo- 
sition of LPCVD SiO2 film 2600A thick, conventional  
CVD SiO2 8000A thick is deposited by the reaction of 
Sill4 and 02 at 420~ The C1 dis tr ibut ion of LPCVD 
SiO2 is unaffected by the low tempera ture  deposition of 
CVD SiO2. Wafers without the CVD SiO2 deposition 
and wafers with the deposition were oxidized in dry 
O2 for 1 hr at 1000~ Though the integrated C1 con- 
centrat ions are the same in both samples, the surface 
roughness is observed only in the film with addition 
of CVD SiO2. Thus we can conclude that  the surface 
roughness does not depend on the total amount  of C1, 
but  does depend on the oxygen concentrat ion at the 
interface. 

Though we do not identify the gas at the SiO2-Si 
interface, it seems to be the same as that produced by 
HC1/O2 oxidation. Monkowski et aL (2) have sug- 
gested that the gas formed by HCI/O.2 oxidation is oxy- 
gen-r ich chlorosiloxane. Lin (5) has discussed this 
oxygen-r ich  chlorosiloxane, SinO.2,-8C16- (n = 2-11), 
which is formed in reduced oxygen pressure and ap-  
propriate chlorine atmosphere. 

Surface roughness is not observed after N2 anneal ing 
in spite of there being no 02 concentrat ion at the in-  
terface. This can be explained in the following man-  
ner:  Silicon is etched by HCI 

Si (solid) + HC1 (gas) ~ SIC14 (gas), SiHCI8 (gas) 

This reaction is reversible. Etching by C1 will not cause 
surface roughness. When oxygen is present, however, 
the formation of Si-O-C1 continues irreversibly.  

Comparison between o~idation rate and etching rate. 
- -Le t  us now consider the oxidation rate of Si under  

LPCVD SiO2 film xA thick. Oxygen flow F1 in SiO~ can 
be expressed as 

Co -- Ci 
F1 = D - -  [4] 

x 

where D is the diffusion constant  of oxygen, Co and Ci 
are the oxygen concentrat ions at the oxide surface and 
at the SiO2-Si interface, respectively. Oxygen flow at 
interface F~ is 

F2 = K,Ci [5] 

where Ks is the chemical surface-react ion rate con- 
s tant  for oxidation. In a steady state, that  is where 
F1 ---- F2 

DCo 
C~ _ [6] 

Ksx + D 

The growth rate of SiO2 is given by 

dx B 
= - -  [7] 

dt A + 2x 

where A ~ 2D/Ks, B --- 2DCo/N1, and N1 is the 0.2 
concentrat ion in SiO.2. We can determine the values 
of A and B from oxidation. After  dry  0.2 oxidation for 
1 hr at 1000~ of 2630A thick LPCVD film, oxide thick- 
ness increased to 3370A. Average oxidation rate and 
average thickness are 12.3 A/ ra in  and 3000A, respec- 
tively. The oxidation rates of films with three different 
init ial  thickness are plotted in Fig. 11. We can obtain 
A _-- 3O00A and B = 11.3 >~ 104 A2/min. In  HC1/O2 
oxidation of (100) Si, using the data of Deal et al. (6, 
7) A and B are given as follows: A = 2530A, B -- 2.6 
• 104 A2/min at 1% HC1 and A = 4300A, B ---- 4.4 • 
109 A'2/min at 4.5% HC1. Linear  rate of oxidation B/A 
= (Co/N1)ks is 10 A / m i n  in HC1 oxidation both at 1% 
and 4.5%, whereas it is 37 A / m i n  in LPCVD SIO22. If Co 
is the same in  both these films, the values of ks and D 
of LPCVD SiO2 are large compared wi th  those of 
HC1/O2 oxidized SiO.2. 

The rate of Si consumption, Ro, is derived from the 
oxidation rate 

N,B B 
Ro - -- [8] 

N(A + 2x) 2(A + 2x) 

where N is the density of Si, 5 • 102.2 cm -8. 
We concluded that  the C1 etching rate, Re, was 

R~ = 5 A / m i n  

because Si was etched to a 300A depth by C1 at 1000~ 
for 1 hr. From the above estimation, we can approxi-  
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Fig. 11. Oxidation rate B/A -1- 2x and its reciprocal rate of three 
different LPCVD Si02 thicknesses. 
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mate  the point  at  which the film becomes too th ick to 
be wi thout  surface roughness.  The C1 etching ra te  is 
smal le r  than  the oxida t ion  ra te  

B 
Re < [9] 

2 (A + 2x) 

By subst i tu t ing  the  expe r imen ta l  values  for A, B, and 
Re 

x < 410OA [10] 

This va lue  agrees  wi th  the  expe r imen ta l  results.  I t  is 
reasonable  to assume that  the existence of surface 
roughness  depends  on whe the r  the C1 etching ra te  or 
the oxida t ion  ra te  is higher.  

By measur ing  surface s tate  density,  we confirmed 
tha t  the micros t ruc ture  of surface roughness  does not 
vppear  a f te r  oxidat ion  in thin LPCVD SiO2 film on Si. 
Surface  s ta te  dens i ty  of the film as deposi ted and a f t e r  
N2 anneal ing  at  llO0~ for 1 hr  is comparab le  to tha t  
of t he rma l ly  g rown SIO2. 

Comparison o] Cl profiIes.--The C1 dis t r ibut ion  in 
LPCVD SiO2 film is b roade r  than  that  in HC1/O2 oxi-  
dized film. In HC1/O2 oxidized film, C1 piles up wi th in  
200A from the SiO2-Si in terface  (6). In C12/O~ oxid ized  
film, however ,  C1 ions d is t r ibute  b road ly  wi th in  1000A 
(7). The difference be tween  the C1 d is t r ibut ion  in HC1/ 
O2 and Cle/O2 oxidized films may  be caused by  HeO 
produced by  HC1/O2 oxida t ion  (8). In  LPCVD SiO2 
films, judg ing  f rom the react ion of SiH2C12 and N20 
and f rom the deposi t ion pressure,  H20 is not produced.  
The Cl d is t r ibut ion  in LPCVD SiO2 is almost  the same 
as that  in C12/O2 oxidized film. 

Summary 
Cl d i s t r ibu t ion  in  LPCVD SiO2 film deposi ted by  

SiH2C2 and N~20 was measured  by  IMMA. We found 
tha t  C1 ions are  d i s t r ibu ted  app rox ima te ly  1000A from 
the SiO2-Si in te r face .  The ra te  of etching to SiO2 and 
the f la tband vol tage  are  affected by  C1 dis tr ibut ion.  
The C1 d is t r ibu t ion  is independen t  of the thickness of 
unannea led  film. Af te r  the oxida t ion  C1 ions move to-  
w a r d  the newly  formed interface.  In  films th inner  than 
4000A, the C1 profile remains  unchanged af ter  the oxi-  
dation, but  in th ick films C1 concentra t ion near  the 
in ter face  is increased and surface roughness  is ob-  
served.  C1 d is t r ibut ion  remains  unchanged  af ter  N2 
anneal ing  at  l l00~ F r o m  these results ,  i t  is a p p a r -  
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ent  that  the phenomenon of C1 p i l e -up  is not  caused by  
the mechanism of oxidat ion  but  by  the exis tence of the  
in terface  itself. Surface  roughness  a f te r  oxida t ion  de-  
pends on whe the r  the C1 etching ra te  of the oxidat ion  
ra te  is higher.  In  a high oxygen  concentra t ion at  the 
interface,  the oxida t ion  ra te  is l a rge r  than  the C1 
etching ra te  and surface roughness is not observed.  
In  a low oxygen  concentrat ion,  Si is etched b y  C1 and 
Si-O-C1 is formed. The surface of SiO2 films is l i f ted  
by  the gases and etching pits are  observed.  In this  case 
C1 ions m a r k e d l y  pile up at  the interface.  When  there  
is no 02 (such as in N2 annea l ing) ,  even if Si  is e tched 
by  C1, Si-O-C1 is not  formed and surface roughness  
is not  observed.  

Taking  into account our  es t imat ion of the  C1 etching 
ra te  and the oxida t ion  rate,  we can conclude tha t  oxi-  
dat ion at  1000~ for 1 hr  does not  induce surface rough-  
ness when  LPCVD film is less t h a n  4000A thick. We 
bel ieve  that  LPCVD SiO2 wil l  be useful  as the  gate 
oxide of  Si devices. 
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Au/Ni/SnNi/n-GaAs Interface: Ohmic Contact Formation 
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ABSTRACT 

The A u / N i / S n N i / G a A s  interface  has been s tudied in o rde r  to understand 
ohmic contact  formation.  Depth  profi l ing in conjunct ion wi th  Auger  e lec t ron  
spect roscopy has been used to de te rmine  impur i t y  d i s t r ibu t ion  in a s - d e -  
posi ted and a l loyed  films and were  cor re la ted  to e lect r ica l  parameters .  We 
find tha t  ohmici ty  can be achieved wi thout  Sn due to Au- induced  Ga vacan-  
cies and Ni - induced  b r eakup  of background  Si covalent  bonds. However ,  
addi t ion  of Sn to the sys tem lowers  the specific contact  resis tances grea t ly .  

Various  studies have been conducted on m e t a l - G a A s  
ohmic contact  systems. Most of these are  concerned 

~Present address: Department os Physics, Kansas State Uni- 
versity, Manhattan, Kansas 66506. 

Key words: interfaces, bonding, ohmicity. 

with e lect r ica l  and meta l lu rg ica l  p roper t ies  of the 
contacts as wel l  as thei r  l ong - t e rm re l iabi l i ty .  The 
ma jo r i ty  of the systems s tudied include A u - b a s e d  
meta l  contacts. Among them N i / A u - G e / G a A s  is 
favored in m a n y  appl icat ions  and have been ex ten-  
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sively studied (1-3). A similar system is A u / N i / S n N i /  100 
n-GaAs, which is used quite successively in mm-wave  
Schottky barr ier  devices. We report here the results of 
a study on this system. Auger electron spectroscopy 80 
(AES) combined with in situ sputter  etching was used 
to obtain chemical profiles which were correlated with 
electrical measurements.  At tent ion was paid to the role ~ 60  
played by each e lement  of the system in  the formation 
of the ohmic contact. This is par t icular ly  impor tant  E 
since new information is becoming available on the .,_~ 
interact ion of different impuri t ies  with each other in <[ 40  
GaAs (4). 

Experimental Procedure 
In  order to identify the role of each element  in Au/  20 

N i /SnNi /n -GaAs  ohmic contact, we studied SnNi /  
GaAs, Ni/SnNi/GaAs,  and Au /Ni /SnNi /GaAs  systems. 
In each case the GaAs used consisted of a 3.3 ~m thick 0 
,epitaxial layer  doped to 2.3 X 1017 cm -3 on a sub- 
strate doped with Si to 2.8 X 10 is cm -8. All the metal 
layers were electroplated through convent ional ly  de- 
fined 175 ~m. diam windows opened in the SiO2 layer 
covering the GaAs epitaxial  layers. Both SnNi and Ni 
were pulse plated from stannous-nickelous and nickel-  
ous chloride solutions, respectively, while Au was d-c 
plated from Aut ronex  solution. The unmasked back- 
sides of the wafers were ohmically contacted with the 
Au /Ni /SnNi  process prior to anode metallization. After 
sample preparation,  individual  chips each bearing one 
anode, were cut with a high speed diamond wheel dic- 
ing saw in preparat ion for heat- t reatments .  Each chip 
was soldered at 130~ to a 0.79 mm diam Ni post and 
the anode was contacted with 50 ~m diam Au wire for 
electrical measurements,  which were carried out both 
before and after heat - t rea tment .  Such t rea tment  was 
carried out on a Ta strip in a chamber containing con- 
s tant ly replenished forming gas (95% N2-5% H2). For 
prolonged heat- t reatments ,  a bore furnace was used. 

Auger electron spectroscopy (AES) and argon ion 
sput ter ing were used for chemical analysis. The AES 
data were taken in derivative form and peak- to-peak 
ampli tudes of Auger transit ions were used to calculate 
the surface coverages in atomic percentages (5). Op- 
tical microscopy was used to determine surface un i -  
formity before and after sputter etching. AES analysis 
was carried out on each chip with a 5 keV 25 #m diam 
electron beam having a current  of approximately 1 ~A. 
Depth profiling was done with a 1 keV Ar- ion  beam at 
a pressure of 5.0 X 10 -s  Torr. The depth profiles are 
presented in atomic percentages vs. sputter  time. Rele- 
vant  sputter  etch rates are given in the text. 

Device electrical measurements  were taken with a 
Tektronix  576 curve tracer and a Boonton 75B-$8 ca- 
pacitance bridge. St ructure  series resistance, Rs and 
ideali ty factor, n were calculated from I -V characteris-  
tics of the diodes in accordance with the method of 
Polhamus (6). Bui l t - in  voltage values were calculated I00 
from (1/Ce) vs. V plots. 

Results 80 
SnNi/GaAs interface.--Samples analyzed after SnNi 

electroplating showed the metal  film to be composed of 
10% Sn and 90% Ni. Depth profiles indicated that these ~ 60 
percentages were main ta ined  throughout  the 2800X 
film thickness, as shown in Fig. 1. The meta l /GaAs E 
interface was found to be sharp. Although Ni is seen o 
to extend fur ther  into GaAs than Sn, this effect is <[ 40  
thought to be due to differential sput ter ing during the 
Auger profile analysis. The depth profile of an SnNi /  
n-GaAs interface after hea t - t rea tment  at 400~ for 20 20 
re.in is shown in Fig. 2. The surface spectrum showed 
carbon and oxygen as well as Sn and Ni. Neither Ga 
nor As was observed on the surface. Figure 2 shows 
evidence of fast diffusion of Ni into GaAs. The relative 0 
stoichiometry of Ga and As in Ni rich region indicates I0 
a diffusion process rather  than eutectic alloying. Un-  
like Au/GaAs,  SnNi/GaAs junct ions do not dissociate 
the semiconductor. The stat ionary behavior of Sn is 
due to an apparent ly  larger diffusion coefficient of Ni 
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Fig. 1. Depth profile of as-plated SnNi/GaAs junction 

I 

100 

than Sn in GaAs and the fact that Sn-Ni  b inary  system 
has very few compounds (7, 8). I -V  measurements  of 
nonheat - t rea ted  structures exhibited diode behavior 
with ideali ty factors, *l, ranging from 1.07 to 1.2. Plots 
of (1/C 2) vs. V gave bu i l t - in  potentials of 0.750-0.775V. 
Heat - t rea tment  at 300 ~ and 400~ did not change bui l t -  
in potential  values appreciably. The value of the ideal- 
i ty factors deteriorated slightly due to hea t - t rea tment  
of 400~ for 20 min. More important ,  however, the 
series resistance of diodes increased threefold. 

The behavior of SnNi /n -GaAs  at high temperatures  
can be explained as follows: Ni is an acceptor in GaAs 
while Sn is a donor. At high temperature  Ni diffuses 
far ther  into GaAs due to its higher diffusion coefficient, 
compensating the donor concentrat ion and thereby 
raising the series resistance of the diode. It should be 
kept in mind that this process may lead to a p -n  junc-  
tion (9) and electrical data then would have to be 
viewed accordingly. 

Ni/SnNi/GaAs {nterface.--Results similar to those 
for the SnNi /GaAs interface were obtained when a 
3600A thick layer of Ni was electroplated onto plated 
SnNi on GaAs. Results of the electrical measurements  
were the same as SnNi/GaAs.  The chemical depth 
profile of these junct ions after hea t - t rea tment  at 
400~ for 10 min is shown in Fig. 3. Diode behavior 
with an increase in series resistance Rs as ment ioned 
for the SnNi /GaAs system was observed. We also ob-  
serve that Sn has remained stat ionary at the Ni /SnNi  
interface while Ni diffused into GaAs as in the case of 
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Fig. 2. Depth profile of SnNi/GaAs junction annealed at 400~ 
20 rain. 
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Fig. 3. Depth profile of Ni/SnNi/GaAs junction annealed at 
400~ rain. 

SnNi/GaAs.  The difficulty of in t roducing Sn into GaAs 
in these systems is in contrast with Au /Ni /SnN i / G a A s  
system discussed next  where a uni form distr ibut ion of 
Sn throughout  the alloyed junct ion  is observed. 

Au/Ni /SnNi /GaAs  interface.--The formation of an 
ohmic contact to n - type  GaAs depends on greatly in-  
creasing the major i ty  carrier concentrat ion at the 
metal -semiconductor  interface in order to cause in-  
creased tunne l ing  current.  In  the case of A u / N i / S n N i /  
n -GaAs samples both Au and Ni are acceptors in GaAs 
whereas Sn is a donor. As pointed out above in the 
cases of SnNi /GaAs and Ni /SnNi /GaAs,  nei ther  the 
concentrat ion nor  diffusion kinetics of Sn is suitable to 
achieve the needed excess carrier concentrat ion to pro- 
duce an ohmic contact. However, in Au/GaAs  junct ions 
both Ga and As are known to diffuse through Au met-  
allizations even at room temperatures.  At higher tem- 
peratures, Au tends to gather Ga, creating Ga vacan-  
cies in GaAs. 

In  A u / N i / S n N i / G a A s  junctions,  Sn is expected to 
diffuse into Au- induced  Ga vacancies thereby produc- 
ing an excess electron concentration. Ni is expected to 
provide good wet t ing so that Sn does not "ball up" dur -  
ing the al loying process. The process is similar to that 
occurr ing for Au/Ni-Ge/GaAs contacts with Sn taking 
the place of Ge. A depth profile for a nonal loyed struc-  
ture is shown in Fig. 4. As expected, such structures 
exhibited diode behavior of the na ture  ment ioned 
above for the SnNi /GaAs samples. Hea t - t rea tment  of 
A u / N i / S n N i / G a A s  samples was carried out at 232% 
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Flg. 4. Depth profie of as-plated Au/Ni/SnHi/6aAs junction 

328% and 420~ Samples were held at their respective 
temperatures  for I0 sec and the strip heater  power 
supply was tu rned  off to allow cooling. Heating rates 
were 700 ~ 560 ~ and 500~ respectively. The 
samples alloyed at 232~ were uni form under  micro- 
scopic observation. Surface analysis showed 18% Sn 
on Au, suggesting grain  boundary  diffusion of Sn 
through the Ni layer. Depth profiling of the samples 
did not indicate any  diffusion of Au into Hi or of Hi or 
a n  into GaAs. However, samples alloyed at 328 ~ and 
420~ were ohmic bu t  had visibly gra iny  surfaces. Sur -  
face analysis of these samples revealed measurable  
amounts  of Au, Sn, Hi, and Ga but  not As. Depth pro- 
files of these samples however were not consistent due 
to lateral  inhomogenity.  Samples prepared in the same 
manne r  on large area wafers without  any SiO2 mask 
were homogenous upon alloying when  observed by 
optical microscopy. 

A depth profile of a ful ly alloyed (420~ for 10 sec) 
A u / N i / S n N i / n - G a A s  contact with Au overlayer  plated 
after al loying is shown in Fig. 5. Region I consists of 
Au electroplated after the al loying process to ensure 
good solderability. Region II is Ga rich star t ing at the 
Au-al loyed junct ion  interface. Arsenic is observed 
after sput ter  etching 5 more minutes.  This is consistent 
with our  previous observation of Ga but  not of As on 
the surface of heat - t rea ted A u / N i / S n N i / G a A s  junc-  
tions. A slight As richness is apparent  in  region III  but  
not enough to account for the excess Ga in region If. 
We suspect that some As may have evaporated from 
region II dur ing hea t - t rea tment  prior to region I Au 
deposition. Ni reaches its peak at the region I I / I I I  
interface. It is obvious from region IV that  Hi diffuses 
the furthest  into GaAs. It  is crucial to note that the 
Sn concentrat ion throughout  the alloyed junct ion is 
very low, a]though it may be high from an electrical 
doping standpoint.  The average depth of the (163 rain) 
ion sputtered region was 3 #m. We refrain  from assign- 
ing specific thickness intervals  due to the existence of 
a five element  alloy. The changing composition of the 
alloy undoubted ly  results in a varying etch rate. 

Discussion and Conclusions 
The specific contact resistances of various contacts 

were also measured. After establishing an ohmic con- 
tact on both sides of a wafer it was cut into O.01 X 0.01 
in. size chips with a dicing saw. The I-V measurement  
was taken by soldering the chip on two 0.015 in. diam 
nickel posts on each end and connecting a high input  
impedance voltmeter  (Keithley 610) across the sample 
next  to the chip ohmic contacts. The current  was sup- 
plied with a precision current  source (Keithley 227) 
to the ends of the nickel posts. The resul t ing I -V curve 
was linear.  Contact resistance was obtained by sub-  
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Fig. 5. Depth profile of fully alloyed Au/Ni/SnNi/GaAs ohmic 
contact (420~ sec) with Au overlayer electroplated. 
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t rac t ing ma te r i a l  bu lk  resis tance from measured  re-  
sistance and dividing it by  two. With  this technique 
contact  resis tances of 5 • 10 -5 ~ cm 2 or  lower  was 
rou t ine ly  obtained,  a l though low 10 -4  ~ cm 2 was also 
measured.  This da ta  is consistent  wi th  publ i shed  con- 
tact  resis tance of 3-7 • 10 -5 12 cm -2  of a s imi lar  a l loy 
system (10). Thus the A u / N i / S n - N i / G a A s  contact ing 
process has been found to give r ise to specific contact  
resistances lower  than achieved b y  the A u / N i - G e /  
GaAs process (1, 2). An  invest igat ion of the former  
contact  indicates  tha t  whi le  the considerat ion that  the 
diffusion of Sn into Ga vacancies c rea ted  by  an A u /  
GaAs react ion as the sole mechanism of ohmic contact  
format ion  is interest ing,  it  seems simplified at  best. 
This is fel t  to be the case not only  due to the ve ry  low 
concentrat ion of Sn in a l loyed junct ions and the diffu- 
sion kinet ics  of Sn in GaAs being not favorable ,  but  
also due to the exis tence of large  concentrat ions in Ni 
well  into the  GaAs. One may  expect  tha t  such high 
concentrat ions of e lec t r ica l ly  act ive Ni would compen-  
sate Sn resul t ing in the format ion  of a p - n  junction.  
Exper iments  p rompted  by  this concern on A u / N i / n -  
GaAs showed tha t  contact  ohmici ty  can be obtained 
wi thout  Sn. However  in a compara t ive  study,  the 
specific contact  resistance of the A u / N i / S n N i / n - G a A s  
ohmic contact  (,~3.5 X 10 -4 ~ cm -2)  was two orders  
of magni tude  lower  than  that  of the A u / N i / n - G a A s  
ohmic contact  (,~4.4 10 -2 12 cm-2) .  Since the existence 
of e lec t r ica l ly  inact ive Si in boa t -g rown  GaAs is 
known, the format ion  of an ohmic contact  in the A u /  
N i / n - G a A s  sys tem is a t t r ibu ted  to e i ther  of two possi-  
ble processes:  (i) Ni diffusion into GaAs and subse-  
quent  b reak ing  of inact ive Si -Si  bonds of background  
Si in GaAs the reby  producing act ive Si impur i t ies  (4) ; 
or  (ii) Au giving rise to the format ion  of Ga vacancies 
into which act ive Si diffuses. In  e i ther  case the back-  
ground concentra t ion of  Si i n  the epi taxiaI  GaAs is 
re la t ive ly  low, possibly  resul t ing  in high specific con- 
tact  resis tance (~4.4 • 10 -2 ~ cm 2) of the tested A u /  
hTi/GaAs contacts. The addi t ion of even low concentra-  
tions of e lec t r ica l ly  active Sn is sufficient to provide  a 
grea te r  concentra t ion of donor impur i t ies  thus lower -  
ing the contact  resistance. 

We have re f ra ined  f rom deta i led  in te rp re ta t ion  of 
the depth  profiles since we do not  have deta i led  unde r -  
s tanding of ion- induced  effects on a l loyed junct ions 
dur ing  sput te r  etching. The effects of different ial  
sput te r ing  and ion knock- in  should be identified and 
taken into account before fur ther  analysis  can be car -  
r ied out. 

We have inves t iga ted  the A u / N i / S n - N i / G a A s  ohmic 
contact  systems at  var ious  stages of contact  format ion  
by  means of Auge r  analysis  coupled wi th  in situ 
sput te r  etching. As indica ted  above, our da ta  indicate 
tha t  despi te  in t roduct ion of high concentrat ions of p-  
type  impur i t ies  i t  is possible to ob ta in  an ohmic contact  
in A u / N i / n - G a A s  systems. The format ion  of an ohmic 
contact  is a t t r ibu ted  to act ivat ion of background  n-  
type  impur i t ies  by  Ni and occupat ion by  these im-  
pur i t ies  of Au- induced  Ga vacancies. Addi t ion  of Sn to 
A u / N i / n - G a A s  sys tem lowers the specific contact  r e -  
sistance by  at  least  two orders  of magni tude.  
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Packaging Improvement of a Liquid Cooled 
Silicon Chip 
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IBM Genera[ Technology Division, East Fishkff~, Hopewe~l Junction, New York 12533 

ABSTRACT 

Because of the increasing densi ty of devices on a chip (to i n c r e a s e  t h e  
effectiveness of computers)  the amoun t  of heat  generated per  un i t  area of 
chip increases as well. This must  be removed efficiently to prevent  fai lure 
of the device. In  order to provide rel iable nucleat ion sites for boil ing on 
silicon surfaces, a n u m b e r  of techniques may be used, one of which is the 
combinat ion of mechanical  abrasion coupled with the removal  of induced de- 
fects by l iquid etchants. Consistent nucleat ion,  which does not  occur on 
polished silicon surfaces, is required to assure proper  heat t ransfer  of sil i-  
con circuit chips. Heat t ransfer  data for treated and unt rea ted  surfaces a r e  
presented.  

Heat generated in operating silicon semiconductor 
devices must  be removed in order to prevent  bu rnou t  
or fatigue failure of the device. To increase the use- 
fulness of computers using these devices, it  is neces- 
sary to package the devices more densely and to in -  
crease their  operat ing speed. Both of these considera- 
tions combine to increase the quant i ty  of heat gener-  
ated per uni t  volume of computer, and improving 
packaging efficiency requires the removal  of this large 
heat  load. One useful  technique for removing this heat  
is to submerge the device in a bath  of perfluorohexane 
which wil l  be operated at its boil ing point  of 56~ 
Perfluorohexane is an iner t  dielectric fluid that  does 
not interact  with any of the materials used in semi- 
conductor packaging. Boiling is an efficient technique 
for t ransferr ing heat from a solid to a fluid. 

Theory 
When a heat generat ing solid is placed in a fluid, the 

fluid in  the vicini ty of the solid warms up as heat is 
t ransferred by conduction. Most fluids ( including per-  
fluorohexane) are poor conductors and the fluid heats 
up near  the  solid. Because of the thermal  expansion of 
the fluid, the hot fluid has a lower density than the re-  
main ing  cooler fluid, and consequently moves away 
from the heat  generat ing surface. This gives rise to 
convection currents  in  the fluid and brings addit ional  
cool fluid into contact with the solid. As we increase 
the quan t i ty  of heat generated in  the solid, both the 
convection rate and the fluid temperature  increase. 

The major  impediment  to heat flow at this point is the 
veloci ty profile of the fluid at the surface of the hot 
body. The fluid in actual contact with the solid is mov- 
ing at zero velocity, and some short distance away it 
increases to its max imum velocity. The nonmoving  
layer at the surface of the solid is called the s tagnant  
layer  and heat must  cross it by conduction. Since the 
fluid is a poor conductor, a large temperature  gradient  
is developed across this layer  even though it is quite 
thin. The solid becomes considerably hotter than the 
bulk of the fluid, eventual ly  reaching or-passing the 
boiling point of the fluid as we increase the heat flow. 

Boiling will improve the efficiency of the heat t rans-  
fer process by: (i) breaking up the s tagnant  layer  and 
e l iminat ing the tempera ture  gradient  between the bulk  
of the fluid and the solid and, (ii) contr ibut ing the 
la tent  heat of boil ing to the heat t ransfer  process. 
However, boil ing cannot proceed unt i l  a bubble  is es- 
tablished. This requires either sufficient excess energy 
to form the vapor- l iquid  interface, or a geometry that 
is par t icular ly  favorable for this purpose. Without  this 
geometry, the excess energy is supplied by raising the 

* Electrochemical Society Active Member. 
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temperature  of the solid far above the boil ing point  of 
the fluid. 

To assure proper heat  t ransfer  to the fluid, the sur-  
face of the semiconductor must  contain a large number  
of sites at which bubbles  of vapor can be consistently 
and easily nucleated. These sites are essentially non-  
existent in a polished silicon surface and must  be bui l t  
into any surface that  we wish to use for this purpose. 
Among the techniques that  may be used to provide 
nucleat ion sites for boiling, we have found that  a com- 
binat ion of sandblast ing followed by a preferent ial  
etch provides a consistently high density of active sites. 
]The study of heat t ransfer  on a var ie ty  of surfaces, 
specially prepared, was performed on silicon wafers. 
Once a satisfactory technique had been obtained, this 
process was applied to a product chip. A more exten-  
sive discussion of techniques to provide nucleat ion 
sites is published elsewhere (1). 

Experiment 
Such a useful active surface is produced by  first 

sandblast ing with a water  s lur ry  of a lumina  at about 
60 psi. This results in a highly stressed surface, rough-  
ened by the action of the oxide. The surface is then 
etched with a 5N aqueous solution of KOH mixed at 
1:1 ratio with methyl  alcohol (2). The etching takes 
place at 80~ for about 1-2 min  in  a typical  example. 
The heat t ransfer  efficiency of the surface is not par -  
t icular ly sensitive to the etch time. The surface is 
thoroughly rinsed with distilled water  and air dried. 
The action of the etchant on silicon is anisotropic, 
accentuated by  the presence of locally stressed regions. 
Thus, the etching fur ther  increases the irregulari t ies 
beyond those generated in the surface by the original  
sandblasting. 

This t rea tment  results in a surface that is largely 
pitted, as can be seen in Fig. 1. These pits usual ly  have 
i r regular  outlines, most edges are sharp, and under -  
cutt ing is prevalent .  Occasionally, long, narrow, very  
deep pi t t ing can be seen. In  Fig. 1, the cross is about 
10 #m long, I ~m wide, and 5 #m deep. 

The thermal  behavior  of treated wafers was estab- 
lished and shown in Fig. 2, in the apparatus (3) de- 
signed specifically for this purpose. The silicon wafer, 
with the treated side in contact with the fluid is 
cemented to a phenolic mount  (D). Heat is supplied 
by the heater disk (A) which is in thermal  contact 
with the wafer. The heater disk contains a winding 
(C), and thermocouple (B). 

Other thermocouples measure the tempera ture  of 
the block and the fluid. The construction of the appara-  
tus is such that over 95% of the heat generated in the 
sample holder by the heater block is t ransferred to the 
fluid through the silicon wafer with the treated surface 

2 6 3 9  
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the die lect r ic  fluid, boil ing only occurs at  the cut  edges 
of the chip and is de layed  unt i l  the chip t empera tu re  
rises wel l  above the boi l ing t empera tu re  of the fluid. 
In  some cases, boil ing does not occur at  al l  and over -  
hea t ing  of the  chip results.  

Fig. 1. Treated s urface--SEM photograph, normal incidence 
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Fig. 2. Heat transfer apparatus 

WAFER 

FLUID 

in contact  wi th  the  fluid. The wafer  is cons iderably  
l a rge r  than the hea t  source, so that  edge effects, which 
would be disastrous in this invest igat ion,  a re  e l imin-  
ated. 

R e s u l t s  

The curves shown in Fig. 3 summar ize  the resul ts  of 
our  invest igat ion.  Heat  t ransfer  is shown for three  
types of surfaces:  (i) polished,  (ii) sandblas ted  only, 
and (iii) sandblas ted  fol lowed by  chemical  etching. 

The pol ished silicon surface, a s t andard  product ion 
wafer ,  shows no tendency  to nucleate.  Wi th in  the 
power  l imi ta t ions  of the appara tus ,  app rox ima te ly  2 
W / c m  2, heat  t ransfe r  f rom the un t rea ted  silicon sur -  
face r emained  in the convective region of the hea t  
t ransfe r  curve. This is shown b y  the l inear  re la t ion 
be tween  power  and tempera ture .  When this ma te r i a l  
is used in a semiconductor  device that  is submerged  in 
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Fig. 3. Heat transfer to C6F14 for base, sandblasted, and etched 
surfaces. 

Fig. 4. Boiling from an untreated chip at 4.2W 

Fig. 5. Doiting from a treated chip at 4.2W 
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Sandb las t ing  improves  the s i tuat ion somewhat ,  wi th  
boi l ing s ta r t ing  at  about  1.6 W / c m  2, because only a 
l imi ted  number  of nucleat ion sites have  been provided.  
The sandblas ted  surface curve separa tes  f rom the 
pol ished surface curve at  12~ above the boi l ing t em-  
pera ture .  In o ther  words,  the  surface is 12~ above the 
boi l ing t e m p e r a t u r e  of the l iquid before  boi l ing wil l  
s t a r t  on the sandblas ted  surface. 

The best  pe r fo rming  surface,  sandblas ted  plus 
etched, in i t ia ted  boil ing at  only  1.3 W / c m  2. The sep-  
a ra t ion  of the curve f rom the convect ion l ine occurs at  
only  4~ above the boi l ing t empera tu re  of the fluid. 

The impor t an t  quest ion is: How does the rea l  chip 
pe r fo rm in the  fluid envi ronment?  F igure  4 shows a 
typica l  sil icon chip mounted  on its subs t ra te  by  means 
of an a r r a y  of solder  balls.  The space be tween  the chip 
and the subs t ra te  is sealed to p reven t  effects in that  
na r row  space f rom in te r fe r ing  with  our  percept ion  of 
back-s ide  effects. A close look revea ls  tha t  nuclea t ion  
occurs at  a few isola ted locations at  the edge of the 
chip. Nuclea t ion  sites can be identif ied by  fol lowing the 
bubble  t ra i ls  back  t o t h e i r  origin. 

F igure  5 shows a t rea ted  chip in the same condit ion 
as before,  the same power  level, fluid t empera ture ,  
chip size, and  mounting.  Here  mul t ip l i c i ty  of nuclea-  
t ion sites ex tends  over  the  ent i re  back  surface of the  
chip. 

Summary 
We have demons t ra ted  tha t  un t r ea t ed  sil icon is not 

sui table  for  hea t  t ransfe r  systems whose efficiency de-  
pends on boil ing at  the baclr of the chip. We have  
shown tha t  p roper  t r ea tmen t  wil l  reduce chip t em-  
pe ra tu re  and insure  control led  chip t empera tu res  in 
this k ind  of environment .  

Manuscr ip t  submi t ted  Feb.  10, 1981; rev ised  m a n u -  
scr ipt  received June 29, 1981. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1982 JO~m~AL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t t ed  by  Feb.  1, 1982. 

Publication costs of this article were assisted by IBM 
Corporation. 
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TEM Observations of Defects in Ge-Doped 
GaAs and AIo,GaooAs 

LPE 

Wilfried P,. Wagner* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The formation of structural defects in degenerate Ge-doped LPE GaAs and 
Al0.4Ga0.6As films was invest igated.  At  growth  in i t ia t ion t empera tu re s  of 
780~ Ge doping does not  resul t  in s t ruc tura l  defects  even in films grown 
from solutions containing ~50 a /o  Ge and even af ter  h e a t - t r e a t m e n t  at 
720 ~ and 820~ On the other  hand,  films grown from heav i ly  Ge-doped  
solutions below the decomposi t ion t empe ra tu r e  of GeAs (737~ contained 
defects  a f te r  a 15 h r  h e a t - t r e a t m e n t  a t  the  growth  t empera tu re .  These de -  
fects consisted of dislocation clusters and were  on ly  observed in films grown 
on subst ra tes  wi th  e leva ted  dislocat ion densities.  I t  is concluded that  the  
observed defects  did not  nucleate  f rom the th read ing  dislocations,  bu t  f rom 
GeAs or  GeAs~ par t ic les  decora t ing  the dislocations.  

In the  past, the subject  of s t ruc tu ra l  defects in GaAs 
and AlxGa l -xAs  has received considerable  a t tent ion  
(1, 2), but  now in teres t  in this subject  has shif ted to 
o ther  I I I -V  compound semiconductor  a l loy  systems 
such as I n - G a - A s - P .  Nevertheless ,  the significant 
quant i t ies  of A1GaAs-GaAs lasers  and  LED's  being 
manufac tu red  today  sti l l  r equ i re  tha t  a ma jo r  effort in 
this ma te r i a l s  technology be d i rec ted  toward  improv-  
ing device character is t ics  and yield.  In  this direction,  
a t tempts  to improve  device resistances by  improving  
the conduct ivi t ies  of the he te roep i tax ia l  layers  com- 
pr is ing the device have been unsuccessful.  The reason 
for this is indica ted  in the paper  of Wolfe and S t i l lman  
(3). In GaAs it  was found that  for Si, Ge, Sn, Se, S, 
and Te donor doping, at  (Na -{- Nd) ~- 1017 cm 3, Nd 
equals 3Na, whi le  for (Na -}- Nd) ---- 101S/cm ~, Na equals 
Nd. Essential ly,  se l f -compensat ion  negates  the  conduc-  
t iv i ty  benefits that  should have been real ized f rom the 
increased  doping. The na tu re  of the  compensat ing  
centers  is of considerable  interest .  In  their  paper  (3) 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r ,  
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p h a s e  e p i t a x y ,  s t r u c t u r a l  defects, heat-treatment, Ge doping. 

Wolfe and S t i l lman  invoked  i m p u r i t y - v a c a n c y  com- 
plexes,  but  dopan t - induced  s t ruc tura l  defects e x a m -  
ined by  t ransmission e lect ron microscopy (TEM) have 
usua l ly  been found to be extrinsic,  i.e., in ters t i t ia l  in 
na tu re  (4-7).  There  exists  then a d i sagreement  be -  
tween  the p resumed na tu re  of dopan t - induced  point  
defects  in GaAs tha t  could only  be reconci led by  com- 
plex point  defect  in teract ions  (8). Fu r the r  d isagree-  
ment  seems to be indica ted  by  the effects of Sn and 
Ge in GaAs. Except  for these two, the compensat ion  
effects descr ibed by  WoLfe and S t i l lman  (3) have been 
cor re la ted  with  dopan t - induced  s t ruc tura l  defects in 
GaAs (2, 4, 5, 7). Yet i t  is accepted tha t  Sn and Ge 
doping of GaAs, however  high, does not induce s t ruc-  
tura l  defects in ep i tax ia l  films, even subsequent  to 
hea t - t r ea tment .  

In  our  work  on Te- induced  defects in GaAs (4) and 
AI~AGaQ.6As (2),  we proposed tha t  the format ion  of 
the observed in ters t i t ia l  defects  depends  on the exis t -  
ence of nuclea t ion  sites consist ing of second phase 
clusters  whose pr inc ipa l  const i tuent  is the dopant  
species, i.e., GaTe and A12Tes. In  this paper ,  we re-  
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examine  this model  for the case of Ge doping of GaAs 
and A10AGao.6As films grown by  LPE and subsequent ly  
hea t - t rea ted .  Ge is the pr inc ipa l  p - t y p e  dopant  used 
in the LPE growth  of GaAs and Al~Gal -xAs  films in 
LED's  and heterojunct ion  lasers. Degenera te  Ge-doped  
GaAs layers  a re  f requent ly  used as contact  layers  in 
such devices. S t ruc tu ra l  defects m a y  not  be genera ted  
in such layers  or  device re l i ab i l i ty  wi l l  be degraded.  

Experimental 
The ep i tax ia l  films for this s tudy  were  grown by 

LPE on {100} GaAs subs t ra tes  doped wi th  Si or Te. 
The dislocation densit ies  of  one class of subs t ra tes  used 
was 3000/cm2/another  class contained 1-2 • 104/cm2 
dislocations as de te rmined  by  the appl ica t ion  of the 
A / B  etch. Al l  samples  consisted of t w o - l a y e r  he re to -  
s tructures,  an Alo.sGa0.2As film was grown first as an 
e tchant  blocking layer ,  fol lowed by  the p+ + GaAs or 
P++ A10.4Ga0.6As sample  films, 2-4 #m thick. The 
growth  solut ion of the sample  film contained 20~55 
atomic percen t  (a /o )  Ge, but  most  samples  were  
grown from solutions containing 40 a /o  Ge. The growth  
ini t ia t ion t empera tu re  of the sample  films was 720 ~ 
and 780~ wi th  a t emperau t r e  grad ien t  resul t ing  in 
growth  rates  of 4 #m/hr .  The A1 composit ion of the 
A10.4Ga0.6As films was corrected for the decrease in the 
A1 dis t r ibut ion  coefficient ar is ing f rom the high Ge dop-  
ing (9) and was confirmed by  measur ing  the la t t ice  
mismatch  be tween the GaAs subs t ra te  and  the sample  
film by  x - r a y  d i f f rac tometry  (10, 11). 

The sample  wafers  were  first pol ished to a 125 ~m 
thickness, then diced into 3 mm disks. Samples  were  
evacuated  together  wi th  a large  quan t i ty  of GaAs 
powder  (1 • 10 -6 Torr)  in quar tz  ampuls  then hea t -  
t rea ted  at  720~ for 15 or  60 hr, and at  820~ for 15 hr. 
Se l f - suppor t ing  TEM samples  were  fabr ica ted  by  e tch-  
ing a hole into the back-s ide  of the disks using the P A  
etch. The high A1 content  of the buffer layer  would 
stop the e tching action, subsequent ly  this l ayer  was re-  
moved by warm conc. HC1. F ina l  e lectron t r anspa r -  
ency was achieved using the 10: 1: 1, H2SO4: H20:H202 
etchant.  A J E O L - J E M  200 kV transmission electron 
microscope was used to evalua te  the defect  d is t r ibut ion  
occurr ing  in the ind iv idua l  samples. 

Results 
Observations oJ As-grown sampZes.--In GaAs and 

AIo.4Ga0.6As films grown from solutions containing 
20-55 a /o  Ge and at  720 ~ or 780~ no contras t  fea tures  
were  observed in i t ia l ly  in the TEM that  could be a t -  
t r ibuted  to the high Ge doping. Nei ther  dislocations 
nor precipi ta tes  were  observed  in films grown on low 
dislocation dens i ty  substrates.  S imple  th read ing  dislo-  
cations were  observed in GaAs and Alo.4Ga0.6As films 
grown on h igh ly  dis located subst ra tes  (Fig. 1). Other  
diffraction contras t  was not observed in such films 
(Table  I ) .  At  a g rowth  t empera tu re  of 780~ and a 
growth  solut ion doping of 54.5 a /o  Ge the GaAs -Ge  
phase bounda ry  was crossed and Ge films resulted.  The 
expected crossed grid of misfit dislocations was ob-  
served in such specimens at  the subs t ra te -ep i  interface.  

Fig. I. Largest aggregate of threading dislocations observed in 
films grown on highly dislocated substrates. (a) Ge-doped GaAs; 
(b) Ge-doped Alo.4Gao.6As. 

The result of heat-treatments.--Dislocation mul t ip l i -  
cation and cl imb was observed to have taken place 
(Fig. 2) in GaAs and A1o.4Ga0.6As films grown at 720~ 
on high d is loca t ion-dens i ty  subs t ra tes  and from solu- 
tions containing 40 a /o  Ge, af ter  a 15 hr  h e a t - t r e a t m e n t  
at 720~ More extensive dislocation ne tworks  (Fig. 3) 
were  observed in such films af te r  a longer  h e a t - t r e a t -  
ment  (60 h r  a t  720~ or  a f te r  a 15 h r  h e a t - t r e a t m e n t  
at  820~ Under  quas i -k inemat ica l  diffraction condi-  
tions, contras t  effects were  observed in GaAs films that  
appea red  to arise f rom smal l  prec ip i ta tes  a long the 

Table I. 

Threading Dlslo- 
Growth Ge Substrate dislocations Heat- cat ion  
temp. doping d e f e c t s  o b s e r v e d  t r e a t m e n t  c l imb  
(~ ( a / o )  ( c m  -2) (crn-2) ( h r  • ~ o b s e r v e d  

780 20-55 1000 No 15 • 720 No 
780 40 1000 No 60 • 720 No  
780 40 1000 No 15 x 820 No  
780 40 10. 10' 15 x 720 No 
780 40 10~ 10" 15 x 820 No 
720 40 1000 No 15 • 720 No 
720 40 1000 No  60 x 820 No 
720 40 1000 No  15 • 820 No  
720 40 10" 10" 15 • 720 Y e s  
720 40 10" 10" 60 • 720 Y e s  
720 40 10" 10. 15 • 820 Yes  
720 0 10~ 10' 15 • 720 No 

Fig. 2. Dislocation cluster observed in Ge-doped films heat- 
treated for 15 hr at 720~ (u) GaAs; (b) AIo.4Gao.6As. 
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Fig. 3. Dislocation cluster observed in Ge-doped films heat- 
treated for 15 hr at 820~ (a) GaAs; (b) Alo.4Gao.6As. 

dislocation line segments. Such contrast  effects were 
not observed in A10.4Gao.6As films. After a 15 hr heat-  
t rea tment  at 720~ or at 820~ s t ructural  defects were 
not observed in GaAs and A10.4Ga0.6 films grown on 
substrates with low (<3000/cm e) dislocation densities. 
These films were grown from solutions containing 20- 
55 a/o Ge and were grown at 720 ~ and at 780~ GaAs 
and Alo.4Ga0.6As films grown at 780~ and from solu- 
tions of 40 a/o Ge on substrates with high dislocation 
densities (1-2 • 104/cm) contained only simple 
threading dislocations even after a 15 hr hea t - t rea t -  
ment  at 720 ~ or at 820~ These results are summarized 
in  the table. 

Discussion 

In  epitaxial  films, one type of dopant- re la ted struc-  
tural  defect may form during epitaxial  growth and 
usual ly  consists of dislocations or stacking faults orig- 
inat ing at precipitates (4). Another  class of defects 
may occur dur ing the hea t - t rea tment  of doped films 
and usual ly  consists of either vacancy or interst i t ial  
loops (2). S t ructura l  defects formed as a result  of the 
massive Ge-doping of the LPE growth solutions were 
not expected to occur in the as-grown GaAs and 
A10.4Gao.sAs films. Substant ia l  stress centers, such as 
second phase particles at least large enough to punch 
out generator  dislocation loops (12) to the growth in-  
terface, have to exist in such films. Subsequent ly  the 
dislocation loop is extended by the advancing growth 
interface forming a large defect. Such second phase 
particles could consist of Ge, GeAs, or GeAs2, but  the 
growth conditions used in this exper iment  locate our 
films well within the GaAs phase field (13), therefore 
such second phase particles are not expected. Also, for 
films grown from 780~ the absence of second phase 
particles is indicated a pr ior i  by the curves relat ing 
growth solution doping to resul tant  free carriers (2, 4, 
14; 15). Prior studies found that growth solution dop- 
ing wi thin  the l imit of a constant  distr ibution coeffici- 
ent  does not result  in defects in the as-grown films 
(2, 4). A constant  dis t r ibut ion coefficient for Ge in 
GaAs (Na -- Nd ~ 1 X 102~ ~) and Al0AGa0.6As 
(Na -- Na < 2 • 10 TM) has been reported (14, 15), in-  
dicating that  defects do not occur. 

The formation of defects such as dislocation loops 
dur ing hea t - t rea tment  depends upon the presence of 
diffusing point defects as well  as s train centers to nu -  
cleate the loops (12), while the diameter  of such loops 
depends on the concentrat ion of the nucleat ion centers, 
the concentrat ion of the point  defects, and the diffusiv- 
i ty  of the point  defects. It  was observed for films 
grown a 720~ that in both the Ge-doped GaAs and the 
A10.4Ga0.6As films the presence of threading disloca- 
tions was a precondit ion for the occurrence of disloca- 
tion mult ipl icat ion and climb dur ing heat - t rea tment .  
This is quite evident  in Fig. 2b where an existing 
threading dislocation (arrow) has bowed out into a 
helix. The threading dislocations, however, do not ap- 
pear to be the actual  nucleat ing centers for the ob- 
served defects. Assuming that the point defects which 
cause the observed line defects in films grown at 720~ 
are present  also in Ge-doped films grown at 780~ and 
subsequent ly  heat- t reated at 720 ~ or 820~ then the 
absence of dislocation mult ipl icat ion and climb in 
films grown from 780~ must  lie in  the absence of 
suitable nucleat ion sites. Suitable nucleat ion sites 
would not consist of ord inary  threading dislocations; 
they should consist of jogged dislocations or disloca- 
tions decorated by precipitates. This was the reason 
the low growth tempera ture  of 720~ was selected. 
Both GeAs and GeAs2 (16) are stable below 730~ At 
a growth temperature  of 720~ momenta ry  deviations 
from equi l ibr ium growth kinetics combined with the 
enhanced nucleat ion and the changed thermodynamic  
potential  at the emergence points of the threading 
dislocations are thought to result  i n  the decoration of 
the threading dislocations with GeAs or GeAs2 clusters. 
This cannot take place above the decomposition tem- 
perature  (736 ~ and 732~ respectively) of these 
phases, therefore the diffusing point  defects in films 
grown at 780~ could not aggregate along the thread-  
ing dislocations and induce dislocation mult ipl icat ion 
and climb. 

In experiments  with Te-doped GaAs and A10.4Ga0.0As 
films it was possible to prevent  the formation of defects 
by decomposing the nucleat ion sites dur ing hea t - t rea t -  
ment  above the mel t ing point  of the second phase 
particle (2, 4). But once the generator  loop existed, the 
extrinsic dislocation loops continued to grow larger 
even dur ing hea t - t rea tment  above the decomposition 
temperature  of the nucleat ion center. The continued 
defect formation dur ing hea t - t rea tment  even above the 
melt ing point of the precipitate points out the l ikely 
interact ion between the threading dislocation and the 
precipitate. A precipitate becoming attached to a dis- 
location at the growth interface very l ikely induces a 
jog or kink. This means that  such particles need not be 
large enough to punch out generator  loops and ex- 
plains why they were not directly resolved. Heat-  
t rea tment  above the mel t ing point of the precipitate 
would decompose the particle, but  not the generator  
loop, and the dislocation could still climb as a result  of 
a point defect flux. 

The presence of point defect complexes in heat-  
treated, Ge-doped Alo.4Gao.6As films is indicated by  a 
recent photoluminescence s tudy (15). An observed 
decrease in photoluminescence in tensi ty  after heat-  
t rea tment  was at t r ibuted to high concentrations of 
nonradia t ive  centers that formed dur ing hea t - t rea t -  
ment. The present  observation of increased defect com- 
plexi ty  as a funct ion o f  hea t - t rea tment  time or in -  
creased hea t - t rea tment  temperature  confirms the ac- 
t ivity of point defect diffusion. It is l ikely that a diffu- 
sion process enhanced by the stress field of the thread-  
ing dislocation (18) and assisted by pipe diffusion 
along the dislocation results in the occurrence of the 
observed line defects. The formation of these defects 
may be examined with a model based on a complex 
point  defect consisting of a subst i tut ional  impur i ty  as- 
sociated with at least one vacancy (3, 17). In consider- 
ing a different point defect, it must  be noted that  the 
observed decrease in  the PL intensi ty  of heat - t rea ted 
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Alo.4Gao.sAs (15) must be the result of point defect 
interactions resulting in nonradiative centers. While 
Ge interstitials are expected to be fast diffusing and 
could cause the observed dislocation climb by combin- 
ing with vacancies at the threading dislocations, re-  
sulting in climb (18), this mechanism would result in 
improved PL efficiencies. In the same vein, an inter-  
stitial Ge-vacancy complex is not l ikely to form as Ge 
is known to be amphoteric. More substantial inter- 
stitial complexes certainly do not form. The Ge-doping 
of GaAs and A10.4Ga0.6As is known to result in only 
very small lattice dilation (19, 20) that appear to be 
exclusively due to electronic effects. 

In this experiment we did not differentiate if the ob- 
served dislocation climb was of interstit ial o r  vacancy 
origin, mechanisms similar to Hurle's (8) could be 
applied to explain either effect. Frenkel  defects formed 
during heat- t reatment  supply Ga and As vacancies 
which are "strongly gettered" (8) by the substitutional 
Ge impuri ty thereby increasing the concentration of 
the point defect complexes. The resulting supersatura- 
tion of Ga and As interstitials can then combine at the 
threading dislocation to form GaiAsi and incorporate 
as a step into the dislocation line. Alternatively, a 
simple decomposition reaction of the Ge-vacancy com- 
plex at the nucleation site or the existing defect will 
also result in a germanium decorated, climbing dislo- 
cation. Again, more of the diffusing defect complex 
could be formed during heat- t reatment  from the inter-  
action of As vacancies and the substitutional impurity 
to maintain the equilibrium vacancy concentration. 
More extensive TEM studies, as well as precision lat-  
tice parameter  measurements need to be utilized to 
identify the dislocation climb mode and to reveal the 
nature of the diffusing point defect. 

Conclusions 
The massive germanium doping of LPE GaAs and 

A10.4Ga0.6As films grown at 720~ results in the forma- 
tion of high concentrations of point defects during 
heat- t reatment  at 720 ~ and at 820~ During heat-  
treatment at 720 ~ and 820~ the point defects diffuse to 
nucleation sites and decompose, resulting in the forma- 
tion of dislocation aggregates. The nucleation sites for 
the observed defects appear to consist of GeAs or 
GeAs2 clusters that form during growth only near 
threading dislocations in the doped epitaxial  films. For 
films grown above the melting point of the GeAs or 
GeAs~ phases the nucleation sites do not exist near the 
threading dislocations and as a result the dislocation 
aggregates do not form. 
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High Temperature Flow Resistance of 
Micron Sized Images in AZ Resists 

H. Hiraoka and J. Pacansky 
IBM Research Laboratory, San Jose, Cali]ornia 95193 

ABSTRACT 

A simple u.v. curing process is described that renders  micron sized images  
in AZ resists resistant  to flow when heated to temperatures  as high as 210~ 
The u.v. t r ea tment  prevents  the image flow problems usual ly  encountered in  
reactive ion etching processes. 

The implementa t ion  of reactive ion etching (RIE) in 
l i thographic processes has created new demands on re-  
sists (1); one of the foremost is the resistance to flow 
at the high temperatures  created by a plasma dis- 
charge. It  is not uncommon for micron size images 
to flow when subjected to the temperatures  that  could 
be over 200~ in  an RIE environment .  The well-  
known  and widely used class of l i thographic mate-  
rials labeled the AZ resists consists of a mix ture  of a 
diazo-oxide (I) and a phenolic resin (IV) (see Scheme 
I) .  Most members  of the class of AZ resists, for ex-  
ample, have exhibi ted image flowing at high tempera-  
tures. This report  describes a very  simple u.v. curing 
process that renders  images in any  member  of the 
AZ family  of resists stable to flow at temperatures  
over 200~ 

Exper imenta l  

Resist patterns.--AZ-2400 ( t rademark  of the Shipley 
Company, Newton, Massachusetts) was spin-coated 
onto silicon wafers, and subsequent ly  prebaked at 83~ 
for 12 min. The wafers were exposed to a 20 keV 
electron beam using a vector scan type apparatus  at  
a dose of 2 • 10 -5 C/cm 2. The pat terns were de- 
veloped in (1: 3) AZ-2401 developer. 

A Hanonia  SH(616A) med ium pressure mercury  
lamp with a total u.v. output  of 6.3W was used for 
the u.v. curing; the in tens i ty  at 2540A was 2 • 10 -4 
W/cm 2. The lamp was used either without  filters or 
with a Coming  No. 054 glass filter (0%T for k < 3000). 
The imaged resists were exposed in air  at a distance 
of 15 cm away from the lamp. Exposures were also 
conducted with the imaged resist under  vacuum. 

Heat treatment.---A hot plate or a vacuum oven was 
used for the hea t - t rea tment .  The procedure consist- 
ent ly  followed was to set the hot plate or the oven at  
the specified value; the wafers with the resist pat terns  
were then placed on the heated surfaces so that  very  
rapid heat ing took place. The tempera ture  was mea-  
sured with a thermocouple that  was firmly attached 
to the surface of the hot plate. 

Procedure.--A direct comparison was made be-  
tween pat terns u.v. cured and not  u.v. cured by 
breaking a resist l ine pa t te rn  into two pieces through 
the lines. When a comparison was made be tween the 
u.v. exposed and the unexposed samples both pieces 
of the pair  were heated side by side at the same t ime 
for identical periods in order to avoid inconsistencies 
in  the data. Afterwards, the wafers were coated with 
a luminum thin films for SEM inspection. The SEM 
micrographs were obtained with an ISI Super  I I  SEM. 

In  order to test the effect of wavelength  and the 
atmosphere on the process irradiat ions were performed 
with and without  filters in the mercury  lamp with the 
sample contained in a vacuum system or in air. 

Key words: u.v. treatment, reactive ion etching, lithography. 

Results 
In  Fig. 1 (a) and (b) the effect is shown for a post- 

bake at 95~ for 30 min  in  air. Figure l ( a )  displays 
the resist wi thout  a postbake whale Fig. l ( b )  shows 
the pat terns after a postbake. Clearly a thermal  flow 
of the resist has occurred dur ing  the postbake. Fig-  
ures l ( c )  and (d),  however,  show that  u.v. exposure 
prior to a postbake at 100~ completely e l iminated 
thermal  flow of the resist pat tern.  For example, in  Fig. 
1 (d) the results are shown for pat terns with no post- 
bake that  were exposed to u.v. l ight  and then  heated at  
100~ for 30 min  in air. For  comparison, Fig. 1 (c) con- 
tains an SEM of original  pat terns with no postbake. 

In  essence the results summarized in Fig. 1 demon-  
strate the de t r imenta l  effect of postbake before u.v. 
curing on flow resistance of resist images. El iminat ion  
of the postbake prior to u.v. curing is a pa ramoun t  
consideration for the process to be successful; this is 
amply  demonstrated by the results that  follow. 

The exposure t ime required  for the u.v. cure is 
a funct ion of the temperature  at which the resist pa t -  
terns must  not flow. In  general,  the exposure t ime in -  
creases as the tempera ture  at which the resist is heated 
increases. Figures 2 and 3 demonstrate this for resist 
pat terns heated at 155 ~ and 210~ respectively. F igure  
2(a) contains an SEM micrograph of the resist pa t -  
t e rn  obtained after development;  Fig. 2(b)  shows the 
effect of u.v. exposure for 15 min  followed by heat ing 
at 155~ for 30 min  with no prebake; Fig. 2(c) shows 
the effect of heat ing without  the u.v. cure. The con- 
trast  between Fig. 2(b) and (c) vividly demonstrates  
the beneficial effect of the u.v. cure, which unde r  the 
conditions used in the present  studies requires an 
exposure t ime of 15 rain for flow resistance at  ~150~ 
For flow resistance of the resist pat terns at 210~ a 
longer exposure t ime is required. In  Fig. 3 (a) the re-  

Fig. ]. The effect of postbake on the resist patterns in the AZ- 
2400; (a) the resist patterns without postbake; (b) the resist pat- 
terns after postbake at 95~ for 30 rain in air; (c) the resist pat- 
terns without postbake; (d) the resist patterns exposed to the u.v. 
light, then subsequently heated at 100~ for 30 rain in air. 
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Fig. 2. The effect of a 15 min u.v. exposure on the resist pat- 
terns in AZ-2400; (a) the patterns with no postbake; (b) the re- 
sist patterns exposed to the u.v. light for 15 rain in air, then 
subsequently healed at 155~ for 30 rain; (c) the resist patterns 
heated at 155~ for 30 min without the u.v. exposures. 

sist pa t te rn  is shown after development.  Figure 3(b)  
contains an SEM showing the complete loss of the 
pat terns after heat ing to 210~ for 25 rain. Figure 3 (c) 
shows that  a 15 min  u.v. exposure has dramat ical ly  re-  
tarded but  has not stopped the image flowing at 210~ 
Figure 3(d) ,  however,  clearly demonstrates that  a 30 
rain exposure has prevented the catastrophic image 
flow at 210~ 

Discussion 

Irradiat ion of an AZ type resist with u.v. l ight after 
images have been developed renders  the mater ia l  re-  
sistant to flow at high temperatures.  The u.v. exposure, 
however, will  only be effective when done without  a 
postbake. This point  must  be stressed because it is a 
common practice to postbake resists in order  to en-  
hance the qual i ty of the film. 

Another  impor tant  requ i rement  for the u.v. cure is 
that longer exposure times are required for flow re-  
sistance at higher temperatures.  For example, it  w a s  

show~ that  an exposure time of about 30 mi n  was 
needed for flow resistance at 210~ This exposure t ime 
also suffices for temperatures  somewhat higher than  
210~ (the high temperature  l imit  was not tested be-  
cause temperatures  around 210~ are believed to ap- 
proximate those found under  RIE condit ions).  The 
amount  of t ime required for the u.v. cure seems ra ther  
excessive but  the mercury  lamp used in  this s tudy 
has a relat ively low output  of u.v. l ight  in  comparison 
to other high pressure mercury  lamps (2). A con- 
servative estimate that  is easily obtained is that  lamps 
are available with ~200 times the u.v. output  of the 
Hanonia  lamp used in this study; consequently,  ex-  
posure times of about 10-20 sec are possible. In  this 
respect the implementa t ion  of the u.v. cur ing described 

Fig. 3. The effect of increasing u.v. curing time; (a) original 
patterns; (b) no u.v. hardening but heated at 210~ for 25 rain; 
(c) u.v. exposure for 15 min, then heated at 210~ for 25 min; (d) 
u.v. exposure for 30 rain, then heated at 210~ for 25 min. 

in this report  into a commercial  process becomes quite 
attractive. 

In  general,  the u.v. cure works for the AZ class of 
resists. On the basis of the known photochemical 
mechanism (3) operative in the AZ class of resists 
an explanat ion was sought for this phenomenon.  The 
photoactive compound in the resist is a diazo-oxide (I) 
that  is photochemically converted to a ketene (II) a s  

shown in Scheme I. In the presence of moisture (II)  

Scheme 1 
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forms the carboxylic acid (III) ,  or, in the absence of 
moisture (e.g., high vacuum) the ketene (II) reacts 
with the resin (IV) to form the ester (V). Under  the 
conditions used in the experiments  described in  this 
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repor t  the u.v. cur ing seems to be independen t  of 
whe the r  the  i r rad ia t ions  are  pe r fo rmed  in vacuum or  
in the a tmosphere .  F u r t h e r m o r e ,  in f ra red  studies in-  
dicate  tha t  ne i the r  the carboxTlic acid ( I I I )  or  the  
ester  (V) are photochemica l ly  produced;  ins tead  the 
salt  of the carboxyl ic  acid (VI) is produced.  S tudies  
have  shown tha t  the  origin of the  sa l t  fo rmat ion  is 
due to res idual  deve loper  (KOH) lef t  in the  res is t  
a f te r  development .  Since the  ke tene  ( I I )  or  the acid 
(III)  reacts  v igorously  wi th  bases then sal t  fo rmat ion  
eas i ly  proceeds.  The product ion of the potass ium in-  
dene ca rboxyla te  salt  in this manne r  renders  the r e -  
s is t  more  res is tant  to flow at high t empera tu re .  

Summary 
A simple u.v. cure has been descr ibed whe re by  the 

high t e m p e r a t u r e  flow resis tance of the AZ class of r e -  
sists is d ramat i ca l ly  improved.  The u.v. cure involves 
exposure  of the imaged  resis t  to l igh t  a f te r  deve lop-  
ment  and appears  to work  under  a va r i e ty  of exposure  
conditions.  The sal ient  fea ture  tha t  makes  the  c h e m -  

A Z  R E S I S T S  2647  

i s t ry  of the u.v. cure different  f rom tha t  n o r m a l l y  
found in the resist  is that  the potass ium indene  ea r -  
boxyla te  sal t  is photochemica l ly  produced  ins tead  of  
the indene  carboxyl ic  acid. 
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High Pressure Plasma (HPP) Deposition of 
Polycrystalline Silicon Ribbons 

K. R. Sarma* and M. J. Rice, Jr.* 
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ABSTRACT 

A high pressure  p lasma (HPP)  deposi t ion process has been charac te r ized  
for its po ten t ia l  in producing  po lycrys ta l l ine  si l icon films ( r ibbons)  at  low 
cost. Gas chromatographic  (GC) analysis  of HPP  deposi t ion reactor  effluent 
gases has been used for charac ter iz ing  the deposi t ion process. Sil icon t e t r a -  
chloride,  t r ichlorosi lane,  dichlorosi lane,  and si lane have been eva lua ted  as 
possible silicon source gases for silicon deposi t ion by  HPP. Deposi t ion effi- 
ciencies have been de te rmined  under  var ious  expe r imen ta l  condit ions such as 
rf  power  of HPP, concentra t ion  and flow rate  of r eac tan t  gases, and subs t ra te  
t empera ture .  These efficiencies were  found- to  be h igher  than those ob ta ined  
by  a convent ional  chemical  vapor  deposi t ion (CVD) process under  al l  con- 
di t ions of prac t ica l  interest .  The observed improvements  in HPP sil icon dep-  
osition m a y  be exp la ined  using thermodynamics ,  opera t ive  k inet ic  processes, 
and deposi t ion mechanisms.  Economic potent ia l  of the HPP  deposi t ion process 
for producing  sil icon films appears  favorable .  

Chemical  vapor  deposi t ion (CVD) of sil icon by  high 
t empera tu re  (1000~176 hydrogen  reduct ion of a 
chlorosi lane such as SiHC18 is a we l l - e s t ab l i shed  p ro -  
cess used ex tens ive ly  in the semiconductor  industry .  
It is used for producing  bu lk  po lycrys ta l l ine  silicon as 
well  as thin films of silicon in po lycrys ta l l ine  or  in 
single crys ta l  form. In m a n y  of these processes, cold-  
wal l  deposi t ion systems are used to p reven t  wal l  depo-  
sition. This CVD process, as it  is used, is charac ter ized  
by  low chemical  and energy  ut i l iza t ion efficiency, low 
th roughput  rate,  and high cost. Recently,  devices for  
which silicon ma te r i a l  cost is a ma jo r  pa r t  of the to ta l  
cost (e.g., solar  cells)  have  p rov ided  an impetus  for  
deve lopment  of advanced  technologies  capable  of r e -  
ducing the cost of deposi t ing  silicon. We have been  
inves t iga t ing  a high pressure  p lasma (HPP)  deposi t ion 
process as a means  for deposi t ing po lycrys ta l l ine  s i l i -  
con r ibbons (films) at low cost (1-4).  Unl ike  many  
low pressure  p lasma processes used in the  semicon-  
ductor  indus t ry  that  opera te  in the pressure  range  of 
few Torr,  this HPP opera tes  at  a p ressure  nea r  one 
a tmosphere .  

* Electrochemical Society Active Member. 
Key words: chromatography, thermodynamics, semiconductor, 

quenching, kinetics. 

The HPP  deposi t ion system, which is s c h e m a t i c a l l y  
shown in Fig. 1, includes a 13.56 MHz r f  generator ,  an  
impedance  matching module,  a p lasma  beam nozzle, 
and a ho t -wa l l  deposi t ion reactor .  Si l icon films are  
deposi ted onto the subs t ra tes  covering the deposi t ion 
reactor  wal ls  b y  in t roducing  hydrogen  and chloro-  
silane d i rec t ly  into the r f  c ircui t  th rough  a t ubu la r  
output  coil in the impedance  match ing  module.  The 
tubu la r  output  coil t e rmina tes  in a nozzle conta ining 
a hol low tungsten electrode.  Tuning the impedance  
matching  module  for  resonance creates,  at  the  t ip of 
the electrode,  a h igh  vol tage which resul ts  in an e l e c -  
tr ica l  discharge plasma.  Due to macroscopic  mot ion of 
the reac tan t  gas s t r eam th rough  the  electrode,  the  
p lasma extends  into the  space in f ront  of the  nozzle as 
a jet.  Emission spectroscopic measurements  have  ind i -  
cated localized t empera tu res  in the v ic in i ty  of 4000~ 
in the p lasma beam.  

Previously ,  the  feas ibi l i ty  of deposi t ing semicon-  
ductor  grade pu r i t y  po lycrys ta l l ine  sil icon films, a t  
high chemical  ut i l izat ion efficiencies, using SIC14 and 
SiHCl~ as silicon source gases has been shown (1, 2). 
In this paper ,  we wil l  present  t h e  resul ts  of a m o r e  
deta i led  charac ter iza t ion  effort. The HPP  deposi t ion 
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Fig. 1. Schematic of the high 
pressure plasma (HPP) deposi- 
tion system. 

NETWORK MODULE 
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process is thoroughly characterized by on-line gas 
chromatography (GC) as a function of various ex- 
perimental parameters such as rf power of the HPP, 
concentrations and flow rates of input reactant gases, 
and substrate temperature. These results on HPP 
deposition are compared with results obtained under 
CVD conditions. The observed results are discussed in 
terms of thermodynamics and deposition mechanisms 
and kinetic and transport processes operative in HPP 
deposition. 

Experimental 
Experimental work consisted of determining silicon 

deposition efficiency using an on-line GC. The HPP 
deposition apparatus used in this investigation is shown 
schematicaUy in Fig. 1. The fused silica deposition re- 
actor was of 5 X 5 cm ~ cross section. The walls of this 
reactor were covered with 1 mm thick molybdenum 
substrates. The auxi l iary  resistance furnace employed 
had a hot zone length of 30 cm and served for con- 
troll ing the substrate temperature.  Molybdenum acts 
as a temporary  substrate (5) for producing self-sup- 
port ing silicon r ibbons;  i.e., silicon films deposited on 
Mo substrates are separated from the substrate,  by 
cooling from deposition temperature,  due to differential 
thermal  expansion coefficients of Mo and Si. 

The effluent gas s t ream from the deposition reactor 
was split into two gas steams as shown in  Fig. 2. The 
large gas s t ream was sent to a hydrogen and chloro- 
silane burn-off  box and exhaust. The small  gas s t ream 
was sent  to a six port  gas sampling valve of a Hewlet t  
Packard 5840A Report ing Gas Chromatograph with a 
thermal  conductivi ty detector. A 10 ft stainless steel 
column packed with Chromosorb-W and a 20% load- 
ing of SF-96 as the absorbant  phase were used. The 
ins t rument  was calibrated for re tent ion t ime and de- 
tector response by  sampling gas with known  concen- 
trat ions of HC1, SiHsC12, SiHCI~, and SIC14 in H~, 
which was passed through the reactor and sampling 
system at room temperature.  Calibrations were made 
with indiv idual  consti tuents and with mixtures.  Col- 
umn  tempera ture  was t ime programmed to shorten 
analysis time, s tar t ing at 35~ increased at a rate of 
30~ to 80~ and remained at that tempera ture  
unt i l  the analysis was complete. Using 30 m l / m i n  
hydrogen carr ier  gas, re tent ion times of 0.92, 1.75, 2.52, 
and 3.43 rain were obtained for HC1, SiH~C12, SiHCI~, 
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and SiCl~, respectively, and the GC run was terminated 
at 4 rain. The column cooled to 35~C in 3.5 rain al- 
lowing a new sample to be taken every 7.5 rain. Appli- 
cation of GC for characterization of silicon CVD pro- 
cesses has been described in the literature (6) and 
detailed theory and practice of GC analysis may be 
found in many of the standard textbooks, e.g., Ref. 
(7). Since the sample gas to be analyzed is cooled to the 
column temperature this technique is not suitable for 
studying chemical equilibrium in the high tempera- 
ture environment, but can be used to obtain reactant 
utilization efficiency. 

Figure 3 shows a typical chromatograph. Using the 
composition of effluent gases from the deposition reac- 
tor determined by the GC analysis, the deposition effi- 
ciency (reactant utilization efficiency), ~, is calculated 
as follows 

(Si/CI) in -- (Si/CI) out 
: �9 100% 

(Si/Cl)in 

where (Si/Cl)in and (Si/C1)out are the silicon to 
chlorine ratios in the input and effluent ~as streams. 
For example, when using SiCL~ as the silicon source 
gas, (Si/Cl)in will be 0.25. (SilCl)out is calculated as 

EXHAUST PIPE FROM PLASMA DEPOSITION REACTOR 

TO GC SAMPLING VALVE 

Fig. 2. Gas chromatographic (GC) gas sampling arrongemeat 

TO BURN-OFF BOX 
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START 

.75, SIH~C|2 

f_ 
4.00 

STOP 

= , 

0.92, HCI 

2.52, S|HCIs 

3.43, SIC|4 

Fig, 3. Example of a typical chromatograph of the HPP reactor 
effluent gas stream. 

follows 
rest  100 -- mHci 

(St/C1) out -- ..... -- 
~%Cl 'ffl'C1 

where 

msi "-- mSiH2Cl2 -~ mSiHCl3 + ?rbSiCl4 = i00 -- W%HC 1 

mcl : mHCl -]- 2mSiH2Cl2 -~- 3msiHc13 Jr 417~SiC14 

and mHCl, msmecl~, msmc13, and msic~ are mole per-  
centages of HC1, SiHeC12, SiHCI~, and SiCl~, respec- 
t ively, in  the effluent gas stream, as determined by 
GC analysis. Deposition efficiencies calculated from 
GC measurements  were found to be repeatable to 
wi th in  • Under  certain conditions, gas phase 
nucleat ion in the deposition reactor was excessive and 
led to powder growth, instead of dense film growth. 
Also some of this powder was found to Ieave the re-  
actor with the effluent gas stream, resul t ing in a dif-  
ference between deposition efficiencies de termined by 
GC analysis and weight  gain measurements .  (Silicon 
particles in the gas stream were filtered out before 
going into the GC column.) Deposition efficiencies 
were found to agree well  with the values calculated 
f r o m w e i g h t  of silicon deposited when powder growth 
was absent. For  comparative purposes, results were 
also obtained for the CVD mode of operation (i.e., 
without  HPP beam) unde r  otherwise identical  condi-  
tions. 

Results 

RF power required for a stable HPP beam was 
found to increase with increases in  concentrat ion and  
flow rate of the reactant  gas stream. Once a stable 
HPP beam is established at a part icular  rf power, a 
fur ther  increase in  rf  power is not found to have any 
noticeable effect on silicon deposition efficiency. Hence 
in  all the experiments  rf power employed was kept  
close to the m i n i m u m  required for a stable operation 
of the HPP beam. 

Silicon tetrach~oride.~Table I summarizes results 
obtained using SIC14 as the silicon source gas. Reactant  
concentrat ion can be seen to have a major  effect on 
deposition efficiency both for CVD and HPP modes 
of operation. In  general,  the effect of increased flow 
rate is to decrease the deposition efficiency as ex-  
pected. One major  exception to this is the case for 
II00~ CI/H : 0.04 deposition, where increasing the 
flow rate increased the efficiency. For HPP, flow rate  
seems to have a similar  bu t  smaller  effect. Substrate  
temperature ,  in the range of 1050~176 did not  
seem to have much effect on deposition efficiency 
either for CVD or HPP except for lower reactant  
concentrat ions (e.g., CI/H = 0.04). Deposition en-  
hancement  by HPP was found to occur for low r e a c -  

Table I. Summary of results obtained using SiCI4 as silicon source 
gas 

Deposition efficiency (%) 
Flow for reactant  concentrat ion 
rate 

T ( l i ters/  C1/H C1/H C1/H 
(~ Mode rain) = 0.04 = 0.8 = 0,1 

1050 CVD 15 43.6 18.8 11.9 
HPP 15 41.8 19.1 10.6 
CVD 30 33.8 13,9 101 
HPP 30 42.6 14.4 9.5 

1109 CVD 15 40.9 19.2 12.9 
HPP 15 43.1 19.6 11.9 
CVD 30 46.0 17,1 12.0 
HPP 30 50.0 18.2 11.0 

1150 CVD 15 54.0 20.3 13,0 
HPP 15 84.4 20.6 11.8 
CVD 30 50.8 19.6 13.7 
HPP 30 55,1 19.9 11.5 

rant  concentrat ions (C1/H --  0.04). Effect of r e a c t a n t  
concentration, C1/H, is plotted in Fig. 4 both for CVD 
and HPP for a substrate tempera ture  of II00~ a n d  
reactant  flow rate of 30 l i ters/rain.  Also, in  Fig. 4, the 
thermodynamic  equi l ibr ium efficiency calculated (1, 3) 
for II00~ deposition is shown. Both the CVD and 
HPP efficiencies can be seen to be higher  than  the 
equi l ibr ium predictions, par t icu lar ly  at high concen- 
trations. (See section on Transpor t  processes for dis- 
cussion of reasons for this.) 

Trichlorosilane.--Results obtained with SiHCI~ a r e  
summarized in Table IL Similar  to the case wi th  SiCl4, 
reactant  concentrat ion seems to have a major  effect 
for both CVD and HPP modes of operation. In  the 
case of CVD, in general, the effect of increasing flow 
rate is to decrease deposition efficiency except for 
depositions with C1/H = 0.4 and with substrate t em-  
perature  in the range of 1100~176 In  the case of 
HPP, changing the flow rate from 15 to 30 l i ters / ra in  
seemed to improve the deposition efficiency in m a n y  
cases and in some cases substantial ly.  The effect of 
substrate tempera ture  is plotted in Fig. 5, for concen- 
trat ions C1/H : 0.08 and 0.1 and flow rate --  30 l i te rs /  
rain. A maxima in concentration can be seen at 1100~ 
both for CVD and HPP. The effect of reactant  con- 
centrat ion is plotted in  Fig. 6 for a substrate tempera-  
ture of 1100~ and flow rate of 30 l i ters /min.  For 
comparison, efficiencies calculated from thermody-  
namic  equi l ibr ium (1, 3) are also plotted. Deposition 
enhancement  by HPP is highest for lower concentra-  
tions. Also, while CVD efficiencies are consistently 
lower than equi l ibr ium efficiencies, HPP efficiencies 
are found to be higher than  equi l ibr ium values f o r  
CI/H < 0.12. 

Dichlorosilane.--Table III shows the results obtained 
with SiH2CI_~. It also shows the calculated equi l ibr ium 
efflciencies for an 1100~ substrate temperature.  The 

Table II. Summary of results obtained using $iHCI3 as silicon source 
gas 

Deposition efficiency (%) 
Flow for reactant concentration 
rate 

T (liters/ C1/H C1/H 
(~ Mode rain) = 0.04 = 0.08 

C1/H 
= 0.1 

1050 CVI) 15 40.5 30.9 26.5 
HPP 15 49,3 35.6 29.8 
CVD 30 39.0 25.0 21.7 
HPP 30 53.5 35.1 32.7 

1100 CVD 15 47.3 35.7 32.3 
HPP 15 54.3 38.5 33,5 
CVD 30 48.S 34.0 29.3 
HPP 30 55.1 37.9 34.0 

1150 CVD 15 51.9 34.2 30.7 
HPP 15 49.3 35.6 32.3 
CVD 30 53.9 31.7 27.8 
HPP 30 55.7 35.6 31.7 

1200 CVD 15 48,0 34.9 30.5 
HPP 15 49.B 37,3 33.2 
CVD 30 51.6 31.4 29.0 
HPP 30 68.4 39.0 33.5 
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HPP efficiencies, in general, are found to be higher 
than CVD values. Deposition enhancement by HPP 
appears to be higher (compared to CVD) for lower 
substrate temperatures and lower reactant concentra- 
tions. HPP efficiencies can be seen to be quite close 
to the calculated equilibrium efficiencies for an ll00~ 
substrate temperature.  Gas phase nucleation leading 
to powder growth was found to be a problem when 

using SiH2C12 both with CVD and HPP modes of 
operation. This problem was found to become more 
severe with increases in flow rate, concentration, and 
substrate temperature.  

Silane.--Silane was also investigated as a source gas 
for silicon deposition. However, powder growth was 
found to be a problem with both CVD and HPP under 
all conditions of practical interest that result  in rea-  
sonable throughput rate. Hence work with SiI-I4 was 
discontinued. 

Throughput ra te . - -Apar t  from deposition efficiency, 
throughput rate (in which throughput rate is used as 
the amount of silicon deposited in unit  time) is an- 
other important parameter  affecting the cost of de- 
positing silicon. Reactor throughput rate determines 
the number of reactors (capital) required for a given 
capacity, which in turn determines production floor 
space requirements. Throughput rate can be calculated 
knowing reactant concentration and flow rates and 
deposition efficiency. Figure 7 shows the calculated 
throughput rates for SIC14 and SiHC13 source gases 
under CVD and HPP modes of operation as functions 
of concentration for a substrate, temperature of ll00~ 
and a total  reactant  flow rate  of 30 liters/re.in. For  
SiCI~, throughput  rate  shows a m ax im um  both for 
CVD and HPP modes of operation. This is in agree-  
ment  with equi l ibr ium calculations. In the case of 
SiHC13, throughput  rate  can be seen to increase wi th  
increasing reactant  concentrat ion both for CVD and 
HPP modes of operation, which is again in agreement  
wi th  equi l ibr ium calculations. However ,  a pract ical  
l imit  on throughput  rate  wil l  be set by deposit m o t -  
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Fig. 6. Deposition efficiency 
with SiHCI3 source. (Total  re- 
actant  flow rate - -  30 l iters/ 
rain, substrate temperature __- 
1100~ Note that  the concen- 
tration range in this figure ex- 
tends beyond the one given in 
Table II. 
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Table III. Summary of results obtained using SiH2CI2 as silicon 
source gas 

Deposition efficiency (%) 
Flow for reactant concentration 
rate 

T (liters/ C1/H CI/H C1/H C1/H 
(~ Mode rain) = 0.01 = 0.U2 = 0.04 = 0.08 

1000 CVD 15 76.8 66.6 57.3 50.3 
H P P  15 81.6 70.5 59.5 52.0 

1050 CVD 15 81.0 76.4 63.2 57.3 
H P P  15 85.4 87.6 69.1 57.5 

1100 CVD 15 86.8 78.6 70.0 57.5 
H P P  15 87.4 80.0 71.3 56.4 
E Q B M  - -  89.0 60.0 68.0 57.0 

phology considerations and the increasing severi ty of 
gas phase nucleat ion leading to powder growth. I n -  
creasing reactant  concentrat ions are found to lead to 
nodule and whisker  growth instead of smooth film 
growth. These problems are found to l imit  the maxi -  
mum usable concentrat ion to about C1/H = 0.1, when  
using SiHCI~. Thus the practical throughput  rate ob- 
ta inable  from SiHCI~ is about  a factor of two higher 
than that from SIC]4. Also, practical throughput  rate 
can be seen to be higher with HHPP compared to CVD 
when using SiCI4 and SiHCI~. For C1/H ---- 0.1, through-  
put  rate is over 15% higher  with HPP compared to 
CVD when using SiHC18. Practical  throughput  rate 
obtainable  from SiHeC12 is found to be similar to the 
one with SiHCI~ in spite of the higher deposition effi- 
ciency. This is due to the lower l imit  on concentrat ion 
necessary to avoid powder growth. 

Discussion 
For a low-cost process, both deposition efficiency and 

throughput  rate (silicon production rate) have to be 
high. While the H2 and chlorosilanes from the depo- 
sition reactor effluent can be separated and recovered 
from HC1 and recycled through the deposition reactor 
for improved reactant  uti l ization efficiency, there is 
a cost associated with the recovery process. Hence, 
the higher the deposition efficiency is, the lower the 
recovery costs and thus the lower the cost of deposi- 
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tion. From the exper imenta l  results, deposition ei~i- 
ciency can be seen to be higher  for the HPP mode of 
operation than for CVD under  cases of practical in -  
terest. Fur thermore,  under  several  cases of practical 
interest,  HPP deposition efficiency is found to be 
higher than the equi l ib r ium value calculated by  as- 
suming thermodynamic  equi l ibr ium in  the reactor at 
the substrate temperature.  In  the following we discuss 
this and explain some of the observations using ther-  
modynamic and kinetic considerations and the opera-  
tive deposition mechanisms and  t ranspor t  processes. 

Thermodynamic factors.--Classical thermodynamic  
discussions assume equi l ibr ium condit ions and 
practical silicon deposition reactors do not general ly  
operate under  equi l ibr ium conditions. The authors note 
that  the plasma system used here cannot  be charac- 
terized as equi l ibr ium with both severe gradients in 
tempera ture  and compositional profiles. However, 
thermodynamics can be used as a quali tat ive tool to 
evaluate results and the reasonableness of exper imen-  
tal observations. Chemical thermodynamic  equi l ibr ia  
of the system Si-H-C1, re levant  to HPP deposition 
involving temperatures  of up to 5000 K have been 
calculated (1, 3) using Gordon and McBrides's com- 
puter  program (8). This program is based on a free 
energy minimizat ion technique. All  possible species 
between Si, H, and C1 for which data existed in  
JANAF tables (9) were considered in these calcula- 
tions, namely,  C1, C1 +, CI- ,  C12, e, H, H + H - ,  HC1, 
H2, Si(s) ,  Si(1), S i (g) ,  Si +, SiCI, SiCle, SiCI3, SIC14, 
Sill ,  Si l l  +, Sill4, SiH2C12, SiHCI~, Si~, and Sis. Figure 
8 is an example of the results of these calculations 
showing the relative concentrat ions of various species 
at equi l ibr ium as a funct ion of temperature,  for a re-  
actor pressure of 1 atm and a reactant  input  concen- 
tration, C/H ---- 0.1. It should be noted that  SiH~C12, 
SiHC13, and SIC14 have not  been shown in the figure 
for reasons of clari ty and that  their  mol fractions are 
less than ]0 -8 above 1700 K and decrease rapidly  
with increasing temperature.  With this informat ion the 
deposition efficiency can be calculated uti l izing the 
input  Si/C1 ratio and the equi l ibr ium Si/C1 ratio. The 
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Fig. 7. Reactor throughput as 
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calculated deposition efficiency as a function of tem- 
perature is shown in Fig. 9 for SiHCI~ source, 1 a tm 
reactor pressure and C1/H -- 0.1. It should be noted 
that in Fig. 9, for temperatures above the boiling 
point of silicon, 2950 K, efficiency should be con- 
sidered as reaction efficiency rather  than deposition 
efficiency. With increasing temperature from 1100~ 
the efficiency can be seen init ially to decrease slightly 
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Fig. 9. Equilibrium deposition efficiency with SiHCI3 as a func- 
tion of temperature (1, 3). 

then to increase gradually to around 45% at 1900~ 
then to decrease somewhat, and finally increase rap-  
idly and saturate around 4000~ at nearly 100%. The 
rationale for investigating HPP deposition is that  by 
quenching the equilibrium mixture present at the 
very high plasma temperature where efficiencies a r e  

extremely high it should be possible to obtain higher 
efflciencies than from the equilibrium mixture pres- 
ent under lower temperature CVD conditions. From 
experimental  results, it can be seen that although im- 
provements in efficiencies are not as much as thought" 
possible, useful improvements in efficiencies were ob- 
tained. As a practical matter,  with the system geom- 
etry used here, the process is neither a pure plasma 
process nor a pure CVD process, but rather  a plasma- 
enhanced CVD process. High efficiencies can be ob- 
tained from the plasma process by proper quenching; 
however, to form dense, smooth films of silicon the 
substrates were heated to 10O0~ It is probable that 
the process gases approach CVD conditions at some 
point in the reactor. We discuss factors that determine 
the efficiency improvements obtainable by HPP in 
the next sections. 

The relative performance (deposition efficiency) of 
SIC14, SiHC13, and SiH2C12 is in agreement with ther-  
modynamic predictions as can be seen from Fig. 10 
(1, 3), which shows equilibrium efficiencies as a func- 
tion of concentration. While equilibrium calculations 
predict etching (zero deposition) for a C1/H of 0.125 
at ll00~ for SIC14, it has not been observed, ei ther 
for CVD or HPP even up to C1/H of 0.2. In the case of 
CVD, this has been explained by Van der Putte et aL 
(10) by taking into account species dependent ordi- 
nary diffusion coefficients and thermal diffusion. We 
further discuss this under the section Transport pro- 
cesses. 

Silicon deposition mechanisms.--In the case of con- 
ventional cold wall CVD reactors, the deposition 
mechanism generally involves transport  of reactants 
to the substrate surface, chemical reaction on the sur- 
face producing silicon atoms, and incorporation of 
these atoms into the growing silicon film. However, a 
second deposition mode involves occurrence of chemi- 
cal reactions in the gas phase producing free silicon 
atoms, condensation of these atoms into nuclei in the 
gas phase, transport  of these nuclei to the substrate 
surface, and their incorporation into the growing sili- 
con film. This lat ter  mode of deposition becomes im- 
portant in CVD reactors with the use of SiH2CI~ and 
Si I~  source gases, higher substrate temperatures, and 
hot wall deposition systems (11-13). 

With HPP deposition, however, the gas phase nu- 
cleation and deposition mode is found to be important  
under all conditions regardless of the type of chloro- 
silane, its concentration, and the reactor (substrate) 
temperature employed. One of the consequences of gas 
phase nucleation can be powder growth; i.e., silicon 
nuclei, instead of reaching the substrate surface and 
contributing to film growth, grow in the vapor phase 
to a larger size forming silicon powder. This powder 
either lands on the substrate surface or exits from 
the deposition reactor along with the effluent gas 
stream. Powder formation constitutes a loss process, 
and furthermore creates problems in the exhaust gas 
(chlorosilane and hydrogen) recovery system. While 
it has not been possible to estimate the relative con- 
tributions to film deposition rates of these two differ- 
ent mechanisms in the HPP deposition process, powder 
formation can be at an inconsequential level in opera- 
tion of the system (2) under practical film growth 
conditions. The reasons for this are discussed in the 
section on Transport  processes. 

Kinetic yactors.--Kinetic processes could play a 
dominant role in deposition processes, and they have 
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been s tudied ex tens ive ly  b y  var ious  inves t iga tors  of 
sil icon CVD. In the following,  we discuss the  var ious  
kinet ic  processes that  we be l ieve  could exp la in  the  
observed resul ts  wi th  HPP.  In HPP  deposit ion,  r e -  
ac tan t  gases exper ience  t empera tu re s  up to 4000~ 
in the  p lasma  as they  are  in t roduced into the  deposi -  
t ion reactor .  Local ized chemical  equ i l ib r ium can be 
assumed in the a tmospher ic  pressure  plasma.  At  
4000~ the p redominan t  species are  H, C1, S i ( g ) ,  H2, 
and HC1 (see Fig. 8). As this h igh t empe ra tu r e  gas 
s t r eam flows through  the reactor  and impinges  on 
the reac tor  walls,  it  wil l  be quenched.  When  the 
t e m p e r a t u r e  lowers  th rough  the boi l ing point  of sil icon 
(2677~ there  wi l l  be a d r iv ing  force for condensa-  
t ion of silicon vapor.  Upon fu r the r  cooling th rough  
the silicon mel t ing  t empe ra tu r e  (--1410~ the re  wi l l  
be a d r iv ing  force for solidification of silicon. At  the  
same time, as the t empe ra tu r e  is lowered,  there  is a 
t endency  for fo rmat ion  of SIC12 and SIC13 species. 
However ,  silicon condensat ion could occur before  the  
equ i l ib r ium concentra t ions  of SIC12 and SIC13 species 
increase.  When  this happens,  react ion be tween  the 
condensed phase and HC1 wil l  be the r a t e - l imi t i ng  
step in the a t t a inmen t  of equ i l ib r ium as the  gas mix -  
ture  is quenched.  This sequence of events  can qua l i t a -  
t ive ly  exp la in  the improvements  in deposi t ion effi- 
ciencies observed wi th  the HPP  deposi t ion process.  

Ano the r  kinet ic  factor of impor tance  in HPP depo-  
sition is the incorpora t ion  of gas phase nuclea ted  si l l -  
con into the  silicon film growing on the subs t ra te  sur -  
face. Subs t ra te  t empe ra tu r e  and gas flow behav io r  
( l aminar  or  tu rbu len t )  were  found to have a ma jo r  
influence on this step. Higher  subs t ra te  t empera tu re s  
and turbulence  in the gas s t ream enhance the incorpo-  
ra t ion  of sil icon nuclei  into the growing sil icon film. 
Subs t ra te  t empe ra tu r e  in excess of 1000~ was found 
to be sufficient for a dense film growth.  In  the  fo l low-  
ing sect ion we discuss the opera t ive  t r anspor t  p ro -  
cesses in the HPP  deposi t ion reactor .  

Transport processes.--Mass t r anspor t  processes can 
p ro found ly  influence a deposi t ion process. There  are  
severa l  excel lent  papers  [e.g., Ref. (14)] deal ing wi th  
this subject  pe r t a in ing  to CVD silicon using co ld -wal l  
reactors.  S r ivas tava  et al. (15) have modeled  hot  
wal l  silicon deposi t ion reactors  and have given an ex-  
cel lent  discussion of silicon par t ic le  t r anspor t  p rop -  
er t ies  and processes, in which they  considered the ag-  
g lomera t ion  of gas phase nuclea ted  par t ic les  in the  
absence of chemical  reaction.  

o.~t4 

Fig. 10. Calculated equilibrium 
deposition efficiency a function 
of concentration with chloro- 
silanes $iCI4, $iHCI3, and 
SiH2CI2 for T - -  1100~ and 
P = 1 atm (1, 3). 
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A complete  unders tand ing  of the  HPP  deposi t ion 
process requi res  considera t ion of the opera t ive  mass 
t r anspor t  processes along wi th  s imul taneous  chemical  
reactions.  In  the  HPP reac tor  gaseous species as wel l  
as gas phase nuclea ted  par t ic les  are  present .  Transpor t  
of these species to the subs t ra te  surface is due to both  
convective and diffusive processes. Two impor t an t  r e -  
gions of the HPP reac tor  can be identif ied to be:  
en t ry  region,  where  the  p lasma  beam is in t roduced  
into the deposi t ion reac tor  which  is schemat i -  
ca l ly  shown in Fig. 11, and the i so thermal  region  
where  the subs t ra te  t empe ra tu r e  is control led  at  a 
desi red level  using the aux i l i a ry  furnace.  Gas flow in 
the reac tor  was found to be in a tu rbu len t  reg ime for 
the condit ions invest igated,  which is in agreement  wi th  
Reynold ' s  number  calculat ions based on the reac tor  
dimensions.  We bel ieve that,  at the  en t ry  region,  the  
HPP deposi t ion model  can be schemat ica l ly  i l lus t ra ted  
as shown in Fig. 11. At  the en t ry  region of the  reactor ,  
the gas s t ream from the p l a sma  beam disperses  as i t  
moves through the reactor  and impinges  on the re -  
actor  walls. With in  a shor t  dis tance af te r  this  region,  a 
tu rbu len t  flow is wel l  es tabl ished th rough  the res t  of 
the deposi t ion zone. There  wi l l  be a s tagnant  region 
near  the reactor  wal ls  (subs t ra te  surfaces)  where  the  
mass t r anspor t  is b y  diffusion. The axia l  gas s t ream 
at a given posi t ion along the r e a c t o r  length  can be 
assumed to be of un i form composit ion due to mix ing  
by  tu rbu len t  eddies. 

The dr iv ing  force for  diffusion is due to concent ra -  
t ion gradients  (F ick)  as wel l  as t he rma l  gradients  
(Sore t ) .  While  the Fick  diffusion coefficient is posi t ive 
for all  species (i.e., diffusion down to concentra t ion  
g rad ien t ) ,  the Sore t  diffusion coefficient wi l l  be nega-  
t i r e  for some species (i.e., in a t empera tu re  gradient ,  
l ighter  species tend to move t oward  h igh  t empera tu re s  
and heav ie r  species t oward  low t empera tu re s ) .  Steep 
rad ia l  t empera tu re  grad ien ts  exist  at  the en t ry  region 
of the reactor ,  where  the p lasma  core gases are  much 
hot ter  than the subs t ra te  t empera ture .  In  this reg ion  
the rmal  diffusion is expected  to be impor tant .  This 
s i tuat ion is fortuitous,  since the sil icon par t ic les  nu -  
cleated in the gas phase clue to their higher density 
compared to the gas stream, will be transported to the 
substrate surfaces by thermophoretie force (Soret 
effect) and become incorporated into the growing 
silicon film. While submicron sized particles deposit 
by a diffusion process, particles larger than about a 
micron will deposit by turbulence-induced inertial im- 
paction (15). 
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Fig. 11. Schematic illustration 
of the HPP deposition model. 

In  the  i so thermal  region of the reactor ,  mass t r ans -  
por t  th rough  the s tagnant  l aye r  is due only  to F ick  
diffusion. Diffusion coefficients of heavie r  molecules  
(e.g., SIC14, SiHCla, etc.) are  lower  than l igh te r  ones 
(e.g., HC1). This leads  to a condi t ion where  the  con- 
cent ra t ion  (C1/H) nea r  the  subs t ra te  surface is lower  
than in the bu lk  ambien t  gas s t ream (which is r e la ted  
to reactor  input  concent ra t ion) .  As a result ,  expe r i -  
menta l  deposi t ion efflciencies can be h igher  than the 
theore t ica l  predic t ions  since the  effective C1/H ra t io  at  
the subs t ra te  is lower  than the inpu t  value.  This is 
indeed observed in the case of SIC14 input,  both  for 
CVD and HPP,  at  h igh concentrat ions  (see Fig. 5). A 
s imi lar  phenomenon is observed in the case of cold-  
wal l  CVD reactors  also (10). At  this t ime we cannot  
explain,  wi th  cer ta inty,  w h y  the deposi t ion enhance-  
ment  by  HPP  is highest  for lower  concentrat ions,  
which is observed with  al l  si l icon sources. I t  m a y  be 
due to a concen t ra t ion -dependen t  gas phase nuclea-  
t ion phenomenon  a n d / o r  t r anspor t  proper t ies .  

Economic potential of HPP deposition.--Under con- 
dit ions of high prac t ica l  th roughput  rates,  deposi t ion 
efficiencies are  h igher  for the HPP  mode of opera -  
t ion compared  to the CVD mode. With  the reac tor  
geomet ry  used here  an i n c r e a s e  in efficiency of 4-5% 
was real ized.  This impl ies  tha t  the  chlorosi lane and 
hydrogen  recovery  sys tem for the  effluent gases would  
need a smal le r  capacity.  Also, the amount  of silicon 
deposi ted per  uni t  t ime is about  15% higher  for  the  
t t P P  than  the CVD mode, requ i r ing  fewer  reactors  for 
the same output .  These savings should be considered 
a long with  the added expense for r f  generators .  Elec-  
t r ica l  ene rgy  requ i rements  are  be l ieved  to be a p p r o x i -  
ma te ly  the  same for H P P  and CVD, since the energy  
input  for H P P  is found to go mos t ly  toward  reac tan t  gas 
hea t ing  (1-4) wi th  a cor responding reduct ion  in elec-  
t r ica l  r equ i rements  for  the resistance furnace.  The type  
of silicon source could also influence the  economics. 
When using SiH2CI2, the HPP  mode may  not  offer sub-  
s tant ia l  advantages  since the CVD mode has a high 
deposi t ion efficiency also. P re sen t ly  SiH2C12 is ve ry  ex -  
pensive,  compared  to SiHCIs and SiCI~, a l though this 
m a y  change with  new product ion methods  cu r ren t ly  
being developed.  Consider ing the increased deposi t ion 
efficiencies and increased silicon deposi ted per  uni t  
t ime when  using SiCI~ and SiHCI~ under  high th rough-  
pu t  conditions,  the  H P P  mode offers economic ad -  
vantages  over  CVD when the high effluent gas re -  
covery  costs are  considered.  

Conclusions 
A high pressure  p lasma (HPP)  deposi t ion process, 

opera t ing  at  a pressure  of about  1 atm, has been  char -  
acter ized for its potent ia l  for  p roduc ing  po lycrys ta l l ine  
silicon r ibbons.  Sil icon te t rachlor ide ,  t r ichlorosi lane,  
dichlorosi lane,  and  si lane have been examined  as 
silicon source gases. Use of s i lane is found to be im-  
prac t ica l  due to excessive gas phase nuclea t ion  and 
powder  growth.  Improvement s  in deposi t ion effl- 
ciencies were  observed with  HPP  when using SIC14, 
SiHC13, or  SiH~C12, compared  to the  CVD mode of 
operat ion.  These improvements  were  found to be h igh-  
est at  lower  r eac tan t  gas concentrat ions.  In  general ,  
deposi t ion efficiency dependence  on reac tan t  flow ra te  
was found to be smal le r  for HPP  compared  to CVD. 
The observed resul ts  were  discussed in te rms of the 
the rmodynamics  of the Si-H-C1 sys tem at p lasma  
beam tempera tu res  (~,4000~ opera t ive  deposi t ion 
mechanisms,  and the k inet ic  and  t r anspor t  processes 
in the reactor .  Based on the observed  results ,  i t  is 
be l ieved tha t  HPP  deposi t ion has economic advantages  
over  CVD deposi t ion for  producing  sil icon r ibbons  
from SIC14 and SiHCIs sources. 
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Chemical Characterization of Complex Oxide 
Products on Titanium-Enriched 310SS 

A. S. Nage lberg*  and R. W .  Bradshaw* 

Sandia National Laboratories, Exploratory Chemistry Division I, Livermore, Calilornia 94550 

ABSTRACT 

The phases presen t  in the complex oxide scales formed on t i t an ium-  
modified 310 stainless s teel  al loys a f te r  exposure  to coal  gasification a tmo-  
spheres  are  described.  The significant t i t an ium concentra t ions  in the  i nne r  
Cr~O~ laye r  have  been  shown to arise f rom the subst i tu t ion  of t i t an ium for 
ch romium in the Cr20~ due to the increased s tab i l i ty  of Ti 3+ at  low oxygen  
pa r t i a l  pressures.  In  the absence of manganese,  the  ex t e rna l  l aye r  a f te r  a 
100 h r  exposure  at  1255 K consists of TiO2 and a cubic spinel  phase.  When  
manganese  is p resen t  in the base alloy, MnTiO~ is found ins tead of TiO2. The 
absence of ex t e rna l  sulfides on the surface of these al loys has been  expla ined  
by  the p re fe ren t i a l  format ion  of mixed  oxides containing base me ta l  elements .  

The deve lopment  of al loys tha t  exhib i t  low corro-  
sion ra tes  is a cr i t ical  p rob lem in the  r e l i ab i l i t y  of coal  
gaslfier in te rna l  components .  The in te rna l  compo- 
nents  are  exposed to h igh  pressure  (0.7-I.0 MPa)  and 
high t empe ra tu r e  (1000-1300 K) environments .  Typ i -  
cal  gasifier a tmospheres  contain  a mix tu re  of  hydrogen  
[15-50 mole  pe rcen t  ( m / o ) ] ,  wa te r  (15-40 m / o ) ,  ca r -  
bon dioxide  (4-20 m / o ) ,  carbon monoxide  (5-15 m / o ) ,  
methane  (8-20 m / o ) ,  and hydrogen  sulfide (0.03-1.0 
m/o )  (1). In these a tmospheres  at  e leva ted  t e m p e r a -  
tures, a l loys tend  to form rap id ly  growing oxide  and 
sulfide scales. 

The  Ni-30Cr a l loy group and 310 stainless steel  
al loys are  r ep resen ta t ive  of the n icke l -base  and i ron-  
base al loys considered for use in coal gasifiers (2-4) .  
Bradshaw and co-workers  (5-7) have  s tudied the 
effect of minor  a l loying  addi t ions  on the corrosion re -  
sistance of these two a l loys  and have  shown tha t  t i t a -  
n ium has a m a r k e d  effect on improving  corrosion 
resistance.  Al loys  wi thou t  t i t an ium addi t ions  were  
heav i ly  sulfidized af te r  a 100 hr  exposure  fo rming  both  
ex te rna l  sulfides as wel l  as in te rna l  sulfides at  the  
sca le -meta l  in ter face  (Fig. 1). T i tan ium was found to 
prec lude  the format ion  of both  ex te rna l  and in te rna l  
sulfides in 100 h r  exposures  at  1255 K. 

T i t an ium-con ta in ing  alloys fo rmed  a complex  scale 
a f te r  100 hr  (5, 7), as shown in Fig. 2, which contains  
only  oxide phases.  The 2-3 ~Lm thick outer  scale is t i t a -  
n ium- r i ch  and contains l a rge  amounts  of manganese  
(when manganese  is p resen t  in the  base a l loy) .  Below 
this ou te r  scale is a 10-15 ~m dense scale of Cr203 
(Fig. 2) containing significant concentrat ions  of t i t a -  
nium. In te rna l  t i t an ium oxides and silicon oxides  
(when sil icon is p resen t  in the base a l loy)  a re  found 
wi thin  ~10 ~m l aye r  be low the sca l e -me ta l  interface.  

�9 Electrochemical Society Active Member. 
Key words: alloy, coal gasification, corrosion, oxidation. 

Fig. 1. Corrosion scale structure of 310 SS exposed to high BTU 
atm for 100 hr at 1255 K. 

Fig. 2. Corrosion scale structure of Fe-22Cr-23Ni-3Ti-1.5Mn- 
0.SSi coupon exposed to high BTU atm for 100 hr at 1255 K. 
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At longer  t imes (>300 hr ) ,  t i t an ium sulfides appea red  
below the oxide scale and in te rna l  oxides.  

I n -dep th  invest igat ions  of the chemical  composit ion 
of corrosion scales formed on the 310-base al loys wi th  
t i t an ium addi t ions are  descr ibed in this paper .  These 
invest igat ions  suggest  possible explanat ions  for the  
unexpec ted ly  high t i t an ium contents  observed in t h e  

Cr~O~ scale and lack  of sulfide fo rmat ion  at  the gas-  
scale interface.  

Experimental 
Alloys examined  in this s tudy  were  deve loped  by  

Bradshaw et aI. (5, 7) for coal gasification applicat ions.  
The alloys are based on 310 stainless  steel  (Fe-25Cr-  
20Ni) and a modified a l loy tha t  remains  austeni t ic  wi th  
the addi t ion  of 3 weight  percent  (w /o )  t i tan ium,  
(Fe-22Cr-23Ni-3Ti) .  Addi t ions  of t i t an ium as wel l  as 
the ma jo r  impur i t i es  in 310 SS, manganese  and silicon, 
were made  to examine  the effect of these const i tuents  
on corrosion behavior  as prev ious ly  discussed (7). The 
chemical  composi t ion of al loys used in this s tudy is 
given in Table  L Subsequent ly ,  "modified al loy" re -  
fers to the composit ion Fe-22Cr-23Ni-3Ti ,  and  any  
other  addi t ions  a r e  re fe r red  to in the text .  

A l loy  coupons were  pol ished to 180 gr i t  finish be -  
fore exposure  to the  two different  a tmospheres  given 
in Table II  at  1255 K (1800~ for up to 139 hr. The 
first a tmosphere ,  h igh  BTU, is r epresen ta t ive  of the 
gaseous species expec ted  in a high BTU coal gasifier 
wi th  the H2S level  a t  its expected  uppe r  extreme.  The 
second atmosphere ,  s imula ted  high BTU, reproduces  
the effective oxygen  and sul fur  pa r t i a l  pressures  of the  
high BTU coal gasifier a tmosphere  at  1255 K wi thout  
ca rbon-bea r ing  species. Both a tmospheres  resul ted  in 
the format ion  of s imi lar  corrosion scales, and subse-  
quen t ly  no dis t inct ion is made.  

Af t e r  exposure,  oxidized sample  surfaces were  ex -  
amined  b y  x - r a y  diffract ion analysis.  Meta l lographic  
samples  were  first p r epa red  b y  vapor  deposi t ing a flash 
of chromium or  vanad ium fol lowed by  gold before  
being p la ted  with  1-2 m m  of nickel.  This coat ing p ro -  
cedure was requ i red  to avoid edge rounding  and to 
re ta in  the outer  scale which  was o therwise  easi ly  r e -  
moved by  meta l lograph ic  polishing. Af te r  plat ing,  the  
samples  were  sect ioned and meta l lograph ica l ly  pol -  
ished before  examina t ion  by  opt ical  microscopy,  scan-  
ning e lect ron microscopy (SEM),  and energy  d isper -  
sive analysis  (EDA).  Severa l  samples  were  fu r the r  
examined  b y  e lect ron microprobe  analysis.  

Table I. Chemical analysis of alloys (w/o) 

Alloys Fe Cr Ni Ti  Mn Si C 

310 Bal 29.6 18.3 1.0 0.9 
310 HP(Fe-25Cr-20 Ni)  Bal 25.3 19.9 0.23 
Fe-22Cr-23Ni-3Ti Bal 21.9 22.9 3.2 0 . ~ 9  
Fe-22Cr-23Ni-3Ti-0.5Si Bal  22.1 22.7 3.3 - -  0.51 0.079 
Fe-22Cr-23Ni-3Ti-l.5Mn Bal 22.4 22.7 3.2 1.53 0.089 
Fe-22Cr-23Ni-3Ti-l.5Mn-0.SSi Bal  22.0 22.6 3.3 1.52 0.-52 0.072 

Chromium oxide and t i t an ium oxide powder  m i x -  
tures were  p repa red  for comparison wi th  the  diffrac-  
t ion pa t te rns  obta ined  f rom the scales formed on the 
al loys studied. Mixtures  of powders  conta ining TiO2 to 
Cr20~ tool r a t i o s  ranging  f rom 0.075 to 7.0 were  com- 
pac ted  in a 1/~ in. d iam die and in i t i a l ly  fired in a i r  a t  
1625 K for 12 hr. A second firing was pe r fo rmed  at  
1300 K in an H J H 2 0  mix tu re  of 1:1 for 30 days. 

Results 
X-ray diffraction results.--The presence of t i t an ium 

in the al loys resul ts  in complicated x - r a y  diffract ion 
spectra.  The phases identif ied on the modified al loys 
are given in Table III. The scales on the modified a l loy 
(Fe-22Cr-23Ni-3Ti)  and the modified ahoy  conta ining 
silicon (Fe-22Cr-23Ni-0.SSi)  were  identif ied as con- 
sist ing of Cr203, TiO2 ( ru t i l e ) ,  a cubic spinel  phase,  
and a mixed  Cr203 �9 nTiO2 phase (8, 9). The l ines ob-  
served for  the Cr~O~. nTiO2 phase af ter  long expo-  
sures to the corrosion a tmosphere  are  l imited,  but  c a n  

be only identif ied wi th  the shear  s t ructures  repor ted  
by  Anderson  (8). X - r a y  diffraction pa t te rns  of m ix -  
tures of Cr208 and TiO2 fired in the low Po2 a tmo-  
sphere  exhib i ted  s imi lar  diffract ion pat terns ,  ind i -  
cat ing the presence of the  Cr2D3 �9 nTiO2 phases where  
n = 3, 4, and 5. 

X - r a y  diffraction pa t te rns  were  s ignif icant ly d i f -  
ferent  for the al loys 1.5 w /o  Mn (Fe-22Cr-23Ni-3Ti-  
1.5Mn and Fe-22Cr-23Ni-3Ti-l .5Mn-0.5Si) .  The manga-  
nese addi t ions  e l imina ted  the diffraction l ines associated 
with  TiO2 (rut i le)  and the Cr20~.  nTiO2 phase,  bu t  
l ines identif ied with  MnTiO3 appeared.  As observed in 
the o ther  scales, Cr203 and a cubic spinel  phase were  
identified. 

Electron microprobe results.--Elemental profiles 
through the corrosion scales were  de t e rmined  b y  elec-  
t ron  microprobe  (EM) analys is  and  the resul ts  a re  
shown in Fig. 3 and 4. The t i t an ium content  increases 
f rom 2 to 10 w/o  as the meta l - sca le  in ter face  is 
approached.  These t i tan ium levels a re  grea ter  than  the 
r epor ted  solubil i t ies  in Cr203 ( < < 1  w/o )  in es tab-  
l ished phase d iagrams (8, 9). 

An  elect ron microprobe  t race of the scale on a m a n -  
ganese-conta in ing  alloy, Fig. 4, indica ted  tha t  the outer  
oxide scale was MnTiO~ wi th  the  manganese  and 
t i t an ium weight  propor t ions  n e a r l y  equa l  (atomic 
weight  of Cr : 52.0, Ti : 47.9). In addit ion,  the  con- 
cent ra t ion  profiles showed that  manganese  t r acked  
t i t an ium exac t ly  in the outer  scale. The manganese  
content  in the ch romium-con ta in ing  l aye r  was l e s s  

than  the sens i t iv i ty  of the microprobe  for manganese ,  
~0.01 w/o .  

Discussion 
The x - r a y  diffract ion measurements  showed t h a t  

t i t an ium enhanced the format ion  of complex ox-  
ides such as MnTiO3 or the cubic spinels.  A precise 
identif icat ion of the chemical  const i tuents  in the spinel  
phase is difficult due to the s imi la r i ty  of la t t ice  
pa ramete r s  for mixed  oxides of the meta l l ic  const i t -  

Table II. Compositions of atmospheres 

S im u la ted  
Gas  ( v / o )  High-BTU h igh  BTU 

Table III. X-ray diffraction results 

S a m p l e  Phases*  

310 HP(Fe-25Cr-20 Ni) Cr~O3 
FeI-~S 
FegS8 

Fe-22Cr-23Ni-3Ti and Cr20~ 
Fe-22Cr-23 Ni-3Ti-0.5Si TiO2 

Spine l  [Fe~TiO4, FeCr20~] 
Cr20~ �9 nTiO2 

Fe-22Cr-23Ni-3Ti-l.SMn and Cr~O~ 
Fe-22Cr-23Ni-3Ti-1.SMn-0.SSi Spinel [ (Fe,Mn)2TiOD, 

(Fe,Mn) Cr~O4] 
MnTiO~ 

�9 Order of l ist ing ref lects  re la t ive  diffract ion pa t t ern  s t rengths ,  
i .e. ,  f irst phase  l i s ted exhib i ted  s t ronges t  di f fract ion pattern.  

H~S 1.0 1.0 
H20 40.0 32.0 
H~ 24.0 16.6 
CO 18.0 - -  
CO~ 12.0 - -  
CH~ 5.0 - -  
A r  - -  50.4 
log P% - 14.72 - 14.19 
log  Ps~ - 5.43 - 4.83 

T e m p e r a t u r e  = 1255 K. 
Po~ and Ps~ r e p r e s e n t  va lues  f r o m  equi l ibr ium t h e r m o d y n a m i c  

ca lcu la t ions  at  a to ta l  p r e s s u r e  of  1 atm.  
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Fig. 3. Electron microprobe trace for titanium, chromium, and 
oxygen of Fe-22Cr-23Ni-3Ti-1.SMn-0.SSi coupon exposed to high 
BTU arm for 100 hr at 1255 K. 

uents of the a l loy (10). Both i ron -ch romium oxide 
(FeCr~O4) and i ron - t i t an ium oxide (Fe2TiO4) have  
spinel  s t ruc tures  and the la t t ice  pa rame te r s  a re  s imilar ,  
8.377 and 8.535A, respect ively .  The la t t ice  pa r a me te r s  
observed  for  the cubic spinel  in the oxide scales on the 
modified al loys tha t  do not  conta in  manganese  r anged  
f rom 8.45 to 8.49A, suggest ing the fo rmat ion  of a mixed  
i r o n - c h r o m i u m - t i t a n i u m  oxide (Fel-zCr2(t+x)TixOD 
wi th  a spinel  s t ruc ture .  When  manganese  was an  
a l loy consti tuent ,  the intensi t ies  of the spinel  diffrac-  
t ion peaks  were  enhanced.  This ve ry  r ap id  diffusion of 
manganese  th rough  Cr~O3 scales has  been  prev ious ly  
observed (11). Manganese  eas i ly  subst i tutes  for i ron 
forming the spinel  s t ruc ture  compounds Mn~TiO4 
and MnCr204 wi th  la t t ice  pa r ame te r s  of 8.679 and 
8.437A, respect ively .  Again,  the  spinel  phase formed 
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Fig. 4. Electron microprobe trace for titanium and manganese 

of Fe-22Cr-23Ni-3Ti-l.SMn-0.SSi coupon exposed to high ETU atm 
for 100 hr at 1255 K. 
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can have a var iab le  la t t ice  p a r a m e t e r  depend ing  on 
Cr, Ti, Fe, and Mn contents,  ((Mn,Feh-zCr2(i+=)TizO4). 

The solubil iW of t i t an ium in Cr~)s  has been  r e -  
por ted  to be very  low (8, 9), and such behav ior  is not  
unexpec ted  since the subst i tu t ion of a Ti 4+ on a Cr 3+ 
site requi res  the fo rmat ion  of one cationic vacancy  
for eve ry  th ree  subs t i tu ted  t i t an ium atoms. In  the  
chromium oxide layers  fo rmed  in this study,  t i t an ium 
concentrat ions as h igh  a s  10 w/o  were  observed.  A 
possible exp lana t ion  of the  high t i t an ium levels  ob-  
se rved  in this s tudy  is the  fo rmat ion  of a mixed  chro-  
m i u m - t i t a n i u m  oxide,  Cr~Oz. TiO2. The composit ion 
of the ch romium- r i ch  mixed  oxide phase  a t  1255 K is 
in  dispute,  being e i ther  Cr~O~ �9 2TiO2 o r  Cr2Oa �9 3TIO2 
(8, 9). In any  event,  the t i t an ium content  for  e i ther  
phase is in excess of tha t  observed,  and  if  these phases  
were  responsible  for  the  h igh  t i t an ium levels  observed,  
s t ronger  x - r a y  diffract ion peaks  for  those p h a s e s  
would be expected.  

The repor ted  phase  d iagrams  were  a l l  genera ted  at  
high oxygen pa r t i a l  pressures  (8, 9), whi le  the  h ighest  
oxygen par t i a l  pressure  exper ienced  by  the scale is 
~10 -15 atm. I t  is in this  oxygen  pressure  range  be -  
tween the gas a tmosphere  (Po2 ~ 10-15 a tm)  and the 
sca l e -me ta l  in terface  (Po2 ~ 10 -21 a tm)  at  1255 K 
tha t  TiO~ decomposes to Ti305 (12, 13) v ia  a number  
of shear  s t ructures  of the  chemical  fo rmula  Ti,O2n-1 
(14), as shown in Fig. 5. The shear  s t ructures  a r e  r e -  

l a t e d  to TiO2 and form because  addi t ional  t i t an ium 
atoms can be accommodated  in the TiO2 la t t ice  b y  a 
sl ight  s l iding of crys ta l  planes.  F u r t h e r  lower ing  of the  
Po2 to N10 -25 a tm resul ts  in the fo rmat ion  of Ti2Os a t  
1255 K. Both Ti203 and Cr203 have  s imi la r  c rys ta l  
s t ructures.  The s imi la r i ty  of the la t t ice  pa rame te r s  
of Ti208 (a = 4.94A, c - -  13.659A) and Cr203 (a - -  
4.954A, c ---- 13.584A) (13), and  the size of Ti 3+ (r  ---- 
0.76A) and Cr 3+ r ---- 0.63A) ions (15), suggest  the 
poss ib i l i ty  that  the high t i t an ium level  o b s e r v e d  in 
the Cr203 scale is the resul t  of an increased t i t an ium 
solubi l i ty  in Cr208 at low oxygen  pa r t i a l  pressures .  
Obviously,  an increase  in the  s tab i l i ty  of Ti 3+ would  
resul t  at low P02. 

As a first approx ima t ion  to es t imate  the t i t an ium 
solubil i ty,  i t  was assumed tha t  the  subst i tut ion of 
t i t an ium onto chromium sites in Cr203 is ideal.  A p p l y -  
ing Temkins  ru le  (16), i t  is found tha t  the  ac t iv i ty  of 
Ti203 is given b y  

aTi203 - "  NTi s [1] 

where Nil is the fract ion of cationic sites occupied b y  
t i t an ium atoms. A m a x i m u m  value  of awi203 can be 
calcula ted as a funct ion of Po~ b y  consider ing the  

TEMP ( K ) 
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Fig. 5. Stability diagram for titanium oxides (12) 
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equi l ib r ium 

2Ti~O~,-1 ~- nTi~O3 + --  1 O~ [2] 

where  n is de te rmined  by  the  s table  phase at  the  
selected Po2 and t empera tu re .  For  example ,  at  1225 K 
and Po2 = 10 -20 atm, the s table t i t an ium oxide is 
Ti601, as can be seen in Fig. 5. At  this  oxygen p res -  
sure, Eq. [2] can be  r e w r i t t e n  a~ 

Ti~On ~ 8Ti~Oz -t- O~ [3] 

Obta in ing  the  s tabi t i t ies  of the t i t an ium oxides  is a 
sequent ia l  process,  since the s tab i l i ty  of the  oxygen-  
deficient oxide (TinO2,- l )  is re la ted  to tha t  of the  
oxygen- r i ch  oxide  (Tin+lO2,+D. The s tab i l i ty  (free 
energy  of format ion)  of TinO2,-1 was ob ta ined  b y  con- 
s ider ing the Po~ at which Tin+102,+1 decomposes to 
Ti~O2,-1 obta ined  f rom Fig. 5 and the known s tabi l i ty  
of TiO2. The p rocedure  produces  s tabi l i t ies  for 
Ti,O2~-1 in agreement  wi th  o ther  sources (12, 13). 

A value  of the aTi203 in metas tab le  equi l ib r ium wi th  
Ti6On at  1255 K and a Po2 of 10 -20 a tm can be  cal-  
culated using Eq. [4] and the calcula ted s tabi l i ty  of 
Ti~Ozl ( - -  4098 k J / t o o l ) ,  where  

&G~ - -  3hG~ 1 
In a,r~o3 = In Po~ 

3RT 3 
[4] 

A value of hG~ f (Ti2Os) = --  1177 k J / m o l  was ob ta ined  
f rom J A N A F  (17). This value of aTi2O3 at  Po2 = 10-~~ 
a tm is 0.063. F r o m  Eq. [1] this is equ iva len t  to a va lue  
o f  N w i  " -  0 . 2 5  in Cr203 sa tu ra ted  wi th  t i t an ium at  
Po2 --  10 -e~ a tm or  the  chemical  composi t ion 
Crl.5Ti0.5Oa. Values  of Nwi ca lcula ted  by  a s imi la r  
procedure  as a function of oxygen pressure  are shown 
in Fig. 8. 

An  assumpt ion  about  the spat ia l  var ia t ion  of oxygen 
chemical  potent ia l  in the Cr203 scale must  be made 
before a comparison of the calcula ted t i t an ium con- 
tents  wi th  expe r imen ta l  resul ts  can be made.  I f  i t  is 
assumed tha t  a l inear  oxygen potent ia l  g rad ien t  
exists wi th in  the Cr20~ layer ,  the calcula ted curve of 
the Cr: Ti meta l  weight  rat io  shown in Fig. 7 can be 
compared  to the  expe r imen ta l  curve obta ined  f rom 
the EM concentra t ion profiles. The use of the Cr :T i  
weight  ra t io  plot  gives a sensi t ive technique to ob-  
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Fig. 6. Calculated variation of titanium cationic fraction (NT i )  
with oxygen partial pressure. 
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Fig. 7. Spatial variation of chromium to titanium weight ratio in 
Cr20~ layer of Fe-22Cr-23Ni-3Ti-|.SMn-0.5Si scale. 

serve the oxide composit ion since the  EM resul ts  are 
sensi t ive to surface i r regula r i t i es  in the  cross-sect ionaI 
polishing. The fo rmal i sm of the  Wagne r  theo ry  for  the  
oxidat ion  of meta ls  (18) requi res  tha t  for a l inear  
oxygen  potent ia l  g rad ien t  to exist  in the solid solu-  
t ion scale, the mobi l i ty  of t i t an ium and chromium 
must  be equal.  In  addit ion,  the r equ i remen t  of a neg-  
l igible  oxygen  pa r t i a l  pressure  var ia t ion  of ch romium 
diffusivi ty in Cr203 has been shown (19). I t  is seen 
in Fig. 7 that  the ca lcula ted  and expe r imen ta l  curves 
exhib i t  s imi lar  curva tures  and at  no point  does the 
exper imen ta l  t i t an ium concentra t ion exceed the cal-  
culated sa tura t ion  concentrat ion.  The close agreement  
makes  i t  reasonable  to assume that  the  high observed  
t i t an ium levels  are  due to the subst i tut ion of  Ti 8+ for 
Cr 3+ in the Cr203 lat t ice.  

For  chromium oxide forming alloys such as 810 type  
alloys, sulfide format ion  is supposed to occur b y  both 
the pe rmea t ion  of sul fur  th rough  the chromia  l aye r  
to the base me ta l  and migra t ion  of base meta ls  to the  
ex te rna l  surface. B radshaw (7) has discussed the 
possible causes for the a p p a r e n t  r educed  pe rmea t ion  
of sul fur  th rough  oxide scales on t i t an ium-modi f ied  
310 alloys. A possible exp lana t ion  of the role t i t an ium 
plays  in minimizing the format ion  of sulfides on the 
ex te rna l  surface is s t ra igh t forward .  The x - r a y  d i f -  
f ract ion resul ts  indica ted  tha t  the presence of t i t an ium 
enhances the  format ion  of complex  oxides conta ining 
base meta ls  that  migra te  to the ex te rna l  surface. The 
effect of the format ion  of a complex  F e - T i  oxide  on 
the re la t ive  s tab i l i ty  fields in an E l l ingham d iag ram is 
shown in Fig. 8. Ins tead of the equ i l ib r ium of i ron and 
its oxides being defined by  the F e - F e O  equi l ib r ium 
(solid l ine) ,  i t  is defined b y  the Fe-FeTiO3 equi l ib r ium 
(1I)  (dashed l ine)  in the presence of pure  TiO2. The 
t rans i t ion  moves the equ i l ib r ium oxygen par t i a l  pres-  
sure f rom 1 • 10 -15 to 3 • 10 - i s  arm. The fo rmat ion  
of an FeTiO3 phase ins tead of FeO would also shift  the 
line for  oxide-sulf ide  equ i l ib r ium as shown b y  the 
dashed l ine in Fig. 8. 

As seen in Fig. 8, the region conta ining the range  of  
oxygen and sulfur  pa r t i a l  pressures  typ ica l  of the 
coal gasification process s t raddles  the l ine r ep resen t -  
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Fig. 8. Elllngham diagram for iron-sulfur-oxygen system at 1255 K. 
Dashed line indicates the changes that occur in the presence of 
TiO2. The dotted lines represent the chromium-sulfur-oxygen sys- 
tem and are given for comparison. 

ing the  sulf ide-oxide equ i l ib r ium when  the fo rmat ion  
of a complex  oxide is not  considered.  However ,  al l  
except  the  most  severe  a tmospheres  (log Ps2 > log 
Po2 + 10.96) l ie in the s tab i l i ty  region for FeTiOs. 
Thus any  base meta l  tha t  reaches  the ex te rna l  surface 
is conver ted  to a complex oxide ins tead  of being con- 
ve r ted  to a mol ten  sulfide. An  except ion is n icke l  
which exists  in 310 at an ac t iv i ty  insufficient to form 
a pure  n icke l  sulfide phase (20). 

Summary 
An exp lana t ion  of the high t i t an ium levels  observed  

in the Cr203 scale formed on a t i t an ium-modi f ied  310 
stainless steel  by  Bradshaw et al. (2) has been p r e -  
sented.  T i tan ium in the form of Ti 8+ is be l ieved  to 
subst i tu te  for  chromium atoms in the Cr2Oa latt ice.  
The observed increase  in t i t an ium solubi l i ty  as the  
sca le -meta l  in terface  is approached  through  the Cr203 
layer  has been shown to be caused b y  the increased 
Ti 8+ s tab i l i ty  as the oxygen pa r t i a l  p ressure  is de -  
creased. The t i t an ium levels and spat ia l  var ia t ion  can 
be exp la ined  b y  the format ion  of a solid solut ion of 
Ti~O3 in Cr203 at  the reduced  oxygen  par t i a l  p res -  
sures presen t  th roughout  the layer .  

X - r a y  diffraction s tudies  have indica ted  tha t  the 
ex te rna l  l aye r  formed on the t i t an ium-modi f ied  al loys 
wi thout  manganese  was a mix tu re  of TiO2 and a cubic 
spinel  phase, Fel+xCr2r wi th  x being small .  
When  manganese  was presen t  in the modified alloy, 
the ex te rna l  l ayer  consisted of MnTiO.~ and a cubic 
spinel  phase,  p robab ly  [(Mn,Fe)l+~Cr2cl-~)TizO4].  
The format ion  of complex  oxides conta ining base  
metals  which would  o therwise  tend to form sulfides in 
coal  gasification a tmospheres  appears  to be enhanced 

b y  the presence of t i tanium.  The format ion  of complex 
oxides such as MnTiO3 or  MnCr~O4 effect ively shifts 
the a tmosphere ,  typica l  of the coal gasification p ro -  
cess, f rom a region in the F e - S - O  Ell inghafn d i ag ram 
that  s t raddles  the  equ i l ib r ium be tween  base me ta l  sul -  
fides and oxides to a region tha t  solely a l lows t h e  
format ion  of oxides.  
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ABSTRACT 

Produc t ion  of sil icon films by  a silicon fluoride t r anspor t  reac t ion  is de -  
scr ibed here.  The effect of various deposi t ion pa rame te r s  inc luding t e m p e r a -  
ture, pa r t i a l  pressure ,  and gas flow rate  on the deposi t ion kinet ics  was inves t i -  
gated. X - r a y  analysis,  surface e lec t ron spectroscopy, opt ical  absorbance  and 
reflectance, and e lec t r ica l  measurements  indicate  that  the  films have  p rop -  
er t ies  s imi lar  to those of silicon films obta ined  by  CVD from silane.  

The silicon fluoride t r anspor t  react ion has been 
suggested b y  Wolf  et al. as a low cost purif icat ion 
process of me ta l lu rg i ca l -g rade  silicon. Combined wi th  
a s imul taneous  on- l ine  CVD process the method  can 
be used for the  product ion  of silicon sheets for  photo-  
voltaic solar  cell  a r r ays  (1, 2). The purif icat ion capa-  
b i l i ty  of this process has been fu r the r  inves t iga ted  by  
Ingle  et  al. (3). The process makes  use of the cyclic 
react ion sequence 

T1 
S i ( so l id )  4- SiF4(gas)  -> 2SiF2(gas)  [ la ]  

T~ 
2SiF2(gas)  -> S i ( so l id )  + SiF4(gas)  [ lb]  

Tt is a t e m p e r a t u r e  above l l00~ and T2 is in the 
range of 450~176 In a complete  cycle of the  p ro -  
cess the SiF4 gas reacts  wi th  silicon at  t empera tu re  
Tt to y ie ld  SiF2, which in tu rn  decomposes on a sub-  
s t ra te  he ld  at  t empera tu re  T2, resul t ing  in the  deposi -  
t ion of a solid sil icon film and the release of SiF4 gas. 
The SiF4 is c i rcula ted in the sys tem in a closed loop. 
The purif icat ion potent ia l  of the process resul ts  f rom 
the p re fe ren t i a l  react ion of SiF4 wi th  the silicon 
r a the r  than  wi th  its impur i t ies  at  the  t e m p e r a t u r e  
T1, and f rom the higher  condensat ion t empe ra tu r e  of 
the metal f luor ide  impur i t i es  which m a y  be fo rmed  in 
the  high t e m p e r a t u r e  zone (1-3).  

We have s tudied  the above t r anspor t  react ion for  
i ts th in  film deposi t ion capabi l i ty ,  w i th  pure  solid 
sil icon as the  s ta r t ing  mater ia l .  This process m a y  be 
useful  in polysi l icon deposi t ion for microelectronics  
purposes  since deposi t ion takes  place  even at  the  
r e l a t ive ly  low t empera tu r e  of 550~ and the films 
have high specular  reflectance, which is des i rable  for 
photo l i thographic  processing. F i lms  deposi ted at  550~ 
however ,  are  amorphous  and for  some app]icat ions 
might  have to be annea led  at a h igher  t empera tu re  
for a short  per iod  of t ime to increase  the charge car -  
r i e r  mobi l i ty .  A fu r the r  advantage  of the  CVD process 
ut i l iz ing the silicon fluoride t r anspor t  react ion is tha t  
oxygen  leak ing  into the  sys tem m a y  be eas i ly  ad -  
sorbed on an appropr ia t e  get ter ,  as discussed below. 
In the sil icon fluoride t r anspor t  process the  SiF4 may  
be cycled again  and again  th rough  the deposi t ion in 
cost savings. 

We have repor ted  p rev ious ly  (5) on a deposi t ion 
system where  SiF2 is t r anspor ted  from the high t em-  
pe ra tu re  zone to the subs t ra te  wi thout  going th rough  
an in te rmedia te  zone wi th  a t empe ra tu r e  lower  than  
that  of the substrate .  In  the  presen t  work  we have 
s tudied a deposi t ion sys tem where  the gas is quenched 
clown to room t empera tu re  at  the exi t  of the  high 
t empera tu re  zone (T1) and is t r anspor ted  at  room 

Key words: thin films, amorphous Si:F, polymerization, CVD kinetics, 

t empera tu re  to the substrate ,  which is he ld  at t em-  
pe ra tu re  T2. The effect of var ious  deposi t ion p a r a m -  
eters  on the deposi t ion kinet ics  and  the proper t ies  of 
the resul tan t  film are  descr ibed below. 

System Descript ion 
The deposi t ion system is schemat ica l ly  depic ted  in 

Fig. 1. About  200 silicon cubes 2.5 m m  on edge each 
were cut from a Czochralski  grown silicon single 
crystal .  The cubes were  held  in a ver t ica l  quar tz  tube 
which was mounted  in a res is t ive ly  hea ted  furnace. 
The t empera tu re  of the silicon (Tt)  was moni to red  
by  an ex te rna l  thermocouple .  The t empe ra tu r e  of the  
sil icon cubes was be tween  0 ~ and 20~ h igher  than  
the  read ing  of the ex te rna l  thermocouple ,  depending  
on the height  level  of the sil icon in the column. The 
wal ls  of the tube at  the  exi t  of the furnace  were 
cooled, forming a t e m p e r a t u r e  grad ien t  of approxi- 
mate].y 200~ be tween  1000 ~ and 100~ in the gas. 
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Fig. 1. Schematic illustration of the deposition system 
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The gas was t ransported from the high temperature  
zone to the deposition zone in a 70 cm long glass tube. 
The substrates in  the deposition zone were supported 
on a radiat ively heated graphite holder, placed in a 
horizontal  quartz tube 45 mm in diameter.  The walls 
of the deposition reactor were air-cooled. The tem- 
pera ture  gradient  over the deposition region was less 
than l~ A Dia-Vac TM pump was used to cir- 
culate the gas in the system. A Matheson Model 603 
ball type flowmeter monitored the gas flow rate. The 
total volume of the system was approximately 1.5 
liters. 

In a typical deposition cycle the silicon cubes were 
rinsed in HF acid to remove any  oxide layer. The 
silicon cubes were placed in the quartz tube and the 
system was pumped, purged with ni t rogen and he-  
l ium, and again pumped down to a vacuum of 0.05 
Torr. The pump was tu rned  off and SiF4 from an ex-  
ternal  tank was admit ted into the system unt i l  the 
desired SiF4 ini t ial  pressure was achieved. The SiF4 
was then solidified in a l iquid-a i r  t rap inside the sys- 
tem. Once the SiF4 completely solidified the heaters 
were turned on and the system was pumped again to 
remove any volatile species. Once the temperatures  
T1 and T2 had stabilized the vacuum pump was dis- 
connected, the SiF4 was re-evaporated into the sys- 
tem, and the circulation pump was tu rned  on. The 
pressure in the hot system was usual ly  7% higher than 
the SiF4 ini t ial  pressure of the room tempera ture  
system. In  a typical  deposition cycle (e.g., sample 
E-14) we used the following deposition parameters :  
SiF4 ini t ial  pressure = 80 Torr, T1 = ll00~ T~ -- 
600~ and flow rate 0.3 mol/hr .  No carrier gas was 
used. Unless otherwise specified, each deposition run  
lasted 30 min. At the end of each deposition run  the 
SiF4 gas was re turned  to the storage tank by refreez- 
ing it. The SiF4 pressure in the system and the sili- 
con weight were de termined before and after the 
deposition. 

Fused silica substrates were used in most deposi- 
tions. The gas source was Matheson 99.7% pur i ty  
SiF4 (6). As indicated above, the gas was fur ther  
purified by freezing it to 77 K and pumping  off the 
volatile species. 

Effect of Deposition Parameters on Deposition Kinetics 
ExperimentaL--The thickness of the films was 

rout inely  de termined from their  reflectance traces 
in an infrared spectrophotometer by the interference 
fringes method (7). For  the calibration of these mea-  
surements  we determined first the wavelength  de- 
pendence of the refractive index, n (k) ,  of one of our  
samples whose thickness was determined with an 
interference microscope. This refractive index was 
used in  tu rn  to calculate the thickness of all other 
samples according to 

N �9 X~ 
d -- - -  (N = 1,2 . . . .  ) 

2n 0.N) 

where d is the film thickness, N is the order of the 
reflectance minima,  and ZN is the wavelength of the 
minima of order N. 

Thickness uniformity.--The uni formi ty  of the film 
thickness was found to depend mostly on the method 
of cooling the walls of the deposition reactor, prob-  
ably due to its effect on convection currents  in the gas. 
Under  usual  deposition conditions the film thickness 
un i formi ty  was better  than l % / c m  perpendicular  to 
the gas flow direction, and monotonical ly  decreasing 
at about  4%/cm over an 8 cm long sample paral lel  to 
the gas flow direction. The lat ter  effect was probably  
associated with the deplet ion of SiF2 from the gas 
along the direction of flow. In the experiments  re-  
ported below we used 1 cm 2 samples placed repro- 

ducibly on the substrate holder about 3 cm from its 
leading edge. 

Time dependence of film thickness.--Figure 2 shows 
the dependence of the sample thickness on the deposi- 
tion time for periods between 20 and 60 min. The 
l inear  curve which passes through the origin indicates 
that the deposition rate is constant  with time. I t  im-  
plies that any t ime-dependent  variables in the depo- 
sition system (such as the SiF2 and SiF4 part ial  pres-  
sures) ei ther reach their  s teady-state values quickly 
relative to our deposition t ime scale, or their t ime-  
dependent  effect on the var ia t ion of the deposition 
rate is negligible. 

Reaction temperature (T1).--The tempera ture  T1 
was varied be tween 1060 ~ and 1200~ Figure  3 shows 
a semilog plot of the film thickness deposited in 30 min  
vs. the reciprocal of temperature  T1. For temperatures  
lower than  1060~ the deposited layer  was too thin 
to be measured by our optical technique. We did not  
exceed 1200~ because of mater ia l  l imitat ions imposed 
by the quartz tube. As shown below, the deposition 
rate is proport ional  to the SiF2 generat ion rate, so that  
Fig. 3 indicates a generat ion rate activation energy of 
54 _+ 4 kca l /mol  (2.3 __ 0.2 eV). 

Deposition temperature (T2).--The temperature  T2 
was varied between 475 ~ and 675~ Figure 4 shows a 
semilog plot of the 30 rain deposition thickness vs. 
reciprocal substrate temperature.  Below 550~ the 
deposition rate increased with tempera ture  with an ac- 
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t ivation energy of 29.0 • 1.5 kcal /mol  (1.26 eV). The 
max imum deposition rate was achieved around a sub-  
strate tempera ture  of 620~ and was almost constant  
over the tempera ture  range 600~176 Depositions 
made with a different setup (5) indicated that above 
675~ the deposition rate decreases with temperature,  
and above 900~ no silicon deposition could be de- 
tected even after extended deposition periods. 

Flow rate .--The gas flow rate (measured in uni ts  of 
moles per uni t  time) was determined from a cal ibra-  
tion curve of the 603 flowmeter for SiF4 under  s tand-  
ard conditions (760 Torr, 21~ by mul t ip ly ing  the 
standard flow rate by  (P/760) '/~ where P is the system 
pressure in Torr. As shown below, under  most deposi- 
tion conditions the molar  fraction of SiF2 in the sys- 
tem was small, par t icular ly  in the section of the sys- 
tem following the deposition reactor. Since the flow- 
meter  was mounted  after the deposition reactor the 
monitored flow was practically that  of the SiF4 alone. 
Figure 5 shows the dependence of the deposition rate 
on the gas flow rate for flow values between 0.18 and 
0.63 mol/hr .  As seen from the figure, in  this range the 
deposition rate increases l inear ly  with flow rate. 

Pressure .~Since the molar  fraction of SiF2 in the 
system was relat ively low the total pressure of the 
system was approximately the par t ia l  pressure of the 

SiF4 gas. Depositions were made with SiF4 ini t ia l  
pressures between 70 and 220 Torr. In  these experi -  
ments  we kept  the setting of the bal l  of the flowmeter 
at a constant  height for all  pressures. Under  these con- 
ditions (8) 

pv ~ = constant  [2] 

where p is the density of the gas in  the system in  uni ts  
of mass per uni t  volume (or moles SiF4 per uni t  vol-  
ume) and v is the gas flow velocity in uni ts  of volume 
per uni t  time. From Eq. [2] we obtain that  

v--A �9 p-v,__ A. 135 .p-v= [8] 
and 

flow rate = ~ �9 p _ A �9 P'h/135 [4] 

where P is the ini t ial  pressure in Torr  in  the room 
temperature  system, p,v, and the flow rate are given in  
units  of real/ l i ter ,  l i ters /hr ,  and mol /hr ,  respectively, 
and A is a system constant  obtained exper imenta l ly  by  
mul t ip ly ing  v by / / %  and it depends on the sett ing of 
the flowmeter. The constant  135 is the square root of 
the s tandard pressure (760 Torr) times the specific 
volume of SiF4 at room tempera ture  at 760 Tor t  
(24.08 liter/tool) (6). Under  the condition of Eq. [2], w e  

observed no difference in deposition rate for the var i -  
ous SiF4 ini t ial  pressures. For A 2 _-- 21 tool �9 li ter/hr2, 
we obtained a deposition rate of 0.32 _ 0.03 ~m per  30 
rain deposition or 1.8 _ 0.2 A/sec (see Fig. 6, left 
scale). 

During depositions, which all started with given 
ini t ial  SiF4 pressures, a pressure drop varying  be-  
tween 5 and 40% was observed. This pressure drop 
was near ly  l inear  with deposition rate with vary ing  T1. 
The pressure drop hP for exper iments  with various 
ini t ia l  SiF4 pressures, at constant  T1 and pv 2, is shown 
in Fig. 6 (right scale). From the slope in Fig. 6 and the 
deposition parameters  given in the figure one gets a 
pressure drop hP/P  = 12%. It can be seen that  the 
absolute pressure drop was l inear  with the ini t ia l  
pressure, for a constant  pp2 value, while under  the same 
conditions the deposited film thickness was independ-  
ent of the pressure. (The scatter of the exper imenta l  
results probably  reflects the degree of control we had 
on the parameter  A 2 = p~2 and on the system tempera-  
tures in the various depositions.) From the above 
considerations we obtain the empirical  relat ion 

~P/P : B(T) �9 f(pv ~) �9 at [ 5 ]  

where B is a constant depending on the system tem- 
peratures, At is the deposition time, and f is a function 
of the parameter pv 2, determined by the kinetics of the 
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mechanism causing the pressure drop. From measure-  
ments  of aP  under  constant  ini t ia l  P and varying  flow 
rates we obtained ~P cc ~1.s-+0.3 which suggests that  
in Eq. 5, f(p~2) __ p~2. The probable reason for the 
pressure drop has been identified as condensation of 
SiF2 molecules in the form of (SiF~)n polymers on the 
water-cooled walls of the tube following the high tem- 
pera ture  zone (9). In  Table I the results of two 
similar deposition runs - -one  with, and one without  
water-cooled wal l s - -a re  given. The original  reason for 
water  cooling the walls at the exit of the high tempera-  
ture zone was to reduce the length of the tube section 
over which the wall  tempera ture  was between 450 ~ and 
900~ thus l imit ing the back-react ion given by Eq. 
[ lb]  in the unwan ted  sections of the system. The re- 
sults shown in Table I demonstrate,  however, that  
with no water  cooling, where the tube walls were 
heated to 100 ~ ,-~300~ by the hot gas flow, polymeriza-  
t ion was significantly reduced and the deposition rate 
was increased. As seen from the table, without  water  
cooling the percentage pressure drop was reduced by  a 
factor of 4, and the deposition rate was increased by  
a factor of 1.8. The pressure drop in  depositions E-44 
and E-45 implies a loss of 11 X 10 -4 and 2.5 • 10 -4 
mol of SiF4 from the gas, respectively. Assuming (9) 
that the major i ty  of the polymerizat ion is of the form 
(SiF2)n, this SiF4 gas loss is equivalent  to the removal  
of an equal n u m b e r  of mols of silicon t ransported 
from the high tempera ture  zone, i.e., 31 and 7.7 mg 
silicon, respectively. The loss of the t ransported sili- 
con due to polymerizat ion is significant in view of the 
fact that  the total silicon weight deposited on the sub-  
strate and substrate holder in these two depositions 
was on ly  6.8 and 12.4 rag, respectively. 

Other  obse rva t i ons . - -A  direct correlation between 
the total silicon mass tranport ,  as measured by  the 
loss of silicon weight in the high tempera ture  reaction 
zone dur ing  a deposition, and the thickness of the de- 
posited film was observed. The weight loss in a typical 
deposition run  (e.g., in deposition E-14) was 120 mg. 
However, only approximately  3% of the t ransported 
silicon coated the substrate and substrate holder in 
that deposition e x p e r i m e n t  From the observed value 
of ~P we know that  13% of the t ransported silicon was 
lost in condensation of (SiF2)n polymers. The rest of 
the t ransported silicon appeared as deposits on the 
walls of the tube at the exit of the high tempera ture  
zone where the tempera ture  was in the range of 450 ~ - 
900~ Silicon deposits were observed also on the walls 
of the deposition reactor. A th in  silicon deposit was 
also observed on the hot wall  at the entrance to the 
high tempera ture  reactor, probably  due to SiF2 which 
did not decompose in the deposition zone and so com- 
pleted a ful l  cycle in the system. This happened par-  
t icular ly  with low substrate tempera ture  depositions. 
A full flow cycle in the system at F.R. _-- 0.3 mo l /h r  
took 1.25 rain, which sets a lower l imit  on the l ifetime 
of the SiF2 molecule in the gas. 

The diffuse part  of the reflectance of the films de- 
posited below T2 ---~ 700~ was equal to or lower than 
that of silicon films deposited from silane. Dur ing  
deposition, under  intense i l luminat ion  of the gas 

Table I. Summary of results of two similar d:positions, one with 
water cooling of the walls of the glass tube at the exit of the high 

temperature reaction zone, and the ether without water cooling. 

= 1160~ T~ = 600~ = T1 P 8O T o r r  
Deposition F.R. = 0.3 m o l / h r ;  dep. t ime  = 30 rain. 
parameters 

Deposition ~ With  w a t e r  Wi thou t  w a t e r  
r e su l t s  ~ cool ing cooling 

Sample No. E - 44 E - 45 
Depgsited film thickness 0.58 ~m 1.05 ~m 
Pressure drop  17% 4.3% 
Source silicon weight loss 293 m g  335 m g  

white smoke could be observed, probably  arising 
from (SiF2),~ long polymer chains swept along by t h e  
gas stream. This smoke was minimized by water  cool- 
ing the tube between the high tempera ture  reactor and 
the deposition reactor. However, the presence of this 
smoke did not  affect the smoothness of the deposited 
silicon films. In fact, the smoothness of the films was 
so high that  it was difficult to focus the beam of a 
scanning electron microscope on the sample surface 
because of lack of features. 

After  some depositions, a th in  oxide layer  could 
be observed on the silicon cubes at the bot tom o f  
the silicon column in the high tempera ture  reactor. By 
weighing the silicon at the end of each deposition run  
before and after r insing it in  HF acid we estimate a 
a typical  oxidation rate of 2 mg SiO~ per deposition 
cycle, which is equivalent  to an oxygen leak of 4.5 X 
10 -5 mol per deposition cycle. No other effects of 
this oxygen leak (or outgassing) could be observed 
in the system and in par t icular  no oxygen was ob- 
served in the deposited films. In  view of the fact that  
there was no outlet for this gas dur ing  the deposition 
we conclude that  the lower section of the silicon col- 
umn  in the flow system acts as a getter to remove 
oxygen from the circulating gas. 

Discussion of Deposition Kinetics Experimental Results 

Our results for depositions at T~ > 550~ are con- 
sistent wi th  the assumption that  the ra te - l imi t ing  
process of the t ransport  reaction is the conversion o f  
SiF~ into SiF2 in  the h igh  tempera ture  zone (2). In 
the high temperature  reaction zone equi l ibr ium con- 
ditions prevai l  and the reaction there can be wri t ten  
a s  

Si (s) + SiF4(g) ; e  2SiFt(g) 

K p ( T ) ,  the pressure equi l ibr ium constant  of the re- 
action, is given by 

K p ( T )  - -  PSiF22/PsiF4 [6] 

where PSiF2 and PSiF4 a r e  the part ial  pressures of the 
SiF2 and SiF4 gases, respectively. Out of each mol of 
SiF4 enter ing the high temperature  reaction zone, a 
fraction ~ is converted into pairs of SiF2 molecules. 
The part ial  pressures in the high temperature  reactor 
can be wr i t ten  as 

PsiF4 = [ ( 1 - - ~ ) / ( 1  + ~)] �9 P [7a] 
and 

Psi~2 -- [2a/(1 + a ) ]  �9 P [Tb] 

where P is the sum of the part ial  pressures Psif4 "~- 
PSiF2. In terms of , ,  the pressure equi l ibr ium constant  
can be wri t ten  as 

K p ( T )  = 4d2P/ (1 -- a 2) [8] 

which for small  values of = g i v e s  

~-- ( K p ( T ) / 4 P )  v2 [9] 

The exper imental  value of ~ can be obtained by divid-  
ing the total number  of t ransported silicon tools per 
deposition r u n  by the total number  of SiF4 tools that  
flowed through the reactor. Equat ion [9] predicts that  
under  equi l ibr ium conditions in the high tempera ture  
reactor ~ will  be proport ional  to the inverse square 
root of P, and will  be tempera ture  activated with 
half  the activation energy of K p ( T ) .  Fit t ing the re-  
sults of our weight-loss measurements  to the func-  
t ional dependence given by Eq. [9] we obtain 

= [1.15 • IOs/pv,] �9 exp ( - - E / R T 1 )  [1O] 

where E = 54 _+ 4 kcal/mol,  R = 1.987 • 10 -3 kcaI/  
mol �9 K, T1 is the temperature  in K, and P is given 
in Torr. The highest value of a in our exper imenta l  
regime, ~ _~ 0.13, was obtained for T1 = 1473 K a n d  
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P ~- 80 Ton' .  In  most of the  deposi t ions ~ was less 
than  0.1, which  justifies the approx imat ion  ~ < <  1 
made  in Eq. [9], and  the  assumptions  made  above 
regard ing  the moni tor ing  of the  to ta l  pressure  and the 
flow rate.  We found the value of ~ to be independen t  
of the flow rate,  which justifies the  assumpt ion of 
equ i l ib r ium condit ions at  the high t empe ra tu r e  reac tor  
u n d e r  our  expe r imen ta l  conditions.  Equ i l ib r ium at the  
high t empera tu re  reac tor  m a y  be ma in ta ined  as long 
as the  flow veloci ty  of the gas th rough  the reac tor  is 
slow re la t ive  to the length  of the  sil icon column di-  
v ided by  the react ion rate .  

As indica ted  above, the r a t e - l im i t i ng  process was 
found to be the  reac t ion  in the high t empe ra tu r e  (T1) 
zone. I t  is thus consis tent  to assume that  the  deposi t ion 
ra te  is p ropor t iona l  to the  n u m b e r  of SiF2 molecules  
a r r iv ing  at  the deposi t ion reactor  per  uni t  t ime, which 
is p ropor t iona l  to the  value  of ~ t imes the SiF4 flow 
rate.  Indeed,  as can be seen f rom Fig. 5, i t  was found 
that  the deposi t ion ra te  is l inear  wi th  the flow rate .  
In  the exper imen t s  in which we var ied  the  total  p res -  
sure and kep t  the  value  of p~2 constant,  the flow ra te  
was p ropor t iona l  to p'/2 (Eq. [4] ) and, since ~ is p ro -  
por t iona l  to p,/2 (Eq. [9)] ,  the deposi t ion ra te  is ex -  
pected to be independen t  of P, as was observed (Fig.  
6). F rom these resul ts  we also conclude tha t  under  a 
constant  flow veloc i ty  (in units  of volume per  uni t  
t ime)  the  deposi t ion ra te  should increase  wi th  the 
square  root  of the SiF4 pressure ,  and  under  constant  
flow ra te  (in mols pe r  uni t  t ime)  the  deposi t ion ra te  
should v a r y  as the inverse  square root  of the pressure .  

As for the po lymer iza t ion  dynamics,  i t  is recal led  
that  under  constant  P and ~ the t empe ra tu r e  (T1) de -  
pendence of AP/At scaled l inea r ly  wi th  the deposi t ion 
rate.  This impl ies  a l i nea r  dependence  of AP/At on ~, 
that  is, on the pa r t i a l  pressure  of SiF2 in the system. 
This would  be consistent  wi th  a monomolecular  p ro -  
duct ion mechanism for (S iFf )n  polymers .  On the 
other  hand, f rom measurements  of the dependence  of 
AP/at on the flow rate  and on the total  pressure ,  i t  was 
found that  AP/At is p ropor t iona l  to p ~ .  P, which in 
tu rn  is p ropor t iona l  to p 2 .  ~ (see Fig. 6 and Eq. [5]) .  
This implies  that  AP/At is p ropor t iona l  to p~/2.92 af te r  
one takes  out  the  monomolecu la r  react ion dependence  
on aiD. This h igher  o rder  p r e s s u r e  dependence  of 
AP/At m a y  imp ly  tha t  the  pressure  of SiF4 at  the  
po lymer iza t ion  sites enhances the (SiF2)n po lymer iza -  
t ion rate.  The mechanism for the observed pressure  
and veloci ty  dependence  of the po lymer iza t ion  kinet ics  
st i l l  remains  to be expla ined.  

Film Properties 
The opt ical  t ransmi t tance  and reflectance of the 

films were  measured  wi th  Beckman Models  ACTA 
MVII  and IR 4250 spectrophotometers .  F rom these 
measurements  the  ref rac t ive  index and the absorpt ion  
coefficient were  der ived.  Within  expe r imen t a l  ac-  
curacy  these resul ts  are  ident ica l  to prev ious ly  pub-  
l ished resul ts  on CVD silicon deposi ted below 675~ 
from silane (10). 

The  opt ical  p roper t ies  of al l  films deposi ted be low 
675~ were  identical .  Debye -Sche r r e r  x - r a y  diffrac- 
t ion analysis  of films deposi ted in another  reac tor  (5) 
indica ted  that  films deposi ted be tween  700 ~ and 900~ 
are  polycrys ta l l ine ,  whi le  be low 700~ the films are  
amorphous,  as indica ted  b y  the broad  diffraction halos  
and indis t inguishable  second and th i rd  r ings in the 
diffraction pat terns .  At  deposi t ion t empera tu res  be -  
tween 850 ~ and 900~ a thin ye l low powdery  deposi -  
tion was observed.  No deposi t ion could be observed 
above 900~ The room t empera tu re  e lectr ical  r e -  
s i s t iv i ty  of the films deposi ted  be low 700~ was 2 • 
105 ~ .  cm. F rom photoconduct iv i ty  measurements  a 
car r ie r  l i fe t ime of the order  of 10 -10 sec is es t imated,  
assuming a mobi l i ty  of 1 cm~/V sec. The resul ts  of the 

electr ical ,  optical ,  and  ESR measurements  of these 
films were  publ i shed  e lsewhere  and t hey  are  charac te r -  
istic of annea l - s t ab le  amorphous  sil icon films (5).  

Impur i t i es  in the  films have  been s tudied  b y  surface 
e lect ron spectroscopy (Auger  and XPS)  wi th  a PHI  
sys tem Model  590A and 555. Depth  profi l ing Auger  
spectroscopy under  Ar+  spu t te r  e tching showed 
99.6 • 4% pur i ty  silicon. Oxygen  and ca rbon  signals 
could no t  be observed  wi th in  a de tec tab i l i ty  l imi t  of 
0.2 a /o  XPS  ( x - r a y  photoelec t ron spectroscopy)  c o n -  
f i r m e d  these resul ts  r egard ing  oxygen  and carbon, bu t  
i t  showed about  0.6 a /o  f luorine in the film. The fluo- 
r ine in the  film. The fluorine concentra t ion  in the film 
has been fu r the r  s tudied  b y  the nuc lear  react ion 
19F(P,~)160*, as descr ibed prev ious ly  (5). This tech-  
n ique was found to have a resolut ion  of 50 p p m  wi th  
our counting times. The resul ts  showed a concentra t ion 
be tween  0.5 and 1.5 a /o  fluorine, depending on the 
subs t ra te  t empera tu re  dur ing  deposi t ion (5).  The r ea -  
son we were  not  able to detect  this  fluorine b y  Auge r  
depth  profi l ing and got sma l l e r  values  in XPS than  
wi th  the ion implan ta t ion  sys tem is p robab ly  because 
the fluorine in the samples  is in the form of SiF4 
gaseous molecules  which were  t r apped  in the  film 
dur ing  deposit ion.  Dur ing  depth  profil ing sput te r  e tch-  
ing these molecules  a re  f reed  and p u m p e d  out  of the  
e lect ron spectrometer ,  so they  could not be detected 
b y  the A u g e r  technique which is sensi t ive only  to the 
composit ion of the first two or  three  monolayers  of 
the film. The XPS  technique probes  at  a dep th  of ap -  
p rox ima te ly  20A, while  the  nuc lea r  react ion probed  
the fluorine concentra t ion at  a depth  of 500A below the  
surface, where  the SiF4 molecules can be found. This 
point  has recen t ly  been suppor ted  b y  in f ra red  spec-  
t roscopy associated wi th  Auge r  spectroscopy measu re -  
ments  (11). These silicon fluoride molecules  were  
found to be e lec t ron ica l ly  inactive,  and there  is ev i -  
dence that  when the sample  is anneal  c rys ta l l ized  at  
800~ they  leave the film (3, 11). 

In summary,  we have demons t ra ted  a new deposi t ion 
method of silicon films f rom SiF2 vapor.  Deposi t ion 
t empera tu re  can be as low as 550~ with  acceptable  
deposi t ion rates.  The proper t ies  of the  films were  
found to be s imi lar  to the  p roper t i e s  of sil icon films 
p repa red  in the same t empe ra tu r e  range  b y  CVD from 
silane. The t r anspor t  react ion given b y  Eq. [1] was 
s tudied and the f rac t ional  conversion of SiF4 into SiF2 
at  equi l ib r ium at t empera tu re s  above 1060~ was de-  
duced. This t r anspor t  react ion can also be used in 
conjunct ion wi th  glow discharge  deposi t ion sys tem of 
f luorinated amorphous  sil icon (a-Si :  F )  where  the  SiF~ 
decomposi t ion is assisted b y  an electr ic  field. This a p -  
proach is cu r r en t ly  being inves t iga ted  in our  l abo ra -  
tory.  
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Silicon-on-Sapphire by Surface Photovoltage Spectroscopy 
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ABSTRACT 

Surface  photovol tage  spectroscopy was successful ly  appl ied  to s i l icon-on-  
sapphi re  and i t  enables  s imul taneous  de te rmina t ion  of band  s t ructure ,  t r a p -  
p ing  centers,  deep levels,  the re f rac t ive  index,  and the film thickness.  
Studies  of "as -g rown"  and i on - imp lan t ed  films revea led  a not iceable  degree  
of amorphiza t ion  mani fes ted  by  1.45 eV energy  gap s t ruc ture  c lear ly  r e -  
solved in addi t ion to s t anda rd  1.1 eV s t ructure  of bu lk  St. Three  deep levels 
were  identified, i.e., elect ron t rap  at Ec --  Et ---- 0.25 eV, hole t rap  at  Et --  Ev 
_-- 0.15 eV, and deep centers  at  Ec -- Et ~ 0.6 eV. I t  has  been  found tha t  the  
degree  of amorphiza t ion  and concentra t ion of deep centers  in the l a y e r s  d e -  
p e n d s  on the the rmal  h is tory  of the SOS film. 

Rap id ly  growing need for high speed, rad ia t ion  re-  
sistance CMOS memories  and microprocessors  wi th  
large  capaci ty  and high packing dens i ty  puts  new de-  
mands  on SOS technology. One of the factors which 
can  l imi t  c ircui t  pe r fo rmance  is the presence of deep 
levels  in the  s i l icon-on-sapphire .  Deep levels  act ing as 
t raps  can decrease speed, shift  threshold  voltage, a n d /  
or  cause excessive junct ion leakage  of t ransis tors  in 
the  circuit.  A nonuni form dis t r ibut ion  of deep centers  
across a - w a f e r  can resul t  in nonuni form yie ld  and 
circui t  pe r fo rmance  on the wafer .  These facts em-  
phasize the impor tance  of developing methods to ex-  
pe r imen ta l l y  assess the sources of deep centers  in as- 
grown layers  and processed sil icon films. 

Techniques for the charac ter iza t ion  of he te roep i t ax -  
ial  silicon have been rev iewed  by  H a m  (1). Most of 
these methods re ly  on the measurement  of test s t ruc-  
tures  on processed wafers  or on res is t iv i ty  and ca-  
paci tance  measurements  on a s -g rown  films. Recent ly  a 
u.v. reflectance method has been developed which  al -  
lows quant i ta t ive  charac ter iza t ion  of the c rys ta l l in i ty  
in SOS films (2). These techniques have  been  de-  
s igned as effective and prac t ica l  tools for establ ishing 
screening cr i ter ia  to inspect  the  qual i ty  of as -grown 
wafers  used for  fabr ica t ion  of device s tructures.  They 
do not p rovide  direct  in format ion  about  deep levels  in 
SOS films. 

Previous  studies of po lycrys ta l l ine  and amorphous  
sil icon and of dis locat ion s t ructures  in e lementa l  semi-  
conductors  have demons t ra ted  the promis ing charac te r  
of photoelectr ic  measurements  in assessing the elec-  
t ronic  and opt ical  p roper t ies  of silicon, and in iden t i fy -  
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photovoltage. 

ing the mechanisms of phenomena  re la ted  to defects 
and d isorder  (3-5).  The photovol tage spectroscopy 
technique selected for the present  s tudy  is r a the r  
specific among photoelectr ic  effects as i t  permi ts  the 
measurement  of bu lk  ma te r i a l  as wel l  as the conduct-  
ing or  high res is t iv i ty  films on insula t ing  or metMlic 
subs t ra tes  (6-8).  Fur the rmore ,  this technique does not  
requi re  ohmic contacts, and if necessary it can be 
ut i l ized in a nondestruct ive,  contactless,  configurat ion 
employing  capaci t ive coupling to the sample. There-  
fore, a s -g rown wafers  and wafers  af ter  different  p ro-  
cessing steps can be analyzed  wi thout  the fabr ica t ion  
1of test  s t ructures.  Also a l ight  spot can be easi ly  
focused to a smal l  a rea  which permi t s  the charac te r iza-  
t ion of defect  d i s t r ibu t ion  on a microscale.  

This invest igat ion has been unde r t aken  to assess the 
feas ibi l i ty  of using photovol tage  measurements  for 
charac ter iza t ion  of defects in SOS. In format ion  con- 
cerning the deep states  ( their  energy  levels  and  r e -  
l axa t ion  t ime)  and the basic pa rame te r s  of SOS layers  
(the band structure,  the film thickness,  and the re f rac-  
t ive index)  were  obta ined  f rom the spectral ,  t ransient ,  
and t empera tu re  dependence  of the photovoltage.  The 
measurements  pe r fo rmed  on layers  af ter  different  
stages of processing (as-grown,  ion- implan ted ,  and 
hea t - t r ea t ed )  show that  the photovol tage  technique is 
able to detect  a va r i e ty  of defect  s t ructures  in SOS 
films. 

Experimental 
In the present  s tudy  the photovol tage  genera ted  by  a 

monochromat ic  l ight  (energy  range 0.5-3.5 eV) was 
measured  wi th  respect  to a semi t ranspa ren t  gold e lec-  
t rode separa ted  f rom the SOS film by a 10 ~m thick 
Myler  foil  (MIS configuration) or d i rec t ly  evapora ted  
on SOS film (MS configurat ion) .  
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As shown schemat ica l ly  in Fig. 1, the measurements  
of chopped l ight  a -c  photovol tage  were  pe r fo rmed  
using lock- in  detection,  whi le  the photovol tage  t r an -  
sient  was measured  wi th  a signal  averager .  The SOS 
wafers  were  p laced on the cold finger of a var iab le  
t empera tu re  cryostat .  This provides  the capabi l i ty  to 
prec ise ly  adjus t  the sample  t empera tu re  in a range 
f rom 10 to 300 K. 

The i l lumina t ion  in tens i ty  was selected on a level  
sufficiently low tha t  the genera ted  photovol tage  (of 
the magni tude  be tween  10 -7 and 5 X 10-3V) satisfied 
"low signal" condit ions (i.e., IAVI < <  kT/q) .  

In  order  to separa te  possible surface state effects, the 
photovol tage  spec t ra  were  measured  in various ambi -  
ents ( room atmosphere ,  N2 + H20, vacuum 10-6 Torr ) .  
Fur the rmore ,  compara t ive  studies were  carr ied  out  on 
the same films ut i l iz ing both the MIS and MS configu- 
rations.  I t  is concluded, on the  basis of these studies, 
that  the surface has a neg l ig ib l e  effect on the photo-  
vol tage spec t ra  up to the energy  of about  2.5 eV. The 
surface sensi t ive effects for h igher  photon energy are  
most  l ike ly  re la ted  to the enhanced role of surface re-  
combinat ion (ad > 1 where  = is the absorpt ion  coeffi- 
cient and d is the film thickness) .  

A typical  photovol tage  spec t rum of an SOS film is 
schemat ica l ly  represented  in Fig. 2. In the subbandgap  
region (hv < Eg) the photovol tage is due to photoion-  
ization or photothermoioniza t ion  t ransi t ions  involving 
deep levels. Accordingly,  it  can be used to judge  the 
effect of g rowth  and processing pa rame te r s  on deep 
level characteris t ics .  For  hv > Eg ( intr insic  exci ta t ion)  
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the photovol tage  is due to photogenera ted  electron 
hole pairs.  In  comparison wi th  bu lk  mater ia l ,  thin film 
photovol tage  exhibi ts  a specific feature,  i.e., a series of 
in ter ference  m a x i m a  occurr ing at wavelengths  )~k ---- 
2nd/k; where  k _-- 1, 2, 3 . . . .  ; n is the ref rac t ive  index 
dependent  on ene rgy) ;  and d is the film thickness.  

Photovol tage  t rans ient  measurements  were  also car-  
r ied out in o rde r  to de te rmine  the l i fe t ime of excess 
car r ie rs  a n d / o r  t r app ing  characteris t ics .  I t  has been 
found tha t  the photovol tage  t rans ient  of SOS films is 
dominated  by  t rapp ing  of excess carr iers  r a the r  than 
by  recombinat ion  transit ions.  This provides the possi-  
b i l i ty  to de te rmine  the energy  levels of t rapping  
centers  f rom the t empe ra tu r e  dependence  of phe tovol t -  
age re laxa t ion  time. 

The resul ts  discussed were  obtained with  SOS 
samples  l is ted in Table I. 

Results and Discussions 
Band structure transitions.--The room tempera tu re  

photovol tage  spectra  of s i l i con-on-sapphi re  films for 
photon energy corresponding to in t r ins ic  exci ta t ion 
are  presented  in Fig. 3. The first and ve ry  pronounced 
increase of photovol tage  occurs in the v ic in i ty  of the 
energy gap (Eg) of bulk  Si. However ,  the second pho-  
tovol tage increase for photon energy h,  _~ 1.4 eV is 
also c lear ly  observed in al l  spectra.  I t  should be noted 
tha t  a r ap id  rise of photoresponse and of the absorpt ion  
coefficient for photon energy  1.4-1.8 eV is a specific 
fea ture  of amorphous  silicon (4, 9) and i t  is a t t r ibu ted  
to the opt ical  energy  gap of a-Si ,  Eg _~ 1.45-1.5 eV. 
The photovol tage  increase  observed for s i l icon-on-  
sapphi re  is significant, as i t  indicates  the presence of 
pa r t i a l  amorphiza t ion  of SOS films. I t  should also be 
noted that  the magni tude  of the increase in the photo-  
vol tage be tween 1.4 and 1.8 eV was not iceably  different  
for different  samples,  which indicates  that  a degree of 
amorphiza t ion  of SOS films depends  on growth  and 
processing parameters .  

The analysis  of in ter ference  min ima and max ima  
( in ten t iona l ly  not  included in spectra  of Fig. 3, which 
represen ted  average  photovol tage)  enables  the de te r -  
mina t ion  of d �9 n, and thus re la t ive  changes of the re -  
f rac t ive  index vs. energy. The resul ts  given in Fig. 4 
indicate  that  the energy dependence  of the ref rac t ive  
index of s i l i con-on-sapphi re  is p rac t i ca l ly  ident ica l  
wi th  that  of bu lk  Si (dot ted  l ine) (10) up to the 
energy  of about  2.8 eV. For  hv > 2.8 eV a s l ight  dis-  
c repancy  be tween  the bu lk  Si and ep i tax ia l  film is ob-  
served,  however  in this region de te rmina t ion  of the 
ref rac t ive  index f rom in ter ference  pa t te rns  becomes 
less re l iab le  due to a significant absorpt ion  and a rap id  
decrease of the  ampl i tude  of in ter ference  pat terns.  The 
observed s imi la r i ty  is not surpr is ing  since even a -S i  
films have ref rac t ive  indexes  close to values observed 
in single c rys ta l  Si (9). Accordingly,  SOS films char -  
acter ized by  only a s l ight  degree of amorphiza t ion  
should in pr incip le  exhib i t  re f rac t ive  indexes  ident ical  
wi th  bu lk  Si. 

Using the bu lk  Si value  of n, the thickness of the 
measured  films was de te rmined  as: dz ---- 0.60 ~m, d2 --  
0.63 ~m, d3 ---- 0.61 ~m, and d4 ---- 0.61 #m, for samples  
$1 to $4, respect ively.  These values were  ident ical  to 
film thickness de te rmined  using commerc ia l ly  ava i l -  
able thickness monitor.  

Table I. 511icon-on-sapphire samples employed in the photovoltage 
studies 

Annealing 
Sample History conditions 

S.1 A s  g r o w n  No t  a n n e a l e d  
S,2 B o r o n  i m p l a n t  N o t  a n n e a l e d  

1 • I0 tl em -~ 
S,3 Phosphor implant Not annealed 

4 X 1011 cm -s 
S.4 Phosphor implant 1 hr, 900~ in 

1 x i0 u ~m -s dry oxygen 
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Fig. 3. 300 K photovoltage spectra of silicon-on-sapphire films 
in a region of intrinsic excitation. Each spectrum was averaged 
regarding the interference maxima-minima. The spectrum of 
sample 4 is not shown for clarity, since it was practically identical 
with sample 2. 

Vicinity o] energy gap and deep level photoionization 
transitions.--Figure 5 presents  room tempera tu re  
"open-c i rcui t"  photovol tage  spec t ra  of SOS films 
measu red  using the MS structure .  Drast ic  differences 
be tween  ' ;as-grown" films and ion - implan ted  films are  
c lear ly  vis ible  in the low energy region (deep level  
t ransi t ions)  and in the v ic in i ty  of the energy gap. The 
sharp  photovol tage  increase  in sample  1 for hv ~_ Eg 
becomes much b roader  in samples  2 and 4, and i t  p rac -  
t ica l ly  cannot  be resolved for unannea led  sample  3. 
The same fea tures  were  found to be character is t ics  for 
photovol tage  spec t ra  measured  in the  MOS configura-  
tion, which  indicates  negl ig ible  contr ibut ion  f rom pho-  
toionizat ion of surface states (which in genera l  can 
affect MOS measurements )  and f rom photoinject ion of 
excess car r ie rs  f rom the metal .  

A typ ica l  low t e m p e r a t u r e  (230K) photovol tage 
spec t rum measured  in the MOS configuration is given 
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Fig, 4. Refractive index of SOS films vs. photon energy. Bulk Si- 
refructive index was taken after Ref. (10). 
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Fig. 5. Open-circuit photovoltage spectra of MS structures pre- 
pared on SOS films. 

in Fig. 6. The lack  of a sharp  increase  in the  photo-  
vol tage  for  sample  3 in the  v ic in i ty  of hv ---- Eg is also 
evident  at  this t empera ture .  

Decreas ing the t empe ra tu r e  fu r the r  (see Fig. 7) con- 
ver ts  the b road  spec t rum of sample  3 into a c lear ly  
visible edge. Such behav ior  can be exp la ined  b y  as-  
suming that  ion implan ta t ion  in t roduces  a high densi ty  
of levels located in the v ic in i ty  of valence and conduc-  
t ion bandedges.  Transi t ions  be tween  these levels com- 
b ined  wi th  the rmal  exci ta t ion (photothermoioniza t ion  
t ransi t ions)  effectively mask  the b a n d - t o - b a n d  exci ta -  
t ion of free carr iers  at  h igher  tempera tures .  At  low 
t empera tu res  photo thermoioniza t ion  t ransi t ions  are  
negl igible  and b a n d - t o - b a n d  exci ta t ion  of free carr iers  
become dominant .  Thus, a r ap id  photovol tage  increase 
due to (bu lk)  b a n d - t o - b a n d  exci ta t ion (hv _~ 1.18 eV) 
becomes c lear ly  visible.  

As seen in Fig. 5 and 6, i on - implan ted  samples  ex-  
hibi t  a pronounced increase in the  photovol tage in the 
low photon energy  range  (hv > 0.6 eV) a ppa re n t l y  due 
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to photoionizat ion of deep defect  levels.  Consistent 
wi th  this in terpre ta t ion ,  the low energy  photovol tage  
threshold  has been found to sat isfy a power  depen-  
dence on energy  hV ~ ]hv -- Et] P, wi th  Et = 0.6 eV 
(see Fig. 8).  

I t  m a y  be of in teres t  to note tha t  a s imi la r  low en-  
e rgy  (about  hv ~ 0.6 eV) threshold  is commonly  ob-  
served  in photoelectr ic  response and absorpt ion  coeffi- 
cient of po lycrys ta l l ine  and amorphous  Si (4, 8) and 
also in p las t i ca l ly  deformed bu lk  Si which contains 
high densit ies of in ten t iona l ly  in t roduced dislocations 
(11). 

Tempera ture  dependence of photovol tage . - -A  typica l  
plot  of the t empera tu re  dependence  of the a-c  photo-  
vol tage  in SOS films is shown in Fig. 9. Two regions 
are  c lea r ly  dist inguished.  In  the  h igher  t empera tu re  

I 0  3 

> 
~L 

I 0  2 r 
<~ 
I -  
._1 
o 
> 
0 
I-- 
o 
-r m 0. I0 I 

I 0  o L. 

I 
2 3 0 K  

/ 
g 

$3  .~ : 

,, & 
.: ..~ 

: .§ 

: g 
+ 

- .~ 

o~ ~ 
~ ,, 

I 
.01 .10 1.0 

( h v - . 6 )  ( e V )  

Fig. 8, The analysis of low energy photovoltage threshold (see 
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region (300-220 K)  the subband  and intr insic  photo-  
vol tage  increases exponen t ia l ly  wi th  1/T. A corre-  
sponding act ivat ion energy (EA ~ 0.5 eV) was found 
to be ident ical  for all  samples.  Fur the rmore ,  the same 
act ivat ion energy  governs the photovol tage  increase 
for in t r ins ic  (hv > Eg) and subbandgap  (hv < Eg) 
excitat ion.  A s imi lar  increase  of photovol tage or photo-  
conduct iv i ty  was prev ious ly  observed for po lyc rys ta l -  
l ine Si (3) and for p las t ica l ly  deformed Si (12). A 
suggested in te rp re ta t ion  of these findings involve ther -  
mal  exci ta t ion of deep t raps located about  0.5-0.6 eV 
below conduct ion band associated wi th  defects or 
dangl ing  bonds due to edge dislocations (3, 12). 

In  the lower  t e m p e r a t u r e  region (T < 220 K) the 
measured  photovol tage  decreases due to an increase of 
the photovol tage re laxa t ion  time, ~. The ampl i tude  of 
a -c  photovol tage  genera ted  by  the l ight  chopped at  
angular  frequency,  ~, can be expressed  as (7) 

AV measured  = ~V (1 + ~2T~)-I12 [1] 

Accordingly,  at  h igher  t empera tu res  where  the  r e l axa -  
t ion t ime is short  enough to sat isfy  ~2T2 < <  1, 
AVmeasured reflects the ampl i tude  of the s t eady-s ta te  
photovol tage  ~V. F o r  lower  t empera tu res  the r e l axa -  
t ion t ime becomes very  long (see nex t  sect ion).  Thus, 
~2~2 > >  1 and the measured  photovol tage  AVmeasured 
h V .  1/~T. I t  was found ( f rom di rec t  t rans ien t  mea -  
surements  descr ibed in the next  section) that  in low 
t empera tu re  region (T < 220 K) ,  AV is p rac t i ca l ly  con- 
stant,  and thus the decrease  of photovol tage  af ter  
passing th rough  the m a x i m u m  is caused by  an  increase 
in re laxa t ion  time. 

I t  is also seen in Fig. 9 that  the r e l axa t ion  t ime in-  
crease at  low t empera tu res  is different  for intr insic  ex-  
ci tat ions (hv = 1.8 eV) and subbandgap  (hv -~ 0.9 eV) 
excitat ion.  As discussed in the nex t  section, these di f -  
ferences can be expla ined  considering tha t  under  in-  
t r insic exci ta t ion T is de te rmined  b y  the rmal  exci ta t ion 
of minor i ty  carr iers  f rom t rapp ing  levels  while  for 
subbandgap  i l lumina t ion  the re laxa t ion  t ime is de te r -  
mined by  nonrad ia t ive  recombina t ion  t ransi t ions  to 
traps,  which  are  w e a k l y  dependent  on t empera tu re .  

Photovoltage transient  and trapping o] photogener-  
ated carriers . - -Typical  t ransients  of photovol tage in 
S O S  films for intr insic  i l lumina t ion  are  shown in Fig. 
10a, b, for samples  3 and 4, respect ively,  at  room tem-  
perature .  These t ransients  genera ted  by  intr insic  ex-  
c i ta t ion were  found to be ident ical  for MOS and MS 
configurations. I t  is seen tha t  an increase  of the i l lumi -  
nat ion in tens i ty  (I)  resul ts  in the  appearance  of fast  
nonexponent ia l  decay, denoted as region "A." How- 
ever, the slow exponent ia l  ta i l  denoted as region "B" 
remains  unaffected by  i l lumina t ion  intensi ty.  I t  is of 
in teres t  to note that  t ransients  in Fig. 10 const i tute a l -  
most  a " textbook"  i l lus t ra t ion  of the  photoelect r ic  
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quence 14 > 13 > 12 > I1. Transients measured for h}, ~ 1.8 eV. 

t r ans ien t  in the typica l  case of pronounced t r app ing  
(13). Thus, the exponent ia l  ta i l  "B" can be considered 
as due to the the rmal  release of t r apped  minor i ty  car -  
riers.  

The corresponding exponent ia l  t ime constant  is 
given a s  

n- type ;  ~ - i  = ~rpvtNve--EA/~T where  EA - -  E t  - -  E v  [2a] 

p - type ;  ~ - i  - -  Cn~tNce--EA/kT where  EA "- Ec - -  E t  [2b] 

where  [2a] and [2b] descr ibe  the t ime constant  of the 
the rmal  re lease  of t r apped  holes and electrons,  respec-  
t ively. 

According to [2a], [2b] the t r app ing  re laxa t ion  t ime 
should increase  exponen t ia l ly  wi th  l/T, upon decreas-  
ing the tempera ture .  As shown in Fig. 11, such be-  
hav ior  was indeed observed exper imenta l ly ,  for both 
p -  and n - t y p e  samples  (2 and 3, respec t ive ly) .  De te r -  
mined  energies  of minor i ty  car r ie r  t r app ing  levels are:  
e lect ron t raps  ( p - t ype  Si) 0.25 eV below the conduc-  

t ion band;  and hole t raps  (n - type  Si) 0.15 eV above the 
valence band. I t  is ev ident  tha t  the l a t t e r  value  agrees 
ve ry  wel l  wi th  an energy  EA ---- 0.15 de te rmined  in the 
previous sect ion (see Fig. 9) f rom the t empe ra tu r e  
dependence  of the ampl i tude  of the  a-c  photovoltage.  
The es t imated  ( f rom expressions [2] ) va lues  of the 
effective capture  cross sections K p  ~_. ~rp �9 YT and K n  = 
~rn 'y  w are  in o rder  of 10 - n  cm 3 sec-Z and 10 -z3 cm 8 
sec -1 for  hole and e lect ron traps,  respect ively.  

Trans ient  analysis  in terms of pa rame te r s  of t rapping  
centers  could not be pe r fo rmed  for "as -grown"  sample  
1, due to the ve ry  low magni tude  of photovol tage  sig- 
nal  caused by  a high dens i ty  of  l i fe t ime ki l l ing  centers.  

Summary 
I t  has been  shown tha t  photovol tage  measurements  

detect  differences in defect  dens i ty  in SOS wafers  in 
different  stages of processing. The resul ts  obta ined  
f rom subband  and in te rband  photovol tage  measured  
in a s -g rown  and processed SOS wafers  can be sum-  
mar ized  as follows. 

1. Photovol tage  measurements  es tabl ished the pres -  
ence of deep levels located close to the center  of the 
energy  gap (0.6 eV) in al l  SOS films. The densi ty  of 
these levels is a funct ion of processing: increases  a f te r  
ion implan ta t ion  and is reduced  by  the h e a t - t r e a t m e n t  

2. The photoelectr ic  response of SOS films is dom-  
ina ted  by  t rapp ing  phenomena  which  are  very  s imilar  
to those encountered  in bu lk  Si containing a high 
dens i ty  of dislocat ions or  in po lycrys ta l l ine  Si. I t  has 
been es tabl ished that  the character is t ics  of the t r app ing  
process (e.g., t ime constant,  ac t ivat ion energy)  depend  
on film processing. Hole t rapp ing  levels located 0.15 
eV above the valence  band  and e lec t ron  t raps  located 
about  0.25 eV below the conduction band have been 
found in i on - imp lan ted  films. 

3. I t  has been found that  ion implan ta t ion  causes 
dras t ic  changes in the densi ty  of s tates  in the  v ic in i ty  
of bandedges.  These changes have been reduced,  but  
not  to ta l ly  e l iminated,  by annealing.  

4. I t  has been found that  al l  i on - imp lan ted  and "as-  
grown" films exhib i t  a s l ight  degree  of amorphizat ion.  
Thus, the s t ruc ture  character is t ic  of amorphous  silicon 
(energy gap at about  1.45 eV) was c lear ly  resolved for 
SOS films, in addi t ion  to the s tandard  energy  gap 
s t ruc ture  (1.1 eV) bu lk  Si. 

5. The ref rac t ive  index (as a function of photon 
energy)  of SOS films was found to be ve ry  s imi lar  to 
that  of bulk  Si. 

A summar iz ing  energy level  d i ag ram of s i l icon-on-  
sapphi re  is shown in Fig. 12 together  wi th  correspond-  
ing photoionizat ion t ransi t ions  (a r rows)  in n -  and  p -  
type mater ia l .  We bel ieve  tha t  the above resul ts  dem-  
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onstrate  the potential  of photovoltage as a unique tech- 
nique to provide a rel iable means for the characteriza- 
t ion of deep centers in SOS wafers dur ing different 
stages of processing. Furthermore,  the large magni tude  
of the photovoltage signal in ion- implanted  and an-  
nealed wafers confirms the possibility to extend this 
technique for the characterization of deep levels on a 
microscale. 

Manuscript  submit ted Oct. 12, 1980; revised ma nu-  
script received Ju ly  7, 1981. 

Any  discussion of this paper will appear in  a Discus- 
sion Section to be published in  the June  1982 JOUaNAL. 
All  discussions for the June  1982 Discussion Section 
should be submit ted by Feb. 1, 1982. 

Publication costs of this article were assisted by RCA 
Laboratories. 
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The Solid Electrolyte System 
0.40 

RbCu Cl3(I.xCL), 

I. Stability 

K. Nag 1 and S. Geller 
Department of Electrical Engineering, University of Colorado, Boulder, Colorado 80309 

ABSTRACT 

The stoichiometric solid electrolyte, RbCu3C1812, can be converted, by 
cold-work, to a new low symmet ry  phase with the probable composition 
RbCu4C13(I1.96C10.o4) (and very small  amounts  of CuI and probably,  
Rb2CusCIj). The new phase has a crystal s t ructure  which appears to be 
related to that of the cubic phase. It t ransforms rapidly  to the cubic phase 
with formula RbCu4Cl~(I1.98C10.0D at temperatures  above 75~ The new 
phase is stable in a very nar row tempera ture  range, almost surely not  wider 
than 0~176 It has a conductivi ty of 1.5 X 10 -4 ~ - 1  cm-1 at 298 K. Stoi- 
chiometric RbCu4C18I~ is thermodynamica l ly  stable in the nar row tempera-  
ture range 200 ~ _+ 15~ The solid solution range RbCu4C18(I2-xClx) 0.00 ----- z 
- -  0.40 _+ 0.01 has been confirmed. For 0.02 --~ x ----- 0.40, the materials  appear 
to be stable from at least 78 K to their preparat ion temperatures  which de-  
pend on x. None of these can be made to convert  to the new phase; that  is 
to say, the only established route to the new phase is through cold-working of 
the stoichiometric phase. 

In  an earl ier  paper  (1), it was reported briefly that  
there exists a solid solution range in RbCu4CI~ 
(I2-xClz) with 0.00 ----- x ----- 0.40. In  the present  work, 
we have studied the effects of subst i tut ion of chloride 
for iodide ions on the practical stabil i ty and on the 
conductivity. Because of the considerable detail  in -  
volved in the description of the results, i t  has been 
decided to divide the presentat ion into two parts:  
part  I will be devoted main ly  to the stabili ty and par t  
II main ly  to the conductivi ty studies of the materials.  

With the passing of time, there are new develop- 
ments  with regard to the na ture  of the stoichiometric 
material.  A pellet and some powdered mater ial  from 

on leave from Indian Association for the Cultivation of Sci- 
ence, Calcutta 700032 India. 

Key words: solid electrolyte, cuprous ion conductor, rubidium 
cuprous chloroiodide, transformation, stability. 

the same prepared specimen that had been stored in 
a capped vial in a desiccator for several months were 
checked by x-ray powder diffraction. It was found 
that all the material in the pellet was a new phase 
related to the solid electrolyte; a slight amount of 
CuI was present, but no other phases were detected. 
In the case of the powder, the same new phase was 

present, but so was cubic solid electrolyte and ap- 
parently somewhat more CuI than for the pellet. The 
solid electrolyte, however, had a smal ler  lattice con- 
stant, indicat ing that  it had the composition given by  
RbCu4C13(I1.gsCu0.o4). After  two years, no fur ther  
change in either part  of this specimen has been found. 
When the mater ia l  from the powder or pellet was 
heated to 200~ the cubic solid electrolyte was re-  
generated from the new phase, except that  it had a 
lattice constant  of 10.028A, 0.004.A less than that  of the 
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stoichiometric phase, indicat ing again a formula  
RbCu4C13(I1.96C10.04); CuI was also present.  After  two 
years, this mater ia l  did not rever t  to the new phase. 

Remarkably,  no other specimen, regardless of com- 
position, has changed on s tanding this way. Numerous 
experiments  resulted in a method of forcing the change, 
namely,  by cold-work, as will  be described later. Al-  
though the new phase can be produced by  this method, 
the mater ia l  is s t rained as indicated by  the appearance 
of the high angle region of the x - ray  powder pat tern.  
In the case of the stored specimen, the high angle 
lines in the x - r ay  powder photographs of the new 
phase are re la t ively sharp; at present, it is not known 
how the changes occurred in  this specimen. The ex- 
per iments  carried out subsequent ly  lead to the con- 
clusion that  they could not have resulted ~imply from 
the ins tabi l i ty  of the compound. 

Only the stoichiometric mater ia l  undergoes the 
transi t ion by cold-work; even a very small  subst i tu-  
tion of C1- for I -  ions, e.g., x = 0.02, inhibi ts  it. A 
smaller  lattice constant  for the cubic phase, whether  
other phases present  are detectable or not, means that  
some C1- ions are replacing iodide ions in the mate-  
rial. 

The new phase is not  isostructural  with either ~- or 
-y-RbAg415 (2). However, it does appear to have a 
s t ructure  related to that  of ~-RbAg415 (3) or RbCu4CI~I2 
( i ) .  

The materials  with x ~ 0 appear to be stable over a 
much wider  tempera ture  range than the stoichiometric 
material .  In all cases, care must  be taken to prepare 
the materials  in the tempera ture  range appropriate to 
the par t icular  composition. 

Experimental 
Materials  preparat ion . - -CuC1 was prepared by  the 

reduction of an aqueous solution of CuC12 (from 
CuCI2-2H20)  with Na2SO3 in accordance with the 
method of Kel ler  and Wycoff (4). The white crystal-  
l ine mater ia l  so obtained may be preserved indefinitely 
if stored dry. CuI was obtained by reacting CuSO4 
with KI and Na2S203 in aqueous solution as described 
by Kauffman and P inne l l  (5). The CuI that  precipi-  
tates in microcrystal l ine form was separated from the 
solution with some difficulty. The product was 
thoroughly washed and then dried in vacuo. However, 
an x - r ay  powder photograph of this mater ial  indi-  
cated the presence of occluded Na2S20.3. 2 Therefore, 
the mater ia l  was dissolved in aqueous HI (Baker, 47- 
51%); undissolved mater ial  was separated by filtra- 
t ion with a sintered glass crucible (G-4).  Water was 
added slowly to the filtrate while s t i rr ing un t i l  pre-  
cipitation of the CuI was complete. The CuI settled 
readi ly  and was separated by and washed on a glass 
flit.  Washing with water  was cont inued unt i l  the fil- 
t rate was acid-free. F ina l ly  three washings with dry  
acetone were made; the mater ial  was then dried in a 
vacuum oven at 100~ for 12 hr. 

RbC1 (Cerac 99.9%) was used after drying in vacuo 
at 100~ for 4 hr. 

S a m p l e  prepara t ion . - -Appropr ia te  amounts  of RbCI, 
CuC1, and CuI (original ly ground fine with agate 
mortar  and pestle) to prepare about 3.5g of RbCu4C13 
(I2-xClx) were weighed into a glass vial  and 
thoroughly mixed by shaking. The mix ture  was then 
pelletized in a ~/~ in. tungsten  carbide die at 1 kbar  
pressure with a Carver press. The pellet was then 
put  into a Pyrex test tube which was evacuated, 
flushed with dry  nitrogen, evacuated, and again flushed 
with dry  nitrogen. The pressure was then reduced to 
~/2 atm and the tube sealed off. The mater ial  was then 
melted in a furnace at about 320~ and held at this 

~commercially obtained CuI, probably prepared by the same 
method (5), contains Na2S20~. 

temperature  for I0 min, with occasional s t i rr ing of 
the melt. The tube was then removed from the furnace 
and after cooling to room temperature,  broken open 
inside a n i t rogen-rec i rcula t ing  glove box. The pellet 
was pulverized and ground fine with an agate mor ta r  
and pestle. After  repellet izing and sealing the mater ia l  
in a Pyrex tube as before, the mater ial  was annealed 
at the "desired" tempera ture  s for 4 hr. Our  experi-  
ments  led to the conclusion that  in all, four regr ind-  
ings, repelletizings, and anneal ings  of 4 hr, maximized 
the chance of obtaining a single phase material .  X - r ay  
powder diffraction photographs with both CuKa and 
CrK~ radiat ion were taken with I14.6 m m  diam 
Norelco cameras. The CrKa photographs were used 
for lattice constant  measurement .  The lattice constants 
and anneal ing  temperatures  for the various samples 
prepared are shown in Table I. Lattice constants are 
plotted vs. x in Fig. 1. 

Results and Discussion 
Latt ice constants  and compos i t ion . - -Our  s tud ies  h a v e  

shown that phase-pure  stoichiometric RbCu4ClzI2 is 
obtained when the anneal ing  is done in the nar row 
range ___ 5~ about 205~ The lattice constant  of this 
material  is 10.032 • 0.001A. Although it is not possible 
to detect the presence of very  small  amounts  of other 
phases in large excess of the solid electrolyte, the 
determinat ion of the lattice constant  is a powerful  in -  
dicator as to whether  impur i ty  phases are present  or 
not. When attempts were made to prepare the stoi- 
chiometric compound at temperatures  outside the 
temperature  range 200~176 the materials  obtained 
always had lattice constants lower than 10.032A (see  
Table II and later discussion of s tabil i ty of the m a -  
ter ia l s ) .  

The existence of a solid solution range RbCu4CI~ 
(I~-xClx) has been established 4 prior to the present  
work, and the earlier reported range, 0.00 --~ x ~ 0.40 
has been confirmed to • In the stoichiometric 
compound, only C l -  ions sur round the Rb + ions; new  
experiments  corroborate the previous resul t  (8) that  
small  amounts  of these CI -  ions cannot be replaced 
by I -  ions. accountin~ for the formulat ion that  we use, 
i.e., RbCu4Cl3 (12-xClx). 

The lowest lattice constant  in the series is 10.001 • 
0.001A for RbCu4Cl3(I1.~Clo.4). An a t temut  to prepare 
a specimen with formula RbCu4C13(Ii.55Clo.45) did not 
give single phase material.  It  contained the solid 
electrolyte RbCu~Cl.~(I1.6C10.4), i.e., with lattice con-  
stant  10.001A (see Fig. 1). Other phases were difficult 
to detect in the powder photograph. The reaction is 

RbC1 -~ 2.45CUCI -~ 1.55CuI--> 0.968RbCu4C13 (I1.6C10.4) 

-b 0.0064Rb2Cu3CI5 ~- 0.0064Rb3Cu7Cll0 ~ 0.064CUC1 

3 It was found that the "desired" temperature was a function 
of x. 

4 References (6) and (7) notwithstanding. 
This CuC1 is really unreacted material. 

Table I. Lattice constants and preparation annealing temperatures 
for the system RbCu4CI312 

Annealing 
x ao (A) temperature (~ 

0 10.032 t 0.01 10.031 
0.02 10.030 
0.03 10.029 
0.04 10.028 205 - 5 
0,05 10.027 
0.10 10.021 
0.14 10.017 
0.175 10.015 } 
0.20 10.013 195 ~ 5 
0.27 10.008 
0.32 10,005 } 
0.40 10,001 175 • 
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Fig. 1. Lattice constant vs. x in RbCu4CI3(12-zCIx) 
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This reac t ion  was verif ied by  an a t t empted  p repa ra t ion  
of "RbCuaCI~(IC1)," in which case the  cubic solid 
e lec t ro ly te  wi th  ao = 10.001A, as before,  as wel l  as 
the  th ree  o ther  phases were  seen in the powder  pho to -  
graph.  

The two compounds Rb2Cu~CI~ and Rb3Cu7Clz0 have 
been ment ioned  in Ref. (9) [and Rb2Cu3C15 in Ref. 
(10)];  we have confirmed the i r  exis tence by  p r e p a r a -  
tion by  so l id-s ta te  reaction.  (Appropr ia te  mix tures  of 
RbCI and CuC1 were  ground toge ther  in an agate  
mortar ,  pel le t ized,  inser ted  in a tube,  evacuated,  
flushed wi th  d r y  ni t rogen,  f inal ly sealed off wi th  N2 
pressure  of 1/2 atm, and hea ted  at  140~ for 6 hr.  
Each was given two addi t ional  r egr ind ings ,  pe l le t iz -  
ings, etc., and  anneal ings  at  140~ for 6 hr . )  The m a -  
te r ia l  r epor ted  in Ref. (10) as RbCu4C15 is a mix tu re  
of Rb~Cu3C15, Rb3Cu7Cl~0, and CuC1 in real  ra t io  
1:1:10. 

In  the p repa ra t ion  of a solid e lec t ro ly te  wi th  spe-  
cific x, the  r equ i red  anneal ing  t empe ra tu r e  mus t  be 
reduced as x increases (see Table  I ) .  F o r  example ,  
a t tempts  to p repa re  RbCu4C13(II.6C10.O at  t e m p e r a -  
tures above 180~ gave cubic mate r ia l s  wi th  la t t ice  
constant  g rea te r  than  1O.001A. This implies  that  these 
mate r ia l s  have  x <: 0.40, even though it  was of ten 
difficult to discern the ex t ra  phases in the x - r a y  
powder  photographs  (see la te r  discussion) .  

The anneal ing  t empera tu res  given in Table I a re  
those that  were  found to be opt imum. A compar ison 
of resul ts  on specimens wi th  0 ~ x ~ 0.10 p r e p a r e d  at  
two different  anneal ing  tempera tures ,  205 ~ ___ 5~ and 
180~ is given in Table  II. In  this range  of composi-  
tion, there  is no doubt  tha t  the h igher  t e m p e r a t u r e  
anneal ings  are  required.  I t  is no tewor thy  that  a f te r  
the  samples  were  p r e p a r e d  by  anneal ings  at  180~ 
reanneal ing6 at  the h igher  t empe ra tu r e  resu l ted  in 
increased la t t ice  constant.  This implies  homogeniza-  
t ion e i ther  by  fu r the r  react ion of the  solid e lec t ro ly te  
wi th  incomple te ly  reac ted  const i tuents  or  poss ibly  

o T h i s  s h o u l d  b e  u n d e r s t o o d  to  m e a n  a d d i t i o n a l  cyc les  i n c l u d i n g  
regrinding,  r epe l l e t i z ing ,  e tc . ,  as  d e s c r i b e d  u n d e r  S a m p l e  p rep -  
a r a t i on ,  

Table II. Lattice constants of specimens in system 
gbCu4CI3(12-zCIz) prepared at two different temperatures* 

z 205" • 5~43 180~ 

0 10.082 10.080 
0.01 10.061 10.028 
0.02 10.030 10.027 
0.05 10.029 10.0~6 
0.05 10.027 10.025 
0.10 10.021 10.020 

Higher temperature  results  are the correct  ones: see text.  

the fu r the r  react ions  of a continuous mix tu re  of solid 
solutions, in a na r row  range,  of course. 

When an a t t empt  was made  to p repa re  RbCu4C1812 
at  225~ the lat t ice constant  of the cubic phase was 
10.030A also (see Table  I I ) .  This m a y  mean  tha t  the 
fol lowing react ion occurred 

RbC1 + 2CuCl + 2CuI --> 0.9934RbCu4Cl~ (I1.gsC10.~) 

+ 0.0066RbI + 0.027CuI 

An a t t empt  to p repa re  RbCu4CI~(I1.6C10.4) at  225~ 
gave a cubic phase wi th  la t t ice  constant  10.013A, and 
when t r ied  at  205~ gave 10.006A. These resul ts  m a y  
be exp la ined  by  reference  to Fig. 1; a la t t ice  constant  
of 10.013A means  x = 0.20, and  of 10.006A means  x = 
0.29. The react ion for the  first case is ve ry  l i ke ly  

RbC1 + 2.40CUC1 + 1.60CuI-> 0.890RbCu4CI~ (II.sC10.s) 

-t- 0.022Rb2Cu~C15 + 0.022Rb3CuvClz0 + 0.220CUC1 

A s imi lar  react ion m a y  r ead i ly  be wr i t t en  for the 
second case. 7 

Stoichiometric RbCu4ClsI2.--X-ray powder  diffrac-  
t ion photographs  and di f f rac tometer  pa t te rns  were  
t aken  of a sample  of the  s toichiometr ic  RbCu4ClsI2 
that  had  been s tored in a closed via l  in a desiccator  
for severa l  months.  Pa r t  of the  sample  was s t i l l  in 
pe l le t  form and par t  was powder .  Both were  different  
f rom stoichiometr ic  RbCu4Cl~I2: The pe l le t  conta ined 
a new low s y m m e t r y  phase  plus  a ve ry  smal l  amount  
of CuI; the powder  contained the low s y m m e t r y  
phase,  cubic solid e lec t ro ly te  wi th  ao = 10.028A 
( therefore  having x = 0.04) and perhaps  s l ight ly  
more  CuI. Af t e r  two years,  no fu r the r  changes have  
taken  place  in the  two par t s  of the  specimen;  the re -  
fore it is un l ike ly  tha t  the changes observed resu l ted  
from slow decomposit ion.  I t  is not  known  why  the  
two par ts  of the specimen behaved  differently.  No 
o ther  specimen, regard less  of composit ion,  has con- 
ve r ted  in e i ther  of these ways  over  much  longer  
per iods  of t ime than  t r ansp i red  for the  in i t ia l  ob-  
servat ion.  

Judg ing  f rom the x - r a y  powder  pa t te rn ,  the s t ruc-  
ture  of the new phase seems sti l l  to be  re la ted  to the  
RbAg415 s t ruc ture  (3) (wi th  which  al l  member s  of 
the RbCu4Clz(I2-~Clz) system are  i sos t ruc tura l ) ,  but  
it  is not  i sos t ructura l  wi th  e i ther  ~- or  7-RbAg415 (2). 
Table  I I I  lists powder  diffraction data,  t aken  with  a 
diffractometer ,  for the new phase. Fo r  comparison,  
da ta  a re  given also for the  cubic RbCu4Cl~(I1.96C10.~4) 
solid e lec t ro ly te  phase.  

At t empts  were  made to p repa re  the  new phase d i -  
rectly.  These included t ry ing  to in t roduce I -  va -  
cancies and subst i tu t ion  of var ious  types  and amounts  
of o ther  ions for Rb + and for Cu +. These exper imen t s  
were  unsuccessful.  

We sought to obta in  the  new phase in another  way, 
namely,  by  pressurizing,  depressur iz ing,  grinding,  
and repeat ing.  Appl ied  pressure  was 5000 kg cm -2 for 

In  p a r t  of t h e  f o l l o w i n g  sec t ion ,  w e  s h o w  t h a t  t h e  s i ng l e  
p h a s e  RbCu4Ch(I~.~Clo.D p r e p a r e d  a t  180~ d e c o m p o s e s  in the 
same  w a y  a t  h i g h e r  t e m p e r a t u r e s ,  
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Table I I I .  Powder diffraction data* for the new phase and for 
cubic RbCu4CI3(I z.96C10.34) 

N e w  phase  Cubic phase 

dhkl I/Io dhk! I/Io hkl 

7.091 34 110 
6.943 63 
6.259 3 
6.176 15 
5.821 21 5.790 19 111 
5.463 7 
4.627 16 
4.466 16 4.485 11 210 
4.294 11 
4.242 21 
4.197 4 

4.094 4 211 
3.544 42 3.545 47 220 
3.347 5 3.343 3 221 
3.290 68 
3.267 75 
3.217 7 

3.171 3 310 
3.094 17 
3.028 100 3.024 lOO 311 
2.985 88 
2.931 64 2.895 14 222 
2.745 20 2,781 2 320 
2,729 3 
2.687 23 2.680 4 321 
2.658 5 
2.641 6 
2.628 7 
2.547 6 
2.534 5 2.507 6 400 
2.418 14 
2.391 8 2.364 2 411,330 
2.285 4 2.301 10 331 
2.277 6 
2.235 7 
2.177 10 
2.133 14 
2.124 12 
2.062 4 2.047 40 422 
2,031 5 
2.020 20 
1.998 23 2.006 5 430 
1.986 43 
1.965 33 1.967 10 510, 431 
1.944 40 

1.930 44 511, 333 
1.908 31 
1.895 3 
1.874 3 
1.862 28 1,862 5 520, 432 
1.848 46 
1.82'1- 6 
1.816 10 
1.774 21 1.773 28 440 

* The data are arranged ~o show that the  two structures are 
related. The relative intensities are given for the individual 
materials. The strongest line of the cubic phase has at least 2.3 
t imes  the  intensi ty  os the  s trongest  l ine os the new phase. 

V2 hr. After  seven such treatments ,  the mater ia l  was 
found to be completely converted to the new phase. 
I t  was found that  gr inding cont inuously for 3 hr  or 
a l ternate ly  pressurizing and depressurizing alone 
did not  result  in conversion. As a consequence of this 
experiment ,  a device was bui l t  to perform the cold- 
work automatically.  It  consists essential ly of a hard-  
ened steel base to which is attached a stainless steel 
cyl inder  with 3/8 in. ID. These parts  rotate about  a 
hardened steel piston with V4 in. diam attached to a 
variable speed reciprocating motor. About  200 mg of 
the sample to be cold-worked are put  into the cyl in-  
der. The motor and piston are adjusted over the 
specimen so that  it  is off the center  of rotat ion and 
ra ther  close t o  the cyl inder wall. When the machine  
is tu rned  on, the piston pounds the mater ia l  against 
the hardened steel base. The powder  spreads about  
inside the cylinder,  and unless it clings to the wal l  
receives almost continuous pounding.  In  effect, the 
particles are subjected to both normal  and shear 
stresses. Unfor tunately ,  some powder adheres s t rongly 
to the cyl inder wall. This powder could be removed, 
the whole sample homogenized, pounding  continued, 
and so on. However, we used this method main ly  to 
determine whether  different specimens could be made 
to t ransform to the new phase. There is no doubt that  
the method was useful  in this respect. After  24 hr  of 

pounding,  a specimen of stoichiometric RbCu4C18Iz 
was converted par t ia l ly  to the new phase; CuI was 
also detected. The unchanged cubic solid electrolyte 
still present  had ao ---- 10.032A. 

Nonstoichiometric specimens with compositions 0 . 0 2  
--- x ----- 0.40 were also subjected to this t rea tment  for 
longer periods, in some cases, as m a n y  as eight days. 
X- ray  powder diffraction photographs indicated no 
change in  any  of these materials.  It  is therefore con- 
cluded that  only  the stoichiometric RbCu4C1312, wi th-  
in x < 0.02, undergoes this change. 

Measurements  of conductivi ty 8 vs. tempera ture  were 
made on a sample of the completely t ransformed ma-  
terial  prepared by pressurizing, depressurizing, g r ind-  
ing, and repeat ing (PDGR).  The cell used was: 
Ag]RbCu4C1312, Agl t ransformed materiallRbCu4Cl~I2, 
AglAg. The plot of loglo (vT) vs. 108/T is shown in  
Fig. 2. At 298 K, the mater ia l  has a conduct ivi ty o f  
1 .45  • 10 - 4  ~ - 1  cm-1. The conductivi ty increases l in -  
early to 2.87 X 10 -3 ~ - 1  cm-1 at 348 K. [For the 
l inear  port ion of the curve between 298 and 348 K, 
the activation entha lpy  of motion, hm, is 0.43 eV, ind i -  
cating that  the mater ia l  is not  a good solid electrolyte 
(12).] Just  at 348 K, the conduct ivi ty  rises sharply;  
~T increases by  two orders of magni tude  in  the range 
3 4 8 - 3 6 5  K. At 378 K, the conduct ivi ty  reached 0 . 2 4  
~ - 1  cm-1,  and at 440 K, 0.47 ~ - 1  c m - L  An x - r ay  
powder diffraction photograph taken of the mater ia l  
following the measurements  shows the presence o f  
cubic RbCu4Clz(I1.96Clo.04); strangely, no CuI or other 
phases were detected. However, when  some new phase 
mater ia l  was heated at 80~ again the cubic phase 
with formula RbCu4Cls(I1.96Clo.04) was regenerated;  
in this case CuI was detected in  the powder photo-  
graph. 

s These results are included here because they  elucidate the 
relation of the  new phase to the cubic phase. For cell prepara- 
tion and other details of conductivity measurement, see part H 
(11); it should be noted  that the heat ing cycle w a s  not  included 
in the preparation of the  ceil 
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Fig. 2. Conductivity multiplied by temperature vs. reclprecal 
temperature for the new phase. 
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The resul ts  of the conduct iv i ty  expe r imen t  p rove  
that  the  new phase  converts  eas i ly  to the  cubic solid 
e lec t ro ly te  phase,  i.e., in a few minutes  at  the  ap- 
propriate t empera ture .  This impl ies  tha t  a l though it 
must  be p repa red  b y  a route  which mus t  involve some 
decomposi t ion of the s toichiometr ic  mater ia l ,  i t  p rob -  
ab ly  has the composit ion RbCu4C13 (II.ssC10.04) or  ve ry  
close to it. I t  is also ve ry  clear  tha t  the  t rans i t ion  is 
first order .  

Much before  the conduct iv i ty  expe r imen t  on the 
t r ans formed  mater ia l ,  por t ions  of i t  were  hea ted  a t  
h igher  tempera tures ,  140 ~ and 200~ In al l  cases the  
lat t ice constant  of the cubic solid e lec t ro ly te  indica ted  
a composi t ion RbCu4C13(Iz.90C10.04), wi th in  exper i -  
men ta l  error ,  --0.01 --~ Ax ~ 0.00. If  the composit ion 
of the new phase is ac tua l ly  the same as tha t  of the  
r egenera ted  cubic phase,  the decomposi t ion could be 
wr i t t en  as fol lows 

RbCu4C13I~ ~ 0.926RbCu4CI8 (Iz.geC10.04) (new phase)  

+ 0.185CuI + 0.037Rb~Cu3CI5 

The RbsCu~C15 is not  detected in e i ther  the powder  
photographs  or  d i f f rac tometer  pa t te rns  of e i ther  the 
t r ans fo rmed  mate r i a l  (i.e., containing the new phase)  
or  the rehea ted  t rans formed ma te r i a l  (i.e., containing 
the  r egene ra t ed  cubic sol id  e lec t ro ly te  phase ) ,  v e r y  
l ike ly  because i t  is only  3 mol percent  of the to ta l  and 
its s t rongest  l ine is appa ren t ly  much less in tense  than  
that  of the s t rongest  l ine of CuI. This conclusion is 
suppor ted  b y  the resul ts  of another  exper iment .  Some 
of the t r ans fo rmed  mater ia l ,  p r epa red  b y  co ld -work  
(PDGR) ,  was hea ted  at  60~ for  3 days,  the  new 

phase decomposed comple te ly  according to 

RbCu4Cls (II.gsCl~.o4) (nominal) ~ 0.173Rb~C~CIs 

+ 0.218Rb3CuTC110 + 1.96Cui 

Only a few of the low angle lines of the first two 
phases on the right of the equation were observed 
in the powder photographs taken with CuK~ radia- 
tion. 

There is the possibility that the new phase may 
have iodide vacancies and a deficiency of Cu + ions. 
The formula would then be RbCu3.s2Cl~(Iz.s2Vo.os), 
that is, if only Cul were exsolved. If the decomposition 
is as written in the last equation and the structure is 
ordered, the formula must be close to Rb~ICu200C1z53Iss. 
This would be the minimum unit cell content. The 
volume of such a cell would be about 13 times larger 
than that of RbCu4ClzI2. This seems unlikely. We be- 
lieve that the most likely possibility is that indicated 
earlier; namely, that the new phase has the composi- 
tion RbCu4CI~(ILgsCI0.64) with some disorder among 
the iodide and small number of chloride ions in sites 
analogous to those in the crystal structure of the cubic 
phase. It may be difficult to ascertain the truth in 
this case, because it does not seem probable that single 
crystals can be produced; however, further work is 
planned in this direction. 

It was stgted above that the material that was pre- 
pared by cold-work (PDGR) decomposed completely 
after being held at 60~ for 3 days. The original trans- 
formed mate r i a l  f rom the pe l le t  showed incomplete ,  
but  considerable,  decomposi t ion af te r  5 days  at  50~ 
also, ano ther  sample  he ld  at 400C for 3 days  showed 
substant ia l  decomposit ion.  While  an expe r imen t  on this 
ma te r i a l  was not  done at  60~ there  is an indicat ion 
that  the co ld -worked  mate r i a l  decomposes more  r a p -  
id ly  than  the other. The g rea te r  ra te  of decomposi t ion 
is consistent  wi th  the s t ra in  in the ma te r i a l  indica ted  
by  the powder  photographs .  In any case the expe r i -  
ments  indicate  tha t  the  new phase  is not  t h e r m o d y -  
namica l ly  s table  at  40~ or  higher .  

Both mater ia ls ,  i.e., the one p repa red  b y  co ld -work  
(PDGR) and the or ig inal  one f rom the pel let ,  decom-  
pose pa r t i a l l y  when kep t  at  l iquid  n i t rogen t e m p e r a -  
ture for  16 hr. Aga in  the ra te  of decomposi t ion of the 
former  is g rea te r  than tha t  of the lat ter .  Decomposi-  
t ion also takes  place when the new phase is kep t  at 
--5~ for 12 days.  Thus the new phase,  if  i t  is t he rmo-  
dynamica l l y  s tab le  at  all,  is so in a ve ry  n a r r o w  t em-  
pe ra tu re  range,  a lmost  su re ly  not  g rea te r  t han  0 ~ to 
35~ 

In the foregoing, we have  d is t inguished be tween  
the new phase which was first found in the  s tored 
mate r i a l  and  the same, but  s trained,  new phase  which 
was p repa red  by  cold-work.  I t  may  appea r  tha t  we 
mean to imp ly  tha t  the t ransformat ion  tha t  occurred 
in the s tored ma te r i a l  did so s imply  because of the 
ins tab i l i ty  of stoichiornetric RbCuC1312. However ,  we 
mus t  emphasize  tha t  this  cannot  be the  case, because,  
as pointed out, no o ther  specimen of the s toichiometr ic  
mate r ia l  has behaved  in the same way. We must  admi t  
that  we do not  know how the or ig inal  changes oc- 
curred,  but  it  is p robable  tha t  t hey  occurred b y  cold-  
work.  Unfor tunate ly ,  there  is no indicat ion,  in the 
record,  that  this  is or is not the  case and too much 
t ime has e lapsed for the or ig inal  p r e p a r e r  to reca l l  
jus t  wha t  had  occurred.  

Exper iments  on the s tab i l i ty  of s toichiometr ic  cubic 
RbCu4ClsI2 indicate  that  i t  is t he rmodynamica l ly  
s table  in only  a na r row t empera tu r e  range  about  
200~ perhaps  no grea te r  than  •176176 At  t e m p e r a -  
tures outside this range,  i t  decomposes,  but  not  always 
in the same way  (see Table IV) .  

The s tab i l i ty  re la t ionships  of the s toichiometr ic  
cubic phase, the cubic RbCu4C13(Ii.96C10.04) phase and 
new phase wi th  respect  to each o ther  are  summar ized  
in Fig. 3. 

RbCu4CIs(I~-zClx), 0.00 < x ~-- 0.40 composit ions.--  
Exhaus t ive  exper iments  were  not  car r ied  out, bu t  
those that  have been done (Table  V) indicate  tha t  one 
may  expect  that  al l  composit ions wi th  x ~ 0 should be 
s table be tween  thei r  op t imum prepara t ion  t e m p e r a -  
tures (Table I)  and l iquid N2 tempera ture .  This s tab i l -  
i ty  cannot  be guaran teed  to be the rmodynamic  over  
the whole t empera tu re  ranges.  

I t  should be emphasized,  tha t  specimens with  x --  
0.02 and x = 0.05 could not  be conver ted  to the  new 
phase by  3 days  of continuous cold-work .  

Table IV. RbCu4CI312 stability experiments 

E x p e r i m e n t *  O b s e r v a t i o n s t  

40~ 5 days  

60~ 5 d a y s  
149~ 3 days  
175~ 3 h r  
225~ 15 h r  
- 5 ~  2 m o n t h s  

- 1 9 6 ~  15 hr 

CuI + S.E.: x > 0, but lines too broad to 
m e a s u r e  ao 

CuI  + S.E.:  ao = 10.028A = ~  x = 0.04 
CuI + S.E.: ao = I0.028A ~ x = 0.04 
CuI  + S.E.:  ao = 10.028A ==~ x = 0.04 
No  CuI  d e t e c t e d ,  ao = 10.030A =~  x = 0.02 
CuI  + S.E. ( b r o a d  l i n e s )  + Rb~Cu~CI5 + 

RbsCu~Cho 
ao = I0.032A, much Cul, decomposed stoi- 

chiometrically 

* Experiments done a t  185 ~ ~ T < 215~ i n d i c a t e  no  change 
in  ao o r  p h a s e  p u r i t y .  

t S.E. -= so l id  e l e c t r o l y t e .  

Table V. RbCu4C|a(l~-zClx) stability experiments 

E x p e r i m e n t  O b s e r v a t i o n s  

x = 0.40: 225~ 16 h r  ao = 10.013A = ~  ~ = 0.20 
205~ 16 h r  ao = 10.006A ~ x = 0.29 
140~ 10 h r  No c h a n g e ,  i.e., no = 10.001A 
60~ 8 d a y s  No  c h a n g e  

-- 196~ 3 d a y s  No  c h a n g e  
210~ 16 h r  no = 10.008A ~ x = 0.27 
60~ 6 days  No  c h a n g e ,  i.e., ao = 10.027A 

- 1 9 5 ~  4 d a y s  N o  c h a n g e  
--196~ 2 days No change, i.e., ao = I0.028A 
--196~ 2 days No change, i.e., ao = I0.029A 

x = 0 . 3 2 :  
x = 0 . 0 5 :  

x = 0 . 0 4 :  
x - -  0 . 0 3 :  
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I CUBIC RbCu4CI 3 (Ti.96C10.04) 
+ 

very small amounts of 
Cut+ Rb2CusC[5(?I 

40~176 / \ ~ 75~163 
REACTION ~/  / '~ "~ FAST 
TIME =.f(T)/  ~ ~ \TRANSFORMATION 

RbCu4CI3I 2 

COLD-WORK 

~ V 

NEW PHASE 
Rbeu4CI 3 (T 1.96C 10,04) (?) 

+ 
very small omounts of 
Cut+ Rb2Cu3CI5(?) 

)~ ~I~O~ 60~ 

CuI + Rb2Cu'3Cl5+ Rb:3C urCllo I 

Fig. 3. Summary of stability relationships of stoichiometric 
RbCu4CI,312, cubic RbCu4Cla(ll.96Clo.04), and the new phase. 

Note added in prooS: 
It appears that the new phase produced by the cold- 

working of stoichiometric RbCu4C1312 is isostructural 
with a thermodynamically stable phase of CsCu4CI~I2 
(to be published). The x-ray diffraction data given 
in Table III  have been indexed on an orthorhombic 
cell with a = 13.908, b = 24.752, c -- 11.664A, probably 
good to • (This indexing does not account for 
the very low intensity line with dhk~ = 6.259A.) The 
possible space groups are Cmca (D2u TM) and C2ca 
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The Solid Electrolyte System RbCu,CIs(12-xCI ), 
x  0.40 

II. Electrical Conductivity 

S. Geller, K. Nag, 1 and A. K. Ray 
Department of Electrical Engineering, University oS Colorado, Boulder, Colorado 80309 

ABSTRACT 

Electrical conductivity has been measured as a function of temperature 
and composition in the system RbCu4CI~(12-xCIz). Room temperature con- 
ductivities, uncorrected for deviation of bulk from x-ray densities, decrease 
very nearly linearly from 0.39 ~t -I cm -t for the stoichiometric composition 
to 0.28 ~t-t cm-1 for x : 0.40. Corrections for density could increase these 
values by about 10%. The enthalpies of activation of motion for the Cu + ions 
range from 0.112 eV for x = 0.00 to 0.117 eV for x = 0.40, indicating that the 
decrease in conductivity with increasing x is caused by the disorder intro- 
duced by the replacement of iodide by chloride ions. 

In this paper, we give the results of measurements 
of conductivity as a function of temperature and com- 
position in the RbCu4C13(I~-xClx) system. The con- 
ductivities decrease very nearly linearly with increas- 
ing x. This is attributed to a decrease in the mobility 
of the Cu + ions (which is very sensitive to hm, the 
activation enthalpy of motion) caused by the disorder 
introduced by the substitution of C1- for I -  ionS. 

On leave from the Indian Association for the Cultivation of 
Science, Calcutta 700032 India. 
Key words: solid electrolyte, conductivity, solid solution, cu- 

prous ion couductor, rubidium cuprous chloroiodide. 

The conductivity results obtained on stoichiometric 
RbCu4CIsI~ in the present work cast doubt on the 
existence of low temperature transitions reported 
earlier (I). The "apparent transitions" are very likely 
caused by development of hairline cracks in the pills. 

Experimental 
Details on starting materials and on preparation of 

the solid electrolyte samples are given in part I (2). 
The preparation of the cells for the conductivity mea- 
surements was one of the formidable problems in this 
investigation. Unlike the case with the conductivity 



2676 Y. Eleetrochem. Sot.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  December 1981 

measurements  on NH4CugCI~(I1.9C10.1) (3), we could 
not  find a w a y  to use copper  powder  as e lect rode ma-  
te r ia l  e i ther  in pure  form or mixed  with var ious  p ro -  
por t ions  of solid e lectrolyte .  

The procedure  which  tu rned  out to be best  for  ob-  
ta in ing 6.35 m m  diam pel le ts  of 3 m m  length  wi th  0.2 
m m  electrodes at  the ends wi th  densi t ies  of the  solid 
e lec t ro ly te  in the range  94-96% of theoret ica l  is de -  
scr ibed here . -We use a die made  of 440-C ha rdened  
stainless steel  of 1/4 in. ID with  a finely pol ished inner  
surface. At  the bot tom of the die is a smal l  tungsten 
carbide piston of �88 in. d iam and u in. long. 35 mg of 
an in t imate  mix ture  of the 1 ~m Ag powder  2 and solid 
e lec t ro ly te  (1:1 by  weigh't) are  placed in the die on 
the smal l  piston. This ma te r i a l  is smoothed wi th  the 
help  of a longer  piston, being careful  tha t  no pa r -  
ticles adhere  to the  wal l  of  the die. The ma te r i a l  is 
then subjec ted  to a pressure  of 600 kg  cm -2  for about  
1 rain. Pressure  and piston are  removed  and 400 mg of 
the solid e lec t ro ly te  added.  Again  this ma te r i a l  is com- 
pressed at  the  same pressure .  Then 35 mg of e lec-  
t rode mate r i a l  are  added,  and again pressure  is ap-  
plied. Then another  ~/4 in. d i am-% in. long tungsten 
carbide  piece is inser ted  fol lowed b y  a 2 in. long 
piston. A hea t ing  tape is wound about  the die and  a 
Chrome l -A lume l  thermocouple  inser ted be tween  the 
tape and die. The die is hea ted  s lowly  to a t empera tu re  
of 50~ and a pressure  of 3000 kg cm -2 applied.  Tem-  
pe ra tu re  and pressure  are  held  at  these values  for 
10 min. Pressure  is re leased  and t empe ra tu r e  s lowly 
raised to 80~ over  a per iod  of 1 hr. Then the t e m p e r a -  
ture  is s lowly  decreased to room t empera tu r e  over  a 
per iod of 2 hr. The p i l l  is then r ead i ly  removed  from 
the die, examined  under  the  microscope for  smal l  
cracks and for measuremen t  of dimensions wi th  an 
eyepiece micrometer .  

Conduct ivi t ies  as a funct ion of t empe ra tu r e  were  
measured  wi th  essent ia l ly  the  same equ ipment  as 
descr ibed e lsewhere  (1 ,4) .  A thin layer  of the  1 
~m Ag powder  is spread over  the e lect rode surfaces 
of the pi l l  to improve  contact  be tween  the p la t inum 
electrodes ( fo rmer ly  s i lver)  of the equ ipment  [see 
Fig. 1 of Ref. (4)]  and the e lect rode surfaces of the  
specimen. Dry  ni t rogen flows cont inuously  a round  
the specimen. 

Measurements  were  also made  on carbon resis tors  
wi th  accura te ly  known resistances over  the  range  of  
resis tances of the specimens and over  the range  of 
f requencies  used in the measurements  of the solid 
e lec t ro ly te  resistances.  (Genera l ly  the frequencies  
were  close to 5 kHz.) Approp r i a t e  correct ions were  
made.  

Checks on conduct iv i ty  resul ts  obta ined  with  the 
vector  impedance  measur ing  device were  made  with  
a Genera l  Radio  1650B impedance  br idge  used in con- 
junct ion  wi th  a GR 1310 osci l la tor  and GR 1232A 
tuned null  detector .  Agreemen t  was ve ry  good (wi thin  
1% ) in  a l l  cases. 

R e s u l t s  a n d  D i s c u s s i o n  
In Fig. 1, loglo (~T) vs. 103/T is p lo t ted  for  three  

runs on the same pel le t  of s to ichiometr ic  RbCu4C1812 
be tween  room t empera tu r e  (295 K) and 450 K. A 
separa te  pe l le t  was used to obta in  the  low t empera tu r e  
da ta  shown in Fig. 1 and 2. 

On the first hea t ing  f rom room tempera tu re ,  (108/T 
= 3.35), there  is a sl ight  devia t ion  from the s t ra ight  
l ine beginning  a t  103/T : 2.5{) (T ---- 400 K) .  [In Ref. 
(1) such a devia t ion  was not observed;  the measu re -  
ments  were  made  only to 385 K.] On cooling, the  
points  obta ined  all  fitted a s t ra ight  l ine ve ry  well.  The 
sample  was removed  from the appara tus  and kep t  in a 
desiccator.  On the fol lowing day, a second hea t ing  
cycle was per formed;  the points obta ined lie on a 

99.99% pure (Cerac), 

s t ra ight  l ine (wi thin  expe r imen ta l  e r ror )  though not  
quite as well  as for the two pr io r  runs.  The slopes for 
the first two give hm (the en tha lpy  of ac t ivat ion of 
mot ion)  equal  to 0.112 eV; the  slope of the th i rd  
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Fig. 1. Conductivity multiplied by temperature vs. reciprocal 
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"3" 
E 
o 

. I01 

l--  
b 

,o3~ -- .... I I I - 

k R bC u4C13 [ 2 

10 2 

Z cooL~.o _- 

0 
IO 

16 L 
4 5 6 

I031T (K -I) 
Fig, 2, Conductivity multiplied by temperature vs. reciprocal 

temperature in the subambient temperature region for a specimen 
of stoichlometric RbCu4Clal~. 



Vol. 128, No. 12 S O L I D  E L E C T R O L Y T E  S Y S T E M  2677 

A 

"T 
E 
lJ 

I02 

l --  

b 

I 0 3  

Q X =  0 . 1 0  

b x = 0 . ~ 0  

c x = 0 . 3 2  

d x = 0 . 4 0  

R bCu4Cl$(I2_xCI x) 

Lo I 
3 4 

103 /T  (K "l ) 

Fig. 3. Conductivity multiplied by temperature vs. reciprocal 
temperature for representative specimens in the RbCu4CI3(12-xCIx) 
system. 

gives 0.115 eV. (Note: a l l  s t ra ight  l ine fits to the da ta  
were  pe r fo rmed  by  l inear  regression analysis . )  

I t  is to be noted that  no devia t ion  f rom the s t ra igh t  
l ines occurred at  h igh t empera tu res  for any  specimen 
with  x > 0 (Fig. 3). Consider ing the observat ions  
that  had  been made on the s tab i l i ty  of the  s toi-  
chiometr ic  ma te r i a l  [see pa r t  I (2)] ,  it  was at first be -  
l ieved that  the devia t ion  f rom the s t ra ight  l ine resul ted  
from some decomposi t ion of the solid e lectrolyte .  ( I t  
should be ment ioned that  this deviat ion was observed 
on three  sepa ra te ly  inves t iga ted  pellets .)  An x - r a y  
powder  photograph  of the tested mate r i a l  ind ica ted  
tha t  no decomposi t ion had occurred.  We can only 
speculate  that  the deviat ion perhaps  resul ted  f rom an 
unfavorab le  react ion of the s toichiometr ic  RbCu4C1312 
wi th  the s i lver  in the e lect rode at  the s o l i d  e lec t ro-  
ly te -e lec t rode  interface.  Some fu r the r  react ion might  
have occurred dur ing  the overn ight  period,  because 
the conduct ivi t ies  d ropped  s l ight ly;  the change of the 
room t empera tu r e  conduct iv i ty  be tween  the two h e a t -  
ing cycles was 0.04 ~2-1 cm-1,  i.e., f rom 0.39 to 0.35 
12-I c m - 1 .  

It  has been observed  that  the measured  conduc-  
t iv i ty  of a pe l le t  decreases as the pe l le t  ages. This is 
t rue  for al l  x. React ion wi th  Ag is bel ieved to be in -  
volved, but  i t  is not  ye t  known what  i t  is. In  any  case, 
for best  resul ts  the pel le ts  for measu remen t  should be 
f reshly  p repa red  as descr ibed ear l ier .  

Shown also in Fig. 1 and 2 are  the resul ts  of m e a -  
surements  made on a fresh pe l le t  a t  subambien t  t em-  
pera tures .  Down to 250 K, the points  ob ta ined  lie on 
the same s t ra ight  l ine as the ini t ia l  h igher  t e m p e r a -  
ture da ta  (to 400 K) .  A devia t ion  f rom the s t ra ight  
l ine begins at  235 K and at  225 K looks as though 
a first o rde r  t rans i t ion  were  occurring.  F igure  2 shows  
a cont inuat ion of the  da ta  for RbCu4CI~I~ down to 
156 K. Data  were  then taken  on w a rming  the same 
specimen through the region in which there  appeared  
to be a t rans i t ion  dur ing  the cooling cycle. Al l  these 
data  l ie on a s t ra ight  l ine and therefore  do not  indicate  
a t ransi t ion.  The conduct iv i ty  values  were  lower  in 
the heat ing cycle. Also the  slope is much s teeper  than 
the slope be tween  250 and 400 K (m -- 840 vs. 565, 
see Table I ) .  

Af te r  the measurements  (to room t empera tu re )  the 
pel le t  was examined  under  a microscope;  a hai r l ine  
crack was detected.  An x - r a y  powder  pa t t e rn  of the  
solid e lec t ro ly te  showed that  no decomposi t ion had  oc- 
curred. We therefore  conclude tha t  the  cause of the 
resul ts  shown be low room t empera tu re  in Fig. 1 and 
2 is the ha i r l ine  crack in the  pel le t  tha t  must  have 
occurred at  a round  250 K. 

Considering the close re la t ionship  of the crys ta l  
s t ructures  of RbAg415 and RbCu4C1312, the  resul ts  of  
the  ear l ie r  (1) conduct iv i ty  measurements  impl ied  
t ransi t ions  in RbCu4C1312 s imi la r  to those in RbAg4I~ 
(5). However ,  the  present  resul ts  cast doubt  on the 
existence of these t ransi t ions  in the  RbCu4C18I~. This 
is a tenta t ive  conclusion awai t ing  fu r the r  exper iments  
wi th  an improved  low t empera tu re  device (now on 
order )  for  x - r a y  diffract ion exper iments  and differ-  
ent ia l  scanning ca lor imetr ic  measurements  by  others  
(for which the r e q u i r e d e q u i p m e n t  is not  d i rec t ly  

avai lable  here) .  
In  Fig. 3, log10 (eT) vs. IOS/T is p lo t ted  for r ep re -  

sentat ive members  of the RbCu~Cls(I2-xClx) sys tem 
in the t empera tu re  range  295-425 K. The s t ra ight  l ine 
fits were  obta ined by  l inear  regression analysis  of the 
data. Various resul ts  of the  measurements  made  on 
all  the specimens are  given in Table  I, inc luding  
x - r a y  densities,  bu lk  densit ies  of the pellets ,  ac t iva-  
tion entha]pies  of motion, hm, the  slopes and in tercepts  
of the s t ra ight  lines (in the form log10 (r ---- 
m ( l O ~ / T )  + b),  r at 298 K, and 419 K (the solid elec-  
t ro lyte  t ransi t ion t empera tu re  of AgI ) .  

The a t ta inable  densi t ies  of the pi l ls  l is ted in Table  I 
are 94-96% of the  x - r a y  densities.  An exper imen t  
was pe r fo rmed  to t ry  to de te rmine  the effect on the  
conduct iv i ty  of devia t ion  of dens i ty  f rom {he x - r a y  
density.  A pel le t  of RbCu4CI,I2 wi th  91% of the  
x - r a y  dens i ty  gave a conduct iv i ty  of 0.37 a -1 cm-1;  

Ta'ble I. Conductivity results for the RbCu4Cl~(12-xClz) system 

Bulk  
d e n s i t y  

X - r a y  of pe l l e t  
d e n s i t y  as % of  
( g c m  -~) t h e o r e t .  

Temp hm, hra 
r a n g e  obs 'd ,  ca lc  * 

(K) (eV) (eV) 7r~** b** 
~(298 K) 
(~-1 cm-1) 

~(419 K ) t  
(9-~ c m  -1) 

0.00 4.604 94 
0.10 4.558 96 
0.14 4.540 94 
0.20 4.509 94 
0.27 4.473 96 
0.32 4.447 95 
0.40 4.404 96 

460-298 0.112 0.112 565 3.958 0.39 
415-298 0.112 0.114 565 3.925 0.36 
415-298 0.112 0.116 554 3.898 0.34 
430-298 0.114 0.116 577 3.922 0.33 

298 0.31 
420-298 0.115 0.119 579 3.887 0.30 
440-300 0.117 0.121 590 3.891 0.28 

0.97 
0.90 
0.85 
0.83 

0.76 
0.72 

* S e e  t e x t .  
~  (#T) = - - m / T  + b. 

t A s  o b t a i n e d  f r o m  s t r a i g h t  l ine  fit, 
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at  94% the conduct iv i ty  is 0.39 12-I cm-1  (Table  I ) .  
Thus a difference of 3% in dens i ty  gives a difference of 
5% in conductivi ty.  If  the effect were  l inea r  one would  
expect  RbCu4CI~I~ crysta ls  to have  a conduct iv i ty  of 
0.43 12 -1 cm -1 at  298 K and 1.06 ~2 -1 cm -1 at  419 K. 

These resul ts  as wel l  as those for  hm repor ted  here  
for RbCu4C13I~ differ f rom those repor ted  ear l ie r  (1). 
The fo rmer  resul ts  were  0.47 ~2 -1 cm -1 a t  298 K, a 
pred ic ted  1.53 12 -1 cm -1 at  419 K and hm --  0.15 eV for 
the  ac t iva t ion  en tha lpy  of  motion. The subs tant ia l  
differences in the second and th i rd  values f rom those 
given in  Table  I resu l ted  f rom a sys temat ic  e r ror  
(which should have  been, but  was not recognized at  
that  t ime) .  Nevertheless ,  a l l  the  conduct ivi t ies  a re  
quite high and it is correct  to say  tha t  RbCu4Ct~I~ has 
the highest  room t empera tu r e  ionic conduct iv i ty  of 
al l  solid electrolytes .  In  fact, even the ma te r i a l  
RbCu4C13(It.sC10.4) wi th  the la rges t  amount  of C1- 
ion has a h igher  conduct iv i ty  at  298 K than  RbAg~Is. 
However  at  419 K, a -AgI  has the highest  ionic con- 
duct ivi ty.  

In  Fig. 4, the room t empera tu r e  conduct ivi t ies  a re  
p lot ted  as a funct ion of composition, x in RbCu4Cla- 
(I~-xClx).  (These conduct ivi t ies  a re  uncorrec ted  for  
density,  as are  al l  resul ts  in Fig. 1-3.) I t  is seen tha t  
the conduct ivi t ies  decrease a lmos t  l i nea r ly  wi th  in -  
creasing x. The  conduct iv i ty  is given s imply  b y  ~ --  
nq~, where  n is the charge car r ie r  concentrat ion,  q is 
the charge, and  ~ is the mobil i ty .  Because the  la t t ice  
constant  decreases  wi th  increas ing x, the charge car -  
r i e r  concentra t ion  increases wi th  decreas ing x, bu t  not  
ve ry  much, i.e., f rom 1.585 X 1022 cm -a  for  x = 0.00 to 
1.600 X 102~ c m - a  for  x ---- 0.40, a difference of +0 .9%.  
This increase in n should cause a 0.9% increase in a. 

The reason for the decrease in conduct iv i ty  wi th  in-  
creasing x is ve ry  l ike ly  the  decrease  in mobi l i ty  
caused b y  the d i sorder  resul t ing  f rom subst i tu t ion of 
the C I -  for  I -  ions. The mobi l i ty  is v e r y  sensi t ive to 
the va lue  of hm. In Table I, the values  of hm are  given 
to three  dec imal  places. This is requ i red  to demons t ra te  
the sens i t iv i ty  of r to hm. If  we calculate  hm f rom 

hr, = kT  log [ne~Do/kcT] 

0 . 4 4  i 

0 . 4 0  

0 . 5 6  
oO 

r 0 . 3 2  

b 
0 . 2 8  

0 . 2 4  I I I 
0 . 0  O.J 0 . 2  0 . 3  0 . 4  

X 

Fig. 4. Conductivity at  298 K vs. x in RbC.4CIs(12-xCIx) 

where  Do is the diffusion p reexponen t i a l  factor, k the 
Bol tzmann constant,  and e the charge of the  proton,  
and take  Do equal  to the  value  for  s toichiometr ic  
RbCu4ClaI2 (i.e., assuming hm = 0.112 eV) constant  for  
al l  x, the values of hm obta ined  are  those l is ted nex t  to 
the exper imen ta l  ones in Table  I. The va lue  of Do for  
x = 0.00 is 3.1 X 10 -4  cm 2 sec -1. The values  for r 
a re  the  expe r imen ta l  ones for  298 K and a re  l is ted in 
Table I. I t  is seen tha t  the larges t  devia t ion  f rom the  
expe r imen ta l  values  is less than  4%. I t  is also seen 
tha t  a change in h m of 8% resul ts  in a change of 28% 
in the conduct ivi ty.  

I t  is h igh ly  p robab le  tha t  the increase  in hm wi th  
decreas ing x is real .  The rep lacement  of I -  b y  C1- 
ions might  be expected  to affect adve r se ly  the "win-  
dows" th rough  which  the charge car r ie rs  mus t  move;  
that  is to say, the b a r r i e r  heights  are  increased on the 
average,  as ind ica ted  by  increase  in hm, and this in 
tu rn  decreases  the mobi l i ty .  

Note added in proof:  

As a resu l t  of cont inuing work  on re la ted  mater ia ls ,  
we no longer  bel ieve  tha t  e lect rode react ion is the  
cause of decreased conduct iv i ty  once measurement s  
have been made to high t e m p e r a t u r e  (see lef t  column, 
p. 2677). There  is increas ing evidence tha t  the cause 
is mechanica l  ( ra the r  than  chemical ) ,  name ly  in-  
creased gra in  b o u n d a r y  wid th  in the pel let ,  drast ic,  
as mani fes ted  by  fine cracks, or, more  subtle,  local ized 
recrysta l l izat ion.  F u r t h e r  discussion of this ma t t e r  is 
inc luded in a publ ica t ion  now in prepara t ion .  

Acknowledgments 
This work  was suppor ted  by  the Nat ional  Science 

Founda t ion  under  Gran t  No. DMR-11378-A01. One 
of us (S.G.) wishes to thank  the College of Eng ineer -  
ing and Appl i ed  Science for the award  of a Croft  Re-  
search Professorship  for  the Fa l l  semester ,  1980, d u r -  
ing which pa r t  of this work  was ca r r i ed  out. 

Manuscr ip t  received March  31, 1981. 

Any  discussion of this  p a p e r  wil l  appea r  in a Discus-  
sion Sect ion to be  publ i shed  in the June  1982 JOUmCAL. 
Al l  discussions for  the  June  1982 Discussion Sect ion 
should be submi t ted  by  Feb.  1, 1982. 

Publication costs of this article were assisted by the 
National Science Foundation. 

REFERENCES 
1. S. Geller,  J. R. Akr idge ,  and  S. A. Wilber ,  Phys. Rev. 

B, 19, 5396 (1979). 
2. K. Nag and S. Geller ,  This Journal, 128, 2670 (1981). 
3. S. Geller ,  J. R. Akr idge,  and S. A. Wilber ,  ibid., 127, 

251 (1980). 
S. A. Wilber ,  J . R .  Akr idge ,  4. S. Geller,  ~, G . F .  Ruse, 

and  A. Turkovic,  Phys. Rev. B, 21, 2506 (1980). 
5. S. Geller ,  ibid., 14, 4345 (1976). 



On the Tetrachloroaluminate Dissociation in 
Aluminum Chloride-l-n Butylpyridinium Chloride Mixtures 

J. P. Schoebrechts 1 and B. P. Gilbert 

Laboratory of Analytical Chemistry and Radiochemistry, University of Liege, B-4000 Sart Tilman-Li~ge, Belgium 

ABSTRACT 

The dissociat ion of t e t r ach lo roa lumina te  anions in room t empera tu re  
AICI~-I -n  b u t y l p y r i d i n i u m  chloride mix tures  has been inves t iga ted  as far  
as both  reproduc ib i l i ty  and r e l i ab i l i t y  are  concerned.  The de te rmina t ion  of 
the dissociat ion constants  is based on the a luminum elec t rode  poten t ia l  
var ia t ion  measured  a round  the equimolar  composit ion.  Expe r imen ta l  condi-  
t ions have been de te rmined  which avoid the reduct ion  of the  py r id in ium 
cat ion by  A1 in s l ight ly  basic melts  and where  the potent ia ls  of the A1 elec-  
t rode are  stable.  The average  values  of the dissociat ion constants  are, respec-  
t ively,  (1.2 _ 0.2)10 -1~, (4.5 • 0.4)10 -13, and  (7.5 • 0.8)10 -13 a t  40 ~ 49 ~ 
and 55~ and are  sys temat ica l ly  lower  than  prev ious ly  publ i shed  values.  
The corresponding average  values  of hH and AS are, respect ively ,  equal  to 
20.3 kca l  mo1-1 and 6.5 eu. I t  has also been shown that  the  dissociat ion 
equ i l ib r ium of A1C14- into A12C17- and C1- is the  o n l y  one requ i red  even 
in ve ry  acidic melts  (up to 66.6 m/o  of A1CI~), p rovided  a correct ion is m a d e  
for  the  junc t ion  potent ia l .  

For  the past  few years ,  severa l  groups of scientists  
have  been in teres ted  in a luminum chlor ide  conta ining 
melts.  Most of these invest igat ions  dea l  wi th  A1C18- 
a lka l i  ha l ide  mix tures  because of the i r  pa r t i cu la r  
proper t ies .  In  par t icu lar ,  the chloroacid i ty  (pC1) can 
be va r ied  to a large  extent ,  especia l ly  a b o u t  the  equi -  
molar  composit ion range  (1-4).  I t  has also been  
shown tha t  the acidic na tu re  of such melts  s tabi l izes  
low oxida t ion  s ta te  ions and organic  radica l  cations 
(5-12). However ,  as poin ted  out  by  Koch et al., the use 

of a l u m i n u m  ch lor ide- inorganic  chlor ide  mol ten  salts  
for  organic reac t ion  invest igat ion is l imited,  essen-  
t ia l ly  because of t e m p e r a t u r e  p rob lems  (13). 

Recently,  a new mol ten  salt, first r epor ted  b y  Hur -  
ley  a n d  Wier  (14), name ly  a 67/33 mol  percen t  (m/o)  
a luminum ch lo r ide - e thy lpy r id in ium bromide  mixture ,  
has been proposed  as solvent  for organic studies (15). 
I t  is l iquid  at room tempera tu re ,  appa ren t ly  ve ry  
acidic (in a chloroacidi ty  sense) ,  and exhibi ts  a la rge  
e lec t rochemical  window. However ,  a l though it  has 
been used successful ly  to inves t iga te  different  organic  
or inorganic  systems (13, 15, 16), no quant i ta t ive  da ta  
exist,  e i ther  about  the acidic s t rength  of such mel t  or  
about  the dependence  of the  acidic p roper t ies  wi th  
respect  to the mel t  composition. The main  reason is 
that  the mix tu re  e thy lpy r id in ium bromide-A1C13 is 
l iquid at room t empera tu r e  only  in a l imi ted  range  of 
composition, close to 2:1 and no inves t igat ion has 
been made  outside this range.  

As a consequence, invest igat ions  have been d i rec ted  
to mix tures  of A1C18 wi th  other  py r id in ium salts, 
ma in ly  n - m e t h y l  and n - b u t y l p y r i d i n i u m  chlorides.  The 
l a t t e r  appears  to be the most  in teres t ing;  i t  is l iquid at  
t empera tu re s  lower  than  40~ across a la rge  composi-  
t ion range  (66-43 m/o  of A1C13) whereas  the  former  
mix tu re  is l iquid at room t e m p e r a t u r e  only in the  
range  of 2:1 composit ion.  Phys ica l  and spectroscopic 
proper t ies  of these melts  (pure  or mixed  wi th  ben-  
zene) have been inves t iga ted  by  Osteryoung et al. (19, 
21, 24) and King et al. (18). Elec t rochemical  s tudies of 
organic [mainly  a romat ic  (20, 25)] and inorganic  
solutes [ F e ( I I I ) / F e ( I I )  (22), Cu( I I , I )  (17), N i ( I I / 0 )  
(26)] as wel l  as the reduct ion  of the  mel t  in acidic 
(27) or  basic (31) mix tures  have  also been per formed.  

Chercheur ~a l'Institut Interuniversitaire des Sciences Nucle- 
aires, Brussels, Belgium. 

Key words: chloroaluminate melts, butylpyridinium, equilib- 
rium constants, potentiometry. 

One of the main  conclusions of these s tudies  is tha t  a 
be t te r  knowledge  (qual i ta t ive  and quant i ta t ive)  of the  
equi l ibr ia  involved is needed  (22). 

Qual i ta t ive  informat ion  has been obta ined  f rom 
Raman measurements .  I t  was concluded that  the  s a m e  
dissociation equi l ib r ium [1] which  character izes  the  
high t empera tu re  inorganic  ch loroa tuminate  melts ,  
exists  in the room t empera tu r e  mel t  

2A1CI4- ~ C1- -t- A12C17- [1] 

The spec t rum of A1C14- and A12C17- are  wel l  defined 
and exhibi t  much sharper  l ines than  for convent ional  
ch loroa luminates  (24). Fu r the rmore ,  reac t ion  [2] 
seems quant i ta t ive  

1/2 A12C16 ~- A1C14- ~ A12C17- [2] 

and an exac t ly  2:1 mix tu re  shows essent ia l ly  the  
A12C17- spectrum, con t ra ry  to the h igh  mel t ing  m i x -  
tures. 

Osteryoung and Gale  have  t en ta t ive ly  es t imated  b y  
poten t iomet r ic  t i t ra t ion  the corresponding equ i l ib r ium 
constant  (K1) at various t empera tu res  and the hG of 
react ion [1]. The proposed  constant  at  30~ is six 
orders  of magni tude  lower  than  for NaC1-A1C13 m i x -  
tures  at 175~ (19). The resul ts  indicate,  however ,  a 
lack of reproduc ib i l i ty  in the  basic side of the t i t r a t ion  
curve due to pa r t i a l  spontaneous reduct ion  of the mel t  
by  the A1 indica tor  e lect rode (31). Fu r the rmore ,  no 
significant difference in the potent ia l  span wi th  t em-  
pe ra tu re  was found, un l ike  the  A1CI~-NaC1 system. 
The expe r imen ta l  equ i l ib r ium constant  was then  r e -  
garded  as a m a x i m u m  value.  Ti t ra t ions  of the  mel t  
d i lu ted  wi th  benzene led to s imi lar  conclusions (19, 
27). 

Ano the r  way  of obta in ing  quant i t a t ive  informat ion  
about  the equ i l ib r ium constant  (K1) is to inves t iga te  
the potent ia l  var ia t ion  of a pC1 sensi t ive couple o ther  
than  a luminum.  Osteryoung et al. proposed a more  
precise value  of K1 based on the t i t ra t ion  curve of 
Ni (II)  fol lowed by  a n ickel  electrode.  The assumptions  
were, however ,  that  NiC142- is the only complex 
formed on the basic side and that  the equivalence 
point  potent ia l  of the N i ( I I )  t i t ra t ion  curve is the  
potent ia l  of the neu t ra l  poin t  of the mel t  (26). 

The purpose  of this work  was then to find out if im-  
proving  expe r imen ta l  condit ions could lead to more  
precise and reproduc ib le  equ i l ib r ium constant  d e t e r -  
m i n a t i o n s .  
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E x p e r i m e n t o l  

Melts were  p repa red  by  mix ing  subl imed A1CI8 
(Fluka,  i ron- f ree)  and 1 -n -bu ty lpy r id in ium chloride 
(BPC) as descr ibed by  Robinson and Osteryoung (20). 
P rov ided  careful  p repara t ion  of 1 - n - b u t y l p y r i d i n i u m  
chloride (20) was carr ied  out, colorless mel ts  were  
obtained.  

Poten t iomet r ic  t i t ra t ions  have been pe r fo rmed  by  
accura te ly  weighed (__ 0.1 mg) addi t ions of A1C13 
crystals  to a basic mel t  r a the r  than  BPC addi t ion to 
a s l ight ly  acidic melt .  The l a t t e r  p rocedure  was in -  
deed found less sa t i s fac tory  because BPC dissolves 
s lowly and, wi th  st irr ing,  sticks to the a luminum 
indicator  e lect rode causing a local increase of basici ty.  
As a l r eady  ment ioned  (19, 31), h igh ly  basic mel ts  
react  wi th  a l u m i n u m  by  fo rmat ion  of radicals  and 
the potent ia l  measurements  become errat ic.  

The e lec t rochemical  cell  was made  of a P y r e x  ves-  
sel provided  with  5 ground joints.  The e lec t rode  de-  
sign is ident ical  to the one descr ibed (12) except  that  
the joints  have been rep laced  b y  ground joints.  The 
indica tor  e lectrodes were  e i ther  an A1 wire  (Ana la r  
m3N) or a glassy carbon d isk  electrode (Tokai ) .  The 
reference  e lect rode is an A1 wire  in a 2:1 A1CI~:BPC 
melt .  The reference compar tmen t  is separa ted  f rom 
the mel t  by  a P y r e x  soft glass junc t ion  as descr ibed 
by  Moe (28). 

The mel t  is thermos ta ted  ( •  0.5~ by  a constant  
t empera tu re  ba th  (e thylene  glycol)  c i rculat ing in a 
j acke t  a round  the e lect rochemical  cell  and  an ex te rna l  
thermostat .  

Po ten t iomet r ic  measurements  were  pe r fo rmed  wi th  
an H.P. 3465A digi ta l  vol tmeter .  Before use, the a lumi -  
num electrodes (previous ly  cleaned with  an H2SO4, 
HNO3, H~PO4 mix ture  and dr ied)  are  digested for  1 
day  in an acidic mixture ;  the e lect rode is then removed  
from the c leaning mel t  and wiped  comple te ly  free 
of melt .  Fol lowing this procedure,  the potent ia l  mea -  
surements  are stable wi th in  1 mV for severa l  hours, 
even in a 49% melt .  In some cases, er ra t ic  measu re -  
ments  have  been observed in basic melts ,  together  
wi th  the appearance  of a s l ight ly  blue color and the 
mel t  and the e lect rode are then discarded.  

The e lec t rochemical  measurements  o ther  than  po-  
t en t iomet ry  were  pe r fo rmed  wi th  a Pr ince ton  Appl ied  
Research polarograph,  Model  170. 

Al l  handl ing  of the melts  and e lec t rochemical  e x -  
per iments  were  pe r fo rmed  inside a d ry  box wi th  
wa te r  and oxygen content  be low 20 ppm. 

Results and Discussion 
As a l r eady  ment ioned  there  have been two different  

ways of eva lua t ing  the s tab i l i ty  constant  of equi l ib -  
r ium [1]: (i) A di rec t  potent iometr ic  t i t ra t ion  which 
is appa ren t ly  l imi ted  on the basic side by  the A1 r e -  
duct ion of the melt ,  even if d i lu ted  wi th  benzene;  and 
(ii) an indi rec t  de te rmina t ion  f rom a pC1 sensi t ive 
couple N i ( 0 ) / N i ( I I ) .  This couple is, however ,  sensi-  
t ive to pC1 essent ia l ly  on the basic side because of an 
NiCl4 2-  complex formation.  Consider ing the assump-  
tions made,  an N i ( I I )  po ten t iomet r ic  t i t ra t ion  al lows 
one only  to es t imate  the min imum pC1 var ia t ion  in 
o rder  to complex quan t i t a t ive ly  the nickel,  p rovided  
that  the  complex  format ion  constant  is known. F rom 
this m in imum pC1 variat ion,  i t  is then  possible to 
es t imate  a m a x i m u m  value  of the constant  KI. 

We have t en ta t ive ly  chosen to improve  the de te r -  
mina t ion  of the equi l ib r ium constant  f rom direct  po-  
ten t iometr ic  t i t ra t ion  of the mel t  wi th  A1 electrodes 
based on the expe r imen ta l  finding tha t  reduct ion  of 
the mel t  occurs only  at a cer tain point  of basic com- 
posi t ions and an A1 electrode could st i l l  be used in a 
n a r r o w  range.  The ex ten t  of this  range depends  on 
the cleanliness of the  mel t  and the phys ica l  s tate of 
the A1 surface. With  Al  e lectrodes p re t r ea t ed  as de -  

scr ibed above, the expe r imen ta l  cathodic po ten t ia l  
l imits  in the basic side are  --1.15, --1.11, and --1.02V, 
respect ively,  at  40 ~ 49 ~ and 55~ These l imits  cor-  
respond  to the most  cathodic potent ia ls  observed in 
basic mel ts  where  no "apparen t"  reduct ion of the 
mel t  can be observed,  i.e., the A1 electrode potent ia l  
is s table  wi th in  0.5 mV for a per iod  of at  least  2 hr  
under  constant  s t i rr ing,  no color is developing  a round  
the electrode,  and the background  recorded by  cyclic 
vo l t ammet ry  at  a glassy carbon e lec t rode  exhibi ts  no 
wave in the whole useful  e lect rochemical  range.  The 
a luminum reduct ion of the mel t  produces  a mono-  
cation radica l  which can be e i ther  oxidized or  reduced,  
respect ively ,  at --0.56 and --0.96V vs. the potent ia l  of 
A1 in a 2:1 A1CI~-BPC mel t  (31). 

By using mel t  composit ions so that  the potent ia l  
does not exceed the l imits  and the expe r imen ta l  p ro -  
cedure descr ibed above, the t i t ra t ion  curve (shown 
in Fig. 1) could be reproduced  in any case. 

In some cases, the l imits  above were  exceeded wi th  
no apparen t  reduct ion of the  mel t  (as defined above) .  
An example  of a t i t ra t ion  curve obta ined  under  these 
condit ions is shown in Fig. 2. The most  basic points  
are  located 0.07V beyond  the l imi t ing  potent ia l .  De-  
spite the fact that  for this pa r t i cu la r  expe r imen t  the  
potent ia ls  were  ve ry  stable,  i t  was found difficult to 
reproduce  the same t i t ra t ion  curve, s ta r t ing  wi th  a 
new mel t  and a new A1 electrode.  The p r6b lem of 
reproduc ib i l i ty  of ve ry  basic points indicates  tha t  the 
kinet ics  of mel t  reduct ion  depends  pr imar i ly ,  at  a 
given mel t  composition, on the physical  s ta te  of the  
A1 electrode.  

If  the  A1 electrode exhibi ts  a potent ia l  depending  
essent ia l ly  on the A1/AI ( I I I )  couple, our  resul ts  are  
appa ren t ly  in contradic t ion wi th  the recent  work  of 
Gale and Osteryoung (31). Assuming  a ve ry  s low 
reduct ion of the py r id in ium cat ion in our  t i t ra t ion  
curves, thei r  resul ts  indicate  that  the potent ia l  of an 
A1 elect rode in a 0.8/1 mel t  should be a round  --1.4V 
whereas  Fig. 2 indicates  for  the  same mel t  a po ten -  
t ia l  of --1.2V. A possible exp lana t ion  is tha t  the p y -  
r id in ium cation reduct ion is not as slow as we th ink  
(but  i t  is then difficult to under s t and  the s tab i l i ty  of 
our  po ten t ia l  measuremen t s ) ,  or that  the resul ts  of 

-IM 

-0.8 

I r _  

EAt(V) 

I I , I I 
50 55 60 65 m %  AICI3 

Fig. 1. Complete titration curve of o basic melt at 40~ EAI: 
the potential of on AI electrode in the melt vs. on AI electrode 
in 2:1 reference melt. 
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I I i 

1,5 50 55 m % AICI 3 

Fig. 2. Titration curve of a very basic melt at 40~ in the equi- 
molar range. 

Gale were obtained from dynamic methods on a 
glassy carbon electrode where a strong nuclea t ion  
underpotent ia l  for the A1 deposition may  occur as it  
is the case in acidic mixtures  (27). 

Besides the problems of precise potentials measure-  
ments  on the basic side, the de terminat ion  of the sta- 
bi l i ty constant  by  comparing the equivalence point  
and acidic point  potentials of the t i t ra t ion curve is 
probably not very satisfactory because of the large 
exper imenta l  errors on the direct equivalence point  
potential  measurement .  The only quant i ty  which can 
be determined with precision is the amount  of A1C13 
(or BPC) added to reach the equivalence point. Two 
different methods have then been used in  order to 
evaluate  the equi l ibr ium constant  without  measur ing 
directly the equivalence point  potential�9 

Assuming a constant concentrat ion of A1C14- in 
the vicini ty of the equivalence point  and a constant  
l iquid junc t ion  potent ial  (19), the simple t rea tment  
of Torsi and Mamantov was applied. By using suc- 
cessive potential  differences be tween an acidic and a 
basic point, the cell voltage can be wr i t ten  as follows 

4RT 
E A  - -  E B  = 3 F  I n  ( ( T A 1 2 C 1 7 - ) A  

�9 [A12C17-]A (TCZ--)B [C1--]B) 

4RT 
- - ~ l n  (KI[A1C14-] 2 (~Alca-) ~) [3] 

3F 

w h e r e  E A  and EB are the potentials measured, re-  
spectively, at an acidic composition A and a basic 
composition B, (~A12C17--)A, (TC1--)B, and 7Alc14- are 
the respective activity coefficients, [A12C17-]A, [C1-]B, 
and [A1C14-] are the corresponding concentrat ions 
(expressed in  m o l .  kg -1 ) ,  and K1 is the thermody-  
namic  dissociation constant  of equi l ibr ium [1]. 

As previously discussed (32), the activity coeffi- 
cients of A12C17-, CI - ,  and A1C14- are not  known.  
However, as the concentrat ions of C1- in  the basic 
region and A12C17- in  the acidic side do not  vary  to 

a great extent,  i t  can be assumed tha t  the corre- 
sponding (TC1--)B and (TAI2C17--)A are constant  (32). 
For the same reason, 7AlC14- can also be considered as 
constant  on both acidic and basic sides. The cell volt-  
age can then be rewr i t ten  as 

4RT 4 R T  _ _  

EA -- EB -" In ([AI2CIT-]A[CI-]B) -- InK, 
3F 3F 

[4] 

where K1 is a conditional equi l ibr ium constant  equal  
to 

KI [AlCh- ]~ ('yJuca-) ~ 

(~'cl-) ~ �9 (~A1~c17-) A 

As will be seen below, the good agreement  b e t w e e n  
the exper imental  t i t ra t ion curve and the theoretical 
curve calculated on the basis of concentrat ion changes, 
indicates that  the assumption made on the constancy 
of the activity coefficients is reasonable. 

'The [A12C17-]A and [C1-]B are calculated from the 
added amounts  of A1C13. The procedure and the precise 
determinat ion of the amount  of A1Cls added at the  
equivalence point  by a l inear izat ion method, are ex-  
plained in Appendix A. 

The second method involves the calculation of the 
s tandard potentials E B  ~ and EA ~ corresponding to the 
respective reactions 

AICI4- + 3e ~:e A1 + 4C1- [5] 
and 

4 A 1 2 C 1 7 -  + 3e ~ A1 + 7AlC14- [6] 

The equivalence point  molar  composition is adjusted 
for a m i n i m u m  standard deviat ion on EB ~ and EA~ 
the equi l ibr ium constant  is then simply calculated from 

4RT 
EB ~ -.~ EA ~ ~- ' In KI [7] 

3F 

A more detailed description of the procedure is given 
in Appendix B�9 

In Table I, we have summarized some of the results 
obtained at three different temperatures and the pre- 
cision on each of the experimental constants. The re- 
sults obtained from method I or 2 were found similar 
within experimental errors but method 2 is preferred 
because it involves less assumptions and allows the 
complete calculation of the t i t ra t ion curve, even in  
more acidic melts. It can be noticed that at 40~ the 
measurements  are reproducible wi thin  25%. The tem- 
perature variat ion of the results corresponds to an 
average value of ~H and aS equal, respectively, to 
20,300 cal �9 mo1-1 and 6.5 eu. 

In  Table II, we compare our results with the previ -  
ously published values. Because it is possible tha t  
mixed potentials are involved in our t i t ra t ion curves 
(19, 31), the stabil i ty of potent ial  measurements  in -  
dicates that  the kinetics of basic melt  reduct ion must  
be par t icular ly  slow provided that  the above-men-  
t ioned melt  compositions are not  exceeded. The re -  
sult ing equi l ibr ium constants were found systemati-  
cally lower than the constants obtained by  other 
workers below 120~ and are thus considered as 

Table I. Experimental values of K1 at different temperatures 

M e t h o d  1 M e t h o d  2 

T (~ K1 - 10+28 ~K l �9 10 +is K1 �9 10 +is ~K 1 , 10 +13 

O�9 0�9 1.3 0A 
1.8 0.3 3.0 0,9 
1.0 0.1 1.0 0.2 
1.1 0.05 1.3 0.1 
3.6 0.2 4.5 0.4 

55 6.2 0.6 7.3 1.0 
6.2 0.6 7.8 0.6 
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Table II. Comparison of K1 values at different temperatures 

T (~ K1 ~' 10 ~a Kx. 101Ba 

3 0  3 . 8 r  0 . 3 ~  
2 . 2  d 

4 0  1 . 7 3 "  1 . 2  ~ 0 , 2  
49 ll.9b.c 4.5 +-- 0.4 
5 5  2 1 . 7 b , o  7 . 5  - -  0 . 8  
6 0  < 5 7  c 15 b 

1 2 0  <3.6 - I0 ~ ~ 5 - 10 ~ b 
1 7 5  <1�9 �9 10 ~c 1.7 - 1{~ u 

a our results, average values. 
b Extrapolated values�9 
c From Ref. (19). 
d From Ref. (27). 

From Ref. (26)�9 

closer to the t rue value for which no A1 reaction with 
basic melt  would occur. 

All  previous equi l ibr ium constant  determinat ions 
were obtained from melts whose composition was in 
the vicinity of the equimolar  BPC-A1CI~ melt. Ti t ra-  
tion curves were also extended to more acidic mix-  
tures, up to the 2:1 composition (see the acidic par t  
of Fig. 1). Systematic deviations between exper imen-  
tal and calculated potentials, increasing with the melt  
acidity for melt  compositions higher than 55 m/o were 
observed�9 Tentat ive in terpre ta t ion  of these deviations 
based on the in t roduct ion of a second equi l ibr ium 
such as [8] were unsuccessful 

AICI3 + AICI4- ~ Ai2C17- [8] 

The necessary equilibrium formation constant Ks was 
found much too high (six order of magnitude) with 
respect to what is expected by extrapolation at room 
temperature of K2 constants known for inorganic 
chloroaluminates (3). 

Another explanation involves the fact that the exact 
formulation of the emf is given by (33) 

II tA I ( ... ) 
[9] 

In the preceding calculations, only the first te rm is 
taken into account. 

For t i t ra t ion curves involving inorganic chloroalu- 
minate,  it has been general ly  accepted that either the 
last two terms are indeed negligible (2, 3) or can be 
calculated based on the assumption that the cation 
is the only current  carrying species (4)�9 In  agreement  
with the work by King a n d , ~ y e  (33), for room tem- 
perature  organic chloroaluminate  melts, the organic 
cation cannot be considered with certainty as the only 
current  carrying species because of its much larger 
size with respect to the inorganic cation�9 By measur ing 
conductivities of various mol ten me thy lpyr id in ium 
halides, Newman et al. concluded that the pr incipal  
charge carrier is the a n i o n  simply because chloride 
melts are bet ter  conductors than bromide melts. How- 
ever, such a simple conclusion cannot be made when 
comparing the conductivities of several a lkylpyr id in-  
ium halides where both the alkyl chain and the halide 
were changed (29). 

In  the pyr id in ium chloroaluminates,  i t  is reason-  
able to consider that  the main  current  carrying species 
can be the pyr id in ium cation, the A1C]4- and C1- an -  
ions (33), since the A12C17- anions have a much lower 
mobil i ty  due to their size. The chloride anions may 
contr ibute to the current  only on the basic side where 
their  concentrat ion is not  negligible with respect to 
other ions�9 This can be taken into account by assuming 
that tc,- is proport ional  to the C1- concentrat ion (30). 

By integrat ing the last two terms, of Eq. [9] and 
int roducing the equi l ibr ium A1CI~ 4- C I -  ~ A1C14-, 
a correction (Ej) to the ini t ia l  emf can be calculated 

Ej "- -- 
RT < [BP+] ) RT 

In �9 tBp + 4- " tAICl4- 
F [BP + ] ref T 

�9 I n  
[AlCI4- ] RT 

+ 
[AICI4- ] ref F 

�9 k .  ( [ C l - ] r e z -  [ C l - ] )  [10] 

As already discussed by  Von Barner  et al. (30) t h e  

various t ransport  numbers  and k are not  known  but,  
considering that  the mobili t ies of the ions are roughly 
inversely proport ional  to their  ionic radii, an  appro- 
priate evaluat ion of the Ej correction term can be 
made. With this assumption, the ma x i mum chloride ion 
contr ibut ion to Ej is of the order  of one mV at 2 5 ~  

and will therefore be neglected�9 The approximate tBp + 
and tAm14- are then, respectively, 0.6 and 0.4. By in-  
troducing these values to Eq. [10], the whole corrected 
theoretical t i t rat ion curve can then be evaluated. 

Two different experiments  were performed. The 
first one involves the t i t rat ion of a basic melt  by suc- 
cessive A1C13 additions with a 66 m/o A1CI~ reference; 
the second one involves the t i t rat ion of a very acidic 
( 6 6 . 6  m/o A1CI~) by BPC additions with a 57 m/o  
AIC13 reference�9 Because of the problems encountered 
by BPC additions (see the exper imental  par t ) ,  only 
the acidic par t  of the curve was recorded in this case. 
In both cases the agreement  between the theoretical 
and exper imental  potentials was now remarkab ly  
good (Table III) .  The average deviations were, respec- 
tively, --+1.4 mV and -+2 mV, for the whole t i t rat ion 
curve, i.e., even for the very acidic points (66 m/o ) .  
We have also noticed that no agreement  was found as- 
suming only one current  carrying species, either BP + 
or AICI4-. 

Finally, in the acidic part of the titration curve, the 
derivative of the potential vs. the total tool frac- 
tion of AICI3 exhibits a minimum near the 57 m/o 
AICI~ composition. In this region, the electrode poten- 
tials are less sensitive to pC1 than in the I:I or 2:1 
AICI~:BPC melts. A 57 m/o melt would then be the 
most appropriate in a reference compartment with an 
A1 electrode. 

From this study, it can be concluded that: (i) Some 
experimental conditions can be adjusted to give repro- 
ducible values of the equilibrium constant KI. Be- 
cause the titration curve involves mixed potentials, 
the values-may not correspond to the exact KI value 
and are then considered as maximum values as in 
previous works (19). However, the stabil i ty of our 
potential  measurements  in the basic side, indicates 
that the melt  reduction by  A1 is par t icular ly  slow and 
our results must  be close to the true K1 value�9 (ii) 
Only one equi l ibr ium is necessary to fit the whole ex- 
per imenta l  t i t rat ion curve, provided a complete formu-  
lat ion of the emf is taken into account. 

Table III. Comparison in acidic medium of experimental 
potentials (EExp.) and theoretical potentials without (ETh.~.) and 

with (ETh.2) corrections for the junction potentials (Ej). 
Reference: an AI electrode in 66.2 m/o AICI3 

m/o A1Ch E~xp. (V) Ezh. 1 (V) E~h. = (V) 

50.54 -- 0.514 - 0,314 -- 0,314 
5 0 . 7 1  - -  0 . 3  - -  0 . 3 0 3  - -  0 . 3 0 4  
5 0 . 9 5  - 0 . 2 9 1  - -  0 . 2 9 2  - 0 . 2 9 2  
5 1 . 1 4  - 0 . 2 8 5  - 0 . 2 8 5  - 0 . 2 8 5  
5 1 . 4 5  - 0 . 2 7 5  - 0 . 2 7 5  - 0 . 2 7 5  
5 1 . 8 6  - 0 . 2 6 5  - 0 . 2 6 4  - 0 . 2 6 5  
5 2 . 2 9  - -  0 . 2 5 7  - 0 . 2 5 5  - 0 . 2 5 6  
5 2 . 9 9  - 0 . 2 4 4  - 0 . 2 4 2  - 0 , 2 4 4  
5 3 . 9 2  - 0 . 2 3 1  - 0 . 2 2 8  - 0 . 2 3 0  
5 5 . 1 7  - - 0 . 2 1 5  - 0 . 2 1 1  - -  0 . 2 1 4  
5 6 . 7 3  - -  0 . 1 9 5  - 0 .193  - -  0 . 1 9 7  
58 .23  - -  0 . 1 8 0  - 0 . 1 7 6  - -  0 . 1 8 0  
6 0 . 2 6  - 0 . 1 5 7  - 0 . 1 5 1  - 0 . 1 5 7  
6 2 . 2 9  - -  0 . 1 2 9  - 0 . 1 2 0  - 0 . 1 3 0  
6 4 . 2 7  - 0 . 0 9 0  - -  0 . 0 7 7  - 0 . 0 9 3  
6 6 . 3 3  + 0 . 0 0 9  + 0 . 0 5 0  + 0 . 0 1 5  
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APPENDIX A 
The titration involves successive additions of 

weighed amounts of AICI3 to a basic melt of initial 
weigttt Wo (in grams). The amount of added AICh is 
calculated so that only the 49-52 m/o composition range 
is investigated. 

Let n De the total number of AICI3 tools added 
from the starting point. The subscript A, B, and Q will 
be used to describe, respectively, an acidic side, a basic 
side, or the equivalence point. 

Assuming that the following reactions are quantita- 
tive 

C1- + A1CI~-> A1C4-  [A- l ]  

A1C18 + A1C4-  --> A12C17- [A-2] 

the concentrat ions [A12C17-]A and [C1-]B involved in 
Eq. [4J are easily calculated if nQ is known 

(hA -- nQ) l0 s 
[A12C17- ] A : [A-3] 

(Wo -{- nA X 133.33) 

(nQ - -  r iB)  l0 s 
[C1-]B ---- [A-4] 

(Wo -~- n B •  133.33) 

In order to evaluate precisely the exper imental  n u m -  
ber of mols of A1C13 necessary to reach the equiva-  
lence point  (nQ), a l inearizat ion method similar to the 
one described by Gran  (23) has been applied to the 
more precise points, i.e., the acidic side points. 

The potential  of an A1 electrode in an acidic melt  is 
given by the Nernst  equation 

R T  [A12C17- ] A 4 
EA -- EA ~ + in + ER Jc EA J [A-5] 

3F [AICI4- ] A 7 

where ER and EA J are, respectively, the reference elec- 
trode potential (unknown but constant) and the junc- 
tion potential. 

Because the composition range investigated to calcu- 
late the equilibrium constant is very narrow, we will 
assume that the E J and the [AIC14-] are constant. The 
relat ion [A-5] can then be rewr i t ten  as follows 

80 

6O 

40 

.33)(gr!~ 
0 
1,0 15 2~ 

Fig. 3. Determination of the amount of AICI3 added to ~ach the 
equivalence point following the method of Gran (23). 

example of such a plot _is given in Fig. 3. Knowing nr 
the program computes K1 from every successive basic 
and acidic point  and relat ion [4], then the equivalence 
point  potential  and the whole theoretical curve. 

APPENDIX B 
In order to evaluate the equi l ibr ium constant  from 

the respective [A12C17-], [C1-], and [A1C4-] ,  another  
method of evaluat ing precisely nQ (as defined in  Ap-  
pendix A) is explained below. 

1. A first approximate value of nQ is given to the 
computer program. Assuming that  the reactions [A- l ]  
and [A-2J (see Appendix  A) are quanti tat ive,  the 
necessary [AI2C17-J, [C1-], and [A1C14-] (which is 
not assumed as constant in this case) can then be eval-  
uated for every point  of the t i t rat ion curve. 

For example, in  the acidic side, the number  of 
A1C4-  mols equals the number  of A1C4-  mols at 
the equivalence point less the number  of added A1C13 
mols in excess to the equivalence point. The [A1C4-]A 
is then 

(3.28 10 -~ (Wo + nQ X 133.33) -- (hA -- n~) ) X l0 s 

(Wo -~- nA X 133.33) 
[B-l]  

where Wo, hA, and nQ have the same meaning  as above. 
The [A12Cb-]A is given by the same relat ion as in Ap- 
pendix A (Eq. [A-3]) .  

2. From [A-5], [A-3], [B-l ] ,  and the exper imenta l ly  
measured potentials (EA -- ER), the (EA ~ + EA J) can 
then be calculated for each acidic side point 

EA ~ -~- EA J : EA -- ER -- 
R T  

In 
3F 

( n A - - n Q )  4 ( W o + n A  • 133.33) 8 

(3.28 10-3(Wo -{- nQ X 133.33) --hA -+- nQ) 7 X 109 
[B-2] 

4 R T  
EA = EA ~ ~ In [A12C17-]A 

3F 

(EB--}- EB J) --=EB-- ER--  
R T  

3F 

[A-6] 
From a similar development  and the Nernst  equa-  

tion applied to reaction [5], the (EB ~ + EB J) can a l s o  
be evaluated for each point  in  basic melts 

(3.28 10-3(Wo + nQ X 133.33) + ns  --nQ) (Wo -~- nB X 133.33) 3 
In 

( n Q - - n B )  4 X 109 

From [A-3], [A-6], and rearranging,  one obtains 

( E A X 3 F )  
exp (Wo + nA X 133.3) = k ( n A  --  ned 

4 R T  
[A-7] 

10+8 
where k -- 

exp ( . -  3F4R._T_X EA ~ ) 

A plot of exp(3F X E A / 4 R T )  ( W o  + nA X 133.33) VS. 
nA gives a straight line allowing the evaluat ion of k 
and nQ by a least-squares fitting computer  program. An 

3. The respective s tandard  deviat ion (~) on all the 
EA ~ + EA J and EB ~ + EB J values is then calculated. 

4. A new value of nQ is chosen by the computer;  the 
calculation process restarts from the beginning and 
leads to a new set of EA~ - EA J, EB~ - EB J, and r 
values. 

The final values of nQ, EA ~ --I- EA J, and EB ~ + EB J are 
obtained by successive modification of n~ in order that  
the s tandard deviation (~) is min imum.  

Assuming a negligible junct ion  potential  between the 
acidic and basic points (EA ~ - -EB J ~  _ 0), the equi l ib-  
r ium constant is then evaluated from relat ion [7] as 
explained in the text. 
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Technical Note 

Semiconducting Zinc Oxide Films Prepared by 
Metal Organic Chemical Vapor Deposition 

from Diethyl Zinc 
A. P. Roth and D. F. Williams 

Division of Chemistry, National Research Council o~ Canada, Ottawa, Ontario, Canada K1A OR6 

Zinc oxide exhib i t s  la rge  piezoelectr ic  and opt ical  
coupling coefficients, and is often used in acousto-  
electr ic  and acousto-opt ic  devices (1). I t  is also an ex-  
tr insic n - t ype  semiconductor  wi th  a room t empera tu re  
bandgap  of 3.3 eV and can be used as a t r ansparen t  
semiconduct ing e lect rode in opto-e lec t ronic  devices 
such as solar  cells. Ind ium tin oxide is genera l ly  used 
as the  t r anspa ren t  e lect rode for many  solar cells; i t  
is typ ica l ly  an n - t y p e  semiconductor  due to oxygen de-  
ficiencies. If r e l a t ive ly  high conduct iv i ty  in zinc oxide 
could also be achieved ei ther  by p repar ing  nonstoichi-  
ometr ic  films or by  doping, this source ma te r i a l  would 
be less expensive  than  ind ium tin oxide. Nonstoichi-  
ometr ic  films would  expe r imen ta l ly  be the s implest  and 
most economical  to prepare ,  if a sufficiently high con- 
duc t iv i ty  could be achieved. Zinc oxide films have been 
p repa red  by  rf  spu t te r ing  (2) and more recen t ly  
by magne t ron  spu t te r ing  (3). Shor t  repor ts  have  also 
been publ i shed  of the  meta l  organic chemical  vapor  
deposi t ion of zinc oxide (4, 5), but  the aim of these 

Key words: zinc oxide, chemical vapor deposition, diethyl zinc. 

authors  was to p repare  high res is t iv i ty  s toichiometr ic  
films. 

We have a pa r t i cu la r  in teres t  in semiconduct ing zinc 
oxide and have recent ly  s tudied the growth  charac te r -  
istics and re la ted  e lec t r ica l  p roper t ies  of films pre -  
pa red  by  the control led oxidat ion  of d ie thy l  zinc 
(DEZ). Changes in the subs t ra te  t empe ra tu r e  were  
found to significantly a l te r  the film deposi t ion ra te  and 
resis t ivi ty,  two cri t ical  factors for any  potent ia l  zinc 
oxide electrode applicat ions.  

The zinc oxide films were  deposi ted on clean P y r e x  
glass substrates  over  an area  of ,~1.5 cm >< 3 cm. The 
subst ra tes  were  suppor ted  on a graphi te  susceptor  
which top surface had been cut at  an angle of 15 ~ 
f rom the horizontal  axis of the reactor  tube to provide  
a grazing incidence gas flow over the substrates.  The 
suscep tor / subs t ra te  combinat ion was placed in the 
center  of this horizontal  square quar tz  reactor  tube,  
3.5 • 3.5 • 50 cm, and this cent ra l  a rea  then enclosed 
in a cy l indr ica l  a luminum reflector containing two 
500W quar tz  ha logen lamps.  These lamps could hea t  the 
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subs t ra te  to t empera tu re s  of up to 900~ A ca l ib ra ted  
thermocouple  encased in thin stainless steel  moni tored  
the subs t ra t e / suscep to r  t empera tu re  th roughout  the 
film prepara t ion .  

Al l  fitt ings to the reac tor  tube  were  e i ther  quar tz  
or  s tainless steel. Gas flow into the reactor  tube was 
al l  passed th rough  mass flow controllers.  High  pur i ty  
a rgon (99.999%) was used as an iner t  gas and also as 
a car r ie r  gas by  bubbl ing  th rough  DEZ contained in a 
steel  bot t le  in a t e m p e r a t u r e  control led bath.  Homoge-  
neous gas phase  react ions be tween  d ie thy l  zinc and 
oxygen  occur  even at  room t empera tu r e  and thus, the  
DEZ was kep t  separa ted  f rom the oxygen  u11til i t  
reached the reac t ion  zone. This was achieved b y  a t -  
taching to the oxygen  in le t  a smal l  d iamete r  quar tz  
tube  which  ex tended  inside the reac tor  to ~2  cm 
in front  of the  subs t ra te  edge. Gas-phase  homogeneous 
react ions  which lower  the film growth  ra te  and  damage  
film qua l i ty  were  fu r the r  min imized  by  reducing  the 
overa l l  pressure  of the system below atmospheric .  A 
more  extens ive  descr ipt ion of the  appara tus  and ex-  
pe r iments  wil l  be given l a t e r  in a fu l l - l eng th  paper .  

The exper imen t s  were  al l  pe r fo rmed  at  a pressure  
of 76 Torr  (10.13 kPa)  wi th  a constant  argon flow (2 
SLM) and pa r t i a l  pressures  of DEZ and oxygen  of 
1.85 X 10 -9  Torr  (2.46 Pa)  and  1.3 • 10 - I  Torr  (17.3 
Pa ) ,  respect ively.  In  the subs t ra te  t empe ra tu r e  range  
invest igated,  280~176 clear  homogeneous films of 
2 cm 2 were  grown wi th  an average  opt ical  t r ansmis -  
sion of 85-90% for film thicknesses be tween  4000 and 
8000A. Room t empera tu re  e lect r ica l  p roper t ies  of these 
films were  obta ined by  four  p robe  conduct iv i ty  and 
b y  Hal l  measurements .  F i lm  thickness was measured  
by  a Sloan Dek tak  profi lometer .  

The var ia t ion  of the  film deposi t ion ra te  and elec-  
t r ica l  p roper t ies  a re  presented  in Fig. 1 and  2, which  
show the impor tance  of the subs t ra te  t empera tu re  on 
the film character is t ics .  In  the low t empera tu re  range  
(below 370~ the film growth  ra te  is constant  whi le  
the res i s t iv i ty  decreases d ras t i ca l ly  f rom 30 to 8 • 
10 -9  ~cm.  In  this  range,  a whi te  ZnO deposit  appears  
on the reactor  wal ls  downs t ream of the react ion area, 
caused by  the homogeneous  react ion of 02 with  the 
meta lorgan ic  which is only  p a r t l y  decomposed at  these 
tempera tures .  The  decrease in the  res is t iv i ty  can be 
re la ted  to an improvemen t  of the  crys ta l l iza t ion of 

4 0 0  

300  
E 

o ~  

W 

z 
0 
E 20o 

0 

w 
a 

450  4 0 0  350 300 
i i i i 

\. 
\ 
\ 

P =76 Torr  
P(O z) =OJ3Tor r  
P(DEZ) =0 .0185 Torr 

(3 I i I 
10~.2 1.4 1.6 1.8 

I O 0 0 / T  (K-=)  

Fig. 1. Variation of the growth rate of zinc oxide films as a 
function of substrate temperature. Diethyl zinc, pp. 0.0185 Torr, 
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Fig. 2. Variation of the zinc oxide film resistivity, carrier con- 
centration, and carrier mobility with substrate temperature. Deposi- 
tion conditions were the same as for Fig. 1. 

the films as shown b y  the  increase of the Hal l  mobi l -  
i ty  ~H. 

When  the t empera tu re  of the subs t ra te  is fu r the r  
increased,  the growth  process becomes reac t ion - ra t e  
control led  (Fig. I ) .  The film growth  ra te  (GR) in 
such a case can be  represen ted  by  the re la t ion  (6) 

GR = KT exp (-- E/RT)  

where  K depends on the order  of the reac t ion  and on 
the reac t ing  gas flow rates,  and R is the  gas constant.  
The dashed  l ine in Fig. 1 corresponds to an  ac t iva t ion  
energy  of 30 k J / m o l  (0.31 eV/molecu le )  and K --  85 
A min  -1 K -1. A sa tura t ion  in the deposi t ion ra te  a p -  
pears  a round  450~ indica t ing  a mass t r anspor t  l imi ted  
regime. In this t empera tu re  range  (above 370~ the 
paras i t ic  deposit  on the reac tor  wal ls  d isappears  a lmost  
comple te ly  and the amount  of oxygen  which is used in  
the d i rec t  film growth  increases. F u r t h e r m o r e  the ra t io  
of zinc to oxygen included in the  films also changes. 
This can be in fe r red  f rom the decrease of the ca r r i e r  
concentra t ion (Fig. 2), that  is f rom the decrease  of 
the  film nonsto ichiometry  due to in te rs t i t i a l  zinc or  
oxygen  vacancies.  The pa ra l l e l  va r i a t ion  of ~H causes 
a net  increase of the film resis t ivi ty.  

The var ia t ion  of  the film res is t iv i ty  wi th  subs t ra te  
t empera tu re  is the re fore  caused by  the compet i t ion  
be tween  crys ta l l iza t ion and degree of nons to ich iometry  
of the  films. I t  has been observed (5) that ,  in ZnO films 
deposi ted b y  MOCVD at a tmospher ic  pressure  on glass 
subs t ra tes  using a much h igher  O2/Zn mol rat io  
than  in our  own exper iments ,  the degree  of c -axis  
or ienta t ion  of the crysta l l i tes  increases wi th  t e m p e r a -  
ture up to 400~ and decreases above tha t  t empera -  
ture. A phenomenon such as this is v e r y  l ike ly  to have 
an effect on ~H as observed.  

In  summary ,  thin t r anspa ren t  semiconduct ing films 
of zinc oxide  can be grown re l a t ive ly  eas i ly  by  the  
control led  oxida t ion  of d ie thyl  zinc. The t empera tu res  
needed to produce  re la t ive ly  low res i s t iv i ty  films a re  
~350~176 film elect r ica l  p roper t ies  a re  s t rongly  de-  
pendent  upon this decomposi t ion tempera ture ,  o ther  



2686 , l .  Electrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  December 1981 

t empera tu re s  giving film res is t iv i ty  increases due to 
decreasing car r ie r  concentrat ion and decreasing ca r r i e r  
mobil i ty.  

Manuscr ip t  submi t ted  Feb. 11, 1981; rev i sed  m a n u -  
scr ipt  received May 26, 1981. 

Any  discussion of  this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1982 JOUi~NAL. 
Al l  discussions for the June  1982 Discussion Section 
should be submi t ted  by  Feb.  1, 1982. 
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National Research Council oJ Canada. 
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Some Problems in Plasma Etching of AI and 
AI-Si Alloy Films 

Kado Hirobe,* Yoshinori Kureishi, and Takashi Tsuchimoto 
Computer Development Laboratories, Limited, I450, Kodaira-Shi, Tokyo 187, Japan 

General ly ,  a luminum and a luminum-s i l i con  al loy 
films are w ide ly  used as the electr ic  interconnection 
metal  in large  scale in tegra ted  circuits  (LSI ) .  The 
technology by which fine pa t te rns  can be prec ise ly  de-  
fined in A1 and A1-Si films has been indispensabl  e to 
high dens i ty  and high speed LSI. Among  var ious  kinds  
of etching methods  for  the films, the p lasma  etching 
in the  pa ra l l e l  p la te  e lect rode reac tor  is considered 
one of the most useful  methods  to de l inea te  high reso-  
lut ion pa t te rns  in the films. 

This technology has been  deve loped  b y  severa l  
workers  (1-4),  and it has been wel l  known that  the  
etching method has excel lent  character is t ics ,  such as 
an iso t ropy and less undercu t t ing  than  the conven-  
t ional  p lasma  etching in a ba r re l  type  reac tor  and wet  
chemical  e tching in acid solutions. 

However ,  there  are  some problems  which were  en-  
countered  when the technology was appl ied  to the 
meta l l iza t ion  processes. These problems  come from the 
character is t ics  inheren t  in the etching technology. 

One of the purposes  of this work  is to survey  the 
problems  which were  in t roduced when  the e tching 
technology was appl ied  to the meta l l i za t ion  process of 
LSI  devices. 

Ano the r  purpose  is to find the origins of these p rob -  
lems and to provide  effective approaches  to solve 
them. 

In this work,  p lasma  etching of A1 and A1-Si a l loy 
films was carr ied  out  in a pa ra l l e l  plate,  anode coupling 
type  of reactor.  Wafers  were  p laced on the susceptors 
which were  p laced  on the lower  A1 elect rode coated 
with  an a luminum oxide film. This e lect rode w a s  
grounded  and ro ta ted  at  the ra te  of 4 rpm. RF  power  
of 380 kHz was appl ied  to the upper  electrode.  An  op-  
t ical  emission spec t romete r  was a t tached to the cham-  
ber. The spec t romete r  was used to measure  the  in-  
tensi ty  of spec t ra  emi t ted  f rom the p lasma dur ing  
etching. The 896.2 nm peak  of A1 atomic spec t rum 
was used (5), as wel l  as the AiC1 261.4 nm peak.  CCl4 
was used as the etching gas. Etching exper iments  were  
carr ied  out  using two types  of substrates .  One of them 
was a fiat subs t ra te  coated wi th  AI or  A1-Si a l loy  
films of uni form thickness.  The o ther  was a subs t ra te  
wi th  steps about  1 ~m in height.  Both pure  A1 and 
A1-Si a l loy films were  deposi ted on the subs t ra tes  by  a 
p l a n a r  magne t ron  spu t te r  system. 

* Electrochemical Society Active M e m b e r .  
Key words: metallization, sputtering,  surface oxide film, emis- 

sion spectroscopy, plasma etching, A1 alloy film, 

In our  ea r ly  exper iment ,  when the e tching tech-  
nology was appl ied  to del ineate  pa t te rns  in the films, 
the fol lowing problems  were  observed:  (i) Surface  
oxide film caused a de lay  in the in i t ia t ion of the  e t c h -  
ing  react ion of A1 wi th  CC14, and the de lay  t ime va r ied  
from severa l  tens of seconds to severa l  minutes,  as 
shown in Fig. 1. (ii) The reproduc ib i l i ty  of etch ra te  of 
the films was poor. The etch ra te  var ied  from about  
80 to 170 n m / m i n  under  the same condition, and so 
i t  was difficult to de te rmine  the end of e tching by  
t ime. (iii) A1 residues were  observed  along the steps 
of the subs t ra te  and around the hi l locks of annea led  
A1 films. The residues of A1 caused low current  l eak-  
age and in the wors t  case, e lectr ic  shorts  occurred be-  
tween  the ad jacent  A1 pat terns .  (iv) After  A1-Si a l loy 
film etching, Si r emained  as residue on the substrate .  
The residues also led to leakage  of electr ic  cur rent  
be tween  the ad jacent  A1 pat terns .  (v) Fur the rmore ,  
severe degrada t ion  of photores is t  film pa t te rns  was 
found af ter  etching, especia l ly  at  r e l a t ive ly  high rf  
cur ren t  or  r f  power.  
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It was found that the delay time in etching was 
decreased with increasing rf  current ,  as shown in Fig. 
2. The delay t ime at higher rf currents  was more re-  
producible than  that  at lower rf currents.  Etching at 
high r f  current  for a long time, however, caused the 
degradation of photoresist films by  substrate heating. 
Etching at high rf current  for a short time, such as 
less than  2 or 3 min  at 1A, caused no damage to the 
photoresist films. Therefore, one of the effective etch- 
ing procedures was at tained by using a two-step etch- 
ing technique. This etching consisted of the 1st step 
etching at higher rf current  for a short t ime and then 
the 2rid step etching at lower rf  cur rent  to the etch 
end. 

Figure 3 shows typical emission in tens i ty  dur ing  
etching by the two-step technique. The A1 etching was 
started at high rf current,  in this case 1A or at rf  
power density of 0.46 W/cm 2. The ini t ia t ion of etching 
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Fig. 2. Dependence of the delay time on the rf currenf 

was detected by the strong 396.2 nm peaks on the fig- 
ure. RF current  was decreased to 0.SA or to 0.31 
W/cme of power densi ty after  the occurrence of the 
strong emission peaks. As the end point  was ap- 
proached, the emission in tensi ty  leveled off. Thus, the 
end point could be detected precisely from batch to 
batch. 

Another  technique for removing the protective sur-  
face oxide easily and reproducibly,  was to supply iner t  
gases such as Xe and Kr  to the etching gas. Figure 4 
represents a dependence of the d e l a y t i m e  on etching 
gas composition for CC14 and Xe. It was found that the 
appropriate addit ion of Xe to CC14 could great ly de-  
crease the delay time even if the rf current  was as low 
as 0.6A. Decrease of the delay time is considered to be 
due to removing the surface oxide with the aid of bom- 
bardment  by  energetic Xe +. 

Figure 5 shows typical residues of A1 along the steps 
of the substrate after A1 etching. It was found that the 
steeper the slope of the edge, the more A1 remained.  
One of the reasons for the occurrence of the A1 resi-  
dues was considered to be due to the anisotropic etch- 
ing of the paral lel  plate reactor. The etch rate of A1 
depends on the incidence angle of ions (6), and it  is 
reduced around step edges with incidence angles of 
about 90 degrees. Another  reason was that  the A1 film 
at the base of the edge was much thicker  than  that  
on the flat area of the substrate.  Overetching or ex-  
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by the two-step etching technique: RF current 1 and 0.SA corre- 
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Fig. 5. SEM photograph of AI residues along the steps of the 
substrate. 
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cessive etching was one approach to solving the prob- 
lem. However, a more basic and effective approach 
was to reduce the steepness of the steps, namely to 
achieve a smooth surface topography. 

Si residues on the substrate after etching the A1-Si 
alloy film were effectively removed by  CF4 plasma 
etching. 

In summary, some problems which were encoun- 
tered in plasma etching of A1 and A1-Si alloy films 
were investigated in this work. The protective oxide 
film caused a delay in the initiation of the etching re-  
action. The film was effectively and reproducibly re-  
moved by a relat ively high rf current or by mixed 
CC14-Xe gas plasma at low rf current. A reproducible 
A1 etching process was developed by using the two- 
step technique. A1 residues along the steps of the sub- 
strate were found to be due to the surface topography 
of the substrate and the characteristics of the etching 
technology. 
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Polishing of CdTe Surfaces by Diamond Milling 
J. A. Mroczkowski 

Honeywell Electro-Optics Center, Lexington, Massachusetts 02173 

The preparat ion of semiconductor wafers usually 
involves either mechanical polishing with a wet abra-  
sive slurry, etching, or chemical mechanical polishing. 
A new dry technique for polishing zincblende struc- 
ture componds is described in this article, based on 
cleaving the top layers of an oriented semiconductor 
with a single diamond edge. The technique, which is 
an adaptation of the diamond milling process com- 
monly used for polishing aluminum surfaces to preci-  
sion flatness for large area infrared optical scanning 
systems, has been found to be very useful for the 
preparation of CdTe substrates for LPE Hgl-xCdxTe 
film growth (1). 

The principle of the diamond milling technique is  
i l lustrated in Fig. 1. Figure 2 shows the effect of dif- 
ferent milling directions < h ' k ' l ' >  across low index 
( l l l ) A ,  (I1O), and (100) CdTe surfaces. 

For the ( l l l ) A  surface only milling directions 
within a few degrees of the set of 3 [211] directions 
in the ( l l l ) A  plane resulted in smooth polishing of 
the surface, while other directions resulted in rough 
surfaces. Figure 2 shows the sequence of good and poor 
polishing directions across 36 cleaved pieces from the 
same original (111)A surface which were reassembled 
with the pieces rotated relative to the first by increas- 

Key words: semiconductor sUrfaces, stress/strain, aluminum, 
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Fig. 1. Schematic of diamond milling process of CdTe (hkl) sur- 
faces along [h'k'l'] directions in the (hkl) plane. 

ing angles in the sequence 5, 15, 30, 45, 55, 60, 65, 75, 
90, 105, 120 . . . . .  355 degrees running from left to 
right and then down consecutive rows. It should be 
noted that piece 14 in the sequence was misplaced at 
the very end, and the seventh piece from the end was 
positioned at the incorrect angle. When these errors 
are recognized the contrasts in the polishing results 
clearly show a threefold symmetry of optimum milling 
directions across the ( l l l ) A  surface. 

The [211] polishing directions could be uniquely 
identified by using a 0.6328 micron helium neon laser 
beam at normal incidence on the init ially rough pol- 

Fig. 2. Demonstration of the effect of different milling directions. 
After breaking up 3 initial single surfaces into small pieces the 
pieces were reassembled for milling at consecutively increasing 
angles. 
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ished CdTe ( l l l ) A  surface, and observing the selec-  
t ive reflections f rom the 3 groups of {110} microfacets.  
By t r ansmi t t ing  the beam through  a smal l  ape r tu re  in 
a screen p!aced in f ront  of the CdTe, three  reflected 
b r igh t  spots could be p ro jec ted  on the screen at  twice 
the  angle  be tween  e i ther  of the  3 {110} di rect ions  
and the ~ 1 1 1 ~  direct ion,  i.e., 70.5 ~ The same iden-  
tification and pol ishing procedures  worked  for the 
( i l l ) B  surfaces wi th  [511] mi l l ing  directions.  

For  the  (110) surface eight  pieces f rom one ini t ia l  
single (110) surface were  ro ta ted  in consecut ively  in-  
creasing steps of 45 ~ The resul ts  shown in Fig. 2 sug-  
gest tha t  the  mi l l ing  d i rec t ion  is un impor tan t .  

Fo r  the (100) surfaces wi th  or thogonal  {110} facets 
24 pieces were  reassembled  with  increas ing angles 
re la t ive  to the first piece in the top l e f t -hand  corner  
in the  sequence 5, 15, 45, 75, 85, 90, 95, 105 . . . .  355. 
The resul ts  appea red  to indicate  only  2 permiss ib le  
[110] mi l l ing  direct ions.  

The CdTe zincblende c rys ta l  s t ruc ture  shows tha t  
s t e reo-h indrance  is possible be tween  the 3 [211] di-  
rect ions resul t ing  in smooth surfaces and the 3 [511] 
direct ions resul ing  in rough  surfaces. The un impor -  
tance of the  mi l l ing  d i rec t ion  on (110) surfaces is not 
surpr is ing  in view of the  fact  tha t  the (110) surfaces 
a re  the  p re fe ren t i a l  c leavage surfaces. The resul ts  on 
the (100) surfaces exhib i t ing  apparen t  twofold sym-  
me t ry  ins tead of the  expected  fourfold s y m m e t r y  were  
surpr is ing;  they  could only  be exp la ined  on the basis 
that  the (100) surfaces were  insufficiently or ien ted  in 
the cut t ing p lane  of t h e  diamond.  

Etching, x - ray ,  and Nomarsk i  phase contras t  ana l -  
yses of the CdTe samples  were  used to es t imate  the 
extent  of surface damage and smoothness. F igures  3a 
and b show two ( l l l ) A  samples  of CdTe, number  8 
and 14 f rom tha t  shown in Fig. 2, which had  been 
mi l led  across the surface in different  directions.  These 
samples  had  the r ight  th i rd  a rea  unetched af ter  d ia-  
mond mill ing,  the middle  th i rd  e tched in Br  methanol  
solut ion to a depth  of about  5 microns,  and the le f t  

th i rd  etched for about  20 microns. F igures  4a and  b 
show the boundar ies  be tween  the 5 micron etched and 
unetched surfaces. Significant surface gouging was de-  
tected in the samples  which had  not  been pol ished in 
the op t imum direction,  whi le  there  was v i r t ua l ly  no 
gouging on surfaces which  had  been  pol ished in  the  
op t imum direct ion.  In addit ion,  ve ry  l i t t le  difference 
was seen in the 5 micron  e tched and the une tched  su r -  
faces. At  20 microns of e tching s l ight  "orange pee l"  
fea tures  were  observed.  

Double  crys ta l  x - r a y  spectroscpy using copper  Ka 
rad ia t ion  and etched (111) ge rman ium as the first 
c rys ta l  was used to assess pol ishing damage.  X - r a y  
rocking curves were  obta ined  on both  the  d iamond po l -  
ished CdTe surfaces and also ad jacen t  surfaces which 
had 5 microns etched off. An etched (111) sil icon re f -  
erence as the second crys ta l  showed a diffracted x-ray  
ha l f -w id th  of about  40 sec. 

For  the ( l l l ) A  samples  20 was 23.8 degrees  and the 
unetched surface of the  sample  pol ished wi th  the  op t i -  
m u m  mil l ing direct ion showed a ha l f -w id th  of 50 see. 
No improvemen t  was seen in the ad jacen t  e tched areas.  

The (110) surfaces were  examined  using (220) r e -  
flections wi th  a 2e angle  of 39.3 degrees.  A re ference  
cleaved surface showed a ha l f -w id th  of 60 sec. A 
mil led  unetched surface showed a ha l f -w id th  of 170 

Fig. 3. a, b: Enlarged micrographs of (|11)A pieces 8 and 14 
shown in Fig. 2 milled at 65 ~ and 0 ~ respectively, from the opti- 
mum direction. Left third and middle third areas had 20 and 5 
microns etched off. Right-side areas are unetched. Note twins 
running through piece 8. 

Fig. 4. a, b: Nomarskl phase contrast of boundaries between the 
unetched and 5 micron etched (111)A surfaces shown in Fig. 3a 
and b. In Fig. 4a extensive surface pitting is revealed by the dark 
contrast areas on the as-milled unetched surface. In Fig. 4h the 
parallel regions of slightly varying contrast reveal very small dif- 
ferences in the surface topology due to the finite diamond edge 
radius and very small imperfections in the diamond edge. 
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sec, whi le  an ad jacen t  surface which had  5 microns  
r emoved  b y  etching showed a ha l f -wid th  of 150 sec. 

The (100) surfaces were  examined  using (400) re -  
flections with a 20 angle of 56.8 degrees.  Ha l f -wid ths  of 
100 and 110 sec were  obta ined on the etched and un -  
etched surfaces, respect ively .  

The re la t ion  be tween  the x - r a y  l ine wid th  h0 and a 
un i form dep th -wise  s t ra in  d is t r ibu t ion  hd/d is 

hd 
-- -- Cot Ohe 

From the values of .~d/d obtained on the unetched 
surfaces it appeared that the strains in the (111)A and 
(100) surfaces were comparable, and much less than 
on the (110) surface. In  addi t ion  the  (110) surfaces 
showed a significant number  of gouged pits  lef t  beh ind  
af ter  d iamond mi l l ing  compared  to a lmost  none on the  
( l l l ) A  and (100) surfaces. 

The ha l f -w id th  da ta  on unetched and 5 micron  
etched surfaces suggest  tha t  most of the pol ishing 
damage was confined to wi th in  5 microns  of the sur -  
faces. A more  quant i ta t ive  es t imate  of the  upper  l imi t  
to the damage  depths  on the unetched ( l l l ) A  and 
(100) surfaces was then made  by  de te rmin ing  the 
depths  x f rom wi th in  which most of the reflected 
x - r a y s  were  diffracted the  same fraction,  Gx. F r o m  
Cul l i ty  (2) 

G~ --  1 --  exp  --  (2;~c/sin e) 

where  ~ ---- 1540 cm -1 was also de te rmined  f rom (2),  
and e is the angle  of incidence. For  the ( l l l ) A  surface 
95% of the diffracted energy  came f rom wi th in  2 
microns of the surface, compared  to 5 microns for  the  
(100) surface. F r o m  these es t imates  we infer  tha t  the  
smal les t  damage  dep th  was obta ined  on the ( l l l ) A  
surface. 

To fulfill  demands  for pol ished CdTe subs t ra tes  for  
LPE Hgl-xCdxTe crys ta l  g rowth  wi th  p re fe r r ed  
( l l l ) A  surfaces, on ly  these surfaces were  subse-  
quent ly  rou t ine ly  polished.  F igure  5 shows the mi r ro r  
smooth qua l i ty  of a reflection of an in f ra red  CCD 
pho tomask  f rom a 5 X 4 cm2 d iamond pol ished CdTe 
substrate .  F igures  6a and b show the flatness of  a large  
area  1 m m  thick unsuppor ted  substrate .  The s ta ight -  
ness of the f r inge  pa t t e rn  is bel ieved to be l imi ted  not  
b y  the technique,  bu t  only  b y  the thinness  of the  sub-  
s t ra te  and poss ib ly  the in t r ins ic  s t ra in  an iso t ropy  of 
the A and B surfaces. 

In  summary ,  a technique of pol ishing CdTe wi th  a 
single d iamond edge has been descr ibed which in-  
volves the cleaving off of thin surface layers  when 
the shear ing forces produced b y  the d iamond edge 
are d i rec ted  along select c rys ta l lographic  directions.  
Very  smooth mi r ro r l ike  surfaces have  been  obta ined 
with  low work  damage and no chemical  contaminat ion  
beyond surface in terac t ion  wi th  the ambien t  a tmo-  
sphere.  The technique should be appl icab le  to o ther  
semiconductors  which  have  the same crys ta l  s t ruc ture  
and are  not  too hard.  
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Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June 1982 JOURNAL. 

Fig. 5. Reflection of an infrared CCD photomask from a diamond 
polished (111)A CdTe surface. 

Fig. 6. a, b: Interferograms of a large area 1 mm thick un- 
supported CdTe (111)A slice under an optical flat. 

All  discussions for the June  1982 Discussion Section 
should be submi t ted  by Feb. 1, 1982. 
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S E C T I O N  P 

This Discussion Section includes discussion of papers appearing 
in the Journal  o f  The  Elec t rochemica l  Socie ty ,  Vol. 128, No. 1, 3, 
and 6, January,  March, and June 1981. 

Resolution Limits of PMMA Resist for Exposure with 
50 kV Electrons 

A. N. Broers (pp. 166-170, Vol. 128, No. i) 

G. Langner and W. St ickeh I In  this paper ,  Dr. Broers  
compares  l ight  opt ical  and e lec t ron beam l i thography  
on the basis of the  convent ional  image  contras t  defined 
b y  

/max ~ Imin 

Cpp = /max + Imin [1] 

I denotes  the  intensi ty ,  Cpp indicates  p e a k - t o - p e a k  
contrast .  This definit ion applies  to continuous tone 
images wi th  a l inear  t ransfe r  character is t ic  and is 
commonly  used in the  analysis  of photographic  and 
TV images. In  l i thography  it  is impor tan t  tha t  the 
boundar ies  be tween  the areas  of undissolved res is t  and 
dissolved resis t  a re  posi t ioned w i th  a m in imum er ror  
and  show steep wal ls  (even undercu t  foI l i f t -off  p ro -  
cess).  This requi res  the exposure  of pa t te rns  wi th  a 
steep l a te ra l  in tens i ty  gradient .  A cont ras t  definit ion 
of mer i t  in l i thography  should take  into account the 
edge slope of the  exposing spot profile. A sui table  
definit ion is the  "edge contras t  CE" given by  

2 W 
CE = ~ tan -1 ~ Cpp [2] 

E 

Cpp is defined by Eq. [I]. Both definitions are de- 
picted in Fig. I. Broers stated that E-beam lithography 
is superior to light-optical lithography on grounds of 
the contrast Cpp for linewidth below 0.8 ~m. It can be 
shown 2 that the edge contrast of an E-beam lithography 
system as compared to a light optical system is higher 
already for linewidths below 1.4 ~m for the system 
chosen by Broers. 

A. N. Broers :  z I agree wi th  the  point  made  by  G. 
Langner  and W. St ickel  and bel ieve i t  is an impor tan t  
point.  I also discussed the difference in edge contras t  
for e lec t ron  beam and opt ical  exposure  qua l i t a t ive ly  

l IBM Corporation, East  Fishkil l  Facility, Hopewell Junction, 
New York 12533. 

s G. Langer  and W. Stickel, Optik,  To be published. 
3IBM Corporation, East  Fishkil l  Facility, Hopewell Junction, 

New York 12533. 
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Fig. I. Typical exposure density profiles and quantities used in 
the contrast definitions. 

when referring to Fig. I. Langner and Stickel's Cz is a 
good measure of edge contrast and this is more im- 
portant in determining the definition of resist patterns 
than the line/space contrast Cpp. In their comparison 
of optical and electron beam exposure, however, they 
have assumed that the optical system is incoherently 
illuminated. In practice partial coherence is usually 
employed because it improves contrast, particularly 
edge contrast. 4 Their conclusion about the turnover 
point between optics and electron beam may, therefore, 
be pessimistic with respect to optics. 

Transmission Electron Observations of the Early Stage 
of Epitaxial Growth of Silicon on Sapphire 

S. Hamar-Thibault and J. Trilhe (pp. 581-585, Vol. 128, No. 3) 

H. F. Matar~:5 The authors  have car r ied  out  a thor -  
ough s t ruc tura l  analysis  of th first s tages of nucleat ion 
of SOS-films. I t  is impor t an t  tha t  pa r t i a l l y  coherent  
g rowth  has been p roven  in contradic t ion to the theory  
of complete  elastic adapta t ion ,  i.e., coherent  l aye r  
growth.  

I t  is also impor t an t  tha t  he re  an appa ren t  dis-  
c repancy is resolved,  when the authors  state:  (i) "The 
dis tor t ion  of the  silicon la t t ice  decreases wi th  growing 
t ime" (page 581) and (i i)  "There  is a progress ive  in-  
crease in the  misfit be tween  si l icon- and sapphi re  
lat t ices wi th  increas ing deposi t  t ime" (page 583). 

As is wel l  known, silicon films on sapphi re  improve  
in perfec t ion  (mobil i ty,  l i fe t ime)  as they  become 
thicker.  Beyond a /~m, the in ter face  dislocations and 
the influence of the  in terface  charge states are  much 
decreased.  Distor t ion decreases away  from the in te r -  
face. However,  the  la t t ice  pa rame te r s  are  closer near  
the interface.  Here  the silicon is lands e las t ica l ly  adap t  
to the  sapphi re  lattice,  resu l t ing  in the stresses cal -  
cula ted  at  some 1010 d y n e s / c m  2. S imi la r  values  have 
been der ived  f rom the difference in expansion-coeff i-  
cients. 6 

Also, the influence on the bandgap  was indicated.~ 
The regu la r  appearance  of the silicon nuclei  in the in i -  
t ia l  g rowth  stages v cannot  hide  the fact tha t  the in t e r -  
face la t t ice  misfit requi res  a cer ta in  number  of atomic 
layers  to re l ieve the s t ra in  and grow out f rom the 
h ighly  defect  (Al -doped)  mat ing  p lane  (as shown by  
TEM; see, e.g., footnote 6, page 253) into a useful  
layer .  An interface  state dens i ty  of some 1011 cm -2  and 
a dislocation dens i ty  in this range  s requi res  at  leas t  
1000 la t t ice  pa rame te r s  for  a decrease  by  a factor  of 
1000, i.e., to get  into the range of l0 s cm-2.  

I t  is conceivable tha t  laser  anneal ing  9 wi l l  r eorder  
the SOS la t t ice  bu t  also red i s t r ibu te  the a luminum 
across the ent i re  layer .  The in ter face  state dens i ty  of 
1011 e / cm 2 was confirmed recen t ly  on SOS l a y e r s )  0 

It  appears  that  SOS is useful  for  fast  recovery  and 
rad ia t ion  res is tant  devices ( thicker layers)  and less for 

M. C. King, "Principles of Optical Lithography," Chapter in 
VLSI Electronics Microstrueture Science, Vol. 1 & 2, Einsbruch, 
Editor, Academic Press, New York (1981). 

Los Angeles~California 90049. 
H. F. Matare, "Defect Electronics in Semiconductors," p. 481, 

Wiley-Interscience, New York (1971). 
"Heteroepitaxial  Semiconductors for Electronic Devices," 

G. W. Cullen and C. C. Wang, Editors, p. 40, Springer,  New York 
( 1978 ). 

8 Only 1% difference in lattice constants required. See footnote 
6, p. 476 and H. F. Matarf,  "Light  Emit t ing Devices," Par t  I in 
"Advances in Electronics & Electron Physics," Vol. 42, Academic 
Press, New York (1976). 

9 G. A. Sai-Halasz et al., App/. Phys. Left., 36, 15 (1980). 
lo p. Krusius et  al., ibid., 38, 1 (1981). 
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submicron,  ver t ica l  s t ructures  (see footnote 7, p. 93) 
and that  seeded, l a te ra l  ep i t axy  may  solve the p rob-  
lems of thin monocrystals .  ~1 

An Improved Model for Analyzing Hole Mobility and 
Resistivity in p-Type Silicon Doped wth Boron, 

Gallium, and Indium 
I.. C. Linares and S. S. Li (pp. 601-608, Vol. 128, No. 3) 

F. L. Madarasz ,  ~2 3.  E. L a n g ,  13 and  F. S z m u l o w i c z 9  4 
In reading  the paper  by  Linares  and Li (LL) we have 
found severa l  er rors  and misappl icat ions  of exis t ing 
theories for mobi l i ty  calculat ions in semiconductors.  

Firs t ly ,  LL state they  use the Barber  15 t empe ra tu r e  
dependent  densi ty  of states (TDDOS) effective mass. 
The inadequacies  of the Barber  mass model  a re  well  
known. 16,17 The model  ignores the s t rong nonpa rabo l -  
ici ty of the heavy  hole band in the  <110>  directions,  
and grossly oversimplif ies the l ight  hole band 's  non-  
parabol ic i ty  by  a piecing together  of two parabol ic  
bands, which resul ts  in a discontinuous band.  

As a consequence of using the Barber  mass the 
car r ie r  concentra t ion is underes t imated ,  especial ly  the 
contr ibut ion f rom the heavy  hole band. The  net  resul t  
is that  any  de te rmina t ion  of the conduct iv i ty  mobi l i ty  
f rom res is t iv i ty  measurements  a n d  a car r ie r  concen- 
t ra t ion ob ta ined  th rough  the use of  the Barber  model  
wil l  be overes t imated.  We therefore  feel that  any 
agreement  be tween  expe r imen ta l  and theoret ica l  
values of mobil i ty,  in Fig. 1 of the LL paper,  is some- 
wha t  fortuitous.  

Secondly,  we wan t  to show that  given the s t rong 
nonparabol ic i ty  and anisot ropy of the  valence bands 
in silicon i t  is not possible to wr i te  the conduct iv i ty  
mobil i ty ,  ~i, for the i th band in terms of an energy  
ave raged  re laxa t ion  t ime <Ti> as LL did in  thei r  Eq. 
[1] which is 

e < ~ i >  
~i = - -  [1] 

m e t *  

Here e is the electronic charge and <~i> takes  the  form 

f E 3/2 Ti Ofo/OE dE 
< T i >  = [2] 

f E  3/20fo/OE dE 

where  fo is the equi l ib r ium F e r m i - D i r a c  d is t r ibut ion  
function, reel* is the conduct iv i ty  effective mass which 
is canonical ly  defined by  the equat ion for the conduc-  
t iv i ty  

pe 2 
: < ~ >  [3] 

m c  $ 

where  p is the car r ie r  concentrat ion.  
I t  is impl ic i t  in the definit ion of mr Eq. [3], tha t  T 

must  be isotropic and at most energy  dependent ,  i.e., 
---- ~(E).  However ,  because of the nonspher ica l -  

nonparabol ic  na ture  of the l ight  hole band (LL t rea t  
the  heavy  hole and spli t-off  bands as parabol ic )  any  
in t r a -  or i n t e rband  t rans i t ion  including that  band wil l  
y ie ld  a t rans i t ion  ra te  which depends  on the magni -  
tudes as wel l  as the direct ions of the incident  and 
sca t tered  wave vectors of the  charge carr iers  wi th  
respect  to the axes of the Bri l louin  zone. ~s, 19 This re-  

l l  j .  C. C. Fan  et  al., ibid.,  38, 1 (1981). 
l~Universa l  E n e r g y  Systems,  Dayton,  Ohio 45432 (Vis i t ing  Sci- 

ent is t ,  Mate r ia l s  Labora tory ,  AFWAL/MLPO,  Wr igh t -Pa t t e r son  
AFB, Ohio 45433). 

ls D e p a r t m e n t  of Physics ,  Un ive r s i ty  of Dayton,  Dayton,  Ohio 
45469 (Vis i t ing  Scient is t ,  Mate r ia l s  Labora tory ,  AFWAL/MLPO,  
Wr igh t -Pa t t e r son  AFB, Ohio 45433. 

~4 Unive r s i ty  os Dayton  Resea rch  Ins t i tu t e ,  Dagton,  Ohio 45469. 
H. D. Barber ,  Solid S ta te  Elec tron. ,  10, 1039 (1967). 

~6 F. L. Madarasz,  J. Lang,  and P. Hemenge r ,  J. Appl .  Phys . ,  52, 
4646 (1981). 

1TH. Nakagawa  and S. Zuko tynsk i ,  Can. J. Phys . ,  55, 1485 
(1977). 

~SF. L. Madarasz  and  F. Szmulowicz,  Phys .  Rev .  B, 24, 4611 
(1981). 

19 M. Tiersten, J. Phys. Chem. Solids, 25, 1151 (1964). 

sults in an anisotropic  re laxa t ion  ra te  which  depends  
on the magni tude  and direct ion of the incident  wave  
vector, prec luding  the use of Eq. [3] ~ to define mei* 
for the l ight  hole band, and the use of Eq. [1.] 

Even if an isotrop[c re laxa t ion  t ime could be jus t i -  
fied, an energy ave raged  re laxa t ion  t ime as given by  
Eq. [2] wil l  not  ar ise  in the  conduct iv i ty  mobi l i ty  if 
the band s t ructure  is nonspher ica l -nonparabol ic .  This 
conclusion follows f rom the fact that  in the genera l  
Kane  band model  the  re la t ionship  be tween  wave  

-b 
vector  k and the band energy  is given by  

2mo A 
kS = ~, (E, k ) [4] 

112 

where  mo is the rest  mass of an e lec t ron and ~ is 
^ 

P lanck ' s  constant  d iv ided  by  2=. The factor,  7(E,  k ) ,  is 
a compl ica ted  function of ene rgy  and direct ion in k -  

^ 
space which, in general ,  is not  separable  into E and k 
dependences.  With  Eq. [4], and  the basic in tegra l  
definitions of conduct ivi ty  and car r ie r  concentra t ion 
(for cubic s y m m e t r y  and in the  nondegenera te  l imi t ) ,  
i t  can be shown that  

pe 2 

(2too) ~ 
A A 

SE ( 0 r ( k , k )  )2 A 0 7 ( E , k )  
]o z'y1/2(E, k) dE d~ 

�9 n Ok 8E 

f ~  • 0-y (E, k ) 
,a  71/2(E' k ) OE E fo dE dn 

[5a] 

---- ~c pe [Sb] 

Here, ~2 is a solid angle in k-space  and r is a resul t  
of the invers ion of Eq. [4], i.e. 

,/%2 ^ 
E = ~ r (k, k ) [6] 

2mo 

For  the genera l  case of a nonspher ica l -nonparabol ic  
band, the energy  and angula r  dependences  are  not  sep-  
a rab le  in the in tegrands  of Eq. [5a]. The  impl icat ion 
is that  an energy  averaged  re laxa t ion  t ime,  as that  in 
Eq. [2], cannot be fac tored in Eq. [5a] and thus a con- 
duct iv i ty  effective mass as defined by  Eq. [3] cannot  
be obtained.  We therefore  question LL's  calculat ion of 
the conduct iv i ty  effective mass for thei r  l igh t -hole  
band. 

Thirdly ,  consider  the express ion  given by  Eq. [3] 
of the LL paper  

m D i *  2;jj ~'Qi [7] / 
?~%Dj * Tij 

1( 
zi='~ 1 - } - - -  

8 = 1  

where  
%'11T22 

[81 
"~12T21 

and the  roD* (T) are the TDDOS effective masses as -  
s o c i a t e d  with the i th  and j th  bands.  F rom the or iginal  
work,  Bir  et aL, 2~ an expression l ike Eq. [6] m a y  be 
extracted,  bu t  only  wi th  the res t r ic t ion  of spher ica l -  
parabol ic  bands,  whe re  m* is a constant. Given this r e -  
s t r ic t ion the masses which  occur in Eq. [7] are the  
m*'s obta ined f rom the curva ture  of each band. 

LL claim that  the  procedure  for going from a p a r a -  
bolic to a nonparabol ic  band is to s imply  subst i tu te  
the TDDOS effective mass for m*, and cite Radcliffe 21 
and Barr ie  22 as having shown this. Quite  the contrary ,  
both Radcliffe and Barr ie  a t t empt  to general ize  r e l axa -  

eo G. H. Bir ,  E. Normantas,  and G. E. P ikns ,  Soy.  Phys .  Sol~d 
S ta te ,  4, 867 (1962). 

J. R. Radcliffe,  Proe.  Phys .  Soc. London  A,  68, 675 (1955). 
R. Barr ie ,  Proc.  Phys .  Soc. L o n d o n  B, 69, 553 (1956). 



Vol. 128, No. I2 DISCUSSION SECTION 2693 

tion rates for different inband  scat ter ing processes 
when going from a spherical-parabolic band, in which 
E = ]h2k2/2m*, to a spher ical-nonparabol ic  band, in 

which E : f([ k I). In  their generalizations they 
showed tha t  the subst i tu t ion of & 2 k ( d E / d k ) - I  for m* 
tended to account for variat ions in the temperature  de- 
pendences of mobilities, which the spherical-parabolic 
model could not  account for. 

Fur thermore,  LL cite Braggins~3 as having success- 
ful ly used the subst i tut ion of the TDDOS effective 
mass for m*. In  fact what  Braggins writes is l / m *  (E) 
= zh2k(dE/dk) -1 ,  which is only a mat ter  of notation. 
This "band effective mass" m* (E) is not directly re-  
lated to the ( temperature  dependent)  TDDOS effective 
mass nor  is it  the true DOS effective mass. 16,1~ 

The subst i tut ion o f ~ 2 k ( d E / d k )  -1 for m* is not a 
prescription for the subst i tut ion of the TDDOS effective 
mass for m* when treat ing nonpa~:abolic bands. The 
TDDOS effective mass arises in only one place and that 
is in  the calculat ion of the carrier concentration. If one 
starts out with a t ru ly  nonspher ical -nonparabol ic  band 
s t ructure  like the valence bands of Si, and then derives 
a re laxat ion rate for the i th band from its definition 

Ogi ( ) 
-- 0t _.~ [9] 

�9 ~l (k) coll gi(k) 

where g(k)  is the deviation from ~o, one will at most 
find the rest mass, too, of the charge carrier in the re- 
sult ing expressions. The rest mass appears only be-  
cause of nomalizat ion (see Eq. [4]). The reason the 
true DOS effective mass, which is energy dependent  in  
the case of a (non)spher ica l -nonparabol ic  band, does 
not occur is that  the collision integral  includes the 

t ransi t ion rate  and g (k) .  This means that the DOS 
never  appears as a simple factor. And it is the DOS 
which is needed for the DOS effective mass. 

Fourthly,  al though LL state at the beginning of their  
paper that they employ the nonspher ical -nonparabol ic  
silicon valence band  s t ructure  through the use of the 
Barber  model, later  they go on to state, "The anisotropy 
of the energy spectrum is not considered in this model, 
because from the t ranspor t  theory of parabolic bands it 
is known that anisotropy has no influence on the tem- 
perature  dependence of mobility, but  only on its ab- 
solute value." We agree with this conclusion for lattice 
l imited mobility, 24 and would like to emphasize this 
point  as well since Tiersten 19 has shown that the use of 
spherical energy surfaces can lead to an error in the 
lattice l imited mobil i ty  of ~20%. 

Lastly, we focus our  a t tent ion on the empirical 
formula "Yhh a which is used to correct acoustic phonon-  
hole scattering for the influence of hole-hole interac-  
tions. This formula as given by LL 

7hh a = 1.0004-4.013378 X 10 -19 NA [10] 

depends on the concentrat ion of acceptors, NA, rather  
ra ther  than on the concentrat ion of holes which in 
itself is quite puzzling. Furthermore,  note that  this 
formula produces a value comparable to that  obtained 
from the theoretical  expression for 7hh, which they dis- 
play in  their  Eq. [12], only at an impur i ty  concentrat ion 
of 3 X 1017. Since data in  Fig. 1 seem to cover a range 
greater  than that  for which the formula applies, some 
other correction mus t  have been applied below 1015 
and above 3 • 101L The form of this empirical correc- 
t ion is impor tant  because it helps to produce the proper 
shape of the curve in Fig. l, enhancing the agreement  
with the data. 

Not only have the authors varied % and W to fit the 
data, but  they have also adjusted the constants in the 

~ T .  T. B r a g g i n s ,  Thes i s ,  S y r a c u s e  U n i v e r s i t y  (1975). 
P. L a w a e t z ,  Phys .  S ta tus  Solidi ,  11~ Kl17  (1965). 

empirical formula to produce the proper dependence on 
carrier  concentrat ion shown in  Fig. 1. Because the 
empirical  formula is without  physical justification, it 
would seem that  the fit shown in  Fig. 1 is artificial. 

In  summary,  we feel the oversimplified band model 
used by LL coupled with the use of an energy averaged 
re laxat ion time for nonspher ical-nonparabol ic  bands, 
and the improper  use of Eq. [7] in the text  as well as 
the use of the empirical  formula  7 ~  ~, wit l  seriously 
affect calculations of mobili t ies and carrier  concentra-  
tions. Only a detailed consistent calculation involving 
an accurate band model and a full solution of the t rans-  
port  equations allowing for anisotropic Scattering can 
provide a complete picture of electronic t ransport  in 
silicon. 

L.  C.  Linares:  ~5 The pr imary  reason for the publ ica-  
t ion of this paper was apparen t ly  misunderstood by the 
authors of the discussion. The main  in ten t  of this work 
is to present  a more complete and accurate representa-  
t ion of mobil i ty  and resist ivity in p- type silicon that  
would be of practical engineer ing util i ty.  In  present ing 
a work of this type, one is always faced with a choice 
between ext remely  intricate and  difficult theoretical 
details and some reasonably simple engineer ing models 
of the very complicated physical reality. Unfortunately,  
what  one gains in tractabili ty,  one loses in  completeness 
arid mathematical  sophistication. The usual  assumptions 
made by most workers in the analysis of mobil i ty  are: 
(i) an energy averaged relaxat ion time, (ii) isotropic 
mobility, and (iii) spherical parabolic valence bands. 
While re ta in ing the first two assumptions, we hoped to 
improve agreement  be tween theoretical calculations 
and exper imenta l  measurements  by modeling a tem- 
perature  dependent  effective mass based on Barber 's  26 
work, thus approximating the nonparab01ic na ture  of 
the valence bands. 

Barber 's  model provides, via simple calculations, 
values of effective mass that  more accurately reflect 
the exper imenta l ly  observable var iabi l i ty  of effective 
mass with changes in tempera ture  and dopant  density. 
The model never  presumed to be the final answer to 
everyone's  questions concerning the band structure of 
silicon; however, wi thin  its limitations, it accomplishes 
its in tended purpose, to improve the accuracy of mo- 
bi l i ty calculations by approximating the tempera ture  
dependence of the effective mass. It  is curious that  the 
authors of the discussion cite the work of Nakagawa 
and Zukotynski  27 as expressing the inadequacies of 
the Barber model, when Nakagawa and Zukotynski  
never  even ment ion  Barber  or his work. 

In  mobil i ty  calculations, most authors have l imited 
their analyses to only scattering by acoustical  phonons, 
or optical phonons, or ionized impurities,  or neu t ra l  
impurities,  or combinations of these. Our paper at-  
tempts to present  a more complete picture by consider- 
ing all of the above mechanisms as well as in te rband  
and hole-hole scattering. The use of a tempera ture  
dependent  effective mass contributes significantly to 
the improvement  between theoretical calculations and 
exper imental  values; but  equal ly impor tant  is the more 
complete t rea tment  of the scattering which includes 
corrections for hole-hole scattering. The empirical  
formula used to correct acoustic phonon-hole scattering 
for the influence of hole-hole interactions resulted 
from an at tempt  to nei ther  underes t imate  nor  over-  
estimate the effect. The justifications and rat ionale be-  
hind this empirical expression are well stated in a pre-  
vious work. 2s This empirical formula, derived in foot- 
note 28, has been used in its original form both in our 
paper and by Thurber  et al., 29 where excellent agree- 

D e p a r t m e n t  of t h e  A i r  F o r c e ,  USAF A c a d e m y ,  C o l o r a d o  80840. 
26 H. D. B a r b e r ,  Solid S ta te  Elec tron . ,  10, 1039 (1967). 

H. N a k a g a w a  a n d  S. Z u k o t y n s k i ,  Can. J. Phys . ,  55, 1485 (1977). 
esS. S. Li,  Sol id Sta te  Elec tron. ,  21, 1109 {1978). 

W. 1t. T h u r b e r ,  11. L. Math is ,  a n d  Y. M. Liu ,  Nat.  Bur .  S tand.  
Spee.  Publ . ,  400-36 (1978). 
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ment  was reported between theoretical calculations and 
exper imental  determinat ions of mobi l i ty  in  p- type sili- 
con. The constants were not adjusted to fit our par t icu-  
lar situation. On the other hand, the adjus tment  of the 
acoustic and optical deformation potential  constants via 
�9 o and W, respectively, has always been a perfectly 
acceptable procedure. Unti l  a complete theoretical 
t rea tment  of the true na ture  of the valence bands is 
undertaken,  no one will know the true value of these 
constants. 

In  conclusion, we stress that, a l though l imited by the 
simple model of the band structure, this work is of sig- 
nificant practical value as a reasonable engineer ing 
study of mobi l i ty  and resistivity in  p- type silicon. We 
agree that  it  will  take a detailed, consistent calculation 
involving an exact band  model and  a full solution of 
the t ransport  equations al lowing for isotropic scatter- 
ing, to provide a complete picture of electronic t rans-  
port  in silicon. We hope that  our work wil l  encourage 
others to develop such a picture and sa'tisfy everyone's  
needs. 

The Quenching of Y2Os:Eu Luminescence by Cerium 
M. J. Fuller (pp. 1381-1383, Vol. 128, No. 6) 

G. Blasse: a~ Ful ler  has nicely shown that the pres-  
ence of cerium in  Y20~:Eu quenches the Eu 8+ lumi -  
nescence, because the absorption of the Ce 4+ ion com- 
petes successfully with the charge- t ransfer  absorption 
of the Eu~ + ion. 

The cerium-codoped samples fired in air  show an 
absorption band at <230-300 n m  just  extending into 
the visible. This was ascribed to Ce 4+. In  view of the 
pale-yel low color of CeO2 81 this seems to be correct. 
It is well known  that  this is a charge- t ransfer  t rans i -  
tion. 3~ Reduced samples showed an absorption band  
in the visible region which was ascribed to Ce ~+ 
(4f-5d t ransi t ion) .  This ass ignment  seems to be u n -  
likely, because (i) Ce203 is white, 81 (ii) the 4f-5d 
transi t ions of the Ce 3+ ion in oxides are usual ly si tu-  
ated in the ultraviolet.  ~8 

~o Rijksuniversi tei t  Utrecht,  Fysisch Laboratorium, 350.8 Utrecht, 
The Netherlands. 

~ L. Eyring, "Handbook on the Physics and Chemis, t ry  of Rare 
Earths,"  Chap. 27, Gschneidner and Eyring, Editors, North Hol- 
land Publ. Co., New York (1979). 

s~ H. E. Hoefdraad, J. Inorg.  Nucl .  Chem. ,  37, 1917 (1975). 
G. Blasse and A. Bril, J. Chem.  Phys .  47, 5139 (1967). 

If the visible absorption band  is nei ther  due to Ce 8 + 
nor  to Ce 4+, the only a l ternat ive  is a Ce3+-Ce 4+ in te r -  
valence charge- t ransfer  transit ion.  This would imply  
that  the cerium ions occupy nearest  ne ighbor  lattice 
sites. Compositions in between ~ CeO2 and Ce203 are 
s trongly colored due to transi t ions of this type. 81 

Ful ler  proposes that three subst i tut ional  Ce 4+ ions 
introduce one cation vacancy. It seems more probable 
that  two subst i tut ional  Ce 4+ ions introduce one in ter -  
stitial oxygen ion, because Y20~ has a fluorite lattice 
with ordered anion vacancies. The la t ter  will  be filled 
up if te t ravalent  ions are introduced. If these defects 
form an associate (2Cey. Oi) z or even clusters (like 
in the fluorite lattice),  s4 we have the possibility of 
Ce3+-Ce 4+ neighbors in the reduced samples. These 
may also be responsible for the photochromic prop- 
erties. This a l ternat ive ass ignment  seems to be worth-  
while to investigate fur ther  using spectroscopical and 
electrical techniques. 

M. $. Fuller:35 Blasse's suggestion that  the visible 
absorption of the thermal ly  reduced Y203:Ce samples 
is due to CeS+-Ce 4+ intervalence charge t ransfer  is an 
interest ing a l ternat ive  to my assignation of it to 4f-Sd 
transi t ions in Ce 3§ While the breadth  of the absorp- 
tion band certainly more resembles that  for a charge 
t ransfer  state than for 4f-5d transit ions,  I dismissed 
the former a l ternat ive  on the basis that  r andom cerium 
subst i tut ion at low concentrat ions would not  produce 
the required nearest  neighbor lattice sites. Although, 
as Blasse mentions,  the 4f-Sd transi t ions of Ce ~+ in 
Y203 should be expected to lie in the ul t raviolet  range, 
there are examples of oxidic host lattices, and notably  
Y3AIsO12 in  which the 4f-5d absorptions of Ce 3+ ex-  
tend significantly into the visible region (i.e., to ~-- 500 
r i m ) .  

However, if Blasse's suggestion that Ce 4+ subst i tu-  
tion is not random but  occurs as associates is correct, 
then the possibility of intervalence charge t ransfer  
absorption becomes much more likely. In view of this, 
I agree that  fur ther  investigations would be wor th-  
while in an a t tempt  to resolve this matter .  

~ See, e.g., K. E. D. Wapenaar  and J. Schoonman, This  Journal ,  
126, 667 (1979). 

Thorn Lighting Limited, Enfield, Middlesex, England EN1 1UL. 
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Abstract: A rapid method of obtaining the in- 
tens i ty  d is t r ibu t ion  of a cw laser beam used 
for the recrys ta l l i za t ion  of polys i l icon has 
been demonstrated. Correlation of the struc- 
ture of the recrysta l l ized polysi l icon with 
the spatial d is t r ibu t ion  of the laser l i gh t  
shows the importance of contro l l ing the mode 
structure and, consequently, the in tens i ty  
d is t r ibu t ion  of the laser beam. 

Introduction: Melting and recrys ta l l i za t ion  
of a f ine-grain polysi l icon f i lm with a cw 
laser has been shown to improve i ts  e lect r ica l  
properties so that MOSFETs can be fabricated 
with the i r  active channels in the resul t ing 
layer of large-grain,  recrysta l l ized material 
(1,2). The structure of the polysi l icon has 
been shown to depend on the local temperature 
and the temperature gradients during recrys- 
t a l l i za t i on  (3). In par t icu lar ,  the ent i re 
thickness of the polysi l icon must be melted to 
obtain the large-grain structure necessary for 
device fabr icat ion (4). More complex applica- 
t ions,  such as " la tera l  seeded annealing"(5,6), 
w i l l  depend more c r i t i c a l l y  on the detailed 
power d is t r ibu t ion  i n t h e  laser beam. 

In th is  note we w i l l  describe a method of 
mapping the in tens i ty  of the laser beam as a 
function of posit ion and relate th is  d is t r ibu-  
t ion to the structure of the recrysta l l ized 
polys i l icon.  The technique employs a photo- 
diode to measure the l i gh t  d is t r ibu t ion  at the 
posit ion of the wafer surface which is to be 
recrysta l l ized so that the ef fect  of the opt i -  
cal elements in the l igh t  path, as well as the 
laser i t s e l f ,  can be considered. 

Experimental Apparatus: The technique has been 
used with a Coherent Model 5000 laser annealing 
system, which includes an 18 W cw argon ion 
laser. In th is  system, the laser beam is 
scanned across the wafer surface by galvano- 

* Electrochemical Society Active Member 
**  Electrochemical Society Student Member 

Keywords: Polycrystal l ine s i l i con ,  laser recry- 
s ta l l i za t i on ,  lasers 

meter-controlled mirrors. A variable-focus 
f l a t - f i e l d  lens causes the l i gh t  to s t r ike 
the wafer surface at normal incidence for a l l  
posit ions on the wafer surface. 

To measure the beam pro f i l e ,  a photodiode 
is inserted into the annealer in place of the 
wafer to be processed. The photodiode is 
attached to a s i l icon wafer for  ease of hand- 
l ing in thesystem, and th is  assembly is held 
by the vacuum chuck which normally holds the 
wafer to be processed. A 2~m diameter pin- 
hole is mounted in f ront  of the photodiode to 
improve the spatial resolut ion. A f i l t e r  is 
placed in the optical path to attenuate the 
laser beam by a factor of approximately I0,000 
so that the photodiode is not damaged by the 
laser. The distance from the surface of the 
backing wafer to the pinhole is accurately 
known so that the optical system can be o f f -  
set to measure the in tens i ty  d is t r ibu t ion  at 
the desired focal posit ion. 

A Hewlett-Packard 9845 desktop computer 
system is used to control the process (Fig. 1). 
A signal from the HP9845 is sent along an HP 

DESKTOP 
COMPUTER 

HP 9845 

HP IB 

D/A D/A 

X INPUT V INPUT 

MIRROR CONTROLS 

I 
HIGH - SPEED 
VOLTMETER 

HP 3455 
PHOTO 
DIODE 

CURREN 

m 

LASER ANNEALER 

Fig. 1. 
Block Diagram of Prof i l ing Apparatus 
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interface bus (HP-IB) to control two A/D con- 
verters, which provide the signals to raster 
the galvanometer-controlled, beam-deflection 
mirrors across the pinhole. The beam is typ i -  
cal ly  moved in 5um steps at a rate of 20 Hz. 
With these typical parameters, the spatial re- 
solut ion is approximately 7um. The photodiode 
output current is sampled typ ica l l y  I0 ms af ter  
the mirrors are moved, which allows for the i r  
I - I0  ms set t l ing  time. Only a small voltage of 
about 50 mV appears across the I00 ohm load re- 
s is tor  in paral lel  with the photodiode. Thus, 
the photodiode operates essent ia l ly  in the 
shor t -c i rcu i t  mode, and the output varies near- 
ly l inear ly  with l i gh t  in tens i ty .  The signal 
from the photodiode is sampled by an HP3455 
voltmeter, and the d ig i ta l  output is sent over 
the HP-IB to the HP9845, which correlates the 
beam in tens i ty  with posit ion and stores and 
displays the data. 

The data may be displayed in a quasi-three- 
dimensional format or in two dimensions, with 
the in tens i ty  of the shading representing the 
in tens i ty  of the beam. A representative pro- 
f i l e  is shown in Fig. 2 in both formats. In 
th is case i t  is seen that the beam is not 
Gaussian but shows a combination of modes. The 
mode structure can be changed by varying the 
input power to the laser or the elements of the 
optical system and is more Gaussian at lower 
input powers. 

As an alternate beam-profil ing technique, the 
pinhole can be omitted, and the signal observed 
as the laser moves across the edge of the photo- 
diode can be d i f ferent ia ted to obtain the beam 
pro f i le .  This al ternate technique, however, 
re l ies on numerical d i f fe ren t ia t ion  of experi- 
mental data and tends, therefore, to be noisy. 
Since smoothing of the data leads to loss of 
resolut ion,  we prefer the f i r s t  technique de- 
scribed. 

Correlation With Structure of Polysi l icon: The 
shape of the beam has been correlated with the 
structure of the recrysta l l ized polys i l icon.  In 
these experiments a O.55um thick f i lm of con- 
ventional LPCVD polysi l icon was deposited at 
625~ onto a 1.4um thick layer of thermally 
grown s i l i con dioxide on a 3-inch diameter, 
(lO0)-oriented s i l i con wafer. The polysi l icon 
was capped with a layer of LPCVD s i l icon ni-  
t r ide  approximately 6 nm th ick to prevent agglo- 
meration of the polysi l icon while i t  was molten 
(7). The substrate was heated to 500~ during 
rec rys ta l l i za t ion ,  and the laser was scanned 
across the wafer with a veloci ty of 25 cm/sec 
using the internal dr iving electronics in the 
annealer. 

Fig. 2. 
Laser beam pro f i le :  (a) Three-dimensional 
p lo t .  (b) Two-dimensional plot with darker 
shading indicat ing the more-intense portions 
of the beam. 

The width of the recrysta l l ized region var- 
ies with laser power, increasing rapidly af ter 
the onset of melting, then varying slowly with 
fur ther increases in laser power. The struc- 
ture of the polysi l icon depends on the d i s t r i -  
bution of the power in the laser beam. I f  
enough energy is deposited into a region to 
melt the ent i re thickness of the polysi l icon 
f i lm,  i t  recrys ta l l i zes into a large-grain 
structure with a re la t i ve ly  smooth surface. I f  
only a portion of the thickness melts, the 
so l id i fy ing  material is seeded by the under- 
lying f ine-grain polysi l icon which did not 
melt, and a large-grain structure is not ob- 
tained. 

The grain structure is ,  therefore, related 
to the power d is t r ibu t ion  within the laser 
beam. A rapid decrease in in tens i ty  with 
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position at the top and bottom edges of the 
melted region provides an abrupt t ransi t ion be- 
tween large-grain polysi l icon and unmelted 
material. A gradual decrease in the intensity 
results in a wide region which melts only 
through a portion of i ts  thickness, with the 
result ing intermediate grain size and rough 
surface. 

Figure 3 shows such a correlation. At the 
bottom of the beam only a narrow region of par- 
t ia l  melting with i ts  roughened surface is seen 
between the large-grain and unaffected poly- 
s i l icon (Figs. 3b and 3c). At the top of the 
beam, the intensi ty decreases more gradually 
from the primary peak, with a secondary peak 
occurring about 90um away from the main peak. 
The transi t ion between unaffected and large- 
grain polysi l icon is much broader on this side. 

When the spacing between adjacent scans is 
made less than the width of the large-grain 
region, the gradual decrease in the intensity 
wi l l  cause a portion of the previously recry- 
stal l ized material to be par t ia l ly  remelted. 
This remelting, in turn, can leave a roughened 
surface, which wi l l  be more d i f f i c u l t  to pro- 
cess, although i t  may not be degraded crystal-  
lographically. 

At higher powers with the beam prof i le shown, 
the t ransi t ion from the unmelted to the large- 
grain region occurs in the steepest parts of 
the prof i le ,  result ing in narrow transit ions 
on both sides. 

Summary: We have shown a re la t ive ly  straight- 
forward method of measuring the intensi ty dis- 
t r ibut ion of the laser beam used to recrystal- 
l ize polysi l icon. Observation of the structure 
in the recrystal l ized material shows the impor- 
tance of control l ing the intensity distr ibut ion 
in the laser beam and, consequently, the modes 
present. Control is expected to become c r i t i -  
Cal for more sophisticated applications, such 
as seeded recrystal l izat ion.  
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A Semipermeable Anode for Silicon Electrorefining 
J. M. Olson and K. L. Carleton 

Solar Energy Research Institute, Golden, Colorado 80401 

The development of inexpensive s i l icon 
solar cel ls depends c r i t i c a l l y  on the avai l -  
a b i l i t y  of a low cost, high pur i ty  s i l i con.  
Electrochemical methods of fer  the potential 
for producing (1,2) and puri fying (3) s i l icon 
but these processes usually produce material 
with a low space-time yield (4) and l imited 
puri ty.  We have recently developed a semi- 
permeable anode that enhances the ef fect ive- 
ness of the s i l icon electroref in ing process 
and permits the low temperature fabr icat ion 
of "s i l i con"  anode plates, a prerequisi te for 
the operation of an e f f i c ien t ,  mult ip late 
e lect roref in ing process. The anode is so l id i -  
fied from a hypereutectic solut ion of copper 
and metallurgical grade s i l i con (mgSi) to form 
a two-phase system consisting of a primary 
s i l icon phase embedded in a Cu3Si matrix. At 
the temperature of operation (750~ the 
in terd i f fus ion of Cu and Si in the Cu~Si phase 
is fast (5), D=2.5 x lO-Scm s - I ,  Hence, th is  
s i l i c i de  phase can be used under certain 
conditions as a f i l t e r  for puri fy ing s i l i con.  
When combined with an e lectroref in ing process, 
th is f i l t e r i n g  action ostensibly improves the 
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- ~ " / ~  ~111~ -KF:LiF:K2SiF6 
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�9 U U ' IU ~ Thermocouple 

Figure 1. Schematic of electrorefinement cell  
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pur i ty  of the electrodeposited s i l icon as 
compared to previous work (3) by about two 
orders of magnitude. 

A schematic of the electrorefinement set- 
up is shown in Figure I .  The melt composition 
is similar to that used in previous work (2), 
however, the K2SiF6 is synthesized in s i tu by 
react ively dissolving SiF4(q) in a KF r ich 
melt. The e lect ro ly te is pari f ied by a pre- 
e lectro lys is  step using a reverse bias of 2.0 
volts.  The cathode is typ ica l l y  a high 
density, high pur i ty  graphite. The s i l i con-  
copper anode (30 w/o mgSi) is fused and so l id i -  
f ied in si tu with the e lect ro ly te serving as a 
f lux. 

In Table I ,  we compare the chemical pur i ty 
(as measured by spark source mass spectro- 
metry) of the star t ing material (mgSi in Cu/Si 
anode) with the pur i ty  of the ref ined, electro- 
deposited s i l i con.  

From an electroref in ing viewpoint, those 
elements which have an electronegat iv i ty 

TABLE I. Typical metal impurity concentration 
in the mgSi used to form the anode and in the 
ref ined, electrodeposited s i l i con.  

Metal mgSi Refined Si 
Impur i ty ( ppma ) ( ppma ) 

Ai 3400.0 1.0 
B 17.0 0.7 
Ba 9.4 <0.02 
Ca 290.0 <0.07 
Cu . . . .  0.2 
Cr 40.0 <0.2 
Fe >2500.0 0.I 
Mg 85.O O.9 
Mn 550.0 0.03 
Mo 1.4 <0.03 
Ni 39.0 <0.I 
P 14.5 3 
S 7.0 0.4 
Ti 290.0 <0.I 
V 250.0 <0.05 
Zr 13.0 <0.03 
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greater than that of s i l i con w i l l  remain at 
the anode (e.g. ,  Cu, B, P, etc).  Elements 
with an electronegat iv i ty  less than that of 
Si (e.g. ,  AI, Cr, Ti, V, and Zr) normally 
would not be segregated in a closed, steady 
state e lectroref in ing process. From Table I ,  
we f ind,  however, that with the Si:Cu3Si anode, 
these impurit ies are e f f i c i en t l y  segregated. 
The most probable mechanism responsible for 
th is  resu l t  is the di f fusional  trapping of 
these metals in the bulk of the anode. While 
the in terd i f fus ion coef f ic ient  in Cu3Si is 
fast ,  i t  is expected that other metal l ic 
impurit ies wi l l  have typical sol id state 
di f fusion coef f ic ients in the Cu3Si matrix. 
To be transferred to the cathode, these im- 
pur i t ies must be present at the surface of the 
anode. After the surface has been depleted, 
the electrotransport  of the impurit ies to the 
cathode wi l l  be l imited by d i f fus ion in the 
bulk of the anode, essent ia l ly  trapping these 
impurit ies. 

The f inal  copper concentration i l l us t ra tes  
the effectiveness of the electrochemical 
segregation mechanism for elements with an 
electronegat iv i ty  less than that of s i l i con .  
The data for copper strongly suggests that the 
f inal  concentrations of B and P are not i n t r i n -  
sic but may be an a r t i f a c t  of postdeposition 
contamination and, as such, are subject to 
fur ther improvement. Efforts to reduce this 
contamination are in progress. 

The in terd i f fus ion coef f ic ient  of copper 
and s i l icon in Cu3Si is a function of the 
i n t r i ns i c  d i f fusion coef f ic ients for the 
species DSi and DCu" The rat io  DCu/Dsi is 
unknown at th is  zlme. From marker experiments, 
Veer et al (5) claim that Cu is the di f fusing 
species in Cu~Si ( i . e .  DCu/Dsi>>I), but they 
did not consider the complicating effects of 
interface drag on the motion of the marker (6). 
Our preliminary experiments (7) indicate that 
Cu di f fusion may dominate but that the d i f fu -  
sion of s i l icon is also s ign i f icant .  

E lec t rocrys ta l l i za t ion of coherent, stable 
fi lms of s i l icon is a natural resul t  of the 
e lectroref in ing process i f  the current density 
is less than a c r i t i ca l  value. This c r i t i c a l  
current density is strongly affected by electro- 
ly te composition, temperature, ~ and hydrodynamic 
conditions in the melt. Current densit ies in 
excess of lOOmA/cm 2 have yielded dense, co- 
herent, th ick films on graphite substrates. 
For i = 20-30mA/cm 2, grain sizes of 200~m are 
typical .  Deposits on vitreous carbon have 
simi lar character is t ics.  

Electr ical  character is t ics of the refined 
polycrysta l l ine s i l icon have been measured. 
The conductivi ty type is generally n-type. 
The r e s i s t i v i t y  is 0.3-0.7 ohm-cm. The Hall 
mobi l i ty is 90-110 cm2/Vs with a carr ier  
concentration of ~4xlO 17 cm -3. The minority 
carr ier  l i fe t ime as measured by the V decay 

�9 �9 �9 C technlque Is lO-20~s. The interpreta~1on of 
these data re lat ive to previous work is the 
subject of another paper (7). In general, 
however, th is  material has a higher minority 
carr ier  d i f fusion length and l i fe t ime than 
simi lar polycrysta l l ine s i l icon produced by 
other techniques (8). 

In summary, polycrysta l l ine s i l icon can 
be electrodeposited from metallurgical grade 
s i l icon in a molten sal t  system. The use of 
a Si:Cu3Si semipermeable anode as the s i l icon 
source enhances the pur i f i ca t ion process and 
fac i l i t a tes  the fabr icat ion of anode plates. 
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IV. VS 

Moderate Temperature Na Cells 
and NbSCl  as Rechargeable Cathodes in Molten NaAICl 4 

K. M. Abraham,* M. W. Rupich, and L. Pitts 
EIC Laboratories, Inc., Newton, Massachusetts 02158 

Recent work from this laboratory has 
shown (1-3) that the layered transition metal 
dichalcogenides which intercalate Na are 
useful as cathodes for a rechargeable mod- 
erate temperature Na cell which operates at 
130~ and utilizes 1,2-Bis(2-methoxy-eth- 
oxy)ethane/NaI(iM) as the electrolyte. How- 
ever, practical uses of those cells are lim- 
ited by factors such as limited thermal sta- 
bility of the organic electrolyte, relatively 
low rate capabilities and fractional irre- 
versibility of the chalcogenide cathodes due 
to crystallographic phase changes. To cir- 
cumvent these problems, we have evaluated 
molten NaAICI 4 as an alternative electrolyte. 
This study has led to the discovery of novel 
chemical and electrochemical reactions be- 
tween molten NaAICl 4 and the metal sulfide 
cathodes, for example VS 2. These reactions 
result in the in situ formation of novel, 
high energy density cathode materials showing 
high electrochemical reversibility. In this 
paper we present our preliminary results on 
the cycling of Na cells utilizing VS 2 or 
NbS2CI 2 as the cathode in molten NaAICI 4. 

VS 2 was synthesized as described pre- 
viously (i). NbS2Cl 2 was synthesized accord- 
ing to the procedure in ref. 4. The experi- 
mental cell, operating at 165~ has,the 
configuration, 

Liquid I~"-A12031 Molten VS2 or NbS2CI 2 
Na NaAICI 4 , 

Cell setup and operation have already been 
described (1,5). Basic NaAICl 4 was prepared 
by melting a mixture of NaCI and AICI3, 
slightly rich in NaCI, at 190~ and purified 
by preelectrolysis between two A1 electrodes. 
Prior to adding to the cell, the electrolyte 
was mixed with a slight excess of NaCI to 
insure its basicity. 

*Electrochemical Society Active Member. 
Key Words: Transition Metal Chalcogenides, 
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A cell with VS 2 as the cathode exhibits 
an open-circuit-voltage (OCV) of 3.05V at 
165~ The first discharge of the cell to 
1.8V usually yields capacities between 0.90 
and 0.70 electrons/vanadium (e-/V) at current 
densities between 1 and 5 mA/cm 2. The dis- 
charge occurs at three voltage regions - a 
downward sloping region between 2.8 and 2.4V, 
with ~8% of the capacity, another downward 
sloping region between 2.4 and 2.2V, with ~25% 
of the capacity, and a plateau at 2.2V with 
the remaining capacity. The mid-discharge 
voltage is slightly above 2.2V. The first 
recharge to 3.5V usually corresponds to 100% 
of the discharge. The recharge occurs in 
three major voltage regions - an upward 
sloping region between 1.8V and 2.2V, with 
~20% of the capacity, a second upward sloping 
region between 2.2 and 3.1V, with ~20% of 
the capacity, and a plateau at 3.2V, with the 
remaining capacity. The discharge and re- 
charge curves exhibit considerable hysteresis 
(Cycle 1 in Fig. i). Repeated cycling of the 
Na/VS 2 cell between 1.8V and 3.5V results in 
a gradual increase in cathode capacity with 
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Fig. i. Galvanostatic cycling curves for a 

liquid Na/~"-AI203/NaAICI4, VS2 cell at 165~ 
Voltage limits, 1.8 and 3.5V. Curves marked 
D's are discharges and those marked C's are 
charges. Current = 16 mA (2 mA/cm2). The VS 2 

cathode has a 120 mAh le- theoretical capacity. 
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the mid-discharge voltage moving to higher 
values and the mid-charge voltage moving to 
lower values. The capacity increases to val- 
ues between 1.2 and 1.3e-/V in about i0 cy- 
cles. These characteristics are illustrated 
in the three cycles of the cell shown in Fig. 

i. 

It was found, however, that if after the 
first discharge to 1.8V the cell is allowed 
to stand on open circuit at 165~ instead of 
being recharged immediately, the OCV in- 
creases from 1.9V to a constant value of 2.3V 
in a period of ~75 hr (Cycle 1 in Fig. 2). 
This indicates a reaction between the dis- 
charged cathode and NaAICI 4. Moreover, the 
recharge capacity of the cell after this open 
circuit stand is about twice that of the 
previous discharge, i.e., 1.6e-/V for the 
cell in Fig. 2. Most of the recharge occurs 
at a plateau at ~3.2V. During the next few 
cycles the discharge capacity to l. SV in- 
creases to even higher values, with the re- 
spective recharges to 3o5V showing capacities 
higher than the discharges. The capacity 
then reaches a constant value of ~2.6 to 
2.8e-/V in 5 to 8 cycles. The cycling of the 
cell then becomes 100% coulombically effi- 
cient. The mid-discharge voltage is ~2.5V 
and the mid-charge voltage is ~2.8V. The 
discharge proceeds in four major voltage 
steps (Cycles 6 and 28 in Fig. 2). The cell 
exhibits excellent rechargeability. One cell 
has been cycled more than I00 times with very 
little capacity loss. The average current 
density was 4.5 mA/cm 2 of 8"-A1203. 

The same behavior is observed in cells 
which are initially constructed with NaVS 2 as 
the cathode. Thus, in a cell with NaYS 2 the 
initial OCV of 1.9V increased to 2.3V in ~16 
hr at 165~ The initial charge to 3.5V 
corresponded to 1.3e-/V and the potential 
profiles of the charge were identical to 
those seen in Cycle 1 in Fig. 2. The cell 
capacity increased to 2.4e-/V in the fol- 
lowing discharge. The voltage profiles of 
this discharge and subsequent cycles were 
identical to those of Cycles 6 and 28 in Fig. 

2. 

Analysis of solid cathodes from several 
cycled cells, after removal of NaAICI 4 by 
washing with CH3CN, indicated that the higher 
capacities result from the cycling of an i__nn 
situ synthesized compound of the apparent 
composition VS2.7Cli.6. The latter compound 
appears to be related to NbS2CI 2, which has a 
pseudo-one-dimensional chain structure (4). 

NbS2CI 2 was synthesized and its cycling 
behavior examined. The first discharge of 
NbS2Cl 2 to 1.8V yields a capacity equivalent 
to 2e-/NbS2CI 2. The following recharge to 
3.6V is nearly 100% efficient. The second 
and subsequent discharges yield an average 
reversible capacity of 2.Se-/NbS2Cl 2. Typi- 
cal cycles are shown in Fig. 3. The cycling 
characteristics of NbS2Cl 2 are very similar 
to that of the in situ synthesized compound 
of the Na/VS 2 cell. This is depicted in Fig. 

4. 
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Fig. 2. Galvanostatic cycling curves for a 

liquid Na/8"-AI203/NaAICI4, VS 2 cell at 165~ 
prior to and after the open circuit (OC) stand. 
Curves marked D's are discharges and those 
marked C's are charges. Voltage limits, 1.8 and 
3.5V. Current = 16 mA (2 mA/cm2). 
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Fi 9. 4. A comparison of the cycling curves of 

Na/VS 2 and Na/NbS2CI 2 cells. 

Cycling behavior similar to that of VS 2 
in molten NaAICI 4 is also exhibited by many 
other dichalcogenides, including VSe 2 (6). 
The cycling behavior of NbS2CI 2 and related 
compounds in basic NaAICI 4 is considerably 
different from that of S in this melt (7) and 
the sulfur halides in the acidic NaAICI 4 melt 
(8,9). 

Our research on this novel chemistry is 
continuing. In future papers (10) we will 
discuss the mechanisms of cathode cycling, 
rate/capacity of the cathodes, and perfor- 
mance characteristics of practical cells. 
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Reference Electrode Development for Molten 
LiCI-KCI Eutectic Electrolyte 

Laszlo Redey* 
Chemical Engineering Faculty, Technical University of Budapest, Hungary 

and Donald R. Yissers* 
Argonne National Laboratory, Argonne, Illinois 60439 

Molten LiCI-KCI binary salt electrolytes 
are often used in high-temperature electro- 
chemical studies; the eutectic composition of 
this electrolyte is frequently used (1,2) be- 
cause of its relatively low melting point 
(352~ and high decomposition voltage 
(3.62 V). One major use of the LiCI-KCI 
system is as the electrolyte in lithium 
alloy/iron sulfide battery cells (3). This 
article describes the development, calibra- 
tion, and evaluation of a reference electrode 
for these cells containing LiCI-KCI eutectic 
electrolyte. 

A reference electrode must have a ther- 
modynamically well-defined, reproducible 
potential and possess a suitable geometry 
with adequate mechanical strength. For 
battery testing, its electrochemical and 
mechanical stability must be measured in 
thousands of service hours. The choice of a 
reference electrode was based on an evalua- 
tion of our preliminary experiments (4) and 
of published findings with the following 
electrodes: C12/CI- (5,6) Ag/AgC1/CI- (7,8), 
Pt/Pt 2+ (2), Ni/NiS/S 2- (9i, Li-AI/Li + (10-12). 
Two systems were selected for further devel- 
opment: (a) the Ni/Ni3S2/S2- electrode of the 
second kind, which was shown (4) to have 
excellent long-term stability, and (b) the 
Li-AI/Li + electrode of the first kind, which 
has excellent short-term stability and repro- 
ducibility making it suitable as an ~n-situ 
calibration standard for the Ni/Ni3S2/S 2- 
electrode. 

Development of the Ni/Ni3S 2 Reference 
Electrode 

The high lithium and sulfur activities 
present in the lithium-aluminum/iron sulfide 
cell system make strict demands on the refer- 
ence electrode and thus sharply limit the 
choice of suitable materials. A schematic 
diagram indicating the electrode design and 
construction materials is shown in Fig. I. 
Beryllia tubing (1/8 in. OD and 1/16 in. ID) 
has been shown to be an excellent electrode 
housing. The inner compartment of the 

*Electrochemical Society Active Member. 

electrode contains a substantial surplus of 
high-purity Li2S powder, which maintains a 
stable, well-defined saturation concentra- 
tion (748 ppm in LiCI-KCI eutectic at 425~ 
for very long periods (~i year). The dif- 
fusion barrier, with a resistance of i0 to 
20 k~ is either constructed of Y203 fibers 
or a close fitting solid AI203 plug. The 
latter leaves open only a fine capillary 
pathway to the outer electrolyte. The elec- 
trodes are assembled "dry" in a high-purity 
helium-atmosphere glove box and are activated 
by letting molten electrolyte penetrate 
through the diffusion barrier; an anodic 
treatment (approx. 0.1-2 C charge with 5-20 
~A/cm 2 on the Ni wire) is used to form the 
Ni3S 2 layer on the metal wire. 

Four identically prepared electrodes 
were immersed into a pool of Li2S-saturated 
LiCI-KCI eutectic contained in a high-purity 
AI203 (McDaniel 998) beaker. During a 30-day 
test period after electrode activation, we 
found not more than • 0.3 mV potential 
variation from the mean value, which was 
calculated from potential differences 
between electrode pairs measured four times 
a day. Slow (<l~ temperature cycling 
from 400"460~ did not increase this 
variation. Fluctuation of the mean values 
was within 0.5 mV. 

Development of the Li-AI/Li + Electrode 
as a Calibration Standard 

Since aging and other effects might 
cause changes of the Ni/Ni3S2/S 2- electrode 
potential, an ~-s~tu calibration technique 
was developed. 

Like the hydrogen electrode in protonic 
solvents, the C12/CI- electrode, from a ther- 
modynamic standpoint, is excellent for use in 
establishing a reference potential in the 
LiCI-KCI electrolyte. Use of this electrode, 
however, is hindered by severe experimental 
difficulties. The other natural choice, the 
Li/Li + electrode, is ill-defined because of 
the lack of real equilibrium as a consequence 
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of the following reaction (13): 

Li + KCl $ K + LiCI [i] 

A third (theoretically possible) electrode 
having a common element with the electrolyte, 
the K/K + electrode is thermodynamically un- 
stable in the system, see equation [i], as it 
has too high a vapor pressure in the required 
temperature range. 

When lithium is alloyed with aluminum, 
however, its activity is decreased and thus 
the quantity of potassium formed is small and 
the system approaches equilibrium. Further- 
more, as long as the two-phase (a + B) Li-AI 
alloy composition is present (~Ji0-46 at. % 
Li), the potential is independent of the 
lithium content of the alloy (9-11). The 
Li-AI/Li + electrode, therefore, was 
selected as the calibration standard. 

The construction of the Li-AI electrode 
is similar to that of the Ni/Ni3S 2 electrode 
shown in Fig. i, except that powdered Li-AI 
alloy is substituted for Li2S. Another way 
to prepare the Li-AI electrode is to wind a 
short piece of aluminum wire around the 
nickel wire (Fig. i) and cathodically produce 
the two-phase alloy. 

However, we observed that Li-AI elec- 
trodes having only small quantities of the 
alloy (a few mg) are prone to instability 
with a potential shift in the positive 
direction and so the constant value may hold 
only for days or hours. To overcome the 
problem of this uncertainty, we have devel- 
oped an intermittent charging technique to 
electrochemically generate the electrode ~n- 
8~tU. This technique allows us to measure 
the rest potential of the Li-AI electrode 
during cathodic treatment of the aluminum 
wire and observe from these measurements the 
establishment of an equilibrium condition. 
In Figure 2, the potential indicated by the 
apparent consecutive steady-state, open- 
circuit values reaches a constant level which 
corresponds to the two-phase (~ + ~) equili- 
brium value. This simple technique is used 
to prepare the primary calibration standard. 

Evaluation of the Ni/Ni3S 2 Electrode 

The calibration cell utilizes the 
couple: 

where T I is the temperature of the glove-box 
and T 2 is the cell temperature. According to 
the primary-standard concept, the potential of 
the two-phase (e + ~) Li-al alloy is defined 
as zero at any temperature in order that this 
alloy serve as a thermodynamic reference 
state. Consequently, the emf of the cell 
described in Eq. 2 is the potential of the 
Ni/Ni3S 2 electrode on this "standard" 
potential scale. Least-squares fitting of 
the E-T data defines the cell voltage (E in 
mV) according to the following relationship: 

E = 1367.5 + 0.097(T-700) [3] 

where T is the cell temperature in K. 

Thermal cycling betweeen 360 and 500~ 
causes no hysteresis and indicates excellent 
reproducibility. Other aspects of this 
measurement will be published elsewhere (14). 
The electrode potential obeys the Nernst 
equation, and is controlled by the activity 
of $2- ions (15). X-ray diffraction analysis 
of material taken from the nickel sulfide 
electrode indicates that the anodically 
formed compound is Ni3S 2. Studies indi- 
cate the Li-AI electrode potential is not 
measurably affected by the presence of Li2S. 

The cell described by Eq. 2 is almost 
free of liquid-liquid junction potential. 
Although the Ni3S 2 may maintain a concen- 
tration step function,in the diffusion barrier 
region, its solubility is very low. Using the 
Ni/Ni 2+ standard potential value (2), the cal- 
culated Ni2+-ion activity is approximately 
10 -12 g ion/kg in Li2S saturated eutectic 
at 700 K. 

The Ni/Ni3S 2 reference electrode 
described above possesses a well-defined 
potential of excellent stability. For 
example, these electrodes have undergone 
many thermal cycles from operating temperature 
to room temperature and back with no observ a 
able mechanical or electrochemical effects. 
Many of our electrodes performed well for 
longer than one year of continuous service 
in Li-AI/FeS cell testing, thus proving 
their chemical stability and compatability. 
Although only this example of use is given 
here, this reference electrode can be 
utilized successfully in other LiCI-KCI 
electrolyte systems as well. 

Ni-Ni/ (e +$) Li-AI/LiCI-KCI eut., Li2S(s)/Ni S /Ni-Ni 
T1 T2 3 2T2 T1 

[2] 
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Influence of Metal Ions on the 02 Reduction 
of Noble Metals in Alkaline Solutions 

R. Amadelli, J. Molla,* P. Bindra,** and E. Yeager** 
Case Laboratories for Electrochemical Studies and Department of Chemistry, 

Case Western Reserve University, Cleveland, Ohio 44106 

Underpotential deposited layers of Pb 
(1) and Tl (2,3) have been found to produce 
substantial increments in the catalytic 
act iv i ty  of Au for 02 reduction in alkaline 
solutions. In the course of a systematic 
study of such effects we found these same 
species to enhance the activity of Pt for 
D 2 reduction, including high area Pt cata- 
lyst on carbon supports in alkaline solu- 
tions. The purpose of this note is to call 
attention to this effect which may be useful 
to electrochemists concerned with increasing 
the act iv i ty  of high area Pt electrocatalysts 
for 02 reduction. 

EXPERIMENTAL 

The 02 reduction has been examined on 
smooth Pt, high area Pt on carbon supports 
and smooth Au with the rotating disk ring 
electrode in l M NaOH (Baker, low in car- 
bonates) which w-as pre-electrolyzed as de- 
scribed elsewhere (4). For the dispersed 
supported catalyst the material has been 
applied to an ordinary pyrolytic graphite 
(OPG) electrode as a thin Teflon bonded 
layer similar to the technique of Tarasevich 
(5). 

For the measurements without T1 or Pb 
present the smooth Au and Pt electrodes were 
treated in two ways. For one the electrodes 
were cycled between 0 and -D.70 V (all poten- 
t ia ls are given vs. Hg/HgO) at 50 mV/s until 
steady state behavior was obtained and then 
the current potential curves (Figs. 3,4) was 
recorded either point by point or scanning 
towards more positive potentials. Almost 
negligible hystereis was observed with meas- 
urements made with increasing and decreasing 
potentials. The second procedure involved 
treating the electrode at -D.9 V for 30 s 
before recording each polarization curve, 

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

Key words: catalysis, electrodeposition 
electrode. 
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otherwise with the same treatment. In 
the runs with Pb or Tl present, the con- 
ditions of the electrode were the same 
except that the pre-treatment at -0.90 V 
was not used. The ring was of the same 
material as the disk and was maintained 
at +0.125 V for Au and +0.25 V for Pt. 

RESULTS AND DISCUSSION 

Cyclic voltammetry studies show that 
thallium fonns a UPD layer on Au with a 
pronounced peak at ~ -0.20 V (Fig. 1). 
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This peak potential is independent of the 
scan rate but depends markedly on the pH, 
shifting in the anodic direction by 57 mV/ 
pH unit. Decreasing the pH results in a 
considerable broadening of the peak. This 
phenomenon may be due to complexation of Tl 
(1) with OH-. Kulba et al. (6) reported 
two possible complexes of T1 in alkaline 
solutions: inner and outer sph@re complex- 
es of the form [TI(OH),(H~O)x] 1-n. The 
relative amount of the"tw~ complexes de- 
pends on the pH. The anodic region of the 
Au voltammogram appears to be greatly mod- 
if ied by the presence of Tl. A similar 
phenomenon has been observed for Pb on Au 
(1,2). The TI and Pb adsorption on Pt is 
considerably more complex (Fig. 2) than on 
Au due to anodic film formation at less 
positive potentials on Pt. I t  is possible 
that T1 and/or Pb adsorb on the anodic 
film covered Pt, for example in forms such 
as Pt-O-PbOH or Pt-O,,pb where the H 

Pt_O / 

INFLUENCE OF METAL IONS 2707 

of the PtOH has been replaced by Pb and water 
in the inner coordination sphere of Pb is not 
shown. Alternatively, Pb can underpotential 
deposit according to the following process: 

OH(ads) + e- ~ OH- 

HPbO 2- + H20 + 2 e - ~  Pb(ads) + 3 OH- 

OH(ads) + HPbO 2- + H20 + 3 e - .  " Pb(ads)+4OH" 

This implies that the adsorption of the met- 
al ion suppresses the anodic film formation. 
A similar effect may also occur on Au on 
which OH adsorption occurs already at E > 
0.45 V RHE. Hydrogen adsorption is also in- 
hibited when foreign metal ions adsorb or 
underpotential deposit on Pt. 

Figs. 3 and 4 show the polarization 
curves for 02 reduction in 1M NaOH on Au 
and Pt (the latter both in low and high 
area form) with and without Tl(I) and Pb(II) 
added to the electrolyte. 
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Fig. 4 Po|arization curves for 02 reduction on different 

substrates in I_M NaOH. Tl(1) concentration: 6.6x10"6M 

for Au, 3.2x10 -6 M for Pt and 1.1xi0 -5 M for Powercat 

2000. Pb(II) concentration: 2xID -6 M. Scan rate: 10 mV/s 

except for Powercat obtained point by point). Electrode 

area: 0.196 cm 2. Powercat 2000 supported as a thin coating 

on OPG. Pt I :  no cathodic pretreabnent, Pt I f :  cathodic 

pretrea~ent. 

With Au in pure NaOH solutions, 02 reduction 
proceeds by the series mechanism with the 
further reduction and decomposition of the 
HO 2- very slow. This results in 2 e- per 02 
reaching the electrode surface. With the 
addition of > lO -~ M T1 to the electrolyte, 
the current o--n Au iF very substantially in- 
creased although the half wave potential is 
not changed very markedly. Rotating disk- 
ring data, analyzed using the method of 
Wroblowa et al. (7), indicate that the pro- 
cess now proceeds by parallel mechanism with 
close to 4 e- per 02 reaching the electrode 
surface. For example, at 25~ in I M NaOH + 
6.6xi0 -6 M TI(1), kl/k 2 = 0.4 (k l ,  k2are the 
rate const--ants for the 4 and 2 e- reductions 
to OH-, respectively). While part of the 
current increase is due to k l ,  a significant 
portion of the increase produced by the Tl 
addition also appears to be associable with 
an increase in the reduction and/or decom- 
position of the peroxide at the electrode 
surface. In contrast to the results with 
TI, even in solutions containing up to 10 -4 
M Pb(II), the 02 reduction on Au s t i l l  pro- 
~eed~ through only the series mechanism 

although the peroxide elimination through 
reduction and/or decor.position is greatly 
increased. 

With the addition of > 10 -6 M Pb or 
- -  k 

Tl to l M NaOH the 02 reduction on Pt is very 
substantially increased and the half wave 
potentials are shifted to much more anodic 
values, particularly on smooth Pt. Rotating 
disk-ring studies indicate the 02 reduction 
to proceed by the parallel mechanism both 
with and without Pb or TI present but the 
ratio of kl/k 2 is substantially increased 
as is also k I .  

The high area catalyst Powercat 2000 
was obtained from Stonehart Associates (Mad- 
ison, Connecticut) and consists of dispersed 
Pt on a carbon support with a Pt area of 

100 m2/g. Prior experiments with this 
catalyst in gas-fed OR cathodes in the au- 
thors' laboratory have indicated unusually 
high activity. Even so, the addition of 
10 -o M T1 results in a substantial incre- 
ment in the current density in the potential 
region where kinetic control is involved. 
Pb produces a similar effect although not 
quite as large. 

The reduction and oxidation of HO 2- on 
Au and Pt have also been examined in N 2 sat- 
urated I M NaOH containing TI or Pb. The 
peroxide T-eduction current is increased b~ 
approximately 2 fol~ on both Pt and Au in 
the presence of lO ~ M Pb or T1 as potentials 
of 0.0 to -0.4 V. The authors believe that 
most of the increase in current observed with 
the TI and Pb additives is cause{I by the de- 
stabilization of the anodic film on the Pt 
and Au by the adsorbed metal species. Adzic 
et al. (8) have reached the same conclusions 
as to the destabilization of the anodic films 
analogous to the observation of Bruckenstein 
et al. with Hg and Bi on Pt. With the Pb 
particularly the 02 reduction proceeds at 
potentials which are quite anodic compared 
to those when the UPD peaks are observed 
(Fig. I ) .  I t  is unl ikely that a simple UPD 
layer is found at such anodic potentials and 
i t  is more l i k e l y  that a complex ion species 
containing Pb is the adsorbed species. 
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ABSTRACT 

In  this rev iew the controvers ia l  issues of the  processes lead ing  to  t h e  
chemical  b r e a k d o w n  of pass iv i ty  are  discussed. The fol lowing p rob lems  a re  
considered:  (i) aggressive anion concentra t ion b u i l d u p  and the effect of po-  
tent ia l ;  (it) effect of defects  and inhomogenei t ies  wi th in  the  meta l  phase  
a n d / o r  wi th in  the  pass ivat ing  film; (iii) the poss ib i l i ty  of incorpora t ion  of 
aggressive ions into the film; (iv) effect of aggressive ions on film thickness  
and s t ructure ;  (v) significance of the  induct ion period,  and  (vi) re levance  of 
the prevent ion  of repass ivat ion.  

P i t t ing  is one of the most  dangerous  forms of local -  
ized corrosion Of passive meta ls  in solutions containing 
aggressive ions X -  ( - - C I - ,  B r - ,  I - ) .  The mechanism 
of processes leading to p i t  nuclea t ion  is s t i l l  a subjec t  
of cont roversy  (1-25). 

Some authors  d is t inguish be tween  an in i t ia t ion and 
a p ropaga t ion  step in p i t t ing  (1-3, 5, 7, 13, 14, 17). Fo r  
them the crucial  questions wi th  the  in i t ia t ion step are:  
(i) how the aggressive ions change the  pro tec t ive  
ab i l i ty  of the  pass iva t ing  film local ly,  so tha t  i t  no 
longer  prevents  high anodic currents  f rom flowing, and 
(it) what  is the role of the  poten t ia l  of pi t  nucleat ion,  
Enp. 2 Others  c la im tha t  there  is no fundamen ta l  differ-  
ence be tween  the in i t ia t ion and p ropaga t ion  steps (4, 
8, 12), since d i rec t  contact  be tween  the bare  meta l  and 
the e lec t ro ly te  occurs ins tan taneous ly  upon the  im-  
mers ion of the passive metal .  Local  weak  spots or  flaws 
a lways  exist  wi th in  the  film; the  aggressive e lec t ro ly te  
ins tan taneous ly  pene t ra tes  the film at these flaws and 
reacts  wi th  the bare  metal ,  resul t ing  in r ap id  me ta l  
dissolution. 

The expe r imen t a l  background  for  these two ap -  
proaches  has been  rev iewed  by  Jan ik-Czachor ,  Wood, 
and Thompson (6). 

To decide which  of the  approaches  is l ike ly  to be 
appl icable  for iron, the p resen t  s tate of unders tand ing  
of pass iv i ty  on i ron must  be taken  into account (26- 
37). 

In the  s ta t ionary  state, pass ive i ron is covered by  a 
film, severa l  nanometers  in thickness,  having  low ionic 
conduct ivi ty ,  and suppor t ing  electr ic  fields of the o rder  
of 106 V/cm.  Opt ical  measurements  suggest  tha t  it  
is an insula tor  wi th  a p r inc ipa l  energy  gap above 5.5 
eV (32, 33). 

Al though local  defects a lways  exist  wi th in  the film, 
there  is expe r imen ta l  evidence tha t  no bare  meta l  sur -  
face is exposed to the e lec t ro ly te  (26, 27). I ron in the  

1 On leave  f r o m  the  Ins t i tute  of P h y s i c a l  C h e m i s t r y ,  Po l i sh  
A c a d e m y  of Sc iences ,  W a r s a w ,  Po l and .  

K e y  w o r d s :  me t a l s ,  f i lms, c o r r o s i o n ,  pass iv i ty .  
T h e  s i t u a t i o n  is m o r e  complex .  T h e r e  ex i s t s  a c r i t i ca l  p i t t i n g  

potent ia l  Ecp s o m e t i m e s  ca l led  " t h e  p r o t e c t i o n  p o t e n t i a l "  (3, 6, 
17, 38-43). Usua l l y  Eep < E,p. Be low Ec,  t h e  p i t s  once  ini t iated 
c a n  b e  s topped .  T h e  e x i s t i n g  d a t a  i n f e r  h o w e v e r  t h a t  w h e n  Enp is 
d e t e r m i n e d  in a w a y  t h a t  e l i m i n a t e s  t h e  t i m e  f o r  b r e a k d o w n ,  Enp 
= E~p (13, 14, 24, 42, 44).  

active s ta te  dissolves as F e ( I I ) ,  whereas  in the  passive 
state the p r i m a r y  dissolut ion product  is F e ( I I I ) .  Ae-  
cording to Vet te r  (26), in the passive s tate  the  reac-  
t ions Fe  ~ Fe  +~ + 2e and Fe+2 - ,  Fe  +a + e -  a re  ex -  
cluded. So the p r i m a r y  products  of i ron  dissolut ion in 
the  active and in the passive s ta te  are  bas ica l ly  differ-  
ent. Only af ter  p i t t ing  commences,  tha t  is, the in i t ia -  
t ion step is essent ia l ly  over, does F e ( I I )  appea r  as a 
corrosion product  f rom the pits, whereas  F e ( I I I )  p ro -  
duct ion continues f rom the r ema in ing  passive surface. 
I t  is reasonable  to assume, therefore,  tha t  the re  is a n  
in i t ia t ion step for p i t t ing  of passive iron. In  a t t empt ing  
to ra t ional ize  the  informat ion  avai lable ,  the  fol lowing 
problems  are  discussed: 

1. Aggress ive  ion concentra t ion  bu i ldup  and t h e  
effect of potent ia l .  

2. Effect of defects  and inhomogenei t ies  wi th in  the 
meta l  phase a n d / o r  wi th in  the pass ivat ing  film. 

3. The poss ibi l i ty  of incorpora t ion  of aggressive ions 
into the film. 

4. Effect of aggressive ions on film thickness  and 
s t ructure .  

5. Significance of the induct ion period,  ~. 
6. Relevance of the p reven t ion  of repassivat ion.  

The author ' s  point  of v iew is presented.  

Aggressive Anion Concentration Buildup and the 
Effect of Potential 

The impor t an t  questions for in i t ia t ion are:  (i)  how 
sufficient ha l ide  becomes ava i lab le  at  the  in i t ia t ion 
sites to stop repass iva t ion  effectively;  (it) does this 
occur at  specific sites as a resul t  of local processes on 
the passive film surface or in the ad jacen t  env i ron-  
ment;  and (iii) why  b r e a k d o w n  of the  film only o c c u r s  
af ter  a cer ta in  cr i t ical  po ten t ia l  is exceeded.  Many  a u -  
t h o r s  agree tha t  E~p is a character is t ic  p a r a m e t e r  for 
pi t t ing.  The exis t ing da ta  show tha t  Enp decreases as  
the concentra t ion of the aggress ive  ions Cx- increases 
and depends  on the i r  na ture  (see Fig. 1). It is also in-  
fluenced b y  the presence of inhibi tors  bu t  does not  de-  
pend on pH (1-3, 6, 7, 13, 14, 24, 25, 39, 41, 44-46). The 
fol lowing re la t ionship  is obeyed  for Enp 

E n p  : a - -  b In C=-/Ciah [1] 

513C 
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Fig. !. Critical pitting potential vs. halide concentration (95). 
(Reprinted with permission of Werkstaffe und Korrosion.) 

The re l a t ive ly  high values  of the slope b (~100 m V /  
decade Cx- )  suggests a s t rong ha l ide  effect (1, 3, 7, 13, 
14, 24, 25). An increase in  inhib i tor  concentra t ion  Cinh, 
shifts Enp to more  posi t ive values.  Some authors  (1, 13, 
14, 16, 44, 45) have suggested,  therefore,  tha t  the first 
s tep of p i t  nuclea t ion  is ha l ide  adsorpt ion  and that  
there  is a compet i t ive  adsorpt ion  process be tween  
hal ide  and inhibi tors  that  resul ts  in  the Enp shift. 

Coverage wi th  a ha l ide  and an inh ib i tor  depends  on 
the e lect rode poten t ia l  and the concentra t ion of these 
species in the bu lk  e lectrolyte .  S t r ehb low (48) has 
considered this dependence  in deta i l  and concluded 
that  in the absence of any  inhibi tor ,  coverage wi th  X -  
increases logar i thmica l ly  wi th  potent ia l ;  he assumed 
tha t  Enp corresponds to a cr i t ical  coverage above which 
there  are  sufficient aggressive ions at  the surface to 
b reak  down the film. When  an inhib i tor  is also present ,  
the  re la t ions  be tween  the cr i t ical  coverage and Enp is 
given by  a fo rmula  s imi lar  to Eq. [1]. 

W h y  do hal ides  tend  to adsorb  local ly? 
There  are  various inhomogenei t ies  and defect  sites 

wi th in  the meta l  phase  a n d / o r  in the  film. It  is, t he re -  
fore, reasonable  to expect  a p re fe ren t i a l  adsorpt ion  of 
ha l ide  at  these sites. The impor t an t  role  of  such defects 
and inhomogenei t ies  in hal ide  agglomera t ion  is con- 
s idered  in more de ta i l  in the nex t  section. 

I t  is in teres t ing  to reca l l  here  the point  made  long 
ago b y  Kolo ty rk in  (1) that  the passive meta l  surface 
n e v e r  dissolves homogeneously.  The hal ides  migra te  to 
the sites of accelera ted  dissolution. Therefore,  the 
cr i t ical  concentra t ion of hal ide  wil l  first be a t ta ined at  
these sites. Indeed there  is direct  evidence tha t  chlo-  
r ides  a l r eady  agglomera te  as is lands on the passive 
surface at potent ia ls  less than  Enp (49, 52). Heusler  and 
Fischer  (14,50) considered is land format ion;  they  
pointed out that  the solubi l i ty  of chlor ide in the oxide  
on i ron is neg l ig ib ly  small .  Under  these conditions,  
chemisorpt ion of chlor ide is said to y ie ld  p re f e r en t i a l l y  
chlor ide is lands ra the r  than  a s ta t is t ical  d is t r ibut ion,  
even if the pass ivated  surface were  comple te ly  homo-  
geneous. 

Effect of Defects and Inhomogeneities With in  the 
Meta l  Phase 

Some authors  rule  out the  role of surface inhomo-  
geneit ies  in pi t  nucleat ion (13, 14, 51) and assume tha t  
it  is a stochastic process (54, 55). However  these con- 
cepts are  con t ra ry  to the common observat ion tha t  pits 
form at gra in  boundar ies  (3, 15, 64), nonmeta l l ic  inclu-  
sions (3, 6, 10, 15, 17, 53-59, 61-63, 65-70), and at  some 
dislocations (60). 3 These findings are not  surpris ing,  

s In particular, the important effect of nonmetallic inclusions on 
pit nucleation has been studied in detail in our laboratory and is 
discussed e lsewhere  (57, 70). 

since in r ea l i t y  commercia l  meta ls  and alloys,  and  in-  
deed the surfaces of ma te r i a l s  as pu re  as those p r e -  
pared  b y  zone refining, are  not  "ideal," homogeneous  
systems. Metals  contain  nonmeta l l ic  inclusions, sec- 
ond-phase  part icles ,  and usua l ly  some segregat ion o f  
impuri t ies ;  the boundar ies  of such phases wi th  the  
ma t r ix  a re  l ike ly  regions of suscept ib i l i ty  to pi t  nu-  
cleation. The pass iva t ing  film over  these regions is cer-  
t a in ly  defective,  and its s t ruc ture  and composi t ion are  
different  f rom tha t  over  the meta l  mat r ix .  Studies  wi th  
the a id  of modern  surface ana ly t i ca l  techniques m a y  
provide  more de ta i led  informat ion  about  the composi-  
t ion and the s t ruc ture  of these regions.  

Even in the absence of aggressive ions, a s o m e w h a t  
accelera ted  dissolut ion of a pass iva ted  me ta l  has been 
observed at  cer ta in  inhomogenei t ies ,  l ike  nonmeta l l ic  
inclusions (10, 71). More r ap id  dissolut ion at  these sites 
in the presence of aggressive ions should cer ta in ly  lead  
to the i r  local  accumula t ion  there.  On the o ther  hand,  
e lect ron probe  microanalys is  has given evidence for t h e  
format ion  of chlor ide  salt  i s land at  the b o u n d a r y  be-  
tween sulfide inclusions and the meta l  ma t r i x  for  i ron 
and steels p repass iva ted  e lec t rochemica l ly  (72) or  in 
a i r  (59), when polar ized  in chlor ide  solution, even at  
potent ia ls  less than  Enp 

There is a lways  a "spec t rum" of the induct ion per iod 
for pi t  nucleat ion,  ~, suggest ing a "spec t rum" of sus-  
cept ib i l i ty  for different  sites on the surface (73). This 
behavior  is character is t ic  for commercia l  al loys and 
for h igh  pur i ty  metals .  For  the  l a t t e r  one can, t he re -  
fore, expect  that  agg lomera t ion  of hal ides  wi l l  occur 
at  the most suscept ible  sites, e.g., i m p u r i t y  segregates,  
cer tain dislocation configurations, etc. Summar iz ing  the 
above discussion, i t  is suggested tha t  var ious  inhomo-  
geneit ies  wi th in  the meta l  phase a n d / o r  the surface 
film help aggressive ions to agg lomera te  on the passi-  
va ted  meta l  surface. 

Adsorp t ion  alone cannot  change the pro tec t ive  abi l i -  
ties of the pass iva t ing  film. Other  processes mus t  be 
operat ive,  s imul taneous ly  or  subsequent ly .  Two p ro -  
cesses are usua l ly  discussed and wil l  be  considered 
here:  (i) incorpora t ion  of hal ides  into the passive film 
and (it) film th inning  and a l te ra t ion  of its s t ruc ture  
due to ha l ide  action. 

Incorporation of X -  into the Passivating Film 
Various models  of pi t  nucleat ion pos tu la te  migra t ion  

of aggressive ions th rough  the the rmal  or anodic pass i -  
vat ing film lat t ice by  ionic migra t ion  under  an electr ic  
field or  by  f ie ld- independent  anion exchange  (2, 18, 20, 
74-76), processes which are  l ike ly  to be accompanied 
by  a change in the film conduct ivi ty .  The avai lab le  
evidence for  a luminum is con t rad ic to ry  (6, 7, 12). For  
i ron in a bora te  buffer solution, i t  has been found from 
elect rochemical  and e l l ipsometr ic  measurements  tha t  
the induct ion per iod for pi t  nucleat ion,  T, increases 
wi th  an increase in the  film thickness  (74). I t  was 
concluded, therefore ,  tha t  this resul ted f rom the longer  
pa th  chlor ide  ions had  to t raverse  to reach the meta l  
surface when the film was thicker.  This explana t ion  
seems unl ikely ,  however,  because no change in the  
ionic conduct iv i ty  of the film has been found due to 
chlor ide action (14, 50). Fur the rmore ,  Auger  e lec t ron 
spectroscopic (AES)  measurements  have not  given any  
evidence for chlor ide en t ry  into the film (Fig. 2) (6, 
17, 77, 78). 

Some val id  reasons agains t  the  concept of mig ra -  
tion of aggressive species through the film lat t ice have 
been advanced by  Vet ter  and S t rehb low (13,79). 
Transpor t  of meta l  ions and chlor ide  ions through 
the pass ivat ing  l aye r  occurs under  a high electr ic  field 
l0 s V/m.  For  an exchange of oxygen  ions by  chlor ide  
ions, the  d iva len t  O ~-  ions must  migra te  agains t  this 
high field, which is unl ike ly .  I t  also seems un l ike ly  that  
large ions, such as CLO4- and SO42-, which  can a l s o  
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Fig. 2. Depth profiles of the passivating film on iron prepassi- 
rated in borate buffer solution and polarized at E ~ 300 mVscE 
in borate buffer solution containing (a) 0.01M NaCI, (b) 0.5M 
NaCI (77). (Reprinted with permission of Werkstoffe und Korrosian.) 

provide  pi t t ing,  should migra te  th rough  the passive 
film lat t ice.  

Effect  of  Aggressive Ions on the Passivating Film 
Thickness 

Exis t ing da ta  show no ag reemen t  on the  effect of 
chlor ide  ions on the thickness  or  s t ruc ture  of the  
pass iva t ing  film on iron. 

-El l ipsometr ic  measurements  indica ted  tha t  the film 
thickens  due to chlor ide  act ion (2,74,80) .  Fo r  ex -  
ample,  McBee and K r u g e r  (74) r epor t ed  tha t  chlo-  
r ide ions produce  changes at  al l  wave leng ths  in the 
visible  spec t rum of the  film on iron, fo rmed  and he ld  
at E < Enp; they  in t e rp re t ed  this to be caused by  film 
thickening.  On the o ther  hand,  at  E > Enp, the vis ible  
spec t rum is affected at  only  a few wavelengths  when 
chlor ide  is in t roduced  into the  bora te  buffer solut ion in 
which the film is formed.  The authors  claim, the re -  
fore, tha t  subt le  changes in the  film due to chlor ide  
act ion are  affected by  the po ten t ia l  a t  which  the  film is 
exposed to chloride,  and these changes a re  re la ted  to 
the t endency  for the film to b reakdown,  when  E > Enp. 
The m a n n e r  in which e l l ipsometr ic  data,  which  ave r -  
ages the  behav io r  of the  ent i re  surface,  are  influenced 
by  local  action, such as ha l ide  is land format ion,  b r e a k -  
down and repa i r  processes,  film undermin ing ,  etc. has  
not been clarified. 

As ment ioned  above, the  use of AES wi th  ion mi l l ing  
has enabled  i n - d e p t h  composi t ion profiles of films to be 
de te rmined  (17, 77, 78, 81). I t  was concluded tha t  the  
polar iza t ion  of passive samples  at  E > Enp and t < �9 in 
chlor ide solut ion makes  the  film easier  to spu t te r  (77), 
(Fig. 2). However ,  i t  is not  c lear  whe the r  the  ob- 
served effect is due to th inn ing  of the  film or  to a 
change in the  film s t ructure .  

Recent  findings wi th  the  i ron ro ta t ing  d isk  r ing  elec-  
t rode  (14, 50, 51) m a y  have b rought  va luab le  ins ight  
to the processes under  considerat ion.  The r ing  current ,  

indicat ive  of Fe  ( I I I )  product ion,  in  bora te  or phthalate 
buffers grows l i nea r ly  w i t h - t h e  chlor ide  concent ra-  
tion, bu t  there  is no effect on the  to ta l  d isk  cu r ren t  
dens i ty  (Fig. 3). The authors  assume tha t  this  r ing 
cur ren t  increase mus t  be due to the dissolut ion of the 
pass ivat ing  -v-FeeO8 layer .  They  claim tha t  the increase  
in oxide dissolut ion stops as soon as the new s teady  
state is establ ished,  corresponding to a th inner  oxide 
layer  f rom which F e ( I I I )  dissolves fas ter  than  in the 
absence of chloride.  The chemisorbed hal ide  m a y  r e -  
place oxygen  ions or  hyd roxy l  ions on the pass iva t ing  
film. The authors  assume tha t  the  decrease  in film 
thickness is local ized and occurs under  chlor ide  i s lands  
formed over  the film. Local  f luctuations in i s land life, 
locat ion and deve lopmen t  and in pass iva t ing  film 
thickness  occur  and m a y  resu l t  in  comple te  local  re-  
moval  of the film at  sufficiently high anodic potent ials .  
This is accompanied by  a s teep increase of Fe  (II)  p ro-  
duction, when p i t t ing  commences  (Fig. 3). P rob lems  
with  this  concept include its lack  of d i rec t  evidence 
that  the  sa l t  deposi ts  do thin  the  pass iva t ing  film and 
the absence of a de ta i led  theo ry  of how they  do it. 

This discussion has shown w h y  it  is reasonable  to 
expect  accumulat ion  of hal ides  a t  he terogenei t ies  in the 
pass ivat ing  film. However ,  even at  these weak  spots the 
remova l  of the film ev iden t ly  requi res  a cer ta in  per iod  
of t ime;  F e ( I I )  product ion,  indicat ive  of film b r e a k -  
down, is c lear ly  de tec ted  not  immedia te ly ,  but  only  
a f te r  a cer ta in  t ime has  e lapsed (Fig. 3).  

Our  coulometr ic  measurements  (77, 78) for  the  i r o n /  
bora te  buffer sys tem have shown tha t  the amount  of 
charge necessary  to reduce ca thodica l ly  the pass ivat ing  
oxide film tends to d iminish  af te r  the  pass iva ted  meta l  
has been exposed to chlor ide  or  b romide  containing bo-  
ra te  buffer  at  E < Enp. The effect increases  wi th  ha l ide  
concentrat ion,  (Fig. 4). A s imi la r  effect of ha l ide  has  
been found for  i ron in phospha te -bo ra t e  buffer  (22). The 
suggest ion has been made,  therefore ,  tha t  the pass iva t -  
ing film on i ron should be th inn ing  before  p i t t ing  com- 
mences. Our  p r i m a r y  in situ measurements  b y  Raman  
spectroscopy seem to confirm this suggestion. The 
Raman  intensi t ies  of the bands  cor responding  to the  
pass ivat ing  film formed on i ron in bora te  buffer  
d iminished a f te r  an exposure  of the  pass iva ted  meta l  
to a ch lor ide-conta in ing  solution, at  E < Enp (82). This 
infers  tha t  there  is less of the or ig ina l  pass iva t ing  
oxide film on the meta l  surface af te r  exposure  to 
chloride.  The conclusion is also suppor ted  b y  the r e -  
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sults of Valverde and Wagner  (91, 92). These authors 
argue that halide ions enhance release of cations from 
the surface of t ransi t ion metal  oxides, since these cat-  
ions form complexes with halide ions. Their  experi-  
menta l  results show an increase in the dissolution rate 
of some iron oxides with an  increase in chloride or 
bromide concentrat ion in acid solution. However a 
systematic investigation of the chemical characteristics 
of the re levant  i ron oxides is lacking, as is a knowledge 
of the morphology of the dissolving surface. 

Sign i f i cance  of the Induct ion  Period,  T 
Many authors believe that T represents a character-  

istic feature of the pit ini t ia t ion stage (2, 3, 5, 6, 14, 17, 
20, 21, 23, 25, 41, 44, 51, 64, 73, 83, 84). They consider that  
once conditions for pi t t ing are established, the first pit  
appears after an induct ion period, and that wi thin  this 
period, conditions are established which are necessary 
for the breakdown of passivity. 

The previous discussion suggested that the incorpora-  
tion of X -  into the film is unlikely,  and  that  the ag- 
gressive action leading to pi t t ing takes place at the 
f i lm/solution interface. 

For  the effect of halide concentrat ion on T the fol-  
lowing relat ion is obeyed 

1/~ = coast. Cn=- [ 2 ]  

The constant  n is 1 for iron in chloride solution (84), 
suggesting that the reaction leading to pit nucleat ion is 
1st order with respect to chloride since 1/T is an esti- 
mate of the rate of the breakdown process. It is i n -  
teresting to note that the mean rate of dissolution of 
the passivating film T(Fe,III) increases l inear ly  with 
chloride concentration, (Fig. 3), in agreement  with 
n ---- 1. Careful kinetic measurements  by Heusler and 
Fischer (14) and by Janik-Czachor  (25) have shown 
that  the effect of potent ial  on ": is given by  

In ~/~o = Eo/AE [3] 

�9 o is the m i n i m u m  induct ion period, for hE = E -- 
Enp --> ~ .  to does not  depend on halide concentrat ion 
(Fig. 5) but  does depend on its kind and is an order of 
magni tude  higher for I -  than for the other halides 
(Table I).  The slope Eo = algT/O ( I /hE)  diminishes 
with halide concentrat ion (Fig. 5) and strongly de- 
pends on the anion (Table I) .  

Equat ion [3] is analogous to the relat ion governing 
the mean time of formation of two-dimensional  nuclei 
as a funct ion of overvoltage. A suggestion has been 
made that  pit nucleat ion starts with a formation of 
two-dimensionaI  nuclei  of the chloride salt layer  (14), 
which leads to t h inn ing  of the film and eventual ly  to 
its complete removal  locally. 

The val idi ty  of the model based on Eq. [3] has been 
confirmed only for i ron and Fe-5% Cr alloy (14, 25, 
51). There are indications that  it may  also be appli-  
cable to nickel (85), Fe-13% Cr alloy (86), and a lu-  
minum (87), but  the data cover a too nar row range of 
T to enable a decisive conclusion to be reached. 

Fur ther  experiments  are also necessary to test t h e  
validi ty of Eq. [3] for other systems. The effect of t h e  
kind of aggressive ions mus t  also be clarified. 

The other factor that  should be investigated is t h e  
effect of bound water  in  the passivating film. Some 
authors argue that, e.g., in stainless steels, the bound 
water  may restrain pit formation, that  is, increase 
significantly (21, 23). It is not  clear how bound water  
influences halide island and salt formation or how 
impor tant  this effect is. On the other hand, there are 
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Table I. The constants % and Eo (Eq. [3] for iron in borate buffer solution containing various halogen ions 

O.O1M O.05M O,1M 0.51K 

X- ~o (sec)  Eo (mY) To (sec)  Eo (mY) ro (sec)  Eo (mY) ro (sec)  Eo (mY) Remarks  

C1- 2.0 250 - -  2.0 150 2.0 120 ReL (14) 
Br-  - -  4.0 1"3-9 3.6 71 4.4 32 Ref. (25) 
I-  43- 125 - -  - -  45 24 37 17 Ref.  (25) 

opinions tha t  a high anodic electr ic  field wi l l  expe l  
wa te r  f rom the me ta l / f i lm  interface,  p roduc ing  an 
almost  dehydra t ed  film (31). 

Relevance of the Prevention of Repassivation 
There  is a s t rong evidence tha t  X -  not  only  p ro -  

motes  b r e a k d o w n  of pass iv i ty  bu t  also p reven ts  re -  
pass ivat ion of active sites. Fo r  example ,  at  modera t e  
concentra t ions  of X - ,  when the po ten t ia l  of the  elec-  
t rode  is s tepped f rom the  act ive dissolution range into 
t h e  pi t t ing  range only incomple te  pass ivat ion  occurs 
(44). Rapid  meta l  dissolut ion continues at  some ,sites, 
whereas  the res t  of the surface passivates.  However ,  
the e lec t rode  potent ia l  governs  the  aggressive act ion 
of X - ,  because s tepping the potent ia l  f rom the active 
into the passive range  resul ts  in complete  pass ivat ion 
(24, 38, 41, 44). 

Some authors  be l ieve  tha t  the role of chlor ide  ions 
in the b r eakdown  of pass iv i ty  is l a rge ly  to p reven t  
r epa i r  dur ing  a dynamic  b r e a k d o w n / r e P a i r  process 
(4, 8, 12, 19, 21, 23). However ,  careful  e lec t rochemical  
measurements  for i ron  did not  give evidence that  this 
process occurs in the s t a t ionary  passive state (26-28, 
88). One m a y  a rgue  tha t  these b r e a k d o w n / r e p a s s i v a -  
t ion sites are  so smal l  tha t  it  is difficult to detect  t hem 
wi th  e lec t rochemical  methods.  However ,  these events  
should lead  to a dis t inct  i r r ep roduc ib i l i ty  of the ex-  
pe r imen ta l  data,  which  is not  the case for  i ron  in the 
absence of the  aggress ive  ions. Modern  techniques of 
noise analysis  m a y  prov ide  an insight  into this  p r o b -  
lem. On the other  hand,  in a nons ta t ionary  state, 
b r eakdown  of the film occurs (88), and  when a bare  
me ta l  surface is thus exposed to the aggressive elec-  
t ro lyte ,  p revent ion  of repass iva t ion  becomes a decisive 
factor.  

Wi th  the aid of a r ing  disk electrode,  S t r ehb low (88) 
has c la imed to demons t ra te  tha t  t e m p o r a r y  b r eakdown  
of pass iv i ty  occurs in the  absence of X - ,  when the 
nons ta t ionary  state is in t roduced  by  an ab rup t  po-  
ten t ia l  change wi th in  the passive region.  The r ing disk 
e lec t rode  sens i t ive ly  and rap id ly  detected t e m p o r a r y  
F e ( I I )  product ion,  indica t ive  of active me ta l  dissolu-  
tion, when s tepping the poten t ia l  from, e.g., 1.3-0.7 VH 
(Fig. 6). The ba red  meta l  surface unde rwen t  r epas -  
s ivat ion wi th in  a few seconds. 4 However ,  the  presence 
of X -  p reven ted  repass iva t ion  and produced  p i t t ing  
ins tan taneous ly  at  r e m a r k a b l y  high nuclea t ion  ra tes  
(13, 88). There  were  cer ta in  s imilar i t ies  to findings of 

MacDougal l  (4, 89, 90). 
When  the active centers  are  generated,  pi t  deve lop-  

ment  m a y  convenien t ly  occur. This process has i ts 
own mechanism and r a t e - d e t e r m i n i n g  steps a n d  
s t rong ly  influences the  p i t t ing  process (2, 7, 8, 11, 13, 
16, 93-102). 

Conclusions 
Upon contact  of pass iva ted  i ron  wi th  a ha l i de - con -  

ta in ing  solut ion at  a po ten t ia l  h igher  than  the p i t  
nuclea t ion  potent ia l ,  processes occur  which,  af ter  an 
induct ion period,  resul t  in pi t t ing.  

The possible processes tha t  occur  e i ther  consecu- 
t ive ly  or  s imul taneous ly  and lead  to a concentra t ion 
bu i ldup  of the aggressive ions are  as follows: 

The result seems to be quite convincing. In general, however, 
analysis of the potential step ring disk electrode measurements 
should be done with caution, since the instrumental artifacts 
caused by the interaction of the potent ios tat  wi th  the r ing disk 
electrode sys tem may  occur (103). 

1. Agg lomera t ion  of ha l ide  in solut ion nea r  t h e  
surface, pa r t i cu l a r ly  near  var ious  inhomogenei t ies .  

2. P re fe ren t i a l  localized adsorpt ion  of hal ide  at  these 
inhomogenei t ies .  

Coverage wi th  hal ide increases  wi th  e lec t rode  po-  
tential .  The defects  a n d / o r  chemical  inhomogenei t ies  
faci l i ta te  the localized agglomerat ion,  so tha t  a cr i t ical  
accumula t ion  can be a t ta ined  local ly  at  sufficiently 
high anodic potent ia l .  

The w a y  in which the adsorbed  hal ides  change t h e  
protec t ive  ab i l i ty  of the  pass iva t ing  film is most con- 
t rovers ia l .  The p resen t  discussion has shown, however ,  
that  incorpora t ion  of ha l ide  into the  film is unl ike ly .  
Moreover,  for the pass ivat ing  film unde r  s t eady-s ta te  
condit ions the impor tance  of b r eakdown/ r epas s iva t i on  
events  has not  ye t  been demonst ra ted .  On the other  
hand, there  exists  evidence tha t  the fol lowing p ro -  
cesses leading to the b r eakdown  of pass iv i ty  a re  l ike ly  
to occur:  

1. Thinning of the film and fo rmat ion  of t h e  h a l i d e  
islands, i.e., pi t  prenucle i .  

2. Local r emova l  of the  pass iva t ing  film at  suffi- 
c ient ly  high anodic potent ia ls  and its r ep lacement  by  
ha l ide  salt  film. 

The specificity of the type  of hal ide  ion manifests  
i tself  in the i r  re la t ive  aggressiveness.  The potent ia l  
of pi t  nuclea t ion  and the m i n i m u m  induct ion pe r iod  
are  h igher  for  I -  than  for  C1- and B r - .  P r e s u m a b l y  
the ca ta ly t ic  effect of film th inn ing  is weakes t  for  
iodide. 

15 
10 

5 
=- 0 

..o - 5  
-10 

-15 

-20( 

-160 
- ]  

-120 
s _ 80  

-40: 

Fe f= 1000 rain 1 
i 0"SLY1 H2S04 ER~ = 0"IOVH 

pH 03 ER2= 1.hOVH | 

j ',,. 
1 
I 
! 
! 
! 
! 
! 

~1:): 0.7OVal ED= 1.30V H 
~ ' ~ - - - ~ E p : l . 3 0  VH ~ ; EI):O.70 VH 

. . . . . .  IR1 IFe(~}) 
IR2(IFe(i)) 

I I I t ] I I I 

0 1 2 3 4 5 5 7 
t(min) 

~0 

604 
40"-'Q a,, 

20 

Fig. 6. Effect of time on the total current id and Fe(ll) and 
Fe(lll) dissolution iR1 and IR2, respectively, after stepping poten- 
tial from 1.3 Vh down to 0.7 Vh, 0.5M H2SO4, ring disk electrode 
measurements (88). (Reprinted with permission of Werkstoffe und 
Korrosion.) 
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More detailed information on the effect of various 
halides and electrode potential on film structure, film 
thickness, and film thickness fluctuations are neces- 
sary. The existence and properties of the breakdown/ 
repassivation events should also be examined further. 
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